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Transition metals are powerful three-dimensional templates, energy transfer and allows the observation of this process up
to a Ru..Os distance of ø20 Å. By combining the buildingwhich can gather various functionalized ligands and orient

them in a precise fashion so that complex multicomponent blocks of these inorganic systems with appropriate porphy-
rins, long-range (centre-to-centre distance between the do-molecular systems can be obtained without constructing co-

valently-assembled edifices. The compounds thus prepared nor and the acceptor porphyrins ø30 Å) and relatively long-
lived photoinduced charge separation has been demon-exhibit precise chemical or physical functions, which are go-

verned by the design of the system. The construction of one- strated. Finally, with copper(I) as the template, compounds
of the rotaxane family are obtained, which consist of a coordi-dimensional molecules around ruthenium(II) or osmium(II),

using rigid ligands attached to the desired electroactive spe- nating ring threaded by a string-like component. If this
acyclic fragment is end-functionalized by two bulky stoppe-cies, leads to systems that are able to undergo charge separa-

tion after photonic excitation. In other related compounds, a ring groups and if it incorporates two different coordination
sites (a bi- and a terdentate chelate site), novel dynamic pro-ruthenium(II)-based chromophore is, for example, connected

to an osmium(II) complex by means of rod-like bridging li- perties are observed. The movement of a given fragment of
the molecule is triggered by changing the metal oxidationgand, thereby ensuring strict control over the Ru···Os dis-

tance. By tuning the length and the electronic properties of state. This one-dimensional motion of the ring along the
string on which it is threaded is controlled by redox manipu-the bridge, one can control the efficiency of the electronic

energy transfer between the two chromophores. In particular, lation, resulting in a primitive molecular machine.
the use of a bis-cyclometallating ligand is very conducive to
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Contents (ii) molecular motions, related to "molecular machines",

along an axis.1. Introduction
(i) The aims of the first and main topic are manifold. In2. Complexes of Ruthenium(II) and Osmium(II) Coval-

the short term, it is important to improve our understand-ently-Linked to Electron Donor and Acceptor Groups
ing of electron- and energy-transfer processes and to verify2.1. Synthesis of Terpyridine Ligands
the current theories[4] [5] [6] [7] by modifying at will the dis-2.2. Synthesis of Diads and Triads Based on Ru(tpy)21

2 tances and orientations between the various chromophores-type Photosensitizers
and electrophores of the assembly, and by changing their2.3. Synthesis of Diads and Triads Based on Os(tpy)21

2 electronic properties as well as those of the spacer groups-type Photosensitizers
used in the construction of the systems. An aspect of this2.4. Photoinduced Processes in Diads and Triads Based on
approach is to build and study models[8] [9] [10] [11] [12] ofRu(tpy)21

2 and Os(tpy)21
2 - type Photosensitizers

photosynthetic reaction centres (RC), which function so ef-3. Rigid Rod-like Dinuclear Terpyridine-type Complexes
ficiently in living organisms, and in particular in photosyn-3.1. Synthesis of Bridging Bis-terpyridine Ligands
thetic bacteria[13] [14]. In the long term, it would of course3.2. Synthesis and Photochemical Behaviour of Rigidly
be of great interest to build molecular systems or hybridBridged Heterodinuclear Complexes
devices, containing molecules and organic or inorganic3.2.1. Ruthenium-Osmium Complexes
solids, capable of converting light energy into electrochemi-3.2.2. Ruthenium-Rhodium Complexes
cal or chemical energy[15] [16] [17]. In other words, the creation4. Rigid Rod-like Dinuclear Complexes with Bis-cyclomet-
of artificial systems able to perform real photosynthesis isallating Terpyridine Analogues
a special challenge.4.1. Synthesis of Cyclometallating and Bridging Bis-cyclo-

(ii) The second line of research is more recent and is con-metallating Ligands
cerned with molecular machines and motors[18] [19] [20], i.e.4.2. Preparation and Properties of Heterodinuclear Cyclo-
molecular ensembles for which a large amplitude and re-metallated Complexes
versible motion can be triggered simply by sending a signal4.2.1. Ruthenium-Osmium Cyclometallated Complexes
to the molecule from outside. This signal is usually electro-5. Multiporphyrin Linear Systems Assembled by Transition
chemical (reduction or oxidation of an electroactive compo-Metal Complexes
nent) or photochemical. However, many other types of per-5.1. Synthesis of Porphyrin-Metal Bis-terpyridine Diads
turbations can be envisaged: magnetic or electric field, tem-5.1.1. Synthesis of the Ligands
perature or pressure jump, chemical signal (pH change), etc.5.1.2. Synthesis of the Complexes
In our case, the notion of axis and geometrical control is5.1.3. Photophysical Properties of the Diads
again essential. Scheme 1 illustrates, in a simplified fashion,5.2. Synthesis of a Bis-porphyrin Ruthenium(II) Bis-phenyl-
the two facets of the work discussed herein.terpyridine Triad

5.2.1. Synthesis of the Ligands 2. Complexes of Ruthenium(II) and Osmium(II) Covalently
5.2.2. Synthesis of the Complex Linked to Electron Donor and Acceptor Groups
5.2.3. Electron-transfer Properties of the Triad

One of the key features of natural photosynthesis is the6. A Copper(I) Rotaxane Incorporating Two Different Sites
efficiency of charge separation. In a multistep procedure,in a Thread: Molecules in Motion
light energy absorbed by a photoactive centre is converted6.1. Synthesis of the Rotaxane
into electrochemical energy with formation of a long-lived6.2. Electrochemically-Induced Molecular Motions
charge-separated state. This complex process relies on the7. Conclusion and Prospects
subtle arrangement of energy levels for the excited or redox
states involving the various chromophores, favouring a cas-
cade-like sequence of electron-transfer steps leading to the

1. Introduction
charge-separated state.

In the field of transition metal complexes, one can designIn complex multicomponent molecular systems, the con-
trol of physical properties related to electron- and energy- multicomponent systems for which similar charge separa-

tion may occur, provided that the electronic properties oftransfer or displacement of molecular fragments relies, to a
large extent, on our mastery of the geometrical properties the various chromophores are controlled and selected in a

precise fashion, and that there is strict control over the geo-of the ensemble.
For several years, we have been interested in one-dimen- metrical properties of the set of photo- and electroactive

species (Scheme 2).sional compounds, for which an axis along the largest di-
mension of the object can be clearly defined[1] [2] [3]. If rigid- On the basis of their photochemical, photophysical and

electrochemical properties, M(II) polypyridine complexesity can also be introduced during the design and synthesis
steps, distances and, sometimes, angles between the various (M 5 Ru or Os) are, in principle, suitable photosensitizer

components for use in multicomponent systems designed tocomponents located on the axis can be estimated to a
good approximation. permit efficient photoinduced charge separ-

ation[15] [21] [22] [23] [24]. However, with ligands such as 2,29-bi-Two distinct aspects of our research are discussed in the
present review article: (i) electron- or energy-transfer, and pyridine, the building up of multicomponent molecules
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Scheme 1. In a one-dimensional multicomponent system, a pho- Figure 1. Schematic representation of the photochemically-induced

electron-transfer step in an M(tpy)21
2 complex bearing acceptor (A)toactive centre (PC) is (a) first excited by a photon. The

excited state is subsequently able to transfer an electron and donor (D) groups
to an acceptor (on the right of the PC, not represented).
This process induces a series of cascade-like electron-
transfer steps the overall effect of which is to create a
negative charge on the right-side and a positive hole on
the left-side of the array. (b) A redox or photonic signal
modifies the coordination requirements of a metal cen-
tre (black dot) incorporated in a rotaxane, triggering
molecular motions. The shift of the ring and the metal
is induced by modification of the metal centre coordi-
nation sphere

2.1. Synthesis of Terpyridine Ligands

Since the first preparation of the 2,29:69,2"-terpyridine li-
gand 60 years ago by oxidative coupling of pyridine with
FeCl3 in an autoclave[27], other strategies involving the
coupling of pyridine units (cross-coupling methodology)[28]

or the formation of one or two pyridine rings from precur-
sor functions have been developed. Certainly, the most
commonly used methodology is the synthesis of the central
pyridine ring. The pioneering works of Hantzsch[29], Tschit-
schibabin[30], Case[31], Kröhnke[32] and others using this
principle, have been followed by new developments and im-
provements. In particular, the works of Constable[33],
Potts [34] and Jameson9s group[35] allow the preparation of
various substituted terpyridines. In order to obtain large
amounts of the 49-aryl-2,29:69,20-terpyridine, the one-pot
Hantzsch synthesis, developed by Case[31] and later by Cal-
zaferri [36], was selected (Figure 2a).

The condensation of the aromatic aldehyde with twoScheme 2
equivalents of 2-acetylpyridine gave a 1,5-diketone. Ring
closure was achieved using ammonium acetate. In some
cases, two terpyridine isomers[37] could be obtained follow-
ing a 1,2- or 1,4-Michael addition on the unsaturated ke-
tone intermediate (Figure 2b).

The separation of the terdentate ligand, arising from
1,4-addition, from the sterically hindered bidentate ligand
was readily achieved by formation of the highly stable
Fe(terpyridine)21

2 complex, as described by Constable et
al. [33] The iron(II) complex, upon treatment with H2O2 in
alkaline solution, yielded the free terpyridine in goodleads to systems in which the acceptor or donor groups

linked to the chromophore are relatively close to one an- yield.
The terpyridine-bearing electroactive compoundsother (cis-type configuration)[25]. In contrast, the geometry

of terpyridine complexes offers the possibility of designing could be prepared using one of two general strategies. In
the first of these, the ligand is synthesized bearing a suit-systems in which the D and A components lie in opposite

directions with respect to the chromophore (trans-type con- able functionality and the desired electrophore is then in-
troduced in a second step [37] [38]. The other possibility in-figuration)[1]. In addition, bis-terpyridine complexes bear-

ing substituents at the 49-position do not lead to isomeric volves introduction of the electroactive function into the
aromatic aldehyde prior to the terpyridine formation re-(enantio- and diastereomeric) mixtures, in contrast to the

corresponding substituted bipyridine systems. Furthermore, action [37]. Both routes have been explored and used, the
method of choice being dictated by the chemical stabilitythe interposition of aromatic rings (Figure 1) affords a con-

venient means of increasing the A2D separation[26]. of the donor or the acceptor groups, since the second ap-
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2.2. Synthesis of Diads and Triads Based on Ru(tpy)21

2 -TypeFigure 2. (a) Synthetic route to various substituted terpyridines. (b)
Formation of 2,29:69,20-terpyridine and its isomer (2,29:49,60-) via Photosensitizers

1,2- or 1,4-Michael addition
The various ruthenium(II) complexes prepared and stud-

ied are listed in Table 1. The various ligands used are de-
picted in Figure 3.

Table 1. Preparation of the various ruthenium(II) diad or triad
complexes[a] A: sequential method; B: statistical method

Complex Method[a] Yield (%) Reference

(Fc-phtpy)Ru(ttpy)21 A 15 [38]

(Fc-phtpy)Ru(ttpy)21 A 5 [37]

(DPAA-phtpy)Ru(ttpy)21 A 37 [37]

(ttpy)Ru(ttpy-MV21)41 B 8 [26] [37]

(PTZ-ttpy)Ru(ttpy-MV21)41 B 5 [26] [37]

(DPAA-phtpy)Ru(ttpy-MV21)41 B 8 [26] [37]

(Fc-phtpy)Ru(ttpy-MV21)41 B 18 [41]

They have been prepared either in a sequential manner
(A) or by a statistical method (B):

(A): Ru(ttpy)Cl3 1 tpy2D R(i) Ru(ttpy)(tpy2D)21

(i): reflux in ethanol/water/triethylamine for 1 h

(B): “ruthenium blue” 1 L1 1 L2 R(ii)

Ru(L1)21
2 1 Ru(L1)(L2)21 1 Ru(L2)21

2

(L1)(L2): (ttpy)(ttpy2MV21), (PTZ2ttpy )(ttpy2MV21),
(DPAA2phtpy )(ttpy2MV21)
(ii): reflux in ethanol for 18 h

Method (A) was used for ligands bonded to an electron
donor (tpy2D). However, it turned out not to be appropri-
ate for the synthesis of complexes containing the

proach implies that the electrophore will have to resist ttpy2MV21 ligand. The triads and the electron acceptor
the relatively harsh experimental conditions of the cycli- diad Ru(ttpy)(ttpy2MV21)41 were thus prepared accord-
sation reaction. Figure 3 depicts various ligands, contain- ing to the statistical procedure (B).
ing either D or A units as pendant groups, prepared by
these two strategies. 2.3. Synthesis of Diads and Triads Based on Os(tpy)21

2 -Type
Photosensitizers

Figure 3. Various tpy derivatives used, with an electrophore rigidly Although the coordination sphere of ruthenium is known
attached to the chelate via a 1,4-phenylene spacer. PTZ 5 pheno- to be relatively inert vis-à-vis substitution reactions, it is stillthiazine; DPAA 5 di-p-anisylamine; Fc 5 ferrocene; MV21 5

very labile as compared to osmium. In fact, substitutingmethylviologen
ligands within the coordination sphere of osmium is notori-
ously difficult and requires either extremely harsh con-
ditions or multistep procedures involving different metal
oxidation states. Using the ligands shown in Figure 3, vari-
ous osmium(II) complexes could be pre-
pared[26] [38] [39] [40] [41]. Due to the chemical fragility of some
of the ligands, the very drastic classical conditions, con-
sisting of heating osmium salts and the ligands at very high
temperature (typically, refluxing ethylene glycol) for long
periods could not be systematically applied. Consequently,
more elaborate, specific methods had to be developed. The
two general routes used are indicated in Figure 4.

The series of osmium(II) diad and triad complexes pre-
pared and investigated is listed in Table 2.

Importantly, since photophysical measurements are very
sensitive to impurities, special care was taken in order to
ensure the isolation of very pure samples of the various ru-
thenium(II) and osmium(II) complexes. For this purpose,
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Figure 4. The two general routes to substituted bis(tpy)osmium(II) processes in these P2A diads and in the D2P2A triads

complexes have been given in a previous review article[1]. Photoin-
duced processes in the D2P2A triads are depicted in Fig-
ure 5. At 155 K, the lifetime of the fully charge-separated
state D12P2A2 (P 5 Ru) is estimated to be 27 ns. For
the Os-based triads, the deactivation via the fully charge-
separated state D12P2A2 occurs with k > 108 s21. In this
case, the transient absorption spectrum of the D12P2A2

species is not detected because this species does not ac-
cumulate but rapidly reverts to D2P2A.

Figure 5. Photoinduced processes in the DPAA2P2MV21 triads
at 155 K, where P is Ru(ttpy)21

2 or Os(ttpy)21
2

Table 2. The various multicomponent compounds prepared contai-
ning a bis-terpyridine osmium(II) central chromophore

Complex Method (see Figure 4) Reference

(ttpy)Os(ttpy-MV21)41 (a) or (b) [26] [40]

(PTZ-ttpy)Os(ttpy)21 (a) [26] [40]

(Fc-phtpy)Os(ttpy)21 (a) [38]

(DPAA-phtpy)Os(ttpy)21 (b) [40]

(PTZ-ttpy)Os(ttpy-MV21)41 (b) [39]

(DPAA-phtpy)Os(ttpy-MV21)41 (b) [39]

(Fc-phtpy)Os(ttpy-MV21)41 (b) [41]

all the compounds prepared were subjected to chromatog-
raphy on silica gel, with a mixture of solvents (usually
CH3CN and H2O) containing a salt (KNO3, for instance)
as eluent.

2.4. Photoinduced Processes in Diads and Triads Based on Ru(tpy)21
2

and Os(tpy)21
2 -Type Photosensitizers

As is normal for ruthenium(II) and osmium(II) polypyri-
3. Rigid Rod-like Dinuclear Terpyridine-Type Complexesdine complexes, light excitation in the spin-allowed MLCT

bands eventually leads to population of the lowest energy Symmetrical rigid dinucleating ligands, the syntheses of
which are versatile enough to allow modulation of the elec-3MLCT level [23] [42], which is the state responsible for the

observed electron-transfer processes. Since Ru(tpy)21
2 is tronic and geometrical properties, are also promising. The

family of compounds discussed in the following section al-practically non-emitting at room temperature, the experi-
ments on this species and its derivatives were performed at lows us to evaluate the effect of metal-to-metal distance on

the rate of energy- or electron-transfer between the donor155 K[43]. For the compounds based on Os(ttpy)21
2 , which

is luminescent at room temperature, experiments were per- subunit and the acceptor fragment, and also to assess the
influence of the electronic properties of the spacer insertedformed at both 155 K and 298 K[39]. The solvent used was

butyronitrile. Detailed mechanisms of the photoinduced between the two components.
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3.1. Synthesis of Bridging Bis-terpyridine Ligands Figure 7. Reaction used in the synthesis of the bridging ligand

tpy2ph2bco2ph2tpy
By connecting two terpyridine units via a rigid spacer

attached to their 49-positions, bridging ligands displaying
axial symmetry can be obtained. The compounds which
have been synthesized and used further to make dinuclear
complexes are illustrated in Figure 6.

Figure 6. Ligands used in the preparation of the heterodinuclear
complexes

The bis-terpyridine ligand tpy2tpy was synthesized by
reductive coupling of 49-chloro-2,29:69,2"-terpyridine, fol-
lowing the methodology recently reported by Constable and
Ward[44]. The phenyl-bridged bis-terpyridine ligand
tpy2ph2tpy was obtained according to the method devel-
oped by Kröhnke et al. [32]. The same reaction has also been

oped by Suzuki et al. [48] and recently applied to a water-used more recently by others[45]. The principle is very gen-
soluble p-phenylene-containing polymer[49].eral and can allow the preparation of virtually any com-

pound containing several pyridine nuclei attached to aro-
3.2. Synthesis and Photochemical Behaviour of Rigidly Bridgedmatic rings. The biphenyl-containing ligand
Heterodinuclear Complexestpy2ph2ph2tpy was obtained by homo-coupling of 49-p-

The rigidly bridged ruthenium(II)-osmium(II)[50] [51] [52] [53]bromophenyl-2,29:69,2"-terpyridine in the presence of Ni(0)
and ruthenium(II)-rhodium(III) [54] complexes are depictedtriphenylphosphane complex and Zn dust in DMF. The
in Figure 8.yield was 60%, thus allowing preparation of the compound

The general preparation of the heterodinuclear complexeson a gram scale.
requires, as a first step, the synthesis of the key complexesIt should be noted that the bromo-terpyridine used as
(ttpy)Ru[tpy2(ph)n2tpy]21. These intermediate mononu-starting material is readily available from 2-acetylpyridine
clear compounds were obtained as follows: Ru(ttpy)Cl3 andand 4-bromobenzaldehyde[36] (Figure 2). This func-
AgBF4 were refluxed in acetone in order to remove thetionalized terpyridine is the ideal precursor to a potentially
chlorine atoms from the metal. The complex obtained wasbridging multi-terpyridine ligand. It should lead to bis-ter-
added to a DMF solution of the bridging ligand and thepyridine systems with various aromatic or saturated spacers,
mixture was refluxed for 1 h. After work-up and chroma-as well as to bridging multi-chelates by connecting several
tography on alumina with CH3CN as eluent, the com-such terpyridine units.
pounds were isolated as their PF6

2 salts in good yields:The preparation of the bridging ligand
(ttpy)Ru(tpy2tpy)21: 85%; (ttpy)Ru(tpy2ph2tpy)21: 77%;tpy2ph2bco2ph2tpy (bco 5 2,2,2-bicyclooctane) was
(ttpy)Ru(tpy2ph2ph2tpy)21: 76%. All the compounds de-achieved using the multistep procedure shown in Figure 7.
scribed were characterized by standard techniques (1H-The key intermediate, Br2ph2bco2ph2Br, was pre-
NMR and FAB-MS). FAB-MS turned out to be particu-pared following a modification of a procedure previously
larly useful for these highly positively charged species. Indescribed by Zimmermann et al. [46]. Treatment of this di-
each case, the molecular peak was sufficiently intense tobromoarene with 4 equivalents of t-butyllithium and 2
eliminate any ambiguity concerning the structure of theequivalents of 2-methoxy-4,4,5,5-tetramethyl-1,3,2-di-
compound.oxoborolane[47] afforded a diester derivative, which could

be purified by crystallization. The successful cross-coupling 3.2.1 Ruthenium-Osmium Complexes: The ruthenium
complex bearing a free terpyridine site was allowed to reactof the 49-bromo-2,29:69,2"-terpyridine with the diester using

Pd(dppb)Cl2 [dppb 5 1,4-bis(diphenylphosphane)butane] with crude (ttpy)OsCl3 in refluxing nBuOH for 7 h. This
very insoluble compound was prepared from OsCl3.xH2Oas catalyst was performed following the methodology devel-
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Figure 8. Mononuclear ruthenium precursors and rigidly bridged nyl[56] or other rigid spacers[57] [58] [59] have led to similar re-

ruthenium-osmium and ruthenium-rhodium complexes sults.

3.2.2. Ruthenium-Rhodium Complexes: The ruthenium
complex bearing a free terpyridine site was allowed to react
with (ttpy)RhL3 (L 5 acetone) in refluxing ethanol for 4 h.
The latter was obtained similarly to its ruthenium analogue,
by replacing the chloride ligands of the complex
(ttpy)RhCl3 by solvent molecules using AgBF4 in refluxing
acetone. As in the case of ruthenium-osmium complexes,
other multinuclear by-products were isolated. Their forma-
tion can be explained in terms of reduction of the rho-
dium(III) centre to rhodium(I) during the complexation re-
action, followed by ligand scrambling[54]. Indeed, the coor-
dination sphere of the rhodium(I) metal is labile and the
ligand interchange can easily occur.

The photophysics of the binuclear complexes were inves-
tigated in 4:1 methanol/ethanol solution at 77 K (rigid
glass) and 150 K (fluid solution) and compared with data
for the mononuclear Ru(ttpy)21

2 and Rh(ttpy)31
2 model

compounds[54]. At 77 K, no quenching of the Ru(II)-based
excited state was observed, whereas energy transfer from
excited state Rh(III) to Ru(II) was observed for all the com-
plexes. At 150 K, energy transfer from excited state Rh(III)
to Ru(II) was again observed for all complexes, while
quenching of the excited state of Ru(II) by electron transfer
to Rh(III) was observed, but only in the complex with n 5
0. The different behaviour between n 5 0 and n 5 1, 2 can
be rationalized in terms of better suited electronic factors
and smaller reorganizational energies for the former species.
A number of ruthenium-rhodium diads have also been syn-
thesized and studied in recent years[60] [61] [62] [63]. These dis-
play a variety of intercomponent energy- and electron-
transfer processes.

and ttpy and used without further purification. In fact, at-
tempts to remove the chloride ions with Ag1 were of ques-

4. Rigid Rod-like Dinuclear Complexes with Bis-tionable success. Depending upon the starting sample, other
cyclometallating Terpyridine Analogues

ruthenium-osmium complexes could be isolated in low
yield[51]. The formation of these by-products seems to re- Interestingly, the electronic properties of a multidentate

ligand containing pyridine nuclei can be dramatically modi-flect the polymeric nature of the poorly-defined starting
complex, (ttpy)OsCl3. fied by replacing a nitrogen atom by a carbon atom (phenyl

group). This procedure permits us to go from a moderatePhotophysical data (steady-state luminescence spec-
troscopy and time-resolved spectroscopy methods) indicate σ- and π-donating neutral species to a negatively charged

ligand, provided that the metal can form a σ-bond to thea very efficient energy-transfer process from the ruthenium
chromophore to the osmium moiety[53] [55]. This transfer deprotonated CH group of the phenyl ring. The new ligand

would then be negatively charged and would, of course, betakes place according to the exchange mechanism of Dex-
ter [4]. Actually, the transfer of energy was found to occur expected to behave as a strong donor and be able, for in-

stance, to stabilize high oxidation states or to favour highwith k > 1010 s21, even for dMM 5 20 Å (dMM is the in-
termetal distance). One concludes that the polyphenylene field complexes. Since Ru(ttpy)21

2 is virtually non-lumi-
nescent at room temperature (τ 5 0.96 ns in CH3CN), dif-bridge behaves as an extremely good energy transducer. In-

sertion of a bicyclooctane (bco) unit leads to an internal ferent approaches have been explored in order to overcome
this difficulty. One possibility is to increase the ligand fieldseparation of 24 Å and results in a dramatic decrease in the

rate of energy transfer (k 5 4.4 x 106 s21 as measured at 77 (LF) or to diminish (to some extent) the metal-to-ligand
charge-transfer (MLCT) energy level so that the MLCT andK). This effect is due to the increased internal distance as

well as the electronically insulating properties of the satu- the LF states become well separated. In this context, cyclo-
metallating ligands such as 6-phenyl-2,29-bipyridinerated bco group. It is nevertheless remarkable that energy

transfer still takes place at such a large distance and in spite (phbpH) or 1,3-dipyridylbenzene (dpbH) (Figure 9a) have
been combined with one terpyridine in heteroleptic com-of the presence of a central insulating group. Studies per-

formed by other groups with systems incorporating ethy- plexes.
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4.1. Synthesis of Cyclometallating and Bridging Bis- Figure 10. Synthetic steps leading to bis-cyclometallating ligands
cyclometallating Ligands

Initially, dpbH was prepared according to a synthetic
procedure described previously by Bönnemann for 2,29-
(1,4-phenylene)dipyridine[64] [65]. A more convenient
method employs the mild aromatic cross-coupling reaction
originally described by Stille et al. [66]

Figure 9. (a) Cyclometallating and (b) bridging bis-cyclometallat-
ing ligands

The design of multicomponent systems incorporating
these new chromophores and electrophores requires the
synthesis of rigid, symmetrical bis-cyclometallating ligands.
Mild and efficient aromatic cross-coupling reactions cata-
lysed by various transition metal complexes have recently
been used in the synthesis of natural products, large organic
receptors[67], dendrimers[68] and one-dimensional poly-
mers[69]. Applied to suitable precursors, these methodolo-
gies have permitted the preparation of three bis-cyclometal-
lating ligands (Figure 9b), in which aromatic spacers modu-

Figure 11. Synthesis of ruthenium-osmium cyclometallated com-late the separation distance between sites[70]. The universal
plexes

precursor 5-bromo-1,3-dipyridylbenzene (Figure 10) was
obtained by reaction of the 2-trimethylstannylpyridine with
1,3,5-tribromobenzene in the presence of Pd[P(C6H5)3]2Cl2.
It was coupled using nickel(0) to afford a 70% yield of
tpbphH2 (tpbph denotes tetrapyridylbiphenyl).

The ligands (tptphH2 and tpqphH2; tph and qph denote
terphenyl and quaterphenyl, respectively) with one and two
phenylene spacers were prepared using Suzuki 9s cross-
coupling procedure as depicted in Figure 10[48].

4.2. Preparation and Properties of Rigidly Bridged Ruthenium-
Osmium Cyclometallated Complexes

By using the bis-cyclometallating ligands depicted in Fig-
ure 10, ruthenium-osmium cyclometallated complexes were
prepared with the aim of studying photoinduced energy-
transfer processes between the two bridged complex subu-
nits [3] [71] [72]. The synthetic strategy used was the same as
that described for the analogous terpyridine-type complexes
(3.2.1.). The mononuclear ruthenium precursors bearing a
free cyclometallating site and the corresponding heterodin-
uclear complexes are represented in Figure 11.

The binuclear complexes containing the dianionic ligands
exhibit the same geometrical properties as the previous bis- rate of Ru(II) to Os(II) energy transfer proved to be much

slower than for the structurally identical series discussed interpyridine series, with the distance between the metal
centres ranging from 11 to 20 Å, depending on the size of the previous section (3.2.1.). Thus, at room temperature, no

energy transfer was observed, despite the fact that the ex-the phenylene spacer. For the cyclometallated series, the

Eur. J. Inorg. Chem. 1998, 12148



One-Dimensional Multicomponent Molecular Arrays MICROREVIEW
cited state of the chromophore [Ru(ttpy)(dpb)1] exhibits a final conjugates are selected so as to facilitate strict stereo-

chemical control, especially with regard to the distance be-lifetime of 4.5 ns in acetonitrile. At 77 K, the energy-trans-
fer rate is affected to a large degree by the presence of the tween the porphyrins.
phenylene spacer. Energy transfer was found to take place

5.1. Synthesis of Porphyrin-Metal Bis-terpyridine Diadsaccording to a Dexter mechanism[4]. Comparison with
analogous complexes containing non-cyclometallating 5.1.1. Synthesis of the Ligands: The use of 2,29:69,2"-ter-
bridging ligands, where the MLCT excited states involved pyridine as a chelate is indeed very appealing for the strat-
in the energy transfer step are localized on the bridge and egy outlined in Scheme 3, since substitution at its 49-posi-
very fast energy transfer takes place (k > 5 3 1010 s21), tion leads to axially symmetric bis-terpyridine complexes.
suggests that the energy-transfer step in the cyclometallated The ligands used in the preparation of the porphyrin-metal
complexes is slower because the involved MLCT excited bis-terpyridine conjugates are shown in Figure 12a and
states are directed toward the terminal ligands[3]. This ap- their syntheses have been described[73].
parently results in a longer transfer pathway. The main con-

Figure 12. (a) Structures of the various terpyridine ligands used forclusions are that the phenylene spacers are very efficient in the synthesis of the diads. (b) The various terpyridine-porphyrin
transmitting the intermetal electronic communication, but diads
that an important role is also played by the spatial localiz-
ation of the MLCT excited states involved in the excitation-
transfer process (peripheral for the cyclometallated series
and bridging for the non-cyclometallating family).

5. Multiporphyrin Linear Systems Assembled by Transition
Metal Complexes

Multiporphyrin systems are of considerable interest in
the fields of molecular electronics and artificial photosyn-
thesis [15] with regard to converting light signals into high
energy separated states. An attractive route to such systems
is to use transition metals to assemble ligands, each bearing
a porphyrin unit. This strategy, which uses coordination
rather than covalent chemistry to interconnect the various
components, offers several attractive features: (i) its high
flexibility should allow easy preparation of multicomponent
systems, and (ii) good geometrical control should be pos-
sible. The general concept and the synthetic principle are
illustrated in Scheme 3.
Scheme 3. Strategy used to assemble asymmetrical bis-porphyrins

around a central transition metal cation (black dot).
The basic module consists of a porphyrin (lozenge) co-
valently attached to a chelate (arc of a circle). Provided
the transition metal complex is resistant to ligand-ex-
change processes, stepwise electron- or energy-transfer
can be envisaged after selective illumination of a por-
phyrin ring

Although the preparation of 49-methyl-2,29:69,2"-terpyri-
dine (Mtpy) is well-documented[74] [75] [76], we have devel-
oped a new route which gives high yields (87%) and allowsThe role of the transition metal is manifold: (i) to gather

and orient the system so as to have metallated porphyrins the preparation of large amounts (10 g scale) of this com-
pound. This alternative route to Mtpy involves the reactionheld rigidly at a fixed distance and to have asymmetrical

systems able to undergo electron- or energy-transfer; (ii) to of 49-trifluoroacetyl-2,29:69,2"-terpyridine[74] [77] with tetra-
methyltin, using the general procedure described bymodulate the electronic coupling between the donor and

acceptor porphyrins, and (iii) to form a complex which Stille [78]. 49-Formyl-2,29:69,2"-terpyridine (CHO2tpy) was
prepared from Mtpy by a modification of a procedure de-could act as a relay in electron transfer or as an antenna in

energy transfer. veloped by Vismara et al. [79], while a Sommelet reaction
applied to 49-tolyl-2,29:69,2"-terpyridine led to the corre-The ligand to be attached to each porphyrin and the

binding mode used to assemble the two modules into the sponding aldehyde (CHO2phtpy)[73] in 40% yield. The
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monoterpyridine porphyrin was prepared following Adler9s tral Ru(tpy)21

2 unit. On the other hand, the tetraarylpor-
phyrin backbone metallated by a gold(III) centre is a betterprocedure[80] and was isolated in 7% yield. The synthetic

strategy for the preparation of bisphenylterpyridine porphy- electron acceptor than the analogous gold(III) etioporphy-
rin.rin is derived from MacDonald9s methodology[81], using the

improved procedure developed by Lindsey et al. [82] This li- Figure 13. The triad
gand was obtained pure in 42% yield after two recrystalliza-
tions of the crude material.

5.1.2. Synthesis of the Complexes: The complexes synthe-
sized are shown in Figure 12b.

The rhodium(III) and ruthenium(II) complexes were pre-
pared following the same strategy. In the first step, a given
substituted terpyridine ligand L was reacted with the metal
trichloride according to a literature procedure[37], thereby
yielding MLCl3 [M 5 Ru(III) or Rh(III)]. In the second
step, after dechlorination with AgBF4, the solvated complex
ML(acetone)n1

3 [M 5 Ru(III) or (RhIII)] was reacted with
the appropriate substituted terpyridine in refluxing alcohol
(EtOH or nBuOH). 5.2.1. Synthesis of the Ligands: The various precursors

Metallation of the free-base porphyrins in the different leading to the triad are depicted in Figure 14.
compounds by zinc acetate is almost quantitative. The pu-

Figure 14. The various reagents and ligands used in the preparationrity of each highly-colored complex was checked by thin- of the triad
layer chromatography, UV/Vis spectroscopy, high resolu-
tion 1H-NMR spectrometry and mass spectroscopy.

5.1.3. Photophysical Properties of the Diads: Photophys-
ical properties have been measured for zinc and free-base
porphyrins covalently linked to ruthenium(II) or rho-
dium(III) bis-terpyridine complexes using ultrafast transi-
ent absorption spectroscopy and the full study has been re-
ported[73]. In each compound, the appended metal complex
quenches porphyrin fluorescence. The quenching is attri-
buted to intramolecular electron transfer from the excited
singlet state of the porphyrin to the metal complex. For
directly coupled systems, it appears that both forward and
reverse electron-transfer steps are extremely fast, and such
materials possess little attraction as building blocks. Inser-
tion of a phenyl ring between the components has a pro-
found effect on the dynamics of electron transfer, especially
with regard to charge recombination. In particular, the rela-
tively long lifetime (2 ns) of the charge-separated state of
the zinc-porphyrin phenyl-bridged ruthenium(II) bis-terpyr-
idine conjugate (Figure 12b) makes the ruthenium(II) com- Synthesis of the octaalkyl diaryl porphyrin terpyridine
plex attractive as a bridge in multicomponent systems. The was achieved in 20% yield following MacDonald9s method-
ruthenium(II) bis-terpyridine-based system has the ad- ology[81] using Lindsey9s conditions[82]: acid-catalysed con-
ditional attraction that light absorbed by the complex is densation of dipyrrylmethane with 3,5-di-tert-butylbenzal-
transferred to the triplet excited state of the porphyrin by dehyde and terpyridine benzaldehyde in a molar ratio of
way of an antenna effect. 6:5:1 in dichloromethane. The tetraaryl-porphyrin terpyrid-

ine was prepared using two different sets of conditions: (i)
5.2. Synthesis of a Bis-porphyrin-Ruthenium(II) Bis- Using Adler9s conditions[80], a mixture of 3,5-di-tert-bu-
phenylterpyridine Triad tylbenzaldehyde, terpyridine benzaldehyde and pyrrole in a

ratio of 18:1:19 was refluxed in propionic acid giving theIn order to perform long-range charge separation, the
triad represented in Figure 13 was prepared[83] [84]. It should desired compound in 13% yield after purification by col-

umn chromatography. (ii) Using Lindsey9s conditions[82], abe noted that it contains two differently substituted porphy-
rins, a zinc etioporphyrin-like donor and a gold(III) tetra- mixture of 3,5-di-tert-butylbenzaldehyde, terpyridine ben-

zaldehyde and pyrrole in a molar ratio of 15:1:16 in di-arylporphyrin acceptor. The -CH3 and -CH2CH3 substitu-
ents located at the periphery of the tetrapyrrolic donor in- chloromethane containing trifluoroacetic acid was stirred at

room temperature for 12 h. The resulting porphyrinogenscrease the electron-donating ability of the singlet excited
state (1*PZn) and thus favour electron transfer to the cen- were oxidized with tetrachloro-1,4-benzoquinone (chlor-
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Figure 16. Energy level diagram showing the electron-transfer sequ-anil) in refluxing dichloromethane. The crude product was

ence for the triadpurified by column chromatography, giving pure phenylter-
pyridine porphyrin in 9% yield. Metallation of the free por-
phyrin site of this compound with gold(III) was achieved in
85% yield using KAuCl4 and NaOAc in refluxing acetic
acid.

5.2.2. Synthesis of the Complex: Stepwise formation of
the asymmetrical ruthenium(II) complex from the gold(III)
porphyrin phenylterpyridine and free-base porphyrin phe-
nylterpyridine components was realized using a procedure
similar to the one described in Section 5.1.2., which is
shown schematically in Figure 15.

Figure 15. Stepwise formation of the triad

and leads to regeneration of the initial system. It is interest-
ing to compare the lifetime of 33 ns for the ultimate charge-
separated state in the triad with the value of 2 ns found for
that in the corresponding diad (Section 5.1.3.); this illus-
trates the advantage of using a multistep electron-transfer

A pure sample of the triad was obtained in 35% yield pathway.
by successive chromatography on silica gel, eluting with an The salient features of this molecular triad may be sum-
acetonitrile/water/saturated aq. KNO3 mixture. Metallation marized as follows: (i) there is rapid interporphyrin electron
of the free porphyrin site was carried out with Zn(OAc)2 transfer between linear, fixed-distance subunits, (ii) the ulti-
in methanol and afforded the triad as an orange solid in mate charge-separated state, which has a lifetime of 33 ns,
90% yield. retains almost 60% (1.2 eV) of a photonic input of 2.1 eV

and, (iii) the modular synthetic approach is highly versatile,5.2.3. Electron-Transfer Properties of the Triad: Exci-
facilitating the preparation of many different D2A12A2tation of the terminal zinc porphyrin in the triad results in
triads and higher-order, linear oligomers.electron transfer to the central ruthenium(II) bis-terpyrid-

ine complex, which is followed by secondary electron trans-
6. A Copper(I) Rotaxane Incorporating Two Different Sitesfer to the appended gold(III) porphyrin (Figure 16). Elec-
in a Thread: Molecules in Motiontron transfer occurs by two consecutive steps over a porphy-

rin centre-to-centre distance of ca. 30 Å. Molecular systems whose motions can be triggered by
applying an external signal are currently of special interest,Rate constants for the individual steps, as determined

from laser photolysis studies[84], are indicated in Figure 16. both as mimics of biological systems (redox proteins) and
as potential bistable molecular devices[85] [86] [87] [88]. Ca-The primary electron-transfer step leading to reduction of

the central Ru(II) complex (∆G° 5 20.25 eV) requires 50 ps tenanes and rotaxanes are particularly well-suited in this
context since reversible molecular motions using inter-and is essentially quantitative. The second electron-transfer

process follows, resulting in reduction of the distant gold- locked or threaded rings can be easily per-
formed[18] [89] [90] [91] [92]. The use of transition metal-contain-(III) porphyrin. The rate constant for this second step is

found to be 6 3 108 s21. This process, for which there is a ing systems is also especially favorable since the stereoelec-
tronic requirements of the metal can depend strongly on itsthermodynamic driving force of ca. 0.6 eV, is in competition

with reverse electron transfer to restore the ground state. oxidation state. This property can be exploited for switching
a molecular system from a given geometrical arrangement,Subsequent charge transfer between the terminal porphy-

rinic subunits occurs with a rate constant of 3 3 107 s21 corresponding to the most stable coordination for the tran-
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sition metal(s) involved, to a different geometry, simply by Since copper(I) has a pronounced preference for tetracoor-

dination, the threading reaction will selectively lead to thechanging the metal oxidation state by chemical or electro-
chemical means, ultimately leading to the preferred coordi- pseudo-rotaxane intermediate. The driving force behind this

threading process is the great stability of the pseudotetra-nation for the new redox state[93] [94] [95] [96].
hedral bis-chelate complex between copper(I) and the two

6.1 Synthesis of the Rotaxane disubstituted 1,10-phenanthrolines[108]. The blocking reac-
tion is performed by attaching a voluminous group at theA [2]-rotaxane is a molecular system consisting of a ring
other end of the coordinating string.threaded by a string, with two blocking groups attached at

either end of the string in order to prevent dethreading[97].
6.2. Electrochemically-Induced Molecular MotionsSuch compounds were first prepared long ago[98] [99], but

The principle of the process is explained in Figure 18. Itwere largely considered as mere chemical curiosities. Re-
is based on the difference of preferred coordination numbercently, rotaxanes have undergone a notable revival due to
for the two different redox states of the metal: 4 for cop-the newly developed efficient procedures which make them
per(I) and 5 for copper(II). The electrochemical and chemi-relatively easy to make[100] [101] [102], as well as because of
cal steps of the square scheme are analysed by a combi-their electro- and photochemical properties[103] [104] [105] and
nation of cyclic voltammetry and controlled potential elec-their aptitude for undergoing controlled molecular mo-
trolysis experiments. The square scheme of electron transfertions[18] [89] [92]. Recently, we reported the synthesis of a cop-
induced reactions[109] takes place, assuming that the chemi-per(I)-assembled rotaxane[106] with a coordinating macro-
cal steps (motions of the ring from the phenanthroline tocycle containing a 1,10-phenanthroline (phen) moiety form-
the terpyridine and vice-versa) are slow in comparison withing the ring, and a threaded fragment incorporating both a
the time scale of cyclic voltammetry. The voltammogramsphen unit and a 2,29:6920-terpyridine (tpy) coordination site
obtained demonstrate the perfect reversibility of the system,(Figure 17a). The key feature of the system is its potentially
and also give the orders of magnitude of the rates of thedual complexing mode towards a metal, involving the phen
chemical steps.or tpy moieties.

Figure 18. Square scheme in the copper rotaxane made in FigureFigure 17. (a) Representation of the Cu(I)-rotaxane. (b) Construc-
17tion principle of the Cu(I)-rotaxane

The stable 4-coordinate monovalent complex is oxidized
to an intermediate tetrahedral divalent species. Due to the
preference of copper(II) for a square-base pyramidal-type
geometry, the ring moves to the terpyridine site to give the
stable 5-coordinate copper(II) complex. Upon reduction,
the 5-coordinate monovalent state is formed as a transient.
Finally, the latter undergoes the reorganization process (op-
posite movement of the ring), thereby regenerating the
starting complex [the shaded circle represents copper(I) and
the white circle represents copper(II)].

Certainly, rotaxanes are very promising compounds with
regard to electrochemically and photochemically induced
molecular motions, due to the perfect chemical reversibility
of the processes. Interestingly, the rates of the movementsThe synthetic strategy is illustrated in Figure 17b. A key

step is the metal-directed threading process, often used in in the rotaxane are very different from those measured for
related catenanes[19] [90] [91]. The conversion of copper(II) (4-the past for making various catenanes and rotaxanes[107].

The bidentate chelate (phen, represented by an inverted U) coordinate state) to copper(II) (5-coodinate state) is much
faster in rotaxane than in the interlocking ring systems de-and the terdentate unit (tpy, represented by a stylized M)

are incorporated in an acyclic ligand, already bearing a scribed previously. This difference could reflect a greater
ability of the copper(II) (4-coordinate state) in rotaxane tobulky stopper at one end. The ring contains a phen nucleus.

In the threading step (i) of Figure 17, copper(I) (represented interact with solvent molecules or anions, the copper(II)
centre being perhaps loosely bound to a fifth ligand, whichby a black circle) forces the string to pass through the ring.
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would thus stabilize intermediate states on the way to cop- mobility (2 or several fragments in motion) or several pos-

sible geometries.per(II) (5-coordinate state). Interestingly, the sequence of
electrochemical and chemical steps involved in the square This work was supported by the CNRS (France). Special thanks
scheme of Figure 18 is very different from the classical EC go to Balzani’s, Barigelletti’s and Harriman’s groups. Thanks are
mechanism universally encountered in molecular electro- also due to all the members of our team who contributed to the
chemistry since, in principle, it does not consume electrons. work described in the present review article with so much skill

and enthusiasm.
7. Conclusion and Prospects

Although there may still be a long way to go from the ; Dedicated to the memory of Professor M. Momenteau, a cre-
ative porphyrin chemist, who recently passed away untimely.design and synthesis of multifunctional molecules with pre-

[1] J.-P. Sauvage, J.-P. Collin, J.-C. Chambron, S. Guillerez, C.dicted electrochemical or photochemical properties to the
Coudret, V. Balzani, F. Barigelletti, L. De Cola, L. Flamigni,

construction of real molecular devices, utilizable as arti- Chem. Rev. 1994, 94, 993.
[2] J.-P. Collin, A. Harriman, V. Heitz, F. Odobel, J.-P. Sauvage,ficial photosynthetic systems, photovoltaic devices or

Coord. Chem. Rev. 1996, 148, 63.nanoscale components in electronics, the two last decades [3] F. Barigelletti, L. Flamigni, J.-P. Collin, J.-P. Sauvage, J. Chem.
have nevertheless witnessed substantial progress as far as Soc., Chem. Comm. 1997, 333.

[4] D. L. Dexter, J. Chem. Phys. 1953, 21, 836.complex multicomponent molecules and molecular as-
[5] T. Förster, Discuss. Faraday Soc. 1959, 27, 7.semblies are concerned. In particular, the use of transition [6] R. A. Marcus, J. Chem. Phys. 1956, 24, 966.
[7] R. A. Marcus, N. Sutin, Biochim. Biophys. Acta 1985, 811, 265.metals has contributed greatly to progress in the field. In
[8] J. L. Sessler, M. R. Johnson, S. E. Creager, J. C. Fettinger, J.this context, the role of the metal is twofold: (i) to gather

A. Ibers, J. Am. Chem. Soc. 1990, 112, 9310.
ligands bearing various functional groups and thus allow [9] D. Gust, T. A. Moore, Top. Curr. Chem., 1991, 159, 103.

[10] A. Helms, D. Heiler, G. McLendon, J. Am. Chem. Soc. 1992,the construction of compounds with a defined arrange-
114, 6227.ment, the electro- and photoactive groups incorporated in [11] D. G. Johnson, M. P. Niemczyk, D. W. Wiederrecht, D. W.

the molecule being disposed in space with a good geometri- Minsek, G. L. Gaines III, W. A. Svec, M. R. Wasielewski, J.
Am. Chem. Soc. 1993, 115, 5692.cal control, and (ii) to provide interesting functions related

[12] A. Osuka, S. Nakajima, K. Maruyama, N. Mataga, T. Asahi,to electronic molecular motions and thus become operative I. Yamazaki, Y. Nishimura, T. Ohno, K. Nozaki, J. Am. Chem.
Soc. 1993, 115, 4577.parts of the system.

[13] J. Deisenhofer, O. Epp, K. Miki, R. Huber, H. Michel, J. Mol.In the field of electron- and energy-transfer, in relation
Biol. 1984, 180, 385.

to artificial photosynthesis, terpyridine has been used exten- [14] J.-P. Allen, G. Feher, T. O. Yeates, H. Komiya, D. C. Rees,
Proc. Natl. Acad. Sci. USA 1987, 84, 5730.sively. The coordination geometry and the symmetry of its

[15] V. Balzani, F. Scandola, Supramolecular Photochemistry; Elliscomplexes has been used to good advantage in the con- Horwood, Chichester, 1990.
struction of several families of compounds incorporating [16] R. Argazzi, C. A. Bignozzi, T. A. Heimer, F. N. Castellano, G.

J. Meyer, Inorg. Chem. 1994, 33, 5741.ruthenium(II) or osmium(II) centres connected to various
[17] M. K. Nazeerudin, A. Kay, I. Rodicio, R. Humphry-Baker, E.other electro- or photoactive components. Photoinduced Müller, P. Liska, N. Vlachopoulos, M. Grätzel, J. Am. Chem.

Soc. 1993, 115, 6382.charge separation over a long distance (> 20 Å) has been
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The architecture of the tetrapodal pentaamine ligand 2,6- applicable), and X-ray structure determination. While the
solid state structures show varying degrees of distortion ofbis(19,39-diamino-29-methylprop-29-yl)pyridine (pyN4, 1)

allows it to coordinate to nickel(II) as a square pyramidal the ligand cap 1 from C2v symmetry, a polynucleating
coordination mode has not been observed. The ligandcoordination cap. The pyridine nitrogen atom occupies an

apical position of the coordination octahedron, while four enables the synthesis of dinuclear nickel(II) complexes
containing a single bridging ligand, as exemplified by theequivalent pendent primary amino groups occupy the

equatorial positions, with a sixth coordination site remaining singly µ-chloro bridged complex [(1)Ni–Cl–Ni(1)](PF6)3. This
complex has an antiferromagnetically coupled ground statefor a monodentate ligand. Exchange of this ligand is facile,

and a series of complexes [(1)NiX]n+ (X = OH2, OClO3, NCS, of total spin ST = 0, as determined from variable-temperature
magnetic susceptibility measurements.N3, {Cl-Ni(pyN4)}) has been prepared and characterised by

elemental analysis, IR and UV/Vis spectroscopies (as

Introduction pyramidally coordinating ligand of overall C2v symmetry
represents a novel structural motif in coordination chemis-The objective of our work is to explore the potential of
try since it has one central donor atom which occupies thetetrapodal pentadentate ligands as mononucleating head
apical position of a pyramid, while four equivalent pendentgroups in functional transition metal complexes. Ligands of
donor groups take the basal positions. In the case of octa-this topology are virtually unknown. Specifically, we aim
hedral complexes, such a coordination mode leaves a sixthto create octahedral coordination compounds containing a
site for the binding of a monodentate substrate. The tetra-square-pyramidal coordination cap (a pentadentate ligand)
podal pentadentate ligand 1 is particularly attractive in thatand a substrate (a monodentate ligand), which is bound at
it forces a sixth ligand to coordinate trans to a pyridinethe sixth coordination site. Ideally, functional groups ap-
substituent. While this feature has been suggested topended to the base of the coordination cap will provide an
influence the overall reactivity with respect to ligand ex-environment for the substrate in which it shows modulated
change in certain cases, experimental verification has so farreactivity. Such metal complexes would utilise the principles
been lacking[4]. A topological relative of 1 has recently beenof simultaneous first- and second-sphere coordination[1] [2].
described[5], being virtually identical to a ligand previouslyIn this context, we recently introduced a tetrapodal pen-
used by Canty and co-workers in their studies of the coordi-tadentate ligand with an NN4 donor set, consisting of a
nation chemistry of palladium(II), where square-pyramidalcentral pyridine and four equivalent primary amino nitro-
coordination was not observed[6]. A different type of tetra-gen atoms (pyN4, 1) [3]. Structural characterization of a co-
podal pentadentate ligand of C2 symmetry involves abalt(III) chloro complex showed that the ligand provides
“superstructured”[7] [8] porphyrin, i. e. the basal donorthe desired square pyramidal coordination cap. A square-
atoms are incorporated into a macrocyclic ring. [9]

As part of our studies directed toward the synthesis of[°] X-ray structure analyses. 2 [°°] Magnetochemical measure-
ments. functional metal complexes with a square-pyramidal coor-
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are likely candidates, but neither enables further refinement.
Hence, the possibility of this substance being a mixture of
the chloro and aqua complexes cannot be ruled out.

[(1)Ni(H2O)]I2 (4)

Exchange of the monodentate ligand is facile in 2 and 3,
and the above results suggest chloride and water compete

dination cap, we have been exploring the coordination be- as ligands for the sixth coordination site. The aqua complex
haviour of the pyN4 ligand 1 and the reactivity of a variety is formed exclusively as the iodide salt [(1)Ni(H2O)]I2 (4)
of complex fragments of the type [(1)M] (M 5 Co, Ni, Rh), upon recrystallization of 2 from water in the presence of an
as well as the further derivatization of this ligand in order excess of sodium iodide. These conditions apparently pre-
to construct a concave ligand periphery and/or an enclosed vent the coordination of chloride, while the large iodide li-
coordination site. We now wish to report our findings relat- gand, if accommodated, would induce steric strain as a
ing to ligand exchange at the fragment [(1)Ni]21, for which consequence of van der Waals interactions with the basal
we have used the aqua complex [(1)Ni(H2O)]Cl2 (2) as pre- amino groups of the complex fragment [(1)Ni]21 (ref. [11]).
cursor. We were interested in the structural characterization The spectroscopic characteristics of 4 resemble those de-
of the aqua complex as well as a series of other complexes termined for the other complexes in the present series (5, 6,
[(1)Ni(X)]n1 (X 5 perchlorate, halide, pseudohalide), in or- 7, and 8). All complexes contain octahedrally coordinated
der to assess the influence, if any, of monodentate ligands high-spin nickel(II), making 1H NMR spectra of limited
X upon the coordination mode of the pentadentate ligand, diagnostic value due to paramagnetically shifted and broad-
and to obtain a quantitative measure of the flexibility of ened resonances (an assignment is given below for the pro-
the ligand in those cases where it does provide a square- ton spectrum of 5, based on approximate integration inten-
pyramidal coordination cap. sities and chemical shifts). The UV/Vis spectrum of an

Exchange reactions have yielded the mono- and dinuclear aqueous solution of 4 is characterized by an absorption at-
nickel(II) complexes [(1)Ni(H2O)]I2 (4), [(1)Ni(OClO3)]- tributable to a d-d transition at λ 5 543 nm (ε 5 3.4 dm3

(ClO4) (5), [(1)Ni(µ-Cl)Ni(1)](PF6)3 (6), [(1)Ni(NCS)](PF6) mol21 cm21), in keeping with data obtained for other six-
(7), and [(1)Ni(N3)](PF6) (8). While the solid state struc- coordinate polyamine complexes of Ni(II) [12]. The spectrum
tures of these compounds show different degrees of distor- is virtually identical to those of complexes 5, 6, 7, and 8,
tion of the ligand cap, the pentaamine ligand 1 does act as presumably due to the ease of ligand exchange at the sixth
a podand in all cases, and a polynucleating coordination coordination site.
mode (which is undesirable in the light of the aims specified The IR spectrum of 4 shows bands characteristic of
above) is not observed. Since the pentadentate ligand effec- N2H, O2H, and skeletal vibrations of the ligand [in par-
tively blocks five coordination sites in a coordination octa- ticular, the ν(C5C) and ν(C5N) in-plane vibrations of the
hedron, it allows the synthesis of dinuclear complexes con- pyridine ring]. The base peak in the FD mass spectrum is
taining a single bridging ligand. In view of the interest at- at m/z 5 436 ([(1)NiI]1), all other peaks having an intensity
tached to such complexes, particularly with respect to their of less than 10%. In the FAB spectrum, the base peak is
magnetic properties [10], we have undertaken the mag- again at m/z 5 436, with a fragment ion at m/z 5 309
netochemical characterization of the dinuclear µ-chloro- ([(1)Ni]1, 45%). These results indicate that exchange of the
bridged nickel(II) complex 6. aqua ligand for an iodo ligand does occur under the con-

ditions prevailing in the mass spectrometer.
Results and Discussion Compound 4 crystallises in the monoclinic space group

P21/n. The molecular structure of the cation, which has noAnalytical data indicate the nickel(II) aqua complex
[(1)Ni(H2O)]Cl2 (2) to be the primary species formed when crystallographically imposed symmetry, is shown in Figure

1. The nickel(II) ion is coordinated by the pentaamine li-an ammoniacal aqueous solution of the tetrakis(hydrochlo-
ride) salt 1 • 4 HCl (ref. [3]) is treated with one equivalent of gand 1 in pyramidal fashion, leading to the formation of

six six-membered chelate rings, all of which adopt a boatNiCl2 • 6 H2O. Drying of the purple crystalline material in
vacuo results in a colour change to bluish green which indi- conformation. The aqua ligand completes the Ni(II) coor-

dination octahedron. It forms two weak hydrogen bonds tocates removal of the aqua ligand. Addition of NaClO4 to an
aqueous solution of 2 and recrystallization of the resulting the two iodide counterions [d(O1···I1) 5 3.406(4) A

˚
,

d(O1···I2) 5 3.405(3) A
˚

; sum of the van der Waals radiiprecipitate from water/methanol (1:1 v/v) gives a crystalline
solid (3) with no conclusive elemental analysis and IR data. of O and I: 3.50 A

˚
[13]]. The arrangement of the equatorial

nitrogen atoms around the nickel centre is trapezoidalPreliminary X-ray structural data of this solid confirm the
pyN4 ligand to act as a square-pyramidal coordination cap rather than square planar, with two shorter and two longer

Ni2Neq bond distances (Table 1). The angles Neq2Ni2Neqand reveal the presence of at least one uncoordinated per-
chlorate anion, but do not allow the identification of the in the NiN4 plane have average values of 84.9(2)° and

95.2(2)° for diametrically opposite pairs, the smaller valuemonodentate ligand at the sixth coordination site. The re-
sidual electron density is compatible with a ligand contain- representing the averaged “bite angle” of the 1,3-diamino-

prop-2-yl substituents. These groups are displaced slightlying a single “heavy” atom, and both chloride and water
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toward the equatorial NiN4 unit, as indicated by the devi- methylene carbon atoms in the two 1,3-diaminoprop-2-yl

groups [d(C16···C21)] is widened to a value of 5.399(7) A
˚

,ations of the angles at the ortho carbon atoms from their
ideal values of 120° [N112C112C18 116.8(3)°; while the other [d(C17···C20)] is compressed to 4.743(7) A

˚
.

This distortion (see below for a unifying discussion of pos-C122C112C18 122.7(4)°; N112C152C22 116.7(3)°;
C142C152C22 122.8(4)°]. Whether this is a consequence sible causes) attests to the flexibility of the ligand backbone.

Except for the angles given in Table 1, all other angles inof the ligand acting as a podand toward the central nickel
ion cannot be said with certainty as similar deviations are the carbon framework are close to the ideal values expected

for sp2 and sp3 carbon and nitrogen atoms, respectively.observed for the corresponding angles in the tetrakis(hydro-
bromide) salt 1 • 4 HBr where the ortho substituents are [(1)Ni(OClO3)](ClO4) (5)
not constrained by metal coordination[14]. However, the Ni-

Recrystallization of the ill-defined complex 3 from meth-
2Nax bond length at 2.050(3) A

˚
is shorter than the average

anol in the presence of NaClO4 yields single crystalline mate-
Ni2Neq bond length [2.090(4) A

˚
]. By way of comparison,

rial whose IR spectrum is characterised by a triply split very
the corresponding Ni2Npy bond lengths in the cation

intense band between 1088 and 1145 cm21 (ClO4 str). This
[(H2O)5Ni(py)]21 and in a Ni(II) cyclam complex with a

is characteristic of unidentate perchlorate coordination (re-
pendent pyridyl group coordinated trans to an aqua ligand

duction of the local symmetry from Td to C3v)[17] and points
are 2.08(1) A

˚
[15] and 2.142(4) A

˚
[16], respectively, while the

to the perchlorato perchlorate complex [(1)Ni(OClO3)](ClO4)
averaged Ni2Neq bond length in the latter complex is

(5). Its 1H NMR spectrum ([D6]DMSO, room temp.) shows
1.927(5) A

˚
. The nickel2oxygen bond length in 4

paramagnetically shifted resonances over the range 0 to 1
[d(Ni2O) 5 2.133(3) A

˚
] is within the range of values found

140 ppm which can be assigned on the basis of their approxi-
in both the pentaaqua and the cyclam complexes

mate integration intensities and are in accord with C2v sym-
[d(Ni2O) 5 2.05(1)···2.18(1) A

˚
[15], and d(Ni2O) 5

metry of the pyN4 ligand in the complex[18]. As expected,
2.166(3) A

˚
[16], respectively].

the protons closest to the nickel atom (2NH2, 2CH22)
Figure 1. Molecular structure of the cation in 4 with thermal ellip- show the most pronounced paramagnetic shifts (128 and 100
soids drawn at the 50% probability level; hydrogen atoms are omit-

ppm, respectively) and the largest line widths. The H3 (meta),ted for clarity
H4 (para) and 2CH3 protons have signals at 43, 20, and 1
ppm, respectively, with line widths decreasing in this order,
which mirrors the increasing remoteness of the proton lo-
cations with respect to the nickel center.

The X-ray structural study of 5 shows the cation to have
C1 symmetry in the solid state (Figure 2). The nickel atom
is coordinated in distorted octahedral fashion by the pen-
tadentate pyN4 ligand and an oxygen atom of one of the
perchlorate anions. While the diametrically related sets of
bond angles Neq2Ni2Neq are comparable to the corre-
sponding values in 4, the Npy2Ni2O unit deviates signifi-
cantly from linearity [N112Ni12O1 166.0(5)°]. However,
the coordination cap in 5 is less distorted than in 4, as is

As shown in the side-on view in Figure 2, the
evident from the structural parameters listed in Table 2,

[(pyN4)Ni]21 complex fragment in 4 is distorted from C2v which are closer to the ideal values. The Ni2Nax bond is
symmetry. The pyridine ring, itself a regular hexagon, is

shorter still in 5 [Ni12N11 2.015(4) A
˚

] than in 4 [2.050(3)
tilted to one side of the (pyN4)Ni pyramid, inducing a slight

A
˚

], while the average Ni2Neq bond lengths are comparable
bending of the Nax2Ni2O axis relative to the equatorial

[5: 2.09(1) A
˚

; 4: 2.090(4) A
˚

]. The bond length in 5 between
NiN4 unit (cf. Table 1 for relevant bond angles Nax2Ni2

nickel and the oxygen atom of the coordinated perchlorate
Neq). This unit shows minor tetrahedral distortion, with di-

anion has a value of d(Ni12O1) 5 2.233(6) A
˚

which is
agonally opposite N donor atoms 0.015(4) A

˚
above and,

shorter than the value found in the nickel(II) perchlorato
respectively, below the plane containing the nickel atom.

complex of a pendant-arm macrocyclic ligand which also
For the purpose of comparison with the other structures

has an N5 donor set [d(Ni2O) 5 2.393(8) A
˚

] [19]. The bond
reported in the present publication, the distortion of the

lengths and angles within both perchlorate anions are in the
ligand cap in 4 from C2v symmetry may be quantified as

normal range.
follows (Table 2): a) The least-squares planes defined by the

[(1)Ni(µ-Cl)Ni(1)](PF6)3 (6)pyridine ring (N11, C11, C12, C13, C14, C15) on the one
hand and the quaternary and methyl carbon atoms C18, Recrystallization of 2 from water in the presence of

NH4PF6 gives a purple material, and analytical data sug-C19, C22, C23 on the other do not coincide but form a
dihedral angle of 15.4(4)°; b) the least-squares planes de- gest it is the bridged species [(1)Ni(µ-Cl)Ni(1)](PF6)3 (6). Its

formation requires partial dissociation of the monodentatefined by the four methylene carbon atoms C16, C17, C20,
C21 and the four equatorial amino nitrogen atoms N12, ligand in 2, in accord with the observation that a vacant

coordination site may be created in a complex by NH4PF6-N13, N14, N15 are not parallel but at a dihedral angle of
8.0(1)°; c) one of the distances between pairs of equivalent induced loss of a labile ligand[20]. Compound 6, once
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Table 1. Selected bond lengths [A

˚
] and angles [°] for 4, 5, 6, 7 and 8 with estimated standard deviations in parentheses

bond or angle 4 5 6 7 8

Ni12N11 2.050(3) 2.015(4) 2.05(1) 2.062(4) 2.062(5)
Ni12N12 2.108(3) 2.01(1) 2.09(1) 2.113(5) 2.119(6)
Ni12N13 2.068(4) 2.16(1) 2.08(1) 2.110(5) 2.080(6)
Ni12N14 2.073(4) 2.10(1) 2.07(1) 2.098(6) 2.054(6)
Ni12N15 2.110(4) 2.08(1) 2.10(1) 2.132(6) 2.106(5)
Ni12X[a] 2.133(3) 2.233(6) 2.448(2) 2.086(4) 2.156(5)
N112Ni12N12 87.2(1) 90.8(4) 89.4(5) 88.8(2) 85.5(2)
N112Ni12N15 88.2(1) 91.1(5) 87.5(5) 88.8(2) 85.5(2)
N112Ni12N13 92.9(1) 89.0(4) 90.5(5) 90.9(2) 91.3(2)
N112Ni12N14 92.3(1) 90.9(4) 90.9(5) 89.8(2) 90.9(2)
N122Ni12N13 85.2(2) 88.5(3) 85.8(5) 83.9(2) 85.9(3)
N142Ni12N15 84.6(2) 84.7(2) 85.2(5) 84.2(3) 86.6(3)
N132Ni12N14 96.3(2) 91.5(5) 94.9(5) 96.6(2) 95.1(3)
N122Ni12N15 94.0(2) 95.3(6) 94.1(6) 95.3(3) 92.2(3)
N122Ni12N14 178.5(2) 178.3(5) 179.2(5) 178.5(2) 176.3(2)
N132Ni12N15 178.6(2) 176.2(5) 177.9(5) 179.1(2) 176.4(3)
N112Ni12X[a] 179.32(13) 166.0(5) 178.4(3) 177.1(2) 175.1(2)
Ni12N122C16 115.7(3) 118.3(9) 117(1) 116.9(4) 115.9(4)
Ni12N132C17 113.6(3) 113.8(8) 116(1) 117.0(3) 114.0(4)
Ni12N142C20 114.0(3) 114.8(7) 116(1) 117.0(4) 114.1(4)
Ni12N152C21 116.0(3) 116.8(9) 115(1) 115.9(4) 116.0(4)
N122C162C18 114.2(4) 115(1) 115(1) 115.4(5) 113.2(5)
N132C172C18 113.9(4) 116(1) 113(1) 113.8(5) 115.1(6)
N142C202C22 114.5(4) 120(1) 113(1) 114.8(5) 114.5(5)
N152C212C22 114.0(3) 112(1) 118(1) 117.3(5) 112.7(5)

[a] 4: X 5 O1; 5: X 5 O1; 6: X 5 Cl1; 7: X 5 N1; 8: X 5 N21.

formed and isolated, may be recrystallised from water. respectively]. The capping pentaamine ligand is again dis-
torted in the sense that the pyridine ring is tilted to oneWhether or not the dinuclear species persists in aqueous

solution is uncertain as the UV-Vis spectrum is not signifi- side of the [NN4]Ni pyramid, the degree of distortion being
comparable to that observed in 4 (cf. Table 2 for relevantcantly different from that of the mononuclear aqua complex

4. The X-ray structural analysis of 6 confirms the presence distances and interplanar angles). The hexafluorophosphate
counterions show thermal disorder but otherwise have nor-of a dinuclear chloro-bridged complex cation in the solid

state, making it one of the very few structurally character- mal structural parameters.
ised complexes containing a single unsupported Ni(II)2X2

[(1)Ni(NCS)](PF6) (7)Ni(II) halide bridge[21]. The compound crystallises in the
tetragonal space group I41cd, and the two halves of the In view of the ready formation of a dinuclear complex

from 2 by incorporation of a µ-chloro ligand under suitablemolecule are related by a two-fold rotation axis which bi-
sects the Ni2Cl2Ni9 unit (Figure 3). The bridging chloro conditions, we carried out substitution experiments with

potentially bidentate polyatomic anions such as thiocyanatesubstituent (Cl1) and the phosphorus atom of one of the
three PF6

- counterions occupy special positions. The coor- or azide in the anticipation of obtaining dinuclear species
containing end-to-end coordinated, µ-(1,3)-pseudohalidedination mode of the pentaamine ligand 1 is again pyrami-

dal. The chloro substituent functions as a bridge between bridges. Such complexes are of current interest with respect
to their magnetic properties[24] [25] [26]. So far, however, eventwo symmetry-equivalent nickel(II) ions, the angle sub-

tended at the µ-chloro ligand by the bonds to Ni1 and Ni19 in the presence of NH4PF6, these reactions have yielded
only the mononuclear complexes[27], which X-ray structuralbeing 165.5(3)°. Similar to 4 and 5, the angles Neq2Ni2Neq

in the NiN4 plane have average values of 85.5(5)° and analyses have shown to contain terminally coordinated
pseudohalide ligands.94.5(6)° for diametrically opposite pairs, leading to a rec-

tangular rather than a square arrangement of the equatorial The IR spectrum of the complex [(1)Ni(NCS)](PF6) (7) is
inconclusive with respect to the bonding mode of the SCN2amino nitrogen atoms around the nickel centre (Table 1).

The C2 symmetry of the dinuclear ion causes the equatorial ligand. The X-ray crystal structure determination shows 7
to be the isothiocyanato complex, its cation having the ex-NiN4 unit and its symmetry-related counterpart to adopt

an eclipsed conformation. The Ni2Nax bond length pected octahedral symmetry. The distortion of the pyN4 li-
gand in 7 (Figure 2) is much less severe than in complexes(2.049(11) A

˚
) is again shorter than the average Ni2Neq

value [2.085(13) pm], but the higher standard deviations in 4 and 6, and comparable to that in 5. The least-squares
planes defined by the four methylene carbon atoms C16,this structure limit the usefulness of this comparison. The

Ni2Cl bond length of 2.448(2) A
˚

is appreciably shorter C17, C20, C21 and the four equatorial amino nitrogen
atoms N12, N13, N14, N15 form an angle of only 3.0(2)°,than in two other complexes containing octahedrally coor-

dinated nickel(II) bridged by a single µ-chloro ligand and the distances between pairs of equivalent methylene
carbon atoms in the two 1,3-diaminoprop-2-yl groups[d(Ni2Cl) 5 2.941(2) A

˚
[22] and 2.712(4) A

˚
(average)[23],
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Figure 2. Molecular structures of the cations in 4 (top left), 5 (top right), 7 (bottom left), and 8 (bottom right); side-on views are shown
in order to illustrate the differing degrees of distortion of the ligand caps; for clarity, ball-and-stick representations have been chosen,
and all hydrogen atoms have been omitted; for all structures, the numbering of atoms in the pyridine ring is identical to that shown in

Figure 1

Table 2. Intramolecular angles [°] and distances [A
˚

] illustrating the distortion of the ligand cap in complexes 4, 5, 6, 7 and 8 (with
estimated standard deviations in parentheses); see footnote and text for definitions of angles

bond or angle 4 5 6 7 8

ε[a] 15.4(4) 1(1) 17(1) 5.0(3) 26.8(4)
ζ[b] 8.0(1) 1.3(3) 7.4(4) 3.0(2) 9.8(2)
η[c] 11.6(2) 3.1(6) 13.2(6) 4.0(2) 19.3(2)
d(C16···C21) 5.399(7) 5.18(2) 5.30(3) 5.28(1) 5.44(1)
d(C17···C20) 4.743(7) 5.01(2) 4.80(3) 5.06(1) 4.69(1)

[a] Angle ε between the least-squares planes defined by the pyridine ring (N11, C11, C12, C13, C14, C15) and the quaternary and methyl
carbon atoms C18/C19/C22/C23. 2 [b] Angle ζ between the least-squares planes defined by the equatorial nitrogen atoms N12/N13/N14/
N15 and the methylene carbon atoms C16/C17/C20/C21. 2 [c] Angle η subtended by the lines N11···C13 and N112Ni1 at N11.

[d(C16···C21) and d(C17···C20)] have adjusted to 5.28(1) A
˚

differences, and possibly also solid state packing effects, al-
low the ligand to adopt a conformation closer to C2v sym-and 5.06(1) A

˚
, respectively. On average, the Ni2Neq bonds

in 7 are slightly longer and the Ni2Neq2C angles slightly metry. The isothiocyanato ligand is linear [N12C12S1 5
177.8(6)°] and is coordinated to nickel at an angle oflarger than in the other complexes, and it appears that these
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Figure 3. Molecular structure of the cation in 6; hydrogen atoms and is bound to the nickel centre at an angle of
have been omitted for clarity; the numbering of atoms in the pyri- Ni12N212N22 5 116.4(4)° (an angle approaching 120° is

dine ring is identical to that shown in Figure 1
to be expected[29]; corresponding angles in other octahedral
Ni(II) complexes containing terminal azide ligands span the
range 123···138° [27] [30] [31] [32] [33] [34]). The bond length
d(Ni2Nα) at 2.156(5) A

˚
is somewhat longer than in other

terminal nickel(II) azide complexes (2.05···2.12
A
˚

)[27] [30] [31] [32] [33] [34].

The Conformation of the Ligand Cap in 4, 5, 6, 7, and 8

The factors responsible for the varying degrees of distor-
tion of the pentaamine ligand 1 in the solid state structures
of 4, 5, 6, 7, and 8 are difficult to assess. The ligand has the
topology of a podand, and hence is inherently more flexible
than a macrocyclic or a cage-like arrangement of donor
atoms, with their higher degrees of preorganization (“juxta-
positional fixedness”[7]). The structures of complexes of 1
in the solid state are therefore expected to be more suscep-
tible to packing effects, the significance of which will vary
depending on the nature of the monodentate ligand and of
the counterions. On a more subtle level, the trans influences
(“static trans effects”[35] [36]) of the monodentate ligands
have to be considered. Perchlorate is weakly bound, and its
complex has a shorter Ni2Npy bond than the other com-
plexes in the series. The tilt of the pyridine ring, however,

Ni12N12C1 5 165.9(5)°, with an Ni12N1 bond length of is obviously unrelated to the length of the bond connecting
2.086(4) A

˚
. Corresponding values for an octahedral nickel- it to the metal centre (i. e., the trans effect of the monodent-

(II) complex likewise containing a trans py2Ni2NCS unit ate ligand). Thus, the isothiocyanato complex 7 and the az-
are 159.0(3)° and 2.022(3) A

˚
, respectively[28]. ide complex 8, while differing markedly in the degree of

distortion of the ligand cap, have Ni2Npy bond lengths[(1)Ni(N3)](PF6) (8)
which are identical within experimental error.

The IR spectrum of the azide complex [(1)Ni(N3)](PF6)
Magnetic Properties of 6(8) shows, in addition to diagnostic bands due to the pyN4

ligand and the hexafluorophosphate counterion, a sharp The magnetic behaviour of di- and polynuclear transition
metal complexes is being studied extensively. The objectiveand very intense band at 2060 cm21 due to the asymmetric

stretching vibration of the coordinated azide ligand. Struc- is to define the role played by the bridging ligands in me-
diating coupling interactions between the paramagnetic me-tural analysis reveals a complex cation (Figure 2) in which

the distortion of the ligand cap is the most pronounced of tal centers, and in particular to establish magneto-structural
correlations[10]. Nickel(II) complexes, especially those con-all the complexes in the present series. While the Ni2Npy

bond length trans to the azide ligand [d(Ni12N11) 5 taining chain-like one-dimensional arrangements of alter-
nating metal atoms and bridging ligands, feature promi-2.062(5) A

˚
] is identical to the corresponding value found in

the isothiocyanate complex 7 (Table 1), the pyridine ring nently in this context[29] [32] [37] [38] [39]. Bridging groups in-
clude carboxylato, nitrito, cyanide, cyanato, thiocyanato(which is planar to within 4 σ) is forced out of coplanarity

with the quaternary and the exocyclic methyl carbon atoms and, in particular, azido ligands, and complexes containing
single, double, and triple bridges have been character-of the ligand backbone by 26.8(4)° (Table 2). More signifi-

cantly than in the other structures, the Ni2Npy bond ised[38] [39] [40]. The scarcity of polynuclear nickel(II) com-
pounds containing an unsupported single halide bridge[21]Ni12N11 is bent from its vertical orientation relative to the

NiN4 plane, with relevant angles Nax2Ni2Neq ranging led us to undertake the magnetochemical characterization
of the µ-chloro bridged complex 6.from 85.5(2)° to 91.3(2)°. Further distances and angles are

given in Table 1, and the complete set of parameters quan- The solid-state magnetic susceptibility of 6 was measured
at 1.0 T in the temperature range 2 to 295 K using a SQUIDtifying the ligand distortion in comparison to the other

structures is given in Table 2. It is interesting to note that, magnetometer (MPMS, Quantum Design). Figure 4 shows
the variation of both the molar paramagnetic susceptibilitydespite the more serious distortion of the ligand in 8 with

respect to the relative orientation of the pyridine ring, the χM and the effective magnetic moment µeff (per mol) with
temperature. As temperature decreases, χM increases slightly,bond angles in the carbon backbone (especially those at the

methylene carbon atoms of the 1,3-diaminoprop-2-yl units, reaching a broad maximum at 225 K, and then decreases to
reach a minimum at 30 K. The marked rise of χM for T < 20cf. Table 1) do not differ significantly from the correspond-

ing values in the other structures. The terminally-coordi- K is attributed to the presence of a small amount of para-
magnetic impurity, presumed to be a monomeric nickel com-nated azide ligand is linear [N212N222N23 5 177.9(7)°],
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Figure 4. Temperature dependence of the effective magnetic mo-plex. As may be seen from the plot of µeff versus T, the value
ment µeff (Bohr magnetons, µB) and of the molar magnetic suscepti-of the effective magnetic moment decreases steadily with
bility χM (1023 cm3 mol21) of 6. Squares and dots represent the

decreasing temperature from the maximum value of 3.17 µB experimental data, whereas the solid lines are the calculated fits
(see text). The scales at left and right have been chosen so as toat 295 K (χM ·T 5 1.256 cm3 K mol21), reaching a minimum

avoid overlay of the curves.of 0.32 µB (χM ·T 5 0.013 cm3 K mol21) at temperatures
below 25 K. The theoretical spin-only value of the magnetic
moment µSO for two uncoupled Ni(II) spins SNi 5 1 is 4 µB

(χM ·T 5 2 cm3 K mol21), which is higher than the exper-
imental value of 3.17 µB at 295 K. The data are, however,
consistent with strong antiferromagnetic exchange between
the two nickel atoms through the bridging chlorine atom, re-
sulting in a diamagnetic ground state with total spin ST 5 0.
The residual value of µeff is indicative of the presence of a
paramagnetic impurity. The experimental data of 6 have been
analysed by a least-squares fit procedure using an isotropic
Heisenberg-Dirac-van-Vleck (HDVV) exchange Hamiltonian
H 5 22J S1 ·S2, and taking account of Zeeman splitting as
well as corrections for paramagnetic impurity (p) and tem-
perature-independent paramagnetism (TIP)[41]. Diamagnetic
correction is based on substracting the sample-holder signal
and the contribution χD 5 2236 3 1026 cm3 mol21, as deter-
mined from Pascal9s constants[10], from the raw data. A good
fit was achieved (solid lines in Figure 4) for isotropic ex- We thank Professor D. Sellmann for generous support of this
change coupling J 5 274 cm21 between the two paramag- work and Dr. F. Hampel for establishing the crystallographic data

set of compound 8. Further, a Liebig-Stipendium from the Fondsnetic sites, average g value g 5 2.18, paramagnetic impurity
der Chemischen Industrie (to A. G.) is gratefully acknowledged.with spin S 5 1 and relative amount p 5 2.7%, and TIP 5

117131026 cm3 mol21 per nickel atom. It was further as-
Experimental Sectionsumed that the paramagnetic impurity has about half the mo-

lecular weight and half the diamagnetic correction χD of 6. CAUTION! Although no problems were encountered in this
work, transition metal perchlorate and azide complexes with or-The J value for 6 is considerably larger than the values typi-
ganic ligands are potentially explosive and should be handled withcally found for antiferromagnetic coupling in Ni(II) chains
due precautions.containing single µ-(1,3)-azido bridges[29,38,42,43] or multiple

bridges[44] [45] [46] [47] [48] [49]. The reason for 6 having such a Materials and Instrumentation: 2,6-C5H3N{CMe(CH2NH2)2}2

(1) was prepared as described previously[3]. The aqua complex 2large J value is that its Ni(II)2X2Ni(II) angle comes closest
was prepared by reacting equimolar amounts of 1 • 4 HCl andto 180° of all the Ni(II) chains considered. The g value is as
NiCl2 • 6 H2O in dilute aqueous ammonia solution and subsequentexpected for octahedral nickel(II) complexes (cf. the typical
cation exchange chromatography on Sephadex SPC-25. The chro-value of g 5 2.25 for [Ni(H2O)6]21 [50]). As far as we are
matography was performed as described in a published pro-aware, 6 is the first complex containing a single halogen
cedure[51]. Reagents were AR grade or better and were purchasedbridge between two Ni(II) centres that has been characterised
from Merck, Fluka, and Aldrich. IR (KBr discs) and UV/Vis spec-

by a magnetochemical method. tra (solvent: water) were recorded on Perkin-Elmer 16PC FT-IR
and Shimadzu UV-3101 PC instruments, respectively. NMR spectraSummary
were measured on a JEOL JNM-EX 270 spectrometer, and mass

The tetrapodal pentaamine ligand 1 acts as a square-py- spectra were obtained on a JEOL MSTATION 700 spectrometer.
Elemental analyses were performed using a Carlo Erba Elementalramidal coordination cap towards nickel(II) ions in aqueous
Analyzer 1106. Magnetic measurements were carried out on a po-solution, leaving a sixth site for the binding of a monodent-
lycrystalline sample with a SQUID magnetometer (MPMS, Quan-ate ligand, which completes the coordination octahedron.
tum Design).Exchange of the monodentate ligand is facile, and the pen-

tadentate ligand shows considerable conformational flexi- X-ray Crystallography: Crystal data for compounds 4, 5, 6, 7,
and 8 are given in Table 3, and selected distances and angles arebility, as illustrated by the solid state structures of the aqua,
listed in Table 1. The structures of the cations are presented inperchlorato, isothiocyanato, and azido complexes. Since the
Figures 1, 2, and 3. Only the cation of 5 shows slight disorderpentaamine ligand effectively blocks five coordination sites
(oxygen atoms of the perchlorato ligand). The structure of 4 wasin a coordination octahedron, dinuclear Ni(II) complexes
solved by direct methods and refined using the programme packagecontaining a single bridging ligand may also be prepared.
SHELXTL 5.03[52]. An absorption correction (Ψ scans, 10 reflec-

The ligand thus meets the requirements set out in the Intro- tions, Tmin 5 0.011, Tmax 5 0.032) was carried out. All non-hydro-
duction for the construction of coordination caps carrying gen atoms were refined anisotropically (full-matrix least-squares).
a functional periphery. Work using the complex fragment All hydrogen atoms were located in a difference Fourier synthesis,
[(1)Ni]21 as a template for the derivatization of the tetra- and all hydrogen atoms except H1A and H1B (aqua ligand) were

refined isotropically. Both the positional and the isotropic displace-podal pentadentate ligand 1 is currently in progress.
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ment parameters of H1A and H1B were kept constant during re- UV/Vis (water): λmax (ε) 5 543 nm (3.4 dm3 mol21 cm21), 262

(1643). 2 MS (FD); m/z (%): 436 (100) [[(1)NiI]1]; (FAB); m/z (%):finement. The structure of 5 was solved by direct methods
(SHELXS-86) and refined on F2 using SHELXL 93[53] [54]. The 436 (100) [[(1)NiI]1], 309 (45) [[(1)Ni]1]. 2 C13H27I2N5NiO

(581.91): calcd. C 26.83, H 4.68, N 12.04; found C 26.66, H 4.26,structure of 6 was solved by direct methods and refined using the
programme package SHELXTL 5.03. For both 5 and 6, the non- N 11.98.
hydrogen atoms were refined anisotropically (full-matrix least- [(1)Ni(OClO3)](ClO4) (5): To a solution of 2 (0.42 g, 1.00
squares), and the hydrogen atoms were positioned geometrically. mmol) in water (5 ml) was added a saturated aqueous solution of
The structures of 7 and 8 were solved by direct methods and refined NaClO4 (5 ml). The resulting purple precipitate was centrifuged,
using the programme package SHELXTL 5.03. For both struc- washed with cold water, and dried in vacuo. Recrystallization from
tures, all non-hydrogen atoms were refined anisotropically (full-ma- water/methanol (1:1 v/v) gave a crystalline solid (3) with no conclus-
trix least-squares), and all hydrogen atoms were located in a differ- ive elemental analysis and IR data. A methanol solution of 3 (5 ml)
ence Fourier synthesis and refined isotropically. Crystallographic containing NaClO4 (0.50 g) was heated to reflux and cooled slowly
data (excluding structure factors) for the structures reported in this to room temperature to give 5 in the form of single crystals suitable
paper have been deposited with the Cambridge Crystallographic for an X-ray structural analysis. 2 IR (KBr): ν̃ 5 3263 cm21, 2964,
Data Centre as supplementary publication no. CCDC-100 937. 1576, 1464, 1145 (ClO4 str), 1116 (ClO4 str), 1088 (ClO4 str), 1031,
Copies of the data can be obtained free of charge on application 1020, 822, 626. 2 1H NMR ([D6]DMSO, room temp.; all signals
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: int. paramagnetically broadened) δ 5 1 (-CH3), 20 (H4), 43 (H3), 100 (-
code 144 (1223) 3362033; E-mail: deposit@ccdc.cam.ac.uk]. CH2-), 128 (-NH2). 2 C13H25Cl2N5NiO8 (508.99): calcd. C 30.68, H

[(1)Ni(H2O)]I2 (4): To a solution of 2 (0.94 g, 2.36 mmol) in 4.95, N 13.76; found C 30.70, H 5.08, N 13.50.
water (50 ml) was added solid NaI (3.70 g, 24.69 mmol), and the

[(1)Ni(µ-Cl)Ni(1)](PF6)3 (6): To a solution of 2 (0.42 g, 1.00
mixture was stirred until all solid had dissolved. The solution was

mmol) in water (20 ml) was added a saturated aqueous solution of
taken to dryness, the remaining solid taken up in as little methanol

NH4PF6 (10 ml). The purple crystalline precipitate that formed was
as possible, and the suspension filtered to remove NaI. Slow evap-

centrifuged, recrystallised from hot water, removed by filtration,
oration of solvent from the purple filtrate yielded a purple crystal-

washed with water, and air-dried. The resulting crystals were suit-
line solid after several days. This was removed by filtration and

able for an X-ray structural analysis. Yield: 0.35 g (0.32 mmol,
air-dried. Yield: 0.40 g (0.69 mmol, 29%). Recrystallization from

64%). 2 IR (KBr): ν̃ 5 3374 cm21, 2967, 1603, 1579, 1469, 1397,
methanol gave single crystals suitable for an X-ray structure analy-

1084, 1020, 850 (PF6), 559. 2 C26H50ClF18N10Ni2P3 (1090.52):
sis. 2 IR (KBr): ν̃ 5 3272 cm21 (br, OH/NH str), 2930 (CH str),

calcd. C 28.64, H 4.62, N 12.84; found C 28.23, H 4.63, N 12.52.
1594 (OH/NH def and C5C/C5N str), 1577 (OH/NH def and C5

C/C5N str), 1463 (CH2 asym def), 1397 (CH2 sym def), 1024 [(1)Ni(NCS)](PF6) (7): A solution of 2 (0.67 g, 1.68 mmol) in
water (20 ml) was loaded onto a cation exchange column (Sephadex(C2C skelet), 838 (NH def and CHpyr oop def), 573 (C2C def). 2

Table 3. Crystallographic data for compounds 4, 5, 6, 7 and 8

4 5 6 7 8

empirical formula C13H27I2N5NiO C13H25Cl2N5NiO8 C26H50ClF18N10Ni2P3 C14H25F6N6NiPS C13H25F6N8NiP
mol. mass 581.91 508.99 1090.54 513.14 497.09
crystal system monoclinic orthorhombic tetragonal monoclinic monoclinic
space group (no.) P21/n (no. 14) Pna21 (no. 33) I41cd (no. 110) P21/n (no. 14) P21/c (no. 14)
a [A

˚
] 9.936(2) 20.705(3) 21.312(3) 11.735(5) 10.703(1)

b [A
˚

] 18.804(5) 11.378(1) 21.312(3) 14.447(5) 11.059(1)
c [A

˚
] 10.757(3) 8.715(1) 19.010(4) 13.877(6) 17.130(1)

α [°] 90 90 90 90 90
β [°] 92.70(2) 90 90 113.65(3) 94.335(7)
γ [°] 90 90 90 90 90
Z 4 4 8 4 4
V [A

˚
3] 2007.6(9) 2053.1(5) 8635(2) 2155(2) 2021.8(3)

ρcalcd [g cm23] 1.925 1.647 1.678 1.582 1.633
diffractometer Nicolet R3m/V Enraf Nonius CAD4 Siemens P4 Nicolet R3m/V E. Nonius MACH3
radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα (rotating anode)
monochromator graphite graphite graphite graphite graphite
crystal size [mm3] 0.60 3 0.40 3 0.40 0.36 3 0.20 3 0.12 0.70 3 0.40 3 0.40 0.45 3 0.30 3 0.25 0.40 3 0.20 3 0.20
T [°C] 293(2) 293(2) 200(2) 293(2) 293(2)
scan ω ω-2Θ ω ω ω-Θ
2Θ range 4 # 2Θ # 54 5 # 2Θ # 53 4 # 2Θ # 48 4 # 2Θ # 54 5 # 2Θ # 48
measured reflections 5390 2219 7581 5761 3208
unique reflections 4382 2219 1967 4692 3164
observed reflections[a] 3246 1695 1360 1910 2095
µ(Mo-Kα) [mm21] 4.050 1.256 1.158 1.135 1.110
refined parameters 300 263 274 362 362
data/parameter ratio 14.6 8.4 7.2 13.0 8.7
wR2 (all data)[b] 0.0665 0.1460 0.1996 0.1250 0.1517
R1 (obs. data)[c] 0.0289 0.0508 0.0702 0.0518 0.0522
ρfin(max/min) [e A

˚
23] 0.771/20.557 0.640/20.358 1.514/20.608 0.278/20.514 0.837/20.491

weighting scheme[d] k 5 0.0375/l 5 0 k 5 0.0757/l 5 1.6931 k 5 0.065/l 5 54.317 k 5 0.0536/l 5 0 k 5 0.0794/l 5 3.1450

[a] With Fo $ 4 σ(F); [b] wR2 5 ({Σ[w(Fo
2 - Fc

2)2]}/{Σ[w(Fo
2)2]})0.5; [c] R1 5 ΣiFou 2 uFci/ΣuFou for F > 4σ(F); [d] w 5 1/[σ2(Fo

2) 1 (k ·P)2]
1 l ·P and P 5 (Fo

2 1 2 ·Fc
2)/3
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Octahedral Nickel(II) Pentaamine Complexes FULL PAPER
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Chromium-based heterogeneous catalysts are used exten- alkyls containing a Cp*CrIIIR fragment (Cp* = η5-C5Me5,
pentamethylcyclopentadienyl) catalyze the polymerization ofsively for the polymerization of olefins. There are few homo-

geneous model systems that allow investigation of the reac- ethylene and α-olefins. Correlations between molecular
structure and catalytic activity are reviewed.tion mechanisms and unique characteristics of chromium ca-

talysts. Coordinatively unsaturated paramagnetic chromium

Introduction Banks at Phillips Petroleum Co.[4] Roughly one third of all
polyethylene is currently produced with it, and it is notablePolymers produced by homopolymerization and/or copoly-
for not requiring any cocatalyst (e.g. AlR3 or methyl alu-merization of small olefins such as ethylene and propene
minoxane, i.e. MAO). Despite much investigative effort,are among the most widely used plastics. In 1996 world-
much less is known about the mechanism and active site(s)wide consumption of polyethylene and polypropylene stood
of this catalyst, and it has not undergone innovations toat 40 3 106 and 21 3 106 tons, respectively.[1] Except for
match the “metallocene revolution”. A large obstacle in thisso-called low density polyethylene (LDPE), which is made
regard has been the lack of homogeneous model systemsby a high temperature/high pressure radical process, these
for chromium-based heterogeneous catalysts. This is nowmaterials are the products of metal-catalyzed reactions con-
beginning to change, and this review covers the relevant or-ducted on an enormous scale. Two different kinds of cata-
ganometallic chemistry of chromium, with particular em-lysts are used commercially . One group utilizes group 4
phasis on studies carried out in the author9s laboratory.metals (Ti, Zr) and can be traced to the Nobel prize-win-

ning discoveries of Ziegler and Natta.[2] There has been The Phillips catalyst is prepared by impregnation of silica
with an inorganic chromium compound (e.g. CrO3 or vari-much recent interest in this area, due to the development

and application of so-called “metallocene” technology, i.e. ous CrIII salts), followed by calcination in oxygen.[5] This
leaves the chromium in the hexavalent state. Upon contactcatalysts based on sophisticated organometallic molecules

that facilitate greater control of polymer structure and with ethylene, the metal is reduced, ultimately forming the
catalytically active species. With carbon monoxide as anproperties. [3] The second kind of catalyst is based on chro-

mium and was discovered independently by Hogan and alternative reducing agent, the surface-bound chromium
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Scheme 2can be reduced to its divalent state (CrII), and this species

will polymerize ethylene. [6] However, the chemical structure,
valence state, and mechanism of formation of the active site,
i.e. the chromium alkyl actually producing the polymer by
repetitive insertion of ethylene, have been the subject of a
longstanding controversy. Especially the valence (i.e. the
formal oxidation state) of the catalytically active chromium
has inspired much speculation, and almost every stable oxi-
dation state of chromium has been held responsible for ca-
talysis at one time or another. Scheme 1 depicts some of
the proposed structures; several of the organometallic de-
rivatives could in principle undergo ethylene insertion.

Homogeneous Model SystemsVariations of these structures containing binuclear chro-
mium sites (with and without metal2metal bonds) have The proposed structures depicted in Schemes 1 and 2

have resulted from many spectroscopic investigations of het-also been proposed.
erogeneous catalysts combined with extrapolations from the
now extensive body of known organometallic structures.Scheme 1
However, the relevance of this “deluge of conjecture”[8] is
highly questionable. Most of the analytical work utilized IR
spectroscopy[9], with some EXAFS[10] and solid state 1H
NMR[11] results added relatively recently. Even for pure
substances, most of these techniques can hardly be called
definitive structural tools, and synthetic organometallic
chemists would not base a detailed molecular structure so-
lely on such results. Furthermore, the most careful studies
of this type have come to the conclusion that the cata-
lytically active sites represent only a very small fraction of
the surface-bound chromium (< 1%!). [9b] Thus, whatever
spectroscopic information is available probably pertains to
those chromium species that are inactive. The proposals
were further compromised by the fact that until recently the
organometallic chemistry of chromium—i.e. the very metal
of concern—did not offer realistic model compounds for
any of the suggested species. As we have previously noted,
“the known organometallic chemistry of said metal con-
cerns low-valent carbonyl derivatives and/or diamagnetic
complexes with 18-electron configurations. Such moleculesAnother chromium catalyst was discovered by Karapin-

ka[7a] and developed by Karol et al. [7b] at Union Carbide are unlikely candidates for modeling highly reactive (coor-
dinatively unsaturated) and oxide supported alkylchromiumin the early 609s. It is prepared by impregnating dehy-

droxylated silica with chromocene (Cp2Cr, Cp 5 η5-cyclo- compounds”. [12] This lacuna in the development of molecu-
lar chromium chemistry is largely due to the physicalpentadienyl). While not in use industrially at present, the

Union Carbide catalyst shares some of the advantages of properties of relevant compounds. Chromium alkyls in the
intermediate oxidation states of interest (II2IV) are typi-the Phillips catalyst, namely high activity and absence of

cocatalyst. It is different from the latter, however, in its high cally “metallaradicals” featuring unpaired electrons. The as-
sociated paramagnetism makes characterization by NMRselectivity between ethylene and propene (no copolymeri-

zation) and its good response to hydrogen (H2) for molecu- spectroscopy, the most important analytical tool of solution
chemistry, more difficult and less informative.[13]lar weight control. There is little doubt that the reaction of

the organometallic molecule with remaining hydroxyl Nevertheless, we are convinced that homogeneous or-
ganometallic chemistry is in a position to make an impor-groups on the silica surface results in loss of one cyclopen-

tadienyl ligand and formation of a surface bound CpCr tant contribution both to the understanding of present-day
heterogeneous catalysts and to the development of the nextfragment (see Scheme 2). However, it is also clear that the

remaining cyclopentadienyl group does not initiate the generation of chromium catalysts. To this end we must cre-
ate functional models, i.e. well-defined chromium com-polymer chain growth; rather it stays coordinated to the

chromium during catalysis. Thus there arises the same set pounds that catalyze the polymerization of olefins in homo-
geneous solution. The preparation and catalytic activity ofof questions about the mechanism of the initiation, and the

structure and valence of the active site. Scheme 2 shows molecules incorporating the structural elements of Schemes
1 and 2 will be the best arbiter of their relevance. If a struc-some of the commonly proposed candidates for the active

site. turally characterized CrIV metallacycle, to name but one ex-
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ample, does not polymerize ethylene in solution (see below), oxygen atom, one might suggest structure A (Scheme 3) as

an active site of the Union Carbide catalyst.it is unlikely to do so on a silica surface. Conversely, if a
class of coordinatively unsaturated CpCrIII alkyls consist-

Scheme 3ently exhibits catalytic activity, it must have some claim to
being related to the catalytically active site of the Union
Carbide catalyst. Let us then review the available homo-
geneous chemistry.

Cyclopentadienyl Chromium Catalysts

The Union Carbide catalyst is prepared by treatment of
silica with chromocene. There have, of course, been at-

Based on this simple proposal, we began some time agotempts to model this reaction with surface hydroxyl groups
to explore the synthesis and reactivity of cyclopentadienylin homogeneous solution by reaction of chromocene with
chromium alkyls in the 1III oxidation state. [21] For all thealcohols or silanols. [14] The products of such reactions are
familiar reasons (e.g. solubility, stability) we opted for pre-invariably dinuclear CrII alkoxides (see eq. 1); they do not
paring the Cp* derivatives (Cp* 5 η5-C5Me5, i.e. penta-polymerize or even react with ethylene. One of the obvious
methylcyclopentadienyl), but the qualitative differencesadvantages of surface-supported organometallics is “site-
caused by this substitution are expected to be minor. [22] Ourisolation”, i.e. the inability of coordinatively unsaturated
first success was the synthesis and structural characteri-species to dimerize and thereby annihilate reaction sites.
zation of [Cp*Cr(THF)2Me]BPh4 (THF 5 tetrahydrofu-With respect to the initiation of catalysis, an investigation
ran). [12] [23] In solution, this paramagnetic 15-electron cationof the reactivity of a mononuclear complex of the type
exists in equilibrium with coordinatively unsaturated [Cp*CpCrII2OR would be desirable; however, such a molecule
Cr(THF)Me]1, via dissociation of a THF ligand (shownhas not been prepared. The closest we have come is the
by 1H NMR). Despite their electron deficiency (i.e. threesynthesis of mononuclear TptBu,MeCr2OPh [TptBu,Me 5
electrons short of the 18-electron configuration), we con-hydrotris(3-tert-butyl-5-methylpyrazolyl)borato]; the steri-
sider three-legged piano stool complexes of the type Cp*cally hindered tris(pyrazolyl)borate ligand is isoelectronic to
CrLX2

[24] “coordinatively saturated”. If one considers thethe Cp ring, but its steric bulk prevents dimerization.[15]

cyclopentadienyl ring (Cp*), a tridentate chelating ligand,However, TptBu,MeCr2OPh does not react with ethylene.
to be occupying one trigonal face of an octahedron, then
three additional ligands suffice to complete the octahedral
coordination environment of the CrIII ion, one of the most
stable entities known to coordination chemists. We suggest
that the 13-electron species (B in Scheme 3) is a good struc-
tural model of the proposed active site of the heterogeneousChromocene by itself does not catalyze the polymeri-

zation of ethylene. However, in the presence of an excess of catalyst (i. e. A). Its positive charge may serve to discourage
dimerization of the unsaturated species by electrostatic re-aluminum alkyl and at high ethylene pressure some polymer

has been obtained. Under the same conditions, a variety of pulsion.
Solutions of [Cp*Cr(THF)2Me]BPh4 in dichloromethanechromium π-complexes [including bis(arene)chromium0/1,

CpCr(acac)Br, and CpCr(NO)2X] showed some activity. [16] catalyzed the polymerization of ethylene at ambient tem-
perature and pressure, without any added cocatalyst. At-Wilke et al. found that hexane solutions of tris(allyl)chro-

mium polymerize ethylene under mild conditions[17]; al- tempts to polymerize propene with [Cp*Cr(THF)2Me]BPh4

were unsuccessful, however. In a typical experiment ca. 10though not a cylopentadienyl derivative, Cr(η3-C3H5)3 is
chemically related to Cp2Cr. The structure of the mixed li- mg of the chromium compound dissolved in 50 ml CH2Cl2

([cat] 5 0.81 m) produced 122 g of polyethylene beforegand system CpCr(η3- C3H5)2 has been reported; its reac-
tion with ethylene has not been described in the litera- activity ceased. Ethylene uptake measurements showed an

immediate onset of reaction upon addition of the catalyst.ture[18], but it is said to be active at modest ethylene pres-
sure. [18c] Bis(indenyl)chromium, a dimeric complex featur- Although no induction period was observed, a slight in-

crease in activity was noted during the initial phase of theing bridging µ-η3-indenyl ligands, is also a catalyst for
ethylene polymerization.[19] reaction. At later times the catalytic activity slowly dimi-

nished and effectively ended after ca. one hour. In accordThe generally accepted mechanism of polymer chain
growth involves coordination of ethylene to a metal atom with the dissociation equilibrium depicted in Scheme 3, ad-

dition of external THF markedly inhibited the rate of poly-carrying an alkyl functionality, followed by migratory inser-
tion of the olefin into the metal2carbon bond, thereby in- merization, presumably by shifting the equilibrium to the

coordinatively saturated, unreactive [Cp*Cr(THF)2Me]1creasing the length of the alkyl chain by two carbons
(Cossee mechanism). [20] Thus a minimum requirement for cation. This interpretation was also supported by the obser-

vation that analogous complexes with more stronglythe active site is an alkyl group (or hydride) bonded to chro-
mium. Keeping in mind the presence of the ancillary Cp bonded ligands, e.g. [Cp*Cr(Py)2Et]PF6 (py 5 pyridine),

were much less effective catalysts. 1H NMR experimentsligand, and maintaining the link to the silica surface via an
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Scheme 4and measurements of the rate of polymerization in the pres-

ence of various concentrations of THF were used to estab-
lish the equilibrium constant for the ligand dissociation
[Kdiss 5 1.0(2)  in CH2Cl2 at 19°C]. Based on this value,
ca 60% of the chromium catalyst exists in the form of the
catalytically active 13-electron species [Cp*Cr(THF)Me]1

under the conditions of the catalytic runs. Taking this into
account, the maximum activity measured in these experi-
ments was 1.1 turnover/sec or >105 gPE (molCr h atm)21, a
value that is within an order of magnitude of the quoted
activity of commercial catalysts. Measurements of the tem-
perature dependence of the polymerization rate yielded an
activation energy (Ea) of 8(1) kcal/mol, which also com-
pares favorably with the value measured for Cp2Cr/SiO2 netic behavior of the complex in the solid state is consistent
(Ea 5 10.1 kcal/mol). [25]

with a mononuclear structure devoid of any metal-metal
The polymers so obtained were identified as high density interactions. The effective magnetic moment of Cp*

polyethylene (HDPE) by IR spectroscopy and melting Cr(CH2SiMe3)2 is temperature independent and has a value
points (1352140°C). Molecular weight determinations by of µeff 5 3.9(1) µB, i.e. the expected spin-only moment for
gel permeation chromatography (GPC) revealed relatively an isolated CrIII ion.
low molecular weights (Mw: 22000277000; Mn:
14000220000) and narrow molecular weight distributions
(Mw/Mn: 1.924.6). The polymers are highly linear, showing
no detectable sidebranches by 13C NMR.

The eventual deactivation of the catalysts may be due to
several factors. As noted above, the polymerization experi-
ments were carried out without the addition of any cocata- The steric bulk of the trimethylsilylmethyl groups appar-

ently suffices to prevent dimerization, in contrast to thelysts. One of the benefits of the latter (typically aluminum
alkyls) is their tendency to scrub the ethylene feed of detri- situation for smaller alkyl groups (see below). There is no

spectroscopic evidence for an agostic[30] Cr···H···C interac-mental impurities (e.g. H2O, O2), which may react with the
catalyst. Without this protection the chromium alkyl will tion, and thus Cp*Cr(CH2SiMe3)2 is best described as a

coordinatively unsaturated 13-electron complex. It is also aeventually be destroyed. Another possibility may be bimo-
lecular deactivation pathways. β-Hydrogen elimination of a very good catalyst for the polymerization of ethylene. Hy-

drocarbon solutions (pentane, toluene) rapidly precipitatedgrowing polymer chain would yield a CrIII hydride. While
such a species might start a new polymer chain (i.e. effect polyethylene at reaction temperatures ranging from 0 to

242°C [Cp*Cr(CH2SiMe3)2 slowly decomposes at roomchain transfer) when fixed on a heterogeneous support, we
have not been able to prepare a stable mononuclear hydride temperature]. The polymers had similar physical properties

to those produced by [Cp*Cr(THF)2Me]BPh4 (Mw:complex which might model such an intermediate. Attemps
to do so have invariably led to reduction to CrII, presumably 200002143000; Mn: 6000220000; Mw/Mn 3.027.0). It is

apparent that catalytic activity does not require the chro-accompanied by formation of H2. [26] Thus β-hydrogen elim-
ination, followed by a binuclear reductive elimination of H2, mium alkyl to be positively charged. Indeed, we have found

that even an anionic complex can serve as a catalyst precur-may seal the fate of the homogeneous catalyst. A third pos-
sibility involves irreversible reactions of the highly electro- sor. Thus, the ate complex Li[Cp*Cr(CH2Ph)3] (see Scheme

5) polymerized ethylene. [13g] Its rate of polymerization wasphilic chromium cation with the solvent or its counterion.
In this vein, we have isolated and structurally characterized inhibited by addition of external benzyl lithium, however;

presumably dissociation of LiCH2Ph from the complex gen-some unusual chromium complexes resulting from the
metal attacking “innocent” anions (see Scheme 4). [12] [27] erated coordinatively unsaturated Cp*Cr(CH2Ph)2, a neu-

tral complex much like Cp*Cr(CH2SiMe3)2. It is probablyBetter noninteracting anions are now available, [28] but only
the use of neutral catalysts completely circumvents these this intermediate which is responsible for the catalytic ac-

tivity. Blocking the dissociative pathway, e.g. by seques-problems.
As part of a survey of the factors which are important tering the lithium ion with tetramethylethylenediamine

(TMEDA), yielded a coordinatively saturated trialkyl com-for the activity of chromium catalysts, it was of interest to
ascertain whether the cationic nature of the system de- plex, which did not show any polymerization activity. It is

not known whether an anionic and yet coordinatively un-scribed above is essential to the catalysis. After all, its
charge is one of the subtle ways model complex B differs saturated Cp*CrIII alkyl might be active; to test this notion

would require the use of a dianionic ligand {e.g. X22 infrom the proposed active site A (see Scheme 3), which is
envisioned as a neutral species. To this end we prepared the [Cp*CrIII(X)R]2}. Even if such a hypothetical 15-electron

complex were available, it would still differ in an importantneutral dialkyl Cp*Cr(CH2SiMe3)2 (see eq. 2). [29] Although
its crystal structure has not been determined yet, the mag- way from [Cp*Cr(L)R]1 and Cp*CrR2, both of which exhi-
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Scheme 6bit 13-electron configurations. We have not pursued this

question.

Scheme 5

ometry” catalysts containing titanium are known to facili-
One of the characteristics of the Union Carbide catalyst tate incorporation of large amounts of α-olefins into a co-

(Cp2Cr/SiO2) distinguishing it from the Phillips catalysts is polymer. [32] The common structural element of these cata-
its pronounced selectivity between ethylene and higher ole- lysts is an amido group covalently linked to the
fins. Basically, it does not react with α-olefins and does not cyclopentadienyl ligand via a short bridge (1 or 2 atoms) as
catalyze homopolymerization of the latter or even copoly- shown below.[33]

merization of ethylene with α-olefins. The random incor-
poration of alkyl branches into the polymer chain gives rise
to so-called “linear low density polyethylene” (LLDPE), a
material of increasing commercial importance. Our model
system seems to behave similarly in this respect as well. It
has already been noted that [Cp*Cr(THF)2Me]BPh4 failed
to polymerize propene under mild conditions. In an attempt The open access to the metal alkyl is thought to be re-
to facilitate reaction with α-olefins, and reasoning that the sponsible for the lack of selectivity between different olefins.
selectivity might be steric in origin, we have prepared chro- Hoping to capitalize on this effect, we have prepared iso-
mium complexes with extremely labile ligands. While pro- structural chromium compounds.[34] Scheme 7 shows some
pene might not be able to compete effectively with THF for of the molecules we have prepared and their reactions with
the empty coordination site of [Cp*Cr(THF)Me]1, it might olefins. The sterically demanding trimethylsilylmethyl li-
be able to do so if the THF was replaced by a much weaker gand facilitated the isolation of [η5-(Me4C5)Si-
ligand. With this in mind, we have prepared chromium Me2(NtBu)]CrCH2SiMe3, i.e. a coordinatively unsaturated
alkyls stabilized by dialkyl ethers, i.e. [Cp*Cr(OR2)2CH2Si- CrIII alkyl that has been structurally characterized. True to
Me3]BAr94 [R 5 Me, Et, iPr; Ar9 5 3,5-bis(trifluorometh- our expectations, this complex catalyzed the polymerization
yl)phenyl, see Scheme 6]. [31] As an indication of the weak- of ethylene. Remarkably, when the polymerization was car-
ness of the chromium2ether bond, structurally charac- ried out in 1-hexene instead of toluene as the solvent, the
terized [Cp*Cr(OEt2)2CH2SiMe3]BAr94 lost one equivalent resulting polymer was still pure polyethylene without any
of Et2O when nitrogen gas was passed over the solid. It was indication of incorporation of the α-olefin. Finally, when
also an extremely reactive catalyst, polymerizing ethylene the catalyst was presented with pure α-olefin (propene, hex-
even below its boiling point (b.p. 2104°C). ene), a much slower reaction yielded the products of cata-

[Cp*Cr(OEt2)2CH2SiMe3]BAr94 also catalyzed the poly- lytic head-to-tail dimerization and isomerization of the ole-
merization (or more appropriately, oligomerization) of α- fin. In this system too, chromium exhibits significant selec-
olefins. Reactions of [Cp*Cr(OEt2)2CH2SiMe3]BAr94 with tivity, favoring ethylene by a wide margin over any other
propene and 1-hexene occurred at temperatures close to olefin.
0°C and yielded oily residues, which were analyzed by 1H We conclude that the Cp*CrIII model system exhibits
NMR and GC-MS. They were mixtures of oligomers with considerable selectivity for ethylene, much like Cp2Cr/SiO2.
degrees of polymerization below 20. Finally, copolymeri- While it possesses some activity for the polymerization/oli-
zation experiments, in which the same catalyst was exposed gomerization of α-olefins, the relative rates of polymeriz-
to mixtures of ethylene and an α-olefin, yielded pure poly- ation make copolymerizations impractical. Our obser-
ethylene without any indication (13C NMR) of branching. vations suggest that several factors limit the polymerization

of α-olefins. First, the large difference in temperature atBecause of the great interest in copolymerizations, we
have made another attempt to tune the reactivity of chro- which the reactions commence (i.e. differences in rates) sug-

gests that, for example, either the binding or the insertionmium catalysts in that direction. So-called “constrained ge-
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Scheme 7 by a recent theoretical study inspired by [Cp*

Cr(THF)2Me]BPh4; its authors noted that the CrIII system
“displays many similarities to corresponding group IV sys-
tems”. [36]

As noted in the introduction (see Scheme 3) many other
types of organometallic structures have been proposed to
account for the activity of the Union Carbide catalyst.
Chief among these are various metallacycles, binuclear cata-
lytic sites, and chromium compounds in formal oxidation
states other than 1III. During our wide-ranging explo-
ration of the organometallic chemistry of Cp*-ligated chro-
mium we have encountered many molecules which may
serve as homogeneous models for such species. For the first
time, their catalytic competency can thus be tested directly.
If a particular structure does not exhibit any catalytic ac-
tivity or reactivity with ethylene in homogeneous solution,
simply grafting it onto a silica surface will not render it
catalytically active. Attachment of a catalyst to a solid sup-step greatly favors ethylene over propene. On the other
port has many advantages, but it is not a license for sus-hand, the production of α-olefin oligomers of relatively low
pending sound chemical reasoning. Naturally, lack of cata-molecular weight (including dimers for the “constrained ge-
lytic activity is merely a negative datapoint, and it can al-ometry” chromium catalyst) indicates that β-hydrogen elim-
ways be argued that a model compound does not captureination of a growing chain is much more facile for a Cp*Cr
the actual species in detail. However, since we have de-alkyl with tertiary hydrogen atoms. Whatever the underly-
scribed a fully functioning model system (see above), pro-ing reasons for these preferences, they would appear to
ponents of alternative structures now face the challenge ofmake cyclopentadienyl chromium systems unsuitable for α-
demonstrating that their candidates can actually do the job.olefin polymerization.

The proposal of a metallacycle is obviously connected toIn this context it is appropriate, however, to mention
the desire to create an alkyl ligand via a precedented reac-some ambiguity in the available evidence. Jolly has recently
tion of a metal site with ethylene. Reductive coupling ofreported that amino-substituted cyclopentadienyl chro-
two ethylene units to a 1,4-butanediyl ligand is such a trans-mium derivatives (see eq. 3), in the presence of methylalu-
formation, and accordingly metallacyclopentanes and di-minoxane (MAO:Cr 5 100:1), polymerize propene (to atac-
metallacyclohexanes have often been considered as in-tic polypropylene) and copolymerize ethylene and norbor-
itiators of chain growth. Assuming, for the sake of the argu-nene to an alternating copolymer. [35] MAO is known to
ment, that the lowest accessible oxidation state of chro-confer remarkable enhancements upon the catalytic activity
mium in Cp2Cr/SiO2 is 1II, then coupling of two ethyleneof group 4 metallocene catalysts, and these observations
molecules on a mononuclear site would generate a CrIV me-may suggest that chromium systems will show a similar re-
tallacycle. This relatively rare oxidation state could be cir-sponse. In keeping with the noted lack of cocatalyst require-
cumvented by considering cooperativity of two chromiumments of heterogeneous chromium catalysts, we have not
sites, resulting in a dinuclear metallacycle with two CrIII

explored the effects of MAO on the Cp*Cr system. Con-
centers (see Scheme 2). Other, more complicated sequencesversely, based on our work with closely related compounds,
of events are conceivable and might lead to any combi-a dialkyl or cationic monoalkyl containing the amino-sub-
nation of ring size, nuclearity, and oxidation state. In anystituted ligand shown in eq. 3 would not by itself be ex-
case, Scheme 8 shows some structurally characterized chro-pected to polymerize propene effectively. This apparent am-
mium metallacycles prepared as part of our studies. [37]

biguity awaits further study.
Most of these contain four-membered rings; however, it

is unlikely that the slight difference in ring size would affect
the insertion of ethylene. While the exact mechanism of for-
mation of these molecules has not been determined in all
cases, it seems probable that the CrIV metallacyclopentane
with the “constrained geometry” ligand is the product of aWe conclude that coordinatively unsaturated Cp*CrIII

alkyls provide a credible structural as well as a functional reductive coupling of propene, i.e. the very reaction envi-
sioned above for the formation of such structures. Its lackmodel for the active site of the Union Carbide catalyst.

Their reactivity characteristics parallel those of the hetero- of any further reactivity with ethylene is thus all the more
disappointing, if not entirely surprising. Indeed, none of thegeneous catalyst. While the exact origin of the alkyl group

in the latter remains unclear, the weight of the available evi- metallacycles depicted in Scheme 8 catalyzed the polymeri-
zation of ethylene. The most likely explanation for this lackdence suggests that structure A of Scheme 3 is a good

approximation of the chromium site in the act of chain or reactivity is the fact that all of the molecules are coordi-
natively saturated, i.e. in addition to the Cp* ligand theypropagation. Further support for this notion was provided
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Scheme 8 rather unusual in CrIII chemistry, and the interactions must

certainly be weak. We noted that addition of even weak
ligands (e.g. dissolution in THF) rapidly cleaved both [Cp*
(CH3)Cr(µ-CH3)]2 [to two equiv. of Cp*Cr(THF)(CH3)2]
and [Cp*2Cr2(µ-CH3)3]1 {to Cp*Cr(THF)(CH3)2 and [Cp*
Cr(THF)2CH3]1}. Apparently the interaction with the cy-
clic ether is stronger than the Cr2Cr bond. However, ethyl-
ene binding was apparently not competitive. None of the
molecules depicted in Scheme 9 exhibited any activity for
the polymerization of ethylene under mild conditions. Thus
we see no compelling advantage in postulating binuclear
active sites.

Scheme 9

contain three ligands bonded to chromium. Interestingly,
this objection was raised, and promptly dismissed, by one
of the champions of a metallacycle intermediate. [9e] In any
case, these observations certainly do not support the in-
itiation of the catalysis via a metallacycle.

On the same topic, Jolly has reported the preparation of
The remaining issue generating some difference of opi-CrIII metallacyclopentanes, inter alia by reductive coupling

nion is the valence state of the active chromium species.of ethylene (see eq. 4). [35] These react slowly with ethylene,
While even more contentious with regard to the Phillipsand the work provides support for the intermediacy of such
catalysts, various formal oxidations states have been pro-species in the chromium-catalyzed trimerization of ethylene
posed for the Cp2Cr/SiO2 catalyst as well. In the words ofto hexene. [38] However, activity for the polymerization of
its inventors, “it seems reasonable that the active site is anethylene was noted only in the presence of an excess of
adsorbed, divalent chromium species which is still bondedMAO (100 equiv.). Under these conditions the fate of the
to one cyclopentadienyl ligand”.[7b] Our work points to-metallacycle fragment is unclear.
ward CrIII rather than CrII as the active species, and even
higher valence states have been contemplated.

Before describing our relevant observations some re-
marks of a general nature are perhaps in order. To begin
with, we will consider an “active site” only a species which
is actually producing polymer chains by repeated insertionDinuclear chromium sites have often been suggested as

the locus of catalytic activity. This may seem somewhat of monomer. In general, this will require the presence of an
alkyl (or hydride) ligand σ-bonded to chromium. Speciescounterintuitive, as metal2metal bonding would be pos-

sible under these circumstances, which tends to attenuate that can be transformed into active sites by some reaction,
including initiation of a chain via a reaction with ethylene,the reactivity of metal complexes. The latter expectation

seemed to be borne out by our experience with dinuclear are merely “catalyst precursors”. For example, the CrVI oxo
sites of the calcined Phillips catalysts, or even the CrII cen-chromium alkyls. For example, Scheme 9 shows a sequence

of transformations of dinuclear complexes beginning with ters resulting from reduction of the former with CO, are
precursors rather than active sites. While they have the po-the synthesis of [Cp*(CH3)Cr(µ-CH3)]2. [39] This complex is

formally analogous to the catalytically active Cp* tential to catalyze the polymerization reaction, and will do
so when exposed to ethylene, they are clearly missing anCr(CH2SiMe3)2 (see eq. 2), but the lesser steric hindrance

of the methyl groups and the electron deficiency of the important attribute of the functioning catalyst, namely the
growing macromolecule. While this distinction may seemmetal result in dimerization via bridging alkyl groups. We

have analyzed the extent of metal2metal bonding between rather restrictive, an unambiguous discussion of the evi-
dence requires it. The initiation event may well change thethe pseudooctahedral CrIII atoms.[40] Their structures

(dCr2Cr: 2.422.6 Å) and magnetic properties were consist- oxidation state of the chromium (see Schemes 1 and 2), and
the chemical situation is complex enough without introduc-ent with some metal2metal interactions, which were also

supported by EHMO calculations. Metal2metal bonding is ing ambiguity due to ill-defined terminology.
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Secondly, any argument about active vs. inactive valence system. While the CrIII alkyl repeatedly favors olefin inser-

tion (i.e. chain growth) over β-hydrogen elimination (i.e.states may be somewhat artificial, inasmuch as the “formal
oxidation state” of a metal is a theoretical construct rather chain transfer), the CrII species exhibits the opposite selec-

tivity. The choice of active oxidation state for polymeri-than a physical observable. Chromium complexes of the
same oxidation state may have widely differing electron zation catalysis is obvious.

The set of compounds described above differ from thedensities and partial charges on the metal center; the latter
will ultimately determine the reactivity of any compound actual catalyst in that they contain a phosphine ligand. To

assess the polymerization activity of a divalent CpCr alkyl,rather than a number based on willful neglect of any coval-
ent contribution to metal2ligand bonding. As McDaniel it would be desirable to prepare the simplest such system

imaginable, i.e. “CpCrR”. We have done just that, however,put it regarding the Phillips catalysts, “ it is ridiculous to
speak of a particular valence state as if it were monolithic”, the resulting species were of course not mononulear com-

pounds with 12-electron configurations. Eq. 5 depicts theand “the environment of the chromium, i.e., its type and
arrangement of ligands, may be more important than the synthesis of the dinuclear chromium alkyls of the type [Cr*

Cr(µ-R)]2. [41] While of interest as a novel class of organo-formal valence”. [5] That said, it is probably overzealous to
completely disregard valence as an important factor. There chromium compounds and precursors to chromium hy-

drides, these complexes did not react with ethylene. Thisare, after all, good reasons while the concept remains in
wide use in inorganic and organometallic chemistry. Fur- failure is probably due to the strong metal2metal bonding

featured by these dimers. The short chromium2chromiumthermore, the coordination environment of the Cp2Cr/SiO2

catalyst is delineated fairly well. Thus, it may well be in- distances {e.g. 2.26 Å in [Cr*Cr(µ-CH3)]2} signal the
strength of this interaction, which is a well-precedented fea-formative to ask which valence state of the metal will render

a coordinatively unsaturated CpCr alkyl fragment cata- ture of CrII chemistry. Only one of the dinuclear complexes,
namely a benzyl complex, catalyzed the polymerization.lytically active. In any case, in the following we will sum-

marize our experimental observations on this matter. However, upon closer inspection, we found that isomeriz-
ation to a mixed valence isomer (CrI,CrIII) was responsibleOur first experiment with respect to oxidation state was

a direct comparison of the reaction of isostructural di- and for this activity. [42]

trivalent chromium alkyls with ethylene. Thus, chemical re-
duction of [Cp*Cr(dmpe)Me]PF6 [dmpe 5 bis(dimethyl-
phosphino)ethane] yielded the neutral CrII alkyl Cp*
Cr(dmpe)Me, which has been structurally characterized.[12]

Scheme 10 shows the side-by-side comparison of the reac-
tivity of these two compounds.

Dimerization of coordinatively unsaturated species has
Scheme 10 been noted as a “basic dilemma in attempting to model a

heterogeneous reaction with compounds in solution”.[14a]

Thus the chemistry shown in eq. 2 is probably another good
argument against the activity of dinuclear chromium sites
(see above), but it falls short of ruling out mononuclear,
coordinatively unsaturated CrII alkyls as active sites. How-
ever, we have recently obtained a set of compounds that
address this question. Utilizing a sterically hindered tris(py-
razolyl)borate ligand, we have prepared divalent chromium
alkyls of the type TptBu,MeCrR [TptBu,Me 5 hydrotris(3-tert-
butyl-3-methylpyrazolyl)borate; R 5 Et, Ph, CH2SiMe3],
see Scheme 11. [43] The Tp ligand serves as an isoelectronic,
yet sterically more demanding, replacement of the Cp ring.
It effectively prevents dimerization, and accordingly theAs expected, the CrIII complex catalyzed the polymeri-

zation of ethylene; the forcing conditions were presumably compounds feature mononuclear, four-coordinate CrII. Re-
markably, they adopt an unusual “cis-divacant octahedral”due to the presence of the chelating phosphine, which

makes the opening up of a coordination site difficult. In coordination geometry, which leaves two coordination sites
on chromium open for binding of the olefin substrate orcontrast, the CrII alkyl reacted at ambient temperature, re-

flecting the known substitutional lability of divalent chro- other ligands.
None of these complexes reacted with ethylene, either atmium. However, its reaction with ethylene produced pro-

pene along with small amounts of other olefins. The likely room temperature or upon heating. Indeed, TptBu,MeCrEt
eventually decomposed via β-hydrogen elimination.mechanism of formation of propene consists of insertion of

ethylene into the chromium2methyl bond, followed by β- In summary, the available evidence suggests that divalent
chromium alkyls are not capable of catalyzing the polymer-hydrogen elimination of the resulting propyl complex.

There appears to be a clear dividing line between the reac- ization of ethylene. They either fail to react with ethylene,
or, if they do, the products undergo facile β-hydrogen elim-tivities of these two valence states, at least in this particular
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Scheme 11 terized a chromate ester of a silasesquioxane, probably the

best available structural model of the oxidized Phillips cata-
lyst. [8b] Addition of two equivalents of AlMe3 to benzene
solutions of this compound produced dark orange solutions
which polymerized ethylene under mild conditions (20°C, 1
atm). However, no further information about the oxidation
state or chemical nature of the active catalyst(s) in these
systems has been reported.

Scheme 12

ination. Trivalent cyclopentadienyl chromium alkyls, on the
other hand, when coordinatively unsaturated, consistently
catalyze the polymerization, and the characteristics of the
catalysis faithfully model the Union Carbide catalyst. Much
less is known about the reactivity of CpCr alkyls in even
higher oxidation states (IV2VI). None of the examples
we[44], or others[45], have prepared have proven catalytically
active, and it seems likely that the presence of several unin-

It is apparent that the active site of the Phillips catalystegative ligands beyond the Cp ligand and the polymer chain
must contain chromium in a reduced state; however, thewould render such complexes coordinatively saturated and
exact oxidation state of the metal remains unknown, despitehence inactive. Thus, based on the extensive available evi-
much work and endless debate. Krauss and Stach showeddence from homogeneous model chemistry, we assert that
some time ago that under favorable conditions the surfacethe active sites of cyclopentadienyl chromium polymeri-
chromium can be reduced with carbon monoxide all thezation catalysts, including the Cp2Cr/SiO2 catalyst, are co-
way down to CrII, and that the resulting coordinatively un-ordinatively unsaturated alkyls of trivalent chromium. To
saturated species is indistinguishable in its polymerizationsuggest otherwise would require experimental evidence in
behavior from the regular catalyst. [6] Based largely on thesethe form of a functioning homogeneous catalyst.
observations the catalytic activity of divalent chromium has
become the prevailing dogma. However, the nature of theOther Chromium Catalysts
initiation step remains unclear, and the same ambiguities

The most significant commercial chromium catalyst is described for the Union Carbide catalyst (see above) exist
the Phillips catalyst. It is usually prepared by impregnation here too. It is noteworthy that well-characterized CrII com-
of silica or silica/alumina with CrO3, followed by calci- plexes, including coordinatively unsaturated alkyls, have
nation in air. The material resulting from this procedure is failed to show any polymerization activity.[48]

commonly thought to contain surface-bound chromate es- The most promising recent development in this area has
ters, i.e. CrVI species coordinated only by oxygen atoms (see been Gibson9s report of highly active homogeneous cata-
Scheme 1). The oxidized form of the catalyst can be used lysts derived from bis(imido) chromium(VI) precursors (see
for polymerizations. However, an induction period is ob- eq. 6). [49] While the active species in this system have not yet
served, and products of olefin oxidation (formaldehyde) been structurally characterized, the spectroscopic evidence
have been detected. Chromyl derivatives are known to be seems consistent with cationic bis(imido)chromium alkyls
strong oxidants, which are reduced by olefins. [46]

featuring hexavalent chromium (CrVI). Based on the isolo-
Attempts to model the activation of the Phillips catalyst bal relationship between Cp- and imido ligands, and its

in homogeneous solution have met with limited success, al- putative d0 configuration, this system resembles group IV
though without shedding much light on the detailed nature metallocene chemistry (i.e. Cp2MR1) much more than any
of the active site (see Scheme 12). Thus, cyclohexane solu- known heterogeneous chromium catalyst.
tions of bis(triphenylsilyl)chromate catalyzed the polymeri-
zation of ethylene at high temperatures (T > 130°C) and
pressures (P 5 35021500 atm), even in the absence of a
cocatalyst. [47] Addition of an aluminum alkyl caused “re-
duction of the chromium” and onset of ethylene polymeri-
zation at room temperature and atmospheric pressure. Simi-
larly, Feher et al. have prepared and structurally charac-
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The effect of the natural bite angle (βn) of diphosphane li- angle of the ligand becomes larger. This results in an in-
creasing selectivity at larger bite angles, but at very largegands on catalyst selectivity and activity in the palladium-

catalyzed allylic alkylation was investigated. The selectivity bite angles the rate of the reaction drops. The ligand with
the largest calculated bite angle, Xantphos, induced 100%and rate of the reaction are mainly determined by steric hin-

drance induced by the diphosphane ligands. The steric hin- selectivity but the reaction rate became low.
drance at the palladium center increases as the natural bite

Catalyst selectivity and activity can be influenced by the (and consequently increasing the bite angle of the diphos-
phane) led to higher asymmetric induction.[16]steric and electronic properties of ligands. Additionally, a

third ligand parameter, the bite angle of bidentate ligands,[1] Here we present a detailed systematic study on the effect
of the bite angle of diphosphanes on catalyst activity andseems to have a crucial effect on reactivity and stability of

transition metal complexes. The bite angle can have a selectivity. The catalyst system we employed was prepared
in situ using Pd(DBA)2 (DBA 5 dibenzylidene acetone)tremendous influence on catalyst behavior as shown for the

hydroformylation[2] [3] [4] [5] and hydrocyanation[6] reactions. and diphosphane in DMF. As a substrate we used 2-hexe-
nylacetate (1) and the nucleophile was sodium diethyl meth-An intriguing reaction is the palladium-catalyzed allylic

substitution reaction. After the discovery by Tsuji [7] further ylmalonate (2), the same reagent used by Åkermark et al. [10]

Only two products were observed: the linear product diethyldevelopment of this reaction by Trost led to extensive use
in organic synthesis. [8] A highly enantioselective palladium 2-(2-hexen-1-yl)-2-methylmalonate (3) and the branched

product diethyl 2-(1-hexen-2-yl)-2-methylmalonate (4). Thediphosphane catalyst was shown to have a large bite angle
of 110.5° [9] which indicates that the bite angle can also be reaction is depicted in Scheme 1.
of importance in this reaction.

Most studies in this field focused on asymmetric induc- Scheme 1
tion and only little attention was paid to regioselectivity.
Åkermark and coworkers investigated the influence of the
steric bulk of bidentate ligands (substituted phenanthro-
lines) on the regioselectivity only very recently.[10] A de-
tailed mechanistic and computational study by Bäckvall et
al. showed the effect of the electronic properties of ligands
on the regioselectivity of the reaction.[11] Steric factors had
a large influence on the regioselectivity of this reaction. Re-
cently, both experimental [12] [13] and theoretical [14] [15] stud-
ies were performed on the regioselectivity in the asymmetric
allylic substitution, using ligands containing phosphorus
and nitrogen donor atoms. Since steric interactions and
electronic preferences can induce opposite effects, the in-
volvement of an early or a late transition state remains un-
der debate. All studies mentioned, however, ignored the ef-
fect of the bite angle of the ligands, although Trost found

The diphosphane ligands studied as catalyst componentsthat enlarging the bridge of chelating chiral diphosphanes
were dppe (1,2-bis(diphenylphosphanoethane), dppp (1,3-
bis(diphenylphosphanopropane), dppb (1,4-bis(diphenyl-

[°] Netherlands Institute for Research in Catalysis (NIOK) Publi- phosphanobutane), dppf (1,19-bis(diphenylphosphanofer-
cation UVA 98-6-01. rocene), DPEphos, Sixantphos, and Xantphos (see Figure[°°] Present address: DSM Research, P.O. Box. 18, NL-6160 MD
Geleen, The Netherlands 1). The results are summarized in Table 1.
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Figure 1. Diphosphanes with large bite angles Figure 2. View through the P···P axes of [dppe]Pd[allyl] and [Xant-

phos]Pd[allyl]; H atoms were omitted for clarity

The bite angle of the diphosphane used affects both the
activity and the selectivity of the catalyst. A sharp increase
in catalyst activity (measured in initial turnover frequency)
is observed in going from dppe to dppb. A further increase
of the bite angle results in a decrease of the t.o.f.

largest bite angle (both taken from the natural bite angle
Table 1. Alkylation of 2-hexenylacetate (1) with sodium diethyl calculations). The results are presented in Figure 2.

methylmalonate (2) in DMF[a]

In [dppe]Pd[allyl], the allyl fragment experiences no steric
interference at all from the diphosphane ligand, while inLigand Bite angle t.o.f. Reaction Conversion 3 4
[Xantphos]Pd[allyl] the allyl fragment interacts with the[°] [mol/mol time [%][c] [%] [%]

Pd/hr][b] [h] PPh2 moieties of the ligand. This can be illustrated by the
distances between the terminal allyl carbon atom and the

dppe 78.1 82 5 98.5 96.2 3.8 ipso carbon atom of the phenyl rings. In [dppe]Pd[allyl] thedppp 86.2 111 5 97.9 96.6 3.4
C···Cipso distances are 3.67 and 4.22 Å, whereas indppb 98.6 393 1 98.0 97.7 2.3

dppf 99.07[d] 118 5 97.6 99.0 1.0 [Xantphos]Pd[allyl] the C···Cipso distances are 3.12 and
DPEphos 102.7 114 5 98.4 99.7 0.3

3.55 Å.Sixantphos 106.5 91 20 97.5 99.6 0.4
Xantphos 110.0 22 20 92.1 100.0 0.0 The increasing embracement of the allyl fragment at large

bite angles not only dictates the regioselectivity, but it also
[a] Conditions: 0.01 mmol Pd(DBA)2, 0.02 mmol ligand, 1.0 mmol hampers the reaction correspondingly. It is therefore not
of 1, 2.0 mmol of 2 in 3.0 ml DMF, T 5 20°C. The 95% confidence

surprising that the initial turnover frequencies decreaseinterval of the mean measured values is ±0.1%. 2 [b] Initial turno-
ver frequency, determined after 5 min. reaction time. 2 [c] Based when the natural bite angle of the diphosphane used be-
on 1; [d] P2Pd2P angle in X-ray of (dppf)PdCl2. [17]

comes 100° or larger.
Since the ligand is completely symmetric, the regioselec-

The selectivity of the reaction towards the linear product tivity cannot be induced by an electronic effect (trans influ-
3 increases regularly with an increasing bite angle (see Table ence). [12] [13] The calculated structure of the complex has an
1). Using dppe 3.8% of product 4 is obtained, while dppf approximate Cs symmetry as supported by crystal structure
leads to 1%. When the Xantphos-type ligands are used, less determinations[19] and solution structures[3] of other com-
than 1% of 4 is formed. The differences in amounts of 4 plexes. It is therefore unlikely that an electronic difference
formed using Xantphos-type ligands are within the exper- between the two Pd2C bonds results from steric effects, as
imental error and will therefore not be discussed. It is note- suggested by Ward.[15] There is probably not much steric
worthy that when Xantphos is employed, 100% formation hindrance in the starting Pd allyl complex and the effect of
of 3 is observed, i.e. without any trace of 4, which can pre- increasing bite angle on the selectivity therefore points to a
vent laborious purification of the desired product. late transition state for this reaction.

The selectivities reported were obtained at maximal con- In conclusion, the bite angle of a ligand has been shown
version, which is nearly quantitative. to be a parameter of utmost importance for catalyst be-

The formation of 4 is the result of a nucleophilic attack havior. In the palladium-catalyzed allylic alkylation of 2-
on the substituted carbon atom of the allyl moiety. In the hexenyl acetate, regioselectivity increases with an increasing
transition state, the hybridization of this carbon atom bite angle. The increased selectivity is induced by the in-
changes from sp2 to sp3, which results in a bending of the creasing embracing of the allyl fragment by the diphos-
R group towards the phosphane. This causes steric inter- phane. This purely steric interaction inhibits the formation
ference of the R group with the diphosphane ligand. A of the branched side product. The best selectivity with
larger diphosphane bite angle results in larger steric inter- reasonably high reaction rates is obtained with DPEphos.
ference and consequently less 4 is formed.

The steric interference was investigated by molecular Experimental Section
modeling. The data from a P2Pd[allyl] fragment (obtained Computational Details: All calculations were performed using
from a recent X-ray crystal structure[18]) was superimposed CAChe WorkSystem software[20] on an Apple Power Macintosh
on the structures of [dppe]Pd, the ligand with the smallest 950 equipped with 2 CAChe CXP coprocessors. The Molecular

Mechanics calculations were performed using the MM2 forcebite angle, and that of [Xantphos]Pd, the ligand with the
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The coupling reaction of 1,1-disubstituted olefins (α-methyl- jor product. However, by using amines like Bu3N or diisopro-
pylethylamine (DIPEA) as base internal olefins can be syn-styrene, n-butyl methacrylate) with various aryl bromides

(Heck reaction) has been studied as a new concept to synthe- thesized with high selectivities. With phosphapalladacycle 3
as catalyst precursor, we were able to obtain catalyst turno-size trisubstituted olefins. Surprisingly, the nature of the base

dramatically influences the product distribution. Thus, a sys- ver numbers up to 1000, while Pd(OAc)2/2PPh3 was one or-
der of magnitude less active. Analysis of the reaction profiletematic investigation on the role of base in Heck reactions

of 1,1-disubstituted olefins was performed. Less coordinating by kinetic investigations led to the postulation of a reduction
and subsequent oxidative addition of the catalyst precursorbases like NaOAc, NaOBz or Na2CO3 yield a statistical distri-

bution of regioisomers with the terminal olefin 10 as the ma- 3 to form 12 as catalytically active intermediate.

Introduction see ref. [6]). Recently, we have developed cyclometallated pal-
ladium complexes as a new type of efficient catalysts forTrisubstituted, arylated olefins of the type A or B display
Heck and related reactions. [7] [8] Obviously, olefins A or Binteresting pharmacological or physical properties. [2]

should be available by Heck olefination. However, the low
Figure 1. Trisubstituted aromatic olefins

regioselectivity in the formation of the C5C double bond
using disubstituted as well as aliphatic olefins is still a
major disadvantage for the application of Heck reactions.
The low regioselectivity can be explained either by unselec-
tive β-hydride elimination during the catalytic cycle, and/or
by the tendency of the eliminated HPdX species to undergo
readdition and subsequent β-hydride elimination to differ-
ent hydrogen atoms, thus resulting in isomerization reac-
tions.

As a concept for controlling regioselective olefin forma-In this respect derivatives of α-methylcinnamic acids dis-
tion Tietze et al. have shown that silyl groups in allylsilanesplay hypolipidemic activities. [2a] Further, the substructure is
act as terminating group in intramolecular Heck reactionsfound in active substances such as the antibiotic hygromy-
enabling regio- and enantioselective construction of triple-cin A.[2b] In addition, certain α-methylstilbenes can be used
substituted double bonds. [9] More recently, Ricci et al. re-as nematic liquids[2c] with interesting retinoidal proper-
ported a stereo- and regiocontrolled synthesis of di- andties. [2d] Despite of their broad applications the stereodefined
trisubstituted olefins starting from vinylsilanes by a Hecksynthesis of trisubstituted alkenes is still a challenge of
reaction and Pd-catalyzed desilylation reaction sequence.[10]

modern synthetic organic chemistry. Although a number of
Despite the high selectivities for specific double-bond iso-methodologies have been reported in the literature[3] the
mers using silyl-substituted olefins it is obvious that controlproblems in synthesizing highly substituted alkenes, e.g. by
of the double-bond formation in Heck reactions using sim-Wittig reaction are well documented.[4] Thus, the search for
ple disubstituted alkenes by other means is a very attrac-alternative methodologies is ongoing.[5]

tive goal.In this respect, the palladium-catalyzed Heck reaction is
a powerful tool for the construction of aryl- and vinyl-sub- Results and Discussion
stituted carbon2carbon double bonds as it does not inter-

The interesting properties of α-methylcinnamic acid de-fere with a broad range of functional groups (for reviews
rivatives[2a] [2b] [11] prompted us to study regioselective Heck

[e] Part 3: Ref. [1]. reactions of various aryl bromides 1 with n-butyl methacry-
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late (2) as model reaction. [12] Clearly, after insertion of the about two orders of magnitude higher compared to pre-

vious data of similar reactions. [14]olefin into the Ar2Pd2Br complex there are two possibi-
lities for β-hydride elimination: it can proceed towards the In order to distinguish between thermodynamic or kine-

tic control of the double-bond formation the terminal olefinmethyl or the benzylic methylene group. The former reac-
tion leads to α-benzylacrylates 5 with a terminal double 5 was isolated and treated with NaOAc and Bu3N under

reaction conditions in the presence of the palladium cata-bond, the latter to α-methylcinnamic acid esters 4 with an
internal double bond. Because of the reactivity of terminal lyst. Only a negligable amount of isomerization of 5 to the

more stable internal olefin 4 was detected. Thus, we assumeolefins 5 the doubly arylated product 6 can subsequently be
formed. In addition, E and Z isomers of 4 and 6 could be that the formation of the double bond occurs under kine-

tic control.formed. Due to the importance of the β-hydride elimination
for determining the double-bond selectivity we anticipitated Comparison of the phosphapalladacycle 3 with conven-

tional palladium phosphane complexes which were testedthat the nature of the base will be of major influence for the
product distribution. Thus, various bases were examined for as in situ catalysts shows the superiority of 3. Significantly

lower conversions (16% and < 5%) were obtained in thethe reaction of n-butyl methacrylate with 1-bromo-4-fluoro-
benzene using the phosphapalladacycle catalyst 3 {trans- presence of tributylamine as base and 0.1 mol% Pd(OAc)2/

PPh3 (1:2) or Pd(OAc)2/P(o-tolyl)3 (1:2), respectively.di(µ-acetato)bis[o-(di-o-tolylphosphanyl)benzyl]dipal-
ladium(II) [13]}. The results are sumarized in Table 1. In agreement with previous results[6] the electronic nature

of the aryl bromide has dominating effect on the yield of
Table 1. Heck reaction of n-butyl methacrylate with aryl bromides the reaction (runs 5210). Here, electron-withdrawing sub-

stituents enhance the productivity. It is noteworthy that, in
all cases where amine is used as base, the ratio of internal
olefin to terminal and doubly arylated olefin is approxi-
mately 80:20, while with NaOAc as base the ratio is about
40:60. Therefore, we conclude that the electronic nature of
the aryl bromide has just a minor effect on the selectivity.

As a suitable candidate for further evaluation of the in-
fluence of base on the regioselectivity of Heck reactions
with 1,1-disubstituted olefins we considered α-methylstyr-
ene (8) which is available on large scale.[15] Here, the olefin-
ation of 1-bromo-4-chlorobenzene (7) was performed in the
presence of 8 different bases. As shown in Scheme 1 five
different Heck products can in principle arise from the reac-
tion of 7 and 8 (both E and Z isomers are possible).

To suppress formation of doubly arylated Heck products
an excess of α-methylstyrene 8 (5 equiv.) was used. The re-
sults of the model reaction are summarized in Table 2.

Reaction: 15 mmol of aryl bromide with 22.5 mmol of butyl meth-
Using the phosphapalladacycle trans-di(µ-acetato)bis[o-acrylate in the presence of 18 mmol of base and 0.1 or 0.01 mol%

of phosphapalladacycle catalyst 3 in 15 ml of DMAc at (di-o-tolylphosphanyl)benzyl]dipalladium(II) (3) as catalyst
1352140°C. 2 [a] Conversions of the aryl bromides have been de- under standard reaction conditions (dimethylacetamide,termined by GC with internal standard (diethylene glycol dibutyl

NaOAc, 0.1 mol% 3, 1352140°C, 24 h; run 1) the couplingether). 2 [b] Selectivities have been determined by GC on the basis
of area percentage. products were isolated in excellent yield (94%). Analogous

to the reactions with n-butyl methacrylate the highest selec-
tivity for the terminal olefin 10 is observed with NaOAc (9/Indeed, the nature of base significantly influences the re-

gioselectivity of the double bond. Sodium acetate favors the 10, 35:65). Only a small amount of the doubly arylated
product 11 is formed (4% yield). Comparison of the phos-formation of terminal olefin 5, thus leading to a relatively

large extent of doubly arylated products 6 (Table 1, run 1). phapalladacycle 3 with a classical catalyst system [0.1 mol%
Pd(OAc)2/2 PPh3] gave similar results (run 10). The sameIn contrast, in the presence of 1.2 equiv. of tributylamine

the internal olefin 4 is formed as major product (runs 2 and regioselectivity (9/10, 37:63), albeit a lower total yield (66%)
was obtained with sodium benzoate as base (run 2). Using3). Further improvement of selectivity towards the internal

olefin 4 was achieved using the sterically hindered base inorganic salts such as sodium carbonate (run 3) or sodium
hydrogen carbonate (run 4) excellent total yields (97% andN,N-diisopropylethylamin (DIPEA) which gives so far the

best selectivities for this reaction (internal olefin/terminal 95%) were obtained, but the selectivity towards the ter-
minal product is slightly lower (9/10, 38:62 and 46:54,products, 82:18, run 4). Interestingly, the productivity of the

catalyst system is reduced by a factor of 3 in the presence respectively). On the other hand high selectivities up to 95:5
towards the internal olefin 9 are observed using tertiaryof amines compared to NaOAc (0.01 mol% Pd, runs 1 and

2) which is explained by enhanced stabilization of PdII in- amines as bases. Again, best results were obtained using the
sterically hindered amine N,N-diisopropylethylaminetermediates. While the selectivity in the presence of NaOAc

is only moderate the catalyst productivity (TON 5 8300) is (DIPEA, run 9, 65% total yield). A slightly lower regiose-
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Scheme 1. Heck reaction of 1-bromo-4-chlorobenzene with α-methylstyrene

Scheme 2. Regiochemistry of the β-hydride eliminationTable 2. Heck reaction of α-methylstyrene with aryl bromides

Reaction: 15 mmol of 4-bromo-1-chlorobenzene with 75 mmol of
α-methylstyrene in the presence of 18 mmol of base and 0.1 mol%

Next we investigated whether an isomerization of the ter-of phosphapalladacycle catalyst 3 in 15 ml of DMAc at
1352140°C. After 24 h, the reaction mixture was extracted and the minal olefin 10 to the internal olefin 9 in the presence of
solvent and not converted starting materials were removed in amine is possible. Neither heating of the terminal olefin 10vacuo. The remaining reaction mixture was analyzed by GC, GC/

with catalyst 3 and DIPEA, nor heating of the internal ole-MS, and 1H NMR. 2 [a] Isolated yields. 2 [b] Selectivities have
been determined by NMR of the isolated products. 2 [c] TON 5 fin 9 with 3 and sodium acetate results in significant iso-
mol product/mol catalyst. 2 [d] 1,8-Bis(dimethylamino)naphtha- merization (< 10%). In addition, a thermodynamic iso-lene.

merization would not explain the observed amount of the
Z isomer Z-9. Thus, we propose a kinetic control for the
reaction. In order to explain the different regio- and stereo-lectivity (9/10, 89:11) is observed using tributylamine as

base (66% total yield). Other bases or mixtures of bases selectivities (Scheme 2) we propose different mechanism for
the proton abstraction (β-hydride elimination) dependinggave results inbetween sodium acetate and DIPEA. No re-

action is observed using chelating amines like TMEDA. on the base. Unfortunately, the β-hydride elimination and
reductive elimination of HX from “H2Pd2X” have beenIn the presence of amine as base the phosphapalladacycle

catalyst 3 was found to be superior in productivity com- scarcely investigated in the literature.[16] Based on simple
conformation analysis the stereochemical outcome of thepared to classical catalyst precursors. Thus, the use of 0.1

mol% Pd(OAc)2/2 PPh3 led to a significantly lower total products is explained by β-hydride elimination from the
possible intermediates I1 (leading to 10), I2 (leading to E-9yields of 9 and 10 (14%, run 11). The selectivity towards

the internal olefin is similar to the phosphapalladacycle and 10) and I3 (leading to Z-9 and 10) (Scheme 3).
In the presence of less basic salts like NaOAc, NaOBzcatalyst 3 (9/10, 93:7), but there is a clear difference in the

E/Z selectivity (E/Z 5 12). direct elimination of “H2Pd2X” will occur from inter-
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Figure 2. Concentration vs. reaction time diagrams; top: NaOAcScheme 3. Conformational analysis of the β-hydride elimination
as base; bottom: DIPEA as base; d terminal olefin 10; j Z-9;

m E-9[a]

mediates I1, I2 and I3. Because of the nearly statistical
product ratio (terminal/internal, 3:2) we assume that the
less coordinating bases are not involved in the elimination
step of “H2Pd2X”. However, the amine-assisted elimi-
nation takes place towards the most acidic protons
(Scheme 2). A direct abstraction of the more acidic benzylic
protons would explain for the low selectivity for the E iso-
mer E-9 because of a similar acidity of both benzylic pro-
tons. Thus, we believe that the base is involved in the
β-hydride elimination by proton abstraction. Support for
the direct abstraction of the proton may also result from
the fact that the amine is blocking coordination sites on the
metal centre, which are esssential for β-hydride elimination.

To obtain further mechanistic information about the sys-
tem concentration vs. time diagrams for the reaction of 1-
bromo-4-chlorobenzene (7) with α-methylstyrene (8) in the
presence of NaOAc and DIPEA were compared (Figure 2).

As shown in Figure 2 the base influences the reaction
profile dramatically. In the presence of NaOAc the reaction
starts immediately leading to the terminal olefin 10 as the
major isomer. If the concentration of 10 is high enough
(after ca. 5 h) the doubly arylated product 11 (not shown
in Figure 2) is produced in small quantities by a consecutive
Heck reaction. No initial catalyst activation is observed.
However, the reaction with DIPEA as base (Figure 2, lower [a] Reaction conditions: 15 mmol of 1-bromo-4-chlorobenzene, 75

mmol of α-methylstyrene, 18 mmol of base and 2 ml of diethylenediagram) shows a sigmoidal concentration vs. time diagram
glycol dibutyl ether were heated in 15 ml of DMAc at 135°C. At

indicating preformation of the active catalyst species. The t 5 0 a solution of 0.1 mol% of the phosphapalladacycle 3, dissol-
ved in 1 ml of DMAc, was added. The course of the reaction wasinduction period might be explained by a slowly occurring
monitored by removing 0.1-ml samples of the reaction mixture.reduction of the phosphapalladacycle 3 [17] to a monophos- These were washed with 5% HCl solution, then extracted with 1.5

phanepalladium(0) compound. Immediately, this species ml of dichloromethane and analyzed by GC.
would undergo oxidative addition to 1-bromo-4-chloroben-

Scheme 4. Postulated formation of 12 from the phosphapallada-zene (7) to give the palladium complex 12 (Scheme 4). To
cycle 3 (R 5 o-tolyl)proof this assumption the oxidative addition product 12

was prepared independently from Pd[P(o-tolyl)3]2Cl2 and 7
in a total yield of 66% according to a procedure described
by J. F. Hartwig et al. [18]

The concentration vs. time diagrams for the Heck reac-
tion of 1-bromo-4-chlorobenzene (7) with α-methylstyrene
(8) in the presence of 0.1 mol% 12 as catalyst with NaOAc
and DIPEA as base are shown in Figure 3.

No induction period is observed in both cases! In the
presence of NaOAc as base the reaction catalyzed by 12
starts faster compared to the reaction catalyzed by 3 and a
similar product distribution is observed. Also using DIPEA
as base the raction starts immediately. The ratio of products
initially formed is comparable to the ratio of the different
isomers obtained in the phosphapalladacycle-catalyzed re-
action. However, after several hours E-9 is formed preferen- phosphanepalladium(0) species. The nature of the reducing

agent is not clear in detail. Coordination of amines stabi-tially with 12 as catalyst yielding in a higher E/Z ratio.
This findings are rationalized as follows: As shown in lizes the phosphapalladacycle 3 slowing down the formation

of a palladium(0) compound. This results in an inductionScheme 4 the phosphapalladacycle 3 is reduced to a mono-
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Figure 3. Concentration vs. reaction time diagrams; top: NaOAc bromo-4-fluorobenzene behave in a similar manner as de-
as base; bottom: DIPEA as base; d terminal olefin 10; j Z-9; scribed for 1-bromo-4-chlorobenzene. In contrast to Table

m E-9[a]

1 the coupling reactions with n-butyl methacrylate were
performed in the presence of five equivalents of the olefin.
Thus, the amount doubly arylated products could be mini-
mized.

Table 3: Heck reaction of 1,1-disubstituted olefins with various aryl
bromides

Reaction: 15 mmol of aryl halide with 75 mmol of olefin in the
presence of 18 mmol of base and 0.1 mol% of phosphapalladacycle
catalyst 3 in 15 ml of DMAc at 1352140°C (24 h). 2 [a] Total
isolated yields. 2 [b] Selectivities have been determined by NMR of
the isolated products. 2 [c] TON 5 mol product/mol catalyst. 2 [d]

Determined by GC analysis.

In conclusion we have demonstrated that the nature of
base significantly influences the regiochemistry of the
double bond in certain types of Heck reactions. Based on
this finding we have developed a new and general valid con-
cept to determine the regiochemistry of Heck reactions of
1,1-disubstituted olefins simply by changing the added base.
Moreover, by using phosphapalladacycle 3 as catalyst pre-

[a] Reaction conditions: 15 mmol of 1-bromo-4-chlorobenzene, 75 cursor we have been able to improve the catalyst pro-mmol of α-methylstyrene, 18 mmol of base and 2 ml of diethylene
ductivity for Heck coupling reactions of 1,1-disubstitutedglycol dibutyl ether were heated in 15 ml of DMAc at 135°C. At

t 5 0 a solution of 0.1 mol% of 12, dissolved in 1 ml of DMAc, olefins by at least one order of magnitude. Comparison of
was added. The course of the reaction was monitored by removing the concentration vs. time diagrams for Heck reactions with0.1-ml samples of the reaction mixture. These were washed with

the phosphapalladacycle 3 and the oxidative addition prod-5% HCl solution, then extracted with 1.5 ml of dichloromethane
and analyzed by GC. uct 12 as catalysts provides evidence that 3 is a catalyst pre-

cursor with 12 as active species.

We gratefully acknowledge support from the Hoechst AG and theperiod for the proper catalyst. Furthermore, the rate of oxi-
“Bayerischer Forschungsverbund Katalyse” (FORKAT). Prof. W. A.dative addition is decreased in the presence of amines by
Herrmann, C.-P. Reisinger, A. Zapf (TU München), Prof. K.blocking of free coordination sites on the Pd0 species. On
Kühlein, Dr. H. Geißler and Dr. R. W. Fischer (Hoechst AG) arethe other hand it is known, that the coordination of NaOAc
thanked for many stimulating discussions.

to phosphanepalladium(0) complexes increases the rate of
oxidative addition for haloarenes.[19] This explains in gen- Experimental Section
eral the higher catalyst activity in the presence of NaOAc.

Chemicals were obtained from Aldrich and Fluka. NMR spectraFurther evidence for the discussed transformation of the
(1H,13C,31P) were recorded with a Jeol JMX-GX 400 or a Brukerphosphapalladacycle 3 to 12 is obtained by comparing the
AM 360 instrument. GC-MS spectra were measued with a HewlettE/Z ratio for the different catalysts (3 and 12) using DIPEA
Packard gas chromatograph GC 5890 A equipped with a mass-

as base. As a matter of fact the E/Z ratio produced by 12 selective detector MS 5970 B. Elemental analyses were carried out
in the first hour is identical to that of the phosphapallada- by the Microanalytical Laboratory at the TU München. Quantitat-
cycle 3 during the whole reaction time. Due to side-reac- ive analyses were performed with a Hewlett Packard 6890 instru-
tions in the formation of 12 from 3 the productivity of 3 ment using a HP-5 capillary column in conjunction with a flame
is lower. ionization detector (GC/FID). 2 Except for the work-up of reac-

tion mixtures, all operations were carried out under nitrogen. Sol-In order to demonstrate that the determination of the
vents were carefully dried according to standard procedures.regiochemistry by the base is a general principle for Heck

reactions of 1,1-disubstituted olefins we studied coupling 1. Heck Reactions with n-Butyl Methacrylate: 15 mmol of aryl
reactions of 2 and 8 with various other aryl bromides (Table halide, 22.5 mmol of n-butyl methacrylate (3.58 ml), 18 mmol of

tri-n-butylamine (4.29 ml), 0.1 mg of 2,6-di-tert-butyl-4-methyl-3). As can be seen from Table 3 4-bromotoluene and 1-
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phenol and 7.0 mg of the phosphapalladacycle 3 were dissolved in The solvent and starting materials were removed in vacuo. The ra-

tio of the regioisomers was calculated by the relative intensities of15 ml of N,N-dimethylacetamide and stirred at 1352140°C (reac-
tion time as indicated). After cooling, the reaction mixture was the typical signals in the 1H-NMR spectrum (CDCl3, TMS as in-

ternal standard). Total yields for different bases are given in Tablesextracted with diethyl ether and 5% aqueous HCl for three times.
The combined organic phases were neutralized with 10% aqueous 2 and 3.
NaHCO3 and dried with MgSO4. After removal of the solvent and (E)-4-Chloro-a-methylstilbene (E-4): 1H NMR (360 MHz, 20°C,
starting materials in vacuo the products were isolated as colourless CDCl3): δ 5 7.527.0 (m, 9 H, aromatic protons), 6.76 (s, 1 H, C5
oils by distillation or by column chromatography. CH), 2.25 (s, 3 H, 2CH3). 2 MS (70 eV); m/z: 228, [M1], 211,

193, 178.n-Butyl 3-(4-Fluorophenyl)-2-methylpropenoate: Isolated by dis-
tillation (60%, b.p. 952100°C/1 mbar). 2 1H NMR (360 MHz, (Z)-4-Chloro-a-methylstilbene (Z-4): 1H NMR (360 MHz, 20°C,
20°C, CDCl3): δ 5 7.64 (s, 1 H, CH5C), 7.36 (dd, 2 H, 3JHH 5 CDCl3): δ 5 7.527.0 (m, 9 H, aromatic protons), 6.40 (s, 1 H, C5
8.6 Hz, 4JFH 5 5.5 Hz), 7.06 (dd, 3JHH 5 8.6 Hz, 3JFH 5 8.6 Hz, CH), 2.19 (s, 3 H, 2CH3). 2 MS (70 eV); m/z: 228, [M1], 211,
2 H), 4.21 (t, 3JHH 5 6.6 Hz, 2 H, COOCH2), 2.10 (s, 3 H, 5 193, 178.
C2CH3), 1.71 (tt, 3JHH 5 6.7 Hz, 3JHH 5 6.7 Hz, 2 H, CO-

3-(4-Chlorophenyl)-2-phenyl-1-propene (5): 1H NMR (360 MHz,OCH2CH2) 1.46 (tt, 3JHH 5 6.7 Hz, 3JHH 5 7.3 Hz, 2 H, CO-
20°C, CDCl3): δ 5 7.527.0 (m, 9 H, aromatic protons), 5.48 (s, 1OCH2CH2CH2), 0.97 (t, 3JHH 5 7.3 Hz, 3 H, CH2CH3). 2 MS (70
H, C5CH), 5.01 (s, 1 H, C5CH), 3.79 (s, 2 H, 2CH2Ar). 2 MSeV); m/z: 236 [M1], 180, 134, 109.
(70 eV); m/z: 228, [M1], 193, 103.

n-Butyl 3-(4-Acetylphenyl)-2-methylpropenoate: Isolated by col-
(E)-4-Fluoro-a-methylstilbene: 1H NMR (360 MHz, 20°C,umn chromatography (ethyl acetate/hexane, 1:8, 74%). 2 1H NMR

CDCl3): δ 5 7.527.0 (m, 9 H, aromatic protons), 6.78 (s, 1 H, C5(360 MHz, 20°C, CDCl3): δ 5 7.97 (d, 2 H, 3JHH 5 8.3 Hz, 3-Ph-
CH), 2.24 (s, 3 H, 2CH3). 2 MS (70 eV); m/z: 212, [M1], 197,H, 5-Ph-H), 7.67 (s, 1 H, CH5C), 7.46 (d, 2 H, 3JHH 5 8.3 Hz, 2-
177, 133.Ph-H, 6-Ph-H), 4.23 (t, 3JHH 5 6.6 Hz, 2 H, COOCH2), 2.60 (s, 3

(Z)-4-Fluoro-a-methylstilbene: 1H NMR (360 MHz, 20°C,H, COCH3), 2.12 (s, 3 H, 5C2CH3), 1.73 (tt, 3JHH 5 6.6 Hz,
CDCl3): δ 5 7.527.0 (m, 10 H, aromatic and olefinic protons),3JHH 5 6.6 Hz, 2 H, COOCH2CH2) 1.47 (tt, 3JHH 5 6.7 Hz,
2.18 (s, 3 H, 2CH3). 2 MS (70 eV); m/z: 212, [M1], 197, 177, 133.3JHH 5 7.4 Hz, 2 H, COOCH2CH2CH2), 0.98 (t, 3JHH 5 7.4 Hz,

3 H, CH2CH3). 2 MS (70 eV); m/z: 260 [M1], 245, 204, 189, 161, 3-(4-Fluorophenyl)-2-phenyl-1-propene: 1H NMR (360 MHz,
145, 115. 20°C, CDCl3): δ 5 7.527.0 (m, 9 H, aromatic protons), 5.48 (s, 1

H, C5CH), 5.01 (s, 1 H, C5CH), 3.79 (s, 2 H, 2CH2Ar). 2 MSn-Butyl 3-(4-Methoxyphenyl)-2-methylpropenoate: Isolated by
(70 eV); m/z: 212, [M1],197, 134, 103.column chromatography (ethyl acetate/hexane, 1:10, 20%). 2 1H

NMR (360 MHz, 20°C, CDCl3): δ 5 7.64 (s, 1 H, CH5C), 7.37 (E)-4-Methyl-a-methylstilbene: 1H NMR (360 MHz, 20°C,
(d, 2 H, 3JHH 5 8.3 Hz, 2-Ph-H, 6-Ph-H), 6.91 (d, 2 H, 3JHH 5 CDCl3): δ 5 7.526.8 (m, 9 H, aromatic protons), 6.43 (s, 1 H, C5
8.3 Hz, 3-Ph-H, 5-Ph-H), 4.18 (t, 3JHH 5 6.6 Hz, 2 H, COOCH2), CH), 2.36 (s, 3 H, Ar-CH3), 2.28 (s, 3 H, -CH3). 2 MS (70 eV);
3.82 (s, 3 H, OCH3), 2.13 (s, 3 H, 5C2CH3), 1.65 (tt, 3JHH 5 6.6 m/z: 208, [M1], 193, 178, 115.
Hz, 3JHH 5 6.6 Hz, 2 H, COOCH2CH2) 1.44 (tt, 3JHH 5 6.7 Hz,

(Z)-a,4-Dimethylstilbene: 1H NMR (360 MHz, 20°C, CDCl3):3JHH 5 7.4 Hz, 2 H, COOCH2CH2CH2), 0.97 (t, 3JHH 5 7.4 Hz,
δ 5 7.526.8 (m, 10 H, aromatic and olefinic protons), 2.18 (s, 33 H, CH2CH3). 2 MS (70 eV); m/z: 248 [M1], 192, 146, 115, 91.
H, Ar-CH3), 2.22 (s, 3 H, 2CH3). 2 MS (70 eV); m/z: 208, [M1],

n-Butyl 3-(4-Chlorophenyl)-2-methylpropenoate: Isolated by dis- 193, 178, 115.
tillation (55%, b.p. 1202125°C/1 mbar). 2 1H NMR (360 MHz,

3-(4-Methylphenyl)-2-phenyl-1-propene: 1H NMR (360 MHz,20°C, CDCl3): δ 5 7.63 (s, 1 H, CH5C), 7.3827.32 (m, 4 H), 4.23
20°C, CDCl3): δ 5 7.526.8 (m, 9 H, aromatic protons), 5.44 (s, 1(t, 3JHH 5 6.6 Hz, 2 H, COOCH2), 2.10 (s, 3 H, 5C2CH3), 1.74
H, C5CH), 4.77 (s, 1 H, C5CH), 3.74 (s, 2 H, 2CH2Ar), 2.38(tt, 3JHH 5 6.6 Hz, 3JHH 5 6.6 Hz, 2 H, COOCH2CH2) 1.44 (tt,
(s, 3 H, Ar-CH3). 2 MS (70 eV); m/z: 208, [M1], 193, 178, 130,3JHH 5 6.7 Hz, 3JHH 5 7.4 Hz, 2 H, COOCH2CH2CH2), 0.98 (t,
115, 103.3JHH 5 7.4 Hz, 3 H, CH2CH3). 2 MS (70 eV); m/z: 252 [M1], 196,

3. Synthesis of {Pd[P(o-tolyl)3](p-ClC6H4)(Br)}2 (12): 1.21 g179, 150, 115, 89.
(1.54 mmol) of Pd[P(o-tolyl)3]2Cl2 and 0.54g (1.78 mmol) of P(o-

n-Butyl 3-(4-Nitrophenyl)-2-methylpropenoate: Isolated by col-
tolyl)3 were suspended in 8 ml of toluene. To this suspension NaOH

umn chromatography (ethyl acetate/hexane, 1:15, 75%). 2 1H
(0.14 g) in 8 ml of ethanol was added. The reaction mixture was

NMR (360 MHz, 20°C, CDCl3): δ 5 8.25 (d, 2 H, 3JHH 5 8.9 Hz,
heated at 90°C for 5 h. After cooling, the yellow precipitate was

3-Ph-H, 5-Ph-H), 7.70 (s, 1 H, CH5C), 7.54 (d, 2 H, 3JHH 5 8.9
filtered off and washed several times with water, ethanol and diethyl

Hz, 2-Ph-H, 6-Ph-H), 4.25 (t, 3JHH 5 6.6 Hz, 2 H, COOCH2), 2.12
ether. After drying in vacuo, 1.06 g of crude Pd[P(o-tolyl)3]2 was

(s, 3 H, 5C2CH3), 1.72 (tt, 3JHH 5 6.6 Hz, 3JHH 5 6.6 Hz, 2
obtained. This product was stirred with 1.60 g of 1-bromo-4-chlo-

H, COOCH2CH2) 1.47 (tt, 3JHH 5 6.7 Hz, 3JHH 5 7.4 Hz, 2 H,
robenzene in 20 ml of benzene at room temp. overnight. The sus-

COOCH2CH2CH2), 0.98 (t, 3JHH 5 7.4 Hz, 3 H, CH2CH3). 2 MS
pension was filtered and concentrated. After addition of 20 ml of

(70 eV); m/z: 263, [M1], 207, 190, 161, 115, 89.
diethyl ether and cooling to 230°C 0.60 g (66%) of 12 precipitated.
2 1H NMR (400 MHz, 80°C, [D8]toluene): δ 5 7.0326.45 (br.2. Heck Reactions with α-Methylstyrene: 15 mmol of the aryl

bromide, 75 mmol of α-methylstyrene (8.86 g, 2), 18 mmol of the m, 32 H), 2,14 (br. s, 18 H). 2 31P{1H} NMR (162 MHz, 80°C,
[D8]toluene): δ 5 26.8. 2 IR (KBr): ν̃ 5 3054 (m), 2970 (m), 2922base and 7.0 mg of the phosphapalladacycle 3 (0.1 mol% Pd) were

dissolved in 15 ml of N,N-dimethylacetamide and stirred under a (m), 2861 (m), 1589 (m), 1566 (w), 1467 (vs), 1449 (s), 1200 (w),
1088 (s), 1004 (vs), 807 (vs), 752 (vs), 717 (s), 680 (m), 561 (m), 534gentle stream of nitrogen at 1352140°C for 24 h. After cooling,

the reaction mixture was extracted with dichloromethane and 5% (s), 466 (s). 2 FAB MS; m/z: 520 [M1 2 HBr], 430 [M1 2 Br2to-
lyl]. 2 C54H50Br2Cl2P2Pd2 · Et2O (1278.6): calcd. C 54.48, H 4.73,aqueous HCl for three times. The combined organic phases were

neutralized with 10% aqueous NaHCO3 and dried with MgSO4. P 4.84; found C 54.66, H 4.44, P 4.88.
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The synthesis of the water-soluble tripodal phosphane ligand tionalized tripodal ligand 6 react with Rh(PPh3)3(CO)H to
form the water-soluble and water-insoluble rhodium carbo-cis,cis-1,3,5-(PPh2)3-1,3,5-[CH2(OCH2CH2)xOCH3]C6H6 (x =

302160) (5) has been achieved in a four-step reaction se- nyl hydrido complexes 5a and 6a, respectively. The catalytic
activity of the rhodium complex 5a in the hydroformylationquence. The alcohol Mo(CO)3[cis,cis-1,3,5-(PPh2)3-1,3,5-

(CH2OH)3C6H6] (1) is converted to the corresponding alco- of 1-hexene was found to be comparable in a single-phase
system (1-hexene/methanol) with that in the biphasic systemholate 2, which forms the polyethylene glycol derivative 3 in

a polyaddition reaction with oxirane. After methylation of the (1-hexene/water). Only traces of alcohol were found, which
demonstrates that the catalyst 5a displays higher selectivityend groups of 3, the ligand 5 is obtained by a combined pho-

tochemical/oxidative demolybdenation reaction. The water- in hydroformylation than in hydrogenation.
soluble tripodal phosphane 5 and the methoxymethyl func-

Simplification of process engineering in the field of bi- 1-hexene. Our goal was to functionalize the cyclohexane
backbone of the tripodal phosphane ligand cis,cis-1,3,5-phasic homogeneous catalysts has spurred the successful in-

dustrial application of these systems.[1] For example, in (PPh2)3C6H9 (tdppcy)[10] with polyethylene glycol groups,
in order to solubilize tdppcy-type ligands and their metalaqueous biphasic oxo-catalysis, the reactants and the prod-

ucts stay in the organic phase while the catalyst remains in complexes in water.
the aqueous phase. [1] [2] Such a two-phase system exhibits

Results and Discussionlow catalytic activity in the hydroformylation of higher ole-
fins because of mass transfer limitations that result from the In recent studies, it was demonstrated that the Mo(CO)3
lower solubility of such longer-chain derivatives in water. fragment serves as an excellent protecting group when mod-
Water solubility of transition metal complexes is generally ifying tripodal phosphane ligand systems with a cyclohex-
achieved by using phosphane ligands that bear polar sub- ane backbone.[11] Thus, the thermally stable tris(hydroxy-
stituents such as 2SO3Na[1b] [1f] [3] or 2NR3

1. [4] It has been methyl) complex 1 [11] (Scheme 1) is an ideal starting mate-
suggested that the problems encountered due to mass trans- rial for the functionalization of the cyclohexane backbone
fer limitations may be overcome by using phosphane li- with polyethylene glycol groups under the rather severe con-
gands derivatized with polyalkylene glycol ether groups.[5] ditions of a base-catalyzed oxirane polyaddition reaction.
The inverse temperature dependence of the solubility of po- In the first step, the triol 1 is converted into its correspond-
lyalkylene oxide oligomers in water[6] leads to a single- ing trialcoholate 2 with stoichiometric amounts of NaH in
phase system at higher temperatures. In this way, at elevated hot THF.
temperature, the catalyst migrates from the aqueous phase Treatment of a solution of in situ generated 2 with ox-
into the organic phase and is available to perform homo- irane at 1702185°C leads in a polyaddition reaction to the
geneous catalysis. Upon cooling the system, the catalyst mi- polymer trisodium alcoholate, which is then converted into
grates back into the aqueous phase and can be recovered the alcohol 3 with anhydrous NH4Cl. The degree of poly-
by simple phase separation. Ethylene glycol moieties with merization can be controlled by adjusting the stoichio-
various chain lengths have been introduced into several metric ratio of oxirane to 1 in the range 90:1 and 500:1. In
phosphane ligand systems. [5] [7] [8] Polyethylene glycol has Table 1, the stoichiometric ratios of oxirane to 1 used in
also been used as a hydrophilic film in which water-soluble typical polyaddition reactions are listed, together with the
rhodium complexes were dissolved to act as immobilized properties of the resulting homologous polymers of 3, the
homogeneous catalysts. [9] calculated average molecular weights Mp, and degrees of

polymerization P.Herein, we report on the synthesis of water-soluble tri-
podal phosphanes and their rhodium complexes, and pres- The parameters Mp and P were calculated independently

from the mass balance of the reaction, as well as from theent preliminary results of investigations into the catalytic
activity of these complexes in the hydroformylation of relative integrals of the ethoxy and the phenyl proton sig-

Eur. J. Inorg. Chem. 1998, 37241  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/010120037 $ 17.501.50/0 37



P. Stößel, H. A. Mayer, F. AuerFULL PAPER
The hydroxylic end groups of the homologous polymers

of 3 react smoothly with methyl iodide under Williamson
ether synthesis conditions to form the corresponding tri-
ether complexes 4 (Scheme 1). Polymers 3 and 4 are mis-
cible with water in any ratio when the degree of polymeri-
zation is approximately 90 or greater. They are also soluble
in polar organic solvents such as THF, CD2Cl2, and CDCl3,
and swell in diethyl ether. Their properties are comparable
with those of polyethylene glycols with similar degrees of
polymerization. The local C3v symmetry at the molyb-
denum centres of 3 and 4 is confirmed by spectroscopic
data of the complexes, which are comparable with those of
their monomeric counterparts. [11] The IR spectra display
two sharp ν(CO) absorptions at 1936 and 1844 cm21 for
the Mo(CO)3 fragment besides intense absorptions due to
the polyethylene glycol ether chains. The 31P{1H}-NMR
spectra show singlets at δ 5 46.2 (3) and δ 5 46.1 (4),
respectively. In the 13C{1H}-NMR spectra, the ring methyl-
ene and the quaternary carbon atoms display complex mul-
tiplet patterns as a result of interactions with the phos-
phorus nuclei. Two multiplets are observed for the axial and
equatorial cyclohexane ring protons in the 1H-NMR spec-
tra. Besides the intense absorptions attributable to the
ethoxy protons, the hydroxylic end groups of 3 and the
methyl end groups of 4 give rise to singlets in the 1H-
NMR spectra.

Liberation of the polyethylene glycol functionalized tri-
podal phosphane ligands 5 can be achieved by irradiating

nals in the 1H-NMR spectra. [12] According to Flory, the solutions of 4 in the presence of the mild oxidizing agent
distribution of the molecular weight of polyethylene glycol N2O (Scheme 2). [11]

ethers follows a Poisson distribution if (i) all the initiating
groups are accessible at the beginning of the reaction, (ii)
only the reaction of a polymer with a monomer occurs, and
(iii) all the reaction steps are kinetically identical. [13] It has
been shown that these criteria are met in the case of ad-
dition reactions of oxirane to monofunctional alcohols un-
der the conditions of a stoichiometric polyaddition reaction
used here. [14] When it is further assumed that the three
chains in each molecule grow independently from one an-
other, this leads to a Poisson distribution with an expec- The solubility of 4 allows the reaction to be carried out

in a mixture of THF and aqueous K2CO3, under whichtation value P for the degree of polymerization of the hom-
ologous polymers of 3. The relation of the degree of poly- conditions the in-situ generated MoO3 is converted into sol-

uble molybdate, thereby facilitating easy separation. Themerization P to the degree of polymerization X of a single
chain attached to the cyclohexane backbone is then given homologous tripodal phosphane ligands 5 are obtained in

high yields as colorless to off-white waxy materials. Theirby the equation P 5 3 X.

Table 1. Average molecular weight (MP), degree of polymerization (P) and properties of 3 [12]

1:C2H4O[a] T[b] [°] t[c] [h] MP
[d] P[d] MP

[d] P[e] consistency color melting
range [°C]

1:102.9 180 14 4919 91.2 5078 94.8 highly viscous pale-yellow, clear 2
1:218.4 170 18 8893 181.5 8985 183.6 waxy yellow, transparent 52255
1:223.5 170 18 10255 209.1 10355 211.6 brittle yellow, transparent 54257
1:267.6 180 14 12206 256.8 12219 257.1 brittle yellow, transparent 57261
1:582.9 175 18 22621 493.5 2[f] 2[f] brittle pale-brown, transparent 62265

[a] Ratio of 1 to oxirane. 2 [b] Reaction temperature. 2 [c] Reaction time. 2 [d] Average molecular weight (MP), degree of polymerization
(P), calculated from the mass balance of the reaction. 2 [e] Average molecular weight (MP), degree of polymerization (P), calculated from
the relative 1H-NMR integrals of ethoxy and phenyl protons. 2 [f] Average molecular weight (MP), degree of polymerization (P) cannot
be calculated.
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solubilities are comparable to those found for the molyb- bon atoms is observed in the 13C{1H}-NMR spectra of

both complexes. In addition, characteristic signals in thedenum complexes 3 and 4. The singlets in the 31P{1H}-
NMR spectra of the homologous polymers of 5 are shifted expected regions are found for the polyethylene glycol func-

tions and the methoxymethyl groups.15.5 ppm further upfield compared to those of the molyb-
denum complexes. The alkane regions of the 13C{1H}- Preliminary studies aimed at demonstrating the catalytic
NMR spectra display triplets (δ 5 34.18, 2JPC 5 18.07 Hz) activity of complex 5a have been conducted. The results are
and doublets of triplets (δ 5 42.06, 1JPC 5 21.57, 3JPC 5 summarized in Table 2. The hydroformylation of 1-hexene
9.35 Hz), which result from interaction of the three methyl- catalyzed by 5a (P 5 209.1) was performed either in a single
ene and the three quaternary carbon atoms with the phos- homogeneous phase with methanol as solvent, or in a bi-
phorus nuclei. In addition, the carbon atoms of the methyl phasic system (water/1-hexene).
end groups, the ethoxy carbon atoms and the exocyclic

Table 2. Hydroformylation of 1-hexene with complex 5a (P 5 91)methylene carbon atoms attached to the cyclohexane ring
as catalyst[a]

are each observed as singlets. In contrast to the spectra of
the molybdenum complexes 3 and 4, the ipso, ortho, and

single phase[b] biphase[c]

meta carbon atoms of the phenyl rings of 5 are resolved product amount [%] amount [%]
into doublets. The non-equivalent ring methylene hydrogen

n-hexane 2 2atoms in the 1H-NMR spectra of 5 give rise to doublets of
1-hexene 4.3 3.5triplets (δ 5 1.93, 2JHH 5 13.61, 3JPH 5 10.13 Hz) and
2- and 3-hexene 26.5 20.5

broad doublets (δ 5 2.26, 2JHH 5 13.61, 3JPH < 5.0 Hz). 2-methylhexanal 21.8 29.2
n-heptanal 47.3 46.4When Rh(PPh3)3(CO)H is treated with equimolar
2-methylhexanol 0.1 0.1amounts of the tripodal ligands 5 or 6 at elevated tempera- n-heptanol 2 0.3

tures in DMSO, the solutions become deep-red or orange
in color, respectively. 31P-NMR spectroscopic investigations [a] Conditions: 119°C, 2 h, 15 bar of CO, 15 bar of H2, 1:5000

catalyst to substrate ratio. 2 [b] 1-Hexene/methanol, 10:3 (v/v). 2confirm that an equilibrium is set up between the tripod
[c] 1-Hexene/water, 10:3 (v/v).ligands 5, 6, the complex Rh(PPh3)3(CO)H, and free PPh3,

leading to carbonyl hydrido species of the general compo- The pressure of the synthesis gas (15 bar of CO, 15 bar
sition [Rh(ηn,n11tripod)(PPh3)22n(CO)H], n 5 022. The of H2) and the temperature (119°C) were kept constant dur-
equilibrium can be shifted in favor of the carbonyl hydrido ing the whole reaction period. The organic products were
complexes 5a, 6a (Scheme 2) by continuously removing separated from the catalyst by distillation (single phase) or
PPh3 in a liquid-liquid extractor using n-hexane as the ex- by decantation of the clear, colorless organic phase from
tracting solvent and DMSO as the reaction medium.[15]

the clear, red-brown aqueous phase (biphase). The hydro-
However, this reaction procedure has the disadvantage that carbon- and aqueous phases were analyzed by 31P{1H}-
the high boiling point of DMSO does not allow the com- NMR spectroscopy. No detectable amounts of 5a were
plete removal of the solvent from the polyethylene glycol found in the organic phase, whereas the aqueous phase con-
functionalized product 5a. If, on the other hand, stoichio- tained 5a and decomposition products. Both systems
metric amounts of 5 are treated with Rh(PPh3)3(CO)H in a showed high activity, since only minor amounts of 1-hexene
melt at 80°C in vacuo, in the absence of solvent, the PPh3 is remained after a reaction time of 2 h. Catalyst 5a displayed
removed by sublimation thereby affording 5a quantitatively. higher selectivities towards hydroformylation than hydro-
The red-brown homologous polymers of the carbonyl- genation. In neither medium was any hexane detected, and
hydrido complexes 5a are obtained as water-soluble waxy traces of heptanol were only observed in the biphasic sys-
solids, while the yellow-orange methoxymethyl func- tem. The degree of conversion to n-heptanal was compar-
tionalized complex 6a is soluble in polar organic solvents. able in both systems, while the extent of hydroformylation

Apart from the IR spectroscopic data, which are very of the isomerized hexenes was greater in the biphasic me-
sensitive to changes in the functional groups at the ipso- dium.
position of the cyclohexane ring[16], the spectroscopic data

This work was supported by the Fonds der Chemischen Industrie,of compound 6a correspond to those of the polyethylene
Frankfurt/Main, Germany, and the University of Tübingen. Weglycol functionalized complex 5a. Two absorptions [1973,
thank BASF AG and DEGUSSA AG for loans of Mo(CO)6 and1902 cm21 (5a) and 1950, 1911 cm21 (6a)] are observed in
RhCl3 · 3 H2O, respectively.

the IR spectra of the carbonyl hydrido complexes 5a, 6a,
which are characteristic of metal hydride and carbonyl Experimental Section
groups, respectively. Doublets in the 31P{1H}-NMR spectra

General: All reactions were carried out under an atmosphere of[δ 5 40.3, 1JRhP 5 118.4 Hz (5a), δ 5 43.3 1JRhP 5 117.3
dry argon using standard Schlenk techniques. Solvents were driedHz (6a)] and doublets of quartets at δ 5 28.97 (2JPH 5
under argon; THF was distilled from Na/Ph2CO; dichloromethane

34.7, 1JRhH 5 12.9 Hz) and δ 5 28.28 (2JPH 5 34.5, was distilled from CaH2; methanol was distilled from Mg; water
1JRhH 5 12.9 Hz) in the 1H-NMR spectra of 5a and 6a, was degassed by the freeze-pump-thaw technique. Oxirane and
respectively, are what one would expect for dynamic penta- N2O were commercial and medical grade, respectively, and were
coordinate rhodium complexes (Scheme 2). Thus, only one used without further purification. The molybdenum complex 1 [11],

the ligand 6 [11] and Rh(PPh3)3(CO)H[17] were prepared as describedset of resonances for the ring methylene and quaternary car-
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in the literature. 2 1H-, 13C{1H}-, and 31P{1H}-NMR spectra were NMR (CD2Cl2): δ 5 1.7721.93 (m, 3 H, CHHe), 2.4822.81 (m,

3 H, CHHa), 3.31 [s, 9 H, CH2O(CH2CH2O)P21CH2CH2OCH3],recorded on a Bruker DRX250 spectrometer operating at 250.13,
62.90, and 101.26 MHz, respectively. 1H chemical shifts were refer- 3.4023.66 [m, 6 1 43(P 2 1) 1 12 H, CH2O(CH2CH2O)P21CH2-

CH2OCH3], 7.0427.31 (m, 30 H, C6H5). 2 13C{1H} NMRenced to the residual proton peaks of the solvents and are quoted
in ppm downfield from TMS. 13C chemical shifts were calibrated (CD2Cl2): δ 5 29.15229.73 (m, CH2), 38.85239.00 (m, CP), 58.77

[s, CH2O(CH2CH2O)P21CH2CH2OCH3], 69.86 [s, CH2O(CH2-against the deuterated solvent multiplet are referenced to TMS. 31P
chemical shifts were measured relative to external 85% H3PO4 with CH2O)P21CH2CH2OCH3], 71.53 [s, CH2O(CH2CH2O)P21CH2-

CH2OCH3], 127.34 (br. s, meta-C6H5), 128.84 (s, para-C6H5),downfield values taken as positive. In addition to a 13C{1H}-NMR
spectrum, a 13C-DEPT experiment was routinely performed for 135.83 (br. m, ortho-C6H5), 136.842137.33 (m, ipso-C6H5).
each compound. Infrared spectra were recorded on a Bruker ISF cis,cis-1,3,5-Tris(diphenylphosphanyl)-1,3,5-tris(methoxypoly-
48. ethoxymethyl)cyclohexane (5): A solution of 0.5 mmol of 4 in 150

ml of THF and 5 ml of an aqueous solution of K2CO3 (2.0 ) wereTricarbonyl[cis,cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-tris(hy-
placed in a double-walled Duran Schlenk tube and the mixture wasdroxypolyethoxymethyl)cyclohexane]molybdenum (3): A steel auto-
degassed by using the freeze-pump-thaw technique. The vigorouslyclave fitted with a Teflon inlet was charged with a suspension of
stirred solution was cooled to 15°C (cooling solvent: water) and907 mg (1.0 mmol) of 1 and 72 mg (3.0 mmol) of NaH in 120 ml
dinitrogen monoxide (N2O) was added (1.021.3 bar). Then, theof THF. The suspension was heated to 100°C for 2 h, and then
reaction mixture was irradiated for 1.5 h with light from a TQcooled to 220°C, whereupon the desired amount of oxirane was
150 W (Original Hanau) high-pressure mercury lamp, which wascondensed into the autoclave. The reaction mixture was heated at
positioned 5 cm from the Schlenk tube. After 1.5 h, the progress170°C for 18 h, and was then allowed to cool to room temp. The
of the reaction was monitored by 31P{1H}-NMR spectroscopy. Ifpale-yellow solution was transferred to a Schlenk tube and the
small amounts of the starting material were still present, irradiationautoclave was rinsed with two 25-ml portions of THF. The com-
was continued. After complete conversion, the brown solution wasbined organic phases were reduced to a volume of 100 ml under
concentrated to a volume of 10 ml under reduced pressure. Thereduced pressure so as to remove remaining traces of oxirane. Then,
brown, viscous residue was dissolved in 100 ml of dichloromethane,177 mg (3.3 mmol) of anhydrous NH4Cl was added. The resulting
the aqueous layer was removed, and the organic layer was driedmixture was heated at 80°C for 2 h, the solvent was removed under
over 5 g of CaO (2 h). The CaO was then filtered off and washedreduced pressure at 50260°C, and the remaining pale-yellow, vis-
with two 25-ml portions of dichloromethane. The solvent was re-cous oil was dissolved in 100 ml of dichloromethane. The salts
moved under reduced pressure and the colorless to off-white, vis-(NaCl and residual NH4Cl) were filtered off by passage through
cous oil was dried in vacuo (12 h at 60°C). Yield 88292%. 2a short column of SiO2 (1 cm) and washed once with 25 ml of
31P{1H} NMR (CD3OD): δ 5 30.8 (s). 2 1H NMR (CD3OD): δ 5dichloromethane. The dichloromethane was removed from the
1.93 (dt, 2JHH 5 13.61, 3JPH 5 10.13 Hz, 3 H, CHHa), 2.26 (br. d,combined solutions under reduced pressure and the pale-yellow
2JHH 5 13.61, 3JPH < 5.0 Hz, CHHe), 3.3523.80 [m, 6 1 43 (Presidue was dried in vacuo (12 h at 60°C). Yield quantitative. 2 IR
2 1) 1 12 H, CH2O(CH2CH2O)P21CH2CH2OCH3], 3.41 [s, 9 H,(KBr): ν̃ 5 3487 cm21 ν(OH), 2883 ν(CH2), 1936, 1844 ν(CO),
CH2O(CH2CH2O)P21CH2CH2OCH3], 7.3727.54 (m, 30 H, C6H5).1113 ν(OCH2). 2 31P{1H} NMR (CD3OD): δ 5 46.2 (s). 2 1H
2 13C{1H} NMR (CD3OD): δ 5 34.18 (t, 2JPC 5 18.07 Hz, CH2),NMR (CD3OD): δ 5 1.7721.95 (m, 3 H, CHHe), 2.4822.81 (m,
42.06 (dt, 1JPC 5 21.57, 3JPC 5 9.35 Hz, CP), 59.08 [s, CH2O(CH2-3 H, CHHa), 3.4423.70 [m, 6 1 43(P 2 1) 1 12 H, CH2O(CH2-
CH2O)P21CH2CH2OCH3], 71.21 [s, CH2O(CH2CH2O)P21CH2-CH2O)P21CH2CH2OH], 4.56 [br. s, 3 H, CH2O(CH2CH2-
CH2OCH3], 72.77 [br. s, CH2O(CH2CH2O)P21CH2CH2OCH3],O)P21CH2CH2OH], 6.9127.30 (m, 30 H, C6H5). 2 13C{1H} NMR
129.17 (d, 3JPC 5 6.73 Hz, meta-C6H5), 129.90 (br. s, para-C6H5),(CD3OD): δ 5 30.18230.82 (m, CH2), 39.85240.00 (m, CP), 62.77
135.68 (d, 1JPC 5 21.57 Hz, ipso-C6H5), 135.76 (d, 2JPC 5 21.57[s, CH2O(CH2CH2O)P21CH2CH2OH], 71.29 [s, CH2O(CH2CH2-
Hz, ortho-C6H5).O)P21CH2CH2OH], 73.45 [s, CH2O(CH2CH2O)P21CH2CH2OH],

128.41 (br. s, meta-C6H5), 129.79 (s, para-C6H5), 136.85 (br. s, or- Carbonylhydrido[cis,cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-
tho-C6H5), 138.002138.51 (m, ipso-C6H5), 220.662221.67 (m, tris(methoxypolyethoxymethyl)cyclohexane]rhodium(I) (5a): A
CO). stirred mixture of a homologous polymer of 5 (0.5 mmol) and 459

mg (0.5 mmol) of Rh(PPh3)3(CO)H was heated at 90°C for 24 hTricarbonyl[cis,cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-tris-
under reduced pressure (0.120.5 mbar). The PPh3 sublimed during(methoxypolyethoxymethyl)cyclohexane]molybdenum (4): A mix-
the course of the reaction. The viscous, deep-red to brown, clearture of 1.0 mmol of a homologous polymer of 3 and 216 mg (9.0
reaction mixture was then allowed to cool to room temp. to furnishmmol) of NaH in 150 ml of THF was heated in a sealed Schlenk
a quantitative yield of 5a. 2 IR (KBr): ν̃ 5 1973 cm21 ν(RhH),tube at 80°C for 2 h. After cooling to room temp., 1.1 ml (18.0
1902 ν(CO). 2 31P{1H }NMR ([D8]THF): δ 5 40.3 (d, 2JRhP 5mmol) of iodine-free methyl iodide was added dropwise via a syr-
118.4 Hz). 2 1H NMR ([D8]THF): δ 5 28.97 (dq, 2JPH 5 34.69inge. The mixture was heated at 60°C for 16 h under exclusion of
Hz, 1JRhH 5 12.87, 1 H, RhH), 1.8221.96 (m, 3 H, CHHe),light, and was then reduced to a volume of 100 ml under reduced
2.2923.18 (m, 3 H, CHHa), 3.29 [s, 9 H, CH2O(CH2CH2O)P21-pressure. Subsequently, 481 mg (9.0 mmol) of anhydrous NH4Cl
CH2CH2OCH3], 3.3523.73 [m, 6 1 43(P 2 1) 1 12 H, CH2O-was added. The resulting mixture was heated at 80°C for 2 h, the
(CH2CH2O)P21CH2CH2OCH3], 6.9627.47 (m, 30 H, C6H5). 2solvent was removed under reduced pressure at 50260°C, and the
13C{1H} NMR ([D8]THF): δ 5 31.54231.84 (m, CH2), 40.68 (d,remaining pale-yellow, viscous oil was dissolved in 100 ml of di-
2JPC 5 13.51 Hz, CP), 58.92 [s, CH2O(CH2CH2O)P21CH2CH2-chloromethane. The salts (NaCl and residual NH4Cl) were filtered
OCH3], 71.17 [s, CH2O(CH2CH2O)P21CH2CH2OCH3], 72.73 [s,off by passage through a short column of SiO2 (1 cm) and washed
CH2O(CH2CH2O)P21CH2CH2OCH3], 127.592127.72 (m, meta-once with 25 ml of dichloromethane. The dichloromethane was re-
C6H5), 129.81 (br. s, para-C6H5), 136.122136.36 (m, ortho-C6H5),moved from the combined solutions under reduced pressure and
134.382140.92 (m, ipso-C6H5).the pale-yellow residue was dried in vacuo (16 h at 60°C). Yield

982100%. 2 IR (KBr): ν̃ 5 2883 cm21 ν(CH2), 1936, 1844 ν(CO), Carbonylhydrido[cis,cis-1,3,5-tris(diphenylphosphanyl)-1,3,5-tris-
(methoxymethyl)cyclohexane]rhodium(I) (6a): 385 mg (0.5 mmol)1113 ν(OCH2). 2 31P{1H} NMR (CD2Cl2): δ 5 46.1 (s). 2 1H

Eur. J. Inorg. Chem. 1998, 3724140



Water-Soluble Tripodal Phosphane Ligands FULL PAPER
[1] [1a] J. A. Moulijin, P. W. N. M. van Leeuwen, R. A. van Santen,of 6 and 459 mg (0.5 mmol) of Rh(PPh3)3(CO)H were dissolved in

in Catalysis, Elsevier, Amsterdam, 1993. 2 [1b] W. A. Herrmann,100 ml of DMSO at 100°C. After the reaction mixture had cooled C. W. Kohlpaintner, Angew. Chem. 1993, 105, 158821609; An-
to 60°C, it was extracted with n-hexane for 4 h in a liquid-liquid gew. Chem. Int. Ed. Engl. 1993, 32, 152421544. 2 [1c] B.

Cornils, Angew. Chem. 1995, 107, 170921711; Angew. Chem.extractor. The reaction mixture was maintained at 60°C through-
Int. Ed. Engl. 1995, 34, 157521577. 2 [1d] G. Papadogianakis,out the course of the extraction. DMSO was removed from the
R. A. Sheldon, New. J. Chem. 1996, 20, 1752185. 2 [1e] B.orange reaction mixture under reduced pressure at 60°C. The re- Cornils, W. A. Herrmann, R. W. Eckl, J. Mol. Catal. A. 1997,

maining orange solid was suspended in 100 ml diethyl ether, the 116, 27233. 2 [1f] F. Joó, Á. Kathó, J. Mol. Catal. A. 1997,
116, 3226.orange solid was filtered off (P3), washed with five 25-ml portions

[2] M. Beller, B. Cornils, C. D. Frohning, C. W. Kohlpaintner, J.of diethyl ether, and dried in vacuo. Yield 401 mg (89%), m.p.
Mol. Catal. A. 1995, 104, 17285.221°C (dec.). 2 IR (KBr): ν̃ 5 1950 cm21 ν(RhH), 1911 ν(CO). [3] F. Bitterer, O. Herd, A. Heßler, M. Kühnel, K. Rettig, O.

2 31P{1H} NMR ([D5]pyridine): δ 5 43.3 (d, 2JRhP 5 117.3 Hz). Stelzer, W. S. Sheldrick, S. Nagel, N. Rösch, Inorg. Chem. 1996,
2 1H NMR ([D5]pyridine): δ 5 28.28 (dq, 2JPH 5 34.53 Hz, 35, 410324113.

[4] [4a] A. Heßler, S. Kucken, O. Stelzer, J. Blotevogel-Baltronat, W.1JRhH 5 12.85, 1 H, RhH), 2.0722.22 (m, 3 H, CHHe), 2.4723.28
S. Sheldrick, J. Organomet. Chem. 1995, 501, 2932302. 2 [4b] F.(m, 3 H, CHHa), 3.17 (s, 9 H, CH2OCH3), 3.86 (br. s, 6 H,
Bitterer, S. Kucken, O. Stelzer, Chem. Ber. 1995, 128, 2752279.

CH2OCH3), 7.0227.76 (m, 30 H, C6H5). 2 13C{1H} NMR [5] [5a] Z. Jin, Y. Yan, H. Zuo, B. Fell, J. Prakt. Chem./Chem. Ztg.
([D5]pyridine): δ 5 31.08231.39 (m, CH2), 40.08240.29 (m, CP), 1996, 338, 1242128. 2 [5b] Z. Jin, X. Zheng, B. Fell, J. Mol.

Catal. A. 1997, 116, 55258.58.44 (s, CH2OCH3), 77.32277.48 (m, CH2OCH3), 127.632127.71
[6] H. L. Greenwald, G. L. Brown, J. Phys. Chem. 1954, 58,(m, meta-C6H5), 128.44 (br. s, para-C6H5), 135.812135.97 (m, or-

8252828.tho-C6H5), 139.922140.43 (m, ipso-C6H5). 2 MS (FAB), m/z: 899.1 [7] [7a] T. Okano, M. Yamamoto, T. Noguchi, H. Konishi, J. Kiji,
[M1 2 H], 871.2 [M1 2 H 2 CO]. 2 C49H52RhO4P3 (900.77): Chem. Lett. 1982, 9772980. 2 [7b] Y. Amrani, D. Sinou, J. Mol.

Catal. 1984, 24, 2312233.calcd. C 65.34, H 5.82; found C 65.13, H 5.58.
[8] T. C. Mitchell, K. Heesche-Wagner, J. Organomet. Chem. 1992,

Hydroformylation: The hydroformylation of 1-hexene with 5a as 436, 43253.
catalyst was performed in a 100-ml steel autoclave. During the reac- [9] M. J. Naughton, R. S. Drago, J. Catal. 1995, 155, 3832389.

[10] H. A. Mayer, H. Otto, H. Kühbauch, R. Fawzi, M. Steimann,tion, the temperature and pressure were monitored electronically
J. Organomet. Chem. 1994, 472, 3472354.and were kept constant. The catalyst and the substrate were trans- [11] P. Stößel, H. A. Mayer, C. Maichle-Mössmer, R. Fawzi, M.ferred into the autoclave under an argon atmosphere. After heating Steimann, Inorg. Chem. 1996, 35, 586025867.

the autoclave to the reaction temperature, the gases CO and H2 [12] Calculation of Mp and P from: the mass balance of the reac-
were introduced. After separation, the products were analyzed by tion: Mp 5 (We 3 Me) / We; P 5 Me 3 (Wp 2 We) / Mo 3 We

and the relative integrals of the ethoxy and phenyl protons:gas chromatography and the catalyst residues by 31P{1H}-NMR
Mp 5 P 3 Mo 1 Me; P 5 (30 Iethoxy/4 Iphenyl) 2 3/2; Mp 5spectroscopy. average of molecular weight [g/mol], P 5 degree of polymeri-
zation, We 5 weight of 1 used [g], Wp 5 weight of 3 recovered1-Hexene/Methanol (Single Phase): A mixture of 152.8 mg
[g], Me 5 molecular weight of 1 [g/mol], Mo 5 molecular weight(0.015 mmol, P 5 209.1) of 5a, 9.4 ml (75 mmol) of 1-hexene, and
of oxirane [g/mol], Iethoxy 5 integral of the ethoxy protons,

2.8 ml of methanol was pressurized with 15 bar of CO and 15 bar Iphenyl 5 integral of the phenyl protons.
of H2 at 119°C. After 2 h, the autoclave was allowed to cool to [13] J. P. Flory, J. Am. Chem. Soc. 1940, 62, 156121565.

[14] J. Gaube, Chem.-Ing.-Techn. 1973, 45, 9792983.room temperature. The organic products were separated by vacuum
[15] H. A. Mayer, P. Stößel, R. Fawzi, M. Steimann, Chem. Ber.distillation and analyzed by gas chromatography.

1995, 128, 7192723.
1-Hexene/Water (Biphase): A mixture of 152.8 mg (0.015 mmol, [16] [16a] P. Stößel, W. Heins, H. A. Mayer, R. Fawzi, M. Steimann,

Organometallics 1996, 15, 339323403. 2 [16b] P. Stößel, W.P 5 209.1) of 5a, 2.8 ml of water, and 9.4 ml (75 mmol) of 1-
Heins, H. A. Mayer, W. Hörner, T. S. Ertel, H. Bertagnolli, J.hexene was pressurized with 15 bar of CO and 15 bar of H2 at
Organomet. Chem. in press.

119°C. After 2 h, the autoclave was allowed to cool to room tem- [17] N. Ahmad, S. D. Robinson, M. F. Uttley, J. Chem. Soc., Dalton
perature. The clear, colorless organic solution was separated by de- Trans. 1972, 8432847

[97174]cantation and distilled prior to gas chromatographic analysis.
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Allylation of 1,5-dimethylbarbituric acid (BS) with allyl ace- yl)phosphane with optically active primary amines. An opti-
misation of this ligand type showed that the substituents attate using in situ catalysts of palladium(II) acetylacetonate

and chiral phosphane imine ligands results in the enantiose- the stereogenic center in the imine part should be a hydroxy-
methyl group and a bulky alkyl group, with the best ligandlective formation of 5-allyl-1,5-dimethylbarbituric acid (ABS)

as the main product with up to 34% ee and 3,5-diallyl-1,5- being the L-tert-leucinol derivative. A screening of other ty-
pes of chiral ligand, e.g. phosphane amines and phosphanedimethylbarbituric acid (AABS) as a possible by-product,

also with up to 34% ee. This reaction is a type of allylic alky- trisimines, has also been performed. NMR experiments and
a molecular modelling study of the cation [(η3-allyl)Pd(2a)2]+lation, the stereoselectivity of which is difficult to control be-

cause the new stereocenter is formed in the nucleophile at- were carried out (tripos force field). The enantioselectivity of
the phosphane imine ligands is explained by an interactiontacking from the side opposite to the metal atom. Classical

optically active ligands do not give any enantioselectivity in of the chiral side arm of one of the ligands, which extends to
about 3 Å above the allyl plane, with the incoming nucleo-this palladium-catalysed reaction. Chiral phosphane imine li-

gands, however, are a successful class of compound, synthe- phile.
sized by Schiff base condensation of 2-formylphenyl(diphen-

Introduction tylcyclohexanone[3], enantioselectivities of 62 and 81% ee,
respectively, were obtained in the alkylation of allyl acetate.

The enantioselective palladium-catalysed allylic alky-
The enantiomers of chiral barbituric acids show differentlation is one of the most studied subjects in stereoselective

effects inside the organism[20] [21] [22] [23] [24]. These opticallysynthesis [2] [3] [4] [5]. Usually the new stereogenic center is
active barbituric acids are synthesized by the resolution offormed at one of the carbon atoms of the allylic system.
racemates[20] [25] [26] or by regioselective condensation of N-The enantioselectivity of this type of allylic alkylation can
methylurea with optically active cyanoacetates[21] [22] [24]. Al-be controlled by optically active phosphane ligands bound
though interest in barbituric acids acting as sedative/hyp-to the Pd catalyst, which forms an intermediate η3-allyl
notic and antiepileptic agents is decreasing, this is not truecomplex in the catalytic cycle. High optical inductions
for barbituric acids which function as short time anesthet-have been obtained for systems, in which the new
ics. An important example is Methohexital (Brevimy-asymmetric center is generated in the allylic
tal) [20] [27] [28] [29] [30] [31] [32] [33] [34], an allylated barbituric acid,moiety[2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]. However, there is
the synthesis of which in principle could be attempted byan unsolved problem in the palladium-catalysed allylic alky-
stereoselective palladium-catalysed allylic alkylation. Anlation involving the creation of an asymmetric center in the
achiral allylation of the unsubstituted barbituric acid hasnucleophile, usually a carbanion, which attacks the η3-allyl
been reported[35].system in the C2C bond forming step. Control of the en-

antioselectivity of this type of allylic alkylation is difficult As a model system for the synthesis of Methohexital by
because the nucleophile approaches the (η3-allyl)Pd com- allylic alkylation, we chose the reaction of 1,5-dimethylbar-
plex from the side opposite to the metal atom (and its op- bituric acid with allyl acetate as the allylic component,
tically active ligand). By using special nucleophiles, such as which we introduced in 1994 together with the pertinent
the benzophenoneimine of methyl glycinate[18] [19] or 2-ace- enantiomer analysis [36]. In these previous studies we showed

that classical ligands, such as (2)-Diop, (2)-Prophos and
[e] Part 114: Ref. [1]. (2)-Norphos, only gave the allylated product 5-allyl-1,5-di-
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Scheme 2. The phosphane imines 2-13, the phosphane amines 14a,methylbarbituric acid in racemic form[36], whereas with the

14b, the phosphane trisimines 15a, 15b, the osphane oc-phosphane imine ligands 2a, 2b, and 11, an enantiomeric
taimine 16, the deltacyclanephosphane 17 and the

excess of 10 to 13% was obtained[36]. osphane oxazolines 18-20
In this paper we describe our investigations into the en-

antioselective palladium-catalysed allylation of 1,5-dimeth-
ylbarbituric acid with allyl acetate in which we varied the
base, solvent, temperature, concentration, Pd/ligand ratio
and ligand type[37]. In all, 134 different chiral ligands have
been tested[37] [38]. We present an explanation for the enanti-
oselectivity of the phosphane imine ligands in the (η3-al-
lyl)Pd complex[37]. The preparation of new optically active
phosphane imine, phosphane amine, and phosphane tris-
imine ligands is reported[37].

Synthesis of New Optically Active PN Ligands

In the previous studies the phosphane imine ligands 2a,
2b, and 11 had given the best results in the Pd-catalysed
allylation of 1,5-dimethylbarbituric acid with allyl acet-
ate[36]. The synthesis of the new PN ligands described here
was carried out bearing in mind information gained from
the enantioselectivities obtained in the catalytic model reac-
tion between 1,5-dimethylbarbituric acid/allyl acetate.
Schiff base condensation (Scheme 1) of 2-formylphenyl(di-
phenyl)phosphane 1 [39] [40] [41] with the optically active pri-
mary amines (R)-(2)-2-amino-1-butanol, (S)-(1)-2-amino-
1-butanol, -alaninol, -valinol, -leucinol, (2S,3S)-(1)-2-
amino-3-methyl-1-pentanol (-isoleucinol), (S)-(1)-2-
amino-3,3-dimethyl-1-butanol (-tert-leucinol), -α-phenyl-
glycinol, -phenylalaninol, -norephedrine, (1S,2S)-(1)-2-
amino-1-phenyl-1,3-propanediol, -tert-butyl tert-leucinate
and (1)-dehydroabietylamine in refluxing methanol and di-
chloromethane, respectively, gave the corresponding phos-
phane imines 2213 (Scheme 2). Recrystallisation of the dry
residues from petroleum ether (boiling range 40260°C)
provided colourless or white-yellow crystals and powders,
except in the case of 6, which is a colourless oil.

Scheme 1. Synthesis of phosphane imines and phosphane amines

yl)phosphane[40] [41] [42] with an excess of (R)-(2)-2-amino-
1-butanol and (S)-(1)-2-amino-1-butanol, respectively, inReduction of the phosphane imines 2a and 2b with so-

dium borohydride at 210°C in methanol (Scheme 1) gave refluxing dichloromethane. 15a and 15b were isolated as
yellow crystalline solids after recrystallisation from petro-the phosphane amines 14a and 14b (Scheme 2).

The phosphane trisimines 15a and 15b (Scheme 2) were leum ether (boiling range 40260°C). The crystals were suit-
able for X-ray analysis. Figure 1 shows the molecular struc-prepared by Schiff base condensation of tris(2-formylphen-
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Standard Reaction: The Allylation of 1,5-Dimethyl-
barbituric Acid

In the catalytic model reaction, 1,5-dimethylbarbituric
acid (BS) is allylated with allyl acetate to give 5-allyl-1,5-
dimethylbarbituric acid (ABS) as the main product and 3,5-
diallyl-1,5-dimethylbarbituric acid (AABS) as a possible by-
product (Scheme 3).

Scheme 3. Enantioselective palladium-catalysed allylation of 1,5-
dimethylbarbituric acid (BS) with allyl acetate

In dichloromethane BS is deprotonated with a small ex-
ture of one of the two independent phosphane trisimine cess of a base, such as DBU or NEt3. To the clear solu-
molecules 15b in the unit cell. For details and the CSD tionwas added 1 mol% of palladium(II) acetylacetonate,
number see Experimental Section. [Pd(acac)2], 4 mol% of a monodentate optically active phos-

phane imine ligand and a mixture of dichloromethane and
Figure 1. Molecular structure of one of the two independent phos-

toluene. The addition of allyl acetate starts the reaction.phane trisimine molecules 15b as ORTEP plot (thermal ellipsoids
are depicted with 50% probability) Typically, the clear solution is stirred at 38°C for 24, 48 or

72 hours. A qualitative TLC test (silica 60, Merck; dichloro-
methane/acetonitrile 25:1) shows how much ABS, AABS
and allyl acetate are present at a specific point of conversion
(yellow spots after dipping into a dilute KMnO4 solution).
The reaction is stopped with 0.2  hydrochloric acid. In
ordert to remove the excess base, base/acetic acid adduct,
and the unreacted BS, the organic layer is treated with 0.2
 hydrochloric acid and washed three times with water.
Evaporation to dryness removes the excess allyl acetate.
Due to the slight water-solubility of ABS, about 3% of the
yield of ABS is lost in the work-up procedure described.
This loss, however, cannot be avoided because repeated ex-
traction of the organic layer with hydrochloric acid and
water is necessary to remove BS quantitatively, as this com-
pound would be detected as a broad peak below the (2)-
ABS peak in the GC analysis with a Chirasil-Val-L column.

The enantiomeric excess of monoallylated barbituric acid
ABS and diallylated barbituric acid AABS was determined
by GC on a Chirasil-Val-L column and on a Lipodex E
column, respectively. The first peak detected on the Chira-
sil-Val-L column was assigned to (2)-ABS (configuration
unknown) by correlation with an enantiomerically enriched
sample (see below). For AABS, the symbols (1.) and (2.),
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respectively, indicate whether the first or the second de- phenylphosphane in dichloromethane at 25°C (base DBU)

gave 64% ABS and traces of AABS (Table 1, entry 1). Thus,tected peak of the two AABS enantiomers on the Lipodex
E column was in excess. Chemical yields of ABS and AABS the palladium-catalysed allylation of BS is an ideal example

of a ligand accelerated catalysis[44]. Under the same con-were determined on the same Chirasil-Val-L column using
the internal standard benzil. In some cases, e.g. if the chemi- ditions, but at 217°C, a yield of only 4% ABS was obtained

after 72 h[37]. The use of [(η3-allyl)PdCl]2 in place of [Pd-cal yield was below 3%, the by-product 5-chloromethyl-1,5-
dimethylbarbituric acid was detected. This compound re- (acac)2] afforded 60% ABS along with 11% AABS, the dou-

bly allylated product (entry 2). Nickel dichlorophosphanesults from the reaction of the carbanion of BS with the
solvent dichloromethane[37]. complexes (1 mol% of catalyst) gave yields below 2% for

ABS. With 10 mol%, yields of up to 29% for ABS wereSamples of optically active ABS dissolved in dichloro-
methane did not change their enantiomeric excess after half obtained[38]. Therefore, only Pd-catalysed reactions with 1

mol% of [Pd(acac)2] were investigated further.a year. In a racemisation test under standard catalytic con-
ditions at 25°C, (1)-ABS (12.4% ee) was dissolved in di- Variation of the base, i.e. replacement of DBU by tri-

ethylamine, at 38°C in dichloromethane yielded 98% ABS,chloromethane and then [Pd(acac)2] and PPh3 were added.
After 72 h a sample was examined by GC [12.2% ee (1)]. and these conditions are close to those chosen as the stand-

ard conditions described later (entry 3). The use of BSAThe base DBU was then added. After 48 h, work-up using
the usual procedure gave 11.8% ee (1) (GC reproducibility [N,O-bis(trimethylsilyl)acetamide] as the base in equimolar

quantities with respect to BS, in dichloromethane at 25°C,about ±0.5% ee). Thus, ABS is configurationally stable dur-
ing catalysis. gave 63% of ABS (entry 4), and this is comparable with

the results obtained using DBU (entry 1). When a 1.5 An enantiomerically enriched sample of (2)-ABS was
obtained by recrystallisation from water/ethanol (175:1). LDA·THF solution in cyclohexane was added to BS dis-

solved at 272°C in THF (colourless precipitate), low yieldsAfter this recrystallisation the ee in crystals had diminished,
whereas it increased in the mother liquor. A crystal of of ABS and AABS were obtained[37]. Stirring a mixture of

BS, NBu4OH, the catalyst, and allyl acetate in a two-phase17.4% ee (2)-ABS had the optical rotations [α]25
D 5 20.36

and [α]25
436 5 22.4 (c 5 5, CH2Cl2). An extrapolation to system for 72 h at 25°C gave 59% ABS and 6% AABS (en-

try 5). Presynthesis of the tetrabutylammonium salt of BSoptical purity gives [α]25
D 5 ±2.1 and [α]25

436 5 ±13.8 for the
enantiomers of ABS. (NBu4BS) makes the addition of a base unnecessary[37].

Thus, NBu4BS in a dichloromethane/toluene mixture (5:1)
at 25°C (homogeneous solution) afforded a yield of 44%The Diallylated 1,5-Dimethylbarbituric Acid AABS
ABS and 1% AABS after 24 h (entry 6).

The formation of AABS depends on the reaction con-
The optically active bases (2)-quinine, (1)-quinidine,

ditions. When the catalysis is carried out with a 3-fold ex-
(2)-cinchonidine and (1)-cinchonine, in combination with

cess of the base DBU and a 21-fold excess of allyl acetate,
the achiral ligand triphenylphosphane, induced an enantio-

AABS is produced in 98% yield in refluxing THF after 24
meric excess of up to 6% ee in ABS, with the yields varying

h. After 6 h a yield of 34% ABS and 32% AABS is obtained
from 71 to 90% (entry 7)[37]. 2-Formylphenyldiphenylphos-

in this experiment. The formation of AABS depends on the
phane (1) is the parent compound of the imines 2213. As

ligand used in the catalyst, although a correlation between
this compound could be formed on hydrolysis of these imi-

the ligand structure and the amount of AABS cannot be
nes, it was tested as a ligand in the catalytic allylation. In-

found. Under standard conditions (25°C or 38°C) the 134
deed, 1 in combination with (2)-quinine as a base induced

ligands tested give the by-product AABS in yields ranging
6% ee (1) for ABS (81% yield) and 4% AABS (entry 8).

from 0 to 19%[37] [38]. Ligands which form 7- to 9-membered
chelate rings containing a dioxolane structural ele- Catalyses with the Phosphane-Imine Ligands 2a and 2b
ment[37] [38] (e.g. Diop) give, in all cases, AABS, due to the

With a 1:2 ratio of [Pd(acac)2]/2a in 10 ml of dichloro-
high catalytic activity of their complexes. For example, with

methane at 25°C, a yield of 14% and an enantiomeric excess
the ligand (1S,2S)-1,2-bis[29-(diphenylphosphanyl)phenyl]-

of 8% of (1)-ABS was obtained (Table 2, entry 1). Increas-
1,2-dimethoxyethane[43], the reaction was almost complete

ing the Pd/ligand ratio to 1:4 and the amount of dichloro-
after 1 h, yielding 78% ABS and 8% AABS. However, in

methane to 15 ml increased the enantiomeric excess to 10%
the case of the the phosphane imine ligand 2a, formation

ee and 13% ee for (1)-ABS, respectively (entries 2, 3). At a
of ABS and AABS had not even begun after 1 h[37]. Inter-

reaction temperature of 38°C the yield improved signifi-
estingly, a mixture of the starting material BS and the dial-

cantly to 63% ABS and 9% AABS without loss of enanti-
lylated product AABS, in the absence of allyl acetate, under

oselectivity (entry 4). With 15 ml of a mixture of dichloro-
catalytic conditions gave the monoallylated product ABS,

methane/toluene (2:1) as the solvent, the enantiomeric ex-
i.e. the formation of the diallylated product AABS is revers-

cess rose to 20% ee for (1)-ABS and 20% ee (2.) for AABS
ible[37].

(entry 5), with the yield being 66% ABS and 12% AABS
(typical standard conditions). The use of triethylamine and

Catalyses with the Ligand PPh3 (2)-quinine as bases did not improve the enantiomeric ex-
cess[37]. Little or no enantioselectivity with ligand 2a wasWhen the catalysis was attempted with [Pd(acac)2] with-

out a ligand, there was no turnover. Addition of tri- observed in solvents such as acetonitrile, methanol, tetra-
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Table 1. Palladium-catalysed allylation of 1,5-dimethylbarbituric acid (BS) with allyl acetate using PPh3 and 1 as achiral ligands

Entry[a] Ligand[b] Base [ml] Solvent Temp. Time Yield[c] ee [%][d] Yield[c]

[°C] [h] ABS [%] ABS config. AABS [%]

1 PPh3 DBU 10 CH2Cl2 25 24 64 0 0
2[e] PPh3 DBU 10 CH2Cl2 25 24 60 0 11
3 PPh3 NEt3 15 CH2Cl2 38 24 98 0 0
4 PPh3 BSA[f] 6 CH2Cl2 25 24 63 0 0
5 PPh3 NBu4OH solution in MeOH 5 H2O 1 20 toluene 25 72 59 0 6
6 PPh3 none; substrate NBu4BS 25 CH2Cl2 1 5 toluene 25 24 44 0 1
7 PPh3 (2)-quinine 10 CH2Cl2 1 5 toluene 38 24 73 6 (1) 1
8 1 (2)-quinine 10 CH2Cl2 1 5 toluene 38 24 81 6 (1) 4

[a] 1 Mol% [Pd(acac)2] was used as procatalyst. 2 [b] Pd:ligand ratio 5 1:4. 2 [c] Yields were determined by GC on a Chirasil-Val-L
column, yields < 0.5% are given as 0%. 2 [d] The ee of ABS was measured by GC on a Chirasil-Val-L column. 2 [e] 0.5 Mol% [(η3-
allyl)PdCl]2 was used as procatalyst. 2 [f] BS:BSA ratio 5 1:1 1 ø 1 mg KOAc.

Optimisation of the Lead Structure of 2ahydrofuran, chloroform and hexamethylphosphoric tri-
amide (base DBU)[37]. Thus, the best solvent for the al-

As already mentioned, the phosphane imine ligand 2alylation of BS is a dichloromethane/toluene mixture. As BS
gave an enantioselectivity of 20% ee (1)-ABS and 20% eeis only sparingly soluble in toluene, the toluene content is
(2.) AABS using the base DBU in the solvent mixture di-limited in order to keep the reaction mixture homogeneous.
chloromethane/toluene (Table 2, entry 5; Table 3, entry 1),The ligand 2b, the enantiomer of 2a, verified with 19%
and this is superior to all the classical ligands. Therefore,ee for (2)-ABS and 20% ee (1.) for AABS the reproduc-
the structure of 2a, which carries a hydroxymethyl groupibility of the catalysis and the product analysis under the
and an ethyl group at the stereogenic center in its iminestandard reaction conditions (entry 6). Double stereoselec-
substituent in the ortho position of one of its phenyl rings,tion came into play for the optically active base (2)-quinine
seems to be a lead structure for catalytic allylation in whichin combination with the enantiomeric phosphane imines 2a
the new stereocenter is formed at the carbanionic center ofand 2b. Thus, 2a provided 16% ee (1)-ABS (78% yield) and
the deprotonated nucleophile BS. Therefore, we set out to2b 12% ee (2)-ABS (entries 7, 8). With (1)-quinidine in
optimize this lead structure.combination with 2a, 3% ee was obtained for (1)-ABS un-

der the standard conditions[37]. The bases (2)-cinchonidine Ligand 3 is similar to ligand 2b, having a methyl group
instead of an ethyl group and the same hydroxymethyland (1)-cinchonine, together with ligand 2a, induced 9% ee

and 10% ee (1)-ABS and yields of 87 and 82%, respectively, group in the ligand side arm, and this gives rise to an en-
antiomeric excess of 9% for (2)-ABS with DBU (entry 2)in a reaction which started as a suspension in a 6:1 mixture

of dichloromethane and toluene and which became clear and of 8% for (2)-ABS with triethylamine . Thus, a de-
crease in the size of the alkyl group in the ligand side armafter 41 h under standard conditions. The bases BSA and

LDA·THF with ligand 2a afforded low ABS yields[37]. With reduces the enantioselectivity. Therefore, we increased the
size of the alkyl group in the ligands 427, a strategy whichNBu4BS and the ligands 2a and 2b, 12% ee (1)- and (2)-

ABS was obtained, but with a yield of only 20 and 17%, turned out to be successful. The phosphane imine 4, carry-
ing an isopropyl group instead of the ethyl group in 2b, gaverespectively, in a dichloromethane/toluene mixture of 5:1

under the standard reaction conditions[37]. 21% ee for (2)-ABS and 21% ee (1.) for AABS with DBU

Table 2. Palladium-catalysed allylation of 1,5-dimethylbarbituric acid (BS) with allyl acetate using the phosphane imine ligands 2a and 2b

Entry[a] Ligand Pd/ligand Base [ml] Solvent Temp. Time Yield[b] ee [%][c] Yield[b] ee [%][c]

ratio[a] [°C] [h] ABS [%] ABS config. AABS [%] AABS config.

1 2a 1:2 DBU 10 CH2Cl2 25 72 14 8 (1) 0 2
2 2a 1:4 DBU 10 CH2Cl2 25 72 26 10 (1) 0 2
3 2a 1:4 DBU 15 CH2Cl2 25 72 22 13 (1) 0 2
4 2a 1:4 DBU 15 CH2Cl2 38 72 63 13 (1) 9 12 (2.)
5 2a 1:4 DBU 10 CH2Cl2 1 5 toluene 38 72 66 20 (1) 12 20 (2.)
6 2b 1:4 DBU 10 CH2Cl2 1 5 toluene 38 72 66 19 (2) 7 20 (1.)
7 2a 1:4 (2)-quinine 10 CH2Cl2 1 5 toluene 38 24 78 16 (1) 1 2
8 2b 1:4 (2)-quinine 10 CH2Cl2 1 5 toluene 38 48 80 12 (2) 3 2

[a] 1 Mol% [Pd(acac)2] was used as procatalyst. 2 [b] Yields were determined by GC on a Chirasil-Val-L column, yields < 0.5% are given
as 0%. 2 [c] The ee of ABS was measured by GC on a Chirasil-Val-L column, ee of AABS was measured by GC on a Lipodex E column.
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(entry 3), which is slightly better than the enantioselectivity nantly (2)-ABS, whereas the ligands with the (R) configu-

ration (2a, 8) give (1)-ABS (bases DBU and triethylamine).of 2b (Table 2, entry 6). Triethylamine and (2)-quinine,
respectively, in combination with 4 afforded 18% ee for (2)-
ABS with 89 and 75% yield, respectively[37]. Further en- Screening of the Ligands 12220
largement of the alkyl group, i.e. to an isobutyl group in
ligand 5, provided 28% ee for (2)-ABS and 28% ee (1.) for Under standard conditions, nitrogen, nitrogen/oxygen

and nitrogen/sulfur ligands [e.g. 2,29-bipyridine, (2)-spar-AABS with DBU (entry 4). Triethylamine and (2)-quinine,
respectively, together with 5 gave 24% ee and 23% ee for teine, pyridine-oxazolines, etc.] only give yields below 1%

for ABS in the Pd-catalysed allylation of 1,5-dimethylbarbi-(2)-ABS [37]. The ligand 6, bearing a sec-butyl group, gave
a similar result for (2)-ABS with 26% ee with DBU (entry turic acid[38]. Therefore, the ligand screening concentrated

on phosphane ligands[37] [38]. Here, we only report represen-5) and 20% ee with triethylamine (yield 97%)[37]. The best
enantiomeric excess in the palladium-catalysed system BS/ tative results.

The phosphane imines 12 and 13, the phosphane aminesallyl acetate was obtained with the phosphane imine 7,
which contains a tert-butyl substituent. 7 induced 34% ee 14a and 14b, the phosphane trisimines 15a and 15b, the

phosphane octaimine 16, the deltacyclanephosphane 17 andfor (2)-ABS with 77% yield and 1% yield for AABS [(34%
(1.)] with DBU (entry 6). Ligand 7 with triethylamine as a the phosphane oxazolines 18220 (Scheme 2) were tested in

the standard palladium-catalysed allyllation of 1,5-dimeth-base afforded 29% ee and 89% yield of (2)-ABS and 1%
yield of AABS with 30% ee (1.) (entry 7). ylbarbituric acid (BS) with allyl acetate.

Table 3. Palladium-catalysed allylation of 1,5-dimethylbarbituric acid (BS) with allyl acetate using the phosphane imine ligands 2a211

Entry[a] Ligand[a] Base Solvent Time Yield[b] ee [%][c] Yield[b] ee [%][c]

[h] ABS [%] ABS config. AABS [%] AABS config.

1 2a DBU 10 CH2Cl2 1 5 toluene 72 66 20 (1) 12 20 (2.)
2 3 DBU 15 CH2Cl2 1 5 toluene 72 74 9 (2) 7 2
3 4 DBU 10 CH2Cl2 1 5 toluene 48 75 21 (2) 2 21 (1.)
4 5 DBU 15 CH2Cl2 1 5 toluene 72 71 28 (2) 6 28 (1.)
5 6 DBU 15 CH2Cl2 1 5 toluene 72 82 26 (2) 4 26 (1.)
6 7 DBU 15 CH2Cl2 1 5 toluene 72 77 34 (2) 1 34 (1.)
7 7 NEt3 10 CH2Cl2 1 5 toluene 72 89 29 (2) 1 30 (1.)
8 8 DBU 10 CH2Cl2 1 5 toluene 72 40 12 (1) 0 2
9 9 DBU 10 CH2Cl2 1 5 toluene 48 41 11 (2) 0 2

10 10 DBU 15 CH2Cl2 1 5 toluene 24 67 2 (2) 4 2
11 11 (2)-quinine 10 CH2Cl2 1 5 toluene 24 71 6 (1) 1 2

[a] 1 Mol% [Pd(acac)2] was used as procatalyst, Pd : ligand ratio 5 1:4 at 38°C. 2 [b] Yields were determined by GC on a Chirasil-Val-L
column, yields < 0.5% are given as 0%; [c] The ee of ABS was measured by GC on a Chirasil-Val-L column, ee of AABS was measured
by GC on a Lipodex E column.

We subsequently replaced the alkyl group at the stereo- Though resembling the phosphane imine ligands 2211,
ligand 12, a tert-butyl tert-leucinate, gave only 1% ee forgenic center with a phenyl and a benzyl group while retain-

ing the hydroxymethyl substituent (ligands 8 and 9). Phos- (2)-ABS with DBU and triethylamine, respectively. Ligand
13 bears the alkylaromatic system of (1)-dehydroabietyl-phane-imine 8 induced 12% ee and 13% ee for (1)-ABS

with DBU (entry 8) and triethylamine, respectively. Similar amine with no hydroxy group in its side arm, and this af-
forded racemic ABS with DBU and 4% ee (1)-ABS withresults were obtained with the ligand 9 (entry 9). The results

with the ligands 8 and 9 show that phenyl and benzyl sub- (2)-quinine. With 223% ee for (1)- and (2)-ABS, the
phosphane amine ligands 14a and 14b were much less en-stituents in the ligand side arm are not as efficient as alkyl

groups. Ligand 10 differs slightly from ligand 3 in that it antioselective than the corresponding phosphane imine li-
gands 2a and 2b. The change from one-arm phosphane im-has a hydroxybenzyl group instead of a hydroxymethyl

group, and this gave only 2% ee for (2)-ABS with DBU ines 2a and 2b to the three-arm phosphane trisimines 15a
and 15b did not lead to an improvement in the optical in-(entry 10) and 2% ee for (1)-ABS with (2)-quinine. Thus,

the hydroxymethyl substituent, essential for the optical in- duction of ABS. With 15a an enantiomeric excess of 6% ee
and a yield of only 2% for (2)-ABS was found with theduction, cannot be replaced by a hydroxybenzyl substitu-

ent. With ligand 11, which compared to 2b contains a sec- base DBU. Interestingly, with 15a ABS was formed with
the inverse configuration in comparison to 2a. Ligand 15bond hydroxy group and an additional phenyl substituent in

its chiral side arm, no enantioselectivity was found for ABS in combination with (2)-quinine provided (2)-ABS with
3% ee and in only 1% yield.using DBU[37]. With (2)-quinine and ligand 11, 6% ee (1)-

ABS was induced (entry 11). With the phosphane octaimine 16 [45], which bears -alan-
inol in its eight side arms, an enantiomeric excess of 11%Uniformly, within the phosphane imine ligand family

2211, the ligands with the (S)-configuration of their N- ee for (1)-ABS was obtained. The incorporation of (R)-
(2)-2-amino-1-butanol, -valinol, -leucinol, -phenylalan-bound stereogenic center (2b27, 9211) induce predomi-

Eur. J. Inorg. Chem. 1998, 4325448



Asymmetric Catalysis, 115 FULL PAPER
Figure 2. Conformation of the (η3-allyl)Pd complex containing twoinol in the ligand arms and changing the ligand backbone

phosphane imine ligands 2a after energy minimisationto the 1,2-disubstituted phenylene bridge decreased the en-
antioselectivity for ABS [37]. The deltacyclanephosphane
17 [46] gave 8% ee for (1)-ABS with DBU. The combination
of 17 with (2)-quinine led to an improvement to 11% ee
for (1)-ABS (double stereoselection). The phosphane ox-
azoline ligands 18220 [47] [48] induced up to 99% ee in al-
lylations in which the stereogenic center is formed in the
allylic system and up to 13% ee in allylations in which the
stereogenic center is formed in the nucleophile[49] [50]. In the
catalytic allylation of BS with allyl acetate, an enantiomeric
excess of only about 1% ee for (1)-ABS was obtained.
Phosphane-oxazoline 20 in combination with (2)-quinine
provided 4% ee for (1)-ABS, probably an effect of (2)-
quinine.

A Model for the Catalytically Active Phosphane-Imine Pd
Complex

The in situ system consisting of the dimeric (η3-allyl)pal-
ladium chloride and the phosphane imine 2a was investi-
gated by 31P{1H}-NMR spectroscopy. In dichloromethane
using a Pd/2a ratio of 1:1, signals at δ 5 36.34 (broad) (0.6
P), 32.81 (0.1 P), 32.63 (0.1 P) and 21.82/21.74 (0.2 P) were
observed, the most intense of which could be due to a Pd
complex containing 2a as a P2N chelating ligand similar above the allyl plane, can influence the incoming 1,5-di-
to the Pd complexes of the phosphane oxazoline li- methylbarbiturate anion (Figure 2), e.g. by forming hydro-
gands[8] [9] [11] [13]. On changing from a Pd/2a ratio of 1:1 to gen bonds, thus differentiating the N2H and the N2Me
a ratio of 1:4, all the signals present in the 1:1 experiment side of the BS anion (Figure 3), which explains the enantio-
disappeared. Two new doublets of equal intensity arose at selectivity of long-arm ligands of the type 2a.
δ 5 45.86 and 18.67 (coupling constant 341.8 Hz), belong-

Figure 3. Differentiation between the N2H and the N2Me side ofing to the complex [(η3-allyl)Pd(2a)2]Cl. Excess 2a exhibited
the incoming 1,5-dimethylbarbiturate anion in the formation of the

a singlet at δ 5 29.92 with double the intensity compared new stereogenic center
to the signals of the coordinated 2a. In addition there were
small signals at δ 5 33.28 (oxide of 2a), 23.27 and 15.20
(broad) (CH2Cl2/CD2Cl2, external 85% H3PO4, 162 MHz,
21°C). After seven days the signal at δ 5 15.20 had disap-
peared and that at δ 5 33.28 had increased (increasing oxi-
dation). Thus, using a Pd to ligand ratio of 1:4, a (η3-al-
lyl)Pd complex formed containing two inequivalent phos-
phane imine ligands 2a.

Based on X-ray studies[51] [52] [53] [54] [55] and calculations[56]

of (η3-allyl)Pd complexes a molecular modelling study of
an (η3-allyl)Pd complex with two phosphane imine ligands
2a was carried out using the tripos force field. Figure 2
shows a conformation of this complex obtained on energy

We thank the Fonds der Chemischen Industrie and the BASF,minimisation.
Ludwigshafen, for support of this work, and PD Dr. S. Dove forThe two phosphane imine ligands 2a turn out to be dif-
carrying out the force field calculations.ferent. The hydroxy group of one phosphane imine extends

to about 3 Å above the allyl plane, whereas the hydroxy Experimental Section
group of the other phosphane imine remains below the allyl

NMR spectra were recorded on a Bruker WM 250 or on aplane in accord with their NMR inequivalence (Figure 2).
Bruker ARX 400 instrument. Chemical shifts (δ) are reported inFurthermore, a substituted and an unsubstituted phenyl
parts per million (ppm) vs. internal tetramethylsilane (TMS) (1H)ring, one from each of the two phosphane imines, form a
and external 85% H3PO4 (31P{1H}). 2 FD mass spectra were ob-

π-stacking pair which participates in the conformational or- tained on a Finnigan MAT 95, and for EI mass spectra a Varian
ganisation of the two monodentate ligands. Taking into ac- MAT 311A was used. 2 Gas chromatography measurements were
count this phenyl/phenyl interaction, the two monodentate carried out on a Fisons Instruments GC 8000 series 8130. For inte-
ligands in the (η3-allyl)Pd complex can be considered a gration of gas chromatograms a Spectra-Physics SP 4270 was used.

2 Infra red spectra were recorded on a Beckman Gitterspektro-0chelating0 ligand. The hydroxy group, which is about 3 Å
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meter IR 4240. 2 Optical rotations were measured on a Perkin- (CDCl3, 162 MHz): δ 5 29.69 (s). 2 C23H24NOP (361.42): calcd.

C 76.44, H 6.69, N 3.87; found C 76.15, H 6.76, N 3.95.Elmer polarimeter 241 (1-dm cell). 2 Melting points were obtained
on a Büchi SMP 20 (uncorrected). The X-ray structure analysis

(2)-2-[N-(S)-19-Hydroxybut-29-ylcarbaldimino]phenyl-was carried out on a AED II diffractometer.
(diphenyl)phosphane (2b): Variant A with 3.45 mmol (307 mg, 325

(2)-Quinine, (2)-cinchonidine, and (1)-cinchonine were pur- µl) of (S)-(1)-2-amino-1-butanol. Recrystallisation analogous to 2a
chased from Merck, (1)-quinidine from Fluka, (R)-(2)-2-amino- (946 mg, 76%), m.p. 84.5285°C. 2 [α]25

D 5 273 (c 5 1, EtOH). 2
1-butanol, (S)-(1)-2-amino-1-butanol, (1S,2S)-(1)-2-amino-1- IR, 1H NMR, 31P{1H} NMR analogous to 2a. 2 C23H24NOP
phenyl-1,3-propanediol, (1)-dehydroabietylamine, -tert-butyl tert- (361.42): calcd. C 76.44, H 6.69, N 3.87; found C 76.19, H 6.84,
leucinate from Merck, -alaninol, -valinol, -leucinol, -α-phenyl- N 3.91.
glycinol, -phenylalaninol, -norephedrine from Fluka, (2S,3S)-

(2)-2-[N-(S)-19-Hydroxyprop-29-ylcarbaldimino]phenyl-(1)-2-amino-3-methyl-1-pentanol (-isoleucinol) from Aldrich, (S)-
(diphenyl)phosphane (3): Variant A with 3.45 mmol (259 mg) of(1)-2-amino-3,3-dimethyl-1-butanol (-tert-leucinol) from Sigma
(S)-(1)-2-amino-1-propanol (-alaninol). Recrystallisation from 50or Fluka and used without further purification. 2-Formylphenyl(di-
ml of petroleum ether (boiling range 40260°C): colourless crystalsphenyl)phosphane (1) [39] [40] [41] and tris(2-formylphenyl)phos-
(995 mg, 83%), m.p. 62263°C. 2 [α]25

D 5 219 (c 5 1, CH2Cl2). 2phane[40] [41] [42] were prepared as described in the literature. New
IR (KBr): ν̃ 5 1646 cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz):analytical data are reported for 1. The phosphane octaimine 16 [45],
δ 5 8.72 (d, 4JP 5 4.0 Hz, 1 H, azomethine), 7.80 (ddd, 4J 5 1.5the deltacyclanephosphane 17 [46] and the osphane oxazolines
Hz, 4JP 5 3.8 Hz, 3J 5 7.6 Hz, 1 H, Ar2H3), 7.40 (pseudo dt,18220 [47] [48] were prepared using procedures described in the litera-
4J 5 1.3 Hz, 3J 5 7.5 Hz, 1 H, Ar2H), 7.3527.21 (m, 11 H,ture. All the syntheses and catalytic reactions were carried out with
Ar2H), 6.89 (ddd, 4J 5 1.2 Hz, 3JP 5 4.5 Hz, 3J 5 7.7 Hz, 1 H,dried solvents under a nitrogen atmosphere using standard
Ar2H6), 3.5123.34 (m, 3 H, NCH2CHH92OH), 1.89 (s br, 1 H,Schlenk techniques.
OH), 0.96 (d, 3J 5 6.3 Hz, 3 H, NCH2CH3). 2 31P{1H} NMR

2-Formylphenyl(diphenyl)phosphane (1): Yellow crystals, m.p. (CDCl3, 162 MHz): δ 5 29.86 (s). 2 MS (FD, CH2Cl2); m/z (%):
1152116°C. 2 IR (KBr): ν̃ 5 1701, 1679 cm21 (C5O). 2 1H 347.0 (100) [M1]. 2 C22H22NOP (347.40): calcd. C 76.06, H 6.38,
NMR (CDCl3, 400 MHz): δ 5 10.50 (d, 4JP 5 5.4 Hz, 1 H, alde- N 4.03; found C 75.74, H 6.28, N 3.98.
hyde), 7.97 (ddd, 4J 5 1.8 Hz, 4JP 5 3.7 Hz, 3J 5 7.2 Hz, 1 H,

(2)-2-[N-(S)-19-Hydroxy-39-methylbut-29-ylcarbaldimino]-Ar2H3), 7.5127.43 (m, 2 H, Ar2H4 and Ar2H5), 7.3727.25 (m,
phenyl(diphenyl)phosphane (4): Variant A with 3.45 mmol (356 mg)10 H, Ar2H), 6.9926.95 (m, 1 H, Ar2H6). 2 31P{1H} NMR
of (S)-(1)-2-amino-3-methyl-1-butanol (-valinol). Recrystallisa-(CDCl3, 162 MHz): δ 5 210.99 (s). 2 C19H15OP (290.30): calcd.
tion from 50 ml of petroleum ether (boiling range 40260°C):C 78.61, H 5.21; found C 78.66, H 5.07.
colourless crystals (795 mg, 61%), m.p. 51253°C. 2 [α]25

D 5 268
General Procedure for the Preparation of the Phosphane Imines (c 5 1, CH2Cl2). 2 IR (KBr): ν̃ 5 1643 cm21 (C5N). 2 1H NMR

2213. 2 Variant A: 3.45 mmol of the optically active primary (CDCl3, 400 MHz): δ 5 8.61 (d, 4JP 5 3.8 Hz, 1 H, azomethine),
amine was dissolved in 10 ml of methanol. 2-Formylphenyl(diphen- 7.78 (ddd, 4J 5 1.5 Hz, 4JP 5 3.8 Hz, 3J 5 7.6 Hz, 1 H, Ar2H3),
yl)phosphane (1) (3.45 mmol; 1.00 g) and 10 ml of methanol were 7.42 (pseudo dt, 4J 5 1.2 Hz, 3J 5 7.5 Hz, 1 H, Ar2H), 7.3527.20
added to the above solution with stirring and the mixture refluxed (m, 11 H, Ar2H), 6.89 (ddd, 4J 5 1.2 Hz, 3JP 5 4.4 Hz, 3J 5 7.7
for 3 h. After cooling to room temp. the methanol was removed Hz, 1 H, Ar2H6), 3.60 (ddd, 3J 5 5.7 Hz, 3J 5 7.4 Hz, 2J 5 11.1
and the resulting residue was dried and recrystallized as described Hz, 1 H, NCH2CHH92OH), 3.54 (ddd, 3J 5 3.4 Hz, 3J 5 8.2
for the individual phosphane imines. Hz, 2J 5 11.1 Hz, 1 H, NCH2CHH92OH), 2.87 (pseudo dt, 3J 5

3.4 Hz, 3J 5 7.2 Hz, 1 H, CHH92NCH2CH), 1.80 (ddd, JP 5 3.3Variant B: 3.45 mmol (or 4.14 mmol) of the optically active pri-
Hz, 3J 5 5.7 Hz, 3J 5 8.2 Hz, 1 H, CHH92OH), 1.68 (pseudomary amine was dissolved in 30 ml of dichloromethane. 2-Formyl-
oct., 3J 5 6.8 Hz, 1 H, CH32CH2CH39), 0.81 (d, 3J 5 6.8 Hz, 3phenyl(diphenyl)phosphane (1) (3.45 mmol; 1.00 g), 1 g of Na2SO4,
H, CH2CH3), 0.58 (d, 3J 5 6.8 Hz, 3 H, CH2CH39). 2 31P{1H}and 10 ml of dichloromethane were added to the above solution
NMR (CDCl3, 162 MHz): δ 5 29.33 (s). 2 MS (FD, CH2Cl2);with stirring and the mixture refluxed for 3 h. After cooling to
m/z (%): 375.1 (100) [M1]. 2 C24H26NOP (375.45): calcd. C 76.78,room temp. the Na2SO4 was filtered off and washed with dichloro-
H 6.98, N 3.73; found C 76.47, H 6.99, N 3.77.methane. The dichloromethane was removed and the resulting resi-

due was treated as in variant A.
(2)-2-[N-(S)-19-Hydroxy-49-methylpent-29-ylcarbaldimino]-

phenyl(diphenyl)phosphane (5): Variant A with 3.45 mmol (404 mg)(1)-2-[N-(R)-19-Hydroxybut-29-ylcarbaldimino]phenyl-
(diphenyl)phosphane (2a): Variant A with 3.45 mmol (307 mg, 325 of (S)-(1)-2-amino-4-methyl-1-pentanol (-leucinol). Recrystalli-

sation analogous to 4: colourless needles (962 mg, 72%), m.p.µl) of (R)-(2)-2-amino-1-butanol. Recrystallisation from 50 ml of
petroleum ether (boiling range 40260°C): colourless needles (1.02 68269°C. 2 [α]25

D 5 281 (c 5 1, CH2Cl2). 2 IR (KBr): ν̃ 5 1637
cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): δ 5 8.71 (d, 4JP 5g, 82%), m.p. 84.5285°C. 2 [α]25

D 5 173 (c 5 1, EtOH). 2 IR
(KBr): ν̃ 5 1639 cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): 4.3 Hz, 1 H, azomethine), 7.81 (ddd, 4J 5 1.3 Hz, 4JP 5 3.8 Hz,

3J 5 7.6 Hz, 1 H, Ar2H3), 7.41 (pseudo dt, 4J 5 1.2 Hz, 3J 5 7.5δ 5 8.68 (d, 4JP 5 4.0 Hz, 1 H, azomethine), 7.80 (ddd, 4J 5 1.5
Hz, 4JP 5 3.8 Hz, 3J 5 7.7 Hz, 1 H, Ar2H3), 7.41 (pseudo dt, Hz, 1 H, Ar2H), 7.3527.20 (m, 11 H, Ar2H), 6.87 (ddd, 4J 5

1.1 Hz, 3JP 5 4.5 Hz, 3J 5 7.6 Hz, 1 H, Ar2H6), 3.50 (m, 2 H,4J 5 1.2 Hz, 3J 5 7.6 Hz, 1 H, Ar2H4 or Ar2H5), 7.3527.20 (m,
11 H, Ar2H), 6.88 (ddd, 4J 5 1.2 Hz, 3JP 5 4.5 Hz, 3J 5 7.6 Hz, NCH2CH22OH), 3.31 (ddt, 3J 5 3.9 Hz, 3J 5 9.4 Hz, 3J 5 5.4

Hz, 1 H, CH22NCH2CH2), 1.85 (s br, 1 H, OH), 1.30 (ddd, 3J 51 H, Ar2H6), 3.52 (d, 3J 5 5.4 Hz, 2 H, NCH2CH22OH), 3.09
(ddt, 3J 5 4.8 Hz, 3J 5 8.5 Hz, 3J 5 5.4 Hz, 1 H, 4.1 Hz, 3J 5 9.4 Hz, 2J 5 12.8 Hz, 1 H, NCH2CHH92CH),

1.2121.09 [m, 1 H, CHH92CH(CH3)2], 1.08 (ddd, 3J 5 3.9 Hz,CHH92NCH2CH2), 1.82 (s br, 1 H, OH), 1.42 (dqd, 3J 5 4.8 Hz,
3J 5 7.4 Hz, 2J 5 13.7 Hz, 1 H, NCH2CHH92CH3), 1.30 (qdd, 3J 5 9.1 Hz, 2J 5 12.8 Hz, 1 H, NCH2CHH92CH), 0.72 (pseudo

t, 3J 5 6.6 Hz, 6 H, H3C2CH2CH39). 2 31P{1H} NMR (CDCl3,3J 5 7.4 Hz, 3J 5 8.5 Hz, 2J 5 13.7 Hz, 1 H, NCH2CHH92CH3),
0.62 (pseudo t, 3J 5 7.4 Hz, 3 H, CHH92CH3). 2 31P{1H} NMR 162 MHz): δ 5 210.05 (s). 2 MS (FD, CH2Cl2); m/z (%): 389.1
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(100) [M1]. 2 C25H28NOP (389.48): calcd. C 77.10, H 7.25, N 3.60; MHz): δ 5 8.29 (d, 4JP 5 3.8 Hz, 1 H, azomethine), 7.59 (ddd,

4J 5 1.4 Hz, 4JP 5 3.8 Hz, 3J 5 7.6 Hz, 1 H, Ar2H3), 7.38 (pseudofound C 77.02, H 7.27, N 3.55.
dt, 4J 5 1.3 Hz, 3J 5 7.5 Hz, 1 H, Ar2H), 7.3527.10 (m, 14 H,(2)-2-[N-(S)-19-Hydroxy-(39S)-methylpent-29-ylcarbald-
Ar2H), 6.9526.92 (m, 2 H, Ar2H), 6.89 (ddd, 4J 5 1.2 Hz, 3JP 5imino]phenyl(diphenyl)phosphane (6): Variant A with 3.45 mmol
4.3 Hz, 3J 5 7.7 Hz, 1 H, Ar2H6), 3.6123.51 (m, 2 H,(404 mg) of (2S,3S)-(1)-2-amino-3-methyl-1-pentanol (-isoleuci-
NCH2CH22OH), 3.4523.37 (m, 1 H, CH22NCH2CHH9), 2.71nol). Recrystallisation analogous to 4: colourless crystals at 220°C,
(dd, 3J 5 5.3 Hz, 2J 5 13.4 Hz, 1 H, NCH2CHH92Ph), 2.48 (dd,which form a highly viscous oil at room temp. (798 mg, 59%). 2 3J 5 8.3 Hz, 2J 5 13.4 Hz, 1 H, NCH2CHH92Ph), 2.12 (s br, 1[α]25

D 5 272 (c 5 1, CH2Cl2). 2 IR (film): ν̃ 5 1648 cm21 (C5N).
H, OH). 2 31P{1H} NMR (CDCl3, 162 MHz): δ 5 29.14 (s). 2

2 1H NMR (CDCl3, 400 MHz): δ 5 8.61 (d, 4JP 5 4.0 Hz, 1 H,
MS (FD, CH2Cl2); m/z (%): 423.2 (100) [M1]. 2 C28H26NOPazomethine), 7.78 (ddd, 4J 5 1.5 Hz, 4JP 5 3.8 Hz, 3J 5 7.6 Hz,
(423.49): calcd. C 79.41, H 6.19, N 3.31; found C 79.12, H 6.37,1 H, Ar2H3), 7.42 (pseudo dt, 4J 5 1.2 Hz, 3J 5 7.5 Hz, 1 H,
N 3.32.Ar2H), 7.3527.20 (m, 11 H, Ar2H), 6.89 (ddd, 4J 5 1.2 Hz, 3JP 5

(1)-2-[N-(19R,29S)-19-Hydroxy-19-phenylprop-29-ylcarbal-4.4 Hz, 3J 5 7.7 Hz, 1 H, Ar2H6), 3.63 (dd, 3J 5 7.3 Hz, 2J 5
dimino]phenyl(diphenyl)phosphane (10): Variant B with 3.45 mmol11.2 Hz, 1 H, NCH2CHH92OH), 3.54 (dd, 3J 5 3.4 Hz, 2J 5
(522 mg) of (1R,2S)-(2)-2-amino-1-phenyl-1-propanol (-nore-11.2 Hz, 1 H, NCH2CHH92OH), 2.97 (pseudo dt, 3J 5 3.4 Hz,
phedrine). Recrystallisation from 18 ml of petroleum ether (boiling3J 5 7.3 Hz, 1 H, CHH92NCH2CH), 1.90 (s br, 1 H, OH),
range 40260°C)/THF (5:1): colourless crystals (918 mg, 63%), m.p.1.5021.39 (m, 1 H, CH2CHH92CH3), 1.10 (dqd, 3J 5 3.8 Hz,
74.5275°C. 2 [α]25

D 5 18, [α]25
D 5 150 (c 5 1, CH2Cl2). 2 IR3J 5 7.3 Hz, 2J 5 13.2 Hz, 1 H, CH2CHH92CH3), 0.8320.71

(KBr): ν̃ 5 1649 cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz):(m, 1 H, H3C2CH2CHH9), 0.77 (d, 3J 5 6.9 Hz, 3 H, H3C2CH),
δ 5 8.72 (d, 4JP 5 4.0 Hz, 1 H, azomethine), 7.82 (ddd, 4J 5 1.30.67 (pseudo t, 3J 5 7.3 Hz, 3 H, CHH92CH3). 2 31P{1H} NMR
Hz, 4JP 5 3.8 Hz, 3J 5 7.6 Hz, 1 H, Ar2H3), 7.41 (pseudo dt,(CDCl3, 162 MHz): δ 5 29.36 (s). 2 MS (FD, CH2Cl2); m/z (%):
4J 5 1.2 Hz, 3J 5 7.5 Hz, 1 H, Ar2H), 7.3727.19 (m, 16 H,389.2 (100) [M1]. 2 C25H28NOP (389.48): calcd. C 77.10, H 7.25,
Ar2H), 6.89 (ddd, 4J 5 1.1 Hz, 3JP 5 4.6 Hz, 3J 5 7.8 Hz, 1 H,N 3.60; found C 76.88, H 7.48, N 3.75.
Ar2H6), 4.63 (d, 3J 5 3.6 Hz, 1 H, NCH2HCOH2Ph), 3.49 (dq,

(2)-2-[N-(S)-19-Hydroxy-39,39-dimethylbut-29-ylcarbaldimino]- 3J 5 3.6 Hz, 3J 5 6.5 Hz, 1 H, H3C2NCH2HCOH), 3.15 (s br,
phenyl(diphenyl)phosphane (7): Variant A with 3.45 mmol (404 mg) 1 H, OH), 0.77 (d, 3J 5 6.5 Hz, 3 H, H3C2NCH). 2 31P{1H}
of (S)-(1)-2-amino-3,3-dimethyl-1-butanol (-tert-leucinol). NMR (CDCl3, 162 MHz): δ 5 29.80 (s). 2 MS (FD, CH2Cl2); m/z
Recrystallisation analogous to 4: colourless needles (969 mg, 72%), (%): 423.1 (100) [M1]. 2 C28H26NOP (423.49) ? 0.5 THF: calcd. C
m.p. 85286°C. 2 [α]25

D 5 266 (c 5 1, CH2Cl2). 2 IR (KBr): ν̃ 5 78.41, H 6.58, N 3.05; found C 78.16, H 6.73, N 3.30.
1648 cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): δ 5 8.59 (d,

(1)-2-[N-(19S,29S)-19,39-Dihydroxy-19-phenylprop-29-ylcarbal-4JP 5 3.8 Hz, 1 H, azomethine), 7.78 (ddd, 4J 5 1.4 Hz, 4JP 5 3.8
dimino]phenyl(diphenyl)phosphane (11): Variant A with 3.45 mmol

Hz, 3J 5 7.7 Hz, 1 H, Ar2H3), 7.42 (pseudo dt, 4J 5 1.2 Hz, 3J 5
(577 mg) of (1S,2S)-(1)-2-amino-1-phenyl-1,3-propanediol.

7.5 Hz, 1 H, Ar2H), 7.3527.20 (m, 11 H, Ar2H), 6.89 (ddd, 4J 5
Recrystallisation from 150 ml of petroleum ether (boiling range

1.1 Hz, 3JP 5 4.3 Hz, 3J 5 7.7 Hz, 1 H, Ar2H6), 3.64 (ddd, 3J 5
40260°C): microcrystalline colourless solid (1.24 g, 82%), m.p.

3.2 Hz, 3J 5 10.4 Hz, 2J 5 11.0 Hz, 1 H, NCH2CHH92OH),
64266°C. 2 [α]25

D 5 188 (c 5 1, EtOH). 2 IR (KBr): ν̃ 5 1650
3.54 (ddd, 3J 5 3.9 Hz, 3J 5 9.2 Hz, 2J 5 11.0 Hz, 1 H,

cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): δ 5 8.30 (d, 4JP 5
NCH2CHH92OH), 2.86 (ddd, 6JP 5 0.8 Hz, 3J 5 3.2 Hz, 3J 5

3.2 Hz, 1 H, azomethine), 7.60 (ddd, 4J 5 1.4 Hz, 4JP 5 3.8 Hz,
9.2 Hz, 1 H, NCH2CHH9), 1.46 (pseudo td, JP 5 3.9 Hz, 3J 5 3J 5 7.6 Hz, 1 H, Ar2H3), 7.43 (pseudo dt, 4J 5 1.2 Hz, 3J 5 7.5
3.9 Hz, 3J 5 10.4 Hz, 1 H, CHH92OH), 0.74 [s, 9 H, C(CH3)3].

Hz, 1 H, Ar2H), 7.3827.19 (m, 16 H, Ar2H), 6.93 (ddd, 4J 5 1.2
2 31P{1H} NMR (CDCl3, 162 MHz): δ 5 29.59 (s). 2 MS (FD,

Hz, 3JP 5 4.5 Hz, 3J 5 7.7 Hz, 1 H, Ar2H6), 4.66 (d, 3J 5 5.3
CH2Cl2); m/z (%): 389.1 (100) [M1]. 2 C25H28NOP (389.48): calcd.

Hz, 1 H, NCH2HCOH2Ph), 3.6123.34 (m, 3 H,
C 77.10, H 7.25, N 3.60; found C 77.12, H 7.25, N 3.52.

NCH2CH22OH), 2.76 (s br, 1 H, OH), 1.70 (s br, 1 H, OH). 2
(1)-2-[N-(R)-19-Hydroxy-29-phenyleth-29-ylcarbaldimino]- 31P{1H} NMR (CDCl3, 162 MHz): δ 5 25.69 (s). 2 C28H26NO2P

phenyl(diphenyl)phosphane (8): Variant A with 3.45 mmol (473 mg) (439.49): calcd. C 76.52, H 5.96, N 3.19; found C 75.70, H 5.96,
of (R)-(2)-2-amino-2-phenyl-1-ethanol (-α-phenylglycinol). N 3.38.
Recrystallisation analogous to 4: yellowish solid (884 mg, 63%), (2)-2-[N-(S)-39,39-Dimethyl-tert-butyloxy-29-butyrylcarbald-
m.p. 47249°C. 2 [α]25

D 5 1141 (c 5 1, CH2Cl2). 2 IR (KBr): ν̃ 5 imino]phenyl(diphenyl)phosphane (12): Variant B with 4.14 mmol
1649 cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): δ 5 8.65 (d, (775 mg) of (S)-(1)-2-amino-3,3-dimethyl-tert-butyloxybutyric
4JP 5 3.5 Hz, 1 H, azomethine), 7.71 (ddd, 4J 5 1.3 Hz, 4JP 5 3.8 acid (-tert-butyl tert-leucinate). Recrystallisation analogous to 4:
Hz, 3J 5 7.6 Hz, 1 H, Ar2H3), 7.41 (pseudo dt, 4J 5 1.2 Hz, 3J 5 yellowish crystals (1.37 g, 86%), m.p. 94295°C. 2 [α]25

D 5 299 (c 5
7.5 Hz, 1 H, Ar2H), 7.3827.23 (m, 11 H, Ar2H), 7.1927.15 (m, 1, CH2Cl2). 2 IR (KBr): ν̃ 5 1742 cm21 (C5O), 1643 (C5N). 2
3 H, Ar2H), 6.9626.92 (m, 3 H, Ar2H), 4.41 (dd, 3J 5 5.2 Hz, 1H NMR (CDCl3, 400 MHz): δ 5 8.88 (pseudo qd, J 5 0.6 Hz,
3J 5 7.4 Hz, 1 H, NCH2CHH9), 3.7023.62 (m, 2 H, 4JP 5 5.4 Hz, 1 H, azomethine), 8.18 (ddd, 4J 5 1.4 Hz, 4JP 5 4.0
NCH2CHH92OH), 2.46 (s br, 1 H, OH). 2 31P{1H} NMR Hz, 3J 5 7.8 Hz, 1 H, Ar2H3), 7.38 (pseudo ddt, J 5 0.6 Hz, 4J 5
(CDCl3, 162 MHz): δ 5 28.37 (s). 2 MS (FD, CH2Cl2); m/z (%): 1.3 Hz, 3J 5 7.5 Hz, 1 H, Ar2H), 7.3627.23 (m, 11 H, Ar2H),
409.2 (100) [M1]. 2 C27H24NOP (409.47): calcd. C 79.20, H 5.91, 6.85 (dddd, J 5 0.6 Hz, 4J 5 1.3 Hz, 3JP 5 4.7 Hz, 3J 5 7.7 Hz,
N 3.42; found C 78.98, H 5.96, N 3.19. 1 H, Ar2H6), 3.43 [d, J 5 0.6 Hz, 1 H, OOC2NCH2C(CH3)3],

1.40 [s, 9 H, COOC(CH3)3], 0.87 [s, 9 H, NCH2C(CH3)3]. 2(2)-2-[N-(S)-19-Hydroxy-39-phenylprop-29-ylcarbaldimino]-
31P{1H} NMR (CDCl3, 162 MHz): δ 5 214.11 (s). 2 MS (FD,phenyl(diphenyl)phosphane (9): Variant B with 3.45 mmol (522 mg)
CH2Cl2); m/z (%): 459.2 (100) [M1]. 2 C29H34NO2P (459.60):of (S)-(2)-2-amino-3-phenyl-1-propanol (-phenylalaninol).
calcd. C 75.79, H 7.46, N 3.05; found C 75.79, H 7.32, N 3.03.Recrystallisation from 90 ml of pentane: yellowish solid (1.01 g,

69%), m.p. 42243°C. 2 [α]25
D 5 2167 (c 5 1, CH2Cl2). 2 IR (1)-2-[N-(19R,119R,129S)-Dehydroabietylcarbaldimino]-

phenyl(diphenyl)phosphane (13): Variant B with 4.14 mmol (1.18 g)(KBr): ν̃ 5 1652, 1641 cm21 (C5N). 2 1H NMR (CDCl3, 400
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of (1)-dehydroabietylamine. Recrystallisation from 50 ml of etha- evaporated to dryness. Recrystallisation from 90 ml of petroleum

ether (boiling range 40260°C) afforded yellow crystals of 15a (ornol/methanol (3:2): colourless crystals (1.36 g, 71%), m.p.
74275°C. 2 [α]25

D 5 113 (c 5 1, CH2Cl2). 2 IR (KBr): ν̃ 5 1638 15b). Yield 0.90 g (80%).
cm21 (C5N). 2 1H NMR (CDCl3, 400 MHz): δ 5 8.87 (d, 4JP 5 (1)-Tris[2-(N-(R)-19-hydroxybut-29-ylcarbaldimino)-
5.1 Hz, 1 H, azomethine), 7.99 (ddd, 4J 5 1.1 Hz, 4JP 5 3.9 Hz, phenyl]phosphane (15a): M.p. 106.52107°C. 2 [α]25

D 5 1105 (c 5
3J 5 7.7 Hz, 1 H, Ar2H3), 7.3727.20 (m, 12 H, Ar2H), 7.15 (d, 1, EtOH). 2 IR (KBr): ν̃ 5 1647 cm21 (C5N). 2 1H NMR
3J 5 8.2 Hz, 1 H, Ar2H), 6.97 (dd, 4J 5 1.7 Hz, 3J 5 8.2 Hz, 1 (CDCl3, 400 MHz): δ 5 8.45 (d, 4JP 5 2.0 Hz, 3 H, azomethine),
H, Ar2H), 6.8526.82 (m, 2 H, Ar2H), 3.38 (d, 2J 5 11.9 Hz, 1 7.6527.59 (m, 3 H, Ar2H3), 7.38 (pseudo dt, 4J 5 1.2 Hz, 3J 5
H, N2CHH9), 3.26 (dd, J 5 1.0 Hz, 2J 5 11.9 Hz, 1 H, 7.5 Hz, 3 H, Ar2H), 7.16 (pseudo t, 3J 5 7.4 Hz, 3 H, Ar2H),
N2CHH9), 2.81 (sept., 3J 5 6.9 Hz, 1 H, H3C2CH2CH3), 6.92 (ddd, 4J 5 1.2 Hz, 3JP 5 3.8 Hz, 3J 5 7.7 Hz, 3 H, Ar2H6),
2.7722.62 (m, 2 H, Ar2CH22CH2), 2.18 (d, 3Jaxial 5 12.8 Hz, 1 3.76 (s br, 3 H, OH), 3.5123.37 (m, 6 H, NCH2CHH92OH),
H, C3C2H), 1.8321.15 (m, 8 H, 4 CH2), 1.22 (d, 3J 5 6.9 Hz, 6 3.0222.94 (m, 3 H, CHH92NCH2CHH9), 1.2521.10 (m, 3 H,
H, H3C2CH2CH3), 1.18 (s, 3 H, C3C2CH3), 0.92 (s, 3 H, NCH2CHH92CH3), 0.9220.78 (m, 3 H, NCH2CHH92CH3),
C3C2CH3). 2 31P{1H} NMR (CDCl3, 162 MHz): δ 5 213.82 (s). 0.41 (pseudo t, 3J 5 7.3 Hz, 9 H, CHH92CH3). 2 31P{1H} NMR
2 MS (EI, 70 eV); m/z (%): 557.3 (29) [M1], 542.2 (24) [M1 2 (CDCl3, 162 MHz): δ 5 210.12 (s). 2 MS (EI, 70 eV); m/z (%):
CH3], 303.2 (100) [Ph2P(C6H4)CHNHCH1

2 ], 302.1 (75) 559.2 (100) [M1], 486.3 (95) [M1 2 C4H8OH], 470.3 (39), 459.3
[Ph2P(C6H4)CHNCH1

2 ], 288.1 (64) [Ph2P(C6H4)CHN1]. 2 (15) [M1 2 CHNC4H8OH]. 2 C33H42N3O3P (559.69): calcd. C
C39H44NP (557.76): calcd. C 83.98, H 7.95, N 2.51; found C 83.62, 70.82, H 7.56, N 7.51; found C 70.38, H 7.64, N 7.45.
H 7.99, N 2.58.

(2)-Tris[2-(N-(S)-19-hydroxybut-29-ylcarbaldimino)-
Synthesis of the Phosphane amines 14a and 14b: 750 mg (2.08 phenyl]phosphane (15b): M.p. 106.52107°C. 2 [α]25

D 5 2105 (c 5
mmol) of 2a (or 2b) was dissolved in 30 ml of methanol at 210°C 1, EtOH). 2 IR, 1H NMR, 31P{1H} NMR and MS analogous to
followed by the addition of 100 mg (2.64 mmol) of NaBH4. The 15a. 2 C33H42N3O3P (559.69): calcd. C 70.82, H 7.56, N 7.51;
solution was allowed to come to room temp. within 4 h and heated found C 70.68, H 7.55, N 7.53.
for 2 h at 50°C. After removal of the methanol, 25 ml of water

X-ray Structure Analysis of 15b: C33H42N3O3P (559.69); crystaland 120 ml of dichloromethane were added to the residue. The
dimensions 0.30 3 0.45 3 0.50 mm; two independent molecules indichloromethane layer was extracted twice with 25 ml of water and
the unit cell; crystal system triclinic; space group C1/1, P1, (1); unitdried with Na2SO4. After filtration the dichloromethane was re-
cell dimensions a 5 10.068(6), b 5 11.611(7), c 5 15.125(9) Å, α 5moved and the resulting oil was recrystallized with 20 ml of petro-
88.08(5), β 5 73.55(5), γ 5 70.35(5)°, V 5 1593.3 Å3; Z 5 2; den-leum ether (boiling range 40260°C) to give colourless crystals at
sity dcalcd. 5 1.17g/cm3; µ(Mo-Kα) 5 0.12 mm21; 3.0° < 2θ < 50.5°;220°C. At room temp. the crystals of 14a (or 14b) became a highly
total no. of reflections 8224, unique reflections 7653, unique reflec-viscous oil. Yield: 665 mg (88%).
tions with I > 2.5σ(I) 6037; F(000) 5 600; diffractometer AED II;

(1)-N-[2-(Diphenylphosphanyl)benzyl]-N-[(R)-19-hydroxybut- temp. 270°C. The structure was solved by direct methods using
29-yl]amine (14a): [α]25

D 5 111, [α]25
365 5 175 (c 5 1, CH2Cl2). 2 the SHELXTL PLUS version 4.2/800 program system. Hydrogen

1H NMR (CDCl3, 400 MHz): δ 5 7.41 (ddd, 4J 5 1.2 Hz, 4JP 5 atoms were calculated by the HFIX program; R 5 0.044; Rw 5
4.5 Hz, 3J 5 7.6 Hz, 1 H, Ar2H3), 7.3627.23 (m, 11 H, Ar2H), 0.033; residual electron density max. 0.36 e/Å3, min. 20.39 e/Å3.
7.18 (pseudo dt, 4J 5 1.2 Hz, 3J 5 7.6 Hz, 1 H, Ar2H), 6.92 (ddd, Further details of the crystal structure investigation may be ob-
4J 5 1.2 Hz, 3JP 5 4.5 Hz, 3J 5 7.6 Hz, 1 H, Ar2H6), 4.10 (s very tained from the Fachinformationszentrum Karlsruhe, D-76344 Eg-
br, 2 H, OH and NH), 3.98 (dd, 4JP 5 1.6 Hz, 2J 5 12.6 Hz, 1 genstein-Leopoldshafen (Germany), on quoting the depository
H, Ar2CHH92NH), 3.95 (dd, 4JP 5 1.2 Hz, 2J 5 12.6 Hz, 1 H, number CSD-407358.
Ar2CHH92NH), 3.60 (dd, 3J 5 3.8 Hz, 2J 5 10.9 Hz, 1 H,

1,5-Dimethylbarbituric Acid (BS): Handling of BS has been de-NCH2CHH92OH), 3.24 (dd, 3J 5 5.9 Hz, 2J 5 10.9 Hz, 1 H,
scribed in the literature[57] [58] [59] [60], but a synthesis and characteri-NCH2CHH92OH), 2.51 (pseudo dq, 3J 5 3.8 Hz, 3J 5 6.3 Hz,
sation was not given. 16.6 g (0.722 mol) of sodium was dissolved1 H, CHH92NCH2CH2), 1.3621.27 (m, 2 H, NCH2CH22CH3),
under reflux in 230 ml of absolute ethanol under a nitrogen atmos-0.82 (t, 3J 5 7.4 Hz, 3 H, CH22CH3). 2 31P{1H} NMR (CDCl3,
phere. After cooling to about 60°C, 25.9 g (0.350 mol) of N-meth-162 MHz): δ 5 215.44 (s). 2 MS (FD, CH2Cl2); m/z (%): 363.1
ylurea and 20 ml of ethanol and, after 15 min, 59.8 ml (0.350 mol,(100) [M1]. 2 C23H26NOP (363.44): calcd. C 76.01, H 7.21, N 3.85;
61.0 g) of methylmalonic acid diethyl ester were added (colourlessfound C 74.70, H 7.10, N 3.82.
precipitate). After 2 h reflux the solvent was removed. The dry

(2)-N-[2-(Diphenylphosphanyl)benzyl]-N-[(S)-19-hydroxybut- residue was dissolved in 400 ml of hot water and, with vigorous
29-yl]amine (14b): [α]25

D 5 211, [α]25
365 5 275 (c 5 1, CH2Cl2). 2 stirring, 100 ml of conc. hydrochloric acid was added. After cooling

1H NMR, 31P{1H} NMR and MS analogous to 14a. 2 to room temp. the precipitated product was filtered off and washed
C23H26NOP (363.44): calcd. C 76.01, H 7.21, N 3.85; found C with 400 ml of cooled diethyl ether. Recrystallisation from 600 ml
75.72, H 7.28, N 3.82. of absolute ethanol/methanol (3:1) provided colourless crystals,

which were washed with petroleum ether (boiling range 40260°C)Synthesis of the Phosphane trisimines 15a and 15b: 3.79 ml (40.4
and dried under high vacuum at 60°C for several days. Yield 34.7mmol, 3.60 g) of (R)-(2)-2-amino-1-butanol [or (S)-(1)-2-amino-
g (63%), m.p. 1702171°C. 2 IR (KBr): ν̃ 5 1703 cm21 (C5O). 21-butanol] was dissolved in 10 ml of dichloromethane and 1 g (7
1H NMR ([D6]DMSO, 250 MHz): δ 5 11.27 (s, 1 H, NH), 3.72mmol) of Na2SO4 was added. A solution of 0.70 g (2.0 mmol) of
(q, 3J 5 6.9 Hz, 1 H, HCCH3), 3.06 (s, 3 H, N2CH3), 1.34 (d,tris(2-formylphenyl)phosphane[40] [41] [42] in 10 ml of dichlorometh-
3J 5 6.9 Hz, 3 H, HCCH3). 2 C6H8N2O3 (156.14): calcd. C 46.15,ane was added dropwise during 15 min. After 16 h reflux the yellow
H 5.16, N 17.94; found C 46.21, H 5.18, N 17.90.solution was filtered and the dichloromethane was evaporated. The

excess amine was removed by heating under high vacuum at 100°C Enantioselective Palladium-Catalysed Allylation of 1,5-Dimeth-
ylbarbituric Acid (BS) with Allyl Acetate:150 mg (0.961 mmol) offor 6 h. The resulting yellow oil was dissolved in 50 ml of dichloro-

methane, stirred for 15 min and filtered. The clear solution was BS and 1.01 mmol of base were dissolved in 10 ml of dichlorometh-
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ane at 38°C under a nitrogen atmosphere. The following bases were (ligand PPh3). The THF was removed and 30 ml of dichlorometh-

ane was added followed by standard work-up. The resulting liquidused: DBU (150 µl, 153 mg), triethylamine (140 µl, 102 mg), BSA
(247 µl, 205 mg), 1.5  LDA?THF solution in cyclohexane (673 was dissolved in dichloromethane and filtered through aluminia

to remove traces of ABS. For further purification a bulb to bulbµl), NBu4OH solution in methanol (12.5%) (2.59 ml, 2.10 g), (2)-
quinine (328 mg), (1)-quinidine (328 mg), (2)-cinchonidine (297 distillation was carried out to give a colourless liquid at 130°C and

3 Torr. Yield 222 mg (98%), b.p. ø 80°C at 3 Torr. 2 IR (film):mg) and (1)-cinchonine (297 mg). BS and base can be replaced by
382 mg (0.961 mmol) of NBu4BS. After 5 min stirring 2.93 mg ν̃ 5 1689 cm21 (C5O). 2 1H NMR (CDCl3, 400 MHz): δ 5 5.82

(pseudo tdd, 3J 5 6.0 Hz, 3Jcis 5 10.2 Hz, 3Jtrans 5 17.1 Hz, 1 H,(0.0096 mmol) of palladium(II) acetylacetonate, 0.0384 mmol of a
monodentate ligand or 0.0192 mmol of a bidentate ligand and 10 N2CHH92CH5CHH), 5.54 (tdd, 3J 5 7.5 Hz, 3Jcis 5 10.1 Hz,

3Jtrans 5 17.0 Hz, 1 H, C2CH22CH5CHH), 5.28 (pseudo qd,ml of a 1:1 mixture of methylene choride/toluene were added to the
clear solution. After 2.0 min the reaction was started by the ad- 2/4J 5 1.3 Hz, 3Jtrans 5 17.1 Hz, 1 H, N2CHH92CH5CHHtrans),

5.21 (pseudo qd, 2/4J 5 1.3 Hz, 3Jcis 5 10.2 Hz, 1 H,dition of 115 µl (1.07 mmol, 107 mg) of allyl acetate. The solution
was stirred for 24, 48 or 72 h at 38°C. For work-up the solution N2CHH92CH5CHcisH), 5.10 (md, 3Jtrans 5 17.0 Hz, 1 H,

C2CH22CH5CHHtrans), 5.08 (md, 3Jcis 5 10.1 Hz, 1 H,was diluted with 10 ml of dichloromethane and extracted succes-
sively with 10 ml and 5 ml of 0.2  hydrochloric acid and three C2CH22CH5CHcisH), 4.50 (pseudo tdd, 4J 5 1.3 Hz, 3J 5 6.0

Hz, 2J 5 14.6 Hz, 1 H, N2CHH92CH5CHH), 4.44 (pseudo tdd,times with 5 ml of water. The organic layer was dried with Na2SO4.
The solid was filtered off and washed with 10 ml of dichlorometh- 4J 5 1.3 Hz, 3J 5 6.0 Hz, 2J 5 14.6 Hz, 1 H, N2CHH92CH5

CHH), 3.30 (s, 3 H, N2CH3), 2.69 (d, 3J 5 7.5 Hz, 2 H,ane. Removal of the solvent from the filtrate left the dry product
ready for GC analysis. To the product was added about 25 mg of C2CH22CH5CHH), 1.55 (s, 3 H, C2CH3). 2 GC-MS (EI, 70

eV); m/z (%): 236.0 (100) [M1], 221.0 (99) [M1 2 CH3], 194.9 (17)benzil (GC standard) and 6 ml of dichloromethane. This solution
was used to determine the enantiomeric excess of ABS and the [M1 2 C3H5], 138.0 (90), 41.0 (59) [C3H1

5 ]. 2 C12H16N2O3

(236.27): calcd. C 61.00, H 6.83, N 11.86; found C 60.95, H 7.04,yield of ABS and AABS by GC on a Chirasil-Val-L column. Fur-
thermore, a chromatographic analysis of 3 ml of the solution on N 11.63.
alumina was carried out in a Pasteur pipette, in which only AABS 5-Chloromethyl-1,5-dimethylbarbituric Acid: Found in catalyses
and benzil eluted. The eluate was used for the determination of the with yields of ABS <3%. 2 C7H9ClN2O3 (204.61). 2 GC-MS (EI,
enantiomeric excess of AABS on a Lipodex E column. 70 eV); m/z (%): 204.0 (14) [M1], 189.0 (30) [M1 2 CH3], 169.0

(100) [M1 2 Cl], 155.1 (6) [M1 2 CH2Cl], 69.0 (62), 40.9 (27).Conditions: 25 m Chirasil-Val-L fused silica capillary column
(0.25 mm inner diameter, 0.12 µm film thickness, from Chrom- Molecular Modelling: The calculations were carried out with the
pack), column temp. 130°C, He pressure 1.2 bar, injector temp. program Sybyl 6.1 using the standard tripos force field on a Silicon
250°C, detector temp. 230°C [flame ionisation], retention times: Graphics Indigo workstation (tripos metal file with standard geo-
(±)-AABS 4.24 min, standard benzil 17.10 min, (2)-ABS 19.09 metries and van der Waals parameters of transition metal atoms).
min, (1)-ABS 20.33 min, separation factor α[(1)-ABS/(2)-ABS] 5 1.07, After establishment of the geometry of the (η3-allyl)Pd system and
resolution R[(1)-ABS/(2)-ABS] 5 1.80, mass correlation factors: the two P atoms, the P substituents were attached in their standard
fbenzil/ABS 5 1.77 and fbenzil/AABS 5 1.50; retention times for the geometries, the ortho-substituent being oriented towards the allyl
enantiomers of 5-chloromethyl-1,5-dimethylbarbituric acid were plane. A conformational analysis with energy minimisation was
34.74 and 35.32 min, respectively. 2 50 m Lipodex E fused silica carried out.
capillary column (0.25 mm inner diameter, coated with octakis(2,6-
di-O-pentyl-3-O-butyryl)-γ-cyclodextrine, from Macherey- [1] H. Brunner, A. Winter, J. Organomet. Chem., in press.
Nagel), column temp. 110°C (after 45 min the column temp. was [2] J.-C. Fiaud in Metal Promoted Selectivity in Organic Synthesis

(Eds.: A. F. Noels, M. Graziani, A. J. Hubert), Kluwer, Dord-raised by 12°C/min to 170°C), H2 pressure 2.07 bar, injector temp.
recht, 1991, p.107.250°C, detector temp. 240°C (flame ionisation), retention times:

[3] T. Hayashi in Catalytic Asymmetric Synthesis (Ed.: I. Ojima),(1.)-AABS 42.45 min, (2.)-AABS 43.84 min, standard benzil 65.0 VCH, New York, 1993, p. 325.
min, separation factor α[(2.)-AABS/(1.)-AABS] 5 1.03, resolution [4] B. M. Trost, D. L. Van Vranken, Chem. Rev. 1996, 96, 395.

[5] B. M. Trost, Acc. Chem. Res. 1996, 29, 355.R[(2.)-AABS/(1.)-AABS] 5 1.74.
[6] U. Leutenegger, G. Umbricht, C. Fahrni, P. v. Matt, A. Pfaltz,

Tetrahedron 1992, 48, 2143.5-Allyl-1,5-dimethylbarbituric Acid (ABS): Main product of cat-
[7] B. M. Trost, D. L. Van Vranken, C. Bingel, J. Am. Chem. Soc.alysis under standard reaction conditions. Maximum yield 184 mg

1992, 114, 9327.(98%) (Table 1, entry 3). Recrystallisation from water/ethanol 175:1 [8] P. v. Matt, A. Pfaltz, Angew. Chem. 1993, 105, 614; Angew.
provided colourless crystals, m.p. 1312131.5°C. 2 IR (KBr): ν̃ 5 Chem., Int. Ed. Engl. 1993, 32, 566.

[9] J. Sprinz, G. Helmchen, Tetrahedron Lett. 1993, 34, 1769.1758, 1716, 1680 cm21 (C5O). 2 1H NMR (CDCl3, 400 MHz):
[10] G. J. Dawson, C. G. Frost, J. M. J. Williams, S. J. Coote, Tetra-δ 5 9.03 (s, 1 H, NH), 5.60 (tdd, 3J 5 7.5 Hz, 3Jcis 5 10.1 Hz,

hedron Lett. 1993, 34, 3149.3Jtrans 5 17.0 Hz, 1 H, CH22CH5CHH), 5.14 (md, 3Jtrans 5 17.0 [11] O. Reiser, Angew. Chem. 1993, 105, 576; Angew. Chem., Int. Ed.
Hz, 1 H, CH22CH5CHHtrans), 5.11 (md, 3Jcis 5 10.1 Hz, 1 H, Engl. 1993, 105, 547.

[12] P. v. Matt, O. Loiseleur, G. Koch, A. Pfaltz, C. Lefeber, T.CH22CH5CHcisH), 3.28 (s, 3 H, N2CH3), 2.71 (d, 3J 5 7.5 Hz,
Feucht, G. Helmchen, Tetrahedron: Asymmetry 1994, 5, 573.2 H, CH22CH5CHH), 1.57 (s, 3 H, C2CH3). 2 GC-MS (EI, 70

[13] J. V. Allen, S. J. Coote, G. J. Dawson, C. G. Frost, C. J. Martin,eV); m/z (%): 195.9 (6) [M1], 180.9 (100) [M1 2 CH3], 41.0 (32) J. M. J. Williams, J. Chem. Soc., Perkin Trans. 1 1994, 1, 2065.
[C3H1

5 ]. 2 C9H12N2O3 (196.21): calcd. C 55.09, H 6.16, N 14.28; [14] J. M. Brown, D. I. Hulmes, P. J. Guiry, Tetrahedron 1994, 50,
4493.found C 55.09, H 6.23, N 14.09.

[15] B. M. Trost, B. Breit, S. Peukert, J. Zambrano, J. W. Ziller, An-
gew. Chem. 1995, 107, 2577; Angew. Chem., Int. Ed. Engl. 1995,3,5-Diallyl-1,5-dimethylbarbituric Acid (AABS): By-product of
34, 2386.catalysis under standard reaction conditions (yield 0219%). To

[16] P. Wimmer, M. Widhalm, Chem. Monthly 1996, 127, 669.produce AABS, the standard catalysis was carried out with a 3-fold [17] A. Pfaltz, Acta Chem. Scand. 1996, 50, 189.
excess of the base DBU (450 µl) and a 21-fold excess of allyl acetate [18] J.-P. Genêt, D. Ferroud, S. Jugé, J. R. Montès, Tetrahedron Lett.

1986, 27, 4573.(2.20 ml) in refluxing THF (10 ml) with a reaction time of 24 h

Eur. J. Inorg. Chem. 1998, 43254 53



H. Brunner, I. Deml, W. Dirnberger, B. Nuber, W. ReißerFULL PAPER
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Reaction of equimolar amounts of the metalloarsaalkene [(η5- [Fe(CO)4] (3), and [Cr(CO)5] (4). These feature η1 coordina-
tion of the arsaalkene ligand via the arsenic atom. The mo-C5Me5)(CO)2FeAs=C(NMe2)2] (1) with the carbonyl comple-

xes [Ni(CO)4], [Fe2(CO)9], and [{(Z)-cyclooctene}Cr(CO)5], lecular structures of the complexes 3 and 4 have been deter-
mined by X-ray diffraction analyses.respectively, affords the adducts [(η5-C5Me5)(CO)2FeAs-

{M(CO)n}=C(NMe2)2] with [M(CO)n] = [Ni(CO)3] (2);

Introduction 1908 cm21 can be assigned to the stretching modes of the
terminal carbonyl ligands of the [Ni(CO)3] unit. These ab-Recently, we reported on the reactivity of the ferriophos-
sorptions are shifted to lower wavenumbers when comparedphaalkene [(η5-C5Me5)(CO)2FeP5C(NMe2)2] (I) towards
with the analogous metallophosphaalkene complex[Ni(CO)4], [Fe2(CO)9], and [{(Z)-cyclooctene}Cr(CO)5] [2].
[(η5-C5Me5)(CO)2FeP{Ni(CO)3}5C(NMe2)2] [ν̃(NiCO)The results were surprising in as much as the expected η1-
(KBr) 5 2034, 1957, 1917 cm21] [2].complex II was only obtained with [Ni(CO)4]. Reaction of

the metallophosphaalkene with the pentacarbonylchro- The donor strengths of the ferrioarsaalkene 1 and its
mium complex gave rise to the formation of the thermolab- phosphorus analogue resemble that of the phosphonium yl-
ile black [Cr(CO)5] adduct III, which in solution underwent ide (C6H11)3P5CH2 in its [Ni(CO)3] complex [ν̃(NiCO)
an intramolecular condensation to give complex IV [2] [3]. (cyclohexane) 5 2030, 1955, 1936 cm21] [5]. The terminal
Upon exposure to [Fe2(CO)9], compound I was converted carbonyl ligands of the [Fe(CO)2] unit give rise to strong
into the η2-phosphanylcarbene complex V (Scheme 1). valence absorptions at 1977 and 1936 cm21. In 1, the re-

It was intriguing to find out whether the chemistry of the spective υ(CO) bands are observed at ν̃ 5 1970 and 1921
ferrioarsaalkene [(η5-C5Me5)(CO)2FeAs5C(NMe2)2] (1) [4]

cm21.
would mirror that of its phosphorus analogue, i.e. fur-

The 13C{1H}-NMR spectrum of 2 shows a singlet at δ 5nishing an arsanylcarbene complex upon treatment with
215.24 for the methylene carbon atom, which is close to the[Fe2(CO)9] and a condensation product analogous to III
corresponding resonance in 1 (δ 5 214.77). A singlet at δ 5when treated with [{(Z)-cyclooctene}Cr(CO)5].
200.96 can be assigned to the carbonyl groups of the
[Ni(CO)3] unit in 2. In the phosphorus analogue this ab-Results and Discussion
sorption was reported at δ 5 199.5. The chemical shifts of

Treatment of 1 with an equimolar amount of tetracar- the carbonyl signals of the [Fe(CO)2] group in 1 (δ 5
bonylnickel in n-pentane in the temperature range 250 to 221.39) and of its nickel complex 2 (δ 5 220.96) also com-
20°C afforded the tricarbonylnickel adduct 2 as a red- pare well. These data clearly demonstrate that the molecu-
brown air- and moisture-sensitive powder. The dark-red lar structure of 2 resembles that of the phosphorus ana-
crystalline tetracarbonyliron complex 3 resulted from the logue, in which the ferriophosphaalkene is η1-ligated to the
reaction of 1 with [Fe2(CO)9] in n-pentane. Product forma- [Ni(CO)3] fragment.
tion was accompanied by effervescence owing to the liber-

The observance of six intense carbonyl bands in the IRation of carbon monoxide. Black-red 4 precipitated when a
spectrum of the tetracarbonyliron complex 3 ranging frommixture of 1 and [{(Z)-cyclooctene}Cr(CO)5] in n-pentane
2000 to 1888 cm21 is consistent with a lowering of the localwas allowed to warm from 230°C to ambient temperature.
symmetry of the point group C3v for the [Fe(CO)4] unit withPurification of the obtained carbonylmetal adducts was
an axial ligand. Comparison with the υ(CO) stretching vi-achieved by recrystallization at 230°C. In the IR spectrum
brations in [Fe(CO)4 (PMe3)] [ν̃(CO) 5 2051, 1977, 1936(Nujol) of complex 2, intense bands at ν̃ 5 2035, 1956, and
cm21] [6] further underlines the pronounced donor capacity

[e] Part III: Ref. [1]. of the arsaalkene ligand.
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Scheme 1

[Fe] 5 [η5-(C5Me5)(CO)2Fe]; L 5 (Z)-cyclooctene.

Scheme 2 onance is slightly shifted to higher field (∆δ 5 1 ppm). The
singlet of the methylene carbon atom of 4 (δ 5 214.33) is
close to the chemical shift of the free ligand 1 (δ 5 214.77).

X-ray Structural Analysis of 3

An ORTEP drawing of 3 is shown in Figure 1; selected
bond lengths and angles are given in the caption. The
analysis shows that η1 coordination of the ferrioarsaalkene
1 to the [Fe(CO)4] fragment results in severe distortion of
the organoarsenic ligand. In contrast to free 1, which exhib-
its a slightly elongated As2C double bond of 1.876(8) Å[4]

(theoretical value in HAs5CH2: 1.79 Å[8]), the bond length
between the pyramidally configured arsenic atom (sum of
angles 5 331.53°) and the trigonal-planar atom C(13) (sum
of angles 5 359.0°) amounts to 1.990(3) Å. This is compar-The 13C{1H}-NMR spectrum of 3 shows a singlet at δ 5

208.6 for the carbon atom of the As5C unit, while singlets able to the As2C single bonds in the 1,2-dihydroarsete
PhAs[2C(Ph)5C(Ph)CH22] [1.989(6) and 1.949(4) Å] [9].at δ 5 219.44 and 219.96 can be attributed to the carbonyl

groups of the [Fe(CO)4] and the [Fe(CO)2] fragments. These The iron2arsenic bond lengths Fe(1)2As(1) [2.4559(8)
Å] and Fe(2)2As(1) [2.5089(11) Å] differ markedly and arefindings are in marked contrast to the reactivity of [(η5-

C5Me5)(CO)2FeP5C(NMe2)2] towards [Fe2(CO)9], where longer than those in precursor 1 [Fe(1)2As(1) 5 2.443(2)
Å] and in [(η5-C5Me5)(CO)2Fe2As5C(OSiMe3)(tBu)]phosphanylcarbene complex V was obtained as the sole

phosphorus-containing product. It is conceivable that the [2.407(1) Å]. [7] The bond angle Fe(1)2As(1)2C(13)
[110.39(8)°] in complex 3 is compressed compared to thatformation of V is initiated by a tetracarbonyliron adduct

analogous to 3. A similar situation is encountered with the in 1 [116.2(3)°]. The presence of an As2C single bond in 3
is consistent with a zwitterionic structure, As22C1, whichpentacarbonylchromium complex 4, the phosphorus ana-

logue of which, compound III, undergoes an intramolecular is stabilized by coordination to the [Fe(CO)4] unit and by π
conjugation with the lone pairs of electrons on the nitrogencondensation to give IV.

Strong carbonyl absorptions at ν̃ 5 2029, 1911, 1891, and atoms. In keeping with this, relatively short carbon2nitro-
gen bonds C(13)2N(1) [1.341(3) Å] and C(13)2N(2)1858 cm21 in the IR spectrum of 4 correspond to the υ(CO)

bands in III [ν̃(CO) (KBr) 5 2033, 1915, 1897, 1860 cm21]. [1.345(3) Å] were found in this structure. Both nitrogen
atoms are planar [sum of angles at N(1): 359.8°; N(2):In the 13C{1H}-NMR spectrum of 4, the carbon atoms of

the [Cr(CO)5] unit give rise to singlets at δ 5 222.36 (COeq) 358.5°]. The planes defined by the atoms Fe(1), As(1), C(13)
and C(13), N(1), N(2) enclose a dihedral angle of θ 5and 227.05 (COax). A singlet at δ 5 220.42 can be attributed

to the iron-ligated carbonyl groups. Owing to the removal 141.9°. In free 1, this angle is more obtuse (θ 5 155.0°). The
arsaalkene ligand occupies an axial position in a distortedof electron density from 1 by the [Cr(CO)5] group, this res-
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Figure 1. Molecular structure of 3[a] Figure 2. Newman projection of 3 with view along the Fe(2)2As(1)

vector (the Cp* ring and the N-methyl groups are omitted for cla-
rity)

Figure 3. Molecular structure of 4 [5]
[a] Selected bond lengths [Å] and bond angles [°]: As(1)2C(13)
1.990(3), As(1)2Fe(1) 2.4559(8), As(1)2Fe(2) 2.5089(11),
Fe(1)2C(11) 1.757(3), Fe(1)2C(12) 1.754(3), Fe(2)2C(18)
1.775(3), Fe(2)2C(19) 1.784(2), Fe(2)2C(20) 1.793(3),
Fe(2)2C(21) 1.762(3), N(1)2C(13) 1.341(3), N(2)2C(13) 1.345(3);
C(13)2As(1)2Fe(1) 110.39(8), C(13)2As(1)2Fe(2) 97.65(8),
Fe(1)2As(1)2Fe(2) 123.49(3), C(12)2Fe(1)2C(11) 96.48(12),
C(11)2Fe(1)2As(1) 87.60(6), C(12)2Fe(1)2As(1) 99.13(9),
C(21)2Fe(2)2C(18) 91.40(14), C(21)2Fe(2)2C(19) 93.93(14),
C(18)2Fe(2)2C(19) 119.08(14), C(20)2Fe(2)2C(21) 94.17(14),
C(18)2Fe(2)2C(20) 123.2(2), C(19)2Fe(2)2C(20) 116.8(2),
C(21)2Fe(2)2As(1) 171.93(10), C(18)2Fe(2)2As(1) 86.55(9),
C(19)2Fe(2)2As(1) 93.89(10), C(20)2Fe(2)2As(1) 80.50(10),
C(13)2N(1)2C(14) 122.3(2), C(13)2N(1)2C(15) 123.5(2),
C(14)2N(1)2C(15) 114.0(2), C(13)2N(2)2C(16) 123.2(2),
C(13)2N(2)2C(17) 122.2(2), C(16)2N(2)2C(17) 113.1(2),
N(1)2C(13)2N(2) 117.3(2), N(1)2C(13)2As(1) 125.8(2),
N(2)2C(13)2As(1) 116.9(2).

trigonal bipyramid. Fe(2) deviates by 0.0978 Å from the
plane defined by the atoms C(18), C(19), and C(20) towards
the opposite side of the arsenic atom. The bond angles be-

[a] Selected bond lengths [Å] and bond angles [°]: As(1)2C(13)tween the vector Fe(2)2C(21) and carbon atoms of the 1.975(2), As(1)2Fe(1) 2.4589(5), As(1)2Cr(1) 2.6277(6),
equatorial CO groups range from 91.40(14) to 94.17(14)°, Fe(1)2C(11) 1.753(2), Fe(1)2C(12) 1.747(2), Cr(1)2C(CO)eq 5

1.890(2) av., Cr(1)2C(22) 1.828(2), N(1)2C(13) 1.345(3),and the angle As(1)2Fe(2)2C(21) [171.93(10)°] clearly
N(2)2C(13) 1.345(3); C(13)2As(1)2Fe(1) 111.81(6),

shows a deviation from linearity. A Newman projection C(13)2As(1)2Cr(1) 100.39(6), Fe(1)2As(1)2Cr(1) 121.56(2),
C(12)2Fe(1)2C(11) 99.06(10), C(12)2Fe(1)2As(1) 91.61(7),along the vector Fe(2)2As(1) shows an almost eclipsed
C(11)2Fe(1)2As(1) 90.58(7), C(22)2Cr(1)2C(21) 88.72(10),conformation with torsion angles C(18)2Fe(2)2 C(22)2Cr(1)2C(20) 88.88(10), C(21)2Cr(1)2C(20) 89.55(10),

As(1)2Fe(1) 5 5.2° and C(19)2Fe(2)2As(1)2C(13) 5 6.9° C(22)2Cr(1)2C(19) 90.55(11), C(22)2Cr(1)2C(18) 91.81(11),
C(22)2Cr(1)2As(1) 174.28(8), C(21)2Cr(1)2As(1) 90.52(7),(Figure 2).
C(20)2Cr(1)2As(1) 96.78(7), C(19)2Cr(1)2As(1) 90.39(7),
C(18)2Cr(1)2As(1) 82.53(8), C(13)2N(1)2C(14) 123.2(2),

X-ray Structural Analysis of 4 C(13)2N(1)2C(15) 122.5(2), C(14)2N(1)2C(15) 113.1(2),
C(13)2N(2)2C(17) 122.2(2), C(13)2N(2)2C(16) 123.7(2),An ORTEP drawing of 4 is shown in Figure 3; selected C(17)2N(2)2C(16) 114.1(2), O(1)2C(11)2Fe(1) 176.4(2),

bond lengths and angles are given in the caption. O(2)2C(12)2Fe(1) 173.4(2), N(1)2C(13)2N(2) 116.7(2),
N(1)2C(13)2As(1) 116.7(2), N(2)2C(13)2As(1) 126.5(2).The molecule exhibits octahedral geometry. One coordi-

nation site is occupied by an η1-ligated metalloarsaalkene.
Again, the complexation of 1 to a carbonylmetal moiety The bond length Fe(1)2As(1) [2.4589(5) Å] is comparable

with that in 3. The Cr2As bond [2.6277(6) Å] is shortercauses a severe distortion of the organoarsenic compound.
As in 4, a single bond of 1.975(2) Å is found between the than the sum of the Cr02As covalent radii of Cr0 [1.48

Å] [10] and As [1.21 Å] [11], but is considerably longer thanpyramidal arsenic atom (sum of angles 333.76°) and the
planar carbon atom C(13) (sum of angles 359.9°). Both ni- Cr2As single bonds in related carbonylchromium

complexes such as [(η5-C5Me5)(CO)2FeAs{Cr(CO)5}5trogen atoms are planar (sum of angles 358.8 and 360.0°),
and the dihedral angle between the planes defined by the C(SSiMe3)2] [2.524(1) Å] [1], [(η5-C5Me5)(CO)2-

FeAs{Cr(CO)5}5PMes*] [2.494(1) Å] [12], or [Mes*As5atoms Fe(1), As(1), C(13)and C(13), N(1), N(2) is 142.2°.
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As{Cr(CO)5}CH(SiMe3)2] [2.454(1) Å] [13]. The As2Cr sep- Experimental Section
aration in 4 is similar to the Cr2As π-bond length in the All manipulations were performed under dry, oxygen-free nitro-
trinuclear complex 5 [14]. gen using standard Schlenk techniques. Solvents were dried by

standard methods and freshly distilled under argon prior to use. 2

Infrared spectra were recorded with a Bruker FT-IR IFS 66 spec-
trometer. 2 1H- and 13C-NMR spectra were recorded in C6D6 at
22°C using Bruker AM Advance DRX 500, Bruker AC 250 P, and
Bruker AC 100 instruments. Standards: SiMe4 (1 H, 13C). 2 El-
emental analyses were performed in the microanalytical laboratory
of the University of Bielefeld. 2 The metalloarsaalkene [(η5-C5-
Me5)(CO)2FeAs5C(NMe2)2] (1) [4], [{(Z)-cyclooctene}Cr(CO)5] [16],
and [Fe2(CO)9] [17] were synthesized according to literature pro-
cedures. [Ni(CO)4] was purchased commercially (Strem).

Synthesis of [(η5-C5Me5)(CO)2FeAs{Ni(CO)3}5C(NMe2)2]
A view perpendicular to the [Cr(CO)4] plane indicates an (2): A portion of [Ni(CO)4] (0.24 g, 1.42 mmol) was added to a

almost staggered conformation with torsion angles chilled solution (250°C) of [(η5-C5Me5)(CO)2FeAs5C(NMe2)2]
(1) (0.60 g, 1.42 mmol) in 50 ml of n-pentane. The stirred solutionC(19)2Cr(1)2As(1)2Fe(1) 5 30.0° and C(21)2Cr(1)2
was allowed to warm to ambient temperature over a period of 1 hAs(1)2C(13) 5 24.4° (Figure 4).
and then the solvent and volatile components were removed. The
residue was redissolved in n-hexane (30 ml) and the resulting solu-Figure 4. Newman projection of 4 with view along the Cr(1)2As(1)

vector (the Cp* ring and the N-methyl groups are omitted for tion was filtered. The filtrate was concentrated to ca. 15 ml and
clarity) stored overnight at 230°C to afford 0.52 g (65%) of 2 as a red-

brown powder. 2 IR (Nujol, cm21): ν̃ 5 2035 [s, Ni(CO)], 1977 [s,
Fe(CO)], 1956 [s, Ni(CO)], 1935 [s, Fe(CO)], 1908 [s, Ni(CO)]. 2
1H NMR: δ 5 1.59 (s, 15 H, C5Me5), 2.71 (s, 12 H, NCH3). 2
13C{1H} NMR: δ 5 9.61 [s, C5(CH3)5], 43.99 (s, NCH3), 95.04 [s,
C5(CH3)5], 200.96 (s, NiCO), 215.24 (s, As5C), 220.96 (s, FeCO).2
C20H27AsFeNiO5 (564.92): calcd. C 42.52, H 4.82, N 4.96; found
C 41.89, H 4.85, N 4.64.

Synthesis of [(η5-C5Me5)(CO)2FeAs{Fe(CO)4}5C(NMe2)2]
(3): Solid [Fe2(CO)9] (0.3 g, 0.81 mmol) was added at 20°C to a
stirred solution of 0.34 g (0.81 mmol) of 1 in 50 ml of n-pentane.
The reaction proceeded with effervescence owing to liberation of
CO. After stirring for 2 h at room temperature, the 1H-NMR reso-
nances of 1 had disappeared, and the solvent and volatiles were
removed from the solution in vacuo. Drying at 1023 Torr was main-
tained overnight. The black residue was then redissolved in 10 ml
of diethyl ether, and the resulting solution was filtered. Storing at
228°C afforded black-red hexagonal crystals of 3 (0.28 g, 59%).Due to steric hindrance, the ideal C4v symmetry of the
2 IR (Nujol, cm21): ν̃ 5 2000 [s, Fe(CO)4], 1974 [s, Fe(CO)2], 1937[Cr(CO)5] group is perturbed, as is evident from the angles
[s, Fe(CO)2], 1927 [m, Fe(CO)4], 1911 [m, Fe(CO)4], 1888 [s,C(20)2Cr(1)2As(1) [96.78(7)°], C(18)2Cr(1)2As(1)
Fe(CO)4]. 2 1H NMR: δ 5 1.58 (s, 15 H, C5Me5), 2.62 (s, 12 H,[82.53(8)°] and C(22)2Cr(1)2As(1) [174.28(8)°]. It is also
NCH3). 2 13C{1H} NMR: δ 5 9.09 [s, C5(CH3)5], 44.63 (s, NCH3),remarkable that the bond length Cr(1)2C(22) [1.828(2) Å]
96.17 [s, C5(CH3)5], 208.6 (s, As5C), 219.44 [s, Fe(CO)4], 219.96 [s,

in a trans position with respect to the electron-donating li- Fe(CO)2]. 2 C21H27AsFe2N2O6 (590.07): calcd. C 42.75, H 4.61,
gand is significantly shortened as compared to the other N 4.75; found C 42.56, H 4.50, N 4.37.
Cr2C(carbonyl) bond lengths [1.881(2)21.897(3) Å].

Synthesis of [(η5-C5Me5)(CO)2FeAs{Cr(CO)5}5C(NMe2)2]To sum up, arsaalkene derivatives are usually thermally
(4): A solution of [{(Z)-cyclooctene}Cr(CO)5] (0.15 g, 0.50 mmol)

less stable and more reactive than their phosphorus anal- in 20 ml of n-pentane was added dropwise to a cooled solution
ogues[15]. However, here the opposite is encountered. The (230°C) of 1 (0.21 g, 0.50 mmol) in 30 ml of n-pentane. Warming
metalloarsaalkene complexes 3 and 4 are isolable com- to room temperature led to the formation of a black precipitate.
pounds and can be conveniently studied in solution, After stirring for 1 h, this was filtered off. The filter cake was
whereas the corresponding phosphorus compound [(η5- washed with n-pentane (30 ml), dried in vacuo, and then redis-

solved in 5 ml of toluene. Upon storing at 230°C, black-red crys-C5Me5)(CO)2FeP{Cr(CO)5}5C(NMe2)2] undergoes a facile
tals of 4 separated (0.22 g, 71%).2 IR (Nujol, cm21): ν̃ 5 2029 [s,condensation with C5C bond formation. The complex
Cr(CO)], 1964 [s, Fe(CO)], 1936 [s, Fe(CO)], 1911 [s, Cr(CO)], 1891[(η5-C5Me5)(CO)2FeP{Fe(CO)4}5C(NMe2)2] could not
[s, Cr(CO)], 1858 [s, Cr(CO)]. 2 1H NMR: δ 5 1.54 (s, 15 H,even be detected spectroscopically in the reaction between
C5Me5), 2.69 (s, 12 H, NCH3). 2 13C{1H} NMR: δ 5 9.16 [s,the ferriophosphaalkene and [Fe2(CO)9].
C5(CH3)5], 44.78 (s, NCH3), 95.61 [s, C5(CH3)5], 214.33 (s, As5C),
220.42 [s, Fe(CO)2], 222.36 [s, Cr(CO)eq], 227.05 [s, Cr(CO)ax]. 2This work was financially supported by the Fonds der Che-

mischen Industrie, Frankfurt/Main, and the BASF AG, Ludwigs- C22H27AsCrFeN2O7 (614.25): calcd. C 43.02, H 4.43, N 4.56; found
C 42.46, H 4.55, N 4.28.hafen, which is gratefully acknowledged.
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; Dedicated to Professor Manfred Weidenbruch on the occasionX-ray Structure Determination of [(η5-C5Me5)(CO)2FeAs{Fe-

of his 60th birthday.(CO)4}5C(NMe2)2} (3) [18]: Single crystals of 3 were grown from [1] L. Weber, S. Uthmann, B. Torwiehe, R. Kirchhoff, R. Boese,
diethyl ether solution at 228°C. A black crystal of approximate D. Bläser, Organometallics 1997, 16, 318823193.
dimensions 1.00 3 0.80 3 0.70 mm was examined on a Siemens [2] L. Weber, O. Kaminski, B. Quasdorff, H.-G. Stammler, B. Neu-

mann, J. Organomet. Chem. 1997, 529, 3292341.P2(1) diffractometer using Mo-Kα radiation at 173 K. Crystal data
[3] L. Weber, B. Quasdorff, H.-G. Stammler, B. Neumann, Chem.and refinement details: Cell dimensions: a 5 10.240(4), b 5 Eur. J., in press.

14.922(6), c 5 18.190(8) Å, β 5 100.93(3)°, V 5 2734(2) Å3, Z 5 [4] L. Weber, O. Kaminski, H.-G. Stammler, B. Neumann, Chem.
4, dcalcd. 5 1.524 g cm2-3, µ 5 2.302 mm21, space group P21/n, Ber. 1996, 129, 2232226.

[5] F. Heydenreich, A. Mollbach, G. Wilke, H. Dreeskamp, E. G.semiempirical absorption correction from Ψ scans, 8381 reflections
Hoffmann, G. Schroth, K. Seevogel, W. Stempfle, Isr. J. Chem.collected, of which 7980 independent (Rint 5 0.030), 6305 with I >
1972, 10, 2932319.

2σ(I). Structure solution and refinement on F2 with SHELXTL- [6] O. Kahn, M. Bigorgne, M. F. Koenig, A. Loutellier, Spectro-
PLUS and SHELXL-93. 331 parameters, anisotropic refinement chim. Acta, Part A 1974, 30, 192921938.

[7] L. Weber, G. Meine, R. Boese, D. Bungardt, Z. Anorg. Allg.for all non-hydrogen atoms, hydrogen atoms treated as riding
Chem. 1987, 549, 73286.groups with a 1.2-fold (1.5-fold for methyl groups) isotropic U [8] K. D. Dobbs, J. E. Boggs, A. H. Cowley, Chem. Phys. Lett.value of the equivalent U value of the corresponding C atom. R1 5 1987, 141, 3722375.

0.059, wR2 5 0.097, GooF(F2) 5 1.048, w21 5 σ2(F2
o) 1 [9] W. Tumas, J. A. Suriano, R. L. Harlow, Angew. Chem. 1990,

102, 89290; Angew. Chem. Int. Ed. Engl. 1990, 29, 75.(0.0386 ·P)2 1 2.32 ·P, where P 5 (F2
o 1 2 F2

c)/3, max./min. residual
[10] F. A. Cotton, D. C. Richardson, Inorg. Chem. 1966, 5,electron densities 0.4 and 20.5 eÅ23.

185121854.
X-ray Structure Determination of [(η5-C5Me5)(CO)2FeAs{Cr- [11] L. Pauling, Grundlagen der Chemie, Verlag Chemie, Weinheim

1973, p. 170.(CO)5}5C(NMe2)2} (4) [18]: Single crystals of 4 were grown from
[12] L. Weber, D. Bungardt, R. Boese, Chem. Ber. 1988, 121,benzene at 4°C. A black crystal of approximate dimensions 1.00 3 153521539.

0.70 3 0.30 mm was examined on a Siemens P2(1) diffractometer [13] A. H. Cowley, J. G. Lasch, N. C. Norman, M. Pakulski, Angew.
using Mo-Kα radiation at 173 K. Crystal data and refinement de- Chem. 1983, 95, 1019; Angew. Chem. Int. Ed. Engl. 1983, 22,

978; Angew. Chem. Suppl. 1983, 149321502.tails: Cell dimensions: a 5 9.131(2), b 5 11.555(2), c 5 14.009(2)
[14] G. Huttner, I. Jibril, Angew. Chem. 1984, 96, 7092710; Angew.Å, α 5 100.680(10), β 5 107.790(10), γ 5 105.920(10)°, V 5

Chem. Int. Ed. Engl. 1984, 23, 740.
1293.6(4) Å3, Z 5 2, dcalcd. 5 1.577 g cm23, µ 5 2.292 mm21, space [15] Review: L. Weber, Chem. Ber. 1996, 129, 3672379.
group P1̄, semi-empirical absorption correction from Ψ scans, 7978 [16] F.-W. Grevels, V. Skibbe, J. Chem. Soc., Chem. Commun. 1984,

6812683.reflections collected, of which 7541 independent (Rint 5 0.027),
[17] G. Brauer (Ed.), Handbuch der präparativen anorganischen6431 with I > 2σ(I). Structure solution and refinement on F2 with

Chemie, vol. 3, p. 1828f, F. Enke Verlag, Stuttgart, 1981.SHELXTL-PLUS and SHELXL-93. 317 parameters, anisotropic [18] Crystallographic data (excluding structure factors) for the struc-
refinement for all non-hydrogen atoms, hydrogen atoms treated as tures reported in this paper have been deposited with the Cam-

bridge Crystallographic Data Centre as supplementary publi-riding groups with a 1.5-fold isotropic U value of the equivalent U
cation no. CCDC-100809. Copies of the data can be obtainedvalue of the corresponding C atom. R1 5 0.042, wR2 5 0.084,
free of charge on application to CCDC, 12 Union Road, Cam-GooF(F2) 5 1.037, w21 5 σ2(F2

o 1 (0.0388 ·P)2 1 0.72 ·P, where bridge CB2 1EZ, UK [fax (internat.): 144 (0)1223/336033;
P 5 (F2

o 1 2 F2
c)/3, max./min. residual electron densities 0.5 and e-mail: deposit@ccdc.cam.ac.uk].

[97193]20.4 eÅ23.
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The arsenic(III) dithiolate [PhAs(HlipS2)] (1, HlipS22
2 = re- inhibit enzymes that contain lipoic acid as a cofactor. X-ray

structure analysis shows that 1 is a 2,4-disubstituted 1,3,2-duced rac-lipoic acid) has been obtained via three different
routes: (A) from (PhAsO)n and rac-dihydrolipoic acid, (B) dithiarsinane, i. e. a six-membered heterocycle. The phenyl

group at the 2-position (As) adopts the axial orientation.from (AsPh)6 and rac-lipoic acid, and (C) from PhAsO(OH)2

and rac-dihydrolipoic acid. The latter method is also suitable (2RS,4RS)-1, which is the isomer found in the crystal, is ther-
modynamically more stable than the diastereomericfor the preparation of [(4-NH2C6H4)As(HlipS2)] (2) from (4-

NH2C6H4)AsO(OH)2. rac-Dihydrolipoic acid and Me2- (2SR,4RS)-1 by 4.3 ± 0.8 kJ/mol (25°C). In solution, the epi-
merization by inversion of configuration at the ψ-tetrahe-AsO(OH) react to give [(Me2As)2(HlipS2)] (3). These reac-

tions indicate pathways by which mono- and diorganoarsenic drally coordinated As atom is faster than expected, with acid
catalysis (COOH groups!) being a possible cause.compounds of various As oxidation states (I, III, and V) may

Scheme 1The toxicity of arsenic compounds has been known and
used since classical antiquity[2]. In addition to its harmful
effects on individuals, arsenic can cause severe public health
problems, as a recent case of mass contamination has
shown[3]. However, the underlying molecular mechanisms
of action are still far from clear. It is assumed that the elec-
tronically soft species RAs21 and R2As1 (R 5 e. g. alkyl,

examined; these were obtained from AsIII starting materialsaryl) block biological sulphydryl groups; however, “the inhi-
in all cases[16] [17] [18]. In the present paper we show that suchbition of thiol-enzymes by AsIII, although widely quoted, is
models are also accessible from compounds of mono- andpoorly understood”[4].
pentavalent arsenic related to the antimicrobial arsenicals,A probable biological target of arsenic(III) is enzyme-
of which “Salvarsan” is the most prominent example[19]. Inbound lipoic acid (α-lipoic acid, thioctic acid, 5-(1,2-dithi-
addition we report the crystal and molecular structure ofolan-3-yl)pentanoic acid, Hlip) [5] [6]. This small biomolecule
[PhAs(HlipS2)] (1), which to our knowledge is the first X-acts as a cofactor in some multienzyme complexes, namely
ray structure of an organoarsenic complex of a naturallythe pyruvate dehydrogenase (and other α-keto acid de-
occuring thiolate. A brief report on some of these resultshydrogenases[7] [8]) and the glycine cleavage system[9] [10]. It
has appeared as a conference abstract[20].has gained attention as a powerful biological antioxidant[11]

and is approved in Germany for use as a therapeutic ag-
Reactionsent[12]. Lipoic acid can be reduced reversibly to dihy-

In the human body, inorganic AsV is partly methylateddrolipoic acid (6,8-dimercaptooctanoic acid, Hlip(SH)2;
to MeAsO(OH)2 and Me2AsO(OH), and it has been sug-Scheme 1). This redox equilibrium is part of the enzy-
gested that the intermediate formation of AsIII is involvedmatic cycles[13].
in the biomethylation pathway[21]. The accompanying redoxIt has repeatedly been demonstrated that lipoic acid-con-
processes are probably coupled to biological thiol/disul-taining enzymes are strongly inhibited by AsIII compounds
phide equilibria. A redox reaction also occurs in the metab-such as arsenite[14] and organoarsoxanes (RAsO)n

[15]. How-
olism of the aryl-AsI compound Salvarsan (see below) andever, only a few relevant low-molecular models have been
results in an AsIII species, which is thought to be the active

[e] Part 1: Ref. [1]. form of this formerly used medicinal drug[22]. This
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prompted us to investigate the redox behaviour of some rel- yields the crystalline AsIII compound [(4-NH2C6H4)As(H-

lipS2)] (2). Spectroscopic data reveal that 2 is not zwit-evant organoarsenic compounds towards the dithiol dihy-
drolipoic acid [Hlip(SH)2] and its oxidation product, the terionic, at least in the solid state and in CDCl3, and that

it has the same constitution as 1 (Scheme 2). The formationcyclic disulphide lipoic acid (Hlip, see Scheme 1).
In tetrahydrofuran (THF), phenylarsonic acid is of 2 sheds light on the possible biochemical pathway of ar-

sanilic acid and similar AsV arsenicals. It shows the facilesmoothly reduced by Hlip(SH)2 with the formation of the
AsIII compound [PhAs(HlipS2)] (1) and lipoic acid (Eq. 1, reduction by a biological dithiol as well as the blocking of

the coenzyme lipoic acid, which may be the cause or one ofmethod C under Experimental).
the causes of the antimicrobial activity.

The AsI arsenical Salvarsan is an aromatic ring-substi-
tuted (3-NH2, 4-OH) derivative of hexaphenylcyclohexaar-
sane. While the parent compound is well-defined and forms
cyclic (AsPh)6 molecules[24], Salvarsan appears as mixtures1 is a disubstituted 1,3,2-dithiarsinane (Scheme 2). Its
of partly oxidized oligomeric and polymeric chains withconstitution was deduced from NMR data by Dill et al.,
strongly varying properties[25]. Both compounds containwho obtained 1 from PhAsCl2 and Hlip(SH)2 in solution
As2As bonds. In Salvarsan these bonds are oxidativelybut did not isolate the product[18]. The final proof of the
cleaved under physiological conditions (see above). We usedstructure of 1 comes from our crystal structure determi-
(AsPh)6 as a model for Salvarsan to test whether lipoic acidnation described below. Eq. 1 includes two reaction steps,
acts as an oxidizing agent towards aryl-AsI and can ac-namely the reduction of AsV and the subsequent com-
complish the As2As bond cleavage. No reaction occurredplexation of the AsIII formed. The second step determines
in THF, toluene or diethylene glycol dimethyl ether at tem-the result of the overall reaction. Therefore, even with the
peratures up to the boiling point of the respective solvent.appropriate ratio of phenylarsonic acid to Hlip(SH)2, no
However, when (AsPh)6 and lipoic acid were melted to-phenylarsoxane is obtained (Eq. 2).
gether, compound 1 was formed quantitatively (Eq. 4,
method B).

Instead, 1 is formed, and 50% of the PhAsO(OH)2 re-
mains unreacted.

The need for quite drastic and thus nonphysiological con-Scheme 2
ditions may be rationalized in terms of the different struc-
tures of (AsPh)6 and Salvarsan, i.e. cyclic vs. open-chain.
Bearing this difference in mind one can expect that in vivo,
Salvarsan, after oxidation by a suitable biological disul-
phide (not necessarily lipoic acid), is able to inhibit lipoic
acid dependent enzymes.

Finally, we studied the reaction of dihydrolipoic acid with
a diorganoarsenic(V) compound, namely dimethylarsenic

Starting from phenylarsoxane, there is an alternative and acid [cacodylic acid, Me2AsO(OH)]. Again reduction of
more favourable route to 1 (Eq. 3, method A). AsV to AsIII, accompanied by AsIII complexation was ob-

served (Eq. 5).

As 1 is the only solid product of this reaction, separation
problems, as in the case of method C (Eq. 1; similar solu-
bilities of 1 and Hlip), are avoided. Triphenylarsane was Attempted separation of [(Me2As)2(HlipS2)] (3, see

Scheme 2) from the second nonvolatile product lipoic acidalso tested as a starting material. However, no reaction with
dihydrolipoic acid was observed. This behaviour distin- failed, although 3 was unambiguously identified by spectro-

scopic methods (13C NMR, CI-MS) in the reaction mixture.guishes AsPh3 from HgPh2, which under the same con-
ditions yields the trinuclear complex The 1:2 molar ratio of 3 and Hlip expected from Eq. 5 was

confirmed by 1H-NMR spectroscopy. No unreacted start-[Hg(PhHg)2(HlipS2)2] [23].
p-Aminophenylarsonic acid [arsanilic acid, (4- ing material or other products were found. Pure 3 is access-

ible via reaction of Me2AsCl with Hlip(SH)2 in the presenceNH2C6H4)AsO(OH)2] was one of the first arsenicals to be
used successfully. Ehrlich has already inferred from biologi- of pyridine as a base[16]. Its formation from Me2AsO(OH)

is, however, more relevant to bioinorganic and toxicologicalcal observations that this compound must be reduced in
organisms in order to become active against pathogens[19b]. questions, because dimethylarsenic acid is a common bio-

methylation product of arsenate and arsenite[21]. Moreover,We have shown that (4-NH2C6H4)AsO(OH)2 is reduced by
Hlip(SH)2. The reaction, which was carried out in meth- this compound is also a herbicide and a chemical weapon

(“Agent Blue”)[26].anol, is analogous to that of PhAsO(OH)2 (Eq. 1) and
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We have shown that mono- and diorganoarsenic(V) com- formation can be easily deduced from Figure 1. Changing

the positions of the stereochemically active lone pair andpounds of the type RAsO(OH)2 and R2AsO(OH), respec-
tively, are easily reduced by dihydrolipoic acid. The logical the phenyl group at As [without rotation about the

As2C(14) bond!] would cause severe repulsion between theextension of this, the reduction of R3AsO by Hlip(SH)2, has
been studied by others for R 5 Me[27]. The only products phenyl ortho-H atoms and the four lone electron pairs at

S(1) and S(2). Rotation about the As2C(14) bond wouldobserved were Me3As and lipoic acid.
reduce this unfavourable energy contribution, but on the

Crystal Structure of 1 other hand it would move one of the ortho-H atoms
towards the lone electron pair at As.Crystals of 1 consist of [PhAs(HlipS2)] molecules (or

In the conformation of 1 that is actually adopted, cis-complexes, to emphasize the semimetallic character of ar-
axial interactions probably occur between the phenyl groupsenic; see Figure 1). The molecules are arranged as sym-
and the axial H atoms at C(1) and C(3). As suggested formetric hydrogen-bonded dimers. Each dimer is situated on
substituted 1,3,2-dithiaphosphinanes and their dioxo anal-a crystallographic centre of inversion and has a central
ogues[30b] [31], these van der Waals forces may be weakly at-eight-membered ring formed by the two carboxylic groups.
tractive. In addition, hyperconjugative interactions in theThe O···O distances within the two hydrogen bonds of the
S2AsPh moiety, similar to those accepted as a basis for thering are 2.657 Å [O(1)···O(29); 2 2 x, 2 2 y, 2 2 z]. This
anomeric effect[32], may contribute to the observed axialmotif is very common and has been found for the majority
orientation of the phenyl group in 1.of monofunctional carboxylic acids in the crystalline

There are no intermolecular contacts to As smaller thanstate[28].
the sum of the van der Waals radii. Thus the coordination

Figure 1. View of [PhAs(HlipS2)] (1) in the solid state; non-hydro- number of As is three, and the geometry around this atomgen atoms are shown as thermal ellipsoids with 50% probability[a]

is pyramidal (ψ-tetrahedral). At least one related compound
is known, in which, in contrast to 1, the coordination
sphere of the central atom is expanded by secondary As2S
bonds. This compound is [PhAs{S2P(OiPr)2}2] [33]. In 1 the
metrical data of the C(14)AsS(1)S(2) part are unexceptional
and fall within the ranges found for four other compounds
having aryl-AsIIIS2 moieties [34]: As2S 2.2322.28, As2C
1.9521.99 Å; S2As2S 92.72102.1, S2As2C
94.02101.3°. The As2S bond lengths in 1 lie marginally
below the single-bond value calculated from the covalent
radii and corrected for the electronegativity difference[35a].

Two chiral centres are present in [PhAs(HlipS2)]: the one
at C(3) belongs to the reduced lipoic acid and a second one
at the arsenic atom. According to the numbering scheme

[a] Selected bond lengths [Å] and angles [°]: As2S(1) 2.230(1), for the 1,3,2-dithiarsinane ring, these are the 2- and the 4-
As2S(2) 2.227(1), As2C(14) 1.964(4), S(1)2C(1) 1.817(5), position. The structure determination was performed on aS(2)2C(3) 1.848(4), C(1)2C(2) 1.530(6), C(2)2C(3) 1.521(5),

crystal of the (2RS,4RS) racemate. Figure 1 shows theC(3)2C(4) 1.529(6), C(4)2C(5) 1.515(6), C(5)2C(6) 1.510(6),
C(6)2C(7) 1.509(6), C(7)2C(8) 1.485(6), O(1)2C(8) 1.297(5), (2R,4R) enantiomer.
O(2)2C(8) 1.208(5), S(1)2As2S(2) 99.41(5), S(1)2As2C(14)
99.49(11), S(2)2As2C(14) 100.51(11), As2S(1)2C(1) 102.55(14), Stereoisomerism of 1As2S(2)2C(3) 104.56(13), S(1)2C(1)2C(2) 117.1(3),
C(1)2C(2)2C(3) 115.9(3), S(2)2C(3)2C(2) 113.0(3), The crystalline products obtained by methods A and CS(2)2C(3)2C(4) 106.5(3), C(2)2C(3)2C(4) 112.2(3),

(see Experimental Section) are (2RS,4RS)-1 as found by X-C(3)2C(4)2C(5) 113.9(3), C(4)2C(5)2C(6) 115.9(3),
C(5)2C(6)2C(7) 111.1(4), C(6)2C(7)2C(8) 117.0(4), ray structure analysis (see above) and spectroscopic com-
O(1)2C(8)2O(2) 122.0(4), O(1)2C(8)2C(7) 114.2(4), parison. A freshly prepared solution in CDCl3 shows theO(2)2C(8)2C(7) 123.8(4).

expected number of 12 signals in the 13C-NMR spectrum.
On standing at room temp. for several days, the dia-The [PhAs(HlipS2)] molecule is a 1,3,2-dithiarsinane di-

substituted at the 2-position (As) and the 4-position [C(3)], stereomer (2SR,4RS)-1 gradually forms in the solution. It
gives rise to additional, weak signals in the 1H- and 13C-i.e. it is a 2-arsa-1,3-dithiacyclohexane derivative. The

AsS2C3 six-membered ring adopts a chair conformation. NMR spectra. Signals at the same positions are observed
for the product prepared by method B, i.e. by melting to-While the 4-substituent has an equatorial orientation, the

phenyl group is axially orientated. This axial confor- gether rac-lipoic acid and (AsPh)6 at 130°C. A quantitative
evaluation of the NMR spectra of this product gives a con-mational preference of a substituent at the As atom is not

unexpected. It has been observed before in related mol- tent of the minor isomer (2SR,4RS)-1 of ca. 16%.
The establishment of equilibrium between the two iso-ecules such as 2-phenyl-1,3,2-dithiarsinane (solution)[29]

and 5-tert-butyl-2-phenyl-1,3,2-dithiaphosphinane (solution mers proceeds much faster in [D4]methanol than in CDCl3.
Starting from pure (2RS,4RS)-1, it is about 90% completeand solid state) [30] and seems to be a more general phenom-

enon. The consequences of the alternative equatorial con- after one day, and after 7 days the final ratio of ca. 85:15 is
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attained. This ratio corresponds to ∆G 5 4.3 ± 0.8 kJ/mol nism involves cleavage of one of the As2S bonds ac-

companied by protonation of the S atom and As2O2Cat 25°C for the equilibrium shown in Eq. 6.
bond formation, rotation about the remaining As2S bond,
and re-establishment of the first As2S bond by elimination

In other words, the (2RS,4RS) isomer, whose X-ray struc- of 2COOH. Acid catalysis is consistent with the observed
ture has been determined, is the thermodynamically more acceleration of the epimerization in [D4]methanol. While in
stable one. In contrast to 1, solutions of the compound 2 CDCl3 hydrogen-bonded dimers like those observed in the
in CDCl3 exhibit NMR spectra compatible with the pure solid state can be expected, in protic solvents monomers
(2SR,4RS) isomer. Here further experiments were ham- having more easily accessible protons should prevail.
pered by the low solubility. Financial support from the Deutsche Forschungsgemeinschaft and
Scheme 3 the Fonds der Chemischen Industrie is gratefully acknowledged. We

thank ASTA Medica AG for generous donations of rac-lipoic acid,
Dr. H. J. Tritschler for providing us with copies of refs. [11] [38a], and
Mr. W. Saak for helpful discussions and for collecting the diffrac-
tion data.

Experimental Section
General: Racemic lipoic acid was obtained as a gift from ASTA

Medica AG. Dihydrolipoic acid was prepared by NaBH4 reduction
of lipoic acid[37]. The identity of the product and its purity ($99%
based on GC) were checked by high-resolution 13C-NMR spec-
troscopy (125.8 MHz, CDCl3): δ 5 22.03 (C-8), 24.02 (C-3), 26.17
(C-4), 33.67 (C-2), 38.37 (C-5), 39.03 (C-6), 42.48 (C-7), 179.8 (C-
1)[38]. Dihydrolipoic acid is a colourless oil which should be stored
under nitrogen. Hexaphenylcyclohexaarsane was prepared and
purified according to the method described in ref. [39]. All other
chemicals were purchased from commercial sources and used with-
out further purification. The solvents were reagent grade. The com-

The equilibrium of Eq. 6 is shown in more detail in pounds 123 were prepared and handled in a glove box under an
Scheme 3. 1a and 1b are conformational isomers of atmosphere of dry nitrogen. 2 IR: FT-IR spectrometer Bio-Rad
(2R,4R)-1, while 1c and 1d correspond to (2S,4R)-1. The FTS 7PC. 2 1H and 13C{1H} NMR: Bruker AM-300, Bruker
isomer 1a is shown in Figure 1. (2S,4S)-1 and (2R,4S)-1 are ARX-500, chemical shifts relative to TMS, solvent signal as in-
not considered because they would merely give a mirror im- ternal reference in the 13C-NMR spectra (CDCl3: δc 5 77.00,

[D4]methanol: δc 5 49.00). Asterisked signals belong to the minorage of Scheme 3. In addition to the slow epimerization by
isomer (2SR,4RS)-1. 2 MS: Finnigan MAT 212, Finnigan MATinversion of configuration at the arsenic atom, two chair-
95. 2 Elemental analyses: Mikroanalytisches Laboratorium Beller,chair equilibria (1a/1b and 1c/1d) are included. As demon-
D-37004 Göttingen, Germany. 2 Caution! Arsenic compounds arestrated above, (2R,4R)-1 is thermodynamically favoured.
highly toxic, and some of them are recognized as human carcino-Under the plausible assumptions that (i) conformations
gens. They should therefore be handled with care to avoid exposure.

other than chair may be neglected and (ii) the
5-(2-Phenyl-1,3,2-dithiarsinan-4-yl)pentanoic Acid (1): Method(CH2)4COOH substituent prefers the equatorial orien-

A: 336 mg (2.00 mmol) of phenylarsoxane was added to a solutiontation, it can be concluded that 1a, together with equal
of 416 mg (2.00 mmol) of rac-dihydrolipoic acid in 40 ml of tetra-amounts of its enantiomeric form, is the major stereoisomer
hydrofuran. The solution was stirred for 24 h. Subsequently its vol-in solution. Thus, the conjecture that 1c is most likely the
ume was reduced in vacuo until an oil remained. From this residuemajor isomer[18] could not be confirmed.
colourless crystals of 1 separated over a two-week period at room

From the early phase of the transformation of temp. The crystals were collected on a glass filter, washed with a
(2RS,4RS)-1 into (2SR,4RS)-1 in CDCl3 the activation en- small amount of toluene and dried in vacuo. A second crop of
ergy can be roughly estimated[35b] at ca. 110 kJ/mol at 25°C crystals was obtained from the filtrate after evaporation. Total
if the reaction is assumed to be monomolecular. Mislow yield: 0.43 g (60%), m.p. 97°C. 2 IR (KBr): ν̃5 3042 cm21 (w,

aryl-CH), 2942 (w, alkyl-CH), 2907 (w, alkyl-CH), 1707 (s, C5O),and coworkers have found a correlation between the bar-
1429 (m), 1250 (m), 1206 (m), 745 (m, phenyl group), 370 (m,riers to pyramidal inversion at arsenic and at phos-
AsS[40]). 2 1H NMR (300 MHz, CDCl3): δ 5 1.3721.66 (m, 6 H),phorus[36]. From this correlation and the activation energy
1.89 (m, 2 H), 2.34 (t, 2 H, CH2COOH), 2.65 (m, 1 H), 2.83 (m, 2reported for 5-tert-butyl-2-phenyl-1,3,2-dithiaphosphin-
H), 7.36 (m, 1 H, Ph-para), 7.46 (“t”, 2 H, Ph-meta), 7.87 (“d”,ane[30b], a ∆G° value near 180 kJ/mol is expected for 1. The
2 H, Ph-ortho), 11.5 (br., 1 H, COOH). 2 1H NMR (500 MHz,large discrepancy of ca. 70 kJ/mol can only be accounted
[D4]methanol; after keeping the solution at room temp. for ca. 7

for by a mechanism other than a simple pyramidal inver- d): δ 5 1.47 (m), 1.58 (m), 1.71 (m)*, 1.8221.95 (m), 2.21 (m)*,
sion. Although we did not investigate this problem further, 2.28 (t), 2.66 (m), 2.85 (m), 3.0423.18 (m)*, 7.40 (m), 7.44 (m)*,
one can hypothesize that acid catalysis by the carboxyl 7.50 (“t”), 7.82 (m)*, 7.88 (“d”). 2 13C NMR (75.5 MHz, CDCl3):
group of 1 may be the determining step. The epimerization δ 5 24.20, 25.07, 27.85, 33.80, 35.73, 38.75, 39.76, 128.7 (Ph-para),

129.2, 132.1, 139.2 (Ph-ipso), 179.7 (C5O). 2 13C NMR (125.8would then be self-catalyzed. A possible reaction mecha-
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MHz, [D4]methanol; after keeping the solution at room temp. for found (cf. ref. [38]). 2 MS (CI, isobutane); m/z (%): 416 (32) [M1],

312 (100) [MH1 2 As(CH3)2].ca. 7 d): δ 5 25.58, 25.75*, 26.19, 26.98*, 28.77, 29.85*, 34.77,
36.99, 37.32*, 39.33*, 39.87, 41.01, 46.04*, 129.9, 130.3, 131.4*,

X-ray Crystal Structure Analysis of 1: A suitable single crystal of133.1, 133.6*, 140.2*, 140.5, 177.3, 177.4*. 2 MS (CI, isobutane);
1 was obtained from the reaction of rac-dihydrolipoic acid withm/z (%): 359 (100) [MH1], 341 (14) [MH1 2 H2O], 207 (7) [MH1

phenylarsonic acid (similar to method C described above).
2 C6H5As], 189 (35) [MH1 2 H2O 2 C6H5As]. 2 C14H19AsO2S2 C14H19AsO2S2, M 5 358.36, colourless crystal, crystal size 0.42 3(358.4): calcd. C 46.92, H 5.34, As 20.91, S 17.90; found C 47.10,

0.29 3 0.10 mm, triclinic, space group P1̄, a 5 7.240(1), b 5H 5.43, As 20.85, S 18.00.
8.526(1), c 5 14.193(2) Å, α 5 82.03(1), β 5 82.84(1), γ 5

67.72(1)°, V 5 800.4(2) Å3, Z 5 2, ρcalcd. 5 1.487 gcm23, F(000) 5Method B: An intimate mixture of rac-lipoic acid and hexaphe-
368, µ(MoKα) 5 2.38 mm21. 3983 reflections were measured atnylcyclohexaarsane in a 6:1 molar ratio was heated to 130°C within
23°C on a Siemens/STOE AED2 diffractometer using graphite-1 h. The mixture started melting at ca. 70°C. The clear, initially
monochromated MoKα radiation. 5° # 2Θ # 50°, 0 # h # 8, 29yellowish melt was kept at 130°C for 3.5 h before it was allowed
# k # 10, 216 # l # 16, ω/2Θ scans, empirical absorption correc-to cool down to room temp. and to solidify. The reaction was quan-
tion, Tmin 5 0.1803, Tmax 5 0.2880. Structure solution by directtitative and yielded a colourless product. 2 13C NMR (75.5 MHz,
methods[41], refinement on F2 values (full-matrix least-squares)[42],CDCl3): δ 5 24.18, 24.28*, 25.04, 25.78*, 27.83, 29.29*, 33.82,
2819 independent reflections (Rint 5 0.0196) of which all were used35.71, 36.11*, 38.19*, 38.72, 39.74, 44.84*, 128.7, 128.8*, 129.1,
in the final refinement, 173 parameters, S (on F2) 5 1.097, R1 (all130.3*, 132.0, 132.6*, 139.2, 179.9.
data) 5 0.0612, wR2 (all data) 5 0.1079, R1 [I > 2σ(I)] 5 0.0438,

Method C: rac-Dihydrolipoic acid and phenylarsonic acid in a max. and min. electron density in final difference map: 11.13 and
2:1 molar ratio were dissolved in tetrahydrofuran. The solution 20.25 eÅ23. Anisotropic thermal parameters were refined for all
turned light yellow due to the formation of lipoic acid. After stir- non-hydrogen atoms. H atoms were included on idealized positions
ring for 24 h, the solvent was removed in vacuo. Colourless crystals and were given U values 1.5 (OH) and 1.2 times (CH, CH2), respec-
of 1 separated from the remaining oil within 2 weeks. Their IR tively, the equivalent isotropic displacement factors of the atoms to
spectrum was identical with that of the product prepared by which they were attached. The H atom of the OH group was al-
method A. lowed to rotate about the C(8)2O(1) bond (AFIX 87 instruction).

5-[2-(4-Aminophenyl)-1,3,2-dithiarsinan-4-yl]pentanoic Acid (2): Crystallographic data (excluding structure factors) for the struc-
434 mg (2.00 mmol) of p-aminophenylarsonic acid was added to a ture reported in this paper have been deposited with the Cambridge
stirred solution of 833 mg (4.00 mmol) of rac-dihydrolipoic acid in Crystallographic Data Centre (deposition no. 100410). Copies of
60 ml of methanol. The arsenic compound slowly dissolved, and the data can be obtained free of charge on application to The Di-
after a few hours the yellow colour of lipoic acid emerged. After rector, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
stirring for 24 h, removal of the solvent in vacuo resulted in the int. code 144(0)1223/336-033, e-mail: deposit@chemcrys.cam.a-
crystallization of small colourless needles of 2. The product was c.uk).
isolated on a glass filter, washed with a small amount of chloroform
and dried in vacuo. Yield 0.53 g (71%), m.p. 122°C. 2 IR (KBr):

; Dedicated to the memory of our teacher and colleague Prof.ν̃5 3376 cm21 (m, NH2), 3302 (w, NH2), 2932 (w, alkyl-CH), 2868
Dr. Siegfried Pohl, who untimely passed away on December

(w, alkyl-CH), 1707 (s, C5O), 1591 (m), 1495 (m), 1265 (m), 1169 18, 1996.
(m), 1074 (m), 818 (m, aryl group), 511 (m), 374 (m, AsS[40]). 2 [1] H. Strasdeit, A. von Döllen, A.-K. Duhme, Z. Naturforsch.

1997, 52b, 17224.1H NMR (300 MHz, CDCl3): δ 5 1.3921.77 (m, 7 H), 2.12 (m, 1
[2] L. Lewin, Die Gifte in der Weltgeschichte: toxikologische allge-H), 2.34 (t, 2 H, CH2COOH), 3.0023.19 (m, 3 H), 5.6 (br., 3 H,

meinverständliche Untersuchungen der historischen Quellen,
NH2 and COOH), 6.67 (“d”, 2 H, aromatic H), 7.59 (“d”, 2 H, Springer, Berlin, 1920; reprint, 3rd ed., Gerstenberg, Hildes-
aromatic H). 2 13C NMR (75.5 MHz, CDCl3): δ 5 24.34, 25.71, heim, 1984, pp. 1572166.

[3] P. Bagla, J. Kaiser, Science 1996, 274, 1742175. Although being30.11, 33.70, 36.54, 38.50, 45.37, 115.1 (H2NCC), 125.5 (AsC),
highly toxic in larger amounts, arsenic may be an essential trace134.3 (AsCC), 148.7 (H2NC), 178.9 (C5O). 2 MS (EI, 80 eV); m/z
element for mammals (see ref. [5]).

(%): 373 (1.4) [M1], 93 (100) [C6H7N1], 66 (50) [C5H1
6 ], 65 (37) [4] Quoted from ref. [5]

[C5H1
5 ]. 2 C14H20AsNO2S2 (373.4): calcd. C 45.04, H 5.40, As [5] O. M. Ni Dhubhghaill, P. J. Sadler, Struct. Bonding (Berlin)

1991, 78, 1292190.20.07, N 3.75, S 17.18; found C 45.14, H 5.52, As 19.56, N 3.75,
[6] H. V. Aposhian in Reviews in Biochemical Toxicology (Eds.: E.S 17.44.

Hodgson, J. R. Bend, R. M. Philpot), Vol. 10, Elsevier, New
York, 1989, pp. 2652299.Formation of 6,8-Bis[(dimethylarsanyl)thio]octanoic Acid (3) [7] T. E. Roche, M. S. Patel (Eds.), Alpha-Keto Acid Dehydrogenase

from Dimethylarsinic Acid and rac-Dihydrolipoic Acid: 138 mg (1.00 Complexes: Organization, Regulation, and Biomedical Ramifi-
cations, New York Academy of Sciences, New York, 1989.mmol) of Me2AsO(OH) was added to a stirred solution of 312 mg

[8] R. N. Perham, Biochemistry 1991, 30, 850128512.(1.50 mmol) of rac-dihydrolipoic acid in 10 ml of tetrahydrofuran.
[9] D. Voet, J. G. Voet, Biochemistry, 2nd ed., Wiley, New York,After stirring overnight, the solvent was evaporated in vacuo. To 1995, pp. 5412548, 7362738.

remove tetrahydrofuran and water completely, the remaining oil [10] For relevant protein crystallographic studies see: [10a] A. Mat-
tevi, G. Obmolova, E. Schulze, K. H. Kalk, A. H. Westphal, A.was dissolved in dichloromethane, and the solvent was evaporated
de Kok, W. G. J. Hol, Science 1992, 255, 154421550. 2 [10b] A.again. After drying in vacuo, a yellow oil was obtained, which con-
Mattevi, G. Obmolova, K. H. Kalk, A. Teplyakov, W. G. J. Hol,sisted of 3 and lipoic acid in a 1:2 molar ratio. 2 1H NMR (500 Biochemistry 1993, 32, 388723901. 2 [10c] S. Pares, C. Cohen-

MHz, CDCl3): The intensities of the signals at δ 5 1.24 (AsCH3) Addad, L. Sieker, M. Neuburger, R. Douce, Proc. Natl. Acad.
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Pares, L. Sieker, M. Neuburger, R. Douce, Nature Struct. Biol.determine the product ratio. 2 13C NMR (125.8 MHz, CDCl3), 3:
1995, 2, 63268. 2 [10e] S. Pares, C. Cohen-Addad, L. C. Sieker,δ 5 13.88 (AsCH3), 14.01 (AsCH3), 24.09, 26.10, 28.78, 33.67, M. Neuburger, R. Douce, Acta Crystallogr. Sect. D 1995, 51,

37.04, 40.14, 45.30, 179.7 (C5O). The remaining signals were those 104121051. 2 [10f] S. S. Mande, S. Sarfaty, M. D. Allen, R. N.
Perham, W. G. J. Hol, Structure 1996, 4, 2772286.of lipoic acid; no signals of unreacted dihydrolipoic acid were
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This work is an exploration into the synthesis and reactivity butylsalicylideneimine), (4)]. Fully characterized examples
include those of general formula LGaX, where L = 1, X = Clof five-coordinate gallium complexes of the ligands, Salen-

(tBu)H2 [N,N9-ethylenebis(3,5-di-tert-butylsalicylidene- (5), Et (6); 3, X = Cl (7), Et (10); 4, X = Cl (8), Me (9) Et (11).
X-ray structural data is presented for 6, 7, 9, 10, and 11. Theimine), (1)], Salpen(tBu)H2 [N,N9-propylenebis(3,5-di-tert-bu-

tylsalicylideneimine), (2)], Salophen(tBu)H2 [N,N9-phenyle- ability of these complexes to undergo either alkane or salt
elimination reactions is described. In one reaction the unusualnebis(3,5-di-tert-butylsalicylideneimine), (3)], and Salom-

phen(tBu)H2 [N,N9-(4,5-dimethyl)phenylenebis(3,5-di-tert- salt: [{Salophen(tBu)Ga(MeOH)}2]+BPh2
4 (12) is obtained.

Figure 1. General depiction of the Salen (a) and Salen(tBu)Despite the fact that Salen ligand (Figure 1a) complexes
(b) classes of ligandsof transition metals [1] have been known for over sixty

years, [2] very little has been accomplished with regards to
the main group elements. Until recently, monomeric group-
13 derivatives of the form, SalenMX (where M 5 Al, Ga,
In and X 5 halide or alkyl) were uncommon. The first ex-
ample to be reported was SalpenAlEt. [3] Since that time
more have appeared in the literature, including those of
aluminum [Salen(tBu)AlX; X 5 Me, Et, iBu,[4] chloride[5];
SalcenAlEt[6]], indium [Salen(tBu)InX; X 5 Me, Et, Cl,
Br] [7] and some aluminum alkoxides[8] and siloxides. [4] The
solubilizing influence of the Salen(tBu) ligand (Figure 1b) L(MR2)2 (where M 5 Al, Ga and R 5 alkyl). [9] Use of the
makes these compounds much more amenable to solution the ligands containing an aryl backbone, 3 and 4, leads to
state studies than those of the underivatized Salen ligands high yields of the chloride derivatives, 7 and 8 without con-
(Figure 1a). They provide a unique opportunity to examine tamination from any LGaEt products. Likewise, the combi-
the formation and reactivity of the group-13 elements in a nation of these ligands with GaEt3 leads to isolation of 10
five-coordinate geometry. Depending on the nature of the and 11 in high yields.
ligand and the substituents on the group-13 element, either

Scheme 1. The general synthetic pathway for the preparation ofa square-pyramidal or trigonal bipyramidal geometry is ob-
5211served. From these early studies it is clear that there are

marked differences in reactivity of the elements in this ge-
ometry compared to the more traditional four-coordinate,
tetrahedral geometry. The present work will add to this
growing base of knowledge on five-coordinate group-13 ele-
ments with a description of the first gallium examples.
These are of the form LGaX [where L 5 Salen(tBu)].

Results and Discussion
Monomeric species are generally obtained in these types

of reactions. For all of the compounds the tBu resonancesCombining one equivalent of Et2GaCl with 1 or 2 leads
to a mixture of predominantly LGaEt with some LGaCl. of the ligands are manifested as a pair of singlets in the

region δ 5 1.321.5. Dimeric derivatives normally showIn the case of the derivatives obtained from 1, these prod-
ucts (5 and 6) can be separated by fractional crystallization. more complexity for these resonances. This is the case, for

example with {Salen(tBu)Al}2O.[8] Furthermore, the de-Similar problems were observed in the formation of the
analogous aluminum derivatives. In fact, ligands 1 and 2 rivatives of 4 contain only one resonance for the Me2Ph

group. The Ga2Et groups are observed as well-definedmost readily form open, bimetallic compounds of the sort
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Figure 3. Molecular structure and atom numbering scheme fortriplets and quartets. The aryl derivatives show greater de-

Salomphen(tBu)GaMe (9)shielding of these groups with shifts in the range of δ 5 0.2
and 0.7. Compound 5 is marginally more shielded with val-
ues of δ 5 0.26 and 0.83.

The Me resonance of 9 occurs at δ 5 0.59. This can be
compared to the same shift in the four-coordinate deriva-
tives, Me3Ga2thf (δ 5 20.3) [10], Me3Ga2NH(iPr)2 (δ 5
0.33)[11], Me3Ga2PPh3 (δ 5 0.17)[12], and (Me3Ga)22
diphos (δ 5 0.15). From the limited amount of data that is
available it would appear that the five-coordinate shifts oc-
cur at lower field than those observed for four-coordinate
derivatives.

The five-coordinate environment around the gallium
atoms was confirmed structurally for 6, 7, 9, 10, and 11.
The structure of 7 is the third reported for a group-13 hal-
ide bound by a Salen(tBu) ligand (Figure 2). [7] The Ga
atom is in a distorted square pyramidal geometry with the
ligand occupying the basal plane at a Ga2N2O2 plane dis-
tance of 0.49 Å. The chloride occupies the apical site at a
distance of 2.199(3) Å. A similar geometry is observed for 0.64 Å, respectively. The Ga2CH2 distance does not vary
the methyl derivative, 9 (Figure 3) which has a Ga2N2O2 substantially based upon the geometry of the gallium.
plane distance of 0.63 Å. The Ga2O and Ga2N bond dis-
tances shorten by comparison to 7. Compare, for instance, Figure 4. Molecular structure and atom numbering scheme for

Salen(tBu)GaEt (6)the Ga2O axial distances (ave 5 1.87 Å for 7 and 1.90 Å
for 9). This is a result of the lessened inductive effect of
the Me group when compared to Cl. The Ga2Me distance
[1.939(5) Å] is fairly standard for four- and five-coordinate
compounds. [9] [10] [11] For example this distance in [Me2-
GaNH(tBu)]2 and Me3Ga2NH2(tBu) is 1.978(7) Å and
2.01(1) Å, respectively. [13] Compound 9 is actually dimeric
in the solid state. The two monomeric units are held to-
gether by a relatively close Ga···H (from a Ph2Me group)
contact of approximately 3.1 Å.

Figure 2. Molecular structure and atom numbering scheme for
Salophen(tBu)GaCl (7)

Figure 5. Molecular structure and atom numbering scheme of
Salophen(tBu)GaEt (10)

Compound (6) adopts a geometry that may best be de-
scribed as distorted square pyramidal (Figure 4). It contains
a fairly obtuse angle [O(2)2Ga(1)2N(1)] of 153.2(4)° that
is indicative of a trigonal bipyramidal distortion. Com- In a manner similar to compound 9, one of the ethylene

hydrogen atoms of 6 is close (3.15 Å) to the gallium atompounds 10 and 11 are more ideally square-pyramidal as a
result of the enforced planarity inherent to the aryl back- of a second Salen(tBu)GaEt unit (Figure 6). Dimerization

through such close contacts is becoming commonplace inbones of ligands 3 and 4 [a figure (Figure 5) is provided for
10 only]. The Ga2N2O2 plane distances for 6, 10, and 11 these types of structures. [7] They are also observed in square

pyramidal indium derivatives. This may be an indicationare close to one another with values of 0.67 Å, 0.63 Å, and
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that a sixth coordination site may be available, at least to Cationic aluminum complexes can also be formed con-

taining [BPh4]2 as the anion. While this reaction was notsmall nucleophiles, in these compounds.
successful for indium, a new product can be isolated when
using gallium. The product is the unusual salt comprised ofFigure 6. Dimerization of 6 through hydrogen contacts
a cation containing two gallium atoms and the BPh4 coun-
ter-anion [Scheme 2(d)]. The 1H-NMR data is complex and
difficult to interpret. However, the results of a partial crys-
tal structure determination and elemental analyses confirms
the proposed formulation. Unfortunately, the structure is
complicated by the presence of as many as five molecules
of MeOH in the independent unit so the structure could
not be satisfactorily refined.[15] It can be viewed as being
an adduct between the cationic species,
Salen(tBu)Ga(MeOH)2]1 and a neutral Salen(tBu)GaCl
molecule. Within the limits of the quality of the structure,
both of the Ga2Cl distances are the same (ca. 2.0 Å) and
form a Ga2Cl2Ga9 angle of 149°. That species like 12
may, in fact, represent a new class of bimetallic compounds
is evidenced by the TiIII compound, [{(acacen)Ti(NO3)}2O]
(acacen 5 N,N9-ethylenebisacetylacetoneiminato) which has
been used to prepare a range of interesting oligomeric
metal-chelate derivatives.[16] It will be interesting to see ifReactivity Studies
compound 12 can be utilized similarly.

The gallium halide derivative 8 will undergo a salt elimi-
Gratitude is expressed to the National Science Foundation (Grantnation reaction with MeLi to form the methyl derivative, 9

9452892) and the donors of the Petroleum Research Fund (Grant[Scheme 2(a)]. The same type of product is obtained in the
31901-AC3), administered by the American Chemical Society, for

analogous reaction with indium.[7] However, the gallium support. The receipt of an NSF-CAREER Award (CHE 9625376)
halide complexes will not undergo halide displacement with is also gratefully acknowledged.
Lewis bases such as MeOH [Scheme 2(b)]. This is in con-
trast to the same reaction for aluminum in which cationic

Experimental Sectioncomplexes are formed (eg. [SalenAl(MeOH)2]1Cl2). [14]

Similarly, salt eliminations with the gallium halides and General Considerations: All manipulations were conducted using
Schlenk techniques in conjunction to an inert atmosphere gloveNaOTs (OTs 5 toluenesulfonic acid) do not occur [Scheme
box. All solvents were rigorously dried prior to use. 2 NMR data2(c)] despite the fact that, for aluminum, a wide range of
were obtained on JEOL-GSX-400 and -270 instruments at 270.17cations ([SalenAl(base)2]1OTs2) can be accessed in this
(1H) and are reported relative to SiMe4 and in ppm. 2 Elementalmanner. [14] For these two reactions [Scheme 2(b) and (c)]
analyses were obtained on a Perkin-Elmer 2400 Analyzer. 2 Infra-gallium and indium behave identically.
red data were recorded as KBr pellets on a Matheson Instruments
2020 Galaxy Series spectrometer and are reported in cm21. The
reagent 3,5-di-tert-butyl-2-hydroxybenzaldehyde was prepared ac-

Scheme 2. Reactions involving the five-coordinate halide deriva- cording to the literature.[17] 2 All of the X-ray data was collected
tives on a Siemens SMART-CCD unit. A complete data set was col-

lected (Θ 5 55°) in each case although this number could be re-
duced to provide a better structure in the final stages of the struc-
ture determination. All of the hydrogen atoms were placed into
calculated, idealized positions. The structures were solved with the
Siemens SHELXTL-Plus suite of programs.

Reaction of Salen(tBu)H2 and Et2GaCl: To a stirred solution of
Et2GaCl, prepared in situ from triethylgallium (0.32 g, 2.03 mmol)
and gallium trichloride (0.18 g, 1.02 mmol) in toluene (20 ml), was
added Salen(tBu)H2 (1.50 g, 3.05 mmol). The resultant yellow solu-
tion was refluxed for a total of 14 h before removal of solvent in
vacuo to yield a yellow solid. NMR analysis of this material indi-
cated a single major product identified as Salen(tBu)GaCl (ca. 60%
by integration) and a number of minor products. Attempted frac-
tional cystallisation from methanol solution yielded yellow crystals
identified as Salen(tBu)GaEt by single crystal X-ray analysis [0.10
g, 5.5% based on Salen(tBu)H2, m.p. 223 °C]. Attempts to isolate
an analytically pure sample of Salen(tBu)GaCl however were un-
successful.
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[s, 18 H, C(CH3)3], 3.6623.68 (m, 2 H, CH2CH2), 3.8323.85 (m,Table 1a. Crystal data for Salophen(tBu)GaCl (7)and Salomphen-

(tBu)GaMe (9) 2 H, CH2CH2) 6.87 (s, 2 H, Ar-H), 7.40 (s, 2 H, Ar-CH), 8.27 (s,
2 H, Ar-H). 2 IR (KBr, cm21): ν̃ 5 2953 s, 2903 s, 2864 s, 1649 s,

7 9 1618 s, 1535 s, 1440 m, 1411 m, 1303 m, 1253 m, 1199 m, 1168 m,
1055 w, 979 w, 877 w, 831 w, 787 m, 742 m, 700 w, 667 w, 561 w,

Formula C72H92Cl2Ga2N4O4 C39H57GaN2O4 462 w. 2 C34H51GaN2O2 (589.49): calcd. (found) C 69.30 (69.36),
Formula weight 1287.84 687.59 H 8.66 (8.37), N 4.76 (4.63).
Crystal system monoclinic monoclinic
Space group P21/c P21/c Reaction of Salpen(tBu)H2 and Et2GaCl: An identical procedure
a [Å] 10.8756(7) 15.6740(8) to that described above, utilizing triethylgallium (0.319 g, 2.03
b [Å] 17.029(1) 10.4407(6)

mmol), gallium trichloride (0.179 g, 1.02 mmol) and Salpen(tBu)H2c [Å] 20.584(1) 23.784(1)
(1.544 g, 3.05 mmol) in toluene solution (20 ml), provided a paleα [°] 107.241(1) 90

β [°] 90.021(1) 90.498(1) green solid upon removal of the solvent. This was demonstrated to
γ [°] 107.550(1) 90 be a complex mixture of products by 1H NMR and proved insensi-
V [Å3] 3454.5(4) 3892.0(4)

tive to further purification by fractional crystallization in a varietyZ 2 4
of polar and non-polar solvents.D(calcd) [Mg/m3] 1.238 1.173

Crystal size [mm3] (0.40)3 (0.5)3

Synthesis of Salophen(tBu)GaCl (7): This compound was synthe-Colour, habit pale yellow cube pale yellow cube
sized utilizing a similar procedure to that described above, em-Temperature [K] 298 298

Abs coeff. [mm21] 0.906 0.745 ploying triethylgallium (0.194 g, 1.23 mmol), gallium trichloride
θ range solution [o][a] 1.04218.00 1.55219.00 (0.109 g, 0.62 mmol) and Salophen(tBu)H2 (1.00 g, 1.85 mmol) inCollected refl. 8126 10104

toluene solution (20 ml). In vacuo removal of solvent afforded theIndependent refl. 4643 (rint 5 0.0673) 3123 (rint 5 0.0559)
title compound as a pale orange solid in stoichiometric yield whichObsd. with I > 2σ(I) 4606 3115

R1 0.0591 0.0469 could be crystallized from methanol solution as pale orange crys-
R1 (all data) 0.0777 0.0558 tals suitable for X-ray analysis (0.98 g, 82%) m.p. >260 °C. 1HGoodness of fit on F2 1.214 1.232

NMR (270 MHz, CDCl3): δ 5 1.33 [s, 18 H, C(CH3)3], 1.58 [s, 18Largest diff. peak 0.358 and 20.341 0.365 and 20.309
H, C(CH3)3], 7.14 (s, 2 H, Ar-H), 7.40 (m, 2 H, Ar-H), 7.62 (s, 2and hole
H, Ar-H), 7.72 (m, 2 H, Ar-H), 8.92 (s, 2 H, Ar-CH). 2 IR (KBr,
cm21): ν̃ 5 2959 s, 2906 m, 2868 m, 1614 s, 1583 s, 1533 s, 1465[a] All of the data sets were collected to 55°. The range was nar-

rowed during refinement to improve the structure solution. m, 1388 m, 1359 m, 1315 w, 1257 m, 1026 w, 835 w, 785 w, 744
m, 540 w. 2 C72H92Cl2Ga2N4O4 (1287.84): calcd. (found) C 67.16
(67.37), H 7.15 (6.95), N 4.35 (4.17).Salen(tBu)GaCl (5): 1H NMR (270 MHz, CDCl3): δ 5 1.10 [s,

18 H, C(CH3)3], 1.40 [s, 18 H, C(CH3)3], 3.8024.18 (m, ca. 4 H, Synthesis of Salomphen(tBu)GaCl (8): This compound was syn-
CH2CH2), 6.72 (s, 2 H, Ar-H), 7.47 (s, 2 H, Ar-H), 8.50 (s, 2 H, thesized by a similar procedure to that outlined above employing
Ar-CH). triethylgallium (0.276 g, 1.76 mmol), gallium trichloride (0.158 g,

0.88 mmol) and Salomphen(tBu)H2 (1.50 g, 2.64 mmol). In vacuoSalen(tBu)GaEt (6): 1H NMR (270 MHz, CDCl3): δ 5 0.26 (q,
2 H, CH2Ga), 0.83 (t, 3 H, CH2CH3), 1.27 [s, 18 H, C(CH3)3], 1.50 removal of the solvent produced an orange solid [containing ca.

Table 1b. Crystal data for Salen(tBu)GaEt (6), Salophen(tBu)GaEt (10), and Salomphen(tBu)GaEt (11)

6 10 11

Formula C34H51GaN2O2 C38H51GaN2O2 C40H56GaN2O2
Formula weight 589.49 637.53 666.84
Crystal system monoclinic triclinic monoclinic
Space group P21/c P1̄ P21/c
a [Å] 11.909(1) 9.9771(5) 14.4606(8)
b [Å] 15.593(1) 12.9593(7) 14.6625(8)
c [Å] 18.460(2) 14.7505(8) 19.124(1)
α [°] 90 85.868(1) 90
β [°] 103.340(2) 79.493(1) 106.443(1)
γ [°] 90 71.458(1) 90
V [Å3] 3321.5(2) 1777.7(2) 3888.9(4)
Z 4 2 4
D(calcd.) [Mg/m3] 1.179 1.191 1.139
Crystal size [mm3] (0.50)3 (0.4)3 (0.50)3

Colour, habit orange cube
Temperature [K] 298 298 298
Abs coeff. [mm21 ] 0.858 0.807 0.740
θ range solution [°][a] 1.73220.00 1.40221.50 1.47219.99
Collected refl. 9580 6432 11403
Independent refl. 3081 (rint 5 0.1732) 3999 (rint 5 0.0499) 3608 (rint 5 0.0358)
Obsd. with I > 2σ(I) 3081 3974 3588
R1 0.1346 0.0493 0.0613
R1 (all data) 0.1756 0.0527 0.0717
Goodness of fit on F2 1.710 1.519 1.569
Largest diff. peak and hole 0.931 and 20.388 0.565 and 20.485 1.085 and 20.463

[a] All of the data sets were collected to 55°. The range was narrowed during refinement to improve the structure solution.
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in vacuo removal of solvent produced a red-brown solid which wasTable 2a. Selected bond lengths [Å] and angles [°] for 7 (one mole-

cule only), and 9 recrystallized from methanol in air to yield the title compound as
a dihydrate as orange crystals suitable for single crystal X-ray

7 9 analysis (0.15 g, 65%) m.p. >260 °C. 2 1H NMR (270 MHz,
CDCl3): δ 5 20.59 (s, 3 H, Ga-CH3), 1.3 [s, 18 H, C(CH3)3], 1.52

Ga(1)2O(1) 1.862(6) Ga(1)2O(1) 1.901(3) [s, 18 H, C(CH3)3], 2.36 (s, 6 H, Ph-CH3), 3.48 (br. s, 4 H, H2O),
Ga(1)2O(2) 1.881(6) Ga(1)2O(2) 1.909(3) 7.04 (s, 2 H, Ar-H), 7.40 (s, 2 H, Ar-H), 7.48 (s, 2 H, Ar-H), 8.66
Ga(1)2N(1) 2.045(7) Ga(1)2N(1) 2.064(4)

(s, 2 H, Ar-CH). 2 IR (KBr, cm21): ν̃ 5 2962 s, 2918 m, 2874 m,Ga(1)2N(2) 2.016(7) Ga(1)2N(2) 2.105(4)
1616 s, 1591 s, 1465 w, 1398 m, 1259 m, 1172 m, 1016 m, 808 m,Ga(1)2Cl 2.199(3) Ga(1)2C(1) 1.939(5)

O(1)2C(13) 1.32(1) O(1)2C(16) 1.326(5) 787 w, 705 w, 491 w. 2 C39H57GaN2O4 (687.59): calcd. (found) C
O(2)2C(28) 1.30(1) O(2)2C(31) 1.322(5) 68.35 (68.48), H 8.03 (8.17), N 4.09 (4.67).
N(1)2C(7) 1.30(1) N(1)2C(7) 1.404(6)
N(1)2C(6) 1.40(1) N(1)2C(10) 1.295(6)

Synthesis of Salophen(tBu)GaEt (10): A solution of GaEt3 (0.29N(2)2C(22) 1.30(1) N(2)2C(2) 1.397(6)
g, 1.85 mmol) in toluene (5 ml) was added at room temperature toN(2)2C(1) 1.41(1) N(2)2C(25) 1.270(6)

O(1)2Ga(1)2O(2) 87.4(3) O(1)2Ga2O(2) 86.4(1) a stirred solution of Salophen(tBu)H2 (1.0 g, 1.85 mmol) in toluene
O(1)2Ga(1)2N(1) 89.5(3) O(1)2Ga2N(1) 88.5(2) (15 ml). The initial golden yellow solution was stirred for 2 h atO(2)2Ga(1)2N(1) 153.8(3) O(2)2Ga2N(1) 136.8(2)

which point the solvent was removed to yield a pale brown solid.O(1)2Ga(1)2N(2) 147.2(3) O(1)2Ga2N(2) 148.8(2)
NMR analysis of this material indicated a mixture of products. TheO(2)2Ga(1)2N(2) 90.1(3) O(2)2Ga2N(2) 86.8(2)

N(1)2Ga(1)2N(2) 78.6(4) N(1)2Ga2N(2) 76.0(2) solid was redissolved in a further 20 ml of toluene and refluxed for
O(1)2Ga(1)2Cl(1) 109.3(2) O(1)2Ga2C(1) 109.0(2) 15 h producing an orange/brown solution. Removal of solvent andO(2)2Ga(1)2Cl(1) 106.2(2) O(2)2Ga2C(1) 111.4(2)

subsequent recrystallisation from a hexane/toluene solution yieldedN(1)2Ga(1)2Cl(1) 99.4(2) N(1)2Ga2C(1) 110.8(2)
the title compound as ruby-red rectangular crystals suitable for X-N(2)2Ga(1)2Cl(1) 102.7(2) N(2)2Ga2C(1) 101.8(2)
ray analysis. (1.00 g, 81%). m.p >260 °C. 2 1H NMR (270 MHz,
CDCl3): δ 5 0.23 (q, 2 H, CH2Ga), 0.73 (t, 3 H, CH2CH3), 1.32

Table 2b. Selected bond lengths [pm] and angles [°] for 6, 10, and 11

6 10 11

Ga(1)2O(1) 1.900(8) Ga(1)2O(1) 1.905(2) Ga(1)2O(1) 1.913(4)
Ga(1)2O(2) 1.932(9) Ga(1)2O(2) 1.907(3) Ga(1)2O(2) 1.910(4)
Ga(1)2N(1) 2.09(1) Ga(1)2N(1) 2.107(3) Ga(1)2N(1) 2.091(5)
Ga(1)2N(2) 2.06(1) Ga(1)2N(2) 2.072(3) Ga(1)2N(2) 2.109(5)
Ga(1)2C(2) 1.95(1) Ga(1)2C(1) 2.019(8) Ga(1)2C(39) 1.970(9)
O(1)2C(26) 1.31(1) O(1)2C(24) 1.324(4) O(1)2C(15) 1.314(7)
O(2)2C(11) 1.32(1) O(2)2C(23) 1.330(5) O(2)2C(30) 1.310(7)
N(1)2C(3) 1.45(2) N(1)2C(38) 1.294(5) N(1)2C(9) 1.287(7)
N(1)2C(20) 1.27(2) N(1)2C(3) 1.413(5) N(1)2C(6) 1.433(7)
N(2)2C(4) 1.50(2) N(2)2C(9) 1.305(5) N(2)2C(24) 1.291(7)
N(2)2C(5) 1.29(2) N(2)2C(8) 1.418(5) N(2)2C(1) 1.418(7)
O(1)2Ga(1)2O(2) 86.6(4) O(1)2Ga2O(2) 86.9(1) O(1)2Ga(1)2O(2) 87.2(2)
O(1)2Ga(1)2N(1) 85.9(4) O(1)2Ga2N(1) 85.7(1) O(1)2Ga(1)2N(1) 87.3(2)
O(2)2Ga(1)2N(1) 153.2(4) O(2)2Ga2N(1) 147.6(1) O(2)2Ga(1)2N(1) 137.7(2)
O(1)2Ga(1)2N(2) 127.0(4) O(1)2Ga2N(2) 137.2(1) O(1)2Ga(1)2N(2) 146.3(2)
O(2)2Ga(1)2N(2) 86.8(4) O(2)2Ga2N(2) 88.1(1) O(2)2Ga(1)2N(2) 86.2(2)
N(1)2Ga(1)2N(2) 77.5(5) N(1)2Ga2N(2) 76.4(1) N(1)2Ga(1)2N(2) 75.9(2)
O(1)2Ga(1)2C(2) 116.3(5) O(1)2Ga2C(1) 111.8(2) O(1)2Ga(1)2C(39) 111.5(3)
O(2)2Ga(1)2C(2) 106.0(5) O(2)2Ga2C(1) 113.3(3) O(2)2Ga(1)2C(39) 112.4(3)
N(1)2Ga(1)2C(2) 100.4(6) N(1)2Ga2C(1) 98.7(2) N(1)2Ga(1)2C(39) 108.6(3)
N(2)2Ga(1)2C(2) 116.0(5) N(2)2Ga2C(1) 109.1(2) N(2)2Ga(1)2C(39) 101.6(3)

5% Salomphen(tBu)GaEt by NMR] which was recrystallized from [s, 18 H, C(CH3)3], 1.54 [s, 18 H, C(CH3)3], 7.02 (d, 2 H, Ar-H),
7.3427.36 (m, 2 H, Ar-H), 7.50 (d, 2 H, Ar-H), 7.6127.64 (m, 2hexane/toluene solution at 230 °C to yield the title compound as

an orange microcrystalline solid (1.35 g, 76%) m.p. >260 °C. 2 1H H, Ar-H), 8,70 (s, 2 H, Ar-CH). 2 IR (KBr, cm21): ν̃ 5 2960 s,
2918 m, 2866 m, 1612 s, 1581 s, 1529 s, 1465 w, 1435 w, 1386 m,NMR (270 MHz, CDCl3): δ 5 1.33 [s, 18 H, C(CH3)3], 1.58 [s, 18

H, C(CH3)3], 2.36 (s, 6 H, Ar-CH3), 7.14 (s, 2 H, Ar-H), 7.49 (s, 2 1357 w, 1259 m, 1174 m, 1106 m, 1026 m, 866 w, 802 m, 748 m,
528 m. 2 C38H51GaN2O2 (637.53): calcd. (found) C 71.62 (71.31),H, Ar-H), 7.60 (s, 2 H, Ar-H), 8.87 (s, 2 H, Ar-CH). 2 IR (KBr,

cm21): ν̃ 5 2960 s, 2908 m, 2868 m, 1616 s, 1591 s, 1550 s, 1465 8.01 (7.75), N 4.40 (4.20).
m, 1435 m, 1388 m, 1359 m, 1249 m, 1176 s, 1134 w, 1024 w, 839
m, 785 m, 746 w, 653 w, 538 w, 505 w. 2 calcd. (found) C 67.94 Synthesis of Salomphen(tBu)GaEt (11): This compound was syn-
(67.51), H 7.45 (7.63), N 4.17 (3.97). thesized by an identical procedure as that outlined for Salo-

phen(tBu)GaEt from GaEt3 (0.28 g, 1.76 mmol) and Salom-Synthesis of Salomphen(tBu)GaMe (9): Salomphen(tBu)GaCl
(0.25 g, 0.37 mmol) was dissolved in diethyl ether (20 ml) and phen(tBu)H2 (1.00 g, 1.76 mmol), recrystallisation from a hexane/

toluene solution yielding the title compound as an orange rec-stirred at 278 °C. MeLi (0.27 ml, 1.4  in diethyl ether, 0.37 mmol)
was added producing a deep brown solution. This was allowed to tangular crystals suitable for X-ray analysis. (1.06 g, 87%). m.p.

>260 °C. 2 1H NMR (270 MHz, CDCl3): δ 5 0.19 (q, 2 H,warm to room temperature before evaporation of the solvent to
produce a brown solid. Extraction in toluene (15 ml), followed by CH2Ga), 0.71 (t, 3 H, CH2CH3), 1.33 [s, 18 H, C(CH3)3], 1.54 [s,
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18 H, C(CH3)3], 2.35 (s, 6 H, Ar-CH3), 7.03 (d, 2 H, Ar-H), 7.40 Cambridge CB21EZ, UK [Fax: int. code 144 (0)1223/336-033; E-

mail: deposit@chemcrys.cam.ac.uk].(s, 2 H, Ar-H), 7.49 (s, 2 H, Ar-H), 8.67 (s, 2 H, Ar-CH). 2 IR
(KBr, cm21): ν̃ 5 2962 s, 2910 m, 1618 s, 1593 m, 1548 m, 1410 w,
1261 m, 1174 m, 1089 m, 1018 m, 800 m, 534 w. 2 C40H56GaN2O2

[1] For reviews see: [1a] R. H. Holm, G. W. Everett, Jr., A. Chakra-
vorty, Prog. Inorg. Chem. 1966, 7, 83. 2 [1b] M. D. Hobday, T.(666.84): calcd. (found) C 72.21 (71.94), H 8.27 (8.25), N 4.21
D. Smith, Coord. Chem. Rev. 1972, 9, 311.(3.98). [2] J. V. Dubsky, A. Sokol, Collection Czech Chem. Commun., 1931,
3, 548.Synthesis of {[Salomphen(tBu)Ga ·MeOH]2Cl}BPh4 (12): Sal- [3] S. J. Dzugan, V. L. Goedken, Inorg. Chem. 1986, 25, 2858.

omphen(tBu)GaCl (0.30 g, 0.47 mmol) and sodium tetraphenylbo- [4] D. A. Atwood, M. S. Hill, J. A. Jegier, D. Rutherford, Or-
rate (0.16 g, 0.47 mmol) were stirred as a pale orange solution in ganometallics 1997, 16, 2659.

[5] D. Rutherford, D. A. Atwood, Organometallics, 1996, 15, 4417.methanol (15 ml) for 14 h. At this point the solution was reduced
[6] W.-H. Leung, E. Y. Y. Chan, E. K. F. Chow, I. D. Williams, S.-in volume to ca. 5 ml and allowed to crystallise by slow evaporation

M. Peng, J. Chem. Soc., Dalton Trans. 1996, 1229.
of the solvent. This produced the title compound as heavily sol- [7] M. S. Hill, D. A. Atwood, Main Group Chem., in press.
vated orange needles suitable for X-ray analysis. This material [8] P. L. Gurian, L. K. Cheatham, J. W. Ziller, A. R. Barron, J.

Chem. Soc., Dalton Trans. 1991, 1449.could be converted to a red unsolvated form by storage under vac-
[9] K. S. Chong, S. J. Rettig, A. Storr, J. Trotter, Can. J. Chem.uum for several hours (total yield, 0.41 g, 52%) m.p. 2082213 °C

1977, 55, 2540; M. S. Hill, P. Wei, D. A. Atwood, Polyhedron,
(dec). 2 1H NMR (270 MHz, CDCl3): δ 5 0.7721.56 [complex in press.
multiplet, 72 H, C(CH3)3], 2.4622.54 (m, 12 H, Ph-CH3), 3.35 (s, [10] A. C. Jones, D. J. Cole-Hamilton, A. K. Holliday, M. M. Ah-

mad, J. Chem. Soc., Dalton Trans. 1983, 1047.6 H, HO-CH3), 6.4327.60 (m, 32 H, Ar-H). 2 IR (KBr, cm21):
[11] M. Niemeyer, T. J. Goodwin, S. H. Risbud, P. P. Power, Chem.ν̃ 5 2960 s, 2906 m, 2872 m, 1614 s, 1587 m, 1533 s, 1465 m, 1435

Mater. 1996, 8, 2745.
m, 1390 m, 1359 m, 1251 m, 1180 m, 1081 m, 806 w, 702 w, 613 w, [12] D. C. Bradley, H. Chudzynska, M. C. Faktor, D. M. Frigo, M.
540 w, 503 w. 2 calcd. (found) C 72.62 (73.02), H 7.47 (7.36). B. Hursthouse, B. Hussain, L. M. Smith, Polyhedron 1988,

1289.
[13] D. A. Atwood, R. A. Jones, A. H. Cowley, S. G. Bott, J. L.

Attempted Reactions: Atwood, J. Organomet. Chem. 1992, 434, 143.
[14] [14a] D. A. Atwood, J. A. Jegier, D. Rutherford, J. Am. Chem.Salophen(tBu)GaCl and NaOTs (in Dichloromethane): Sodium Soc. 1995, 117, 6779. 2 [14b] M. G. Davidson, C. Lambert, I.

p-toluenesulfonate (0.1 g, 0.51 mmol) was added as a solid to a Lopez-Solera, P. R. Raithby, R. Snaith, Inorg. Chem. 1995, 34,
3765. 2 [14c] D. A. Atwood, J- A. Jegier, D. Rutherford, Inorg.stirred solution of Salophen(tBu)GaCl (0.25 g, 0.39 mmol) in 15 ml
Chem. 1996, 35, 63.of CH2Cl2, thf, or MeO H, dichloromethane (15 ml). The resultant [15] A reasonable solution could not be obtained despite attemptssuspension was stirred for 14 h before filtration and evaporation of with 8 crystals and several data sets. The best solution was ob-

the solvent to yield an orange solid. This was demonstrated to be tained with: Triclinic, P1̄, a 5 11.8477(6), b 5 16.1054(8), c 5
29.481(2) Å, α 5 98.628(1), β 5 98.826(1), γ 5 101.319(1)°,unreacted Salophen(tBu)GaCl by 1H NMR.
V 5 5355.5(5) Å3, Z 5 2, with 25% of the atoms anisotropic
the R1 value was 11.32% on 11761 data.Crystallographic data (excluding the structure factor tables) for

[16] F. Franceschi, E. Gallo, E. Solari, C. Floriani, A. Chiesi-Villa,the structures reported in this paper have been deposited with the
C. Rizzoli, N. Re, A. Sgamellotti, Chem. Eur. J. 1996, 2, 1466.Cambridge Crystallographic Data Center as supplementary publi- [17] G. Casiraghi, G. Casnati, G. Puglia, G. Sartori, G. Terenghi, J.

cation CCDC-100614. Copies of the data can be obtained free of Chem. Soc., Perkin Trans. 1 1980, 1862.
[97109]charge on application to The Director, CCDC, 12 Union Road,
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Chiral- and multiply-carboxylated phosphanes and phospha- method. The diphenylphosphanyl derivatives 14216 (R, R9 =
Ph) are accessible by an alternative method involving LiAlH4nyl derivatives of benzoic and phthalic acids (129) are acces-

sible in high yields by nucleophilic phosphanylation of potas- reduction of the phosphanylbenzonitriles (20222), which
were obtained in high yields by nucleophilic phosphanyla-sium or lithium salts of commercially available fluorobenzoic

and 3-fluorophthalic acids with Ph2PH, Ph2PK, PhPLi2, tion of the corresponding fluoro- or chlorobenzonitriles. The
novel bidentate phosphanylbenzonitrile 23 has also been ob-Ph(K)P2(CH2)32P(K)Ph in superbasic media (DMSO/KOH)

or in THF and DME. The hitherto unknown phosphanylphe- tained using this synthetic route. All compounds were com-
pletely characterized by elemental analysis, NMR spectros-nylacetic acids (10213) and phosphanylbenzylamines

RR9P2C6H42CH22NH2 (14219, R, R9 = H, Me, Ph) with un- copy, and mass spectrometry.
substituted amino groups were also synthesized by this

Aromatic phosphanes with carboxylated side chains, e.g. dition, the carboxylate substituents are connected in a more
flexible manner to the rigid aromatic ring systems. For thePh2P2(CH2)n2COOH, Ph2P2C6H422-COOH, have been

extensively employed as components in catalysts for the oli- sake of comparison we have included phosphanylbenzylam-
ines C in our study, and these systems contain aminomethylgomerization, polymerization, telomerization and hydrofor-

mylation of olefins[2a] [2b] [2c] [2d]. Thus, the catalyst used for groups. These groups can be protonated to give novel cat-
ionic water soluble phosphanes D. Ligands of this type,the two phase oligomerization of olefins in the “Shell higher

olefin process” (SHOP)[2e] is prepared by reaction of bis- bearing quaternary ammonium groups, form palladium
complexes with phase transfer properties. They are effective(cyclooctadiene)nickel(0) with diphenylphosphanylacetic

acid. Reduction/substitution reactions performed on per- catalysts for the fluorocarbonylation of bromobenzene with
CO and KF[4b].technate leads to neutral technetium(III) complexes with

carboxylated phosphanes in which the phosphane ligands
act as O,P-bidentate systems. The biodistribution of the
corresponding 99mTc labelled species has been studied[2f].

The o-, m-, and p-isomers of diphenylphosphanylbenzoic
acid have been reported earlier. These compounds are ac-
cessible by multistep[3a] [3b] [3c] or protective group syn-
thesis [3d], but only in moderate overall yields. Despite the
keen interest in these ligands, there are no reports in the

Ligands with functionalized peripheries are of increasingliterature so far on their higher carboxylated analogs (A) or
interest [5a] because of their potential for further derivatiz-derivatives containing CH2 spacers between the aromatic
ation, e.g. by esterification with diols to give functionalizedring and the COOH-groups (“phosphanylphenylacetic ac-
linear polymers suitable as insoluble supports for the immo-ids” B). Compounds of type A, which contain an additional
bilization of catalysts[5b].set of hard donor atoms, should show enhanced solubility

As part of a project aimed at the development of tailorin water, and both of these factors are important for the
made water soluble phosphanes[6] for two-phase catalysisapplication of these ligands in two-phase catalysis[4]. Li-
we have developed new synthetic procedures for these li-gands of type B contain activated CH2 groups and, in ad-
gands based on nucleophilic phosphanylation of suitable
functionalized fluoro-aromatic compounds under different

[e] Part VIII: Ref. [1]. conditions.
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Nucleophilic Phosphanylation of Fluorobenzoic and subsequent dealkylation of the intermediate Me2S with
Fluorophthalic Acids Ph2PK[10] (eq. 3a,b). The potassium salt of m-fluorobenzoic

acid did not react with Ph2PH under these conditions. TheNucleophilic displacement of the halogen (X) in aromatic
COOK substituent in the m-position clearly does not acti-compounds X2C6H42Z (X 5 F, Cl, Br; Z 5 NO2, SO3H,
vate the fluorine sufficiently for nucleophilic displacementCOOH) that contain electron withdrawing substituents (Z),
to occur under these conditions.proceeds much faster with the fluoro- than with the chloro-

or bromo-compounds. This is well established for the
halonitrobenzenes[7a] [7b] and a variety of substituted aro-
matic amines has been obtained by making use of the pro-
nounced reactivity of activated fluorobenzene derivatives

If a solution of Ph2PK in THF is used, thentowards nitrogen nucleophiles[7c]. The phosphanylation of
2-F2C6H42COOK could be phosphanylated to givethe commercially available fluorobenzoic or fluorophthalic
the phosphane 1 in fair yield (eq. 1b). The m-isomeracids should in an analogous way lead to phosphanylben-
3-F2C6H42COOK, however, did not react at all even afterzoic or phosphanylphthalic acids. This transformation can
prolonged reaction times. This might, at least in part, bebe performed in “superbasic” media[8], using secondary or
due to the fact that 3-F2C6H42COOK could not be ob-primary phosphanes and solid KOH as the base in aprotic
tained in a completely anhydrous form. 3-F2C6H42COOKdipolar solvents (e.g. dimethyl sulfoxide). Alternatively, al-
and 2-F2C6H42COOK were prepared by neutralization ofkali metal phosphides such as Ph2PK or PhPLi2 can be em-
the corresponding acids with KOH in aqueous solution andployed for these nucleophilic aromatic substitution reac-
heating the hydrates left after evaporation of water in vacuotions in solvents like 1,2-dimethoxyethane (DME) or tetra-
at 1002120 °C for a couple of hours. The use of the an-hydrofuran (THF).
hydrous lithium salt 3-F2C6H42COOLi instead of
3-F2C6H42COOK resulted in phosphanylation with
Ph2PK in THF to afford 2 after work up of the reaction
mixture (eq. 1c). Anhydrous 3-F2C6H42COOLi can be
obtained by deprotonation of the free acid with nBuLi or,
preferably, LiN(SiMe3)2

[11].
The bis(carboxyphenyl)phosphanes 527 are accessible, in

an analogous way to that described above, by phosphanyl-
ation of the lithium salts of the corresponding fluoroben-
zoic acids with PhPLi2 in THF (eq. 1e). In the case of the
m-isomer of F-C6H42COOLi, the nucleophilic aromatic
substitution proceeds much slower than the corresponding
reaction with the p- and o-isomers. This can be understood
in terms of the different stabilization of the Meisenheimer
type intermediate E [7b] by the COOH/COO2-substituents
in the m- or p- and o-position to the fluoro substituent. The
synthetic procedure developed for 527 can be extended to
phthalic acid derivatives. Thus, nucleophilic phosphanyl-
ation of the Li-salt of 3-fluorophthalic acid with Ph2PK or
PhPLi2 gave 4 or 8 after an acid workup procedure (eq.
1d,f). In the same way, Ph(K)P2(CH2)32P(K)Ph was
treated with 3-F2C6H321,2-(COOLi)2 to yield the chiral
bidentate tetracarboxylated phosphane 9 (eq. 1g).

The potassium salts of the phthalic acid derivatives ob-
tained by neutralization of 4, 8, and 9 with KOH are highlyThe nucleophilic phosphanylation of p-fluorobenzoic

acid with Ph2PH in the superbasic medium at 60 °C af- soluble in water [0.8, 1.3, and 1.0 kg/kg water (20 °C),
respectively].forded the potassium salt of the phosphane 3 in a straight-

forward manner (eq. 1a). However, the corresponding reac- Very recently we have found that carboxylated phos-
phanes (127) including salicylic, isophthalic, and anthra-tion with the o-isomer gave only poor yields of 1. Diphenyl-

phosphane oxide Ph2P(H)O[9a] and Ph2PMe[9b] are formed nilic acid derivatives (F2H) can alternatively be synthesized
by Pd-catalyzed P2C coupling reactions between primaryby oxidation of Ph2PH (Ph2PK) with DMSO followed by
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or secondary phosphanes and the corresponding func- loyl chloride[5a]. A new method for preparing water-soluble

phosphanes by coupling of the phosphanylbenzylaminetionalized iodo- or bromo-aromatic compounds[1,12].
The electron impact mass spectra of the phosphane li- Ph2P2C6H42CH224-NH(Me) to polyacrylic acid has very

recently been reported[18]. Attempts to prepare phosphanyl-gands with monocarboxylated phenyl groups (123, 527)
all show the M1 peak. Proximity effects[13] in the molecular benzylamines with a primary amino group by protective

group synthesis via their 2,5-dimethylpyrrole derivatives orions of the o-carboxylated phosphanes (1, 5) lead to the loss
of CHO from the molecular ion. In the case of the phthalic stabase (cyclic disilazane) adducts have so far been unsuc-

cessful [5a].acid derivatives 4, 8, and 9, the peaks of highest m/z corre-
spond to ions formed by loss of one or two molecules of We found, however, that phosphanylbenzylamines are ac-

cessible in a straightforward manner using a procedureH2O.
analogous to that employed for the synthesis of the phos-
phanylphenylacetic acids 10213. Thus, reaction of o-, m-,Synthesis of Phosphanylphenylacetic Acids
or p-fluorobenzylamine with Ph2PK in DME produced the

The multiple functionality of the CH22COOR(H) group
phosphanes 14216 in good yields. Chiral tertiary (17 and

means that phosphanylphenylacetic acids and their esters
18) and even secondary phosphanylbenzylamines (19) are

should show an extended reactivity pattern (e.g. ester con-
accessible by this synthetic route if Ph(Me)PK or PhPHK

densation) in comparison with benzoic and phthalic acid
are used instead of Ph2PK (eq. 3a,b)[15].

phosphanes of type 128. This can be used for the design of
tailor-made ligands with chiral backbones by the modular
approach, as reported by Trost, van Vrancken and
Bingel [14].

Nucleophilic phosphanylation of fluorophenylacetic ac-
ids in dimethoxyethane (DME) was employed for the syn-
thesis of phosphanylphenylacetic acids. The intermediate of
type E, formed in the rate determining step of these
SN2(Ar) processes, cannot be stabilized by the mesomeric
effects of the substituents, and so the nucleophilic replace-
ment is expected to proceed much slower than the anal-
ogous reaction of the fluorobenzene derivatives
F2C6H42Z [Z 5 CN (see below), COO2, SO2

3 ] with acti-
vating substituents. The weakly electron-withdrawing
CH2COO2 group can only activate the C2F bond in the
ortho position due to its inductive effect. Thus, the reaction
of the potassium salts of o- or p-fluorophenylacetic acid
with Ph2PK in DME requires 24 h reflux to give the re-
spective isomers of diphenylphosphanylphenylacetic acid
(10, 11), after acidification of the reaction mixtures, in satis-
factory yields (eq. 2). The P-chiral derivatives (12, 13) can
be prepared in an analogous way using Ph(Me)PK instead
of Ph2PK. Potassium fluorophenylacetate (o- or p-isomer)
was obtained by neutralization of the appropriate free acids
with a solution of KOH in methanol, followed by heating
the solid left after evaporation of the solvent in vacuo (60
°C, 0.01 mbar)[15].

The phosphanylbenzylamines 14 and 15 have been syn-
The molecular ion peaks in the mass spectra of the phos-

thesized using an alternative route involving reduction of
phanylphenylacetic acids are of high intensity (10) or rep-

the cyanophenylphosphanes 20 and 21 [3b] [3c] [19] with Li-
resent the base peaks (11213). The fragmentation pathway

AlH4. The cyanophenylphosphanes are attractive starting
leads to the 9-phosphafluorenylium ions[16] [17] at m/z 5 183

materials since they can be obtained by a convenient
or 197.

method and in high yields by direct phosphanylation of the
The solubilities of the alkali metal salts of the p-diphenyl-

corresponding fluoro- or chlorobenzonitriles with Ph2PH in
phosphanylphenylacetic acids in water (20 °C) are signifi-

the superbasic medium DMSO/KOH (eq. 3c,d). The same
cantly higher than those of the corresponding o-isomers

applies for the m-isomer 21. Somewhat lower yields of the
(e.g. Na1 10: 130; Na1 11: 750 g/kg water).

cyanophenylphosphanes (20222) are obtained if the phos-
phanylation of the halobenzonitriles are performed with

Synthesis of Phosphanylbenzylamines Ph2PK in THF (eq. 3e). In both cases the nucleophilic aro-
matic substitution proceeds almost instantaneously, even atPhosphanylbenzylamines with a primary amino group

are of interest as starting materials for the synthesis of poly- room temperature or below. The synthesis of the cyano-
phenylphosphanes 20222 according to eq. 3c is thereforemerizable phosphanes by acylation with acryl- or methacry-
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superior to the methods reported in the literature[3b] [3c] [19]. 31P{1H}-NMR shift values of 14217 on protonation with

HCl are very small, indicating that the addition of the pro-o-Cyanophenyldiphenylphosphane (20) was obtained by
nucleophilic phosphanylation of 2-F2C6H42CN according ton occurs preferentially at the nitrogen atom. The same

also applies in the case of the 13C{1H}-NMR data (c.f. 17/to eq. 3c and 3e in a straightforward manner. However, at-
tempts to synthesize this ligand by reaction of 2- 17a), with the exception of δC(2)(C2CH22NH2) (17:

147.0, 17a: 138.6) (Table 2).Cl2C6H42CN with Ph2PM (M 5 Li, K) gave only very
poor yields[19]. This clearly demonstrates the greater reac- The assignment of the 13C{1H}-NMR signals of 1223

(Table 2; for the numbering scheme of the carbon atoms seetivity of aromatic C2F bonds towards nucleophiles in com-
parison with C2Cl bonds[7].The p-isomer (22) could, how- Figure 1a) was achieved by comparison of the 13C-shift val-

ues with those found in a series of related compounds in-ever, be obtained from 4-chlorobenzonitrile, indicating that
the steric influence of the o-substituents may be decisive cluding Ph3P[21], Ph2PH and PhPH2

[22]. The assignments
were further substantiated by analysis of the proton-cou-and override the important electronic effects. In the case of

the reactive 2,5-difluorobenzonitrile, both fluoro-substitu- pled spectra, including DEPT spectra[23], and comparison
of the relative intensities of the signals. Further support forents in the o-positions can be replaced by the bulky Ph2P-

substituents on reaction with Ph2PK, with the interesting a correct assignment comes from the relative magnitude of
the coupling constants nJ(PC), which generally decreasebidentate ligand 23 being formed in high yield (eq. 3g).

Protonation of 14218 at the amino group gives cationic within the series 2J(PC) > 1J(PC) and 2J(PC) > 3J(PC) >
4J(PC)[23]. The 13C-NMR spectra could be analyzed usingphosphanes (14a218a) (eq. 3f), and the water solublities of

these compounds range from 5 to 970 g per kg of water at a first order approximation with 2J(CH) < 3J(CH) and
4J(CH) ca. 0 Hz[23]. This is shown for 8 as a representative20 °C. The p-isomers have much higher solubilities than the

corresponding ortho-compounds. At higher temperatures example in Figure 1c.
The introduction of one COOH, CH22COOH, orthermal dissociation occurs to give the primary amines and

HCl. The mass spectra obtained from 14a218a therefore CH22NH2 substituent into the o-, m-, or p-position of the
aromatic ring system causes a shift to lower field of theshow the M1 peaks of the corresponding phosphanylben-

zylamines along with that of HCl. 13C{1H}-NMR signals of the corresponding carbon atoms
in comparison with those of the unsubstituted carbon

NMR Spectra of the Phosphane Ligands 1223 atoms in the corresponding isomers and the phenyl rings,
the δC values of which may be taken as an internal refer-The structural assignments given for 1223 are based
ence for each compound. On going from the carbonic acidsmainly on 31P{1H}- and 13C{1H}-NMR spectroscopy. 1H-
to the respective potassium or sodium salts the 13C{1H}-NMR spectra will only be discussed in certain cases.
NMR spectra do not change very much, as shown for 5

Table 1. 31P{1H}-NMR-spectroscopical data of 1223; chemical
and Na-5. The δC values of the resonances assigned to C1shifts δP relative to 85% H3PO4; coupling constants 1J(PH) in Hz

in parentheses[a] and C32C6 remain constant within 1 ppm, whereas the
signal of C2 is shifted significantly (by about 2 ppm). This

1 29.6 10 215.0 17 235.3 is in agreement with the results obtained for benzoic acid2 27.9 11 24.3 17a 235.7
and benzoates[23a].3 26.9 12 238.0 18 223.0

4 25.2 13 222.8 19 248.4 The 13C{1H}-NMR resonances of the carbon atoms
5 21.5 14 214.2 (223.0)

bearing a CN-substituent in 20222 are shifted to higher6 21.4 15 21.7 20 212.8[c], 26.7[d]

7 21.5 15a 21.7 21 25.6[c], 23.6[d] field by between 10 and 20 ppm in comparison with those
8 25.4 16 24.3 22 25.7[c], 22.5[e]

of the corresponding unsubstituted carbon atoms in the Ph-9[b] 220.5, 221.2 16a 22.3 23 29.8
groups. This shielding effect of the CN group is well estab-
lished for mono-, di-, and trisubstituted benzonitrile deriva-[a] Solvents: DMSO (1, 3, 527, 20222), THF (2, 4, 8), D2O/KOD

(9), CDCl3 (10, 15a, 23), CD2Cl2 (11214, 16, 19, 20, 21), [D6]ace- tives[23a] [24].
tone (13, 18), CD3OD (15, 17, 16a, 17a). 2 [b] Diastereoisomers. 2 In comparison with the corresponding δC values in[c] Solvent DMSO. 2 [d] Solvent CD2Cl2. 2 [e] Solvent CDCl3.

phthalic acid (C2COOH: δ 5 131.4)[25], the 13C{1H}-
NMR resonances of C2 [in 4: 148.8 (32.0), 8: 146.5 (34.4)The 31P-NMR shifts of the triarylphosphane-type ligands

(128, 10, 11, 14216, 20222) are within a narrow range and 9: 147.3 (34), 147.2 (34)] are shifted drastically to lower
field on the introduction of the Ph2P or PhP(Ar) groups,(δP 5 21.4 to 215.0), and the δP values of 9, 12, 13, 17,

18 are typical for alkyl-diaryl phosphanes[20] (Table 1). In while those of C4 (δ 5 128.8, 129.9 or 130.0 vs. 128.6) are
not changed very much. The coupling constants 2J[PC(2)]both cases the degree of substitution and the nature of the

substituents has little influence on the δP values. The reson- in the substituted aromatic ring systems of 4, 8, and 9 are
significantly greater than those in 1, 2, 5, and 6. This mayances of the o-isomers are shifted, in most cases, to higher

field compared with those of the corresponding m- and p- be due to the pronounced steric effect of the two COOH
groups in o- and m-positions which favors a conformationisomers (c.f. 10/11, 14/15/16, and 20/21/22). The bidentate

carboxylated ligand 9, containing two asymmetrically sub- of the P2C6H3(COOH)2 unit with the phosphorus lone
pair in close proximity to C2 (Figure 1b). In generalstituted phosphorus atoms, is formed as a mixture of two

diastereoisomers (meso form and racemate) as indicated by 2J[PC(2)] in related systems is large when the lone pair is
close to the C atom and small when it is remote[23b] [23c].two very close 31P{1H}-NMR signals. The changes in the
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Table 2. 13C{1H}-NMR data of 1223[a,b,c]

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11[d]

1 134.1 139.3 130.1 128.5 132.0 133.6 137.4 133.3 128.5 128.7 167.7
(19.2) (26.3) (3.0) (12.1) (20.2) (7.1)

2 137.6 133.5 131.1 129.7 128.9 137.2 136.0 133.2 128.8 129.1 166.8
(13.2) (19.2) (6.1) (7.1) (20.2) (11.0) (20.2) (17.0)

3 142.9 132.9 129.3 131.0 135.8 133.5 128.9 129.3 167.0
(14.2) (18.7) (6.1) (10.1) (20.2) (7.1)

4 133.5 148.8 138.4 128.8 131.5 137.5 139.3 135.2 130.2 130.5 177.3[e], 178.7[f]

(13) (32) (10) (4) (7) (9) (19) (6) (2)
5 136.0 143.0 131.7 129.2 132.8 135.5 140.4 135.1 129.4 129.5 169.7

(20.4) (26.5) (3.1) (12.2) (21.4) (8.1)
6 137.2 133.9 131.5 130.1 129.3 138.0 135.6 133.5 129.1 129.5 166.9

(13.1) (20.2) (6.1) (7.1) (19.2) (11.1) (20.2) (7.1)
7 142.1 133.3 129.5 131.4 135.1 133.9 129.1 129.7 167.1

(14.2) (19.2) (7.1) (10.1) (20.2) (8.1)
8 133.0 146.5 136.3 129.9 128.0 136.2 138.7 134.5 129.4 129.6 177.5[e], 176.0[f]

(14.3) (34.4) (7.1) (5.0) (7.4) (8.1) (19.7) (6.7) (3.7)
9[h] 133.0[g] 147.3 133.5 130.0 127.3 135.1 139.3 132.4 128.9 128.6 170.6[e]

(14)[g] (34) (8) (8) (8) (17) (6) (4)
132.8 147.2 135.2 139.2 132.3 167.9[f]

(14)[g] (34) (8) (8) (17)
10[i] 137.1 138.5 130.9 129.3 127.8 134.0 136.2 133.9 128.7 129.0 177.8

(13.2) (27.1) (4.4) (9.5) (19.8) (7.3)
11[j] 136.2 134.4 130.6 136.7 2 2 138.2 134.3 129.4 129.5 172.5

(4) (19.8) (7.3) (11.0) (19.8) (6.6)
12[k] 139.9 138.2 130.4 129.0 127.9 132.0 139.2 131.8 128.3 128.1 177.9

(10.3) (27.8) (5.1) (13.9) (18.3) (5.9)
13[l] 138.9 132.5 130.0 132.1 2 2 140.7 132.3 128.9 128.7 175.0

(13.2) (18.3) (6.6) (13.2) (18.3) (6.6)
14[m] 136.9 147.7 129.8 127.6 128.5 134.0 135.6 134.3 129.0 129.2 2

(9.6) (24.0) (5.3) (13.4) (19.5) (7.1)
15[n] 137.9 133.0 143.9 128.1 129.2 132.5 137.7 134.2 129.0 129.2

(11.2) (22.9) (7.4) (5.7) (16.3) (11.2) (19.4) (6.7)
16[o] 136.0 134.5 127.9 143.9 2 2 137.8 134.1 129.0 129.1

(10.6) (19.8) (7.1) (11.1) (19.4) (7.0)
17[p] 140.7 147.0 127.5[s] 129.4[s] 128.2 131.1 137.3 132.1 128.7 128.6

(11.7) (22.7) (5.9) (14.7) (18.3) (6.6)
17a 140.6 138.6 130.4 130.6 131.1 133.3 140.4 133.2 130.2 130.1

(8.8) (24.9) (5.9) (14.7) (18.3) (6.6)
18[q] 141.1 132.7 127.6 144.3 2 2 138.5 132.2 128.8 128.6

(13.2) (18.9) (6.9) (12.2) (18.3) (6.2)
19[r] 135.6 149.5 128.0 129.8 127.0 133.3 134.6 134.4 128.7 128.8

(6.2) (15.6) (4.0) (2.8) (12.6) (11.0) (17.3) (9.2)
20 142.7 117.8 132.1 128.5 133.8 133.0 134.5 134.0 128.8 129.4 117.6[s]

(19.8) (33.0) (10.3) (5.1) (20.5) (10.3) (20.5) (6.6) (3.7)
21 136.6 137.7 112.9 132.1 129.3 140.4 135.9 133.9 129.2 129.5 118.7[s]

(17.6) (20.5) (5.9) (16.9) (11.0) (20.2) (7.3)
22 145.0 133.4 131.7 111.9 2 2 135.6 134.0 128.8 129.4 118.6[s]

(17.6) (19.5) (6.6) (11.0) (20.5) (7.3)
23[u] 144.4 122.8 144.4 133.0 131.6 133.0 134.7 133.9 128.7 129.3 115.8[s]

(17.9)[t] (32.8) (17.9)[t] (10.5)[t,v] (20.6)[t,v] (7.2)[t,v] (3.5)

[a] Chemical shift δ(C) relative to TMS; coupling constants nJ(PC) in Hz in parentheses. 2 [b] Solvents: CD2Cl2 (10, 20, 21, 23), D2O (8),
CDCl3 (12, 14 2 16, 18, 22), [D6]acetone (11, 13), CD3OD (17, 17 ·HCl), C6H6 (19); [D6]DMSO (124, 6, 7, 9). 2 [c] For an indication
of the carbon atoms see Figure 1a. 2 [d] COOH substituent. 2 [e] Potassium salt; COO2 in the o-position. 2 [f] COO2 in the m-position
to phosphorus. 2 [g] Diastereoisomers. 2 [h] 2CH22CH22CH2: 22.8, 22.2; CH22CH22CH2: 29.5, 29.4 (13); diasteroisomers. 2 [i]

CH22COOH: 39.7 (23.5). 2 [j] CH22COOH: 40.9. 2 [k] CH22COOH: 39.6 (24.1); P2Me: 12.4 (13.9). 2 [l] CH22COOH: 41.1; P2Me:
12.4 (13.9).2 [m] CH22NH2: 45.5 (22.1). 2 [n] CH22NH2: 46.7. 2 [o] CH22NH2: 46.3. 2 [p] CH22NH2: 44.7 (22.7); P2Me: 12.2 (13.9).
2 [q] CH22NH2: 46.3; P2Me: 13.0 (14.5). 2 [r] CH22NH2: 48.2 (15.5). 2 [s] CN groups.2 [t] N 5 nJ(PC) 1 mJ(PC) ; n 5 123; m 5
326.2 [u] 4J(PP) 5 4.78 ± 0.22 Hz. 2 [v] C7: 1J(PC) 5 10.26, 5J(PC) 5 0.36 Hz; C8: 2J(PC) 5 20.30, 6(PC) 5 0.11 Hz; C9: 3J(PC) 5
7.30 Hz.

Seperate resonances are observed for the two COOH signed to the terminal CH2 groups of the (CH2)3 bridge (X-
part of an ABX spin system, A and B 5 31P, X 5 13C)groups in the 2,3-positions in the phthalic acid derivatives.

In the case of 4 and 8 the signal at δ ø 177.5 shows doublet could not be completely resolved, two triplets [2J(PC)] be-
ing observed for the medial CH2 group.fine structure [3J(PC)] and can therefore be assigned to the

COOH groups in the o-position with respect to the P atom. The presence of two phosphorus atoms in 23 means that
the C-atoms C1(3), C4(6), and C72C9 represent the X-partThe bidentate ligand 9 is obtained as a mixture of two dia-

stereoisomers (meso form and racemate, see above) and for of ABX spin systems (X 5 13C, A and B 5 31P; for the
numbering scheme for the carbon atoms see Figure 3a).this reason a doubling of the 13C{1H}-NMR resonances of

some of the aromatic carbon atoms (C1, C2, C6, C7, C8) Higher order 13C{1H}-NMR spectra appearing as doublets
of doublets (C1, C3), five line (C9) and six line patternsis observed. Although the fine structure of the signals as-
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Figure 1. (a) Numbering scheme for the carbon atoms in mono- and disubstituted aromatic phosphanes; (b) conformation of the Ph(R)P-

group with respect to the plane of the substituted aromatic ring; (c) 13C-NMR spectrum of 8

Figure 2. (a) Conformation of the CH22X group in 12 and 17; (b) Experimental Section
1H-NMR spectrum (CH2-part) of 17

Experimental details are given in part VIII of this series[1]. Phe-
nylphosphane, phenylmethyl- and diphenylphosphane were pre-
pared according to literature methods[26]. 2-, 3-, and 4-Fluoroben-
zoic acid, 3-fluorophthalic acid, 2- and 4-fluorophenylacetic acid,
2-, 3-, and 4-fluorobenzonitrile, and 2- and 4-fluorobenzylamine
were purchased from The Aldrich Chemical Company and used
without further purification.

Preparation of 1 by Phosphanylation of 2-F2C6H42COOK with
Ph2PK: To 20 ml of a 0.5  solution of Ph2PK (10.0 mmol) in
THF was added 1.8 g (10.0 mmol) of 2-F2C6H42COOK with
stirring and the reaction mixture was heated at 60 °C for 20 h.
After extraction with 20 ml of conc. KOH solution the aqueous
phase was acidified with conc. HCl until a precipitate formed. The(C7, C8) are observed (Figure 3b). The analysis of the latter
mixture was then extracted with 40 ml of diethyl ether and thegave a value of around 4.8 Hz for the long range P-P cou-
extracts were dried over Na2SO4. Evaporation of the solvent in

pling constant [4J(PP)]. The resonances of C2 and C11 (X- vacuo gave 1 as a colorless solid. Yield: 1.97 g (64%). 2 1:
parts of XA2 spin systems) show first order triplet splitting, C19H15O2P (306.3): calcd. C 74.50, H 4.94; found C 74.20, H 4.96.
while singlets are obtained for C4(6) and C5. 2 MS: (M1: m/z 5 306). 2 IR: ν(COOH): 1695, 1305 cm21.

The hydrogen atoms of the CH2 groups in 12, 17, 17a,
19, and 19 ·HCl are diastereotopic due to the asymmetric Preparation of 2 and 428: The lithium salts of the fluorobenzoic

acids or 3-fluorophthalic acid were added at ambient temperaturesubstitution at the phosphorus atoms (see Figure 2a). The
to either a THF solution of Ph2PK or to a suspension of PhPLi21H-NMR spectra of these compounds therefore represent
in THF (obtained by metalation of PhPH2 with nBuLi in n-hexanethe AB part of an ABX spin system (A and B 5 1H, X 5
in the presence of tetramethylethylenediamine at 240 °C), respec-31P) and appear as an eight-line pattern in the cases of 17
tively (see Table 4). After the reaction mixtures were refluxed for 2(Figure 2b), 17a, and 19. The coincidence of lines means
h the solvents were removed under reduced pressure (30 °C, 1

that a six-line pattern is observed for 19 ·HCl and 12. mbar). The remaining residues were dissolved in 100 ml of water
and filtered through a fine porosity fritted funnel. On acidificationThis work was supported by the Bundesministerium für Bildung,

Wissenschaft, Forschung und Technologie and the Fonds der Che- of the filtrate the phosphanes precipitated as colorless powders
which were further purified by recrystallization from methanol/mischen Industrie. The Hoechst AG is thanked for financial support

and generous gifts of chemicals. water mixtures. In the cases of compounds 4 and 8 the filtrates
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Figure 3. (a) Numbering scheme for the carbon atoms in 23; (b) 13C{1H}-NMR spectrum of 23

7: C20H15O4P (350.3): calcd. C 68.57, H 4.32; found C 68.77, HTable 3. Selected 1H-NMR data of 10219[a]; shifts relative to TMS
(int.), coupling constants (in parentheses) in Hz 4.69. 2 MS (M1: m/z 5 350). 2 IR: ν(COOH) 5 1690, 1295 cm21.

8: C22H15O8P · 4H2O (510.4): calcd. C 51.77, H 4.54; found CP(Me) CH2 NH2 COOH
52.24 H 4.33. 2 MS (M1 2 2 H2O: m/z 5 402). 2 IR: ν(COOH) 5

1715, 1280 cm21.10 4.12 11.69
11 3.63

Table 4. Syntheses of 2, 428, 1021312 1.57 (3.8)[b] 4.10[c] (16.7)[d] 10.74
3.94[c] (21.3)[e], 20.2[f] 11.79

Ar*F Phosphide Solvent Temp. Time Yield13 1.59 (3.1)[b] 3.58
g (mmol) g (mmol) ml [°C] g (%)14 4.05 (1.65)[g] 1.95[h]

15 3.82 1.61
16 3.83 2.23 2 K-3-fluoro- Ph2PK THF 60 20 h 1.9717 1.59 (4.2)[b] 3.89[c] (14.3)[d] 1.37 benzoate 1.8 (10) 2.24 (10) 30 (64)4.07[c] (21.73)[e]

4 Li-3-fluoro- Ph2PK THF 60 2.5 h 3.7(21.94)[f]
phthalate 2.94 (15) 3.36 (15) 30 (70)18 1.31 (3.9)[b] 3.55 1.39 5 Li-2-fluoro- PhPLi2 THF 60 5 h 6.319 5.19[i] (221.3)[j] 3.91[c] (14.4)[d]
benzoate 7.3 (50) 3.05 (25) 100 (72)4.02[c] (0.9)[e,f]

6 Li-3-fluoro- PhPLi2 THF 60 6 d 4.319 ·HCl 4.45 (14.1)[d]
benzoate 5.84 (40) 2.44 (20) 80 (61)4.27 (0.3)[e] (21.9)[f]

7 Li-4-fluoro- PhPLi2 THF 20 12 h 3.6
benzoate 3.94 (27) 1.52 (12.5) 50 (82)

8 Li-3-fluoro- PhPLi2 THF 60 12 h 8.9[a] Solvents: CDCl3 (12, 14216, 18), CD2Cl2 (10, 13, 19), CD3OD
phthalate 9.8 (50) 3.05 (25) 170 (70)(17), [D6]acetone (11). 2 [b] 2J(PH). 2 [c] AB part of ABX spin

10 K-2-fluorophenyl- Ph2PK DME 85 12 h 1.94system. 2 [d] 2J(HH) (AB). 2 [e] 4J(PH) (AX). 2 [f] 4J(PH) (BX).
acetate 2.0 (10.4) 2.6 (11.4) 30 (58)2 [g] 4J(PH). 2 [h] Broad. 2 [i] δ (PH). 2 [j] 1J(PH).

11 K-4-fluorophenyl- Ph2PK DME 85 12 h 1.8
acetate 2.0 (10.4) 2.6 (11.4) 30 (54)

12 K-2-fluorophenyl- Ph(Me)PK DME 85 12 h 1.88were extracted with 30 or 50 ml of diethyl ether prior to acidifi- acetate 2.0 (10.4) 1.8 (11.4) 30 (70)
cation (reaction conditions and yields are given in Table 4). 13 K-4-fluorophenyl- Ph(Me)PK DME 85 12 h 1.9

acetate 2.18 (11.3) 2.0 (12.4) 30 (65)2: C19H15O2P (306.3): calcd. C 74.50, H 4.94; found C 73.81, H
5.19. 2 MS (M1: m/z 5 306). 2 IR: ν(COOH) 5 1695, 1300 cm21.

4: C20H15O4P (350.3): calcd. C 68.57, H 4.32; found C 67.83, H
Preparation of 9: 1.23 g (32 mmol) of potassium was added to a4.64. 2 MS (M1 2 H2O: m/z 5 332). 2 IR: ν(COOH) 5 1715,

solution of 3.45 g (31 mmol) of phenylphosphane in 50 ml of THF1280 cm21.
and the reaction mixture was stirred for 2 h. The reaction mixture

5: C20H15O4P (350.3): calcd. C 68.57, H 4.32; found C 66.93, H was refluxed under nitrogen for an additional 30 min in order to
4.42. 2 MS (M1: m/z 5 350). 2 IR: ν(COOH) 5 1680, 1300 cm21. ensure completion of the reaction. Excess potassium was removed

by decanting the solution. 3.00 g (15 mmol) of 1,3-dibromopropane6: C20H15O4P (350.3): calcd. C 68.57, H 4.32; found C 68.57, H
4.48. 2 MS (M1: m/z 5 350). 2 IR: ν(COOH) 5 1680, 1300 cm21. was added and the yellow color of the solution disappeared. After
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dilution with 30 ml of THF a further equivalent of 1.23 g (32 18: C14H16NP (229.3): calcd. C 73.35, H 7.03, N 6.11; found C

72.49, H 7.14, N 6.23. 2 MS (M1: m/z 5 229). 2 IR: νas/νs-NH2 5mmol) of potassium was added and the reaction mixture was again
refluxed for 2 h. The lithium salt of 3-fluorophthalic acid was ad- 3366, 3304 cm21.
ded and the color of the reaction mixture became dark red. After 19: C13H14NP (215.2): calcd. C 72.54, H 6.56, N 6.51; found C
stirring for 12 h at 60270 °C the color disappeared. All volatile 72.38, H 6.67, N 6.29. 2 MS (M1: m/z 5 215). 2 IR: νas/νs-NH2 5
components were then removed under reduced pressure (30 °C, 1 3366, 3292 cm21.
mbar). The residue obtained was dissolved in 200 ml of water and
filtered through a fritted funnel. The filtrate was washed with three

Table 5. Syntheses of 14223 by nucleophilic phosphanylation of50-ml portions of diethyl ether and then acidified with half conc. Ar*F in DME/THF
HCl. The white solid that precipitated was separated by filtration
and recystallized from water/methanol. Yield: 4.1 g (41%). 2 9: Ar*F(Cl) Phosphide Solvent Temp. Time Yield

g (mmol) g (mmol) ml [°C] g (%)C31H26O8P2 ·4H2O (660.55): calcd. C 56.37, H 5.19; found C 55.51,
H 5.33. 2 MS (M1 2 2 H2O: m/z 5 552. 2 IR: ν(COOH) 5 1705,

14 2-F-benzylamine Ph2PK[a] DME 85 1 d 6.901280 cm21.
3.13 (25) 5.6 (25) 50 (95)

Synthesis of 10213. 2 General Procedure: To a solution of 15 3-F-benzylamine Ph2PK[a] DME 85 1 d 1.85
Ph2PK or Ph(Me)PK in DME [prepared by metalation of Ph2PH 1.25 (10) 2.2 (10) 20 (56)[b]

16 4-F-benzylamine Ph2PK[a] DME 85 1 d 6.55or Ph(Me)PH with equimolar amounts of potassium] was added po-
3.59 (28.7) 6.4 (28.7) 30 (70)[b]

tassium 2- or 4-fluorophenyl acetate. The suspensions were refluxed 17 2-F-benzylamine Ph(Me)PK[a] DME 85 1 d 1.12
until the yellow color of the potassium phosphides disappeared. 0.98 (7.8) 1.3 (7.8) 10 (54)[b]

The solvent was removed under reduced pressure (20 °C, 0.01 18 4-F-benzylamine Ph(Me)PK[a] DME 85 1 d 3.02
1.96 (15.7) 2.5 (15.7) 10 (84)mbar) and, in each case, the solid obtained was dissolved in 50 ml

19 2-F-benzylamine Ph(H)PK[a] DME 85 1 d 7.9of water. Unreacted phosphane was extracted with dichlorometh- 9.13 (73) 10.8 (73) 40 (50)
ane. After cooling to about 0 °C, the aqueous phase was acidified 20 2-F-benzonitrile Ph2PLi[c] THF 278 15 min 2.65
with conc. HCl. The phosphanylphenylacetic acids precipitated and 1.81 (15) 2.9 (15) 30 (62)

21 3-F-benzonitrile Ph2PLi[c] THF 278 2 min 2.1were isolated by filtration through a fine porosity fritted funnel. A
1.39 (11.5) 2.2 (11.5) 30 (65)slurry was obtained by suspending the residue in 50 ml of water 22 4-Cl-benzonitrile Ph2PK[a] DME 0 10 h 5.45

and 1 equivalent of KOH was added. The solution formed was 3.95 (28.7) 6.4 (28.7) 30 (67)
filtered, cooled to about 0 °C and acidified with conc. HCl. The 23 2,5-difluoro- Ph2PK[a] THF 278 1 min 7.76

benzonitrile 9.13 (40.7) 100 (81)precipitate was isolated by filtration and dried in vacuo (20 °C, 0.01
2.83 (20.3)mbar). The amounts of starting materials and yields are given in

Table 4.
[a] Prepared by reaction of equivalent amounts of Ph2PH or

10: C20H17O2P (320.3): calcd. C 74.99, H 5.35; found C 74.33, Ph(Me)PH with potassium (in DME). 2 [b] Isolated as HCl ad-
ducts, for the preparation from the amines see below. 2 [c] PreparedH 5.56. 2 MS (M1: m/z 5 320). 2 IR: ν(COOH) 5 1714 cm21.
by reaction of equivalent amounts of Ph2PH with nBuLi (1.6 

11: C20H17O2P (320.3): calcd. C 74.99, H 5.35; found C 74.33, solution in n-hexane) in stoichiometric ratios in THF.
H5.49. 2 MS (M1: m/z 5 320). 2 IR: ν(COOH) 5 1736 cm21.

Synthesis of 20223 by Phosphanylation of 2- or 3-Fluoro- and 4-12: C15H15O2P (258.3): calcd. C 69.76, H 5.85; found C 68.96,
Chlorobenzonitrile with Ph2PM (M 5 Li, K): DiphenylphosphaneH 5.98. 2 MS (M1: m/e 5 258). 2 IR ν(COOH) 5 1701 cm21.
was dissolved in THF and metalated at 0 °C by the addition of the

13: C15H15O2P (258.3): calcd. C 69.76, H 5.85; found C 69.08, eqivalent amount of nBuLi (1.6  solution in n-hexane). The red
H 5.89. 2 MS (M1: m/z 5 258). 2 IR ν(COOH): 1712 cm21. colored solution of Ph2PLi was cooled to 278 °C and stoichio-

metric amounts of 2- or 4-fluorobenzonitrile were added at thisPreparation of 14219 by Phosphanylation of Fluorobenzylamines.
temperature. After removal of the solvent in vacuo the oily residue2 General Procedure: In a typical procedure the fluorobenzyl-
was washed with water and recrystallized from ethanol. For theamines were added to a solution of Ph2PK or Ph(Me)PK in DME
preparation of 22 and 23, 4-chlorobenzonitrile or 2,6-difluoroben-with stirring. After heating the reaction mixtures at reflux for 24 h
zonitrile, respectively, were used as starting materials along withthe solvent was evaporated under reduced pressure (20 °C, 0.01
Ph2PK. Ph2PK was prepared by reaction of equivalent amounts ofmbar) and the residue obtained was washed with 100 ml of water.
Ph2PH and potassium. The workup procedure was the same asThe crude products were dried in vacuo and isolated by distillation
that described above. The crude products were recrystallized fromat 2202240 °C and 1023 mbar. Starting materials, reaction con-
methanol. Starting materials, reaction conditions and yields areditions and yields are given in Table 5.
given in Table 5.14: C19H18NP (291.4): calcd. C 78.33, H 6.23, N 4.81; found C

20: C19H14NP (287.3): calcd. C 79.43, H 4.91, N 4.81; found C77.24, H 6.23, N 4.81. 2 MS (M1: m/z 5 291). 2 IR: νas/νs-NH2 5
79.05, H 4.89, N 4.88. 2 MS (M1: m/z 5 287). 2 IR: ν(CN) 53376, 3313 cm21.
2219 cm21.15: C19H18NP (291.4): calcd. C 78.33, H 6.23, N 4.81; found C

21: C19H14NP (287.3): calcd. C 79.43, H 4.91, N 4.81; found C78.10, H 6.54, N 4.83. 2 MS (M1: m/z 5 291). 2 IR: νas/νs-NH2 5
79.41, H 4.88, N 4.84. 2 MS (M1: m/z 5 287). 2 IR: ν(CN) 53371, 3298 cm21.
2225 cm21.16: C19H18NP (291.4): calcd. C 78.33, H 6.23, N 4.81; found C

22: C19H14NP (287.3): calcd. C 79.43, H 4.91, N 4.81; found C77.33, H 6.46 N 4.51. 2 MS (M1: m/z 5 291). 2 IR: νas/νs-NH2 5
79.02, H 4.84, N 4.86. 2 MS (M1: m/z 5 287). 2 IR: ν(CN) 53371, 3294 cm21.
2225 cm21.17: C14H16NP (229.3): calcd. C 73.35, H 7.03, N 6.11; found C

72.53, H 7.31, N 6.23. 2 MS (M1: m/z 5 229). 2 IR: νas/νs-NH2 5 23: C31H23NP2 (471.5): calcd. C 78.97, H 4.92, P 13.14; found C
79.01, H 5.04, P 13.07. 2 MS (M1: m/z 5 471).3356, 3289 cm21.
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Chem. Abstr. 1977, 87, 6654j. 2 [2c] M. J. H. Russell, B. A.Reduction of 20 and 21 with LiAlH4: To a suspension of 0.38 g
Murrer, Fr-Pat. 2489308, 5. 3. 1982 (Johnson Matthey); Chem.(10 mmol) or 0.13 g (3.6 mmol) of LiAlH4 in 80 or 40 ml of THF Abstr. 1982, 97, 55308q. 2 [2d] W. Richter, R. Kummer, K.

was added over 15 min a solution of 2.87 g (10 mmol) of 20 or Schwirten, DE 3126265, 20. 1. 1983 (BASF AG); Chem. Abstr.
1983, 98, 179637 m; S. D. Burke, J. E. Cobb, Tetrahedron Lett.1.00 g (3.5 mmol) of 21 in 20 or 10 ml of THF. After stirring for
1986, 27, 4237; M. J. H. Russell, Platinum Met. Rev. 1988, 32,0.5 h at ambient temperature the reaction mixtures were refluxed
179; A. Buhling, P. C. Kamer, P. W. N. M. van Leeuwen, J.for 1 h. The precipitate formed on the addition of 20 or 50 ml of Mol. Catal. A: Chem. 1995, 98, 69. 2 [2e] D. M. Singleton, P.

water, respectively, was separated by filtration and the solvent was W. Glockner, W. Keim, DE 2159370, 8. 6. 1972 (Shell Oil Co.);
Chem. Abstr. 1972, 77, 89124d; M. Peukert, W. Keim, Or-removed in vacuo (20 °C, 0.01 mbar). The remaining crude reaction
ganometallics 1983, 2, 594. 2 [2f] F. Refosco, F. Tisato, G. Ban-products were purified by vacuum distillation (2202240 °C, 1023

doli, E. Deutsch, J. Chem. Soc., Dalton Trans. 1993, 2901.mbar). Yields: 2.45 g (84%) of 14 and 0.82 g (80%) of 15. [3] [3a] G. P. Schiemenz, H. U. Siebeneick, Chem. Ber. 1969, 102,
1883. 2 [3b] V. Ravindar, H. Hemling, H. Schumann, J. Blum,Protonation of 14 with HCl: 0.5 g (1.7 mmol) of diphenylphos-
Synth. Commun. 1992, 22, 841. 2 [3c] V. Ravindar, H. Hemling,phanylbenzylamine (14) was dissolved in diethyl ether. An etheral H. Schumann, J. Blum, Synth. Commun. 1992, 22, 1453. 2 [3d]

solution of HCl was added until no further precipitate was formed. R. Luckenbach, K. Lorenz, Z. Naturforsch. 1977, 32b, 1038.
The solid was filtered off using a coarse porosity fritted funnel and [4] [4a] W. A. Herrmann, C. W. Kohlpaintner, H. Bahrmann, W.

Konkol, J. Mol. Catal. 1992, 73, 191. 2 [4b] T. Okano, N. Har-then dried in vacuo (20 °C, 0.1 mbar). Yield: 0.50 g (89%) of 14a.
ada, J. Kiji, Chem. Lett. 1994, 1057.

14a: C19H19ClNP (327.8): calcd. C 69.62, H 5.84, N 4.27; found [5] [5a] A. Reinholdsson, A. Nikitidis, C. Andersson, React. Polym.
1992, 17, 187; A. Nikitidis, C. Andersson, Phosphorus, Sulfur,C 68.56, H 5.89, N 4.22. 2 MS (M1 2 HCl: m/z 5 291).
and Silicon 1993, 78, 141. 2 [5b] D. E. Bergbreiter, Soluble Poly-

Synthesis of 1, 3, 20222 in the Superbasic Medium. 2 General mer-Bound Reagents and Catalysts, in Polymeric Reagents and
Catalysts (Ed.: W. T. Ford), ACS, Washington, 1986, ACSProcedure: Diphenyl- or phenylphosphane were added to a suspen-
Symp. Ser. 308, p. 17; F. R. Hartley, Supported Metal Com-sion of powdered KOH (88%) in DMSO and the mixtures were
plexes, D. Riedel Publ., Dordrecht, 1985.stirred for 1 h at ambient temperature. After addition of the appro- [6] O. Herd, K. P. Langhans, O. Stelzer, N. Weferling, W. S. Sheld-

priate amounts of the fluoroaromatic compounds (see Table 6), the rick, Angew. Chem. 1993, 105, 1097; O. Herd, A. Heßler, K. P.
orange to red colored solutions were heated for 70 h at 60270 °C Langhans, O. Stelzer, W. S. Sheldrick, N. Weferling, J. Or-

ganomet. Chem. 1994, 475, 99; F. Bitterer, S. Kucken, O. Stelzer,in the cases of 1 and 3. The reactions of the fluorobenzonitriles
Chem. Ber. 1995, 128, 275; A. Heßler, S. Kucken, O. Stelzer, J.with the phosphanes were complete within a couple of minutes. For Blotevogel-Baltronat, W. S. Sheldrick, J. Organomet. Chem.

the isolation of 1 and 3 the reaction mixtures were first extracted 1995, 501, 293.
with 200 ml of diethyl ether. After acidification with conc. HCl [7] [7a] C. A. Kingsbury, J. Org. Chem. 1964, 29, 3262. 2 [7b] J.

March, Advanced Organic Chemistry, 3rd edition, p. 576, Johnextraction was repeated with three 75-ml portions of diethyl ether.
Wiley & Sons, New York, 1985. 2 [7c] H. Bader, A. R. Hansen,The organic extracts were washed with 30 ml of water and then
F. J. McCarty, J. Chem. Soc. 1966, 2319.

dried over MgSO4. The residue obtained after evaporation of the [8] K. P. Langhans, O. Stelzer, J. Svara, N. Weferling, Z. Natur-
solvents in vacuo was recrystallized from methanol. 20222 were forsch. 1990, 45b, 203; E. N. Tsvetkov, N. A. Bondarenko, I. G.

Malakhova, M. I. Kabachnik, Synthesis 1986, 198.precipitated from the reaction mixtures by addition of 30240 ml
[9] [9a] E. Fluck, H. Binder, Z. Naturforsch. 1967, 22b, 805. 2 [9b]of water and separated by filtration. Further purification was pos-

L. Maier, Organic Phosphorus Compounds (Eds.: G. M. Kosola-sible by recrystallization from methanol. 1, 3, 20222 prepared by poff, L. Maier), Vol. 1, p. 1, John Wiley & Sons, New York,
this route gave correct analyses. The compounds were identified by London, Sydney, Toronto, 1972.
NMR spectroscopy (see above). Starting materials, reaction con- [10] K. B. Mallion, F. G. Mann, J. Chem. Soc. 1965, 4115; F. G.

Mann, M. J. Pragnell, J. Chem. Soc. 1965, 4120.ditions and yields are given in Table 6.
[11] U. Wannagat, H. Niederprüm, Chem. Ber. 1961, 94, 1540.
[12] O. Herd, A. Heßler, M. Hingst, M. Tepper, O. Stelzer, unpub-Table 6. Syntheses of 1, 3, 20222 by nucleophilic phosphanylation

lished results.of Ar*F in the superbasic medium DMSO/KOH
[13] R. Srinivas, G. K. V. Rao, V. Ravinder, Org. Mass Spectrometry

1993, 28, 267.Ar*F(Cl) Phosphane DMSO KOH Temp. Time Yield
[14] B. M. Trost, D. L. van Vranken, C. Bingel, J. Am. Chem. Soc.g (mmol) g (mmol) ml g (mmol) [°C] g (%)

1992, 114, 9327.
[15] For a preliminary communication see M. Tepper, O. Stelzer, T.1 2-fluoro- Ph2PH 40 3.83 20 72 h 3.5 Häusler, W. S. Sheldrick, Tetrahedron Lett. 1997, 38, 2257.benzoic acid 4.65 (25) (60) (46) [16] B. Zeeh, J. B. Thomson, Tetrahedron Lett. 1969, 111.3.5 (25) [17] D. H. Williams, R. S. Ward, R. G. Cooks, J. Am. Chem. Soc.3 K-4-fluoro- Ph2PH 70 1.9 55260 20 h 5.1

1968, 90, 966.benzoate 4.80 (25.8) (30) (68) [18] T. Malmstroem, H. Weigl, C. Andersson, Organometallics 1995,4.5 (25)
14, 2593.20 2-fluoro- Ph2PH 80 3.83 20 10 11.9

[19] D. H. Payne, H. Frye, Inorg. Nucl. Chem. Lett. 1972, 8, 73; J.benzonitrile 9.3 (50) (60) min (82)
Erbe, W. Beck, Chem. Ber. 1983, 116, 3867; W. Wolfsberger, W.6.06 (50)
Burkart, H. Werner, Z. Naturforsch. 1992, 47b, 155.21 3-fluoro- Ph2PH 40 0.77 20 10 2.4

[20] S. Berger, S. Braun, H. O. Kalinowski, NMR-Spektroskopie vonbenzonitrile 1.86 (10) (12) min (82)
Nichtmetallen, Bd. 3, 31P-NMR-Spektroskopie, Georg Thieme1.2 (10)
Verlag, Stuttgart, New York, 1993.22 4-chloro- Ph2PH 50 1.0 20 10 2.65

[21] [21a] T. Bundgaard, H. J. Jakobsen, Acta Chem. Scand. 1972, 26,benzonitrile 1.86 (10) (1.5) min (92)
2548. 2 [21b] G. A. Gray, S. E. Cremer, K. L. Marsi, J. Am.1.4 (10)
Chem. Soc. 1976, 98, 2109.

[22] R. Batchelor, T. Birchall, J. Am. Chem. Soc. 1982, 104, 674.
[23] [23a] H. O. Kalinowski, S. Berger, S. Braun, 13C-NMR-Spektros-

kopie, Georg Thieme Verlag, Stuttgart, New York, 1984. 2 [23b]

S. Sorensen, R. S. Hansen, H. J. Jakobsen, J. Am. Chem. Soc.[1] O. Herd, A. Heßler, M. Hingst, M. Tepper, O. Stelzer, J. Or-
ganomet. Chem. 1996, 522, 69. 1972, 94, 5900; F. Bitterer, O. Herd, A. Heßler, M. Kühnel, K.
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The iminophosphane (Me3Si)3C2P=N2Mes* (1) reacts with Chlorine/bromine exchange in 3 with bromotrimethylsilane
affords the bromo analogue 4. The structures of 2, 3 and 4iodine to form the imino(methylene)phosphorane I2P-

(=N2Mes*)=C(SiMe3)2 (2). Upon subsequent treatment with were confirmed by X-ray crystal structure analysis; each of
the compounds features a trigonal-planar phosphorus atom.AgCl, the corresponding chloro derivative 3 is obtained.

Introduction Scheme 1

The discovery of the first stable compound containing a
trigonal-planar phosphorus(V) center in 1974[1] represents
a landmark in organophosphorus chemistry. It opened the
door to a rapid development of the chemistry of such com-
pounds and structurally related derivatives[2 . Among these,
bis(imino)- [3a] and bis(methylene)phosphoranes[3b] have at-
tracted considerable attention, not only because they are
valuable building blocks in organophosphorus and or-
ganometallic chemistry[4], but also because they are suitable
precursors for monomeric metaphosphate analogues[5] and
have found application in the catalysis of olefin polymeri-
zation[6]. In contrast, information concerning imino(meth-
ylene)phosphoranes, which feature both P2N- and P2C-
pπ bonds, is comparatively sparse[3c]. Herein, we report on
the synthesis and crystal structure analysis of the first P-
halogeno(imino)methylenephosphoranes. nuclei on going from the iodo derivative 2 to the chloro

analogue 3 [31P: δ 5 53.3 (2) < 65.2 (4) < 72.5 (3)] is a
Results and Discussion characteristic feature of tetracoordinated PV compounds[9].

The 13C-NMR signals of the methylene carbon atoms,Treatment of the iminophosphane (Me3Si)3C2P5
N2Mes* (1) [7], with iodine in THF at 240°C cleanly af- which are observed at lower fields than in “classical” meth-

ylenephosphoranes, show the inverse trend. A stronger car-forded the P-iodo(imino)methylenephosphorane 2. Further
reaction with AgCl in CH2Cl2 at 25°C resulted in I/Cl ex- bon shielding is found on going from compound 2 to 4 to

3, i.e. on increasing the electronegativities of the substitu-change of 2, yielding the chloro derivative 3. Subsequent
reaction of 3 with Me3SiBr led smoothly to the bromo de- ents [13C: δ 5 68.0 (2) > 58.2 (4) > 51.7 (3)]. At the same

time, a significant increase in the magnitude of 1J(C,P) fromrivative 4. By crystallization from small volumes of n-hex-
ane, compounds 224 were isolated as highly air- and moist- 34.1 Hz (2) through 50.6 Hz (4) to 65.3 Hz (3) is observed.

An inverse electronegativity effect on both 31P- and 13C-ure-sensitive, red (2), light-yellow (3), or orange (4) crystals
(Scheme 1). chemical shifts was also observed for substitution at the

methylene carbon atom in imino(methylene)phosphoranesThe P-halogeno(imino)methylenephosphoranes 224
have been characterized on the basis of their elemental and was attributed to a polarization effect[10]. Similar

trends in the δ31P, δ13C and 1J(C,P) values were observedanalyses and 1H-, 13C-, 31P-NMR and mass-spectrometric
data. Furthermore, the solid-state structures of compounds in the corresponding P-halogenobis(methylene)-

phosphoranes[3a] and P-halogenobis(imino)phosphoranes224 have been determined by X-ray crystallography.
The 31P-NMR chemical shifts of compounds 224 are ob- (δ31P)[11]. As compared to compounds 224, the 31P nuclei

in the former are less shielded by 30 to 65 ppm, while thoseserved at relatively low field values, which is typical for bis-
(ylene)phosphoranes[8]. The deshielding of the phosphorus in the latter appear more shielded by 30 to 70 ppm com-

Eur. J. Inorg. Chem. 1998, 83285  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/010120083 $ 17.501.50/0 83



A. Ruban, M. Nieger, E. NieckeFULL PAPER
pared to the corresponding nuclei in the imino(methyl- anes[11], but are longer than those in bis(methylene)phos-

phoranes[14]. The P2N [151.8(3)2153.1(4) pm] and P2Cene)phosphoranes. Furthermore, a detailed experimental
and quantum-chemical study on the influence of phos- [162.4(4)2164.2(4) pm] distances, as well as the central

C2P2N valence angles [129.2(2)2130.5(2)°] represent typi-phorus substituents on 15N-NMR shifts in bis(imino)phos-
phoranes led to the conclusion that the substituent effects cal structural features common to both bis(imino)- and bis-

(methylene)phosphoranes[3a] [3b]. The other bond lengthswere transmitted by both inductive and mesomeric interac-
tions, and revealed a correlation between increased shield- and angles show no peculiarities.

Regarding the potential synthetic utility of these halo-ing and higher ylidic character of the ylene bond[12].
geno(imino)methylenephosphoranes, one can expect them

Table 1. Representative NMR data of P-halogenobis(ylidene)phos-
to undergo nucleophilic displacement reactions as well asphoranes X2P(5A)5B
thermally induced β eliminations of silyl halide. Both of

δ31P δ13C(P5C) 1JPC [Hz] these strategies are currently under investigation.

This work was supported by the Deutsche Forschungsgemein-
X 5 Cl; A 5 B 5 N 218.5 2 2 schaft and the Fonds der Chemischen Industrie.X 5 Br; A 5 B 5 N 230.2 2 2
X 5 I; A 5 B 5 N 242.9 2 2
X 5 Cl; A 5 N; B 5 C 72.5 51.7 65.3 Experimental Section
X 5 Br; A 5 N; B 5 C 65.2 58.2 50.6

All experiments were carried out with the exclusion of air andX 5 I; A 5 N; B 5 C 53.3 68.0 34.1
X 5 Cl; A 5 B 5 C 136.8 83.3 38.6 moisture under argon. Solvents were purified and dried according
X 5 Br; A 5 B 5 C 122.5 91.3 30.8 to standard methods. Compound 1 was prepared according to a
X 5 I; A 5 B 5 C 84.7 102.9 23.5 literature procedure[7]. 2 NMR: Bruker AMX 300 (31P: 121.5

MHz, external standard 85% H3PO4; 1H: 300.1 MHz, external
standard TMS; 13C: 75.5 MHz, external standard TMS). 2 MS:The constitutions of compounds 224 were further cor-
Kratos Instruments Concept 1 H, Kratos Instruments MS 50, VGroborated by single-crystal X-ray diffraction studies. The
Instruments VG 12-250. 2 Elemental analyses: Analytisches La-phosphorus and carbon atoms of the imino(methylene)
boratorium Pascher. 2 Melting points were determined in sealed

moieties exhibit the expected trigonal-planar geometries glass capillaries and are uncorrected.
(Figure 1). The atoms of the CSi2 and P2N2Cipso moieties

Iodo[(2,4,6-tri-tert-butylphenyl)imino][bis(trimethylsilyl)-are almost coplanar (dihedral angle 4.425.6°), while the
methylene]phosphorane (2): To a solution of iminophosphane 1aryl substituent is approximately orthogonal to the central
(2.61 g, 5 mmol) in 20 ml of THF, an equimolar amount of iodine,

π-bond system (angle between the plane P2N2Cipso and dissolved in 20 ml of THF, was added at 240°C. The reaction
the aryl plane: 88.8291.7°). The P2N double bond adopts mixture was then allowed to warm to room temp. under stirring.
a (Z) configuration, as is observed in P-halogeno(imino)- The solvent and all volatile components were removed in vacuo and
phosphanes[13]. The P2halogen distances [3: 206.9(2), 4: the remaining residue was taken up in 30 ml of n-hexane. Storage of
223.1(1), 2: 242.9(1) pm] are shortened in comparison with the resulting solution at 0°C led to the deposition of 2 in the form

of red crystals, which were found to be suitable for X-ray structuralthe corresponding bond lengths in bis(imino)phosphor-
analysis. 2 Yield 2.57 g (89.3%), m.p. 1112113°C. 2 31P NMR
(C6D6): δ 5 53.3. 2 1H NMR (C6D6): δ 5 0.57 (s, 18 H, SiMe3),

Figure 1. Crystal structure of the imino(methylene)phosphorane
1.47 (s, 9 H, p-tBu), 1.72 (s, 18 H, o-tBu), 7.61 (d, 5JHP 5 5.8 Hz,3[a]

2 H, C6H2). 2 13C NMR (C6D6): δ 5 5.0 (d, 3JPC 5 5.8 Hz,
SiMe3), 32.1 (d, JPC 5 4.2 Hz, p-CCH3 ), 32.9 (d, 5JPC 5 2.7 Hz,
o-CCH3), 35.3 (d, JPC 5 4.4 Hz, p-CCH3), 37.2 (d, 4JPC 5 4.7 Hz,
o-CCH3), 68.0 (d, 1JPC 5 34.3 Hz, P5C), 123.0 (d, 4JPC 5 11.8
Hz, m-Ar), 143.7 (d, 3JPC 5 19.1 Hz, o-Ar), 145.7 (d, 5JPC 5 14.1
Hz, p-Ar), 145.8 (d, 2JPC 5 24.1 Hz, ipso-Ar). 2 MS (70 eV); m/z
(%): 574 (49) [M1], 290 (100) [tBu3C6H2NP1]. 2 C25H47INPSi2
(594.7): calcd. C 52.15, H 8.22; found C 52.28, H 8.26.

Chloro[(2,4,6-tri-tert-butylphenyl)imino][bis(trimethylsilyl)-
methylene]phosphorane (3): To a solution of imino(methylene)phos-
phorane 2 (1.44 g, 2.5 mmol) in 10 ml of CH2Cl2, AgCl (0.39 g,
2.7 mmol) was added at room temp. and the suspension was stirred
for 12 h. The solvent and the volatiles were then removed in vacuo
and the remaining residue was taken up in 20 ml of n-hexane. The
insoluble silver salt (AgI) was separated by filtration. Storage of

[a] Selected bond lengths [pm] and bond angles [°]: 3: P(1)2Cl(1) the filtrate at 0°C resulted in the deposition of 3 in the form of
206.9(2), P(1)2N(1) 152.7(4), P(1)2C(1) 162.4(4), N(1)2C(8) yellow crystals. 2 Yield: 1.05 g (86.7%), m.p. 81282°C. 2 31P142.6(5); Cl(1)2P(1)2N(1) 113.1(1), Cl(1)2P(1)2C(1) 116.3(2),

NMR (C6D6): δ 5 72.5. 2 1H NMR (C6D6): δ 5 0.40 (s, 9 H,N(1)2P(1)2C(1) 130.5(2), P(1)2N(1)2C(8) 127.0(3). 2 2:
P(1)2I(1) 242.9(1), P(1)2N(1) 153.1(4), P(1)2C(1) 164.2(4), SiMe3), 0.60 (s, 9 H, SiMe3), 1.45 (s, 9 H, p-tBu), 1.73 (s, 18 H, o-
N(1)2C(8) 142.3(5), I(1)2P(1)2N(1) 112.0(2), I(1)2P(1)2C(1) tBu), 7.63 (d, 5JPH 5 3.3 Hz, 2 H, C6H2). 2 13C NMR (C6D6):
118.8(2), N(1)2P(1)2C(1) 129.2(2), P(1)2N(1)2C(8) 125.6(3). 2 δ 5 4.2 (d, 3JPC 5 7.0 Hz, SiMe3), 4.6 (d, 3JPC 5 2.0 Hz, SiMe3),4: P(1)2Br(1) 223.1(1), P(1)2N(1) 151.8(3), P(1)2C(1) 162.7(4),

32.1 (d, JPC 5 3.0, p-CCH3), 32.2 (d, 5JPC 5 2.3 Hz, o-CCH3), 35.2N(1)2C(8) 140.8(5); Br(1)2P(1)2N(1) 112.1(1), Br(1)2P(1)2C(1)
117.5(2), N(1)2P(1)2C(1) 130.4(2), P(1)2N(1)2C(8) 127.8(3). (d, JPC 5 3.4 Hz, p-CCH3), 36.9 (d, 4JPC 5 3.8 Hz, o-CCH3), 51.7
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(d, 1JPC 5 65.3 Hz, P5C), 122.7 (d, 4JPC 5 8.9 Hz, m-Ar), 140.8 SHELXTL-Plus[15], SHELXL-93[16]). Non-hydrogen atoms were

refined anisotropically; H atoms were refined using a riding model;(d, 2JPC 5 23.3 Hz, ipso-Ar), 142.9 (d, 3JPC 5 15.7 Hz, o-Ar), 145.0
(d, 5JPC 5 10.7 Hz, p-Ar). 2 MS (70 eV); m/z (%): 483 (11) [M1], the tert-butyl groups were found to be disordered. Full details of

the crystal structure determinations (except structure factors) have290 (100) [tBu3C6H2NP1]. 2 C25H47ClNPSi2 (484.2): calcd. C
62.01, H 9.78; found C 62.22, H 9.84. been deposited with the Cambridge Crystallographic Data Centre

as supplementary publication no. CCDC-100474 (2, 3, 4). CopiesBromo[(2,4,6-tri-tert-butylphenyl)imino][bis(trimethylsilyl)-
may be obtained free of charge on application to CCDC, 12 Unionmethylene]phosphorane (4): To a solution of 3 (1.21 g, 2.5 mmol)
Road, Cambridge CB2 1EZ, U.K. [Fax: (internat.) 1 44(0)1223/in 10 ml of THF was added an equimolar amount of Me3SiBr and
336033; E-mail: deposit@ccdc.cam.ac.uk].the reaction mixture was stirred for 2 h at room temp. The solvent

and the halosilanes were then removed in vacuo and the residue
[1] [1a] E. Niecke, W. Flick, Angew. Chem. 1974, 86, 128; Angew.was crystallized from a small volume of n-hexane. The product was

Chem. Int. Ed. Engl. 1974, 13, 585. 2 [1b] O. J. Scherer, N. Kuhn,obtained as an orange, crystalline solid. 2 Yield 1.16 g (87.5%),
Chem. Ber. 1974, 107, 2123. 2 [1c] S. Pohl, E. Niecke, B. Krebs,

m.p. 992101°C. 2 31P NMR (C6D6): δ 5 65.2. 2 1H NMR Angew. Chem. 1975, 87, 284; Angew. Chem. Int. Ed. Engl. 1975,
(C6D6): δ 5 0.40 (s, 9 H, SiMe3), 0.60 (s, 9 H, SiMe3), 1.45 (s, 9 14, 261.

[2] Multiple Bonds and Low Coordination in Phosphorus ChemistryH, p-tBu), 1.73 (s, 18 H, o-tBu), 7.62 (d, 5JPH 5 3.6 Hz, 2 H, C6H2).
(Eds.: M. Regitz, O. J. Scherer), Thieme, Stuttgart, 1990.2 13C NMR (C6D6): δ 5 4.6 (s, SiMe3), 5.0 (d, 3JPC 5 5.7 Hz, [3] [3a] E. Niecke, D. Gudat in ref. [2], p. 3922404, and cited litera-

SiMe3), 32.1 (d, JPC 5 6.1 Hz, p-CCH3), 32.5 (d, 5JPC 5 2.6 Hz, ture. 2 [3b] R. Appel in ref. [2], p. 3672374, and cited literature.
o-CCH3), 35.2 (d, JPC 5 3.8 Hz, p-CCH3), 37.0 (d, 4JPC 5 3.8 Hz, 2 [3c] H. Heydt in ref. [2], p. 3752391.

[4] [4a] R. Appel, T. Gaitzsch, F. Knoch, G. Lenz, Chem. Ber. 1996,o-CCH3), 58.2 (d, 1JPC 5 50.6 Hz, P5C), 122.8 (d, 4JPC 5 10.2
119, 1977. 2 [4b] E. Niecke, M. Frost, V. von der Gönna, A.Hz, m-Ar), 142.0 (d, 2JPC 5 24.4 Hz, ipso-Ar), 143.2 (d, 3JPC 5
Ruban, W. W. Schoeller, Angew. Chem. 1994, 106, 217022172;

17.1 Hz, o-Ar), 145.3 (d, 5JPC 5 12.2 Hz, p-Ar). 2 MS (70 eV); m/z Angew. Chem. Int. Ed. Engl. 1994, 33, 211122113.
(%): 527 (52) [M1], 290 (100) [tBu3C6H2NP1]. 2 C25H47BrNPSi2 [5] [5a] A. R. Barron, A. H. Cowley, J. Chem. Soc., Chem. Commun.

1987, 1272. 2 [5b] H. J. Metternich, E. Niecke, Angew. Chem.(528.7): calcd. C 56.79, H 8.96; found C 56.98, H 9.04.
1991, 103, 3362337; Angew. Chem. Int. Ed. Engl. 1991, 30,

Crystal-Structure Analyses. 2 Crystal Data: 2: C25H47INPSi2, 3122313. 2 [5c] P. Becker, H. Brombach, G. David, M. Leuer,
H. J. Metternich, Chem. Ber. 1992, 125, 7712774.Mr 5 575.7, red tablets, 0.60 3 0.50 3 0.35 mm; monoclinic, space

[6] G. Fink, V. Möhring, Stud. Surf. Sci. Catal. (Catal. Polym. Ole-group P21/c (No. 14), a 5 8.853(3), b 5 33.25(1), c 5 10.666(4) Å, fins) 1986, 25, 231.
β 5 99.75(3)°, V 5 3094(2) Å3, Z 5 4, Dx 5 1.24 Mg m23, µ(Mo- [7] B. Schinkels, A. Ruban, M. Nieger, E. Niecke, J. Chem. Soc.,
Kα) 5 1.18 mm21, T 5 293(2) K, F(000) 5 1200, number of reflec- Chem. Commun. 1997, 2932294.

[8] K. Karaghiosoff in ref. [2], p. 4632471.tions: 7843 (7145 independent, Rint 5 0.025), R(F) 5 0.054, wR(F2
[9] S. Berger, S. Braun, H.-W. Kalinowski, NMR Spectroscopy ofall data) 5 0.153 (266 parameters, 50 restraints). 2 3: Main Group Elements, vol. III, Thieme Verlag, Stuttgart, 1993.

C25H47ClNPSi2, Mr 5 484.2, yellow blocks, 0.40 3 0.30 3 0.20 [10] E. Niecke, D.-A.Wildbredt, Chem. Ber. 1980, 113, 154921565.
mm, monoclinic, space group P21/c (No. 14), a 5 8.902(2), b 5 [11] A. Ruban, M. Nieger, E. Niecke, Angew. Chem. 1993, 105,

154421545; Angew. Chem. Int. Ed. Engl. 1993, 32, 141921420.32.825(5), c 5 10.516(1) Å, β 5 98.95(1)°, V 5 3035.4(9) Å3, Z 5
[12] D. Gudat, E. Niecke, A. Ruban, V. von der Gönna, Mag. Res.4, Dx 5 1.06 Mg m23, µ(Cu-Kα) 5 2.44 mm21, T 5 293(2) K, Chem. 1996, 34, 7992806.

F(000) 5 1056, number of reflections: 4845 (4442 independent, [13] [13a] E. Niecke, M. Nieger, F. Reichert, Angew. Chem. 1988, 100,
Rint 5 0.096), R(F) 5 0.075, wR(F2 all data) 5 0.232 (266 param- 1781; Angew. Chem. Int. Ed. Engl. 1988, 27, 1715. 2 [13b] V.

Romanenko, L. S. Kachkovskaja, M. I. Povolotskii, A. N. Cher-eters, 62 restraints). 2 4: C25H47BrNPSi2, Mr 5 528.7, orange
nega, M. Yu. Antipin, Yu. T. Struchkov, L. N. Markovskii, Zh.blocks, 0.80 3 0.70 3 0.50 mm, monoclinic, space group P21/c Obshch. Khim. 1988, 58, 9582969. 2 [13c] M. Nieger, Thesis,

(No. 14), a 5 8.851(2), b 5 32.87(1), c 5 10.556(4) Å, β 5 Universität Bonn, 1989. 2 [13d] E. Niecke, D. Gudat, Angew.
99.15(3)°, V 5 3032(2) Å3, Z 5 4, Dx 5 1.16 Mg m23, µ(Mo-Kα) 5 Chem. 1991, 103, 2512270; Angew. Chem. Int. Ed. Engl. 1991,

30, 2172237.1.50 mm21, T 5 293(2) K, F(000) 5 1128, number of reflections:
[14] [14a] R. Appel, A. Westerhaus, Tetrahedron Lett. 1982, 23, 2017.5622 (5325 independent, Rint 5 0.053), R(F) 5 0.055, wR(F2 all

2 [14b] R. Appel, K.-H. Dunken, E. Gaitzsch, T. Gaitzsch, Z.
data) 5 0.151 (266 parameters, 62 restraints). An absorption cor- Chem. 1984, 24, 3842385.
rection on the basis of Ψ scans was applied. [15] G. M. Sheldrick, SHELXTL-Plus, Siemens Analytical X-ray In-

struments Inc., Madison, Wisconsin, USA, 1989.
Structure Solution and Refinement: The structures were solved by [16] G. M. Sheldrick, SHELXL-93, University of Göttingen, 1993.

[97177]direct methods and refined anisotropically on F2 (program system:
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Treatment of Ti(NtBu)Cl2(py)2 (1, py = pyridine) with bulky stitution products [PhC(NiPr)2]2Ti(NtBu)(py) (6) and
[Ph2P(NSiMe3)2]2Ti(NtBu) (7). The bis(pyridine) adductheteroallylic ligands in a 1:1 molar ratio affords the monosub-

stituted derivatives [PhC(NSiMe3)2]Ti(NtBu)Cl(py)2 (2), [Me- Ph2P(NSiMe3)2Li(py)2 (5) was isolated as a by-product during
the preparation of 4. The molecular structures of 7 has beenOC6H4C(NSiMe3)2]Ti(NtBu)Cl(py) (3), and [Ph2P(NSiMe3)2]-

Ti(NtBu)Cl(py) (4). Similarly, 2:1 reactions afforded the disub- established by X-ray crystallography.

The chemistry of transition metal imido complexes con- treatment of 1 with lithium salts of bulky heteroallylic
anions in THF solution in a 1:1 molar ratio resulted in for-tinues to be an area of active research.[123] Such com-

pounds are of interest as intermediates in organic syntheses mation of the monosubstitution products 224 (Scheme 1).
as well as catalytically active species. [4219] Just a few years Scheme 1. Reaction conditions: i) Li[PhC(NSiMe3)2], 1 equiv.,

THF, 20°C; ii) Li[MeOC6H4C2(NSiMe3)2], 1 equiv.,ago, imidotitanium(IV) complexes were exceedingly rare.
THF, 20°C; iii) Li[Ph2P(NSiMe3)2], 1 equiv., THF,The first well characterized monomeric imidotitanium spe-
20°C

cies were reported independently at the same time by Roe-
sky et al. and Rothwell et al. in 1990.[20,21] Following the
initial work, various other monomeric and dimeric imido
derivatives of titanium have been prepared.[22230] However,
a general route providing straightforward access to a series
of Ti5NR species was lacking. The recent preparation of
readily accessible precursors such as Ti(NtBu)Cl2(py)2 (1,
py 5 pyridine) and Ti(NtBu)Cl2(tBu-py)2 (tBu-py 5 4-tert-
butylpyridine) has greatly facilitated the investigation of
these compounds. [31] Various complexes derived from these
starting materials have recently been reported by Mount-
ford et al. [31235] We describe here the synthesis and struc-
tural characterization of imidotitanium(IV) complexes con-
taining bulky heteroallylic ligands. Related complexes have
so far been reported only for vanadium(V) and ni-
obium(V). [36] The bulky heteroallylic ligands used in this
study include the benzamidinate anions [PhC(NSiMe3)2]2,
[MeOC6H4C(NSiMe3)2]2, and [PhC(NiPr)2]2 as well as the
diiminophosphinate anion [Ph2P(NSiMe3)2]2. [37240] Chel-
ating ligands of this type are currently being investigated as
alternatives for cyclopentadienyl ligands in the design of
novel “metallocene-like” homogeneous catalysts. [41250] The monosubstituted complexes 224 form orange crys-

talline solids, which are soluble in THF or toluene and only
Syntheses and Structures marginally soluble in hexane or acetonitrile. All three com-

pounds were fully characterized by elemental analyses andCompound 1 is easily made be reacting TiCl4 with tert-
butylamine in the presence of pyridine. [31235] Subsequent spectroscopic methods. The benzamidinate derivative 2 is

Eur. J. Inorg. Chem. 1998, 87291  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/010120087 $ 17.501.50/0 87
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obtained as a bis(pyridine) adduct, while the complexes 3 The molecular structure of 7 (Figure 1) was determined

by X-ray diffraction. Red single crystals of the compoundand 4 contain only one additional pyridine ligand. In ad-
dition to the NMR spectroscopic results, the pyridine con- were grown by slow cooling of a saturated solution in hex-

ane to 220°C. The crystallographic investigation confirmstent of each compound was independently established by
GC analysis of hydrolyzed samples. In the case of 2 X-ray the presence of a monomeric, pentacoordinated imidoti-

tanium complex, in which the central titanium atom is co-quality crystals were grown from a saturated hexane solu-
tion. Unfortunately, due to the low quality of all examined ordinated only to nitrogen. A comparable coordination en-

vironment was found for tert-butylimidotitanium speciescrystals, the structure determination was not sufficiently ac-
curate to allow a detailed discussion of bond lengths and containing the aza-macrocyclic ligands tetra- and octa-

methyldibenzotetraaza[14]annulene (Me4taa and Me8taa,angles. However, the crystallographic results confirm the
overall structure of 2 as a monomeric tert-butylimidoti- respectively). [31] With 1.680(4) Å the Ti5N bond length

falls in the typical range found for other crystallograph-tanium(IV) complex containing one silylated benzamidinate
ligand and one chloro function (cf. Scheme 1). ically characterized imidotitanium complexes

(1.672(7)21.723(4) Å). [35] The Ti2N2C(tBu) angleThe preparation of 4 from 1 and
Li[Ph2P(NSiMe3)2] [47251] in THF solution is generally ac- [175.9(3)°] is much closer to linearity than that in the

macrocyclic imidotitanium derivative (Me8taa)Ti(NtBu)companied by the formation of the by-product Ph2P(NSi-
Me3)2Li(THF)2 (5), which can be isolated by fractional [164.3(3)°]. [31] The tert-butylimido ligand can thus be as-

sumed to act as four-electron donor towards titanium.crystallization from hexane, in which it is less soluble than
the titanium complex 4. [51a] Compound 5 forms pale yellow,

Figure 1. Molecular structure of [Ph2P(NSiMe3)2]Ti(NtBu) (7)[a]

moisture sensitive crystals. Its molecular structure can be
formulated in analogy to the crystallographically charac-
terized THF adduct Ph2P(NSiMe3)2Li(THF)2. [51b] The
presence of two pyridine ligands in 5 was further confirmed
by a gas chromatographic analysis following hydrolysis of
the material.

Similar treatment of 1 with two equivalents of heteroal-
lylic ligands results in clean formation of the disubstituted
derivatives 6 and 7 (Scheme 2).

Scheme 2. Reaction conditions: iv) Li[PhC(NiPr)2], 2 equiv., THF,
20°C; v) Li[Ph2P(NSiMe3)2], 2 equiv., THF, 20°C

[a] Selected bond lengths [Å] and angles [°]: Ti2N(1) 2.152(5),
Ti2N(2) 2.201(4), Ti2N(3) 2.203(5), Ti2N(4) 2.146(5), Ti2N(5)
1.680(4), P(1)2N(1) 1.605(4), P(1)2N(2) 1.596(4), P(2)2N(3)
1.597(4), P(2)2N(4) 1.607(4), N(5)2C(37) 1.481(6),
Ti2N(5)2C(37) 175.9(3), N(1)2P(1)2N(2) 103.9(2),
N(3)2P(2)2N(4) 104.0(2).

IR Studies

The compounds 224 and 6, 7 have also been closely
examined by IR and Raman spectroscopy. Assignment of
the IR bands was made by spectra comparison as well as
by inclusion of the Raman spectra and literature data. The
N2C2N chelating units in 2, 3, and 6 give rise to a νas

CN2 band at 152321516 cm21 as well as the νs CN2 at
137721372 cm21. [52] The νas PN2 vibration in 4 and 7 isOnce again the composition of the products depends on

subtle differences in the steric bulk of the heteroallylic li- assigned to the bands at 1090 and 1095 cm21, respec-
tively. [53] The SiMe3 groups in 224 and 7 are characterizedgands. The benzamidinate derivative 6 is obtained as the

mono-pyridine solvate, while 7 is an unsolvated, pentacoor- by the following bands: δas CH3 at 140721400 cm21, δs

CH3 at 124921245 cm21, and CH3 rocking at 7702751dinated imidotitanium(IV) species. The complexes are iso-
lated as nicely crystalline, orange or red materials, which cm21. [54] Characteristic for the phenyl rings in all com-

pounds are the ring valence vibrations at 160921600 cm21are readily susceptible to hydrolysis in the presence of moist
air. They exhibit a high solubility in non-polar organic sol- (only 7 shows no absorption in this region), 159221572

cm21 and 148521477 cm21 as well as the rocking vi-vents such as toluene or hexane. Both complexes were fully
characterized by elemental analyses and spectroscopic brations at 107221062 cm21 and at 103421028 cm21. A

doublet at 137721372 and 139021385 cm21 was assignedmethods.
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Figure 2. Diagram of the metal bellow vessel. a) base plate, b) capto δs CH3 of the tert-butyl group in the tert-butylimido li-

with metal bellow, c) isolating valve, d) packing ring, e) clampgand. In addition, the Raman spectra show at 6532651
cm21 the νs (N)2CC3 vibration of the N2C(CH3)3 unit. [55]

ν Ti2py bands are observed in the spectra of 224 and 6 at
2822280 cm21. [56] In addition, the Raman spectra exhibit
a ν CH band at 308223074 cm21, which can be assigned
to pyridine. In the case of the monosubstituted complexes
224 the ν TiCl vibrations are observed at 3232321 cm21

(IR) and 3282329 cm21 (Raman), respectively. The isopro-
pyl substituents in 6 give rise to the ν CH band at 1386
cm21 in the IR spectrum as well as bands at 2926 cm21 (ν
CH), 2869 cm21 (νs CH3) and 480 cm21 (δ CC2) in the
Raman spectrum.[55] Bands at 2838 cm21 (νs CH3), 1293
and 1040 cm21 (ν CO) in the IR spectrum of 3 are typical
for the p-methoxy substituent. [53]

Conclusions

In summary, we have shown that monomeric imidoti-
tanium complexes containing bulky heteroallylic ligands
can be synthesized starting from the readily accessible pre-
cursor Ti(NtBu)Cl2(py)2 (1). Depending on the stoichi- ployed to refine the hydrogen atom positions. 2 The starting mate-
ometry of the starting materials, 1:1- and 1:2 derivatives can rials Ti(NtBu)Cl2(py)2 (1), [31] [35] Li[RC6H4C(NSiMe3)2] (R 5 H,
be isolated. Bulky benzamidinate ligands as well as diimi- MeO),[58] Li[PhC(NiPr)2] [46] and Li[Ph2P(NSiMe3)2] [47,48] were pre-
nophosphinate anions are equally suited to stabilize mono- pared according to literature procedures.
meric imidotitanium complexes. Reactions of Ti(NtBu)Cl2(py)2 (1) with Heteroallylic Ligands

We thank the Deutsche Forschungsgemeinschaft, the Fonds der (General Procedure): To a stirred solution of 1.74 g (5.0 mmol) of
Chemischen Industrie and the Otto-von Guericke-Universität Magde- 1 in 20 ml of THF is added dropwise at room temperature a solu-
burg for their continuing financial support. tion of 5.0 mmol of the ligand in 30 ml of THF (1:1 reactions).

For the 1:2 reactions a solution of 10.0 mmol of the ligand in 60
ml of THF is employed. Stirring at room temperature is continued

Experimental Section for 8 h and the mixture is evaporated to dryness. The residue is
extracted with 40 ml of boiling hexane and filtered while hotAll reactions were carried out under purified nitrogen using
through a thin layer of Celite filter aid. Cooling to 220°C for 24standard Schlenk-line or dry-box techniques. Solvents were care-
h affords the crude product, which is purified by recrystallizationfully dried over Na/benzophenone and freshly distilled under nitro-
from hexane.gen prior to use. 2 Infrared and Raman spectra were recorded

using a Perkin Elmer FTIR-2000 spectrometer equipped with a Ra- [N,N9-Bis(trimethylsilyl)benzamidinato]-N-tert-butylimido-
chlorobis(pyridine)titanium(IV) (2): Red crystals, m.p. 1072109°C.man facility. The IR measurements in the spectral range of

4002200 cm21 were carried out using either Nujol mulls or with Yield: 1.36 g (48%). 2 IR (cm21): ν̃ 5 2595 s, 2915 m, 2897 m,
1604 m, 1592 w, 1520 m, 1510 w, 1479 m, 1459 m, 1444 m, 1426the pellet technique using RbBr as embedding medium. KBr pellets

were used for spectra in the 40002400 cm21 range. For this pur- m, 1406 m, 1385 (sh) w, 1376 m, 1358 m, 1247 vs, 1027 w, 1042 m,
1029 w, 1013 m, 1002 m, 985 s, 921 s, 840 vs, 785 m, 759 s, 728 m,pose a metal bellow vessel was designed, which greatly facilitates

the IR investigation of air-sensitive samples, especially in connec- 700 s, 632 m, 526 m, 508 m, 492 m, 456 w, 392 w, 353 w, 302 w,
280 w. 2 1H NMR (C6D6): δ 5 9.54 (m, 2 H, p-C5H5N), 8.70 (m,tion with the dry box technique. A diagram of the vessel is depicted

in Figure 2. 4 H, m-C5H5N), 7.01 (m, 4 H, o-C5H5N), 6.90 (m, 1 H, p-C6H5),
6.65 (m, 4 H, o,m-C6H5), 1.35 (s br, 9 H, tBu), 0.35 (s br, 18 H,The KBr die containing the air- and moisture-sensitive samples
SiMe3). EI MS (70 eV); m/z (%): 567 (1) [M1], 510 (2) [M1 2was placed under inert atmosphere in the dry-box into the evacu-
C4H9], 263 (49) [PhC(NSiMe3)1

2 ], 103 (44) [PhCN1], 73 (100)able metal bellow vessel made of steel. The metal bellow serves to
[SiMe1

3 ]. 2 C27H42ClN5Si2Ti (567.17): calcd. C 56.29, H 7.35, Nlevel out the height difference of the vessel during power trans-
12.16; found C 55.83, H 7.82, N 11.88.mission from the hydraulic press onto the KBr die. The vessel is

taken out of the dry box and evacuated to ca 1022 mbar. After [N,N9-Bis(trimethylsilyl)-p-methoxybenzamidinato]-N-tert-
butylimidochloro(pyridine)titanium(IV) (3): Red-brown crystals,pressing the pellet the evacuated vessel is taken back into the dry

box. The pellet holder containing the pellet is closed air-tight on m.p. 88290°C. Yield: 1.34 g (51%). 2 IR (cm21): ν̃ 5 3069 w, 2954
m, 2897 m, 2838 w, 1609 s, 1583 w, 1516 m, 1489 m, 1477 m, 1459both sides using IR cell windows and sealing rings, and then taken

out of the dry box and inserted into the spectrometer. Very weak m, 1443 s, 1425 (sh) s, 1400 m, 1390 (sh) m, 1377 m, 1350 m, 1300
(sh) w, 1293 m, 1249 s, 1171 m, 1108 m, 1071 w, 1040 (sh) m, 1034bands are not listed in the IR data. 2 NMR spectra: Bruker AM

250. 2 X-ray crystallography: Intensities were collected at 2100°C m, 1016 s, 993 (sh) s, 983 s, 914 m, 839 vs, 756 s, 720 s, 695 s, 644
s, 633 s, 600 m, 543 m, 519 m, 502 w, 393 w, 389 w. 2 EI MS (70on a Nonius CAD4 diffractometer with graphite-monochromated

Cu-Kα radiation (λ 5 1.54178 Å). The structure was solved by eV); m/z (%): 527 (4) [M1], 293 (6) [MeOC6H4C(NSiMe3)1
2 ], 73

(100) [SiMe1
3 ]. 2 C23H39ClN4OSi2Ti (527.09): calcd. C 52.41, Hdirect methods with SHELXS-86 and refined by full-matrix least-

squares procedures using SHELXL-93.[57] A riding model was em- 7.46, N 10.63; found C 52.53, H 7.66, N 10.21.
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The molecular structures of nine transition metal tetrazole- Ph3PAu(SCN4Me) via Au2S contacts, leading to dimeric
strands in the solid state. The copper compoundthiolates have been determined by X-ray structure determi-

nations. The ligand is invariably coordinated through its sul- (Ph3P)3Cu4(SCN4Me)4 (5), possesses a rather asymmetric
structure: one Cu atom is tricoordinated by 3 sulfur atoms,fur atom to the metal center [M = PdII, CuI, AgI, AuI, AuIII,

and Hg]. The M2S2C bond angles vary considerably, but the other three are tetracoordinated by P and N as well as by
S atoms.this cannot be correlated with variations in the C2S bond

lengths. Intermolecular association occurs for

Introduction The mercury atom lies on a crystallographic twofold ro-
tation axis and imposes C2 point group symmetry on theIt is well known that mercaptotetrazoles exist as their
molecule. There is a large variation in bond angles: the an-tetrazinethione tautomers[1]. Deprotonation leads to the
gle P12Hg2P1a is rather wide [125.6(1)°] while thetetrazolethiolate anion, which can be considered as a 6π-
S12Hg2S1a bond angle is compressed [95.7(1)°]. This re-electron ring system[2]. It binds to metal atoms via its sulfur
flects the larger steric requirement of the triphenylphos-atom as is evident from IR spectra[3]. However, as shown
phane ligand. The two planes, P2Hg2P and S2Hg2S, arefor organotin complexes of mercaptotetrazoles, one of the
not perpendicular to one another; the twist angle is 78.9°.nitrogen atoms of the tetrazole ring can also be involved in
This is the result of an interaction between one phenylcoordination[4]. This is not necessarily indicated by IR data.
group of the Ph3P ligand and the tetrazole ring, which comeTherefore, X-ray structure investigations were necessary to
into close contact and are oriented almost parallel to onecomplement other methods of structure analysis that we
another (interplanar angle: 18.4°). Moreover, the CN4 planehave performed on neutral and anionic palladium, plati-
is twisted with respect to the Hg12S12C1 plane by 17.8°,num, copper, silver, and mercury complexes of 2-methyl-
while the N-bonded phenyl group C22C7 is in turn twistedand 2-phenyl-1,2,3,4-tetrazole-5-thiolates. These com-
by 125.6° with respect to the CN4 plane.pounds were first reported in 1977[3].

Neutral Complexes
Figure 1. ORTEP representation of the molecular structure of the

Two types of transition-metal complexes of the mercap- mercury complex 1 in the solid state; hydrogen atoms are omitted
for claritytotetrazole ligand have hitherto been described: (i) neutral

complexes of the type LnM(SCN4R)m and (ii) anionic com-
plexes [M(SCN4R)m]n2, while cationic complexes with these
ligands are as yet unknown. Neutral mercury, gold, silver,
and copper complexes 125 were available for X-ray struc-
ture analyses.

The mercury complex 1 has a tetracoordinated metal
center as shown in Figure 1. As has been suggested pre-
viously[3], only the sulfur atom of the tetrazolethiolate
binds to the metal atom. In the case of compound 1, the
metal atom resides in a distorted tetrahedral environment.
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Table 1. Selected bond lengths [Å] and bond angles [°] with esti- ing parameters of the tetrazole thiolate ligand will be dis-

mated standard deviations (in parentheses) for compounds 129 cussed later.
Amongst the coinage metal tetrazolethiolates, those of

(Ph3P)2Hg- (Ph3P)Au- (Ph3P)Au- (Ph3P)2Ag- (Ph3P)3Cu4- AuI are the simplest ones. Two closely related compounds,(SCN4Ph)2 SCN4Me SCN4Ph (SCN4Ph) (SCN4Me)3

Lengths [Å] 1[a] 2 3 4 5[a] Ph3PAuSCN4R [R 5 Me (2); Ph (3)], have been investi-
gated, which differ considerably as far as intermolecular in-

M2P1 2.500(3) 2.261(1) 2.265(2) 2.478(1) 2.219(2) teractions are concerned. The methyl compound 2 shows a
M2P2 2 2 2 2.449(1) 2 dicoordinated gold atom and an almost linear array of theM2S1 2.566(3) 2.325(1) 2.304(2) 2.530(1) 2.387(1)
M2S2 2 2 2 2 2.397(2) (S7) core atoms P, Au and S and angle 170.1(3)°, see Figure 2].
S12C1 1.716(5) 1.740(4) 1.733(7) 1.698(5) 1.717(7) There is clearly very little steric strain in the molecule be-
C12N2 1.352(6) 1.342(5) 1.346(9) 1.363(6) 1.357(7)

cause the C2P2C bond angles lie in the narrow range fromN22N3 1.364(6) 1.354(5) 1.378(8) 1.367(7) 1.354(8)
N32N4 1.297(7) 1.289(5) 1.295(9) 1.291(7) 1.297(7) 105.5 to 107.2(3)°; the largest deviation from the ideal tetra-
N42N5 1.361(6) 1.354(5) 1.366(8) 1.352(7) 1.376(7) hedral angle is only 4°. It should also be noted that theN52C1 1.338(7) 1.331(5) 1.346(8) 1.345(7) 1.343(7)

Au12S12C1 bond angle is rather small for that of a thio-
late.Angles [°]

Figure 2. ORTEP representation of the molecular structure of the
P12M2P2 125.6(1) 2 2 124.55(5) 2 gold 2-methyltetrazolethiolate 2 in the crystal; hydrogen atoms are
P12M2S1 100.37(6) 170.11(3) 172.68(5) 115.31(4) 117.26(6) omitted for clarity
P22M2S1 95.7(1)[b] 2 2 120.09(5) 2
M2S12C1 103.2(2) 97.5(1) 105.3(2) 90.8(2) 106.9(2)
S12C12N2 123.5(4) 123.7(3) 123.9(4) 127.7(4) 124.0(5)
S12C12N5 128.9(4) 128.2(3) 127.1(5) 125.6(4) 130.1(4)
C12N22N3 108.9(4) 108.7(3) 107.8(5) 108.6(5) 110.4(5)
N22N32N4 105.9(4) 105.9(3) 106.3(6) 106.3(4) 106.2(5)
N32N42N5 111.6(4) 111.8(3) 111.9(5) 111.5(5) 110.4(5)
N42N52C1 106.1(4) 105.5(3) 105.0(6) 106.8(4) 107.2(5)
N52C12N2 107.6(4) 108.1(4) 109.0(5) 106.7(4) 105.9(6)

Table 1 (Continued)

Lengths Hg(SCN4Me)4
22 Pd(SCN4Me)4

22 Au(SCN4Ph)4
2 Au(SCN4Ph)2

2

[Å] 6[a] 7[a] 8[a] 9[a]

M2S1 2.535(3) 2.332(1) 2.356(1) 2.279(2)
M2S2 2.595(3) 2.339(1) 2.358(1) 2.288(2)
M2S3 2.507(2) 2 2 2 Figure 3. View of two associated molecules of 2 as present in the
M2S4 2.534(3) 2 2 2 crystal
S12C1 1.73(1) 1.727(4) 1.743(6) 1.748(7)
S22C3 1.73(1) 1.735(4) 1.735(6) 1.725(7)
C12N2 1.33(1) 1.342(5) 1.334(8) 1.360(8)
N22N3 1.36(1) 1.363(5) 1.349(7) 1.351(8)
N32N4 1.30(1) 1.284(5) 1.302(8) 1.299(8)
N4 -N5 1.33(1) 1.336(5) 1.353(7) 1.352(9)
N52C1 1.33(1) 1.323(5) 1.325(8) 1.327(9)

Angles [°]

S12M2S2 106.22(9) 88.61(4) 89.41(5) 175.15(7)
S12M2S 112.9(1) (S3) 91.39(4) (S2a) 90.59(5) (S2a) 2
M2S12C1 100.5(4) 108.3(1) 106.8(2) 110.1(2)
M2S22C2 98.1(3) 106.9(1) 107.2(2) 102.6(2)
S12C12N2 123.7(9) 126.0(3) 124.8(5) 128.9(5)
S12C12N5 126.4(8) 125.8(3) 126.9(5) 123.0(5)
C12N22N3 109.3(9) 108.2(4) 109.3(5) 108.2(5)
N22N32N4 104.3(9) 106.5(4) 105.2(5) 106.3(6)
N32N42N5 112.7(8) 110.9(4) 111.6(5) 111.4(6)
N42N52C1 105.7(9) 106.3(3) 105.5(5) 106.1(5)
N52C12N2 108(1) 108.1(4) 108.3(5) 107.9(6)

[a] Bond parameters for only one tetrazolethiolate unit is given. The tetrazole ring forms an angle of 13.2° with the
Those of the other tetrazolethiolate groups are similar within esd9s. P12Au12S1 plane. Interplanar angles between the phenyl2 [b] S12M2S1a.

groups range from 70.8 to 77.8°, and the C12C6 plane is
almost perpendicularly oriented to the P12Au12S1 plane.
As in the case of compound 1, we also observe a longerSurprisingly, the Hg2P bond is shorter than the Hg2S

distance. The opposite might have been expected consider- metal2S bond compared to the metal2P bond for the gold
complex 2, the difference between the bond lengths beinging the atomic radii of P and S atoms. Trends in the bond-
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0.037 Å. This is, however, much smaller than that in 1 seems to be the reason why the two P2Ag12S1 bond

angles differ by 5.2°.(0.066 Å).
In the lattice, the molecules of 2 are associated to dimers The copper methyltetrazolethiolate Ph3PCuSCN4Me

proved to be dimeric in solution suggesting a structure akin(see Figure 3) by weak intermolecular gold2sulfur contacts
with a distance of 3.423 Å. However, the closest intermolec- to type A [3]. However, crystals obtained from dichlorometh-

ane solution were shown by X-ray structure analysis to haveular Au2Au distance in 2 is 3.946 Å. Therefore, there is no
bonding interaction between these atoms as is often found a different composition: Cu4(SCN4Me)4(PPh3)3 (compound

5). Thus, one triphenylphosphane ligand is lost out of 4in gold(I) thiolates [5].
Although the overall molecular structure of the gold monomeric units. The molecular structure of the tetranu-

clear complex 5, which crystallizes with one molecule ofphenyltetrazolethiolate 3 (see Figure 4) resembles that of
compound 2, considerable differences become apparent CH2Cl2 per molecule of 5, is depicted in Figure 7.

The assembly of the core atoms of 5 is rather asymmetric.upon close inspection. While the P12Au12S1 bond angles
[172.68(5)°] and the C2P2C bond angles are very similar, Three copper atoms are tetracoordinated and one (Cu4) is

only tricoordinated if Cu2Cu interactions are neglectedthe tetrazole ring is twisted out of the P12Au12S1 plane
by 19.3°. More significant with regard to the packing of the [Cu42Cu1: 2.745(1), Cu42Cu3: 2.850(1) Å]. Atom Cu4 is

the only one that has no triphenylphosphane as a coordi-molecules in the lattice is the effect of the phenyl group
attached to the tetrazole ring. This group is twisted by 47.7° nation partner. It only coordinates to sulfur atoms. The

S2Cu42S bond angles range from 87.76(5) to 116.51(6)°.in relation to the nitrogen-containing ring. Compared with
compound 2, the Au2S bond is not significantly longer but This corresponds to a strongly distorted trigonal-pyramidal

array. A similar distortion is found for atom Cu1, where theat 105.3(2)° the Au12S12C1 bond angle is much wider.
However, the most important difference between the two tetrahedral angles span a range from 96.7(1) to 121.3(1)°.

Deviations from tetrahedral symmetry are much smaller forgold thiolates is the packing in the lattice: In compound 3
there are no intermolecular Au2S contacts. In fact, the atom Cu3 [103.52121.5(2)°] and are smallest for atom Cu2

[101.6(1)2113.0(2)°]. Atoms Cu1 and Cu3 have one P, oneshortest intermolecular distances between non-hydrogen
atoms are between atom C16 of a PPh group and atoms N, and two S atoms as coordination partners, while atom

Cu2 is surrounded by one P, one S, and two N atoms. TheC1, N2 and N3 (3.740, 4.014 and 4.165 Å, respectively).
Cu2P bond lengths are different in terms of the 3σ cri-

Figure 4. ORTEP plot of the molecular structure of gold 2-phenyl- terion although the range (2.2222.27 Å) does not suggest
tetrazolethiolate 3

significant differences. This is not the case for the Cu2S
bonds, which vary markedly (2.2422.40 Å). Much less
variation is observed for the Cu2N bond lengths
[2.02922.074(5) Å] and only the N atoms in the 5-position
are found to be involved in bonding, as suggested pre-
viously (Formula A) [2].

Figure 8 gives a better perspective of the core structure
of compound 5 than Figure 7. It represents a view almost
down the Cu2S axis of the unique CuS3 unit. One notes
5 six-membered rings and one eight-membered ring. The
structure of this compound must be regarded as being
rather unique.

Anionic Complexes

The anionic metal tetrazolethiolates 629 have in com-In contrast to the gold complexes 2 and 3, the silver 2-
phenyltetrazolethiolate 4, which crystallizes as mon a tetraphenylarsonium cation. Their AsC4 core has a

symmetry close to the point group Td, which does not hold(Ph3P)2AgSCN4Ph·CH2Cl2, coordinates to two tri-
phenylphosphane ligands. This results in a planar P2AgS for the whole cation. In the tetraphenylarsonium salt of 6,

the As atom is located on a crystallographic twofold axis,structural unit (see Figure 6, sum of bond angles at Ag:
359.9°) with respect to which the CN4 ring plane is twisted but for all the other compounds the arsenic atom is found

in a general position.by 117.5°; the phenyl group bonded to the tetrazole ring
forms an interplanar angle of 134.5° with the latter. The The mercury atom of the anion 6 (see Figure 9) resides

in a general position, and out of the four Hg2S2C bondinterplanar orientations of the phenyl rings of the phos-
phane ligands range from 88.0 to 97.0° for P1, and are 75.9, angles only two are equal [100.5(3)°] while the other two

are 98.1(3)° and 103.0(4)°. This asymmetry becomes even94.4 and 114.0° for those at P2, the latter being much less
evenly distributed than the former. Ag2P bond lengths are more evident when one inspects the interplanar angles that

the tetrazole rings form with the respective Hg2S2Cshorter by 0.08 and 0.05 Å for P2 and P1, respectively, com-
pared to the Ag2S distance. Due to the rather acute planes: these range from 73.1° for S1 to 110.3° for S2 and

71.8° for S3, to finally 138.9° for S4. Two of the methyl-Ag12S12C1 bond angle of 90.8(2)°, atom N5 comes rela-
tively close to atom Ag1, the distance being 2.897 Å. This tetrazolethiolate units are mutually oriented in a “syn”
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Figure 5. Stereoview of the unit cell of compound 3 showing the absence of intermolecular Au···S contacts

Figure 7. The molecular structure of the copper complex 5; ORTEPFigure 6. ORTEP representation of the molecular structure of the
silver 2-methyltetrazolethiolate 4; hydrogen atoms omitted for the representation of the molecule; hydrogen atoms omitted[a]

sake of clarity

[a] Additional selected bond lengths [Å] and bond angles [°]:
Cu22N5 2.074(5), Cu22P2 2.270(2), Cu22N17 2.053(4), Cu22S4

fashion (S2 and S4), while the other two (S1 and S3) adopt 2.395(2), Cu32P3 2.242(2), Cu32S5 2.384(2), Cu32S7 2.398(2),
Cu42S4 2.250(2), Cu42S1 2.290(2), Cu42S5 2.316(2), S42C3an “anti” orientation. It is, therefore, not surprising that the
1.729(6), S52C5 1.713(6), S42C3 1.729(6); P12Cu12N13four Hg2S bond lengths are not equal [range 121.3(1), S12Cu12N13 98.5(1), S12Cu12S7 113.47(5),

2.507(2)22.595(3) Å]. There is no correlation between the S72Cu12N13 96.7(1), N172Cu22N5 112.8(2), N162Cu22P2
107.0(1), N52Cu22P2 111.4(1), N172Cu22S4 113.0(1),Hg2S bond length and the Hg2S2C bond angle.
N52Cu22S4 101.6(2), S52Cu32S7 95.89(5), P32Cu32S7The Pd atom of the anion 7 (see Figure 10) lies on a 104.42(6), P32Cu32S5 121.76(7), N92Cu32S5 103.5(2),

center of inversion. Its tetrazole units are twisted with re- S42Cu42S5 117.18(6), S12Cu42S7 103.66(5), S52Cu42S7
87.76(5), S42Cu42S7 112.92(6), S12Cu42S5 116.50(6).spect to the PdS4 plane by 71.9 and 75.8° (S1 and S2),

respectively. Hence, the point group symmetry for this
anion approaches S4. Bond angles at the sulfur atoms are Au2S2C planes are not coplanar and the plane

Au12S12C1 forms an angle of 11.3° with the plane108.3(1) and 106.9(1)°, and the corresponding Pd2S bond
lengths are 2.332(1) and 2.339(1) Å. Au12S22C2. It is interesting to note that the bond angles

Au2S2C are rather wide at 107.2(2) and 106.8(2)°, andAs in the case of the PdII complex anion 7, we also find
a planar geometry around the gold(III) atom in the com- that, like the angles, there is no significant difference be-

tween the Au2S bond lengths [2.356(1) and 2.358(1) Å].plex anion 8 (see Figure 11). This anion also has a sym-
metry close to point group S4 since its metal atom resides A rather unusual geometry is observed for the AuI anion

9 (see Figure 12). There is an almost linear arrangement ofon an inversion center. In this case, the tetrazole units are
oriented almost perfectly orthogonally to the AuS4 plane, atoms S12Au12S2 [175.15(7)°]. The tetrazole units form

grossly different interplanar angles with the S12Au12S2with interplanar angles of 89.4 and 89.7°. However, the
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Figure 8. The core structure of molecule 5 Figure 11. ORTEP representation of the molecular structure of the

AuIII complex anion 8; hydrogen atoms omitted for clarity

plane: 33° for tetrazole C1, and 114.8° for tetrazole C3. At
least as different are the orientations of the planes of the
phenyl groups in relation to the respective tetrazole rings.
Interplanar angles are 92.2° and 130.8°, respectively. This
leads to a molecular arrangement in which one of the two
phenyl groups comes close to the gold center. In spite of

Figure 9. ORTEP plot of the 2-methyltetrazolethiolato mercurate this orientation, it is apparent that the Au2S12C bond an-
6; the cation is not depicted; hydrogen atoms are omitted for clarity

gle is wider [110.1(2)°] than the comparable angle at atom
S2 [102.6(2)°]. If there were an η6 interaction of a phenyl
ring with the gold atom, one would expect that this phenyl
group would be that with the more acute bond angle at the
sulfur atom. This is obviously not the case.

Figure 12. The molecular structure of the bis(2-phenyltetrazole-
thiolato) aurate(I) (9), depicted in an orientation that shows the

steric shielding of the gold atom by one phenyl group

Figure 10. The molecular structure of the palladate anion 7; hydro-
gen atoms omitted

Discussion

The present study on the molecular structures of 2-sub-
stituted metal tetrazolethiolates, as determined by X-ray
structure analysis, confirm those suggested previously ex-
cept in the case of the silver and copper compounds. All
except the copper compound 5 show that the sulfur atom
of the tetrazolethiolate coordinates to the metal center in
accord with the hard/soft concept of acids and bases.
Within the coinage group, compound 5 is also the only one
in which nitrogen atoms are also involved in coordination,
and this also fits with theory because the copper atom is
the hardest in the coinage metal group. Moreover, the
Cu2Cu atom distances calculated for 5 are too long to sug-
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Table 2. Crystallographic data and data related to data acquisition and refinement for compounds 129

Compound 1 2 3 4 5 6 7 8 9

Chem. C50H40Hg- C20H18Au- C25H20Au- C44H37Ag- C63H59Cl2- C56H52As2- C56H52As2- C32H32As- C38H30As-
formula N8P2S2 N4PS N4PS Cl2N4P2S Cu4N16P3S4 HgN16S4 N16PdS4 AuN16S4 AuN8S2

Form. Wght. 1079.55 574.38 636.45 894.55 1586.47 1427.81 1333.62 1040.86 934.71
Cryst. size 0.230.330.42 0.1230.2130.350.130.130.5 0.230.230.3 0.130.13 0.1 0.230.2230.3 0.01230.230.3 0.0830.1530.3 0.130.1530.21
[mm]
Cryst. system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c P2(1)/n P2(1)/n P1̄ P2(1)/n P2(1) P2(1)/n C2/c P2(1)/n
a [Å] 19.561(3) 8.241(1) 13.0159(1) 10.126(2) 12.999(2) 10.4952(7) 7.498(4) 18.5892(7) 12.793(9)
b [Å] 9.996(1) 14.621(4) 10.8504(1) 13.314(3) 15.559(2) 22.762(1) 14.921(7) 6.4765(2) 13.677(1)
c [Å] 25.047(3) 16.895(4) 17.2007(1) 16.550(4) 34.030(1) 13.2473(7) 25.71(1) 33.105(1) 21.154(2)
α [°] 90.00 90.00 90.00 67.345(6) 90.00 90.00 90.00 90.00 90.00
β [°] 108.396(1) 103.848(1) 104.746(1) 84.590(9) 91.023(9) 112.741(1) 90.865(7) 103.103(1) 105.71(1)
γ [°] 90.00 90.00 90.00 80.29(1) 90.00 90.00 90.00 90.00 90.00
V [Å3] 4647(1) 1976.6(7) 2349.21(3) 2028.3(8) 6881.3(15) 2918.6(3) 2876(2) 3881.9(2) 3563.2(5)
Z 4 4 4 2 4 2 2 4 4
ρ(calcd.) 1.543 1.930 1.799 1.465 1.531 1.625 1.540 1.781 1.742
[Mg/m3]
µ [mm21] 3.515 7.642 6.440 0.796 1.541 3.958 1.663 4.900 5.208
F(000) 2152 1104 1232 912 3232 1420 1352 2048 1832
Index range 225#h#25 29#h#9 216#h#16 213#h#10 211#h#11 211#h#11 29 #h#9 223#h#23 214#h#13

211#k#11 217#k#17 213#k#13 216#k#16 219#k#19 225#k#25 219#k#19 25 #k#8 217#k#17
232#l#31 221#l#21 222#l#11 220#l#20 243#l#43 212#l#14 227#l#27 241#l#40 226#l#26

2θ [°] 55.02 55.06 57.60 57.82 55.38 46.70 55.16 58.02 55.00
Temp. [K] 293(2) 193 193 183 173 193 173 193 293(2)
Refl. collected12181 10502 13008 11520 73528 13067 13961 10328 17994
Refl. unique 4496 2848 3760 6205 11158 7488 5345 3537 6645
Refl. obsd.3738 2526 3288 5591 8603 7095 4081 2467 4928
(4σ)
R (int.) 0.0733 0.0524 0.0495 0.0254 0.0584 0.0590 0.0495 0.0766 0.0708
No. variables 353 245 334 487 832 712 360 248 451
Weighting 0.0344/ 0.0234/ 0.0478/ 0.0643/ 0.0000/ 0.0403/ 0.0077/ 0.0188/ 0.0285/
scheme[a] x/y 20.4391 3.2786 7.3801 8.1945 33.1493 14.4528 4.1949 34.7310 17.7889
GOOF 1.083 1.069 1.143 1.063 1.256 1.151 1.197 1.316 1.127
Final R (4σ) 0.0380 0.0273 0.0348 0.0469 0.0589 0.0341 0.0421 0.0398 0.0395
Final wR2 0.0774 0.0482 0.0855 0.1259 0.1013 0.0965 0.0726 0.0834 0.0842
Larg. res. 1.488 1.374 2.451 0.907 1.127 0.726 0.460 1.157 1.012
peak
[e/Å3]

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2 Fc
2)/3.

gest metal2metal bonding. Also, there are no close Au2Au
contacts in 2, although significant Au2Au interactions have
been found in a related compound, Ph3P.AuSPh, which
forms pairs in the crystal via Au2Au contacts [Au2Au
3.135(3), Au2S 2.30(1), and Au2P 2.26(1) Å] [3].

The structural parameters obtained for complexes 129
show that there is no correlation between the magnitude of
the M2S2C bond angle and the C2S bond length. It is,
however, interesting to note that the M2S2C bond angle
varies considerably. For the neutral complexes, the range
covered is 97.52106.9°, while for the anionic species it is
100.52110.1°. There is also a range from 1.698(5)21.740(4)
Å for the C2S bond lengths found for the neutral com-
plexes and a somewhat smaller range [1.72(1)21.746(9) Å] Although the tetrazole ring can be considered as a 6π-

electron heterocycle, the electron distribution is obviouslyfor the anions. These bond lengths correspond to those
found for thiourea [1.71(1)] [6], thioacetamide [1.713(6)] [7] not uniform because the N32N4 bond is significantly

shorter than the two other N2N bonds, let alone the C2Nand 3-hydrazino-5-mercapto-1,2,4-triazole [1.74(1)] [7], but
are definitely longer than the C5S double bond in CS2 bonds[9]. Most notably, the N42N5 bond is distinctly

longer than the N32N4 bond. This indicates that the ca-[1.555(1) Å]. Therefore, they are intermediate between the
C2S single (1.82 Å) and C5S double bond lengths (see nonical formulae B and D make the largest contributions

to the ground state.also the discussion in ref. [9]). Consequently, the bonding in
this ligand is best described by the canonical formulae B A comparison of the M2S bonds to the same metal

center in neutral and anionic species reveals that theseto D.
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changing f by 0.3° between each frame. Data were recorded frombonds are longer in the neutral complexes than in the
a total of 1200 frames with 10-s exposures and changes in φ byanionic species, e.g. by 0.01 Å for M 5 Hg and by 0.05 and
0.3° at two different χ settings. Data reduction was performed with0.03 Å, for M 5 AuI. The longer Au2S bonds for the au-
the program SAINT, and an empirical absorption correction wasrate anion 7 are clearly the consequence of the higher coor-
applied using all data with esd9s larger than 20. The structures weredination number. However, the Au2S bond lengths for 2,
solved by the heavy-atom method; the model was complemented

3, 8, and 9 fall into the range observed for many other com- by difference Fourier synthesis and refined by using the programs
plexes with Au2S bonds (2.2822.79 Å), while the Cu2S SHELXL-93 and -97[10]. All non-hydrogen atoms were refined with
bond lengths of 5 are best compared with those in (Me4N)2- anisotropic temperature parameters. Although many or all hydro-
Cu5(SPh)7 [2.159(3) Å] [10]. gen positions could be located, the positions of hydrogen atoms

were calculated and included as a riding model in the final cyclesThe copper complex 5 demonstrates that the Cu2S bond
of the calculations. The crystallographic data are compiled in Tablelengths to the tetrazolethiolate units are elongated when the
2. Thermal ellipsoids in the figures represent a 25-% probabilityN5 atom is involved in coordination to the copper atoms.
level. Further information on the crystal-structure determinationsThus, the canonical forms B and C become more significant
has been deposited with the Cambridge Crystallographic Datain this situation. In contrast, the trimeric tetrazolethiolato
Centre as supplementary publication no. CCDC-100802 and may becomplex Me3Sn(SCN4Ph), where association occurs via the
obtained from CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.

N3 atom, shows a shortening of the N42N5 bond [1.35(2) [Fax (internat.): 1 44 (0)1223/336033; e-mail: deposit@.cam.ac.uk].
Å] and a lengthening of the N32N4 bond [1.35(2) Å]. This
indicates that in this situation formula D makes a signifi-

; Dedicated to Prof. Dr. G. Huttner on the occasion of his 60thcant contribution to the ground state. It remains to investi-
birthday.gate structures of tetrazolethiolates with truly hard acids in
Note Added in Proof (December 3, 1997): There has been aorder to find out whether the hard cation will only bind to review on the coinage metals: M. D. Jansen, D. M. Grove,

nitrogen and/or to sulfur as well. The only compound re- G. van Koten, Prog. Inorg. Chem. 1997, 46, 972149.
ported to date is the potassium crown compound (12- [1] E. Lieber, C. N. R. Rao, C. N. Pillaj, J. Ramachandran, R.
crown-4)KSCN4Me[9], in which the S and one N atom co- D. Hites, Can. J. Chem. 1958, 36, 8012806; R. Könnecke, E.

Lippmann, E. Kleinpeter, Z. Chem. 1975, 15, 402; B. Ellis, P. J.ordinate to the potassium ion. In addition, there is a fairly
Griffith, Spectrochim. Acta 1966, 22, 2052211.short distance between the potassium ion and the ring car- [2] A. I. Power, Coord. Chem. Rev. 1969, 4, 463; R. N. Butler, Adv.

bon atom, but this cannot be considered as a potass- Heterocycl. Chem. 1977, 21. 323; G. J. Palenik, Acta Crystallogr.
1963, 16, 596.ium2carbon bond. [3] W. Beck, K. Burger, M. Keubler, Z. Anorg. Allg. Chem. 1977,

We are grateful to the Fonds der Chemischen Industrie and 428, 1732186.
[4] [4a] R. Cea-Olivares, O. Jiménez-Sandoval, G. Espinosa-Pérez,Chemetall GmbH for generous support. Also, we are indebted to

C. Silvestru, J. Organomet. Chem. 1994, 484, 33236. 2 [4b] R. J.Dr. I. Krossing for recording the data set of compound 4. Deeth, K. C. Molloy, M. F. Makou, S. Whittaker, J. Organomet.
Chem. 1992, 430, 25.

Experimental Section [5] M. Nakomoto, W. Hiller, H. Schmidbaur, Chem. Ber. 1993, 126,
6052610; L. G. Kuzmina, T. V. Bankova, V. A. Churakov, G.

The compounds used for the X-ray structure determinations V. S. Kuzmin, N. V. Dvortsova, Russ. J. Coord. Chem. 1997,
were the original samples[3]. Only the Cu complex 5 had to be crys- 23, 2792288.

[6] N. R. Kunchur, M. R. Truter, J. Chem. Soc. 1958, 2551.tallized from dichloromethane, and the structure determination
[7] M. R. Truter, J. Chem. Soc. 1960, 997.showed the loss of a triphenylphosphane ligand. [8] M. E. Senko, D. H. Templeton, Acta Crystallogr. 1958, 11, 808.
[9] R. Cea-Olivares, O. Jiménez-Sandoval, S. Hernández-Ortega,All compounds were mounted on a glass fibre with a small

M. Sandez, R. A. Toscano, I. Haiduc, Heteroatom Chem. 1995,amount of perfluoroether oil. After optical alignment at 193 K on
6, 89297.a Siemens P4 diffractometer equipped with a Siemens CCD area [10] I. G. Dance, Aust. J. Chem. 1978, 31, 219522206.

detector, the unit cells were determined from the reflections of four [11] G. W. Sheldrick, University of Göttingen, 1997.
[97192]sets of 15 frames each recorded at four different χ settings by
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Bis(phosphonio)isophosphindolide iodide 1[I] reacts with an rophosphonium salt 8a[OTf], which undergoes further substi-
tution reactions in the presence of excess 7 and reacts withequimolar amount of I2 to yield the trihalide 1[I3], while treat-

ment of 1[X] (X = Br, OTf) with excess Br2 furnishes the di- Me3SiI to give a mixture of 1[OTf] and I2 rather than a substi-
tution product 9[OTf]. The results of a crystal-structure deter-bromophosphonium salt 6c[X]. The bromo-substituted bis-

(phosphonio)isophosphindolide cations 5a and 5b are identi- mination of 8a[OTf] are reported and the mechanistic aspects
of the different oxidation/substitution reactions are discus-fied as intermediates in this reaction; 5b[Br] is also obtained

in pure form by reaction of 6c[Br] with Zn or NEt3. Reaction sed.
of 1[OTf] with one equivalent of PhICl2 (7) affords the dichlo-

ResultsIn the course of our investigation of the coordination
chemistry of bis(phosphonio)isophosphindolide ions, we Reactions
found that the cation 1 [1] easily undergoes oxidative al-

Treatment of a CH2Cl2 solution of 1[I] with an equimolarcoholysis reactions in the coordination sphere of Hg21 or
amount of I2 produced almost instantaneously a brownPd21 ions to yield dialkoxy-substituted phosphonium ions
solution. While 1H- and 31P-NMR data indicated the pres-2 (Scheme 1)[2]. This reaction is related to the conversion
ence of the unchanged cation 1, UV/Vis and Raman spectraof σ2,λ3-phosphinines 3 into 1,1-dialkoxy-σ4,λ5-phosphin-
showed bands attributable to I3

2 anions [UV/Vis: λmax 5ines 4 (Scheme 1), which takes place under similar con-
361, 294 nm (ref. [4]: 360, 290 nm); Raman: ν̃ 5 112, 145ditions[3]. In looking for a way to achieve oxidation of bis-
cm21 (ref. [5]: 52, 114, 145 cm21)], suggesting the formation(phosphonio)isophosphindolides without the assistance of
of a salt 1[I3] by electrophilic attack of iodine on the halidetransition metals, we investigated the behaviour of the salts
anion of the starting material (Scheme 2). The crude prod-1[X] (X 5 halide, triflate) towards halogens, anticipating
uct was isolated as a dark brown, highly moisture-sensitivethat a similar reaction as the oxidative halogenation of
solid after evaporation of all volatiles, but decomposed dur-σ2,λ3-phosphinines[3] should occur. The results of these
ing attempts to achieve any further purification by recrys-studies are presented here. The studies revealed, however, a
tallisation.more complex reactivity pattern which is characterised by

Reaction of 1[Br] or 1[OTf] with a substoichiometriccompetition between the expected oxidation with substi-
amount of Br2 (0.5 to 0.9 equiv.) in CH2Cl2 produced, ac-tution reactions at the fused ring system.
cording to a 31P-NMR-spectroscopic assay, a mixture of the
unreacted cation 1 with two further products which dis-
played ABX or A2X patterns with δ31P and 2JPP values very
similar to those of 1. Analysis of (1)-FAB mass spectra and
two-dimensional 1H,31P-HMQC/HMQC-TOCSY NMRScheme 1. (X 5 Br, OTf)
spectra of the product mixture allowed the identification of
the reaction products as the bromo-substituted bis(phos-
phonio)isophosphindolide ions 5a and 5b. This suggests
that a bromination at the fused ring system of 1 with con-
servation of the two-coordinate phosphorus atom had oc-
curred.

Addition of more Br2 did not result in further conversion
of 1 into 5a and 5b, but rather in the formation of two new
species whose 31P-NMR signals displayed ABX or A2X pat-
terns with much smaller values of 2JPP and a marked up-
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Scheme 2 8a[X]. The triflate salt 8a[OTf] was precipitated by addition

of ether and isolated after recrystallisation as a light yellow,
moisture-sensitive solid which is readily soluble in aprotic
dipolar solvents such as CH2Cl2 or THF. The product was
characterised by means of NMR spectroscopy and an X-
ray crystal-structure determination.

Further reaction of 8a[X] with an excess of 7 in the pres-
ence of NEt3 as an acid scavenger was found to proceed in
a more complicated way than the reaction with Br2 and
yielded a mixture of several species rather than a single final
product. Attempts towards isolation of single components
remained unsuccessful, but inspection of 31P-NMR spectra
of the mixtures allowed the identification of two species
which displayed ABX and A2X coupling patterns with very
similar values for δ31P and JPP as 8a and were tentatively
formulated as the chlorinated cations 8b and 8c. The ad-
ditional presence of a singlet resonance attributable to
[ClPPh3]1, together with several unidentified AX-type mul-
tiplets, suggested that in addition to the H/Cl exchange, par-
tial decomposition of the molecular skeleton by cleavage
of an exocyclic phosphonio substituent had also occurred.
Initial formation of 8b and 8c as the main products was
likewise observed upon treatment of 1[OTf] with an excess
of 7 in pure CH2Cl2, but the products were found to decom-
pose completely during the further course of the reaction.

Reaction of 8a[OTf] with two equivalents of Me3SiI pro-field shift of the PX resonance. On this basis the new species
were found to be the oxidation products 6b and 6c. Com- ceeded with quantitative formation of 1[OTf] and I2. No

evidence for the formation of a substitution product 9[OTf]plete conversion of all intermediates into 6c was finally ob-
served after four equivalents of Br2 had been added. Evap- was obtained; this compound is presumably unstable with

respect to disproportionation (Scheme 3). A slow, but selec-oration of the solution formed gave a brown, highly moist-
ure-sensitive residue of crude 6c[X] which contained tive conversion of 8a into 1 was also observed upon ad-

dition of pyridine or NEt3 to CH2Cl2 solutions of 8a[OTf]approximately 325% of nonphosphorus-containing com-
pounds as impurities. Although attempts towards further and keeping the resulting mixtures for several days; in this

case, the nature of the oxidation products was not eluci-purification failed because of decomposition of the highly
reactive dihalo-phosphonium moiety, the constitution of dated.
the cation was unambiguously confirmed by means of
multinuclear NMR investigations. Scheme 3. (X 5 Cl, OTf)

A further chemical proof of the identity of 6c was ob-
tained from its reactions with Zn or, alternatively, with ex-
cess NEt3, which afforded the dibromo-substituted bis-
(phosphonio)isophosphindolide 5b by selective reduction of
the Br2P unit. The salt 5b[Br] was isolated in analytically
pure form as a white solid that was fairly stable to both air
and moisture and was characterised by NMR spectroscopy.
The monobrominated cation 5a, which was not accessible

NMR-Spectroscopic Investigationsin preparative amounts by this procedure, was formed as
the main product (70% of phosphorus-containing species) The δ31P values for the two-coordinate phosphorus

atoms in the cations 1 and 5a and 5b are shifted to lowerin the reaction of a mixture of 6b and 6c (prepared in situ
from the reaction of 1[OTf] with 2.5 equiv. of Br2) with field with increasing number of Br substituents, while the

resonances of the nuclei in the phosphonio groups andan equimolar amount of 1[OTf]. Chromatographic workup
produced a small quantity of crude 5a[OTf] which, al- those of the quaternary C-1/C-3 carbon atoms remain es-

sentially unchanged (Table 1). Likewise, the values of boththough still contaminated by small amounts of 1 and 5b,
proved sufficient for an unambiguous NMR-spectroscopic 2JPAPX and 4JPAPB are very similar for all three com-

pounds. The position of the bromine atom in 5a followsstructure elucidation.
Reaction of 1[X] (X 5 Cl, OTf) with an equimolar immediately from the 1H{31P}-NMR spectrum; the reson-

ances of the hydrogen atoms at the central ring appear asamount of PhICl2 (7), which was chosen as a chlorinating
agent because of its superior handling as compared to el- an AMX-type pattern whose middle proton shows a split-

ting by a large and a small coupling which is characteristicemental Cl2, furnished selectively the oxidation products
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Molecular Structure of 8aof a 1,2,4-substituted benzene moiety. The 1H{31P}-NMR

spectrum of 5b displays a singlet for the protons adjacent Crystalline 8a[OTf] consists of discrete anions and cat-
to the bromine atoms which splits into an apparent doublet ions and contains an additional solvent molecule per for-
in an undecoupled spectrum. A correlation peak with the mula unit. No contacts closer than van der Waals distances
upfield 31P resonance in a 1H,31P-HMQC spectrum re- are exhibited by any of the single components. As in 1 [9],
vealed that the splitting must arise from coupling with the the fused ring system in the cation 8a (Figure 1) is planar,
two exocyclic phosphorus nuclei rather than the single en- with a standard deviation of the ring atoms and the two
docyclic phosphorus nucleus. The magnitude of the nJHP exocyclic phosphorus atoms from the mean plane of 0.030
couplings [J 5 1(2)3.3 and 2(1)1.7 Hz] which were deter- Å. The difference between endocyclic [1.695(4), 1.697(4) Å]
mined by iterative analysis suggested attachment of the hy- and exocyclic P2C bond lengths [1.723(4), 1.729(4) Å] is
drogen atoms in the 4,7 rather than in the remote 5,6 posi- similar to 1 [9], but both types of bonds are somewhat
tions of the fused ring system. This hypothesis was further shorter than there. The two P2Cl bonds [1.991(2), 2.063(2)
corroborated by a strong correlation peak connecting the Å] differ in length. Both exceed the bond length of 1.91 Å
4-H/7-H and C-1/C-3 signals in a 1H,13C-HMBC spectrum in [PCl4][FeCl4] [10] and lie between the values of equatorial
which is in accord with the presence of a three-bond coup- and axial bonds in PCl5 (2.02, 2.14 Å[10]). The central P(1)
ling pathway. atom displays a distorted tetrahedral coordination, with the

C(2)2P(1)2C(9) [99.5(2)°] and Cl(1)2P(1)2Cl(2) angles
Table 1. 31P-NMR and selected 13C-NMR data of 1, 5a, 5b, 6b, 6c, [97.4(1)°] being significantly more acute than the ideal angle
and 8a2c; chemical shifts are given in ppm, coupling constants in of 109.4°. Interestingly, the two chlorine atoms exhibit aHz; PA, PB, and PX denote the phosphorus nuclei in ABX- or A2X-

slightly asymmetric arrangement with respect to the planespin systems, respectively
through P(1), C(2), and C(9), with the longer P(1)2Cl(2)

δ31P δ13C JPC bond showing a larger tilt angle with respect to this plane.
PA, PB PX 2JPA,BPX 4JPAPB C-1/C-3 1JPC

3JPC Regarding, however, the large thermal ellipsoid at Cl(2)
(Figure 1), it remains uncertain if this effect indicates a real

1[a][b] 16.3 241.8 291.4 18.6[c] 109.0 196.6 (PA) 114.0
structural distortion or is merely the consequence of larger256.0 (PX)

5a 16.2 246.9 90.6 8.5 110.5 110 1415 librational motion of the chlorine atom.
16.1 90.3 110.3 56 (PX)

112
57 (PX) Figure 1. ORTEP view (50-% probability ellipsoids) of the cation

5b 16.0 2 52.9 88.4 8.6[c] 112.00 141.3 (PA) 13.7 in crystalline 8a [OTf][a]

58.3 (PX)
6b 11.83 234.7 44.5 4.5 2 2 2

11.80
6c 11.9 233.0 44.5 4.6[c] 49.53 119.3 8.1

123.7
8a 11.3 49.2 44.7 4.6[c] 46.18 142.2 7.7

126.2
8b 11.40 50.3 43.9 4.5 2 2 2

11.43
8c 11.4 51.7 43.2 2 2 2 2

[a] δ31P, δ13C, and 2JPP from ref. [1]. 2 [b] Signs of coupling constants
were determined from a two-dimensional 31P,13C shift correlation.
2 [c] Values of 4JPAPA9 were obtained from analysis of appropriate
13C satellites in the 31P-NMR spectra.

The δ31P values of the endocyclic phosphorus atoms in
the oxidation products 6b and 6c range between those of

[a] Selected bond lengths [Å] and angles [°]: Cl(1)2P(1) 1.991(2),acyclic dichlorophosphonium salts (δ31P 5 662104[6]) and
Cl(2)2P(1) 2.063(2), P(1)2C(2) 1.695(4), P(1)2C(9) 1.697(4),

1,1-dichloro-λ5,σ4-phosphinines (δ31P 5 7217[7]), while C(2)2P(2) 1.729(4), C(9)2P(3) 1.723(4); Cl(1)2P(1)2Cl(2)
97.4(1), C(2)2P(1)2C(9) 99.5(2), C(2)2P(1)2Cl(1) 116.2(1),formal replacement of Cl by Br in 8b and 8c induces a com-
C(2)2P(1)2Cl(2) 115.1(2), C(9)2P(1)2Cl(1) 116.9(1),parable upfield shift of d31P as in the cyclophosphazene sys- C(9)2P(1)2Cl(2) 112.8(1).

tem[8]. The magnitudes of 2JPAPX and 4JPAPB are about
half as large as in 1, 5a and 5b. The 13C-NMR signals of
the quaternary C-1/C-3 atoms in 6c and 8a reveal similar The oxidation of the bis(phosphonio)isophosphindolide

cation 1 to the 1,1-dihalogeno derivatives 6b, 6c and 8a, asupfield shifts with respect to 1, 5b as were previously found
for the 1,1-dialkoxy-substituted cations 2 [2], suggesting a well as the corresponding retro reaction (that is reduction

of the formed products to give 1, 5a and 5b, respectively)pronounced ylidic character for the exocyclic P2C bonds.
As in 5b, the resonance of the 4-H/7-H atoms of 6c and 8c resemble similar reactions of phosphinines[3] [7]. The bond-

ing in the products 6 and 8 may be described, as is sug-appears as a singlet in the 1H{31P}-NMR spectrum and
splits to a triplet in the undecoupled spectrum due to coup- gested by the drawings in Scheme 2, in terms of a bis-ylide

which receives additional electronic stabilisation by negativeling with the two exocyclic 31P nuclei.

Eur. J. Inorg. Chem. 1998, 1012106 103



D. Gudat, A W. Holderberg, M. NiegerFULL PAPER
hyperconjugation into the central dihalophosphonium moi- cant concentration beside the substitution products 6b and

6c suggests that either electrophilic substitution of 6a oc-ety[11]. The instability of the corresponding 1,1-diiodo de-
rivative 9 which becomes evident both in the failure to ob- curs at a much higher rate or that 6a exhibits a higher tend-

ency for reductive debromination than 6b and 6c; both ex-serve oxidation of 1 with I2 as well as in the formation of 1
and I2 after treatment of 8a with Me3SiI, reflects the lower planations again highlight the importance of deactivation

of the aromatic system by halide substituents. The differ-oxidative power of the heavier halogen.
The reaction of 1 with Br2 in which the formation of the ence in the reactions of 1 with Br2, where the formation of

the substitution products 5a and 5b apparently precedessubstituted bis(phosphonio)isophosphindolides 5a and 5b
precedes the formation of the oxidation products 6b and 6c that of the oxidation product, and with 7, where this is not

the case, may be attributable to a higher kinetic lability and/deserves some further comment. In principle, 5a and 5b
may be generated by either of two mechanisms: (a) direct or lower thermodynamic stability of 6a as compared to 8a.

This is also in accord with the observed different rates ofelectrophilic substitution of 1, or (b) a multistep pathway
(Scheme 4) involving initial oxidation of 1 to 6a, subsequent amine-induced reductive elimination reactions, and was

predicted by the lower stability of 1,1-dibromo- as com-substitution of the oxidation product to give 6b and 6c, and
final reaction of these species with 1 under formation of 5a pared to 1,1-dichlorophosphinines[4].
and 5b and regeneration of 6a (because of the recursive Financial support of this work by the Deutsche Forschungsge-
nature of the overall reaction, 6a needs to be present only meinschaft and the Fonds der Chemischen Industrie is gratefully
in a catalytic quantity). acknowledged.

Scheme 4. Proposed mechanism for the formation of 5a and 5b Experimental Sectionduring the reaction of 1 with Br2 (X 5 Br, OTf; Y 5
H, Br) General: All manipulations were carried out under dry argon.

Solvents were dried using standard procedures. 2 NMR spectra:
Bruker AMX 300 (1H: 300.13 MHz, 13C: 75.46 MHz, 31P: 121.5
MHz). 1H,31P(13C)-HMQC- and HMQC-TOCSY spectra were
measured using standard pulse sequences from the Bruker Pulse
Program library. Spectra of samples in nondeuterated solvents were
recorded with suppression of the solvent resonances by presatu-
ration. Chemical shifts were referenced to ext. TMS (1H and 13C)
and 85% H3PO4 (31P, Ξ 5 40.480747 MHz); a positive sign denotes
a shift to lower frequencies. Coupling constants are given as abso-
lute values. The atoms in the isophosphindole ring system are de-
noted by C-1 to C-7a and 4-H to 7-H, and atoms within the C6H5

substituents by C(H)para, C(H)meta; the assignment of the reso-
nances was derived from 2D 1H,13C-HMQC/HMBC spectra. For
13C-NMR signals which are the X part of AA9MX- or AA9X-spin
systems, ΣJ denotes the absolute value of the sum of the couplings
to the exocyclic phosphorus nuclei, and JM the coupling to the
endocyclic phosphorus atom. 2 UV/Vis: Uvikon 860. 2 Raman
Spectra: Bruker RFS 100. 2 MS: Kratos Concept 1 H, Xe-FAB,The available experimental results do not allow a defini-
m-nitrobenzaldehyde matrix; molecular masses refer to the mosttive determination of the reaction mechanism to be made;
abundant isotopes. 2 Melting points were determined in sealedhowever, we favour the second alternative because it allows
capillaries. 2 Elemental analyses: Heraeus CHNO-Rapid or Mi-an explanation of the observed reactions of 1 with Br2 and
kroanalytisches Labor Pascher, Remagen.PhICl2 in terms of a common mechanism. Moreover, this

Reaction of 1[I] with I2: To a solution of 0.63 g (0.81 mmol) ofmechanism is equivalent to the “indirect” electrophilic sub-
1[I] in 20 ml of CH2Cl2 was added 0.21 g (0.81 mmol) of I2, andstitution of λ3-phosphinines[3], and all crucial steps in the
the mixture stirred for 30 min at ambient temperature until a clearsequence had been verified independently. Thus, reduction
solution was obtained. Removal of all volatiles in vacuo producedof a 1,1-dibromobis(phosphonio)isophosphindolide by 1 is
a brown, highly moisture- and air-sensitive solid whose 1H- andinvolved in the conproportionation of 6a and 1 to give 5a 31P-NMR spectra were identical with those of 1[I]. UV/Vis and(see above). Furthermore, it was recently shown by Schmid-
Raman spectroscopy (for data see text) indicated the presence of

peter[12] that ylide substituents may activate aromatic ring I3
2 ions, suggesting the formation of 1[I3

2]. Attempts at recrystalli-
systems for electrophilic substitution so that a particularly sation of the product from CH2Cl2/Et2O mixtures failed due to the
high reactivity for the double ylide substituted benzene onset of extensive decomposition reactions.
moieties in 6a (and 8a) is expected. Considering the o-/p-

Reaction of 1[Br] with Br2: A solution of 4.86 g (30.4 mmol) ofdirecting capability of ylide groups[12], exchange of all four
Br2 in 70 ml of CH2Cl2 was added dropwise within 2 h to a solution

hydrogen atoms in 6a should in principle be possible. The of 5.60 g (7.60 mmol) of 1[Br] in 30 ml of CH2Cl2. Interrupting
observed regioselectivity indicates a higher reactivity at the the reaction at different stages and subjecting an aliquot of the
5,6 positions, while tri- and tetrasubstitution are presum- reaction mixture to 1H- and 31P-NMR-spectroscopic analysis al-
ably prevented by the deactivating influence (2I effect) of lowed the identification of cations 5a, 5b and 6b as reaction inter-

mediates. The red-brown solution resulting at the end of the reac-the halide substituents. The failure to observe 6a in signifi-

Eur. J. Inorg. Chem. 1998, 1012106104



Halogenation of Bis(phosphonio)isophosphindolide Salts FULL PAPER
tion was concentrated to dryness and the residue redissolved in 9.9 Hz, Cortho), 130.503 (m, ΣJ 5 20.2 Hz, Cmeta), 124.79 (br. m,

C-4,7), 121.90 (m, ΣJ 5 92.6 Hz, 3JPC 5 2.8 Hz, Cipso), 120.52 (q,CH2Cl2. Inspection of 1H-, 13C-, and 31P-NMR spectra revealed
the presence of 6c as the only phosphorus-containing component, JFC 5 320.2 Hz, CF3SO3), 118.09 (s, C-5,6), 112.00 (ddd, 1JPC 5

96.9, 58.2 Hz,3JPC 5 13.7 Hz, C-1,3).together with small amounts (325% by integration of 1H-NMR
spectra) of nonphosphorus-containing impurities which were not Reaction of 1[OTf] with PhICl2: To a stirred solution of 1.50 g
analysed further. Attempts to purify the crude product by recrystal- (1.86 mmol) of 1[OTf] in 20 ml of CH2Cl2 was added dropwise a
lisation from different solvent mixtures were unsuccessful and pro- solution of 0.51 g (1.86 mmol) of PhICl2 in 20 ml of CH2Cl2. Sub-
moted increasing decomposition of 6c. sequent dropwise addition of 15 ml of Et2O to the yellow fluo-

rescing solution produced a yellow precipitate which was collected6b: 1H NMR (CH2Cl2): δ 5 7.927.7 (m, 30 H, C6H5), 6.47 (m,
by filtration, washed with Et2O and dried in vacuo to give 1.48 g1 H, 6-H), 6.23 (m, 1 H, 4-H), 6.07 (m, 1 H, 7-H). 2 1H{31P}
of 8a[OTf]·CH2Cl2 (91%), m.p. 201°C. The same product was ob-NMR (CH2Cl2): δ 5 7.927.7 (m, 30 H, C6H5), 6.47 (dd, JHH 5
tained when the reaction was conducted in the presence of 0.55 ml8.3, 1.9 Hz, 1 H, 6-H), 6.23 (d, JHH 5 1.9 Hz, 1 H, 4-H), 6.07 (d,
of NEt3. Reaction of 1[OTf] with an excess of PhICl2 (1.5 to 4JHH 5 8.3 Hz, 1 H, 7-H).
equiv.) under the same conditions produced, according to 31P-6c: 1H NMR (CH2Cl2): δ 5 7.8827.75 (m, 18 H, Hmeta, Hpara),
NMR-spectroscopic analysis, complex product mixtures which7.71 (m, 12 H, Hortho), 6.30 (t, ΣJ 5 3.6 Hz, 2 H, H-4,7). 2 1H{31P}
contained beside unreacted 8a various amounts of the supposedNMR (CH2Cl2): δ 5 7.8827.75 (m, 18 H, Hmeta, Hpara), 7.71 (m,
substitution products 8b and 8c and several components whose res-12 H, Hortho), 6.30 (s, 1 H, 4,7-H). 2 13C NMR (CH2Cl2): δ 5
onances appeared as singlets or AX-type patterns. With the excep-137.48 (m, ΣJ 5 18.7 Hz, JM 5 31.2 Hz, C-3a,7a), 134.74 (m, ΣJ 5
tion of a singlet at δ 5 63.4 which was assigned to [ClPPh3]1 by2.5 Hz, Cpara), 134.51 (m, ΣJ 5 10.9 Hz, Cortho), 130.03 (m, ΣJ 5
comparison with an authentic sample, none of these products was13.2 Hz, Cmeta), 121.49 (m, ΣJ 5 3.7 Hz, JM 5 18.3 Hz, C-4,7),
identified. Separation of the mixtures and isolation of individual119.69 (m, ΣJ 5 95.5 Hz, 3JPC 5 3.0 Hz, Cipso), 113.3 (d, JPC 5
compunds proved not to be feasible.2.5 Hz, C-5,6), 49.53 (ddd, 1JPC 5 119.3, 123.7 Hz,3JPC 5 8.1 Hz,

8a[OTf]: C45H34Cl2F3P3SO3·CH2Cl2 (960.58): calcd. C 57.52, HC-1,3).
3.78; found C 56.98, H 3.66. 2 1H NMR (CDCl3): δ 5 7.7427.57

Reduction of 6b and 6c: To a stirred solution of crude 6c[Br], (m, 30 H, C6H5), 6.41 (m, 2 H, 5,6-H), 6.21 (m, 2 H, 4,7-H). 2
which was prepared as described above, was added 3.64 g (36.0 13C NMR (CDCl3): δ 5 135.69 (m, ΣJ 5 18.7 Hz, JM 5 33.5 Hz,
mmol) of dry NEt3. After continued stirring for 30 min, the reac- C-3a,7a), 134.86 (m, ΣJ 5 3 Hz, Cpara), 134.72 (m, ΣJ 5 10.7 Hz,
tion mixture was concentrated to dryness, the remaining solid redis- Cortho), 130.33 (m, ΣJ 5 13.0 Hz, Cmeta), 121.36 (q, JFC 5 320.9
solved in 40 ml CH2Cl2, and the resulting solution extracted twice Hz, CF3SO3), 119.76 (d, J 5 2.5 Hz, C-5,6), 118.66 (m, ΣJ 5 4
with 25 ml of water. The organic phase was separated and dried Hz, JM 5 19.8, C-4,7), 121.38 (m, ΣJ 5 92.7 Hz, 3JPC 5 3.2 Hz,
with Na2SO4. Slow addition of 30 ml of ether produced a yellow Cipso), 46.18 (ddd, 1JPC 5 142.2, 126.2 Hz,3JPC 5 7.7 Hz, C-1,3).
precipitate which was collected by filtration and washed twice with

Crystal-Structure Determination of 8a[OTf] at 200(2) K:20 ml of ether. Recrystallisation from CH2Cl2/Et2O gave 4.48 g of
[C44H34Cl2P3][CF3SO3]·CH2Cl2, M 5 960.52, yellow plates, crystal5b[Br]·CH2Cl2 (60%) as a light yellow powder, m.p. 186°C. For the
size 0.30 3 0.23 3 0.20 mm, monoclinic, space group P21/c (no.preparation of compound 5a, 1.00 g of 1[OTf] and 50 mg (3 mmol)
14): a 5 12.4581(4), b 5 22.5518(6), c 5 16.5854(6) Å, β 5of Br2 were treated as described above. To the resulting solution,
104.852(4)°, V 5 4504.0(2) Å3, Z 5 4, ρcalcd. 5 1.416 Mg m23,which contained according to an 31P-NMR-spectroscopic analysis
F(000) 5 1968, µ(Cu-Kα) 5 4.28 mm21. 8443 reflections (8143 in-approx. 70% of 6b, was added with stirring 1.00 g (1.24 mmol) of
dependent reflections with Rint 5 0.032) were collected with an1[OTf]. Chromatographic workup (silica gel, eluent: CH2Cl2) fur-
Enraf-Nonius MACH3 diffractometer (Cu-Kα radiation, graphitenished 100 mg of a white solid which consisted of a mixture of 5a
monochromator, 2θ/ω scans) in the range 3° # θ # 68° (214 # h(60%), 5b (35%), and 1 (5%) according to an NMR-spectroscopic
# 14, 227 # k # 0, 0 # l # 19). Of these, 8142 were used forassay. No further separation by fractional crystallisation was
structure solution (direct methods) and refinement (full-matrixachieved, and NMR-spectroscopic characterisation of 6b was per-
least squares on F2, 542 parameters and 82 restraints, nonhydrogenformed with the crude product mixture.
atoms anisotropic, hydrogen atoms with a “riding” model); wR2 5

5a[OTf]: 1H NMR (CDCl3): δ 5 7.7227.55 (m, 30 H, C6H5), 0.176 {R1[I > 2σ(I)] 5 0.066}. A semiempirical absorption correc-
7.03 (br. d, JHH 5 1.8 Hz, 1 H, 4-H), 6.95 (dd, JHH 5 1.8, 8.7 Hz, tion on the basis of ψ scans and an extinction correction were ap-
1 H, 6-H), 6.80 (dd, JHH 5 8.7 Hz, ΣJPH 5 2 Hz, 1 H, 7-H). 2 plied. Crystallographic data (excluding structure factors) have been
1H{31P} NMR (CDCl3): δ 5 7.7227.55 (m, 30 H, C6H5), 7.03 (d, deposited at the Cambridge Crystallographic Data Centre under
JHH 5 1.8 Hz, 1 H, 4-H), 6.95 (dd, JHH 5 1.8, 8.7 Hz, 1 H, 6-H), the number CCDC-100692. Copies of the data can be obtained free
6.80 (d, JHH 5 8.7 Hz, 1 H, 7-H). 2 13C NMR (CDCl3): δ 5 146.6 of charge on application to CCDC, 12 Union Road, Cambridge
(m, C-3a), 144.12 (m, C-7a), 134.52 (s, Cpara), 134.48 (s, Cpara), CB2 1EZ, UK [Fax: internat.144(1223)336-033, E-mail: deposit@
133.92133.7 (m, Cortho), 130.202129.9 (m, Cmeta), 124.49 (br. s, C- ccdc.cam.ac.uk].
4), 124.47 (br. s, C-6), 122.67 (ddd, JPC 5 92/3/3 Hz, Cipso), 122.01
(br. m, C-7), 121.90 (ddd, JPC 5 92/2/1 Hz, Cipso), 117.85 (s, C-5), [1] A. Schmidpeter, M. Thiele, Angew. Chem. 1991, 103, 333; An-110.5 (ddd, 1JPC 5 110/56 Hz,3JPC 5 14 Hz, C-1,3), 110.3 (ddd, gew. Chem. Int. Ed. Engl. 1991, 30, 308.
1JPC 5 112/57 Hz,3JPC 5 15 Hz, C-1,3). [2] D. Gudat, M. Nieger, M. Schrott, Inorg. Chem. 1997, 36, 1476.

[3] G. Märkl, in Multiple Bonds and Low Coordination in Phos-5b[Br]: C44H32Br3P3·CH2Cl2 (895.39): calcd. C 55.13, H 3.70; phorus Chemistry (Eds.: M. Regitz, O. J. Scherer), Georg
found C 55.41, H 3.88. 2 UV/Vis (CH2Cl2): λmax (lg εmax) 5 370 Thieme Verlag, Stuttgart 1990, p. 220 ff, and cited refs.

[4] Gmelin9s Handbuch der Anorganischen Chemie, Iod (Syst. Nr.(sh), 345 (4.1), 274 (sh), 261 (4.5) nm. 2 1H NMR (CDCl3): δ 5
8), 8th ed., Verlag Chemie, Berlin, 1933, 423.7.7727.57 (m, 30 H, C6H5), 7.12 {m, iterative analysis as an [AX]2 [5] W. Gabes, H. Gerling, J. Mol. Struct. 1972, 14, 267.spin system gave JPH 5 1(2)3.4, 2(1)1.7 Hz, JHH 5 0.9 Hz, 2 H, [6] J. C. Tebby in Phosphorus-31 NMR Spectroscopy in Stereochem-

4,7-H}. 2 13C NMR (CDCl3): δ 5 144.49 (m, ΣJ 5 24.0 Hz, JM 5 ical Analysis (Eds.: J. G. Verkade, L. D. Quin), VCH Publishers,
Deerfield Beach, 1987, p. 26.2.7 Hz, C-3a,7a), 135.02 (m, ΣJ 5 2.3 Hz, Cpara), 134.23 (m, ΣJ 5
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[7] H. Kanter, W. Mach, K. Dimroth, Chem. Ber. 1977, 110, 395. [11] The extent of stabilisation is large enough to prevent pro-

tonation of the ylide functionality by hydrogen bromide which[8] S. S. Krishnamurthy, M. Woods in Ann. Rep. NMR Spectrosc.
1987, 19, 175, and cited refs. is formed as a coproduct during the substitution reaction.

[12] G. Jochem, A. Schmidpeter, M. Thomann, H. Nöth, Angew.[9] D. Gudat, M. Schrott, M. Nieger, Chem. Ber. 1995, 128, 259.
[10] Data from: A. F. Wells, Structural Inorganic Chemistry, 5th ed., Chem. 1994, 106, 708; Angew. Chem. Int. Ed. Engl. 1994, 33,

663.Clarendon Press, Oxford 1993, pp. 846ff.
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In a continuation of structural investigations of poly(amino)- ble from HSiCl3 and excess azetidine, but the product was
found to contain an unknown impurity. In order to determinesilanes, a series of silicon derivatives of aziridine and azeti-

dine have been prepared. Analogies with the isoelectronic the local symmetry and the dynamics of the aziridine rings,
1H-NMR spectra were recorded at low temperature (280°C).phosphorus ylide species and the high barrier to inversion at

nitrogen in small N heterocycles were suggestive of steeply No splitting of the signals was observed, indicating that the
inversion barriers are extremely low, even in the highlypyramidal and rather rigid configurations at the N atoms in

the title compounds. Tetrakis(N-aziridino)silane (1) and tetra- strained three-membered heterocycles. Nevertheless, single-
crystal X-ray diffraction studies of the N-triphenylsilylkis(N-azetidino)silane (2) have been synthesized from SiCl4

and LiN(CH2)x (x = 2, 3). Compound 1 is also formed when derivatives of aziridine (6) and azetidine (7) revealed an
aziridinyl group with a steeply pyramidal configuration at ni-LiN(CH2)2 and HSiCl3 are used as starting materials, but with

free aziridine a non-volatile product (1a) is obtained. In nei- trogen in 6 (sum of the angles at N 313.32°), and an azetidinyl
group with a flat geometry in 7 (sum of the angles at Nther case could any trace of HSi[N(CH2)2]3 be detected. In

contrast, RSiCl3 (R = Me, Ph) could readily be converted into 350.96°). The Si2N bond is significantly shorter in 7 as com-
pared to that in 6.the corresponding tris(N-aziridino)silanes (3, 4) by treatment

with excess aziridine. Tris(N-azetidino)silane (5) was accessi-

Introduction the higher members of the homologous series of N-silylated,
saturated N-heterocycles, albeit with strain-free five- and

Aziridine derivatives of phosphorus have been extensively six-membered rings, respectively. While these and other
studied owing to their widely established application in standard dialkylaminosilanes typically possess the much de-
pharmacology and agriculture. [1] [2] [3] The most important bated planar configuration at nitrogen,[14] the aziridine or
variants of this usage are based on cyclic phosphazene com- azetidine substituents are the only analogs where a steeply
pounds in which all the phosphorus atoms are exclusively pyramidal configuration can be expected. This is also sug-
bound to nitrogen. In order to trace the physiological ef- gested by findings for the isoelectronic phosphorus ylide
fects to structural parameters, the molecular structures of species, which were shown to have pronounced pyrami-
several representative examples have been investi- dality at the ylidic carbon atoms of the cyclopropylide and
gated. [4] [5] [6] [7] [8] Azetidine derivatives of phosphorus are less cyclobutylide groups, respectively.[16] [17]

well investigated. Only a limited selection of compounds of In view of the good leaving-group properties of silicon
this family have been described in the literature, for which substituents, the silylated heterocycles reported herein are
no comparable chemotherapeutic or agrochemical uses are expected to be useful aziridinating/azetidinating agents,
discernible. [9]

which might be employed as substitutes for the rather haz-
The taxonomy of related N-silylated aziridines and azetid- ardous free heterocycles. [18] [19] [20] [21]

ines is far less developed[10] [11] and no systematic investi-
gation has been made of their properties and structural Results
characteristics. [12] This is particularly true for compounds

Preparative Resultsbased solely on silicon-nitrogen frameworks, with only one
example appearing in the patent literature.[13] Fundamental Tetrakis(N-aziridino)silane (1) and tetrakis(N-azetidino)-

silane (2) have been prepared by the reaction of siliconrepresentatives, such as tetrakis(N-aziridino)- or tetrakis(N-
azetidino)silane (1, 2), have not hitherto been described. tetrachloride with slightly in excess of four equivalents of

the appropriate lithiated heterocycles in diethyl ether at lowAs part of an ongoing investigation of poly(amino)sil-
anes[14] [15] we have recently initiated a study of silicon de- temperature (260°C). Compound 1 was obtained as a col-

orless, distillable liquid, solidifying at 8°C, while the homo-rivatives of aziridine and azetidine, mainly oriented towards
a full structural characterization of prototype compounds, log 2 was obtained as a crystalline solid at room tempera-

ture, melting at 45°C. All attempts to grow single crystals ofand an account of our results is given in the present paper.
Our previous investigations had centered on tetrakis(N- 1 and 2 were unsuccessful owing to pertinacious twinning,

regardless of the method employed (from the melt, frompyrrolidino)- and tetrakis(N-morpholino)silanes, which are
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solution or by sublimation). Characterization of the com-
pounds is therefore wholly based on the analytical and spec-
troscopic data (Experimental Section).

Both compounds could be obtained in pure form, and
single crystals of acceptable quality were readily grown
from their solutions [m.p. 104°C (6), 86°C (7)].Compound 1 was also generated in the reaction of tri-

chlorosilane with lithium aziridinide, probably through an
NMR Spectroscopyamide-catalyzed redistribution of the substituents [H/Cl/

N(CH2)2] at silicon and/or hydride-induced aziridine ring Assignment of the general patterns of the 29Si{1H}- and
opening. With HSiCl3 and free aziridine in an organic sol- 13C{1H}-NMR spectra of the new silanes was largely
vent at 260°C, large amounts of a non-volatile, probably straightforward. Regarding the 1H-NMR spectra, however,
polymeric material were obtained. In neither reaction was the aspects of local symmetry of the aziridine rings and
any trace of the expected compound HSi[N(CH2)2]3 de- their dynamics have to be considered: A flat configuration
tected. at nitrogen, or a rapid inversion at this atom, would render

the hydrogen atoms above and below the ring equivalent
[(virtual) local symmetry with two perpendicular mirror
planes, point group C2v (on the NMR time scale)], while a
rigid pyramidal configuration or a very slow inversion re-
quires non-equivalent hydrogen atoms at the CH2 groups
(point group CS). This also applies to the azetidine homo-
logs, where additionally a flexible puckering of the four-

Trichloro(methyl- and -phenyl)silane are readily converted membered ring has to be taken into account.
to the corresponding tris(N-aziridino)silanes (3, 4) upon All compounds investigated in the present study exhibit
treatment with excess aziridine. only singlet 1H resonances for the aziridine rings or show

only multiplets characteristic of C2v-symmetrical azetidine
rings in solution at room temperature. Because it is im-
plausible to assume a fully planar ground state for the aziri-
dine/azetidine nitrogen atom, this result indicates a low bar-
rier to nitrogen inversion. It is even more surprising that the
pseudo-symmetry of the aziridinyl and azetidinyl groups is
retained at temperatures as low as 280°C in all cases. This
is in contrast to the “rigidity” of other simple organic de-
rivatives of these heterocycles, which were found to have
much higher barriers to inversion.[24] It therefore appearsTris(N-azetidino)silane (5) could be prepared from

HSiCl3 and excess azetidine, but purification of the product that the presence of silicon as the N-substituent atom has
a marked effect on the inversion energetics. As found forwas not fully satisfactory. The analytical data seemingly

indicate a rather pure product, but the values given in the other pairs of alkyl- and silylamines, even for strained
small-ring amines, there is clearly a very significant lower-Experimental Section nevertheless refer to a compound

containing an unknown impurity. The MS and NMR data ing of the energy of the transition state for inversion.
Unfortunately, the coalescence/splitting temperature ofcan be interpreted in terms of the presence of two isomers

{HSi[N(CH2)3]3}n, but the nature of these isomers is not the signals of the hydrogen atoms above and below the ring
planes could not be attained, and therefore the energy ofclear. Dimerization by azetidine ring-opening appears to be

the most likely possible process. [22] activation can only be estimated. Assuming chemical shift
differences ∆δ of less than 1 ppm, the barrier must be lowerBecause no poly(N-aziridino)- or poly(N-azetidino)sil-

anes proved amenable to the growth of single crystals for than 8.5 (± 2.5) kcal/mol, and is thus less than half of that
determined for N-alkyl- or N-arylaziridines. [24] When evalu-structure determination, the N-triphenylsilyl derivatives of

aziridine (6) and azetidine (7) were also prepared. Com- ating this result it should be kept in mind that for un-
strained tri-, di- and monosilylamines, completely flatpound 6 has previously been synthesized from triphenylsil-

ane, aziridine and alkali metals as catalysts in a dehydro- ground-state geometries were found experimentally, and
that state-of-the-art theoretical calculations have confirmedcondensation reaction. [23] In the present study, 6 and 7 were

obtained by the reaction of triphenylsilane with the appro- this unusual geometry and predict extremely flat energy
profiles for pyramidalization.[14] [15] This general pattern ispriate lithiated heterocycles.
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Figure 2. Molecular structure of compound 7 (ORTEP drawingstill reflected in the most strained example of the silylazirid-

with 50% probability ellipsoids, H-atoms omitted for clarity)[a]
ines.

Crystal Structures

Crystals of N-triphenylsilylaziridine (6) are triclinic, space
group P1̄ with Z 5 2 formula units in the unit cell. The
molecules have no crystallographically imposed symmetry
owing to a propeller-type arrangement of the three phenyl
groups at silicon (Figure 1).

Figure 1. Molecular structure of compound 6 (ORTEP drawing
with 50% probability ellipsoids, H atoms omitted for clarity)[a]

[a]Selected bond lengths [Å] and angles [°]: Si2N 1.7059(14),
Si2C11 1.871(2), Si2C21 1.869(2), Si2C31 1.873(2), N2C1
1.481(2), N2C3 1.477(2), C12C2 1.523(3), C22C3 1.522(3);
N2Si2C11 107.79(7), N2Si2C21 107.03(7), N2Si2C31
113.54(7), C112Si2C21 109.74(7), C112Si2C31 107.48(7),
C212Si2C31 111.17(7), Si2N2C1 127.63(11), Si2N2C3
131.76(12), N2C12C2 89.6(2), C12C22C3 88.3(2), C22C32N
89.7(2), C32N2C1 91.60(14).

The nitrogen atom of the azetidinyl group has a rather
flattened pyramidal configuration, which can be quantified
by the angle between the plane through the atoms N, C1
and C3 and the Si2N vector (156.2°), and by the sum of[a]Selected bond lengths [Å] and angles [°]: Si2N 1.7308(11),

Si2C11 1.8658(13), Si2C21 1.8655(14), Si2C31 1.8744(13), the angles at nitrogen (351.0°). As expected, the geometry
N2C1 1.462(2), N2C2 1.456(2), C12C2 1.470(2); N2Si2C11

at the nitrogen in 7 is much closer to planar than at that in105.94(6), N2Si2C21 105.81(6), N2Si2C31 114.28(6),
C112Si2C21 111.74(6), C112Si2C31 109.59(6), C212Si2C31 6, but is nevertheless still distinctly non-planar.
109.44(6), Si2N2C1 127.16(10), Si2N2C2 124.63(10), The azetidine is folded, with an angle of 170.3° betweenC22N2C1 60.48(10), N2C12C2 59.55(9), C12C22N 59.97(9).

the planes N2C12C3 and C12C22C3, representing a flat
butterfly structure. As in compound 6, the conformation ofThe most important result of this structure determination
the molecule is staggered with a wide angle N2Si2C31 5is the geometry of the aziridinyl group, with its steeply pyr-
113.54(7)° and two very similar angles for N2Si2C11amidal configuration at nitrogen. The plane of the three-
[107.79(7)°] and N2Si2C21 [107.03(7)°]. The bond lengthsmembered ring forms an angle of 132.8° with the Si2N
at silicon and in the four-membered ring show no anomaliesvector, and the sum of the angles at nitrogen amounts to
(captions to Figure 2 and Table 1). It should be noted, how-only 312.3°. The conformation of the molecule with regard
ever, that the Si2N bond is significantly shorter in 7 asto the relative orientation of the SiPh3 group and the
compared to that in 6, while there are no differences in theN(CH2)2 unit, with its lone pair of electrons at the nitrogen
Si2C bond lengths. This difference may reflect a strength-atom, is staggered. The phenyl group trans to the lone pair
ening of the Si2N bond as the geometry at nitrogen is flat-at N has the largest N2Si2C angle [N2Si2C31 5
tened, in agreement with the traditional concept of (p2d)π114.28(6)°]. The two remaining N2Si2C angles are almost
bonding, which, although now widely abandoned, is alsoequal, with individual values of N2Si2C11 5 105.94(6)°
consistent with the presently accepted (p2σ*)π model. [25]

and N2Si2C21 5 105.81(6)°. The silicon atoms thus adopt
a distorted tetrahedral geometry with bond lengths Si2N

Discussion and Conclusionsand Si2C in the range expected for standard single bonds
(captions to Figure 1 and Table 1). The dimensions of the The structural investigations of a silylaziridine and of a

silylazetidine have provided valuable reference data for aaziridine ring are also not unusual.
Crystals of N-triphenylsilylazetidine (7) are monoclinic, comparison with the isoelectronic phosphonium yl-

ides. [16] [17] From Table 1, it appears that the lattices of nei-space group P21/c, with Z 5 4 formula units in the unit
cell. The molecules have no crystallographically imposed ther of the two pairs of compounds are isomorphous, but

that the individual molecules share the same structural mo-symmetry because of an adverse orientation of the phenyl
rings at silicon (Figure 2). tifs with regard to the configuration at the functional atom
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in diethyl ether at 260°C. The reaction mixture was allowed to(nitrogen and ylidic carbanion, respectively) and the confor-
warm to room temperature and was stirred for 0.5 h. Then, themation. In the staggered rotamers, the lone pair of electrons
suspension was cooled to 260°C once more and used immediatelyat N or C is clearly “stereochemically active” and co-deter-
in the subsequent reactions.mines the overall structure. However, the carbanions show

Tetrakis(N-aziridino)silane (1): A solution of silicon tetra-more pronounced pyramidalization than the amine nitrogen
chloride (0.86 ml, 7.5 mmol) or trichlorosilane (1.00 ml, 10 mmol)atoms and give rise to large deviations of the phosphorus
in 20 ml of diethyl ether was added dropwise to a suspension ofatoms from the plane of the heterocycle. This is strong evi-
lithium aziridinide [35 mmol, from 2.00 ml (39 mmol) of aziridinedence for the “ylide” model of bonding with a highly polar
and 20.6 ml (35 mmol) of a 1.7  solution of n-butyllithium inP2C function, which should definitely be favored over the
hexane] in 50 ml of diethyl ether at 260°C. After stirring the reac-

“ylene” form with P5C multiple bonding. For tion mixture at room temperature for 15 h, the precipitate was sepa-
Ph3PC(CH2)2, the non-equivalence of the hydrogen atoms rated, the solvent was removed from the filtrate in vacuo, and the
above and below the cyclopropane plane could be demon- remaining residue was extracted with pentane. 1 was separated
strated by a splitting of the 1H-NMR resonances in solution from the extract by distillation (30°C, 0.05 mbar). Colorless liquid,
at 280°C. For Ph3SiN(CH2)2, this low-temperature limit 0.93 g (63%), m.p. 8°C. 2 1H NMR: δ 5 1.77 (s, 24 H, CH2). 2

1H NMR ([D8]toluene, 23°C): δ 5 1.73 (s, 24 H, CH2). 2 1H NMRwas not sufficient to observe the same phenomenon, which
([D8]toluene, 280°C): δ 5 1.77 (s, 24 H, CH2). 2 13C{1H} NMR:indicates that the silylamine is more flexible than the phos-
δ 5 19.8 (CH2). 2 13C NMR ([D8]toluene, 23°C): δ 5 19.6 (CH2).phonium ylide.
2 29Si{1H} NMR: δ 5 224.6. 2 29Si NMR: δ 5 224.6 (m,The comparatively flat geometries of the silylaziridine
3JSi,H 5 5 Hz). 2 29Si NMR ([D8]toluene, 23°C): δ 5 224.4 (m,and the silylazetidine are probably a consequence of the 3JSi,H 5 5 Hz). 2 29Si NMR ([D8]toluene, 280°C): δ 5 222.9 (m,

much greater difference in electronegativity of silicon and br.). 2 15N NMR: δ 5 2390.2 (quint, 2JN,H 5 2 Hz). 2 MS (EI,
nitrogen (relative to phosphorus and carbon), which makes 70 eV) m/z: 196 [M1], 154 [M1 2 N(CH2)2], 112 [154 2 N(CH2)2],
an Si2N linkage a strongly polar bond. The energy profile 70 [112 2 N(CH2)2]. 2 IR (film): ν̃ 5 3041 m (ν NC2H4), 2983 m,
of such inherently polar bonds has been correctly predicted 2900 m, 1276 s, 945 s, 683 s. 2 C12H24N4Si (196.32): calcd. C 48.9,
to be rather insensitive e.g. to deformations of bond H 8.2, N 28.5; found C 49.2, H 7.9, N 29.1.
angles, [26] and this is borne out by the present family of Reaction of Trichlorosilane with Aziridine as Free Base (1a): 6
silazanes with their enormous flexibility: Although the equiv. of aziridine (3.07 ml, 60 mmol) in 20 ml of diethyl ether was
ground-state geometries are rather steep, the activation en- added dropwise to a solution of trichlorosilane (1.00 ml, 10 mmol)
ergies for inversion at nitrogen are still sufficiently low to in 50 ml of diethyl ether at 260°C over a period of 15 min. After

the reaction mixture had warmed to room temperature, stirring wasmake these molecules fluxional on the NMR time-scale
continued for 1 h. The suspension was then filtered, the solvent(see above).
was removed in vacuo, and a sample was prepared in C6D6 forIt has been noted previously in theoretical studies of
NMR spectroscopy. 2 1H NMR: δ 5 2.74 (m), 3.04 (m). 2phosphonium cyclopropylides, as well as of silylamines, that
13C{1H} NMR: δ 5 42.7, 47.8. 2 29Si{1H} NMR: δ 5 234.6.inversion at carbon or nitrogen, respectively, has to be ac-

Tetrakis(N-azetidino)silane (2): A solution of silicon tetra-companied by P2C/Si2N bond rotation in order to regen-
chloride (0.22 ml, 2.0 mmol) in 10 ml of diethyl ether was addederate the ground-state geometry.[27] This should be a minor
dropwise over a period of 5 min to a suspension of lithium azetidin-contribution as compared to inversion, however, because
ide [10 mmol, from 2.00 ml (14.6 mmol) of a solution of azetidine,rotation about Si2N and P2C bonds is known to be as-
containing 42 mol-% of benzene and 5.9 ml (10 mmol) of a 1.7 sociated with very low barriers indeed, generally not in ex-
solution of n-butyllithium in hexane] in 50 ml of diethyl ether at

cess of 1 kcal/mol.
260°C. After stirring the reaction mixture at room temperature for
10 h, the precipitate was separated, the solvent was removed fromThis work was supported by the Deutsche Forschungsgemein-
the filtrate in vacuo, and the remaining residue was purified byschaft and the Fonds der Chemischen Industrie. The authors are
distillation (40°C, 0.05 mbar). The crude product was crystallizedgrateful to Prof. N. Rösch and Ms. K. Albert for providing results
from pentane at 260°C. Colorless crystals, 0.18 g (36%), m.p.of theoretical calculations prior to publication and to Mr. J. Riede
45°C. 2 1H NMR: δ 5 2.24 (quint, 8 H, 3JH,H 5 7 Hz, CCH2),for determining the X-ray data sets.
3.94 (t, 16 H, 3JH,H 5 7 Hz, NCH2). 2 13C{1H} NMR: δ 5 21.8
(CCH2), 49.4 (NCH2). 2 29Si{1H} NMR: not detected. 2 MS (EI,Experimental Section
70 eV) m/z: 252 [M1], 196 [M1 2 N(CH2)3], 140 [196 2 N(CH2)3].

All experiments were carried out under dry, pure nitrogen. Sol-
Tris(N-aziridino)methylsilane (3): To a solution of trichloro-vents and glassware were treated accordingly. Standard equipment

(methyl)silane (1.17 ml, 10 mmol) in 50 ml of diethyl ether, 6 equiv.was used throughout. Aziridine[28] and azetidine[29] were prepared
of aziridine (3.07 ml, 60 mmol) in 20 ml of diethyl ether was addedaccording to literature procedures. Due to the method of prep-
dropwise over a period of 15 min at 260°C. After stirring for 20aration, the sample of azetidine contained benzene, which was qu-
h at room temperature, the reaction mixture was filtered and theantified by 1H-NMR spectroscopy. All other starting materials
solvent was removed in vacuo. The remaining oil was purified bywere commercially available. 2 NMR: Jeol GX 400 and Jeol GX
distillation (50°C, 0.05 mbar). Colorless liquid, 1.12 g (66%). 2 1H270, solutions in C6D6 at 23°C unless otherwise stated. 2 MS: GC/
NMR: δ 5 0.11 (s, 3 H, CH3), 1.70 (s, 12 H, CH2). 2 13C{1H}MS with mass-selective detector HP 5971 A (EI, 70 eV) and MAT
NMR: δ 5 27.9 (SiCH3), 19.7 (CH2). 2 29Si NMR: δ 5 24.5. 2311 A (EI, 70 eV). 2 IR: Perkin-Elmer 1650 FT-IR.
MS (EI, 70 eV) m/z: 169 [M1], 127 [M1 2 N(CH2)2], 85 [127 2

N(CH2)2]. 2 C7H15N3Si (169.30): calcd. C 49.7, H 8.9, N 24.8;Lithium Amides: In a typical reaction, n-butyllithium (1.7  in
hexane) was added dropwise to a solution of aziridine or azetidine found C 49.0, H 8.8, N 25.5.
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Tris(N-aziridino)phenylsilane (4): Analogously to the prep- of crystal and instrument stability. No significant changes were ob-

served. The structures were solved by direct methods (SHELXS-aration of 3, 4 was prepared from 1.60 ml (10 mmol) of trichloro-
(phenyl)silane and 3.58 ml (70 mmol) of aziridine. After purifi- 86)[30] and refined by full-matrix least-squares techniques against

F2 (SHELXL-93)[31]. The thermal motion of all non-hydrogencation by distillation (100°C, 0.05 mbar), a colorless liquid was
obtained. Yield 1.27 g (55%). 2 1H NMR: δ 5 1.76 (s, 12 H, CH2), atoms was treated anisotropically. All hydrogen atoms of com-

pounds 6 and 7 were found and refined with isotropic contri-7.21 (m, 3 H, 3/4/5-H), 7.79 (m, 2 H, 2/6-H). 2 13C{1H} NMR:
δ 5 20.1 (CH2), 127.8 (C-2/6), 130.3 (C-4), 132.2 (C-3/5), 134.7 (C- butions. Further information on crystal data, data collection and

structure refinement is summarized in Table 1. Selected interatomic1). 2 29Si{1H} NMR: δ 5 219.0. 2 MS (EI, 70 eV) m/z: 231 [M1],
189 [M1 2 N(CH2)2]. 2 C12H17N3Si (231.37): calcd. C 62.3, H distances and angles are given in the corresponding figure captions.

Anisotropic thermal parameters, tables of distances and angles, and7.4, N 18.2; found C 61.8, H 7.5, N 17.6.
atomic coordinates have been deposited at the Fachinformationsz-Tris(N-azetidino)silane (5): To a solution of 7 equiv. of azetidine
entrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany.(2.00 ml of a solution of azetidine containing 42 mol-% of benzene,
The data are available on request on quoting the depository num-14.6 mmol) in 50 ml of diethyl ether, trichlorosilane (0.20 ml, 2
bers CSD-407949 (6) and CSD-407950 (7).mmol) in 10 ml of diethyl ether was added dropwise over a period

of 15 min at 260°C. After the reaction mixture had warmed to
room temperature, stirring was continued for 1 h. After filtration, Table 1. Crystal data, data collection and structure refinement for

compounds 6 and 7the solvent was removed in vacuo and the remaining oil was dis-
tilled (100°C, 0.05 mbar) to give a colorless liquid. Yield 0.11 g

6 7(28%). 2 1H NMR: δ 5 2.17 (quint, 6 H, 3JH,H 5 7 Hz, CCH2),
3.80 (t, 12 H, 3JH,H 5 7 Hz, NCH2), 4.36 (s, 1 H, SiH). 2 13C{1H}

crystal dataNMR: δ 5 21.9 (CCH2), 48.7 (NCH2). 2 29Si NMR: δ 5 239.0
formula C20H19NSi C21H21NSi(d, 2JSi,H 5 148 Hz). 2 MS (EI, 70 eV) m/z: 197 [M1], 141 [M1 2
Mr 301.45 315.48N(CH2)3], 85 [141 2 N(CH2)3]. crystal system triclinic monoclinic
space group P1̄ (no. 2) P21/c (no. 14)(N-Aziridino)triphenylsilane (6): A solution of triphenylsilane
a [Å] 8.640(2) 10.923(1)(1.04 g, 4 mmol) in 20 ml of diethyl ether was added dropwise to b [Å] 9.812(2) 8.468(1)

a suspension of lithium aziridinide [10 mmol, from 0.82 ml (16 c [Å] 10.858(2) 19.255(3)
α [°] 65.55(3) 90mmol) of aziridine and 6.00 ml (10 mmol) of a 1.7  solution of
β [°] 89.01(3) 100.17(1)n-butyllithium in hexane] in 50 ml of diethyl ether at 260°C. After
γ [°] 83.13(3) 90stirring the reaction mixture at room temperature for 15 h, the V [Å23] 831.4(3) 1753.0(4)

precipitate was separated, the solvent was removed from the filtrate Dcalcd. [g cm23] 1.204 1.195
Z 2 4in vacuo, and the remaining solid was extracted with pentane. 6
F(000) [e] 320 672crystallized from this solution at 0°C. Colorless crystals, 1.48 g
µ (Mo-Ka) [cm21] 1.37 1.33(61%), m.p. 104°C. 2 1H NMR: δ 5 1.69 (s, 4 H, NCH2), 7.20 data collection

(m, 9 H, 3/4/5-H), 7.77 (m, 6 H, 2/6-H). 2 13C{1H} NMR: δ 5 T [°C] 274 280
scan mode ω-θ ω-θ21.0 (NCH2), 128.1 (C-2/6), 130.0 (C-4), 134.3 (C-3/5), 136.0 (C-
hkl ranges 0R111 213R1131). 2 29Si{1H} NMR: δ 5 29.1. 2 MS (EI, 70 eV) m/z: 301 [M1],

212R112 0R110259 [M1 2 N(CH2)2], 182 [259 2 C6H5], 105 [182 2 C6H5]. 2 213R113 0R123
C20H19NSi (301.46): calcd. C 79.7, H 6.4, N 4.7; found C 79.5, H sin(θ/λ)max [Å21] 0.64 0.64

measured refl. 3612 35246.5, N 4.5.
unique refl. 3612 3428 (Rint 5 0.0235)

(N-Azetidino)triphenylsilane (7): To a suspension of lithium azet- refl. used for refinement 3610 3425
absorption correction none noneidinide [5 mmol, from 1.00 ml (8 mmol) of a solution of azetidine
structure refinementcontaining 28 mol-% of benzene and 3.00 ml (5 mmol) of a 1.7 
refined parameters 275 292

solution of n-butyllithium in hexane] in 50 ml of diethyl ether, a H atoms (found) 19 21
solution of triphenylsilane (1.04 g, 4 mmol) in 20 ml of diethyl final R values [I > 2σ(I)]:

R1[a] 0.0339 0.0351ether was added dropwise at 260°C. After stirring the reaction
wR2[b] 0.0907 0.0878mixture at room temperature for 15 h, the precipitate was sepa-
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2 2 Fc
2)2]/Σ[w-

Hz, CCH2), 3.83 (t, 4 H, 3JH,H 5 7 Hz, NCH2), 7.21 (m, 9 H, 3/4/ (Fo
2)2]}1/2; w 5 1/[σ2(Fo

2) 1 (ap)2 1 bp]; p 5 (Fo
2 1 2Fc

2)/3; a 5
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Serafino Gladiali*a, Davide Fabbrib, Làszlò Kollàrc, Carmen Claver*d, Nuria Ruizd, Angel Alvarez-Larenae,
and Joan F. Piniellae

Dipartimento di Chimica, Università di Sassaria,
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The preparation and characterization of RhI, PdII, and PtII through conformational equilibration of the chelate ring,
and/or inversion of configuration at the stereogenic sulfur. Incomplexes with chiral C2-symmetrical dithioether ligands de-

rived from 1,19-binaphthalene-2,29-dithiol (BINAS) are re- the solid state the palladium derivative of Me2BINAS shows
a twisted chair conformation of the chelate ring, with bothported. All complexes are fluxional in solution at room temp.

Interconversion between the stereoisomers can take place methyl groups in equatorial positions.

Scheme 1. Atropisomeric dithioether ligandsRecent investigations by our groups have shown that, in
the hydroformylation of styrene[1], rhodium(I) complexes
with the atropisomeric dithioethers 1 and 2 (Scheme 1),
either preformed or prepared in situ by addition of the ap-
propriate amount of the sulfur donor ligand to a suitable
rhodium diolefin precursor [Rh(cod)(µ-X)]2 (cod:1,5-cyclo-
octadiene; X:Cl; MeO), are endowed with a high catalytic
activity. Quantitative conversions of the substrate, with
complete chemoselectivity in the formation of the aldehydes
3 and 4 (Scheme 1), are easily attained; even at room temp.
and for a fairly wide range of carbon monoxide/hydrogen
(1:1) pressures.

As these catalysts favour carbon monoxide insertion into
the more substituted vinylic carbon, the major product is
the branched isomer 4, which, in the most favourable cases,
can account for more than 95% of the reaction mixture.
This regioselectivity, which is among the highest recorded
in the hydroformylation of styrene, prompted us to exploit
the potential of the enantiopure derivatives 1 and 2 in en-
antioselective hydroformylation. Transfer of chirality from using rhodium catalysts containing diphosphane ligands as

chiral modifiers[2].the ligand to the product does take place, but the efficiency
is quite low and the best enantiomeric excess (e.e.) obtained A notable feature of the dithioether ligands 1 and 2 is

that upon coordination to the metal they can give rise toso far is only slightly greater than 20%. Albeit low, this
value is in the range of the e.e.9s normally obtained in this different diastereomeric complexes, since the two sulfur do-

nors become stereogenic centers. This fact is expected toreaction after more than twenty years of experimentation
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significantly affect the asymmetric bias of enantioselective Attempts to prepare complexes of binaphthalene thio-

ethers 1 with a more demanding substituent on the sulfurs,hydroformylation, as the possibility of matching or mis-
matching combinations of the original stereogenic element such as isopropyl, have been so far unsuccessful since no

reaction occurred at room temp.of the ligand, the chiral biaryl backbone, and the newly
established stereocenters, can easily be envisaged. Molecular Structure of [PdCl2(Me2BINAS)], (6): The

molecular structure of 6 has been determined by X-ray dif-The formation of an unfavourable mixture of dia-
stereomeric rhodium complexes, each one featuring its own fraction analysis. A view of the molecule is given in Figure

2 and the most significant bond angles and lengths arestereodifferentiating ability, may well account for the low
e.e. obtained in the hydroformylation of styrene. Alterna- listed in Table 1.
tively this may be due to the configurational lability of the Figure 2. PLUTON[16] view of the molecular structure of

[PdCl2(Me2BINAS)] (6)S-stereocenters under hydroformylation conditions.
In order to direct our research in this field on a more

rational basis, we were interested to gain further infor-
mation on the stability and the stereochemistry of the com-
plexes used as catalysts. For this reason we investigated in
more detail the coordination chemistry of the atropisomeric
dithioethers 1 and 2 with d8 transition metal centers.

Here we report on the preparation, structure and dy-
namic behaviour of the cationic and neutral complexes 5,
6 and 7 obtained from the binaphthyl derivative 1 (R 5
Me; Me2BINAS).

Figure 1. Me2BINAS complexes

Table 1. Selected bond lenghts (Å) and angles (o) for complex
[PdCl2(Me2BINAS] (6)

Bonds (Å) Angles (o)

Pd-S1 2.316(2) S1-Pd-S2 89.55(6)
Pd-S2 2.297(2) Cl2-Pd-S2 175.73(6)Results and Discussion
Pd-Cl1 2.285(2) Cl2-Pd-S 187.57(6)
Pd-Cl2 2.305(2) Cl1-Pd-S2 92.45(6)Preparation of the Complexes: The reaction of 1 with
C1-S1 1.805(9) Cl1-Pd-S1 177.76(6)[Rh(cod)2]1X2 (X 5 ClO4; BF4) 8 in CH2Cl2 solution pro- S2-C2 1.791(7) Cl1-Pd-Cl 290.38(7)

ceeded, with the displacement of one 1,5-cyclooctadiene li- Pd-S1-C1 107.29(26)
Pd-S2-C2 112.19(25)gand, to afford the cationic complexes [Rh(cod)-

(Me2BINAS)]1X2 5, isolated in high yield after the ad-
dition of diethyl ether. When the reaction was performed in The crystal contains discrete mononuclear units of 6 in

which the dithioether acts as a chelate ligand in a seven-the presence of a moderate excess of ligand 1, the oc-
casional formation of a byproduct, apparently a rhodium membered ring with a highly distorted twisted chair confor-

mation. Both the methyl groups are located in a pseudo-complex containing two units of dithioether ligand, was no-
ticed. This product has not yet been fully characterized. equatorial position giving the structure an overall C2-sym-

metry, where the Pd atom is located on a two-fold axis.The chelate Pd complex 6 was obtained by the reaction
of [PdCl2(PhCN)2] 9 with an equimolar amount of the di- Both S-stereocenters display a pyramidal geometry and

have the same relative configuration, whereas the binaph-thioether 1 in methylene chloride. The complex separated
as a red solid upon the addition of diethyl ether. Under thyl moiety has the opposite chiral notation. As expected,

the naphthyl rings are significantly bent and with a dihedralthese conditions, the corresponding Pt complex
[PtCl2(PhCN)2] 10 does not react with the ligand 1 at room angle of 110.9(1)° between their planes, which allows the

opposing hydrogens at C17 and C27 to be located at atemp. However under UV irradiation at 254 nm in CHCl3,
chelate complexation of the dithioether ligand to the plati- comfortable distance apart (2.830(6) Å). These data suggest

that the chiral diaryl backbone is, basically, free from tor-num center, with displacement of the ancillary benzonitrile
ligands, takes place and is completed in a few hours. Ad- sional strain.

On the contrary, fairly short distances have been calcu-dition of hexane leads to the precipitation of the complex
7 as a pale yellow solid. lated between the hydrogen at C11 and two hydrogen atoms
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Figure 3. variable temperature 1H-NMR spectrum of [PdCl2(Me2-of the C1-methyl (2.108(9) and 2.333(9) Å), and between

BINAS)] (6)the hydrogen at C21 and one hydrogen atom of the C2-
methyl (2.189(9) Å). This may cause some destabilization
of the diequatorial structure with respect to those structures
with the methyl group(s) in an axial disposition.

The coordination around the Pd atom is essentially
square planar. The Pd2S bond distances (2.297(2) and
2.316(2) Å) are comparable with those observed in other
Pd complexes with diaryl [3] or aryl alkyl [4] sulfide ligands
(2.293 and 2.288 Å, respectively). The Pd2Cl bond lengths
(2.285(2) and 2.305(2) Å) are in the normal range for Pd
chlorides with a trans-thioether donor[5], but are some sev-
enty standard deviations shorter than those in trans-phos-
phane complexes (2.362 and 2.367 Å)[6]. This difference
gives a measure of the weaker trans influence of the sulfur
as compared to the phosphorus donor. The remaining bond
distances and angles within the structure of the dithioether
ligand are unexceptional.

Of the possible stereoisomers of the complex 6, which
differ either in the conformation of the chelate ring or in
the spatial arrangement of the S-methyl substituents, this
one is expected to be the most stable because both methyl
groups are located in equatorial positions of the energeti-
cally favoured twisted chair conformation[7]. Although its
preferential separation in the crystalline form obtained
from the solution does not necessarily depend on a higher
inherent stability, but may only reflect small differences in
solubility or in crystal packing energy, NMR evidence is in
keeping with the view that this isomer corresponds to the
main product present in solution at low temperature.

Variable-Temperature NMR Characterization: The proton
NMR spectrum of the rhodium complex 5 (X 5 ClO4)
shows, in the non aromatic region, two multiplets (4 H) at
δ 5 4.76 and 4.36, two broad signals (2 H) at δ 5 2.47 and
2.10 and a singlet (6 H) at δ 5 2.42 for the S-methyl pro-
tons. The first four resonances can be attributed to the exo-
and endo-olefinic protons and to the methylene groups of sity peak arising from the splitting of the original S-methyl

resonance (Figure 3).the coordinated cyclooctadiene, respectively. The aromatic
part of the spectrum is characterized by the presence of six Since several stereoisomers with different spatial arrange-

ments of the S-methyl substituents and different confor-peaks in the range δ 5 8.2127.00, roughly four doublets (2
H) and two triplets (2 H), which corresponds to the typical mations of the seven-membered chelate ring are expected

for the complex 6, in principle this temperature dependentpattern of a C2-symmetrical 2,29-disubstituted binaphtha-
lene. The shape of the NMR spectrum is not affected when NMR spectrum may well reflect the presence of a dynamic

equilibrium between two of these. An approximate energythe sample is cooled down to 193 K. In particular, the
methyl resonance at δ 5 2.42 does not show any apparent barrier of 55 kJ mol21 can be calculated for this process by

line shape analysis of the variable temperature 1H-NMRsplitting.
The variable-temperature proton NMR spectrum of the spectra, applying the coalescence temperature method[8].

The variable temperature 1H-NMR spectra of the aro-palladium complex 6 is shown in Figure 3. At room temp.
6 shows a C2-symmetrical pattern for the aromatic protons matic part of the platinum complex 7 is shown in Figure 4.

The attributions to the protons have been assigned on theof the binaphtalene backbone and a broad singlet at δ 5
2.7 corresponding to both the S-methyl substituents. basis of selective decoupling and NOE experiments.

At room temp. the aromatic region shows six resonancesA less significant, but not negligible line broadening is
also apparent in two aromatic peaks in the low field region with a pattern consistent with a C2-symmetrical binaphtha-

lene derivative. A significant line broadening is observed forof the spectrum. At 253 K, the two aromatic and the S-
methyl resonances resolve into two different signals in an the signals of three protons which apparently are close to

the low exchange limit at room temp., while the remainingapproximate 4:1 ratio, and a new peak appears at about 1.7
ppm. From 233 K down to 193 K this last new signal is three protons give fairly sharp peaks. At 253 K all the aro-

matic protons give partially overlapping, sharp multipletsquite sharp and shows the same intensity as the lower inten-
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Figure 4. Variable-temperature 1H-NMR spectrum of [PtCl2(Me2BINAS)], (7): Aromatic part

indicative of the presence of a mixture of two C2-symmetri- is consistent with an equatorial location for this methyl
group. This indicates that the minor isomer has both methylcal species in ratio of about 3:2. At a lower temperature the

more abundant of these isomers undergoes a further dy- groups in equatorial position and the seven membered che-
late ring in chair or twisted chair conformation, in order tonamic process which leads to the formation of an additional

product. Some resonances, in particular the one attributed fulfill the condition of C2 symmetry.
When the methyl signal of the minor isomer at δ 5 2.82to H3, are further split into two separate sets of signals. The

emerging stereoisomer at 223 K is apparently devoid of C2- is under irradiation, it is apparent that also the resonances
of the methyl groups of the major species at δ 5 2.72 andsymmetry, as indicated by the number of observable peaks.

Unfortunately, due to the poor solubility of the complex, 1.80 experience NOE and, vice versa, irradiation of these
peaks shows a similar effect on the δ 5 2.82 peak. Thesethe NMR spectra could not be recorded at temperatures

lower than 223 K. These data show that at room temp. two NOE experiments also indicate that the less shielded methyl
resonance of the major isomer belongs to an equatorialdiastereomeric platinum complexes are slowly intercon-

verting and that the major one is involved in a further dy- methyl group, whereas the more shielded methyl resonance
belongs to an axial group. From these data the major iso-namic process at lower temperatures.

At room temp., the S-methyl groups give rise to three mer of the platinum complex 7 can be assigned to having
an ax-eq disposition of the methyl substituents.broad singlets at δ 5 2.82, 2.72 and 1.80, of roughly the

same intensity, which do not collapse even at 320 K. These The peaks of the aromatic part of the NMR spectrum of
the Pt complex are too close together and not appropriatelypeaks are all accompanied by Pt satellites, confirming the

chelate coordination of the sulfur centers to the metal. At shaped for a reliable determination of the activation energy
of the dynamic processes to be achieved. However, the pres-253 K the approximate values of the 3JPt2H of these coup-

lings, from the most shielded to the most deshielded signal, ence of well separated methyl resonances at room temp.
indicates that this complex is less fluxional than the Pdare 38 Hz, 44 Hz and 41 Hz, respectively. These values are

substantially constant in the range of temperature explored. counterpart and that the activation energy for the first equi-
librium should be higher than the 55 kJ mol21 found forCorrelated spectra indicate that the two resonances at

higher field belong to the same product. This suggests that the Pd complex.
Aside from the relative diastereomeric ratio and equili-the predominant stereoisomer of 7 has two unequivalent

methyl substituents resonating at δ 5 2.72 and δ 5 1.80, bration rates, the overall pictures emerging from the dy-
namic NMR investigation of the platinum and the pal-while the less abundant one has a C2-symmetrical structure

with two equivalent methyl groups resonating at δ 5 2.82. ladium complexes are quite similar, with the basic difference
that, unlike the platinum case, in the palladium complex itIrradiation of this peak causes a significant NOE en-

hancement of the H3 proton on the naphthalene ring, which is the major species which has the eq2eq methyl groups.
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Discussion (or chair) conformation, but not by the corresponding boat

conformer 13. The same chair structure can be attributedThe dynamic behaviour shown by the Pd and Pt com-
to the major isomer of the palladium complex which showsplexes indicates that different species are present in solution
the same NMR pattern. Thus, the structure shown in theand that the interconversion among them is a fast process
solid state by the Pd complex 6 corresponds to the structureon the NMR timescale at room temp. Scheme 2 summarizes
of the predominant isomer in solution.the interplay among the possible stereoisomers (diaxial

The second species identified by NMR has an equatorial-species are omitted).
axial disposition of the methyl groups and is the predomi-

Scheme 2. Possible stereoisomers of Me2BINAS complexes; the nant one in the Pt complex, even at room temp. Three dif-
absolute configuration of the stereogenic sulfur centers

ferent structures are conceivable for this isomer: one whichare indicated; the binaphthalene backbone (R configu-
ration) and the additional ligands at the metal are omit- mantains the twisted chair conformation and the C2-sym-
ted for clarity metry (11) and two with a twisted boat conformation of

comparable stability and C1 symmetry (12 and 14). The 1H-
NMR spectra at 220°C suggest a C2-symmetrical structure
for this compound. While this condition is met by the chair
conformer 11, it cannot be overlooked that an apparent C2

symmetry can result from a fast interconversion of two C1-
symmetrical stereoisomers such as 12 and 14.

Actually, at 250°C a further dynamic process causes the
C2-symmetrical pattern of the aromatic resonances to be
broken down. Notably, chemical shifts and shapes of the
signals due to the methyl groups do not show any apparent
change at this stage. As the surroundings of the methyl sub-
stituents are quite similar in 12 and 14, both these facts
seem to us to lend better support to the second assumption.

We can confidently conclude that in the case of the plati-
num complex 7, the eq-eq chair conformer 10 is slowly in-
terconverted at room temp. into the ax-eq boat conformers
12 and 14 which, under the same conditions, are rapidly
interconverting. The same is probably true for the pal-
ladium derivative 6, which is more fluxional than the Pt
counterpart.

For the equilibration between 10 and 12 (or 14) to occur,
both changes in the chelate ring conformation and inver-
sion of configuration at one stereogenic sulfur are required.
The available data do not allow us to envisage which pro-
cess is occurring first, but it is known that they are bothFor the interconversion between these species three dif-

ferent hypothesis can be formulated: 1) interconversion be- feasible and can even take place simultaneously[9].
The structures having both the methyl groups equatorialtween two different conformations of the seven membered

chelate ring of comparable stability; 2) epimerization at the are expected to be more stable, but this is not the case for
the platinum complex where the predominant species hasstereogenic sulfur through dissociation-recombination; 3)

pyramidal inversion at the stereogenic sulfur in the bound an axial methyl substituent. Actually, a non-bonding inter-
action is present between the hydrogen at the aryl carbon 3state with no dissociation. In the first hypothesis the con-

figurations at both the sulfur atoms are preserved during (adjacent to that bound to the sulfur) and the equatorial
methyl substituent. This is evidenced by a short contact dis-the dynamic process, while the second and the third trans-

formations are accompanied by a net inversion of configu- tance in the solid state structure of the Pd complex (ca. 2.1
Å) and should be even more severe in the case of the Ptration at one or both stereogenic sulfur(s).

The fact that the position of the chemical shifts of the derivative due to the larger ionic radius. In keeping with
this, the equilibrium of the platinum complex is shiftedmethyl substituents and the values of the relevant

3J(195Pt,1H) coupling constants of the Pt complex are in- towards the ax-eq isomer.
Nothing can be said about the dynamics of the rhodiumvariant in the temperature range scanned rules out the se-

cond hypothesis, and lends better support to the view that complex 5 which is probably highly fluxional over the range
of temperatures scanned.dissociation of the S donors is not occurring at any time.

From the NMR spectra of the platinum complex 7 two
Conclusionsspecies can be univocally identified. The minor isomer has

two equatorial S-methyl substituents and an overall C2- The dithioether complexes reported here are all fluxional
at room temp. This dynamic behaviour is extremely pro-symmetry. These conditions are met only by compound 10

having the seven membered chelate ring in a twisted chair nounced in the case of rhodium(I) derivatives whose dia-

Eur. J. Inorg. Chem. 1998, 1132118 117



S. Gladiali, C. Claver et al.FULL PAPER
The yellow precipitate was filtered off and dried in vacuo (160 mg,stereoisomers did not show isolated NMR resonances even
53% yield). 2 1H NMR (CDCl3): see text. 2 C22H18Cl2PtS2at 280°C. Due to this property, Rh complexes with Me2B-
(612.5): calcd. C 43.11, H 2.96; found C 43.11, H 2.96.INAS do not seem well suited for use in enantioselective

X-ray Structure Determination and Refinement of [PdCl2-catalysis where high e.e.9s should not be expected.
(Me2BINAS)] (6): X-ray quality crystals of the complex 6 were

This work was carried out within the framework of the COST grown by slow diffusion of diethyl ether into a CH2Cl2 solution.
D2 program of the C.E.C. “Selective synthesis”. Financial support C22H18ClPd2S2, M 5 523.81. Monoclinic, a 5 8.144(2), b 5
from the Italian Ministero dell9Università e della Ricerca Scientifica 27.416(7), c 5 9.416(2), β 5 92.98(2), V 5 2099(1) Å3 (by least-
e Tecnologica (MURST 60% and 40%), the Spanish CICYT (Minis- squares refinement on diffractometer angles for 25 automatically
terio de Educacion y Ciencia) and CIRIT (Generalitat de Catalu- centred reflexions, λ 5 0.71069 Å), space group P21/c (No. 14),
nya), Proj. QFN-95-4725-C03 and the Hungarian Research Fund Z 5 4, Dx 5 1.657 g cm23. Yellow, air stable crystals, µ(Mo-Kα) 5
(OTKA 25525) is gratefully acknowledged. L. K. would like to 13.42 cm21. CAD4 diffractometer, ω/2θ mode with ω scan width 5
thank dr. Gabor Szalontai (NMR Laboratory, University of 0.80 1 0.35 tan θ, ω scan speed 1.325.5o min21, graphite-mono-
Veszprem) for many NMR experiments on the Pt complex and for chromated Mo-Kα radiation. Reflection ranges for the data collec-
useful discussions. S. G. likes to thank Prof. Dieter Sellmann (Uni- tion were 1° < θ < 25 o and 29 # h # 9, 0 # k # 32, 0 # l # 11.
versity of Erlangen-Nürnberg) for reading and commenting on 3690 unique reflections (Lp and empirical absorption correction
the manuscript. from ψ scans[13], minimum/maximum transmission 5 0.786:0.999),

2634 observed reflections with I > 2σ(I). Direct methods
Experimental Section (SHELXS-86 program)[14] and full-matrix least-squares refinement

on F2 for all the reflections (SHELXL-93 program)[15] were ap-Melting points are uncorrected. Infrared spectra were recorded
plied.in KBr pellets on a BIO-RAD FTS-7PC spectrophotometer. 1H

and 13C spectra were recorded on a Varian VXL 5000 spectrometer Naphthyl groups were refined as rigid groups because some of
at 300 and 75.5 MHz, respectively, in CD2Cl2 and CDCl3. Chemi- their geometrical parameters were not sensible, and at the end of
cal shifts of protons and carbons are reported in ppm referred to refinement were close to standard values. All non-hydrogen atoms
TMS as an internal standard. Elemental analyses were performed were refined anisotropically. Hydrogen atoms were placed in calcu-
with a Perkin Elmer Analyser 240 B. Commercial chemical reagents lated positions with isotropic temperature factors fixed at 1.2 times
were used as received and solvents were dried by standard pro- (naphthyl H) or 1.5 times (methyl H) Ueq for the corresponding
cedures and stored over molecular sieves under an inert atmos- carbon atoms. The weighting scheme was w 5 1/[σ2(F2

o) 1
phere. [Rh(cod)2]1X2 [10], PtCl2(PhCN)2

[11] and PtCl2(PhCN)2
[12] (0.1075P)2] where P 5 [max(F2

o,0) 1 2 F2
c)]/3. Final R(F) and

were prepared according to the literature. Rw(F2) values were 0.047 and 0.148 for reflections with I > 2σ(I).
Thermal parameters, a complete list of bond lengths and anglesPreparation of [Rh(cod)(Me2BINAS)]ClO4 (5): The ligand Me-
and further details of 6 are available from Fachinformationzentrum

2BINAS (99.3 mg, 0.29 mmol) was added to a solution of [Rh(cod)-
Karlsruhe, D-76344 Eggenstein-Leopoldshafen, on quotation of

2]ClO4 (100 mg, 0.24 mmol) in dichloromethane (5 ml). After stir-
the depository number CSD-407608.ring at room temp. for 15 min, diethyl ether was added to give a

yellow precipitate of [Rh(cod)(Me2binas)]ClO4 which was filtered
[1] [1a] C. Claver, S. Castillon, N. Ruiz, G. Delogu, D. Fabbri, S.off and dried in vacuo (147.8 mg, 94% yield). 2 IR (KBr, cm21):

Gladiali, Chem. Commun. 1993, 1833. 2 [1b] N. Ruiz, A. Aaliti,
ν̃ 5 1096 s, 625 m. 2 1H NMR (300 MHz, CDCl3): δ 5 8.21 (d, J. Fornies, A. Ruiz, C. Claver, C. J. Cardin, D. Fabbri, S. Gladi-
J 5 9 Hz, 2 H, ArH); 8.04 (d, J 5 8.2 Hz, 2 H, ArH); 7.76 (d, J 5 ali, J. Organomet. Chem., in press.

[2] Review: S. Gladiali, J. C. Bayón, C. Claver, Tetrahedron Asym-8.5 Hz, 2 H, ArH); 7.58 (t, J 5 7.6 Hz, 2 H, ArH); 7.34 (t, J 5
metry 1995, 6, 1453.8.2 Hz, 2 H, ArH); 7.00 (d, J 5 9 Hz, 2 H, ArH); 4.76 (br. m, 4 [3] L. R. Gray, D. J. Gulliver, W. Levason, M. Webster, Acta Crys-H, CH cod); 4.36 (br. m, 4 H CH, cod); 2.42 (s, 3 H, CH3); 2.10 tallogr. C 1983, 39, 877.

(d, J 5 9.3 Hz, 4 H, CH2 cod); 1.80 (br. m, 4 H, CH2 cod). No [4] G. R. Clark, J. D. Orbell, J. Organomet. Chem. 1981, 215, 121.
[5] B. de Groot, G. S. Hanan, S. J. Loeb, Inorg. Chem. 1991, 30,splitting is observed at low temperatures. 2 13C NMR (CDCl3):

4644.δ 5 133.9, 132.6, 130.2, 129.7, 129.1, 127.0, 124.6 (Ar); 82.0 (CH [6] [6a] D. S. Payne, J. A. A. Mukuolu, J. C. Speakman, Chem. Com-cod); 79.9 (CH, cod); 34.2 (CH2, cod); 15.9 (SCH3). 2 mun. 1965, 599; 2 [6b] R. A. Jacobson, L. L. Martin, Inorg.
RhC30H30S2ClO4 (657.0): calcd. C 54.9, H 4.5, S, 9.7; found C 55.0, Chem. 1971, 10, 1795.

[7] D. F. Bocian, H. L. Strauss, J. Am. Chem. Soc. 1977, 99, 2876.H 4.5, S 9.7.
[8] A. A. Watson, A. C. Willis, S. B. Wild, J. Organomet. Chem.

Preparation of [PdCl2(Me2BINAS] (6): The ligand Me2BINAS 1993, 445, 71.
[9] A. Albinati, J. Eckert, P. Pregosin, H. Rüegger, R. Salzman, C.(50 mg, 0.144 mmol) was added to a solution of [PdCl2(PhCN)2]

Stössel, Organometallics 1997, 16, 579.(50 mg, 0.13 mmol) in dichloromethane (5 ml). After stirring at [10] R. Usòn, L. A. Oro, M. A. Garralda, C. Claver, P. Lahuerta,
room temp. for 20 min, diethyl ether was added to give a red pre- Transition Met. Chem. 1979, 9, 55.
cipitate of 6 which was filtered off and dried in vacuo (54.1 mg, [11] M. S. Karasch, R. C. Seyler, F. R. Mayo, J. Am. Chem. Soc.

1938, 60, 882.73.1% yield). 2 1H NMR (CDCl3): see text. 2 Mass spectrum
[12] F.R. Hartley, Organomet. Chem. Rev. A 1970, 6, 119.(FAB); m/z: 523 (M1), 489 (M 2 Cl), 452 (M 2 2 Cl), 346 [13] A. C. T. North, P. C. Philips and F. S. Mathews, Acta Crys-

(Me2binas). 2 Conductivity in CH2Cl2: 0.041 S·cm2·eq21. 2 tallogr., Sect. A 1968, 24, 351.
C22H18Cl2PdS2 (523.8): calcd. C 50.4, H 3.4, S 12.2; found C 50.6, [14] G. M. Sheldrick, SHELXS 86, in Crystallographic Computing 3

(Eds.: G. M. Sheldrick, C. Krüger, R. Goddard), Oxford Uni-H 3.3, S 12.1.
versity Press, Oxford, 1985, pp. 1752178.

[15] G. M. Sheldrick, SHELXL 93, A Program for the RefinementPreparation of [PtCl2(Me2BINAS)] (7): The ligand Me2BINAS
of Crystal Structures, University of Göttingen, Göttingen, 1992.(172 mg, 0.5 mmol) was added to a solution of [PtCl2(PhCN)2]

[16] A. L. Spek, PLUTON 93, A Program for the Display and Analy-(235 mg, 0.5 mmol) in chloroform (45 ml) and the solution was sis of Crystal and Molecular Structures, University of Utrecht,
irradiated (254 nm) at 35°C for 11 h. The chloroform was evapo- The Netherlands, 1993.

[97178]rated and the yellow residue was taken up with benzene (20 ml).
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Two different routes to novel [(diene)(η6-2,6-dimethylpyridi- phosphinine arene ligands, and [(DAD)(η6-arene)Fe] com-
plexes are formed, but all DAD derivatives tested so far causene)Fe] complexes are reported, both of which utilize metal

vapour reactions. The presence of two small substituents on the complete disintegration of [(COD)(η6-2,6-dimethylpyridi-
ne)Fe]. [(DAD)(η6-arene)Fe] complexes exhibit a catalyticthe 2,6-position of pyridine is essential for the η6-coordina-

tion of the heterocycle. Investigations on the reactivity and potential, which was evaluated by experiments on the cataly-
tic cyclodimerization of 1,3-butadiene in the presence ofstability of the [(diene)(η6-arene)Fe] complexes are pres-

ented, including those of the benzene, phosphinine, and py- [(Et2AlOEt)2] as a co-catalyst. This reaction yields up to 92%
of 1,5-cyclooctadiene, and an almost quantitative butadieneridine derivatives. These investigations give some hints to

the relevant factors for determining the interaction between conversion is possible in the presence of less than 0.1% of
the catalyst. Structural investigations on [(N,N9-bis(cyclohe-an iron atom and a π-coordinated neutral arene ligand, and

their modification by a nitrogen or a phosphorus atom. Selec- xyl)ethylenediimine)(η6-toluene)Fe] 5a reveal some details of
the Fe-DAD interaction. An effective electron back-donationtive substitution of the 1,5-cyclooctadiene (COD) ligand of

[(COD)(η6-arene)Fe] complexes by some 1,4-diaza-1,3-diene from occupied iron d-orbitals into the π*-LUMO of the DAD
is indicated.(DAD) derivatives is possible in the case of the benzene or

Diazadienes (DAD, 1) exhibit a rich coordination chem- properties to the known ones, and as the influence of the
leaving ligand of a pro-catalyst may be decisive for such aistry[1], as they can formally act as 2-, 4-, 6-, or 8-electron

donors. Metal coordination of the heterodiene is possible process, we are interested in (DAD)Fe complexes with labile
co-ligands.in different conformations since rotation of the central

C2C-bond is only slightly energetically hindered (20228 On the basis of our own work on arene iron complexes,
kJmol21). The most frequent case is coordination in the we have some knowledge about the conditions necessary to
end-on chelate ligating mode, where the σ-lone pairs of the replace an arene ligand by other substrates at ambient or
two nitrogen atoms are donated to a metal atom. A high slightly elevated temperatures[5], and thus we decided to
catalytic potential has been found for such σ-diazadiene prepare the novel [(η6-arene)(DAD)Fe] complexes. At-
iron complexes in connection with unsaturated hydro- tempts to prepare this class of compounds have been re-
carbons. For example [(DAD)2Fe] (2) derivatives[2] are cata- ported, but no full evidence was presented[6]. We found con-
lysts for the cyclodimerization of 1,3-dienes in the presence venient synthetic routes for their preparation, including the
of alkyl aluminium co-catalysts, to form vinylcyclohexene iron complexes of heteroarenes. Some initial experiments on
and 1,5-cyclooctadiene derivatives. [(DAD)FeCl2] is acti- their catalytic potential demonstrated the merits of the con-
vated by Grignard reagents. It allows efficient cyclodimeri- cept.
zation, or co-dimerization, reactions of dienes and alkenes Our synthetic approach to these complexes is that of an
under mild conditions, and a Diels-Alder type reaction of alkene ligand exchange reaction by diazadiene derivatives,
1,3-dienes with alkynes[3]. which are allowed to react with [bis(alkene)(η6-arene)Fe] or

the corresponding diene complexes. Such compouds areBoth catalytically active species have the 12 valence elec-
tron (VE) fragment [(DAD)Fe] in common, which is be- known for benzene[7] and phosphinine[8] derivatives acting

as the η6-arene ligand, but no report about a pyridine de-lieved to be part of the true catalyst[4]. With the aim of
finding new catalytically active species with complementary rivative of this type has yet appeared in the literature. As
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Scheme 1pyridine derivatives are believed to be decisively different

in their π-ligand properties in respect to the other arenes,
[(diene)(η6-pyridine)Fe] complexes were our first synthetic
goal. As for the phosphinines, the σ-lone pair of the hetero
atom has to be shielded by one, or better two, o-substituents
attached to the ring ligand in order to prevent the kine-
tically preferred σ-coordination[9] [10]. The most simple pyri-
dine derivative fulfilling this condition is 2,6-dimethylpyri-
dine, which we therefore included in our studies.

The diazadiene derivatives 1a2g used in this study are
shown in Table 1.

Table 1. Diazadiene derivatives used

R1 R2

1a Cyclohexyl H Both compounds exhibit all the characteristics of π-com-1b iso-Propyl H
plexes. There is no hint of σ-coordination of the nitrogen1c tert-Butyl H

1d p-Tolyl Me atom. For example the NMR data of 3a and 3b are closely
1e p-Tolyl Ph related to those of their carbacyclic analogues [(COD)(η6-1f p-Anisyl Me

toluene)Fe] and [(2,3-dimethylbutadiene)(η6-toluene)Fe],1g 2,6-Dimethylphenyl Me
respectively[12]. The observation of high-field coordination
shifts for all ring nuclei investigated are a proof for the π-
coordination of the heterocycle in both cases. In contrast to

[(Diene)(η6-2,6-Dimethylpyridine)Fe] Complexes and their the otherwise much more reactive arene iron species [(eth-
Reactivity Towards Diazadienes

ene)2(η6-toluene)Fe] (4) (vide infra), the reaction of 2,6-di-
Highly reactive [(COD)2Fe] was prepared in situ by re- methylpyridine complex 3a and N,N9-bis(cyclohexyl)ethyl-

acting 1,5-cyclooctadiene (COD) with iron atoms in a metal enediimine 1a results in a complete exchange of ligands and
vapour reaction[11]. Addition of 2,6-dimethylpyridine to the [(N,N9-bis(cyclohexyl)ethylenediimine)2Fe] (2a) is formed as
mixture at low temperatures results in the substitution of the only isolable species. This a known compound[2] [4].
one COD ligand, and the desired product [(COD)(η6-2,6- As expected, the reactivity of the η6-coordinated 2,6-di-
dimethylpyridine)Fe] 3a is formed in a moderate yield. The methylpyridine ligand of the iron atom is different from that
same experiments have been performed with [(COD)2Fe] of the carbacycle toluene. As hoped for, it is enhanced, but
and 2-trimethylsilylpyridine, 2,6-bis(trimethylsilyl)pyridine, to such an extent that the replacement of the heterocycle by
or 2,6-bis(chloromethyl)pyridine. According to NMR stud- 1a occurs parallel with the desired substitution of the diene
ies of the crude product, the monosilylated heterocycle gave ligand. [(DAD)(η6-2,6-dimethylpyridine)Fe] complexes can-
around a 5% yield of the corresponding [(COD)(η6-2-tri- not therefore be made in this way.
methylsilylpyridine)Fe]. Due to the small amounts formed,

Scheme 2no workup was attempted. The other pyridine derivatives
failed completely to produce any observable π-complexes.

[(2,3-Dimethylbutadiene)(η6-2,6-dimethylpyridine)Fe] 3b
is accessible directly, but only in poor yield, by a three-com-
ponent reaction of stoichiometric quantities of iron vapour,
2,3-dimethylbutadiene and 2,6-dimethylpyridine. To the
best of our knowledge, 3a and 3b represent the first ex-
amples of (η6-pyridine)iron complex derivatives.

3a and 3b are soluble in polar and apolar organic sol-
[(DAD)(η6-Toluene)Fe] Complexesvents, but strong donor solvents, such as acetonitrile, rap-

idly destroy the COD complex 3a. Solutions of 3a decom- [(Ethene)2(η6-toluene)Fe] [7] 4 is well known as a highly
reactive starting material which gives convenient access topose slowly even in apolar solvents at room temp., whereas

3b is stable under these conditions, probably due to the sta- many (η6-toluene)Fe complexes, or FeLn species, at low
temperatures, depending on the reaction partners[5] [13]. Inbilizing effect of the conjugated diene ligand. Therefore the

NMR spectroscopic characterization of 3a has to be done contrast to the significantly more stable pyridine π-complex
3a only the two ethene ligands of 4 are substituted by 1a,at 210°C or lower. This problem does not exist for 3b.
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Figure 1. Molecular structure of 5a in the solid stateb, and g around 220°C, and [(DAD)(η6-toluene)Fe] deriva-

tives 5a2c are formed in satisfactory to good yields.

Scheme 3

Table 2. Selected bond lenghts (pm) of 5a

Fe2C10 208.1(3) Fe2C11 209.4(3)
Fe2C12 208.7(3) Fe2C13 208.9(3)
Fe2C14 210.0(3) Fe2C15 210.1(3)
Fe2N1 189.9(2) Fe2N2 190.1(2)
N12C20 146.6(3) N22C30 146.4(3)
N12C26 134.4(4) N22C36 133.6(4)
C262C36 137.9(4)

To our surprise, the complete coordination sphere of 4
was substituted under the same reaction conditions by the molecular structure have to be discussed mainly on the

basis of intramolecular considerations. In full accord withbis(tert-butyl) species 1c, and the corresponding
[(DAD)2Fe] derivative 2b [4] is the only isolable product of the spectra, the DAD ligand acts as a chelate ligand, donat-

ing its N-lone pair electrons to the iron atom, and all ringthis reaction. Finally, the tolyl compounds 1d, e and the
anisyl derivative 1f produce multicomponent reaction mix- carbon atoms of the planar toluene ligand are within bond-

ing distance to the metal. The variation of the Fe2C bondtures, which we have not been able to work up yet. Com-
pared to the others, which substitute only the ethene ligands lenths is small (2082210 pm), thus the metal is symmetri-

cally bonded to the carbacycle. The Fe-DAD chelate ring isof 4, 1c contains bulkier N-alkyl substituents, but the in-
crease in bulk is small compared to the cyclohexyl substitu- also planar, and both rings are oriented perpendicular to

each other (90.4°). The bond distances within the ferradia-ents of 1a, and the 2,6-dimethyl phenyl substituents of 1g.
Therefore, the reason for this selective reactivity of DAD zacyclobutadiene substructure of 5a reflect the bonding

situation between the iron atom and the DAD ligand, whichderivatives towards 4 is not yet clear and this point is cur-
rently under investigation. is our main point of interest in this context. There is only

one study dealing with related structural and electronic fea-Solid or dissolved 5a2c are stable at room temp. and
the solutions start decomposing around 40°C. Workup by tures of an arene iron complex. The authors who investi-

gated [(2,29-bipyridyl)(η6-toluene)Fe] 6 [14] point out the sig-column chromatography, however, requires low tempera-
tures in order to prevent heavy losses. As was the case for 3a nificant role of back-donation of π-electron density from

the iron atom into the π*-orbitals of the bipyridyl ligandand b the interpretation of the spectroscopic data of 5a2c is
straightforward and the desired products are definitely which they deduced from C2C- and C2N bond length

variations within the bipyridyl ligand. This effect reducesformed.
As 5 represents only the second class of compounds ob- the d-electron density of the occupied orbitals of the metal

involved in this interaction.served where arene iron fragments are combined with N-
donor co-ligands in stable complexes, we are interested in If we compare the bond lenghts between free[15] and co-

ordinated 1a within 5a, the distance C262C36 is reducedmore detailed information about the bonding situation be-
tween the metal and its ligands. In particular the Fe-DAD by 7.8 pm, whereas the average of the distances C262N1

and C362N2 is increased by 4.3 pm. Exactly the sameinteraction is of interest. This fragment should be closely
related to the active species of the diene dimerization trends are observed for the corresponding parts of the mol-

ecule 6, but the effect is slightly smaller (27.3 and 13.9 pm,(DAD)Fe catalysts.
An X-ray structure determination of crystalline [(N,N9- respectively)[14]. As a consequence the same interpretation

seems to be appropriate for both compounds and we havebis(cyclohexyl)ethylenediimine)(η6-toluene)Fe] 5a was ac-
complished. The molecular structure in the solid state is to state that there is a slightly stronger electron back-do-

nation from the iron atom of 5a into the π*-LUMO of 1a,shown in Figure 1 and some selected bond lengths are sum-
marized in Table 2. which is antibonding in respect to the C5N double bonds,

but bonding in respect to the central C262C3 single bond.There are no unusually short intermolecular distances de-
tectable in the unit cell. As a consequence, the details of the This synergetic metal2ligand interaction creates a partial

Eur. J. Inorg. Chem. 1998, 1192126 121



U. Zenneck et al.FULL PAPER
double bond character of the Fe2N bonds as well, which rivatives. All three allow the preparation of [(arene)(di-

ene)Fe] complexes[18]. Their stability as pure compounds, asmanifests itself in extremely short Fe2N bonds in the case
of 5a and 6 in relation to other examples of N-donor li- solvated complexes in solution, or during workup by chro-

matography always increases in the sequence: pyridine <gands complexed to iron[14]. We can thus classify the DAD
as a very good π-acceptor of Fe d-electrons, and this in- benzene < phosphinine.

In reacting such complexes with DAD derivatives, theterpretation is confirmed by independent NDDO calcu-
lations[16]. The decisive role of back-bonding for complexes same order is reproduced. The pyridine complex is disinte-

grated completely by DADs, even at temperatures belowof the type [(arene)(N2N2donor)Fe] is demonstrated by
the experiments which aimed to produce [(toluene)(TMED- room temp. In spite of the fact that we did not react a diene,

but the bis(ethene)Fe complex 4, with different DADs, weA)Fe], but which resulted in a completely different chemis-
try[17]. Being the formal hydrogenation product of a DAD can state that there is a differentiated behaviour, depending

on the DAD substituents. However, in several cases thederivative, the saturated N2N donor ligand TMEDA forms
a closely related chelate ring with a complexed metal atom, DAD derivative substitutes the ethene ligands in the pres-

ence of a π-toluene spectator ligand. The phosphinine com-but it completely lacks an appropriate π*-orbital and there-
fore cannot act as an π-acceptor. plex 7, however, requires either elevated temperatures, or

the presence of nitriles as activating solvents, for the desired
[(DAD)(η6-2-Trimethylsilyl-4,5-Dimethylphosphinine)Fe] Complexes substitution reaction. Up to now, we found no indication

of a substitution of the P-heterocycle of 7 parallel to theFrom earlier work we know about the activating role of
replacement of the COD ligand.nitriles in initiating reactions of stable [(COD)(η6-2-tri-

Without thermochemical data it is difficult to differen-methylsilyl-4,5-dimethylphosphinine)Fe] 7, which require
tiate between thermodynamic and kinetic factors of com-the dissociation of the Fe2COD π-bond[8]. Because of a
plex stabilization. We believe in the predominance of theclose relation between imine and nitrile N-donor ligands,
first factor, as the accessibility of the iron atom is not veryDAD derivatives have first been reacted with 7 in the ab-
different for the investigated substances.sence of nitriles. The reaction works, but requires elevated

Details of the electronic structures of the free arenes havetemperatures and the yields, as well as the purity of the
been investigated for the unsubstituted rings[19] and theseproducts obtained, are not convincing. Running the same
data have been used for comparing the π-ligand propertiesreaction with acetonitrile as the solvent, the substitution of
of benzene and phosphinine. Phosphinine is an equivalentCOD by the DAD derivatives 1a, d, e, f takes place at room
π-donor but is the better π-acceptor ligand for transitiontemp. and moderate yields of the desired products are ob-
metal atoms compared to benzene[20]. The two highest oc-tained. The [(DAD)(η6-2-trimethylsilyl-4,5 dimethylphos-
cupied orbitals of phosphinine are energetically close to thephinine)Fe] derivatives 8a2d have been prepared in this
degenerate HOMO (e1g) of benzene, but the LUMO (b1) ofway.
phosphinine is significantly stabilized with respect to theScheme 4
LUMO (e2u) of benzene. For pyridine the situation is differ-
ent. Due to the higher electronegativity of the nitrogen
atom combined with good π-orbital overlap, the LUMO
(a2) of pyridine is stabilized, but the HOMO is closer in its
energy to the HOMO of benzene[19]. Consequently pyridine
can be classified as a weaker π-donor, but a comparable π-
acceptor ligand, with respect to benzene. From the com-
bined data, we can rank the donor and acceptor capabilities
of the arenes as follows:

π-Donor strength: phosphinine > benzene > pyridine.

π-Acceptor potential: phosphinine > benzene > pyridine.

For electron-rich transition metals such as iron, the com-
bination of both factors determine the bonding energy of
the metal to the π-ligand of such complexes. Thus the ex-
perimental findings, and this interpretation of the bonding
situation of arene iron complexes, are in a good agreement.

8a2d are much more robust than the other π-complexes
Catalytic Propertiesreported in this paper. Workup by column chromatography,

for example, is possible at room temp. without losses. The catalytic potential of the [(DAD)(arene)Fe] com-
plexes was tested by experiments on the catalytic cyclodi-

Some Considerations on the Stability of Arene Iron Complexes merization of 1,3-butadiene. For the purpose of comparison
analogous reaction conditions to those for the [(DAD)2Fe]The preparative results of this study give an improved

insight into the relative stability and reactivity of π-arene catalysts were initially chosen, including the use of the [(Et2-
AlOEt)2] co-catalyst [4]. The cyclodimerization of 1,3-buta-iron complexes of pyridine, benzene, and phosphinine de-
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diene yields two main products, and [4 1 2] and [4 1 4] lyst/co-catalyst > 2:13. In some experiments the butadiene

was almost completely converted into the products, thus thecyclic addition reactions are the favoured processes, which
result in the formation of vinyl cyclohexene (VCH) and maximal number of turnovers is most probably higher than

the greatest number given in Table 3. Complete reaction ofCOD, respectively.
butadiene was also found, in some cases, with the otherScheme 5
(DAD)Fe catalysts[21].

Toluene complexes 5, and the phosphinine species 8b, dif-
fer slightly in their selectivity of COD formation. De-
pending on the reaction conditions, 76292% COD are
formed by the derivatives of 5, whereas 8b produces 64%
COD, but the difference in their reactivity is much more
pronounced. Under the same conditions the catalysts 5 act
approximately ten times faster than 8b. We believe the
higher turover frequency of the toluene complexes to be the
main reason for their almost quantitative butadiene conver-
sion.

5a2c and 8b have been tested as catalysts for this reac- The much higher reactivity of the complexes 5a2c nicely
tion and control experiments have been carried out with parallels our findings on the substitution reactions of iron
[(COD)(toluene)Fe] [12]; all in the presence, as well as in the complexes with toluene or phosphinine π-arene ligands
absence, of the [(Et2AlOEt)2] co-catalyst. To rule out an in- (vide supra). Obviously, the stronger Fe2phosphinine inter-
dependent role for [(Et2AlOEt)2], this also was used (with- action hampers the generation of the true (DAD)Fe catalyst
out an iron complex). Product analysis was done by gas from the pro-catalyst 8b. On the other hand, closed shell 18
chromatography. Some selected data are summarized in valence electron (VE) species like 5a2c are relatively stable.
Table 3. In contrast to the paramagnetic 16 VE [(DAD)2Fe] deriva-

tives, for example, hydrolysis does not play a role here. ThusTable 3. Selected data of catalytic cyclodimerization of 1,3-buta-
diene the reactivity of the catalytically active systems follows the

stability of the different types of (DAD)Fe complexes, an-
Experi- Catalyst [(Et2AlOEt)2] COD VCH Selectivity other hint that there are analogous reaction mechanisms in
ment No. / mmol / mmol TON[a] TON[a] % COD[c]

all cases.

1 5a / 0.062 0.4 972[b] 240 80.2 We thank the Fonds der Chemischen Industrie and the Deutsche
2 5a / 0.062 0.8 503 159 76.0

Forschungsgemeinschaft for financial support, Prof. Dr. D.3 5a / 0.062 0.2 455 166 73.3
Sellmann, Erlangen for providing X-ray structure facilities, and Dr.4 5c / 0.062 0.4 1479[b] 130 91.9

5 8a / 0.062 0.4 94 54 63.7 F. Heinemann, Erlangen for substantial help in evaluating the X-
ray data.

[a] TON 5 Turnover number, mole product per mole catalyst. 2
[b] Almost quantitative butadiene conversion. 2 [c] Percentage of
the volatile products COD 1 VCH. Experimental Section

All reactions were carried out under a dry, oxygen free, nitrogenAs hoped for, 5a2c and 8b, all in combination with the
atmosphere. Solvents were purified by conventional methods, dis-co-catalyst only, are cyclodimerization catalysts for the for-
tilled and stored under nitrogen. 2 Unless otherwise stated, NMRmation of COD and smaller amounts of VCH, whereas the
spectra were recorded around room temp. on a Jeol FT-JNM-EXcombination [(COD)(toluene)Fe]/[(Et2AlOEt)2] yields only
270 spectrometer (269.6 MHz for 1H, 67.7 MHz for 13C, and 109.4a little VCH. Product yield and chemoselectivity of the [(ar-
MHz for 31P NMR), using dimethylpolysiloxane and solvent sig-ene)(COD)Fe] catalysts are closely related to those of the
nals as internal standards for 1H and 13C, and 85% H3PO4/water

other (DAD)Fe systems[2] [3] [4], a first indication of compar- as an external standard for 31P NMR. The degree of substitution
able catalytic processes for the complete family of catalysts. of the C-atoms was determined by DEPT spectra. 2 Mass spectra
The main difference is the lower reactivity of the [(arene)- were recorded on a varian MAT 212 spectrometer (EI, 70 eV). 2
(DAD)Fe] complexes. The optimal temp. here is 120°C, Microanalyses were peformed at the analytical department of the

institute, using a Carlo Erba Elemental Analysers Mod. 1106. 2whereas [DAD)2Fe] requires less elevated temperatures, and
Gas chromatography was done with a Philips PYE UNICAM PUthe in situ reduction of [(DAD)FeCl2] results in the forma-
4500 chromatograph equipped with a supelcowax 10 capillary col-tion of an active species which already transfoms butadiene
umn l 5 60 m, dia. 5 0.75 mm. Column chromatography (15 3 1at room temp. A strong argument for the (DAD)Fe frag-
cm) was accomplished with neutral degassed alumina or silicament to be part of the catalytically active species is deduced
(Merck), deactivated with 5% degassed water. 2 Metal vapour re-from the control experiments. Neither [(COD)(toluene)Fe]
actions were carried out in a locally constructed rotating metal

or [(Et2AlOEt)2] alone, nor a mixture of both components, atom reactor[22], which uses resistively heated alumina crucibles in
are able to induce the formation of COD, the main product tungsten baskets as metal evaporators. The reactor allows low
of the catalytic reaction. As mentioned above, the presence temp. reactions of metal vapours with liquid substrates, or solu-
of the co-catalyst in the reaction mixture is essential. The tions of substrates in low melting point solvents, and the transfer

of cold solutions with complete exclusion of air and moisture.best results have been obtained with a molar ratio of cata-
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The following starting materials have been prepared according 1.93 (s, 6 H, CH3), 1.04 (s, 2 H, CH2-butad.), 20.53 (s, 2 H, CH2-

butad.). 2 13 C{1H} NMR ([D6]benzene): δ 5 113.4 (C-pyr.), 91.2to published procedures: DAD derivatives 1a [23a], 1b, c [23b], 1d, e,
f [23c], 1g [23d], [(ethene)2(η6-toluene)Fe] 4 [7] , and [(COD)(η6-2-tri- (CH-pyr.), 84.7 (s, CH-pyr.), 78.9 (C-butad.), 39.8 (CH2-butad.),

23.3 (CH3), 19.3 (CH3). 2 MS (70 eV) m/z: 245 [M1], 163 [M1 2methylsilyl-4,5-dimethylphosphinine)Fe] 7 [8]. All other substances
have been purchased from commercial sources in synthetic quality butad.], 138 [M1 2 pyr.]. C13H19FeN (245.14): calcd. 2 C 63.69,

H 7.81, N 5.71, found: C 63.76, H 7.75, N 5.52.and have been purified by distillation and saturation with pure ni-
trogen gas. Prior to use, 1,3-butadiene was condensed from a gas [(N,N9-Bis(cyclohexyl)ethylenediimine)(η6-toluene)Fe] (5a):
cylinder in a Schlenck tube at 278°C and stored there for several 292 mg of N,N9-bis(cyclohexyl)ethylenediimine (1a) (1.33 mmol)
hours on a molecular sieve (0.5 nm). was suspended by stirring in 50 ml of toluene (1.35 mmol), and a

solution of 275 mg of (1.35 mmol) [(ethene)2(η6-toluene)Fe] 4 in[(COD)(η6-2,6-dimethylpyridine)Fe] (3a): 8 g of iron gas (0.14
10 ml of toluene was added, both were at 240°C. A badly isolatedmol) was distilled into a mixture of 26,4 g of 1,5-cis-cis-cyclooc-
cooling bath (three plastic bowls of the same size, one put into thetadiene (COD) (0.24 mol) and 300 ml of methylcyclohexane. Dur-
other) containing ca. 200 ml of ethanol at a temp. of , originally,ing the course of reaction the gas pressure and the temp. of the
ca. 240°C, allowed a slow increase in the temp. At 220°C theliquid phase were held below 1022 Pa and 2100°C, respectively.
reaction mixture turned dark. The reaction was completed by stir-The colour of the reaction mixture turned to dark green, while
ring overnight at room temp.. After removal of the solvent, the[(COD)2Fe] was formed[11]. After completion of the metal vapour
residue was dissolved in PE. Column chromatography (230°C; alu-reaction, the cooling bath was removed. When close to 250°C the
mina) yielded two fractions (PE and PE/toluene, 3:1). The secondmixture was transferred to a round bottom flask and 921 mg 2,6-
fraction contained the desired red brown product 5a. It was recrys-dimethylpyridine (8.6 mmol) was added at 240°C. It was then
tallized twice, from acetonitrile and n-pentane, yielding 234 mgstirred and allowed to warm up slowly in air. Around 25°C the
(47.7%) of dark crystals. 2 1H NMR ([D6]benzene): δ 5 6.76 (s, 2colour turned to red and the reaction was completed by stirring for
H, CH-imine), 5.58 (t, J 5 6 Hz, 1 H, CH-tol.), 5.20 (t, J 5 6 Hz,3 h at room temp.. Solvent and excess of COD were stripped off
2 H, CH-tol.), 5.11 (d, J 5 7 Hz, 2 H, CH-tol.), 4.47 (m, 2 H, CH-in vacuum and the residue was diluted in light petroleum ether
cy.), 2.30 (s, 3 H, CH3-tol.), 2.24 (s, 4 H, CH2-cy.), 1.55 (m, 14 H,(PE). Column chromatography (230°C; alumina/5% water) re-
CH2-cy.), 1.10 (m, 2 H, CH2-cy.). 2 13 C{1H} NMR ([D6]benzene):sulted in two red fractions eluted by PE and toluene/THF (1:2),
δ 5 133.9 (CH-imine), 92.2 (C-tol.), 80.9 (CH-tol.), 79.4 (CH-tol.)respectively. The toluene/THF solution contained red 3a. Removal
79.3 (CH-tol.), 70.0 (CH-cy.), 35.5 (CH2-cy.); 27.1 (CH2-cy.), 26. 5of the solvents and recrystallization from n-pentane yielded 716 mg
(CH2-cy.), 21.4 (CH3-tol.). 2 MS (70 eV) m/z: 368 [M1], 276 [M1(30,7%) of the dark red crystalline solid. 2 1H NMR ([D8]toluene,
2 1a]. 2 C21H32FeN2 (368.19).210°C): δ 5 5.45 (d, J HH 5 10 Hz, 2 H, CH-pyr.), 3.05 (m, 1 H,

CH-pyr.), 2.85 (m, 4 H, CH-COD), 2.55 (m, 4 H, CH2-COD/endo); [(N,N9-Bis(2-propyl)ethylenediimine)(η6-toluol)Fe] (5b): Prep-
2.35 (s, 6 H, CH3-pyr.), 1.85 (m, 4 H, CH2-COD/exo). 2 13 C{1H} aration as described for 5a from 266 mg (1.90 mmol) of 1b and 387
NMR ([D8]toluene, 210°C): δ 5 115.8 (C-pyr.), 86.2 (CH-pyr.), mg (1.90 mmol)of 4. Recrystallization from n-pentane yielded 315
78.2 (s, CH-pyr.), 68.0 (CH-COD), 31.4 (CH2-COD); 20.4 (CH3- mg (57.6%) of 5b. 2 1H NMR ([D6]benzene): δ 5 6.75 (s, 2 H,
pyr.). 2 MS (70 eV) m/z: 271 [M1], 163 [M1 2 COD]. 2 CH-imine), 5.55 (t, J 5 6 Hz, 1 H, CH-tol.), 5.08 (t, J 5 6 Hz,
C15H21FeN (271.10): calcd. C 66.44, H 7.81, N 5.17, found: C CH-tol.), 5.01 (d, J 5 6 Hz, 2 H, CH-tol.), 4.80 (sept, J 5 6 Hz,
66.50, H 7.90, N 5.03. 1 H, CH-isopr.), 2.27 (s, 3 H, CH3-tol.), 1.40 (d, J 5 7 Hz, 12 H,

CH3-isopr.). 2 13 C{1H} NMR ([D6]benzene): δ 5 133.4 (CH-imi-Reaction of 3a with DAD 1a: 222 mg of 3a (0.82 mmol) was
ne), 92.8 (C-tol.), 81.1 (CH-tol.), 79.8 (CH-tol.), 79.7 (CH-tol.),added to a solution of 180 mg of N,N9-bis(cyclohexyl)ethylenedi-
60,4 (CH-isopr.), 24,6 (CH3-isopr.), 21.8 (CH3-tol.). 2 MS (70 eV)imine 1a (0.82 mmol) in 30 ml of toluene at 210°C. The mixture
m/z: 288 [M1], 196 [M1 2 1b]. 2 C15H24FeN2 (288.21).was stirred for 15 h without cooling, thus the temp. increased

slowly to room temp.. Then the resulting dark suspension was fil- [(N,N9-Bis(2,6-dimethylphenyl)-2,3-butanediimine)(η6-tol-
tered at 260°C through 3 cm alumina on a frit and a red solution uene)Fe] (5c): Preparation as described for 5a from 316 mg (1.08
was obtained. After removal of the solvent and recrystallization mmol) of 1g and 265 mg (1.30 mmol) of 4. Recrystallization from
from n-pentane 123 mg (64.1%) of analytically pure, dark crystal- n-pentane yielded 161 mg (33.9%) of 5c. 2 1H NMR ([D6]benzene):
line [bis(N,N9-bis(cyclohexyl)ethylenediimine)iron] was afforded. δ 5 7.2 (m, 6 H, CH-phenyl), 5.30 (t, J 5 5 Hz, 1 H, CH-tol.),
Within the experimental limits, all data on this compound are 4.52 (t, J 5 5 Hz, 2 H, CH-tol.), 4.46 (d, J 5 5 Hz, 2 H, CH-tol.),
identical with those published in the literature[4]. 2.26 (s, 12 H, CH3-phenyl), 1.95 (s, 3 H, CH3-tol.), 1.00 (s, 6 H,

CH3-imine). 2 13 C{1H} NMR ([D6]benzene): δ 5 157.1 (C-phen-[(η4-2,3-Dimethylbutadiene)(η6-2,6-dimethylpyridine)Fe] (3b): 8
yl), 141.6 (C-phenyl), 131.0 (CH-phenyl), 129.2 (C-imine), 124.5g of iron gas (0.14 mol) was distilled into a mixture of 11.7 g of
(CH-phenyl), 94.5 (C-tol.), 82.0 (CH-tol.), 81.3 (CH-tol.), 80.72,3-dimethylbutadiene (0.14 mol), 15.3 g of 2,6-dimethylpyridine
(CH-tol.), 20,1 (CH3-tol.), 18,3 (CH3-phenyl); 15,6 (CH3-imine). 2(0.14 mol), and 300 ml of methylcyclohexane as described before.
MS (70 eV) m/z: 277 [1g12CH3]. 2 C25H32FeN2 (368.19).The reaction mixture darkened until it was finally almost black.

After completion of the metal vapour reaction, the cooling bath [(N,N9-Bis(cyclohexyl)ethylenediimine)(η6-2-trimethylsilyl-4,5-
dimethylphosphinine)Fe] (8a): 179 mg (0,81 mmol) of 1a, 293 mgwas removed to allow slow warming up. At 225°C the mixture

was filtered through 3 cm alumina/5% H2O on a frit, the alumina (0,81 mmol) of [(COD)(η6-2-trimethylsilyl-4,5-dimethylphosphini-
ne)Fe] 7 and 50 ml of acetonitrile were mixed at room temp. andwas extracted with toluene/THF, the liquid phases united, and the

solvent removed in vacuo. Redilution in PE and column chroma- stirred for 20 h. The orange reaction mixture slowly darkens and
finally was nearly black. After removal of the solvent in vacuo thetography (230°C; alumina/5% water) resulted in the formation of

two red fractions (PE and toluene/THF, 1:4). The second fraction residue was dissolved in PE and subjected to column chromatogra-
phy on silica/5% water. PE eluted some unreacted 7 and free phos-contained the desired product 3b. Recystallization from n-pentane

gave 584 mg (1,7%) of red needles. 2 1H NMR ([D6]benzene): δ 5 phinine, whereas PE/toluene (1:1) gave a dark red fraction. Re-
moval of the solvent and recrystallization afforded 146 mg (28.1%)5.12 (m, 1 H, CH-pyr.), 4.57 (m, 2 H, CH-pyr.), 2.30 (s, 6 H, CH3),
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of dark red 8a. 2 1H NMR ([D6]benzene): δ 5 6.75 (s, 2 H, CH- anisyl), 152,6 (C-anisyl), 146.3 (C-imine), 126.0 (CH-anisyl), 125.1

(CH-anisyl), 99.1 (d, JPC 5 12 Hz, C-phosp.), 97.3 (d, JPC 5 8 Hz,imine), 5.43 (d, JPH 5 10 Hz, 1 H, CH-phosp.) 4.70 (d, JPH 5 36
Hz, 1 H, CH-phosp.), 4.25 (m, 2 H, CH-cy.), 2.55 (m, 5 H, CH-cy. C-phosp.), 96.5 (d, JPC 5 78 Hz, C-phosp.), 91.2 (d, JPC 5 68 Hz,

C-phosp.), 90.1 (d, JPC 5 9 Hz, C-phosp.), 55.0 (CH3-anisyl), 23.11 CH3 -phosp.), 2.35 (s, 3 H, CH3 -phosp.), 2.00 (m, 2 H, CH-cy.),
1.52 (m, 14 H, CH-cy.), 1.06 (m, 2 H, CH-cy.), 0.45 [s, 9 H, (CH3-phosp.), 22.7 (CH3-phosp.), 17.7 (CH3-imine, 1,4 [Si(CH3)3].

2 31P{1H} NMR ([D6]benzene): δ 5 213.4 (s). 2 MS (70 eV) m/z:Si(CH3)3]. 2 13 C{1H} NMR ([D6]benzene): δ 5 137,8 (CH-imine),
99.0 (d, JPC 5 12 Hz, CH-phosp.), 95.2 (d, JPC 5 8 Hz, CH- 546 [M1]. 2 C28H37FeN2O2PSi (548.17).
phosp.), 93.6 (d, JPC 5 78 Hz, C-phosp.), 90.0 (d, JPC 5 8 Hz, C- General Procedure of Catalytic Cyclodimerization and Gas Chro-
phosp.), 89.2 (d, JPC 5 68 Hz, CH-phosp.), 69.8 (CH-cy.), 43.6 matographic Product Analysis: Ca. 30 ml of purified 1,3-butadiene
(CH2-cy.), 34.6 (CH2-cy.), 27.0 (CH2-cy.), 26.8 (CH2-cy.), 26.4 was condensed at 220°C into a glass tube, and defined solutions
(CH2-cy.), 23.4 (CH3-phosp.), 22.4 (CH3-phosp.), 1,4 [Si(CH3)3]. 2 of catalyst and co-catalyst in a few ml of toluene are added. In
31P{1H} NMR ([D6]benzene): δ 5 217.7. 2 MS (70 eV) m/z: 472 some of the experiments 15 ml of additional solvents (toluene or
[M1]. 2 C24H41FeN2PSi (368.19). diethylether) have been used with negligible effects on product for-

mation. The tube was then put into a 250-ml stainless steel auto-[(N,N9-Bis(4-tolyl)-2,3-butanediimine)(η6-2-trimethylsilyl-4,5-
clave which contained an argon atmosphere. After closing the auto-dimethylphosphinine)Fe] (8b): Preparation as described for 8a from
clave, the bottom half of it was placed in an oil bath and heated279 mg (1.06 mmol) of 1d and 381 mg (1.06 mmol) of 7. Recrystal-
up to the reaction temp. for 3 h, whilst butadiene built up a gaslization from n-pentane, yielded 219 mg (30.4%) of dark red 8b. 2
pressure inside. At 80°C reactor temp. the volatile components of1H NMR ([D6]benzene): δ 5 7.75 (d, JHH 5 8 Hz, 2 H, CH-tolyl),
the reaction mixture were transferred in vacuo into a cold (77 K)7.10 (d, JHH 5 8 Hz, 2 H, CH-tolyl), 7.0 (m, 4 H, CH-tolyl), 5.05
trap and the content of the trap was analysed by gas chromatogra-(d, JPH 5 9 Hz, 1 H, CH-phosp.), 3.99 (d, JPH 5 36 Hz, 1 H, CH-
phy later.phosp.), 2.50 (s, 3 H, CH3-phosp.), 2.24 (s, 3 H, CH3-phosp.), 2.22

(s, 6 H, CH3-tolyl), 1.00 (s, 6 H, CH3-imine), 0.36 [s, 9 H, Si(CH3)3]. The volatile components butadiene, COD, VCH, and toluene of
the product mixture were separated by the capillary down to the2 13 C{1H} NMR ([D6]benzene): δ 5 157.1 (C-tolyl), 146.1 (C-

tolyl), 134.0 (C-imine), 125.6 (CH-tolyl), 124.3 (CH-tolyl), 99.0 (d, base line. For quantitative determinations defined amounts of THF
were added. A complete calibration procedure was done for theJPC 5 13.5 Hz, C-phosp.), 97.3 (d, JPC 5 6.6 Hz, CH-phosp.), 96.6

(d, JPC 5 77.9 Hz, C-phosp.), 91.2 (d, JPC 5 67.7 Hz, CH-phosp.), integrated peaks of COD and THF and the VCH was then related
to the COD. In all cases a linear correlation was observed. The90.2 (d, JPC 5 10.1 Hz, C-phosp.), 23.1 (CH3-phosph.), 22.6 (CH3-

phosph.), 21.1 (CH3-tolyl), 17.7 (CH3-imine), 1.4 [Si(CH3)3]. 2 data allow us to relate the molar amounts of product formed to
the amounts of catalysts used in the experiments. These results are31P{1H} NMR ([D6]benzene): δ 5 212.85 (s). 2 MS (70 eV) m/z:

516 [M1], 320 [M1 2 phosp.]. 2 C28H37FeN2PSi (516.18). presented as the “turnover number of substrate molecules per mol-
ecule catalyst” (TON). The precise ratio of butadiene conversion,

[(N,N9-Bis(4-tolyl)-1,2-diphenylethylenediimine)(η6-2-trimeth- however, was undeterminable in our experimental setup, as the ex-
ylsilyl-4,5-dimethylphosphinine)Fe] (8c): Preparation as described act amounts of butadiene which have had contact with the catalysts
for 8a from 870 mg (2.23 mmol) of 1e and 792 mg (2.20 mmol) of remained unknown. In cases where we detected only traces of re-
7. Chromatography was done with PE/toluene (3:1) and toluene. maining butadiene in the product mixture, an almost quantitative
Toluene eluted the product. Recrystallization from PE yielded 270 conversion is assumed. Higher oligomers of butadiene are formed
mg (19.1%) of dark red 8c. 2 1H NMR ([D6]benzene): δ 5 8.13 to some extent, but no analysis was attempted. An summary of the
(dd, JHH 5 7 / 1 Hz, 2 H, CH-aryl) 7.05 (dd, JHH 5 7 / 1 Hz, 2 experimental data is given in Table 3.
H, CH-aryl), 6.88 (dd, JHH 5 8 / 1 Hz, 2 H, CH-aryl), 6.70 (m, 6

Crystal Structure Determination: Suitable crystals of 5a wereH, CH-aryl), 6.60 (m, 6 H, CH-aryl), 5.48 (d, JPH 5 10 Hz, 1 H,
grown in n-pentane at 240°C. The data were collected on a Sie-CH-phosp.), 4.43 (d, JPH 5 34 Hz, 1 H, CH-phosp.), 2.55 (s, 3 H,

CH3-phosp.), 2.15 (s, 3 H, CH3-phosp.), 2.03 (s, 6 H, CH3-diimine),
Table 4. Crystal data of 5a0.25 [s, 9 H, Si(CH3)3]. 2 13 C{1H} NMR ([D6]benzene): δ 5 157.0

(C-aryl), 152.4 (C-aryl), 138.9 (C-aryl or C-imine), 133.6 (C-aryl or
Empirical formula C21H32FeN2C-imine), 130.4 (C-aryl or C-imine), 127.3 (C-aryl), 126.9 (C-aryl),

126.0 (C-aryl), 125.6 (C-aryl), 103.2 (br., C-phosp.), 99.6 (br., C-
Colour, form almost black cubephosp.), 99.0 (br., C-phosp.), 94.5 (br., C-phosph.), 90.6 (br., C-
Size [mm] 0.730.630.630.6phosph.), 22.8 (CH3-phosph.), 22.7 (CH3-phosph.), 21.0 (CH3-to- Crystal system monoclinic

lyl), 1.2 [Si(CH3)3]. 2 31P{1H} NMR ([D6]benzene): δ 5 211,7 (s). Space group P 21/c
Unit cell dimensions [Å] a 5 10.629(3)2 MS (70 eV) m/z: 641 [M1]. 2 C38H41FeN2PSi (640.21): calcd. C
Unit cell dimensions [Å] a 5 10.629(3)71.24, H 6.45, N 4.37, found C 71.12, H 6.81, N 3.94.

b 5 14.181(3)
c 5 13.398(4)[(N,N9-Bis(4-anisyl)-2,3-butanediimine)(η6-2-trimethylsilyl-4,5-
β 5 103.83(3)dimethylphosphinine)Fe] (8d): Preparation as described for 8a from Volume [Å3] 1961(1)

241 mg (0.81 mmol) of 1f and 290 mg (0.87 mmol) of 7. Recrystalli- Z 4
Molecular mass 368.19zation from n-pentane yielded 145 mg (32.5%) of dark red 8d,
Density (calcd.) 1.248 gcm23

which was always contaminated with traces of a second uncharac-
Absorption coefficient 0.773 mm21

terized product. 2 1H NMR ([D6]benzene): δ 5 7.75 (d, JHH 5 8 Number of refined parameters 217
Hz, 2 H, CH-anisyl), 7.01 (d, JHH 5 8 Hz, 2 H, CH-anisyl), 6.88 F(000) 792

Reflections measured 6343(d, JHH 5 8 Hz, 2 H, CH-anisyl), 6.79 (d, JHH 5 8 Hz, 2 H, CH-
Independent reflections 3217anisyl), 5.05 (d, JPH 5 9 Hz, 1 H, CH-phosp.), 4.01 (d, JPH 5 31
Goodnesss-of-fit at F2 1.110Hz, 1 H, CH-phosp.), 3.40 (s, 6 H, CH3-anisyl.), 2.50 (s, 3 H, CH3- R1 0.0389

phosp.), 2.20 (s, 3 H, CH3-phosp.), 1.03 (s, 3 H, CH3-imine), 0.35 wR2 0.1048
[s, 9 H, Si(CH3)3]. 2 13 C{1H} NMR ([D6]benzene): δ 5 157.3 (C-
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gew. Chem. 1975, 87, 634; Angew. Chem. Int. Ed. Engl. 1975, 14,mens P4 diffractometer with Mo-Kα radiation (λ 5 0.71073 Å) and
639; H. G. Biedermann, K. Öfele, J. Tajtelbaum, Z. Naturforsch.a graphite monochromator (Table 4.). The crystal structures were 1976, 31b, 321; K. Dimroth, R. Thamm, H. Kaletsch, Z. Natur-
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Soc.1976, 98, 1044; E. J. Wucherer, E. L. Muetterties, Or-ture report in this paper have been deposited with the Cambridge
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[W2(η5-C5H5)2(CO)4(µ-η2:2-C2H2)] (1) and ethylene (A) react D is [W(η5-C5H5)(CO)(H){η4-(E)-C5H7CH3}], which is gene-
rated in two diastereomeric forms (6, 69). In contrast, 1 yieldswhen irradiated with UV light at 253 K predominantly to

[W2(η5-C5H5)2(CO)3(µ-η1:4-C4H5)(µ-H)] (3A), [W2(η5-C5H5)2- no complexes with (Z)-2-butene (E) which contain ligands
formed from coordinated acetylene and the olefin. From the(CO)4(µ-η1:3-C4H6)] (4A), and thermolabile [W2(η5-C5H5)2-

(CO)3(η4-C4H6)] (5A). Similarly, propene (B), 1-butene (C), reaction mixture only trinuclear [W3(η5-C5H5)3(CO)5(µ-η1:2-
C2H3)] (7) was isolated, an alicyclic complex with a W2Wand (E)-2-butene (D) yield mixtures of [W2(η5-C5H5)2(CO)3-

(µ-H)(µ-η1:4-1,3-dien-1-yl)] (3B, 3 C, 3D), [W2(η5-C5H5)2- single and a W2W triple bond. The crystal and molecular
structures of 5D and 7 were determined by X-ray structure(CO)4(µ-η1:3-C4H5R] (4B, 4C), and [W2(η5-C5H5)2(CO)2-

(µ-η1:2-CO)(η4-1,3-diene) (5B, 5 C, 5D). With B and C also analysis. The constitutions of the other complexes were as-
certained by IR and 1H-NMR spectroscopy.thermolabile [W2(η5-C5H5)2(CO)3(µ-η2:2-C2H2)(η2-C2H3R)]

(2B, 2C) are formed. A by-product of the reaction of 1 with

Introduction tion of hydrocarbons by codimerisation of acetylene and
alkenes. In order to study the reaction behaviour of simpleUnsaturated hydrocarbons like alkenes or alkynes react
alkenes at binuclear complexes also the tungsten homo-in different ways with transition metal complexes. Oligo-
logue [W2(η5-C5H5)2(CO)4(µ-η2:2-C2H2)] was allowed to re-merisation, cyclooligomerisation and polymerisation are
act with ethylene and some simple alkenes. The results ofwell-known reactions catalysed by transition metal com-
these investigations will be discussed in the following.plexes. Pre-requisite for a linkage of unsaturated hydro-

carbons by C2C bond formation is the coordination of the
substrates at one or two adjacent metal centres. Binuclear Preparative Results
complexes offer after a suitable activation the possibility for

The photoreaction of (µ-η2:2-acetylene)tetracar-a simultaneous coordination of two alkenes or alkynes fol-
bonylbis(η5-cyclopentadienyl)ditungsten(W2W) (1) waslowed by a C2C bond formation between the coordinated
carried out at 253 K with the olefins ethylene (A), propenehydrocarbons. Examples for these types of reactions are
(B), 1-butene (C), (E)-2-butene (D), or (Z)-2-butene (E) inthe thermal oligomerisations of alkynes[2] [3] [4] at [M2-
petroleum ether/THF or ether/THF. The progress of the re-(η5-L)2(CO)4] complexes (M 5 Cr, Mo; L 5 C5H5,
action is monitored by IR spectroscopy using the υCOC9H7)[5] [6] [7] [8], which proceed stepwise via [M2(η5-L)2-
stretching bands in the region from 2200 to 1700 cm21. Im-(CO)4(µ-η2:2-alkyne)] as intermediates[9]. We have been able
mediately after the bands of 1 have vanished the irradiationto show, that acetylene reacts photochemically with [M2(η5-
is stopped and the solvent is removed from the reactionC5H5)2(CO)4(µ-η2:2-C2H2)] (M 5 Mo, W) predominantly
mixture. The residue is separated by column chromatogra-to yield [M2(η5-C5H5)2(CO)2(µ-η1:3:3:1-C6H6)] [10].
phy on alumina at 253 K into its components, the isolatedBy light-induced CO cleavage [M2(η5-C5H5)2(CO)3-
compounds are re-crystallised from ether. The complexes(µ-η2:2-C2H2)] complexes are generated at low temperatures
were characterised with IR and 1H NMR spectroscopy andwith potentially free coordination sites, well suited to coor-
by C,H elemental analyses.dinate unsaturated hydrocarbons. Not only acetylene, but

The photoreaction of 1 with ethylene (A) is conducted inalso alkenes are coordinated and linked with the acetylene
petroleum ether/THF (1:1). By column chromatography ofligand when [Mo2(η5-C5H5)2(CO)3(µ-η2:2-C2H2)] or
the reaction mixture three binuclear complexes can be iso-[Mo2(η5-C9H7)2(CO)3(µ-η2:2-C2H2)] is reacted with ethyl-
lated: (µ-η1:4-1,3-butadien-1-yl)tricarbonylbis(η5-cyclopen-ene or alkenes[11] [12]. This system allows a specific genera-
tadienyl)(µ-hydrido)ditungsten(W2W) (3A) (µ-η1:3-2-

[e] Part 19: Ref. [1]. butene-1,1-diyl)tetracarbonylbis(η5-cyclopentadienyl)-
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1H-NMR Spectraditungsten(W2W) (4A) and (η4-1,3-butadiene)tricarbon-

ylbis(η5-cyclopentadienyl)ditungsten(W2W) (5A).
The 1H-NMR spectroscopic data of the isolated com-

plexes 2B27 are given in the Experimental Section. For the
binuclear complexes 2B25D, two singlets of the chemically
different η5-cyclopentadienyl ligands and additional signals
due to ligands formed from acetylene and the olefins A2D
are observed. The chemical shifts and the coupling con-
stants of these signals together with the IR data allow justi-
fied suggestions for the constitutions of the complexes.Propene (B) and 1-butene (C) react with 1 to analogous

The photoreactions of 1 with propene (B) or 1-butenecompounds. In addition to the dienyl bridged hydrido com-
(C) yield the two η2-olefin compounds 2B and 2C. Both areplexes 3B, 3C and the related 2-pentene-1,1-diyl and 2-hex-
very temperature sensitive and can not be isolated in a pureene-1,1-diyl complexes 4B, 4C the η4-diene compounds 5B,
state therefore. Two doublets in the 1H-NMR spectra at δ 55C with bridging µ-η1:2-CO ligands and the very thermo-
2.35, 4.02 (2B) and δ 5 2.33, 4.06 (2C) with coupling con-labile substitution products with olefin acetylene ligands
stants of 2 Hz are assigned to the bridging acetylene ligand.2B, 2C were isolated from the reaction mixtures. The olefin
Four resonances in the spectrum of 2B between δ 5 1.03complexes 2B, 2C rearrange at room temperature readily
and 2.30 with the relative intensities of 1:1:3:1 correspondinto the corresponding dienyl hydrido complexes 3B, 3C.
to the η2-coordinated propene ligand. Analogously, in the
spectrum of 2C a triplet and two multiplets for an ethyl
group and three signals of single intensity between δ 5 0.96
and 2.29 of the vinyl group were found. In solution 2B and
2C rearrange already at 273 K quickly into the µ-η1:4-di-
enyl-µ-hydrido complexes 4B and 4C. Decomposition under
formation of the starting material 1 is also observed.

The 1H-NMR spectra of the µ-η1:4-dienyl-µ-hydrido
complexes show a strongly high-field shifted signal, typical
for bridging hydrido ligands. The signals of the binuclear

With (E)-2-butene (D) one mononuclear and three bi- tungsten compounds 3A, 3B, 3C and 3D are accompanied
nuclear complexes are obtained after chromatography. No by two pairs of 183W satellites by which the bridging func-
simple olefin complex has been detected in this case. Again tion of the hydrido ligands is further proved.
a dienyl-bridged hydrido complex 3D and a diene complex Five signals of 3A with single intensity are related to each
5D are formed. The generation of 4C must be explained other by spin-spin couplings have to be assigned to the µ-
with an isomerisation of the olefin prior to the C2C bond η1:4-1,3-butadien-1-yl ligand. The coupling constant J23 5
formation. The mononuclear complex 6 contains like 5D 4.5 Hz is indicative for an s-cis conformation.
the η4-(E)-3-methyl-1,3-pentadiene ligand. When 3D is The 1H-NMR spectra of 3B and 3C show two AB-spin
warmed in solution it rearranges into 5D. systems each. Two doublets represent H1 and H2 with vici-

nal coupling constants of 6.0 Hz. Two doublets at higher
field are due to H4 (E) and H4 (Z) with geminal coupling
constants of 3.0 and 2.0 Hz. A singlet for 3B, and two
double quadruplets and a triplet for 3C prove a methyl and
an ethyl group at C3.

In the 1H-NMR spectra of 3A23D a second hydrido sig-
nal of low intensity is found, which indicates the presence
of a second isomer. Spin saturation experiments for 3B and
3D prove an exchange process between the two isomers. TheThe photolysis of 1 in presence of (Z)-2-butene (E) yields
increase of temperature causes first broadening of the sig-no products with ligands, formed from acetylene and the
nals of H1 and H2. At 303 K, they start narrowing again.olefin. Possibly, the steric demand of the Z-standing methyl
Simultaneously the conversion to the corresponding η4-di-groups causes this distinct differences of the reactivity. The
ene complexes 5B and 5D is observed.starting material 1 is consumed only after 300 min and

The tetracarbonyl complexes with µ-η1:3-2-alkene-1,1-mainly decomposed into insoluble material. By column
diyl ligands 4A24C were isolated only in low yields formchromatography a trinuclear vinyl-bridged complex was iso-
the reactions of 1 with A2D. In the case of D as olefinlated in addition to traces of other not yet characterised
component, an isomerisation to C has to be assumed priorcompounds.
CC bond formation. The complexes 4A24C are stable at
room temperature.

The characterisation by 1H-NMR spectroscopy is quite
simple. Typical for all of these complexes is the resonance
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Crystal and Molecular Structures of 5D and 7of H1 at low field δ 5 9.35 (4A, 4B) and δ 5 8.97 (4C). In

the region of the proton resonances of coordinated olefins
two signals for H2 and H3 are obtained. The vicinal coup-

Reddish brown crystals of tricarbonylbis(η5-cyclopen-ling constants between H1, H2 and H3 reach from 8.5 to
tadienyl)[η4-(E)-3-methyl-1,3-pentadiene]ditungsten-10 Hz. The complexes differ according to the signals of the
(W2W) (5D) are obtained in reasonable yields when 1 isalkyl substituents (methyl, ethyl, propyl) in 3E position.
allowed to react with (E)-2-butene. The complex crystallises

The 1H-NMR spectra of the tricarbonyl-η4-diene com- in the monoclinic space group P21/n with constants of the
plexes 5A, 5B, 5C and 5D show at 243 K or 253 K the unit cell of a 5 1089.3(2), b 5 1240.5(3), c 5 1303.7(2)
typical signal patterns for η4-coordinated 1,3-butadiene, 2- pm, and ß 5 95.914(14)°. The molecular structure of 5D
methyl-1,3-butadiene, 2-ethyl-1,3-butadiene and (E)-3- resembles to that of tricarbonylbis(η5-methylcyclopen-
methyl-1,3-pentadiene ligands. According to the stereo- tadienyl)(η4-2,3-dimethyl-1,3-butadiene)dimolybdenum-
chemistry of the complexes with the diene ligand in ortho (Mo2Mo) [12]. The W12W2 bond length in the binuclear
orientation to the adjacent cyclopentadienyl ring, proved complex is found with 311.69(8) pm, typical for a W2W
for 5D with an X-ray structure analysis, four different ster- single bond[14]. The distances of the cyclopentadienyl li-
eoisomers (two pairs of enantiomers) are reasonable for gands from the tungsten centres differ slightly from each
such complexes with unsymmetrically substituted diene li- other, W1 being somewhat closer with 196.9 pm than W2
gands. There is no evidence for the presence of a second with 202.1 pm. The (E)-3-methyl-1,3-pentadiene is η4-coor-
pair of enantiomers in the spectra of 5B, 5C and 5D. Obvi- dinated to W1 and adopts ortho orientation[15]. The diene is
ously the energy difference between the pairs of enanti- originated by C2C bond formation between the acetylene
omers is too large to a allow a detectable population of the ligand and the olefin D. Remarkably, the methyl groups be-
less favoured isomers. ing in E position in D are now in Z position to each other

The 1H-NMR spectra of the complexes 5A25D were in 5D. While W12C1 5 221.3(10) pm and W12C4 5
measured at variable temperatures between 223 and 283 K. 222.8(9) pm are of similar length, W12C2 5 233.0(9) pm
Like the corresponding η4-2,3-dimethyl-1,4-butadiene di- is found distinctly shorter than W12C3 5 239.4(9) pm.
molybdenum complex for which an enantiomerisation was Like in other η4-diene complexes the C2C bond lengths of
proved[13], 5A shows signal broadening, although the dy- the diene entity are equal within experimental error. From
namic behaviour could not be studied completely due to its the three CO ligands coordinated to W2, one is found in a
thermal sensitivity. In contrast 5B25D show no dynamic ef- normal terminal bond situation. The second CO ligand is
fects. semibridging to W1 with W12C6 5 290.8( 9) pm and

W22C62O6 5 166.2(9)°. The third one forms a bridgeThe mononuclear complex 6, 69 is obtained only in minor
between the two tungsten centres by a side-on coordinationamounts as a mixture of stereoisomers. The 1H-NMR spec-
to W1 and shows only a slight bending withtrum of 6, 69 contains two sets of eight signals with a pro-
W22C82O8 5 169.1(11)°. By this type of coordination theportion of 85:15. Two signals at δ 5 29.65 and 26.13 with
CO ligand donates four electrons to the two tungsten183W satellites of 76 and 74 Hz are assigned to the hydrido
centres. Examples for bridging, 4e-donor CO ligands areligands. In each case three double doublets, a quadruplet, a
known for homo binuclear complexes[13] [16] [17] [18] but es-singlet, and a doublet, the two latter of threefold intensity
pecially for heteronuclear complexes[19] [20] [21] [22] [23] [24].correspond with the (E)-3-methyl-1,3-pentadiene ligands of

the two species. The chemical shifts of the (E)-3-methyl-1,3- The brown, trinuclear tungsten complex 7 crystallises in
pentadiene ligands in the two isomers are quite similar, the the monoclinic space group P21/n with constants of the unit
largest differences are found for H1 E and CH34 E. As a cell of a 5 780.61(7) pm, b 5 2197.1(3) pm, c 5 1403.80(11)
consequence of the asymmetric tungsten atom, and the pm, and ß 5 100.753(6)°. It shows noticeably different
asymmetrically substituted diene, two diastereomeric pairs W2W bond lengths with W12W2 5 304.65(11) pm and
of enantiomers are possible. When o-orientation is assumed W22W3 5 254.07(10) pm. They are in accord with W2W
on the basis of the observed chemical shifts for both iso- single[14] and triple bonds[25] [26] [27]. The three cyclopen-
mers, the hydrido ligand is in one diastereomer in the vicin- tadienyl ligands have similar distances to the pertinent
ity of C1, in the other in the vicinity of C4. The large differ- metal centres with 201.0, 204.2, and 202.6 pm. Three of the
ence of the chemical shifts of the hydrido ligands is well five CO ligands are normal terminal ones. In contrast the
understood on the basis of this assumption. CO ligands 5 and 6 are found in a special stereochemical

situation. This kind of bond situation for CO ligands wasThe trinuclear complex 7 is unexpectedly formed when 1
is irradiated in presence of (Z)-2-butene and is isolated in observed for the first time in tetracarbonylbis(η5-penta-

methylcyclopentadienyl)dichromium[28], a binuclear com-form of red-brown crystals in reasonable yield. Only three
cyclopentadienyl singlets and three double doublets of sin- plex with Cr2Cr triple bond and with four only slightly

bent CO ligands, although heavily inclined toward the ad-gle intensity at δ 5 7.04, 4.72, 1.79 are observed in the 1H-
NMR spectrum. The double doublets are indicative for a jacent metal centres. Similar molecular geometries were also

found for tetracarbonylbis(η5-cyclopentadienyl)dimolyb-bridging vinyl ligand. The spectrum is in accord with the
molecular structure of 7 determined by X-ray structure denum[5], tetracarbonylbis(η5-cyclopentadienyl)dichro-

mium[29] and tetracarbonylbis(η5-indenyl)dimolybdenum[8].analysis.
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Figure 1. SCHAKAL projection of the molecular structure of 5D; special type of coordination. This result is a good evidence
selected bond lengths [pm] and bond angles [°][a]; M(1) centre of for the assumption, that the inclination of only slightly bent

C(11)2C(15), M(2) centre of C(21)2C(25)
CO ligands to a second metal centre and long metal2ox-
ygen bonds is primarily due to steric and not due to elec-
tronic reasons. While for the two independent units of tetra-
carbonylbis(η5-cyclopentadienyl)dichromium the angle
Cr2Cr2M (M centre of the cyclopentadienyl ligand) is
found with 158.7 and 165.0°, respectively, and in tetracar-
bonylbis(η5-cyclopentadienyl)dimolybdenum close to 180°,
the corresponding angles in 7 are W32W22M2 5
132.8(9)° and W22W32M3 5 159.2(9)°.

In complex 7 the three W atoms show an angular ar-
rangement with W12W22W3 5 110.4(1)°. The plane de-
fined by the three tungsten atoms is more or less perpen-
dicular to the planes of the three cyclopentadienyl ligands

[a]W(1)2W(2) 311.69(8), W(1)2M(1) 196.9, W(2)2M(2) 202.1, with dihedral angles of 88.6, 82.2, and 82.9°. Remarkably,W(1)2C(1) 221.3(10), W(1)2C(2) 233.0(9), W(1)2C(3) 239.4(9),
the two CO ligands 4 and 7 deviate only slightly from thisW(1)2C(4) 222.8(9), W(1)2C(6) 290.8(9), W(1)2C(8) 212.2(9),

W(1)2O(8) 220.3(6), W(2)2C(6) 196.7(11), W(2)2C(7) 193.9(11), plane and the C2W bonds penetrate the plane with 4.1 and
W(2)2C(8) 190.3(10), C(6)2O(6) 115.7(12), C(7)2O(7) 115.7(12),

6.9°. W2, W3, C5 and C6 form an idealised parallelogramC(8)2O(8) 124.5(11); M(1)2W(1)2W(2) 116.1, M(2)2W(2)2
W(1) 141.6, W(1)2W(2)2C(6) 65.3( 4), W(1)2W(2)2C(7) 94.0( which is folded along the line W2, W3 with 162.4°. The
5), W(1)2W(2)2C(8) 41.9(4), W(2)2C(6)2O(6) 166.2(9), distances W22C5 and W32C6 are short and amountW(2)2C(7)2O(7) 178.2(9), W(2)2C(8)2O(8) 169.1(71).

194(2) pm and 192(2) pm. The distances W22C6 and
W32C5 are distinctly longer with 253(2) pm and 236(2)

Complex 7 can be considered to contain two subunits. pm. The angles at C5 and C6 are found with 71.7(9) and
The first one is related to (η3-allyl)dicarbonyl(η5-cyclopen- 68.1(8)°, at W2 and W3 with 104.9(10) and 112.0(10)°. The
tadienyl)metal complexes of group 6[30], the second to tetra- sum of this angles is 356.7° as a consequence of the folding.
carbonylbis(η5-cyclopentadienyl)dichromium[28].

Complex 7 is also related to dinuclear complexes with µ-
Figure 2. SCHAKAL projection of the molecular structure of 7; η2:1-vinyl-bridging ligands[31] [32]. It is an interesting ex-selected bond lengths [pm] and bond angles [°]; M(1) centre of

ample for a trinuclear complex with formal electron num-C(11)2C(15), M(2) centre of C(21)2C(25), M(3) centre of
C(31)2C(35)[a]

bers of 17, 14, and 15 at the three tungsten centres. W2W
single and triple bonds have to be considered for this trinu-
clear, angular 46 electron complex taking into account the
18 electron rule.

Discussion

The photoreaction of (µ-η2:2-acetylene)tetracar-
bonylbis(η5-cyclopentadienyl)ditungsten(W2W) (1) with
ethylene yields at 253 K three complexes, [W2(η5-
C5H5)2(CO)3(H)(µ-η1:4-1,3-butadien-1-yl)] (3A), [W2(η5-
C5H5)2(CO)4(µ-η1:3-2-butene-1,1-diyl)] (4A), and [W2(η5-
C5H5)2(CO)3(η4-1,3-butadiene)] (5A) which are closely re-
lated to each other and allow conclusions about the reac-[a]W(1)2W(2) 304.65(11), W(2)2W(3) 254.07(10), W(1)2M(1)

201.0, W(2)2M(2) 204.2, W(3)2M(3) 202.6, W(1)2C(1) 221(2), tion behaviour of unsaturated hydrocarbons in the coordi-
W(1)2C(2) 230(2), W(2)2C(1) 210(2), W(2)2C(5) 194(2), nation spheres of two tungsten centres. All products contain
W(2)2C(6) 253(2), W(3)2C(5) 236(2), W(3)2C(6) 192(2),

C4 ligands, which result from a C2C bond formation be-W(3)2C(7) 202(2); W(1)2W(2)2W(3) 110.47(3), M(1)2
W(1)2W(2) 125.5, M(2)2W(2)2W(1) 116.0, M(2)2W(2)2W(3) tween acetylene and ethylene and successive H shifts.
132.8, M(3)2W(3)2W(2) 159.2, W(2)2C(5)2O(5) 168(2), Binuclear complexes become accessible by photochem-W(3)2C(6)2O(6) 168.3(14), W(3)2C(7)2O(7) 175(2).

ically induced formation of C4 ligands from acetylene and
ethylene which are only partially formed when 1,3-buta-The bonding situation of the first subunit can be com-

pared with those in the well-known (η3-allyl)dicarbonyl(η5- diene is reacted directly with [M2(η5-C5H4CH3)2(CO)6]
complexes (M 5 Mo, W)[33]. With [Mo2(η5-C5H4CH3)2-cyclopentadienyl)metal complexes. Formally W2, which is

bonded to C1 and W1, replaces a sp2-methylene group. In (CO)6] 1,3-butadiene yields [Mo(η5-C5H4CH3)-
(CO)2{η3-(E)-2-butenyl}], [Mo(η5-C5H4CH3)(CO)2{η3-(Z)-the second entity, vice versa, W1 and C1 replace in a formal

sense a terminal CO ligand. In contrast to tetracar- 2-butenyl}], [Mo2(η5-C5H4CH3)2(CO)3(η4-butadiene)], and
[Mo2(η5-C5H4CH3)2(CO)2(µ-η4-butadiene)] [13]. In the casebonylbis(η5-cyclopentadienyl)dichromium and the related

compounds with all four CO ligands inclined to the adja- of the photoreaction of [W2(η5-C5H4CH3)2(CO)6] with 1,3-
butadiene the only isolable product is [W2(η5-cent metal centres, in complex 7 only two of them show this
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C5H4CH3)2(CO)4{µ-η1:3-(E)-2-butene-1,1-diyl}], [18] the diene yields the analogous 2-butene-1,1-diyl complex[18].
1,3-Metalladiene complexes may adopt s-cis [30] [41] or s-transanalogue to 4A.

Examples of C2C bond formations between small mol- configurations[42] [43]. The 1H-NMR-spectroscopic data of
4A are in accord with the s-cis configuration.ecules in the coordination sphere of metals have been ob-

served already in the past. [Ru2(η5-C5H5)2(CO)2- Also with propene (B), 1-butene (C), or (E)-2-butene (D)
(CH3CN)(µ-vinyl)]1 reacts with ethylene to [Ru2(η5-C5H5)2- hydrido-dienyl, 2-alkene-1,1-diyl and 1,3-diene complexes
(CO)2(µ-H)(µ-η2:2-1,3-butadiene)]1 and by deprotonation are formed. With B and C in addition the thermolabile,
to [Ru2(η5-C5H5)2(CO)2(µ-η2:2-1,3-butadiene)] [34]. Simi- simple substitution products (µ-η2:2-acetylene)tricarbon-
larly, binuclear complexes with alkylidene bridges like ylbis(η5-cyclopentadienyl)(η2-propene)ditungsten(W2W) (2B)
[M2(η5-C5H5)2(CO)3(µ-ethylidene)] (M 5 Fe, Ru) react and the corresponding 1-butene complex (2C) can be iso-
with alkynes to the correspondingly substituted µ-η1:3-alk- lated and characterised by IR and 1H-NMR spectroscopy.
enediyl complexes[35] [36]. At room temperature 2B, 2C rearrange readily into the hyd-

Closely related to (µ-η1:4-1,3-butadiene-1-yl)tricarbon- rido-dienyl complexes 3B, 3C.
ylbis(η5-cyclopentadienyl)(µ-hydrido)ditungsten(W2W) (3A),

The isolated products give good evidence for the route of
one of the products of the photoreaction of 1 with A is

the photochemical reaction when (µ-η2:2-acetylene)tetracar-
[Mo2(η5-C5H4CH3)2(CO)3(H)(η1:4-1,3-cycloheptadien-1-yl)],

bonylbis(η5-cyclopentadienyl)ditungsten(W2W) (1) is ir-
which is obtained when [Mo2(η5-C5H4CH3)2(CO)4] is ir-

radiated in the presence of olefins. In a primary step one
radiated in presence of 1,3-cycloheptadiene. The cyclic, η1:4-

CO ligand is cleaved from 1. In contrast to mononuclear,
coordinated dienyl and the hydrido ligand form bridges be-

electronically and coordinativly unsaturated carbonylmetal
tween the two metal centres[37]. Comparable bonding situ-

complex fragments with 16 electrons, the 32 electron inter-
ations are also found in [Rh2{(i-C3H7)2PCH2CH2P(i-

mediate, (µ-η2:2-acetylene)tricarbonylbis(η5-cyclopentadi-
C3H7)2}2(µ-H)(η1:4-1,3-butadiene-1-yl)], a product of the

enyl)ditungsten(W2W) (8), is probably stabilised by forma-
reaction of [Rh2{(i-C3H7)2PCH2CH2P(i-C3H7)2}2(µ-H)2]

tion of a 4-electron carbonyl bridge like in the diene com-
with 1,3-butadiene[38]. In both cases the diene is trans-

plexes 5A25D. This stabilisation would prolong the life
formed into a dienyl ligand by hydrogen shift to the metal

time of 8, but it might also delay the coordination of the
centre.

olefin.
(η4-1,3-Butadiene)tricarbonylbis(η5-cyclopentadienyl)di-

Addition of an olefin to 8 yields (η2-acetylene)tricarbon-tungsten(W2W) (5A) belongs to a group of complexes with
ylbis(η5-cyclopentadienyl)(η2-olefin)ditungsten(W2W) (2)side-on-coordinated, bridging CO ligands, donating 4 elec-
which is moderately stable with propene or 1-butene as ole-trons to the metal centres. [M2(η5-C5H4CH3)2(CO)3(η4-di-
fin component. In 2 two unsaturated hydrocarbon ligandsene)] complexes (M 5 Mo, W) are generated photochem-
are coordinated to a metal centre, a pre-requisite for a C2Cically from [M2(η5-C5H4CH3)2(CO)4] with certain di-
bond formation. Insertion of the olefin into a W2C bondenes[13] [18]. They may be considered as derivatives of
of the W2C2H2 core yields the intermediate (µ-η1:2:1-1-[Mo2(η5-C5H5)2(CO)5] which is stabile only in matrix[39]. Of
butene-1,4-diyl)tricarbonylbis(η5-cyclopentadienyl)ditung-special interest is the 4-electron carbonyl bridge with a υCO
sten(W2W) (9).band around 1600 cm21 [13] [18].

(µ-η1:3-2-Butene-1,1-diyl)tetracarbonylbis(η5-cyclopenta- In a formal approach the W2C2H2 fragment can be classi-
fied as a ditungstatetrahedrane and the WC2H4 entity as adienyl)ditungsten(W2W) (4A) contains a 1,3-metalladiene

core. Complexes of this type are generated under quite dif- tungstacyclopropane. By using this approach, the C2C
bond formation is a kind of reductive elimination or re-ferent conditions. [Mo2(η5-C5H5)2(CO)4] reacts thermally

with 3,3-dimethylcyclopropene by ring opening to [Mo2(η5- ductive rearrangement, because it is accompanied by the
cleavage of two W2C bonds. Also the electron deficit inC5H5)2(CO)4(µ-η1:3-3-methyl-2-butene-1,1-diyl)] [40] [41]. The

photoreaction of [W2(η5-C5H4CH3)2(CO)4] with 1,3-buta- 9 is possibly compensated by a 4-electron carbonyl bridge.
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2-alkene-1,1-diyl)tetracarbonylbis(η5-cyclopentadienyl)-
ditungsten(W2W) complexes 4A, 4B and 4C.

Interestingly, the complexes 3B23D and 5B25D contain
branched hydrocarbon ligands which are formed from
acetylene and the olefins by C2C bond formation between
acetylene and C2 of the olefins. Although the methyl groups
in D are in E position, in the products 3D and 5D they are
found in Z position, therefore a rotation around the C32C4
bond has to be considered while intermediate 9 rearranges
into 3.

Unsymmetrically substituted olefins like B or C may form
up to four different stereoisomers of 9.

The 1-alkene-1,4-diyl ligands in 9 contain in β-position
methylene or methine groups, which are susceptible to a β- No branched hydrocarbon ligands are found in 4B and 4
elimination. This elimination leads immediately to the C, so the C2C bond formation involves C1 of the olefins.
(µ-η1:4-diene-1-yl)tricarbonylbis(η5-cyclopentadienyl)- Furthermore, no corresponding dienyl-hydrido or diene
hydridoditungsten(W2W) complexes 3A23D. complexes are observed. Obviously, the dienyl-hydrido pre-

In general, the complexes 3 rearrange at room tempera- cursor complexes 9 rearrange faster and are not detectable
ture by H shift to C1 of the diene-1-yl ligand quickly into therefore. Small amounts of 4C are also isolated from the
the (diene)tricarbonylbis(η5-cyclopentadienyl)ditungsten reaction mixture of 1 and D. There are two explanations for
complexes 5. This reaction can also be interpreted as a re- this result. Either the olefin D contains impurities of C or
ductive rearrangement, leading to 32-electron complexes. the olefin is isomerised under the reaction conditions prior

the C2C bond formation.
The by-product of the reaction of 1 with D, carbonyl(η5-

cyclopentadienyl)hydrido{η4-(E)-3-methyl-1,3-pentadiene}-
tungsten is generated in the two diastereomeric forms 6,
and 69. In addition to the centre of chirality at the tungsten
atoms, the unsymmetrically substituted 1,3-diene ligand is
planar chiral. Therefor diastereomers have to be expected
and are obtained in a ratio of 0.85:0.15.

Finally, it should be mentioned, that (Z)-2-butene (E)
does not form hydrocarbon ligands with acetylene at all.
The only product obtained is the trinuclear tungsten com-In addition to the hydrogen transfer to C1 also a transfer

to C4 of the 1,3-butadiene-1-yl ligand and the coordination plex 7 with a W2W single and a W2W triple bond and a
vinyl bridge.of carbon monoxide is possible which generates the (µ-η1:3-
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This research was supported by the Volkswagen-Stiftung, the yl)ditungsten(W2W) (4A) was isolated as red crystalline powder

(2%). 2 IR: ν̃ 5 1945 (vs), 1900 (s), 1840 (s), 1775 (m) cm21. 2Deutsche Forschungsgemeinschaft and the Verband der Chemischen
Industrie. 1H NMR (CD3COCD3, 253 K): δ 5 9.35 (dd, J 5 9.0, 1.0 Hz, 1

H, H1), 6.24 (dd, J 5 9.0, 9.0 Hz, 1 H, H2), 1.47 (dqd, J 5 9.0,
6.0, 1.0 Hz, 1 H, H3), 1.80 (d, J 5 6.0 Hz, 3 H, H4), 5.53 (s, 5 H,Experimental Section
C5H5), 5.46 (s, 5 H, C5H5).

All treatments and reactions were performed under dry, oxygen-
2. Photochemical Reactions of 1 with Propene (B): According tofree nitrogen. Solvents were dried with sodium/benzophenone or

Procedure 1, 2.0 g (3.15 mmol) of 1 and propene (B) in 750 ml ofphosphorus pentoxide and saturated with nitrogen. 2 For column
ether/THF (6:1) were irradiated at 253 K for 85 min. After removalchromatography neutral alumina (Macherey, Nagel & Co KG,
of the solvent, the residue was separated by column chromatogra-Düren) was heated in vacuum at 423 K and deactivated with 5%
phy.of water, saturated with nitrogen. 2 Photolysis reactions were con-

ducted using a high-pressure mercury lamp (TQ 718, Heraeus No- 1st Fraction (pentane/ether 3:1): Starting material 1.
blelight GmbH, Kleinostheim) operating at 700 W, which was im-

2nd Fraction (pentane/ether 3:1): Orange solution, which con-mersed into a 750-ml vessel of Duran with a cooling jacket. 2
tains a mixture of 1 and (µ-η2:2-acetylene)tricarbonylbis(η5-cyclo-C,H elemental analyses: Perkin-Elmer microanalyser 240. 2 IR
pentadienyl)(η2-propene)ditungsten(W2W) (2B) (4%). Even after(220021500 cm21): Perkin-Elmer Model 881. 2 1H NMR: Puls-
repeated chromatography complex 2B could not be obtained in aFT-NMR-Spektrometer AMX 400 (Bruker) at 400.13 MHz.
pure state. 2 IR: ν̃ 5 1957 (m), 1914 (s), 1826 (s) cm21. 2 1HChemical shifts are given relatively to TMS calculated from the
NMR (C7D8, 233 K): δ 5 C3H6 1.03 (dd, J 5 9.5, 2.0 Hz, 1 H,solvent as internal standard. 2 (µ-η2:2-Acetylene)tetracar-
H1 E), 1.82 (dd, J 5 11.0, 2.0 Hz, 1 H, H1 Z), 2.30 (ddq, J 5 11.0,bonylbis(η5-cyclopentadienyl)ditungsten(W2W) (1) was prepared
9.5, 6.0 Hz, 1 H, H2), 1.85 (d, J 5 6.0 Hz, 3 H, H3); C2H2 2.35according to literature procedures[6] [9]. All other reagents were
(d, J 5 2.0 Hz, 1 H, H1), 4.02 (d, J 5 2.0 Hz, 1 H, H2); 4.98 (s, 5commercial products.
H, C5H5), 4.95 (s, 5 H, C5H5).

1. Photoreaction of (µ-η2:2-Acetylene)tetracarbonylbis(η5-cyclo-
3rd Fraction (pentane/ether 2:1): Red solution, which alreadypentadienyl)ditungsten(W2W) (1) with Ethylene (A): 1.6 g (2.5

yielded tricarbonylbis(η5-cyclopentadienyl)(η4-2-methyl-1,3-buta-mmol) of (µ-η2:2-acetylene)tetracarbonylbis(η5-cyclopentadienyl)d-
diene)ditungsten(W2W) (5B) as red, microcrystalline powderitungsten(W2W) (1) was dissolved in 750 ml of petroleum ether/
(5%). 2 IR: ν̃ 5 1899 (s), 1806 ( m), 1551 (m) cm21. 2 1H NMRTHF (1:1). The solution was cooled to 243 K, and for 10 min
(C7D8, 243 K): δ 5 2.71 (dd, J 5 4.0, 1.5 Hz, 1 H, H1 E), 1.36ethylene (A) was condensed into it. During the photolysis nitrogen
(dd, J 5 4.0, 2.0 Hz, 1 H, H1 Z), 1.34 (s, 3 H, 2-CH3), 4.96 (dddd,was bubbled through the solution and the progress of the reaction
J 5 7.0, 7.0, 2.0, 1.5 Hz, 1 H, H3), 2.90 (dd, J 5 7.0, 2.5 Hz, 1 H,was controlled by IR spectroscopy in regular intervals. Irradiation
H4 E), 1.57 (dd, J 5 7.0, 2.5 Hz, 1 H, H4 Z), 5.07 (s, 5 H, C5H5),was continued until the υCO bands of 1 had vanished. The solvent
4.91 (s, 5 H, C5H5). 2 C18H18O3W2 (650.04): calcd. C 33.26, Hwas removed in vacuo at 253 K and the residue was separated by
2.79; found C 33.4, H 2.8.column chromatography on alumina into two main fractions. The

residue of the first main fraction was dissolved in 10 ml of ether 4th Fraction (pentane/ether 1:1): Yellow-orange zone; after re-
and was subject of a further chromatography. moval of the solvent and crystallisation from ether, tricarbon-

ylbis(η5-cyclopentadienyl)(µ-hydrido)(µ-η1:4-3-methyl-1,3-buta-1st Fraction (pentane/ether 2:1): Starting material 1.
dien-1-yl)ditungsten(W2W) (3B) was isolated as orange powder

2nd Fraction (pentane/ether 2:1): Pink solution; after removal of (4%). 2 IR: ν̃ 5 1924 (sh), 1909 (s), 1831 (s) (υCO); 1961 (w)
the solvent and crystallisation from ether, thermolabile (η4-1,3- (υMH) cm21. 2 1H NMR (CDCl3, 243 K): δ 5 4.39 (dd, J 5 6.0,
butadiene)tricarbonylbis(η5-cyclopentadienyl)ditungsten(W2W) 2.0 Hz, 1 H, H1), 4.03 (d, J 5 6.0 Hz, 1 H, H2), 2.11 (s, 3 H, 3-
(5A) was obtained as red powder. Due to the thermal sensitivity of CH3), 1.89 (d, J 5 3.0 Hz, 1 H, H4 E), 1.59 (d, J 5 3.0 Hz, 1 H,
5A only a spectroscopic characterisation was possible (2%). 2 IR: H4 Z), 5.45 (s, 5 H, C5H5), 5.11 (s, 5 H, C5H5), 217.38 (d, J 5 2.0
ν̃ 5 1905 (s), 1825 (s), 1555 (m) cm21. 2 1H NMR (CD2Cl2, 213 Hz, 1J183W21H 46, 56 Hz, 1 H, W2H). 2 C18H18O3W2 (650.04):
K): δ 5 5.41 (ddd, J 5 7.5, 7.0, 7,0, 1 H, H2), 3.23 (ddd, J 5 7.5, calcd. C 33.26, H 2.79; found C 32,2, H 2,6.
7.0, 7.0 Hz, 1 H, H3), 2.92 (dd, J 5 7.0, 4.0 Hz, 1 H, H4 E), 2.15

5th Fraction (pentane/THF 1:1): The residue of the red-brown(d, J 5 7.0, 2.0 Hz, 1 H, H1 E), 1.47 (dd, J 5 7.0, 2.0 Hz, 1 H,
solution was crystallised from ether. Tetracarbonylbis(η5-cyclopen-H1 Z), 1.43 (dd, J 5 7.0, 4.0 Hz, 1 H, H4 Z); 5.43 (s, 5 H, C5H5),
tadienyl)(µ-η1:3-2-penten-1,1-diyl)ditungsten(W2W) (4B) was ob-5.07 (s, 5 H, C5H5).
tained as red-brown crystals (1%). 2 IR: ν̃ 5 1948 (vs), 1905 (s),

3rd Fraction (pentane/ether, 2:1): Orange solution. During the
1848 (s), 1775 (m) cm21. 2 1H NMR (CD3COCD3, 283 K): δ 5

removal of the solvent, orange crystals of (µ-η1:4-1,3-butadien-1-
9.35 (dd, J 5 8.5, 1.0 Hz, 1 H, H1), 6.20 (dd, J 5 10.0, 8.5 Hz, 1

yl)tricarbonylbis(η5-cyclopentadienyl)(µ-hydrido)ditungsten-
H, H2), 1.50 (dddd, J 5 10.0, 10.0, 3.5, 1.0 Hz, 1 H, H3), 1.65

(W2W) (3A) started to precipitate. The solid residue was crystal-
(ddq, J 5 14.0, 10.0, 7.5 Hz, 1 H, H4), 2.10 (dqd, J 5 14.0, 7.5,

lised from ether (3%). 2 IR: ν̃ 5 1925 (sh), 1910 (s), 1835 (s) cm21.
3.5, Hz, 1 H, H49), 1.01 (t, J 5 7.5 Hz, 3 H, H5), 5.52 (s, 5 H,

2 1H NMR (CD2Cl2, 243 K): δ 5 4.52 (dd, J 5 6.5, 1.0 Hz, 1 H,
C5H5), 5.46 (s, 5 H, C5H5). 2 C19H18O4W2 (678.05): calcd. C 33.66,

H1), 4.19 (dd, J 5 6.5, 4.5 Hz, 1 H, H2), 4.00 (dddd, J 5 9.0, 7.5,
H 2.68; found C 33.4, H 2.8.

4.5, 1.0 Hz, 1 H, H3), 2.00 (dd, J 5 7.5, 3.0 Hz, 1 H, H4 E), 1.42
3. Photochemical Reactions of 1 with 1-Butene (C): According to(dd, J 5 9.0, 3.0 Hz, 1 H, H4 Z), 5.46 (s, 5 H, C5H5), 5.20 (s, 5

Procedure 1, 1.6 g (2.5 mmol) of 1 and 1-butene (C) were irradiatedH, C5H5), 17.62 [s, 1J(183W21H) 5 46, 54 Hz, 1 H, W2H]. 2
in 750 ml of ether/THF (6:1) for 90 min with UV light. ColumnC17H16O3W2 (636.01): calcd. C 32.1, H 2.5; found C 31.9, H 2.5.
chromatography on Al2O3 yielded four characterised products.

4th Fraction (ether): Bright green solution, which turned red dur-
ing removal of the solvent. By crystallisation of the residue from 1st Fraction (pentane/ether 3:1): Yellow zone, very small amount

of substance, discarded.ether (µ-η1:3-2-butene-1,1-diyl)tetracarbonylbis(η5-cyclopentadien-
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2nd Fraction (pentane/ether 3:1): Starting material 1. 6.0 Hz, 1 H, H4 Z), 1.41 (d, J 5 6.0 Hz, 3 H, H5), 4.87 (s, 5 H,

C5H5), 29.65 [d, J 5 1.0, Hz, 1J(183W21H) 5 76 Hz, 1 H, W2H).3rd Fraction (pentane/ether 3:1): Orange solution; after removal
of the solvent, a mixture of 1 and (µ-η2:2-acetylene)(η2-1-butene)- 2nd Fraction (pentane/ether 3:1): Starting material 1.
tricarbonylbis(η5-cyclopentadienyl)ditungsten(W2W) (2C) was

3rd Fraction (pentane/ether, 2:1): Red-brown solution, alreadyisolated as orange powder (5%). Even by repeated chromatography,
during removal of the solvent red-brown crystals of tricarbon-2C could not be isolated in pure form. 2 IR: ν̃ 5 1965 (m), 1921
ylbis(η5-cyclopentadienyl)[η4-(E)-3-methyl-1,3-pentadiene]-(s), 1834 (m) cm21. 2 1H NMR (C7D8, 233 K): C4H8: δ 5 0.96
ditungsten(W2W) (5D) precipitated (7%). 2 IR: ν̃ 5 1901 (s),(dd, J 5 9.5, 2.5 Hz, 1 H, H1 E), 1.75 (dd, J 5 11.0, 2.5 Hz, 1 H,
1810 (m), 1548 (m) cm21. 2 1H NMR (C7D8, 253 K): δ 5 2.88H1 Z), 2.29 (m, J 5 11.0, 9.5, 4.0 Hz, 1 H, H2), 1.20 (m, J 5 14.0,
(dd, J 5 7.0, 3.0 Hz, 1 H, H1 E), 1.55 (dd, J 5 7.0, 3.0 Hz, 1 H,7.0 Hz, 1 H, H3), 2.02 (m, J 5 14.0, 7.0, 4.0 Hz, 1 H, H39), 1.41
H1 Z), 4.81 (t, J 5 7.0, 7.0 Hz, 1 H, H2), 1.23 (s, 3 H, 3-CH3),(t, J 5 7.0 Hz, 3 H, H4); C2H2: δ 5 2.33 (d, J 5 2.0 Hz, 1 H,
1.66 (q, J 5 6.0 Hz, 1 H, H4 Z), 2.03 (d, J 5 6.0 Hz, 3 H, H5),H1), 4.06 (d, J 5 2.0 Hz,1 H, H2); 4.96 (s, 5 H, C5H5), 4.90 (s, 5
5.08 (s, 5 H, C5H5), 4.79 (s, 5 H, C5H5). 2 C19H20O3W2 (664.07):H, C5H5).
calcd. C 34.37, H 3.04; found C 34.3, H 2.9.

4th Fraction (pentane/ether 2:1): Red solution, after removal of
4th Fraction (pentane/ether 2:1): Orange fraction, which yieldedthe solvent tricarbonylbis(η5-cyclopentadienyl)(η4-3-methylene-1-

after removal of the solvent an orange mixture of 5D and tricar-pentene)ditungsten(W2W) (5C) was obtained as red, crystalline
bonylbis(η5-cyclopentadienyl)(µ-hydrido)[µ-η1:4-(E)-3-methyl-1,3-powder (5%). 2 IR: ν̃ 5 1900 (s), 1806 (m), 1551 (m) cm21. 2 1H
pentadien-1-yl]ditungsten(W2W) (3D) (5%). Even by repeatedNMR (CDCl3, 253 K): δ 5 2.60 (d, J 5 4.0 Hz, 1 H, H1 E), 1.39
chromatography 3D was not obtained in a pure state. 2 IR: ν̃ 5(d, J 5 4.0 Hz, 1 H, H1 Z); 2-C2H5: δ 5 0.89 (m, J 5 7.0 Hz, 2
1923 (s), 1902 (s), 1834 (s) cm21. 2 1H NMR (CDCl3, 243 K): δ 5H), 0.99 (t, J 5 7.0 Hz, 3 H); δ 5 4.85 (dd, J 5 7.0, 7.0 Hz, 1 H,
4.54 (dd, J 5 6.5, 1.5 Hz, 1 H, H1), 3.93 (d, J 5 6.5 Hz, 1 H, H2),H3), 2.42 (dd, J 5 7.0, 2.5 Hz, 1 H, H4 E), 1.58 (dd, J 5 7.0, 2.5
2.05 (s, 3 H, 3-CH3), 2.26 (q, J 5 6.5 Hz, 1 H, H4 Z), 1.37 (d, J 5Hz, 1 H, H4 Z), 5.39 (s, 5 H, C5H5), 5.08 (s, 5 H, C5H5). 2
6.5 Hz, 3 H, H5), 5.47 (s, 5 H, C5H5), 5.12 (s, 5 H, C5H5), 218.14C19H20O3W2 (664.07): calcd. C 34.37, H 3.04; found C 34.5, H 3.2.
[d, J 5 1.5 Hz, 1J(183W21H) 5 47, 56 Hz, 1 H, W2H). 2

5th Fraction (ether): Yellow-orange solution, from which after C19H20O3W2 (664.07): calcd. C 34.4, H 3.0; found C 34,6, H 2,8.
removal of the solvent tricarbonylbis(η5-cyclopentadienyl)(µ-hy-

5th Fraction (pentane/THF 4:1): Bright-red zone, after recrystal-drido)(µ-η1:4-3-methylene-1-penten-1-yl)ditungsten(W2W) (3C)
lisation red crystals of 4C (1%).results as an orange powder (6%). 2 IR: ν̃ 5 1924 (sh), 1909 (s),

1830 (s) (υCO); 1961 (w) (υMH) cm21. 2 1H NMR (CDCl3, 243 5. Photochemical Reactions of 1 with (Z)-2-Butene (E): Accord-
K): δ 5 4.43 (d, J 5 6.0 Hz, 1 H, H1), 4.06 (d, J 5 6.0 Hz, 1 H, ing to Procedure 1, 1.8 g (2.8 mmol) of 1 and (Z)-2-butene (E) were
H2); 3-C2H5: δ 5 1.84 (dq, J 5 16.0, 7.0 Hz, 1 H), 1.72 (dq, J 5 irradiated with UV light in 750 ml of ether/THF (6:1) for 300 min.
16.0, 7.0 Hz, 1 H), 1.24 (t, J 5 7.0 Hz, 3 H); δ 5 1.87 (d, J 5 2.0 The reaction mixture contained large amounts of insoluble de-
Hz, 1 H, H4 E), 1.53 (d, J 5 2.0 Hz, 1 H, H4 Z), 5.44 (s, 5 H, composition products. It was filtered through compressed filter
C5H5), 5.09 (s, 5 H, C5H5), 217.37 [s, 1J(183W21H) 5 47, 53 Hz, flakes and brought to dryness at 253 K.
1 H, W2H]. 2 C19H20O3W2 (664.07): calcd. C 34.37, H 3.04;

1st Fraction (pentane/ether 3:1): Starting material 1.found C 34.7, H 3.0.

2nd Fraction (pentane/ether 3:1): Yellow-orange solution, dis-6th Fraction (pentane/THF 1:1): From the red solution tetracar-
carded.bonylbis(η5-cyclopentadienyl)(µ-η1 :3-2-hexene-1,1-diyl)-

ditungsten(W2W) (4C) was obtained after recrystallisation in form 3rd Fraction (ether): Red-brown solution; after partial removal
of red crystals (1%). 2 IR: ν̃ 5 1945 (vs), 1901 (s), 1842 (s), 1771 of the solvent and cooling to 198 K, red-brown crystals of penta-
(m) cm21. 2 1H NMR (CDCl3, 253 K): δ 5 8.97 (d, J 5 9.0 Hz, carbonyltris(η5-cyclopentadienyl)(µ-η1:2-vinyl)tritungsten-
1 H, H1), 5.90 (dd, J 5 9.0, 9.0 Hz, 1 H, H2), 1.72 (m, J 5 9.0, (W2W2W) (7) were formed (1%). 2 IR: ν̃ 5 1925 (sh), 1910 (vs),
3.5 Hz, 1 H, H3), 2.12 (m, J 5 3.5 Hz, 1 H, H4), 1.45 (m, J 5 7.0 1849 (s), 1840 (sh) cm21. 2 1H NMR (CDCl3, 253 K): δ 5 7.04
Hz, 3 H, H5), 0.89 (t, J 5 7.0 Hz, 3 H, H6), 5.35 (s, 5 H, C5H5), (dd, J 5 11.0, 11.0 Hz, 1 H, H1), 4.72 (dd, J 5 11.0, 1.0 Hz, 1 H,
5.23 (s, 5 H, C5H5). H2 E), 1.79 (dd, J 5 11.0, 1.0 Hz, 1 H, H2 Z), 5.43 (s, 5 H, C5H5),

5.37 (s, 5 H, C5H5), 4.88 (s, 5 H, C5H5). 2 C22H18O5W3 (913.93):4. Photochemical Reactions of 1 with (E)-2-Butene (D): Accord-
calcd. C 28.91, H 1.99; found C 30.3, H 2.4.ing to Procedure 1, 1.6 g (2.5 mmol) of 1 and (E)-2-butene (D)

were irradiated with UV light in 750 ml of ether/THF (6:1) for 85
6. X-ray Structural Analysis of 5D [44]: C19H20O3W2, M 5 664.05

min. The reaction mixture was separated into its components by
g·mol21, monoclinic space group P21/n, a 5 1089.3(2), b 5

column chromatography.
1240.5(3), c 5 1303.7(2) pm, β 5 95.914(14)°, V 5 1.7522(6) nm3,
Z 5 4, ρ(calcd.) 5 2.517 g?cm23. Crystal size 0.40 3 0.25 3 0.051st Fraction (pentane/ether, 3:1): Yellow zone of small intensity;

after crystallisation of the residue from pentane, few yellow crystals mm, T 5 293 K. Using a CAD4 diffractometer (Enraf Nonius),
radiation Mo-Kα, wavelength λ 5 71.073 pm, scan type ω-1/3q,of carbonyl(η5-cyclopentadienyl)hydrido[η4-(E)-3-methyl-1,3-pen-

tadiene]tungsten (6, 69) were isolated (1%). 2 IR: ν̃ 5 1927 cm21. 4487 reflections were collected in the θ range 2.27222.45°. After
data reduction, 2267 symmetry-independent reflections (Rint 52 1H NMR (CD2Cl2, 253 K): Major isomer (0.85): δ 5 20.12 (dd,

J 5 9.0, 4.0 Hz, 1 H, H1 Z), 1.49 (ddd, J 5 8.0, 4.0, 3.0 Hz, 1 H, 0.0512) were obtained. The structure was solved by direct methods
using SHELXS-86[45] and refined by full-matrix least-squaresH1 E), 4.07 (dd, J 5 9.0, 8.0 Hz, 1 H, H2), 2.37 (s, 1 H, 3-CH3),

0.42 (q, J 5 6.0 Hz, 1 H, H4 Z), 1.91 (dd, J 5 6.0, 1.0 Hz, 3 H, H5), against F2 with SHELXL-93[46]. 232 parameters were refined to R[I
> 2σ(I)] 5 0.0281, wR2(all data) 5 0.0750. The hydrogen atoms of4.87 (s, 5 H, C5H5), 26.13 [dd, J 5 3.0, 1.0, Hz, 1J(183W21H) 5 74

Hz, 1 H, W2H); minor isomer (0.15): δ 5 20.04 (dd, J 5 7.0, 3.5 the cyclopentadienyl ligands and the methyl groups were located
geometrically. All the other hydrogen atoms were detected. For theHz, 1 H, H1 Z), 1.49 (ddd, J 5 7.0, 3.5, 1.0 Hz, 1 H, H1 E), 4.44

(dd, J 5 7.0, 7.0 Hz, 1 H, H2), 2.46 (s, 1 H, 3-CH3), 0.70 (q, J 5 refinement the C2H distance was set to 97 pm, and the tempera-
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kov, G. G. Aleksandrov, V. G. Andrianov, Yu. T. Struchkov, J.ture factors of the hydrogen atoms were fixed at 1.2 times Ueq of
Organomet. Chem. 1979, 165, 49.the corresponding carbon atoms. [20] P. T. Barger, J. E. Bercaw, J. Organomet. Chem. 1980, 201, C39.

[21] B. Longato, J. R. Norton, J. C. Huffmann, J. A. Marsella, K.
G. Caulton, J. Am. Chem. Soc. 1981, 103, 209.7. X-ray Structural Analysis of 7 [44]: C22H18O5W3, M 5 913.91

[22] G. M. Dawkins, M. Green, K. A. Mead, J.-Y. Salaün, F. G. A.g·mol21, monoclinic space group P21/n, a 5 780.61(7), b 5
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data reduction, 3880 symmetry-independent reflections (Rint 5 Chem. Soc. 1976, 98, 4477; 1976, 98, 4486.
[26] M. H. Chisholm, F. A. Cotton, M. Extine, M. Millar, B. R.0.099) were obtained. The structure was solved by direct methods

Stults, Inorg. Chem. 1976, 15, 2244.using SHELXS-86[45] and refined by full-matrix least squares [27] M. H. Chisholm, F. A. Cotton, M. Extine, B. R. Stults, Inorg.against F2 with SHELXL-93[46]. 280 parameters were refined to R[I Chem. 1976, 15, 2252; 1977, 16, 603.
> 2σ(I)] 5 0.0491, wR2(all data) 5 0.1245. The hydrogen atoms of [28] J. Potenza, P. Giordano, D. Mastropaolo, A. Efraty, Inorg.

Chem. 1974, 13, 2540.the cyclopentadienyl ligands were located geometrically. All the
[29] M. D. Curtis, W. M. Butler, J. Organomet. Chem. 1978, 155,other hydrogen atoms were found. For the refinement the tempera-

131.ture factor of the hydrogen atoms was set to the 1.2-fold value of [30] J. W. Faller, D. F. Chodosh, D. Katahira, J. Organomet. Chem.
that of the related carbon atom. The data set was modified using 1980, 187, 227.

[31] C. G. Kreiter, K. H. Franzreb, W. Michels, U. Schubert, Z. Na-PLATON-92[47] to account for a multiply disordered ether mol-
turforsch., B 1985, 40, 1188.ecule on a centre of inversion. [32] C. G. Kreiter, K. H. Franzreb, W. S. Sheldrick, Z. Naturforsch.,
B 1986, 41, 904.

[33] G. Wendt, Dissertation, Univ. Kaiserslautern, 1986.
[34] G. C. Bruce, S. A. R. Knox, A. J. Phillips, J. Chem. Soc., Chem.; Dedicated to Professor Dr. Gottfried Huttner on the occasion Commun. 1990, 716.of his 60th birthday. [35] A. F. Dyke, S. A. R. Knox, P. J. Naish, G. E. Taylor, J. Chem.[1] C. G. Kreiter, A. Georg, G. J. Reiß, Chem. Ber. 1997, 130, 1197. Soc., Chem. Commun. 1980, 803.[2] S. A. R. Knox, R. F. D. Stansfield, F. G. A. Stone, M. J. Winter, [36] P. Q. Adams, D. L. Davies, A. F. Dyke, S. A. R. Knox, K. A.P. Woodward, J. Chem. Soc., Chem. Commun. 1978, 221. Mead, P. Woodward, J. Chem. Soc., Chem. Commun. 1983, 222.[3] S. A. R. Knox, R. F. D. Stansfield, F. G. A. Stone, M. J. Winter, [37] C. G. Kreiter, G. Wendt, J. Kaub, J. Organomet. Chem. 1988,P. Woodward, J. Chem. Soc., Dalton Trans. 1982, 173. 352, 307.[4] M. Green, P. A. Kale, R. J. Mercer, J. Chem. Soc., Chem. Com- [38] M. D. Fryzuk, T. Jones, F. W. B. Einstein, J. Chem. Soc., Chem.mun. 1987, 375. Commun. 1984, 1556.[5] J. Klingler, W. Butler, M. D. Curtis, J. Am. Chem. Soc. 1975, [39] R. H. Hooker, K. A. Mahmoud, A. J. Rest, J. Organomet.97, 3535; 1978, 100, 5034. Chem. 1983, 254, C25.[6] D. S. Ginley, C. R. Bock, M. S. Wrighton, Inorg. Chim. Acta [40] G. K. Barker, W. E. Carroll, M. Green, A. J. Welch, J. Chem.

1977, 23, 85. Soc., Chem. Commun. 1980, 1071.[7] R. Birdwhistell, P. Hackett, A. R. Manning, J. Organomet. [41] W. E. Carroll, M. Green, A. G. Orpen, C. J. Schaverien, I. D.
Chem. 1978, 157, 239. Williams, A. J. Welch, J. Chem. Soc., Dalton Trans. 1986, 1021.[8] M. A. Greaney, J. S. Merola, T. R. Halbert, Organometallics [42] M. Green, A. G. Orpen, C. J. Schaverien, I. D. Williams, J.
1985, 4, 2057. Chem. Soc., Chem. Commun. 1983, 1399.[9] W. I. Bailey, Jr., M. H. Chisholm, F. A. Cotton, L. A. Rankel, [43] M. Green, A. G. Orpen, C. J. Schaverien, I. D. Williams, J.
J. Am. Chem. Soc. 1978, 100, 5764. Chem. Soc., Dalton Trans. 1987, 1313.[10] C. G. Kreiter, A. Würtz, P. Bell, Chem. Ber. 1992, 125, 377. [44] Crystallographic data (excluding structure factors) for the struc-[11] C. G. Kreiter and U. Kern, J. Organomet. Chem. 1993, 459, 199. tures reported in this paper have been deposited with the Cam-

[12] C. G. Kreiter, R. Meuser, W. Frank, S. Müller-Becker, Acta bridge Crystallographic Data Centre as supplementary publi-
Crystallogr., Sect. C 1996, 52, 2701. cation no. CCDC-100498. Copies of the data can be obtained

[13] C. G. Kreiter, G. Wendt, J. Kaub, J. Organomet. Chem. 1988, free of charge on application to CCDC, 12 Union Road, Cam-
346, 35. bridge CB2 1EZ, UK (fax: int. code 1 (1223) 336-033, e-mail:

[14] R. D. Adams, D. M. Colins, F. A. Cotton, Inorg. Chem. 1974, deposit@ccdc.cam.ac.uk).
13, 1086. [45] G. M. Sheldrick, SHELXS-86, Program for Crystal Structure

[15] C. G. Kreiter, Adv. Organomet. Chem. 1986, 26, 297. Solution, Universität Göttingen, 1986.
[16] R. Colton, C. J. Commons, B. F. Hoskins, J. Chem. Soc., Chem. [46] G. M. Sheldrick, SHELXL-93, Program for Crystal Structure

Commun. 1975, 363. Refinement, Universität Göttingen, 1993.
[17] C. J. Commons, B. F. Hoskins, Austr. J. Chem. 1975, 28, 1663. [47] P. van der Sluis, A. L. Spek, Acta Crystallogr., Sect. A 1990,
[18] C. G. Kreiter, G. Wendt, J. Kaub, Chem. Ber. 1989, 122, 215. 46, 194.

[97148][19] A. A. Pasynskii, Yu. V. Skripkin, I. L. Eremenko, V. T. Kalinni-

Eur. J. Inorg. Chem. 1998, 1272135 135



FULL PAPER

A Spectro- and Conductometric Study of the Reaction of Imidazoline-2-selone
Derivatives with Bromine 2 Crystal Structure of 1,2-Bis(3-methyl-4-
imidazolin-2-ylium dibromoselenanide)ethane
Francesco Bigolia, Paola Deplanob, Francesco A. Devillanovab, Vito Lippolis*b, Maria Laura Mercuri*b,
Maria Angela Pellinghellia and Emanuele F. Trogub

Dipartimento di Chimica Generale ed Inorganica, Chimica Analitica, Chimica Fisica, Università degli Studi di Parmaa,
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The oxidative addition of Br2 to the imidazoline-2-selone de- the hypervalent 10-Se-3 selenium compounds 3a2c contain-
ing the Br2Se2Br group. The crystal structure of 1,2-bis(3-rivatives 1a2c has been studied by spectrophotometric and

conductometric techniques. The experimental results clearly methyl-4-imidazolin-2-ylium dibromoselenanide)ethane (3c),
a new stable hypervalent 10-Se-3 compound, is also re-indicate that this reaction involves the dications 2a2c, con-

taining an Se2Se bond, as intermediates in the formation of ported.

Introduction tometric and a conductometric study of this reaction has
been undertaken. The X-ray crystal structure of 1,2-bis-In recent years, a great deal of synthetic and structural
(3-methyl-4-imidazolin-2-ylium dibromoselenanide)ethanecharacterization work has been carried out on the products
(3c) is also reported.of the reactions of the donors 1a2c, containing the imida-

zoline-2-selone ring, with acceptors such as diiodine, [1] in-
Results and Discussion

terhalogens (IBr and ICl) [2] and unsaturated polynitriles
Upon reaction of 1a2c with 0.5 equiv. of molecular bro-(TCNQ).[3]

mine in CH3CN, ionic compounds consisting of dications
containing the Se2Se bridge and Br2 counterions (2a2c)
are obtained. When 1 equiv. of Br2 per selenium atom is
used, hypervalent selenium compounds featuring the
Br2Se2Br group (3a2c) are produced.

A variety of products has been obtained including neu-
tral adducts, dications containing the Se2Se bridge, and
hypervalent 10-Se-3[4] compounds containing the I2Se2I
group.

While addition of I2 to 1a and 1c quantitatively produces
the I2Se2I insertion derivatives, the corresponding reac-
tion of Br2 with 1a has recently been reported[5] to give the
analogous Br2Se2Br insertion derivative 3a with a 1:1 1a/
Br2 molar ratio and an ionic compound with a 1:0.5 1a/Br2

molar ratio. This latter has been hypothesized to be 2,29-
diselenobis(1,3-dimethyl-4-imidazolinium) dibromide (2a)
on the basis of previous studies carried out by Arduengo
and Burgess[6] on the oxidative addition complexes of the
sulfur analogue of 1a with Br2. However, we have pre-
viously obtained 2a by reacting 1a with IBr in a 1:1 molar As mentioned above, we have previously obtained com-

pound 2a by the reaction of 1a with IBr and have reportedratio and have reported its structural characterization.[2] In
order to ascertain whether 1b and 1c show the same be- its X-ray structural characterization.[2] The crystal structure

of 3a was recently determined by Williams et al. [5] whilehavior as 1a in the reaction with bromine, and whether di-
cations containing the Se2Se bridge are intermediates in this study was being carried out. The reported data are con-

sistent with the crystal data of the sample isolated by us.the formation of the hypervalent compounds, a spectropho-
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Table 1. Crystallographic data of 3c: C10H14Br4N4Se2Single crystals suitable for X-ray studies have also been

obtained for 3c. The crystallographic data are given in
formula C10H14Br4N4Se2Table 1, the geometrical parameters are listed in Table 2.
molecular mass [g/mol] 667.78The structural data of 3c are in good agreement with those crystal system monoclinic
space group Ccof the corresponding iodo derivative.[1] [7] [8] In fact, the mol-
a [Å] 21.399(5)ecule (Figure 1) shows a pseudo two-fold axis and a gauche
b [Å] 10.619(6)

conformation [N(11)2C(41)2C(42)2N(12) 59(1)°]; the c [Å] 8.090(7)
β [°] 90.72(2)Br2Se2Br fragments are asymmetric [Se(11)2Br(11)
U [Å3] 1838(2)2.662(2), Se(11)2Br(21) 2.521(2), Se(12)2Br(12) 2.650(3), Z 4

Se(12)2Br(22) 2.531(4) Å], essentially linear [Br(11)2- dc [g cm23] 2.413
diffractometer Philips PW 1100Se(11)2Br(21) 175.7(1)°, Br(12)2Se(12)2Br(22) 172.1(1)°],
radiation graphite-monochromatedand roughly perpendicular to the corresponding imidazo- wavelength Mo-Kα (λ 5 0.71073 Å)
F(000) 1240line ring [the values of the Br2Se2C2N torsion angles are
T [K] 295in the 2101(1) to 78(1)° range]. The dihedral angle between
crystal size [mm] 0.11 3 0.56 3 0.62

the two imidazoline rings is 46.6(5)°. The Se atoms show a µ [cm21] 127.13
scan mode θ-2θroughly square-planar coordination due to the very appreci-
scan speed [° min21] 329.6able interactions Se(11)···Br(21) (x, 2y, z 2 1/2) 3.344(3) scan width [°] 1.20 1 0.345 tan θ

Å and Se(12)···Br(22) (x, 2y, 1/2 1 z) 3.754(3) Å. These θ range for intensity collection [°] 3230
data collected ± h, k, linteractions are responsible for the formation of chains in
no. of measured reflections 2844the directions of c through the axial glide plane. The chains no. of reflections with I $ 2σ(I) 2090
no. of refined parameters 180are held together by weak interactions of the type Br···C
min./max. height in final ∆ρ map [eÅ23] 20.51/1.70and C···C (Figure 2). The structure shows considerable
R 5 Σu(∆F)u/uΣFou 0.0549

similarities with those of 2a [5] and SeBr2tmtu[9]. wR 5 [Σw(∆F)2/ΣwFo
2]1/2 0.0692

k, g(w 5 k/[σ2(Fo) 1 gF2
o]) 1.5042, 0.001495

Figure 1. ORTEP view of 3c; thermal ellipsoids are drawn at a 30%
probability level

Table 2. Bond lengths [Å] and angles [°], with e.s.d.’s. in parenthe-
ses, of 3c: C10H14Br4N4Se2

bond lengths [Å]

Se(11)2Br(11) 2.662(2) N(21)2C(51) 1.45(2)
Se(11)2Br(21) 2.521(2) N(12)2C(12) 1.30(2)
Se(11)2C(11) 1.95(1) N(12)2C(32) 1.39(2)
Se(12)2Br(12) 2.650(3) N(12)2C(42) 1.47(2)
Se(12)2Br(22) 2.531(4) N(22)2C(12) 1.39(2)
Se(12)2C(12) 1.88(1) N(22)2C(22) 1.40(2)
N(11)2C(11) 1.37(2) N(22)2C(52) 1.45(2)
N(11)2C(31) 1.37(2) C(21)2C(31) 1.34(2)
N(11)2C(41) 1.43(2) C(41)2C(42) 1.56(2)
N(21)2C(11) 1.35(2) C(22)2C(32) 1.34(2)
N(21)2C(21) 1.39(2)

bond angles [°]

Br(21)2Se(11)2C(11) 88.2(4) C(22)2N(22)2C(52) 127.8(12)Figure 2. Projection of the structure of 3c along [001]
Br(11)2Se(11)2C(11) 88.1(4) C(12)2N(22)2C(52) 127.0(12)
Br(11)2Se(11)2Br(21) 175.7(1) C(12)2N(22)2C(22) 105.1(10)
Br(22)2Se(12)2C(12) 88.8(4) N(11)2C(11)2N(21) 107.2(11)
Br(12)2Se(12)2C(12) 83.3(4) Se(11)2C(11)2N(21) 126.0(9)
Br(12)2Se(12)2Br(22) 172.1(1) Se(11)2C(11)2N(11) 126.8(9)
C(31)2N(11)2C(41) 125.1(11) N(21)2C(21)2C(31) 107.4(12)
C(11)2N(11)2C(41) 126.4(11) N(11)2C(31)2C(21) 108.4(12)
C(11)2N(11)2C(31) 108.5(10) N(11)2C(41)2C(42) 111.9(10)
C(21)2N(21)2C(51) 125.7(12) N(12)2C(12)2N(22) 108.7(11)
C(11)2N(21)2C(51) 125.8(12) Se(12)2C(12)2N(22) 124.5(8)
C(11)2N(21)2C(21) 108.4(10) Se(12)2C(12)2N(12) 126.7(11)
C(32)2N(12)2C(42) 124.6(11) N(22)2C(22)2C(32) 109.8(13)
C(12)2N(12)2C(42) 124.8(11) N(12)2C(32)2C(22) 105.6(11)
C(12)2N(12)2C(32) 110.6(11) N(12)2C(42)2C(41) 111.5(10)

In the low-frequency region, the FT-Raman spectra of
3a2c each show two strong peaks at 187 ± 6 and 152 ± 6
cm21, attributable to υas and υs of the Br2Se2Br three-
body system, respectively.[5] [9] [10] Similarities are also ob-
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served in the FT-Raman spectra of 2a and 2c; thus, the tivities of CH3CN solutions of the free ligands were moni-

tored during stepwise Br2 addition. Figure 4 shows plotspeaks at 248 and 189 cm21 for 2c must be in part associated
with the υ(Se2Se) vibration, in accordance with the find- of the molar conductivities versus the Br2/L molar ratios;

formation of an ionic species is clearly evident from theings for 2a and other dications. [2] The FT-Raman spectrum
of 2b is more complicated and, in addition to the peaks increase in the conductivity values up to a 1:1 Br2/L (1:0.5

for 1a) molar ratio. This species disappears upon the ad-at 250 and 187 cm21 (the intensities of which are reversed
compared to those found for 2a and 2c), shows one strong dition of further Br2 and conductivity reaches a minimum

value at a 2:1 Br2/L (1:1 for 1a) molar ratio. The UV/visiblepeak at 176 cm21. This spectrum could be explained by
hypothesizing that in 2b some dication units interact spectra of the solutions at the 1:1 and 2:1 Br2/L (L 5 1b,

1c) molar ratios, respectively, showed the corresponding di-strongly with Br2 ions forming an Se2Se2Br three-body
system, which could be vibrationally described as a Br2

3 cations and hypervalent compounds to be the only species
present. The conductometric titration of 1a, on the otherunit. In fact, for an only slightly asymmetric Br2

3 anion, the
symmetric stretching vibration υ1 is found near 160 cm21 hand, indicates an equilibrium reaction between the three

species 1a, 2a and 3a, in line with the spectrophotometricand the antisymmetric υ3 near 190 cm21. [10] [11] From this,
it follows that the peak at 176 cm21 could be assigned to evidence.
the υ1 mode of the Se2Se2Br group, while the increased
intensity of the peak at 187 cm21 is most likely attributable Figure 3. 3a: UV/Vis spectra at 293 K in a 0.1-cm silica cell of
to the contribution from the υ3 antisymmetric vibration of CH3CN solutions containing fixed amounts of 1c ([1c] 5 2.5 3

1024 mol l21) and variable Br2 concentrations in the ratios: (a) 1:0;the Se2Se2Br group.
(b) 1:0.2; (c) 1:0.4; (d) 1:0.6; (e) 1:0.8; (f) 1:1; (g) 1:1.2; (h) 1:1.4; (i)

In order to ascertain whether the aforementioned dicat- 1:1.6; (l) 1:2. 2 3b: Plot of the absorbances of the same CH3CN
solutions of 1c and Br2 as in (3a) versus [1c]/[Br2] molar ratios ations are intermediates in the formation of the hypervalent
λ 5 260 nm. The increase in absorbance over the 1:2 1c/Br2 molarselenium compounds, we have investigated the oxidative ad- ratio could be attributed to the presence of Br2

3 in the Br2 solution
dition of Br2 in CH3CN solution by UV/visible spec- used for the titration. In fact, in Br2 solutions with concentrations

ranging from 1 3 1023 to 2.5 3 1023 mol l21, about 122% oftroscopy and conductometric measurements.
Br2

3 is observedThe addition of increasing amounts of Br2 to CH3CN
solutions of 1a, 1b or 1c produces a drastic change in the
electronic spectra of the free ligands; the main features are
similar in the three cases and, as shown in Figure 3a for 1c,
two well-defined isosbestic points are observed at 291 and
301 nm indicating an initial conversion of the free ligand
into a new species up to a 1:1 1c/Br2 molar ratio and sub-
sequent transformation of this species once its formation is
completed. A spectrum identical to that recorded for the
1:1 1c/Br2 solution is obtained from a CH3CN solution of
2c; thus, the formation of the dication is unequivocally pro-
ven when working at this molar ratio. The dication un-
dergoes a further transformation upon increasing the
amount of bromine to a 1:2 1c/Br2 molar ratio, leading to
3c as shown by the UV/Visible spectrum of 3c compared
with that recorded on the 1 :2 1c/Br2 solution. The spectral
features of 3a2c are very similar to those of a tribromide
due to the great similarity of the chromophores Br2Se2Br
and [Br2Br2Br]2. [12] In Figure 3b, a plot of the ab-
sorbance at 260 nm versus the 1c/Br2 molar ratio is de-
picted; it shows that the formation of 2c and subsequently
of 3c is quantitative. A similar plot is observed for 1b,
whereas for 1a less evident equivalence points at the 1:0.5
and 1:1 1a/Br2 ratios might suggest that the formation of
the dication and of the hypervalent compound are equilib-
rium reactions. In order to further support the hypothesis
that dications 2a2c are intermediates in the formation of
the hypervalent compounds 3a2c, another experiment was
carried out in which increasing amounts of Br2 were added
to CH3CN solutions of 2a2c; the resulting UV/visible spec-
tra indeed showed that the hypervalent compounds were
formed.

The oxidative addition of bromine to 1a2c has also been
investigated by conductometric measurements. The conduc-
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ConclusionsFigure 4. Plots of the molar conductivities recorded during the ti-

trations of 1a2c {[1a] 5 2.16 3 1023 mol l21 (h); [1b] 5 1.06 3
In this paper, we have reported the structure of the hyper-1023 mol l21(s); [1c] 5 1.99 3 1024 mol l21(r)} with Br2 ([Br2] 5

9.61 3 1023; 1.04 3 1022 ; 1.93 3 1023 mol l21 for 1a2c, respec- valent Se compound obtained by oxidative addition of Br2
tively) versus the [Br2]/[L] molar ratios to 1c (3c). Hypervalent 10-Se-3 compounds of this type are

quite uncommon, 3a, [5] 1,3-diisopropyl-4,5-dimethyl-4-im-
idazolin-2-ylium diiodoselenanide[7] and the diiodoselenan-
ides obtained from 1a and 1c [1] being the only such com-
pounds structurally characterized to date. We have also
demonstrated that the reactions of 1a2c with bromine lead-
ing to the hypervalent compounds are two-step oxidation
processes involving as intermediates the dications (2a2c),
which contain Se2Se bridges. It is relevant that such dicat-
ions are not formed in the reaction of 1a2c with diiodine, [1]

neither in solution nor in the solid state, whatever the molar
ratio of reactants used. Only in the case of the reaction
of diiodine with the saturated analogue of 1a, i.e. N,N9-
dimethylimidazolidine-2-selone, was formation of the corre-
sponding dication observed; the solid product was found
to be a mixed-valence compound containing equimolecular
amounts of the CT complex and the dication having two

The observed reactions of 1a2c with Br2 are in good triodides as counterions. [13] Finally, while 1a2c show the
agreement with their electrochemical behavior. To confirm same behavior in the reaction with bromine, the reaction
the tendency of the three ligands to undergo oxidation we with diiodine is more selective since different products are
also carried out an electrochemical study in CH2Cl2 solu- obtained from these rather similar donors.
tion (2a2c and 3a2c are also obtained using CH2Cl2 as the

The Ministero della Università e Ricerca Scientifica e Tecnologicasolvent instead of CH3CN; the electrochemical measure-
of Italy (MURST 40%, Reattività e Catalisi) is acknowledged for

ments were performed in CH2Cl2 for solubility reasons). In support in this research.
fact, cyclic voltammograms scanned in the anodic direction
and reversed at 11.0 and 20.2 V to the starting potential Experimental Section
(0.0 V), show two irreversible oxidations and one irrevers-

Materials: Reagents and solvents of reagent grade purity wereible reduction for 1a and 1c, while only one broad oxidation
used as received from Aldrich. The compounds 1a2c were pre-peak and one reduction peak are observed for 1b (see Table
pared as described previously. [1]

3). When the scans are performed in the cathodic direction,
Compounds 2a2c and 3a2c: The compounds 3a2c were pre-the reduction peak does not appear for all ligands. This

pared by leaving to stand CH3CN solutions of the ligands and Br2peak could therefore be attributed to the reduction of the
in a 1:1 (for 1a) or 1:2 (for 1b and 1c) molar ratio at room tempera-oxidation products. The two oxidation peaks may be related
ture. After several days, well-shaped yellow-orange crystals of 3cto a two-step process involving the initial oxidation of one
suitable for X-ray diffraction studies and yellow-orange crystals of

Se atom, which then interacts with either the unoxidized Se 3a and 3b were obtained. Yields of each compound were typically
atom of the same molecule in the case of 1b and 1c, or 70%. The compounds 2a2c, obtained as yellow microcrystals, were
with the Se atom of a different molecule in the case of 1a. prepared analogously using a 1:0.5 (for 1a, yields 88%) or 1:1 (for
Subsequently, according to a simplified molecular orbital 1b and 1c, yields 90%) molar ratio. Elemental analysis data and
description for the Se2Se bond formation, this intermedi- FT-Raman spectra for 2a and 3a have been reported previously. [2]

ate has one electron in the antibonding molecular orbital, 2a: Electronic spectrum (2502550 nm): λmax (ε) 5 275 (22280),
which is removed in the second oxidation step to give the 312 nm (20480 l mol21 cm21).
Se2Se dication.

2b: C9H12N4Br2Se2: calcd. C 21.88, H 2.45, N 11.34; found C
22.09, H 2.52, N 11.39. 2 Raman (500250 cm21): ν̃ 5 290 (2.0),
250 (5.2), 218 (1.9), 187 (7.6), 176 (10), 135 (3.0), 128 (5.0), 92 (3.4),

Table 3. Anodic peak (Epa) and cathodic peak potentials (Epc) 74 (3.4). 2 Electronic spectrum (2502550 nm): λmax (ε) 5 292 nmdetermined by cyclic voltammetry in CH2Cl2 for 1a2c ( 1 3 1023

(28200 l mol21 cm21).mol l21). Pt electrode vs. SCE (saturated calomel electrode) in the
presence of Bu4NBF4 ( 1 3 1021 mol l21). Scan rate: 100 mV s21

2c: C10H14Br2N4Se2 3 0.5 CH3CN: calcd. C 25.00, H 2.96, N
11.93; found C 25.19, H 3.15, N 12.06. 2 Raman (500250 cm21):

L Epa1 (V) Epa2 (V) Epc (V)[a]
ν̃ 5 282 (1.0), 248 (10.0), 189 (1.3), 87 (1.1). 2 Electronic spectrum
(2502550 nm): λmax (ε) 5 310 nm (19900 l mol21 cm21).

1a 10.57 10.75 10.08
1b 10.60 10.73 10.24 3a: Electronic spectrum (2502550 nm): λmax (ε) 5 260 nm
1c 10.50 10.66 10.04 (32600 l mol21 cm21).

3b: C9H12Br4N4Se2: calcd. C 16.54, H 1.85, N 8.57; found C[a] These peaks do not appear when scanning is started in the
cathodic direction. 16.77, H 1.90, N 8.64. 2 Raman (500250 cm21): ν̃ 5 193 (10.0),
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153 (7.5), 137 (3.0), 107 (2.8), 85 (2.7). 2 Electronic spectrum 1:2.5; 1:3; 1:4; 1:5), was prepared. Spectra were recorded at T 5

20°C, in the 2502550 nm range, using 1-cm path length silica cells.(2502550 nm): λmax (ε) 5 262 nm (58000 l mol21 cm21).

Conductiometric Titrations: Conductometric titrations were car-3c: C10H14Br4N4Se2: C 17.99, H 2.11, N 8.39; found C 18.11, H
ried out at T 5 25°C in a standard thermostatted cell using solu-2.17, N 9.26. 2 Raman (500250 cm21): ν̃ 5 184 (10.0), 146 (9.4),
tions in CH3CN (freshly distilled from CaH2), with a Model 12064 (2.5). 2 Electronic spectrum (2502550 nm): λmax (ε) 5 260 nm
microprocessor conductivity meter “Analytical Control”. The k cell(56400 l mol21 cm21).
(1.23 cm21) was determined by measuring the conductivity of three

X-ray Data Collection and Structure Refinement: Crystallo- solutions of kiln-dried (12 h) KCl (0.1, 0.01 and 0.001 mol l21,
graphic data are given in Table 1. The diffraction measurements respectively) in doubly-distilled deionized water at T 5 25°C. The
were made on a Philips PW 1100 diffractometer with graphite- conductivity values were corrected for the dilution error using the
monochromated Mo-Kα radiation (see Table 1); the data were col- multiplicative factor f 5 (V 1 Vo)/Vo, where Vo is the starting vol-
lected using the θ22θ scan technique. During the data reduction, ume (30 ml) of the 1a, 1b and 1c solutions and V is the volume of
intensities were corrected for Lorentz and polarization effects. A the added Br2 solution. Conductivity was recorded 5 minutes after
correction for absorption was applied: maximum and minimum each Br2 addition in order to let the temperature equilibrate to
values for the transmission factors were 1.000 and 0.514.[14] [15]

25°C.
Solution by direct methods (SHELX-86), [16] full-matrix least-

Electrochemistry: Cyclic voltammetry experiments were per-squares refinement, and anisotropic thermal parameters for all
formed using a conventional three-electrode cell, consisting of a Ptnon-hydrogen atoms were used. The H-atoms were introduced in
counter electrode and a Pt micro-working electrode vs. SCE (satu-calculated positions and refined “riding” on the corresponding
rated calomel electrode). The experiments were performed at roomatoms with unique isotropic thermal parameters [U 5 0.0725(166)
temperature in anhydrous CH2Cl2. The solution was 1 3 1023 molÅ2]. The weighting scheme w 5 k/[σ2(Fo) 1 gFo

2] was applied, with
l21 in L (1a, 1b, 1c) with Bu4NBF4 ( 1 3 1021 mol l21) as thek 5 1.5042 and g 5 0.001495. Scattering factors were taken from
supporting electrolyte. A stream of argon was passed through theref. [17]. The final difference density map showed a minimum peak
solution prior to the scan. Data were recorded on a computer-of 21.40 Å23 and a maximum peak of 1.29 Å23. Structure refine-
controlled EG&G (Princeton Applied Research) potentiostat-gal-ment and final geometric calculations were carried out with the
vanostat model 273 EG&G, using Model 270 electrochemicalSHELX-76[18] and PARST[19] programs. The drawing was pro-
analysis software. The scan rate was 100 mV s21.duced using ORTEP[20] and PLUTO.[21]

Spectroscopic Measurements. 2 FT-Raman Spectra: FT-Raman [1] F. Bigoli, P. Deplano, F. A. Devillanova, V. Lippolis, M. L. Mer-
spectra (resolution ± 4 cm21) were recorded on a Bruker RFS100 curi, M. A. Pellinghelli, E. F. Trogu, Gazz. Chim. Ital. 1994,

124, 4452454.FTR spectrometer fitted with an indium-gallium arsenide detector
[2] F. Bigoli, F. Demartin, P. Deplano, F. A. Devillanova, F. Isaia,(room temp.) and operating with an excitation frequency of 1064

V. Lippolis, M. L. Mercuri, M. A. Pellinghelli, E. F. Trogu,
nm (Nd:YAG laser). The power level of the laser source was tuned Inorg. Chem. 1996, 35, 319423201.
between 20240 mW. The solid samples, in the form of powders or [3] F. Bigoli, P. Deplano, F. A. Devillanova, A. Girlando, V. Lip-

polis, M. L. Mercuri, M. A. Pellinghelli, E. F. Trogu, Inorg.crystals, were packed into suitable cells and then fitted into the
Chem. 1996, 35, 540325406.compartment designed for use with a 180° scattering geometry. No [4] 10-Se-3 means that 10 electrons are formally associated with Se,

sample decomposition was detected during the experiments. The to which 3 ligands are bonded: C. W. Perkins, J. C. Martin, A.
values given in parentheses represent the intensities of the peaks J. Arduengo, W. Lau, A. Alegrie, J. K. Kochi, J. Am. Chem.

Soc. 1980, 102, 775327759.relative to the strongest, which is given a value of 10.
[5] D. J. Williams, private communications.

UV/Visible Measurements: Electronic spectra were recorded of [6] A. J. Arduengo, E. M. Burgess, J. Am. Chem. Soc. 1977, 99,
237622378.solutions in CH3CN (freshly distilled from CaH2) using a Cary 5

[7] N. Kuhn, T. Kratz, G. Henkel, Chem. Ber. 1994, 127, 8492851.spectrophotometer equipped with a temperature probe accessory [8] W.-W. du Mont, Main Group Chemistry News 1994, 2, 18226.
connected to a thermostatted multi-cell block. The CH3CN solu- [9] K. J. Wynne, P. S. Pearson, M. J. Newton, J. Golen, Inorg.
tions of Br2 were standardized with a standard aqueous Na2S2O3 Chem. 1976, 15, 144921451.

[10] M. Bodelsen, G. Borch, P. Klaeboe, P. H. Nielsen, Acta Chem.solution (0.1000 mol l21) according to traditional methods.
Scand. 1980, A34, 1252139.

[11] W. Gabes, D. J. Stufkens, H. Gerding, J. Mol. Struct. 1973,1a: A set of 11 solutions containing a fixed concentration of the
17, 3292340.ligand (2.50 3 1024 mol l21) and variable Br2 concentrations rang- [12] A. I. Popov, R. F. Swensen, J. Am. Chem. Soc. 1955, 77,ing from 2.50 3 1025 to 5.00 3 1024 mol l21 (in the ratios 372422726.

[1a]:[Br2] 5 1:0; 1:0.1; 1:0.2; 1:0.3; 1:0.4; 1:0.5; 1:0.6; 1:0.8; 1:1; [13] F. Demartin, F. A. Devillanova, F. Isaia, V. Lippolis, G. Verani,
Inorg. Chim. Acta 1997, 255, 2032205.1:1.5; 1:2), was prepared. Spectra were recorded at T 5 20°C, in

[14] N. Walker, D. Stuart, Acta Crystallogr., Sect. A 1983, 39,the 2502550 nm range, using 0.1-cm path length silica cells.
1582166.

[15] F. Ugozzoli, Comput. Chem. 1987, 11, 1092120.1b: A set of 15 solutions containing a fixed concentration of the
[16] G. M. Sheldrick, SHELXS-86: Program for the Solution ofligand (2.50 3 1024 mol l21) and variable Br2 concentrations rang-

Crystal Structures, Universität Göttingen, Germany, 1986.
ing from 5 3 1025 to 1.25 3 1023 mol l21 (in the ratios [1b]:[Br2] 5 [17] International Tables for X-ray Crystallography; vol. IV, Kynoch
1:0; 1:0.2; 1:0.4; 1:0.6; 1:0.8; 1:1; 1:1.2; 1:1.4; 1:1.6; 1:2; 1:2.4; 1:2.6; Press, Birmingham, U.K., 1974, 149, 992102.

[18] G. M. Sheldrick, SHELX-76: Program for Crystal Structure De-1:3; 1:4; 1:5) was prepared. Spectra were recorded at T 5 20°C in
termination, University of Cambridge, U.K., 1976.the 2502550 nm range using 1-cm path length silica cells. [19] M. Nardelli, Comput. Chem. 1983, 7, 95298.

[20] C. K. Johnson, ORTEP, Report ORNL-3794, revised, Oak1c: A set of 14 solutions containing a fixed concentration of the
Ridge National Laboratory, Tennessee, 1965.ligand (2.50 3 1024 mol l21) and variable Br2 concentrations rang- [21] W. D. S. Motherwell, PLUTO, University of Cambridge,

ing from 5.00 3 1025 to 1.25 3 1023 mol l21 (in the ratios U.K., 1976.
[97152][1c]:[Br2] 5 1:0; 1:0.2; 1:0.4; 1:0.6; 1:0.8; 1:1; 1:1.2; 1:1.4; 1:1.6; 1:2;
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In the majority of known azaboranes NaBbHc and their deriv- NB11H12 and in their derivatives, however, the nitrogen
atoms are 5- or 6-coordinate and thus represent a novel bon-atives, the coordination number of the nitrogen atoms within

the cluster does not exceed the classical values of 3 or 4. In ding situation. The synthesis, structure, and reactivity of
these azaboranes are reviewed in this article.the azaboranes closo-NB9H10, nido-NB10H13, and closo-

Introduction ditional (2c,2e) bonds, including one radial (2c,2e) bond be-
tween the skeletal atom and its exo ligand. Values of c 5Azaboranes NaBbHc are closed deltahedral borane clus-
325 are usually encountered in borane clusters, and c 5 6ters or fragments thereof, in which at least one BH vertex
is found in a few cases. With c . 3, (2c,2e) bonds are nois replaced by an NH vertex. Azaborates are the corre-
longer sufficient for the description of bonds. It may be de-sponding anions [NaBbHc]n2. Derivatives of azaboranes are

formed by the addition of Lewis bases L to give NaBbHcLd

or by the substitution of hydrogen atoms by anionic groups Figure 1. Localized bonds for a skeletal atom A with different con-
nectivities of AX to give NaBbHcXd (X 5 F, OR, NR2, R etc.). Heteroaza-

boranes SaNbCcBdHeMf are those azaboranes in which BH
vertices have been replaced by S, CH, M etc.; the symbol
M in this context means the fragment of a transition-metal
complex with the metal atom being incorporated into the
cluster skeleton.

If the bonding within borane clusters is described in
terms of localized bonds, then electron deficiency makes it
necessary to take skeletal three-centre, two-electron [(3c,2e)]
bonds into account in addition to the more usual two-cen-
tre, two-electron [(2c,2e)] bonds. The skeletal coordination
number, called connectivity (c), may exceed the value c 5 3;
this value would allow a skeletal atom to form four tra-

Peter Paetzold, born in 1935, received his doctoral degree on his work with Egon Wiberg at the
Ludwig-Maximilians-Universität in Munich in 1961. He became Professor of inorganic chemistry and
Director of the Institut für Anorganische Chemie at the Rheinisch-Westfälische Technische Hoch-
schule in Aachen in 1968. He focused his interest on synthetic, structural and mechanistic aspects of
boron chemistry. Due to his work, major progress was achieved in the chemistry of azidoboranes (the
analogues of carbonic azides), iminoboranes (the analogues of alkynes, presenting a BN triple bond),
boron-nitrogen ring compounds (the analogues of cyclobutadiene, benzene, Dewar benzene, and
cyclooctatetraene), azadiboriridines (the analogues of cyclopropenyl cations, presenting a BB bond
of unexpected basicity), and azaborane clusters (the analogues of dicarbaborane clusters, presenting
five- and six-coordinate nitrogen). The analogy of the couples BN and CC, also of the couples BO
and CN, is the common thread running through his work.
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Table 1. Formal charge δF(A) of skeletal atoms A 5 B, C, N, duced from Figure 1 that for c 5 426 at least one, two
depending on the number t of (3c,2e) and y of (2c,2e) bonds at A or three (3c,2e) bonds are necessarily present, respectively,

(see Figure 1)
provided the atom A obeys to the octet rule. (Note that
connectivities c 5 326 correspond to overall coordinationc 3 4 4 5 5 6

t/y 0/3 1/2 2/1 2/1 3/0 3/0 numbers of 427 by inclusion of the exo ligand.)

The discovery in 1963 that carbon atoms within the icos-δF(B) 23/3 22/3 21/3 21/3 0 0
δF(C) 0 11/3 12/3 12/3 13/3 13/3 ahedral C2B10 skeleton of the carbaborane C2B10H12

[1] ex-
δF(N) 13/3 14/3 15/3 15/3 16/3 16/3 hibited a connectivity c 5 5 (coordination number 5 6)

changed the traditional view of the bonding situation of

Figure 2. Azaboranes and azaheteroboranes with a nitrogen connectivity of 2 or 3 (read BR instead of BH in 126)

Table 2. Azaboranes and azaheteroboranes with nitrogen connectivity of 2 or 3

Vertices Type Skeletal atoms Number in Figure 2

4 nido NB3 1 [5] [6] 2 [6]

5 arachno N2B3 SNB3 3 [6] 4 [7] 5 [8]

6 nido N2B4 6 [9] [10]

8 arachno N2B6 7 [11]

8 hypho SNB6 8 [12]

9 nido NB8 NB7M 9 [13] 10 [14]

9 arachno NB8 11 [15] 12 [13] [16]

9 hypho NB8 13 [17]

10 nido NB9 NB8M 14 [13] [18] [19] [20] [21] [22] 15 [23] 16 [23] 17 [24]

10 arachno NB9 N2B8 NCB8 SNB8 NB8M 18 [21] [25] [26] 19 [25] 20 [27] 21 [28] 22 [12] 23 [24]

11 arachno NB10 NC2B8 SNB9 24 [20] [29] [30] 25 [31] 26 [2] [32] [33] 27 [30]

11 hypho SNB9 S2NCB7 28 [30] 29 [34]

12 nido NB11 30 [35] 31 [35] [36]

12 arachno NCB10 NC3B8 32 [37] 33 [37]

18 nido NB17 34 [38]
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Figure 3. Azaboranes and azaheteroboranes with nitrogen of con-carbon-containing molecules. Whereas the formal charge of

nectivity 4 or 5boron changes from 21 to the more favourable value of 0
as a result of an increase in its connectivity (Table 1), the
formal charge of carbon may become 11 with a connec-
tivity of c 5 6 or even c 5 5. Since carbon is more electro-
negative than boron and its real charge is less positive than
that of boron, the B2C skeletal bonds must be highly pola-
rized, and actually the border case c 5 6 is not observed
for carbon. Indeed, there is a strong tendency in the reac-
tions of icosahedral carbaboranes to reduce the connec-
tivity of carbon. The more electronegative nitrogen shows
a formal charge of at least 14/3 or 15/3, when incorporated
into a cluster skeleton with c 5 4 or 5, respectively. Hence,
a very large bond polarisation must be expected in corre-
sponding azaboranes. Nevertheless, the carbaborane
NC2B8H11 with c(N) 5 4 was synthesized as early as
1974[2], followed in 1986 by the closed cluster molecule
NB9H10

[3], and finally, the icosahedral cluster molecule
NB11H12 in 1991. The discovery of NB11H12, which is isoe- Table 3. Azaboranes and azaheteroboranes with nitrogen connecti-

vity of 4 or 5lectronic with C2B10H12, represented the first observation
of the connectivity c(N) 5 5[4]. Certainly, the reactivity of

Vertices Type Skeletal atoms Number in Figure 3the highly coordinated azaboranes is governed by their
tendency to reduce the connectivity at nitrogen.

10 closo NB9 NB7M2 35 [3] [13] [39] 36 [40]

A great number of small azaboranes and heteroazabo- 11 closo NB9M 37 [19] [41]

11 nido NB10 NC2B8 NB9M 38 [31] [42] 39 [43] [44] 40 [43] [44]ranes clusters with c(N) 5 2 and larger ones with c 5 3 are
41 [2] [32] [33] [45] 42 [46]

known. The skeletal nitrogen atoms in these azaboranes are 12 closo NB11 NB10M 43 [4] [21] [36] [47] [48] [49] 44 [43] [44]

bonded in a way that may be interpreted only in terms of 45 [44]

(2c,2e) bonds. A survey is given in Figure 2 and Table 2. In
terms of Wade9s rules, nido, arachno, and hypho clusters are

in hand with a transformation in the direction arachno Rpresent, although no closo species are found. Note that the
nido R closo (closure) or vice versa (opening). Changes insame structural pattern, an icosahedral fragment, holds for
the ligand sphere or in the hydrogen bridge area (e.g. depro-all the molecules and anions 11234. Note also that in cases
tonations) are not considered in this section.of c(N) 5 2 (125, 7, 8, 13, 29, 32, 33) π bonds need to be

taken into account in order to provide the nitrogen atom Insertion
with an electron octet.

We describe here the insertion of sulphur S (into azabor-A much smaller number of azaboranes and heteroazabo-
anes), nitrenes NH or NR (into boranes), metal-complexranes with c(N) 5 4, 5 have been described; Table 3 and
fragments M (into azaboranes), and borylenes BH (into az-Figure 3 present a synopsis. All these clusters are derived
aboranes). The insertion of elemental sulphur transformsfrom three parent azaboranes, all of which are well-charac-
the nido anion 15 into the arachno anion 27, the sulphurterized: closo-NB9H10 (35), nido-NB10H13 (38), and closo-
atom contributing four electrons to the cluster [Eq. (1)]. TheNB11H12 (43). It is intended here to review the synthesis,
anion 15 is easily available from RNB9H11 (14) by applyingstructure, and reactivity of these azaboranes with 5- and 6-
the base 1,8-bis(dimethylamino)naphthalene (protoncoordinate nitrogen centres. Part of this chemistry has al-
sponge) [30].ready been reviewed[50] [51] [52] [53]. We start with a section

about synthetic procedures that still includes all of the aza- [RNB9H10]2 1 1/8 S8 R [S(RN)B9H10]2 (1)
boranes.

The insertion of a nitrene unit NR into a B9 skeleton can
Synthesis be achieved by first transforming B9H13(SMe2) into

B9H13(NH2R) followed by a dehydrogenation in boiling xy-The commercially available decaborane, B10H14, is the
lene to give products of type 14 [Eq. (2)] [13] [21]. [Note thestarting material for the synthesis of the azaboranes 8245,
identity of the structures 14 given in Eq. (2) and in Figurepresented in this section. The synthesis of the azaboranes
2].127, which starts from the azadiboriridine NB2R3 or from

iminoboranes RB(NR9), will not be discussed here. There
are three synthetic possibilities that include a change of
skeletal atoms: the addition (insertion) or the removal
(degradation) of a skeletal atom or both (degradative inser-
tion). In addition, there are two possibilities that involve a
change only in the skeletal arrangement, and which go hand
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The insertion of a unit NH (from HN3) into B10H12L2 The synthesis of the N-organo closo 12-vertex derivative

RNB11H11 can be achieved in one step from RNB9H11 (14)(L 5 SMe2) to give 25 with a bridging NH2 group [c(N) 5
2] is accompanied by an H/N3 ligand exchange [Eq. (3)] [31]. [Eq. (10)] [21].

RNB9H11 1 2 BH3(SMe2) R RNB11H11 1 2 SMe2 1 3 H2 (10)

The insertion of a molecule BH3 without loss of H2

should transform a nido into an arachno species, exemplified
by the formation of the anion 24 from the anion 15 [Eq.
(11)] [29] [30].The reaction of CB8H14 first with NaNO2 and then with

hydrochloric acid yields NCB8H13 (21); the stoichiometry
[RNB9H10]2 1 BH3(thf) R [RNB10H13]2 1 thf (11)

of this insertion of an NH vertex is unknown[28]. The inser-
tion of metal cations into azaboranes, on the other hand,

Both a carbyne unit and a nitrene unit are inserted when
follows a clear cut stoichiometry. The 10-vertex nido species

nitriles R9CN are added to the anions [B10H13]2 or
NB9H12 (14) is transformed into an 11-vertex species either

[C2B8H11]2 to give the 12-vertex arachno clusters
of the closo type [37; M 5 CpCo[19], (cymene)Ru[41]; Eq.

[N(R9C)B10H13]2 (32) and [NC2(R9C)B8H11]2 (33), respec-
(4)] or the nido type (42; X 5 Cl, M 5 Cp*Ir[46]). The 11-

tively[37].
vertex nido species [NB10H12]2 (39) and [NB10H11]22 (40)
are transformed into the 12-vertex closo species NB10H11M

Degradation[44; M 5 (Ph3P)2HRh[43], (C6Me6)Ru, (Ph3P)2Ni[44]; Eqs.
The nido cluster NB9H12 (14) is sensitive towards protic(5), (6)] or [M(NB10H11)2]2 (45; M 5 Co[44]). The arachno

agents. One boron atom is removed by the attack of water9-vertex species NB8H13 (11), finally, gives the nido species
in the presence of an acid to give arachno-NB8H13 (11)NB8H11M [23; M 5 (Me2PhP)2Pt[24]; Eq. (7)].
[Eq. (12)] [15].

NB9H12 1 1/2 [(C10H14)RuCl2]2 R
NB9H10[Ru(C10H14)] 1 2 HCl (4) NB9H12 1 3 H2O R NB8H13 1 B(OH)3 1 H2 (12)

[NB10H12]2 1 (Ph3P)3RhCl R
NB10H11[RhH(PPh3)2] 1 PPh3 1 Cl2 (5) One boron vertex is removed from closo-RNB9H9 and

recovered in the borazine (HBNR9)3, when primary amines[NB10H11]22 1 1/2 [(C6Me6)RuCl2]2 R
are applied, either according to Eq. (13) in polar THF orNB10H11[Ru(C6Me6)] 1 2 Cl2 (6)
according to Eq. (14) in less polar, noncoordinating di-NB8H13 1 [(PhMe2P)2PtCl2] R
chloromethane giving the nido anion 9 or the arachno spe-NB8H11[Pt(PMe2Ph)2] 1 2 HCl (7)
cies 12, respectively[13].

The insertion of a BH unit into azaboranes plays an im-
RNB9H9 1 2 R9NH2 R [R9NH3][RNB8H9] 1 1/3 (HBNR9)3 (13)portant role in the synthesis of the icosahedral species

NB11H12 (43). It is possible to start from the nido clusters RNB9H9 1 2 R9NH2 R RNB8H10(NH2R9) 1 1/3 (HBNR9)3 (14)
NB10H13 (38) or NB9H12 (14) and insert one or two BH
units, respectively [Eq. (8)[4] and (9)[48]]. The thermal de- The elimination of a BH3 unit from the anions
hydrogenation (140°C) of 38 or 14 in the presence of BH3 [NB10H14]2 and [NB10H13(N3)]2 (24) on protonation may
yields the closo anion [NB11H11]2, either directly [Eq. (8)[4]] be accompanied by a cluster closure and is therefore men-
or via closo-(Me2SBH2)NB11H11 [Eq. (9)[48]; the anion can tioned in a later section.
then easily be protonated to give 43.

Degradative Insertion

The first production of an azaborane with c(N) 5 3 dates
back to 1967, when two products, including the arachno
cluster 19 (X 5 H)[25], were isolated from the reaction of
decaborane and a thionitrosyl amine [Eq. (15)]. The fate of
the expelled B atom is not known.

B10H14/Me2NNS R [SB10H11]2/[(Me2N)NB9H12]2 (15)

Going from thionitrosyl to nitrosyl made a series of aza-
boranes available by the application of NaNO2 in acidic
media[54]. The transformation of the carbaborate
[C2B9H12]2 into a mixture of NC2B8H13 (26) and
NC2B8H11 (41) marked the starting point for this method
in 1974[2], followed by the synthesis of NB9H12 (14) in 1975;
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the workup can be done with conc. H2SO4 [Eq. (16)] [15] or
with iodine, giving a 57% yield[19].

B10H14/NaNO2/H2SO4 R NB9H12 (16)

The diazaborane N2B8H12 (20) can be prepared from
NB9H12 (14) by the same method. More stoichiometric
clarity is achieved when the ionic nitrite is replaced by alkyl-
nitrites [Eq. (17)] [39]. The expelled boron vertex is then
identified as trialkoxyborane.

B10H14 1 3 EtONO R NB9H12 1 B(OEt)3 1 H2 1 NO 1 NO2

(17)

The thiaborane SB9H11 was transformed by the action of
BuONO into a mixture of SNB6H11 (8) and SNB8H11

(22) [12], and B18H22 into NB17H20 (34) [38].
We formally consider the nitrogen atoms of bridging

amino groups to be skeletal atoms with c 5 2 throughout
this review article; the alternative position would be to view

predominant product component [Eq. (22)] [31]. Upon pro-such groups as having the same functionality as two skeletal
tolysis, the 11-vertex arachno anions of type 24,ligands, one of which contributes one and the other two
[RNB10H13]2 [from 15 by the insertion of BH3, Eq. (11)]electrons. The very first synthetic route to a larger azabor-
or [NB10H13(N3)]2 (from 25 by deprotonation[20]), are alsoane was by the degradative insertion of an NHEt vertex by
predominantly degraded to give products of type 14 [Eq.reacting B9H13(SEt2) with NH2Et. The hypho cluster 13
(23)] [20] [29] [30]; in the case of [NB10H14]2, the nido species(L 5 NH2Et) was synthesized by this method in 1962[55]

38 is the concurrent closure product [Eq. 24)] [29]. The de-and was structurally identified in 1963[17]. The expelled bo-
protonation of 25, according to Eq. (25)[20], represents aron vertex was presumably incorporated into a borazine
closure process that transforms one arachno structure (25)[Eq. (18)].
into another (24). Note that the skeleton of 24 can formally
be derived from the corresponding nido skeleton of 30 orB9H13(SEt2) 1 3 NH2Et R
31 by the removal of a vertex with c 5 4, thus increasing(EtHN)B8H11(NH2Et) 1 SEt2 1 2 H2 1 1/3 (HBNEt)3 (18)
the pentagonal aperture of 30 and 31 by one vertex; a vertex

The 10% yield of NB7H9M [10; M 5 Ir(PMe3)3] from of c 5 5 needs to be removed in order to transform 30 or
the action of N2H4 on B8H12M9 [M9 5 Ir(CO)(PMe3)2] is 31 formally into 25 with a heptagonal aperture.
formally the result of a degradative insertion[14].

OpeningA metal rather than a nitrogen vertex may be inserted
under expulsion of a boron vertex. For example, NB8H11M The opening of the closo species RNB9H9 (35) and
[17; M 5 (C6Me6)Ru] may be formed from NB9H12 (14) RNB11H11 (43) by protic agents HX, neutral bases L, or
and [MCl2]2 [24] and azadirhoda-closo-decaborane 36 (M 5 anionic bases X2 gives nido products of the type
Cp*Rh) from the hypho-borane 13 and [MCl2]2 [Eq. RNB9H10X (16), RNB11H11L (30), or [RNB11H11X]2 (31),
(19)] [40]. respectively, as discussed in a later section. The nido clusters

RNB9H11 (14) are transformed into the arachno clusters(EtHN)B8H11(NH2Et) 1 [Cp*RhCl2]2 1 4 NaH R
RNB9H11L (18) by the addition of Lewis bases L; the term(EtN)B7H7(RhCp*)2 1 BH3(NH2Et) 1 4 NaCl 1 3 H2 (19)
“opening” has only an electronic meaning in this case, since
the topology of the 10-vertex cluster skeleton is the sameClosure
for nido and arachno species.

Thermal dehydrogenation of nido-NB9H12 at 3752400°C
makes closo-NB9H10 available [Eq. (20)] [3], and the de- Structure
hydrogenation of RNB9H11 follows the same pattern to

The geometry of the parent aza-closo-boranes NB9H10give RNB9H9
[13].

(35) and NB11H12 (43) have been determined from Hartree-
Fock SCF calculations with 3-21G an 6-31G* basis sets as
well as from X-ray (35) and electron diffraction work (43)
(Table 4). The structures represent a C4v distorted bicapped
tetragonal antiprism and a C5v distorted icosahedron,
respectively, as expected from Wade9s cluster rules. We de-
note the three types of symmetrically equivalent boronThe arachno species NB10H14(N3) (25) undergoes an

elimination of HN3 in boiling xylene to give the nido cluster atoms as ortho, meta, and para with respect to their distance
from the nitrogen vertex. Typically, the nitrogen vertex of38 [Eq. (21)]; the degradation product 14, however, is the
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NB9H10 is in one of the two capping positions with c 5 4. six-coordinated nitrogen atoms (c 5 5) into the skeletons

of the closo 12-vertex species.The highly symmetric structures, calculated for NB9H10 and
NB11H12 and observed for NB11H12 in the gas phase, are Although the formal charge of the nitrogen atom is

highly positive, the real atomic charge is expected to bealso present in solution, according to NMR data; they are
slightly distorted in crystalline NB9H10 and in two crystal- most negative at the electronegative nitrogen atom of

NB9H10 or NB11H12, whereas the most positive positionsline derivatives of NB11H12 (Table 4). Although the skeletal
distances of the free molecules are in general longer than should be the nitrogen-bound hydrogen atom and the boron

atoms adjacent to the nitrogen atom (ortho position, o-B).those in the crystal, the sequence is the same when going
through the five zones of equivalent distances for C4v or This is confirmed by ab initio calculations of the atomic

charges, which are quantitatively different depending onC5v symmetry. The BN bonds, the shortest in both closo
clusters, are distinctly shorter in the NB9 than in the NB11 whether calculated according to the methods of either Mul-

liken or Löwdin (Table 5). Qualitatively, however, the resultsskeleton, a phenomenon that is apparently related to the
different connectivity of the nitrogen atom. A smaller effect of the two calculations are in accord and indicate that the

boron atoms in the meta position (m-B) are the most nega-of the same type and origin is observed for the boron atoms
in the antipodal position, i.e. the apex opposite to the nitro- tively charged ones, the antipodal boron atoms (para posi-

tion, p-B) range between o-B and m-B, and the least posi-gen atom.
A typical feature of both polyhedra is the short distance tively charged hydrogen atoms are the antipodal ones. The

large calculated dipole moments of ca. 5.1 (35) and 4.6 Dbetween the nitrogen atom and the polyhedral centre, if
compared to the boron atoms. The penetration of the nitro- (43) are oriented with their positives ends towards the nega-

tively charged nitrogen atoms, demonstrating that all thegen atom into the cluster widens the B2B distances in the
upper pyramidal basis making them the largest in the skel- 20 (24) atoms and particularly the hydrogen atoms on the

symmetry axis contribute to the dipole moment.eton. In addition, the four (five) B2H bonds in the upper
pyramidal basis are shifted away from the radial direction The sequence m > p > o for the charge densities at the

boron atoms (Table 5) does not parallel the 11B-NMRtowards the nitrogen atom, thereby shielding it consider-
ably. chemical shifts, which form a series m > o > p with decreas-

Table 4. Calculated and experimental distances in closo-NB9 and -NB11 skeletons[a]

NB9H10 NB9H10 NB11H12 NB11H12 RNB11H11
[b] NB11H10Y[c]

calcd. [56] [57] X-ray[39] calcd. [56] GED[47] X-ray[21] X-ray[48]

Upper pyramid (B2N) 157.7 152 171.0 171.6(9) 171.9 172.2
Upper pyramidal basis 187.4 181 182.1 182.5(6) 179.6 179.7
Antiprismatic zone 180.6 175 176.7 179.1(5) 174.5 175.2
Lower pyramidal basis 186.9 177 180.8 179.1(5) 177.3 178.3
Lower pyramid 171.1 163 179.8 179.1(5) 177.0 178.1

[a]Average of four (five) slightly different values in the four pyramidal zones and of eight (ten) values in the antiprismatic zone in the NB9
(NB11) skeleton in the case of crystal data 2 [b] R 5 PhCH2 2 [c] Group Y represents a 2BH22NEt2CH22CH22 chain, bridging N
and B2

The structures of the azametalla-closo-boranes NB7H8- ing field [in CD2Cl2, standard BF3(OEt2)]: 221.7, 25.6,
62.4 (NB9H10) [39] and 211.9, 29.8, 2.7 (NB11H12)] [4]. The(RhCp*)2 (36) [40], NB10H11[RhH(PPh3)2] [43], and NB10H11-

[Ru(C6Me6)] (44) [44] have also been investigated in the crys- downfield shift of p-B, particularly with NB9H10, is called
the antipodal effect. It has been compared to the corre-talline phase and represent typical 10- or 12-vertex closo

structures, respectively. sponding antipodal effect exhibited by the isoelectronic
species XB9H9 and XB11H11 with X 5 AlH22, BH22, CH2,The azametallaboranes 37, NB9H10(CoCp*)[19] and

NB9H10[Ru(cymene)] [41], represent the rare case of a 11-ver- S etc. The antipodal effect for NB9H10 has been described
as greatly influenced by the paramagnetic part of the chemi-tex closo species for which the structure has been confirmed.

Typically, the metal atom is in the unique position with c 5 cal shielding; the HOMO2LUMO energy difference is also
an important factor, as are the tangential px, py orbitals at6; this position is unfavourable for boron and impossible

for nitrogen. the p-B atom, which are called NMR-active [57] [58] [59]. Since
precise calculated geometrical data are available, compu-The nido 11-vertex molecules RNB10H12 (R 5

NB2HtBu3; 38), NC2B8H11 (41), and NB9H11Cl(IrCp*) (42) tational methods such as IGLO allow the calculation of
11B-NMR data which are in good accord with experimen-can be described as the expected icosahedral fragment

structures with a pentagonal aperture, which is confirmed tal results[47].
An analysis of the charge distribution in clusters shouldby crystal structure analysis [42] [45] [46].

There is no doubt that five-coordinated nitrogen atoms provide an understanding of which vertices will be attacked
by electrophiles and which by nucleophiles. The products of(c 5 4) are incorporated into the borane cluster skeletons

of the closo 10-, closo 11- and nido 11-vertex species and ligand substitution, opening, and even degradation reac-
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Table 5. Mulliken (a) and Löwdin (b) atomic charges of NB9H10 of structures would be increased if we allowed those which

and NB11H12
[56]

(a) contain also open instead of only closed (3c,2e) bonds,
(b) contain edges without bonding interaction, (c) containN o-B m-B p-B 1-H o-H m-H p-H
vertices not obeying the octet rule. In going from [B12H12]22

to the isoelectronic NB11H12 the degeneracy decreases andNB9H10 (a) 21.073 0.184 20.068 0.092 0.434 0.000 0.027 20.024
(b) 20.234 0.062 20.135 20.077 0.291 0.030 0.040 0.031 structures in which the nitrogen atom adopts one of the

NB11H12 (a) 21.065 0.097 20.054 0.009 0.443 0.037 0.037 0.029 (2c,2e) bonds become favourable.(b) 20.222 0.027 20.123 20.078 0.295 0.040 0.048 0.038

Reactivity

tions may be predicted, provided that the first step of the Little is known about the reactivity of the azametalla-
reaction determines the products and that the ground-state closo-boranes with either an NB7M2 (36), NB9M (37), or
polarities determine the transition state of that first step. In NB10M skeleton (44, 45). The same is true for the reactivity
the case of NB9H10 and NB11H12, one would expect nucleo- of the nido 11-vertex clusters NC2B8H11 (41) and
philes to attack the ortho position and electrophiles the NB9H11ClM (42). More is known about the reactivity of
meta position. Such an expectation is met for nucleophiles, closo-NB9H10 (35), closo-NB11H12 (43), and nido-NB10H13
which exclusively attack at the ortho belt, whereas electro- (38).
philes attack either in the para or in the meta, but never in
the ortho position (see following sections). Redox Reactions

The binding electrons in closed boranes are delocalized The N-alkyl derivatives RNB9H9 and RNB11H11 are
over the whole skeleton in a way that is strongly suggestive stable towards iodine and bromine, even if dissolved in
of the π electrons in benzene-type molecules, and closed liquid bromine[49]. A mixture of RNB11H11 and liquid
boranes have therefore been denoted as aromatic systems. chlorine may be kept for a while at low temperature, but
In this context, azaboranes may be compared to pyridine. can undergo a spontaneous violent reaction. No doubt BN,
In the old-fashioned valence-bond description of benzene, BHal3 and HHal are the thermodynamically stable prod-
the delocalization of the π electrons is achieved by introduc- ucts from a mixture of NB11H12 and excess Hal2, but such
ing resonance between structures built up by localized (2c, a mixture is more or less metastable. Strong reduction ag-
2e) π bonds. Such a procedure can also be applied to bor- ents like alkali metals do not react with RNB11H11.
anes, where the resonating structures are built up by lo-
calized (2c,2e) and (3c,2e) bonds[60]. The icosahedral do- Brønsted Acid/Base Reactions
decaborate [B12H12]22 is given as an example. This anion

The skeleton of the closo species RNB9H9 and RNB11H11may be built up by y (2c,2e) bonds and t (3c,2e) bonds.
is stable if dissolved in strong acids such as triflic acidThe 24 atoms contribute 60 valence orbitals and 50 valence
F3CSO3H[49]; a proton/proton exchange cannot be ex-electrons. From the balances 60 5 3t 1 2y and 50 5 2t 1
cluded, however. The nitrogen-bound protons of the parent2y, we find y 5 15 and t 5 10. There are twelve B2H
molecules NB9H10 and NB11H12 can be easily removed by(2c,2e) bonds leaving three (2c,2e) and ten (3c,2e) bonds to
bases, in the case of NB11H12 even with the weak basebuild up the cluster skeleton. Four resonance structures of
NEt3, to give the anions [NB9H9]2 and [NB11H11]2. Thesedifferent energy can be constructed (Figure 4). Each of the
anions can easily be alkylated by RI and RO3SCF3, respec-structures A and B of C1 symmetry is related to 120 de-
tively, if R represents an α-unbranched alkyl group[3] [21] [36];generate resonance structures, the structure C (C3 sym-
bulky alkyl and aryl groups R cannot be fixed to the nitro-metry) allows 40 and the structure D (C3v symmetry) 20
gen atom of the anions, but such derivatives RNB9H9 anddegenerate structures, which altogether sum up to 300 re-
RNB11H11 are available from RNB9H11 by either dehydro-sonating structures. (Note that the number of degenerate
genation [Eq. (20)] or insertion of two BH units [Eq. (10)],structures is equal to the ratio of the order of the group Ih
respectively.to the order of the corresponding subgroup.) The number

The nido cluster NB10H13 (38) can be deprotonated once
or twice by hydride bases, depending on the stoichiometricFigure 4. Resonance formulae A2D of [B12H12]22, front and rear

side of the icosahedral structure being shown for each amount of base. The protons are removed from the bridging
positions, not from the NH group. The corresponding
anions [NB10H12]2 (39) and [NB10H11]22 (40) are isoelec-
tronic with the anions [C2B9H12]2 and [C2B9H11]22 and,
like these, they offer a pentagonal open face which is iso-
lobal with C5H5

2 and is ready, therefore, to form penta-
hapto bonds with transition-metal species M21. A third
proton cannot be removed from [NB10H11]22. Interestingly,
the nido-azadicarbaborane NC2B8H11 (41) which is isoelec-
tronic with NB10H13 can be deprotonated at the nitrogen
atom, since bridging hydrogen atoms are absent; applying
K2CO3 and MeI consecutively gives the corresponding N-
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methyl derivative[32] [45]. Nevertheless, the terminal nitrogen cular dehydrogenation of this type has never been observed;

the loss in entropy would be too great.atom and not one of the bridging protons becomes active
when NB10H13 is added to the azadiboriridine NB2tBu3 to
yield (NB2HtBu3)NB10H12

[42].

Electrophilic Substitution

The closo clusters RNB9H9 (R 5 p-ClC6H4) and
RNB11H11 (R 5 Me) react neither with triflic acid (as men-
tioned above) nor with methyl triflate. A mixture of one of
the clusters, with methyl triflate as the solvent and triflic
acid as a catalyst, however, results in a five- and six-fold
methylation after four hours [Eqs. (26), (27)] [49].

The bromination of the same closo species that were used
for the methylation, yields either a fivefold-brominated or aNB9H9 1 5 MeOTrf R RNBH4Me5 1 5 HOTrf (26)
monobrominated product when AlBr3 acts as a Friedel2RNB11H11 1 6 MeOTrf R RNB11H5Me6 1 6 HOTrf (27)
Crafts catalyst [Eqs. (33), (34)] [49].

As expected from the cluster charge distribution, the
ortho positions remain unattacked by the electrophile, RNB9H9 1 5 Br2 R RNB9H4Br5 1 5 HBr (33)
whereas the meta and para positions are completely substi-

RNB11H11 1 Br2 R RNB11H10Br 1 HBr (34)tuted. The same procedure transforms the ortho-dicarba-
borane C2B10H12 into C2B10H2Me10; all boron vertices in
this product carry methyl groups, even those adjacent to As expected, the bromination takes place in the meta and
carbon[61]. If the methylation of the aza-closo-boranes is para position of the NB9, but exclusively in the para posi-
prolonged by 16 hours, one of the methyl groups in each of tion of the NB11 skeleton. Iodination in the presence of
the products is replaced by a triflate group [Eqs. (28), (29)]. AlCl3 stops at the diiodination to give RNB9H7I2, with

iodine in the meta and para position, or at the moniiodation
RNB9H4Me5 1 HOTrf R RNB9H4Me4(OTrf) 1 CH4 (28) to give the para product RNB11H10I.
RNB11H5Me6 1 HOTrf R RNB11H5Me5(OTrf) 1 CH4 (29) There is some similarity in the halogenation of the aza-

boranes RNB9H9 and RNB11H11 on the one hand and of
The triflate group is fixed to a meta position in the 10- the isoelectronic thiaboranes SB9H9 and SB11H11 on the

vertex product, but to a para position in the icosahedral other; these can be halogenated once, twice or three times,
species. An electrocyclic mechanism via a six-membered preferably in the meta, also in the para, but not in the ortho
cyclic transition state has been proposed for the reactions position[62] [63] [64]. The isoelectronic carbaborates [CB9H10]2
(28) and (29)[49]. and [CB11H12]2 also undergo a similar electrophilic halo-

Although ortho-alkyl derivatives of NB9H10 are not avail- genation to give [CB9H9Hal]2 (Hal 5 Cl, Br, I, in the meta
able by electrophilic alkylation, they are available, if one position) or [CB9H5Hal5]2 (Hal 5 Cl, Br, in the meta and
starts from NB9H11R with the group R in the 9 position. para positions)[65] [66] [67] and to give [CB11H11Hal]2 (Hal 5
The thermal dehydrogenation yields NB9H9R with R in Cl, Br, I, in the para position) or [CB11H10I2]2 (I in the
ortho position [Eq. (30)]. The starting material can be syn- meta and para position) or [CB11H6Hal6]2 (Hal 5 Cl, Br,
thesized from NB9H12 and the corresponding alkenes by in the meta and para position)[68] [69] [70].
hydroboration[22]. As expected, the 9-alkyl derivative
PhNB9H10R gives the meta-alkyl derivative PhNB11H10R
on ring closure with BH3(SMe2) [Eq. (31)] [30]. Cluster Opening by Bases

The 10-vertex aza-closo-borane RNB9H9 (35) can be
opened by amines. Whereas simple tertiary amines like
NEt3, NiBu3 do not react with RNB9H9 (R 5 p-ClC6H4),
the bifunctional tertiary amine Me2N2CH22CH22NMe2

(tmen) gives a 1:1 adduct via one of the basic nitrogen
atoms, which attacks one of the ortho positions. The closo
species is transformed into a nido-NB9 skeleton that con-
tains an unsymmetric hydrogen bridge without fluxional be-A singular alkylation at the ortho belt of the closed NB11

skeleton is observed when the synthesis of NB11H12 from haviour, according to NMR data at room temperature [Eq.
(35)] [23]. The same type of hydrogen bridge is present in theNB9H12 is performed with BH3(NEt3) instead of

BH3(SMe2), according to Eq. (9). At 200°C the product, anions [RNB9H10]2 (15; R 5 Ph, PhCH2), which are
formed from RNB9H11 (14) by the addition of R9NH2expected from Eq. (9), is apparently not stable, and un-

dergoes a further dehydrogenation; a B2C bond is formed (R9 5 tBu) and subsequent deprotonation of the adduct
(18) by hydride [Eq. (36)] [23]. The difference in reactivityfrom a CH3 and a BH moiety [Eq. (32)] [48]. An intermole-
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between ordinary tertiary amines and tmen is not under- the dehydrogenation, Eq. (30), with respect to the skeletal

changes.stood.

The closo species RNB9H9 is degraded when an excess of
primary or secondary amine is applied. A secondary amine
like NHEt2 or NHiPr2 and even a primary amine with a
bulky group like NH2tBu simply opens RNB9H9 without
degradation, when an excess of amine is avoided. The hy-
drogen atoms of the reacting moieties BH and NH are
found in the open face of the product [Eq. (37)]. Bridging

nido products of type 31 are formed when anions X2 arepositions B82B9 and B102B9 would be expected if the
added to closo-RNB11H11 [Eq. (39)] [35]. Substances MX asproduct RNB9H10(NR9R0) was a nido cluster, whereas
different as LiMe, LiBu, K[OtBu], [N(PPh3)2]Cl, [S(NMe2)3]-bridging positions B52B10 and B72B8 would indicate an
[Me3SiF2] (X 5 F by elimination of Me3SiF), and K[BHEt3]arachno cluster. An electron count, according to Wade9s
(X 5 H by elimination of BEt3) have been allowed to reactrules, predicts a nido product RNB9H10X (14) if the ligand
with MeNB11H11.X behaved like a hydrogen atom, but would give an arachno

product if X acted as a three-electron ligand, forming a σ
MeNB11H11 1 MX R M[MeNB11H11X] (39)and a dative π bond, due to a lone pair of X. The two non-

exo-hydrogen atoms of the product, Eq. (37), were found
In the case of protic agents such as HOMe, the anionby NMR methods to be predominantly in an endo position

MeO2 is added to RNB11H11 (R 5 H, Me, Et, Ph), and theat B8 and B10, i.e. a position inbetween those typical for
proton, the corresponding cation, is dissolved in the organicnido and arachno 10-vertex clusters. Such an electronic-hy-
medium, e.g. CH2Cl2. Efforts to isolate the free acidbrid situation was also concluded from the 11B-NMR
H[RNB11H11(OMe)] resulted in a complete degradation ofdata[23] apparently because of weak BN π bonding between
the cluster. The cluster anion can be precipitated, however,the amino ligand and the cluster.
from solutions of the free acid by adding salts such as
[N(PPh3)2]Cl, leaving HCl in the solvent[36]. No deuterium
is incorporated into the cluster if DOMe instead of HOMe
is applied, proving that the bridging hydrogen atom in the
anion 31 is one of the hydrogen atoms of the starting mate-
rial 43 and that there is no hydrogen/deuterium exchange
between the anion 31 and DOMe[36]. A secondary amine
such as the protic agent HNEt2 yields the salt-type productIn the case of the closo-borane RNB11H11 (43), simple
[H2NEt2][RNB11H11(NEt2)] [35].tertiary amines such as NEt3 are added to the ortho position

We assume that the mechanism of the formation ofto give the nido cluster 30 by the migration of the former
anions 31 from 43 is best described by the reaction sequenceterminal hydrogen atom into a neighbouring bridge posi-
(40), which starts with the addition of X2 to 43, followedtion in the open pentagonal face (R 5 Ph) [Eq. (38)] [35].
by a series of rearrangements of a hydrogen atom from an
endo into a bridging position and vice versa. The secondPhNB11H11 1 NEt3 R PhNB11H11(NEt3) (38)
intermediate in this sequence corresponds to the isolated
neutral adduct RNB11H11(NEt3) (30). [Only the 6-vertexThe similarity of the steric course of reactions (35) and

(37) is elucidated by observing the closo clusters along the upper halves of the 12-vertex polyhedral anions are drawn
in sequence (40).]main axes. The reduction of the connectivity at the nitrogen

atom to c 5 3 involves the opening of one B2N bond in The anions [RNB11H11X]2 (31) are remarkably stable in
protic media including aqueous acids and bases. Effortsreaction (35), but of two B2N bonds in reaction (38). No

B2B bond is opened during reaction (38), whereas three have failed to deprotonate the anion [PhNB11H11(OH)]2 in
order to study the oxo-ligand in the expected dianionB2B bonds are opened and one B2B bond is closed during

reaction (35), which can be considered to be the reverse of [PhNB11H11O]22, even though the strongest bases have
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The effect of the natural bite angle (βn) of diphosphane li- diphosphane ligands has a large effect on catalyst selectivity
and activity. Both rate and selectivity of the cross-couplinggands on catalyst selectivity and activity in the palladium-

catalyzed cross-coupling of sec-butyl magnesium chloride reaction increase with increasing bite angle and reach a ma-
ximum value with DPEphos (βn = 102.7° ). Larger bite angleswith bromobenzene was investigated. The calculated natural

bite angles range from 78° for dppe (1,2-bisdiphenylphos- of the diphosphane ligands result in a decreased selectivity
and activity.phanoethane) to 110° for Xantphos. The natural bite angle of

Figure 1. Diphosphanes with large bite anglesTransition metal catalyzed carbon2carbon bond forma-
tion is an important tool for organic chemists and a chal-
lenging area of research in homogeneous catalysis. Nickel
and palladium catalysts with tailored phosphane ligands
have been applied successfully in the cross-coupling reac-
tion. The influence of the type of (di)phosphane used is
very large, although the effect is not yet fully under-
stood.[1] [2] One of the steric parameters for diphosphanes is
the bite angle induced by the ligand.[3] Hayashi et al. found
that dppf [1,19-bis(diphenylphosphanoferrocene)], a diphos-
phane with a large P2Pd2P bite angle of 99.1° in
[dppf]PdCl2, has the highest activity and selectivity of a
range of (di)phosphane ligands. Furthermore, comparison
of different diphosphanes revealed an increase of selectivity
with an increasing bite angle. [4] [5]

We have developed a new group of diphosphanes capable
of enforcing large bite angles (see Figure 1). [6] According to platinum(II) complexes showed large Pt2P coupling con-
our calculations, these ligands have natural bite angles vary- stants of 364023800 Hz, indicative of square planar cis co-
ing from 102° to 110° (for palladium complexes). Recent ordination. The palladium complexes were utilized as cata-
studies on hydroformylation,[6] hydrocyanation,[7] and al- lysts in the coupling of sec-butylmagnesium chloride with
lylic alkylation[8] showed that changes in the bite angle of bromobenzene (see eq. 1, Table 1). [4] [5]

these ligands have a strong influence on catalyst selectivity.
Since the steric and electronic properties of these ligands
are the same, all effects on selectivity or activity can be attri-
buted to the bite angle. Here we present a study on the
effect of the bite angle of chelating diphosphanes on the
activity and selectivity in the palladium-catalyzed cross-
coupling reaction.

We prepared mononuclear, cis-(P-P)PdCl2 (124a) com- Homocoupling, an important competing reaction in the
plexes of the Xantphos-type ligands (see Figure 1) and the cross-coupling reaction,[9] was not taken into account in
analogous (diphosphane)PtCl2 complexes (124b). The Hayashi9s study. We therefore applied their best catalytic

system, dppfPdCl2, under identical conditions and analyzed
the product mixture for the presence of 9, the homocoupled

[°] Netherlands Institute for Research in Catalysis (NIOK) publi- product. An amount of 3% was observed, which has a small
cation UVA 98-6-02 effect on the overall selectivity of this catalyst system. The[°°] Present address: DSM Research, P.O. Box. 18, 6160 MD Ge-
leen, The Netherlands initial turnover frequency was 79 mol (mol Pd)21 h21
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Table 1. Cross-coupling of 2-butylmagnesium chloride with bromo- amounts. At still larger bite angles the amount of homo-

benzene in diethyl ether coupling product 9 increased to a level of 40%.
Which step in the catalytic cycle is rate determining, is

Ligand Bite angle t.o.f.[a] Reaction Conversion[b] 7 8 9 still under debate. Evidence has been presented that thetime [mol (mol [h] [%] [%] [%] [%]
[°] Pd)21 h21] rate-determining step can be either one of the following

steps: the oxidative addition,[10] [11] the transmetal-
dppe [c] 78.1 n.d. 48 4 0 0 n.d. lation,[12] [13] or the reductive elimination step.[14] [15]

dppp [c] 86.2 n.d. 24 67 69 31 n.d. Brown and Guiry studied the effect of the P2Pd2P bitedppb [c] 98.7 n.d. 8 98 51 25 n.d.
dppf 99.07 [d] 79 2 100 95 2 3 angle on the rate of reductive elimination. Both experimen-
DPEphos 102.9 181 2 100 98 1 1 tal work and extended Hückel calculations showed that the
Sixantphos 106.5 36 16 58.8 67 17 16

P2Pd2P angle increased along the reaction pathway. ToThixantphos 107.2 24 16 36.5 51 17 32
Xantphos 110.0 24 16 23.6 41 19 40 investigate this effect they prepared a ruthenium analogue

of dppf in order to increase the bite angle to 1052110°.
Conditions: 0.04 mmol catalyst, 8 mmol 5 and 4 mmol 6 in 20 ml The ruthenium-based ligand exhibited a slightly larger reac-
ether, T 5 20°C. The 95% confidence interval of the mean measu-

tivity for reductive elimination than dppf, but the effectred values is ±1.1%. 2 n.d.: not determined 2 [a] Initial turnover
frequency, determined after 5 min. of reaction time. 2 [b] Conver- was marginal. [16]

sions based on 6. 2 [c] Results from reference[5], dppe 5 1,2-bis(di- An increasing P2Pd2P angle results in a decreasingphenylphosphano-ethane), dppp 5 1,3- bis(diphenylphosphano-
R2Pd2R9 angle in the intermediate of the catalytic cycle.propane), dppb 5 1,4-bis(diphenylphosphano-butane). 2 [d] Since

we are not able to model the ferrocene-unit accurately, the natural This smaller R2Pd2R9 angle accelerates reductive elimi-
bite angle for dppf is taken as 99.1°, the P2Pd2P angle from the nation. The optimum is reached at a P2Pd2P angle of ca.X-ray structure of (dppf)PdCl2[5].

102°. The reaction rates of [DPEphos]PdCl2 and
[dppf]PdCl2 are similar, which seems to imply thatScheme 1
DPEphos still induces a distorted square planar coordi-
nation. When the P2Pd2P angle increases further, the
Pd(II) species will no longer have a square planar geometry.
We propose that this distortion leads to an increasing
R2Pd2R9 angle, which results in a decreasing relative rate
of reductive elimination. This might explain the decrease of
the rate of reaction when going from DPEphos to
Xantphos.

An explanation for the formation of n-butylbenzene (8)
can be the increased tendency to form trigonal bipyramidal
intermediates with an increasing bite angle. The large bite
angle induced by the Xantphos-type diphosphanes stabilize
trigonal bipyramidal geometries, and the phosphorus donor
atoms will be coordinated in the equatorial plane. This may
lead to an increased rate of β-hydride elimination and re-
insertion (see Scheme 1). The 1-alkyl palladium intermedi-
ate can react further to yield 8. The ligands that are most
suitable for stabilizing trigonal bipyramids, Sixantphos,
Thixantphos, and Xantphos give rise to the formation of
large amounts of 8. Additionally, oxidative addition of a
second molecule of bromobenzene results in the formation
of a trigonal bipyramidal [(diphosphane)PdIV(Ph)2Bu]1

Br2 complex. [14] Stabilization of this complex by ligands
inducing larger bite angles can explain the increasing
amounts of homocoupled product 9 (see Scheme 2). TheThe catalyst containing DPEphos, βn 5 102.7°, was even

more active and selective than the one with dppf. The cross- alternative mechanism of transmetallation between isobu-
tylmagnesium chloride and bromobenzene, however, cannotcoupling product 7 was obtained in a selectivity of 98%

(compared to 95% for dppf), with only 1% of the homocou- be excluded.
pled 9, and 1% of 8. The observed initial turnover fre-
quency is 181 mol (mol Pd)21h21, which is 2.3 times as high

Scheme 2
as the initial t.o.f. we observed for dppf.

Increasing the βn of the diphosphane resulted in a de-
crease of both catalyst activity (an initial t.o.f. of 36 mol/
mol/h using Sixantphos) and selectivity. The amount of
cross-coupling product 7 decreased, whereas the homocou-
pled 9 and the sideproduct 8 were formed in larger

Eur. J. Inorg. Chem. 1998, 1552157156



Bite Angle of Diphosphane Ligands Cross-Coupling SHORT COMMUNICATION
(Thixantphos)PdCl2 (3a): Yield: 0.256 g (0.330 mmol, 91%) yel-In conclusion it was found that in the (diphos-

low powder. 2 31P{1H} NMR (CDCl3) δ 5 25.3.phane)PdCl2-catalyzed cross-coupling of 2-butylmagnesium
(Thixantphos)PtCl2 (3b): Yield: 0.163 g (0.189 mmol, 89%) off-chloride with bromobenzene, the selectivity reaches the

white powder. 2 31P{1H} NMR (CDCl3) δ 5 8.4 (JPt-P 5 3641 Hz).highest value when the natural bite angle of the diphos-
phane used is ca. 100°. The rate of the reaction is also maxi- (Xantphos)PdCl2 (4a): Yield: 0.140 g (0.185 mmol, 82%) yellow

powder. 2 31P{1H} NMR (CDCl3) δ 5 22.7.mal at this value. The best selectivity and activity are ob-
tained for DPEphos, a diphosphane with a natural bite an- (Xantphos)PtCl2 (4b): Yield: 0.149 g (0.176 mmol, 83%) pale yel-

low powder. 2 31P{1H} NMR (CDCl3) δ 5 6.6 (JPt-P 5 3695 Hz).gle of 102°. We propose that diphosphanes with larger bite
angles stabilize trigonal bipyramidal intermediates leading Palladium-Catalyzed Cross-Coupling of Bromobenzene with sec-

Butylmagnesium Chloride. General Procedure: The catalyst (0.04to 1-butyl-benzene and homocoupled biphenyl.
mmol) was placed in a 50 ml Schlenk flask equipped with a stirring
bar. Diethyl ether (10 ml)was added, and the reaction mixture wasExperimental Section
kept at the desired temperature using a water bath (20° C). Bromo-

Computational Details: All calculations were performed using benzene (0.42 ml, 4 mmol) and n-decane as an internal standard
CAChe WorkSystem software[17] on an Apple Power Macintosh (0.8 ml, 4.1 mmol) were added, followed by 10 ml of a solution of
950 equipped with 2 CAChe CXP coprocessors. The Molecular sec-butylmagnesium chloride (0.8  in ether). Samples were hy-
Mechanics calculations were performed using the MM2 force drolyzed with 10% hydrochloric acid, the organic layer was sepa-
field. [18] Block-diagonal Newton-Raphson was used as optimi- rated, and analyzed by GC.
zation method. Natural bite angle calculations were performed
using a method similar to that described by Casey and Whiteker[3]

[1] M. Kumada, Pure & Appl. Chem. 1980, 52, 669.
using a Pd2P bond length of 2.288 Å. [5] [19] [2] E. Negishi, Acc. Chem. Res. 1982, 15, 340.

[3] C. P. Casey, G. T. Whiteker, Isr. J. Chem. 1990, 30, 299.
For the ligands dppe, dppp and dppb, a starting geometry for [4] T. Hayashi, M. Konishi, M. Kumada, Tetrahedron Lett. 1979,

21, 1871.the chelate ring resembling the appropriate cycloalkane was used.
[5] T. Hayashi, M. Konishi, Y. Kobori, M. Kumada, T. Higuchi,By this procedure, the global minimum resulting from excessive,

K. Hirotsu, J. Am. Chem. Soc. 1984, 106, 158.stabilizing π-stacking interactions (and having a too small a bite [6] M. Kranenburg, Y. E. M. van der Burgt, P. C. J. Kamer, P. W.
angle) was avoided. The geometry obtained in this way is in agree- N. M. van Leeuwen, K. Goubitz, J. Fraanje, Organometallics

1995, 14, 3081.ment with geometries observed by X-ray crystallography.[20]

[7] M. Kranenburg, P. C. J. Kamer, P. W. N. M. van Leeuwen, D.
Synthesis: The diphosphane ligands were prepared according to Vogt, W. Keim, J. Chem. Soc., Chem. Commun. 1995, 2177.

[8] M. Kranenburg, P. C. J. Kamer, P. W. N. M. van Leeuwen, Eur.literature procedures.[6]

J. Inorg. Chem., 1998, 25227.
[9] R. van Asselt, C. J. Elsevier, Organometallics 1994, 13, 1972.Complex Synthesis: In a typical experiment, ligand (0.121 g,
[10] J. F. Fauvarque, A. Jutand ,J. Organomet. Chem. 1981, 209, 109.0.225 mmol) and (PhCN)2PdCl2 (0.087 g, 0.225 mmol) ware placed [11] J. F. Fauvarque, A. Jutand, J. Organomet. Chem. 1979, 177, 273.in a Schlenk flask, and flushed with N2. THF (10 ml) was added, [12] V. Farina, B. Krishnan, J. Am. Chem. Soc. 1991, 113, 9585.

and the reaction mixture was stirred overnight at room temp. The [13] E. Negishi, T. Takahashi, S. Baba, D. E. van Horn, N. Oku-
kado, J. Am. Chem. Soc. 1987, 109, 2393.solvent was removed in vacuo, the resulting yellow powder was

[14] A. Gillie, J. K. Stille, J. Am. Chem. Soc. 1980, 102, 4933.washed 3 times with 10 ml of diethyl ether, then dried in vacuo. [15] F. Ozawa, T. Ito, Y. Nakamura, A. Yamamoto, Bull. Chem. Soc.
Jpn. 1981, 54, 1868.(DPEphos)PdCl2 (1a): Yield: 0.198 g (0.251 mmol, 98%) of yel-

[16] J. M. Brown, P. J. Guiry, Inorg. Chim. Acta 1994, 220, 249.low powder. 2 31P{1H} NMR (CDCl3) δ 5 19.3. [17] CAChe Scientific Inc., 18700 N.W. Walker Road, Building 92-
01, Beaverton, OR 97006 1994.(DPEphos)PtCl2 (1b) Yield: 0.162 g (0.201 mmol, 95%) of yellow [18] U. Burkert, N. L. Allinger, Molecular Mechanics, American

powder. 2 31P{1H} NMR (CDCl3) δ 5 2.0 (JPt-P 5 3795 Hz). Chemical Society, Washington, D.C. 1982.
[19] H. C. L. Abbenhuis, U. Burckhardt, V. Gramlich, C. Köllner,(Sixantphos)PdCl2 (2a):Yield: 0.150 g (0.251 mmol, 86%) of yel- P. S. Pregosin, R. Salzmann, A. Togni, Organometallics 1995,

low powder. 2 31P{1H} NMR (CDCl3) δ 5 24.8. 14, 759.
[20] A. J. Pavigliani, D. J. Minn, W. C. Fultz, J. L. Burmeister, Inorg.

(Sixantphos)PtCl2 (2b): Yield: 0.161 g (0.187 mmol, 88%) of yel- Chim. Acta 1989, 159, 65.
[97159]low powder. 2 31P{1H} NMR (CDCl3) δ 5 7.6 (JPt-P 5 3663 Hz).
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Ti9O8(OPr)4(methacrylate)16 was obtained by the reaction of [TiO6] octahedra linked by six µ2- and only two µ3-oxide brid-
ges.Ti(OPr)4 with an excess of methacrylic acid and analyzed by

X-ray diffraction. The compound consists of a ring of nine

When metal alkoxides are treated with carboxylic acids, the maximum carboxylate/titanium ratio (x) of oxotitanium
carboxylates to 2, i.e. to the composition TiO(OOCR)2β-diketones, or related compounds, the alkoxide groups are

replaced to some extent by the corresponding bidentate (provided that all carboxylate ligands are bidentate). In ox-
otitanium carboxylate alkoxide derivatives x must be < 2 toanionic ligands (BL2). [1] There are three main objectives in

using compounds of the type E(OR)y(BL)x as precursors in accommodate the OR ligands. The maximum value of x
found in structurally characterized oxotitanium carboxylatesol-gel chemistry: (i) they have a lower reactivity than the

parent alkoxides, (ii) organic functions can be introduced in alkoxides to date is 1.33 in Ti6O4(OR)8(OOCR9)8 [R9 5
Me: R 5 Et, nBu, iPr; [5] R9 5 C(Me)5CH2: R 5 Et[6]].the derived materials, [2] and (iii) the size of the primarily

formed oxo particles can be controlled.[1] The primary hy- Smaller degrees of substitution were found in
Ti6O4(OR)12(OOCR9)4 [R9 5 Me: R 5 iPr; R9 5 µ3-drolysis products are the building blocks for organically

modified non-silicate sol-gel materials. Chemical “nano- CCo3(CO)9: R 5 Et] and Ti4O4(OR)4[OOC2CCo3(CO)9]4
(R 5 iPr, Ph). [7] The titanium atoms are octahedrally coor-engineering” of sol-gel materials is only possible when sev-

eral fundamental structural issues concerning the oxo clus- dinated in all derivatives, and the carboxylate ligands are
bridging. The linkage of the octahedra shows variationsters are understood and eventually controlled: (i) the coor-

dination number of the central atom, (ii) the kind of linkage with the main difference between the cluster types being the
ratio between shared vertices and edges.of the coordination polyhedra (vertex-, edge-, face-sharing),

(iii) the number of shared vertices, edges, or faces, and (iv)
the coordination mode of the organic ligands. Results

Carboxylates are often used as the bidentate ligands. One We have isolated a crystalline derivative of composition
particular advantage of such compounds is that they allow Ti9O8(OPr)4(OMc)16 (1) with x 5 1.78. This compound was
the easy introduction of functional substituents. We recently obtained by treating Ti(OPr)4 with a 4-fold excess of meth-
succeeded in characterizing a coherent series of oxozircon- acrylic acid. The water for the hydrolysis of the OPr groups
ium carboxylate clusters derived from the corresponding al- was generated in situ by esterification of methacrylic acid
koxides. [3] The structures of Zr6(OH)4O4(OMc)12 (OMc 5 with the cleaved alcohol. We do not currently have any in-
methacrylate), [Zr6(OH)4O4(acrylate)12]2 and Zr6(OH)4O4- formation regarding the sequence of the substitution and
(OOCR)12(PrOH) [R 5 C(Me)5CH2, C6H5] are highly hydrolysis reactions necessary to convert Ti(OPr)4 to 1. We
condensed, with a Zr6(µ3-OH)4(µ3-O)4 cluster core and oc- would like to emphasize that we did not intend to identify
tacoordinate zirconium atoms. When the Zr/bidentate li- all products formed in this particular reaction. Instead, our
gand ratio is increased from 1:2 to 1:3, the structures open goal was to gather additional structural information on car-
up, as in Zr4O2(OMc)12 with a distorted butterfly structure boxylate-substituted oxotitanium compounds as potential
(hepta- and octacoordinate Zr atoms)[3] or polymeric building blocks in titania-based inorganic-organic hybrid
[Zr(OnPr)(O3SMe)3]` (heptacoordinate Zr atoms). [4] A materials. The unusual structure of 1 is shown in Figure 1.
high degree of substitution by bidentate ligands is possible The compound consists of a ring of nine [TiO6] oc-
because of the high coordination numbers of the zir- tahedra linked by six µ2- and only two µ3-oxide bridges. All
conium atoms. titanium atoms are octahedrally coordinated and all meth-

acrylate groups are bridging, as in the known oxotitaniumIn contrast to the compounds discussed above, the maxi-
mum coordination number of titanium is 6. This restricts carboxylates. However, the higher degree of substitution by
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Figure 1. The structure of Ti9O8(OPr)4(methacrylate)16 (1)[a] Figure 2. Linkage of the coordination octahedra in Ti9O8(OPr)4(-

methacrylate)16 (1)

[a] Selected bond lengths [pm] and angles [°]: Ti(1)2O(215)
193.4(11), Ti(1)2O(212) 173.7(10), Ti(2)2O(212) 192.2(11),
Ti(2)2O(210) 181.1(12), Ti(3)2O(210) 179.3(11), Ti(3)2O(213) 197.12210.8 pm for the other Ti2O(carboxylate) dis-
191.6(11), Ti(4)2O(213) 171.5(11), Ti(4)2O(211) 191.1(12),

tances].Ti(5)2O(211) 171.5(11), Ti(5)2O(214) 190.2(11), Ti(6)2O(214)
173.4(11), Ti(6)2O(216) 190.1(12), Ti(7)2O(216) 174.2(11), The overall structure is a balance between the sum of all
Ti(7)2O(217) 193.3(12), Ti(8)2O(217) 195.3(11), Ti(8)2O(215) coordination numbers and charges (c.n. 6 and charge 14195.5(11), Ti(9)2O(215) 194.0(10), Ti(9)2O(217) 194.5(11);

per titanium atom). The structural features in 1 can beO(212)2Ti(1)2O(215) 96.6(5), O(210)2Ti(2)2O(212) 100.5(5),
O(210)2Ti(3)2O(213) 99.0(5), O(213)2Ti(4)2O(211) 99.6(5), understood by first considering a hypothetical structure of
O(211)2Ti(5)2O(214) 97.9(5), O(214)2Ti(6)2O(216) 100.0(5), [TiO2/2(OOC2R)2]n with two bridging carboxylate ligandsO(216)2Ti(7)2O(217) 97.6(5), O(215)2Ti(8)2O(217) 78.4(4),
O(215)2Ti(9)2O(217) 78.9(5), Ti(3)2O(210)2Ti(2) 142.8(6), and one µ2-oxide per formula unit. If two bridging car-
Ti(5)2O(211)2Ti(4) 135.4(6), Ti(1)2O(212)2Ti(2) 136.0(6), boxylate ligands are replaced by four monodentate OR
Ti(4)2O(213)2Ti(3) 136.0(6), Ti(6)2O(214)2Ti(5) 134.8(6),

groups, the sum of all c.n. is maintained, but there are twoTi(1)2O(215)2Ti(9) 125.3(6), Ti(1)2O(215)2Ti(8) 134.1(6),
Ti(9)2O(215)2Ti(8) 100.5(5), Ti(7)2O(216)2Ti(6) 133.5(6), additional negative charges. These must be compensated for
Ti(7)2O(217)2Ti(9) 126.6(5), Ti(7)2O(217)2Ti(8) 132.2(5), by the loss of one oxide. This, on the other hand, createsTi(9)2O(217)2Ti(8) 100.4(5).

two empty coordination sites, which is compensated for by
two other µ2-oxygen atoms becoming µ3. [Ti(µ2-O)-
(OOCR9)2]n is thus converted into Tin(µ2-O)n23(µ3-O)2-the bidentate carboxylate ligands forces the structure to be-
(OR)4(OOCR9)2n22. In all known oxotitanium alkoxidecome less condensed, since a coordination number larger
structures, [8] including the carboxylate-substituted deriva-than 6 (as in the Zr structures) is not possible. Unlike the
tives mentioned above,[5] [6] [7] most [TiO6] octahedra shareless substituted derivatives, which are known, only two of
edges, and there is a substantial number of µ3-oxygenthe octahedra [Ti(8) and Ti(9)] share an edge, while the
atoms, characteristic of the rutile structure. In the structureother octahedra [Ti(1)2Ti(7)] share cis vertices (Figure 2),
of 1, only one pair of octahedra shares an edge and, as ai.e. only two oxygen atoms [O(215) and O(217)] are µ3,
consequence, there are only two µ3-oxygen atoms. This iswhile the remaining six oxygen atoms are µ2.
an alternative way of expressing the above statement that aAll but two pairs of neighboring Ti octahedra are
high value of x results in more open (5 less condensed)bridged by two methacrylate ligands. Ti(8)/Ti(9) and Ti(2)/
structures.Ti(3) are connected by only one methacrylate bridge, the

The consequence for sol-gel processing is that for thesecond bridge is replaced by two OPr ligands (one at each
first-row transition elements the bidentate ligand:metal ra-Ti atom). This makes the macrocycle asymmetric with re-
tio (x) should not be forced to high values if sufficientlygard to the OPr substitution. There is a remarkable alter-
condensed oxo structures are desired. A “natural” limit ap-nation in the bond distances of the µ2-O bridges. With the
pears to be x 5 1.33, as has been found in the structures ofexception of O(210), which bridges the OPr-substituted
the Ti6O4(OR)8(OOCR9)8 derivatives. Higher values of xmetal atoms Ti(2) and Ti(3), each µ2-O bridge exhibits a
result in polymeric rather than condensed structures. Onlylong (190.12193.4 pm) and a short (171.52173.7 pm)
if the metal center can increase its coordination number be-Ti2O distance, although the trans substituent is the same
yond 6 do higher values of x still give condensed oxo clus-(carboxylate bridge). The asymmetric Ti2O2Ti distances
ters.are compensated for by asymmetric carboxylate bridges, i.e.

the Ti2O(carboxylate) distance trans to a short Ti2O(b- This work was supported by the Fonds zur Förderung der wissen-
schaftlichen Forschung (FWF).ridge) distance is lengthened [208.82215.5 pm vs.
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The final difference map showed no peak larger than 10.942 e23Experimental Section
and no hole larger than 20.359 e Å23. [9]

Preparation of 1: 2.5 g (29 mmol) of methacrylic acid (Aldrich,
as received) was mixed under Ar with 2.07 g (7.3 mmol) of Ti(OPr)4 [1] U. Schubert, N. Hüsing, N. Lorenz, Chem. Mater. 1995, 7,
(Aldrich, as received) and stored in a closed Schlenk tube at ambi- 2010.
ent temperature. An orange solid (2.98 g) precipitated during 7 d, [2] C. Sanchez, M. In, J. Non-Cryst. Solids 1992, 147/148, 1.

[3] G. Kickelbick, U. Schubert, Chem. Ber. 1997, 130, 473. 2 G.consisting of an approximate 1:1 mixture of an amorphous powder
Kickelbick, P. Wiede, U. Schubert, Inorg. Chem., submitted.and colorless crystals. A suitable crystal was selected for X-ray [4] A. Lorenz, G. Kickelbick, U. Schubert, Chem. Mater., in press.

structure analysis. [5] S. Doeuff, Y. Dromzee, F. Taulelle, C. Sanchez, Inorg. Chem.
1989, 28, 4439. 2 I. Gautier-Luneau, A. Mosset, J. Galy, Z.
Kristallogr. 1987, 180, 83. 2 I. Laaziz, A. Larbot, C. Guizard,X-ray Structure Analysis for 1: Monoclinic, space group Ia, a 5
J. Durand, L. Cot, Acta Crystallogr. 1990, C46, 2332.2357.24(5), b 5 1855.37(1), c 5 2610.62(6) pm, β 5 112.933(1)°, [6] U. Schubert, E. Arpac, W. Glaubitt, A. Helmerich, C. Chau,

V 5 10515.2(3) · 106 pm3, dcalcd. 5 1.362 g cm23 for Z 5 4. Chem. Mater. 1992, 4, 291.
[7] S. Doeuff, Y. Dromzee, C. Sanchez, C. R. Acad. Sci., Sect. 2F(000) 5 4456, µ(Mo-Kα) 5 0.727 mm21, λ 5 71.073 pm, T 5 203

1989, 308, 1409. 2 X. Lei, M. Shang, T. P. Fehlner, Organomet-K, crystal size 5 0.14 3 0.10 3 0.08 mm. A crystal was sealed in
allics 1996, 15, 3779.a glass capillary and mounted on a Siemens SMART dif- [8] R. Schmid, A. Mosset, J. Galy, J. Chem. Soc., Dalton Trans.

fractometer with a CCD area detector. A hemisphere of data was 1991, 1999. 2 V. W. Day, T. A. Eberspacher, W. G. Klemperer,
C. W. Park, F. S. Rosenberg, J. Am. Chem. Soc. 1991, 113, 8190.collected by a combination of three sets of exposures (24943 reflec-
2 V. W. Day, T. A. Eberspacher, W. G. Klemperer, C. W. Park,tions). Each set had a different f angle for the crystal, and each
J. Am. Chem. Soc. 1993, 115, 8469. 2 V. W. Day, T. A. Eber-exposure took 15 s and covered 0.3° in ω (2.8° # 2Θ # 46.0°). The spacher, Y. Chen., J. Hoa, W. G. Klemperer, Inorg. Chim. Acta

data were corrected for polarization and Lorentz effects, and an 1995, 229, 391. 2 N. Stenou, F. Robert, C. Sanchez, Mater.
Res. Soc. Symp. Proc. 1996, 435, 487. 2 C. F. Campana, Y.empirical absorption correction (SADABS) was applied (10712
Chen., V. W. Day, W. G. Klemperer, R. A. Sparks, J. Chem.unique reflections). The structure was solved by direct methods
Soc., Dalton Trans. 1996, 691.(SHELS86). Refinement was carried out with the full-matrix least- [9] Crystallographic data (excluding structure factors) for the struc-

squares method based on F2 (SHELXL93) with anisotropic ther- ture reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre. Copies of the data can bemal parameters for all non-hydrogen atoms. Hydrogen atoms were
obtained free of charge on application to CCDC, 12 Unioninserted in calculated positions and refined riding with the cor-
Road, Cambridge C82 1EZ, UK [fax int. code 144(0)1223/336-responding atom. Refinement converged at R1 5 0.069 [for 7062 033, e-mail: deposit@ccdc.cam.ac.uk] quoting the depository

reflections with I > 2σ (I)], wR2 5 0.150 {w 5 [σ2(Fo)2 1 (0.0887 number CCDC-100716.
[97219]P)2 1 17.77P]21, where P 5 (Fo

2 1 2Fc
2)/3}; final GOF 5 1.064.
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The synthesis of the new potentially tridentate ligand 3,5- contain ligand 3 bonded to 2 metal centres by bridging
through coordination of one trialkyl N donor atom and thebis(dimethylaminomethyl)pyridine (3) is described. Coordi-

nation chemistry of this ligand has been investigated with pyridinic N atom. The solid-state structure of a ligand
bridged Pd dimer has been elucidated by single-crystal X-PdII and PtII precursor compounds. Both a bidentate bridging

bonding motif and a monodentate bonding mode is obser- ray diffraction and corroborates with the solid-state IR data
that suggested a trans-PdCl2 unit was present.ved. The latter compounds incorporate 3 by coordination

through the pyridinic N atom only. The former complexes

Introduction (Ph2PCH2)2C5H2N]2 (N-PCP; Scheme 2). Subsequent co-
ordination of the palladium compound [(N-PCP)PdCl]Organometallic and main-group complexes containing the
through the pyridinic nitrogen atom to a second metalterdentate ligand [2,6-(Me2NCH2)2C6H3]2 (NCN: “pincer”
center (M2) was shown to influence the electron density ofligand; Scheme 1) have been extensively investigated in this
the coordinated Pd atom.[15a]

laboratory over the past decade.[1] [2] This work has involved
The reactivity of structurally similar pyridinium saltsa systematic study of the reactivity of these compounds

(specially of those derived from 3,5-pyridinediamides)with a concurrent investigation of their catalytic and elec-
towards various nucleophiles to form 1,2- and 1,4-dihydro-tronic characteristics. Recently, we have begun to expand
pyridines has also attracted recent attention. These com-this chemistry to include functionalized versions of the
pounds serve as models for NAD/NADH systems.[16] InNCN ligand containing synthetically useful groups in the
this respect, the study of a ligand system derived from apara position of the arene ring. This has enabled the attach-
3,5-disubstituted aminopyridine presents an additional rea-ment of organometallic compounds to a variety of poly-
son for investigation.meric [3] and dendrimeric supports. [4] para-Substituted NCN
Scheme 2ligands have also provided a convenient gateway into bi-

and trimetallic systems, [5] [6] [7] [8] [9] [10] and to hydrogen-
bonded transition-metal networks (“molecular
wires”). [11] [12] The introduction of a heteroatom in the aro-
matic ring, as in the case of the pyridine compound [2,6-
(Me2NCH2)C5H3N] (NN9N; Scheme 1), represents a neu-
tral version of the NCN ligand and results in modified reac- We report herein the synthesis of the neutral pyridine-
tivity of the resulting complexes incorporating this so-called based ligand [3,5-(Me2NCH2)2C5H3N] (N9-NCN: 3;
“pyridine pincer”. [13] Recent work has demonstrated that Scheme 1), a potentially bridging ligand, and examine its
derivatives of NN9N containing a d6 RuII metal centre pres- coordination properties towards platinum and palladium in
ent interesting structural and catalytic properties. [14]

the 21 oxidation state. Several coordination motifs are pos-
sible for this neutral N9-NCN ligand. Here the effect of theScheme 1
different Lewis basicity of the donor atoms (i.e. pyridine N
vs. trialkyl amine N) towards various palladium and plati-
num precursors is investigated. Coordination through the
trialkyl N atoms of the pincer “arms” or through the pyrid-
inic N have been achieved depending on the reaction con-
ditions. We have combined different NCN-based ligands in
the same molecule, and have studied the reactivity of NCN-Milstein and co-workers have recently described several

rhodium and palladium complexes containing the related N9-metalated species (pyridinium ions) towards other me-
tal precursors.monoanionic diphosphanylpyridine ligand [3,5-
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Scheme 4Results and Discussion

Ligand Synthesis

The starting compound 3,5-(ClCH2)2C5H3N (2) was pre-
pared from 3,5-[HOC(O)]2C5H3N (1) by a modified version
of a previously published method (see Experimen-
tal). [16] [17] [18] The dimethyl ester of 1 was first reduced with
excess of LiAlH4 to the diol 3,5-(HOCH2)2C5H3N, which
upon boiling with SOCl2 gave compound 2 in 33% overall
yield. The ligand 3,5-(Me2NCH2)2C5H3N (3) was synthe-
sized in 90% yield by a reaction of 2 and an excess of
Me2NH in benzene (see Scheme 3). After subsequent dry-
ing (MgSO4) and solvent evaporation, compounds 2 and 3
were assessed to be of sufficient purity by GC/MS, and 1H-
and 13C{1H}-NMR spectroscopy for further synthetic ap-
plications.

Scheme 3
membered ring that contains the two Pd atoms occurs in
solution on the NMR timescale. This would explain the
chemical shift equivalence between both diastereotopic pro-
tons of the CH2 and CH3 groups of the coordinated arm.
The pronounced downfield shift observed for pyridine 2-H
atoms upon coordination (∆δ 5 3.1) contrasts with the
small shift of the 6-H protons (∆δ 5 0.06; Table 1). Such a
high deshielding may be due to the proximity of this proton
with respect to both a Cl and a Pd atom, as indicated by
the short H···Cl and H···Pd interactions present in the solid-
state structure (vide infra). Large downfield shifts of pro-
tons situated close to a d8 metal center and above the bond-
ing plane (pseudoaxial position) have been described in the
literature and are attributed to the paramagnetic anisotropy
of the metal atom[19] or to the presence of weak CH···M
agostic interactions. [20] A deshielding effect is also expectedN9-NCN Coordination Compounds
for H atoms involved in short C2H···Cl contacts or in hy-With the aim of synthesizing orthometallated palladium
drogen bonds. The 13C{1H}-NMR spectrum of 4 does notcomplexes containing ligand 3, the reaction between equim-
present any unusual features, revealing only four singlets forolar amounts of 3, Li2PdCl4 and NaOAc in MeOH solution
the two inequivalent CH2 and NCH3 groups and five sing-was investigated. Deprotonation of ligand 3 did not oc-
lets for the aromatic C atoms, in support of the above dis-cur[15b] and immediate precipitation of compound 4 as a
cussion (Table 2). The IR spectrum of 4 contains a band atyellow solid took place (ca. 60% yield). Compound 4 could
343 cm21 that is assigned to the Pd2Cl stretching vibrationalso be prepared in slightly higher yield by treating 3 with
of trans-dichloride ligands.Li2PdCl4 (1:1) in MeOH. Small amounts of a second com-

The pyridinic 2,6-H and 4-H in compound 5 resonate aspound 5 were obtained in both these reactions (Scheme 4).
a doublet and a broad singlet at δ 5 8.63 and 7.81, respec-This complex is the N(Py)-coordinated compound trans-
tively in the 1H NMR. The same resonances appear at δ 5[Pd(N9-NCN)2Cl2] and was isolated in low yield (10%)
8.41 and 7.62 in free 3. The CH2 and NCH3 groups in 5from the mother liquor of the reactions. A high-yield syn-
(singlets at δ 5 3.45 and 2.26) have similar chemical shiftsthesis of 5 is possible by using PdCl2(cod) (cod 5 cycloocta-
to those of 3 (Table 1). The 13C{1H}-NMR spectrum of 51,5-diene) and excess 3.
presents five singlets of the coordinated ligand (Table 2).The 1H-NMR spectra of compounds 4 and 5 show pro-
The trans configuration of compound 5 was supported bynounced downfield shifts for hydrogen atoms assumed to
the presence of a single IR absorbance at 345 cm21, as-be in close proximity to the metal atom compared with the
signed to the Pd2Cl stretching vibration as in 4.corresponding values of free ligand 3.

The 1H-NMR spectrum at room temperature of com-
(NCN)Pt(N9-NCN) Complexespound 4 presents four singlets for the CH2 and CH3 groups.

These are assigned to the non-coordinated arm (δ 5 3.45, Previous publications have described the synthesis and
reactivity of stable Pt complexes containing the2.22) and at lower field to the coordinated one [δ 5 3.85

(br.), 2.66]. The signals of the three pyridine protons appear monoanionic [NCN]2 ligand. These compounds possess a
variety of interesting properties involving the oxidative ad-as three singlets at δ 5 11.51, 8.47, and 7.58 (2-H, 6-H, and

4-H, respectively). It is assumed that a fast flip of the 12- dition of halogens and alkyl halides (6 and 7: Scheme
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Table 1. 1H-NMR-spectroscopic data for compounds 325, 8, 9[a] (10) with Ag(O3SCF3) in MeCN (see Experimental Sec-

tion). Compound 3 was then reacted separately with the
Py Ph (Ph)CH2 (Py)NCH2 (Ph)NCH3 (Py)CH3 cationic platinum complexes 6 and 7 in dry acetone to give

the corresponding products 8 and 9 (Scheme 5). Displace-
3 8.41[b] 3.42 2.23 ment of MeCN by 3 takes place only when an excess of the(d; 2,6-H) (s) (s)

latter is used. The structure proposed for compounds 8 and7.62[b]

(t; 4-H) 9, in which the ligand 3 coordinates to platinum through
4 11.51 3.85 2.66 the pyridinic nitrogen atom, was confirmed by 1H- and

(s; 2-H) (br. s) (s) 13C{1H}-NMR spectroscopy. These spectra show similar8.47 3.45 2.22
features to those of the parent compounds 7 and 10, in(s; 6-H) (s) (s)

7.58 addition to the resonances expected for coordinated 3. Ap-
(s; 4-H) propriate downfield shifts of the pyridinic 2,6-H and 4-H

5 8.63[c] 3.45 2.26 atoms with respect to 3 is observed, in addition to the pres-(d; 2,6-H) (s) (s)
ence of 195Pt satellites associated with the resonance as-7.81

(s[br]; 4-H) signed to the 2,6-H of the pyridine ring (Table 1).
8[d] 8.96[e] 7.05[f] 4.30[g] 3.63 2.89[h] 2.25 The addition of a drop of MeCN to a solution of 8 in

(m; 2,6-H) (t; 4-H) (m) (s) (m) (s) [D6]acetone resulted in partial conversion of 8 into the8.01 6.93[f]

starting complex 6, with liberation of free ligand 3. This(s [br]; 4-H) (d; 3,5-H)
was observed in situ by 1H-NMR spectroscopy. Com-9[d,i] 8.97 7.20 4.38[i] 3.64 2.93[k] 2.26

(s; 2,6-H) (s; 2,6-H) (m) (s) (m) (s) pounds 8 and 9 are moisture-sensitive as slow ligand ex-
change processes between 3 and H2O have likewise been

[a] 1H-NMR data recorded at 200 or 300 MHz. Chemical shifts in observed (1H NMR).
ppm (δ from external SiMe4 (δ 5 0.0). CDCl3 solutions were used
except where noted. 2 [b] 4J(1H-1H) 5 3 Hz. 2 [c] 4J(1H-1H) 5 1.4

Scheme 5Hz. 2 [d] 1H NMR in [D6]acetone. 2 [e] 4J(1H-1H) 5 1.5 Hz.
3J(195Pt-1H) 5 13.7 Hz. 2 [f] 3J(1H-1H) 5 7 Hz. 2 [g] 3J(195Pt-
1H) 5 50 Hz. 2 [h] 3J(195Pt-1H) 5 40 Hz. 2 [i] 19F{1H} 5 277.9
(s, CF3SO3). 2 [i] 3J(195Pt-1H) 5 48 Hz. 2 [k] 3J(195Pt-1H) 5 39 Hz.

Table 2. 13C{1H}-NMR-spectroscopic data for compounds 325, 8,
9[a]

Py 1 Ph (Ph)CH2 (Py)CH2 (Ph)NCH3 (Py)NCH3

3 149.2 (2,6-Py), 61.3 45.3
137.3 (4-Py), 133.8
(3,5-Py)

4 156.1, 153.7, 66.3, 60.5 53.4, 45.3
141.6, 135.7, 132.1

5 152.0 (2,6-Py), 60.5 45.3
139.6 (4-Py), 135.9
(3,5-Py)

8 149.7, 143.5 (m; 77.4 65.8 53.9 45.3
2,6-Ph)[b], 142.8
(1-Ph), 139.7,
138.6, 125.2, 119.7

9[c] 150.9, 146.2 (m; 78.0 (m)[e] 61.1 54.1 45.4
2,6-Ph)[d], 143.2
(1-Ph), 140.6,
140.3,
139.4, 119.0

[a] 13C{1H}-NMR data recorded at 50 or 75 MHz. Chemical shifts The high lability of ligand 3 in compounds 8 and 9 made
in ppm (δ) from external SiMe4 (δ 5 0.0) except where noted. Aro- it difficult to draw conclusions concerning the subsequentmatic signals not all unequivocally assigned. All signals are singlets

coordination of 3 through the N atoms of the “arms”.unless otherwise noted. 2 [b] 2J(195Pt-13C) 5 67 Hz. 2 [c] 13C{1H}
NMR in [D6]acetone. 2 [d] 2J(195Pt-13C) 5 70 Hz. 2 [e] 2J(195Pt- Thus, reaction of 9 with 2 equivalents of PtCl2(SEt2)2 in
13C) 5 48 Hz. dry acetone gave, among other non identified compounds,

the neutral complex [ClPt(NCN2NCN)PtCl] [10] which pre-
cipitated from the reaction mixture and was identified by5). [1] [10] Replacement of the coordinated MeCN ligands in

complexes 6 and 7 by ligand 3 was therefore examined. its 1H-NMR spectrum in CDCl3.
In a subsequent reaction, ligand 3 and compound 8 wereThe starting compound 6 was prepared in situ by the

reaction of the known complex PtCl[(Me2NCH2)2C6H3] [25] allowed to react with 1 equiv. of [Pd(MeCN)4](BF4)2 in
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[D6]acetone. After 15 min, the 1H-NMR spectrum of the considered a typical hydrogen bond. The intramolecular

Pd···Pd distance [4.5997(8) Å] is virtually identical to thereaction mixture showed the presence of at least three com-
pounds. The most abundant product being complex 6. Un- sum of their contact radii (4.6 Å). [23] Some of these features

are comparable to those observed in other dipalladium ringfortunately, the minor components of the mixture could not
be unequivocally assigned. systems described by Constable et al., e.g. [Pd2Cl4-

{Me2N(CH2)nNMe2}2] (n 5 5, 7) [25] and [Pd2Cl4{Me2NN5An ORTEP diagram representing the solid-state molecu-
lar structure of compound 4 in the crystal is depicted in CH(CH2)3CH5NNMe2}2]. [25b] The higher thermodynamic

stability of these 16- and 20-membered cyclic systems withFigure 1. Selected bond lengths and angles are listed in
Table 3. The molecule of 4 has an inversion center at the respect to their open-chain analogues has been explained in

terms of entropy and conformational effects. Such influ-center which is also a crystallographic inversion center. A
distorted square-planar coordination at the Pd metal centre ences can be derived from the presence of bulky NMe2

groups occupying “corner positions” in the ring, the exist-is observed. The value of the angles N12Pd12N3a are
smaller than 180° [174.51(4)° and 172.9(1)°, respectively] ence of double bonds in the ligand system, and/or the for-

mation of short H···H and H···Pd attractive transannularand N3a is positioned significantly (0.24 Å) out of the plane
determined by Pd1, Cl1, Cl2, and N1 (mean plane deviation interactions (e.g. 2.4 Å and 2.622.7 Å, respectively in

[Pd2Cl4{N(NMe2)5CH(CH2)3CH5N(NMe2)}2]). [25b] In0.001 Å). This plane forms an angle of ca. 53° with the
pyridine ring. The Pd12Cl (average) and Pd12N1 atom spite of the obvious similarities between both our ligand

system and complexes 3 and 4 and those studied by Con-distances in complex 4 are 2.298(1) and 2.031(3) Å, respec-
tively, and lie within the range observed in other trans-di- stable et al., we suggest that short intramolecular interac-

tions present in complex 4 (a more rigid system) may bechloropalladium(II) complexes containing pyridine ligands:
2.28922.310 Å and 2.02422.043 Å respectively. [21] The due to geometrical contraints within the molecule, and not

to forces of attractive nature. However, it is noticeable thatPd12N3a atom distance in 4 [2.102(3) Å] is similar to that
found in related aryldimethylaminopalladium com- although a certain degree of flexibility of the ring at room

temperature in solution has been shown by 1H-NMR spec-plexes. [10] [22]

troscopy (vide supra), short H···Cl and/or H···Pd contactsFigure 1. An ORTEP diagram (50-% probability level) of the mo-
lecular structure of complex 4 showing the adopted numbering still appear to be important in solution.

scheme

Conclusions

It has been demonstrated that the potentially multiden-
tate ligand 3,5-bis(dimethylaminomethyl)pyridine (3) can be
synthesized in good yield from the corresponding bis(chlo-
romethyl)pyridine. The coordination versatility of 3 has
been shown in complex 4, where Npy2Pd and Me2N2Pd
bonds are present, and in complexes 5, 8, and 9 in which
only bonding through NPy are observed. The three latter
complexes represent a linear geometry of the NCN and N9-
NCN ligands and thus are a potential starting point for the
synthesis of organometallic chains. Our attempts to ligate
the free NMe2 groups of 8 and 9, and hence to increase the
number of metal centres, has not so far been successful.
This may be a manifestation of the inherit lability of the

Table 3. Selected bond lenghts [Å] and angles [°] of compound 4 Npy2M bond in these compounds.
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torium (Mülheim, Germany). 2 1H- and 13C{1H}-NMR spectra C22H38Cl2N6Pd: calcd. C 46.86, H 6.79, N 14.90; found: C 46.53,

H 6.92, N 14.47.were recorded at 298 K with a Bruker AC200 or AC300 spec-
trometers. 2 Infrared spectra were recorded as Nujol mulls de- Synthesis of [{η1-3,5-(Me2NCH2)2C6H3N}Pt{η3-NCN-2,6-
posited on disposable polyethene substrates (7002100 cm21) with (Me2NCH2)2C6H3}](CF3SO3) (8): To a solution of [(η3-NCN-2,6-
a Perkin Elmer Model 2000 FT-IR spectrometer equipped with a {Me2NCH2}2C6H3)PtCl] [18] (96.4 mg, 0.228 mmol) in MeCN was
MIRTGS (for MIR) and FIRTGS (for FIR) detector. The instru- added Ag(O3SCF3) (64.4 mg, 0.250 mmol). The resulting suspen-
ment was flushed with nitrogen and connected to a PC under sion was stirred for 10 min and then filtered through a plug of
SPECTRUM software. 2 Melting (decomposition) points were Celite. The filtrate was concentrated to dryness and washed with
measured using a Büchi melting-point apparatus. The boiling point Et2O to give compound 6 as a colorless solid. Complex 6 was then
of compound 3 was determined by the Siwoloboff method. 2 GC/ dissolved in dry acetone and 3 (74 mg, 0.38 mmol) was added to
MS analyses were recorded with a Unicam Automass instrument the solution. Upon addition of Et2O to the reaction mixture, com-
using electron impact (EI, 70eV). 2 Starting materials: pound 8 precipitated as a colourless solid, which was filtered,
[Li2PdCl4] [26] and [PdCl2(cod)] [27] were prepared according to lit- washed with Et2O, and dried in vacuo (yield: 140 mg, 85%). Mp:
erature procedures. Ag(O3SCF3) was purchased from Aldrich and 165°C (dec). 2 C24H38F3N5O3PtS: calcd. C 39.56, H 5.26, N 9.61;
C5H3N(CO2H)2-3,5 (1) from Avocado. found C 39.32, H 5.36, N 9.42.

Synthesis of 3,5-(ClCH2)2C5H3N (2): [28] To a suspension of Li- Synthesis of [{η1-3,5-(Me2NCH2)2C6H3N}Pt{η3-NCN-2,6-
AlH4 (1 g, 26.3 mmol) in Et2O (25 ml) was added 3,5- (Me2NCH2)2C6H2}]2(CF3SO3)2 (9): To a solution of 7 (51.9 mg,
[MeO(O)C]2C6H3N (1.7 g, 8.7 mmol). [29] The resulting yellow mix- 0.045 mmol)[10] in dry acetone was added an excess of 3 (80 mg,
ture was stirred for 15 h and MeOH (50 ml) was then added slowly 0.41 mmol). The resulting yellow solution was stirred at room tem-
to destroy excess LiAlH4. The solvent was then removed in vacuo perature for 30 min. The solvent was then removed in vacuo and
and the residue extracted in a Soxhlet apparatus with MeOH (12 the residue washed with Et2O (2 3 5 ml) to give 9 as a pale yellow
h). The solution was subsequently concentrated to to give 3,5- solid (yield: 50 mg, 76%). Mp: 1372140°C (dec). 2 19F{1H} NMR
(HOCH2)2C5H3N as a yellow oil [1H NMR (CD3OD, 300 MHz), [(CD3)2CO, 200 MHz], δ 5 277.9 (s, CF3SO3). 2
δ 5 8.42 (s, 2 H, 2,6-PyH), 7.82 (s, 1 H, 4-PyH), 4.66 (s, 4 H, C48H74F6N10O6Pt2S2: calcd. C 39.61, H 5.12, N 9.62; found C
CH2)]. Thionyl chloride (150 ml) was then added to the oil and the 39.54, H 5.04, N 9.46.
mixture refluxed for 18 h yielding a brown suspension. Excess of

X-ray Structure Determination of Complex 4: X-ray data wereSOCl2 was distilled off (vacuo) and the flask placed in an ice bath.
collected for an orange needle-shaped crystal at 150 K with anAqueous NaOH (100 ml; 4 ) was added slowly to the residue. The
Enraf-Nonius CAD4T on rotating anode. Numerical data on theaqueous layer was then extracted with CH2Cl2 (4 3 25 ml) and the
structure determination are collected in Table 4. The unit-cell pa-combined organic layers were dried with MgSO4. The solvent was
rameters were derived from the 25 SET4[30] setting angles. Thethen removed in vacuo to give 2 as an off-white solid (2.9 g, 47%
structure was solved with automated Patterson techniques usingyield based on the starting ester). Mp: 86°C. 2 MS (EI, 70 eV);
DIRDIF96[31] and refined on F2 using the program SHELX96.[32]

m/z (%): 175 (22.1) [M1], 140 (100), 104 (11.0), 77 (25.0), 51 (16.3).
All other calculations (including the ORTEP illustration) were

Synthesis of 3,5-(Me2NCH2)2C5H3N (N9-NCN; 3): A three- done with PLATON.[33]

necked round-bottom flask was placed in an ice bath and charged
with benzene (20 ml) and Me2NH (17 ml, 255 mmol). A solution
of 2 (2.4 g, 13.8 mmol) in 200 ml of benzene was then added via a Table 4. Crystal data and details on the structure determination of

complex 4dropping funnel during 30 min. The reaction mixture was allowed
to reach room temperature and then stirred for 1 h yielding a yel-

Empirical formula C22H38Cl4N6Pd2low suspension which was concentrated in vacuo to ca. 100 ml and
Formula weight 741.23subsequently filtered. The filtrate was concentrated to dryness to
Crystal system Monoclinicgive the product 3 as an orange liquid, which was dissolved in pen- Space group P21/c (no. 14)

tane and dried with MgSO4 overnight (yield: 2.4 g, 90%). Bp: a [Å] 10.0020(6)
b [Å] 13.3358(18)1782180°C.[24] 2 MS (EI, 70 eV); m/z (%): 193 (3.8) [M1], 150
c [Å] 12.5944(14)(100), 105 (73.1), 77 (40.4), 58 (99.0).
β [°] 120.186(7)
V [Å3] 1452.1(3)Synthesis of µ-[{η1-N,N9-3,5-(Me2NCH2)2C6H3N}(PdCl2)]2
Z 2(4): To a solution of [Li2PdCl4] (0.19 mg, 0.724 mmol) in MeOH
Dcalcd. [g cm23] 1.695was added 3 (0.14 mg, 0.724 mmol). The resulting yellow suspen- F (000) 744

sion was stirred overnight and then filtered. The solid thus ob- µ(Mo-Kα) [cm21] 16.3
Crystal size [mm] 0.1030.1330.38tained was then washed with MeOH and Et2O and subsequently
Temperature [K] 150dried in vacuo. Compound 4 was isolated as a yellow solid, which
Radiation, λ [Å] Mo-Kα, 0.71073was recrystallized from CH2Cl2 /Et2O and dried on P2O5 (yield: (graphite-monochromated)

0.18 g, 67%). Mp: 1792180 (dec.)°C. 2 IR [υ(PdCl)]: ν̃ 5 343 θ (min., max.) [°] 2.4, 27.5
Scan (type and range) [°] 0.75 1 0.35tanθcm21. 2 C22H38Cl4N6Pd2: calcd. C 35.65, H 5.16, N 11.34; found:
Dataset 212/12; 0/17; 216/16C 35.31, H 5.23, N 11.08.
Tot., uniq. data, R (int) 7017, 3324, 0.049
Observed data [I > 2.0σ (I)] 2486Synthesis of trans-[{η1-3,5-(Me2NCH2)2C6H3N}2PdCl2] (5): To
Nref, Npar 3324, 167a solution of [PdCl2(cod)] (63 mg, 0.22 mmol) in CH2Cl2 was added
R, wR 0.0348, 0.0620[a]

an excess of 3 (172 mg, 0.891 mmol). After 30 min, the solution S 1.00
was concentrated in vacuo to approximately 223 ml and Et2O was Max. and av. shift/error 0.00, 0.00

Min. and max. resd. electron dens. [e/Å3] 20.51, 0.48then added to precipitate the product (5) as a pale yellow solid.
This was washed with Et2O and dried (yield 70 mg, 60% yield).
Mp: 110°C (dec). 2 IR [υ(PdCl)]: ν̃ 5 345 cm21. 2 [a] w 5 1/[σ2(Fo

2) 1 (0.0172 P)2]; where P 5 (Fo
2 1 2 Fc

2)/3.
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The synthesis and characterization of transition-metal coordi- oxygen atoms of the four organic ligands. The non-participa-
tion of the pyridine nitrogen atom is unusual. The two waternation compounds containing the ligand diethyl 2-quinolyl-

methylphosphonate (2-qmpe) is described. Complexes of molecules occupy the fifth and the sixth coordination sites in
a trans configuration. The coordinated water molecules areCoII, MnII, NiII, CdII, and ZnII were found to be mutually iso-

morphous according to their X-ray powder diffraction pat- strongly hydrogen-bonded to the pyridine nitrogen atom of
the 2-qmpe, further stabilizing the solid-state structure. Theterns and IR spectra. The new coordination compounds were

identified and characterized by elemental analysis, magnetic geometry of the metal ion can be described as distorted octa-
hedral. For the CuII complex, a hydroxo-bridged dinuclearmeasurements, infrared and ligand-field spectra. The crystal

structures of the complexes [M(2-qmpe)4(H2O)2](ClO4)2 (M = structure of the type [Cu(2-qmpe)2(OH)(H2O)2]2(ClO4)2 is
proposed, based on its spectroscopic and magnetic proper-Ni, 1; Mn, 2) reveal six-coordinate [M(2-qmpe)4(H2O)2] cat-

ions with the qmpe ligand coordinating via the oxygen rather ties. Ligand-field spectra of the Co and Ni compounds were
found to be in agreement with the tetragonally distorted oc-than via the nitrogen atom, as well as lattice perchlorate

anions. The metal ion is octahedrally surrounded by the four tahedral geometry.

Introduction studied in detail the complex-forming properties of phos-
phonate ligands towards transition-metal ions. The coordi-
nation behaviour of pyridylmethylphosphonate ligands wasDuring the last decade there has been a great increase in

interest in ligands containing a phosphoryl group and examined by single-crystal X-ray structure determinations,
which showed that various coordination modes are pos-a heterocyclic ring[1]. Organophosphorus derivatives of

pyridine and quinoline with the phosphonic chain ortho sible[10] [28]. In a previous study, the results of spectroscopic
and magnetic studies on transition-metal complexes withor para with respect to the endocyclic nitrogen atom

have been shown to possess significant bactericidal and diethyl 2- and 4-pyridylmethylphosphonate ligands (2-
pmpe, 4-pmpe), as well as the structures of high-spin [Co(4-herbicidal activity. Coordination compounds of phos-

phonic acids and their esters with transition-metal ions have pmpe)4(H2O)2](ClO4)2(H2O)2, where the ligand bridges the
cobalt ions with both ends of the molecule coordinating tobeen the subject of several studies due to the fact that

complexes of such compounds exhibit biological a different metal ion forming infinite chains, and of [Co(2-
pmpe)2Cl2], where the 2-pmpe acts as a bidentate N,O-activity[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]. In recent years,

platinum(II) complexes of phosphonate ligands have at- bonded chelate ligand, were reported[10]. As the biological
activity of coordination compounds depends on the pres-tracted attention as a result of their significant antitumor

activity[8]. Phosphonate ligands bearing a heterocyclic ring ence of metal ions[6], we have studied the biological proper-
ties of complexes with pyridylmethylphosphonate ligands.have some interesting features with regard to their coordi-

nation chemistry; they contain two potential donor atoms, Preliminary investigations have shown that 2-pyridylmethyl-
phosphonic acid labelled with technetium (99mTc) forms athe heterocyclic nitrogen and phosphoryl oxygen atoms, in

a suitable orientation for chelation. Over the years, we have complex, which when administered to rats shows a high re-
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Table 1. Analytical[a] data for the diethyl 2-quinolylmethylphospho-nal clearance value[15a]. Recently, we investigated the effect

nate complexesof cis-[PtCl2(4-pmpe)2] and cis-[PtCl2(NH3)2] on murine
mast cells [11] and on the aggregation of platelet-rich

No. Complex Analysis (%) M.p.plasma[12]. Both of the complexes tested were found to acti- M H C N P [°C]
vate mast cells so as to secrete histamine by a non-cyto-
toxic, active secretory process[11]. cis-Platinum complexes 1 [Co(2-qmpe)4- 4.21 5.35 47.33 3.66 8.85 1222125

(H2O)2](ClO4)2 (4.18) (5.43) (47.67) (3.97) (8.78)incorporating diethyl 2-, 3-, or 4-pyridylmethylphosphonate
2 [Ni(2-qmpe)4- 4.32 5.28 47.65 3.86 8.63 1242126ligands showed in vivo cytostatic activity against mice (H2O)2](ClO4)2 (4.16) (5.43) (47.68) (3.97) (8.78)
3 [Mn(2-qmpe)4- 3.85 5.34 47.22 3.77 8.75 1222124Sa180 sarcoma solid tumours[13] and were found to exhibit

(H2O)2](ClO4)2 (3.90) (5.44) (47.81) (3.98) (8.81)alkylating activity in vitro[14]. In order to broaden the scope
4 [Cu(2-qmpe)2- 8.35 5.18 43.56 3.87 8.18 1312134

of this work and to determine the effects of the additional (OH)(H2O)2]2(ClO4) (8.21) (5.34) (43.42) (3.62) (8.00)
5 [Cd(2-qmpe)4- 7.77 5.20 45.78 3.93 8.65 1712172benzene ring, we have now extended our studies to the di-

(H2O)2](ClO4)2 (7.68) (5.23) (45.93) (3.83) (8.46)ethyl 2-quinolylmethylphosphonate ligand (2-qmpe). The 2- 6 [Zn(2-qmpe)4- 4.87 5.56 47.24 3.91 8.56 1032105
qmpe ligand, which has the desired 2-quinolyl group as well (H2O)2](ClO4)2 (4.61) (5.40) (47.45) (3.95) (8.74)
as a phosphonate group, can act either as a monodentate

[a] Calculated values are given in parentheses.N-bonded, as a monodentate O-bonded, or as a bidentate
N,O-bonded chelate ligand in forming coordination com-
pounds with transition-metal ions. In the present work, we

Spectroscopic Studiesreport on a modification of a previously[15] reported syn-
thesis of diethyl 2-quinolylmethylphosphonate that simpli- Ligand-field spectra (Table 2) of the nickel(II) compound

exhibit three spin-allowed bands which, in order of decreas-fies the procedure and results in improved yields. We also
report on the synthesis, spectroscopic and magnetic proper- ing energy, are assigned to the 3T1g(P) r 3A2g (υ3), 3T1g(F)

r 3A2g (υ2), and 3T2g r 3A2g (υ1) transitions[17]. In ad-ties of coordination compounds of the 2-qmpe ligand with
several transition-metal ions and perchlorate ions. These dition, a shoulder at ca. 21050 cm21 in-forbidden [1T2g r

3A2g (υ5)] and a weak absorption at 15750 cm21 [1Eg rwere investigated with regard to their structural and mag-
netic properties, which provide a chemical basis for the 3A2g (υ4)] are observed. The origin of the υ4 band has been

discussed elsewhere[17] [18]. The υ1 band shows weak signs ofbiological activity. The representative compounds [Ni(2-
qmpe)4(H2O)2](ClO4)2 (1) and Mn(2-qmpe)4(H2O)2](ClO4)2 a splitting, which can be attributed to the lower, tetragonal

symmetry of the nickel(II) compound. A complete assign-(2) were chosen for X-ray crystallographic studies in an at-
tempt to determine which of the potential binding sites of ment of the components in D4h symmetry was not con-

sidered as meaningful, in view of the broad bands. The cal-the 2-qmpe ligand, N or O, is attached to the metal centre,
as well as to allow comparison with the previously published culated value for Dq is in the lower range for NiII, reflecting

the weak ligand field for phosphoryl ligands. Spectroscopiccrystal stucture of [Co(4-pmpe)2(H2O)2](ClO4)2(H2O)2.
The structure of 2 is described in detail. studies dealing with spectral and magnetic characterization

of the nickel compounds have recently been reported[19].
Results and Discussion The electronic spectra of the cobalt(II) compound exhibit
General three spin-allowed bands, corresponding to the 4T2g r

4T1g(F) (υ1), 4A2g r 4T1g(F) (υ2), and 4T1g(P) r 4T1g(F)The condensation of 2-chloromethylquinoline with tri-
ethyl phosphite affords diethyl 2-quinolylmethylphosphon- transitions. The υ2 transition usually appears as a weak

peak, so that accurate determination of the band maximumate (2-qmpe). The synthesis of 2-qmpe from 2-chlorome-
thylquinoline by the reaction with diethyl sodium phosphite is not possible. A shoulder at ca. 21000 cm21 on the high-

energy side of the visible band is assigned to spin-orbithas been reported previously[15]. In the present investi-
gation, we modified a previously reported[15a] synthesis of components and to a spin-forbidden transition[20]. The

asymmetric near-IR band υ1 gives evidence for octahedral2-qmpe, resulting in a simplified procedure and increased
yields. The ligand was synthesized by the phosphorylation stereochemistry, albeit tetragonally distorted[17]. The crys-

tal-field parameters B and Dq were calculated using well-of 2-chloromethylquinoline with triethyl phosphite and
checked for purity by spectroscopic and analytical methods. known methods[20]. The relatively high values of the ligand-

field Racah parameter B might reflect the deviation fromThe 2-qmpe system is a powerful ligand able to form co-
ordination compounds of the types [M(2-qmpe)4(H2O)2]2- octahedral geometry[17].

The copper(II) complex exhibits one broad asymmetric(ClO4)2, [M 5 CoII, NiII, MnII, CdII, or ZnII] and [Cu(2-
qmpe)2(OH)(H2O)2]2(ClO4)2. The structures of the com- d-d band at 13200 cm21, associated with the 2T1g r 2E

transition in Oh symmetry. The position and shape of thisplexes were unambiguously confirmed by a combination of
NMR and IR experiments and by elemental analyses. Ana- band indicate tetragonally elongated octahedral ge-

ometry[21] [22].lytical data are reported in Table 1. A hydroxo-bridged
structure is proposed for the CuII compound, which is sup- The extremely low values of the intensities of the bands

for the octahedral manganese(II) complex are not un-ported by chemical and physical evidence. Dinuclear copper
compounds having one or two OH groups as bridging li- usual[17]. The spectrum shows bands as shoulders on a

high-energy ligand or CT band at ca. 25000 cm21 and ca.gands are known[16] and are magnetically interesting.
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19000 cm21, which can be assigned to 4A1g, 4Eg(G) r 6A1g pmpe)2Cl2]. Most notable is the downfield shift of 1.17 ppm

for the CH2 signal, which may be explained by the decreaseand 4T1g(G) r 6A1g transitions, respectively. The other
characteristic bands for d-d transitions are masked by UV in electron density in the pyridine ring caused by the coordi-

nation to the metal ion. In fact, a crystal-structure determi-absorption and are difficult to recognize in the complex and
thus the ligand-field parameters cannot be calculated. nation[28] of trans-[Pd(3-pmpe)2Cl2] confirmed that the

metal ion is bound in a monodentate fashion to the pyri-In general, the IR spectra of all the complexes appear
complicated and a complete assignment of each spectrum dine-N. Comparison of the chemical shifts of the cad-

mium(II) (5) and zinc(II) (6) coordination compounds withis difficult. Only some observations concerning the major
bands will therefore be discussed. The IR spectra of the those of the free 2-qmpe ligand enables us to make an as-

signment of the 1H-NMR signals. The 1H-NMR spectracomplexes of CoII, NiII, MnII, CdII, and ZnII are very simi-
lar with respect to band positions, shapes, and relative of complexes 5 and 6 show the signals hardly shifted in

comparison with those of the free ligand. The signal thatintensities, indicating a similar conformation for the five
compounds. X-ray powder patterns also showed these five appears as a doublet due to 31P-1H coupling is assigned to

the CH22P protons and is not shifted upon coordinationcomplexes to be mutually isomorphous. The IR spectrum
of the CuII compound, however, indicates quite different to the transition-metal centre. This clearly implies a lack of

electron transfer from the quinoline to the metal centre andstructural features.
Evidence for the presence of ClO4

2 was obtained from indicates that the pyridine nitrogen atom does not partici-
pate in coordination.the infrared spectra. All of the perchlorate compounds

show a strong band near 1100 cm21 (asymmetric stretch), The effective magnetic moments (Table 2) of the co-
a sharp band at 625 cm21 (asymmetric bend) and a very balt(II), nickel(II), and manganese(II) complexes are within
weak absorption at 9302935 cm21 (symmetric stretch), in- the usually observed ranges of experimental values for high-
dicative of uncoordinated perchlorate anions[23] [24]. spin complexes in octahedral configurations[29]. Cad-

The absorption bands attributed to the C5C and C5N mium(II) and zinc(II) complexes are diamagnetic. Variable-
of the quinoline ring, observed in the region 160021500 temperature (4.22294 K) magnetic susceptibility measure-
cm21 in the free ligand, remain unchanged upon complex ments (Table 2, Figure 1) of the CuII complex clearly indi-
formation, confirming non-involvement of the quinolyl ni- cate a magnetic interaction between the paramagnetic
trogen atom in the metal coordination. In the far-IR region, centres, suggesting a hydroxo-bridged [Cu(2-qmpe)2-
no metal2nitrogen stretching vibrations are observed. (OH)(H2O)2]2(ClO4)2 dinuclear structure. The susceptibility

The absorption band at 1255 cm21, which corresponds curve for this compound increases with decreasing tempera-
to the P5O stretching of the ligand, is shifted by ca. 15220 ture until a maximum is reached at 73 K. Below 73 K, the
cm21 towards lower frequencies in the spectra of all the susceptibility χM (and µeff) decreases markedly with
complexes, in agreement with coordination of the phos- decreasing temperature. The µeff(Cu) at 294 K is 1.91 B.M.,
phoryl group to the metal(II) ion[25]. which is in the range expected for an octahedral CuII ion. In

In all the complexes, coordinating water is present. The the molecular antiferromagnetics under study, the magnetic
δ(H2O2H) bending vibrations of coordinated water are interactions are limited to two magnetic centres, the singlet-
observed at 160021650 cm21, whereas the O2H stretching triplet separation defined as 2J being a measure of this ef-
bands are observed around 340023600 cm21. In the spec- fect. This parameter was determined by fitting the results
trum of the CuII compound, bands at 884 cm21 and 530 to the modified Bleaney-Bowers expression[30]

cm21 are assigned to H2O rocking and wagging modes,
respectively. On the other hand, the band observed at 440
cm21 is attributable to Cu2O (for coordinated water)
stretching vibrations[23]. A very sharp infrared peak at 3540
cm21 can be assigned as the υ(OH) stretching frequency of
the hydroxo bridge[26]. Furthermore, the investigated com-
plex exhibits the bridging (Cu2OH) bending mode at 950
cm21. Support for the assignment of the bridge between

where χCu
corr is the molar magnetic susceptibility calculatedtwo copper centres comes from the absorption at about 520

per copper(II) ion, J is the exchange parameter in the Hei-cm21, which appears as a doublet (asymmetric and sym-
senberg-Dirac-van Vleck Hamiltonian ( 5 22JS1S2), p ismetric modes) due to υ(Cu2O) copper2oxygen stretching
the percentage of monomeric form of the complex, andOH vibrations[27].
other symbols have their usual meaning. In the least-1H-NMR spectroscopy is a useful tool for the investi-
squares fitting procedure, two parameters were calculated,gation of complexes of methylphosphonate ligands with N-
the singlet-triplet 2J energy gap and g; these valuesheterocyclic rings, since coordination of the metal ion via
amounted to 280 cm21 and 2.34, respectively. The agree-N gives rise to a characteristic downfield shift of the proton
ment factor R was found to be 3.97 3 1023, where R 5signals of the CH22P methylene group[28] and this seems
Σi[(χi

exptl 2 χi
calcd)2 /(χi

exptl )2]to be a general trend in such complexes[2]. We observed[28]

a remarkable downfield shift for trans-dichlorobis(di- The EPR X-band powder spectrum of the CuII com-
pound does not exhibit absorption, suggesting a strongethyl 2-pyridylmethylphosphonato-N)palladium(II), [Pd(2-
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Table 2a. Electronic spectral data for [M(2-qmpe)4(H2O)2](ClO4)2 structure due to zero-field splitting is visible, which is not

and [Cu(2-qmpe)2(OH)(H2O)2]2(ClO4)2 uncommon for MnII [32].

Compound Band position Dq[a] B[a]

[cm21] [cm21] [cm21] [cm] [cm] Crystal Structure Determination

Relevant bond-length and bond-angle information for[Co(2-qmpe)4(H2O)2]- 20760 19050 7270 790 855
(ClO4)2 (sh) υ3 υ1 [Ni(2-qmpe)4(H2O)2](ClO4)2 (1) is given in Table 3. The Ni
[Ni(2-qmpe)4(H2O)2]- 24690 12990 7810 780 950 atom has crystallographically imposed inversion symmetry(ClO4)2 υ3 υ2 υ1

and is in a distorted octahedral environment, of which the[Mn(2-qmpe)4(H2O)2]- 25000 19000
(ClO4)2 (sh) (sh) equatorial coordination sphere is formed by the four O-do-
[Cu(2-qmpe)2(OH)- 13200

nor atoms of the phosphoryl groups of the 2-qmpe ligands.(H2O)2]2(ClO4)2
The axial ligands are two water molecules. The molecular
structure is stabilized by hydrogen bonds donated by these
water molecules to the quinoline nitrogen atoms (see TableTable 2b. Magnetic data for [M(2-qmpe)4(H2O)2](ClO4)2 and

[Cu(2-qmpe)2(OH)(H2O)2]2(ClO4)2 4). The isomorphous Mn compound 2 displays the same
molecular structure and crystal packing. The molecular

T Magnetic µeff Curie Weiss R[b]

structure of [Mn(2-qmpe)4(H2O)2](ClO4)2 is shown in Fig-susceptibi- con- constant
ure 2. The water molecules bound to the manganese ion arelity 1063cM stant

C also hydrogen-bonded to the nitrogen atom at a very short
[K] [cm3/mol] [B.M.] [cm3/ [K]

distance O2H···N 5 2.799 Å. The structure as a whole ismol]
stabilized by intramolecular hydrogen-bond interactions.

[Co(2-qmpe)4- 77 28300 4.29 2.80 219.9 7.37·1027

(H2O)2](ClO4)2 294 8870 4.60
Conclusions[Ni(2-qmpe)4- 77 12900 2.95 1.05 3.0 2.03·1027

(H2O)2](ClO4)2 294 3610 2.93
[Mn(2-qmpe)4- 77 54000 5.94 4.28 3.3 2.43·1027 A number of new coordination compounds with the di-
(H2O)2](ClO4)2 294 14500 5.92 ethyl 2-quinolylmethylphosphonate ligand have been syn-
[Cu(2-qmpe)2- 4.2[d] 2080 0.26 265.4[c] 4.89·1028

thesized. To the best to our knowledge, the results described(OH)(H2O)2]2- 77 3520 1.52
(ClO4)2 294 1540 1.91 herein show for the first time that, unexpectedly, the ligand

2-qmpe coordinates to MII through the oxygen atom of the
[a] Calculated from refs. [18] [20]. 2 [b] R 5 Σi[(χi

exptl 2 χi
calcd)2 / phosphonate group, and not through the pyridine nitrogen

(χi
exptl )2]. 2 [c] In the range 100 K to room temperature. 2 atom. This may be attributable to steric factors. Intramolec-[d] All experimental points are presented in Figure 1.

ular O2H···N hydrogen bonds from H2O toward N seem
to stabilize the complexes. The complexes of CoII, NiII,Figure 1. Relation of the magnetic susceptibility (χCu): circles, ex-

perimental susceptibility; dashed line, calculated and experimental MnII, CdII, and ZnII are six-coordinate, having four 2-qmpe
magnetic moment (µeff) vs. T for [Cu(2-qmpe)2(OH)(H2O)2]2 ligands and two trans water molecules in a tetragonally(ClO4)2

elongated octahedral stereochemistry (MO6 chromophore),
as revealed by the crystal-structure determinations. The
non-participation of the pyridine group is unusual. A con-
tribution of the pyridine nitrogen atoms was observed in
related ligands in an earlier study[10] [28], when the reactivity
of pyridylmethylphosphonate ligands towards transition-
metal ions was studied. For the CuII compound, a hydroxo-
bridged dinuclear structure is proposed, i.e. [Cu(2-
qmpe)2(OH)(H2O)2]2(ClO4)2; this is supported by chemical
analysis and the antiferromagnetic coupling evident from
the magnetic susceptibility data.

In summary, we have demonstrated that the P5O donor
atom in the 2-qmpe ligand has a very high affinity towards
divalent transition-metal ions. These observations may have
important consequences, as subsequent studies will dealmagnetic interaction, e.g. as in a dinuclear unit. Such inter-
with platinum pyridyl- and quinolylmethylphosphonateactions can be transmitted by hydroxy ligands, resulting in
complexes, which can be regarded as antitumour agents.an EPR-silent spectrum[31].

The nickel compound does not exhibit an X-band EPR
We gratefully acknowledge support of this work by a grant from

spectrum. The cobalt compound shows no lines at room the Tempus Programme 2 Individual Mobility Grant IMG-96-PL-
temperature, but one line is seen at 77 K at g 5 5.80. The 2154 for J.O. This work has also been partly financed by the State
EPR spectrum of the MnII complex consists of a single, Committee for Scientific Research and by the Netherlands Foun-
broad, asymmetric line. A hyperfine structure (6 lines) typi- dation of Chemical Research (SON) (A.L.S.), with aid from the

Netherlands Organization for Scientific Research (NWO).cal for a 55MnII ion is not resolved, and only some fine-
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Table 4. Relevant interatomic distances [Å] and angles [°] for theTable 3. Selected bond lengths [Å] and angles [°] for 1 and 2 with

e.s.d.9s in parentheses[a] hydrogen-bonding interactions in [Ni(2-qmpe)4(H2O)2](ClO4)2 (1)
and in [Mn(2-qmpe)4(H2O)2](ClO4)2 (2) with e.s.d.9s. in parentheses

Compound 1 2
D2H···A D2H H···A D···A D2H···A
Compound 1Bond Lengths O502H501···N10

[a] 0.79(8) 2.14(9) 2.921(9) 174(9)M (1)2O(10) 2.019(5) 2.132(3) O502H502···N30 0.87(9) 1.97(9) 2.811(10) 161(8)M (1)2O(30) 2.046(5) 2.169(4)
M (1)2O(50) 2.079(6) 2.204(4)
P(10)2O(10) 1.500(5) 1.467(4) Compound 2

O502H502···N10
[b] 0.72(7) 2.13(6) 2.919(6) 167(7)P(10)2O(11) 1.550(6) 1.557(4)

P(10)2O(12) 1.555(7) 1.567(4) O502H501···N30 0.80(6) 2.09(7) 2.799(6) 168(7)
P(10)2C(20) 1.781(8) 1.771(5)
P(30)2O(30) 1.470(6) 1.479(4) [a] Denotes symmetry operation 2x, 2y, 1 2 z. 2 [b] Denotes sym-P(30)2O(31) 1.580(6) 1.558(5) metry operation 2x, 2y, 1 2 z.P(30)2O(32) 1.519(8) 1.564(5)
P(30)2C(40) 1.803(9) 1.775(6)
Bond Angles Table 5. Crystallographic data for compounds 1 and 2O(10)2M(1)2O(30) 90.3 (2) 89.37(14)
O(10)2M(1)2O(50) 91.2(2) 92.32(13)

Compound 1 2O(10)2M(1)2O(10)a 180.00 180.00
O(10)2M(1)2O(30)a 89.7(2) 90.63(14)
O(10)2M(1)2O(50)a 88.8(2) 87.68(13) Crystal dataO(30)2M(1)2O(50) 89.0(2) 88.04(14) Formula C55H76N4NiO14P4 · C55H76N4MnO14P4 ·O(10)a2M(1)2O(30) 89.7(2) 90.63(14) 2 ClO4 2 ClO4O(30)2M(1)2O(30)a 180.00 180.00 Molecular weight 1410.73 1406.97O(30)2M(1)2O(50)a 91.0(2) 91.92(14) Crystal system triclinic triclinicO(10)a2M(1)2O(50) 88.8 87.68(13) Space group P1̄ (No. 2) P1̄ (No. 2)O(30)a2M(1)2O(50) 91.0(2) 91.92(14) a [Å] 11.7164(14) 11.7027(9)O(50)2M(1)2O(50)a 180.00 180.00 b [Å] 12.623(3) 12.7259(11)O(10)a2M(1)2O(30)a 90.3(2) 89.37(14) c [Å] 12.784(4) 12.8297(10)O(10)a2M(1)2O(50)a 91.2(2) 92.32(13) α [°] 66.79(2) 66.956(7)O(30)a2M(1)2O(50)a 89.0(2) 88.08(14) β [°] 72.91(2) 73.273(7)

γ [°] 85.74(2) 85.969(7)
V [Å3] 1659.1(8) 1681.9(3)[a] Suffix denotes symmetry operation 2x, 2y, 1 2 z.
Dcalcd. [g cm23] 1.412 1.389
Z 1 1
F (000) 738 735Figure 2. Perspective drawing of 2; non-hydrogen-bonding hydro-
µ [21] (Mo-Kα) 5.4 4.3gen atoms and the counter ions are omitted for clarity; only the
Crystal size [mm] 0.4 3 0.4 3 0.2 0.4 3 0.4 3 0.2major disorder component is shown
Data collection
T [K] 298 293
θmin, θmax [°] 1.76, 27.50 1.74, 27.50
Wavelength (Mo-Kα) 0.71073 (graphite 0.71073 (Zr-filtered)
[Å] monochr.)
Scan type ω/2θ ω/2θ
∆ω [°] 1.61 1 0.35 tan θ 0.90 1 0.35 tan θ
Horiz., vert. 4.15, 4.00 2.44, 5.00
aperture [mm]
X-ray exposure time [h] 43 113
Linear decay (%) 3 2
Reference reflections 2 0 3, 2 2 2, 5̄ 1 2̄ 2 2̄ 1, 0 2̄ 3̄, 4 0 2
Data set 215/15, 210/16, 215/15, 216/16,

215/16 216/16
Total data 10240 8770
Total unique data 7594 [Rint 5 0.067] 7720 [Rint 5 0.050]
DIFABS corr. range 0.656, 1.468 0.609, 1.157
Refinement
No. of refined param- 409 440
eters
Final R[a] 0.120 [2312 0.073 [2984

Fo > 4σ (Fo)] Fo > 4σ (Fo)]
Final wR2[b] 0.209 0.185
Goodness of Fit 1.15 0.88
Weighting scheme[c] [σ2(F2) 1 (0.0400P)2]21 [σ2(F2) 1 (0.0773P)2]21

(∆/σ)av, (∆/σ)max 0.026, 20.363 0.000, 0.004
Min. and max. residual 20.94, 0.58 20.51, 0.42
density [e Å23]

[a] R 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/
Σ[w(Fo

2)2]}1/2. 2 [c] P 5 [max(Fo
2,0) 1 2Fc

2]/3.Experimental Section
General: All commercial reagents were ACS reagent grade. 2 IR

spectra (5024000 cm21) were recorded with a Perkin-Elmer 180 spectrophotometer fitted with a reflectance attachment, using MgO
as a reference. 2 EPR spectra were recorded with a Radiopan SE/spectrophotometer using KBr pellets. 2 Solid-state electronic spec-

tra (28000250000 cm21) were measured with a Beckman UV 5240 X 2543 spectrometer at X-band frequencies at room temperature
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and at 77 K (liquid nitrogen). Solid diphenylpicrylhydrazyl (dpph) An empirical absorption/extinction correction (DIFABS)[35] was

applied for both compounds. The structures were solved by auto-was used as the reference and magnetic fields were calibrated with
proton and lithium NMR probes. 2 NMR: 1H-NMR spectra were mated Patterson methods and subsequent difference Fourier tech-

niques (DIRDIF-92[37] and SHELX-86[36] for 1 and 2, respec-recorded with a Bruker MSL-300 spectrometer employing a fre-
quency of 300 MHz, TMS as internal standard. 2 31P-NMR spec- tively). Both compounds were refined on F2 by full-matrix least-

squares techniques (SHELXL-93)[38]; no observance criterion wastra were recorded with a Bruker MSL-300 instrument at 121.496
MHz with 85% phosphoric acid as external standard. 2 Magnetic applied during refinement. 14 deviating reflections displaying an

unequal background were omitted during the final refinementsusceptibility measurements: See below.
cycles of compound 1. Hydrogen atoms were included in the refine-2-Chloromethylquinoline: 1.0 g (5.0 mmol) of 2-chloromethylqui-
ment in calculated positions riding on their carrier atoms, exceptnoline hydrochloride was dissolved in 75 ml of water and the solu-
for water hydrogen atoms of both compounds, which were locatedtion was brought to pH ø 8 by the addition of Na2CO3. The yellow
on a difference Fourier map and subsequently included in the re-product was filtered and dried in vacuo. Yield: 0.7 g (84%), m.p.
finement. Two ethyl groups of compound 2 proved to be dis-43245°C (petroleum ether). 2 IR (KBr): ν̃ 5 7002900 cm21 (CH),
ordered; a disorder model consisting of two alternative sites and140021700 (C5N), 300023800 (CH). 2 1H NMR (CDCl3): δ 5
occupation factors was included in the refinement. Weak bond con-4.82 (s, 2 H, CH2Cl), 7.5228.20 (m, 6 H, aromatic H).
straints had to be introduced on this moiety in order to obtain a

Diethyl 2-Quinolylmethylphosphonate: A mixture of 2-chloro- reasonable geometry. Non-hydrogen atoms were refined with aniso-
methylquinoline (1.77 g, 1·1022 mol) and triethyl phosphite (25 ml, tropic thermal parameters. The hydrogen atoms were refined with
1.4·1021 mol) was stirred under reflux for 24 h. After this period, a fixed isotropic thermal parameter related to the value of the
TLC analysis indicated complete phosphorylation. The excess tri- equivalent isotropic thermal parameter of their carrier atoms by a
ethyl phosphite was then evaporated yielding a yellow oil. Colorless factor amounting to 1.5 for the water and methyl hydrogen atoms,
diethyl 2-quinolylmethylphosphonate was obtained by distillation and 1.2 for the other hydrogen atoms, respectively. The relatively
in vacuo. Yield: 2.2 g (78%). 2 1H NMR (CDCl3): δ 5 1.23 (t, high R value for 1 is attributed to the rather poor quality of the
3JHH 5 7 Hz, 6 H, 2 POCH2CH3), 3.63 (d, 2JHP 5 22 Hz, 2 H, available crystals. Neutral atom scattering factors and anomalous
CH2P), 4.13 (dq, 2JPOCH 5 7 Hz, 3JHH 5 7 Hz, 4 H, 2 dispersion corrections were taken from the International Tables for
POCH2CH3), 7.3628.23 (m, 6 H, aromatic H). 2 31P{1H} NMR Crystallography[39]. Geometrical calculations and illustrations were
(CHCl3): δ 5 24.53. performed with the PLATON package[40]; all calculations were per-

formed on a DEC station 5000 cluster. Crystallographic data (ex-Preparation of the Complexes: The coordination compounds
cluding structure factors) for the structures reported in this paperwere synthesized by addition of the appropriate hydrated metal per-
have been deposited with the Cambridge Crystallographic Datachlorate (1 mmol), dissolved in 10 ml of water, to a solution of 2-
Centre as supplementary publication no. CCDC-100672. Copies ofqmpe (4 mmol) in 20 ml of ethanol. The resulting solutions were
the data can be obtained free of charge on application to CCDC,filtered to remove any insoluble material. Following evaporation of
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 144the solvent at room temperature, the compounds crystallized after
(0)1223/336033; E-mail: deposit@ccdc.cam.ac.uk].a few days. Crystals of 1 and 2 suitable for single-crystal X-ray

diffraction studies were grown from saturated ethanolic solutions
of the complexes at room temperature. The Mn, Ni, Co, Cd, and
Zn compounds are isomorphous, as shown by X-ray powder dif- [1] J. Ochocki, A. Erxleben, B. Lippert, J. Heterocycl. Chem., in
fraction experiments. press.

[2] [2a] L. Tusek-Bozic, I. Matijasic, G. Bocelli, G. Calestani, A.Magnetic Measurements: Magnetic susceptibility measurements Furlani, V. Scarcia, A. Papaioannou, J. Chem. Soc., Dalton
(802300 K) were carried out using the Gouy method on a sensitive Trans. 1991, 195. 2 [2b] L. Tusek-Bozic, I. Matijasic, G. Bocelli,

P. Sgarabotto, A. Furlani, V. Scarcia, A. Papaioannou, Inorg.Cahn RM-2 electronic balance at a magnetic field strength of 9.9
Chim. Acta 1991, 185, 229.kOe. Over the temperature range 4.22300 K, measurements were [3] M. Horiguchi, M. Kandatsu, Nature 1959, 184, 901.made by the Faraday method, using a Cahn RG-HV electrobalance [4] [4a] J. S. Kittredge, E. Roberts, D. G. Simonsen, Biochemistry

and a magnetic field of 5.25 kOe. The standard employed for cali- 1962, 1, 624. 2 [4b] J. S. Kittredge, R. R. Hughes, Biochemistry
1964, 3, 991.2 [4c] J. S. Kittredge, E. Roberts, Science 1969,bration was HgCo(NCS)4, for which the magnetic susceptibility
164, 37.was taken as 16.44·1026 cm3 g21. Corrections for diamagnetism of [5] R. Engel, Chem. Rev. 1977, 77, 349.the constituent atoms were made by using Pascal constants. The [6] [6a] J. J. R. Frausto da Silva, R. J. P. Williams, The Biological

effective magnetic moments were calculated from µeff 5 2.83 Chemistry of the Elements: The Inorganic Chemistry of Life,
Clarendon Press, Oxford, U.K., 1991. 2 [6b] B. Lippert, An Inor-(χMT)1/2, after corrections for temperature-independent paramag-
ganic Perspective of Life, NATO ASI Series, Kluwer Academicnetism of 60·1026 (CuII) and 220·1026 cm3 mol21 (NiII).
Publishers, Dordrecht, 1995, 459, 179. 2 [6c] M. Sabat, B. Lip-
pert, Met. Ions Biol. Syst. 1966, 33, 143.X-ray Crystallography: Crystals of 1 and 2 (both colorless) suit-

[7] [7a] D. Chen, M. Bastain, F. Gregan, A. Holy, H. Sigel, J. Chem.able for X-ray diffraction were glued to the tip of a Lindemann
Soc., Dalton Trans. 1993, 1537. 2 [7b] H. Sigel, D. Chen, N. A.glass capillary and transferred to an Enraf-Nonius CAD4 dif- Corfu, F. Gregan, A. Holy, M. Strasak, Helv. Chim. Acta 1992,

fractometer on a rotating anode (for 1) or in a sealed tube (for 2). 75, 2634. 2 [7c] M. Bastian, D. Chen, F. Gregan, G. Liang,
H. Sigel, Z. Naturforsch. 1993, 48b, 1279. 2 [7d] H. Sigel, S. S.Crystals of 1 were of limited quality, as indicated by highly struc-
Massoud, N. A. Corfu, J. Am. Chem. Soc. 1994, 116, 2958. 2tured broad reflection profiles. Accurate unit-cell parameters and
[7e] H. Sigel, Chem. Soc. Rev. 1993, 22, 255.an orientation matrix were determined by least-squares refinement [8] M. J. Bloemink, J. P. Dorenbos, R. J. Heetebrij, B. K. Keppler,

of the setting angles of a set of well-centered reflections (SET4)[33]
J. Reedijk, H. Zahn, Inorg. Chem. 1994, 33, 1127.

[9] Th. Klenner, P. Valenzuela-Paz, F. Amelung, H. Münch, H.in the range 9.84° < θ < 13.75° and 4.12° < θ < 12.83° for 1 and
Zahn, B. K. Keppler, H. Blum, Metal Complexes In Cancer2, respectively. Reduced-cell calculations did not indicate higher lat-
Chemotherapy (Ed.: B. K. Keppler), VCH, Weinheim, 1993.tice symmetry[34]. Crystal data and details of the data collection [10] [10a] J. Ochocki, K. Kostka, B. Zurowska, J. Mroziñski, E. Gal-

and refinement are given in Table 5. Data were corrected for Lp decka, Z. Galdecki, J. Reedijk, J. Chem. Soc., Dalton Trans.
1992, 2955. 2 [10b] J. Ochocki, B. Zurowska, J. Mroziñski, J.effects and for observed linear decay of the reference reflections.

Eur. J. Inorg. Chem. 1998, 1692175174



Transition-Metal Complexes with the Diethyl 2-Quinolylmethylphosphonate (2-qmpe) Ligand FULL PAPER
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In the presence of strong acids, such as HCl or H2SO4, 1- Si(OSO3H)2C(SiMe3)HMes (5) was isolated. 5 is the inter-
mediate in the H2SO4-catalyzed isomerization of 1d and washydroxyalkyltris(trimethylsilyl)silanes (Me3Si)3Si2C(OH)R1-

R2 (1a2f) isomerize by 1,2-Me3Si/OH exchange to give the converted in situ with methanol, acetic anhydride, HF or HCl
to give the respective methoxysilane 6, acetoxysilane 7, fluo-trimethylsilylmethylsilanols (Me3Si)2Si(OH)2C(SiMe3)R1R2

(4a2f) [R1,R2: a: Me, Me; b: H, 4-MeC6H4; c: H, 4-iPrC6H4; rosilane 8, or chlorosilane 9. Deprotonation of 4a, d, f with
sodium hydride causes a further rearrangement, a 1,3-C,O-d: H, Mes; e: H, 2-Me2NC6H4; f: H, 2,4,6-(MeO)3C6H2]. A

mechanism for the isomerization is proposed. In the case of trimethylsilyl migration, to give the siloxanes (Me3Si)2(Me3-

SiO)Si2CHR1R2 (11a, d, f).the reaction of 1d with sulfuric acid, the silylsulfate (Me3Si)2-

The base-induced elimination of trimethylsilanolate from trimethylsilyl alcohols, can also be performed under acidic
conditions[5]. During the course of our studies on the syn-1-hydroxyalkyltris(trimethylsilyl)silanes (1) proved to be a

suitable method for the synthesis of silaethenes. The mecha- thetic utility of 1-hydroxyalkyltris(trimethylsilyl)silanes (1)
we therefore explored their conversion by strong acidsnism of the process is interpreted as a variation of the Peter-

son reaction, in such a way that a carbon atom in the orig- which, in contrast to the base-promoted sila-Peterson reac-
tion, did not give elimination and silene formation but aninal Peterson product is replaced by a silicon atom. The

polysilanylalcohols 1 are readily available by the addition of interesting rearrangement of the hydroxyalkylpolysilanes 1
into 1-trimethylsilylalkylsilanols 4.tris(trimethylsilyl)silylmagnesium bromide to the carbonyl

group of aldehydes or ketones[1], and the isolated polysi-
The Reaction of 1-Hydroxyalkyltris(trimethylsilyl)silaneslanylalcohols are deprotonated with organolithium com-
(1) with Acidspounds, initiating the elimination of trimethylsilanolate to

give transient silenes, which were characterized by trapping Strong acids, such as hydrochloric acid in ether, cause the
reactions and as different kinds of dimers (Eq. 1)[2]. The 1-hypersilylalcohols 1a2f to rapidly undergo a rearrange-
generation of silenes by the Peterson mechanism can also ment to afford the bis(trimethylsilyl)-1-trimethylsilylalkylsil-
be performed in an in situ reaction from (Me3Si)3SiLi and anols 4a2f. The silanols 4a2f are colorless solids. Their
carbonyl compounds[3], and recently Apeloig et al. success- structures were elucidated on the basis of their IR, NMR
fully applied this method to the synthesis of new stable sil- and MS data (see Experimental Section).
enes[4].

The proposed pathway for the conversion of 1a2f into
4a2f is outlined in Eq. 3. The acid-catalyzed elimination of
water from the alcohols 1a2f, affording the carbenium ionsThe Peterson reaction, originally the formation of olefins

by a base-induced elimination of trimethylsilanol from 2- 2a2f, is followed by a migration of one trimethylsilyl group
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from the central silicon atom to the neighboring carbon important contribution to this area was made by Apeloig

and Stanger, who provided evidence of a direct, solvent-atom and attack of X2, the conjugate base of the acid used
as the catalyst, at the electrophilic silicon. Hydrolysis of the unassisted 1,2-methyl migration of a solvolytically pro-

duced α-trimethylsilyl carbenium ion[10]. These experimen-Si2X bond of 3a2f by the eliminated water gives the silan-
ols 4a2f. tal observations confirm expectations deduced from theo-

retical work, according to which α-silyl carbenium ions
should generally be less stable than the isomeric silylium
ions[10] [11]. In our particular case the 1,2-trimethylsilyl shift
is probably favored by the fact that the hyperconjugative
stabilization of the silylium-ion transition-states by the
CR1R2SiMe3 groups is more effective than the stabilization
of the carbenium ions 2a2f by the hypersilyl substituent.
Whereas an α-silyl group at a carbenium ion center destabil-
izes the system relative to a methyl group[11], trimethyl-
silylmethyl groups cause a small but significant stabilization
of a silylium ion[12].

Both mechanisms, the synchronous process involving X2

in the trimethylsilyl shift and that involving a silylium-ion
intermediate, fit the experimental results and agree with the
proposed reaction path of the conversion of 1a2f into
4a2f. However, detailed information on the nature of the
intermediates cannot be obtained from the data available
and, in particular, the question of the existence of a silyl-
ium-ion intermediate remains unanswered.

Recently we became aware of a related rearrangement,
the conversion of trimethylsiloxymethyl-chlorosilanes (Me3-As the subject of some mechanistic studies we have

chosen compound 1d. The kinetic control of its conversion Si)2Si(Cl)2C(OSiMe3)R2 via chloromethyldisiloxanes (Me3-
Si)2Si(OSiMe3)2C(Cl)R2 into trimethylsilylmethylchloro-into 4d (1H NMR, solvent - [D6]acetone, equimolar quan-

tities of trifluoroacetic acid) revealed that the consumption disiloxanes Me3Si(Me3SiO)Si(Cl)2C(SiMe3)R2, and it is
very likely that this proceeds along a similar reactionof the alcohol 1d, as well as the generation of the silanol

4d, is a first-order process. Additional water in the reaction path[13].
The polysilanylalcohols 1e and 1f were included in ourmixture does not increase the rate of formation of 4d. Thus,

a bimolecular reaction, involving a direct attack of water at studies with the aim of stabilizing the intermediate carben-
ium ion by introducing electron-donating substituents andthe central tetracoordinated silicon atom of 2d facilitating

the trimethylsilyl shift and increasing the rate of the silanol- thus preventing the 1,2-Si,C-trimethylsilyl shift. However,
as demonstrated in Eq. 2, 1e and 1f follow the same iso-ate formation, can be excluded 2 at least in the rate-de-

termining step of the reaction. merization pattern and give the silanols 4e and 4f, respec-
tively.1,2-Migrations of alkyl, aryl and also trimethylsilyl

groups from a tetracoordinated silicon center to a neighbor- When concentrated sulfuric acid is used as the catalyst
for the rearrangement of 1a2f, the water eliminated froming carbenium center appear to be common and have been

described in the literature. Kumada et al. studied the AlCl3- the alcohols is not available and other nucleophiles present
in the mixture can attack the electrophilic silicon center ofcatalyzed rearrangement of chloromethyldisilanes into chlo-

rosilanes[6]. They suggested a mechanism involving a slow 3a2f to give the functionalized silanes 629. For these
experiments we have chosen to study 1d. Thus, the additionrate-determining step consisting of the ionization of the car-

bon-chlorine bond, followed by a fast step involving of several drops of concentrated H2SO4 to a solution of 1d
in methanol results in the formation of the methoxysilanesynchronous nucleophilic attack by the halide on silicon

and migration of a Me3Si group from silicon to carbon. A 6. Under the same conditions 1e and 1f give 6e and 6f,
respectively. The reaction of 1d with sulfuric acid in aceticsimilar mechanism was reported by Brook et al. [7] for the

closely related reaction, the boron trifluoride-induced re- anhydride affords the acetoxysilane 7. Similarly, when a
mixture of HF and H2SO4 is added to an ethereal solutionarrangement of (hydroxymethyl)silicon compounds to give

fluorosilanes. The BCl3-induced conversion of methoxy- of 1d, the fluorosilane 8 is formed almost quantitatively.
The chlorosilane 9 is obtained by passing gaseous HClmethyltris(trimethylsilyl)silanes (Me3Si)3Si2CH(OMe)R

into the chlorosilanes (Me3Si)2Si(Cl)2CH(SiMe3)R, de- through a solution of 1d and H2SO4 in ether (Eq. 4).
All these reactions proceed through the silylsulfate 5, andscribed by Märkl et al., is similarly discussed as a synchron-

ous process[8]. 629 are formed by replacement of the HSO4 group of 5 by
the appropriate nucleophile. This was demonstrated by theIsomerizations of silyl-substituted carbenium ions with

the simultaneous generation of a silylium-ion intermediate reaction of 1b with sulfuric acid in ether in the absence of
further nucleophiles, which allowed the isolation of 5 in theor transition state have been described more recently[9]. An
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double bond. In contrast, in the case of 10a, d, f the high
energy of the silicon oxygen bond, as expected, prevents a
silanolate elimination and silaethene formation.

We gratefully acknowledge the support of our research by the
Deutsche Forschungsgemeinschaft and the Fonds der Chemischen In-
dustrie. We thank Dr. M. Michalik, Dr. W. Baumann and Prof. N.
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Experimental Section
All reactions involving organometallic reagents were carried out

under purified argon. 2 NMR: Bruker AC 250 or Bruker ARX
300, tetramethylsilane as internal standard. 2 IR: Nicolet 205 FT-
IR. 2 MS: Intectra AMD 402, chemical ionization with isobutane
as the reactant gas. 2 (Me3Si)3SiLi ? 3 THF[14], 1a [1], 1c [15], 1d [1]

and 1e [2] were prepared as reported in the literature. 2 All yields
given refer to amounts obtained after chromatographic separationform of a colorless, crystalline, highly moisture-sensitive
and purification. 2 The syntheses and the spectral data charac-compound.
terizing the structures of 4a, 4c, 4d, 6 and 8 were described pre-
viously[15].The structures of 429 were elucidated by a full spectral

analysis [IR; 1H-, 13C- and 29Si-NMR spectroscopy, MS Synthesis of the 1-Hydroxyalkyltris(trimethylsilyl)silanes 1b and
and elemental analyses (see Experimental Section)]. 1f: As described previously[1], 1b and 1f were prepared by the reac-

tion of tris(trimethylsilyl)silylmagnesium bromide, made from 14.7
The Base- Induced Rearrangement of the 1-Trimethylsilyl- g (0.03 mol) of (Me3Si)3SiLi ? 3 THF and an equimolar quantity
alkylsilanols 4 into the Disiloxanes 11 of MgBr2 and 3.6 g (0.03 mol) of 4-methylbenzaldehyde or 5.89 g

(0.03 mol) of 2,4,6-trimethoxybenzaldehyde, respectively.Deprotonation of the silanols 4 with sodium hydride
leads to a further rearrangement, with one trimethylsilyl 1b: The product was purified by column chromatography (silica
group migrating from carbon to oxygen. The reaction was gel, heptane/ethyl acetate 20/1) and recrystallization from aceto-

nitrile; yield 7.2 g (65%), m.p. 78°C. 2 IR (nujol): ν̃ 5 3518.5 cm21performed with 4a, 4d and 4f, producing the disiloxanes
(OH). 2 1H NMR ([D6]benzene): δ 5 0.26 (s, SiCH3, 27 H), 1.1211a, 11d and 11f, respectively (Eq. 5).
(d, 3J 5 2.74 Hz, OH, 1 H), 2.12 (s, p-CH3, 3 H), 4.81 (d, 3J 5

2.74 Hz, CH, 1 H), 6.97 (m, ArH, 2 H), 7.16 (m, ArH, 2 H). 2
13C NMR ([D6]benzene): δ 5 1.8 (SiCH3), 21.0 (p-CH3); 69.2 (CH),
125.8, 129.1 (arom. CH), 135.6, 145.0 (quart. arom. C). 2 29Si
NMR ([D6]benzene): δ 5 213.1 (SiMe3), 267.7 (SiSiMe3). 2 MS:
m/z (%) 5 351 (100) [M1 2 OH], 295 (4) [M1 2 SiMe3], 277 (6)
[M1 2 C6H4CH3], 247 (16) [Si(SiMe3)3

1], 121 (15) [M1 2 Si(Si-
Me3)3]. 2 C17H36OSi4 (368.81): calcd. C 55.36, H 9.84; found C
55.13, H 9.81.

1f: Recrystallized from heptane, yield 12.0 g (90%), m.p. 115°C.
2 IR (nujol): ν̃ 5 3579.8 cm21 (OH free), 3455.0 (OH ass.). 2 1H
NMR ([D6]benzene): δ 5 0.31 (s, SiCH3, 27 H), 3.23 (s, o-OCH3,
6 H), 3.34 (s, p-OCH3, 3 H), 3.45 (d, OH, 1 H, 3J 5 10.98 Hz),
5.93 (d, CH, 1 H, 3J 5 10.98 Hz), 6.0 (s, ArH, 2 H). 2 13C NMR
([D6]benzene): δ 5 1.7 (SiCH3), 54.7 (o-OCH3), 54.9 (p-OCH3),
59.0 (CH), 127.6 (arom. CH), 115.6, 157.4, 160.1 (quart. arom. C).
2 29Si NMR ([D6]benzene): δ 5 212.6 (SiMe3), 273.1 (SiSiMe3).
2 MS: m/z (%) 5 444 (0.6) [M1]; 371 (3) [M1 2 SiMe3]; 197 (100)
[M1 2 Si(SiMe3)3]. 2 C19H40O4Si4 (444.87): calcd. C 51.30, H
9.06; found C 51.14, H 9.22.

Such 1,3-C,O-trimethylsilyl migrations are well known,
Isomerization of 1b, 1e and 1f into the Silanols 4b, 4e and 4f:

e.g. they are probably part of the Peterson olefination pro-
4b: To an ethereal solution of 0.5 g (1.35 mmol) of 1b was addedcess[5]. Interestingly, the conversion of 4a, d, f into 11a, d, f

an equimolar quantity of ethereal HCl at room temperature andis easily achieved by treatment with NaH in THF. In ether
the mixture was stirred for 5 h. After addition of aqueous NaHCO3the reaction proceeds very slowly, and after deprotonation
solution, the organic phase was separated, dried and the solventof 4a, d, f with organolithium reagents, the silanols were
evaporated. Kugelrohr distillation and chromatographic purifi-

recovered unchanged. This demonstrates the dependence of cation (silica gel, heptane/ethyl acetate 20/1) of the residue gave
the nucleophilicity of the silanolate oxygen atom on the 0.25 g (50%) of colorless crystals, m.p. 48°C. 2 IR (nujol): ν̃ 5
counter ion and the solvent. In the course of the Peterson 3647 and 3676 cm21 (OH), 3427 (OH ass.). 2 1H NMR ([D]6ben-
reaction, the 1,3-Si,O-trimethylsilyl migration is followed by zene): δ 5 0.12, 0.14 and 0.18 (3 s, SiCH3, 3 3 9 H), 2.05 (s, CH,

1 H), 2.10 (s, Ar2CH3, 3 H), 6.93 (m, ArH, 4 H). 2 13C NMRa trimethylsilanolate elimination to establish the olefinic
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([D6]benzene): δ 5 20.4, 0.0 and 0.6 (SiCH3), 20.9 (ArCH3), 30.1 6.9326.98 and 7.3927.42 (2 m, ArH, 4 H). 2 13C NMR ([D6]ben-

zene): δ 5 0.5, 0.6 and 1.1 (SiCH3), 21.9 (CH), 45.2 (NCH3), 53.7(CH), 129.4, 129.5, 133.3 and 138.6 (arom. C). 2 29Si NMR
([D6]benzene): δ 5 219.2 and 218.7 (SiSiMe3), 1.9 (CSiMe3), 10.4 (OCH3), 120.5, 124.1, 124.9, 127.5, 139.7 and 150.0 (arom. C). 2

29Si NMR ([D6]benzene): δ 5 219.8 and 219.5 (SiSiMe3), 2.9(SiOH). 2 MS: m/z (%) 5 368 (3) [M1], 353 (5) [M1 2 CH3], 295
(40) [M1 2 SiMe3], 279 (80) [M1 2 Me3SiOH], 73 (100) [SiMe3

1]. (CSiMe3), 18.4 (SiOMe). 2 MS: m/z (%) 5 410 (1) [M1 2 H], 396
(20) [M1 2 CH3], 338 (100) [M1 2 SiMe3]. 2 C19H41NOSi42 C17H36OSi4 (368.81): calcd. C 55.36, H 9.84; found C 56.10,

H 10.20. (411.88): calcd. C 55.41, H 10.03, N 3.40; found C 55.07, H 9.85,
N 3.35.4e: 0.04 ml (0.75 mmol) of conc. H2SO4 was added to a solution

of 0.3 g (0.75 mmol) of 1e in heptane and the mixture was stirred 6f: 0.3 g (0.67 mmol) of 1f and 0.01 ml (1.7 mmol) of H2SO4 in
for 3 h. Workup as described above and chromatographic purifi- methanol gave, after chromatographic purification, 0.22 g (70%) of
cation (silica gel, heptane/ethyl acetate 10/1) gave 0.12 g (40%) of colorless crystals, m.p. 121°C. 2 1H NMR ([D6]benzene): δ 5 0.20,
a colorless solid, m.p. 60°C. 2 IR (nujol): ν̃ 5 3613 and 3655 cm21

0.27 and 0.28 (3 s, SiCH3, 3 3 9 H), 3.00 (s, CH, 1 H), 3.33, 3.35,
(OH), 3400 (OH ass.). 2 1H NMR ([D6]benzene): δ 5 0.04, 0.23 3.39 and 3.50 (4 s, OCH3, 4 3 3 H), 6.08 and 6.10 (2 d, 4J 5 2.4
and 0.24 (3 s, SiCH3, 3 3 9 H), 0.92 (br. s, OH, 1 H), 2.45 (s, Hz, ArH, 2 H). 2 13C NMR ([D6]benzene): δ 5 0.3, 0.8 and 1.3
NCH3, 6 H), 3.12 (s, CH, 1 H), 6.9227.35 (m, ArH, 4 H). 2 13C (SiCH3), 14.0 (CH), 53.8, 54.4, 54.8 and 55.0 (OCH3), 90.7, 90.8,
NMR ([D6]benzene): δ 5 20.5, 20.3 and 1.3 (SiCH3), 22.8 (CH), 110.9, 157.6, 158.3 and 158.4 (arom. C). 2 29Si NMR ([D6]ben-
45.3 (NCH3), 120.6, 124.4, 125.1, 130.5 139.6 and 151.9 (arom. C). zene): δ 5 218.9 and 218.8 (SiSiMe3), 2.2 (CSiMe3), 14.9 (Si-
2 29Si NMR ([D6]benzene): δ 5 219.5 and 219.2 (SiSiMe3), 2.3 OMe). 2 MS: m/z (%) 5 458 (40) [M1], 443 (10) [M1 2 CH3],
(CSiMe3), 14.0 (SiOH). 2 MS: m/z (%) 5 397 (100) [M1], 353 (3) 427 (100) [M1 2 OMe], 385 (50) [M1 2 SiMe3]. 2 C20H42O4Si4
[M1 2 NMe2], 338 (100) [M1 2 NMe2 2 CH3]. 2 C18H39NOSi4 (458.89): calcd. C 52.35, H 9.23; found C 52.42, H 9.14.
(397.86): calcd. C 54.34, H 9.88, N 3.52; found C 54.52, H 9.94,
N 3.60. Reaction of 1d with Sulfuric Acid in Acetic Anhydride: 0.3 g (0.76

mmol) of 1d and 0.1 ml (1.9 mmol) of conc. H2SO4 were dissolved4f: As described for 4e, 0.3 g (0.67 mmol) of 1f and 0.04 ml (0.75
in 30 ml of acetic anhydride and the solution was refluxed for 10mmol) of H2SO4 gave, after chromatographic separation (silica gel,
h. After evaporation of the acetic anhydride, chromatographic sep-heptane/ethyl acetate 5/1), 0.2 g (66%) of colorless crystals, m.p.
aration (silica gel, heptane/ethyl acetate 5/1) gave 0.27 g (82%) of53°C. 2 IR (nujol): ν̃ 5 3557 and 3675 cm21 (OH), 3390 (OH ass.).
7, m.p. 125°C. 2 IR (KBr): ν̃ 5 1712 cm21 (CO). 2 1H NMR2 1H NMR ([D6]benzene): δ 5 0.08, 0.24 and 0.33 (3 s, SiCH3, 3
([D6]benzene): δ 5 0.10, 0.16 and 0.31 (3 s, SiCH3, 3 3 9 H), 1.783 9 H), 1.54 (s, OH, 1 H), 2.70 (s, CH, 1 H), 3.24, 3.34 and 3.39
(s, OCOCH3, 3 H), 2.13 and 2.27 (2 s, Ar-o-CH3, 2 3 3 H), 2.36(3 s, OCH3, 3 3 3 H), 6.06 and 6.10 (2 d, 4J 5 2.45 Hz, ArH, 2
(s, Ar-p-CH3, 3 H), 2.60 (s, CH, 1 H), 6.77 and 6.78 (2 s, Ar-H, 2H). 2 13C NMR ([D6]benzene): δ 5 20.5, 20.3 and 1.6 (SiCH3),
3 1 H). 2 13C NMR ([D6]benzene): δ 5 0.3, 0.5 and 2.0 (SiCH3),16.1 (CH), 54.5, 54.9 and 55.2 (OCH3), 90.9, 91.3, 112.8, 157.4,
20.7, 21.2 and 22.2 (ArCH3), 22.8 (CH), 129.6, 130.1, 133.2, 135.5,158.2 and 158.2 (arom. C). 2 29Si NMR ([D6]benzene): δ 5 219.5
135.6 and 138.2 (arom. C), 149.2 (OCOCH3), 171.2 (OCOCH3).and 219.3 (SiSiMe3), 2.3 (CSiMe3), 11.8 (SiOH). 2 MS: m/z (%) 5
2 29Si NMR ([D6]benzene): δ 5 216.0 and 215.2 (SiSiMe3), 2.9445 (1) [M1 1 H], 429 (5) [M1 2 CH3], 371 (100) [M1 2 SiMe3].
(CSiMe3), 12.9 (SiOCOCH3). 2 MS: m/z (%) 5 438 (100) [M1],2 C19H40O4Si4 (444.87): calcd. C 51.30, H 9.06; found C 51.16,
423 (40) [M1 2 CH3], 365 (100) [M1 2 SiMe3], 233 (80) [(Me3Si)2-H 9.02.
SiOC(O)CH3

1]. 2 C21H42O2Si4 (438.91): calcd. C 57.47, H 9.65;
Reaction of 1d with Sulfuric Acid: 0.1 ml (1.9 mmol) of conc. found C 57.23, H 9.44.

H2SO4 was added to a solution of 0.3 g (0.75 mmol) of 1d in 30
ml of ether at room temperature. After 3 h the solvent was evapo- Synthesis of 9: Gaseous HCl was passed through a solution of
rated and the colorless, slowly crystallizing residue was washed with 0.3 g (0.76 mmol) of 1d and 0.1 ml (1.9 mmol) of H2SO4 in 30 ml
pentane to give 0.26 g (72%) of 5; m.p. 84288°C. 2 IR (cap.): ν̃ 5 of ether. The reaction was monitored by TLC and continued until
2224 and 2477 cm21 (SOH), 840 (SO2 symm.), 941 (SO2 asymm.). all the alcohol 1d had been consumed. The solvent was evaporated
2 1H NMR ([D6]benzene): δ 5 0.21, 0.24 and 0.36 (3 s, SiCH3, 3 and the ether was replaced by pentane. After the addition of
3 9 H), 2.10, 2.31 and 2.39 (3 s, ArCH3, 3 3 3 H), 2.77 (s, CH, 1 Na2CO3 the solution was filtered and the pentane evaporated to
H), 6.75 (s, ArH, 2 H). 2 13C NMR ([D6]benzene): δ 5 0.2, 0.3 give a colorless solid, 0.19 g (60%), m.p. 45°C. 2 IR (cap.): ν̃ 5
and 2.0 (SiCH3), 20.7, 22.6 and 23.2 (ArCH3), 25.0 (CH), 129.7, 690 cm21 (SiCl). 2 1H NMR ([D6]benzene): δ 5 0.16 (s, SiCH3,
130.0, 133.6, 135.7 136.0 and 137.3 (arom. C). 2 29Si NMR 18 H), 0.19 (s, SiCH3, 9 H), 2.09, 2.20 and 2.33 (3 s, ArCH3, 3 3
([D6]benzene): δ 5 215.1 and 214.1 (SiSiMe3), 3.6 (CSiMe3), 32.6 3 H), 2.65 (s, CH, 1 H), 6.72 (s, ArH, 2 H). 2 13C NMR ([D6]ben-
(SiOSO3H). 2 MS: m/z (%) 5 475 (35) [M1 2 H], 379 (100) [M1 zene): δ 5 20.6, 0.1 and 2.0 (SiCH3), 20.7, 22.6 and 23.6 (ArCH3),
2 HSO4], 403 (25) [M1 2 SiMe3], 306 (40) [M1 2 HSO4 2 SiMe3]. 24.0 (CH), 129.7, 130.0, 133.6, 135.2, 135.5 and 137.6 (arom. C).
2 C19H40O4SSi4 (476.93): calcd. C 47.85, H 8.45, S 6.72; found C 2 29Si NMR ([D6]benzene): δ 5 221.8 (SiSiMe3), 4.0 (CSiMe3),
47.26, H 8.36, S 6.28. 13.1 (SiCl). 2 MS: m/z (%) 5 414 (10) [M1], 399 (30) [M1 2 CH3],

379 (2) [M1 2 Cl], 341 (60) [M1 2 SiMe3]. 2 C19H39ClSi4Synthesis of the Methoxysilanes 6e and 6f: A 2.5-fold molar ex-
(415.31): calcd. C 54.95, H 9.47, Cl 8.54; found C 54.36, H 9.42,cess of H2SO4 was added to a solution of 1e or 1f in methanol at
Cl 8.20.room temperature. After 528 h the solvent was evaporated and the

residue was separated by column chromatography. Isomerization of the Silanols 4a, d, f into the Disiloxanes 11a, d,
f: A two-fold molar excess of sodium hydride was added to a solu-6e: A solution of 0.3 g (0.75 mmol) of 1e and 0.1 ml (1.9 mmol)

of H2SO4 in 30 ml of methanol gave, after evaporation of the sol- tion of the appropriate silanol in THF at room temperature. After
stirring for 328 h (monitored by chromatography) water was addedvent and chromatographic purification (silica gel, heptane/ethyl

acetate 20/1), 0.2 g (65%) of a colorless solid, m.p. 1252130°C. 2 and the product was extracted with ether. After drying with MgSO4

the ether was evaporated and the residue was purified by column1H NMR ([D6]benzene): δ 5 0.05, 0.26 and 0.30 (3 s, SiCH3, 3 3

9 H), 2.47 (s, NCH3, 6 H), 3.09 (s, CH, 1 H), 3.38 (s, OCH3, 3 H), chromatography (silica gel, heptane/ethyl acetate 20/1).
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[1] C. Krempner, H. Reinke, H. Oehme, Chem. Ber. 1995, 128,11a: 0.3 g (1.0 mmol) of 4a and 0.05 g (2 mmol) of NaH gave

1432149.0.19 g (65%) of a colorless oil. 2 IR (cap.): ν̃ 5 1050 cm21 (SiOSi). [2] C. Krempner, D. Hoffmann, R. Kempe, H. Oehme, Organomet-
2 1H NMR ([D6]benzene): δ 5 0.28 (s, SiSiCH3, 18 H), 0.31 (s, allics 1997, 16, 182821832 and literature cited therein.
OSiCH3, 9 H), 1.15 (d, 3J 5 6.7 Hz, CCH3, 6 H), 1.31 (sept, 3J 5 [3] D. Bravo-Zhivotovskii, V. Brande, A. Stanger, M. Kapon, Y.

Apeloig, Organometallics 1992, 11, 232622328; J. Ohshita, Y.6.7 Hz, CH, 1 H). 2 13C NMR ([D6]benzene): δ 5 1.3 (SiSiCH3),
Masaoka, M. Ishikawa, Organometallics 1991, 10, 377523776;2.7 (OSiCH3), 21.0 (CCH3), 23.0 (CH). 2 29Si NMR ([D6]ben-
J. Ohshita, Y. Masaoka, M. Ishikawa, T. Takeuchi, Organomet-

zene): δ 5 220.4 (SiSiMe3), 6.1 and 6.3 (SiSiMe3 and OSiMe3). 2 allics 1993, 12, 8762879; H. Oehme, R. Wustrack, A. Heine, G.
MS: m/z (%) 5 306 (42) [M1], 305 (100) [M1 2 CH3], 263 (15) M. Sheldrick, D. Stalke, J. Organomet. Chem. 1993, 452, 33239.

[4] Y. Apeloig, M. Bendikov, M. Yuzefovich, M. Nakash, D. Bravo-[M1 2 C3H7]. 2 C12H34OSi4 (306.74): calcd. C 46.99, H 11.17;
Zhivotovskii, D. Bläser, R. Boese, J. Am. Chem. Soc. 1996,found C 46.76, H 11.12.
118, 12228212229.

11d: 0.3 g (0.75 mmol) of 4d and 0.04 g (1.7 mmol) of NaH [5] I. Fleming in Comprehensive Organic Chemistry (Eds.: D. Bar-
ton, W. D. Ollis), Pergamon, Oxford, 1979, vol. 3, p. 640; W. P.afforded 0.15 g (50%) of a colorless oil. 2 IR (nujol): ν̃ 5 1054
Weber, Silicon Reagents for Organic Synthesis, Springer-Verlag,cm21 (SiOSi). 2 1H NMR ([D6]benzene): δ 5 0.12 (s, SiSiCH3, 18
Heidelberg, 1983, p. 58.

H), 0.13 (s, OSiCH3, 9 H), 2.18 (s, p-ArCH3, 3 H), 2.26 (s, o- [6] K. Tamao, M. Kumada, J. Organomet. Chem. 1971, 30,
ArCH3, 6 H), 2.45 (s, CH2, 2 H), 6.80 (s, ArH, 2 H). 2 13C NMR 3392347.

[7] A. G. Brook, K. H. Pannell, G. E. LeGrow, J. J. Shuto, J. Or-([D6]benzene): δ 5 21.1 (SiSiCH3), 2.3 (OSiCH3), 20.9 (p-ArCH3),
ganomet. Chem. 1964, 2, 4912493.21.6 (CH2), 22.0 (o-ArCH3), 129.1, 133.2, 134.6 and 135.8 (arom.

[8] G. Märkl, M. Horn, W. Schlosser, Tetrahedron Lett. 1986, 27,C). 2 29Si NMR ([D6]benzene): δ 5 219.5 (SiSiMe3), 3.3 (SiSi- 401924022.
Me3), 6.9 (OSiMe3). 2 MS: m/z (%) 5 396 (40) [M1 2 H], 381 [9] P. D. Lickiss, J. Chem. Soc., Dalton Trans. 1992, 133321338; J.
(95) [M1 2 CH3], 323 (75) [M1 2 SiMe3], 307 (20) [M1 2 OSi- Chojnowski, W. Stanczyk, Main Group Met. Chem. 1994, 2,

6215; J. B. Lambert, L. Kania, S. Zhang, Chem. Rev. 1995, 95,Me3], 277 (100) [M1 2 C6H2Me3]. 2 C19H40OSi4 (396.87): calcd.
119121201; R. Bakhtiar, C. M. Holznagel, D. B. Jacobson, J.C 57.50, H 10.16; found C 57.24, H 10.10.
Am. Chem. Soc. 1992, 114, 322723235 and literature cited ther-

11f: 0.3 g (0.7 mmol) of 4f and 0.035 g (1.5 mmol) of NaH gave ein.
[10] Y. Apeloig, A. Stanger, J. Am. Chem. Soc. 1987, 109, 2722273.0.22 g (75%) of a colorless oil. 2 IR (cap.): ν̃ 5 1062 (SiOSi). 2
[11] Y. Apeloig, A. Stanger, J. Am. Chem. Soc. 1985, 107,1H NMR ([D6]benzene): δ 5 0.22 (s, SiSiCH3, 18 H), 0.29 (s, OSi-

280622807.CH3, 9 H), 2.73 (s, CH2, 2 H), 3.39 (s, o-OCH3, 6 H), 3.42 (s, p- [12] N. Basso, S. Görs, E. Popowski, H. Meyr, J. Am. Chem. Soc.
OCH3, 3 H), 6.12 (s, ArH, 2 H). 2 13C NMR ([D6]benzene): δ 5 1993, 115, 602526028.
21.2 (SiSiCH3), 2.3 (OSiCH3), 12.9 (CH2), 54.8 (o-OCH3), 54.9 [13] F. Luderer, H. Reinke, H. Oehme, Z. Anorg. Allg. Chem., sub-

mitted.(p-OCH3), 90.6, 109.1, 157.9 and 158.8 (arom. C). 2 29Si NMR
[14] G. Gutekunst, A. G. Brook, J. Organomet. Chem. 1982, 225,([D6]benzene): δ 5 219.6 (SiSiMe3), 0.9 (SiSiMe3), 6.3 (OSiMe3).

123.
2 MS: m/z (%) 5 445 (10) [M1 1 H], 429 (35) [M1 2 CH3], 371 [15] K. Sternberg, M. Michalik, H. Oehme, J. Organomet. Chem.,
(100) [M1 2 SiMe3], 355 (10) [M1 2 OSiMe3]. 2 C19H40O4Si4 1997, 533, 2652 268.

[97208](444.87): calcd. 51.30, H 9.06; found C 51.22, H. 9.14.
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Weak antiferromagnetic exchange interactions are observed ions are separated by 8 and 10 Å, as determined by X-ray
crystallography. Insight into the interaction pathway isin two CoII dimers of the general formula [{(triphos)Co}2(µ-

dicarboxylato)](BF4)2 where the dicarboxylate is the dianion gained through molecular orbital calculations performed on
model compounds. The influence of bridging-ligand distor-of fumaric acid [3· (BF4)2] or terephthalic acid [4· (BF4)2] and

triphos is the tridentate phosphorus ligand 1,1,1-tris(diphen- tions and the stereochemistry around the two cobalt centres
is discussed.ylphosphanomethyl)ethane. In these complexes the metal

Introduction coordination mode (Scheme 1, iv). [8] In other cases the
magnetic interaction is small and may instead be intermo-

Magnetic exchange interactions between two paramag- lecular in nature. [8] [9] [10] [11] [12] One exception is the complex
netic centres have attracted considerable interest from inor- [{(bpy)(H2O)Cu}2(µ-terephthalato)](ClO4)2, although its
ganic chemists. [1] [2] [3] The investigations have mainly been structure has not so far been determined.[13]

focused on the simplest case where two electrons at two d9-
CuII centres (S1 5 S2 5 1

2 ) are separated by an organic Scheme 1. Binding modes of carboxylates R2COO2 at metal cen-
tresspacer leading to new good quantum numbers of S 5 0

(singlet state) and S 5 1 (triplet state) for these sys-
tems. [1] [2] [3] Factors that govern the nature of the interac-
tion such as orbital topology and orbital overlap are quite
well understood and are used to design antiferro- and ferro-
magnetically coupled systems[4] [5] although it is not yet pos-
sible to use theory to make quantitative explanations and
predictions. [2] In the case of two interacting spins at two
copper centres the interaction is mediated through the σ-
framework of the bridging unit. [2] Maximum overlap be-
tween the bridging-ligand orbitals and the copper orbitals
which leads to a stabilisation of the singlet state is obtained
for a dx22y2 ground state of the copper ion in a square-
planar or square-pyramidal geometry as opposed to a trig-
onal-bipyramidal situation.[2] [7] With this favourable elec- We have focused our attention on a cobalt(II) system

with the tridentate ligand triphos [1,1,1-tris(diphenylphos-tronic configuration, antiferromagnetic exchange interac-
tion is observed even with Cu···Cu separations larger than phanomethyl)ethane]. This ligand induces a fivefold coordi-

nation around the cobalt centre providing two free cis-coor-10 Å. [6] [7] [13] The organic spacers employed for obtaining
large intramolecular distances are dicarboxylic acids (or the dination sites[14] [15] [16] needed for a bidentate coordination

mode of the carboxylate (Scheme 1, iv). The phosphorusdianions derived from them) with a rigid, usually conju-
gated, core. However, the coordination mode of car- donor set usually splits the metal-d orbitals such that a low-

spin configuration (d7) with one unpaired electron is ob-boxylates at metal centres can vary drastically (Scheme 1)
and has a large influence on both the coordination ge- tained.[14] [15] Furthermore the three bulky diphenylphos-

phano groups insulate the individual complex moleculesometry around the metal and the magnetic exchange inter-
action. A relatively large interaction is found if the car- from each other leaving no intermolecular interaction path-

way accessible. This often represents a severe problem inboxylate coordinates in a monodentate fashion with an ad-
ditional hydrogen-bridge system (Scheme 1, iii); [6] [7] an in- the study of intramolecular interactions especially over

large distances. [2] [6]teraction is also predicted for the symmetrical bidentate
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In order to address the questions concerning magnetic borate counter ions at 105521059 cm21. Unfortunately the

ν̃as(CO2
2) and ν̃s(CO2

2) absorptions could not be iden-exchange interactions (i) within a d7/d7 system and (ii) over
distances up to 10 Å we describe here the syntheses, solid- tified as they overlap with the ν̃(C5C) and δ(C2H) absorp-

tions of the aromatic rings of the triphos ligand. Forstate structures and magnetic behaviour of dinuclear tri-
phos2CoII complexes bridged by the dianions of fumaric 4 · (BF4)2 a medium strong band is observed at 1514 cm21

which is tentatively assigned to the ν̃(C5C) vibration of theand terephthalic acid. In addition, we describe molecular
orbital calculations which qualitatively explain the interac- aromatic ring of the bridging terephthalato ligand. In the

cyclic voltammogram (CH3CN, vs. SCE) both complexestion pathway.
show only quasi- and irreversible oxidation and reduction

Results and Discussion waves (see Experimental Section).
Crystal Structures: The complexes 3 · (BF4)2 and 4 · (BF4)2Preparation of Complexes: The reaction of triphos with

crystallise in the monoclinic, centrosymmetric space groupsCo(BF4)2 ·6 H2O and the appropriate dicarboxylic acid in
P21/c and P21/n, respectively. Table 1 summarises selectedTHF/ethanol in the ratio 1:1:0.5 yields red-brown solutions
bond lengths and angles. The crystal structures consist offrom which the complex salts [{(triphos)Co}2(µ-fumara-
centrosymmetric discrete dinuclear dications (Figures 1 andto)](BF4)2 [3 · (BF4)2] and [{(triphos)Co}2(µ-terephthala-
2), BF4

2 counterions and solvent molecules.to)](BF4)2 [4 · (BF4)2] were isolated (Scheme 2).

Figure 1. View of the dication of 3 · (BF4)2Scheme 2. Dinuclear triphos2CoII complexes

Figure 2. View of the dication of 4 · (BF4)2

The UV/Vis spectra of the solutions are almost identical
and are similar to that of the mononuclear complex
[{(triphos)Co}(η2-acetate)](BPh4), [17] suggesting an anal- The packing of the molecules is such that no short inter-

molecular contacts arise: Co···Co(intermolecular) 11.8 Åogous coordination environment and geometry. The ab-
sorptions observed can be assigned to d-d transitions of a [3···(BF4)2], 11.6 Å [4···(BF4)2], Co···F 7.6210 Å

[3···(BF4)2], 9211 Å [4···(BF4)2] which provide perfect mag-square-pyramidal d7-low-spin complex. [18] [19] The dinuclear
composition of 321 and 421 is confirmed by the observed netic insulation of the dimeric cations. The geometry

around the metal centres can be described as distortedM1 peaks in the FAB mass spectra with correct isotopic
distributions as well as signals for dications M21 at m/2e. square-pyramidal with the P2 atom occupying the axial co-

ordination site (Figures 1 and 2). The carboxylates coordi-The IR spectra show the typical bands for the triphos li-
gand, [20] as well as the broad absorption of the tetrafluoro- nate in a symmetric bidentate fashion with almost equal
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Table 1. Selected bond lengths [Å] [a] and angles [°] [a] for 3 · (BF4)2 Figure 3. Temperature dependence of χM and µeff of a solid sample

of 3 · (BF4)2and 4 · (BF4)2

3 · (BF4)2 4 · (BF4)2 3 · (BF4)2 4 · (BF4)2

Co12O1 2.005(3) 2.025(4) O12Co12O2 65.8(1) 66.0(2)
Co12O2 1.998(3) 1.992(4) P12Co12P2 92.15(4) 84.11(7)
Co12P1 2.189(1) 2.204(2) P12Co12P3 89.52(4) 88.96(7)
Co12P2 2.298(1) 2.269(2) P22Co12P3 90.04(4) 91.71(7)
Co12P3 2.187(1) 2.164(2) P12Co12O1 99.43(9) 106.8(2)
O12C42 1.272(5) 1.265(8) P12Co12O2 158.12(9) 155.9(1)
O22C42 1.265(5) 1.280(7) P22Co12O1 108.0(1) 98.2(1)
C422C43 1.476(5) 1.490(8) P22Co12O2 107.49(9) 109.5(1)
C432C44 2 1.402(9) P32Co12O1 159.4(1) 160.6(1)
C442C45 2 1.395(9) P32Co12O2 99.77(8) 95.1(1)
C432C45A 2 1.39(1) Co12O12C42 87.8(2) 86.5(3)
C432C43A 1.304(8) 2 Co12O22C42 88.3(2) 87.6(4)
Co1···C42 2.332(4) 2.322(6) O12C422C43 121.1(4) 122.9(6)
Co1···Co1A 8.37 10.31 O22C422C43 120.8(3) 118.5(6)

O12C422O2 118.1(3) 118.5(5)

[a] Estimated standard deviations of the least significant figures are
given in parentheses.

Co2O and C2O bond lengths (Table 1). The small angle Figure 4. Temperature dependence of χM and µeff of a solid sample
of 4 · (BF4)2O2Co2O is similar to that found in monocarboxylate

complexes of the triphos2CoII fragment. [16] [17] [21] The dis-
tance between the carbon atom of the carboxylate fragment
and the central -system (double bond in 321, aromatic ring
in 421) is that of a C(sp2)2C(sp2) single bond.[22] The car-
boxylate groups and the plane of the central π-systems are
almost coplanar, the tilting angle being 7.8° (321) and 4.2°
(421). The intramolecular Co···Co separations are 8.37 Å
(321) and 10.31 Å (421).

Magnetic Susceptibility: Variable-temperature magnetic
susceptibility data for the two complexes were measured in
the temperature range 72290 K using a Faraday balance
(Figures 3 and 4). These data were fitted to the
Bleaney2Bowers equation[2] and the result is represented
by the solid lines in Figures 3 and 4.[23] From these fits the
singlet2triplet splittings are estimated as 2J 5 236 cm21

[3···(BF4)2] and 216 cm21 [4···(BF4)2]. Intermolecular inter-
actions (vide supra) can be safely excluded and the observed
antiferromagnetic exchange coupling must therefore be in- Table 2. Magnetic and EPR data of dinuclear triphos2CoII com-

plexestramolecular in nature. The results are compiled in Table 2
along with the results of EPR measurements. Also included

compound 22J /cm21 gmag g (295 K) Ref.
are the data of two previously described dinuclear tri-
phos-CoII complexes with oxygen donor coligands, 121 144 2.45 n.d. [17]

221 58 1.99 2.11 [24]
[{(triphos)Co}2(µ-OH)2](BPh4)2 [1···(BPh4)2] [17] and

321 36 2.03 2.12 this paper
[{(triphos)Co}2(µ-1,4,5,8-tetraoxonaphthaleno)](BF4)2 421 16 1.82 2.12 this paper
[2···BF4)2] [24] (Scheme 2).

The EPR spectra in solution at 295 K and in a
THF2CH2Cl2 glass at 100 K show only broad unresolved of the two frontier molecular orbitals ε1 2 ε2 through

22J 5 ET 2 ES 5 22 Kab 1 (ε1 2 ε2)2·(Jaa 2 Jab)21 wheresignals centred at g 5 2.12 which is a typical value for low-
spin CoII complexes. [24] [25] [26] [27] [28] Kab is the two-electron exchange integral and Jaa, Jab are the

one- and two-centre coulomb repulsion integrals. AssumingMolecular Orbital Calculations: To gain insight into the
possible interaction pathway, molecular orbital calculations that Kab, Jaa, and Jab vary only slowly in closely related

compounds the energy difference of the spin states is pro-on idealised and simplified model compounds were per-
formed at the SCF level of theory. The frontier molecular portional to the square of the splitting of one-electron en-

ergy levels.orbitals of the complexes are depicted in Figures 5 and 6.
The symmetry labels g and u refer to the inversion centres As expected from simple ligand-field theory[29] the un-

paired electron of each cobalt centre in a square-pyramidalof the molecules. According to Hoffmann[3] the splitting of
the singlet and triplet state is related to the energy difference coordination geometry occupies a dz2 orbital (with an ad-
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Figure 5. Orbital splitting and orbital symmetry of the model com- most perpendicular (z axis) to the plane of the carboxylato

plex of 321 [a]
group (xy plane). This orientation precludes any interaction
through the σ-framework of the bridging ligand but pro-
vides a pathway over the π-system of the bridge. The mag-
netic exchange coupling mediated by the π-system of the
ligand is expected to be much smaller than an interaction
through the σ-system (better orbital overlap) and the exper-
imental results (small splitting in the cobalt case and larger
splitting in the copper case) seem to support this expec-
tation. However, inspite of the large distances between the
metal centres and the poorer overlap between the metal and
the ligand orbitals, a weak antiferromagnetic exchange is
observed which is more than two orders of magnitude
larger than the calculated singlet2triplet energy gap (2J 5
20.1 cm21, dM2M 5 10.3 Å) based on a statistical analy-
sis. [2] Thus even switching from the σ-interaction pathway
in Cu2Cu dimers to a π-interaction in Co2Co complexes
does not prevent a magnetic coupling of the two metal
centres separated by 10 Å.

In order to relate the singlet2triplet energy gap to the
energy difference between the highest one-electron energy[a] The contribution of ligand orbitals is exaggerated. The composi-

tion is approximately 77% metal, 20% PH3 and 3% bridging ligand. levels the HOMO2LUMO gaps of model compounds of
321 and 421 were calculated; also included in the calcu-
lation were models of the complexes 121 and 221. [17] [24] TheFigure 6. Orbital splitting and orbital symmetry of the model com-
results are summarised in Table 3. In fact, the simple calcu-plex of 421 [a]

lation reflects the correct ordering of decreasing antiferro-
magnetic interaction 121 > 221 > 321 > 421 (Tables 2 and
3).

Table 3. Orbital energies and orbital energy splitting values

compound ε1/eV ε2/eV ∆E25(ε12ε2)2 Co···Co/Å

121 212.232 28.602 13.18 3.07
221 210.533 28.459 4.30 8.11
321 210.438 28.649 3.20 8.37
421 29.958 28.500 2.13 10.31

Furthermore the square of the calculated energy differ-
ence ∆E2 5 (ε1 2 ε2)2 correlates well with the experimental
singlet2triplet splitting 22J (22J [cm21] 5 11.0 3 ∆E2

[eV2] 1 0.61; r2 5 0.982) (Figure 7) showing that even this
simple and qualitative model can explain the observed anti-
ferromagnetic interaction in d7/d7 dinuclear complexes.

[a] The contribution of ligand orbitals is exaggerated. The composi- Encouraged by these results the influence of distortions
tion is approximately 77% metal, 20% PH3 and 3% bridging ligand. within the dinuclear complex on the singlet2triplet energy

gap was studied. In the first study the central phenyl ring
of the model complex 421 was rotated around the x-axismixture of 5% s and 9% pz). The highest occupied orbitals

of the dimer are the symmetric and antisymmetric combi- (Figures 6 and 8). The dihedral angle between the plane of
the phenyl ring and the basal planes of the metal-surround-nations of these monomer orbitals. In the fumarato com-

plex (321) the in-phase combination (g, Figure 5) is lower ing square pyramids was varied from 0 to 90°. Qualitatively
the overlap between the p-orbitals at the carbon atoms C42in energy than the out-of-phase combination (u, Figure 5),

while the reverse is true for the terephthalato complex (421) and C43 (Figures 2 and 8) should decrease and at the 90°
distortion they should be strictly orthogonal leading to a(Figure 6). The qualitative level ordering of the ligand or-

bitals follows the expected trend from nodal structure: one vanishing HOMO2LUMO gap, ∆E, and thus to a zero
antiferromagnetic interaction. With the employed calcu-(HOMO) and two (LUMO) nodal planes for the ligand-

MOs of 321 and two (HOMO) and three (LUMO) for 431 lation method the highest molecular orbitals become de-
generate at a dihedral angle of 70°. However, too much sig-(Figures 5 and 6).

As opposed to the d9/d9 case (CuII/CuII) the magnetic nificance should not be ascribed to the computed angle
since the value is dependent on the choice of exponents fororbitals of the cobalt centres (dz2 1 pz) are orientated al-
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Figure 7. Correlation of the experimental S/T gap (2J) and the the (1s and pz) to almost pure dxy (1py) (in this coordinate

square of the calculated HOMO2LUMO gap (∆E2) system) as has been shown previously.[29] The calculations
show than this distortion has only a very small effect on
the HOMO2LUMO energy gap; the π-type overlap of the
metal d-hybrid orbitals with the oxygen p-orbitals obvi-
ously remains almost constant during the distortion. The
small energy difference and activation barrier between
square-pyramidal and trigonal-bipyramidal distorted tri-
phos2Co complexes has been experimentally shown by
EPR[24] [25] [26] [27] [28] and NMR spectroscopy[30] [31] [32] as
well as by the fact that in one case both conformational
isomers have been isolated in the solid state. [33] This is con-
sistent with the assumption that neither the total energy nor
the energy gap of the frontier orbitals change significantly
during the distortion. Therefore unlike the Cu2Cu di-
mers[2] [7] the singlet2triplet splitting in Co2Co dimers of
the type described in this work appears relatively insensitive
towards this geometrical distortion.

In summary, this work has shown that intramolecular
antiferromagnetic exchange coupling occurs in dinuclearthe carbon p-orbital. A similar situation was encountered
triphos2CoII complexes up to a metal2metal distance ofin the study of the Cu2O2Cu angle variation in di-µ-OH
10 Å. The interaction is transmitted through the π-systemcopper dimers. [2] [3] Experimentally this distortion could be
of the bridging ligand. The experimental results can be ex-achieved by attaching large substituents onto the phenyl
plained within a simple MO approach at the SCF level ofring of the bridging ligand; this is currently being at-
theory. Distortions within the π-system of the bridging li-tempted.
gand are predicted to decrease the HOMO2LUMO gap

Figure 8. Distortion of the ligand π-system and thus the antiferromagnetic coupling while distortions
from a square-pyramidal to a trigonal-bipyramidal ge-
ometry around the metal centre are predicted to have a neg-
ligible influence on the HOMO2LUMO gap.

This work received support from the Deutsche Forschungsgemein-
schaft, the Fonds der Chemischen Industrie, and the Volkswagenstif-
tung.

Experimental Section
Computational Details: Calculations were performed on an Ap-

ple Macintosh IIfx with the CACHe/ZINDO program Version 3.6
(M. C. Zerner 199021994) with INDO/1 parameters. Orbital ener-
gies were obtained from an SCF calculation of the singlet state
without symmetry constraints. The geometry of the molecules was
idealized to a square pyramidal polyhedron around the metal cen-
tre and a planar bridging ligand. The triphos ligand was replaced
by three isoelectronic PH3 groups. Distances and angles were as
follows: Co2Peq 2.19 Å, Co2Pax 2.26 Å, Co2O 2.00 Å, P2H 1.38Figure 9. Square pyramid2trigonal bipyramid distortion
Å, O2Co2O 65.8°, P2Co2P 90.0°, O2C2O 118.0°.

General Methods: Unless noted otherwise all manipulations were
carried out under an inert atmosphere by means of standard
Schlenk techniques. All solvents were dried by standard methods
and distilled under inert gas. 2 NMR: Bruker AC 200 at 200.13
MHz (1H). 2 IR: Bruker FTIR IFS-66, as CsI disks. 2 UV/Vis/
NIR: Perkin Elmer Lambda 19. 2 MS: Finnigan MAT 8230. 2

EPR: Bruker ESP 300 E, X-band, standard cavity ER 4102, tem-The second distortion possible in five-coordinate com-
perature control unit Eurotherm B-VT 2000, external standard di-plexes is the transformation of the coordination polyhedron
phenylpicrylhydrazyl (DPPH). 2 Elemental analyses: microana-

from square pyramidal to trigonal bipyramidal. This can be lytical laboratory of the Organisch-Chemisches Institut, University
achieved by rotating the carboxylate chelating ligand out of of Heidelberg. 2 Melting points: Gallenkamp MFB-595 010, melt-
the basal plane (xy plane) into the xz plane while main- ing points are not corrected. 2 Cyclic voltammetry: Metrohm
taining the geometry of the (PH3)3Co fragment (Figure 9). “Universal Meß- und Titriergefäß”, Metrohm GC electrode RDE

628, platinum electrode, SCE electrode, Princeton Applied Re-The hybridisation of the cobalt centres changes from dz2
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search potentiostat Model 273, 1023  in 0.1  nBu4NPF6/CH3CN. Table 4. Crystallographic data for 3 · (BF4)2 and 4 · BF4)2

2 Magnetic measurements were carried out on a Faraday type
3 · BF4)2 4 · (BF4)2magnetometer in the temperature range 72290 K. The magnetic

field applied was 10 kG. Mercury tetrakis(thiocyanato)cobaltate
formula C86H80P6O4Co2B2F8 C90H82P6O4Co2B2F8was used as a susceptibility standard. Corrections for diamagne- · 3 (CH3)2CO · 4 CH2Cl2

tism were estimated using Pascal9s constants[34] as 915 ·1026 Mr/g mol21 1654.9 1705.0
(without solvates)[3 · (BF4)2] and 955 ·1026 cm3 mol21 [4 · (BF4)2]. Magnetism of the
crystal size/mm 0.50 3 0.30 3 0.30 0.40 3 0.30 3 0.20samples was found to be field-independent. The effective magnetic
crystal system monoclinic monoclinic

moment was calculated by using the equation µeff 5 2.83 (χM T)1/2, Z 2 2
whereas the exchange parameters J and gmag were obtained by a space group (no.) P21/c (14) P21/n (14)

a /Å 15.794(3) 11.676(4)least-squares fitting of the susceptibility data to the Bleaney-Bow-
b /Å 17.424(3) 13.441(3)ers equation for dinuclear complexes with S1 5 S2 5 1/2, where 2J
c /Å 18.759(6) 30.421(7)

is the energy difference between the singlet and the triplet states β [°] 70.42(2) 96.44(3)
(H 5 22J·S1·S2). A further parameter p, representing the percent- V /Å3 4864(2) 4744(2)

ρ (calcd)/g cm23 1.249 1.426age of a mononuclear impurity with S 5 3/2 (high-spin CoII), was
T /K 200 200introduced although the exact nature of the actual impurity (olig-
2θ range [°] 4.5251.1 3.9252.0

omer, polymer) was unknown: p 5 6.7% [3 · (BF4)2], 5.7% scan speed/° min21 ω̇ 5 10.0 ω̇ 5 10.0
[4 · (BF4)2]. The variations in gmag values are not significant and no. rflns measured 9385 9577

no. unique rlfns 9045 9113result from the fitting method. Magnetic measurements in solution
no. reflns obs. 6782 5196(CD2Cl2) were conducted according to the method of Evans. [35]

obs. criterion I > 2σ(I) I > 2σ(I)
Diphenylpicrylhydrazyl (DPPH) was used as a susceptibility stand- no. of paramenters 628 581
ard. R1/% 5.6 8.1

Rw/% (refinement on F2) 18.2 23.6
Chemicals: 1,1,1-Tris(diphenylphosphanomethyl)ethane, CH3C-

(CH2PPh2)3
[36], Co(BF4)2 · 6 H2O[37].

Crystallographic Structure Determinations: The measurements 1 F], 1480 (11) [M1], 875 (38) [M1 2 triphos-Co 1 Ph 1 1], 797
were carried out on a Siemens P4 (Nicolet Syntex) R3m/v four- (40) [M1 2 triphos-Co], 740 (5) [M21], 683 (52) [triphos-Co1], 547
circle diffractometer with graphite-monochromated Mo-Kα radi- (43) [triphos-Ph1]. 2 UV/Vis (CH2Cl2): λmax (ε) 5 489 nm (3550
ation. All calculations were performed using the SHELXT PLUS M21 cm21), 966 (1030). 2 CV (CH3CN): E1/2 5 20.30 V (qrev.),
software package. Structures were solved by direct methods with 10.35 V (qrev.). 2 µeff(CD2Cl2): 3.5 µB. 2 C86H80B2Co2F8O4P6

the SHELXS-86 program and refined with the SHELX93 pro- (1654.9): calcd. for 3 · (BF4)2 · 3 CH2Cl2: C 55.98, H 4.54; found C
gram.[38] Graphics were prepared using XPMA and ZORTEP.[39] 55.11, H 5.04.
An absorption correction (ψ scan, ∆ψ 5 10°) was applied to all

4 · (BF4)2: M.p. 240°C (decomp.). 2 IR (CsI): ν̃ 5 3059 cm21

data. Atomic coordinates and anisotropic thermal parameters of
(m), 1514 (m), 1485 (m), 1434 (s), 1409 (m), 1279 (w), 1096 (s),

the nonhydrogen atoms were refined by a full-matrix least-squares
1059 (br), 998 (m), 854 (s), 833 (w), 738 (s), 694 (s), 514 (s). 2 MS

calculation. Table 4 is a compilation of the data for the structure
(FAB); m/z (%): 1549 (42) [M1 1 F], 1530 (21) [M1], 925 (74) [M1

determinations. Further details of the crystal structure determi-
2 triphos-Co 1 Ph 1 1], 847 (71) [M1 2 triphosCo], 765 (8)

nations may be obtained from the Fachinformationszentrum
[M21], 683 (56) [triphosCo1], 547 (72) [triphos-Ph1]. 2 UV/Vis

Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on
(CH2Cl2): λmax (ε) 5 474 nm (3130 M21 cm21), 650 (230), 963

quoting the depository numbers CSD-407616 [3 · (BF4)2], and CSD-
(880). 2 CV (CH3CN): Ep 5 20.37 V (irr.), E1/2 5 10.27 V (qrev.).

407617 [4 · (BF4)2].
2 µeff(CD2Cl2): 3.1 µB. 2 C90H82B2Co2F8O4P6 (1705.0): calcd. for

(µ-Fumarato)bis[{1,1,1-tris(diphenylphosphanomethyl)- 4.(BF4)2 · 1 CH2Cl2: C 61.07, H 4.73; found C 60.56, H 5.03.
ethane}cobalt] Bis(tetrafluoroborate) [3 · (BF4)2] and (µ-Ter-
ephthalato)bis[{1,1,1-tris(diphenylphosphanomethyl)ethane}- [1] O. Kahn, Angew. Chem. 1985, 97, 8372853; Angew. Chem. Int.
cobalt] Bis(tetrafluoroborate) [4 · (BF4)2]: A solution of Co(BF4)2 · Ed. Engl. 1985, 24, 8342850.

[2] O. Kahn, Molecular Magnetism, VCH, Weinheim (Germany),6 H2O (341 mg, 1 mmol) in EtOH (10 ml) was added to a solution
1993, and references cited therein.of the triphos ligand (624 mg, 1 mmol) in THF (15 ml). Addition of [3] P. J. Hay, J. C. Thibeault, R. Hoffmann, J. Am. Chem. Soc.

the dicarboxylic acid [fumaric acid for 3 · (BF4)2; 58 mg, 0.5 mmol; 1975, 97, 488424899.
terephthalic acid for 4 · (BF4)2; 83 mg, 0.5 mmol] to the orange- [4] O. Kahn, J. Galy, Y. Journaux, J. Jaud, L. Morgenstern-Bada-

rau, J. Am. Chem. Soc. 1982, 104, 216522176.coloured solution caused a slow colour change to red-brown. After
[5] Y. Journaux, O. Kahn, H. Coudanne, Angew. Chem. 1982, 94,the solution had been stirred for two hours it was filtered and the 6472648; Angew. Chem., Int. Ed. Engl. 1982, 21, 6242625.

solvents were evaporated. The solid residue was washed with Et2O, [6] K.-S. Bürger, P. Chaudhuri, K. Wieghardt, B. Nuber, Chem.
dissolved in CH2Cl2 and filtrated over 2 cm of Kieselgur. The clear, Eur. J. 1995, 1, 5832593.

[7] P. Chaudhuri, K. Oder, K. Wieghardt, S. Gehring, W. Haase,red solution was concentrated in vacuo until the complex started to
B. Nuber, J. Weiss, J. Am. Chem. Soc. 1988, 110, 365723658.precipitate. Precipitation was completed by adding 10 ml of Et2O. [8] M. Verdaguer, J. Gouteron, S. Jeannin, Y. Jeannin, O. Kahn,

Recrystallisation from CH2Cl2/Et2O yielded 356 mg (43%) of Inorg. Chem. 1984, 23, 429124296.
3 · (BF4)2 and 410 mg (48%) of 4 · (BF4)2, respectively. Vapour dif- [9] E. G. Bakalbassis, J. Mrozinsky, C. A. Tsipis, Inorg. Chem. 1984,

23, 429124296.fusion of Et2O into a concentrated solution of the complex
[10] E. G. Bakalbassis, A: P. Bozopoulos, J. Mrozinsky, P. J.[3 · (BF4)2 in acetone; 4 ·BF4)2 in CH2Cl2] afforded red needle- Rentzeperis, C. A. Tsipis, Inorg. Chem. 1988, 27, 5292532.

shaped crystals suitable for X-ray crystallographic analysis. [11] TiIII/TiIII dimers: L. C. Francesconi, D. R. Corbin, A. W.
Clauss, D. N. Hendrickson, G. D. Stucky, Inorg. Chem. 1981,3 · (BF4)2: M.p. 250°C (decomp.). 2 IR (CsI): ν̃ 5 3058 cm21
20, 207822083.

(m), 1485 (m), 1436 (s), 1283 (m), 1093 (s), 1055 (br), 999 (m), 829 [12] FeIII/FeIII dimer: M. Dusek, V. Petricek, J. Kamenicek, Z. Sin-
delar, Acta Cryst. 1992, C48, 157921582.(w), 738 (s), 692 (s), 513 (s). 2 MS (FAB); m/z (%): 1599 (18) [M1
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The sequential reaction of two equivalents of the dimethyl- (PEt3)2C;CH], is described. When three equivalents of 1a
are treated, first with three equivalents of nBuLi and thenamino(ethynyl)carbene complexes [(CO)5M=C(NMe2)C;CH]

[M = W (1a), Cr (1b)] with two equivalents of nBuLi and one with one equivalent of the trihalides PCl3 or BBr3, the novel
tris(ethynylcarbene) complexes [{(CO)5W=C(NMe2)C;C}3E]equivalent of a transition metal dichloride, [Cl2M9(Ln)], af-

fords trinuclear biscarbene complexes of the type [(CO)5M= [E = B (11a), P (12a)] are obtained. The reaction of four equi-
valents of 1a, b with four equivalents of nBuLi, followed byC(NMe2)C;C2M9(Ln)2C;CC(NMe)2=M(CO)5] [M9(Ln) =

Ni(PEt3)2 (2a, b), Pd(PEt3)2 (3a, b), Pt(PEt3)2 (4a, b), Fe(dmpe)2 addition of one equivalent of a group 14 tetrachloride
[M9Cl4], yields the novel tetrakis(ethynylcarbene) complexes(6a), Hg (8a), Ti(η5-C5H5)2 (9a, b)] [dmpe = 1,2-bis(dimethyl-

phosphino)ethane]. Treatment of 1a with equimolar amounts [{(CO)5M=C(NMe2)C;C}4M9] [M9 = Si (13a, b), Ge (14a), Sn
(15a, b)]. The complexes 8a, 9a, 12a, and 15a were charac-of first nBuLi and then [Cl2M9(Ln)] results in the formation of

the monosubstitution products [(CO)5W=C(NMe2)C;CM9- terized by X-ray structural analyses. All spectroscopic and
structural data suggest that the carbene fragments and the(Ln)] [M9(Ln) = trans-Pd(PEt3)2Cl (5a), trans-Fe(dmpe)2Cl

(7a)]. Additionally, the synthesis of the heterobimetallic central transition metal or heteroatom in these new bis-,
tris-, and tetrakis(ethynylcarbene) complexes interact onlyethynylcarbene complex [(CO)5W=C(NMe2)C;CPd-

(PEt3)2C;CH] (10a), starting from 1a and [ClPd- weakly.

Introduction tems may represent suitable substructures for the construc-
tion of two- and three-dimensional networks.

Previously, we reported on the efficient preparation ofPolynuclear transition metal complexes with π-conju-
bimetallic ethynylcarbene complexes by nucleophilic substi-gated carbon bridges have recently attracted considerable
tution of a lithiated ethynyl- or butadiynylcarbene complexinterest due to their potentially useful chemical and physical
for the halide X in metal monohalides [XM9(L9m)] [13] [15]. Inproperties. An application as materials for nonlinear optics
this paper we report on a general synthetic route to a widehas been proposed[1]. In addition, π systems, such as highly
range of π-conjugated metal-bridged bis-, tris-, and tetra-ethynylated organic and organometallic compounds, have
kis(Fischer carbene) complexes. These carbene complexesbeen intensively studied since they represent viable mono-
can be considered as a new type of monomeric polyacetyl-mers for the synthesis of high carbon polymers. Transition
enic organometallic building blocks for the synthesis of twometal σ-acetylide complexes[2] and ethynyl-substituted half
and three dimensional structures.sandwich complexes can be considered as building blocks

in the synthesis of linear[3], star-shaped[3d] [4], and spheri-
Results and Discussioncal [5] structures.

A wide range of π-conjugated acetylide transition metal Extension of the concept of coupling a LnMC3 with a
M9Lm fragment to the treatment of the dimethylamino-complexes of the type [LnM2(C;C)x2M9L9n9] have al-

ready been reported[1a]. Examples for conjugated (ethynyl)carbene complexes of tungsten and chromium with
different metal dihalides afforded metal-bridged biscarbenebis(Fischer carbene)complexes of the type

[LnMC(YR)Cc(RY)CMLn] (with Cc 5 conjugated carbon complexes of the general type [(CO)5M5
C(NMe2)C;C2M9(Lm)2C;CC(NMe2)5M(CO)5]. Thebridge, Y 5 O, NR) are also known. Symmetrical com-

plexes containing phenyl[6] [7], biphenyl[8], binaphthyl[7], an- dimethylamino(trimethylsilylethynyl)carbene complexes
[(CO)5M5C(NMe2)C;CSiMe3] (M 5 W, Cr) proved to bethracene[9], 1,6-methano[10]annulene-2,7-diyl [10], alke-

nyl, [11] or ammonium pentadienide[12] bridges are readily suitable precursors for the LnMC3 fragment. Desilylation
with KF/THF/MeOH[15], followed by deprotonation withaccessible. By contrast, apart from our results on the syn-

thesis of the C4HgC4-bridged complex [(CO)5W5 nBuLi, gave the lithiated acetylide [(CO)5M5C(NMe2)-
C;CLi] (M5W, Cr). Treatment of two equivalents of thisC(NMe2)C;CC;CHgC;CC;CC(NMe2)5W(CO)5] [13],

examples of π-conjugated metal-bridged trinuclear biscar- tungstate (or chromate) in situ with one equivalent of the
metal dichloride [Cl2M(PEt3)2] (M 5 Ni, Pd, Pt) resultedbene complexes are unknown[14]. Nevertheless, all these sys-

Eur. J. Inorg. Chem. 1998, 1912202  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/020220191 $ 17.501.50/0 191



C. Hartbaum, G. Roth, H. FischerFULL PAPER
in formation of the pale yellow trans-bis(ethynylcarbene) A tetrahedrally coordinated trinuclear biscarbene com-

plex was obtained, when two equivalents of the lithiatedcomplexes 224 in yields, after chromatography, of 66272%
(Scheme 1). complexes 1a, b were treated with one equivalent of the

dichloride [Cl2Ti(η5-C5H5)2] (Scheme 1). The red biscar-
bene complexes 9a, b were obtained in yields of 67% (9a)
and 68% (9b), respectively. Tweezer compounds such as the
bisalkynyl substituted titanocene complexes of the type
[(η5-C5H4R)2Ti(C;CR9)2] are well known[16] [17] [18]. The
formation of monoalkynyl substituted titanocenes [(η5-
C5H4R)2TiCl(C;CR9)] by reaction of equimolar amounts
of an acetylide and a metal dihalide could also be ob-
served[16]. Efforts to prepare an analogous monosubstituted
ethynylcarbene complex [(CO)5W5C(NMe2)C;CTiCl(η5-
C5H5)2] starting from 1a failed. Only a small amount of the
disubstituted product 9a was isolated.

Apart from 224, and 8a the synthesis of asymmetrically
π-conjugated linear systems was intended. Treatment of the
deprotonated complex 1a with [ClPd(PEt3)2C;CH] af-
forded the light yellow ethynyl propynylidene palladium
complex [(CO)5W5C(NMe2)C;CPd(PEt3)2C;CH] 10a in
rather moderate yield (23%) (Scheme 3). The monosubstitu-As expected, the reaction of equimolar amounts of the
tion product 5a was obtained as a by-product in a yield oflithiated complex [(CO)5W5C(NMe2)C;CLi] and a metal
19%. Obviously, the ethynyl chloro palladium complex wasdichloride under the same conditions led to the formation
contaminated with small amounts of [Cl2Pd(PEt3)2], whichof a monosubstituted product. Thus, when 1a was treated
reacted with deprotonated 1a to yield 5a. Further investi-at 280°C, first with nBuLi and then with the equimolar
gations, in order to optimize the synthesis of 10a and toamount of [Cl2Pd(PEt3)2], chromatographic work up of the
apply this compound as starting material for polynuclearreaction mixture afforded the complex 5a in a yield of 61%
complexes with longer π-conjugated metal2carbon sys-(Scheme 2).
tems, are presently under way.

The nucleophilic substitution of complexes 1a and 1b is
not restricted to transition metal halides, but can also beAnalogous reaction sequences were carried out with the

iron dichloride [Cl2Fe(dmpe)2] [dmpe 5 1, 2-bis(dimethyl- applied to halides of main group elements. By the reaction
of three equivalents of the deprotonated ethynylcarbenephosphino)ethane]. Addition of an equimolar amount of

nBuLi to two equivalents of 1a, followed by addition of complex 1a with one equivalent of either the group 13 tri-
halide BBr3, or the group 15 trihalide PCl3 tris(ethynylcar-one equivalent of the metal dichloride, gave the linear trans-

substituted trinuclear complex 6a in a yield of 35% (Scheme bene) complexes of the general type [{(CO)5W5
C(NMe)2C;C}3E] were obtained in good to high yield1). The reaction of equimolar amounts of the educt com-

plexes resulted in the formation of the bimetallic ethynylcar- [E 5 B: 61% (11a), P: 81% (12a)] (Scheme 4).
Tetrahalides of the main group metals can also be em-bene complex 7a in a yield of 29% (Scheme 2).

Similar to 224, and 6, treatment of two equivalents of ployed for analogous nucleophilic substitution reactions
with the lithiated complex 1. When four equivalents of thedeprotonated ethynylcarbene complex 1a and one equiva-

lent of the dichloride HgCl2 resulted in the formation of a deprotonated ethynylcarbene complex 1a were treated with
one equivalent of a group 14 tetrachloride M9Cl4, pentanu-linear biscarbene complex (Scheme 1). Chromatographic

work up of the reaction mixture afforded compound 8a in clear tetrakiscarbene complexes {[(CO)5W5
C(NMe)2C;C]4M9} were obtained in good yield [M9 5 Si:a yield of 57%. This trans-coordinated complex represents

the only trinuclear complex without any coligands at the 60% (13a), Ge: 59% (14a), Sn: 76% (15a)] (Scheme 5). In
the case of silicium and tin the corresponding chromiumcentral metal in this series.
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The stretching frequencies of the carbon2carbon triple

bonds in the complexes 224 are significantly smaller than
those of the unsubstituted ethynylcarbene complexes 1
[ν̃(C;C) 5 2118 cm21]. This is commonly observed with
σ-acetylenic transition metal complexes, and can be con-
sidered as evidence for the increase in polarity of the acetyl-
enic bond upon coordination to the metal [17] [20]. In the
series 2 R 3 R 4 the ν(C;C) absorptions shift to higher
wavenumbers due to the increasing donating capacity of the
M9(PEt3)2 moiety, and thus to the increasing polarity of the
C;C bond. For alkynyl complexes of group 10 metals an

complexes were prepared in a similar manner with yields of analogous order of ν(C;C) frequencies has been noted[20].
54% (13b) and 71% (15b), respectively. In this case the MrCCR bond polarity, and not the

All complexes 13215 are stable in the solid state and in MRCCR π-backbonding[20], was found to exert the domi-
solution, when carefully dried solvents are used. In the nating influence on the ν(C;C) frequency.
series Sn R Ge R Si the tin compounds are the most stable. For the two inequivalent trans-ethynyl moieties in 10a
By comparison, the M2C bond of the silicium and ger- only one ν(C;C) absorption was observed [ν̃(C;C) 5 2036
manium derivatives is easily cleaved by hydrolysis or by con- cm21]. Compared to 3a and 10a, complex 5a shows a
tact with silica. Therefore, complexes 14a and 15a, b can ν(C;C) absorption band at significantly higher energy
only be filtered over cellite, whereas 14a, b can be purified [ν̃(C;C) 5 2032 cm21 (3a), 2045 cm21(5a)]. The trans-posi-
by column chromatography on silica. tion of the chloride ligand is known to cause a decrease

in the polarity of the M2C; bond[21] thus leading to the
observed shift of the ν(C;C) absorption. The same tend-
ency has already been observed for the disubstituted com-
plex [PhC;CPd(PPh3)2C;CPh] [ν̃(C;C) 5 2110 cm21] [22]

and the monosubstituted derivative [ClPd(PPh3)2C;CPh]
[ν̃(C;C) 5 2125 cm21] [23]. Compared to the phenyl substi-
tuted ethynyl complexes [PhC;CM(PEt3)2C;CPh] (M 5
Ni, Pd, Pt) [22], [PhC;CFe(dmpe)2C;CPh][24] and
[ClFe(dmpe)2C;CPh][25] the ν(C;C) band of complexes
224, 6a, and 7a is at lower wavelength, indicating that the
(CO)5M5C(NMe2) fragment acts as a stronger donor than
the phenyl group. The IR spectrum of 8a shows no ν(C;C)

All other new complexes are stable at room temp. Com- band although a ν(C;C) absorption can be observed for
pounds 2215 were characterized by spectroscopic means the phenyl substituted complex [Hg(C;CPh)2] [26]. Simi-
and elemental analyses. The positions of the ν(CO) absorp- larly, but in contrast to [(η5-C5H4R)2Ti(C;CR9)2] (R9 5
tions of the pentacarbonyl metal moiety in complexes 224, alkyl, aryl, SiMe3)[16c], no ν(C;C) absorption was observed
8a, and 9 are only slightly influenced by variation of the for the complexes 9.
propynylidene metal substituent M9(Ln). In contrast, the

Complex 11a shows a very weak ν(C;C) absorption atabsorptions of the two iron-substituted complexes 6a and
ν̃ 5 2126 cm21. However, no ν(C;C) absorption was ob-7a are found at lower wavenumbers. The unsymmetrically
served for 12a, in contrast to P(C;CR)3 with R 5 H, Me,substituted compounds 5a and 10a show absorptions simi-
or Ph[27] [28] [29]. The frequencies of the ν(C;C) absorptionlar to those of the trans-biscarbene complex 3a. However,
of the tetrakiscarbene complexes 13215 decrease in thethe A1(trans) and the E absorptions of all complexes 2210a
series 13 R 14 R 15 [ν̃(C;C) 5 2132 cm21 (13a, 14a),are at significantly smaller wavenumbers than those of the
2118 cm21 (15a)]. A similar tendency is observed forcorresponding educt complexes 1, indicating the π-basic
[M9(C;CH)4] [ν̃(C;C) 5 2062 cm21 (M9 5 Si, Ge), 2042properties of M9(Ln) in [(CO)5M5C(NMe2)C;C2M9-
cm21 (M9 5 Sn)] [30], but the opposite trend is observed for(Ln)2C;CC(NMe2)5M(CO)5] or [(CO)5M5C(NMe2)-
the biscarbene complexes 224.C;CM9(Ln)], respectively. This tendency is less pronounced

for the tris- and tetrakis(ethynylcarbene) complexes 11a, The resonance of the carbene carbon atom in the 13C-
NMR spectra of the complexes 2215 is at rather high field12a, and 13215.

The two carbene fragments of the linear trinuclear biscar- (δ 5 2382250 for M 5 Cr and δ 5 2182231 for M 5
W). This compares well with the shifts usually observed forbene complexes 224, 6a, and 8a can be regarded as π-con-

jugated. The ethynyl groups can mutually interact through simple aminocarbene complexes. As expected from the
trend in the IR spectroscopic data of 1 and 229, substi-metal dxy and dyz orbitals. For trans-coordinated square-

planar dialkynyl complexes [(Et3P)2M(C;CR)2] (M 5 Ni, tution of M9(Ln) for H in compounds of the type
[(CO)5M5C(NMe2)C;CR] [R 5 H, M9(Ln)] results in anPd, Pt), showing the same D2h symmetry, π-conjugation in-

volving the metal d-orbitals has already been discussed[19]. upfield shift of the C(carbene) resonance. A similar trend is
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observed for the tris- and tetrakis(ethynylcarbene) com- The 1H- and 13C-NMR spectra of complexes 8a, b exhibit

only one singlet for the cyclopentadienyl rings implying thatplexes 11a, 12a, and 13215.
the protons and the carbons of both rings are equivalent.The ethynyl 13Cα and 13Cβ resonances of complexes 224
In contrast, free rotation of the cyclopentadienyl rings iswere unambiguously assigned on the basis of the coupling
hindered for bulky substituents R [R 5 CH2C(Ph)2H orconstants J13C,31P and in the case of 4 additionally on the
CH2C(Ph)2CN] in [(η5-C5H5)2Ti(C;CR)2] [17]. Obviously,basis of the coupling constants J13C,31P. As a rule, the re-
the carbene fragment in 8a, b is small enough to avoid alationship u2J13C,31Pu > u3J13C,31Pu was used in analogy to the
similar effect.assignment of the Cα and Cβ resonances of the corres-

Due to the nuclear spin I 5 3/2 of boron the ethynylponding bisalkynyl complexes [RCβ;CαM(PEt3)2-
resonances in the 13C-NMR spectrum of 11a appear asCα;CβR][21].
quartets. The identification of Cα (δ 5 147.07) and Cβ (δ 5The shielding of the Cα and the Cβ atom increases with
101.39) is based on the decreasing size of the JBC couplingincreasing radius of the central metal (Ni < Pd < Pt). This
constants (1JBC 5 71.2 Hz, 2JBC 5 14.4 Hz). Whereas theobservation has already been made for alkyl- or aryl-substi-
1H-NMR spectrum of complex 11a shows two distinct res-tuted bisalkynyl complexes of these metals[21] and is consist-
onances for the NMe2 group that of 12a shows a doubletent with the IR spectroscopic data of 224.
at δ 5 3.77 (6JPH 5 1.2 Hz) and a singlet at δ 5 3.61. The

The difference ∆ 5 δ(Cα)2δ(Cβ) in the ethynyl reso-
doublet is assigned to the methyl group in the cis-position

nances for 3 [∆ 5 41.04 ppm (3a), 45.0 ppm (3b)] and 4
with respect to the W(CO)5 fragment at the N2C(carbene)

[∆ 5 35.01 ppm (4a), 38.98 ppm (4b)] is much more pro-
bond. A similar homoallyl coupling between C2CH3 and

nounced than for the phenyl-substituted bisalkynyl com-
cis-N2CH3 has already been observed for [(CO)5Cr5

plexes [PhC;CM(PEt3)2C;CPh] [M 5 Pd: ∆ 5 0.3 ppm,
C(Me)NMe2] (5JHH 5 0.9 Hz)[32]. Both ethynyl resonances

δ 5 111.7 (Cα), 111.4 (Cβ) [21]; M 5 Pt: ∆ 5 21.7 ppm,
of 12a appear as doublets. In contrast, P(C;CC6H5)3δ 5 108.3 (Cα), 110.0 (Cβ)] [31] which indicates an increased
shows a doublet at δ 5 109.5 (1JPC 5 18 Hz) and a singlet

polarity of the C;C bond in the biscarbene complexes 224
at δ 5 82.3[27]. The Cα and Cβ NMR resonances of complex

when compared to bisalkynyl complexes. This can be ex-
12a were unambiguously assigned on the basis of the

plained with the stronger π-basic capacity of the (CO)5M5 13C,31P coupling constants. The doublet at higher field (δ 5
C(NMe2) fragment relative to the phenyl group.

107.15) with the larger coupling constant 1JPC 5 11.4 Hz
As already discussed, the π-backbonding of the central was therefore attributed to Cα and that at lower field (δ 5

metal to the acetylide ligand is more pronounced in the 115.17), with the smaller coupling constant 2JPC 5 8.1 Hz,
halide-substituted complex 5a than in the biscarbene com- to Cβ. Compared to P(C;CPh)3 the Cβ resonance of 12a is
pounds 224. This tendency is reflected in the highfield shift downfield suggesting that the (CO)5W5C(NMe2) fragment
of the Cα and Cβ resonance of 5a [δ 5 149.51 (Cα), 118.68 acts as a stronger acceptor than the phenyl group. The res-
(Cβ)] when compared to 3a [δ 5 163.88 (Cα), 122.84 (Cβ)]. onance in the 31P-NMR spectrum of 12a (δ 5 298.92) re-
The same trend has been found in the 13C- and 31P-NMR sembles that of P(C;CPh)3 (δ 5 285.1)[27] rather than that
spectra of comparable bisalkynyl complexes of P(C;CH)3 (δ 5 191)[33] or P(C;CMe)3 (δ 5 187)[28].
[RC;CM(PEt3)2C;CR][21] and alkynyl complexes The 13C(α,β) resonances of 15a, b were assigned on the
[ClM(PEt3)2C;CR][21]. basis of JSnC coupling constants with 1J117SnC,119SnC 5

Compared to 2a24a, the Fe(dmpe)2-substituted com- 1169.5 Hz, 1118.2 Hz and 2J117SnC,119SnC 5 218.9 Hz, 209.5
plexes 6a and 7a show a significant lowfield shift of the Hz. In contrast to 224, the resonances of the Cα and Cβ
ethynyl resonances. Therefore, the Fe(dmpe)2 fragment carbons of 13a, b, 14a, and 15a, b are almost independent
seems to have a stronger π-backbonding capacity than the of the central metal atom [Cα, Cβ: 118.73, 106.14 (13a);
M(PEt3)2 fragment (M 5 Ni, Pd, Pt). In contrast to 3a and 117.66, 105.11 (14a); 119.47, 109.59 (15a)]. Compared to
5a, the substitution of (CO)5W5C(NMe)2C;C in 6a for Cl [M9(C;CPh)4] [34] or [M9(C;CMe)4] [34] [35] the Cα reso-
in 7a does not result in a significant shift of the ethynyl nances of complexes 13a, b, 14a, and 15a, b are downfield.
resonances [6a: δ 5 195.33 (Cα), 135.10 (Cβ); 7a: δ 5 194.81 In summary, the Cα resonance in the NMR spectra of
(Cα), 140.29 (Cβ)]. However, the 13C- and 31P-NMR spectra the complexes 2216 is at significantly lower field when
of [PhC;CFe(dmpe)2C;CPh][25] and [ClFe(dmpe)2- compared to the corresponding phenyl-substituted ethynyl
C;CPh][24a] [24c] are rather consistent with the results found complexes[18] [21] [24c] [25] [31] [36] and the difference ∆ 5
for 3a/5a. δ(Cα)2δ(Cβ) is much more pronounced. These two trends

can be explained by the stronger π-basicity of the (CO)5W5As expected, the bisethynyl complex [(CO)5W5
C(NMe2)Cβ;CαPd(PEt3)2Cα9;Cβ9H] (10a) shows two dif- C(NMe2)C;C fragment when compared to that of the phe-

nyl group, which gives rise to an increase in the polarity offerent pairs of resonances for the ethynyl carbons [δ 5
166.59 (Cα), 122.86 (Cβ), 103.35 (Cα9), 96.41 (Cβ9)]. The as- the C;C bond in the direction M2C(δ1);C(δ2).
signment of the Cα, Cα9, Cβ, and Cβ9 resonances is based on

Structures of 8a, 9a, 12a, and 15athe comparison with [HC;CPd(PEt3)2C;CH][21] and 3a.
As a result, the chemical shifts indicate a stronger π-basicity The structures of the complexes 8a, 9a, 12a, and 15a were

also established by X-ray structural analyses (Figures 124).for the (CO)5W5C(NMe2)C;C than for the C;CH frag-
ment. Within error limits the (CO)5W5C(NMe)2C;C unit of the
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Figure 1. ORTEP plot of complex 8a (ellipsoids drawn at 50% level, hydrogens omitted)[a]

[a] Selected bond lengths [Å] and bond angles [deg]: Hg(1)2C(8) 1.994(9), C(8)2C(7) 1.20(1), C(7)2C(6) 1.43(1), C(8a)2Hg(1)2C(8)
180.0(1), Hg(1)2C(8)2C(7) 175(1), C(8)2C(7)2C(6) 175(1).

complexes 8a, 9a, 12a, and 15a is identical to that of the ter for the C(carbene)2N bond, similar to [(CO)5M5
C(NMe)2C;CM9Ln] [W2C(carbene): 2.249(6) to 2.266(5)heterobimetallic ethynylcarbene complexes [(CO)5M5

C(NMe)2C;CM9Ln] discussed previously[15]. The carbene Å, C(carbene)2N: 1.298(6) to 1.323(8) Å] [15]. This double-
bond character is also reflected in the two distinct 1H- andcarbon atoms (sum of angles: 359.2°2360.0°) as well as the

nitrogen atoms (sum of angles: 359.9°2360.0°) of 8a, 9a, 13C-NMR NMe resonances.
In the crystal, complex 8a shows a centrosymmetric ge-12a, and 15a are trigonal planar coordinated. The rather

long W2C(carbene) distance of the trinuclear complexes 8a ometry with the Hg(1) atom as the center of symmetry,
resulting in a trans-coordination of Hg(1)and 9a [2.237(9) Å (8a), 2.244 and 2.250(7) Å (9a)], and the

rather short C(carbene)2N bond [1.31(1) Å (8a), 1.32 and [C(8a)2Hg(1)2C(8): 180.0(1)°] (Figure 1) and a trans-con-
figuration of the two bulky W(CO)5 fragments. Also the1.33(1) Å (9a)], indicate a considerable double-bond charac-

Figure 2. ORTEP plot of complex 9a (ellipsoids drawn at 35% level, hydrogens omitted)[a]

[a] Selected bond lengths [Å] and bond angles [deg]: Ti(1)2C(8a) 2.081(7), Ti(1)2C(8) 2.080(8), C(8a)2C(7a) 1.22(1), C(8)2C(7) 1.22(1),
Ti(1)2D(1) 2.029, Ti(1)2D(1a) 2.038, C(7a)2C(6a) 1.41(1), C(7)2C(6) 1.40(1), D(1)2Ti(1)2D(1a) 135.3, Ti(1)2C(8a)2C(7a) 179.1(7),
Ti(1)2C(8)2C(7) 178.7(8), C(8a)2C(7a)2C(6a) 176.4(8), C(8)2C(7)2C(6) 172.0(8), C(8a)2Ti(1)2C(8) 97.0(3) [D(1) and D(1a) denote
the centroids of the cyclopentadienyl rings].
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Hg2C;C2C(carbene) unit of each σ-ligand is nearly lin- [{(η5-C5H4)2SiMe2}Ti(C;CSiMe3)2] [1.20(2), 1.21(2) Å] [41],

or ethynylcarbene complexes such as 1a (1.196 Å) [42] orear [Hg(1)2C(8)2C(7): 175(1)°, C(8)2C(7)2C(6): 175(1)°],
similar to the noncentrosymmetric bis(phenylethynyl)mer- [(CO)5CrC(OMe)C;CPh] [1.19(3) Å] [43]. The Ti(1)2C(8)

and Ti(1)2C(8a) distances in 9a [2.080(8), 2.081(7) Å] arecury-1,10-phenanthroline adduct [Hg(C;CPh)2?C12H8N2]
(170, 176° and 173, 176°) [37]. The Hg(1)2C(8) distance and similar to those found in [(η5-C5H4SiMe3)2Ti(C;CSiMe3)2]

[2.124(5), 2.103(5) Å] [38] or [(η5-C5H4SiMe3)2Ti-the C;C distance of 8a [1.994(9) Å and 1.20(1) Å] resemble
those of [Hg(C;CPh)2 ·C12H8N2) (2.05, 2.03 Å and 1.17, (C;CC;CFc)2] (Fc 5 ferrocenyl) [2.099(7), 2.090(7) Å] [40],

but are remarkably shorter than those in titanocene com-1.18 Å[37]).
Figure 2 shows that the ethynyl ligands of 9a are twisted plexes with sp3-hybridized carbon atoms, e.g. such as [(η5-

C5H5)2Ti(CH2Ph)2] [2.239(6), 2.210(5) Å] [44], [(η5-against each other, with the bulky W(CO)5 fragments on
the external sides. The two η5-C5H5 ligands are staggered. C5H5)2TiMe2] [2.170(2), 2.181(2) Å] [45] and [(η5-

C9H7)2TiMe2] [2.21(2) Å] [46]. In the case of [(η5-C5H4Si-The CpTiCp angle is typical for many group IV bent metal-
locene complexes with D(1)2Ti2D(1a) 5 135.3°, where Me3)2Ti(C;CSiMe3)2] this is regarded as evidence for some

π-conjugation between the acetylide ligands and the d0-con-D(1)/D(1a) denote the centroids of the cyclopentadienyl
rings {for comparison [(η5-C5H4SiMe3)2Ti(C;CSiMe3)2]: figurated 16-valence electron titanocene fragment[38].
134.7° [38], [(η5-C5H4SiMe3)2Zr(C;CMe)2]: 132.6° [39]}. The
bite angle C(8)2Ti(1)2C(8a) in 9a [97.0(3)°] resembles that The X-ray structural analyses of 12a and 15a also un-

ambiguously establish their structure (Figures 3 and 4).in [(η5-C5H4SiMe3)2Ti(C;CC;CFc)2] (Fc 5 ferrocenyl)
[97.2(3)°] [40] or in [([η5-C5H4]2SiMe2)Ti(C;CSiMe3)2] The phosphorus atom in 12a is pyramidally coordi-

nated, similar to P(C;CPh)3
[47] or P(C;CH)3

[48], and[100.8(5)] [41]. The atoms W(1), C(6), N(1), C(7), C(8), Ti(1),
C(8a), C(7a), C(6a), N(1a), and W(1a) nearly lie within a the three bond angles at the phosphorus atom

[C(8)2P(1)2C(8a): 106.2(7)°, C(8a)2P(1)2C(8b):plane. The deviations from the plane through C(6), Ti(1)
and C(6a) are less than ±0.08 Å. The σ-ethynyl ligands ex- 102.5(7)°, C(8)2P(1)2C(8b): 103.5(6)°] are similar

[P(C;CPh)3: 100.7(0.5)° [47], P(C;CH)3: 102, 102,hibit an almost linear carbon framework [C(8)2C(7)2C(6):
172.0(8)°, C(8a)2C(7a)2C(6a): 176.4(8)°]. The C;C dis- 99° [48]]. However, in contrast to the propeller like ar-

rangement of the three phenyl rings in the P(C;CPh)3,tances in 9a [C(8)2C(7): 1.22(1) Å, C(8a)2C(7a): 1.22(1)
Å] do not significantly deviate from typical C;C bond complex 12a is not C3-symmetric in the crystal. In 15a

the bond angles of the central Sn atom are betweenlengths in similar titanocene or zirconocene complexes such
as [(η5-C5H4SiMe3)2Ti(C;CSiMe3)2] [1.203(9), 1.214(6) 107.9(6)° and 111.9(7)° and resemble those of

Sn(C;CSiMe3)4 [107.9(1)° to 112.4(3)°] [49].Å] [38], [(η5-C5H4SiMe3)2Zr(C;CMe)2] [1.206(4) Å] [39] or

Figure 3. Plot of complex 12a (ellipsoids drawn at 35% level, hydrogens omitted)[a]

[a] Selected bond angles [deg]: C(8)2P(1)2C(8a) 106.2(7), C(8a)2P(1)2C(8b) 102.5(7), C(8)2P(1)2C(8b) 103.5(6).
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Figure 4. Plot of complex 15a (ellipsoids drawn at 25% level, hydrogens omitted)[a]

[a] Selected bond angles [deg]: C(8)2Sn(1)2C(8a) 108.7(7), C(8a)2Sn(1)2C(8b) 109.2(6), C(8a)2Sn(1)2C(8c) 107.9(6),
C(8)2Sn(1)2C(8b) 109.8(7), C(8)2Sn(1)2C(8c) 109.2(6), C(8b)2Sn(1)2C(8c) 111.9(7).

Due to the poor quality of the data set and consequently central metal is rather small. The central metal M9(Ln) frag-
ment acts as a weak π-donor. With increasing π-donorthe large standard deviations of the bond lengths a detailed

discussion of the interatomic distances is not feasible. properties of the M9(Ln) fragment the mesomeric interac-
tion also increases. However, in all cases the influence of the

Conclusions M9(Ln) fragment is inferior to that of the strong π-donor
substituent NMe2 at the carbene carbon.The coupling of ethynylcarbene complexes [(CO)5M5

π-Interaction between the central metal and the acetylideC(NMe)2C;CH] (M 5 W, Cr) with metal halides to form
ligands in the pyramidally coordinated complex 12a, theheteronuclear complexes with π-conjugated C3 propynylid-
probably trigonal-planar complex 11a, and the tetra-ene bridges is not restricted to metal monohalides
hedrally coordinated tetrakiscarbene complexes 13215, is[XM9(Ln)] [15] but can also be applied to metal polyhalides
even less pronounced than in the biscarbene complexes.[XmM9(Ln)] (m 5 224). Thus, a wide range of novel π-con-

The π-conjugated polymetallic complexes described herejugated tri-, tetra-, and pentanuclear complexes [{(CO)5M5
can be considered as monomers for the synthesis of or-C(NMe)2C;C}mM9(Ln)] are readily accessible by nucleo-
ganometallic systems with extended two and three dimen-philic substitution of the lithiated ethynylcarbene complex
sional π-conjugated metal-carbon networks.[(CO)5M5C(NMe)2C;CLi] (M 5 W, Cr) for the chlorides

in [ClmM9(Ln)]. Transition metals, main group metals as Support of this work by the Fonds der Chemischen Industrie is
well as other main group elements can be employed as the gratefully acknowledged. We thank B. Weibert for collecting the
central linking atom M9. data sets for the X-ray structural analyses.

In trans-biscarbene complexes interaction of the two car-
Experimental Sectionbene fragments through the ethynyl triple bonds and the

dxy and dyz orbitals of the central metal is conceivable. All operations were performed under argon by using standard
However, the IR and NMR spectra indicate that the meso- Schlenk techniques. Solvents were dried by refluxing over CaH2

(CH2Cl2) or sodium/benzophenone ketyl (pentane, Et2O, THF)meric interaction between the carbene fragments and the
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and were freshly distilled prior to use. The yields refer to analyti- 1920 vs, 1901 m, ν̃(C;C) 5 2032 cm21 w. 2 1H NMR: δ 5 1.13

(tvt, 3/5JPH 5 3JHH 5 8.1 Hz, 18 H, CH2CH3), 1.8421.96 (m, 12cally pure substances and were not optimized. Silica gel used for
column chromatography (Fa. J. T. Baker, silica gel for flash chroma- H, CH2), 3.53 (s, 6 H, NCH3), 3.69 (s, 6 H, NCH3). 2 13C NMR:

δ 5 8.31 (CH2CH3), 16.80 (vt, 1/3JPC 5 14.8 Hz, CH2), 44.19tography) was argon-saturated. For the synthesis of 1a, b by desilyl-
ation of [(CO)5M5C(NMe2)C;CSiMe3] [42] (M 5 W, Cr), KF/ (NCH3), 51.16 (NCH3), 122.84 (Cβ), 163.88 (t, 2JPC 5 16.1 Hz,

Cα), 199.48 (s and d, 1JWC 5 128.5 Hz, cis-CO), 204.12 (trans-CO),THF/MeOH[15] was used instead of Bu4NF/H2O[42]. The com-
plexes [Cl2Ni(PEt3)2] [50], [Cl2Fe(dmpe)2] [51], [Cl2Ti(η5-C5H5)2] [52], 226.59 (W5C). 2 31P NMR: δ 5 19.79. 2 MS (FAB, NBOH); m/z

(%): 1150 (4) [M1], 982 (8), 854 (20), 926 (9) [M1 2 n CO, n 5and [ClPd(PEt3)2 C;CH][53] were prepared according to literature
procedures. [Cl2Pd(PEt3)2] and [Cl2Pt(PEt3)2] were purchased from 628]. 2 C32H42N2O10P2PdW2 (1150.8): calcd. C 33.40, H 3.68, N

2.43; found C 33.76, H 3.60, N 2.17.Aldrich. 2 NMR: Bruker AC 250, Bruker WM 250, Bruker DRX
600, and Jeol JNX 400; chemical shifts are reported relative to in-

3b: Yield: 0.62 g (70%, based on 1b), m.p. 124°C (dec.). 2 IRternal TMS (1H and 13C) or external H3PO4 (31P). Unless men-
(THF): ν̃(CO) 5 2050 cm21 w, 1967 w, 1923 vs, 1904 m, ν̃(C;C) 5tioned otherwise, NMR spectra were recorded in CDCl3 at room
2032 cm21 w. 2 1H NMR: δ 5 1.12 (tvt, 3/5JPH 5 3JHH 5 8.1 Hz,temperature. Abbreviations: vt 5 virtual triplet, dvt 5 double vir-
18 H, CH2CH3), 1.8321.95 (m, 12 H, CH2), 3.55 (s, 6 H, NCH3),tual triplet, tvt 5 triple virtual triplet, vquint 5 virtual quintet. 2
3.76 (s, 6 H, NCH3). 2 13C NMR: δ 5 8.31 (CH2CH3), 16.80 (vt,IR: Biorad FTS 60. 2 MS: Finnigan MAT 312. The peaks m/z are
1/3JPC 5 15.0 Hz, CH2), 45.72 (NCH3), 48.91 (NCH3), 121.38 (Cβ),based on the following isotopes: 48Ti, 52Cr, 56Fe, 58Ni, 74Ge, 106Pd,
166.38 (t, 2JPC 5 16.9 Hz, Cα), 218.38 (cis-CO), 224.12 (trans-CO),120Sn, 184W, 195Pt, 202Hg. 2 Elemental analyses: Heraeus CHN-
244.96 (Cr5C). 2 31P NMR: δ 5 20.19. 2O-RAPID.
C32H42Cr2N2O10P2Pd ·1/4 CH2Cl2 (887.1 1 21.2): calcd. C 42.65,

General Synthetic Route to Compounds 2a, b24a, b: 2.00 mmol H 4.72, N 3.08; found C 42.71, H 4.75, N 3.11.
of nBuLi (1.25 ml of a 1.6  solution in hexane) was added at

trans-Bis[pentacarbonyl(1-dimethylaminopropynylidene)-280°C to a solution of 2.00 mmol of 1a (0.81 g) or 1b (0.55 g) in
tungsten]bis(triethylphosphane)platinum (4a) and trans-Bis[penta-20 ml of Et2O. On stirring for 30 min at 280°C, the yellow solution
carbonyl(1-dimethylaminopropynylidene)chromium]bis(triethyl-turned cloudy. Then, 1.00 mmol of [Cl2M(PEt3)2] [M 5 Ni (0.37
phosphane)platinum (4b): 4a: Yield: 0.89 g (72%, based on 1a), m.p.g), Pd (0.41 g), Pt (0.50 g)] and 5 ml of THF were added and the
169°C (dec.). 2 IR (THF): ν̃(CO) 5 2059 cm21 w, 1965 w, 1920dark yellow solution was stirred for 30 min at room temp. The
vs, 1902 m, ν̃(C;C) 5 2034 cm21 w. 2 1H NMR: δ 5 1.11 (tvt,solvent was evaporated in vacuo, the residue dissolved in 5 ml of
3/5JPH 5 3JHH 5 8.1 Hz, 18 H, CH2CH3), 1.9822.03 (m, 12 H,THF and chromatographed with pentane/THF [4:1 (2a,b), 7:2
CH2), 3.51 (s, 6 H, NCH3), 3.69 (s, 6 H, NCH3). 2 13C NMR: δ 5(3a,b, 4a,b)] at 240°C on silica. Light yellow bands were eluted,
8.09 (s and d, 3JPtC 5 24.7 Hz, CH2CH3), 16.14 (vt and dvt, 2JPtC 5which afforded, after removal of the solvent in vacuo and recrystal-
35.5 Hz, 1/3JPC 5 17.8 Hz, CH2), 44.16 (NCH3), 51.15 (NCH3),lization from CH2Cl2/pentane [3:1 (2a,b, 3a,b), 4:1 (4a,b)], the com-
123.04 (s and d, 2JPtC 5 269.7 Hz, Cβ), 159.22 (t and dt, JPtC 5plexes 2a,b24a,b as light yellow crystals.
977.8 Hz, 2JPC 5 14.6 Hz, Cα), 199.43 (s and d, 1JWC 5 127.9 Hz,

trans-Bis[pentacarbonyl(1-dimethylaminopropynylidene)- cis-CO), 204.17 (s and d, 1JWC 5 130.0 Hz, trans-CO), 227.32 (W5
tungsten]bis(triethylphosphane)nickel (2a) and trans-Bis[pentacar- C). 2 13C NMR ([D8]THF): δ 5 8.45 (s and d, 3JPtC 5 24.7 Hz,
bonyl(1-dimethylaminopropynylidene)chromium]bis(triethyl- CH2CH3), 17.04 (vt and dvt, 2JPtC 5 36.6 Hz, 1/3JPC 5 18.3 Hz,
phosphane)nickel (2b): 2a: Yield: 0.74 g (67%, based on 1a), m.p. CH2), 44.54 (NCH3), 51.49 (NCH3), 124.06 (s and d, 2JPtC 5 270.8
122°C (dec.). 2 IR (THF): ν̃(CO) 5 2058 cm21 w, 1965 w, 1920 Hz, Cβ), 159.07 (t and dt, 1JPtC 5 980.0 Hz, 2JPC 5 14.6 Hz, Cα),
vs, 1900 m, ν̃(C;C) 5 2008 cm21 w. 2 1H NMR: δ 5 1.15 (tvt, 200.39 (s and d, 1JWC 5 127.9 Hz, cis-CO), 204.25 (trans-CO),
3/5JPH 5 3JHH 5 8.0 Hz, 18 H, CH2CH3), 1.7721.89 (m, 12 H, 226.03 (W5C). 2 31P NMR: δ 5 10.57 (s and d, 1JPtP 5 2318.9
CH2), 3.50 (s, 6 H, NCH3), 3.67 (s, 6 H, NCH3). 2 13C NMR: δ 5 Hz). 2 MS (FAB, NBOH); m/z (%): 1239 (9) [M1], 1211 (5), 1183
8.31 (CH2CH3), 16.52 (vt, 1/3JPC 5 14.6 Hz, CH2), 44.08 (NCH3), (10), 1071 (9) [M1 2 n CO, n 5 1, 2, 6]. 2 C32H42N2O10P2PtW2
51.00 (NCH3), 131.88 (Cβ), 168.40 (t, 2J PC 5 38.8 Hz, Cα), 199.45 (1239.4): calcd. C 31.01, H 3.42, N 2.26; found C 31.20, H 3.43,
(s and d, 1JWC 5 127.1 Hz, cis-CO), 203.88 (trans-CO), 223.54 N 2.42.
(W5C). 2 31P NMR: δ 5 22.71. 2 MS (FAB, NBOH); m/z (%):

4b: Yield: 0.67 g (69%, based on 1b), m.p. 142°C (dec.). 2 IR1102 (7) [M1], 962 (6), 906 (7) [M1 2 n CO, n 5 5, 7]. 2
(THF): ν̃(CO) 5 2051 cm21 w, 1967 w, 1923 vs, 1902 m, ν̃(C;C) 5C32H42N2NiO10P2W2 (1103.0): calcd. C 34.85, H 3.84, N 2.54;
2032 cm21 w. 2 1H NMR: δ 5 1.10 (tvt, 3/5JPH 5 3JHH 5 8.1 Hz,found C 35.09, H 3.78, N 2.42.
18 H, CH2CH3), 1.9622.05 (m, 12 H, CH2), 3.54 (s, 6 H, NCH3),

2b: Yield: 0.55 g (66%, based on 1b), m.p. 99°C (dec.). 2 IR 3.73 (s, 6 H, NCH3). 2 13C NMR: δ 5 8.10 (s and d, 3JPtC 5 25.6
(THF): ν̃(CO) 5 2049 cm21 w, 1966 w, 1925 vs, 1903 m, ν̃(C;C) 5 Hz, CH2CH3), 16.15 (vt and dvt, 2JPtC 5 35.5 Hz, 1/3JPC 5 17.7
2007 cm21 w. 2 1H NMR: δ 5 1.14 (tvt, 3/5JPH 5 3JHH 5 8.0 Hz, Hz, CH2), 45.67 (NCH3), 48.91 (NCH3), 121.65 (s and d, 2JPtC 5
18 H, CH2CH3), 1.7621.88 (m, 12 H, CH2), 3.52 (s, 6 H, NCH3), 270.8 Hz, Cβ), 161.78 (t and dt, 1JPtC 5 n. f., 2JPC 5 14.6 Hz, Cα),
3.72 (s, 6 H, NCH3). 2 13C NMR: δ 5 8.31 (CH2CH3), 16.55 (vt, 218.33 (cis-CO), 224.14 (trans-CO), 245.68 (Cr5C). 2 13C NMR1/3JPC 5 14.5 Hz, CH2), 45.64 (NCH3), 48.78 (NCH3), 130.27 (Cβ), ([D8]THF): δ 5 8.46 (s and d, 3JPtC 5 24.7 Hz, CH2CH3), 16.99
170.75 (t, 2JPC 5 39.4 Hz, Cα), 218.43 (cis-CO), 224.00 (trans-CO), (vt and dvt, 2JPtC 5 35.5 Hz, 1/3JPC 5 17.8 Hz, CH2), 46.11
241.71 (Cr5C). 2 31P NMR: δ 5 23.19. 2 C32H42Cr2N2NiO10P2 (NCH3), 49.25 (NCH3), 122.66 (s and d, 2JPtC 5 270.8 Hz, Cβ),
(839.3): calcd. C 45.79, H 5.04, N 3.34; found C 46.00, H 5.09, 161.64 (t and dt, 1JPtC 5 978.9 Hz, 2JPC 5 14.5 Hz, Cα), 219.43 (cis-
N 3.25. CO), 224.62 (trans-CO), 243.93 (Cr5C). 2 31P NMR: δ 5 10.85 (s

and d, 1JPtP 5 2323.9 Hz). 2 MS (FAB, NBOH); m/z (%): 975 (6)trans-Bis[pentacarbonyl(1-dimethylaminopropynylidene)-
tungsten]bis(triethylphosphane)palladium (3a) and trans-Bis[penta- [M1], 919 (16), 891 (8), 835 (31), 807 (15), 779 (89), 751 (11), 723

(37), 695 (100) [M1 2 n CO, n 5 2, 3, 5210], 577 (55) [M1 2 PEt3carbonyl(1-dimethylaminopropynylidene)chromium]bis(triethyl-
phosphane)palladium (3b): 3a: Yield: 0.81 g (70%, based on 1a), 2 10 CO]. 2 C32H42Cr2N2O10P2Pt (975.7): calcd. C 39.39, H 4.34,

N 2.87; found C 39.44, H 4.42, N 2.74.m.p. 146°C (dec.). 2 IR (THF): ν̃(CO) 5 2058 cm21 w, 1966 w,
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Polynuclear Complexes with Propynylidene C3-Bridges FULL PAPER
Pentacarbonyl{3-[chloro-trans-bis(triethylphosphane)palladio]-1- (vquint, 1/3JPC 5 6.5 Hz, PCH3), 30.13 (vquint, 1/2/3JPC 5 12.6 Hz,

CH2), 43.08 (NCH3), 51.11 (NCH3), 140.29 (Cβ), 194.81 (mc, Cα),dimethylaminopropynylidene)}tungsten (5a): 2.00 mmol of nBuLi
(1.25 ml of a 1.6  solution in hexane) was added at 280°C to a 200.19 (s and d, 1JWC 5 127.9 Hz, cis-CO), 203.10 (s and d, 1JWC 5

128.9 Hz, trans-CO), 217.82 (W5C). 2 31P NMR: δ 5 63.79. 2solution of 2.00 mmol (0.81 g) of 1a in 20 ml of Et2O. On stirring
the solution for 30 min at 280°C, a white precipitate was formed. MS (FAB, NBOH); m/z (%): 795 (36) [M1], 760 (10) [M1 2 Cl],

739 (8), 711 (19), 683 (81), 655 (22) [M1 2 n CO, n 5 225]. 2Then, 2.00 mmol (0.83 g) of [Cl2Pd(PEt3)2] and 5 ml of THF were
added and the dark yellow solution was stirred for 30 min at room C22H38ClFeNO5P4W (795.6): calcd. C 33.21, H 4.81, N 1.76; found

C 33.23, H 4.91, N 1.80.temp. After removal of the solvent in vacuo, the residue was dis-
solved in 5 ml of THF and chromatographed with pentane/THF

Bi s[pen tacarbony l (1 -d i methy l am i nopropyny l i dene)-(7:2) at 240°C on silica. The light yellow band contained 5a. Yield:
tungsten]mercury (8a): 4.00 mmol of nBuLi (2.50 ml of a 1.6 0.95 g (61%, based on 1a), m.p. 127°C (dec.). 2 IR (THF):
solution in hexane) was added at 280°C to a solution of 2.00 mmolν̃(CO) 5 2060 cm21 w, 1965 w, 1921 vs, 1901 m, ν̃(C;C) 5 2045
(1.62 g) of 1a in 40 ml of Et2O. On stirring the yellow solution forcm21 w. 2 1H NMR: δ 5 1.16 (tvt, 3/5JPH 5 3JHH 5 8.1 Hz, 18
30 min at 280°C, the formation of a white precipitate was ob-H, CH2CH3), 1.8521.97 (m, 12 H, CH2), 3.53 (s, 3 H, NCH3), 3.69
served. 2.00 mmol (0.54 g) of HgCl2 and 10 ml of THF were then(s, 3 H, NCH3). 2 13C NMR: δ 5 8.10 (CH2CH3), 15.07 (vt,
added and the dark yellow solution was stirred for 30 min at room1/3JPC 5 14.2 Hz, CH2), 44.28 (NCH3), 51.13 (NCH3), 118.68 (t,
temp. The solvent was evaporated in vacuo and the residue was3JPC 5 4.7 Hz, Cβ), 149.51 (t, 2JPC 5 15.2 Hz, Cα), 199.27 (s and
dissolved in 8 ml of CH2Cl2 and chromatographed at 240°C ond, 1JWC 5 127.0 Hz, cis-CO), 203.84 (s and d, 1JWC 5 129.9 Hz,
silica. With pentane/CH2Cl2 (3:1) a yellow band was eluted. Evap-trans-CO), 226.61 (s and d, 1JWC 5 86.5 Hz, W5C). 2 31P NMR:
oration of the solvent in vacuo and recrystallization from 30 ml ofδ 5 19.31. 2 MS (FAB, NBOH); m/z (%): 781 (5) [M1], 753 (4),
Et2O/pentane (5:2) afforded yellow crystals. Yield: 1.15 g (57%,725 (6), 669 (18), 641 (44) [M1 2 n CO, n 5 1, 2, 4, 5]. 2
based on 1a), m.p. 109°C (dec.). 2 IR (THF): ν̃(CO) 5 2062 cm21

C22H36ClNO5P2PdW (782.2): calcd. C 33.78, H 4.64, N 1.79; found
w, 1972 w, 1926 vs, 1909 sh. 2 1H NMR: δ 5 3.62 (s, 6 H, CH3),C 33.73, H 4.53, N 1.72.
3.76 (s, 6 H, CH3). 2 13C NMR: δ 5 46.69 (CH3), 51.72 (CH3),

trans-Bis[19,29-bis(dimethylphosphino)ethane]bis[penta- 106.42 (Cβ), 158.67 (Cα), 198.56 (s and d, 1JWC 5 128.3 Hz, cis-
carbonyl(1-dimethylaminopropynylidene)tungsten]iron (6a): 2.00 CO), 203.93 (s and d, 1JWC 5 88.3 Hz, trans-CO), 230.77 (s and d,
mmol of nBuLi (1.25 ml of a 1.6  solution in hexane) was added 1JWC 5 130.1 Hz, W5C). 2 MS (FAB, NBOH); m/z (%): 1010
at 280°C to a solution of 2.00 mmol (0.81 g) of 1a in 20 ml of (57) [M1], 982 (10), 954 (15), 898 (24) [M1 2 n CO, n 5 1, 2, 4],
Et2O. On stirring for 30 min at 280°C, the yellow solution turned 642 (100), 614 (32), 586 (26), 558 (15) [M1 2 n CO 2 Hg, n 5
cloudy. After 1.00 mmol (0.43 g) of [Cl2Fe(dmpe)2] and 5 ml of 629]. 2 C20H12HgN2O10W2 (1008.6): calcd. C 23.82, H 1.20, N
THF were added, the dark red solution was stirred for 30 min at 2.78; found C 23.90, H 1.23, N 2.87.
room temp. The solvent was evaporated in vacuo, the residue was
dissolved in 5 ml of CH2Cl2 and chromatographed with pentane/ Dicyclopentadienyl{bis[pentacarbonyl(1-dimethylamino-

propynylidene)tungsten]}titanium (9a) and Dicyclopentadienyl-CH2Cl2 (4:1) at 240°C on silica. An orange band was eluted. After
removal of the solvent in vacuo, complex 6a was obtained as an {bis[pentacarbonyl(1-dimethylaminopropynylidene)chromium]}-

titanium (9b): 4.00 mmol of nBuLi (2.50 ml of a 1.6  solution inanalytically pure orange solid. Yield: 0.41 g (35%, based on 1a),
m.p. 173°C (dec.). 2 IR (THF): ν̃(CO) 5 2054 cm21 w, 1914 vs, hexane) was added at 280°C to a solution of 4.00 mmol of 1a

(1.62 g) or 1b (1.10 g) in 40 ml of Et2O. On stirring the yellow1895 sh, ν̃(C;C) 5 1941 cm21 m. 2 1H NMR: δ 5 1.52 (br. s, 24
H, PCH3), 1.89 (br. s, 8 H, CH2), 3.44 (s, 6 H, NCH3), 3.64 (s, 6 solution for 30 min at 280°C, a white solid precipitated. After 2.00

mmol (0.50 g) of [Cl2Ti(Cp)2] and 10 ml of THF were added, theH, NCH3). 2 13C NMR: δ 5 17.66 (vquint, 1/3JPC 5 5.9 Hz,
PCH3), 30.79 (vquint, 1/2/3JPC 5 12.9 Hz, CH2), 43.77 (NCH3), dark red solution was stirred for 30 min at room temp. The solvent

was evaporated in vacuo. The residue was dissolved in 8 ml of51.53 (NCH3), 135.10 (Cβ), 195.33 (mc, Cα), 200.14 (s and d,
1JWC 5 126.8 Hz, cis-CO), 203.04 (trans-CO), 221.59 (W5C). 2 CH2Cl2 and chromatographed with pentane/CH2Cl2 [4:1(9a), 7:2

(9b)] at 240°C on silica. A red band was eluted, which gave red31P NMR: δ 5 65.66. 2 MS (FAB, NBOH); m/z (%): 1164 (25)
[M1], 1108 (5), 996 (7), 968 (11), 940 (11), 912 (10), 884 (11), [M1 crystals after removal of the solvent in vacuo and recrystallization

from 50 ml of Et2O/pentane [4:1(9a), 5:2 (9b)].2 n CO, n 5 2, 6210]. 2 C32H44FeN2O10P4W2 (1164.2): calcd. C
33.02, H 3.81, N 2.41; found C 32.84, H 3.71, N 2.38.

9a: Yield: 1.32 g (67%, based on 1a), m.p. 142°C (dec.). 2 IR
3-{trans-Bis[19,29-bis(dimethylphosphino)ethane]chloroferrio}-1- (THF): ν̃(CO) 5 2058 cm21 w, 1969 w, 1924 vs, 1906 sh. 2 1H

dimethylaminopropynylidene(pentacarbonyl)tungsten (7a): 2.00 NMR: δ 5 3.40 (s, 6 H, CH3), 3.65 (s, 6 H, CH3), 6.33 (s, 10 H,
mmol of nBuLi (1.25 ml of a 1.6  solution in hexane) was added C5H5). 2 13C NMR: δ 5 45.64 (CH3), 50.60 (CH3), 112.27 (C5H5),
at 280°C to a solution of 2.00 mmol (0.81 g) of 1a in 20 ml of 134.87 (Cβ), 199.03 (s and d, 1JWC 5 127.1 Hz, cis-CO), 203.95,
Et2O. On stirring the yellow solution for 30 min at 280°C, a white 204.05 (trans-CO, Cα), 220.06 (W5C). 2 MS (FAB, NBOH); m/z
precipitate was formed. After 2.00 mmol (0.85 g) of [Cl2Fe(dmpe)2] (%): 986 (32) [M1], 958 (4), 930 (20), 902 (10), 874 (15), 846 (25),
and 10 ml of THF were added, the dark red solution was stirred 818 (100), 790 (18), 762 (41), 734 (25), 706 (21) [M1 2 n CO, n 5
for 30 min at room temp. and then the solvent was removed in 1210]. 2 C30H22N2O10TiW2 (986.1): calcd. C 36.54, H 2.25, N
vacuo. The residue was dissolved in 5 ml of CH2Cl2 and chromato- 2.84; found C 36.38, H 2.43, N 2.69.
graphed at 240°C on silica. With pentane/CH2Cl2 (7:2) an orange
band was eluted, which afforded the complex 7a as an analytically 9b: Yield: 0.98 g (68%, based on 1b), m.p. 131°C (dec.). 2 IR

(THF): ν̃(CO) 5 2049 cm21 w, 1969 w, 1927 vs, 1908 sh. 2 1Hpure orange solid, after evaporation of the solvent in vacuo. Yield:
0.46 g (29%, based on 1a), m.p. 135°C (dec.). 2 IR (THF): NMR: δ 5 3.43 (s, 6 H, CH3), 3.73 (s, 6 H, CH3), 6.34 (s, 10 H,

C5H5). 2 13C NMR: δ 5 46.99 (CH3), 48.40 (CH3), 112.09 (C5H5),ν̃(CO) 5 2053 cm21 w, 1913 vs, 1891 sh, ν̃(C;C) 5 1942 cm21 m.
2 1H NMR: δ 5 1.43 (br. s, 12 H, PCH3), 1.52 (br. s, 12 H, PCH3), 132.85 (Cβ), 207.19 (Cα), 217.84 (cis-CO), 223.94 (trans-CO),

238.34 (Cr5C). 2 C30H22Cr2N2O10Ti (722.4): calcd. C 49.88, H1.94 (br. s, 8 H, CH2), 3.29 (s, 3 H, NCH3), 3.53 (s, 3 H, NCH3).
2 13C NMR: δ 5 13.91 (vquint, 1/3JPC 5 5.4 Hz, PCH3), 16.63 3.07, N 3.88; found C 49.96, H 3.03, N 3.87.
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Pentacarbonyl{1-dimethylamino-3-[ethynyl-trans-bis(tri- 47.66 (CH3), 51.60 (CH3), 107.15 (d, 1JPC 5 11.4 Hz, Cα), 115.17

(d, 2JPC 5 8.1 Hz, Cβ), 197.86 (s and d, 1JWC 5 127.2 Hz, cis-CO),ethylphosphane)palladio]propynylidene}tungsten (10a): 3.00 mmol
of nBuLi (1.88 ml of a 1.6  solution in hexane) was added at 203.46 (s and d, 1JWC 5 128.9 Hz, trans-CO), 226.32 (s and d,

1JWC 5 87.0 Hz, W5C). 2 31P NMR: δ 5 298.92. 2 MS (FAB,280°C to a solution of 3.00 mmol of 1a (1.22 g) in 30 ml of Et2O.
On stirring the yellow solution for 30 min at 280°C, the formation NBOH); m/z (%): 1243 (17) [M1], 1103 (5), 1047 (8), 1019 (11),

991 (11), 963 (10), 935 (9), 907 (17), 879 (18), 851 (10), 823 (13)of a white solid was observed. 3.00 mmol (1.21 g) of
[ClPd(PEt3)2C;CH] {contaminated with small amounts of [M1 2 n CO, n 5 5, 7215]. 2 C30H18N3O15PW3 (1243.0): calcd.

C 28.99, H 1.46, N 3.38; found C 29.03, H 1.38, N 3.36.[Cl2Pd(PEt3)2]} and 10 ml of THF were then added. The dark yel-
low solution was stirred for 30 min at room temp. and then the Tetrakis[pentacarbonyl(1-dimethylaminopropynylidene)-
solvent was evaporated in vacuo. The residue was dissolved in 6 ml tungsten]silicon (13a) and Tetrakis[pentacarbonyl(1-
of THF and chromatographed at 240°C on silica. With pentane/ dimethylaminopropynylidene)chromium]silicon (13b): 4.00 mmol of
THF (4:1) first a light yellow band containing 10a was eluted. With nBuLi (2.50 ml of a 1.6  solution in hexane) was added at 280°C
pentane/THF (7:2) a further light yellow band containing 5a was to a solution of 4.00 mmol of 1a (1.62 g) or 1b (1.10 g) in 40 ml
eluted. Evaporation of the solvent in vacuo gave complexes 5a and of Et2O. On stirring the yellow solution for 30 min at 280°C, a
10a as light yellow solids. 5a: Yield 0.44 g (19%, based on 1a). 2 white solid precipitated. 1.00 mmol (0.17 g) of SiCl4 was then ad-
10a: Yield: 0.52 g (23%, based on 1a), m.p. 87°C (dec.). 2 IR ded, and the solution stirred for 30 min at room temp. The orange
(THF): ν̃(CO) 5 2059 cm21 w, 1966 w, 1920 vs, 1898 m, ν̃(C;C) 5 solution was filtered over 10 cm of cellite with 200 ml of Et2O.
2034 cm21 w. 2 1H NMR: δ 5 1.0821.21 (m, 18 H, CH2CH3), After evaporation of the solvent in vacuo and recrystallization from
1.9022.02 (m, 12 H, CH2), 2.19 (t, 4JPH 5 1.8 Hz, 1 H, ;CH), 60 ml of Et2O/pentane (4:1) complexes 13a, b were obtained as
3.51 (s, 3 H, NCH3), 3.67 (s, 3 H, NCH3). 2 13C NMR: δ 5 8.38 orange crystals. 13a: Yield: 0.99 g (60%, based on 1a), m.p. 135°C
(CH2CH3), 16.76 (vt, 1/3JPC 5 14.5 Hz, CH2), 44.01 (NCH3), 51.05 (dec.). 2 IR (Et2O): ν̃(CO) 5 2064 cm21 w, 1979 w, 1935 vs,
(NCH3), 96.41 (Cβ9), 103.35 (t, 2JPC 5 17.4 Hz, Cα9), 122.86 (Cβ),

ν̃(C;C) 5 2132 cm21 vw. 2 1H NMR : δ 5 3.58 (s, 12 H, CH3),
166.59 (t, 2JPC 5 16.6 Hz, Cα), 199.52 (s and d, 1JWC 5 126.9 Hz, 3.76 (s, 12 H, CH3). 2 13C NMR: δ 5 47.51 (CH3), 51.77 (CH3),
cis-CO), 204.23 (trans-CO), 226.32 (W5C). 2 31P NMR: δ 5 106.14 (Cβ), 118.73 (Cα), 197.89 (s and d, 1JWC 5 128.4 Hz, cis-
19.29. 2 MS (70 eV); m/z (%): 771 (9) [M1], 743 (4), 715 (5), 687 CO), 203.82 (s and d, 1JWC 5 128.5 Hz, trans-CO), 229.28 (s and
(7), 659 (16), 631 (14) [M1 2 n CO, n 5 125]. 2 d, 1JWC 5 88.2 Hz, W5C). 2 MS (FAB, NBOH); m/z (%): 1644
C24H37NO5P2PdW (771.8): calcd. C 37.35, H 4.83, N 1.81; found (3) [M1], 1532 (4), 1392 (4), 1364 (4), 1336 (5), 1308 (5), 1224 (4),
C 37.47, H 4.87, N 1.93. 1140 (6), 1112 (6), 1084 (7) [M1 2 n CO, n 5 4, 9212, 15, 18220].

Tris[pentacarbonyl(1-d imethylaminopropyny l i dene)- 2 C40H24N4O20SiW4 (1644.1): calcd. C 29.22, H 1.47, N 3.41;
tungsten]boron (11a): 3.00 mmol of nBuLi (1.88 ml of a 1.6  solu- found C 29.30, H 1.69, N 3.27.
tion in hexane) was added at 280°C to a solution of 3.00 mmol

13b: Yield: 0.60 g (54%, based on 1b), m.p. 115°C (dec.). 2 IR
(1.22 g) of 1a in 30 ml of Et2O. On stirring the yellow solution for

(Et2O): ν̃(CO) 5 2056 cm21 w, 1981 w, 1938 vs, ν̃(C;C) 5 2130
30 min at 280°C, the yellow solution turned cloudy. After 1.00

cm21 vw. 2 1H NMR : δ 5 3.64 (s, 12 H, CH3), 3.89 (s, 12 H,
mmol of BBr3 (1.00 ml of a 1.0  solution in hexane) was added,

CH3). 2 13C NMR: δ 5 48.81 (CH3), 49.60 (CH3), 104.12 (Cβ),
the solution was stirred for 30 min at room temp. The solvent of

122.28 (Cα), 216.64 (cis-CO), 223.94 (trans-CO), 249.88 (Cr5C). 2
the brown solution was evaporated in vacuo, and the residue was

C40H24Cr4N4O20Si (1116.7): A correct analysis of 13b has not yet
dissolved in 6 ml of CH2Cl2 and chromatographed at 240°C on

been obtained.
silica. With pentane/CH2Cl2 (3:1) a yellow band was eluted, which

Tetrakis[pentacarbonyl(1-dimethylaminopropynylidene)-afforded, after removal of the solvent in vacuo, the complex 11a as
tungsten]germanium (14a): 4.00 mmol of nBuLi (2.50 ml of a 1.6an analytically pure beige solid. Yield: 0.75 g (61%, based on 1a),
 solution in hexane) was added at 280°C to a solution of 4.00m.p. 126°C (dec.). 2 IR (Et2O): ν̃(CO) 5 2062 cm21 w, 1980 w,
mmol (1.62 g) of 1a in 40 ml of Et2O. On stirring the yellow solu-1925 vs, 1900 sh, ν̃(C;C) 5 2126 cm21 vw. 2 1H NMR ([D6]ace-
tion for 30 min at 280°C, the yellow solution turned cloudy. Aftertone): δ 5 3.64 (s, 9 H, CH3), 3.77 (s, 9 H, CH3). 2 13C NMR
1.00 mmol (0.21 g) of GeCl4 was added, the solution was stirred([D6]acetone): δ 5 45.42 (CH3), 51.55 (CH3), 101.39 (q, 2JBC 5
for 30 min at room temp. Then the orange solution was filtered14.4 Hz, Cβ), 147.07 (q, 1JBC 5 71.2 Hz, Cα), 199.59 (s and d,
over 10 cm of cellite with 200 ml of Et2O. Removal of the solvent1JWC 5 128.2 Hz, cis-CO), 205.54 (trans-CO), 227.86 (W5C). 2
in vacuo afforded the complex 14a as an orange solid, which gaveC30H18BN3O15W3 (1222.8): calcd. C 29.47, H 1.48, N 3.44; found
orange crystals after recrystallization from 60 ml of Et2O/pentaneC 29.30, H 1.57, N 3.31.
(9:2). Yield: 1.00 g (59%, based on 1a), m.p. 138°C (dec.). 2 IRTris[pentacarbonyl(1-d imethylaminopropyny l i dene)-
(Et2O): ν̃(CO) 5 2064 cm21 w, 1980 w, 1935 vs, ν̃(C;C) 5 2132tungsten]phosphorus (12a): 3.00 mmol of nBuLi (1.88 ml of a 1.6
cm21 vw. 2 1H NMR : δ 5 3.58 (s, 12 H, CH3), 3.77 (s, 12 H,

 solution in hexane) was added at 280°C to a solution of 3.00
CH3). 2 13C NMR: δ 5 47.40 (CH3), 51.80 (CH3), 105.11 (Cβ),mmol (1.22 g) of 1a in 30 ml of Et2O. On stirring the yellow solu-
117.66 (Cα), 197.95 (s and d, 1JWC 5 127.2 Hz, cis-CO), 203.82 (stion for 30 min at 280°C, a white precipitate was formed. 1.00
and d, 1JWC 5 128.6 Hz, trans-CO), 229.23 (W5C). 2 MS (FAB,mmol (0.14 g) of PCl3 was then added and the solution stirred for
NBOH); m/z (%): 1690 (10) [M1], 1578 (8), 1438 (21), 1298 (16),30 min at room temp. After the solvent of the orange solution was
1270 (13), 1214 (14), 1158 (24) [M1 2 n CO, n 5 4, 9, 14, 15, 17,evaporated in vacuo, the residue was dissolved in 6 ml of CH2Cl2 19]. 2 C40H24GeN4O20W4 (1688.6): calcd. C 28.45, H 1.43, N 3.32;and chromatographed with pentane/CH2Cl2 (4:1) at 240°C on sil-
found C 28.51, H 1.51, N 3.26.ica. An orange band containing 12a was eluted. After removal of

the solvent in vacuo and recrystallization from 30 ml of Et2O/pen- Tetrakis[pentacarbonyl(1-dimethylaminopropynylidene)-
tungsten]tin (15a) and Tetrakis[pentacarbonyl(1-dimethylaminopro-tane (3:1) the complex 12a was obtained as orange crystals. Yield:

1.01 g (81%, based on 1a), m.p. 135°C (dec.). 2 IR (Et2O): pynylidene)chromium]tin (15b): 4.00 mmol of nBuLi (2.50 ml of a
1.6  solution in hexane) was added at 280°C to a solution of 4.00ν̃(CO) 5 2064 cm21 w, 1977 w, 1934 vs. 2 1H NMR : δ 5 3.61 (s,

9 H, CH3), 3.77 (d, 9 H, 6JPH 5 1.19 Hz, CH3). 2 13C NMR: δ 5 mmol of 1a (1.62 g) or 1b (1.10 g) in 40 ml of Et2O. On stirring
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Table 1. Crystallographic data of 8a, 9a, 12a, and 15a

8a 9a 12a 15a

Empirical formula C10H6Hg0.5NO5W C30H22N2O10TiW2 C30H18N3O15PW3 C40H24N4O20SnW4
· 0.4 CH2Cl2 · 0.25 CH2Cl2 · CHCl3

Crystal size [mm3] 0.3 3 0.3 3 0.3 0.3 3 0.3 3 0.4 0.3 3 0.3 3 0.3 0.4 3 0.4 3 0.4
Formula mass 538.3 986.1 1264.2 1854.1
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/c C2/c P21/c
a [Å] 9.752(2) 12.233(3) 14.791(1) 13.099(2)
b [Å] 8.844(2) 15.806(3) 23.191(2) 30.388(3)
c [Å] 17.033(2) 16.916(3) 25.275(2) 14.398(1)
β [deg] 93.88(1) 98.91(1) 102.31(1) 98.43(1)
V [Å3] 1466.0(5) 3232(1) 8470(1) 5669(1)
Z 4 4 8 4
Density [g?cm23] 2.439 2.027 1.983 2.172
Temperature [K] 232 234 244 245
Absorption [mm21] 13.418 7.551 8.436 8.911
Min/max transm 0.0080/0.0334 0.0613/0.1386 0.0977/0.1630 0.0151/0.0465
Indepdt reflns 3199 7053 8615 12366
Obsd reflns [F > xσ(F)] 2568 (x 5 3) 5394 (x 5 4) 6029 (x 5 4) 7183 (x 5 4)
F(000) 975.20 1864 4692 3424
Index range 112, 111, ±21 115, 120, ±21 118, 129, ±32 116, 138, ±18
Params refined 180 406 481 638
Final R 0.0386 0.0449 0.0604 0.0627
Final Rw 0.0442 0.0446 0.0644 0.0615
Largest diff peak/hole 11.82/21.36 11.07/21.04 12.23/21.65 12.28/21.58
[e?Å23]

the yellow solution for 30 min at 280°C, the formation of a white absorption corrections were employed (ψ-scans with 10 reflections).
The structures were solved with Patterson methods using the Sie-precipitate was observed. 1.00 mmol (0.26 g) of SnCl4 was then

added and the solution stirred for 30 min at room temp. The sol- mens SHELXTL PLUS program package. The positions of the hy-
drogen atoms were calculated by assuming ideal geometry (dC2H 5vent of the orange solution was evaporated in vacuo, and the resi-

due was dissolved in 8 ml of CH2Cl2 and chromatographed at 0.96 Å), and their coordinates were refined together with the at-
tached carbon atoms as a “riding model”. The positions of all other240°C on silica. With pentane/CH2Cl2 [4:1(15a), 7:2 (15b)] an or-

ange band was eluted, which afforded after removal of the solvent atoms were refined anisotropically by full-matrix least-squares
techniques. Complete lists of atom coordinates and thermal param-in vacuo complexes 15a, b as analytically pure orange solids.

Recrystallization from 30 ml of Et2O/pentane [3:1(15a), 5:2 (15b)] eters were deposited[54].
gave orange crystals. 15a: Yield: 1.32 g (76%, based on 1a), m.p.
136°C (dec.). 2 IR (Et2O): ν̃(CO) 5 2064 cm21 w, 1979 w, 1933 ; Dedicated to Professor Warren Roper on the occasion of his
vs, ν̃(C;C) 5 2118 cm21 vw. 2 1H NMR : δ 5 3.59 (s, 12 H, 60th birthday.

[1] Recent reviews: [1a] W. Beck, B. Niemer, M. Wieser, Angew.CH3), 3.76 (s, 12 H, CH3). 2 13C NMR: δ 5 47.32 (CH3), 51.74
Chem. 1993, 105, 9692996; Angew. Chem. Int. Ed. Engl. 1993,(CH3), 109.59 (s and 2 d, 2J117SnC,119SnC 5 218.9 Hz, 209.5 Hz, Cβ),
32, 9232949. 2 [1b] H. Lang, Angew. Chem. 1994, 106,

119.47 (s and 2 d, 1J117SnC,119SnC 5 1169.5 Hz, 1118.2 Hz, Cα), 5692572; Angew. Chem. Int. Ed. Engl. 1994, 33, 5472550. 2
198.07 (s and d, 1JWC 5 128.4 Hz, cis-CO), 203.89 (s and d, 1JWC 5 [1c] U. H. F. Bunz, 1996, 108, 104721049; Angew. Chem. Int. Ed.

Engl. 1996, 35, 9692971. 2 [1d] J. S. Schumm, D. L. Pearson, J.128.7 Hz, trans-CO), 229.41 (s and d, 1JWC 5 88.2 Hz, W5C). 2
M. Tour, Angew. Chem. 1994, 106, 144521448; Angew. Chem.MS (FAB, NBOH); m/z (%): 1736 (10) [M1], 1512 (3), 1484 (6),
Int. Ed. Engl. 1994, 33, 136021363. 2 [1e] W. Weng, T. Bartik,

1456 (7), 1428 (8), 1400 (12), 1372 (14), 1344 (17), 1316 (13), 1288 J. A. Gladysz, Angew. Chem. 1994, 106, 226922272; Angew.
(17), 1260 (12), 1232 (13), 1204 (13), 1176 (13) [M1 2 n CO, n 5 Chem. Int. Ed. Engl. 1994, 33, 219922202. 2 [1f] T. Bartik, B.

Bartik, M. Brady, R. Dembinski, J. A. Gladysz, Angew. Chem.8220]. 2 C40H24N4O20SnW4 (1734.7): calcd. C 27.70, H 1.39, N
1996, 108, 4672469; Angew. Chem. Int. Ed. Engl. 1996, 35,3.23; found C 27.80, H 1.43, N 3.15.
4142417.

[2] F. Diederich, R. Faust, V. Gramlich, P. Seiler, J. Chem. Soc.,15b: Yield: 0.86 g (71%, based on 1b), m.p. 112°C (dec.). 2 IR
Chem. Commun. 1994, 204522046 and literature cited therein.(Et2O): ν̃(CO) 5 2057 cm21 w, 1982 w, 1937 vs, ν̃(C;C) 5 2115 [3] [3a] J. E. C. Wiegelmann, U. H. F. Bunz, P. Schiel, Organometal-

cm21 vw. 2 1H NMR : δ 5 3.65 (s, 12 H, CH3), 3.88 (s, 12 H, lics 1994, 13, 464924651. 2 [3b] M. Altmann, U. H. F. Bunz,
CH3). 2 13C NMR: δ 5 48.65 (CH3), 49.56 (CH3), 107.68 (s and Makromol. Rapid. Commun. 1994, 15, 7852789. 2 [3c] J. E. C.

Wiegelmann, U. H. F. Bunz, Organometallics 1993, 12,2 d, 2J117SnC,119SnC 5 219.9 Hz, 210.3 Hz, Cβ), 123.05 (s and 2 d,
379223794. 2 [3d] U. H. F. Bunz, J. C. Wiegelmann-Kreiter,1J117SnC,119SnC 5 1167.5 Hz, 1115.7 Hz, Cα), 216.84 (cis-CO), 223.97 Chem. Ber. 1996, 129, 7852797.

(trans-CO), 250.09 (Cr5C). 2 C40H24Cr4N4O20Sn (1207.3): calcd. [4] [4a] J. E. C. Wiegelmann-Kreiter, U. H. F. Bunz, Organometallics
C 39.79, H 2.00, N 4.64; found C 39.67, H 2.19, N 4.64. 1995, 14, 444924451. 2 [4b] U. H. F. Bunz, V. Enkelmann, Or-

ganometallics 1994, 13, 382323833. 2 [4c] U. H. F. Bunz, V.
X-ray Structural Analyses of 8a, 9a, 12a, and 15a: Single crystals Enkelmann, Angew. Chem. 1993, 105, 171221714; Angew.

Chem. Int. Ed. Engl. 1993, 32, 165321655.were grown from pentane/Et2O [2:5 (8a), 1:4 (9a), 1:3 (12a, 15a)],
[5] [5a] U. H. F. Bunz, V. Enkelmann, F. Beer, Organometallics 1995,respectively, and mounted in a glass capillary. All crystal data were

14, 249022495. 2 [5b] U. H. F. Bunz, V. Enkelmann, J. Räder,collected on a Siemens P4 diffractometer (Wyckoff scan, scan range Organometallics 1993, 12, 474524747.
4° < 2θ < 54°, scan speed variable: 4 to 30° min21 in ω) with a [6] E. O. Fischer, W. Röll, N. H. T. Huy, K. Ackermann, Chem.

Ber. 1982, 115, 295123212.graphite monochromator (Mo-Kα, λ 5 0.71073 Å). Semi-empirical
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1986, 311, 2332242.Chem. 1987, 327, 2112221.
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3872398.[10] R. Neidlein, S. Gürtler, Helv. Chim. Acta 1994, 77, 230322322. [33] D. Rosenberg, W. Drenth, Tetrahedron 1971, 27, 389323907.[11] [11a] V. Péron, E. Porhiel, V. Ferrand, H. Le Bozec, J. Or- [34] R. Köster, G. Seidel, I. Klopp, C. Krüger, G. Kehr, J. Süß, B.ganomet. Chem. 1997, 539, 2012203. 2 [11b] A. Geisbauer, S. Wrackmeyer, Chem. Ber. 1993, 126, 138521396.Mihan, W. Beck, J. Organomet. Chem. 1995, 501, 61266. 2 [11c]
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The reactions of gallium and indium trihalides with 1,2-bis- the metal center is octahedral in the cation of 1, square pyra-
midal in 3, and tetrahedral in the cations of 5 and 7. The(diphenylphosphanyl)benzene (DP) and bis[(2-diphenyl-

phosphanyl)phenyl]phenylphosphane (TP) lead to a variety reactions of TP with GaI3 or InI3 afford ionic complexes
[(TP)MI2]+[MI4]2 (8: M = Ga, 9: M = In). As shown by 31P-of molecular and ionic complexes. Treatment of InCl3 with

DP results in [(DP)2InCl2]+[InCl4]2 (1). With InBr3 or InI3 mo- NMR studies and X-ray analyses, TP acts as a bidentate li-
gand in both complexes. The central phosphorus atom is notlecular 1:1 complexes (DP)InX3 (2: X = Br, 3: X = I) and ionic

1:2 complexes [(DP)InX2]+[InX4]2 (4: X = Br, 5: X = I) are engaged in coordinative bonding. The 31P resonances of all
compounds appear at higher field as compared to the freeobtained. With GaBr3 and GaI3 only the ionic complexes

[(DP)GaX2]+[GaX4]2 (6: X = Br, 7: X = I) are generated. Ac- ligand. This phenomenon calls for further investigations and
a detailed theoretical treatment.cording to single-crystal X-ray analyses the environment of

Introduction Complexes of gallium and indium halides with tertiary
phosphanes have been considered only sporadically, and

Traditional Lewis acid catalysis has been dominated for very little information is available on the stoichiometry and
a long time by the use of boron and aluminium halides.[1]

structure of such coordination compounds.[8] This is true in
It is only very recently that the analogous compounds of particular for complexes with polydentate phosphanes, for
the heavier congeners in group 13, gallium and indium, which a large variety of structural concepts can be concei-
have also been employed for this purpose. [2] Prominent ex- ved.[8a] [8b] [8c]

amples are the InCl3 catalysis of the Mukayama aldol reac-
We have therefore initiated a systematic investigation oftion or special variations of the Diels-Alder reaction,[3] but

this chemistry, and in the present paper we report a first setalso the GaBr3-mediated methyl transfer of alkylsilanes
of results obtained for ligands based on a phenylenebis(di-and -siloxanes. [4] In most of these reactions the anhydrous
phenylphosphane) skeleton.binary halides EX3 are employed, but there is growing

interest in a mediation of the catalytic effect by the intro-
Preparative Resultsduction of neutral or cationic donor/acceptor complexes,

X3E2Ln and [X2ELn]1, respectively. The soft donor ligand In order to secure chelation of the metal trihalides, a bi-
dentate ligand was chosen in which the two donor centersL is expected to be reversibly displaced by the substrate of

the reaction. It can also serve as a component which en- are fixed in a cis position at a rigid backbone. 1,2-Bis-(di-
phenylphosphanyl)benzene (DP) is the most commonhances the solubility and stability of the Lewis acid catal-

yst EX3. prototype for this kind of ligands, and in bis[(2-diphenyl-
phosphanyl)phenyl]phenylphosphane (TP) the same struc-The formation of donor/acceptor complexes of gallium

and indium halides is known for a wide variety of neutral tural principle is extended to give a tripodal tertiary phos-
phane.donor ligands L.[5] Among these the cationic species are of

special interest, because analogous cationic complexes of Anhydrous InCl3 reacts with equimolar quantities of DP
to give almost quantitative yields of an air-stable but moist-boron and aluminium are already well established as active

catalysts in the living polymerization of propylene oxide ure-sensitive crystalline product (1, 91% yield, m.p. 243°C),
soluble in di- and trichloromethane [Eq. (1)]. Solvation inand in Diels-Alder reactions. [6] Structurally characterized

ionic species derived from gallium or indium trihalides in THF causes decomposition indicated by the release of
phosphane ligand. The crystal structure analysis has shownprevious work are limited to O or N donors like pyridine,

bipyridyl, methylpyrazole, or a crown ether, but also di- that this compound is not a molecular 1:1 complex (below).
Instead the reaction is associated with a halide redistri-methyl sulfoxide, triphenylphosphane oxide, dimethylglycol,

or hexamethyl phosphoric triamide etc. [7] bution between two indium atoms to give an ionic product
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containing an [InCl4]2 anion and a bis-chelated cation cationic complexes into the corresponding molecular 1:1

complexes [Eq. (4)].[(DP)2InCl2]1 with hexacoordinated indium atoms. Ad-
dition of excess InCl3 has no effect regarding the nature of
the product, and no complexes of the stoichiometry
(DP)(InCl3)2 or [(DP)InCl2]1 [InCl4]2 can be isolated. The
NMR spectra of solutions of [(DP)2InCl2]1[InCl4]2 in
CDCl3 are consistent with fully symmetrically bound ligand
molecules as suggested by only one set of phenyl and phen-
ylene resonances (1H,13C). The singlet 31P resonance also

Cationic complexes of the type [(DP)GaX2]1[GaX4]2supports the proposed molecular symmetry, but the phos-
with X 5 Br, I were also obtained with the lighter congenerphorus nuclei are strongly shielded (δP 5 226.6 in CDCl3)
gallium [6, X 5 Br, 81% yield, m.p. 259°C, δP 5 222.1; 7,which is very unexpected for tetracoordinated phosphorus
X 5 I, 95% yield, m.p. 219°C, δP 5 229.3; Eq. (5)]. Theatoms.
ionic structure of the iodo compound with tetracoordinated
gallium atoms in both the cation and the anion was con-
firmed in X-ray structure analysis (below).

Attempts to synthesize molecular gallium complexes
analogous to 2 or 3 have failed.

Unlike the results obtained with InCl3, the nature of the
product of the reaction of DP with InBr3 and InI3 depends
on the molar ratio between the phosphane and the indium
halide [Eq. (2) and (3)]. The 1:1 addition compound of DP
with InBr3 is assigned a molecular, non-ionic structure (2, Treatment of GaI3 with TP in the molar ratio of 2:1 gives
89% yield, m.p. 268°C, δP 5 226.9) with a pentacoordi- the ionic complex [(TP)GaI2]1[GaI4]2 in 83% yield [8, m.p.
nated indium atom. The compound is stable towards THF 267°C; Eq. (6)]. Earlier work with boron halides and a
and its 13C-NMR spectrum resembles that of (DP)InI3, for number of transition-metal salts has shown, that TP re-
which the non-ionic structure was confirmed by a crystal presents a potent tripodal ligand.[9] As derived from 31P-
structure analysis (below, 3, 75% yield, m.p. 239°C, δP 5 NMR studies and X-ray analysis (below), in the present
231.7). The redistribution of halide anions as observed for case TP acts only as a bidentate ligand, however, and the
1 is excluded in both cases, because of serious steric conges- central phosphorus atom remains uncoordinated.
tion of the larger halogen atoms at a hexacoordinated
metal center.

The reaction with InI3 produces the indium analog of 8
in 88% yield (9, m.p. 259°C), for which the analytical and
structural data (31P NMR, X-ray diffraction) prove tetraco-
ordinated metal centers. No molecular complex (TP)InI3

could be obtained from equimolar quantities of TP and
InI3. The ionic complex 9 was again formed and half of the
TP ligand applied (2:1 molar ratio!) remained unaffected.

If the same components are allowed to react in the molar
NMR-Spectroscopic Investigationsratio of 1:2, ionic products are obtained, in which the

[InX4]2 anion is accompanied by a cation [(DP)InX2]1 with The 1H- and 13C-NMR spectra of the complexes are
characterized by complex multiplets and by a large numbertetracoordinated indium atoms (4, X 5 Br, 95% yield, m.p.

251°C, δP 5 220.0; 5, X 5 I, 87% yield, m.p. 199°C, δP 5 of phenyl/phenylene resonances, respectively, which were
not analyzed any further because the δ and J data are not227.9). The structure of 5 has also been determined by X-

ray crystallography. The 13C-NMR data of 5 show a distinct expected to be relevant to the discussion of structure and
bonding in the individual species.similarity with those of the bromo analog 4.

In order to investigate whether an addition of nucleo- The 31P-NMR spectra of the DP complexes show only
one resonance with a large half width (ca. 80 Hz) owing tophiles to the tetracoordinated cationic indium complexes 4

and 5 is possible, reactions with THF, acetone and OPPh3 quadrupole broadening originating from interactions with
the 115In and 71/69Ga nuclei which all have high quadrupolewere carried out. The reaction was found to transform the
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Figure 2. 31P{1H}-NMR spectrum of 9 in CD2Cl2 at 20°C; chemi-moments. This line broadening is of course proof for the

cal shifts (δ values)coordinative bonding of the phosphorus donors to the
metal acceptors. It is very surprising, however, that the
chemical shifts δP of the complexes are all in the range from
220 to 235 and hence upfield from the resonance of the
free DP ligand (δP 5 213.1 in CDCl3). It is generally true
for most phosphane complexes of main-group as well as
transition metals that there is a downfield “coordination
shift” between the free ligand and the corresponding com-
plex. In the present cases this “coordination shift” is in-
verted. There is no straightforward explanation for this
phenomenon, although it is tempting to ascribe the effect
to the very low electronegativity of the heavy group 13 ele-
ments. Further experimental work and 2 more importantly
2 theoretical studies are required to clarify this point.

In the two TP complexes the resonances of the phos-
phorus atoms show marked differences: While the signals
of the two terminal phosphorus atoms have a severe line

Structural Investigationsbroadening with poorly resolved (if any) splitting, the res-
Complexes of 1,2-Bis(diphenylphosphanyl)benzene (DP):onance of the central phosphorus atom is rather sharp and

The compound with the net formula (DP)InCl3 (1) washas the expected splitting for the A part of an AB2 spin
found to have the ionic structure [(DP)2InCl2]1[InCl4]2.system (Figures 1 and 2). The implications of the two spec-
The complex crystallizes in the triclinic space group P1̄ withtra are threefold:
two formula units in the unit cell. The asymmetric unit con-1) The lack of quadrupole broadening of the signal of
tains two crystallographically independent halves of the cat-the central phosphorus atoms is proof that this atom is not
ion and one anion. The anion with In3 as the central atomstrongly coordinated to indium or gallium, respectively. For
has a standard tetrahedral structure with bond lengths andthe Ga compound this is clearly ruled out completely by
angles in the ranges documented in the literature. The twothe narrow line width, while for In there is discernible
cation halves are complemented by their second halvesbroadening, but still much less than for the terminal phos-
which are related by crystallographic centers of inversionphorus atoms. (The same conclusions can be drawn from
(Figure 3). As shown by a schematic superposition (Figurethe crystal structure studies below.)
4), the two cations are structurally very similar, and in a2) The J(P,P) coupling constants of the complexes are
discussion of the details both cations can be treated to-larger than in the free ligand, indicative of the change of
gether.hybridization at phosphorus upon complexation (from p to

sp3) as suggested by the Fermi contact mechanism. Figure 3. Molecular structure of the cation in 1 with atomic num-
bering (ORTEP drawing, 50% probability ellipsoids, only one of3) There is no downfield shift of the resonance of the
the two crystallographically independent cations is shown, hydro-terminal or central phosphorus atoms upon complexation. gen atoms omitted for clarity)[a]

On the contrary, all resonances are again (as for DP, above)
shifted strongly upfield as compared to free TP.

Figure 1. 31P{1H}-NMR spectrum of 8 in CD2Cl2 at 20°C; chemi-
cal shifts (δ values)

[a] Selected bond lengths [Å] and angles [°]: In12Cl1 2.4822(5)
[2.4838(6)], In12P1 2.6648(6) [2.6849(6)], In12P2 2.7133(6)
[2.7374(6)]; Cl12In12Cl19 180.0 [180.0], Cl12In12P1 85.35(2)
[85.50(2)], Cl12In12P2 82.77(2) [85.39(2)], P12In12P2 76.14(2)
[73.29(2)]. The data in brackets refer to the second independent
cation accordingly.
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Figure 4. Superposition of the two crystallographically independent Figure 5. Molecular structure of 3 with atomic numbering (ORTEP

drawing, 50% probability ellipsoids, hydrogen atoms omitted forcations in 1
clarity)[a]

[a] Selected bond lengths [Å] and angles [°]: In2I2 2.7134(4), In2I1
2.7729(4), In2I3 2.7875(5), In2P1 2.7140(9), In2P2 2.7569(9);
I32In2I1 95.306(13), I12In2I2 109.336(14), I22In2I3
108.045(14), I12In2P2 89.66(2), I32In2P1 89.37(2), I22In2P1
99.82(2), I22In2P2 97.99(2), P12In2P2 71.44(3).

one for I12In2I3 [95.306(13)°] and two larger ones forThe indium atoms in the cations are in an octahedral
I12In2I2 [109.336(14)°] and I22In2I3 [108.045(14)°].environment with two chloride ligands in the apical posi-

The compound of the stoichiometry (DP)(InI3)2 (5) hastions and two chelate ligands spanning equatorial edges.
an ionic structure [(DP)InI2]1[InI4]2. It crystallizes in theThe angles at In1 and In2 are all close to 90 or 180°. The
triclinic space group P1̄ with two formula units in the unitIn1/In22Cl bond lengths in the octahedra [average 2.4830
cell. The anion has a slightly distorted tetrahedral geometryÅ] are significantly longer than the In32Cl bond lengths
at the central indium atom (In2) with standard bond[average 2.3487 Å] in the tetrahedral anion. This result is
lengths. The geometry of the cation (Figure 6) deviates onlyin agreement with previous observations for two different
slightly from mirror symmetry. The indium atom In1 is inpolyhedra with a common central element having the
a tetrahedral environment and part of a chelate ring withsame ligands.
an envelope conformation. Following a very general rule,

The four chelate rings are in envelope conformations with the In2I distances are significantly shorter in the cation
the metal atoms out of the plane containing the phenylene [average 2.6570 Å] than in the anion [average 2.6993 Å].
rings and the phosphorus atoms. In both cases the ge- Both distances are shorter, however, than the bond lengths
ometry of the rings and their substituents is very close to for pentacoordinate indium (above), and this reduction also
mirror symmetry, the individual mirror planes passing applies to the In2P bonds in the tetra- as compared to the
through Cl12In12Cl19/Cl22In22Cl29 and bisecting the pentacoordinate species (see captions to figures).
phenylene rings (Figures 3 and 4). The gallium analog of the composition (DP)GaI3 (7) has

The compound with the net formula (DP)InI3 (3) was the same structure [(DP)GaI2]1[GaI4]2 like its indium
found to be a molecular, non-ionic species. It crystallizes in counterpart (Figure 7). The crystals are also triclinic, space
the triclinic space group P1̄ with two formula units in the group P1̄, Z 5 2, but are not isomorphous with the indium
unit cell. The individual molecules have no crystallogra- compound. The general description can be adopted from
phically imposed symmetry, but the molecular geometry [(DP)InI2]1 [InI4]2. Where variations appear, these are only
follows very closely mirror symmetry as related to a plane associated with the difference in the covalent radii of gal-
passing through the In2I2 unit and bisecting the phenylene lium and indium.
ring (Figure 5). Complexes of Bis[(2-diphenylphosphanyl)phenyl]phenyl-

phosphane (TP): The complexes (TP)(InI3)2 (9) andThe indium atom is pentacoordinated in a quasi square-
pyramidal environment, where I2 occupies the apical posi- (TP)(GaI3)2 (8) have ionic structures [(TP)MI2]1[MI4]2

with M 5 In, Ga. The crystals are isomorphous (spacetion and the ligand spans one edge of the basal square plane
and with the other two iodine atoms at the remaining basal group P1̄, Z 5 2) with very similar cell dimensions (Table

2). The anions are tetrahedral tetraiodometallate moietiesvertices. The chelate ring has an envelope conformation as
already noted for [(DP)2InCl2]1. The In2I2 distance (api- with structural details closely comparable to those of the

DP complexes (above).cal) is significantly shorter [2.7134(4) Å] than the In2I1/I3
distances [basal, average 2.7802 Å]. This deviation corre- The metal atoms of the cations are also tetracoordinated

with bond angles I2M2I and P2M2P at 103.02(2)/sponds to two different sets of I2In2I angles, a smaller
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Figure 6. Molecular structure of the cation in 5 with atomic num- Figure 8. Molecular structure of the cation in 8 with atomic num-

bering (ORTEP drawing, 50% probability ellipsoids, hydrogenbering (ORTEP drawing, 50% probability ellipsoids, hydrogen
atoms omitted for clarity)[a] atoms omitted for clarity)[a]

[a] Selected bond lengths [Å] and angles [°]: In12I1 2.6644(6),
In12I2 2.6497(5), In12P1 2.5862(11), In12P2 2.5635(11);
I12In12I2 118.12(2), I12In12P1 116.22(3), I12In12P2 [a] Selected bond lengths [Å] and angles [°]: Ga12I1 2.5473(8),
113.78(3), I22In12P1 111.02(3), I22In12P2 110.47(3), Ga12I2 2.5818(8), Ga12P1 2.435(2), Ga12P2 2.420(2), Ga12P3
P12In12P2 81.61(4). 2.905(2); I12Ga12I2 103.43(3), I12Ga12P1 113.05(4),

I12Ga12P2 118.84(4), I22Ga12P1 100.36(4), I22Ga12P2
104.55(4), P12Ga12P2 113.71(5), Ga12P32C112 103.3(3),

Figure 7. Molecular structure of the cation in 7 with atomic num- Ga12P32C212 96.6(2), Ga12P32C311 137.2(3).
bering (ORTEP drawing, 50% probability ellipsoids, hydrogen

atoms omitted for clarity)[a]

Figure 9. Molecular structure of the cation in 9 with atomic num-
bering (ORTEP drawing, 50% probability ellipsoids, hydrogen

atoms omitted for clarity)[a]

[a] Selected bond lengths [Å] and angles [°]: Ga12I1 2.4904(6),
Ga12I2 2.4912(7), Ga12P1 2.3976(13), Ga12P2 2.4085(12);
I12Ga12I2 115.02(2), I12Ga12P1 110.84(4), I12Ga12P2
110.05(4), I22Ga12P1 112.64(4), I22Ga12P2 119.90(4),
P12Ga12P2 84.49(4).

[a] Selected bond lengths [Å] and angles [°]: In12I1 2.7092(5),
In12I2 2.7376(5), In12P1 2.6239(10), In12P2 2.5982(10), In12P3113.11(3)° for In and 103.43(3)/113.71(5)° for Ga, respec-
2.8933(10); I12In12I2 103.02(2), I12In12P1 115.35(2),

tively (Figures 8 and 9). Deviations from the regular tetra- I12In12P2 119.96(2), I22In12P1 98.19(2), I22In12P2
102.94(2), P12In12P2 113.11(3), In12P32C112 106.13(12),hedral angle are thus very small and not indicative of tri-
In12P32C212 98.36(12), In12P32C311 132.91(13).podal action of the ligand. Bond lengths M2I and M2P

are also similar to those in the DP complexes (above).
Closer inspection of the structural diagrams shows, how- A simple geometrical calculation of the orientation of the

lone pair of electrons at P3 (taking this atom as a pseudo-ever, that the distance In12P3 [2.8933(10) Å] in the indium
compound is not that much larger (about 10%) than the tetrahedral center) leads to the conclusion, however, that

this vector is not pointing towards the metal atom, but intodistances In2P1 [2.6239(10) Å] and In12P2 [2.5982(10) Å].
This observation suggests that coordinative bonding of the a direction where In12P3 interaction is rather poor. This

is e.g. borne out by the large spread of the angles frommiddle phosphorus atom (P3) of the TP ligand to In1 can-
not a priori be ruled out. In fact, the rather rigid geometry In12P32C212 5 98.36(12)° and In12P32C112 5

106.13(12)° to In12P32C311 5 132.91(13)°. The differenceof the ligand leaves no choice and virtually forces the third
phosphorus atom into the bonding region of the metal of the In2I distances in the cation and the anion of 9 are

surprisingly small (only a few percent).atom.
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Table 1. Crystal data, data collection, and structure refinement for Table 2. Crystal data, data collection, and structure refinement for

compounds 7, 8, and 9compounds 1, 3 · 2 CHCl3, and 5 ·CH2Cl2

1 3 · 2 CHCl3 5 ·CH2Cl2 7 8 9

crystal datacrystal data
formula C60H48Cl6In2P4 C32H26Cl6I3InP2 C31H26Cl2I6In2P2 formula C30H24Ga2I6P2 C42H33Ga2I6P3 C42H33I6In2P3

Mr 1347.27 1531.43 1621.63Mr 1335.20 1180.69 1522.40
crystal system triclinic triclinic triclinic crystal system triclinic triclinic triclinic

space group P1̄ P1̄ P1̄space group P1̄ P1̄ P1̄
a [Å] 11.146(1) 9.651(1) 10.611(1) a [Å] 10.832(1) 10.432(1) 10.435(1)

b [Å] 11.107(1) 14.676(1) 14.583(1)b [Å] 13.514(1) 12.455(1) 13.103(1)
c [Å] 20.782(1) 17.311(1) 17.522(1) c [Å] 16.929(1) 16.260(2) 16.394(2)

α [°] 89.93(1) 82.04(1) 80.96(1)α [°] 77.48(1) 107.97(1) 68.94(1)
β [°] 81.98(1) 90.35(1) 75.58(1) β [°] 72.36(1) 79.48(1) 79.17(1)

γ [°] 88.24(1) 81.35(1) 82.02(1)γ [°] 70.99(1) 99.00(1) 69.76(1)
V [Å3] 2881.2(4) 1951.7(3) 2121.3(3) V [Å3] 1940.0(3) 2403.9(4) 2404.5(4)

ρcalcd. [gcm23] 2.306 2.116 2.240ρcalcd. [gcm23] 1.539 2.009 2.383
Z 2 2 2 Z 2 2 2

F(000) 1228 1420 1492F(000) 1336 1116 1384
µ(Mo-Kα) [cm21] 12.28 34.94 56.75 µ(Mo-Kα) [cm21] 62.64 51.01 49.39

absorption ψ-scans ψ-scans ψ-scansabsorption corr. ψ scans ψ scans ψ scans
Tmin/Tmax 0.96/0.99 0.74/0.99 0.70/0.99 correction

Tmin/Tmax 0.52/0.99 0.70/0.99 0.63/0.99
data collection

data collectionT [°C] 274 274 274
T [°C] 274 123 274scan mode ω ω-Θ ω scan mode ω ω-Θ ω-Θhkl range 213R14, 212R12, 212R13, hkl range 213R12, 0R12, 212R13,

217R15, 215R15, 0R16,
213R13, 217R18, 218R18,

225R26 0R22 220R22
217R0 219R19 0R20sin(θ/λ)max [Å21] 0.64 0.64 0.64 sin(θ/λ)max [Å21] 0.62 0.62 0.64measured refl. 16992 8232 8800 measured 6984 8648 10144refls. used for 12467 8199 8766 reflectionsrefinement refls. used for 6973 8624 10089

refinementsolution direct methods Patterson Patterson

solution direct methods solution of 9 Pattersonrefinement
refined parameters 652 397 388 was used

refinementH atoms 0/48 0/26 0/26
(found/calcd.) refined parameters 361 478 478

H atoms 0/24 0/33 0/33final R values
[I > 2σ(I)] (found/calcd.)

final R valuesR1[a] 0.0249 0.0277 0.0305
wR2[b] 0.0571 0.0689 0.0717 [I > 2σ(I)]

R1[a] 0.0304 0.0433 0.0279GOOF 1.073 1.092 1.131
(shift/error)max <0.001 <0.001 <0.001 wR2[b] 0.0739 0.1072 0.0671

GOOF 1.089 1.083 1.203ρfin(max/min) 0.865/20.610 2.738/21.809[c] 1.294/21.782
[eÅ23] (shift/error)max < 0.001 < 0.001 < 0.001

ρfin(max/min) 3.368/21.927[c] 3.125/22.012[c] 1.082/21.585[c]

[eÅ23][a] R1 5 Σ(||Fo|2|Fc||)/Σ|Fo|. 2 [b] wR2 5 {[Σw(Fo
22Fc

2)2]/
Σ[w(Fo

2)2]}1/2; w 5 1/[σ2(Fo
2)1 (ap)21bp]; p 5 (Fo

212Fc
2)/3; a 5

0.0210 (1), 0.0322 (3 · 2 CHCl3), 0.0303 (5 ·CH2Cl2); b 5 2.62 (1), [a] R1 5 Σ(||Fo|2|Fc||)/Σ|Fo|. 2 [b] wR2 5 {[Σw(Fo
22Fc

2)2]/5.04 (3 · 2 CHCl3), 6.60 (5 ·CH2Cl2). 2 [c] Residual electron densi- Σ[w(Fo
2)2]}1/2; w 5 1/[σ2(Fo

2)1 (ap)21bp]; p 5 (Fo
212Fc

2)/3; a 5ties located around solvent CHCl3. 0.0316 (7), 0.0600 (8), 0.0296 (9); b 5 8.92 (7), 7.93 (8), 5.43 (9).
2 [c] Residual electron densities located around iodine atoms.

The situation is very similar in the structure of the gal-
lium analog 8, where the distance Ga12P3 is 2.905(2) Å
and thus almost equal to In12P3 (above), but much larger

Waals distance of only ca. 2.90 Å. It is gratifying that thisas compared to Ga12P1 [2.435(2) Å] and Ga12P2
result is in full agreement with the essence of the NMR data[2.420(2) Å]. The angles Ga12P32C112/ C212/C311 vary
regarding in particular the line widths and the coupling pat-over a range of 40°, with individual values of 103.3(3)/
tern of the 31P-NMR resonances, although the chemical-96.6(2)/137.2(3)°, respectively, and are not in agreement
shift parameters are much more difficult to evaluate. Morewith tetrahedral coordination of the phosphorus atom P3.
comprehensive data sets are clearly needed in order to allowFrom the structural data it thus appears that neither the
a deeper understanding of the chemical-shift incrementsindium nor the gallium atom in the [(TP)MI2]1 cations of
responsible for non-classical signal displacements in the8 and 9 (M 5 In, Ga) is pentacoordinated by the two hal-
NMR spectra of main-group metal complexes.ogen atoms and the potentially tripodal ligand. Although

the inflexibility of the TP ligand holds the central phos- This work was supported by the Deutsche Forschungsgemein-
phorus atom in close proximity of the metal atom, the schaft and the Fonds der Chemischen Industrie. The authors are

grateful to Mr. J. Riede for establishing the X-ray data sets.bonding interaction is poor in spite of the sub-van-der-
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s). 2 C30H24Br6Ga2P2 (1065.33): calcd. C 33.82, H 2.27; found CExperimental Section
33.48, H 2.14.

General: All experiments were carried out routinely in purified
dry nitrogen. Solvents were dried and kept under nitrogen, and [1,2-Bis(diphenylphosphanyl)benzene]GaI2

1 GaI4
2 (7): As de-

glassware was oven-dried and filled with nitrogen. 1,2-Bis(diphenyl- scribed for compound 1, with gallium triiodide (201 mg, 0.446
phosphanyl)benzene[10] and bis[(2-diphenylphosphanyl)phenyl]- mmol) and 1,2-bis(diphenylphosphanyl)benzene (100 mg, 0.223
phenylphosphane[9a] were prepared according to literature pro- mmol). Yield 285 mg (95%), colorless crystals, m.p. 219°C. 2 1H
cedures, all other starting materials were commercially available. NMR (CDCl3, 20°C): δ 5 8.0227.28 (m, Ph). 2 13C{1H} NMR
Gallium and indium trihalides were stored and handled in a glove (v. s.): δ 5 131.2, 135.2, 136.9 (AXX9, phenylene); 120.9, 130.4,
box. 133.8, 134.1 (AXX9, Ph). 2 31P{1H} NMR (v. s.): δ 5 229.3 (br.

s). 2 C30H24I6Ga2P2 (1347.33): calcd. C 26.74, H 1.80; found C
[1,2-Bis(diphenylphosphanyl)benzene]2InCl2

1 InCl4
2 (1): In-

26.48, H 1.75.
dium trichloride (99 mg, 0.45 mmol) is added to a solution of 1,2-
bis(diphenylphosphanyl)benzene (202 mg, 0.45 mmol) in 10 ml of {Bis[(2-diphenylphosphanyl)phenyl]phenylphosphane}GaI2

1-
toluene and stirred for 2 h at 80°C. The white precipitate is col- GaI4

2 (8): As described for compound 1, with gallium triiodide
lected and recrystallized from chloroform/pentane. Yield 273 mg (219 mg, 0.485 mmol) and bis[(2-diphenylphosphanyl)phenyl]phe-
(91%), colorless crystals, m.p. 243°C. 2 1H NMR (CDCl3, 20°C): nylphosphane (153 mg, 0.243 mmol). Recrystallization of the white
δ 5 7.7827.11 (m, Ph). 2 13C{1H} NMR (v. s.): δ 5 128.8, 132.1, precipitate from methylene chloride/pentane yielded 309 mg (83%)
135.3 (AXX9, phenylene); 125.8, 129.2, 131.6, 134.2 (AXX9, Ph). of colorless crystals, m.p. 267°C. 2 31P{1H} NMR (CD2Cl2, 20°C):
2 31P{1H} NMR (v. s.): δ 5 226.6 (br. s). 2 C60H48Cl6In2P4 δ 5 233 (A2B, J 5 213 Hz, Pcent.), 225 (A2B, Pterm.). 2
(1335.30): calcd. C 53.97, H 3.62; found C 53.31, H 3.65. C42H33Ga2I6P3 (1531.51): calcd. C 32.94, H 2.17; found C 32.58,

H 2.09.
[1,2-Bis(diphenylphosphanyl)benzene]InBr3 (2): As described for

compound 1, with indium tribromide (95 mg, 0.268 mmol) and 1,2- {Bis[(2-diphenylphosphanyl)phenyl]phenylphosphane}InI2
1-

bis(diphenylphosphanyl)benzene (120 mg, 0.268 mmol). Yield 191 InI4
2 (9): As described for compound 8, with indium triiodide (253

mg (89%), colorless crystals, m.p. 268°C. 2 1H NMR (CDCl3, mg, 0.511 mmol) and bis[(2-diphenylphosphanyl)phenyl]phenyl-
20°C): δ 5 7.7427.09 (m, Ph). 2 13C{1H} NMR (v. s.): δ 5 131.9, phosphane (161 mg, 0.255 mmol). Yield 364 mg (88%), colorless
135.2, 135.4 (AXX9, phenylene); 126.3, 129.1, 131.4, 134.3 (AXX9, crystals, m.p. 259°C. 2 31P{1H} NMR (CD2Cl2, 20°C): δ 5 245
Ph). 2 31P{1H} NMR (v. s.): δ 5 226.9 (br. s). 2 C30H24Br3InP2 (A2B, J 5 282 Hz, Pcent.), 226 (A2B, Pterm.). 2 C42H33Ga2I6P3

(801.00): calcd. C 44.99, H 3.02; found C 44.53, H 3.05. (1621.71): calcd. C 31.11, H 2.05; found C 30.78, H 2.04.

[1,2-Bis(diphenylphosphanyl)benzene]InI3 (3): As described for Reactions of 4 and 5 with Oxygen Donors: [(DP)InBr2]1 [InBr4]2

compound 1, with indium triiodide (126 mg, 0.255 mmol) and 1,2- (4, 100 mg, 0.086 mmol) is dissolved in 5 ml of THF and layered
bis(diphenylphosphanyl)benzene (114 mg, 0.255 mmol). Yield 180 with pentane. The colorless crystals obtained show the same ana-
mg (75%), colorless crystals, m.p. 239°C. 2 1H NMR (CDCl3, lytical data (mp, EA, NMR) as compound 2. [(DP)InI2]1[InI4]2 (5,
20°C): δ 5 7.6527.12 (m, Ph). 2 13C{1H} NMR (v. s.): δ 5 131.7, 100 mg, 0.069 mmol) is dissolved in 10 ml of CHCl3 and 0.1 ml
135.4, 135.8 (AXX9, phenylene); 127.1, 129.0, 131.1, 134.2 (AXX9, of acetone is added. After heating to reflux, a colorless solid is
Ph). 2 31P{1H} NMR (v. s.): δ 5 231.7 (br. s). 2 C30H24I3InP2 precipitated with pentane. The product shows the same analytical
(942.00): calcd. C 38.25, H 2.57; found C 37.63, H 2.81. data as compound 3. Similar results are obtained with OPPh3 (50

mg, 0.18 mmol).[1,2-Bis(diphenylphosphanyl)benzene]InBr2
1 InBr4

2 (4): As de-
scribed for compound 1, with indium tribromide (190 mg, 0.536 Crystal Structure Determinations: Specimens of suitable quality
mmol) and 1,2-bis(diphenylphosphanyl)benzene (120 mg, 0.268 and size of compounds 1, 3 · 2 CHCl3, 5 · CH2Cl2, 7, 8, and 9 were
mmol). Yield 293 mg (95%), colorless crystals, m.p. 251°C. 2 1H mounted in glass capillaries and used for measurements of precise
NMR (CDCl3, 20°C): δ 5 7.9427.30 (m, Ph). 2 13C{1H} NMR cell constants and intensity-data collection on an Enraf Nonius
(v. s.): δ 5 131.6, 134.9, 136.8 (AXX9, phenylene); 121.3, 130.5, CAD4 diffractometer [Mo-Kα radiation, λ(Mo-Kα) 5 0.71073 Å].
133.9, 134.2 (AXX9, Ph). 2 31P{1H} NMR (v. s.): δ 5 220.0 (br. During data collection, three standard reflections were measured
s). 2 C30H24Br6In2P2 (1155.53): calcd. C 31.18, H 2.09; found C periodically as a general check of crystal and instrument stability.
30.89, H 2.02. No significant changes were observed for either compound. Lp cor-

rection was applied and intensity data were corrected for absorp-[1,2-Bis(diphenylphosphanyl)benzene]InI2
1 InI4

2 (5): As de-
tion effects. The structures were solved by direct and Pattersonscribed for compound 1, with indium triiodide (394 mg, 0.795
methods (SHELXS-86), respectively, and completed by full-matrixmmol) and 1,2-bis(diphenylphosphanyl)benzene (178 mg, 0.40
least-squares techniques against F2 (SHELXL-93). The thermalmmol). Yield 495 mg (87%), colorless crystals, m.p. 199°C. 2 1H
motion of all non-hydrogen atoms was treated anisotropically. AllNMR (CDCl3, 20°C): δ 5 8.0227.28 (m, Ph). 2 13C{1H} NMR
hydrogen atoms were placed in idealized calculated positions and(v. s.): δ 5 131.2, 135.2, 136.9 (AXX9, phenylene); 120.9, 130.4,
allowed to ride on their corresponding carbon atoms with fixed133.8, 134.1 (AXX9, Ph). 2 31P{1H} NMR (v. s.): δ 5 227.9 (br.
isotropic contributions (Uiso(fix) 5 1.5 3 Ueq of the attached Cs). 2 C30H24I6In2P2 (1437.53): calcd. C 25.07, H 1.68; found C
atom). Further information on crystal data, data collection, and25.20, H 1.73.
structure refinement are summarized in Tables 1 and 2. Important
interatomic distances and angles are shown in the corresponding[1,2-Bis(diphenylphosphanyl)benzene]GaBr2

1 GaBr4
2 (6): As

described for compound 1, with gallium tribromide (151 mg, 0.448 figure captions. Anisotropic thermal parameters, tables of distances
and angles, and atomic coordinates have been deposited with Fach-mmol) and 1,2-bis(diphenylphosphanyl)benzene (109 mg, 0.224

mmol). Yield 210 mg (81%), colorless crystals, m.p. 259°C. 2 1H informationszentrum Karlsruhe, Gesellschaft für wissenschaftlich-
technische Information mbH, D-76344 Eggenstein-Leopoldshafen.NMR (CDCl3, 20°C): δ 5 7.7627.14 (m, Ph). 2 13C{1H} NMR

(v. s.): δ 5 133.9, 135.9, 136.9 (AXX9, phenylene); 119.0, 130.6, The data are available on request on quoting CSD-407907 (1),
-407908 (3), -407905 (5), -407906 (7), -407904 (8), -407903 (9).134.2, 134.5 (AXX9, Ph). 2 31P{1H} NMR (v. s.): δ 5 222.1 (br.
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Various β-, γ-, and δ-alkynols have been reacted with the cedented seven-membered oxacarbene ring. The rhenium-
assisted δ-alkynol to 2-oxacyloheptylidene rearrangement16e2 fragment [(triphos)Re(CO)2]+ generated in situ by H2

elimination from [(triphos)Re(CO)2(η2-H2)]BF4 [triphos = proceeds via the hydroxybutylvinylidene kinetic interme-
diate [(triphos)Re(CO)2{C=C(H)CH2CH2CH2CH2OH}]BF4,MeC(CH2PPh2)3]. Irrespective of the length of the alkyl chain

between the C;C and OH functional groups in the ω-alky- which has been characterized in both the solid state and so-
lution. An X-ray analysis has been carried out on a singlenol, 2-oxacyclocarbene complexes are obtained. These in-

clude the 2-oxacyclopentylidene derivatives [(triphos)- crystal of [(triphos)Re(CO)2{=CCH2CH2CH(Me)O}]BF4. The
structure of this complex consists of [(triphos)Re(CO)2{=Re(CO)2{=CCH2CH2CH2O}]BF4 and [(triphos)Re(CO)2-

{=CCH2CH2CH(Me)O}]BF4, the 2-oxacyclohexylidene dervi- CCH2CH2CH(Me)O}]+ cations and tetrafluoroborate anions
with no interspersed solvent molecules. A facial triphos li-vatives [(triphos)Re(CO)2{=CCH2CH2CH2CH2O}]BF4 and

[(triphos)Re(CO)2{=CCH2CH2CH2CH(Me)O}]BF4, and the 2- gand, two cis-disposed carbonyl groups and a 2-oxacyclo-
pentylidene ligand coordinate the Re centre in a slightly di-oxacycloheptylidene complex [(triphos)Re(CO)2{=CCH2CH2-

CH2CH2CH2O}]BF4. The latter compound contains a unpre- storted octahedral environment.

Introduction carbene (II) is favored over the equally possible elimination
of water to give the vinylvinylidene derivative (III). [15]

The reaction of alkynols with unsaturated metal frag-
Scheme 1. Reactions of 3-butyn-1-ol with metal-ligand systemsments provides a convenient synthetic route to 2-oxacyclo-

carbene complexes, [1] that are receiving increasing attention
as organometallic synthons in several catalytic and stoichio-
metric elaborations.[2] [3] The most widely studied of these,
are the reactions of β-alkynols to give 2-oxacyclopentylid-
ene derivatives, and various complexes with ru-
thenium,[4] [5] [6] [7] osmium,[8] manganese, [9] rhenium,[9a] and
metals of the chromium group[1] [10] have recently been de-
scribed. The β-alkynol to oxacyclocarbene rearrangement
has been shown to proceed via preliminary metal-assisted It has been observed experimentally that the intramolecu-

lar attack by the hydroxy group is increasingly disfavored1-alkyne to vinylidene tautomerization.[1] [10b] [11] For β-al-
kynols, the formation of cyclic Fischer carbene implies the as the number of CH2 spacers between the triple bond and

the OH group in the alkynol increases. Indeed, 2-oxacy-generation of hydroxyethylvinylidene derivatives (I), which
have been intercepted spectroscopically in a few cases clohexylidene complexes derived from metal-assisted re-

arrangements of γ-alkynols are quite rare com-(Scheme 1). [5] Vinylidenes are highly polarized C2 ligands
and both experimental [12] [13] and theoretical studies[14] pounds, [1] [8a] [10b] while no example involving δ-alkynols has

yet been reported. [16] [17] In actuality, δ-alkynols are still re-show the Cα atom to be an electrophilic centre susceptible
to attack by almost any sort of nucleophile (alcohols, water, active substrates towards transition metal fragments. Due

to the length of the pendant hydroxyalkyl tail, however,amines, thiols, phosphanes, etc.). [12] In case of β-hydroxy-
ethylvinylidene ligands, the oxacarbene ring forms via intra- their activation results in the preferential formation of

stable hydroxybutylvinylidene complexes.[8] [18] In no casemolecular attack by the OH group of the dangling hydroxy-
alkyl substituent at the Cα atom. When this happens it is was the hydroxybutylvinylidene intermediate seen to con-

vert to the 2-oxacycloheptylidene isomer.implicit that the ring-closure reaction affording the Fischer
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Stimulated by the idea that a comparative study involving Synthesis and Characterization of 2-Oxacycloalkylidene

Complexes: In earlier work,[19] we have shown that [(tri-the reaction of a unique metal fragment with different ω-
alkynols could have provided additional information on the phos)Re(CO)2H] (1) reacts with HBF4 ·OMe2 in CH2Cl2 to

give [(triphos)Re(CO)2(η2-H2)]BF4 (2) which contains amechanism of formation of 2-oxacarbene complexes as well
as their chemistry, we decided to examine the reactions of weakly bound dihydrogen ligand.[19] We have now found

that 2 in CH2Cl2 reacts with 3-butyn-1-ol yielding the 2-various β-, γ-, and δ-alkynols with the kinetically inert or-
ganometallic support [{MeC(CH2PPh2)3}Re(CO)2]1. [19] oxacyclopentylidene complex [(triphos)Re(CO)2{5CCH2-

CH2CH2O}]BF4 (3). The selective formation of this FischerWe were gratified to find that Fischer carbene complexes
are selectively formed, via kinetic hydroxyvinylidene inter- carbene complex takes place already at 210°C, and pro-

ceeds with no detectable intermediate on the NMR time-mediates, irrespective of the number of CH2 spacers. The
hydroxyvinylidene complex has exclusively been intercepted scale. The room-temperature 31P{1H}-NMR spectrum con-

sists of an AM2 pattern with chemical shifts and couplingwith the δ-alkynol 5-hexyn-1-ol and its conversion to the
thermodynamic 2-oxacycloheptylidene product has been constants in line with those reported for other cationic

carbene complexes of the general formulastudied.
[(triphos)Re(CO)2{CRR9}]Y.[20] The magnetic equivalence

Results and Discussion of the two phosphorus atoms lying trans to the two car-
The preparations and principal reactions reported in this bonyl ligands is consistent with a rapid rotation of the ox-

article are summarized in Scheme 2. Selected spectroscopic acyclopentylidene group about the Re5C bond. The ox-
data (IR and NMR) are collected in Table 1, or are pro- acarbene ligand continues to rotate freely even at 280°C.
vided in the Experimental Section. The total and unam- A very low-energy barrier to rotation is typical of carbene
biguous assignment of all the hydrogen and carbon reso- and vinylidene groups bonded to the [(triphos)Re(CO)2]1

nances for all rhenium complexes was obtained by a combi- fragment, [19] [20] and it is also commonly encountered in car-
nation of 1D- and 2D-NMR spectroscopy including bene complexes with other transition metals. [9b] [21] The
1H{31P}, DEPT-135, 1H,1H-COSY, 1H,1H-NOESY, and most direct spectroscopic evidence of the presence of a car-
1H,13C-HETCOR experiments. bene ligand in 3 is provided by the 13C{1H}-NMR spectrum

which contains a doublet of triplets centred at δ 5 293.4
Scheme 2. Reactions of [(triphos)Re(CO)2]1 auxiliary with ω-alky- (JCPtrans 5 35.0 Hz, JCPcis 5 8.9 Hz). [12] [13] The other ox-nols

acyclopentylidene carbon atoms resonate at δ 5 85.3, 62.7,
and 22.8, consistent with this type of ligand, while the two
carbonyl carbon atoms appear as a second-order multiplet
at δ 5 197.0. This may properly be computed using an
AXX9Y spin system (A: carbonyl C atom, X and X9: P
atoms trans to the CO ligands, Y: P atom trans to the car-
bene ligand; see Table 1). [19] [20] [22] The proton NMR spec-
trum correlates well with the spectra of various 2-oxacyclo-
carbene metal complexes containing three methylene
groups in the ring. [4] A cyclic oxacarbene ligand in 3 is fi-
nally supported by the IR spectrum displaying a medium
intensity ν(COC) band at 1194 cm21 and two strong ν(CO)
absorptions at wavenumbers (1962 and 1912 cm21) that are
typical of [(triphos)Re(CO)2{5CRR9}]Y carbene com-
pounds. [20]

Replacing 3-butyn-1-ol with (±)-4-pentyn-2-ol in the re-
action with 2 affords the substituted 2-oxa-3-methyl-cyclo-
pentylidene complex [(triphos)Re(CO)2{5CCH2CH2CH-
(Me)O}]BF4 (4) as air-stable orange crystals. As expected,
the presence of a stereogenic carbon atom in the oxacar-
bene ring differentiates the spectroscopic characteristics of
4 from those of 3. For example, the 31P{1H}-NMR spec-
trum of 4 consists of an AMQ spin system, while the car-
bonyl carbons appear in the 13C{1H}-NMR spectrum as a
well-resolved doublet of triplets (δ 5 198.6, JCPtrans 5 45.5
Hz, JCPcis 5 5.7 Hz). The stereocenter in the 2-oxacyclopen-
tylidene ring also leads to the chemical and magnetic non-
equivalence of the methylene protons. For this reason, the
resonances of the oxacarbene-ring protons could only be
unambiguously assigned by means of 2D-COSY and 2D-
phase sensitive NOESY NMR spectra. In particular, the
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Table 1. Selected 1H-, 13C{1H}-, and 31P{1H}-NMR spectral data and IR absorptions for the complexes
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Figure 2. ORTEP Drawing of the complex cationlatter experiment allowed us to establish the spatial relation-
[(triphos)Re(CO)2{5CCH2CH2CH(Me)O}]1 in 4-BF4. Only theships between the Hδ proton at δ 5 4.77 (which correlates
ipso carbons of the phenyl rings of the triphos ligand are shown

with the CH carbon at δ 5 98.5 in the 2D-1H,13C-HMQC for the sake of clarity
NMR experiment) and the signal at δ 5 2.05 of the op-
posite Hγ9 proton. Following this assignment, the remaining
proton and carbon resonances were readily and reliably
identified. Significant sections of the NOESY and COSY
spectra are presented in Figure 1.

Figure 1. (A) Section (δ 5 5.00 2 0.90) of the phase-sensitive 2D-
1H NOESY spectrum of 4 (500.13 MHz, CD2Cl2, 25°C, τmix 800
ms) showing the negative cross-peaks between the protons of the
2-oxa-3-methyl-cyclopentylidene ring. (B) Contour plot of a section
(δ 5 5.0020.90) of the 2D-1H COSY spectrum of 4 (500.13 MHz,
CD2Cl2, 25°C) showing the scalar couplings for the protons of the

2-oxa-3-methyl-cyclopentylidene ring

Table 2. Selected bond distances and angles for 4-BF4

Re2P1 2.488(4) C72O1 1.21(2)
Re2P2 2.490(4) C82O3 1.31(2)
Re2P3 2.466(4) C82C9 1.51(2)
Re2C6 1.89(2) C92C10 1.47(2)
Re2C7 1.85(2) C102C11 1.47(2)
Re2C8 2.02(2) C112C12 1.36(2)
C62O2 1.16(2) C112O3 1.56(2)

C82Re2C6 87.7(3) C82Re2C7 85.1(3)
C62Re2C7 87.8(3) C82Re2P1 91.2(2)
C62Re2P1 172.0(2) C72Re2P1 99.9(2)
C82Re2P2 96.9(2) C62Re2P2 87.1(2)
C72Re-P2 174.5(2) P12Re2P2 85.15(6)
C82Re2P3 174.1(2) C62Re2P3 97.6(2)
C72Re-P3 92.3(2) P12Re2P3 84.03(7)
P22Re2P3 86.16(6) O22C72Re 174.1(6)
C92C82Re 173.0(6) C82C92C10 122.3(7)

anions with no interspersed solvent molecules. A facial
triphos ligand, two cis disposed carbonyl groups and an
oxacyclopentylidene ligand co-ordinate the Re center in a
slightly distorted octahedral environment. The Re2Ccarbene

bond length [dRe5C 5 2.02(2) Å] is shorter than that found
in the alkoxycarbene complex [(triphos)Re(CO)2-
{5C(OEt)CH3}]BF4 [dRe5C 5 2.071(8) Å], [20] but longer
than that reported for the vinylidene complex
[(triphos)Re(CO)2{5C5C(H)Ph}]BPh4 [dRe5C 5 1.925(6)
Å]. [20] Noticeably, the present Re2Ccarbene distance is also
shorter than that found in (CO)5Re5CCH2CH2CH2O
[dRe5C 5 2.125 Å] [9a] and in Br(CO)4Re5COCH2CH2O
[dRe5C 5 2.135 Å]. [23] The oxacyclopentylidene ring adoptsThe solid-state structure of the 2-oxa-3-methyl-cyclopen-

tylidene complex (4) has been determined by a single-crys- an “envelope” conformation with small deviations from the
mean plane defined by the rhenium atom, and by the O3tal X-ray analysis. A view of the complex cation is shown

in Figure 2, while selected bond lengths and angles are and C8 to C12 atoms. The largest deviation affects the C10
atom (20.0201 Å) in β-position with respect to O3. Devia-given in Table 2.

The structure of 4 consists of [(triphos)Re(CO)2- tions from planarity are often encountered in this class of
oxacyclocarbene complexes and deformations ranging from{5CCH2CH2CH(Me)O}]1 cations and tetrafluoroborate
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practically planar systems to significantly distorted rings are shifted to low field with respect to those of 7 (δA 5

219.41, δM 5 215.82, JAM 5 23.2 Hz). The 13C{1H}-have been reported. [24] [25] A comparable distortion has been
reported for the molybdenum complex [MoI(CO)2- NMR spectrum of 7 displays the characteristic low-field

resonance of the vinylidene Cα atom (δ 5 343.9), while the{5COCH2CH2CH2}(η5-C5H5)]. [26] The C82O3 distance
and the other metrical parameters pertaining to the carbene resonance of the Cβ atom appears at higher field (doublet

of triplets at δ 5 111.0). [12] [13] [21] Four signals, spanningligand fall into the range determined for related com-
plexes. [5] [9] [23] [24] [25] [26] from δ 5 52.1 (Cζ) to δ 5 19.8 (Cγ) are assigned to the

CH2 carbon atoms of the δ-hydroxybutyl substituent in theReactions of 2 with γ- and δ-Alkynols: When either 4-pen-
tyn-1-ol or (±)-5-hexyn-2-ol are allowed to react with a vinylidene ligand. In the proton NMR spectrum of 7, the

vinylidene hydrogen resonance appears as a well-resolvedCH2Cl2 solution of 2 at room temperature, the Fischer car-
bene complexes [(triphos)Re(CO)2{5CCH2CH2CH2- triplet of pseudoquartets at δ 5 3.53 which collapses into a

triplet of 8.3 Hz in the broad-band phosphorus-decoupledCH(R)O}]BF4 (R 5 H, 5; R 5 Me, 6) are obtained in good
yields (Scheme 2). To the best of our knowledge, known spectrum.

Further experimental evidence of the vinylidene natureexamples of oxacyclohexylidene metal complexes are
limited to the chromium complex (CO)5Cr{5CCH2- of the organyl ligand in 7 is provided by the reaction of the

latter compound with Brønsted bases, such as NEt3, whichCH2CH2CH2O} described by Dötz, [1] the manganese com-
pound Cp(CO)(PPh3)Mn5C{OCH2C(Me)2CH2CH(Me)} remove the vinylidene hydrogen atom, leading to the clean

formation of the σ-alkynyl complex [(triphos)Re(CO)2-synthesized by Geoffroy and coworkers,[9b] the molyb-
denum derivative [Mo{5CH2(CH2)2CH2O}(dppe)(η- {C;CCH2CH2CH2CH2OH}] (9). [12] [20] This reaction is re-

versible and 9 re-generates 7 by treatment with protic acids.C7H7)]PF6 (dppe 5 Ph2PCH2CH2PPh2) reported by White-
ley and co-workers, [10b] and the indenyl osmium complex The alkynyl derivative 9 has been isolated and authenticated

spectroscopically by comparison with several ReI alkynyls[(η5-C9H7)Os{5CCH2CH2CH2CH2O}(PPh3)2] described
by Gimeno.[8a] of the formula [(triphos)Re(CO)2(C;CR)]. [20]

A careful and complete analysis of the 13C{1H}-NMRThe presence of oxacyclohexylidene rings in 5 and 6 is
shown by the 13C{1H}-NMR spectra which exhibit four dif- spectrum was carried out for the unambiguous identifi-

cation of 8. Key features are a doublet of triplets at δ 5ferent methylene resonances (singlets at δ 5 16.7, 21.6, 55.6,
and 75.0), while the carbene carbon atoms resonate at δ 5 310.8, assigned to the carbene carbon atom, and five meth-

ylene resonances assigned to the five CH2 groups of the 2-303.0 (5: dt, JCPtrans 5 36.8 Hz, JCPcis 5 9.5 Hz) and at δ 5
305.3 (6: dt, JCPtrans 5 36.9 Hz, JCPcis 5 8.6 Hz). As ex- oxacycloheptylidene ring. The presence of five methylene

resonances was of crucial importance for ruling out a vinyl-pected the NMR properties of 6 are similar to those of 4,
which analogously contains a stereogenic carbon atom in vinylidene structure which might have been formed via the

alternative water-elimination pathway (Scheme 1). Of thethe ring. [27]

Monitoring the reactions between 2 and 4-pentyn-1-ol five methylene resonances, only those of the Cζ (δ 5 78.6)
and Cβ (δ 5 60.1) carbons, proximal to the oxygen and to[or (±)-5-hexyn-2-ol] by multinuclear NMR spectroscopy in

the temperature range from 250 to 120°C showed no in- the carbene carbon atoms, respectively, appear as doublets
with small phosphorus-carbon couplings. The remainingtermediate species in the course of the conversion of 2 to 5

(or 6). In contrast, V. T. NMR spectroscopy has re- CH2 resonances (between δ 5 29.1 and 21.5) are singlets
with no discernible coupling.vealed that the hydroxybutylvinylidene complex

[(triphos)Re(CO)2{5C5C(H)CH2CH2CH2CH2OH}]BF4 Fischer carbene complexes containing oxacycloheptyl-
idene rings are extremely rare. To the best of our knowl-(7) is an intermediate to the oxacarbene thermodynamic

product [(triphos)Re(CO)2{5CCH2CH2CH2CH2CH2O}]- edge, the only example reported in the literature is the di-
nuclear dimanganese complex [(CO)5Mn2Mn(CO)4{5CO-BF4 (8) when 2 is reacted with a δ-alkynol such as

HC;CCH2(CH2)2CH2OH. The hydroxyvinylidene com- CH2CH2CH2CH2CH2}]. [16] This, however, was prepared by
the alternative reaction of the bistriflateplex is stable in solution below 210°C. Above this tempera-

ture it slowly but selectively transforms into the 2-oxacy- TfOCH2CH2CH2CH2CH2OTf with the carbonyl metalate
salt K[Mn(CO)5] in THF, and not by δ-alkynol acti-cloheptylidene isomer 8 (Scheme 2). The conversion is fast

at room temperature. Nonetheless, the stability at low tem- vation.[16] [17]

perature allows 7 to be unambiguously characterized in
Conclusionssolution and isolated in the solid state as well.

Bands in the IR spectrum of 7 at 1663 (C5C) and ca. Our study of the reactions of the 16e2 [(triphos)Re(CO)2]1

support with different β-, γ-, and δ-alkynols has shown that3550 cm21 (OH), diagnose the presence of a hydroxyvinyl-
idene ligand. These absorptions are not present in the IR cyclic carbenes are formed irrespective of the separation be-

tween the triple bond and the hydroxy functional group. Wespectrum of 8, in which the stretching frequencies of the
two CO9s are at lower energy (1960 and 1900 cm21) com- have also demonstrated that this cyclization reaction occurs

via the hydroxyalkylvinylidene complexes. For the particu-pared to those of 7 (2008 and 1946 cm21) due to the greater
π-acceptor character of the hydroxyvinylidene ligand.[14] [20] lar case of the δ-alkynol 5-hexyn-1-ol the kinetic hydroxy-

butylvinylidene intermediate has been intercepted in solu-In keeping with this electronic effect, the phosphorus reso-
nances of 8 (δA 5 217.14, δM 5 211.49, JAM 5 20.9 Hz) tion and isolated in the solid state. Its thermal rearrange-
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INS.[31] The initial choices of shifts and coupling constants werement to the thermodynamic 2-oxacycloheptylidene product
refined by iterative least-squares calculations using the experimen-has been observed, showing that the intramolecular nucleo-
tal digitized spectrum. The final parameters gave a satisfactory fitphilic attack by the OH group at the vinylidene Cα atom
between experimental and calculated spectra, the agreement factormay still be favored over H2O elimination to give vinylvinyl-
R being less than 1% in all cases. 2 Infrared spectra were recordedidene products. The same should be true for long-chain ω-
in KBr pellets on a Nicolet 510 P spectrometer operating in the FT

alkynols. Studies are currently in progress to scrutiny the mode, or as Nujol mulls on a Perkin2Elmer 1600 series FT-IR
chemistry of this new family of rhenium 2-oxacarbenes. spectrometer between KBr plates. 2 Conductivities were measured

with an ORION model 990101 conductance cell connected to aThanks are due to Prof. A. Medici (University of Ferrara, Italy)
model 101 conductivity meter. The conductivity data were obtainedfor a gift of (±)-5-hexyn-2-ol and to Prof. J. Gimeno (University of
at sample concentrations of ca. 1·1023  in nitroethane solutionsOviedo, Spain) for communicating some preliminary results prior
at room temperature (21°C). 2 Elemental analyses were performedto publication.
with a Carlo Erba model 1106 elemental analyzer.

Experimental Section Synthesis of [(triphos)Re(CO)2{5CCH2CH2CH2O}]BF4 (3): A
dichloromethane (5 ml) solution of the complex [(triphos)-General Procedure: Tetrahydrofuran (THF), n-hexane, and di-
Re(CO)2(η2-H2)]BF4 (2) was prepared in a 25-ml Schlenk-flask byethyl ether were purified by distillation over sodium/benzophenone
treating [(triphos)Re(CO)2H] (1) (0.25 g, 0.26 mmol) withunder a nitrogen atmosphere. Dichloromethane and ethanol were
HBF4.OMe2 (33 µl, 0.27 mmol) at 220°C under nitrogen.[19] Topurified by distillation under nitrogen over calcium hydride. The
this solution, a slight excess of 3-butyn-1-ol (23 µl, 0.30 mmol) wasligand CH3C(CH2PPh2)3 (triphos)[28] and the complexes [(triphos)-
added with stirring, and the solution was slowly brought to roomRe(CO)2H] (1) [19] and [(triphos)Re(CO)2(η2-H2)]BF4 (2) [20] were
temperature. During this time, the color of the resulting solutionprepared as described in the literature. All the alkynols were pur-
changed from pale yellow to orange. After the reaction mixturechased from Aldrich except for (±)-5-hexyn-2-ol which was pro-
was allowed to reach room temperature, stirring was continued forvided by Prof. A. Medici (Department of Chemistry, University
additional 30 min. The solvent was removed under reduced pres-of Ferrara). The purity of all alkynols was checked by 1H-NMR
sure and the solid residue washed with 2 3 2 ml of ethanol and 2spectroscopy, and, when necessary, they were distilled under inert
3 3 ml of diethyl ether. The crude reaction product was recrys-atmosphere prior to use. All the other reagents and chemicals were
tallized from dichloromethane/diethyl ether (1:1, v/v) to yield or-reagent grade and, unless otherwise stated, were used as received
ange crystals of [(triphos)Re(CO)2{5CCH2CH2CH2O}]BF4 (3).from commercial suppliers. All reactions and manipulations were
Yield 80%. 2 C47H45BF4O3P3Re: calcd. C 55.14, H 4.45; foundroutinely performed under a dry nitrogen atmosphere by using
C 55.20, H 4.55.2 1H NMR (CD2Cl2, 22°C, 200.13 MHz): (thestandard Schlenk-tube techniques. CD2Cl2 for NMR measure-
numbering scheme for the hydrogen and carbon resonances of thisments (Merck and Aldrich) was dried over molecular sieves (4 Å).
complex as well as all the other new complexes described in this2 1H- and 13C{1H}-NMR spectra were recorded on Varian VXR
paper is given in Table 1) δ 5 1.62 (q, JHP 5 3.1 Hz, CH3(triphos),300, Bruker AC200, or Bruker AVANCE DRX 500 spectrometers
3 H), 1.73 (quint, JHH 5 7.8 Hz, Hγ, 2 H), 2.54 (d, JHPaxial 5 8.8operating at 299.94, 200.13, or 500.13 MHz (1H) and 75.42, 50.32,
Hz, CH2Paxial, 2 H), 2.70 (m, CH2Pequat, 4 H), 3.28 (td, JHH 5 7.7or 125.80 MHz (13C), respectively. Peak positions are relative to
Hz, JHP 5 0.6 Hz, Hβ, 2 H), 4.06 (t, JHH 5 7.6 Hz, Hδ, 2 H).tetramethylsilane and were calibrated against the residual solvent
13C{1H} NMR (CD2Cl2, 22°C, 50.32 MHz): δ 5 293.4 (dt,resonance (1H) or the deuterated solvent multiplet (13C). 13C-
JCPtrans 5 35.0 Hz, JCPcis 5 8.9 Hz, Cα), 197.0 (m, CO), 85.3 (d,DEPT, and gated 13C{1H}-decoupled NMR experiments were run
JCP 5 3.2 Hz, Cδ), 62.7 (d, JCP 5 5.7 Hz, Cβ), 40.3 (q, JCP 5 9.9on the Bruker AC200 spectrometer. 1H,13C-2D HETCOR NMR
Hz, CH3(triphos)), 39.7 (q, JCP 5 3.5 Hz, MeC(triphos)), 35.1 (td, N 5experiments were recorded on either the Bruker AC200 spec-
JCPequat9 1 JCPequat0 5 14.0 Hz, JCPaxial 5 4.5 Hz, CH2Pequat), 32.4trometer using the XHCORR pulse program or the Bruker AV-
(dt, JCPaxial 5 23.5 Hz, JCPequat 5 4.4 Hz, CH2Paxial), 22.8 (s, Cγ).2ANCE DRX 500 spectrometer equipped with a 5-mm triple-reso-
31P{1H} NMR (CD2Cl2, 22°C, 81.01 MHz): AM2 spin system,nance probe-head for 1H detection and inverse detection of the
δA 5 215.90, δM 5 211.86, JAM 5 22.1 Hz. 2ΛM(nitroethane) 5 80heteronucleus (inverse correlation mode, HMQC experiment) with
Ω21 cm2 mol21.no sample spinning. The 1H,1H-2D COSY NMR experiments were

routinely conducted on the Bruker AC200 instrument in the abso- Recrystallization of 3 from dichloromethane/ethanol in the pres-
lute magnitude mode using a 45° or 90° pulse after the incremental ence of 2 equiv of NaBPh4, yielded the corresponding tetraphen-
delay. The 1H,1H-2D COSY NMR experiments on the racemate ylborate salt (39) in ca. 90% yield. 2 [(triphos)Re(CO)2-
complexes 4 and 6 were acquired on the AVANCE DRX 500 {5CCH2CH2CH2O}]BPh4 (39, C71H65BO3P3Re): calcd. C 67.89, H
Bruker spectrometer using the phase-sensitive TPPI mode with 5.21; found C 67.19, H 5.01. 2 ΛM(nitroethane) 5 53 Ω21 cm2 mol21.
double quantum filter. 1H,1H-2D NOESY NMR experiments were
conducted on the same instrument in the phase-sensitive TPPI Synthesis of [(triphos)Re(CO)2{5CCH2CH2CH(Me)O}]BF4

(4): The methyl-substituted oxycarbene complex 4, was obtained asmode in order to discriminate between positive and negative cross
peaks. 2 31P{1H} NMR spectra were recorded on either the Varian described above for 3 using (±)-4-pentyn-2-ol (24 µl, 0.26 mmol)

instead of 3-butyn-1-ol. The reaction was complete after stirringVXR 300 or Bruker AC200 instruments operating at 121.42 and
81.01 MHz, respectively. Chemical shifts were measured relative to the mixture at room temperature for 1 h. Work-up as above gave

[(triphos)Re(CO)2{5CCH2CH2CH(Me)O}]BF4 (4) as orange mic-external 85% H3PO4 with downfield values taken as positive. The
proton NMR spectra with broad-band phosphorus decoupling rocrystals. Yield 85%. 2 C48H47BF4O3P3Re: calcd. C 55.55, H,

4.56; found C 54.99, H 4.38. 2 1H NMR (CD2Cl2, 25°C, 500.13were recorded on the Bruker AC200 instrument equipped with a
5-mm inverse probe and a BFX-5 amplifier device using the wideb- MHz): δ 5 1.15 (d, JMeHδ 5 6.3 Hz, CH3(carbene), 3 H), 1.35 (dddd,

JHγ99Hγ9 5 12.8 Hz, JHγ99Hβ9 5 9.2 Hz, JHγ99Hδ 5 6.3 Hz, JHγ99Hβ99 5and phosphorus decoupling sequence GARP.[29] 2 Computer
simulations of NMR spectra were carried out with a locally devel- 3.6 Hz, Hγ99, 1H), 1.62 (q, JHP 5 3.0 Hz, CH3(triphos), 3 H), 2.05

(dddd, JHγ9Hγ99 5 12.8 Hz, JHγ9Hβ99 5 8.8 Hz, JHγ9Hδ 5 6.7 Hz,oped package containing the programs LAOCN3[30] and DAV-
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JHγ9Hβ9 5 3.6 Hz, Hγ9, 1 H), 2.60 (m, CH2(triphos), 6 H), 3.10 (ddd, monohydride 1 within a few minutes to give a solution of 2 which

was cooled down to 278°C. After 2.3 µl (0.030 mmol) of 3-butyn-JHβ99Hβ9 5 19.8 Hz, JHβ9Hγ99 5 9.2 Hz, JHβ9Hγ9 5 3.6 Hz, Hβ9, 1 H),
3.68 (ddd, JHβ9Hβ99 5 19.8 Hz, JHβ99Hγ9 5 8.8 Hz, JHβ99Hγ99 5 3.6 1-ol was syringed into the tube, this was flame-sealed under nitro-

gen at 278°C and then introduced into the NMR probe of theHz, Hβ99, 1 H), 4.77 (dpsquint, JHδHγ9 5 6.7 Hz, JHδMe ø JHδHγ99 5

6.3 Hz, Hδ, 1 H). 2 13C{1H} NMR (CD2Cl2, 22°C, 50.32 MHz): spectrometer precooled to 250°C. The progress of the reaction was
followed by variable-temperature (V.T.) 31P{1H}- and 1H-NMRδ 5 294.5 (dt, JCPtrans 5 35.6 Hz, JCPcis 5 9.2 Hz, Cα), 198.6 (dt,

JCPtrans 5 45.5 Hz, JCPcis 5 5.7 Hz, CO), 98.5 (d, JCP 5 3.2 Hz, spectroscopy. No reaction occurred until the temperature was
raised to about 210°C. At this temperature, the molecular hydro-Cδ), 65.5 (d, JCP 5 5.0 Hz, Cβ), 42.1 (q, JCP 5 10.1 Hz,

CH3(triphos)), 41.6 (q, JCP 5 3.6 Hz, MeC(triphos)), 37.3 (d, JCPequat 5 gen complex started converting to the oxycarbene derivative 3.
Within 1 h at 210°C, 3 was the only product detectable by 31P-25.7 Hz, CH2Pequat), 36.6 (dt, JCPaxial 5 22.2 Hz, JCPequat 5 4.7

Hz, CH2Paxial), 32.5 (s, Cγ), 22.5 (s, CH3(carbene)). 2 31P{1H} NMR NMR spectroscopy.
(CD2Cl2, 22°C, 81.01 MHz): AMQ spin system, δA 5 213.10,

In analogous experiments, (±)-4-pentyn-2-ol or 4-pentyn-1-olδM 5 214.73, δQ 5 216.63, JAM 5 26.7 Hz, JAQ 5 21.3 Hz, JMQ 5
were substituted for 3-butyn-1-ol. Monitoring the reaction by V.T.-21.3 Hz. 2 ΛM(nitroethane) 5 81 Ω21 cm2 mol21.
NMR spectroscopy showed no intermediate species for the trans-

Synthesis of [(triphos)Re(CO)2{5CCH2CH2CH2CH2O}]BF4 formation of 2 into 4 or 5.
(5): A slight excess of 4-pentyn-1-ol (40 µl, 0.37 mmol) was added

In Situ NMR Studies: Reaction of [(triphos)Re(CO)2(η2-with stirring to a solution of 2 (0.26 mmol) prepared as described
H2)]BF4 (2) with 5-Hexyn-1-ol: To a dry-ice/acetone cooled solu-above. Usual work-up gave pale orange crystals of
tion of 2 (0.050 mmol) in CD2Cl2 (0.8 ml), prepared in a 5-mm[(triphos)Re(CO)2{5CCH2CH2CH2CH2O}]BF4 (5). Yield 80%. 2
NMR tube from 1 and HBF4 ·OMe2, was added 6.3 µl (0.055C48H47BF4O3P3Re: calcd. C 55.55, H 4.56; found C 55.49, H 4.50.
mmol) of 5-hexyn-1-ol. The tube was flame-sealed and the reaction2 1H NMR (CD2Cl2, 25°C, 500.13 MHz): δ 5 1.50 (m, Hγ 1 Hδ,
progress was monitored by V.T.-NMR spectroscopy. A reaction be-4 H), 1.68 (q, JHP 5 3.0 Hz, CH3(triphos), 3 H), 2.48 (d, JHPaxial 5
tween 2 and the alkynol already occurred at 215°C to give the8.8 Hz, CH2Paxial, 2 H), 2.70 (m, CH2Pequat, 4 H), 3.28 (t, JHβHγ 5
vinylidene complex [(triphos)Re(CO)2{5C5C(H)CH2CH2CH2-6.8 Hz, Hβ, 2 H), 3.44 (t, JHεHδ 5 6.0 Hz, Hε, 2 H). 2 13C{1H}
CH2OH}]BF4 (7) as the only new rhenium-containing product. ANMR (CD2Cl2, 22°C, 50.32 MHz): δ 5 303.0 (dt, JCPtrans 5 36.8
complete transformation of 2 into 7 was observed after 6 h atHz, JCPcis 5 9.5 Hz, Cα), 198.0 (m, CO), 75.0 (d, JCP 5 2.5 Hz,
215°C. Heating the NMR tube to room temperature caused theCε), 55.6 (d, JCP 5 3.8 Hz, Cβ), 40.3 (q, JCP 5 10.4 Hz,
transformation of 7 into the carbene [(triphos)Re(CO)2-CH3(triphos)), 39.7 (q, JCP 5 3.8 Hz, MeC(triphos)), 32.5 (td, N 5
{5CCH2CH2CH2CH2CH2O}]BF4 (8) at ca. 28°C. The formationJCPequat9 1 JCPequat0 5 14.0 Hz, JCPaxial 5 4.4 Hz, CH2Pequat), 32.5
of 8 was complete after the sample was heated to 20°C for 1 h.(dt, JCPaxial 5 22.9 Hz, JCPequat 5 4.3 Hz, CH2Paxial), 21.1 (s, Cδ),

16.7 (s, Cγ). 2 31P{1H} NMR (CD2Cl2, 22°C, 81.01 MHz): AM2 NMR Data for 7: 1H NMR (CD2Cl2, 216°C, 500.13 MHz): δ 5
spin system, δA 5 216.71, δM 5 210.70, JAM 5 21.4 Hz. 2

1.43 (psquint, JHδHγ ø JHδHε 5 7.4 Hz, Hδ, 2 H), 1.61 (m, Hε, 2
ΛM(nitroethane) 5 82 Ω21 cm2 mol21.

H), 1.67 (q, JHP 5 3.0 Hz, CH3(triphos), 3 H), 2.38 (psq, JHγHβ 5

8.3 Hz, JHγHδ 5 7.4 Hz, Hγ, 2 H), 2.46 (d, JHPaxial 5 9.3 Hz,Synthesis of [(triphos)Re(CO)2{5CCH2CH2CH2CH(Me)O}]-
CH2Paxial, 2 H), 2.54 (m, CH2Pequat, 2 H), 2.73 (m, CH2Pequat, 2 H),BF4 (6): A two-fold excess of (±)-5-hexyn-2-ol (54 µl, 0.55 mmol)
3.53 (tpsq, transforms into a triplet in the 1H{31P}-NMR spectrum,was syringed into a dichloromethane solution of 2 (0.026 mmol)
JHβHγ 5 8.3 Hz, JHPA ø JHPM 5 2.8 Hz, Hβ(vinylidene), 1 H), 3.64prepared as described above. Orange microcrystals of
(br t, JHζHε 5 6.1 Hz, Hζ, 2 H); the resonance of the OH proton[(triphos)Re(CO)2{5CCH2CH2CH2CH(Me)O}]BF4 (6) were ob-
was not observed. 2 13C{1H} NMR (CD2Cl2, 216°C, 50.32tained in ca. 65% yield after usual work up. 2 C49H49BF4O3P3Re:
MHz): δ 5 343.9 (dt, JCPtrans 5 32.1 Hz, JCPcis 5 11.6 Hz, Cα),calcd. C 55.88, H 4.69; found C 55.90, H 4.72. 2 1H NMR
191.7 (m, CO), 111.0 (dt, JCPtrans 5 12.7 Hz, JCPcis 5 2.5 Hz, Cβ),(CD2Cl2, 25°C, 200.13 MHz): δ 5 1.01 (d, JMeHε 5 6.3 Hz,
52.1 (s, Cζ), 39.7 (q, JCP 5 10.2 Hz, CH3(triphos)), 39.2 (br s, MeC(-CH3(carbene), 3 H), 1.35 (m, Hβ9 1 Hδ99, 2 H), 1.60 (m, Hγ9 1

triphos)), 36.9 (m, CH2Paxial), 32.4 (m, CH2Pequat), 31.5 (s) and 27.6CH3(triphos), 4 H), 1.96 (m, Hδ9, 1H), 2.40 2 2.70 (m, Hγ99 1
(s) (Cδ and Cε), 19.8 (s, Cγ). 2 31P{1H} NMR (CD2Cl2, 216°C,CH2(triphos), 7H), 3.92 (ddd, JHβ99Hβ9 5 17.1 Hz, JHβ99Hγ9 5 5.8 Hz,
81.01 MHz): AM2 spin system, δA 5 219.41, δM 5 215.82, JAM 5JHβ99Hγ99 5 3.6 Hz, Hβ99, 1 H), 4.14 (m, Hε, 1H). 2 13C{1H} NMR
23.2 Hz.(CD2Cl2, 20°C, 50.32 MHz): δ 5 305.3 (dt, JCPtrans 5 36.9 Hz,

JCPcis 5 8.6 Hz, Cα), 197.1 (dt, JCPtrans 5 44.5 Hz, JCPcis 5 7.6 Hz,
NMR Data for 8: 1H NMR (CD2Cl2, 22°C, 200.13 MHz): δ 5CO), 83.9 (d, JCP 5 2.2 Hz, Cε), 55.8 (dt, JCPaxial 5 4.5 Hz,

1.41 (m, Hε, 2 H), 1.66 (q, JHP 5 2.9 Hz, CH3(triphos), 3 H), 1.7 (m,JCPequat 5 1.3 Hz, Cβ), 39.7 (q, JCP 5 10.1 Hz, CH3(triphos)), 39.5
partially masked by triphos CH3 resonance, assigned by 2D-1H,1H-(q, JCP 5 3.2 Hz, MeC(triphos)), 35.7 (td, N 5 JCPequat9 1 JCPequat0 5
COSY NMR experiment, Hγ 1 Hδ, 4 H), 2.53 (d, JHPaxial 5 8.75.0 Hz, JCPaxial 5 2.5 Hz, CH2Pequat), 35.1 (td, N 5 JCPequat9 1
Hz, CH2Paxial, 2 H), 3.57 (m, Hβ, 2 H), 3.91 (t, JHζHε 5 4.6 Hz,JCPequat0 5 5.0 Hz, JCPaxial 5 2.4 Hz, CH2Pequat), 32.8 (dt, JCPaxial 5
Hζ, 2 H). 2 13C{1H} NMR (CD2Cl2, 22°C, 75.42 MHz): δ 5 310.822.2 Hz, JCPequat 5 4.8 Hz, CH2Paxial), 28.7 (s, Cδ), 20.3 (s,
(dt, JCPtrans 5 38.4 Hz, JCPcis 5 8.6 Hz, Cα), 198.1 (AXX9Y spinCH3(carbene)), 16.9 (s, Cγ). 2 31P{1H} NMR (CD2Cl2, 22°C, 81.01
system, JAX 5 7.0 Hz, JAY 5 5.8 Hz, JAX9 5 28.2 Hz, JXX9 5 26.8MHz): AMQ spin system, δA 5 212.80, δM 5 214.00, δQ 5
Hz, CO), 78.6 (d, JCP 5 2.9 Hz, Cζ), 60.1 (d, JCP 5 5.2 Hz, Cβ),

216.56, JAM 5 20.1 Hz, JAQ 5 23.5 Hz, JMQ 5 20.7 Hz. 2 ΛM(ni- 40.2 (q, JCP 5 10.1 Hz, CH3(triphos)), 39.7 (q, JCP 5 4.1 Hz,
troethane) 5 85 Ω21 cm2 mol21.

MeC(triphos)), 35.6 (td, N 5 JCPequat 1 JCPequat9 5 14.0 Hz, JCPaxial 5

4.4 Hz, CH2Pequat), 32.7 (dt, JCPaxial 5 22.3 Hz, JCPequat 5 4.8 Hz,In Situ NMR Studies: Reactions of [(triphos)Re(CO)2(η2-
H2)]BF4 (2) with 3-Butyn-1-ol, (±)-4-Pentyn-2-ol, or 4-Pentyn-1- CH2Paxial), 29.1 (s), 28.2 (s), and 21.5 (s), (Cγ, Cδ and Cε). 2

31P{1H} NMR (CD2Cl2, 25°C, 81.01 MHz): AM2 spin system,ol: Deoxygenated CD2Cl2 (0.8 ml) was transferred under nitrogen
into a 5-mm NMR tube previously charged with 1 (0.025 g, 0.028 δA 5 217.14, δM 5 211.49, JAM 5 20.9 Hz. 2 ΛM(nitroethane) 5

80 Ω21 cm2 mol21.mmol). The addition of 3.3 µl of HBF4.OMe2 dissolved the
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Synthesis of [(triphos)Re(CO)2{5C5C(H)CH2CH2CH2CH2- Table 3. Summary of crystal data and structure refinement for

4-BF4OH}]BF4 (7): A slight excess of 5-hexyn-1-ol (60 µl, 0.55 mmol)
was added to a stirred solution of 2 (0.26 mmol) prepared as de-

Formula C48H47BF4O3P3Rescribed above and maintained at 215°C. The resulting solution
Formula weight 1038.23 Crystal size [mm]0.2030.1530.25was stirred for 15 min, then the solvent was removed under reduced
Crystal System monoclinic Space group P 21/n (No. 14)

pressure to give a raspberry-colored powder. The solid residue was a [Å] 10.689(2) α [deg] 90
washed with diethyl ether before being dried under vacuum. NMR b [Å] 17.921(4) β [deg] 94.54(2)

c [Å] 23.175(5) γ [deg] 90spectroscopy showed it to contain 7, occasionally contaminated by
V [Å3] 4425(2) Z 4some 8 (usually less than 10%). 2 C49H49BF4O3P3Re: calcd. C
ρ(calcd) [gcm23] 1.558 Abs. coeff.2.912

55.88, H 4.69; found C 55.70, H 4.74. [mm21]
F(000) 2080Synthesis of [(triphos)Re(CO)2{5CCH2CH2CH2CH2-
θ range [deg] 2.74222.47CH2O}]BF4 (8): A solution of 7 obtained by reacting 2 with 5- Index ranges 211 # h # 11, 0 # k # 19, 0 # l

hexyn-1-ol as described above, was slowly warmed to room tem- # 24
Reflections collected 5763perature with stirring. Within 30 min, the reaction mixture became
Independent reflections 5763 [R(int) 5 0.0000]pale yellow. Evaporation of the solvent under reduced pressure gave
Refinement method Full-matrix least squares on F2

8 as yellow microcrystals. Yield 90%. 2 C49H49BF4O3P3Re: calcd. Data/constraints/parameters 5763/0/234
C 55.88, H 4.69; found C 55.92, H 4.75. Goodness-of-fit on F2 1.016

Final R indices [I > 2σ(I)] R1 5 0.0611; wR2 5 0.1226Synthesis of [(triphos)Re(CO)2{C;CCH2CH2CH2CH2OH}] R indices (all data) R1 5 0.1577; wR2 5 0.1564
(9): To a Schlenk-tube charged with the vinylidene complex 7 (0.19 Largest difference peak [eÅ3] 0.861 and 20.796
g, 0.20 mmol) in CH2Cl2 (5 ml) at 215°C, a three-fold excess of
neat NEt3 (85 µl, 0.60 mmol) was added with stirring. An immedi-
ate reaction took place to give a pale yellow solution. The reaction skeleton. The phenyl rings were treated as rigid bodies with D6h

mixture was stirred for 1 h at room temperature. After the solvent symmetry, and the hydrogen atoms were allowed to ride on the
was removed in vacuo, the pale yellow residue was washed with attached carbon atoms. Crystallographic disorder was detected in
water (2 3 1 ml), ethanol (2 3 1 ml) and diethyl ether (2 3 2 ml) the region of the tetrafluoroborate anion resulting in a double im-
before being dried under vacuum. Yield 80%. 2 C49H48O3P3Re: age of the four fluorine atoms. The two sets of fluorines were as-
calcd. C 60.98, H 5.02; found C 60.70, H 5.1. 2 1H NMR (CD2Cl2, signed a population factor of 0.6 and 0.4 respectively.
25°C, 200.13 MHz): δ 5 1.3 2 1.6 (m, Hδ1 Hγ, 4 H), 1.77 (q,

Crystallographic data (excluding structure factors) for the struc-
JHP 5 3.4 Hz, CH3(triphos), 3 H), 2.3 2 2.7 (m, CH2(triphos) 1 Hγ, 8

ture reported in this paper have been deposited with the Cambridge
H), 3.60 (t, JHζHε 5 6.5 Hz, 2 H); the resonance of the OH proton

Crystallographic Data Centre (deposition number 100775). Copies
was not observed. 2 31P{1H} NMR (CD2Cl2, 22°C, 81.01 MHz):

of the data can be obtained free of charge on application to CCDC,
AM2 spin system, δA 5 26.55, δM 5 220.30, JAM 5 17.2 Hz.

12 Union Road, Cambridge CB2 1EZ, UK [fax (internat):
Reaction of 9 with HBF·OMe2: A 5-mm NMR tube was charged 144(0)123/336-033, e-mail: deposit@chemcrys.cam.ac.uk].

with a CD2Cl2 solution (0.8 ml) of 9 (0.020 g, 0.02 mmol), and
cooled to 278°C. Addition of one equiv of HBF4.OMe2 (25 µl, [1] K. H. Dötz, W. Sturm, H. G. Alt, Organometallics 1987, 6,
0.20 mmol) selectively regenerated 7 as shown by 31P{1H}-NMR 1424.
analysis at 220°C. [2] N. Ruiz, D. Péron, P. H. Dixneuf, Organometallics 1995, 14,

1095 and references therein.X-ray Diffraction Study of [(triphos)Re(CO)2{5CCH2- [3] K. H. Dötz, H. Fischer, P. Hofmann, F. R. Kreissl, U. Schubert,
CH2CH(Me)O}]BF4 (4): A summary of crystal and intensity data K. Weiss, Transition Metal Carbene Complexes; Verlag Chemie:

Weinheim, Germany, 1983.is presented in Table 3. Experimental data were recorded at room
[4] H. Le Bozec, K. Ouzzine, P. H. Dixneuf, Organometallics 1991,temperature (20°C) on an Enraf-Nonius CAD4. A set of 25 care-

10, 2768.fully centered reflections in the range 6.5° < θ < 8.5° was used [5] L. P. Barthel-Rosa, K. Maitra, J. Fischer, J. H. Nelson, Or-
for determining the lattice constants. As a general procedure, the ganometallics 1997, 16, 1714.

[6] H. Werner, A. Stark, P. Steinert, C. Grünwald, J. Wolf, Chem.intensity of three standard reflections were measured periodically
Ber. 1995, 128, 49.every 200 reflections for orientation and intensity control. This pro- [7] W.-H. Leung, E. Y. Y. Chan, I. D. Williams, W.-T. Wong, Or-cedure did not reveal an appreciable decay of intensities. The data ganometallics 1997, 16, 3234.

were corrected for Lorentz and polarization effects. Atomic scat- [8] [8a] M. P. Gamasa, J. Gimeno, M. Gonzalez-Cueva, E. Lastra,
J. Chem. Soc. Dalton Trans. 1996, 2547. 2 [8b] H. Werner, W.tering factors were those tabulated by Cromer and Waber,[32] with
Knaup, M. Schulz, Chem. Ber. 1991, 124, 1121.anomalous dispersion corrections taken from ref. [33]. An empirical [9] [9a] E. Fritsch, T. Kerscher, K. Polborn, W. Beck, J. Organomet.absorptions correction was applied by using the program Chem. 1993, 460, C25. 2 [9b] C. Kelley, N. Lugan, M. R. Terry,

XABS2[34] with transmission factors in the range 0.63121.425. The G. L. Geoffroy, B. S. Haggerty, A. L. Rheingold, J. Am. Chem.
Soc. 1992, 114, 6735.computational work was carried out by intensively using the pro-

[10] [10a] P. Quayle, S. Rahman, L. M. Ward, J. Herbert, Tetrahedrongram SHELX93.[35] Final atomic co-ordinates of all atoms and
Lett. 1994, 35, 3801. 2 [10b] R. L. Beddoes, R. W. Grime, Z. I.structure factors are available on request from the authors and are Hussain, M. W. Whiteley, J. Chem. Soc. Dalton Trans. 1996,

provided as supplementary material. 3893.
[11] S. G. Davies, J. P. McNally, A. J. Smallridge, Adv. Organomet.Pale orange crystals of 4 were grown in air from a dilute di- Chem. 1990, 30, 1.

chloromethane/ethanol solution. A parallelepiped crystal with di- [12] The literature of vinylidene complexes is extensive. Some com-
prehensive reviews are: [12a] M. I. Bruce, Chem. Rev. 1991, 91,mension 0.25 3 0.20 3 0.11 mm was used for the data collection.
197. 2 [12b] A. B. Antonova, A. A. Ioganson, Russ. Chem. Rev.The structure was solved by direct methods using the SIR92 pro-
1989, 58, 593. 2 [12c] M. I. Bruce, A. G. Swincer, Adv. Or-gram.[36] Refinement was done by full-matrix least-squares calcu- ganomet. Chem. 1983, 22, 59.

lations, initially with isotropic thermal parameters then with aniso- [13] Recent leading references of transition metal vinylidene com-
plexes: [13a] I. Ara, J. R. Berenguer, J. Forniés, E. Lalinde, M.tropic thermal parameters for Re, P, and C atoms of the triphos
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Tomas, Organometallics 1996, 15, 1014. 2 [13b] R. L. Beddoes, [21] M. P. Gamasa, J. Gimeno, B. M. Martin-Vaca, J. Borge, S. Gar-

cia-Granda, E. Perez-Carreño, Organometallics 1994, 13, 4045.C. Bitcon, R. W. Grime, A. Ricalton, M. W. Whiteley, J. Chem.
Soc. Dalton Trans. 1995, 2873. 2 [13c] J. M. O’Connor, K. [22] S. I. Hommeltoft, A. D. Cameron, T. A. Shackleton, M. E.

Fraser, S. Fortier, M. C. Baird, Organometallics 1986, 5, 1380.Hübner, R. Merwin, L. Pu, J. Am. Chem. Soc. 1995, 117, 8861.
2 [13d] C. Bianchini, P. Innocenti, M. Peruzzini, A. Romerosa, [23] G. L. Miessler, S. Kim, R. A. Jacobson, R. J. Angelici, Inorg.

Chem. 1987, 26, 1690.F. Zanobini, Organometallics 1996, 15, 272. 2 [13e] M. A. Es-
teruelas, F. J. Lahoz, E. Oñate, L. A. Oro, C. Valero, B. Zeier, [24] M. Berry, J. Martin-Gil, J. A. K. Howard, F. G. A. Stone, J.

Chem. Soc., Dalton Trans. 1980, 1625.J. Am. Chem. Soc. 1995, 117, 7935. 2 [13f] R. Wiedemann, J.
Wolf, H. Werner, Angew. Chem. Int. Ed. Engl. 1995, 34, 1244. [25] [25a] P. Nombel, N. Lugan, R. Mathieu, J. Organomet. Chem.

1995, 503, C22. 2 [25b] R. F. Stepanick, N. C. Payne, J. Or-2 [13g] H. Werner, J. Organomet. Chem. 1994, 475, 45. 2 [13h]

D. Touchard, P. Haquette, N. Pirio, L. Toupet, P. H. Dixneuf, ganomet. Chem. 1974, 72, 453.
[26] N. A. Bailey, P. L. Chell, C. P. Manuel, A. Mukhopadhyay, D.Organometallics 1993, 12, 3132. 2 [13i] C. Bianchini, M. Peruz-
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Trans. 1983, 2397.2 [13j] C. Bianchini, L. Glendenning, M. Peruzzini, A. Ro-

merosa, F. Zanobini, J. Chem. Soc. Chem. Commun. 1994, 2219. [27] A single-crystal X-ray diffraction study on 5 has fully con-
firmed the structural formulation determined in solution by2 [13k] C. Bianchini, J. A. Casares, M. Peruzzini, A. Romerosa,

F. Zanobini, J. Am. Chem. Soc. 1996, 118, 6415. 4585. 2 [13l] I. multinuclear NMR spectroscopy. Details of this structure will
be provided elsewhere.de los Rios, M. Jimenez Tenorio, M. C. Puerta, P. Valerga, J.
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A method is presented for the synthesis of tertiary, secondary, ether and a polysilanylpotassium compound. This route al-
lows easy and flexible access to a number of novel polysila-and primary polysilylpotassium compounds. Reaction of po-

tassium tert-butoxide, in either DME or THF, with a suitable nylpotassium compounds, avoiding the hitherto common use
of poisonous mercury compounds.precursor molecule, proceeds by cleavage of a trimethylsilyl2

polysilanyl bond, and formation of trimethylsilyl tert-butyl

(Me3Si)6Si2 1 MeLi R (Me3Si)3SiLi 1 MeSi(SiMe3)3 (2)As is known from the pioneering work of Gilman and
1

coworkers tetrakis(trimethylsilyl)silane can react with meth-
yllithium to form tetramethylsilane and tris(trimethylsilyl)- The results described in this paper show that this is not
silyllithium.[2]

a primary limitation, and that it can be easily overcome by
the correct choice of the transmetalating agent.(Me3Si)4Si 1 MeLi R (Me3Si)Me 1 (Me3Si)3SiLi (1)

1
Results and Discussion

The latter compound has been rapidly accepted as a
Our studies on the synthesis of dendritic and branchedprototype of a bulky nucleophilic polysilyl anion and, only

polysilanes[13] led to the investigation of some aspects ofrecently, has been referred to as “hypersilyl” group.[3] It has
the chemistry of polysilyl anions. In reactions directedbeen used for the synthesis of transition metal silyl com-
towards the formation of polysilanes with monosilyl anionspounds, [4] for the generation of silenes by means of sila-
and silyl halides we often found that the use of the potas-Peterson reaction,[5] and for a number of other purposes. [6]

sium compound was superior to the use of lithium anions.However, it is noticeable that this reagent, although so
So it was reasonable to also address the use of lithium vs.widely accepted, has rarely been the subject of variation.
potassium in the case of the “hypersilyl” anion. AlthoughOnly very recently have Klinkhammer[7] and Oehme[8] re-
this compound was already known from the work of Klink-ported on the synthesis of the potassium and magnesium
hammer,[7] transmetalation from the corresponding bis-“hy-analogs, however the isotetrasilanyl moiety has almost
persilyl” mercury, zinc, or cadmium compounds with po-never been varied. Nevertheless, Apeloig et al. have recently
tassium did not seem to be a real alternative to the use ofshown that variation of this moiety can be of some advan-
the readily available “hypersilyllithium” 1. [2] We felt that atage. They have been able to show that an increase in the
really competitive synthesis must introduce the potassiumsize of ligand gives rise to the formation of stable si-
in as easy a fashion as the lithium. So the obvious reagentlenes. [9] [5g]

of choice was potassium tert-butylate, which very effectivelyAlthough it would be interesting to have a set of bulky
transforms dodecamethylcyclohexasilane into the corre-polysilyl groups differing in reactivity and, especially, in
sponding undecamethylcyclohexasilanylpotassium.[14]

size, [10] in order to achieve different degrees of steric hin-
Indeed initial experiments showed that the conversion ofdrance, this problem has not so far been systematically ad-

tetrakis(trimethylsilyl)silane with tert-butylate in DME ordressed. The reason for this becomes obvious if one looks
THF, in a clean and almost quantitative reaction, gives “hy-at a fact that was first pointed out by Gilman,[11] and then
persilylpotassium” 1a accompanied by the formation of tri-recently studied in more detail by Apeloig et al., [12] namely
methylsilyl tert-butyl ether (Eq. 3).that if polysilanes with “inner” Si2Si bonds react with

methyllithium there is a pronounced tendency for these “in- (Me3Si)4Si 1 KOtBu R (Me3Si)3SiK 1 (Me3Si)OtBu (3)
ner” Si2Si bonds to undergo scission. This means that, for 1a
example, hexakis(trimethylsilyl)disilane yields 1 and tris(tri-
methylsilyl)methylsilane in the reaction with methyllithium Changing the solvent to toluene or pentane gives 1a as a

crystalline compound, with one or two molecules of the(Eq. 2).
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etheral solvent still present, as can be seen from 1H- and lane. [11] Similarly Apeloig et al. also found, in the reaction

of 9 with methyllithium, exclusive cleavage of one of the13C-NMR data. This synthesis of 1a can be regarded as a
significant improvement, avoiding the use of poisonous “inner” Si2Si bonds. [12]

In contrast to these findings the reaction to give the po-heavy metal compounds which are in turn prepared from 1
or tris(trimethylsilyl)silane. [7] It is an interesting alternative tassium polysilanyl, using potassium tert-butylate, exhibits

the opposite selectivity, splitting exclusively one of theto use 1a instead of 1 because the reactivities are compa-
rable, the potassium compound being slightly more reactive. “outer” Si2SiMe3 bonds (10, 11).
We found that the stoichiometry of the potassium reaction

RSi(SiMe3)3 1 KOtBu R RSi(SiMe3)2K 1 (Me3Si)OtBu (5)is easier to control dealing with potassium tert-butylate, R 5 (Me3Si)3Si 7 10
which is a weightable solid, compared to methyllithium R 5 (Me3Si)3SiSiMe2 9 11
solutions which may have more or less well defined concen-
trations. These results open the door for the synthesis of higher

polysilyl anions. Both of the anions 10 and 11 are alreadyTreatment of 1a with a variety of electrophiles proceeded
as smoothly as expected (Scheme 1). Reaction with aqueous known as lithium analogs. The lithium analog of 10 was

observed by Gilman in the reaction of 7 with 1. [11] Thesulfuric acid gives the hydrosilane 2, reaction with ethyl bro-
mide yielded the ethylated product 3, and silylation with lithium derivative of 11 was found by Apeloig et al. in a

reaction that they describe as the addition of methyllithiuma number of phenylated silyl chlorides was easily achieved
(4a,b,c). Syntheses of an acylsilane (5), [15] and of the known to a disilene. [12]

The polysilyl anions 10 and 11 are candidates for experi-zirconocene hypersilyl chloride (6), [16] can be achieved in a
straightforward manner. The reaction of 1a with 1,2-dibro- ments in which the polysilyl moiety is required to be of

increased size compared to the “hypersilyl” unit in order tomoethane at 278°C proceeds in an analogous manner to
that of the corresponding lithium compound 1, and yields fulfill its stabilizing function. It also should be mentioned

that in both cases we attempted to obtain the dianionicthe dimerisation product 7.

Scheme 1

4a can be converted quantitatively to the corresponding species by the addition of another equivalent of potassium
tert-butylate, but failed under normal reaction conditions.bromosilane 8 by a protodesilylation reaction in neat hydro-

gen bromide at 278°C. The reaction of 8 with another However, experiments to obtain such compounds are still
in progress in our laboratory. The results reported so farequivalent of 1a gives bis-“hypersilyl”-dimethylsilane 9 (Eq.

4). The latter compound was found first by Sakurai et al. as have demonstrated that the potassium polysilanyls are seri-
ous competitors to their lithium analogs when higher polys-one of the products in the aluminum trichloride catalyzed

isomerisation of linear permethylnonasilane, [17] and was re- ilyl anions are required. The following section will show
that this chemistry is also able to yield smaller polysilylcently synthesized by Apeloig et al. [12] [18]

anions.
(Me3Si)3SiSiMe2Ph 1 HBr R (Me3Si)3SiSiMe2Br When ethylated 3 was subjected to standard treatment4a 8

R [(Me3Si)3Si]2SiMe2 (4) with potassium tert-butylate the reaction proceeded as ex-
9 pected and secondary potassium trisilane 12 was formed.

Compounds 7 and 9 were chosen to test the reaction with (Me3Si)3SiEt 1 KOtBu R (Me3Si)2Si(Et)K 1 (Me3Si)OtBu (6)
3 12potassium tert-butylate for its ability to differentiate be-

tween “inner” and “outer” Si2Si bonds. From Gilmans
work it is known that the reaction of 7 with methyllithium As 12 can as easily be treated with electrophiles, as was

demonstrated for 1a, the sequence: tetrakis(trimethylsilyl)si-leads to the formation of 1 and tris(trimethylsilyl)methylsi-
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lane R (Me3Si)3SiK (1a) R (Me3Si)3SiE (3) R (Me3Si)2Si- (entry 6) a 26 ppm higher field shift is observed, while the

molecule with one phenyl group shows only a 16 ppm shift.(E)K (12) R (Me3Si)2Si(E)E9 offers an interesting method
of access to 2,29-disubstituted trisilanes. [19] Obviously some of the negative charge can be transferred

onto the phenyl group, resulting in a weaker deshieldingEven more interesting, but unfortunately less selective, is
the conversion of 2. Under analogous conditions a second- effect. A very similar case is that of the monosilyl alkali

compounds. While trimethylsilylpotassium shows an evenary potassium trisilane 13 was formed with hydrogen and
potassium attached to the same silicon atom. The reaction weaker shift (only 14 ppm) compared to hexamethyldisilane

(entry 8), dimethylphenylsilyllithium (entry 9) shows theis accompanied by the formation of 1a, which seems to be
the result of a deprotonation reaction. The ratio of these weakest shift in the entire series (about 6 ppm) compared

to the trimethylsilylated compound.two products is about 7:3 in favor of 13.

(Me3Si)3SiH 1 KOtBu R 0.7 (Me3Si)2Si(H)K 1 0.3 (Me3Si)3SiK
2 13 1a Table 1. Comparison of 29Si-NMR shift values of polysilyl alkali

1 0.7 (Me3Si)OtBu 1 0.3 HOtBu (7) compounds with the respective trimethylsilylated molecules

While it has been shown so far that tertiary and second- Entry Oligosilane δSi2SiMe3 Alkali silanyl δSi2M ∆δSi

ary potassium silanyls are easily available from the reaction
1 (Me3Si)4Si[a] 2135.6 (Me3Si)3SiK[a] 2195.8 60.2of suitable precursors with potassium tert-butylate, and it is
2 (Me3Si)3SiSi(Si- 2129.5 (Me3Si)3SiSi(Si- 2192.7 63.2also known that monosilyl potassium compounds are ac- Me3)3

[a] Me3)2K[a]

cessible from disilanes by reaction with C8K,[20] primary 3 (Me3Si)3SiSiMe2Si- 2117.8 (Me3Si)3SiSiMe2Si- 2187.0 69.2
(SiMe3)3

[a] (SiMe3)2K[a]potassium silanyls are not so easy to obtain.
4 (Me3Si)3SiEt[a] 278.6 (Me3Si)2EtSiK[a] 2111.7 33.1The reaction of octamethyltrisilane with potassium tert- 5 (Me3Si)3SiH[a] 2115.4 (Me3Si)2HSiK[a] 2181.1 65.7
6 Me3SiSiMe2SiMe3

[b] 248.7 Me3SiSiMe2Li[c] 274.9 26.2butylate in DME shows some rather complex chemistry,
7 Me3SiSiMePhSiMe3

[d] 246.0 Me3SiSiMePhK[d] 262.9 16.9which we are currently studying in more detail, but which
8 Me3SiSiMe3

[b] 220.5 Me3SiK[e] 234.4 13.9
does not provide a suitable route to pentamethyldisilanylpo- 9 PhMe2SiSiMe3

[b] 221.7 PhMe2SiLi[b] 227.3 5.6
10 Me3SiSiH3

[f] 297.7 H3SiK[b] 2165.0 67.3tassium. Since 1,1-diphenyltrimethyldisilanyl alkali com-
pounds are known to form from the reaction of 2,2-di-

[a] Measured in DME. 2 [b] Value taken from ref. [26]. 2 [c] Valuephenylhexamethyltrisilane with methyllithium or sodium
taken from ref. [27]. 2 [d] measured in THF. 2 [e] Value taken from

potassium alloy, [21] it was decided to test our reaction con- ref. [22]. 2 [f] A sample of Me3SiSiH3 was kindly provided by Dr.
Robert Zink.ditions on 2-phenylheptamethyltrisilane. However addition

of one equivalent of potassium tert-butylate to the latter
gave not only the desired disilanylpotassium compound 14, From the comparison of these data it is evident that the

silicon atom bearing the negative charge can gain a releasebut also a substantial amount of trimethylsilylpotassium,
which was detected by 29Si NMR. Changing the solvent to of charge which depends on the kind of substituents at-

tached. While hydrogen and silyl groups, in accordance withTHF slowed down the reaction rate and did improve the
ratio, but only slightly. It was finally found that optimum their respective electropositive characters, do not take a

great deal of the charge, charge can be transferred to methylreaction conditions could be achieved by gradual addition
of potassium tert-butylate to a THF solution of the start- and, to an even greater extent, to phenyl groups,[22] which

in turn leads to smaller values of ∆δSi.ing material.
Analysis of 29Si-NMR data from the experiments de- One should mention here that analysis of these NMR

data has to be undertaken with some caution with respectscribed and from the literature (see Table 1) shows some
interesting details. Comparison of the shift values of the to the solvents used in the measurement. While the shifts

of the uncharged compounds are relatively independent ofsilicon atom with a trimethylsilyl substituent and the analog
bearing a negative charge shows a high field shift of about solvent effects the silyl potassium compounds show a rather

pronounced dependence on the solvent. Compared to the60 ppm, for tertiary alkali silanyls (entries 123), and of 33
ppm for the generation of a secondary potassium silanyl reported 29Si-NMR data of δ 5 2185 for 1a in deuteroben-

zene, we found that a complexing solvent such as DMEcompound with one alkyl group (entry 4). Interestingly the
substitution of a trimethylsilyl group by hydrogen (cf. entry causes an additional upfield shift of 11 ppm, indicating a

less covalent character for the Si2K bond. Formation of5) also gives a ∆δSi value similar to the tertiary alkali silanyl
(entry 1). Comparison of the known 29Si-NMR value of 1a in THF results in a signal at 2194 ppm. Subsequent

crystallization from pentane shows the presence of two mol-H3SiK (entry 10) with that of the respective trimethyl-
silylated compound shows that even a trihydrogenated sili- ecules of THF in the 1H-NMR spectrum, and a value of

δ 5 2189.5 in the 29Si-NMR spectrum. So we can observe,con atom shifts some 60 ppm to higher field when the tri-
methylsilyl substituent is replaced by potassium. for one compound, a difference in the shift value of some

10 ppm depending on the solvent. However, it was con-While the change from secondary alkali silanyls to pri-
mary ones (entry 4 vs. 6) is not so pronounced, the influ- sidered that, as the data compared in Table 1 always refer

to compounds in etheral solvents, this comparison was va-ence of a phenyl group on the silicon atom bearing the
negative charge is indicative, as can be seen by comparison lid. Also the tendencies discussed are so pronounced that

the solvent effects are relatively small.of entries 6 and 7. In the case of the permethylated molecule
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The author wants to express his gratitude to the late Prof. eral procedure. After complete conversion the solution of 1a in

THF was slowly poured into a mixture of ethyl ether (30 ml), aque-Hengge for his encouragement and support, and for stimulating
discussions. The Wacker AG, Burghausen, kindly provided chloro- ous H2SO4 (1  solution, 50 ml), and ice. The organic layer was

dried over Na2SO4 and evaporated in vacuo. The remaining oil (720silanes as starting materials. CHM is the recipient of an APART
(Austrian Program for Advanced Research and Technology) schol- mg, 2.90 mmol, 93%) was pure by GC/MS. 2 29Si NMR (59.6

MHz, pentane, D2O lock): δ 210.92, 2115.36 (d, J 5 156 Hz). 2arship of the Austrian Academy of Science, Vienna which is grate-
fully acknowledged. MS (70 eV): m/z (%): 248 (33) [M1], 233 (27) [M1 2 Me], 174 (82)

[M1 2 HSiMe3], 160 (100) [M1 2 SiMe4], 159 (88) [MH 2 SiMe4],
73 (80) [SiMe3]. 2 IR, 1H and 13C NMR data in accordance toExperimental Section
the literature. [25]

All reactions were carried out in flame-dried glassware under an
Tris(trimethylsilyl)ethylsilane (3): Compund 3 was preparedinert atmosphere of dry argon or nitrogen. Solvents were distilled

from tetrakis(trimethylsilyl)silane (2.00 g, 6.22 mmol) by essentiallyprior to use from either sodium or sodium potassium alloy. Starting
the same method as for 2 with the difference that the solution ofmaterials tetrakis(trimethylsilyl)silane[23] and 2-phenylheptamethyl-
1a was poured into a mixture of ethyl ether (30 ml) and ethyl bro-trisilane[24] were prepared according to literature procedures.
mide (5 ml). After complete addition the solution was stirred for 5PhMe2SiCl, Ph2MeSiCl, Ph3SiCl, potassium tert-butylate, 1,2-di-
min at room temp. and aqueous H2SO4 (1  solution, 50 ml) wasbromoethane, and ethyl bromide were used without further purifi-
added. The workup was the same as for 2. The remaining whitecation.
solid (1.43 g, 5.17 mmol, 83%) was found, using GC/MS and

1H-, 13C-, and 29Si-NMR spectra were recorded on a Bruker NMR, to be pure. An analytical sample was recrystallized from
MSL 300 at the indicated frequencies. 29Si-NMR spectra were ethanol (mp: 1362138°C). 2 1H NMR (300 MHz, CDCl3): δ 5
measured either in C6D6 or directly from the reaction mixture using 1.10 (t, J 5 8.0 Hz, 3 H), 0.82 (q, J 5 7.9 Hz, 2 H), 0.17 (s, 27 H).
a D2O capillary providing an external lock signal. In all cases, ex-

2 13C NMR (75.4 MHz, CDCl3): δ 5 13.11, 1.39, 0.00. 2 29Si
cept for 2 and 13, the INEPT pulse sequence was employed. 2 GC/ NMR (59.6 MHz, pentane, D2O lock): δ 212.35, 278.81. 2 MS
MS was performed on an HP 5890/II gas chromatgraph with an (70 eV): m/z (%): 276 (20) [M1], 261 (4) [M1 2 Me], 203 (19) [M1

HP 5971/A MSD, an HP1 (Cross-linked methyl silicone) column
2 SiMe3], 188 (30) [M1 2 SiMe4], 175 (27) [M1 2 EtSiMe3], 73

and helium as a carrier gas. 2 Elemental analyses of the branched (100) [SiMe3]. 2 C11H32Si4 (276.72) calcd. C 47.75, H 11.66; found
polysilanes were done using a Heraeus elementar vario EL appar- C 47.46, H 11.71.
atus. For some reason the carbon values found in the elemental

1,1,1-Tris(trimethylsilyl)dimethylphenyldisilane (4a): 1a was pre-analyses are too low when certain compounds were analyzed with
pared from tetrakis(trimethylsilyl)silane (3.10 g, 9.66 mmol) andquarternary silicon atoms. While the hydrogen values correspond
tert-BuOK (1.14 g, 10.1 mmol) in THF by the general procedure.nicely to the calculated numbers we attribute the low carbon values
After complete reaction the solvent was removed in vacuo and tolu-to the formation of silicon carbide, which seems to be very favor-
ene (15 ml) was added. The mixture was cooled to 278°C andable in the cases of the compounds mentioned.
chlorodimethylphenylsilane (1.81 g, 10.6 mmol) was added in tolu-

General Procedure: Starting material and one equivalent of po- ene (10 ml) gradually over 5 min. The reaction was stirred for
tassium tert-butylate were mixed together in a flask and either further 12 h at room temp.. The workup was done by the addition
DME or THF added. Almost immediately the solution turned yel- of aqueous H2SO4 (1  solution, 20 ml), extraction of the aqueous
low and, after some time, sometimes orange. Completion of the phase with two portions of ether, and drying of the combined or-
reaction was detected either by 29Si-NMR spectroscopy (D2O capil- ganic phases over Na2SO4. After removal of the solvent by evapor-
lary as external lock) and/or by obtaining a derivative and sub- ation the white residue was crystallized from ethanol to give 4a
sequent GC/MS or GC analysis. The derivative was obtained by (3.00 g, 7.83 mmol, 81%) as white crystals (mp: 1562157°C). 2
adding a 20-µl sample of the reaction mixture into a solution of 1H NMR (300 MHz, CDCl3): δ 5 7.56 (m, 2 H), 7.36 (m, 3 H),
100 µl of ethyl bromide in 2 ml of ether, or by addition of the 0.54 (s, 6 H), 0.18 (s, 27 H). 2 13C NMR (75.4 MHz, CDCl3): δ 5
sample into the etheral phase of a 2 ml ether/2 ml 2  H2SO4 141.46, 134.32, 128.68, 127.86, 3.02, 1.42. 2 29Si NMR (59.6 MHz,
mixture followed by mixing of the layers. pentane, D2O lock): δ 5 28.92, 212.48, 2133.23. 2 MS (70 eV):

m/z (%): 382 (14) [M1], 367 (7) [M1 2 Me], 294 (4) [M1 2 SiMe4],Tris(trimethylsilyl)silylpotassium (1a): In a typical experiment
232 (93) [Me2Si2(SiMe3)2], 135 (79) [SiMe2Ph], 73 (100) [SiMe3]. 2tetrakis(trimethylsilyl)silane (3.10 g, 9.66 mmol) was treated with
C17H38Si5 (382.92) calcd. C 53.32, H 10.00; found C, 53.04 H 9.93.tert-BuOK (1.14 g, 10.14 mmol) in 5 ml of either DME or THF

following the general procedure. While the conversion in DME was 1,1,1-Tris(trimethylsilyl)methyldiphenyldisilane (4b): 4b was pre-
usually complete within 10 min the use of THF sometimes required pared following the procedure for the synthesis of 4a, and on the
reaction times up to 60 min. 2 29Si NMR (59.6 MHz, DME, D2O same scale, using methyldiphenylchlorosilane (2.47 g, 10.6 mmol)
lock): δ 5 23.93, 2195.83, (59.6 MHz, THF, D2O lock): δ 5 as an electrophile. White crystals of 4b (3.06 g, 6.88 mmol, 71%)
24.55, 2194.10. were isolated after crystallization from ethanol (mp: 1612164°C).

2 1H NMR (300 MHz, CDCl3): δ 5 7.56 (m, 4 H), 7.33 (m, 6 H),A sample of 1a prepared in THF on the same scale as described
0.79 (s, 3 H), 0.14 (s, 27 H). 2 13C NMR (75.4 MHz, CDCl3): δ 5above, which was isolated by removal of solvent in vacuo and crys-
138.90, 135.41, 128.97, 127.86, 3.10, 0.58. 2 29Si NMR (59.6 MHz,tallization from toluene and pentane (3.20 g, 7.71 mmol, 80%), was
pentane, D2O lock): δ 5 28.95, 211.95, 2132.84. 2 MS (70 eV):identified by 1H NMR and 13C NMR as a complex containing two
m/z (%): 444 (4) [M1], 429 (2) [M1 2 Me], 294 (4) [M1 2molecules of THF. 2 1H NMR (300 MHz, C6D6): δ 5 3.42 (m, 8
PhSiMe3], 232 (100) [Me2Si2(SiMe3)2], 197 (75) [SiMePh2], 135 (34)H), 1.47 (m, 8 H), 0.47 (s, 27 H). 2 13C NMR (75.4 MHz, C6D6):
[SiMe2Ph], 73 (47) [SiMe3]. 2 C22H40Si5 (444.99) calcd. C 59.38,δ 5 68.33, 25.93, 7.67. 2 29Si NMR (59.6 MHz, C6D6): δ 5

H 9.09; found C 59.32, H 9.01.25.35, 2189.56.

Tris(trimethylsilyl)silane (2): 1a was generated in THF from 1,1,1-Tris(trimethylsilyl)triphenyldisilane (4c): 4c was prepared
following the procedure for the synthesis of 4a, and on the sametetrakis(trimethylsilyl)silane (1.00 g, 3.11 mmol) following the gen-

Eur. J. Inorg. Chem. 1998, 2212226224



Polysilanylpotassium Compounds FULL PAPER
scale, using triphenylchlorosilane (3.13 g, 10.5 mmol) as an elec- C6D6): δ 5 0.71 (s, 6 H), 0.26 (s, 27 H). 2 13C NMR (75.4 MHz,

C6D6): δ 5 8.08, 2.90. 2 29Si NMR (59.6 MHz, C6D6): δ 5 25.81,trophile. White crystals of 4c (3.74 g, 7.37 mmol, 76%) were yielded
after crystallization from ethanol (mp: 2632266°C). 2 1H NMR 29.61, 2127.92; MS (70 eV): m/z (%): 369/371 (4/5) [M1 2 Me],

311/313 (1/2) [M1 2 SiMe3], 232 (45) [M1 2 BrSiMe3], 73 (100)(300 MHz, CDCl3): δ 5 7.52 (m, 6 H), 7.37 (m, 9 H), 0.18 (s, 27
H). 2 13C NMR (75.4 MHz, CDCl3): δ 5 137.71, 136.71, 129.26, [SiMe3]. 2 C11H33BrSi5 (385.71) calcd. C 34.25, H 8.62; found C

33.97, H 8.57.127.99, 3.19. 2 29Si NMR (59.6 MHz, pentane, D2O lock): δ 5

29.17, 210.22, 2130.84. 2 MS (70 eV): m/z (%): 297 (1) [M1 2
1,1,1,3,3,3-Hexakis(trimethylsilyl)dimethyltrisilane (9): A solu-SiPhMe2 2 HSiMe3], 282 (8) [M1 2 SiPhMe2 2 SiMe4], 259 (93)

tion of 1a [prepared from tetrakis(trimethylsilyl)silane (1.66 g, 5.17[SiPh3)], 232 (100) [Me2Si2(SiMe3)2], 135 (28) [SiMe2Ph], 73 (47)
mmol) in DME] in toluene (5 ml) was added slowly at 250°C to[SiMe3]. 2 C27H42Si5 (507.06) calcd. C 63.96, H 8.35; found C
a solution of 8 (1.81 g, 4.70 mmol) in toluene (5 ml). The reaction63.81, H 8.39.
was allowed to reach room temp. and was followed by 29Si NMR.

Tris(trimethylsilyl)silylpivaloate (5): 1a was generated following After complete conversion a workup was performed by the ad-
the general procedure from tetrakis(trimethylsilyl)silane (3.00 g, dition of aqueous H2SO4 (1  solution, 20 ml), extraction of the
9.35 mmol) in THF. After removal of the solvent toluene (10 ml) aqueous layer with two portions of ether, and drying of the com-
was added and the solution was added slowly to an ice cold solu- bined organic layers over Na2SO4. Solvent was removed in vacuo
tion of pivaloyl chloride (1.16 g, 9.63 mmol) in toluene (10 ml). and the residue was subjected to Kugelrohr distillation (1 mbar,
After complete conversion, which was checked by GC/MS, the re- 250°C) to remove volatile components. Finally crystallization of
action mixture was poured into an ice/sulfuric acid mixture (10%). the remaining solid was achieved from ethanol/ethyl acetate to yield
The aqueous layer was extracted with ether (2 3 20 ml) and the 9 (1.62 g, 2.92 mmol, 62%) as white crystals (mp: 1682171; ref.[17]

combined organic layer dried over Na2SO4. After removal of the 1702172°C). 2 1H NMR (300 MHz, CDCl3): δ 5 0.50 (s, 6 H),
solvent final purification was achieved by chromatography on silica 0.23 (s, 54 H). 2 13C NMR (75.4 MHz, CDCl3): δ 5 5.81, 4.10. 2
with toluene/heptane, 10:1. Spectral data of the compound (2.17 g, 29Si NMR (59.6 MHz, pentane, D2O lock): δ 5 28.64, 225.19,
6.52 mmol, 70%) were in accordance with the literature.[15]

2117.70. 2 MS (70 eV): m/z (%): 537 (1) [M1 2 Me], 305 (97)
[M1 2 Si(SiMe3)3], 232 (100) [Me2Si2(SiMe3)2], 73 (95) [SiMe3]. 2Tris(trimethylsilyl)silylchlorozirconocene (6): 1a was generated
C20H60Si9 (553.47) calcd. C 43.40, H 10.93; found C 41.94, H 10.92.following the general procedure from tetrakis(trimethylsilyl)silane

(2.00 g, 6.23 mmol) in DME. After complete conversion the solu- Pentakis(trimethylsilyl)disilanylpotassium (10): Compound 10
tion was added, using a syringe pump, over a period of 40 min to was prepared from 7 (200 mg, 0.40 mmol) and tert-BuOK (44 mg,
a suspension of Cp2ZrCl2 (1.82 g, 6.22 mmol) in pentane (10 ml). 0.40mmol) in DME following the general procedure. The only
Complete conversion was detected by 29Si NMR after another 60 product after complete consumption of 7, as detected by NMR and
min stirring at room temp. Crystallization was achieved by removal GC/MS of derivatives of the samples, was 10. 2 29Si NMR (59.6
of the solvent, addition of 20 ml of pentane and storage at 275°C. MHz, DME, D2O lock): δ 5 25.58, 210.68, 2128.92, 2192.62.
Extremely air-sensitive red crystals (3.12 g, 5.78 mmol, 93%) were 2 H3O1 quench: 1H NMR (300 MHz, CDCl3): δ 5 2.81 (s, 1 H),
obtained. 2 Spectral data in accordance to literature values.[16]

0.33 (s, 18 H), 0.32 (s, 27 H). 2 13C NMR (75.4 MHz, CDCl3):
δ 5 3.74, 3.54. 2 29Si NMR (59.6 MHz, pentane, D2O lock): δ 5Hexakis(trimethylsilyl)disilane (7): 1a was generated following
211.84, 213.38, 2118.02, 2135.04. 2 MS (70 eV): m/z (%): 407the general procedure from tetrakis(trimethylsilyl)silane (5.00 g,
(3) [M1 2 Me], 348 (18) [M1 2 HSiMe3], 333 (2) [M1 2 HSiMe4],15.6 mmol) in THF. After complete conversion the solution was
259 (4) [M1 2 H2Si2Me7], 73 (100) [SiMe3]. 2 Ethyl bromidecooled to 278°C and 1,2-dibromoethane (1.63 g, 8.67 mmol) in
quench: 1H NMR (300 MHz, CDCl3): δ 5 1.13 (t, J 5 7.0 Hz, 3ethyl ether (30 ml) was added dropwise over a period of 30 min.
H), 0.97 (q, J 5 7.0 Hz, 2 H), 0.26 (s, 27 H), 0.24 (s, 18 H). 2 13CThe solution then was allowed to come to room temp. and was
NMR (75.4 MHz, CDCl3): δ 5 13.52, 5.11, 4.18, 3.01. 2 29Sipoured into an ice/aqueous H2SO4 mixture. The organic layer was
NMR (59.6 MHz, pentane, D2O lock): δ 5 28.94, 211.73, 268.92,dried over Na2SO4 and the solvent removed in vacuo. The remain-
2130.43. 2 MS (70 eV): m/z (%): 377 (6) [M1 2 SiMe3], 275 (4),ing white crystals (3.80 g) were shown by 29Si NMR to be 90%
[M1 2 2 SiMe3, 2 Et], 232 (26) [Me2Si2(SiMe3)2], 73 (100) [SiMe3].pure 7, with tetrakis(trimethylsilyl)silane being the only impurity.
The experiment was repeated in THF with essentially the same re-Sublimation (120°C, 1 mbar) removed about 300 mg of tetrakis(tri-
sults. Removal of solvent and crystallization from pentane gavemethylsilyl)silane. Finally pure 7 was obtained by recrystallization
white crystals solvated with two molecules of THF in an almostfrom acetone and ethanol which gave 7 (3.16 g 6.38 mmol, 82%)
quantitative yield (220 mg, 0.37 mmol, 93%). 2 1H NMR (300as white crystals. 2 1H NMR (300 MHz, CDCl3): δ 5 0.20 (s). 2
MHz, C6D6): δ 5 3.41 (m, 8 H), 1.46 (m, 8 H), 0.51 (s, 18 H),13C NMR (75.4 MHz, CDCl3): δ 5 4.60. 2 29Si NMR (59.6 MHz,
0.46 (s, 27 H). 2 13C NMR (75.4 MHz, C6D6): δ 5 68.28, 25.94,pentane, D2O lock): δ 5 29.04, 2129.49. 2 MS (70 eV): m/z (%):
8.82, 4.78.406 (0.2) [M1 2 SiMe4], 247 (6) [M1 2 Si(SiMe3)3], 232 (29) [M1

2 MeSi(SiMe3)3], 73 (100) [SiMe3]. 1,1,3,3,3-Pentakis(trimethylsilyl)-2,2-dimethyltrisilanylpotassium
(11): Compound 11 was prepared from 9 (95 mg, 0.17 mmol) and1,1,1-Tris(trimethylsilyl)dimethylbromodisilane (8): A flask

equipped with a reflux condenser cooled to 280°C and charged tert-BuOK (19 mg, 0.17 mmol) in DME following the general pro-
cedure. The reaction was followed directly by 29Si NMR and GC/with a sample of 4a (2.40 g, 6.27 mmol) was cooled to 280°C and

approx. 10 ml of hydrogen bromide was condensed on under a MS of the quenched samples. Conversion was complete after 60
min. Addition of another equivalent of tert-BuOK (19 mg, 0.17pressure of 2002500 mbar. After 30 min the cooling bath was re-

moved and the solution of 4a in hydrogen bromide was refluxed mmol) did not result in a second splitting reaction but led to the
slow decomposition of the product after two days. 2 29Si NMRfor 90 min. Then hydrogen bromide was removed in vacuo and

pentane was distilled onto the residue (10 ml). The solution was (59.6 MHz, DME, D2O lock): δ 5 23.21, 28.80, 216.12, 2127.09,
2186.99. 2 H3O1 quench: MS (70 eV): m/z (%): 480 (0.1) [M1],filtered over a plug of glass wool and the solvent of the filtrate was

removed in vacuo. The remaining white powder of 8 (2.40 g, 6.22 406 (3) [M1 2 HSiMe3], 305 (63) [M1 2 HSi(SiMe3)3], 231 (25)
[Me2Si2(SiMe3)2 2 H], 73 (100) [SiMe3]. 2 Ethyl bromide quench:mmol, 99%) was pure by GC and NMR. 2 1H NMR (300 MHz,
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berg, made at the Xth International Symposium on OrganosiliconMS (70 eV): m/z (%): 493 (0.2) [M1 2 Me], 305 [M1 2 EtSi(Si-
Chemistry in Posnan, Poland, 1993.Me3)2], 232 (30) [Me2Si2(SiMe3)2], 188 (24) [EtSi(SiMe3) 2 Me], 73 [4] [4a] T. D. Tilley in The Chemistry of Organic Silicon Compounds,

(100) [SiMe3)]. Chapter 24, (Eds.: S. Patai, Z. Rappoport), Wiley, Chichester,
1989, p. 1415. 2 [4b] T. D. Tilley in The Silicon Heteroatom

Bis(trimethylsilyl)ethylsilylpotassium (12): Compound 12 was Bond, (Eds.: S. Patai, Z. Rappoport), Wiley, Chichester, 1991,
p. 309.prepared from 3 (89 mg, 0.36 mmol) and tert-BuOK (40 mg, 0.36

[5] [5a] D. Hoffmann, H. Reincke, H. Oehme, Z. Naturforsch. 1996,mmol) in DME following the general procedure. The reaction was
51b, 370. 2 [5b] F. Luderer, H. Reincke, H. Oehme, Chem. Ber.followed directly by 29Si NMR and GC/MS of the quenched 1996, 129, 15. 2 [5c] Ch. Wendler, H. Oehme, Z. Anorg. Allg.

samples. It was found to be complete after 25 min. 2 29Si NMR Chem. 1996, 622, 801. 2 [5d] C. Krempner, H. Reincke, H.
Oehme, Chem. Ber. 1995, 128, 1083. 2 [5e] F. Luderer, H. Re-(59.6 MHz, DME, D2O lock): δ 5 26.82, 2111.68. 2 H3O1

incke, H. Oehme, J. Organomet. Chem. 1996, 510, 181. 2 [5f] C.quench: MS (70 eV): m/z (%): 204 (14) [M1], 189 (7) [M1 2 Me],
Krempner, H. Reincke, H. Oehme, Chem. Ber. 1995, 128, 143.161 (8) [M1 2 SiMe3], 130 (29) [M1 2 HSiMe3], 102 (65) [M1 2 2 [5g] D. Bravo-Zhivotovskii, V. Braude, A. Stanger, M. Kapon,

EtSiMe3)], 73 (100) [SiMe3]. 2 Ethyl bromide quench: MS (70 eV): Y. Apeloig, Organometallics 1992, 11, 2326.
[6] [6a] E. Jeschke, T. Gross, H. Reincke, H. Oehme, Chem. Ber.m/z (%): 232 (12) [M1], 159 (16) [M1 2 SiMe3], 131 (27) [MH1 2

1996, 129, 841. 2 [6b] Y. Apeloig, I. Zharov, D. Bravo-Zhivotov-EtSiMe3], 73 (100) [SiMe3]. Repeating the experiment the same
skii, Y. Ochvinnikov, Y. Struchkov, J. Organomet. Chem. 1995,scale in THF led to the same results with some increased reaction 499, 73. 2 [6c] D. Bravo-Zhivotovskii, Y. Apeloig, Y. Ochvinni-

time. Removals of solvent and crystallization from pentane gave kov, V. Igonin, Y. T. Struchkov, J. Organomet. Chem. 1993, 446,
123. 2 [6d] H. Oehme, R. Wustrack, A. Heine, G. M. Sheldrick,white crystals (56 mg, 0.20 mmol, 56%), which were shown by
D. Stalke, J. Organomet. Chem. 1993, 452, 33.NMR to contain half a molecule of THF coordinated to the silyl [7] K. W. Klinkhammer, W. Schwarz, Z. Anorg. Allg. Chem. 1993,potassium compound. 2 1H NMR (300 MHz, C6D6): δ 5 3.37 (m, 619, 1777.

2 H), 1.37 (m, 2 H), 1.24 (t, J 5 7.8 Hz, 3 H), 0.86 (q, J 5 7.8 Hz, [8] C. Krempner, H. Oehme, J. Organomet. Chem. 1994, 464, C7.
[9] For the synthesis of (tert-BuMe2Si)(Me3Si)2SiLi and (tert-Bu-2 H), 0.32 (s, 18 H). 2 13C NMR (75.4 MHz, C6D6): δ 5 68.42,

Me2Si)2(Me3Si)SiLi see: Y. Apeloig, M. Bendikov, M. Yuzefov-25.82, 19.57, 5.03, 3.69.
ich, M. Nakash, D. Bravo-Zhivotovskii, D. Bläser, R. Boese, J.
Am. Chem. Soc. 1996, 118, 12228.Bis(trimethylsilyl)silylpotassium (13): Compound 13 was pre- [10] For an interesting comparison of the size of ligands see: J. Frey,

pared from 2 (775 mg, 3.11 mmol) and tert-BuOK (385 mg, 3.43 E. Schottland, Z. Rappoport, D. Bravo-Zhivotovskii, M. Nak-
mmol) in DME following the general procedure. The reaction was ash, M. Botoshansky, M. Kaftory, Y. Apeloig, J. Chem. Soc.

Perkin Trans. 2 1994, 2555.followed directly by 29Si NMR and GC/MS of the quenched
[11] H. Gilman, R. L. Harrel, J. Organomet. Chem. 1967, 9, 67.samples. Complete conversion was reached after 2 h and gave 13 [12] Y. Apeloig, M. Yuzefovich, M. Bendikov, D. Bravo-Zhivotov-

and 1a in a ratio of about 7:3. 2 IR ν̃: 1891 cm21 (Si2H). 2 29Si skii, K. Klinkhammer, Organometallics 1997, 16, 1265.
NMR (59.6 MHz, DME, D2O lock): δ 5 24.02, 2181.14 (d, J 5 [13] Ch. Marschner, E. Hengge in: Organosilicon Chemistry III, N.

Auner, J. Weis , Eds., VCH, Weinheim, in press.82 Hz). 2 H3O1 quench: MS (70 eV): m/z (%):, 176 (11) [M1], 161
[14] F. Uhlig, P. Gspaltl, M. Trabi, E. Hengge, J. Organomet. Chem.(16) [M1 2 Me], 101 (9) [M1 2 H2SiMe3], 88 (21) [M1 2 SiMe4],

1995, 493, 33.
73 (100) [SiMe3]. 2 Ethyl bromide quench: MS: vide supra. The [15] [15a] A. G. Brook, J. W. Harris, J. Lennon, M. El Sheik, J. Am.
experiment was repeated in THF on larger scale and gave essen- Chem. Soc. 1979, 101, 83. 2 [15b] A. G. Brook, F. Abdesajken,

G. Gutekunst, N. Plavac, Organometallics 1982, 1, 994.tially the same results. Removal of the solvent and crystallization
[16] B. K. Campion, J. Falk, T. D. Tilley, J. Am. Chem. Soc. 1987,from pentane gave a mixture of 13 and 1a with THF coordinated

109, 2049.
to the alkali silanyl compounds. 2 1H NMR (300 MHz, C6D6): [17] M. Ishikawa, J. Iyoda, H. Ikeda, K. Kotake, T. Hashimoto, M.
δ 5 3.51 (m), 1.38 (m), 1.29 (s, 1 H), 0.47 (s, 18 H), 0.43 (s, 27 H). Kumada, J. Am. Chem. Soc. 1981, 103, 4845.

[18] An X-ray structure of 9 reveals a bond angle between the two
1-Phenyltetramethyldisilanylpotassium (14): Compound 14 (200 hypersilyl groups and the central silicon atom of 125.7°. Ch.

Marschner, Ch. Kayser, P. Felde, to be published elsewhere.mg, 0.75 mmol) was prepared from 2-phenylheptamethyltrisilane
[19] The only other convenient access to 2-metallated trisilanesin THF following the general procedure, with the variation that which is known to the author employs transmetallation from

tert-BuOK (85 mg, 0.75 mmol) was added in several portions over the respective mercury substituted compounds: A. Sekiguchi,
two hours. 2 29Si NMR (59.6 MHz, THF, D2O lock): δ 5 212.33, M. Nanjo, C. Kabuto, H. Sakurai, J. Am. Chem. Soc. 1995,

117, 4195.262.96. 2 H3O1 quench: MS (70 eV): m/z (%): 194 (21) [M1], 179
[20] A. Fürstner, H. Weidmann, J. Organomet. Chem. 1988, 354, 15.(15) [M1 2 Me], 135(83) [M1 2 HSiMe2], 121 (21) [M1 2 SiMe3], [21] A. G. Brook, A. Baumegger, A. J. Lough, Organometallics 1992,

105 (28) [M1 2 HSiMe4], 73 (100) [SiMe3]. 2 Ethyl bromide 11, 310.
quench: MS (70 eV): m/z (%): 222 (20) [M1], 207 (4) [M1 2 Me], [22] G. A. Olah, R. J. Hunadi, J. Am. Chem. Soc. 1980, 102, 6989

[23] H. Gilman, C. L. Smith, J. Organomet. Chem. 1967, 8, 245.193 (14) [M1 2 Et], 149 (39) [M1 2 SiMe3], 135 (44) [SiPhEt], 121
[24] M. Kumada, M. Ishikawa, S. Maeda, J. Organomet. Chem.(100) [HSiPhMe], 105 (17) [SiPh], 73 (27) [SiMe3]. 1964, 2, 478.
[25] [25a] H. Bürger, W. Killian, J. Organomet. Chem. 1971, 26, 47.

2 [25b] H. C. Marsmann, W. Raml, E. Hengge, Z. Naturforsch.
1981, 35b, 1541.; In memoriam Prof. Edwin Hengge.

[1] Presented in part at the XIth International Symposium on Or- [26] H. C. Marsmann in NMR Basic Principles and Progress 17,
29Si-NMR Spectroscopic Results, (Eds.: P. Diehl, E. Fluck, R.ganosilicon Chemistry, 1.26. Sept. 1996, Montpellier, France.

[2] [2a] H. Gilman, J. M. Holmes, C. L. Smith, Chem. Ind. (London) Kosfeld), Springer-Verlag Berlin Heidelberg, 1981.
[27] K. Krohn, K. Khanbabaee, Angew. Chem. 1994, 106, 100; An-1965, 848. 2 [2b] G. Gutekunst, A. G. Brook, J. Organomet.

Chem. 1982, 225, 1. gew. Chem., Int. Ed. Engl. 1994, 33, 99.
[97197][3] Using the term “hypersilyl” we follow the proposal of N. Wi-
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The hydrostannylation of phosphaalkynes 8 with tin hydrides hydrides 13 or chloro(organo)tin hydrides 4, respectively. An
isolated and characterized by-product of the latter reaction1 depends on the stoichiometry employed: Thus, the 1,2-di-

hydro-1,3-diphosphetes 10 are isolated when an excess of was the phosphorus-carbon-tin cage 17. Furthermore, the
following reactions of the 1,2-dihydro-1,3-diphosphetes 10phosphaalkyne 8 is used. On the other hand, an increase in

the tin hydride concentration favors the formation of the were performed: isomerization reactions, complexation reac-
tions with transition-metal complexes, and substitution of thephosphanes 11 and 12. Synthesis of the 1,2-dihydro-1,3-di-

phosphetes 14 and 16 was achieved by the use of diorganotin hydrogen atom by iodine.

Introduction
Addition reactions of organotin compounds to unsatu-

rated systems have been known for a long time[2]. Following
the hydrostannylation of alkenes which, as a consequence
of the mild reaction conditions and high selectivity, has
found wide-ranging applications, the first 1,2-addition of
triorganotin hydrides to acetylenes was achieved in
1959[3] [4]. In comparison to the hydrostannylation reactions
of the corresponding olefins, the additions to C2C triple-
bond systems proceed more readily. The vinyltin com-
pounds 2 are the primary products of these reactions which
then undergo, albeit somewhat delayed, addition of a se-
cond equivalent of the triorganotin hydride 1 to furnish the
ditin compounds 3. Modification of the organotin hydride
by the introduction of a halogen atom to give the dior-
gano(halo)tin hydrides 4 [5] provides further new possibili-
ties for the synthesis of numerous mixed substituted or-
ganotin compounds 5 [6].

We recently reported on hydrostannylation reactions in
the chemistry of low-coordinated phosphorus, namely the 2 weeks gave rise to the 2-stannyl-substituted 1,2-dihydro-
selective 1,2-addition of organotin compounds to Becker- 1,3-diphosphetes 10 in good yields. The reaction of tributyl-
type phosphaalkenes 6 to furnish the stannylphosphanes tin hydride (1a) with 1-adamantylphosphaalkyne (8b) re-
7 [7]. quired heating at 60°C for 4 hours for completion.

The central theme of the present work is the reactivity of The natures of the 1,2-dihydro-1,3-diphosphetes 10a2f
organotin hydrides and organo(halo)tin hydrides towards were deduced from their analytical and spectroscopic data.
kinetically stabilized λ3σ1-phosphaalkynes and the related The valency vibrations at 216022340 cm21 in the IR spec-
question of whether the primary products of the 1,2-ad- tra provided the first evidence for the presence of the PH
dition of tin hydrides to the P2C triple-bond system will function. A doublet of doublets at δ 5 6.7827.8 with 1JH,P
be sufficiently stable to permit their isolation. coupling constants of between 163 and 168 Hz was found

in the 1H-NMR spectra for these protons, which were orig-Reactions with Triorganotin Hydrides 1
inally bonded to the tin atoms. The splitting into a doubletReactions of the tin hydrides 1 with an excess of the
of doublets and the integration values of the signals clearlyphosphaalkynes 8a2c in n-pentane at room temperature for
demonstrate that compounds 10 are 1:2 adducts formed

[e] Part 124: Ref. [1]. from one equivalent of the tin hydride 1 and two equiva-
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A more careful consideration of the structures of com-

pounds 10 reveals the presence of two centers of chirality:
In addition to the asymmetric carbon atom C2 the phos-
phorus atom P1 should be chiral and configurationally
stable . However, only one set of signals was observed in all
of the NMR spectra and therefore it must be assumed that
only one diastereomer is formed in each case. An exact as-
signment to one of the possible isomers is not possible on
the basis of the spectroscopic data.

An increase in the tin hydride concentration favors the
increased formation of the phosphanes 11 and 12. When
triphenyltin hydride (1b) was used in excess the phosphanes
11 were formed in yields exceeding 75%, while the isomeric
compounds 12 were only observed as by-products (yields: <
5%). In comparison to triphenyltin hydride (1b), the lower
hydrostannylation activity of tributyltin hydride (1a) [17] was
not sufficient to alter the reaction course decisively in the
direction of the phosphanes 11 and 12; accordingly, the re-
action mixtures contained appreciable amounts (60%) of
the dihydrodiphosphetes 10 and a separation of the individ-
ual components was not possible.

The 31P-NMR and 1H-NMR spectra are of particular
diagnostic value for the structural elucidation of the distan-
nyl-substituted phosphanes 11. The 31P-NMR spectra of 11
each contain a singlet in the region typical for stannyl-sub-
stituted phosphanes[7] with 1JP,117,119Sn coupling constants of
ca. 720 Hz. In the proton-coupled 31P-NMR spectra these

lents of the phosphaalkyne 8. The proposed compositions signals are split into doublets by 1JP,H couplings of ca. 200
of the products were further supported by elemental analy- Hz. In the 1H-NMR spectra doublet signals at δ 5
ses or high-resolution mass spectrometry. The 31P-NMR 3.0323.32 with appropriate 1JH,P coupling constants are
spectra each reveal the typical AX spin system for 1,2-di- observed for the PH function while the protons added to
hydro-1,3-diphosphetes[8] [9]. The signals for the λ3σ2-phos- carbon atoms give rise to signals at δ 5 2.8622.94. The
phorus atoms occur in the expected low-field positions (δ 5 2JH,P coupling constants of about 4 Hz are very small. Inte-
3692376) while those of the λ3σ3-phosphorus atoms are gration of the individual signal groups clearly shows the 1:2
found at δ 5 25 to 13. Both signals experience 2JP,P coup- ratio of phosphaalkyne 8 to tin hydride 1b. The presence of
lings of 35 to 44 Hz and appear as doublets. Thus, the ex- the PH function is further supported by a valency vibration
istence of the structurally isomeric 1,4-dihydro-1,2-diphos- at 2240 cm21 in the IR spectra. The presence of two non-
phetes can be excluded on the basis of the small P,P coup- equivalent tin atoms is also apparent from the 119Sn-NMR
lings[10]. In the proton-undecoupled 31P-NMR spectra the spectra. The triphenylstannyl groups directly bonded to
signals for the λ3σ3-phosphorus atom are further split by phosphorus give doublet signals at δ 5 273/275 with 1JSn,P1JP,H couplings and those of the λ3σ2-phosphorus atoms by coupling constants of ca. 730 Hz, while the signals of C-
3JP,H couplings to give a doublet of doublets. A comparison bonded tin atoms appear as singlets at δ 5 2104. Identifi-
of the measured values with those of previously known 1,2- cation of the phosphanes 12a2c, which were not isolated,
dihydro-1,3-diphosphetes[8] [11] [12] supports the proposed was based on direct 31P-NMR-spectroscopic investigation
constitutions. The 13C-NMR spectra provide further di- of the reaction solutions. The chemical shifts of δ 5 2136.4
agnostic evidence. The doublet of doublets with large (ca. (12a), 2143.7 (12b), and 2138.1 (12c), as well as the 1JP,H
50 Hz) and small (ca. 20 Hz) 1JC,P coupling constants ob- coupling constants [198.1 Hz (12a), 198.8 Hz (12b), 216.6
served at low field is characteristic for the skeletal sp2 car- Hz (12c)], support the proposed structures.
bon atoms[13]. The second skeletal carbon atoms give rise
to signals in the typical sp3 region with appreciably smaller The phosphaalkenes 9 may be postulated as reactive in-

termediates in these stoichiometry-dependent reactions.1JC,P coupling constants. The varying chemical shifts of the
tin atoms in the 119Sn-NMR spectra can be rationalized in These species then undergo stabilization either in a formal

[2 1 2] cycloaddition to give the 1,2-dihydro-1,3-diphos-terms of the differing substitution: The tin atoms of the
tributyl-substituted derivatives give rise to signals in the re- phetes 10 or by renewed 1,2-addition of a further equivalent

of tin hydride 1 to furnish the phosphanes 11 and 12. Thegion typical for tetraalkyl-substituted tin compounds[14]

while increasing phenyl substitution results in a stepwise preferential formation of the phosphanes 11 over 12 can be
rationalized in terms of both steric and electronic factors.shift to higher field[15].
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Reactions with Diorganotin Dihydrides The 1H-, 13C-, 31P-NMR, and IR data for the 1,2-di-

hydro-1,3-diphosphetes 16b, c were taken from the crudeWhen the diorganotin dihydrides 13a, b are allowed to
reaction solutions and are in good agreement with those ofreact with an appreciable excess of the phosphaalkyne 8a
the 1,2-dihydro-1,3-diphosphetes 10. Thus, a detailed dis-the primary products are the 1,2-dihydro-1,3-diphosphetes
cussion of these data and the mechanism of the formation14a, b. However, these species undergo an unspecific de-
of the products is unnecessary in the light of the infor-composition so that their isolation is not possible. Even so,
mation given in the previous section.they can be characterized by 31P-NMR and IR spec-

troscopy through termination of the reaction after 24 hours The constitution of the cage compound 17c was sup-
and removal of the volatile tin hydrides 13a, b together with ported by mass spectrometry and elemental analysis. Link-
the excess phosphaalkyne 8a under vacuum (oil pump). age of the four phosphaalkyne units gives rise to an A2MX

spin system in the 31P-NMR spectrum. As a consequence
of the CS symmetry, the phosphorus atoms P1 and P3 are
magnetically equivalent (δ 5 221). The signals for P5 and
P7 appear at δ 5 184 and δ 5 272. The unusually low-
field signals for the λ3σ3-phosphorus atoms P1, P3, and P5
are, in fact, not surprising when one considers that the
pentacyclic compound 17c is formally derived from tetra-
phosphacubane, which gives a 31P-NMR signal at δ 5
257[18]. These values can be explained on the basis of the
bonding model derived for tetraphosphacubane, which re-The spectroscopic data of these compounds are in good
veals a strong interaction between the lone elctron pairs ofagreement with those of the 1,2-dihydro-1,3-diphosphetes
the phosphorus atoms and the phosphorus-carbon σ bonds10 discussed above. Therefore the constitutions of these
of the cubane skeleton. This effect is responsible for thehydrostannylation products may be considered as certain.
dramatic low-field shifts of the phosphorus signals as wellOne special feature resulting from the presence of the tin
as the extreme high-field shifts of the signals for the skeletalhydride function should be mentioned: The IR spectra con-
carbon atoms in the 13C-NMR spectrum[19]. A further indi-tain SnH valency vibrations at 1790/1800 cm21 in addition
cation in favor of the proposed structure is given by theto the PH valency vibrations. This tin hydride function is
tin satellite lines in the 31P-NMR spectrum: P7 exhibits apresumably the cause of the unspecific decomposition reac-
characteristic 1JP,Sn coupling of 744 Hz, clearly demonstrat-tions.
ing that P7 and tin are directly adjacent[20]. Tin satellites
with 3JP,Sn coupling constants of 109 Hz are observed forReactions with Chlorodiorganotin Hydrides
the signal of P5. Accordingly, the 119Sn-NMR signal for theReactions of the chlorodiorganotin hydrides 4 with the
tin atom (δ 5 328) is split into a doublet of doubletsphosphaalkyne 8a proceed much less selectively than those
(1JP,119Sn 5 784 Hz, 3JP,119Sn 5 113 Hz). As a consequence ofwith the triorganotin hydrides 1. In addition to the 1,2-di-
the CS symmetry the 1H-NMR spectrum contains onlyhydro-1,3-diphosphetes 16b, c formed as main products, nu-
three signals for the four tert-butyl groups, with an intensitymerous by-products are observed by 31P-NMR-spectros-
ratio of 1:2:1. For the same reason the skeletal carboncopic monitoring of the reaction solutions. One of these by-
atoms C4 and C6 are magnetically equivalent in the 13C-products is the cage compound 17. Product 17b cannot be
NMR spectrum (pt, δ 5 37.6, 1JC,P 5 13.5 Hz). Carbonisolated, while 17c has been isolated in pure form by crystal-
atom C2 gives, as required by the discussed bonding model,lization from pentane at 220°C and completely charac-
a signal at extremely high field (δ 5 217.2) (cf. skeletalterized. Complete separation of the reaction mixtures into
carbon atom signals of tetraphosphacubane: δ 5their components by either column chromatography or
229.1)[18] [19]. Finally, the skeletal carbon atom C9 producesbulb-to-bulb distillation was not possible.
a 13C-NMR signal at δ 5 22.7.

From a mechanistic point of view, the formation of the
cage compounds 17 may be considered as a cyclooligomer-
ization of the phosphaalkyne 8a in the coordination sphere
of tin. Since the reaction of the 1,2-dihydro-1,3-diphosphete
16c with an excess of the phosphaalkyne 8a does not lead
to the formation of the homocubane 17c, the existence of
the 1,2-dihydro-1,3-diphosphete 16c as an intermediate can
be discounted. Similarly, subsequent attempts to introduce
the stannyl unit into a skeletal bond of tetraphosphacub-
ane[18] by reaction of the latter with dibutyl(chloro)tin hy-
dride (4b) were unsuccessful. Thus, a plausible mechanism
involves the stepwise construction of the P/C skeleton by
oligomerization of the phosphaalkyne units at tin.
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Thermal Isomerization of the 1,2-Dihydro-1,3-diphosphetes 10 Figure 1. Molecular structure of 18d[a]

After heating of the 1,2-dihydro-1,3-diphosphetes 10a2d
in toluene at 90°C for 6 hours, quantitative isomerization
of the original 2-stannyl-substituted 1,2-dihydro-1,3-dipho-
sphetes into the 1-stannyl-substituted derivatives 18a2d is
observed.

The natures of the 1,2-dihydro-1,3-diphosphetes 18 ob- [a] Selected bond lengths [pm] and angles [°]: P(1)-C(2) 181.5(4),
P(1)-C(1) 188.7(4), P(2)-C(2) 169.7(4), P(2)-C(1) 187.1(4), Sn(1)-tained were unequivocally demonstrated by mass spec-
C(21) 214.5(4), Sn(1)-C(31) 214.2(4), Sn(1)-C(11) 215.1(4), Sn(1)-trometry and elemental analysis. Evidence for the arrange- P(1) 252.84(12); C(2)-P(1)-C(1) 82.2(2), C(2)-P(2)-C(1) 85.9(2),

ment of the substituents was provided by analysis of the P(2)-C(1)-P(1) 91.2(2), P(2)-C(2)-P(1) 99.7(2), C(41)-C(1)-P(1)
118.1(3), C(41)-C(1)-P(2) 118.7(3), C(61)-C(2)-P(1) 130.0(3), C(61)-NMR spectra in comparison with the data for the starting
C(2)-P(2) 130.0(3), C(11)-Sn(1)-P(1) 115.27(12), C(21)-Sn(1)-P(1)compounds 10a2d. Thus, the 31P-NMR signals of the λ3σ2- 103.33(10), C(31)-Sn(1)-P(1) 113.14(10).

phosphorus atoms experienced high-field shifts of almost
Complexation Behavior of 1020 ppm, while the signals of the λ3σ3-phosphorus atoms

changed only slightly (δ 5 223). The direct adjacency of Phosphane ligands have found a wide range of appli-
tin to phosphorus is apparent from the tin satellites at the cations in organometallic chemistry[23] [24]. A common
signal of P1 with 1JP,117,119Sn coupling constants of more than method for the preparation of phosphorus-containing tran-
1000 Hz and the markedly smaller 3JP,117,119Sn coupling con- sition-metal complexes comprises of a ligand-exchange re-
stants of 170 Hz at P3. The same couplings also appear in action between phosphorus compounds and carbonyl tran-
the 119Sn-NMR spectra. Because of the migration of the sition-metal complexes.
hydrogen atom from phosphorus to carbon the 1H-NMR In the case of the 1,2-dihydro-1,3-diphosphetes 10, both
signal of this proton experiences a pronounced diamagnetic complexation of one phosphorus atom (R 19) and com-
shift from δ 5 7.5 to 2.6 and, instead of the original split- plete complexation of both phosphorus atoms (R 20) are
ting into a doublet of doublets, appears merely as a doublet possible using W(CO)5·THF. Reactions of the 1,2-dihydro-
with a small 2JH,P coupling of 1.4 Hz. The magnitude of 1,3-diphosphetes 10a, b with excess Fe2(CO)9 furnish the
this 2JH,P coupling can be interpreted as evidence for the doubly complexed derivatives 21a, b.
trans arrangement of 18 [21]. In the 13C-NMR spectra the
skeletal carbon atoms C4 give the expected doublet of
doublet signals at low field (δ 5 238.12240.4; 2JC,P 5 53/
40 Hz) while the signals of the second skeletal carbon atom
appear as doublets (1JC,P 5 22 to 24 Hz) at δ 5 36.4239.1
in the typical sp3 region. An X-ray crystallographic analysis
of product 18d (Figure 1) supplied final confirmation of the
trans orientation of the adamantyl group and the tri-
phenylstannyl group. Since only one isomer was obtained
from each experiment and since the λ3σ3-phosphorus atoms
should be configurationally stable[16], the same arrange-
ment of the substituents can also safely be assumed for the
compounds 18a2c.

The four-membered diphosphacyclobutene ring deviates
slightly from planarity (sum of internal angles: 358.9°). The
dihedral angle between the planes C(1)2P(1)2C(2) and
C(1)2P(2)2C(2) amounts to 10.7°. The P(2)2C(2) bond
length of 169.7 pm is in the typical range for P2C double
bonds[22], whereas the P(1)2C(2) single bond is somewhat
shortened to 181.5 pm. The tin atom exists in a distorted
tetrahedral environment.
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1,2-Dihydro-1,3-diphosphetes 10. 2 General Procedure: To a solu-The spectroscopic characterization of the complexes 19,

tion of phosphaalkyne 8 in pentane was added the tin hydride 1.20, and 21 is relatively simple. For the pentacarbonyltung-
The mixture was stirred for two weeks at room temperature andsten complexes 19 and 20 the η1 coordination of the metal
the solvent removed under vacuum. The residue was purified byfragment at P1 (for compound 19) or at P1 and P3 (for
chromatography or crystallization.compound 20) is impressively demonstrated by the charac-

2,4-Di-tert-butyl-2-tributylstannyl-1,2-dihydro-1λ3,3λ3-teristic P-W couplings[25] in the 31P-NMR spectra. The
diphosphete (10a): From 8a (800 mg, 8 mmol) in pentane (3 ml)complexation has only a minor influence on the 13C-NMR
and 1a (873 mg, 3 mmol); chromatography on aluminum oxide (5%

data of the starting materials with additional characteristic H2O) with pentane yielded 10a (413 mg, 28%) as a yellow, non-
signals being observed at low field for the carbonyl groups distillable oil. 2 1H NMR (C6D6): δ 5 0.6521.94 (m, 45 H, Bu-H
(see Experimental Section). Furthermore, CO valency vi- and tBu-H), 6.73 (dd, 1JH,P 5 164.7 Hz, 3JH,P 5 21.5 Hz, 1 H,
brations appear in the IR spectra of compounds 19, 20, and P2H). 2 13C{1H} NMR (C6D6): δ 5 13.5 (s, 1JC,117/119Sn 5 315.7

Hz, Sn2CH2), 13.9 (s, Sn2[CH2]32CH3), 28.0 (s, SnCH2CH2),21. The compositions of the products were further substan-
29.7 [dd, 3JC,P 5 10.1/5.8 Hz, C(CH3)3], 30.0 (s, CH2CH3), 30.8 [d,tiated by mass spectrometry and elemental analysis.
3JC,P 5 5 Hz, C(CH3)3], 36.4 (dd, 1JC,P 5 39.2/5.5 Hz, C2), 37.1
[d, 2JC,P 5 7.7 Hz, C(CH3)3], 39.8 [d, 2JC,P 5 6.3 Hz, C(CH3)3],Reaction of 10 with Iodine
222.56 (dd, 1JC,P 5 52.1/23.2 Hz, C4). 2 31P{1H} NMR (C6D6):

Conversion of the PH function of the 1,2-dihydro-1,3- δ 5 0.7 (d, 2JP,P 5 39.1 Hz, P-1), 375.6 (d, 2JP,P 5 39.1 Hz, P-3).
2 119Sn{1H} NMR (C6D6): δ 5 3.85 (s). 2 IR (film): ν̃ 5 2940,diphosphete 10b into a PI function can be achieved by
2910, 2860, 2200 (P2H), 1455, 1355, 1210, 1110, 840 cm21. 2 MS;treatment of 10b with a solution of iodine in diethyl ether
m/z (%): 492 (13) [M1], 291 (39) [SnBu3

1], 235 (76) [HSnBu2
1],at room temperature.

179 (100) [H2SnBu1], 57 (38) [C4H9
1]. 2 C22H46P2Sn (491.26):

calcd. C 53.8, H 9.4; found C 53.6, H 9.3.

2,4-Di-tert-butyl-2-triphenylstannyl-1,2-dihydro-1λ3,3λ3-di-
phosphete (10b): From 8a (4 g, 40 mmol) in pentane (5 ml) and 1b
(3.43 g, 9.8 mmol); crystallization from 3 ml of pentane at 220°C
yielded 10b (2.6 g, 48% based on 1b) as a yellow solid with m.p.
68°C. 2 1H NMR (C6D6): δ 5 1.16 (s, 9 H, tBu-H), 1.65 (s, 9 H,
tBu-H), 7.4227.48 (m, 9 H, m-, p-C6H5), 7.57 (dd, 1JH,P 5 166 Hz,The degradation of the PH function is immediately de-
3JH,P 5 18.6 Hz, 1 H, P2H), 8.0528.08 (m, 6 H, o-C6H5). 2monstrated by the absence of the corresponding signal in 13C{1H} NMR (C6D6): δ 5 29.9 [d, 3JC,P 5 3.6 Hz, C(CH3)3], 30.3

the 1H-NMR spectrum. Also, no P,H couplings can be seen [d, 3JC,P 5 9.0 Hz, C(CH3)3], 37.4 [d, 2JC,P 5 7.2 Hz, C(CH3)3],
in the proton-coupled 31P-NMR spectrum. In comparison 39.2 (dd, 1JC,P 5 38.2/4 Hz, C2), 39.6 [d, 2JC,P 5 5.4 Hz, C(CH3)3],
to that of the starting material the 13C-NMR signal for C2 128.7 (s, 2JC,117/119Sn 5 49.4 Hz, o-C), 129.2 (s, p-C), 138.0 (s, 3

experiences a shift of almost 20 ppm to lower field. Finally, JC,117/119Sn 5 35.0 Hz, m-C), 141.6 (s, 1JC,117/119Sn 5 471.2/492.8 Hz,
the increases in the 1JC,P coupling constants are noteworthy. ipso-C), 224.4 (dd, 1JC,P 5 51.6/22.9 Hz, C4). 2 31P{1H} NMR

(C6D6): δ 5 2.5 (d, 2JP,P 5 35.8 Hz, P-1), 372.1 (d, 2JP,P 5 35.8The composition of the 1,2-dihydro-1,3-diphosphete 22 was
Hz, P-3). 2 119Sn{1H} NMR (C6D6): δ 5 299.75 (pt, 2J119Sn,P 5substantiated by mass spectrometry and elemental analysis.
24.4 Hz). 2 IR (KBr): ν̃ 5 3040, 2920, 2180 (P2H), 1450, 1410,

We thank the Fonds der Chemischen Industrie for generous finan- 1350, 1100, 840 cm21. 2 MS; m/z (%): 552 (5) [M1], 351 (100)
cial support. We are also grateful to the Deutsche Forschungsge- [SnPh3

1], 197 (24) [SnPh1], 57 (18) [C4H9
1]. 2 C28H34P2Sn

meinschaft (Graduate College Phosphorus as Connecting Link Be- (551.23): calcd. C 61.0, H 6.2; found C 61.3, H 6.2.
tween Various Chemical Disciplines) for generous financial support

2,4-(Diadamant-1-yl)-2-tributylstannyl-1,2-dihydro-1λ3,3λ3-di-and a post-graduate grant (to M. S.).
phosphete (10c): From 8b (360 mg, 2 mmol) in pentane (2 ml) and
1a (291 mg, 1 mmol); after stirring the reaction mixture for two

Experimental Section weeks at room temperature the solution was heated to 60°C for 4
h; chromatography on aluminum oxide (5% H2O) with pentaneGeneral: All experiments were carried out under argon (purity:
yielded 10c (150 mg, 23%) as a yellow, non-distillable oil. 2 1H> 99.998%) in previously evacuated and oven-dried Schlenk vessels.
NMR (C6D6): δ 5 1.1022.62 (m, 57 H, Ad-H and Bu-H), 6.81The solvents were anhydrous and stored under argon. 2 Melting
(dd, 1JH,P 5 164 Hz, 3JH,P 5 22 Hz, 1 H, P2H). 2 13C{1H} NMRpoints: Mettler FP 61 (heating rate: 3°C/min), uncorrected. 2 El-
(C6D6): δ 5 13.8 (s, 1JC,117/119Sn 5 313.8 Hz, Sn2CH2), 13.9 (s,emental analyses: Perkin-Elmer EA 240. 2 1H NMR: Varian EM
Sn2[CH2]32CH3), 28.1 (s, 2JC,117/119Sn 5 63.0 Hz, SnCH2CH2), 29.2360 (60 MHz), Bruker AC 200 and AMX 400; chemical shifts are
(s, C-c), 29.5 (s, C-c), 30.2 (s, 3JC,117/119Sn 5 35.3 Hz, CH2CH3), 37.0relative to the solvent signals, and converted to TMS. 2 13C NMR:
(s, 2 3 C-d), 37.4 (d, 1JC,P 5 30.5 Hz, C-2), 38.9 (d, 2JC,P 5 6.3Bruker AC 200 and AMX 400; chemical shifts are relative to the
Hz, C-a), 41.2 (br. d, 3JC,P 5 7.6 Hz, C-b), 42.1 (d, 2JC,P 5 5.7 Hz,solvent signals. 2 31P NMR: Bruker AC 200, external standard
C-a), 43.5 (d, 3JC,P 5 3.8 Hz, C-b), 222.6 (dd, 1JC,P 5 51/22.4 Hz,H3PO4. 2 MS: Finnigan MAT 90 (70 eV). 2 IR: Perkin-Elmer
C-4). 2 31P{1H} NMR (C6D6): δ 5 25.2 (d, 2JP,P 5 43.6 Hz,16 PC FT-IR and Perkin-Elmer 1310. 2 Chemicals: Triphenyltin
P-1), 373.3 (d, 2JP,P 5 43.6 Hz, P-3). 2 IR (film): ν̃ 5 292022800,hydride (1b) was prepared from triphenyltin chloride[26], dimeth-
2160 (P2H), 1440, 1320, 1270, 1140 cm21. 2 MS; m/z (%): 649yltin dihydride (13a) [27], dipropyltin dihydride (13b) [28], dibutyltin
(36) [M1], 291 (46) [SnBu3

1], 135 (100) [Ad1]. 2 C34H58P2Sndihydride (13c) [29], dipropyltin dichloride (15b) [30], and the phos-
(647.49): calcd. C 63.1, H 9.0; found C 63.4, H 8.9.phaacetylenes 8a [31], b [32], c [31] were prepared as described in the

literature. All other starting materials were purchased from com- 2,4-(Diadamant-1-yl)-2-triphenylstannyl-1,2-dihydro-1λ3,3λ3-di-
phosphete (10d): From 8b (300 mg, 1.7 mmol) in pentane (5 ml)mercial suppliers.

Eur. J. Inorg. Chem. 1998, 2272235 231



M. Schmitz, R. Göller, U. Bergsträßer, S. Leininger, M. RegitzFULL PAPER
and 1b (296 mg, 0.8 mmol); evaporation of the solvent and washing 20°C, the solvent removed under vacuum, and the residue washed

several times with pentane.of the residue with pentane yielded 10d (198 mg, 35%) as a yellow
solid with m.p. 92°C. 2 1H NMR (C6D6): δ 5 1.3822.63 (m, 30 [tert-Butyl(triphenylstannyl)methyl]triphenylstannylphosphane
H, Ad-H), 7.2027.41 (m, 9 H, m-, p-C6H5), 7.44 (dd, 1JH,P 5 168 (11a): From 8a (0.4 g, 4 mmol) in pentane (5 ml) and 1b (6.32 g,
Hz, 3JH,P 5 21 Hz, 1 H, P2H), 7.8728.09 (m, 6 H, o-C6H5). 2 18 mmol) to furnish 11a (2.6 g, 81%) as a pale yellow powder with13C{1H} NMR (C6D6): δ 5 28.9 (s, C-c), 29.2 (s, C-c), 36.5 (s, C- m.p. 154°C. 2 1H NMR (C6D6): δ 5 1.04 (s, 9 H, tBu), 2.94 (d,
d), 36.7 (s, C-d), 39.1 (d, 2JC,P 5 6.5 Hz, C-a), 41.6 (br. d, 3JC,P 5 2JH,P 5 4.5 Hz, 1 H, PC2H), 3.32 (d, 1JH,P 5 196.2 Hz, 1 H,
10.0 Hz, C-b), 41.9 (d, 2JC,P 5 5.6 Hz, C-a), 42.1 (d, 3JC,P 5 5.6 P2H), 7.0527.13 (m, 18 H, m-, p-C6H5), 7.4727.49 (m, 6 H, o-
Hz, C-b), 128.7 (s, 2JC,117/119Sn 5 49.0 Hz, o-C), 129.0 (s, p-C), 138.2 C6H5), 7.6227.66 (m, 6 H, o-C6H5). 2 13C{1H} NMR (C6D6): δ 5
(s, 3JC,117/119Sn 5 35.3 Hz, m-C), 142.2 (s, 1JC,117/119Sn 5 467.4/489.1 28.8 (d, 1JC,P 5 36.1 Hz, PCH, 1H coupl.: 1JC,H 5 129.3 Hz), 32.4
Hz, ipso-C), 223.9 (dd, 1JC,P 5 50.2/21.3 Hz, C-4), the C-2 signal [d, 3JC,P 5 10.4 Hz, C(CH3)3], 35.4 [d, 2JC,P 5 17.7 Hz, C(CH3)3],
could not be detected because of signal overlap. 2 31P{1H} NMR 129.26 (s, o-C), 129.30 (s, o-C), 129.4 (s, p-C), 129.6 (s, p-C), 137.9
(C6D6): δ 5 24.1 (d, 2JP,P 5 43 Hz, P-1), 369.2 (d, 2JP,P 5 43 Hz, (s, m-C), 138.1 (s, m-C), 139.1 (d, 2JC,P 5 4 Hz, ipso-C), 140.2 (s,
P-3). 2 119Sn{1H} NMR (C6D6): δ 5 2101.43 (s). 2 IR (KBr): ipso-C). 2 31P{1H} NMR (C6D6): δ 5 2170 (s, 1JP,117,119Sn 5 716
ν̃ 5 3030, 2940, 2865, 2818, 2180 (P2H), 1432, 1413, 1330, 1295, Hz). 2 119Sn{1H} NMR (C6D6): δ 5 273 (d, 1J119Sn,P 5 732 Hz,
1249, 715, 685 cm21. 2 MS; m/z (%): 708 (6) [M1], 351 (100) [SnPh P2Sn), 2104 (s, PC2Sn). 2 IR (KBr): ν̃ 5 3030, 2920, 2240
3
1], 135 (47) [Ad1]. 2 C40H46P2Sn (707.5): calcd. C 67.9, H 6.6; (P2H), 1460, 1410, 1350, 1320, 1285, 1250, 1210, 1180, 1060, 1010,

found C 67.6, H 6.5. 985, 855, 750, 715, 685 cm21. 2 MS; m/z (%): 802 (0.2) [M1], 451
(2) [M1 2 SnPh3], 351 (100) [SnPh3

1], 197 (18) [SnPh1], 57 (9)2,4-Di-tert-pentyl-2-tributylstannyl-1,2-dihydro-1λ3,3λ3-di-
[C4H9

1]. 2 C41H41PSn2 (802.14): calcd. C 61.4, H 5.2; found Cphosphete (10e): From 8c (357 mg, 3.13 mmol) in pentane (5 ml)
61.4, H 5.2.and 1a (407 mg, 1.4 mmol); chromatography on aluminum oxide

(5% H2O) with pentane yielded 10e (540 mg, 74%) as a yellow, [Adamant-1-yl(triphenylstannyl)methyl]triphenylstannylphos-
non-distillable oil. 2 1H NMR (C6D6): δ 5 0.8621.59 (m, 45 H, phane (11b): From 8b (0.3 g, 1.66 mmol) in pentane (5 ml) and 1b
tPent-H and Bu-H), 6.78 (dd, 1JH,P 5 163.04 Hz, 3JH,P 5 20.27 (3.16 g, 9 mmol) to furnish 11b (1.01 g, 75%) as a colorless powder
Hz, 1 H, P2H). 2 13C{1H} NMR (C6D6): δ 5 8.0 (s, 1JC,117/119Sn 5 with m.p. 185°C (dec.). 2 1H NMR (C6D6): δ 5 1.221.9 (m, 15
341.3 Hz, Sn2CH2), 9.2 (s, CH2CH3), 9.6 (s, CH2CH3), 13.5 (s, H, Ad-H), 2.86 (d, 2JH,P 5 3.7 Hz, 1 H, PC2H), 3.03 (d, 1JH,P 5
Sn2[CH2]32CH3), 24.7 [br. d, 3JC,P 5 6.4 Hz, C(CH3)2], 25.8 [br. 198.4 Hz, 1 H, P2H), 6.927.25 (m, 18 H, m-, p-C6H5), 7.327.8
d, 3JC,P 5 8.0 Hz, C(CH3)2], 27.1 (s, SnCH2CH2), 29.9 [s, (m, 12 H, o-C6H5). 2 13C{1H} NMR (C6D6): δ 5 31.3 (s, C-c),
3JC,117/119Sn 5 21.7 Hz, Sn(CH2)2CH2CH3], 34.7 (dd, 3JC,P 5 9.2/4.4 31.4 (d, 1JC,P 5 39.4 Hz, PCH, 1H coupl.: 1JC,H 5 127.7 Hz), 38.2
Hz, CH2CH3), 35.4 [d, 2JC,P 5 7.2 Hz, C(CH3)2CH2CH3], 36.1 (dd, (d, 2JC,P 5 15.2 Hz, C-a), 38.6 (s, C-d), 46.7 (d, 3JC,P 5 11.1 Hz,
3JC,P 5 7.2/4.0 Hz, CH2CH3), 38.4 (d, 1JC,P 5 40.2 Hz, C2), 39.2 C-b), 130.7 (s, o-C), 130.9 (s, o-C), 131.0 (s, p-C), 131.2 (s, p-C),
[d, 2JC,P 5 6.4 Hz, C(CH3)2CH2CH3], 221.0 (dd, 1JC,P 5 52.2, 24.1 139.4 (s, m-C), 139.7 (s, m-C), 140.9 (d, 2JC,P 5 3.3 Hz, ipso-C),
Hz, C-4). 2 31P{1H} NMR (C6D6): δ 5 1 (d, 2JP,P 5 41 Hz, P-1), 142.8 (s, ipso-C). 2 31P{1H} NMR (C6D6): δ 5 2175 (s,
379 (d, 2JP,P 5 41 Hz, P-3). 2 IR (pentane): ν̃ 5 2942, 2912, 2880, 1JP,117,119Sn 5 724 Hz). 2 119Sn{1H} NMR (C6D6): δ 5 275 (d,
2340 (P2H), 1644, 1456 cm21. 2 MS; m/z (%): 520 (5) [M1], 291 1J119Sn,P 5 731 Hz, P2Sn), 2104 (s, PC2Sn). 2 IR (KBr): ν̃ 5
(100) [SnBu3

1], 235 (59) [HSnBu2
1], 177 (60) [SnBu1], 71 (44) 3030, 2910, 2840, 2240 (P2H), 1480, 1425, 1310, 1100, 1070, 1020,

[C(CH)3CH2CH3
1], 57 (16) [C4H9

1]. 2 HR-MS: C24H50P2Sn: 1000, 890, 730, 700 cm21. 2 C47H47PSn2 (880.25): calcd. C 64.1,
calcd. 520.2409; found 520.2385. H 5.4; found C 64.0, H 5.3.

2,4-Di-tert-pentyl-2-triphenylstannyl-1,2-dihydro-1λ3,3λ3-di- 1,2-Dihydro-1,3-diphosphetes 14a, b. 2 General Procedure: To a
phosphete (10f): From 8c (422 mg, 3.7 mmol) in pentane (5 ml) and solution of phosphaalkyne 8 in pentane was added the diorganotin
1b (123 mg, 0.35 mmol); evaporation of the solvent and washing dihydride 13 and the mixture stirred at room temperature for 24 h.
of the residue with pentane yielded 10f (70 mg, 34%) as a yellow The solvent, unreacted phosphaalkyne 8, and tin hydride 13 were
solid with m.p. 86°C. 2 1H NMR (C6D6): δ 5 0.70 (t, 3JH,H 5 removed under vacuum. Further purification by distillation, chro-
7.24 Hz, 3 H, CH2CH3), 0.82 (t, 3JH,H 5 7.87 Hz, 3 H, CH2CH3), matography, or crystallization was not possible.
0.86 [s, 3 H, C(CH3)2], 0.88 [s, 3 H, C(CH3)2], 1.27 [s, 3 H,

2,4-Di-tert-butyl-2-hydridodimethylstannyl-1,2-dihydro-1λ3,3λ3-C(CH3)2], 1.29 [s, 3 H, C(CH3)2], 7.1027.18 (m, 9 H, m, p-C6H5),
diphosphete (14a): From 8a (800 mg, 8 mmol) in pentane and 13a7.27 (dd, 1JH,P 5 166.59 Hz, 3JH,P 5 19.98 Hz, 1 H, P2H),
(452 mg, 3 mmol) to furnish 14a (70 mg, 7%) as a yellow oil. 27.7327.82 (m, 6 H, o-C6H5). 2 13C{1H} NMR (C6D6): δ 5 9.1 (s,
31P{1H} NMR (C6D6): δ 5 1.9 (dd, 1JP,H 5 161.5 Hz, 2JP,P 5 40.9CH2CH3), 9.5 (s, CH2CH3), 24.8 [br. s, C(CH3)2], 25.1 [br. s,
Hz, P-1), 371.5 (dd, 2JP,P 5 40.9 Hz, 3JP,H 5 18.5 Hz, P-3). 2 IRC(CH3)2], 35.2 (br. s, CH2CH3), 35.8 (br. s, CH2CH3), 39.7 (d,
(film): ν̃ 5 2930, 2910, 2170 (P2H), 1790 (Sn2H), 1450, 1350,1JC,P 5 6.7 Hz, C2) , 41.3 [s, C(CH3)2CH2CH3], 42.5 [s,
1250, 1240, 1050, 1010, 860, 830, 760, 620 cm21.C(CH3)2CH2CH3], 128.4 (s, o-C), 128.8 (s, p-C), 137.8 (s,

3JC,117/119Sn 5 34.4 Hz, m-C), 141.6 (s, ipso-C), 222.7 (dd, 1JC,P 5 2,4-Di-tert-butyl-2-hydridodipropylstannyl-1,2-dihydro-1λ3,3λ3-
52.0, 22.4 Hz, C-4). 2 31P{1H} NMR (C6D6): δ 5 3 (d, 2JP,P 5 40 diphosphete (14b): From 8a (800 mg, 8 mmol) in pentane and 13b
Hz, P-1), 376 (d, 2JP,P 5 40 Hz, P-3). 2 IR (pentane): ν̃ 5 2990, (620 mg, 3 mmol) to furnish 14b (110 mg, 9%) as a yellow oil. 2
2199 (P2H), 1468, 1429, 1261, 1072, 1021, 807, 726 cm21. 2 MS; 31P{1H} NMR (C6D6): δ 5 20.4 (dd, 1JP,H 5 163 Hz, 2JP,P 5 41
m/z (%): 580 (1) [M1], 351 (100) [SnPh3

1], 274 (20) [SnPh2
1], 197 Hz, P-1), 369.7 (dd, 2JP,P 5 41 Hz, 3JP,H 5 21 Hz, P-3). 2 IR

(62) [SnPh1], 77 (20) [C6H5
1], 71 (13) [C(CH3)2CH2CH3

1]. 2 HR- (film): ν̃ 5 3000, 2980, 2920, 2900, 2160 (P2H), 1800 (Sn2H),
MS: C30H38P2Sn: calcd. 580.1470; found 580.1465. 1350, 1250, 1240, 1050, 1010, 860, 830, 770, 750 cm21.

1,2-Dihydro-1,3-diphosphetes 16 and Homocubane 17. 2 General1,2-Bis(triphenylstannyl)phosphanes 11a, b. 2 General Pro-
cedure: To a solution of phosphaacetylene 8 in pentane was added Procedure: Diorganotin dichloride 15 was dissolved in toluene (3

ml) and pentane (3 ml) and cooled to 0°C. Diorganotin dihydridetriphenyltin hydride (1b). The mixture was stirred for one week at
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13 was added and the reaction solution was stirred for 15 min. 1.2 Hz, 1JC,117/119Sn 5 266.1 Hz, Sn2CH2), 14.1 [s,

Sn2(CH2)32CH3], 27.8 (s, SnCH2CH2), 28.1 [dd, 3JC,P 5 14.0/9.4Phosphaalkyne 8 was added. After a few hours the color of the
reaction solution changed to red-brown and after 14 d the solvent Hz, C(CH3)3], 29.9 (s, CH2CH3), 31.0 [dd, 3JC,P 5 9.3/3.9 Hz,

C(CH3)3], 33.6 [d, 2JC,P 5 6.2 Hz, C(CH3)3], 36.4 (d, 1JC,P 5 23.1was removed under vacuum. The residue was taken up in pentane
(10 ml). Unreacted diorganotin dihydride 13 was crystallized at Hz, C-2), 40.7 [pt, 2JC,P 5 7.0 Hz, C(CH3)3], 239.8 (dd, 1JC,P 5

51.8/39.9 Hz, C-4). 2 31P{1H} NMR (C6D6): δ 5 6.9 (d, 2JP,P 5220°C, further crystallization at 220°C yielded the homocubane
17. Compound 17b could not be isolated. It was not possible to 39.1 Hz, 1JP,117,119Sn 5 869.9 Hz, P-1), 349.4 (d, 2JP,P 5 39.1 Hz,

P-3). 2 119Sn NMR (C6D6): δ 5 236 (dd, 1J119Sn,P 5 916 Hz,purify the oils which contained the 1,2-dihydro-1,3-diphosphetes
16 as main products. 3J119Sn,P 5 147 Hz). 2 IR (film): ν̃ 5 2950, 2925, 2870, 1470, 1380,

1220, 1125, 860 cm21. 2 MS; m/z (%): 492 (9) [M1], 57 (77) [C4H2,4-Di-tert-butyl-2-chlorodipropylstannyl-1,2-dihydro-1λ3,3λ3-
9

1]. 2 C22H46P2Sn (491.26): calcd. C 53.8, H 9.4; found C 54.0,diphosphete (16b): From 15b (690 mg, 2.5 mmol), 13b (520 mg, 2.5
H 9.3.mmol), and 8a (1600 mg, 16 mmol) to furnish 16b (ca. 85%). 2

1H NMR (C6D6): δ 5 0.8521.9 (m, 32 H, Pr-H and tBu-H), 6.82 trans-2,4-Di-tert-butyl-1-triphenylstannyl-1,2-dihydro-1λ3,3λ3-
(dd, 1JH,P 5 166 Hz, 3JH,P 5 20 Hz, 1 H, P2H). 2 13C{1H} NMR diphosphete (18b): From 10b (940 mg, 1.8 mmol) to furnish 18b
(C6D6): δ 5 18.8 (s, CH2CH3), 20.4 (s, SnCH2CH2), 23.1 (s, (940 mg, 100%) as a yellow powder with m.p. 78°C. 2 1H NMR
SnCH2), 29.7 [dd, 3JC,P 5 9.6/4.8 Hz, C(CH3)3], 30.6 [br. d, 3JC,P 5 (C6D6): δ 5 1.17 (s, 9 H, tBu-H), 1.28 (s, 9 H, tBu-H), 2.83 (d,
4.8 Hz, C(CH3)3], 37.1 [br. d, 2JC,P 5 8.0 Hz, C(CH3)3], 40.2 [br. 2JH,P 5 1.4 Hz, 1 H, PC2H), 7.2127.31 (m, 9 H, m-, p-C6H5),
s, C(CH3)3], 43.2 (dd, 1JC,P 5 39.0/6.0 Hz, C-2), 227.6 (dd, 1JC,P 5 7.7627.79 (dd, 3JH,H 5 7.7 Hz, 4JH,H 5 1 Hz, 3JH,Sn 5 45.8 Hz, 6
53.8/24.1 Hz, C-4). 2 31P{1H} NMR (C6D6): δ 5 25.5 (d, 2JP,P 5 H, o-C6H5). 2 13C{1H} NMR (C6D6): δ 5 27.8 [dd, 3JC,P 5 7.6/
43.1 Hz, P-1), 365.7 (d, 2JP,P 5 43.1 Hz, P-3). 2 IR (film): ν̃ 5 4.9 Hz, C(CH3)3], 30.9 [dd, 3JC,P 5 9.4/4.0 Hz, C(CH3)3], 33.6 [d,
2930, 2842, 2200 (P2H), 1450, 1380, 1350, 1208, 1103, 1055 cm21. 2JC,P 5 6.3 Hz, C(CH3)3], 36.7 (d, 1JC,P 5 23.2 Hz, C2, 1H coupl.:

1JC,H 5 135.7 Hz), 40.9 [dd, 2JC,P 5 7.2/5.4 Hz, C(CH3)3], 129.12,4-Di-tert-butyl-2-dibutylchlorostannyl-1,2-dihydro-1λ3,3λ3-
(s, 2JC,117/119Sn 5 62.8 Hz, o-C), 129.5 (s, 4JC117,119Sn 5 11.7 Hz, p-C),diphosphete (16c): From 15c (900 mg, 2.96 mmol), 14c (696 mg,
138.0 (s, 3JC,117/119Sn 5 35.0 Hz, m-C), 139.6 (d, 2JC,P 5 2.7 Hz, ipso-2.96 mmol) and 8a (2000 mg, 20 mmol) to furnish 16c (ca. 85%).
C), 238.1 (dd, 1JC,P 5 53.0/39.5 Hz, C-4). 2 31P{1H} NMR (C6D6):2 1H NMR (C6D6): δ 5 0.821.9 (m, 36 H, Bu-H and tBu-H),
δ 5 2.8 (d, 2JP,P 5 45.8 Hz, 1JP,119Sn 5 1060.5 Hz, 1JP,117Sn 5 1014.76.77 (dd, 1JH,P 5 166.5 Hz, 3JH,P 5 19.5 Hz, 1 H, P2H). 2
Hz, P-1), 353.3 (d, 2JP,P 5 45.8 Hz, 3JP,117,119Sn 5 167.9 Hz, P-3). 213C{1H} NMR (C6D6): δ 5 14.0 [s, Sn(CH2)3CH3], 20.3 (s,
119Sn{1H} NMR (C6D6): δ 5 2157 (dd, 1J119Sn,P 5 1056 Hz,SnCH2), 27.2 (s, CH2CH2), 28.8 (s, CH2CH2), 29.7 [br. d, 3JC,P 5
3J119Sn,P 5 177 Hz). 2 IR (KBr): ν̃ 5 3060, 2960, 1430, 1360, 1075,10 Hz, C(CH3)3], 30.7 [br. d, 3JC,P 5 4.0 Hz, C(CH3)3], 37.1 [d,
1025, 1000, 730, 700 cm21. 2 MS: m/z (%) 5 551 (3) [M1], 3512JC,P 5 7.2 Hz, C(CH3)3], 40.2 [d, 2JC,P 5 2.4 Hz, C(CH3)3], 43.2
(81) [SnPh3

1], 131 (100) [P2C5H9
1], 57 (20) [C4H9

1]. 2(br. d, 1JC,P 5 33.7 Hz, C-2), 227.6 (dd, 1JC,P 5 53.0/23.3 Hz, C-
C28H34P2Sn (551.23): calcd. C 61.0, H 6.2; found C 61.3, H 6.2.4). 2 31P{1H} NMR (C6D6): δ 5 25.3 (d, 2JP,P 5 43 Hz, P-1),

366.1 (d, 2JP,P 5 43 Hz, P-3). 2 IR (film): ν̃ 5 2930, 2900, 2880,
trans-2,4-(Diadamant-1-yl)-1-tributylstannyl-1,2-dihydro-1λ3,

2210 (P2H), 1450, 1380, 1370, 1349, 1209, 1104, 1070, 1015 cm21.
3λ3-diphosphete (18c): From 10c (200 mg, 0.31 mmol) to furnish

2,4,6,9-Tetra-tert-butyl-8-dibutylstanna-1,3,5,7-tetraphospha- 18c (200 mg, 100%) as a yellow, non-distillable oil. 2 1H NMR
pentacyclo[4.3.0.02,5.03,9.04,7]nonane (17c): From 15c (900 mg, 2.96 (C6D6): δ 5 0.922.3 (m, 57 H, Ad-H and Bu-H), 2.65 (s, 1 H,
mmol), 13c (696 mg, 2.96 mmol) and 8a (2000 mg, 20 mmol) to P2CH). 2 13C{1H} NMR (C6D6): δ 5 11.0 (s, Sn2CH2), 13.9 (s,
furnish 17c (210 mg, 6%) as yellow crystals with m.p. 145°C. 2 1H Sn2[CH2]32CH3), 27.8 (s, SnCH2CH2), 29.1 (s, C-c), 29.2 (s, C-c),
NMR (C6D6): δ 5 0.87 (t, 3JH,H 5 7.2 Hz, 6 H, CH22CH3), 1.08 30.0 (s, CH2CH3), 35.6 (d, 2JC,P 5 5.7 Hz, C-a), 36.9 (s, Cd), 37.1
(s, 9 H, tBu-H), 1.2221.47 (m, 8 H, CH22CH2), 1.27 (s, 18 H, (s, C-d), 38.5 (d, 1JC,P 5 22.9 Hz, C-2), 40.3 (dd, 3JC,P 5 8.6/4.8
tBu-H), 1.521.61 (m, 4 H, CH22CH2), 1.72 (s, 9 H, tBu-H). 2 Hz, C-b), 42.9 (dd, 2JC,P 5 6.7/3.8 Hz, C-a), 43.2 (dd, 3JC,P 5 9.1/
13C{1H} NMR (C6D6): δ 5 217.2 (m, C-2), 13.6 [s, Sn(CH2)3CH3], 4.3 Hz, C-b), 240.4 (dd, 1JC,P 5 50.6/40.1 Hz, C-4). 2 31P{1H}
18.7 (s, SnCH2), 22.7 (m, C-9), 26.0 [m, 2 3 C(CH3)3], 27.1 [m, 2 NMR (C6D6): δ 5 0.3 (d, 2JP,P 5 44.0 Hz, 1JP,117,119Sn 5 907.2 Hz,
3 C(CH3)3], 27.7 (s, CH2CH2), 30.2 (s, CH2CH2), 34.4 [m, 2 3 P-1), 340.1 (d, 2JP,P 5 44.0 Hz, 3JP,117,119Sn 5 149 Hz, P-3). 2 IR
C(CH3)3], 35.1 [pt, 2JC,P 5 7.2 Hz, 2 3 C(CH3)3], 37.6 (pt, 1JC,P 5 (film): ν̃ 5 2985, 2870, 2850, 1455, 1350, 1250, 1070, 875, 840 cm21.
13.5 Hz, C-4/C-6). 2 31P{1H} NMR (C6D6): δ 5 272.1 (dt, 2JP,P 5 2 C34H58P2Sn (647.49): calcd. C 63.1, H 9.0; found C 62.0, H 8.9.
21.0/7.6 Hz, 1JP,Sn 5 743.9 Hz, 1 P, P-7), 183.8 (dt, 2JP,P 5 21.0/

trans-2,4-(Diadamant-1-yl)-1-triphenylstannyl-1,2-dihydro-1λ3,15.3 Hz, 3JP,Sn 5 109 Hz, 1 P, P-5), 221.4 (dd, 2JP,P 5 15.3/7.6 Hz,
3λ3-diphosphete (18d): From 10d (198 mg, 0.28 mmol) to furnish2 P, P-1/P-3). 2 119Sn NMR (C6D6): δ 5 328 (dd, 1J119Sn,P 5 784
18d (198 mg, 100%) as a yellow, crystalline solid with m.p. 165°C.Hz, 3J119Sn,P 5 113 Hz). 2 IR (KBr): ν̃ 5 2925, 2890, 2830, 1450,
2 1H NMR (C6D6): δ 5 1.222.15 (m, 30 H, Ad-H), 2.43 (br., 11372, 1343, 1213, 760, 734, 696, 670 cm21. 2 MS; m/z (%): 634
H, PC2H), 6.927.35 (m, 9 H, m-, p-C6H5), 7.527.8 (m, 6 H, o-(15) [M1], 521 (31) [M1 2 2Bu 1 H], 400 (14) [Cubane1]. 2
C6H5). 2 13C{1H} NMR (C6D6): δ 5 28.89 (s, C-c), 28.92 (s, C-C28H54P4Sn (633.3): calcd. C 53.1, H 8.6; found C 53.2, H 8.4.
c), 35.6 (d, 2JC,P 5 5.6 Hz, C-a), 36.5 (s, C-d), 36.9, (s, C-d), 39.1

Thermolysis of 10a2d. 2 General Procedure: The 1,2-dihydro- (d, 1JC,P 5 24.1 Hz, C-2), 40.1 (dd, 3JC,P 5 8.0/4.1 Hz, C-b), 43.1
1,3-diphosphete 10 was dissolved in toluene (5 ml) and heated at (dd, 2JC,P 5 8.8/4.0 Hz, C-b), 43.4 (dd, 2JC,P 5 6.8/3.5 Hz, C-a),
90°C for 6 h. Removal of the solvent yielded the 1-stannyl-substi- 129.0 (s, o-C), 129.4 (s, 4JC,117/119Sn 5 11.2 Hz, p-C), 137.7 (s,
tuted 1,2-dihydro-1,3-diphosphetes 18. 3JC,117/119Sn 5 34.5 Hz, m-C), 139.9 (d, 2JC,P 5 2.4 Hz, ipso-C), 238.4

(dd, 1JC,P 5 51.4/39.4 Hz, C-4). 2 31P{1H} NMR (C6D6): δ 5trans-2,4-Di-tert-butyl-1-tributylstannyl-1,2-dihydro-1λ3,3λ3-
diphosphete (18a): From 10a (413 mg, 0.84 mmol) to furnish 18a 25.0 (d, 2JP,P 5 45.8 Hz, 1JP,117,119Sn 5 1050.5 Hz, P-1), 349.4 (d,

2JP,P 5 45.8 Hz, 3JP,117,119Sn 5 175 Hz, P-3). 2 119Sn{1H} NMR(413 mg, 100%) as a yellow oil with b.p. 170°C/5 3 1023 mbar. 2
1H NMR (C6D6): δ 5 0.921.9 (m, 45 H, Bu-H and tBu-H), 2.05 (C6D6): δ 5 2159 (dd, 1J119Sn,P 5 1099 Hz, 3J119Sn,P 5 177 Hz). 2

IR (KBr): ν̃ 5 3030, 2870, 2820, 1460, 1430, 1410, 1330, 1300,(s, 1 H, PC2H). 2 13C{1H} NMR (C6D6): δ 5 10.8 (d, 2JC,P 5
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1250, 1090, 985, 715, 685 cm21. 2 MS; m/z (%): 708 (2) [M1], 700 µ-(2,4-Di-tert-butyl-2-tributylstannyl-1,2-dihydro-η1-1λ3,η1-3λ3-

diphosphete)bis(tetracarbonyliron) (21a): From enneacarbonyldii-(3) [(SnPh3)2
1], 357 (15) [M1 2 SnPh3], 351 (100) [SnPh3

1], 135
(73) [Ad1]. 2 C40H46P2Sn (707.5): calcd. C 67.9, H 6.6; found C ron (1.5 g, 4 mmol) and 1,2-dihydro-1,3-diphosphete 10a (920 mg,

1.87 mmol) to furnish 21a (420 g, 27%) as a red-brown solid with67.7, H 6.7.
m.p. 184°C. 2 1H NMR (CD2Cl2): δ 5 0.95 (t, 3JH,H 5 7.21 Hz,

Complexations of 10a,b with Pentacarbonyltungsten · 9 H, CH2CH3), 1.2121.66 (m, 18 H, CH2), 1.44 (s, 9 H, tBu-H),
Tetrahydrofuran. 2 General Procedure: A solution of 1.45 (s, 9 H, tBu-H), 7.20 (dd, 1JH,P 5 307.25 Hz, 3JH,P 5 30.52
pentacarbonyltungsten·THF was prepared by irradiation of a solu- Hz, 1 H, P-H). 2 13C{1H} NMR (C6D6): δ 5 13.7 (s, Sn2CH2),
tion of hexacarbonyltungsten in THF (HPK, 125 W, Phillips) for 15.2 (s, Sn2[CH2]32CH3), 27.8 (s, 2JC,117/119Sn 5 71.5 Hz,
35 min. To this solution was added 10 in THF (10 ml) and the SnCH2CH2), 29.8 (s, 3JC,117/119Sn 5 17.8 Hz, CH2CH3), 30.6 [dd,
mixture was stirred at room temperature for 24 h. The solvent was 3JC,P 5 11.2/10.4 Hz, C(CH3)3], 31.1 [s, C(CH3)3], 38.2 [s, C(CH3)3],
then removed under vacuum and excess hexacarbonyltungsten was 39.8 [s, C(CH3)3], 61.9 (d, 1JC,P 5 14.8 Hz, C-2), 195.1 (pt, 1JC,P 5
sublimed at 40°C under vacuum. The residue was taken up in pen- 14.4 Hz, C-4), 214.6 (d, 2JC,P 5 11.2 Hz, CO), 217.3 (d, 2JC,P 5
tane and yielded compounds 19, 20 on crystallization at 220°C. 10.4 Hz, CO). 2 31P{1H} NMR (C6D6): δ 5 48 (d, 2JP,P 5 27 Hz,

P-1), 315 (d, 2JP,P 5 26 Hz, P-3). 2 IR (pentane): ν̃ 5 298622843,(2,4-Di-tert-butyl-2-triphenylstannyl-1,2-dihydro-η1-1λ3,3λ3-
2068 (P-H), 2054 (CO), 1971 (CO), 1472, 1453, 1362, 1261, 1022,diphosphete)pentacarbonyltungsten (19): From hexacarbonyltung-
907, 730 cm21. 2 MS; m/z (%): 828 (0.2) [M1], 660 (1) [M1 2sten (1.75 g, 5 mmol) and 1,2-dihydro-1,3-diphosphete 10b (2.05 g,
Fe(CO)4], 492 (16) [M1 2 2 Fe(CO)4], 291 (70) [SnBu3

1], 235 (96)3.72 mmol) to furnish 19 (1.46 g, 45%) as a yellow-orange, crystal-
[HSnBu2

1], 179 (100) [H2SnBu1], 57 (33) [C4H9
1], 2line powder with m.p. 153.2°C (dec.). 2 1H NMR (C6D6): δ 5

C30H46Fe2O8P2Sn (827.02): calcd. C 43.57, H 5.61; found C 43.13,1.18 (s, 9 H, tBu-H), 1.69 (s, 9 H, tBu-H), 7.3927.45 (m, 9 H, m-,
H 5.61.p-C6H5), 7.928.0 (m, 6 H, o-C6H5), 9.08 (dd, 1JH,P 5 280 Hz,

3JH,P 5 13.8 Hz, 1 H, P-H). 2 13C{1H} NMR (C6D6): δ 5 29.5 µ-(2,4-Di-tert-butyl-2-triphenylstannyl-1,2-dihydro-η1-1λ3,η1-3λ3-
[d, 3JC,P 5 5.0 Hz, C(CH3)3], 31.3 [d, 3JC,P 5 7.0 Hz, C(CH3)3], diphosphete)bis(tetracarbonyliron) (21b): From enneacarbonyldii-
37.5 [s, C(CH3)3], 39.9 [s, C(CH3)3], 45.6 (dd, 1JC,P 5 40/13 Hz, C- ron (400 mg, 1.1 mmol) and 1,2-dihydro-1,3-diphosphete 10b (200
2), 129.1 (s, o-C), 129.7 (s, p-C), 137.8 (s, m-C), 140.1 (s, ipso-C), mg, 0.36 mmol) to furnish 21b (220 mg, 69%) as a red-brown solid
198.1 (d, 2JC,P 5 6.4 Hz, COequatorial), 198.7 (d, 2JC,P 5 18.5 Hz, with m.p. 124°C. 2 1H NMR (CD2Cl2): δ 5 1.05 (s, 9 H, tBu-H),
COaxial), 209.5 (dd, 1JC,P 5 52/11 Hz, C-4). 2 31P{1H} NMR 1.60 (s, 9 H, tBu-H), 7.3927.79 (m, 15 H, C6H5), 7.67 (dd, 1JH,P 5
(C6D6): δ 5 15.3 (s, 1JP,W 5 209 Hz, P-1), 399.2 (s, P-3). 2 308.18 Hz, 3JH,P 5 28.82 Hz, 1 H, P2H). 2 13C{1H} NMR
119Sn{1H} NMR (C6D6): δ 5 298.6 (m). 2 IR (KBr): ν̃ 5 3020, (C6D6): δ 5 29.7 [dd, 3JC,P 5 11.2 Hz, C(CH3)3], 31.7 [s, C(CH3)3],
2920, 2200 (P2H), 2020 (CO), 1960 (CO), 1900 (CO), 1450, 1400, 38.5 [s, C(CH3)3], 39.5 [s, C(CH3)3], 65.3 (dd, 1JC,P 5 20.5/5.6 Hz,
1050, 820 cm21. 2 MS: m/z (%) 5 875 (24) [M1], 797 (100) [M1

C-2), 129.3 (s, 2JC,117/119Sn 5 53.0 Hz, o-C), 130.1 (s, p-C), 137.9 (s,
2 Ph], 553 (24) [M1 2 W(CO)5], 351 (96) [SnPh3

1]. 2 3JC,117/119Sn 5 37.0 Hz, m-C), 139.8 (s, ipso-C), 196.3 (pt, 1JC,P 5 15
C33H34O5P2SnW (875.12): calcd. C 45.3, H 3.9; found C 45.3, H Hz, C-4), 213.8 (d, 2JC,P 5 10.4 Hz, CO), 216.6 (d, 2JC,P 5 10.4
4.0. Hz, CO). 2 31P{1H} NMR (C6D6): δ 5 47 (d, 2JP,P 5 34 Hz, P-

1), 313 (d, 2JP,P 5 33 Hz, P-3). 2 IR (KBr): ν̃ 5 3449, 2959, 2236
µ-(2,4-Di-tert-butyl-2-tributylstannyl-1,2-dihydro-η1-1λ3,η1-3λ3-

(P2H), 2072 (CO), 2057 (CO), 2007 (CO), 1981 (CO), 1945 (CO),
diphosphete)bis(pentacarbonyltungsten) (20): From hexacarbo-

1450, 1428, 1360, 1211, 843 cm21. 2 MS; m/z (%): 887 (0.2) [M1

nyltungsten (600 mg, 1.7 mmol) and 1,2-dihydro-1,3-diphosphete
2 H], 748 (1) [M1 2 5 CO], 351 (100) [SnPh3

1], 169 (51) [HFe(CO)
10a (260 mg, 0.53 mmol) to furnish 20 (360 mg, 60%) as a yellow

4
1], 57 (55) [C4H9

1].
powder with m.p. 118°C (dec.). 2 1H NMR (C6D6): δ 5 0.9121.67
(m, 36 H, CH2 and tBu-H), 0.97 (t, 3JH,H 5 7.24 Hz, 9 H, 2,4-Di-tert-butyl-1-iodo-2-triphenylstannyl-1,2-dihydro-1λ3,3λ3-
CH2CH3), 7.71 (dd, 1JH,P 5 295.09 Hz, 3JH,P 5 31.81 Hz, 1 H, diphosphete (22): A solution of iodine (280 mg, 1.1 mmol) in diethyl
P-H). 2 13C{1H} NMR (C6D6): δ 5 13.6 (s, Sn2CH2), 15.1 (s, ether was added dropwise to a suspension of 1,2-dihydro-1,3-di-
Sn2[CH2]32CH3), 27.7 (s, 2JC,117/119Sn 5 69.1/72.3 Hz, SnCH2CH2), phosphete 10b (600 mg, 1.1 mmol) in diethyl ether (5 ml). The
29.8 (s, 3JC,117/119Sn 5 18.5 Hz, CH2CH3), 31.4 [d, 3JC,P 5 4.8 Hz, reaction mixture was stirred 15 min at room temperature and then
C(CH3)3], 31.5 [d, 3JC,P 5 5.6 Hz, C(CH3)3], 36.9 [s, C(CH3)3], 39.5 the solvent and all volatile compounds were removed under
[s, C(CH3)3], 51.9 (dd, 1JC,P 5 16/8 Hz, C-2), 194.9 (dd, 1JC,P 5 vacuum to furnish 22 as a yellow, non-distillable oil. Yield: about
39.8/7.7 Hz, C-4), 195.8 (d, 2JC,P 5 7.2 Hz, COequatorial), 196.5 (d, 90%. 2 1H NMR (C6D6): δ 5 1.05 (s, 9 H, tBu-H), 1.22 (s, 9 H,
2JC,,P 5 31.3 Hz, COaxial), 197.9 (d, 2JC,P 5 5.6 Hz, COequatorial), tBu-H), 7.027.29 (m, 9 H, m-, p-C6H5), 7.8728.12 (m, 6 H, o-
198.5 (d, 2JC,P 5 28.9 Hz, COaxial). 2 31P{1H} NMR (C6D6): δ 5 C6H5). 2 13C{1H} NMR (C6D6): δ 5 30.2 [d, 3JC,P 5 4.5 Hz,
6 (d, 2JP,P 5 26 Hz, 1JP,W 5 222 Hz, P-1), 294 (d, 2JP,P 5 26 Hz, C(CH3)3], 30.6 [dd, 3JC,P 5 11.7/3.6 Hz, C(CH3)3], 38.8 [d, 2JC,P 5
1JP,W 5 244 Hz, P-3). 2 IR (pentane): ν̃ 5 2972, 2929, 2079 8.1 Hz, C(CH3)3], 41.5 [dd, 2JC,P 5 7.2/2.7 Hz, C(CH3)3], 58.1 (pt,
(P2H), 2070 (CO), 1982 (CO), 1964 (CO), 1464, 1378, 893 cm21. 1JC,P 5 42.6 Hz, C-2), 130.4 (s, 4JC,117/119Sn 5 13.5 Hz, p-C), 136.6
2 MS; m/z (%): 1138 (2) [M1], 847 (39) [M1 2 SnBu3], 813 (17) (s, 2JC,117/119Sn 5 48.5 Hz, o-C), 138.8 (s, 3JC,117/119Sn 5 36.8 Hz, m-C),
[M1 2 W(CO)5 2 H], 679 (53) [M1 2 SnBu3 2 6 CO], 291 (100) 142.6 (s, ipso-C), 230.3 (pt, 1JC,P 5 56.6 Hz, C-4). 2 31P{1H} NMR
[SnBu3

1], 235 (72) [HSnBu2
1], 57 (32) [C4H9

1]. 2 (C6D6): δ 5 5.5 (d, 2JP,P 5 126.4 Hz, P-1), 324.9 (d, 2JP,P 5 126.4
C32H46O10P2SnW2 (1139.04): calcd. C 33.74, H 4.07; found C Hz, P-3). 2 IR (film): ν̃ 5 3035, 2930, 1460, 1420, 1355, 1065,
32.86, H 3.90. 1015, 990, 720, 690 cm21. 2 MS; m/z (%): 677 (10) [M1], 351 (71)

[SnPh3
1], 77 (51) [Ph1], 57 (21) [C4H9

1].
Complexations of 10a,b with Enneacarbonyldiiron. 2 General

Procedure: To a solution of 10 in pentane (10 ml) was added ennea- X-ray Structural Analysis of 18d [33]: Siemens P-4 diffractometer,
graphite monochromator, Mo-Kα (λ 5 0.71073 Å), structure solu-carbonyldiiron and the mixture stirred at room temperature for 24

h. The solution was then filtered through Celite and compounds tion by direct methods (SHELXTL-PLUS[34]) and structure refine-
ment by SHELXL-93[35]. Semi-empirical absorption correction by21 were crystallized from pentane at 278°C.
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hydro-1,3-diphosphete in temperature-dependent 31P-NMRuse of Ψ scans. Hydrogen atoms were placed in geometrically calcu-
measurements, see also ref. [8].lated positions (dC2H 5 0.960 Å). C40H46P2Sn; M 5 707.4 g.mol21; [17] G. Bähr, S. Pawlenko in Houben-Weyl: Methoden der Or-

monoclinic; space group C2/c; a 5 33.813(7), b 5 9.565(2), c 5 ganischen Chemie, Metallorganische Verbindungen, Vol. 13/6
Germanium, Zinn, 4th ed., Thieme, Stuttgart, 1978, p. 239.21.797(4) Å, β 5 101.33(3)°, V 5 6912(2) Å3; Z 5 8; Dcalcd. 5

[18] T. Wettling, J. Schneider, O. Wagner, C. G. Kreiter, M. Regitz,1.360 Mg/m3; µ 5 8.59 cm21; crystal size 0.30 3 0.25 3 0.20 mm;
Angew. Chem. 1989, 101, 103521037; Angew. Chem. Int. Ed.ω scan: 1.23° # Θ # 26.00°. 7998 reflections collected, 6750 inde- Engl. 1989, 28, 101321015.

pendent reflections (Rint. 5 0.0254); max./min. transmission: 0.880/ [19] R. Gleiter, K. H. Pfeifer, M. Baudler, G. Scholz, T. Wettling,
M. Regitz, Chem. Ber. 1990, 123, 7572760.0.761; 392 parameters; w-1 5 [σ2(Fo

2) 1 (0.0466P)2 1 8.3105P] and
[20] W. McFarlane, N. H. Rees, Polyhedron 1989, 8, 204722050.P 5 [(Fo

2)12Fc
2]/3; R 5 0.0386, Rw 5 0.0905 for 6750 reflections

[21] J. P. Albrand, D. Gagnaire, J. B. Robert, J. Chem. Soc., Chem.with I > 2σ(I) and R 5 0.0651, Rw 5 0.1039 for all data; residual Commun. 1968, 146921470.
electron density 483 e.nm23 and 2433 e.nm23, GOF (on F2) 5 [22] R. Appel: “Phosphaalkenes, Phosphacarbaoligoenes and Phos-

phaallenes” in Multiple Bonds and Low Coordination in Phos-1.007.
phorus Chemistry (Eds.: M. Regitz, O. J. Scherer), 1st ed., Thi-
eme, Stuttgart 1990, p. 160.

[23] J. Emsley, D. Hall, The Chemistry of Phosphorus, Harper & Row
Ltd., London 1976, p. 1772207.; Dedicated to Professor Manfred Weidenbruch on the occasion

[24] O. Stelzer, Topics in Phosphorus Chemistry, Wiley & Sons, Newof his 60th birthday.
York, 1977, vol. 9, p. 12229.[1] A. Nachbauer, U. Bergsträßer, S. Leininger, M. Regitz, Syn-

[25] [25a] E. O. Fischer, L. Knauss, R. L. Keiter, J. G. Verkade, J.thesis 1997, in press.
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lane, W. Mc Farlane, D. S. Rycroft, J. Chem. Soc. Dalton Trans.Ind. 1956, 352.
1976, 161621622.[3] G. J. M. van der Kerk, J. G. A. Luijten, J. G. Noltes, J. Appl. [26] See ref. [17], p. 257 and references cited therein.Chem. 1959, 9, 1062113. [27] A. E. Finholt, A. C. Bord Jr., K. E. Wilzbach, H. E. Schles-[4] [4a] J. G. Noltes, G. J. M. van der Kerk, Chimia 1962, 16,
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Titanium complexes containing a linked isopropyl- or benz- {C6H4(CH2NMe2)-2}Cl and of Ti(η5:η1-C5Me4SiMe2NiPr)-
{CH2C6H4(NMe2)-2}Cl revealed the presence of intramolecu-ylamido(tetramethylcyclopentadienyl) ligand C5Me4Si-

Me2NR (R = iPr, CH2Ph,) and one bidentate organyl group lar coordination with square pyramidal geometry around tita-
nium. In the ferrocenyl derivative Ti(η5:η1-C5Me4-C6H4(CH2NMe2)-2, CH2C6H4(NMe2)-2, and {η5-

C5H3(CH2NMe2)-2}Fe(η5-C5H5) were prepared by salt meta- SiMe2NCH2Ph)[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)]Cl the
NMe2 group is not bonded at the titanium atom. Ethene poly-thesis of the corresponding dichloro complex Ti(η5:η1-

C5Me4SiMe2NR)Cl2 with the lithium organyl. Single crystal merization catalyzed by these complexes upon activation
with methylaluminoxane was examined.X-ray structural analysis of Ti(η5:η1-C5Me4SiMe2NCH2Ph)-

Introduction Results and Discussion

The established synthetic route to titanium dichloro com-Homogeneous polymerization catalysts based on ti-
tanium complexes with the linked amido2cyclopentadi- plexes containing a linked amido2cyclopentadienyl ligand

C5Me4SiMe2NR is the metathesis of TiCl3(THF)3 with theenyl ligand C5Me4SiMe2NtBu[1a] [1b] [1c] have recently
gained enormous technological importance for the ef- dimetallated ligand [C5Me4SiMe2NR]22, followed by chlori-

nation with PbCl2[1h] [1i] [1j]. However, in the case of the proto-ficient synthesis of novel copolymers of ethene with α-
olefins such as 1-octene and styrene[2]. The initial design typical ligand system C5Me4SiMe2NtBu, the yield of the iso-

lated crystalline product Ti(η5:η1-C5Me4SiMe2NtBu)Cl2of this ligand system by Bercaw and Shapiro[1a] [1b] [1c] was
guided by the increased Lewis acidity of the metal com- (1)[5] was invariably low in our hands, never exceeding 40%.

Obviously, the nature of the amido substituent R in the li-plexes that would accommodate the bulkier comonomers
more easily, compared to ansa-metallocenes containing a gand C5Me4SiMe2NR critically influences the yield of

Ti(η5:η1-C5Me4SiMe2NR)Cl2 and we suspected that a ter-linked bis(cyclopentadienyl) ligand. Because of the great
industrial interest not many detailed studies on structure2 tiary amido substituent causes significant steric hindrance

during coordination of the bidentate ligand to the titaniumactivity relationships of this class of complexes have so
far appeared in the open literature[3]. In particular the center. Thus, the reaction of the doubly deprotonated ligand

Li2[C5Me4SiMe2NAd] (Ad 5 1-adamantyl) resulted only ininfluence of each of the ligand moieties on the polymeriz-
ation performance remains unknown. We have synthesized a yield of 30% for the titanium dichloro complex Ti(η5:η1-

C5Me4SiMe2NAd)Cl2 (2). Low yield was also encounteredand characterized several titanium complexes containing
a linked amido2cyclopentadienyl ligand with different during the preparation of Ti(η5:η1-C5Me4SiMe2NCMe2-

CH2tBu)Cl2 (3), derived from the inexpensive 1,1,3,3,-tetra-amido and cyclopentadienyl substituents[1d] [1h] [1i] [1j] [4a].
More recently, the influence of a donor-functionalized methylbutylamine. However, the analogous reaction with

Li2[C5Me4SiMe2NiPr] gave the yellow crystalline isopro-amido side chain on the Lewis acidity of the titanium
center has been investigated in some detail [4]. In continu- pylamido derivative Ti(η5:η1-C5Me4SiMe2NiPr)Cl2 (4) in ex-

cess of 70% yield (Scheme 1). Analytical and spectroscopication of these studies we describe here the synthesis and
characterization of some new titanium complexes with characterizations of 124 are straightforward. In the 1H-

NMR spectrum of 4, a low field shift of the methine protonthis ligand system and assess their activity towards ethene
polymerization. In particular we focus on those systems (δ 5 5.55) is observed which is typical for all related com-

plexes with secondary amido groups [Ti(η5:η1-C5H4SiMe2N-that contain a bidentate organyl group, since they may
give a clue to the possible polymerization of func- iPr)Cl2: δ 5 5.69[1j]; Ti{η5:η1-C5Me4(CH2)nSiMe2NiPr}Cl2:

δ 5 5.92 (n 5 2), δ 5 6.57 (n 5 3)[6]].tionalized monomers.
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Scheme 1 Scheme 2

Yet another limitation to the complexation of the C5Me4-
SiMe2NR ligand was noted, when (2-pyridyl)methyl-amido
as a “hetero-benzylamido” ligand was introduced. Pre-
viously we had synthesized the benzylamido complex
Ti(η5:η1-C5Me4SiMe2NCH2Ph)Cl2 (5) without any diffi-
culty[1j]. However, after tedious workup, Ti{η5:η1-C5Me4Si-
Me2NCH2(C5H4N)-2}Cl2 (6) was recovered only in 30%
yield as orange crystals. The NMR data indicate the exist-
ence of a mirror plane and do not allow the distinction
between a rigid intramolecular interaction of the pyridyl
group at the titanium center and a fluxional complexation.
However, in the the 1H-NMR spectrum of 6 the ortho pro-
ton of the pyridyl group at δ 5 9.40 is remarkably shifted
to low field compared to that in the ligand precursor
(C5Me4H)SiMe2NHCH2(C5H4N)-2 (δ 5 8.59).

We successfully introduced each of the organyl ligands
with an appended N,N-dimethylamino donor group 2-(N,N-
dimethylaminomethyl)phenyl, 2-(N,N-dimethylamino)ben-
zyl and {2-(N,N-dimethylamino)methyl}ferrocenyl by sub-
stituting one chloro ligand in 4 and 5 through salt meta-
thesis. This type of bidentate organyl ligands were reported 7210 in both the 1H- and 13C-NMR spectra. The dia-

stereotopic methyl groups are rendered equivalent throughto be capable of stabilizing extremely sensitive monomeric,
paramagnetic bis(cyclopentadienyl)titanium(III) deriva- the fast inversion at the nitrogen atom. This finding sug-

gests that the N,N-dimethylamino function in these com-tives[7]. Attempts to obtain compounds with two organyl
groups failed so far, presumably due to the steric repulsion plexes is either not coordinated at the titanium or un-

dergoes a rapid association2dissociation equilibration pro-ot these bulky groups. As summarized in Scheme 2, the
complexes 7210 were obtained in good yields by the reac- cess on the NMR time scale. Temperature dependent 1H-

NMR measurements of 9 down to 250°C in CDCl3 onlytion in toluene of the dichloro precursors 4 and 5 with one
equivalent of lithium{2-(N,N-dimethylaminomethyl)- resulted in slight changes in the chemical shifts and no de-

coalescence of the NMe2 signal was observed. Based onphenyl} and lithium{2-(N,N-dimethylamino)benzyl},
respectively. The complexes 7 and 8 were isolated as yellow, what we have learned from the titanium complexes with the

potentially tridentate ligand system [C5R94SiMe2-9 and 10 as red crystals, sensitive to air and moisture. They
were fully characterized by NMR spectroscopy, mass spec- NCH2CH2NMe2]22 (C5R94 5 C5H4, C5H3tBu,

C5Me4)[4a] [4b], the latter scenario appears to be more prob-tral and elemental analysis.
Complexes 7210 are soluble in toluene and THF, but able, in particular in view of the crystal structures of 8 and

9 (vide infra). Likewise, a similar bonding situation can beonly slightly soluble in aliphatic hydrocarbons. In contrast
to the dichloro complexes 4 and 5, the 1H-NMR spectra found for the trichloro complexes of the type Ti(η5-

C5H4CH2CH2NRR9)Cl3 [9a] [9b].reveal four signals for the methyl groups at the cyclopen-
tadienyl ring as well as two for the methyl groups at the According to single crystal X-ray structural analysis, the

structures of 8 and 9 in the solid state unequivocally revealsilicon due to the asymmetric titanium metal center. All
methylene protons of the various CH2 groups in 7210 are the presence of a Ti2NMe2 interaction (Figure 1 and 2).

In the 2-(N,N-dimethylaminomethyl)phenyl derivative 8 thediastereotopic, each giving rise to an AB spin pattern. The
chemical shift differences between the two doublets for the titanium2amino nitrogen bond length is 240.1(3) pm,

whereas in the benzyl derivative 9 the corresponding bondCH2NMe2 group in 7 and 8 with ∆δ > 1.1 ppm are un-
usually large[8]. In 9 and 10, the resonances due to the CH2 distance is 254.0(1) pm. Nitrogen2titanium bond lengths

in tetravalent titanium complexes range from 226 to 245group at titanium are centered around δ 5 2.3.
At room temperature, a single resonance is observed for pm[9], estimated titanium2amine distances are in the range

of 196 to 197 pm[10]. The bond distances observed in 8 andthe methyl groups of the N,N-dimethylamino group for
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Figure 2. ORTEP diagram of the molecular structure of Ti(η5:η1-9 are clearly longer than average. In Ti(η5:η1:η1-C5H4Si-
C5Me4SiMe2NiPr){CH2C6H4(NMe2)-2}Cl (9); thermal ellipsoidsMe2NCH2CH2NMe2)Cl2 a bond length of 241.8(7) pm was
are drawn at 50% probability level; hydrogen atoms are omitted for

observed[4b]. Interestingly, the titanium(III) complex (η5- the sake of clarity[a]

C5H5)Ti{(C6H4(CH2NMe2)-2} shows Ti2N bond dis-
tances of 298.9(4) pm[11]. The coordination geometry for
each complex 8 and 9 can be best described as square py-
ramidal, where the atoms N1, N2, Cl, and C15(C19) define
a plane and the cyclopentadienyl ring resides perpendicular
to this plane. In both 8 and 9, the N,N-dimethylamino
group adopts the coordination site trans to the amido li-
gand. This coordination avoids the amido and the benzyl/
phenyl ligand from competing for the same metal-derived
orbitals. The amido nitrogen atoms have almost planar ge-
ometry in agreement with all structurally characterized
Ti(IV) complexes containing the linked amido2cyclopenta-
dienyl ligand[12]. There is no α-agostic interaction for the
benzyl group in 9, as was observed in the crystal structure [a] Selected bond distances (pm) and angle (°); Cp denotes the cy-

clopentadienyl centroid: Ti2N1 192.57(12), Ti2Cl 237.27(7),of Ti(η5:η1-C5Me4SiMe2NCH2Ph)(CH2Ph)2
[1j]. Both the

Ti2N2 254.03(13), Ti2Cp 208.4(2), Ti2C1 229.5(2), Ti2C2Ti2C15 of 217.1(2) pm and Ti2C152C16 of 112.83(9)° 241.4(2), Ti2C3 251.9(2), Ti2C4 247.5(2), Ti2C5 233.8(2),
are within the expected range. Ti2C15 217.2(2), Cp2Ti2N1 105.6, Ti2N12Si 105.81(6),

Ti2N12C12 122.2(1), Si2N12C12 131.3(1), Cl2Ti2N1 93.66(4),Figure 1. ORTEP diagram of the molecular structure of Ti(η5:η1- Cl2Ti2N2 78.39(3), N12Ti2N2 139.35(5), Ti2C152C16C5Me4SiMe2NCH2Ph){C6H4(CH2NMe2)-2}Cl (8); thermal ellip- 112.83(9).soids are drawn at 50% probability level; hydrogen atoms are omit-
ted for the sake of clarity[a]

signal for the N,N-dimethylamino group is recorded in the
1H- and 13C-NMR spectra, excluding a rigid coordination
of the N,N-dimethylamino group at the titanium center in
solution.

The single crystal X-ray structure analysis of 12 (Figure
3) reveals a monodentate 2-(N,N-dimethylamino)ferrocenyl
ligand in which the N,N-dimethylamino group is directed
away from the titanium atom. Somewhat shorter Ti2N1,
Ti2Cp and Ti2Cl distances as compared to 8 were found.
The Ti2C19 distance of 210.5(3) pm is shorter. The bonding
mode of 12 does not differ from that found in the titanocenes
Ti(η5-C5H5)2Cl(22n)[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)]n
(n 5 1, 2) [13], whereas in the half-sandwich complex
Ti(η5-C5H5)Cl2[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)] [9c]

a bidentate ferrocenyl ligand was observed. The well-known
significantly stronger inductive effect of the ferrocenyl[a] Selected bond distances [pm] and angle [°]; Cp denotes the cyclo-

pentadienyl centroid: Ti2N1 194.1(3), Ti2Cl 238.40(11), Ti2N2 group in comparison to the phenyl group may be respon-
240.1(3), Ti2Cp 209.9(4), Ti2C1 229.9(4), Ti2C2 239.5(4), Ti2C3 sible for the bonding mode observed in 12 [14].253.1(4), Ti2C4 250.4(4), Ti2C5 237.3(4), Ti2C19 219.5(4),

The intense color the ferrocenyl derivatives 11 and 12 ex-Cp2Ti2N1 105.5, Ti2N12Si 106.3(2), Ti2N12C12 123.5(3),
Si2N12C12 130.1(3), Cl2Ti2N1 90.3(1), Cl2Ti2N2 79.42(9), hibit are due to the presence of low-energy charge-transfer
N12Ti2N2 139.7(1).

bands. For instance, the UV/Vis spectrum of a hexane solu-
tion of 12 exhibits absorptions at λ 5 525 nm (ε 5 340)The reaction of the dichloro complexes 4 and 5 with

Li[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)], generated in situ and 406 nm (ε 5 1270) besides a strong band at 225 nm
(ε 5 2.9 ·104). According to cyclovoltammetric studies inby lithiation of {2-(N,N-dimethylamino)methyl}ferrocene

with n-butyllithium, gave the mono(ferrocenyl) derivative 11 1,2-dimethoxyethane solutions, these complexes show a
rather complicated electrochemical behavior: One reversibleand 12 as hydrocarbon-soluble, violet crystals in yields of

43 and 48%, respectively (Scheme 2). In the 1H- and 13C- oxidation wave at an electrode potential (Ep 5 0.485 V for
11, 0.524 V for 12) can be attributed to the oxidation ofNMR spectra of 11 and 12, the asymmetry of the molecule

can be easily detected by the occurence of diastereotopic the ferrocenyl moiety. Other oxidation waves observed are
irreversible. Furthermore, the complexes 11 and 12 exhib-resonances. The presence of the ferrocenyl moiety is obvi-

ous from the sharp singlet due to the η5-C5H5 group at δ 5 ited only irreversible reduction waves, with no reversible re-
duction of the titanium(IV) center being detectable.4.46 and 4.39 for 11 and 12, respectively, as well as a set of

three resonances around δ 5 4.0 for the η5- Ethene polymerizations catalyzed by the complexes using
methylaluminoxane (MAO) as cocatalyst were examined inC5H3(CH2NMe2)-2 part. As in the case of 7210, only one
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with cyclovoltammetry. WITCO GmbH, Bergkamen, kindly sup-Figure 3. ORTEP diagram of the molecular structure of Ti(η5:η1-

C5Me4SiMe2NCH2Ph)[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)]Cl plied us with MAO solutions.
(12); thermal ellipsoids are drawn at 50% probability level; hydro-
gen atoms are omitted for the sake of clarity[a]

Experimental Section
General: All manipulations were performed under argon using

standard Schlenk techniques. Solvents were purified, dried, and dis-
tilled under argon. 2 1H and 13C NMR: Bruker AC 200 or Bruker
AM 400. 2 Mass spectra: Finnigan 8230. 2 UV/Vis: Zeiss spectro-
photometer DM4. 2 Elemental analyses: Microanalytical labora-
tory of the university. 2 The following reagents were synthesized
using literature procedures: C5Me4H(SiMe2Cl) [1c], TiCl3(THF)3

[15],
Ti(η5:η1-C5Me4SiMe2NCH2Ph)Cl2[7], {2-[(N,N-dimethylamino)-
methyl]phenyl}lithium[16], [2-(N,N-dimethylamino)benzyl]li-
thium[17], {2-[(N,N-dimethylamino)methyl)]ferrocenyl}lithium[17].

N-[Dimethyl(tetramethylcyclopentadienyl)silyl](1-adamantyl)-
amine: (C5Me4H)SiMe2Cl (2.38 g, 11.1 mmol) was added to a sus-
pension of Li(NHAd) (1.74 g, 11.1 mmol) in 70 ml of hexane at

[a] Selected bond distances [pm] and angle [°]; Cp denotes the cyclo- 278°C. The reaction mixture was allowed to warm to room temp.
pentadienyl centroid: Ti2N1 191.3(3), Ti2Cl 227.61(11), Ti2Cp

and stirred for 14 h. Filtration of the resulting suspension and re-204.4(3), Ti2C1 230.8(3), Ti2C2 236.9(3), Ti2C3 243.7(3), Ti2C4
moval of all volatiles in vacuo gave (C5Me4H)SiMe2NHAd as a240.6(3), Ti2C5 234.0(3), Ti2C19 210.5(3), Cp2Ti2N1 105.5,

Ti2N12Si 107.2(1), Ti2N12C12 124.1(2), Si2N12C12 128.7(2), yellow oil, yield 2.01 g (55%). 2 1H NMR (C6D6): δ 5 0.27 (s, 6
Cl2Ti2N1 105.7(9). H, SiCH3), 1.06 (s, 1 H, NH), 1.66 (s, 6H, CCH3), 1.74 (br d, 3 H,

CH2, Ad), 1.83 (s, 6H, CCH3), 1.99 (br s, 3 H, CH, Ad), 2.04 (br
d, 6 H, CH2, Ad), 2.17 (br s, 3 H, CH, Ad), 2.92 (s, 1 H, C5Me4H).a preliminary manner, as summarized in Table 1. Compared
2 13C{1H} NMR (C6D6): δ 5 4.0 (SiCH3), 11.4, 15.0 (CCH3), 30.5to the activity of the prototypical catalyst 1 with a tert-
(3-Ad), 36.7 (4-Ad), 47.6 (2-Ad), 53.9, 57.2 (ipso-Ad, C5Me4H atbutylamido or 2 with the adamantyl, the isopropylamido
Si), 133.3, 135.4 (C5Me4).

substituent complex 4 is less active, whereas the benzyl-
Dichloro{η5:η1-N-dimethyl(tetramethylcyclopentadienyl)silyl](1-amido complex 5 exhibits the highest activity. The substi-

adamantyl)amido}titanium (2): Crude Li2(C5Me4SiMe2NAd) (1.41tution of one chloro ligand by a bidentate organyl group
g, 4.1 mmol), obtained by deprotonation of (C5Me4H)SiMe2NHAdinfluenced the activity in a different manner. 8 shows only
with 2 equiv. of LinBu in hexane, was dissolved in 20 ml of THF

moderately decreased activity, suggesting that the cationic and added dropwise to a suspension of TiCl3(THF)3 (1.53 g, 4.1
active species formed by the action of MAO from both 5 mmol) in 40 ml of toluene at 260°C. After warming to room temp.,
and 8 are identical. However, the introduction of the ferro- the green reaction mixture was stirred for 2 h and treated with
cenyl group as in 12 results in a catalyst that produces low PbCl2 (1.15 g, 4.1 mmol). After stirring for 12 h, the solvent was
yields of polyethene under the same conditions. The melting removed under vacuum and the residue was extracted with 50 ml

of a toluene/hexane mixture (2:1). Filtration of the extracts, fol-temperatures of the isolated polyethenes, as determined by
lowed by concentrating the filtrate and cooling to 220°C affordedDSC, range between 134 and 142°C.
in several crops Ti(η5:η1-C5Me4SiMe2NAd)Cl2 as yellow crystals,

Table 1[a]
yield 0.57 g (31%); by-product: Ti(η5:η1-C5Me4H)Cl3. 2 1H NMR
(C6D6): δ 5 0.61 (s, 6 H, SiCH3), 1.64 (br dd, 6 H, CH2, 4-Ad),

Complex Yield[g] Activity[b]Tm[°C][c] ∆H[J/g][c]
2.09 (br s, 3 H, CH, 3-Ad), 2.14, 2.16 (s, 6H, CCH3), 2.22 (br d, 6
H, CH2, 2-Ad). 2 13C{1H} NMR (C6D6): δ 5 5.9 (SiCH3), 13.1,

Ti(η5:η1-C5Me4SiMe2NtBu)Cl2 (1) 4.11 950 141.6 128.4 16.2 (CCH3), 30.7 (3-Ad), 36.3 (4-Ad), 45.6 (2-Ad), 63.8 (ipso-Ad),
Ti(η5:η1-C5Me4SiMe2NAd)Cl2 (2) 2.01 460 133.5 108.5

104.1 (C5Me4 at Si), 137.9, 140.6 (CCH3). 2 EI MS; m/z (%): 445Ti(η5:η1-C5Me4SiMe2NiPr)Cl2 (4) 0.43 100 142.2 103.9
(88) [M1], 414 (31) [M1 2 Me], 390 (33) [M1 2 C4H7], 356 (100)Ti(η5:η1-C5Me4SiMe2NCH2Ph)Cl2

(5) 13.34 3090 135.6 138.2 [M1 2 C4H9Cl], 324 (27) [M1 2 C6H6Cl2], 297 (21)
Ti(η5:η1-C5Me4SiMe2NCH2Ph)- [C11H19Cl2SiTi1], 237 (27) [C5H17Cl2Ti1], 197 (35) [C11H23NSi1],
{C6H4(CH2NMe2)-2}Cl (8) 8 .89 2060 140.0 151.5

159 (33) [C10H11Si1], 149 [C9H13Si1]. 2 C21H33Cl2NSiTi (446.4):Ti(η5:η1-C5Me4SiMe2NCH2Ph)-
calcd. C 56.51, H 7.45, N 3.14; found C 55.29, H 7.55, N 4.38.[{η5-C5H3(CH2NMe2)-2}Fe(η5-

C5H5)]Cl (12) 0.35 80 138.6 121.9
N-[Dimethyl(tetramethylcyclopentadienyl)silyl](1,1,3,3-tetra-

methylbutyl)amine: (C5Me4H)SiMe2Cl (3.00 g, 14.0 mmol) was ad-[a] Polymerization conditions: titanium complex 5 µmol, methylalu-
ded to a suspension of Li(NHCMe2CH2tBu) (1.89 g, 14.0 mmol)minoxane 2500 µmol in toluene at 23°C, constant ethene pressure
in 60 ml of hexane at 278°C. The reaction mixture was allowed to3 bar, reaction time 2 h. 2 [b] Activity in kg(PE)/molTi ·h · cethene.

2 [c] Determined by DSC. warm to room temp. and stirred for 14 h. Filtration of the resulting
suspension and removal of all volatiles in vacuo gave crude
(C5Me4H)SiMe2NHCMe2CH2tBu which was distilled at 95°C andFinancial support of this work by the Fonds der Chemischen In-

dustrie, the Bundesministerium für Bildung, Wissenschaft, Forschung 8 · 1023 mbar to give a yellow oil, yield 2.15 g (50%). 2 1H NMR
(C6D6): δ 5 0.34 (s, 6 H, SiCH3), 0.51 (s, 1 H, NH), 1.08 [s, 9 H,und Technologie, and BASF AG (Kunststofflaboratorium) is grate-

fully acknowledged. We thank the Freiburger Materialforschungs- C(CH3)3], 1.24 [s, 6 H, C(CH3)2], 1.42 (s, 2 H, CH2), 1.81 (s, 6 H,
CCH3), 1.94 (s, 6 H, CCH3), 2.80 (s, 1 H, C5Me4H). 2 13C{1H}zentrum (Prof. R. Mülhaupt) for DSC measurements and Mr. O.

Schiemann and Prof. C. Elschenbroich, Marburg, for helping us NMR (C6D6): δ 5 2.9 (SiCH3), 11.4, 14.9 (CCH3), 31.9 [C(CH3)3,

Eur. J. Inorg. Chem. 1998, 2372244240



Titanium Complexes with a Linked Amido-Cyclopentadienyl Ligand FULL PAPER
C(CH3)3], 33.6 [C(CH3)2], 53.2, 56.8 [C(CH3)2, C5Me4H at Si], 58.9 (C6D6): δ 5 4.7 (SiCH3), 12.9, 16.0 (CCH3), 24.0 (CHCH3), 55.6

(CHCH3), 102.0 (C5Me4 at Si), 135.8, 140.1 (CCH3). 2 EI MS;(CH2), 133.4, 135.3 (CCH3). 2 EI MS; m/z (%): 307 (27) [M1], 236
(15) [C14H26NSi1], 186 (100) [C10H24NSi1], 121 (10) [C9H13

1], 114 m/z (%): 353 (10) [M1], 338 (100) [M1 2 Me], 318 (2) [M1 2 Cl],
296 (36) [M1 2 NiPr], 283 (5) [M1 2 2Cl], 204 (4) [C12H18NSi1],(13) [C8H18

1], 105 (11) [C6H9
1], 74 (42) [C2H8NSi1], 59 (10)

[C2H7Si1], 55 (5) [C2H3Si1]. 2 C19H37NSi (307.6): calcd. C 74.19, 177 (10) [C11H17Si1], 163 (4) [C10H15Si1], 119 (3) [C9H11
1], 97 (2)

[C4H7NSi1], 73 (2) [C2H7NSi1]. 2 C14H25Cl2NSiTi (354.2): calcd.H 12.12, N 4.55; found C 73.72, H 12.12, N 5.03.
C 47.47, H 7.11, N 3.95; found C 47.67, H 7.20, N 3.85.

Dichloro{η5:η1-N-dimethyl(tetramethylcyclopentadienyl)-
silyl](1,1,3,3-tetramethylbutyl)amido}titanium (3): Crude Li2(C5- N-[Dimethyl(tetramethylcyclopentadienyl)silyl](2-pyridyl)-

methylamine: (C5Me4H)SiMe2Cl (2.82 g, 13.2 mmol) was added toMe4SiMe2NCMe2CH2tBu) (1.86 g, 5.8 mmol), obtained by depro-
tonation of (C5Me4H)SiMe2NHCMe2CH2tBu with 2 equiv. of a suspension of Li{NHCH2(C5H4N)-2} (1.50 g, 13.2 mmol) in 60

ml of hexane at 278°C. The reaction mixture was allowed to warmLinBu in hexane, was dissolved in 40 ml of THF and added drop-
wise to a suspension of TiCl3(THF)3 (2.16 g, 5.8 mmol) in 30 ml of to room temp. and stirred for 14 h. Filtration of the resulting solu-

tion and removal of the solvent in vacuo gave crude (C5Me4H)Si-toluene at 260°C. After warming to room temp., the green reaction
mixture was stirred for 2 h and treated with PbCl2 (1.61 g, 5.8 Me2NHCH2(C5H4N)-2 which was distilled at 135°C and 8 ·1023

mbar to give a yellow oil, yield 2.56 g (68%). 2 1H NMR (C6D6):mmol). After stirring for 12 h, the solvent was removed under vac-
uum and the residue was extracted with 80 ml of a toluene/hexane δ 5 0.14 (s, 6 H, SiCH3), 1.46 (s, 1 H, NH), 1.94 (s, 6 H, CCH3),

2.19 (s, 6 H, CCH3), 2.98 (s, 1 H, C5Me4H), 4.17 (d, 3JHH 5 8 Hz,mixture (2:1). Filtration of the extracts, followed by concentrating
the filtrate and cooling to 220°C afforded Ti(η5:η1-C5Me4Si- 2 H, CH2), 6.76 (m, 1 H, 4-C5H4N), 7.11 (d, 3JHH 5 8 Hz, 1 H,

6-C5H4N), 7.23 (m, 1 H, 5-C5H4N), 8.59 (d, 3JHH 5 5 Hz, 1 H, 3-Me2NCMe2CH2tBu)Cl2 as yellow crystals; yield 0.47 g (19%). 2
1H NMR (C6D6): δ 5 0.62 (s, 6 H, SiCH3), 1.10 [s, 9 H, C(CH3)3], C5H4N). 2 13C{1H} NMR (CDCl3): δ 5 -2.6 (SiCH3), 11.1, 14.3

(CCH3), 47.7 (CH2), 56.6 (C5Me4H at Si), 120.8 (5-C5H4N), 121.31.75 [s, 6 H, C(CH3)2], 1.87 (s , 2 H, CH2), 2.13 (s, 6 H, CCH3),
2.14 (s, 6 H, CCH3). 2 13C{1H} NMR (C6D6): δ 5 6.0 (SiCH3), (6-C5H4N), 132.7, 135.6 (C5Me4), 136.3 (5-C5H4N), 148.8 (3-

C5H4N), 162.9 (ipso-C5H4N). 2 EI MS; m/z (%): 252 (8) [M1 213.0, 16.2 (CCH3), 31.7 [C(CH3)3], 31.7 [C(CH3)2], 31.8 [C(CH3)3],
57.3 (CH2), 67.0 [C(CH3)2], 104.1 (C5Me4 at Si), 138.2, 140.5 C2H10], 196 (100) [MH1 2 C6H5N], 181 (12) [C11H21Si1], 163 (6)

[C8H11N2Si1], 131 (13) [C6H3N2Si1], 120 (39) [C9H12
1], 105 (25)(CCH3). 2 EI MS; m/z (%): 408 (7) [M1 2 Me], 352 (100) [M1 2

CH2CMe3], 296 (17) [M1 2 NCMe2CH2CMe3], 261 (4) [M1 2 [C6H5N2
1], 91 (6) [C6H5N1], 75 (39) [C2H9NSi1], 58 (2) [C2H6Si1].

2 C17H26N2Si (286.5): calcd. C 71.27, H 9.15, N 9.78; found CNCMe2CH2CMe3, 2 Cl], 243 (3) [C15H21NSi1], 203 (2)
[C12H17NSi1], 177 (9) [C11H17Si1], 161 (6) [C10H13Si1], 148 (4) 68.16, H 9.88, N 11.44.
[C8H12Si1], 119 (2) [C9H11

1], 57 (16) [C2H5Si1]. 2
Dichloro{η5:η1-N-dimethyl(tetamethylcyclopentadienyl)silyl](2-C19H35Cl2NSiTi (424.4): calcd. C 53.78, H 8.31, N 3.30; found C

pyridylmethyl)amido}titanium (6): Ti(η5:η1-C5Me4SiMe2NCH2-2-52.76, H 8.40, N 5.06.
C5H4N)Cl2 was obtained from the reaction of Li2(C5Me4Si-
Me2NCH2-2-C5H4N) (2.02 g, 6.78 mmol) with TiCl3(THF)3 (2.51N-[Dimethyl(tetramethylcyclopentadienyl)silyl]isopropylamine:

(C5Me4H)SiMe2Cl (4.83 g, 22.5 mmol) was added to a suspension g, 6.78 mmol) and PbCl2 (1.89 g, 6.78 mmol) in THF as an orange
solid in a manner analogous to that described for the synthesis ofof Li(NHiPr) (1.46 g, 22.5 mmol) in 60 ml of hexane at 278°C.

The reaction mixture was allowed to warm to room temp. and 4; yield 0.85 g (31%). 2 1H NMR (C6D6): δ 5 0.46 (s, 6 H, SiCH3),
2.31 (s, 6 H, CCH3), 2.45 (s, 6 H, CCH3), 4.46 (s, 2 H, CH2), 6.57stirred for 14 h. Filtration of the resulting suspension and removal

of all volatiles in vacuo gave crude (C5Me4H)SiMe2NHiPr which (d, 3JHH 5 8 Hz, 1 H, 6-C5H4N), 6.68 (t, 3JHH 5 6 Hz, 1 H, 4-
C5H4N), 6.94 (dt, 3JHH 5 8 Hz, 4JHH 5 2 Hz, 1 H, 5-C5H4N),was distilled at 70°C and 8 ·1023 mbar to give a yellow oil; yield

4.30 g (80%). 2 1H NMR (CDCl3): δ 5 0.01 (s, 6 H, SiCH3), 0.30 9.40 (d, 3JHH 5 6 Hz, 1 H, 3-C5H4N). 2 13C{1H} NMR (C6D6):
δ 5 1.8 (SiCH3), 13.4, 15.9 (CCH3), 63.5 (CH2), 102.6 (C5Me4 at(s, 1 H, NH), 1.05 (d, 3JHH 5 7 Hz, 6 H, CHCH3), 1.83 (s, 6 H,

CCH3), 1.98 (s, 6 H, CCH3), 2.88 (s, 1 H, C5Me4H), 3.04 (sept, Si), 119.0 (4-C5H4N), 121.1 (6-C5H4N), 134.8, 136.2 (CCH3), 138.7
(5-C5H4N), 152.7 (3-C5H4N), 161.9 (ipso-C5H4N). 2 EI MS; m/z3JHH 5 7 Hz, 1 H, CHCH3). 2 13C{1H} NMR (CDCl3): δ 5 -1.6

(SiCH3), 11.1, 14.5 (CCH3), 27.9 (CHCH3), 43.2 (CHCH3), 56.9 (%): 402 (5) [M1], 387 (7) [M1 2 Me), 372 (14) [M1 2 C2H6], 238
(7) [M1 2 C6H8NCl2], 178 (14) [C11H18Si1], 163 (100)(C5Me4H at Si), 133.0, 135.5, (CCH3). 2 EI MS; m/z (%): 237 (16)

[M1], 196 (3) [MH2
1 2 C3H7], 179 (2) [C11H20Si1], 164 (100) [C8H11N2Si1], 133 (7) [C6H5N2Si1], 121 (27) [C9H13

1], 105 (27)
[C6H5N2

1], 93 (30) [C6H7N1], 79 (17) [C5H5N1], 73 (27)[C5H15NSi1], 73 (9) [C2H7NSi1]. 2 C14H27NSi (237.5): calcd C
70.81, H 11.46, N 5.90; found C 70.77, H 11.33, N 6.04. [C2H7NSi1], 59 (32) [C2H7Si1], 52 (11) [C2Si1]. 2

C17H24Cl2N2SiTi (403.3): calcd. 50.63 H, 6.00 N, 6.95; found C
Dichloro{η5:η1-N-dimethyl(tetamethylcyclopentadienyl)silyl]- 49.61, H 6.16, N 7.10.

isopropylamido}titanium (4): Crude Li2(C5Me4SiMe2NiPr) (3.75 g,
15.0 mmol), obtained by deprotonation of (C5Me4H)SiMe2NHiPr Ti(η5:η1-C5Me4SiMe2NiPr){C6H4(CH2NMe2)-2}Cl (7): A mix-

ture of 4 (0.60 g, 1.69 mmol) and Li{C6H4(CH2NMe2)-2} (0.24 g,with 2 equiv. of LinBu in hexane, was dissolved in 40 ml of THF
and added dropwise to a suspension of TiCl3(THF)3 (5.57 g, 15.0 1.69 mmol) was treated dropwise with 65 ml of toluene at 260°C

and stirred for 12 h at room temp. After removal of the solvent,mmol) in 80 ml of toluene at 260°C. After warming to room temp.,
the green reaction mixture was stirred for 2 h and treated with the residue was extracted with 60 ml of CH2Cl2. Removal of

CH2Cl2 and crystallization from toluene at 250°C afforded yellowPbCl2 (4.18 g, 15.0 mmol). After stirring for 12 h, the solvent was
removed under vacuum and the residue was extracted with 100 ml crystals, yield 0.55 g (72%). 2 1H NMR (C6D6): δ 5 0.75 (s, 3 H,

SiCH3), 0.81 (s, 3 H, SiCH3), 1,46 (d, 3JHH 5 6 Hz, 3 H, CHCH3),of a toluene/hexane mixture (2:1). Filtration of the extracts, fol-
lowed by concentrating the filtrate and cooling to 220°C afforded 1.58 (d, 3JHH 5 6 Hz, 3 H, CHCH3), 1.63 (s, 3 H, CCH3), 1.80 (s,

3 H, CCH3), 1.91 (s, 3 H, CCH3), 2.47 (s, 6 H, NCH3), 2.57 (s, 3Ti(η5:η1-C5Me4SiMe2NiPr)Cl2 as yellow crystals, yield 3.75 g
(70%). 2 1H NMR (C6D6): δ 5 0.47 (s, 6 H, SiCH3), 1.13 (d, H, CCH3), 2.84 (d, 2JHH 5 14 Hz, 1 H, NCH2), 3.95 (d, 2JHH 5

14 Hz, 1 H, NCH2), 4.87 (sept, 3JHH 5 6 Hz, 1 H, CHCH3), 6.923JHH 5 6 Hz, 6 H, CHCH3), 2.09 (s, 6 H, CCH3), 2.10 (s, 6 H,
CCH3), 5.45 (sept, 3JHH 5 6 Hz, 1 H , CHCH3). 2 13C{1H} NMR (m, 1 H, C6H4), 7.17 (m, 2 H, C6H4), 7.83 (m, 1 H, C6H4). 2
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13C{1H} NMR (C6D6): δ 5 5.3, 5.8 (SiCH3), 12,8, 17.1, 18.0 SiCH3), 1.06 (s, 3 H, CCH3), 1.99 (s, 3 H, CCH3), 2.11 (s, 3 H,

CCH3), 2.23 (d, 2JHH 5 12 Hz, 1 H, TiCH2), 2.34 (d, 2JHH 5 12(CCH3), 24.1, 25,8 (CHCH3), 49.3 (NCH3), 55.9 (CHCH3), 70.8
(CH2NMe2), 103.0 (C5Me4 at Si), 122.5, 125.6, 126.3 (C6H4), 131.4, Hz, 1 H, TiCH2), 2.49 (s, 3 H, CCH3), 2.73 (s, 6 H, NCH3), 4.69

(d, 2JHH 5 14 Hz, 1 H, NCH2), 5.88 (d, 2JHH 5 14 Hz, 1 H,131.1, 134.0, 138.2, 144.27 (CCH3, C6H4), 145.5 (2-C6H4), 195.1
(1-C6H4). 2 EI MS; m/z (%): 452 (5) [M1], 437 (6) [M1 2 Me], NCH2), 7.08 (m, 7 H, Ph, C6H4), 7.62 (m, 2 H, Ph, C6H4). 2

13C{1H} NMR (C6D6): δ 5 1.0, 3.6 (SiCH3), 10.3, 12.4, 14.3, 17.1410 (3) [M1 2 C3H6], 318 (19) [M1 2 C6H4CH2NMe2, 2 C3H6],
134 (100) [C6H4CH2NMe2

1]. 2 C23H37ClNSiTi (453.0): calcd. C (CCH3), 47.7 (NCH3), 59.3 (NCH2), 73.7 (TiCH2), 104.7 (C5Me4

at Si), 118.4, 123.4, 125.3 (C6H4), 127.3, 128.3, 128.6 (C6H5), 129.5,60.99, H 8.23, N 6.18; found C 60.88, H 8.16, N 6.30.
130.5, 131.5, 135.5, 143.0 (CCH3, ipso-C6H5), 144.9 (1-C6H4), 153.1

Ti(η5:η1-C5Me4SiMe2NCH2Ph){C6H4(CH2NMe2)-2}Cl (8): A (2-C6H4). 2 EI MS; m/z (%): 500 (9) [M1], 366 (45) [M1 2
mixture of 5 (1.27 g, 3.16 mmol) and Li{C6H4(CH2NMe2)-2} (0.45 CH2C6H4NMe2], 261 (13) [M1 2 CH2C6H4NMe2, 2 NCH2Ph],
g, 3.19 mmol) was treated dropwise with 65 ml of toluene at 260°C 163 (8) [C9H13NSi1], 134 (100) [CH2C6H4NMe2

1], 118 (6)
and stirred for 12 h at room temp. After removal of the solvent, [C9H10

1], 91 (3) [PhCH2
1], 58 (4) [SiMe2

1]. 2 C27H37ClN2SiTi
the residue was extracted with 60 ml of CH2Cl2. Removal of (501.0): calcd. C 64.73, H 7.44, N 5.59; found C 64.49, H 7.49,
CH2Cl2 and crystallization from toluene at 250°C afforded yellow N 5.83.
crystals, yield 1.08 g (68%). 2 1H NMR (C6D6): δ 5 0.18 (s, 3 H,

Ti(η5:η1-C5Me4SiMe2NiPr)[{η5-C5H3(CH2NMe2)-2}Fe(η5-SiCH3), 0.44 (s, 3 H, SiCH3), 1.51 (s, 3 H, CCH3), 1.70 (s, 3 H,
C5H5)]Cl (11): To a solution of 4 (0.97 g, 2.74 mmol) in 90 ml ofCCH3), 1.78 (s, 3 H, CCH3), 2.38 (s, 6 H, NCH3), 2.49 (s, 3 H,
toluene cooled to 278°C was slowly added Li[{η5-CCH3), 2.73 (d, 2JHH 5 14 Hz, 1 H, C6H4-2-CH2), 3.85 (d, 2JHH 5
C5H3(CH2NMe2)-2}Fe(η5-C5H5)] (0.68 g, 2.74 mmol), dissolved in14 Hz, 1 H, C6H4-2-CH2), 5.12 (d, 2JHH 5 14 Hz, 1 H, NCH2Ph),
5 ml of diethyl ether. The mixture was allowed to warm up to room5.70 (d, 2JHH 5 14 Hz, 1 H, NCH2Ph), 6.83 (d, 3JHH 5 7 Hz, 1 H,
temperature and stirred for additional 17 h. The solvent was evapo-C6H4), 7.14 (m, 5 H, C6H5), 7.54 (m, 2 H, C6H4), 7.67 (d, 3JHH 5 7
rated and the residue was extracted with 70 ml of hexane. Concen-Hz, 1 H, C6H4). 2 13C{1H} NMR (C6D6): δ 5 3.4, 3.7 (SiCH3),
trating and cooling of the solution to 220°C afforded of violet12.6, 12.7, 17.1, 17.9 (CCH3), 49.4 (NCH2Ph), 59.91 (Si-
crystals, yield 0.66 g (43%). 2 1H NMR (C6D6): δ 5 0.64 (s, 3 H,Me2NCH2), 70.9 (CH2NMe2), 104.0 (C5Me4 at Si), 122.6, 126.5,
SiCH3), 0.74 (s, 3 H, SiCH3), 1.36 (d, 3JHH 5 7 Hz, 3 H, CHCH3),127.1, 127.4, 128.6, 129.1, 129.3, 130.4, 130.8, 142.3, 143.0, 145.7
1.56 (d, 3JHH 5 7 Hz, 3 H, CHCH3), 1.81 (s, 3 H, CCH3), 2.19 (s,(C6H5, C6H4, CCH3, ipso-C6H5), 195.94 (1-C6H4). 2 EI MS; m/z
3 H, CCH3), 2.21 (s, 3 H, CCH3), 2.23 (s, 6 H, NCH3), 2.26 (s, 3(%): 500 (8) [M1], 485 (6) [M1 2 Me], 410 (11) [M1 2 C6H4CH2],
H, CCH3), 3.13 (d, 2JHH 5 12 Hz, 1 H, NCH2), 3.43 (d, 2JHH 5134 (100) [Me2NCH2C6H4

1], 106 (23) [PhCH2NH1], 91 (59)
12 Hz, 1 H, NCH2), 3.85 (m, 1 H, C5H3), 4.28 (m, 1 H, C5H3),[PhCH2

1], 78 (8) [C6H6
1]. 2 C27H37ClN2SiTi (501.0): calcd. C

4.38 (m, 1 H, C5H3), 4.46 (s, 5 H, C5H5), 5.91 (sept, 3JHH 5 7 Hz,64.78, H 7.46, N 5.60; found C 65.05, H 7.83, N 6.22.
1 H, CHCH3). 2 13C{1H} NMR (C6D6): δ 5 5.6, 5.8 (SiCH3),

Ti(η5:η1-C5Me4SiMe2NiPr){CH2C6H4(NMe2)-2}Cl (9): A mix- 12.8, 13.3, 15.6, 15.9 (CCH3), 25.8, 26.8 (CHCH3), 45.7 (NCH3),
ture of 4 (0.62 g, 1.74 mmol) and LiCH2C6H4(NMe2)-2 (0.25 g, 52.9 (CHCH3), 62.2 (NCH2), 68.8 (4-C5H3), 71.4 (C5H5), 71.9,
1.74 mmol) was treated with 50 ml of toluene at 250°C and stirred 74.2, (C5H3), 89.6 (2-C5H3), 100.0 (C5Me4 at Si), 127.2, 133.1,
for 14 h at room temp. After removal of the solvent, the residue 136.6, 137.2, 138.4 (CCH3, 1-C5H3). 2 EI MS; m/z (%): 560 (100)
was extracted with 50 ml of a toluene/hexane mixture (1:1). Fil- [M1], 516 (5) [M1 2 C3H8], 360 (10) [M1 2 C11H12Fe], 317 (11)
tration and cooling to 250°C afforded red crystals, yield 0.51 g [C14H24NClSiTi1], 281 (5) [C14H23NSiTi1], 242 (35)
(65%). 2 1H NMR (C6D6): δ 5 0.58 (s, 3 H, SiCH3), 0.64 (s, 3 H, [C13H16NFe1], 199 (13) [C11H11Fe1], 186 (2) [C11H26Si1], 121 (4)
SiCH3), 1.14 (s, 3 H, CCH3), 1.16 (d, 3JHH 5 7 Hz, 3 H, CHCH3), [C5H4Fe1]. 2 C27H41N2ClFeSiTi (560.9): calcd. C 57.82, H 7.37,
1.44 (d, 3JHH 5 6 Hz, 3 H, CHCH3), 1.99 (s, 3 H, CCH3), 2.14 (s, N 4.99; found C 57.61, H 7.24, N 5.10.
3 H, CCH3), 2.29 (d, 2JHH 5 12 Hz, 1 H, TiCH2), 2.39 (overlap.

Ti(η5:η1-C5Me4SiMe2NCH2Ph)[{η5-C5H3(CH2NMe2)-2}Fe-d, 2JHH 5 10 Hz, 1 H, TiCH2), 2.40 (s, 3 H, CCH3), 2.69 (s, 6 H,
(η5-C5H5)]Cl (12): To a solution of 5 (1.27 g, 3.16 mmol) in 90 mlNCH3), 5.19 (sept, 3JHH 5 6 Hz, 1 H, CHCH3), 6.86 (d, 3JHH 5
of toluene cooled to 278°C was slowly added 0.78 g (3.16 mmol)8 Hz, 1 H, 3-C6H4), 6.93 (m, 1 H, 4-C6H4,), 7.05 (dt, 3JHH 5 8 Hz,
of Li[{η5-C5H3(CH2NMe2)-2}Fe(η5-C5H5)], dissolved in 5 ml of4JHH 5 1 Hz, 1 H, 5-C6H4), 7.12 (d, 3JHH 5 7.5 Hz, 1 H, 6-C6H4).
diethyl ether. The mixture was allowed to warm up to room tem-

2 13C{1H} NMR (C6D6): δ 5 4.5, 6.1 (SiCH3), 10.4, 12.5, 14.5,
perature and stirred for additional 17 h. The solvent was evapo-16.8 (CCH3), 24.2, 24.5 (CHCH3), 46.9 (NCH3), 55.0 (CHCH3),
rated and the residue was extracted with 70 ml of hexane. Concen-72.2 (TiCH2), 102.7 (C5Me4 at Si), 118.7, 123.4, 124.9 (C6H4),
trating and cooling of the solution to 220°C afforded violet crys-130.3, 130.9, 132.0, 135.8 (CCH3), 144.7 (1-C6H4), 152.5 (2-C6H4).
tals, yield 0.92 g (48%). 2 1H NMR (C6D6): δ 5 0.28 (s, 3 H,

2 EI MS; m/z (%): 318 (100) [M1 2 CH2C6H4NMe2], 274 (5) [M1

SiCH3), 0.30 (s, 3 H, SiCH3), 1.98 (s, 3 H, CCH3), 2.07 (s, 3 H,
2 CH2C6H4NMe2, 2 C3H8], 260 (53) [M1 2 CH2C6H4NMe2, 2

CCH3), 2.27 (s, 3 H, CCH3), 2.34 (s, 6 H, NCH3), 2.39 (s, 3 H,C3H8N], 243 (11) [M1 2 CH2C6H4NMe2, 2 C4H13N], 230 (3) [M1

CCH3), 3.05 (d, 2JHH 5 13 Hz, 1 H, CH2NCH3), 3.87 (d, 3JHH 5
2 CH2C6H4NMe2, 2 C5H14N], 224 (6) [M1 2 CH2C6H4NMe2,

1 Hz, 1 H, C5H3), 4.08 (d. 2JHH 5 13 Hz, 1 H, CH2NCH3), 4.21
2 C3H9N, 2 Cl], 202 (4) [C12H16NSi1], 166 (4) [C10H18Si1], 118

(m, 1 H, C5H3), 4.36 (d, 3JHH 5 1 Hz, 1 H, C5H3), 4.39 (s, 5 H,(16) [C9H10
1]. 2 C23H37ClNSiTi (453.0): calcd. C 60.99, H 8.23,

C5H5), 5.80 (d, 2JHH 5 15 Hz, 1 H, NCH2Ph), 5.98 (d, 2JHH 5 15N 6.18; found C 60.83, H 8.43, N 6.22.
Hz, 1 H, NCH2Ph), 7.26 (m, 3 H, C6H5), 7.55 (d, 3JHH 5 7 Hz, 2
H, o-C6H5). 2 13C{1H} NMR (C6D6): δ 5 2.2, 3.5 (SiCH3), 12.3,Ti(η5:η1-C5Me4SiMe2NCH2Ph){CH2C6H4(NMe2)-2}Cl (10): A

mixture of 5 (0.85 g, 2.11 mmol) and LiCH2C6H4(NMe2)-2 (0.30 12.6, 16.0, 16.4 (CCH3), 46.0 (NCH3), 58.4 (CH2Ph), 62.4
(CH2NCH3), 68.6 (4-C5H3), 71.1 (C5H5), 72.5 (3-C5H3), 75.2 (5-g 2.11 mmol) was treated with 50 ml of toluene at 250°C and

stirred for 14 h at room temp. After removal of the solvent, the C5H3), 88.2 (2-C5H3), 102.0 (C5Me4 at Si), 127.5, 127.9, 128.9,
129.1, 133.1, 134.3, 136.5, 138.4, 139.6 (CCH3, C5H3, C6H5), 142.8residue was extracted with 50 ml of a toluene/hexane mixture (1:1).

Filtration and cooling to 250°C afforded red crystals; yield 0.65 g (ipso-C6H5). 2 EI MS; m/z (%): 608 (100) [M1], 452 (22)
[C22H28N2FeSiTi1], 407 (7) [C20H21NFeSiTi1], 365 (50)(61%). 2 1H NMR (C6D6): δ 5 0.13 (s, 3 H, SiCH3), 0.41 (s, 3 H,
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Table 2. Crystallographic data and parameters of the crystal structure determinations

Compound 8 9 12

Chem. formula C27H37ClN2SiTi C23H37ClN2SiTi C31H41ClFeN2SiTi
Form wght 501.03 452.99 608.95
Cryst size [mm] 0.8 3 0.2 3 0.2 0.3 3 0.4 3 0.8 0.40 3 0.45 3 0.7
Cryst system orthorhombic triclinic monoclinic
Space group P212121 P1̄ P21/n
a [Å] 7.912(2) 8.545(2) 9.955(3)
b [Å] 11.233(1) 11.925(2) 14.297(3)
c [Å] 28.881(4) 12.755(4) 21.438(3)
α [o] 106.70(2)
β [o] 100.47(2) 92.79(2)
γ [o] 92.51(1)
V [Å3] 2566.8(8) 1217.8(5) 3047(1)
Z 4 2 4
ρcalcd [g cm23] 1.297 1.235 1.327
µ[mm21] 0.502 0.521 0.887
F(000) 1064 484 1280
T [K] 296(2) 296(2) 296(2)
2θmax [o] 60.0 60.0 56.0
Index ranges 27 # h#11, 210 # k #15, 0 # h # 12, 216 # k # 16, 0 # h # 13, 0 # k # 18,

227 # l # 40 217 # l # 17 228 # l # 28
Absorption correction empirical (ψ-scans) none empirical (ψ-scans)
Transmission (min/max) 95.57/99.97 98.66/99.98 91.91/99.91
Reflections
Collected/independent 5612/5178 7493/7054 7715/7310

[Rint 5 0.016] [Rint 5 0.008] [Rint 5 0.010]
Independent with I>2σ(I) 3916 5960 4950
No. of parameters 437 402 393
R1/wR2/s (all data) 0.0791/0.1222/1.171 0.0436/0.0965/1.127 0.0826/0.1305/1.138
R1/wR2/s [I>2σ(I)] 0.0515/0.1020/1.138 0.0325/0.0857/1.094 0.0435/0.1011/1.083
Resid. electron density [e Å23] 0.474/20.610 0.390/20.349 0.489/20.367

123, 1649. 2 [1e] W. A. Herrmann, M. J. A. Morawietz, J. Or-[C18H24ClNSiTi1], 329 (3) [C18H23NSiTi1], 298 (5)
ganomet. Chem. 1994, 482, 169. 2 [1f] S. Circuelos, T. Cuenca,[C16H16NSiTi1], 261 (12) [M1 2 FcN, 2 NCH2Ph], 243 (29) P. Gómez-Sal, A. Manzanero, P. Royo, Organometallics 1995,

[C13H17NFe1], 199 (47) [C11H11Fe1], 186 (3) [C11H26Si1], 177 (8) 14, 177. 2 [1g] S. Ciruelos, T. Cuenca, R. Gómez, P. Gómez-Sal,
A. Manzanero, P. Royo, Organometallics 1996, 15, 5577. 2 [1h][C11H17Si1], 121 (49) [C5H5Fe1], 91 (54) [PhCH2

1], 77 (2) [Ph1],
F. Amor, J. Okuda, J. Organomet. Chem. 1996, 520, 245. 2 [1i]

58 (10) [C2H6Si1]. 2 C31H41N2ClFeSiTi (609.0): calcd. C 61.15, H
J. Okuda, S. Verch, T. P. Spaniol, R. Stürmer, Chem. Ber. 1996,6.79, N 4.60; found C 60.99, H 6.76, N 4.66. 129, 1429. 2 [1j] J. Okuda, T. Eberle, T. P. Spaniol, Chem. Ber.
1997, 130, 209.Crystal Structure Determination of 8, 9 and 12: X-ray data were

[2] [2a] J. A. Canich, (Exxon Chemical Co.), U.S. Patent 5,026,798,collected with an Enraf-Nonius CAD4 diffractometer at room tem- 1991. 2 [2b] J. C. Stevens, F. J. Timmers, G. W. Rosen, G. W.
perature by using Mo-Kα radiation and ω scans. The structures Knight, S. Y. Lai (Dow Chemical Co.), European Patent Appli-
were solved by direct methods (SHELXS-86) and refined by full- cation, EP 0416815 A2, 1991. 2 [2c] D. D. Devore, F. J. Tim-

mers, D. L. Hasha, R. K. Rosen, T. J. Marks, P. A. Deck, C. L.matrix least squares (SHELXL-93) against F2. Non-hydrogen
Stern, Organometallics 1995, 14, 3132. 2 [2d] K. Soga, T. Uo-atoms were refined anisotropically. The hydrogen atoms were lo- zumi, S. Nakamura, T. Toneri, T. Teranishi, T. Sano, T. Arai,

cated in difference Fourier maps and refined isotropically, except Macromol. Chem. Phys. 1996, 197, 4237. 2 [2e] F. G. Sernetz,
for 12 where the hydrogen atoms of the methyl groups are included R. Mülhaupt, R. M. Waymouth, Macromol. Chem. Phys. 1996,

197, 1071. 2 [2f] T. Shiomura, T. Asanuma, N. Inoue, Macromol.in calculated positions. For 8 and 9, isotropic temperature factors
Rapid Commun. 1996, 17, 9.were refined. Crystallographic data are summarized in Table 2[18]. [3] [3a] J. C. Stevens, Metcon 93, Houston, Mai 26228, 1993, p.

Polymerization: A 0.5 l Büchi reactor was charged with 200 ml 157; J. C. Stevens, Stud. Surface Sci. Cat. 1994, 89, 277. 2 [3b]

of toluene and at constant ethene pressure of 3 bar (c 5 0.432 mol/ F. G. Sernetz, R. Mülhaupt, F. Amor, T. Eberle, J. Okuda, J.
Polym. Sc., Part A 1997, 35,1571. 2 [3c] P.-J. Sinnema, K. Lieke-l) a mixture of 1.25 ml of catalyst (c 5 4 mmol/l) and 1.5 ml of
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Homoleptic intramolecularly stabilized organozinc, -cad- (5). The crystal structures of Hg(C6H4CH2NEt2-2)2 (1c),
[M(CH2CH2CH2)2NMe]2 [M = Zn (4a), Hg (4c)], and ofmium, and -mercury compounds MR2, with R bearing an

amino function, have been synthesized from the correspond- M(CH2CH2CH2NC5H10)2 [M = Zn (5a), Cd (5b)] have been
determined by X-ray diffraction. 4a and 4c form dimers withing metal dichlorides MCl2 and the lithium salts LiC6H4CH2-

NEt2-2 (1), LiC6H3(CH2NMe2)2-2,6 (2), LiC6H3(CH2NEt2)2- an unusual coordination number (three) of the central metal.
2,6 (3), (LiCH2CH2CH2)2NMe (4), and LiCH2CH2CH2NC5H10

Introduction In this paper we present some interesting new homoleptic
compounds of the group 12 elements with alkyl- and aryl-

Diorganometal compounds of the group 12 elements are amine ligands.
of increasing interest in connection with the development
of MOVPE techniques (Metal Organic Vapor Phase Epit- Results and Discussion
axy) for the generation of type II-VI semiconductors. In

1. Intramolecularly Stabilized Arylamino Compoundsparticular, the dimethyl or diethyl derivatives of zinc, cad-
mium, and mercury have been used as precursors[1a] [1b] [1c]. The reaction of two equivalents of LiC6H4CH2NEt2-2
Unfortunately, these compounds are highly water sensitive (1) [22] [23] [24] [25], LiC6H3(CH2NMe2)2-2,6 (2), or
and, with the exception of the zinc compounds, extremely LiC6H3(CH2NEt2)2-2,6 (3) [22] [26] with one equivalent of
toxic. It was to be expected that the use of N-donor func- MCl2 (M 5 Zn, Cd, or Hg) gave the corresponding dior-
tionalized ligands, which are able to coordinate intramol- ganozinc compounds 1a, 2a, 3a, the diorganocadmium
ecularly with the metal center by formation of chelate rings, compounds 1b, 3b, and the diorganomercury compounds
should result in a considerable increase in the stability of 1c, 2c, 3c in yields of 64 to 85% (Scheme 1). The lower
such organometallic derivatives. Although numerous di- yields obtained for 1b, 3b, and 2c were caused by some de-
alkyl-metal compounds of the group 12 elements are known composition accompanied by precipitation of metallic cad-
which are intermolecularly stabilized by mono-, bi-, and tri- mium or mercury. With the exception of 3c, which is a
dentate amines, e.g. by NMe3, NEt3, py[2], 2,29- highly viscous liquid, all other derivatives are colorless
bipy[2] [3] [4] [5] [6] [7] [8] [9] [10], 1,10-phen[2] [3] [4] [10], tmeda[6] [7] [11], solids at room temperature.
N,N,N9,N9-tetraethylethylenediamine (teeda)[2] [4], (2)-spar-
teine[12], and triazines (RNCH2)3 (R 5 Me, Et, iPr)[13], only

Scheme 1a few intramolecularly N-stabilized species are known.
Zn(CH2CH2CH2NMe2)2, synthesized by Boersma et al. in
1978, was the first and, to date, the best investigated com-
pound of this type[14] [15] [16]. The corresponding cadmium
species and the corresponding diethylamino derivative of
zinc were prepared by Thiele et al. [16], the diorganozinc, -
cadmium, and -mercury compounds bearing 2-
Me2NC6H4CH2- and/or 2-Me2NCH2C6H4- as arylamino li-
gands by Atwood et al. [17], van Koten et al. [18], and O9Brien
et al. [19]. Deacon et al. succeeded in synthesizing bis[2-(pyri-
din-29-yl)phenyl]mercury and bis[2-(pyrazol-19-yl)phenyl]-
mercury[20]. A comprehensive paper concerning the struc-
ture of organomercury compounds and their secondary in-
teractions has been published by Kuz9mina and Struch-
kov[21].
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Table 1. 1H- and 13C-NMR data of the arylamino compounds 1a23c

1H-NMR δ [ppm] 13C-NMR δ [ppm]
CH3 CH3CH2 CH2Caryl CarylH CH3 CH3CH2 CH2Caryl Caryl21

1a 0.64 2.52 3.52 7.10···8.02 8.75 45.25 61.79 157.75
1b 0.77 2.43 3.44 7.09···7.40 10.33 45.90 62.07 160.72
1c 1.09 2.69 3.68 7.24···7.97 11.21 46.39 61.60 171.10
2a 2.16 2 3.36 6.96···7.27 45.60 2 65.00 159.10
2c 2.19 2 3.41 7.02···7.18 48.25 2 71.58 176.00
3a 0.85 2.63 3.74 7.29···7.43 10.35 46.09 63.42 158.44
3b 0.86 2.61 3.49 7.08···7.33 10.27 45.81 63.52 163.69
3c 0.92 2.58 3.70 7.16···7.36 10.13 45.41 61.17 171.74

Within each group of compounds, the 1H-NMR signal remarkably short at just over twice the van der Waals radius
of mercury (173 pm[32]). Figure 1b shows that two mol-of the methyl protons and the 13C-NMR signal of the

phenyl carbon atom bound to the metal center shift to ecules of 1c are situated very close to one another, resulting
in a slight bend of the phenyl groups out of the phenyl-lower fields on going from the zinc to the mercury species.

In the spectra of the cadmium and mercury derivatives 1b, mercury plane away from the Hg···Hg axis. One of the two
ethyl substituents at each nitrogen atom avoids close con-2c, and 3c, 1H- and 13C-metal coupling was observed. The

coupling constants of 1b [3J(1H,111/113Cd) 5 26, 19 Hz and tact by being situated in the same direction, whereas the
second ethyl group remains in the plane. A similar effect2,3J(13C,113Cd) 5 20, 12 Hz] are in the expected range[27] [28].

The coupling constants of 3c [1,2,3J(13C,199Hg) 5 714, 22,
42 Hz] demonstrate that the usual relationship 1J > 3J > 2J Figure 1a. ORTEP plot of the molecular structure of 1c
is also valid for the spin pair 13C,199Hg[29], while the abso-
lute values 2J and 3J of 3c and 3J of 2c (40.5 Hz) are some-
what smaller than those given in the literature[26] [27]. The
appearance of one NMR signal for both of the amino func-
tions of each ligand in 2a22c and 3a23c indicates a dy-
namic behaviour of these complexes in solution. Selected
NMR data of the arylamino compounds are summarized
in Table 1.

The mass spectra of 1a, 1b, 1c, 2c, 3a, and 3c show the
peak for the corresponding molecular ion, whereas the
spectra of the zinc and cadmium species 2a and 3b show
only ligand fragments.

Crystallization of 1c from Et2O/n-pentane afforded crys-
tals suitable for X-ray structure determination. The molecu-
lar structure of 1c is depicted in Figure 1a, and selected
bond lengths and bond angles are listed in Table 2. The
structure may be compared with that of the corresponding

Figure 1b. PLUTON plot of two molecules of 1c in the crystalmethylamine derivatives M(C6H4CH2NMe2-2)2 (M 5
Cd[19] and Hg[17]). The angle C12M2C19 becomes larger
with increasing radius of the central metal. This angle is
174° in Cd(C6H4CH2NMe2)2, exactly 180° in
Hg(C6H4CH2NMe2)2 and nearly 180° in 1c [176.7(1)°]. The
same trend is observed for the angle N2M2N9
{M(C6H4CH2NMe2)2: M 5 Cd (116.12°), Hg (180°); 1c
[151.2(2)°]}. Accordingly, the geometric arrangement of the
ligands around the metal atom changes from a distorted
trigonal bipyramid with one vacancy in the equatorial plane
for Cd(C6H4CH2NMe2)2, to a square planar system in 1c
and Hg(C6H4CH2NMe2)2. The bond distance Hg2C1 in 1c
[206.9(4) pm] is similar to that in Hg(C6H4CH2NMe2)2 (210
pm) and other mercury diaryl compounds[20] [21] [30] [31]. The
Hg2N distance [294.2(3) pm] is only slightly longer than
that in the N-methyl derivative (289 pm), but it is still in
the same range as other comparable Hg2N interac-
tions[20] [21] [32]. The Hg···Hg distance [349.3(3) pm] in 1c is
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Table 2. Selected bond lengths [pm] and angles [°] of 1c. E.s.d.s are and 4c, the compounds 4a to 4c form dimers consisting of

given in parentheses sixteen-membered rings.

atoms bond lenghts atoms bond angles Scheme 2

Hg···Hg99 349.3(3) N2Hg2N9 151.2(2)
Hg2N 294.2(3) C12Hg2C19 176.7(1)
Hg2C1 206.9(4) N2Hg2C1 71.3(1)
C12C2 139.8(5) C22C12Hg 121.5(3)
C12C6 140.4(5) C62C12Hg 121.2(3)

Symmetry transformations used to generate equivalent atoms:
9: 2 x, 1/2 2 y, z. 2 0: 1/4 2 y, 1/4 1 x, 5/4 2 z.

was observed in the analogous compound
Cd(C6H4CH2NMe2)2 with a Cd···Cd distance of 317.6 pm
and this is probably caused by weak crystal packing for-
ces[19]. The arrangement of the molecules in terms of the
metal···metal axis differs: it is staggered for 1c with an angle
of 90° and eclipsed for the cadmium derivative. Surpris-
ingly, this phenomenon of crystal packing with short Treating MCl2 (M 5 Zn, Cd, Hg) with a twofold amount
metal···metal contacts was not detected in of Li(CH2)3NC5H10 in Et2O produced the bis(3-N-piperidi-
Hg(C6H4CH2NMe2)2

[17]. no)propylmetal compounds 5a to 5c (Scheme 3) with yields
Unfortunately, it was not possible to obtain crystals suit- of 76%, 65%, and 58%, respectively. The reaction with

able for X-ray investigations of 2a, 2c, 3a, 3b, and 3c in HgCl2 was accompanied by the elimination of some met-
which the appropriate metal is bonded to tridentate amino allic mercury. 5a and 5b are colorless crystalline solids
ligands. However, we also solved the crystal and molecular which melt at 80°C or decompose above 90°C, respectively.
structure of the starting material LiC6H3(CH2NEt2)2-2,6 5b changes color to yellow on exposure to light. 5c forms
(3) [33] which has recently been published by Hey-Hawkins colorless prisms at 220°C, but is a liquid at room tempera-
et al. [34]. ture. The mass spectra of the three compounds show the

molecular ion peak, but only with very low intensity. The
2. Intramolecularly Stabilized Alkylamino Compounds first step in the fragmentation of 5b and 5c is the separation

of the ligand as a whole, a process which could not be ob-We used tridentate bis(3-lithiopropyl)methylamine,
served for 5a.(LiCH2CH2CH2)2NMe[35] (4), and bidentate 3-(N-piperidi-

no)propyllithium, LiCH2CH2CH2NC5H10
[36] (5), for the

Scheme 3synthesis of compounds 4a to 4c, and 5a to 5c.
The 5,13-diaza-5,13-dimethyl-1,9-dimetallacyclohexade-

canes 4a2c were prepared by treating equimolar amounts
of MCl2 (M 5 Zn, Cd, Hg) with (LiCH2CH2CH2)2NMe in
Et2O at ambient temperatures (Scheme 2). The colorless
and moisture sensitive compounds were isolated with yields
of 75% for the Zn compound 4a and 72% for the Hg deriva-
tive 4c. The yield of the Cd species 4b was only 49% due
to decomposition during the reaction and precipitation of
metallic cadmium. As indicated by the mass spectra of 4b
and 4c, and as proved by X-ray structural analysis of 4a

Table 3. 1H- and 13C-NMR data of the alkylamino compounds 4a25c

no. 1H NMR δ [ppm] 13C NMR δ [ppm]
MCH2 CH2 CH2N NCH3 MCH2 CH2 CH2N NCH3

4a 0.32[a] 1.85[a] 2.23[a] 1.86[a] 8.46 25.87 61.17 41.87
4b 0.67 2.01 2.25 1.89 12.14 32.56 61.89 41.93
4c 0.99 2.06 2.25 1.91 27.58 37.56 62.20 41.95
5a 0.48 1.29 2.19 2 8.22 24.82 64.06 2
5b 0.59 1.31 2.14...19 2 13.29 26.31 64.30 2
5c 1.08 1.34 2.21 2 25.08 36.72 63.36 2

[a] T 5 65°C.
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Table 4. Selected bond lengths [pm] and angles [°] of 4a and 4c. E.s.d.s are given in parentheses

atoms bond lengths atoms bond angles
4a (M 5 Zn) [a] 4c (M 5 Hg) [b] 4a (M 5 Zn) [a] 4c (M 5 Hg) [b]

M2C1 197.9(3) 209(2) C12M2C7 156.38(13) 176.7(5)
M2C7 198.3(3) 209(2) C12M2N 87.38(11) 76.3(6)
M2N 221.6(2) 277.4(11) C72M2N 112.51(11) 102.7(5)
C12C2 152.9(4) 156(2) C42N2M 103.8(2) 102.4(7)
C22C3 152.1(4) 148(2) C52N2M 118.7(2) 120.6(8)
C52C69 152.2(4) 149(2) C32N2M 102.9(2) 97.6(7)
C692C79 152.7(4) 156(2) C22C12M 105.4(2) 110.1(11)

Symmetry transformations used to generate equivalent atoms: [a] 9: 2x 1 1, 2y 1 2, 2z 1 2. 2 [b] 9: 2x 1 1, 2y 1 1, 2z.

Figure 2. ORTEP plot of the molecular structure of 4a lower fields on going from the zinc to the appropriate mer-
cury derivative (Table 3).The NMR spectra of 4a, 4b and 4c
show only one signal for the two different methylene groups
bonded to the metal centers indicating a dynamic behaviour
in solution. X-ray structure determinations performed on
the metallacyclohexadecanes 4a and 4c (suitable crystals
were obtained from n-pentane) prove the dimeric nature of
the molecules in the solid state (Figures 2 and 3, Table 4).
Each of the two metal atoms is coordinated to two carbon
atoms belonging to different ligand molecules and one ni-
trogen atom. The sum of the angles C12M2C7,
C12M2N, and C72M2N is 356° for 4a and 4c, and this
indicates that the four atoms essentially lie in a plane with a

Figure 4. ORTEP plot of the molecular structure of 5a
Figure 3. ORTEP plot of the molecular structure of 4c

In a similar way to other homoleptic dialkyl complexes
of the group 12 elements[13] [37], comparison of the 1H- and
13C-NMR spectra of the alkylamino compounds shows a
shift in the signals due to the metal-bonded CH2 groups to

Table 5. Selected bond lengths [pm] and angles [°] of 5a and 5b. E.s.d.s are given in parentheses

atoms bond lengths atoms bond angles
5a (M 5 Zn) 5b (M 5 Cd) 5a (M 5 Zn) 5b (M 5 Cd)

M2C8 199.2(3) 216.4(2) C82M2C89 155.5(2) 166.2(2)
M2N 240.4(2) 264.2(2) C82M2N9 110.04(11) 109.62(8)
N2C5 146.9(4) 146.7(3) C82M2N 84.75(11) 78.84(8)
N2C1 147.2(4) 146.6(2) N2M2N9 107.47(12) 107.42(7)
C32C4 151.5(5) 151.1(4) C12N2M 110.0(2) 110.03(12)
C42C5 151.9(5) 151.0(4) C52N2M 121.8(2) 119.29(14)
C62C7 151.1(5) 151.7(4) C62N2M 96.1(2) 96.90(12)

C72C82M 110.2(2) 110.7(2)

Symmetry transformation used to generate equivalent atoms: 9: 2x, y, 2z 1 1/2.
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ConclusionFigure 5. PLUTON plot of the molecular structure of 5b

Aryl- and alkylamino metal compounds of the group-12
elements have been synthesized and the molecular structure
of some representative examples investigated. In compari-
son to the linear structure of pure diaryl or dialkyl com-
pounds of group-12 elements, the intramolecular metal2ni-
trogen coordination through chelate ring formation has
only a weak influence on the geometry of the molecules,
a situation which is similar to that in intermolecularly N-
stabilized diorgano metal derivatives of these elements.

We are grateful to the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie for financial support.

Experimental Section
1. General: The starting anhydrous metal chlorides (Merck) were

dried under vacuum and stored under an argon atmosphere. The
aryl- and alkylamine ligand systems and their lithium compounds
(1 to 5) were prepared using known procedures. All reactions yield-
ing organometallic species were performed using standard Schlenk
techniques under dry argon and in dry solvents distilled from so-

more or less T-shaped ligand arrangement around the metal dium/benzophenone. 2 Melting points and thermal decomposition
atoms. Thus, the linear arrangement of the ligands usually temperatures were determined in sealed capillaries under argon
found in dialkylzinc and -mercury compounds is not with an HWG-SG 2000, HWS Mainz, and are uncorrected. 2
changed to a significant extent by the additional coordi- NMR (Bruker ARX 200): 1H NMR (200 MHz): ext. TMS;

13C{1H} NMR (50.26 MHz): ext. TMS; 113Cd NMR (400 MHz):nation of the nitrogen atom, indicating only a weak interac-
ext. Cd(CH3)2. 2 MS (Varian MAT 311 A) analyses were carriedtion [C12Zn2C7 156.38(13)°; C12Hg2C7 176.7(5)°]. This
out using electron impact ionisation with 70 eV. 2 Elemental analy-agrees with the relatively long M2N distances [Zn2N
ses: Perkin-Elmer Series II CHNS/O analyser 2400.221.6(2) pm; Hg2N 277.4(11) pm]. The M2C1 distances

2. Crystal Structure Determinations: Crystals of 1c, 4a, 4c, 5a,[Zn2C1 197.9(3) pm; Hg2C1 209(2) pm] are in the normal
and 5b were mounted on glass fibers and transferred to an Enraf-range for comparable complexes[9] [11] [12] [15] [31] [38] [39]. The
Nonius CAD4 four circle diffractometer (Mo-Kα radiation)triple coordination of the metal atoms is extremely unusual
equipped with a low temperature device. Data for all compoundsfor group-12 elements.
were collected with ω-2θ scans. Intensity data were monitored afterThe molecular structures of 5a and 5b (crystals suitable
every 200 reflections through the measurement of three standard

for X-ray structural analysis were obtained by crystalliza-
reflections. Raw data were corrected for Lorentz, polarization, and

tion from n-pentane) show the metal atom to be tetracoor- for absorption effects (DIFABS)[42]. The structures were solved
dinated by the binding methylene carbon and the nitrogen using Direct Methods (SHELXS-86)[43] and the refinement of the
atom of each of the two ligands (Figures 4 and 5, Table 5). molecules was performed using difference-Fourier methods
The intramolecular stabilization of the metal center by the (SHELXL-93)[44]. The older program, SHELX-76[45], was also

used to prepare the data for DIFABS. All non-hydrogen atomsnitrogen atom seems to be as weak in 5a and 5b as it was
were refined anisotropically, whereas hydrogen atoms were placedin the case of the metallacyclohexadecanes 4a and 4c be-
at calculated positions with dCH 5 98 pm and Uiso 5 8 pm2. Molec-cause the distances Zn2N [240.4(2) pm] and Cd2N
ular plots were obtained using the programs ZORTEP[46] and PLU-[264.2(2) pm] are also quite long. Furthermore, as in 4a and
TON[47]. Further details on crystals, data collection, and refine-4c and also in the comparable tetracoordinated
ment are listed in Table 6.

Zn(CH2CH2CH2NMe2)2
[15], the C82M2C89 angle is

Crystallographic data (excluding structure factors) for the struc-closer to 180° [5a Zn: 155.5(2)°; 5b Cd: 166.2(2)°] than to
tures reported in this paper have been deposited with the Cam-a tetrahedral angle. Similar long M2N distances and large
bridge Crystallographic Data Centre as supplementary communi-C82M2C89angles are known in some intermolecular
cation no. CCDC-100487. Copies of the data can be obtained freeamine-stabilized dialkylmetal species, e.g.
of charge on application to The Director, CCDC, 12 Union Road,

[M(CH2CMe3)2·tmeda] (M 5 Zn: 241.1 pm, 148°; M 5 Cd: Cambridge CB2 1EZ, UK (fax: int code 144(0)1223/336-033,
264.2 pm, 157° ) [11]. In a similar way to e-mail: deposit@chemcrys.cam.ac.uk).
Cd(C6H4CH2NMe2)2

[19], comparable donor stabilized cad-
mium[11] [40] and zinc complexes Zn(CH2CH2CH2X)2 (X 5 3. Synthesis of the Complexes
NMe2, PPh2, OMe, SMe)[15] [38] [41], the coordination sphere

Bis(2-diethylaminomethylphenyl)zinc (1a): 2-Diethylaminometh-
around the metal center is more accurately described as a ylphenyllithium (1) (4.06 g, 24.0 mmol) was dissolved in Et2O (100
distorted trigonal bipyramid with one vacancy in the equa- ml) and a solution of ZnCl2 (1.64 g, 12.0 mmol) in Et2O (40 ml)
torial plane than as a tetrahedron. The piperidyl rings in 5a was added dropwise. The mixture became pale orange, was warmed
and 5b have a chair conformation turning away from the up slightly, and a white precipitate formed. After stirring for 14 h

at room temperature the Et2O was removed in vacuo. The remain-metal center.
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Table 6. Crystal data and details of the structure analysis for compounds 1c, 4a, 4c, 5a, and 5b

1c 4a 4c 5a 5b

Formula C22H32HgN2 C14H30N2Zn2 C14H30Hg2N2 C16H32N2Zn C16H32CdN2
Mol. mass [g mol21] 525.10 357.14 627.58 317.81 364.84
Temperature [K] 160(2) 199(2) 178(2) 165(2) 199(2)
Wavelength [Å] 0.71069 0.71069 0.71069 0.71069 0.71069
Crystal system tetragonal triclinic triclinic monoclinic monoclinic
Space group I 41/a (No. 88) P 21 (No.2) P 21 (No.2) C 2/c (No.15) C 2/c (No.15)
a [Å] 19.956(3) 7.0440(9) 7.164(2) 17.368(3) 18.089(5)
b [Å] 19.956(3) 7.1367(14) 7.879(5) 6.074(2) 6.1133(10)
c [Å] 10.566(3) 8.511(2) 8.052(2) 15.388(3) 15.399(4)
α [°] 90 99.08(2) 89.38(4) 90 90
β [°] 90 91.975(14) 75.90(2) 92.27(2) 90.87(2)
γ [°] 90 106.760(14) 73.24(4) 90 90
V [Å3] 4208(2) 403.11(12) 421.2(3) 1622.1(8) 1702.7(7)
Z 8 1 1 4 4
Dcalcd. [g cm23] 1.66 1.471 2.474 1.301 1.423
µ(Mo-Kα) [mm21] 14.066 2.962 18.191 1.505 1.274
F(000) 2624 188 288 688 760
Crystal size [mm3] 0.4830.3630.24 0.2730.1530.12 1.0030.6530.40 0.5030.2530.20 0.7030.4530.25
θ range for data 1, 24 2.43, 25.02 2.61, 25.90 2.35, 24.93 2.25, 24.97
collection [°]
Index ranges 0#h#22 0#h#8 28#h#8 0#h#20 221#h#21

0#k#22 28#k#8 29#k#9 218#l#18 0#l#18
0#l#12 210#l#10 0#l#9 0#k#7 0#k#7

Refl. collected 2078 1547 1748 1462 1569
Independent refl. 1533 1420 1587 1411 1503

(Rint 5 0.02) (Rint 5 0.0120) (Rint 5 0.2613) (Rint 5 0.1057) (Rint 5 0.0289)
Absorption corr. DIFABS None DIFABS None ψ-scan 1.00 and 0.91
Refinement method Full-Matrix-Least- Full-Matrix-Least- Full-Matrix-Least- Full-Matrix-Least- Full-Matrix-Least-

Squares on F Squares on F2 Squares on F2 Squares on F2 Squares on F2

Data / restraints / 1533 / 0 /122 1420 / 0 / 83 1484 / 0 / 83 1408 / 0 / 87 1499 / 0 / 87
parameters
Goodness-of-fit on F2 2 1.120 1.089 1.073 1.053
Final R indices R1 5 0.0204 R1 5 0.0278 R1 5 0.0570 R1 5 0.0469 R1 5 0.0192
[I>2σ(I)] wR1 5 0.0142 wR2 5 0.0724 wR2 5 0.1485 wR2 5 0.1212 wR2 5 0.0545
R indices 2 R1 5 0.0301 R1 5 0.0725 R1 5 0.0514 R1 5 0.0205
(all data) wR2 5 0.0740 wR2 5 0.2115 wR2 5 0.1293 wR2 5 0.0650
Largest diff. peak and 0.39 / 20.38 0.560 / 20.834 30.227 / 240.557 10.504 / 210.212 0.496 / 20.345
hole; min./max. [eÅ23]

ing pale yellow solid was suspended in n-hexane. The reaction mix- (5) [Cd1], and others, as for 1a. 2 C22H32CdN2 (436.91): calcd. C
60.48, H 7.38, N 6.41; found C 60.89, H 7.59, N 7.12.ture was filtered through a fine glass frit and the filtrate volume

was reduced to about 50 ml. Storing at 220°C yielded 3.98 g (85%) Bis(2-diethylaminomethylphenyl)mercury (1c): In a similar way
of colorless crystalline 1a, m.p. 40°C. 2 1H NMR (C6D6): δ 5 0.64 to 1a, HgCl2 (2.71 g, 10 mmol) and 1 (3.38 g, 20 mmol) yielded
(t, 3J 5 7.2 Hz, CH3), 2.52 (q, 3J 5 7.2 Hz, CH3CH2), 3.52 (s, 4.37 g (83%) of colorless crystalline 1c, m.p. 74°C. 2 1H NMR
CH2Caryl), 7.10-8.02 (m, CarylH). 2 13C NMR (C6D6): δ 5 8.75 (C6D6): δ 5 1.09 (t, CH3), 2.69 (q, CH3CH2), 3.68 (s, CH2Caryl),
(CH3), 45.25 (CH3CH2), 61.79 (CH2Caryl), 125.1 (C-3), 126.16 (C- 7.2427.97 (m, CarylH). 2 13C NMR (C6D6): δ 5 11.21 (CH3),
5), 126.22 (C-4), 139.38 (C-6), 146.73 (C-2), 157.75 (C-1). 2 MS; 46.39 (CH3CH2), 61.60 (sat., CH2Caryl), 126.79 (C-3), 127.09 (C-
m/z (%): 388 (5) [M(64Zn)1], 316 (8) [M1 2 NEt2], 226 (8) 5), 129.19 (C-4), 138.86 (sat., C-6), 148.03 (sat., C-2), 171.10 (C-1).
[ZnC6H4CH2NEt2

1], 162 (89) [C6H4CH2NEt2
1], 148 (58) 2 MS; m/z (%): 526 (6) [M(202Hg)1], 497 (5) [M1 2 Et], 453 (2)

[C6H4CH2NEtMe1], 91 (100) [C7H7
1], and others. 2 C22H32N2Zn [M1 2 NEt2], 202 (<1) [Hg1], and others as for 1a. 2 C22H32HgN2

(389.90): calcd. C 67.77, H 8.27, N 7.18; found C 67.60, H 8.06, (525.10): calcd. C 50.32, H 6.14, N 5.33; found C 50.80, H 6.38,
N 7.41. N 5.35.

Bis[2,6-bis(dimethylaminomethyl)phenyl]zinc (2a): A solution ofBis(2-diethylaminomethylphenyl)cadmium (1b): In a similar way
to 1a, CdCl2 (2.93 g, 16 mmol) and 1 (5.41 g, 32 mmol) yielded 2,6-bis(dimethylaminomethyl)phenyllithium (2) (0.23 g, 1.16 mmol)

in Et2O (30 ml) was mixed in portions with ZnCl2 (0.079 g, 0.584.12 g (59%) of colorless crystalline 1b, m.p. 62°C. Although the
mixture was protected from light during the reaction, the formation mmol). The mixture was stirred for 12 h and during this time a

white precipitate formed. The suspension was chilled and filteredof cadmium metal was observed. 2 1H NMR (C6D6): δ 5 0.77 (t,
3J 5 7.2 Hz, CH3), 2.43 (q, 3J 5 7.2 Hz, CH3CH2), 3.44 (s, CH2- through a fine glass frit. The pale yellow filtrate was stored at

220°C and gave 0.19 g (73%) of colorless crystalline 2a, m.p. 94°C.Caryl), 7.09-7.40 (m, CarylH), 7.94 [dd, sat.,3J 5 6.6 Hz, 4J 5 1.3
Hz, 3J(1H,111/113Cd) 5 26/19 Hz, C-6H]. 2 13C NMR (C6D6): δ 5 2 1H NMR ([D8]THF): δ 5 2.16 (s, CH3), 3.36 (s, CH2), 6.9627.27

(m, CarylH). 2 13C NMR ([D8]THF): δ 5 45.60 (CH3), 65.0010.33 (CH3), 45.90 (CH3CH2), 62.07 [sat., 3J(13C,113Cd) 5 12 Hz,
CH2Caryl], 126.31 (C-3), 126.40 (C-5), 126.91 (C-4), 140.30 (CH2), 128.10 (C-3,5), 130.00 (C-4), 140.30 (C-2,6), 159.10 (C-1).

2 MS; m/z (%): 192 (33) [C6H4(CH2NMe2)2
1], 149 (100)[sat.,2J(13C,113Cd) 5 20 Hz, C-6], 147.21 (C-2), 160.72 (C-1). 2

113Cd NMR (C6D6): δ 5 2163.10. 2 MS; m/z (%): 439 (3) [C6H4(CH3)CH2NMe2
1], and others. 2 C24H38N4Zn (447.99):

calcd. C 64.35, H 8.55, N 12.51; found C 64.19, H 8.44, N 12.62.[M(114Cd)1], 365 (7) [M1 2 NEt2], 274 (8) [CdC6H4NEt2
1], 114
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Bis[2,6-bis(dimethylaminomethyl)phenyl]mercury (2c): In a simi- crystals of 4a, m.p. 71°C. 2 1H NMR (C6D6, T 5 338 K): δ 5

0.32 (t, 3J 5 7.1 Hz, ZnCH2), 1.85 (quint, 3J 5 6.9/6.6 Hz, CH2),lar way to 2a, HgCl2 (0.25 g, 0.93 mmol) and 2 (0.37 g, 1.87 mmol)
yielded 0.31 g (57%) of colorless fine crystalline 2c, m.p. 139°C. 1.86 (s, CH3), 2.23 (t, 3J 5 6.4 Hz, CH2N). 2 13C NMR (C6D6):

δ 5 8.46 (ZnCH2), 25.87 (CH2), 41.87 (CH3), 61.17 (CH2N). 2The mixture was protected from light; although during the reac-
tion, the formation of mercury metal was observed. 2 1H NMR MS; m/z (%): 177 (6) [1/2 M(64Zn)1], 149 (13) [1/2 M1 2 CH2CH2],

84 (100) [C5H10N1], and others. 2 C14H30N2Zn2 (357.19): calcd.([D8]THF): δ 5 2.19 (s, CH3), 3.41 (CH2), 7.02-7.18 (m, CarylH).
2 13C NMR ([D8]THF): δ 5 48.25 (CH3), 71.58 [sat., C 47.08, H 8.47, N 7.84; found C 46.93, H 8.42, N 7.89.
3J(13C,199Hg) 5 40.5 Hz, CH2], 129.20 (C-3,5), 130.60 (C-4), 150.80 (5,13-Diaza)-5,13-dimethyl-1,9-dicadmacyclohexadecane (4b): In
(sat., C-2,6), 176.00 (sat., C-1). 2 MS; m/z (%): 584 (<1) a similar way to 4a, CdCl2 (1.20 g, 6.53 mmol) and 4 (0.83 g, 6.53
[M(202Hg)1], 202 (1) [Hg1], and others as for 2a. 2 C24H38HgN4 mmol) yielded 0.72 g (49%) of colorless fine crystalline 4b, m.p.
(583.19): calcd. C 49.43, H 6.57, N 9.61; found C 49.21, H 6.33, 89°C. Although the mixture was protected from light during the
N 9.48. reaction, the formation of cadmium metal was observed. 2 1H

NMR (C6D6): δ 5 0.67 (t, 3J 5 7.0 Hz, CdCH2), 1.89 (s, CH3),Bis[2,6-bis(diethylaminomethyl)phenyl]zinc (3a): A solution of 3
2.01 (quint, 3J 5 6.9/6.6 Hz, CH2), 2.25 (t, 3J 5 6.5 Hz, CH2N).(1.07 g, 4.2 mmol) in Et2O (40 ml) was mixed in portions with
2 13C NMR (C6D6): δ 5 12.14 (CdCH2), 32.56 (CH2), 41.93ZnCl2 (0.29 g, 2.1 mmol). The reaction mixture warmed up slightly.
(CH3), 61.89 (CH2N). 2 MS; m/z (%): 454 (<1) [M(114Cd)1], 227After stirring for 16 h at room temperature the solvent was removed
(3) [1/2 M(114Cd)1], 114 (3) [Cd1], and others as for 4a. 2in vacuo. The remaining solid was suspended in n-pentane. The
C14H30Cd2N2 (451.21): calcd. C 37.27, H 6.70, N 6.21; found Cmixture was filtered through a fine glass frit, and the filtrate volume
37.01, H 6.58, N 6.34.was reduced to about 20 ml. Storing at 220°C yielded 0.82 g (70%)

of colorless fine crystalline 3a, m.p. 102°C. 2 1H NMR (C6D6): (5,13-Diaza)-5,13-dimethyl-1,9-dimercuracyclohexadecane (4c):
δ 5 0.85 (t, 3J 5 7.1 Hz, CH3), 2.63 (q, 3J 5 7.1 Hz, CH3CH2), In a similar way to 4a, HgCl2 (0.14 g, 0.51 mmol) and 4 (0.065 g,
3.74 (s, CH2Caryl), 7.29-7.43 (m, CHaryl). 2 13C NMR (C6D6): δ 5 0.51 mmol) yielded 0.23 g (72%) of colorless crystalline 4c, m.p.
10.35 (CH3), 46.09 (CH3CH2), 63.42 (CH2Caryl), 124.85 (C-3,5), 97°C. 2 1H NMR (C6D6): δ 5 0.99 (t, 3J 5 6.9 Hz, HgCH2), 1.91
126.68 (C-4), 147.54 (C-2,6), 158.44 (C-1). 2 MS; m/z (%): 558 (15) (s, CH3), 2.06 (quint, 3J 5 6.9/6.5 Hz, CH2), 2.25 (t, 3J 5 6.5 Hz,
[M(64Zn)1], 529 (3) [M1 2 C2H5], 310 (17) [ZnC6H3(CH2- CH2N). 2 13C NMR (C6D6): δ 5 27.58 (HgCH2), 37.56 (CH2),
NEt2)2

1], 247 (100) [C6H3(CH2NEt2)2
1], and others. 2 41.95 (CH3), 62.20 (CH2N). 2 MS; m/z (%): 627 (<1) [M1], 315

C32H54N4Zn (560.20): calcd. C 68.61, H 9.72, N 10.00; found C (<1) [1/2 M(202Hg)1], 202 (4) [Hg1], and others as for 4a. 2
68.40, H 9.69, N 10.11. C14H30Hg2N2 (627.59): calcd. C 26.79, H 4.82 N, 4.46; found C

26.68, H 4.80, N 4.73.Bis[2,6-bis(diethylaminomethyl)phenyl]cadmium (3b): In a simi-
lar way to 3a, CdCl2 (0.21 g, 1.14 mmol) was mixed with 3 (0.58 Bis[3-(N-piperidino)propyl]zinc (5a): ZnCl2 (0.43g, 3.19 mmol)
g, 2.28 mmol) and yielded 0.43 g (62%) of colorless crystals of 3b, was added portionwise to a suspension of 5 (0.85g, 6.38 mmol) in
m.p. 137°C. Although the mixture was protected from light during Et2O (50 ml). The cloudy reaction mixture was stirred at room
the reaction, the formation of cadmium metal was observed. 2 1H temperature for 18 h. After removing the solvent and addition of
NMR (C6D6): δ 5 0.86 (t, 3J 5 7.2 Hz, CH3), 2.61 (q, 3J 5 7.1 n-pentane, the mixture was filtered through a fine glass frit. The
Hz, CH3CH2), 3.49 (s, CH2Caryl), 7.08-7.33 (m, CarylH). 2 13C pale yellow filtrate was concentrated to a volume of about 30 ml
NMR (C6D6): δ 5 10.27 (CH3), 45.81 (CH3CH2), 63.52 (sat., and yielded, after storing at 220°C, 0.77 g (76%) of colorless crys-
CH2Caryl), 124.51 (C-3,5), 126.01 (C-4), 147.54 (sat., C-2,6), 163.69 talline 5a, m.p. 80°C. 2 1H NMR (C6D6): δ 5 0.48 (t. 3J 5 7.1
(C-1). 2 113Cd NMR (C6D6): δ 5 2182.58. 2 MS; m/z (%): 246 Hz, ZnCH2), 1.29 (m, 3J 5 5.5 Hz, ZnCH2CH2), 1.52 [quint, 3J 5
(2) [C6H3(CH2NEt2)2

1 2 H], and others as for 3a. 2 C32H54CdN4 5.6 Hz, N(CH2CH2)2CH2], 2.01 [m, 3J 5 6.2 Hz,
(607.21): calcd. C 63.30, H 8.96, N 9.23; found C 63.08, H 8.94, N(CH2CH2)2CH2], 2.19 (t, 3J 5 5.6 Hz, CH2N), 2.27 [t, 3J 5 5.4
N 9.51. Hz, N(CH2CH2)2CH2]. 2 13C NMR (C6D6): δ 5 8.22 (ZnCH2),

24.82 [CH2CH2N(CH2CH2)2CH2], 25.37 [N(CH2CH2)2CH2], 55.05Bis[2,6-bis(diethylaminomethyl)phenyl]mercury (3c): In a similar
[N(CH2CH2)2CH2], 64.06 (CH2N). 2 MS; m/z (%): 316 (<1)way to 3a, HgCl2 (0.86 g, 3.17 mmol) and 3 (1.61 g, 6.33 mmol)
[M(64Zn)1], 127 (8) [C5H10N(CH2)2CH3

1], 98 (100) [C5H10-yielded 1.41 g (64%) of colorless crystals of 3c which melt below
NCH2

1], and others. 2 C16H32N2Zn (317.84): calcd. C 60.46, Hroom temperature. 2 1H NMR (C6D6): δ 5 0.92 (t, 3J 5 7.1 Hz,
10.15, N 8.81; found C 60.37, H 9.97, N 9.24.CH3), 2.58 (q, 3J 5 7.1 Hz, CH3CH2), 3.70 (s, CH2Caryl), 7.16 (t,

3J 5 7.4 Hz, C-3,5H), 7.36 (d, 3J 5 7.2 Hz, C-4H). 2 13C NMR Bis[3-(N-piperidino)propyl]cadmium (5b): In a similar way to 5a,
(C6D6): δ 5 10.13 (CH3), 45.41 (CH3CH2), 61.17 [sat., CdCl2 (0.805 g, 4.39 mmol) and 5 (1.17 g, 8.79 mmol) yielded 1.04
3J(13C,199Hg) 5 42 Hz, CH2Caryl], 125.57 (C-3,5), 126.56 (C-4), g (65%) of large colorless crystals of 5b, m.p. > 90°C (dec.). 2 1H
146.60 [sat., 2J(13C,199Hg) 5 22 Hz, C-2,6], 171.74 [sat., NMR (C6D6): δ 5 0.59 (t, 3J 5 6.9 Hz, CdCH2), 1.31 (m, 3J 5
1J(13C,199Hg) 5 714 Hz, C-1]. 2 MS; m/z (%): 696 (<1) 5.1 Hz, CdCH2CH2), 1.56 [quint, 3J 5 5.6 Hz, N(CH2CH2)2CH2],
[M(202Hg)1], 623 (2) [M1 2 NEt2], 247 (100) [C6H3(CH2NEt2)2

1], 2.04 [m, N(CH2CH2)2CH2], 2.14-2.19 [m, CH2N(CH2CH2)2CH2].
202 (1) [Hg1], and others as for 3a. 2 C32H54HgN4 (695.40): calcd. 2 13C NMR (C6D6): δ 5 13.29 [sat., 1J(13C,111/113Cd) 5 307/294
C 55.27, H 7.83, N 8.06; found C 54.84, H 8.00, N 8.07. Hz, CdCH2], 24.94 [N(CH2CH2)2CH2], 25.88 [N(CH2CH2)2CH2],

26.31 [sat., 2J(13C,113Cd) 5 15.4 Hz, CdCH2CH2), 55.38(5,13-Diaza)-5,13-dimethyl-1,9-dizincacyclohexadecane (4a): 4
[N(CH2CH2)2CH2], 64.30 [sat., 3J(13C,113Cd) 5 14.7 Hz, CH2N].(2.04 g, 16.05 mmol) was dissolved in Et2O (150 ml) and mixed in
2 MS; m/z (%): 366 (<1) [M(114Cd)1], 240 (5)portions with ZnCl2 (2.19 g, 16.05 mmol). The reaction mixture
[C5H10N(CH2)3Cd1], and others as for 5a. 2 C16H32CdN2warmed up slightly and a white precipitate formed. After stirring
(364.85): calcd. C 52.67, H 8.84, N 7.68; found C 53.28, H 8.51,at room temperature for 12 h the solvent was removed in vacuo.
N 8.36.The remaining solid was suspended in n-pentane and filtered

through a fine glass frit. The filtrate volume was reduced to about Bis[3-(N-piperidino)propyl]mercury (5c): In a similar way to 5a,
HgCl2 (1.09 g, 4.01 mmol) and 5 (1.07 g, 8.03 mmol) yielded 1.0650 ml. Storing at 220°C yielded 2.15 g (75%) of large colorless
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The titanocene vinylidene intermediate [Cp*2Ti=C=CH2] (9) The azatitanacyclobutane [Cp*2Ti{2NPh2C(Ph)(H)2(C=
CH2)2}] (22) was formed from the reaction between 9 andreacted with the carbodiimides R2N=C=N2R [R = p-

CH3C6H4 (19a), C6H11 (19b)] to give the N=C-cycloaddition benzylidene aniline [PhN=C(Ph)H (21)]. Reactivity studies
showed that azatitanacyclobutanes are unreactive upon typi-products [Cp*2Ti{2NR2C(=NR)2(C=CH2)2}] [(R = p-

CH3C6H4 (20a), C6H11 (20b)]. The X-ray structure of 20a in cal ring-enlargement reactions as observed for other four-
membered titanacycles.form of a surprisingly stable n-hexane clathrate is presented.

Results and DiscussionOxatitanacyclobutanes (1) and azatitanacyclobutenes (3)
are under discussion as intermediates in reactions of Ti5 The vinylmethyl derivative 8 reacts with one equivalent
CR2 with carbonyl compounds or nitriles. The high electro- of the carbodiimide RN5C5NR (R 5 p-CH3C6H5 19a,
philicity of the metal centre has generally prevented the iso- R 5 C6H11 19b) at room temperature in n-hexane as solvent
lation and characterization of oxa- and azatitanacyclo- with evolution of methane to give a dark green solution,
butenes: spontaneous ring opening reactions afford car- from which the azatitanacyclobutane complexes 20 are ob-
bonyl olefination (1R2), or products of vinylimido inter- tained as green crystals (20a) or as a green oil (20b). These
mediates (3R4). [1] The present paper deals with the compounds are formed nearly quantitatively (NMR) and
formation of azatitanacyclobutane complexes (5) prepared can be isolated in 92% (20a) and 88% (20b) yield. The mass
by [212] cycloaddition of a Ti5C and N5C units. spectra show the expected molecular peaks. For 20b, a

cycloreversion with formation of 9 can be detected from the
fragmentation pattern, whereas for 20a, the liberation of a
C5Me5 ligand is the main fragmentation step, indicating a
higher stability of the azatitanacyclobutane unit.

From the thermally generated titana-allene intermediate
Cp*2Ti5C5CH2 (9), formed by ethane or methane elimina-
tion from Cp*2Ti[2CH2CH2(C5CH2)2] (10) or Cp*
2Ti(CH5CH2)(CH3) (8), a wide range of four-membered
titanacycles (11218) can be produced.[2] [3] [4] [5] [6] [7] [8] The
high thermal stability of these titanacycles is the major ad-
vantage of using 9 instead of titanium methylene intermedi-
ates. [2a]

The two chemical shift signals in the 1H-NMR spectra
for the protons of the exo-methylene group in 20 (20a δ 5
4.13, 5.87; 20b δ 5 4.52, 6.32) appear to be a distinguishing
feature of the new complexes and similar metallacycles. In
addition, the chemical shifts of the ring carbon atoms in
the 13C-NMR spectra are in accordance with a σ titanium-
bonded sp2 carbon atom (20a δ 5 202.5; 20b δ 5 202.0).
The eight ring proton signals of the two p-tolyl substituents
in 20a are detectable upon cooling to 280°C [ring A:
(C112C16, assignment according to Figure 1) δ 5 4.63 (d,
1 H), 9.81 (d, 1 H), 6.68 (d, 1 H), 7.10 (d, 1 H); ring B:
(C212C26) 7.26 (m, 4 H)]. The low field shift of one proton
signal in ring A (δ 5 9.81) is attributed to a hydrogen bridge
between the N2 and the H atom at C12, as concluded from
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Figure 2. SCHAKAL drawing[11b] of molecular packing of 2 [Cp*-comparison of δ values in NH compounds.[9] Indeed, in the
2Ti{2N(p-CH3C6H4)C(5N2p-CH3C6H4)C(5CH2)2} · C6H14]X-ray structure the distance C122N2 (2.875 Å) was found
(20a. 0.5 C6H14) view on ab-plane; hydrogen atoms of 20a omitted,

to be short. The rotation of ring A is probably blocked in hexane molecules shaded
solution at lower temperatures, as indicated by 13C NMR:
three ortho C signals (δ 5 120.1, 121.6, 123.3) of the two
aromatic rings are detectable, whereas at room temperature,
only two ortho carbon resonances (δ 5 121.6, 122.1) are
present. Surprisingly, only six of the eight expected protons
are detectable at room temperature [δ 5 7.09 (m, 4 H), 6.85
(d, 2 H)], similar to the observation of other N-phenyl li-
gands in samarium complexes. [10]

The structure of 20a was confirmed by X-ray structure
determination. The PLATON plot[11a] is shown in Figure
1, and relevant bond lengths and angles are given in Table
1. The azatitanacyclobutane is obtained as a surprisingly
stable clathrate 2[Cp*2Ti{2N(p-CH3C6H4)C(5N2p- Compared to the azatitanacyclobutene 16 (R 5 tBu) the
CH3C6H4)(C5CH2)2}] · n-C6H14. It crystallizes in space Ti2N1 distance in 20a was found to be significantly longer,
group P1̄ with complex molecules in general position (2i) resulting from the hybridization of the nitrogen atom. In
and n-hexane on the crystallographic inversion centers (1e) contrast with 16, in 20 a pf2df interaction is no longer
(s. Figure 2). The atoms of the aliphatic chain exhibit small possible, due to the perpendicular orientation of the lone
displacement parameters, and all hydrogen atoms of the n- pair at the titanium-bonded nitrogen to the Cp*2Ti-ac-
hexane molecule could be located in a Fourier difference ceptor orbitals in 20. [12] This behaviour is in accordance
synthesis. Bond length and angles are in good agreement with the general observation that reactivity of bent titano-
with a previous report. [11c] The cocrystallization of the n- cene complexes is determined by the electron-deficient
hexane molecule illustrates in an excellent manner the character of the metal centre, in combination with the
highly organophilic character of permethylated metallocene orientation of the acceptor orbitals in the equatorial plane
complexes of the type Cp*2TiX2. of the metallocene fragment. [13] The N12C2 distance in 20

is in accordance with a N2C single bond, as expected.[12]
Figure 1. PLATON drawing[11a] of 2 [Cp*2Ti{2N(p-

To summarize, the structural data suggest that the reactivityCH3C6H4)C(5N2p-CH3C6H4)C(5CH2)2} ·n-C6H14] (20a · 0.5
C6H14) (30% ellipsoids) (two titanocene molecules and one mole- of 20a should differ from that of 16. The short C32C2

cule n-hexane are present in the unit cell) distance in 16 [1.485(3) Å] indicates a stronger C2C bond
than that found in 20a [1.505(4) Å]. Electrocyclic ring-open-
ing reactions are indeed observed for 16, whereas cyclore-
version reactions are expected for azametallacyclobutanes,
and are observed in the mass spectrometric fragmentation
behaviour of 20b, and the dynamic properties of other
azametallacyclobutanes derived from [Cp2Zr5NR][15] or
[(tBu3SiO)2Ti5NR][16] intermediates and olefins.

Table 1. Selected bond lenghts [Å] and angles [deg] in 2 [Cp*
2Ti{2N(p-CH3C6H4)C(5N2p-CH3C6H4)C(5CH2)2} · n C6H14]
(20a · 0.5 n C6H14) and the azatitanacyclobutene [Cp*2TiN5

C(tBu)C5CH2] (16) [6], assignment according the figure

distances [Å] angles [°]

The azatitanacyclobutane ring is planar. The p-tolyl ring 20a 16 20a 16.00
Ti2C3 2.129(3) 2.134(2) C32Ti2N1 65.8(1) 67.8(1)A (C112C16) is localized in the plane of the four-mem-
Ti2N1 2.084(2) 2.017(2) Ti2N12C2 97.4(2) 94.5(1)bered ring, whereas ring B (C212C26) is orientated perpen- Ti2C2 2.64 2.48 Ti2C32C31 140.6(2) 145.4(2)

dicular to the equatorial plane. The sum of the angles at N12C2 1.374(4) 1.290(3) Ti2N12C11 135.5(2) 2
C22N2 1.287(4) 2 C112N12C2 124.6(3) 2N1 is approximately 358°, which means that the nitrogen
C22C3 1.505(4) 1.485(3) N12C22C3 105.1(2) 113.2(2)ring atom must be sp2 hybridized with the lone pair located C32C31 1.329(4) 1.337(3) C22C32Ti 91.5(2) 84.4(1)

in a vacant p-orbital perpendicular to the ring plane.
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When 8 reacts with N-benzylidene aniline, the azatitana- Experimental Section

cyclobutane derivative 22 is formed by cycloaddition of 9 General: The preparation and handling of compounds were per-
with 21. Compound 22 was isolated in 30% yield as ther- formed with rigorous exclusion of air and moisture under a nitro-
mally stable (mp 158°C, dec.) red crystals. The expected gen atmosphere, using a standard vacuum line and Schlenk tech-

niques. All solvents were dried with the appropriate drying agentsmolecular peak is found in the mass spectrum, and frag-
and distilled under a nitrogen atmosphere. Deuterated solventsmentation occurs mainly with formation of a Cp*2Ti5NR
were degassed by freeze-pump-thaw cycles and dried over molecu-fragment (40.7%). Attempts to use this reactivity pattern
lar sieves (3 or 4 Å) prior to use. 2 1H- and 13C-NMR spectrafor preparative purposes, e. g. in reaction with acetone, have
were recorded on a Varian Unity 500 spectrometer. Chemical shiftsuntil now been unsuccessful.
are reported in ppm with reference to residual protons in deuter-
ated solvents ([D6]benzene, δ 5 7.15 for 1H-NMR spectroscopy;
[D6]benzene, δ 5 127.96 for 13C-NMR spectroscopy). 2 Mass
spectroscopic analyses were performed on a Finnigan MAT 95
mass spectrometer. 2 Infrared spectra were recorded as KBr pellets
on a Perkin2Elmer 1720X FT-IR spectrometer. 2 Elemental
analyses were carried out at the Analytische Laboratorien in Lind-
lar, Germany. 2 The titanocene complex [Cp*2Ti(CH5CH2)CH3]
(8) was prepared by literature procedures.[4] The Schiff bases were
purchased from Aldrich.

Proton transfer reactions leading to azavinylidene deriva-
Preparation of 20a: To a solution of 8 (200 mg, 0.55 mmol) in

tives Cp*2Ti(N5CPh2)CH5CH2 occur when Schiff bases 30 ml of n-hexane was added di-p-tolylcarbodiimide (19a) (0.12 g,
with nitrogen bearing an acidic hydrogen atom are used.[17]

0.55 mmol) at 220°C. The mixture was stirred and warmed to
In the case of N-benzylidenemethylamine, the fulvene com- 25°C over 4 h, forming a dark green solution, from which 20a
plex Cp*(η5:η1-C5Me4CH2)TiCH5CH2 is formed instead precipitates. Recrystallization from n-hexane at 220°C, yields 20a

as dark green crystals (210 mg, 67%) 2 mp 1502153°C (dec.) 2of the metallacyclic cycloaddition product.
1H NMR (C7D8, 500 MHz, 280°C): δ 5 1.56 [s, 30 H, C5(CH3)5],To compare the reactivity of 20 to that of the other four-
2.19 (s, 3 H, CH3), 2.32 (s, 3 H, CH3), 4.06 (s, 1 H, 5CHH), 5.79membered titanacycles 10218, different reactions were car-
(s, 1 H, 5CHH), 4.63 (d, 1 H, J 5 7.9 Hz), 6.68 (d, 1 H, J 5 7.6ried out. With isonitriles, a fast and selective insertion into
Hz), 7.10 (d, 1 H, J 5 7.3 Hz), 7.26 (m, 4 H), 9.81 (d, 1 H, J 5the Ti2C σ-bond is observed for 10 [18] and 18 [7a] (Ti2C
7.9 Hz). 2 1H NMR (C7D8, 500 MHz, 25°C): δ 5 1.68 [s, 30 H,

bond opposite to the exo-CH2 group) as well as for the C5(CH3)5], 2.19 (s, 3 H, CH3), 2.30 (s, 3 H, CH3), 4.08 (s, 1 H, 5
oxetanes 11214, [8a] [19]. The azatitanacyclobutanes 20 are CHH), 5.76 (s, 1 H, 5CHH), 6.85 (d, 2 H, J 5 6.4 Hz), 7.09 (m,
however inert to ring enlargements with small molecules 4 H). 2 13C{1H} NMR (C7D8, 125 MHz, 280°C) δ 5 12.7
(RNC, R 5 tBu, C6H11). Especially fast reactions take [C5(CH3)5], 21.2 (CH3), 21.2 (CH3), 118.7 (5CH2), 120.1, 121.6,
place between 16 and nitriles to form six-membered rings. [6] 123.3, 128.6, 128.7, 130.2, 146.0, 152.1 (Ph, 2 signals hidden), 140.5

(N-C5N). 201.5 (TiC), 125.4 [C5(CH3)5]. 2 13C{1H} NMR (C7D8,However, in the case of 20 no reactions are detectable.
125 MHz, 25°C) δ 5 12.7 [C5(CH3)5], 21.0 (CH3), 21.1 (CH3),These reactions are summarized in Scheme 1. The azatitan-
118.4 (5CH2), 121.6, 122.1, 128.3, 128.4, 129.9, 146.1, 151.8 (Ph,acyclobutane 20 also appears to be inert in the presence of
1 signal hidden), 140.3 (N-C5N), 202.5 (TiC), 125.7 [C5(CH3)5].protic agents (PhC;CH, PhOH, MeOH). Only with HCl/
2 IR (KBr): ν̃ 5 2909 (m), 2854 (m), 1608 (w), 1590 (w), 1541 (s),Et2O the formation of Cp*2TiCl2 is observed.
1504 (s), 1497 (s), 1453 (m), 1434 (m), 1335 (s), 1303 (s), 819 (s)
cm21. 2 EI-MS (70 eV) m/e (Irel) 566 (57) [M1], 459 (19), 461 (2),Scheme 1. Ring enlargement reactions of small titanacycles
432 (60), 384 (19), 318 (26). 2 C37H46N2Ti (566.67): calcd. C 78.42,
H 8.18, N 4.94; found C 78.69, H 8.10, N 4.89.

Preparation of 20b: To a solution of 8 (200 mg, 0.55 mmol) in
30 ml of n-hexane was added dicyclohexylcarbodiimid (19b) (110
mg, 0.55 mmol) at 220°C. The mixture was stirred and warmed
to 25°C over 12 h. The solvent was removed to dryness, yielding
20b as a dark green oil. (220 mg, 73%) 2 1H NMR (300 MHz,
C6D6) δ 5 0.8822.14 (m, 20 H, C6H11), 1.75 [s, 30 H, C5(CH3)5],
4.04 (tt, JHH 5 4.0 and 5.4 Hz, 1 H, N2CH), 4.44 (tt, JHH 5 3.4
and 11.4 Hz, 1 H, N2CH), 4.52 (s, 1 H, 5CH2), 6.32 (s, 1 H, 5

CH2). 2 13C NMR (C6D6, 75 MHz): δ 5 12.7 [C5(CH3)5], 25.9,
26.9, 27.3, 27.5, 33.6, 37.7, 55.7, 56.2 (C6H11), 112.0 (5CH2), 124.3
[C5(CH3)5], 139.6 (N2C5N), 202.0 (Ti2C). 2 EI-MS (70 eV) m/
e (%): 550 (10) [M1], 453 (5) [M1 2 N 2 C6H11], 416 (14) [M1

1 H 2 C5(CH3)5], 344 (91) [M1 2 C13H22N2], 318 (100) [M1 2

C15H24N2]. 2 C35H54N2Ti (550.8): calcd. C 76.32, H 9.90, N 5,09;
found C 73.65, H 10.22, N 5.09.

Preparation of 22: To a solution of 8 (300 mg, 0.83 mmol) in 30
ml of n-hexane was added N-benzylideneaniline (21) (150 mg) atThis work was supported by the Deutsche Forschungsgemein-

schaft and the Fonds der Chemischen Industrie. 220°C. The mixture was stirred and warmed to 25°C over 12 h.
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Organometallics 1996, 15, 663. 2 vinylimido derivatives 3R4:After filtration, the solvent was concentrated to 50%. After cooling
[1f] K. M. Doxsee, L. C. Garner, J. J. J. Juliette, J. K. M. Mouser,to 278°C 22 was formed as red crystals (130 mg, 30%): 2 mp T. J. R. Weakley, Tetrahedron 1995, 51, 4321. 2 [1g] K. M.

158°C, dec. 2 1H NMR (300 MHz, C6D6, TMS): δ 5 1.67, 1.80 Doxsee, J. J. J. Juliette, K. Zientara, G. Nieckarz, J. Am. Chem.
Soc. 1994, 116, 2147. 2 [1h] K. M. Doxsee, J. K. M. Mouser, J.[each 15 H, C5(CH3)5], 3.89 (1 H, CHPh), 4.69 (d, 1 H, 5CH2, J 5
B. Farahi, Synlett 1992, 13. 2 [1i] K. M. Doxsee, J. B. Farahi,3.0 Hz); 6.05 (d, 1 H, 5CH2, J 5 2.4 Hz); 5.84, 6.15, 6.58, 6.86
H. Hope, J. Am. Chem. Soc. 1991, 113, 8889. 2 [1j] K. M.(each 1 H, PhH); 7.09, 7.26, 7.37 (each 2 H, PhH). 2 13C{1H} Doxsee, J. B. Farahi, J. Chem. Soc., Chem. Commun. 1990, 1452.

NMR (75 MHz, C6D6, TMS): δ 5 12.7, 13.0 [C5(CH3)5]; 47.9 2 [1k] K. M. Doxsee, J. B. Farahi, J. Am. Chem. Soc. 1988,
110, 7239.(CHPh); 107.7 (5CH2); 114.8, 116.5, 118.7 (arom. C); 123.9, 124.2

[2] 10 [2a] [2b], 11213 [3a] [3b], 14 [4], 15 [5], 16, 17 [6], 18 [7a] [7b] 2 [2a] R.[C5(CH3)5]; 125.8, 128.2, 129.1 (arom. C); 139.2 (C2Cipso); 154.1
Beckhaus, S. Flatau, S. I. Troyanov, P. Hofmann, Chem. Ber.(N2Cipso); 217.8 (Ti2C). MS: m/z (%): 525.5 (9.5) [M1], 343.3 1992, 125, 291. 2 [2b] R. Beckhaus, Alkenyl-, Allyl- and Dienyl-

(5.8) [M1 2 C13H12N], 318.2 (9.1) [M1 2 C15H13N], 274.3 (40.7) Complexes of main Group Elements and Transition Metals in
Synthetic Methods of Inorganic and Organometallic Chemistry[M1 2 C19H23], 115.0 (100). 2 C35H43NTi (525.67): C 79.96, H
(Ed.: W. A. Herrmann), Georg-Thieme-Verlag, Stuttgart, in8.26, N 2.67; found: C 79.58, H 8.17, N 2.70.
print, 1997.

[3] [3a] R. Beckhaus, I. Strauß, T. Wagner, P. Kiprof, Angew. Chem.Structure Determination and Refinement of 20a: Geometry and
1993, 105, 281; Angew. Chem. Int. Ed. Engl. 1993, 32, 264. 2intensity data were collected on a ENRAF-Nonius CAD4 dif-
[3b] R. Beckhaus, I. Strauß, T. Wagner, Z. Anorg. Allg. Chem.fractometer with graphite-monochromated Mo-Kα radiation. Crys- 1997, 623, 654.

tal data, data collection parameters, and convergence results are [4] R. Beckhaus, J. Oster, T. Wagner, Chem. Ber. 1994, 127, 1003.
[5] R. Beckhaus, J. Sang, T. Wagner, U. Böhme, J. Chem. Soc.,compiled in Table 2. After Lorentz and polarization corrections, an

Dalton Trans. 1997, 2249.empirical absorption correction based on azimuthal scans[20] was
[6] R. Beckhaus, I. Strauß, T. Wagner, Angew. Chem. 1995, 107,applied, before averaging symmetry related intensity data. 20a was 738; Angew. Chem. Int. Ed. Engl. 1995, 34, 688.

crystallized from n-hexane in the composition 2 [Cp*2Ti{2N(p- [7] [7a] R. Beckhaus, J. Sang, T. Wagner, B. Ganter, Organometallics
1996, 15, 1176. 2 [7b] R. Beckhaus, J. Sang, U. Englert, U.CH3C6H4)2C(5N2p-CH3C6H4)2C(5CH2)2}] ·n-C6H14. The
Böhme, Organometallics 1996, 15, 4731.structure was solved by direct methods,[21] refined with the SDP

[8] [8a] R. Beckhaus, J. Oster, J. Sang, I. Strauß, M. Wagner, Synlettprogram system.[22] In the final refinement cycles, hydrogen atoms 1997, 241. 2 [8b] R. Beckhaus, J. Chem. Soc., Dalton Trans.
were included in riding geometry with fixed isotropic displacement 1997, 1991.

[9] M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in derparameters [dC2H 5 0.98 Å, Uiso(H) 5 1.30 Ueq(C)]. Further de-
organischen Chemie, Georg Thieme Verlag, Stuttgart, Newtails of the crystal structure investigations are available on request
York, 1987, 3. ed.from the Cambridge Crystallographic Data Centre, on quoting the [10] W. J. Evans, D. K. Drummond, L. R. Chamberlain, R. J. Doed-

depository number CCDC-100571. ens, S. G. Bott, H. Zhang, J. L. Atwood, J. Am. Chem. Soc.
1988, 110, 4983.Table 2. Crystal data, data collection parameters, and convergence [11] [11a] A. L. Spek, Acta Crystallo. 1990, A46, C34. 2 [11b] Keller,results of 20a E.; Schakal 88, Program for the Graphical Representation of
Crystallographie and Melcular Models, University of Freiburg,

Formula C40H53N2Ti Data collection Germany, 1988. 2 [11c] M. Müller, T. Wagner, U. Englert, P.
Formula weight 609.78 Wavelength λ [Å] 0.71073 Paetzold, Chem. Ber. 1995, 128, 1.
Crystal size [mm3] 0.2830.3230.36 Temperature [K] 203 [12] F. H. Allen, O. Kennrad, D. G. Watson, L. Brammer, A. G.
Space group (no) P1̄(2) Scan range θ [°] 3.0226.0 Orpen, R. Taylor, J. Chem. Soc., Perkin Trans. 2 1987, S1-S19.

Scan type [13] Differences in Ti2N bond distances, depending on the orbital
ω-2θ orientation are illustrated in Cp*2TiNR1R2 complexes: if there
Crystal data Absorption correction empirical is no steric hindrance, the substituents on the nitrogen atom

(min./max) (0.851/0.996) R1 5 R2 5 H[14a], R1 5 H , R2 5 Me[14b] will be rotated out
a [Å] 9.756(5) Reflection measured 12085 of the equatorial plane of the Cp*2Ti fragment to maximise
b [Å] 10.445(1) Independent 6709 dπ2pπ overlapping and short Ti2N distances are found

reflections [1.944(2) Å, 1.955(2) Å]. In the case of larger substituents R1 5
c [Å] 17.604(2) Me, R2 5 Ph the R groups are now located in the equatoraial
α [deg] 79.57(1) Refinement results plane, and consequently dπ-pπ-interaction is no longer possible
β [deg] 79.53(2) Obeserved reflections 4453, so that longer Ti2N distances are found [2.054(2) Å]. [14c] 2 R.
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High-yield synthesis of para-substituted pentacarbonyl(3- are discussed; the 31P-NMR-chemical shifts clearly reflect the
electronic influence of the para-phenyl substituents and thephenyl-2H-azaphosphirene)tungsten complexes is reported,

using a multi-step rearrangement reaction. Spectroscopic correlation with Hammett σp-constants is almost linear.
and mass-spectrometric data of these heterocyclic complexes

Scheme 1. Unsaturated three-membered heterocycles containing ni-2H-azirenes and their heterocyclic analogs (I), containing
trogen and a second heteroatom and their zwitterionica ring system with a C5N moiety and a further hetero-
acyclic isomers, the 1,3-dipoles (propargylic resonance

atom, are of current theoretical and synthetic interest. [2]
structure). 2 I, II: E 5 CR2, NR, PR, O, S. 2 R, R9 5
alkyl, aryl. 2 III, IV, V: E 5 NR, PR, O, S. 2 R, R9 5The latter heterocycles are expected to suffer from destabili-
alkyl, aryl. 2 [M] 5 metal complex fragmentzing effects due to interaction of the lone pair(s) of the E

fragment with the π electrons of the C5N double bond.
Such is the case with 1H-diazirenes (E 5 NR)[3] and 1H-
thiazirenes (E 5 S). [4] The former rearranges, if it is transi-
ently formed, even at low temperatures to give 3H-diazir-
enes[5] or ring-expanded products[6] and the latter yields ni-
trile sulfides[7] (II: E 5 S, Scheme 1). Recently, a marked
increase in stability of a 1-phosphonio-substituted 1H-di-
azirene derivative was observed[8] and a negative hypercon-
jugation was proposed to explain this phenomenon.[8] [9]

Interestingly, neither 2H-azaphosphirenes nor 1H-oxaz-
irenes exist, even in matrices at low temperatures. The latter
have been subjected to a theoretical study, in which an

ing metallaheterobutadienes (V), which are isomeric to III,asymmetric bonding of the oxygen with respect to the geo-
as key intermediates. [12] Even more recently, we obtainedmetric center of the imine bond was predicted, thus minimi-
the first evidence for a nitrilium phosphane ylide complexzing the electronic destabilization.[10] The former has only
(IV: E 5 PR). The transient formation of such a complexbeen mentioned as plausible intermediate. [11] Because of the
was achieved by thermal ring opening of a 2H-azaphosphi-relationship of the isolobal fragments RP and S, 2H-aza-
rene complex. [13]

phosphirenes should be of particular interest. Moreover, to
In order to exploit this synthetic route to 2H-azaphosphi-the best of our knowledge as yet uninvestigated is the influ-

rene complexes and to study the rearrangement cascade, weence of coordinating such heteroazirenes and their acyclic
have now reacted a variety of para-phenyl-substitutedzwitterionic isomers, the 1,3-dipoles, to a metal-complex
(aminocarbene)tungsten complexes 1a2c, d, [14] e2h withfragment via the “apical”- (III) and “terminal”-bonded
[bis(trimethylsilyl)methylene]chlorophosphane (2) [15] in theatom E (IV, E 5 O, S, NR, PR; Scheme 1).
presence of triethylamine (Scheme 2). The reaction pro-Recently, we reported the first synthesis of coordinated
ceeded smoothly to the (2H-azaphosphirene)tungsten com-2H-azaphosphirenes (III: E 5 PR), which was also the first
plexes 3a2h, and, as in our first approach, we observedaccess to heteroazirene complexes in general. We explained
neither long-lived intermediates nor side products. Com-the product formation by a multi-step rearrangement reac-
plexes 3a2g were obtained in good yields, after low-tem-tion of transiently formed metal carbene complexes involv-
perature column chromatography, whereas complex 3h

[e] Part 7: See ref. [1]. showed some decomposition upon chromatography.
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Scheme 2. Synthesis of (2H-azaphosphirene)tungsten complexes Table 1. 13C- and 31P-NMR data of the ring atoms of the 2H-

azaphosphirene ringsystem of 3a2h (in CDCl3, [*] in C6D6) and3a2h
Hammett σp-constants

With respect to the ring formation reaction, all carbene
complexes employed in this study behave approximately
equivalently. Nevertheless, longer reaction times were ob-
served for 3e2h, which bear more electron-releasing para
substituents. Doubling the reaction time led to the forma-
tion of small amounts of [{(Me3Si)2HCP(H)Cl}W(CO)5].
This product resulted, at least formally, from the ring-cleav-
age reaction of the (2H-azaphosphirene)tungsten complexes
3a2h with triethylammonium chloride. This has been veri-
fied for complex 3d, which was treated in pure form with

Figure 1. Molecular structure of 3d in the crystal (ellipsoids re-
triethylammonium chloride under similar reaction con- present 50-% probability levels, hydrogen atoms are omitted for

clarity)[a]ditions. [16]

From the spectroscopic data of these complexes, the
phosphorus and carbon nuclear magnetic resonances are
the most significant. The phosphorus and carbon reso-
nances as well as the phosphorus-tungsten coupling con-
stants clearly reflect the electronic influence of the para sub-
stituent of the phenyl group on the three-membered ring.
Moreover, the correlation of δ31P with the Hammett σp-
constants[17] (Table 1) is almost linear. This should be useful
for extrapolations of 31P-NMR chemical-shift values of un-
known (2H-azaphosphirene)tungsten complexes. EI mass-
spectrometric experiments have shown that the (2H-aza-
phosphirene)tungsten complexes 3a2h undergo predomi-
nantly ring cleavage subsequent to the ionization process,
yielding aryl nitriles and the terminal (phosphanediyl)-
tungsten complex radical cation.

The molecular structure of complex 3d was confirmed by
X-ray crystallography (Figure 1).[18] One very characteristic
feature is the three-membered ring with a short C2N dis-
tance [1.272(7) Å] and a very acute endocyclic angle at the
phosphorus atom [41.9(2)°]. The observation that the endo- [a] Selected bond lengths [Å] and angles [°]: P(1)2C(1) 1.759(5),

P(1)2C(2) 1.808(5), P(1)2N(1) 1.795(4), W(1)2P(1) 2.470(2),cyclic P2C and P2N bond lengths of 3d are similar
N(1)2C(1) 1.272(7), C(192C(3) 1.457(7); C(2)2P(1)2W(1)[1.759(5) and 1.795(4) Å], is remarkable. This becomes even 1.243(2), C(1)2P(1)2N(1) 41.9(2), N(1)2C(1)2P(1) 70.6(3),
C(1)2N(1)2P(1) 67.5(3), N(1)2C(1)2C(3) 134.2(5)more obvious, if the structural data of 3d are compared to
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[{Amino(4-chlorophenyl)carbene}pentacarbonyltungsten(0)]those of a related (azaphosphiridine)tungsten complex[19] in

(1c): 1.9 g of 1c (84%) was obtained as a yellow powder after low-which the bond lengths of the saturated three-membered
temperature chromatography (SiO2, 210°C; hexane/diethyl etherP2C2N ring were determined to P2C 1.835(4), C2N
10:1). M.p. 116°C (decomp.). 2 IR (KBr): ν̃ 5 3447 (w) cm21,1.478(5) and P2N 1.728(3) Å. As in the molecular structure
3329 (w), 3271 (w) (NH), 2060 (s), 1983 (s), 1975 (s), 1898 (s) (CO).of 3g, [12] 3d reveals a coplanar arrangement of the two ring
2 1H NMR (CDCl3): δ 5 7.22 (d, 3JHH 5 8.50 Hz, 2 H, Ar-H),

moieties (interplanar angle 2°), thus enabling an effective 7.41 (d, 3JHH 5 8.50 Hz, 2 H, Ar-H), 8.59 (br, 2 H, NH2). 2
pπ-pπ-electron interaction. 13C{1H} NMR (CDCl3): δ 5 124.7 (s, m/o-C), 124.8 (s, m/o-C),

129.0 (s, m-C), 131.4 (s, p-C), 151.0 (s, i-C), 197.9 (s, cis-CO), 203.3Support by the Deutsche Forschungsgemeinschaft and the Fonds
(s, trans-CO), 265.4 (s, W5CR2). 2 MS (70 eV, 35Cl, 184W); m/zder Chemischen Industrie is gratefully acknowledged.
(%): 463 (36) [M1], 435 (32) [M12 CO], 379 (100) [M12 3 CO],
351 (40) [M12 4 CO], 323 (80) [M12 5 CO], 139 (39) [M12

Experimental Section W(CO)5
1]. 2 C12H6ClNO5W (463.0): calcd. C 31.07, H 1.30, N

3.02; found C 31.31, H 1.45, N 3.00.General: All operations were carried out under deoxygenated dry
nitrogen as inert gas, solvents were dried according to standard [{Amino(phenyl)carbene}pentacarbonyltungsten(0)] [10] (1d): 1.9
procedures. 2 NMR spectra were recorded on a Bruker AC-200 g of 1d (90%) was obtained as a yellow powder. M.p. 83°C (de-
spectrometer (200 MHz for 1H; 50.3 MHz for 13C; 188.3 MHz for comp.). 2 IR (KBr): ν̃ 5 3441 (w) cm21, 3342 (w), 3288 (w) (NH),
19F; 81 MHz for 31P) using [D6]chloroform and [D6]benzene as 2067 (s), 1963 (m), 1947 (vs), 1893 (vs), 1878 (m) (CO). 2 1H NMR
solvent and internal standard; shifts are given relative to tetrameth- (CDCl3): δ 5 7.31 (mc, 2 H, m-Ar-H), 7.41 (mc, 3 H, o-, p-Ar-H),
ylsilane (1H,13C), CFCl3 (19F), and 85% H3PO4 (31P). 2 MS: Finni- 8.56 (br, 2 H, NH2). 2 13C{1H} NMR (CDCl3): δ 5 123.3 (s, m-
gan Mat 8430 (70 eV). 2 Elemental analyses: Carlo Erba analytical C), 128.7 (s, o-C), 130.3 (s, p-C), 152.8 (s, i-C), 198.2 (s, 1JCW 5
gaschromatograph. 2 IR: Biorad FT-IR 165. 126.6 Hz, cis-CO), 202.4 (s, 1JCW 5 126.6 Hz, trans-CO), 266.4 (d,

1JCW 5 89.3 Hz, W5CR2). 2 MS (70 eV, 184W); m/z (%): 429 (32)General Procedure for the Preparation of {[Amino(aryl)car-
[M1], 401 (39) [M12 CO], 345 (100) [M12 3 CO]. 2 C12H7NO5Wbene]pentacarbonyltungsten} Complexes: The ethoxy(aryl)carbene-
(429.0): calcd. C 33.59, H 1.64, N 3.26; found C 33.54, H 1.65,tungsten complexes were prepared according to ref. [20] and reacted,
N 3.15.without purification, with ammonia. A gentle flow of ammonia

was bubbled through a solution of 5 mmol of the ethoxy(aryl)car- [{Amino(4-fluorophenyl)carbene}pentacarbonyltungsten(0)] (1e):
benetungsten complexes in 60 ml of diethyl ether until a yellow 2.0 g of 1e (90%) was obtained as a yellow powder. M.p. 147°C. -
color persisted and thin-layer liquid chromatography (SiO2) indi- IR (KBr): ν̃ 5 3438 (m) cm21, 3331 (m), 3271 (m) (NH), 2064 (s),
cated that all starting material had reacted. All volatile compounds 1968 (s), 1949 (s), 1910 (s), 1881 (s) (CO). 2 1H NMR (CDCl3):
were removed under reduced pressure (0.1 mbar) and the yellow δ 5 7.15 (mc, 2 H, o-C), 7.36 (mc, 2 H, m-C), 8.66 (s, br, 2 H,
residue was washed twice with a little pentane and subsequently NH2). 2 13C{1H} NMR (CDCl3): δ 5 115.5 (d, 2JCF 5 21.9 Hz,
dried in vacuo or, if necessary, purified by column chromatography. m-C), 125.8 (d, 3JCF 5 8.8 Hz, o-C), 148.7 (s, i-C), 163.6 (d, 1JCF 5

250.9 Hz, p-C), 198.0 (s, 1JCW 5 127.1 Hz, cis-CO), 203.2 (s, trans-
[{Amino(4-trifluoromethylphenyl)carbene}pentacarbonyl-

CO), 263.6 (s, W5CR2). 2 19F{1H} NMR (CDCl3): δ 5 2110.2
tungsten(0)] (1a): 2.1 g of 1a (84%) was obtained as a yellow pow-

(s). 2 MS (70 eV, 184W); m/z (%): 447 (43) [M1], 419 (31) [M12
der after low-temperature chromatography (SiO2, 210°C; hexane/

CO], 363 (100) [M12 3 CO]. 2 C12H6FNO5W (447.0): calcd. C
diethyl ether 10:1). M.p. 106°C (decomp.). 2 IR (KBr): ν̃ 5 3441

32.24, H 1.35, N 3.13; found C 32.05, H 1.34, N 3.05.
(w) cm21, 3343 (w), 3288 (w) (NH), 2067 (s), 1963 (m), 1947 (vs),

[{Amino(4-methylphenyl)carbene}pentacarbonyltungsten(0)]1893 (vs), 1878 (s) (CO). 2 1H NMR (CDCl3): δ 5 7.31 (d, 2JHH 5
(1f): 1.7 g of 1f (75%) was obtained as a yellow powder. M.p. 79°C7.38 Hz, 2 H, Ar-H), 7.70 (d, 2JHH 5 7.38 Hz, 2 H, Ar-H), 8.66
(decomp.). 2 IR (KBr): ν̃ 5 3440 (w) cm21, 3327 (w), 3270 (w)(br, 2 H, NH2). 2 13C{1H} NMR (CDCl3): δ 5 122.7 (s, o-C),
(NH), 2067 (s), 1982 (m), 1934 (vs), 1908 (vs), 1884 (vs) (CO). 2123.7 (q,1JCF 5 272.2 Hz, CF3), 127.8 (q,3JCF 5 4.0 Hz, m-C),
1H NMR (CDCl3): δ 5 2.39 (s, 3 H, Me), 7.24 (mc, 5 H, Ar-H),131.3 (q, 2JCF 5 32.9 Hz, p-C), 156.1 (s, i-C), 197.7 (s, 1JCW 5
8.55 (br, 2 H, NH2). 2 13C{1H} NMR (CDCl3): δ 5 21.3 (s, Me),127.1 Hz, cis-CO), 203.4 (s, 1JCW 5 125.6 Hz, trans-CO), 266.6 (d,
124.1 (s, m-C), 129.4 (s, o-C), 141.2 (s, p-C), 149.8 (s, i-C), 198.3 (s,1JCW 5 89.1 Hz, W5CR2). 2 19F{1H} NMR: δ 5 263.2 (s, CF3).
1JCW 5 126.6 Hz, cis-CO), 202.4 (s, trans-CO), 264.8 (s, W5CR2).2 MS (70 eV, 184W); m/z (%): 497 (26) [M1], 469 (22) [M12 CO],
2 MS (70 eV, 184W); m/z (%): 443 (32) [M1], 415 (38) [M12 CO],413 (22) [M12 3 CO], 385 (28) [M12 4 CO], 357 (100) [M12 5
359 (100) [M12 3 CO]. 2 C13H9NO5W (443.1): calcd. C 35.24, HCO]. 2 C13H6F3NO5W (497.0): calcd. C 31.39, H 1.21, N 2.82;
2.05, N 3.16; found C 35.43, H 2.00, N 3.19.found C 31.38, H 1.25, N 2.75.

[{Amino(4-methoxyphenyl)carbene}pentacarbonyltungsten(0)][{Amino(4-bromophenyl)carbene}pentacarbonyltungsten(0)]
(1g): 1.6 g of 1g (68%) was obtained as a yellow powder. M.p. 85°C(1b): 2.4 g of 1b (93%) was obtained as a yellow orange powder.
(decomp.). 2 IR (KBr): ν̃ 5 3440 (m) cm21, 3327 (w), 3270 (m)M.p. 135°C (decomp.). 2 IR (KBr): ν̃ 5 3425 (w) cm21, 3342 (w),
(NH), 2067 (s), 1982 (m), 1934 (vs), 1908 (vs), 1884 (vs) (CO). 23284 (w) (NH), 2064 (s), 1982 (s), 1930 (vs), 1904 (vs), 1882 (s)
1H NMR (CDCl3): δ 5 3.86 (s, 3 H, OMe), 6.95 (mc, 2 H, Ar-H),(CO). 2 1H NMR (CDCl3): δ 5 7.14 (d, 2JHH 5 8.53 Hz, 2 H,
7.41 (mc, 2 H, Ar-H), 8.56 (br, 2 H, NH2). 2 13C{1H} NMRAr-H), 7.56 (d, 2JHH 5 8.53 Hz, 2 H, Ar-H), 8.63 (br, 2 H, NH2).
(CDCl3): δ 5 55.7 (s, OMe), 113.0 (s, m-C), 132.5 (s, o-C), 142.72 13C{1H} NMR (CDCl3): δ 5 124.5 (s, p-C), 124.8 (s, o-C), 131.9
(s, p-C), 150.6 (s, i-C), 198.1 (s, cis-CO), 203.8 (s, trans-CO), 264.0(s, m-C), 151.6 (s, i-C), 198.0 (s, 1JCW 5 127.6 Hz, cis-CO), 203.2
(s, W5CR2). 2 MS (70 eV, 184W); m/z (%): 459 (26) [M1], 431 (36)(d, 1JCW 5 125.3, trans-CO), 265.2 (s, 1JCW 5 89.4 Hz, W5CR2).
[M12 CO], 375 (100) [M12 3 CO]. 2 C13H9NO6W (459.1): calcd.2 MS (70 eV, 81Br, 184W); m/z (%): 509 (20) [M1], 481 (24) [M12
C 33.59, H 1.64, N 3.26; found C 33.54, H 1.65, N 3.15.CO], 425 (68) [M12 3 CO], 296 (34) [W(CO)4

1], 268 (100)
[W(CO)3

1]. 2 C12H6BrNO5W (507.8): calcd. 508.8946; found [ { A m i n o ( 4 - d i m e t hy l a m i n o p h e n y l ) c a r b e n e } p e n t a -
carbonyltungsten(0)] (1h): 1.4 g of 1h (58%) was obtained as a508.8946 ± 2 ppm.
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yellow powder after low-temperature chromatography (SiO2, (%): 697 (0.5) [M1], 514 (28) [(OC)5WPCH(SiMe3)2

1], 486 (100)
[(OC)4WPCH(SiMe3)2

1], 458 (40) [(OC)3WPCH(SiMe3)2
1], 430210°C; hexane/diethyl ether, 2:1). M.p. 135°C (decomp.). 2 IR

(KBr): ν̃ 5 3459 (w) cm21, 3340 (w), 3261 (w) (NH), 2059 (s), 1966 (44) [(OC)2WPCH(SiMe3)2
1], 402 (30) [(OC)WPCH(SiMe3)2

1],
374 (36) [WPCH(SiMe3)2

1], 181 (46) [(79BrC6H4)CN1], 102 (42)(m), 1923 (vs), 1893 (vs), 1878 (m) (CO). 2 1H NMR (CDCl3):
δ 5 3.06 [s, 6 H, N(CH3)2], 6.68 (d, 2JHH 5 9.06 Hz, 2 H, Ar-H), [(C6H4)CN1], 73 (81) [SiMe3

1]. 2 C19H23BrNO5PSi2W (696.3):
calcd. C 32.81, H 3.31, N 2.01; found C 33.29, H 3.54, N 2.04.7.51 (d, 2JHH 5 9.06 Hz, 2 H, Ar-H), 8.01 (s, br, 1 H, NH), 8.49

(s, br, 1 H, NH). 2 13C{1H} NMR (CDCl3): δ 5 40.1 [s, N(CH3)2],
[{2-Bis(trimethylsilyl)methyl-3-(4-chlorophenyl)-2H-azaphos-110.7 (s, Ph), 129.2 (s, Ph), 137.2 (s, Ph), 152.0 (s, i-C), 199.0 (s,

phirene-κP}pentacarbonyltungsten(0)] (3c): After 21 hours stirring,1JCW 5 127.0 Hz, cis-CO), 203.3 (s, 1JCW 5 126.9 Hz, trans-CO),
0.65 g of 3c (66%) was obtained as a yellow powder, m.p. 108°C.254.9 (d, 1JCW 5 89.4 Hz, W5CR2). 2 MS (70 eV, 184W); m/z (%):
2 IR (KBr): ν̃ 5 2073 (s) cm 21, 1985 (s), 1967 (vs), 1938 (vs),472 (22) [M1], 444 (36) [M12 CO], 388 (66) [M12 3 CO], 360
1918 (vs) (CO), 1618 (CN). 2 1H NMR (CDCl3): δ 5 0.07 (s, 9(44) [M12 4 CO], 332 (40) [M12 5 CO], 240 (100) [W(CO)2

1]. 2
H, SiMe3), 0.26 (s, 9 H, SiMe3), 0.65 (d, 2JHP 5 3.1 Hz, 1 H, PCH),C14H12N2O5W (472.1): calcd. 472.0256; found 472.0256 ± 2 ppm.
7.58 (d, 2 H, 3JHH 5 8.53 Hz, o-CH), 7.74 (d, 2 H, 3JHH 5 8.53

General Procedure for the Preparation of Pentacarbonyl(2H- Hz, m-CH). 2 13C{1H} NMR (CDCl3): δ 5 1.4 (d, 3JCP 5 3.0 Hz,
azaphosphirene)tungsten Complexes: To a solution of 1.5 mmol of SiMe3), 2.1 (d, 3JCP 5 3.3 Hz, SiMe3), 27.7 (d, 1JCP 5 24.2 Hz,
amino(aryl)carbenetungsten complexes 1a2h in 15 ml of diethyl PCH), 125.1 (d, 2JCP 5 15.1 Hz, i-C), 130.2, 130.6 (s, m-C, o-C),
ether 0.34 g (1.5 mmol) of 2 and 5 ml of NEt3 was added at 0°C. 140.6 (d, p-C), 192.0 (d, Σ JCP 5 2.0 Hz, PCN), 195.7 (d, 2JCP 5
The reaction mixture was stirred at ambient temp. until 2 was con- 8.9 Hz, cis-CO), 197.6 (d, 2JCP 5 36.6 Hz, trans-CO). 2 31P{1H}
sumed (31P-NMR control). The yellow-orange reaction mixture NMR (CDCl3): δ 5 2105.4 (s, 1JPW 5 296.1 Hz). 2 MS (CI, iso-
was evaporated to dryness under reduced pressure (0.1 mbar). The C4H9, pos., 35Cl184W); m/z (%): 652 (16) [M1H1], 515 (12)
residue was extracted with 30 ml of pentane and filtered. The fil- [M1H12 ClC6H4CN], 193 (100) [H3PCH(SiMe3)2

1]. 2
tration residue was washed twice with 5 ml of pentane, the organic C19H23ClNO5PSi2W (651.8): calcd. C 35.01, H 3.56, N 2.15; found
phases combined and the solvent removed under reduced pressure. C 34.92, H 3.46, N 2.25.
The residue was purified, if necessary, by low-temperature column

[{2-Bis(trimethylsilyl)methyl-3-phenyl-2H-azaphosphirene-κP}-chromatography on silica gel.
pentacarbonyltungsten(0)] (3d): After 26 hours stirring 0.68 g of

[{2-Bis(trimethylsilyl)methyl-3-(4-trifluoromethylphenyl)-2H- 3d (73%) was obtained as a yellow powder, m.p. 1092110°C (de-
azaphosphirene-κP}pentacarbonyltungsten(0)] (3a): After 24 hours comp.). 2 IR (hexane): ν̃ 5 2076 (s) cm21, 1989 (s), 1957-1941 (vs,
stirring, 0.64 g of 3a (62%) was obtained as a yellow powder, m.p. br), 1925 (sh) (CO), 1619 (vw) (CN). 2 IR (KBr): ν̃ 5 2072 (s)
1122114°C (decomp.). 2 IR (KBr): ν̃ 5 2077 (m) cm21, 1977 (m, cm21, 1987 (m), 1967 (s), 1938 (vs), 1922 (vs) (CO), 1619 (vw)
br), 1977 (s), 1949 (vs), 1931 (s), 1923 (vs), 1909 (s) (CO), 1616 (w) (CN). 2 1H NMR (CDCl3): δ 5 0.11 (s, 9 H, SiMe3), 0.30 (s, 9 H,
(CN). 2 1H NMR (CDCl3): δ 5 0.11 (s, 9 H, SiMe3), 0.31 (s, 9 H, SiMe3), 0.68 (d, 2JHP 5 2.9 Hz, 1 H, PCH), 7.00 (mc, 3 H, Ar-H),
SiMe3), 0.73 (d, 2JHP 5 3.18 Hz, 1 H, PCH), 7.90 (d, 3JHH 5 8.22 8.03 (mc, 2 H, Ar-H). 2 13C{1H} NMR (CDCl3): δ 5 1.3 (d,
Hz, 2 H, Ar-H), 8.14 (d, 3JHH 5 8.22 Hz, 2 H, Ar-H). 2 13C{1H} 3JCP 5 3.3 Hz, SiMe3), 2.1 (d, 3JCP 5 3.1 Hz, SiMe3), 27.6 (d,
NMR (CDCl3): δ 5 1.4 (d, 3JCP 5 3.4 Hz, SiMe3), 2.1 (d, 3JCP 5 1JCP 5 24.0 Hz, PCH), 126.6 (d, 2JCP 5 14.9 Hz, i-C), 129.5 (s, m-
3.0 Hz, SiMe3), 27.8 (d, 1JCP 5 23.9 Hz, PCH), 123.4 (q, 1JCF 5 C), 129.7 (s, o-C), 134.1 (s, p-C), 192.3 (d, Σ JPC 5 1.3 Hz, PCN),
273.1 Hz, CF3), 126.8 (q, 3JCF 5 11.1 Hz, m-C) 129.6 (s, o-C), 195.9 (d, 1JCW 5 125.8 Hz, 2JCP 5 8.8 Hz, cis-CO), 197.7 (d,
129.9 (d, 2JCP 5 14.3 Hz, i-C), 135.4 (q, 2JCF 5 33.0 Hz, p-C), 2JCP 5 36.4 Hz, trans-CO). 2 31P{1H} NMR (CDCl3): δ 5 2108.8
193.1 (d, Σ JPC 5 1.5 Hz, PCN), 195.7 (d, 1JCW 5 126.3 Hz, 2JCP 5 (s, 1JPW 5 294.7 Hz). 2 MS (70 eV, 184W); m/z (%): 617 (1) [M1],
8.7 Hz, cis-CO), 197.4 (d, 2JCP 5 37.0 Hz, trans-CO). 2 31P{1H} 514 (30) [M12 PhCN], 486 (100) [M1 2 PhCN 2 CO], 103 (52)
NMR (CDCl3): δ 5 2102.0 (s, 1JPW 5 297.5 Hz). 2 19F{1H} [PhCN1], 73 (80) [SiMe3

1]. 2 C19H24NO5PSi2W (617.4): calcd. C
NMR (CDCl3): δ 5 263.7 (s, CF3). 2 MS (70 eV, 184W); m/z (%): 36.96, H 3.93, N 2.27; found C 36.74, H 3.88, N 2.23.
685 (0.5) [M1], 514 (28) [(OC)5WPCH(SiMe3)2

1], 486 (100)
[{2-Bis(trimethylsilyl)methyl-3-(4-fluorophenyl)-2H-azaphos-[(OC)4WPCH(SiMe3)2

1], 458 (30) [(OC)3WPCH(SiMe3)2
1], 430

phirene-κP}pentacarbonyltungsten(0)] (3e): After 20 hours stirring(41) [(OC)2WPCH(SiMe3)2
1], 402 (32) [(OC)WPCH(SiMe3)2

1],
0.68 g of 3e (71%) was obtained as a yellow powder, m.p. 115°C.374 (30) [WPCH(SiMe3)2

1], 171 (44) [(CF3C6H4)CN1], 73 (77)
2 IR (KBr): ν̃ 5 2074 (s) cm 21, 1988 (s), 1974 (s), 1938 (s), 1917[SiMe3

1]. 2 C20H23F3NO5PSi2W (685.4): calcd. C 35.04, H 3.36,
(s) (CO), 1598 (CN). 2 1H NMR (C6D6): δ 5 0.01 (s, 9 H, SiMe3),N 2.04; found C 34.74, H 3.43, N 1.95.
0.26 (s, 9 H, SiMe3), 0.68 (d, 2JHP 5 3 Hz, 1 H, PCH), 6.63 (mc, 2

[{2-Bis(trimethylsilyl)methyl-3-(4-bromophenyl)-2H-azaphos- H, o-CH), 7.74 (mc, 2 H, m-CH). 2 13C{1H} NMR (C6D6): δ 5
phirene-κP}pentacarbonyltungsten(0)] (3b): After 26 hours stirring 1.2 (d, 3JCP 5 3.1 Hz, SiMe3), 2.1 (d, 3JCP 5 3 Hz, SiMe3), 27.7
and purifying by low-temperature chromatography (SiO2, 210°C; (d, 1JCP 5 24 Hz, PCH), 117.2 (d, 2JCF 5 22.5 Hz, m-C), 123.1
hexane/diethyl ether 50:1) 0.53 g of 3b (51%) was obtained as a (dd, 2JCP 5 15 Hz, 4JCF 5 2.6 Hz, i-C), 132 (d, 3JCF 5 9.3 Hz,
yellow powder, m.p. 117°C. 2 IR (KBr): ν̃ 5 2075 (m) cm21, 1946 o-C), 166.2 (d, 1JCF 5 256.5 Hz, p-C), 190.8 (d, Σ JCP 5 1.7 Hz,
(m), 1946 (vs), 1930 (s), 1919 (vs), 1907 (m) (CO), 1582 (CN). 2 PCN), 196.3 (d, 1JCW 5 135.2 Hz, 2JCP 5 8.8 Hz, cis-CO), 197.8
1H NMR (CDCl3): δ 5 0.10 (s, 9 H, SiMe3), 0.29 (s, 9 H, SiMe3), (dd, 1JCW 5 146.6 Hz, 2JCP 5 36 Hz, trans-CO). 2 31P{1H} NMR
0.68 (d, 2JHP 5 3.10 Hz, 1 H, PCH), 7.77 (d, 3JHH 5 8.57 Hz, 2 (C6D6): δ 5 2109.1 (s, 1JPW 5 296.1 Hz). 2 19F{1H} NMR
H, Ar-H), 7.87 (d, 3JHH 5 8.57 Hz, 2 H, Ar-H). 2 13C{1H} NMR (C6D6): δ 5 2102.6 (s). 2 MS (CI, NH3, pos., 184W); m/z (%):
(CDCl3): δ 5 1.4 (d, 3JCP 5 3.4 Hz, SiMe3), 2.1 (d, 3JCP 5 3.2 Hz, 636 (100) [M1], 515 (18) [M12 FC6H4CN]. 2 C19H23FNO5PSi2W
SiMe3), 27.7 (d, 1JCP 5 24.0 Hz, PCH), 125.5 (d, 2JCP 5 15.1 Hz, (635.4): calcd. C 35.92, H 3.65, N 2.2; found C 35.93, H 3.59,
i-C), 129.3 (s, o-C), 130.6 (s, p-C), 133.2 (s, m-C), 192.2 (d, Σ JPC 5 N 2.12.
1.9 Hz, PCN), 195.7 (d, 1JCW 5 125.6 Hz, 2JCP 5 8.7 Hz, cis-CO),
197.5 (d, 2JCP 5 36.7 Hz, trans-CO). 2 31P{1H} NMR (CDCl3): [{2-Bis(trimethylsilyl)methyl-3-(4-methylphenyl)-2H-azaphos-

phirene-κP}pentacarbonyltungsten(0)] (3f): Stirring for 48 hoursδ 5 2105.2 (s, 1JPW 5 296.8 Hz). 2 MS (70 eV, 81Br, 184W); m/z
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afforded 0.46 g of 3f (49%) as a yellow powder, m.p. 1042105°C ; Dedicated to Professor Manfred Weidenbruch on the occasion

of his 60th birthday.(decomp.). 2 For 1H-, 13C- and 31P-NMR data see ref. [8] 2 MS
[1] H. Wilkens, J. Jeske, P. G. Jones, R. Streubel, J. Chem. Soc.,(CI, isobutane, pos., 184W); m/z (%): 632 (6) [(M1H)1.], 604 (5)

Chem. Commun., in press.[(M12 CO).], 515 (10) [(M1H)12 C8H7N], 442 (22) [(M1H)12 [2] A. Pawda, A. D. Woolhouse in A. R. Katritzky, C. W. Rees
C8H7N2 Me3Si], 117 (100) [C8H7N1]. 2 C20H26NO5PSi2W (Eds.) Comprehensive Heterocyclic Chemistry, vol. 7, Pergamon

Press, Oxford, 1984, p. 47.(631.7): calcd. C 38.02, H 4.20, N 2.22; found C 38.30, H 4.20,
[3] G. Bertrand, C. Wentrup, Angew. Chem. 1994, 106, 5492568;N 2.20.

Angew. Chem. Int. Ed. Engl. 1994, 33, 5272546.
[4] R. M. Paton, Chem. Soc. Rev. 1989, 18, 33252.[{2-Bis(trimethylsilyl)methyl-3-(4-methoxyphenyl)-2H-azaphos- [5] [5a] S. Fischer, C. Wentrup, J. Chem. Soc., Chem. Commun. 1980,

phirene-κP}pentacarbonyltungsten(0)] (3g): Stirring for 48 hours 5022503. 2 [5b] R. A. Moss, J. Terpinski, D. P. Cox, D. Z.
Denney, K. J. Krogh-Jespersen, J. Am. Chem. Soc. 1985, 107,afforded 0.44 g of 3g (45%) as a yellow powder, m.p. 1032104°C
274322748.(decomp.). 2 For 1H-, 13C- and 31P-NMR data see ref. [8]. 2 MS [6] N. Dubau-Assibat, A. Baceiredo, G. Bertrand, J. Am. Chem.(70 eV, 184W); m/z (%): 647 (1) [M1], 604 (3) [M1 2 CO 2 Me], Soc. 1996, 118, 521625220.

486 (6) [M1 2 C8H7NO 2 CO], 133 (90) [C8H7NO1], 104 (100) [7] [7a] A. Holm, N. Harrit, I. Trabjerg, J. Chem. Soc., Perkin Trans.
I 1978, 7462750. 2 [7b] A. Holm, J. J. Christiansen, C. Lohse,[C7H4O1]. 2 C20H26NO6PSi2W (647.4): calcd. C 37.08, H 4.05, N
J. Chem. Soc. Perkin Trans. I 1979, 1, 9602962.2.16; found C 37.06, H 4.13, N 2.16. [8] G. Alcaraz, V. Piquet, A. Baceiredo, F. Dahan, W. W. Schoeller,
G. Bertrand, J. Am. Chem. Soc. 1996, 118, 106021065.

[{2-Bis(trimethylsilyl)methyl-3-(4-dimethylaminophenyl)-2H- [9] [9a] A. E. Reed, P. v. R. Schleyer, J. Am. Chem. Soc. 1990, 112,
azaphosphirene-κP}pentacarbonyltungsten(0)] (3h): Stirring for 56 143421445. 2 [9b] D. G. Gilheany, Chem. Rev. 1994, 94,

133921374.hours and low-temperature column chromatography (two times) of
[10] W. A. Lathan, L. Radom, P. C. Hariharan, W. J. Hehre, J. A.the residue (SiO2, 210°C; hexane/diethyl ether, 9:1) afforded 0.24

Pople, Top. Curr. Chem. 1973, 40, 1245.
g of 3h (24%) as a yellow powder, m.p. 110°C (decomp). 2 IR [11] [11a] M. Rahmoune, Y. Y. C. Yeung Lam Ko, F. Tonnard, R.
(KBr): ν̃ 5 2072 (m) cm21, 2062 (s), 1979 (m), 1945 (vs), 1908 (s), Carrie, PSI2BLOCS Conference, Palaiseau, France, 1988, pos-

ter abstract. 2 [11b] M. Rahmoune, Y. Y. C. Yeung Lam Ko, R.1885 (s) (CO), 1593 (m) (CN). 2 1H NMR (CDCl3): δ 5 0.12 (s,
Carrie, F. Tonnard, New J. Chem. 1989, 13, 8912898; comment:9 H, SiMe3), 0.28 (s, 9 H, SiMe3), 0.61 (d, 2JHP 5 2.43 Hz, 1 H,
This paper neither describes nor mentions non-coordinated

PCH), 3.11 (s, 6 H, NCH3), 6.81 (d, 3JHH 5 8.98 Hz, 2 H, Ar-H), 2H-azaphosphirenes.
7.86 (d, 3JHH 5 8.98 Hz, 2 H, Ar-H). 2 13C{1H} NMR (CDCl3): [12] R. Streubel, J. Jeske, P. G. Jones, R. Herbst-Irmer, Angew.

Chem. 1994, 106, 1152117; Angew. Chem. Int. Ed. Engl. 1994,δ 5 1.4 (d, 3JCP 5 3.2 Hz, SiMe3), 2.2 (d, 3JCP 5 3.2 Hz, SiMe3),
33, 80282.26.5 (d, 1JCP 5 24.4 Hz, PCH), 40.1 [s, N(CH3)2], 111.8 (s, m-C), [13] R. Streubel, H. Wilkens, A. Ostrowski, C. Neumann, F. Ruthe,

112.6 (d, 2JCP 5 15.0 Hz, i-C), 131.8 (s, o-C), 154.0 (s, p-C), 187.8 P. G. Jones, Angew. Chem. 1997, 109, 154921550; Angew.
(d, Σ JPC 5 3.1 Hz, PCN), 196.2 (d, 1JCW 5 127.5 Hz, 2JCP 5 8.8 Chem. Int. Ed. Eng. 1997, 36, 149221493.

[14] G. M. Bodner, S. B. Kahl, K. Bork, B. N. Storhoff, J. E. Wuller,Hz, cis-CO), 198.3 (d, 2JCP 5 24.0 Hz, trans-CO). 2 31P{1H} NMR
L. J. Todd, Inorg. Chem. 1973, 12, 107121074.(CDCl3): δ 5 2117.6 (s, 1JPW 5 291.5 Hz). 2 MS (70 eV): M1

[15] R. Appel, A. Westerhaus, Tetrahedron Lett. 1981, 22,
could not be detected by EI MS; using CI MS [(Me2NC6H4)CN1] 215922160.
was found to be the basic peak. [16] R. Streubel, unpublished results.

[17] C. Hansch, A. Leo, S. H. Unger, K. H. Kim, D. Nikaitani, E.
J. Lien, J. Med. Chem. 1973, 16, 120721216.Crystal-Structure Determination of 3d [18]: C19H24NO5PSi2W,

[18] Crystallographic data (excluding structure factors) for the struc-M 5 617.39, P1̄, a 5 9.167(4), b 5 10.793(4), c 5 13.775(5) Å, ture reported in this paper have been deposited with the Cam-
α 5 89.27(2)°, β 5 85.92(3)°, γ 5 64.88(3)°, V 5 1230.6(8) Å3, bridge Crystallographic Data Centre as supplementary publica-

tion no. CCDC-100687. Copies of the data can be obtained freeZ 5 2, dcalc 5 1.666 Mg/m3, µ 5 4.883 mm21, T 5 143 K. A
of charge on application to The Director, CCDC, 12 Unionyellow prism (0.7 3 0.7 3 0.4 mm) was mounted in inert oil. 6565
Road, UK-Cambridge CB2 1EZ [fax: int. code 144(1223)336-intensities were measured (2Θ 6250°) using Mo-Kα radiation on a 033; E-mail: deposit@chemcrys.cam.ac.uk].

Stoe STADI-4 diffractometer. After absorption correction (ψ [19] R. Streubel, A. Ostrowski, H. Wilkens, F. Ruthe, J. Jeske, P. G.
Jones, Angew. Chem. 1997, 109, 4092413; Angew. Chem. Int.scans) 4319 were unique (Rint 5 0.0251) and 4318 used for all calcu-
Ed. Engl. 1997, 36, 3782381.lations (program SHELXL-93). All hydrogen atoms (except rigid

[20] [20a] E. O. Fischer, H. J. Kollmeier, Chem. Ber. 1971, 104,methyl groups) were refined with a riding model. The final wR(F2) 133921346. 2 [20b] E. O. Fischer, M. Leupold, Chem. Ber. 1972,
was 0.0883 with conventional R(F) 0.0324 for 268 parameters and 105, 5992608.

[97204]129 restraints. Highest peak 1996, hole 21835 e/nm3.
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Five different (pyrazolylborate)zinc hydroxide complexes nitrophenyl) phosphates showed intermediate reactivity, lo-
sing p-nitrophenolate upon hydrolysis and producing Tp*Tp*Zn2OH (1) were used as hydrolytic reagents towards

esters of various acids of phosphorus. Trimethyl phosphate Zn2OPO(OR)(OC6H4NO2) (7, 8). When phosphorus acid di-
esters were employed, condensation between the Zn2OHand trimethyl phosphite could not be cleaved. Dimethyl and

diphenyl phosphite yielded TptBu,MeZn2OPHO(OR) (2, 3). and P2OH functions occurred. This proved to be the conve-
nient way of preparing the organophosphate complexes Tp*Triphenyl phosphate reacted slowly producing moderate

yields of Tp*Zn2OPO(OPh)2 (4). Tris(p-nitrophenyl) phos- Zn2OPO(Ph)2 (9), Tp*Zn2OPO(OPh)2 (4), and Tp*Zn2O-
PO(OC6H4NO2)2 (5). Six structure determinations showedphate was cleaved rapidly, forming Tp*Zn2O-

PO(OC6H4NO2)2 (5) and Tp*Zn2OC6H4NO2 (6). Alkylbis(p- the structural variability of the resulting complexes.

One of the largest group of enzymes are those which ca- monofunctional and allowing only monodentate coordi-
nation for the substrate too. We have so far tested it for zinctalyze phosphate transfer[1]. Many of them are metalloen-

zymes[2], quite often having two or three metal ions in the model complexes of tripodal N,N,N [e.g. tris(benzimidazo-
lylmethyl)amine] [22] and N,N,O (e.g. dipicolylglycine)[23] li-active center[3]. Of the metals involved (Mg, Fe, Mn, and

Zn) zinc plays an important role, being present for instance gands. In our hands the substituted (pyrazolylborate)zinc
hydroxides Tp*Zn2OH turned out to be the best nucleo-in alkaline[4] and acid[5] phosphatases, nucleases[6] [7], phos-

pholipases[8], phosphotriesterases[9], and DNA and RNA philes, being active in the hydrolysis of esters[24], amides[24],
CO2

[25] [26] and similar systems with cumulated doublepolymerases[10]. All these latter enzymes are involved in the
making and breaking of phosphate ester (P2OR) linkages bonds[27]. We have also briefly communicated the hydrolytic

cleavage of phosphate esters and diphosphates by them[28].in their various biological occurrencies.
This paper starts a series of publications on the cleavageThe importance of the subject and the ease of modelling

of phosphate-containing materials by Zn2OH andthe biological substrates by simple phosphoric acid esters
Zn2OH2 complexes. In order to lay a preparative andlike tris(p-nitrophenyl) phosphate has attracted organic
structural basis for further work, simple esters of variouschemists and coordination chemists early on. Research
acids of phosphorus were treated with the five Tp*Zn2OHgroups which have investigated the metal (specifically zinc)
complexes 1a2e. The reaction conditions were chosen suchion or complex catalyzed phosphate ester hydrolysis are,
that one ester group each could be cleaved off, and due toamong others, those of Breslow[11], Chin[12], Brown[13], Ki-
the insolubility of the Tp*Zn2OH complexes in water themura[14], Bianchi [15], and Yashiro[16]. Stoichiometric reac-
reactions were meant to be stoichiometric rather than catal-tions and structural models for zinc complexes were pro-
ytic.vided, among others, by Krebs[17], Kitajima[18], Fenton[19],

Lippard[20], and ourselves[21]. A typical characteristic of the
model mechanisms or structures is the involvement of bi-
dentate phosphate, being coordinated via two of its oxygen
atoms to either one or two metal ions. Monodentate coordi-
nation is the exception, and to date just one structure of a
mononuclear zinc complex bearing a phosphate only as a
monodentate ligand has been published[21].

We are interested in exploiting the hydrolytic activity of
zinc-bound water molecules or hydroxide groups in an iso-
lated situation, i.e. one where the kind and number of other
ligands on zinc leaves just one coordination site for H2O or
OH2, thereby encapsulating it in an enzyme-like manner.
The purpose is to make the reacting zinc complexes strictly
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“Small” Phosphates and Phosphites are aggressive enough to remove one phenolate ligand from

them, especially when applied in large excess for kineticThe first attempts at ester cleavage were made with tri-
studies[30]. Stoichiometric reactions were relatively slow andmethyl phosphite and trimethyl phosphate. Both turned out
led to product mixtures containing some starting materialto be unreactive toward the Tp*Zn2OH reagents. Al-
and side products which were not easy to separate. Thusthough, being small molecules, they allow easy access of a
1d and PO(OPh)3 gave only traces of 4d. Both 1b and 1cnucleophile to phosphorus, their alkyl ester functions seem
underwent relatively clean reactions with PO(OPh)3 as evi-to be too inert. Making them even smaller led to success,
denced by 31P-NMR spectroscopy. After isolation, thehowever. Dimethyl phosphite [HPO(OMe)2] reacted with 1a
products 4b and 4c were of moderate yield. Samples wereand 1c, diphenyl phosphite [HPO(OPh)2] reacted with 1a
also obtained of 4b by condensation (see below) and of 4cproducing in very good yields the zinc-phosphate com-
by hydrolytic cleavage of tetraphenyl diphosphate[31].plexes 2a, 2c, and 3a as the products of the hydrolytic re-

moval of one OR group. Both the liberated methanol and
TpR,MeZn2OPO(OPh)2phenol did not show up in the form of zinc complexes, in 4a: R 5 tBu

4b: R 5 Phaccord with our experience that they don9t react with Tp*
4c: R 5 CumZn2OH[29]. One attempt at using an ester of methylphos- 4d: R 5 Py

phonic acid, namely MePO(OMe)2, was also met with fail-
ure. The spectroscopic identification of complexes 4 rests

mainly on the 1H-NMR data of their Tp* ligands and theTpR,MeZn2OPHO(OMe) TptBu,MeZn2OPHO(OPh)
2a: R 5 tBu 3a 31P-NMR and υ(P5O) IR data of their phosphate ligands.
2c: R 5 Cum The assignment was rounded off by a structure determi-

nation of 4b (see Figure 2). It shows a less symmetrical ar-The spectroscopic identification of complexes 2a, 2c, and
rangement around the zinc ion as evidenced by the Zn2N3a was easy due to their simple 1H-NMR spectra contain-
bond lengths and the O2Zn2N angles.ing the very typical P-H doublet. Confirmation of their

constitutional assignment was obtained by a structure de- Figure 2. Molecular structure of 4b[a]

termination of 2c (see Figure 1). The structure shows the
expected pseudotetrahedral coordination of zinc with a
symmetrical attachment of the TpCum,Me ligand and the
Zn2O bond very close to the trigonal axis of the Tp*Zn
unit. As such it provides no unusual features for a Tp*
Zn2OX complex. The bonding situation of its phosphite
ligand is discussed below.

Figure 1. Molecular structure of 2c[a]

[a] Coordination environment of zinc : Zn2O1 1.854(2), Zn2N1
2.009(3), Zn2N2 2.019(2), Zn2N3 2.060(2) Å; O12Zn2N1

114.6(1), O12Zn2N2 130.8(1), O12Zn2N3 119.5(1)°.

Tris(p-nitrophenyl) Phosphate

As expected, tris(p-nitrophenyl) phosphate reacted fast[a] Coordination environment of zinc: Zn2O1 1.825(5), Zn2N1
2.016(5), Zn2N2 2.026(5), Zn2N3 2.016(5) Å; O12Zn2N1 and cleanly with the Tp*Zn2OH reagents. It was, in our
123.0(2), O12Zn2N2 122.0(2), O12Zn2N3 122.3(2)°. 2 In the hands[30] like in others, the substrate of choice for kinetic
crystal one methanol molecule is attached to O3 by a hydrogen

measurements. We used it for stoichiometric reactions withbond.
1b and 1c. In order to achieve complete consumption of the
phosphate, two equivalents of the zinc complex had to be

Triphenyl Phosphate used. The reason for this is fast reaction of the liberated
p-nitrophenol with the zinc2hydroxide unit in terms of aAryl phosphates are more amenable to hydrolytic cleav-

age than trialkyl phosphates, yet they are not typically used condensation reaction leading to the p-nitrophenolate com-
plexes 6, as we have described before[29]. Thus the hydrolyticfor model studies for which p-nitrophenyl phosphates are

the favourites. It turned out that our Tp*Zn2OH reagents cleavages of the phosphate yielded equimolar mixtures of

Eur. J. Inorg. Chem. 1998, 2632270264
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the phosphate complexes 5b, c and the phenolate complexes the free pyrazole which was then coordinated to zinc giving

the addition products 7b9 and 7e9. The presence of the ad-6b, c which were separated.
ditional pyrazole ligands in these complexes was found by

TpR,MeZn2OPO(OC6H42p-NO2)2 TpR,MeZn2OC6H42p-NO2 1H-NMR spectroscopy. Otherwise the spectroscopic data of5a: R 5 tBu 6b: R 5 Ph
5b: R 5 Ph 6c: R 5 Cum complexes 7 and 8 are in accord with their constitutions
5c: R 5 Cum 6e: R 5 Pic and quite similar to those of the related complexes with
5e: R 5 Pic

other phosphate ligands.

The spectroscopic identification of 5b and 5c rests on the
TpR,MeZn2OPO(OEt)(OC6H42p-NO2)

1H-NMR data for the Tp* ligands and the υ(P5O) and 7b: R 5 Ph
7c: R 5 Cumδ(31P) values again. Compounds 6b and 6c which we have
7e: R 5 Picdescribed before[29] were identified spectroscopically. Crys-

7b · 3-methyl-5-phenylpyrazole 7e · 3-methyl-5-picolylpyrazoletals suitable for a structure determination were obtained of
7b9 7e9

5e (see below). They turned out to contain hydrated 5e with TpPic,MeZn2OPO(OCy)(OC6H42p-NO2)
five-coordinate zinc (see Figure 3). Five-coordination 8e

of zinc seems to be the rule rather than the exception in
Of these complexes, one each with fourfold (8e) and five-zinc complexes of tris(3-pyridyl-39-pyrazolyl)borato

fold (7b9) coordination at zinc was chosen for a structureligands[31] [32] [33]. In 5e the geometry at zinc is that of a dis-
determination. An unusual feature of all complexes 7 andtorted trigonal bipyramid [angle O22Zn2N3 170.8(1)°,
8 is the presence of phosphorus atoms with four differentangles between apical and equatorial ligands 85296°,
substituents. The crystals of 8e and 7b9 are, however, notangles between equatorial ligands 972139°]. The zinc-
enantiomerically pure but belong to the centrosymmetricbound water molecule is connected via a hydrogen bond
space group P21.to the P5O oxygen (2.69 Å). The phosphate attachment is

Complex 8e (see Figure 4) shares with complex 2c thediscussed below.
symmetrical attachment of the Tp* ligand to zinc. However,Figure 3. Molecular structure of 5e ·H2O[a]

unlike the situation in 2c the Zn2O bond is bent away sig-
nificantly from the trigonal axis of the Tp* ligand, making
the phosphate attachment in 8e more like that in 4b.

Figure 4. Molecular structure of 8e[a]

[a] Coordination environment of zinc: Zn2O1 1.996(2), Zn2O2
2.082(2), Zn2N1 2.070(3), Zn2N2 2.072(3), Zn2N3 2.202(3) Å.

Alkylbis(p-nitrophenyl) Phosphates
[a] Coordination environment of zinc: Zn2O1 1.854(2), Zn2N1The alkylbis(p-nitrophenyl) phosphates contain two ester
2.028(3), Zn2N2 2.030(2), Zn2N3 2.033(2) Å; O12Zn2N1

functions of quite different lability. It could therefore be 118.8(1), O12Zn2N2 116.4(1), O12Zn2N3 131.8(1)°.
predicted that they would lose only one p-nitrophenolate
unit upon hydrolysis by Tp*Zn2OH. This was verified for The coordination of zinc in complex 7b9 (see Figure 5) is

quite unusual. The attachment of the free pyrazole moleculeethylbis(p-nitrophenyl) phosphate with 1b, 1c, and 1e as
well as for cyclohexylbis(p-nitrophenyl) phosphate with 1e. exerts a kind of a trans effect, pushing one of the Tp* pyra-

zole donors away on the opposite side of the zinc ion. TheReaction products were the zinc phosphate complexes 7b,
7c, 7e, and 8e together with the p-nitrophenolate complexes result is a very unsymmetrical coordination of the Tp* li-

gand to zinc, with the Zn2N1 distance (2.90 Å) practically6b, 6c, and 6e, some of which were again difficult to sepa-
rate. The various steps of the workup procedure resulted in outside a bonding range. The symmetry about the zinc ion

can, however, best be described as trigonal-bipyramidalpartial hydrolytic destruction in case of 7b and 7e, liberating
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with N7 and N1 in the apical positions (angle 172°). The reaction one of three Tp*Zn units was lost liberating zinc

ions in a way which is unclear as yet. The combination ofangles between the axial and equatorial donors range from
77 to 105°, those between the equatorial donors between two Tp*Zn units, one zinc ion, four phosphate anions, and

two water molecules then resulted in the formation of com-101 and 125°. On the other hand all angles between N7 and
the equatorial donors are much larger than 90° (maximum plex 10d, the constitution of which became only clear by a

structure determination. The schematic drawing of 10d (seeN72Zn2O1 with 105°), indicating that the four donors O1,
N2, N3, and N7 also define a flattened tetrahedron. It Figure 6) shows a octahedral zinc ion in the center and two

five-coordinate zinc ions in the periphery. On both sides oneseems that electronic preferences favour tetrahedral coordi-
nation for 7b9 but the geometrical restraints of the Tp* li- phosphate each is bridging the zinc ions while the other is

terminal. One pyridyl substituent of each TpPy,Me ligand isgand don9t allow to completely remove the fifth donor, re-
sulting in the observed intermediate type of coordination. used as a donor toward the central zinc ion as observed

before in [(TpPy,MeZn)2(µ-H3O2)]1 [32]. Hydrogen bridgingFigure 5. Molecular structure of 7b9[a]

stabilizes the structure which is unique as a whole but com-
prised of established structural units.

Figure 6. Schematic drawing of complex 10d[a]

[a] Coordination environment of zinc: Zn2O1 1.912(3), Zn2N1
2.897(4), Zn2N2 2.022(3), Zn2N3 2.003(3), Zn2N7 2.082(4) Å.

Condensation Reactions

In addition to the phosphoric acid triesters we also tried [a] R 5 p-nitrophenyl, the three interconnected N atoms bound to
the outer Zn ions represent TpPy,Me ligands, the four long curvesto find out about the hydrolytic cleavage of phosphoric acid
represent one pyridyl substituent each of TpPy,Me.diesters. These are of course acids themselves and as such

capable of destroying the pyrazolylborate ligands hydro- Figure 7 displays the molecular structure of 10d, with all
lytically. To our surprise, however, their main reactivity atoms except the α-C of the p-nitrophenolate units omitted
towards the Tp*Zn2OH complexes consisted in a conden- for clarity. The molecule is centrosymmetric. The central
sation reaction producing the corresponding diesterphos- zinc ion is in a nearly ideal octahedral ZnN2O4 environment
phate complexes. We then learnt that every X2P(O)OH with Zn2O and Zn2N distances (2.1222.14 Å) typically
compound undergoes this reaction yielding Tp*Zn2O- longer than those in all other zinc complexes of this paper.
P(O)X2. The peripheral zinc ions have a distorted trigonal-bipyrami-

In the context of this paper we applied the condensation dal ZnN3O2 environment comparable to that in 5e (trans
reaction to 1a and diphenylphosphinic acid, giving a good angle O12Zn12N3 168°, cis angles 812100°, equatorial
yield of 9a. Similarly, 1a with diphenyl phosphate and bis(p- angles 982141°). The double-bridged linkage between Zn1
nitrophenyl) phosphate yielded 4a and 5a, 1b with both re- and Zn2 via one phosphate and one pyridylpyrazole unit
agents yielded 4b, 5b, and 1e with bis(p-nitrophenyl) phos- represents a 10-membered heterocyclic ring.
phate yielded 5e (which was used for the structure determi-
nation, see above). Discussion of the Zinc2Phosphate Interactions

All the phosphite and phosphate complexes obtainedTptBu,MeZn2OP(O)Ph2
here are molecular compounds soluble in nonpolar organic9a
solvents. This implies that their zinc2phosphate interac-
tions are covalent, as is also evidenced by the structure de-The destructive power of the acidic phosphoric acid dies-

ters came to effect in only one case, the reaction between terminations. We became aware that this may be a question-
able statement when observing that the Zn2O2P angles1d and bis(p-nitrophenyl) phosphate. In the course of this
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Figure 7. Molecular structure of 10d[a] or the standard value for a true P5O double bond (ca. 1.45

Å[34]) it becomes clear that both P2O bonds in the phos-
phate complexes described here have close to double bond
character as is also observed in various ionic phosphates[34].
This relation to ionic phosphate is underlined by the quite
constant and normal values of the O2P5O angles.

The Zn2O bond lengths cannot be used as a measure
of the zinc2phosphate interactions. They simply reflect the
coordination number of zinc, as made visible by the group-
ing of compounds in the table. For each of the three groups
the range of Zn2O bond lengths is typical, increasing with
the coordination number, and all of them are shorter than
the value for octahedral zinc (2.1522.20 Å). Conversely the
bond lengths and angles of the P2O entities under con-
sideration do not reflect the coordination number of zinc.

The most variable structural detail in this context is the
Zn2O2P angle, showing a spread from 136 to 178°. As the
individual values of this angle cannot be related to other
bond lengths or angles in the corresponding complexes,
they cannot reflect electronic situations, i.e. they must be
determined by geometric constraints. This is, however, only
obvious for 2c where the phosphite ligand is “compressed”
by the tert-butyl substituents of the Tp* ligand. In the other
cases it must reflect a combination of intramolecular forces.
Altogether the softness of the Zn2O2P angle is the second
strong indicater for the rather polar nature of the
zinc2phosphate interactions. As such it is reminiscent of[a] Coordination environments of the zinc ions: Zn12N1 2.034(5),

Zn12N2 2.070(5), Zn12N3 2.224(5), Zn12O1 2.067(4), Zn12O2 the Si2O2Si linkage in silicates and siloxanes which has
1.960(4), Zn22N8 2.140(7), Zn22O3 2.125(6), Zn22O13 been discussed in similar terms in the light of modern MO2.128(5) Å.

theory[35].

are never close to the tetrahedral angle to be expected for Conclusions
covalent oxygen and that the formal single bonds P2O(Zn) The nucleophilic strength of the “enzyme models” Tp*
are almost as short as the formal double bonds P5O. The Zn2OH has been demonstrated for a wide range of esters
data related to this are assembled in Table 1 which also of phosphorus acids as well as for Tp* ligands of varying
includes values from two complexes in the accompanying polarity and steric bulk. In a favourable case even an alkyl
paper[31]. ester could be cleaved. Phenyl esters were of moderate, p-
Table 1 Bonding parameters for the zinc2phosphate interactions nitrophenyl esters of high reactivity. This work has lain the

preparative basis for kinetic studies aimed at elucidating
complex Zn2O O2P P5O Zn2O2P O2P5O mechanistic details of the cleavage reactions.

In terms of enzyme modelling the reactions of the alkyl
complexes with four-coordinate zinc esters are the only ones of relevance. Phosphate transfer2c 1.83 1.46 1.45 172 115
4b 1.85 1.48 1.46 155 121 from mononucleotides or phospholipids involves the cleav-
8e 1.85 1.50 1.46 149 119 age of aliphatic phosphate esters, i.e. those which are most
complexes with intermediate coordination

difficult to hydrolyze. We have shown that this is in principle7b9 1.91 1.49 1.47 142 120
4c9[a] 1.91 1.49 1.47 147 120 possible with Tp*Zn2OH. When an alkyl and a p-nitro-
complexes with five-coordinate zinc phenyl ester group are present in a phosphoric acid ester, it5e ·H2O 2.00 1.50 1.47 136 121

is exclusively the latter which is cleaved off. Cleavage reac-10d[b] 2.07 1.46 1.46 178 123
4e ·H2O[a] 1.95 1.50 1.46 139 118 tions of this kind have led here to the new class of metal

phosphate complexes containing chiral phosphorus centers.
[a] Structures described in ref. [31]. 2 [b] Only the terminal phosphate All cleavage reactions by Tp*Zn2OH have shown that ais considered.

single zinc ion (or Zn2OH, or Zn2OH2 unit) is sufficient
to perform the hydrolysis. The rates of the cleavage reac-The table shows that in all cases there is an almost com-

plete equalization of the formal single and double P2O tions observed here are also not smaller than those reported
for some dinuclear model complexes, irrespective of the factbonds. Although the “double” bonds are shorter through-

out, their shortening amounts to a maximum of 0.04 Å. that our reactions are stoichiometric rather than catalytic.
All reactions end with the formation of phosphate com-When referenced against the P2O(R) bond lengths of

truely single bonds in the same compounds (1.5721.60 Å) plexes, allowing the mechanistic conclusion that the metal
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from acetonitrile yielded 73.5 mg (36%) of 4b. 2 IR: 2549m (BH),ion and the phosphate are in contact during the ester cleav-
1230s (P5O). 2 1H NMR: 2.52 [s, 9 H, Me(pz)], 6.25 [s, 3 H,age.
H(pz)], 6.86 [d, J 5 7.3 Hz, 4 H, Ph(phos(2,6))], 6.8927.27 [m, 9The structure determinations of the zinc phosphate com-
H, Ph], 7.24 [m, 6 H, Ph(3,5)], 7.64 [d, J 5 7.4 Hz, 6 H, Ph(2,6)].plexes have yielded two important pieces of information.
2 31P NMR: 216.6.Firstly they indicate that the bonding between zinc and

4c: From 300 mg (0.433 mmol) of 1c and 70.7 mg (0.217 mmol)phosphate is quite polar in nature. Secondly they show a
of triphenyl phosphate in 20 ml of CH2Cl2 for 4 d. Crystallizationvariety of coordination geometries and ligand arrangements
from acetonitrile yielded 91 mg (45%) of 4c. 2 IR: 2552m (BH),around zinc which is puzzling at first glance. We are opti-
1282s (P5O). 2 1H NMR: 1.04 [d, 3J 5 6.9 Hz, 18 H, Me(iPr)],mistic, however, that a systematic analysis of the structures
2.53 [s, 9 H, Me(pz)], 2.70 [sept, 3J 5 6.9 Hz, 3 H, H(iPr)], 6.26 [s,

of all odd-shaped Tp*Zn(X)(Y) complexes will allow a 3 H, H(pz)], 6.68 [d, 3J 5 7.5 Hz, 4 H, Ph(phos(2,6))], 6.95 [m,
superposition yielding a reaction trajectory for the nucleo- 3J 5 7.5 Hz, 6 H, Ph(phos(3,4,5))], 7.13 [d, 3J 5 8.1 Hz, 6 H,
philic transformation of substrates by Tp*Zn2OH. We are Ph(3,5)], 7.62 [d, 3J 5 8.1 Hz, 6 H, Ph(2,6)]. 2 31P NMR: 216.6.
in the course of further structural and basic kinetic work

4d: From 500 mg (0.879 mmol) of 1d and 143 mg (0.438 mmol)with the aim of finding this trajectory.
of triphenyl phosphate in 40 ml of CH2Cl2 for 16 h. Several recrys-

This work was supported by the Deutsche Forschungsgemein- tallizations from acetonitrile were necessary to yield 35 mg (5%) of
schaft and the Fonds der Chemischen Industrie. We thank Dr. W. 4d. 2 IR: 2553m (BH), 1261s (P5O). 2 1H NMR: 2.57 [s, 9 H,
Deck and Mr. B. Müller for help with the NMR and X-ray work. Me(pz)], 6.27 [s, 3 H, H(pz)], 6.56 [d, 3J 5 8.1 Hz, 4 H, Ph(2,6)],

7.05 [m, 6 H, Ph(3,4,5)], 7.05 [dd, 3J 5 7.9 Hz, 3J 5 4.6 Hz, 3 H,
Experimental Section Py(5)], 8.11 [d, 3J 5 7.9 Hz, 3 H, Py(6)], 8.21 [d, 3J 5 4.6 Hz, 3

H, Py(4)], 8.67 [s, 3 H, Py(2)]. 2 31P NMR: 214.9.General experimental methods and measuring techniques see
ref. [36]. The Tp*Zn2OH complexes[25] [27] [33] [37] and the alkylbis(p- 5b: From 300 mg (0.530 mmol) of 1b and 122 mg (0.265 mmol)
nitrophenyl) phosphates[38] were prepared according to published of tris(p-nitrophenyl)phosphate in 5 ml of CH2Cl2 for 24 h. Two
procedures. All other reagents were obtained commercially. Sol- recrystallizations from acetonitrile yielded 37.3 mg (16%) of 5b. 2
vents were air- and water-free. 2 IR data (cm21) were recorded IR: 2554m (BH), 1548s, 1344s (NO), 1256s (P5O). 2 1H NMR:
from KBr pellets. 2 1H- and 31P-NMR data (δ in ppm, int. TMS, 2.56 [s, 9 H, Me(pz)], 6.27 [s, 3 H, H(pz)], 6.71 [d, 3J 5 7.3 Hz, 4
ext. H3PO4) were recorded from CDCl3 solutions. All compounds H, Nitr(2,6)], 7.20 [m, 3 H, Ph(4)], 7.35 [m, 6 H, Ph(3,5)], 7.63 [d,
are characterized in Table 2.

2a: 200 mg (0.395 mmol) of 1a and 43.5 mg (0.395 mmol) of
Table 2 Characterization of the new complexesdimethylphosphite in 20 ml of dichloromethane were stirred for 16

h. The solvent was removed in vacuo and the residue crystallized
no. m.p. formula analyses calcd./foundfrom methanol. Yield 210 mg (90%) of 2a. 2 IR: 2554m (BH), [°C] mol. mass C H N

1252vs (P5O). 2 1H NMR: 1.41 [s, 27 H, tBu], 2.39 [s, 9 H,
Me(pz)], 3.72 [d, J 5 12.1 Hz, 3 H, OMe], 5.84 [s, 3 H, H(pz)], 2a 142 C25H45BN6O3PZn 51.43 7.60 14.40
7.10 [d, J 5 647 Hz, 1 H, PH]. 2 31P NMR: 20.6. 584.9 51.92 7.50 13.73

2c7 182 C40H50BN6O3PZn 62.39 6.54 10.912c: 1.00g (1.44 mmol) of 1c and 1.20 g (10.9 mmol) of dimethyl 770.1 61.93 6.51 10.58
phosphite in 30 ml of toluene were stirred for 2 h. The solvent was 3a 235 C30H46BN6O3PZn· H2O 54.27 7.29 12.66
removed in vacuo, the residue washed with 2 ml of cold methanol 663.9 54.32 7.16 12.71

4a 256 C36H50BN6O4PZn 58.59 6.83 11.39and then crystallized from methanol. Yield 0.92 g (81%) of 2c. 2
738.0 58.36 6.76 11.34IR: 2537m (BH), 1246s (P5O). 2 1H NMR: 1.23 [d, J 5 6.9 Hz, 4b 166 C42H38BN6O4PZn 63.22 4.80 10.53

18 H, Me(iPr)], 2.50 [s, 9 H, Me], 2.94 [sept, J 5 6.9 Hz, 3 H, 798.0 63.99 4.86 11.16
CH(iPr)], 3.19 [d, J 5 11.8 Hz, 3 H, OMe], 6.21 [s, 3 H, CH(pz)], 4c 197 C51H56BN6O4PZn 66.28 6.11 9.10

924.2 65.55 6.07 8.936.27 [d, J 5 654 Hz, 1 H, PH], 7.31 [d, J 5 8.2 Hz, 6 H, Ph(3,5)],
4d 179 C39H35BN9O4PZn 47.83 3.38 14.227.60 [d, J 5 8.2 Hz, 6 H, Ph(2,6)]. 2 31P NMR: 1.0. 801.0 47.26 3.28 14.79
5a 246 C36H48BN8O8PZn 52.22 5.84 13.593a: As before from 500 mg (0.988 mmol) of 1a and 231 mg (0.988

828.0 51.62 5.87 13.47mmol) of diphenylphosphite. Repeated crystallization from aceto-
5b 179 C42H36BN8O8PZn· CH3CN 56.89 4.23 13.57

nitrile yielded 430 mg (67%) 3a. 2 IR: 2558m (BH), 1259s (P5O). 888.0 1 41.1 56.76 4.18 13.62
2 1H NMR: 1.41 [s, 27 H, tBu], 2.40 [s, 9 H, Me(pz)], 5.86 [s, 3 H, 5c 199 C51H54BN8O6PZn· H2O 59.34 5.47 10.86

1014.2 1 18.0 58.46 5.56 10.91H(pz)], 7.09 [m, 1 H, Ph], 7.30 [m, 4 H, Ph], 7.38 [d, J 5 664 Hz,
5e 159 C42H41BN11O9PZn 51.38 4.26 15.511 H, PH]. 2 31P NMR: 25.0.

· 1/2CH2Cl2 (· H2O)
951.1 1 42.5 51.69 4.10 15.83General Procedure for the Cleavage of Aryl Phosphates: Two

6e 239 C36H35BN10O3Zn· CH2Cl2 56.51 4.69 18.09equivalents of the Tp*Zn2OH complex and one equivalent of the
731.9 1 84.9 56.08 4.78 18.03aryl phosphate were stirred in a solvent at room temp. All volatiles 7b9 153 C48H47BN9O6PZn 60.49 4.97 13.23

were removed in vacuo. Treatment of the residue with acetonitrile 953.1 60.88 4.95 13.32
7c 181 C47H55BN7O6PZn 61.28 6.02 10.64or ethanol yielded a solution of the phosphate complex and a resi-

921.2 61.12 5.94 10.54due of the phenolate complex. When already known, the phenolate
7e9 178 C48H51BN13O6PZn 56.90 5.07 17.97complex was discarded. Otherwise it was recrystallized and charac- 1013.2 55.14 4.92 17.38

terized (see below). The solution of the phosphate complex was 8e 171 C42H46BN10O6PZn· CH2Cl2 52.76 4.94 14.31
894.1 1 84.9 52.50 5.01 14.59evaporated to dryness in vacuo and the product recrystallized.

10d 120 C102H86B2N26O34P4Zn3 47.83 3.38 14.22
4b: From 300 mg (0.530 mmol) of 1b and 86.5 mg (0.265 mmol) 2561.6 47.26 3.28 14.79

of triphenyl phosphate in 20 ml of CH2Cl2 for 3 d. Crystallization
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3J 5 7.3 Hz, 6 H, Ph(2,6)], 7.89 [d, 3J 5 7.3 Hz, 4 H, Nitr(3,5)]. 8.2 Hz, 6 H, Ph(3,5)], 7.61 [d, 3J 5 8.2 Hz, 6 H, Ph(2,6)], 7.84 [d,

3J 5 7.2 Hz, 2 H, Nitr(3,5)]. 2 31P NMR: 212.0.2 31P NMR: 218.9.

5c: From 300 mg (0.433 mmol) of 1c and 70.7 mg (0.217 mmol) 7e9: From 312 mg (0.550 mmol) of 1e and 101 mg (0.275 mmol)
of ethylbis(p-nitrophenyl) phosphate in 5 ml of CHCl3 for 48 h.of tris(p-nitrophenyl)phosphate in 10 ml of CH2Cl2 for 2 d. Two

recrystallizations from acetonitrile yielded 22 mg (10%) of 5c. 2 Recrystallization from acetonitrile. Yield 107 mg (46%) of 7e9. 2

IR: 2537m (BH), 1545m, 1342s (NO), 1248s (P5O). 2 1H NMR:IR: 3130w (H2O), 2561m (BH), 1553m, 1344s (NO), 1258m (P5

O). 2 1H NMR: 1.06 [d, 3J 5 6.8 Hz, 18 H, Me(iPr)], 2.55 [s, 9 1.02 [t, 3J 5 7.1 Hz, 3 H, Me(OEt)], 2.34 [s, 12 H, Me(py), Me-
(py(a))], 2.55 [s, 12 H, Me(pz)], 3.67 [dq, 3J 5 7.1 Hz, 3J 5 7.1 Hz,H, Me(pz)], 2.73 [sept, 3J 5 6.9 Hz, 3 H, H(iPr)], 6.24 [s, 3 H,

H(pz)], 6.69 [d, 3J 5 8.2 Hz, 4 H, Nitr(3,5)], 7.21 [d, 3J 5 8.2 Hz, 2 H, CH2(OEt)], 5.91 [s, 1 H, H(pz(a))], 6.29 [s, 3 H, H(pz)], 7.08
[d, 3J 5 8.0 Hz, 3 H, Py(5)], 7.12 [d, 1 H, Py(5(a))], 7.25 [d, 3J 56 H, Ph(3,5)], 7.57 [d, 3J 5 8.2 Hz, 6 H, Ph(2,6)], 7.87 [d, 3J 5 8.2

Hz, 4 H, Nitr(2,6)]. 2 31P NMR: 219.4. 7.2 Hz, 2 H, Nitr(2,6)], 7.64 [dd, 3J 5 8.0 Hz, 4J 5 2.2 Hz, 1 H,
Py(6(a))], 7.93 [dd, 3J 5 8.0 Hz, 4J 5 2.1 Hz, 3 H, Py(6)], 8.13 [d,

7b9: From 500 mg (0.884 mmol) of 1b and 168 mg (0.442 mmol) 3J 5 7.2 Hz, 2 H, Nitr(3,5)], 8.55 [d, 4J 5 2.1 Hz, 1 H, Py(2(a))],
of ethylbis(p-nitrophenyl) phosphate in 10 ml of CHCl3 for 24 h.

8.59 [d, 4J 5 2.1 Hz, 3 H, Py(2)]. 2 31P NMR: 28.3.
Recrystallization from methanol/acetonitrile (1:1). Yield 129 mg
(31%) of 7b9. 2 IR: 2551m (BH), 1544s, 1343s (NO), 1251s (P5 8e: From 500 mg (0.818 mmol) of 1e and 175 mg (0.414 mmol)

of cyclohexylbis(p-nitrophenyl) phosphate in 20 ml of CH2Cl2 forO). 2 1H NMR: 0.99 [t, 3J 5 7.1 Hz, 3 H, Me(OEt)], 2.49 [s, 12
H, Me(py), Me(pz(a))], 3.65 [dq, 3J 5 7.1 Hz, 3J 5 7.1 Hz, 2 H, 16 h. Recrystallization from acetonitrile/dichloromethane (4:1).

Yield 278 mg (75%) of 8e. 2 IR: 2570m (BH), 1544m, 1340s (NO),CH2(OEt)], 5.82 [s, 1 H, H(pz(a))], 6.26 [s, 3 H, H(pz)], 7.0427.57
[m, 16 H, Ph], 7.59 [d, 3J 5 7.3 Hz, 6 H, Ph(2,6)], 8.00 [d, 3J 5 7.2 1251s (P5O). 2 1H NMR: 0.91 [m, 2 H, Cy(4)], 1.28 [m, 4 H,

Cy(3), C(5)], 1.36 [m, 4 H, Cy(2), Cy(6)], 2.44 [s, 9 H, Me(py)], 2.56Hz, 2 H, Nitr(3,5)]. 2 31P NMR: 28.2.
[s, 9 H, Me(pz)], 3.61 [m, 3J 5 7.6 Hz, 1 H, Cy(1)], 6.31 [s, 3 H,

7c: From 233 mg (0.336 mmol) of 1c and 62.0 mg (0.168 mmol)
H(pz)], 7.09 [d, 3J 5 9.1 Hz, 2 H, Nitr(2,6)], 7.27 [d, 3J 5 8.0 Hz,

of ethylbis(p-nitrophenyl) phosphate in 5 ml of CHCl3 for 48 h.
3 H, Py(5)], 8.03 [dd, 3J 5 8.0 Hz, 4J 5 2.1 Hz, 3 H, Py(6)], 8.09

Crystallization from acetonitrile yielded two crystal fractions which
[d, 3J 5 9.1 Hz, 2 H, Nitr(3,5)], 8.63 [d, 4J 5 2.1 Hz, 3 H, Py(2)].

had to be sorted manually (6c and 7c). Yield 43 mg (28%) of 7c.
2 31P NMR: 211.3.

2 IR: 2551m (BH), 1550m, 1344s (NO), 1256s (P5O). 2 1H
NMR: 0.84 [t, 3J 5 7.1 Hz, 3 H, Me(OEt)], 1.15 [d, 3J 5 6.9 Hz, General Procedure for the Condensation Reactions: The reagents

were combined in 20 ml of dichloromethane and stirred for one18 H, Me(iPr)], 2.55 [s, 9 H, Me(pz)], 2.79 [sept, 3J 5 6.9 Hz, 3 H,
H (iPr)], 3.46 [dq, 3J 5 7.1 Hz, 3J 5 7.1 Hz, 2 H, CH2(OEt)], 6.23 day. The solvent was removed in vacuo and the residue crystallized

from acetonitrile.[s, 3 H, H(pz)], 6.74 [d, 3J 5 7.2 Hz, 2 H, Nitr(2,6)], 7.29 [d, 3J 5

Table 3 Crystallographic details

2c 4b 5e.H2O 7b9 8e 10d

formula C40H50BN6O3PZn · C42H38BN6O4PZn C42H41BN11O9PZn · C48H47BN9O6PZn · C42H46BN10O6PZn · C51H43BN13O17P2-
CH3OH CH3CN · CH3CN H2O 1/2 CH2Cl2 Zn1.5 · CH3CN · 5 · 1/2

CH3CN
mol. mass 802.1 797.9 1012.6 971.1 936.5 1424.5
cryst. from methanol acetonitrile acetonitrile dichloromethane/ dichloromethane/ acetonitrile

benzene acetonitrile
crystal size [mm] 0.6 3 0.4 3 0.2 1.20 3 1.10 3 0.60 0.6 3 0.6 3 0.4 0.80 3 0.60 3 0.60 0.5 3 0.4 3 0.2 0.5 3 0.4 3 0.2
space group P21/n P1̄ P1̄ P1̄ P1̄ P1̄
Z 4 2 2 2 2 2
a [Å] 17.685(2) 10.988(4) 10.5440(4) 12.8873(6) 12.0108(6) 12.328(2)
b [Å] 14.015(1) 11.324(7) 13.9212(8) 13.4892(12) 12.8637(10) 14.050(6)
c [Å] 18.795(3) 16.255(14) 18.299(3) 17.4426(11) 15.489(2) 20.417(4)
α [°] 90 103.81(5) 101.970(7) 95.04(3) 71.162(7) 108.37(2)
β [°] 114.80(1) 91.51(5) 102.873(6) 91.95(3) 89.353(6) 97.38(2)
γ [°] 90 90.50(4) 101.036(4) 118.44(3) 80.276(5) 104.43(3)
V [Å3] 4228.8(9) 1963.2(22) 2480.8(4) 2646.0(3) 2230.0(3) 3166.8(16)
d (calc.) [g·cm23] 1.23 1.35 1.36 1.22 1.40 1.49
d (obs.) [g·cm23] 1.21 1.31 1.30 1.18 1.35 1.44
temp. (K) 293(2) 293(2) 293(2) 293(2) 293(2) 200(2)
µ (Mo-Kα) [mm21] 0.662 0.716 0.593 0.549 0.705 0.707
Θ range [°] 2.5226.3 3.1226.0 2.5226.0 2.8226.0 2.3226.0 3.1226.0
hkl range 222#h#19 213#h#0 0#h#13 215#h#15 214#h#0 0#h#14

217#k#0 213#k#13 217#k#16 216#k#16 215#k#15 217#k#16
0#l#23 220#l#20 222#l#21 221#l#0 219#l#19 224#l#24

refl. measd. 8828 8079 10277 10698 9168 12308
indep. refl. 8564 7663 9726 10342 8726 11729
obs. refl. (I>2σ(I)) 4550 6922 6894 7855 6798 7581
parameters 478 496 640 622 578 998
refl. refined 8534 7662 9715 10337 8718 11702
R (obs. refl.): R1, wR2 0.079, 0.196 0.044, 0.122 0.046, 0.124 0.061, 0.203 0.046, 0.116 0.075, 0.163
R (all refl.): R1, wR2 0.176, 0.280 0.050, 0.131 0.088, 0.152 0.087, 0.237 0.073, 0.137 0.142, 0.215
residual el. density 11.1 10.8 10.6 11.1 10.9 11.2
e/ Å3 20.7 20.7 20.3 20.3 20.5 22.1
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[4] E. E. Kim, H. W. Wyckoff, Clin. Chim. Acta 1990, 186,9a: From 500 mg (0.988 mmol) of 1a and 215 mg (0.988 mmol)

1752187.of diphenylphosphinic acid. Yield 620 mg (88%) of 9a which was [5] N. Sträter, T. Klabunde, P. Tucker, H. Witzel, B. Krebs, Science
not analytically pure and could not be purified by repeated crystal- 1995, 268, 148921492.

[6] A. Volbeda, A. Lahm, F. Sakiyama, D. Suck, EMBO J. 1991,lizations. 2 IR: 2547m (BH), 1218vs (P5O). 2 1H NMR: 1.26 [s,
10, 160721618.27 H, tBu], 2.37 [s, 9 H, Me(pz)], 5.81 [s, 3 H, H(pz)], 7.32 [m, 6

[7] L. A. Kohlstaedt, J. Wang, J. M. Friedman, P. A. Rice, T. A.H, Ph], 8.05 [m, 4 H, Ph]. 2 31P NMR: 117.8. Steitz, Science 1992, 256, 178321790.
[8] S. Hansen, L. K. Hansen, E. Hough, J. Mol. Biol. 1993, 231,4a: From 200 mg (0.395 mmol) of 1a and 98.7 mg (0.395 mmol) 8702876.

of diphenyl phosphate. Yield 260 mg (88%) of 4a. 2 IR: 2552m [9] M. M. Benning, J. M. Kuo, F. M. Raushel, M. M. Holden,
(BH), 1290vs (P5O). 2 1H NMR: 1.41 [s, 27 H, tBu], 2.39 [s, 9 H, Biochemistry 1994, 33, 15001215007.

[10] C. M. Joyce, T. A. Steitz, Annu. Rev. Biochem. 1994, 63,Me(pz)], 5.84 [s, 3 H, H(pz)], 7.03 [m, 2 H, Ph], 7.19 [m, 8 H, Ph].
7772822.2 31P NMR: 217.3. [11] W. H. Chapman, R. Breslow, J. Am. Chem. Soc. 1995, 117,
546225469.5a: From 200 mg (0.395 mmol) of 1a and 134 mg (0.395 mmol) [12] B. Linkletter, J. Chin, Angew. Chem. 1995, 107, 5292531; An-

of bis(p-nitrophenyl) phosphate. Yield 290 mg (75%) of 5a. 2 IR: gew. Chem. Int. Ed. Engl. 1995, 34, 4722474.
252m (BH), 1537s, 1345s (NO), 1302vs (P5O). 2 1H NMR: 1.38 [13] R. S. Brown, M. Zamkanei, J. L. Cocho, J. Am. Chem. Soc.

1984, 106, 522225228.[s, 72 H, tBu], 2.41 [s, 9 H, Me(pz)], 5.88 [s, 3 H, H(pz)], 7.42 [d,
[14] T. Koike, S. Kajitani, I. Nakamura, E. Kimura, M. Shiro, J.J 5 8.9 Hz, 4 H, Ph], 8.17 [d, J 5 8.9 Hz, 4 H, Ph].

Am. Chem. Soc. 1995, 117, 121021219.
[15] C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi, C. Giorgi, P.4b: From 300 mg (0.530 mmol) of 1b and 133 mg (0.530 mmol)

Paoletti, B. Valtancoli, D. Zanchi, Inorg. Chem. 1997, 36,
of diphenyl phosphate. Yield 368 mg (87%). 278422790.

[16] M. Yashiro, A. Ishikubo, M. Komiyama, J. Chem. Soc. Chem.5b: From 250 mg (0.442 mmol) of 1b and 150 mg (0.442 mmol) Commun. 1997, 83284.
of bis(p-nitrophenyl) phosphate. Yield 310 mg (79%). [17] K. Schepers, B. Bremer, B. Krebs, G. Henkel, E. Althaus, B.

Mosel, W. Müller-Wermuth, Angew. Chem. 1990, 102, 5822584;
5e: From 500 mg (0.818 mmol) of 1e and 278 mg (0.817 mmol) Angew. Chem. Int. Ed. Engl. 1990, 29, 5312533.

[18] S. Hikichi, M. Tanaka, Y. Moro-oka, N. Kitajima, J. Chem.of bis(p-nitrophenyl) phosphate. Yield 694 mg (91%) of 5e. 2 IR:
Soc. Chem. Commun. 1992, 8142815.3378w (H2O), 2554m (BH), 1518s, 1344s (NO), 1258m (P5O). 2

[19] H. Adams, N. A. Bailey, D. E. Fenton, Q.-Y. He, J. Chem. Soc.1H NMR: 2.36 [s, 9 H, Me(py)], 2.58 [s, 9 H, Me(pz)], 6.31 [s, 3 H, Dalton Trans. 1997, 153321539.
H(pz)], 6.92 [d, 3J 5 9.1 Hz, 4 H, Nitr(2,6)], 7.13 [d, 3J 5 8.0 Hz, [20] J. J. Wilker, S. J. Lippard, Inorg. Chem. 1997, 36, 9692978.

[21] A. Abufarag, H. Vahrenkamp, Inorg. Chem. 1995, 34,3 H, Py(5)], 7.89 [dd, 3J 5 8.0 Hz, 4J 5 2.3 Hz, 3 H, Py(6)], 8.02
220422216.[d, 3J 5 9.1 Hz, 4 H, Nitr(3,5)], 8.66 [d, 4J 5 2.3 Hz, 3 H, Py(2)].

[22] T. Brandsch, F. A. Schell, K. Weis, M. Ruf, B. Müller, H. Vah-
2 31P NMR: 217.2. renkamp, Chem. Ber. 1997, 130, 2832289.

[23] A. Abufarag, H. Vahrenkamp, Inorg. Chem. 1995, 34,Preparation of 10d: 500 mg (0.879 mmol) of 1d and 299 mg 220722216.
(0.879 mmol) of bis(p-nitrophenyl) phosphate in 40 ml of CH2Cl2 [24] M. Ruf, H. Vahrenkamp, Chem. Ber. 1996, 129, 102521028.
were stirred for 16 h. The solvent was removed in vacuo, the residue [25] R. Alsfasser, M. Ruf, S. Trofimenko, H. Vahrenkamp, Chem.

Ber. 1993, 126, 7032710.picked up in 50 ml of hot acetonitrile, filtered hot and left to crys-
[26] M. Ruf, F. A. Schell, R. Walz, H. Vahrenkamp, Chem. Ber.tallize at room temp.. After 3 days 330 mg (44%) of 10d had pre- 1997, 130, 1012104.

cipitated. 2 IR: 2551m (BH), 1517s, 1345s (NO), 1257m (P5O). [27] M. Ruf, H. Vahrenkamp, Inorg. Chem. 1996, 35, 657126578.
2 1H NMR: 2.55 [s, 18 H, Me(pz)], 6.56 [s, 6 H, H(pz)], 7.35 [d, [28] M. Ruf, K. Weis, H. Vahrenkamp, J. Chem. Soc. Chem. Com-

mun. 1994, 1352136.3J 5 9.3 Hz, 16 H, Nitr(3,5)], 7.54 [dd, 3J 5 7.9 Hz, 3J 5 4.8 Hz,
[29] R. Walz, K. Weis, M. Ruf, H. Vahrenkamp, Chem. Ber. 1997,6 H, Py(5)], 7.97 [ddd, 3J 5 7.9 Hz, 4J 5 2.2 Hz, 4J 5 1.6 Hz, 130, 9752980.

Py(6)], 8.15 [d, 3J 5 9.3 Hz, 16 H, Nitr(2,6)], 8.64 [dd, 3J 5 4.8 [30] K. Weis, M. Rombach, H. Vahrenkamp, unpublished.
Hz, 4J 5 1.6 Hz, 6 H, Py(4)], 8.79 [d, 4J 5 2.2 Hz, 6 H, Py(2)]. 2 [31] K. Weis, H. Vahrenkamp, Eur. J. Inorg. Chem. 1998, 2712274,

succeeding paper.31P NMR: 213.4.
[32] M. Ruf, K. Weis, H. Vahrenkamp, J. Am. Chem. Soc. 1996,

118, 928829294.Structure Determinations [39]: Diffraction data were recorded with
[33] K. Weis, H. Vahrenkamp, Inorg. Chem., in print.the ω/2θ technique on a Nonius CAD4 diffractometer fitted with [34] A. F. Wells, Structural Inorganic Chemistry, Clarendon Press,
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Int. Ed. Engl. 1989, 28, 162721650.were solved with direct methods and refined anisotropically with
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[3] N. Sträter, W. N. Lipscomb, T. Klabunde, B. Krebs, Angew. and 1993.
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Three (pyrazolylborate)zinc hydroxide complexes Tp* complexes of the types Tp*Zn2OPO(OR)2 and Tp*Zn2O-
SO2R could also be obtained by condensation reactions bet-Zn2OH were used as hydrolytic reagents to cleave the

P2O2P, P2O2S, and S2O2S linkages of organic diphos- ween Tp*Zn2OH and HO2PO(OR)2 or HO2SO2R. Two of
them were characterized by structure determinations.phates, sulfonatophosphates, and disulfonates. The resulting

Among the many phosphate transferring enzymes, an im-
portant class are those which cleave the P2O2P linkages
of oligophosphates, e.g. ADP, ATP, or inorganic pyro-
phosphate[1] [2] [3]. As a rule these are metalloenzymes, quite
often containing two or three metal ions in the active center,
typically magnesium, manganese or zinc[4]. In all cases the
labile coordination positions on the metal ions are occupied
by water molecules in the resting enzymes and by the re-

Reactions and Productsacting phosphate entities in the working enzymes. Here like
in other hydrolytic metalloenzymes the essential nucleophile It was found that of the three Tp*Zn2OH complexes 1a
is likely to be a M2OH unit[5]. does not react with diphosphates. The steric bulk of the

tert-butyl groups seems to be too high. The other attemptsWhile the modelling of enzymes cleaving phosphate es-
at diphosphate cleavage went smoothly and produced theters by metal coordination compounds is very well estab-
cleavage products in high yields. Tetraethyl diphosphate andlished (see preceding paper[6] and references cited therein),
1b yielded 2b, tetraphenyl diphosphate upon reaction withwe are not aware of related studies concerning the cleavage
1b and 1c yielded 3b and 3c of which 3b was obtained be-of P2O2P or related systems[7]. We therefore started such
fore by cleavage of PO(OPh)3 with 1b [6]. Upon recrystalliza-a study using our established “enzyme model” in the form
tion from acetonitrile which was not fully dried both 3b andof the highly nucleophilic pyrazolylborate zinc hydroxide
3c were converted to adducts, as found out by the sub-complexes Tp*Zn2OH[8] [9] [10] [11] [12] [13]. Following our pre-
sequent structure determinations. Of these 3b9 results fromliminary communication on a P2O2P system, i.e. an anhy-
partial hydrolytic destruction of the TpCum,Me ligand whiledride of a phosphoric acid[14], we extended the studies to a
3c9 simply involves addition of a water molecule.S2O2S system, i.e. an anhydride of a sulfonic acid, and a

P2O2S system, i.e. a mixed anhydride. The latter bears
TpCum,MeZn2OPO(OEt)2 TpR,MeZn2OPO(OPh)2relevance in relation to adenosine-39-phosphate-59-phos- 2b 3a: R 5 tBu

3b: R 5 Cumphosulfate (PAPS), a sulfate resource of various organ-
3c: R 5 Picisms[15]. Our main interest was to find out how efficient our

(TpCum,Me)(3-methyl-5-cumenyl-pyrazole)Zn2OPO(OPh)2Tp*Zn2OH complexes would be for the cleavage of these
3b9

anhydride systems.
(TpPic,Me)(H2O)Zn2OPO(OPh)2

As the “enzyme models” we used the three Tp*Zn com- 3c9
plexes 1a2c. Their “substrates” were chosen to be molecu-
lar rather than ionic species, i.e. containing fully esterified The S2O2S system employed was the anhydride of p-

toluenesulfonic acid (SOS). It reacted easily with 1c, for-phosphate units [(RO)2P(O)O] or sulfate units (RSO2O).
The purpose of this was to locate the reactivity in the anhy- ming 4c in good yields which was crystallized as a hydrate

again. As the mixed anhydride we used that of diphenyl-dride linkages rather than the acidic P2OH or S2OH func-
tions and to ease reaction with the Tp*Zn2OH complexes phosphate and p-toluenesulfonic acid (POS). Its reaction

with 1c at room temperature was complete within aboutwhich are not water-soluble. As a result the reactions were
predetermined to be stoichiometric rather than catalytic. half a day. The product mixture consisted of an equimolar

Eur. J. Inorg. Chem. 1998, 2712274  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/020220271 $ 17.501.50/0 271



K. Weis, H. VahrenkampFULL PAPER
mixture of 3c and 4c as evidenced by IR and 1H- as well O12Zn2N8 103.1(2)°] and connected by a hydrogen bond

between O4 and N7 (2.78 Å). The coordination of the Tp*as 13C-NMR spectroscopy. The separation of this mixture
proved to be too cumbersome, however. ligand to zinc is very unusual. While the pyrazole nitrogen

atoms N1 and N2 are attached at normal distances, N3 isTol2SO22O2SO22Tol (PhO)2PO2O2SO2Tol
practically nonbonding. Thus the geometry of 3b9 is inter-

SOS POS
mediate between a flattened tetrahedron with N8 at theTpR,MeZn2OSO22Tol

4a: R 5 tBu apex and an elongated trigonal bipyramid with N8 at the
4b: R 5 Cum “short” and N3 at the “long” apex. In terms of a SN2 sub-4c: R 5 Pic

stitution at a tetrahedral center this represents a situation
close to the final state, i.e. with the entering group (N8)The first step of the hydrolytic cleavages of the anhy-
almost firmly bound and the leaving group (N3) almostdrides by Tp*Zn2OH must result in the liberation of one
completely removed. Complex 3b9 is, after TpPh,Me(3-equivalent of the corresponding acid while the other half of
methyl-5-phenylpyrazole)Zn2OPO(OEt)(OC6H42p-NO2)[6],the anhydride becomes attached to zinc as in complexes
the second example of this kind of Tp*Zn complexes with224. Following the reactions spectroscopically gave no evi-
a coordination intermediate between four- and fivefold.dence, however, for the free acids (RO)2POOH or TosOH.

Instead only the complexes 2, 3, or 4 were observed. This Figure 1. Molecular structure of 3b9[a]

means that the free acids react quickly with excessive Tp*
Zn2OH by means of a condensation reaction. Accordingly,
employing a 1:1 stoichiometry for Tp*Zn2OH and anhy-
dride resulted in only half-consumption of the anhydride.
Therefore a 2:1 stoichiometry was applied for the prep-
arations.

It could then be shown that the formation of the zinc
phosphate and sulfonate complexes by condensation is in-
deed a fast reaction. It worked for the diorganophosphates
yielding 3a and c (see preceding paper[6]). It worked for all
three Tp*Zn2OH complexes with p-toluenesulfonic acid,
resulting in complexes 4a2c of which 4a has already been
described by us[16]. For preparative purposes this conden-
sation reaction is the method of choice to obtain complexes
like 3 and 4.

The identification of the Tp*Zn phosphate and sulfonate
complexes consisted mainly in the structure determinations [a] Selected bond lengths [Å] and angles [°]: Zn2O1 1.905(4),

Zn2N1 1.983(5), Zn2N2 2.004(5), Zn2N3 3.090(5), Zn2N8described here and in previous papers. The spectral data
2.080(5), P2O1 1.486(4), P2O4 1.467(4), N82Zn2N3 171.9(2),(see Experimental Section) are in agreement. Specifically Zn2O12P 147.3(3).

the IR bands of the BH, P5O, and S5O functions, the 1H-
The pyrazole ligand and the phosphate ligand in 3b9 dis-NMR resonances of the Tp* ligands, and the 31P-NMR

play no unusual features. The Zn2O bond is relativelyresonances are of diagnostic value.
short, but typical for Tp*Zn2O com-

Structure Determinations pounds[6] [8] [9] [10] [11] [12] [13] [14]. The phosphate ligand shows
the typical equalization of the “single” and “double” P2OThe basic structural information on the complex types 2,

3, and 4 was already available due to the structure determi- bonds P2O1 and P2O4 that we have observed pre-
viously[6] [18]. Together with the rather large P2O2Zn anglenations of 4a and various Tp*Zn2OPOX2 com-

pounds[6] [16] [17]. In addition to this, the X-ray analyses of it must reflect a partly ionic nature of the Zn2O bond.
Similar observations hold for the Zn2O, P2O, and3b9 and 3c9 were worthwhile because they yielded coordi-

nation patterns of zinc which differ from the usual tetra- P2O2Zn interactions in complex 3c9 (see Figure 2). Zinc
phosphate complexes not bearing Tp* ligands normallyhedral Tp*Zn2X arrangement. In both cases, despite the

steric bulk of the pyrazoles9 3-substituents (Cum, Pic) and have longer Zn2O bonds, as evidenced by the two examples
bearing diphenylphosphate ligands[19] [20].despite the presence of the voluminous phosphate ligand, a

further ligand (the pyrazole in 3b9 and the water molecule Like in 3b9, the two coligands in 3c9 (water and phos-
phate) are linked by a hydrogen bond (O22O5 2.77 Å).in 3c9) can exist in the ligand sphere of zinc. This finally

breaks the rule that the sterically demanding Tp* ligands Otherwise there is no similarity between 3b9 and 3c9. How-
ever, 3c9 is a close analogue of the complex TpPic,Me(H2O)-are “tetrahedral enforcers”. In a later paper we will discuss

the mechanistic implications arising from a comparison of Zn2OPO(OC6H42p-NO2)2 which was obtained by phos-
phate ester hydrolysis[6]. The Tp* ligand in 3c9 is bound inthe very variable geometry at the five-coordinated zinc ion

in Tp*Zn(X)(Y) complexes. a symmetrical fashion, and the coordination geometry
about the zinc ion is strictly trigonal-bipyramidal with oneComplex 3b9 (see Figure 1) contains the two coligands

(phosphate and pyrazole) close to each other [angle pyrazole nitrogen and the water oxygen on the apical posi-

Eur. J. Inorg. Chem. 1998, 2712274272



Hydrolytic Cleavage by (Pyrazolylborate)zinc Hydroxide Complexes FULL PAPER
C43H56BN6O4PZn (828.1): calcd. C 62.36, H 6.82, N 10.15; foundFigure 2. Molecular structure of 3c9[a]

C 61.55, H 6.68, N 9.96. 2 IR: 2550m (BH), 1252s (P5O). 2 1H
NMR: 0.85 [t, J 5 7.0 Hz, 6 H, Me(OEt)], 1.24 [d, J 5 6.9 Hz, 18
H, Me(iPr)], 2.52 [s, 9 H, Me(pz)], 2.92 [sept, J 5 6.9 Hz, 3 H,
CH(iPr)], 3.44 [dt, J 5 7.0 Hz, 7.0 Hz, 4 H, CH2(OEt)], 6.22 [s, 3
H, CH(pz)], 7.35 [d, J 5 8.2 Hz, 6 H, Ph(3,5)], 7.66 [d, J 5 8.2
Hz, 6 H, Ph(2,6)]. 2 31P NMR: 22.0.

Tetraphenyl Diphosphate and 1b: As before with 500 mg (0.722
mmol) of 1b and 174 mg (0.361 mmol) of tetraphenyl diphosphate
in 40 ml of CH2Cl2. When the reaction and workup were performed
under strictly anhydrous conditions, they resulted in 620 mg (93%)
of 3b [6].

Recrystallization of 300 mg (0.325 mmol) of 3b from hot undried
acetonitrile resulted in the formation of 237 mg (86%) 3b9, m. p.
191°C. 2 C64H72BN8O4PZn (1124.5). calcd. C 68.36, H 6.45, N
9.97; found C 68.11, H 6.43, N 9.95. 2 IR: 2545 (BH), 1242s (P5

O). 2 1H NMR: 0.97 [d, 3J 5 6.9 Hz, 18 H, Me(iPr)], 1.24 [d, 3J 5

6.9 Hz, 6 H, Me(iPr(a))], 2.49 [s, 9 H, Me(pz)], 2.49 [s, 3 H,
[a] Selected bond lengths [Å] and angles [°]: Zn2O1 1.947(3), Me(pz(a))], 2.62 [sept, 3J 5 6.9 Hz, 3 H, H(iPr)], 2.89 [sept, 3J 5Zn2N1 2.065(4), Zn2N2 2.069(4), Zn2N3 2.200(4), Zn2O2

6.9 Hz, 1 H, H(iPr(a))], 5.98 [s, 1 H, H(pz(a))], 6.21 [s, 3 H, H(pz)],2.102(3), P2O1 1.496(3), P2O5 1.464(4), N32Zn2O2 178.9(1),
6.91 [d, 3J 5 8.2 Hz, 2 H, Ph(3,5(a))], 7.02 [d, 3J 5 8.1 Hz, 6 H,Zn2O12P 138.6(2).
Ph(3,5)], 7.07 [m, 10 H, Ph(phos(2,3,4,5,6))], 7.45 [d, 3J 5 8.2 Hz,
2 H, Ph(2,6(a))], 7.54 [d, 3J 5 8.1 Hz, 6 H, Ph(2,6)]. 2 31P

tions. The bond lengths at zinc are larger than in tetrahedral NMR: 213.9.
Tp*Zn2O complexes[6] [8] [9] [10] [11] [12] [13] [14], reflecting the in-

Tetraphenyl Diphosphate and 1c: As before with 500 mg (0.818crease in coordination number, and typically the bonds
mmol) of 1c and 200 mg (0.415 mmol) of tetraphenyl diphosphateholding the two apical atoms are elongated. A comparison
in 40 ml of CH2Cl2 Recrystallization from undried acetonitrileof 3b9 and 3c9 in terms of bond lengths shows that all com-
yielded 645 mg (92%) of 3c9, m. p. 148°C. 2 C42H43BN9O5PZn

parable ligand donor atoms except N3 are closer to zinc in (861.0): calcd. C 58.54, H 5.03, N 14.64; found C 58.43, H 5.01, N
3b9, thus qualifying 3b9 as tetrahedral rather than trig- 14.71. 2 IR: 3300m,br (H2O), 2557m (BH), 1231s (P5O). 2 1H
onal-bipyramidal. NMR: 2.30 [s, 9 H, Me(py)], 2.56 [s, 9 H, Me(pz)], 6.30 [s, 3 H,

H(pz)], 6.76 [d, 3J 5 8.1 Hz, 4 H, Ph(phos(2,6))], 7.06 [m, 3J 5 8.1
Conclusions Hz, 6 H, Ph(phos(3,4,5))], 7.06 [d, 3J 5 8.0 Hz, 3 H, Py(5)], 8.04

[dd, 3J 5 8.0 Hz, 4J 5 2.1 Hz, 3 H, Py(6)], 8.57 [d, 4J 5 2.1 Hz, 3The work in this paper has shown that the hydrolytic
H, Py(2)]. 2 31P NMR: 215.0.prowess of the Tp*Zn2OH “enzyme models” extends to

p-Toluenesulfonic Acid Anhydride (SOS) and 1c: As before withthe cleavage of the E2O2E links in inorganic polyacids.
500 mg (0.818 mmol) of 1c and 136 mg (0.413 mmol) of SOS inPart of the driving force of the hydrolytic cleavages seems
40 ml of CH2Cl2. Recrystallization from undried acetonitrile/di-to be the capturing of the resulting anionic fragments as O-
chloromethane (5:1) yielded 506 mg (79%) of 4c · H2O·1/2 CH2Cl2,bound ligands. These are not replaceable by water or other
m. p. 132°C. 2 C37H40BN9O4SZn·1/2 CH2Cl2 (783.0 1 42.5):donor ligands. Instead these can be bound as additional
calcd. C 54.56, H 5.01, N 15.27; found C 54.37, H 4.80, N 15.26.

ligands in five-coordinate Tp*(L)Zn2OPO(OR)2 com-
2 IR: 3400m,br (H2O), 2544m (BH), 1378s (S5O). 2 1H NMR:

plexes. 2.21 [s, 9 H, Me(py)], 2.36 [s, 3 H, Me(Tos)], 2.55 [s, 9 H, Me(pz)],
3.25 [s, 2 H, H2O, (broad)], 6.24 [s, 3 H, H(pz)], 7.00 [d, 3J 5 8.1This work was supported by the Deutsche Forschungsgemein-
Hz, 3 H, Py(5)], 7.06 [d, 3J 5 8.2 Hz, 2 H, Tos(3,5)], 7.24 [d, 3J 5schaft and by the Fonds der Chemischen Industrie. We thank Dr.
8.2 Hz, 2 H, Tos(2,6)], 7.98 [dd, 3J 5 8.1 Hz, 4J 5 2.3 Hz, 3 H,W. Deck and Mr. B. Müller for help with the NMR and X-ray
Py(6)], 8.51 [d, 4J 5 2.3 Hz, 3 H, Py(2)].work.

Diphenylphosphato-p-toluenesulfonate (POS) and 1c: 500 mg
Experimental Section (0.818 mmol) of 1c and 167 mg of POS in 40 ml of CH2Cl2 were

stirred under anhydrous conditions for 16 h at room temp. TheGeneral experimental methods and measuring techniques see
solvent was removed in vacuo and the residue picked up in CDCl3.ref. [21]. The Tp*Zn2OH complexes[8] [10] [22], the diphosphate[23]

1H- and 31P-NMR spectra showed that the starting materials hadand the sulfonatophosphate[24] were prepared according to the
disappeared and the solution contained an equimolar mixture ofpublished procedures. All other reagents were obtained commer-
3c and 4c.cially. Solvents were degassed but not dried. IR data (cm21) were

recorded from KBr pellets, 1H- and 31P-NMR data (δ in ppm, int. Condensation Reactions (for 3a and c see preceding paper[6]): 4b:
TMS, ext. H3PO4) were recorded from CDCl3 solutions. 276 mg (0.400 mmol) of 1b and 76.0 mg (0.400 mmol) of p-tolu-

enesulfonic acid hydrate in 20 ml of dichloromethane were stirredHydrolytic Cleavages: Tetraethyl Diphosphate and 1b: 138 mg
(0.200 mmol) of 1b and 29.0 mg (0.100 mmol) of tetraethyl diphos- at room temp. for 8 h under strictly anhydrous conditions. Removal

of the solvent in vacuo and recrystallization from carefully driedphate in 20 ml of dichloromethane were stirred at room temp. for
16 h. The solvent was removed in vacuo. Recrystallization from acetonitrile yielded 265 mg (78%) of 4b, m. p. 158°C. 2

C46H53BN6O3SZn (846.2): calcd. C 65.29, H 6.31, N 9.93; foundacetonitrile at 225°C yielded 110 mg (66%) of 2b, m. p. 184°C. 2
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; Dedicated to Professor Manfred Weidenbruch on the occasionC 64.42, H 6.07, N 9.46. 2 IR: 2552m (BH), 1292s (S5O). 2 1H

of his 60th birthday.NMR: 1.12 [d, J 5 6.9 Hz, 18 H, Me(iPr)], 2.53 [s, 9 H, Me(pz)], [1] For ATP ases and related enzymes see J. B. Lingrel, T.
2.78 [sept, J 5 6.9 Hz, 3 H, CH(iPr)], 6.21 [s, 3 H, CH(pz)], 6.86 Kuntzweiler, J. Biol. Chem. 1994, 31, 19659219662.
[d, J 5 7.9 Hz, 2 H, CH(Tos)], 7.02 [d, J 5 7.9 Hz, 2 H, CH(Tos)], [2] For kinases see H. J. Müller-Dieckmann, G. E. Schulz, J. Mol.

Biol. 1994, 236, 3612367.7.12 [d, J 5 8.1 Hz, 6 H, Ph(3,5)], 7.56 [d, J 5 8.1 Hz, 6 H, Ph(2,6)].
[3] For inorganic pyrophosphatases see J. Kankare, T. Salminen,

4c: 500 mg (0.818 mmol) of 1c and 141 mg (0.819 mmol) of p- R. Lahti, B. S. Cooperman, A. A. Baykov, A. Goldman, Bio-
chemistry 1996, 35, 467024677.toluenesulfonic acid hydrate in 40 ml of CH2Cl2 were stirred at

[4] N. Sträter, W. N. Lipscomb, T. Klabunde, B. Krebs, Angew.room temp. for 16 h. Removal of the solvent and recrystallization
Chem. 1996, 108, 215822191; Angew. Chem. Int. Ed. Engl.

from acetonitrile/dichloromethane (5:1) under non-anhydrous con- 1996, 35, 202422055.
ditions yielded 583 mg (91%) of 4c ·H2O·1/2 CH2Cl2. [5] D. W. Christianson, Adv. Protein Chem. 1991, 42, 2812355.

[6] K. Weis, M. Ruf, M. Rombach, H. Vahrenkamp, Eur. J. Inorg.
Structure Determinations [25]: Crystals of 3b9 and 3c9 were ob- Chem. 1998, 2632270, preceding paper.

tained from undried acetonitrile. Diffraction data were recorded at [7] For a review on interactions of metal ions with nucleoside olig-
ophosphates see H. Sigel, Chem. Soc. Rev. 1993, 22, 2552267.room temperature with the ω/2θ technique on a Nonius CAD4

[8] R. Alsfasser, M. Ruf. S. Trofimenko, H. Vahrenkamp, Chem.diffractometer fitted with a molybdenum tube (Kα, λ 5 0.7107 Å)
Ber. 1993, 126, 7032710.and a graphite monochromator. Semiempirical absorption correc- [9] M. Ruf, K. Weis, H. Vahrenkamp, J. Am. Chem. Soc. 1996,

tions based on ψ scans were applied. The structures were solved 118, 928829294.
[10] M. Ruf, H. Vahrenkamp, Inorg. Chem. 1996, 35, 657126578.with direct methods and refined anisotropically with the SHELX
[11] M. Ruf, H. Vahrenkamp, Chem. Ber. 1996, 129, 102521028.program suite. [26] Hydrogen atoms were included with fixed dis-
[12] M. Ruf, F. A. Schell, R. Walz, H. Vahrenkamp, Chem. Ber.tances and isotropic temperature factors 1.2 times those of their 1997, 130, 1012104.

attached atoms. Parameters were refined against F2. The R values [13] M. Ruf, K. Weis, H. Vahrenkamp, Inorg. Chem. 1997, 36,
are defined as R1 5 Σ Fo 2 Fc /ΣFo and wR2 5 {Σ[w(Fo

2 2 Fc
2)2/ 213022137.

[14] M. Ruf, K. Weis, H. Vahrenkamp, J. Chem. Soc. Chem. Com-Σ[w(Fo
2)2]}1/2. Drawings were produced with SCHAKAL.[27] Table

mun. 1994, 1352136.1 lists the crystallographic data. [15] S. Lyle, D. H. Geller, K. Ng, J. Westley, N. B. Schwartz, Bi-
ochem. J. 1994, 301, 3492354.Table 1. Crystallographic data for complexes 3b9 and 3c9 [16] T. Brandsch, F. A. Schell, K. Weis, M. Ruf, B. Müller, H. Vah-
renkamp, Chem. Ber. 1997, 130, 2832289.

3b9 3c9 [17] S. Hikichi, M. Tanaka, Y. Moro-oka, N. Kitajima, J. Chem.
Soc. Chem. Commun. 1992, 8142815.

[18] A. Abufarag, H. Vahrenkamp, Inorg. Chem. 1995, 34,formula C64H72BN8O4PZn C42H43BN9O5PZn
220722216.mol. mass 1124.5 861.0 [19] T. Tanase, S. P. Watton, S. J. Lippard, J. Am. Chem. Soc. 1994,cryst. size [mm] 0.5 3 0.5 3 0.4 0.6 3 0.5 3 0.4
116, 940129402.space group P2(1)/c P2(1)/n [20] K. Schepers, B. Bremer, B. Krebs, G. Henkel, E. Althaus, B.Z 4 4
Mosel, W. Müller-Warmuth, Angew. Chem. 1990, 102,a [Å] 18.240(2) 12.9610(11)
5822584; Angew. Chem. Int. Ed. Engl. 1990, 29, 5312533.b [Å] 13.618(4) 16.832(2)

[21] M. Förster, R. Burth, A. K. Powell, T. Eiche, H. Vahrenkamp,c [Å] 25.104(4) 19.708(4)
Chem. Ber. 1993, 126, 264322648.β [°] 102.590(15) 105.79(1)

[22] M. Ruf, R. Burth, K. Weis, H. Vahrenkamp, Chem. Ber. 1996,V [Å3] 6085.7(21) 4137.2(10)
129, 125121257.dcalcd.[g·cm23] 1.23 1.38

[23] S. Corby, G. W. Kenner, A. R. Todd, J. Am. Chem. Soc. 1958,dobsd. [g·cm23] 1.19 1.31
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paper were deposited with the Cambridge Crystallographic0#l#28 224#l#0
Data Centre as “supplementary publication no. CCDC-refl. measd. 9491 8332
100726”. Copies of these data are available free of charge fromindep. refl. 9246 8093
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The ring-opening reaction of epoxycyclohexane with 2-[3(5)- acts as a bidentate chelate, proves the formation of a weak
intramolecular MoVI(O2)····HO2C bridge in CHCl3 solution.pyrazolyl]pyridine results in the formation of racemic trans-

2-[3-(2-pyridyl)-1-pyrazolyl]cyclohexanol (1). Kinetic resolu- This H bonding is broken by solvents such as acetone, THF
or DMF, which are capable of forming hydrogen bonds totion with lipase B from candida antarctica gives the (1S,2S)

enantiomer of 1, the solid-state structure of which was deter- alcohols. Intermolecular hydrogen bonds between the OH
groups and molybdenum peroxo moieties are also found inmined by X-ray crystallography, as an enantiomerically pure

tridentate ligand. Investigation by NMR spectroscopy of the the solid-state structure of 2, leading to a helical arrangement
of the peroxo complexes.corresponding oxodiperoxomolybdenum complex 2, where 1

Peroxo complexes of high-valent transition metals are ton acceptor[5]. These spectroscopic findings are in agree-
ment with the results of Extended Hückel calculations onused as catalysts or stoichiometric reagents for the oxi-

dation of organic and inorganic substrates[2]. We have inves- the model complex (NH3)2MoO(O2)2, which proved that
the three highest occupied molecular orbitals of such com-tigated the role of seven-coordinate oxodiperoxomolyb-

denum complexes in the catalytic epoxidation of olefins[1] pounds possess mainly π* character at the peroxo ligands
and only low σ* and π* character at the oxo ligand. Fromand have focused on bidentate N-alkylated 2-[3(5)-pyrazo-

lyl]pyridine ligands, first described by H. Brunner et al. [3]. a mechanistic point of view, this proton transfer should
start with the formation of a hydrogen bond between theThis ligand system allows the introduction of long alkyl

side chains, leading to excellent solubility of the derived hydroperoxide and an η2-peroxo ligand. Since we were
never able to prove such interactions between the weakmolybdenum catalysts in organic solvents, and a variation

of the donor strength by the inclusion of electron donating Brønsted base η2-O2 and weak Brønsted acids like hydro-
peroxides or alcohols by means of spectroscopy, the ener-and withdrawing groups attached to the heteroaromatic

rings. The latter feature enables a correlation of electronic gies of these bonds should be low. To overcome this prob-
lem, we synthesized new N,N-donor ligands of the pyrazo-ligand properties with epoxidation activities of the cata-

lysts [1]. From spectroscopic and kinetic investigations on lylpyridine type bearing OH functions in the side chain,
which should lead to the formation of an intramolecularperoxo complexes bearing olefinic side chains, we postu-

lated a new reaction mechanism for the catalytic olefin hydrogen bond. In the present paper, we describe the syn-
thesis of such ligands and the corresponding peroxomolyb-epoxidation with seven-coordinate peroxomolybdenum

complexes. In this mechanism the oxidizing agent (e.g. tert- denum complexes, along with the NMR- and IR-spec-
troscopic evidence for a weak intramolecularbutyl hydroperoxide) is activated by the Lewis acidic tran-

sition-metal center, resulting in an oxygen transfer from the MoVI(O2)····H2OR interaction in solution.
hydroperoxide, and not from the η2-coordinated peroxo li-

Results and Discussiongands, to the olefin[4].
One crucial point of this mechanism is a proton transfer The N-alkylation of 2-[3(5)-pyrazolyl]pyridines is usually

from the hydroperoxide to one of the peroxo ligands. NMR carried out by a deprotonation (NaH) alkylation (RX, X 5
investigations (1H,13C,17O NMR) on the reactivity of per- Br, I) sequence with THF as the solvent[6]. According to
oxomolybdenum complexes in the presence of strong Lewis this procedure, primary linear alkyl substituents can be in-
and Brønsted acids, showed that the peroxo ligands are troduced with high regioselectivities and high yields. From
preferentially protonated while the oxo ligand is a poor pro- geometric considerations, intramolecular hydrogen bonding

would require a 2-hydroxyethyl or a 3-hydroxypropyl group,
[e] Part 6: Ref. [1]. which can easily be attached to the pyrazole moiety of the
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Figure 1. PLATON plot[12] of (1S,2S)-1 (the additional water mole-chelate ligand by nucleophilic ring opening of oxiranes or
cule has been omitted); thermal ellipsoids are at the 50-% level[a]

oxetanes. For synthetic reasons we focused on the ring
opening of epoxycyclohexane with pyrazolylpyridine, gen-
erating a 1,2-disubstituted cyclohexane ring, which would
also be expected to increase solubility of the desired per-
oxo complexes.

Heating a 1:1.5 mixture of 2-[3(5)-pyrazolyl]pyridine and
epoxycyclohexane for 4 h at 170°C in a pressure tube[7]

gives rac-trans-2-[3-(2-pyridyl)-1-pyrazolyl]cyclohexanol (1)
in more than 90% yield (Scheme 1).

Scheme 1. i. 160°C, 4 h, pressure tube; ii. isopropenyl acetate, mo-
lecular sieve 4 Å, lipase B from candida antarcica, 37°C, [a] Bond lengths [Å] angles [°] and dihedral angles [°]: N(1)2C(1)
4 h 1.332(3), N(1)2C(5) 1.339(2), N(2)2N(3) 1.357(2), N(2)2C(6)

1.342(2), N(3)2C(8) 1.350(2), N(3)2C(9) 1.464(2), C(1)2C(2)
1.386(3), C(2)2C(3) 1.376(3), C(3)2C(4) 1.384(3), C(4)2C(5)
1.386(2), C(5)2C(6) 1.478(2), C(6)2C(7) 1.405(3), C(7)2C(8)
1.359(3), C(9)2C(10) 1.534(3), C(9)2C(14) 1.526(3), C(10)2C(11)
1.523(3), C(11)2C(12) 1.524(3), C(12)2C(13) 1.528(3),
C(13)2C(14) 1.516(3), O(1)2C(14) 1.431(2), O(1)2H(1A) 0.91(3),
O(1)2H(2B) 1.87(3), O(2)2H(1A) 1.82(3), O(2)2H(2A) 0.87(3),
N(2)2H(2A) 2.10(3), O(2)2H(2B) 0.94(3); C(14)2O(1)2H(1A)
110.7(19), H(2A)2O(2)2H(2B) 96.48(11), O(1)2H(1A)2O(2)
172(3), O(2)2H(2A)2N(2) 160(3), O(2)2H(2B)2O(1) 180(3);
N(1)2C(5)2C(6)2N(2) 2168.96(17).

of water per formula unit. In the solid state structure of
enantiomerically pure 2-pyrazolylcyclohexanol[10], the mol-
ecules are linked by hydrogen bonds between the hydroxy
groups and the pyrazole moieties, resulting in a helical ar-
rangement. In the case of (1S,2S)-1, this kind of molecular
organization is hampered by the bulky pyridyl ring. There-
fore, an additional molecule of water is incorporated, form-
ing a new system of hydrogen bonds, which includes the
OH group of the cyclohexanolyl fragment as proton donor

As the resonances of the two protons connected to the and acceptor and the pyrazolyl moiety (N2) of (1S,2S)-1 as
substituted cyclohexane carbon atoms are observed at al- an acceptor site (Figure 2).
most identical δ values, the conformation of the aliphatic
ring system cannot be determined by means of NMR spec- Figure 2. PLUTON plot[12] showing the hydrogen-bonding system,

which builds the solid-state structure of (1S,2S)-1troscopy. However, we expect the cyclohexane ring to oc-
cupy the thermodynamically favored chair conformation
with both substituents oriented in an equatorial position,
as found in similar compounds[8].

Since we are interested in such compounds as enantio-
merically pure ligands for enantioselective catalysis and as
starting material for the synthesis of chiral ligands[9], we
investigated the kinetic resolution of 1 [10]. Acylation of 1
with isopropenyl acetate in the presence of lipase B from
candida antarctica [11] selectively leads to the formation of
the acetate with the (1R,2R) configuration (Scheme 1),
which can be separated from (1S,2S)-1 by preparative
MPLC. The absolute configuration of the non-acylated de-
rivative was determined by X-ray-crystallographic methods
(see below). For the corresponding 2-pyrazolylcyclohexa-
nol, an identical stereoselectivitiy of the enzymatic esterifi-
cation was found[10]. Figure 1 shows the molecular struc-
ture of (1S,2S)-1 in the solid state, along with characteristic
bond lengths and angles. Further crystallographic and ex-
perimental details are given in Table 1 in the Experimental
Section.

(1S,2S)-1 crystallizes from diethyl ether at 4°C in the
monoclinic space group P21 with one additional molecule

Eur. J. Inorg. Chem. 1998, 2752281276



Transition-Metal-Catalyzed Oxidations, 7 FULL PAPER
The structure is best described by an arrangement of Infrared-spectroscopic investigations at low concen-

trations (3 m) in solution support the formation of anwater molecules around the crystallographic 21 axis, linking
the (pyridyl)pyrazolylcyclohexanol molecules to form infi- intramolecular hydrogen bond: cyclohexanol gives a sharp

O2H absorption at 3611 cm21 in chloroform, but a shiftnite columns. For reasons of optimization of electronic in-
teraction between the pyridine and the pyrazole ring and of about 100 cm21 towards lower wave numbers is observed

in acetone solution, leading to a broad band at 3514 cm21,steric repulsion between the protons at C4/C7 and the lone
pairs at N1/N2, the heteroaromatic rings are twisted by typical for associated O2H groups. In contrast to these

findings, the IR spectra of 2 in solution, which again showabout 10° from coplanarity. All intra- and intermolecular
bond lengths and angles were observed as expected. The broad O2H absorptions, differ only slightly on a change

in the nature of the solvent [chloroform: ν(O2H) 5 3491absolute structure was determined by refinement of the
Flack parameter χ 5 20.061(0.2) [13]. The refinement of the cm21; acetone: ν(O2H) 5 3509 cm21]. This fact provides

strong evidence for the formation of hydrogen bonds inenantiomorphic structure model with (1R,2R)-1 resulted in
higher R values (R1 5 0.035, ωR2 5 0.098) and a Flack both cases: intramolecular in chloroform and intermolecular

[OH···O5C(CH3)2] in acetone solution. The intramolecularparameter χ 5 1.003(0.2).
The treatment of rac-1 and (1S,2S)-1 with an excess of hydrogen bond could alternatively be formed between the

OH group of the chelate-ligand side chain and the oxo ormolybdic acid (hydrated MoO3), dissolved in H2O2, results
in the formation of the seven-coordinate peroxo complexes one of the η2-O2 ligands coordinated to molybdenum. In

acetone solution, 2 shows two Mo5O stretching vibrations:rac-2 and (1S,2S)-2 (Scheme 2).
one at 956 cm21 and an intense shoulder at 950 cm21,

Scheme 2. i. MoO3·(H2O)x, H2O2, room temp., 4 h which can be assigned to the two isomers A and B. The
asymmetric and symmetric O2O stretching vibrations are
observed at 877 and 868 cm21 for both isomers. In CHCl3,
the M5O absorption at 950 cm21 almost vanishes, while
the other M5O vibration is shifted to 962 cm21, indicating
an almost selective formation of one isomer. The two O2O
absorptions are shifted to lower wave numbers (875 and 865
cm21), indicating slightly weakened O2O bonds, which
would agree with hydrogen bonding to a η2-O2 ligand. A
reduction in the donor capability of the peroxo ligands can
be compensated by increased π-backbonding from the oxo
ligand to the molybdenum center, as confirmed by the shift
of the Mo5O stretching frequency to higher wave numbers.
However, hydrogen bonding to the oxo ligand wouldOwing to the two different donor centers of the pyrazo-

lylpyridine ligands, the seven-coordinate peroxomolyb- weaken the Mo5O bond and therefore shift the Mo5O
absorption to lower wave numbers. The Mo5O and O2Odenum complexes can exist in two isomeric forms (A and

B). By means of NMR spectroscopy it was found that these absorptions of peroxomolybdenum complexes bearing
pyrazolylpyridine ligands with unfunctionalized alkylisomers are in equilibrium in solution[14]. In a detailed

study, we recently showed that the isomer ratios correlate side chains, like [2-(3-butylpyrazol-1-yl)pyridine]oxodi-
peroxomolybdenum(VI)[6], which cannot participate in anywith the individual donor properties of the heterocyclic

ring systems[1]. intramolecular hydrogen bonding, show only weak solvent
dependences [acetone: 962, 957 cm21 (2 3 νMo5O), 877, 868Solutions of rac-2 and (1S,2S)-2 show the same behavior,

which does not depend on the electronic properties of the cm21 (2 3 νO5O); CHCl3: 963, 956 cm21 (2 3 νMo5O), 878,
866 cm21 (2 3 νO5O)].ligand, but on the nature of the solvent. In chloroform, only

isomer A can be detected, whereas in donor solvents cap- From these results, it is clear that the intramolecular hy-
drogen bond should be formed between the OH group (H1able of forming hydrogen bonds with alcohols, like acetone,

the isomers A and B can be observed as expected in a 2:1 donor) and one η2-O2 ligand (H1 acceptor) in CHCl3 solu-
tion, and this is in agreement with spectroscopic investi-ratio. Thus, the electronic characteristics of the chelate li-

gand cannot be the reason for the special structural feature gations of peroxomolybdenum complexes in the presence of
strong Lewis and Brønsted acids[5]. This interaction wouldof 2 in solution in CHCl3. We therefore believe an intramo-

lecular hydrogen bond to be responsible for this behavior. favor an orientation of the pyrazole moiety trans to the oxo
ligand (isomer A, Scheme 2). However, this geometry is notFrom investigations on the isomer ratios (A:B) of peroxo-

molybdenum complexes bearing pyrazolylpyridine ligands in accordance with the assignments of the spectra of these
complexes, which we published in previous papers[1] [4] [5] [6],with electron-withdrawing and -donating substituents[1], we

can estimate the enthalpy of the intramolecular hydrogen- a contradiction which had to be clarified.
Crystallization of rac-2 from chloroform gives yellowbond formation to be at least 28 kJ/mol, which corre-

sponds to data from the literature on the thermodynamics needles and a small amount of yellow plates (< 5%). In-
vestigations of the needle-like material by X-ray crystal-of hydrogen bonds between alcohols and ketones (∆G ø

212 to 224 kJ/mol) [15]. lography indicated the solid-state structure of rac-2, which
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crystallizes in the orthorhombic and acentric space group Clearly, intermolecular hydrogen bonding is energetically

favored in the solid state with respect to the intramolecularPca21. Figure 3 shows the molecular structure of rac-2
along with bond lengths and angles. Further crystallo- mode observed in solution. Besides the OH···O2 bond,

which has previously been observed in the solid-state struc-graphic and experimental details are given in Table 1 in the
Experimental Section. ture of only one other high-valent transition-metal peroxo

compound[16], rac-2 shows the typical structure of a molyb-
Figure 3. PLATON plot[12] of the asymmetric unit of rac-2; ther-

denum oxodiperoxo fragment coordinated to a bidentatemal ellipsoids are at the 50-% level[a]

N,N9-ligand[4] [6] [17]. Owing to the trans influence of the oxo
ligand, the distance Mo2N2 is about 12 pm larger than
Mo2N1. The peroxo ligands are bent with respect to the
oxo ligand, leading to a distorted pentagonal-bipyramidal
coordination geometry.

An analogous structure was found for the second type of
crystalline material (yellow plates) in which pyrazole is trans
to the oxo ligand. Owing to the poor crystal quality and a
severe problem of disorder concerning the orientation of
the OH group at the cyclohexane ring relative to the mirror
plane of the MoO(O2)2 fragment, it was not possible to fin-
ish the structure refinement with acceptable R values (R1 5
0.0993, ωR2 5 0.2780)[18].

For the final assignment of the spectroscopic data of 2,
we carried out powder-diffraction and solid-state NMR[a] Bond lengths [Å] angles [°] and dihedral angles [°]: Mo2O(1)
experiments. Powder diffraction of the solid material, either1.675(5), Mo2O(2) 1.898(3), Mo2O(3) 1.951(5), Mo2O(4)

1.899(4), Mo2O(5) 1.955(4), Mo2N(1) 2.224(3), Mo2N(2) crystalline or microcrystalline, can be correlated with the
2.347(4), O(2)2O(3) 1.457(5), O(4)2O(5) 1.467(5), O(6)2H(6A) crystal data of the single-crystal diffraction experiment0.820, O(6)2C(14) 1.419(7), O(4)2H(6A) 2.532, O(5)2H(6A)

(space group Pca21) and, in addition, 13C CPMAS experi-2.010; O(1)2Mo2O(2) 105.1(2), O(1)2Mo2O(3) 102.0(2),
O(1)2Mo2O(4) 104.9(2), O(1)2Mo2O(5) 98.9(2), O(1)2Mo2 ments gave only one set of resonances. Therefore, the NMR
N(1) 90.2(2), O(1)2Mo2N(2) 160.3(2), O(2)2Mo2O(3) 44.5(2), spectra of the peroxo complexes in solution can now beO(4)2Mo2O(5) 44.7(2), N(1)2Mo2N(2) 70.3(2), O(6)2H(6A)2

assigned correctly (see Experimental Section). As shown inO(4) 139.0, O(6)2H(6A)2O(5) 171.4; C(6)2N(2)2N(3)2C(8)
0.5(5). Scheme 2 the pyrazole fragment in isomer A is oriented

trans to the oxo ligand.
Only isomer A is found in the solid-state structure, with

The peroxo complexes 2 catalyze the epoxidation of ole-
pyrazole trans to the oxo ligand, like it is observed in CHCl3 fins in the presence of tert-butyl hydroperoxide. Detailed
solution. However, in the solid state the hydrogen bond is

investigations on the epoxidation of prochiral olefins with
not intra- but intermolecular between the OH group and

(1S,2S)-2 unequivocally showed that racemic epoxides are
an η2-O2 ligand, linking two peroxomolybdenum complexes

formed under standard conditions (50°C, CHCl3). The
and finally leading to the formation of a helical arrange-

hydroxy group of the ligand remains unaffected during
ment (Figure 4). The crystals include helices of opposite

these reactions, which is in agreement with findings in the
chirality.

literature that neutral peroxomolybdenum complexes do
not catalyze the oxidation of alcohols. In contrast, alcohols

Figure 4. PLUTON plot[12] of the helical arrangement formed by are preferentially oxidized to the corresponding ketones in
hydrogen bonding in the solid-state structure of rac-2

the presence of anionic peroxomolybdenum complexes[19].
However, conversion of the OH function of 1 into a car-
bonyl group can be achieved quantitatively by Swern oxi-
dation[20]. Oxidation of enantiomerically pure (1S,2S)-1
yields a racemic mixture of 3 under these conditions. We are
interested in such compounds as building blocks for chiral
multidentate ligands and are therefore currently working on
the resolution of rac-3. The corresponding peroxomolyb-
denum complex 4 is available in a similar way to 2 by simply
stirring a peroxidic solution of molybdic acid with a solu-
tion of 3 in dichloromethane (Scheme 3).

NMR spectroscopy shows that the peroxo complex 4 ex-
ists in chloroform solution as a 4.5:1 mixture of the two
isomers A and B. This gives an indication of the slightly
stronger electron-withdrawing properties of the β-oxo
group compared to the β-hydroxy group of 1, favoring the
population of isomer A. The corresponding peroxo complex
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support of this work, and Henricke Heise for performing theScheme 3. i. (CH3)2SO, (COCl)2, NEt3, 272°C, CH2Cl2;

ii. MoO3·(H2O)x, H2O2, room temp., 4 h CPMAS experiments.

Experimental Section
2-[3(5)-Pyrazolyl]pyridine was synthesized according to a pub-

lished procedure[3]. Immobilized lipase B from candida antarctica
was a generous gift from Novo Nordisk. All other starting materi-
als were purchased from Aldrich. Isopropenyl acetate was distilled
from K2CO3 before use. The NMR (Bruker DPX 400), infrared
(Perkin-Elmer 1600 Series FTIR) and mass spectra (GC MS: Hew-
lett-Packard gas chromatograph HP 5890 and mass selective detec-
tor HP 5970), and all elemental analyses were carried out at the
Anorganisch-chemisches Institut der TU München. The numbering
of the NMR spectra is carried out according to Scheme 4.

Scheme 4. Labeling scheme for the assignment of NMR data

rac-[3-(2-Pyridyl)-1-pyrazolyl]cyclohexanol (rac-1): A mixture
of 2-[3(5)-pyrazolyl]pyridine (2.0 g, 13.9 mmol) and epoxycyclohex-
ane (2.0 g, 2.1 ml, 20.8 mmol) was heated for 4 h at 170°C in a
pressure tube (Aldrich Z18,108-0). The dark-colored product was
dissolved in dichloromethane and treated with 5.0 g of silica gel.

4 catalyzes the epoxidation of olefins in the presence of tert- The solvent was removed in vacuo and the powdery product trans-
butyl hydroperoxide, showing an activity comparable to ferred to a Soxhlet extractor. Extraction with diethyl ether and re-

moval of the solvent yielded 1 (3.1 g, 92%) as a pale yellow oil. 2that of other peroxomolybdenum complexes[6].
IR (KBr, cm21): ν̃ 5 3382 s, br. (OH), 2935 vs, 2857 s, 1595 vs,
1567 m, 1490 s, 1459 s, 1432 m, 1410 m, 1365 m, 1278 m, 1264 w,Conclusion
1229 s, 1149 w, 1074 s, 1000 w, 954 m, 870 w, 797 m, 765 vs, 708

Proton-transfer reactions play an important role in many w, 644 w, 621 w. 2 1H NMR (400 MHz, 25°C, CDCl3): δ 5 8.55
(d, 3J10,11 5 5.0 Hz, 11-H), 7.88 (d, 3J8,9 5 8.0 Hz, 8-H), 7.65 (dt,organic transformations catalyzed by high-valent tran-
3J9,10 5 7.5 Hz, 4J9,11 5 2.0 Hz, 9-H), 7.47 (d, 3J4,5 5 2.5 Hz, 5-sition-metal centers. From a mechanistic point of view, hy-
H), 7.13 (dd, 10-H), 6.85 (d, 4-H), 3.91 (m, 12-H, 13-H), 2.14 (m,drogen-bond formation can be considered as the primary
2CH22, 2 H), 1.8721.18 (m,2CH22, 6 H), not observed (OH).step in such reactions. With the synthesis of trans-2-[3-(2-
2 13C{1H} NMR (100.6 MHz, 25°C, CDCl3): δ 5 152.1 (C-7),pyridyl)-1-pyrazolyl]cyclohexanol (1), we succeeded not
151.4 (C-3), 149.2 (C-11), 136.5 (C-9), 129.7 (C-5), 122.3 (C-10),

only in establishing a new chiral polydentate ligand system 120.0 (C-8), 104.0 (C-4), 72.9 (C-17), 67.2 (C-12), 33.3 (C-16), 31.0
with potential applications in enantioselective catalysis, but (C-13), 24.8 (C-14), 23.9 (C-15). 2 MS (EI); m/z (%): 243 (25)
were also able to obtain thermodynamic information on the [M1], 226 (2) [M1 2 OH], 215 (25) [M1 2 C2H4], 200 (6) [M1 2
strength of an MoVI(η2-O2)····HO2C interaction. Such an C3H7], 187 (13) [M1 2 C4H8], 172 (100) [M1 2 C4H7O], 158 (51)
interaction in solution has never been described in detail [M1 2 C5H9O], 146 (46) [C5H4N2C3H3N2

1], 145 (25)
[C5H4N2C3H2N2

1], 117 (14) [C5H4N2C3H2
1], 78 (22) [C5H4N1].before. Owing to the low Lewis basicity of the peroxo ligand

coordinated to a high-valent transition-metal center this in- (1S,2S)-[3-(2-Pyridyl)-1-pyrazolyl]cyclohexanol Hydrate [(1S,2S)-
teraction is weak and can therefore be broken by Lewis- 1 ·H2O]: rac-1 (0.50 g, 2.06 mmol) was dissolved in isopropenyl
basic solvents. In the solid state, this hydrogen bond is no acetate (1.36 ml, 1.24 g, 12.36 mmol). Molecular sieves (4 Å, 0.5

g) and immobilized lipase B from candida antarctica (16 mg) werelonger intramolecular but intermolecular. The formation of
added and the mixture stirred for 4 h at 37°C. The reaction wasthe intramolecular hydrogen bond in solution allowed a
quenched by the addition of dichloromethane (15 ml) and the en-new assignment of the NMR data of pyrazolylpyridine per-
zyme filtered off. All volatile material was removed in vacuo andoxomolybdenum complexes. A simple and high-yield trans-
the ester separated from the alcohol by MPLC (SiO2:YMCformation of the secondary alcohol 1 into the ketone 3 led
SL06S21, 30 µm; ethyl acetate/hexane 4:1). Yield: 0.22 g (44%, >

to a new chiral building block for multidentate ligand sys- 95% ee by NMR) of (1S,2S)-1. Recrystallization from diethyl ether
tems. The potential of such a system as a metal-complexing gave colorless plates of the monohydrate. 2 C14H17N3O·H2O
agent was proved by the formation of the corresponding (261.33): calcd. C 64.35, H 7.33, N 16.08; found C 63.29, H 7.20,
peroxo complex 4. N 15.55.

rac- and (1S,2S)-Oxodiperoxo{[3-(2-pyridyl)-1-pyrazolyl]-The authors wish to thank Prof. W. A. Herrmann, the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen Industrie for cyclohexanol}molybdenum(VI) [rac- and (1S,2S)-2]: A solution of
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molybdic acid (MoO3·H2O, 0.41 g, 2.56 mmol) in 30% H2O2 (5 ml) (25)[C5H4N1]. 2 C14H15N3O·0.25H2O (245.79): calcd. C 68.41, H

6.36, N 17.09; found C 68.65, H 6.02, N 16.93.was treated with a solution of rac-1 or (1S,2S)-1 (0.31 g, 1.28
mmol) in dichloromethane (10 ml) and several drops of glacial rac-Oxodiperoxo{[3-(2-pyridyl)-1-pyrazolyl]cyclohexanone}-
acetic acid. After 4 h of stirring at room temperature, the phases molybdenum(VI) (rac-4): A solution of molybdic acid
were separated, the aqueous phase was extracted twice with di- (MoO3 · H2O, 0.34 g, 1.90 mmol) in 30% H2O2 (5 ml) was treated
chloromethane (10 ml) and the combined organic phases were with a solution of rac-3 (0.25 g, 0.95 mmol) in dichloromethane
washed twice with water (15 ml). After removal of the solvent in (10 ml) and several drops of glacial acetic acid. After 4 h of stirring
vacuo, the peroxo complexes were obtained as yellow, microcrystal- at room temperature, the phases were separated, the aqueous phase
line solids in almost quantitative yields, and were rinsed with di- was extracted twice with dichloromethane (10 ml) and the com-
ethyl ether. Recrystallization of rac-2 from acetonitrile gave a crys- bined organic phases were washed twice with water (15 ml). After
talline material (0.37 g, 69%). 2 IR (KBr, cm21): ν̃ 5 3489 vs br. removal of the solvent in vacuo followed by washing with diethyl
(OH), 3138 w, 3084 w, 2926 m, 2854 w, 1612 m, 1559 w, 1540 w, ether, the product was obtained as a yellow, microcrystalline solid
1506 w, 1457 w, 1437 m, 1376 w, 1224 w, 1083 w, 1062 w, 956 s in almost quantitative yield. 2 IR (KBr, cm21): ν̃ 5 3124 m, 2934
(Mo5O), 871 m, 859 s (2 3 O2O), 770 m, 662 w, 587 m, 540 w. m, 2869 w, 1732 s (CO), 1616 s, 1567 w, 1532 w, 1504 w, 1442 m,
2 1H NMR (400 MHz, 25°C, CDCl3): δ 5 9.30 (d, 3J10,11 5 5.5 1395 m, 1383 w, 1297 w, 1241 m, 1165 w, 1127 w, 1103 m, 1081 w,
Hz, 11-H), 8.23 (dt, 3J8,9 5 3J9,10 5 8.0 Hz, 4J9,11 5 1.5 Hz, 9-H), 1029 w, 977 w, 955 vs (Mo5O), 876 m, 865 vs (2 3 O2O), 777 s,
7.92 (d, 8-H), 7.65 (t, 10-H), 7.42 (d, 3J4,5 5 2.5 Hz, 5-H), 6.77 (d, 665 m, 585 m, 540 w. 2 1H NMR (400 MHz, 25°C, [D6]acetone):
4-H), 4.33 (dt, 3J12,13ax 5 3J12,17 5 10.5 Hz, 4J12,13eq 5 2.5 Hz, 12- isomer A: δ 5 9.23 (d, 3J10,11 5 5.5 Hz, 11-H), 8.20 (dt, 3J8,9 5
H), 3.37 (dt, 3J16,17ax 5 10.5 Hz, 4J16,17eq 5 2.5 Hz, 17-H), 3J9,10 5 8.0 Hz, 4J9,11 5 1.2 Hz, 9-H), 7.91 (d, 8-H), 7.62 (dd, 10-
2.7821.20 (m, 2CH22, 8 H). 2 1H NMR (400 MHz, 25°C, [D6] H), 7.40 (d, 3J4,5 5 2.5 Hz, 5-H), 6.72 (d, 4-H), 5.41 (dd, 3J12,13ax 5
acetone): isomer A: δ 5 9.27 (d, 3J10,11 5 5.0 Hz, 11-H), 8.53 (dt, 13.6 Hz, 3J12,13eq 5 5.5 Hz, 12-H), 2.8021.55 (m,2 CH22, 8 H);
3J8,9 5 3J9,10 5 8.0 Hz, 4J9,11 5 1.5 Hz, 9-H), 8.38 (d, 8-H), 7.92 isomer B: δ 5 8.60 (br, 11-H), 8.05 (d, 3J4,5 5 3.0 Hz, 5-H), 7.83
(t, 10-H, 5-H), 7.13 (d, 3J4,5 5 2.5 Hz, 4-H), 4.26 (dt, 3J12,13ax 5 (d, 3J8,9 5 8.0 Hz, 8-H), 7.77 (dt, 3J9,10 5 7.5 Hz, 4J9,11 5 1.5 Hz,
3J12,17 5 12.0 Hz, 4J12,13eq 5 4.0 Hz, 12-H), 3.70 (m, 17-H), 9-H), 7.19 (dd, 10-H), 7.04 (d, 4-H), 6.17 (dd, 3J12,13ax 5 13.6 Hz,
2.8021.20 (m, 2CH22, 8 H); isomer B: δ 5 8.66 (d, 3J10,11 5 5.0 3J12,13eq 5 5.5 Hz, 12-H), 2.8021.55 (m, 2CH22, 8 H); isomer
Hz, 11-H), 8.17 (d, 3J8,9 5 7.5 Hz, 8-H), 8.05 (m, 9-H, 5-H), 7.48 ratio A:B 5 4.5:1. 2 13C{1H} NMR (100.6 MHz, 25°C, [D6]ace-
(d, 3J4,5 5 2.5 Hz, 4-H), 7.42 (ddd, 3J9,10 5 7.0 Hz, 4J8,10 5 2.0 tone): isomer A: δ 5 203.2 (C5O), 154.5 (C-11), 150.9 (C-7), 144.5
Hz, 10-H), 5.13 (dt, 3J12,13ax 5 3J12,17 5 12.5 Hz, 4J12,13eq 5 4.0 (C-3), 142.9 (C-9), 132.1 (C-5), 125.1 (C-10), 122.8 (C-8), 104.3 (C-
Hz, 12-H), 3.35 (m, 17-H), 2.8021.20 (m, 2CH22, 8 H). 2 4), 68.9 (C-12), 41.2 (C-16), 34.9 (C-13), 27.6 (C-14), 24.6 (C-15);
13C{1H} NMR (100.6 MHz, 25°C, CDCl3): δ 5 154.7 (C-11), isomer B: δ 5 202.7 (C5O), 147.2 (C-11), 139.2 (C-9), 136.9 (C-
149.4 (C-7), 143.8 (C-3), 142.8 (C-9), 129.2 (C-5), 125.0 (C-10), 5), 125.1 (C-10), 120.7 (C-8), 105.1 (C-4), not detected (C-3, C-7),
122.5 (C-8), 105.0 (C-4), 75.1 (C-17), 67.7 (C-12), 35.8 (C-16), 31.9 68.5 (C-12), 40.8 (C-16), 34.6 (C-13), 27.1 (C-14), 24.4 (C-15). 2
(C-13), 24.9 (C-14), 24.8 (C-15). 2 13C CPMAS (75.468 MHz, C14H15N3O6Mo (417.23): calcd. C 40.30, H 3.62, N 10.07; found
25°C): δ 5 155.9 (C-11), 150.2 (C-7), 145.7 (C-3, C-9), 130.7 (C- C 40.35, H 3.83, N 9.88.
5), 124.0 (C-10), 122.6 (C-8), 104.5 (C-4), 67.8 (C-17, C-12), 35.7

Crystallographic Structure Determination and Structure Refine-(C-16, C-13), 25.2 (C-14, C-15). 2 C14H17N3O6Mo (419.25): calcd.
ment of (1S,2S)-1 · H2O and rac-2: The crystals were fixed inside aC 40.11, H 4.09, N 10.02; found C 40.16, H 4.13, N 10.09.
Lindemann glass capillary. The intensity data were obtained at 293
K with graphite-monochromated Mo-Kα radiation using a STOErac-[3-(2-Pyridyl)-1-pyrazolyl]cyclohexanone (rac-3): Dimethyl
IPDS[21] in the case of rac-2 and at 193 K with graphite-monochro-sulfoxide (0.75 ml, 0.88 g, 11.3 mmol) was added to a solution of
mated Cu-Kα radiation using an Enraf Nonius CAD4[22] dif-1 (1.15 g, 4.73 mmol) in dichloromethane (30 ml) at 272°C. After
fractometer in the case of (1S,2S)-1. A combined absorption and30 min, oxalyl chloride (1.33 ml, 1.93 g, 15.2 mmol) was added
decay correction, using the program DECAY[21] (smooth factor 8)dropwise and, after a further 60 min, triethylamine (2.92 ml, 2.22
was applied on the data set of rac-2. During the data collection forg, 21.9 mmol) was added. The reaction mixture was stirred for a
(1S,2S)-1, three standard reflections lost 12% of intensity, whichfurther 60 min at 260°C and the reaction was quenched with water
was corrected with the program MolEN[22]. Preliminary positions(1 ml). The mixture was extracted twice with dichloromethane (30
of heavy atoms were found by direct methods (SIR92[23]), whileml), the combined organic phases washed with brine, dried with
positions of the other non-hydrogen atoms were determined fromMgSO4 and the solvent was removed in vacuo. Recrystallization
successive Fourier difference maps coupled with an initial isotropicfrom diethyl ether gave 3 (1.11 g, 97%) as colorless needles. 2 IR
least-squares refinement (SHELXL93[24]). The hydrogen atoms of(KBr, cm21): ν̃ 5 3131 w, 2940 s, 2864 m, 1725 vs (CO), 1593 s,
(1S,2S)-1 were all located in the difference Fourier maps and re-1567 w, 1490 m, 1458 m, 1430 w, 1366 m, 1278 w, 1222 m, 1128 w,
fined with isotropic temperature parameters. In the case of rac-21051 w, 992 w, 956 w, 767 s, 710 w, 622 w. 2 1H NMR (400 MHz,
all hydrogen atoms were placed in calculated positions, included in25°C, CDCl3): δ 5 8.59 (d, 3J10,11 5 54.5 Hz, 11-H), 7.85 (d,
the structure-factor calculation, but were not refined. Additional3J8,9 5 8.0 Hz, 8-H), 7.66 (dt, 3J9,10 5 7.5 Hz, 4J9,11 5 2.0 Hz, 9-
crystal data, data collection and refinement parameters are pres-H), 7.47 (d, 3J4,5 5 2.0 Hz, 5-H), 7.15 (dd, 10-H), 6.92 (d, 4-H),
ented in Table 1.5.13 (dd, 3J12,13ax 5 13.0 Hz, 3J12,13eq 5 4.5 Hz, 12-H), 2.6321.70

Crystallographic data (excluding structure factors) for the struc-(m, 2CH22, 8 H). 2 13C{1H} NMR (100.6 MHz, 25°C, CDCl3):
tures reported in this paper have been deposited with the Cam-δ 5 204.7 (C-17), 152.1 (C-7), 151.1 (C-3), 149.4 (C-11), 136.4 (C-
bridge Crystallographic Data Centre (CCDC-100572). Copies of9), 130.3 (C-5), 122.3 (C-10), 120.1 (C-8), 104.7 (C-4), 69.6 (C-12),
the data may be obtained free of charge on application to CCDC,41.3 (C-16), 34.6 (C-13), 27.2 (C-14), 24.7 (C-15). 2 MS (EI); m/z
12 Union Road, Cambridge CB2 1EZ, UK [fax: int. code(%): 241 (37) [M1], 213 (8) [M1 2 CO], 198 (5) [M1 2 C3H7], 185
1(1223)336-033; e-mail: deposit@ccdc.cam.ac.uk].(6) [M1 2 C4H8], 184 (9) [M1 2 C3H5O], 172 (63) [M1 2 C5H9],

170 (4) [M1 2 C4H7O], 158 (20) [C5H4N2C3H2N22CH3
1], 145 X-ray Powder Diffraction: The X-ray diffraction pattern was re-

corded with a Huber Guinier diffractometer 642 with Ge mono-(100) [C5H4N2C3H2N2
1], 117 (13) [C5H4N2C3H2

1], 78
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The novel compounds K2AuPS4 (1), Tl2AuPS4 (2), K2AuAsS4 sium or thallium ions. Neighbouring Au atoms are bridged
by MS4

32 tetrahedra (M = P, As) in a trans orientation. Com-(3), and KAu5P2S8 (4) have been synthesized by direct reac-
tion of the elements with a molten alkaline polythiophospha- pound 4 crystallizes in the space group P21/c. The anionic

chains of 4 are built up from linear AuS2 dumbbell units andte(arsenate) flux at 550°C. The crystal structures of these
compounds have been determined by single-crystal X-ray PS4

32 tetrahedra. The chains extend along the [11̄0] and
[11̄0] direction and are separated by charge balancing K+ cat-diffraction techniques. 1, 2, and 3 crystallize in the mono-

clinic space group P21/m. The structures of 1, 2, and 3 consist ions. Each of the compounds was investigated by differential
thermal analysis, FT-IR, and solid-state UV/Vis diffuse reflec-of infinite, one-dimensional anionic chains running along the

crystallographic b axis. The chains are separated by potas- tance spectroscopy.

Introduction are concerned, chalcogenides of the coinage metals are defi-
nitely such borderline cases. For gold tellurides such as

Most transition metals react with chalcogen or chal- AuTe2, a compound with a very distorted CdI2 structure,
cogen-containing compounds to give transition-metal chal- even more ambiguities arise, as now the metal (Pauling elec-
cogenides. These compounds have been the subject of nu-
merous studies during the past decades because of their in-
triguing electronic and chemical properties such as super-

Figure 1. Unit cell view down the a) [010] axis, b) [100] axis forconductivity[1], charge-density wave behavior[2] and
K2AuAsS4 (2) (medium grey spheres: As, black spheres: Au, openintercalation chemistry[3], which are imparted by the low- spheres: S, large grey spheres: K)

dimensional character of the early transition-metal com-
pounds. On the right-hand side of the Periodic Table, tran-
sition-metal chalcogenides prefer three-dimensional struc-
tures akin to those of pyrites or marcasite. Several papers
on this matter have recently been published[4], while a gen-
eral explanation for these observations was advanced long
ago by Hoffmann and Zheng[5]. When we move across the
transition series, the d bands decrease in energy and become
narrower. At the same time, the band filling increases. These
two competing factors determine the trend in the Fermi le-
vel: It falls as one moves to electron-rich transition metals.
If bands of Q2Q (Q 5 chalcogen) σ and σ* character are
superimposed on these transition-metal d bands, the Fermi
level will be above the bands with Te2Te σ* character for
the early transition metals, i.e. on the left-hand side of the
Periodic Table, but below for the late transition metals, i.e.
on the right-hand side. The result is a gradual increase of
Q2Q bonding in metal chalcogenides as we move across
the transition-metal series from left to right. Compounds at
the crossover point are most interesting from a theoretical
point of view, because in these cases a straightforward pre-
diction of their electronic properties by a formal assignment
of oxidation states becomes impossible. In the simple binary
compounds, one can reach the crossover point by varying
the metal or the chalcogen components. As far as the metals
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Figure 3. Anionic structure of KAu5P2S8 (4, open spheres: Au, PS4Table 1. Selected bond lengths [Å] and angles [°] for K2AuPS4 (1),

tetrahedra)Tl2AuPS4 (2), and K2AuAsS4 (3) (with standard deviations in pa-
rentheses)

Atoms K2AuPS4 Tl2AuPS4 K2AuAsS4

Distances
Au2Au 3.364(0) 3 2 3.335(0) 3 2 3.430(0) 3 2
Au2S1 2.298(2) 3 2 2.300(3) 3 2 2.292(4) 3 2
Au2A2 3.810(4) 3 2 3.430(1) 3 2 3.823(6) 3 2
P2S1 2.082(4) 3 2 2.079(5) 3 2 2.185(5) 3 2
P2S2 2.013(5) 2.026(7) 2.139(7)
P2S3 2.018(5) 2.020(7) 2.142(7)
mean P(As)2S 2.049 2.051 2.163
A12S1 3.413(4) 3 2 3.368(3) 3 2 3.497(7) 3 2
A12S1 3.307(4) 3 2 3.356(4) 3 2 3.334(7) 3 2 Table 2. Selected bond lengths [Å] and angles [°] for KAu5P2S8 (4)A12S2 3.176(5) 3.244(5) 3.178(9) (with standard deviations in parentheses)A12S3 3.456(1) 3 2 3.415(1) 3 2 3.511(2) 3 2
A12S3 3.319(5) 3.340(5) 3.342(8)

Atoms Distance Atoms DistanceA12S3 3.202(5) 3.143(5) 3.254(8)
A22S1 3.446(4) 3 2 3.401(4) 3 2 3.489(7) 3 2
A22S2 3.366(0) 3 2 3.336(0) 3 2 3.431(0) 3 2 Au12Au2 3.393(3) Au52S7 2.31(1)A22S2 3.212(6) 3.027(5) 3.22(1) Au12Au3 2.962(3) mean Au2S 2.31A22S3 3.314(5) 3.429(5) 3.270(9) Au12Au3 3.033(3) K12S1 3.43(2)mean A2S 3.347 3.329 3.386 Au12Au4 3.138(3) K12S2 3.21(2)

Au12Au5 3.204(3) K12S4 3.24(2)
Au22Au2 3.148(3) K12S6 3.47(2)Angles
Au22Au3 3.043(3) K12S7 3.29(2)S12Au2S1 180.00(7) 180.0(1) 180.0(1)
Au32Au4 3.121(3) K12S8 3.71(2)P(As)2S12Au 107.0(1) 110.4(2) 106.2(2)
Au52Au5 3.193(3) K12S8 3.42(2)S12P(As)2S1 111.2(2) 112.1(2) 111.0(2)
mean Au2Au 3.137 mean K2S 3.40S22P(As)2S1 111.3(1) 3 2 111.0(2) 3 2 111.6(2) 3 2
Au22K1 3.71(1) S12P1 1.98(2)S32P(As)2S1 103.6(1) 3 2 103.9(2) 3 2 103.3(2) 3 2
Au12S4 2.31(1) S22P1 2.03(2)S32P(As)2S2 115.2(2) 114.6(3) 115.4(3) 3 2
Au12S7 2.31(2) S42P1 2.16(2)
Au22S4 2.32(1) S52P1 2.06(2)
Au22S5 2.30(1) S32P2 1.99(2)
Au32S1 2.34(1) S62P2 2.06(2)Figure 2. KAu5P2S8 (4) viewed down the [110] axis (medium grey
Au32S3 2.30(1) S72P2 2.12(2)spheres: K, open spheres: Au, PS4 tetrahedra), Au2Au short con-
Au42S2 2.30(1) S82P2 2.07(2)tacts are shown by dashed lines
Au42S8 2.32(1) mean S2P 2.06
Au52S6 2.30(2)

Atoms Angle Atoms Angle

S72Au12S4 174.6(4) S52P12S2 110.3(8)
S52Au22S4 174.1(5) S52P12S4 105.8(7)
S32Au32S1 174.5(4) S62P22S3 112.1(8)
S82Au42S2 172.3(5) S72P22S3 113.4(7)
S72Au52S6 175.4(4) S72P22S6 106.8(7)
P12S12Au3 101.3(6) S82P22S3 115.6(8)
P12S22Au4 102.7(6) S82P22S6 104.4(8)
P12S42Au1 96.1(6) S82P22S7 103.6(8)
P12S42Au2 104.5(6) P22S32Au3 102.3(7)
P12S52Au2 99.4(7) P22S62Au5 94.5(7)
S22P12S1 120.5(8) P22S72Au1 102.7(7)
S42P12S1 105.6(7) P22S72Au5 58.3(6)
S42P12S2 108.8(7) P22S82Au4 99.8(7)
S52P12S1 104.9(8)

tronegativities: Au 2.2, Te 2.1) is the more electronegative
partner compared to the chalcogen atom. In many of these compounds, the metal2metal distances

are comparable to, or are sometimes considerably shorterMetal2metal bonding is an additional point of interest
in many coinage metal systems (M 5 Cu, Ag, Au)[6]. If the than, the M2M separations in the elemental metals. Thus,

the obvious question arises[11] as to the nature of the inter-geometrical constraints of the ligand or the structure allow,
many compounds show a tendency to cluster or polymerize. actions between metal centers at such short distances.

We have been intrigued by these questions and have stud-Such behaviour has been observed in many binary cluster
compounds of the general types [Aum(PR)3m]x1 and ied the ternary and quaternary systems A/Au/Q (A 5 alkali

metal; Q 5 S, Se, Te) and A/Au/B/Q (B 5 group 14 or 15[Aum11(PR3)m]y1 [7], molecular alkylcopper compounds[8a],
pentaazenidocopper complexes[8b], Hartl9s iodocuprates[9], element). The use of electropositive cations such as alkali

metal ions permits the stabilization of gold compoundsand in multinuclear copper chalcogenide clusters of the
Cu2nQn(PR3)x-type reported by Fenske and co-workers[10]. with the relatively electronegative elements sulfur[12] and
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Table 3. Crystal data, details of the data collection, and structure analysis of K2AuPS4 (1), Tl2AuPS4 (2), K2AuAsS4 (3), and KAu5P2S8 (4)

Empirical formula K2AuPS4 Tl2AuPS4 K2AuAsS4 KAu5P2S8

Formula weight 434.4 764.9 478.3 1342.3
Diffractometer Siemens P4 Siemens P4 Siemens P4 Nicolet P21
Radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα
Monochromator graphite graphite graphite graphite
Data-collection mode θ-2θ scan θ-2θ scan θ-2θ scan ω scan
Crystal size [mm] 0.230.1230.06 0.330.130.06 0.1530.0830.04 0.330.0430.04
T [K] 203 198 198 293
Wavelength λ 5 0.71073 λ 5 0.71073 λ 5 0.71073 λ 5 0.71073
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/m P21/m P21/m P21/c
a [Å] 6.497(1) 6.459(1) 6.555(1) 10.054(2)
b [Å] 6.727(1) 6.669(1) 6.859(1) 13.464(3)
c [Å] 9.434(2) 9.193(2) 9.533(2) 11.968(2)
β [°] 92.69(3) 93.84(3) 92.64(3) 106.16(3)
V [Å3] 411.9(2) 395.1(2) 428.1(2) 1556.2(5)
Z 2 2 2 4
Dcalcd. [g/cm3] 3.502 6.43 3.711 5.729
µ(Mo-Kα)[mm21] 19.975 60.358 22.868 48.485
Absorption correction semiempirical, Ψ scan, semiempirical, Ψ scan, semiempirical, Ψ scan, semiempirical, Ψ scan,

laminar (001) ellipsoid ellipsoid pseudoellipsoid
Min./max. transmission 0.3752, 0.9311 0.290, 0.735 0.4841,0.5423 0.5546, 0.9825
F(000) [e] 392 640 428 2882
θ range for data 4.0254.0 4.0254.0 4.0254.0 4.0254.0
collection[°]
Index ranges 21 # h # 8 27 # h # 7 27 # h # 8 0 # h # 12

28 # k # 8 28 # k # 8 21 # k # 8 217 # k # 17
212 # l # 12 211 # l # 11 211 # l # 7 215 # l # 14

Data collected 2148 1969 1040 6147
Unique data 964 (Rint 5 0.046) 924 ( Rint 5 0.042) 767( Rint 5 0.054) 3424 (Rint 5 0.126)
Observed data 696 [I > 2σ(I)] 784 [I > 2σ(I)] 550 [I > 2σ(I)] 1433 [I > 3σ(I)]
Refinement method Full-matrix least squares Full-matrix least squares Full-matrix least squares Full-matrix least squares

on F on F on F on F
Parameters 47 47 47 146
Final R indices [I > R 5 0.0291 R 5 0.0380 R 5 0.0448 R 5 0.0784
2σ(I)]

Rw 5 0.0627 Rw 5 0.0959 Rw 5 0.0923 Rw 5 0.1028
Goodness-of-Fit 1.069 1.100 1.103 1.311
Extinction coefficient 0.0016(4) 0.0124(8) 0.0015(5) 0.00038(4)
Largest diff. peak and 1.00; 21.40 2.66; 24.02 1.84; 21.61 3.25; 23.19
hole [eÅ23]

phosphorus. Thus, no ternary thiophosphates of Au exist. The structures of the title compounds have been deter-
mined by single-crystal X-ray diffraction techniques. Ther-In contrast, for the lighter metals numerous compounds be-

longing to the ternary Ag2P2S[13] family have been re- mal and optical properties have also been investigated. One
possible application of such compounds of the late tran-ported in the literature, and some compounds of the type

Cu2P2S[14] are known. Being itself rather electronegative, sition metals stems from the fact that they have direct op-
tical band gaps. Thus, they may be of interest in infra-redthe usual, preferred chemistry for gold is through “soft”

interactions with metalloids such as Te[15] and Bi[16]. sensing. Also of interest is the observation of short Au2Au
contacts in one of the compounds reported here.In this paper, we report on two new thiophosphates of

gold and an isostructural thioarsenate. A short account of
this work has appeared elsewhere[17]. The compounds are Results and Discussion
K2AuPS4 (1), Tl2AuPS4 (2), K2AuAsS4 (3), and KAu5P2S8 Crystal Structures of K2AuPS4, K2AuAsS4, and Tl2AuPS4(4). During the preparation of this manuscript, one of the
compounds presented here, K2AuPS4, was reported in the Compounds 1, 2, and 3 are isostructural. Their structures

consist of anionic columns separated by potassium cations,literature[18]. The compounds were prepared from Au, A2S,
S, and P2S5 or As2S3. The alkaline polythiophosphate or as shown in Figure 1. Selected distances and angles are

compiled in Table 1. The [AuPS4]22 columns run parallelpolythioarsenate forms a flux in situ. Kanatzidis and co-
workers have used this feature to good advantage in the to and are centered about the b axis. In these chains, neigh-

bouring AuI atoms are linked by PS4
32 tetrahedra in a transsynthesis of metal thiophosphates such as A2AuP2Se6 (A 5

K, Rb)[19], A2MP2Se6 (A 5 K, Rb; M 5 Mn, Fe)[21], orientation. The distances in 1 are as follows: The Au2S
distance is 2.298(2) Å, comparable to that in KAuSA2M2P2Se6 (A 5 K, Cs; M 5 Cu, Ag)[20], A3M(PS4)2 (A 5

Rb, Cs; M 5 Sb, Bi) [20], as well as several main-group de- [2.305(6) Å] [12a], Na3AuS2 [2.301(7) Å] [12b], and K4Au6S5

[2.295(6) Å] [12c]. The PS4 tetrahedra are slightly distorted.rivatives[21] [22] [23] [24].
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Figure 4. a) DSC diagram of the starting compounds of K2AuAsS4The average P2S distance is 2.047 Å, with the individual
(2), b) DSC diagram of K2AuAsS4 (2), c) powder pattern after theP2S distances ranging from 2.014 to 2.080 Å. The S2P2S

DSC experiments
angles fall in a narrow range between 103.7 and 115.7°. Two
crystallographically distinct K1 cations K(1) and K(2) are
situated between the anionic fragments and are surrounded
by 6 and 9 S atoms, respectively, with an average K2S dis-
tance of 3.347 Å.

In 2, the mean As2S distance is 2.165 Å. The AsS4 units
are slightly distorted with S2As2S bond angles ranging
from 103.3 to 115.7°. The Au2Au distance (3.43 Å) is
slightly longer than that in the thiophosphate. All other dis-
tances and angles are in the same range as those in the thio-
phosphate.

KAu5P2S8

Compound 4 crystallizes with a structure that is charac-
terized by infinite anionic [Au5P2S8]2 chains and isolated
K1 cations. The angular chains extend along the [110] and
[11̄0] direction, as shown in Figure 2. The anionic frame-
work is built up from linear AuS2 dumbbell units and
PS4

32 tetrahedra, as shown in Figure 3. The edges of two
PS4

32 tetrahedra are alternately connected by two and three
Au1 ions, to form eight-membered P(SAuS)2P rings. Each
PS4

32 tetrahedron is linked to neighbouring tetrahedra by
5 Au atoms, so that S(4) and S(7) are coordinated by two
Au atoms. These anionic chains interact with each other
through close Au2Au d102d10 contacts [Au(1)2Au(3)
2.961 Å, Au(2)2Au(3) 3.043 Å]. This is not the case in 1,
which has Au2Au contacts of 3.364 Å. The short Au2Au
distances are remarkable, since no sulfide bridging ligands
or other steric effects are present that might account for this
behaviour. The Au2Au short contacts are classical d102d10

interactions, which are also observed in KAuS[12d]. The in-
tra-chain Au2Au distances are short, ranging from 3.035(2)
[Au(1)2Au(3)] to 3.204(2) Å. A theoretical interpretation

and cooling of the starting materials (polysulfide, As2S3,
of the Au2Au bonding in terms of the electron localization

elements). The sharp exotherm near 100°C corresponds to
function (ELF)[26] will be presented in a separate communi-

the reaction leading to the clean product K2AuAsS4. The
cation[27]. The Au atoms have a different number of homo-

sharp exotherm at 386°C obtained upon cooling thus corre-
atomic contacts. Au is almost linearly coordinated (]

sponds to the crystallization of molten K2AuAsS4. For
S2Au2S: 174.12175.5°); the mean Au2S bond length is

comparison, Figure 4(b) shows the DSC trace (heating and
2.31 Å, which is normal for linear AuS2 fragments[12].

cooling) of pure K2AuAsS4. Figure 4(c) shows the powder
The structure contains two crystallographically distinct P

diffractogram of the products obtained from the in situ re-
sites. The PS4

32 tetrahedra have a slightly distorted ge-
action in the DSC cell. The vertical lines mark expected

ometry, with bond lengths varying from 2.022.15 Å
peak positions of the K2AuAsS4 structure obtained from

[P(1)2S] and 2.022.12 Å [P(2)2S]; bond angles range from
the single-crystal study.

1042116° for [] S2P(2)2S] and from 1052120° for []
The optical absorption properties of the compounds 1,

S2P(1)2S]. The distortion arises because one edge of the
3, and 4 were assessed by studying their UV/vis-near IR

PS4
32 tetrahedra has two Au neighbours, resulting in a

reflectance spectra. The spectra confirm the semiconduct-
longer P2S distance. The K1 ions fill the voids in the struc-

ing nature of the materials by revealing the presence of ab-
ture. They are highly coordinated by seven K2S contacts

rupt optical gaps, as can be seen in Figure 5. The band gaps
in the range between 3.2 and 3.7 Å. Selected bond lengths

of 1 and 2 are 2.63 and 2.20 eV, respectively. Higher energy
and angles for 4 are given in Table 2.

absorptions are readily resolved in these spectra and are
assigned to electronic SRAu charge-transfer transitions.

Properties 2 Thermal Analysis The band gap of 4 is found to be 2.14 eV.
The infrared spectra of the compounds are shown in Fig-Differential thermal analysis (DTA) showed that 1, 2,

and 4 melt congruently at 386, 412, and 394°C, respectively. ure 6. The spectrum of 1 displays absorptions at ca. 613,
ca. 557, ca. 521, ca. 471, ca. 397, ca. 370, ca. 272, ca. 245,Figure 4(a) shows the DSC trace obtained upon heating
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Figure 6. Far-IR spectra of a) K2AuPS4 (1), b) K2AuAsS4 (2), andFigure 5. Plots of absorbance (arbitrary units) vs. energy (eV) for

a) K2AuPS4 (1), b) K2AuAsS4 (2), and c) KAu5P2S8 (4) c) KAu5P2S8 (4)

Table 4. Atomic coordinates and equivalent isotropic displacement
parameters for K2AuPS4 (1) (with standard deviations in parenthe-

ses)

Atom X Y Z U(eq)[a]

Au 0 1/2 0 0.0197(1)
P 0.2669(5) 1/4 0.2804(4) 0.0153(9)
K1 0.7959(5) 1/4 0.4641(3) 0.0221(8)
K2 0.4570(6) 1/4 0.8346(4) 0.032(1)
S1 0.9061(3) 0.0054(6) 0.7622(2) 0.0223(5)
S2 0.5280(6) 1/4 0.1738(4) 0.023(1)
S3 0.3070(6) 1/4 0.4939(3) 0.0200(9)

[a] The isotropic equivalent displacement parameter is defined asand ca. 228 cm21. The vibrations can mainly be assigned
one-third of the trace of the orthogonalized Uij tensor.to PS4 stretching modes by analogy with Na3PS4 ·8 H2O[28].

The far-IR spectrum of 2 displays absorptions at ca. 459,
ca. 430, ca. 401, ca. 392, ca. 353, ca. 314, ca. 293, and ca.

Table 5. Atomic coordinates and equivalent isotropic displacement216 cm21. These values are shifted to lower energies in com-
parameters for Tl2AuPS4 (2) (with standard deviations in parenthe-parison with those of the thiophosphate because of the ses)

greater mass of As. Compound 4 exhibits absorptions at ca.
660, ca. 552, ca. 459, ca. 395, ca. 326, and ca. 236 cm21. Atom X Y Z U(eq)[a]

This research was supported by the Fonds der Chemischen Indu-
Au 0 1/2 0 0.0119(2)strie. The donation of quartz tubes from Heraeus Quarzschmelze
P 0.2843(8) 1/4 0.7296(5) 0.008(1)

Hanau (Dr. Höfer) and of gold from Degussa AG is gratefully Tl1 0.7896(1) 1/4 0.54139(9) 0.0162(3)
acknowledged. We are indebted to Dr. Ram Seshadri for fruitful Tl2 0.4242(2) 1/4 0.15382(9) 0.0218(3)

S1 0.8824(6) 0.4914(5) 0.2306(4) 0.0128(10)discussions and a critical reading of the manuscript.
S2 0.5623(9) 1/4 0.8456(5) 0.014(2)
S3 0.3020(8) 1/4 0.5111(5) 0.011(1)

Experimental Section
[a] The isotropic equivalent displacement parameter is defined asSynthesis: Starting materials were gold metal powder, P2S5
one-third of the trace of the orthogonalized Uij tensor.(Fluka, 99.99% purity, Alfa), As2S3 (Alfa, 99.998%), K2S and S

powder (Riedel, 99.999%).

Potassium Gold Thiophosphate, K2AuPS4 (1): A mixture of Au
powder (0.164 g, 0.833 mmol), K2S (0.092 g, 0.833 mmol), P2S5 cool slowly to room temperature at a rate of 4°C/h. The yellow,

plate-like crystals thus obtained were found to be stable in air and(0.093 g, 0.417 mmol), and S (0.013 g, 0.417 mmol) was loaded
into a silica tube in a glovebox. The tube was evacuated and sealed insoluble both in water and in common organic solvents. The col-

lected material was washed with water and then dried by rinsingin vacuo. The mixture was heated to 550°C over a period of 12 h
and maintained at this temperature for 4 d. It was then allowed to with diethyl ether.
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used for the data collection. After Lorentz and polarization correc-Table 6. Atomic coordinates and equivalent isotropic displacement

parameters for K2AuAsS4 (3) (with standard deviations in paren- tions, absorption corrections were made by acquiring Ψ scans and
theses) using the program XEMP in the SHELXTL package[29]. The struc-

tures were solved in the different space groups using direct methods
Atom X Y Z U(eq)[a]

with the package SHELXTL. Refinements were performed against
Fo

2.using SHELXL-93[30]. Final refinement cycles included aniso-
Au 0 1/2 0 0.0190(3) tropic thermal parameters on all atoms. Details of the data collec-
As 0.2721(4) 1/4 0.2802(3) 0.0145(8)

tion and refinement are given in Table 3. The final atomic andK1 0.7977(8) 1/4 0.4662(6) 0.021(2)
equivalent thermal parameters are listed in Tables 427. FurtherK2 0.4537(10) 1/4 0.8373(7) 0.030(2)

S1 0.9079(6) 0.0125(8) 0.7653(5) 0.025(1) details of the crystal structure determinations may be obtained
S2 0.550(1) 1/4 0.1715(8) 0.026(3) from the Fachinformatioszentrum Karlsruhe, D-76344 Eggenstein-
S3 0.3071(10) 1/4 0.5047(7) 0.019(2)

Leopoldshafen (Germany), on quoting the depository numbers
CSD-407912 (K2AuPS4), -407910 (Tl2AuPS4), -407913[a] The isotropic equivalent displacement parameter is defined as
(K2AuAsS4), and -407911 (KAu5P2S8).one-third of the trace of the orthogonalized Uij tensor.

Physical Measurements 2 Thermal Analysis: Differential thermal
analyses were performed with a Netzsch STA 429 thermal analyzer.

Table 7. Atomic coordinates and equivalent isotropic displacement Typically, samples of 30 mg of ground crystalline material were
parameters for KAu5P2S8 (4) (with standard deviations in paren-

heated in quartz ampoules in vacuo. An empty quartz ampoule oftheses)
equal mass was used as a reference. The samples were heated to
the 600°C at a rate of 3°C/min and were then cooled to 50°C atAtom X Y Z U(eq)[a]

the same rate. The DTA samples were examined by powder X-ray
diffraction (D5000, Siemens) after the experiments.Au1 0.2324(2) 0.2618(1) 0.0457(2) 0.0226(7)

Au2 0.4382(2) 0.4042(1) 20.0710(2) 0.0231(8) Optical Spectra: UV/Vis/NIR spectra were acquired with a
Au3 0.2395(2) 0.2447(2) 20.1994(1) 0.0194(7)

CARY 5 G (Varian) in the reflectance mode using a diffuse reflec-Au4 0.0586(2) 0.0830(2) 20.3585(2) 0.0310(8)
tance integrating sphere. The samples were diluted with BaSO4.Au5 0.1170(3) 0.0473(2) 20.0505(2) 0.0360(9)

K1 0.309(1) 0.7480(10) 0.170(1) 0.047(5)
Infrared Spectra: FT-IR spectra of samples pressed into KBr pel-S1 0.411(1) 0.1233(9) 20.1367(10) 0.023(5)

lets were recorded with a Galaxy-2030 FT-IR spectrometer (Matt-S2 0.236(1) 20.0171(9) 20.378(1) 0.027(5)
S3 0.079(2) 0.3711(9) 20.244(1) 0.028(5) son Instruments).
S4 0.454(1) 0.3266(9) 0.105(1) 0.025(5)
S5 0.423(2) 0.465(1) 20.254(1) 0.041(6)
S6 0.236(1) 20.095(1) 20.069(1) 0.041(5) [1] Topics in Current Physics, Superconductivity in Ternary Com-
S7 0.013(2) 0.197(1) 20.032(1) 0.037(5) pounds, (Eds.: Ø. Fischer, M. B. Maple), Springer, Berlin, 1982.
S8 20.136(1) 0.177(1) 20.364(1) 0.038(6) [2] J. A. Wilson, F. J. DiSalvo, S. Mahajan, Adv. Phys. 1975, 24,
P1 0.408(2) 0.0577(9) 20.286(1) 0.020(5) 117.
P2 0.939(1) 0.183(1) 0.1170(9) 0.027(5) [3] [3a] M. S. Whittingham, A. J. Jacobson, Intercalation Chemistry,

Academic Press, New York, 1982. 2 [3b] R. H. Friend, A. D.
Yoffe, Adv. Phys. 1987, 36, 1.[a] The isotropic equivalent displacement parameter is defined as

[4] [4a] J. Rouxel, Chem. Eur. J. 1996, 2, 1053. 2 [4b] M. Evain, Eur.one-third of the trace of the orthogonalized Uij tensor.
J. Solid State Inorg. Chem. 1994, 31, 683. 2 [4c] S. Jobic, R.
Brec, J. Rouxel, J. Solid State Chem. 1992, 96, 169. 2 [4d] S.
Jobic, J. Rouxel, J. Alloys Compd. 1992, 178, 233. 2 [4e] S. Jobic,
P. Deniard, R. Brec, J. Rouxel, A. Jouanneaux, A. Fitch, Z.Thallium Gold Thiophosphate, Tl2AuPS4 (2): Au powder (35 mg,
Anorg. Allg. Chem. 1991, 199, 598.0.178 mmol), Tl2S (79 mg, 0.355 mmol), P2S5 (78 mg, 0.178 mmol),

[5] R. Hoffmann, C. Zheng, J. Phys. Chem. 1985, 89, 4175.and S (57 mg, 1.778 mmol) were heated to 700°C over a period of [6] Unkonventionelle Wechselwirkungen in der Chemie metallischer
12 h and maintained at this temperature for 4 d. The mixture was Elemente (Ed.: B. Krebs), VCH Publishers, Weinheim, 1992.

[7] K. P. Hall, D. M. P. Mingos, Prog. Inorg. Chem. 1983, 32, 239.then slowly cooled to room temperature at a rate of 4°C/h. The
[8] [8a] S. Gambarotta, C. Floriani, A. Chiesa-Villa, C. Guastini, J.long, red plates thus obtained were found to be both air- and

Chem. Soc., Chem. Commun. 1983, 1156. 2 [8b] J. Beck, J.water-stable. Strähle, Angew. Chem. 1985, 97, 419; Angew. Chem. Int. Ed.
Engl. 1985, 24, 409.Potassium Gold Thioarsenate, K2AuAsS4 (3): Pure material was

[9] H. Hartl, F. Mahdjour-Hassan-Abadi, Angew. Chem. 1984, 96,obtained by heating a mixture of Au powder (0.123 g, 0.625 mmol), 359; Angew. Chem. Int. Ed. Engl. 1984, 23, 378; H. Hartl, F.
K2S (0.069 g, 0.625 mmol), As2S3 (0.077 g, 0.312 mmol), and S Mahdjour-Hassan-Abadi, F. Fuchs, Angew. Chem. 1984, 96,

497; Angew. Chem. Int. Ed. Engl. 1984, 23, 514.(0.03 g, 0.937 mmol) in analogy to the procedure described for 1.
[10] D. Fenske in Clusters and Colloids (Ed.: G. Schmid), VCH Pub-Orange, plate-like crystals were formed, which were found to be

lishers, Weinheim, 1994, pp. 212.slightly air-sensitive and which decomposed in water. [11] [11a] P. K. Mehrotra, R. Hoffmann, Inorg. Chem. 1978,17, 2187.
2 [11b] A. Dedieu, R. Hoffmann, J. Am. Chem. Soc. 1978,Potassium Gold Thiophosphate, KAu5P2S8 (4): 0.123 g (0.62
100, 2074.mmol) of Au, 0.034 g (0.31 mmol) of K2S, 0.069 g (0.31 mmol) of [12] See for example:

P2S5, and 0.04 g (1.25 mmol) of S were heated as described above. [12a]KAuS: K. O. Klepp, W. Bronger, J. Less-Common Metals 1987,
127, 65. 2 [12b] Na3AuS2: K. O. Klepp, W. Bronger, J. Less-Red, needle-shaped crystals were collected from the charge under
Common Metals 1987, 132, 173. 2 [12c] K4Au6S5: K. O. Klepp,inert atmosphere and were washed with anhydrous diethyl ether.
W. Bronger, J. Less-Common Metals 1988, 137, 13. 2 [12d]

The crystals were found to disintegrate in water or after exposure KAuS5: M. G. Kanatzidis, Chem. Mater. 1990, 2, 353. 2 [12e]

to air for 1 d. AAuX (with A 5 Na, K, Rb, Cs; X 5 S, Se, Te): W. Bronger,
H. U. Karthage, J. Alloys Compd. 1992, 184, 87.Structure Determination: Crystal structures were determined [13] [13a] AgPS3: P. Toffoli, P. Khodadad, N. Rodier, Acta Crys-

from single-crystal X-ray diffraction data at 294 K for 4 and at 200 tallogr. 1978, B34, 3561. 2 [13b] Ag4P2S6: P. Toffoli, P. Khoda-
dad, N. Rodier, Acta Crystallogr. 1983, C39, 1485; P. Toffoli, P.K for the other two compounds. A Siemens P4 diffractometer was
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Khodadad, N. Rodier, Acta Crystallogr. 1982, B38, 2374. 2 [13c] [21] T. J. McCarthy, M. G. Kanatzidis, Inorg. Chem. 1995, 34, 1257;

A. Sutorik, M. G. Kanatzidis, Progr. Inorg. Chem. 1995, 43,Ag4P2S7: P. Toffoli, P. Khodadad, N. Rodier, Acta Crystallogr.
1977, B33, 1492. 2 [13d] Ag7PS6: R. Blachnik, U. Wickel, Z. 151.

[22] T. J. McCarthy, M. G. Kanatzidis, J. Chem. Soc., Chem. Com-Naturforsch. 1980, B35, 1268. 2 [13e] Ag7P3S11: P. Toffoli, P.
Khodadad, N. Rodier, Acta Crystallogr. 1982, B38, 2374. mun. 1994, 1089.

[23] T. J. McCarthy, M. G. Kanatzidis, Chem. Mater. 1993, 5, 1061.[14] [14a] CuPS2: J. K. Kom, J. Flahaut, L. Domange, C. R. Seances
Acad. Sci. Paris 1963, 257, 3919. 2 [14b] Cu3PS4: R. Nitsche, P. [24] K. Chondroudis, T. J. McCarthy, M. G. Kanatzidis, Inorg.

Chem. 1996, 35, 840.Wild, Mat. Res. Bull. 1970, 4, 419; J. Solid State Chem. 1983,
49, 43. [25] K. Chondroudis, M. G. Kanatzidis, Inorg. Chem. 1995, 34,

5401.[15] G. Tunell, L. Pauling, Acta Crystallogr. 1952, 5, 375.
[16] T. H. Geballe, V. B. Compton, Rev. Mod. Phys. 1963, 35, 1. [26] C. Felser, S. Löken, Y. Grin, W. Tremel, unpublished results.

[27] [27a] A. D. Becke, K. E. Edgecomb, J. Chem. Phys. 1990, 92,[17] S. Löken, W. Tremel, 12th International Conference on Solid
Compounds of Transition Elements, St. Malo, April 22225, 5397. 2 [27b] B. Silvi, A. Savin. Nature 1994, 371, 683.

[28] A. Feltz, G. Pfaff, Z. Anorg. Allg. Chem. 1978, 442, 41.1997, Abstract P-D 49.
[18] K. Chondroudis, J. A. Hanko, M. G. Kanatzidis, Inorg. Chem. [29] G. M. Sheldrick, Siemens Analytical X-ray Instruments Inc.,
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A series of η1-borazine complexes were obtained by the reac- ruled out from the spectroscopic and structural results. All
new borazine complexes were isolated as orange crystallinetion of trichloroborazine with Na[(η5-C5R5)Fe(CO)2]. The

compounds [{(C5R5)(CO)2Fe}nCl32nB3N3H3] (1a, n = 1, R = solids and characterized by multinuclear NMR methods and
IR spectroscopy. The structure of 1b in the crystalline stateMe; 1b, n = 2, C5R5 = C5H4Me; 1c, n = 3, R = H) have one to

three iron2boron σ bonds and Fe2B π-interactions can be was also determined by a single-crystal X-ray study.

Introduction in a 1:2 ratio for the Cl- and Fe-substituted boron atoms,
respectively, at δ 5 27.2 and δ 5 53.1. The relative highThe chemistry of borazine and its derivatives, in terms of
field shift of 68 ppm for the second signal compared to thattheir role as ligands in transition-metal complexes, is restric-
of [CpFe(CO)2BPh2] [6c] is largely due to the B2N multipleted to a few examples, such as [(EtBNEt)3Cr(CO)3] [1a] [1b].
bond character in the borazinyl ring. There is no evidenceIn these compounds, which are mostly derived from peral-
for an Fe2B π-interaction, which has been established forkylated borazines, the (RBNR)3 ligand always shows η6 co-
[CpFe(CO)2BCat] (Cat 5 OC6H4O)[6c] in solution, and evi-ordination similar to the corresponding benzene com-
dence for this is provided by the CO stretching frequenciesplexes[2] [3]. η1-Coordinated borazines with a boron2tran-
of 1b (1996 and 1937 cm21) that match the IR data of thesition metal bond are believed to play an important role in
methyl complex [(C5H4Me)Fe(CO)2Me] (1995 and 1935the [RhH(CO)(PPh3)3]-catalyzed hydroboration of acety-
cm21) [8].lenes with (HBNH)3. This reaction yields a variety of alk-

enyl-substituted borazines which are suitable precursors for
conversion into ceramic materials[4]. The similarity between
this reaction and the rhodium-catalyzed hydroboration with
boranes[5] suggests the oxidative addition of a borazine
B2H bond to the metal center with formation of a boryl
complex. However, there is no spectroscopic evidence for
the formation of such a compound. Structurally charac-
terized boryl complexes have, in most cases, been obtained
from catecholborane and its derivatives[6a] [6b] [6c] [6d] [6e] [6f] [6g].
As a consequence of our investigations of alternative tran-
sition metal complexes of boron[7a] [7b], we report here the
synthesis and structure of the first η1-coordinated borazine
complexes having boron2transition metal σ bonds. In the crystal (Figure 1) 1b adopts C1 symmetry. Fe-B π-

interactions in the solid state can be excluded because of
Results and Discussion the orthogonal arrangement of the N2B2N planes with

respect to the Cp centroid2Fe2B planes (90.6° andThe reaction of (ClBNH)3 with two equivalents of
Na[(C5H4Me)Fe(CO)2], as shown in Eq. 1, gives a borazine 94.5°) [6c] [9]. The Fe2B distances of 2.041(1) and 2.045(1)

Å, respectively, can be compared with the value of 2.034(3)derivative with two boron2iron bonds, [{(C5H4Me)-
Fe(CO)2}2ClB3N3H3] (1b) as orange needles in 29% yield. Å found for [CpFe(CO)2BPh2], which shows a similar ge-

ometry in the crystal in terms of the dihedral angle betweenThe structure of 1b in solution can be elucidated from the
NMR and IR spectra. The compound shows two broad the Cp centroid2Fe2B and C2B2C planes (75°) [6c]. The

replacement of two Cl atoms by the more bulky [(C5H4Me)-resonances at δ 5 5.53 and δ 5 6.20 (2:1 ratio) in the 1H-
NMR spectrum, corresponding to the nitrogen-bound hy- Fe(CO)2] moieties has no significant influence on the ge-

ometry of the central six-membered B2N core, as showndrogen atoms, along with characteristic 11B-NMR signals
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by the B2N bond distances [1.414(2)21.442(2) Å] and This work was supported by the Deutsche Forschungsge-

meinschaft and the Fonds der Chemischen Industrie.N2B2N angles [115.3(1)2120.5(1)°] which resemble the
corresponding values in the parent compound (ClBNH)3;
the planarity of the (B2N)3 ring of 1b is also preserved[10]. Experimental Section

All manipulations were carried out under a dry nitrogen atmos-
Figure 1. Structure of 1b in the crystal (ellipsoids at 50% probabi-

phere in Schlenk glassware. Solvents and reagents were dried bylity, drawing package CAMERON[14]).
standard procedures, distilled, and stored under nitrogen and over
molecular sieves. Na[(η5-C5R5)Fe(CO)2] [11] and (ClBNH)3

[12] were
synthesized according to the literature procedures. 2 NMR: Varian
Unity 500 at 499.843 (1H, internal standard TMS), 150.364 (11B,
external standard BF3 ·OEt2 in C6D6), 125.639 MHz (13C{1H},
APT, internal standard TMS); all NMR spectra were recorded in
C6D6 as solvent. 2 Elemental analyses (C, H, N): Carlo-Erba el-
emental analyzer, model 1106. 2 IR: Perkin-Elmer FT-IR 1720x.

[2,4-Dichloro-6-{(η5-pentamethylcyclopentadienyl)dicarbonyl-
iron}borazine] (1a): 0.86 g (3.18 mmol) of Na[(C5Me5)Fe(CO)2]
was suspended in 20 ml of benzene and a solution of 0.58 g (3.18
mmol) of (ClBNH)3 in 15 ml of benzene was added dropwise at
ambient temperature. After stirring for 45 min all volatile materials
were removed under high vacuum (25°C/0.001 torr) and the solid
residue was treated with 40 ml of hexane and filtered. 0.25 g (20%)
of 1a was recovered from the filtrate at 230°C as yellow needles.
2 1H NMR δ 5 1.33 (s, 15 H, Me), 4.68 (s, 1 H, ClBNHBCl), 5.52
(s, 2 H, ClBNHBFe). 2 11B NMR: δ 5 28.44 (s, 2 B, BCl), 58.99
(s, 1 B, BFe). 2 13C NMR: δ 5 9.55 (Me), 94.66 (C12C5, C5Me5),Selected distances (Å) and angles (°): Fe12B1 2.041(1); Fe22B2

2.045(1); B12N1 1.441(2); B32N1 1.410(2); Fe12centroid 1 1.721; 217.55 (CO). 2 IR (hexane): ν̃ 5 1995, 1935 cm21 (CO). 2
Fe22centroid 2 1.716; Fe12B12N1 123.10(9); Fe22B22N2 C16H17B3ClFe2N3O4 (494.91): calcd. C 38.83, H 3.46, N 8.49;
120.64(9); N12B12N2 115.3(1), N22B22N3 115.4(1)

found C 38.48, H 3.51, N 8.53.

[Chloro-4,6-bis{(η5-methylcyclopentadienyl)dicarbonyl-Apart from 1b, the corresponding borazine complexes
iron}borazine] (1b): As described for 1a, Na[(C5H4Me)Fe(CO)2]containing one or three boron2iron bonds, respectively,
(0.90 g, 4.20 mmol) was reacted with (ClBNH)3 (0.39 g, 2.10 mmol)

were obtained by similar methods. In the case of the mono- and 0.30 g (29%) of [{(C5H4Me)Fe(CO)2}2ClB3N3H3] (1b) was re-
substituted derivative [{(C5Me5)Fe(CO)2}Cl2B3N3H3] (1a) covered from the filtrate at 230°C as orange crystals. 2 1H NMR:
the best results were obtained from the reaction of δ 5 1.51 (s, 6 H, Me), 3.9224.05 (broad, 8 H, C5H4), 5.53 (s, 2 H,
(ClBNH)3 with one equivalent Na[(C5Me5)Fe(CO)2], while ClBNHBFe), 6.20 (s, 1 H, FeBNHBFe). 2 11B NMR: δ 5 27.15
[{CpFe(CO)2}3B3N3H3] (1c) is obtained with three equiva- (s, 1 B, BCl), 53.05 (s, 2 B, BFe). 2 13C NMR: δ 5 12.97 (Me),

81.50, 84.31 (C22C4, C5H4), 99.86 (C1, C5H4), 217.19 (CO). 2lents of Na[CpFe(CO)2]. In order to obtain the crystalline
IR (hexane): ν̃ 5 1996, 1937 cm21 (CO). 2 C12H18B3Cl2FeN3O2compounds 1a,b it was necessary to employ the alkylated
(395.48): calcd. C 36.45, H 4.59, N 10.56; found C 36.33, H 4.60,Cp derivatives, whereas the parent compound,
N 10.56.Na[CpFe(CO)2], always led to oily products containing im-

purities. The structures of 1a,c in solution can be deduced [2,4,6-Tris{(η5-cyclopentadienyl)dicarbonyliron}borazine] (1c):
As described for 1a, 1.29 g (6.45 mmol) of Na[CpFe(CO)2] sus-from the similarity between the IR- and NMR-spectro-
pended in 30 ml of benzene was reacted with 0.40 g (2.15 mmol)scopic data and the results obtained for 1b. All compounds
of (ClBNH)3 and 0.37 g (28%) of 1c was obtained as orangeproved to be extremely air-sensitive and showed signs of
needles. 2 1H NMR: δ 5 4.28 (s, 15 H, C5H5), 6.03 (s, 3 H, NH).decomposition after storage at room temperature under a
2 11B NMR: δ 5 49.69 (s). 2 13C NMR: δ 5 83.10 (C5H5), 217.46nitrogen atmosphere for a few days.
(CO). 2 IR (hexane): ν̃ 5 1988, 1928 cm21 (CO). 2

C21H18B3Fe2N3O6 (606.36): calcd. C 41.46, H 2.98, N 6.91; found
Conclusion C 41.08, H 3.02, N 6.86.

Crystal Data for 1b: C16H17B3ClFe2N3O4, M 5 494.91 g mol21,The first η1-borazine complexes have been obtained by
unit cell dimensions: a 5 13.682(1) Å, b 5 7.163(1) Å, c 5 20.504the reaction of trichloroborazine with Na[(η5-
Å, V 5 2009.3 Å3, β 5 90.864(1)°, P21/n, Z 5 4, Dcalcd 5 1.636C5R5)Fe(CO)2], extending the scope of borazine in tran-
cm23, µ 5 16.05 cm21. The data were collected using an Enraf-sition-metal chemistry. Depending on the borazine-to-iron
Nonius DIP2020 image plate diffractometer at 150 K with Mo-Kαratio employed, the mono-, di- and trisubstituted com-
radiation, λ 5 0.71069 Å. 26825 reflections were measured givingpounds [{(C5R5)(CO)2Fe}nCl32nBNH3] (1a, n 5 1, R 5
3954 reflections with I > 3 σ(I). The images were processed with

Me; 1b, n 5 2, C5R5 5 C5H4Me; 1c, n 5 3, R 5 H) were DENZO and SCALEPACK programs[14]. All non-hydrogen atoms
obtained as crystalline solids. These complexes show, both were refined in anisotropic and all nitrogen-bound hydrogen atoms
in solution and in the crystal, iron2boron σ bonds with no in isotropic approximation. The carbon-bound hydrogen atoms
further π stabilization, which was proved by NMR and IR were placed geometrically and included in the final refinement with

fixed positional and thermal parameters. A correction for second-spectroscopy as well as by X-ray studies.
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The transmetallation of arylmagnesium halides or aryllithium Ni(acac)2 as a catalyst. 3-Aryl ketones are obtained in good
yields in these catalytic reactions. Starting from the 3-oxo-with Me2AlCl results in the formation of aryldimethylalumi-

num compounds. These arylaluminum compounds are useful ∆1,4-steroids this method gives access to 1α-arylsteroids.
reagents for conjugate additions to enones in the presence of

The addition of organometallic compounds to enones is Schwartz[8c], the transfer of an alkinyl group from dialkyl-
(alkynyl)aluminum to enones in good yields. The conjugateone of the most important reactions in organic synthesis

for C2C bond formation, and various synthetic methods addition of an aryl group of mixed dialkyl(aryl)alanes has
not so far been reported.which focus on this problem have been developed[1]. Organ-

ocuprates are widely explored in stochiometric as well as
Resultsin catalytic reactions[2]. In connection with the conjugate

addition reactions of organoaluminum compounds to en- In 1,4-addition reactions the use of molar organocopper
ones we have reported the following: (a) the 1,4-addition reagents is often necessary, or the assistance of Lewis acids
reaction can be catalysed by copper salts for the transfer of is required to give good results[9]. Cuprates are “softer” re-
alkyl groups[3a]; (b) under the catalysis of nickel the method agents than aryllithium or arylmagnesium halides, which
is efficient for the transfer of a methyl group, even in the are the reagents in transition metal catalysed reactions in
case of highly sterically hindered enones[3b]. To investigate the Kharasch procedure. The latter reagents lead mainly to
the transition metal catalysed transfer of an aryl group we a carbonyl attack when the enones are sterical hindered or
have studied the possibility of using mixed aryldialkylalu- when the cross-conjugated dienone 12 is the substrate,
minum compounds in the conjugate addition of an aryl which results in undesired 1,2-adducts.
group to α,β-unsaturated enones. The authors were looking for a general catalytic method

Organoaluminum compounds are useful reagents for or- for the transfer of an aryl group to an enone in a simple
ganic syntheses[4a] in both catalysed and non-catalysed re- manner, and therefore tested mixed aryldimethylaluminum
actions. Amongst these the triarylaluminum compounds are compounds. Dialkyl(aryl)aluminum compounds are pre-
reported to react in a conjugate addition with nitroal- pared by transmetallation of organolithium compounds
kenes[4b] [4c], diarylaluminum chlorides exhibit conjugate ad- with dimethylaluminum chloride in tetrahydrofuran[5a] [5c].
dition to acrylamides when irradiated[4c], and arylalumi- Surprisingly it was found that the dialkyl(aryl)alanes
num halides add to enones in the absence of a catalyst[4d]. 1a2e are suitable reagents for the transfer of an aryl group
Triarylaluminum compounds react with aryl iodides in the to enones.
presence of a palladium catalyst to produce unsymmetrical
diaryl ketones[5a], and are also useful for the synthesis of
aryl-substituted o-allylphenols[5b]. Arylaluminum com-
plexes are helpful in the oxirane ring opening of trans-2,3-
epoxy alcohols as described by K. H. Ahn[5c] [5d].

The conjugate addition of aryl groups to enones can be
achieved in general by molar and catalytic copper reac-
tions[1] [2], or by arylzinc compounds in sonication reac-
tions[6a] [6b]. In a recent paper we studied the nickel-cata-
lysed 1,4-arylation of enones by aryltitanate complexes[7].

Nickel salts catalyse not only the addition of trimeth- In the presence of 5 mol-% of the catalyst Ni(acac)2 a
clean conversion of the alane 1a with the enone 2 was ob-ylaluminum to enones[8a] [8b], but also, as reported by J.
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Table 1. Ni(acac)2-catalysed 1,4-arylations of enones with ArAlMe2served. After workup, the β-aryl ketone 3 could be isolated

in 88% yield.

Furthermore, in the addition of the alane 1a to 3,5,5-
trimethylcyclohex-1-en-3-one (4) the yield of the product 5a
was 83%. The alanes 1c and 1d, with different substituents
at the aryl group, were used in the addition to carvone 4.
It is promising that the addition to sterically hindered en-
ones is possible. Also the conversion of 4-methylpent-2-ene-
3-one (6) gave high yields of the products 7a2b. In general,
the aryl group is selectively transferred and no alkyl transfer
has been observed[10].

The alanes 1a and 1b were prepared from commercially
available aryllithium compounds. 1c was prepared from 4-
methoxyphenylmagnesium bromide. 1d was prepared from
4-dimethylaminophenyllithium which was prepared from 4-
dimethylaminophenyl bromide and sec-butyllithium by hal-
ogen/metal exchange. The reaction of the alanes 1d with 4
gave 5d in a yield of 65%. This shows that the method is
sucessful for the addition to sterically hindered enones. The
addition of an aryl group to the less hindered enone 6 gave
the products 7 in high yields. The conversion of pulegone 8
with 1a resulted in the formation of the ketone 9a in a 85:15
ratio of two diastereomers. When 1e (prepared from Et2-
AlCl and PhLi) was tested in the reaction with 4 the forma-
tion of 5a was observed in a yield of 85%. Further examples
are given in Table 1.

In testing the nucleophilic properties of mixed aryldi-
methylaluminum compounds versus a carbonyl group it
was found that the alane 1a gave, in the reaction with iso-
phorone (4) under typical conditions (4 h, 0°C) without a
catalyst, less than 1% of the 1,2-addition product 4a. This
indicates that the solvent THF has a reduced tendency for
a 1,2-addition of a methyl or a phenyl group to the carbonyl
group. This low 1,2-addition rate is a good assumption to
make for a catalytic process. In comparison with the
Ni(acac)2-catalysed reaction the conversion was low, the
main compound identified (98%) was the starting material 4.

J. Y. Satoh et. al. report the introduction of a 1-phenyl only the 1,2-addition product. In contrast to this the reac-
group to a ∆1-steroid by a copper-catalysed reaction in a tion of 12 with two equivalents of high-order cuprate
yield of only 49%[11]. In our experiments the steroidal en- ArThCuCNLi[9] was sucessful with molar copper reagent,
one 10 reacted with the alane 1a to give the product 11, in and gave the 1,4-adduct 13a in a yield of 65%.
a yield of 81%, without cleavage of the 17-acetate group.
This is an example of the selective reaction conditions.

Less is known in the literature about conjugate additions
of arylmetals to 3-oxo-∆1,4-steroids of type 12, in either sto-
chiometric or catalytic reactions[3a]. The introduction of a
phenyl group to position 1 of the steroid 12 was attempted
in our laboratory using common catalytic methods. The re-
sult was a simple carbonyl attack; phenylmagnesium bro-
mide in the presence of catalytic copper bromide yielded
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Dimethylaminophenyllithium was prepared from p-dimethylamino-The experiments using the enone 12 and the alanes 1a2d
phenyl bromide by transmetallation with a n-butyllithium solutionin the nickel-catalysed reaction gave the products 13a2d in
(1.6  in hexane) in THF at 0°C/30 min, p-methoxyphenylmag-good to excellent yields. This is similar to the PhLi/Me2-
nesium bromide was prepared from p-bromoanisol and magnesiumAlCl system in the nickel-catalysed reaction, and shows that
in THF in a standard procedure[5c]. All solvents were used in com-Et2AlCl is also useful. In the reaction of 1a with 12 only
mercial grade without any further purification.

3% of 5β-methylandrost-4-ene-3,17-dione, which originates
General Procedure: 13 mmol [6.5 ml of a 2  solution of phenyl-in the methylation of 12 in a side reaction, were produced.

magnesium bromide (or phenyllithium)] was added to 12 mmol ofIn the reactions of the alane 1d, prepared from the Grig-
dimethylaluminum chloride (12 ml of a 1  solution in hexane) atnard reagent (p-Me2N-ArMgBr), the yield was somewhat
220°C. The mixture was stirred for 10 min at 220°C. Then 10

lower than in the experiment where 1d was derived from 4- mmol of the enone in 15 ml of THF was added at 220°C, followed
dimethylaminophenyllithium. This was prepared from the by 0.5 mmol (0.128 g) of [Ni(acac)2]. The reaction mixture was then
bromo compound by metal exchange with n-butyllithium in stirred for 124 h at 0°C, during this time the solution was allowed
THF (see Experimental Section). to warm up to the temp. shown in Table 1. The reaction mixture

In the absence of the catalyst Ni(acac)2 no reaction was was quenched with aqueous NH4Cl solution and stirred for 15 min.
The product was then extracted using ethyl acetate and dried withobserved. Optimal yields of conjugate addition product
Na2SO4. Chromatography of the reaction product on silica gel andwere obtained when 1.221.3 equivalents of aryldimethyl-
elution of the product with ethyl acetate/hexane gave the 3-arylaluminum was used. A small excess of arylalane was neces-
ketones in the yields shown in Table 1. All reactions described insary to produce optimal yields, otherwise the unreacted
the text and in Table 1 were performed on a 10-mmol scale.starting material is methylated in a side reaction. When the

3-Methyl-3-phenylcyclohexan-1-one (3) [12e]: From 1.3 ml (1.1 g,aryl groups in the reagent are consumed, it seems that the
10 mmol) of 2, yield 1.65 g (88%) of 3. 2 1H NMR (300 MHz,starting compound is methylated by the dimethylaluminum
CDCl3, 25°C, TMS): δ 5 1.33 (s, 3 H, 3-CH3), 1.5522.24 (m, 4enolates as methyl source under the catalysis of a nickel salt.
H), 2.34 (t, J 5 3.25 Hz, 2 H), 2.45 (d, J 5 7.5 Hz, 2 H), 7.1927.33In the experiments the catalyst [Ni(acac)2] was used in
(m, 5 H).

the commercial form without initial activation, similar to
3,5,5-Trimethyl-3-phenylcyclohexan-1-one (5a) [7]: From 1.54 mlthe use of DIBAH[8c]. It was found that the alane 1d from

[97%, 1.38 g (10 mmol)] of isophorone (4), yield 1.79 g (83%) ofphenylmagnesium bromide reacts faster with the enones 4
5a. 2 1H NMR (300 MHz, CDCl3, 25°C, TMS): δ 5 0.4 (s, 3 H,and 12 than the alane 1d prepared from aryllithium, and
3-CH3), 1.03 (s, 3 H), 1.04 (s, 3 H), 1.8822.45 (m, 5 H), 3.023.1

that it also gives a better yield. A small amount of biaryl is (m, 1 H), 7.127.4 (m, 5 H).
usually isolated in the reactions. This comes from the biar-

3,5,5-Trimethyl-3-(4-methoxyphenyl)cyclohexan-1-one (5c) [12a]:yls in the aryllithium or arylmagnesium solutions.
From 1.54 ml [97%, 1.42 g (10 mmol)] of isophorone (4), yield 1.865 mol-% of the catalyst gave a satisfactory yield, the opti-
g (79%) of 5c, colourless oil. 5c. 2 1H NMR (300 MHz, CDCl3,mal amount of the catalyst is in the range 225%. There
25°C, TMS): δ 5 0.39 (s, 3 H, 3-CH3), 1.02 (s, 3 H), 1.33 (s, 3 H),

were no advantages in the use of [Ni(PPh3)4] and 1.522.5(m, 5 H), 3.023.1 (d, 1 H), 3.77 (s, 3 H), 6.827.3 (m, 4 H).
[Ni(PPh3)2Cl2] over the less expensive catalyst [Ni(acac)2].

3,5,5-Trimethyl-3-(4-dimethylaminophenyl)cyclohexan-1-oneThe alane 1a and the enone 4 did not show a selective aryl
(5d): From 1.54 ml [97%, 1.42 g (10 mmol)] of 4, yield 1.68 g (65%)transfer with the catalysts CuBr, CuCN and CuCl. The re-
of 5d: colourless crystals, m.p. 113.6°C. 2 C17H25NO (259.4):

sult was a statistical mixture of methylated and arylated calcd. C 78.8, N 5.39, H 8.88; found C 78.45, N 5.6, H 9.53. 2 MS
product in the copper-catalysed reactions. CI (70 eV): m/z 5 260 [M 2 H]1 (98%). 2 1H NMR (300 MHz,

CDCl3, 25°C, TMS): δ 5 0.45 (s, 3 H, 3-CH3), 1.042 (s, 3 H), 1.35
Conclusion (s, 3 H), 1.6522.4 (m, 5 H), 2.9 (t, 3 H), 2.9523.05 (m, 1 H),

6.6527.2 (m, 4 H). 2 13C NMR (100 MHz, CDCl3): δ 5 28.36,These experiments have demonstrated that dimethyl-
33.08, 35.07, 36.01, 42.05, 51.50, 51,60, 54.43, 55.15, 113.52,

aluminum chloride is a versatile carrier for aryl groups in 126.88, 139.88, 157.63, 211.63.
transmetallation reactions, from arylmagnesium or -lithium

4-Methyl-4-phenylpentan-2-one (7a) [12b]: From 0.99 g (10 mmol)compounds to arylalanes. This can be exploited for a
of 6, yield 1.63 g (95%) of 9a. 2 1H NMR (300 MHz, CDCl3,chemoselective 1,4-aryl transfer to enones and cross-conju-
25°C, TMS): δ 5 1.32 (s, 6 H, 4-CH3), 1.8 (s, 3 H), 2.75 (s, 2 H),

gated steroidal dienones catalysed by NiII salts. 7.1527.5 (m, 5 H).

4-Methyl-4-(4-methylphenyl)pentan-2-one (7b) [12c]: From 0.99 gExperimental Section
(10 mmol) of 6, yield 1.78 g (96%) of 9b. 2 1H NMR (300 MHz,

All reactions were carried out in capped vials under nitrogen. CDCl3, 25°C, TMS): δ 5 1.4 (s, 6 H, 4-CH3), 1.82 (s, 3 H), 2.33
The products were isolated from the reaction mixture by prepara- (s, 3 H, Ar-CH3), 2.72 (s, 2 H), 7.127.3 (m, 4 H).
tive chromatography on silica gel (Merck F 254s) with ethyl acetate/

2-(1-Methyl-1-phenylethyl)-5-methylcyclohexanone (9a) [12c]:hexane as eluent. The analysis of the products was carried out on
From 1.52 g (10 mmol) of 8, yield 2.18 g (95%) of 9a. 2 1H NMRa gas chromatograph, fitted with a 25 m 3 0.2 mm CP Sil 19 CB
(300 MHz, CDCl3, 25°C, TMS): δ 5 0.91/0.98 (d, 3 H, 5-CH3),fused capillary column. The detector signal was integrated. The
1.42 (d, 6 H), 1.022.75 (m, 8 H), 7.1527.4 (m, 5 H).column temp. was programmed to rise from 150 to 250°C at 10°C/

min. Phenyllithium, p-tolyllithium, Ni(acac)2 (95%), and the ke- 17β-Acetoxy-1a-phenylandrostan-3-one (11): From 3.3 g (10
mmol) of 10, yield 3.3 g (81%) of 11, colourless crystals, m.p.tones 2, 4, 6, 8, were purchased from Aldrich. Dimethylaluminum

chloride was used as a 1  solution in hexane from Aldrich. 4- 197°C. 2 C27H36O3 (408.6): calcd. C 79.36, H 8.88; found C 79.45,
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H 8.71. 2 MS CI/NH3 (70 eV): m/z 5 409 [M 2 H]1 (10%), 426 N 3.45; found C 79.82, H 8.17, N 3.56. 2 MS CI/NH3 (70 eV):

m/z 5 406 [M 2 H]1 (95%). 21H NMR (300 MHz, CDCl3, 25°C,[M 2 NH4]1 (90%). 2 1H NMR (300 MHz, CDCl3, 25°C, TMS):
δ 5 0.82 (s, 3 H, 18-CH3), 1.25 (s, 3 H, 19-CH3), 0.422.5 (m, 16 TMS): δ 5 0.91 (s, 3 H, 18-CH3), 1.46 (s, 3 H, 19-CH3), 0.822.1

(m, 12 H), 2.3522.55 (m, 3 H), 2.89 (s, 6 H), 2.9523.06 (m, 1 H),H), 2.05 (s, 3 H), 2.822.9 (m, 1 H), 3.3 (d, 1 H), 4.524.6 (m, 1 H,
17-H), 7.0227.35 (m, 5 H). 2 13C NMR (100 MHz, CDCl3): δ 5 3.15 (m, 1 H), 5.95 (s, 1 H, 4-H), 6.5527.1 (m, 4 H, Ar-H). 2 13C

NMR (100 MHz, CDCl3): δ 5 13.77, 20.33, 21.58, 21.58, 21.96,11.68, 14.32, 20.34, 20.73, 22.51, 26.59, 27.96, 29.39, 35.09, 35.71,
37.15, 38.48, 42.07, 43.36, 43.97, 47.78, 49.43, 49.76, 81.64, 125.78, 29.25, 30.88, 33.24, 35.56, 40.43, 42.19, 42.36, 47.11, 49.63, 50.61,

112.59, 125.35.127.26, 128.15, 141.26, 170.24, 211.25.

1a-Phenylandrost-4-ene-3,17-dione (13a): From 2.84 g (10 mmol)
of 12, yield 3.25 g (90%) of 13a, colourless crystals, m.p. 189.6°C. [1] P. Perlmutter in Conjugate Addition Reactions in Organic Syn-

thesis, Pergamon Press, Oxford, 1992.2 C25H30O2 (362.5): calcd. C 82.82, H 8.34; found C 83.05, H 8.26.
[2] B. H. Lipshutz, Synthesis 1987, 3252341.2 MS CI/NH3 (70 eV): m/z 5 363 [M 2 H]1 (97%). 2 1H NMR [3] [3a] J. Westermann, K. Nickisch, Angew. Chem. 1993, 105, 1429;

(300 MHz, CDCl3, 25°C, TMS): δ 5 0.91 (s, 3 H, 18-CH3), 1.47 Angew. Chem. Int. Ed. Engl. 1993, 32, 1368. 2 [3b] J. Wester-
(s, 3 H, 19-CH3), 0.822.1 (m, 16 H), 2.3522.6 (m, 1 H), 2.9523.1 mann, S. Flemming, J. Kabbara, K. Nickisch, H. Neh, Synthesis

1995, 3172320.(m, 1 H), 5.98 (s, 1 H, 4-H), 7.127.3 (m, 5 H, Ar-H). 2 13C NMR
[4] [4a] K. Maruoka, H. Yamamoto, Tetrahedron 1988, 44, 5001. 2(100 MHz, CDCl3): δ 5 13.70, 20.02, 21.02, 21.72, 21.96, 29.27, [4b] I. Fleming, R. C. Moses, M. Tercel, J. Ziv, J. Chem. Soc.,

30.89, 33.20, 35.51, 35.59, 41.97, 42.21, 47.20, 47.41, 50.64, 125.51, Perkin Trans. 1 1991, 617. 2 [4c] A. Pecunioso, R. Menicagli, J.
126.81, 128.61, 128.76, 142.69, 168.90, 197.68, 220.049. The less Org. Chem. 1988, 53, 45249. 2 [4d] K. Rück, H. Kunz, Synlett

1992, 343. 2 [4e] E. C. Ashby, S. A. Noding, J. Org. Chem. 1979,polar fraction (90 mg, 2.7% yield) is 5β-methylandrost-1-ene-3,17-
44, 479224797.dione [12f]. [5] [5a] N. A. Bumagin, A. B. Ponomaryov, I. P. Beletskaya, Tetra-
hedron Lett. 1985, 26, 481924822. 2 [5b] A. Alberola et al.,1a-(4-Methylphenyl)androst-4-ene-3,17-dione (13b): From 2.84 g
Synthesis 1984, 2382240. 2 [5c] K. H. Ahn, J. S. Kim, C. S. Jin,(10 mmol) of 12, yield 2.90 g (77%) of 13b, colourless crystals, m.p.
D. H. Kang, D. S. Han, Y. S. Shin, D. H. Kim, Synlett 1992,212°C. 2 C26H32O2 (376.5): calcd. C 83.55, H 8.56; found C 83.7, 306. 2 [5d] K. H. Kim et al., J. Heterocycl. Chem. 1993, 90,

H 8.4. 2 MS CI/NH3 (70 eV): m/z 5 377 [M 2 H]1 (99%).2 1H 8252827.
[6] [6a] C. Petrier, J. C. de Souza Barbosa, C. Dupuy, J.-P. Luche, J.NMR (300 MHz, CDCl3, 25°C, TMS): δ 5 0.9 (s, 3 H, 18-CH3),

Org. Chem. 1985, 50, 576125765. 2 [6b] J. L. Luche, C. Petrier,1.4 (s, 3 H, 19-CH3), 0.822.1 (m), 2.3 (s, 3 H, Ar-CH3), 2.3522.60
J.-P. Lansard, A. E. Greene, J. Org. Chem. 1983, 48, 383723839.(m, 4 H), 2.95 (d, J 5 7.5 Hz, 1 H), 3.05 (d, J 5 9 Hz, 1 H), 5.95 [7] S. Flemming, J. Kabbara, K. Nickisch, H. Neh, J. Westermann,

(s, 1 H, 4-H), 6.927.15 (m, 4 H, Ar-H). 2 13C NMR (100 MHz, Tetrahedron Lett. 1994, 35, 607526078.
[8] [8a] J. A. Jeffery, A. Meisters, T. Mole, J. Organomet. Chem.CDCl3): δ 5 12.98, 19.20, 20.11, 20.78, 21.14, 28.47, 30.05, 32.40,

1974, 74, 365. 2 [8b] E. C. Ashby, G. Heinsohn, J. Org. Chem.34.69, 34.79, 41.27, 41.38, 46.88, 46.62, 49.46, 49.78, 124.61,
1974, 39, 329723299. 2 [8c] J. Schwartz, D. B. Carr, R. T.127.75, 128.42, 135.36, 138.71, 168.08, 197.00, 219.31. Hansen, F. M. Dayrit, J. Org.Chem. 1980, 45, 305323061.

[9] B. H. Lippshutz, D. A. Parker, J. A. Kozlowski, S. L. Nguyen,1a-(4-Methoxyphenyl)androst-4-ene-3,17-dione (13c): From 2.84
Tetrahedron Lett. 1984, 25, 5959.g (10 mmol) of 12, yield 3.4 g (89%) of 13c, colourless crystals, [10] The aryl group from mixed alkylarylzinc compounds seems also

m.p. 196°C. 2 C26H32O3 (392.5): calcd. C 79.55 H 7.94; found C to be faster transferred than an alkyl group, see ref. [6a], see also:
W. Tückmantel, K. Oshima, H.Nozaki, Chem. Ber. 1986, 119,79.82, H 8.17. 2 MS CI/NH3 (70 eV): m/z 5 393 [M 2 H]1 (90%),
1581.410 [M 2 NH4]1 (98%). 2 1H NMR (300 MHz, CDCl3, 25°C, [11] T. T. Takahashi, J. Y. Satoh, Bull. Chem. Soc. Jpn. 1976, 49,TMS): δ 5 0.89 (s, 3 H, 18-CH3), 1.48 (s, 3 H, 19-CH3), 0.822.1 108921072.

(m, 12 H), 2.3522.6 (m, 3 H), 2.9523.06 (m, 1 H), 3.223.25 (m, [12] [12a] B. L. Shapiro, M. D. Johnston, M. J. Shapiro, Org. Magn.
Reson. 1973, 5, 21227. 2 [12b] M. Suzuki, T. Suzuki, T. Kawa-1 H), 3.75 (s, 3 H), 5.5 (s, 1 H, 4-H), 6.727.2 (m, 4 H, Ar-H). 2
gashi, R. Noyori, Tetrahedron Lett. 1980, 21, 1247. 2 [12c] C.13C NMR (100 MHz, CDCl3) δ 5 12.99, 19.21, 20.81, 21.16, 28.48,
Pichat, Bull. Soc. Chim. Fr. 1949, 177, 1832184. 2 [12d] D. Pot-30.09, 32.42, 34.74, 34.80, 41.34, 41.49, 46.36, 46.64, 49.02, 49.85, tin, J. Maddaluno, F. Dumas, Synth. Commun. 1990, 20,

54.28, 113.08, 124.63, 133.82, 157.35, 167.97, 197.08, 219.25. 280522813. 2 [12e] H. O. House, J. M. Wilkins, J. Org. Chem.
1978, 43, 244322454; G. Cahiez, M. Alami, Tetrahedron Lett.1a-(4-Dimethylaminophenyl)androst-4-ene-3,17-dione (13d): 1989, 27, 354123544. 2 [12f] J. Westermann, H. Neh, K. Nick-

From 2.84 g (10 mmol) of 12, yield 3.145 g (78%) of 13d, colourless isch, Chem. Ber. 1996, 129, 9632966.
[97260]crystals, m.p. 202°C. 2 C27H35NO2 (405.6): calcd. C 79.55, H 7.94,
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Addition of p-tert-butylcalix[4]arene LH4 to the dinuclear ported by two bridging µ2-κ2O,κ2O-calix[4]arene ligands in
compounds M2(NMe2)6 (M = Mo, W) results in the formation the solid state. These compounds are the first examples of a
of [NH2Me2]2[L2M2] 1 (M = Mo) and 2 (M = W). Both com- formally fourfold deprotonated calix[4]arene acting as a µ2-
pounds have been characterized by spectroscopic methods κ2O,κ2O bridging ligand for two transition metal centres. The
and single-crystal X-ray diffraction. The metal2metal dis- calix[4]arenes in 1 and 2 are distorted from a cone conforma-
tances of 1 and 2, of 2.194(1) Å and 2.293(1) Å, respectively, tion in the uncomplexed ligand, to an elliptical cone section.
are consistent with the retention of the M;M triple bond. 1H-NMR data at variable temperatures suggest fluxional
Both “ate” complexes contain a [M;M]6+ dimetal core, sup- behaviour of 1 and 2 in solution.

Introduction

Calixarenes and related macrocycles have received con-
siderable attention for their host2guest chemistry, and their
ability to bind metals. [1] There is currently much interest in
the synthesis and structural characterization of new metal-
localixarenes. [2] [3] [4] [5] The simplest of the calixarenes, the
calix[4]arene system, usually binds in an tetradentate fa-
shion, and retains its cone-like appearance. In recent ex-
amples, it has been found that the calix[4]arene is capable
of adopting alternative conformations in binding to metal
centres, for example in an alkali-metal constrained elliptical
cone conformation, in which the calixarene oxygen atoms
adopt mutually cis- and trans sites in an octahedral ge-
ometry. [2h] There has also been an example of an elliptical
calixarene arrangement in the absence of alkali-metal ions
for mononuclear complexes. [2c]

These terminal ligating forms of the p-tert-butylcalix[4]-
arene ligand (L) have also been reported for dinuclear com- [W;W]61 metal core, spanned by two terminal calix[4]ar-

ene ligands in their cone conformations. Each sodium atomplexes, strongly dependant on alkali metal binding sites. C.
Floriani and co-workers have recently published studies on bridges two oxygen atoms of the calix[4]arene ligands. The

reported tungsten2tungsten bond length at 2.313(1) Å is inthe reduction of LWCl2 in the absence of σ-donor/π-ac-
ceptor ligands. [2g] Two dinuclear species, [Na(py)- range for tungsten2tungsten triple bonds.

We herein report our preliminary findings concerning the(thf)]2[L2W2(µ-Cl)2] A and [µ-Na(py)3][µ-Na(py)2][L2W2] B
were structurally characterized in the course of this investi- reaction of p-tert-butylcalix[4]arene LH4 with dimolyb-

denum- and ditungstenhexamid M2(NMe2)6 (M 5 Mo, W),gation (see Scheme).
In the former molecule (A), the calix[4]arene ligand ad- which resulted in the isolation and characterization of two

complexes [NH2Me2]2[L2M2] 1 (M 5 Mo) and 2 (M 5 W).opts an elliptical cone arrangement, in which the sodium
ions are ligated within the calixarene cavity. Each alkali- The central [L2M2] moieties in 1 and 2 are isoelectronic but

not isostructural to the formally double negatively chargedmetal ion of this dinuclear ditungsten(IV) complex interacts
with two oxygen atoms and two arene entities of the phen- [L2W2]22 entity of B. Whereas in A and B, the macrocycles

are terminally coordinated to each tungsten centre, theoxide groups of the calix[4]arene ligand.
The X-ray structure analysis of the ditungsten(III) species metal-metal multiple bonds in 1 and 2 are supported by

bridging calix[4]arene ligands.(B) reveals a tetragonal prismatic environment for the
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Results and Discussion Figure 2. SCHAKAL drawing of the solid state structure of 2 (only

the anion is depicted), showing the atom labeling scheme. Hydro-
The reactions of p-tert-butylcalix[4]arene LH4 with the gen atoms are omitted for clarity[a]

dimetallahexamides M2(NMe2)6 in toluene at 100°C gave
[NH2Me2]2[L2M2] (M 5 Mo, 1; M 5 W, 2) after work-up
in good to excellent yields, although the formation of small
quantities of side products was observed. Some of these
minor products have been structurally characterized.[6] Dis-
solution of the main products in acetonitrile on warming
up to 80°C, and then cooling to room temperature afforded
a crop of dark green crystals suitable for X-ray analysis.
Each compound crystallizes in the monoclinic space group
P21/c, with six non-coordinated molecules of acetonitrile.
Figure 1 and Figure 2 show SCHAKAL plots of the solid
state structure of the dianions of 1 (Figure 1) and 2 (Figure
2). Selected bond lengths and bond angles are given in the
captions.

Figure 1. SCHAKAL drawing of the solid state structure of 1 (only
the anion is depicted), showing the atom labeling scheme. Hydro-

gen atoms are omitted for clarity[a]

[a] Selected bond lengths [Å] and angles [°]: W(1)2W(2): 2.2926(9),
W(1)2O(1): 1.976(5), W(1)2O(2): 1.958(4), W(1)2O(5): 1.998(4),
W(1)2O(6): 1.985(5), W(2)2O(3): 1.973(4), W(2)2O(4): 1.989(5),
W(2)2O(7): 1.949(5), W(2)2O(8): 2.051(4), O(1)2W(1)2O(2):
88.57(18), O(1)2W(1)2O(6): 149.09(19), O(1)2W(1)2O(5):
87.64(18), O(2)2W(1)2O(5): 169.56(18), O(2)2W(1)2O(6):
91.93(18), O(5)2W(1)2O(6): 86.36(18), O(3)2W(2)2O(4):
89.74(18), O(3)2W(2)2O(7): 91.53(19), O(3)2W(2)2O(8):
158.82(19), O(4)2W(2)2O(7): 153.3(2), O(4)2W(2)2O(8):
79.71(17), O(7)2W(2)2O(8): 89.92(18), O(1)2W(1)2W(2):
106.31(13), O(2)2W(1)2W(2): 94.65(14), O(5)2W(1)2W(2):
95.76(13), O(6)2W(1)2W(2): 104.46(14), O(3)2W(2)2W(1):
101.58(14), O(4)2W(2)2W(1): 105.02(13), O(7)2W(2)2W(1):
100.85(15), O(8)2W(2)2W(1): 98.89(13).

ligands [O(1)2O(4)] and leaving the other one uncoordi-
nated (not shown in Figure 1 and 2). The C2N vector of
the acetonitrile molecule is pointing out of the calix[4]arene
pocket [O(5)2O(8)]. This orientation is similar to that of

[a] Selected bond lengths [Å] and angles [°]: Mo(1)2Mo(2): a previously studied inclusion complex of acetonitrile
2.1938(7), Mo(1)2O(2): 2.011(2), Mo(1)2O(3): 1.970(2),

by a calix[4]arene macrocycle, tetraethyl p-tert-Mo(1)2O(5): 2.022(2), Mo(1)2O(6): 1.938(2), Mo(2)2O(1):
1.942(2), Mo(2)2O(7): 2.016(2), Mo(2)2O(4): 1.991(2), butylcalix[4]arenetetracarbonate]·MeCN.[7] The C2N2C
Mo(2)2O(8): 1.979(2), O(2)2Mo(1)2O(3): 86.42(9), planes of the dimethylammonium ions inside the calix[4]ar-O(2)2Mo(1)2O(5): 155.91(10), O(2)2Mo(1)2O(6): 93.53(10),

ene cavities of 1 are almost parallel to the planes definedO(3)2Mo(1)2O(5): 87.53(10), O(3)2Mo(1)2O(6): 173.76(10),
O(5)2Mo(1)2O(6): 90.02(10), O(1)2Mo(2)2O(4): 89.75(10), by the oxygen and Cipso carbon atoms of the O(3),O(1)
O(1)2Mo(2)2O(7): 91.81(10), O(1)2Mo(2)2O(8): 173.15(10), [3.4(5)°], and O(6),O(8) [2.4(5)°] phenoxide moieties. TheO(4)2Mo(2)2O(7): 155.39(10), O(4)2Mo(2)2O(8): 89.39(9),
O(7)2Mo(2)2O(8): 86.16(9), O(2)2Mo(1)2Mo(2): 102.42(8), acute angle between the C2N2C plane, and the corre-
O(3)2Mo(1)2Mo(2): 92.53(7), O(5)2Mo(1)2Mo(2): 101.13(7), sponding planes of the O(5),O(7) phenoxide entities of 2 is
O(6)2Mo(1)2Mo(2): 93.57(8), O(1)2Mo(2)2Mo(1): 93.60(8),

14.7(9)°. The smallest (calculated) distances of a calix[4]ar-O(4)2Mo(2)2Mo(1): 102.37(8), O(7)2Mo(2)2Mo(1): 102.03(7),
O(8)2Mo(2)2Mo(1): 93.23(7). ene oxygen atom to a hydrogen atom of the ammonium

counterion are 2.67 Å to O(8) in 1, and 2.34 Å to O(3)
in 2. [8]Both dimethyl ammonium counterions of the molyb-

denum compound 1 are located inside the calix[4]arene The metal-metal bond lengths of 2.194(1) Å (Mo2Mo)
in 1, and of 2.293 (1) Å (W2W) in 2 are in the range ex-cavities. In the tungsten compound 2, one cation is replaced

by an acetonitrile molecule, thus leaving one dimethylam- pected for molybdenum2molybdenum or tungsten2tung-
sten triple bonds. [9] The coordination sphere of the [M;M]monium counterion in the cavity of one of the calix[4]arene
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unit is a distorted tetragonal prismatic (partly staggered). 2 in the solid state structure to steric reasons, resulting from

the slightly longer bonding distance of the tungsten2tung-The smallest angles of intersection between the planes de-
fined by O2M(1)2M(2) and O2M(2)2M(1) come to ap- sten triple bond. However, in solution we could observe sig-

nals due to two different types of phenoxide groups in theproximately 30° in 1, and 20° to 30° in 2. A similar [M2O8]
structural type was reported for d3-d3 dimers in the “ate” low temperature 1H-NMR spectrum for 1 and 2. Both com-

pounds show a splitting of the signals of the tert-butyl hy-complexes K2[M2(OCH2tBu)8] (M 5 Mo, W) by M. H.
Chisholm and co-workers. [10] drogen atoms and aromatic protons of the p-tert-butylcalix-

[4]arene ligand at low temperatures. At room temperature,The X-ray single crystal structure determinations show
that 1 and 2 contain a [M;M]61 dimetal core, supported we observe, for example, a sharp signal for the tert-butyl

protons of 2, and a broadened singlett in the case of 1.by two bridging µ2-κ2O,κ2O-calix[4]arene ligands. The com-
plexes 1 and 2 are, to the best of our knowledge, the first These signals split on cooling to two sharp singletts at low

temperatures. The coalescence temperature for this processexamples of a formally fourfold deprotonated calix[4]arene
acting as a µ2-κ2O,κ2O bridging ligand for two transition is 252 K for the ditungsten compound 2, and 282 K for

the dimolybdenum compound 1. These NMR data suggestmetal centres. These compounds are probably best com-
pared to LH2Mo2(OAc)2

[3b], where a similar bridging mode fluxional behaviour of the µ2-κ2O,κ2O bridging calix[4]ar-
ene ligand in solution, i.e. an interconversion of the Oinsidewas reported for the doubly deprotonated calix[4]arene li-

gand. In this compound, the hydrogen atoms form bonds and Ooutside phenoxide rings of the dinuclear compounds 1
and 2. We calculated free activation enthalpies of 59.0 kJ/to the phenoxide oxygen atoms of the calix[4]arene ligand,

which retains the cone conformation and bridges two metal- mol (1) and 52.2 kJ/mol (2) for this process. Details on the
1H-NMR investigations at variable temperatures, on themetal quadruple bonded molybdenum atoms.

Both macrocyclic ligands of the molybdenum complex characterization of side products, and on the reactivity of 1
and 2 will be given elsewhere.[6](1) are symmetrically distorted from the cone conformation.

Each bridging calix[4]arene shows two opposing phenoxide This work was supported by the Deutsche Forschungsgemein-
rings 2 those of the oxygen atoms Oinside [O(1), O(3), O(6), schaft and the Fonds der Chemischen Industrie (Liebig fellowship
and O(8)] 2 pushed away from the macrocycle and two 2 for U. R.). Generous support from Prof. Dr. D. Fenske is gratefully
those of the oxygen atoms Ooutside [O(2), O(4), O(5), and acknowledged. We would like to thank Dr. G. Baum and Dr. A.

Eichhöfer for helpful discussions as well as Fa. H. C. Starck GmbH,O(7)] 2 towards the macrocycle. Thus, they define an ellip-
Goslar, for a gift of metal chlorides.tical cone section, along the O(1)2O(3) and O(6)2O(8)

axis. As a result of this distortion, the bond distances
M2Oinside are slightly shorter, e. g. 1.942(2) Å for

Experimental SectionMo(2)2O(1) vs. 2.016(2) Å for Mo(2)2O(7), and the bond
angles Oinside2M2M9 are close to 90°. Consequently, the General: All reactions and subsequent manipulations involving
Oinside2M2Oinside angles of approximately 175.5° are much organometallic reagents were performed under argon atmosphere

using standard Schlenk techniques. The preparation of samples forlarger than the corresponding Ooutside2M2Ooutside angles
spectroscopy was accomplished by using a glove box Braun MBof approximately 155.5°.
150 BG-I. Solvents were dried according to standard procedures,The angle of intersection between the least square planes
stored over activated 4 Å molecular sieve and degassed prior use.through the carbon atoms of the methylene bridges and the
Deuterated solvents were obtained from Aldrich Inc. (all 99 atom%least square planes through a phenoxide moiety, defined by
D), dried according to standard procedures and stored over acti-

the oxygen atom and the Cipso and Cortho carbon atoms, can vated 4 Å molecular sieves. 2 NMR spectra were recorded on a
serve as a good measurement for the tilting of the phen- Bruker AC 250. 13C-NMR spectra are broad-band proton decou-
oxide entities of the calix[4]arene ligand. We calculated pled (13C{1H}). Standard DEPT-135 experiments were recorded to
these angles for the Ooutside phenoxide moieties to be in a distinguish -CH3 and -CH type carbons from -C or -CH2 type car-
range between 74.3(2)° and 76.5(2)°, and for the Oinside bons in the 13C-NMR spectrum. NMR data are listed in parts per

million (ppm) and are reported relative to tetramethylsilane. Coup-phenoxide entities between 26.9(2)° and 37.9(2)°. The ap-
ling constants are quoted in Hertz. Residual solvent peaks used aspropriate angles of the mononuclear calix[4]arene complex
internal standards were as follows: CDCl3, δ 5 7.24 (1H) or natu-LMoNMes (Mes 5 mesityl), [11] in which the calix[4]arene
ral-abundance carbon signal at δ 5 77.0; C7D8, δ 5 2.09 (1H). 2ligand retains the cone-like shape might be a good reference.
EI-MS spectra were recorded on a Varian MAT 3830 (70 eV). 2We calculated for this compound an angle of 59.0(1)° on
Elemental analyses were performed by the microanalytical labora-

average, with values ranging from 56.7(1)° to 61.4(1)°. tory of the author9s department. 2 Infrared spectra were recorded
The bridging calix[4]arene ligands of the tungsten com- as KBr pellets on a Bruker IFS 28 and are reported in cm21. 2 p-

pound 2 are also heavily distorted from the cone confor- tert-butyl-calix[4]arene, [12] Mo2(NMe2)6,
[13] and W2(NMe2)6,

[14]

mation of the parent calix[4]arene LH4. In contrast to the were prepared as described in the literature. All other reagents were
symmetrical tilting in 1, only one phenoxide group per li- purchased from commercial sources and purified by standard tech-

niques.gand 2 those of O(2) and O(5) 2 is pushed away from the
macrocycle. The angles between the planes of these moieties Preparation of Bis(dimethylammonium) Di-µ2-κ2O,κ2O-p-tert-bu-
and the corresponding reference plane through the methyl- tylcalix[4]arenedimolybdate(III) (1): A solution of 250 mg (0.55
ene carbon atoms are 27.0(3)° and 28.8(3)°, respectively. We mmol) of Mo2(NMe)6 and 812 mg (1.10 mmol) of p-tert-butylcalix-

[4]arene2toluene adduct in 40 ml of toluene, was stirred for 8 h atattribute this difference between the ligand systems in 1 and
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100°C. All volatiles were removed in vacuo, the yellow-greenish Crystal Structure Analysis of 1: Stoe-IPDS diffractometer (Mo-

Ka radiation), T 5 200(2) K; data collection and refinement:residue was washed with 20 ml of hexane and collected. Yield: 737
mg, 85%. Crystals suitable for X-ray analysis were grown in a satu- SHELXS-90[15] and SHELXL-96[16]; monoclinic, space group P21/

c; lattice constants a 5 26.393(5), b 5 17.607(4), c 5 23.468(5) Å,rated acetonitrile solution. m.p. 368°C (dec.). 2 IR (KBr): ν̃ 5

3129 vs, 2959 vs, 1743 w, 1597 m, 1552 m, 1449 vs, 1391 m, 1361 β 5 114.59(3), V 5 9917(3) Å3, Z 5 4, µ(Mo-Kα) 5 0.31 mm21,
2Θmax 5 52°; 18104 independent reflections measured, of whichm, 1290 vs, 1206 s, 1121 m, 910 s, 873 m, 828 s, 801 m, 763 m, 745

s, 730 m, 694 m, 542 vs, 467 m, 430 m, 404 m. 2 1H NMR (CDCl3, 14857 were considered observed with I > 2σ(I); max./min. residual
electronic density 2.172 and 21.439 e/Å3. 1088 parameters (C, O,298 K) δ 5 7.15 (s, br, 4 H, aromatic H), 6.87 (s, 4 H, aromatic

H), 5.85 (d, 2 H, 2JHH 5 12.2 Hz, CH2), 3.37 (d, 2 H, 2JHH 5 12.2 N, Mo anisotropic, the positions of the H atoms were calculated
for idealized positions); R1 5 0.0659, wR2 5 0.1798.Hz, CH2), 2.94 (s, 4 H, CH2), 2.57 [br, 2 H, H2N(CH3)2

1], 1.19 [s,
br, 36 H, C(CH3)3], 0.75 [t, 6 H, 3JHH 5 5.2 Hz, H2N(CH3)2

1].2
Crystal Structure Analysis of 2: Stoe-STADI IV diffractometer1H NMR (C7D8, 333 K): δ 5 7.26 (d, 4 H, 4JHH 5 2.6 Hz, aromatic

(Mo-Ka radiation), T 5 203(2) K; data collection and refinement:H), 6.94 (d, 4 H, 4JHH 5 2.6 Hz, aromatic H), 6.30 (d, 2 H, 2JHH 5
SHELXS-90[15] and SHELXL-96[16]; monoclinic, space group P21/12.2 Hz, CH2), 3.51 (d, 2 H, 2JHH 5 12.2 Hz, CH2), 3.17 (d, 2 H,
c; lattice constants a 5 23.840(8), b 5 15.500(7), c 5 21.935(8) Å,2JHH 5 13.4 Hz, CH2), 2.90 [br, 2 H, H2N(CH3)2

1], 2.88 (d, 2 H,
β 5 100.85(3), V 5 10015(6) Å3, Z 5 4, µ(Mo-Kα) 5 2.35 mm21,2JHH 5 13.4 Hz, CH2), 1.20 [s, 36 H, C(CH3)3], 0.86 [t, 6 H, 3JHH 5
2Θmax 5 50°; 17236 independent reflections measured, of which5.5 Hz, H2N(CH3)2

1]. 2 1H NMR (C7D8, 233K): δ 5 7.36 (d, 2
13273 were considered observed with I > 2σ(I); max./min. residualH, 4JHH 5 2.0 Hz, aromatic H), 7.23 (d, 2 H, 4JHH 5 2.3 Hz,
electronic density 3.046 and 22.061 e/Å3. 1118 parameters (C, O,aromatic H), 6.94 (d, 2 H, 4JHH 5 2.0 Hz, aromatic H), 6.91 (d, 2
N, W anisotropic, the positions of the H atoms were calculated forH, 4JHH 5 2.3 Hz, aromatic H), 6.44 (d, 2 H, 2JHH 5 12.4 Hz,
idealized positions); R1 5 0.048; wR2 5 0.1203. 2 Further detailsCH2), 3.63 (d, 2 H, 2JHH 5 12.4 Hz, CH2), 3.24 (d, 2 H, 2JHH 5
of the crystal structure investigation are available from the Fachin-13.9 Hz, CH2), 2.88 (d, 2 H, 2JHH 5 13.9 Hz, CH2), 2.70 [br, 2 H,
formationszentrum Karlsruhe, D-76344 Eggenstein-LeopoldshafenH2N(CH3)2

1], 1.29 [s, 18 H, C(CH3)3], 1.17 [s, 18 H, C(CH3)3],
(Germany) on quoting the depository number CSD-407859 and0.76 [br, 6 H, H2N(CH3)2

1]. 2 13C NMR (CDCl3, 298 K): δ 5
CSD-407860, the names of the authors and the journal citation.31.79 [s, C(CH3)3], 33.31 (s, CH2), 33.87 [s, C(CH3)3], 34.84 (s,

CH2), 37.99 [s, N(CH3)2], 123.85, 125.12 (s, aromatic CH), 128.97,
131.66 (s, aromatic C), 139.46 (s, aromatic CtBu), 164.55 (s, aro-
matic CO). 2 EI/MS (70 eV) m/z (%): 1481(63) ([L2Mo2 2 H]1),

; Dedicated to Professor Hartmut Bärnighausen on the occasion1426(36) ([L2Mo2 2 C4H8]1). 2 C92H120O8Mo2N2 (1576.7) calcd.: of his 65th birthday.
C 70.02, H 7.67, N 1.78; found: C 69,55, H 7.92, N 1.80. [1] For reviews on calixarenes see for example: 2 [1a] C. D. Gutsche,

Calixarenes, The Royal Society of Chemistry, Cambridge 1989.
2 [1b] J. Vincens, V. Böhmer (ed.), Calixarenes: A versatile ClassPreparation of Bis(dimethylammonium) Di-µ2-κ2O,κ2O-p-tert-bu-
of Macrocyclic Compounds, Kluwer, Dordrecht 1991. 2 [1c] C.tylcalix[4]areneditungstate(III) (2): A solution of 250 mg (0.40
D. Gutsche, Prog. Macrocycl. Chem. 1987, 3, 932165. 2 [1d] V.mmol) of W2(NMe)6 and 590 mg (0.80 mmol) of p-tert-butylcalix- Böhmer, Angew. Chem. 1995, 107, 7852818; Angew. Chem. Int.

[4]arene2toluene adduct in 40 ml of toluene was stirred for 8 h at Ed. Engl. 1995, 34, 7132745. 2 [1e] D. M. Roundhill, Prog.
Inorg. Chem. 1995, 43, 5332565.100°C. All volatiles were removed in vacuo, the green residue was

[2] [2a] F. Corazza, C. Floriani, A. Chiesi-Villa, C. Guastini, J.washed with 20 ml of hexane and collected. Yield: 630 mg, 90%.
Chem. Soc., Chem. Commun. 1990, 6402641. 2 [2b] F. Corazza,Crystals suitable for X-ray analysis were grown from a saturated C. Floriani, A. Chiesi-Villa, C. Guastini, J. Chem. Soc., Chem.

acetonitrile solution. m.p. 446°C (dec.). 2 IR (KBr): ν̃ 5 3132 vs, Commun. 1990, 108321084. 2 [2c] F. Corazza, C. Floriani, A.
Chiesi-Villa, C. Rizzoli, Inorg.Chem. 1991, 30, 446524468. 22967 vs, 1742 w, 1598 s, 1553 s, 1480 vs, 1361 vs, 1312 s, 1210 s,
[2d] A. Zanotti-Gerosa, E. Solari, L. Giannini, C. Floriani, A.1120 s, 1026 m, 1008 w, 912 vs, 874 s, 829 vs, 800 s, 763 s, 729 s,
Chiesi-Villa, C. Rizzoli, J. Chem. Soc., Chem. Commun. 1996,694 m, 538 vs, 463 m, 425 m, 396 m. 2 1H NMR (CDCl3, 298 K) 1192120. 2 [2e] L. Giannini, E. Solari, A. Zanotti-Gerosa, C.

δ 5 7.21 (d, 4 H, 4JHH 5 2.2 Hz, aromatic H), 6.95 (d, 4 H, 4JHH 5 Floriani, A. Chiesi-Villa, C. Rizzoli, Angew. Chem. 1996, 108,
305123053; Angew. Chem. Int. Ed. Engl. 1996, 35, 282522827.2.2 Hz, aromatic H), 5.95 (d, 2 H, 2JHH 5 12.2 Hz, CH2), 3.40 (d,
2 [2f] B. Castellano, A. Zanotti-Gerosa, E. Solari, C. Floriani,2 H, 2JHH 5 12.2 Hz, CH2), 3.27 (d, 2 H, 2JHH 5 13.4 Hz, CH2),
A. Chiesi-Villa, C. Rizzoli, Organometallics 1996, 15,3.08 (d, 2 H, 2JHH 5 13.4 Hz, CH2), 2.33 [s, br, 2 H, H2N(CH3) 489424896. 2 [2g] L. Giannini, E. Solari, A. Zanotti-Gerosa, C.

2
1], 1.23 [s, 36 H, C(CH3)3], 0.66 [t, 6 H, 3JHH 5 5.3 Hz, HN(CH3) Floriani, A. Chiesi-Villa, C. Rizzoli, Angew. Chem. 1997, 109,

7632765; Angew. Chem. Int. Ed. Engl. 1997, 36, 7632765. 22
1]. 2 1H NMR (C7D8, 298 K): δ 5 7.28 (d, 4 H, 4JHH 5 2.5 Hz,

[2h] A. Zanotti-Gerosa, E. Solari, L. Giannini, C. Floriani, A.aromatic H), 6.95 (d, 4 H, 4JHH 5 2.5 Hz, aromatic H), 6.41 (d, 2
Chiesi-Villa, C. Rizzoli, J. Chem. Commun. 1997, 1832184.H, 2JHH 5 12.1 Hz, CH2), 3.56 (d, 2 H, 2JHH 5 12.1 Hz, CH2), [3] [3a] J. A. Acho, L. H. Doerrer, S. J. Lippard, Inorg. Chem. 1995,

3.48 (d, 2 H, 2JHH 5 13.5 Hz, CH2), 3.03 (d, 2 H, 2JHH 5 13.5 Hz, 34, 254222556. 2 [3b] J. A. Acho, S. J. Lippard, Inorg. Chim.
Acta 1995, 229, 528.CH2), 2.58 [br, 2 H, H2N(CH3)2

1], 1.21 [s, 36 H, C(CH3)3], 0.69 [t,
[4] [4a] V. C. Gibson, C. Redshaw, W. Clegg, M. R. J. Elsegood, J.6 H, 3JHH 5 5.2 Hz, H2N(CH3)2

1]. 2 1H NMR (C7D8, 213 K):
Chem. Soc., Chem. Commun. 1995, 237122372. 2 [4b] V. C.δ 5 7.36 (s, 2 H, aromatic H), 7.23 (s, 2 H, aromatic H), 6.96 (s, 2 Gibson, C. Redshaw, W. Clegg, M. R. J. Elsegood, J. Chem.

H, aromatic H), 6.93 (s, 2 H, aromatic H), 6.53 (d, 2 H, 2JHH 5 Soc., Chem. Commun. 1997, 160521606.
[5] [5a] J. L. Atwood, M. G. Gardiner, C. Jones, C. L. Raston, B.12.2 Hz, CH2), 3.67 (d, 2 H, 2JHH 5 12.2 Hz, CH2), 3.54 (d, 2 H,

W. Skelton, A. H. White, J. Chem. Soc., Chem. Commun. 1996,2JHH 5 13.1 Hz, CH2), 3.02 (d, 2 H, 2JHH 5 13.1 Hz, CH2), 2.45
248722488. 2 [5b] M. G. Gardiner, S. M. Lawrence, C. L. Ras-[br, 2 H, H2N(CH3)2

1], 1.31 [s, 18 H, C(CH3)3], 1.17 [s, 18 H, ton, B. W. Skelton, A. H. White, J. Chem. Soc., Chem. Commun.
C(CH3)3], 0.62 [br, 6 H, H2N(CH3)2

1]. 2 13C NMR (CDCl3, 298 1996, 249122492.
[6] U. Radius, J. Attner, manuscript in preparation.K): δ 5 31.60 [s, C(CH3)3], 32.77 (s, CH2), 33.63 [s, C(CH3)3], 35.44
[7] M. A. McKervey, E. M. Seward, G. Ferguson, B. L. Ruhl, J.(s, CH2), 37.65 [s, N(CH3)2], 123.65, 125.13 (s, aromatic CH),

Org. Chem. 1986, 51, 358123584.129.14, 131,77 (s, aromatic C), 138,95 (s, aromatic CtBu), 162.39 [8] The hydrogen oxygen distances in water are assumed to be 0.99
(s, aromatic CO). 2 C92H120O8N2W2 (1748.8) calcd.: C 63.16, H Å for the O2H bond and 1.76 Å for the hydrogen bridge to

the next water molecule, see: A. F. Hollemann, E. Wiberg,6.91, N 1.60, found: C 62.98, H 7.01, N 1.42.
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While Arduengo-type carbenes are now well established for singlet-triplet energy separations and electron affinities.
Hence, they may be considered as valid targets for experi-the Group IVa elements carbon, silicon and germanium, they

are experimentally unknown for the isoelectronic anions with mental investigations. An analysis of the electron density
distribution in the case of boron and aluminum reveals athe Group IIIa elements boron, aluminum, gallium, and in-

dium. In the present quantum chemical investigations, the strongly polar B2N bond for the former, and a half Al2N
bond with positive charge at the aluminum, emphasizing thebonding features of this class of compounds are explored. As

a result, they are predicted to be stable species with sizeable donor-acceptor formulation for the latter.

Introduction systems analogous to 1 [17] [18] [19] [20]. The halogen precursors
of the latter dissociate spontaneously into the cyclic cationSince the pioneering studies of Wanzlick on nucleophilic
and a halide anion[17]. In contrast, Arduengo-type carbenescarbenes[1], their successful isolation as stable species be-
with Group IIIa elements are as yet unknown. If thesecame prominent in the reports of Arduengo et al. [2] [3] on
compounds are considered as being isoelectronic with thethe imidazo-2-ylidene, 1 (E 5 C).
Arduengo-type carbenes, they would bear a negative
charge at the Group IIIa element. The capability of
Group IIIa elements to stabilize a negative charge has
nevertheless been demonstrated by experimental and
theoretical studies on B2B and Al2Al bonded sys-
tems[21] [22] [23] [24] [25] [26] [27] [28] [29]. For boron, one-electron
[24] [25] [26] as well as two-electron[21] [22] reductions have been
observed. In contrast, for the Al2Al bond, only one-elec-
tron reduction has been found[27] [28] [29]. These findings indi-
cate that it might be feasible to prepare Arduengo-type
carbenes in which E (5 C, Si, Ge) is replaced by a valence
isoelectronic Group IIIa element bearing a negative charge.

We report herein on an exploration of the bonding
properties of Arduengo-type carbenes, 1, with E 5 B(2),
Al(2), Ga(2), In(2). A first experimental approach to this
class of compounds has recently been undertaken in the
synthesis and structural elucidation of 2 [30]. This structure
is found to contain the diazaborolyl unit. In addition, we
include in our investigations the 1,2-shifted structural iso-
mers 3.

Subsequent experimental studies included the prep-
aration of the analogous silylene[4], 1 (E 5 Si), and germy-

Methodology
lene[5], 1 (E 5 Ge), derivatives. In order to gain insight into
the peculiar stability of the Arduengo-type carbenes, va- The geometries of the various molecular structures were en-

ergy optimized at the density functional theory level [31] [32],rious quantum chemical calculations have been performed
on 1 [6] [7] [8] [9] [10] [11] [12] [13] [14]. Furthermore, investigations of utilizing Becke’s three-parameter functional[33] with local

and non-local electron correlation contributions. For thetheir photoelectron spectra[9] and a detailed analysis of
their chemical shielding tensors have been reported[10]. optimization of the geometries, the 6-3111g(d,p) basis set

was used for carbon and hydrogen, as well as for boron,Meanwhile, the enormous stability of the valence isoelec-
tronic diaminophosphenium cation is a well established aluminum, and gallium[34]. One set of diffuse s,p-func-

tions[35] and polarization functions[36] were added. Alterna-matter in phosphorus chemistry[15] [16], in particular in ring
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tively, the relativistic pseudopotentials of Basch and proximity to each other, hence a triplet ground state 3B1 is

preferred[47]. In a stabilized carbene, 4b (X 5 NH2, hal-Krauss[37], with a double-ζ description for the valence
space, were employed for the evaluation of structures in the ogens), a similar sequence of orbitals is present[48]. Since

the energy splitting between HOMO (σ) and LUMO (p)homologous series containing boron to indium. For these
cases, the basis sets were again augmented by one set of becomes larger for these structures, a singlet ground state

results [49].polarization functions (at all atoms) and one set of diffuse
sp-functions (at all atoms). The coefficients for the sup- The frontier orbital system of 1 can be viewed in a similar
plementary functions were chosen according to the recom- manner, as a mutual interaction between the orbitals of the
mendations made for the utilization of the Gamess pro- diene unit (A) and the orbitals at E (B). The composition
gram[38]. Single point calculations were additionally per- of the orbital system is given in (C) [5 (A)2(B), Figure 1].
formed (for the cases of boron and aluminum) at a triple-

Figure 1. Diagram showing schematic interaction between aζ level, with the 6-31111g(d,p) basis set [39] and with the
diene unit (A) and E (B), resulting in the cyclic compound (C)MP4SDTQ(fc) approximation[40] for the electron corre- [5 (A)2(B)]

lation correction treatment. For the evaluation of the ener-
gies in the open-shell cases (doublets), the spin-projection
technique of Schlegel [41] was applied. Zero-point vi-
brational energies were included in the relative energies, un-
less noted otherwise. All stationary points were verified by
calculation of the corresponding Hessian matrices. For the
calculations, we used the Gaussian-94[42] and Gamess[43]

programs. The electron distributions in the various molecu-
lar structures were examined within the natural bond or-
bital (NBO) partitioning scheme[44].

Results and Discussion

Qualitative Considerations: The stabilities of the carbene
structures are determined by (a) the singlet-triplet energy
separations, and (b) the electron affinities in 1 (E 5 B(2),
Al(2), Ga(2), In(2)). If the singlet-triplet energy separations
are small, the carbene-type structures will not be stable and
will be capable of facile radical reactions (with solvents,
etc.). The electron affinities, on the other hand, give a quan-
titative measure of the anion stabilities. If the electron affin-
ities are large, then the possibility of preparing the anion
can be considered as being realistic. In practice, however,
the anions are surrounded by cations (e.g. as lithium salts).
Hence, their stabilities will be mediated by crystal effects[45].

The py-orbital forms two linear combinations with the s-
orbital (s ± py), of which one (s 1 py) remains non-bonding
upon interaction with the corresponding orbitals at (A). On
the other hand, the other combination (s 2 py) can strongly
overlap with the a1 orbitals at fragment (A). Similarly, the
b2 orbital at (B) strongly interacts with the antibonding
lone pair combination b2 at (A). In addition, π-type interac-
tion occurs among the b1 orbitals, between (A) and (B).
Consequently, the relevant occupied frontier orbitals at (C)
can be depicted as in formula 5.

As mentioned above, the stabilities of the anions are de-The frontier orbitals of methylene, 4a, are given by the
lone pair orbital at the central atom, σ, and the p-or- termined by their electron affinities, i.e. the tendency to re-

tain their negative charge. Consequently, it is necessary tobital [46]. Within C2v symmetry they are confined to a1 and
b1 representations. Both orbitals are energetically in close examine the anions, the corresponding neutral doublet
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Figure 2. Equilibrium geometries of lowest-energy singlets (first
entry) and doublets (second entry) of 1 (E 5 B, Al, Ga, In) and 3

(E 5 B, Al, Ga), at all-valence electron (ECP) level

states, and the energy differences between the two species.
The resulting Slater determinants for the singlet ground
state of the anion and the two relevant doublet states are
given as follows:

Ψ (1A1) 5 .....(b1)2(a1)2 >

Ψ (2A1) 5 .....(b1)2(a1)1 >

Ψ (2B1) 5 .....(a1)2(b1)1 >

The relevant triplet states for 1 are described by the fol-
lowing Slater determinants:

Ψ (3B1) 5 .....(a1)1(b1)1 >

Ψ (3A1) 5 .....(b1)1(b1)1 >

The first of these (3B1) refers to the lowest-energy triplet
state, as has been evaluated for the classical Arduengo car-
bene[7]. All the states in question were examined by the
quantum chemical calculations.

It should be noted that 1 is not the only feasible molecu-
lar structure. It might well be possible that it undergoes a
1,2-hydrogen shift with formation of species 3. Conse-
quently, we also included these possible structural isomers
for the species in question in our evaluations.

Equilibrium Geometries: The equilibrium geometries of
all these structures, 1 and 3, (bond lengths in Å, bond
angles in degrees) are collected in Figure 2.

Minimum-energy structures were established by (3N 2
6) positive vibrations of each species. The geometries were
obtained with (a) all-valence basis sets, or alternatively with
(b) effective core potential methods (ECP’s, values in paren- that a more rigorous approach for the study of the Jahn-

Teller phenomena in the (neutral) doublet states would re-theses) (for details, see the Methodology section). All struc-
tures were obtained at the DFT level. quire elaborate MCSCF calculations with subsequent

multi-reference CI calculations. For the case at hand, a de-The anions of 1 invariably adopt C2v symmetry. The va-
lence angle at E ranges from 97.8° [X 5 B(2)] to 77° [X 5 tailed study of the crossing of the electronic hypersurfaces

of the various doublet states was not attempted.In(2)]. This indicates that the equilibrium geometries of
these ring systems are largely determined by the angle strain The rearranged structures 3 invariably adopt Cs sym-

metry. Again, all species possess (3N 2 6) positive vi-due to the first-row atoms C and N.
The bonding situation is somewhat more complicated in brations in their equilibrium geometries. Thus, they corre-

spond to energy minima on the electronic hypersurfaces. Inthe doublet states. Interestingly, the doublet states undergo
a change in their electronic (ground) state in the sequence general, the E2N bonds in 3 are shorter than those in the

structures 1. Notably, the E2N bond to the twofold coordi-E 5 B to In. In the case E 5 B, a 2A1 ground state is
observed, while for E 5 In it becomes 2B1. An intermediate nated nitrogen atom is always shorter than that to the sub-

stituted nitrogen. This can be rationalized in terms of twocase is 1, E 5 Al. Here, both states, 2A1 and 2B1, mingle
with each other with concomitant Jahn-Teller interac- prominent resonance structures, which contribute to bond-

ing in the ground states.tions[50]. Symmetry breaking occurs to give Cs symmetry,
through induction of b1 vibration within C2v symmetry. For In canonical structure a, the negative charge is localized

at the nitrogen atom, while in b it is shifted towards E (5this case (E 5 Al), the five-membered ring is tilted out of
the plane (] CNNAl 5 14.2° for 2A9). We acknowledge B, Al, Ga) with formation of a (partial) double bond. The

Eur. J. Inorg. Chem. 1998, 3052310 307



A. Sundermann, M. Reiher, W. W. SchoellerFULL PAPER
CI methods, such as the MP4SDTQ approach, yield com-
parable energy quantities.

To evaluate the feasibility of the synthesis of 1, it is neces-
sary to have knowledge of the relative energetic ordering of
1 and 3, given the same element E. Corresponding energy
quantities were evaluated at various levels of sophistication
for the cases E 5 B, Al and Ga, and are listed in Table 2.

Table 2. Energy differences (in kcal/mol) between 1 and 3, at va-
rious levels of sophistication

Atom E DZP[a] DZP/ZPE[b] TZP[c]

predominance of canonical structure b over a is determined B 240.8 242.4 240.7
Al 17.6 13.9 17.9by the electronegativity of E and the gain in π-energy. Al-
Ga 23.9though it is difficult to assess both factors quantitatively,

one would expect that 3 becomes increasingly stabilized [a] b3lyp/6-3111g(d,p). 2 [b] Method [a] plus zero-point vibra-
tional energy correction. 2 [c] b3lyp/6-31111g(d,p)//b3lyp/6-over (the singlet ground state) 1 in the order X 5 In , Ga
3111g(d,p)., Al , B. As will be shown in the following section, this

is indeed the case.
The trends in the energies are obvious. For E 5 B, the

Energy Considerations: The electron affinities and singlet- 1,2-hydrogen shifted structure is the lowest-energy alterna-
triplet energy separations are the specific properties that de- tive. In the other cases, 1 is more stable than 3. It should
termine the stabilities of the various species 1. These are be noted, however, that in the case of carbenes it has been
presented in Table 1. recently demonstrated that although 1,2-hydrogen mi-

grations are very exothermic, their occurrence is highly un-Table 1. Electron affinities (in kcal/mol) [first entries] and singlet-
likely from a kinetic point of view[51].triplet energy separations [second entries] for structure 1 (E 5 B to

In); values in parentheses are derived from ECP calculations Improvement of the basis set (level C) or the inclusion of
zero-point vibrational energy contributions (level B) doesAtom
not significantly alter the situation. There is a clear-cutE DZP[a] DZP/ZPE[b] TZP[c] MP4[d]

tendency of enhanced stability of 1 over 3, with increasing
B (1A1R2A1) 7.0 (9.3)[e] 8.4 7.2 3.3 (2.8) atomic number of E. The case E 5 In was not further ex-(1A1R3A1) 20.2 (22.6) 20.9 20.4 23.1 (23.5)

plored, but it seems reasonable to assume that it is at leastAl (1A1R2A9) 32.5 (34.3) 33.1 33.4 34.5
(1A1R3B1) 41.3 (50.5) 41.5 42.4 45.3 as stable as the case E 5 Ga (1 in relation to 3).

Ga (1A1R2B1) 27.0 (32.1) 28.1 26.7 39.3 Electron Density Distributions: It is informative to ana-(1A1R3A1) 52.0 (47.9)
lyze the electron distributions in 1 and 3. The relevant val-In (1A1R2B1) (27.0)

(1A1R3A1) (38.8) ues were computed within the natural bond orbital (NBO)
scheme[44]. For the cases E 5 B and Al, these are displayed[a] b3lyp/6-3111g(d,p). 2 [b] Method [a] plus zero-point vibratio-
in Figure 3.nal energy correction (unscaled). 2 [c] b3lyp/6-31111g(d,p)//

b3lyp(6-3111g(d,p). 2 [d] MP4SDTQ(fc)/6-3111g(d,p)//b3lyp/ The electron distributions in E 5 B and E 5 Al reveal
6-3111g(d,p). 2 [e] b3lyp/ECP-3111g(d,p).

fundamental differences. For 1, E 5 B, the E2N bond is
almost a single bond, while it is almost a half bond for E 5For the cases X 5 B to Ga, they were explored with the

all-valence electron basis set methods, and also with the Al. Simultaneously, E releases electron density towards the
neighbouring, more electronegative nitrogen atoms, with aECP’s (at times within the DFT procedure). For E 5 In,

our considerations rely solely on the results of the ECP cal- concomitant strengthening of the E2N bonds. Similar
trends are also observed in the Ga and In analogues, al-culations. For the structures where the results of both quan-

tum chemical procedures are available (all-valence electron though detailed populations are not given here. Considering
the data in more detail, the s/p ratio (atomic populationsbasis sets and ECP’s), the different approaches are seen to

yield similar energy quantities. On closer inspection of the for the valence electrons) for the lone pair amounts to
1.378/0.918 for E 5 B and 1.660/0.536 for E 5 Al. (Thedata, it can be seen that for E 5 B the electron affinity is

found to be rather small. The value is only marginally corresponding π-populations of valence electrons are given
in brackets in Figure 3).changed by zero-point vibrational energy corrections or at

an improved triplet-ζ basis set level. On the other hand, for Evidently, a fundamental change in the bonding is ob-
served on going from E 5 B to E 5 Al. The Laplacians ofall cases the singlet-triplet energy separations are sizeable.

Thus, a singlet ground state of all structures is ensured. The the electron density for these two cases (as determined by
the method of “atoms in molecules”[52], are shown in Fig-electron affinity, and hence the stability of the anion, is in-

creased for the higher element homologues. In essence, for ure 3b. For E 5 B, a non-bonding lone pair orbital (at E)
is present. It is diminished in the case E 5 Al, in favour ofall higher element homologues, the electron affinities are

larger than those for the first-row element boron. Again, an increased p-electron density at the neighbouring nitro-
gens. Furthermore, in the latter case (E 5 Al), the electronzero-point energy vibrational correction as well as explicit
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Figure 3. (a) NBO analysis (natural atomic charges with π-occu- species possess bound states; i.e. they have a strong tend-
pancies in curly brackets), in parentheses Wiberg bond indices (in ency to retain the negative charge. In other words, the corre-
the NAO basis) and (b) Laplacians of the electron densities for 1,

sponding doublet states have a strong electron affinity.E 5 B and Al
3. This is due to the enhancement of a chelate-type struc-

ture, in which the electropositive element E (In > Ga > Al)
can release its formal negative charge to the more electro-
negative neighbouring nitrogen atoms.

4. Furthermore, with increasing atomic number of E, a
possible 1,2-hydrogen rearrangement, which results in the
formation of a “classical” structure becomes disfavored.

On the basis of our quantum chemical considerations,
cyclic carbene structures of the Arduengo-type containing
the Group IIIa elements should be interesting targets for
synthetic verifications.
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Ligands containing aromatic nitrogen heterocycles play a thin the pyridyl rings. The complexes with these hard metals
are close-contact ion pairs. In the indium complex 3 the cis-leading role in the molecular self assembling processes that

lead to macromolecular architectures. The inductive effect of cis orientation gives rise to a dimeric structure, while the un-
precedented cis-trans arrangement in the thallium com-various metal fragments on those building blocks has not yet

been studied systematically. To evaluate this effect we syn- pound 4 leads to a polymeric structure. The complexes 3 and
4 have to be regarded as separated ion pairs of Me2M+ ca-thesized the homologous series of Group-13 metal complexes

[Me2AlPy2N] (1), [Me2GaPy2N] (2), [Me2InNPy2]2 (3), and tions and Py2N2 anions without any covalent bonds between
the anionic moiety and the dimethylmetal cations, even in[Me2TlNPy2]` (4) (Py = 2-NC5H4), and characterized them by

low-temperature X-ray structure analysis and 15N-NMR the solid state. The series of complexes proves the bis(2-pyri-
dyl)amide to be an excellent self-adapting ligand. Thesespectroscopy in solution. The electronic equivalence of the

central and the ring nitrogen atoms leaves the energetic hy- findings are substantiated by NMR-spectroscopic studies in
solution. Not only do the steric requirements of N heteroaro-perface of the anion quite flat, and the electron density is

polarized according to the requirements of the metal. In the matic ligands have to be considered in molecular self-as-
sembling processes but also the inductive effect of the diffe-aluminum and the gallium complexes 1 and 2 the metal cen-

ter is coordinated exclusively through the nitrogen atoms wi- rent metal fragments.

Introduction Over the last years our work has been concerned with
the design and fine tuning of monoanionic ligands, contain-The use of aromatic nitrogen heterocycles has given a
ing N-heteroaromatic rings, which show a different coordi-great impetus to metal coordination chemistry.[1] Due to
nation behavior towards soft and hard metals. [6] In thesethe low-energy π* orbitals pyridine and its derivatives are
systems a single p block element in a low oxidation statevaluable σ donors and π acceptors in the bonding syner-
links two or three pyridyl (Py) or pyrazolyl (Pz) rings. Metalgism of transition-metal complexes. [2] Classical N-heteroar-
coordination is achieved by the ring nitrogen atoms butomatic donor ligands are pyridine, 2,29-bipyridine and
never by the bridgehead atom. Anionic systems studied so1,10-phenanthroline.
far are the pyridyldiphenylmethyl, [7] dipyridylmethyl, [8] di-
pyridylphosphide and -arsenide, [9] tripyrazolylgermanateScheme 1
and -stannate. [10] These ligands are formally carbanions,
phosphides and arsenides but in metal coordination they
behave as amides. For instance the phosphorus or ar-
senic(III) center is only two-coordinate to both ipso-carbon
atoms and the structures do not comprise any short M2P
or M2As bonds. The negative charge in the anions is lo-
cated almost entirely on the nitrogen atoms of the pyridylIn metal-induced molecular recognition processes various
substituents.linkages of the simple building blocks yield polydentate
Scheme 2. Dipyridylmethyl, -phosphide and -arsenide coodinationmacromolecular ligands tailored to the steric requirements

to metal centersof the nanomolecular architectures present. Helical ar-
rangements with transition-metal centers are one focus of
interest. [3] A spheric palladium polymacrocycle containing
triazine bridgeheads has also been synthesized, [4] and met-
allo carotenate molecular wires containing pyridyl or bipyr-
idyl ends coordinated to metal centers combine the elec-
tronic or photochemical properties of a metal fragment and To counterbalance the electron-withdrawing effect of the

ring nitrogen atoms we isoelectronically replaced the CHthe conjugated electron system of the carotenes. [5]
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Results and Discussiongroup, the P or the As bridgeheads by a nitrogen atom. In

this paper a systematic study of the coordination behavior Preparation of 124
of the Py2N2 anion, in both the solid state and solution,

Compounds 123 were synthesized by adding trimeth-towards Group-13 metals is presented. The relationship be-
ylmetal compounds to a solution of bis(2-pyridyl)aminetween the geometry of a coordinated and an uncoordinated
(eq 1).ligand system in solution and in the solid state is of special

interest in the study of self-assembling systems.[11] The di-
pyridylamide ligand is anticipated to permit a transoid
orientation in the uncoordinated form in solution, as found
in 2,29-bypiridine[12] and shown in Scheme 3.

Scheme 3. The transoid versus cisoid coordination of 2,29-bipyri-
To obtain the compound 4 trimethylthallium has to bedine

synthesized first in situ by adding methyllithium to a solu-
tion of dimethylthallium iodide in ether. [19] The second step
is the addition of one equivalent of bis(2-pyridyl)amine
(eq. 2).

Because of electrostatic repulsion between the N lone
pairs and the weak attraction between N and CH sites in
antiparallel orientation of the N sites, they should favor the
transoid over cisoid arrangement. A priori one can think of 15N-NMR-Spectroscopic Experiments
three different coordination modes.

To gain information about the coordination behavior of
the bis(2-pyridyl)amide ligand in the complexes 124 in

Scheme 4. Feasible coordination modes of the dipyridylamide li- solution we recorded NMR spectra. Particularly informa-
gand tive are the results of the 15N-NMR-spectroscopic experi-

ments. The spin of the 15N nucleus is 1/2 and this gives
sharp signals in the NMR experiments. Therefore, this
method is particularly suitable to compare non-equivalent
nitrogen atoms in solution. The chemical shift of the nu-
cleus is correlated to its electronic shielding.

The neutral bis(2-pyridyl)amine gives rise to two signals
which differ considerably with respect to their chemicalIn the known complexes of neutral bis(2-pyridyl)amine

the trans-trans coordination mode to both ring nitrogen shifts (assignment in analogy to similar systems[20]) because
of the magnetically non-equivalent nitrogen sites (Table 1).atoms is observed [(HNPy2)CuHal2 (Hal 5 Br[13a], Cl [13b])],

[(HNPy2)2Cd2(ONO)2
[13c], (HNPy2)M(CO)4 (M 5 Cr, In the aluminum and the gallium complexes 1 and 2 the

signals of both nitrogen atoms display very similar chemicalMo, W)]. [13d] In the monomeric M(Py2N)2 (M 5 Cu[14a],
Ru, Pd[14b] [14c]) complexes trans-trans arrangements of both shifts, demonstrating the electron density to be shifted from

the central nitrogen atom (the signal is more than 80 ppmring nitrogen atoms coordinated to the metal center are
found, while in (Py2N)W(CO)5, [15] the tungsten atom ap- downfield relative to that of the starting material) to the

ring nitrogen atoms (where there is more than a 70 ppmparently is exclusively coordinated to the central nitrogen
atom. A cis-cis arrangement and coordination to all upfield shift). These findings are further substantiated by

the 1H- and 13C-NMR experiments. The two 15N-NMR-three nitrogen atoms is found in the dimer of
[(Py2N)Tl(C6F5)2]2. [16] This coordination is emulated in the spectroscopic shifts of both nitrogen sites in 3 and 4 differ

by about 100 ppm and show a similar deviation of the sig-polymeric complexes of [Cu(Py2N)]n [17], [M3(Py2N)4Hal2]n
(M 5 Cu[18a], Ni[18b]). It seems worthy to note that until nals as does the neutral system. Furthermore, in the 1H-

and the 13C-NMR spectra of 4 the coupling of the relatednow a cis-trans coordination of the dipyridylamide ligand
has not been observed. nuclei with the thallium nucleus are resolved (2JH2Tl 5

396.7, 1JC2Tl 5 2574.7 Hz). There has no Tl2N couplingTo study the coordination behavior of the bis(2-pyridyl)-
amide anion systematically in both the solid state and in been detected. The coupling constants are in good

agreement with separated linear dimethylthallium cations insolution the Group-13 metal complexes [Me2AlPy2N] (1),
[Me2GaPy2N] (2), [Me2InNPy2]2 (3), and [Me2TlNPy2]` (4) solution. [21] Thus, the indium and the thallium compounds

3 and 4 are solvent-separated ion pairs in THF solution,have been synthesized and characterized by low-tempera-
ture X-ray structures as well as by 15N-NMR spectroscopy while the aluminum and gallium complexes 1 and 2 are

stable contact ion pairs, even in THF solution. To investi-in solution.
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Table 1. δ 15N-NMR-spectroscopic shift (THF/C6D6) of 124 Figure 1. Solid-state structure of Me2AlPy2N (1) (a) and Me2Ga-

Py2N (2) (b); anisotropic displacement parameters are depicted at
a probability level of 50%Py2NH 1 2 3 4

NC5H4 2107 2181 2182 2121 2117
Ncenter 2266 2184 2190 2230 2216

gate the nature of these complexes in the solid state, the
crystal structures were determined.[22]

Crystal Structure of Me2AlPy2N (1) and Me2GaPy2N (2)

As in in the structures of Me2AlPy2CH,[8] Me2Ga-
Py2CH,[8] Me2AlPy2P,[9] Me2GaPy2P[9] and Me2AlPy2As[9]

1 and 2 form monomers in the solid state (Figure 1). De-
spite the electronic competition between the deprotonated
central nitrogen atom and the ring nitrogen atoms in 1 and
2 the metal center is chelated by the two ring nitrogen atoms
without any contact with the central nitrogen atom (Figure
1). The anion shows trans-trans coordination (Scheme 4).

The Al2N distances of 191.5 pm in 1 are in good agree-
ment with the literature values for aluminum amides,[23] but
are about 15 pm shorter than the Al2N donor bonds to
neutral 2,29-bipyridyl [24a] or pyridine. [24b] The Al2C bond
lengths (195.0 pm) are comparable with the distances in
Me3Al. [25] The N2Al2N angle (93.5°) is more acute than
in the related bis(2-pyridyl)methyl derivative[8] (97.1°), and
the aluminum atom is not in the plane of the ligand but is
28.3 pm out of the mean plane of the Py2N2 ligand. These
phenomena are due to the different “bite” of the amide li-
gand compared to that of the methyl ligand. The N···N dis-
tance (279.1 pm) is 7 pm shorter than in the bis(2-pyridyl)-
methyl ligand. In contrast to the bis(2-pyridyl)methyl ligand
the amide is not strictly planar, but the pyridyl rings are
twisted by 10.4° with respect to each other. The basic struc-
tural parameters of the central nitrogen atom N1 (av. N2C
134.3 pm and C2N2C 125.5°) show that this atom is sp2-
hybridized. The expected C2N2C bond angle of 120° for
an unstrained system is widened by the coordinated alumi-

Figure 2. Solid-state structure of [Me2InNPy2]2 (3); anisotropicnum atom. Obviously, no electron density is accumulated at displacement parameters are depicted at a probability level of 50%
the central nitrogen atom.

The gallium atom in 2, like the aluminum atom in 1, is
coordinated to the ring nitrogen atoms (Figure 1b). It is
32.1 pm out of the plane of the anion. The two pyridyl rings
are twisted by 12.1°. The slightly longer Ga2N bonds of
197.5 (N2) and 196.9 (N3) pm reflect the decrease in the
covalent contribution to the metal2nitrogen bonds from
aluminum to gallium, but are in good agreement with the
literature values for gallium amides.[23] The Ga2C dis-
tances (Ga12C11 194.2 and Ga12C12 195.6 pm) are simi-
lar to the distances found for Me3Ga in the gas phase. [26]

Crystal Structure of 3

To study the change in coordination behavior of the The dimer shows C2 symmetry with the two-fold axis in
the center of the molecule. The metal atom is coordinatedbis(2-pyridyl)amide anion to larger and softer cations, the

bis(2-pyridyl)amine was treated with 1 equiv. of freshly pre- by the pyridyl nitrogen atoms, but they are coordinated to
different metal centers, providing the links in the dimer. Ad-pared Me3In. [27] The dimethylindium bis(2-pyridyl)amide

(3) forms a dimeric structure in the solid state (Figure 2). ditionally each indium atom is coordinated by the depro-
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tonated central nitrogen atom. All three nitrogen atoms of 3), coordinate to the same metal center (Tl1), while the se-

cond ring (B in Figure 3) turns about the central N2Cthe ligand are pointing in the same direction, hence, the
ligand coordinates in the cis-cis fashion (Scheme 4). The bond and coordinates to a second metal center (Tl1a) pro-

viding the polymeric link. The pyridyl rings are twisted byfive atoms at each metal center form a distorted trigonal-
bipyramidal coordination polyhedron. C11, C12, and N1A 38.2° with respect to each other to prevent full conjugation

of the Py2N2 anion. In contrast to 3 the shortest M2Noccupy the equatorial positions (sum of the angles 355.5°)
while N2 and N3A reside in the axial positions distance is not found to be to the central nitrogen but to

one ring nitrogen atom (Tl12N2 248.1 pm). The other two(N22In12N3a 138.1°). The distance of the indium atom
to the central nitrogen atom (220.4 pm) is considerably are considerably longer (Tl12N1 259.2; Tl22N3a 268.9

pm). However, all three Tl2N contacts have to be regardedshorter than that to the ring nitrogen atoms (In12N2 236.6
and In12N3A 261.1 pm). These distances are found in as weak donor bonds, since Tl2N bonds in thallium amides

are normally shorter. [30] The Tl2C bonds are similar inMe3In ·N-donorbase adducts like Me3In · tetramethyl-
piperidine (250.2 pm) and have to be regarded as dative length to those determined for the Me2M1 cations[21], but

about 8 pm shorter than the shortest Tl2C contact inbonds[28]. Only the In12N1 distance is in good agreement
with In2N bond lengths in indium amides (av. 223.3 pm in Me3Tl. [31] The Me2M1 cation is almost linear

(C112Tl12C12 158.3°), only bent slightly by the ad-[Me2InN-methylpiperazinyl]2 [29]). The indium2carbon dis-
tances (213.3 and 215.1 pm) are in good agreement with ditional weak coordination of the three nitrogen atoms to

the open side.the literature values of trimethylindium adducts[28] and of
dimethylindium complexes[29]. In 3 the distribution of the
electron density must be notably different to that in the Structural Comparison
molecules of 1 and 2. The anionic system is less planar than

As mentioned above, the MMe2 fragment in the com-in 1 and 2. The pyridyl rings are twisted by 58.3° with re-
plexes approaches linearity as the Group-13 metal getsspect to each other to prevent full conjugation. The bond
heavier. The C2M2C angle widens from 116.9 (M 5 Al)lengths of the central nitrogen atom differ (N12C1 138.5
to 120.8 (M 5 Ga), 126.1 (M 5 In) and finally to 158.3°and N12C6 135.9 pm) and are longer than in 1 and 2.
(M 5 Tl). Hence the Me2M1 cationic character is most
pronounced in the In and Tl complexes. The contacts to theCrystal Structure of 4
Py2N2 anion in the aggregates of 3 and 4 are only weak,

In the solid-state structures of 123 the tendency to while the hard metals, aluminum in 1 and gallium in 2, in-
greater isolation of the dimethylmetal cation moieties duce metal amide bond lengths on the molecular level.
Me2M1, (M5Al, Ga, In) in the complexes can be ascer-
tained. These phenomena should be even more pronounced Table 2. Bond lengths [pm] of the Py2N2 anion in 124 compared

to the starting materialin the dimethylthallium bis(2-pyridyl)amide complex. The
dimethylthallium cation is known to be a very stable frag-
ment that often forms separated linear cations.[21] To see
whether this is valid with the dipyridyl amide ligand as well,
we synthesized the thallium derivative 4 from freshly syn-
thesized trimethylthallium[19] and bis(2-pyridyl)amine. 4
crystallizes as a polymer (Figure 3).

Figure 3. Solid-state structure of [Me2TlNPy2]` (4); anisotropic dis-
placement parameters are depicted at a probability level of 50%

Compound 1 2 3 4 5 6 7

Py2NH (a) 138.0 139.5 137.0 137.0 136.5 134.0 133.5
1 and 2 134.5 141.7 136.0 139.4 135.6 136.3 136.4
3 A[a] 138.5 140.6 137.3 137.5 135.8 135.9 134.0
3 B[a] 135.9 140.4 137.2 137.9 136.9 134.1 136.1
4 A[a] 136.2 143.0 137.5 139.2 137.1 132.3 135.1
4 B[a] 134.8 140.6 133.7 140.3 135.8 134.5 137.1

[a] A and B refer to the ring labeling in Figures 2 and 3.
The helical polymer is made up by a crystallographic 21-

screw axis. The thallium atoms are coordinated by the two
methyl carbon atoms and three nitrogen atoms of the The bis(2-pyridyl)amide ligand itself reveals different co-

ordination behavior toward small hard and large soft cat-anionic ligand, but it seems arbitrary to assign any coordi-
nation polyhedron to the metal atom. It seems worth noting ions in solution and in the solid state. In the compounds

with the hard aluminum and gallium cations the anion ex-that in 4 the cis-trans arrangement (Scheme 4) of the bis(2-
pyridyl)amide ligand is observed for the first time. The cen- clusively coordinates the metal centers through the two ring

nitrogen atoms. This coordination mode has previouslytral, as well as one ring nitrogen atom (N1 and N2 in Figure
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been observed in aluminum and gallium complexes of the lium the system changes its coordination behavior to suit

the larger, and easier to polarize, cations. In these com-bis(2-pyridyl)methyl anion.[8] Coordination of the ring ni-
trogen atoms and the 15N-NMR-specroscopic shift lead the plexes the deprotonated nitrogen atom participates in the

coordination and the ligand forms a bridging group. In thenegative charge in 1 and 2 to be accumulated at the ring
hetero atoms. In 3 and 4 the NMR experiments in solution, indium complex 3 the cis-cis orientation gives rise to a di-

meric structure, while the unprecedented cis-trans arrange-and the coordination through the central nitrogen atom in
the solid state, indicate an accumulation of negative charge ment in the thallium compound 4 leads to a polymeric

structure in the solid state. In the aluminum and the galliumat this position. This different electronic situation has to
induce structural differences in the Py2N2 anion. Close in- complexes 1 and 2 the metal2nitrogen bond lengths are in

good agreement with literature values for metal amides. Inspection of the solid-state structures should be decisive in
determining whether the resonance form b, with the charge the indium and thallium complexes most metal2nitrogen

distances are too long for metal amides, partly due to theirat the ring nitrogen atom and localized double bonds in the
rings, or the mesomeric form c, with the charge at the cen- higher aggregation. They approach separated Me2M1 and

Py2N2 residues, even in the solid state. In solution the Altral nitrogen atom and delocalized rings, contributes most
to the description of the structures (Table 2). and Ga complexes are close contact ion pairs while the In

and Tl complexes dissolve as solvent-separated ion pairs.All experiments prove that b is the form which contri-
butes most for 1 and 2. Unlike the neutral system[32] de- Hence, not only the steric requirements of N-heteroarom-

atic ligands have to be considered in molecular self-assemb-scribed in a the double bonds are localized in positions 1,
3, and 5. The bonds 6 and 7 of the pyridyl nitrogen atom ling processes, but also the inductive effect of different me-

tal fragments (like in any complexation).are lengthened significantly, also indicating as well an ac-
cumulation of the negative charge on these nitrogen atoms. Funding was kindly provided by the Deutsche Forschungsgemein-
In 3 and 4 the bonding situation is more complex. The pyri- schaft, the Fonds der Chemischen Industrie, and the Stiftung Volks-
dyl rings are not coplanar and both are involved in a differ- wagenwerk. Support by Bruker axs-Analytical X-Ray Systems,
ent coordination. The notation A and B refers to the two Karlsruhe, is greatly acknowledged.
different rings in Figures 2 and 3, respectively. Ring A in 3

Experimental Sectionis similar to the delocalized rings of bis(2-pyridyl)amide.
Ring B, however, exhibits significant deviations from the All manipulations were performed under dry nitrogen with
neutral molecule. The bond in position 1 is shortened by Schlenk techniques or in an argon drybox. Solvents were dried over
2.1 pm, and that in position 7 is lengthened by 2.6 pm, Na/K alloy and distilled prior to use. NMR spectra were obtained

with a Bruker MSL 400 or AM 250 instrument. All NMR spectrarelative to the amine. Coupling of the central nitrogen atom
were recorded in C6D6 or [D8]THF with SiMe4 (1H, 13C), CH3NO2to ring B and the marginal shift of electron density from
(15N) and AlCl3 (27Al) as external standards. EI mass spectra werethe original place of deprotonation to the pyridyl ring B
measured with Finnigan MAT 8230 or Varian MAT CH 5 instru-are established in this structure. Both nitrogen atoms are
ments.members of the azaallyl system coordinated to the same

1: 1.00 g (5.8 mmol) of HN(2-NC5H4)2 in 25 ml of Et2O wasindium atom to give an InN2C four-membered ring. In 4
treated with an equimolar amount of Me3Al (2.90 ml of a 2.0 significant shift of electron density to ring B can be de-
solution) at 210°C. Stirring for 12 h at room temp. gave a yellowtected. The bond in position 1 is shortened by 3.2 pm and
solution with a little of a yellow precipitate. Addition of 5 ml ofthere is partial localization of double bonds in the positions
THF gave a clear solution. Crystallization from this solution at3 and 5. As a consequence the Tl2Nring bond is more than
235°C yielded crystals suitable for X-ray diffraction. Yield 0.78 g

11 pm shorter than the Tl2Ncentral bond. The nitrogen (80%), m.p. 146°C. 2 1H NMR ([D8]THF, room temp.): δ 5 20.66
atom of the delocalized ring A provides the longest metal (s, CH3), 6.68 (ddd, 3J5,4 6.8 Hz, 3J5,6 5 6.1 Hz, 4J5,3 5 1.2 Hz, 5-
donor bond (about 21 pm longer). H), 6.93 (ddd, 3J3,4 5 8.8 Hz, 4J3,5 5 1.2 Hz, 5J3,6 5 0.9 Hz, 3-H),

7.54 (ddd, 3J4,3 5 8.8 Hz, 3J4,5 5 6.8 Hz, 4J4,6 5 1.9 Hz, 4-H), 7.74
Conclusion (ddd, 3J6,5 5 6.1 Hz, 4J6,4 5 1.9 Hz, 5J6,3 5 0.9 Hz, 6-H). 2 13C

NMR (THF/C6D6, room temp.): δ 5 210.5 (s, CH3), 112.9 (s, C-The bis(2-pyridyl)methyl and the bis(2-pyridyl)phosphide
5), 124.8 (s, C-3), 139.2 (s, C-4), 140.5 (s, C-6), 158.6 (s, C-2). 2anions coordinate metal atoms exclusively through the ni-
15N NMR (THF/C6D6, room temp.): δ 5 2181.1 (s, NC5H4),trogen atoms within the pyridyl rings. Due to the electro-
2184.5 (s, Ncenter). 2 27Al NMR (THF/C6D6, room temp.): δ 5positive bridgehead atoms these ligands behave like amides
150. 2 MS (70 eV); m/z (%): 227 (14) [Me2Al(NC5H4)2N], 212with the electron density accumulated at the ring nitrogen
(100) [MeAl(NC5H4)2N], 197 (10) [Al(NC5H4)2N], 120 (10)

atoms. The bis(2-pyridyl)amides discussed here show a [Al(NC5H4)N], 106 (14) [Al(NC5H4)].
higher coordination flexibility towards metals. The elec-

2: 4.00 g (34.8 mmol) of Me3Ga in 50 ml toluene was treatedtronic equivalence of the central and the ring nitrogen
with 5.96 g (34.8 mmol) of HN(2-NC5H4)2, dissolved in 20 ml ofatoms leaves the energetic hyperface of the anion quite flat
toluene, at 278°C. Stirring for 12 h at room temp. gave a yellow

and the electron density is polarized according to the re- solution. Crystallization from this solution at 235°C for 3 d
quirements of the metal. In the complexes with the hard yielded crystals in the form of pale yellow needles suitable for X-
metal aluminum (1) and gallium (2) the coordination is the ray diffraction. Yield 7.48 g (80%), m.p. 134°C. 2 1H NMR
same as that observed in the bis(2-pyridyl)methyl and ([D8]THF, room temp.): δ 5 20.10 (s, CH3), 5.97 (ddd, 3J4,5 5 6.8

Hz, 3J4,3 5 6.0 Hz, 4J4,6 5 1.3 Hz, 4-H), 6.83 (ddd, 3J5,6 5 8.8 Hz,-phosphide ligands. With the soft metals indium and thal-
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3J5,4 5 6.8 Hz, 4J5,3 5 2.0 Hz, 5-H), 7.05 (ddd, 3J3,4 5 6.0 Hz, 4: 2.00 g (5.5 mmol) of Me2TlI in 30 ml of n-hexane was treated

with 3.44 ml (5.5 mmol) of a 1.6  solution of MeLi in Et2O at4J3,5 5 2.0 Hz, 5J3,6 5 0.8 Hz, 3-H), 7.09 (ddd, 3J6,5 5 8.8 Hz,
4J6,4 5 1.3 Hz, 5J6,3 5 0.8 Hz, 6-H). 2 13C NMR (THF/C6D6, room temp. After stirring for 2 h, a solution of 0.95 g (5.5 mmol)

of HN(2-NC5H4)2 in 20 ml of Et2O was added. This reaction mix-room temp.): δ 5 27.5 (s, CH3), 112.4 (s, C-5), 124.7 (s, C-3), 138.2
(s, C-4), 141.1 (s, C-6), 158.6 (s, C-2). 2 15N NMR (THF/C6D6, ture was stirred for 24 h at room temp. The solvent was removed

under vacuum and the precipitate was suspended in toluene androom temp.): δ 5 2181.5 (s, NC5H4), 2189.8 (s, Ncenter). 2 MS
(70 eV); m/z (%): 269 (14) [Me2Ga(NC5H4)2N], 254 (100) [Me- the LiI was removed by filtration. Colorless needles crystallized

from the clear solution at room temp. These crystals were suitableGa(NC5H4)2N], 238 (24) [Ga(NC5H4)2N].
for X-ray diffraction. Yield 1.12 g (50%), m.p. 179°C. 2 1H NMR3: 1.80 g (11.3 mmol) of Me3In in 10 ml of toluene was treated
(C6D6, room temp.): δ 5 0.82 (d, 2JMe2Tl 5 396.7 Hz, CH3), 6.35with 1.93 g (11.3 mmol) of HN(2-NC5H4)2, dissolved in 10 ml of
(ddd, 3J5,4 5 7.0 Hz, 3J5,6 5 5.1 Hz, 4J5,3 5 1.0 Hz, 5-H), 7.10toluene at room temp. Stirring for 24 h at room temp. gave a color-
(ddd, 3J3,4 5 8.5 Hz, 4J3,5 5 1.1 Hz, 5J3,6 5 0.9 Hz, 3-H), 7.22less precipitate. Heating under reflux for 1 h gave a clear solution.
(ddd, 3J4,3 5 8.5 Hz, 3J4,5 5 7.0 Hz, 4J4,6 5 2.0 Hz, 4-H), 8.06Colorless needles crystallized upon cooling the solution slowly to
(ddd, 3J6,5 5 5.1 Hz, 4J6,4 5 2.0 Hz, 5J6,3 5 0.9 Hz, 6-H). 2 13Croom temp. These crystals were suitable for X-ray diffraction. Yield
NMR (THF/C6D6, room temp.): δ 5 8.7 (d, 1JMe2Tl 5 2574.7 Hz,3.10 g (89%), m.p. 208°C. 2 1H NMR (C6D6, room temp.): δ 5
CH3), 112.1 (s, C-5), 112.9 (s, C-3), 137.4 (s, C-4), 147.3 (s, C-6),0.24 (s, CH3), 6.11 (dd, 3J5,4 5 7.2 Hz, 3J5,6 5 5.0 Hz, 5-H), 6.68
161.1 (s, C-2). 2 15N NMR (THF/C6D6, room temp.): δ 5 2117.3(d, 3J3,4 5 8.2 Hz, 3-H), 6.92 (dd, 3J4,3 5 8.2 Hz, 3J4,5 5 7.2 Hz,
(s, NC5H4), 2215.8 (s, Ncenter). 2 MS (70 eV); m/z (%): 405 (26)4-H), 7.77 (d, 3J6,5 5 5.0 Hz, 6-H). 2 13C NMR (C6D6, room
[Me2TlN(NC5H4)2], 390 (36) [MeTlN(NC5H4)2], 375 (90)temp.): δ 5 25.3 (s, CH3), 113.5 (s, C-5), 114.0 (s, C-3), 138.7 (s,
[TlN(NC5H4)2], 235 (18) [Me2Tl], 205 (100) [Tl], 170 (20)C-4), 147.1 (s, C-6), 163.2 (s, C-2). 2 15N NMR (THF/C6D6, room
[N(NC5H4)2].temp.): δ 5 2120.7 (s, NC5H4), 2230.2 (s, Ncenter). 2 MS (70 eV);

m/z (%): 315 (20) [Me2InN(NC5H4)2], 300 (100) [MeInN(NC5H4)2], X-ray Measurements of 124: All data were collected at low tem-
peratures using an oil-coated shock-cooled crystal [33] on a Stoe-285 (68) [InN(NC5H4)2], 170 (78) [N(NC5H4)2], 145 (24) [Me2In].

Table 3. Selected bond lengths [pm] and angles [°] of 124

1 2 3 4

N12C1 134.3(2) N12C1 133.9(13) N12C1 138.5(7) N12C1 136.2(9)
N12C6 134.2(2) N12C6 135.4(12) N12C6 135.9(7) N12C6 134.8(10)

In12N1A 220.4(5) Tl12N1 259.2(7)
Al12N2 191.6(2) Ga12N2 197.5(7) In12N2 236.6(5) Tl12N2 248.1(7)
Al12N3 191.4(2) Ga12N3 196.9(7) In1 N3A 261.1(5) Tl1 N3A 268.9(6)
Al12C(av) 195.0 Ga12C(av) 194.9 In12C (av) 214.2 Tl12C (av) 213.4
C12N12C6 125.5(2) C12N12C6 127.6(8) C12N12C6 121.1(5) C12N12C6 124.5(7)
C112Al12C12 116.9(1) C112Ga12C12 120.8(4) C112In12C12 126.1(3) C112Tl12C12 158.3(4)

Table 4. Crystal data for 124 at 153 K

1 2 3 4

Formula C12H14AlN3 C12H14GaN3 C12H14InN3 C12H14TlN3
Mol. mass 227.2 270.0 315.1 404.6
Cryst. size [mm] 0.5 3 0.3 3 0.3 0.3 3 0.2 3 0.2 0.4 3 0.2 3 0.2 0.2 3 0.2 3 0.2
Space group Pbca Pbca P21212 P212121
a [pm] 692.5(1) 692.5(1) 1633.7(3) 710.5(1)
b [pm] 1233.4(2) 1238.5(2) 789.3(2) 1099.7(2)
c [pm] 2779.9(4) 2775.0(6) 974.9(2) 1555.6(3)
V [nm3] 2.374(1) 2.380(1) 1.257(1) 1.215(1)
Z 8 8 4 4
T [K] 153(2) 153(2) 153(2) 153(2)
ρc [Mgm23] 1.271 1.507 1.665 2.211
µ [mm21] 0.146 2.288 1.857 13.264
F(000) 960 1104 624 752
2Θ range [°] 8250 8245 8245 8255
No. of refln measd. 3749 3505 3045 1630
No. of unique reflns. 2103 1548 1654 1625
No. of restraints 28 0 0 0
Refined param. 181 147 147 147
R1[a] [I > 2σ(I)] 0.040 0.061 0.028 0.029
wR2[b] (all data) 0.115 0.183 0.066 0.071
g1; g2[c] 0.072; 0.423 0.075; 17.187 0.031; 0.010 0.045; 0.436
Flack x param. 20.008(61) 0.003(22)
Highest diff peak (1026 e pm23) 0.25 0.89 0.76 0.72
Absorbt. corr. semi-empirical semi-empirical semi-empirical
Trans. min; max 0.499; 0.993 0.562; 0.870 0.617; 1.000

[a] R1 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]}1/2. 2 [c] w 5 1/[σ2(Fo

2) 1 (g1 · P)2 1 g2 · P]; P 5 (Fo
2 1 2Fc

2)/3.
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René A. Kleina, Peter Wittea, Ruud van Belzena, Jan Fraanjeb, Kees Goubitzb, Milco Numanb, Henk Schenkb,
Jan M. Ernstinga, and Cornelis J. Elsevier*a

J. H. van9t Hoff Research Institutea, Universiteit van Amsterdam,
Nieuwe Achtergracht 166, NL-1018 WV Amsterdam, The Netherlands
Fax: (internat.) 131(0)20/5256456
E-mail: else4@anorg.chem.uva.nl

Amsterdam Institute of Molecular Studiesb, Universiteit van Amsterdam,
Nieuwe Achtergracht 166, NL-1018 WV Amsterdam, The Netherlands

Received October 31, 1997

Keywords: Palladium / Platinum / Bidentate nitrogen ligands / p-Quinone / Alkenes

Compounds of the type M(N∩N-κN)(nq)2 and M2(µ2-N∩N)- M(N∩N-κ2N)(Q) were formed (Q = nq, pbq). The structures
of the complexes have been established by NMR in solution(µ2-pbq)2, in which nq = 1,4-naphthoquinone, pbq = 1,4-ben-

zoquinone, and N∩N is a monodentate or bridging ligand of and by X-ray diffraction in the solid state; crystal structures
of Pd(bpy-κ2N)(η2-pbq) (1) Pd(dafo-κN)(η2-nq)2 (14) andthe α-diimine type, were obtained from reactions of Pd(dba)2

in toluene with the 3,39-annelated-2,29-bipyridines: 4,5-di- Pd2(µ2-dafo)(µ2,η2:η2-pbq)2 (16) have been determined. Of
the ligands, dafo and dafe are the only ones apt to form com-azafluoren-9-one (dafo) and 4,5-diazafluorene (dafe) in the

presence of the appropriate p-quinone. In the corresponding plexes containing a monodentate or bridging N∩N ligand.
This behaviour is ascribed to the geometrical constraints ofreactions with 2,29-bipyridine (bpy), 1,10-phenanthroline

(phen), 2,29-bipyrimidine (bpym), N,N9-dicyclohexyl-1,4-di- dafo and dafe; the annelation by one carbon atom at the 3,39-
positions in these ligands causes an increase in bite angleaza-1,3-butadiene (chex-dab), bis[N-(o,o9-diisopropyl)phe-

nylimino]acenaphthene (o,o9-iPr2-bian) and 5,6-dihydro- from approximately 77° to 82°.
1,10-phenanthroline (dh-phen) only complexes of the type

Introduction Figure 1. Rigid bidentate nitrogen ligands

The chemistry of complexes containing an alkene coordi-
nated to a low-valent metal from the platinum group has
received considerable attention and studies have been par-
ticularly aimed at trigonal planar zerovalent platinum and
nickel complexes of general formula ML2(alkene) where L
is a phosphane[1] [2] [3]. Zerovalent palladium complexes con-
taining nitrogen ligands have received relatively little atten-
tion. [4] [5] [6] We have previously reported about compounds
consisting of organopalladium or -platinum fragments
(where the metal has the formal oxidation state II or IV)
and a rigid bidentate nitrogen ligand (RBN), such as bis(N-
arylimino)acenaphthene (Ar-bian)[7], bis(N-phenyl-
imino)camphane (Ar-bic), bis(N-arylimino)phenanthrene
(Ar-bip)[8], see Figure 1, as well as those containing zeroval-
ent palladium and an electron-deficient alkene[6].

bidentate ligands employed sofar by us have bite-angles ofThese and similar compounds are versatile catalysts in
about 77°.e.g., catalytic (multicomponent) C-C coupling reac-

In many cases, bidentate ligands may dissociate one ligat-tions[9] [19] [11], in homogeneous catalyzed hydrogenation of
ing atom (if only temporarily) during a reaction sequence,alkenes[12] and as models for copolymerization and as ac-
or undergo elongation of one of the metal-to-ligand bonds,tive catalysts in polymerizations of alkenes[13] [14]. The rigid
as has been shown for an increasing number of cases, not
only those involving hemi-labile ligands[15]. Monodentate[e] For part 13, see ref. [18], part 12, see ref. [11]. Netherlands Insti-

tute for Research in Catalysis (NIOK) publication uva 98-3-01. coordination has e.g. been observed for phenanthrolines[16]
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and for an Ar-bian ligand in the case of an(η3-allyl)PdII nitrogen donor atoms of dafo and dafe, as illustrated in

Figure 3, would facilitate the monodentate or bridging co-compound[17], but not for complexes of Pd0. Despite these
observations, there is a clear tendency of the Ar-bian and ordination mode for these ligands. In order to substantiate

our expectations, we have decided to undertake a study ofsimilar rigid ligands to remain bidentate coordinated to the
metal centre, which is partly caused by the favourable bite- coordination compounds of zero-valent Pd and Pt contain-

ing the bidentate nitrogen ligands mentioned and suitableangle of about 77°.
It was anticipated that a slight increase of the bite-angle, alkenes. For comparison, we employed a series of other ri-

gid and flexible α-diimine ligands, such as 2,29-bipyridine,while maintaining rigidity, would lead to reduced overlap
between relevant metal and ligand orbitals and hence to an 1,10-phenanthroline, 2,29-bipyrimidine, 1,4-diaza-1,3-buta-

diene, and Ar-bian (Figure 2). In keeping with previousenhanced aptitude for dissociation of one of the donor
atoms. To this end we have turned to members of the series studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37],

stabilization of the zerovalent metal center by employingof 3,39-annelated-2,29-bipyridines, for which the bite angle
as well as the planarity of the ligand system varies with the the strong π-acceptor p-quinone (Q) ligands para-benzo-

quinone (pbq) and 1,4-naphthoquinone (nq) was antici-number of methylene groups in the bridge[18] especially 4,5-
diazafluoren-9-one (dafo)[19] and 4,5-diazafluorene pated. Since p-quinones are potentially bidentate ligands,

the ML2Q complexes could be tetrahedral although it is(dafe) [20], see Figures 2 and 3.
well known that Pd0 shows a tendency to be trigonalFigure 2. Ligands and abbreviations
planar[38]. Furthermore because of the bisalkenic function
of the p-quinones, it was foreseen that these might also sup-
port the formation of dinuclear complexes with bridging li-
gands[25] [31] [32] [34].

In this paper the propensity of the 3,39-annelated-2,29-
bipyridine ligands to stabilize compounds in which the bis-
nitrogen ligand coordinates in a monodentate way, i.e.,
M(N∩N-κN)(η2-nq)2, or in which both the bisnitrogen li-
gand as well as p-benzoquinone are bridging between two
metal centers, i.e., M2(µ2-N∩N)(µ2,η2:η2-pbq)2, is demon-
strated. The structural and bonding features of these unique
complexes have been elucidated, both in the solid state and
in solution.

Results and Discussion
Synthesis of Zerovalent Palladium and Platinum Complexes
(1224)

At first, attempts were made to synthesize zerovalent
Pd(N∩N)(alkene) complexes with electron poor alkenes
such as dimethylfumarate, fumaronitrile or maleic anhy-
dride. Unfortunately, for the bisnitrogen ligands, dafo, dafe
or dh-phen (Figure 2), no isolable zerovalent palladium
complexes could be obtained with any of these alkenes.
However, employing the more electron-accepting p-qui-
nones, relatively stable zerovalent palladium and platinum
complexes have been obtained (Scheme 1).

Independent of the relative amount of starting materials,
Figure 3. Decreasing orbital overlap between the metal atom (M 5 i.e. Pd(dba)2, alkene and bidentate nitrogen ligand (FigurePd, Pt) and a bidentate coordinating α-diimine ligand going from

2), zerovalent palladium complexes 1211 with the generalbipyridine (α 5 77°) to dafo (X 5 CO) and dafe (X 5 CH2; β 5
82°) formula Pd(N∩N)(alkene) were formed [Scheme 1, type I;

N∩N5 bpy, phen, dh-phen, chex-DAB, o,o9-iPr2-bian or
bpym, and alkene 5 1,4-benzoquinone (pbq) or 1,4-naph-
thoquinone (nq)]. Compounds 1, 2, 7, and 8 have been re-
ported previously[27]. The analytical data together with the
crystal structure of Pd(bpy)(η2-pbq) (1) [39] confirmed the
1:1:1 ratio of the metal, bisnitrogen ligand and p-quinone.
These complexes are well soluble and stable in polar sol-
vents such as chloroform, dichloromethane and tetrahydro-
furan. Complexes containing bpym, o,o9-iPr2-bian, cyclo-
hexyl-DAB are even slightly soluble in ether and thereforeFor dafo and dafe the bite-angle is 82° [18]. Consequently,

one may expect that the altered lone-pair orientation on the they had to be synthesized in a slightly different way.
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Scheme 1. Synthesis of zerovalent palladium and platinum comp- N∩N)(µ2,η2:η2-pbq)2 (16, 17) was formed (Scheme 1, type

lexes. bpy 5 2,29-bipyridine, phen 5 1,10-phenanthro- III). Their molecular structure was confirmed by a single-
line, chex-dab 5 N,N9-dicyclohexyl-1,4-diaza- 1,3-buta-

crystal X-ray structure determination for 16 (vide infra).diene, o,o9-iPr2-bian 5 bis{N-(o,o9-diisopropyl)-
phenylimino}acenaphthene, bpym 5 2,29-bipyrimidine, When using substoichiometric amounts of dafo or dafe and
dafo 5 4,5-diazafluoren-9-one), dafe 5 4,5-diazafluo- pbq with respect to the palladium metal, again complexesrene, dh-phen 5 5,6-dihydro-1,10-phenanthroline;

16 and 17 were formed and part of the Pd(dba)2 was reco-pbq 5 1,4-benzoquinone, nq 5 1,4-naphthoquinone.
vered. The structure of a related dinuclear zerovalent pal-
ladium compound containing a bridging DAB moiety,
[Pd(dmfu)2]2-µ-DAB, (DAB 5 tBuN5CH2CH5NtBu),
has been postulated but not isolated[40]. The complexes 16
and 17 are poorly soluble in polar solvents, in which slow
decomposition takes place.

Several platinum analogues (18224) could be synthesized
in a similar way starting from Pt(dba)2 (Scheme 1), albeit
that, due to the slower substitution at platinum compared
to palladium, distinctly longer reaction times were required.

p-Quinone Substitution Reactions

In order to determine (i) the relative thermodynamic sta-
bility of the various complexes and (ii) the coordination be-
haviour of the respective N∩N-ligands in these cases, sev-
eral p-quinone exchange reactions were carried out. The
1,4-naphthoquinone (nq) in the complex of type Pd(N∩N-
k2N)(nq) (7211) can be readily substituted for p-benzo-
quinone (pbq), adding one equivalent of the latter to these
complexes yielded the Pd(N∩N2κ2N)(pbq) analogues (1,
2, 426). Interestingly, when adding one equivalent of pbq
to Pd(N∩N-κ2N)(η2-nq) (12, 13), the novel bridged com-
pounds Pd2(µ2-N∩N)(µ2,η2:η2-pbq)2 (16, 17) were formed
with the concomitant release of one molecule of bidentate
nitrogen ligand and nq, instead of Pd(N∩N-κN)(η2-nq)(η2-
pbq). Adding an excess of nq to the Pd(N∩N-κ2N)(η2-nq)
complexes (7211) did not result in substitution of a nitro-
gen donor in these complexes, which would have resulted in
the formation of complexes similar to Pd(N∩N2κN)(η2-
nq)2 (14, 15). The formation of the latter type of complex

The Pd(N∩N-κ2N)(p-quinone) complexes (12, 13) were
is thus an exclusive property of the dafo and dafe within

obtained using dafe or dafo and nq in a ratio 1:1:1 with
this series of bidentate nitrogen ligands. Adding one equiva-

respect to the starting material Pd(dba)2. When using two
lent of pbq to the complex Pd(N∩N-κN)(η2-nq)2 (14, 15)

equivalents of nq with respect to the starting material
did not yield the mixed p-quinone complexes either; com-

Pd(dba)2 in the presence of dafo or dafe, the reaction re-
plete conversion to Pd2(µ2-N∩N)(µ2,η2:η2-pbq)2 (16, 17)

sulted in complexes with the formula Pd(N∩N-κN)(η2-nq)2 took place. Adding substoichiometric quantities of pbq to
(14, 15), as appeared from the 1H NMR, analytical data,

Pd(N∩N2κN)(η2-nq)2 (14, 15) yielded only a mixture of
and an X-ray crystal structure for 14 (Scheme 1, type II).

Pd2(µ2-N∩N)(µ2-pbq)2 (16, 17) and Pd(N∩N-κN)(η2-nq)2In these complexes a feature uniquely observed for these
(14, 15), no mixed p-quinone complexes were observed. Ad-

ligands occurs: dafo and dafe coordinate in a monodentate
ding nq to any of the complexes containing pbq did not

fashion and both nq ligands are η2-coordinated. These
result in substitution, the starting compounds were reco-

complexes could also be prepared by adding one equivalent
vered. Hence, the complexes containing pbq are thermo-

of nq to the complexes Pd(N∩N-κ2N)(η2-nq) (12, 13) by
dynamically more stable than the complexes containing nq,

substitution of one nitrogen atom. The compounds are sol-
which order is consistent with the relative electron-ac-

uble in polar solvents, but not very stable, decomposition
cepting properties of the p-quinones[35] [35] [37].

takes place even at low temperatures.
When dafo or dafe was employed in combination with

Alkene Substitution Reactionpbq, instead of nq, in attempts to synthesize zerovalent pal-
ladium complexes of the types mentioned above, yet an- The mechanism of alkene substitution in zerovalent pal-

ladium and platinum complexes has been described eitherother type of complex was obtained. Analytical and 1H-
NMR data revealed that, independent of the applied stoi- by dissociative [via 14e Pd(N∩N-κ2N)] or associative [via

Pd(N∩N-κ2N)(alkene)2] pathways[6] [41] [42] [43] [44]. Clearly,chiometry, always a complex of type Pd2(µ2-
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Scheme 2. Possible mechanism of alkene substitution in which the bian)(ma)[48]. The average Pd2C distances are shorter than

complexes 14, 15, 22, and 23 are representative for the those in most other Pd(N∩N)(η2-alkene) complexes, i.e. in
Pd(N∩N-κN)(alkene)2 intermediate

PdCl(Me)(9,10-Me2Phen)(ma)[46], Pd(bpy)(dba)[47],
Pd(dba)3

[49], Pd2(dba)3 ·CH2Cl2[50], Pd2(dba)3 ·CHCl3[27],
and Pd(Cy2PCH2CH2PCy2)(η2-CH25CH2CH5CH2)[51].
Complexes 1 and 14 display a slight distortion from the
trigonal planar situation, as reflected by the twist around
the metal-alken bond of 9.49(0.46)° for complex 1 and
9.84(0.13) and 5.99(0.13)° for complex 14. Such a “tetra-
hedral” distortion is a known phenomenon in d10 metal-
alkene complexes[1c]. The plane of best fit through the p-
quinone residues and the coordination plane intersect at
78.57(0.49)° for 1 and at 94.29(0.23) and 99.91(0.21)° for
14, indicating that the metal-alkene bond is approximately
perpendicular to the plane of the p-quinone. The perpen-one of the donor atoms of the N∩N-ligand dafo or dafe
dicular coordination of the pbq moiety is depicted in Figurecan be non-coordinating, as has been unequivocally demon-
4b by a side-on view of the coordination plane of 1.strated by the isolation of the complexes 14, 15, 22, and 23

and the X-ray crystal structure of 14. These are 16-electron,
Pd(N∩N-κN)(η2-alkene)2 species. Hence, in addition to the Figure 4a. Ortep drawing (30% probability level) of 1
mechanisms for alkene exchange mentioned above, the
pathway as outlined in Scheme 2, in which dissociation of
one of the N donor atoms of plays a key role, should be
taken into account[45].

X-ray Crystal Structures of 1, 14, and 16

The molecular structures of 1, 14, and 16 and the ad-
opted numbering schemes are given in Figures 426. Selec-
ted bond distances and angles have been compiled in Tables
1 and 2. In all three complexes the palladium atom adopts
a trigonal coordination geometry (taking the mid-point of
the η2-bond of the quinone as the point of attachment). In
complex 1, the palladium atom is bonded to two nitrogen
atoms of the bpy ligand and one alkenic moiety of the p-
quinone molecule. In complexes 14 and 16, palladium is
bonded to one nitrogen atom and to two alkenic moieties.
In the latter complex, dafo bridges between two Pd0 centers.

Figure 4b. Molecular plot of 1 viewed through the coordinationIn complexes 1 and 14 the p-quinone acts as a mono-, and
plane

in complex 16 as a bis-alkenic ligand.
The average Pd2N distances in 14 and 16 are compar-

able to those in several other Pd2α-diimine complexes, e.g.
in PdCl(Me)(9,10-Me2Phen)(ma)[46], PdCl(Me)(o,o9-iPr2-
bian)[7], Pd(o,o9-iPr2-bian)(ma)[6] and in Pd(bpy)(dba)[47],
but in 1 it is significantly shorter and similar to Pd(p-Tol-

Table 1. Selected (bond) distances [Å] for the complexes 1, 14, and 16 (e.s.d.9s in parentheses)

Pd(bpy)(pbq) (1) Pd(dafo)(nq)2 (14) Pd2(dafo)(pbq)2 (16)

Pd(1)2Pd(2) 2.7747(4)
Pd2N(1) 2.121(12) Pd(1)2N(1A) 2.1646(6) Pd(1)2N(1) 2.166(4)
Pd2N(2) 2.101(11) Pd(1)2N(2A) 3.070(5) Pd(2)2N(2) 2.191(3)
Pd2C(11) 2.162(17) Pd(1)2C(12A) 2.1764(7) Pd(1)2C(12) 2.153(4)
Pd2C(12) 2.167(13) Pd(1)2C(21A) 2.1558(7) Pd(1)2C(13) 2.197(4)
O(1)2C(13) 1.27(2) O(2A)2C(20A) 1.2137(9) O(2)2C(14) 1.221(5)
O(2)2C(16) 1.255(19) O(3A)2C(13A) 1.2188(10) O(3)2C(20) 1.223(4)
N(1)2C(5) 1.340(17) N(1A)2C(11A) 1.3286(10) N(1)2C(5) 1.330(5)
N(2)2C(10) 1.299(19) N(2A)2C(10A) 1.3188(10) N(2)2C(10) 1.337(5)
C(5)2C(10) 1.53(2) C(10A)2C(11A) 1.4709(11) C(5)2C(10) 1.502(5)
C(11)2C(12) 1.43(2) C(22A)2C(31A) 1.4293(13) C(12)2C(13) 1.390(7)
C(14)2C(15) 1.38(2) C(12A)2C(21A) 1.3937(11) C(15)2C(16) 1.387(7)
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Table 2. Selected bond angles [°] for the complexes 1, 14, and 16 (e.s.d.9s in parentheses)

Pd(bpy)(pbq) (1) Pd(dafo)(nq)2 (14) Pd2(dafo)(pbq)2 (16)

N(1)2Pd2N(2) 77.0(4)
N(1A)2Pd(1)2C(21A) 92.11(3) N(1)2Pd(1)2C(12) 89.16(15)
N(1A)2Pd(1)2C(31A) 95.46(3) N(1)2Pd(1)2C(18) 97.13(13)

C(11)2Pd2C(12) 38.4(5) C(12A)2Pd(1)2C(21A) 37.53(3) C(15)2Pd(2)2C(16) 37.48(17)
C(22A)2Pd(1)2C(31A) 38.54(3) C(21)2Pd(2)2C(22) 37.33(14)

N(1)2Pd2C(12) 123.4(4)
N(1)2C(5)2C(10) 115.6(12) N(1A)2C(11A)2C(10A) 126.88(7) N(1)2C(5)2C(10) 130.6(3)
N(2)2C(10)2C(5) 113.3(13) N(2A)2C(10A)2C(11A) 126.36(7) N(2)2C(10)2C(5) 130.3(3)

C(12A)2Pd(1)2C(22A) 96.28(3) C(13)2Pd(1)2C(19) 98.74(16)

Figure 6a. Ortep drawing (30% probability level) of 16The alkenic and the carbonyl bonds in the p-quinone
molecules in each of the three complexes are longer than in
the free p-quinones[52], but the elongation of the coordi-
nated C5C bond in 14 and 16 is less than in complex 1, in
which there are two nitrogen donor atoms instead of one.
The carbonyl groups are bent away from the plane through
the alkenic carbon atoms by 5.17(1.59) and 6.93(1.47)° for
1, by 1.89(0.71), 0.43(0.42), 9.43(0.86), and 5.04 (0.83)° for
14, and by 5.82(0.41), 0.74(0.41), 10.68(0.41), and
12.88(0.40)° for 16.

Figure 5. Ortep drawing (30% probability level) of 14

dentate coordinated in 14, it shows no significant changes
in bond angles and distances upon coordination compared
with the free ligand[55]. However, in 16 the nitrogen ligand
is distorted due to bridging coordination to two metal cen-
ters. The palladium atoms are not in the plane of the ligand;
one palladium is positioned above and the other below the
plane defined by N(1)C(5)C(10)N(2). The Pd(1)2Pd(2) vec-
tor intersects this plane by 7.72(0.35)°. This feature is nicelyThese angular distortions as well as elongations of the

C5O double bonds in the p-quinone residue are compar- demonstrated in Figure 6c. The N(1)C(5)C(10) angle is
130.0° (free ligand 127.5°) [55] and the torsion angleable to those in Pt(PPh3)2(pbq)[30] and is also present in

each of the previously reported structures with nickel2 [53] N(1)C(5)C(10)N(2) is 11.3° (free ligand 0.0°). In complex
1, due to the tetrahedral distortion, a torsion angle in theand cobalt2p-quinone complexes[54]. In the case of 16, the

relatively large angular distortion of the carbonyl carbon contiguous atoms N(1)C(5)C(10)N(2) of 7.43° is observed.
The imine bonds in 1 and 16 are slightly elongated uponatoms (vide supra) is mainly due to a steric interaction be-

tween the carbonyl groups of the two coordinated pbq moi- coordination in comparison with the free ligands.
The structure of the Pd(dafo)(nq)2 complex (14) is uni-eties as is revealed by the view along the palladium pal-

ladium axis (Figure 6b). The distortion in the nitrogen li- que, no similar complexes are known. An interesting feature
of 14 is the non-bonding Pd(1A)2N(2A) distance ofgands depends on the type of complex. Since dafo is mono-

Eur. J. Inorg. Chem. 1998, 3192330 323



C. J. Elsevier et al.FULL PAPER
Figure 6b. Plot of 16 viewed along the Pd(1)2Pd(2) axis pbq and nq, respectively[30]. In structures of the type

Pt(PPh3)2(η2-Q) in which the p-quinone represents a series
of substituted derivatives[30], this shift is usually 30260
cm21. These low-frequency shifts underscore the import-
ance of the back donation from palladium to the p-quinone
and is an indicative tool to determine the type of complex
obtained, as ν(C5O) decreases with an increasing number
of nitrogen donor atoms coordinated to the palladium rela-
tive to thenumber of p-quinone double bonds. The relative
small shifts reported for complexes 1224 indicate only a
relatively minor perturbation of the C5O stretching mode,
hence coordination is apparently only through the double
bonds of the p-quinone moiety, as has been confirmed by
the X-ray crystal structures determined for 1, 14, and 16.Figure 6c. Plot of 16 viewed through the Pd(1)2N(1)2N(2)2Pd(2)

plane For compounds in which the C5O function participates in
the bonding, ν(C5O) decreases much more (1502200
cm21) [22].

NMR Spectroscopy

The 1H- and 13C-NMR data for the complexes 1224
show the expected high-frequency shift for the protons of
the nitrogen ligands upon coordination. Compared to the
free p-quinones[64], the alkenic protons of the coordinated
p-quinone show a shift of 0.9621.75 ppm to lower fre-
quency, which is comparable to the shift for complexes

3.070(5) Å, which is too long for any significant bonding Pd(COD)(η2-pbq) (∆δ 5 1.03 ppm) and Pd(COD)(η2-nq)
interaction between these two atoms. This non-bonding (∆δ 5 1.94 ppm)[30]. However, these shifts are considerably
Pd2N distance is longer than the similar Pt2N distance in smaller than the shifts reported for the complexes of the
PtCl2(Me2-phen)(PPh3)2 [2.673(6) Å] [56]. The N(2A) atom type M(L)2(η2-alkene) (M 5 Pd, Pt, alkene 5 dmfu, ma,
is approaching an apical position at palladium and does not fn) where they amount to 323.5 ppm[6]. The alkenic carbon
intermolecularly coordinate towards another palladium. atoms show for the complexes of the type Pd(N∩N-
There is no tendency for 14 to form a dimeric palladium κ2N)(η2-Q) a shift of ca. 30 ppm to lower frequency in their
complex such as 16, which is probably due to the steric bulk 13C-NMR spectra, and of ca. 60 ppm for the complexes of
of the p-naphthoquinone compared to p-benzoquinone. the type M(N∩N-κN)(η2-nq)2 and Pd2(µ2-N∩N)(µ2,η2:η2-

The solid-state structure of complex 16 is unprecedented pbq)2, in keeping with the considerable amount of back-
but resembles that of Pd2(dba)3

[50], however, in the latter donation from palladium to the p-quinone caused by the
the two palladium centers are bridged by three dienes in- combination of an electron rich d10 metal center with a σ-
stead of two as in 16. The Pd(1)2Pd(2) distance in complex donating α-diimine ligand. The low frequency shifts of the
16 [2.7747(4) Å] is significantly shorter than in alkenic protons in the analogous platinum complexes are
Pd2(dba)3 ·CHCl3 [3.245(2) Å] [27] and Pd2(dba)3 ·CH2Cl2 more pronounced than in the palladium complexes, which
[3.237(5) Å] [50]. The short Pd-Pd distance in 16 is due to is due to the higher Lewis basicity of platinum.
the smaller span and conformational restriction of the dafo The 1H-NMR spectra of the complexes Pt(N∩N-
ligand as compared to dba and is close to a PdI2PdI bond, κ2N)(η2-pbq), 18 and 19 show fluxional behaviour; at ambi-
which usually range from 2.53 to 2.75 Å[57] [58] [59] [60] [61] [62]. ent temperature and 300.13 MHz the protons assigned to

the pbq appear as a slightly broadened singlet (the platinum
IR Spectroscopy satellites are not observed) which broadens upon lowering

the temperature. At 213 K two broadened singlets belong-The infrared spectra of the complexes all show a ba-
thochromic shift of the stretching frequency ν(C5O) of the ing to the pbq ligand are present. We ascribe this feature to

a degenerate rearrangement in which the Pt(N∩N-κ2N)p-quinones as compared to the free p-quinone[63], the mag-
nitude of which depends on the type of complex. In the moiety is alternatingly η2-bonded to either of the two

equivalent alkenic sites of p-benzoquinone. The free energyM(N∩N-κN)(η2-nq)2 complexes, ν(C5O) is only slightly
shifted (∆ν 5 5 cm21), wheras in the type M2(µ2- of activation (∆G°) for this process was calculated[65] to be

50.3±1.0 kJmol21 (241 K) for 18 and 52.1±1.0 kJmol21N∩N)(µ2,η2:η2-pbq)2 this shift is approximately 30 cm21

and in the type M(N∩N-κ2N)(η2-Q) it amounts to ∆ν 5 (238 K) for 19. The slow exchange regime could be reached,
in contrast to the observation for Pt(COD)(η2-pbq) in60 cm21. The latter shift is larger than for comparable

structures reported, ∆ν(CO) 5 44, 25, and 18 cm21 in which it could not be reached even at 183 K[25]. For 126,
the palladium analogues of 18 and 19, slow exchange couldPdL2(η2-pbq) for L 5 nBu3P, Ph3P, and PhO3P, respec-

tively[24] and 43 and 47 cm21 in Pd(COD)(η2-Q) for Q 5 not be reached at 180 K (300.13 MHz), only a slight broad-
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Figure 7. Variable-temperature 1H-NMR of CH protons of pbq inening of the pbq-signal is observed. The 1H-NMR data of

16the Pd(N∩N-κ2N)(pbq) complexes (126) imply for the
complexes in solution, either a rigid structure with the pbq
η4-bonded to the metal, or a low-energy degenerate re-
arrangement of a ground state η2-bonded ligand. In view
of the other results in solution and solid state, we prefer to
assume the latter. For the platinum complexes it has been
proven that in solution the latter assumption is true while
clearly the rearrangement is in slow exchange at 213 K. Evi-
dently, the rearrangement proceeds on the NMR time scale
via an intramolecular process, since variation of the concen-
tration had no effect on the free energy of activation of
this rearrangement.

The complexes containing bpym, 6 and 11, show dy-
namic behaviour resembling a previously described internal
rotation of the two rings in bpym relative to each other in
Pd(bpym)(η3-allyl) compounds[66]. The exchange requires a
cleavage of a Pd2N bond, i.e. a mechanism is involved in (17) on the temperature has been observed. In the 1H-NMR
which two-coordinate intermediate complexes[67] exist in spectrum of the Pt compound 24, the protons of pbq ap-
which the bidentate nitrogen ligand is coordinated in a pear at 300.13 MHz as an A2B2 pattern with ∆ν(A2B) 5
monodentate way. The observed free energies of activation 177 Hz, J(Pt,H) 5 87.7 and 29.7 Hz. Cooling down the
for this internal rotation are similar to those reported[66], sample in CDCl3 to 218 K showed a temperature depen-
∆G° 5 53.7±1.0 kJmol21 (243 K) for 6 and ∆G° 5 dence of the shifts for A and B as ∆ν(A2B) decreased by
52.1±1.0 kJmol21 (251 K) for 11. 30 Hz. The protons of pbq in the Pd2(µ2-N∩N)(µ2-pbq)2

In complexes Pd(N∩N-κN)(η2-nq)2 (14, 15), both halves complexes appear, in agreement with the solid state struc-
of the nitrogen ligand, which coordinates in a monodentate ture, at 293 K as an AA9BB9 pattern as is shown by the
way, show identical chemical shifts in the 1H- as well as in bottom spectrum in Figure 7. Simulation of the spectra
the 13C-NMR spectra down to 160 K. We assign this behav- (300.13 MHz) showed that for 16 ∆ν(A2B) 5 9 Hz and
iour to fast exchange between alternatingly coordinating N the coupling constants are 8.3, 2.2, and 0.2 Hz. For 17 these
atoms of the ligand towards the palladium atom, rep- values are ∆ν 5 27 Hz and J 5 8.2, 2.1, and 0.2 Hz. When
resenting a ligand flipping process analogous to that de- cooling the sample to 253 K, the signal reverts into a sing-
scribed by Natile[56]. These authors observed that, for let, upon further cooling to 213 K the pbq signal appears
Pt(2,9-dimethyl-1,10-phen)(PPh3)Cl2, in which the phen- again as an AA9BB9 pattern albeit rather broadened (top
anthroline ligand coordinates in a monodentate way, the spectrum, Figure 7; the latter broadening is probably due
ligand flipping could be stopped at 150 K and splitting of to the viscosity of the solvent at this temperature). We as-
the ligand signals is observed. The alternative, which is in cribe this process, on the basis of the observations made
agreement with the 1H-NMR spectra, is the existence of the for the analogous platinum complex 24, vide supra, to a
complexes 14 and 15 as tetrahedral 18e complexes in which temperature dependence of the chemical shift of the pro-
the nitrogen ligand coordinates in a bidentate mode. How- tons involved.
ever, in view of the solid state structure of 14 and the ex-

Conclusionchange experiments with p-quinones, which showed that
complexes of type Pd(N∩Nκ2N)(η2-nq)2 could be obtained A remarkable difference in coordination behaviour is ob-
for dafo and dafe ligands, but not in the cases utilizing bpy, served between bidentate nitrogen ligands dafo and dafe
phen etc., we reject this possibility. Adopting the view that and the other nitrogen ligands used in this study. In the case
the structure in solution is the same as the one in the solid of dafo and dafe, exceptional Pd(N∩N-κN)(η2-nq)2 and
state, i.e. a 16e complex with monodentate coordinating ni- Pd2(µ2-N∩N)(µ2,η2:η2-pbq)2 complexes are formed. The
trogen ligand, the observations are easily explained on the monodenate or bridging coordination of the N∩N ligand
basis of the different geometrical constraints of dafo and in these instances is mainly a consequence of the annelation
dafe (i.e. the larger bite angle) as compared to bpy and phen on the 3,39-position of 2,29-bipyridine by one carbon atom,
(see the introduction). In the case of 14, and 15, concomi- by virtue of which the bite-angle of the ligands dafo and
tantly with the ligand flipping another dynamic process dafe is slightly but significantly larger compared to those
takes place, as witnessed by a broadened singlet for the nq of 2,29-bipyridyl, phenanthroline, Ar-bian, and open-chain
signals, indicating that the p-quinones are rotating. For this diazabutadienes. The stoichiometry in the Pdx(N∩N)(Q)2

process, the slow exchange limit could not be reached (170 complexes where N∩N 5 dafo or dafe depends on the na-
K at 300 MHz). ture of the p-quinone.

A peculiar dependence of the 1H-NMR spectra of the We thank the Organization for the Advancement of Pure Research
complexes Pt2(µ2-dafo)(µ2,η2:η2-pbq)2 (24), Pd2(µ2- (SON/NWO) and the Stichting John van Geuns Fonds for financial

support for obtaining NMR instruments.dafo)(µ2,η2:η2-pbq)2 (16) and Pd2(µ2-dafe)(µ2,η2:η2-pbq)2
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148.8 (d), 138.6 (d), 135.3 (s), 127.1 (d), 102.4 (d), 26.7 (t). 2 IR:Experimental Section
1588 (s, br). 2 Mass found m/z 5 397 (calcd. 5 396.7).

General: All experiments were carried out using standard
(2,29-Bipyridine-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-Schlenk techniques, under an atmosphere of dry nitrogen. The sol-

palladium(0) (7): 1H NMR (CDCl3, 293 K): 8.58 [d, 5.1, H1(NN)],vents were dried according to standard procedures and distilled
8.06 [m, H3(NN) 1 H2(nq)], 7.92 [m, H2(NN)], 7.46 [m, H(X) 1before use. 2 1H- and 13C-NMR spectra were recorded on a Bruker
HH3(nq)], 4.97 [s, br, H1(nq)]. 2 13C NMR (CDCl3, 293 K): (C5AMX 300 NMR spectrometer at 300.13 and 75.48 MHz, respec-
O not observed), 153.9 (s), 151.2 (d), 139.2 (d), 133.2 (s), 129.6 (d),tively. Chemical shift values are in ppm relative to TMS as external
127.2 (d), 125.7 (d), 121.8 (d), 105.0 (d). 2 IR: 1617 (s, br). 2 Massstandard with high frequency shifts signed positive (protons are
found m/z 5 421 (calcd. 420.7).numbered according to Figure 2). Abbreviations used are s 5 sin-

glet, d 5 doublet, t 5 triplet, pst 5 pseudo triplet, q 5 quartet, (1,10-Phenanthroline-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-
sep 5 septet, m 5 multiplet, br 5 broad; multiplicity, coupling palladium(0) (8): 1H NMR (CDCl3, 293 K): 8.94 [d, 4.7, H1(NN)],
constants (Hz) and number of protons in parenthesis. 2 IR spectra 8.37 [d, 8.2, H2(nq)], 8.07 [m, H3(nq)], 7.82 [s, H(X)], 7.79 [dd, 8.2,
(KBr) were recorded on a Biorad FTS-7 IR spectrometer; abbrevi- 4.7, H2(NN)], 7.42 [m, H3(NN)], 5.01 [s, H1(nq)]. 2 13C NMR not
ations used: s 5 strong, m 5 medium, w 5 weak, br 5 broad, recorded due to low solubility and instability. 2 IR: 1617 (s, br).
sh 5 shoulder. 2 Elemental analysis were carried out by Dornis

2 Mass found m/z 5 447 (calcd. 446.9).
and Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr,

(4,5-Diazafluoren-9-one-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-Germany. 2 Mass spectra (FAB) were recorded by the Institute of
palladium(0) (12): 1H NMR (CDCl3, 293 K): 8.02 [d, 7.6,Mass spectroscopy of the University of Amsterdam. 2 Dibenzylid-
H1(NN)], 7.93 [m, H3(NN) 1 H2(nq)], 7.58 [m, H3(nq)], 7.38 [dd,eneacetone (dba)[68], Pd(dba)2

[69], Pt(dba)2
[70], 4,5-diazafluoren-9-

7.6, 5.4, H2(NN)], 5.66 [s, br, H1(nq)]. 2 13C NMR not recordedone (dafo)[19], 4,5-diazafluorene (dafe) [20], 5,6-dihydro-1,10-phen-
due to low solubility and instability. 2 IR: 1629 (s), 1727 (s, dafo).anthroline (dh-phen)[20], N,N9-dicyclohexyl-1,4-diaza-1,3-butadiene
2 Mass found m/z 5 447 (calcd. 446.7).(chex-dab)[71] [72] and bis[N-(o,o9-diisopropyl)phenylimino]-

acenaphthene (o,o9-iPr2-bian)[7] were synthesized according to pub- (4,5-Diazafluorene-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-
lished procedures. The p-quinones (Q) 1,4-benzoquinone (pbq) and palladium(0) (13): 1H NMR (CDCl3, 293 K): 8.33 [m, br,
1,4-naphthoquinone (nq) and the N-ligands 2,29-bipyridine (bpy), H1(NN)], 7.94 [m, H3(NN) 1 H2(nq)], 7.48 [m, H3(nq)], 7.40 [m,
2,29-bipyrimidine (bpym), and 1,10-phenanthroline (phen) are H2(NN)], 5.12 [s, H1(nq)], 4.03 [s, H(X)]. 2 13C NMR not re-
commercially available and were used as received. Compounds corded due to low solubility and instability. 2 IR: 1626 (s). 2 Mass
1 [39], 2, 7 and 8 are known[27]. found m/z 5 433 (calcd. 432.8).

Synthesis of Palladium Complexes Pd(N∩N)(Q) (123, 7, 8, 12,
Synthesis of Palladium Complexes Pd(N∩N)(Q) (426 and13): A typical procedure for the synthesis of [(2,3-η)-1,4-

9211): A typical procedure for the synthesis of [(2,3-η)-1,4-
benzoquinone](2,29-bipyridine-k2N,N9)palladium(0) (1), is given.

benzoquinone](o,o9-iPr2-bian-k2N,N9)palladium(0) (5) is given.
Pd(dba)2 (124.3 mg 5 0.22 mmol), bpy (35.8 mg 5 0.23 mmol),

Pd(dba)2 (124.3 mg 5 0.22 mmol), o,o9-iPr2-bian (115.1 mg 5 0.23
and pbq (26.8 mg 5 0.25 mmol) were dissolved in toluene (60 ml)

mmol), and pbq (26.8 mg 5 0.25 mmol) were dissolved in acetone
and stirred for thirty minutes at 20°C. The colour of the solution

(50 ml) and stirred for thirty minutes at 20°C. It was difficult to
changed from dark purple to yellow and a dark compound precipi-

see a clear colour change although the colour of the solution
tated. A solid was separated, which was dissolved in dichlorometh-

slightly changed from dark purple to dark red. The solution was
ane (50 ml) and this solution was filtered through Celite to remove

filtered to remove the metallic palladium and the solution was con-
metallic palladium. The solution was concentrated to ca. 5 ml and

centrated to a fraction of its original amount. The product was
the product was precipitated with hexane (30 ml). The precipitate

precipitated with hexane (30 ml) and washed twice with ether (30
was filtered off and washed twice with toluene (30 ml), twice with

ml) and with hexane (30 ml) and dried under vacuum which gave
ether (30 ml), and with hexane (30 ml) and dried under vacuum

a red brown solid (87%). The other complexes were synthesized in
which gave a red brown solid (85%). The analogous complexes were

a similar way. The yields ranged from 87 to 95%.
synthesized in a similar way. The yields ranged from 84 to 93%.
Dark red crystals of suitable for an X-ray crystal structure determi- (N,N9-Dichexyl-1,4-diaza-1,3-butadiene-k2N,N9)[(2,3-η)-1,4-
nation were obtained by slow diffusion of hexane in a solution of benzoquinone]palladium(0) (4): 1H NMR (CDCl3, 293 K): 8.06 (s,
1 in dichloromethane at 4°C. NN), 5.47 [s, H(pbq)], 3.45 [m, NCH(chex)], 1.9021.28 [m, (chex)].

2 13C NMR (CDCl3, 293 K): 186.6 (s, C5O), 156.6 (d), 98.9 (d),(2,2 9 -Bipyridine-k2N,N 9)[(2,3-η)-1,4-Benzoquinone]-
71.0 (d), 32.8 (t), 24.3 (t), 24.2 (t). 2 IR: 1615, 1634. 2 Mass foundpalladium(0) (1): 1H NMR (CDCl3, 293 K): 8.55 (d, 4.7, H1), 8.09
m/z 5 435 (calcd. 435.4).[d, 7.9, H(X)], 8.01 (dd, 7.9, 7.9, H2), 7.53 (dd, 7.9, 4.7, H3), 5.71

[s, H(pbq)]. 2 13C NMR (CDCl3, 213 K): 178.3 (s, C5O), 153.8 Bis(o,o9-diisopropylphenylimino)-acenaphtene-k2N,N9)[(2,3-η)-
(s), 150.7 (d), 140.1 (d), 127.7 (s), 122.5 (d), 103.5 (d). 2 IR: 1602 1,4-benzoquinone]palladium(0) (5): 1H NMR (CDCl3, 293 K): 8.03
(s, br). 2 Mass found m/z 5 371 (calcd. 5 370.7). (d, 8.3, H3), 7.16 (pst, H2), 7.36 [m, H(Ph)], 6.73 (d, 11.7, H1),

5.28 [s, H(pbq)], 3.29 [sept, 6.8, (CH, iPr)], 1.43 [d, 6.8, (CH3, iPr)],(1,10-Phenanthroline-k2N,N9)[(2,3-η)-1,4-benzoquinone]-
0.96 [d, 6.9, (CH3, iPr)]. 2 13C NMR (CDCl3, 293 K): 185.2 (s,palladium(0) (2): 1H NMR (CDCl3, 293 K): 8.90 (d, 4.7, H1), 8.47
C5O), 167.1 (s), 143.4 (s), 142.9 (s), 137.2 (s), 131.1 (s), 130.6 (d),(d, 8.2, H3), 7.83 (dd, 8.2, 4.7, H2), 7.95 [s, H(X)], 5.79 [s, H(pbq)].
128.6 (d), 127.0 (s), 126.9 (s), 124.14 (d), 123.7 (d), 99.0 (d), 28.72 13C NMR (CDCl3, 213 K): 179.0 (s, C5O), 150.7 (d), 145.8 (s),
(d), 23.3 (q), 22.9 (q). 2 IR: 1623. 2 Mass found m/z 5 715138.8 (d), 129.8 (s), 127.8 (d) 126.4 (d), 103.3 (d). 2 IR: 1585 (s,
(calcd. 5 715.8).br). 2 Mass found m/z 5 397 (calcd. 396.4).

(5,6-Dihydro-1,10-phenanthroline-k2N,N9)[(2,3-η)-1,4-benzoqui- (2,29-Bipyrimidine-k2N,N9)[(2,3-η)-1,4-benzoquinone]-
palladium(0) (6): 1H NMR (CDCl3, 293 K): 8.95 (s, br, H1), 7.66none]palladium(0) (3): 1H NMR (CDCl3, 293 K): 8.32 (d, 5.0, H1),

7.72 (d, 7.7, H3), 7.40 (dd, 7.7, 5.0, H2), 5.79 [s, br, H(pbq)], 3.13 (pst, H2), 5.82 [s, br, H(pbq)]. 2 13C NMR (CDCl3, 293 K): 189.2
(s, C5O), 159.8 (s), 158.1 (d), 121.6(d), 10.2 (d). 2 IR: 1645 (s).[s, H(X)]. 2 13C NMR (CDCl3, 273 K): 189.6 (s, C5O), 151.4 (s),
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(N,N9-Dichexyl-1,4-diaza-1,3-butadiene-k2N,N9)[(2,3-η)-1,4- Method A: (4,5-Diazafluoren-9-one-κN)bis[(2,3-η2)-1,4-naph-

thoquinone]palladium(0) (14): To a brown/red solution ofnaphthoquinone]palladium(0) (9): 1H NMR (CDCl3, 293 K): 7.98
[m, H2(nq)], 7.96 (s, NN), 7.48 [m, H3(nq)], 4.59 [s, H1(nq)], 3.40 Pd(dafo)(nq) 12 (44.8 mg 5 0.1 mmol) in dichloromethane (50 ml)

was added naphtoquinone (nq) (15.9 mg 5 0.1 mmol), and the[m, NCH(chex)], 1.88-1.28 [m, (chex)]. 2 13C NMR (CDCl3, 293
K): 184.7 (s, C5O), 156.3 (d), 136.1 (s), 131.0 (d), 124.9 (d), 71.1 solution turned green/yellow after several minutes at 20°C. The

same work-up procedure as for the Pd(N∩N)(Q) complexes was(d), 32.9 (t), 32.4 (t), 24.2 (t), 5CH (nq) not observed. 2 IR: 1622
(s), 1633 (sh). 2 Mass found m/z 5 485.15 (calcd. 484.88). 2 followed and this gave a green/yellow solid (83%).
C24H30N2O2Pd: found (calcd.): C, 59.28 (59.44), H, 6.256 (6.24), Method B: Pd(dafo)(nq)2 (14) and Pd(dafe)(nq)2 (15): Pd(dba)2N, 5.65 (5.77). (140.5 mg 5 0.24 mmol), dafo (0.25 mmol), and nq (79.1 mg 5

(o,o9-iPr2-bian-k2N,N9)[(2,3-η)-1,4-Naphthoquinone]- 0.50 mmol) were dissolved in 40 ml of toluene and stirred for two
palladium(0) (10): 1H NMR (CDCl3, 293 K): 7.99 [d, 8.3, hours at 20°C. The colour of the solution changed from dark pur-
H3(NN)], 7.83 [dd, 7.0, 3.6, H2(NN)], 7.5127.28 [m, 10 H (NN 1 ple to yellow and a dark compound precipitated. The same work-
nq)], 6.64 [d, 7.23, H1(NN)], 4.46 [s, H1(nq)], 3.50 [sept, 6.7, (CH, up procedure as for the Pd(N∩N)(Q) complexes was followed and
iPr)], 2.78 [sept, 6.7, (CH, iPr)], 1.54 [d, 6.4, (CH3, iPr)], 1.02 [d, this gave a green/yellow solid (yield: 93% for 14 and 87% for 15).
6.4, (CH3, iPr)], 1.01 [d, 6.7, (CH3, iPr)], 0.76 [d, 6.7, (CH3, iPr)]. Orange crystals suitable for X-ray diffraction were obtained by
2 13C NMR (CDCl3, 293 K): 183.3 (s, C5O), 166.9 (s), 143.2 (s), slow diffusion of hexane in a solution of 14 in dichloromethane/
139.8 (s), 137.5 (s), 137.1 (s), 135.7 (s), 131.1 (s), 130.4 (d), 128.5 methanol (1:1, v/v) at 4°C.
(d), 126.9 (d), 126.9 (s), 125.2 (d), 124.1 (d), 123.8 (d), 123.5 (d), (4,5-Diazafluoren-9-one-κN)bis[(2,3-η2)-1,4-naphthoquinone]-
58.7 (d), 28.7 (d), 28.6 (d), 23.6 (q), 23.1 (q), 22.8 (q), 22.7 (q). palladium(0) (14): 1H NMR (CDCl3, 293 K): 8.01 [d, 7.4,
2 IR: 1639 (s). 2 Mass found m/z 5 765.27 (calcd. 765.23). 2 H1(NN)], 7.78 [m, H3(NN) 1 H2(nq)], 7.49 [m, H3(nq)], 7.28 [dd,
C46H46N2O2Pd: found (calcd.): C, 71.11 (71.29), H, 6.16 (6.26), N, 7.4, 5.4, H2(NN)], 5.19 [s, H1(nq)]. 2 13C NMR (CDCl3, 223 K):
3.66 (3.78). 188.5 (s, C5O), 185.4 (s, C5O), 161.4 (s), 154.7 (d), 133.8 (d),

(2,29-Bipyrimidine-k2N,N9)[(2,3-η)-1,4-naphthoquinone]- 133.7 (s), 133.5 (d), 130.6 (s), 127.1 (d), 126.5 (d), 80.9 (d). 2 IR:
palladium(0) (11): 1H NMR (CDCl3, 293 K): 8.97 [s, br, H1(NN)], 1653 (s, br), 1730 (s, dafo). 2 Mass found m/z 5 628 ([M1Na]1.)
8.05 [m, H2(nq)], 7.63 [pst, H2(NN)], 7.45 [m, H3(nq)], 4.89 [s, (calcd. 627.9). 2 C31H18N2O5Pd: found (calcd.): C, 58.74 (58.15),
H1(nq)]. 2 13C NMR (CDCl3, 293 K): 180.5 (s, C5O), 158.9 (s), H, 2.76 (2.83), N, 4.28 (4.37).
157.9 (d), 136.1 (s), 131.3 (d), 125.1 (d), 123.7 (d), 5CH (nq) not

(4,5-Diazafluorene-κN)bis[(2,3-η2)-1,4-naphthoquinone]-
observed. 2 IR: 1620 (s, br). 2 Mass found m/z 5 423.01 (calcd.

palladium(0) (15): 1H NMR (CDCl3, 293 K): 8.02 [d, 7.7,
422.68).

H1(NN)], 7.89 [m, H3(NN) 1 H2(nq]), 7.52 [m, H3(nq)], 7.32 [dd,
Synthesis of Platinum Complexes Pt(N∩N)(Q) (18221): The 7.7, 5.1, H2(NN)], 5.47 [s, H1(nq)], 3.98 [s, H(X)]. 2 13C NMR

platinum complexes 18221 were synthesized in a similar way as 1, (CDCl3, 223 K): 185.4 (s, C5O), 157.1 (s), 149.3 (d), 134.7 (d),
but distinctly longer reaction times were needed (14 h at 20°C) and 133.8 (s), 133.5 (d), 139.3 (s), 126.3 (d), 125.0 (d), 33.3 (t), 5CH
the yields ranged from 73 to 85%. (nq) not observed. 2 IR: 1657 (s, br). 2 Mass found m/z 5 433

(calcd. 591.0), the found mass corresponds to [Pd(dafe)(nq)]1.[(2,3-η)-1,4-Benzoquinone](2,29-bipyridine-k2N,N9)platinum(0)
(18): 1H NMR (CDCl3, 293 K): 9.00 (d, 5.1, JPt-H: 33.4, H1), 8.10 Synthesis of Platinum Complexes Pt(N∩N)(Q)2 (22, 23): The
(m, H2), 8.09 (m, H3), 7.55 [d, 5.1, H(X)], 5.49 [s, br, H(pbq)]. 2 analogous platinum complexes 22, 23 were synthesized in a similar
13C NMR not recorded due to low solubility and instability. 2 IR: way according to method B as described above but again longer
1617 (s, br). 2 Mass found m/z 5 460 (calcd. 459.4). reaction times were needed (14 hrs at 20°C). The yields were 75

and 78% respectively.(1,10-Phenanthroline-k2N,N9)[(2,3-η)-1,4-benzoquinone]-
platinum(0) (19): 1H NMR (CDCl3, 293 K): 9.32 (d, 5.0, JPt-H: (4,5-Diazafluoren-9-one-κN)bis[(2,3-η2)-1,4-naphthoquinone]-
31.1, H1), 8.59 (d, 8.2, H3), 7.79 [s, H(X)], 7.87 (dd, 8.2, 5.0, H2), platinum(0) (22): 1H NMR (CDCl3, 293 K): 8.05 [d, 7.6, H1(NN)],
5.56 [s, br, H(pbq)]. 2 13C NMR not recorded due to low solubility 7.78 [m, H3(NN) 1 H2(nq)], 7.47 [m, H3(nq)], 7.30 [dd, 7.6, 5.4,
and instability. 2 IR: 1617 (s, br). 2 Mass found m/z 5 484 H2(NN)], 4.77 [s, br, H1(nq)]. 2 13C NMR (CDCl3, 223 K): 188.7
(calcd. 483.4). (s, C5O), 187.9 (s, C5O), 134.3 (d), 134.0 (s), 133.8 (d), 133.4 (d),

130.6 (s), 125.9 (d), 67.9 (d), C5N (s) and C5N (d) not observed.(2,29-Bipyridine-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-
2 IR: 1654 (s), 1731 (s, dafo). 2 Mass found m/z 5 716 ([M1Na]1)platinum(0) (20): 1H NMR (CDCl3, 293 K): 9.01 [d, 5.0, JPt-H:
(calcd. 716.6). 2 C31H18N2O5Pt: found (calcd.): C, 49.65 (49.09),31.5, H1(NN)], 8.10 [m, H2(nq)], 8.04 [d, 8.0, H(X)], 7.79 [d, 8.0,
H, 2.79 (2.39), N, 3.91 (3.69).H2(NN)], 7.52 [dd, 8.0, 5.0, H3(NN)], 7.48 [m, H3(nq)], 4.60 [s,

JPt-H: 75.9, H1(nq)]. 2 13C NMR not recorded due to low solubility (4,5-Diazafluorene-κN)bis[(2,3-η2)-1,4-naphthoquinone]-
and instability. 2 IR: 1625 (s). 2 Mass found m/z 5 510 (calcd. platinum(0) (23): 1H NMR (CDCl3, 293 K): 7.92 [d, 7.9, H1(NN)],
509.4). 7.73 [m, H3(NN) 1 H2(nq)], 7.43 [m, H3(nq)], 7.23 [m, H2(NN)],

4.75 [s, br, H1(nq)], 3.98 [s, H(X)]. 2 13C NMR (CDCl3, 223 K):(1,10-Phenanthroline-k2N,N9)[(2,3-η)-1,4-naphthoquinone]-
189.1 (s, C5O), 134.5 (s), 134.1 (s), 133.6 (d), 133.3 (d), 127.2 (d),platinum(0) (21): 1H NMR (CDCl3, 293 K): 9.33 [d, 4.9, JPt-H:
125.8 (d), 67.8 (d), 33.3 (t), C5N (s) and C5N (d) not observed.31.1, H1(NN)], 8.50 [d, 8.2, H3(NN)], 8.11 [m, H2(nq)], 7.87 [s,
2 IR: 1666 (s, br). 2 Mass found m/z 5 702 ([M1Na]1) (calcd.H(X)], 7.84 [dd, 8.2, 4.9, H2(NN)], 7.44 [m, H3(nq)], 4.74 [s, JPt-H:
702.6).76.1, H1(nq)]. 2 13C NMR not recorded due to low solubility and

instability. 2 IR: 1625 (s). 2 Mass found m/z 5 534.078 (calcd. Synthesis of Palladium Complexes Pd2(N∩N)(Q)2 (16, 17): A
533.4). typical procedure for the synthesis of bis{[µ-(2,3-η2:5,6-η2)]-1,4-

benzoqu i none } -µ - (4 , 5 -d i aza f l uoren -9 -one -k 2 N,N 9)bi s -Synthesis of Palladium Complexes Pd(N∩N)(Q)2 (14, 15): These
compounds can be synthesized in two ways, either in one or in two [palladium(0)] (16) is given. Pd(dba)2 (140.5 mg 5 0.24 mmol),

dafo (0.12 mmol) and pbq (25.9 mg 5 0.24 mmol) were dissolvedsteps, and both methods will be described here.
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in toluene (50 ml) and stirred for fifteen minutes at 20°C. The col- NMR (CD2Cl2, 293 K): 189.1 (s, C5O), 154.2 (d), 146.7 (s), 138.0

(d), 125.6 (d), 83.0 (d), 79.6 (d), 34.3 (t), C5CH (s, dafe) not ob-our of the solvent changed from dark purple to yellow and a dark
green compound precipitated. This solid was washed with toluene served. 2 IR: 1634 (s, br). 2 Mass found m/z 5 597 (calcd. 597.2).
(2 3 20 ml) and with diethylether (2 3 20 ml). In order to remove Synthesis of Platinum Complexe Pt2(N∩N)(Q)2 (24): The anal-
the metallic palladium the compound was dissolved in dichloro- ogous platinum complex 24 was synthesized similarly, but a reac-
methane and filtered through Celite. The solution was evaporated tion time of 14 hrs was required; the yield was 71%.
to a fraction of its original amount and the product was precipi- Bis{[µ-(2,3-η2:5,6-η2)]-1,4-benzoquinone}-µ-(4,5-diazafluoren-
tated with hexane. The remaining yellow green solid was dried in 9-one-k2N,N9)bis[platinum(0)] (24): 1H NMR (CDCl3, 293 K):
vacuum (yield: 90% for 16 and 88% for 17). Dark green crystals 8.83 (d, 5.5, JPt-H: 29.7, H1), 8.39 (d, 7.6, H3), 7.49 (dd, 7.6, 5.7,
suitable for X-ray diffraction were obtained by slow diffusion of H2), 4.45 [d, 7.5, JPt-H: 87.7, H(pbq)], 3.86 [d, 7.5, JPt-H: 44.6,
hexane in a solution of 16 in dichloromethane/methanol (1:1, v/v) H(pbq)]. 2 13C NMR not recorded due to low solubility. 2 IR:
at 4°C. 1640 (s, br), 1733 (s, dafo).

Bis{[µ-(2,3-η2:5,6-η2)]-1,4-benzoquinone}-µ-(4,5-diazafluoren- p-Quinone Substitution Reactions: p-Quinone substitution reac-
9-one-k2N,N9)bis[palladium(0)] (16): 1H NMR (CDCl3, 293 K): tions were carried out for several combinations of complexes and p-
8.79 (d, 5.5, H1), 8.31 (d, 7.6, H3), 7.48 (dd, 7.6, 5.5, H2), 4.45 quinones in varying stoichiometries. A typical experiment has been
[ddd, 8.3, 2.2, 0.2, H(pbq)], 4.48 [ddd, 4.0, 1.0, 0.1, H(pbq)]. 2 13C described below and the other substitution reactions proceeded in
NMR not recorded due to low solubility. 2 IR: 1629 (s, br), 1726 a similar way. p-Benzoquinone (11.2 mg 5 0.1 mmol) was added
(s, dafo). 2 Mass found m/z 5 634 ([M1Na]1) (calcd. 5 634.2). to a solution of 7 (37.1 mg 5 0.1 mmol) in dichloromethane (30
2 C23H14N2O5Pd2: found (calcd.): C, 44.57 (45.20), H, 2.65 (2.31), ml), which solution was then stirred for one hour at 20°C. After
N, 4.38 (4.58). evaporation of the solvent the remaining solid was washed with

diethylether (3 3 10 ml) and dried in vacuum. The residue as wellBis{[µ-(2,3-η2:5,6-η2)]-1,4-benzoquinone}-µ-(4,5-diazafluorene-
as the organic products were analyzed with 1H NMR spectroscopy.k2N,N9)bis[palladium(0)] (17): 1H NMR (CDCl3, 293 K): 8.75 (d,

4.5, H1), 8.16 (d, 7.6, H3), 7.40 (dd, 7.6, 4.5, H2), 4.65 [ddd, 8.2, X-ray Crystal Structure Determination: The crystal, collection,
and refinement data of complexes 1, 14, and 16 have been compiled2.1, 0.2, H(pbq)], 4.56 [ddd, 8.2, 2.1, 0.2, H(pbq)], 4.07 (s). 2 13C

Table 3. Crystallographic data for Pd(bpy)(pbq) 1, Pd(dafo)(nq)2 14, and Pd2(dafo)(pbq)2 16

Complex 1 14 16

Crystal data
Formula C16H12N2O2Pd ·2 H2O C31H14N2O5Pd C23H14N2O5Pd2 · CH3OH
Mol. weight 406.7 600.9 643.2
Cryst. system monoclinic orthorhombic monoclinic
Space group C2/c Pbn21 P21/c
a [Å] 18.980(1) 10.909(4) 11.791(4)
b [Å] 7.627(7) 14.434(8) 12.470(3)
c [Å] 22.948(1) 30.391(2) 14.275(4)
α [°] 90 90 90

108.572(4) 90 91.57(4)
β [°]
γ [°] 90 90 90
V [Å3] 3148.93(4) 4785.3(18) 2098.12(1)
Z 8 8 4
Dcalc [g cm23] 1.72 1.682 2.03
µ [cm21] 99.3 67.9 17.4
F(000) 1632 2400 1264
crystal size [mm3] 0.03 3 0.40 3 0.70 0.50 3 0.40 3 0.40 0.30 3 0.50 3 0.70

Collection
T [K] 293 293 293
θmin, θmax [°] 4.1, 64.9 2.9, 69.9 1.7, 29.9
Radiation [Å] 1.5418 (Cu-Kα) 1.54180 (Cu-Kα) 0.71069 (Mo-Kα)
Scan type ω/2θ ω/2θ ω/2θ
Acq. time [h] 60 57 80
Linear decay [%] 0 6 0
Ref. reflections O(2,1) O(2,1) 1, 0 0 6 1 O(2,2) 4, 2 0 0 O(2,2) 2 3, 2 2 1
Data set (h, k, l) 21:20; 28:0; 0:26 0:13; 217:0; 0:36 216:16; 0:17; 0:20
Total unique data 2576 4608 6067
Total obs. data 2216 [I > 2.5σ(I)] 4359 [Fo>4σ(Fo)] 4950 [I > 2.5σ(I)]
DIFABS corr. range 0.5521.91 0.66821.509 0.9121.34

Refinement
Refined params 255 705 379
Final R [a] 0.102 0.0422 0.030
Final Rw

[b] 0.163 2 0.049
Final wR2 [c] 2 0.112 2
w21 [d] 6.61Fo10.0071Fo

2 σF210.831P213.20P 9.51Fo10.0063Fo
2

(∆/σ)max 0.16 0.01 0.66
ρmin, ρmax (e Å23) 22.5, 6.1 21.13, 2.99 20.9, 0.6

[a] R1 5 Σ(iFou 2 uFci)/ΣuFou, 2 [b] Rw 5 {Σ[w(iFou 2 uFci)2]/Σ[w(Fo
2)]}0.5. 2 [c] wR2 5 {Σ[w(Fo

2 2 Fc
2)2]/Σ[wFo

2]2}0.5. 2 [d] P 5 [Max(F2
obs,0)

1 2F2
calc]/3.

Eur. J. Inorg. Chem. 1998, 3192330328



Rigid Bidentate Nitrogen Ligands in Organometallic Chemistry and Homogeneous Catalysis, 14 FULL PAPER
[18] R. A. Klein, R. van Belzen, K. Vrieze, C. J. Elsevier, R. P.in Table 3. Data collection for these crystals was performed on an

Thummel, J. Fraanje, K. Goubitz, Coll. Czech. Chem. Commun.Enraf-Nonius CAD-4 diffractometer with graphite-monochrom- 1997, 62, 238-256.
ated Cu-Kα radiation for 1 and 14 and Mo-Kα radiation for 16 [19] R. P. Thummel, F. Lefoulon, R. Mahadevan, J. Org. Chem.
and ω-2θ scan. Two reference reflections were measured hourly and 1985, 50, 3824.

[20] L. J. Henderson, F. R. Fronczek, W. R. Cherry, J. Am. Chem.showed no decrease during the course of the data collection for the
Soc. 1984, 106, 5876.complexes 1 and 16 and 6% decrease for complex 14, which was [21] G. N. Schrauzer, K. C. Dewhirst, J. Am. Chem. Soc. 1964, 86,

corrected for. Unit-cell parameters were refined by a least-squares 3265.
fitting procedure using 23 reflections with 80<2θ<84° for 1, [22] M. D. Glick, L. F. Dahl, J. Organomet. Chem. 1965, 3, 200.

[23] F. Calderazzo, R. Henzi, J. Organomet. Chem. 1967, 10, 483,80.1<2θ<84.9° for 14, and 40<2θ<42° for complex 16. Corrections
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The bis(1,2,3,4,5-pentamethyl-1,3-cyclopentadien-1-yl)phos- also been characterized by single-crystal X-ray diffraction
studies. The molecular structure of 11a is governed by stericphanes 327 are formed in good yields by the reaction of the

halogenophosphanes 2a or 2b with the appropriate nucle- congestion, which typically would lead to a parallel arrange-
ment of the two pentamethylcyclopentadienyl ligands at theophile. Following another route, the dialkylaminobis(penta-

methylcyclopentadienyl)phosphanes 11a2c have been syn- phosphorus atom. However, surprisingly, the crystal structure
of the (dimethylamino)phosphane 11a, exhibits a tilted, ra-thesized by the treatment of dichloro(dialkylamino)phospha-

nes with two equivalents of (pentamethylcyclopentadienyl)li- ther than a parallel, conformation of the pentamethylcyclo-
pentadienyl groups [tilt angle: 130.6(1)°].thium. The compounds 3211 have been characterized by

multinuclear NMR spectroscopy and 3, 5, 6, and 11a have

Previous comprehensive investigations of the main-group phanes 2a and 2b. Both compounds are obtained as yellow,
thermally stable solids, that can be distilled in vacuo.cyclopentadienyl (Cp) compounds[1] [2] [3] have revealed a

variety of unusual structures and bonding modes analogous
Scheme 1. Synthesis of new bis(Cp*)phosphanes by nucleophilicto those observed for the cyclopentadienyl transition-metal displacement

compounds[4]. Depending on the availability of the valence
orbitals and the geometric parameters of the central atom,
mono-, di-, tri-, and pentahapto complexation has been
achieved[5] [6] [7] [8]. Moreover, by replacing Cp with the per-
methylated Cp* substituent, a significantly increased kinetic
stability of the resulting complexes could be achieved,
which made the isolation of several new types of com-
pounds possible[3] [4].

In the course of studies dealing with the dynamic behav-
iour of such systems (1,5-sigmatropic rearrangements) sev-
eral pentamethylcyclopentadienyl-(Cp*-)substituted phos-
phanes have been synthesized[9] [10]. On heating these Cp*-
substituted phosphanes were shown to be thermally stable,
which is not the case for the corresponding Cp com-
pounds[11] [12]. Recently, in the case of Cp*-substituted
phosphenium cations and iminophosphanes, the hapto-
tropic rearrangement has been proven to occur[13].

Results

Halogeno-Substituted Bis(Cp*)phosphanes

The synthesis of the chloro- and bromobis(Cp*)phos-
phanes[10] has been optimized, to enable characterisation by
X-ray crystallography[23]. Treatment of PCl3/PBr3 with 2.5 Starting from these halogenophosphanes 2a and 2b a var-

iety of previously unknown bis(Cp*)phosphanes could beequivalents of Cp*Li[10] [14] at 0°C in pentane and after stir-
ring for 10 h affords the desired halogenobis(Cp*)phos- obtained by a nucleophilic displacement reaction. There-
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Table 1. 1H-NMR data of 327 (C6D6)fore, the reduction to the phosphane 3, on reaction of 2a,

b with lithium tetrahydridoaluminate in ether, proceeds in
3 4 5 6 7the usual manner. Due to the coupling with the directly

bonded proton (1JPH 5 190.0 Hz) and the six methyl protons
2,5-Me2 1.72 1.89 1.90 2.07 1.85(3JPH 5 16.5 Hz) the 31P-NMR spectrum of compound 3 1.81 1.78 1.94 1.69

exhibits a characteristic pattern of a doublet of septuplets.
3,4-Me2 1.61 1.70 1.71 1.78 1.41The reaction of the halogenophosphanes with lithium

1.64 1.74 1.29azide in pyridine produces the azidophosphane 4 in good
1-Me 0.95 1.33 1.26 1.42 1.35yield. The reaction time depends strongly on the nature of

d (3JHP 5 d (3JHP 5 d (3JHP 5 d (3JHP 5 d (3JHP 5the halogen atom. While the reaction takes several days for
16.3 Hz) 16.5 Hz) 15.2 Hz) 16.8 Hz) 11.2 Hz)

2a, in the case of 2b the exchange is completed after 122
R R 5 H R 5 N3 R 5 OMe R 5 SMe R 5 Meh, which may be due to the weaker P2Br bond compared

3.48 2 3.50 2.29 1.3to the P2Cl bond. d (1JHP 5 d (3JHP 5 d (3JHP 5 d (2JHP 5
In general, owing to the high steric congestion of the two 190.0 Hz) 12.9 Hz) 13.7 Hz) 10.4 Hz)

Cp* substituents, a prolonged reaction time is necessary.
However, in the case of the thermally stable compounds the

Table 2.13C-NMR data of 327 (C6D6)reaction rate can be increased by heating the reaction mix-
ture. Since the displacement of the Cp* moiety is a common

3 4 5 6 7
side reaction of the nucleophilic attack at 2a, b, a detailed
balance of the reaction parameters is necessary. Reaction of C-225 139.5 138.9 139.4 140.0 137.9

d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 52a, b with sodium methoxide at 40250°C in methanol read-
1.5 Hz) 2.0 Hz) 1.2 Hz) 2.3 Hz) 10.4 Hz)ily furnishes 5 as a crystalline compound. However, the cor-
137.4 136.5 135.3 137.3 136.3

responding (methylthio)phosphane 6 could be obtained at d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 5
8.8 Hz) 5.9 Hz) 2.4 Hz) 14.1 Hz) 12.9 Hzlower temperatures (0°), if a highly polar solvent such as
134.9 135.3 134.9 135.5 134.4DMF is used. With respect to this conversion the bromo d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 5 d (JCP 5

derivative 2b is seen to be more reactive than the chloro 4.6 Hz) 2.8 Hz 9.1 Hz) 4.1 Hz) 11.9 Hz)
134.0 (s) 134.6 (s) 134.2 134.6 133.3congener 2a. Since sodium thiomethoxide is unsoluble in

d (JCP 5 d (1JCP 5 d (JCP 5pure toluene or other unpolar solvents, a mixture of tolu- 15.0 Hz) 18.9 Hz) 12.6 Hz)
ene/DMF is used as solvent in order to achieve a good solu-

C-1 56.3 60.7 62.3 60.1 58.6bility of the nucleophile. Methyllithium also reacts with 2a
d (1JCP 5 d (1JCP 5 d (1JCP 5 d (1JCP 5 d (1JCP 5

and 2b by displacement of the halide group at low tempera- 27.0 Hz) 35.4 Hz) 26.3 Hz) 38.5 Hz) 27.7 Hz)
ture, despite the transition state of this reaction being more

225-Me 11.8 12.5 12.3 13.1 11.9strained than in the previous cases. The conversion of 2a,b 11.4 11.6 11.5 11.7 11.7
into compound 7 is optimized in ether. 11.2 11.3 11.3 11.6 11.1

11.0 11.2 11.4 11.0The identity of the compounds 327 was confirmed by
NMR spectroscopy and elemental analysis. In addition, 1-Me 20.4 19.4 19.4 21.5 22.5

d (2JCP 5 d (2JCP 5 d (2JCP 5 d (2JCP 5 d (2JCP 5crystals suitable for an X-ray structure determination have
22.0 Hz) 18.8 Hz) 18.6 Hz) 19.6 Hz) 10.4 Hz)been obtained for 3, 5 and 6.

R R 5 H R 5 N3 R 5 OMe R 5 SMe R 5 Me
NMR Spectra: In contrast to the compounds Cp*PR2, 2 2 61.2 (s) 22.3 21.6

d (2JCP 5 d (1JCP 5which exhibit a mirror plane perpendicular to the ring, mol-
27.2 Hz) 60.6 Hz)ecules of the type Cp*2PR show diastereotopic methyl

groups, which is similar to the situation in the phosphanes
Cp*PRR9. All methyl groups are anisochronous, which An incidental isochrony of the methyl groups 3 and 4,
corresponds to the observation of five sets of signals in the not only in the 1H- but also in 13C{1H}-NMR spectra, can
proton-NMR spectra. [10] However, these signals sometimes be observed in compound 2. A borderline case of this situ-
do not appear resolved, as, for instance, in the case of the ation may be ascribed to compounds 5 and 7, in which the
compounds 3 and 4, where the chemical shift of the methyl 13C-NMR signals of the carbon atoms appear very close to
groups in positions 3 and 4 are almost the same.[15]

each other but are still distinguishable. Owing to the greater
dispersion of 13C-NMR shifts, the influence of the substitu-

Figure 1. The NMR data were assigned according to the depicted ents attached to the phosphorus atom on the shielding of
numbering the methyl groups 3 and 4 is more significant in 13C-NMR

than 1H-NMR spectroscopy.

X-ray Structures of 3, 5, and 6: The molecular structures
of 3, 5, and 6 in the crystal show significant similarities.
The X-ray structures agree well with the results from multi-
nuclear NMR spectroscopy and confirm the presence of
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Figure 3. Molecular structure of Cp*2POMe 5[a]two η1-bounded Cp* rings in all three cases. These rings

are planar (deviation < 1 pm) and exhibit an almost parallel
relative arrangement. However, these rings adopt no ecliptic
conformation but are slightly twisted, probably in order to
minimize repulsive interactions of the methyl groups. The
planarity of these rings causes a deviation from ideal tetra-
hedral angles at the saturated, sp3-hybridised carbon atoms
(angles: C52C12C2 and. C122C112C15). These findings
correspond well with the results for other bis(η1-Cp*)-sub-
stituted congeners, for which X-ray structures are available,
e.g. Cp*2S[16] or Cp*2SiCl2[17]. The proton in the secondary
phosphane 3 can not be localized in the differential Fourier-
analysis, due to the proximity of the phosphorus atom. The
P2C bond lengths in all the three molecules are in the
range of 187.72190.6 pm, as expected for such compounds,
but are slightly elongated with respect to the standard bond
length of 185 pm.[18]

The largest P2C value in this series has been found for
[a] Selected bond lengths [pm] and angles [°]: P12O1 164.1 (3),compound 6. However, the P2S distance (211.7 pm) in this P12C1 188.0 (4), P12C11 187.8 (4); C12P12C11 110.5 (2),

compound, as well as the P2O distance (164.1 pm) in 5 are P12C12C6 104.0 (2), P12C112C16 105.0 (2), O12P12C1 100.2
(2), O12P12C11 100.2 (2), P12O12C21 118.7 (3); interplanar an-completely normal and in the range for regular P2chalkog-
gle between Cp* planes: 7.0(2)°.ene single bonds. [18]

Figure 4. Molecular structure of Cp*2PSMe 6[a]Figure 2. Molecular structure of Cp*2PH 3[a]

[a] Selected bond lengths [pm] and angles [°]: P12C1 187.7 (4),
P12C11 188.9 (5); C12P12C11 112.6 (2), P12C12C6 104.1 (3),
P12C112C16 103.4 (3); interplanar angle between Cp* planes: [a] Selected bond lengths [pm] and angles [°]: P12S1 211.7 (1),
9.6(3)°. P12C1 190.6 (3), P12C11 189.7 (3); C12P12C11 110.3 (1),

P12C12C6 106.3 (2), P12C112C16 104.8 (2), S12P12C1
104.1 (1), S12P12C11 102.6 (1), P12S12C21 101.3 (1); interpla-
nar angle between Cp* planes: 7.5(2)°.Amino-Substituted Bis(Cp*)phosphanes

The formation of amino-functionalized bis(Cp*)phos- Scheme 2. Synthesis of the aminobis(Cp*)phosphanes 11
phanes can be accomplished by an inverse strategy, con-
necting the P2N bond prior to the P2C bonds. Therefore
the corresponding aminodichlorophosphane was treated
with 2.2 equivalents of Cp*Li in pentane as solvent.

For convenience an exess of Cp*Li was used, which re-
duces the reaction time significantly. The presence of two
Cp* moieties at the same phosphorus atom limits, due to
steric hindrance, the variety of possible substituents at the
nitrogen atom. An imino group should be a suitable nitro-
gen-containing substituent because it has a small steric
bulk. Following this concept the phosphoraneimino-substi-
tuted bis(Cp*)phosphane 9, was readily obtained as pale
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Table 4. 13C-NMR data of 11a2c (C6D6)yellow solid starting from the corresponding dichlorophos-

phane 8 and two equivalents of Cp*Li[15].
11a 11b 11cMoreover, the syntheses of the dimethylamino (11a) and

diethylamino (11b) derivatives were also sucessful by this
C-225 140.1 d (JCP 5 141.1 d (JCP 5 141.0 d (JCP 5method, while in contrast the introduction of an diisopro- 1.9 Hz) 3.4 Hz) 3.4 Hz

pylamino group failed. In the latter case the reaction of 140.0 d (JCP 5 141.0 d (JCP 5 140.6 d (JCP 5
11.4 Hz) 10.7 Hz) 9.5 Hz)dichloro(diisopropylamino)phosphane (10d) [19] with excess
135.1 d (JCP 5 135.2 d (JCP 5 134.8 d (JCP 5Cp*Li produces the monosubstituted phosphane 12 [20]. 1.5 Hz) 1.9 Hz) 1.9 Hz)
134.6 d (JCP 5 134.7 d (JCP 5 134.3 d (JCP 5
3.8 Hz) 3.4 Hz) 3.4 Hz)NMR Spectra: Similar to the 1H-NMR spectra of the

compounds 327, the anisochrony of all methyl groups in C-1 65.3 d (1JCP 5 65.6 d (1JCP 5 65.5 d (1JCP 5
43.1 Hz) 46.1 Hz) 45.4 Hz)the bis(Cp*)aminophosphanes 11a2c can be observed as

well. However, the signals for the latter compounds appear
225-Me 13.0 13.3 13.1

clearly separated and do not overlap as in the previously d (JCP 5 6.9 Hz) d (JCP 5 8.4 Hz) d (JCP 5 8.8 Hz)
12.3 12.5 12.2described case.
d (JCP 5 11.4 Hz) d (JCP 5 12.6 Hz) d (JCP 5 11.4 Hz)
11.7 11.7 11.6Figure 5. The NMR data were assigned according to the depicted
d (JCP 5 5.3 Hz) d (JCP 5 5.0 Hz) d (JCP 5 8.8 Hz)numbering

1-Me 19.7 d (2JCP 5 19.1 d (2JCP 5 19.4 d (2JCP 5
21.0 Hz) 19.1 Hz) 21.0 Hz)

R R 5 NMe2 R 5 N(CH2CH3)2 R 5 N[2C1H2C2-
H2C3H2CH2CH22]

46.9 CH2 : 34.7 (s) C1H2 : 34.5 (s)
d (2JCP 5 18.8 Hz) CH3 : 15.4 C2H2 : 27.9

d (3JCP 5 1.9 Hz) d (3JCP 5 5.0 Hz)
C3H2 : 24.9 (s)

Table 3. 1H-NMR data of 11a2c (C6D6)

11a 11b 11c
as in other bis(Cp*)phosphanes, on the arrangement of the
rings can also be discounted.2,5-Me 1.85 1.87 1.87

1.76 1.81 1.80 The most probable reason for this unusual geometric fea-
ture arises from the packing of the molecules within the3,4-Me 1.74 1.75 1.76

1.69 1.69 1.70 crystal. There is an orientation of one proton of the methyl
group in the 4-position towards the twisted Cp* ring of

1-Me 0.96 0.90 0.91
another molecule, generated by symmetry transformationd (3JHP 5 15.5 Hz) d (3JHP 5 15.2 Hz) d (3JHP 5 15.3 Hz)
2x, 2 2 y, 2 2 z, and vice versa.

R R 5 NMe2 R 5 N(CH2CH3)2 R 5 N[2C1H2C2-
H2C3H2CH2CH22]

2.63 CH2: 2.94 (m) C1H2: 2.93 (m) Figure 6. Intermolecular interactions of the aminophosphane 11a
d (3JHP 5 7.9 Hz) CH3: 0.87 C2,3H2: 0.87 (m) in the crystal

d (3JHH 5 7.1 Hz)

X-ray Structure of 11a: The dimethylamino-substituted
bis(Cp*)phosphane 11a crystallizes as colourless prisms
and in the space group P1̄. Similarly to the previously de-
scribed structures both rings are bonded in an η1 manner
and are perfectly planar. However, a significantly different
feature of this molecule is the surprisingly nonparallel
orientation of the Cp* rings, which are tilted by 130.6(1)°.
This compound represents the first example of a bis(Cp*)-
phosphane with a nonparallel arrangement of the Cp*
rings.

It is unlikely that this unusual geometry is due to a direct
interaction of the nitrogen atom and its lone pair with the The P2C bond lengths in 11a [191.1(3) pm] are even

longer than in the previously mentioned compounds. Ad-twisted Cp* ring, since the almost planar environment at
this center [] N: 358.8(1)°] is a common feature of amino- ditionally, the P2N bond appears slightly shortened

[168.0(3) pm]. These findings may be ascribed to tendencyphosphanes[21] [22]. Any influence of the phosphorus atom,
which is pyramidalized to the same extent [Σ] P: 325.3(1)°] towards partial ionic character in 11a.
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Figure 7. Molecular structure of Cp2PNMe2 11a[a]

the solvent was removed. The residue was extracted with pentane
and, after separation from the unsoluble precipitate, the filtrate was
concentrated. On cooling to 235°C, the product was obtained as
colorless crystals. Yield: 0.8g (59%), m.p. 108°C. 2 31P{1H} NMR
(C6D6): δ 5 242.2 (s). 2 MS (180°C/70 eV); m/z (%): 302 (8) [M1],
167 (100) [M1 2 Cp*], 135 (13) [Cp*1] and further fragments. 2

C20H31P (302.2): calcd. C 79.43, H 10.33; found C 77.71, H 10.33.

Azidobis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)-
phosphane (4): 3.5 g (9.2 mmol) of 1b was dissolved in 5 ml of
pyridine. While cooling with ice, 0.47 g (9.5 mmol) of LiN3 was
added as pure solid. Under continuous stirring, the mixture was
warmed to room temp. within 0.5 h and the pyridine was removed
in vacuo. The residue was extracted with pentane and, after separa-
tion from the unsoluble precipitate, the filtrate was concentrated.
On cooling to 235°C the product was obtained as colorless solid,
which was then recrystallised several times to remove impurities.
Yield: 2.3 g (73%), m.p.. 70°C (dec.). 2 31P{1H} NMR (C6D6):
δ 5 138.2 (s) 2 MS (100°C/70 eV), m/z (%): 343 (8) [M1], 315 (6)
[M1 2 N2], 301 (4) [M1 2 N3], 270 (29) [Cp*2

1], 208 (39) [M1 2
[a] Selected bond lengths [pm] and angles [°]: P12N1 168.0 (3), Cp*], 135 (13) [Cp*1] and further fragments. 2 UV/Vis (pentane):
P12C1 191.1 (3), P12C11 191.0 (3), N12C21 145.7 (5), N12C22

λmax (lgε) 5 215 nm, 230, 265. 2 C20H30N3P (343.5): calcd. C144.6 (5); C12P12C11 112.7 (1), N12P12C1 106.8 (1),
69.94, H 8.80, N 12.23; found C 68.69, H 8.67, N 12.02.N12P12C11 105.8 (1), P12N12C21 116.5 (3), P12N12C22

128.8 (3), C212N12C22 113.5 (3); interplanar angle between Cp*
planes: 130.6(1)°.

Methoxybis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)-
phosphane (5): 0.64 g (1.9 mmol) of 1a was dissolved in 10 ml of

We thank the Deutsche Forschungs-Gemeinschaft and the Fonds pentane and added, under continuous stirring, to 0.05 g (2.1 mmol)
der Chemischen Industrie for continued financial support. S. K. of sodium in 20 ml of methanol at room temp. After the addition
thanks the Finnish Academy of Science for a grant. was completed, the mixture was stirred for a further 3 h at 40°C.

The volatile components were removed in vacuo, and the residue
extracted with pentane. After filtration and on cooling to 270°C,Experimental Section
the product was obtained as white needles. Yield: 0.46 g (73%),

All reaction steps were carried out under dried argon in order m.p. 84288°C. 2 31P{1H} NMR (C6D6): δ 5 184.8 (s) 2 MS
to exclude air and moisture; glassware, reagents and solvents were (100°C/40 eV); m/z (%): 332 (3) [M1], 301 (0.5) [M1 2 OCH3], 197
similarly prepared. 2 31P NMR: Bruker AMX 300 (121.5 MHz); (100) [M1 2 Cp*], 135 (70) [Cp*1] and further fragments. 2 An
external standard 85% H3PO4. 2 13C NMR: Bruker AMX 300 analysis was not performed.
(75.5 MHz); external standard tetramethylsilane. 2 1H NMR:
Bruker AMX 300 (300 MHz); external standard tetramethylsilane.

Methylthiobis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)-31P- and 13C-NMR spectra were recorded with 1H decoupling. A
phosphane (6): 0.54 g (1.5 mmol) of 1b, dissolved in 3 ml of toluene/positive sign means low field with respect to the standard. 2 MS:
DMF (2:1), was added to an equivalent amount of NaSCH3 (0.1Kratos MS 50 and VG Instruments VG 12-250 (EI, direct inlet).
g) in 2 ml of DMF at 0°C. The solution was stirred for 1 h atThe given m/z values refer to the isotope of highest abundance for
ambient temp. The solvents were evaporated under reduced pres-each element. 2 M.p.: Measured without correction in sealed capil-
sure and the residue extracted with pentane. After separation oflaries in a melting point apparatus supplied by Firma Büchi, Fla-
the solid precipitate, the filtrate was concentrated and the productwil/Switzerland. 2 Elemental analyses: Heraeus CHN-O-Rapid. 2
crystallised at 235°C. Recrystalisation at the same temp. yieldedThe literature procedure for the syntheses of the bis(Cp*)halogeno-
the product as pale yellow crystals. Yield 0.46 g (88%), m.p.phosphanes 2a and 2b has been slighly modified[10].
952100°C. 2 31P{1H} NMR (C6D6): δ 5 85.1 (s) 2 MS (100°C/

Chlorobis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)- 35 eV); m/z (%): 348 (15) [M1], 301 (15) [M1 2 SCH3], 270 (3)
phosphane (2a) and Bromobis(1,2,3,4,5-pentamethyl-2,4-cyclopen- [Cp*2

1], 213 (100) [M1 2 Cp*], 166 (30) [Cp*P1], 135 (50) [Cp*
tadien-1-yl)phosphane (2b): 1.8 ml (20 mmol) of PCl3 or 19 ml (20 1] and further fragments. 2 C21H33PS (348.5): calcd. 348.2041;
mmol) of PBr3 was added slowly at 0°C to a suspension of 3.4 g found 348.2046 (MS).
(24 mmol) of Cp*Li in 50 ml of pentane. The mixture was cooled to
room temp. and stirred vigorously for a further 10 h. The insoluble Methylbis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)-
precipitate was removed by filtration and washed several times with phosphane (7): 3.5 ml (2.2 mmol) of CH3Li (1.6  in diethyl ether)
pentane. The volume of the combined filtrate was reduced to ap- was added slowly to 0.67 g (2 mmol) of 1a in 5 ml of diethyl ether
proximately 10 ml, the product crystallised on cooling to 235°C. at 278°C. After warming to room temp., the volatile parts of the
2 2a: Yield: 5.5 g (87%, rel. PCl3). 2 31P{1H} NMR (C6D6): δ 5 mixture were removed in vacuo. The residue was extracted with
165.5 (s). 2 2b: Yield: 6.4 g (82%, rel. PBr3). 2 31P{1H} NMR pentane and, after separation from the unsoluble precipitate, the
(C6D6): δ 5 167.8 (s). filtrate was concentrated. On cooling to 235°C, the product was

obtained as a solid which was recrystallised several times, finally atBis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)phosphane (3):
A solution of 1.5 g (4.5 mmol) of 2a in 3 ml of diethyl ether was 0°C to yield 0.5 g (79%) of white crystals. m.p. 1382140°C. 2

31P{1H} NMR (C6D6): δ 5 72.9 (s) 2 MS (100°C/35 eV); m/z (%):added, at 0°C, to a suspension of 70 mg of LiAlH4 in 5 ml of
diethyl ether. After warming to room temp. and further stirring, 316 (15) [M1], 301 (5) [M1 2 CH3], 270 (1) [Cp*2

1], 181 (100)
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[M1 2 Cp*], 166 (20) [Cp*P1], 135 (60) [Cp*1] and further frag- after crystallisation at 235°C. In all three cases yellow crystals

were obtained.ments. 2 C21H33P (316.5): calcd. 316.2322; found 316.2327 (MS).

Bis(1 ,2 ,3 ,4 ,5 -pen tamethyl -2 ,4 -cyclopentad ien-1-y l )- (Dimethylamino)bis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-
(triphenylphosphoranylimino)phosphane (9): A suspension of 0.6 g yl)-phosphane (11a): Yield: 0.59 g (86%), m.p. 1032105°C. 2
(4.0 mmol) of Cp*Li in pentane (10 ml) was treated dropwise with 31P{1H} NMR (C6D6): δ 5 117.3 (s). 2 MS (25°C/70 eV); m/z
0.8 g (2 mmol) of dichloro(triphenylphosphoranylimino)phos- (%): 345 (0.2) [M1], 301 (0.4) [M1 2 N(CH3)2], 270 (0.7) [Cp*2

1],
phane[15] at 240°C. The solution was stirred for a further 12 h and 213 (100) [M1 2 Cp*], 166 (20) [Cp*P1], 135 (20) [Cp*1] and
warmed to room temp. After filtration, the solution was concen- further fragments. 2 An analysis was not performed.
trated and the product isolated after crystallisation from ether/THF

(Diethylamino)bis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-
at 5°C. The product 8 was obtained as yellow crystals. Yield 0.8 g

yl)-phosphane (11b): Yield: 0.61 g (81%), m.p. 53255°C. 2
(70%), m.p. 170°C (dec.). 2 31P{1H} NMR (ether/C6D6): δ 5 93.0 31P{1H} NMR (C6D6): δ 5 116.5 (s). 2 MS (200°C/25 eV); m/z
(d, 2JPP 5 109 Hz), 17.8 (d, JPP 5 109 Hz). 2 1H NMR ([D8]THF):

(%): 373 (2) [M1], 301 (1) [M1 2 N(C2H5)2], 270 (15) [Cp*2
1], 238

δ 5 7.927.6 (m, 2 H), 7.527.4 (m, 3 H) H arom., 2.0 (s, 3 H), 1.7
(90) [M1 2 Cp*], 166 (20) [Cp*P1], 135 (100) [Cp*1] and further

(s, 6 H), 0.7 (d, 3 H, 3JPH 5 14.1 Hz) C5Me5. 2 13C{1H} NMR
fragments. 2 C24H40NP (373.6): calcd. C 77.17, H 10.79, N 3.75;

([D8]THF): δ 5 141.7 (d, 2.1 Hz), 138.7 (s), 138.0 (s), 136.6 (d, 1.5
found C 76.91, H 10.85, N 3.53.

Hz), 63.0 (dd, 1JPC 5 39.5 Hz, 3JPC 5 9.6 Hz) C5 ring; 133.7 (d,
Bis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl)piperidino-2.6 Hz), 133.1 (dd, 1JPC 5 45.2 Hz, 3JPC 5 2.7 Hz), 129.1 (s), 128.5

phosphane (11c): Yield: 0.58 g (75%), m.p. 83285°C. 2 31P{1H}(s) Carom; 22.1 (d, 2JPC 5 11.6 Hz), 13.7 (d, 2.7 Hz), 12.5 (s), 11.5
NMR (C6D6): δ 5 116.8 (s). 2 MS (200°C/25 eV); m/z (%): 385(s), 11.4 (s) C5Me5. 2 MS (300°C/40 eV); m/z (%): 577 (6) [M1],
(4) [M1], 301 (1) [M1 2 N(CH2)5], 250 (90) [M1 2 Cp*], 166576 (13) [M1 2 H], 443 (60 [M1 2 Cp*], 308 (100) [M1 2 2Cp*
(35) [Cp*P1], 135 (100) [Cp*1] and further fragments. 2 C25H40NP], 262 (65) [PPh3

1], 135 (44) [Cp*1] and further fragments. 2
(385.6): calcd. C 77.88, H 10.46, N 3.63; found C 77.41, H 10.02,C38H45NP2 (577): calcd. C 79.00, H 7.85, N 2.42; found C 78.91,
N 3.48.H 8.05, N 2.39.

(Dialkylamino)bis(1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1- X-ray Structure Determination of 3, 5, 6, and 11a: The structures
were solved by direct methods (SHELXTL-Plus[24]). The non-hy-yl)-phosphanes (11a2c): A suspension of 0.68 g (4.8 mmol) of Cp*

Li in pentane was treated dropwise with 2 mmol of 10a2c at room drogen atoms were refined anisotropically, H atoms were refined
using a riding model [full-matrix least-squares refinement on F (3,temp. The solution was stirred for a further 12 h and filtered after-

wards. The solution was concentrated and the product isolated 5: SHELXTL-plus[24]) and F2 (6, 11a: SHELXL-93[25]), respec-

Table 5. Crystallographic data and summary of data collection and refinement

3 5 6 11a

formula C20H31P C21H33OP C21H33PS C22H36NP
Mr 302.4 332.4 348.5 345.5
dimensions [mm] 0.9030.9030.90 0.3030.5030.90 0.4530.4030.25 0.4030.3530.20
crystal system monoclinic monoclinic monoclinic triclinic
space group P21/c (No. 14) P21/n (No. 14) P21/c (No. 14) P1̄ (No. 2)
a [Å] 10.374(2) 13.491(4) 8.664(1) 8.837(2)
b [Å] 11.237(2) 10.497(2) 14.509(3) 11.531(3)
c [Å] 16.529(3) 14.435(5) 16.805(3) 11.928(3)
α [°] 90 90 90 72.99(2)
β [°] 91.08(1) 99.34(3) 97.22(1) 72.61(2)
γ [°] 90 90 90 78.59(2)
V [Å3] 1931(1) 2017(1) 2095.7(6) 1101.0(5)
Z 4 4 4 2
ρ [g cm23] 1.04 1.10 1.11 1.04
µ [mm21] 0.132 0.135 0.230 0.128
F(000) 664 728 760 380
diffractometer Nicolet R3m Enraf-Nonius CAD4 Nicolet R3m Nicolet R3m
radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα
λ [Å] 0.71073 0.71073 0.71073 0.71073
T [K] 298(2) 193(2) 293(2) 293(2)
2θmax. [°] 50 48 50 50

212 # h # 12 215 # h # 15 210 # h # 10 210 # h # 10
0 # k # 13 0 # h # 12 0 # h # 17 213 # h # 13
0 # h # 19 0 # h # 16 0 # h # 20 0 # h # 14

no. of measured data 3747 3493 3815 4106
no. of unique data 3417 3148 3680 3901
no. of obs. data/s
for [F > sσ(F)] 2550/4 2209/3 2419/4 2505/4
Rint 0.146 0.012 0.020 0.046
refinement on F F F2 F2

no. of parameters 191 208 219 229
R [for F > σ(F)] 0.101 0.062 0.053 0.063
wR 0.123 0.073
wR2 (all data) 0.146 0.180
max./min.
difference peak [e/Å3] 0.42/20.43 0.81/20.27 0.44/20.17 0.32/20.25
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Chiral carbene complexes [Cp(CO)2Mn=C(OR*)Ph] (4a2e) phanes afforded (SMn)-[Cp(CO)(PR3)Mn=C(OR*)Ph] [PR3 =
P(OPh)3 (8), P(OMe)3 (9), P(OMe)2Ph (10), P(OMe)Ph2 (11),were prepared by reaction of [Cp(CO)2Mn=C(OAc)Ph] (2)

with HOR* [HOR* = 1,2:3,4-di-O-isopropylidene-D-galacto- PPh3 (12), P(C6H4Cl-p)3 (13)] with a de > 96%. Photolysis of
(S)-4d in the presence of P(OMe)3 gave (RMn,S)-9. Complexpyranose (3a), 2,3,4,6-tetra-O-acetyl-D-galactopyranose (3b),

2,3,4,6-tetra-O-acetyl-D-glucopyranose (3c), (S)- (3d) and (R)- (R)-14 [related to (R)-4d] was obtained from [Cp(CO)2Mn=
C(OAc)Tol-p] and 3d. Replacement of CO by PR3 in (R)-1,2-O-isopropylideneglycerol (3e)]. The replacement of a CO

ligand with PTol3 in 4a2e proceeded diastereoselectively to 14 gave (SMn,R)-[Cp(CO)(PR3)Mn=C(OR*)Tol-p] [R = Tol-p
(15), OMe (16), C6H4Cl-p (17)] with a de > 96%. In solution,give [Cp(CO)(PTol3)Mn=C(OR*)Ph] (5a2e). The diastereose-

lectivity increased in the order a, b, c, d: de = 8% (5a), 33% the PTol3-substituted complex 5d is configurationally stable
whereas the P(OMe)3 complex 9 epimerizes slowly at room(5b), 70% (5c), > 96% (5d). For (R)-5d the isomer with the

(S) configuration at manganese (SMn) was formed predomi- temperature in CH2Cl2, Et2O, and THF within about one
week.nantly. For (S)-5d, only (RMn,S)-5d was detected (de > 96%).

Photolysis of (R)-4d in the presence of phosphites or phos-

Introduction carbohydrate and the entering phosphorus ligand. The dia-
stereoselectivity increased with increasing nucleophilicity of

Chiral transition-metal complexes play a prominent role L. The highest diastereoselectivity was obtained with
in enantioselective synthesis and catalysis. In these com- OR* 5 2,3:5,6-di-O-isopropylidene-β--mannofuranosyl
plexes either the metal[1] or one or more ligands carry the and L 5 tritolylphosphane.
chiral information. Although a wide variety of carbo- In this paper we report (a) on the synthesis of chiral di-
hydrates are available from the chiral pool, the number of carbonyl(carbohydratocarbene) complexes by alcoholysis of
reports on their use as chiral auxiliaries in transition-metal [acetoxy(aryl)carbene]dicarbonyl(cyclopentadienyl)man-
chemistry is rather restricted. [2] The preparation of new ganese with protected carbohydrates and chiral alcohols, (b)
carbohydrates via organometallic compounds was recently on the synthesis of diastereomerically pure carbene(carbon-
described by Dötz et al. [3] yl)phosphane complexes, and (c) on the ready access to

Recently, we reported the synthesis of chiral complexes pure compounds of both configurations at the chiral me-
of manganese and rhenium. These complexes, of the type tal center.
[Cp(CO)2M5C(OR*)R9] (M 5 Mn, Re, OR* 5 mannofu-

Results and Discussionranosyl, glucofuranosyl, fructopyranosyl, R9 5 Ph, Tol),
were obtained by addition of the monoanion of the corre- Successive reaction of the lithium benzoylmanganate 1
sponding protected carbohydrate to the cationic carbyne with TMEDA and acetyl bromide gave the thermolabile
complexes [Cp(CO)2M;CR9]1. [4] acetoxy carbene complex 2 as described previously. [5] The

Another route to chiral carbene complexes involves nu- reaction of 2 with partially protected carbohydrates that are
cleophilic substitution by chiral alcoholates, such as (2)- unprotected either in the 6-position [1,2:3,4-di-O-isopro-
mentholate and borneolate, of the acetoxy substituent in pylidene--galactopyranose (3a)] or in the 1-position
acetoxycarbene complexes of manganese [Cp(CO)2Mn5 [2,3,4,6-tetra-O-acetyl--galactopyranose (3b) and 2,3,4,6-
C(OAc)R9]. [5] [6] tetra-O-acetyl--glucopyranose (3c)] afforded the chiral-at-

ligand dicarbonyl(cyclopentadienyl)[alkoxy(phenyl)carbene]Photolysis of the chiral carbohydratocarbene complexes
in the presence of phosphanes or phosphites (L) afforded complexes 4a2c in 40266% yield (Scheme 1). The com-

plexes (R)- and (S)-4d were obtained from the reaction ofchiral-at-metal carbene complexes of the type
[Cp(CO)(L)M5C(OR*)R9]. The diastereomeric excess (de) 2 with the enantiomerically pure alcohols (S)- and (R)-1,2-

O-isopropylideneglycerol, (S)- and (R)-3d. [7]ranged from 0 to 80% and depended on the nature of the
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Scheme 1 Figure 1. Structure of complex 4c in the crystal (without H

atoms)[a]

[a] Selected distances [Å] and angles [°] (standard deviations in pa-
rentheses): Mn(1)2C(6) 1.773(10), Mn(1)2C(7) 1.747(9),
Mn(1)2C(8) 1.857(7), C(6)2O(6) 1.156(12), C(7)2O(7) 1.168(11),
C(8)2O(8) 1.375(8); C(6)2Mn(1)2C(7) 89.4(4), C(6)2Mn(1)2
C(8) 88.4(4), Mn(1)2C(8)2C(9) 124.8(5), Mn(1)2C(8)2O(8)
119.2(5), C(9)2C(8)2O(8) 116.0(6).

plexes led to a low yield. Since the starting materials, com-
plexes 4b and 4c, can be easily separated from the product
complexes 5b and 5c, irradiation was terminated before 4bThe NMR spectra of 4a2c unambiguously show that the

carbohydrato residue is bonded to the carbene carbon atom and 4c were completely consumed.
The 1H-NMR signals of the cyclopentadienyl protonsby the oxygen atom at C-6 (4a) or at C-1 (4b, c). The ab-

sence of a low-field resonance for the 1-H atom at the an- were easily detected and appeared as doublets due to coup-
ling with the phosphorus atom. For 5a2c two doubletsomeric center in 4b and 4c indicates an β-configuration of

the glucosyl and the galactosyl groups. This configuration were observed in each case: δ 5 4.49, 4.53 (3JPH 5 1.82 Hz,
1.80 Hz; 5a), 4.60, 4.63 (3JPH 5 1.79 Hz, 1.55 Hz; 5b), andwas confirmed by the X-ray structural analysis of 4c (Fig-

ure 1). 4.64, 4.71 (3JPH 5 1.71 Hz, 1.45 Hz; 5c). Therefore, the
complexes 5a2c were obtained as mixtures of dia-Complex 4c exhibits a pseudo-octahedral geometry (Fig-

ure 1). The Mn2C(carbene) distance [1.857(7) Å] is com- stereomers. The diastereomeric excess varied considerably.
The diastereomeric excess, as determined by integration ofparable to that usually observed in CpL2Mn(carbene) com-

plexes. [4] [8] The carbene ligand adopts the sterically least the Cp resonances in the reaction mixtures, was 8% (5a),
33% (5b), and 70% (5c). In contrast to 5a2c, each of thecongested conformation. The carbene plane [C(8), Mn(1),

C(9), O(8)] is slightly twisted with respect to the plane two glycerol derivatives (R)-5d and (S)-5d exhibit only one
doublet for the cyclopentadienyl ring (δ 5 4.45, 3JPH 5 1.6formed by the atoms C(7), Mn(1), and C(8) [torsion angle

C(7)2Mn(1)2C(8)2O(8) 227.9(8)°] and strongly twisted Hz). Similarly, only one 13C-resonance signal for the Cp
carbon atoms, and one 31P signal for the tritolylphosphanewith respect to the phenyl plane [torsion angle

Mn(1)2C(8)2C(9)2C(10) 64.0(9)°]. ligand were detected for (R)-5d and (S)-5d. From these re-
sults a de of > 96% was deduced.In our earlier studies on the selectivity of the CO/PR3

exchange in carbohydratocarbene complexes, the highest Complex (R)-5d was assigned the (SMn) configuration
[(SMn,R)-5d]. [9] In order to corroborate the assignment, thediastereoselectivity was observed for PR3 5 tri(p-tolyl)pho-

sphane. Therefore, tri(p-tolyl)phosphane was also used in complex was transformed into the known β-mannofuranos-
ylcarbene complex (SMn)-7β. [5] The structure of (SMn)-7βthe initial studies with 4a2d. Photolysis of the complexes

4a2d in toluene at 230°C for several minutes in the pres- has already been established by X-ray analysis.[5] Treatment
of (SMn,R)-5d with BCl3 gave the chiral cationic carbyneence of tritolylphosphane afforded the carbene complexes

5a2d in moderate to high yield (Scheme 1). The com- complex (SMn)-6 by abstraction of [OR*]2. Subsequent re-
action with the sodium salt of an α,β mixture of 2,3:5,6-di-pounds 5b and 5c are slightly photolabile. Partial decompo-

sition had already occurred during irradiation, thus reduc- O-isopropylidene--mannofuranose Na[OR1] afforded the
α-mannofuranosylcarbene complex (SMn)-7α (Scheme 2).ing the yield. Total transformation of the dicarbonyl com-
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The identity of (SMn)-7α was confirmed by comparison of the carbonyl oxygen atom of the acetate group at C-2 in the

intermediate is unlikely. The difference in the de values isits 1H-NMR spectrum with that of an authentic sample.
probably caused by steric interaction of the acetoxy sub-

Scheme 2 stituent at C-4 with the cyclopentadienyl ring.
The significantly higher diastereoselectivity in the reac-

tion of (R)-4d and (S)-4d with PTol3, as compared to that
of 4a2c, is probably due to the higher flexibility of the iso-
propylideneglycerol substituent in forming the most stable
metallacyclic intermediate.

In contrast to furanosyl- and pyranosylcarbene com-
plexes, the high diastereoselectivity of the PR3/CO exchange
is not confined to tritolylphosphane as the entering nucle-
ophile. Within the limits of error, the replacement of CO
by P(OPh)3, P(OMe)3, P(OMe)2Ph, P(OMe)Ph2, PPh3, and
P(C6H4Cl-p)3 in (R)-4d also proceeded diastereospecifically
(de > 96%) to afford (SMn,R)-8213 (Scheme 3).

Scheme 3

When the same reaction sequence was applied to (S)-5d
the diastereomer (RMn)-7α was obtained. Therefore, (S)-5d
was assigned the (RMn) configuration.

The carbohydrate substituent clearly exerts considerable Analogously, the photolysis of (S)-4d in the presence of
influence on the diastereoselectivity of the CO exchange re- P(OMe)3 gave (RMn,S)-9 (Scheme 4).
action. From earlier experiments it followed that the photo-

Scheme 4induced Mn2CO dissociation is the initiating and rate-lim-
iting step of the substitution reaction. The range of dia-
stereoselectivities observed can be rationalized by the differ-
ent abilities of the OR* groups to intramolecularly stabilize
the diastereomeric intermediates. It is very likely that an
oxygen atom of the OR* substituent coordinates to the va-
cant coordination site of the intermediate resulting from
loss of a CO ligand.

In the synthesis of complex 5a the coordinating oxygen
atom in the intermediate is presumably the pyranosyl oxy- The reaction of (R)-14 with PR3 afforded the complexes
gen atom, giving rise to the formation of a six-membered (SMn,R)-15217 (Scheme 5) with a de > 96%. Complex (R)-
metallaheterocycle. However, due to the anomeric effect the 14 was prepared from [Cp(CO)2Mn5C(OAc)Tol-p] and
pyranosyl oxygen atom is relatively electron-poor. There- (S)-3d [7] in an analogous way to (R)-4d.
fore, the coordination is weak and, consequently, the dia-
stereomeric excess is only 8%. Scheme 5

The intermediate in the synthesis of 5b and 5c can be
stabilized by interaction with either the carbonyl oxygen
atom of the acetate group at C-2 (formation of an eight-
membered metallacycle) or with the pyranosyl oxygen atom
(formation of a five-membered metallacycle). The reactions
of tri(p-tolyl)phosphane with tetramethyl- and tetrabenzyl-
protected gluco- and galactopyranosylcarbene complexes
instead of 4b and 4c gave diastereoselectivities similar to
those of 4b and 4c. [10] Therefore, the formation of an eight-
membered metallacycle by interaction of manganese with
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In contrast, photolysis of [Cp(CO)2Mn5C(β-O-manno- see Scheme 6] to be a preferable explanation for the NMR-

spectroscopic observations since a splitting of signals wasfuranosyl)Tol-p] in the presence of phosphites or phos-
phanes gave much lower de values [PR3 5 P(OPh)3 (0%), not observed with either the corresponding mannofurano-

sylcarbene or the gluco- and galactopyranosylcarbene com-P(OMe)3 (12%), P(C6H4Cl-p)3 (56%)].
All NMR spectra of the complexes 8217 showed the ex- plexes. The bulkiness of the OR* substituents in these com-

plexes presumably disfavors the (Z) conformation. Thepected resonances to confirm the formation of only one dia-
stereomer in each case. However, the 600-MHz NMR spec- strong temperature dependence of the equilibrium constant

also agrees well with (E)/(Z) isomerism.tra of these complexes indicated the presence of two isomers
in solution. Most of the complexes exhibited two sets of

Scheme 61H- and 13C-resonance signals for the diastereotopic methyl
groups of the isopropylidene function [∆δ(1H) 5 0.0120.03
ppm, ∆δ(13C) 5 0.1 ppm; see Experimental Section]. For
complex 8 two doublets for the carbonyl and the carbene
carbon atom [∆δ(13C) 5 0.2 ppm] were observed, and for
the complexes 8 and 10212 two 31P signals [∆δ(31P) 5 0.2
ppm] were detected.

Both isomers are in equilibrium, as shown by variable-
temperature NMR spectroscopy. Complex (SMn,R)-5d exhi- Similarly, two sets of 13C- and 31P-NMR signals were re-

ported for the alkoxy(amino)carbene complexes of platinumbits two sets of resonance signals for the diastereotopic
methyl groups. The ratio of the two sets at room tempera- cis-[Cl2(PPh3)Pt5C(NHR9)OR0] (R9 5 Me, Et; R0 5

1,2,3,4-tetra-O-deoxy-β--glucosyl) and these were ex-ture was 1:1. When the solution was cooled the ratio was
5:1 (at 223°C) and > 20:1 (at 243°C). Warming the solu- plained in terms of hindered rotation around the carbene

carbon2heteroatom bond.[2c]tion to ambient temperature restored the original 1:1 ratio.
In order to determine whether or not the splitting of the Epimerization studies were carried out with the PTol3-

and the P(OMe)3-substituted complexes (SMn,R)-5d andsignals indicated the presence of a mixture of diastereomers,
a diastereomeric mixture of (SMn,R)-5d and (SMn,S)-5d was (SMn,R)-9. In pentane and CH2Cl2, (SMn,R)-5d was con-

figurationally stable for at least 96 hours at room tempera-prepared from (SMn)-6 and a mixture of the sodium salts
of 1,2-(S)- and 1,2-(R)-O-isoproylidene gycerol [(S)- and ture. However, in neat P(OMe)3 substitution of the coordi-

nated PTol3 by P(OMe)3 was observed. The substitution(R)-3d]. For (SMn,R)-/(SMn,S)-5d the shift difference be-
tween the 31P signals was ∆δ(31P) 5 1.9 ppm, and this value presumably proceeds by an associative mechanism. An as-

sociative mechanism has also been suggested for the substi-is approximately 10 times larger than that observed with 8
and 10212. Therefore, the splitting of the signals cannot be tution of PPh3 by PTol3 in the related complex

[Cp(CO)(PPh3)Mn5C(OMe)Et]. The reaction rate was ob-due to a mixture of diastereomers.
Hindered rotation around (a) the C(carbene)2aryl bond, served to increase with increasing PTol3 concentration.[8a]

The P(OMe)3-substituted complex (SMn,R)-9 was stable(b) the Mn5C(carbene) bond, and (c) the C(carbene)2O
bond may account for the splitting of signals. Complex in pentane or acetone, but slowly epimerized in dichloro-

methane, diethyl ether, and tetrahydrofuran. The (SMn,R)-/(SMn,R)-15 exhibits a simple A2B2 pattern for the C(car-
bene)2C6H4Me hydrogen atoms. Therefore, option (a) can (RMn,R)-9 ratio after 96 hours at room temperature was 4.4

(CH2Cl2), 2.76 (Et2O), and 4.8 (THF). The epimerizationbe ruled out. Barriers to rotation around the C(carbene)2
C(aryl) bonds in neutral aryl-substituted, heteroatom-stabi- rate was enhanced by exposure to daylight. After 96 hours

at room temperature in the dark, the (SMn,R)-/(RMn,R)-9lized carbene complexes are usually very low.[11] However,
substantial barriers were observed in cationic benzylidene ratio was only 6.5 as opposed to 2.76 when exposed to light.

The epimerization is very likely to proceed by dissociationcomplexes of iron and ruthenium, [Cp(CO)2M5
C(C6H4R)H]1 and [Cp(CO)(PPh3)M5C(C6H4R)H]1 and readdition of P(OMe)3. Consequently, when P(OCD3)3

was added to a solution of (SMn,R)-9 in Et2O the (SMn,R)-/(M 5 Fe, Ru; R 5 H, F, Me, OMe: ∆G? 5 9.0214.5
kcal/mol). [12] (RMn,R)-9 ratio after 96 hours was within the limits of er-

ror, and was the same as that in the absence of uncoordi-The two remaining possibilities, (b) and (c), have been
observed in various carbene complexes. [13] [14] The bonding nated phosphite. In addition, P(OCD3)3 was incorporated

into the complex.situation in [Cp(CO)2Mn5C(OMe)Ph] and [Cp(CO)2Mn5
CMe2] has also been analyzed theoretically. [15] The splitting In contrast to our results with carbene complexes, the

phosphite-substituted benzoyl complex [Cp(NO){P(OEt)3}-of the Cp resonance signal in [Cp(CO)(PPh3)Mn5C(OMe)-
Ph] at low temperature (below 290°C) was attributed by Mn2C(O)Ph] is configurationally stable[16] whereas

the PPh3-substituted acyl complexes [Cp(NO)(PPh3)-Geoffroy et al. to a hindered rotation around the Mn5
C(carbene) bond. An activation barrier of ∆G? 5 9.8 kcal/ Mn2C(O)C6H4R] racemize in toluene (half-life for R 5 H:

21 minutes at 25°C). A dissociative mechanism was de-mol was calculated.[8a] However, for the complexes
(SMn,R)-/(RMn,S)-5d and (SMn,R)-8217 we consider hin- duced from kinetic studies. [17] [18] A linear relationship be-

tween the Hammett σ constants of the para substituentsdered rotation around the C(carbene)2O bond [(E)/(Z) iso-
merization with respect to the C2O partial double bond, and the rates of racemization was observed. However, the
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silica gel with mixtures of CH2Cl2, pentane and ether (see belowsteric effect seemed to be the most important factor in de-
for ratios).termining the configurational stability of the complexes. [1b]

The higher configurational stability of (SMn,R)-5d as com- General Procedure for the Synthesis of the Complexes 5a2d,
pared to phosphite-substituted complex (SMn,R)-9 is prob- 8213, and 15217: A solution of 0.6 mmol of 4a2d or 14, and 0.9

mmol of the corresponding PR3 in 30 ml of toluene was irradiatedably due to the stronger Mn2P bond in the phosphane
(see below for duration) at 230°C while passing a slow stream ofcomplex.
argon through the solution. The solvent was removed in vacuo atOur results demonstrate that diastereomerically pure car-
room temp. The residue was dissolved in CH2Cl2/pentane (see be-bene(phosphane) and -(phosphite) complexes of manganese
low for ratio) and chromatographed at 220°C on silia gel.are readily available through PR3/CO exchange in chiral

Dicarbonyl(cyclopentadienyl)[(1:2,3:4-di-O-isopropylidene- -[Cp(CO)2Mn5C(OR*)R9] complexes. Both configurations
galactopyranos-6-yloxy)phenylcarbene]manganese (4a): Chroma-at manganese [(RMn) and (SMn)] are accessible by choosing
tography with CH2Cl2/pentane (6:1) afforded a yellow band (30either an (S)- or an (R)-glycerol derivative as the chiral
mg) and then elution with CH2Cl2/pentane/Et2O (6:1:0.5) gave aauxiliary. The carbene(phosphane) complexes are configu-
dark red band. Removal of the solvent from the dark red fractionrationally stable. Reaction of these complexes with Lewis
afforded complex 4a as a sticky brown oil. Yield: 1.47 g (66%,

acids gives a convenient method for the preparation of en- based on 2). 2 IR (CH2Cl2): ν(CO) 5 1959 cm21 vs, 1888 s. 2 1H
antiomerically pure chiral-at-metal [Cp(CO)LMn(carbyne)]1 NMR: δ 5 1.30, 1.32, 1.34, 1.52 (4 3 s, 3 H each, Me), 4.1024.69
complexes (see Scheme 2). The configuration at the manga- (m, 6 H, 2-H, 3-H, 4-H, 5-H, CH2), 4.78 (s, 5 H, Cp), 5.4625.53
nese atom does not change on addition of nucleophiles to (m, 1 H, 1-H), 7.0227.06 (m, 2 H, Ph), 7.2727.39 (m, 3 H, Ph).

2 13C NMR: δ 5 24.7, 25.1, 26.3, 26.4 (Me), 67.8 (C-6), 71.3 (C-the carbyne carbon atom in these complexes [e. g. (SMn)-
4), 71.6 (C-2), 71.8 (C-5), 75.5 (C-3), 87.9 (Cp), 97.1 (C-1), 109.2,6], meaning that a large number of enantiomerically pure
109.9 (CMe2), 123.7, 128.2, 154.9 (Ph), 232.7, 232.9 (2 3 CO),carbene complexes is readily accessible. Finally, oxidative
334.3 (Mn5C). 2 MS (EI, 70 eV): m/z (%) 5 524 (8) [M1], 509decomplexation of the carbene ligand and addition of other
(5) [M1 2 Me], 468 (100) [M1 2 2 CO], 120 (26) [CpMn1]. 2nucleophiles (L9) should now offer a simple route to other
C26H29MnO8·1/5 pentane (538.6): calcd. C 60.18, H 5.87; found Cchiral complexes of manganese [Cp(CO)(PR3)MnL9].
60.21, H 5.77.

Support of this work by the Fonds der Chemischen Industrie is
Dicarbonyl(cyclopentadienyl)[(2,3,4,6-tetra-O-acetyl-β--galac-

gratefully ackowledged.
topyranosyloxy)phenylcarbene]manganese (4b): Chromatography
with CH2Cl2/pentane (7:3) gave a yellow band (60 mg). Subsequent

Experimental Section elution with CH2Cl2/pentane/Et2O (7:3:1) first gave a dark red and
then an orange band. Removal of the solvent of the orange fractionAll operations were carried out under either nitrogen or argon
afforded complex 4b as an orange oil. Crystallization from 75 mlby using conventional Schlenk techniques. Solvents were dried by
of CH2Cl2/pentane (2:1) gave an orange powder. Yield: 730 mgrefluxing over sodium/benzophenone ketyl or CaH2 and were
(40%, based on 2), m.p. 68°C (dec.). 2 IR (CH2Cl2): ν(CO) 5freshly distilled prior to use. The silica gel used for chromatography
1971 cm21 vs, 1903 s. 2 1H NMR: δ 5 1.92, 2.03, 2.08, 2.16 (4 3(J. T. Baker, silica gel for flash chromatography) was saturated with
s, 3 H each, Me), 4.0524.18 (m, 3 H, H-5, CH2), 4.83 (s, 5 H, Cp),argon. The yields refer to analytically pure compounds and were
5.1925.24 (m, 1 H, 3-H), 5.3725.38 (m, 1 H, H-4), 5.4325.46 (m,not optimized. The complexes 1 [19] and 2, [5] the carbohydrates
1 H, 1-H), 5.5225.63 (m, 1 H, 2-H), 7.0427.07 (m, 2 H, Ph),2,3,4,6-tetra-O-acetyl--glucopyranose and 2,3,4,6-tetra-O-acetyl-
7.3027.39 (m, 3 H, Ph). 2 13C NMR: δ 5 20.4, 20.5, 20.6 (Me),-galactopyranose, [20] [21] 1,2:3,4-di-O-isopropylidene--galactopy-
62.3 (C-6), 68.0 (C-4), 69.4 (C-2), 71.3 (C-5), 72.3 (C-3), 88.5 (Cp),ranose[22] as well as PTol3 and tris(p-chlorophenyl)phosphane[23]

99.1 (C-1), 124.2, 128.2, 129.6, 153.9 (Ph), 169.7, 170.0, 170.4,were prepared according to literature procedures. PPh(OMe)2 and
170.6 (COMe), 231.3, 232.5 (2 CO), 334.2 (Mn5C). 2 MS (EI, 70PPh2(OMe) were purchased from Strem Chemicals, Inc. P(OPh)3

eV): m/z (%) 5 612 (0.5) [M1], 556 (0.4) [M1 2 2 CO], 331 (40)was obtained from Janssen, TMEDA from Merck. P(OMe)3 and
[OR*1 2 OH], 225 (9) [CpMnC(Ph)O1], 55 (58) [Mn1]. 2acetyl bromide were purchased from Fluka. 2 IR: FT-IR spectro-
C28H29MnO12 (612.1): calcd. C 54.91, H 4.77; found C 55.02, Hphotometer, Bio.-Rad. 2 1H NMR, 31P NMR, and 13C NMR:
4.99.Bruker WM 250, Bruker AC 250, Bruker DRX 600, Jeol JNX 400.

Unless specifically mentioned, 1H-NMR spectra were recorded at Dicarbonyl(cyclopentadienyl)[(2,3,4,6-tetra-O-acetyl-β--gluco-
250 MHz and 13C- and 31P-NMR spectra at 400 MHz. All spectra pyranosyloxy)phenylcarbene]manganese (4c): Chromatography with
were recorded in [D6]acetone at room temp. Chemical shifts are CH2Cl2/pentane (8:3) gave a yellow band (200 mg), and then elu-
reported relative to the residual solvent peaks [1H: δ(H) 5 2.05 and tion with CH2Cl2/pentane/Et2O (8:3:1) gave first a brown and then13C: δ(CH3) 5 29.8] or to external H3PO4 (31P). 2 MS: Finnigan an orange band. The orange band afforded 4c as an orange powder.
MAT 312 (EI) or Finnigan MAT 312/AMD5000 (FAB). Recrystallization from 7 ml of CH2Cl2 gave 4c as light orange

plates. Yield: 910 mg (46%, based on 2), m.p. 130°C (dec.). 2 IRGeneral Procedure for the Synthesis of the Complexes 4a2c, (R)-
4d, (S)-4d and (R)-14: 4.5 mmol of the corresponding carbohydrate (CH2Cl2): ν(CO) 5 1972 cm21 vs, 1905 s. 2 1H NMR: δ 5 1.95,

1.97, 2.03, 2.07 (4 3 s, 3 H each, Me), 3.7123.78 (m, 1 H, 5-H),or glycerol derivative was added at 250°C to a solution of 2 or its
tolylcarbene analogue, prepared from 3.0 mmol of acetyl bromide 4.0524.24 (m, 2 H, CH2), 4.83 (s, 5 H, Cp), 5.0825.39 (m, 4 H, 1-

H, 2-H, 3-H, 4-H), 7.3227.35 (m, 2 H, Ph), 7.3827.44 (m, 3 H,and 3.0 mmol of 1 or Li[Cp(CO)2Mn2C(5O)Tol-p], respectively,
in 50 ml of CH2Cl2. The resulting solution was stirred for 0.5 h at Ph). 2 13C NMR: δ 5 20.4 (4 Me), 62.5 (C-6), 68.9 (C-4), 71.8 (C-

2), 72.9 (C-5), 73.1 (C-3), 88.6 (Cp), 98.8 (C-1), 124.2, 128.1, 128.5,250°C, warmed to 0°C and stirred for a further 4.5 h at 0°C. The
solvent was removed in vacuo at room temp. The dark brown resi- 153.5 (Ph), 169.6, 169.9, 170.2, 170.6 (4 COMe), 231.4, 232.3 (2

CO), 333.8 (Mn5C). 2 MS (70 eV): m/z (%) 5 612 (2) [M1], 556due was dissolved in CH2Cl2/pentane {6:1 (4a), 2:1 (4b), 8:3 (4c),
2:1 [(R)- and (S)-4d, (R)-14]} and chromatographed at 220°C on (0.4) [M1 2 2 CO], 331 (66) [OR*1 2 OH], 271 (6) [OR*1 2 OH
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2 HOAc], 225 (15) [CpMnC(Ph)O1]. 2 C28H29MnO12·4/3 CH2Cl2 based on 4b). 2 IR (CH2Cl2): ν(CO) 5 1848 cm21 s. 2 1H NMR:

δ 5 1.91, 1.94, 1.97, 1.98, 2.01, 2.04, 2.07, 2.08 (8 3 s, total 12 H,(725.3): calcd. C 48.54, H 4.40; found C 48.76, H 4.51.
COMe), 2.31 (s, 9 H, C6H4CH3), 3.9724.10 (m, 3 H, 5-H, CH2),Dicarbonyl(cyclopentadienyl)[(2R)-2,3-(isopropylidenedioxy)-
4.60 (d, 3JPH 5 1.8 Hz), 4.63 (d, 3JPH 5 1.6 Hz, total 5 H, Cp),prop-1-yloxy)phenylcarbene]manganese [(R)-4d]: Chromatography
4.8024.98 (m, 1 H, 3-H), 5.1525.19 (m, 1 H, 4-H), 5.2425.73 (m,with CH2Cl2/pentane (2:1) gave first a yellow band (20 mg) and
2 H, 1-H, 2-H), 6.8727.44 (m, 17 H, arom.). 2 13C NMR (600then a red band (80 mg). Elution with CH2Cl2/pentane/Et2O
MHz): δ 5 20.4, 20.5, 20.6 (Me), 21.1, 21.2 (C6H4CH3), 61.9(2:1:0.5) gave a brown/red band which contained (R)-4d. Evapora-
(CH2), 68.2 (C-4), 69.1 (C-2), 71.6 (C-5), 71.7 (C-3), 87.5, 87.6tion of the solvent afforded (R)-4d as a sticky brown oil. Yield: 690
(Cp), 95.0 (C-1), 126.9, 127.0, 129.2, 129.3, 129.4, 129.5, 130.0,mg (41%, based on 2). 2 IR (pentane): ν(CO) 5 1975 cm21 sh,
133.5, 133.6, 133.7, 133.8, 133.9, 139.9, 152.6 (C6H4, Ph), 169.9,1964 vs, 1918 sh, 1905 s. 2 1H NMR: δ 5 1.30, 1.34 (2 3 s, 3 H
170.0, 170.4, 170.6 (COMe), CO and Mn5C not detected. 2 MSeach, Me), 3.8723.93 (m, 1 H, 2-H), 4.1224.18 (m, 1 H, 3-H),
(FAB, NBOH, NaI): m/z (%) 5 911 (2) [MNa1], 888 (3) [M1], 8604.4324.53 (m, 3 H, CH2-1, 3-H), 4.74 (s, 5 H, Cp), 7.0027.03 (m,
(10) [M1 2 CO], 556 (18) [M1 2 CO 2 PTol3

1], 513 (34) [M1 22 H, Ph), 7.2727.39 (m, 3 H, Ph). 2 13C NMR: δ 5 25.6, 27.0
CO 2 PTol3 2 Ac], 424 (39) [CpMnPTol3

1]. 2 C48H50MnO11P ·1/(Me), 66.9 (C-3), 74.9 (C-2), 77.0 (C-1), 88.1 (Cp), 110.1 (CMe2),
4 CH2Cl2 (910.1): calcd. C 63.68, H 5.59; found C 63.47, H 5.50.123.7, 128.1, 128.3, 155.5 (Ph), 232.9 (2 CO), 334.5 (Mn5C). 2

MS (EI, 70 eV): m/z (%) 5 396 (24) [M1], 381 (6) [M1 2 Me], 340 Carbonyl(cyclopentadienyl)[(2,3,4,6-tetra-O-acetyl-β- -gluco-
(77) [M1 2 2 CO], 120 (52) [MnCp1], 55 (100) [Mn1]. 2 pyranosyloxy)phenylcarbene](tritolylphosphane)manganese (5c):
C20H21MnO5·1/4 pentane (414.1): calcd. C 61.60, H 5.84; found C Irradiation time: 13 min. Chromatography with CH2Cl2/pentane
61.79, H 5.50. (8:3) gave a yellow band and subsequent elution with CH2Cl2/pen-

tane/Et2O (8:3:1) gave an orange band. Removal of the solvent ofDicarbonyl(cyclopentadienyl)[(2S)-2,3-(isopropylidenedioxy)-
prop-1-yloxy)phenylcarbene]manganese [(S)-4d]: Chromatography the orange fraction in vacuo at room temp. afforded complex 5c as

an orange oil in a 85:15 ratio of diastereomers (determined by 1H-with CH2Cl2/pentane (2:1) gave first a yellow band (20 mg) and
then a red band (80 mg). Elution with CH2Cl2/pentane/Et2O NMR spectroscopy). Yield: 120 mg (24%, based on 4c). 2 IR

(CH2Cl2): ν(CO) 5 1848 cm21 s. 2 1H NMR: δ 5 2.00, 2.01, 2.08,(2:1:0.5) gave a brown/red band which contained (S)-4d. Evapora-
tion of the solvent afforded (S)-4d as a sticky brown oil. Yield: 750 2.09 (4 3 s, 3 H each, COMe), 2.36 (s, 9 H, C6H4CH3), 4.1524.28

(m, 2 H, CH2), 4.4424.50 (m, 1 H, 5-H), 4.64 (d, 3JPH 5 1.7 Hz),mg (45%, based on 2). 2 The spectroscopic data are identical to
those of (R)-4d. 2 MS (EI, 70 eV): m/z (%) 5 396 (9) [M1], 381 4.71 (d, 3JPH 5 1.5 Hz, total 5 H, Cp), 4.8625.41 (m, 4 H, 1-H,

2-H, 3-H, 4-H), 6.9027.36 (m, 17 H, arom.). 2 13C NMR (600(2) [M1 2 Me], 340 (35) [M1 2 2 CO], 120 (61) [MnCp1], 55
(100) [Mn1]. 2 C20H21MnO5 (396.1): calcd. C 60.61, H 5.34; found MHz): δ 5 20.4, 20.5, 20.6, 20.7, 20.8, 20.9 (COCH3), 21.2

(C6H4CH3), 63.0 (CH2), 68.9 (C-4), 70.5 (C-2), 71.1 (C-5), 72.9 (C-61.14, H 5.41.
3), 87.5, 87.8 (Cp), 94.1 (C-1), 124.2, 126.7, 127.0, 128.1, 128.8,Carbonyl(cyclopentadienyl)[(α-1:2,3:4-di-O-isopropylidene- -
129.4, 129.5, 133.7, 133.8, 139.9 (C6H4, Ph), 152.7, 153.6 (Ph),galactopyranos-6-yloxy)phenylcarbene](tritolylphosphane)-
169.8, 169.9, 170.0, 170.1, 170.4, 170.5 (COMe), 236.4 (d, 2JPC 5manganese (5a). Irradiation time: 11 min. Chromatography with
30.2 Hz, CO), 323.5 (d, 2JPC 5 33.3 Hz, Mn5C). 2 31P NMR:CH2Cl2/pentane (6:1) gave a yellow band. Further elution with
δ 5 79.8, 81.7. 2 MS (FAB, NBOH, NaI): m/z (%) 5 911 (2)CH2Cl2/pentane/Et2O (12:2:1) gave two red bands which gave 5a
[MNa1], 886 (5) [M1 2 2 H], 860 (9) [M1 2 CO], 513 (51) [M1

as a mixture of diastereomers in a ratio of 54:46 (determined by
2 CO 2 PTol3 2 Ac], 424 (65) [CpMnPTol3

1]. 21H-NMR spectroscopy). Removal of the solvent and crystallization
C48H50MnO11P·1/5 pentane (903.7): calcd. C 65.13, H 5.89; foundfrom 8 ml of pentane afforded 5a as an orange powder. Yield: 290
C 65.58, H 5.80.mg (45%, based on 4a ), m.p. 45°C (dec.). 2 IR (pentane):

ν(CO) 5 1849 cm21 s. 2 1H NMR: δ 5 1.26, 1.28, 1.31, 1.32, 1.34, Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
1.38, 1.42, 1.52 (8 3 s, total 12 H, Me), 2.33, 2.34 (2 3 s, total 9 prop-1-yloxy]phenylcarbene}(tritolylphosphane)manganese [(SMn,
H, C6H4CH3), 3.8524.09 (m, 1 H, H-5), 4.1024.35 (m, 3 H, 4-H, R)-5d]: Irradiation time: 9 min. Chromatography with pentane/
CH2), 4.3624.42 (m, 1 H, 3-H), 4.49, 4.53 (2 d, 3JPH 5 1.8 Hz CH2Cl2 (2:1) gave a yellow band and subsequent elution with
each, total 5 H, Cp), 4.5824.62 (m, 1 H, 2-H), 4.4725.53 (m, 1 H, CH2Cl2/pentane/Et2O (4:2:1) gave a red band. The red fraction
1-H), 6.6226.66 (m, 2 H, Ph), 7.0027.56 (m, 15 H, arom.). 2 13C contained (SMn,R)-5d. Removal of the solvent and crystallization
NMR: δ 5 21.2 (C6H4CH3), 24.5, 24.6, 24.7, 25.1, 25.2, 26.3, 26.6, from 10 ml of pentane gave (SMn,R)-5d as an orange powder. Yield:
26.7 (Me), 68.0, 68.4 (C-6), 71.3, 71.4 (C-4), 71.4, 71.6 (C-2), 71.8, 220 mg [51%, based on (R)-4d], m.p. 56°C (dec.). 2 [α]D

20 5 111
72.0 (C-5), 72.2, 72.7 (C-3), 87.7, 88.0 (Cp), 97.3 (C-1), 125.9, (c 5 1, CH2Cl2). 2 IR (pentane): ν(CO) 5 1875 cm21 sh, 1859 s.
126.1, 126.8, 127.2, 127.6, 128.3, 129.1, 129.2, 129.3, 130.0, 130.1,

2 1H NMR: δ 5 1.28, 1.29, 1.32, 1.34 (4 3 s, total 6 H, Me), 2.35
130.2, 133.7, 133.8, 133.9, 134.2, 135.8, 135.9, 136.2, 136.3, 139.6, (s, 9 H, C6H4CH3), 3.6223.65 (m, 1 H, 2-H), 3.7124.77 (m, 2 H,
139.7, 153.4, 153.9 (C6H4CH3, Ph), 237.7, 237.9 (2JPC 5 33.0 Hz CH2), 4.0424.07 (m, 1 H, 1-H), 4.2824.37 (m, 1 H, 1-H), 4.45 (d,
each, CO), 326.0 (Mn5C). 2 MS (FAB, NBOH, NaI): m/z (%) 5 3JPH 5 1.6 Hz, 5 H, Cp), 6.6526.70 (m, 2 H, Ph), 7.0027.33 (m,
823 (35) [MNa1], 800 (4) [M1], 772 (7) [M1 2 CO], 468 (100) [M1

15 H, arom.). 2 13C NMR (600 MHz): δ 5 21.2 (C6H4CH3), 25.6,
2 CO 2 PTol3]. 2 C46H50MnO7P (800.3): calcd. C 68.98, H 6.30; 27.1 (Me), 67.2 (C-3), 73.5 (C-2), 75.5 (C-1), 87.5 (Cp), 109.6
found C 68.14, H 6.54. (CMe2), 127.2, 129.3, 129.4 (Ph), 133.8, 133.9, 134.2, 134.4, 135.9,

136.3, 139.4, 139.8 (C6H4), 154.7 (Ph), 238.0 (d, 2JPC 5 34.1 Hz,Carbonyl(cyclopentadienyl)[(2,3,4,6-tetra-O-acetyl-β--galacto-
pyranosyloxy)phenylcarbene](tritolylphosphane)manganese (5b): CO), 335.2 (d, 2JPC 5 28.0 Hz, Mn5C). 2 31P NMR (600 MHz):

δ 5 84.1. 2 MS (EI, 70 eV): m/z (%) 5 672 (0.02) [M1], 644Irradiation time: 9 min. Chromatography with CH2Cl2/pentane
(7:3) first gave a yellow band (20 mg). Further elution with CH2Cl2/ (0.06) [M1 2 CO], 480 (0.13) [CpPTol3(CO)2Mn1], 424 (2.2)

[MnCpPTol3
1], 340 (1.3) [M1 2 CO 2 PTol3], 304 (100) [PTol3

1].pentane/Et2O (7:3:1) gave a red band which, after removal of the
solvent, gave 5b as an orange oil in a 66:34 ratio of diastereomers 2 C40H42MnO4P (672.2): calcd. C 71.41, H 6.30; found C 70.00,

H 6.54.(determined by 1H-NMR spectroscopy). Yield: 130 mg (19%,
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Carbonyl(cyclopentadienyl){[(2S)-2,3-(isopropylidenedioxy)- CH2-3), 4.45, 4.46 (d, 3JPH 5 1.7 Hz, total 5 H, Cp), 7.1127.32

(m, 5 H, Ph). 2 13C NMR (600 MHz): δ 5 25.6, 25.7, 27.0, 27.1prop-1-yloxy]phenylcarbene}(tritolylphosphane)manganese
[(RMn,S)-5d]: Irradiation time: 9 min. Chromatography with pen- (Me), 52.2 (OMe), 67.4, 67.5, 75.3, 75.4, 75.5, 75.6 (C-1, C-2, C-

3), 86.6 (Cp), 109.8 (CMe2), 125.1, 125.2, 127.0, 127.1, 127.4, 128.7,tane/CH2Cl2 (2:1) gave a yellow band and subsequent elution with
CH2Cl2/pentane/Et2O (4:2:1) gave a red band. The red fraction 128.9, 129.3, 130.1, 130.2, 156.9, 157.2 (Ph), 237.0 (m, CO), 324.8

(m, Mn5C). 2 31P NMR: δ 5 204.6. 2 MS (EI, 70 eV): m/z (%) 5contained (RMn,S)-5d. Removal of the solvent and crystallization
from 10 ml of pentane gave (RMn,S)-5d as an orange powder. Yield: 492 (11) [M1], 477 (0.6) [M1 2 Me], 461 (3) [M1 2 OMe], 340

(100) [M1 2 P(OMe)3 2 CO], 93 (66) [P(OMe)2
1]. 2230 mg [53%, based on (S)-4d], m.p. 56°C (dec.). 2 [α]D

20 5 212
(c 5 1, CH2Cl2). 2 The IR and NMR spectra were identical with C22H30MnO7P (492.4): calcd. C 53.65, H 6.14. A correct elemental

analysis could not be obtained.those of (SMn,R)-5d. 2 MS (EI, 70 eV): m/z (%) 5 672 (0.04) [M1],
644 (0.13) [M1 2 CO], 480 (0.5) [CpPTol3(CO)2Mn1], 424 (8) Carbonyl(cyclopentadienyl){[(2S)-2,3-(isopropylidenedioxy)-
[MnCpPTol3

1], 340 (8) [M1 2 CO 2 PTol3], 304 (100) [PTol3
1]. prop-1-yloxy]phenylcarbene}(trimethyl phosphite)manganese [(RMn,

2 C40H42MnO4P (672.2): calcd. C 71.41, H 6.30; found C 70.54, S)-9]: Irradiation time: 8 min. The purification of the reaction
H 6.51. products was carried out analogously to that of (SMn,R)-5d. Red

oil. Yield 170 mg [58%, based on (S)-4d]. 2 All spectroscopic dataCarbonyl(cyclopentadienyl)[(2,3:5,6-di-O-isopropylidene-α- -
were identical to those of (SMn,R)-9. 2 MS (EI, 70 eV): m/z (%) 5mannofuranosyloxy)phenylcarbene](tritolylphosphane)manganese
492 (11) [M1], 477 (0.6) [M1 2 Me], 461 (3) [M1 2 OMe], 340[(SMn)-7α]: 0.25 ml (0.4 mmol) of a solution of BCl3 in hexane was
(100) [M1 2 P(OMe)3 2 CO], 93 (66) [P(OMe)2

1]. 2added to 130 mg (0.2 mmol) of [SMn,R]-5d in 6 ml of CH2Cl2 at
C22H30MnO7P (492.4). A correct elemental analysis could not be270°C. 50 ml of pentane precooled to 270°C was then added to
obtained.the above solution. The carbyne complex (SMn)-6 precipitated as a

brown powder. After decanting, the residue was washed with 7 ml Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
of Et2O and several times with 10 ml portions of pentane, both prop-yloxy]phenylcarbene}dimethoxy(phenyl)phosphane]-
precooled to 270°C. Complex (SMn)-6 was dried in vacuo at manganese [(SMn,R)-10]: Irradiation time: 11 min. The workup and
240°C to give an orange powder. The complex was identified by the purification of the reaction products were carried out anal-
comparison of its IR spectrum [ν(CO) 5 2012 cm21 s, in CH2Cl2] ogously to those of (SMn,R)-5d. Red oil. Yield: 210 mg [65%, based
with that reported in ref. [5] The residue was dissolved in 10 ml of on (R)-4d]. 2 IR (pentane): ν(CO) 5 1884 cm21 sh, 1866 s. 2 1H
CH2Cl2, precooled to 270°C, and a solution of 140 mg (0.5 mmol) NMR (600 MHz): δ 5 1.25, 1.28, 1.29 (3 3 s, total 6 H, Me), 3.55
of the sodium salt of 2,3:5,6-di-O-isopropylidenemannofuranose in (d, 3JPH 5 11.3 Hz), 3.63 (d, 3JPH 5 11.7 Hz, total 6 H, OCH3),
5 ml of CH2Cl2 was added at 270°C. The solution was warmed to 3.7524.14 (m, 5 H, CH2-1, 2-H, CH2-3), 4.42 (s, 5 H, Cp),
room temp. and the solvent removed in vacuo. The workup and 6.9927.05, 7.1327.17, 7.3827.41, 7.4827.49 (all m, total 10 H,
the purification were carried out analogously to those reported in arom.). 2 13C NMR (600 MHz): δ 5 25.6, 25.7, 27.1 (Me), 52.5,
ref. [5] Complex (SMn)-7α was identified by a comparison of its IR 52.6, 53.1 (OMe), 67.2, 67.4, 74.9, 75.1, 75.2, 75.5 (C-1, C-2, C-3),
[ν(CO) 5 1862 cm21 s, in pentane] and its 1H-NMR spectrum with 87.1 (Cp), 109.8 (CMe2), 125.4, 125.5, 127.1, 127.2, 127.3, 128.7,
those reported in ref. [5]

128.8, 130.0, 130.07, 130.11, 130.14, 130.4, 141.9, 142.0, 142.3,
157.1, 157.3 (Ph), 236.7 (d, 2JPC 5 30.1 Hz, CO), 322.7 (m, Mn5Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
C). 2 31P NMR (600 MHz): δ 5 226.0, 226.1 2 MS (EI, 70 eV):prop-1-yloxy]phenylcarbene}(triphenyl phosphite)manganese [(SMn,
m/z (%) 5 538 (11) [M1], 510 (5) [M1 2 CO], 407 (1.4) [M1 2R)-8]: Irradiation time: 9 min. The purification of the reaction
OR*], 340 (100) [M1 2 CO 2 L]. 2 C27H32MnO6P·1/3 pentaneproducts was carried out analogously to that of (SMn,R)-5d. Red
(562.3): calcd. C 61.21, H 6.45; found C 61.12, H 6.58.oil. Yield: 250 mg [61%, based on (R)-4d]. 2 IR (pentane):

ν(CO) 5 1899 cm21 sh, 1888 sh, 1868 s. 2 1H NMR (600 MHz): Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
δ 5 1.24, 1.28, 1.32 (3 3 s, total 6 H, Me), 3.7423.84, 3.9324.08, prop-1-yloxy]phenylcarbene}(methoxydiphenylphosphane)-
4.2824.49 (3 3 m, total 5 H, CH2-1, 2-H, CH2-3), 4.12 (d, 3JPH 5 manganese [(SMn,R)-11]: Irradiation time: 8 min. The purification
1.9 Hz, 5 H, Cp), 7.0527.53 (m, 20 H, Ph, OPh). 2 13C NMR of the reaction products was carried out analogously to that of
(600 MHz): δ 5 25.6, 27.1 (Me), 67.2 (C-3), 67.3 (C-2), 75.2 (C-1), (SMn,R)-5d. Red oil. Yield: 190 mg [54%, based on (R)-4d]. 2 IR
86.6 (Cp), 109.8 (CMe2), 122.6, 124.8, 124.9, 125.1, 127.5, 127.7, (pentane): ν(CO) 5 1861 cm21 s. 2 1H NMR (600 MHz): δ 5
128.2, 128.7, 128.9, 129.0, 129.4, 129.6, 130.2, 130.7, 153.0, 154.9, 1.23, 1.24, 1.25, 1.28 (4 3 s, total 6 H, Me), 3.56 (d, 3JPH 5 12.0
155.2 (Ph, OPh), 235.6 (d, 2JPC 5 44.0 Hz, CO) 235.8 (d, 2JPC 5 Hz), 3.58 (d, 3JPH 5 12.1 Hz, total 3 H, OMe), 3.5023.52,
47.9 Hz, CO), 327.2 (d, 2JPC 5 41.5 Hz, Mn5C), 327.4 (d, 2JPC 5 3.6223.63, 3.7123.75, 3.8723.90, 4.04, 4.1124.13 (total 5 H, CH2-
42.7 Hz, Mn5C). 2 31P NMR (600 MHz): δ 5 194.9, 195.2. 2 1, 2-H, CH2-3), 4.47 (d, 3JPH 5 1.6 Hz, 5 H, Cp), 6.9326.96,
MS (EI, 70 eV): m/z (%) 5 678 (1.4) [M1], 585 (0.4) [M1 2 OPh], 7.1227.17, 7.3027.32, 7.3027.32, 7.43, 7.60, 7.61 (all m, total 15
547 (0.4) [M1 2 OR*], 430 (5.7) [CpMn(P(OPh)3)1], 340 (56) [M1 H, Ph) 2 13C NMR (600 MHz): δ 5 25.5, 25.6, 27.0 (Me), 53.3
2 CO 2 P(OPh)3], 310 (36) [P(OPh)3

1], 217 (100) [P(OPh)2
1]. 2 (OMe), 67.1, 67.4, 74.4, 74.9, 75.0, 75.2 (C-1, C-2, C-3), 87.2, 87.3

C37H36MnO7P·1/3 pentane (702.6): calcd. C 66.10, H 5.74; found (Cp), 109.4, 109.5 (CMe2), 125.3, 125.4, 127.1, 127.4, 127.5, 128.4,
C 66.41, H 5.69. 128.5, 128.7, 128.8, 130.5, 131.0, 131.1, 131.7, 131.8, 142.3, 142.5,

156.0, 156.2 (Ph), CO and Mn5C not detected. 2 31P NMR: δ 5Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
193.4, 193.7 2 MS (EI, 70 eV): m/z (%) 5 584 (6) [M1], 556 (4)prop-1-yloxy]phenylcarbene}(trimethyl phosphite)manganese
[M1 2 CO], 340 (100) [M1 2 CO 2 L], 336 (31) [CpMnL1], 216[(SMn,R)-9]: Irradiation time: 8 min. The purification of the reac-
(33) [L1], 55 (64) [Mn1]. 2 C32H34MnO5P (584.5): calcd. C 65.75,tion products was carried out analogously to that of (SMn,R)-5d.
H 5.86; found C 65.90, H 5.78.Red oil. Yield: 180 mg [60%, based on (R)-4d]. 2 IR (pentane):

ν(CO) 5 1867 cm21 s. 2 1H NMR (600 MHz): δ 5 1.30, 1.33, Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
prop-1-yloxy]phenylcarbene}(triphenylphosphane)manganese1.34 (3 3 s, total 6 H, Me), 3.61, 3.62 (d, 3JPH 5 11.0 Hz, total 9

H, OMe), 3.8523.98, 4.1124.43 (both m, total 5 H, CH2-1, 2-H, [(SMn,R)-12]: Irradiation time: 11 min. The workup and the purifi-
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cation of the reaction products were carried out as desribed for the CH3), 2.24 (s, 9 H, C6H4CH3), 2.34 (s, 9 H, PC6H4CH3),

3.5823.87, 3.9824.12, 4.2824.35 (all m, total 5 H, CH2-1, 2-H,reaction of (R)-4d with tritolylphosphane. Recrystallization from
pentane/CH2Cl2 (10:1) afforded dark red crystals. Yield: 290 mg CH2-3), 4.44 (d, 3JPH 5 1.6 Hz, 5 H, Cp), 6.60 (d, J 5 7.8 Hz, 2

H, C6H4), 6.80 (d, J 5 7.9 Hz, 2 H, C6H4), 7.1327.30 (m, 12 H,[48%, based on (R)-4d], m.p. 110°C. 2 IR (pentane): ν(CO) 5 1877
cm21sh, 1862 s. 2 1H NMR: δ 5 1.29, 1.32, 1.35, 1.38 (4 3 s, total C6H4). 2 13C NMR: δ 5 21.1 (C6H4CH3), 25.4, 25.5 (Me), 66.9,

67.2, 75.4 (C-1, C-2, C-3), 87.5, 87.7 (Cp), 109.7, 109.8 (CMe2),6 H, Me), 3.6324.43 (m, 5 H, CH2-1, 2-H, CH2-3), 4.47 (d, 3JPH 5

1.7 Hz, 5 H, Cp), 6.6726.71 (m, 2 H, Ph), 7.0027.07, 7.3126.65 124.1, 125.9, 126.0 (C6H4), 128.0 (PC6H4), 128.7 (C6H4), 128.9,
128.0 (PC6H4), 129.5, 129.8, 130.0, 130.2 (C6H4), 135.2, 135.3,(m, total 18 H, arom.). 2 13C NMR: δ 5 25.6, 25.7, 27.2 (Me),

67.2, 67.5, 73.6, 74.4, 75.5 (C-1, C-2, C-3), 87.6 (Cp), 109.6, 109.7 136.1 (PC6H4), 137.2, 137.4, 151.1 (C6H4), 154.7 (Ph), 237.5
(2JPC 5 31.6 Hz, CO), 328.1 (2JPC 5 30.2 Hz, Mn5C). 2 31P(CMe2), 125.7, 125.8, 127.1, 127.3, 127.4, 127.6, 128.2, 128.5, 128.6,

128.7, 129.0, 129.2, 129.4, 129.5, 129.6, 130.0, 130.2, 133.9, 134.0, NMR: δ 5 89.0. 2 MS (EI, 70 eV): m/z (%) 5 686 (0.05) [M1],
658 (0.1) [M1 2 CO], 304 (100) [PTol3

1], 120 (22) [CpMn]. 2134.3, 138.9, 139.2, 154.5, 154.6 (Ph), 237.7 (d, 2JPC 5 30.5 Hz,
CO), 326.0 (d, 2JPC 5 30.5 Hz, Mn5C), 325.9 (d, 2JPC 5 29.3 Hz, C41H35MnO4P (672.2): calcd. C 72.67, H 5.21; found C 72.17, H

6.46.Mn5C). 2 31P NMR: δ 5 87.16, 87.30. 2 MS (EI, 70 eV): m/z
(%) 5 630 (0.1) [M1], 602 (0.07) [M1 2 CO], 340 (19) [M1 2 CO

Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
2 L], 262 (100) [L1]. C37H36MnO4P (630.6): calcd. C 70.47, 5.75;

prop-1-yloxy]tolylcarbene}(trimethyl phosphite)manganese [(SMn,found C 70.66, H 5.90.
R)-16]: Irradiation time: 8 min. The purification of the reaction

Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)- products was carried out analogously to that of (SMn,R)-5d. Red
prop-1-yloxy]phenylcarbene}[tris(p-chlorophenyl)phosphane]- oil. Yield: 170 mg [56%, based on (R)-14]. 2 IR (pentane):
manganese [(SMn,R)-13]: Irradiation time: 10 min. Workup and ν(CO) 5 1882 cm21 sh, 1870 sh, 1862 s. 2 1H NMR: δ 5 1.30,
purification of the reaction products were carried out analogously 1.33, 1.34 (3 3 s, total 6 H, Me), 2.29 (s, 9 H, C6H4CH3), 3.60 (d,
to those of (SMn,R)-5d. Red oil. Yield 310 mg [70%, based on (R)- 3JPH 5 11.0 Hz, 9 H, OMe), 3.8023.89, 4.0724.14, 4.2424.41 (all
4d]. 2 IR (pentane): ν(CO) 5 1860 cm21 s. 2 1H NMR: δ 5 1.31, m, total 5 H, CH2-1, 2-H, CH2-3), 4.45 (s, 5 H, Cp), 7.0427.17 (m,
1.35, 1.38 (3 3 s, total 6 H, Me), 3.5423.57, 3.7323.78, 3.8223.93, 4 H, Tol). 2 13C NMR: δ 5 21.1 (C6H4CH3), 25.7, 25.8 (Me), 52.1
4.0624.14, 4.3824.46 (5 3 m, 5 H, CH2-1, 2-H, CH2-3), 4.55 (d, (OCH3), 67.5, 67.6, 74.9, 75.2, 75.5 (C-1, C-2, C-3), 86.5 (Cp),
3JPH 5 1.6 Hz, 5 H, Cp), 6.6826.72, 7.0427.13, 7.3127.49 (3 3 109.8, 109.8 (CMe2), 125.3, 125.4, 128.0, 130.0, 136.6, 136.7, 154.6,
m, 17 H, arom.). 2 13C NMR: δ 5 25.5, 25.6, 27.1, 27.2 (Me), 154.9 (C6H4), 236.8 (d, 2JPC 5 46.4 Hz, CO), 325.5, 325.6 (d, both
66.9, 67.2, 73.6 (C-1, C-2, C-3), 87.7 (Cp), 109.7, 109.8 (CMe2), 2JPC 5 41.5 Hz, Mn5C). 31P NMR: δ 5 204.8. 2 MS (EI, 70 eV):
125.8, 125.9 (Ph), 127.4 (C6H4), 128.3 (Ph), 129.0, 129.1 (C6H4), m/z (%) 5 506 (12) [M1], 475 (3) [M1 2 OMe], 375 (2) [M1 2
129.2, 129.4, 129.8 (Ph), 135.3, 135.4, 136.2 (C6H4), 137.0, 137.4, OR*], 254 (100) [M1 2 P(OMe)3 2 CO], 120 (34) [CpMn1], 55
153.4 (Ph), 237.1 (d, 2JPC 5 30.2 Hz, CO), 327.2 (d, 2JPC 5 31.7 (56) [Mn1]. 2 C23H32MnO7P·1/3 pentane (530.2): calcd. C 55.85,
Hz, Mn5C). 2 31P NMR: δ 5 87.9, 88.0. 2 MS (FAB, NBOH): H 6.84; found C 56.57, H 6.69.
m/z (%) 5 732 (100) [M1, 35Cl], 484 (10) [CpMnL1]. 2

Carbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-C37H33Cl3MnO4P (733.9): calcd. C 60.65, 4.54; found C 60.27, H
prop-1-yloxy]tolylcarbene}[tris(p-chlorophenyl)phosphane]-4.88.
manganese [(SMn,R)-17]: Irradiation time: 12 min. The workup and

[Acetoxy(tolyl)carbene]dicarbonyl(cyclopentadienyl)manganese: the purification of the reaction products were carried out anal-
The preparation was carried out analogously to 2. [5] The complex ogously to those of (SMn,R)-5d. Red powder. Yield 280 mg [60%,
was identified by comparison of its IR data [ν(CO) 5 1983 cm21 s, based on (R)-14], m.p. 72275°C. 2 IR (pentane): ν(CO) 5 1868
1917 s, in CH2Cl2] with those of the corresponding phenylcarbene cm21 sh, 1961 s. 2 1H NMR: δ 5 1.31, 1.34, 1.38 (3 3 s, total 6
complex 2. [5]

H, Me), 2.27 (s, 3 H, C6H4CH3), 3.5523.60, 3.7423.92, 4.0724.15,
4.4424.47 (all m, total 5 H, CH2-1, 2-H, CH2-3), 4.55 (s, 5 H, Cp),Dicarbonyl(cyclopentadienyl)[{(2R)-2,3-(isopropylidenedioxy)-
6.5826.70, 6.7926.90, 7.1227.40 (m, total 16 H, arom.). 2 13Cprop-1-yloxy}tolylcarbene]manganese [(R)-14]: The preparation
NMR: δ 5 21.1 (C6H4CH3), 25.5, 27.0 (Me), 67.1, 72.2, 75.7 (C-and workup were carried out analogously to those of (R)-4d. Evap-
1, C-2, C-3), 87.4, 87.9 (Cp), 109.7, 109.8 (CMe2), 125.9, 127.9,oration of the solvent afforded (R)-14 as a brown oil. Yield: 1.05 g
128.9, 129.0, 130.0, 135.2, 135.3, 136.1, 136.9, 137.2, 137.3, 151.1[53%, based on the acetoxy(tolyl)carbene complex]. 2 IR (pen-
(C6H5, C6H4), 237.5 (d, 2JPC 5 31.6 Hz, CO), 328.0 (2JPC 5 28.9tane): ν(CO) 5 1976 cm21 sh, 1964 vs, 1917 sh, 1903 s. 2 1H NMR:
Hz, Mn5C). 2 31P NMR: δ 5 88.2. 2 MS (FAB, NBOH): m/zδ 5 1.30, 1.35 (2 3 s, 3 H each, Me), 2.33 (s, 3 H, C6H4CH3),
(%) 5 748 (85) [M1, 35Cl], 484 (100) [CpMnL1]. 23.8723.93 (m, 1 H, 2-H), 4.1224.18 (m, 1 H, 3-H), 4.4424.51 (m,
C38H35Cl3MnO4P (772.1): calcd. C 61.72, 5.09; found C 62.12, H3 H, CH2-1, 3-H), 4.72 (s, 5 H, Cp), 6.9526.98 (m, 2 H, C6H4),
4.89.7.1527.18 (m, 3 H, C6H4). 2 13C NMR: δ 5 21.1 (C6H4CH3)

25.6, 27.0 (Me), 66.9 (C-3), 74.9 (C-2), 77.0 (C-1), 87.8 (Cp), 110.0 X-ray Structural Analysis of 4c: C28H31MnO12 · CH2Cl2 ·CH4O,
(CMe2), 124.0, 128.7, 130.0, 138.1, 152.9 (Ph), 232.8 (2 3 CO), molecular mass 731.4, crystal size 0.3 3 0.3 3 0.3 mm (obtained
335.2 (Mn5C). 2 MS (EI, 70 eV): m/z (%) 5 410 (10) [M1], 395 by slow diffusion of pentane into a solution of 4c in CH2Cl2/meth-
(2) [M1 2 Me], 354 (50) [M1 2 2 CO], 280 (5) [M1 2 OR*], 120 anol); monoclinic crystal system, space group C2, a 5 16.793(4),
(40) [MnCp1], 55 (100) [Mn1]. 2 C21H23MnO5·1/3 pentane b 5 12.929(3), c 5 16.992(4) Å, β 5 109.63(1)°; V 5 3476.6(14)
(434.4): calcd. C 62.67, H 6.62; found C 62.55, H 5.98. Å3, Z 5 4, dcalcd. 5 1.397 g cm23; µ (Mo-Kα) 5 0.577 mm-1,

F(000) 5 1520. Wyckoff scan, 2θ range 4254°, scan speed variableCarbonyl(cyclopentadienyl){[(2R)-2,3-(isopropylidenedioxy)-
prop-1-yloxy]tolylcarbene}(tritolylphosphane)manganese [(SMn,R)- 2.0230.0° min-1 in ω. 4117 independent reflections with 3978 [F >

3σ(F)]. Data were collected at 231°C with the crystal mounted in15]: The irradiation and the workup were carried out analogously
to those of (SMn,R)-5d. Red powder. Yield: 230 mg [46%, based on a glass capillary on a Siemens P4 diffractometer (graphite mono-

chromator, Mo-Kα radiation, λ 5 0.71073 Å). The structure was(R)-14], m.p. 52°C (dec.). 2 IR (pentane): ν(CO) 5 1874 cm21 sh,
1857 s. 2 1H NMR: δ 5 1.29, 1.31, 1.34, 1.37 (4 3 s, total 6 H, solved (Patterson methods) and refined by using the SHELXTL
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rouflet et al. The η5-C5H5 ligand is considered to be a pseudo-PLUS (VMS) program package. 397 parameters refined, R 5 0.068,
atom of atomic number 30, which gives the following sequence:Rw 5 0.065. Largest difference peak (hole) 10.60 eÅ23 (20.50 η5-C5H5 > PR3 > CO > C(OR*)Ph. 2 [9a] C. Lecomte, Y. Du-

eÅ23). The positions of the hydrogen atoms were calculated by sausoy, J. Protas, J. Tirouflet, A. Dormond, J. Organomet.
Chem. 1974, 73, 67276. 2 [9b] T. E. Sloan, Top. Stereochem.assuming ideal geometry (dC2H 5 0.96 Å) and their coordinates
1981, 12, 1236.were refined together with the attached C atoms as a “riding mo-

[10] K. Weissenbach, H. Fischer, unpublished results.del”. The dichloromethane was disordered and was isotropically [11] [11a] C. G. Kreiter, E. O. Fischer, XXIIIrd International Congress
refined in two different positions assuming equal occupation. of Pure and Applied Chemistry, Butterworths, London, vol. 6,
Methanol was also isotropically refined. The positions of all other 1971, 1512168. 2 [11b] H. Brunner, J. Doppelberger, E. O.

Fischer, M. Lappus, J. Organomet. Chem., 1976, 112, 65278.atoms were refined anisotropically by full-matrix least-squares
[12] [12a] M. Brookhart, J. R. Tucker, G. R. Husk, J. Organomet.methods. Complete lists of atomic coordinates and thermal param- Chem. 1980, 193, C232C26. 2 [12b] M. Brookhart, W. B. Studa-

eters were deposited.[24]
baker, M. B. Humphrey, G. R. Husk, Organometallics 1989, 8,
1322140. 2 [12c] M. Brookhart, Y. Liu in Advances in Metal
Carbene Chemistry (Ed.: U. Schubert), Kluwer Acadenic Pub-[1] For leading references on chiral-at-metal transition metal com-
lishers, Dordrecht, 1989, 2512270.plexes see: [1a] H. Brunner, Angew. Chem. 1971, 83, 274; Angew. [13] Examples for rotation around the Mn5C(carbene) bond: M. J.Chem. Int. Ed. Engl. 1971, 10, 249. 2 [1b] H. Brunner, Adv.
McGeary, T. L. Tonker, J. L. Templeton, Organometallics 1985,Organomet. Chem. 1980, 18, 151.
4, 210222106 and ref. [8a][2] [2a] K. H. Dötz, W. Straub, R. Ehlenz, K. Peseke, R. Meisel, [14] For hindered rotation around the C(carbene)2OR bond seeAngew. Chem. 1995, 107, 202322024; Angew. Chem. Int. Ed.-
e.g.: [14a] C. G. Kreiter, E. O.Fischer, Angew. Chem. 1969, 81,Engl. 1995, 34, 185621858. 2 [2b] R. Aumann, Chem. Ber. 1992,
7802781; Angew. Chem. Int. Ed. Engl. 1969, 8, 761. 2 [14b] E.125, 277322778. 2 [2c] T. Pill, K. Polborn, W. Beck, Chem. Ber.
O. Fischer, C. G. Kreiter, H. J. Kollmeier, J. Müller, R. D.1990, 123, 11217. 2 [2d] J. M. Dalla Riva Toma, D. E. Berg-
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Dichloromethane reacts with dinuclear rhodium complexes diffraction study. The early stages of the reaction of
[{(C8H14)2Rh}2(µ-Cl)2] with monophosphanes have been[{(PR3)2Rh}2(µ-Cl)2] to give the bridging-methylene comple-

xes [{(PR3)2RhCl}2(µ-Cl)2(µ-CH2)] (PR3 = PEt3, PPh2Me). The monitored by 31P NMR, evidencing chloride bridges cle-
avage and phosphane redistribution processes.structure of the PEt3 complex has been established by X-ray

Activation of dihalomethanes by low oxidation state volved in the reaction of monophosphanes with the chloro-
bridged dimer [{(C8H14)2Rh}2(µ-Cl)2], 1 (C8H14 5 cyclooc-transition metal complexes has attracted a great deal of

interest as a means of generating haloalkyl transition metal tene).
derivatives which are versatile precursors for a wide range As part of our work on the synthesis of amidorhodium
of useful compounds[1]. Oxidative addition of diiodo and complexes, we have been led to prepare the dimer
dibromomethane is well documented, and, although less [{(PEt3)2Rh}2(µ-Cl)2], 2 [12] [13]. Compound 2 is prepared in
common, the case of dichloromethane is now well recog- pure form [31P{1H} NMR, δ (THF) 5 44.3, JP-Rh 5 194
nized. Hz] by treating 4 equivalents of PEt3 with 1 in THF. It can

Several examples of simple oxidative addition of di- also be prepared in CH2Cl2 by reacting the starting materi-
chloromethane (CH2Cl2) to electron-rich RhI complexes of als for 10 min, followed by immediate evaporation of the
mono or polydentate phosphorus[2] [3], nitrogen[4] [5] [6], sul- solvent. Incidentally, we observed that if the reaction time
fur[7], and phosphorus/nitrogen[8] [9] ligands have been re- in CH2Cl2 is longer than 10 min, a second complex is
ported. They usually afford chloromethylrhodium(III) com- formed [31P{1H} NMR, δ (CH2Cl2) 5 31.1, JP-Rh 5 147
plexes. Hz] which becomes the only reaction product after 2 h. This

However, we found only two examples of double oxidat- new complex was isolated by precipitation with THF. Apart
ive addition of CH2Cl2 on binuclear RhI complexes[10] [11]. from the expected signals for the triethylphosphane ligands,
The chloride-bridged rhodium(I) dimer [{(dppe)Rh}2(µ- the 1H-NMR spectrum exhibits a broad signal at δ 5 3.7,
Cl)2] [dppe 5 1,2-bis(diphenylphosphanyl)ethane] has been which becomes sharper on phosphorus decoupling, and the
reported to react with CH2Cl2 to generate a bridging-meth- 13C{1H,31P} NMR spectrum shows a triplet at δ 5 38.9
ylene rhodium(III) complex (eq. 1) [10]. (JC-Rh 5 22 Hz, see Experimental Section). These signals

could correspond to the methylene bridge of a dinuclear
RhIII complex, as suggested by the relatively small JP-Rh

coupling constant. This complex was definitely identified as
the methylene-bridged dinuclear complex
[{(PEt3)2RhCl}2(µ-Cl)2(µ-CH2)] 3 by single crystal X-ray
diffraction analysis.

The molecular structure, which has a 2-fold symmetry, isThe other example concerns the oxidative addition of
gem-dichlorocarbons on the binuclear basic complex shown in Figure 1. The binuclear structure is built up by

two rhodium centers joined by two chloride ligands and a[{Rh(µ-pz)(CNtBu)2}2] (pz 5 pyrazolate) to give [{Rh(µ-
pz)Cl(CNtBu)2}2(µ-CHR)][11]. bridging methylene unit the carbon of which is located on

the 2-fold axis. This structure is very similar to that of theIn this paper, we report that activation of CH2Cl2 to gen-
erate methylene-bridged dimers is not limited to dinuclear recently reported [{(dppe)RhCl}2(µ-Cl)2(µ-CH2)] com-

plex[10]. As in the dppe compound, each rhodium centerRhI complexes and to RhI complexes bearing chelating di-
phosphanes, and can be obtained from both mononuclear has a symmetrical, quasi-octahedral environment and for-

mally can be considered as RhIII. A comparison of import-and dinuclear monophosphane rhodium(I) complexes. Fur-
thermore, some insight is given on the intermediates in- ant bond distances and bond angles within the
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Figure 1. Molecular structure and numbering scheme for [{(PEt3)2RhCl}2(µ-Cl)2(µ-CH2)].

Rh2Cl4P4CH2 framework for the two complexes is given in This results (eq. 2) shows that the activation of CH2Cl2
by a chloride-bridged rhodium(I) dimer discovered by Fry-Table 1.
zuk et al. (eq. 1) is not limited to the case of rhodium(I)Table 1. Comparison of interatomic distances [Å] and bond angles

[°] within the Rh2Cl4P4CH2 framework of [{L2RhCl}2(µ-Cl)2(µ- complexes with chelating diphosphanes[10].
CH2)]. E.s.d.s. in parentheses refers to the last significant digit

L 5 PEt3 L 5 dppe

Rh(1)2Cl(1) 2.4458(4) 2.4532(7)
Rh(1)2Cl(19) 2.4618(4) 2.4700(8)
Rh(1)2Cl(2) 2.5310(4) 2.5071(7)
Rh(1)2P(1) 2.2851(4) 2.2587(8)
Rh(1)2P(2) 2.2605(4) 2.2394(8) More surprisingly, the same methylene-bridged dinuclear
Rh(1)2C(1) 2.060(2) 2.057(3) rhodium complex 3 is formed as the major product by reac-
Cl(1)2Rh(1)2Cl(19) 81.64(2) 82.35(3) tion of the mononuclear complex [(Et3P)3RhCl] with
Cl(1)2Rh(1)2Cl(2) 89.69(1) 94.15(3) CH2Cl2 for 24 h at room temperature. On the basis of 31P-
Cl(19)2Rh(1)2Cl(2) 87.41(1) 93.07(3)

NMR analysis, some others unidentified (phosphane)rho-Cl(1)2Rh(1)2P(1) 174.87(2) 176.65(3)
Cl(19)2Rh(1)2P(1) 93.28(1) 99.23(3) dium complexes are also formed in small amounts.
Cl(2)2Rh(1)2P(1) 89.40(1) 88.72(3)
Cl(1)2Rh(1)2P(2) 89.61(1) 93.74(3)
Cl(19)2Rh(1)2P(2) 169.97(1) 175.99(3)
Cl(2)2Rh(1)2P(2) 97.49(1) 86.30(3)
P(1)2Rh(1)2P(2) 95.51(2) 84.72(3)
Cl(1)2Rh(1)2C(1) 81.95(4) 80.70(7)
Cl(19)2Rh(1)2C(1) 81.55(4) 80.29(7)
Cl(2)2Rh(1)2C(1) 166.99(5) 172.0(1)
P(1)2Rh(1)2C(1) 98.04(4) 96.62(8)
P(2)2Rh(1)2C(1) 92.42(3) 100.02(7) This result (eq. 3) is somewhat surprising in view of the
Rh(1)2Cl(1)2Rh(19) 75.58(1) 76.20(2) reaction described by Milstein et al. in the case of PMe3Rh(1)2C(1) 2Rh(19) 93.7(1) 95.2(2)

(eq. 4) [2].

The main differences are observed for the angles around
the metal atom. They are certainly related to the larger
strain resulting from the chelating coordination of the dppe
ligand, as is clearly shown by the P(1)2Rh(1)2P(2) angle
which varies from 95.51° in the triethylphosphane complex
to 84.72° in the dppe one.
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Indeed PEt3 and PMe3 have similar electronic properties bridged [{(PPh2Me)2RhCl}2(µ-Cl)2(µ-CH2)] (4) which can

be readily isolated. This CH2Cl2 activation appears to be(pKa 8.69 vs 8.65) and differ by their cone angles, only (132°
vs 118°) [14]. Nevertheless, this reaction may occur via dis- slower than in the case of [{(PEt3)2Rh}2(µ-Cl)2], probably

as a consequence of the lower electron-donating ability ofplacement of an equilibrium between [(PEt3)3RhCl] and
[{(PEt3)2Rh}2(µ-Cl)2], a well-known process in the case of PPh2Me (pKa 5 4.57) as compared to that of PEt3

[14].
It is thus clear that when [{(C8H14)2Rh}2(µ-Cl)2] 1 is[(PPh3)3RhCl] [15]. The different behaviour of

[(PMe3)3RhCl] may be merely ascribed to the unfavorable treated with 4 equivalents of PR3 (either PEt3 or PPh2Me),
cleavage of chloride bridges occurs, followed by phosphanedissociation of the smaller phosphane.

In the course of our study of the reaction of PEt3 (4 redistribution, affording the dinuclear complexes
[{(PR3)2Rh}2(µ-Cl)2]. In both cases, these complexes acti-equiv.) with [{(C8H14)2Rh}2(µ-Cl)2] 1, we made another

interesting observation. Indeed, according to literature vate CH2Cl2 to give the methylene-bridged complexes
[{(PR3)2RhCl}2(µ-Cl)2(µ-CH2)].data[16] [17] [18], e.g. in the case of Ph2PMe[18], this reaction

was believed to occur by stepwise replacement of the cyclo- As a complement, we also studied the reaction of 1 with
only 2 equivalents of either PEt3 or PPh2Me, again by 31P-octene ligands, without cleavage of the chloride bridges, to

ultimately yield [{(PEt3)2Rh}2(µ-Cl)2] (2). We surprisingly NMR monitoring at the early stage of the reaction at room
temperature. Indeed, the authors who previously reportedobserved that, after a few min at room temp. in dichloro-

methane, the very major phosphane complex is on the reaction with PPh2Me indicated that the NMR spec-
tra were recorded several hours after mixing the reac-[(PEt3)3RhCl]. The reaction rapidly evolves to generate the

chloride-bridged dimer 2, together with the bridging-meth- tants[18].
In both cases, after 5210 min mixing the reactants inylene one 3 which is the only product after 1 h. The obser-

vation of [(PEt3)3RhCl] as the only phosphane complex (no THF at room temperature, the tetrasubstituted [{(PR3)2-
Rh}2(µ-Cl)2] and the disubstituted [{(C8H14)(PR3)Rh}2(µ-free PEt3) at the early stage of the reaction implies the pres-

ence of unreacted 1 and suggests a subsequent redistri- Cl)2] complexes are present as the two major products. In
the case of PPh2Me, three others complexes are also observ-bution of the phosphane ligands. This was demonstrated

independently by reacting [(PEt3)3RhCl] (4 equiv.) with 1 able, two of them giving rise to doublets (31P NMR: δ 5
40.0, JP-Rh 5 187 Hz and δ 5 33.2, JP-Rh 5 195 Hz) and(1 equiv.) in THF, affording quantitatively [{(PEt3)2Rh}2(µ-

Cl)2] (31P NMR) (eq. 5). the third one (minor) giving a spin figure corresponding to
a tris(phosphane)rhodium complex, as previouly observed
with 4 equivalents of PPh2Me (vide supra). After 2 h, only
the doublet corresponding to the expected
[{(C8H14)(PR3)Rh}2(µ-Cl)2] is present.

Thus, although the cleavage of the chloride bridges could
not be clearly evidenced in the case of two equivalents of
phosphane, these results indicate that reaction of mono-The above results led us to reinvestigate the previously

reported reaction of PPh2Me (4 equiv.) with 1 [18] by 31P- phosphanes with [{(C8H14)2Rh}2(µ-Cl)2] always involves
substitution of the four cyclooctene ligands, followed by re-NMR monitoring at the early stage of the reaction at room

temperature. In THF, the reaction is very fast. Within 5 min distribution of the phosphane with unreacted starting com-
plex.the main reaction product is [{(PPh2Me)2Rh}2(µ-Cl)2] and

only traces of other complexes {among which It must be noted that a related ligand redistribution pro-
[(PPh2Me)3RhCl]} are observable. In CH2Cl2, however, a cess has been recently evidenced by NMR in the special
mixture of 5 complexes is observed after 5210 min. The case of terdentate nitrogen ligands[5].
major product is [(PPh2Me)3RhCl] (31P NMR: δ 5 31.8,
dt, JP-Rh 5 187 Hz, JP-P 5 42 Hz and δ 5 16.5, dd,
JP-Rh 5 139 Hz, J P-P 5 42 Hz). Among the four others
complexes, only two could be identified. On the basis of
literature data[18], one is [{(PPh2Me)(C8H14)Rh}2(µ-Cl)2]
(31P NMR δ 5 40.4, JP-Rh 5 187 Hz) while the other is the
expected [{(PPh2Me)2Rh}2(µ-Cl)2] (31P NMR: δ 5 34.0,
JP-Rh 5 196 Hz). Among the two other minor complexes,
one gives a broad doublet (31P NMR: δ 5 32.8, JP-Rh 5
194.5 Hz) and the second a spin figure which resembles that
of a tris(phosphane)rhodium(I) complex (31P NMR: δ 5
22.8, dt, JP-Rh 5 150 Hz, JP-P 5 24 Hz anf δ 5 10.6, dd,
JP-Rh 5 96 Hz, J P-P 5 24 Hz). After 20 min, all the above
signals have evolved to leave those of the dinuclear complex
[{(PPh2Me)2Rh}2(µ-Cl)2], exclusively. Then this signal pro-
gressively vanishes to cleanly leave a doublet (31P NMR: The resulting complex has also been shown to react with

CD2Cl2 at 298 K to yield the corresponding chloro-δ 5 17.7, JP-Rh 5 148 Hz) attributed to the methylene-
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difference Fouriers maps, but they were introduced in calculation inmethyl complex [RhCl2(CD2Cl)({2,6-C(Me)5N-p-anisyl}2
idealized positions [d(CH) 5 0.96 Å] and their atomic coordinatesC5H3N)] [5].
were recalculated after each cycle. They were given isotropic ther-

This research was supported by the Centre National de la Recher- mal parameters 20% higher than those of the carbon to which they
che Scientifique and by the Région Midi-Pyrénées (France) which are attached. Only the H atoms attached to the C methylene carbon
are gratefully acknowledged. The authors also wish to thank B. were refined with an isotropic thermal parameter. Least-squares
Donnadieu for collection of the X-ray data and F. Lacassin for refinements were carried out by minimizing the function Σw(uFou 2
NMR experiments. uFcu)2, where Fo and Fc are the observed and calculated structure

factors. The weighting scheme used in the last refinement cycles
Experimental Section was w 5 w9{1 2 [∆F/6σ(Fo)]2}2 where w9 5 1/Σ1

nArTr(x) with 3
coefficients Ar for the Chebyshev polynomial ArTr(x) where x wasGeneral: All reactions were performed under argon using stand-
Fc/Fc(max)[21]. Models reached convergence with R5 Σ(iFou 2 uFci)/ard Schlenk techniques. [{(C8H14)2Rh}2(µ-Cl)2] 1 was prepared ac-
Σ(uFou) and Rw5 [Σw(uFou 2 uFcu)2/Σw(Fo)2]1/2, having values listedcording to the literature procedure[19]. 2 C, H analyses: Perkin-
in Table 1. Criteria for a satisfactory complete analysis were theElmer 2400 apparatus. 2 NMR: Bruker AC 200 (monitoring of
ratios of rms shift to standard deviation less than 0.1 and no sig-reactions), AMX 400 (isolated complexes) (400.1, 162.0, 100.6, and
nificant features in final difference maps. Details of data collection12.6 MHz, for 1H, 31P, 13C, and 103Rh, respectively). For 1H NMR,
and refinement are given in Table 2.CD2Cl2 as solvent, δH 5 5.33; for 31P NMR, H3PO4 as external

standard; for 13C NMR, CD2Cl2 as solvent, δC 5 52.9; for 103Rh
Table 2. Crystal and collection data for compound 3 · 2 CH2Cl2NMR, CD2Cl2 as solvent, rhodium metal as external standard.

[{(PEt3)2RhCl}2(µ-Cl)2(µ-CH2)] (3): Triethylphosphane (0.37
Crystal Parametersml, 2.51 mmol) was added to a solution of [{(C8H14)2Rh}2(µ-Cl)2] formula C25H62Cl4P4Rh2 · 2 CH2Cl2

(0.450 g, 0.63 mmol) in CH2Cl2 (20 ml). After 2 h stirring at room fw [g] 1004.15
shape (color) box (yellow)temp., the solvent was evaporated under reduced pressure. The re-
size [mm] 0.50 3 0.40 3 0.30sulting powder was washed with THF (20 ml) and dried in vacuo
crystal system orthorhombic(0.401 g, 77%). 2 1H NMR: δ 5 1.25 (m, 36 H, CH3CH2P), 2.00 space group Pnan

(m, 12 H, CH3CH2P), 2.15 (m, 12 H, CH3CH2P), 3.69 (bs, 2 H, a [Å] 13.1328(9)
b [Å] 17.479(2)CH2).231P{1H} NMR: δ 5 34.4, d, JP-Rh 5 147 Hz. 2
c [Å] 18.734(2)13C{1H,31P} NMR: δ 5 8.12 (s, CH3CH2), 18.20 (s, CH3CH2),
V [Å3] 4300.5(6)38.88 (t, JC-Rh 5 22 Hz, CH2). 2 103Rh{1H} NMR: δ 5 1696 (t). Z 4

2 C25H62Cl4P4Rh2 (834.3): calcd. C 35.99, H 7.49; found C 35.32, F(000) 2052
ρ (calcd) [g·cm23] 1.551H 7.43.
µ (Mo-Kα) [cm21] 14.238

[{(PPh2Me)2RhCl}2(µ-Cl)2(µ-CH2)] (4): The same procedure
Data collectionas above was followed using PPh2Me (41 µl; 0.217 mmol) and Diffractometer IPDS Stoe

[{(C8H14)2Rh}2(µ-Cl)2] (0.039 g; 0.054 mmol) in CH2Cl2 (0.7 ml) monochromator graphite
radiation Mo-Kα (λ 5 0.71073)and 6 h stirring at room temp. (0.045 g; 71%). 2 1H NMR: δ 5
detector distance [mm] 801.53 (A3XMX9A93 spin system with a broad line symmetrically
Scan modeflanked by two sharp lines separated by 10.8 Hz, 12 H, CH3P), 4.25 φ range [°] 0 < φ < 149.5

(bs, 2 H, CH2), 6.927.6 (m, 40 H, aromatic H). 2 31P{1H} NMR: φ incr. [°] 1.3
exposure time [min] 2δ 5 20.31, d, JP-Rh 5 148.7 Hz. 2 13C{31P} NMR: δ 5 14.90 (q,
2θ range [°] 4.9 < 2θ < 47.9JC-H 5 133 Hz, CH3P), 56.78 (tt, JC-H 5 143 Hz, JC-Rh 5 18 Hz,
no. of rflns collected 19755

CH2), 1272133 (aromatic C). 2 103Rh{1H} NMR: δ 5 1847 (t). no. of unique rflns 3308
2 C53H54Cl4P4Rh2 (1162.5): calcd. C 54.76, H 4.68; found C 54.25, merging factor R(int) 0.0353

reflections used [I>2σ(I)] 2737H 4.49.
RefinementX-ray Crystallographic Analysis of [{(PEt3)2RhCl}2(µ-Cl)2(µ-
R 0.0186

CH2] (3): X-ray quality crystals were obtained by slow diffusion Rw 0.0213
of THF vapors into a concentrated CH2Cl2 solution of the com- Weighting scheme Chebyshev

Coefficient .Ar 1.39, 20.222, 1.22plex. The data were collected on a Stoe Imaging Plate Diffraction
(∆/s)max 0.009System (IPDS) equipped with an Oxford Cryosystems cooler de-
∆rmax 0.39

vice. The crystal-to-detector distance was 80 mm. 115 exposures (2 ∆rmin 20.35
min per exposure) were obtained with 0 < φ < 149.5° and with the GOF 1.102
crystals rotated through 2° in φ. Coverage of the unique set was
over 99% complete to at least 24°. Crystal decay was monitored by The calculations were carried out with the CRYSTALS package
measuring 200 reflexions per image. The Final unit cell parameters programs[22] running on a PC. The drawing of the molecule was
were obtained by the least-squares refinement of 5000 reflections. realized with the help of CAMERON[23]. The atomic scattering
Only statistical fluctuations were observed in the intensity monitors factors were taken from International Tables for X-ray Crystal-
over the course of the data collection. lography[24]. Crystallographic data (excluding structure factors) for

the structure reported in this paper have been deposited at theThe structure was solved by direct methods (SIR92)[20] and re-
fined by least-squares procedures on Fo. One of the methyl of an Cambridge Crystallographic Data Centre as supplementary publi-

cation no. CCDC-100808. Copies of the data can be obtainedethyl group attached to P(1) is distributed statistically over two po-
sitions. The coordinates for these disordered carbon atoms were free of charge on application to CCDC, 12 Union Road, Cam-

bridge CB2 1EZ, UK [Fax: int. code 1 44(1223)336-033; E-mail:refined applying geometrical restraints to maintain reasonable
C2C distances and C2C2C bond angles. H atoms were located on deposit@ccdc.cam.ac.uk].
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Tetrakis[bis(trimethylsilyl)methyl]digallane(4) (1) with a chelating acid dibenzoylmethane reacted by means of a sub-
stituent exchange, with the release of two equiv. of bis(tri-Ga2Ga single bond and the corresponding diindane(4) 2

with an In2In single bond were treated with different protic methylsilyl)methane for each formula unit of 1, to form 9, in
which the Ga2Ga bond is retained and each chelating 1,3-reagents: tert-Butyl alcohol did not react with 1 at all, while

phenol gave a mixture of unknown products, which could diphenyl-1,3-propanedionato ligand is in a terminal position
bonded to only one Ga atom, in more than 80% yield. Thenot be separated. The more acidic pentafluorophenol did not

react as an acid, but C2F bonds were cleaved to form almost Ga2Ga bond is shortened [244.1(1) pm] compared to that in
the starting compound tetraalkyldigallane(4) 1. The In2Inquantitatively the dimer (R2GaF)2 5, which was characterized

by a crystal-structure determination. Water and 1 yielded the bond of diindane(4) 2 is, however, cleaved in a similar reac-
tion with dibenzoylmethane, and only the fragmentation pro-dimeric dialkylgallium hydroxide 6. The Ga2Ga bond was

also cleaved by the reaction of 1 with durylthiophenol (du- duct dialkyl(1,3-diphenyl-1,3-propanedionato)indium 10
could be isolated.ryl = 2,3,5,6-tetramethylphenyl), which gave two main prod-

ucts: R2Ga(SDuryl) 7 and RGa(SDuryl)2 8. In contrast, the

Tetrakis[bis(trimethylsilyl)methyl]dielement(4) com- boxylato ligands approaches 90°. The reaction of 1 with less
acidic diphenyltriazene led to a partial fragmentation andpounds with the elements aluminium[1], gallium (1)[2], and

indium (2)[3] in an unusually low oxidation state of 1II and oxidation of digallane(4) 1. Two main products are formed:
by cleavage of the Ga2Ga bond the monogallanean element2element single bond, showed a remarkable re-

activity towards carboxylic acids: Dialane(4) reacted on R2Ga(N3Ph2) and by substituent exchange, the digallane
R2Ga2(N3Ph2)2, in which, in contrast to 4, the chelatingtreatment with benzoic acid by the insertion of the Al atoms

into the O2H bond, the cleavage of the Al2Al bond and substituents are terminally bonded[6]. The substituent ex-
change thus opened up an easy route for the synthesis ofthe reduction of the proton by two electrons to give a hy-

dride anion[4]. Both dialkylaluminium fragments of the novel organodigallium compounds, and we systematically
employed further protic reagents like alcohol or acetyl-product are unsymmetrically bridged by an O,O9-benzoato

group and an hydride ion to form the six-membered hetero- acetone derivatives.
cycle 3. A similar product could not be obtained with diin-

Reactions of Digallane(4) 1 with Alcohols and Waterdane(4) 2, which may be due to the inherently low thermal
stability of In2H bonds. Instead, two monoindium com- tert-Butyl alcohol did not react with 1 at all, even when

a large molar excess of 4 equiv. of the alcohol for each for-pounds, monomeric R2InO2CR and dimeric RIn(O2CR)2,
were formed[4], probably by fragmentation, the precipitation mula unit of 1 was used, and the mixture was refluxed in

hexane for several days. The reaction of the more acidicof indium metal and the release of elemental hydrogen. The
most interesting products, 4, were isolated from the reac- phenol in a molar ratio of 2 to 1 in boiling hexane resulted

in the complete consumption of 1 after a period of fourtions of digallane(4) 1 with aromatic and aliphatic car-
boxylic acids[5]. Two bis(trimethylsilyl)methyl groups are re- days, but a mixture of unknown products was formed,

which could not be separated by recrystallization; only traceplaced by carboxylato groups, which occupy a bridging po-
sition above the considerably shortened Ga2Ga bond. Re- amounts of a colorless solid, which was not further charac-

terized, crystallized out of solution in pentane. Pentafluoro-markably, the C2Ga2Ga2C group is almost linear and
the angle between the normals of the planes of the car- phenol reacted with 1 not as an acid, but by the cleavage of
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atoms and cleavage of the Ga2Ga bond. Dimeric dialkyl-
gallium hydroxide 6 is formed (eq. 2), which is isolated after
recrystallization from n-pentane in a yield of about 50%.
Elemental hydrogen is probably formed as a byproduct,C2F bonds. The reaction required more than 48 h in boil-
which could, however, not be detected due to its smalling hexane, and only one product could be isolated after
amount. 6 has been obtained in our group before by an-recrystallization from pentane in a yield of more than 80%.
other route and was characterized by a crystal-structure de-A dialkylgallium fluoride 5, which is a dimer in the solid
termination[8].state (see below) and in solution, as cryoscopically deter-

mined in benzene, was formed by the cleavage of the
Ga2Ga bond (eq. 1). 5 thus differs from the recently pub-
lished analogous compound Br2Ga[CH(SiMe3)2]2[7] and
the corresponding chloroaluminium derivative Cl2AlR2

[1],
which are both monomeric in solution, with coordinatively
unsaturated central atoms, probably due to strong steric in-
teractions between the bulky bis(trimethylsilyl)methyl sub-
stituents. A dimer was, however, also observed in the corre-
sponding hydroxide[8], so that, interestingly, the smallest do- The behavior of thioalcohols was investigated in a reac-
nor atoms are able to form the most stable dimers. Because tion of 1 with the sterically shielded durylthiol (duryl 5
OH and F are the most electronegative of the employed 2,3,5,6-tetramethylphenyl). After 72 h in boiling hexane,
substituents, this observation may be explained as resulting 70% of 1 was consumed. Two new products were formed,
from a more effective ionic interaction and a high electro- which could be separated with difficulty by repeated recrys-
static contribution to the bonding in these molecules. The tallization to yield a small amount of an enriched sample
monomeric bromide BrGaR2 and the dimeric fluoride 5 dif- of 8, while the second component 7, could only be detected
fer significantly in their 13C-NMR spectra. The C atoms in mixtures with 8. Both products were identified spectro-
bonded to gallium show a chemical shift of δ 5 25.6 in the scopically as R2GaSDuryl 7 and RGa(SDuryl)2 8. The pure
bromo derivative, which is within the range usually ob- compounds 7 and 8 could not be obtained by the reaction
served with bis(trimethylsilyl)methyl compounds of tricoor- of Ga[CH(SiMe3)2]3[2] with one or two equiv. of durylthiol
dinated Ga atoms[2][7]. In 5, however, the corresponding res- in solution or in a melt at 120°C; in all reactions, 7 was
onance is shifted to higher field (δ 5 16.6), characteristic only formed as a minor component, while reactions in the
for compounds with tetracoordinated Ga atoms. Absorp- molar ratio of 1:2 gave impure samples of 8, which could
tions in the IR spectra at 525 and 490 cm21 could be as- not be purified by recrystallization. The spectroscopic infor-
signed to the stretching vibrations of the Ga2F2 unit[9]. Di- mation obtained for the impure monothiolato product is
mesityl- and diisopropylgallium fluoride, as recently pub- not sufficient enough to discuss the degree of oligomeri-
lished by Neumüller et al.[10], are also dimeric in solution, zation, but the dithiolato product seems to be at least a
and the IR absorptions at 473 and 450 cm21 (R 5 mesityl) dimer with a tetracoordinated Ga atom, as can be seen
and 496 cm21 (R 5 benzyl) were assigned to the Ga2F2 from the chemical shift of the carbon atom bonded to Ga
molecular center. In comparison to these gallium fluorides (δ 5 15.5).
(δ 5 2152.7 and 2169.7) the 19F-NMR resonance of 5 is
shifted downfield to δ 5 2109.5. The similar cleavage of a
C2F bond of a fluorinated aromatic compound ac-
companied by the formation of an Al2F bond has recently
been reported[11].

Water also does not react with 1 by the release of bis(tri-
methylsilyl)methane, but by the oxidation of the gallium
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Reaction of Digallane(4) 1 and Diindane(4) 2 with Until now, all reactions of protic reagents with diin-
Dibenzoylmethane dane(4) 2 resulted in the cleavage of the In2In bond and

precipitation of elemental indium. Because of the formationAs shown before, non-chelating acidic compounds such
of the digallium compound 9 in a high yield with onlyas alcohols or thioalcohols reacted exclusively by the cleav-
minor byproducts, we treated 2 with dibenzoylmethane un-age of the Ga2Ga bond. We hoped to realize the substitu-
der similar conditions to those described above for 1 in aent exchange by retaining the Ga2Ga bond, when we
molar ratio of 1:2. As originally intended, the formation oftreated 1 with a chelating protic acetylacetone derivative.
bis(trimethylsilyl)methane could be detected by NMR spec-This reaction was of particular interest because, up to now,
troscopy, but only as a minor component, and a black pre-we had observed either a bridging or a terminal coordi-
cipitate of elemental indium indicated a disproportionationnation by the chelating ligand in the products of both suc-
reaction and the fragmentation of the starting compoundcessful substituent exchange reactions. The reason for this
2. A crystalline product was isolated from n-pentane atdifferent behavior is not well understood, but it possibly
230°C, which was identified by its NMR spectra and itsdepends on the distance between the coordinating atoms
molar mass as the dialkylindium compound 10 (eq. 5). The(bite) with the N2N distance in the triazenido ligand too
yield of 10 based on dibenzoylmethane amounted to onlyshort to facilitate the bridging of the Ga2Ga bond.
43%, and an excess of the diketone crystallized as a secondWhen we treated a yellow solution of the digallane(4) 1
fraction. Reactions in an equimolar ratio gave 10 in a yieldin pentane with two equiv. of dibenzoylmethane at 250°C
of 86% based on dibenzoylmethane, but a small part of the(eq. 4), the color changed at about 210°C to give an orange
starting compound 2 was recovered. The course of thesesolution, from which orange-red crystals of 9 were obtained
reactions may give some insight into the reaction mecha-at 250°C in a yield of 79%. In contrast to the reactions
nism: Similar to the reactions with carboxylic acids[4] de-described above, two equiv. of CH2(SiMe3)2 are formed for
scribed in the introduction, the In atoms are probably oxidi-each formula unit of 1, as shown by NMR spectroscopy.
zed by the OH proton of the enol form of the diketone,Elemental analysis, mass spectrometry, the cryoscopic mo-
accompanied by insertion into the O2H bond. The inter-lar-mass determination in benzene and the integration of
mediate with an In2H bond similar to the Al compoundthe 1H-NMR spectrum confirm the structure of a digallium
3 is unstable, and decomposes by the release of elementalcompound with two bis(trimethylsilyl)methyl and two 1,3-
hydrogen, which may lead to the formation of the isolateddiphenyl-1,3-propanedionato substituents. In the NMR
product dialkyl(1,3-diphenyl-1,3-propanedionato)indiumspectra, the resonances of the methine protons and the α-
10 and an InR2 radical, which could disproportionate viacarbon atoms of the CH(SiMe3)2 groups are strongly
an alkylindium(I) derivative, stable only with bulkiershifted upfield (1H: δ 5 20.09; 13C: δ 5 10.4) compared
C(SiMe3)3 substituents[12], to form elemental indium andto those of the starting compound 1 (δ 5 1.09 and 25.9,
the corresponding trialkylindane. The highly soluble in-respectively)[2], clearly indicating a coordination number of
dane[3] could indeed be identified as the main componentfour at the Ga atoms. The atoms of the electronically delo-
of the mother liquor after isolation of 10 and the unreactedcalized π system of the 1,3-diphenyl-1,3-propanedionato
diindane(4) 2. Product 10 was synthesized by the treatmentgroup show the usual chemical shifts: δ 5 185.7 [C(O)],
of the corresponding trialkylindane with one equiv. of di-93.9 [C(H)] and δ 5 6.52 (H). In contrast to the colorless
benzoylmethane in a yield of almost 90%. Due to its molartriazenido or carboxylato digallium compounds mentioned
mass in benzene, 10 is monomeric in solution. The reson-above, 9 is deeply orange with absorptions at 420 and 340
ances of the methine groups bonded to indium are shiftednm in the UV/Vis spectrum; the color, however, is mainly a
upfield [1H: δ 5 20.18 (HCIn); 13C: δ 5 11.9 (CIn)], whichfunction of the chelating group and is often observed in its
is characteristic of a coordination number of four at thereaction products.
indium atom and verifies the chelating coordination by the
1,3-diphenyl-1,3-propanedionato ligand.
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Crystal Structures of Compounds 5 and 9 Figure 1. Molecular structure of 5; the ellipsoids are drawn at the

40% probability level; methyl groups are omitted for clarity; only
one position of the disordered CH(SiMe3)2 group at C2 is drawn[a]

Figure 1 shows the molecular structure of the dimeric
compound (R2GaF)2 5 [R 5 CH(SiMe3)2], which crys-
tallizes in the centrosymmetric triclinic space group P1̄ with
two dimers in each unit cell. The four CH(SiMe3)2 substitu-
ents are arranged in a terminal position and the dialkylgal-
lium fragments are bridged by both fluorine atoms. A four-
membered Ga2F2 heterocycle results; this is almost ideally
planar with a maximum deviation of an atom of 2.9 pm.
The GaC2 planes with the methine carbon atoms of the bis-
(trimethylsilyl)methyl groups are almost exactly perpendicu-
lar to this plane, and the normals of the planes include
angles of 90.6° (Ga1C1C2) and 89.6° (Ga2C3C4). The bond
angles in the heterocycle are most acute at the Ga atoms
(76.9°) and much enlarged at the F atoms (103.0°); almost
identical angles were observed in the recently published cor-
responding di(µ-hydroxo)digallium derivative[8]. Dialkylgal-
lium fluorides have been known for a long time. They usu- [a] Selected bond lengths [pm] and angles [°]: Ga12F1 196.3(3),

Ga12F2 195.4(3), Ga22F1 197.4(3), Ga22F2 197.3(3), Ga1...Ga2ally form trimers (R 5 Me, Et[13], iPr[10]), and it was only
307.7, Ga12C1 197.1(5), Ga12C2 199.7(9), Ga12C2A 194(1),recently that a dimer, which was sterically highly shielded by Ga22C3 196.5(5), Ga22C4 196.4(5); F12Ga12F2 77.2(1),

four bulky mesityl substituents, was characterized by a crys- F12Ga22F2 76.5(1), Ga12F12Ga2 102.8(1), Ga12F22Ga2
103.2(1), C12Ga12C2 126.8(3), C12Ga12C2A 147.1(4),tal-structure determination[10]. A tetrameric modification
C32Ga22C4 143.8(2).was observed by Schmidbaur et al. with R 5 Me[13]. The

Ga2F bonds in 5 and (Mes2GaF)2 [194.7(2) pm] are quite
Figure 2. Molecular structure of 9; the ellipsoids are drawn at thesimilar; for 5 they deviate only slightly from the average
40% probability level; methyl and phenyl groups are omitted forvalue of 196.6 pm. The CH(SiMe3)2 substituents of compar- clarity; only one position of the disordered CH(SiMe3)2 group at

able dialuminium or digallium compounds usually show a C1 is drawn[a]

conformation in which the methine hydrogen atom of one
substituent points between both SiMe3 groups of the second
CH(SiMe3)2 substituent[1] [2][3]. This conformation is only
observed at the atom Ga1 in 5, while at Ga2 the four tri-
methylsilyl groups are neighbored and can be transferred
onto each other by non-crystallographic mirror planes.
Thus, the molecule is not centrosymmetric in the solid state,
although only one singlet of the SiMe3 groups was observed
in the NMR spectra in solution. The molecule shows a dis-
order (54246%), and the bis(trimethylsilyl)methyl group of
C2 occupies a second position, which gives the same confor-
mation as observed at Ga2. The point group of the second
molecule is thus approximately D2h.

The molecular structure of 9 is depicted in Figure 2. The
molecule is located on a crystallographic center of sym-
metry, which intersects the Ga2Ga bond. Two bis(trime- [a] Selected bond lengths [pm] and angles [°]: Ga12Ga19 244.0(1),

Ga12C1 199.5(5), Ga12O1 195.9(3), Ga12O2 194.8(3);thylsilyl)methyl groups are replaced by chelating 1,3-di-
O12Ga12O2 91.1(1), O12Ga12C1 102.8(2), O22Ga12C1

phenyl-1,3-propanedionato ligands, which in contrast to the 103.6(2), Ga192Ga12C1 133.9, Ga192Ga12O1 110.0(1), Ga192
Ga12O2 107.2(1) (symmetry operation to generate Ga19: 2x, 2y,corresponding carboxylato derivative 4[5], but similarly to
1 2 z).the product obtained with diphenyltriazene[6], occupy ter-

minal positions and are bonded to only one Ga atom. Due
to its crystallographic symmetry, the molecule has an ideal pm] compared to the carboxylato-bridged compound 4

[195.7(8) pm], but the Ga2O distances are significantly re-trans conformation. The Ga2Ga bond length is 244.0 pm,
which is slightly shorter than in the triazenide compound duced [9: 195.9(3) pm; 4: 201.1(6) pm], which might be

caused by the bridging of the Ga2Ga bond and the re-[245.79(6) pm] with a synclinal molecular conformation[6],
but longer than in 4 [238.5(2) pm][5]. Compared to the start- sulting larger steric stress in 4. The distance between the

coordinating atoms in the chelate ring of 9 (278.9 pm) ising compound 1 [254.1(1) pm][2] a significant shortening is
observed; all Ga2Ga distances lie in the range character- much larger than in the carboxylato-bridged derivative 4

(224.0 pm)[5]. A shorter bite is observed with the triazenidoistic of Ga2Ga bonds in organoelement or inorganic de-
rivatives[14]. The Ga2C bond length is lengthened [199.5(5) ligand (209.2 pm)[6], which occupies a terminal position.
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(vs), 1377 (vs, paraffin); 1302 (w), 1260 (m), 1250 (s, δCH3), 1155The kind of the coordination, terminal or bridging, seems
(vw), 1020 (m), 1003 (m, δCH), 964 (m), 862 (s), 839 (vs), 775 (s),therefore not to be determined by the magnitude of the dis-
762 (s), 721 [s, ρCH3(Si)], 675 (m, νasSiC), 629 (w), 613 (vw, νsSiC),tance between the coordinating atoms, and remains an open
546 (w), 517 (w, νGaC), 461 (m), 430 (w), 397 (w), 378 (w, νGaS,question, in which case a particular coordination is ad-
δSiC). 2 C27H45GaS2Si2 (559.7): calcd. Ga 12.5; found Ga 12.2.opted. The (1,3-diphenyl-1,3-propanedionato)gallium het-

erocycle is almost planar, with the maximum deviation from Synthesis of Dialkylbis(µ-1,3-diphenyl-1,3-propanedionato-
O,O9)digallium 9: A solution of 0.314 g (1.40 mmol) of diben-the plane of 8.1 pm by the oxygen atom O1; its bond
zoylmethane in 50 ml of n-pentane was added dropwise to a cooledlengths and angles resemble that of comparable derivatives
solution (250°C) of digallane(4) 1 (0.518 g, 0.67 mmol) in 75 mlof gallium in an oxidation state of 1III[15].
of n-pentane. The mixture was slowly warmed to room tempera-

We are grateful to the Deutsche Forschungsgemeinschaft and the ture, and the color changed at about 210°C from yellow to orange.
Fonds der Chemischen Industrie for generous financial support. The solvent was evaporated, the residue thoroughly dried in vacuo

to completely remove bis(trimethylsilyl)methane and recrystallized
Experimental Section from 60 ml of n-pentane (20/250°C). Yield: 0.478 g (79%); orange-

red, slightly air-sensitive crystals; m.p. (argon; closed capillary)General: All procedures were carried out under purified argon in
1682169°C. 2 1H NMR (C6D6, 300 MHz): δ 5 7.81 (4 H, pseudo-dried solvents (n-pentane, cyclopentane, and n-hexane with Li-
d, o-H of phenyl), 7.09 (2 H, pseudo-t, p-H of phenyl), 7.01 (4 H,AlH4, benzene with Na/benzophenone). Compounds 1 and 2 were
pseudo-t, m-H of phenyl), 6.52 [1 H, s, HC(CO)2], 0.40 (18 H, s,synthesized as described in ref.[2][3], durylthiol was obtained by the
SiMe3), 20.09 (1 H, s, GaCH). 2 13C NMR (C6D6, 75.5 MHz):reduction of ClSO22C6Me4H with LiAlH4

[16], dibenzoylmethane
δ 5 185.7 (CO), 138.3, 132.2, 128.4 (all phenyl), 93.9 [C(CO)2],and pentafluorophenol (Aldrich) were sublimed in vacuo, tert-butyl
10.4 (GaC), 3.8 (SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1973 cm21alcohol was treated with Na and distilled, phenol (991%, Aldrich)
(vw), 1954 (vw), 1912 (vw), 1892 (vw), 1852 (vw), 1804 (vw), 1765was used without further purification.
(vw, phenyl), 1591 (m), 1535 (s), 1524 (s, chelate), 1466 (vs), 1362

Synthesis of (R2GaF)2 5: 0.91 g (1.17 mmol) of digallane(4) 1
(vs, paraffin), 1316 (s), 1304 (s), 1252 (sh), 1244 (s), 1229 (sh,

was dissolved in 50 ml of n-hexane and treated with 0.43 g (2.34
δCH3), 1182 (m), 1157 (m), 1127 (m), 1092 (m), 1063 (s, νCC,

mmol) of solid pentafluorophenol. The mixture was heated under
νCO), 1022 (vs), 999 (w, δCH), 970 (vw), 953 (vw), 939 (s), 914 (s),

reflux for 48 h, and the color changed from yellow to colorless.
862 (sh), 841 (vs), 787 (m), 756 (vs), 716 vr, ρCH3(Si)], 694 (sh),

The solvent was evaporated and the residue recrystallized from n-
681 (s), 669 (sh, νasSiC), 629 (s), 617 (s, νsSiC), 556 (s), 527 (s), 509

pentane (20/230°C). Yield: 0.83 g (87%); colorless, slightly air-sen-
(vs), 494 (m), 455 (w, νGaC, νGaO), 436 (w), 395 (w), 338 (vw,

sitive crystals; m.p. (argon; closed capillary) 157°C. 2 1H NMR
δSiC). 2 UV (n-hexane): λmax (lg ε) 5 200 nm (5.0), 260 (4.6), 340

(C6D6, 300 MHz): δ 5 0.17 (1 H, GaCH), 0.16 (18 H, SiMe3). 2
(4.7), 421 (3.8). 2 FD MS; m/z: 903.3, 904.7, 906.7 [all M1, in13C NMR (C6D6, 75.5 MHz): δ 5 16.6 (GaC), 3.5 (SiMe3). 2 19F
agreement with a calculated isotope pattern]. 2 C44H60Ga2O4Si4NMR (C6D6, 282 MHz): δ 5 2109.5. 2 IR (CsBr, paraffin): ν̃ 5
(904.7): calcd. Ga 15.4; found Ga 15.4. 2 Mol. mass: 855 (cryo-

1314 cm21 (w), 1262 (sh), 1252 (vs, δCH3), 1171 (w), 1018 (vs), 995
scopically in benzene).

(sh, δCH), 843 (vs), 777 (s), 762 (s), 723 [s, ρCH3(Si)], 673 (m,
νasSiC), 646 (w), 613 (w, νsSiC), 573 (vw), 527 (w, νGa2F2), 509 (w, Reaction of Diindane(4) 2 with Dibenzoylmethane: A solution of
νGaC2), 490 (w, νGa2F2), 463 (vw, νGaC2), 421 (vw), 376 (vw, 0.086 g (0.38 mmol) of dibenzoylmethane in 20 ml of n-pentane
δSiC). 2 C28H76F2Ga2Si8 (815.0): calcd. F 4.7, Ga 17.1; found F was added to a cooled (290°C) solution of 0.323 g (0.37 mmol) of
4.5, Ga 16.9. 2 Mol. mass: 745 (cryoscopically in benzene). diindane(4) 2 in 20 ml of n-pentane. The mixture was slowly

warmed to room temperature, the color changed from orange toReaction of Digallane(4) 1 with Water: Digallane(4) 1 (0.19 g,
brown and elemental indium precipitated. After filtration and con-0.25 mmol) was dissolved in 20 ml of n-hexane and treated with
centration, compound 10 crystallized as a yellow solid on cooling8.8 µl of water. The mixture was stirred vigorously for 6 h until the
to 250°C. A quarter of the starting compound 2 was isolated as awater phase was completely consumed. The solvent was evapo-
second fraction. The mother liquor contained the readily solublerated, and the residue recrystallized from n-hexane (20/250°C).
In[CH(SiMe3)2]3 as a main component. Yield of 10: 0.210 g (86%Yield: 0.103 mg (51%) colorless crystals of compound 6; charac-
based on dibenzoylmethane); characterization of 10: see below.terization see ref.[8].

Reaction of Digallane(4) 1 with Durylthiol: Digallane(4) 1 (0.695 Synthesis of Dialkyl(1,3-diphenyl-1,3-propanedionato-O,O9)ind-
ium 10: A solution of 0.348 g (1.55 mmol) of dibenzoylmethane ing, 0.896 mmol) was dissolved in 40 ml of n-hexane and cooled to

230°C. 23.3 ml of a 0.077  solution of durylthiol (1.79 mmol) in 30 ml of n-pentane was added to a cooled (280°C ) solution of
0.943 (1.59 mmol) of In[CH(SiMe3)2]3 in 20 ml of n-pentane. Then-hexane was added. The mixture was warmed to room tempera-

ture and stirred for 72 h. The pale yellow solution was concentrated mixture was slowly warmed to room temperature, filtered and con-
centrated in vacuo. 10 crystallized on cooling to 230°C. Yield:and the residue recrystallized from n-pentane. A mixture of both

products 7 and 8 was obtained with the dithiol derivative 8 enriched 0.931 g (89%); yellow, slightly air-sensitive crystals; m.p. (argon;
closed capillary) 121°C. 2 1H NMR (C6D6, 300 MHz): δ 5 7.98as the less soluble component. 2 1H NMR of R2GaSCMe4H 7

(C6D6, 300 MHz): δ 5 6.76 (1 H, phenyl), 2.55 and 2.10 (each 6 (4 H, pseudo-d, o-H of phenyl), 7.13 (6 H, m, phenyl), 6.83 [1 H,
s, HC(CO)2], 0.29 (36 H, s, SiMe3), 20.18 (2 H, s, GaCH). 2 13CH, methyl of duryl), 0.22 (36 H, SiMe3); methine proton signal not

detected. 2 Characterization of 8: colorless, slightly air-sensitive NMR (C6D6, 75.5 MHz): δ 5 186.6 (CO), 139.8, 132.0, 128.7,
127.8 (all phenyl), 95.2 [C(CO)2]; 11.9 (GaC), 3.9 (SiMe3). 2 IRcrystals; m.p. (argon; closed capillary) 146°C. 2 1H NMR (C6D6,

300 MHz): δ 5 6.71 (2 H, phenyl), 2.48 and 2.05 (each 12 H, (CsBr, paraffin): ν̃ 5 1971 cm21 vw, 1954 (vw), 1912 (vw), 1892
(vw), 1802 (vw), 1718 (vw, phenyl), 1591 (s, phenyl), 1541 (s), 1516methyl of duryl), 0.18 (18 H, SiMe3); methine proton signal not

detected. 2 13C NMR (C6D6, 75.5 MHz): δ 5 137.3, 134.0, 132.3, (vs, νCO, νCC of the chelate), 1476 (vs), 1364 (vs, paraffin), 1312
(m), 1259 (m), 1258 (s), 1246 (s), 1227 (m, δCH3), 1184 (w), 1157130.9 (all phenyl), 21.0 and 20.2 (methyl of duryl), 15.5 (GaC), 3.2

(SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1553 cm21 (w, phenyl); 1462 (w), 1125 (w), 1092 (w), 1057 (w, νCC,νCO), 1020 (s), 1011 (s,
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[6] W. Uhl, I. Hahn, R. Wartchow, Chem. Ber. 1997, 130, 4172420.δCH), 968 (vw), 936 (m), 926 (m), 914 (m), 843 (vs), 785 (m), 772
[7] W. Uhl, M. Layh, G. Becker, K. W. Klinkhammer, T. Hilden-(m), 754 (m), 743 (s), 708 [s, ρCH3(Si)], 677 (s), 665 (s, νasSiC), 625 brand, Chem. Ber. 1992, 125, 154721551. A similarly different

(m), 610 (w, νsSiC), 542 (w), 521 (w), 484 (m, νInC, νInO), 394 behavior has recently been observed between bis[tetramethylpi-
peridino]aluminium fluoride and the analogous compounds of(vw, δSiC). 2 C29H49InO2Si4 (656.9): calcd. In 17.5; found In 17.2.
the heavier halogens: J. Krossing, H. Nöth, C. Tacke, M.2 Mol. mass: 605 (cryoscopically in benzene).
Schmidt, H. Schwenk, Chem. Ber. 1997, 130, 104721052.

[8] W. Uhl, I. Hahn, M. Koch, M. Layh, Inorg. Chim. Acta 1996,Crystal-Structure Determinations: Single crystals of compounds
249, 33239.5 and 9 were obtained by recrystallization from hexane and cyclo- [9] J. Weidlein, U. Müller, K. Dehnicke, Schwingungsfrequenzen I 2pentane, respectively. Crystal data and structure refinement param- Hauptgruppenelemente, Georg Thieme Verlag, Stuttgart, 1981.

eters are given in Table 1[19]. Both compounds show a disorder of [10] B. Neumüller, F. Gahlmann, Z. Anorg. Allg. Chem. 1992, 612,
1232129. B. Neumüller, F. Gahlmann, Angew. Chem. 1993, 105,one bis(trimethylsilyl)methyl group, which is best described as a
177021771; Angew. Chem. Int. Ed. Engl. 1993, 32, 170121702.different orientation of the methine hydrogen atoms. Although the
2 Further organoelement Ga2F derivatives in: B. Werner, T.carbon atoms occupy different positions in each disordered group, Kräuter, B. Neumüller, Inorg. Chem. 1996, 35, 297722980; T.

the Si atoms coincide in compound 5; in 9 all atoms of the Kräuter, B. Neumüller, Z. Anorg. Allg. Chem. 1995, 621,
5972606; B. Werner, T. Kräuter, B. Neumüller, OrganometallicsCH(SiMe3)2 group are disordered. The disordered atoms were iso-
1996, 15, 374623751; B. Neumüller, F. Gahlmann, Z. Anorg.tropically refined under restrictions of bond lengths and angles (ex-
Allg. Chem. 1993, 619, 189721904; B. Werner, B. Neumüller,ception: the higher occupied position in 9); the occupancy factors Chem. Ber. 1996, 129, 3552359; F.2Q. Liu, A. Künzel, A. Her-

are 0.54 and 0.46 in 5 and 0.87 and 0.13 in 9. zog, H. W. Roesky, M. Noltemeyer, R. Fleischer, D. Stalke,
Polyhedron 1997, 16, 61265. 2 Review: B. Neumüller, Coord.
Chem. Rev. 1997, 158, 692101.Table 1. Crystal data and data-collection parameters for 5 and 9

[11] Y.-X. Chen, C. L. Stern, T. J. Marks, J. Am. Chem. Soc. 1997,
119, 258222583.

5 9 [12] W. Uhl, R. Graupner, M. Layh, U. Schütz, J. Organomet. Chem.
1995, 493, C12C5; R. D. Schluter, A. H. Cowley, D. A. At-
wood, R. A. Jones, J. L. Atwood, J. Coord. Chem. 1993, 30,Formula C28H76F2Ga2Si8 C44H60Ga2O4Si4
25228.Crystal system triclinic triclinic

[13] H. Schmidbaur, J. Weidlein, H.-F. Klein, K. Eiglmeier, Chem.Space group P1̄; no. 2[17] P1̄; no. 2[17]

Ber. 1968, 101, 226822277; H. Schmidbaur, H.-F. Klein, ibid.Z 2 1
1968, 101, 227822279; H. Schmidbaur, H.-F. Klein, K. Eigl-T [K] 293(2) 293(2)
meier, Angew. Chem. 1967, 79, 8212822; Angew. Chem. Int. Ed.dcalcd. [g/cm3] 1.138 1.252
Engl. 1967, 6, 8062807. J. J. Eisch, J. Am. Chem. Soc. 1962,a [pm] 952.3(1) 1058.3(2)
84, 383023836.b [pm] 1250.1(2) 1130.6(2)

[14] X. He, R. A. Bartlett, M. M. Olmstead, K. Ruhlandt-Senge, B.c [pm] 2185.7(2) 1208.2(2)
E. Sturgeon, P. P. Power, Angew. Chem. 1993, 105, 7612762;α [°] 79.568(9) 67.93(3)
Angew. Chem. Int. Ed. Engl. 1993, 32, 7172718; D. Loos, H.β [°] 88.652(9) 64.60(3)
Schnöckel, D. Fenske, Angew. Chem. 1993, 105, 112421125;γ [°] 68.54(1) 74.41(3)
Angew. Chem. Int. Ed. Engl. 1993, 32, 105921060; W. Hönle,V [10230 m3] 2379.0(6) 1200.2(4)
G. Gerlach, W. Weppner, A. Simon, J. Solid State Chem. 1986,µ [mm21] 1.358 1.259[a]

61, 1712180; G. Linti, W. Köstler, Angew. Chem. 1996, 108,Crystal size [mm] 0.14 3 0.15 3 0.34 0.39 3 0.44 3 0.46
5932595; Angew. Chem. Int. Ed. Engl. 1996, 35, 5502552; G.Diffractometer Siemens P4 Siemens P4
Linti, R. Frey, M. Schmidt, Z. Naturforsch., B: Chem. Sci. 1994,Radiation Mo-Kα (graphite monochromator)
49, 9582962; M. Julien-Pouzol, S. Jaulmes, M. Guittard, F. Al-Range 3.6° # 2Θ # 50° 4° # 2Θ # 50°
apini, Acta Crystallogr. B 1979, 35, 284822851; A. Kuhn, A.Reciprocal space 21 # h # 11 21 # h # 12
Chevy, R. Chevalier, Acta Crystallogr. B 1976, 32, 9832984; S.214 # k # 14 212 # k # 12
Paashaus, R. Kniep, Z. Naturforsch., B: Chem. Sci. 1990, 45,225 # l # 25 213 # l # 14
6672678; D. S. Brown, A. Decken, A. H. Cowley, J. Am. Chem.Scan mode ω ω
Soc. 1995, 117, 542125422; A. K. Saxena, H. Zhang, J. A. Ma-Independent reflections 8241 4181
guire, N. S. Hosmane, A. H. Cowley, Angew. Chem. 1995, 107,Number of reflections
3782380; Angew. Chem. Int. Ed. Engl. 1995, 34, 3322334; X.-[with F2 > 2 σ(F2)] 5133 3284
W. Li, W. T. Pennington, G. H. Robinson, J. Am. Chem. Soc.Program SHELXTL, SHELXL-93[b] [18]

1995, 117, 757827579; X.-W. Li, Y. Xie, P. R. Schreiner, K. D.Parameters 384 292
Gripper, R. C. Crittendon, C. F. Campana, H. F. Schaefer, G.R 5 ΣiFou 2 uFci/ΣuFou
H. Robinson, Organometallics 1996, 15, 379823803; B. Beagley,[F2 > 2 σ(F2)] 0.0474 0.0559
S. M. Godfrey, K. J. Kelly, S. Kungwankunakorn, C. M. McAu-wR2 5 [Σw(Fo

22Fc
2)2/

liffe, R. G. Pritchard, J. Chem. Soc., Chem. Commun. 1996,Σw(Fo
2)2]1/2

217922180; M. C. Kuchta, J. B. Bonanno, G. Parkin, J. Am.(all data) 0.1560 0.1158
Chem. Soc. 1996, 118, 10914210915; A. H. Cowley, A. Decken,Max. residual
C. A. Olazabal, J. Organomet. Chem. 1996, 524, 2712273.[1030 e/m3] 0.469 0.863

[15] K. Dymock, G. J. Palenik, Acta Crystallogr. B 1974, 30,Min. residual
136421366; B. Ballarin, G. A. Battiston, F. Benetollo, R. Ger-[1030 e/m3] 20.341 20.514
basi, M. Porchia, D. Favretto, P. Traldi, Inorg. Chim. Acta 1994,
217, 71278.[a] Empirical absorption correction. 2 [b] Solutions by direct meth- [16] S. Pohl, M. Harmjanz, private communication.

ods; full-matrix refinement with all independent structure factors. [17] T. Hahn (Ed.), International Tables for Crystallography, Space
Group Symmetry, Kluwer Academic Publishers, Dordrecht2
Boston2London, 1989, vol. A.

[18] SHELXTL-Plus REL. 4.1, Siemens Analytical X-RAY Instru-[1] W. Uhl, Z. Naturforsch., B: Chem. Sci. 1988, 43, 111321118. ments Inc., Madison, USA, 1990; G. M. Sheldrick SHELXL-[2] W. Uhl, M. Layh, T. Hildenbrand, J. Organomet. Chem. 1989, 93, Program for the Refinement of Structures, Universität364, 2892300. Göttingen, 1993.[3] W. Uhl, M. Layh, W. Hiller, J. Organomet. Chem. 1989, 368, [19] Further details of the crystal-structure determinations are avail-1392154. able from the Fachinformationszentrum Karlsruhe, D-76344[4] W. Uhl, R. Graupner, S. Pohl, W. Saak, W. Hiller, M. Neu- Eggenstein-Leopoldshafen (Germany), on quoting the deposi-mayer, Z. Anorg. Allg. Chem. 1997, 623, 8832891. tory numbers CSD2407196 (5) and 2407197 (9).[5] W. Uhl, I. Hahn, H. Reuter, Chem. Ber. 1996, 129, 142521428. [97194]
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By reaction of RP(O)Cl2 with RP(O)(OSiMe3)2, phosphonic with N-benzyloxycarbonylglycine (4) in methanol affords
strong evidence that in the first step of peptide synthesis withanhydrides (RPO2)3 (R = tBu, 2-methylphenyl, 2,4,6-trime-

thylphenyl) 1a2c are conveniently obtained. In contrast to 1b (RPO2)3, a mixed anhydride of triphosphonic acid and the N-
protected amino acid is formed. 2 The crystal structure of 1aand 1c, compound 1a is remarkably stable against protolysis.

Intermediates of hydrolysis of 1a, namely tris(tert-butyl)tri- (monoclinic, space group P21/n) widely corresponds to the
suggested configuration Ia, but reveals an envelope confor-phosphonic acid (2) and bis(tert-butyl)diphosphonic acid (3),

can also be isolated in good yield. The structures of 123 were mation for the six-membered ring with a P3O2 plane in the
crystal. In the crystal structure of the octahydrate of the diso-determined mainly by NMR spectroscopy (1H, 13C, 31P). As-

suming an energetic preference for the chair conformations dium salt of 2 (monoclinic, space group P21/c), it can be seen
that the polar end groups of the anions [tBu3P3O7]22 togetherin solution, and considering the steric requirements of the

bulky substituents R, configurations Ia (point group Cs, two with the water molecules and the Na+ cations form hydro-
gen-bonded double-layers, strictly separated from each otherR in equatorial positions) for 1a and b, and IIa (point group

C3v, all R equatorial) for 1c are suggested. 2 Reaction of 1a by the non-polar tert-butyl groups of the anions.

Introduction In case of bulky substituents R, we isolated well-defined
trimers 1a21c. Their configurations and some of their reac-
tions are discussed in the following sections[10].

A variety of methods have been reported in the literature
for the preparation of phosphonic anhydrides (RPO2)n. Trimeric Phosphonic Anhydrides 1a21c
These methods usually result in mixtures of oligomers

On heating equimolar quantities of RP(O)Cl2 and RP-which are difficult to separate[1] [2] [3].
(O)(OSiMe3)2, 1a21c are obtained as colorless crystals with

Compounds of this composition were also obtained when sharp melting points. While 1a and 1b are readily soluble
the corresponding cyclophosphanes were oxidized with dry in toluene, benzene, CHCl3, or CH2Cl2, 1c is fairly soluble
oxygen (R 5 CF3, average number n̄ 5 324[4], R 5 Ph, only in the latter two solvents. 1b and 1c are rapidly dis-
n̄ 5 5[5]). solved by methanol or H2O, with the formation of phos-

Thermolysis and flash vacuum pyrolysis of tBuP(O)(OSi- phonic acid esters RP(O)(OMe)OH or phosphonic acids
Me3)X (X 5 Cl, Br) afforded the trimer (tBuPO2)3

[6]. RP(O)(OH)2.
Among other alkylphosphonic anhydrides, compound

(PrPO2)3, which is commercially available, is recommended
as a condensation reagent in the synthesis of peptides[7].

As phosphinic anhydrides R2P(O)2O2P(O)R2 are
readily accessible by treating R2P(O)Cl and silyl esters
R2P(O)(OSiMe3) with elimination of Me3SiCl[8], we now
used the analogous reaction between phosphonoyl chlo-
rides RP(O)Cl2 and silyl phosphonates RP(O)(OSiMe3)2 for
the synthesis of the title compounds. By this method we
obtained, in excellent yield and purity, alkyl compounds
(RPO2)n as highly viscous, colorless oils that are readily hy-
drolyzable. They can be distilled under vacuum, and some
of them gradually crystallize after standing at room tem-
perature. According to cryoscopic measurements in ben-
zene, n̄ varied from 11 (R 5 Pr) to 6 (R 5 Bu, Pentyl) 1a, however, is remarkably stable in this respect. As

shown by NMR spectroscopy, solutions of 1a in methanolwithin a wide range of concentrations[9].
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or ethanol remain unchanged even after boiling for several crystals that are soluble in CHCl3, methanol, or ethanol,

and melt at 152°C. 2 is a strong dibasic acid (in water athours. Hydrolysis is so slow that it is possible (as is shown
later) to isolate intermediates of this reaction. room temperature: pKa1 not determinable, pKa2 5 2.29).

Aqueous solutions of 2 were found to be stable for at leastWhile in the mass spectra of 1b and 1c, abundant peaks
for the molecular ions are observed, the signal for M1· in 10 h at room temperature. The 31P{1H}-NMR spectrum

corresponds to an AB2 spin system (with close approxi-the spectrum of 1a is of low intensity. The spectrum of the
latter compound is characterized by a successive loss of mation to AX2), and the 1H{31P}-NMR spectrum shows

two resonance signals (intensity ratio 2:1) for the tert-butylC4H8 from the molecular ion. A peak m/z 5 192 (19%)
corresponding to [HPO2]3

1· indicates that this process can groups, as well as one signal in the range of acidic protons.
Neutralisation of 2 by NaOH affords 2a, the dihydrate of itsoccur without fragmentation of the six-membered ring.
disodium salt. The octahydrate 2b is obtained by diffusion-

NMR Spectra controlled precipitation from aqueous solutions of 2a with
acetone. 2b forms large transparent leaflets, the crystalAssuming a six-membered ring structure for 1, and an
structure of which is reported.energetic preference for the chair conformations, structures

Bis(tert-butyl)diphosphonic acid (3) is formed togetherI and II, both with conformations a and b, have to be con-
with tert-butylphosphonic acid when the triphosphonic acidsidered (Figure 1).
(2) is heated with concentrated hydrochloric acid for 1 h.Figure 1. Possible structures of cyclic trimers 1 (chair conforma-

tions), point groups, and 31P{1H} spin systems After 4 h, tBuP(O)(OH)2 is the sole reaction product. Reac-
tion of 1a with EtONa (molar ratio 1:4) in refluxing ethanol
for 1 h affords the disodium salt of acid 3. Both compounds
were isolated as hydrates of composition 3 · 1.5 H2O and
3a. They form colorless needles, which loose their water of
crystallization on heating at 802100°C. Compound 3, m.p.
1982200°C, is soluble in water or acetone, 3a readily dis-
solves only in water.

Reaction of (tBuPO2)3 (1a) with an N-Protected Amino Acid

Considering the general methods for peptide synthesis
with other phosphorus compounds[11] it can be assumed
that with (PrPO2)3 for example, the first step of the reaction
is ring opening and formation of a mixed anhydride of the
corresponding triphosphonic acid, and an N-protected
amino acid. In a subsequent step, the mixed anhydride is
thought to react with a carboxyl-protected amino acid, af-These should give rise to AB2 or A3 spin systems in their
fording triphosphonic acid and the peptide.31P{1H}-NMR spectra, and we did in fact observe AB2 sys-

Since 1a, as well as the triphosphonic acid 2, have beentems for 1a and 1b and an A3 system for 1c. The correspon-
found to be stable against methanolysis, we tried to sub-dence of the observed spectra given in the Experimental
stantiate the opening step of this peptide synthesis by treat-Section with spectra simulated with parameters νA 5 1912.3
ing equimolar amounts of 1a and the N-protected aminoHz, νB 5 1824.1 Hz, JAB 5 50.9 Hz (1a) and νA 5 163.5
acid N-benzyloxycarbonylglycine (4) in methanol. After 3 hHz, νB 5 233.1 Hz, JAB 5 42.6 Hz (1b) is excellent. Con-
at 65°C, the reaction was complete. The reaction product,sidering the steric requirements of the bulky substituents R,
a colorless, highly viscous oil, was investigated by NMRstructure Ia is therefore suggested for 1a and 1b, while
spectroscopy and GC-MS. The conclusions drawn from thestructure IIa appears to be the most probable one for 1c.
results are shown in Scheme 1, and may be summarizedIn the crystal, 1a adopts an envelope conformation with
as follows:point group Cs and a P3O2 plane.

The 31P{1H}-NMR spectrum (CDCl3) of the reactionThe 1H-NMR spectra are in accordance with the sug-
mixture reveals the presence of one AX2 system and severalgested structures for 1a and 1b. The spectrum of the tert-
strongly overlapping multiplets at δ 5 21223, 30231, andbutyl compound shows two doublets of relative intensity
32234. The parameters of the AX2 system (δA 5 21.30 (t);1:2, a ratio that has also been found for the methyl protons
δX 5 31.30 (d); JAX 5 49.3 Hz) correspond well with thosein the spectrum of the 2-methylphenyl compound 1b. The
of the triphosphonic acid 2. Moreover, a precipitate ob-spectrum of 1c, however, is more complex as several broad
tained by adding hexane to the methanolic solution of theresonance signals for methyl groups and aromatic protons
reaction product was clearly identified as 2.are observed.

P,P-COSY reveals the presence of 2 AMX spin systems
Tris(tert-butyl)triphosphonic Acid (2), Bis(tert-butyl)diphosphonic with the following parameters: δA 5 22.10 (t); δM 5 30.40
Acid (3), and Their Disodium Salts 2a, 2b, and 3a (d); δX 5 33.70 (d); JAM 5 48.3 Hz; JAX 5 46.9 Hz and

δA 5 21.80 (t); δM 5 30.60 (d); δX 5 33.10 (d); JAM 5 47.7By reaction of equimolar quantities of 1a and H2O in
ethanol at 50260°C for 3.5 h, 2 is obtained as colorless Hz; JAX 5 47.2 Hz. The AMX systems possibly result from
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Scheme 1. Suggested reaction of 1a with N-benzyloxycarbonylgly- All bond lengths and angles are in good agreement with

cine (4) (methanol, 65°C, 3 h), R 5 tBu common values, and no intermolecular contacts less than
the sum of the corresponding van der Waals radii occur.
Remarkable geometrical parameters are the angles
P12O122P2 and P12O132P3 with 136.2 and 136.0°
respectively, in contrast to the more common value of
130.3° for P22O232P3. Also, a distortion of the tetra-
hedral coordination of the phosphorus atoms is observed,
insofar as all bond angles involving the P5O bonds are
widened [On2Pn2Cn 116.02116.5°, On2Pn2O(ring)
111.62114.6°], and the remaining angles reduced [O(ring)2
Pn2O(ring) 101.02102.8°, O(ring)2Pn2Cn 105.12106.3°
with n 5 1, 2, or 3, respectively].

The molecular structure of 2b consists of one anion
[tBu3P3O7]22, two Na1 cations, and eight water molecules,
with all atoms in general positions 4e of space group P21/c.
While most geometrical parameters of the anion (Figure 3)
agree well with usual values, the oxygen atoms of the two
configurations P12O212P2 and P22O232P3 are signifi-
cantly shifted towards the central phosphorus atom P2
[mean bond lengths 1.574(3) Å for P2(central)2O and
1.641(2) Å for P1/P3(terminal)2O]. These discrepancies in
the four formally equivalent single P2O bonds may be in
correlation with the fact that the double bonded O22 at the
central P atom is the only atom of the anion coordinating

the two pairs of diastereomers expected for the mixed anhy-
dride 5 in Scheme 1. According to this scheme, acid 2 and Figure 2. Molecular structure of 1a in the crystal [14], thermal ellip-

soids represented on a 25% probability scale, hydrogen atoms withthe methyl ester 6, detected by GC-MS, are formed by
fixed radii of 0.15 Åmethanolysis of 5. Alternatively, reaction of 4 with 5, with

formation of the anhydride of 4 followed by methanolysis,
may be regarded as the source of 6 and 2.

The 1H-NMR spectrum (CDCl3) of the reaction product
shows groups of resonance signals that correspond to pro-
tons of the compounds in Scheme 1. They can be assigned
as follows:

δ(PCCH3) 5 1.0621.56; δ(CH2COOH) 5 3.5123.80;
δ(COCH3) 5 4.0024.06; δ(C6H5CH2) 5 5.17;
δ(C6H5CH2) 5 7.2427.53; δ(OH) 5 9.5029.70 (s, br.).

Thus, there is strong evidence that mixed anhydrides of
phosphonic acids and N-protected amino acids (in Scheme
1 represented by 5) are intermediates in peptide synthesis
with (RPO2)n.

Crystal Structures Figure 3. Anion [tBu3P3O7]22 of 2b in the crystal [14], thermal ellip-
soids represented on a 40% probability scale, hydrogen atoms withIn the molecular structure of 1a in the crystal, trimeric fixed radii of 0.17 Å

units of tBuPO2 form six-membered rings of P3O3, with two
tert-butyl groups directed to one side of the ring and one
group to the other (Figure 2). In slight contrast to the as-
sumed chair conformation used for the interpretation of the
NMR data in solution, the P3O3 ring takes on an envelope
conformation in the crystal, with the oxygen atom O23 as
an apex with a deviation of 0.43 Å from the least-squares
plane defined by the other five ring atoms. Although the
observed deviations from the furthermore assumed sym-
metry (CS) of the molecule are small (CS asymmetry param-
eters for atoms P1 and O23 are only 2°), their significance
is supported by the molecule lying in general position 4e of
space group P21/n.
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X-ray Crystallographic Study of 2b: C12H43Na2O15P3; formulaone of the sodium atoms. The other oxygen atoms O11,

mass 566.35 g mol21; monoclinic space group P21/c (no. 14); a 5O12, O31, and O32 accept two or three hydrogen bonds
10.869(1), b 5 31.139(4), c 5 9.123(1) Å; β 5 114.59(1)°; V 5donated by seven of the eight water molecules.
2807.7(5) Å3; Z 5 4; dcalcd. 5 1.340 Mg m23; µ(Mo-Kα) 5 0.301Atom Na1 is hexacoordinated by five water molecules
mm21; F(000) 5 1208. Siemens P3 (upgraded Syntex P21) dif-and atom O22 in the form of a distorted octahedron. The
fractometer, Mo-Kα radiation (λ 5 0.71073 Å), graphite mono-

coordination of Na2 is made up by five water molecules chromator. Data collection at room temperature in ω/2Θ mode (4°
only, best described as a highly distorted square-based pyra- # 2Θ # 55°) on a colorless crystal of about 0.2 3 0.5 3 0.6 mm
mid, sharing one edge with the octahedron of Na1. These yielded 6791 reflections which after merging the symmetry equiva-
two concatenated polyhedra are expanded to a unit of four lents gave 6405 independant reflections with 4930 observations

with I > 2σ(I) [14]. After solving the structure by direct methods[15]edge-connected polyhedra by a crystallographic inversion
a final full-matrix least-squares refinement against F2 [18] of all 6405center lying on another edge of the Na1 octahedron.
reflections resulted in wR2 5 0.1190 and R1 (obs. refl. only) 5The complete connectivity of cations, anions, and water
0.0404 for 362 variables. For the H atoms of the methyl groups, amolecules making up the crystal structure is very complex
riding model with U(H) 5 1.3Ueq(C) was used, while the H atoms(if only because of 16 different hydrogen bonds). In sum-
of the water molecules, all being involved in hydrogen bonds, weremary it can be said that the anions and seven of the eight
refined independently with isotropic temperature factors. A final

water molecules form a hydrogen-bonded layer parallel to difference Fourier map gave min./max. residual electron densities
the ac plane. Two of these layers are concatenated by the of 20.67/1.50 e Å23 [17].
eighth water molecule and the two Na1 cations to form a

Starting materials were mostly prepared according to methods
double layer with all polar parts of the crystal structure reported in the literature: (Me3SiO)3P[19], tBuP(O)Cl2[20] [21], 2-
(water, Na1, end groups PO2

2) on the inside and the non- MeC6H4P(O)Cl2[22] [23] [24], 2,4,6-Me3C6H2P(O)Cl2[24] [25], tBuP(O)(O-
polar tert-butyl groups on the outside of such a double SiMe3)2

[26], N-benzyloxycarbonylglycine[27].
layer. By this arrangement of the anions, any further con-

Bis(trimethylsilyl) 2-Methylphenylphosphonate: Following the
nectivity between those layers to form a three-dimensional procedure of Issleib et al. [28] 16 mmol of (Me3SiO)3P was added
framework is prevented, and only van der Waals contacts dropwise with stirring to a mixture of 16 mmol of 2-bromotoluene
between methyl groups of neighbouring layers are observed. and 0.8 mmol of anhydrous NiCl2 at 160°C. The Me3SiBr formed

in the reaction was continuously distilled off and the residue dis-
tilled in vacuo. Colorless, hydrolyzable liquid, b.p. 94°C/0.2 Torr;Experimental Section
yield 57%. 2 C13H25O3PSi2 (316.5): calcd. C 49.34, H 7.96; found:

The silyl esters, and compounds 1 were prepared and handled C 48.95, H 7.86. 2 EI-MS; m/z (%): 316 (30). 2 31P{1H} NMR
under inert conditions. 2 Melting points (uncorrected) were deter- (neat): δ 5 0.52 (s). 2 1H NMR (C6D6): δ 5 20.63 (d, 4JPH 5
mined in sealed tubes with a melting-point apparatus 510 H (Büchi, 1.16, OSiMe3), 1.79 (s, C6H4Me), 6.24 (m, C6H4Me), 7.37 (m).
Switzerland). 2 1H-, 13C-, and 31P-NMR spectroscopy: Bruker AM

Bis(trimethylsilyl) 2,4,6-Trimethylphenylphosphonate: Prep-200, TMS (1H), sodium salt of 3(trimethylsilyl)propionic acid (1H,
aration as before from 21 mmol of (Me3SiO)3P, 21 mmol of 2,4,6-13C) as internal and 85% H3PO4 (31P) as external reference. Down-
Me3C6H2Br, and 1 mmol of NiCl2; yield 41%. Colorless, hydrolyz-field shifts are positive and given in parts per million, and coupling
able liquid, b.p. 91°C/0.15 Torr, m.p. 39°C. 2 C15H29O3PSi2constants are expressed in Hz. 2 EI-MS: Varian Mat 311 A (IE 70
(344.5): calcd. C 52.29, H 8.48; found C 52.08, H 7.51. 2 EI-MS;eV). 2 GC-MS: GC 58902MSD 5970 (Hewlett Packard). Only the
m/z (%): 344 (34). 2 31P{1H} NMR (toluene): δ 5 4.5 (s). 2 1Hmain peaks are listed. 2 Cryoscopy: Cryoscopic unit A 0284
NMR (C6D6): δ 5 0.45 (s, OSiMe3), 2.24 (s, C6H2Me3), 3.06 (s)(Knaur, Berlin). 2 Osmometry: Osmometric unit 11.00, T 5 37°C
(intensity ratio 1:2), 6.98 (d, C6H2).(Knaur, Berlin). 2 Thermogravimetry: Mettler TA 1. 2 pKa values:

Potentiometric titration with NaOH using hardware of Schott, tert-Butylphosphonic Anhydride 1a: A mixture of 50 mmol of
Hofheim and the program system MINI T401 and ITERAX[12]. tBuP(O)Cl2 and 50 mmol of tBuP(O)(OSiMe3)2 was heated for 8 h
2 Elemental analysis: C,H,N: Analyzer 2400 (Perkin2Elmer). P: at 1702180°C and the Me3SiCl formed was continually distilled
Photometrically[13] after decomposition with conc. HNO3 in a off. Subsequently, the reaction product was heated for another 3 h
stainless steel bomb, type DAB II (Berghof, D-72800 Emingen). at 110°C in vacuo in order to remove unreacted starting materials,

and crystallized from toluene/pentane; yield 46%. Colorless crys-X-ray Crystallographic Study of 1a: C12H27O6P3; formula mass
tals, m.p. 166°C, 1502152°C[6]; 1942195°C[3]. 2 C12H27O6P3360.25 g mol21; monoclinic space group P21/n (no. 14); a 5
(360.3): calcd. C 40.01, H 7.55, P 25.79; found C 39.89, H 7.56, P7.590(3), b 5 27.06(1), c 5 8.926(3) Å; β 5 95.16(3)°; V 5 1826(1)
25.71. 2 Mol. mass (cryoscopic in benzene): 358 (0.031 molal), 375Å3; Z 5 4; dcalcd. 5 1.310 Mg m23; µ(Mo-Kα) 5 0.346 mm21;
(0.089 molal). 2 EI-MS; m/z (%): 360 (3), 304 (80), 248 (67), 192F(000) 5 768. Siemens P3 (upgraded Syntex P21) diffractometer,
(19), 57 (100). 2 31P{1H} NMR (CDCl3): AB2 spin system, δA 5Mo-Kα radiation (λ 5 0.71073 Å), graphite monochromator. Data
24.23, δB 5 23.83, JAB 5 2JPP 5 50.6, δ 5 24.12 (s, CDCl3) [6],collection at room temperature in ω/2Θ mode (4° # 2Θ # 55°) on
31.16 (s, C6D6)[3]. 2 1H{31P} NMR (C6D6): δ 5 1.43 (s), 1.32 (s),a colorless crystal of about 0.5 3 0.6 3 0.9 mm yielded 4460 reflec-
intensity ratio 1:2.tions, which after merging the symmetry equivalents, gave 4169 in-

dependant reflections with 3150 observations with I > 2σ(I) [14]. 2-Methylphenylphosphonic Anhydride (1b): 13 mmol of 2-Me-
C6H4P(O)(OSiMe3)2 and 13 mmol of 2-MeC6H4P(O)Cl2 in 40 mlAfter solving the structure by direct methods[15] a final full-matrix

least-squares refinement against F2 [16] of all 4169 reflections re- of toluene were heated so that the Me3SiCl which formed and small
amounts of toluene were continually distilled off. At the end of thesulted in wR2 5 0.1773 and R1 (obs. refl. only) 5 0.0526 for 199

variables, using a “riding“ model for the hydrogen atoms with reaction the distillate consisted solely of toluene. After concentrat-
ing the solution, 1b was precipitated by slow addition of ligroinU(H) 5 1.3Ueq(C). A final difference Fourier map gave min./max.

residual electron densities of 20.72/0.50 e Å23 [17]. (1002140°C); yield 97%. Colorless, very hydrolyzable crystals, m.p.
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1232125°C. 2 C21H21O6P3 (462.3): calcd. C 54.65, H 4.58, P in H2O or acetone. 2 31P{1H} NMR ([D6]acetone): δ 5 39.50 (see

ref. [30] 37.00, [D6]acetone).20.10; found C 54.34, H 4.38, P 19.90. 2 Mol. mass (cryoscopic in
benzene): 458 (0.085 molal), 462 (0.112 molal). 2 EI-MS; m/z (%): Disodium Salt 3a: A solution of EtONa from 28.4 mmol of Na
462 (100), 309 (19), 155 (28). 2 31P{1H} NMR (C6D6): AB2 spin in 20 ml of EtOH was added dropwise to 7.1 mmol of 1a in 20 ml
system, δA 5 1.99, δB 5 20.46; JAB 5 2JPP 5 42.6. 2 1H NMR of EtOH. After heating for 1 h, the sodium salt formed was filtered
(C6D6): δ 5 2.72 (s, CH3), 3.01 (s), intensity ratio 2:1; 7.04 (m, off and dried in vacuo at 20°C; yield 57%. Colorless needles from
C6H4), 8.25 (m), 8.65 (m). water/acetone, m.p. > 320°C. Loss of weight between 802110°C:

15.5% (TG), calcd.: 15.16%. 2 C8H18Na2O5P2 · 3 H2O (356.2):2,4,6-Trimethylphenylphosphonic Anhydride (1c): Preparation as
calcd. C 26.98, H 6.79, P 17.39; found C 26.78, H 6.82, P 17.39. 2mentioned before from 20 mmol of 2,4,6-Me3C6H2P(O)(OSiMe3)2
31P{1H} NMR (D2O): 26.30 (s). 2 1H NMR (D2O): [AX9]2 spinand 20 mmol of 2,4,6-Me3C6H2P(O)Cl2 in 70 ml of toluene. The
system centered at δ 5 1.13. 2 13C NMR (D2O): X-part of ananhydride formed is only sparingly soluble in toluene, and was thus
AA9X spin system centered at δ 5 33.91, coupling constants ob-precipitated in the course of the reaction as colorless hydrolyzable
tained according to ref. [29]: 2JPP 5 48.6; 1JPC 5 144.5; 3JPC9 5 2.0.crystals that could be used without further purification; yield 58%,

m.p. 250°C. 2 C27H33O6P3 (546.5): calcd. C 59.34, H 6.09, P 17.00; Reaction of 1a with N-Benzyloxycarbonylglycine (4): 10 mmol of
found C 59.02, H 5.83, P 17.00. 2 EI-MS; m/z (%): 546 (100), 364 4 in 20 ml of methanol was added to a heated solution of 10 mmol
(38), 183 (40). 2 31P{1H} NMR (CDCl3): δ 5 1.48 (s). 2 1H NMR of 1a in 10 ml of methanol. After boiling the mixture for 3 h, the
(CDCl3): δ 5 2.34, 2.59, 2.81 (intensity ratio 2:4:3, CH3); 6.97, 7.04 solvent was removed in vacuo at room temperature. The residue
(C6H2), (in all cases broad signals). was a highly viscous, colorless liquid. 2 31P{1H} NMR (CDCl3):

AX2 spin system δA 5 21.30 (t); δX 5 31.30 (d); JAX 5 49.3; twoTris(tert-butyl)triphosphonic Acid (2): A solution of 40 mmol of
AMX spin systems δA 5 22.10 (t); δM 5 30.40 (d); δX 5 33.70 (d);1a in 150 ml of ethanol, containing 40 mmol of H2O, was heated
JAM 5 48.3; JAX 5 46.9 and δA 5 21.80 (t); δM 5 30.60 (d); δX 5at 60°C for 3 h. After evaporation of the solvent, the residue is
33.10 (d); JAM 5 47.7; JAX 5 47.2 Hz. 2 1H NMR (CDCl3): δ 5washed with ligroin (1002140°C) and dried in vacuo; yield 54%.
1.0621.56 (PCCH3); 3.5123.80 (CH2COOH); 4.0024.06Colorless, crystalline powder, soluble in CHCl3, MeOH, EtOH, or
(COCH3); 5.17 (C6H5CH2); 7.2427.53 (C6H5CH2); 9.5029.70 (s,water, m.p. 152°C. 2 C12H29O7P3 (378.3): calcd. C 38.01, H 7.73,
br., OH). 2 GC-MS of 6; m/z (%): 223(9), 108(80), 91(100).P 24.56; found C 38.02, H 7.87, P 24.30. 2 The acid is associated

via hydrogen bonds. 2 IR (KBr): ν̃ 5 2663 cm21, 2298 cm21, 1654
cm21. 2 Mol. mass (osmometric in CHCl3, 37°C): 609 (0.063 mo- [1] K. Sasse, Methoden Org. Chem. (Houben-Weyl), 4th ed., 1963,

vol. 12/1, p. 6122613.lal, 672 (0.123 molal). 2 31P{1H} NMR (C6D6): AB2 spin system,
[2] K. H. Worms, M. Schmidt-Dunker in Organic PhosphorusδA 5 20.31, δB 5 31.05; JAB 5 2JPP 5 49.3. 2 1H NMR (CDCl3):

Compounds (Eds.: G. M. Kosolapoff, L. Maier), John Wiley &
δ 5 1.30 (d, 3JPH 5 18.2, PCMe), 1.36 (d, 3JPH 5 19.6), intensity Sons, New York, 1976, Vol. 7, 75.
ratio 2:1, 11.84 (s, OH). [3] S. Fuchs, H. Schmidbaur, Z. Naturforsch., B 1995, 50, 8552858.

[4] W. Mahler, A. B. Burg, J. Am. Chem. Soc. 1958, 80, 616126167.
Disodium Salts of Tris(tert-butyl)triphosphonic Acid, Dihydrate [5] W. Kuchen, H. Buchwald, Chem. Ber. 1958, 91, 229622304.

(2a) and Octahydrate (2b): After neutralization of 5 mmol of 2 in [6] O. I. Kolodiazhnyi, E. V. Grishkun, Phosphorus Sulfur Silicon
1995, 103, 1912197.10 ml of H2O with 1  NaOH, the resulting sodium salt was pre-

[7] [7a] H. Wissmann, H. J. Kleiner, Angew. Chem. 1980, 92,cipitated by adding acetone. Crystallization from acetone/water and
1292130; Angew. Chem. Int. Ed. Engl. 1980, 19, 133. 2 [7b]

drying at 20°C in vacuo afforded 2a as shiny small leaflets that H. Wissmann, Phosphorus Sulfur 1987, 30, 6452648. 2 [7c] E.
are readily soluble in water; yield practically quantitative. 2b was Buschmann, Th. Zierke, Ger. Offen. DE 19,527,574; Cem.

Abstr. 1997, 126, 186376a.obtained as transparent plates, m.p. > 300°C, from a concentrated
[8] [8a] H. Steinberger, Dissertation, University of Düsseldorf, 1973.solution of the disodium salt in H2O by diffusion-controlled pre-

2 [8b] G. Hägele, W. Kuchen, H. Steinberger, Z. Naturforsch., B
cipitation with acetone, and drying in vacuo at 20°C. 2 1974, 29, 3492357. 2 [8c] W. Kuchen, H. Steinberger, Z. Anorg.
C12H27Na2O7P3 ·2 H2O (458.3): calcd. C, 31.45; H, 6.82; P, 20.28; Allg. Chem. 1975, 413, 2662278.

[9] F. Sandt, Diploma thesis, University of Düsseldorf, 1990.found C, 31.17; H, 6.63; P, 20.05. 2 C12H27Na2O7P3 · 8 H2O
[10] [10a] F. Sandt, Dissertation, University of Düsseldorf, 1996. 2(566.4): calcd. C, 25.45; H, 7.65; found C, 25.60; H, 7.58. 2 Ac- [10b] K. Diemert, W. Kuchen, D. Mootz, W. Poll, F. Sandt, Phos-

cording to the results of thermogravimetric measurements, both hy- phorus Sulfur Silicon 1996, 111, 100.
drates loose their water of crystallization completely between [11] P. Stelzel, Methoden Org. Chem. (Houben-Weyl), 4th ed., 1974,

vol. 15/2, p. 2262253.802100°C. 2 31P{1H} NMR (D2O): AB2 spin system, δA 5 19.80,
[12] A. Bier, Dissertation, University of Düsseldorf, 1993.δB 5 29.50; JAB 5 2JPP 5 49.7. 2 1H NMR (D2O): δ 5 1.16 (d, [13] G. Wünsch, Optische Analysenmethoden zur Bestimmung anor-3JPH 5 16.9, PCMe), 1.27 (d, 3JPH 5 18.91), intensity ratio 2:1. ganischer Stoffe, 1st ed., de Gruyter, Berlin, 1983.
[14] SHELXTL PLUS, Structure Determination System, RevisionBis(tert-butyl)diphosphonic Acid (3): After heating 2.6 mmol of

4.21/V, Siemens Analytical X-Ray Instruments, Inc., Madison,2 with 10 ml of conc. hydrochloric acid for 1 h, the clear solution WI, 1990.
was cooled to room temperature. The resulting precipitate was fil- [15] G. M. Sheldrick, “SHELXS-86”, Acta Crystallogr. 1990, A46,

4672473.tered off and dried in vacuo at 20°C. Crystallization from toluene
[16] G. M. Sheldrick, SHELXL-97, Program for the Refinement ofafforded colorless needles, m.p. 1982200°C that are soluble in ace-

Crystal Structures, Universität Göttingen, 1997.tone and sparingly soluble in H2O; yield 23%. 2 C8H20O5P2 ·1.5 [17] Crystallographic data (excluding structure factors) for the struc-
H2O (285.2): calcd. C 33.68, H 8.07, P 21.73; found C 33.28, H tures reported in this paper have been deposited with the Cam-

bridge Crystallographic Data Centre as supplementary publi-8.16, P 21.45. 2 EI-MS; m/z (%): 459 (11), 259 (22), 202 (100),
cation no. CCDC-100660. Copies of the data can be obtained146 (33), 138 (51), 123 (12), 83 (20), 57 (83). 2 31P{1H} NMR
free of charge on application to CCDC, 12 Union Road, Cam-([D6]acetone): δ 5 32 (s). 2 1H NMR ([D6]acetone): δ 5 1.40 (m, bridge CB2 1EZ, UK [fax: int. code 1 44(1223)336-033, e-mail:

PCMe); 4.55 (s, br., POH). deposit@ccdc.cam.ac.uk).
[18] G. M. Sheldrick, SHELXL-93, Program for the Refinement oftert-Butylphosphonic Acid can be isolated from the filtrate by Crystal Structures, Universität Göttingen, 1993.

concentration and crystallization of the residue from toluene; yield [19] P. W. Deroo, A. F. Rosenthal, Y. A. Isaacson, L. A. Vargas, R.
Bittmann, Chem. Phys. Lipids 1976, 16, 60270.72%; colorless needles, m.p. 1882190°C (see ref. [30] 191°C), soluble
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The synthesis of highly soluble chloro(phthalocyaninato)indi- cyaninato)indium(III) (4f) was prepared by the reaction of
(n-C5H11)8PcInCl (4a) with PhLi. The high solubility of theum(III) complexes RxPcInCl (3a: R1 = tert-butyl, R2 = H, x = 4

and 4a: R1 = R2 = n-pentyl, x = 8), and their reactions with complexes 3a2e and 4a2f is, aside from the influence of the
peripheral substituents, considered to be derived from theR9MgBr [R9 = p-trifluoromethylphenyl- (b), m-trifluoro-

methylphenyl- (c), p-fluorophenyl- (d), perfluorophenyl- (e)] large dipole moments present which are due to the strongly
electron withdrawing axial ligands, and from the lower ten-leading to the stable σ-bonded aryl(phthalocyaninato)in-

dium(III) complexes 3b2e, 4b2e are described. All com- dency of axially substituted phthalocyaninato metal com-
plexes to form aggregates.pounds were characterized by IR, UV/Vis, MS, 1H, 13C and

19F NMR as well as elemental analyses. Phenyl(phthalo-

Phthalocyanines and phthalocyaninato metal complexes teractions. Large axial substituents can alter the packing of
the molecules in the solid state and the tendency to aggre-have been investigated in detail for many years[1], particu-

larly with regard to their properties as dyes[2]. More re- gate in solution. Each of these effects can influence the
NLO properties. In fact a correlation between the magni-cently their widespread potential in material sciences[3] has

been discovered. Besides numerous other applications these tude of the third-order non-linear optical susceptibility ten-
sor χ(3) for third harmonic generation (THG) experiments[4]“functional dyes” have also attracted considerable interest

in the field of non-linear optics[4]. It is the extensively delo- and axial substitution has been noted. The reason for this
effect may be associated with the fact that there is a perma-calized π-system in phthalocyanines which gives rise to

large optical non-linearities. Furthermore, due to the diver- nent dipole moment in these materials.
Several axially substituted phthalocyanines have been re-sity of the structural features[5] of phthalocyanines, tuning

of the optical properties can be achieved by synthetic varia- ported[4] [7] to be good non-linear absorbers for optical lim-
iting, but there has been no study of the effect of differenttions. For example, about 70 different elements have been

incorporated into the phthalocyanine core, some of them axial substitution patterns on the relevant optical properties
of these materials.with different oxidation states, and in addition there are one

or two sites which coordinate a variety of axial ligands. The Our approach here is to investigate the influence of differ-
ent axial substituents on the reverse saturable absorption,introduction of a diversity of peripheral substituents, with

many possibilities to alter the substitution pattern with re- and optical limiting properties, of soluble peripherally
alkylsubstituted phthalocyaninatoindium(III) complexes.spect to the number and position of the substituents, has a

strong influence[6] on the electronic absorption spectra and Among the axially substituted phthalocyanines, (tBu)4Pc-
InCl[7] has one of the largest positive non-linear absorptionoptical non-linearities. Other factors[4] which affect optical

non-linearities are the length of π-electron conjugation, the coefficients. It has been used to manufacture optical limit-
ing devices.crystal structure, and the thin film fabrication techniques

employed. The aim of our current research is a systematic A comparative study of the optical properties of (tBu)4-
PcInCl with several aryl substituted phthalocyaninatoin-study of the effect of axial substitution on non-linear op-

tical (NLO) properties, and specifically on the optical limit- dium(III) complexes (see Scheme 1) is in progress. The aryl
ligands are chosen so as to alter both the spatial and elec-ing properties of phthalocyanines. Axial substitution will

have several effects: it can alter the electronic structure of tronic properties of the materials. Compared with the
chloro ligand, aryl substituents will introduce steric crowd-the phthalocyanine, it can introduce a dipole moment per-

pendicular to the macrocycle, and, via steric effects, it can ing and should reduce the tendency, which is common in
phthalocyanines, to form aggregates . Due to the increasingalso alter the spatial relationships between neighbouring

molecules and thus the magnitude of the intermolecular in- electron withdrawing properties of the aryl ligands, these
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materials should possess an increasing ground state dipole dium(III) complexes[10] it is known that their stability de-

pends largely on the electron withdrawing properties of themoment.
axial ligands. Organometallic complexes containingScheme 1. Synthesis of the chloro- and aryl(phthalocyaninato)in-

dium(III) complexes strongly electron withdrawing perfluoroaryl groups gener-
ally show quite different properties than derivatives of the
same containing a simple phenyl group[11]. In many cases it
was shown that the carbon2metal bond in perfluorophenyl
metal complexes is extraordinarily robust for a σ-bond[12].

Coincidentally, the electron withdrawing properties of the
ligands which were attached to the indium atom in order to
obtain complexes with substantial axial dipole moments
are, at the same time, responsible for the stability of these
compounds.

Results and Discussion

The complexes (tBu)4PcInCl (3a) [7] and (C5H11)8PcInCl
(4a) were prepared starting from stoichiometric amounts
of 4-tert-butylphthalonitrile (1) [13] or 4,5-bis(n-pentyl)-
phthalonitrile (2) [14] and InCl3 in quinoline in the presence
of catalytic amounts of DBU. The aryl(phthalocyaninato)-
indium(III) complexes 3b2e and 4b2e were synthesized by
the reaction of freshly prepared aryl Grignard compounds
with the respective RxPcInCl complexes 3a or 4a (see
Scheme 1). The complexes 3a2e and 4a2e were charac-
terized by IR, UV/Vis, MS, 1H, 13C, and 19F NMR as well
as elemental analyses.

In an attempt to synthesize the parent phenyl(phthalo-
cyaninato)indium(III) complexes 3f and 4f starting from
PhLi and 3a or 4a, it became clear that these compounds
are less stable than the fluorinated derivatives. Only a few
milligrams of 4f could be isolated by extraction with n-hex-
ane from the crude product. The decomposition product
R8PcH2 showed poor solubility in this solvent. The small
amount obtained limited the characterization of 4f to MS,
IR and UV/Vis. However, a satisfactory elemental analysis
could be obtained for this complex. Phenyl(phthalocyanina-
to)indium(III) 3f could not be separated from (tBu)4PcH2

in the same way due to the high solubility of the latter in
n-hexane.

The complexes are highly soluble in various organic sol-
vents such as toluene, dichloromethane, and chloroform.
The tetrasubstituted compounds 3a2e exhibit a much
higher solubility in acetone than the corresponding octa-
substituted compounds, 4a2f. (tBu)4PcIn(PFP) (3e) is even
slightly soluble in methanol. In general, the aryl substituted
complexes 3b2e and 4b2f are more soluble in solvents ofWe have therefore synthesized a series of monoaxially

chloro and aryl substituted phthalocyaninatoindium(III) medium polarity, such as dichloromethane, than the corre-
sponding chloroindium(III) complexes 3a and 4a. The peri-complexes RxPcIn(R9) [3: R1 5 tert-butyl, R2 5 H, x 5 4

and 4: R1 5 R2 5 n-pentyl, x 5 8; R9 5 chloro- (a), p- pherally tetrasubstituted phthalocyanines 3a2e consist of a
mixture of four structural isomers[15], as regards the fact,trifluoromethylphenyl- (b), m-trifluoromethylphenyl- (c), p-

fluorophenyl- (d), perfluorophenyl- (e), phenyl- (f); see that the tert-butyl groups can occupy either two positions
R1 or R2 in each of the isoindoline units of the macrocycles.Scheme 1], which we expect to have similar steric, but differ-

ent electronic, properties. They are more soluble[3a] [16] than their structural counter-
parts that have eight substituents, assuming the same substi-Although there are some reports on the preparation of

phthalocyaninato[8] as well as porphyrinato[9] metal com- tution pattern (herein: 2,3). The high solubility of the aryl
substituted phthalocyanines 3b2e and 4b2f indicates thatplexes with metal2alkyl or metal2aryl σ-bonds, to our

knowledge nothing is known about complexes of the type they possess quite large axial dipole moments. The en-
hanced solubility of the complexes 3b2e and 4b2f, com-PcIn(R9). From studies of alkyl- and aryl(porphyrinato)in-
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pared to the chloro analogues 3a and 4a, shows that the length of the Q band maximum. The observed red shifts

are only of the order of 1 nm.usual tendency of phthalocyanines to form aggregates[17]

can be effectively suppressed by axial substitution. The Table 2. UV/Vis data of the investigated RxPcInCl and RxPcIn(R9)
complexes in chloroformmore sterically demanding the axial ligands are, the lower

will be the degree of aggregation.
Phthalo- Axial λmax [nm]Elemental analyses and mass spectral data of all the in-
cyanine ligand

vestigated phthalocyaninatoindium(III) complexes suggest Pc R9 B(1.0)[a] B(0.0) Q(2.0) Q(1.0)[a] Q(0.0)
the molecular formulas RxPcInCl and RxPcIn(R9) for the

PcInCl Cl 337.9 358.2 622.5 656.8 690.2compounds 3a, 4a and 3b2e, 4b2f, respectively. For each
(unsubst.)complex a cluster of peaks, almost identical in intensity to

3a Cl 339.7 359.5 628.2 667.1 697.3
that calculated for its respective isotopic composition, was 3b p-TMP 340.9 369.3 628.6 667.3 698.0

3c m-TMP 341.4 368.6 628.5 666.5 697.8observed in the field desorption mode. Fragmentation was
3d p-FP 341.0 368.5 628.2 666.0 697.4not observed under these conditions. 3e PFP 341.9 365.6 628.7 665.7 697.8

In Table 1 the IR data of the aryl(phthalocyaninato)in- 4a Cl 342.2 361.3 635.4 675.4 706.2
4b p-TMP 353.7 375.3 636.4 675.6 707.2dium(III) complexes are reported. Only the additional ab-
4c m-TMP 354.0 374.9 636.2 675.9 707.3sorptions, which do not appear in the spectra of the respect- 4d p-FP 354.6 375.0 635.8 674.9 706.7
4e PFP 349.3 370.1 636.3 675.7 707.5ive chloro substituted phthalocyanines 3a or 4a, are listed
4f Ph 353.6 375.9 635.8 676.2 706.6in Table 1. Characteristic vibrations for aryl groups bound

to a metal atom[18] are found in the range 19021650 cm21.
[a] All of these bands appear as shoulders.In the 6702830 cm21 range vibrational frequencies asso-

ciated with the C2H out of plane deformation modes of The 1H-NMR spectrum of (tBu)4PcInCl (3a) shows three
multiplets in the aromatic region centred at δ 5 8.30, 9.30the axial aryl groups appear. The intense absorption bands

of the C2F stretching mode are found between 90021460 and 9.45 for the 1-H, 2-H and the 29-H protons, respectively
(see Figure 1). The values for the corresponding protons ofcm21. The vibrational frequencies between 150021640

cm21 are associated with the ring vibrations of the axial all of the aryl substituted complexes 3b2e are close to those
of 3a, despite the different axial ligands. 1H-NMR data ofligands. The weak absorption band of the In2Cl stretching

mode at 336 and 327 cm21 appears in the spectra of the protons of the macrocycle and peripheral substituents are
listed in the experimental section for each compound. Thechloro derivatives 3a and 4a, respectively. The In2C

stretching mode can not be unambiguously assigned due to downfield shifts of ∆δ ø 0.4, 0.18 and 0.13 for the 1-H,
2-H and 29-H protons in these compounds point to the factcoupling with C2C modes and vibrations of the phthalo-

cyaninic macrocycle. that the σ-bonded aryl groups lead to stronger deshielding

Table 1. IR data of the investigated RxPcIn(R9) complexes (KBr pellets)

Axial ligand Phthalocyanine ν̃ [cm21]
R9 Pc

p-TMP 3b 1599 1388 1164 1128 1016 819 678
4b 1598 1388 1163 1127 1047 1015 825 677

m-TMP 3c 1466 1315 1165 1127 1060 794 683
4c 1316 1164 1126 1060 795 682

p-FP 3d 1578 1228 1164 814 505
4d 1577 1358 1226 1164 812 506

PFP 3e 1635 1531 1506 1463 959
4e 1636 1506 1464 1357 1054 958

Ph 4f 1359

The electronic absorption data of the complexes investi- of the aromatic protons, especially of those closer to the
heteroaromatic ring system (2-H, 29-H), than does thegated are summarized in Table 2. The spectra of 3a2e and

4a2f show the typical pattern[17a] of phthalocyaninato me- chloro ligand. The same can be seen by comparison of
(C5H11)8PcInCl (4a) and (C5H11)8PcIn(R9) (4b2e). In thetal complexes, with an intense Q band absorption and its

vibrational satellites Q(1,0) and Q(2,0), as well as lower 1H-NMR spectrum of 4a the aromatic protons give rise to
a singlet at δ 5 9.10. The signals of the corresponding pro-intensity π-π* transitions within the heteroaromatic π-sys-

tem [B(0,0), B(1,0)]. Introduction of electron-donating alkyl tons 2,29-H of 4b2e are shifted downfield by ∆δ 5
0.1620.18.groups in the periphery of the macrocycle leads to a ba-

thochromic shift of the Q band maximum[6b] [6c]. The octa- In contrast, the signals of the axial ligands are consider-
ably shielded by the influence of the large diamagnetic ring-substituted complexes 4a2e have their Q band shifted to

the red by ∆λ 5 16.0217.3 nm, and the tetrasubstituted current[20] of the heteroaromatic π-electron system of the
phthalocyanine. The shorter the distance between thesecomplexes 3a2e by ∆λ 5 7.127.8 nm (see Table 2), with

respect to the unsubstituted PcInCl[19]. In contrast, the ax- protons and the centre of the macrocycle, the larger the
upfield shift (see Table 3). This is in agreement with theial ligands introduced have little influence on the wave-
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Figure 1. Notation of the atoms of the macrocycles and axial li- tively. These values are close to that of fluorine in fluoro-

gands benzene: 2113.1[21]. Three signals are found in the spectra
of the perfluorophenyl complexes 3e (4e) at 2122.1
(2122.0), 2160.9 (2161.2) and 2153.3 (2153.7) for the
o-, m-, and p-fluorine atoms, respectively. In relation to
pentafluorobenzene, whose signals for the same nucleus are
at 2139.2, 2162.7 and 2154.5[22a], the o-fluorine atoms
close to the indium(III) metal are remarkably deshielded.
The deshielding of aromatic fluorine atoms in complexes
where they are in the ortho position of a metal2carbon

proposed structures for the aryl(phthalocyaninato)indium- bond has already been observed and discussed[22]. The spin
(III) complexes 3b2e and 4b2e. The absolute upfield shifts systems of fluorine in the PcIn(PFP) complexes 3e and 4e
were explicitly calculated by comparing the shifts of corre- have typical AA9MM9X patterns[23], which is in agreement
sponding protons for the RxPcIn(R9) complexes and for with their proposed structures.
R9Br, where no influence of a macrocyclic diamagnetic

Table 4. 19F-NMR data[a] for the RxPcIn(R9) complexes in chloro-ring-current exists.
form

Table 3. 1H-NMR data[a] of the protons for the axial ligands in the
RxPcIn(R9) complexes and for R9Br[a]

Axial Phthalo Fluorine
ligand cyanine atoms

Axial Phthalo- Protons multi/ Protons Upfield R9 Pc multi/intens δ
ligand cyanine of R9 intens of R9Br shift

R9 Pc δ δ ∆δ p-TMP 3b p-CF3 s 264.1
4b p-CF3 s 264.1

p-TMP 3b H-b,b9 4.17 d/2 7.61 23.44 m-TMP 3c m-CF3 s 263.7
H-c,c9 6.17 d/2 7.47 21.30 4c m-CF3 s 263.6

4b H-b,b9 4.18 d/2 7.61 23.43 p-FP 3d p-F m 2113.4[b]

H-c,c9 6.15 d/2 7.47 21.32 4d p-F m 2113.8[b]

m-TMP 3c H-b9 4.10 d/1 7.66 23.56 PFP 3e o-F m/2 2122.0 2 (2122.2)
H-b 4.41 s/1 7.76 23.35 m-F m/2 2160.8 2 (2161.1)
H-c9 6.0326.09 m/1 7.3127.37 21.28 p-F m/1 2153.2 2 (2153.3)
H-d 6.46 d/1 7.54 21.08 4e o-F m/2 2121.8 2 (2122.1)

4c H-b9 4.12 d/1 7.66 23.54 m-F m/2 2161.0 2 (2161.3)
H-b 4.42 s/1 7.76 23.34 p-F m/1 2153.6 2 (2153.8)
H-c9 6.0126.07 m/1 7.3127.37 21.30
H-d 6.45 d/1 7.54 21.09 [a] Spectra were recorded in CDCl3 at 300K (235.334 MHz). Chemi-p-FP 3d H-b,b9 3.9824.04 m/2 7.4027.45 23.41 cal shifts (δ) upfield from the reference CFCl3 are defined as nega-H-c,c9 5.6425.71 m/2 6.90-6.97 21.25 tive. 2 [b] With broad-band proton decoupling.4d H-b,b9 4.0024.06 m/2 7.4027.45 23.39
H-c,c9 5.6225.70 m/2 6.9026.97

In conclusion stable aryl(phthalocyaninato)indium(III)
complexes have been prepared starting from chloro(phthal-[a] Spectra were recorded in CDCl3 at 300K (250.131MHz).
ocyaninato)indium(III) and aryl Grignard reagents or aryl

In the 13C-NMR spectra of the compounds synthesized lithium compounds, respectively. Electron withdrawing sub-
a slight deshielding effect is observed for the carbon atoms stituents at the aryl ligands are essential to increase the sta-
close to the indium atom. Again the signals for those car- bility of the complexes obtained. All aryl(phthalocyanina-
bon atoms in the aryl(phthalocyaninato)indium complexes to)indium(III) compounds prepared are highly soluble in
3b2e and 4b2e, being closer to the phthalocyanine core common organic solvents. Studies on the non-linear optical
(C-4 and C-49), are shifted further downfield than those for properties of these new phthalocyaninato complexes, par-
C-3 and C-39 (see Figure 1). Only some of the carbon atom ticularly with regard to their optical limiting properties, are
resonances of the axial ligands could be detected. This is in progress.
due to the C2F coupling leading to split signals of low

We would like to thank Dr. J. S. Shirk of the Naval Researchintensity, the low number of atoms in each set of magneti-
Laboratory in Washington, DC for many helpful discussions andcally equivalent carbon atoms in the ligand compared to
Mrs. Heike Dorn for recording the 19F-NMR spectra. We thankthe macrocycle, and to the fact that the solubility of the
the Fonds der Chemischen Industrie for the financial support of

complexes is still too low with regard to the factors limiting this work.
the signal intensity which were mentioned previously.

The 19F-NMR data of eight RxPcIn(R9) complexes are Experimental Section
given in Table 4. CDCl3 was used as internal standard with

All reactions were carried out under a dry nitrogen atmosphere.CFCl3 as a reference. One narrow singlet was observed for
THF was distilled from sodium benzophenone ketyl prior to use,

the complexes PcIn(p-TMP) (3b, 4b) and PcIn(m-TMP) (3c, quinoline from calcium hydride. p-Trifluoromethylbromobenzene,
4c), all with similar chemical shifts and close to the fluorine m-trifluoromethylbromobenzene, p-fluorobromobenzene, per-
signal in α,α,α-trifluorotoluene at 263.9[21]. Due to H2F fluorobromobenzene were obtained from commercial sources.
coupling, multiplets centred at 2113.4 and 2113.8 are ob- 4-tert-Butylphthalonitrile (1)[13] and 4,5-bis(n-pentyl)phthalonitrile

(2) [14] were prepared according to literature procedures. 2 FT-IR:served for the complexes PcIn(p-FP) (3d) and (4d), respec-
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Perkin Elmer Spectrum 1000. 2 UV/Vis: Shimadzu UV-365. 2 was added dropwise to a stirred solution of 3a or 4a (0.3 mmol) in

dry THF (25 ml). The reaction was monitored by TLC (silica gel/MS: Varian Mat 711 (FD, temperature of the ion source: 30°C). 2
1H, 13C NMR: Bruker AC 250 (1H: 250.131 MHz, 13C: 62.902 toluene) and stopped when all of the RxPcInCl (3a, 4a) had been

consumed. The deep green mixture was poured on ice and wasMHz). 2 19F NMR: Bruker Avance DRX 250 (235.334 MHz). 2

Elemental Analyses: Carlo-Erba Elemental Analyser 1104, 1106. extracted several times with diethyl ether. The combined organic
layers were washed with water and dried with MgSO4. After evap-

General Procedures: The Grignard compounds R9MgBr [R9 5 oration of the solvent, the residue was subjected to column chroma-
p-trifluoromethylphenyl- (b), m-trifluoromethylphenyl- (c), p- tography (silica gel/toluene). Light was strictly excluded during this
fluorophenyl- (d), perfluorophenyl- (e)] were prepared by stirring a step. Further purification of the complex was achieved by recrystal-
mixture of the corresponding substituted bromobenzenes [338 mg lization from mixtures of CH2Cl2 and methanol, as described
(b, c), 263 mg (d), 371 mg (e); 1.5 mmol] and Mg turnings (38.9 mg, above. The pure phthalocyanine was dried in vacuo at 70°C for 3
1.6 mmol), previously activated by means of an ultrasonic bath, in h. 2 (tBu)4PcIn(p-TMP) (3b): Yield 134.4 mg (45%), bluish green
freshly dried THF (3 ml) at room temp. After most of the mag- powder. 2 IR (KBr): ν̃ 5 3076 cm21 vw, 2959 s, 2903 m, 2867 w,
nesium had been consumed, the solution was diluted to a volume 1614 w, 1599 vw, 1487 s, 1388 m, 1365 m, 1327 vs, 1280 m, 1257 s,
of 10 ml by addition of THF. The solution was transferred into a 1200 w, 1164 m, 1152 m, 1128 s, 1086 vs, 1047 s, 1016 w, 954, 922
pressure equalizing addition funnel containing a small quantity of m, 897 vw, 831 m, 819 w, 760 w, 747 m, 694 w, 678 w, 671 w, 603
glass wool to hold back excess solid magnesium. vw, 566 vw, 525 vw, 446 vw. 2 UV/Vis (CHCl3): λmax 5 698.0 nm,

667.3 (sh), 628.6, 369.3, 340.9 (sh). 2 1H NMR (CDCl3): δ 5 1.80Chloro-(tetra-(tert-butyl)phthalocyaninato)indium(III) and
(m, 36 H, tBu), 4.17 (d, J 5 7.6 Hz, 2 H, H-b,b9), 6.17 (d, J 5 7.6Chloro-(octa-(n-pentyl)phthalocyaninato)indium(III) (3a, 4a): A
Hz, 2 H, H-c,c9), 8.3228.36 (m, 4 H, 1-H), 9.4429.52 (m, 4 H, 2-mixture of InCl3 (1.52 g, 6.88 mmol), 4-tert-butylphthalonitrile [(1),
H), 9.5729.59 (m, 4 H, 29-H). 2 13C NMR (CDCl3): δ 55.07 g, 27.52 mmol] or 4,5-bis(n-pentyl)phthalonitrile [(2), 7.38 g,
32.00232.04 (CH3), 36.12236.15 (CMe3), 119.68 (C-29), 122.54 (q,27.52 mmol], dry quinoline (12 ml), and DBU (1 ml) were stirred
J 5 3.7 Hz, C-c,c9) 123.04 (C-2), 128.292128.36 (C-1), 134.26at 180°C for 5 h. The solvent was removed by distillation under
(C-a), 135.402135.48 (C-3), 137.842137.92 (C-39), 153.692154.24reduced pressure, leaving a dark green residue, which was chroma-
(C-4,49), 154.382154.48 (C-19). 2 19F NMR (CDCl3): δ 5 264.1.tographed on silica gel using chloroform as the eluent in order to
2 MS (FD); m/z: 995.9 [M1]. 2 C55H52F3InN8 (996.9): calcd.remove large amounts of the impurities. Then the crude com-
C 66.27; H 5.26; N 11.24; found C 66.43; H 5.29; N 10.95. 2pounds 3a and 4a were recrystallized from mixtures of CH2Cl2/
(tBu)4PcIn(m-TMP) (3c): Yield 132.2 mg (44%), bluish green pow-MeOH (v/v 4:3) or CHCl3/EtOH (v/v 15:7), respectively, by slowly
der. 2 IR (KBr): ν̃ 5 3079 cm21 vw, 2959 s, 2905 m, 2868 w, 1613evaporating the more volatile chloromethanes in a rotary evapor-
w, 1487 s, 1466 w, 1394 m, 1365 m, 1327 vs, 1315 vs, 1280 m, 1257ator at 40260°C under slightly reduced pressure. To complete crys-
s, 1199 w, 1165 m, 1150 w, 1127 s, 1085 vs, 1060 m, 1047 m, 922tallization, the mixtures were kept in a refrigerator overnight. The
m, 896 vw, 831 m, 794 vw, 760 w, 747 m, 693 w, 683 vw, 671 w,complexes were collected by filtration, washed twice with methanol
603 vw, 567 vw, 525 vw, 446 vw. 2 UV/Vis (CHCl3): λmax 5 697.8and dried at 80°C in vacuo. 2 (tBu)4PcInCl (3a): Yield 2.98 g
nm, 666.5 (sh), 628.5, 368.6, 341.4 (sh). 2 1H NMR (CDCl3): δ 5(49%), blue-green microcrystals. 2 IR (KBr): ν̃ 5 3075 cm21 vw,
1.7821.80 (m, 36 H, tBu), 4.10 (d, J 5 7.6 Hz, 1 H, H-b9), 4.41 (s,2957 vs, 2903 m, 2866 m, 1613 vw, 1485 s, 1393 m, 1364 m, 1330
1 H, H-b), 6.0326.09 (m, 1 H, H-c9), 6.46 (d, J 5 7.6 Hz, 1 H, H-vs, 1280 m, 1256 s, 1199 w, 1147 w, 1087 vs, 1047 m, 922 s, 896 w,
d), 8.3228.35 (m, 4 H, 1-H), 9.4429.53 (m, 4 H, 2-H), 9.5729.60831 m, 761 w, 746 m, 693 w, 671 w, 602 vw, 568 vw, 524 vw, 444
(m, 4 H, 29-H). 2 13C NMR (CDCl3): δ 5 32.00232.03 (CH3),vw, 336 w. 2 UV/Vis (CHCl3): λmax 5 697.3 nm, 667.1 (sh), 628.2,
36.12236.15 (CMe3), 119.68 (C-29), 123.05 (C-2), 123.90 (q, 3.7359.5, 339.7 (sh). 2 1H NMR (CDCl3): δ 5 1.8221.84 (m, 36 H,
Hz, C-d), 126.38 (C-b9), 128.312128.37 (C-1), 130.21 (q, J 5 3.7tBu), 8.2728.33 (m, 4 H, 1-H), 9.2729.33 (m, 4 H, 2-H), 9.4229.47
Hz, C-b), 135.392135.45 (C-3), 137.392137.41 (C-a),(m, 4 H, 29-H). 2 13C NMR (CDCl3): δ 5 32.01232.04 (CH3),
137.812137.89 (C-39), 153.772154.32 (C-4,49), 154.442154.52 (C-36.16 (CMe3), 119.712119.80 (C-29), 123.092123.21 (C-2),
19). 2 19F NMR (CDCl3): δ 5 263.7. 2 MS (FD); m/z: 995.9128.482128.56 (C-1), 135.072135.23 (C-3), 137.492137.72 (C-39),
[M1]. 2 C55H52F3InN8 (996.9): calcd. C 66.27; H 5.26; N 11.24;152.742153.50 (C-4,49), 154.552154.72 (C-19). 2 MS (FD); m/z:
found C 66.59; H 5.34; N 11.40. 2 (tBu)4PcIn(p-FP) (3d): Yield886.2 [M1]. 2 C48H48ClInN8 (887.2): calcd. C 64.98; H 5.45; Cl
136.3 mg (48%), bluish green powder. 2 IR (KBr): ν̃ 5 3077 cm21

4.00; N 12.63; found C 65.16; H 5.36; Cl 4.13; N 12.30. 2
vw, 2958 vs, 2903 m, 2866 m, 1613 m, 1578 m, 1488 vs, 1393 s,(C5H11)8PcInCl (4a): Yield 2.75 g (33%), bluish green needles. 2
1364 m, 1329 vs, 1280 s, 1256 s, 1228 m, 1200 w, 1164 m, 1151 m,IR (KBr): ν̃ 5 2959 cm21 vs, 2927 vs, 2858 s, 1618 vw, 1483 m,
1085 vs, 1047 s, 922 s, 896 w, 831 m, 814 m, 760 m, 747 s, 693 w,1465 m, 1460 m, 1451 m, 1401 m, 1377 w, 1335 vs, 1100 vs, 1080
672 w, 603 vw, 567 vw, 525 w, 505 vw, 445 vw. 2 UV/Vis (CHCl3):s, 1011 w, 892 w, 873 vw, 744 m, 733 w, 724 w, 327 vw. 2 UV/Vis
λmax 5 697.4 nm, 666.0 (sh), 628.2, 368.5, 341.0 (sh). 2 1H NMR(CHCl3): λmax 5 706.2 nm, 675.4 (sh), 635.4, 361.3, 342.2 (sh). 2
(CDCl3): δ 5 1.7921.80 (m, 36 H, tBu), 3.9824.04 (m, 2 H, H-1H NMR (CDCl3): δ 5 1.04 (t, J 5 7.0 Hz, 24 H, CH3), 1.4721.71
b,b9), 5.6425.71 (m, 2 H, H-c,c9), 8.3128.35 (m, 4 H, 1-H),(m, 32 H, γ,δ-CH2), 1.9322.05 (m, 16 H, β-CH2), 3.1223.18 (m,
9.4329.51 (m, 4 H, 2-H), 9.5729.59 (m, 4 H, 29-H). 2 13C NMR16 H, α-CH2), 9.10 (s, 8 H, 2,29-H). 2 13C NMR (CDCl3): δ 5
(CDCl3): δ 5 32.00232.04 (CH3), 36.10236.13 (CMe3), 113.53 (d,14.22 (CH3), 22.79 (δ-CH2), 31.58, 32.38, 34.05 (α,β,γ-CH2), 123.41
J 5 19.0 Hz, C-c,c9), 119.63 (C-29), 123.01 (C-2), 128.202128.27(C-2), 135.62 (C-3), 144.30 (C-1), 152.93 (C-4). 2 MS (FD); m/z:
(C-1), 135.442135.53 (C-3), 137.862137.95 (C-39), 153.722154.191222.3 [M1]. 2 C72H96ClInN8 (1223.9): calcd. C 70.66; H 7.91; Cl
(C-4,49), 154.272154.41 (C-19), 162.05 (d, J 5 246.9 Hz, C-d). 22.90; N 9.16; found C 70.57; H 8.01; Cl 2.94; N 9.23.
19F{1H} NMR (CDCl3): δ 5 2113.4. 2 MS (FD); m/z: 946.2

Aryl(tetra-(tert-butyl)phthalocyaninato)indium(III) and Aryl- [M1]. 2 C54H52FInN8 (946.9): calcd. C 68.50; H 5.54; N 11.83;
(octa-(n-pentyl)-phthalocyaninato)indium(III) (3b2e, 4b2e): In a found C 67.43; H 5.55; N 11.35. 2 (tBu)4PcIn(PFP) (3e): Yield
typical reaction, a freshly prepared solution of R9MgBr [R9 5 p- 118.5 mg (39%), bluish green powder. 2 IR (KBr): ν̃ 5 3076 cm21

trifluoromethylphenyl- (b), m-trifluoromethylphenyl- (c), p-fluoro- vw, 2958 s, 2904 m, 2865 m, 1635 vw, 1613 w, 1531 w, 1506 s, 1487
phenyl- (d), perfluorophenyl- (e)] in THF (10 ml; 0.15  R9MgBr), s, 1463 vs, 1394 m, 1364 m, 1330 vs, 1280 m, 1256 s, 1200 w, 1151
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w, 1086 vs, 1047 m, 959 m, 922 m, 896 w, 831 m, 761 w, 747 m, 8 H, 2,29-H). 2 13C NMR (CDCl3): δ 5 14.20 (CH3), 22.78 (δ-

CH2), 31.61, 32.40, 34.09 (α,β,γ-CH2), 123.40 (C-2), 135.75 (C-3),693 w, 672 w, 602 vw, 567 vw, 525 vw, 446 vw. 2 UV/Vis (CHCl3):
λmax 5 697.8 nm, 665.7 (sh), 628.7, 365.6, 341.9 (sh). 2 1H NMR 144.19 (C-1), 153.39 (C-4). 2 19F NMR (CDCl3): δ 5 2121.8 2

(2122.1) (F-b,b9), 2161.0 2 (2161.3) (F-c,c9), 2153.6 2 (2153.8)(CDCl3): δ 5 1.7921.81 (m, 36 H, tBu), 8.3328.37 (m, 4 H, 1-H),
9.4429.51 (m, 4 H, 2-H), 9.58 (m, 4 H, 29-H). 2 13C NMR (F-d). 2 MS (FD); m/z: 1353.9 [M1]. 2 C78H96F5InN8 (1355.5):

calcd. C 69.12; H 7.14; N 8.27; found C 69.10; H 6.83; N 8.21.(CDCl3): δ 5 32.00232.04 (CH3), 36.15236.18 (CMe3), 119.74 (C-
29), 123.122123.15 (C-2), 128.422128.49 (C-1), 135.312135.39 (C-

First Results in the Preparation of Phenyl(octa-(n-pentyl)phthalo-3), 137.732137.86 (C-39), 153.372154.08 (C-4,49), 154.522154.64
cyaninato)indium(III) (4f): Phenyllithium in cyclohexane/diethyl(C-19). 2 19F NMR (CDCl3): δ 5 2122.0 2 (2122.2) (F-b,b9),
ether (0.5 ) at room temp. was added dropwise to a solution of

2160.8 2 (2161.1) (F-c,c9), 2153.2 2 (2153.3) (F-d). 2 MS (FD);
4a (122.4 mg, 0.1 mmol) in dry THF (25 ml). The reaction wasm/z: 1018.0 [M1]. 2 C54H48F5InN8 (1018.8): calcd. C 63.66; H
monitored by TLC (silica gel/toluene) and stopped when all of the4.75; N 11.00; found C 64.20; H 4.95; N 10.45. 2 (C5H11)8PcIn(p-
R8PcInCl (4a) had been consumed. The deep green mixture ob-TMP) (4b): Yield 251.0 mg (63%), dark green powder. 2 IR (KBr):
tained was worked up as described above. The complex 4f was sepa-ν̃ 5 2956 cm21 vs, 2928 vs, 2859 s, 1618 vw, 1598 vw, 1484 m, 1465
rated from the crude mixture by stirring it in n-hexane. Due to them, 1400 w, 1388 w, 1378 w, 1325 vs, 1163 m, 1127 m, 1098 vs, 1081
insolubility of the metal free phthalocyanine (formed during thes, 1047 m, 1015 w, 894 w, 868 vw, 825 vw, 744 m, 732 w, 677 w. 2
reaction) in this solvent, pure phenyl(phthalocyaninato)indium(III)UV/Vis (CHCl3): λmax 5 707.2 nm, 675.6 (sh), 636.4, 375.3, 353.7
was obtained after filtration and evaporation of the solvent. 2(sh). 2 1H NMR (CDCl3): δ 5 1.03 (t, J 5 7.0 Hz, 24 H, CH3),
(C5H11)8PcIn(Ph) (4f): Green powder. 2 IR (KBr): ν̃ 5 2955 cm21

1.4621.70 (m, 32 H, γ,δ-CH2), 1.9522.07 (m, 16 H, β-CH2),
vs, 2926 vs, 2858 s, 1618 vw, 1483 m, 1466 m, 1400 w, 1378 w, 13593.1523.22 (m, 16 H, α-CH2), 4.18 (d, J 5 7.6 Hz, 2 H, H-b,b9),
m, 1333 s, 1098 vs, 1079 m, 1011 w, 893 w, 868 vw, 745 m, 732 w,6.15 (d, J 5 7.6 Hz, 2 H, H-c,c9), 9.26 (s, 8 H, 2,29-H). 2 13C
724 m. 2 UV/Vis (CHCl3): λmax 5 706.6 nm, 676.2 (sh), 635.8,NMR (CDCl3): δ 5 14.19 (CH3), 22.77 (δ-CH2), 31.63, 32.35,
375.9, 353.6 (sh). 2 MS (FD); m/z: 1263.7 [M1]. 2 C78H101InN834.06 (α,β,γ-CH2), 122.43 (q, J 5 3.4 Hz, C-c,c9), 123.41 (C-2),
(1265.5): calcd. C 74.03; H 8.04; N 8.85; found C 73.97; H 7.91;134.36 (C-a), 135.85 (C-3), 144.14 (C-1), 153.84 (C-4). 2 19F NMR
N 8.96.(CDCl3): δ 5 264.1. 2 MS (FD); m/z: 1332.5 [M1]. 2

C79H100F3InN8 (1333.5): calcd. C 71.15; H 7.56; N 8.40; found C
70.92; H 7.45; N 8.29. 2 (C5H11)8PcIn(m-TMP) (4c): Yield 317.5 [1] Phthalocyanines: Properties and Applications (Eds.: C. C. Lez-

noff, A. B. P. Lever), VCH Publishers, Inc., New York,mg (79%), green powder. 2 IR (KBr): ν̃ 5 2956 cm21 vs, 2928 vs,
198921996, vol. 124.2860 s, 1618 vw, 1484 m, 1466 m, 1452 m, 1401 w, 1378 w, 1334 s,

[2] F. H. Moser, A. L. Thomas, The Phthalocyanines CRC Press:1316 s, 1164 m, 1126 m, 1099 vs, 1081 s, 1060 w, 1012 w, 894 w, Boca Raton, FL, 1983.
869 vw, 795 vw, 744 m, 732 w, 682 vw. 2 UV/Vis (CHCl3): λmax 5 [3] For reviews: [3a] M. Hanack, M. Lang, Adv. Mater. 1994, 6, 819.

2 [3b] H. Schulz, H. Lehmann, M. Rein, M. Hanack, Struct.707.3 nm, 675.9 (sh), 636.2, 374.9, 354.0 (sh). 2 1H NMR (CDCl3):
Bonding 1991, 74, 41.δ 5 1.03 (t, J 5 7.0 Hz, 24 H, CH3), 1.4621.70 (m, 32 H, γ,δ-

[4] H. S. Nalwa, J. S. Shirk in Phthalocyanines: Properties and Ap-CH2), 1.9622.08 (m, 16 H, β-CH2), 3.1623.22 (m, 16 H, α-CH2), plications (Eds.: C. C. Leznoff, A. B. P. Lever), VCH Publishers,
4.12 (d, J 5 7.0 Hz, 1 H, H-b9), 4.42 (s, 1 H, H-b), 6.0126.07 (m, Inc., New York, 1996, vol. 4, p. 79.

[5] M. Hanack, R. Polley, H. Heckmann, Methods of Organic1 H, H-c9), 6.45 (d, J 5 7.7 Hz, 1 H, H-d), 9.28 (s, 8 H, 2,29-H).
Chemistry (Houben-Weyl), 4th ed. 1997, vol. E9d, p. 7172842.2 13C NMR (CDCl3): δ 5 14.19 (CH3), 22.76 (δ-CH2), 31.62,

[6] [6a] N. Kobayashi, N. Sasaki, Y. Higashi and T. Osa, Inorg.32.35, 34.06 (α,β,γ-CH2), 123.40 (C-2), 123.73 (q, J 5 3.7 Hz, C- Chem. 1995, 34, 1636. 2 [6b] H. Konami and M. Hatano, Chem.
d), 126.26 (C-b9), 130.28 (q, J 5 3.7 Hz, C-b), 135.84 (C-3), 137.51 Lett. 1988, 1359. 2 [6c] G. Schmid, E. Witke, U. Schlick, S.

Knecht, M. Hanack, J. Mater. Chem. 1995, 5, 855.(C-a), 144.12 (C-1), 153.89 (C-4). 2 19F NMR (CDCl3): δ 5 263.6.
[7] Optical limiting properties of (tBu)4PcInCl were measured by2 MS (FD); m/z: 1332.3 [M1]. 2 C79H100F3InN8 (1333.5): calcd.

J.W. Perry et. al., Science 1996, 273, 1533. No synthesis of thisC 71.15; H 7.56; N 8.40; found C 71.12; H 7.53; N 8.62. 2 material was given.
(C5H11)8PcIn(p-FP) (4d): Yield 142.4 mg (37%), green powder. 2 [8] M. Hanack, K. Mitulla, G. Pawlowski, L. R. Subramanian, J.

Organomet. Chem. 1981, 204, 315; and references therein.IR (KBr): ν̃ 5 2955 cm21 vs, 2927 vs, 2858 s, 1617 vw, 1577 w,
[9] K. M. Kadish, Prog. Inorg. Chem. 1986, 34, 435.1485 s, 1465 m, 1456 m, 1400 w, 1378 w, 1358 m, 1333 vs, 1226 w,
[10] [10a] A. Tabard, R. Guilard, K. M. Kadish, Inorg. Chem. 1986,1164 w, 1098 vs, 1012 w, 894 w, 868 w, 812 w, 745 m, 732 w, 506 25, 4277. 2 [10b] R. Guilard, P. Cocolios, P. Fournari, J. Or-

vw. 2 UV/Vis (CHCl3): λmax 5 706.7 nm, 674.9 (sh), 635.8, 375.0, ganomet. Chem. 1977, 129, C11. 2 [10c] R. Guilard, P. Cocolios,
P. Fournari, J. Organomet. Chem. 1979, 179, 311.354.6 (sh). 2 1H NMR (CDCl3): δ 5 1.03 (t, J 5 7.0 Hz, 24 H,

[11] P. M. Treichel, F. G. A. Stone, Adv. Organomet. Chem. 1964,CH3), 1.4721.70 (m, 32 H, γ,δ-CH2), 1.9622.08 (m, 16 H, β-CH2),
1, 143.3.1723.23 (m, 16 H, α-CH2), 4.0024.06 (m, 2 H, H-b,b9), [12] [12a] P. M. Treichel, M. A. Chaudhari, F. G. A. Stone, J. Or-

5.6225.70 (m, 2 H, H-c,c9), 9.28 (s, 8 H, 2,29-H). 2 13C NMR ganomet. Chem. 1963, 1, 98. 2 [12b] R. D. Chambers and T.
Chivers, Proc. Chem. Soc. 1963, 208.(CDCl3): δ 5 14.19 (CH3), 22.77 (δ-CH2), 31.64, 32.35, 34.06

[13] [13a] S. A. Mikhalenko, S. V. Barkanova, O. L. Lebedev, E. A.(α,β,γ-CH2), 113.42 (d, J 5 18.5 Hz, C-c,c9), 123.40 (C-2), 135.58
Luk’yanets, Zh. Obshch. Khim. 1971, 41, 2735; J. Gen. Chem.(d, J 5 6.5 Hz, C-b,b9), 135.91 (C-3), 144.07 (C-1), 153.91 (C-4). USSR 1971, 41, 2770. 2 [13b] M. Hanack, J. Metz, G. Pawlow-

2 19F{1H} NMR (CDCl3): δ 5 2113.8. 2 MS (FD); m/z: 1282.5 ski, Chem. Ber. 1982, 115, 2836.
[14] M. Hanack, P. Haisch, H. Lehmann, L. R. Subramanian, Syn-[M1]. 2 C78H100FInN8 (1283.5): calcd. C 72.99; H 7.85; N 8.73;

thesis 1993, 387.found C 72.71; H 7.66; N 8.71. 2 (C5H11)8PcIn(PFP) (4e): Yield
[15] [15a] M. Sommerauer, C. Rager, M. Hanack, J. Am. Chem. Soc.233.1 mg (57%), green powder. 2 IR (KBr): ν̃ 5 2955 cm21 vs, 1996, 118, 10085. 2 [15b] M. Hanack, G. Schmid, M. Som-

2927 vs, 2859 vs, 1636 vw, 1617 w, 1506 s, 1483 s, 1464 vs, 1401 m, merauer, Angew. Chem. 1993, 105, 1540; Angew. Chem. Int. Ed.
Engl. 1993, 32, 1422. 2 [15c] G. Schmid, M. Sommerauer, M.1357 vs, 1333 vs, 1098 vs, 1074 vs, 1054 m, 1010 w, 958 vs, 895 m,
Geyer, M. Hanack in Phthalocyanines: Properties and Appli-871 w, 744 s, 733 m, 725 m. 2 UV/Vis (CHCl3): λmax 5 707.5 nm,
cations (Eds.: C. C. Leznoff, A. B. P. Lever), VCH Publishers,675.7 (sh), 636.3, 370.1, 349.3 (sh). 2 1H NMR (CDCl3): δ 5 1.04 Inc., New York, 1996, vol. 4, p. 1.

(t, J 5 7.1 Hz, 24 H, CH3), 1.4821.71 (m, 32 H, γ,δ-CH2), [16] A. Beck, K.-M. Mangold, M. Hanack, Chem. Ber. 1991, 124,
2315.1.9722.09 (m, 16 H, β-CH2), 3.1723.23 (m, 16 H, α-CH2), 9.27 (s,
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[17] [17a] M. J. Stillman, T. Nyokong in Phthalocyanines: Properties [20] [20a] T. R. Janson, A. R. Kone, J. F. Sullivan, K. Knox, M. E.

Kenney, J. Am. Chem. Soc. 1969, 91, 5210. 2 [20b] T. Koyama,and Applications (Eds.: C. C. Leznoff, A. B. P. Lever), VCH
Publishers, Inc., New York, 1989, vol. 1, p. 133. 2 [17b] A. W. T. Suzuki, K. Hanabusa, H. Shirai, N. Kobayashi, Inorg. Chim.

Acta 1994, 218, 41. 2 [20c] J. E. Maskasky, J. R. Mooney, M. E.Snow and N. L. Jarvis, J. Am. Chem. Soc. 1984, 106, 4706. 2
[17c] A. R. Monahan, J. A. Brado and A. F. Deluca, J. Phys. Kenney, J. Am. Chem. Soc. 1972, 94, 2132. 2 [20d] U. Keppeler,

W. Kobel, H.-U. Siehl, M. Hanack, Chem. Ber. 1985, 118, 2095.Chem. 1972, 76, 446.
[18] [18a] E. Maslowsky, Jr. in Vibrational Spectra of Organometallic [21] [21a] V. Wray, Ann. Rep. NMR Spectrosc. 1980, 10B, 1. 2 [21b] V.

Wray, Ann. Rep. NMR Spectrosc. 1983, 14, 1.Compounds 2nd ed., Wiley, New York, 1978. 2 [18b] G. Socrates
in Infrared Characteristic Group Frequencies 2nd ed., John [22] [22a] M. I. Bruce, J. Chem. Soc. A 1968, 1459. 2 [22b] J. W. Em-

sley, L. Phillips, Prog. Nucl. Magn. Reson. Spectrosc. 1971, 7, 1.Wiley, Chichester, New York, Brisbane, Toronto, 1994.
[19] Unsubstituted PcInCl was prepared according to a literature [23] P. Bladon, D. W. A. Sharp and J. M. Winfield, Spectrochim.

Acta 1964, 20, 1033.procedure: J. P. Linsky, T. R. Paul, R. S. Nohr, M. E. Kenney,
Inorg. Chem. 1980, 19, 3131. The UV/Vis spectrum was re- [97201]
corded in CHCl3.
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Oxidative addition of methyl N-benzoyl-2-bromoglycinate to complexes [(bpy)Pd2CH(CO2Me)NHC(Ph)O]+ (1b,c) and
[(Ph3P)2Pt2CH(CO2Me)NHC(Ph)O]+ (2b), respectively, fea-bis(dibenzylideneacetone)palladium, in the presence of 2,29-

bipyridyl, and to (Ph3P)2Pt(η2-C2H4) gives the α-metallated turing coordination of the amide O atom. The complexes 1b
and 2b have been characterized by X-ray diffraction.glycine esters 1a and 2a. Abstraction of bromide from 1a, 2a,

using AgSbF6 or AgBF4, affords the cationic C,O-chelate

α-Haloglycine esters are valuable synthons for the synthesis (Ph3P)2Pt(η2-C2H4) yielded the α-metallated complexes 1a
and 2a, respectively, in good yields. The compounds wereof modified α-amino acids[3]. Recently, we used these com-

pounds for the introduction of α-amino acid residues into found to be light-sensitive and relatively unstable in air and
towards organic solvents. Abstraction of bromide from 1a,organometallic systems[4], giving products that may find ap-

plication in the labelling of amino acids and peptides, a 2a, using AgSbF6 or AgBF4, led to coordination of the am-
ide group, thereby affording the stable C,O-chelate com-growing field in bioinorganic chemistry[5]. α-Metallated

amino acids are intermediates in the asymmetric hydrogen- plexes 1b,c and 2b.
ation of dehydroamino acids and have been detected as such The IR spectra of 1a and 2a show typical ester and amide
by Halpern et al. [6] and Brown et al. [7] by means of NMR absorptions at 1715 and 1640 cm21. The shift of the car-
spectroscopy. bonyl ester band to lower wavenumbers (ν̃ ø 30 cm21) com-

Structures of α-metallated amino acids have been re- pared with the corresponding band in α-amino acid esters
ported by Vahrenkamp et al. [8] and by ourselves[4b]. Re- has been observed previously[4b]. The lower wavenumber of
cently, Bergens et al. [9] characterized a C,O-bound inter- the amide absorption in 1b,c and 2b (1600 cm21) is charac-
mediate in the hydrogenation of methyl α-acetamidocinna- teristic of a coordinated amide group. The 1H-NMR spec-
mate, derived from a (BINAP)(H)RuII catalyst. trum of 1a exhibits a doublet due to the CH proton, as

The easy access to α-metallated amino acids by oxidative expected, while that of complex 1c features a broad singlet.
addition of methyl N-benzoyl-2-bromoglycinate to

The signal of the Pt2CH proton in 2a appears as aMe2Pt(bpy) (bpy 5 2,29-bipyridyl) [4b] prompted us to
pseudo-quadruplet with satellites due to 195Pt2C2H coup-search for square-planar complexes with the halide and the
ling. In the 1H-NMR spectrum of 2b, a doublet of tripletsC-bound α-amino acid in a cis configuration. Abstraction
is observed for the α-CH proton due to cis and transof halide from these should yield simple models for inter-
31P2Pt2C2H coupling.mediates in the hydrogenation of dehydroamino acids, with

The 13C-NMR spectra of 1c and 2b show the expectedcoordination of the amide O atom.
resonances. Two 31P-NMR signals for the two non-equiva-The oxidative addition of organic halides to zerovalent
lent P atoms are observed for 2b. Their 1J(Pt2P) valuespalladium and platinum complexes[10], e.g. to (Ph3P)2Pt(η2-
differ significantly because of the different trans influenceC2H4)[11] or to (dba)2Pd (dba 5 dibenzylideneacetone)[12]

of the strong C and weak O donors, similar to the situationis a general method for the synthesis of σ-bonded or-
in (Ph3P)2Pt2C(H)(CO2R)C(O)O[13].ganometallic complexes.

Cationic alkyl- or acyl(bpy)PdII complexes readily react
Results and Discussion with CO, isonitriles, alkenes or allenes[14]. Surprisingly, 1a

does not undergo insertion of CO, ethylene or allene at at-The reactions of methyl N-benzoyl-2-bromoglycinate
mospheric pressure. Treatment with tert-butylisonitrilewith (dba)2Pd in the presence of bpy, and with
leads only to coordination of the isonitrile {ν̃ 5 2222 cm21

[e] Part 100: Ref. [1]. [ν(CN)]} and no insertion product could be detected.
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Figure 1. Molecular structure of 1b[a]

[a] Selected bond lengths [pm] and angles [°]: Pd12N2 205.2(5), Pd12N3 201.9(5), Pd12O1 201.3(4), Pd12C1 203.3(6), O12C3 127.5(7),
C32N1 132.2(8), N12C1 146.0(8); N22Pd2N3 80.0(2), O12Pd12C1 82.4(2), Pd12C12N1 104.2(4), Pd12O12C3 113.4(4).

Crystal Structure Determinations of 1b and 2b The palladium center in 1b has a square-planar environ-
ment with Pd2N distances (2032205 pm) similar to those re-Crystals suitable for structure determination by X-ray

diffraction were obtained by liquid-liquid diffusion of di- ported for related complexes[12] [15]. The Pd2C distance
[203.3(6) pm] compares well with values found for other sp3ethyl ether into an acetone solution of 1b at room tempera-

ture and from a dichloromethane solution of 2b layered carbon atoms trans to an sp2 nitrogen atom[15]. The acyl CO
bond length [127.5(7) pm] is typical for a carbonyl group, al-with n-pentane. The unit cell of 1b was found to contain

the αS and αR enantiomers (at C1), with a parallel arrange- though the CO absorption in the IR spectrum (1602 cm21) is
suggestive of more single-bond character. The α-carbon atomment of the molecules and pairs of enantiomers (with a

center of symmetry, Pd···Pd 427 pm) in the lattice. As ex- is approximately tetrahedrally coordinated, with the largest
deviation from ideal geometry being manifested in thepected on the basis of the spectroscopic data, the amino

acid is coordinated to the Pd atom through the α-carbon N2C2Pd angle (104°). The chelate ring is almost planar and
has a (small) O2C2N2C torsion angle of 11.7°.atom and the amide group (Figure 1).
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Figure 2. Structure of 2b[a]

[a] Selected bond lengths [pm] and angles [°]: Pt12P1 232.8(2), Pt12P2 223.3(2), Pt12O1 208.9(4), Pt12C1 210.0(6), O12C4 128.1(7),
C42N1 130.9(8), N12C1 146.0(8); P12Pt12P2 99.91(6), C12Pt12O1 80.8(2), Pt12C12N1 104.4(4), Pt12O12C4 112.1(4).

A similar structure is found for 2b. The two P atoms in Table 1. Details of the crystal structure determinations[17]

2b are seen to deviate from the coordination plane by 18°
1b 2band 3.4°, respectively. The Pt2α-C bond length [210.0(6)

pm] is comparable to that found in other platinum(II) com- Formula C20H18F6N3O3PdSb C46H40F6NO3P2PtSb
plexes with Pt2α-alkyl bonds[16]. Mr 690.52 1147.57

Crystal system monoclinic triclinicInterestingly, pairs of enantiomers αS and αR are found
Space group P2(1)/c P1̄in the crystal (Figure 2), which are linked through two hy-
a [Å] 8.422(2) 11.9029(1)

drogen bonds between the amino and the carbonyl groups b[Å] 18.357(4) 12.4852(1)
c[Å] 14.958(3) 16.3340(1)of the methyl ester (N2H···O 286 pm).
α [°] 90° 94.012(1)

Support by the Deutsche Forschungsgemeinschaft and the Fonds β [°] 105.643(9) 92.620(1)
γ [°] 90° 114.292(1)der Chemischen Industrie is gratefully acknowledged. We thank
V [Å3] 2227.0(9) 2199.64(3)Professor Dr. W. Steglich, München, for valuable discussions.
Z 4 2
ρcalcd. [gcm23] 2.060 1.733

Experimental Section µ [mm21] 2.099 3.930
Crystal size 0.2 3 0.15 3 0.12 0.3 3 0.3 3 0.2General: All reactions were carried out in dry solvents under
2θ range [°] 3.6258.8 3.6258.8

argon. 2 NMR: Jeol GSX 270 (1H 270.0; 13C 100.4; 31P 109.3 Index range ±h, ±k, ±l ±h, ±k, ±l
MHz) with tetramethylsilane as internal standard; H3PO4 (85%) as Collected reflns. 6146 13135
external standard. 2 IR: 5ZDX FT-IR. 2 (dba)2Pd[18], (η2-ethyl- Independent reflns. 4281 [2.45] 7027 [3.21]

[Rint (%)]ene)(Ph3P)2Pt[19] and methyl N-benzoyl-2-bromoglycinate[3b] were
Max./min. 0.727/0.606 0.710/0.497prepared according to literature procedures. AgBF4 and AgSbF6 transmissionswere purchased from Aldrich and stored in the dark under argon. Parameters 307 596
R1/wR2 [F > 4σ(F)] 0.0488/0.0914 0.0424/0.1039(bpy)[CH(NHCOPh)(CO2Me)]PdBr (1a): To a solution of
GoF 1.368 1.139173 mg (0.3 mmol) of (dba)2Pd in 10 ml of benzene, 47 mg (0.3
Largest diff. peak 0.445/20.502 1.685/22.364mmol) of 2,29-bipyridyl and 82 mg (0.3 mmol) of methyl N-ben- and hole [eÅ23]

zoyl-2-bromoglycinate were added. The mixture was stirred for 1 h
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at room temp., during the course of which a yellow-green powder 2243.5 Hz). 2 C46H40F6NO3P2PtSb (1147.6): calcd. C 48.14, H

3.51, N 1.22; found C 48.53, H 3.89, N 1.24.precipitated. The precipitate was separated by centrifugation,
washed with diethyl ether (2 3 10 ml), and dried in vacuo. Yield

Crystal Structure Determinations: A suitable single crystal of 1b128 mg (80%), yellow-green powder, m.p. 164°C. 2 IR (KBr): ν̃ 5
or 2b was mounted on a glass fibre with perfluoroether oil. After3407 cm21 m (NH), 1716 s (CO2), 1633 s (NCO). 2 1H NMR
cooling to 280°C, the crystal was optically centered on a Siemens(CDCl3): δ 5 3.74 (s, 3 H, CH3), 5.32 (d, 3J 5 9.2 Hz, 1 H, CH),
P4 four-circle diffractometer equipped with a CCD area detector.7.3627.49 (m, 4 H, NH, C6H5), 7.5727.74 (m, 2 H, bpy),
The dimensions of the unit cell were determined from the observed7.8628.21 (m, 6 H, bpy, C6H5), 9.25 (d, 3J 5 3.94 Hz, 1 H, o-bpy),
reflections (> 10 σ) in 4 3 15 frames with different ψ and χ orien-9.35 (d, 3J 5 5.4 Hz, 1 H, o-bpy). 2 C20H18N3O3BrPd ·0.5C6H6 tations. Data collection was performed with 10-s exposures at two(573.8): calcd. C 48.15, H 3.69, N 7.32; found C 47.97, H 3.71,
different χ settings with ∆ψ intervals of 0.3° (altogether 1296N 7.26.
frames). Data reduction was performed with the program SAINT
of Siemens Analytical Instruments, and a semiempirical absorption[CH(NHCOPh)(CO2Me)](PPh3)2PtBr (2a): To a solution of
correction was applied. The structures were solved by the heavy-224 mg (0.3 mmol) of (η2-ethylene)(Ph3P)2Pt in 10 ml of benzene,
atom method and successive Fourier synthesis using the SHELX-82 mg (0.3 mmol) of methyl N-benzoyl-2-bromoglycinate was ad-
93 program (G.W. Sheldrick, University of Göttingen). All non-ded. Gas evolution was observed and the yellow solution was
hydrogen atoms were refined anisotropically. H atoms bound tostirred for 1 h. A white residue was separated by centrifugation,
carbon atoms were placed in calculated positions and refined withthe volatiles were evaporated from the supernatant solution, and
a riding model. N-bonded H atoms were located in the differencethe residue was washed with pentane (3 3 15 ml). Yield 268 mg
Fourier synthesis and were freely refined with a fixed isotropic N.(90%), white powder, m.p. 104°C (decomp.). 2 IR (KBr): ν̃ 5 3413
Selected crystallographic data and data relating to the structurecm21 m (NH), 1713 s (CO2), 1647 s (NCO), 280 m (PtBr). 2 1H
solutions and refinement are summarized in Table 1.NMR (C6D6): δ 5 3.78 (s, 3 H, CH3), 5.44 (pseudo-q, 3JPH 5 9.7

Hz, 2JPtH 5 93.6 Hz, 1 H, CH), 6.9428.74 (m, 36 H, NH, C6H5,
PPh3). 2 31P NMR (C6D6): δ 5 17.90 (d, 2JPP 5 16.5 Hz, 1JPtP 5

; Dedicated to Professor Wolfgang Herrmann, as a mark of1902.9 Hz), 20.45 (d, 2JPP 5 16.5 Hz, 1JPtP 5 4481.5 Hz). 2
friendship and respect, on the occasion of his 50th birthday.C46H40NO3BrP2Pt (991.8): calcd. C 55.71, H 4.07, N 1.41; found [1] K. Severin, R. Bergs, W. Beck, Angew. Chem., in press.

C 55.51, H 4.76, N 1.75. [2] X-ray diffraction measurements.
[3] [3a] R. Kober, W. Steglich, Liebigs Ann. Chem. 1983, 5992609.

General Procedure for the Abstraction of Bromide from 1a and 2 [3b] R. Kober, K. Papadopoulos, W. Miltz, D. Enders, W.
Steglich, Tetrahedron 1985, 41, 169321701. 2 [3c] P. Münster,2a: To a solution of 160 mg (0.3 mmol) of 1a [or 297 mg (0.3 mmol)
W. Steglich, Synthesis 1987, 2232225. 2 [3d] G. Apitz, M. Jäger,of 2a] in 10 ml of acetone, a solution of 58 mg (0.3 mmol) of AgBF4 S. Jaroch, S. Kratzel, L. Schäffeler, W. Steglich, Tetrahedronor 103 mg (0.3 mmol) of AgSbF6 in 5 ml of acetone was added. 1993, 49, 822328232. 2 [3e] Th. Bretschneider, W. Miltz, P.

Reaction was indicated by the rapid precipitation of AgBr; the sus- Münster, W. Steglich, Tetrahedron 1988, 44, 540325414. 2
[3f] V. A. Burgess, C. J. Easton, M. P. Hay, P. J. Steel, Aust. J.pension was stirred for 1 h in the dark at room temp. and then the
Chem. 1988, 41, 7012710. 2 [3g] S. Jaroch, T. Schwarz, W. Steg-precipitate was separated by centrifugation. The colorless/yellow
lich, P. Zistler, Angew. Chem. 1993, 105, 180321805; Angew.solution was concentrated in vacuo and the residue was washed Chem. Int. Ed. Engl. 1993, 32, 1771.

with diethyl ether (1b,c) or pentane (2b) (2 3 15 ml) and dried [4] [4a] B. Kayser, K. Polborn, W. Steglich. W. Beck, Chem. Ber.
1997, 130, 1712177. 2 [[4b] B. Kayser, H. Nöth, M. Schmidt,in vacuo.
W. Steglich, W. Beck, Chem. Ber. 1996, 129, 161721620.

[5] [5a] G. Jaouen, A. Vessiéres, I. S. Butler, Acc. Chem. Res. 1993,[(bpy)Pd2CH(CO2Me)NHC(Ph)O]1 BF4
2 (1c): Yield 154

26, 3612369. 2 [5b] M. Salmain, M. Gunn, A. Gorfti, S. Top,mg (95%), colorless powder, m.p. 193°C (decomp.). 2 IR (KBr):
G. Jaouen, Bioconjugate Chem. 1993, 4, 4252433. 2 [5c] A.

ν̃ 5 3410 cm21 m (NH), 1707 s (CO2), 1602 s (NCO), 1083 Gorfti, M. Salmain, G. Jaouen, M. J. McGlinchey, A.
(BF4

2). 2 1H NMR (CDCl3 1 DMSO): δ 5 3.33 (s, 3 H, CH3), Bennouna, A. Mousser, Organometallics 1996, 15, 1422151. 2
[5d] A. J. Gleichmann, J. M. Wolff, W. S. Sheldrick, J. Chem.4.57 (s, 1 H, CH), 7.1427.43 (m, 5 H, Ph, bpy), 7.71 (d, 3J 5 7.6
Soc., Dalton Trans. 1995, 154921554. 2 [5e] J. M. Wolff, A. J.Hz, 2 H, Ph), 7.92 (pseudo-q, 3J 5 7.7 Hz, 2 H, bpy), 8.0128.11
Gleichmann, W. S. Sheldrick, J. Inorg. Biochem. 1995, 59, 219.

(m, 2 H, bpy), 8.43 (d, 3J 5 5.5 Hz, 1 H, bpy), 8.71 (d, 3J 5 5.2 2 [5f] J. M. Wolff, W. S. Sheldrick, Chem. Ber. 1997, 130,
Hz, 1 H, bpy), 9.77 (s, 1 H, NH). 2 13C NMR (CDCl3 1 DMSO): 9812988; J. Organomet. Chem. 1997, 531, 1412149. 2 [5g] R.

Krämer, Angew. Chem. 1996, 108, 128721289; Angew. Chem.δ 5 50.86, 51.25 (CH, CH3), 122.30, 122.98, 126.64, 126.71, 126.73,
Int. Ed. Engl. 1996, 35, 119721199. 2 [5h] M. Schweiger, T.127.77, 128.07, 132.89, 140.07, 140.44, 147.62, 152.66, 152.71,
Ederer, K. Sünkel, W. Beck, J. Organomet. Chem., in press.

155.72 (bpy, Ph), 173.90, 178.63 (CO2, NCO). 2 [6] [6a] A. S. C. Chan, J. J. Pluth, J. Halpern, Inorg. Chim. Acta
C20H18BF4N3O3Pd (541.6): calcd. C 44.35, H 3.35, N 7.76; found 1979, 37, L4772L479. 2 [6b] A. S. C. Chan, J. Halpern, J. Am.

Chem. Soc. 1980, 102, 8382840. 2 [6c] J. Halpern, Pure Appl.C 43.89, H 3.17, N 7.61.
Chem. 1983, 55, 992196.

[7] [7a] J. M. Brown, P. A. Chaloner, J. Chem. Soc., Chem. Commun.[(Ph3P)2Pt2CH(CO2Me)NHC(Ph)O]1 SbF6
2 (2b): Yield 309

1980, 3442346. 2 [7b] J. M. Brown, P. J. Maddox, J. Chem. Soc.,mg (90%), colorless powder, m.p. 158°C (decomp.). 2 IR (KBr): Chem. Commun. 1987, 127621278. 2 [7c] J. M. Brown, Chem.
ν̃ 5 3437 cm21 m (NH), 1709 m (CO2), 1607 m (NCO), 1098 Soc. Rev. 1993, 22, 25241. 2 [7d] J. A. Ramsden, T. D. W. Clar-

idge, J. M. Brown, J. Chem. Soc., Chem. Commun. 1995,(SbF6
2). 2 1H NMR (CDCl3): δ 5 3.27 (s, 3 H, CH3), 5.44 (dt,

246922471.3J(PH)trans 5 9.9 Hz, 3J(PH)cis 5 2.1 Hz, 3JHH 5 2.1 Hz, 2JPtH 5
[8] [8a] D. Mani, H.-T. Schacht, A. Powell, H. Vahrenkamp, Or-46.8 Hz, 1 H, CH), 7.0027.71 (m, 35 H, PPh3, Ph), 8.24 (pd, ganometallics 1987, 6, 136021361. 2 [8b] D. Mani, H.-T.

4JPH 5 6.5 Hz, 3JHH 5 2.1 Hz, 1 H, NH). 2 13C NMR (CDCl3): Schacht, A. K. Powell, H. Vahrenkamp, Chem. Ber. 1989, 122,
224522251.δ 5 50.62 (CH3), 62.82 (dd, 2J(PC)trans 5 81.8 Hz, 2J(PC)cis 5 3.6

[9] J. A. Wiles, S. H. Bergens, J. Am. Chem. Soc. 1997, 119,Hz, CH), 127.572134.87 (m, 42 C, PPh3, Ph), 173.64 (d,
294022941.3J(PC)trans 5 4.7 Hz, CO2), 180.78 (dd, 3J(PC)trans 5 10.6 Hz, [10] A. J. Canty, G. K. Anderson, in Comprehensive Organometallic

3J(PC)cis 5 3.4 Hz, NCO). 2 31P NMR (CDCl3): δ 5 8.33 (d, 2JPP 5 Chemistry II (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson),
Pergamon Press, 1995, 9, 225, 431.19.8 Hz, 1JPtP 5 4223.1 Hz), 22.87 (d, 2JPP 5 19.8 Hz, 1JPtP 5
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[11] J. P. Birk, J. Halpern, A. L. Pickard, J. Am. Chem. Soc. 1968, bano, C. Castellari, M. E. Cucciolito, A. De Renzi, J. Or-

ganomet. Chem. 1991, 403, 2692277; B. A. Markies, M. H. P.90, 449124492; A. R. Siedle, R. A. Newmark, W. B. Gleason,
J. Am. Chem. Soc. 1986, 108, 7672773. Rietveld, J. Boersma, A. L. Spek, G. van Koten, J. Organomet.

Chem. 1992, 424, C122C16.[12] B. A. Markies, A. J. Canty, W. de Graaf, J. Boersma, M. D.
Janssen, M. P. Hogerheide, W. J. J. Smeets, A. L. Spek, G. van [16] I. Zahn, K. Polborn, B. Wagner, W. Beck, Chem. Ber. 1991, 124,

106521073; A. G. Thayer, N. C. Payne, Acta Crystallogr., Sect.Koten, J. Organomet. Chem. 1994, 482, 1912199; P. K. Byers,
A. J. Canty, Organometallics 1990, 9, 2102220. C 1986, 42, 130521310.

[17] Crystallographic data (excluding structure factors) for the struc-[13] W. Henderson, R. D. W. Kemmitt, A. L. Davis, J. Chem. Soc.,
Dalton Trans. 1993, 224722250. tures reported in this paper have been deposited with the Cam-

bridge Crystallographic Data Centre as supplementary publi-[14] R. van Asselt, E. E. C. G. Gielens, R. E. Rülke, K. Vrieze, C.
J. Elsevier, J. Am. Chem. Soc. 1994, 116, 9772985; J. G. P. Delis, cation no. CCDC-100822. Copies of the data can be obtained

free of charge on application to CCDC, 12 Union Road, Cam-P. G. Aubel, K. Vrieze, P. W. N. M. van Leeuwen, Organometall-
ics 1997, 16, 294822957; R. E. Rülke, D. Kliphuis, C. J. Elsevier, brige CB2 1EZ, U.K. [Fax: (internat.) 1 44 (0)1223 336033;
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Chlorophosphanyl and dichlorophosphanyl alkylidene- and ucts are the cyclooligophosphanes 15217. Only the C-tert-
butyl derivative 7c is stable in both regards. The conforma-benzylidenephosphoranes 6 and 8 are converted by reaction

with LiAlH4 to the respective phosphanes 7 and 9. The for- tion of the RPH group in 7 as compared to that of the RPCl
group in 6 clearly reflects their different interaction with themer can be isolated, but decompose on heating or on proto-

nation to give the ylidyl diphosphane 11 and the phospho- ylide moiety.
nium ylide or phosphonium salt, respectively. The final prod-

The most notable feature of ylide-substituted halophos-
phanes 1 (X 5 Cl, Br) is the elongated P2X bond and the
ease of dissociation of this bond[1] [2] [3].

In these compounds, the electron-accepting halophos-
phane moiety matches the electron-donating ylide moiety.
As a consequence, the system is stabilized and in particular
the C2PIII bond is strengthened. The exchange of the hal- soluble in THF and benzene but hardly soluble in pentane,
ogen for hydrogen will, in contrast result in a mismatch of and, except for 7c, they are unstable in dichloromethane.
the two moieties and consequently in labile P2C bonds. This synthesis could not be extended, however, to examples
With the exception of 7e [4] (see below), no primary or sec- with Me in place of Ph as the substituent at the ylidic car-
ondary phosphanes with an ylide substituent are known. bon atom. In this case, from the analogous reaction, no
Special examples of secondary ylidylphosphanes 4 with ylidylphosphanes could be identified. A further example of
Ar 5 2,4,6-tBu3C6H2 are proposed as intermediates from type 7, with two ylide substituents (7e, R 5 Ph3PCPh) is
the 2:1 reaction of triphenylphosphonium ylide 2 and the formed as stable red crystals from the reaction of the bis(yli-
monochlorophosphane 3. The final products of this reac- dyl)phosphenium chloride (Ph3PCPh)2P1Cl2 with Li-
tion are triphenylphosphane and the phosphaalkenes 5 AlH4

[4].
[mixtures of (E/Z) isomers] [5]. Under the same conditions, dichlorophosphanyl benzyl-

We report here the synthesis of ylidylphosphanes by a Cl/ idenephosphoranes 8a, b and dichlorophosphanyl trimeth-
H-substitution and on their thermal decomposition, which ylsilylmethylenephosphorane 8c are converted by LiAlH4 to
is different to the one described for 4. the respective ylidylphosphanes 9. They can be identified in

solution at 240°C by their NMR spectra and can be ob-
Synthesis of Ylidylphosphanes served for a short time at room temperature, but due to

their thermal instability they cannot be isolated. In the reac-By reaction with LiAlH4 at 240°C in THF solution, the
chlorophosphanyl benzylidenephosphoranes 6 are con- tion of 8c, the bis(ylidyl)diphosphane 10c is observed as a

second, slightly more thermally-stable product.verted to the phosphanyl derivatives 7, which are stable at
room temperature and can be isolated as orange (R 5 alkyl) Of particular interest among the 31P-NMR data (Table

1) are the coupling constants 2JPP of the ylidylphosphanesor yellow (R 5 Ph) crystals. The compounds are readily
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a slight increase in 1JP(V)C and a sharp decrease in 1JP(III)C.
These changes correspond well to a reduced electron trans-
fer from the ylide to the PIII moiety.

Like other secondary phosphanes, the ylidylphosphane
7d can be converted to the corresponding lithium phos-
phide by reaction with butyllithium in tetrahydrofuran.

Molecular Structures of Ylidylphosphanes

Crystals of 7a ·THF and 7d · 0.5 THF, suitable for X-ray
structure analyses were obtained from THF solutions satu-
rated at ambient temperature, to which pentane was added.
The results of the structure determinations are shown in
Figure 1 and Table 2. In both cases, the ylidic carbon atom

9 and 7. They are considerably smaller than those of the C1 has a planar coordination sphere and the electron lone
dichlorophosphanes 8 (around 227 Hz) and the chlorophos- pair at P2 shows a roughly synperiplanar orientation with
phanes 6 (around 179 Hz). A value around 159 Hz as found respect to the phosphonio center P1. This conformation has
for most compounds 9 and 7 still corresponds, however, to been found, in general, for ylidylphosphanes[1]. The bond
a synperiplanar orientation of the electron lone pair at PIII

lengths and angles of the two structures do not differ signif-
and the phosphonio group (as it is also observed in the icantly and are in agreement with standard values.
crystal, see below). The much smaller constants of 9c and For comparison, Table 2 also shows the structural data
7e, however, indicate that the antiperiplanar conformer has of the chlorophosphane 6a. While the pyramidal PIII-coor-
a large predominance in these cases. dination (sum of angles 302±1°) and the average of the two

dihedral angles (130±2°) is essentially the same in all three
cases, the conformation and the individual dihedral angles
P12C12P22C2 and P12C12P22H/Cl in the hydrogen
derivatives 7 are quite different from those in the chloro
compound 6. The angle P2C2P2Cl in 6 is, in fact, much
smaller than the average, resulting in a near-ecliptic align-
ment of the P2Cl bond and the ylidic electron pair and
allowing an effective charge transfer into the P2Cl bond.
The corresponding dihedral angles P2C2P2H in 7 are, in
contrast, larger than the average value and the P2H bond
seems to avoid the described alignment. The dihedral angles
are thus inversely ordered to the substituent9s electronega-
tivity Cl > C and C > H. The different charge transfer con-
nected to the different conformation can also be monitoredThe 13C-NMR spectra of compounds 7 as compared to

those of compounds 6 reflect the Cl/H exchange by a high- from the bond P22C1 which is much shorter in the chloro
derivative 6 than in the hydrogen derivatives 7. Finally thefield chemical shift of the ylidic carbon signal as well as by

Table 1. 31P-NMR data of ylidylphosphanes 9 and 7 (in THF) and the protonation products 19 (Cl2) and 20 (BF4
2) of 7c, d (in CH2Cl2)

as well as 13C-NMR data of the ylidic carbon atom of 7 (in C6D6, coupling constants J in Hz)

C2R P2R δ31PV δ31PIII 2JPP
1JPH d13C 1J(PVC) 1J(PIIIC)

9a Ph H 21.5 2133.4 159.6 194.8
9b 3-MeC6H4 H 21.7 2133.0 159.6 194.1
9c SiMe3 H 28.1 2129.0 91.5
7a Ph Me 20.7 288.0 160.9 203.5 26.6 115.2 22.9
7b Ph Et 20.9 267.5 152.6 201.9 25.9 114.4 24.4
7c Ph tBu 21.5 233.2 154.9 207.1 27.7 111.0 31.3
7d Ph Ph 22.5 251.8 167.7 219.1 26.2 114.5 19.2
7e Ph Ph3PCPh 17.2 255.8 87.4 236.6
19c Ph tBu 26.7 219.9 24.9 203.0

26.2 20.2 76.6 216.4
19d Ph Ph 25.0 247.4 42.5

24.9 219.7 51.9
20c Ph tBu 26.8 221.0 26.0 216.9

26.4 21.3 76.8 222.9
20d Ph Ph 24.7 246.1 42.4

24.2 222.0 58.8
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Figure 1. Molecular structures of 7a (top) and 7d (bottom) in the Thermolysis of Ylidylphosphanes
crystal (thermal ellipsoids with 50% probability). The hydrogen

If the ylidylphosphanes 7a, b, d are heated in solution toatoms, except the P-bonded one are omitted for clarity
60°C for several hours, they completely decompose to the
ylide 2e and a mixture of the cyclotri-, cyclotetra-, and
cyclopentaphosphanes 15, 16, and 17. The formation of this
mixture seems to be kinetically determined and requires a
pathway consistent with the formation of small cyclophos-
phanes off the thermodynamic equilibrium. Such a pathway
is proposed in Scheme 1. If the heating is interrupted after
a few minutes, besides unreacted ylidylphosphanes 7, the
ylidyldiphosphanes 11 can in fact be clearly identified by
their 31P-NMR spectra and, somewhat less clearly, also the
ylidyltriphosphanes 12.

Scheme 1

difference in bonding is also of significant influence on the
P2C2P-angles.

Table 2. Relevant bond lengths [pm], bond and dihedral angles [°]
of 7a and 7d and of 6a for comparison

A condensation of the general type shown below, as it is6a 7a 7d
observed here for the case of X 5 Ph3PCPh (e.g. in the

P12C1 173.0(2) 171.2(3) 172.2(3) reaction 2 3 7 R 2e 1 11) is unknown in the case of other
C12C11 149.8(2) 146.6(4) 146.6(4) organo substituents X, but is well known in case of amino
P22C1 172.5(2) 178.6(3) 177.6(3)

substituents X[6] and phosphino substituents X. The latterP22C2 183.6(2) 183.7(4) 183.5(3)[b]

P22H 2 137(4) 116 reaction has been described as a disproportionation of a
diphosphane[7]. All these reactions may be understood by aP12C12C11 116.8(1) 120.4(2) 119.5(2)
four-centred mechanism involving a proton transfer and aP22C12C11 122.7(1) 123.5(2) 125.3(2)

P12C12P2 118.7(1) 115.2(2) 114.5(1) nucleophilic/electrophilic interaction of the two tervalent
C12P22C2 101.3(1) 103.9(2) 107.7(1)[b]

phosphorus atoms.C12P22H 107.2(1)[a] 101(2) 101
C22P22H 92.2(1)[a] 96(2) 93[b] The bis(ylidyl)phosphane 7e (R 5 Ph3PCPh) also decom-

poses rapidly at 60°C. As a primary product, the respective
P12C12P22C2 163.8 121.8 126.5[b]

diphosphane 18e can be detected in the 31P-NMR spec-P12C12P22H 100.8[a] 139.0 137.2
trum. In addition, however, the primary ylidylphosphane 9a

[a] Cl in place of H. 2 [b] C51 in place of C2. and the bis(ylidyl)diphosphane 10a are observed. As ylidyl-
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an ylidylphosphane 7 without a concomitant condensation
can be achieved, if any temporary excess of 7 is avoided,
i.e. if 7d is added to HBF4. In this way the phosphanyl
benzylphosphonium tetrafluoroborate 20 precipitates from
THF and is isolated as a mixture of two diastereomers. Fol-
lowed with a second molecule of 7, the cation of 20 enters
the expected condensation and this way an access to mixed
substituted ylidyldiphosphanes is provided. With 7b, c the
ylidyldiphosphanes 11f, g are obtained. Their formation
can be understood to result from a nucleophilic attack of
the ylidylphosphane 7 on the cation of 20.

substituted cyclophosphanes seem not to be stable, the ther-
molysis finally yields a complex mixture which cannot be
analyzed. If an equimolar mixture of 7e and 7d is heated,
only the 1,2-bis(ylidyl)diphosphane 18d is observed as prod-
uct and not its 1,1-isomer. This suggests that the course of
the reaction is determined by the proton transfer step; in
the case under discussion the course is thus decided by the
higher basicity of the ylidic carbon atoms of 7e as com-
pared to that of 7d. In contrast to 7a,b, and d, the tert-butyl
derivative 7c is thermally stable and remains unchanged in
refluxing benzene for at least one week.

The tert-butylsubstituted ylidylphosphane 7c, which re-
sists the thermal condensation (see above), does not un-
dergo an HCl-initiated condensation either. Its hydrochlo-
ride 19c and hydrotetrafluoroborate 20c therefore are stable
even in presence of excess 7c.

Methyl iodide alkylates 7d at the phosphorus atom with
a concomitant shift of the proton to the carbon atom to
give the phosphonium iodide 21 which corresponds to the

Protonation and Alkylation of Ylidylphosphanes product 17 from the initial protonation step. With a chloro-
phosphane such as MePCl2 7d reacts in a way analogous toInstead of warming, the formation of ylidyldiphosphanes
HCl yielding the phosphonium chloride 22 and a mixturefrom 7 can also be initiated by adding half an equivalent
of phenyl cyclophosphanes.of HCl. From a 2:1 reaction of 7d with HCl in ether, the

benzylphosphonium chloride precipitates and the ylidyldi-
phosphane 11d remains in solution. With more HCl added,
the ylidyldiphosphane is converted to more phosphonium
chloride and a mixture of cyclophosphanes. In addition, a
minor amount of PhPH2 is observed as a product of
further reduction.

NMR Spectra of Ylidyl Di- and Triphosphanes

For most of the diphosphanes 10, 11, and 18, two dia-
stereomers are observed in the 31P-NMR spectrum with
slightly different coupling constants 1JPP (Table 3). For the
phenyl derivative 11d, this difference is quite large and al-
lows a tentative assignment of the signals to the individualThe ylidyldiphosphane obviously results from the con-

densation of the primary product of protonation 17 with diastereomers. Due primarily to the steric interaction of the
ylidyl substituent at the one phosphorus atom with themore ylidylphosphane 7d. Consequently, the protonation of
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phenyl substituent at the other phosphorus atom, the share The ylidylphosphane 7c adds in a 2:1 ratio to platinum

dichloride. The complex 25 contains the unchanged ligandof the trans conformation should be smaller for the (R,R)-
than for the (R,S)-isomer and consequently 1JPP should be in a trans-coordination and is formed as a roughly equimo-

lar mixture of two diastereomers. Their 31P-NMR data arelarger for the (R,R)- than for the (R,S)-isomer. In all cases
a 3JPP coupling is observed for only one of the two dia- almost identical and result, therefore, in overlapping spectra

which could, however, be analyzed by calculation[8]. Thestereomers. In agreement with the phenyl derivative 11d,
this is assigned to the (R,S)-isomer for all the other deriva- coordination to platinum is demonstrated by the coordi-

nation shift from δ31PIII 5 233.2 to 6.0, by the increasetives too. For the ylidyltriphosphane 12b all four dia-
stereomers can be identified in the 31P-NMR spectrum in P2H-coupling from 1JPH 5 207.1 to 379.0 Hz, and the

decrease of P2P-coupling from 2JPP 5 154.9 to 14.5 and(Table 3).

Table 3. 31P-NMR data of ylidyldiphosphanes 10, 11, and 18 and ylidyltriphosphanes 12 (in C6H6 or THF, coupling constants J in Hz)

Fraction [%] R1 R2 δA δB δC δD
2JAB

3JAC
1JBC, BB9

3JBD
1,2JCD

1JPCH

10a H CPhPPh3 AA9BB9 20.1[a] 282.0 2
10c[b] 74 H CSiMe3- AA9BB9 26.6 270.0 2 114.1 2128.0

PPh3
26 AA9BB9 25.6 271.9 2 2

11a 51 Me Me ABC 20.0 244.8 295.8 187.8 2 206.6 201.3
49 ABC 20.8 245.1 289.8 187.8 11.7 199.5 183.1

11b 49 Et Et ABC 19.8 230.1 266.7 186.7 2 208.4 209.1
51 ABC 20.8 233.0 265.2 185.4 11.4 222.5 202.3

11d 68 Ph Ph ABC 21.6 213.9 260.5 204.0 2 301.0 194.6
32 ABC 22.5 219.1 252.4 208.9 9.6 223.4 203.5

711f 52 Et Ph ABC 20.5 215.4 260.5 186.9 2 222.1
48 ABC 21.1 218.2 249.1 187.9 7.8 251.2

11g 57 tBu Ph ABC 21.1 12.1 264.0 200.3 2 253.3
43 ABC 22.0 6.6 269.8 202.4 10.4 272.9

18d Ph CPhPDPh3 ABCD 20.7 227.6 262.4 20.5 191.0 2 227.3 177.5 205.5
18e[c] CPhPEPh3 CPhPPh3 ABCDE 15.2 236.7 276.7 25.2 200.9 16.1 125.6 172.3
12b 24 Et PDHEt[d] ABCD 226.6 248.1 279.5 187.8 5.3 200.7 80.4 241.2

18 ABCD 221.2 239.9 280.7 187.8 5.9 218.9 70.4 209.5
22 ABCD 215.9 243.5 283.4 187.8 4.7 228.9 29.1 194.3
36 ABCD 216.4 247.3 278.2 185.8 2.4 195.4 65.7 216.6

[a] Superimposed. 2 [b] For 10c SiMe3 in place of Ph. 2 [c] δE 5 19.3, JBE 5 220.1, JCE 5 16.1, 1JPEH 5 189.9, 2JPEH 5 38.4. 2 [d] For
12b Et in place of H.

16.6 Hz as well as by the satellite signals originating from
Adduct and Complex Formation of Ylidylphosphanes the 195Pt-containing isotopomer with 1JPtP 5 2331.4 Hz.

The coupling constant 2JPP 5 513.6 Hz between the coordi-As it is well known of other phosphanes, the ylidylphos-
nated phosphorus atoms of the two ligand molecules isphanes 7 also add to carbon disulfide. The adduct un-
characteristic of a trans coordination[9].dergoes a proton shift to the ylidic carbon atom to give the

betaine 23 which can be deprotonated, yielding the ylidyl-
phosphanyl dithioformate 24.

Complex formation in which an ylidylphosphane makes
use not only of its phosphane site is exemplified by the com-
plex of 7c with the 16-electron fragment CpMn(NO)CO1.
Through an additional nucleophilic interaction of the ylidic
carbon atom with the carbonyl group, a four-membered
ring is formed in this case[10].
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3JPC 5 4.2 Hz, C-(CH3)3], 119.3 (s, 4-C), 127.6 (s, 3-C), 128.4 (d,Experimental Section
3JPC 5 11.8 Hz, m-C), 130.4 (dd, 1JPC 5 85.8 Hz, 3JPC 5 4.6 Hz,

All manipulations were carried out in flame-dried glassware un-
i-C), 131.4 (d, 4JPC 5 3.1 Hz, p-C), 134.1 (d, 3JPC 5 19.8 Hz, 2-

der argon using Schlenk tube techniques. Dry dichloromethane and
C), 134.8 (dd, 2JPC 5 8.8 Hz, 4JPC 5 1.9 Hz, o-C), 146.4 (dd,

benzene were used as obtained (Fluka). Pentane was dried over 2JPC 5 11.1, 1.1 Hz, 1-C). 2 C29H30P2 (440.50): calcd. C 79.07, H
molecular sieves (4 Å). Tetrahydrofuran was dried by refluxing with

6.86; found C 78.40, H 6.99.
sodium/benzophenone and subsequent distillation. Melting points
were determined in sealed capillaries. 2 NMR: JEOL GSX 270 [a-(Phenylphosphanyl)benzylidene]triphenylphosphorane (7d):
(7Li, 31P), JEOL EX 400 (1H, 13C) with Me4Si (int.), 85% H3PO4 Prepared as described above from (0.82 g, 21.6 mmol) of LiAlH4

(ext.), and aqueous LiCl (ext.) as standards. The aromatic hydrogen and 6d (10.75 g, 21.7 mmol). Yield 9.53 g (89%) of 7d · 0.5 THF,
atoms in ortho, meta, and para positions of C-Ph are identified as dec. > 84°C. 2 1H NMR (C6D6): δ 5 1.42 (m, 2 H, THF), 3.56
2-, 3-, 4-H, those of PIII-Ph as 6-, 7-, 8-H and those of Ph3P as (m, 2 H, THF), 5.86 (dd, 1JPH 5 220.6 Hz, 3JPH 5 21.4 Hz, P-H),
o-, m-, p-H. 2 The ylidyl chlorophosphanes 6 [2] and 8 [1] were pre- 6.69 (tt, J 5 7.3 Hz, J 5 1.0 Hz, 1 H, 4-H), 6.9127.21 (m, 14 H,
pared as described. arom. H), 7.45 (d, 3JPH 5 8.1 Hz, 2 H, 2-H), 7.6827.74 (m, 8 H,

o-H/6-H). 2 13C{1H} NMR (C6D6): δ 5 25.6 (s, THF), 26.2 (dd,[a-(Methylphosphanyl)benzylidene]triphenylphosphorane (7a):
1JPC 5 114.5 Hz, 1JPC 5 19.2 Hz, C5PPh3), 67.6 (s, THF), 118.4To a stirred suspension of LiAlH4 (0.76 g, 20.0 mmol) in 20 ml of
(s, 4-C), 125.8 (d, 4JPC 5 11.5 Hz, 3-C), 126.0 (s, 8-C), 127.8THF, a solution of 6a (8.65 g, 20.0 mmol) in 175 ml of THF was
(C6D6), 128.1 (superimposed, i-C), 128.2 (d, superimposed, 7-C),added dropwise at 240°C over 2 h. After cooling the grey suspen-
128.4 (d, 3JPC 5 11.5 Hz, m-C), 129.8 (d, 2JPC 5 15.4 Hz, 6-C),sion for an additional 6 h, it was warmed up to ambient tempera-
131.4 (d, 4JPC 5 3.1 Hz, p-C), 132.2 (d, 3JPC 5 10.0 Hz, 2-C), 134.3ture over 2 h. The precipitate was filtered off, and the orange fil-
(dd, 2JPC 5 9.2 Hz, 4JPC 5 1.5 Hz, o-C), 143.9 (dd, 1JPC 5 20.0trate was concentrated to 50% of its original volume. After standing
Hz, 3JPC 5 6.9 Hz, 5-C), 146.2 (d, 2JPC 5 12.3 Hz, 1-C). 2at room temperature for 12 h, orange crystals were filtered off,
C31H26P2 ·1/2 C4H8O (496.55): calcd, C 79.82, H 6.09; found Cwashed with THF, and dried in vacuo. By concentration of the
79.57, H 5.57.filtrate to about 20% of its original volume a second crop could be

obtained. Yield 6.78 g (78%) of 7a · 0.5 THF, dec. > 60263°C. 2 [a-(Phosphanyl)benzylidene]triphenylphosphorane (9a): To a
1H NMR (C6D6): δ 5 1.35 (t, 2JPH 5 6.0 Hz, 3JHH 5 6.0 Hz, stirred suspension of LiAlH4 (0.73 g, 19.2 mmol) in 20 ml of THF,
CH3), 5.04 (ddq, 1JPH 5 205.8 Hz, 3JPH 5 24.3 Hz, 3JHH 5 6.6 a solution of 8a (3.47 g, 7.7 mmol) in 20 ml of THF was added
Hz, 1 H, P-H), 6.75 (tm, J 5 7.3 Hz, J 5 0.7 Hz, 1 H, 4-H), dropwise at 240°C over 30 min. The brown suspension was stirred
6.9327.09 (m, 11 H, arom. H), 7.42 (d, 4JPH 5 7.9 Hz, 2 H, 2-H), for an additional 30 min. The precipitate was filtered off, and the
7.6227.69 (m, 6 H, o-H). 2 13C{1H} NMR (C6D6): δ 5 8.6 (dd, orange filtrate was concentrated to 50% of its original volume.
1JPC 5 15.3 Hz, 3JPC 5 3.8 Hz, CH3), 26.6 (dd, 1JPC 5 115.2, 22.9 Compound 9a is stable in solution below 240°C.
Hz, C5PPh3), 118.5 (s, 4-C), 126.7 (d, 4JPC 5 10.7 Hz, 3-C), 128.5

[(3-Methylphenyl)phosphanylmethylidene]triphenylphosphorane(d, 3JPC 5 11.4 Hz, m-C), 130.1 (dd, 1JPC 5 86.2 Hz, 3JPC 5 5.0
(9b): Prepared as described above from (112 mg, 2.9 mmol) of Li-Hz, i-C), 131.4 (d, 4JPC 5 3.1 Hz, p-C), 133.2 (d, 3JPC 5 9.2 Hz,
AlH4 and 8b (0.55 g, 1.2 mmol). 9b is stable in solution below2-C), 134.5 (dd, 2JPC 5 9.2 Hz, 4JPC 5 2.3 Hz, o-C), 145.5 (d,
240°C.2JPC 5 11.5 Hz, 1-C). 2 C26H24P2 ·1/2 C4H8O (434.48): calcd. C

77.41, H 6.50; found C 77.12, H 6.35. [(3-Methylphenyl)phosphanylmethylidene]triphenylphosphorane
(9c): Prepared as described above from LiAlH4 (0.12 mg, 3.2 mmol)[a-(Ethylphosphanyl)benzylidene]triphenylphosphorane (7b):
and 8c (0.71 g, 3.2 mmol). Compound 10c is observed as a by-Prepared as described above from (0.53 g, 14.0 mmol) of LiAlH4
product. After standing at ambient temperature for 10 h, 9c andand 6b (6.19 g, 13.9 mmol). Yield 4.97 g (80%) of 7b · 0.5 THF, dec.
10c can no longer be detected by 31P NMR.> 66°C. 2 1H NMR (C6D6): δ 5 1.06 (dt, 3JPH 5 17.1 Hz, 3JHH 5

7.8 Hz, 3 H, CH3), 1.42 (m, 2 H, THF), 1.7821.96 (m, 2 H, CH2), Deprotonation of 7d: In an NMR tube, 7d (105 mg, 0.2 mmol)
3.56 (m, 2 H, THF), 4.91 (dddd, 1JPH 5 204.6 Hz, 3JPH 5 20.0 was dissolved in 0.5 ml of THF. A 1.56 mol/l solution of nBuLi
Hz, 3JHH 5 7.8, 3JHH 5 3.4 Hz, 1 H, P-H), 6.72 (tt, J 5 7.3 Hz, (0.13 ml, 0.2 mmol) in hexane was added. After 10 min, a 31P-
J 5 1.0 Hz, 1 H, 4-H), 6.9527.07 (m, 11 H, arom. H), 7.42 (d, NMR spectrum of the deep red solution was recorded at room
4JPH 5 8.3 Hz, 2 H, 2-H), 7.6327.69 (m, 6 H, o-H). 2 13C{1H} temp. 31P{1H} NMR (THF, hexane): AB (40%), δA 5 21.6 δB 5
NMR (C6D6): δ 5 11.8 (d, 2JPC 5 16.8 Hz, CH3), 16.7 (dd, 1JPC 5 254.9 (broad, superimposed), JAB 5 57.1 Hz, AB (21%), δA 5
10.6 Hz, 3JPC 5 3.0 Hz, CH2), 25.8 (s, THF), 25.9 (dd, 1JPC 5 20.8, δB 5 254.9 (broad, superimposed), JAB 5 57.6 Hz, δ 5 8.6
114.4 HZ, 1JPC 5 24.4 Hz, C5PPh3), 67.8 (s, THF), 118.5 (s, 4- (s, 7%), 4.5 (s, 11%), 26.5 (d, J 5 187.9.5 Hz, 5%), 232.7 (d, J 5
C), 126.6 (d, 4JPC 5 10.2 Hz, 3-C), 128.5 (d, 3JPC 5 10.7 Hz, m- 188.4 Hz, 4%). In the 1H-coupled 31P-NMR spectrum no 1JPH
C), 130.1 (dd, 1JPC 5 87.0 Hz, 3JPC 5 6.1 Hz, i-C), 131.4 (s, p-C), could be detected. 2 7Li{1H} NMR (THF, hexane): δ 5 2.3 (s).
133.2 (d, 3JPC 5 10.7 Hz, 2-C), 134.6 (d, 2JPC 5 9.2 Hz, o-C), 146.0

Thermolysis of Ylidylphosphanes 7a, b, d, e: In an NMR tube a(d, 2JPC 5 10.7 Hz, 1-C). 2 C27H26P2.1/2 C4H8O (448.50): calcd.
solution of 7a, b, d, e (0.3 mmol) in 0.05 ml of THF was warmedC 77.66, H 6.74; found C 76.84, H 7.07.
to 60°C for 120 seconds. After 5 min a 31P-NMR spectrum of the

[a-(tert-Butylphosphanyl)benzylidene]triphenylphosphorane (7c): red (7d orange) solution was recorded at room temp. (For results
Prepared as described above from (0.84 g, 22.1 mmol) of LiAlH4 see text and Table 3). Further heating of 7a, b, d to 60°C for an
and 6c (10.56 g, 22.2 mmol). Yield 6.53 g (67%) of 7c, m.p. additional 5 h yielded a mixture of the cyclophosphanes 15, 16,
1242126°C. 2 1H NMR (C6D6): δ 5 1.53 (d, 3JPH 5 12.5 Hz, and 17 and the ylide 2e. A solution of 7c in C6H6 remains un-
CH3), 5.27 (dd, 1JPH 5 210.7 Hz, 3JPH 5 25.6 Hz, P-H), 7.01 (t, changed after refluxing for 7 d.
J 5 7.1 Hz, 1 H, 4-H), 7.2627.37 (m, 11 H, arom. H), 7.85 (d,
4JPH 5 8.6 Hz, 2 H, 2-H), 7.9528.01 (m, 6 H, o-H). 2 13C{1H} Cothermolysis of 7d and 7e: In an NMR tube, a solution of 7d

(91 mg, 0.2 mmol) and 7e (146 mg, 0.2 mmol) in 0.7 ml of THFNMR (C6D6): δ 5 27.7 (dd, 1JPC 5 111.0 Hz, 1JPC 5 31.3 Hz, C5

PPh3), 30.9 (d, 2JPC 5 15.6 Hz, CH3), 32.6 [dd, 1JPC 5 15.6 Hz, was warmed at 60°C for 240 seconds. After 5 min, a 31P-NMR
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spectrum of the red solution showed a mixture of 2e, 18d, and Reaction of 7d with CS2: As described above from 7d (0.90 g, 1.8

mmol) and carbon disulfide (0.11 ml, 1.8 mmol). 2 31P{1H} NMRstarting materials.
(CH2Cl2): AB (23b), δA 5 25.7, δB 5 18.2, JAB 5 98.1 Hz, δ 5 23.1Ylidyl Diphosphane 11d: To a stirred solution of 7d (3.75 g, 7.6
(s). The product was recrystallized from dichloromethane/pentanemmol) in 60 ml of THF, a solution of 1.0 mol/l HCl (3.78 ml, 3.8
(2 :1). 2 1H NMR (CDCl3): δ 5 5.32 (m, broad, 1 H, CH),mmol) in diethyl ether and 20 ml of THF was added dropwise at
6.6926.91 (m, 4 H, arom. H), 6.96 (t, J 5 7.81 Hz, arom. H),0°C over 30 min. The white precipitate of Ph3P2CH2Ph1Cl2 was
7.2127.50 (m, 9 H, arom. H, m-H), 7.5727.74 (m, 10 H, arom. H,filtered off, and 80 ml of pentane was added to the yellow solution.
o-H). 2 13C{1H}-NMR (CDCl3): δ 5 47.8 (dd, 1JPC 5 54.2 Hz,After cooling to 220°C for 12 h, the yellow precipitate was filtered
50.4 Hz, CH).off, washed twice with THF/pentane (1:1) and dried in vacuo. The

PtCl2 Complex of 7c: In an NMR tube, PtCl2(PhCN)2 (53 mg,31P NMR of the precipitate showed the signals for 11d and for
0.1 mmol) was added to a solution of 7c (104 mg, 0.2 mmol) in 0.5small residues of 7d.
ml of THF. After 30 min, a 31P-NMR spectrum of the yellow solu-Reaction of 7d with HCl: To a fresh solution of 7d (210 mg, 04
tion was recorded. 2 31P{1H} NMR (THF): AB (7c, 57%), [AB]2mmol) in 5 ml of dichloromethane 1.0 mol/l HCl (0.47 ml, 0.5
(25, diastereomer I, 16%), [AB]2X (25, X 5 Pt, 7%), δA 5 18.8,mmol) in diethyl ether was added. After 5 min, a 31P-NMR spec-
δB 5 6.0 (superimposed), 2JAB 5 16.6 Hz, 1JBX 5 2331.4 Hz, [AB]2trum was recorded. It showed the signals of 19d,
(25, diastereomer II, 10%), [AB]2X (25, X 5 Pt, 5%), δA 5 18.6,Ph3P2CH2Ph1Cl2, 16d, 17d, and PhPH2.
δB 5 6.0 (superimposed), 2JAB 5 14.5 Hz, 1JBX 5 2331.4 Hz.

Preparation of 20d: A solution of 7d (2.10 g, 4.2 mmol) in 20 ml
Crystal Structure Determinations: Specimens of suitable qualityof THF was added dropwise to a solution of 54% HBF4 (0.82 ml,

and size were mounted in glass capillaries and used for measure-4.2 mmol) in diethyl ether and 8 ml of THF at 260°C over 10 min.
ments of precise cell constants and intensity data collection on anAfter additional stirring for 10 min, the white precipitate was fil-
Enraf Nonius CAD4 diffractometer [Mo-Kα radiation, λ(Mo-tered off, washed twice with pentane and dried in vacuo. Yield:
Kα) 5 0.71073 Å]. During data collection, three standard reflec-2.09 g (91%) of 20d (2 diastereomers), m.p. 1622165°C. 2 1H
tions were measured periodically as a general check of crystal andNMR (CDCl3): δ 5 4.41 (ddd, 1JPH 5 222.9 Hz, 3JPH 5 8.8 Hz,
instrument stability. No significant changes were observed for3JHH 5 7.8 Hz, PH), 4.89 (ddd, 1JPH 5 216.9 Hz, 3JHH 5 5.0 Hz,
either compound. Lp correction was applied, but intensity dataJ 5 1.2 Hz, PH), 4.98 (dd, 2JPH 5 17.3 Hz, 3JHH 5 7.7 Hz, CH),
were not corrected for absorption effects. The structures were5.42 (dd, 2JPH 5 14.5 Hz, 3JHH 5 4.9 Hz, CH), 6.6927.74 (m, 50
solved by direct methods (SHELXS-86) and completed by full-ma-H, arom. H). 2 C31H27BP2F4 (548.31): calcd. C 67.91, H 4.96;

found C 67.38, H 4.82.

Table 4 Crystallographic data and details of data collection andReaction of 7c with HCl: In an NMR tube, 1.0 mol/l HCl (0.25
structure refinement of compounds 7a, dml, 0.3 mmol) in diethyl ether was added to a solution of 7c (213

mg, 0.5 mmol) in 0.5 ml of THF. After 30 min, a 31P-NMR spec-
7a ·THF 7d · 0.5 THFtrum was recorded and showed signals of equal amounts for 7c

and 20c.
Crystal data

Ylidyldiphosphane 11f: In an NMR tube, 20d (158 mg, 0.3 mmol) Formula C30H32OP2 C33H30O0.5P2
Mr 470.54 496.51and 7b (126 mg, 0.3 mmol) were suspended in 0.5 ml of THF. After
Crystal system monoclinic monoclinic10 min, a 31P-NMR spectrum was recorded and showed the signals
Space group P21/c P21/n

for 11f, 3d, Ph3P2CH2Ph1Cl2, and 2e. Crystal dimensions 0.4 3 0.45 3 0.45 0.15 3 0.45 3 0.45
[mm]Ylidyldiphosphane 11g: As described above from 20d (103 mg,
a [Å] 9.057(1) 9.969(1)

0.2 mmol) and 7c (81 mg, 0.2 mmol). A 31P NMR showed the b [Å] 14.423(2) 14.426(1)
signals for 7c, 11g, and 20c. c [Å] 19.788(2) 19.040(1)

β 94.34(1) 104.10(1)
Reaction of 7d with MeI: To a stirred solution of 7d (0.16 g, 0.3 V [Å3] 2577.6(6) 2655.7(4)

mmol) in 7 ml of THF, a solution of MeI (0.02 ml, 0.4 mmol) in 5 r [g cm23] 1.212 1.242
Z 4 4ml of THF was added dropwise. After 1 h, a white precipitate had
F (000) [e] 1000 1048formed. 31P{1H} NMR (THF, CH2Cl2): 7d, AB (21), δA 5 21.2,
µ (Mo-Kα) [cm21] 1.83 1.86

δB 5 13.7, JAB 5 59.9 Hz, (PhP)3. Data collection
T [°C] 2 62 2 68Reaction of 7d with MePCl2: As described earlier from 7d (0.20 Scan Mode Θ-Θ ω

g, 0.4 mmol) and methyldichlorophosphane (0.039 ml, 0.4 mmol). h, k, l range 0/10, 0/17, 223/23 0/11, 0/17, 223/22
5 ml of dichloromethane were added to the suspension to yield a sin(θ/λ)max [Å21] 0.59 0.62

Measured refl. 4848 4754colourless solution. 31P{1H} NMR (THF, CH2Cl2): AB (22), δA 5
Unique refl. 3989 449597.6, δB 5 24.9, JAB 5 62.2 Hz, 16d, 17d. Observed refl. 4629 4489
RefinementReaction of 7a with CS2: To a stirred suspension of 7a (1.48 g,
Refined parameters 329 3143.4 mmol) in 25 ml of THF, a solution of carbon disulfide (0.21 H atoms (found/calcd.) 1/23 1/29

ml, 3.5 mmol) in 10 ml of THF was added at 0°C over 15 min. R1[a] 0.0513 0.0492
wR2[b] 0.0652 0.1217After 10 min the pale red precipitate was filtered off, washed twice
(shift/error)max ,0.001 ,0.001with THF/pentane (1:1) and dried in vacuo. 2 31P{1H} NMR
ρfin (max/min) [eÅ23] 0.30/20.26 0.93/20.33(CH2Cl2): AB (23a), δA 5 25.1, δB 5 13.4, JAB 5 89.3 Hz, δ 5

23.6 (s). In an NMR tube, 110 mg of the precipitate and NaN-
[a] R1 5 Σ(uFou 2 uFcu)/ΣuFou. 2 [b] wR2 5 {[Σw(Fo

2 2 Fc
2)2]/(SiMe3)2 (45 mg) were dissolved in 0.5 ml of THF, to yield a red Σ[w(Fo

2)2]}1/2; w 5 1[σ2(Fo
2) 1 (ap)2 1 bp]; p 5 (Fo

2 1 2Fc
2)/3;

solution. 2 31P{1H} NMR (THF): AB (24), δA 5 28.9, δB 5 19.1, a 5 0.0592 (7a ·THF), 0.0627 (7d · 0.5 THF); b 5 2.91 (7a · THF),
2.02 (7d · 0.5 THF).JAB 5 191.0 Hz, δ 5 8.4 (s).
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Both reaction steps observed for the substitution of water ∆V# = 25 cm3 mol21. The temperature and pressure depend-
ence of all the processes studied suggest an associative sub-by thiourea in the complexes [Pt(en)(OH2)2]2+ and

[Pt(phen)(OH2)2]2+ (en = ethylenediamine, phen = 1,10-phe- stitution mechanism. The hydroxo-bridged dinuclear com-
plex [{Pt(phen)(µ-OH)}2]2+ is formed from [Pt(phen)(OH2)2]2+nanthroline) were investigated under pseudo-first-order con-

ditions using the stopped-flow technique. The substitution of in aqueous solution unless the solution is very dilute and
highly acidic. The X-ray structure of [{Pt(phen)(µ-the second water molecule in each complex was also studied

under high pressure. The observed pseudo-first-order rate OH)}2](F3CSO3)2 ·2 H2O was determined. It belongs to the
triclinic space group P1̄ and has one formula unit in the unitconstants kobs (s21) obeyed the equation k1,2

obs = k1,2[tu] (tu =
thiourea), where “1” and “2” refer to the first and the second cell. The unit cell dimensions are a = 7.126(5), b = 9.665(5),

c = 12.774(7) Å; α = 71.85(5) , β = 85.52(5), γ = 73.12(5) deg;substitution reactions, respectively. Kinetic parameters asso-
ciated with the substitution process are: k1

en (25.0°C, pH = V = 799.9(8) Å3. The structure was solved with the Patterson
method and refined to R = 0.061. A square planar coordina-3.0, I = 0.1 M) = 25.6 M21 s21, ∆H# = 51 kJ mol21, ∆S# = 248

J K21 mol21; k2
en (same conditions) = 12.1 M21 s21, ∆H# = 30 tion of the platinum centers is observed, with no deviations

from planarity but distortions due to the small bite angle ofkJ mol21, ∆S# = 2124 J K21 mol21, ∆V# = 27 cm3 mol21;
k1

phen (25.0°C, pH = 1.0, I = 0.1 M) = 2900 M21 s21, ∆H# = 41 phen and the four-membered ring. No significant lengthening
of the Pt2O bond [mean value: 2.03(1) Å] is observed in com-kJ mol21, ∆S# = 241 J K21 mol21; k2

phen (same conditions) =
1170 M21 s21, ∆H# = 37 kJ mol21, ∆S# = 261 J K21 mol21, parison with [{Pt(NH3)2(µ-OH)}2]2+.

Introduction the anti-tumor activity of Cisplatin and structurally related
compounds does not extend to the most common tumors

The substitution kinetics of d8 transition metal com- like lung tumors or adenotumors of the gastrointestinal
plexes are both of fundamental [1] [2] [3] [4] [5] and practical im- tract[10]. Promising results were recently obtained with
portance, the latter stemming from applications in cataly- platinum complexes containing α-diimine ligands instead of
sis [6] [7] and cancer chemotherapy[8] [9] [10] [11] [12]. In particular amine ligands[19] [20] [21] [22]. This prompted us to investigate
the influence of spectator ligands has found considerable the substitution behaviour of complexes with two cis-bound
attention. For example, a recent study showed that the rate labile ligands and an electron-withdrawing non-leaving α-
of DMSO-exchange on cis-[Pt(9N29)(CH3)(DMSO)]1 diimine group in aqueous solution.
(9N29 5 N,N-chelating ligand) can vary by ten orders of In the present study we have chosen to investigate the
magnitude depending on the nature of the non-leaving 9N29 substitution of water by thiourea, a strong nucleophile, in
spectator group[13]. The more labile complexes of plati- [Pt(phen)(OH2)2]21. For comparison, we have investigated
num and palladium often contain electron-withdrawing the corresponding reactions with [Pt(en)(OH2)2]21. The
groups such as phenanthroline, bipyridine or ter- complex [Pt(phen)(OH2)2]21 was generated by cleaving the
pyridine[13] [14] [15] [16] [17]. hydroxo-bridged dimer [{Pt(phen)(µ-OH)}2]21 with per-

We are mainly interested in complexes which offer two chloric acid. X-ray structural data for the dimer were ob-
labile substitution sites and two non-leaving N-donors in tained.
the cis-position, since similar systems are used in tumor
therapy. Complexes of the structure cis-[PtIIam2x2] (am 5 Results and Discussion
am(m)ine, x 5 leaving group) have been investigated sys-

Structure of [{Pt(phen)(µ-OH)}2](F3CSO3)2 · 2 H2Otematically since the discovery by Rosenberg, that cis-
[Pt(NH3)2Cl2] (Cisplatin) exhibits anti-tumor activity[18]. An ORTEP view of the molecular structure of

[{Pt(phen)(µ-OH)}2](F3CSO3)2 ·2 H2O together with theSince then, Cisplatin has been very succesfully used against
testicular cancer and with good results against ovarian tu- atom numbering scheme of the most important unique

atoms is shown in Figure 1, whereas the crystallographicmors, cancer of the head, neck, and bladder. Unfortunately,
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Table 1. Crystallographic data[62] for [{Pt(phen)(µ-OH)}2]-data are summarized in Table 1 and the relevant intramo-

(F3CSO3)2 · 2 H2Olecular distances and angles in Table 2. Some intermolecu-
lar distances and angles are also shown in Table 2, which

formula C26H18N4O8F6S2Pt2 · 2 H2Osuggest that the structure is stabilized by the water molecule fw 1118.0
cryst. dimensions [mm] 0.6 3 0.18 3 0.05of crystallization. The latter apparently forms hydrogen
cryst. system triclinicbonds to both the oxygen atoms of the F3CSO3

2 ion and
space group P1̄

the hydrogen atom of the µ-hydroxo groups. There is a crys- a [Å] 7.126(5)
b [Å] 9.665(7)tallographic center of inversion between the two platinum
c [Å] 12.774(5)atoms. The N2PtO2PtN2 moiety is planar, and deviations α [deg] 71.85(5)

from the best plane calculated through the eight atoms are β [deg] 85.52(5)
γ [deg] 73.12(5)within the error limits. The mean deviation from the best
V [Å3] 799.9(8)plane is smaller than 0.01 Å. The phen ligand is nearly Z 1
T [K] 293(2)planar, but slightly twisted. A torsion of 7.2° N(1)2C(12)2
dcalc [g cm23] 2.321C(11)2N(2) is found. The chelate ligand forces a bite angle
µ [mm21] 8.95

N(1)2Pt2N(2) of 81.3(4)°. The geometric features of the Index ranges 28 # h # 8, 211 # k # 11,
214 # l # 14phen ligand are in good agreement with values reported in

F(000) 508.0the literature for other phen containing complexes of plati- θ range [deg] 2.99 # θ # 23.97
num or palladium[23] [24]] [25]. Pt2O distances of 2.02(1) and radiation (Mo-Kα) [Å] 0.71069 (graphite monochromator)

R1
[a] (all data) 0.0612.03(1) Å are found together with Pt2N distances of

wR2
[b] (all data) 0.1411.99(1) and 2.01(1) Å. It is noteworthy, that the Pt2O dis- GooF[c] 1.356

tances are within the experimental error limits the same as
found in the cations[26] [27] [28] [{Pt(NH3)2(µ-OH)}2]21 and [a] R1 5 Σ(iF0u 2 uFci)/Σ(uF0u). 2 [b] wR2 5 [Σw(F0

2 2 Fc
2)2/

Σ(wF0
2)2]1/2; w 5 1/[σ2(F0

2) 1 (aP)2 1 bP]; P 5 (max (F0
2) 1 2[{Pt(N,N-dimethylethylenediamine)(µ-OH)}2]21. Since the

Fc
2) / 3; 2 [c] GooF 5 [Σ[w(F0

2 2 Fc
2)2]/(n 2 p)]1/2; n 5 number ofphen ligand causes an increase (with respect to the amine reflexes measured; p 5 number of parameters used.

derivative) in the rate of substitution of the trans ligands by
a factor of 102 (see below), it is quite remarkable, that this

Table 2. Selected distances [Å] and angles [deg] for [{Pt(phen)(µ-
enhanced reactivity is not mirrored in the Pt2O bond dis- OH)}2](F3CSO3)2 · 2 H2O
tance of the dimer. A strong kinetic trans-effect without a

Pt2N(1) 1.986(10) O(5)2O(1) 2.87(1)corresponding static trans-influence is an effect caused by
Pt2N(2) 2.007(10) O(5)2O(4a)[a] 2.66(1)π-acceptor ligands[29]. This clearly shows that the increase
Pt2O(4) 2.024(9) O(4)2Pt2O(4a)[a] 81.0(4)

in lability in this case does not result from bond weakening Pt2O(4a)[a] 2.032(8) N(1)2Pt2N(2) 81.3(4)
Pt2Pt(a)[a] 3.0837(14) Pt2O(4)2Pt(a)[a] 99.0(4)to the leaving group. Therefore, the structural data support
N(1)2C(1) 1.329(14) O(1)2O(5)2O(3*)[b] 118(1)the interpretation of the kinetic data in terms of an asso- N(1)2C(12) 1.364(14) Pt2O(4)2H(11) 103(1)

ciatively activated substitution mechanism (see below). N(2)2C(10) 1.32(2) Pt2N(1)2C(12) 114.2(7)
N(2)2C(11) 1.34(2) Pt2N(2)2C(11) 112.8(8)

Figure 1. View of [{Pt(phen)(µ-OH)}2](F3CSO3)2 ·2 H2O showing C(11)2C(12) 1.43 (2) N(1)2C(12)2C(11) 113(1)
the atomic numbering scheme. For clarity9s sake only one counter- O(5)2O(3*)[b] 2.86(1) (2)2C(11)2C(12) 118(1)
ion and water molecule are shown. The thermal ellipsoids are 50%
equiprobability envelopes, with hydrogens as spheres of arbitrary [a] Coordinates for atoms labelled 9a9: 1 2 x, 1 2 y, 1 2 z. 2diameter. [b] Coordinates of O(3*) are obtained from the coordinates of O(3)

by the symmetry operations: 2 2 x, 2y, 1 2 z.

NMR tube with 200 µl of 0.4  tu. DNO3 was used to
preadjust the pH* to 3.00. Before mixing, the signal of
[Pt(en)(OD2)2]21 (singlett at δ 5 2.51 with satellites,
3JH-Pt 5 24 Hz) was observed, while after mixing a signal
due to [Pt(en)tu2]21 δ 5 2.83 (3JH-Pt 5 24 Hz) was seen.
After 48 h a product indicative of a very slow reaction was
observed: the appearence of a signal due to uncoordinated
en (δ 5 3.06, no satellites) was accompanied by an increase
in pH* to 8.1. These observations point to a substitution
of en by tu, which is thought to be due to the strong trans-
effect of the already coordinated tu. The initial substitution

Reaction of [Pt(en)(OH2)2]21 with Thiourea of water by tu, however, was too fast to be measured by
NMR and was therefore followed by UV-Vis spectroscopy.The reaction of [Pt(en)(OH2)2]21 with thiourea (tu) was

studied at a pH of 3.0 in order to prevent formation of Two reactions were observed in accord with reactions (1)
and (2).hydroxo-bridged oligomers (see above). Preliminary studies

were performed by 1H-NMR. A 0.1  solution of A clear separation of two reaction rates which differ only
by a small factor (approximately 2 in the present case, as[Pt(en)(OD2)2]21 (300 µl) was prepared and reacted in an
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Figure 2. UV-Vis spectra of the reactants, intermediate and product
for the two-step substitution reaction obtained using a 0.88 cm
tandem cuvette. Conditions: [Complex] 5 0.1 m, pH 5 3.0, I 5
0.1 , T 5 25°C. The spectrum of [Pt(en)(OH2)tu]21 was obtained
from an equilibrated solution containing a fourfold platinum excess
over thiourea and was corrected for the excess platinum back-
ground. The spectrum of an equimolar amount of uncoordinated
tu was then added arithmetically in order to show the overall ab-
sorbance change observed for the formation of the 1:1 complex.

will be shown below) by UV-Vis spectroscopy depends on
the changes in absorbance associated with the two reac-
tions. A favourable situation is the case where the ab-
sorbance change for the first reaction is much smaller than
the absorbance change for the second reaction. This enables
the observation of a typical induction curve, from which
both rates can be obtained with a rather low error. A series
of measurements at different wavelengths demonstrated
that the reaction can be followed at 276 nm, where this con-
dition is best fulfilled. It can be seen from the spectra shown
in Figure 2, that the absorbance change for the second sub-
stitution step at 276 nm is more than five times larger than
the absorbance change for the first substitution step. Under
these conditions an induction behaviour is observed (Figure

Figure 3. Fit of two exponentials and residuals (upper part) for the3). The observed time trace was fitted to a two exponential
reaction of [Pt(en)(OH2)2]21 (0.1 m) with thiourea (5 m) follo-model. The fitted curve is shown in the lower part of Figure wed at 276 nm. pH 5 3.0, I 5 0.1  (NaClO4), T 5 25.0°C.

3, whereas the deviation from the fit (residuals) is indicated
in the upper part of Figure 3. The two exponential model
is confirmed by the fact that the residuals are statistically
scattered. A linear dependence of the observed rate con-
stants on the tu concentration was found (Figure 4). The
absence of an intercept suggests that both steps are irrever-
sible in nature.

The two observed reactions were assigned to the substi-
tution steps (1) and (2) by pre-mixing the complex solution
with sub-stoichiometric amounts of thiourea. The ab-
sorbance change associated with the fast reaction decreases
to a much larger extent than the absorbance change asso-
ciated with the slower reaction with increasing amount of
pre-added thiourea, which provides evidence that the first
reaction is the faster one. The temperature dependence re-
sults in the activation parameters quoted in Table 3.

The Equilibrium Between [Pt(phen)(OH2)2]21 andThe effect of high pressure on the reaction could not be
[{Pt(phen)(µ-OH)}2]21

followed at 276 nm due to the absorption properties of the
pressure medium employed (n-heptane). Therefore the ab- During the investigation of the hydrolysis behaviour of

Cisplatin the property of complexes of the typesorbance change at 330 nm was used, which, however, did
not allow the evaluation of the first substitution step, since [Pt(9N29)(OH2)2]21 (9N29 5 am(m)ine2 or bidentate amine)

to form dimeric[26] [27] [28] [31], trimeric[32] [33] [34] and (rarely)the absorbance changes for the two steps are too similar
(see Figure 2) to allow separation. Following the arguments tetrameric[35] species of the general formula [{Pt(9N29)(µ-

OH)}n]n1 was discovered. In dilute solutions the higher oli-outlined for the very similar spectral situation of the
Pt(phen) system below, the second (slower) reaction can be gomers are not formed, but dimeric species must be taken

into account in the appropriate pH range. Preparation offollowed at 330 nm. For this step (Figure 5) the dependence
of ln(k) on the applied pressure was linear within the exper- the monomeric diaqua complexes is possible at a pH of 2

or 3. Attempts to synthesize the diaqua complex in the caseimental error limits. From this dependence an activation
volume of 27.1±0.9 cm3mol21 was obtained. These acti- where 9N29 is an aromatic α-diimine, the central atom being

platinum or palladium, has led to studies[36] [37] [38] [39] thatvation parameters are in accord with those generally ob-
served for associative substitution reactions of d8 com- were criticized later by Wimmer and Castan[31] [40], who

showed that under the selected conditions reported for syn-plexes[4] [30]. The more negative entropy of activation for the
second step might be due to the steric hindrance caused by thesis and reaction, the dimeric species is the main species

present in solution. In the present study attempts werethe thiourea ligand already coordinated during the first
step. The ∆H# values are discussed below. made to apply the synthetic route for the preparation of

Eur. J. Inorg. Chem. 1998, 3892396 391



U. Fekl, R. van EldikFULL PAPER
Figure 4. Reaction of [Pt(en)(OH2)2]21 (0.1 m) with thiourea; kobs mer does react with strong nucleophiles, which is in accord
as a function of thiourea concentration, followed at 276 nm. pH 5 with the well known reactivity of analogous halo-bridged

3.0, I 5 0.1  (NaClO4), T 5 25.0°C.
dimers[41] [42] [43]. Its reaction with thiourea is currently being
investigated in more detail. In contrast to the behaviour ob-
served for terminal hydroxo ligands bound to platinum or
palladium[44] [45] [46], which cannot easily be substituted,
bridging hydroxo-groups are relatively labile, which could
be responsible for the high and unspecific toxicity[47] [48] [49]

of these compounds. Preliminary studies on the reactivity of
[{Pt(phen)(µ-OH)}2]21 with thiourea, however, have shown
that the dimeric complex reacts ca. 100 times slower than
the monomeric one. This allowed us to distinguish between
the reactions of the dimer and the monomer species and
conditions suitable for complete cleavage of the dimer were
found (see next section).

Table 3. Temperature dependence and activation parameters for the Reaction of [Pt(phen)(OH2)2]21 with Thiourea
first (k1) and second (k2) step in the irreversible substitution of

The cleavage of the hydroxo-bridged dimer to give thewater by thiourea (6.25 m) in [Pt(en)(OH2)2]21 (0.1 m) at pH 5
3.0, I 5 0.1 , reaction followed at λ 5 276 nm monomeric diaquacomplex is complete following hydro-

lyses of a 0.05 m (with respect to platinum) solution of
T /°C k1 / 21 s21 k2 / 21 s21

the dimer in 0.1  perchloric acid for 40 min at 100°C.
The reaction of [Pt(phen)(OH2)2]21 with thiourea had to

10.0 10.1 ± 0.5 6.0 ± 0.1
be studied at very low thiourea concentrations, since the15.0 12.2 ± 1.3 7.7 ± 0.6

20.0 19.8 ± 1.6 9.1 ± 0.5 separation of both substitution steps was only possible at a
25.0 26.1 ± 1.6 11.8 ± 0.2 wavelength of 260 nm, where the reactant and the inter-30.0 38.2 ± 3.2 14.8 ± 0.2

mediate (1:1 complex) have almost identical absorptivities35.0 62.2 ± 4.3 18.2 ± 0.5
which lead to the favourable observation of an induction

activation parameter 1st step 2nd step curve. The observation at 260 nm is made impossible by the
absorption of thiourea itself (broad and intense band with

∆H# / kJ mol21 50.6 ± 3.5 29.9 ± 0.9 a maximum at 238 nm), if a concentration higher than
∆S# / J K21 mol21 248 ± 12 2124 ± 3

0.5 m is used. First the reaction of 2.531025 
[Pt(phen)(OH2)2]21 with 0.5 m thiourea was followed over
a spectral range from 250 to 370 nm for 10 s and a GlobalFigure 5. Determination of the volume of activation for the substi-

tution of the remaining water molecule in [Pt(en)(OH2)tu]21 by Analysis evaluation was performed. This revealed that two
thiourea. This is done by plotting the logarithm of the ratio k/k0 first-order reactions occurred and gave preliminary kobs(where k and k0 denote the rate constant for elevated and ambient

values of 1.3 s21 and 0.6 s21. The residuals of the fitpressure, respectively) according to: δ(ln k)/δp 5 2∆V#/RT. The
measured values are shown together with the linear regression re- were smaller than 2% of the absorbance change and statisti-
sults; ∆V# 5 27.1 ± 0.9 cm3 mol21. Experimental conditions:

cally scattered. The spectra of [Pt(phen)(OH2)2]21,[Pt] 5 0.8 m, [tu] 5 25 m, pH 5 3.0, I 5 0.1 , T 5 25.0°C,
reaction followed at 330 nm. [Pt(phen)(OH2)tu]21 (calculated using the Global Analysis

software) and [Pt(phen)(tu)2]21 are shown in Figure 6. The
spectral changes do not show very characteristic features,
since the bands observed are due to intraligand π-π* tran-
sitions of the phen ligand. These are known to show a rela-
tively weak dependence on the nature of the coordination
sphere of the metal centre[31] [40] [50]. The aim of the Global
Analysis treatment was to confirm the two-step mechanism
and to provide a spectrum of the intermediate 1:1-complex.
For the determination of the exact rate constants the kine-
tics were followed at a single wavelength, 260 nm, using
complex concentrations of 2.531025 and 1.031025  for
the temperature and concentration dependence, respec-
tively. Each kobs value reported is the mean value of at least[Pt(9N29)(OH2)2]21 to the phen complex. Even at pH 2, the

formation of a precipitate was observed, which was yellow five measurements. From the concentration dependence
(Figure 7) bimolecular rate constants of 2900±40 21 s21or orange red, depending on whether silver trifluormeth-

anesulfonate or silver perchlorate was used. UV-Vis spec- and 1170±10 21 s21 were obtained. The assignment of the
two reactions was done by pre-mixing (see above), showingtroscopy, IR spectroscopy and elemental analysis showed

this to be identical with the dimer reported in the litera- that also in this case the first reaction step is the faster one.
Activation parameters are derived from the temperature de-ture[31] [40]. During our investigations we found that the di-
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pendence and summarized in Table 4. In the case of the This condition is fulfilled at 350 nm (compare Figure 6),

such that the second reaction step can be followed at this[Pt(phen)(OH2)2]21 complex the ∆H# values for the first
and the second substitution step do not differ significantly. wavelength under the assumption that the ratio k1/k2 re-

mains approximately constant. This assumption was con-The fact that the second reaction is slower seems to be com-
pletely due to the more negative entropy of activation, re- firmed by the fact that even under high pressure, single ex-

ponential kinetics were always observed at this wavelength.sulting from steric hindrance due to the thiourea molecule
already coordinated. This contrasts with the observations From the pressure dependence of the rate constants (Figure

8) a volume of activation of 25.0±0.8 cm3/mol was calcu-for the [Pt(en)(OH2)2]21 complex, where an even more
negative ∆S# for the second step in comparison to the first lated. This confirms the assignment of an associative or as-

sociative interchange mechanism. The activation volumesone is accompanied by a decrease in ∆H# by 20 kJ mol21

(Table 3). We believe that this anomaly of the en complex found in the present study compare well with available data
on the substitution of water by uncharged sulfur donor nu-is caused by hydrogen bonding of the amine protons to

thiourea in the transition state. It could be argued, that the cleophiles in related complexes (Table 5).
fact that we observe the second step to be slower by a factor

Figure 6. UV-Vis spectra of reactant, intermediate (calculated usingof roughly two (at room temperature) for the en- as well as
Global Analysis) and product. pH 5 1.0, I 5 0.1, T 5 25.0°C,

for the phen-system is due to a statistical factor in the sense [Pt] 5 0.025 m. Background absorption of thiourea (0.5 m) was
subtracted.that the first entering tu can substitute two water positions,

whereas the second one only one. This probability consider-
ation would be valid for a dissociative mechanism, where
the probability of dissociation is proportional to the num-
ber of coordinated water molecules. It would not be valid
for the case of a limiting associative mechanism, where the
bond to the leaving group is not weakened during forma-
tion of a five-coordinate intermediate. The nucleophilic at-
tack governs the rate and will not be influenced by the num-
ber of possible leaving groups. For an interchange mecha-
nism, where bond-making and bond-breaking take place
simultaneously, certainly a statistical factor will contribute,
which however will be difficult to estimate. In the present

Figure 7. Reaction of [Pt(phen)(OH2)2]21 (0.01 m) with thiourea;system all observations point to a mechanism which is as-
kobs as a function of thiourea concentration . pH 5 1.0, I 5 0.1 ,sociative in nature: thus either a limiting associative (A) or

T 5 25.0°C. The reaction was followed at 260 nm.
an associative interchange (Ia) mechanism.

It is generally accepted that the determination of the vol-
ume of activation can elucidate the nature of the intimate
mechanism. If no charge is neutralized or created during
the reaction, a significantly negative volume of activation
points to an associative (A) or associatve interchange (Ia)
mechanism. For the system under investigation, the press-
ure dependence of the reaction could not be followed at 260
nm because of the absorption of the pressure medium (n-
heptane). This made the simultaneous observation of both
steps under high pressure impossible. However, the obser-
vation of the second step was possible due to the spectral
properties of the species involved and the ratio of the reac-

Table 4. Temperature dependence for the first (k1) and second (k2)tion rates. This effect is described in the literature[51]. For a
step in the irreversible substitution of water by thiourea (0.5 m)biphasic first-order process, the absorption changes in the in [Pt(phen)(OH2)2]21 (0.025 m) at pH 5 1.0, I 5 0.1 . The

following way as function of time (R, I, and P denoting reaction was followed at 260 nm (isosbestic for the first step)
reactant, intermediate and product, respectively):

T /°C k1 / 21 s21 k2 / 21 s21

15.0 1500 ± 40 686 ± 10
25.0 2560 ± 160 1240 ± 20
35.0 4540 ± 80 2040 ± 20
45.0 8400 ± 200 3300 ± 40

activation parameter 1st step 2nd stepFor the system under investigation, it was found exper-
imentally that k1 ø 5/2 k2. Insertion of k1 ø 5/2 k2 into

∆H# / kJ mol21 41 ± 2 37.3 ± 0.7equation (3) leads to a monophasic time-dependence of the ∆S# / J K21 mol21 241 ± 6 261 ± 2
absorbance Abs(t), if εI 2 εR ø 2/3 (εP 2 εI).
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Figure 8. Determination of the volume of activation for the sub- As far as possible anti-tumor activity is concerned, it
stitution of the remaining water molecule in [Pt(phen)(OH2)tu]21

seems a reasonable assumption, that platinum complexes of
by thiourea (compare Figure 5). ∆V#5 25.0 ± 0.8 cm3mol21). Ex-

α-diimines exhibiting two labile positions can bind to DNAperimental conditions: [Pt] 5 0.1 m, [tu] 5 2.0 m, pH 5 1.0,
I 5 0.1 , T 5 25.0°C, reaction followed at 350 nm. in a fashion similar to the well-established binding mode of

Cisplatin[52] [53], using both substitution sites for the coval-
ent binding of purine bases. The enhanced reactivity for
both substitution steps is a feature which adds to the unique
properties of such ligands as DNA intercalators[54] [55] [56].

The authors gratefully acknowledge financial support from the
Deutsche Forschungsgemeinschaft and Fonds der Chemischen Indu-
strie. They also wish to acknowledge the work of Dr. Günter Liehr,
who solved the X-ray structure.

Experimental Section
Materials: All chemicals were used as received. [Pt(phen)Cl2] and

AgF3CSO3 were purchased from Aldrich in the highest quality
Table 5. Summary of rate constants (298.1 K) and ∆V# data for available. Thiourea and HClO4 were p.a. quality from Merck.the substitution of H2O by uncharged sulfur donor nucleophiles in

NaClO4 was p.a. quality from Fluka. Non-aqueous solvents werePtII and PdII complexes
purchased from Roth in p.a. quality (ROTIPURAN). Ultra pure
water was used for the kinetic measurements.complex nucleophile k / 21 s21 ∆V#/ cm3

mol21 ref.
Syntheses

[Pd(Me5dien)(OH2)]21 SC(NH2)2 1583 ± 46 29.4 ± 0.4 [a]
[Pt(en)Cl2] and [Pt(en)(OH2)2]21: The [Pt(en)Cl2] complex

SC(NHMe)2 718 ± 28 29.1 ± 0.6 [a]

was prepared in 76% yield using a procedure from the literature[59].SC(NMe2)2 195 ± 5 213.4 ± 0.7 [a]

Calc. for [Pt(en)Cl2]: C 7.37, H 2.47, N 8.59%; found: C 7.19, H[Pd(Et5dien)(OH2)]21 SC(NH2)2 1.12 ± 0.04 28.4 ± 0.3 [a]

SC(NHMe)2 0.54 ± 0.01 210.2 ± 0.6 [a] 2.41, N 8.37%. The IR spectrum was in excellent agreement with
SC(NMe2)2 0.117 ± 0.002 212.7 ± 0.6 [a]

that reported in the literature[60]. A stock solution of the diaqua
[Pt(OH2)4]21 SC(NH2)2 13.9 [b]

complex was prepared according to literature methods[61] by treat-Me2S 0.90 ± 0.02 215.3 ± 0.4 [b]

ing the dichloro complex with AgNO3 in acidic solution, followedEt2S 0.48 ± 0.02 217.0 ±0.3 [b]

[Pt(en)(OH2)2]21 SC(NH2)2 25.6 ± 0.2 [c] by filtration of the AgCl precipitate. A MILLIPORE filter (0.2 µm)
[Pt(en)(OH2)tu]21 SC(NH2)2 12.1 ± 0.1 27.1 ± 0.9 [c]

was used for this purpose.
[Pt(phen)(OH2)2]21 SC(NH2)2 2900 ± 40 [c]

[Pt(phen)(OH2)tu]21 SC(NH2)2 1170 ± 10 25.0 ± 0.8 [c] [{Pt(phen)(µ-OH)}2](F3CSO3)2 · 2 H2O: The title complex was
prepared in the following way: 335 mg of [Pt(phen)Cl2] (0.75 mmol)

[a] Ref. [57] 2 [b] Ref. [58] 2 [c] This work. was stirred together with 580 mg of AgF3CSO3 (2.25 mmol) in 50
ml of EtOH/H2O (9:1) at 75°C in the dark for 4 h. The fine bright
yellow precipitate, which formed was filtered off with a MILLI-

Conclusion PORE-filter (0.2 µm). The product was extracted from the wet pre-
cipitate by stirring in 100 ml of an acetone/H2O mixture (1:1) atWe conclude that the results of this study have shown
50°C. AgCl was removed from this suspension by filtering the yel-that the use of phenanthroline instead of ethylenediamine
low solution with a MILLIPORE-filter (0.2 µm). On cooling toincreases the substitution rates of diaqua complexes by a
room temperature, yellow crystals (ca. 0.5 mm in diameter) formed

factor of 102, during which the associative way of substi- within 24 h. These were washed with H2O, EtOH, and Et2O and
tution is retained. This effect was investigated in aqueous dried under vacuum for 2 h. Yield: 200 mg (48%). The experimen-
media for a platinum complex exhibiting two labile posi- tal analysis was in excellent agreement with the theoretically ex-
tions. As far as we know, we are the first to have generated pected values for the dihydrate. Calc. for [{Pt(phen)(µ-

OH)}2](F3CSO3)2 · 2 H2O: C 27.91, H 1.98, N 5.01%; found: Cthe complex [Pt(phen)(OH2)2]21 (and not the dimer) in
28.05, H 1.88, N 4.94%. 2 1H-NMR ([D7]DMF, 300.13 MHz, as-solution and have investigated its reactivity. The obser-
signment based on coupling pattern and constants): δ 5 9.05 [d, 4vations are in good agreement with earlier studies on mono-
H, 3JH-H 5 8.1 Hz, aromat. CH para to N]; 9.00 [d, 4 H, 3JH-H 5phasic substitution reactions by sulfur-containing nucleo-
5.3 Hz, aromat. CH ortho to N]; 8.27 [dd, 4 H, 3JH-H 5 8.1, 5.3,philes performed in non-aqueous media on complexes of Pt
aromat. CH meta to N]; 8.16 [s, 4 H, aromat. CH, middle ringor Pd bearing aliphatic amines and aromatic imines by way
of phen]. 13C-NMR ([D6]acetone/D2O (1:1), 100.62 MHz, tentative

of comparison. A factor of approximately 102 (the factors assignment according to similar complexes): δ 5 151.4 [ortho to
range between 41 and 64) was found in the latter stud- N]; 147.4 [ipso, ortho to N]; 142.0 [para to N]; 131.6; 129.9; 127.9.
ies [14] [16]. The factor of 2 3 104 reported by Romeo et

[Pt(phen)(OH2)2](ClO4)2: The diaqua complex was preparedal. [13] for DMSO exchange on the complexes
as a 0.05 m solution by cleavage of the hydroxo-bridged dimer

[Pt(phen)Me(DMSO)]1 and [Pt(en)Me(DMSO)]1, obvi- according to the following procedure: 5 ml of a 0.5 m stock solu-
ously calls for a further explanation beyond the electron- tion of [{Pt(phen)(µ-OH)}2](F3CSO3)2 in water was diluted to 80
withdrawing effect of phen alone. The electronic effects of ml. This solution was then heated to boiling. To this solution 0.01
the cis Pt2C bond and of the trans phen ligand seem to mol HClO4 in the form of a 60% solution was added. An orange

coloured precipitate of [{Pt(phen)(µ-OH)}2](ClO4)2 appeared andact cooperatively.
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The reactions of the potassium polyselenides “K2Se6” and tures of 1 and 2 were determined. In 1 the Se4-chain is
bonded in a µ2-η1 fashion, with corresponding W2Se bond“K2Se8” with [CpW(CO)3Cl] and 18-crown-6 in DMF lead to

a mixture of the selenido complexes {[CpW(CO)3]2Se4} 1 and lengths of 264.0(1) and 264.3(1) pm. The Se2Se bond lengths
lie in the range 232 to 237 pm. The first example of an η1[(18-crown-6)K]+[CpW(Se4)2]2 3 and the Se2bonded seleno-

carbamato complex [CpW(CO)3SeC(O)NMe2] 2 in yields de- Se-bonded selenocarbamato ligand is observed in the crystal
structure of 2, with a W2Se bond length of 263.1(1) pm. Thepending on the selenium content of the used potassium poly-

selenides (“K2Se6” or “K2Se8”). A similar reaction in THF 77Se-NMR data are compared with the corresponding data of
related complexes.produces {[CpW(CO)3]2Se4} as the main product. X-ray struc-

The synthesis of oligoselenido complexes via reactions of very difficult to predict, since complicated equilibria can
be observed in solution[6]. Thus a reaction of such polyse-alkali-metal polyselenides with appropriate transition metal

complexes is widely applicable and the resulting oligoselen- lenides with metal halide complexes can lead to various
products depending on the metal center, the solvent andido complexes are of particular interest because of their po-

tential use as solid state precursors and the versatile binding the temperature.
modes of Sen

22 [1]. However, the synthesis of organoselenol- When [CpW(CO)3Cl] is stirred overnight with a DMF
ato complexes using the same route is restricted to access- solution of “K2Se6” in the presence of 18-crown-6, three
ible organic selenolates or diselenides[2]. For this reason, products can be separated: {[CpW(CO)3]2Se4} 1 (10%),
there is still a need for new synthetic methods that can avoid [CpW(CO)3SeC(O)NMe2] 2 (40%), and the salt [(18-crown-
this difficulty. Recently, we described the formation of or- 6)K]1[CpW(Se4)2]2 3 (9%).
ganometallic selenolates via selenium insertion into the alk- The reaction mechanism is not clear, since the formyl
ali-metal2transition-metal bonds of appropriate car- group of DMF must be deprotonated in the initial step of
bonylates such as MM9Cp(CO)3 (M 5 Li, Na, K; M9 5 the formation of 2. A few reports concerning the synthesis
Mo, W) and MMn(CO)5

[3]. The resulting selenolates react of η1-bonded selenocarbamato complexes have been pub-
with a variety of organic electrophiles to form the corre- lished in which [Me2NH2][SeC(O)NMe2] or CSe2 in the
sponding organoselenolato complexes, whereas oxidation presence of Me2NH are required as the starting materials[7].
with O2 in the presence of SiO2 leads to oligoselenido com- However, these alternative routes are not widely applicable
plexes[4]. Here we report on the reaction of the potassium and can lead also to the chelated η2-derivatives.
polyselenides “K2Se6” and “K2Se8” with CpW(CO)3Cl in

If “K2Se8” is employed instead of “K2Se6”, 3 is the mainDMF, producing the organoselenolato complex [CpW-
product and only traces of 1 and 2 are produced. The rea-(CO)3SeC(O)NMe2] and the tetraselenido complexes
son for this difference seems to be the high stability of{[CpW(CO)3]2Se4} and [(18-crown-6)K]1[CpW(Se4)2]2.
M(Se4)n

22 complexes (M 5 Zn, Cd, Hg, Ag, Au, Mo, W,
Pd, Rh, Ir, Ru, Ni, Pt, Mn) that contain five-membered

Results and Discussion MSe4 rings[8]. However, if THF is used as the solvent in the
reaction of “K2Se6” with [CpW(CO)3Cl], 1 is formed as thePotassium polyselenides can be easily prepared by re-

ducing elemental selenium with KBEt3H in DMF at 150°. main separable product (35%) together with some de-
composition products. A more straightforward synthesis ofThe resulting nearly black solutions contain formally

“K2Se6” or “K2Se8”, if an appropriate Se/KBEt3H ratio is 1 has been developed recently in our laboratory. It com-
prises the insertion of three seleniums into the Li2W bondused[5]. The exact composition of such polyselenides is
of LiWCp(CO)3 and subsequent oxidation with O2 in the

[e] Part 7: Ref. [1] presence of SiO2
[4].
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Scheme 1. The reaction of “K2Se6” with [CpW(CO)3Cl] and 18- [W12Se12Se22Se3: 75.51(6)°; Se12Se22Se32Se4:

crown-6 in DMF 51.81(7)°, Se22Se32Se42W2: 78.70(6)°] as a helical chain
with corresponding bond angles at selenium ranging from
104.53(6) to 110.69(5)°. In the triselenido complex
{[CpW(CO)3]2Se3}, comparable absolute values of the tor-
sion angles were observed [W12Se12Se32Se2: 83.12(7)°;
Se12Se32Se22W2: 88.31(7)°] [4]. The W2Se bond lengths,
W12Se1 263.99(11) pm and W22Se4 264.29(10) pm, are
comparable with the W2Se bond lengths in
{[CpW(CO)3]2Se3} (263.2(1), 265.1(1) pm). Similar bond
lengths were also found in a series of organoselenolato
tungsten complexes and they are attributable to W2Se sin-
gle bonds (vide infra). The W-bonded Se2 moieties display
Se2Se bond lengths of 232.1(2) and 232.2(2) pm, whereas
the central Se2Se bond Se22Se3 [236.7(2) pm] is 4.5 pm
longer, indicating that this bond should display a more pro-
nounced reactivity.

The crystal structure of 2 is presented in Figure 2. The
atoms W, C4, O4, N, C5, and C6 are approximately co-
planar (mean deviation 1.3 pm); the selenium atom lies 20

Figure 1. Molecular structure of {[CpW(CO)3]2Se4} (1) (50% pro-
bability ellipsoids, H atoms omitted for clarity)[a]

The 77Se-NMR data of 1, 2, and 3 are consistent with
their structures and comparable with related complexes.
The 77Se-NMR spectrum of 1 has been already described
and seems to be typical of oligoselenido complexes with

[a] Selected bond lengths [pm] and angles [°]: W12Cp (ring center)µ2-η1 bonded selenium chains in which the metal-bonded
201.0, W12Se1 263.99(11), Se12Se2 232.1(2), Se22Se3 236.7(2),selenium atom is usually shifted highfield[4]. The chemical
Se32Se4 232.2(2), Se42W2 264.29(10), W22Cp (ring center)

shifts in the 77Se-NMR spectra are strongly influenced by 200.6; C12W12Se1 75.1(3), C22W12Se1 75.9(3), C32W12Se1
130.2(3), W12Se12Se2 110.69(5), Se12Se22Se3 104.53(6), Se22electronic and steric effects and cannot always be inter-
Se32Se4 105.49(6), Se32Se42W2 109.65(5), C42W22Se4preted by simple means. Thus, the spectrum of 3 shows a 129.3(3), C52W22Se4 75.3(2), C62W22Se4 74.7(3).

completely different pattern. The metal-bonded selenium
atoms are deshielded; 183W satellites and a corresponding Figure 2. Molecular structure of [CpW(CO)3SeC(O)NMe2] (2)
77Se-183W coupling constant of 80 Hz are observed. There (50% probability ellipsoids, cp hydrogens omitted for clarity)[a]

are only few reported 1J(77Se-183W) coupling constants and
the values range from 35 Hz in [CpW(CO)3SeC(O)Ph][9]

to 112 Hz in the W3Se9
22 anion[8b]. Recently the cp* deriv-

ative [(σ-C5Me5)(CO)5WSeMe] has been published with
a 1J(77Se-183W) value of 49 Hz[10]. Unfortunately, for 2,
no 183W satellites could be observed because of the broad-
ness of the signal, but the chemical shift of 2136.1 ppm
is in good accordance with the data of related com-
plexes[3a] [3b] [3c] [3d] [3e] [3f].

Crystal Structures of {[CpW(CO)3]2Se4} (1) and
[CpW(CO)3SeC(O)NMe2] (2)

The crystal structure of 1 is presented in Figure 1. It con-
sists of two cpW(CO)3 moieties, which are bridged by an [a] Selected bond lengths [pm] and angles [°]: W2Cp (ring center)
Se4 chain in a µ2-η1 fashion. This structural motif is rare 200.6, W2Se 263.08(8), Se2C4 196.1(6), C42N 133.6(8), N2C5

146.3(8), N2C6 146.7(8); C12W2Se 74.3(2), C22W2Se 129.4(2),and the only reported examples are [Cp2Hf(µ-O)(µ-
C32W2Se 75.6(2), W2Se2C4 103.8(2), Se2C42N 114.5(4),Se4)HfCp2] and [Au2(µ-Se2)(µ-Se4)]2 [11].The conformation O42C42N 123.8(6), Se2C42O4 121.7(5), C42N2C5 124.4(5),
C42N2C6 118.0(5), C52N2C6 117.3(5).of the Se4 group in 1 can be described by its torsion angles
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Reaction of “K2Se6”/18-Crown-6 with [CpW(CO)3Cl] in THF:pm out of this plane. The W2Se bond length of 263.08(8)

A similar reaction in THF employing the same quantities of Se,pm is comparable with other W2Se bond lengths in orga-
18-crown-6, and [CpW(CO)3Cl] led to the formation of 1 as thenoselenolato tungsten complexes with terminal selenolato
main product in 40% yield, together with insoluble inorganic tung-ligands {e.g. 258.8(2) pm in [(η7-C7H7)(CO)2WSePh][12];
sten selenides.263(2) pm in [CpW(CO)3SeCH2CHCH2][3d] and 262.3(1)

Reaction of “K2Se8”/18-Crown-6 with [CpW(CO)3Cl] in DMF:pm in [CpW(CO)3SeCH2Ph][3a]}, whereas complexes with
The reaction was performed as described above using 0.85 g of Sebridging selenolato groups display considerably shorter
(10.8 mmol). After evaporating to dryness, the black residue wasW2Se bond lengths {e.g. 251.3(5) pm in [W2Cl4(µ-SePh)(µ-
washed three times with 25 ml portions of diethyl ether. In contrastCl)(dppm)2] [13] and 254.9(1) pm in [PPh4]2[Cl3W(µ-SeCl)(µ-
to the reaction with “K2Se6”, the organic extract contained only

SePh)2WCl3] [14]}. The selenium atom displays a slightly dis- traces of 1 and 2. The remaining black precipitate was treated as
torted tetrahedral angle of 103.8(2)°. described above, yielding 0.48 g 3 (30%), accompanied by immobile

brown impurities.
Experimental Section Crystal Structure Determinations [16]: Suitable crystals of 1 and 2

were obtained by layering CH2Cl2 solutions with hexanes (ambientAll manipulations were carried out under a dry nitrogen atmos-
temperature), mounted on glass fibers in inert oil and transferredphere using conventional Schlenk techniques. 2 NMR: Bruker AC
to the cold gas stream of the diffractometer (Siemens P4, 2100°C)200 (1H 200 MHz, 13C 50.3 MHz, 77Se 38.2 MHz). The spectra
equipped with an LT-2 low-temperature attachment. Mo-Kα radi-were recorded using CDCl3 or C6D6 as solvents. Standards: 1H,
ation (λ 5 0.71073 Å, graphite monochromator) was used to collect13C TMS internal; 77Se Me2Se external. 2 IR: Biorad FTS 165. 2
the intensity data in the ω-scan mode. Cell constants were refinedMS: Finnigan MAT 8430. 2 N,N-Dimethylformamide (DMF) was
from setting angles of 62 reflections in the 2 Θ range 8223°. Ab-distilled under nitrogen prior to use. Tetrahydrofuran (THF) was
sorption corrections based on ψ-scans were applied. The crystallo-dried over sodium in nitrogen atmosphere. KBEt3H (1  in THF),
graphic program system used was SHELXL-93[17]. Both structuresSe, and 18-crown-6 were purchased from Aldrich and used as re-
were solved by direct methods and refined by full-matrix least-ceived. [CpW(CO)3Cl] was prepared according to the literature
squares procedures on F2. All non-H atoms were refined aniso-method[15].
tropically; hydrogen atoms were included using a riding model or

Reaction of “K2Se6”/18-Crown-6 with [CpW(CO)3Cl] in DMF:
as rigid methyls. The final difference Fourier maps were featureless;

2.7 ml of a solution of KBEt3H (1  in THF, 2.7 mmol) were added
in the case of 1, the highest peak of 1.95 e Å23 is located near the

to 20 ml of DMF. After 10 min of stirring, 0.64 g of Se (8.1 mmol)
were added, and the mixture was refluxed for 2 h. After cooling to

Table 1. X-ray structure analyses, details of solution and refinementroom temperature, 0.71 g of 18-crown-6 (2.7 mmol) were added to
the deep green solution, which was then combined with a solution

Compound 1 2of 1 g of [CpW(CO)3Cl] in 20 ml of DMF over a period of 10 min
via a syringe. Stirring for 18 h afforded a dark green reaction mix-

Empirical formula C16H10O6Se4W2 C11H11NO4SeWture, which was evaporated to dryness. The residue was extracted
Formula weight [g mol21] 981.78 484.02three times with 50-ml portions of diethyl ether, leaving a black
Crystal system triclinic monoclinicresidue. The work-up procedure of the red organic extract com- Space group (No.) P1̄ (2) P21/n (14)

prised removal of the solvent in vacuo and column chromatography a [pm] 654.96(6) 653.4(2)
b [pm] 1266.46(12) 3272.9(5)(SiO2, 20 3 4 cm, CH2Cl2/acetone, 95:5, as eluent). The first red
c [pm] 1299.99(10) 668.4(1)band was characterized as {[CpW(CO)3]2Se4} 1 [4]. The second or-
α [°] 86.198(6)ange band corresponds to [CpW(CO)3SeC(O)NMe2] 2. The black β [°] 79.570(6) 112.75(2)

precipitate was treated with 10 ml of CH2Cl2/acetone, 9:1. The γ [°] 84.402(8)
V [Å3] 1054.1(2) 1318.2(5)crude mixture was then filtered and column chromatography in the
ρcalc. [g cm23] 3.09 2.44same solvent mixture (SiO2, 20 3 4 cm) afforded [(18-crown-
Z 2 46)K]1[CpW(Se4)2]2 3 in the deep green band accompanied by a F (000) [e] 876 896

small amount of immobile brown impurities. µ [cm21] 178.4 115.3
Crystal size [mm] 0.50 3 0.15 3 0.10 0.32 3 0.30 3 0.08

1: Yield 0.122 g (10%), m.p. 126°C. The spectroscopic data were 2 Θmax [°] 50 50
consistent with those previously described[4]. T [°C] 2100 2100

Measured reflections 3929 2879
2: Yield: 0.520 g (40%), m.p. 138°C. 2 1H NMR (C6D6): δ 5 Unique reflections 3707 2315

Rint 0.0244 0.03242.65 (s, 3 H, CH3), 2.87 (s, 3 H, CH3), 4.9 (s, 5 H, C5H5). 2 13C
No. of parameters 253 165NMR (C6D6) δ 5 36.4 (s, CH3), 39.8 (s, CH3), 93.1 (s, C5H5), 164.8
No. of restraints 122 86(s, µ-CO), 213.9, 226.2 (s, CO). 2 77Se NMR (C6D6): δ 5 2136.1 min/max Transmission 0.38/1.00 0.37/0.96

(s). 2 IR (CH2Cl2): ν̃ 5 2029, 1951, 1925 (CO), 1626 (µ2CO). 2 R (F), F > 4σ (F)[a] 0.0346 0.0254
Rw (F2), all refl.[b] 0.0846 0.0564MS (70 ev); m/z (%): 457 (88) [M1 2 CO], 429 (43) [M1 2 2 CO],
Weighting parameters (a,b) 0.0921, 0 0.031, 0401 (100) [M1 2 3 CO]. 2 C11H11NO4SeW (484.0): calcd. C 27.30,
S [c] 0.97 0.99H 2.29, N 2.89; found C 27.31, H 2.38, N 2.84. max. ∆/σ < 0.001 < 0.001
ρfin (max/min) [e Å23] 1.95/21.83 0.98/21.023: Yield: 0.140 g (9% on Se), m.p. 153°C. 2 1H NMR (CDCl3):

δ 5 3.47 (s, 24 H, CH2), 5.02 (s, 5 H, C5H5). 2 13C NMR (CDCl3):
[a] R(F) 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR(F2) 5 [Σ{w(Fo

22Fc
2)2}/δ 5 70.1 (s, CH2), 94.6 (s, C5H5). 2 77Se NMR (CDCl3): δ 5 486.1

Σ{w(Fo
2)2}]0.5; w21 5 (Fo

2) 1 (aP)2 1 bP, where P 5 [Fo
2 1 2Fc

2]/3(s, Se-Se-Se-Se), 866.3 [s, 183W satellites, J(77Se-183W) 80 Hz, W- and a and b are constants adjusted by the program. 2 [c] S 5
Se). 2 MS (70 ev); m/z (%): 303 (100) [M1]. 2 C17H29KO6Se8W [Σ{w(Fo

22Fc
2)2}/(n 2 p)]0.5, where n is the number of data and p

the number of parameters.(1184.0): calcd. C 17.25, H 2.47; found C 17.41, H 2.46.
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The reaction of 1,4,7-trimethyl-1,4,7-triazacyclononane (Cn*) attack of the methoxide at a bridging carbonyl. Treatment of
[3]PF6 with NH4PF6 regenerates [2](PF6)2, thus showing thatwith [{(CO)2Rh(µ-Cl)}2] in methanol at 0°C, followed by the

addition of NH4PF6, results in the formation of the mononu- the methoxylation of [2](PF6)2 is reversible. The structures of
[1]PF6, [2](PF6)2 and [3]PF6 have been determined by single-clear carbonyl complex [Cn*Rh(µ-CO)2]PF6 ([1]PF6), the di-

nuclear carbonyl complex [Cn*Rh(µ-CO)3RhCn*](PF6)2 crystal X-ray diffraction. For [3]PF6 an unprecendented facile,
reversible, migration of the C(O)OMe ligand between the two{[2](PF6)2} and the dinuclear methoxycarbonyl complex [Cn*

Rh(C(O)OMe)(µ-CO)2RhCn*]PF6 ([3]PF6). The reaction of rhodium centres of the Rh(µ-CO)2Rh core is observed.
[2](PF6)2 with NaOMe results in formation of [3]PF6 by the

Scheme 1. Synthesis of [1]PF6, [2](PF6)2 and [3]PF6Tridentate N-donor ligands (9N39 ligands) have so far
found a limited application in the area of the organometal-
lic chemistry of rhodium. Interesting reactivities have how-
ever been reported for rhodium complexes with fac-coordi-
nating 1,4,7-trimethyl-1,4,7-triazacyclononane (Cn*) and
[hydrotris(3,5-pyrazolyl)borate] (TpMe2) [1] [2], and mer-
coordinating pyridine-2,6-diimine (2,6-(C(R)5N-R9)2-
C5H3N). [3] For [9N39 RhI(cod)]1, [9N39 is Cn* or N-butyl-
N,N-di-(2-pyridylmethyl)amine], we have recently reported
on the oxidation of the cod ligand by H2O2 to a bicycloox-
anonadiyl fragment. [4] In an extension of our explorative
studies on the structure and reactivities of 9N39 Rh sites, we
now report on the carbonyl chemistry of Cn*RhI sites.

Results and Discussion

The reaction of the rigid fac-ligand Cn* with
{[(CO)2Rh(µ-Cl)]2} in methanol at 0°C, followed by ad-
dition of NH4PF6, leads to the precipitation of a mixture

an acetone solution of [1]PF6 resulted in the almost quanti-of yellow [2](PF6)2 and orange [3]PF6. Upon cooling of the
tative recovery of [1]PF6. Attempts to prepare [1]PF6 byfiltrate, further precipitation of [2](PF6)2 and [3]PF6 oc-
exposure of an acetone solution of [2](PF6)2 to 40 bar COcurred, and a few bright-orange crystals of [1]PF6 deposited
were also unsuccessful.(Scheme 1).

From the solid mixture that was obtained by filtration,
Structure of [1]PF6the crystals of [1]PF6 were removed by hand. We were able

to interconvert [2](PF6)2 and [3]PF6 in the resulting mix- The structure of [1]PF6 was determined by single-crystal
X-ray diffraction (Figure 1). Selected bond lengths andture; reaction with approx. 5.5 mol NaOMe per mol of

[2](PF6)2 in MeOH resulted in the quantitative formation angles are given in Tables 1 and 2.
The cation [1]1 contains two terminal carbonyl groups.of [3]PF6. Treatment of the same mixture with approx. 7

mol NH4PF6 per mol of [3]PF6 in MeOH under reflux re- The coordination geometry can best be described as a
pseudo trigonal bipyramid. The equatorial positions are oc-sulted in quantitative conversion to [2](PF6)2 (Scheme 1).

[2](PF6)2 and [3]PF6 were isolated as pure compounds via cupied by one carbonyl and two nitrogens of the Cn* li-
gand; the axial-positions by the second carbonyl and thethese procedures. Attempts to prepare [2](PF6)2 by refluxing
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Figure 1. Crystal structure of cation [1]1 Table 2. Selected bond angles [°] for compounds [1]PF6, [2](PF6)2,

and [3]PF6
[a]

[1]1 [2A]1[b] [2B]1[b] [3]1

N312Rh12N4 81.87(10) 81.8(3) 81.1(3) 79.5(2)
N312Rh12N5 79.41(10) 81.8(3) 81.1(3) 79.2(2)
N42Rh12N5 76.41(11) 81.0(4) 80.8(4) 79.5(2)
N322Rh22N6 81.1(3) 81.3(3) 78.6(2)
N322Rh22N7 81.1(3) 81.3(3) 78.4(2)
N62Rh22N7 81.0(4) 81.2(4) 79.4(2)
N312Rh12C1 177.65(14) 179.6(4) 178.4(5) 172.5(3)
N322Rh22C1 179.2(4) 179.1(5)
N312Rh12C2 95.91(14) 97.2(3) 97.6(4) 97.0(2)
N322Rh22C2 98.6(3) 97.7(3) 107.5(2)
N312Rh12C3 97.2(3) 97.6(4) 93.6(2)
N322Rh22C3 98.6(3) 97.7(3) 104.2(3)
N42Rh12C1 95.79(13) 98.5(3) 100.1(3) 96.6(3)
N42Rh12C2 144.29(18) 96.6(3) 97.3(4) 98.0(2)
N42Rh12C3 177.5(3) 177.8(3) 173.1(2)
N52Rh12C1 100.14(14) 98.5(3) 100.1(3) 93.8(3)Table 1. Selected bond lengths [Å] for compounds [1]PF6, [2](PF6)2
N52Rh12C2 138.52(17) 177.5(3) 177.8(3) 175.7(2)and [3]PF6

[a]

N52Rh12C3 96.6(3) 97.3(4) 99.3(2)
N62Rh22C1 98.3(3) 99.4(3)

[1]1 [2A]1[b] [2B]1[b] [3]1 N62Rh22C2 97.1(3) 96.8(3) 96.9(3)
N62Rh22C3 178.1(3) 177.9(3) 174.1(3)
N72Rh22C1 98.3(3) 99.4(3)N312Rh1 2.139(3) 2.220(8) 2.213(9) 2.265(5)
N72Rh22C2 178.1(3) 177.9(3) 172.4(2)N322Rh2 2.197(10) 2.200(11) 2.257(6)
N72Rh22C3 97.1(3) 96.8(3) 96.0(2)N42Rh1 2.261(3) 2.189(7) 2.190(8) 2.278(6)
O12C12Rh1 177.6(4) 140.8(8) 138.7(9) 126.6(6)N52Rh1 2.320(3) 2.189(7) 2.190(8) 2.256(5)
O12C12Rh2 140.9(8) 140.3(9)N62Rh2 2.200(7) 2.194(7) 2.275(5)
O22C22Rh1 176.8(4) 141.5(7) 139.1(8) 134.7(5)N72Rh2 2.200(7) 2.194(7) 2.262(5)
O22C22Rh2 137.9(7) 140.2(8) 139.9(5)C12Rh1 1.842(4) 2.049(9) 1.999(10) 2.114(8)
O32C32Rh1 141.5(7) 139.1(8) 134.8(5)C12Rh2 2.050(10) 1.993(11) 2.709(10)
O32C32Rh2 137.9(7) 140.2(8) 139.4(5)C22Rh1 1.827(4) 1.995(8) 2.010(8) 1.998(6)
Rh12C12Rh2 78.3(3) 81.0(4)C22Rh2 2.014(8) 1.999(9) 1.910(6)
Rh12C22Rh2 80.4(3) 80.6(3) 85.4(3)C32Rh1 1.995(8) 2.010(8) 1.986(7)
Rh12C32Rh3 80.4(3) 80.6(3) 85.8(3)C32Rh2 2.014(8) 1.999(9) 1.907(7)
C12Rh12C2 85.95(16) 82.5(3) 81.2(3) 89.9(3)C12O1 1.136(5) 1.121(12) 1.170(13) 1.216(9)
C12Rh22C2 82.0(3) 81.6(3)C22O2 1.141(5) 1.166(10) 1.167(11) 1.189(8)
C12Rh12C3 82.5(3) 81.2(3) 90.3(3)C32O3 1.166(10) 1.167(11) 1.202(8)
C12Rh22C3 82.0(3) 81.6(3)C12O4 1.355(9)
C22Rh12C3 85.8(5) 84.6(6) 82.7(3)C42O4 1.436(9)
C22Rh22C3 84.8(5) 85.2(5) 87.2(3)Rh12Rh2 2.5888(14) 2.5930(12) 2.6512(6)
C12Rh12Rh2 50.8(3) 49.4(3) 68.2(3)
C22Rh12Rh2 50.1(2) 49.5(3) 45.9(2)[a] For atom labelling see Figures 1, 2, and 3. 2 [b] In accord with C32Rh12Rh2 50.1(2) 49.5(3) 45.8(2)

the labelling for [3]1, the symmetry related atoms of N4, N6, C2 C12Rh22Rh1 50.8(2) 49.6(3)
and O2 (obtained by applying m) in [2A]21 and [2B] 21, are pres- C22Rh22Rh1 49.5(2) 49.9(2) 48.7(2)
ented as N5, N7, C3 and O3, respectively, for reasons of compari- C32Rh22Rh1 49.5(2) 49.9(2) 48.4(2)
son. O12C12O4 120.3(7)

O42C12Rh1 112.6(5)
C12O42C4 115.2(6)third nitrogen of Cn*. Remarkably, the N donors in the

trigonal plane (N4 and N5) span the smallest N2Rh2N [a] For atom labelling see Figures 1, 2, and 3. 2 [b] In accord with
angle [76.41(11)°]. In order to be closer to the ideal 120° the labelling for [3]1, the symmetry related atoms of N4, N6, C2,

and O2 (obtained by applying m) in [2A]21 and [2B] 21, are pres-angle for a trigonal bipyramid, these N donors would be
ented as N5, N7, C3, and O3, respectively, for reasons of compari-expected to span the largest N2Rh2N angle. son.

The axial Rh2N distance [Rh12N31: 2.139(3) Å] is
shorter than the equatorial Rh2N distances. [Rh12N4:
2.261(3) Å, Rh12N6: 2.320(3) Å]. The Rh2C and C2O In this complex, one of the three pyrazolyl groups is only

weakly bound to the apical position in a square pyramidaldistances of the equatorial and the axial carbonyl groups of
cation [1]1 are equal within the experimental error (aver- geometry [Rh2N: 2.636(5)]. The basal Rh2N distances are

2.116(4) and 2.114(5) Å. Other reported bond lengths are:aged distances: Rh2C: 1.83 Å, C2O: 1.14 Å) and are com-
parable to those in known five-coordinate (L)3RhI(CO)2 Rh2C: 1.824(7), 1.832(9) Å, C2O: 1.145(12), 1.146(9) Å.

In solution [(TpCF3,Me)RhI(CO)2] behaves like othercomplexes. [5] [6] In contrast to [1]1, these are all neutral
complexes containing a monoanionic ligand, mostly a Cp- [TpR,R9RhI(CO)2] derivatives in that it gives rise to equilib-

ria between four and five coordination.[7]derivative. (Observed range in Rh2C distances:
1.82421.867 Å, C2O distances: 1.10921.154 Å.) Thus far, The positions of the terminal νCO bands in the IR spectra

of [1]PF6 in the solid state (KBr: 2054 and 1962 cm21) differthe hydrotrispyrazolylborate (TpR,R9) complex
[(TpCF3,Me)RhI(CO)2] was the only “five-coordinate” significantly from those in solution (CH3CN: 2063 and

1980 cm21). A square pyramidal or even a square planar9N39RhI(CO)2 complex with a reported X-ray structure.[6]
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geometry for [1]PF6 in solution can therefore not be ex- CO)3Rh]21 cores that have previously been characterized

by single crystal X-ray diffraction; They involve 9N39 li-cluded. The latter geometry however seems unlikely, as it
would require the rather rigid Cn* ligand to be κ2-coordi- gands, viz. methyl(trispyrazolyl)gallate[10] and two macro-

cyclic hexaamine-type ligands, [11] and a tripod 9O39 li-nated in solution. The 1H-NMR spectrum of [1]PF6 in
[D6]acetone or CD3CN shows one singlet for the three gand.[12] On the basis of spectral and analytical data, com-

plexes containing the [Rh(µ-CO)3Rh]21 core have been pro-N2CH3 groups of the Cn* ligand, and one AA9BB9-mul-
tiplet pattern for its diastereotopic N2CHaHb2 protons. posed with the 9N39 ligands tris(pyrazolyl-1-yl)methane,[13]

a macrocyclic hexaamine[14] and hydrotris(pyrazolyl)bor-The 13C-spectrum of [1]PF6 shows only one doublet at δ 5
189 (1JC2Rh 5 73 Hz) for both carbonyl groups. The equiv- ate.[15] For the 9S39 ligand 2,5,8-trithia[9]-o-cyclophane it

was reported that two [9S39Rh(CO)2]1 species exist in equi-alence of its N2CH22 and its N2CH3 groups in the 1H-
NMR spectrum and the two carbonyls in the 13C-spectrum librium with [9S39Rh(µ2-CO)3Rh9S39]21 [16], in marked con-

trast with our own observations for [9N39Rh(CO)2]1 andmust result from the rapid exchange of positions by Cn*
nitrogens and carbonyl carbons at room temp. [9N39Rh(µ2-CO)3Rh9N39]21 (vide supra).

The IR band at 1810 cm21 (CH3CN) and the triplet 13C-
Structure of [2](PF6)2 NMR signal at δ 5 222 (1JC2Rh 5 28.7 Hz) indicate that

the tri(µ-carbonyl) bridge is maintained in solution. TheBright yellow crystals of compound [2](PF6)2 were ob-
1H-NMR and 13C-NMR signals for the two Cn* ligandstained from a saturated MeOH solution. From one of these
show that [2]21 has an effective D3h symmetry in solution.crystals the structure of the cation [2]21 was determined by
The N2CH22 groups are observed as one singlet in theX-ray diffraction (Figure 2). Selected bond lengths and
1H-NMR spectrum in [D6]acetone, but the chemically in-angles are given in Tables 1 and 2.
equivalent endo- and exo-protons are observed as the ex-

Figure 2. Crystal structure of cation [2A]21

pected AA9BB9 multiplet in CD3CN.
[2](PF6)2 must be stored in the dark, since exposure to

normal (glass-filtered) daylight results in a colour change
from yellow, via intermediate green,[17] to dark blue, both
in the solid state and in CH3CN solution. The nature of the
resulting blue compound is currently under investi-
gation.[18]

Structure of [3]PF6

Pale orange crystals of [3]PF6 were obtained from a satu-
rated MeOH solution, and the structure of cation [3]1 was
determined by X-ray diffraction (see Figure 3). Selected
bond lengths and angles are given in Tables 1 and 2.

Figure 3. Crystal structure of cation [3]1

In the crystal structure two independent cations, [2A]21

and [2B]21, are found per unit cell. Each cation only slightly
deviates from C2v symmetry. A crystallographic mirror-
plane passes through Rh1, Rh2, and C1. The two rhodium
centers are bridged via three carbonyl groups. The coordi-
nation geometry of the two (µ-CO)3 bridged rhodium atoms
can best be described as distorted octahedral. In contrast
to [1]1, all N2Rh2N angles in [2A]21 and [2B]21 are found
at approx. 81°.

The rather short Rh2Rh distances of the two independ-
ent cations, Rh1A2Rh2A 2.5888(14) and Rh1B2Rh2B
2.5930(12) Å, are in accordance with a Rh2Rh single
bond, resulting from application of the 18 VE rule. Theor-
etical calculations however indicated that actual M2M
binding in M(d8)(µ-CO)3M(d8) systems is much weaker.[8]

The various Rh2N, Rh2C, and C2O distances are equal
within experimental error (averaged distances: Rh2N: 2.20
Å, Rh2C: 2.01 Å, C2O: 1.16 Å). There are a few literature
reports of complexes containing the [Rh(µ-CO)3Rh]21 Comparison of Figures 2 and 3 shows that one of the

three µ-carbonyl groups in [2]21 has been converted to acore. [9] The distances and angles of the [Rh(µ-CO)3Rh]21

core of [2](PF6)2 compare well with those of [Rh(µ- methoxycarbonyl group in [3]1. This group is bound to
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only one of the two rhodium centres, at a Rh12C1 distance N2CH3 groups. This must result from a fast equilibrium in

solution. Two triplet signals are observed for the carbonylof 2.114(8) Å, thus leaving the other rhodium centre appar-
ently coordinatively unsaturated at a Rh22C1 distance of groups, one at δ 5 248.1 (1JRh2C 5 37.5 Hz) for the µ-CO

groups and one at δ 5 179.9 (1JRh2C 5 17.3 Hz) for the2.709(10) Å. The Rh12C1 distance in [3]1 is relatively long
compared to those in previously reported Rh2C(O)OR carbonyl of the C(O)OMe ligand, with relative intensity of

2:1. The apparently equal coupling of the C(O)OMe car-complexes, viz. 1.918(9), [19] 2.041(5)[20] and 2.088(11)[21]Å.
These complexes are all RhIII-complexes. Ir2C distances in bonyl signal with both rhodium centres must be the result

of a rapid migration of the methoxycarbonyl ligand be-Ir2C(O)OR complexes have been found in the range 2.005
to 2.084 Å, [22] with the exception of a value of 2.20(4) Å tween Rh1 and Rh2. (Figure 4) As a result, each Rh-atom

becomes alternately five and six coordinate. The observedreported for Ir2C(O)OMe in [Ir4(CO)11{C(O)OMe}]2. [23]

The Rh2Rh distance in [3]1, 2.6512(6) Å, is somewhat apparent 1JRh2C of 17.3 Hz is quite small compared to that
in other Rh2C(O)OR compounds (31255 Hz)[19] [20] [21]. Itelongated compared to that in [2]21, perhaps indicating the

absence of a Rh2Rh bond in [3]1. This would make Rh1 converts to an actual value of 34.6 Hz, comparable to the
literature values, under the assumption that 3JRh2C in thea 18 VE, six-coordinate RhI site and Rh2 a 16 VE, five-

coordinate RhI site. Strikingly, the Cn* ligands in [3]1 are static structure of [3]1 is close to zero.
found to be bound equally strongly to Rh1 and Rh2. Also

Figure 4. Proposed mechanism of methoxycarbonyl migration inthere appear to be no significant differences between the [3]PF6
Rh2N distances for N trans to µ-CO and N trans to the
methoxycarbonyl-group or the vacant site. The average
Rh2N distance in [3]1, 2.26 Å, is approx. 0.06 Å longer
than that in [2]1. The largest difference between [2]1 and
[3]1 is seen in the bonding of the bridging carbonyls. The
addition of a methoxy anion to one of the three carbonyls
in [2]1 has resulted in an asymmetric coordination of the
remaining two bridging carbonyls. They are bound approx. We propose that the observed averaging of NMR signals
0.1 Å more tightly, and their O2C2Rh angles are approx. for the N2CH22 and the N2CH3 groups of the two Cn*
5° less acute for the “coordinatively unsaturated” Rh2. The ligands in [3]1 results from a combination of two fast pro-
Rh12C2 and Rh12C3 distances in [3]1 are comparable to cesses: reversible migration of the C(O)OMe ligand between
those found for [2]1. In the IR spectrum of [3]PF6 (KBr), both Rh centres, and exchange of nitrogen donor atom po-
three C2O stretching modes at 1771(w), 1708(s), and sitions at the five-coordinate rhodium centre. The latter is
1607(m) are observed. The first two are considered to be µ- also observed in five-coordinate [1]1 (vide supra).
CO vibrations, the latter is assigned to the carbonyl group

We thank Unilever Research laboratory Vlaardingen for a gen-
of the C(O)OMe fragment. The appearance of a peak at erous supply of 1,4,7-trimethyl-1,4,7-triazacyclononane.
m/z 5 777 ([M 2 OMe]1), besides peaks at m/z 5 808
([M]1) and m/z 5 663 ([M2PF6]1), in the FAB-MS spec- Experimental Section
trum shows loss of MeO2 under FAB conditions.

General Procedures: All reactions were performed under a nitro-
gen atmosphere using standard Schlenk techniques. Solvents (p.a.)Fluxional Behaviour of in [3]1 in Solution: C(O)OMe Mi-
were deoxygenated by bubbling through a stream of N2, or by thegration
freeze-pump-thaw method. [{(CO)2Rh(µ-Cl)}2] was prepared ac-

The IR spectrum of [3]PF6 in CH3CN [νCO 1774 (w), cording to a literature procedure.[24] 1,4,7-trimethyl-1,4,7-triaza-
1715 (s), 1618 (m)] is quite similar to that recorded in KBr, cyclononane (Cn*) was generously supplied by Unilever Research.
indicating that the structure of [3]1 is maintained in solu- All other chemicals are commercially available and were used with-
tion. In the 1H-NMR spectrum of [3]1 the methoxy protons out further purification. 2 FT-IR: Perkin Elmer 1720X. 2 NMR:

Bruker DPX200 (200 MHz and 50 MHz for 1H and 13C, respec-are observed as a singlet at δ 5 3.5. In [D6]acetone at room
tively), Bruker AC300 (300 MHz and 75 MHz for 1H and 13C,temperature only two singlets are observed for both Cn*
respectively). Solvent shift reference for 1H NMR: [D6]acetonegroups, one singlet for all the N2CH3 groups and one for
δH 5 2.05, CD3CN δH 5 1.98. For 13C NMR: [D6]acetone δC 5all the N2CH22 groups. In the 1H-NOESY spectrum of
29.50, CD3CN δC 5 1.28. 2 FAB-MS: VG7070E.[3]PF6 NOE contacts are observed between the methoxy

Preparation of a Mixture of [1]PF6, [2](PF6)2 and [3]PF6: In agroup and the methyl and methylene protons of the Cn*
typical experiment 200 mg of (1.16 mmol) Cn* was dissolved in 15ligands. As observed for [2]21, in CD3CN the N2CH22
ml of MeOH and the resulting solution was cooled to 0°C. 234 mgsignal splits into an AA9BB9 pattern. Apparently [3]1 has
(0.6 mmol) of [{(CO)2Rh(µ-Cl)}2] was subsequently added and theeffective D3h symmetry in which the two Cn* ligands, and
orange solution was stirred for approximately 1 h. Evolution of athe N2CH22 and N2CH3 groups within the Cn* ligands
slight amount of gas was noticed. The addition of 800 mg (4.91

are equivalent on the NMR timescale. In the room tempera- mmol) of NH4PF6, dissolved in 5 ml of MeOH, to the reaction
ture 13C-spectrum in CD3CN, the 18 different carbons in mixture caused the precipitation of a mixture of [2](PF6)2 and
the two distinct Cn* ligands found in the X-ray structure [3]PF6, which was collected by filtration. Combined yield 650 mg,
give only two averaged 13C signals, one at δ 5 58.0 for the ca. 60% based on [{(CO)2Rh(µ-Cl)}2]. The filtrate was used to iso-

late a minor fraction of compound [1]PF6.twelve N2CH22 groups and one at δ 5 51.5 for the six
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[1]PF6: [1]PF6 was obtained as bright orange crystals, suitable above. 15 ml of MeOH was subsequently added, and the mixture

was refluxed (all solid material redissolved) for approximatly 10for X-ray diffraction, by cooling the filtrate of the reaction mixture
described above to 230°C. Besides further precipitation of min. After cooling to room temp., the MeOH solvent was partially

evaporated. Compound [3]PF6 crystallized as pale orange needles[2](PF6)2 and [3]PF6 a small amount of bright orange crystals of
[1]PF6 slowly deposited after some days. A few large crystals of from the solution at 230°C, and was collected by filtration. Yield

200 mg (ca. 70%). 2 1H NMR (200 MHz, [D6]acetone): δ 5 3.54[1]PF6 could be isolated (hand-picking) from the resulting solid
mixture.2 1H NMR (200 MHz, CD3CN): δ 5 3.322.8 (m, 12 H, (s, 3 H, OCH3), 2.90 (s, 24 H, N2CH22), 2.81 (d, 3JC2Rh 5 0.8

Hz, 18 H, N2CH3). 2 13C NMR (50 MHz, [D6]acetone): δ 5 57.7N2CH22), 3.19 (d, 9 H, 3JRh2H 5 1 Hz, N2CH3). 2 13C NMR
(50 MHz, CD3CN): δ 5 189 (d, 1JRh2C 5 73 Hz, Rh2CO), 59.6 (N2CH22), 51.1 (N2CH3), 50.9 (OCH3) (13C-carbonyl signals

undetected, due to low solubility). 2 1H NMR (300 MHz,(N2CH22), 55.3 (N2CH3). 2 FT-IR (KBr): ν̃ 5 2054 cm21, 1962
(CO). 2 FT-IR (CH3CN): ν̃ 5 2063 cm21, 1980 (CO). 2 FAB- CD3CN): δ 5 3.52 (s, 3 H, OCH3), 2.9022.55 (m, 24 H,

N2CH22), 2.76 (d, 3JH2Rh 5 0.80 Hz, 18 H, N2CH3). 2 13CMS; m/z: 273 [M2(CO)22PF62H]1. 2 CHN analysis was not per-
formed due to the small amount of pure [1]PF6 obtained. NMR (75 MHz, CD3CN): δ 5 248.1 (t, 1JC2Rh 5 37.5 Hz, µ-CO),

179.9 (t, 1JC2Rh 5 17.3 Hz, C(O)OMe), 58.0 (N2CH22), 51.5[2](PF6)2: 800 mg (4.91 mmol) of NH4PF6 was added to 600 mg
(N2CH3), 51.4 (OCH3). 2 FT-IR (KBr): ν̃ 5 1771 cm21 (w), 1708of the solid mixture of [2](PF6)2 and [3]PF6, prepared as decribed
(s) (µ-CO), 1607 (m) (C5O), 1048 (C2O). 2 FT-IR (CH3CN): ν̃ 5above. 15 ml of MeOH was subsequently added, and the mixture
1774 cm21 (w), 1715 (s) (µ-CO), 1618 (m) (C5O), (C2O) obscuredwas refluxed (all solid material redissolved) for approximatly 10
by solvent vibrations. 2 FAB-MS; m/z: 808 [M]1, 777 [M2OMe]1,min. After cooling to room temp., the MeOH solvent was partially
663 [M2PF6]1, 604 [M2PF62OMe2CO]1, 576evaporated. Compound [2](PF6)2 crystallized as bright yellow
[M2PF62OMe22CO]1. 2 Calculated for C22H45F6N6O4PRh2: Ccubes from the solution at 230°C, and was collected by filtration.
32.69, H 5.61, N 10.40 Found: C 32.33, H 5.37, N 10.06.Yield 550 mg (ca. 80%). 2 1H NMR (200 MHz, CD3CN): δ 5

3.3022.90 (m, 24 H , N2CH22), 2.84 (s, 18 H, N2CH3). 2 1H X-ray Structure Determination of [1]PF6, [2](PF6)2 and [3]PF6:
NMR (200 MHz, [D6]-acetone): δ 5 3.44 (s, Crystals of [1]PF6, [2](PF6)2 and [3]PF6 suitable for X-ray diffrac-
24 H , N2CH22), 3.14 (s, 18 H, N2CH3). 2 13C NMR (50 MHz, tion studies were obtained by cooling a saturated solution of the
[D6]-acetone): δ 5 221.9 (t, 1JRh2C 5 28.7 Hz, µ2-CO), 58.5 corresponding compound in MeOH to 230°C. Single crystals were
(N2CH22), 52.0 (N2CH3). 2 FT-IR (KBr): ν̃ 5 1803 cm21 (µ- mounted in air on glass fibres. Intensity data were collected at room
CO). 2 FT-IR (CH3CN): ν̃ 5 1810 cm21 (µ-CO). 2 FAB-MS; m/z: temp. For all three compounds an Enraf-Nonius CAD4 single-crys-
777 [M2PF6]1, 748 [M2CO2PF6]1, 604 [M2CO22PF6]1, 316 tal diffractometer was used, graphite monochromatized Cu-Kα
[M22PF6]21. 2 Calculated for C21H42F12N6O3P2Rh2: C 27.35, H radiation, θ-2θ-scan mode. Unit cell dimensions were determined
4.59, N 9.11 Found: C 27.33, H 4.57, N 8.98. from the angular setting of 25 reflections. Intensity data were cor-

rected for Lorentz and polarization effects. Semi-empirical absorp-[3]PF6: 100 mg (1.9 mmol) of NaOMe was added to 300 mg of
the solid mixture of [2](PF6)2 and [3]PF6, prepared as decribed tion correction (Ψ-scan) was applied for all three compounds.[25]

Table 3. Crystallographic data for compounds [1]PF6, [2](PF6)2, and [3]PF6

[1]PF6 [2](PF6)2 [3]PF6

Emperical formula C11H21F6N3O2PRh C21H42F12N6O3P2Rh2 C22H45F6N6O4PRh2
Crystal size [mm] 0.60 3 0.35 3 0.28 0.42 3 0.18 3 0.11 0.32 3 0.16 3 0.10
Formula weight 475.19 922.37 808.43
Temperature [K] 293(2) 293(2) 293(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P 21/n C 2/m P 21/n
a [Å] 8.87948(17) 20.790(3) 8.5949(4)
b [Å] 15.2246(3) 15.814(3) 13.1036(5)
c [Å] 12.9031(3) 22.051(5) 27.7555(13)
α [°] 90 90 90
β [°] 91.960(4) 116.61(2) 91.124(4)
γ [°] 90 90 90
V [Å3] 1743.30(6) 6482(2) 3125.3(2)
ρcalcd. [gcm23] 1.811 1.890 1.718
Z 2 8 4
Wavelength [Å] 1.54184 1.54184 1.54184
F(000) 952 3696 1640
θ range [°] 4.49269.88 40.158246.695 40.113246.904
Index ranges 210 # h # 10 226 # h # 23 0 # h # 10

218 # k # 18 0 # k # 19 215 # k # 0
215 # l # 15 0 # l # 27 233 # l # 33

Measured reflections 12510 7215 6340
Unique reflections 3303 7032 5926
Observed reflections
[Io > 2σ(Io)] 3254 5747 5172
Refined parameters 302 439 377
Goodness-of-fit on F2 1.104 1.086 1.032
R [Io > 2σ(Io)] 0.0332 0.0686 0.0599
wR2[all data] 0.0786 0.1922 0.1553
ρfin (max/min) [e Å23] 0.915/20.623 1.845/22.748 1.430/22.186
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[9] With Cp-ligand types, the [Rh(CO)3Rh]21-core contains onlyStructures were solved by the program system DIRDIF[26] using

one µ-CO, each Rh-atoms contains a terminal CO: O. S. Mills,the program PATTY[27] to locate the heavy atoms and were refined J. P. Nice, J. Organomet. Chem. 1967, 10, 337.
with standard methods (refinement against F2 of all reflections with [10] B. M. Louie, S. T. Rettig, A. Storr, J. Trotter, Can J. Chem.

1984, 62, 633.SHELXL97[28]) with anisotropic parameters for the nonhydrogen
[11] [11a] J.-P. Lecomte, J.-M. Lehn, D. Parker, J. Guilhem, C. Pas-atoms. For [1]PF6 the hydrogens were initially placed at calculated

card, J. Chem. Soc., Chem. Commun. 1983, 296. 2 [11b] J. M.positions and were subsequently refined freely. For [2](PF6)2 and Johnson, J. E. Bulkowski, A. L. Rheingold, B. C. Gates, Inorg.
[3]PF6 all hydrogens were refined riding on the parent atoms. De- Chem. 1987, 26 (16), 2645.

[12] W. Kläui, M. Scotti, M. Valderrama, S. Rojas, G. M. Sheldrick,tails of the crystal parameters, data collections and structure refine-
P. G. Jones, T. Schroeder, Angew. Chem. 1985, 97, 697; Angew.ments are given in Table 3. Crystallographic data (tables of struc-
Chem. Int. Ed. 1985, 24, 683.ture determinations summaries, lists of anisotropic displacement [13] M. A. Esteruelas, L. A. Oro, R. M. Claramunt, C. López, J. L.

parameters, lists of atom coordinates and full lists of bond lengths Lavandera, J. Elguero, J. Organomet. Chem. 1989, 366, 245.
[14] D. Parker, J. Chem. Soc, Chem. Commun. 1985, 1129.and angles, excluding structure factors) have been deposited with
[15] [15a] D. J. O9Sulivan, F. J. Lalor, J. Organomet. Chem. 1974, 65,the Cambridge Crystallographic Data Centre as supplementary

C47. 2 [15b] M. Cocivera, T. J. Desmond, G. Ferguson, B.publication no. CCDC-179-100725. Copies of the data can be ob- Kaitner, F. J. Lalor, D. J. O9Sulivan, Organometallics 1982, 1,
tained free of charge on application to The Director, CCDC, 12 1125.

[16] H. A. Jenkins, S. J. Loeb, Organometallics 1994, 13, 1840.Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 144(1223)
[17] The colour of [H(BPz)3]Rh(µ2-CO)3Rh[H(BPz)3] is reported to336-033; E-mail: deposit@ccdc.cam.ac.uk].

be a pale green/yellow colour (ref. [15]).
[18] Exposure of a CH3CN solution of [2](PF6)2 to bright sunlight

for 2 h results in a dark blue coloured solution: 1H NMR (200
MHz, CD3CN): δ 5 3.122.8 (m, 24 H, N2CH22), 2.84 (d,[1] [(Cn*)RhIII(Me)]1 is active in the polymerisation of ethene: [1a]

L. Wang, T. C. Flood, J. Am. Chem. Soc. 1992, 114, 3169. 2 3JH2Rh 5 0.9 Hz, 18 H, N2CH3). 2 13C NMR (50 MHz,
CD3CN): δ 5 241.1 (t, 1JC2Rh 5 35.7 Hz, µ-CO), 59.0 (s,[1b] L. Wang, R. S. Lu, R. Bau, T. C. Flood, J. Am. Chem. Soc.

1993, 115, 6999. N2CH22), 52.9 (N2CH3). 2 FT-IR (CH3CN): ν̃CO 5 1794
(w), 1738 (s), 1633 (m) cm21.[2] [(Cn*)RhI(PMe3)]1 and [(TpMe2)RhI(CO)] oxidatively add to
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Structural fluxionality is apparent in the 1H- and 31P-NMR 10, on recrystallization from ethanol/acetone under air
[triphosO is O=P(Ph)2CH2C(CH3)(CH2PPh2)2]. A similarspectra of compounds of the type [Ru(L)(MeCN)(tri-

phos)](CF3SO3), 225, at 25°C, where L represents a diorga- κ3PRκ2P arm-off dissociation leads to the formation of
[Ru(mpy-κ2N,S)2(triphosO-κ2P)] (13) and [Ru(mmim-nyldithiocarbamate or a heterocyclic κ2N,S coordinating

thioamide. In contrast, complexes [Ru(Et2NCS2)(Y)- κ2N,S)2(triphosO-κ2P)] (14) (Hmpy = 2-mercaptopyridine,
Hmmim = 2-mercapto-1-methylimidazole). Crystal structures(triphos)]n+ (6, n = 1, Y = CO; 7, n = 0, Y = CN2; 8, n = 0, Y =

H2) are stereochemically rigid in solution at this tempera- are reported for [Ru(mbt-κ2N,S)(MeCN)(triphos-
κ3P)](CF3SO3) (4) (Hmbt = 2-mercaptobenzothiazole), [Ru(m-ture, indicating that MeCN dissociation must occur for the

crowded octahedral coordination spheres of 225. Reaction of pym-κ2N,S)(mpym-κS)(triphos-κ3P)] (11) (Hmpym = 2-mer-
captopyrimidine) and 14, the latter of which is present as the[Ru(MeCN)3(triphos)](CF3SO3)2, 1, with Na(Et2NCS2) at a 1:2

molar ratio yields [Ru(Et2NCS2-κ2S)(Et2NCS2-κS)(triphos)], 9, OC-6-13 isomer.
which slowly converts to [Ru(Et2NCS2-κ2S)2(triphosO-κ2P)],

The employment of transition metal complexes of tri- cently reported[16] [17] the stereochemical non-rigidity of the
complex cations [RhL(MeCN)(triphos)]21 in which L rep-podal polyphosphanes such as CH3C(CH2PPh2)3 (triphos)

in homogeneous catalysis has attracted considerable inter- resents the bidentate diorganyldithiocarbamates R2NCS2
2

(R 5 Et, Bz) or the heterocyclic thioamide mpym2est [1] [2] [3] [4].Although triphos is often regarded as a typical
innocent ligand, whose neopentyl skeleton CH3C(CH2)3 al- (Hmpym 5 2-mercaptopyrimidine). Both CH3CN and

phosphane arm-off dissociation processes can be proposedlows a relatively unstrained occupation of three facial sites
in a square-pyramidal, trigonal-bipyramidal or octahedral to explain the fluxional behavior of such species. κ2P coor-

dinated complexes of the type [RhL2(triphos-κ2P)]1 (L 5coordination sphere[5], dissociation of a phosphane arm to
provide the more flexible κ2P binding mode has been impli- Et2NCS2

2, Me2NCS2
2 mpym2) may be obtained on treat-

ing the starting compound [Rh(MeCN)3(triphos)]31 withcated for a number of five-coordinate RhI and IrI com-
plexes[6] [7] [8] [9] [10] [11] [12] [13]. The kinetic lability of MI2P two equivalents of the potentially chelating ligands L.

These results prompted the present comparative study ofbonds (M 5 Rh, Ir) can also lead to structural fluxionality
at higher temperatures. For instance dissociation of a tri- fluxionality and phosphane arm-off reactions for analogous

isoelectronic octahedral RuII complexes. Our continuingphosphane arm in [IrCl(CO)(triphos)] at room temperature
enables exchange between the two phosphorus environ- choice of diorganyldithiocarbamates and heterocyclic

thioamides as ligands L was motivated by their ability toments and the 31P-NMR spectrum consists solely of a sin-
glet at δ 5 216.1[14]. An explanation for this behavior has coordinate in both a mono- or bidentate fashion[18] [19], by

the pronounced trans effect of their sulfur donor atoms andbeen sought in the marked reduction in ring strain that may
be achieved on going from the facial κ3P geometry in an by their relatively restricted steric demands owing to a small

chelating angle of bite. The ambidentate thioamides18e2 trigonal-bipyramidal complex to the open κ2P ge-
ometry of a square planar 16e2 species[11] [15]. mpym2, mpy2 (Hmpy 5 2-mercaptopyridine), and

mmim2(Hmmim 5 2-mercapto-1-methylimidazole) wereThe idealized P2M2P angles in octahedral RhIII or IrIII

complexes provide a relatively unstrained κ3P geometry for employed for a mechanistic study of isomer formation for
complex cations of the type [RuL2(triphos-κ2P)]1 anda tripodal polyphosphane, so that the energetic advantage

of an open κ2P coordination mode should be less pro- [RuL2(triphosO-κ2P)]1 [triphosO is O5P(Ph)2CH2-
C(CH3)(CH2PPh2)2].nounced than for five-coordinated MI complexes. However

an arm-off dissociation has been implicated for the reaction
Resultsof the octahedral RhIII complexes [RhL3(triphos)] (L 5 Me,

H) with CO and H2
[7] [15] and 1H- and 31P-NMR evidence Treatment of [Ru(MeCN)3(triphos)](CF3SO3)2 (1) with

selected anionic ligands L affords the octahedral complexeshave been presented for a κ3Pvκ2P equilibrium of the tri-
phosphane ligand in solutions of [RhMe2(MeCN)- [Ru(Et2NCS2)(MeCN)(triphos)](CF3SO3) (2), [Ru(pyrdtc)-

(MeCN)(triphos)](CF3SO3) (3) (pyrdtc2 5 pyrrolidindithi-(triphos)]1 at room temperature[11]. We ourselves have re-
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ocarbamate), [Ru(mbt)(MeCN)(triphos)](CF3SO3) (4) close to the idealised octahedral angle, both P(1)2Ru2P(3)

and P(2)2Ru2P(3) narrow markedly [84.7(1), 86.4(1)°]. A(Hmbt 5 2-mercaptobenzothiazole), and [Ru(mpym)-
(MeCN)(triphos)](CF3SO3) (5) (schemes 1 and 2). Monon- marked trans influence of the thioamide sulfur atom is not

apparent, indeed Ru2P(2) [2.302(2) Å] is slightly shorteruclear structures for the complex cations of 225 are con-
firmed by their highest FAB mass peaks, which each corre- than Ru2P(1) or Ru2P(3) [2.314(2), 2.307(2) Å]. It is in-

structive to contrast the formation of octahedral monoca-spond to [M 2 MeCN 2 CF3SO3]1. In contrast, the re-
duced steric demands of the facially coordinated cyclic tions in 225 with the recently reported five-coordinated

product [Rh(bdt)(triphos)]1 of the reaction ofthioether 1,4,7-trithiacyclononane ([9]aneS3) allow the
adoption of tridentate µ-1κS:2κ2S,S9 and µ-1κS:2κ2N,S [RhCl3(triphos)] with Na2(bdt) [bdt 5 o-benzenedithiol-

ate(22)] [22]. The angle of bite of the κ2S coordinated o-bridging modes by respectively Me2NCS2
2 and mbt2 in the

dinuclear complexes [{Ru(µ-Me2NCS2)([9]aneS3)}2]- benzenedithiolate ligand is no less than 20.3° wider than
that of the κ2N,S chelating 2-mercaptobenzothiazolate li-(CF3SO3)2

[20] and [{Ru(µ-mbt)([9]aneS3)}2](CF3SO3)2
[21].

The latter coordination pattern has also been reported for gand in 4. This finding suggests that the large Tolman cone
angle of at least 220° for the tripodal polyphosphane li-the organometallic half-sandwich complex [{Ru(µ-

mtz)(C6H6)}2Cl]Cl[18] (Hmtz 5 2-mercapto-2-thiazoline). gand[23] will prevent the occupation of the potential sixth
coordination site in [Rh(bdt)(triphos)]1.Scheme 1. [Ru(Et2NCS2)(MeCN)(triphos)]1 cation of 2 and

[Ru(pyrdtc)(MeCN)(triphos)]1 cation of 3
Figure 1. Molecular structure of the cation of 4. Phenyl rings are

omitted for clarity[a]

Scheme 2. [Ru(mbt)(MeCN)(triphos)]1 cation of 4 and
[Ru(mpym)(MeCN)(triphos)]1 cation of 5

[a] Selected bond lengths [Å] and angles [°]: Ru2P(1) 2.314(2),
Ru2P(2) 2.302(2), Ru2P(3) 2.307(2), Ru2S(1) 2.503(2), Ru2N(1)
2.242(6), Ru2N (61) 2.095(5), S(1)2C(1) 2.242(6), Ru2N(61)
2.095(5), S(1)2C(1) 1.714(8), S(2)2C(1) 1.723(8), S(2)2C(3)
1.735(9), S(1)2Ru2P(2) 168.9(1), N(1)2Ru2P(3) 169.9(2),
N(61)2Ru2P(1) 178.2(2), P(1)2Ru2P(2) 90.6(1), P(1)2Ru2P(3)
84.7(1), P(2)2Ru2P(3) 86.4(1), S(1)2Ru2N(1) 66.1(2).

Stereochemical non-rigidity is observed for each of the
monocations of 225 at room temperature. Whereas a dou-
blet and triplet at an integral ratio of 2:1 would be expected
for the magnetically inequivalent phosphorus atoms of the
diorganyldithiocarbamate complexes 2 and 3, their 31P-
NMR spectra in various solvents (CDCl3, MeOD, [D6]ace-
tone) consist of a single broad uncontoured resonance (inFigure 1 depicts the molecular structure of the mono-

cation of 4. As a result of the very small angle of bite CDCl3 2 δ 5 22236, 3 δ 5 22232) at ambient temperature
[see Figure 2(a)]. As illustrated for 2 in Figure 2(b), cooling[S(1)2Ru2N(1) 5 66.1(2)°] of the coordinating hetero-

cyclic thioamide mbt2, an acetonitrile ligand can occupy to 230°C provides the predicted spin pattern with resolved
doublets (2 δ 5 26.10, 3 δ 5 25.70) for the P atoms transthe vacant sixth position of a coordination octahedron.

However, the narrow S(1)2Ru2N(1) angle causes pro- to the diorganyldithiocarbamate S atoms and a triplet (2
δ 5 27.44, 3 δ 5 28.56) for the single P atom trans to aceto-nounced distortions in the geometry of the chelating poly-

phosphane cage. Whereas P(1)2Ru2P(2) [90.6(1)°] remains nitrile. Each of the phosphorus atoms in the thioamide-con-
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Figure 3. 31P-NMR spectrum of 4 in CDCl3: (a) at room tempera-taining cations of 4 and 5 should generate its own separate

ture, (b) at 230°C.31P-NMR resonance. In fact, the fluxional behavior of 4 in
CDCl3 solution leads to the observation of only two broad
resonances at room temperature [Figure 3(a)]. Although
three signals can be identified for 5 at this temperature, they
are likewise broad and without fine structure. As may be
seen for 4 in Figure 3(b), cooling to 230°C once again pro-
vides stereochemical rigidity and three individual triplets (4
δ 5 20.92, 31.52, 36.53; 5 δ 5 19.89, 28.05, 37.59) appear in
the 31P-NMR spectrum at this temperature. The 1H-NMR
spectra of 225 are also in accordance with cation fluxional-
ity at room temperature. For instance, whereas only a single
broad resonance at δ 5 2.43 can be observed for the triphos
CH2 protons of 2 at 25°C, three multiplets can be identified
in CDCl3 solution at 230°C: δ 5 2.19, 2.30, 2.68). Restric-
ted rotation about the diorganyldithiocarbamate C2N
bond also leads to the observation of two signals for the
ethyl CH2 protons of this cation at 230°C (δ 5 3.64, 3.84),
which then coalesce to a single resonance (δ 5 3.82) at am-
bient temperature.

Figure 2. 31P-NMR spectrum of 2 in CDCl3: (a) at room tempera-
ture, (b) at 230°C.

changed on raising the solution temperature from 230°C
to 25°C and, therefore, provide no evidence for a rapid
acetonitrile exchange process. This finding prompted us to
investigate whether fluxionality is also a general phenom-
enon for other sterically crowded RuII complexes of the type
[Ru(Et2NCS2)(Y)(triphos)]n1 (6, n 5 1, Y 5 CO; 7, n 5 0,
Y 5 CN2 8, n 5 0, Y 5 H2) depicted in Scheme 3. How-
ever, 1H and 31P NMR spectra for 628 in [D6]DMSO or
CDCl3 at both 25°C or 60°C indicate that these non-aceto-
nitrile complexes are, in fact, all stereochemically rigid in
solution. Pronounced highfield shifts are apparent for the
P atom in trans position to the monodentate ligand Y in
both 6 (6, L 5 CO, δ 5 3.54) and the hydride complex 8
(δ 5 5.29).

The implicated lack of triphos arm-off dissociation for
RuII complexes of the type [Ru(L)(Y)(triphos)]n1 in solu-
tion led us to investigate whether κ2P coordinated triphos
complexes with a dangling phosphone arm can be stabilized
by the presence of an excess of a small bite chelating ligand
such as Et2NCS2

2, mpym2, mpy2, or mmim2. A facial
replacement of one binding P atom is observed when
[Rh(MeCN)3(triphos)]31 is treated with two equivalents ofBoth CH3CN and phosphane arm-off dissociation can be

discussed as possible mechanisms to explain the stereo- bidentate ligands L, thereby yielding[16] [17] κ2P coordinated
complexes such as [Rh(R2NCS2-κ2S)2(triphos-chemical non-rigidity of the cations [Ru(L)-

(MeCN)(triphos)]1 of 225 in solution at 25°C. The posi- κ2P)][CF3SO3] (R 5 Et, Me) or [Rh(mpym-
κ2N,S)2(triphos-κ2P)][CF3SO3]. In contrast, retention of ation and width of the sharp MeCN singlets in the 1H-NMR

spectra of these complexes in CDCl3 (230°C: 2 δ 5 1.80, κ3S facial coordination mode has been reported for the cy-
clic thioether [9]aneS3 in [Rh(mpym-κ2N,S)(mpym-3 δ 5 1.87, 4 δ 5 1.87, 5 δ 5 1.61) remain effectively un-
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Scheme 3. [Ru(Et2dtc)(CO)(triphos)]1 cation of 6 and molecules 38240, the phosphorus resonances of 9 (δ 5 19.06, 32.37)

[Ru(Et2dtc)(L)(triphos)]1 [(L 5 CN (7), H (8)] are now completely absent. It may be assumed that the driv-
ing force for the κ3PRκ2P arm-off reaction will be provided
by the thermodynamic advantage of κ2S chelation of both
Et2NCS2

2 ligands. However, this process proceeds much
more slowly than for the analogous RhIII complexes, for
which intermediate products of the type [Rh(R2NCS2-
κ2S)(R2NCS2-κS)(triphos-κ3P)]1 cannot be isolated[16].

Scheme 4. [Ru(Et2dtc)2(triphos)] (9) and [Ru(Et2dtc)2(triphosO)]
(10)

κS)([9]aneS3-κ3S)][CF3SO3] [19] and [Ru(mbt-κ2N,S)(mbt-
κS)([9]aneS3-κ3S] [21]. The presence of both mono- and bi-
dentate dimethyldithiocarbamate ligands has been con-
firmed for the organometallic half-sandwich complex
[Rh(η5-C5Me5)(Me2NCS2-κ2S)(Me2NCS2-κS)] [24].

Treatment of 1 with Na(Et2NCS2) at a 1:2 or 1:3 ratio
affords the κ3P-triphos coordinated complex [Ru(Et2NCS2- The reaction of 1 with 2 equivalents of the ambidentate

heterocyclic thioamides mpym2, mpy2, and mmim2 wasκ2S)(Et2NCS2-κS)(triphos-κ3P)] (9), whose structure
(Scheme 4) was established by elemental analysis, FAB mass studied to provide information on possible preferred isomer

formation for products of the type [Ru(L)2(triphosO-κ2P)].spectrometry, and NMR spectroscopy. 9 exhibits a doublet
at δ 5 19.06 for the P atoms trans to the κ2S coordinated As for diethyldithiocarbamate Et2NCS2

2, κ3P-triphos co-
ordinated complexes [Ru(mpym-κ2N,S)(mpym-κS)-chelating ligand and a triplet at δ 5 32.37 for the remaining

P atom trans to the monodentate Et2NCS2
2 ligand. The (triphos)] (11) and [Ru(mpy-κ2N,S(mpy-κS)(triphos)] (12)

can be isolated in high yield at room temperature. Both arepresence of a singlet at δ 5 ca. 225 to 230 would be
characteristic for the P atom of a free dangling phosphane once again stereochemically rigid in solution at 25°C and

may be characterized by their FAB MS basis peaks [M]1arm in a κ2P coordinated complex[16] [17]. Both the 1H- and
31P-NMR spectra are in accordance with stereochemical and the presence of three 31P NMR triplets in the range

δ 5 21.5229.2. In contrast to 10 or 12, the 2-mercaptopyri-rigidity of 9 in CDCl3 solution at 25°C. However attempts
to recrystallize 9 from an ethanol/acetone solution under midinate complex 11 is stable in solution under air and may

be recrystallized from CHCl3/MeOH to afford crystals suit-air led to formation of the κ2P coordinated complex
[Ru(EtNCS2-κ2S)2(triphosO-κ2P)] (10) over a period of 14 able for X-ray analysis (Figure 4). The small angle of bite

[S(1)2Ru2N(1) 65.9(2)°] of the coordinating thioamided in relatively good yield (50%). The oxidation of the unco-
ordinated P atom is confirmed by the observation of a FAB causes a marked narrowing of the opposite P(2)2Ru2P(3)

angle to 85.0(1)°. As a result of the weaker trans influenceMS basis peak m/z for [M]1 at 1038, by a characteristic IR
absorption band for ν̃(PO) at 547 cm21, and by the pres- of N, the Ru2P(2) distance of 2.291(2) Å is somewhat

shorter than for the remaining triphos P atoms [2.301(2),ence of a typical 31P-NMR resonance at δ 5 26.86, a value
very similar to that of 27.18 found for the analogous RhIII 2.322(2) Å]. On leaving 12 to stand in CHCl3 solution un-

der air a color change from yellow to orange may be fol-complex [Rh(Et2NCS2-κ2S)2(triphosO-κ2P)]Cl[16]. It is pos-
sible to follow the required κ3PRκ2P arm-off reaction of lowed over a period of 3 d and the triphosO-κ2P complex

[Ru(mpy-κ2N,S)2(triphosO-κ2P)] (13) may be isolated in ef-the initially κ3P coordinated triphos in 9 by 31P NMR spec-
troscopy. After 2d, respective singlets at δ 5 226.00 and fectively quantitative yield after 14 d. Rapid oxidation of

the dangling phosphane arm is typical for analogous κ2P26.86 for the dangling phosphorus atom in κ2P coordinated
triphos and its oxidation product triphosO in the final coordinated RhIII complexes[16] [17] and has also been re-

ported for square-planar RhI and NiII complexes[6] [25].product 10 can be identified. These resonances also appear
in the 31P-NMR spectrum of the mixture of Whereas 12 exhibits three triplets for its magnetically in-

equivalent P (δ 21.55, 26.60, 29.17 ppm) atoms, a singlet at[Ru(Et2NCS2)2(triphos-κ2P)] and [Ru(Et2NCS2)2(triphos-
O-κ2P)] present after 7 d in a CDCl3 solution of 9 exposed δ 5 25.89 and an AB pattern at δ 5 42.45 for two nuclei

with closely similar chemical shifts were recorded for 13.to air. Whereas overlapping signals for the coordinated P
atoms of these complexes may be located in the range δ 5 The position of the former resonance is typical for the oxid-
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Figure 5. Molecular structure of 14. Phenyl rings are omitted forized phosphorus of triphosO and the latter spin system

clarity[a]
would be expected for either the OC-6-22 (N trans to N) or
OC-6-13 (S trans to S) isomer but not the third possible
OC-6-32 (S trans to N) isomer of Scheme 6. Although at-
tempts to obtain crystals suitable for X-ray analysis re-
mained unsuccessful, the molecular structure of the anal-
ogous κ2P-triphosO complex [Ru(mmim-κ2N,S)2(triphosO-
κ2P)] (14) was determined. As previously also established
for two RhIII complexes [Rh(mpy-κ2N,S)2(triphosO-
κ2P)]Cl[16] and [Rh(mmim-κ2N,S)2(triphosO-κ2P)]-
[CF3SO3] [17], 14 is present as the OC-6-13 isomer. The ob-
servation of individual resonances for the coordinated tri-
phosO P atoms (δ 5 47.8, 49.9) and the duplication of the
mmim2 methyl singlet (δ 5 2.94, 2.98) and aromatic proton
doublets (δ 5 5.93, 6.09, 6.52, 6.61) indicates that the mo-
lecular geometry of 14 must deviate significantly from an
idealized C2 symmetry. This is confirmed by the observed
distortions in the RuII coordination sphere of the X-ray
structure (Figure 5). In view of the similarity of the 31P
NMR data for 13 and 14 it seems reasonable to assume that
the former complex is also present as the OC-6-13 isomer
with S atoms in trans position to one another.

Figure 4. Molecular structure of 11. Phenyl rings are omitted for
clarity[a]

[a] Selected bond lengths [Å] and angles [°]: Ru2P(1) 2.239(5),
Ru2P(3) 2.242(5), Ru2S(1) 2.480(6), Ru2S(2) 2.457(6), Ru2N(1)
2.155(4), Ru2N(3) 2.21(2), N(3)2Ru2P(1) 172.8(5),
N(1)2Ru2P(3) 169.6(5), S(1)2Ru2S(2) 156.1(2), P(1)2Ru2P(3)
89.2(5), N(1)2Ru2S(1) 66.9(5), N(3)2Ru2S(2) 68.1(5).

Scheme 5. [Ru(mpym)2(triphos)] (11) and [Ru(mpy)2(triphos)] (12)

[a] Selected bond lengths [Å] and angles [°]: Ru2P(1) 2.301(2),
Ru2P(2) 2.291(2), Ru2P(3) 2.322(2), Ru2S(1) 2.488(2), Ru2S(22)
2.451(2), Ru2N(1) 2.142(7), S(22)2Ru2P(1) 168.3(1),
N(1)2Ru2P(2) 170.3(1), S(1)2Ru2P(3) 170.3(1), P(1)2Ru2P(2)
89.3(1), P(1)2Ru2P(3) 91.0(1), P(2)2Ru2P(3) 85.0(1),
S(1)2Ru2N(1) 65.9(2).

Our present results indicate that the fluxionality of octa-
hedral RuII complexes [Ru(L)(MeCN)(triphos-κ3P)]1 of bi-
dentate ligands L2 results from a facile acetonitrile dis-
sociation to a five-coordinate species [Ru(L)(triphos- plexes such as [Ru(Et2NCS2-κ2S)(Et2NCS2-κS)(triphos-

κ3P)] (9) or the analogous mpym2 and mpy2 complexes 11κ3P)]1. In contrast to the analogous acetonitrile complexes,
κ3P-triphos compounds of the type [Ru(L)(Y)(triphos- and 12. However 9 and 12 do exhibit a slow arm-off phos-

phane dissociation and subsequent oxidation to afford theκ3P)]n1 (n 5 1, Y 5 CO; n 5 0, Y 5 CN2, H2) are stereo-
chemically rigid in solution at both 25°C and 60°C. Arm- thermodynamically favorable bis-chelates [Ru(Et2NCS2-

κ2S)2(triphosO-κ2P)] (10) and [Ru(mpy-κ2N,S)2(triphosO-off κ3PRκ2P reactions are apparently less favorable for
RuII than for RhIII, thereby allowing the isolation of com- κ2P)] 13. As 13 and 14 are both formed from κ3P-triphos
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[Ru(pyrdtc)(MeCN)(triphos)](CF3SO3) (3): The preparationScheme 6. Possible isomers of [Ru(mpy)2(triphosO)] 13

of 3 was performed using 1 and NH4(pyrdtc) (pyrdtc2 5 pyrrolidi-
nedithiocarbamate) under conditions analogous to those for 2.
Yield 119.5 mg (75%). 2 FAB MS, m/z (%): 872 (100) [M 2 MeCN
2 CF3SO3]1. 2 1H NMR (CDCl3, 230°C): δ 5 58 (s, 3 H, CH3

triphos), 1.87 (s, 3 H, MeCN), 1.97, 2.08, 2.14 (332 H, 3 m, CH2

pyrdtc2 and triphos), 2.32 (m, 2 H, CH2 triphos), 2.64 (m, 2 H,
CH2 triphos), 3.64 (m, 4 H, CH2 pyrdtc2), 6.8727.39 (m, 30 H,
Ph triphos). 2 31P NMR (CDCl3, 230°C): δ 5 5.70 (d, 2 P, trans to
pyrdtc2), 28.56 (t, 1 P, trans to MeCN). 2 C49H50F3N2O3P3RuS3

(1062.1): calcd. C 55.4, H 4.7, N 2.6; found C 54.5, H 5.1, N 2.3.

[Ru(mbt)(MeCN)(triphos)](CF3SO3) (4): 2-Mercaptobenzo-
thiazole Hmbt (25.2 mg, 0.15 mmol) was dissolved in 10 ml MeOH
in the presence of 0.15 mmol 1  NaOH. After addition of 1 (172.0
mg, 0.15 mmol) the reaction mixture was heated for 2 h at reflux
and subsequently filtered; the volume of the red-brown solution
was then reduced to 1 ml. Standing at 218°C led to crystallization
of yellow-brown prisms of 4 · 1/2 MeOH suitable for X-ray analysis.
Yield 120.2 mg (73%). 2 FAB MS, m/z (%): 892 (100) [M 2 MeCN
2 CF3SO3]1. 2 1H NMR (CDCl3, 230°C): δ 5 1.59 (s, 3 H, CH3

triphos), 1.87 (s, 3 H, MeCN), 2.27 (m, 2 H, CH2 triphos), 2.46
(m, 3 H, CH2 triphos), 2.60 (m, 1 H, CH2 triphos), 6.30 (d, 1 H,
mbt), 6.8027.39 (m, 32 H, Ph triphos and mbt), 7.68 (d, 1 H, mbt).complexes it may be assumed that the first reaction stage
2 31P NMR (CDCl3, 230°C): δ 5 20.92 (t, 1 P), 31.52 (t, 1 P),

will involve a slow κ3P v κ2P dissociation. This must be 36.43 (t, 1 P). 2 C51H46F3N2O3P3RuS3 ·0.5 MeOH (1098.1): calcd.
followed by rapid isomerisation of the five-coordinated in- C 56.3, H 4.4, N 2.6; found C 55.9, H 4.4, N 2.4.
termediate to allow nucleophilic attack of the N atom of

[Ru(mpym)(MeCN)(triphos)](CF3SO3) (5): The preparationthe previously κS coordinated thioamide at a site trans to a
of 5 was carried out with 1 and 2-mercaptopyrimidine (Hmpym)

κ2P-triphos phosphorus. The resulting octahedral complex
in a manner analogous to that employed for 4. Yield 126.3 mg

will then exhibit the observed OC-6-13 geometry. Relief of (82%). 2 FAB MS, m/z (%): 986 (2) [M1], 837 (100) [M 2 MeCN
steric crowding and the energetic advantage of the associ- 2 CF3SO3]1. 2 1H NMR (CDCl3, 230°C): δ 5 1.61 (s, 3 H,
ated formation of a second κ2S or κ2S,N chelate may be MeCN), 1.63 (s, 3 H, CH3 triphos), 2.05 (m, 1 H, CH2 triphos),
presumed to provide the driving force behind such a triphos 2.26 (m, 2 H, CH2 triphos), 2.78 (m, 3 H, CH2 triphos), 6.6027.56

(m, 31 H, Ph triphos and mpym), 7.78 (d, 1 H, mpym), 8.45 (d, 1arm-off dissociation.
H, mpym). 2 31P NMR (CDCl3, 230°C): δ 5 19.89 (t, 1 P), 28.05
(t, 1 P), 37.59 (t, 1 P). 2 C48H45F3N3O3P3RuS2 (1027.0): calcd. CExperimental Section
56.1, H 4.4, N 4.1; found C 55.4, H 5.1, N 3.6.

Where not otherwise stated reactions were performed under Ar
[Ru(Et2NCS2)(CO)(triphos)](CF3SO3) (6): CO was bubbledin carefully dried solvents. 2 FAB MS: Fisons VG Autospec with

through a solution of 2 (119.7 mg, 0.11 mmol) in 20 ml CH2Cl23-nitrobenzyl alcohol as the matrix. 2 FT-IR: KBr, Perkin-Elmer
leading to loss of the initial deep red color. After filtration and1760. 2 1H and 31P{1H} NMR: Bruker AM 400; chemical shifts
reduction in volume to 2 ml addition of 10 ml of diethyl ether ledare reported as δ values relative to the signal of the deuterated
to precipitation of 6 which was centrifuged off and dried in vac-solvent (for 1H) or relative to 85% H3PO4 as external standard
uum. Yield 87.9 mg (76%). 2 FAB MS, m/z (%): 902 (26) [M 2(for 31P). 2 Elemental analyses: Carlo Erba 1106. 2 The starting
CF3SO3]1, 874 (87) [M 2 CO 2 CF3SO3]1. 2 1H NMRcompound [Ru(MeCN)3(triphos)][CF3SO3] (1) was prepared ac-
([D6]DMSO): δ 5 1.14 (t, 6 H, CH3 Et2NCS2), 1.70 (s, 3 H, CH3cording to the literature procedure[26] from RuCl3 ·x H2O, which
triphos), 2.5322.85 (m, 6 H, CH2 triphos), 3.54 (m, 2 H, CH2was a gift from Degussa AG.
Et2NCS2), 3.71 (m, 2 H, CH2 Et2NCS2), 6.9427.49 (m, 30 H, Ph[Ru(Et2NCS2)(MeCN)(triphos)](CF3SO3) (2): Na(Et2-
triphos). 2 31P NMR ([D6]DMSO): δ 5 3.54 (t, 1 P, trans to CO),NCS2) ·3 H2O (33.8 mg, 0,15 mmol) was added to a solution of 1
21.20 (d, 2 P, trans to Et2NCS2). 2 IR: ν̃ 5 2002 s cm21 (CO). 2(172.0 mg, 0.15 mmol) in 10 ml of MeOH and the reaction mixture
C48H49F3NO4P3RuS3 (1051.1): calcd. C 54.9, H 4.7, N 1.3; foundheated at reflux for 3 h. After filtration the red solution was re-
C 53.4, H 4.6, N 1.7.duced in volume to 3 ml and left to stand at room temperature to

afford a yellow precipitate of 2 within 24 h. Recrystallisation from [Ru(CN)(Et2NCS2)(triphos)] (7): NaCN (4.4 mg, 0.09 mmol)
was added to 1 (95.2 mg, 0.09 mmol) in 10 ml of ethanol and theethanol provided 2 · 0.5 C2H5OH. Yield 111.0 mg (68%). 2 FAB

MS, m/z (%): 874 (100) [M 2 MeCN 2 CF3SO3]1. 2 1H NMR reaction mixture stirred for 18 h at room temperature. The resulting
solid was filtered off and redissolved in 2 ml of CH2Cl2. Addition(CDCl3, 230°C): δ 5 1.24 (t, 6 H, CH3 Et2NCS2), 1.58 (s, 3 H,

CH3 triphos), 1.80 (s, 3 H, MeCN), 2.19 (m, 2 H, CH2 triphos), of 10 ml of diethyl ether led to precipitation of 7 which was dried
in vacuum. Yield 54.3 mg (67%). 2 FAB MS, m/z (%): 900 (26)2.30 (m, 2 H, CH2 triphos), 2.68 (m, 2 H, CH2 triphos), 3.64 (m,

2 H, CH2 Et2NCS2), 3.84 (m, 2 H, CH2 Et2NCS2), 6.8727.38 (m, [M]1, 874 (14) [M 2 CN]1, 752 (3) [M 2 Et2dtc]1. 2 1H NMR
([D6]DMSO): δ 5 1.08 (t, 6 H, CH3 Et2NCS2), 1.42 (s, 3 H, CH330 H, Ph triphos). 2 31P NMR (CDCl3, 230°C): δ 5 26.10 (d, 2

P, trans to Et2NCS2), 27.44 (t, 1 P, trans to MeCN). 2 triphos), 2.2022.45 (m, 6 H, CH2 triphos), 3.43 (m, 2 H, CH2

Et2NCS2), 3.67 (m, 2 H, CH2 Et2NCS2), 6.7727.79 (m, 30 H, PhC49H52F3N2O3P3RuS3 ·0.5 C2H5OH (1088.2): calcd. C 55.2, H 5.1,
N 2.6; found C 55.0, H 5.4, N 2.3. triphos). 2 31P NMR ([D6]DMSO): δ 5 19.26 (t, 1 P, trans to CN),
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27.40 (d, 2 P, trans to Et2NCS2). 2 IR: ν̃ 5 2094 s cm21 (CN). 2 26.60 (t, 1 P), 29.17 (t, 1 P). 2 C51H47N2P3RuS2 ·CHCl3 (1065.4):

calcd: C 58.6, H 4.5, N 2.6; found C 58.0, H 4.9, N 2.6.C47H49N2P3RuS (900.0): calcd. C 62.7, H 5.5, N 3.1; found C 61.8,
H 5.9, N 3.1.

[Ru(mpy-κ2N,S)2(triphosO-κ2P) (13): On leaving a reaction
solution of 12 in CHCl3 to stand under air the color changed over[Ru(Et2NCS2)(H)(triphos)] (8): NaBH4 (11.3 mg, 0.3 mmol)

was added to 1 (108.8 mg, 0.1 mmol) in 20 ml at room temperature 3 d from yellow to orange. After 14 d the solution was reduced in
volume to afford 13 as a yellow solid. C51H47N2OP3RuS2 (962.1):leading to gas formation and lightening of the solution color. After

stirring at room temperature for 18 h the resulting solid was filtered calcd. C 63.7, H 4.9, N 2.9; found C 62.8, H 5.2, N 2.8. 2 FAB
MS, m/z (%): 962 (84) [M]1, 852 (30) [M 2 mpy]1. 2 1H NMRoff, washed with ethanol and ethyl ether and dried in vacuum.

Yield 66.5 mg (76%). 2 FAB MS, m/z (%): 874 (100) [M 2 H]1. (CDCl3) 0.63 (s, 3 H, CH3 triphosO), 2.19 (m, 2 H, CH2 triphosO),
2.58, 2.79, 2.86, 3.19 (m, 4 H, CH2 triphosO), 6.06 (m, 2 H, mpy),2 1H NMR (CDCl3): δ 5 25.47 (d, 1 H, 2JPH (trans to H) 5 109.4

Hz, 2JPH (trans to S) 5 16.6 Hz), 1.24 (t, 6 H, CH3 Et2NCS2), 1.38 6.22, 6.37 (d, 2 H, mpy), 6.76, 6.82 (m, 2 H, mpy) 6.9027.70 (m,
32 H, Ph triphosO and mpy). 2 31P NMR (CDCl3) 25.89 (s, 1 P,(s, 3 H, CH3 triphos), 2.1022.23 (m, 6 H, CH2 triphos), 3.61 (m,

2 H, CH2 Et2NCS2), 3.91 (m, 2 H, CH2 Et2NCS2), 6.8727.39 (m, P5O), 42.45 (AB system, 2 P). 2 IR: ν̃ 5 1200 m (νPO), 568 m
cm21 (δPO).26 H, Ph triphos), 7.74 (s, 4 H, Ph triphos). 2 31P NMR (CDCl3):

δ 5 5.29 (m, 1 P, trans to H), 47.10 (d, 2 P, trans to Et2NCS2). 2
[Ru(mmim-κ2N,S)2(triphosO-κ2P) (14): Hmmim (34.2 mg, 0.3IR: ν̃ 5 1846 s cm21 (RuH). 2 C46H50NP3RuS2 (875.0): calcd. C

mmol) was dissolved in 10 ml of MeOH in the presence of 0.3 ml63.1, H 5.8, N 1.6; found C 61.9, H 5.8, N 1.4.
of 1  NaOH. After addition of 1 (172.0 mg, 0.15 mmol) the solu-
tion was refluxed for 4 h and then left to stand under air for 2 d.[Ru(Et2NCS2-κ2S)(Et2NCS2-κS)(triphos)] (8): Na(Et2-

NCS2) ·3 H2O (67.0 mg, 0.3 mmol) was added to a solution of 1 This was followed by filtration and reduction in volume to 1 ml to
afford yellow-brown crystals of 14 at 4°C. Yield 100.2 mg (69%).(172.0 mg, 0.15 mmol) in 10 ml of MeOH and the reaction mixture

heated at reflux for 3 h. After filtration and reduction in volume 2 FAB MS, m/z (%): 968 (25) [M]1, 855 (100) [M 2 mmim]1. 2
1H NMR (CDCl3): δ 5 0.92 (s, 3 H, CH2 triphosO), 2.94, 2.98 (s,to 3 ml the resulting solution was left to stand at 4°C to afford a

yellow precipitate of 9 within 24 h. Yield 127.3 mg (83%). 2 FAB 6 H, CH3 mmim), 5.93, 6.09, 6.52, 6.61 (d, 4 H, CH mmim), 6.52
2 7.79 (m, 30 H, Ph triphosO). 2 31P NMR (CDCl3): δ 5 26.74MS, m/z (%): 874 (100) [M 2 Et2NCS2]1. 2 1H NMR (CDCl3):

δ 5 0.86, 1.01 (2 t, 236 H, CH3 Et2NCS2), 1.52 (s, 3 H, CH3 (s, 1 P, P5O), 47.8, 49.9 (AB system, 2 P). 2 IR: ν̃ 5 571 m cm
21 (δPO). 2 C49H49N4OP3RuS2 (968.1): calcd. C 60.8, H 5.1, Ntriphos), 2.23, 2.42 (m, 6 H, CH2 triphos), 3.31, 3.54 (m, 8 H, CH2

Et2NCS2), 6.6027.70 (m, 30 H, Ph triphos). 2 31P NMR (CDCl3): 5.8; found C 61.6, H 4.7, N 6.2.
δ 5 19.06 (d, 2 P, trans to Et2NCS2-κ2S), 32.37 (t, 1 P, trans to

X-Ray Structural Analyses Siemens P4 diffractometer, graphite-Et2NCS2-κS). 2 C51H59N2P3RuS4 (1022.3): calcd. C 59.9, H 5.8,
monochromated Mo-Kα radiation (λ 5 0.71073 Å). Semi-empiricalN 2.7; found C 59.8, H 5.0, N 2.6.
absorption corrections were applied to the intensity data by use of
ψ scans. The structures were solved by a combination of Patterson[Ru(Et2NCS2-κ2S)2(triphosO-κ2P) (10): Slow crystallization of

9 from an ethanol/acetone solution at room temperature under air and Fourier difference syntheses and refined by full-matrix least
squares against F for 4, 11, and 14 (SHELXTL PLUS pro-affords 10 in 50% yield over a period of 14 d. 2 FAB MS, m/z (%):

1038 (100) [M]1, 890 (41) [M 2 Et2NCS2]1. 2 1H NMR (CDCl3): grams[27]). Hydrogen atoms were included where possible at calcu-
lated positions with isotropic temperature factors[28].δ 5 0.8021.01 (m, 15 H, CH3 of Et2NCS2 and triphosO),

2.1323.60 (m, 14 H, CH2 of Et2NCS2 and triphosO), 6.8027.80
4 · 1/2 CH3OH: C51H46F3N2O3P3RuS3 ·1/2 CH3OH, M 5 1098.1,(m, 30 H, Ph triphosO). 2 31P NMR (CDCl3): δ 5 26.86 (s, 1 P,

orthorhombic, space group Pca21 (No. 29), a 5 17.3490(3), b 5P5O) 38.96, 40.38 (2d, 2 P, trans to Et2NCS2). 2 IR: ν̃ 5 574 m
11.315(4), c 5 25.440(6) Å, V 5 4994(2) Å3, Z 5 4, Dcalc 5 1.460cm21 (δPO). 2 C51H59N2OP3RuS4 (1038.3): calcd. C 59.0, H 5.7,
g?cm23, µ 5 0.59 mm21. Crystal size 0.42 3 0.48 3 0.49 mm; ωN 2.7; found C 58.5, H 5.3, N 2.6.
scan , scan range: 4 # 2θ # 50°(220 # h # 0, 213 # k # 0, 0
# l # 30), 4963 reflections collected, 4530 symmetry-independent[Ru(mpym-κ2N,S)(mpym-κS)(triphos) (11): Hmpym (33.6 mg,

0.3 mmol) was dissolved in 10 ml of MeOH in the presence of 0.3 reflections (Rint 5 0.049); max./min. transmission: 0.516/0.470; 613
parameters refined; w21 5 σ2(Fo) 1 0.003 Fo

2, R 5 0.040, Rw 5ml of 1  NaOH. After addition of 1 (172.0 mg, 0.15 mmol) and
refluxing for 3 h the solvent was removed and the resulting solid 0.044 for 3896 reflections with Fo

2 > 2σ(Fo
2); largest difference

peak: 0.55 eÅ23. The CF3SO3
2 anion exhibits rotational disorderdissolved in a CHCl3/MeOH mixture (2:3). Slow evaporation af-

forded yellow crystals of 11. Yield 122.0 mg (74%). 2 FAB MS, about the C2S axis and site occupation factors (s.o.fs) of 0.50 were
employed for the F and O atoms of the two observed orientations.m/z (%): 948 (1) [M]1, 837 (100) [M 2 mpym]1. 2 1H NMR

(CDCl3): δ 5 1.53 (s, 3 H, CH3 triphos), 2.05 (m, 1 H, CH2 Anisotropic temperature factors were introduced for all nonhydro-
gen atoms of the cation, the anion S atoms and the C and O atomstriphos), 2.45 (m, 2 H, CH2 triphos), 2.68 (m, 3 H, CH2 triphos),

5.62 (s, 1 H, mpym), 6.25 (s, 1 H, mpym) 6.6028.00 (m, 34 H, of a disordered methanol molecule (s.o.fs 5 0.5).
mpym and Ph triphos). 2 31P NMR (CDCl3): δ 5 25.17 (t, 1 P),

11 ·CHCl3 · CH3OH: C49H45N4P3RuS2 ·CHCl3 · CH3OH, M 526.39 (t, 1 P), 29.05 (t, 1 P). 2 C49H45N4P3RuS2 ·MeOH·CHCl3 1099.4, monoclinic, space group P21/c (No. 14), a 5 12.611(3), b 5(1099.4): calcd. C 55.7, H 4.6, N 5.1; found C 56.8, H 4.8, N 5.1.
21.605(4), c 5 18.757(4) Å, β 5 91.01(3)°, V 5 5110(2) Å3, Z 5

4, Dcalc 5 1.429 g?cm23, µ 5 0.68 mm21. Crystal size 0.32 3 0.39[Ru(mpy-κ2N,S)(mpy-κS)(triphos) (12): The preparation of 12
was performed with Hmpy and 1 under conditions analogous to 3 0.42 mm; ω scan , scan range: 4 # 2θ # 50° (0 # h #14, 225

# k # 0, 222 # l # 22), 9602 reflections collected, 8898 symmetry-those for 11. It was recrystallized within 1 d from a CHCl3 solution
covered with hexane. Yield 100.7 mg (63%). 2 FAB MS, m/z (%): independent reflections (Rint 5 0.032); max./min. transmission:

0.497/0.445; 512 parameters refined; w21 5 σ2(Fo) 1 0.001 Fo
2,947 (1) [M]1, 836 (100) [M 2 myp]1. 2 1H NMR (CDCl3): δ 5

1.43 (s, 3 H, CH3 triphos), 2.39 (m, 6 H, CH2 triphos), 5.94 (6, 1 R 5 0.061, Rw 5 0.058 for 5639 refelctions with Fo
2 > 2σ(Fo

2);
largest difference peak: 1.13 eÅ23. Anisotropic temperature factorsH, mpy), 6.15 (d, 1 H, mpy), 6.53 (t, 1 H, mpy), 6.7028.00 (m, 35

H, mpy and Ph triphos). 2 31P NMR (CDCl3): δ 5 21.55 (t, 1 P), were introduced for all nonhydrogen atoms.
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The reaction of (Me2N)3SiCH2CH2NMe2 with 2-amino-4- pound 7 was characterized by 1H, 13C, and 29Si solution-state
and 29Si solid-state NMR spectroscopy, in addition to single-nitrophenol (molar ratio 1:2) in acetonitrile yields the zwit-

terionic spirocyclic λ5Si-silicate [2-(dimethylammonio)ethyl]- crystal X-ray diffraction. The SiO2N2C framework of 7 is
characterized by five “normal” covalent bonds.bis[4-nitrobenzene-2-aminato-1-olato(22)]silicate (7). Com-

In the past few years, we have reported on the synthesis and
structural characterization of a series of zwitterionic λ5Si-
silicates, such as 1, [1a] 2 ·H2O,[1b] 3 ·DMF,[1c] 4, [1d] 5, [1d] and
6. [1e] These molecular pentacoordinate silicon compounds
contain an SiO4C (1, 2), SiO5 (3), SiF4C (4), SiF3C2 (5), or
SiO2FC2 (6) framework. With the synthesis of [2-(dimeth-
ylammonio)ethyl]bis[4-nitrobenzene-2-aminato-1-olato(22)]-
silicate (7), we have now succeeded in obtaining a zwit-
terionic λ5Si-silicate with an SiO2N2C unit. To the best of
our knowledge, this is the first pentacoordinate silicon com-
pound which is characterized by two “normal” covalent
Si2O and Si2N bonds (two of each) and one “normal”
covalent Si2C bond, rather than a bonding system involv-
ing four “normal” covalent bonds and one significantly
longer dative bond (411 coordination). [2] [3]

Results and Discussion

Compound 7 was synthesized according to Scheme 1, start-
ing from trichloro(vinyl)silane. The reaction of trichloro-
(vinyl)silane with a mixture of LiNMe2 and HNMe2 in
tetrahydrofuran gave tris(dimethylamino)[2-(dimethyl-
amino)ethyl]silane (8), in a yield of 86%, which was then
treated with two mol equivalents of 2-amino-4-nitrophenol
in acetonitrile to give 7, in a yield of 73%, as an orange-
colored crystalline solid. The identity of 7 was established mid: 24.6%, Si; 35.7%, Si9; pivotal atoms C1 and C19), [4]

with each of the axial positions occupied by the oxygenby elemental analysis (C, H, N), and both solution-state
([D6]DMSO; 1H, 13C, 29Si) and solid-state (29Si CP/MAS) atoms. The Si2O distances in the two molecules of 7

[1.806(6)21.829(6) Å] are marginally longer than those ob-NMR studies. In addition, 7 was characterized by a single-
crystal X-ray diffraction study. served for the axial Si2O distances of 1 and related spiro-

cyclic zwitterionic λ5Si-silicates containing ligands of theCompound 7 crystallizes in the space group Pc with two
crystallographically independent zwitterions in the asym- benzene-1,2-diolato(22) type (typical values: 1.7521.79

Å). [5] In contrast, the Si2C distances [1.875(9) Å, 1.867(8)metric unit. The structures of these two molecules (see Fig-
ure 1) are very similar. The geometries of the coordination Å] correspond to those observed for 1 and its derivatives

(typical values: 1.8721.89 Å). [5] The Si2N distancespolyhedra surrounding the central silicon atoms Si and Si9
can be described as strongly distorted trigonal bipyramidal [1.741(7)21.764(6) Å] are similar to those reported for the

equatorial Si2N bonds of azasilatranes (typical values:structures (transition trigonal bipyramid R square pyra-
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Scheme 1. Synthesis of the zwitterionic λ5Si-silicate 7 As would be expected from the presence of the potential

NH donor functions and acceptor atoms of 7, several inter-
molecular N2H···O interactions are observed in the crystal,
leading to the formation of a complex hydrogen bonding
network.[6]

In the 29Si CP/MAS NMR experiment, only one reso-
nance signal was obtained for the two crystallographically
independent silicon atoms (isotropic 29Si chemical shift: δ 5
277.2). As this chemical shift is very similar to that ob-
served for 7 in [D6]DMSO (δ 5 278.6), it is concluded
that the SiO2N2C framework is also present in solution. In
addition, the 1H chemical shifts observed for the NCH3 (s,
δ 5 2.63), CCH2N (m, δ 5 3.1823.23), and CNH groups
(br. s, δ 5 9.0) indicate the presence of an ammonium
group. These and all other NMR data (see Experimental
Section) are in accordance with the structure of 7 and thus
clearly demonstrate that this zwitterionic compound is also

Figure 1. Structures of the two crystallographically independent present in solution.zwitterions in the crystal of 7[a]

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie. We would like to
thank Professor D. Stalke, University of Würzburg, for helpful dis-
cussions in context with the crystal structure analysis.

Experimental Section
General: The syntheses were carried out under dry nitrogen. The

solvents used were dried and purified according to standard pro-
cedures and stored under nitrogen. 2 Melting points: DuPont In-
struments differential scanning calorimeter, type Thermal-Analyzer
910. 2 1H, 13C, and 29Si solution-state NMR spectra: recorded at
room temp. on a Bruker DRX-300 NMR spectrometer (1H, 300.1
MHz; 13C, 75.5 MHz; 29Si, 59.6 MHz); CDCl3 and [D6]DMSO
were used as solvents; chemical shifts (ppm) were determined rela-
tive to internal CHCl3 (1H, δ 5 7.24; CDCl3), CDCl3 (13C, δ 5

77.0; CDCl3), [D5]DMSO (1H, δ 5 2.49; [D6]DMSO), [D6]DMSO
(13C, δ 5 39.5; [D6]DMSO), and TMS (29Si, δ 5 0; CDCl3,
[D6]DMSO); assignment of the 13C-NMR data was supported by
DEPT 135 experiments. 2 29Si CP/MAS NMR: recorded at room
temp. on a Bruker DSX-500 NMR spectrometer at 11.74 T with
double air bearing rotors of ZrO2 (diameter 7 mm) containing 200
mg of sample [99.35 MHz; TMS as external standard (δ 5 0)]. 2

Mass spectra: Finnigan MAT-711 mass spectrometer (EI MS, 70
eV); the selected m/z values given refer to the isotopes 1H, 12C, 14N,
and 28Si.

[a] Selected distances [Å] and angles [°] (standard deviations in pa- [2-(Dimethylammonio)ethyl]bis[4-nitrobenzene-2-aminato-1-
rentheses): Si2O1 1.829(6), Si2O2 1.806(6), Si2N1 1.741(7), olato(22)]silicate (7): The triaminosilane (Me2N)3Si(CH2)2NMe2Si2N2 1.751(7), Si2C1 1.875(9); O12Si2O2 171.8(3), O12Si2N1

(8) (3.05 g, 13.1 mmol) was added dropwise at room temp. within86.6(3), O12Si2N2 89.3(3), O12Si2C1 92.9(4), O22Si2N1
90.0(3), O22Si2N2 87.0(3), O22Si2C1 95.3(4), N12Si2N2 2 min to a stirred solution of 2-amino-4-nitrophenol (4.04 g, 26.2
128.3(4), N12Si2C1 114.4(4), N22Si2C1 117.3(4). 2 Si92O19 mmol) in acetonitrile (50 ml). After the mixture was stirred for 2 h
1.821(6), Si92O29 1.809(6), Si92N19 1.753(7), Si92N29 1.764(6), at room temp., part of the solvent (ca. 25 ml) was removed at 40°CSi92C19 1.867(8); O192Si92O29 167.3(3), O192Si92N19 85.3(3),

under reduced pressure (formation of a precipitate). The precipitateO192Si92N29 89.2(3), O192Si92C19 94.6(3), O292Si92N19
89.0(3), O292Si92N29 85.9(3), O292Si92C19 98.1(3), was filtered off and recrystallized from acetonitrile (slow cooling
N192Si92N29 130.9(3), N192Si92C19 116.5(3), N292Si92C19 of a satd. boiling solution to room temp.) and dried in vacuo (0.01
112.5(4). Torr, 20°C, 6 h) to yield 3.88 g (73%) of orange-colored crystals,

mp. 230°C (decomp.). 2 1H NMR ([D6]DMSO): δ 5 0.9621.03
(m, 2 H, SiCH2C), 2.63 (s, 6 H, NCH3), 3.1823.23 (m, 2 H,

1.7321.77 Å). [3] All these data clearly demonstrate that the CCH2N), 5.68 (s, 2 H, SiNH), 6.40 [d, 3JHH 5 8.6 Hz, 2 H, 6-H,
SiO2N2C framework of 7 is built up by five “normal” cova- 4-nitrobenzene-2-aminato-1-olato(22) (NBAO)], 7.21 (d, 4JHH 5
lent bonds, and does not involve a bonding system in the 2.8 Hz, 2 H, 3-H, NBAO), 7.39 (dd, 3JHH 5 8.6 Hz, 4JHH 5 2.8
sense of the 411 coordination usually observed for penta- Hz, 2 H, 5-H, NBAO), 9.0 (br. s, 1 H, CNH). 2 13C{1H} NMR

([D6]DMSO): δ 5 15.0 (SiCH2C), 38.9 (NCH3), 53.7 (CCH2N),coordinate silicon species with Si2N bonds.
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99.6 (C-3, NBAO), 105.3 (C-6, NBAO), 112.7 (C-5, NBAO), 135.4, a satd. boiling solution to room temp.). The crystal was mounted

in inert oil (RS 3000, Riedel-de Haën) on a glass fiber and then138.9, and 157.3 (odd NBAO C atoms). 2 29Si{1H} NMR
([D6]DMSO): δ 5 278.6. 2 29Si CP/MAS NMR (spinning rate transferred to the cold gas stream of the diffractometer (Enraf-

Nonius four-circle diffractometer; graphite-monochromated Mo-4383 Hz, 308 transients, contact time 7 ms, 90° 1H transmitter pulse
length 6.8 µs, repetition time 25 s): δ 5 277.2 (υ1/2 5 267 Hz). 2 Kα radiation (λ 5 0.71073 Å); for the low-temp. attachment, see

ref. [7]). Cell parameters were obtained from least-squares fits to theC16H19N5O6Si (405.4): calcd. C 47.40, H 4.72, N 17.27; found C
47.7, H 4.7, N 17.3. settings of 25 reflections in the range of 20° # 2θ # 25°. No signifi-

cant deviations in intensity were registered for two monitor reflec-Tris(dimethylamino)[2-(dimethylamino)ethyl]silane (8): A 1.6 
tions recorded at regular intervals. The structure was solved by di-solution of n-butyllithium in hexane (312 ml, 499 mmol of nBuLi)
rect methods (program SHELXS-96)[8a] and refined on F2 (pro-was added dropwise at 225°C within 40 min to a stirred solution
gram SHELXL-96). [8b] The non-hydrogen atoms were refined an-of dimethylamine (29.3 g, 650 mmol) in THF (150 ml). After the
isotropically; for the refinement of the hydrogen atom positions amixture was warmed to 215°C within 30 min and stirred for 1 h
riding model was employed. Further information about the crystalat this temp., a solution of trichloro(vinyl)silane (24.2 g, 150 mmol)
data, data collection, and structure refinement is summarized inin THF (150 ml) was added dropwise at 215°C within 30 min. The
Table 1. Crystallographic data (excluding structure factors) for theresulting mixture was stirred for 14 h at 25°C, and a solution of
structure reported in this paper have been deposited at the Cam-chlorotrimethylsilane (6.52 g, 60.0 mmol) in THF (20 ml) was ad-
bridge Crystallographic Data Centre as supplementary publicationded dropwise. The mixture was stirred for 2 h at 215°C and then
no. CCDC-100592. Copies of the data can be obtained freeallowed to warm to room temp. After the precipitate was filtered
of charge on application to CCDC, 12 Union Road, Cambridgeoff and the solvent removed under reduced pressure, n-pentane (100
CB2 1EZ, UK [Fax: (internat.) 144 (1223) 336-033; E-mail:ml) was added to the residue. The resulting precipitate was filtered
deposit@ccdc.cam.ac.uk].off, the solvent removed under reduced pressure, and the residue

distilled in vacuo to give 30.1 g (86%) of a colorless liquid; bp.
54°C/0.02 Torr. 2 1H NMR (CDCl3): δ 5 1.0521.12 (m, 2 H, [1] [1a] R. Tacke, A. Lopez-Mras, J. Sperlich, C. Strohmann, W. F.
SiCH2C), 2.19 (s, 6 H, CNCH3), 2.4222.49 (m, 2 H, CCH2N), 2.46 Kuhs, G. Mattern, A. Sebald, Chem. Ber. 1993, 126, 8512861.

2 [1b] M. Mühleisen, R. Tacke, Chem. Ber. 1994, 127,(s, 18 H, SiNCH3). 2 13C{1H} NMR (CDCl3): δ 5 12.8 (SiCH2C),
161521617. 2 [1c] R. Tacke, M. Mühleisen, Inorg. Chem. 1994,38.6 (SiNCH3), 45.8 (CNCH3), 56.2 (CCH2N). 2 29Si{1H} NMR
33, 419124193. 2 [1d] R. Tacke, J. Becht, O. Dannappel, R.(CDCl3): δ 5 217.2. 2 EI MS: m/z 5 232 (3) [M1], 188 (80) [M1

Ahlrichs, U. Schneider, W. S. Sheldrick, J. Hahn, F. Kiesgen,
2 N(CH3)2], 160 (100) [M1 2 CH2CH2N(CH3)2]. 2 C10H28N4Si Organometallics 1996, 15, 206022077. 2 [1e] R. Tacke, O. Dann-

appel, M. Mühleisen in Organosilicon Chemistry II 2 From(232.4): calcd. C 51.67, H 12.14, N 24.10; found C 51.5, H 12.1,
Molecules to Materials (Eds.: N. Auner, J. Weis), VCH,N 24.0.
Weinheim, 1996, pp. 4272446.

[2] Reviews and proceedings dealing with pentacoordinate siliconCrystal Structure Determination: A suitable single crystal of 7
compounds: [2a] S. N. Tandura, M. G. Voronkov, N. V. Alekseev,was obtained by crystallization from acetonitrile (slow cooling of
Top. Curr. Chem. 1986, 131, 992189. 2 [2b] W. S. Sheldrick in
The Chemistry of Organic Silicon Compounds, Part 1 (Eds.: S.

Table 1. Crystal data and experimental parameters for the crystal Patai, Z. Rappoport), Wiley, Chichester, 1989, pp. 2272303. 2
structure analysis of 7 [2c] R. R. Holmes, Chem. Rev. 1990, 90, 17231. 2 [2d] C. Chuit,

R. J. P. Corriu, C. Reye, J. C. Young, Chem. Rev. 1993, 93,
empirical formula C16H19N5O6Si 137121448. 2 [2e] R. Tacke, J. Becht, A. Lopez Mras, J. Sper-
formula mass [g mol21] 405.4 lich, J. Organomet. Chem. 1993, 446, 128. 2 [2f] Reference[1e].
collection T [K] 173(2) 2 [2g] R. Tacke, O. Dannappel in Tailor-made Silicon Oxygen
λ(Mo-Kα) [Å] 0.71073 Compounds 2 From Molecules to Materials (Eds.: R. Corriu, P.
crystal system monoclinic Jutzi), Vieweg, Braunschweig/Wiesbaden, 1996, pp. 75286. 2
space group (no.) Pc (7) [2h] E. Lukevics, O. A. Pudova, Chem. Heterocycl. Compd. 1996,
crystal dimensions [mm] 0.2 3 0.2 3 0.2 353, 160521646. 2 [2i] R. R. Holmes, Chem. Rev. 1996, 96,
a [Å] 19.187(5) 9272950.
b [Å] 8.652(2) [3] Azasilatranes are also pentacoordinate silicon species compris-
c [Å] 11.246(6) ing covalent Si2N bonds. However, these compounds contain
β [°] 101.19(3) four “normal” covalent bonds (including the equatorial Si2N
V[Å3] 1831.3(12) bonds; typical Si2N distances 1.7321.77 Å) and one signifi-
Z 4 cantly longer axial dative SirN bond (typical SirN distances
D(calcd.) [g cm23] 1.471 2.0322.25 Å) (411 coordination): [3a] A. A. Macharashvili, V.
µ [mm21] 0.174 E. Shklover, Yu. T. Struchov, A. Lapsiņa, G. Zelcǎns, E. Luke-
F(000) 848 vics, J. Organomet. Chem. 1988, 349, 23227. 2 [3b] D. Gudat,
2θ range [°] 4.32246.04 J. G. Verkade, Organometallics 1989, 8, 277222779. 2 [3c] Y.
index range 221 # h # 21, 0 # k # 9, Wan, J. G. Verkade, J. Am. Chem. Soc. 1995, 117, 1412156. 2

212 # l # 12 In this context, see also: [3d] G. Klebe, J. W. Bats, K. Hensen,
no. of collected/independent refl. 5089 Z. Naturforsch., B 1983, 38, 8252829. 2 [3e] G. Klebe, J. W.
no. of refl. used 5089 Bats, K. Hensen, J. Chem. Soc. Dalton Trans. 1985, 124.
no. of parameters 510 [4] The quantification of the distortion in this form relates to the
no. of restraints 2 transition from the ideal trigonal bipyramid toward the ideal
S[a] 1.016 square pyramid along the reaction coordinate of the Berry
weight parameters a/b[b] 0.045/0 pseudorotation. The degree of distortion was calculated accord-
R1[c] [I > 2 σ(I)] 0.0681 ing to the dihedral angle method described in the literature, [9]

wR2[d] (all data) 0.1399 using the values given there for the reference geometry of the
max./min. resid. electron dens. ideal square pyramid.
[e Å23] 10.242/20.333 [5] R. Tacke, M. Mühleisen, A. Lopez-Mras, W. S. Sheldrick, Z.

Anorg. Allg. Chem. 1995, 621, 7792788; and literature cited
therein.[a] S 5 {Σ[w(Fo

2 2 Fc
2)2] / (n 2 p)}0.5; n 5 no. of reflections; p 5

no. of parameters. 2 [b] w21 5 σ2(Fo
2) 1 (aP)2 1 bP, with P 5 [6] Based on the N···O distances (in parentheses) determined, the

existence of the following intermolecular hydrogen bonds can(Fo
2 1 2Fc

2)/3. 2 [c] R1 5 ΣuFou 2 uFci / ΣuFou. 2 [d] wR2 5
{Σ[w(Fo

2 2 Fc
2)2] / Σ[w(Fo

2)2]}0.5. be discussed: N32H···O39/N32H···O49 [3.186(9)/2.875(9) Å,
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bifurcated] and N392H9···O3/N392H9···O4 [3.018(10)/ [8] [8a] SHELXS-96, University of Göttingen, Germany, 1996; G.

M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 4672473. 23.073(10) Å, bifurcated] (providing arrangement of the mol-
ecules to layers); N12H···O1 [3.328(9) Å] (providing interaction [8b] SHELXL-96, University of Göttingen, Germany, 1996.

[9] R. R. Holmes, J. A. Deiters, J. Am. Chem. Soc. 1977, 99,between the layers in the crystal packing).
[7] T. Kottke, R. J. Lagow, D. Stalke, J. Appl. Crystallogr. 1996, 331823326.

[97221]29, 4652468.
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The influence of metals, alkyne substituents, Cp substitution complex 3 reacted with one equivalent of water to yield the
dimeric alkylidene-µ-oxo complex [(thi)2Ti(CPh=CHPh)]2(µ-and additional ligands on the stability of bridged and un-

bridged η2-alkyne2titanocene and 2zirconocene complexes O) (6). The reaction of the unbridged zirconocene compound
(thi)2ZrCl2 gave the alkyne complex (thi)2Zr(THF)(η2-Me3-has been investigated. The reduction of the complex [(η5-

C5H4)2SiMe22(η5-C5H4)]TiCl2 with magnesium in the pre- SiC2SiMe3) (7) which is stabilized by THF. At higher tempe-
rature THF was eliminated from the orange complex 7 form-sence of tolan (PhC2Ph) does not give the expected alkyne2

titanocene complex [(η5-C5H4)2SiMe22(η5-C5H4)]Ti(η2- ing the green complex (thi)2Zr(η2-Me3SiC2SiMe3). This be-
haviour was investigated in detail using NMR spectroscopyPhC2Ph) but by coupling of two tolan molecules the corre-

sponding titanacyclopentadiene [(η5-C5H4)2SiMe22(η5- and compared to similar complexes such as Cp2Zr(η2-Me3-
SiC2SiMe3) (not stable without THF), (ebthi)2Zr(η2-Me3SiC2-C5H4)]TiC4Ph4 (1) was obtained. In the analogous reaction

with Me3SiC2SiMe3 the stable η2-alkyne complex without SiMe3) (ebthi = ethylenebistetrahydroindenyl; stable without
THF) and Cp*2Zr(η2-Me3SiC2SiMe3) (Cp* = pentamethyl-additional ligands [(η5-C5H4)2SiMe22(η5-C5H4)]Ti(η2-Me3-

SiC2SiMe3) (2) was formed, due to the sterical influence of Cp, stable without THF). All complexes were characterized
by spectroscopic methods. X-ray structural determinationsthe alkyne substituents. The compounds without additional

ligands (thi)2Ti(η2-PhC2Ph) (3) and (thi)2Ti(η2- Me3SiC2- were conducted for the complexes 1, 3 and 7. Compound 3
is the first example of a structurally characterized tolan2tita-SiMe3) (5) were isolated from the unbridged titanocene com-

plex (thi)2TiCl2 (thi = tetrahydroindenyl). Two equivalents of nocene complex without additional ligands.

Introduction additional ligands. The factors which determine whether al-
kyne complexes with or without additional ligands are

Alkyne complexes of group-IV metallocenes can be used formed remained unclear, because the stability and reactiv-
synthetically for many purposes. [1] We were the first to pro- ity depend strongly on the character of this additional inter-
duce titanocene complexes of silylalkynes without ad- action. The use of different additional ligands allows a tun-
ditional ligands, e.g. Cp2Ti(η2-Me3SiC2SiMe3)[2a] and also ing of the stoichiometric[5a] and catalytic[5b] [5c] reactions.
zirconocene complexes with additional ligands such as In this paper we report on the influence of metals, alkyne
Cp2Zr(L)(η2-Me3SiC2SiMe3)[2b] [2c] as well as the first ex- substituents, Cp substitution and additional ligands on the
ample of a zirconocene without additional ligands rac-(eb- stability of bridged and unbridged η2-alkyne2titanocene
thi)2Zr(η2-Me3SiC2SiMe3). [3] and 2zirconocene complexes with and without additional

ligands.More recently, we reported the synthesis, spectral charac-
teristics and X-ray structural determination of other ex-

Complex Synthesisamples such as Cp-bridged alkyne complexes of the type
[(η5-C5H4)-ansa-(η5-C5H4)]Ti(η2-Me3SiC2SiMe3) (ansa 5 The reduction of the complex [(η5-C5H4)2SiMe22(η5-

C5H4)]TiCl2[6] with magnesium in the presence of tolanMe2Si2O2SiMe2) and [(η5-C5H4)-ansa-(η5-C5H4)]Zr(L)-
(η2-Me3SiC2SiMe3) (ansa 5 Me2Si2O2SiMe2, L 5 py; (PhC2Ph) in THF at room temperature does not give

the expected alkyne2titanocene complex [(η5-ansa 5 SiMe2, L 5 py). [4] The special feature of these re-
agents when used in conjunction with bis(trimethylsilyl)ace- C5H4)2SiMe22(η5-C5H4)]Ti(η2-PhC2Ph). Instead, the cor-

responding titanacyclopentadiene [(η5-C5H4)2SiMe22(η5-tylene is their ability to generate the metallocene [Cp2M] or
ansa systems such as [(η5-C5H4)SiMe2OSiMe2(η5-C5H4)M], C5H4)]TiC4Ph4 (1) is obtained in 35% yield by coupling of

two tolan molecules (Scheme 1).[(η5-C5H4)SiMe2(η5-C5H4)M] and rac-[(ebthi)M], (M 5 Ti,
Zr) under mild conditions. This tendency depends not only This coupling with a second tolan molecule is typical be-

haviour for coordinatively and electronically unsaturatedon the alkyne substituents but also on the nature of the
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Scheme 1 This reaction is a typical example of a tolan2titanocene

complex, also found in the case of Cp2Ti(η2-PhC2Ph)[7], but
differs from those of the silylalkyne complex Cp2Ti(η2-Me3-
SiC2SiMe3), which gave only the elimination of the al-
kyne[9].

In the reaction of the unbridged zirconocene complex
(thi)2ZrCl2[8] in THF at room temperature, the alkyne com-
plex (thi)2Zr(THF)(η2-Me3SiC2SiMe3) (7), stabilized by
THF, was formed (Scheme 5).

Scheme 5

tolan complexes such as Cp2Ti(η2-PhC2Ph)[7]; the titanacy-
clopentadiene with unbridged Cp ligands that is obtained
is well-known. By using another alkyne, Me3SiC2SiMe3, in-
stead of tolan, the complex [(η5-C5H4)2SiMe22(η5-
C5H4)]Ti(η2-Me3SiC2SiMe3) (2) can be isolated (Scheme 2).
This is explained by the special character of the silylalkyne
which prevents a coupling reaction by sterical hindrance of
the large substituents.

Complex 7 is an analogue of the compound
Scheme 2 Cp2Zr(THF)(η2-Me3SiC2SiMe3)[2b]. Just as for this Cp

complex, [2c] coordination by py is also possible for the thi
complex 7 which gives (thi)2Zr(py)(η2-Me3SiC2SiMe3) (8).

Spectral Characteristics

Complex 1 did not show any IR absorption of a com-
In the reaction of the unbridged complex (thi)2TiCl2[8]

plexed triple bond in the expected region of 160021800
the compound without additional ligands (thi)2Ti(η2- cm21. IR absorptions for other complexes (2: 1683 cm21;
PhC2Ph) (3) was isolated. The analogous complexes 4 and 3: 1671; 4: 1652; 5: 1629) and the 13C-NMR-spectroscopic
5 were also obtained using other alkynes such as signals of the acetylenic C atoms (2: δ 5 248.9; 3: 198.8; 4:
PhC2SiMe3 and Me3SiC2SiMe3 (Scheme 3). 213.6, 220.0; 5: 242.3) are typical of values for such alkyne
Scheme 3 complexes[10] and prove that complexes 2, 3, 4 and 5 have a

titanacyclopropene structure. These data again show larger
spectroscopic shifts (IR, NMR) for the potential π-acceptor
groups SiMe3 as alkyne substituents.

Complex 3 is the second example of a tolan2titanocene
complex without additional ligands. The other complex
Cp2Ti(η2-PhC2Ph)[7] is characterized by an IR absorption
at 1713 cm21 and 13C-NMR signals at δ 5 196.5. Pre-
viously, only the complex with a stabilizing ligand, e.g.
Cp2Ti(CO)(η2-PhC2Ph), had been reported.[11] In the latter,
the alkyne formally acts as a two-electron donor, while it isTwo equivalents of complex 3 react with one equivalent
regarded as contributing four electrons in 3. This also fol-of water to yield the dimeric alkenyl-µ-oxo complex [(thi)2-
lows from the frequencies of the C2C stretching vibrationsTi(CPh5CHPh)]2(µ-O) (6) (Scheme 4).
(3: 1671 cm21; CO complex: 1780) in the IR spectra.Scheme 4

The IR and 13C-NMR spectra of complex 7 are typical
of those also found for the compound Cp2Zr(THF)(η2-
Me3SiC2SiMe3). [2b] The higher shifts of complex 7, e.g. the
absorption in the IR spectra (Cp compound: 1581 cm21; 7:
1559) and the 13C-NMR signals of the acetylenic C atoms
(Cp compound: 212.9; 7: δ 5 222.0) are typical of values[12]

for substituted Cp ligands (Cp* and thi) which are stronger
donors than Cp itself. At higher temperatures the orange
complex 7 eliminates THF reversibly to give the green com-
plex (thi)2Zr(η2-Me3SiC2SiMe3) (Scheme 6), a reaction
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Table 1. Comparision of structural data of Cp2TiC4Ph4 and 1which is unknown for the Cp complex Cp2Zr(THF)(η2-

Me3SiC2SiMe3).
Cp2TiC4Ph4 1

Scheme 6

Distances [Å]
Ti2C3 2.172(5) 2.172(4)
Ti2C20 2.141(5) 2.160(3)
C22C3 1.369(6) 1.362(5)
C12C2 1.495(6) 1.493(5)
C12C20 1.370(6) 1.364(5)

Angles [°]
C202Ti2C3 80.3(2) 79.8(1)
Ti2C32C2 112.5(3) 112.1(3)
Ti2C202C1 111.0(3) 111.4(2)
C32C22C1 117.4(4) 117.2(3)This reaction was identified using NMR spectroscopy C202C12C2 118.5(4) 119.1(3)

after warming up to 343 K by a low-field shift from δ 5 Cp92Ti2Cp9 134.8(3) 130.7(5)
222.0 to 244.0. The same effect has been found for com-
plexes similar to Cp2Zr(THF)(η2-Me3SiC2SiMe3) which are

Figure 2. Molecular structure of 3, shown by an ORTEP plot (50%not stable without THF, rac-(ebthi)2Zr(η2-Me3SiC2SiMe3)
probability)[a]

being stable without THF at room temperature and
Cp*2Zr(η2-Me3SiC2SiMe3), which did not coordinate with
THF at any of the temperatures investigated.[13]

Structural Investigations

The structure of 1 in the crystal is shown in Figure 1.
The analogous complex with unsubstituted Cp has already
been investigated by X-ray structure analysis.[14] Table 1
lists the relevant data of this complex in comparison with
those of complex 1.

Figure 1. Molecular structure of 1; shown by an ORTEP plot (50%
probability)[a]

[a] Selected distances [Å] and angles [°]: C12C2 1.287(6), Ti2C1
2.086(4), Ti2C2 2.044(5); C12Ti2C2 36.3(2), C232C12C2
140.7(4), C32C22C1 138.7(5), Cp92Ti2Cp9 137.5(4).

tween a complex with one alkyne group acting as a two-
electron donor (CO complex) and in the other case as a
four-electron donor (3). In Table 2 the relevant data of both
complexes are listed and compared.

Table 2. Comparison of structural data of Cp2Ti(CO)(η2-PhC2Ph)
and 3

Compound Cp2Ti(CO)(η2-PhC2Ph) 3

Distances [Å][a] Selected distances [Å] and angles [°]: C12C20 1.364(5), C22C3 C12C2 1.29(1) 1.287(6)
1.362(5), Ti12C3 2.172(4), Ti2C20 2.160(3); C42C32C2 Ti2C1 2.107(7) 2.086(4)
124.5(3), C32C22C35 123.1(3), C12C202C21 123.0(3), Ti2C2 2.230(7) 2.044(5)
C202C12C29 121.0(3), C152Si2C11 92.7(2). Ti2C(O) 2.050(8) 2

Angles [°]The bond lenghts and angles of the central five-mem-
C(O)2Ti2C2 71.9(3) 2bered titanacycle are nearly identical and are not influenced
C12Ti2C2 34.3(3) 36.3(2)

by the substitution at the Cp ligands. The structure of 3 in C232C12C2 138.8(7) 140.7(4)
C32C22C1 145.8(7) 138.7(5)the crystal is shown in Figure 2.
Cp92Ti2Cp9 133.5(5) 137.5(4)Complex 3 is the first example of a structurally well-

characterized tolan2titanocene complex that is stable with-
out additional ligands. Previously, only the structures of Both titanocene complexes contain different ligands (Cp

and thi) and a detailed comparison and investigation of thecomplexes with stabilizing ligands, e.g. Cp2Ti(CO)(η2-
PhC2Ph), have been described.[11] The comparison is be- influence of the additional CO ligand on the complexation
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of tolan is therefore not possible. The Ti2C bond lengths the complex 3 demonstrates clearly the stabilizing effects

of the thi ligands compared to Cp {and also [(η5-are shorter in complex 3, indicating a stronger com-
plexation of the alkyne as expected. On the other hand, the C5H4)2SiMe22(η5-C5H4)]}. The effect of the thi ligands is

not found for the zirconocene complexes because zirconiumadditional ligand CO alone makes less space available in
the coordination sphere at the central atom, reducing the is larger.
interaction of the alkyne with the titanium atom. The struc- Table 4. Existence of complexes L2M(η2-RC2R); influence of

metals, alkyne substituents and Cp substitutionture of 7 in the crystal is shown in Figure 3.

Figure 3. Molecular structure of 7, shown by an ORTEP plot (50%
R5SiMe3 R5Phprobability)[a]

L/L2 Ti Zr Ti Zr

Cp 1 2 1 2
thi 1 2 1 2
rac-ebthi 1 1 unknown 2
Cp* 1 1 1 1

Table 5. Existence of complexes L2Zr(L9)(η2-Me3SiC2SiMe3); influ-
ence of Cp substitution in ligands L and additional ligands L9

L/L2 without L9 L9 5 THF L9 5 py

Cp 2 1 1
thi > 320 K < 320 K 1

rac-ebthi 1 < 194 K 1
Cp* 1 2 until 77 K[13] 2

[a] Selected distances [Å] and angles [°]: C12C2 1.340(7), Zr12C1 The complexes of the type L2Zr(η2-Me3SiC2SiMe3) can2.218(5), Zr12C2 2.271(5), Zr12O1 2.404(4); C12Zr12C2
coordinate with additional ligands L9 to give the complexes34.7(2), Si12C12C2 141.1(4), Si22C22C1 124.5(4), C22Zr12O1

86.7(1); the structural data of the Cp and the corresponding thi L2Zr(L9)(η2-Me3SiC2SiMe3). The restriction for this comes
complex 7 are listed and compared in Table 3. mostly from the nature of L/L2. With ligands such as rac-

ebthi and Cp*, complexes without additional ligands L9 areTable 3. Comparison of structural data of Cp2Zr(THF)(η2-Me3-
stable at room temperature. Due to the enhanced flexibilitySiC2SiMe3) and 7
of these ligands at lower temperature in some cases, such as

Compound Cp2Zr(THF)(η2-Me3SiC2SiMe3) 7 rac-ebthi, the coordination of L9 (< 194 K) was observed.
With thi as the ligand L the coordination of L9 occurs at

Distances [Å] room temperature and the complex with an additional THF
C12C2 1.302(9) 1.340(7)

ligand is stable, but eliminates L9 at higher temperature (<Zr2C1 2.204(7) 2.218(5)
Zr2C2 2.260(7) 2.271(5) 320 K). With Cp no complex without L9 is stable and with
Zr2O1 2.390(5) 2.404(4) Cp* no complex with L9.

The reason for the stability of the THF complexes towardAngles [°]
C12Zr2C2 33.9(2) 34.7(2) dissociation of THF seems to come mostly from sterical
C12C22Si2 134.4(6) 124.5(4) interactions of alkyne substituents and the ligands L/L2 andC22C12Si1 143.5(6) 141.1(4)
C22Zr2O1 86.8(2) 86.7(1) L9 and not from electronic effects. Complexes with the flat
Cp92Zr2Cp9 130.5(3) 131.0(3) pyridine ligand are more stable compared to the corre-

sponding THF complexes.
The relatively small differences in the structures of both

Conclusioncomplexes again demonstrate that the above-mentioned
spectroscopical shifts (IR, NMR) are better suited for the Complexes of the type L2M(η2-RC2R) without stabilizing
characterization of the interaction of the alkyne with the ligands are sterically and electronically unsaturated. The
metal atom than the results of an X-ray crystal structural size of zirconium is larger than that of titanium and as a
analysis. result, it has a greater tendency to coordinate additional

ligands; complexes without additional ligands are very rare
Discussion and exist only with large alkyne substituents (SiMe3) and

sterical demanding Cp substitution (rac-ebthi [15], Cp*[13]).The influence of metals, alkyne substituents, Cp substi-
tution and additional ligands on the stability of bridged and For the smaller titanium atom, sterically demanding alkyne

or Cp substituents alone make alkyne complexes withoutunbridged η2-alkyne2titanocene and 2zirconocene com-
plexes with and without additional ligands are summarized additional ligands possible.

On the basis of these results it seems that it is now pos-in Tables 4 and 5 {Cp- and [(η5-C5H4)2SiMe22(η5-C5H4)]-
ligated complexes are shown as Cp complexes because both sible to understand the stability as well as the reactivity of

bridged and unbridged alkyne2titanocene and 2zir-show a similar behaviour}. For titanocene the existence of
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calcd. C 82.75, H 6.94; found C 82.32, H 6.99. 2 1H NMR (C6D6):conocene complexes better. Control of stability is possible
δ 5 1.1121.22, 1.4321.58, 1.9022.02, 2.5022.62 CH2 (4 H each);only by empirical tailoring of the complexes using different
5.45 CH (2 H); 6.14 CH (4 H); 6.8026.92 Ph (m, 4 H); 7.1027.28metals, alkyne substituents, Cp substitution and additional
Ph (m, 6 H). 2 13C NMR (C6D6): δ 5 22.8, 24.7 CH2; 126.1 Cq.;ligands.
110.7, 111.4 CH; 142.1 (ipso), 125.5, 126.6, 128.6 Ph; 198.8 C(al-

This research was supported by the Max-Planck-Gesellschaft and kyne). 2 IR (Nujol): ν̃ 5 1671 cm21 ν(C;C)coord. 5 1585 cm21 Ph.
the Fonds der Chemischen Industrie.

Preparation of (thi)2Ti(η2-PhC2SiMe3) (4): 0.30 g (0.84 mmol)
of (thi)2TiCl2 was dissolved in 20 ml of THF and treated with 0.02

Experimental Section g (0.84 mmol) of magnesium turnings and 0.28 ml (1.23 mmol) of
phenyl(trimethylsilyl)acetylene. The solution was heated to 50°CAll operations were carried out in argon with standard Schlenk
until the colour changed to violet. Preparation was the same astechniques. Solvents were freshly distilled from sodium tetraethyl-
described for 2; violet crystals, yield 0.290 g (75%). m.p.aluminate under argon prior to use. Deuterated solvents were
1582160°C. 2 C29H36SiTi (460.57): calcd. C 75.63, H 7.88; foundtreated with sodium or sodium tetraethylaluminate, distilled and
C 75.57, H 7.92. 2 1H NMR (C6D6): δ 5 0.03 SiMe3; 2.2322.70stored under argon. 2 The following spectrometers were used:
(10 H), 1.9021.99 (2 H), 2.5122.62 (2 H), 2.7522.83 (2 H) CH2;NMR, Bruker ARX 400; IR, Nicolet Magna 550 (Nujol mulls
5.66 (2 H), 5.93 (2 H), 6.16 (2 H) CH; 6.45 o-Ph (2 H); 6.80 p-Phusing KBr plates); MS, AMD 402. 2 Melting points were meas-
(1 H); 7.03 m-Ph (2 H). 2 13C NMR (C6D6): δ 5 1.4 SiMe3; 23.3,ured in sealed capillaries with a Büchi 535 apparatus. 2 X-ray crys-
23.4, 25.4, 25.5 CH2; 111.2, 111.8, 112.1 CH; 127.8, 127.9 Cq.;tallographic study: Data were collected with a STOE-IPDS dif-
126.1, 126.8, 129.6, 141.2(q) Ph; 213.6, 220.0 C(alkyne). 2 IR (Nu-fractometer using graphite-monochromated Mo-Kα radiation. The
jol): ν̃ 5 1652 cm21, ν(C5C)coord. 5 1589 cm21 Ph, 1242 cm21 [δsstructures were solved by direct methods (SHELXS-86)[16] and re-
(CH32Si)]. 2 MS (70 eV) m/z: 286 [(thi)2Ti1], 174 [alkyne1].fined by full-matrix least-squares techniques against F2 (SHELXL-

93). [17] The hydrogen atoms were included at calculated positions. Preparation of (thi)2Ti(η2-Me3SiC2SiMe3) (5): To a solution of
All other nonhydrogen atoms were refined anisotropically. Cell 0.30 g (0.84mmol) of (thi)2TiCl2 in 15 ml of THF 0.10 ml of bis(tri-
constants and other experimental details are compiled in Table 6. methylsilyl)acetylene and 0.20 g of magnesium turnings were ad-
XP (SIEMENS Analytical X-ray Instruments, Inc.) was used for ded. Reaction and workup according to 4 resulted in the formation
structure representations. of a dark yellow solid. 2 1H NMR (C6D6): δ 5 20.14 SiMe3 (18

H); 1.2221.39 (4 H), 1.5821.83 (8 H), 2.6822.73 (4 H) CH2; 5.68Preparation of [(η5-C5H4)2SiMe22(η5-C5H4)]TiC4Ph4 (1):
CH (2 H); 6.05 CH (4 H). 2 13C NMR (C6D6): δ 5 2.1 SiMe3;1.10 g of [(η5-C5H4)2SiMe22(η5-C5H4)]TiCl2 (3.62 mmol) was dis-
23.6, 25.4 CH2; 112.2, 113.0 CH; 131.0 Cq.; 242.3 C(alkyne). 2 IRsolved in 20 ml of THF and 0.09 g (3.62 mmol) of magnesium
(Nujol): ν̃ 5 1629 cm21, ν(C5C)coord. 5 1243 cm21 [δs (CH32Si)].turnings and 0.64 g (3.62 mmol) of tolan were added. The solution
2 MS (70 eV); m/z: 286 [(thi)2Ti1], 170 [alkyne1].was heated to 50°C and the colour changed from red to yellow-

brown. The reaction mixture was stirred for 3 h at room temp. and Preparation of [(thi)2Ti(CPh5CHPh)]2(µ-O) (6): 0.20 g of 3
the solvent was removed and replaced by n-hexane. After filtration were dissolved in 15 ml of wet n-hexane. After standing for 3 d,
at 230°C, red-brown crystals were formed. The crystals were 0.15 g (74.3%) of yellow needles appeared, m.p. 1272128°C. 2
washed in n-hexane and dried in vacuo to give 0.75 g (35%) of 1, C64H58OTi2 (938.92): calcd. C 81.87 H 6.23; found C 81.25 H 6.30.
m.p. 2032204°C. 2 C40H34SiTi (590.68): calcd. C 81.34, H 5.80; 2 1H NMR (C6D6): δ 5 1.3921.49 (8 H) 1.5021.59, 1.6221.73,
found C 81.22, H 5.85. 2 1H NMR (C6D6): δ 5 20.04 SiMe2 (s, 2.1022.18, 2.2122.30, 2.4522.54, 2.6822.78 (4 H) CH2; 4.84, 5.19,
6 H); 4.99, 8.17 CH (d, 4 H each); 6.7527.10 Ph (m, 20 H). 2 13C 6.15 (4 H) CH; 6.9527.20 (20 H) Ph; 7.76 (2 H) CH. 2 13C NMR
NMR (C6D6): δ 5 26.2 SiMe2; 105.0 Cq.; 117.4, 123.6 CH; 124.8, (C6D6): δ 5 21.4, 21.5, 23.2, 23.4, CH2; 105.3, 106.7, 115.4 CH;
125.9, 127.0, 128.1, 128.3, 131.4 Ph; 141.3, 148.7 Ph(q.); 135.3, 122.5, 124.8 Cq.; 123.6, 125.2, 125.9, 126.4, 130.5, 131.0, 139.1 (q),
201.3 C(alkyne). 2 MS (70 eV); m/z: 590 [M1], 234 [(η5- 152.6 (q) Ph; 130.5, 193.5 C(alkene).
C5H4)2SiMe22(η5-C5H4)Ti1], 178 [PhC2Ph1].

Preparation of (thi)2Zr(THF)(η2-Me3SiC2SiMe3) (7): 1.30 g
Preparation of [(η5-C5H4)2SiMe22(η5-C5H4)]Ti(η2-Me3SiC2- (3.24 mmol) of (thi)2ZrCl2 was dissolved in 20 ml of THF and

SiMe3) (2): Using the same procedure as described for 1, the title treated with 0.08 g magnesium turnings and an equimolar amount
compound was prepared using 0.37 g (1.20 mmol) of [(η5- of bis(trimethylsilyl)acetylene. The solution was stirred at room
C5H4)2SiMe22(η5-C5H4)]TiCl2 in 15 ml of THF using 0.029 g of temp. until all magnesium had disappeared. The honey-yellow solu-
magnesium turnings and 0.27 ml (1.20 mmol) of bis(trimethylsilyl)- tion was concentrated to dryness, the residue was dissolved in hex-
acetylene. Yield 0.20 g (41.2%) of a yellow-brown oily solid. 2 1H ane/THF (3:1), filtered, and cooled to 230°C to give 0.65 g (35%)
NMR (C6D6): δ 5 20.3 SiMe3 (s, 18 H); 0.27 SiMe3 (s, 6 H); 5.05, 7 after 3 d, m.p. up to 50°C (elimination of THF). 2 C30H48OSi2Zr
9.33 CH (4 H each). 2 13C NMR (C6D6): δ 5 26.0 SiMe2; 0.6 (572.10): calcd. C 62.98 H 8.46; found C 62.57 H 8.54. 2 1H NMR
SiMe3; 114.6 C(C5H4); 121.8, 126.9 C5H4; 248.9 C(alkyne). 2 IR ([D8]THF): δ 5 0.21 SiMe3 (18 H); 1.56 CH2 (8 H); 2.05, 2.30 CH2

(Nujol): ν̃ 5 1683 cm21, ν(C5C)coord. 5 1251 cm21 [δs (CH32Si)]. (4 H each); 1.75, 3.70 THF (4 H each); 5.33 CH (4 H); 5.55 CH (2
2 MS (70 eV); m/z: 234 [M 2 alkyne1], 234 [(η5- H). 2 13C NMR ([D8]THF): δ 5 5.1 SiMe3; 24.0, 25.1 CH2; 100.4,
C5H4)2SiMe22(η5-C5H4)Ti1], 170 [alkyne1]. 107.5 CH; 124.3 Cq.; 222.0 C(alkyne). 2 IR (Nujol): ν̃ 5 1559

cm21, ν(C5C)coord. 5 1241 cm21 [δs (CH32Si)]. 2 MS (70 eV);Preparation of (thi)2Ti(η2-PhC2Ph) (3): To 0.30 g (0.84 mmol)
m/z: 500 [M 2 THF1], 329 [(thi)2Zr1], 170 [alkyne1].of (thi)2TiCl2, dissolved in 15ml of THF, were added 0.02 g (0.84

mmol) of Mg turnings and 0.15 g (0.84 mmol) of diphenylacety- Preparation of (thi)2Zr(py)(η2-Me3SiC2SiMe3) (8): As de-
scribed for complex 7, the title compound was formed by addinglene. The colour turned from red to green-brown and the solution

was stirred for 3 h at room temp. After removing the solvent and 0.32 ml (0.40 mmol) of pyridine after all magnesium had disap-
peared. The red-brown solution was concentrated to dryness andreplacing it by n-hexane, the brown solution was filtered and al-

lowed to stand at 230°C, to induce precipitation of dark brown the residue was dissolved in n-hexane and filtered. After standing
for 2 d at 230°C, 0.98 g (55%) of complex 8 deposited as orange-crystals (yield 0.25 g, 64%), m.p. 111°C. 2 C32H32Ti (464.49):
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[2] [2a] U. Rosenthal, H. Görls, V. V. Burlakov, V. B. Shur, M. E.brown crystals, m.p. 1412142°C. 2 C31H45NSi2Zr (579.10): calcd.

Vol9pin, J. Organomet. Chem. 1992, 426, C532C57, and refer-C 64.30 H 7.83; found C 63.70 H 7.75. 2 1H NMR (C6D6): δ 5 ences therein. 2 [2b] U. Rosenthal, A. Ohff, M. Michalik, H.
0.45 SiMe3 (18 H); 1.2521.40 CH2 (br., 12 H); 2.1022.20 CH2 (4 Görls, V. V. Burlakov, V. B. Shur, Angew. Chem. 1993, 105,

122821230, Angew. Chem. Int. Ed. Engl. 1993, 32, 119321195.H); 5.15 CH (br., 4 H); 5.80 CH (2 H); 6.53 (2 H), 6.80 (1 H), 9.04
2 [2c] U. Rosenthal, A. Ohff, W. Baumann, A. Tillack, H. Görls,(2 H) pyridine. 2 13C NMR (C6D6): δ 5 3.8 SiMe3; 23.8, 25.0
V. V. Burlakov, V. B. Shur, Z. Anorg. Allg. Chem. 1995, 621,CH2; 97.3, 107.2 CH; 112.9 Cq.; 123.3, 136.5, 155.5 pyridine; C(al- 77283.

kyne) not observed at 297 K, broad signal at 216.7 (337 K). 2 IR [3] C. Lefeber, W. Baumann, A. Tillack, R Kempe, H. Görls, U.
(Nujol): ν̃ 5 1548, 1595 cm21, ν(C5N)py and ν(C5C)coord. 5 1240 Rosenthal, Organometallics 1996, 15, 348623490.

[4] N. Peulecke, C. Lefeber, A. Ohff, W. Baumann, A. Tillack, R.cm21 [δs (CH32Si)]. 2 MS (70 eV); m/z: 500 [M 2 py1], 329
Kempe, V. V. Burlakov, U. Rosenthal, Chem. Ber. 1996, 129,[(THI)2Zr1], 170 [alkyne1]. 9592962.

Table 6. Crystallographic data of 1, 3, and 7 [17] [5] [5a] U. Rosenthal, A. Ohff, W. Baumann, R. Kempe, A. Tillack,
V. V. Burlakov, Angew. Chem. 1994, 106, 194621948; Angew.
Chem. Int. Ed. Engl. 1994, 33, 185021852. 2 [5b] P. Arndt, D.Compound 1 3 7 Thomas, U. Rosenthal, Tetrahedron Lett. 1997, 38, 546725468.
2 [5c] N. Peulecke, D. Thomas, W. Baumann, C. Fischer, U.

Formula C40H34SiTi C32H32Ti C30H48OSi2Zr Rosenthal, Tetrahedron Lett. 1997, 38, 665526686.
Mol. mass 590.66 464.48 572.10 [6] C. S. Bajgur, W. R. Tikkanen, J. L. Petersen, Inorg. Chem. 1985,
Cryst. colour yellow-brown green-brown orange 24, 253922546.
Cryst. description prism prism prism [7] V. B. Shur, V. V. Burlakov, M. E. Volpin, J. Organomet. Chem.
Cryst. size [mm] 0.5 3 0.4 3 0.3 0.3 3 0.2 3 0.1 0.5 3 0.4 3 0.3 1988, 347, 77283.
Cryst. system triclinic monoclinic monoclinic [8] Q. Yang, M. D. Jensen, Synlett 1996, 6 563.
Space group P1̄ P21/n P21

[9] C. Lefeber, A. Ohff, A. Tillack, W. Baumann, R. Kempe, V. V.
a [Å] 11.344(2) 8.699(1) 8.775(1) Burlakov, U. Rosenthal, J. Organomet. Chem. 1995, 501,
b [Å] 12.6000(2) 19.493(3) 17.004(2) 1792188.
c [Å] 13.620(2) 14.441(2) 10.318(2) [10] V. V. Burlakov, A. V. Polyakov, A. I. Yanovsky, V. B. Shur, M.
α [°] 113.60(1) 90.06 90.00 E. Vol9pin, U. Rosenthal, H. Görls, J. Organomet. Chem. 1994,
β [°] 90.20(1) 91.63(1) 107.04(1) 476, 1972206, and references therein.
γ [°] 115.95(1) 90.00 90.00 [11] G. Fachinetti, C. Floriani, F. Marchetti, M. J. Mellini, J. Chem.
Z 2 4 2 Soc., Dalton Trans. 1978, 139821403.
T [K] 200(2) 293(2) 200(2) [12] U. Rosenthal, C. Nauck, P. Arndt, S. Pulst, W. Baumann. V. V.
µ [mm21] 0.339 0.367 0.475 Burlakov, H. Görls, J. Organomet. Chem. 1994, 484, 81287.
Abs. cor. no no no [13] J. Hiller, U. Thewalt, M. Polášek, L. Petrusová, V. Varga, P.
θ range (°) 1.96224.33 1.76221.52 2.06224.30 Sedmera, K. Mach, Organometallics 1996, 15, 375223759.
Largest diff. [e Å23] [14] J. L. Atwood, W. E. Hunter, H. Alt, M. D. Rausch, J. Am.
peak/hole 0.2/20.5 0.2/20.2 0.5/20.6 Chem. Soc. 1976, 98, 245422459.
No. of reflect. (measd.) 4715 4916 4349 [15] H. H. Brintzinger, D. Fischer, R. Mühlhaupt, B. Rieger, R.
No. of reflect. (indep.) 4715 2519 4261 Waymouth, Angew. Chem. 1995, 107, 1255; Angew. Chem. Int.
R (int) 2 0.069 0.023 Ed. Engl. 1995, 34, 1143.
No. of reflect. (obsvd.) 3086 1430 4038 [16] G. M. Sheldrick, SHELXS-86, Acta Crystallogr. 1990, A46,
No. of parameters 379 298 356 467.
[I > 2σ(I)] R1 [I > 2σ(I)] 0.050 0.047 0.033 [17] G. M. Sheldrick, SHELXL-93, University of Göttingen,
wR2 (all data) 0.134 0.102 0.099 Göttingen, Germany, 1993.

[18] Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi-[1] [1a] E. Negishi, Chem. Scr. 1989, 29, 4572468. 2 [1b] E. Negishi, cation no. CCDC-100666. Copies of the data can be obtained

T. Takahashi, Acc. Chem. Res. 1994, 27, 1242130. 2 [1c] S. L. free of charge on application to CCDC, 12 Union Road, Cam-
Buchwald, R. B. Nielsen, Chem. Rev. 1988, 88, 104721058. 2 bridge CB2 1EZ, UK [Fax: internat. 1 44(1223)336033, e-mail:[1d] A. Ohff, S. Pulst, C. Lefeber, N. Peulecke, P. Arndt, V. V. deposit@ccdc.cam.ac.uk].
Burlakov, U. Rosenthal, Synlett 1996, 1112118. [97205]
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Substituted hydridotris(pyrazolyl)borato (Tp9) niobium com-
plexes of the type [Tp9NbMe2(PhC;CMe)] polymerize ethy-
lene (under 1 atm, at room temp. and in toluene) when
treated with an equimolar amount of B(C6F5)3. A clear
relationship is observed between the stereoelectronic nature
of the complex and catalytic activity. This is discussed on the

Several attempts have recently been made, with related
group 5 metal complexes, to mimic the outstanding activity
in the polymerization of olefins of group 4 metal molecular
complexes[1]. It is also hoped that the group 5 catalysts
would be more tolerant to functionalized monomers, a
highly desirable property if co-polymers are targeted. Most
of the approaches have relied on an isoelectronic compari-
son with the 14-electron metallocene alkyl cations
[Cp2MR]1, known to be the active species in group 4 ca-
talysis [1]. As far as we are aware, a true Nb- or Ta-based
catalyst, akin to [Cp2MR]1, has not so far been isolated, so
we will base this discussion on its precursor. The combi-
nation [Cp9M(diene)X2]/MAO (MAO 5 methylaluminox-
ane) gives polyethylene (PE) with a maximum activity of 39
(kg of PE) (mol of catalyst)21 h21. Interestingly the PE has
a very narrow polydispersity (1.05)[2]. Based on the isolobal
analogy, developed by Gibson and co-workers, between the
bent metallocene Cp2Zr and the imido CpNb(5NR) moiet-
ies [3], several systems have been explored. However, their
activity is highly dependant on the substituents bound
either to the metal or to the imido nitrogen, as well as on
the activation mode[4]. The highest reported activity is 61
kg mol21 h21 for the [Cp*Ta(5N2SitBu3)(η1-allyl)(η3-al-
lyl)]/MAO system[4a], whereas some other imido complexes
are, at best, only marginally active[4c]. The borollide2Cp
ligand set leads to a deceptively low activity (2 kg mol21

h21 for [Cp*(η5-C4H4BNR2)TaCl2/MAO)][5]. Imidova-
nadium complexes [LV(5NR)Cl2] [L 5 Cp, Tp9 (Tp9 5 a
substituted hydridotris(pyrazolyl)borate)] generate active
systems[4c] [6], particularly with respect to propene polymer-
ization.

Given the similarity between imido and (4e)-alkyne li-
gands[7] and between Cp and Tp9 ligands[8], we describe
here preliminary results: (i) showing that complexes of the
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basis of electrochemical data for the dichloro complexes
[Tp9NbCl2(PhC;CMe)], and the rates of alkyl migration in
[Tp9Nb(Cl)(R)(PhC;CMe)] (R = CH2Me, CH2SiMe3). For a
given electron density at the metal, the bulky TpMe2,4-Cl

yields a catalyst which is more than 6 times as active as the
unsubstituted Tp based catalyst.

type [Tp9NbMe2(alkyne)] do polymerize ethylene when
properly activated; (ii) providing a basis for a stereoelec-
tronic/activity relationship in this series of complexes, which
has not been previously made for the group 5 metal cata-
lysts. Related studies have been reported for Tp9-supported
yttrium catalysts[9].

In Table 1, we summarize the data for ethylene polymer-
ization by the system [Tp9NbMe2(PhC;CMe)]/B(C6F5)3

(Tp9 5 Tp, TpMe2, TpMe2,4-Cl, see Scheme 1)[10], electro-
chemical behaviour for the first monoelectronic reduction
of the parent dichloro complexes [Tp9NbCl2(PhC;CMe)],
and first-order rate constants k for alkyl migration to the
alkyne in [Tp9Nb(Cl)(CH2SiMe3)(PhC;CMe)] and
[Tp9Nb(Cl)(CH2Me)(PhC;CMe)] (a reaction which ulti-
mately yields [Tp9Nb(Cl)(Me)(PhC;CCH2SiMe3)] and
[Tp9Nb(Cl)(Me)(PhC;CCH2Me)] respectively, as shown
elsewhere[11]). Several of these compounds are new and
their syntheses and full characterization may be found in
the Experimental Section.

Table 1. Ethylene polymerization activity for [Tp9NbMe2-
(PhC;CMe)]/B(C6F5)3, electrochemical data for [Tp9NbCl2-
(PhC;CMe)] and first-order rate constants k for alkyl migration
to the alkyne in [Tp9Nb(Cl)(R)(PhC;CMe)], as a function of Tp9

Tp9 Activity[a] E1/2 (∆Ep, ia/ic)[b] k 3 105 [c] k 3 105 [d]

TpMe2 100 21.18 (0.15, 0.9)[e] 2.3[f] 3.0[f]

TpMe2, 4-Cl 130 20.97 (0.10, 0.9) 2.2 4.75
Tp 20 20.93 (0.25, 0.5)[e] 3.5 2

[a] Average of at least 3 runs, kg of PE (mol of catalyst)21 h21. 2
[b] V vs SCE. 2 [c] s21, R 5 CH2SiMe3. 2 [d] s21, R 5 CH2Me. 2
[e] From ref. [10]. 2 [f] From ref. [11].

The first observation is that the dimethyl complexes
[Tp9NbMe2(PhC;CMe)] do polymerize ethylene when ac-
tivated by the methyl abstracting agent B(C6F5)3 in a tolu-
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Scheme 1

ene solution[12], with the activities being higher than those
observed for previously described systems based on heavier
group 5 metal complexes. When red-purple
[TpMe2NbCl2(PhC;CMe)] is treated with 500 equiv. of
MAO in toluene, a light yellow solution is obtained which
fails to polymerize ethylene. The choice of the activator is
critical in other group 5 systems[4a]. We have also verified
(1H NMR) that toluene solutions of yellow
[TpMe2NbMe2(PhC;CMe)] do not react with ethylene (1
atm).

The second observation is that the activity is notably de-
pendent on the nature of Tp9. Bulky TpMe2 and TpMe2,4-Cl

lead to a much higher catalytic activity than the less steri-
cally demanding, unsubstituted Tp. Increased electrophilic-
ity, as probed by comparison of the reduction potential
E1/2 for the parent dichloro TpMe2 and TpMe2,4-Cl com-
plexes, only slightly increases the catalytic activity. By way
of contrast, steric protection is mandatory: Tp and TpMe2,4-

Cl offer virtually the same electron density at the metal (cf.
E1/2), but catalytic production is dramatically favored by the
bulky ligand[13]. We propose that these effects result from a
steric shielding of the metal center by TpMe2 and
TpMe2,4-Cl which prevents decomposition of the catalytic
species via some kind of association. Several decomposition
processes of the group 4 catalysts involve the formation of
dinuclear species[1].

Parallel experiments lend further support to this view. We
have previously studied in detail the mechanism of alkyl
exchange in [TpMe2Nb(Cl)(R)(PhC;CMe)] that leads to
[TpMe2Nb(Cl)(Me)(PhC;CR)] via the rate determining
step of migratory insertion of R on to the alkyne[11]. The
disappearance of [TpMe2Nb(Cl)(R)(PhC;CMe)] at 343 K
occurs with first-order rate constants of 2.3·1025 s21 and
3.0·1025 s21 for R 5 CH2SiMe3 and CH2Me, respec-
tively[11]. The corresponding Tp and TpMe2,4-Cl complexes
have thus been synthesized and their thermolysis studied by
1H NMR in [D6]benzene at 343 K. The experimental first-
order rate constants k provided in Table 1 indicate that,
again, the steric bulk of the Tp9 ligand largely governs the
stability of the complexes and the alkyl group migration on
to the alkyne. On one hand, for similar electron density at
the metal, the rate constant for alkyl migration is signifi-
cantly higher when a less sterically demanding ligand
is used (cf. rate and electrochemical data for Tp and
TpMe2,4-Cl). On the other hand, ligands of similar size such
as TpMe2 and TpMe2,4-Cl which significantly differ in their
electron-donating ability provide a similar barrier to alkyl
migration as soon as the migrating R becomes too bulky.
When R 5 CH2Me, the migration is slightly faster for
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TpMe2,4-Cl as expected, whereas there is no difference for the
bulkier R 5 CH2SiMe3. In addition, the rearrangement of
[TpNb(Cl)(CH2SiMe3)(PhC;CMe)], although faster, is ac-
companied by important decomposition while putative
[TpNb(Cl)(CH2Me)(PhC;CMe)] decomposes during its
attempted synthesis. In the same vein, the chemical and
electrochemical reversibilities of the first one-electron re-
duction of the parent dichloro complexes are low for Tp
only. These observations may be ascribed to steric protec-
tion of the metal by the bulkier Tp9.

Assuming that these alkyl to alkyne migrations mimic
with sufficient reliability the migration of a growing alkyl
chain to a coordinated ethylene at least with respect to
steric interactions, we conclude that a more active catalyst
is obtained when an efficient protection of the metal is real-
ized at the expense of faster intramolecular migration of
alkyl chains. Since ethylene coordination is expected to be
easier for the less bulky Tp, the central role played by the
size of Tp9 is to be emphasized.

Hydridotris(pyrazolyl)borato group 5 complexes can in-
deed be used as ethylene polymerization catalysts. Such li-
gands provide a high degree of steric control which prevents
catalyst decomposition, a major feature of the polymeri-
zations reported herein. Up to now, attempts at observing
putative naked or base-stabilized alkyl cations such as
[Tp9NbMe(PhC;CMe)]1 or [Tp9NbMe(PhC;CMe)(L)]1

have failed. Further studies aimed at improving the activity
of ethylene polymerization and studying α-olefins are in
progress.

We thank Dr. D. de Montauzon for the electrochemical experi-
ments.

Experimental Section
General: All experiments were carried out under a dry dinitrogen

atmosphere using either Schlenck tube or glove box techniques.
THF was obtained after refluxing a purple solution of Na/benzo-
phenone under dinitrogen. Toluene, n-hexane, and pentane were
dried by refluxing over CaH2 under dinitrogen. Toluene used for
the polymerization reactions was treated with concentrated sulfuric
acid, washed three times with water, stored over CaCl2, then further
dried by refluxing over CaH2 under dinitrogen before use. [D6]Ben-
zene (used unless otherwise stated) and CDCl3 were dried over mo-
lecular sieves and stored under dinitrogen. 2 1H and 13C NMR
(only pertinent 1JCH are quoted): Bruker AC 200 (200, 50 MHz
resp) and AM 250 (250, 62.9 MHz resp). 2 Elemental analyses:
Perkin Elmer 2400 Series II. DTA: Sétaram 92216.18. 2 Cyclic
voltammetry data (home-made potentiostat interfaced with a PC-
computer, scan rate 100 mV s21): Pt disk (1 mm) working electrode,
THF solution, 0.1  Bu4NBF4 as supporting electrolyte, Pt wire as
auxiliary electrode, SCE as reference electrode.

The new compounds [TpMe2,4-ClNbCl2(PhC;CMe)],
[TpMe2,4-ClNbMe2(PhC;CMe)], [TpMe2,4-ClNb(Cl)(CH2Me)-
(PhC;CMe)], [TpMe2,4-ClNb(Cl)(CH2SiMe3)(PhC;CMe)], [TpNb-
(Cl)(CH2SiMe3)(PhC;CMe)] have been obtained following pub-
lished procedures established for related Tp and TpMe2 com-
plexes[10] [11]. Yields and full characterization of these new com-
pounds are provided below. TpMe2 and TpMe2,4-Cl complexes exist
as a mixture of discrete alkyne rotamers[10] [11]. Some NMR reson-
ances of the minor isomer may be obscured.
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[TpNbMe2(PhC;CMe)] could not be obtained cleanly from
[TpNbCl2(PhC;CMe)] and 2 equiv. of LiMe. Its synthesis from
MeMgCl is described below. B(C6F5)3 (ref. [14]) was sublimed in va-
cuo before use. Kinetic data on the rearrangement of
[Tp9Nb(Cl)(R)(PhC;CMe)] were obtained from [D6]benzene solu-
tions at 343 K as previously reported[11].

[TpMe2,4-ClNbCl2(PhC;CMe)]: Yield 59%. 2 C24H27BCl5N6Nb
calcd: C 42.4, H 4.0, N 12.35; found: C 42.3, H 4.0, N 12.20. 2
1H NMR: Major isomer δ 5 6.9026.60 (m, 5 H, PhC;CMe), 3.84
(s, 3 H, PhC;CMe), 2.94, 1.97 (s, 3 H each, TpMe2,4-ClMe), 1.85,
1.79 (s, 6 H each, TpMe2,4-ClMe). Minor isomer: δ 5 8.3 (d, 2 H,
o-PhC;CMe), 7.38 (t, 2 H, m-PhC;CMe), 2.97 (s, 3 H,
PhC;CMe), 2.21, 1.95 (s, 3 H each, TpMe2,4-ClMe), 1.94, 1.81 (s,
6H each, TpMe2,4-ClMe). 2 13C{1H} NMR (CDCl3): Major isomer:
δ 5 267.1, 221.4 (PhC;CMe), 150.3, 148.7, 141.4, 141.2
(TpMe2,4-ClCMe), 136.9 (ipsoPh), 129.7, 128.9, 128.8 (Ph), 111.1
(TpMe2,4-ClCCl), 25.1 (PhC;CMe), 13.4, 13.1, 11.2, 11.0 (TpMe2,4-

ClMe). Minor isomer: δ 5 249.7, 234.5 (PhC;CMe), 136.2 (ip-
soPh), 132.4, 131.1, 130.3 (Ph), 111.1 (TpMe2,4-ClCCl), 23.8
(PhC;CMe), 13.6, 13.5, 10.8 (TpMe2,4-ClMe).

[TpMe2,4-ClNbMe2(PhC;CMe)]: Yield 50%. 2 C26H33BCl3N6Nb
calcd: C 48.8, H 5.2, N 13.1; found: C 49.1, H 5.2, N 12.9. 2 1H
NMR: Major isomer δ 5 7.1026.90 (m, 5 H, PhC;CMe), 3.50 (s,
3 H, PhC;CMe), 2.47, 2.12 (s, 3 H each, TpMe2,4-ClMe), 1.97, 1.69
(s, 6 H each, TpMe2,4-ClMe), 1.02 (s, 6 H, NbMe). Minor isomer:
δ 5 7.93 (d, 2 H, o-PhC;CMe), 6.90 (t, 2 H, m-PhC;CMe), 2.52
(s, 3 H, PhC;CMe), 2.09 (s, 3 H, TpMe2,4-ClMe), 1.93, 1.89 (s, 6H
each, TpMe2,4-ClMe), 1.14 (s, 6 H, NbMe). 2 13C NMR: Major
isomer: δ 5 250.1, 223.9 (PhC;CMe), 148.4, 148.2, 141.1, 141.0
(TpMe2,4-ClCMe), 139.2 (ipsoPh), 130.0, 129.0, 128.9 (Ph), 110.9,
110.1 (TpMe2,4-ClCCl), 55.4 (q, JCH 5 120 Hz, NbMe), 22.8
(PhC;CMe), 14.3, 12.9, 12.8, 10.9 (TpMe2,4-ClMe). Minor isomer:
δ 5 238.2, 235.8 (PhC;CMe), 56.4 (q, JCH 5 120 Hz, NbMe),
23.2 (PhC;CMe), 13.2, 13.1, 12.7, 10.7 (TpMe2,4-ClMe).

[TpMe2,4-ClNb(Cl)(CH2Me)(PhC;CMe)]: Yield 45%. 2 C26H32

BCl4N6Nb calcd: C 46.3, H 4.8, N 12.5; found: C 46.8, H 5.2, N
12.2. 2 1H NMR: Major isomer δ 5 7.3026.80 (m, 5 H,
PhC;CMe), 3.70 (dq, J 5 12.8, 7.7 Hz, 1 H, NbCH2Me), 3.54 (s,
3 H, PhC;CMe), 2.75, 2.06, 1.96, 1.93, 1.87, 1.56 (s, 3 H each,
TpMe2,4-ClMe), 1.00 (dd, J 5 7.7, 6.2 Hz, NbCH2Me), 0.20 (dq,
J 5 12.8, 6.2 Hz, 1 H, NbCH2Me). Minor isomer: δ 5 8.10 (d, 2
H, o-PhC;CMe), 7.40 (t, 2 H, m-PhC;CMe), 3.90 (dq, J 5 12.8,
7.7 Hz, 1 H, NbCH2Me), 2.79 (s, 3 H, PhC;CMe), 2.30, 2.08,
2.02, 1.90, 1.89, 1.74 (s, 3 H each, TpMe2,4-ClMe), 0.97 (dd, J 5 7.7,
6.2 Hz, NbCH2Me), 0.30 (m, 1 H, NbCH2Me). 2 13C NMR:
Major isomer: δ 5 249.6, 216.5 (PhC;CMe), 150.3, 149.6, 147.4,
141.6, 141.3, 141.0 (TpMe2,4-ClCMe), 138.5 (ipsoPh), 131.9, 129.8,
129.0 (Ph), 111.0, 110.6, 110.4 (TpMe2,4-ClCCl), 88.4 (dd, JCH 5

105, 126 Hz, NbCH2Me), 23.1 (PhC;CMe), 13.2, 13.1, 12.2, 11.1,
10.9, 10.8, 10.7 (TpMe2,4-ClMe and CH2Me). Minor isomer: δ 5

235.8, 227.8 (PhC;CMe), 149.5, 149.2, 146.1, 141.4, 141.3, 140.9
(TpMe2,4-ClCMe), 91.2 (dd, JCH 5 105, 126 Hz, NbCH2Me), 23.0
(PhC;CMe), 13.4, 11.9, 10.5 (TpMe2,4-ClMe and CH2Me).

[TpMe2,4-ClNb(Cl)(CH2SiMe3)(PhC;CMe)]: Yield 34%. 2

C28H38BCl4N6NbSi calcd: C 45.9, H 5.2, N 11.5; found: C 46.5, H
5.5, N 10.8. 2 1H NMR: Major isomer δ 5 7.0026.80 (m, 5 H,
PhC;CMe), 3.65 (s, 3 H, PhC;CMe), 3.06 (d, J 5 12.4 Hz, 1 H,
NbCH2SiMe3), 2.82, 2.09, 2.06, 1.91, 1.73, 1.65 (s, 3 H each,
TpMe2,4-ClMe), 0.27 (d, J 5 12.4 Hz, 1 H, NbCH2SiMe3), 20.17
(s, 9 H, SiMe3). Minor isomer: δ 5 8.14 (d, 2 H, o-PhC;CMe),
7.40 (t, 2 H, m-PhC;CMe), 3.45 (d, J 5 11.8 Hz, 1 H,

Eur. J. Inorg. Chem. 1998, 4252428 427

NbCH2SiMe3), 2.87 (s, 3 H, PhC;CMe), 2.30, 2.09, 2.02, 1.98,
1.85 (s, 3 H each, TpMe2,4-ClMe), 0.37 (d, J 5 11.8 Hz, 1 H,
NbCH2SiMe3), 20.44 (s, 9 H, SiMe3). 2 13C NMR: Major isomer:
δ 5 251.5, 221.4 (PhC;CMe), 149.7, 149.6, 148.2, 141.2, 138.2
(TpMe2,4-ClCMe), 138.3 (ipsoPh), 129.8, 129.6, 128.9 (Ph), 111.4,
110.9, 110.5 (TpMe2,4-ClCCl), 81.5 (dd, JCH 5 106, 124 Hz,
NbCH2SiMe3), 24.0 (PhC;CMe), 14.5, 14.0, 12.9, 11.0, 10.7, 10.6
(TpMe2,4-ClMe ), 2.3 (SiMe).

[TpNbMe2(PhC;CMe)]: 0.7 ml of a 3.0  THF solution of
MeMgCl was added dropwise to a stirred cooled (0°C) toluene
solution (50 ml) of [TpNbCl2(PhC;CMe)] (0.49 g, 1.0 mmol). Stir-
ring was continued at 0°C for 4 h as the colour of the solution
turned from red-purple to yellow greenish. The solution was then
pumped to dryness. Extraction with pentane (30 ml), and filtration
through a Celite pad, followed by several washings, afforded a yel-
low solution which was then evaporated to dryness. Crystallization
from pure pentane afforded yellow crystals of the title compound
(0.20 g, 0.44 mmol, 44%). The yield is limited by the high solubility
of the compound. 2C20H25BN6Nb calcd: C 53.1, H 5.5, N 18.6;
found: C 53.1, H 4.9, N 18.3. 2 1H NMR: δ 5 7.98, 7.45 (br s, 1
H each, Tp-3-CH and Tp-5-CH), 7.4027.10 (m, 5 H, PhC;CMe),
7.45, 6.92 (br s, 2 H each, Tp-3-CH and Tp-5-CH), 6.06 (br s, 1
H, Tp-4-CH), 5.69 (br s, 2 H, Tp-4-CH), 3.28 (s, 3 H, PhC;CMe),
1.14 (s, 6 H, NbMe). 2 13C NMR: δ 5 242.0, 227.7 (PhC;CMe),
143.3, 142.4, 135.0, 134.4 (br, Tp-3-CH and Tp-5-CH), 139.3
(ipsoPh), 130.7, 128.8, 128.4 (Ph), 105.7, 104.9 (br, Tp-4-CH), 55.0
(q, JCH 5 118 Hz, NbMe), 22.0 (PhC;CMe).

[TpNb(Cl)(CH2SiMe3)(PhC;CMe)]: Yield 88%. 2 C22H29

BClN6NbS calcd: C 48.5, H 5.4, N 15.4; found: C 48.9, H 5.0, N
15.1. 2 1H NMR: δ 5 8.40, 7.42, 7.31, 7.00, 6.93 (d, J 5 2.2 Hz,
1 H each, Tp-3-CH and Tp-5-CH), 7.3027.00 (m, 5 H,
PhC;CMe), 5.99, 5.71, 5.50 (t, J 5 2.2 Hz, 1 H each, Tp-4-CH),
3.34 (s, 3 H, PhC;CMe), 1.93 (s, 2 H, NbCH2SiMe3), 20.09 (s, 9
H, SiMe3). 2 13C NMR: δ 5 242.8, 225.9 (PhC;CMe), 144.7,
144.5, 144.0, 135.0, 134.9, 134.4 (Tp-3-CH and Tp-5-CH), 138.0
(ipsoPh), 131.1, 129.2, 128.7 (Ph), 105.8, 106.3 (Tp-4-CH), 83.1 (t,
JCH 5 108 Hz, NbCH2SiMe3), 23.3 (PhC;CMe).

Typical Ethylene Polymerization Run: In the glove box
[TpMe2,4-ClNbMe2(PhC;CMe)] (12.8 mg, 0.02 mmol), a magnetic
stir bar and purified toluene (5 ml) were introduced in a Fischer-
Porter bottle equiped with a side arm. To this side arm was at-
tached (Teflon joint, screw connection, Teflon stopcock) a glass
vessel containing B(C6F5)3 (10.4 mg, 0.02 mmol) dissolved in tolu-
ene (5 ml). The apparatus was removed from the glove box, and
attached to a double manifold vacuum line connected to an ethyl-
ene tank through molecular sieves and CuO purifying devices. The
main Fischer-Porter volume, containing the vigorously stirred (500
rpm) yellow solution of the niobium complex, was saturated with
ethylene under 1 atm. No reaction occured at that stage. The Teflon
stopcock of the side arm was opened to allow instantaneous mixing
of the co-catalyst, then closed again. A chronometer was started.
Virtually instantaneous precipitation of a whitish powder com-
menced together with temp. increase. Methanol (10 ml) containing
a few drops of an aqueous HCl solution was introduced through
the side arm after 5 min to quench the polymerization reaction.
The precipitate was collected on a frit in air, washed several times
with methanol and then diethyl ether, and dried to a constant
weight in an oven (75°C). 0.212 mg of a white solid, corresponding
to a catalytic activity of 125 kg mol21 h21, were obtained. 2

(C2H4)n calcd: C 85.6, H 14.4, N 0.0; found: C 85.6, H 15.2, N 0.0.
2 DTA: m.p. 133.5°C.
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The molecule (p,p)-HSC6H4C;CC6H4C;CC6H5 has been
attached to a triosmium cluster and characterized crystal-
lographically. The complex Os3(CO)10(µ-H)(µ-SC6H4-
C;CC6H4C;CC6H5) (1) was obtained in 49% yield from the
reaction of the thiol HSC6H4C;CC6H4C;CC6H5 with Os3-
(CO)10(NCMe)2. The sulfur atom bridges two metal atoms on

Future computational systems will eventually consist of
logic devices that are ultra dense, ultra fast, and ultra
small [1] [2] [3]. The slow step in existing computational archi-
tectures is not usually the switching time, but the time it
takes for an electron to travel through the circuit. By using
molecular-scale electronic interconnects[4], electronic trans-
mission times will be minimized and the resulting compu-
tational operations will occur at far greater speeds than
those attainable from conventional patterned architectural
arrays[1].

Although it is well documented that bulk conjugated or-
ganic materials can be semiconducting or even conducting
when doped[5], recent studies have shown that oriented
thiol-terminated conjugated rigid-rod molecules[6] can con-
duct electrons through a single undoped conjugated mol-
ecule, “molecular-scale wire”, to and from a metallic sur-
face[7]. However, initial studies have indicated the presence
of a transmission barrier at the metal-organic interface[8].
A detailed knowledge of the bonding of thiols to metallic
surfaces will be crucial to developing an understanding of
electron-transport mechanisms and the constuction of de-
vices involving the metal-organic interfaces. The metal-thiol
linkage is usually regarded to be a single metal2sulfur bond
with transfer of the hydrogen atom to the metal surface.
Therefore, we have undertaken a study to determine the na-
ture of the structures and modes of attachment of some
thiol-terminated molecular wires to metal clusters serving
as models for metal surfaces.

The complex Os3(CO)10(µ-H)(µ-SC6H4C;CC6H4-
C;CC6H5) (1) was obtained in 49% yield from the reaction
of (p,p)-HSC6H4C;CC6H4C;CC6H5 with Os3(CO)10-
(NCMe)2. Crystals of 1, suitable for X-ray crystallographic
analysis, were obtained by slow evaporation of solvent from
a solution in CH2Cl2 solvent at 25°C. An ORTEP diagram
of the molecular structure of 1 is shown in Figure 1. The
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the edge of a triangular cluster of three osmium atoms. The
three aryl rings are nearly coplanar. The ligand is 18.27(2) Å
in length from the sulfur atom to the para-carbon atom of the
third aryl ring. This compound may serve as a model for the
coordination of thiol-terminated molecular wires to metallic
probe surfaces.

molecule consists of a linear SC6H4C;CC6H4C;CC6H5 li-
gand linked to the triosmium cluster by the sulfur atom
bridging two of the three osmium atoms. The reaction has
produced cleavage of the thiol sulfur2hydrogen bond and
transfer of the hydrogen atom to the osmium cluster to be-
come a hydride ligand. The position of the hydride ligand
was located and refined crystallographically. It bridges the
Os(1)2Os(2) bond of a triangular cluster of three osmium
atoms, Os(1)2H(1) 5 1.9(1) Å and Os(2)2H(1) 5 1.81(8)
Å, and exhibits the characteristic high-field resonance shift
in the 1H-NMR spectrum, δ 5 217.04. The sulfur atom
bridges the same two metal atoms on the other side of the
Os3 plane, Os(1)2S 5 2.423(3) Å and Os(2)2S 5 2.421(4)
Å. These values are similar to those found for other bridg-
ing thiolate2triosmium linkages that have been structurally
characterized previously[9]. The alkyne C2C bonds are
short, C(46)2C(47) 5 1.16(2), C(54)2C(55) 5 1.19(2) Å as
expected for C2C triple bonds, and the alkyne groups are
linear. The sulfur2carbon distance, S2C(40) 5 1.82(1) Å,
is typical of a carbon2sulfur single bond. The overall
length of the ligand is an interesting feature. The distance
from S to C(59) is 18.27(2) Å. Although the central aryl
ring is twisted approximately 10° away from the planes of
the two other rings, the three aryl rings are nearly coplanar.
This is a feature that would facilitate electron transmission
through the π-orbital network.

Figure 2 shows the packing of the molecules in the crys-
tal. All aryl rings are nearly coplanar. The intermolecular
spacings between the rings of the different molecules are
determined largely by the size of the cluster.

Studies have shown that bis(phenylethynyl)arenes exhibit
strong fluorescence and are effective receptors for chemilu-
mescence processes[10]. We have found that 1 exhibits a sin-
gle strong UV absorption at 332 nm (ε 5 48500 21 cm21)
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Figure 1. ORTEP diagram of the molecular structure of

Os3(CO)10(µ-H)(µ-SC6H4C;CC6H4C;CC6H5) (1)[a]

[a] Selected interatomic distances [Å] and angles [°] are:
Os(1)2Os(2) 5 2.8765(8), Os(1)2Os(3) 5 2.8565(7),
Os(2)2Os(3) 5 2.8626(8), Os(1)2S 5 2.423(3), Os(2)2S 5
2.421(4), Os(1)2H(1) 5 1.9(1), Os(2)2H(1) 5 1.81(8), S2C(40) 5
1.82(1), C(46)2C(47) 5 1.16(2), C(54)2C(55) 5 1.19(2),
S...C(59) 5 18.27(2); Os(1)2S2C(40) 5 113.5(4),
Os(2)2S2C(40) 5 111.6(5).

Figure 2. Packing diagram of compound 1 showing the stacking of
the HSC6H4C;CC6H4C;CC6H5 ligand in the solid state

and a series of emissions at 348, 362, and 377 nm (λex 5
300 nm) which can be attributed to the
SC6H4C;CC6H4C;CC6H5 ligand.
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Experimental Section
The reaction was performed under nitrogen. 24.0 mg of

HSC6H4C;CC6H4C;CC6H5
[6b] (0.0773 mmol), dissolved in 4 ml

of CH2Cl2, was added to a solution of 75.0 mg of Os3-
(CO)10(NCMe)2 (0.0804 mmol) in 50 ml of CH2Cl2. After stirring
for 2 h at 25°C, the solvent was removed and the residue separated
by TLC (in air) on silica gel by using a hexane/CH2Cl2 (3:1) solvent
mixture. This yielded a yellow band containing 44.1 mg of
Os3(CO)10(µ-H)(µ-SC6H4C;CC6H4C;CC6H5) (1) (49%). 2 IR
(νCO in hexane, cm21): 2110 (m), 2069 (vs), 2060 (m), 2026 (vs),
2020 (m), 2003 (m), 1992 (w), 1987 (w). 2 1H NMR (δ in CDCl3):
7.5227.25 (m, 13 H, Ph), 217.04 (s, 1 H, Os-H). 2 C32H14O10Os3S
(1161.12): calcd. C 33.10, H 1.22; found 32.98, 1.37.

Crystal Data: Space group 5 P1̄, a 5 15.019(3), b 5 13.831(2),
c 5 9.299(1) Å, α 5 90.21(1), β 5 72.67(2), γ 5 114.77°, Z 5 2;
3221 reflections, R 5 0.035. Diffraction measurements at 20°C
were made on a Rigaku AFC6S four-circle diffractometer using
Mo-Kα radiation. The structure solution and refinement were made
by using the TEXSAN MOTIF structure-solving program library
(v. 1.8) of the Molecular Structure Corp., The Woodlands, TX on
a Silicon Graphics Indigo2 computer. An absorption correction
(DIFABS) was applied. 2 Crystallographic Data (excluding struc-
ture factors) for the structure reported in this paper have been de-
posited with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. CCDC-101062. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ [Fax: int code 1 44(1223)336-033,
E-mail: deposit@ccdc.cam.ac.uk).
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The synthesis of novel bis(amidinate) silicon and germanium
complexes is described. The reaction of two equiv. of
[MeC(NiPr)2]Li ·THF (1) with SiCl4, GeCl4 or GeCl2·dioxane
affords [MeC(NiPr)2]2SiCl2 (2), [MeC(NiPr)2]2GeCl2 (3) and

Introduction

The coordination chemistry of amidinates is well estab-
lished, not only for the transition metals[1] [2] and the lan-
thanoides[3], but also for main group elements[4] [5] [6] [7] [8].
The main importance lies in the generation of element2ni-
trogen bonds as needed for CVD methods[9], and for the
synthesis of new catalysts. However, the amidinate chemis-
try of Group 14 elements has hitherto only been investi-
gated for tin and lead[10] [11]. Amidinates of silicon and ger-
manium are largely unknown, with only a few exceptions.

Thus, PhC(NSiMe3)[N(SiMe3)2] [12] and [PhC(NSiMe3)2]-
M·(THF/Et2O)n (M 5 Li, Na, K, Rb)[11] are well known
starting materials in amidinate chemistry. PhC(NSiMe3)[N-
(SiMe3)2] is the only compound of this type for which a crys-
tal structure determination is available, and this confirms a
monodentate amidinate coordination[11]. In contrast, a biden-
tate coordination was deduced from a δ29Si value of 2101.9
for the only other known amidinate silicon derivative,
PhC(NSiMe3)2SiCl3[14]. A report on structural investigations
of two other silicon amidinate derivatives is currently in
press[13]. With the aim of obtaining access to a new genera-
tion of molecular silicon2nitrogen compounds, which might
easily be converted to polymeric materials of different but
easily tunable structural units resembling silicate structures
but with pseudochalcogenide bridges {i.e.
[N2C(R)2N(R9)]22 instead of O22}, and which further
might be converted to Si/C/N/X materials, we have initiated
a comprehensive study of silicon and germanium amidinate
chemistry. We have found that modification of the organic
substituents on the nitrogen as well as on the bridging carbon
atom exerts a considerable effect on the coordination to the
silicon or germanium center[15]. We report herein on prelimi-
nary results concerning the synthesis and characterization of
novel bis(amidinate) complexes of SiIV, GeIV, and GeII.

Results and Discussion

The anionic amidinate compound [MeC(NiPr)2]Li ·THF
(1) was obtained by reaction of iPr2N5C5NiPr with
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[MeC(NiPr)2]2Ge (4), respectively. The complexes 2 and 4
have been structurally characterized. The crystallographic re-
sults confirm a bidentate coordination of the amidinate ligands
at the Si/Ge center, as indicated by spectroscopic studies.

MeLi (THF, room temp.) and was isolated as a white, crys-
talline solid in good yield according to the published pro-
cedure[16]. Reactions of 2 equiv. of 1 with 1 equiv. of SiCl4,

GeCl4 or GeCl2 ·dioxane resulted in the formation of the
new complexes [MeC(NiPr)2]2SiCl2 (2), [MeC(NiPr)2]2-
GeCl2 (3), and [MeC(NiPr)2]2Ge (4) (Scheme 1), which
were obtained as colorless, crystalline solids.

Scheme 1. Reactions of SiCl4, GeCl4, and GeCl2 ·dioxane with
[CH3C(NiPr)2]Li ·THF (1)

The constitutions of the complexes were established on
the basis of their 1H-, 13C-NMR and mass spectra, as well
as by elemental analyses.

The room-temperature 1H-NMR spectrum of 2 shows
four doublets of equal intensity in the aliphatic region due
to the methyl protons of the isopropyl groups, and two sep-
tets due to the CH protons of the isopropyl groups of the
amidinate ligands. The CH3 group of the bridging unit is
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observed as a singlet. Temperature-dependent NMR meas-
urements establish a rigid molecular skeleton in the range
280 °C to 180 °C. In marked contrast, the analogous ger-
manium compound 3 shows fluctional behavior. At room
temp., four doublets are again observed for the isopropyl
groups, but these broaden on heating and coalesce to one
broad singlet at 80 °C.

However, the germanium(II) compound 4 exhibits a sin-
gle set of amidinate resonances over the whole temperature
range, indicating equivalence of the two donor nitrogen
atoms and symmetrical coordination to the germanium
center on the NMR timescale.

The 29Si-NMR resonance of 2 (δ 5 2169.33) indicates
hexacoordination at silicon. All three complexes show re-
markable thermal stability. For example, 2 can be heated in
toluene at 100 °C for several days without noticeable de-
composition. No reaction was observed upon treatment
with potassium or sodium metal (THF, room temp.).

Confirmation of the bidentate coordination mode of the
amidinate ligands was obtained from X-ray structure deter-
minations of 2 and 4.

X-ray Analysis of [CH3C(NiPr)2]2SiCl2 (2) and
[CH3C(NiPr)2]2Ge (4): The X-ray analysis of the colorless
crystals of compound 2 (from toluene) shows two identical
molecules in the asymmetric unit (see Table 2). The molecu-
lar geometry and atom numbering scheme are shown in
Figure 1; selected bond distances [Å] and angles [°] are
listed in Table 1.

Figure 1. Molecular structure of 2

Both amidinate ligands are coordinated in a bidentate
fashion, with one nitrogen in an axial and the other in an
equatorial position of a distorted octahedron. Two chlorine
atoms complete the cis-octahedral coordination sphere of
the central silicon atom. As expected, the axial Si2N bond
lengths [Si(1b)2N(2b): 1.837(2) Å, Si(1b)2N(4b): 1.841(2)
Å] are slightly shorter than the equatorial distances
[Si(1b)2N(1b): 1.915(2) Å, Si(1b)2N(3b): 1.914(2) Å]. This
is accompanied by a slight shortening of the C2Neq bonds
[N(1b)2C(1b): 1.312 Å, N(3b)2C(2b): 1.305(4) Å] com-
pared to the C2Nax bonds [N(2b)2C(1b): 1.333(4) Å,
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Table 1. Selected bond lengths [Å] and angles [°] of compounds 2
and 4

2 4

Cl(1b)2Si(1b) 2.185(1) Ge(1)2N(1) 1.982(3)
Cl(2b)2Si(1b) 2.197(1) Ge(1)2N(3) 2.300(2)
Si(1b)2N(4b) 1.841(2) N(1)2C(1) 1.325(4)
Si(1b)2N(2b) 1.837(2) N(3)2C(1a) 1.302(3)
Si(1b)2N(1b) 1.915(2) N(1)2C(3) 1.459(4)
Si(1b)2N(3b) 1.914(2) N(3)2C(5) 1.462(3)
N(1b)2C(1b) 1.312(4)
N(2b)2C(1b) 1.333(4)
N(3b)2C(2b) 1.305(4)
N(4b)2C(2b) 1.341(4)
N(2b)2Si(1b)2N(4b) 163.0(1) N(1a)2Ge(1)2N(1) 100.7(1)
N(4b)2Si(1b)2N(1b) 98.0(1) N(1)2Ge(1)2N(3) 96.20(9)
N(2b)2Si(1b)2N(1b) 69.0(1) N(1)2Ge(1)2N(3a) 61.00(9)
N(4b)2Si(1b)2N(3b) 68.8(1) C(1)2N(1)2C(3) 125.4(2)
N(2b)2Si(1b)2N(3b) 99.6(1) C(3)2N(1)2Ge(1) 135.3(2)
N(3b)2Si(1b)2N(1b) 91.0(1) C(1a)2N(3)2Ge(1) 85.5(2)
N(4b)2Si(1b)2Cl(1b) 96.8(8) N(3a)2C(1)2N(1) 113.0(2)
N(2b)2Si(1b)2Cl(1b) 95.78(8) N(3)2Ge(1)2N(3a) 145.7(1)
N(1b)2Si(1b)2Cl(1b) 164.75(8) C(1)2N(1)2Ge(1) 99.2(2)
N(3b)2Si(1b)2Cl(1b) 90.81(8) C(1a)2N(3)2C(5) 122.2(3)
N(3b)2Si(1b)2Cl(2b) 163.95(8) C(5)2N(3)2Ge(1) 144.8(2)
N(1b)2C(1b)2N(2b) 107.0(2)
N(3b)2C(2b)2N(4b) 106.7(2)

N(4b)2C(2b): 1.341(4) Å] within the amidinate ligands,
both being approximately intermediate between C2N
double-bond and C2N(sp2) single-bond distances. The
four-membered Si2N2C2N rings are essentially planar, as
are the arrangements about the nitrogen and carbon atoms.
The overall structure of 2 resembles that of the structurally
characterized tin compound [MeC(NCy)2]2SnCl2[10a].

Figure 2. Molecular structure of 4

The X-ray structure determination of the colorless crys-
tals of 4 (from pentane) reveals the presence of one-half of
the molecule in the asymmetric unit (see Table 2). The
whole molecule can be generated by symmetric transform-
ations. The molecular geometry and atom numbering
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scheme are shown in Figure 2; selected bond distances [Å]
and angles [°] are listed in Table 1.

In the monomeric molecule, the germanium atom is sur-
rounded by four nitrogen atoms originating from two amid-
inate ligands, each spanning an axial and an equatorial site
of a heavily distorted Ψ-trigonal bipyramid, with the “lone
pair” of germanium(II) occupying the third equatorial posi-
tion. Although, as in the case of 2, the four-membered rings
are almost planar, only the equatorial nitrogen atoms N(1)/
(1a) are planar [sum of angles at N(1)/(1a): 359.9°]. The
respective Ge(1)2N(1)/(1a) bonds [1.982(3) Å] are signifi-
cantly shorter than the axial Ge(1)2N(3)/(3a) bonds
[2.300(1) Å], which coincides with a considerable deviation
from planarity of the N(3)/(3a) atoms [sum of angles at
N(3)/(3a): 352.5°]. The axial N(3)2Ge(1)2N(3a) bond an-
gle [145.7(1)°] is very small compared the ideal tbp value of
180° and highlights the considerable ring strain in 4. The
angle N(1)2Ge(1)2N(1a) is also rather small (100.7°). In-
stead of a Ψ-tbp structure, the geometry might be classified
as a distorted tetragonal pyramid 2 in fact, an intermediate
state is the best compromise for an adequate description.
In this regard, the structure resembles those of other GeII

compounds bearing four-membered chelate rings[17]. As a
consequence of this structural dilemma, fluctional behavior
may be anticipated and is indeed observed (see above).
Again, small element to nitrogen distances [Ge2N(1)/(1b):
1.982(3) Å] coincide with slightly longer C2N distances in
the ligand [C(1)2N(1)/C(1a)2N(1a): 1.325(4) Å] and vice
versa: the long Ge(1)2N(3)/(3a) bond [2.300(2) Å] corre-
sponds to a short C(1)2N(3)/(3a) bond [1.302(3) Å]. The
amidinate bite angle [N(1a)2Ge(1)2N(3)] is rather acute
(61.0°), which is compensated by a concomitant widening
of the N2C2N bond angle (125.4°).

Conclusions

Monoanionic, bidentate four-electron donor amidinates
are highly suitable ligands for stabilizing low oxidation
states and/or high coordination numbers at group 14 ele-
ment centers (Si, Ge). The newly synthesized cis-dichloro-
silicon bis(amidinate) complex 2 may be a potentially useful
precursor for novel stable SiII compounds. Work in this area
is currently in progress.

We thank the Deutschen Forschungsgesellschaft for financial sup-
port.

Experimental Section
General: All reactions were carried out under dry nitrogen. The

solvents used were distilled under nitrogen from Na/K alloy. MeLi
(1.6  in Et2O) and iPrNCNiPr were used as purchased. SiCl4 and
GeCl4 were freshly distilled from K2CO3 prior to use.
GeCl2 ·dioxane [18] and [MeC(NiPr)2]Li ·THF (1) [16] were pre-
pared according to literature procedures. Elemental analyses were
obtained on a Vario EL CHN Automat Analyzer at the microana-
lytical laboratory of the TU München. 2 NMR: Jeol GX 270 and
400 FT-NMR spectrometers. All chemical shifts are reported in
parts per million and coupling constants J in Hz. Spectra were
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recorded at 25 °C unless otherwise stated. 2 MS: Varian MAT
311A, CI.

Preparation of [MeC(NiPr)2]2SiCl2 (2): To a suspension of
13.85 mmol (3.05 g) of 1 in 50 ml of Et20, 6.58 mmol (0.83 ml) of
SiCl4 was added at 278 °C. The reaction mixture was allowed to
warm to room temp. with stirring. After 18 h, the solvent was re-
placed by 40 ml of toluene and the resulting suspension was fil-
tered. Evaporation of the solvent from the filtrate afforded 2.4 g
(95%) of colorless crystals. 2 1H NMR (C6D6): δ 5 0.96 (d,
3JHH 5 8.0, 6 H, CH3CH), 1.28 (d, 3JHH 5 8.0, 6 H, CH3CH),
1.37 (d, 3JHH 5 8.0, 6 H, CH3CH), 1.41 (s, 6 H, CH3C), 1.48 (d,
3JHH 5 8.0, 6 H, CH3CH), 3.33 (sept, 2 H, 3JHH 5 8.0, CH3CH),
4.30 (sept, 2 H, 3JHH 5 8.0, CH3CH). 2 13C NMR (C6D6): δ 5

12.37 (CH3C), 21.76 (CH3CH), 23.24 (CH3CH), 23.32 (CH3CH),
23.59 (CH3CH), 45.19 (CH3CH), 46.37 (CH3CH), 166.77 (NCN).
2 29Si NMR (C6D6): δ 5 2169.33. 2 MS (CI, 150 eV): m/z (%) 5

380 (2) [M1], 345 (100) [M 2 Cl], 262 (11) [M 2 Cl 2 CNiPr], 239
(50) [M 2 iPrNC(Me)NiPr]. 2 C16H24Cl2N4Si (381.46): calcd. C
50.38, H 8.98, N 14.69; found C 48.15, H 8.75, N 12.90.

Preparation of [MeC(NiPr)2]2GeCl2 (3): To a suspension of 8.42
mmol (1.85 g) of 1 in 50 ml of THF, 4.00 mmol (0.46 ml) of GeCl4
was added at 278 °C and the reaction mixture was allowed to
warm to room temp. After stirring for 18 h at room temp., the
solvent was replaced by 40 ml of pentane. The residue was extracted
several times. The combined extracts were slowly concentrated in
vacuo to afford 1.41 g (83%) of colorless crystals. 2 1H NMR (20
°C, [D8]toluene): δ 5 1.11 (d, 3JHH 5 6.4, 6 H, CH3CH), 1.46 (d,
3JHH 5 6.4, 6 H, CH3CH), 1.63 (d, 3JHH 5 6.4, 6 H, CH3CH),
1.65 (d, 3JHH 5 6.4, 6 H, CH3CH), 1.55 (s, 6 H, CH3C), 3.49 (sept,
3JHH 5 6.4, 2 H, CH3CH), 4.22 (sept, 3JHH 5 6.4, 2 H, CH3CH).
2 1H NMR (80 °C, [D8]toluene): δ 5 1.51 (br, 24 H, CH3CH),
1.62 (s, 6 H, CH3C), 3.624.2 (br, 4 H, CH3CH). 2 13C NMR
(C6D6): δ 5 11.06 (CH3C), 21.68, 23.23, 23.46, 23.73 (CH3CH),
46.34 (CH3CH), 47.36 (CH3CH), 162.46 (N5CN). 2 MS (CI, 150
eV): m/z (%) 5 391 (58) [M 2 Cl], 285 (39) [M 2 MeC(NiPr)2], 141
(100) [MeC(NiPr)2]. 2 C16H34Cl2GeN4 (425.99): calcd. C 45.11, H
8.04, N 13.15; found C 45.28, H 8.00, N 12.61.

Preparation of [MeC(NiPr)2]2Ge (4): To a mixture of 8.12
mmol (1.79 g) of 1 and 3.45 mmol (0.8 g) of GeCl2 ·dioxane, 40 ml
of Et2O was added at 278 °C. The reaction mixture was slowly
allowed to warm to room temp. and stirred for a further 18 h. The
solvent was then removed and the product was extracted with 50
ml of pentane. The pentane extract was concentrated and 4 was
isolated as colorless crystals (1.02 g, 81%). 2 m.p. 41 °C. 2 1H
NMR (C6D6): δ 5 1.31 (d, 3JHH 5 6.5, 24 H, CH3CH), 1.53 (s, 6
H, CH3C), 3.63 (sept, 3JHH 5 6.5, 4 H, CH3CH). 2 13C NMR
(C6D6): δ 5 11.91 (CH3C), 24.89 (CH3CH), 47.16 (CH3CH),
162.53 (NC5N). 2 MS (CI, 150 eV): m/z (%) 5 357 (15) [M], 183
(3) [M 2 4 iPr], 143 (100) [MeC(NiPr)2]. 2 C16H34GeN4 (355.08):
calcd. C 54.12, H 9.65, N 15.77; found C 51.93, H 9.50, N 14.77.

Crystal Structure Determination: Suitable crystals of 2 and 4 were
sealed into glass capillaries. The structures were solved by direct
methods and refined by full-matrix least-squares calculations
against F2 (SHELXL-93)[19]. Crystal data and numerical data of
the structure determinations are given in Table 2. The thermal mo-
tion of all non-hydrogen atoms was treated anisotropically. All hy-
drogen atoms were calculated in ideal positions. Further infor-
mation may be obtained from the Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on
quoting the depository numbers CSD-408153 (2) and CSD-
408152 (4).
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Table 2. Crystal data of the X-ray structural analyses of compounds 2 and 4

[CH3C(NiPr)2]2SiCl2 (2) [CH3C(NiPr)2]2Ge (4)

Empirical formula C16H34N4Cl2Si C16H34GeN4
Molecular mass [g/mol] 381.46 355.06
Temperature [K] 199(2) 185(2)
Crystal system orthorhombic tetragonal
Space group Pbca P412121
a [Å] 15.089(2) 7.185(6)
b [Å] 17.224(2) 7.185(6)
c [Å] 32.622(3) 36.886(6)
α, β, γ [°] 90 90
Diffractometer Enraf-Nonius CAD4-Turbo Enraf-Nonius CAD4-Turbo
Radiation Mo-Kα (λ 5 0.71073 Å) Mo-Kα (λ 5 0.71073 Å)
Density (calculated) [Mg/m3] 1.195 1.175
Absorption coefficient [mm21] 0.368 1.527
F (000) 3296 760
θ range for data collection [°] 3226 3227
Limiting indices 0 # h # 18, 29 # h # 21,

0 # k # 21, 0 # k # 9,
0 # l # 40 249 # l # 48

Reflections collected 8290 4237
Independent reflections 8238 (Rint 5 0.000) 2168 (Rint 5 0.0271)
Data/ restrained/ parameters 5910/ 0/ 415 1843/ 0/ 96
Goodness-of-fit on F2 1.023 1.070
Final R indices [F0>4σ(F0)] R1 5 0.0400; wR2 5 0.0976 R1 5 0.0293; wR2 5 0.0704
R indices (all data) R1 5 0.0785; wR2 5 0.1392 R1 5 0.0436; wR2 5 0.0769
Largest diff. peak and hole 0.427; 20.330 e/Å3 0.445; 20.376 e/Å3

Scan modes ω/θ ω
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The reaction of PbCl2 with LiN(PPh2)2 (1) at 278°C affords
the P2P coupled phosphazene Ph2P2N=PPh22PPh2=
N2PPh2 (2) as an oxidation product and, as a reduction
equivalent, the novel lead(1+) complex [(Pb1+)2(µ-
Ph2P…

2N…
2PPh2

2)2](Pb2Pb) (3). The crystal structure determi-
nation of the red compound 3 shows a Pb2Pb bond length
of 304.1(1) pm. The 31P- and 207Pb-NMR spectra of 3 are com-
plicated due to the presence of a higher order spin system
(AA9A99A999X for the mono-207Pb isotopomer, AA9A99A999XX9

for the bis-207Pb isotopomer). Simulations of the 31P and 207Pb

Previously[2] [3] [4] we published data on the unusual oxi-
dative splitting and scrambling of lithium bis(diphenylphos-
phanyl)amide, LiN(PPh2)2 (1) [5] [6] [7] [8], by MCl2 (M 5 Co,
Fe, Ni, Pd, Pt) that resulted in spirocyclic[2] [3] and bicyclic [4]

complexes of the types A, B, and C (Scheme 1). In contrast,
the oxidative coupling of 1 with iodine[9] leads to the P2P
coupled diphosphazene Ph2P2N5PPh22PPh25N2PPh2

(2), that can also be obtained by the reaction of 1 with
anhydrous iron(31) fluoride, copper(21) fluoride[10], bis-
muth tribromide or antimony triiodide[11]. On the other
hand, a mixture of arsenic triiodide and 1 in the molar ratio
of 1:2 reacts at 20°C to yield 2 and the As(11) complex
D[11].

As a part of our studies on the chemical behaviour of 1
towards metal halides, we now report on the reaction of 1
with PbCl2 and InCl3, the latter having a diagonal relation-
ship with PbCl2.

The Binuclear Lead(11) Complex

The reaction of lead dichloride with two equivalents of 1
at 278°C, allowed to warm up to 20°C, in THF affords the

[e] Part 128: Ref. [1].
[°] Present address: Instituto de Quimica, Universidad Nacional

Autonoma de Mexico, Circuito Exterior, Ciudad Universitaria,
04510, Mexico D. F. (Mexico).
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spectra both on material with natural isotope abundance and
on the 207Pb-labelled compound (3*) reveal a large Pb,Pb
coupling constant of 7708 Hz, indicative of a covalent Pb2Pb
bond. 2 Though InCl3 is diagonally related to PbCl2, no sig-
nificant redox process is observed in the reaction between
InCl3 and 1. The yellow crystals of [In3+(Ph2P…

2N…
2PPh2

2)3]
(4) that are obtained were also investigated by X-ray analy-
sis. These show a propeller-like configuration of the three
four-membered chelate rings with indium(3+) as the centre.

Scheme 1

diphosphazene 2 and a new complex, 3, with lead in the
rare oxidation state of 11 (Scheme 2).
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Scheme 2

Compounds 2 and 3 can be isolated as pale yellow and
deep red crystals, respectively, from THF by precipitation
with n-pentane. In order to separate 2 and 3, the crystal
conglomerate was treated with cold toluene, in which 3 dis-
solves. Compound 2 was filtered off and identified by infra-
red spectroscopy[11].

Crystallization of 3 from toluene by slow solvent dif-
fusion with n-pentane yielded large red rhombic crystals
which were suitable for X-ray structural analysis.

The result of the structure determination of 3 is shown
in Figure 1. The molecule contains a [Pb112Pb11] unit
with an interatomic distance of 304.1(1) pm, which is con-
siderably shorter than the interatomic Pb···Pb distance (349
pm)[12] in metallic lead. This indicates the possibility of a
covalent Pb112Pb11 bond in 3, and this is confirmed by
the 207Pb-NMR spectrum of the 207Pb-labelled 3 ( 5 3*)
which shows a large 207Pb,207Pb coupling constant of 7708
Hz (see later). In the polylead anions Pb5

22, Pb7
42, Pb9

42,
and in organometallic diplumbanes of type R3Pb2PbR3

(R 5 Ph, c-C6H11) Pb2Pb distances in the range of
2842324 pm are found[13]. The Pb(1)2Pb(2) bond of 3 is
bridged by two bis(diphenylphosphanyl)amide anions,
[N(PPh2)2]2, forming a butterfly-like structure with
P(1)2Pb(1)2P(4) and P(2)2Pb(2)2P(3) angles of 93.7(2)°
and 95.5(2)°, respectively. All other angles at the Pb(1) and
Pb(2) atoms also approach the “p-only” value of 90°.
Therefore, the two vicinal lone electron pairs at the lead
atoms (Scheme 2) have mainly s-character.

The average P2N bond length of 160(2) pm, which is
typical for complexes with the bridging [N(PPh2)2]2 en-
tity[14] [15] [16], indicates a considerable amount of double-
bond character. The two five-membered rings connected by
the Pb(1)2Pb(2) bond show significant deviations from
planarity (Figure 2). Whereas in the
Pb(1)2P(1)2N(1)2P(2)2Pb(2) ring the P(1) atom is dis-
placed by 30 pm from the least-squares plane, the deviation
for the P(3) atom in the homologous
Pb(1)2P(4)2N(2)2P(3)2Pb(2) ring is 26 pm. The dihedral
angle between the two least-squares planes calculated for
the two five-membered rings amounts to 89.4°. The
P2N2P angles of 123.4(9)° and 125.2(11)°, respectively,
are the same as those found in (THF)3LiN(PPh2)2

[124.7(3)°] [8].
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Figure 1. Molecular structure (ORTEP plot) of 3[a]

[a] Selected bond lengths [pm] and angles [°]: Pb(1)2P(1) 273.6(6),
Pb(1)2P(4) 278.0(6), Pb(1)2Pb(2) 304.10(13), Pb(2)2P(3)
270.9(6), Pb(2)2P(2) 274.0(6), P(1)2N(1) 160(2), P(1)2C(11)
180(2), P(1)2C(21) 181(2), P(2)2N(1) 160(2), P(3)2N(2) 163(2),
P(4)2N(2) 158(2); P(1)2Pb(1)2P(4) 93.7(2), P(1)2Pb(1)2Pb(2)
84.94(13), P(4)2Pb(1)2Pb(2) 88.93(12), P(3)2Pb(2)2P(2) 95.5(2),
P(3)2Pb(2)2Pb(1) 84.32(12), P(2)2Pb(2)2Pb(1) 88.30(12),
C(11)2P(1)2C(21) 99.7(10), N(1)2P(1)2Pb(1) 116.9(7),
C(11)2P(1)2Pb(1) 113.6(8), C(21)2P(1)2Pb(1) 105.6(8),
N(2)2P(3)2Pb(2) 120.1(7), N(2)2P(4)2Pb(1) 114.6(7),
P(1)2N(1)2P(2) 123.4(9), P(4)2N(2)2P(3) 125.2(11).

Figure 2. Arrangement and distortion of the five-membered rings
in 3

31P- and 207Pb-NMR Spectra

Whereas phosphorus is an element consisting of a pure
isotope (100% 31P, spin I 5 1/2), lead consists of only 22.4%
of the isotope 207Pb (spin I 5 1/2). Other stable lead iso-
topes are magnetically inactive (spin I 5 0). Hence, accord-
ing to the binomial coefficients, the natural isotope abun-
dance distribution in 3 is 61%, 34%, and 5% for the pres-
ence of zero, one, and two 207Pb isotopes, respectively.

The skeleton of magnetically active P and Pb nuclei in 3
is shown in Figure 3. For the sake of convenience we use the
numbering shown in Figure 3 in the following discussion. In
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the trivial case of the major isotopomer in which no 207Pb
isotope is present, the four 31P nuclei are equivalent and
give rise to a singlet at δ 5 60.7 in the 31P-NMR spectrum
(c.f. Figure 4). In the isotopomer shown in Figure 3a, with
one 207Pb isotope, an AA9A99A999X spin system (A 5 A9 5
A99 5 A999 5 31P; X 5 207Pb) is present which results in
rather complex 31P and 207Pb spectra (Figures 4a and 5a).
Of crucial interest is the isotopomer with the lowest abun-
dance, in which two 207Pb nuclei are present (Figure 3b):
here, an AA9A99A999XX9 spin system exists with complex
31P and 207Pb spectra that are entirely different from those
arising from the presence of only one 207Pb isotope (Figures
4b and 5b).

Figure 3. Skeleton of magnetically active P and Pb nuclei in 3.
a) Isotopomer with one 207Pb; b) isotopomer with two 207Pb

Figure 4. Simulated (a2c) and experimental (d) 31P-NMR spec-
trum of 3, natural isotope abundance, C6D6, satd. solution, 123°C.
Spectrum (c) is a superposition of spectrum (a) (mono-207Pb isoto-
pomer) and spectrum (b) (bis-207Pb isotopomer) with scaling to the
appropriate isotopomer abundances. Signals in spectrum (d) which
do not match the signals of the simulated spectrum are due to

impurities from thermal decomposition

In order to elucidate the coupling constants involved, the
31P- and 207Pb-NMR spectra were simulated for the isoto-
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Figure 5. Simulated (a2c) and experimental (d) 207Pb-NMR spec-
trum of 3, natural isotope abundance, C6D6, satd. solution, 123°C.
Spectrum (c) is a superposition of spectrum (a) (mono-207Pb isoto-
pomer) and spectrum (b) (bis-207Pb isotopomer) with scaling to the

appropriate isotopomer abundances

pomers with one and with two 207Pb nuclei (Figures 4 and
5). The simulated spectra were scaled according to the
abundances of the isotopomers and superimposed (Figures
4c and 5c). The corresponding experimental spectra are
shown in Figures 4d and 5d. The 31P- and 207Pb-chemical
shifts are δ 5 60.7 and δ 5 2608.0, respectively. It should
be noted that the simulation software employed cuts off sig-
nals below a certain intensity. Hence, simulations by using
different software may reveal additional weak signals.

The coupling constants J13, J15, and J35 were relatively
easily determined after some variation cycles. By contrast,
the coupling constant “of interest”, J12, manifests only as
very weak “satellites”, which are visible in the simulation
only after a large zoom of the vertical scale (Figures 4c and
5b). Variation of J12 over a wide range results in no signifi-
cant changes in the center “multiplet”. In the experimental
31P and 207Pb spectra of the natural abundance material
these satellites are completely lost in the spectrum noise.

The simulated spectra are not sensitive to the sign of the
homonuclear couplings J12 and J35 (J46). Permutations of
the signs of these coupling constants resulted in absolutely
identical spectra. Hence, it is not possible to determine the
signs of these coupling constants from the simulations. In
contrast, the simulated spectra are sensitive to the relative
signs of the heteronuclear coupling constants J13 and J15.
The simulations clearly indicate that the signs of J13 and J15

are unlike. Although many one bond (1J)Pb,Pb couplings
have been measured[17], the sign has been determined only
recently[18] for a larger variety of compounds. Thus, J12 is
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negative throughout for, e.g., tBu3Pb-PbR3 (R 5 Me, Et,
iPr, n-C6H11, c-C6H11) and amounts up to 29200 Hz for
R 5 n-C6H11. Only in Pb2Me6 J12 has been found to be
positive[19]. It is save to assume that J12 is negative in 3,
especially when the influence of the 6s electron pairs is
taken into account[20] [21]. Tentatively, we hold the same to
be true for J13 in 3. Accordingly, the geminal coupling con-
stant J15 must be positive.

In order to make visible the very weak “satellite” signals
which are indicative of the Pb,Pb coupling constant in 3, we
carried out isotopic labelling. The synthesis of the labelled
material is shown in Scheme 3. The 207Pb-labelled com-
pound is referred to as 3* in the following text.

Scheme 3

The 207Pb enrichment of the initially employed 207PbCO3

is 92.8%. Hence, the distribution of the isotopomers of 3*
with zero, one, and two 207Pb nuclei is 0.5%, 13.3%, and
86.2%, respectively. As for the 31P- and 207Pb-NMR meas-
urements of the natural abundance material, crystals of 3*
were dissolved in [D6]benzene. Due to the limited thermal
stability of 3* the 31P spectrum (Figure 6d) is blurred due
to the presence of signals from decomposition products.
Unfortunately, these overlap heavily with the “satellite” sig-
nals of interest (Figure 6c) which would be indicative of the
magnitude of the Pb,Pb coupling. Hence, even for the
207Pb-labelled compound the relevant constant J12 could
not be extracted from the 31P spectrum.

Fortunately, however, the 207Pb spectrum of 3* (Figure
7d) finally yielded the desired information. The overall
measuring time of this 207Pb spectrum was 126 h. Spectra
of several freshly prepared samples were superimposed. Al-
though 207Pb is generally a nucleus that is easy to detect,
the broadness of the signals generally leads to a poor signal-
to-noise ratio. This broadness is very likely due to chemical
shift anisotropy (CSA) relaxation, a well known phenom-
enon with high field spectrometers[22]. When the simulation
is carried out using the Pb,Pb coupling constant uJ12u 5
7708 Hz, the outer satellites in Figures 7b and 7c match the
experimentally observed ones in Figure 7d.

Table 1 summarizes the results of the spin simulations.
Diagonal numbers represent chemical shifts whereas off-di-
agonal numbers indicate coupling constants.

The large Pb,Pb coupling constant of 7.7 kHz clearly
indicates that a covalent Pb2Pb bond must be present in 3.
Therefore, complex 3 bears a remote resemblance to
[Ge2{C(SiMe3)(PMe2)2}2], which contains a covalent
Ge2Ge bond[23].
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Figure 6. Simulated (a2c) and experimental (d) 31P-NMR spec-
trum of 3*, isotopically labelled by 92.8% 207Pb, C6D6, satd. solu-
tion, 123°C. Spectrum (c) is a superposition of spectrum (a)
(mono-207Pb isotopomer) and spectrum (b) (bis-207Pb isotopomer)
with scaling to the appropriate isotopomer abundances. Signals in
spectrum (d) which do not match the signals of the simulated spec-

trum are due to impurities from thermal decomposition

The 1H-NMR spectrum of 3 is simple and does not have
any unusual features. As a result of P,C coupling, the reso-
nances for C-i and C-o of the phenyl groups in the 13C{1H}-
NMR spectrum are split into multiplets. The IR spectro-
scopic data of 3 are listed in the Experimental Section. The
assignments of the P2C6H5 modes[6] are based on the
Whiffen nomenclature[24] in the more currently used de-
scription of Maslowsky[25]. The mass spectrum (EI) of 3
does not show the molecular ion peak of 31, but instead
shows the [M 2 PPh] fragment along with various peaks
due to P2N and P2Ph fragments.

It is also worth pointing out that ligands which are simi-
lar to our system, i. e. [N(SiMe3)2]2, [N(SiMe3)(CMe3)]2,
[N(SPPh2)2]2, and [CH(PPh2)2]2 generally yield different
complexes with the lower main group-15 metal(21) halides,
e. g. [Pb{N(SiMe3)2}2] [26], [Pb{N(SiMe3)(CMe3)}2] [27],
[Sn{N(SiMe3)2}2] [28], [Pb{(SPPh2)2N}2] [29], [Sn{CH-
(PPh2)2}2] [30], or [Pb{CH(PPh2)2}2] [30] [31] [32].

The Mononuclear Indium(31) Complex

Reaction of InCl3 with LiN(PPh2)2 (1) in the molar ratio
of 1:3 in THF at 20°C affords LiCl and the yellow complex
[In(Ph2P…

2N…
2PPh2

2)3] (4), which was isolated after sepa-
ration from LiCl with benzene/n-pentane as yellow moist-
ure-sensitive crystals. These crystals were suitable for an X-
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Figure 7. Simulated (a2c) and experimental (d) 207Pb NMR spec-
trum of 3*, isotopically labelled by 92.8% 207Pb, C6D6, satd. solu-
tion, 123°C. Spectrum (c) is a superposition of spectrum (a)
(mono-207Pb isotopomer) and spectrum (b) (bis-207Pb isotopomer)

with scaling to the appropriate isotopomer abundances

Table 1. 31P- and 207Pb-chemical shifts (δ, diagonal, ppm) and cou-
pling constants (J, off-diagonal, Hz) in 3 and 3*, respectively, as
derived from spectra simulations. The signs of the coupling con-
stants are tentative (see text), however, it is certain that J13 (J14,

J25, J26) and J15 (J16, J23, J24) have unlike signs

Nucleus # 1 2 3 4 5 6

1 2608.0 27708 22660 22660 1240 1240
2 2608.8 1240 1240 22660 22660
3 160.7 0 1240 0
4 160.7 0 1240
5 160.7 0
6 160.7

ray crystal analysis. Surprisingly there is no reduction of
InCl3 to indium(11) derivatives by 1.

The crystal structure determination shows that com-
pound 4 consists of a tricyclic ring system with indium(31)
as the centre (Figure 8).

At the indium centre the four-membered P2N2P2In
chelate rings are oriented in a propeller-like conformation.
The main deviation from a regular octahedral arrangement
is caused by the fact that the P2In2P angle for each biden-
tate [N(PPh2)2]2 ligand is close to 58°. In the four-mem-
bered ring In(1)2P(3)2N(2)2P(4), the differences between
the two P2N and In2P bond lengths as well as the two
In2P2N angles are small. These differences in the related
bond distances and angles increase in the
In(1)2P(1)2N(2)2P(2) ring and are remarkable in the
In(1)2P(5)2N(3)2P(6) ring [e.g. P(5)2N(3): 167.3(6),
P(6)2N(3): 158.7; In(1)2P(5): 284.7(2), In(1)2P(6):
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Figure 8. Molecular structure (ORTEP plot) of 4[a]

[a] Selected bond lengths [pm] and angles [°]: In(1)2P(1) 272.4(2),
In(1)2P(6) 273.9(2), In(1)2P(4) 277.0(2), In(1)2P(2) 277.5(2),
In(1)2P(3) 279.5(2), In(1)2P(5) 284.7(2), P(1)2N(1) 164.5(6),
P(1)2C(21) 180.4(9), P(1)2C(11) 182.1(8), P(2)2N(1) 162.9(6),
P(3)2N(2) 165.2(5), P(4)2N(2) 165.7(6), P(5)2N(3) 167.3(6),
P(6)2N(3) 158.7(6), P(1)···P(2) 270.5(3), P(3)···P(4) 272.9(3),
P(5)···P(6) 270.2(3); P(1)2In(1)2P(6) 101.14(7), P(1)2In(1)2P(4)
96.69(7), P(6)2In(1)2P(4) 106.61(6), P(1)2In(1)2P(2) 58.93(6),
P(6)2In(1)2P(2) 99.34(6), P(4)2In(1)2P(2) 147.65(7), P(1)2
In(1)2P(3) 105.26(7), P(6)2In(1)2P(3) 150.96(7), P(4)2
In(1)2P(3) 58.71(6), P(2)2In(1)2P(3) 104.48(7), P(1)2In(1)2P(5)
149.72(7), P(6)2In(1)2P(5) 57.80(7), P(4)2In(1)2P(5) 109.65(6),
P(2)2In(1)2P(5) 100.35(6), P(3)2In(1)2P(5) 101.17(7), N(1)2
P(1)2C(21) 108.8(3), N(1)2P(1)2C(11) 109.3(3), C(21)2
P(1)2C(11) 102.7(4), N(1)2P(1)2In(1) 95.3(2), C(21)2P(1)2In(1)
124.3(3), N(1)2P(2)2In(1) 93.8(2), N(2)2P(3)2In(1) 93.9(2),
N(2)2P(4)2In(1) 94.7(2), N(3)2P(5)2In(1) 91.8(2), N(3)2
P(6)2In(1) 97.9(2), P(2)2N(1)2P(1) 111.4(3), P(3)2N(2)2P(4)
111.1(3), P(6)2N(3)2P(5) 111.9(4).

273.9(2) pm; In(1)2P(5)2N(3): 91.8, In(1)2P(6)2N(3):
97.9(2)°]. Accordingly, the tris(chelate) 4 does not contain
a threefold symmetry axis and shows only C1 symmetry.
This clearly demonstrates that an octahedral or trigonal
prismatic coordination polyhedron is not expected for 4.
The stereochemistry of complexes with coordination num-
ber 6 depends mainly on the normalized bite “b” of the
bidentate ligand[33], which is defined in the case under dis-
cussion as b 5 P···P/In2P (distance between the donor
atoms of the chelate/metal-donor atom distance). For the
three four-membered rings mentioned above the average
and normalized bites “b” are 1.02, 1.01, and 1.03, respec-
tively. They are near the lowest limit known to date for tris(-
chelate) complexes with four-membered rings (b 5 1.05 to
1.25)[33], e.g. [Co(Ph2N5N2N2Ph2)3] [34] b 5 1.07[33].
The exceptional structure of 4 has no relationship with reg-
ular coordination polyhedras and is therefore best described
as “propeller-like”. The average value of the P2N bond
lengths is 164.0(6) pm, and this is typical for complexes
with the chelating [N(PPh2)2]2 entity[4] and indicates π-elec-
tron delocalization.
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Because it was impossible to record an IR spectrum in

KBr under nitrogen, the air moisture caused sample de-
composition during scanning, resulting in formation of
HN(PPh2)2 (5) and decolorization. Compound 5 was iden-
tified by its IR spectrum[6]. It was not possible to anneal
NMR tubes and so the NMR spectra of 4 contain signals
of the impurity 5.
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Experimental Section
General: All operations were carried out under an atmosphere of

pre-purified dry dinitrogen using standard Schlenk and vacuum
line techniques. Solvents were dried and purified prior to use by
conventional methods. Chemicals of the best available commercial
grade were used: n-butyllithium (1.6  solution in n-hexane, Merck-
Schuchardt), PbCl2 (Aldrich), 207PbCO3 (Campro Scientific), InCl3
(Aldrich). HN(PPh2)2 (5) was prepared according to literature pro-
cedures[6] [35]. 2 IR: Perkin Elmer 983. 2 The NMR spectra of 3
and 3* were recorded on a JEOL Alpha 500 spectrometer (11.7
Tesla) at 104.7 MHz (207Pb) and 202.4 MHz (31P), respectively.
207Pb-NMR spectra are referenced to Pb(NO3)2 δ 5 22961 as a
secondary reference (PbMe4 δ 5 0). 31P-NMR spectra are refer-
enced to 85% H3PO4. No corrections for bulk susceptibilities have
been applied. Samples of natural abundance and isotopically la-
belled compounds were prepared as saturated solutions of crystal-
line material in C6D6. Measurements were carried out at 123°C.
A multinuclear 5 mm probehead was employed. 1H-broadband de-
coupling was applied throughout. Samples were non-spinning.
Spectral widths were 60 kHz (207Pb) and 38 kHz (31P), respectively.
Recycle delays were 5 s (207Pb) and 2.5 s (31P). Pulse widths were
90° (13 µs, 207Pb) and 60° (8 µs, 31P). Measuring times were 43 h
(Figure 4), 258 h (Figure 5), 20 h (Figure 6), and 126 h (Figure 7).
Due to the thermal instability of 3 and 3*, the spectra of several
freshly prepared samples were superimposed. Spectrum simulations
were performed using the COMIC software package (JEOL). A
Lorentzian line width of 30 Hz was used to match the experimental
spectra. NMR of 4: JEOL JNM-GX-270 (269.60 MHz for 1H,
69.70 MHz for 13C{1H}, 109.40 MHz for 31P{1H}). Chemical shifts
are relative to solvent signals, which in turn are referenced to TMS;
for 31P{1H} NMR, 85% H3PO4 was employed as external standard.
2 MS: Varian MAT 212 (70 eV). 2 Microanalyses: Carlo Erba
1106 and 1108. 2 Melting points (uncorrected): Electrothermal
IA 6304.

Preparation of Bis-µ-[bis(diphenylphosphanyl)amido-P,P9]dilead-
(11)(Pb2Pb) (3) and Separation from 1.1.3.3.4.4.6.6-Octaphenyl-
2.5-diaza-1.6-(σ3λ3)diphospha-3.4-(σ4λ5)diphosphahexane (2): To a
solution of 1.72 g (4.47 mmol) of HN(PPh2)2 (5) in 35 ml of THF
was added 2.80 ml (4.48 mmol) of n-butyllithium (1.6  solution
in n-hexane) and the mixture was stirred for 30 min at 278°C.
After addition of 0.62 g (2.23 mmol) of solid PbCl2 and removal
of the refrigerant, the colour of the suspension slowly changed from
light yellow to deep red, while the mixture became a clear solution.
Stirring was continued for 3 h at 20°C, then one third of the solvent
was removed in vacuo. The residual clear deep red solution was
layered with 85 ml of n-pentane and kept at 20°C for 5 d; deep red
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rhombic crystals of 3 and yellow cubes of 2 crystallized simul-
taneously. The two compounds were separated by decanting the
solvent mixture of THF and n-pentane and treating the crystal con-
glomerate with cold toluene. While 3 dissolved, 2 was filtered off,
washed with cold toluene and dried in vacuo to yield 0.45 g (52%).
Mp. 155°C, mp.[10] 157°C.

Recrystallization of 3 from toluene by slow solvent diffusion (n-
pentane) techniques afforded large red rhombic crystals after 3 d
at 20°C; yield 0.84 g (63%), m.p. 140°C (dec.).

Ph2P2N5PPh22PPh25N2PPh2 (2): IR (KBr): ν̃ 5 3080 cm21

(w sh) 1 3055 (w-m), 3030 (vw), 3025 (w) 1 3010 (vw sh) [ν(CH)],
1586 (w-m) [ν(CC)k], 1568 (w) [ν(CC)l], 1475 (m) [ν(CC)m], 1431
(s) [ν(CC)n], 1389 (w) [2 3 f(CC)v], 1313 (w sh) 1 1303 (w-m)
[ν(CC)o], 1275 (w-m) [δ(CH)e], 1185 (vs), 1170 (vs) [ν(P5N)] 1

1160 (s sh) [δ(CH)c], 1102 (m-s) [PIV2Ph sens. q], 1090 (s) [PIII2Ph
sens. q], 1068 (m) [δ(CH)d], 1027 (m) [δ(CH)b], 999 (w-m) [γ ring
p, Ph], 975 (w) [γ(CH)j], 935 (vw) [γ(CH)h], 920 (w-m) [γ(CH)i],
848 (w) [γ(CH)g], 745 (s) [γ(CH)f], 720 (m-s), 714 (m-s) [PIV2Ph
sens. r], 699 (s) [PIII2Ph sens. r], 691 (m-s) [f(CC)v], 661 (m-s)
[ν(P2P) 1 γ(PNP)], 619 (w) 1 605 (sh) [δ(CCC)s], 519 (m-s), 508
(s), 490 (m-s) [P2Ph sens. y], 458 (m-s), 441 (m) [P2Ph sens. t],
410 (w), 397 (w) [γ(CC)w], 382 (m), 371 (m) [δ(PNP)].

(3): IR (KBr): ν̃ 5 3070 cm21 (w-m sh) 1 3055 (m), 3005 (w),
2990 (vw) [ν(CH)], 1585 (w-m) [ν(CC)k], 1570 (w-m) [ν(CC)l], 1478
(m) [ν(CC)m], 1432 (s) [ν(CC)n], 1385 (w) [2 3 f(CC)v], 1330 (w),
1305 (w) [ν(CC)o], 1275 (w) [δ(CH)e], 1180 (w-m) [δ(CH)a], 1159
(w-m) [δ(CH)c], 1128 (s) [ν(P…

2N)], 1105 (m-s), 1099 (m-s), 1088
(m-s) [P2Ph sens. q 1 ν(P…

2N)], 1070 (w-m) 1 1048 (w) [δ(CH)d],
1026 (m) [δ(CH)b], 999 (w-m) [γ ring p, Ph], 970 (w) [γ(CH)j], 930
(vw) [γ(CH)h], 918 (vw) [γ(CH)i], 884 (w-m, br) [ν(P2N)], 850 (w)
[γ(CH)g], 780 (m) [ν(P2N)], 748 (m), 738 (m-s) [γ(CH)f], 699 (vs)
1 692 (s sh) [P2Ph sens. r 1 f(CC)v], 620 (w), 603 (w) [δ(CCC)s],
555 (w), 548 (w-m) [γ(P…

2N…
2P)], 520 (vs), 490 (w-m), 480 (m)

[P2Ph sens. y], 457 (w-m), 426 (m), 411 (w-m) [P2Ph sens. t], 376
(w), 358 (vw) [δ(NP2)]. 2 1H NMR (C6D6, 21°C): δ 5 6.4526.90
(m, aromatic H). 2 13C{1H} NMR (C6D6, 25°C): δ 5 127.84 (s,
C-m, Ph), 127.93 (s, C-m, Ph), 128.65 (s, C-p, Ph), 129.42 (s, C-p,
Ph), 131.61 (m, C-o, Ph), 132.38 (m, C-o, Ph), 140.6 (m, C-i, Ph),
144.1 (m, C-i, Ph). 2 31P{1H} NMR (C6D6, 22°C): δ 5 58.9 (s).
2 EI-MS (70 eV, ref. to 208Pb): m/z (%): 1076 (0.04) [M1 2 PPh],
768 (25) [21], 691 (6) [21 2 Ph], 597 (65) [(Ph2PN)3

1], 583 (65)
[Ph2P2N5PPh22N5PPh2

1], 520 (65) [(Ph2PN)3
1 2 Ph], 460 (22)

[(Ph2P)2NPh1 2 H], 384 (100) [Ph2P5N2PPh2
1], 306 (65) [Ph2P5

N2Ph1], 262 (65) [PPh3
1], 183 (92) [(C6H4)2P1], 122 (64)

[N;P2Ph1]. 2 C48H40N2P4Pb2 (1183.1): calcd. C 48.73, H 3.41,
N 2.37; found C 49.14, H 3.45, N 2.38.

Preparation of [207Pb2(µ-Ph2P2N2PPh22P,P9)2] (3*): 0.155 g
(0.580 mmol) of *PbCO3 was mixed with 12 ml of a concentrated
aqueous solution of HCl. After the initially brisk foaming up had
ceased the clear colourless solution was stirred for 10 min at 20°C.
The solvent was removed under reduced pressure and the re-
sulting *PbCl2 was dried at 100°C in vacuo for 4 h to exclude any
traces of water. A conversion of 100% from *PbCO3 to *PbCl2 was
assumed. 0.447 g of HN(PPh2)2 (5, 1.160 mmol) in 7 ml of THF
was lithiated with 0.80 ml (1.280 mmol) of n-butyllithium (1.6 

solution in n-hexane), and the yellow solution was added to the
solid *PbCl2 prepared as described above. After stirring for 2 h at
20°C the solvent from the red solution was evaporated in vacuo
and the red residue was suspended in 7 ml of toluene for the sepa-
ration of LiCl. Filtration with a D4 filter was followed by removal
of the solvent from the filtrate to yield the red product
[*Pb2{(Ph2P)2N}2] that had traces of the by-product Ph2P2N5
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PPh22PPh25N2PPh2 (2) as an impurity, but was nevertheless
used for NMR experiments. Due to the low yield of the product
[*Pb2{(Ph2P)2N}2] and its sensitivity to moisture, oxygen and vari-
ous solvents we decided not to perform further purification. Yield
0.419 g (61%). The residue of the filtration consisted of traces of
Ph2P2N5PPh22PPh25N2PPh2 (2) and LiCl that was detectable
by AgNO3 and flame spectrum.

Preparation of Tris[bis(diphenylphosphanyl)amido-P,P9]-
indium(31) (4): To a solution of 1.49 g (3.87 mmol) of HN(PPh2)2

(5) in 50 ml of THF was added 2.60 ml (4.16 mmol) of n-butyllith-
ium (1.6  solution in n-hexane) and the mixture was stirred for 15
min at 20°C. Addition of 0.29 g of InCl3 (1.29 mmol) resulted in
a yellow suspension that turned into a clear yellow solution within
6 h. The solvent was removed in vacuo and the bright yellow resi-
due was separated from LiCl by suspending it in 30 ml of benzene
and filtering the mixture. The clear yellow filtrate was layered with
120 ml of n-pentane; after 48 h yellow crystals precipitated which
were filtered off, washed with 5 ml of n-pentane and dried in vacuo,
yielding 1.19 g (73%) of [In{(Ph2P)2N}3], m.p. 182°C. 2 The crys-
tals were suitable for an X-ray analysis. 2 1H NMR (C6D6,
21.5°C): δ 5 7.6526.60 (m, aromatic H), 3.55 (m, traces of THF),

Table 2. Crystal data, data collection, and structure refinement for
the complexes 3 and 4 (Siemens P4, Mo-Kα, 0.71073 Å, graphite

monochromator)

3 4

Crystal data
Formula C48H40N2P4Pb2 C72H60InN3P6

Mr 1183.08 1267.87
Crystal system orthorhombic orthorhombic
Space group P212121 P212121

Crystal dimensions [mm] 0.80 3 0.60 3 0.60 0.50 3 0.30 3 0.20
a [pm] 1456.3(5) 1448.1(2)
b [pm] 3095 (1) 1452.6(5)
c [pm] 987.9(3) 2916.1(6)
α 5 β 5 γ [°] 90 90
V [nm3] 4.453(3) 6.134(3)
Z 4 4
ρcalc [gcm23] 1.765 1.373
F(000) 2264 2608
µ [mm21] Absorption coeff. 7.730 0.588

Data collection
T [K] 293 200(2)
Scan mode ω ω
hkl range 0 # h # 18 21 # h # 18

0 # k # 39 21 # k # 18
212 # l # 7 21 # l # 37

Measured reflns. 6201 8835
Indep. reflns. 6030 (Rint 5 0.0439) 8551 (Rint 5 0.0462)
Observed reflns. [Fo$4.0σ(F)] 3174 4073

Refinement Full-matrix least-squares on F2

Data / Restraints / Parameter 6030 / 0 / 505 8551 / 0 / 739
Goodness-of-Fit on F2 0.802[a] 0.704[a]

Final R-values R1 5 0.0638[b] R1 5 0.0459[b]

[I < 2σ(I)] wR2 5 0.1539 wR2 5 0.0752
R-values (all data) R1 5 0.0887 R1 5 0.1130

wR2 5 0.1605[c] wR2 5 0.0868[f]

Absolute structure parameter 0.03(2)[d] 20.06(3)[d]

ρfin(max/min)(eÅ23) 2.2233/22.810[e] 0.756/20.529

[a] GooF 5 S 5 [Σ{w(Fo
2 2 Fc

2)2}/(n 2 p)]1/2 with n 5 6030 (3),
8551 (4) and p 5 505 (3), 739 (4). 2 [b] R1 5 [Σ(||Fo| 2 |Fc||/Σ|Fo|].
2 [c] wR2 5 [Σ{w(Fo

2 2 Fc
2)2}/Σ{w(Fo

2)2]1/2. 2 w 5 1/[σ2(Fo
2)1

(0.0950.P)2]. 2 P 5 (Fo
2)12(Fc

2)/3. 2 [d] H. D. Flack, Acta Cryst.
1983, A39, 8762881. 2 [e] Residual electron densities (lower to 0.9
eÅ23) located close to the Pb atoms. 2 [f] w 5 1/[σ2(Fo

2)].
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3.02 (m, NH due to traces of moisture during sample preparation),
1.40 (m, traces of THF). 2 13C{1H} NMR (C4D8O, 24.4°C): δ 5

144.15 (m, C-i, Ph), 132.10 (pseudo-t, C-o, Ph), 129.05 (s, C-p, Ph),
128.75 (pseudo-t, C-m, Ph). 2 31P{1H} NMR (C6D6, 22.0°C): δ 5

80.06 (s); 40.74 [s, ø 5% of (Ph2P)2NH due to traces of moisture
during sample preparation]. 2 EI-MS (70 eV): m/z (%): 1270 (1.8)
[In{HN(PPh2)2}3

1], 385 (95) [HN(PPh2)2
1], 262 (95) [PPh3

1]. 2

C72H60InN3P6 (1267.9): calcd. C 68.20, H 4.77, N 3.31; found C
67.54, H 5.15, N 2.89.

Crystal Structure Determinations: Suitable single crystals of 3
and 4 were sealed into glass capillaries and used for measurement
of precise cell constants and intensity data collection. Three stand-
ard reflections measured periodically during data collection showed
no significant changes. Diffraction intensities were corrected for
Lorentz and polarization effects. In the case of 3, absorption effects
were corrected empirically using Psi-scans of 40 reflections (min
transmission 5 0.002; max. transmission 5 0.013). To minimize
remaining absorption effects an additional correction using ∆F2

methods[36] was applied (min. transmission 5 0.089; max. trans-
mission 5 0.146). No absorption correction was applied in the case
of 4. The structures were solved by direct methods and refined by
full-matrix least-squares calculations against F2 [37]. All non-hydro-
gen atoms were refined with anisotropic displacement parameters.
The hydrogen atom positions of 3 and 4 were calculated and al-
lowed to ride on their corresponding carbon atoms, their isotropic
thermal parameters were tied to those of the adjacent carbon atoms
by a factor of 1.5. Details of the crystal data, data collection, and
structure refinement are summarized in Table 2. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-100811.
Copies of the data can be obtained free of charge on application
to The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK [fax: int. code 1 44(1223)336-033, e-mail: deposit@chemcrys.
cam.ac.uk].
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Starting from 5-(4-hydroxyphenyl)-10,15,20-tris(4-methyl-
phenyl)porphyrin (2a), the new bis(porphyrinyloxy)alkanes
4a and 4d were synthesized by ether formation with the α,ω-
dibromoalkanes Br(CH2)nBr (n = 8, 11; 3a, 3d). 4a was ob-
tained by a two-step reaction with the 5-[4-(8-bromooctylo-
xy)phenyl]-10,15,20-tris(4-methylphenyl)porphyrin (2b) as
an intermediate. The diporphyrins 4a and 4d were metalated
with cerium(III) acetylacetonate to yield the new (porphyrin)-
cerium sandwich complexes 1a and 1d which were charac-
terized by UV/Vis, IR, 1H-NMR, 13C-NMR spectroscopy and

Synthetic aggregates of porphyrins or metalloporphyrins
and quinones are presently being studied in order to under-
stand the elementary steps of light-induced charge sepa-
ration in photosynthesis. Most of these contain covalent
links between the individual functional groups or chromo-
phores[1]. The (porphyrin-quinone)zinc systems prepared by
Staab et al. [2] were especially stimulating for our work de-
voted to (porphyrin)cerium(IV) double-deckers in which the
two porphyrin systems were linked by a quinone-containing
bridge[3]. In the course of that work, cerium(IV) double-
deckers of the type Ce[ttpO(CH2)nOttp] (1) [4], namely 1b
and 1c, were constructed in which the two porphyrin rings
are bridged by aliphatic diether chains containing 9 or 10
methylene groups (n 5 9 or 10), respectively. Since 1c had
shown unexpectedly high oxidation potentials at the por-
phyrin rings, the investigation was extended to the double-
deckers 1a and 1d which have either a somewhat shorter
(8 methylene groups, n 5 8) or a longer “ansa” chain (11
methylene groups, n 5 11). The electrochemical oxidations
and reductions of all four species 1a2d were coherently fol-
lowed by cyclic voltammetry and digital coulometry[5]. The
results are reported below.

Very recently, novel species have been added to those bis-
porphyrinate double-deckers of tetravalent metal ions men-
tioned[3] so far: Aida et al. [6] have obtained chiral zir-
conium(IV) and cerium(IV) bisporphyrinates and suc-
ceeded in the separation of their enantiomers.

[e] Part LXXII: Ref. [3].
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cyclic voltammetry. The mono- and dications and the ceri-
um(III) bisporphyrinate anions of 1a-d were produced by
electrochemical oxidation and reduction, respectively, and
were examined by UV/Vis/NIR spectroscopy. The length of
the lateral chains does not have a specific effect on the first
and second oxidation potentials of the porphyrin rings and
the reduction potentials of the cerium ions in the bisporphyri-
nate systems, and on the energy of the NIR bands of the mo-
nocations.

Synthesis

The cerium double-deckers 1b and 1c had been prepared
starting from the monofunctionalized tetraarylporphyrin
H2(HOttp) (2a) which is easily accessible from a mixed con-
densation-oxidation reaction of pyrrole, p-tolualdehyde,
and p-hydroxybenzaldehyde[7] and can be transformed into
a diporphyrin by ether formation with α,ω-dibromoalkanes,
e. g. 1,9-dibromononane (3b) and 1,10-dibromodecane (3c),



J. W. Buchler, T. DippellFULL PAPER
respectively[3] [7]. Although sandwich formation leading to
Ce(HOttp)2 is possible with 2a [8], the application of lateral
bridges was unsuccessful because Ce(HOttp)2 exists as a
mixture of vicinal and transversal isomers. Thus, sandwich
formation had been performed[3] starting from the respec-
tive diporphyrins 4b or 4c obtained from 2a and 3b or 3c,
respectively, and the new sandwiches 1a and 1d had to be
prepared starting from 2a by the diporphyrin route as well.

Indeed, the diporphyrin 4d could be made by directly
coupling two equivalents of 2a with 3d in the presence of
cesium carbonate in dimethylformamide at 100°C (see Ex-
perimental Section, protocol 1; 93%). The monofunctional-
ized porphyrin 2e was also formed as a byproduct as al-
ready observed for 2c and 2d [3] and could be separated by
column chromatography. However, because of the forma-
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tion of many decomposition products, the former procedure
failed for 4a which then was prepared stepwise[5] by first,
formation of the [(bromoalkoxy)phenyl]porphyrin 2b (pro-
tocol 2; 89%) from 2a and 3a, and then coupling of the
resulting 2b with another equivalent of 2a (protocol 3;
28%).

The formation of the double-deckers 1a (11%) and 1d
(15%; protocol 4) was managed as described previously[3]

for 1b (24%) and 1c (11%), by lithiation of the diporphyrins
4a and 4d, respectively, with n-butyllithium and subsequent
addition of cerium(III) acetylacetonate in trichlorobenzene
(TCB). The yields (given above in parentheses) were com-
parably small for all four double-deckers with a small pref-
erence for the chain length n 5 9. Thus, all these lateral
chains appear to fit the gap between the vicinal pair of phe-
nolic oxygen atoms in the cerium double-decker system of
1a2d.

Analytical Characterization

All the new compounds were identified by their UV/Vis,
1H-NMR, IR, and mass spectra (for individual data, see
protocols 124). The new diporphyrins 4a and 4d were pre-
pared in the same manner as the known[3] species 4b and
4c. An additional identification came from the determi-
nation of their Rf values which increase in the series 4a <
4b < 4c < 4d (see Experimental Section, Table 4) indicating
a decrease in polarity as the chain length of the diether
bridge increases.

The new double-deckers 1a and 1d, as well as newly pre-
pared[5] samples of 1b and 1c, which otherwise showed
spectra identical with those of the original samples[3], were
additionally characterized by 13C-NMR data which are
compiled in Table 1. The assignments were corroborated by
DEPT experiments.

UV/Vis Spectra

The UV/Vis spectra of the new alkane-bridged double-
deckers 1a and 1d resemble those of their unbridged ana-
logs Ce(ttp)2

[9] and Ce(HOttp)2
[8] as much as the spectra of

the double-deckers 1b and 1c, see Table 2a. All complexes
show the typical Soret (B) band and four characteristic Q
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Table 1. 13C-NMR data of 1a2d (δ values at 25°C in CDCl3)

CH3
[a] CH2

[b] CH2
[c] CH22O[d] C5C[e] 5C2O[f]

1a 21.59 25.44228.06 28.86 68.41 123.882153.34 158.18
1b 21.59 25.67229.16 29.81 68.70 123.782153.25 158.34
1c 21.59 25.89229.34 29.81 68.41 123.722153.43 158.55
1d 21.59 26.00229.50 29.81 68.52 123.692153.24 158.58

[a] CH3, tolyl. 2 [b] Caliphat.. 2 [c] Caliphat.. 2 [d] Caliphat.2O. 2
[e] Carom., Cheteoarom.. 2 [f] Carom.2O.

bands which are labeled as discussed for cofacial porphyrin
ligands in sandwich complexes[3] [10]. The lateral aliphatic
chain connecting the porphyrin ligands in the cerium sand-
wiches does not have any effect on the intensity and the
location of the B and the Q bands (for data, see Experimen-
tal Section, protocol 4).

Table 2. UV/Vis/NIR data (λmax [nm], lg ε in parentheses, at 25°C
in CH2Cl2) of a) the double-deckers 1a2d, b) the radical cations
formed from 1a2d, c) the dications formed from 1a2d and d) the

bisporphyrinate anions formed from 1a2d

Table 2a

B (Soret) Q99 Q(1,0) Q(0,0) Q9

1a 398 (5.27) 483 (4.04) 544 (3.91) 586 (3.37) 647 (3.34)
1b 398 (5.27) 483 (4.04) 544 (3.91) 586 (3.37) 647 (3.34)
1c 398 (5.12) 480 (3.92) 544 (3.80) 582 (3.33) 648 (3.30)
1d 398 (5.29) 478 (4.09) 545 (3.94) 584 (3.42) 648 (3.40)

Table 2b

E [V] UV/Vis/NIR absorbance {λmax [nm], (lg ε)}

1a 0.9 393 (5.28), 673 (3.90), 801 (3.57), 1386 (3.94)
1b 0.9 393 (5.13), 678 (3.69), 805 (3.45), 1385 (3.95)
1c 0.9 393 (5.04), 679 (3.80), 794 (3.66), 1383 (3.79)
1d 0.9 394 (5.21), 678 (3.67), 806 (3.40), 1383 (3.75)

Table 2c

E [V] UV/Vis/NIR absorbance {λmax [nm], (lg ε)}

1a 1.3 389 (5.23), 668 (4.15), 802 (3.94), 1049 (3.97)
1b 1.3 389 (5.07), 675 (3.96), 805 (3.79), 1043 (3.85)
1c 1.3 388 (4.96), 678 (3.97), 802 (3.75), 1046 (3.75)
1d 1.3 389 (5.15), 674 (4.02), 801 (3.75), 1046 (3.77)

Table 2d

E [V] UV/Vis absorbance {λmax [nm], (lg ε)}

1a 20.6 415 (5.71), 515 (4.09), 555 (4.13), 646 (3.82)
1b 20.6 415 (5.74), 518 (4.10), 558 (4.16), 643 (3.92)
1c 20.6 415 (5.47), 515 (3.82), 556 (3.88), 643 (3.55)
1d 20.6 415 (5.78), 519 (4.01), 554 (4.05), 643 (3.86)

Cyclic Voltammetry

In dichloromethane, cerium(IV) bisporphyrinates
CeIV(p)2 [e. g. Ce(tpp)2, Ce(ttp)2, or Ce(oep)2] usually show
two reversible oxidations (E1, E2) occuring at the porphyrin
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system and producing the π cation [Ce(p)2]1 and the π di-
cation [Ce(p)2]21, respectively[11]. The first quasireversible
reduction (E3) occurs at the metal center[11a] and generates
a cerium(III) double-decker anion, [CeIII(p)2]2. These es-
sential processes are characterized in Eq. (1) by their re-
spective reduction steps.

[CeIV(p•)(p•)]21 1 e2 R [CeIV(p•)(p)]1 1 e2 R

CeIV (p)2 1 e2 R [CeIII (p)2]2 (1)

In order to clarify whether the previously found abnor-
mally high oxidation potential of 1b could be reproduced,
and if it existed, were due to some steric abnormity of 1b,
the whole series 1a2d was studied by cyclic voltammetry.
New samples of 1b and 1c were prepared[5] as previously
described[3] and measured anew. To our disappointment, all
the double-deckers 1a2d showed the three redox steps E1,
E2, and E3 at potentials very close to those of the reference
compound Ce(ttp)2 (see Table 3). A typical voltammogram
is shown in Figure 1.

Figure 1. Cyclic voltammogram of the bridged double-decker 4a
(CH2Cl2, room temperature, NBu4PF6 as supporting electrolyte,

calomel electrode)

Table 3. Comparison of the redox potentials of the double-deckers
Ce(ttp)2 and 1a2d (CH2Cl2, room temperature, NBu4PF6 as sup-

porting electrolyte, saturated calomel electrode)

E1 [V] E2 [V] E3 [V]

Ce(ttp)2 1.000 0.620 20.290
1a 1.000 0.605 20.300
1b 1.019 0.632 20.303
1c 1.018 0.627 20.310
1d 1.020 0.630 2

The similarity of all the redox potentials implies that the
variation of the chain length (8 < n < 11) in the four double-
deckers does not alter the mutual π-π interactions of the
two porphyrin rings in these double-deckers. Thus, contrary
to our previous speculation, the relative orientation of the
two porphyrin ligands may not be altered by this variation
of the length of the lateral chain.

Oxidation and Reduction

In order to record the UV/Vis/NIR spectra of the species
connected by the redox processes defined by Eq. (1), the
laterally bridged sandwich complexes 1a2d were subjected
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to electrolysis at controlled potentials (see protocol 5). The
oxidations occurring at the porphyrin system produce the
π radical-cation [Ce(p•2p)]1 and the π dication
[Ce[p•2p•)]21, respectively, (p2p)22 symbolizing the dipor-
phyrinate ligands derived from 3a2d. The reduction takes
place at the metal center and generates the double-decker
anion [CeIII(p2p)]2.

On oxidation, the UV/Vis/NIR spectra show a hypso-
chromic shift of the B band from 398 via 393 (π radical-
cation) to 389 nm (π dication; see Tables 2b and 2c). The
typical feature of the π radical-cations [CeIV(p•)(p)]1 is a
broad NIR band, found at 1350 nm for
[CeIV(tpp•)(tpp)]1. [12] For [Ce(p•2p)]1 it appears at 1383
nm. For the π dications [CeIV(tpp•)(tpp•)]21 and
[CeIV(p•2p•)]21, similar bands are observed at 1017[12] and
1044 nm, respectively. Reduction at the cerium ion yielding
the double-decker anions [CeIII(p2p)]2 is indicated by a ba-
thochromic shift of the B band to 415 nm (Table 2d), as
found earlier for a series of lanthanoid(III) bisporphyrinate
anions [Ln(tpp)2]2 [13] An NIR band does not appear.
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Experimental Section
Spectrometers and chemicals used were specified in a previous

paper of this series[8]. 2 Electrochemistry: Princeton Applied Re-
search potentiostat M 173 contolled by an interface M 175 with
the software M 270/250. 2 1,8-Dibromooctane, 1,11-dibromo-
undecane, Cs2CO3, and DMF were obtained from Fluka Chemie
AG, n-butyllithium (1.6  in n-hexane) from Acros, and Ce(acac)3

3 H2O from Aldrich. 2 p-(Hydroxyphenyl)tris(p-tolyl)porphyrin[7]

(2a) was prepared by a literature method. 2 Elemental analyses
were performed by Analytical Laboratories, P.O.B. 1106, D-51779
Lindlar. 2 Analytical thin layer chromatography was performed on
commercial aluminium sheets coated with silica gel 60 F254

(Merck). A comparison of the Rf values found for the diporphyrins
4a24d is given in Table 4.

Table 4. Comparison of the Rf values of the diporphyrins 4a2d
determined by thin-layer chromatography (silica gel, toluene, room

temperature)

4a 4b 4c 4d

0.50 0.55 0.59 0.64

Protocol 1: 1,11-Bis[4-{10,15,20-tris(4-methylphenyl)porphyrin-
5-yl}phenoxy]undecane (4d): To a solution of 310 mg (0.46 mmol)
of 2a and 1.3 g (3.99 mmol) of anhydrous cesium carbonate in 15
ml of DMF a solution of 339 mg (1.08 mmol) of 3d in 25 ml of
DMF was added dropwise under nitrogen at 100°C. After cooling
and filtration, the solvent was removed in vacuo. The residue was
treated with 10 ml of toluene and chromatographed on an alumina
column (II, neutral, 15 3 3.5 cm). Fractions were obtained as fol-
lows: with toluene a violet forerun of the monofunctionalized [(ω-
bromoundecyloxy)phenyl]porphyrin 2e and with CH2Cl2 the violet
fraction of the diporphyrin 4d. Evaporation of the solvent in vacuo
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and crystallization from CH2Cl2/MeOH (1:1) yielded the diporphy-
rin 4d as a violet powder. 319 mg (93%). 2 MS; m/z (%): 748 (100)
[M21], 1496 (69) [M1]. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 420 nm
(5.78), 517 (4.36), 553 (4.15), 592 (3.93), 648 (3.93). 2 IR (KBr), 6
most intensive bands and NH band: ν̃ [cm21] 5 803, 970, 1247,
1470, 1512, 2925, 3314 (NH). 2 1H NMR (CD2Cl2): δ 5 22.84
(s, 4 H, NH), 1.5521.70 [m, 14 H, OCH2CH2(CH2)7CH2CH2O],
1.9722.02 [m, 4 H, OCH2CH2(CH2)7CH2CH2O], 2.6622.68 (m,
18 H, CH3, tolyl), 4.24 [t, J 5 8 Hz, 4 H, OCH2CH2(CH2)7CH2-
CH2O], 7.26 (d, J 5 8 Hz, 4 H, m-phenoxy-H), 7.5127.56 (m, 12
H, m-tolyl-H), 8.0428.09 (m, 16 H, o-tolyl- and o-phenoxy-H),
8.8428.88 (m, 16 H, pyrrole-H).

Protocol 2: 5-[4-(8-Bromooctyloxy)phenyl]-10,15,20-tris(4-meth-
ylphenyl)porphyrin (2b): 1.68 g (6.2 mmol) of 3a were added under
nitrogen to a solution of 424 mg (0.63 mmol) of 2a and 1.74 g (5.34
mmol) of anhydrous cesium carbonate in 50 ml of DMF. After
stirring at 50°C for 5 h, the solution was filtered and the solvent
removed in vacuo. 484 mg (89%) of the porphyrin 2b were obtained
as a violet powder after chromatography on an alumina column
(II, neutral, 15 3 3.5 cm, isolation of the first violet fraction) with
toluene and crystallization from CH2Cl2/MeOH (1:1). 2 MS; m/z
(%): 863 (100) [M1]. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 420 nm
(5.64), 517 (4.23), 553 (3.98), 592 (3.70), 648 (3.70). 2 IR (KBr), 6
most intensive bands and NH band: ν̃ [cm21] 5 801, 967, 1177,
1246, 1472, 1506, 3319 (NH). 2 1H NMR (CD2Cl2): δ 5 22.79
(s, 2 H, NH), 1.4921.63 [m, 8 H, OCH2CH2(CH2)4CH2CH2Br],
1.7022.00 [m, 4 H, OCH2CH2(CH2)4CH2CH2Br], 2.69 (s, 9 H,
CH3, tolyl), 3.40 [t, J 5 8 Hz, 2 H, OCH2CH2(CH2)4CH2CH2Br],
4.23 [t, J 5 8 Hz, 2 H, OCH2CH2(CH2)4CH2CH2Br], 7.27 (d, J 5

8 Hz, m-phenoxy-H), 7.55 (m, 6 H, m-tolyl-H), 8.08 (m, 8 H, o-
tolyl- and o-phenoxy-H), 8.85 (m, 8 H, pyrrole-H).

Protocol 3: 1,8-Bis{4-[10,15,20-tris(4-methylphenyl)porphyrin-5-
yl]phenoxy}octane (4a): A suspension of 172 mg (0.20 mmol) of
2b, 316 mg (0.47 mmol) of 2a and 1.3 g (3.99 mmol) of Cs2CO3 in
25 ml of DMF was stirred for 5 h under nitrogen at 100°C. After
cooling, 100 ml of water was added and the mixture was filtered.
The violet residue was dried at 100°C and chromatographed on an
alumina column (II, neutral, 15 3 3.5 cm ). Fractions were ob-
tained as follows: with toluene a violet forerun of the remaining
monofunctionalized [(8-bromooctyloxy)phenyl]porphyrin 2b and
with CH2Cl2 the violet fraction of the diporphyrin 4a. Evaporation
of the solvent in vacuo and crystallization of the residue from
CH2Cl2/MeOH (1:1) yielded 82 mg (28%) of 4a as a violet powder.
2 MS; m/z (%): 1454 (100) [M1]. 2 UV/Vis (CH2Cl2): λmax (lg
ε) 5 420 nm (5.66), 517 (4.25), 553 (4.01), 592 (3.74), 648 (3.74).
2 IR (KBr), 6 most intensive bands and NH band: ν̃ [cm21] 5 801,
969, 1179, 1245, 1472, 1508, 3320 (NH). 2 1H NMR (CD2Cl2): δ 5

22.78 (s, 4 H, NH), 1.5921.76 [m, 8 H, OCH2CH2(CH2)4CH2-

CH2O], 2.0222.09 [m, 4 H, OCH2CH2(CH2)4CH2CH2O],
2.6722.69 (m, 9 H, CH3, tolyl), 4.29 [t, J 5 8 Hz, 4 H,
OCH2CH2(CH2)4CH2CH2O], 7.29 (d, J 5 8 Hz, m-phenoxy-H),
7.5127.56 (m, 12 H, m-tolyl-H), 8.0628.13 (m, 16 H, o-tolyl- and
o-phenoxy-H), 8.8428.88 (m, 16 H, pyrrole-H).

Protocol 4: General procedure of the metalation of the diporphy-
rins 4a and 4d with Ce(acac)3 3 H2O: A solution of 1.6 mmol of
BuLi in 0.25 ml of n-hexane was added to a solution of 100 mg of
4a (0.069 mmol) or 4d (0.067 mmol) in 50 ml of TCB under nitro-
gen. The resulting solution was stirred for 10 min at room tempera-
ture. After the addition of 313 mg (0.69 mmol) or 303 mg (0.67
mmol) of Ce(acac)3 3 H2O, the solution was heated at reflux for
6 h. After cooling and filtration, the solvent was evaporated in
vacuo. The residue was purified on an alumina column (II, neutral,
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15 3 3.5 cm) with toluene. The first brown fraction contained the
double-decker followed by the second violet fraction of the corre-
sponding diporphyrin. After evaporation of the solvent from the
first fraction and recrystallization of the residue from CH2Cl2/
MeOH (1:1) the following double-deckers were isolated as brown
powders:

1,8-Bis{4-[10,15,20-tris(4-methylphenyl)porphyrin-5-yl]-
phenoxy}octanatocerium(IV) (1a): 9 mg (11%). 2 MS; m/z (%):
1590 (100) [M1]. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 399 nm (5.38),
478 (4.14), 545 (4.02), 584 (3.52), 646 (3.45). 2 IR (KBr), 9 most
intensive bands: ν̃ [cm21] 5 802, 983, 1023, 1096, 1178, 1263, 1325,
1511, 2930. 2 1H NMR (CDCl3): δ 5 1.7721.82 [m, 8 H,
OCH2CH2(CH2)4CH2CH2O], 2.1122.25 [m, 4 H,
OCH2CH2(CH2)4CH2CH2O], 2.7222.74 (m, 18 H, CH3, tolyl),
4.46/4.58 [m, 4 H, OCH2CH2(CH2)4CH2CH2O], 6.29 (m, 8 H, exo
o-tolyl- and o-phenoxy-H), 6.50 (m, 2 H, exo m-phenoxy-H), 7.07
(m, 6 H, exo m-tolyl-H), 7.50 (m, 2 H, endo m-phenoxy-H), 7.93
(m, 6 H, endo m-tolyl-H), 8.1528.54 (m, 16 H, pyrrole-H), 9.48
(m, 8 H, endo o-tolyl- and o-phenoxy-H). 2 13C NMR (CDCl3):
δ 5 21.59 (CH3, tolyl), 25.44228.06 [OCH2CH2(CH2)4CH2CH2O],
28.86 [OCH2CH2(CH2)4CH2CH2O], 68.42 [OCH2CH2(CH2)4CH2-

CH2O], 123.882153.34 (Carom., Cheteroarom.), 158.18 (Carom.2O). 2

CV (CH2Cl2/NBu4PF6): E 5 1.000 V, 0.605, 20.300. 2

C102H82CeN8O2 3 4 H2O (1664.00): calcd. C 73.62, H 5.45, N 6.73;
found C 73.95, H 5.82, N 6.26.

1,11-Bis{4-[10,15,20-tris(4-methylphenyl)porphyrin-5-yl]-
phenoxy}undecanatocerium(IV) (1d): 16 mg (15%). 2 MS; m/z (%):
1632 (100) [M1]. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 398 nm (5.29),
478 (4.09), 545 (3.94), 584 (3.42), 638 (3.40). 2 IR (KBr), 9 most
intensive bands: ν̃ [cm21] 5 801, 981, 1026, 1100, 1178, 1261, 1326,
1512, 2970. 2 1H NMR (CDCl3): δ 5 1.6421.80 [m, 14 H,
OCH2CH2(CH2)7CH2CH2O], 2.0322.15 [m, 4 H,
OCH2CH2(CH2)7CH2CH2O], 2.7122.72 (m, 18 H, CH3, tolyl),
4.34/4.48 [m, 4 H, OCH2CH2(CH2)7CH2CH2O], 6.28 (m, 8 H, exo
o-tolyl- and o-phenoxy-H), 6.50 (m, 2 H, exo m-phenoxy-H), 7.05
(m, 6 H, exo m-tolyl-H), 7.60 (m, 2 H, endo m-phenoxy-H) 7.93
(m, 6 H, endo m-tolyl-H), 8.1728.41 (m, 16 H, pyrrole-H), 9.48
(m, 8 H, endo o-tolyl- and o-phenoxy-H). 2 13C NMR (CDCl3):
δ 5 21.59 (CH3, tolyl), 26.00229.50 [OCH2CH2(CH2)4CH2CH2O],
29.81 [OCH2CH2(CH2)4CH2CH2O], 68.52 [OCH2CH2(CH2)4CH2-
CH2O], 123.692153.24 (Carom., Cheteroarom.), 158.58 (Carom.2O). 2

CV (CH2Cl2/NBu4PF6): E 5 1.020 V, 0.630, 20.305. 2

C105H88CeN8O2 3 5 H2O (1724.10): calcd. C 73.15, H 5.73, N 6.50;
found C 73.40, H 5.68, N 6.04.

Protocol 5: General procedure for the electrochemical oxidations
and reductions of the cerium(IV) bisporphyrinates 1a2d: A solu-
tion of 1.40 mg (8.8 3 1024 mmol) of 1a, 1.45 mg (9.04 3 1024
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mmol) of 1b, 1.63 mg (1.01 3 1023 mmol) of 1c, or 1.64 mg (1.01
3 1023 mmol) of 1d in 60 ml of a 0.1  solution of NBu4PF6 in
CH2Cl2 was electrolyzed by a three-potential cycle. Along the first
two oxidations at 10.9 V and 11.3 V, charges of about 81 to 95 mC
and 87 to 95 mC, respectively, were transferred while the solutions
changed their colors from orange/brown via yellow to yellow/green.
Thereafter, the solutions were reduced by a constant potential at
20.6 V. During this three-step reduction of the dications to the
double-decker anions the color changes reversed with the appear-
ance of orange/brown and then yellow/green for the last reduction
step with total charges between 200 and 254 mC being transferred.
After the first two oxidations and the total reduction, samples were
taken, appropriately diluted, and placed into cuvettes for UV/Vis/
NIR spectroscopy producing the spectral data given in Tables
2b2d.
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A cone-shaped calix[4]arene-derived monophosphinite,
25,27-di(ethoxycarbonylmethoxy)-26-hydroxy-28-(diphenyl-
phosphinooxy)calix[4]arene (L1), has been prepared in two
steps from calix[4]arene. Treatment of L1 with [AuCl(tetrahy-
drothiophene)] in tetrahydrofuran gave the phosphinite com-
plex [AuClL1] (1). Reaction of [PdCl2(PhCN)2] with two
equivalents of L1 gave selectively trans-[PdCl2L1

2] (2). Com-
plex 2 · 2 CH2Cl2 crystallizes in the triclinic space group P1̄.
The molecule is centrosymmetric, leading to a divergent ar-
ray of the two calixarene moieties. The palladium atom resi-

The calix[4]arene structural framework has been exten-
sively used as an important building block for the
preparation of cavernous multifunctional pod-
ands[1] [2] [3] [4] [5] [6] [7]. Many of these ligands appear suitable
for the selective recognition and complexation of metal cat-
ions[8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and/or for use as sensorial
devices for anionic species[18] [19]. An important feature
which contributes to the valuable binding properties of
functionalized calix[4]arenes in the cone conformation con-
cerns the plasticity of the calixarene matrix. The flexibility
of the cavity allows adoption of numerous geometries rang-
ing from an almost C4-symmetrical structure[20] [21] to that
of a so-called “pinched cone”[22] [23]. In most structures
where the latter shape has been encountered, two of the
opposite aryl rings of the calixarene matrix lie almost co-
parallel, with the other two being essentially perpendicular.

As an extension of our earlier studies on calixarene-de-
rived ligands suitable for transition metal com-
plexation[24] [25] [26] [27] [28] [29] we now report new examples of
bulky calix[4]arene-derived phosphinites that form stable
gold(I), palladium(II), and platinum(II) complexes. By ref-
erence to X-ray crystallography and NMR data, we de-
scribe the unusual structural attributes resulting from coor-
dination of two such bulky ligands to a single metal center
and, in particular, the resultant stereochemically-induced
modification of the calixarene matrix. The present study
complements previous results obtained with somewhat re-
lated compounds in which the calixarene ligands bear tert-
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des outside both cones. As a result of steric interactions, the
meta and para carbon atoms of the PPh2-bearing aryl ring are
significantly pushed to the interior of the cavity. The related
platinum complex trans-[PtCl2L1

2] (3), was obtained similarly
from [PtCl2(PhCN)2] and presents in the solid state a struc-
ture which is isomorphous to that of 2. The diphosphinite
25,27-di(ethoxycarbonylmethoxy)-26,28-bis(diphenylphos-
phinoxy)calix[4]arene (cone) (L2) has also been prepared and
reacts with [PtCl2(PhCN)2] to yield oligomeric material.

butyl groups in the para positions, and for which inade-
quate X-ray crystallographic data were obtained[23]. In or-
der to isolate the effects of metal complexation on the struc-
tural properties of the calixarenes of the macrocycle from
steric effects relating to organic substituents, we have fo-
cussed our attention on the synthesis of calixarenes with
freely accessible cavities. In fact omission of the tBu groups
allows intimate structural details to be elucidated. In ad-
dition such open cavities being equipped with a metal
center at the bottom of the well may provide access to novel
catalytic systems based on molecular recognition proper-
ties [30] [31]. Here we describe the synthesis of open-ended ca-
lixarenes bearing two remote ester functions specifically de-
signed to allow complexation of transition metals. Note,
that investigations on the complexation properties of calix-
phosphinite ligands with three[9] and four[9] [32] [33] phos-
phorus atoms have recently been published.

Results and Discussion

Monophosphinite L1, described here for the first time,
was prepared in a two-step synthesis in which the first stage
involved blocking of two distal hydroxy groups of calix[4]-
arene (Scheme 1). Intermediate L0, which is a key reactant
for the formation of both L1 and L2, was obtained in 55%
yield using conventional alkylation procedures[5]. It was de-
duced that of the four conformations possible for L0, the
cone conformer was the only species detectable by 1H- and
13C-NMR spectroscopy. In particular, a unique 13C-chemi-
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cal shift of δ 5 31.32 was observed for the bridging methyl-
ene carbon atoms which, according to the diagnostic cri-
teria outlined by Jaime et al. corresponds exactly to that
expected for the cone conformation[34]. In fact similar stud-
ies made for the other non-metallated calixarene derivatives
described here confirmed that these also persisted in the
cone conformation.

Scheme 1. (i) K2CO3 (1 equiv.), RT, 15 h, acetone; then
BrCH2CO2Et (2 equiv.), 24 h , reflux; (ii) NEt3 (2.5
equiv.), 0°C, in THF, 1 h; then addition of Ph2PCl (2
equiv.); (iii) LiNiPr2 (2 equiv.), 0.5 h, in THF (278°C);
then Ph2PCl (2 equiv.)

Monophosphination of L0 was achieved under mild con-
ditions using NEt3 as base. A signal typical of phosphinite
residues is apparent at δ 5 123.8 in the 31P-NMR spectrum.
The IR (KBr) spectrum of L1 shows two strong absorption
bands in the ester region (1760, 1737 cm21). The lower-
energy band, located at 1737 cm21, is attributed to an ester
having the carbonyl group hydrogen-bonded to a neigh-
bouring hydroxy group. On this basis, the higher-energy
band must arise from a non-hydrogen bonded carbonyl
group. More surprisingly, precursor L0 also exhibits two
well-resolved carbonyl bands in the IR spectrum (1761,
1742 cm21). This situation, which we have observed in
other functionalized calixarenes bearing appended carbonyl
moieties [23], is tentatively interpreted in terms of a mixture
of free and hydrogen-bonded esters within the same mol-
ecule. X-ray investigations performed on complexes ob-
tained from L1 corroborate this interpretation (vide infra).

Despite using forcing conditions, it was not possible to
attach two phosphinites to the calixarene using mildly basic
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reagents (such as NEt3). Synthesis of the bis-phosphinite L2

required more basic conditions, but was conveniently ac-
complished using two equivalents of LiNiPr2 (Scheme 1).
The 31P-NMR spectrum of this compound displays a single
peak at δ 5 122.0, indicating magnetic equivalence of the
two phosphinites. The four bridging methylene groups of
the macrocycle give a typical AB spectrum, as expected for
a cone conformation. Interestingly, the aromatic region of
the 1H-NMR spectrum of L2 displays an AB2 signal (6 H,
δ 5 6.21, p-ArHcalix, 5.92, m-ArHcalix) significantly shifted
upfield with respect to the other aromatic hydrogen atoms.
Presumably, the two bulky phosphino groups cause steric
crowding around the ester groups and thereby push the
meta and para hydrogen atoms of two opposite aryl rings
into the shielding zone of the other two aromatic rings of
the calixarene matrix. These studies however do not allow
distinction of which of the two aryl rings, namely those
bearing the PPh2 groups or those connected to the esters,
are pinched together.

To show that phosphinite L1 is suitable for transition
metal complexation, we investigated its coordinative
properties towards a relatively small metal fragment, na-
mely the “AuCl” unit. Thus, treatment of L1 with
[AuCl(THT)] (THT 5 tetrahydrothiophene) in tetrahydro-
furan gave the gold complex 1 as a white solid. The FAB
mass spectrum of 1 shows an intense peak at 977.0 (with
the expected isotopic profile) corresponding to the [M1 2
Cl] ion. As for L1, the 1H-NMR spectrum of 1 contains
two AB patterns for the ArCH2Ar hydrogen atoms and an
AB pattern for the two opposite OCH2C(O) groups. The
31P-NMR spectrum displays a single peak at δ 5 118.4; this
chemical shift is in agreement with those reported recently
by Puddephatt et al. for other phosphinito-calixarene
gold(I) complexes[9].

Reaction of L1 with [PdCl2(PhCN)2] resulted in forma-
tion of complex 2 with high yield (Scheme 2). The trans
stereochemistry around the metal center was inferred from
the FAR IR spectrum which shows a single ν(Pd2Cl) band
at 360 cm21 and was confirmed by an X-ray diffraction
study (vide infra). Despite the presence of the bridging
P2Pd2P unit, the cone conformation of the two terminal
calixarenes is retained. In marked contrast to the behaviour
described above for L2, only a single aryl ring appears to
be distorted out of its regular (i.e. non-metallated) position.
Thus, NMR studies made with 2 indicate that there is an
enhanced shielding effect for the meta and para hydrogens
of only one aryl ring from each calixarene whereas with
L2 two opposite rings are mutually distorted. Presumably,
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deformation in 2 refers to the aryl rings lying closest to the
metal center.

Scheme 2. (i) [MCl2(PhCN)2] (M 5 Pd, Pt) in CH2Cl2

The corresponding platinum analogue, 3, also having
trans sterochemistry [J(PPt) 5 3006 Hz[35]] was obtained in
a similar manner but starting from [PtCl2(PhCN)2] (Scheme
2). Comparable upfield shifts on meta and para H atoms of
a single aryl ring of each calixarene were observed. In fact,
the 1H-NMR properties of 2 and 3 were very similar, sug-
gesting that a common structural feature persists in both
metallated calixarenes. It is noteworthy that for complex 1
bearing the relatively small Au2Cl fragment all m-ArH hy-
drogen atoms lie above δ 5 6.61 so that it appears reason-
able to assign the upfield shifts observed for certain aro-
matic CH atoms in 2 and 3 to steric effects.

Both metal complexes, 2 and 3, were fully characterized
by X-ray structural analyses, but since these complexes are
isomorphous, only one of them, namely the palladium com-
plex 2, will be described below. A summary of the crystal
data is given in Table 1 (complex 2) and Table 3 (complex
3). Important distances and angles may be found in Table
2 (complex 2) and Table 4 (complex 3) . A view of 2 is
represented in Figure 1. Examination of Figure 1 shows
that half of the molecule is symmetry-generated since the
palladium atom lies at the centre of symmetry. This leads
to a solid-state structure with two divergent cavities, as de-
fined by the calixarene units. The overall length of the mol-
ecule is ca. 18 Å. The complex exhibits square-planar coor-
dination around the metal center with Pd2Cl and Pd2P
bond lengths of 2.3014(6) and 2.3251(6) Å, respectively. The
shape of the calixarene units strongly deviates from an ideal
cone. In particular, two opposite aryl rings lie nearly per-
pendicular (dihedral angle ∆ 5 86°) with the other two
making an angle of 12°. Each phosphorus atom is directed
away from the cavity defined by the calixarene, the
O2P2Pd plane being essentially orthogonal to the corre-
sponding O-aryl ring (dihedral angle ca. 80°).

Several interesting facets emerge from the solid state
structure (Fig. 1). Firstly, it is noticeable that the bulky di-
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phenylphosphino groups adopt the position that causes
minimal steric perturbation to the terminal calixarene units.
Secondly, it is clearly demonstrated that the upper end of
the phosphinated aryl ring is pushed towards the center of
the cavity. The dihedral angle between the calixarene refer-
ence plane and the P-bearing phenoxy ring is 57.7(1)°. This
“perturbation” of a single aryl unit was inferred from the
NMR studies but is now shown unequivocally to exist in
the solid state. Several complementary factors contribute to
this effect. Although interactions between the dz2 orbital on
the palladium center and the adjacent aryl ring provide
some minor repulsive force [Pd···C(1), 3.313 Å], the primary
perturbing influence arises from steric interaction with the
distant PPh2 moiety {contacts: H(13)···C9(5) 5 3.21 Å and
H(13)···C9(6) 5 3.33 Å [H(13) on C(18)]}. Thirdly, the
above mentioned structural distorsion results in a rather
narrow entrance to the cavity. This effect is illustrated by
the comparatively short C(4)2C(33) separation of 4.64 Å
and is reminiscent of the so-called bis-roof structure recently
described by Shinkai et al. [36] [37] [38]. In the latter case, two
distal aryl rings are made to approach each other by their
involvment in π-complexes with Cr(CO)3 fragments. This is
a very different perturbing mode than that outlined for 2
and 3, since the major structural feature of pinching of the
calixarene unit results from mutual attraction of electron-
deficient walls. In our case, a single wall is forced inwards
by external steric influences. Finally, the short O(7)2O(5)
distance (2.87 Å) indicates hydrogen bonding between the
hydroxy function and the C(45)2O(7) carbonyl group. This
finding corroborates our interpretation of the IR spectra.

Figure 1. MolView drawing of complex 2 with partial labeling
scheme. The distance between C(4) and C(33) is 4.64 (1) Å

Considerable effort was expended to generate the corre-
sponding cis isomers of 2 and 3, but to no avail; exami-
nation of molecular models suggests that the bulky calix-
arene fragment provide undue steric barriers to formation
of the cis complexes.

Reaction of L2 with [PtCl2(PhCN)2] in CH2Cl2 gave a
sparingly soluble white material in keeping with the overall
formulation of [PtCl2(L2)]n to which we assign a polymeric
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structure. The 31P-NMR spectrum shows a broad peak at
δ 5 102.8, with a J(PPt) coupling constant of 3009 Hz,
indicating that the stereochemistry about platinum is exclu-
sively trans. The 1H-NMR spectrum shows broad signals,
suggesting the formation of a polymer and/or a mixture of
oligomeric compounds. Because of its poor solubility, a mo-
lecular weight determination could not be performed. It is
worth mentioning here that with previously reported dipho-
sphinites having But groups occupying the p-positions of
the calixarene moiety, cyclic tetrameric compounds were
obtained[23]. The driving force for formation of oligomeric
arrays arises from the fact that each of the phosphino
groups in the bis derivative L2 is forced to lie outside of the
cavity. Formation of bis(phosphinite) complexes with large
metallo fragments such as “PdCl2” or “PtCl2” is then most
easily accomplished by taking phosphorus from two sepa-
rate calixarenes. With considerably smaller metallo-frag-
ments such as CuCl, it is feasible that a mononuclear che-
late could be generated[32]. Similar behaviour has also re-
cently been observed with smaller phosphorus substitu-
ents[33].

In summary, we have described two novel phosphinites
having open-ended cavities. Conditions are described which
permit the selective attachment of one or two phosphino
groups to the lower rim of a 1,3-difunctionalized calix[4]ar-
ene. The appended phosphino groups remain accessible for
complexation with appropriate metallo-fragments and well-
defined complexes have been observed with PdCl2 and
PtCl2. In these cases and regardless of the presence of tBu
groups on the upper rim, it was only possible to isolate
complexes demonstrating trans stereochemistry at the metal
atom. The bulkyness of the two trans arranged phosphinites
causes subtle modification to the structure of the calixarene
unit, pushing one phenoxy ring into the cavity. In view of
the fact that metallocalixarenes 2 or 3 contain two divergent
cavities suitable for inclusion of neutral species, such nanos-
tructures may provide further valuable complexation and/
or catalytic opportunities.

We are grateful to C. B. Dieleman for his kind assistance. We are
indebted to Johnson Matthey for a generous loan of precious met-
als.

Experimental Section
Reagents and Physical Measurements: All manipulations were

performed in Schlenk-type flasks under argon. Solvents were dried
by conventional methods and distilled immediately prior to use.
CDCl3 was eluted from a 5 cm thick alumina column and stored
under argon over molecular sieves (0.4 nm). 2 IR spectra were
recorded on a Perkin Elmer 1600 spectrometer (40002400 cm21)
and a Bruker FIR spectrometer (500290 cm21). 2 1H-, 31P{1H}-,
and 13C{1H}-NMR spectra were recorded with a FT Bruker WP-
200 SY instrument. The 1H-NMR data were referenced to residual
protiated solvents (7.27 for CDCl3), 13C chemicals shifts are re-
ported relative to deuterated solvents (δ 5 77.0 for CDCl3, δ 5

67.40 for [D8]THF) while the 31P-NMR data are given relative to
external H3PO4. 2 Mass spectra of complexes 2 and 3 were re-
corded on a ZAB HF VG Analytical instrument with m-nitro-
benzyl alcohol as a matrix. The mass spectrum of L2 was recorded
on a TSQ-70 spectrometer. Calix[4]arene[39], [AuCl(THT)] (THT 5
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tetrahydrothiophene)[40], [PdCl2(PhCN)2] [41], and [PtCl2-
(PhCN)2] [41], were prepared using literature procedures.

Preparations

25,27-Di(ethoxycarbonylmethoxy)-26,28-(dihydroxy)calix[4]-
arene (L0): A suspension of calix[4]arene (6.000 g, 14.13 mmol) was
treated with K2CO3 (2.150 g, 15.55 mmol) in acetone (150 cm3) for
15 h at room temperature. BrCH2CO2Et (4.957 g, 29.68 mmol) was
then added and the resultant mixture was heated under reflux for
24 h. After filtration, the solvent was removed in vacuo. The resi-
due was recrystallized from CH2Cl2-MeOH, yielding L0 as a white
analytically pure solid (6.600 g, 78%), Rf 5 0.12 (SiO2, CH2Cl2),
m.p. 180°C. 2 IR (KBr): ν̃ 5 3387 br (OH), 1761 (C5O), 1742
(C5O···HO). 2 1H NMR (CDCl3): δ 5 7.66 (s, 2 H, OH), 7.07
(d, 4 H, m-ArH, 3J 5 7.5 Hz), 6.92 (d, 4 H, m-ArH, 3J 5 7.5 Hz),
6.75 (t, 2 H, p-ArH, 3J 5 7.5 Hz), 6.67 (t, 2 H, p-ArH, 3J 5 7.5
Hz), 4.75 (s, 4 H, OCH2), 4.50 and 3.41 (AB spin system, 8 H,
ArCH2Ar, 2J 5 13 Hz), 4.34 (q, 4 H, OCH2CH3, 3J 5 7.1 Hz),
1.37 (t, 6 H, CH3, 3J 5 7.1 Hz). 2 13C{1H} NMR (CDCl3): δ 5

168.70 (CO), 152.82, 152.20, 132.95, 127.98 (4 C aromatic), 128.97,
128.34, 125.44, 118.95 (4 CH aromatic), 72.29 (ArOCH2), 61.24
(OCH2CH3), 31.32 (ArCH2Ar), 13.97 (CH3). 2 C36H36O8 ·0.5
MeOH (596.68 1 16.02): calcd. C 71.55; H 6.25; found: C 71.03;
H 5.70. The formation of a solvate was confirmed by 1H-NMR
spectroscopy.

25,27-Di(ethoxycarbonylmethoxy)-26-hydroxy-28-(diphenyl-
phosphinooxy)calix[4] arene (L1): To a solution of L0 (3.320 g, 5.60
mmol) in THF (100 cm3) at 0°C was added triethylamine (1.420 g,
14.01 mmol). After stirring for 1 h, a solution of Ph2PCl (1.360 g,
6.16 mmol) in THF (25 cm3) was added slowly accompanied by
formation of Et3NHCl. The mixture was shaken for a further 24 h
and the precipitate was removed by filtration before the solvent was
evaporated in vacuo. Recrystallization of the residue from toluene-
hexane gave L1 as a white solid (3.500 g, 80%), Rf 5 0.43 (SiO2,
CH2Cl2), m.p. 1482150°C. 2 IR (KBr): ν̃ 5 3409 (OH), 1760 (C5

O), 1737 (C5O···HO). 2 1H NMR (CDCl3): δ 5 7.8027.78 and
7.4927.47 (10 H, OPPh2), 7.0526.60 (12 H, ArHcalix), 4.62 and
3.31 (AB spin system, 4 H, ArCH2Ar, 2J 5 13.5 Hz), 4.51 and 4.08
(AB spin system, 4 H, OCH2CO2, 2J 5 15.6 Hz), 4.29 and 3.01
(AB spin system, 4 H, ArCH2Ar, 2J 5 13.2 Hz), 4.13 (q, 4
H,OCH2CH3, 3J 5 7.0 Hz), 3.67 (s, 1 H, OH), 1.24 (t, 6 H,
OCH2CH3 , 3J 5 7.0 Hz). 2 13C {1H} NMR (CDCl3): δ 5 169.44
(s, CO), 154.262118.50 (s, Carom), 71.75 (s, OCH2CO), 60.78 (s,
OCH2CH3), 31.17 and 30.95 (s, ArCH2Ar), 13.97 (s, OCH2CH3).
2 31P{1H} NMR (CDCl3): δ 5 123.8. 2 C48H45O8P (780.86):
calcd. C 73.83; H 5.81; found: C 73.57; H 5.55.

25,27-Di(ethoxycarbonylmethoxy)-26,28-bis(diphenylphos-
phinooxy)calix[4]arene (L2): To a cold (278°C) solution of BuLi
(1.5 , 4.05 cm3, 6.07 mmol) in THF (50 cm3) was added slowly a
solution of diisopropylamine (0.614 g, 6.07 mmol) in THF (20
cm3), pre-cooled at 278°C. The mixture was kept at this tempera-
ture for 30 min before slow addition of a solution of the precursor
L0 (1.800 g, 3.03 mmol) in THF (20 cm3, 278°C). After 1 h,
Ph2PCl (1.339 g, 6.07 mmol) was added dropwise. The solution was
stirred for 2 h, filtered through Celite, and evaporated to dryness.
The residue was dissolved in toluene (50 cm3) and the resulting
suspension filtered through Celite in order to remove LiCl. Concen-
tration of the filtrate and addition of hexane precipitated L2 as a
white solid (2.490 g, 85%), Rf 5 0.89 (SiO2, CH2Cl2-MeOH, 95:5,
v/v). 2 IR (KBr): ν̃ 5 1762 (C5O). 2 1H NMR (CDCl3): δ 5

7.7626.70 (24H aromatics), 6.20 (t, 2 H, p-ArH, 3J 5 7.6 Hz), 5.91
(d, 4 H, m-ArH, 3J 5 7.6 Hz), 4.76 (s, 4 H, OCH2), 4.41 and 2.84
(syst. AB, 8 H, ArCH2Ar, 2J 5 14.5 Hz), 3.99 (q, 4 H, OCH2CH3,
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3J 5 7.2 Hz), 1.37 (t, 6 H, CH3, 3J 5 7.2 Hz). 2 31P{1H} NMR
(CDCl3): δ 5 122.0 (s, OPPh2). This product is very sensitive to
hydrolysis. We detected by NMR the formation of L1 and L0 when
traces of water were present. 2 MS (EI); m/e (%): 964.2 (10) [M1].
2 C60H54O8P2 (965.042): calcd. C 74.68; H 5.64; found: C 74.72;
H 5.80.

Chlorobis[25,27-di(ethoxycarbonylmethoxy)-26-hydroxy-28-
(diphenylphosphinooxy)calix[4]arene]gold(I) (1): A solution of
[AuCl(THT)] (0.160 g, 0.50 mmol) in THF (15 cm3) was added to
a solution of compound L1 (0.390 g, 0.50 mmol) in THF (15 cm3).
After 1 h the resultant solution was concentrated to ca. 5 cm3;
addition of pentane gave 1 as a white powder which was recrystal-
lised from THF-pentane (0.380 g, 75%), m.p. 1122114°C (dec). 2

IR (KBr): ν̃ 5 3430 br (OH), 1752 (C5O), 1728 (C5O···HO). 2
1H NMR ([D8]THF): δ 5 8.2728.17 and 7.7427.73 (10 H,
OPPh2), 7.3226.57 (12 H, ArHcalix), 4.68 and 3.13 (AB spin sys-
tem, 4 H, ArCH2Ar, 2J 5 13.3 Hz), 4.39 and 4.19 (AB spin system,
4 H, OCH2CO2, 2J 5 16.0 Hz), 4.31 and 3.32 (AB spin system, 4
H, ArCH2Ar, 2J 5 13.5 Hz), 4.23 (q, 4 H,OCH2CH3, 3J 5 7.0 Hz),
3.76 (s, 1 H, OH), 1.30 (t, 6 H, OCH2CH3 , 3J 5 7.0 Hz). 2 13C
{1H} NMR ([D8]THF): δ 5 179.90 (s, CO), 154.802119.18 (s,
Carom), 72.70 (s, OCH2CO), 61.40 (s, OCH2CH3), 32.36 and 31.74
(s, ArCH2Ar), 14.41 (s, OCH2CH3). 2 31P{1H}NMR (CDCl3): δ 5

Table 1. Crystallographic data for trans-[PdCl2(L2)2] · 2 CH2Cl2
(2 · 2 CH2Cl2)

formula C96H90Cl2O16P2Pd · 2 CH2Cl2
fw 1908.9 T [K] 293
a [Å] 11.393(3) λ [Å] 0.71073
b [Å] 11.767(3) space group P1̄
c [Å] 18.933(5) Z 1
α [deg] 77.16(2) Dcalcd [g cm23] 1.382
β [deg] 87.04(2) θ range [deg] 2228
γ [deg] 68.05(2)
µ [cm21] 4.720
V [Å3] 2294.0 R[a] 0.045
no of data collected 10309 Rw

[b] 0.066
no of data with I>3σ(I) 7418

[a] R 5 Σ (iFou2uFci)/ ΣuFou. 2 [b] Rw 5 [Σ w(uFou2uFcu)2/ ΣwuFou2]1/2;
w21 5 σ2(Fo).

Table 2. Selected structural parameters for 2 (lengths in Å, angles
in°)

Bond Lengths

Pd2Cl 2.3014(6) O22C26 1.417(3)
Pd2P1 2.3251(6) C262C27 1.508(4)
P12C7 1.811(2) C272O4 1.319(4)
P12C13 1.812(2) C272O3 1.211(4)
O12P1 1.621(2) O62C44 1.417(3)
C12C2 1.396(3) C442C45 1.494(4)
C22C3 1.402(4) C452O7 1.186(3)
C32C4 1.369(4) C452O8 1.321(3)
C42C5 1.388(4) O82C46 1.458(3)
C22C19 1.515(3) C462C47 1.455(5)
C52C6 1.395(3) O5···O3 2.87(1)
C432O6 1.397(3) C4···C33 4.64(1)
C362O5 1.372(3) H13···C95 3.21(1)
C252O2 1.387(3) H13···C96 3.33(1)

Bond Angles

Cl2Pd2P1 90.67(2) C62C482C42 108.3(2)
O12P12C7 101.8(1) C352C372C38 110.2(2)
O12P12C13 104.5(1) C442C452O7 126.2(3)
C72P12C13 100.3(1) C262C272O3 126.0(3)
C12O12P1 118.8(1) C432O62C44 109.3(2)
C22C192C20 110.4(2) C252O22C26 114.8(2)
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118.4. 2 MS (FAB MS); m/e (%): 977 (100) [M1 2 Cl]. 2

C48H45AuClO8P (1013.28): calcd. C 56.90; H 4.48; found: C 57.22;
H 4.77.

trans-Dichlorobis[25,27-di(ethoxycarbonylmethoxy)-26-hydroxy-
28-(diphenylphosphinooxy)calix[4]arene]palladium(II) (2): A
solution of [PdCl2(PhCN)2] (0.384 g, 0.310 mmol) in THF (50 cm3)
was added slowly to a solution of L1 (0.484 g, 0.620 mmol) in THF
(40 cm3). After 2 h the solution was reduced to one-third and hex-
ane was added, yielding 2 as a yellow solid (0.456 g, 84%), Rf 5

0.84 (SiO2, MeOH-CH2Cl2, 5/95, v/v), m.p. 2382240°C (dec). 2

IR spectrum (KBr): ν̃ 5 3414 (OH), 1750 (CO) , 1731 (C5O···HO).
2 Far FT-IR: ν̃ 5 360 (PdCl). 2 1H NMR (CDCl3): δ 5 7.8426.32
(19 H, CH aromatic), 7.74 (1 H, OH, exchanges with D2O), 6.21
(t, 1 H, p-ArHcalix, 3J 5 7.5 Hz), 5.92 (d, 2 H, m-ArH, 3J 5 7.5
Hz), 5.11 and 4.59 (AB spin system, 4 H, OCH2, 2J 5 16 Hz), 4.67
and 3.22 (AB spin system, 4 H, ArCH2, 2J 5 13 Hz), 4.35 and 3.22
(AB spin system, 4 H, ArCH2Ar, 2J 5 16.8 Hz), 4.24 (q, 8 H,
OCH2CH3, 3J 5 7.1 Hz), 1.28 (t, 6 H, OCH2CH3, 3J 5 7.1 Hz).
2 13C {1H} NMR (CDCl3): δ 5 171.35 (s, CO), 157.092119.02 (C
aromatic), 71.64 (OCH2CO), 60.93 (OCH2CH3), 32.57 and 31.97
(2s, ArCH2Ar), 13.97 (OCH2CH3). 2 31P{1H} NMR (CDCl3): δ 5

111 (s). 2 MS (FAB MS); m/e (%): 1703 (0.5) [M1 2 Cl]. 2

C96H90Cl2O16P2Pd (1739.03): calcd. C, 66.31; H, 5.22; found: C,
66.34; H, 5.33.

trans-Dichlorobis[25,27-di(ethoxycarbonylmethoxy)-26-hydroxy-
28-(diphenylphosphinooxy)calix[4]arene]platinum(II) (3): To a
solution of L1 (0.303 g, 0.390 mmol) in THF (40 cm3) was added
slowly a solution of [PtCl2(PhCN)2] (0.091 g, 0.195 mmol) in THF
(50 cm3). After 2h the solution was concentrated and hexane was
added, yielding 3 as a white solid (0.293 g, 82%) which was dried
in vacuo overnight, Rf 5 0.8 (SiO2, MeOH/CH2Cl2, 5/95, v/v), m.p.
2712275°C. 2 IR (KBr): ν̃ 5 3415br (OH), 1756 (C5O), 1731
(C5O···HO). 2 Far FT-IR: ν̃ 5 349 (PtCl). 2 1H NMR (CDCl3):
δ 5 7.8626.32 (19 H, CH aromatics), 7.72 (s, 1 H, OH, exchanges
with D2O), 6.22 (t, 1 H, p-ArH, 3J 5 7.6 Hz), 5.89 (d, 2 H, m-
ArH, 3J 5 7.6 Hz), 5.14 and 4.65 (AB spin system, 4 H, OCH2CO2,
2J 5 16.4 Hz), 4.67 and 3.23 (AB spin system, 4 H, ArCH2Ar, 3J 5

13.7 Hz), 4.42 and 3.20 (AB spin system, 4 H, ArCH2Ar, 2J 5 14.8
Hz), 4.26 (q, 8 H, OCH2CH3, 3J 5 7.1 Hz), 1.29 (t, 6 H,
OCH2CH3, 3J 5 7.1 Hz). 2 13C{1H} NMR (CDCl3): δ 5 171.39
(CO), 157.202119.07 (C aromatics), 71.63 (OCH2CO2),
60.97(OCH2CH3), 32.56 (ArCH2Ar), 31.11 (ArCH2Ar), 14.00
(OCH2CH3). 2 31P {1H} NMR (CDCl3): δ 5 102.7 [s with Pt
satellites, 2J(PPt) 5 3006.3 Hz]. 2 MS (FAB MS); m/e (%): 1827
(1) [M1], 1790 (7) [M1 2 Cl]. 2 C96H90Cl2O16P2Pt (1827.72): calcd
C, 63.09; H, 4.96; found: C, 62.79; H, 4.89.

Reaction of [PtCl2(PhCN)2] with L2: A solution of
[PtCl2(PhCN)2] (0.168 g, 3.56 mmol) in CH2Cl2 (30 cm3) was added
to a solution of L2 (0.344 g, 3.56 mmol) in CH2Cl2 (20 cm3). After
1 h the solution was concentrated and hexane was added, yielding
a white precipitate (0.329 g, 75%) which was poorly soluble in
CHCl3, CH2Cl2, and THF, m.p. 2632266°C. 2 1H NMR (CDCl3):
δ 5 1.19 (t, OCH2CH3, 3J 5 7.0 Hz); all other signals are broad
probably owing to a fluxional behaviour in solution or to the pres-
ence of several oligomeric compounds. 31P{1H} NMR (CDCl3): δ
102.8 [s with Pt satellites, 2J(P-Pt) 5 3009 Hz]. 2 C60H54Cl2O8P2Pt
(1231.04): calcd. C, 58.04; H, 4.42; found: C, 58.11; H, 4.32.

X-ray Crystallographic Studies: Complex 2: Crystal data are
given in Table 1. A suitable crystal of 2 · 2 CH2Cl2 was obtained
by slow diffusion of hexane into a solution of complex 2 in CH2Cl2
at room temperature. Data were collected on an ENRAF-NONIUS
MAC3 diffractometer at room temperature with graphite mono-
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chromatic Mo-Kα radiation λ 5 0.7107 Å. The cell parameters were
obtained by fitting a set of 25 high-theta reflections. The data col-
lection (ω/2θ scan type, 2θmax 5 56°, 1h ±k ±l), intensity controls
without appreciable decay (0.2%) gives 10309 reflections from
which 7418 were independant with I>3σ(I). After Lorenz polari-
zation and absorption (ψ scan) corrections, the structure was solved
by direct methods. After refinement of the heavy atoms, a Fourier-
difference map revealed maxima of residual electronic density close
to the positions expected for hydrogen atoms; they were introduced
into structure-factor calculations by their computed coordinates
(C2H 0.95 Å) and isotropic thermal parameters such as B(H) 5

1.3 Beq(C) Å but not refined. Full least squares refinements against
F with weights ω 5 1/σ2(F), σ2(F2) 5 σ2 (counts) 1 (pI)2. Aniso-
tropic thermal parameters were assigned to all non-hydrogen atoms
except for C(28), C(29), C9(28), and C9(29). Final positive and
negative electron density residues: 0.81/20.24 e·Å23. Atomic scat-
tering factors were from International Tables for X-ray Crystal-
lography (1983)[42]. All calculations were performed on a DEC
AXP 3100 computer with the OpenMolEN[43] package (Enraf-
Nonius, 1990). The ethyl group of one ester (C28) was found to be
disordered over two positions in the ratio 1:1. The plot of 2 was
drawn using MolView[44].

Complex 3 · 2 CH2Cl2: Crystal data are given in Table 3. Crystals
of 3 · 2 CH2Cl2 were obtained by slow diffusion of hexane into a
solution of complex 3 in CH2Cl2. Data collection as described
above. The data collection (ω/2θ scan type, 2θmax 5 52°, 1h ±k
±l), intensity controls without appreciable decay (0.2%) gives 9588
reflections from which 8843 were independant with I>3σ(I). After
Lorenz polarization and absorption (ψ scan) corrections, the struc-
ture was solved by direct methods. After refinement of the heavy
atoms, a Fourier-difference map revealed maxima of residual elec-
tronic density close to the positions expected for hydrogen atoms;
they were introduced into structure-factor calculations by their
computed coordinates (C2H 0.95 Å) and isotropic thermal param-
eters such as B(H) 5 1.3 Beq(C) Å but not refined. Full least
squares refinements against F with weights ω 5 1/σ2(F), σ2(F2) 5

σ2 (counts) 1 (pI)2. Anisotropic thermal parameters were assigned
to all non-hydrogen atoms. Final positive and negative electron
density residues: 0.771/20.112 e·Å23. Complete atomic coordi-
nates, thermal parameters and bond lengths and angles for both
complexes have been deposited at the Crystallographic Data Centre
(CCDC number 100858).

Table 3. Crystallographic data for trans-[PtCl2(L2)2] · 2 CH2Cl2
(2 · 2 CH2Cl2)

formula C96H90Cl2O16P2Pt·2
CH2Cl2

fw 1997.59 T [K] 294
a [Å] 11.3891(7) λ [Å] 0.71073
b [Å] 11.7494(7) space group P1̄
c [Å] 18.941(1) Z 1
α [deg] 77.296(5) Dcalcd [g cm23] 1.45
β [deg] 87.064(5) θ range [deg] 2.5226
γ [deg] 68.052(5)
µ [cm21] 1.819
V [Å3] 2291.9 (3) R[a] 0.029
no of data collected 9588 Rw

[b] 0.041
no of data with I>3σ(I) 8843

[a] R 5 Σ (iFou2uFci)/ ΣuFou. 2 [b] Rw 5 [Σ w(uFou2uFcu)2/ ΣwuFou2]1/2;
w21 5 σ2(Fo).
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The insertion of CO into the B2B bond of 1,2-bis(diisopropyl-
amino)-2,5-dihydro-1H-1,2-diborole (1b) and 1,2-bis(diiso-
propylamino)-3-methylidene-1,2-diborolane (1c) leads to the
dimeric spiro products 1,7,9,14-tetrakis(diisopropylamino)-
6,13-dioxa-1,7,9,14-tetraboradispiro[4.2.4.2]tetradeca-2,10-
diene (4b) and 1,7,9,14-tetrakis(diisopropylamino)bismeth-
ylidene-6,13-dioxa-1,7,9,14-tetraboradispiro[4.2.4.2]tetra-
decane (4c). Insertions of CO into the B2B bonds of the cyclic
organo-1,2-diborane compounds 5, 6, and 7 are not observed.
The reaction of 1b with tert-butyl isocyanide and 2,6-dime-
thylphenyl isocyanide in THF leads to the formation of the
monomeric insertion products 1,3-bis(diisopropylamino)-2-
tert-butylimino-1,3-diboracyclohex-4-ene (10b) and 1,3-bis-
(diisopropylamino)-2-(29,69-dimethylphenylimino)-1,3-di-

The synthesis and structural characterization of the η4-
(4-boryl-1-borabutadiene)-η5-cyclopentadienylcobalt com-
plexes 2a [1] from the 4-methylene-1,2-diborolane 1a, [2] as
well as 2b [3] from the 1H-1,2-diborole 1b [3] and bis(ethene)-
cyclopentadienylcobalt, led to the expectation that related
compounds should be formed with other 14 VE complex
fragments. However, 1b and either Fe(CO)5 or Fe2(CO)9 did
not yield the corresponding η4-(4-boryl-1-borabutadiene)-
tricarbonyliron complex 3b. A few colorless crystals could
be separated from the reaction mixture and mass-spectro-
metric data indicated the presence of a dimer of a reaction
product of carbon monoxide and 1b. Its constitution was
elucidated by an X-ray structure analysis (see below) which
showed the presence of the dimeric spiro compound 4b. [4]

Reactions of CO with organoboranes are long since
known and are well documented.[5] The insertion of CO
into the B2B bond of three-membered heterocycles was
first observed by Paetzold et al. [6] Tri-tert-butylazadiboriri-
dine [NB2(CMe3)3] and CO yield the tricyclic compound
1,3,4,5,7,8-hexa-tert-butyl-4,9-dioxa-1,7-diaza-2,5,8,10-te-
traboradispiro[2.2.2.2]decane. The proposed mechanism de-
scribes, in the first step, the insertion of CO into the B2B
bond to give a four-membered NB2C5O ring, which then
undergoes a [313] cyclodimerisation of the BC5O chain
to yield the corresponding six-membered ring. Sigmatropic
migrations of the amino groups from the boron to the car-
bon atoms result in the final product.

Analogously, isonitriles (RNC) insert into the B2B bond
of NB2(CMe3)3 to form the corresponding four-membered

Eur. J. Inorg. Chem. 1998, 4592463  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/040420459 $ 17.501.50/0 459

boracyclohex-4-ene (11b). The treatment of 1c with the isoni-
triles yields 2-tert-butylimino-1,3-bis(diisopropylamino)-4-
methylidene-1,3-diboracyclohexane (10c) and 1,3-bis(diiso-
propylamino)-2-(29,69-dimethylphenylimino)-4-methylidene-
1,3-diboracyclohexane (11c). The steric requirements of the
isonitrile insertion products 10b, c and 11b, c prevent their
dimerisation and rearrangement. 11b rearranges to 1-(diiso-
propylamino)-2-(diisopropylaminohydroxyboryl)-2-(29,69-
dimethylphenylamino)-1-boracyclopent-3-ene (12b) upon re-
action with water from sodium sulfate decahydrate. The com-
positions of the compounds are derived from the 1H-, 11B-,
13C-NMR data as well as from mass-spectral and C, H, N
analyses. In the cases of of 4b and 12b they have been proven
by X-ray structure analyses.

Scheme 1

rings NB2C5NR. With R 5 Me, Et the primary products
undergo a [313] cyclodimerisation of the BC5N chain to
result in the tricyclic compounds. [7]

In the following we report on our findings concerning
CO and C5NR insertion into the B2B bond of five-mem-
bered cyclic organodiboranes.

Results and Discussion

Reactions of Cyclic Organo-1,2-diboranes with Carbon Monoxide

The compound 4b [4] is formed in a good yield when dried
CO is bubbled into a THF solution of 1b. [3] Due to its weak
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solubility 4b precipitates as a solid which is less sensitive to
air and moisture. The reaction between the 3-methylidene-
1,2-diborolane 1c [1] and CO leads to the analogous dimeric
spiro product 1,7,9,14-tetrakis(diisopropylamino)bismethyl-
idene-6,13-dioxa-1,7,9,14-tetraboradispiro[4.2.4.2]tetra-
decane (4c). [4] We assume that, besides 4c, two other iso-
mers have been formed due to various positions of the ex-
ocyclic double bonds. Mass-spectral data and C, H, N
analyses were obtained, but no NMR data could be ob-
tained due to its very low solubility in organic solvents. The
mass spectra of the reaction product of 1c and Fe(CO)5

indicate that the η4-(1-boryl-2-methyl-1-borabutadiene)-
tricarbonyliron complex (analogous to 3b) was present[4],
however, it could not be isolated. The reaction of 1a with
Fe(CO)5 also led to traces of the analogous complex.

Scheme 2

In addition to 1a2c, the cyclic organo-1,2-diborane com-
pounds 1,2-bis(diisopropylamino)-1,2-diboret (5) [8], 1,2-
bis(diisopropylamino)-1,2-benzodiboret (6) [9], and 1,2,4-
tris(diisopropylamino)-3,5-dimethyl-1,2,4-triboracyclo-
pentan (7) [10] were treated with dried CO. None of the ex-
pected insertion products were formed and the starting ma-
terials were recovered.

Scheme 3

It is of interest to note that we did not observe any inser-
tion into the B2C bonds of the compounds 1a2c. This is
in contrast to the reaction of CO with the 1,3,4,5-tetraethyl-
2-methyl-2,3-dihydro-1,3-diborole (8), which leads to prod-
uct 9a and 9b. [11] The formation of 9b can be explained by
insertion of CO into the B2CHMe bond of 8, and ex-
change of the CHMe group for the oxygen of the inserted
CO. The product 9a is formed analogously by insertion of
CO into the B2CEt bond and exchange of the CHMe
group for the oxygen of the inserted CO, which yields the
B2O2B bridge. When 8 is treated with Ni(CO)4, [11] pre-
sumably 9a is the precursor for the formation of a nickel
complex with two cyclic allyl ligands.

Eur. J. Inorg. Chem. 1998, 4592463460

Reactions of Organo-1,2-diboranes with Isonitriles

The failure of CO to insert into the B2B bond of the
compounds 527 is also observed with the isonitriles. The
reaction of the 1,2-diborole 1b with tert-butyl isocyanide
and with 2,6-dimethylphenyl isocyanide at 230°C in THF
leads to colorless, slightly soluble monomeric products, 2-
tert-butylimino-1,3-diboracyclohex-4-ene (10b) and 2-(29,69-di-
methylphenylimino)-1,3-diboracyclohex-4-ene (11b). As a si-
deproduct in the reaction with 1b its rearrangement to the
known 1,3-bis(diisopropylamino)-2,3-dihydro-1,3-dibor-
ole[12] [13] was observed. MS and 1H-, 11B-, and 13C-NMR
data confirmed the composition of the products formed.

Scheme 4

In the 1H-NMR spectra all four septuplets of the methine
protons of the isopropyl groups of 10b have different chemi-
cal shifts, whereas the compound 11b shows only one mul-
tiplet and one septuplet for the four groups. This result indi-
cates a rigid structure at room temperature.[10] There is a
high double-bond character between the boron and nitro-
gen atoms.

Because of the quadrupole effect of the boron atoms the
signals of the protons at the vicinal carbon atoms have very
low intensities. The methylene protons can be detected near
δ 5 2.2 as a doublet, and the methine protons of the double
bond in the ring are not detected. The signal for the proton
in 4-position is observed at δ 5 6.30, and that for the 5-
position at δ 5 6.85. In 11b the signal of the proton in the
5-position cannot be observed, because the signals of the
aromatic substituent appear between δ 5 6.8 and 7.1.

The reaction between the 3-methylidene-1,2-diborolane
1c and the two isonitriles leads to the 2-tert-butylimino-4-
methylidene-1,3-diboracyclohexane 10c and the 2-(29,69-di-
methylphenylimino)-4-methylidene-1,3-diboracyclohexane
11c. [10]

Scheme 5

The 11B-NMR shifts of 10c and 11c are δ 5 38 and 39,
which are within the expected region.[14] The 1H-NMR data
of 11c are comparable to those of 11b. The products are
soluble only in THF.

The steric demand of the five-membered rings 1b and 1c,
and that of the alkyl substituents of the isonitriles both pre-
vent dimerization and rearrangement of the corresponding
insertion products 10b, c and 11b, c. To induce a rearrange-
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ment a small dipolar reagent such as water is needed.
Therefore, 10b and sodium sulfate decahydrate were heated
in THF to yield the hydrolysis product 12, which was
characterized by an X-ray structure analysis. 12 can be de-
scribed as one half of a spiro dimer, formed by ring contrac-
tion. The five-membered ring in 12 contains the terminal
carbon atom of the isonitrile and only one boron atom.

Scheme 6

The formation of the dimeric insertion and rearrange-
ment products 4a, b, the insertion compounds 10b, c and
11b, c and the product of hydrolysis 12, give evidence for
the reaction path of insertion and rearrangement to the di-
meric molecules. As proposed, the first step is an insertion
of carbon monoxide or isonitrile into the B2B bond of the
boron heterocycles. [6] The formed products are stable, if the
steric requirements of the isonitriles or the heterocycles are
suitable as in the isonitrile insertion products 10b, c and
11b, c. Rearrangement under ring contraction is the follow-
ing step. This is supported by using water as a dipolar re-
agent to induce rearrangement with formation of 12. In the
case of CO insertion the dimeric spiro compounds 4b, c are
formed. The proposed reaction paths are in agreement with
the mechanistic conclusions of Paetzold et al. [6] [7]

Scheme 7
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Crystal Structures of 4b and 12b

The centrosymmetric molecule in 4b is built up by the
central planar 6-membered ring (max. deviation ±0.01 Å)
and, almost perpendicular (88.5°) to it, by the outer BC4

rings, which are slightly puckered (±0.05 Å). The B2N
units are planar indicating π interaction. The lengths of the
B2C and B2N distances differ, which can be rationalized
in terms of the other atoms connected to the boron atoms.
The B2N distance at B2, bonded to C1 and C4, is slightly
shorter than that at B1, which is bonded to O1 and C19.
The B2C distance involving an sp2 carbon atom (B22C4)
is significantly shorter than those with sp3 carbon atoms.
In 12b the same 5-membered ring is present, but instead of
the 6-membered ring two independent groups are attached
to C1, one of which [B(NiPr2)O] is similar to that part of

Figure 1. Molecular structure of 4b[a]

[a] Selected bond lengths [Å] and angles [°]: C12B19 1.592(2),
C12O1 1.481(2), C12C2 1.557(2), C12B2 1.624(2),O12B1
1.368(2), B12N1 1.422(2), B22N2 1.397(2), B22C2 1.569(2);
C22C12B2 103.1(1), B192C12O1 112.5(1), C12B22C4 105.1(2),
C12B192O19 121.2(1), C12O12B1 126.3(1).

Figure 2. Molecular structure of 12b[a]

[a] Selected bond lengths [Å] and angles [°]: C12B1 1.617(2)
C12N3 1.548(2), C12C2 1.556(2), C12B2 1.6 29(2), O12B1
1.376(2), B12N1 1.416(2), B22N2 1.402(2), B22C2 1.562(2);
C22B12B2 102.4(1), B12C12N3 106.0(1), C12B22C4 105.7(1),
C12B12O1 115.9(1).
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the ring in 4b, while the other [HN(C6H3Me2)] substitutes
for the oxygen in 4b. The distances exhibit the same range
of values as found in 4b and the angles are almost identical,
apart from those around C1. The 5-membered ring is
planar, in contrast to 4b where the steric repulsion of the
diisopropylamino group at B1 pushes the 5-membered ring
towards O1 and causes the distortion of the ring which
adopts a slight envelope form. In 12b this is not possible,
as the dimethylphenyl group at N3 does not allow a tipping
of the ring, which remains planar and lies symmetrically
between the two groups. The angles at C1 in 4b also show
the effect of the distortion. A rotation around the bond
C12N3 would suspend the steric repulsion of the dimeth-
ylphenyl group, but the hydrogen atom at O1 forms an in-
tramolecular hydrogen bond with N3, hindering the ro-
tation around C12N3.

Support of this work by the Deutsche Forschungsgemeinschaft
(SFB 247), the Fonds der Chemischen Industrie, and the BASF AG
is gratefully acknowledged.

Experimental Section
All reactions and manipulations were performed in dry glassware

under nitrogen by using standard Schlenk techniques. Solvents
were distilled from appropriate drying agents under nitrogen before
use. The commercial carbon monoxide was bubbled through KOH
for drying. 2 Et2O·BF3 was used as the external standard for 11B
NMR. Internal standards for 1H and 13C were the signals of the
deuterium-labeled solvents. NMR: CDCl3 and C6D6 solutions,
Jeol-FX-90 and Bruker AC 200. 2 MS: Varian MAT CH7 and
Finnigan Mat 8230. 2 The following starting materials were pre-
pared by previously described methods: 1,2-bis(diisopropylamino)-
2,5-dihydro-1H-1,2-diborole (1b) [3], 1,2-bis(diisopropylamino)-3-
methylidene-1,2-diborolane (1c) [3], 1,2-bis(diisopropylamino)-1,2-
benzodiboret (6) [9], 1,2,4-tris(diisopropylamino)-3,5-dimethyl-
1,2,4-triboracyclopentane (7). [10]

1,7,9,14-Tetrakis(diisopropylamino)-6,13-dioxa-1,7,9,14-tetra-
boradispiro[4.2.4.2]tetradeca-2,10-diene (4b): CO was bubbled
through a solution of 950 mg (3.6 mmol) of 1b in 40 ml of THF
at room temp. for 1 h. After 15 min, a colorless solid was formed.
Filtration of the mixture and washing of the residue with THF and
hexane yielded 520 mg (0.9 mmol, 50%) of 4b, m.p. 282°C. The
remaining 1b in the filtrate can be used for further reactions. 2 1H
NMR (CDCl3, 200 MHz): δ 5 0.86, 0.88, 0.89, 1.12, 1.15, 1.27 (m,
48 H), 2.75, 2.94, 3.25, 3.75 (sept, 8 H), 7.05 (d, 2 H, 3JH,H 5 7.95
Hz), 6.19 (d, 2 H, 3JH,H 5 7.95 Hz), 2.33 (d, 2 H, 3JH,H 5 19.0
Hz), 2.70 (d, 2 H, 3JH,H 5 19.5 Hz). 2 11B NMR (CDCl3, 29
MHz): δ 5 44 (C2BN), 32 (CB(N)O). 2 13C NMR (CDCl3, 50
MHz): δ 5 23.0, 23.3, 23.6, 24.9, 25.5, 26.0, 26.4 (CHCH3), 44.6,
45.3, 47.6, 49.3 (NCH), 32.5 (CCH2C), 159.3 (CCHC), (CB not
detected). 2 MS (EI), m/z (%): 580 (100) [M1], 453 (85) [M1 2

BON(CH(CH3)2)2], 289 (45) [M1/2 2 H], 43 (74) [CH(CH3)2]. 2

C32H64O2B4N4 (580.1) calcd. C 66.25, H 11.12, N 9.66; found C
65.70, H 11.12, N 9.65.

1,7,9,14-Tetrakis(diisopropylamino)bismethylidene-6,13-dioxa-
1,7,9,14-tetraboradispiro [4.2.4.2]tetradecane (4c): 700 mg (2.54
mmol) of 1c were treated with CO as in the previous experiment.
The workup furnished 440 mg (0.72 mmol, 44%) of the colorless
solid 4c, m.p. 289°C (decomp.). The product was almost insoluble
in all organic solvents. 2 MS (EI), m/z (%): 608 (45) [M1], 303 (27)
[M1/2 2 H], 481 (36) [M1 2 BON(CH(CH3)2)2], 43 (73)
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[CH(CH3)2], 28 (100) [CO; C2H4]. 2 C34H68O2B4N4 (608.2) calcd.
C 67.15, H 11.27, N 9.21; found C 66.80, H 11.23, N 9.18.

2-tert-Butylimino-1,3-bis(diisopropylamino)-1,3-diboracyclohex-
4-ene (10b): 415 mg (5 mmol) of tert-butyl isocyanide, dissolved in
20 ml of THF, was added to a solution of 1.30 g (5 mmol) of 1b
in 30 ml of THF at 230°C. After 15 h at room temp., the solvent
was removed under vacuum. Distillation yielded 600 mg (2.3 mmol,
46%) of colorless 10b, b.p. 63°C/5 · 1022 Torr. 2 1H NMR (C6D6,
200 MHz): δ 5 0.921.4 [br., 24 H, CH(CH3)2], 1.43 [s, 9 H,
C(CH3)3], 2.21 (d, 2 H, BCH2), 2.95 (m, 1 H, NCH), 3.18 (m, 1 H,
NCH), 3.53 (m, 1 H, NCH), 4.81 (m, 1 H, NCH), 6.25 (d, br., 1
H, BCH), 6.85 (m, br., 1 H, CH2CHCH). 2 11B NMR (C6D6, 64
MHz): δ 5 40 (sh), 45.

1,3-Bis(diisopropylamino)-2-(29,69-dimethylphenylimino)-1,3-
diboracyclohex-4-ene (11b): A preparation analogous to 10b, using
660 mg (5 mmol) of 2,6-dimethylphenyl isocyanide and 1.3 g (5
mmol) of 1b, resulted in 900 mg (3.5 mmol, 69%) of colorless 11b,
b.p. 80°C/5 · 1022 Torr. 2 1H NMR (C6D6, 200 MHz): δ 5 0.821.4
[m, 24 H, CH(CH3)2], 2.11 (s, 6 H, H3CAr), 2.21 (d, 2 H,
CHCHCH2), 3.15 [m, 3 H, CH(CH3)2], 4.5 [sept, 1 H, CH(CH3)2],
6.25 (d, 1 H, BCHCH), 6.9 (m, 1 H, CHCHCH2), 6.95 (m, 3 H,
C6H3). 2 11B NMR (C6D6, 64 MHz): δ 5 40. 2 MS (EI), m/z (%):
394 (36) [M1 1 1], 378 [M1 2 CH3], 43 (100) [CH(CH3)2].

2-tert-Butylimino-1,3-bis(diisopropylamino)-4-methylidene-1,3-
diboracyclohexane (10c): 1.4 g (5 mmol) of 1c was treated with 415
mg (5 mmol) of tert-butyl isocyanide under the same reaction con-
ditions as in the previous experiments to yield 300 mg (0.8 mmol,
16%) of 10c, b.p. 75°C/5 · 1022 Torr. 2 11B NMR (C6D6, 64 MHz)):
δ 5 39. 2 MS (EI), m/z (%): 360 (87) [M1 1 1], 57 (100) [C4H9],
43 (89) [C3H7].

1,3-Bis(diisopropylamino)-2-(29,69-dimethylphenylimino)-4-
methylidene-1,3-diboracyclohexane (11c): The preparation anal-
ogous to 10b using 1.4 g (5 mmol) of 1c and 660 mg (5 mmol) of
2,6-dimethylphenyl isocyanide yielded 800 mg (1.8 mmol, 36%) of
11c, b.p. 105°C/5 · 1022 Torr. 2 1H NMR (C6D6, 200 MHz): δ 5

0.93 [m, 6 H, CH(CH3)2], 1.2 (m, 2 H, CH2CH2C), 1.45 [m, 18 H,
CH(CH3)2], 2.16 (s, 6 H, H3CAr), 2.75(m, 2 H, BCH2CH2), 3.3 [m,
3 H, CH(CH3)2], 3.95 [m, 1 H, CH(CH3)2], 5.2 (m, 1 H, C5CH2),
7.00 (m, 1 H, C5CH2), 7.06 (m, 3 H, C6H3). 2 11B NMR (C6D6,
64 MHz): δ 5 38.

1-(Diisopropylamino)-2-(diisopropylaminohydroxyboryl)-2-
(29,69-dimethylphenylamino)-1-boracyclopent-3-ene (12): 390 mg (1
mmol) of 11c and 33 mg (0.1 mmol) of Na2SO4·· 10 H2O, dissolved
in 50 ml of THF, were refluxed for 2 h. The hot solution was fil-
tered through a G3 sintered-glass funnel. Crystallisation from a
THF solution at 5°C gave 220 mg (0.5 mmol, 50%) of 12, m.p.
60°C. 2 11B NMR (C6D6, 64 MHz): δ 5 38.

Crystal-Structure Determinations of 4b and 12b: Crystal data and
details of the structure determinations are listed in Table 1. Unique
sets of intensity data were collected at 270°C with a four-circle
diffractometer (Mo-Kα radiation λ 5 0.7107 Å, graphite mono-
chromator, ω scan). An empirical absorption correction (ψ scans)
was applied. The structures were solved by direct methods
[SHELXS86][15] and refined by least-squares methods based on F2

with all measured reflections [SHELXL97]. [16] All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included
in calculated positions (CH in 4b), or as part of the rigid group
(CH3 in 4b and 12b). All other hydrogen atoms were located in
difference Fourier maps and refined.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
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Table 1. Crystal data and structure refinement for 4b and 12b

4b 12b

Empirical formula C32H64B4NO2 C24H43B2N3O
Formula weight 580.11 411.23
Crystal system monoclinic monoclinic
Space group P21/c P21/c
Unit-cell dimensions
a [Å] 11.027(6) 8.147(5)
b [Å] 10.288(5) 18.337(13)
c [Å] 16.804(8) 17.479(11)
β [°] 108.27(2) 100.80(5)

Volume [Å3] 1810.2(16) 2565(3)
Z 2 4
Calcd. density [g/cm3] 1.064 1.065
Absorp. coeff. [mm21] 0.064 0.064
F(000) 640 904
Crystal size [mm] 0.5 3 0.5 3 0.3 0.7 3 0.6 3 0.6
θ range 1.9225.0 1.6 - 27.0
Index ranges 213/12, 0/12, 0/19 210/10, 0/23, 0/22
No. of reflections
unique 3180 5600
observed [I > 2σ(I)] 2355 4232
Transmission 0.9420.99 0.9520.99
Parameters 217 337
Goodness-of-fit on F2 1.006 1.006
Final R indices
R1 [I > 2σ(I)] 0.041 0.042
wR2 (all data) 0.103 0.108
Largest diff. peak/hole 0.23/20.14 0.27/20.14
[e Å23]

bridge Crystallographic Data Centre as supplementary publication
no. CCDC-100715. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
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CB2 1EZ, UK [fax: (internat.) 1 44(1223)336-003; e-mail:
deposit@ccdc.cam.ac.uk].

; Dedicated to Professor Hartmut Bärnighausen on the occasion
of his 65th birthday.
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Depending on the nature of the amino group bound to the
boron atom, the reactions of various aminodichloroboranes
R2NBCl2 with Na[(η5-C5R95)Fe(CO)2] yield either boryl or
bridging borylene complexes of iron. The compounds
[(C5R95)(CO)2Fe{BCl(NR2)}] (1a, C5R95 = C5H5, R = Me; 1b,
C5R95 = C5H4Me, R = Me; 1c, C5R95 = C5Me5, R = Me) and

Since 1990, when the first transition-metal complex with
a two-center, two-electron bond between the metal and a
threefold coordinated boron atom was structurally charac-
terized[1], such boryl complexes have become of increasing
interest, as they are known to be important intermediates
in transition-metal-catalyzed hydroboration[2] [3] [4], and,
very recently, the selective functionalization of alkanes in
terminal position was achieved by photolysis of a boryl-
tungsten complex[5]. During the last seven years a large
number of structurally authentic boryl complexes have been
described and the 1,2-dioxobenzo or “catechol” group, as
ligand to boron, has had a pivotal role in obtaining these
compounds, since most of them were either obtained by the
reaction of an anionic transition-metal complex with
CatBCl (Cat 5 1,2-O2C6H4)[6a] [6b] [6c] [6d], or by oxidative
addition of CatBH or CatBBCat to a suitable transition-
metal center[7a] [7b] [7c] [7d] [7e] [7f].

In contrast to the well-developed chemistry of boryl tran-
sition metal complexes, knowledge about the corresponding
borylene complexes is restricted to only one example (and
derivatives of this). Originally, this compound, a bridging
dinuclear manganese complex, was obtained by an unpre-
cedented and unexpected reaction of different diboranes(4)
with Na[(C5H4Me)Mn(SiMePh2)(CO)2] [8]; more recently,
the syntheses of these highly unusual compounds has been
significantly improved by employing the corresponding
manganese hydride complex Na[(C5H4Me)MnH(CO)2] [9].
Interestingly, the borylene complexes of the type [η-
BX{(C5H5)Mn(CO)2}2] (X 5 NMe2, Cl), undergo substi-
tution reactions at the boron atom with preservation of the
central Mn2B core[10]. Due to their kinetic lability[11], how-
ever, boryl complexes generally react with cleavage of the
boryl moiety[6a] [6d] [7e] [11], regardless of the strength of the
metal2boron bond, which in certain cases was calculated
to be stronger than corresponding metal2carbon
bonds[12a] [12b].
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[(η-BNR2)(µ-CO){(C5R95)Fe(CO)}2] (2a, C5R95 = C5H5, R =
SiMe3; 2b, C5R95 = C5H4Me, R = SiMe3) were isolated as
orange (1a2c) or red (2a, b) crystalline solids, and characteri-
zed by multinuclear NMR methods and IR spectroscopy. The
structures of 1c and 2b in the crystalline state were deter-
mined by single-crystal X-ray studies.

In the course of our investigations on transition-metal
complexes of boron with alternative boron-bound
ligands[13a] [13b], we report on the reactions of different ami-
nodichloroboranes R2NBCl2 with Na[(η5-C5R95)Fe(CO)2]
to yield amino-substituted boryl or bridging borylene com-
plexes of iron.

Results and Discussion

The reaction of Na[(η5-C5R95)Fe(CO)2] with Me2NBCl2
in benzene at room temperature according to Scheme 1 af-
fords the aminoboryl complexes [(C5R95)(CO)2Fe-
{BCl(NR2)}] (1a, C5R95 5 C5H5, R 5 Me; 1b, C5R95 5
C5H4Me, R 5 Me; 1c, C5R95 5 C5Me5, R 5 Me).

Scheme 1

The products were obtained from hexane at 230°C as
air- and moisture-sensitive dark-orange materials in yields
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of up to 65%. While 1a, c show melting points of 35°C
and 120°C, respectively, 1b proved to be an oil at room
temperature. As might be expected, the spectroscopic data
of 1a2c in solution are to some extent related to those of
the corresponding diborane(4)yl complex [(C5H5)Fe-
(CO)2{B2(NMe2)2Cl}] [13a]. The 1H- and 13C-NMR spectra
show double sets of signals for the dimethylamino group,
due to the restricted rotation with respect to the B2N
double bond. In the case of 1b the variable-temperature 1H-
NMR studies show a coalescence of the two corresponding
resonances at 83°C, from which a value for the rotation
barrier of ∆G° 5 72.3 kJ/mol can be calculated. This is
in the range expected for aminosubstituted boranes[14a] [14b].
The formation of the boron2iron bond results in character-
istically deshielded 11B-NMR signals at δ 5 56.4 (1a), 56.9
(1b), and 59.1 (1c), which are shifted to low field with re-
spect to the signal of Me2NBCl2 at δ 5 30.5[15]. For a simi-
lar boryliron complex, [CpFe(CO)2BCat] (Cat 5 1,2-
O2C6H4), a modest Fe2B π bonding in solution was de-
duced from the high CO stretching frequencies at 2024
cm21 and 1971 cm21 [6c]. In the case of 1a2c the IR spectra
gave no evidence for a metal2boron backbonding, since the
CO stretching frequencies (1a, 2005 cm21, 1946 cm21; 1b,
2002 cm21, 1944 cm21; 1c, 1988 cm21, 1928 cm21) are
equal to, or even lower than, those for the corresponding
alkyliron complexes at 199922005 cm21 and 193821944
cm21 [16]. So far this finding is true for all fully characterized
nitrogen-substituted boryliron complexes, e.g.
{(C5H5)Fe(CO)2[B2(NMe2)2Cl]}[13a] and {[(C5H4Me)Fe-
(CO)2]2ClB3N3H3}[13b].

As a representative of the new complexes, an X-ray struc-
ture analysis was carried out for [(C5Me5)-
(CO)2Fe{BCl(NMe2)}] (1c) (Figure 1). Suitable crystals of
1c were obtained, after some days, from solutions in hexane
at 230°C. The complex crystallizes in the noncentrosym-
metric space group P212121, and the molecule adopts C1

symmetry in the crystal. The almost perpendicular orien-
tation (87.4°) of the N2B2Cl plane with respect to the
Cp(centroid)2Fe2B plane provides no evidence for an
iron2boron π interaction in the crystalline state[6c] [17]. This
is supported by an Fe2B distance of 202.7(5) pm, which is
significantly longer than that in [CpFe(CO)2BCat] [195.6(6)
pm]. For the latter compound a π interaction in the solid
state is facilitated by the different orientation of the boryl
ligand[6c]. A boron2nitrogen double bond, already estab-
lished for the aminoboryl complexes 1a2c in solution, is
also found for 1c in the crystal, as indicated by a B2N
distance of 137.7(6) pm.

The corresponding bridging borylene complexes [(η-
BNR2)(µ-CO){(C5R95)Fe(CO)}2] (2a, C5R95 5 C5H5, R 5
SiMe3; 2b, C5R95 5 C5H4Me, R 5 SiMe3) were obtained
by a similar reaction of [(Me3Si)2N]BCl2 at room tempera-
ture with two equivalents of Na[(C5R95)Fe(CO)2] in ben-
zene (Scheme 2).

The products, which are formed with loss of one CO
group from the initial iron complex, were isolated from hex-
ane at low temperatures as dark-red solids in yields of about
25%, and proved to be extremely sensitive to air and mois-
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Figure 1. Structure of 1c in the crystal (ellipsoids at 30% probabili-
ty[25])[a]

[a] Selected distances [pm] and angles [°]: Fe2B 202.7(5), B2N
137.7(6), B2Cl 183.4(5), Fe2centroid 173.5(1); Fe2B2Cl
116.0(2), Fe2B2N 131.9(4), Cl2B2N 112.0(3).

Scheme 2

ture. This is in contrast to the known characteristics of the
related borylenemanganese complex [(η-BNMe2)-
{(C5H5)Mn(CO)2}2] [10]. Interestingly the formation of the
borylene complexes 2a, b, as the only boron-containing
products, was observed under all conditions, even with an
excess of [(Me3Si)2N]BCl2, while the reaction of Me2NBCl2
with Na[(C5R95)Fe(CO)2] always led to the formation of the
boryl complexes [(C5R95)(CO)2Fe{BCl(NR2)}] (1a,
C5R95 5 C5H5, R 5 Me; 1b, C5R95 5 C5H4Me, R 5 Me;
1c, C5R95 5 C5Me5, R 5 Me). In the latter cases a further
exchange of a boron-bound chloride ligand could not be
achieved. We attribute this result to the electronic influence
of the silyl groups, which despite their size make the [(Me3-
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Si)2N]BCl2 more reactive by weakening the boron2nitrogen
double bond.

The structure of 2a, b in solution is derived from the
NMR and IR spectra. Due to the formation of two iron2
boron linkages the borylene complexes show 11B-NMR sig-
nals at δ ø 119. These are significantly shifted to low field
with respect to the signals found for the boryl complexes
1a2c. The IR and 13C-NMR data resemble those of the
isoelectronic vinylidenediiron complexes, where the pres-
ence of one bridging and two terminal CO groups has al-
ready been established[18].

Suitable single crystals of 2b were obtained in a similar
manner to those of 1c, and the results of the X-ray structure
analysis (Figure 2) showed that the compound crystallizes
in the monoclinic space group P21/c.

Figure 2. Structure of 2b in the crystal (ellipsoids at 30% probabili-
ty[25])[a]

[a] Selected distances [pm] and angles [°]: Fe12Fe2 254.8(1), Fe12B
200.7(3), Fe22B 200.2(3), B2N 141.2(4), Fe12centroid1 175.5, Fe-
22centroid2 174.6; Fe12B2Fe2 78.9(1), Fe12C32Fe2 83.6(1).

In the crystal the borylene complex 2c shows a trans
orientation of the MeC5H4 and CO groups with respect to
the Fe2B unit. These three atoms form an isosceles triangle
with Fe2B distances of 200.7(3) and 200.2(3) pm, and an
Fe2Fe distance of 254.8(1) pm. Obviously, the Si12B2Si2
plane is twisted by 53.7(1)° with respect to the Fe12B2Fe2
plane due to the bulky Me3Si groups. Hence, in connection
with the extended B2N distance of 141.2(4) pm, a less ef-
fective backbonding from the nitrogen to the boron atom
can be assumed. The overall molecular structure of 2c re-
sembles that of the structurally characterized vinylidenedi-
iron complexes[18].

Conclusion

This study presents the synthesis and characterization in
solution and in the crystal of various amino-substituted
boryl and bridging borylene complexes of the type
[(C5R95)(CO)2Fe{BCl(NR2)}] (1a, C5R95 5 C5H5, R 5 Me;
1b, C5R95 5 C5H4Me, R 5 Me; 1c, C5R95 5 C5Me5, R 5
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Me) and [(η-BNR2)(µ-CO){( C5R95)Fe(CO)}2] (2a, C5R95 5
C5H5, R 5 SiMe3; 2b, C5R95 5 C5H4Me, R 5 SiMe3). The
formation of the products is obviously dominated by elec-
tronic rather than steric criteria, since the more bulky, but
also more electrophilic, [(Me3Si)2N]BCl2 yields the borylene
complexes 2a, b by substitution of both boron-bound chlo-
ride ligands by [(η5-C5R95)Fe(CO)2)] moieties, whereas the
boryl complexes 1a2c are formed from Me2NBCl2 by sub-
stitution of only one chloride ligand. These results show
that aminodichloroboranes may serve as the starting mate-
rials for different types of transition-metal complexes of bo-
ron, and that the access to bridging borylene complexes is
no longer restricted to the use of diborane(4) derivatives.

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie.

Experimental Section
All manipulations were carried out under dry nitrogen in

Schlenk glassware. Solvents and reagents were dried by standard
procedures, distilled and stored under nitrogen and molecular
sieves. Na[(η5-C5R5)Fe(CO)2] [19], Me2NBCl2[20], and [(Me3S-
i)2N]BCl2[21] were synthesized according to the literature. 2 NMR:
Varian Unity 500 at 499.843 (1H, standard TMS internal), 150.364
(11B, standard BF3 ·OEt2 in C6D6 external), 125.639 MHz
(13C{1H}, APT, standard TMS internal); all NMR spectra were
recorded in C6D6 as solvent. 2 Elemental analyses (C, H, N):
Carlo-Erba elemental analyzer, model 1106. 2 IR: Perkin-Elmer
FT-IR 1720x.

[Dicarbonyl{chloro(dimethylamino)boryl}(η5-cyclopenta-
dienyl)iron] (1a): 1.92 g (9.60 mmol) of Na[(C5H5)Fe(CO)2] was
suspended in 50 ml of benzene and 1.21 g (9.60 mmol) of
Me2NBCl2 was added dropwise by a syringe at ambient temp. After
stirring for 20 min, all volatiles were removed in vacuo and the
solid residue was treated with 40 ml of hexane, filtered, and the
remaining solid washed with 20 ml of hexane, 1.65 g (65%) of 1a
was recovered from the filtrate at 230°C as orange crystals, m.p.
35°C. 2 1H NMR: δ 5 2.70 (s, 3 H, NMe), 2.91 (s, 3 H, NMe),
4.11 (s, 5 H, C5H5). 2 11B NMR: δ 5 56.4. 2 13C NMR: δ 5

41.14 (NMe), 43.60 (NMe), 83.80 (C5H5), 215.76 (CO). 2 IR (tolu-
ene): ν̃ 5 2006 cm21, 1946 (CO). 2 C9H11BClFeNO2 (267.29):
calcd. C 40.44, H 4.15, N 5.24; found C 39.88, H 4.32, N 5.30.

[Dicarbonyl{chloro(dimethylamino)boryl}(η5-methylcyclopenta-
dienyl)iron] (1b): As described for 1a, 0.93 g (4.35 mmol) of
Na[(C5H4Me)Fe(CO)2] was treated with 0.55 g (4.35 mmol) of
Me2NBCl2, and 0.78 g (64%) of 1b was obtained as a dark orange
oil by evaporating the filtrate in vacuo. 2 1H NMR: δ 5 1.57 (s, 3
H, C5H4Me), 2.77 (s, 3 H, NMe), 2.93 (s, 3 H, NMe), 4.09 (m, 4
H, C5H4Me). 2 11B NMR: δ 5 56.9. 2 13C NMR: δ 5 12.90
(C5H4Me), 41.17 (NMe), 43.66 (NMe), 82.55, 84.62, 101.28
(C5H4Me), 216.19 (CO). 2 IR (toluene): ν̃ 5 2002 cm21, 1944
(CO). 2 C10H13BClFeNO2 (281.33): calcd. C 42.69, H 4.66, N
4.98; found C 42.06, H 4.85, N 4.72.

[Dicarbonyl{chloro(dimethylamino)boryl}(η5-pentamethylcyclo-
pentadienyl)iron] (1c): As described for 1a, 0.24 g (0.90 mmol) of
Na[(C5Me5)Fe(CO)2] was treated with 0.11 g (0.90 mmol) of
Me2NBCl2, and 0.17 g (55%) of 1c was obtained as orange crystals,
m.p. 120°C. 2 1H NMR: δ 5 1.53 (s, 15 H, C5Me5), 2.87 (s, 3 H,
NMe), 2.96 (s, 3 H, NMe). 2 11B NMR: δ 5 59.1. 2 13C NMR:
δ 5 9.76 (C5Me5), 41.37 (NMe), 43.82 (NMe), 95.23 (C5Me5),
217.60 (CO). 2 IR (toluene): ν̃ 5 1988 cm21, 1928 (CO). 2
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C14H21BClFeNO2 (337.42): calcd. C 49.83, H 6.27, N 4.15; found
C 49.68, H 6.52, N 4.13.

[µ-{Bis(trimethylsilyl)aminoboranediyl}-bis{(η5-cyclopenta-
dienyl)dicarbonyliron}Fe-Fe} (2a): As described for 1a, 2.69 g
(13.45 mmol) of Na[(C5H5)Fe(CO)2] were reacted with 1.30 g (5.38
mmol) of [(Me3Si)2N]BCl2 and 0.70 g (26%) of 2a isolated as dark
red crystals. 2 1H NMR: δ 5 0.32 (s, 18 H, SiMe3), 4.41 (s, 10 H,
C5H5). 2 11B NMR: δ 5 118.4 . 2 13C NMR: δ 5 4.75 (SiMe3),
87.75 (C5H5), 215.52 (CO), 276.63 (µ-CO). 2 IR (hexane): ν̃ 5

1924 cm21, 1770 (CO). 2 C19H28BFe2NO3Si2 (497.11): calcd. C
45.90, H 5.68, N 2.82; found C 45.84, H 5.80, N 2.67.

[µ-{Bis(trimethylsilyl)aminoboranediyl}bis{dicarbonyl(η5-meth-
ylcyclopentadienyl)iron}Fe2Fe] (2b): As described for 1a, 1.76 g
(8.23 mmol) of Na[(C5H4Me)Fe(CO)2] was treated with 0.99 g
(4.11 mmol) of [(Me3Si)2N]BCl2 and 0.86 g (25%) of 2b isolated as
dark-red crystals. 2 1H NMR: δ 5 0.36 (s, 18 H, SiMe3), 1.96 (s,
6 H, Me), 4.0124.61 (br., 8 H, C5H4). 2 11B NMR: δ 5 119.1. 2
13C NMR: δ 5 4.82 (SiMe3), 12.29 (C5H4Me), 84.39, 85.09, 88.30,
90.35, 103.73 (C5H4Me), 215.83 (CO), 279.26 (µ-CO). 2 IR (hex-
ane): ν̃ 5 1925 cm21, 1770 (CO). 2 C21H32BFe2NO3Si2 (525.14):
calcd. C 48.03, H 6.14, N 2.67; found C 48.30, H 6.28, N 2.61.

X-ray Structure Determination for 1c: C14H21BClFeNO2, M 5

337.44 g mol21, crystal data a 5 8.2617(6), b 5 9.915(1), c 5

20.100(3) Å, V 5 1646.5(3) Å3, orthorhombic, P212121 (No. 19),
Z 5 4, ρcalcd. 5 1.361 g cm23, µ(Mo-Kα) 5 10.77 cm21, F(000) 5

704. Orange platelet, crystal size [mm] 0.6 3 0.6 3 0.4. ENRAF-
Nonius CAD4; Mo-Kα radiation (λ 5 0.7107 Å, graphite mono-
chromator); intensity data from ω-2-Θ scans at 203 K. 7812 reflec-
tions in the range 3° < Θ < 27°, structure solution[23] with 3592
independent reflections, refinement[24] with 2819 observations with
I > σ(I) for 181 variables; H atoms were included as riding in ideal-
ized geometry [C2H 5 98 pm, Uiso(H) 5 1.3 ·Ueq(C)]. Pronounced
anisotropic displacement parameters were encountered for the car-
bon atoms in the pentamethylcyclopentadienyl ring and these indi-
cate librational or static disorder of this moiety. Convergence at
R 5 0.051, Rw 5 0.056, w21 5 σ2(Fo). Crystallographic data (ex-
cluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100790. Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (int. code) 1

44(1223)336-033, E-mail: deposit@ccdc.cam.ac.uk, World Wide
Web: http://www.ccdc.cam.ac.uk].

X-ray Structure Determination for 2b: C21H32BFe2NO3Si2, M 5

525.17 g mol21, unit cell dimensions a 5 10.684(2), b 5 28.917(5),
c 5 8.337(5) Å, β 5 108.26(3)°, V 5 2446(2) Å3, monoclinic, P21/
c (No. 14), Z 5 4, Dcalcd. 5 1.426 g cm23, µ( Mo-Kα) 5 13.03 cm21,
F(000) 5 1096; dark-red transparent platelet, crystal size [mm] 0.65
3 0.54 3 0.15. ENRAF-Nonius CAD4; Mo-Kα radiation (λ 5

0.7107 Å, graphite monochromator); intensity data from ω-2-Θ
scans at 203 K., 6443 reflections in the range 3° < Θ < 26°, numeri-
cal absorption correction (transmission min. 0.528, max. 0.830) by
Gaussian integration[22], 3680 independent observations with I >
σ(I) in structure solution[23] and refinement[24] for 271 variables; H
atoms were included as riding in idealized geometry [C2H 5 98
pm, Uiso(H) 5 1.3 ·Ueq(C)]. Convergence at R 5 0.039, Rw 5 0.047,
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w21 5 σ2(Fo). Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-100790. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK [Fax: (int. code) 1 44(1223)336-033, E-mail:
deposit@ccdc.cam.ac.uk, World Wide Web: http://www.ccdc.cam.-
ac.uk].
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The (trimetaphosphimato)hafnates and -zirconates
Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·18 H2O [1, Pa3̄, a =
22.687(3) Å, Z = 8], Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·21
H2O [2, R3̄, a = 14.350(2), c = 50.348(10) Å, Z = 6], Na4{Zr4(µ4-
O)(µ-OH)6[(PO2NH)3]4} ·18 H2O [3, Pa3̄, a = 22.693(3) Å, Z =
8], and Na4{Zr4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·21 H2O [4, R3̄, a =
14.303(2), c = 50.284(10) Å, Z = 6] were obtained by the stoi-
chiometric reaction of HfOCl2 ·8 H2O and ZrOCl2 ·8 H2O
with an aqueous solution of Na3(PO2NH)3 ·4 H2O, followed
by the diffusion-controlled addition of methanol. During
these reactions compounds 1 and 2, or 3 and 4, crystallized
simultaneously and the hafnium and zirconium complexes 1
and 3, as well as 2 and 4, were found to be isostructural and
isomorphous. The characteristic structural feature which is
central to 1, 2, 3, and 4 is the complex tetranuclear anion

In contrast to the cyclotrimetaphosphates[1], whose struc-
tures have been well investigated, little is known concerning
the X-ray-crystallographic results of the cyclotrimetaphos-
phimates (tri-µ-imidocyclotriphosphates), although the first
synthesis of cyclotrimetaphosphimates was described in
1896. [2] Since there is the possibility of tautomeric forms,
[P(NH)O2]3

32 and [PNO(OH)]3
32, these compounds have

been investigated intensively using IR spectroscopy,[3] but
until now only a few crystal structures of the trimetaphos-
phimates have been known.[4] The two tautomeric forms of
trimetaphosphimic acid are shown in Figure 1. IR spec-
troscopy, as well as single-crystal structure analyses, have
confirmed the existence of the µ-imido form in both the
solid state and solution. In principle coordination by both
nitrogen and oxygen is possible, but up to the present ex-
clusively coordination via oxygen has been found. Never-
theless, interactions between Ag and N are observed in Ag3-
(PO2NH)3, leading to a strong distortion of the P3N3

ring. [4c] This interaction is also confirmed by the existence
of Ag6(PO2N)3, which was first described by Stokes;[2] how-
ever, the crystal structure has not yet been determined. The
trimetaphosphimate ion can act as a monodentate ligand in
combination with monovalent ions such as Na1, K1, Ag1,
NH4

1, or C(NH2)3
1, [4] as bidentate and bridging ligand
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{M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 with M = Zr or Hf. The
anion consists of five corner-sharing adamantanoid cages.
The central cage, {M4(µ4-O)(µ-OH)6}8+, has a tetracoordi-
nated oxygen atom in the middle, and the other cages are
formed by the trimetaphosphimate ions acting as tridentate
ligands which coordinate to Hf or Zr. The water content of
the compounds 124 could not be determined unequivocally
by chemical analyses since the compounds are always obtai-
ned as mixtures of the rhombohedral (2/4) and cubic (1/3)
phases. Thermal decomposition of compounds 124 starts ab-
ove 120°C and leads to the formation of HfP2O7 and ZrP2O7/
NaZr2(PO4)3, with the evolution of H2O and NH3. DSC me-
asurements gave no evidence that the compounds 1 and 2,
or 3 and 4, might be transformed into each other by heating.

with the divalent ions Cu21, Co21, Zn21 in
Na4{Cu[(PO2NH)3]2} ·10 H2O and Na{M(PO2NH)3} ·7
H2O (M 5 Zn, Co), [5] as a tridentate ligand with Ga31

in Na3{Ga[(PO2NH)3]2} ·12 H2O,[6] and as tridentate and
bridging ligand in K1.3(NH4)1.7{Pr[(PO2NH)3]2} ·8 H2O.[7]

Figure 1. Tautomeric forms of trimetaphosphimic acid
H3(PO2NH)3

Because of the interesting properties of zirconium phos-
phates and zirconium phosphorus oxide nitrides, which
means that they can be used as ion exchangers and cata-
lysts, [8] [9] we investigated the reaction of
Na3(PO2NH)3 ·4H2O with zirconium or hafnium salts, and
the use of these trimetaphosphimates as nitrogen-contain-
ing precursors for the synthesis of oxonitridophosphates.
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Figure 2. Adamantanoid metal-oxygen cage in the [M4(µ4-O)(µ-

OH)6]81 core (M 5 Zr, Hf)

Results

The reaction of Na3(PO2NH)3 ·4 H2O with HfOCl2 ·8
H2O or ZrOCl2 ·8 H2O, leads to the formation of the four
new compounds Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·18
H2O (1), Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·21 H2O (2),
Na4{Zr4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·18 H2O (3) and
Na4{Zr4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·21 H2O (4) which are
always obtained as mixtures (1/2 and 3/4) of the rhombo-
hedral (2/4) and cubic (1/3) phases. The respective Zr and
Hf compounds (1/3 and 2/4) are isotypic and isomorphous,
with distinct crystals of cubic and rhombohedral habit. The
characteristic structural feature of all four compounds are
the tetranuclear complex anions {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42 with M 5 Hf, Zr. Despite the topo-
logically differing crystal structures of 1/3 (cubic phase) and
2/4 (rhombohedral phase) the anions {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42 have almost exactly the same top-
ology in both cases. The cores of the {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42 ions consist of a slightly distorted
tetrahedral arrangement of the transition metal, Hf or Zr
(Table 1), with six edge-bridging OH groups (µ-OH) and
one tetracoordinated O atom (µ4-O) at the center of the M4

tetrahedron, thus forming an adamantanoid cage M4(µ4-
O)(µ-OH)6

81 as shown in Figure 2. The H atoms of the
bridging µ-OH groups have not been localized, but on the
basis of the analytical results which show the molar ratio
to be Na/P/N/M 5 1:3:3:1 for all four compounds, the µ-
OH groups have to be assumed to be connecting the Zr
and Hf atoms. In addition to this centered cage, four more
adamantanoid cages are formed by tridentate coordination
of the trimetaphosphimate ions, (PO2NH)3

32, to the metal
ions. The trimetaphosphimate ions exhibit the chair confor-
mation and are bound to the metal centers through the
three oxo groups. The entire complex ion {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42, consisting of five corner-linked ada-
mantanoid cages, is shown in Figure 3. Similar to mono-
clinic ZrO2 (baddeleyite), and one polymorphic form of
HfO2, the metal atoms exhibit the coordination number
seven. The anions have the crystallographic symmetry C3

with the tetracoordinated oxygen atom and one of the metal
atoms (M2, M 5 Hf, Zr) situated on the threefold axes. The
M2O bond lengths of the adamantanoid central cages in
124 (Table 1) compare well with the average bond lengths
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Figure 3. View of the {M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 ions
(M 5 Hf, Zr) in the cubic phase and rhombohedral phase [top:
ball-stick model; bottom: polyhedron formed by metal (grey) and

P atoms (white)]

in corresponding compounds which have a coordination
number of seven {[Zr4(µ4-O)(µ-OnPr)6]81/Zr2O: 2152223
pm[10], monoclinic HfO2: 2032225 pm[11], monoclinic
ZrO2: 2052227 pm[12]}. The M4(µ4-O)(µ-OH)6

81 cage is
only slightly distorted from the ideal tetrahedral symmetry.
Unlike the situation for the trimetaphosphimato zirconates,
where the distortion of the Zr4(µ4-O)(µ-OH)6

81 cage in the
cubic phase (3) is slightly smaller than in the rhombohedral
phase (4), the opposite is found for the distortion of the
Hf4(µ4-O)(µ-OH)6

81 cages in the (trimetaphosphimato)haf-
nates 1 and 2 (Table 1). Therefore, within the accuracy of
the measurements, the metal atoms of the central ada-
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Table 1. Interatomic distances [pm] and angles [°] of 1 and 2

Na4{Hf4(µ4-O)-(µ-OH)6[(PO2NH)3]4} ·18 H2O (cubic, 1) Na4{Hf4(µ4-O)-(µ-OH)6[(PO2NH)3]4} · 21 H2O (rhomb., 2)

Hf(1)2Hf(1) 348.7(1) Hf(1)2Hf(1) 351.0(1)
2Hf(2) 349.4(1) 2Hf(2) 351.0(1)
2µ4O 214.3(2) 2µ4O 214.6(2)
2O(11) 211.7(4), 209.6(4) 2O(11) 211.9(3), 212.8(3)
2O(12) 211.4(4) 2O(12) 211.6(3)
2O(1A) 216.8(4) 2O(1A) 213.5(3)
2O(2A) 213.5(4) 2O(2A) 214.2(3)
2O(3A) 213.8(4) 2O(3A) 212.8(3)
Hf(2)2µ4O 212.0(6) Hf(2)2µ4O 216.1(5)
2O(12) 210.7(4) 2O(12) 210.1(3)
2O(4A) 214.4(4) 2O(4A) 213.9(3)

P(1)2N(1) 167.4(5) P(1)2N(1) 168.3(4)
P(1)2N(3) 167.8(5) P(1)2N(3) 167.3(4)
P(1)2O(1A) 151.6(4) P(1)2O(1A) 151.7(3)
P(1)2O(1B) 148.2(5) P(1)2O(1B) 147.9(4)
P(2)2N(2) 167.3(5) P(2)2N(2) 167.4(4)
P(2)2N(1) 168.9(5) P(2)2N(1) 167.2(4)
P(2)2O(2A) 151.9(4) P(2)2O(2A) 152.6(3)
P(2)2O(2B) 147.2(4) P(2)2O(2B) 148.8(3)
P(3)2N(3) 167.2(5) P(3)2N(3) 166.7(4)
P(3)2N(2) 166.6(5) P(3)2N(2) 168.1(4)
P(3)2O(3A) 152.1(4) P(3)2O(3A) 152.3(3)
P(3)2O(3B) 148.7(4) P(3)2O(3B) 148.3(3)
P(4)2N(4) 168.6(5) P(4)2N(4) 168.1(4)
P(4)2N(4) 167.8(5) P(4)2N(4) 168.0(4)
P(4)2O(4A) 151.4(4) P(4)2O(4A) 151.8(3)
P(4)2O(4B) 146.8(4) P(4)2O(4B) 147.7(4)

Na(1)2O 234.6(8)2256.6(6) Na(1)2O 239.4(4)2249.5(5)
Na(2)2O 236(2)2276(2) Na(2)2O 217(7)2277(6)

Hf(2)2Hf(1)2Hf(1) 60.068(4) Hf(2)2Hf(1)2Hf(1) 59.99(1)
Hf(1)2Hf(1)2Hf(1) 60 Hf(1)2Hf(1)2Hf(1) 60
Hf(1)2Hf(2)2Hf(1) 59.857(8) Hf(1)2Hf(2)2Hf(1) 60.00(1)

N(3)2P(1)2N(1) 104.8(2) N(3)2P(1)2N(1) 105.0(2)
N(1)2P(2)2N(2) 104.6(2) N(1)2P(2)2N(2) 104.8(2)
N(2)2P(3)2N(3) 104.4(2) N(2)2P(3)2N(3) 104.2(2)
N(4)2P(4)2N(4) 105.7(3) N(4)2P(4)2N(4) 105.9(3)

P(1)2N(1)2P(2) 117.6(3) P(1)2N(1)2P(2) 117.9(2)
P(2)2N(2)2P(3) 119.4(2) P(2)2N(2)2P(3) 118.3(2)
P(3)2N(3)2P(1) 118.7(3) P(3)2N(3)2P(1) 119.5(2)
P(4)2N(1)2P(4) 118.4(3) P(4)2N(1)2P(4) 118.2(2)

O(1A)2P(1)2O(1B) 116.8(2) O(1A)2P(1)2O(1B) 117.9(2)
O(2A)2P(2)2O(2B) 117.8(2) O(2A)2P(2)2O(2B) 116.0(2)
O(3A)2P(3)2O(3B) 115.1(2) O(3A)2P(3)2O(3B) 115.6(2)
O(4A)2P(4)2O(4B) 117.2(2) O(4A)2P(4)2O(4B) 117.8(2)

O2P(1)2N 111.3(3), 105.1(2), O2P(1)2N 110.7(2), 106.0(2),
110.6(3), 107.5(2) 110.7(2), 105.5(2)

O2P(2)2N 110.6(3), 105.7(2), O2P(2)2N 111.7(2), 105.4(2),
111.1(3), 106.0(2) 110.4(2), 107.7(2)

O2P(3)2N 111.5(3), 105.2(2), O2P(3)2N 111.3(2), 105.5(2),
112.9(2), 107.0(2) 112.9(2), 106.4(2)

O2P(4)2N 110.3(3), 106.1(2), O2P(4)2N 111.1(2), 104.7(2),
111.8(3), 104.9(2) 110.4(2), 106.3(2)

mantanoid cage M4(µ4-O)(µ-OH)6
81 in 1 and 4 exhibit the

ideal tetrahedral symmetry.
The trimetaphosphimate rings in {M4(µ4-O)(µ-

OH)6[(PO2NH)3]4}42 M 5 Zr, Hf exhibit the chair confor-
mation. The average P2O bond lengths of the oxygen
atoms (O1A to O4A) coordinating to the metal (Zr: 152.1,
151.7 pm and Hf: 151.8, 152.1 pm for the cubic and the
rhombohedral phase, respectively) are significantly longer
than the average P2O bond lengths of oxygen atoms (O1B
to O4B) coordinating to Na1 or water molecules (Zr: 148.0,
147.7 pm and Hf: 147.7, 148.2 for the cubic and the
rhombohedral phase, respectively). These values, as well as
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the corresponding P2N bond lengths and angles, differ
only slightly among the compounds 1, 2, 3, and 4. Thus,
the average P2N bond length is 167.6 pm and the average
P2N2P angle is 118.4°. These findings are in accordance
with the results obtained from trimetaphosphimates of
monovalent cations, where there is a larger range of values
but they are nevertheless similar to the results obtained in
this work. The µ-imido H atoms have been unambiguously
located in all four compounds by difference Fourier analy-
ses. In comparison to other trimetaphosphimates these µ-
imido groups are structurally directing, by forming hydro-
gen bonds between the trimetaphosphimate rings as can be



N. Stock, W. Herrendorf, J. Beck, W. SchnickFULL PAPER
seen by comparing the structures of analogous trimetaphos-
phates with the corresponding trimetaphosphimates. [4]

In the latter compounds the N2H groups of the
(PO2NH)3

32 are usually involved in extensive hydrogen-
bonding interactions, forming a three-dimensional network
in (NH4)3(PO2NH)3 ·H2O[4a], bilayers in Ag3(PO2NH)3, [4c]

and pairs in Na3(PO2NH)3·H2O,[4b] and K3(PO2NH)3. [4c]

Arrangement of the Complex Ions {M4(µ4-O)(µ-OH)6-
[(PO2NH)3]4}42 in the Cubic Phase

The two cubic compounds Na4{M4(µ4-O)(µ-
OH)6[(PO2NH)3]4} ·18 H2O (1/3) with M 5 Zr, Hf were
found to be isostructural and isomorphous. The arrange-
ment of the {M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 ions is
shown in Figure 4. The anions are interconnected by coor-
dination to the sodium ions and by hydrogen bonding,
forming a three-dimensional network. Thus all H atoms of
the µ-NH groups are bound to O atoms of the trimetaphos-
phimato ligands [N12H1???O1B, N22H2???O3B,
N22H2???O4B, N32H3???O1B, N42H4???O3B, N???O:
2892315 pm, N2H???O: 1212142° for 1 and N???O:
2882313 pm, N2H???O: 1212142° for 3]. Na1 is octa-
hedrally surrounded by three oxygen atoms of the water
molecules [Na12Ow1, 2Ow2, 2Ow3: 248.7(8), 234.6(8),
254.6(11) pm for 1 and 247.1(6), 234.1(6), 253.8(8) pm for
3] and three oxygen atoms of the trimetaphosphimate rings
[Na12O2B, 2O3B, 2O4B: 237.9(5), 256.6(6), 236.0(5) pm
for 1 and 236.7(4), 257.8(4), 235.2(4) pm for 3]. The other
sodium ion Na2 is located in a general position with an

Figure 4. Crystal-packing diagram of the {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42 ions (M 5 Hf, Zr) in the cubic phase, view

along [111]
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occupancy factor 1/3. Na2 is surrounded by five oxygen
atoms of the water molecules [Na22Ow1, 2Ow2, 2Ow3,
2Ow4, 2Ow6: 252(2), 276(2), 236(2), 262(2), 243(2) pm for
1 and 252(2), 281(2), 245(2), 252(2), 244(2) pm for 3], as
well as by two oxygen atoms of the trimetaphosphimate
rings [Na22O1B, 2O2B: 276(2) and 242(2) for 1 and
274(2), 240(2) pm for 3]. The residual electron density
found for 1 (2.75 e2/Å3) and 3 (3.10 e2/Å3) is located on a
special position 1/2

1/20. No other atoms are located within
a radius of 3 Å around this site.

Arrangement of the Complex Ions {M4(µ4-O)(µ-OH)6-
[(PO2NH)3]4}42 in the Rhombohedral Phase

The two rhombohedral compounds Na4{M4(µ4-O)(µ-
OH)6[(PO2NH)3]4} ·21 H2O (2/4) with M 5 Zr, Hf, were
found to be isostructural and isomorphous. The arrange-
ment of the {M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 ions is
shown in Figure 5. The structure consists of bilayers with a
stacking sequence AQBqCQAqBQCq of the anionic layers
along [001]. The arrows describe the direction of the tip of
the anion, i.e. the position of M2 (M 5 Hf, Zr), relative to
the center of gravity of the cages with respect to [001].
Within the bilayers the anions are connected by hydrogen
bonds N2H???O between the trimetaphosphimate rings
[N32H3???O3, N32H3???O4, N42H4???O3, N???O:
2902321 pm, N2H???O: 1222136° for 2 and N???O:
2862320 pm, N2H???O: 1212137° for 4] and by coordi-
nation to Na1. The sodium ion Na1 is coordinated by six
O atoms, three oxygen atoms of the water molecules Ow1,
Ow2, Ow3 [Hf: dav. Ow2Na: 244.1 pm, Zr: dav. Ow2Na:
244.1 pm] and three O atoms of the trimetaphosphimate
rings O1B, O3B, O4B [Hf: dav. O2Na: 241.8 pm, Zr: dav.

O2Na: 241.8 pm], forming a distorted octahedron. The
other sodium ion Na2 is located on a general position with
an occupancy factor of 1/3. These Na2 ions are surrounded
by six oxygen atoms, two oxygen atoms of the trimetaphos-
phimate rings [O1B, O2B: 278(6), 266(6) pm for 2, 258(3),
278(3) pm for 4] and four oxygen atoms of the water mol-
ecules [Ow2, Ow5, Ow7, Ow79: 277(6), 217(7), 241(7) 246(7)
pm for 2, 260(3), 228(3), 241(6), 265(4) pm for 4] thus con-
necting the bilayers. This connection is reinforced by extens-
ive hydrogen bonding with O2B acting as a bridging atom
[N12H1???O2B???H22N2; N1???O2???N2: 296, 299 for 2
and 295, 293 for 4]. Thus a void centered at 001/2 is formed
by connecting six {M4[(PO2NH)3]4(µ4-O)-
(µ-OH)6}42 units by hydrogen bonding between the
(PO2NH)3

32 rings. The hole has a radius of approximately
3 Å. The residual electron density which is found for 2 (2.27
e2/Å3) is located on the special position 1/3

2/3
1/6 and no

other atoms are located within a radius of 3 Å. In 4 no
notable residual electron density was observed.

Discussion

In the (trimetaphosphimato)hafnates and -zirconates
having the general composition Na4{M4(µ4-O)(µ-
OH)6[(PO2NH)3]4} ·18 H2O (1, 3) and Na4{M4(µ4-O)(µ-
OH)6[(PO2NH)3]4} ·21 H2O (2, 4) with M 5 Zr, Hf, for the
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first time a metal oxide fragment incorporating four metal
atoms was stabilized by trimetaphosphimate ions acting as
tridentate ligands, thus stabilizing the tetranuclear anion.
The synthesis of the compounds 124 succeeded when zirco-
nyl chloride and hafnyl chloride were used, whereas the use
of ZrCl4 or ZrSO4 ·4 H2O led to the formation of X-ray-
amorphous products. The assumption that the preformed
eight-membered rings {M(OH)2}4

81 in the solutions of
HfOCl2 ·8 H2O and ZrOCl2 ·8 H2O is preserved during the
syntheses could not unambiguously be confirmed since the
use of a mixture of HfOCl2 ·8 H2O and ZrOCl2 ·8 H2O in
one reaction led to the formation of mixed crystals, contain-
ing Hf as well as Zr, in a 1:1 ratio. This was confirmed by
EDX analysis.

Neither the cubic nor the rhombohedral phase of the (tri-
metaphosphimato)zirconates or -hafnates have been ob-
tained as a single-phase product. Although the addition of
NaCl during the synthesis of (trimetaphosphimato)zircon-
ates resulted in the formation of some large single crystals
of the cubic phase (4) analogous experiments using
HfOCl2 ·8 H2O did not lead to a pure single-phase cubic
product 1. In the same way neither varying the reaction
temperature, nor varying the pH value by the addition of
NaOH or HCl, resulted in single-phase products. Since the
formulas of the cubic and rhombohedral phases obtained
from the single-crystal structure determination differ only

Figure 5. Crystal-packing diagram of the {M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 ions (M 5 Hf, Zr) in the rhombohedral phase, view along
[010]
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in their water content, and because the characteristic
structural feature in the compounds 124 are the discrete
tetranuclear complex anions {M4(µ4-O)(µ-OH)6-
[(PO2NH)3]4}42, a direct structural correlation between the
respective cubic and rhombohedral phases was anticipated.
However, a direct structural correlation (e.g. stacking vari-
ants, group-subgroup relations) can be ruled out since
strongly differing arrangements of the anions occur.

Conclusion

Unlike the known trimetaphosphimato complexes where
only monometallic complexes are formed in the title com-
pounds, the trimetaphosphimato groups stabilize the metal
oxide fragments {M4(µ4-O)(µ-OH)6}81 (M 5 Zr, Hf) by
acting as tridentate ligands. Thus the tetranuclear complex
anion {M4(µ4-O)(µ-OH)6[(PO2NH)3]4}42 is obtained. The
existence of a tetranuclear ring in {M4[(OH)2]4(H2O)16}81

as the starting material seems to be important for the for-
mation of the adamantanoid cage {M4(µ4-O)(µ-OH)6}81,
which is then stabilized by trimetaphosphimate ions. De-
spite the similarity of the characteristic anion {M4(µ4-O)(µ-
OH)6[(PO2NH)3]4}42 in the four title compounds, cubic (1/
3) and rhombohedral (2/4) products have been obtained ex-
hibiting strongly differing topologies. As with many other
Hf and Zr compounds isotypic products (1/3 and 2/4) are
formed.
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Experimental Section
Na3(PO2NH)3 ·4 H2O was obtained by a procedure described

previously {Eq. (a)[13]}. (PNCl2)3 (Fluka, purum, 5 g, 14.38 mmol)
was dissolved in 20 ml of dioxane (Merck, p.a.) in a round-bottom
flask. A solution of NaOOCCH3 ·3 H2O (Merck, p.a., 25 g, 0.184
mol) in 40 ml of H2O was added while stirring (60°C, 24 h). The
product precipitated as a white microcrystalline powder which was
filtered and washed with ethanol and acetone. The product was
recrystallized from water by the addition of ethanol (yield: 4.5 g,
83%).

(PNCl2)3 1 9 Na(OOCCH3) ·3 H2O R
Na3(PO2NH)3 ·4 H2O 1 6 NaCl 1 9 HOOCCH3 1 17 H2O (a)

HfOCl2 ·8 H2O (Alfa) was used as obtained, and ZrOCl2 · 8 H2O
(Fluka, puriss.) was recrystallized, from hydrochloric acid accord-
ing to the literature. [14] For the synthesis of the (trimetaphosphima-
to)hafnates and -zirconates equimolar (3.35 3 1025 ) aqueous
solutions of Na3(PO2NH)3 ·4 H2O (25 mg, 6.67 3 1022 mmol in 2
ml of H2O) and HfOCl2 ·8 H2O ( 27.3 mg, 6.67 3 1022 mmol in 2
ml of H2O) or ZrOCl2 ·8 H2O (21.5 mg, 6.67 3 1022 mmol in 2
ml of H2O) were mixed together at room temperature in a small
glass vessel (V 5 8 ml). The mixtures became turbid at once but
cleared after 5 min without further stirring. They were cautiously
covered with methanol and placed in a larger vessel (V 5 40 ml)
filled with 25 ml of methanol allowing very slow diffusion. The
mixture was kept undisturbed at room temperature. After 3 d, crys-
tals were observed growing on the inner glass wall of the smaller
vessels. The crystallization was complete after approximately 8 d
and led to the formation of two distinct types of crystals, exhibiting
rhombohedral and quadratic habit. The reaction of HfOCl2 · 8 H2O
resulted in large crystals with rhombohedral as well as quadratic
contours. In the case of ZrOCl2 ·8 H2O the same procedure led
to the formation of large crystals of only rhombohedral contour
(however, small quadratic crystals of 10 µm edge length were ob-
served under the scanning electron microscope). Large crystals of
the (trimetaphosphimato)zirconate with a quadratic shape were ob-
tained by adding sodium chloride (12 mg, 0.2 mmol) to the solution
of Na3(PO2NH)3 ·4 H2O.

After the precipitation was complete, the mother liquor was re-
moved and the crystals were washed with acetone (yield: 70%).
Energy-dispersive X-ray microanalyses (Fa. Leo, Oberkochen)
showed the atomic ratio Na/P/M (M 5 Hf, Zr) to be 1:3:1 for all
four compounds. Chemical analysis of 4 was performed for Na, Zr,
O, N, P, H and for 1 and 2 for Na and Hf, to confirm the occu-
pancy factor of 1/3 for Na2 in the general position. Phase sepa-
ration was accomplished manually according to the shape of the
crystals and due to their optical properties under the polarization
microscope. Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·18 H2O (1,
2184.11 g/mol): calcd. Hf 32.69, Na 4.21; found Hf 31.6, Na 4.06.
Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·21 H2O (2, 2238.16 g/mol):
calcd. Hf 31.90, Na 4.11; found Hf 31.5, Na 4.06. Na4{Zr4(µ4-O)(µ-
OH)6[(PO2NH)3]4} ·21 H2O (4, 1889.08 g/mol): calcd. H 3.20, N
8.89, Na 4.87, O 44.04, P 19.68, Zr 19.32; found H 3.3, N 8.63, Na
4.96, O 42.0, P 19.3, Zr 18.6.

As the products 1/2 and 3/4 are always obtained as mixtures, the
water content was not determined by chemical analysis but taken

Eur. J. Inorg. Chem. 1998, 4692476474

from the structural determination. Powder-diffraction investi-
gations (Siemens D5000) revealed the existence of only two phases,
1/2 and 3/4. All reflections have been indexed and their observed
intensities correspond to a calculated diffraction pattern based on
the single-crystal-structural data.

All four compounds are obtained as colorless solids and trans-
parent crystals with well developed faces. They are stable in air and
are water-soluble, however recrystallization from these solutions
was not possible. Furthermore the existence of a 31P-NMR signal
[δ31P (D2O) 5 20.544] in the solution NMR spectra (Bruker ARX
250) of 1/2 indicated decomposition of the complex anion {M4-
(µ4-O)(µ-OH)6[(PO2NH)3]4}82 (M 5 Hf, Zr) in water. This NMR
shift is in accordance with the 31P-NMR signal of the free
(PO2NH)3

32 ion as found in aqueous solutions of K3(PO2NH)3

[δ31P (D2O) 5 20.553]. [4c]

Thermal decomposition of the products starts above 120°C with
evolution of H2O and NH3. Reaction of mixtures of (1/2) or (3/4),
respectively, for 2 d at 2002700°C were carried out in sealed quartz
ampoules. The only X-ray crystalline products detectable were
HfP2O7 and ZrP2O7 as well as NaZr2(PO4)3. Therefore, nitrogen
was not incorporated into the products, but NH3 was formed as a
condensation product.

IR spectra (Bruker IFS 66v; KBr pellets) of the cubic and
rhombohedral (trimetaphosphimato)hafnates have been obtained
after the separation of the crystals according to their shape and
optical properties under the polarization microscope. The IR spec-
tra of 124 are very similar, exhibiting the following IR absorptions
ν̃ cm21] 5 3600, 3270, 2704, 1642, 1316, 1256, 1110, 1052, 919,
825, 642, 553, 415.

Crystal Structure Analyses: X-ray diffraction data were collected
on an image-plate diffractometer (STOE IPDS). Reflections shaded
by the goniometer head were removed. The data sets were em-
ployed in the crystal shape optimization and the subsequent nu-
merical absorption correction using HABITUS.[15] Afterwards
identical reflections, which were measured multiply due to the
measurement method, were averaged, and their mean values were
used for the structure determination. Relevant crystallographic
data and details of the data collection of the compounds 124 are
listed in Table 2. According to the observed extinctions for the
cubic phases the space group Pa3̄ (no. 205) was unequivocally de-
termined and the structures were solved by direct methods using
SHELXTL-Plus. [16] For the rhombohedral phases the space groups
R3 (no. 146) and R3̄ (no. 148) have been considered. The crystal
structures of these compounds were solved by direct methods using
SHELXTL-Plus[16] in the centrosymmetric space group R3̄. After
the anisotropic refinement of the displacement parameters of all
non-hydrogen atoms except Na2 for the cubic and the hexagonal
phases, the µ-imido hydrogen atoms were located and refined using
a riding model with a fixed N2H distance of 86 pm. The sodium
ions Na2 in 124 were located on the basis of bonding lengths and
coordination. They were located on general positions occupied to
1/3. Therefore these partially occupied Na positions were only re-
fined using isotropic displacement parameters. Since the com-
pounds were always obtained as mixtures of the cubic and rhombo-
hedral phase, the water content was determined exclusively from
the diffraction data. Tables 3 and 4 show the positional parameters
and the equivalent isotropic displacement parameters Uequiv for 1
and 2. Corresponding parameters of the isotypic zirconium com-
pounds (3 and 4) are omitted. Table 1 gives interatomic distances
and angles in 1 and 2. [17]
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Table 2. Crystallographic data of the compounds 124

Formula Na4{M4(µ4-O)(µ-OH)6[(PO2NH)3]4 · 18 H2O Na4{M4(µ4-O)(µ-OH)6[(PO2NH)3]4 · 21 H2O

M Hf (1) Zr (3) Hf (2) Zr (4)
form. mass [g mol21] 2184.11 1835.03 2238.16 1889.08
crystal system cubic trigonal
space group Pa3̄ (no. 205) R3̄ (no. 148)
diffractometer STOE-IPDS
radiation (monochromator) Mo-Kα (graphite)
unit cell a 5 22.678(3) a 5 22.693(3) a 5 14.350(2), c 5 50.348(10) a 5 14.303(2), c 5 50.284(10)
V [106 pm3] 11663.9(23) 11685.7(23) 8979.2(25) 8908.4(25)
Z 8 8 6 6
X-ray density [g cm23] 2.488 2.086 2.481 2.113
abs. coefficient [cm21] 75.75 11.72 73.87 11.6
temperature [K] 293(2) 293(2) 293(2) 293(2)
crystal size [mm] 0.326 3 0.282 3 0.174 0.320 3 0.164 3 0.144 0.153 3 0.113 3 0.104 0.208 3 0.176 3 0.126
F(000) 8336 7312 6420 5664
θ range [°] 4.02224.08 2.54228.12 5.42228.01 4.62226.03
h, k, l 225/25, 225/25, 225/25 230/27, 229/30, 227/27 218/18, 218/17, 266/66 217/17, 217/17, 260/61
total no. of reflections 57257 86460 22606 18379
independent reflections 3053 4750 4769 3828
observed reflections 2786 [Io>2σ(Io)] 3848 [Io>2σ(Io)] 3942 [Io>2σ(Io)] 3375 ([Io>2σ(Io)]
refined parameters 246 255 255 255
corrections Lorentz, polarization, extinction
absorption corrections numerical using HABITUS[15]

min./max. transm. ratio 0.1110/0.3026 0.8201/0.9050 0.3408/0.5139 0.7916/0.8926
min./max. resid. e2 dens. 20.551/2.746 20.662/3.098 20.916/2.270 20.661/1.041
extinction coefficient 0.00005(2) 2 0.00008(2) 0.00002(2)
GOF 1.140 1.156 1.138 1.084
R indices: R1/wR2 0.0267/0.0795 0.041/0.1439 0.0292/0.0799 0.0422/0.1154

Table 3. Atomic coordinates and anisotropic displacement parame-
ters [pm2] for Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} ·18 H2O (cubic

phase)

Atom Wyckoff x/a y/b z/c Uequiv
[a]

symbol

Hf1 24d 0.7649(1) 0.3716(1) 0.1245(1) 155(1)
Hf2 8c 0.7647(1) 0.2647(1) 0.2353(1) 155(1)
OT 8c 0.8186(2) 0.3186(2) 0.1814(2) 145(2)
O11 24d 0.8240(2) 0.3195(2) 0.0745(2) 243(2)
O12 24d 0.7127(2) 0.3203(2) 0.1822(2) 289(2)
P1 24d 0.6517(1) 0.4665(1) 0.1032(1) 199(3)
P2 24d 0.7430(1) 0.4698(1) 0.0152(1) 194(3)
P3 24d 0.6613(1) 0.3724(1) 0.0184(1) 185(3)
P4 24d 0.6549(1) 0.1657(1) 0.2501(1) 202(3)
O1A 24d 0.6949(2) 0.4341(2) 0.1426(2) 207(9)
O1B 24d 0.6070(2) 0.5038(2) 0.1329(2) 318(10)
O2A 24d 0.7820(2) 0.4359(2) 0.0578(2) 191(8)
O2B 24d 0.7718(2) 0.5097(2) 20.0270(2) 318(10)
O3A 24d 0.7036(2) 0.3409(2) 0.0598(2) 200(8)
O3B 24d 0.6264(2) 0.3332(2) 20.0210(2) 285(10)
O4A 24d 0.6951(2) 0.2044(2) 0.2135(2) 213(8)
O4B 24d 0.6103(2) 0.1310(2) 0.2184(2) 286(10)
N1 24d 0.6936(2) 0.5063(2) 0.0573(2) 220(11)
H1 24d 0.6901(2) 0.5440(2) 0.0552(2) 260
N2 24d 0.7032(2) 0.4188(2) 20.0202(2) 220(10)
H2 24d 0.7043(2) 0.4165(2) 20.0581(2) 260
N3 24d 0.6190(2) 0.4161(2) 0.0600(2) 226(11)
H3 24d 0.5812(2) 0.4129(2) 0.0593(2) 270
N4 24d 0.7007(2) 0.1224(2) 0.2895(2) 238(11)
H4 24d 0.6990(2) 0.0847(2) 0.2867(2) 290
Na1 24d 0.7789(2) 0.4937(2) 20.1305(2) 504(80)
OW1 24d 0.7760(3) 0.4999(4) 20.2399(3) 820(20)
OW2 24d 0.7930(6) 0.5961(4) 20.1332(4) 1410(50)
OW3 24d 0.8898(4) 0.4807(6) 20.1429(6) 1440(40)
OW4 24d 0.8776(5) 0.5952(6) 20.2363(5) 1390(40)
OW5 24d 0.6596(4) 0.0401(3) 0.1525(4) 910(30)
OW6 24d 0.5921(3) 0.3031(4) 0.1701(5) 1170(40)
Na2 24d[b][c] 0.5195(9) 0.2467(9) 0.1148(9) 1280(60)

[a] Uequiv is defined as one third of the trace of the Uij tensors. 2
[b] Only isotropically refined. 2 [c] SOF 5 1/3.
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Table 4. Atomic coordinates and anisotropic displacement parame-
ters [pm2] for Na4{Hf4(µ4-O)(µ-OH)6[(PO2NH)3]4} · 21 H2O (rhom-

bohedral phase)

Atom Wyckoff x/a y/b z/c Uequiv
[a]

symbol

Hf1 18f 0.5559(1) 0.3816(1) 0.0981(1) 162(1)
Hf2 3c 0.6667 0.3333 0.0412(1) 164(1)
O11 18f 0.5122(3) 0.2261(3) 0.1125(1) 239(7)
O12 18f 0.5541(3) 0.3728(3) 0.0562(1) 230(7)
OT 3c 0.6667 0.3333 0.0841(1) 134(9)
P1 18f 0.3069(1) 0.3469(9) 0.1002(1) 205(2)
P2 18f 0.4382(1) 0.4509(1) 0.1459(1) 207(2)
P3 18f 0.4790(1) 0.5673(1) 0.0967(1) 195(2)
P4 18f 0.7531(1) 0.2879(1) 20.0169(1) 225(2)
O1A 18f 0.3863(2) 0.3108(3) 0.0927(1) 211(6)
O1B 18f 0.1932(3) 0.2775(3) 0.0923(1) 307(8)
O2A 18f 0.5132(3) 0.4105(3) 0.1368(1) 217(6)
O2B 18f 0.4331(3) 0.4648(3) 0.1750(1) 308(8)
O3A 18f 0.5544(3) 0.5256(2) 0.0891(1) 199(6)
O3B 18f 0.5052(3) 0.6725(3) 0.0851(1) 307(8)
O4A 18f 0.7517(3) 0.2914(3) 0.0132(1) 223(6)
O4B 18f 0.8215(3) 0.2506(3) 20.0296(1) 319(8)
N1 18f 0.3175(3) 0.3638(3) 0.1334(1) 233(8)
H1 18f 0.2626(3) 0.3288(3) 0.1435(1) 280
N2 18f 0.4746(3) 0.5667(3) 0.1301(1) 254(8)
H2 18f 0.4907(3) 0.6244(3) 0.1388(1) 310
N3 18f 0.3565(3) 0.4709(3) 0.0877(1) 226(8)
H3 18f 0.3190(3) 0.4847(3) 0.0768(1) 270
N4 18f 0.6243(3) 0.2107(3) 20.0265(1) 265(8)
H4 18f 0.6048(3) 0.1541(3) 20.0360(1) 320
Na1 18f 0.1058(2) 0.3247(2) 0.0596(1) 485(6)
OW1 18f 20.0164(5) 0.3567(6) 0.0329(1) 750(2)
OW2 18f 20.0601(7) 0.1882(10) 0.0816(2) 1450(40)
OW3 18f 0.0874(12) 0.1759(12) 0.0326(3) 1970(60)
OW4 18f 0.4077(6) 0.3734(7) 0.0236(1) 820(20)
OW5 18f 0.3202(7) 0.0929(8) 0.1381(2) 1250(40)
OW6 18f 20.1496(10) 0.1189(11) 0.0240(4) 2060(70)
OW7 18f 20.0185(17) 20.1248(18) 0.1515(6) 2820(110)
Na2 18f[b][c] 0.1548(53) 20.0301(50) 0.1300(12) 3470(250)

[a] Uequiv is defined as one third of the trace of the orthogonalized
Uij tensors. 2 [b] Only isotropically refined. 2 [c] Na2: SOF 5 1/3.
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The tetrakis(phosphane oxide) C6H2{CH2P(O)Ph2}4-1,2,4,5
(5), has been prepared in high yield from the Arbuzov reac-
tion of C6H2(CH2Br)4-1,2,4,5 (4), with excess (7 equiv.) of
Ph2POEt. Subsequent reduction of 5 with HSiCl3 (12 equiv.)
in C6H4Cl2-1,2 afforded the new tetraphosphane
C6H2(CH2PPh2)4-1,2,4,5 (6), in high yield. The reaction of 6

Introduction

In recent years there has been an increasing interest in
dinuclear organometallic complexes and such species have
been used to model fundamental properties of multi- and
polymeric organometallic materials[1] that have potential
optical and/or electronic applications. Recently, we reported
on the selective synthesis of 4,49-biphenylene- and 1,4-phen-
ylene-bridged bimetallic complexes of some platinum-group
metals containing anionic N,C,N9-terdentate ligands (Fig-
ure 1)[2]. In addition to their interesting photochemical be-
havior[2a], these complexes have potential in the develop-
ment of multimetallic materials, such as “molecular wires”.

Figure 1. Some examples of 4,49-biphenylene- and 1,4-phenylene-
bridged organometallic complexes containing ligands with anionic

N,C,N9-terdentate coordination moieties

We have also investigated the synthesis of ruthenium(II)
complexes of monoanionic (functionalized) N,C,N9-terden-
tate ligands [C6H2(CH2NMe2)2-2,6-R-4]2 (5 NCN-R-4)
and P,C,P9-terdentate ligands [C6H2(CH2PPh2)2-2,6-R-4]2

[°] Address correspondence pertaining to crystallographic studies
to this author; E-mail: spea@xray.chem.ruu.nl
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with [RuCl2(PPh3)4] in CH2Cl2 afforded the green dinuclear
ruthenium(II) coordination complex [{RuCl2(PPh3)}2{C6H2-
(CH2PPh2)4-1,2,4,5-P,P9,P99,P999}] ·0.5 CH2Cl2 (8), in 39% iso-
lated yield. The solid-state molecular geometry of 8, determi-
ned by X-ray analysis, shows that the tetraphosphane is or-
tho-P,P9-chelated to each of the two [RuIICl2(PPh3)] units.

(5 PCP-R-4) (Figure 2). The use of these ligands, which
can be derived from the aryl compounds C6H3(CH2ER92)2-
1,3-R-5 (1), either by transmetallation (of 1a-Li) or direct
cyclometallation (of 1b), has resulted in a new series of
stable organoruthenium complexes (see Scheme 1)[3].

Figure 2. Schematic representation of the monoanionic aryl ligands
NCN-R-4 (R 5 H, Ph, Me3SiC;C, Me3Si) and PCP-R-4 (R 5 H,

Ph) and the dianionic C2N4 ligand

The PCP-R-4 ruthenium(II) complexes 2b can be ob-
tained directly by cyclometallation[4] of the corresponding
diphosphanes 1b with [RuCl2(PPh3)4]. In contrast, the
NCN-R-4 ruthenium(II) complexes 2a were prepared by
transmetallation of organolithium reagents [LiC6H2-
(CH2NMe2)2-2,6-R-4]2 derived from the aryldiamines 1a.
Some NCN-R-4 and PCP-R-4 ruthenium(II) complexes
have also been used as catalysts in various hydrogen-trans-
fer reactions[5].

Recently, we have also developed a synthetic strategy for
the preparation of homo- and heterodinuclear organomet-
allic complexes of the bis(N,C,N9-terdentate) coordinating
dianionic 1,4-phenylene-bridging ligand [C6(CH2NMe2)4-
2,3,5,6]22 (5 C2N4; Figure 2)[6] and extension of this re-
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Scheme 1. Synthesis of ruthenium(II) complexes 2 and 3 derived

from (functionalized) N,C,N9- and P,C,P9-terdentate-
coordinating ligands 1, by transmetallation (of 1a-Li) or
direct cyclometallation (of 1b)

search has been aimed at the generation of the related di-
anionic 1,4-phenylene ligand with two potentially P,C,P9-
terdentate coordination motifs, i.e., an analog to the tetra-
aminophenylene dianion C2N4 shown in Figure 2. As part
of this research we have explored the synthesis of the tetra-
phosphane C6H2(CH2PPh2)4-1,2,4,5 (6), which is a poten-
tial precursor to the ligand [C6(CH2PPh2)4-1,2,4,5]22. We
now report the successful synthesis of 6 and its com-
plexation reaction with [RuCl2(PPh3)4].

Results

The target compound of this study is tetraphosphane-
substituted benzene C6H2(CH2PPh2)4-1,2,4,5 (6). The syn-
thetic protocol used involves an Arbuzov reaction[7] of a
phosphanic ester (i.e., Ph2POEt) with a benzylic bromide
[i.e., C6H2(CH2Br)4-1,2,4,5 (4)] to afford a PV oxide com-
pound, 5 [8]. The latter is then reduced to the corresponding
desired tetraphosphane 6 (see Scheme 2).

Synthesis of C6H2(CH2PPh2)4-1,2,4,5 (5)

Compound 5 can be obtained in high yield, as a white
solid, by treatment of the known C6H2(CH2Br)4-1,2,4,5
(4) [9] with excess of ethyldiphenylphosphanite (Ph2POEt) in
m-xylene at 140°C in a slight modification of a previously
described procedure that gives an improved yield[8]. The
1H-NMR data of the poorly soluble tetrakis(phosphane ox-
ide) 5 (in warm CD3OD solution) were identical to those
reported previously[8].

Typical procedures described for the reduction of phos-
phane oxides to phosphanes failed to completely reduce
compound 5 to phosphane 6. For example, HSiCl3 re-
duction of 5 in benzene, toluene or xylene at reflux tem-
perature[10] did not result in the formation of the desired
phosphane. Similarly, LiAlH4 (or LiAlH4 ·CeCl3) re-
ductions[11] in THF also failed to reduce 5 selectively. In
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the latter case, a new product formed in ca. 10% yield with
over 85% of the starting material still present. This new
product has not been isolated in a pure form but on the
basis of 31P-NMR data of the crude material, its air sta-
bility and its water solubility we believe that it is likely to
be an ionic phosphonium species (vide infra). It was felt
that the poor reactivity of 5 in the attempted reduction re-
actions was possibly due to its inherent low solubility.
Therefore, alternative solvents were examined and it has
been found that for the reduction of 5 with HSiCl3, hot 1,2-
dichlorobenzene was the solvent of choice. In practice, a
suspension of 5 in 1,2-dichlorobenzene was heated to 180°C
and kept at this temperature for 10 min to dissolve all solid
material. The solution temperature was then reduced to
140°C and HSiCl3 was added by syringe. The reaction mix-
ture was kept for 1 h at this temperature and, after appro-
priate work-up, the desired tetraphosphane 6 was obtained
as a white solid in very good yield (96%). Compound 6 is
air-sensitive and reasonably soluble in aromatic and chlori-
nated solvents. Analytically pure crystals of 6 can be ob-
tained by slow diffusion of MeOH into a solution of 6 in
benzene.

Scheme 2. Synthesis of the tetraphosphane C6H2(CH2PPh2)4-
1,2,4,5 (6). 2 i: Ph2POEt, m-xylene, 140°C, 2EtBr. 2
ii: HSiCl3, C6H4Cl221,2, 140°C, 1 h.

Reaction of Tetraphosphane 6 with [RuCl2(PPh3)4]

It was anticipated that phosphane 6 would be susceptible
to cyclometallation and that with [RuCl2(PPh3)4] [12] the
product of this reaction would be a bimetallic species re-
lated to the ruthenium(II) complex 3b (Scheme 1) obtained
when C6H3(CH2PPh2)2-1,3-R-5 (1b), is used as the phos-
phane[3c] [3d]. To test the reactivity of the new tetraphos-
phane 6 towards [RuCl2(PPh3)4], these two species were
mixed in a 1:2 molar ratio in CH2Cl2 (Scheme 3) at room
temperature and after 1 h a green precipitate had been
formed. After appropriate work-up, this precipitate was iso-
lated as a green solid, whose poor solubility in common
organic solvents (benzene, toluene, THF, CH2Cl2, etc.) has
prevented us from identifying this material, 8, by solution-
NMR spectroscopy and also prevented successful recrystal-
lization. However, elemental microanalysis data suggested
that this crude product has an overall formula
[{RuCl2(PPh3)}2(6)] · 0.5 CH2Cl2.

In a second experiment, aimed at directly obtaining a
purer, more crystalline product 8, we carried out the orig-
inal reaction under slightly different conditions. To this end,
a CH2Cl2 solution of two equivalents of [RuCl2(PPh3)4] was
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carefully layered with a solution of tetraphosphane 6 in
CH2Cl2 and the reaction mixture was left undisturbed for
24 h at room temperature. This produced analytically pure
green crystals of 8 (isolated yield: 38%) which were suitable
for an X-ray crystallographic study. This study afforded a
solid-state structure (vide infra) which shows this prod-
uct to be [{RuCl2(PPh3)}2{C6H2(CH2PPh2)4-1,2,4,5-
P,P9,P99,P999}] ·0.5 CH2Cl2 (8); the molecular geometry is
depicted in Figure 3 and selected geometrical details are
collected in Table 1. Complex 8 has a composition that
corresponds to the original microanalytical data and it can
be seen to be a dinuclear coordination complex of 6 in
which this tetraphosphane functions as a bridging ligand
that coordinates in a P,P9-bidentate manner to each of the
identical metal centers. Thus, under the experimental con-
ditions used or at reflux temperature in CH2Cl2, compound
6 does not undergo cyclometallation with the ruthenium(II)
center to afford a product such as 7. This behavior is differ-
ent to that of aryldiphosphane C6H4(CH2PPh2)2-1,3 which
cyclometallates with [RuCl2(PPh3)4] under identical con-
ditions to afford [RuCl{C6H3(CH2PPh2)2-2,6}(PPh3)] [3].

Scheme 3. Reactivity of 6 with [RuCl2(PPh3)4] in CH2Cl2 to afford
coordination complex 8 rather than the cyclometallated
species 7. 2 i: 2 equiv. [RuCl2(PPh3)4], CH2Cl2, room
temp., 1 h, 26 equiv. PPh3.

In the X-ray crystallographic structure of 8, the tetra-
phosphane ligand bridges between the two identical 5-coor-
dinate ruthenium(II) metal centers that have approximate
square-pyramidal geometries; the molecule has a center of
inversion positioned in the central aromatic ring of this
tetraphosphane. The square pyramidal ligand array com-
prises in the basal plane plane two trans-Cl atoms [Cl(1)
and Cl(2)] and two trans-P atoms [P(2) of the bridging li-
gand and P(3) of PPh3] and at the apex there is a phos-
phorus atom P(1) of the bridging ligand. The bridging
phosphane employs two mutually ortho-CH2PPh2 substitu-
ents for ortho-P,P9 chelation to each metal center, thus for-
ming a 7-membered chelate ring in which the bite angle
P(1)2Ru(1)2P(2) is 97.46(9)°. The geometrical parameters
found for 8, including Ru2P bond lengths in the range of
2.208(3) to 2.391(2) Å and a Cl(1)2Ru(1)2Cl(2) bond an-
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gle of 160.96(9)°, are similar to those reported for related
complexes with the general formula [RuCl2(Ph2-
PR)3] [13a] [13b] (see Discussion). The P2Caryl bond lengths
fall in the range of 1.815(10) to 1.853(9) Å and the Ru2P2
Caryl bond angles vary from 100.0(3) to 124.7(3)°. Interest-
ingly, the proton H(31) situated on triphenylphosphane or-
tho-carbon atom C(31) is fairly close to the ruthenium(II)
center with a Ru(1)···H(31) distance of 2.82 Å that is sub-
stantially shorter than the sum of the van der Waals radii
(3.40 Å).

In further experimental studies aimed at promoting
cyclometallation of the neutral phosphane 6 present in
complex 8, this latter complex was suspended in 1,2-di-
chlorobenzene and heated to 140°C together with PPh3 and
trioctylamine as a base. Although NMR-spectroscopic
studies of the resulting solution indicated that a new ortho-
metallated product had been formed, it was in fact the coor-
dinated PPh3 ligand, and not 6, that had been cyclometal-
lated. Unfortunately, a pure sample of this new cyclometal-
lated product could not be separated for further identifi-
cation.

Discussion

Synthesis of the Tetraphosphane

The choice of the Arbuzov-reaction/reduction sequence
for the synthesis of tetraphosphane 6 is a consequence of
the poor results that we achieved in preliminary experi-
ments using the tetrabromide 4 as starting material in the
well-known nucleophilic substitution of a benzylic bromide
with NaPPh2 in liquid ammonia[3c] [14]. The main product
of this latter reaction is not the desired phosphane 6, but a
mixture of phosphonium salts. These phosphonium salts
are probably formed as a result of an intramolecular nucle-
ophilic substitution reaction of a CH2Br group with an or-
tho-positioned CH2PPh2 group that has been produced by
an initially successful intermolecular nucleophilic substi-
tution (see Scheme 4). The success of the route we employ
to form 6 (Scheme 2) comes from the fact that the product
of the Arbuzov reaction is a non-nucleophilic phosphane
oxide and the initially formed CH2P(O)Ph2 unit is inert to
intramolecular attack by an ortho-positioned benzylic bro-
mide.

The solvent used in the HSiCl3-mediated reduction reac-
tion of the tetrakis(phosphane oxide) 5 to the tetraphos-
phane 6 was found to be crucial and the best experimental
conditions that we found was the use of 1,2-dichloroben-
zene at high temperature. It appears that for phosphane ox-
ides like 5, which have poor solubility characteristics, it is
important to use a solvent that not only has a high boiling
point but also one that has a good degree of polarity, and
this combination of physical properties is found in 1,2-di-
chlorobenzene.

Solid-State Structure of 8

The complex formed by the undisturbed reaction of
[RuCl2(PPh3)4] with 6 in CH2Cl2 was not one containing
the expected cyclometallated tetraphosphane ligand 7. In-
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Figure 3. ORTEP drawing (50% probability atomic displacement ellipsoids) of [{RuCl2(PPh3)}2{C6H2(CH2PPh2)4-1,2,4,5-P,P9,P99,P999}]

(8); hydrogen atoms and cocrystallized CH2Cl2 molecules have been omitted for clarity

Table 1. Selected bond parameters of [{RuCl2(PPh3)}2-
{C6H2(CH2PPh2)4-1,2,4,5-P,P9,P99,P999}] (8)

Bond lengths [Å] Bond angles [°]

Ru(1)2Cl(1) 2.389(2) Cl(1)2Ru(1)2Cl(2) 160.96(9)
Ru(1)2Cl(2) 2.383(2) P(1)2Ru(1)2P(2) 97.46(9)
Ru(1)2P(1) 2.208(3) P(1)2Ru(1)2P(3) 101.74(9)
Ru(1)2P(2) 2.318(2) P(2)2Ru(1)2P(3) 160.49(9)
Ru(1)2P(3) 2.391(2) Ru(1)2P(1)2C(4) 114.8(3)
P(1)2C(4) 1.846(8) Ru(1)2P(1)2C(18) 120.1(3)
P(1)2C(18) 1.853(9) Ru(1)2P(1)2C(24) 116.3(3)
P(1)2C(24) 1.834(9) Ru(1)2P(2)2C(5) 118.3(3)
P(2)2C(5) 1.847(9) Ru(1)2P(2)2C(6) 100.0(3)
P(2)2C(6) 1.815(10) Ru(1)2P(2)2C(12) 124.7(3)
P(2)2C(12) 1.816(10) Ru(1)2P(3)2C(30) 103.1(3)
P(3)2C(30) 1.844(10) Ru(1)2P(3)2C(36) 120.2(3)
P(3)2C(36) 1.828(8) Ru(1)2P(3)2C(42) 121.5(3)
P(3)2C(42) 1.821(9) P(3)2C(30)2C(31) 116.9(7)
Ru(1)···H(31) 2.8118 P(3)2C(30)2C(35) 123.5(7)

P(3)2C(36)2C(37) 120.8(7)
P(3)2C(36)2C(41) 120.6(7)
P(3)2C(42)2C(43) 122.9(7)
P(3)2C(42)2C(47) 118.9(7)

Scheme 4. Schematic formation of phosphonium species from the
reaction of NaPPh2 with ortho-bis(bromomethyl)arenes

stead, the product is a bimetallic coordination complex of
neutral tetraphosphane 6 in which two ortho-positioned
phosphane donor substituents are coordinated to a ru-
thenium(II) metal center. The related tetraphosphane ligand
1,2,4,5-tetrakis(diphenylphosphano)benzene has been re-
ported to form similar, non-metallated, bridged bimetallic
(and polymeric) coordination complexes with several tran-
sition metals [15]. It appears that this type of initial P,P9-
chelation forms a species that is relatively inert to Ru2P
bond cleavage and as a consequence the Caryl2H bond of
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the central aromatic ring cannot approach the metal center
for intramolecular activation and subsequent C2Ru bond
formation.

Bisruthenium(II) complex 8 is one of only a few structur-
ally characterized 5-coordinate ruthenium(II) species in
which the ligand array comprises two halide atoms and
three phosphanes. Moreover, in complex 8 the presence of
a close contact between the metal center and an ortho H
atom of one of the PPh3 Caryl2H units is a noteworthy
feature; interestingly, the structure of [RuCl2(PPh3)3] has a
similar interaction which was concluded to be substantially
repulsive, [13a] and not to be an agostic interaction[13c] [13d]

of this Caryl2H bond with the metal center. The authors
described the overall structure of this complex as a dis-
torted square pyramid with this ortho-H atom occupying
the open coordination site of an octahedral ligand array.
More recently, Cotton and Matusz[13b] have reported the
solid-state structure of another square-pyramidal ru-
thenium complex, [RuCl2(Ph2PCH2SiMe3)3], in which this
type of M···H2C interaction was not found and the bulky
benzylic substituent would appear to be shielding the vac-
ant sixth coordination site in this 16-electron species. Com-
parison of some selected bond lengths and interbond angles
collected in Table 2, shows that the overall solid-state struc-
tures of bimetallic 8 with P,P9-chelation and the mononu-
clear complexes [RuCl2(Ph2PR)3] (R 5 Ph, CH2SiMe3) with
monodentate-bonded phosphanes are surprisingly similar.

P,P9-Chelation versus Cyclometallation

Cyclometallation of aryldiphosphanes with ru-
thenium(II) species is a well-known reaction and has been
successfully employed by us[3c] and others[3e] in earlier stud-
ies to form a series of complexes containing
[C6H2(CH2PPh2)2-2,6-R-4]2, PCP-R-4 (Scheme 1). How-
ever, as reported here, the neutral tetraphosphane 6 has to
date not been found to undergo such cyclometallation reac-
tions and it is worthwhile considering the unique aspects of
this compound that result in it having a different reactivity
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Table 2. Selected bond parameters of 8 and the known rutheni-

um(II) complexes [RuCl2(Ph2PR)3] (R 5 Ph, CH2SiMe3)

8 [RuCl2- [RuCl2(Ph2-
(PPh3)3][a] PCH2SiMe3)3][b]

Bond lengths [Å]
Ru(1)2Cl(1) 2.389(2) 2.387(7) 2.395(2)
Ru(1)2Cl(2) 2.383(2) 2.388(7) 2.390(2)
Ru(1)2PA

[c] 2.208(3) 2.230(8) 2.210(2)
Ru(1)2PB

[c] 2.318(2) 2.374(6) 2.348(2)
2.391(2) 2.412(6) 2.379(2)

Ru(1)···H 2.8118 2.59 not present

Bond angles [°]
Cl(1)2Ru(1)2Cl(2) 160.96(9) 157.2(2) 163.93(7)
PB2Ru(1)2PB

[c] 160.49(9) 156.4(2) 165.91(7)
PA2Ru(1)2PB

[c] 97.46(9) 101.1(2) 96.83(7)
101.74(9) 101.4(2) 99.24(7)

[a] Data obtained from ref. [12a]. 2 [b] Data obtained from ref. [12b].
2 [c] PA and PB are the apical and basal phosphorus atoms, respec-
tively.

pattern. For reaction of the neutral aryldiphosphanes
C6H3(CH2PPh2)2-1,3-R-5 (1b), with [RuCl2(PPh3)4] we pro-
posed that prior to cyclometallation an 8-membered cyclic
coordination complex is formed by replacement of PPh3 li-
gands of [RuCl2(PPh3)3] (vide supra) by the more basic
phosphorus donor substituents of 1b [3c]. In this resulting
intermediate complex the two meta-positioned CH2PPh2

substituents are coordinated to the ruthenium(II) metal
center in a bidentate P,P9-chelate mode. As a consequence
the metal center is brought into proximity to the C2H
bond which can then be activated. Because this intermedi-
ate has not been detected by NMR-spectroscopic methods
we assume that the formation of this intermediate is rate-
determining and that the following step, i.e. C2H bond
cleavage and generation of the new Ru2C σ bond, is a
much faster process. In one rare and unique case, an ex-
ample of an agostic interaction of a Caryl2H bond of an
aryldiphosphane, 1b (R 5 H), at an RuII center afforded
by P,P9-chelate bonding has been confirmed by an X-ray
crystallographic study[3d]; the molecular geometry of the
monocationic complex reported in this study is sche-
matically presented in Figure 4.

Figure 4. Schematic representation of aryl C2H bond activation
at a RuII center in an intermediate whose structure has been deter-

mined by an X-ray crystallographic study

Tetraphosphane 6 should, like diphosphanes 1b, displace
PPh3 from [RuCl2(PPh3)3] since the CH2PPh2 groups are
more basic P donors than PPh3. Several different coordi-
nation complexes could be formed, and two of these based
on P,P9-chelation are the observed dinuclear coordination
complex 8 as well as the alternative chelation complex A
(See Figure 5). The difference between these complexes is
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that in 8 there is chelation of two ortho-positioned
CH2PPh2 groups, whereas in A there is chelation two meta-
positioned CH2PPh2 groups.

Figure 5. Schematic representation of two different coordination
complexes 8 and A which could be formed from 6 and

[RuCl2(PPh3)]4

In complex A, there are two 8-membered chelate rings
that allow the metal centers to be brought close to the aryl
C2H bonds at positions 3 and 6 on the central aromatic
ring; as a result of geometric (steric) restraints each ring has
limited flexibility. In contrast, complex 8 contains two 7-
membered chelate rings that have a good degree of confor-
mational flexibility, and therefore this situation is energeti-
cally more favorable than that in A. However, unlike the
situation in A the ruthenium(II) centers in 8 are unable to
approach the central C2H bonds to undergo cyclometal-
lation and form complex 7 (Scheme 3). The favorable situ-
ation found in complex 8 is emphasized by the fact that
this complex does not undergo cycloruthenation during the
synthetic procedure. In principle, the excess of free PPh3

present in the reaction mixture (see Scheme 2) could induce
the formation of an η1-P-coordinated ligand 6 in complex
8, and this would be sufficient to generate a situation where
the an aryl C2H bond (as in A) is close enough to the
metal center for cyclometallation to occur. However, the
poor solubility characteristics of 8 in common organic sol-
vents prevents the possibility of this situation.

Conclusion

In this report we have shown that the new neutral tetra-
phosphane ligand C6H2(CH2PPh2)4-1,2,4,5 (6) can be easily
prepared in high yield. The synthetic strategy, which in-
volves an Arbuzov reaction, has great potential as an
alternative (and less hazardous) route to many other aryl-
and alkylphosphanes. In this strategy the choice of 1,2-di-
chlorobenzene as a high-temperature solvent for the re-
duction of the corresponding phosphane oxide was crucial.
With ruthenium(II) centers the new tetraphosphane 6 af-
fords P,P9-bidentate chelation from two ortho-positioned,
rather than meta-positioned, CH2PPh2 substituents such
that C2H bond activation and formation of a P,C,P9-ter-
dentate-coordinated ruthenium(II) species does not occur.

This work was supported in part (P. S., N. V., A. L. S.) by the
Netherlands Foundation for Chemical Research (SON) with finan-
cial aid from the Netherlands Organization for Scientific Research
(NWO).
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Table 3. Crystal Data and Details of the Structure Determination for [{RuCl2(PPh3)}2{C6H2(CH2PPh2)4-1,2,4,5-P,P9,P99,P999}] (8)

Crystal Data
empirical formula C94H80Cl4P6Ru2 ·8 CH2Cl2
formula weight 2418.92 crystal size [mm] 0.15 3 0.15 3 0.63
crystal system triclinic space group P1̄ (no. 2)
a [Å] 10.2378(13)
α [°] 106.139(10)
b [Å] 14.227(2)
β [°] 97.707(10)
c [Å] 20.237(2)
γ [°] 106.822(11)
V [Å3] 2635.4(6) Dcalcd. [g cm23] 1.524
Z 1 F(000) [e] 1226
µ(Mo-Kα) [cm21] 9.3

Data Collection
T [K] 150
θmin, θmax [°] 1.1, 25.0
wavelength (Mo-Kα) [Å] 0.71073 scan range [°] 1.10 1 0.00 tanθ
hor. aperture 3.00 vert. aperture 4.00
data set 28/12, 217/17, 225/25
total data 10839
total unique data 9273
observed data [I > 2.0 σ(I)] 5094

Refinement
Nref, Npar 9273, 586 final R1[a] 0.0748
final wR2[b] 0.1660 goodness of fit 1.01
w21 σ2(F2) 1 (0.0474P)2 1 1.8922P, where P 5 (Fo

212Fc
2)/3

(∆.σ)av, (∆.σ)max 0.00, 0.00
min. and max.
resid. density [e Å23] 20.74, 0.64

[a] R1 5 ΣiFou2uFci/ΣuFou. 2 [b] wR2 5 [(uFou22uFcu2)2/Σw(uFou2)2]1/2.

Experimental Section
General: All synthetic procedures were performed under dry di-

nitrogen. Hexane and benzene were freshly distilled from sodium
benzophenone ketyl, CH2Cl2 from CaH2, and xylenes and 1,2-di-
chlorobenzene from molecular sieves (5 Å). 2 Spectroscopic meas-
urements (1 H, 13C{1H} and 31P{1H} NMR) were performed with
a Bruker AC200 or AC300 spectrometer, with chemical shifts refer-
enced to either Me4Si or 85% H3PO4. 2 Elemental analyses were
carried out by Dornis und Kolbe, Mikroanalytisches Laborato-
rium, Mülheim, Germany. 2 The compounds C6H2(CH2Br)4-
1,2,4,5 (4) [9], Ph2POEt[16], and [RuCl2(PPh3)4] [17] were prepared ac-
cording to previously described methods. RuCl3 ·3 H2O was pur-
chased from Degussa.

C6H2(CH2P(O)Ph2)4-1,2,4,5 (5): A modification of a procedure
described in the literature[8] was used. In a two-necked 100-ml
round bottom flask, a stirred colorless solution of Ph2POEt (20.52
g, 89 mmol) and C6H2(CH2Br)4-1,2,4,5 (5.35 g, 11.9 mmol) in xy-
lenes (20 ml) was heated at 140°C for 0.5 h, while a gentle stream
of nitrogen was bubbled through the reaction mixture. After this
time, the reaction mixture was cooled to 50°C (ice bath) and the
white solid which had precipitated was filtered off. This solid was
washed once with hot benzene (100 ml), filtered off and dried in
vacuo to afford the tetraphosphoryl compound 5 as a white solid
which was sufficiently pure for further synthesis. Yield: 9.53 g
(86%), mp > 220°C (ref. [8]: 3152317°C). 2 1H NMR (CD3OD,
200 MHz, 335 K): δ 5 7.62 (m, 40 H, ArH), 6.42 (s, 2 H, ArH),
3.52 (d, 8 H, 2JP-H 5 12 Hz, CH2P). 2 31P{1H} NMR (CD3OD,
81 MHz, 335 K): δ 5 32.4 (s).

C6H2(CH2PPh2)4-1,2,4,5 (6): In a two-necked 100-ml round
bottom flask equipped with a reflux condensor and a septum, was
heated a stirred suspension of the tetraphosphoryl compound 5
(1.89 g, 2.02 mmol) in 1,2-dichlorobenzene (50 ml) at reflux tem-
perature until all solids had dissolved. The resulting clear solution
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was then allowed to cool to 140°C and HSiCl3 (2.46 ml, 24.4
mmol) was carefully added through the septum over a period of 5
min by means of a syringe. The reaction mixture was then stirred
at 140°C for 1 h, after which a clear solution was obtained. This
solution was then cooled to 0°C with an ice bath. Degassed aque-
ous NaOH (50 ml, 4 ) was carefully added through the septum
over a period of 5 min by means of a syringe while the mixture was
stirred vigorously. This resulted in the formation of a two-layer
system, from which the organic layer was collected. The aqueous
layer was extracted with CH2Cl2 (2 3 25 ml) and the combined
organic fractions were dried with MgSO4 and filtered. The filtrate
was concentrated in vacuo to ca. 10 ml. Hexane (50 ml) was slowly
added, which induced the crystallization of a white solid. This solid
was collected by filtration, washed with hexane (2 3 25 ml) and
dried in vacuo to afford analytically pure tetraphosphane 6 as white
crystals. Yield: 1.68 g (96%), mp 125°C. 2 1H NMR (CDCl3, 300
MHz, 298 K): δ 5 7.28 (m, 40 H, ArH), 6.22 (s, 2 H, ArH), 2.96
(s, 8 H, CH2P). 2 13C{1H} NMR (CDCl3, 75 MHz, 298 K ): δ 5

138.4 (d, 1JP-C 5 16 Hz, Ar), 133.0 (d, 2JP-C 5 19 Hz, Ar), 131.2
(d, 3JP-C 5 12 Hz, Ar), 128.4 (d, 3JP-C 5 23 Hz, Ar), 32.6, 32.4 (d,
1JP-C 5 15 Hz, CH2P). 2 31P{1H} NMR (CDCl3, 81 MHz, 298
K): δ 5 212.3 (s). 2 C58H50P4: calcd. C 79.99, H 5.79; found C
79.84, H 5.72.

[{RuCl2(PPh3)}2{C6H2(CH2PPh2)4-1,2,4,5-P,P9,P99,P999}] ·0.5
CH2Cl2 (8): A colorless solution of tetraphosphane 6 (0.38 g, 0.44
mmol) in CH2Cl2 (20 ml) was added to a brown solution of
[RuCl2(PPh3)4] in CH2Cl2 (20 ml) at room temperature and the
resulting reaction mixture was stirred for 2 h at this temperature.
During this time a green precipitate formed. After 2 h, the green
precipitate was filtered off, washed with CH2Cl2 (2 3 20 ml) and
dried in vacuo to afford the pure bisruthenium(II) complex 8 in
38% yield as a green insoluble solid (mp > 200°C). 2

C94H78Cl4P6Ru2 ·0.5 CH2Cl2: calcd. C 63.69, H 4.58; found C
63.83, H 4.65. 2 When a CH2Cl2 solution of [RuCl2(PPh3)4] was
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layered with a CH2Cl2 solution of tetraphosphane 6 and the re-
sulting reaction mixture was left undisturbed for 24 h, green-brown
X-ray quality crystals (mp > 200°C) of bisruthenium complex 8
were obtained. These crystals were collected by filtration, washed
with CH2Cl2 (2 3 20 ml), dried in vacuo and subsequently sub-
jected to an X-ray structure determination.

X-ray Structure Determination of 8: X-ray data were collected
with an ENRAF-NONIUS CAD4 diffractometer on rotating an-
ode for a needle-shaped green-brown crystal. Numerical data are
collected in Table 3. The structure was solved by Direct Methods
(SHELXL86)[18] and refined on F2 using SHELXL96[19]. Data
were corrected for absorption effects using the DIFABS algorithm
as implemented in PLATON[20]. Hydrogen atoms were introduced
at calculated positions and refined riding on their carrier atoms.
Geometrical calculations and the ORTEP illustration were done
with PLATON.
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Reactions of 2-phenyl-4-R-5(4H)-oxazolones (R = Me,
CH2Ph, CHMeEt) with [(η5-C5Me5)IrCl2]2 afforded the cyclo-
metallated complexes (η5-C5Me5)(Cl)Ir(L) (123) [L = 2-
phenyl-4-R-5(4H)-oxazolone(C-o,N)]. 2-Phenyl-5(4H)-oxazo-
lone reacts with [(η5-C5Me5)IrCl2]2 and palladium(II) acetate
to give complexes with a C-o,N-bridging oxazolone [(η5-
C5Me5)(Cl)Ir]2(µ-Cl)(µ-L-H+) (4) and Pd3(µ-ac)5(µ-L-H+) (5). 2-
Phenyloxazolone anions were added to the π ligands of [(η5-
C6H7)Fe(CO)3]+ and [(η7-C7H7)Cr(CO)3]+ to give the adducts
6211. Dipeptide derivatives 12218 were obtained by reac-

5(4H)-Oxazolones which can be considered as activated
α-amino acid derivatives are important intermediates and
starting materials in organic synthesis. [3] Recently, we re-
ported on some metal complexes with neutral 2-phenyl-
5(4H)-oxazolones. [4] In the following some cyclometallated
complexes from these oxazolones and the use of the delo-
calized oxazolone anion[5] as nucleophile for the addition
to π-coordinated ligands are described. Some of the com-
pounds obtained may be of use for the labelling of pep-
tides[6].

Results and Discussion

1. Cyclometallated Complexes

The reaction of the chloro-bridged iridium(III) complex
[Cp*IrCl2]2 with the substituted 2-phenyl-4-R-5(4H)-oxazo-
lones gave the complexes 123. Cyclometallation with
phenyl-containing donors has been observed for several
iridium complexes[7].

The complexes 123 contain an “asymmetric” metal
center which causes doubling of the 1H-NMR signals of the
C5Me5 ligands (1: 5:1; 2: 20:1; 3: 1:1), due to diastereoiso-
mer formation.

An unexpected complex 4 was obtained from the unsub-
stituted 2-phenyl-5(4H)-oxazolone and its structure was es-
tablished by X-ray diffraction. In the complex 4 the two

[e] Part CI: Ref. [1].
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tion of 1, 2 and by reaction of the adduct 6 from [(η5-
C6H7)Fe(CO)3]+ and the anion of 2-phenyloxazolone with α-
amino acid esters. These reactions may be used for the label-
ling of peptides. Saponification of 15218 yields the organo-
metallic substituted peptide acids 19222. Their dianions (de-
protonation of COOH and peptide amide) were used as li-
gands towards (Ph3P)2PtCl2 to yield the bimetallic complexes
23225. The structures of 4, 5, 9 and 10 were determined by
X-ray diffraction.

iridium atoms are bridged by a chlorine atom and a C-o,N-
bound 2-phenyloxazolone ligand.

In the five-membered ring Cl2Ir2C2N2Ir the C atom
is situated outside the almost planar arrangment of the
other four atoms. The 1H-NMR spectrum of 4 exhibits only
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Figure 1. Molecular structure of 4[a] in the crystal

[a] Selected bond lengths [Å] and angles [°]: Ir22N1 2.117(9),
Ir12C11 2.152(12), N12C13 1.29(2), N12C11 1.461(14),
C112C12 1.44(2), Ir22Cl2 2.446(3), Ir12Cl2 2.436(3);
N12Ir22Cl2 82.7(2), C112Ir12Cl2 80.4(3), C132N12C11
106.4(10), N12Ir22Cl22Ir1 3.53(0.27), Cl22Ir22N12C11
37.00(0.72), C112Ir12Cl22Ir2 110.45(0.17), N12C132C142
C15 46.68(2.04).

two C5Me5 signals which implicates that only one dia-
stereoisomer is formed. The same bridging occurs in the
trinuclear palladium complex 5 which was obtained from
PdII acetate and 2-phenyl-5(4H)-oxazolone. In 5 one acetate
bridge of Pd3ac6

[8] is substituted by a C-o,N-bridging 2-
phenyloxazolone.

The molecular structure of 5 is very similar to that of
Pd3ac6

[8] with the exception that the Pd22O12 distance
[2.087(3) Å] is longer than the other Pd2O bonds (ca. 2.01
Å). This can be attributed to the trans influence of the
strong C donor.

2. Addition of the 2-Phenyloxazolone Anion to Unsaturated
Hydrocarbons of Cationic Complexes

The addition of organic and organometallic nucleophiles
to π-coordinated hydrocarbons is a very well studied and
important reaction[9]. The addition of the 2-phenyl-5(4H)-
oxazolone anion to the cyclopentadienyl and the cyclohep-
tatrienyl ligand afforded the complexes 6211.

In 6 and 7 two stereogenic centers are formed and the
two diastereoisomers (6: 1:1.2; 7: 1:1.8) can be detected in
their 1H- and 13C-NMR spectra. For almost all atoms two
sets of signals are observed. Interestingly, for 8 one dia-
stereoisomer is formed in high excess. In the 1H-NMR spec-
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Figure 2. Molecular structure of 5[a] in the crystal

[a] Selected bond lengths [Å] and angles [°]: Pd32O8 1.995(3),
Pd32O11 2.002(3), Pd22O12 2.087(3), Pd22O10 2.019(3),
Pd22C1 2.025(4), Pd12N1 2.003(3), Pd12O7 2.015(3), Pd12O5
2.005(3); O112Pd32O6 166.40(13), O122Pd22C1 179.57(15),
O72Pd12N1 175.47(13), O102Pd22O4 166.48(12).

trum only some weak signals can be assigned to the second
isomer; exo addition is proven for 6 and 7 by the signals of
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the CH2CH2 group and for 9 and 10 by X-ray structure de-
termination.

Figure 3. Molecular structure of 9[a] in the crystal

[a] Selected bond lengths [Å] and angles [°]: Cr2C1 1.853(4),
Cr2C2 1.849(4), Cr2C3 1.858(4), C12O1 1.151(4), Cr2C5
2.196(4), Cr2C6 2.201(4), Cr2C7 2.340(4), C82C11 1.549(5),
C132N1 1.266(4), C132C14 1.472(4); O52C132N1 117.5(3),
C142C132N1 126.3(3), O42C122O5 122.0(3).

Figure 4. Molecular structure of 10[a] in the crystal

[a] Selected bond lengths [Å] and angles [°]:Cr2C1 1.840(9), Cr2C2
1.867(8), Cr2C3 1.840(8), C12O1 1.164(8), Cr2C6 2.175(7),
Cr2C5 2.228(7), Cr2C4 2.352(7), C102C11 1.560(9), C142N
1.255(8), C152C14 1.459(10); O52C142N 116.3(7), C152C142N
129.8(7), O42C132O5 121.6(7).

3. Formation of Dipeptide Derivatives from 1, 2 and 6

The nucleophilic addition of α-amino acid esters[10] to 1,
2 and 6 gave the dipeptide derivatives 12218.

The shift of the carbonyl IR absorption to lower wave-
numbers (ca. 1590 cm21) in 12214 is characteristic for co-
ordination of the CO function[11]. The two stereogenic cen-
ters of 15 give rise to two diastereoisomers (1:1.2), whereas
four diastereoisomers of 16218 (1:1:1.2:1.2) (from three
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stereogenic centers) were observed in their 1H-NMR spec-
tra (from the methoxy signals). Saponification of 15218
could be accomplished to give the free acids 19222.

Compounds 19222 were used as dianionic chelate li-
gands (deprotonation of the amide and carboxylic group)
towards (Ph3P)2PtCl2 to afford the heterobimetallic com-
plexes 23225. Recently, several examples for complexes
with dianionic N-acyl-α-amino carboxylates have been re-
ported[12] which can be considered as simple models for
O,N coordination of peptides.
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Two diastereoisomers of 23 (as for 15) and four isomers

of 24 and 25 (as for 16 and 17) were observed in the 31P-
NMR spectra.

Conclusions

The reaction of oxazolones with organometallic com-
plexes leads to a versatile chemistry and the reaction of 1,
2 and 6 with α-amino acid esters (or peptide esters) provides
a method for the labelling of peptides at the amino ter-
minus.

Support by the Deutsche Forschungsgemeinschaft, the Fonds der
Chemischen Industrie and the Wacker Chemie, München, is grate-
fully acknowledged.

Experimental Section
All reactions were carried out in dry solvents under nitrogen. 2

NMR: Jeol GSX 270 or Jeol EX 400, using the solvent as internal
standard. 2 IR: Nicolet 520 FT-IR. 2 The starting materials were
prepared according to literature procedures ([Cp*IrCl2]2 [13],
[(C6H7)Fe(CO)3]BF4

[14], [(C7H7)Cr(CO)3]BF4
[15], (COD)PtCl2[16],

2-phenyl-5(4H)-oxazolones[17]). PdII acetate was purchased from
Aldrich and purified by dissolving it in hot benzene, filtering and
evaporating off the solvent. Glacial acetic acid was refluxed over
KMnO4 for several hours and distilled prior to use. The α-amino
acid ester hydrochlorides were purchased from Merck or Fluka. 2

PE 5 polyethylene.

General Procedure for the Preparation of 123: To a mixture of
the oxazolone and 66 mg (0.81 mmol) of NaOAc in 5 ml of CH2Cl2
a deep red solution of 319 mg (0.4 mmol) of [Cp*IrCl2]2 in 5 ml
of the same solvent was added. After stirring overnight, the light-
red mixture was filtered to remove NaCl, and the solvent was re-
moved in vacuo. The yellow product was washed twice with 3 ml
of Et2O and dried in vacuo at 60°C for 5 h.

1: 142 mg (0.81 mmol) of 4-methyl-2-phenyl-5(4H)-oxazolone
was used. Yellow powder. 2 IR (KBr): ν̃ 5 1844 cm21 s (C5O),
1627 s (C5N); (PE): ν̃ 5 288 cm21 s (M2Cl). 2 1H NMR (400
MHz, CDCL3): δ 5 1.66 (d, 3J 5 7.5 Hz, 3 H, CH3), 1.76/1.82
[each s, 15H 5:1, C5(CH3)5], 4.43 (q, 3J 5 7.5 Hz, 1 H, CHCH3),
7.04 (m, 1 H, C6H4), 7.27 (m, 1 H, C6H4), 7.53 (m, 1 H, C6H4),
7.82 (m, 1 H, C6H4). 2 13C NMR (100.5 MHz, CDCl3): δ 5 9.44/
9.94 [C5(CH3)5], 15.97 (CH3), 58.86 (CHCH3), 88.53/89.27
[C5(CH3)5], 122.53, 127.63, 128.84, 134.05, 135.85 (C6H4), 166.37
(OC5N), 174.91 (Ir2C), 177.94 (C5O). 2 C20H23ClIrNO2

(536.7): calcd. C 44.71, H 4.28, N 2.60; found C 44.46, H 4.75,
N 2.41.
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2: 204 mg (0.81 mmol) of 4-benzyl-2-phenyl-5(4H)-oxazolone
was used. Yellow powder. 2 IR (KBr): ν̃ 5 1845 cm21 s (C5O),
1623 s (C5N); (PE): ν̃ 5 292 cm21 s (M2Cl). 2 1H NMR (270
MHz, CDCl3): δ 5 1.79/1.83 [each s, 15H 20:1, C5(CH3)5], 3.06
(dd, 2J 5 15.0 Hz, 3J 5 10.7 Hz, 1 H, CHH9), 3.64 (dd, 2J 5 15.0
Hz, 3J 5 4.6 Hz, 1 H, CHH9), 4.60 (dd, 3J 5 4.6 Hz, 3J 5 10.6
Hz, 1 H, CHCH2Ph), 7.07 (m, 1 H, C6H4), 7.32 (m, 6 H, C6H4 and
C6H5), 7.55 (m, 1 H, C6H4), 7.84 (m, 1 H, C6H4). 2 13C NMR
(100.5 MHz, CDCl3): δ 5 9.30/9.40 [C5(CH3)5], 36.80 (CH2Ph),
62.20 (CHCH2Ph), 88.40/86.20 [C5(CH3)5], 122.30, 127.40, 127.50,
128.50, 128.70, 129.40, 133.90, 134.70, 135.60 (C6H4 and C6H5),
166.50 (OC5N), 172.40 (Ir2C), 177.90 (C5O). 2 C26H27ClIrNO2

3 0.5 CH2Cl2 (655.6): calcd. C 48.53, H 4.27, N 2.13; found C
48.06, H 4.30, N 2.07.

3: 176 mg (0.81 mmol) of 4-(29-butyl)-2-phenyl-5(4H)-oxazolone
was used. Yellow powder. 2 IR (KBr): ν̃ 5 1844 cm21 s (C5O),
1626 s (C5N); (PE): ν̃ 5 283 cm21 s (M2Cl). 2 1H NMR (270
MHz, CDCl3): δ 5 1.28 (m, 2 H, CH2), 0.8321.09 (m, 6 H, 2 3

CH3), 1.74/1.75 [each s, 15H 1.2:1, C5(CH3)5], 4.29 [m, 1 H,
CH(C4H9)], 7.07 (m, 1 H, C6H4), 7.28 (m, 1 H, C6H4), 7.52 (m, 1
H, C6H4), 7.81 (m, 1 H, C6H4). 2 13C NMR (100.5 MHz, CDCl3):
δ 5 9.40/9.80 [C5(CH3)5], 11.80 (CH2CH3), 14.80 (CHCH3), 25.80
(CH2CH3), 36.60 (CHCH3), 67.80 (CHC4H9), 88.40 [C5(CH3)5],
122.40, 127.30, 131.50, 133.90, 135.90 (C6H4), 166.90 (OC5N),
173.20 (Ir2C), 178.30 (C5O). 2 C23H29ClIrNO2 (655.6): calcd. C
47.70, H 5.05, N 2.42; found C 48.56, H 5.53, N 2.89.

4: To a mixture of 51 mg (0.32 mmol) of 2-phenyl-5(4H)-oxazo-
lone and 26 mg (0.32 mmol) of NaOAc in 5 ml of CH2Cl2 a deep
red solution of 247 mg (0.31 mmol) of [Cp*IrCl2]2 in 5 ml of the
same solvent was added. After stirring for 5 h the light red mixture
was filtered to remove NaCl, and concentrated in vacuo to about
2 ml. The yellow product was precipitated with 15 ml of Et2O,
washed twice with 3 ml Et2O and dried in vacuo at 60°C for 5 h.
Crystals were obtained from a CH2Cl2/pentane mixture. 2 IR
(KBr): ν̃ 5 1792 cm21 s (C5O), 1608 w (C5N); (PE): ν̃ 5 262
cm21 s, 288 s, 299 m (M2Cl). 2 1H NMR (270 MHz, CDCl3):
δ 5 1.39 [s, 15 H, C5(CH3)5], 1.58 [s, 15 H, C5(CH3)5], 6.12 (s, 1
H, CHIr), 7.2727.56 (m, 3 H, 3,4,5-C6H5), 8.61 (d, 3J 5 7.9 Hz,
2 H, 2,6-C6H5). 2 13C NMR (100.5 MHz, CD2Cl2): δ 5 8.57
[C5(CH3)5], 8.63 [C5(CH3)5], 67.79 (CHIr), 86.86 [C5(CH3)5], 87.12
[C5(CH3)5] 125.91, 128.56, 129.83, 132.49 (C6H5), 161.15 (OC5N),
179.00 (C5O). 2 C29H36Cl3Ir2NO2 (921.4): calcd. C 37.76, H 3.90,
N 1.51; found C 37.41, H 3.89, N 1.55.

5: A brown suspension of 123 mg (0.55 mmol) of palladium(II)
acetate and 88 mg (0.55 mmol) of 2-phenyl-5(4H)-oxazolone in 2
ml of glacial acetic acid was heated to 95°C for 30 min whereby
the product began to precipitate. After cooling, the mixture was
centrifuged. The dark brown residue was washed with 1ml of gla-
cial acetic acid and twice with 2 ml of water. After drying in vacuo
at 50°C for 3 h, the dark brown product was dissolved in 5 ml of
trichloromethane, filtered and added to 30 ml of n-hexane. The
orange precipitate was centrifuged off, washed with pentane and n-
hexane and dried in vacuo at 50°C for 8 h. Slow concentration of
a solution in CH2Cl2/hexane (1:10) gave orange prisms, suitable for
X-ray analysis. 2 IR (KBr): ν̃ 5 1807 cm21 s (C5O), 1608 s, 1592
s, 1569 s (antisym. COO), 1421 s (sym. COO). 2 1H NMR (400
MHz, CDCl3): δ 5 1.48 (s, 3 H, CH3COO), 1.94 (s, 3 H,
CH3COO), 1.97 (s, 3 H, CH3COO), 2.00 (s, 3 H, CH3COO), 2.05
(s, 3 H, CH3COO), 5.41 (s, 1 H, CHPd), 7.70 (BB9, 2 H, 3,5-C6H5),
7.79 (A, 1 H, 4-C6H5), 9.15 (CC9, 2 H, 2,6-C6H5). 2 13C NMR
(100.5 MHz, CDCl3): δ 5 22.19 (CH3COO), 22.76 (CH3COO),
23.00 (CH3COO), 23.33 (CH3COO), 23.39 (CH3COO), 38.99
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(CHPd), 123.78, 129.15, 129.96, 135.00 (C6H5), 165.50 (OC5N),
172.93 (C5O), 185.41 (CH3COO), 185.47 (CH3COO), 186.86
(CH3COO), 188.13 (CH3COO), 188.59 (CH3COO). 2

C19H21NO12Pd3 (774.6): calcd. C 29.46, H 2.73, N 1.81; found C
29.38, H 3.18, N 1.75.

General Procedure for the Preparation of 6 and 7: A stirred mix-
ture of 150 mg (0.49 mmol) of [(C6H7)Fe(CO)3]BF4 and the appro-
priate oxazolone in 15 ml of CH2Cl2 was cooled (see below). A
solution of 64.8 µl (0.47 mmol) of triethylamine in 5 ml of CH2Cl2
was slowly added. After 30 min of stirring at low temp., the yellow
solution was allowed to warm up to room temp. and stirred for
another 2 h. After concentrating to about 4 ml, triethylammonium
chloride was precipitated with 40 ml of pentane and filtered off.
The filtrate was concentrated and the residue was dissolved in 30
ml of pentane. This yellow solution was filtered through Celite and
concentrated in vacuo to about 4 ml. Cooling to 278°C for 3 min
gave a colourless precipitate which was filtered off. Removal of the
solvent from the filtrate in vacuo gave the yellow, oily product
which was dried in vacuo at room temp. for a few days.

6: 75 mg (0.47 mmol) of 2-phenyl-5(4H)-oxazolone was used.
The addition of NEt3 was carried out at 215°C. 2 IR (film NaCl):
ν̃ 5 2045 cm21 s (Fe2CO), 1964 s br. (Fe2CO), 1824 s (C5O),
1653 s (C5N). 2 1H NMR (400 MHz, CDCl3): δ 5 1.77 (dm, 1
H, 2J6endo 5 15.3 Hz, 6exo-C6H7)/1.61 (ddd, 1 H, 2J6endo 5 15.0
Hz, 3J1 5 3.7 Hz, 3J5 5 2.6 Hz, 6exo-C6H7), 2.14/2.06 (each ddd,
1 H/1 H, 2J6exo 5 15.1 Hz, 3J1 5 11.1 Hz, 3J5 5 4.0 Hz, 6endo-
C6H7), 2.74 (m, 1 H 1 1 H, 1-C6H7), 2.92 (ddd, 1 H, 3J3 5 6.3 Hz,
3J1 5 3.3 Hz, 4J4 5 1.4 Hz, 2-C6H7)/3.06, 3.06 [m, 1 H 1 1 H (1
1 H, 2-C6H7), 5-C6H7], 4.20/4.24 [each d, 1 H/1 H, 3J1 5 6.0 Hz,
NCH(C6H7)COO], 5.32 (ddd, 1 H, 3J2 5 6.1 Hz, 3J4 5 4.4 Hz,
4J5 5 1.6 Hz, 3-C6H7)/5.39, 5.39 [m, 1 H 1 1 H (1 1 H, 3-C6H7),
4-C6H7], 7.4327.60 (ABB9, 3 H 1 3 H, 3,4,5-C6H5), 7.9628.00
(CC9, 2 H 1 2 H, 2,6-C6H5). 2 13C NMR (100.5 MHz, CDCl3):
δ 5 27.77/26.50 (6-C6H7), 40.25/40.98 (1-C6H7), 59.38/59.39, 59.26/
58.83 (2,5-C6H7), 70.03/69.99 [CNCH(C6H7)COO], 86.06/86.51,
85.83/85.48 (3,4-C6H7), 125.95, 128.20, 129.14, 133.16, 126.11,
128.22, 129.12, 133.14 (C6H5), 162.07/161.95 [CNCH(C6H7)COO],
176.90/177.29 [CNCH(C6H7)COO], 211.69 (Fe2CO). Dia-
stereomeric ratio 1.0:1.15. 2 C18H13FeNO5 (379.2): calcd. C 57.02,
H 3.46, N 3.69; found C 57.38, H 4.14, N 3.48.

7: 86 mg (0.49 mmol) of 4-methyl-2-phenyl-5(4H)-oxazolone was
used. The addition of NEt3 was carried out at 0°C. 2 IR (film
NaCl): ν̃ 5 2048 cm21 s (Fe2CO), 1969 s br. (Fe2CO), 1816 s
(C5O), 1658 s (C5N). 2 1H NMR (400 MHz, CDCl3): δ 5 1.41/
1.43 [each s, 3H/3 H, NCCH3(C6H7)COO], 1.78 (dm, 1 H, 2J6endo 5

15.3 Hz, 6exo-C6H7)/1.70 (dm, 1 H, 2J6endo 5 15.1 Hz, 6exo-C6H7),
2.04/1.99 (each ddd, 1 H/1 H, 2J6exo 5 15.2 Hz, 3J1 5 11.0 Hz,
3J5 5 4.3 Hz, 6endo-C6H7), 2.58 (m, 1 H/1 H, 1-C6H7), 2.72/2.99
(each ddd, 1 H/1 H, 3J3 5 6.2 Hz, 3J1 5 3.2 Hz, 4J4 5 1.3 Hz, 2-
C6H7), 3.04 (m, 1 H/1 H, 5-C6H7), 5.21/5.31 (each ddd, 1 H/1 H,
3J2 5 5.6 Hz, 3J4 5 4.3 Hz, 4J5 5 1.4 Hz, 3-C6H7), 5.30 (m, 1 H,
4-C6H7)/5.35 (dd, 1 H, 3J3 5 5.0 Hz, 3J5 5 6.0 Hz, 4-C6H7),
7.4227.60 (ABB9, 3 H 1 3 H, 3,4,5-C6H5), 7.9827.99 (CC9, 2 H
1 2 H, 2,6-C6H5). 2 13C NMR (100.5 MHz, CDCl3): δ 5 22.44/
22.56 (CH3), 26.29/25.43 (6-C6H7), 46.33/45.45 (1-C6H7), 59.16/
59.25, 57.63/58.13 (2,5-C6H7), 72.85/72.80 [CNCCH3(C6H7)COO],
86.01/86.32, 85.59/85.38 (3,4-C6H7), 126.21, 133.06, 126.01, 128.21,
129.12, 133.02 (C6H5), 160.27/159.94 [CNCCH3(C6H7)COO],
180.48/179.87 [CNCCH3(C6H7)COO], 211.72 (Fe2CO). Dia-
stereomeric ratio 1.0:1.8. 2 C19H15FeNO5 (393.2): calcd. C 58.04,
H 3.85, N 3.56; found C 57.50, H 3.79, N 2.84.

General Procedure for the Preparation of 8211: A stirred mixture
of [(C7H7)Cr(CO)3]BF4 and the appropriate oxazolone in 15 ml of
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THF was cooled to 0°C. A solution of triethylamine in 5 ml of
THF was slowly added. After stirring overnight, the red solution
was concentrated to about 4 ml, triethylammonium chloride was
precipitated with 40 ml of Et2O and filtered off. The filtrate was
taken to dryness and the residue was dissolved in 30 ml of Et2O.
This solution was filtered through Celite and the solvent was re-
moved in vacuo. The residue was dissolved in 1 ml of CH2Cl2 and
added to excess pentane to give the product as orange solid which
was washed twice with pentane and dried in vacuo at 50°C for
several hours.

8: 98 mg (0.31 mmol) of [(C7H7)Cr(CO)3]BF4, 117 mg (0.31
mmol) of 6 and 43.5 µl (0.31 mmol) of NEt3 were used. The reac-
tion was carried out in CH2Cl2 instead of THF. The CH2Cl2/pen-
tane mixture had to be slowly concentrated to give the product. 2

IR (KBr): ν̃ 5 2045 cm21 s (Fe2CO), 1979 s br. (Fe2CO,
Cr2CO), 1924 s, 1884 s, 1878s, 1870 s (Cr2CO), 1807 s (C5O),
1653 s (C5N). 2 1H NMR (270 MHz, CDCl3): δ 5 1.42 (ddd, 1
H, 2J6endo 5 14.9 Hz, 3J1 5 3.6 Hz, 3J5 5 2.5 Hz, 6exo-C6H7), 1.87
(2.00) (ddd, 1 H, 2J6exo 5 14.9 Hz, 3J1 5 10.8 Hz, 3J5 5 4.2 Hz,
6endo-C6H7), 2.59 (ddd, 1 H, 3J6endo 5 10.6 Hz, 3J6exo 5 3.5 Hz,
3J2 5 3.5 Hz, 1-C6H7), 2.68 (ddd, 1 H, 3J3 5 5.1 Hz, 3J1 5 3.5 Hz,
4J4 5 2.2 Hz, 2-C6H7), 2.94 (3.06) (ddd, 1 H, 3J4 5 7.9 Hz,
3J6endo 5 3.7 Hz, 3J6exo 5 2.2 Hz, 5-C6H7), 3.61 (m, 3 H, 1,2,7-
C7H7), 4.82 (5.00) (m, 2 H, 3,6-C7H7), 5.23 (5.36) (m, 2 H, 3,4-
C6H7), 5.85 (m, 1 H, 4-C7H7), 5.98 (m, 1 H, 5-C7H7), 7.50 (BB9, 2
H, 3,5-C6H5), 7.60 (A, 1 H, 4-C6H5), 7.86 (7.78) (CC9, 2 H, 2,6-
C6H5). Diastereoisomeric ratio about 13:1. 2 13C NMR (100.4
MHz, CDCl3): δ 5 26.70 (6-C6H7), 41.12 (1-C7H7), 44.44 (1-C6H7),
56.51, 58.62 (2,5-C6H7), 62.39, 64.27 (2,7-C7H7), 83.34
(NCRR9COO), 85.56, 86.18 (3,4-C6H7), 97.50, 98.03, (4,5-C7H7),
102.04, 102.29 (3,6-C7H7), 125.60, 128.25, 129.21, 133.23 (C6H5),
160.30 [OC(Ph)N], 176.91 (CRR9COO), 211.52 (Fe2CO). 2

C28H19CrFeNO8 (605.3): calcd. C 55.56, H 3.16, N 2.31; found C
55.50, H 3.05, N 2.24.

9: 250 mg (0.80 mmol) of [(C7H7)Cr(CO)3]BF4, 125 mg (0.78
mmol) of 2-phenyl-5(4H)-oxazolone and 108.1 µl (0.78 mmol) of
NEt3 were used. The product could not be obtained analytically
pure. For X-ray analysis suitable crystals were grown in an CH2Cl2
pentane mixture. 2 IR (KBr): ν̃ 5 1981 cm21 s, 1915 s, 1883 s
(Cr2CO), 1820 s (C5O), 1651 s (C5N). 2 1H NMR (400 MHz,
CDCl3): δ 5 3.12 [d, 1 H, NCH(C7H7)CO], 3.55 (m, 1 H, 2-C7H7),
3.65 (m, 1 H, 7-C7H7), 3.75 (m, 1 H, 1-C7H7), 4.90 (m, 1 H, 3-
C7H7), 5.05 (m, 1 H, 6-C7H7), 6.00 (m, 1 H, 4-C7H7), 6.05 (m, 1
H, 5-C7H7), 7.4027.65 (ABB9, 3 H, 3,4,5-C6H5), 7.88 (CC9, 2 H,
2,6-C6H5). 2 13C-NMR (100.4 MHz, CDCl3): δ 5 40.14 (1-C7H7),
61.79, 62.15 (2,7-C7H7), 70.96 [NCH(C7H7)CO], 97.99, 98.25 (4,5-
C7H7), 100.90, 101.17 (3,6-C7H7), 125.67, 128.17, 129.12, 133.29
(C6H5), 162.42 [OC(C6H5)N], 175.00 [NCH(C7H7)COO].

10: 500 mg (1.59 mmol) of [(C7H7)Cr(CO)3]BF4, 279 mg (1.59
mmol) of 4-methyl-2-phenyl-5(4H)-oxazolone and 222 µl (1.59
mmol) of NEt3 were used. 2 IR (KBr): ν̃ 5 1980 cm21 s, 1915 s,
1887 s (Cr-CO), 1806 s (C5O), 1651 s (C5N). 2 1H NMR (400
MHz, CDCl3): δ 5 1.24 [s, 3 H, NCCH3(C7H7)CO], 3.43 (2-C7H7),
3.67 (7-C7H7), 3.69 (1-C7H7), 4.73 (3-C7H7), 5.01 (6-C7H7), 5.84
(4-C7H7), 6.04 (5-C7H7) (each pseudo-t, 3J ø 8 Hz), 7.47 (BB9, 2
H, 3,5-C6H5), 7.57 (A, 1 H, 4-C6H5), 7.88 (CC9, 2 H, 2,6-C6H5).
2 13C-NMR (100.4 MHz, CDCl3): δ 5 18.63 (CH3), 45.93 (1-
C7H7), 62.79, 63.62 (2,7-C7H7), 76.19 [NC(CH3)(C7H7)CO], 97.34,
98.01 (4,5-C7H7), 102.33, 102.47 (3,6-C7H7), 125.68, 128.24,
129.15, 133.14 (C6H5), 160.00 [OC(C6H5)N], 178.69
[NC(CH3)(C7H7)COO]. 2 C20H15CrNO5 (401.3): calcd. C 59.86,
H 3.77, N 3.49; found C 59.42, H 3.96, N 3.29.
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11: 200 mg (0.64 mmol) of [(C7H7)Cr(CO)3]BF4, 50 mg (0.31

mmol) of 2-phenyl-5(4H)-oxazolone and 86.5 µl (0.62 mmol) of
NEt3 were used. 2 IR (KBr): ν̃ 5 1980 cm21 s, 1915 s, 1887 s
(Cr2CO), 1807 s (C5O), 1651 s (C5N). 2 1H NMR (400 MHz,
CDCl3): δ 5 3.32 (2-C7H7), 3.49 (7-C7H7), 3.69 (1-C7H7), 4.77 (3-
C7H7), 4.85 (6-C7H7), 5.85 (4-C7H7), 5.96 (5-C7H7) (each pseudo-
t, 3J ø 8 Hz), 7.49 (BB9, 2 H, 3,5-C6H5), 7.58 (A, 1 H, 4-C6H5),
7.77 (CC9, 2 H, 2,6-C6H5). 2 13C NMR (100.4 MHz, CDCl3): δ 5

40.32 (1-C7H7), 61.46, 63.30 (2,7-C7H7), 85.49 [NC(C7H7)2CO],
97.57, 98.05 (4,5-C7H7), 101.93, 102.42 (3,6-C7H7), 125.22, 128.19,
129.12, 133.34 (C6H5), 160.45 [OC(C6H5)N], 175.08
[NC(C7H7)2COO]. 2 C29H19Cr2NO8 (613.5): calcd. C 56.78, H
3.12, N 2.28; found C 56.03, H 3.45, N 2.19.

General Procedure for the Preparation of 12214: To a mixture of
1 or 2 respectivly, α-amino acid ester hydrochloride and about 2
mg of DMAP in 10 ml of CH2Cl2 69.6 µl (0.5 mmol) of NEt3 was
added. After stirring for about 20 h, the solvent was removed in
vacuo. The residue was washed twice with 5 ml of water and dried
in vacuo at 60°C for 5 h.

12: 268 mg (0.5 mmol) of 1 and 70 mg (0.5 mmol) of -alanine
methyl ester hydrochloride were used. Yellow powder. 2 IR (KBr):
ν̃ 5 1745 cm21 w (COOCH3), 1628 m (free C5O), 1592 m (coord.
C5O); (PE): ν̃ 5 286 cm21 w (M2Cl). 2 1H NMR (270 MHz,
CDCl3): δ 5 1.2021.80 [m, 21 H, C5(CH3)5 and 2 3 CH3], 3.75
(m, 3 H, COOCH3), 4.49 [m, 1 H, NHCH(CH3)COOCH3], 4.68
[m, 1 H, NHCH(CH3)CONH] 6.95 (m, 1 H, C6H4), 7.27 (m, 1 H,
C6H4), 7.42 (m, 1 H, C6H4), 7.75 (m, 1 H, C6H4). 2

C24H32ClIrN2O4 (639.7): calcd. C 45.02, H 5.00, N 4.37; found C
44.95, H 5.08, N 4.63.

13: 268 mg (0.5 mmol) of 1 and 70 mg (0.5 mmol) of glycine
ethyl ester hydrochloride were used. Yellow powder. 2 IR (KBr):
ν̃ 5 1752 cm21 s (COOEt), 1655 m (free C5O), 1593 m (coord.
C5O); (PE): ν̃ 5 283 cm21 w (M2Cl). 2 1H NMR (270 MHz,
CDCl3): δ 5 1.24 (m, 3 H, COOCH2CH3), 1.48 [m, 3 H,
NHCH(CH3)CONH], 1.68 [m, 15 H, C5(CH3)5], 3.80 (m, 1 H,
NHCHH9COOEt), 3.95 (m, 1 H, NHCHH9COOEt), 4.14 (m, 2 H,
COOCH2CH3), 4.64 [m, 1 H, NHCH(CH3)CONH], 6.92 (m, 1 H,
C6H4), 7.26 (m, 1 H, C6H4), 7.52 (m, 1 H, C6H4), 7.75 (m, 1 H,
C6H4). 2 C24H32ClIrN2O4 (639.7): calcd. C 45.02, H 5.00, N 4.37;
found C 44.14, H 5.02, N 4.67.

14: 328 mg (0.5 mmol) of 2 and 70 mg (0.5 mmol) of glycine
ethyl ester hydrochloride were used. Yellow powder 2 IR (KBr):
ν̃ 5 1743 cm21 m (COOEt), 1670 m (free C5O), 1592 s (coord.
C5O); (PE): ν̃ 5 282 cm21 w (M2Cl). 2 1H NMR (270 MHz,
CDCl3): δ 5 1.21 (m, 3 H, COOCH2CH3), 1.65 [m, 15 H,
C5(CH3)5], 3.27 (m, 2 H, NHCH2COOEt), 4.14 (m, 2 H, CO-
OCH2CH3), 4.77 [m, 1 H, NHCH(CH2Ph)CONH], 6.94 (m, 1 H,
C6H4), 7.31 (m, 1 H, C6H4), 7.59 (m, 1 H, C6H4), 7.75 (m, 1 H,
C6H4). 2 C30H36ClIrN2O4 (716.3): calcd. C 50.30, H 5.07, N 3.91;
found C 51.05, H 5.23, N 4.55.

General Procedure for the Preparation of 15218: Equimolar
amounts of 6, α-amino acid methyl ester hydrochloride and NEt3

were stirred in about 20 ml of CH2Cl2 at room temp. for a few days
(see below). The solvent was removed in vacuo, and the residue
was taken up in Et2O. Insoluble HNEt3BF4 was centrifuged off.
The yellow solution was filtered through Celite, concentrated in
vacuo to about 1 ml and added to excess pentane. The colourless
precipitate was collected, washed once with pentane and dried in
vacuo for a few days.

15: 59 mg (0.155 mmol) of 6, 20 mg (0.159 mmol) of glycine
methyl ester hydrochloride and 22.2 µl (0.159 mmol) of NEt3 were
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used and stirred for 7 d. 2 IR (KBr): ν̃ 5 3283 cm21 m br. (N2H),
2047 s (Fe2CO), 1975 s br. (Fe2CO), 1755 s (COOCH3), 1637 s/
1661 s (CONH-I), 1531 s/1550 s (CONH-II). 2 1H NMR (400
MHz, CDCl3): δ 5 1.52/1.48 (each dm, 1 H/1 H, 2J6endo 5 14.5
Hz, 6exo-C6H7), 1.97/2.04 (each ddd, 1 H/1 H, 2J6exo 5 15.0 Hz,
3J1 5 11.0 Hz, 3J5 5 5.0 Hz, 6endo-C6H7), 2.68/2.73 (each dddd,
1 H/1 H, 3J6endo 5 10.6 Hz, 3J7 5 6.9 Hz, 3J2 5 3J6exo 5 3.5 Hz,
1-C6H7), 3.04 (m, 2 H/2 H, 2,5-C6H7), 3.72 (s, 1 H/1 H, OCH3),
3.92/3.97 (each t, 1 H/1 H, 3JCHH9 5 5.2, CONHCH2COOCH3),
4.00, 4.05 (each dd, 1 H, 1 H, 2J 5 20.9 Hz, 3JNH 5 5.4 Hz,
NHCHH9COOCH3), 4.06, 4.16 (each dd, 1 H, 1 H, 2J 5 27.0 Hz,
3JNH 5 5.4 Hz, NHCHH9COOCH3) 4.45/4.51 [each dd, 1 H/1 H,
3JNH 5 8.4 Hz, 3J1 5 6.9 Hz, CH(C6H7)CONH] 5.32 (m, 2 H, 3,4-
C6H7), 5.36 (dd, 1 H, 3J2 5 3J4 5 4.8 Hz, 3-C6H7), 5.41 (dd, 1 H,
3J3 5 3J5 5 4.7 Hz, 4-C6H7), 6.82/6.90 (each d, 1 H/1 H, 3JCH 5

5.2 Hz, CHNHCOPh), 7.4027.53 (ABB9, 3 H/3 H, 3,4,5-C6H5),
7.7627.82 (CC9, 2 H/2 H, 2,6-C6H5). 2 13C NMR (100.5 MHz,
CDCl3): δ 5 26.93/27.98 (6-C6H7), 40.47/41.37 (1-C6H7), 57.86/
58.43, 59.27/61.17 (2,5-C6H7), 59.79 (NHCH2COOCH3),
85.51/85.19, 85.99/86.27 (3,4-C6H7), 128.96, 132.27, 134.02, 127.39,
129.02, 132.37, 133.81 (C6H5), 167.72, 171.36, 167.74, 170.15,
171.31 (COOCH3, PhCONH, CONH), 211.69 (Fe2CO). Dia-
stereomeric ratio 1.0:1.15. 2 C21H20FeN2O7 (468.2): calcd. C
53.87, H 4.31, N 5.98; found C 54.22, H 4.74, N 5.81.

16: 100 mg (0.264 mmol) of 6, 58 mg (0.269 mmol) of phenylala-
nine methyl ester hydrochloride and 37.5 µl (0.269 mmol) of NEt3

were used and stirred for 3 d. Four stereoisomers. 2 IR (KBr): ν̃ 5

3396 cm21 m br., 3286 s br. (N2H), 2045 s (Fe2CO), 1967 s br.
(Fe2CO), 1747 s (COOCH3), 1636 s (CONH-I), 1534 s (CONH-
II). 2 1H NMR (270 MHz, CDCl3): δ 5 1.39 (m, 1 H, 6exo-C6H7),
1.95 (m, 1 H, 6endo-C6H7), 2.59 (m, 1 H, 1-C6H7), 2.8523.22 (m,
4 H, 2,5-C6H7, PhCH2), 3.69, 3.71, 3.72, 3.73 (4 s, 3 H, OCH3),
4.2924.55 (m, 1 H, PhCONHCH), 4.85 [m, 1 H,
CONHCH(CH2Ph)], 5.32 (m, 2 H, 3,4-C6H7), 6.50 (m, 2 H, 2 NH),
7.0227.19 (m, 5 H, CH2C6H5), 7.4227.55 (m, 3 H, 3,4,5-C6H5),
7.7227.79 (m, 2 H, 2,6-C6H5). 2 C28H26FeN2O7 (558.4): calcd. C
60.23, H 4.69, N 5.02; found C 60.59, H 5.17, N 5.15.

17: 100 mg (0.264 mmol) of 6, 54 mg (0.270 mmol) of methionine
methyl ester hydrochloride and 37.6 µl (0.270 mmol) of NEt3 were
used and stirred for 7 d. Four stereoisomers. 2 IR (KBr): ν̃ 5 3440
cm21 s br., 3290 s br. (N2H), 2044 s (Fe2CO), 1970 s br.
(Fe2CO), 1745 s (COOCH3), 1636 s (CONH-I), 1535 s (CONH-
II). 2 1H NMR (270 MHz, CDCl3): δ 5 1.46 (m, 1 H, 6exo-C6H7),
1.8822.20 (m, ca. 3 H, 6endo-C6H7, CH2), 1.99, 2.01, 2.04, 2.05 (4
s, 3 H, SCH3), 2.48 (m, 2 H, CH2), 2.70 (m, 1 H, 1-C6H7), 3.03 (m,
2 H, 2,5-C6H7), 3.68, 3.69, 3.75, 3.76 (4 s, 3 H, OCH3), 4.4024.69
[m, 2 H, PhCONHCH, CONHCH(R)], 5.36 (m, 2 H, 3,4-C6H7),
6.6727.08 (m, 2 H, 2 NH), 7.3927.56 (m, 3 H, 3,4,5-C6H5),
7.7527.83 (m, 2 H, 2,6-C6H5). 2 C24H26FeN2O7S (542.4): calcd.
C 53.15, H 4.83, N 5.16; found C 52.65, H 4.51, N 5.36.

18: 100 mg (0.264 mmol) of 6, 57 mg (0.269 mmol) of glutamic
acid dimethyl ester hydrochloride and 37.5 µl (0.269 mmol) of NEt3

were used and stirred for 7 d. The product precipitated from the
concentrated ether solution without adding pentane. Four stereo-
isomers. 2 IR (KBr): ν̃ 5 3440 cm21 s br., 3287 s br. (N2H), 2045
s (Fe2CO), 1970 s br. (Fe2CO), 1741 s (COOCH3), 1637 s
(CONH-I), 1535 s (CONH-II). 2 1H NMR (270 MHz, CDCl3):
δ 5 1.46 (m, 1 H, 6exo-C6H7), 1.99 (m, 2 H, CH2), 2.18 (m, 1 H,
6endo-C6H7), 2.38 (m, 2 H, CH2), 2.71 (m, 1 H, 1-C6H7), 3.00 (m,
2 H, 2,5-C6H7), 3.60, 3.61, 3.62, 3.63, 3.67, 3.68, 3.73, 3.74 (8 s, 6
H, 2 OCH3), 4.50 [m, 2 H, PhCONHCH, CONHCH(R)], 5.36 (m,
2 H, 3,4-C6H7), 6.6527.17 (m, 2 H, 2 NH), 7.4227.56 (m, 3 H,
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3,4,5-C6H5), 7.7527.84 (m, 2 H, 2,6-C6H5). 2 C25H26FeN2O9

(554.3): calcd. C 54.17, H 4.73, N 5.05; found C 53.95, H 4.38,
N 5.28.

General Procedure for the Preparation of 19222: To a solution
of 15218 in 10 ml of ethanol/water (4:1) a slight excess of NaOH
(0.1 ) was slowly added. After stirring for a few hours, an equimo-
lar amount of HCl (0.1 ) was added and after 30 min of further
stirring the solvents were removed under reduced pressure. The
residue was taken up in Et2O/THF (1:1) (19), Et2O/acetone (10:1)
(22), or Et2O (20, 21) and filtered through Celite to remove NaCl.
After concentrating in vacuo, the solution was added to excess pen-
tane to precipitate the colourless product which was collected,
washed once with pentane and dried in vacuo at 50°C for a few
days.

19: 43 mg (0.092 mmol) of 15, 0.93 ml of 0.1  NaOH and 0.93
ml of 0.1  HCl were used. 2 IR (KBr): ν̃ 5 3407 cm21 m br.,
3305 s br. (O2H, N2H), 2046 s (Fe2CO), 1973 s br. (Fe2CO),
1729 s (COOH), 1637 s (CONH-I), 1535 s (CONH-II). 2 1H NMR
(400 MHz, [D6]acetone): δ 5 1.60 (m, 1 H, 6exo-C6H7), ca. 2.00
(m, 6endo-C6H7), 2.80 (m, 1 H, 1-C6H7), 3.27 (m, 2 H, 2,5-C6H7),
3.96 (m, 2 H, CH2), 4.48 (m, 1 H, PhCONHCH), 5.61 (m, 2 H,
3,4-C6H7), 7.4227.58 (m, 3 H, 3,4,5-C6H5), 7.8828.00 (m, 2 H,
2,6-C6H5), 9.96 (s, 1 H, COOH). 2 C20H18FeN2O7 (454.2): calcd.
C 52.89, H 3.99, N 6.17; found C 52.44, H 3.90, N 6.16.

20: 70 mg (0.125 mmol) of 16, 1.3 ml of 0.1  NaOH and 1.3 ml
of 0.1  HCl were used. Four stereoisomers. 2 IR (KBr): ν̃ 5 3428
cm21 s br. (O2H, N2H), 2045 s (Fe2CO), 1970 s br. (Fe2CO),
1729 s (COOH), 1641 s (CONH-I), 1523 s (CONH-II). 2 1H NMR
(270 MHz, CDCl3): δ 5 1.34 (m, 1 H, 6exo-C6H7), 1.91 (m, 1 H,
6endo-C6H7), 2.3723.33 (m, 5 H, CH2, 1-C6H7, 2,5-C6H7), 3.63,
4.38 (2 m, 1 H, PhCONHCH), 4.78 [m, 1 H, CONHCH(CH2Ph)],
5.28 (m, 2 H, 3,4-C6H7), 6.72 (m, 1 H, NH), 6.9627.60 (m, 9 H,
NH, CH2C6H5, 3,4,5-C6H5), 7.6627.86 (m, 2 H, 2,6-C6H5). 2

C27H24FeN2O7 (544.3): calcd. C 59.58 H 4.44, N 5.15; found C
59.59, H 4.61, N 5.19.

21: 51 mg (0.094 mmol) of 17, 0.98 ml of 0.1  NaOH and 0.98
ml of 0.1  HCl were used. Four stereoisomers. 2 IR (KBr): ν̃ 5

3403 cm21 m br., 3300 s br. (O2H, N2H), 2047 s (Fe2CO), 1970
s br. (Fe2CO), 1723 s (COOH), 1636 s (CONH-I), 1532 s (CONH-
II). 2 1H NMR (400 MHz, [D6]acetone): δ 5 1.60 (m, 1 H, 6exo-
C6H7), ca. 2.00 (m, 6endo-C6H7, CH2, SCH3), 2.56 (m, 2 H, CH2),
2.78 (m, 1 H, 1-C6H7), 3.24 (m, 2 H, 2,5-C6H7), 4.3824.64 [m, 2
H, PhCONHCH, CONHCH(CH2Ph)], 5.57 (m, 2 H, 3,4-C6H7),
7.4327.57 (m, 3 H, 3,4,5-C6H5), 7.8827.95 (m, 2 H, 2,6-C6H5). 2

C23H24FeN2O7S (528.4): calcd. C 52.29, H 4.58, N 5.30; found C
52.73, H 4.70, N 5.27.

22: 95 mg (0.171 mmol) of 18, 3.5 ml of 0.1  NaOH and 3.5 ml
of 0.1  HCl were used. Four stereoisomers. 2 IR (KBr): ν̃ 5 3429
cm21 s br. (O2H, N2H), 2047 s (Fe2CO), 1971 s br. (Fe2CO),
1723 s, 1720 s (2 COOH), 1644 s (CONH-I), 1527 s (CONH-II).
2 1H NMR (270 MHz, [D6]acetone): δ 5 1.59 (m, 1 H, 6exo-
C6H7), ca. 2.00 (m, 6endo-C6H7, CH2), 2.42 (m, 2 H, CH2), 2.84 (m,
1 H, 1-C6H7), 3.20 (m, 2 H, 2,5-C6H7), 4.50 [m, 2 H, PhCONHCH,
CONHCH(CH2Ph)], 5.54 (m, 2 H, 3,4-C6H7), 7.4127.62 (m, 3 H,
3,4,5-C6H5), 7.8727.95 (m, 2 H, 2,6-C6H5). 2 C23H22FeN2O9

(526.3): calcd. C 52.49, H 4.21, N 5.32; found C 52.33, H 3.94,
N 5.04.

General Procedure for the Preparation of 23225: To a solution
of (COD)PtCl2 in 10 ml of CH2Cl2 two equiv. of PPh3, one equiva-
lent of 19221 and a slight excess of Ag2O were added. This mixture
was refluxed in the dark for 6 h and then, after cooling to room
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temp., filtered through Celite. The solvent was evaporated and the
residue dried in vacuo for 2 h. After dissolving in 1 ml of CH2Cl2,
petroleum ether was added to precipitate the colourless product
which was washed with petroleum ether and dried in vacuo at room
temp. for several days.

23: 9 mg (0.024 mmol) of (COD)PtCl2, 11 mg (0.024 mmol) of
19, 13 mg (0.05 mmol) of PPh3 and 12 mg (0.052 mmol) of Ag2O
were used. 2 IR (KBr): ν̃ 5 3410 cm21 s br. (N2H), 2042 s
(Fe2CO), 1965 s br. (Fe2CO), 1653 s br. (coord. COO, CONH-
I), 1512 s (CONH-II). 2 1H NMR (270 MHz, CDCl3): δ 5 1.55
(m, 1 H, 6exo-C6H7), 1.98 (m, 6endo-C6H7), 2.60 (m, 1 H, 1-C6H7),
3.05 (m, 4 H, 2,5-C6H7, NCH2COO), 4.40 [m, 1 H,
NHCH(C6H7)CON], 5.35 (m, 2 H, 3,4-C6H7), 6.9927.82 (m, 35
H, 7 C6H5). 2 31P NMR: δ 5 2.97 (d, 2JP-P 5 18.6 Hz, 1JP-Pt 5

3665 Hz, P trans to O), 4.08 (d, 2JP-P 5 23.1 Hz, 1JP-Pt could not
be determined, P trans to O), 10.36 (d, 2JP-P 5 23.1 Hz, 1JP-Pt could
not be determined, P trans to N), 18.61 (d, 2JP-P 5 18.6 Hz,
1JP-Pt 5 3921 Hz, P trans to N). Diastereomeric ratio 6:1. 2

C56H46FeN2O7P2Pt 3 0.5 CH2Cl2 (1214.3): calcd. C 55.89, H 3.90,
N 2.31; found C 55.16, H 3.90, N 2.32.

24: 16 mg (0.043 mmol) of (COD)PtCl2, 23 mg (0.042 mmol) of
20, 22 mg (0.084 mmol) of PPh3 and 20 mg (0.086 mmol) of Ag2O
were used. 2 IR (KBr): ν̃ 5 3430 cm21 m br. (N2H), 2042 s
(Fe2CO), 1967 s br. (Fe2CO), 1653 s br. (coord. COO, CONH-
I), 1509 s (CONH-II). 2 1H NMR (270 MHz, CDCl3): δ 5 1.48
(m, 1 H, 6exo-C6H7), 1.85 (m, 6endo-C6H7), 2.24 (m, 1 H, 1-C6H7),
2.90 (m, 4 H, 2,5-C6H7, CH2Ph), 3.72 [m, 1 H,
NCH(CH2Ph)COO], 4.30 [m, 1 H, NHCH(C6H7)CON], 5.25 (m,
2 H, 3,4-C6H7), 6.7827.82 (m, 40 H, 8 C6H5). 2 31P NMR: δ 5

2.85, 2.87, 2.92, 2.98 (each d, 2JP-P 5 18.9 Hz, 1JP-Pt 5 3669 Hz,
P trans to O), 18.33, 18.36, 18.38, 18.41 ( each d, 2JP-P 5 18.3
Hz, 1JP-Pt 5 3893 Hz, P trans to N). Diastereomeric ratio about
1:1:1.5:1.5. 2 C63H52FeN2O7P2Pt 3 0.5 CH2Cl2 (1304.5): calcd. C
58.01, H 4.02, N 2.15; found C 57.78, H 4.33, N 2.04.

25: 13.5 mg (0.036 mmol) of (COD)PtCl2, 19 mg (0.036 mmol)
of 21, 18.9 mg (0.072 mmol) of PPh3 and 18 mg (0.078 mmol) of
Ag2O were used. 2 IR (KBr): ν̃ 5 3415 cm21 s br. (N2H), 2042
s (Fe2CO), 1967 s br. (Fe2CO), 1652 s br. (coord. COO, CONH-
I), 1512 s (CONH-II). 2 1H NMR (270 MHz, CDCl3): δ 5 1.52
(m, 1 H, 6exo-C6H7), 1.85 (m, 6endo-C6H7, CH2), 1.94, 2.01, 2.03
[each s, together 3 H, SCH3 (1:1:2)], 2.50 (m, 3 H, 1-C6H7, CH2),
2.98 (m, 2 H, 2,5-C6H7), 3.52, 3.74 [each m, together 1 H,
NCH(CH2CH2SCH3)COO], 4.40 [m, 1 H, NHCH(C6H7)CON],
5.31 (m, 2 H, 3,4-C6H7), 7.0827.89 (m, 35 H, 7 C6H5). 2 31P
NMR: δ 5 2.79, 2.80, 2.91, 2.97 (each d, 2JP-P 5 19.2 Hz, 1JP-Pt 5

3690 Hz, P trans to O), 18.24, 18.25, 18.34, 18.41 ( each d, 2JP-P 5

19.2 Hz, 1JP-Pt 5 3881 Hz, P trans to N). Diastereomeric ratio
about 1:1:1:2. 2 C59H52FeN2O7P2PtS 3 CH2Cl2 (1330.9): calcd. C
54.15, H 4.09, N 2.11; found C 53.53, H 4.23, N 2.31.

X-ray Diffraction Analyses [18]: Data collection: Enraf Nonius
CAD4 Diffractometer (4, 5), Siemens P4 Diffractometer (9, 10),
Mo-Kα radiation, λ 5 0.71073 Å, graphite monochromator, cell
constants from 25 centered reflections, ω-2Θ scan, intensity of three
standard reflections checked every 2 h. Structure solution by
SHELXS-86 and refinement by SHELXL-93 (G. M. Sheldrick,
University of Göttingen, Germany), non-hydrogen atoms refined
anisotropically, hydrogen atoms with Ui 5 1.2 3 Ueq of the adja-
cent carbon atom (4, 5, 10). For 9 hydrogen atoms found and re-
fined freely. Full-matrix refinement against F2. See Table 1 for crys-
tal data and structure refinement.
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Table 1. Crystal data and structure refinement for 4, 5, 9 and 10

Compound number 4 (M1403)[a] 5 (M1550) 9 10

Empirical formula 2 3 C29H36Cl3Ir2NO2 C19H21NO12Pd3 C19H13CrNO5 C20H15CrNO5

3 1.5 CH2Cl2
Formula weight 1970.06 774.57 387.30 401.33
T [K] 295(2) 294(2) 293(2) 293(2)
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/c (No. 14) P1̄ (No. 2) C2/c P21/n
Unit-cell dimensions
a [Å] 18.0641(19) 8.562(3) 31.384(2) 9.0240(10)
b [Å] 17.3233(24) 941.8(3) 6.6040(10) 10.373(3)
c [Å] 21.5724(38) 15.907(4) 16.7890(10) 19.333(5)
α [°] 90 101.72(2) 90 90
β [°] 91.048(11) 92.73(2) 106.92(11) 101.040(10)
γ [°] 90 108.61(2) 90 90
V [Å3] 6749.5(1.7) 1181.5(6) 3329.1(6) 1776.2(7)
Z 4 2 8 4
Density (calcd.) [g/cm3] 1.939 2.177 1.546 1.501
µ (Mo-Kα) [mm21] 8.261 2.323 0.718 0.676
F(000) 3756 752 1584 824
Crystal size [mm] 0.43 3 0.37 3 0.10 0.47 3 0.27 3 0.07 0.55 3 0.23 3 0.08 0.05 3 0.10 3 0.38
2θ range [°] 4.96248.02 4.68247.94 5250 4.3250
Index ranges ±h 1k 1l 2h ±k ±l 1h 1k ±l 1h 1k ±l and 2h 2k ±l
Reflections collected 10544 3978 3680 6657
Independent reflections 10253 [R(int) 5 0.0447] 3693 [R(int) 5 0.0171] 2921 [R(int) 5 0.0372] 3133 [R(int) 5 0.1596]
Absorption correction ψ scan ψ scan ψ scan N/A
Max. and min. transmission 0.991 and 0.240 0.998 and 0.683 0.238 and 0.209
Data/parameters 7643/798 3239/321 2921/274 3133/244
Goodness-of-fit on F2 1.076 1.079 1.038 0.990
Final R indices [I > 2σ(I)] R1 5 0.0451, wR2 5 0.1077 R1 5 0.0247, wR2 5 0.0640 R1 5 0.0434, wR2 5 0.0783 R1 5 0.0753, wR2 5 0.1057
R indices (all data) R1 5 0.0685, wR2 5 0.1260 R1 5 0.0309, wR2 5 0.0686 R1 5 0.0847, wR2 5 0.0933 R1 5 0.1961, wR2 5 0.1412
Largest diff. peak and 1.639 and 21.381 0.557 and 20.539 0.212 and 20.273 0.374 and 20.401
hole [eÅ23]

[a] Two independent molecules, 1.5 CH2Cl2 disordered, split, Cp* disordered, not split.
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Addition of isonitriles to [(OC)3Fe(µ-CO)(µ-Ph2PNHPPh2)Pt-
(PPh3)] 1 produces the µ-isonitrile complexes [(OC)3Fe(µ-C=
NR)(µ-Ph2PNHPPh2)Pt(PPh3)] 2, which are transformed to the
µ-aminocarbyne complexes [(OC)3Fe{µ-CN(El)R}(µ-Ph2-
PNHPPh2)Pt(PPh3)]+ 3 and 4 by electrophilic addition of

Isonitriles (RNC) are often employed as ligands in coor-
dination chemistry, since steric and electronic variation of
the group R permits a fine tuning of the properties of a
metal complex. [1] [2] In addition to the innumerable ex-
amples of mononuclear isonitrile complexes, many hetero-
bimetallic complexes and higher-nuclearity clusters bearing
terminal isonitrile ligands have now been documented.
However, polymetallic systems containing an isonitrile
bridge between two different metal centers are still extremely
scarce. [3a] [3b] [3c] We recently obtained the bis(diphenylphos-
phanyl)methane-bridged µ-isonitrile complex [(OC)3Fe(µ-
C5N-xylyl)(µ-dppm)Pt(PPh3)] by treatment of
[(OC)3Fe{Si(OMe)3}(µ-dppm)Pt(H)(PPh3)] with 2,6-di-
methylphenylisonitrile under formal loss of HSi(OMe)3. [3c]

We report here on a different route for the synthesis of the
bis(diphenylphosphanyl)amine-bridged µ-isonitrile com-
plexes [(OC)3Fe(µ-C5NR)(µ-dppa)Pt(PPh3)] and on their
transformation to µ-aminocarbyne complexes, which have
been characterized by multinuclear NMR techniques and
single-crystal X-ray diffraction studies.

Results

In a manner similar as described by Shaw. et al. for the
synthesis of the dppm-bridged complex [(OC)3Fe(µ-CO)(µ-
dppm)Pt(PPh3)] [4], we obtained the dppa-bridged analogue
[(OC)3Fe(µ-CO)(µ-dppa)Pt(PPh3)] 1 containing a µ-car-
bonyl ligand by reaction of [(OC)4Fe(dppa-P)] [5] with
[Pt(H2C5CH2)(PPh3)2] in 79% yield, as shown in Scheme

[°] Present address: Laboratoire de Chimie de Coordination UMR
7513, Université Louis Pasteur, 4, rue Blaise Pascal, F-67070
Strasbourg, France.
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[El][BF4] or [El][OSO2CF3] (El = H, Me). The dppa backbone
of 4 is readily deprotonated by KOSiMe3 to yield the very
stable zwitterionic aminocarbyne complex [(OC)3Fe{µ-
CN(Me)2,6-xylyl}(µ-Ph2PNPPh2)Pt(PPh3)] 5.

1. Addition of o-anisylisonitrile or 2,6-xylylisonitrile in a
1:1 ratio to the latter complex yields selectively within 10
min. at ambient temperature the heterobimetallic species
[(OC)3Fe(µ-C5NR)(µ-dppa)Pt(PPh3)] (2a: R 5 2,6-xylyl;
2b: R 5 o-anisyl) by substitution of the bridging carbonyl
in 1. There was no indication for a competing formation of
an isomer bearing a terminal isonitrile ligand.

The most significant change in the IR spectra that ac-
companies the conversion of 1 to 2 is the replacement of
the ν(CO) stretch of the bridging carbonyl of 1 (1761 cm21)
by a broadened ν(C5N) stretch of medium intensity (2a:
1674; 2b: 1670 cm21). The latter bands fall in the typical
range for bridging isonitrile ligands with a strongly bent C5
N2R group. The 31P{1H}-NMR spectra of all the com-
pounds reported herein characteristically show three mutu-
ally coupled resonances, as exemplified by that of 2a. The
spectrum of this µ-isonitrile complex features a doublet of
doublets at δ 5 114.3, attributable to the iron-bound dppa-
phosphorus atom, which shows a strong coupling
[213J(P2P) 5 174 Hz] to the platinum-bound dppa phos-
phorus at δ 5 90.3. These signals are split further due to
the presence of the PPh3 ligand. The latter gives rise to a
doublet of doublets at δ 5 40.4, with couplings of 44 and
6 Hz. All signals are flanked by 195Pt satellites, the Pt2P
couplings of which are also evident in the 195Pt-NMR spec-
trum (see Experimental Section).

Addition of excess of HBF4 ·Et2O or HOSO2CF3 to a
solution of 2 in dichloromethane led instantaneously to
formation of the stable N-protonated cationic µ-aminocar-
byne complexes [(OC)3Fe{µ-CN(H)R}(µ-dppa)Pt(PPh3)][X]
(3a: R 5 2,6-xylyl, X 5 BF4

2; 3b: R 5 o-anisyl, X 5
OSO2CF3

2) in almost quantitative yields. It seems that in
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this case protonation of the nitrogen atom of the µ-CNR
ligand is preferred to protonation of the metal-metal bond
or a metal center yielding a heterometallic hydride complex,
a reaction which would be a priori also conceivable. For
example, protonation of [(OC)3Fe(µ-CO)(µ-dppm)Pt-
(PPh3)] with HBF4 is reported to give the cationic hydride-
complex [(OC)4Fe(µ-dppm)Pt(H)(PPh3)][BF4]. [4]

The spectroscopic data obtained in solution were in
agreement with the results of a single-crystal X-ray diffrac-
tion study performed on 3b. The latter shows that the µ-
aminocarbyne ligand symmetrically bridges [Fe2C(1)
1.975(6), Pt2C(1) 1.923(5) Å] the two metal centers, the
separation of which, 2.5282(10) Å, is indicative of the pres-
ence of a metal-metal bond. Due to steric factors, only the
isomer with the anisyl group oriented towards the iron
center is formed. The short bond length between C(1) and
N(1) of 1.263(7) Å reflects the partial C5N double-bond
character of the µ-aminocarbyne unit, which, therefore,
may alternatively be considered as a dimetallated iminium
salt ligand. To date, to the best of our knowledge, only one
other example of a heterobimetallic µ-aminocarbyne com-
plex has been structurally described. A C2N distance of
1.29(2) Å was observed for this tungsten-gold complex
bridged by a CN(Et)Me ligand.[6] The triflate counterion
of 3b is hydrogen-bonded to the N2H group
{d[N(2)2H(2)...O(5)] 2.867 Å; H(2)???O(5) 2.10(7) Å} of
the dppa ligand. The position of H(2) could be located and
was isotropically refined. A comparable distance of 2.91 Å

Eur. J. Inorg. Chem. 1998, 4952499496

has been reported by Ellermann et al. for the hydrogen-
bridged complex [Cu(CN)(dppa)PPh3] ·MeOH.[7] Overall,
the structure of 3b shows strong similarities to that of the
recently published µ-vinylidene complex [(OC)3Fe{µ-C5
C(H)Ph}(µ-dppm)Pt(PPh3)]. [8]

Figure 1. View of the crystal structure of 3b showing the atom-
numbering scheme[a]

[a] Selected bond lengths [Å] and angles [°]: Fe2Pt 2.528(1),
Fe2P(1) 2.226(3), Pt2P(2) 2.327(2), Pt2P(3) 2.291(1), Fe2C(1)
1.975(6), Pt2C(1) 1.923(5), C(1)2N(1) 1.263(7), P(1)2N(2)
1.668(9), P(2)2N(2) 1.697(9); C(1)2N(1)2C(5) 126.1(5),
Pt2C(1)2Fe 80.9(2), Fe2Pt2C(1) 48.7(2), Pt2Fe2C(1) 50.5(2),
C(1)2Fe2P(1) 146.9(2), C(1)2Pt2P(2) 144.2(2), C(1)2Pt2P(3)
103.5(2), P(1)2Fe2Pt 96.45(5), P(2)2Pt2P(3) 112.18(5),
Fe2Pt2P(3) 151.32(4), P(1)2N(2)2P(2) 126.9(3).

In a similar manner, upon treatment of 2a with a slight
excess of [Me3O][BF4], electrophilic addition affords the
stable N-alkylated product [(OC)3Fe{µ-CN(Me)xylyl}(µ-
dppa)Pt(PPh3)][BF4] 4, which has been fully characterized
by multinuclear NMR techniques and elemental analysis.
Characteristic for this type of aminocarbyne complex is the
13C resonance of the µ-C atom, which is observed in the
lowfield region at δ 5 311.7 as a doublet of doublets of
doublets with 2J(P2C) coupling constants of 3, 11, and 82
Hz. Upon treatment of 3 with weak bases such as NEt3

or KOSiMe3, deprotonation of the µ-aminocarbyne ligand
yields the precursor compounds 2.

However, addition of KOSiMe3 to a solution of 4 did not
yield the anticipated µ-siloxycarbene complex.[9] Instead,
deprotonation of the dppa backbone occurred, with forma-
tion of the stable zwitterionic µ-aminocarbyne complex
[(OC)3Fe{µ-CN(Me)xylyl}(µ-Ph2PNPPh2)Pt(PPh3)] 5.

In addition to a detailed spectroscopic investigation in
solution (see Experimental Section), the solid-state struc-
ture of 5 has been determined by a single-crystal X-ray dif-
fraction study. Comparison with the structure of 3b reveals
that deprotonation of the dppa backbone has no significant
influence on the metal-metal [Fe2Pt 2.517(1) Å] and metal-
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phosphorus distances. Only the shortened P(1)2N(2) and
P(2)2N(2) distances of 1.608(4) and 1.633(4) Å may reflect
a charge delocalization in the bis(diphenylphosphanyl)-
amide bridge. These values are comparable to the P2N dis-
tances [1.626(7) and 1.598(7) Å] found in the bis(diphenyl-
phosphanyl)amide-bridged dinuclear complex [Co2(µ-
CO)(CO)4(µ-Ph2PNPPh2)(µ-PPh2)] and the mononuclear
chelate [Pd(Cl)(Ph2PNPPh2)(PEt3)], as reported recently by
Ellermann[10] and Muller. [11] Compared to the P2N2P an-
gle of 3b [126.9(3)°], that of 5 is somewhat more acute and
amounts to 123.4(2)°.

Figure 2. View of the crystal structure of 5 showing the atom-num-
bering scheme[a]

[a] Selected bond lengths [Å] and angles [°]: Fe2Pt 2.517(1),
Fe2P(1) 2.276(2), Pt2P(2) 2.349(2), Pt2P(3) 2.277(1), Fe2C(1)
1.918(4), Pt2C(1) 1.996(5), C(1)2N(1) 1.296(6), P(1)2N(2)
1.608(4), P(2)2N(2) 1.633(4); C(1)2N(1)2C(2) 124.6(4),
Pt2C(1)2Fe 80.0(2), Fe2Pt2C(1) 48.6(1), C(1)2Fe2Pt 51.3(2),
C(1)2Fe2P(1) 146.9(2), C(1)2Pt2P(2) 141.40(13), C(1)2Pt2P(3)
109.5(1), P(1)2Fe2Pt 95.60(5), P(2)2Pt2P(3) 108.97(5),
Fe2Pt2P(3) 157.14(4), P(1)2N(2)2P(2) 123.4(5).

To the best of our knowledge, the solid-state structures
of 3b and 5 represent the first examples of X-ray crystal-
structure determinations performed on heterometallic
bis(diphenylphosphanyl)amine- and bis(diphenylphosphan-
yl)amide-bridged systems. We are currently investigating the
steric and electronic factors that govern the bonding mode
of the coordinated isonitrile ligand (bridging vs. ter-
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minal) [12] and the reactivity of the amide bridge of
[(OC)3Fe{µ-CN(R)(R9)}(µ-Ph2PNPPh2)Pt(PPh3)] towards
electrophiles. Preliminary results using an [AuPPh3]1 frag-
ment indicate that this route permits the synthesis of hetero-
trimetallic µ-aminocarbyne complexes of the type
[(OC)3(L)Fe{µ-CN(R)(R9)}{µ-Ph2PN(AuPPh3)PPh2}Pt-
(PPh3)]1 (L 5 CO, CNR).

The Deutsche Forschungsgemeinschaft and the Fonds der Che-
mischen Industrie is gratefully thanked for habilitation grants and
financial support to M. K and C. S. and Degussa AG for a generous
gift of Pt salts. We are also indebted to Prof. M. Veith for his sup-
port and for providing the institute facilities.

Experimental Section
All reactions were performed in Schlenk-tube flasks under puri-

fied nitrogen. Solvents were dried and distilled under nitrogen be-
fore use, toluene and hexane over sodium, dichloromethane from
P4O10. Nitrogen was passed through BASF R3-11 catalyst and mo-
lecular-sieve columns to remove residual oxygen and water. El-
emental C, H and N analyses were performed on a Leco Elemental
Analyser CHN 900. 2 The 1H-, 31P{1H}-, and 13C{1H}-NMR
spectra were recorded at 200.13, 81.01 and 50.32 MHz, respectively,
on a Bruker ACP 200 instrument. Phosphorus-chemical shifts were
referenced to 85% H3PO4 in H2O with downfield shifts reported
as positive. 195Pt-chemical shifts were measured on a Bruker ACP
200 instrument (42.95 MHz) and externally referenced to K2PtCl4
in water with downfield chemical shifts reported as positive. NMR
spectra were recorded in pure CDCl3, unless otherwise stated. The
presence and amount of CH2Cl2 retained in 3a and 4 was deter-
mined from the 1H-NMR spectra. 2 The reactions were generally
monitored by IR spectroscopy in the ν(CO) region. 2 [Me3O][BF4]
and 2,6-xylylisonitrile were obtained from Aldrich and Fluka and
were used as received; dppa was prepared as described by Meinel
and Nöth.[13]

Preparation of [(CO)3Fe(µ-CO)(µ-dppa)Pt(PPh3)] (1): To a
solution of [Pt(H2C5CH2)(PPh3)2] (751 mg, 1.0 mmol) in toluene
(10 ml) one equivalent of [(OC)4Fe(dppa-P)] (553 mg, 1.0 mmol)
was added. After stirring for 20 min. at ambient temperature, the
orange-red solution was concentrated and 1 was precipitated by
slow addition of hexane. The resulting crude yellow-orange prod-
uct, which was sufficiently pure for further reactions, was then
dried in vacuo. Yield: 798 mg (79%). Analytically pure 1 was ob-
tained in form of red-orange crystals by recrystallization from tolu-
ene/Et2O. 2 IR (KBr): ν̃ 5 2006 cm21 (s), 1939 (vs), 1925 (sh),
1761 (m, br.) ν(CO). 2 1H NMR: δ 5 4.97 [m, br., NH,
3J(Pt2H) 5 95.0 Hz], 7.0027.69 (m, 35 H, phenyl). 2 31P{1H}
NMR: δ 5 118.1 [dd, P1(Fe), 213J(P12P2) 5 213, 314J(P12P3) 5

4, 213J(Pt2P) 5 30 Hz], 93.4 [dd, P2(Pt), 1J(Pt2P) 5 2877 Hz],
42.0 [dd, P3(Pt), 2J(P22P3) 5 63, 1J(Pt2P) 5 4628 Hz]. 2
195Pt{1H}NMR: δ 5 22543 [ddd, 213J(Pt2P1) 5 30, 1J(Pt2P2) 5

2877, 1J(Pt2P3) 5 4628 Hz]. 2 C46H36FeNO4P3Pt · Et2O (1010.65
1 74.12): calcd. C 55.36, H 4.27, N 1.29; found C 55.48, H 4.04,
N 1.08.

Preparation of [(CO)3Fe(µ-CN-xylyl)(µ-dppa)Pt(PPh3)] (2a):
To a solution of 1 (202 mg, 0.2 mmol) in CH2Cl2 (5 ml), one equiv-
alent of 2,6-xylylisonitrile, dissolved in CH2Cl2 (5 ml), was added
dropwise. After stirring for 15 min. at ambient temperature (evo-
lution of CO), the orange-red solution was concentrated and 2a
was precipitated by the slow addition of hexane. The resulting mic-
rocrystalline yellow-orange product was dried in vacuo. Yield: 194
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mg (87%). 2 IR (CH2Cl2): ν̃ 5 2004 cm21 (s), 1934 (vs) ν(CO);
1671 (m, br.) ν(CN). 2 IR (KBr): ν̃ 5 3270 cm21 (w) ν(NH); 2000
(m), 1934 (s), 1922 (s) ν(CO); 1674 (m, br.) ν(C5N). 2 1H NMR:
δ 5 2.07 (s, 3 H, xylyl-CH3), 4.96 [m, br., NH, 3J(Pt2H) 5 89.0
Hz], 6.8427.88 (m, 38 H, phenyl). 2 31P{1H} NMR: δ 5 114.3
[dd, P1(Fe), 213J(P12P2) 5 174, 314J(P12P3) 5 6, 213J(Pt2P) 5

50 Hz], 90.3 [dd, P2(Pt), 1J(Pt2P) 5 2866 Hz], 40.4 [dd, P3(Pt),
2J(P22P3) 5 44, 1J(Pt2P) 5 4326 Hz]. 2 195Pt{1H}NMR: δ 5

22678 [ddd, 213J(Pt2P1) 5 50, 1J(Pt2P2) 5 2856, 1J(Pt2P3) 5

4328 Hz]. 2 C54H45FeN2O3P3Pt (1113.82): calcd. C 58.23, H 4.07,
N 2.51; found C 58.26, H 3.86, N 2.70.

Preparation of [(CO)3Fe(µ-CN-o-anisyl)(µ-dppa)Pt(PPh3)]
(2b): This yellow derivative was prepared and isolated as described
for 2a. 2 IR (CH2Cl2): ν̃ 5 2008 cm21 (m), 1940 (s) ν(CO); 1670
(m, br.) ν(C5N). 2 IR (KBr): ν̃ 5 3224 cm21 (w) ν(NH); 2003
(m), 1933 (s) ν(CO); 1669 (m, br.) ν(C5N). 2 1H NMR: δ 5 3.71
(s, 3 H, OCH3), 5.04 [m, br., NH, 3J(Pt2H) 5 89.8 Hz], 6.7527.75
(m, 39 H, phenyl). 2 31P{1H} NMR: δ 5 113.4 [dd, P1(Fe),
213J(P12P2) 5 173, 314J(P12P3) 5 9, 213J(Pt2P) 5 40 Hz], 89.3
[dd, P2(Pt), 1J(Pt2P) 5 2884 Hz], 40.0 [dd, P3(Pt), 2J(P22P3) 5

45, 1J(Pt2P) 5 4262 Hz]. 2 195Pt{1H} NMR: δ 5 22688 [ddd,
213J(Pt2P1) 5 40, 1J(Pt2P2) 5 2886, 1J(Pt2P3) 5 4264 Hz]. 2
C53H43FeN2O4P3Pt (1115.79): calcd. C 57.05, H 3.88, N 2.51;
found C 56.69, H 4.16, N 2.29.

Preparation of [(CO)3Fe{µ-CN(H)xylyl}(µ-dppa)Pt(PPh3)]-
[BF4] (3a): This complex was prepared by adding excess
HBF4ÆEt2O to a solution of 2a (0.111 g, 0.1 mmol) in CH2Cl2
(10 ml) at 253 K. After warming to ambient temperature, all vol-
atiles were removed under reduced pressure. The orange-red residue
was rinsed with Et2O (3 ml) and dried in vacuo. 2 IR (CH2Cl2):
ν̃ 5 2041 cm21 (m), 1981 (vs) ν(CO); 1527 (w) ν(CN). 2 1H NMR:
δ 5 2.10 (s, 6 H, xylyl-CH3), 6.53 [m, br., NH, 3J(Pt2H) 5 85 Hz],
6.8527.85 (m, 38 H, phenyl), 9.08 (m, br., NH). 2 31P{1H} NMR:
δ 5 103.6 [dd, P1(Fe), 213J(P12P2) 5 99, 314J(P12P3) 5 13,
213J(P12Pt) 5 71 Hz], 80.5 [dd, P2(Pt), 2J(P22P3) 5 13,
1J(P22Pt) 5 2889 Hz], 37.2 [t, P3(Pt), 1J(P32Pt) 5 3810 Hz]. 2

C54H46BF4FeN2O3P3Pt ·1.5 CH2Cl2 (1201.63 1 127.40): calcd. C
49.93, H 3.73, N 2.12; found C 49.99, H 3.88, N 2.20.

Preparation of [(CO)3Fe{µ-CN(H)-o-anisyl}(µ-dppa)Pt-
(PPh3)][BF4] (3b): This complex was prepared by adding excess
HOSO2CF3 to a solution of 2b (0.112 g, 0.1 mmol) in CH2Cl2 (10
ml) at 253 K. After warming to ambient temperature, all volatiles
were removed under reduced pressure. The orange-red residue was
rinsed with Et2O (3 ml) and dried in vacuo. 2 IR (CH2Cl2): ν̃ 5

2042 cm21 (m), 1979 (vs) ν(CO); 1532 (w) ν(CN). 2 1H NMR: δ 5

3.67 (s, 3 H, OCH3), 6.94 [m, br., NH, 3J(Pt2H) 5 84 Hz],
6.8727.42 (m, 39 H, phenyl), 7.91 (m, br., NH). 2 31P{1H} NMR:
δ 5 102.2 [dd, P1(Fe), 213J(P12P2) 5 99, 314J(P12P3) 5 14,
213J(P12Pt) 5 73 Hz], 79.0 [dd, P2(Pt), 2J(P22P3) 5 12,
1J(P22Pt) 5 2868 Hz], 37.3 [dd, P3(Pt), 1J(P32Pt) 5 3791 Hz]. 2
195Pt{1H} NMR: δ 5 22510 [ddd, 213J(P12Pt) 5 73, 1J(P22Pt) 5

2868, 1J(P32Pt) 5 3791 Hz]. 2 C54H44F3FeN2O7P3PtS (1265.83):
calcd. C 50.18, H 3.70, N 2.17; found C 51.23, H 3.51, N 2.21.

Preparation of [(CO)3Fe{µ-CN(Me)xylyl}(µ-dppa)Pt(PPh3)]-
[BF4] (4): [Me3O][BF4] (118 mg, 0.8 mmol) was added to a solu-
tion of 2a (557 mg, 0.5 mmol) in CH2Cl2 (15 ml). After stirring for
16 h, the yellow solution was concentrated to a volume of ca. 10
ml and then layered with Et2O. After 2 d, yellow air-stable crystals
were formed, which were suitable for analysis by X-ray crystal-
lography. Yield: 465 mg (74%). 2 IR (KBr): ν̃ 5 3217 cm21 (w)
ν(NH); 2028 (m), 1961 (vs) ν(CO); 1542 (w) ν(CN). 2 1H NMR:
δ 5 2.24 (s, 6 H, xylyl-CH3), 2.83 (s, 3 H, NMe), 6.38 [m, br., NH,
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3J(Pt2H) 5 91 Hz], 6.9627.62 (m, 38 H, phenyl). 2 13C{1H}
NMR: δ 5 311.7 [ddd, µ-C, 2J(P2C) 5 82, 2J(P2C) 5 11,
2J(P2C) 5 3 Hz], 209.3 [dd, 2 CO, 2J(P2C) 5 27, 3J(P2C) 5 5
Hz], 208.5 [d, 1 CO, 2J(P2C) 5 7 Hz], 117.92138.4 (m, phenyl),
51.6 [dt, N2CH3, 4J(P2C) 5 9, 4J(P2C) 5 3 Hz], 17.1 (s, xylyl-
CH3). 2 31P{1H} NMR: δ 5 102.6 [dd, P1(Fe), 213J(P12P2) 5

110, 314J(P12P3) 5 11, 213J(P12Pt) 5 70 Hz], 81.1 [dd, P2(Pt),
2J(P22P3) 5 8, 1J(P22Pt) 5 2837 Hz], 37.2 [dd, P3(Pt),
1J(P32Pt) 5 3810 Hz]. 2 195Pt{1H} NMR: δ 5 22717 [ddd,
213J(P12Pt) 5 70, 1J(P22Pt) 5 2837, 1J(P32Pt) 5 3808 Hz]. 2

C55H48BF4FeN2O3P3Pt ·0.5 CH2Cl2 (1215.66 1 42.47): calcd. C
52.98, H 3.93, N 2.23; found C 52.55, H 4.05, N 2.20.

Preparation of [(CO)3Fe{µ-CN(Me)xylyl}(µ-Ph2PNPPh2)Pt-
(PPh3)] (5): KOSiMe3 (3 mmol) was added to a suspension of 4
(0.5 mmol) in Et2O (25 ml). The deprotonated product gradually
dissolved within a period of 1 h. The yellow solution was then
filtered and concentrated under reduced pressure. After addition of
hexane, analytically pure 5 was precipitated. The product was fil-
tered off and was dried in vacuo for 2 h. Yield: (447 mg, 84%).
Suitable crystals for analysis by X-ray crystallography were ob-
tained by layering a concentrated solution of 5 in CH2Cl2 with
hexane. 2 IR (KBr): ν̃ 5 ν(CO) 2002 cm21 (m), 1934 (vs) ν(CO);
ν(CN) 1538 (w) ν(CN). 2 1H NMR: δ 5 2.22 (s, 6 H, xylyl-CH3),
2.67 (s, 3 H, NMe), 7.0127.85 (m, 38 H, phenyl). 2 13C{1H}
NMR: δ 5 312.0 [dd, µ-C, 2J(P2C) 5 80, 2J(P2C) 5 19 Hz],
209.8 [dd, 2 CO, 2J(P2C) 5 27, 3J(P2C) 5 6 Hz], 208.6 [d, 1
CO, 2J(P2C) 5 8 Hz], 117.92150.2 (m, phenyl), 51.4 [dt, N2CH3,
4J(P2C) 5 9, 4J(P2C) 5 4 Hz], 17.4 (s, xylyl-CH3). 2 31P{1H}
NMR: δ 5 88.0 [br. d, P1(Fe), 213J(P12P2) 5 130 Hz], 72.3 [br.
d, P2(Pt), 1J(P22Pt) 5 2554 Hz], 35.3 [d, P3(Pt), 2J(P22P3) 5 12,
1J(P32Pt) 5 3757 Hz]. 2 195Pt{1H} NMR: δ 5 22504 [br. dd,
1J(P22Pt) 5 2554, 1J(P32Pt) 5 3757 Hz]. 2 C55H47FeN2O3P3Pt
(1127.85): calcd. C 58.57, H 4.20, N 2.48; found C 58.25, H 4.05,
N, 2.10.

Crystal-Structure Determination of 3b [14] [15]: Collection of crys-
tallographic data: Siemens Stoe AED 2 diffractometer; Mo-Kα

radiation (λ 5 0.71073 Å), graphite monochromator; intensity data
were collected using the Ω/2Θ scan mode at 293 K.
C54H44F3N2FeO7P3PtS: yellow crystals with approximate dimen-
sions of 0.5 3 0.3 3 0.2 mm, triclinic, space group P1̄; a 5

13.105(3), b 5 14.387(3), c 5 14.997(7) Å, α 5 81.29(3), β 5

71.77(3), γ 5 78.09(3)°, V 5 2616.3(10) Å3, Z 5 2, ρcalcd 5 1.607
g cm23, F(000) 5 1260; 9608 independent reflections in the scan
range 2.38 < 2θ < 52.0°, of which 8455 with I > 2σ(I) were used
in the structure solution and refinement for 654 parameters; R1 5

Σ Fo 2 Fc /Σ Fo 5 0.0411[I > 2σ(I)], wR2 5 [Σw(Fo
2 2 Fc

2)2/ΣwF
o

4]1/2 5 0.1222 (all data), GoF 5 1.114; anisotropic refinement for
non-hydrogen atoms; hydrogen atoms in idealized geometries, ex-
cept for H(2), which was refined isotropically. Highest residual elec-
tron density 0.793 eÅ23.

Crystal Structure Determination of 5: Collection of crystallo-
graphic data: Siemens Stoe AED 2 diffractometer; Mo-Kα radiation
(λ 5 0.71073 Å), graphite monochromator; intensity data were col-
lected using the Ω/2Θ scan mode at 293 K. C55H47FeN2O3P3Pt:
yellow crystals with approximate dimensions of 0.65 3 0.4 3 0.35
mm, monoclinic, space group P21/c; a 5 11.026(6), b 5 18.524(9),
c 5 23.708(12) Å, β 5 90.49(4)°, V 5 4842.4(4) Å3, Z 5 4, ρcalcd 5

1.547 g cm23, F(000) 5 2256; 7614 independent reflections in the
scan range 1.72 < 2θ < 48.0°, of which 6095 with I > 2σ(I) were
used in the structure solution and refinement for 589 parameters;
R1 5 ΣuFo 2 Fcu/ΣuFou 5 0.0295 [I > 2σ(I)], wR2 5 [Σw(Fo

2 2 F
c
2)2/ΣwFo

4]1/2 5 0.0765 (all data), GoF 5 1.036; anisotropic refine-
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ment for non-hydrogen atoms; hydrogen atoms in idealized geo-
metries. Highest residual electron density 0.793 eÅ23.
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The mesogenic 4,49-bis[4-(n-octyloxy)benzoyloxy]azoben-
zene (HL) ligand reacts with [(PhCN)2PdCl2] to give the di-
nuclear cyclometalated complex [(µ-Cl)(L)Pd]2 (1), from
which the mononuclear half-sandwich [(η5-C5H5)(L)Pd] (2)
species has been obtained by reaction with Tl(C5H5). The PtII

analogue of 2, [(η5-C5H5)(L)Pt] (4), has been prepared in a

Introduction

Cyclometalation of group-10 metals[1] still attracts a
steady interest since the pioneering work of early sixties.[2]

The interest has been considerably revived upon the dis-
covery of thermotropic mesomorphism (i.e. liquid-crystal
behaviour under temperature variation) in some halo-
bridged dinuclear ortho-palladated complexes. [3] Since then,
the area of transition-metal-based mesogens (metallomesog-
ens) [4] has enlarged considerably, becoming rapidly a hot
topic in materials science. [5] [6] Although the variety of spec-
ies has increased in recent years, [7] [8] most molecular or-
ganometallic mesogens are of the cyclometalated type (and
cyclopalladated for the most part) and their chemistry is
predominantly that of planar 16-electron complexes.

Recently, we became involved in the design of high-coor-
dination-number mesogenic complexes, a challenging task
currently pursued by many different groups.[9] In a previous
communication we described the first examples of liquid-
crystalline cyclopalladated azobenzene complexes contain-
ing the η5-C5H5 ligand.[10] Our aim was to see whether the
(η5-C5H5)Pd fragment could be incorporated into a ther-
motropic molecule without suppressing its mesomorphism.
Following our communication, very recently, Lydon et
al. [11] reported similar compounds derived from mesogenic
Schiff bases. In particular, we proved that the use of sym-
metrically substituted nematogenic azobenzene ligands
(R 5 R9 5 C6H13; R 5 R9 5 OC6H13) leads to the isolation
of low-melting solids which do not exhibited liquid-crystal
behaviour, whilst a more anisotropic ligand (R 5 OC6H13,
R9 5 OCOC6H4OC8H17) gave a mesomorphic complex.
However, although the latter ligand was able to compensate
the reduction in structural anisotropy that originates from
the lateral substitution of the organic molecule with a bulky
(η5-C5H5)Pd group, a second problem arose. Metalation of
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similar manner starting from [(µ-Cl)(L)Pt]2 (3). Both dinuclear
complexes 1 and 3 display a smectic C phase (SC) stable over
80°C. Whereas 4 is the first example of an 18-electron PtII

mesogen, both mononuclear 2 and 4 are mesomorphic mate-
rials that exhibit a nematic phase spanning a wide tempera-
ture range.

the unsymmetrical azobenzene is not stereospecific, and a
pair of isomers was obtained as a result of reaction at either
one of the phenyl rings which form the azobenzene core.[10]

In order to gain more reliable mesogenic materials (in
terms of a reproducible thermal behaviour), it is preferable
to avoid isomeric mixtures with uncontrolled composition.
Therefore, we decided to go back to symmetrically substi-
tuted azobenzene ligands. Thus, taking advantage of the ob-
served beneficial role that the OCOC6H4OC8H17 group ex-
erts on the mesomorphism, we considered the 4,49-bis[4-(n-
octyloxy)benzoyloxy]azobenzene (HL) ligand.

We report here the synthesis of HL and its cyclometal-
ated (cyclopentadienyl)palladium(II) and -platinum(II) de-
rivatives. The mesomorphic properties of both the ligand
and complexes are also reported and discussed.

Results and Discussion

Synthesis

The synthesis of HL was carried out by esterification of
4-(n-octyloxy)benzoic acid and 4,49-dihydroxyazobenzene
in the presence of 1,3-dicyclohexylcarbodiimide and cata-
lytic amounts of 4-pyrrolidinopyridine. HL is a red solid
which was characterized by 1H-NMR spectroscopy (see Ex-
perimental Section).

The cyclopalladation of HL with [(PhCN)2PdCl2] in ben-
zene/methanol occurred with formation of the dinuclear
species [(µ-Cl)(L)Pd]2 (1) in good yield. Both the elemental
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analysis and 1H-NMR spectrum of 1 account for the ex-
pected formula (Experimental Section).

The subsequent bridge-splitting reaction with
Tl(C5H5)[10] [12] gives directly the monocyclopentadienyl
complex [(η5-C5H5)(L)Pd] (2). Compound 2 is a very sol-
uble, purple-blue (λmax 5 574 nm), air-stable solid. Beside
the signals of the o-deprotonated L ligand, the 1H-NMR
spectrum of 2 shows a singlet at δ 5 5.88 which corre-
sponds to a cyclopentadienyl ring bound in an η5 fash-
ion. [12b] [13] [14] The X-ray structure of the homologous [(η5-
C5H5)(pap)Pd] [pap 5 2-(phenylazo)phenyl] has been pre-
viously reported. The C5H5 fragment was observed to as-
sume an η5 coordination with relevant asymmetry in the
Pd2C bonds. [15]

Mesomorphic cycloplatinated complexes are still
rare[16] [17] [18] compared to their palladium counterparts.
Synthetic efforts were pushed forward when cycloplat-
ination under mild conditions became affordable through
the use of reagents such as [(µ-Cl)(η3-C4H7)Pt]2. [19] Thus,
we set out to prepare complex 4, the platinum analogue of
2. The best procedure involves the formation of the di-
nuclear precursor [(µ-Cl)(L)Pt]2 (3) through reaction of HL
and [(µ-Cl)(η3-C4H7)Pt]2 under reflux conditions. Complex
3 is a dark-red solid wherein o-platination is apparent from
its 1H-NMR spectrum (see Experimental Section). On
further treatment of the dinuclear species with Tl(C5H5) no
reaction occurred. As earlier noted by Cross et al. [20] this
same reaction did not take place for [(µ-Cl)(pap)Pt]2 what-
ever the excess of Tl(C5H5). The reaction instead smoothly
proceeds to the desired product if the addition of Tl(C5H5)
is preceded by bubbling CO through a solution of the
chloro-bridged cycloplatinated dimer.[20] Starting from 3, in
situ formation of the orange complex [(CO)(Cl)(L)Pt]
[ν̃CO 5 2102 cm21 (KBr)] was followed by the chloride dis-
placement reaction on addition of an excess of Tl(C5H5).
Complex [(η5-C5H5)(L)Pt] (4) was recovered as a dark-red
(λmax 5 520 nm), air-stable solid upon purification by cro-
matography on silica gel. The 1H-NMR spectrum of 4
shows in the region of aromatic protons the pattern typical
for an o-metalated phenyl ring with no nJ(1H195Pt) cou-
pling. A singlet at δ 5 5.87, showing satellites due to 195Pt
coupling (3JPtH 5 13 Hz), can be safely assigned to an η5-
C5H5 ligand.[12b]

Mesomorphic Properties

The mesomorphic properties of the parent ligand HL
and complexes 124 are reported in Table 1. The meso-
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phases were assigned on the basis of their optical textures
observed by thermal polarizing microscopy. Thermal and
thermodynamic data were obtained through differential
scanning calorimetry (DSC).

Table 1. Phase-transition data and assignments[a] for HL, [(µ-
Cl)(L)M]2 [M 5 Pd (1); Pt (3)], [(η5-C5H5)(L)M] [M 5 Pd (2); Pt

(4)]

Compound Transition T [°C] ∆H [kJ mol21]

HL C2SC 140.0 26.5
SC2N 160.0 1.5
N2I 314.1 3.2

1 C2C9 149.1 13.0
C92SC 249.7 39.4
SC2I 330.7[b]

2 C2N 142.8 37.5
N2I 226.2 2.8

3 C2SC 262.9 37.1
SC2I 342.0[b]

4 C2N 160.4 40.8
N2I 250.0[b]

[a] C: crystal; SC: smectic C; N: nematic; I: isotropic liquid. 2 [b] De-
composition.

HL exhibited enantiotropic smectic C (SC) and nematic
(N) phases, and both showed a marbled texture. Notwith-
standing this, the SC2N transition was clearly indicated by
the appearance of characteristic transition bars. [21] The me-
somorphism of HL is dominated by the nematic state which
occurs over a wide range (some 150°C), whereas the fairly
high clearing temperature is related to the high polariz-
ability of the large rigid core of the molecule.

The dinuclear chloro-bridged complexes [(µ-Cl)(L)M]2
(1, 3) are mesogens which display only a smectic C phase
(schlieren texture) between 249 and 330°C for 1 and be-
tween 262 and 342°C for 3 and decompose at the clearing
point. The metal complexation in both cases narrows the
mesomorphic range of the ligand with transition tempera-
tures for the platinum complex 3 higher than those of the
palladium homologue.

The mononuclear palladium complex 2 melted to a ne-
matic phase which exhibited a marbled texture on heating
and a schlieren one on cooling from the melt. Thus, the
mesomorphism of the mononuclear palladium derivative
becomes dominated by the nematic phase. This is not sur-
prising if one considers the presence of a large substituent
(i.e. the organometallic fragment) in the middle of the mol-
ecule (which opposes lateral interactions)[9c] [22] and of the
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two medium-sized alkyl chains (which are unable to stabi-
lize smectic behaviour in this case). With respect to HL,
the mononuclear compound 2 preserves a similar melting
temperature although the stability of the nematic phase is
much reduced. Both the presence of a single, nematic phase
and the substantial lowering of the clearing point (some
90°C) are a likely consequence of the reduced anisotropy
of molecular shape, [9d] [9e] [23] [24] at least if no further effects
(e.g. changes in the polarizability anisotropy and/or dipole
moment variations following the lateral substitution) must
be taken into account.

Changing palladium complex 2 for platinum complex 4
increases about 20°C both the melting and the clearing tem-
peratures of the complex (Table 1), in line with the expected
increase in polarizability by introduction of platinum. This
trend has been seen at work in other Pd and Pt homologous
series of calamitic mesogens. [15] [18] [25] However, more ex-
amples are needed to establish a general, less controversial
behaviour since an opposite trend has occasionally been ob-
served. [26] The increased stability of the nematic phase of 4
with respect to 2 is, however, thwarted by its lower thermal
stability (toward decomposition) in the isotropic state.

Conclusions

Palladium(II) and platinum(II) mesogens are commonly
available as planar, 16-electron species. In principle, the pos-
sibility to prepare metallomesogens with higher coordi-
nation numbers is restricted only by the loss of structural
anisotropy as a consequence of extra coordination. How-
ever, from related studies on high-coordination-number cal-
amitic mesogens we know that this disadvantage can be
overcome by using ligands with high structural aniso-
tropy.[22]

We have now demonstrated that the metalation of the
highly anisotropic, mesogenic HL ligand through well-
tested synthetic procedures allows the formation of 18-elec-
tron PdII and PtII species which are nematic liquid crystals.
Interestingly, reporting the only other example of an 18-
electron half-sandwich, isomerically pure palladium me-
sogen, the authors have pointed out the high tendency of
this class of compounds to give preferentially nematic
phases. [11] [27] In conclusion, sterically demanding or-
ganometallic PdII and PtII mesogens can be conveniently
prepared using the cyclopentadienyl group as a co-ligand.
Whilst the only price to pay at this stage is a reduction in
thermal stability of the mesogenic azobenzene precursor,
this approach opens the way to further novel organometal-
lic materials with interesting physical properties.

We thank the Ministero dell9Università e della Ricerca Scientifica
e Tecnologica (MURST) and the Consiglio Nazionale delle Ricerche
(CNR) for financial support.

Experimental Section
4-(n-Octyloxy)benzoic acid, 1,3-dicyclohexylcarbodiimide

(DCC), 4-pyrrolidinopyridine (PPy), and thallium cyclopentadien-
ide were available from Aldrich, and they were used as received.
4,49-Dihydroxyazobenzene was prepared according to a published
method.[28] 2 IR spectra were recorded as KBr pellets or nujol
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mulls with a Perkin Elmer System-2000 FT spectrophotometer. 2
1H-NMR spectra were obtained with a Bruker AC300 spectrometer
with tetramethylsilane as an internal standard. 2 Elemental analy-
ses were performed using a Perkin Elmer 2400 microanalyzer. 2

Absorption spectra were recorded with a Hitachi U-2000 spectro-
photometer. 2 Phase transitions and optical textures were assigned
by thermal optical microscopy by means of a Zeiss Axioskop polar-
izing microscope, equipped with a heating stage and a temperature-
control unit. Transition temperatures and enthalpies were deter-
mined by differential scanning calorimetry (DSC) using a Perkin
Elmer DSC-7 calorimeter operating at a scanning rate of 10°C
min21.

4,49-Bis[4-(n-octyloxy)benzoyloxy]azobenzene (HL): A mixture
of 4,49-dihydroxyazobenzene (0.40 g, 1.87 mmol), 4-(n-octyloxy)-
benzoic acid (0.94 g, 3.74 mmol), DCC (0.85 g, 4.11 mmol), and
PPy (0.055 g, 0.37 mmol) in dichloromethane (40 ml) was stirred
at room temperature for 7 d. A grey solid was filtered off and the
orange filtrate was washed with H2O (2 3 30 ml), 5% CH3COOH
(2 3 25 ml), and H2O (2 3 30 ml). The organic layer was dried
with NaSO4, then taken to dryness under reduced pressure. The
yellow solid residue was recrystallized from dichloromethane/di-
ethyl ether. Yield 0.69 g (54%). 2 1H NMR (300 MHz, CDCl3):
δ 5 8.17 (d, J 5 8.8 Hz, 2 H, Ha,d), 8.01 (d, J 5 8.8 Hz, 2 H,
H2,6), 7.37 (d, J 5 8.8 Hz, 2 H, H3,5), 6.99 (d, J 5 8.8 Hz, 2 H,
Hb,c), 4.05 [t, J 5 6.6 Hz, 2 H, OCH2(CH2)6CH3], 1.83 [m, 2 H,
OCH2CH2(CH2)5CH3], 1.5021.29 [m, 10 H,
OCH2CH2(CH2)5CH3], 0.90 (t, J 5 6.6 Hz, 3 H, CH3). 2 IR
(KBr): ν̃ 5 1740, 1730 cm21 (COO). 2 C42H50N2O6 (678.9): calcd.
C 74.31, H, 7.42, N, 4.13; found C 73.86, H, 7.45, N, 4.36.

Preparation of [(µ-Cl)(L)Pd]2 (1): A suspension of the HL li-
gand (0.3 g, 0.44 mmol) in methanol (15 ml) was added to a stirred
solution of an equimolar amount of [(PhCN)2PdCl2] in benzene
(15 ml) and the mixture was heated for 48 h at 100°C. The resulting
orange solid was filtered off and recrystallized from hot methanol.
Yield 0.29 g (80%). 2 1H NMR (300 MHz, CDCl3): δ 5 8.09 (d,
2 H, Ha,d), 8.07 (d, 2 H, Ha9,d9), 7.92 (d, 2 H, H29,69), 7.89 (d, 1 H,
H6), 7.34 (d, 2 H, H39,59), 7.18 (d, 1 H, H3), 7.13 (dd, 1 H, H5),
6.92 (d, 2 H, Hb,c), 6.89 (d, 2 H, Hb9,c9), 4.03 [t, 2 H,
OCH2(CH2)6CH3], 3.97 [t, 2 H, OCH2(CH2)6CH3]. 2

C84H98Cl2N4O12Pd2 (1639.4): calcd. C 61.54, H 6.02, N 3.42; found
C 61.35, H 6.11, N 3.07.

Preparation of [(η5-C5H5)(L)Pd] (2): Tl(C5H5) (0.03 g, 0.12
mmol) was added to a solution of [Pd(µ-Cl)(L)]2 (0.1 g, 0.06 mmol)
in benzene (10 ml) and the mixture was stirred under nitrogen.
After 4 h, the mixture was filtered and the dark filtrate was concen-
trated in a rotary evaporator. Recrystallization of the solid residue
from chloroform/ethanol afforded the product as a dark blue mi-
crocrystalline solid. Yield 0.083 g (80%). 2 1H NMR (300 MHz,
CDCl3): δ 5 8.28 (d, J 5 8.6 Hz, 1 H, H6), 8.17 (d, J 5 8.8 Hz, 2
H, Ha,d), 8.16 (d, J 5 8.8 Hz, 2 H, Ha9,d9), 7.93 (d, J 5 8.8 Hz, 2
H, H29,69), 7.72 (d, J 5 2.3 Hz, 1 H, H3), 7.27 (d, J 5 9.0 Hz, 2 H,
H39,59), 7.08 (dd, J 5 8.6, 2.3 Hz, 1 H, H5), 6.99 (d, J 5 8.8 Hz, 4
H, Hb,c 1 Hb9,c9), 5.88 (s, 5 H, Cp), 4.06 [t, J 5 6.6 Hz, 4 H,
OCH2(CH2)6CH3], 1.84 [m, 4 H, OCH2CH2(CH2)5CH3],
1.5121.30 [m, 20 H, OCH2CH2(CH2)5CH3], 0.90 (t, J 5 6.6 Hz,
6 H, CH3). 2 IR (nujol): ν̃ 5 1724 cm21 (COO). 2 UV/Vis (3 3

1025  CHCl3 solution): λmax (ε) 5 264 (56300), 331 (18100), 418
(11850), 574 nm (5780). 2 C47H54N2O6Pd (849.3): calcd. C 66.46,
H 6.41, N 3.30; found C 67.02, H 6.41, N 3.05.

Preparation of [(µ-Cl)(L)Pt]2 (3): A solution of [(µ-Cl)(η3-
C4H7)Pt]2 (0.08 g, 0.15 mmol) and HL ligand (0.2 g, 0.30 mmol)
in 15 ml of toluene was refluxed for 12 h and then cooled. The



M. Ghedini, F. Neve, D. PucciFULL PAPER
precipitate was collected by filtration and purified by recrystalliza-
tion from chloroform/diethyl ether to give a dark-red solid. Yield
0.174 g (65%). 2 1H NMR (300 MHz, CDCl3): δ 5 8.10 (d, J 5

9.1 Hz, 2 H, Ha,d), 8.07 (d, J 5 9.1 Hz, 2 H, Ha9,d9), 7.96 (d, J 5

8.4 Hz, 1 H, H6), 7.86 (d, J 5 8.8 Hz, 2 H, H29,69), 7.39 (d, J 5 8.8
Hz, 2 H, H39,59), 7.13 (d, J 5 2.0 Hz, 1 H, H3), 7.09 (dd, J 5 8.4,
2.0 Hz, 1 H, H5), 6.94 (d, J 5 9.1 Hz, 2 H, Hb,c), 6.89 (d, J 5 9.1
Hz, 2 H, Hb9,c9), 4.04 [t, J 5 6.6 Hz, 4 H, OCH2(CH2)6CH3], 4.00
[t, J 5 6.6 Hz, 4 H, OCH2(CH2)6CH3]. 2 C84H98Cl2N4O12Pt2

(1816.8): calcd. C 55.53, H 5.46, N 3.08; found C 56.23, H 5.64,
N 3.31.

Preparation of [(η5-C5H5)(L)Pt] (4): A brown suspension of
[(µ-Cl)(L)Pt]2 (0.14 g, 0.08 mmol) in benzene/diethyl ether (50 ml,
3:2, v/v) turned dark-orange after bubbling CO through the mix-
ture and stirring was continued for 3 h. Tl(C5H5) (0.21 g, 0.78
mmol) was added to the mixture which turned dark-red, then dark-
violet within 1 h. After filtration of the greyish solid, the solution
was concentrated in a rotary evaporator to give a sticky, dark solid.
The crude product was chromatographed by using silica gel with
n-hexane/diethyl ether (1:1) as eluent. The product was eluted first
as a dark-red fraction. Removal of the solvent afforded 4 as a dark-
red powder. Yield 0.083 g (55%). 2 1H NMR (300 MHz, CDCl3):
δ 5 8.33 (d, J 5 8.7 Hz, 1 H, H6), 8.18 (d, J 5 8.9 Hz, 2 H, Ha,d),
8.17 (d, J 5 8.9 Hz, 2 H, Ha9,d9), 7.84 (d, J 5 8.9 Hz, 2 H, H29,69),
7.82 (d, J 5 2.4 Hz, 1 H, H3), 7.27 (d, J 5 8.9 Hz, 2 H, H39,59),
7.01 (dd, J 5 8.7, 2.4 Hz, 1 H, H5), 6.98 (d, J 5 8.8 Hz, 4 H, Hb,c

1 Hb9,c9), 5.87 [s, 3J(PtH) 5 13 Hz, 5 H, Cp], 4.06 [t, J 5 6.6
Hz, 4 H, OCH2(CH2)6CH3], 1.84 [m, 4 H, OCH2CH2(CH2)5CH3],
1.4921.30 [m, 20 H, OCH2CH2(CH2)5CH3], 0.90 (t, J 5 6.6 Hz,
6 H, CH3). 2 IR (nujol): ν̃ 5 1722 cm21 (COO). 2 UV/Vis (3 3

1025  CHCl3 solution): λmax (ε) 5 263 (30270), 342 (8400), 366
(8200), 520 nm (6450). 2 C47H54N2O6Pt (938.0): calcd. C 60.18, H
5.80, N 2.99; found C 60.40, H 5.81, N 2.91.
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Indenyllithium reacts with dichlorobis(dimethylamino)dibo-
rane(4) with formation of bis(dimethylamino)bis(1-indenyl)-
diborane(4) which rearranges on heating to the isomer bis(di-
methylamino)bis(3-indenyl)diborane(4). The “mixed” bis(di-
methylamino)(1-indenyl)(3-indenyl)diborane(4) is obtained
from indenyllithium and chlorobis(dimethylamino)(3-inden-

Bis(dimethylamino)diorganyldiboranes(4) (Me2N)RB2
BR(NMe2) may either be reduced to their dianions
[B2(NMe2)2R2]22 which feature a B5B double bond[2] or
may be deprotonated to a diborabutadiene dianion [R925
B(NMe2)2B(NMe2)5R9]22 (R9 5 CHR92) provided that
the organyl group carries a sufficiently acidic hydrogen
atom[3]. The first route has been verified for R 5 phenyl, [2]

the second for R9 5 fluorenyl[3] [4] and benzyl [5]. The alkali-
metal salts of B2(NMe2)2(CR92)2

22 not only show a notice-
able variation of structures[3] [5] but have also proved to be
useful reagents for the preparation of new heterocycles such
as 1-stanna-3,4-diborolanes or 1-plumba-3,4-diborolanes
and 1,2-diboretanes[6]. Other diorganyldiboranes(4) that
might readily be deprotonated are indenyl and cyclopen-
tadienyl derivatives. These are expected to exhibit a differ-
ent reactivity compared to the fluorenyldiborane(4) com-
pounds because they are less acidic, are sterically less de-
manding, and their alkali-metal salts may therefore display
different structural motifs. Here we report on the synthesis
and structural characterisation of bis(dimethylamino)bis(in-
denyl)diboranes(4)[7].

Synthesis

There are at least four different synthetic pathways by
which the synthesis of bis(dimethylamino)bis(indenyl)di-
boranes(4) can be achieved. These are summarized in
Scheme 1.

The most straightforward pathway is described by eq. 1
while the route shown in eq. 2 may suffer from depro-
tonation of the indenyl group; this would lead to B2C
bond formation in competition to B2B bond formation.

[e] Part 241: Ref. [1].
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yl)diborane(4). The main structural differences between the
two isomers 3 and 4 are a slightly shorter B2B bond in 4, as
well as a stronger twist about the B2B bond (89.9° vs. 67.4°)
and, as expected, a shorter B2C bond. There is, however, no
significant B2C π bonding.

Scheme 1

The results of eq. 3 depend on the acidity of indene and the
Lewis acidity of the boron atoms in B2(NMe2)2(ind)2 which
may prevent the liberation of Me2NH and hence the syn-
thesis of B2(NMe2)2(ind)2. The substituent exchange ac-
cording to eq. 4 is prevented simply by the access to tri(in-
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denyl)borane, an as yet unknown triorganylborane. Conse-
quently we studied the reaction described by eq. 1.

In toluene a surprising result was observed as even after
20 h at ambient temperature only monosubstitution with
formation of chlorobis(dimethylamino)(indenyl)diborane(4)
(1) occurred which was present in solution as the 1-indenyl
isomer (eq. 5). On distillation 1 converted into the 3-indenyl
isomer 2 (eq. 6).

However, when a small amount of THF was added to
the reaction mixture as described by eq. 1 then 1 was only
an intermediate on route to bis(dimethylamino)bis(1-in-
denyl)diborane. Under these conditions 3 was formed and
isolated in acceptable yields (55%).

Heating solutions of 3 in toluene under reflux converted
this compound into its bis(3-indenyl)derivative 5. Following
this rearrangement using 1H- and 13C-NMR spectroscopy
provided evidence that the “mixed” isomer 4 is an inter-
mediate. Actually, 4 can be readily prepared from the
chloro(3-indenyl)diborane(4) 2 by allowing it to react with
Li(ind) at ambient temperature as shown in eq. 7.

Experiments designed to obtain bis(cyclopentadienyl)bis-
(dimethylamino)diborane(4) have so far failed. The reaction
of TlCp with (Me2N)2B2Cl2 in toluene led to a solution that
contained primarily the starting diborane(4) compound in
addition to unidentified products (ratio 9:1 according to
11B-NMR spectroscopy). Activation by ultrasound or re-
placement of TlCp by NaCp and the use of THF as a sol-
vent lead to ether cleavage.

NMR Spectra

NMR-spectroscopic data on compounds 225 are sum-
marized in the Experimental Section. Assignments were
made from the analysis of 1H-1H-COSY and 1H-13C-
HETCOR experiments.

The 11B resonances of the indenyldiboranes(4) 325 all lie
in a very narrow range, δ 5 48 ± 2, irrespective of whether
the indenyl group is present as the 1- or 3-isomer. However,
the linewidth increases as the number of the 3-indenyl
groups increases. The observed shielding corresponds to di-
alkylbis(dimethylamino)diboranes(4)[8]. 3-Indenyl groups
should actually lead to a better shielding due to possible
B2C π bonding as observed for amino(vinyl)boranes[9].
Therefore, we can assume that the 3-indenyl group is not
coplanar with the B2NC plane. Two 1H- and 13C-NMR sig-
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nals for the dimethylamino group in 5 indicate hindered
rotation about the B2N bonds. In the case of compound 4
there are even four 1H-NMR signals of equal intensity as
well as four 13C resonances, which again demonstrate hin-
dered rotation about the B2N bonds. Surprisingly, com-
pound 3 displays eight signals for the Me2N groups in the
1H-NMR spectrum and shows six 13C resonances. This fact
can only be rationalized by assuming the presence of rota-
mers.

Compound 2 is exceptional in so far as one would expect
two separated 11B-NMR signals but only one is actually
observed. This can be explained by an inductive effect of
the B(Cl)NMe2 group which brings about stronger B2N
bonding on the neighbouring R(Me2N)B group, as indi-
cated by a deshielding of the protons of the dimethylamino
groups. It is a well-known phenomenon that the 13C reso-
nances of carbon atoms bound to a boron atom are often
difficult to detect due to the quadrupole-induced broaden-
ing of its resonance[8]. Thus only the 13C resonances of the
C atom of the 1-indenyl compounds could be determined
but not those of the 3-indenyl groups.

The NMR data also suggest free rotation about the B2B
bond. However, for the bis(1-indenyl)diborane(4) 3 hin-
dered rotation about the B2C bonds may also be possible.
Nevertheless, no firm conclusions as to the structure of the
dominant conformation could be derived from NMR
experiments. We therefore determined the molecular struc-
tures by X-ray crystallography although the results are, of
course, restricted to the solid state.

Molecular Structures

Two of the indenyldiboranes(4) gave single crystals from
hexane solutions suitable for an X-ray diffraction study.
Figures 1 and 2 depict the results whilst Table 1 contains
the bonding parameters.

The molecular structures of 3 and 4 confirm the con-
clusions drawn from the NMR data that 3 contains 1-in-
denyl groups only, while 4 carries both a 1-indenyl and 3-
indenyl substituent.

A significant structural feature of both compounds is the
B2B bond, which seems to be slightly longer in 3 than in
4. However, both B2B bonds are longer than found for
the comparable diborane(4) derivatives 1,2-difluorenyl-1,2-
dipyrrolidinodiborane(4) [1.697(4) Å] [10], 1,2-bis(dimethyl-
amino)-1,2-bis(phenylethynyl)diborane(4) [1.696(8) Å] [10],
1,2-bis(dimethylamino)-1,1-diphenyldiborane(4) [1.714(4)
Å] and 1,2-bis(dimethylamino)-1,2-dimesityldiborane(4)
[1.72(1) Å] [11]. It appears from these data that the B2B
bond length increases slightly when tetracoordinated C
atoms are replaced by trigonal-planar C atoms.

B2N π bonding is indicated by the B2N bond lengths
in compounds 3 and 4 which range from 1.386(4)21.403(2)
Å; this fits not only with the hindered rotation about the
B2N bonds but also with many other B2N bond lengths
of aminoboranes(4)[11]. However, one should note that in
compound 4 the longer B2N bond is associated with the
boron atom that carries the 1-indenyl substituent. The
shorter B2N bond is found at the boron atom with the 3-
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Table 1a. Selected bond lengths [Å] and bond angles [°] of com-
pounds 3 and 4; estimated standard deviations are given in paran-

theses

Bond lengths 3 4 Bond angles 3 4

B12B2 1.726(4) 1.716(3) N12B12C5 121.6(2) 119.3(2)
B12N1 1.393(4) 1.403(2) N12B12B2 122.1(3) 121.8(2)
B22N2 1.386(4) 1.390(4) C52B12B2 116.3(2) 118.8(1)
B12C5 1.631(4) 1.621(3) C142B22N2 118.0(3) 120.4(2)
B22C14 1.640(5) 1.583(5) N22B22B1 123.2(3) 125.7(2)
C52C6 1.495(5) 1.512(2) C142B22B1 118.6(3) 113.9(2)
C62C7 1.341(4) 1.331(3) B12N12C4 126.1(3) 126.7(2)
C72C8 1.459(5) 1.470(3) C42N12C3 111.4(3) 111.2(2)
C82C9 1.401(4) 1.402(3) B12N12C3 122.5(3) 122.1(2)
C92C5 1.516(4) 1.509(3) B22N22C2 122.9(3) 123.1(2)

C142C15 1.537(5) 1.351(3) B22N22C1 126.2(3) 124.9(2)
C152C16 1.307(5) 1.505(3) C12N22C2 110.9(3) 111.9(2)
C162C17 1.498(5) 1.504(3) B12C52C9 120.9(2) 107.0(1)
C172C18 1.386(5) 1.403(3) B12C52C6 113.1(2) 114.4(1)
C142C18 1.484(5) 1.488(2) B22C142C18 115.5(2) 127.3(2)

B22C142C15 113.0(3) 125.8(2)

Table 1b. Selected torsion and interplanar angles [°] of compounds
3 and 4

Torsion angles 3 4 Interplanar angles 3 4

N12B12B22N2 67.4 89.9 C52C9/C142C18 104.2 3.4
C12N22B22B1 177.6 2178.6 C82C13/C172C22 105.9 5.6
C42N22B12B2 2174.4 168.8 C142B22N2/ 65.3 92.3

C52B2N1
C52B12B22C14 63.6 85.9

Figure 1. The molecular structure of the bis(1-indenyl)diborane(4)
derivative 3 in the crystal; thermal ellipsoids are shown on a 25%
probability level; hydrogen atoms (except those of the unique CH2

groups) are omitted for clarity

indenyl group; this atom is expected to participate in B2C
π bonding with a consequent weakening of B2N π bond-
ing.

As expected the lengths of the B2C bonds to the 1-in-
denyl groups are longer than the B2C bonds of the 3-inde-
nyl substituent reflecting the different hybridization at the
carbon atoms. Moreover, the C2C bond lengths clearly
show that there is no electron delocalisation in the five-
membered rings, and even the benzo rings show signifi-
cantly different C2C bond lengths due to the disturbance
by the o-disubstitution.
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Figure 2. The molecular structure of the “mixed” bis(1-indenyl)di-
borane(4) derivative 4 in the crystal; thermal ellipsoids are drawn
on a 25% probability level; hydrogen atoms (except for the unique

CH and CH2 group) are omitted for clarity

Strong B2N π bonding is indicated not only by short
B2N bond lengths but also by planar geometry around the
nitrogen and boron atoms. This is the case for these atoms
in 3 and 4. Moreover, the C2N plane should be coplanar
with the B2C plane, e.g. the torsion angle C2N2B2B
should be 0°. This is almost fulfilled for both compounds
under consideration, the largest torsion angle being 11.0°
(C112N12B12B2 in 4). While there is little difference be-
tween the two molecules there is a large conformational dif-
ference in the N2B2B2N torsion angle which is 67.4° for
3 but 89.9° for 4. Another feature that determines the mo-
lecular shape of these molecules in the solid state is the
orientation of the respective C3 parts of the indenyl groups.
For 3 the C5C6C9 plane is twisted against the N1B1B2
plane by 75.2°, and the C14C15C18 plane twisted against
the N2B2B1 plane by 68.6°. In contrast, the C14C15C18
plane of the 3-indenyl group is rotated out of the N2B2B1
plane by 63.0° while the C5C6C9 plane is twisted against
the N1B1B2 plane by 71.6°. As can be seen from Figure 1
the 1-indenyl groups are arranged in such a manner that
the unique CH protons (on C5, C14) point in the same
direction. This conformation is rather similar to that found
in bis(dimethylamino)difluorenyldiborane(4)[10].

Discussion

The study of the indenyldiboranes(4) 225 show conclu-
sively that the 1-indenyl derivatives represent the kinetic
products while the 3-indenyl isomers are the stable thermo-
dynamic products. The former are obtained from indenyl-
lithium and B2Cl2(NMe2)2 at ambient temperature and re-
arrange to the latter on heating of their toluene solutions
or on distillation. Although one might expect that the driv-
ing force for the rearrangement is due to B2C π bonding,
the molecular structure of 4 provides no support for this
assumption because the 3-indenyl group is oriented orthog-
onally to the NB2 plane, thus ruling out any B2C π-bond-
ing contribution. This, however, need not be the case in
solution.

Similar behaviour has been observed for cyclopentadien-
ylboranes. Grundke and Paetzold[12] have shown that cyclo-
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pentadienylboranes RCp2BEt2 are present as the isomer A,
and they found no NMR-spectroscopic evidence for iso-
mer B.

Moreover, Jutzi and Seufert demonstrated that both the
methyl and dihalogenoboryl group of the cyclopentadienyl-
dihalogenoborane are only bonded to a vinylic carbon
atom, e.g. like C, and the structure D follows for bis(dihalo-
genoborylcyclopentadiene) from NMR data[13]. When pro-
tic shifts are excluded, as is the case for (pentamethylcyclo-
pentadienyl)boranes Cp*BX2 (X 5 Cl, Br, I, NMe2) rapid
sigmatropic rearrangements are observed, except for X 5
NMe2 which possesses a static structure E at ambient tem-
perature showing both vinylic- and allylic-bound methyl
groups[14]. The indenyldiboranes reported here therefore
represent the first examples where both the allylic and the
vinylic isomeric species could not only be detected by NMR
methods but also isolated. This is due to the fact that the
1,3-sigmatropic rearrangement of the proton occurs slowly
and, of course, raises the question of whether indenylbor-
anes (ind)3 2 xBXx behave similarly. We will report on these
results in due course.

Experimental Section
General: All experiments were performed under anhydrous con-

ditions using Schlenk techniques under N2 or Ar. All reagents were
purified before use either by distillation or crystallization. 2 El-
emental analysis using a Haereus MX instrument were done at the
Institute9s microanalytical laboratory. 2 IR: Perkin FT. 2 MS: At-
las CH7, 70 eV ionisation energy. 2 NMR: JEOL GSX 270 and
JEOL EX 400, internal TMS (1H, 13C), external BF3 ·OEt2 (11B).
2 X-ray: Siemens P4 with CCD area detector, SAINT software for
data reduction; SHELX97 program package for structure solution
and refinement. Numbering scheme of the NMR data refer to for-
mulae 325.

1-Chloro-1,2-bis(dimethylamino)-2-(3-indenyl)diborane(4) (2):
By analogy to the preparation of 3, B2Cl2(NMe)2 (2.96 g, 16.4
mmol) in toluene (50 ml) was treated with a suspension of Li(ind)
(2.0 g, 16.4 mmol) in toluene (30 ml) at 278°C. The insoluble mate-
rial (found 0.67 g, calcd. for LiCl: 0.69 g) was removed after 2 d.
2 could not be crystallized from hexane, but was distilled at
95298°C/1023 Torr as a colourless viscous oil. Yield: 2.53 g of 2
(63%).2 C13H19B2ClN2 (260.38): calcd. C 59.97, H 7.35, N 10.76;
found C 59.48, H 7.37, N 10.59. 2 11B NMR (64 MHz, C6D6):
δ 5 43.6 [h1/2 5 480 Hz, B2(NMe2)2(1-ind)2] 2 1H NMR (400
MHz, C6D6): δ 5 7.53 [d, 1 H, 3J(H,H) 5 7.7 Hz, indenyl: H5/8],
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7.37 [d, 1 H, 3J(H,H) 5 7.4 Hz, indenyl: H5/8], 7.29 [t, 1 H,
3J(H,H) 5 7.7 Hz, indenyl: H6/7], 7.15 [t, 1 H, 3J(H,H) 5 7.4 Hz,
indenyl: H6/7], 6.55 [t, 1 H, 3J(H,H) 5 2.1 Hz, indenyl: H2], 3.21
[d, 2 H, 3J(H,H) 5 1.8 Hz, indenyl: H3], 2.74 [s, 3 H, N(CH3)],
2.61 [s, 3 H, N(CH3)], 2.54 [s, 3 H, N(CH3)], 2.52 [s, 3 H, N(CH3)]
2 13C NMR (100 MHz, C6D6): δ 5 148.5 (indenyl: C4), 144.9
(indenyl: C9), 137.1(indenyl: C2), 126.5 (indenyl: C8), 124.5 (inden-
yl: C5), 124.1 (indenyl: C7), 122.5 (indenyl: C6), 44.2 [2N(CH3)],
41.9 [2N(CH3)], 41.1 [2N(CH3)], 40.6 (indenyl: C3), 37.5
[2N(CH3)].

1,2-Bis(dimethylamino)-1,2-bis(1-indenyl)diborane(4) (3): B2-
(NMe2)2Cl2 [15] (5.06 g, 28.0 mmol) was dissolved in toluene (20
ml) and the solution cooled to 278°C. A suspension of lithiumin-
denide (6.84 g, 56.0 mmol), which had been freshly prepared from
indene and butyllithium in toluene (90 ml), was added under vigor-
ous stirring. The suspension was allowed to attain ambient tem-
perature within 18 h, and was then heated for 3 h at 68°C, while
stirring was continued. At this time the 11B-NMR spectrum showed
only a single-resonance signal of the monosubstituted product
Cl(Me2N)B2B(NMe2)ind; 0.3 ml of THF was then added to the
yellow suspension and the insoluble material was removed by cen-
trifugation after 1h. After washing with toluene (20 ml) and drying
in vacuum, 2.25 g (calcd. 2.38 g for LiCl) of the almost white insol-
uble material were obtained. Toluene was removed from the com-
bined solutions in vacuum leaving behind a yellowish mass of
honey-like appearance. It was then dissolved in hot hexane (75 ml).
Some insoluble materials were removed by filtration, and crystals
separated within 7 d at 220°C. Yield: 5.2 g of 3 (55%), m.p.
1432145°C. 2 C22H26B2N2 (340.08): calcd. C 77.70, H 7.71, N
8.24; found C 75.94, H 7.75, N 8.14. 2 11B NMR (64 MHz, C6D6):
δ 5 48.6 [h1/2 5 520 Hz, B2(NMe2)2(1-ind)2] 2 1H NMR (400
MHz, C6D6): δ 5 7.44 ( m, indenyl: Harom), 7.38 (m, indenyl:
Harom), 7.23 (m, indenyl: Harom), 6.88 [dd, 2 H, 3J(H,H) 5 5.4 Hz,
4J(H,H) 5 2.2 Hz, indenyl: H3], 6.81 [dd, 4 H, 3J(H,H) 5 5.4 Hz,
4J(H,H) 5 2.2 Hz, indenyl: H3], 6.78 [dd, 1 H, 3J(H,H) 5 5.4 Hz,
4J(H,H) 5 2.2 Hz, indenyl: H3], 6.62 [dd, 2 H, 3J(H,H) 5 5.4 Hz,
4J(H,H) 5 2.0 Hz, indenyl: H3], 6.29 (dd, 4 H, 3J(H,H) 5 5.4 Hz,
3J(H,H) 5 1.9 Hz, indenyl: H2], 6.25 [dd, 2 H, 3J(H,H) 5 5.4 Hz,
3J(H,H) 5 1.8 Hz, indenyl: H2], 6.24 [dd, 1 H, 3J(H,H) 5 5.4 Hz,
3J(H,H) 5 1.9 Hz, indenyl: H2], 6.13 [dd, 2 H, 3J(H,H) 5 5.4 Hz,
3J(H,H) 5 1.8 Hz, indenyl: H2], 3.42 (br. s, indenyl: H1), 3.39 (br.
s, indenyl: H1), 3.37 (br. s, indenyl: H1), 3.36 (br. s, indenyl: H1),
2.58 [s, 6 H, N(CH3)2], 2.50 [s, 6 H, N(CH3)2], 2.48 [s, 3 H,
N(CH3)2], 2.35 [s, 12 H, N(CH3)2], 2.34 [s, 12 H, N(CH3)2], 2.27 [s,
3 H, N(CH3)2], 2.23 [s, 36 H, N(CH3)2], 2.18 [s, 6 H, N(CH3)2]. 2
13C NMR (100 MHz, C6D6): δ 5 148.9 (Cq(arom.)), 148.6 (Cq(arom.)),
148.3 (Cq(arom.)), 148.0 (Cq(arom.)), 145.9 (Cq(arom.)), 145.7 (Cq(arom.)),
139.8 (indenyl: C2), 138.7 (indenyl: C2), 138.3 (indenyl: C2), 138.0
(indenyl: C2), 129.6 (indenyl: C3), 129.6 (indenyl: C3), 129.4 (inden-
yl: C3), 129.3 (indenyl: C3), 125.3 (Carom.), 125.3 (Carom.), 124.2 (Ca-

rom.), 124.1 (Carom.), 124.0 (Carom.), 123.9 (Carom.), 123.9 (Carom.),
123.8 (Carom.), 123.8 (Carom.), 123.7 (Carom.), 121.3 (indenyl: C5,8),
121.2 (indenyl: C5,8), 121.2 (indenyl: C5,8), 121.1 (indenyl: C5,8),
49.4 (indenyl: C1), 45.0 [N(CH3)2], 44.8 [N(CH3)2], 44.8 [N(CH3)2],
39.1 [N(CH3)2], 38.9 [N(CH3)2], 38.8 [N(CH3)2].

1,2-Bis(dimethylamino)-1-(1-indenyl)-2-(3-indenyl)diborane(4)
(4): Cl(Me2N)B2B(NMe2)(3-ind) (750 mg, 2.88 mmol) was dis-
solved in toluene (10 ml) and the solution cooled to 278°C. The
vigorously stirred solution was added to a suspension of Li(ind)
(350 mg), 2.87 mmol) in toluene (20 ml). The suspension was al-
lowed to attain ambient temperature within 2 h, and stirring was
continued for additional 41 h. After that time, the 11B-NMR spec-
trum revealed that no reaction had occurred. Addition of 0.2 ml
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of THF caused the formation of an almost clear solution which
became turbid within a few minutes. The insoluble product was
removed using a centrifuge and provided 0.13 g of an off-white
material soluble in water (calcd. 0.12 g for LiCl). Toluene was evap-
orated from the toluene solution. The slightly yellow, partly crystal-
line residue was redissolved in hexane (15 ml) and the crystals that
grew from the solution at 220°C were recovered after 2 weeks. 2

Yield: 0.91 g of 4 (93%), m.p. 1362138°C. 2 C22H26B2N2 (340.08):
calcd. C 77.70, H 7.71, N 8.24; found C 76.41, H 7.69, N 8.02. 2
11B NMR (64 MHz, C6D6): δ 5 48.4 [h1/2 5 600 Hz, B2(NMe2)2(-
ind)2] 2 1H NMR (270 MHz, C6D6): δ 5 7.43 [d, 1 H, 3J(H,H) 5

7.2 Hz, indenyl: H5/8], 7.38 (d, 1 H, bad resolution, indenyl: H5/8),
7.28 (m, 2 H, Harom.), 7.16 (m, 4 H, Harom.), 6.78 [d, 1 H, 3J(H,H) 5

4.3 Hz, indenyl: H3], 6.50 [d, 1 H, 3J(H,H) 5 4.5 Hz, indenyl: H2],
6.34 [t, 1 H, 3J(H,H) 5 1.9 Hz, indenyl: H11], 3.75 (s, 1 H, indenyl:
H1), 3.22 [d, 2 H, 3J(H,H) 5 2.1 Hz, indenyl: H12], 2.77 [s, 3 H,
N(CH3)], 2.65 [s, 3 H, N(CH3)], 2.38 [s, 3 H, N(CH3)], 2.37 [s, 3
H, N(CH3)] 2 13C NMR (68 MHz, C6D6): δ 5 150.4 (indenyl: C13/

18), 148.5 (indenyl: C13/18), 148.3 (indenyl: C4/9), 144.7 (indenyl: C4/

9), 139.4 (indenyl: C11), 136.0 (indenyl: C13), 129.4 (indenyl: C11),
126.0 (indenyl: C8/17), 125.3 (indenyl: C8/17), 124.1 (indenyl: C5/14),
123.9 (indenyl: C7/16), 123.7 (indenyl: C7/16), 122.9 (indenyl: C6/15),
121.2 (indenyl: C6/15), 49.4 (indenyl: C10), 45.0 [2N(CH3)], 44.1
[2N(CH3)], 41.1 (indenyl: C12), 40.3 [2N(CH3)], 39.1 [2N(CH3)].

1,2-Bis(dimethylamino)-1,2-(3-indenyl)diborane(4) (5): A solu-
tion of 3 (200 mg, 0.59 mmol) in toluene (10 ml) was heated to
reflux for 48 h. All volatiles were then removed in vacuum leaving
behind 5 in colourless microcrystaline form. 2 Yield: 200 mg of 5
(100%), m.p. 1482151°C. 2 C22H26B2N2 (340.04): calcd. C 77.70,

Table 2. Selected crystallographic data for the structures of 3 and
4 and data refering to data collectiion and structure refinement

3 4

Empirical formula C22H26B2N2 C22H26B2N2
Formula mass 340.07 340.07

Crystal size [mm] 0.15 3 0.2 3 0.3 0.06 3 0.3 3 0.7
Crystal system Monoclinic Triclinic

Space group P2(1)/c P1bar
a [Å] 15.8977(3) 8.8466(1)
b [Å] 7.5756(1) 10.3594(2)
c [Å] 16.8297(3) 11.1737(3)
α [°] 90 77.403(1)
β [°] 93.323(1) 85.428(1)
γ [°] 90 83.222(1)

V [Å3] 2023.47(6) 990.84(3)
Z 4 2

ρ(calcd.) [Mg/m3] 1.116 1.140
µ [mm21] 0.064 0.065

F(000) 728 364
Index range 219 #h #19 211 #h #11

29 #k #9 213 #k #12
221 #l #22 214 #l #14

2 θ [°] 57.46 58.54
T [K] 193 193

Refl. collected 10800 5635
Refl. unique 3467 3048

Refl. observed (4σ) 2781 2640
R (int.) 0.0398 0.0249

No. of variables 339 263
Weighting scheme[a] 0.0628/2.2247 0.0435/0.4055

x/y

GOOF 1.130 1.129
Final R (4σ) 0.0789 0.0474
Final wR2 0.1812 0.1141

Larg. res. peak [e/Å3] 0.509 0.331

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.
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H 7.71, N 8.24, found: C 75.91 H 7.76, N 8.12. 2 11B NMR (64
MHz, C6D6): δ 5 48.3 [h1/2 5 650 Hz, B2(NMe2)2(ind)2] 2 1H
NMR (270 MHz, C6D6): δ 5 7.43 [d, 2 H, J3(H,H) 5 7.1 Hz,
indenyl: H5,8], 7.30 (m, 4 H, indenyl: H5,8/H6,7), 7.12 [pseudo t, 2
H, J3(H,H) 5 7.5 Hz, indenyl: H6,7], 6.34 [t, 2 H, J3(H,H) 5 1.9
Hz, indenyl: H2], 3.22 [d, 4 H, J3(H,H) 5 1.9 Hz, indenyl: H3], 2.90
[s, 6 H, N(CH3)2], 2.59 [s, 6 H, N(CH3)2] 2 13C NMR (68 MHz,
C6D6): δ 5 148.6 (C4), 148.1 (C1), 144.7 (C9), 138.7 (C2), 126.6
(C8), 124.3 (C5), 124.0 (C7), 122.6 (C6), 44.9 [N(CH3)2], 41.2 (C3),
40.5 [N(CH3)2].

X-ray Structure Determinations: Single crystals of compounds 3
and 4 were grown from hexane solutions at 220°C. The selected
crystals were covered with perfluoroether oil, and mounted on a
glass fibre, placed on the goniometer head and cooled with a gas
flow of cold N2. Preliminary dimensions of the unit cells were cal-
culated from the reflection collected at four different settings of the
crystal by recording 15 frames each with a CCD area detector.
Data collection was performed with 10 s exposure time per frame
by rotating the crystal by 0.3° in φ at two different χ settings. The
data on 1350 frames were reduced by using the program SAINT[16]

and the structures solved by direct methods using the XS and
SHELX97 programs for structure solution and refinement. Non-
hydrogen atoms were refined anisotropically, and the hydrogen
atoms were included as a riding model in the final cycles of refine-
ment. Relevant data are presented in Table 3.

Crystallographic data (excluding structure factors) have been de-
posited with the Cambridge Crystallographic Data Centre as sup-
plementary publication no. 101104. Copies of the data can be ob-
tained free of charge on application to CCCD, 12 Union Park,
Cambridge, UK, CB2 1EZ [Fax: int. code 1 44(0)1223/336033;
E-mail: deposit@ccdc.cam.ac.uk].

; Dedicated to Prof. Dr. H.-P. Boehm on the occasion of his
70th birthday.
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José Vicente*a, Maria-Teresa Chicote*a, Sonia Huertas, M. Carmen Ramı́rez de Arellanob, and Peter G. Jones*b
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The ligand properties of 2-(phenacylthio)pyridine towards
gold(I) and silver(I) have been investigated. From the reac-
tions of the ligand with acetone solutions of [M(PPh3)(aceto-
ne)]ClO4 (M = Ag, Au) under various experimental condi-
tions, complexes [(AuPPh3)n{py{SCH2C(O)Ph}-2}](ClO4)n,
and [(AgPPh3)n(OClO3)n{py{SCH2C(O)Ph}-2}] (n = 123) have
been obtained. The crystal structures of the complexes

Introduction

The use of functionalized ligands, such as 2-(methylthi-
o)pyridine, pyridine-2(1H)-thione, benzoxazole-2(3H)-
thione, [1] or ylides derived from 2-pyridylmethylene(triaryl)-
phosphonium salts, [2] [3] has allowed us to synthesize a vari-
ety of mono- and polynuclear silver(I) and gold(I) deriva-
tives including a new class of [Au3]31, [Au2Ag]31, and
[Au2Cu]31 clusters. Such polynuclear complexes offer the
possibility of studying metal2metal interactions in d10 sys-
tems, which are the subject of considerable inter-
est. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12]

The objective of the present work is to study the ligand
properties of 2-(phenacylthio)pyridine [py{SCH2C(O)Ph}-
2], of which, as far as we are aware, there is no previously
known complex. According to Scheme 1, this ligand could
coordinate through the nitrogen, sulfur, or oxygen atoms
while the anionic ligands resulting from deprotonation of
the methylene group or the ortho position of the phenyl ring
offer two additional coordination sites, together resulting in
the possibility of coordinating up to eight metal centers. In
this paper we explore the chemistry of gold(I) and silver(I)
complexes with this ligand.

Gold(I) has a limited tendency to coordinate to neutral
N or S donor ligands (LN or LS). In fact, only a few com-
plexes of the type [Au(LN)(PR3)]1 have been described
with full experimental and spectroscopic de-
tails. [13] [14] [15] [16] [17] [18] [19] [20] [21] In this family, most com-
plexes contain primary, secondary or tertiary amines while
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[(AuPPh3){py{SCH2C(O)Ph}-2}]ClO4 and [(AgPPh3)(OClO3)-
{py{SCH2C(O)Ph}-2}] have been determined by X-ray dif-
fraction. In the cationic gold complex the metal is linearly
coordinated to nitrogen and phosphorus, whereas the corre-
sponding silver complex displays a trigonal planar geometry
with pyridine, phosphane and perchlorato ligands.

Scheme 1

the only reported complexes with pyridinic ligands (Lpy) are
those with Lpy 5 py,[22] or 2,29-bipyridine, [23] [24] [25] and the
dinuclear complex [Au2{µ2-py(PPh2)-2}]21. [19]

Gold(I) complexes with neutral sulfur donor ligands are
less frequent and also less stable than those with thiolate
and other anionic sulfur ligands. [22] [25] [24] [26] [27] [28] [29] [30] [31]

Such low stability is attributable to the weakness of the
AuI2SR2 bond. In fact, [AuCl(tht)] (tht 5 tetrahydrothio-
phene)[32] is the most widely used starting gold(I) complex
because of the facile replacement of the sulfur ligand.[33]

From [AuCl(tht)] other synthetic intermediates, such as
[Au(C6F5)n(tht)] (n 5 1, 3)[32] [33] [34] have been prepared and
used as starting materials for many (pentafluorophen-
yl)gold(I) and -gold(III) complexes after replacement of
tht. [35]

The similarly low tendency of gold(I) to coordinate to
both N or S neutral donor ligands prompted us to study
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the coordinative preferences of the mixed N-S ligand
py{SCH2C(O)Ph}-2 towards the Au(PPh3)1 moiety. In the
absence of X-ray diffraction data, we have previously sug-
gested that in complexes [Au{py(SMe)-2}(L)]1 (L 5 tht,
PPh3) and [Au{py(SMe)-2}2]1 the mixed ligand would act
as an S- rather than an N-donor ligand according to the
preference of the soft gold(I) acid for the softer sulfur base.
In fact, gold(I) complexes with pyridine-2-thiol or its conju-
gate base are always S-coordinated.[36] [37] Similarly, in the
complex [Au{py{CS(5NC6H4OMe-2)}-2}(PPh3)] the
AuPPh3

1 group is bonded to sulfur and interacts only
weakly with the pyridine N atom.[38] Here we show for the
first time the opposite preference of gold(I) for the N-
rather than the S-donor atoms in the ligand
py{SCH2C(O)Ph}-2.

Synthesis of the Ligand

2-(Phenacylthio)pyridinium bromide was first ob-
tained[39] by allowing 2-bromoacetophenone to react with
2-mercaptopyridine in refluxing ethanol for several hours.
This and other sulfides resulting from the reaction of α-
halo ketones or α-halo acetals with mercaptopyridine can
be cyclized in good yield to form thiazolopyridinium
salts. [39] [40] We have found that equimolar amounts of 2-
bromoacetophenone and 2-mercaptopyridine produce, after
stirring in diethyl ether at room temperature for only 30
min, a quantitative yield of [Hpy{SCH2C(O)Ph}-2]Br,
which in turn reacts with aqueous NaOH to give 2-(phena-
cylthio)pyridine [py{SCH2C(O)Ph}-2]. As far as we are
aware the ligand properties of py{SCH2C(O)Ph}-2 have not
previously been explored.

Gold(I) and Silver(I) Complexes

When py{SCH2C(O)Ph}-2 is treated with acetone solu-
tions of [M(PPh3)(acetone)]ClO4 (M 5 Au, Ag) in 1:1, 1:2
or 1:3 molar ratios, complexes [(AuPPh3)n{py-
{SCH2C(O)Ph}-2)](ClO4)n [n 5 1 (1), 2 (2), 3 (3)] or
[(AgPPh3)n(OClO3)n{py{SCH2C(O)Ph}-2}] [n 5 1 (4), 2
(5), 3 (6)] are, respectively, obtained (Scheme 2). The reac-
tions leading to polynuclear derivatives can be performed
stepwise and thus 2 or 5 can be obtained from 1 or 4 and
one equivalent of [M(PPh3)(acetone)]ClO4 while 3 or 6 can
be prepared from 2 or 5 or from 1 or 4 upon addition of
one or two equivalents, respectively, of the corresponding
[M(PPh3)(acetone)]ClO4 complex. In the case of the gold
complexes the purest products are obtained by the step-
wise procedure.

We have shown that (acetylacetonato)gold(I) complexes
react with a variety of organic substrates containing moder-
ately acidic protons to give gold(I) complexes, including
alkyl, alkynyl, ylide, diphenylphosphide, (diphenylphos-
phanyl)methanide, hydrosulfide and thiolato deriva-
tives. [1] [2] [3] [17] [42] [42a] However, the reaction of [Au-
(acac)PPh3] with 2-(phenacylthio)pyridine, meant to pro-
duce the organometallic complex 7 (Scheme 3), gave instead
the known complex A, the structure of which we deter-
mined by X-ray diffraction methods; it had been pre-
viously reported.[36]
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Scheme 2[a]

[a] R 5 CH2C(O)Ph; X 5 OClO3; a: 1 [Au(PPh3)(acetone)]ClO4;
b: 1 [Ag(PPh3)(acetone)]ClO4.

Scheme 3[a]

[a] i: 1 [Au(acac)PPh3] 2 Hacac; ii: 1 NaH 2 H2 2 NaClO4.

The reaction of 1 with NaH (1:2.3, in dichloromethane,
2.5 h) gave the desired complex 7 resulting from depro-
tonation of the methylene group and the rearrangement of
the AuPPh3

1 group from N to C. The preference of gold
for C rather than N donor ligands is well known. Although
the elemental analyses of 7 were correct, it is difficult to
separate it from traces of the starting material and some
decomposition products (see below).

Crystal Structure of Complexes 1 and 4

Complex 1 crystallizes in the triclinic system with 3 mol-
ecules of acetone and two independent molecules in the as-
symetric unit. The crystal structure (Figure 1) shows cations
in which the gold atoms are in almost linear environments,
with N2Au2P angles of 175.46(12) and 173.91(12)° and
tetrahedral ClO4 anions. The Au2N distances [2.082(4) and
2.092(4) Å] are similar to the 2.086(16) Å found in [Au2{µ2-
py(PPh2)-2}]21. [19] In [Au(bipy)(PPh3)]1 a distorted trig-
onal planar coordination leads as expected to Au2N bond
lengths [2.166(2) and 2.406(2) Å] longer than those in 1. [25]
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The Au2P bond lengths [2.2359(13) and 2.2388(13) Å] in 1
are larger than those in [Au2{µ2-py(PPh2)-2}]21 [2.215(6)
Å] [19] or [Au(bipy)(PPh3)]1 [2.212(1) Å].

Figure 1. Structure of the cation of complex 1[a]

[a] 50% probability ellipsoids; selected bond lengths [Å] and angles
[°]: Au(1)2N(1) 0.082(4), Au(2)2N(2) 2.092(4), Au(1)2P(1)
2.2359(13), Au(2)2P(2) 2.2388(13); N(1)2Au(1)2P(1) 175.46(12),
N(2)2Au2P(2) 173.91(12).

The coordination of the AuPPh3
1 group to N instead of

S [Au···S, 3.071, 3.063(1) Å] is surprising because the soft
gold(I) acid should prefer the softer sulfur base; when the
ligand is pyridine-2-thiol or its conjugate base, gold(I) is
always bonded to sulfur. [36] [37] In addition, in the complex
[Au{py{C(S)(5NC6H4OMe-2)}-2}(PPh3)] the AuPPh3

1

group is bonded to sulfur (Au2S, 2.317 Å) and only weakly
to the pyridine N atom (Au2N, 2.574 Å). [38] Probably the
presence of the electron-withdrawing carbonyl group in 1
makes the sulfur atom less soft than usual.

Complex 4 crystallizes in the monoclinic system and its
crystal structure (Figure 2) shows the silver atoms in a very
distorted trigonal planar environment (the Ag atom lies
0.21 Å out of the plane of the donor atoms. The N2Ag2P
[148.5(5)°], P2Ag2O [129.7(6)°], and N2Ag2O [79.0(5)°]
bond angles show PPh3 to be the most sterically demanding
ligand. Two of the four Ag2N bond lengths [2.272, 2.268,
2.386, 2.407(4) Å] and the Ag2P [2.380, 2.377(1) Å] bond
lengths at the two independent Ag atoms of [Ag(8-
hydroxyquinoline)2(PPh3)]1 are similar to the Ag2N
[2.263(2) Å] and Ag2P [2.3845(7) Å] bond lengths in 4. [43]

In the complex [Ag(OClO3)(O2NO){py{C(AuPPh3)2PPh3}-
2}] [3] the Ag2N [2.178(8) Å] and Ag2OClO3 [2.663(9) Å]
bond lengths are shorter and similar, respectively, than the
corresponding ones in complex 4 [Ag2O, 2.688(6) Å]. The
long Ag2O bond length (compared with Ag2N [2.263(2)
Å]) and the wide P2Ag2N [148.5(5)°] bond angle indicate
the weak coordination of the anion to AgI, as does the wide
Cl2O(1)2Ag angle [133.8(1)°]. The sulfur atom forms
short intra- [3.097(1) Å] and intermolecular [2.998(1) Å]
Ag2S contacts leading to weakly associated, centrosym-
metric dimers.
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Figure 2. Structure of complex 2[a]

[a] 50% probability ellipsoids; selected bond lengths [Å] and angles
[°]: Ag2N 2.263(2), Ag2P 2.3845(7), Ag2O(1) 2.688(6);
N2Ag2P 148.47(6), P2Ag2O 129.7(6), N2Ag2O 79.0(5).

NMR Spectra

Because the resonance from the methylene protons in the
1H-NMR spectrum of complex 1 at 260°C appears as a
singlet, we propose that, in solution, the ligand acts as an
N donor, as in its solid-state structure. Coordination
through the sulfur atom would convert it into a chiral
center and the methylene protons would be non-isochron-
ous unless a rapid scrambling of the AuPPh3

1 group be-
tween both sp3 sulfur pairs occurred even at 260°C. In fact,
at 260°C the S-bonded isomer of the silver complex 4 (4-
S) is detected because the 1H-NMR spectrum shows an AB
system highfield of the CH2 singlet, and in the 31P-NMR
spectrum four doublets corresponding to two different
phosphorus nuclei (molar ratio 8:1) resonating at δ 5 13.21
[1J(P109Ag) 5 742 Hz, 1J(P107Ag) 5 643 Hz; 4] and 11.69
[1J(P109Ag) 5 555 Hz, 1J(P107Ag) 5 481 Hz; 4-S] are ob-
served. The 1J(P109Ag) and 1J(P107Ag) values are similar to
those in complex 6 [J(P109Ag) 5 770.6 Hz, J(P107Ag) 5
667.6 Hz, PAgN; J(P109Ag) 5 569 Hz, J(P107Ag) 5 493
Hz, 2PAgS] where AgI is coordinated to both N and S.

The dinuclear complexes 2 and 5 show only one type of
phosphorus nucleus at low temperature (260°C), indicating
that both MPPh3 units coordinate to sulfur. This is also a
surprising result because, according to the above expla-
nation of the N-coordination, the sulfur atom has its donor
ability reduced by the vicinity of the electron-withdrawing
carbonyl group. However, a reasonable explanation for
these facts is based on the marked tendency of gold(I) and
silver(I) to establish short M···M contacts, a phenomenon
termed aurophilicity, [7] [8] [9] [10] [11] [12] or numismophilicity
(from the Latin numisma 5 money, coin)[3] when it applies
to gold or to the three coinage metals, respectively. Because
the numismophilic interactions are weak (of similar energy
to hydrogen bonds when the metal is gold)[44] the structure
adopted is that in which there is a minimum of repulsion
between the phosphane ligands, i.e., the double metalation
of the sulfur atom is preferred to the alternative mixed N,S
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metalation. At room temperature, the behavior of these
complexes is different. Whereas the silver complex 5 shows
a broad resonance, probably because of dissociative pro-
cesses involving cleavage of S2AgPPh3 and/or Ag2PPh3

bonds, in the gold complex 2 such equilibria do not exist
because its spectrum is not significantly different from that
at 260°C.

The 31P{1H}-NMR spectrum of 3 at 260°C consists of
two singlets of 2:1 relative intensity, consistent with the
structure proposed in Scheme 2, but at room temperature
shows only a singlet, indicating that a fluxional process in-
terchanging all three AuPPh3

1 units occurs. Similarly, in
the case of 6 the room-temperature 31P{1H}-NMR spec-
trum shows a broad resonance, which at 260°C splits into
two (2:1 relative intensities) pairs of doublets.

Resonances appearing at δ 5 4.75 and 31.02 in the 1H-
and 31P-NMR spectra, respectively, of 7 are due to the pres-
ence of traces of 1, while a small amount of [Au(PPh3)2]1

could account for the resonance at δ 5 44.24. The slight
conductivity of 7 (ΛM 5 11 Ω21 cm2 21) is also consistent
with the presence of both impurities.

IR Spectra

The bands assignable to the ν̃(CO) mode in the IR spec-
tra of the ligand and the complexes appear in the narrow
range of 167221680 cm21. The gold complexes 123 show
the expected two bands for the tetrahedral ClO4 anion in
the ranges 108821094 and 6212622 cm21, respectively.
This accords with the marked tendency of gold(I) to give
dicoordinate complexes. In complexes 4, 5 and 6, a new
band around 923 cm21 and two bands in each of the two
above-mentioned regions are observed. This is in agreement
with the expected splitting when the symmetry of the ClO4

decreases from Td to C3v. Therefore, it is reasonable to as-
sume that, in the solid state, each ClO4 anion is monocoor-
dinated to one metal centre.

These differences among gold(I) and silver(I) complexes
in the solid state disappear in acetone solutions, because all
complexes show molar conductivities indicating the dis-
sociation of all the perchlorate anions, i.e., complexes 126
behave as 1:1 electrolytes, 2 and 5 as 2:1 electrolytes, and 3
and 6 as 3:1 electrolytes. [45] Therefore, in acetone solutions
of the silver complexes the solvent replaces the anion in the
coordination sphere of the metal.

We thank the DGES and the Fonds der Chemischen Industrie for
financial support. M. C. R. A. is grateful for an Alexander von
Humboldt Grant and to the Ministerio de Educación y Cultura for
a contract.

Experimental Section
General: The IR spectra, elemental analyses, conductance meas-

urements in acetone and melting-point determinations were carried
out as described earlier[42a]. 2 NMR: Varian Unity-300. Chemical
shifts are referred to TMS [1H, 13C{1H}] or H3PO4 [31P{1H}]. 2 If
not stated otherwise, the reactions were carried out at room tem-
perature without special precautions against moisture. Warning:
Perchlorate salts with organic cations may be explosive. 2 2-Mer-
captopyridine (HSpy) was purchased from Fluka and 2-bromoace-
tophenone [BrCH2C(O)Ph] from Aldrich.
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[Hpy{SCH2C(O)Ph}-2]Br: A solution of equimolar amounts
of pySH-2 (1.11 g, 10 mmol) and BrCH2C(O)Ph (1.99, 10 mmol)
were stirred in diethyl ether (30 ml) for 0.5 h. The resulting yellow
suspension was filtered off, the solid washed with diethyl ether (3
3 15 ml) and air-dried to give 3.07 g (99%) of colorless crystals,
m.p. 200°C (ref. [39] 200°C). 2 IR (Nujol): ν̃ 5 1693 cm21 (CO). 2

C13H12BrNOS (310.2): calcd. C 50.34, H 3.90, N 4.52, S 10.33;
found: C 50.18, H 4.07, N 4.62, S 10.44.

py{SCH2C(O)Ph}-2: To a solution of [Hpy{SCH2C(O)Ph}-2]Br
(2.48 g, 8 mmol) in water (50 ml) NaOH (0.5  in water) was
added dropwise until pH 5 7. The resulting white suspension was
extracted with dichloromethane (4 3 20 ml) and the organic layer
was dried with anhydrous MgSO4 and then filtered. Removing the
volatiles in vacuo gave 514 mg of 2-(phenacylthio)pyridine (28%)
as a pale yellow oil. 2 IR (Nujol): ν̃ 5 1668 cm21 (CO). 2 1H
NMR ([D6]acetone): δ 5 4.79 (s, 2 H, CH2), 6.93 [m, 1 H, H4
(py)], 7.22 [m, 1 H, H3 (py)], 7.327.8 [m, 4 H, H5 (py) 1 m-H
(Ph) 1 p-H (Ph)], 8.04 [d, 3J(HH) 5 7 Hz, 2 H, o-H (Ph)], 8.34
[m, 1 H, H6 (py)]. 2 C13H11NOS (229.3): calcd. C 68.10, H 4.84,
N 6.11, S, 13.98; found: C 68.38, H 4.89, N 6.28, S 14.02.

[(AuPPh3)n{py{SCH2C(O)Ph}-2}](ClO4)n [n 5 1 (1), 2 (2), 3
(3)]. 2 Preparation of Solutions of [Au(PPh3)(acetone)]ClO4: An
equimolecular mixture of [AuCl(PPh3)] and AgClO4 (1:1 molar ra-
tio) in degassed acetone (25 ml mmol21) was stirred for 0.5 h under
nitrogen and then the AgCl removed by filtration.

Complex 1: A solution of [Au(PPh3)(acetone)]ClO4, from
[AuCl(PPh3)] (406 mg, 0.82 mmol) and AgClO4 (107 mg, 0.82
mmol), was added dropwise under nitrogen to a solution contain-
ing py{SCH2C(O)Ph}-2 (188 mg, 0.82 mmol) in degassed acetone
(15 ml). The resulting suspension was stirred for 0.5 h and then
filtered through Celite. The solvent was removed in vacuo and the
oily residue was vigorously stirred with diethyl ether (20 ml) for 0.5
h to give 626 mg of 1 (97%), white solid, m.p. 137°C. 2 IR (Nujol):
ν̃ 5 1672 cm21 (CO). 2 ΛM 5 144 Ω21 cm2 21. 2 1H NMR
(CD2Cl2, 20°C): δ 5 4.90 (s, 2 H, CH2), 7.4827.67 [m, 20 H,
C(O)Ph 1 PPh3], 7.83 [m, 1 H, H3 (py)], 8.04 [m, 2 H, H4 (py) 1

H5 (py)], 8.50 [m, 1 H, H6 (py)]. 2 1H NMR (CD2Cl2, 260°C):
δ 5 4.95 (s, 2 H, CH2), 7.44 2 7.68 [m, 20 H, C(O)Ph 1 PPh3],
7.97 [m, 1 H, H3 (py)], 8.08 [m, 2 H, H4 (py) 1 H5 (py)], 8.42 [m,
1 H, H6 (py)]. 2 31P{1H} NMR (CD2Cl2, 20°C and 260°C): δ 5

29.44. 2 C31H26AuClNO5PS (788.0): calcd. C 47.25, H 3.33, N
1.78, S 4.07; found: C 47.42, H 3.79, N 1.73, S 3.71.

Complex 2: A solution of [Au(PPh3)(acetone)]ClO4, from
[AuCl(PPh3)] (125 mg, 0.25 mmol) and AgClO4 (53 mg, 0.25
mmol), was added dropwise to a solution containing 1 (200 mg,
0.25 mmol) in degassed acetone (15 ml). The resulting suspension
was stirred for 1.5 h and then filtered through Celite. The solution
was concentrated (2 ml) and diethyl ether added (20 ml) to give a
suspension that was filtered, the solid washed with diethyl ether (5
ml), dried in the air and then in an oven at 60°C for 30 min to give
327 mg of 2 (97%), cream solid, m.p. 103°C. 2 IR (Nujol): ν̃ 5

1672 cm21 (CO). 2 ΛM 5 183 Ω21 cm2 21. 2 1H NMR ([D6]ace-
tone, 20°C): δ 5 5.28 (s, 2 H, CH2), 7.4028.36 [m, 38 H, H3 (py)
1 H4 (py) 1 H5 (py)1 C(O)Ph 1 PPh3], 9.03 [m, 1 H, H6 (py)].
2 31P{1H} NMR ([D6]acetone, 20°C): δ 5 29.66 (s). 2 31P{1H}
NMR ([D6]acetone, 260°C): δ 5 28.29 (s). 2

C49H41Au2Cl2NO9P2S (1346.7): calcd. C 43.70, H 3.07, N 1.04, S
2.38; found: C 43.68, H 3.33, N 1.19, S 2.28.

Complex 3: A solution of [Au(PPh3)(acetone)]ClO4, from
[AuCl(PPh3)] (92 mg, 0.19 mmol) and AgClO4 (38 mg, 0.19 mmol),
was added dropwise to a solution containing 2 (250 mg, 0.19 mmol)
in degassed acetone (10 ml). The resulting suspension was stirred
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for 2 h and then filtered through MgSO4. The solvent was evapo-
rated to dryness and the resulting solid stirred with diethyl ether
(20 ml) to give a suspension that was filtered and dried under nitro-
gen to give 355 mg of 3 (98%), cream solid, m.p. 107°C. 2 IR
(Nujol): ν̃ 5 1673 cm21 (CO). 2 ΛM 5 285 Ω21 cm2 21. 2 1H
NMR ([D6]acetone, 20°C): δ 5 5.38 (s, 2 H, CH2), 7.3827.64 [m,
51 H, H3 (py) 1 C(O)Ph 1 PPh3], 8.07 [m, 2 H, H4 (py) 1 H5
(py)], 8.78 [m, 1 H, H6 (py)]. 2 31P{1H} NMR([D6]acetone, 20°C):
δ 5 29.12 (s). 2 31P{1H} NMR([D6]acetone, 260°C): δ 5 28.21 (s,
Ph3PAuN), 29.68 (s, Ph3PAuS). 2 C67H56Au3Cl3NO13P3S (1905.4):
calcd. C 42.23, H 2.96, N 0.74, S 1.68; found: C 42.14, H 3.27, N
0.62, S 1.70.

[(AgPPh3)n(OClO3)n{py{SCH2C(O)Ph}-2}] [n 5 1 (4), (5), 3
(6)]. 2 Preparation of Solutions of [Ag(PPh3)(acetone)]ClO4: PPh3

is added to an equimolecular amount of AgClO4 in degassed ace-
tone (15 ml mmol21).

Complex 4: A solution of [Ag(PPh3)(acetone)]ClO4, from
AgClO4 (203 mg, 0.98 mmol) and PPh3 (257 mg, 0.98 mmol), was
added dropwise to a solution containing py{SCH2C(O)Ph}-2 (225
mg, 0.98 mmol) in degassed acetone (5 ml) under nitrogen. The
resulting suspension was stirred for 75 min and then concentrated
to dryness. The residue was washed with diethyl ether (20 ml) and
recrystallized from dichloromethane/diethyl ether to give 589 mg
of 4 (86%), white solid, m.p. 137°C. 2 IR (Nujol): ν̃ 5 1677 cm21

(CO). 2 ΛM 5 101 Ω21 cm2 21. 2 1H NMR (CD2Cl2, 20°C):
δ 5 4.74 (s, 2 H, CH2), 7.3027.67 [m, 20 H, C(O)Ph 1 PPh3], 7.82
[m, 1 H, H3 (py)], 7.97 [m, 2 H, H4 (py) 1 H5 (py)], 8.57 [m, 1 H,
H6 (py)]. 2 1H NMR (CD2Cl2, 260°C): δ 5 3.93, 4.22 (AB sys-
tem, 2JHH 5 13 Hz, 4-S, see Discussion), 4.55 (s, br., 2 H, CH2),
7.0327.77 [m, 21 H, H3 (py) 1 C(O)Ph 1 PPh3], 8.05 [m, 2 H,
H4 (py) 1 H5 (py)], 8.23 [m, 1 H, H6 (py)]. 2 31P{1H} NMR
(CD2Cl2, 20°C): δ 5 15.00 (s, br.). 2 31P{1H} NMR (CD2Cl2,
260°C): δ 5 13.21 [2 d, 88% P, 1J(P109Ag) 5 742 Hz, 1J(P107Ag) 5

643 Hz; 4, see Discussion], 11.69 [2 d, 12% P, 1J(P109Ag) 5 555 Hz,
1J(P107Ag) 5 481 Hz; 4-S, see Discussion]. 2 C31H26AgClNO5PS
(698.9): calcd. C 53.28, H 3.75, N 2.00, S 4.59; found: C 53.31, H
3.76, N 1.96, S 4.48.

Complex 5: A solution of [Ag(PPh3)(acetone)]ClO4, from
AgClO4 (612 mg, 2.96 mmol) and PPh3 (775 mg, 2.96 mmol), was
added dropwise to a solution containing py{SCH2C(O)Ph}-2 (339
mg, 1.48 mmol) in degassed acetone (5 ml) under nitrogen. The
resulting suspension was stirred for 2.5 min and then concentrated
to dryness. The resulting solid was washed with n-hexane (20 ml)
and the suspension filtered to give 1.61 g of 5 (99%), white solid,
m.p. 150°C. 2 IR (Nujol): ν̃ 5 1680 cm21 (CO). 2 ΛM 5 186 Ω21

cm2 21. 2 1H NMR ([D6]acetone, 20°C): δ 5 5.01 (s, 2 H, CH2),
7.4027.80 [m, 35 H, C(O)Ph 1 PPh3], 7.93 [m, 1 H, H3 (py)], 8.10
[m, 2 H, H4 (py) 1 H5 (py)], 8.61 [m, 1 H, H6 (py)]. 2 31P{1H}
NMR ([D6]acetone, 20°C): δ 5 10216 (br.). 2 31P{1H} NMR
([D6]acetone, 260°C): δ 5 12.68 [2 d, J(P109Ag) 5 759 Hz,
J(P107Ag) 5 658 Hz]. 2 C49H41Ag2Cl2NO9P2S (1168.5): calcd. C
50.37, H 3.54, N 1.20, S 2.74; found: C 50.59, H 3.64, N 1.25,
S 2.49.

Complex 6: A solution of [Ag(PPh3)(acetone)]ClO4, from
AgClO4 (896 mg, 2.96 mmol) and PPh3 (1.134 g, 2.96 mmol), was
added dropwise to a solution containing of py{SCH2C(O)Ph}-2
(330 mg, 1.48 mmol) in degassed acetone (5 ml) under nitrogen.
The resulting suspension was stirred for 2.5 min and then concen-
trated to dryness. The resulting oil was washed with n-hexane (20
ml) and the resulting suspension filtered to give 2.33 g of 6 (99%),
m.p. 138°C. 2 IR (Nujol): ν̃ 5 1681 cm21 (CO). 2 ΛM 5 269 Ω21

cm2 21. 2 1H NMR ([D6]acetone, 20°C]: δ 5 5.02 (s, 2 H, CH2),
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7.3027.82 [m, 51 H, H3 (py) 1 COPh 1 PPh3], 7.8528.20 [m, 2
H, H4 (py) 1 H5 (py)], 8.61 [m, 1 H, H6 (py)]. 2 31P{1H} NMR
([D6]acetone, 20°C): δ 5 10214 (br.). 2 31P{1H} NMR ([D6]ace-
tone, 260°C): δ 5 11.77 [2 d, J(P109Ag) 5 569 Hz, J(P107Ag) 5

493 Hz, 2 PAgS], 12.77 [2 d, J(P109Ag) 5 770.6 Hz, J(P107Ag) 5

667.6 Hz, PAgN]. 2 C67H56Ag3Cl3NO13P3S (1638.1): calcd. C
49.13, H 3.45, N 0.86, S 1.96; found: C 50.21, H 3.62, N 0.90,
S 2.05.

[Au{CH(Spy-2){C(O)Ph}}(PPh3)] (7): To a solution of 1
(600.8 mg mg, 0.76 mmol) in dichloromethane (15 ml), NaH
(Fluka, 50% in mineral oil, 86 mg, 1.79 mmol) was added. After
2.5 h of stirring, the resulting suspension was filtered through Ce-
lite. The solution was concentrated to dryness, the residue stirred
with diethyl ether (2 3 15 ml) and the suspension filtered to give
290 mg of 7 (55%), pale cream solid, m.p. 106°C (dec.). 2 IR (Nu-
jol): ν̃ 5 1638 (CO). 2 ΛM 5 11 Ω21 cm2 21. 2 1H NMR
(CDCl3, 20°C): δ 5 4.75 (s, traces, complex 1, see Discussion), 5.42
[d, 1 H, CH, 3J(PH) 5 9.9 Hz], 6.4227.56 (m, 19 H, PPh3 1 py).
2 31P{1H} NMR: δ 5 31.02 (s, traces, complex 1, see Discussion),
39.24 (s), 44.24 (s, traces, [Au(PPh3)2]1). 2 C31H25AuNOPS
(687.5): calcd. C 54.16, H 3.67, N 2.04, S 4.66; found: C 53.95, H
3.79, N 2.03S 4.55.

X-ray Crystallographic Studies: Crystal data are given in Table
1. Crystals of 1·1.5 Me2CO and 2 were mounted in inert oil on a
glass fiber and transferred to the diffractometer (Siemens P4 with
LT2 low-temperature attachment). Measurements were performed
at 2100°C using monochromated Mo-Kα radiation (λ 5 0.71073
Å).

Table 1. Crystal Data for complexes 1·1.5 Me2CO and 2

1·1.5 Me2CO 2

empirical formula C35.50H35AuClNO6.50PS C31H26AgClNO5PS
M 875.09 698.88

a [Å] 14.079(2) 13.5113(8)
b [Å] 14.663(2) 21.2262(14)
c [Å] 16.989(2) 11.1835(10)
α[°] 94.926(10) 90
β[°] 97.627(10) 113.332(6)
γ[°] 94.509(12) 90
Z 4 4

Dx [Mg/m3] 1.685 1.576
crystal system triclinic monoclinic
space group P1̄ P21/c

crystal size [mm] 0.76 3 0.36 3 0.22 0.40 3 0.40 3 0.20
θrange [°] 3.01225.00 3.18227.50

reciprocal lattice segment 2h, ±k, ±l ±h, 1k, 2l
reflections measured 12737 8559

independent reflections 12092 6727
µ [mm21] 4.498 0.942

max/min transmission 0.767/0.915 0.925/0.821
parameters 853 370

F(000) 1736 1416
max ∆ρ [e Å23] 1.45 1.15

R1[a] 0.0313 0.0333
wR2[b] 0.0640 0.0819

[a] R1 5 σiFou 2 uFci/σuFou for reflections with I > 2σ(I). 2 [b] wR2 5
{σ[w(Fo

2 2 Fc
2)2]/σ[w(Fo

2)2]}0.5 for all reflections; w21 5 σ2(F2) 1
(aP)2 1 bP, where P 5 (2Fc

2 1 Fo
2)/3 and a and b are constants

set by the program.

Unit cell parameters were determined from a least-squares fit of
ca. 80 accurately centered reflections (10° < 2θ < 27°). Intensities
were registered using ω scans. Absorption corrections were based
on ψ scans. The structures were solved by the heavy-atom method
and refined anisotropically on F2 (program SHELXL-93). [46] Hy-
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drogen atoms were included using a riding model or as rigid
methyl groups.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre under the number CCDC-
100752. Copies of the data can be obtained free of charge on appli-
cation to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
int. code 1 (1223)3362033, e-mail: deposit@ccdc.cam.ac.uk).
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The metathesis reaction of (dme)LiPH2 and chlorodiisopro-
pylsilane yields HP(SiHiPr2)2 (1) and P(SiHiPr2)3 (2). The me-
talation of 1 by n/sec-dibutylmagnesium in heptane leads to
the formation of dimeric magnesium bis[bis(diisopropylsilyl)-
phosphanide] [(3)2]. A toluene solution of magnesium bis[bis-
(trimethylsilyl)phosphanide] (4) shows a dimer-trimer equi-
librium in the 31P{1H}-NMR spectrum at 240°C with an in-

Several possibilities for the synthesis of the alkaline earth
metal bis[bis(trialkylsilyl)amides] justified the vastly grow-
ing interest in the molecular chemistry of the heavier alka-
line earth metals. [1] [2] The alkaline earth metal bis(phos-
phanides) are easily accessible by the metalation of bis(trial-
kylsilyl)phosphane with the above-mentioned bis(trialkylsi-
lyl)amides in toluene, where they precipitate, or in ethers
such as tetrahydrofuran (thf) or 1,2-dimethoxyethane
(dme), where ether adducts are formed.[3] Eq. (1) shows the
preparation of the thf complexes of the alkaline earth metal
bis[bis(trimethylsilyl)phosphanides].

The bis(trialkylsilyl)phosphanides of the heavier alkaline
earth metals precipitate in the absence of neutral coligands
such as ethers or amines. Therefore, the soluble ether ad-
ducts of the trialkylsilyl-substituted phosphanides[4] and a
tmeda complex of Mg[P(H)Ph]2[5] were investigated by
solution NMR as well as X-ray crystallography. Further en-
hancement of the steric demand of the silyl groups reduces
the reactivity of the phosphanes. For example, the metal-
ation of bis(triisopropylsilyl)phosphane[6] by calcium bis-
[bis(trimethylsilyl)amide] is neither possible in boiling tolu-
ene nor in refluxing thf nor a mixture of both.

Solvent-poor alkaline earth metal bis(phosphanides) are
gaining interest especially due to the unexpected structures
of the dimers in solution as well as the solid state. Ab-initio
SCF calculations for M2(PH2)4 show for magnesium the
“conventional” monocyclic structure H2P2Mg(µ-
PH2)2Mg2PH2

[6] whereas for calcium or strontium the bi-
cyclic structure H2P2M(µ-PH2)3M is the lowest in en-

[°] X-ray structure analysis.
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creasing amount of the dimer with increasing temperature.
A molecular mass determination by freezing-point depres-
sion in benzene yields a value of 516 g?mol21, which lies bet-
ween a monomeric and a dimeric molecule. Cooling of the
toluene solution to 230°C leads to the precipitation of single
crystals of monoclinic {(Me3Si)2P2Mg[µ-P(SiMe3)2]2}2Mg
[(4)3].

ergy. [4d] In the case of dimeric barium bis(phosphanide)
even the tricyclic isomer Ba(µ-PH2)4Ba has to be taken into
consideration. Here, the synthesis of the first solvent-free
dimeric and trimeric magnesium bis(phosphanides) is pres-
ented and the X-ray structure of trimeric magnesium bis-
[bis(trimethylsilyl)phosphanide] is discussed in detail.

Preparation

To raise the reactivity of the P2H fragment compared to
bis(triisopropylsilyl)phosphane[6] [7] the diisopropylsilyl sub-
stituents are chosen. The second advantage of this substitu-
ent is the basicity of the Si2H moiety which allows an elec-
trostatic attraction to the metal center as well as an agostic
interaction between the metal atom and the Si2H bond.
The metathesis reaction of (dme)LiPH2 and chlordiisopro-
pylsilane offers an easy approach to bis(diisopropylsilyl)-
phosphane (1), which is obtained together with tris(diiso-
propylsilyl)phosphane (2) according to eq. (2). The metal-
ation of 1 in toluene with dibutylmagnesium, dissolved in
heptane, yields quantitatively dimeric magnesium
bis[bis(diisopropylsilyl)phosphanide] [(3)2]. However, the ef-
forts of crystallization failed, and an oil remained after the
work-up procedures.

During the metalation of bis(trimethylsilyl)phosphane
with commercially available n/sec-dibutylmagnesium a col-
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orless solid precipitates, however, stirring for several hours
at room temperature leads to a clear solution. Upon cooling
to 230°C crystalline trimeric magnesium bis[bis(trimethyl-
silyl)phosphanide] [(4)3], formed according to eq. (3), pre-
cipitates in the shape of colorless cuboids.

The addition of tetrahydrofuran yields the already well-
known bis(tetrahydrofuran)magnesium bis[bis(trimethylsi-
lyl)phosphanide] (4 · 2 thf). [8] All these magnesium bis(phos-
phanides) are colorless and very moisture-sensitive.

Spectroscopic Characterization

The NMR data of the phosphanes 1 and 2 clearly show
the existence of two chemically different methyl groups.
This observation proves that the inversion of the phos-
phorus atom is very slow on the NMR time scale and the
inversion barrier higher than at least 70 kJ?mol21. No line
broadening is observable at room temperature.

The comparison between 1 and 2 shows the influence of
the substitution of a hydrogen atom by a diisopropylsilyl
group (Table 1). The effects are similar as described for
HP(SiMe3)2/P(SiMe3)3. [9] The high-field shift of the 31P sig-
nal is accompanied by a low-field shift of the 29Si signal.
The 1J(P,Si) coupling constants of approximately 36 Hz are
nearly not affected by this change in the ligand sphere of
the phosphorus atom.

For compound (3)2 the coupling pattern of two triplets
between the bridging and the terminal phosphorus atoms
clearly proves its dimeric appearance (Figure 1). Even at
elevated temperatures up to 70°C the ligand-exchange pro-
cesses are very slow on the NMR time scale. The 2J(Pb,Pt)
coupling constant of 22.2 Hz lies in the expected range. The
1J(P,Si) coupling constant within the terminal ligand
amounts nearly 39 Hz, whereas for the bridging ligand a
value is not deducible, only a line broadening is observed.

For the 1J(Si,H) coupling constants only a rough esti-
mation can be given due to overlapping of the signals in
the 29Si-NMR spectrum and the expected pattern of higher
order. For the bridging phosphanide ligand a line sepa-
ration of approximately 140 Hz can be seen, whereas the
1J(Si,H) coupling constant of the terminal ligand is clearly
larger than 200 Hz. This difference could result from an
agostic interaction between the magnesium atom and the
Si2H bond[10] or from the different coordination numbers
of the phosphorus atoms, in particular under consideration
of the strongly differing 1J(P,Si) coupling constants for the
terminal and the bridging substituents. However, only one
strong Si2H stretching vibration at 2101 cm21 is observed
in the characteristic region for Si2H moieties.

For magnesium bis[bis(trimethylsilyl)phosphanide] (4)
the determination of the molecular mass by freezing-point
depression in benzene yields a value of 516 g?mol21 for a
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Table 1. NMR parameters of the phosphanes 1 and 2 as well as
magnesium bis[bis(diisopropylsilyl)phosphanide] [(3)2] ([D6]ben-
zene, 30°C, t and b name the terminal and bridging position of the

considered atom)

1 2 (3)2

1H δ(MePr) 1.10 1.22 1.3[a]

δ(MePr) 1.10 1.19
δ(CHPr) 1.09 1.16 1.3[a]

δ(PH) 0.41 2 2
1J(P,H) 187.3 2 2
δ(SitH) 4.23 4.32 4.53
1J(Sit,H) 188.2 188.1
2J(Pt,H) 8.8 14.7 16.9
3J(HP,HSi) 3.1 2 2
δ(SibH) 2 2 4.42
2J(Pb,H) 2 2 18.3

13C{1H} δ(MePr) 19.39 20.37 [b]

3J(P,C) 2.4 3.7
δ(MePr) 19.22 19.62
3J(P,C) 3.2 3.0
δ(CHPr) 13.28 14.56 15.78[c]

2J(P,C) 9.4 10.0 [c]

29Si{1H} δ(Sit) 10.29 7.46 9.19
1J(Pt,Sit) 36.3 36.1 38.7
δ(Sib) 2 2 6.92
1J(Pb,Sib) 2 2 < 4 Hz

31P{1H} δ(Pt) 2307.49 2314.31 2347.00
δ(Pb) 2 2 2301.41
2J(Pt,Pb) 2 2 22.2

[a] Broad signal. 2 [b] Four broad signals at δ 5 19.7, 19.8, 20.7,
and 21.4; assignment to terminal or bridging phosphanide ligands
not possible 2 [c] Very broad signal due to overlapping of the du-
blets of the CH groups of the terminal and bridging phosphanide
ligands; coupling constants not deducible.

Figure 1. 31P{1H}-NMR spectrum of a [D8]toluene solution of
magnesium bis[bis(diisopropylsilyl)phosphanide] [(3)2] at 25°C; si-
gnals of the bridging (top) and terminal (bottom) (iPr2HSi)2P li-

gands (109.365 MHz)

diluted solution, which lies between the mass of a monomer
(379 g?mol21) and a dimer (758 g?mol21). The 1H- and
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13C{1H}-NMR spectra show broad and overlapping sig-
nals, an assignment to certain oligomers is not possible. The
31P{1H}-NMR spectrum recorded at 240°C shows two
triplets at δ 5 2242.55 and 2275.44 for the bridging and
the terminal (Me3Si)2P ligands with a 2J(P,P) coupling con-
stant of 17.9 Hz (Figure 2). In addition to this dimer an-
other isomer with an intensity ratio for the bridging to ter-
minal phosphanide ligands of 2:1 is observed and assigned
to the trimer of the type {(Me3Si)2P2Mg[µ-
P(SiMe3)2]2}2Mg. This trimer can be crystallized from tolu-
ene at 230°C, and its structure is discussed below. Raising
of the temperature (Figure 2) leads to an increasing concen-
tration of the dimer at the expense of the trimer. At 240°C
the amount of the trimer is 2.5 times higher than the one
of the dimer, whereas at 0°C the dimer is 1.1 times more
concentrated in solution. The equilibrium is shown in eq.
(4), however, at room temperature and higher temperatures
coalescence is observed, and the different oligomers are in-
distinguishable by 31P{1H}-NMR spectroscopy.

Figure 2. Temperature-dependent 31P{1H}-NMR spectra of a 0.5
 [D8]toluene solution of magnesium bis[bis(trimethylsilyl)phos-
phanide] (4); all spectra are internally referenced to a small signal
of P(SiMe3)3 at δ 5 2251.07 (161.835 MHz); at 240°C the dimeric

and trimeric molecules coexist in toluene solution (see text)

Magnesium bis[bis(trimethylsilyl)phosphanide] is mono-
meric in the gaseous phase as could be shown by mass spec-
trometry. The found isotopic pattern of the M1 peak con-
firms the assignment.
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Molecular Structure of (4)3

The molecular structure and numbering scheme of tri-
meric magnesium bis[bis(trimethylsilyl)phosphanide] [(4)3]
is shown in Figure 3. The coordination sphere around the
magnesium atom Mg2 is a distorted tetrahedron, whereas
Mg1 and Mg3 are surrounded by a trigonal planar coordi-
nation sphere. The four bridging phosphorus atoms are
four-coordinate, and the angle sums of the terminal atoms
P1 and P6 are 334.3° and 331.6°, respectively. Selected bond
lengths and angles of (4)3 are summarized in Table 2.

Figure 3. Molecular structure and the numbering scheme of trime-
ric magnesium bis[bis(trimethylsilyl)phosphanide] [(4)3]; the ellips-
oids represent a probability of 40%; the hydrogen atoms and the

labelling of the carbon atoms are omitted for clarity

The influence of the coordination number is clearly seen.
The terminal phosphanides show Mg2P bond lengths of
approximately 245 pm, whereas the bridging phosphorus
atoms show Mg2P distances to the triply coordinated mag-
nesium atoms of 255 pm. A further increase of approxi-
mately 10 pm is observed for the bond lengths to the quad-
ruply coordinated magnesium atom Mg2, however, the val-
ues lie in a wide range between 260 and 268 pm. The intra-
molecular strain due to the steric demand of the
trimethylsilyl groups leads to a bending of the phosphanide
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Table 2. Selected bond lengths [pm] and angles [°] of trimeric magnesium bis[bis(trimethylsilyl)phosphanide] [(4)3]

n 1 2 3 4 5 6

Mg12P(n) 245.1(2) 253.6(3) 255.3(2)
Mg22P(n) 261.7(2) 267.0(2) 267.8(2) 260.5(2)
Mg32P(n) 255.5(3) 254.1(3) 245.9(3)
P(n)2Si(n1) 221.6(3) 224.2(2) 224.8(2) 225.0(3) 224.9(2) 220.1(3)
P(n)2Si(n2) 221.2(3) 224.1(2) 223.6(3) 223.5(3) 223.7(2) 221.4(3)
Mg12P(n)2Si(n1) 105.12(9) 107.68(9) 119.62(9)
Mg12P(n)2Si(n2) 121.3(1) 100.43(8) 96.75(9)
Mg22P(n)2Si(n1) 130.91(9) 128.04(9) 126.27(9) 114.75(9)
Mg22P(n)2Si(n2) 116.69(8) 114.90(9) 117.67(9) 129.17(9)
Mg32P(n)2Si(n1) 120.1(1) 95.55(8) 115.6(1)
Mg32P(n)2Si(n2) 95.40(9) 113.79(9) 107.99(9)
Si(n1)2P(n)2Si(n2) 107.9(1) 106.04(9) 106.16(9) 105.6(1) 107.76(9) 108.0(1)
Mg12P(n)2Mg2 87.89(7) 86.38(7)
Mg22P(n)2Mg3 87.10(7) 88.96(7)

ligands towards the triply coordinated magnesium atoms
Mg1 and Mg3. The bis(tetrahydrofuran)[8] as well as 1,2-
dimethoxyethane complexes[11] show Mg2P bond lengths
of approximately 250 pm between a triply coordinated
phosphorus atom and a fourfold coordinated magnesium
center.

The steric strain destabilizes the polymeric structures
which presumingly lead to the precipitation of the mag-
nesium bis[bis(trimethylsilyl)phosphanide] right after the
metalation reaction. The polymeric structure breaks apart
into trimers, which can then be crystallized. Due to longer
M2P bonds for the heavier alkaline earth metals and
consequently reduced intramolecular steric strain, solvent-
free and soluble derivatives of oligomeric bis[bis(trimethyl-
silyl)phosphanides] are unknown thus far.

Conclusion

Solvent-free magnesium bis[bis(diisopropylsilyl)phos-
phanide] is soluble in common organic solvents such as
toluene or benzene and dimeric in solution. In contrast to
this derivative magnesium bis[bis(trimethylsilyl)phosphan-
ide] shows monomeric molecules besides dimers by molecu-
lar-mass determination in benzene and a dimer-trimer equi-
librium at 240°C in toluene in the 31P{1H}-NMR spectrum
at a 40 times more concentrated solution. Crystallization at
230°C from toluene solution yields single crystals of
{(Me3Si)2P2Mg[µ-P(SiMe3)2]2}2Mg. The Mg2P bond
lengths vary between 245 and 268 pm depending on the
coordination numbers of the metal and phosphorus atoms.
In the gaseous phase monomeric magnesium bis[bis(tri-
methylsilyl)phosphanide] is observed.

This research was supported by the Deutsche Forschungsgemein-
schaft, Bonn, and the Fonds der Chemischen Industrie, Frankfurt/
Main. We also thank Prof. Dr. J. Weidlein of the University of
Stuttgart for the recording of the Raman spectra.

Experimental Section
All experiments and manipulations were carried out under argon
purified by passage through BTS catalyst and P4O10. Reactions
were performed by using standard Schlenk techniques and dried,
thoroughly deoxygenated solvents. The starting materials (1,2-di-
methoxyethane-O,O9)lithium phosphanide[12] and bis(trimethylsi-
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lyl)phosphane[13] were prepared by literature procedures. 2 NMR
spectra were recorded with Bruker spectrometers AM200, AC250,
and AM400 or Jeol spectrometers GSX270 and EX400. 2 A Per-
kin-Elmer Paragon 1000 PC spectrophotometer was used to record
the IR spectra; solid substances were measured in Nujol between
CsBr windows (vs very strong, s strong, m medium, w weak, vw
very weak, sh shoulder). The frequencies in the region of the Nujol
vibrations are not listed.

Bis(diisopropylsilyl)phosphane (1) and Tris(diisopropylsilyl)phos-
phane (2): 5.0 g of ClSi(H)iPr2 (33 mmol) were slowly added at
220°C to a solution of 4.3 g of (dme)LiPH2 (33.2 mmol) in 80
ml of 1,2-dimethoxyethane. After complete addition, the reaction
mixture was stirred for additional 2 h at room temperature. All
volatile materials were removed in vacuum at room temperature
and a subsequent vacuum distillation gave 2.5 g of HP[Si(H)iPr2]2
(1) (9.5 mmol, 57%) at 73°C/0.02 Torr. The residue was dissolved
in 10 ml of n-pentane. Cooling to 260°C led to the crystallization
of 1.3 g of P[Si(H)iPr2]3 (2) (3.5 mmol, 31%). At 260°C the mother
liquor was decanted and the crystals which show a melting point
of approximately 210°C were dried in vacuum. The NMR data of
both compounds are summarized in Table 1.

Physical Data of 1: IR (CsBr): ν̃ 5 2940 cm21 vs, 2887 s, 2862
vs, 2722 vw, 2287 m (νPH), 2103 vs (νSiH), 1469 s, 1391 m, 1373
m, 1241 w, 1164 w, 1078 m, 1012 s, 922 m, 885 s, 783 vs, 764 vs,
706 w, 648 m, 612 m, 588 w, 563 vw, 482 m, 458 m, 409 w, 351 vw.
2 Raman: ν̃ 5 2941 cm21 sh, 2919 s, 2889 s, 2863 vs, 2758 vw,
2716 vw, 2327 m, 2106 s, 1465 m, 1446 m, 1386 w, 1366 vw, 1290
w, 1234 s, 1160 w, 1076 m, 971 m, 920 vw, 882 s, 783 m, 761 w, 645
m, 618 s, 590 s, 565 m, 484 vs, 460 s, 408 m, 391 s, 361 w, 270 vs,
153 s. 2 MS (20 eV, source 490 K, sample 295 K); m/z (%): 262
(62.6) [M1], 246 (19.8), 220 (60.0), 203 (100), 178 (16.5), 115 (12.7).
2 C12H31PSi2 (262.52): calcd. C 54.90, H 11.90; found C 53.78,
H 11.86.

Physical Data of 2: IR (CsBr): ν̃ 5 2951 cm21 vs, 2887 s, 2862
vs, 2098 vs (νSiH), 1469 s, 1390 m, 1373 m, 1241 w, 1163 vw, 1080
m, 1010 s, 972 vw, 922 m, 880 s, 795 sh, 760 vs, 649 m, 610 m, 592
w, 562 vw, 512 m, 361 vw. 2 MS (70 eV, source 470 K, sample 320
K); m/z (%): 376 (71.0) [M1], 334 (48.3), 292 (55.9), 262 (7.6), 250
(36.3), 249 (37.9), 219 (13.2), 207 (18.8), 203 (17.6), 177 (19.8), 147
(9.6), 135 (21.2), 133 (23.8), 115 (10.2), 105 (15.3), 87 (20.0), 73
(44.3), 59 (100). 2 C18H45PSi3 (376.78): calcd. C 57.38, H 12.04;
found C 55.46, H 11.76.

Magnesium Bis[bis(diisopropylsilyl)phosphanide] (3): 1 ml of a
1.0  solution of n/sec-dibutylmagnesium in heptane was added
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dropwise slowly at 0°C to a solution of 530 mg of bis(diisopropylsi-
lyl)phosphane (2.0 mmol) in 5 ml of toluene. After stirring for 5
additional hours at room temperature, all volatile materials were
removed at reduced pressure at room temperature. Residues of
toluene were removed at 60°C/1022 mbar. A colorless pyrophoric
oil remains, crystallization efforts from various solvents at 220°C
and 260°C failed. The elemental analysis showed a low magnesium
content and on the other hand high carbon and hydrogen values
due to the grease still present in the sample. NMR data are listed
in Table 1. 2 IR (CsBr): ν̃ 5 2940 cm21 vs, 2886 sh, 2865 vs, 2755
vw, 2719 vw, 2101 vs (νSiH), 1462 vs, 1383 m, 1364 m, 1289 w,
1235 m, 1159 vw, 1069 s, 1006 vs, 969 w, 919 m, 879 s, 792 sh, 763
vs, 700 vw, 644 m, 611 s, 590 s, 566 w, 512 s, 483 sh, 410 w.

Magnesium Bis[bis(trimethylsilyl)phosphanide] (4): 1.75 ml of
bis(trimethylsilyl)phosphane (8.03 mmol) was dissolved in 60 ml of
toluene and 4.0 ml of a 1  heptane solution of n/sec-dibutylmag-
nesium was added at room temperature. The precipitation of a col-
orless solid was observed immediately after complete addition,
which dissolved within the next 12 h at room temperature. Re-
duction of the solution to 20 ml and storage at 230°C yielded 0.43
g of crystalline trimeric (4)3 (0.38 mmol, 29%), m.p. 191°C. 2

NMR ([D8]toluene, 0.5 mol/l, 25°C); 1H: δ 5 0.52 and 0.47 (broad,
overlapping signals); 13C{1H}: δ 5 5.65, 6.82, and 7.08 (broad over-
lapping signals); 29Si{1H}: δ 5 3.74; 31P{1H}: see text above and
Figure 2. 2 IR (Nujol, CsBr): ν̃ 5 1313 cm21 vw, 1247 vs, 1073
vw, 1028 vw, 855 sh, 829 vs, 749 s, 683 s, 628 vs, 473 s, 460 s, 447
s, 419 s, 370 m, 314 m, 282 w. 2 MS (70 eV); m/z (%): 378 (17.0)
[M1], 305 (8.0) [M1 2 SiMe3], 250 (35.1) [PSi3Me9

1], 178 (53.4)

Table 3. Crystallographic data of (4)3 as well as details of the struc-
ture solution and refinement procedures

(4)3

Empirical formula C36H108Mg3P6Si12

Molecular mass (g·mol21) 1137.05
T [K] 193
Crystal system monoclinic
Space group[15] P21/n
Unit cell dimensions:
a [pm] 1290.65(1)
b [pm] 3529.33(5)
c [pm] 1633.51(1)
β [°] 99.46(1)
V [nm3] 7.3397(1)
Z 4
dcalcd. [g·cm23] 1.029
µ [mm21] 0.390
F(000) 2472
Scan range 1.2° # θ # 20.0°
Indices 213#h#13; 235#k#36; 217# l#17
Measured data 22718
Unique data 6840 (Rint 5 0.0809)
Number of parameters 533
R indices[a] with I > 2σ(I), data 6376
wR2 0.0928
R1 0.1067
R indices[a] with I > 2σ(I), data 5099
wR2 0.0899
R1 0.0821
Goodness-of-fit σ[b] on F2 1.946
Residual density [e·nm23] 354; 2325

[a] Definition of the R values: R1 5 (ΣiFou 2 uFci)/ΣuFo . 2 wR2 5
{Σ[w(Fo

2 2 Fc
2)2]/Σ[w(Fo

2)2]}1/2 with w21 5 σ2(Fo
2) 1 (aP)2. [16] 2

[b] σ 5 {Σ[w(Fo
2 2 Fc

2)2]/(No 2 Np)}1/2.
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[HPSi2Me6
1], 163 (40.3) [HPSi2Me5

1], 147 (100) [PSi2Me4
1], 73

(89.5) [SiMe3
1]. 2 C12H36MgP2Si4 (379.02): calcd. C 38.02, H 9.57;

found C 36.93, H 9.22. 2 Molecular mass: calcd. for monomer:
379; found 516 (by freezing-point depression in benzene, 0.012
mol/l).

X-ray Crystallographic Study of (4)3: [14] A suitable single crystal
of (4)3 was covered with nujol, sealed in a thin-walled capillary
and mounted on a four-circle diffractometer Siemens P4 (graphite-
monochromated Mo-Kα radiation and SMART area detector).
Crystallographic parameters and details of data collection per-
formed at 280°C are summarized in Table 3. No absorption or
extinction corrections were applied. The structure was solved by
direct methods with the software package SHELXTL Plus[17] and
refined with the program SHELXL-93.[16] Neutral atom scattering
factors were taken from Cromer and Mann[18] and for the hydrogen
atoms from Stewart et al. [19] The non-hydrogen atoms were refined
anisotropically whereas the hydrogen atoms were calculated in ideal
positions. One of the trimethylsilyl groups shows a two-site disorder
(C612, C613/C614, C615) with an occupation ratio of 0.59(3)/
0.41(3).

; Dedicated to Professor Dr. Hanns-Peter Boehm on the occasion
of his 70th birthday.
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The “coloring problem,” as applied to the field of solid state
chemistry, addresses the issues of structural preference as
well as the distribution of different elements within a given
structure. Both the connectivity and arrangement of elements
in a solid affect physical and chemical properties, so a clear
understanding of the forces controlling how elements will ar-
range themselves in a solid state structure creates the ability

The study of chemical compounds fundamentally in-
volves elucidation of the relationships among composition,
structure, and properties. From a historical perspective,
there are two types of compounds: Daltonides and Berthol-
lides. All molecular and many solid state compounds follow
the law of definite proportions, which demands integral ra-
tios for their compositions. Berthollides, on the other hand,
are nonstoichiometric compounds, and occur only in con-
densed matter (solids and liquids). [1] Although there are no
general rules governing stoichiometry, simple electron
counting rules like the octet rule, the 18-electron rule, and
Wade9s rules provide guidance for stable compositions.[2]

Electronic structure theory gives theoretical justification for
these simple rules, but application of these quantum mech-
anical models requires a knowledge of structure, both ac-
tual and hypothetical. An additional bonus from the results
of electronic structure calculations is the possibility, in prin-
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to predict structure-composition-property relationships.
There are two fundamental energetic contributions that in-
fluence how elements in a structure order: the site energy
and the bond energy. This review examines how these two
parts of the total electronic energy work together to influence
the observed structures, compositions, and properties of in-
termetallics and transition metal cluster compounds.

ciple, of extracting information on physical and chemical
properties. Of course, the quantitative accuracy of these
predictions depends on the level of approximation used in
the quantum mechanical calculations. Such theoretical
studies combined with an experimental program involving
synthesis, careful structural characterization, and measure-
ments of physical properties allow a thorough examination
of the fundamental relationships among composition,
structure, and properties. Certain extended solids, in par-
ticular intermetallics and transition metal cluster com-
pounds, provide superb examples for systematic investi-
gations of these relationships.

Structure-property relationships can already be witnessed
with the main-group elements, [3] and are strongly coupled
to valence electron concentration (vec), which equals the
number of valence s and p electrons per main-group atom
(for the transition elements, valence s, p, and d electrons are
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needed; for lanthanides and certainly the actinides, valence
f electrons must be included as well). For main-group ele-
ments with vec less than four, closed packed (ccp, hcp or
bcc) metallic structures form.[4] If vec is greater than or
equal to four, open network, nonmetallic structures occur. [4]

The inert electron-pair effect in sixth-period elements, e.g.,
Tl, Pb, Bi, and Po, creates exceptions to these trends.[5] A
theoretical technique called second moment scaling of the
electronic energy density of states provides a rationale for
the observed structural trends of the elements. [6] Complete
electronic structure calculations are required, however, to
assess observed properties. For example, the observed de-
crease in electrical conductivity as pressure increases for el-
emental Ca, Sr, and Ba has been explained by the results of
detailed band structure calculations. [7]

As composition becomes a variable, potential structural
complexity increases dramatically with respect to both the
network of interatomic connections as well as the exact ar-
rangement of the different atoms throughout the structure.
The second aspect is also called the site preference problem,
which is a specific application of the more general coloring
problem.[*] How atoms are distributed within a network
can influence not only to what extent different atoms occur
in a compound, i.e., stoichiometry, but also the nature of
the electronic structure, i.e., physical and chemical proper-
ties. Moreover, there is a synergism between composition
and geometrical structure which are blended via the elec-
tronic structure that leads to further chemical diversity. In-
termetallic and transition metal cluster compounds are well
suited for examining these fundamental problems of ex-
tended solids: subtle changes can be made in their com-
pound compositions which allow detailed investigation of
site preference. The Hume-Rothery intermetallic phases[9]

provide exceptional examples for studying both structural
complexities mentioned at the beginning of this paragraph:
not only does structure change with vec, but the distri-
bution of atoms among the different crystallographic sites
in a given Hume-Rothery phase is closely related to its
structure. Therefore, for multicomponent systems adopting
extended structures the following questions arise: (1) for a
given composition, what controls the observed structure; (2)
in a given structure, how do the different chemical elements
arrange themselves; (3) how does this arrangement of atoms
influence the observed physical and chemical properties of
a given compound; and (4) what is the fundamental re-
lationship among structure, property, and composition for
a particular chemical system?

Background

The coloring problem, better known as the “four-color
problem” in mathematics, was one of the best known, un-
solved mathematical challenges until it was solved in
1976. [10] It defied solution for over one hundred years (since

[*] A succinct statement of the coloring problem in chemical sys-
tems is, “Given a molecular or extended network and several
different types of atoms or chemical groups, what is the best way
to distribute them in the network for a fixed stoichiometry?”[8]
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1852), while attracting the attention of nearly every math-
ematician in the late nineteenth and throughout the twenti-
eth century. The original basic problem is “to find the
smallest number of colors necessary to color the countries
of any map so that each two countries with a common bor-
der have different colors.”[**] This problem belongs to the
discipline of graph theory. [12] A graph is a collection of
points, called vertices, with various pairs of points joined by
a collection of arcs, called edges. A vertex has valence m if
exactly m edges meet at that vertex. A map is a graph in
which each vertex has valence at least three, and with edges
that form simple closed curves, called faces. The application
of this problem to chemistry is clear: the structures of
chemical compounds are often represented by graphs in
which atoms occupy vertices, and bonds often correspond
to edges in the graph. The chemist wonders, which coloring
has the lowest energy? In these chemical examples, however,
“coloring” occurs at the vertices, and not at the faces.[***]

the idea of reciprocity is important for justifying the equiv-
alence of these two mathematical problems.[10]

The coloring problem occurs in some classic molecular
examples: the simplest case being linear triatomic mol-
ecules. Both CO2 and N2O are linear molecules, but only
CO2 has inversion symmetry. The explanation for the ar-
rangements OCO or NNO and not OOC or NON is simply
that 16-electron triatomic molecules require the more elec-
tronegative component to occupy the terminal position, i.e.,
the site with lower coordination number.[14] This effect also
occurs in the cage structures of S4N4 and As4S4, [15] (see
Figure 1) which adopt identical molecular topologies: one
site is two-bonded (N in S4N4; S in As4S4), the other is
three-bonded (S in S4N4; As in As4S4). Since the Pauling
electronegativities for these three elements increase from As
to S to N, the arrangement of atoms in these molecules has
the more electronegative element at the two-bonded posi-
tion.

Figure 1. Molecular structures of As4S4 (left) and S4N4 (right);
white circles are S atoms, black circles are As or N atoms

Molecular orbital theory can substantiate this conclusion
through the principle of topological charge stabilization. [16]

When a Mulliken population analysis[17] is applied to the

[**] The German mathematician Möbius is credited with its origi-
nation in the form of a puzzle to his students. [11]

[***] In terms of graph theory, another statement of the coloring
problem is, “Consider a fixed molecule or solid state frame-
work which is then populated with different sorts of atoms
or atom groupings. Such a mapping of vertices to atoms is
called a coloring, and the different atoms or units are associ-
ated with different colors.”[13]
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results of a molecular orbital calculation on a homonuclear
molecular structure, differences in atomic populations, i.e.,
the number of valence electrons assigned to an atomic site
in the molecule, usually occur. For an isostructural hetero-
nuclear molecule, the most electronegative element will oc-
cupy the site with the largest Mulliken population. The sim-
ple Hückel theory can verify this conclusion. Consider a
molecule composed of atoms, which are each described by
a set of valence atomic orbitals {χi} with atomic orbital
energies αi (αi < 0). The strengths of the atomic orbital in-
teractions in the molecule are prescribed by a set of reso-
nance integrals βij (βij < 0). In the LCAO approximation, a
molecular orbital is expressed as

ψn 5 Σi cni χi (1)

where cni is the numerical coefficient of the ith atomic
orbital in the nth molecular orbital and the summation co-
vers all valence atomic orbitals {χi} in the molecule. The
energy of this molecular orbital can then be written as

En 5 Σi cni
2αi 1 Σi Σj?i cnicijβij (2)

The total valence electron energy, Emo, is the sum of the
molecular orbital energies En times their corresponding oc-
cupation numbers (zn 5 0, 1, or 2), which gives the result[18]

Emo 5 Σn zn En 5 Σn zn (Σi cni
2 αi 1 Σi Σj?i cni cnj βij)

5 Σi (Σn zn cni
2 ) αi 1 Σi Σj?i (Σn zn cni cnj) βij

Emo 5 Σi qi αi 1 Σi Σj?i pij βij (3)

where qi is the atomic orbital population (Mulliken popu-
lation in Hückel theory) and pij is the overlap population[17]

(Coulson bond order index[19]) which are defined by the
equations

qi 5 Σn zn cni
2 (4)

pij 5 Σn zn cni cnj (5)

The principle of topological charge stabilization uses just
the first term of equation (3), i.e., the most stable coloring
of a heteronuclear molecule is the one for which the most
electronegative element, i.e., the one with the lowest αi9s,
occupies the site with the greatest Mulliken population, qi,
in the homonuclear model of the molecule.

Figure 2. Simple representation of three-center four-electron bond-
ing; in the trigonal bipyramidal molecule PF4CH3, the methyl
group occupies the equatorial position; the linear F2P2F frag-
ment along the axial direction involves three-center four-electron
bonding, whose simple molecular orbital picture is shown; the non-
bonding orbital has a node at the P atom, which results in the axial
sites being generally preferred by the most electronegative ligands
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Additional examples of the application of this principle
include five-coordinate main group molecules (see Figure
2), which adopt either trigonal bipyramidal or square pyr-
amidal structures. [20] Both arrangements have two inequiva-
lent sets of ligands, labeled axial and equatorial, which im-
mediately lead to a site preference problem. In ten-electron
trigonal bipyramidal molecules, e.g., PCl3F2 and
PF4(CH3), [2] the more electronegative F atoms prefer the
axial sites, although these molecules undergo rapid pseudo-
rotation. In each case, the more electronegative ligand is
involved in three-center four-electron bonding along three
collinear atoms.[21] The four electrons in this simple model
occupy one bonding and one nonbonding molecular orbital
(see Figure 2). The bonding orbital is delocalized through-
out the three atomic orbitals, while the nonbonding molecu-
lar orbital has only ligand character, which provides the
electronic driving force for the observed substitution pat-
tern. Ligands in the equatorial sites of these molecules are
involved in two-center two-electron bonding with the cen-
tral atom. On the other hand, twelve-electron square pyr-
amidal molecules like XeOF4 have the more electronegative
ligands (F atoms in XeOF4) in the equatorial sites, which
involve two three-center four-electron interactions.

When nonorthogonal atomic orbital basis sets are used in
electronic structure calculations, as in the extended Hückel
theory, [22] the expression for the total valence electron en-
ergy Emo becomes slightly modified from equation (3). The
overlap integrals Sij are now explicitly included during cal-
culation of the electronic energy levels, and expressions for
the Mulliken population and overlap population become

qi 5 Σn zn ( cni
2 1 cni cnj Sij) (6)

pij 5 Σn 2 zn cni cnj Sij (7)

Then, after some simple algebraic manipulations of the
molecular orbital energy values, the total valence electron
energy is

Emo 5 Σi qi αi 1 Σi Σj?i pij (βij 2 Sij αi) (8)

The first term in expressions (3) or (8) can be interpreted
as the energy contribution from the valence electron con-
figurations of the different atoms or ions in the structure,
which is the site energy. The value of this term is sensitive
to the degree of charge transfer between atoms as well as
the coordination geometry at each site. The second term is
a net two-center interaction term, the bond energy, and will
be minimized when only bonding and nonbonding orbitals
are occupied by providing maximum overlap populations
pij.

This type of transformation of the total valence electron
energy does not require a knowledge of the eigenstates of
the system, i.e., {ψn}, provided another method can calcu-
late the population terms, qi and pij. [23] These chemical
quantities are the matrix elements of the density matrix,[*]

[*] The density matrix elements are expansion coefficients of the
total charge density in the atomic orbital basis set. Diagonal
elements are the charge densities to associate with each orbital
in the system; off-diagonal elements are bond orders between
two different atomic orbitals on different atoms.
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which can be determined without knowing the eigenstates
by using, for example, the recursion method.[24] Further-
more, expressions (3) and (8) are general for all types of
chemical systems: molecules, crystalline solids, amorphous
solids, liquids, quasicrystalline solids, and defective crystal-
line materials. For solids, Eband replaces the symbol Emo to
describe the total valence electron energy from the occu-
pation of energy bands rather than molecular orbitals. In
subsequent discussions, we shall call this energy the total
orbital energy, Eorb. This transformation of the total energy
introduces a much more chemical approach to the analysis
of electronic structure of solids. Furthermore, with respect
to the “coloring” problem in chemical structures, the tight-
binding expressions in equations (3) and (8) point to two
contributions: atoms arrange themselves to provide the low-
est site energy and to minimize the bond energy.

Figure 3. Structure of the quasi-infinite 1
`[SnTe5]22 chain in

K2SnTe5 and Tl2SnTe5; [25] white circles are Te atoms, black circles
are Sn atoms

Consider one simple example of this problem: the quasi-
infinite chain `

1 [SbTe5]22 found in K2SnTe5 and Tl2SnTe5

(see Figure 3). [25] As the figure shows, this chain consists of
tetrahedrally coordinated Sn atoms alternating with square
planar coordinated, albeit slightly distorted, Te atoms,
which we can formulate as `

1 [(SnTe4/2)(TeTe4/2)]22. X-ray
diffraction studies are unable to differentiate between Sn
(Z 5 50) and Te (Z 5 52) for these two sites, but their
distribution has been inferred from the known crystal
chemistry of these two elements. An extended Hückel calcu-
lation performed on a homonuclear chain (using only Te
atomic orbital parameters) indicates that the more electro-
positive element [Sn; lower qi9s in equation (8)] would oc-
cupy the tetrahedrally coordinated site, and the more elec-
tronegative element [Te; higher qi9s in equation (8)] would
occupy the site with square planar coordination. A direct
comparison of the two different patterns shows the ob-
served combination to be energetically preferred over the
alternative by approximately 10.0 eV per formula unit if
only nearest neighbor (four Sn2Te and four Te2Te) inter-
actions are considered. Of this 10.0 eV energy difference,
1.2 eV is attributed to the difference in site energies and 8.8
eV is the difference in bond energies. The dominance of the
bond energy difference reflects tetrahedral vs. square planar
coordination at the two different sites. When second nearest
neighbor interactions are included (Sn···Te along the chain
in the tight-binding calculation), this total energy difference
increases to 14.4 eV, of which 12.1 eV is due now to a differ-
ence in site energies, and 2.3 eV to a difference in bond
energies. The dramatic change in how the two components
contribute to the total energy arises from a significant dif-
ference in the coordination environment: Sn is surrounded
by 4 1 2 Te atoms, whereas Te is coordinated by four Te
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atoms and two Sn atoms. Regardless, the Sn occupies the
tetrahedral sites and Te, the square planar sites.

In extended solids the site preference problem has already
been well documented for the spinels, A21B2

31O4.[26] In
these oxides, one-half the octahedral holes and one-eighth
the tetrahedral holes are occupied by metal ions in the cubic
closest packed oxide framework. A normal spinel would be
A(tet)

21B(oct)2
31O4, as in Co3O4 ; Co(tet)

21Co(oct)231O4,
whereas an inverse spinel would be B(tet)

31-
(A(oct)

21B(oct)
31)O4, as in CoFe2O4 ; Fe(tet)

31-
(Co(oct)

21Fe(oct)
31)O4. The crystal field theory achieved suc-

cess by comparing the energies of octahedral and tetra-
hedral fields for different dn electronic configurations.
Strong preference for octahedral coordination occurs for
d12d4 and d62d9 ions, which has been used to rationalize
the different ionic arrangements in spinels. Of course, ligand
field theory can also be applied to these examples with
identical results. [2]

Perhaps a better example of the “coloring” problem is
how to color the body-centered cubic (bcc) lattice with two
different atoms at equal concentrations, i.e., AB. The cubic
CsCl structure (Figure 4) is the alternant variant, with each
A atom surrounded by eight nearest neighbor B atoms and
six next nearest neighbor A atoms at a 15% larger distance.
On the other hand, the CuTi structure (Figure 4) is a tetra-
gonal modification of the bcc arrangement with alternating
pairs of (001) planes of atoms. In CuTi, each A atom is
coordinated by four A and four B nearest neighbors as well
as four A and two B next nearest neighbors; each B atom
is surrounded by four A and four B nearest neighbors and
four B plus two A next nearest neighbors. In these two ex-
amples, the observed coloring depends on the vec, as also
shown in Figure 4 for binary alloys of the transition met-
als. [27] Another possible coloring of this lattice is the NaTl
structure (Figure 4), [28] which is limited to binary com-
pounds of the pre- and post-transition elements. For the
NaTl structure, there are four A and four B nearest neigh-
bors plus six next nearest neighbor B atoms around each A
atom. For this problem, semi-empirical calculations nicely
reproduce the observed trend in structure. [27]

Therefore, with respect to these examples, the site prefer-
ence problem is a specific corollary of the more general
“coloring” problem. Extended solids offer the additional
problem of disorder, which further complicates the prob-
lem. A general understanding (i.e., predictive algorithm) re-
mains to be determined to elucidate solutions for the gen-
eral case, but the following section examines a small number
of examples from our research group to help build a body
of data for the “coloring” problem in solids.

Applications

The remainder of this article focuses on specific examples
of the “coloring problem” in extended solids from our
group9s research. The fundamental questions concern how
structure, composition, and properties of extended solids
are affected by the arrangement of different elements in a
compound. Since intermetallic and transition metal cluster
compounds are involved, these investigations reveal how
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Figure 4. Structures of different AB colorings of the bcc lattice:
(very top) CsCl structure; (center top) CuTi structure; (center bot-
tom) NaTl structure; (very bottom) computed energy differences
between the CsCl and CuTi arrangements vs. the average number
of s 1 d electrons; CsCl is the reference structure; the more stable
structure has the lower value of ∆E for a given number of s 1 d
electrons; experimentally observed values are shown on the di-

agram

experiment and theory can work symbiotically to pursue
some fundamental chemical questions. These applications
are organized as follows: (1) kinetically vs. thermo-
dynamically stable structures; (2) structural influences for
a single composition but variable electron count; (3) site
preferences and composition influenced by nearest
neighbor interactions; (4) structure-composition relation-
ships in intermetallics; and (5) composition-property ef-
fects.
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Figure 5. Structures of the low and high temperature forms of
Nb3SI7: (top) o-Nb3SI7; (bottom) h-Nb3SI7; black circles are Nb
atoms, gray circles are S atoms, white circles are I atoms; figures
on the left illustrate the two-dimensional layers of clusters, and
those on the right show the local environments of the Nb3 triangles;
the point symmetry of the cluster in o-Nb3SI7 is Cs while in

h-Nb3SI7 it is C3v

1. Kinetic versus Thermodynamic Products: Nb3SI7

The formation of solid state compounds is certainly con-
trolled by both thermodynamic and kinetic factors. With
temperature and pressure as fundamental variables, the
complete study of a particular system involves numerous
synthetic attempts under different conditions. Recent in-
vestigations with ternary transition metal/chalcogen/hal-
ogen systems containing metal clusters have uncovered a
diverse collection of new layered compounds with various
structures and properties. [29] One poignant example is
Nb3SI7, which has been characterized in three topologically
different layered structures (polymorphs, not polytypes!) de-
pending upon the temperatures chosen for synthesis. All
three structures, however, contain triangular Nb3 clusters
with capping sulfur atoms. Their differences arise in how
these units are linked together. The coloring problem in this
system addresses how sulfur and iodine form the anion ma-
trix that contains the Nb3 clusters.

At temperatures between ca. 300°C and 650°C, elemental
niobium, sulfur, and iodine react in the molar ratio
3.0:1.0:3.5 to give a crystalline orthorhombic phase, o-
Nb3SI7, whose structural formula is Nb3S1/2

i2aI3
iI6/2

a2a-
(I2/2

a2aS1/2
a2i).[*] As seen in Figure 5, the Nb3 triangle is

capped by a single sulfur atom (Si), and each edge is

[*] The notation for transition metal clusters differentiates between
ligands bridging edges or faces of a cluster, i.e., Xi (i 5 innen 5
inner) and those connecting or terminating clusters, Xa (a 5
aussen 5 outer). [30]
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bridged by an iodine atom (Ii). These [Nb3(µ3-S)(µ2-I)3

units are then connected together by six iodine atoms (Ia2a)
linking two clusters and three ligands trans to the capping
sulfur atom (two are Ia2a and one is Sa2i) linking three
clusters. There is just one crystallographic type of sulfur
atom in o-Nb3SI7: it caps an Nb3 triangle, but it also bonds
to an adjacent cluster (thus the Si2a and Sa2i designations
in the structural formula). In o-Nb3SI7 sulfur is 311 coordi-
nated to Nb in a cis-divacant octahedral geometry. This lo-
cal coordination structure at one of the anions gives rise to
the undulating layered structure of o-Nb3SI7.

Figure 6. Schematic diagrams of the relationships in atomic orbital
energies for three different elemental components of ternary com-
pounds; the higher the electronegativity of an element, χ(X), the
lower its valence orbital energies; for these schemes, χ(A) < χ(B),
so E(A)9s > E(B)9s; the interesting chemistry arises by considering
how A and B relate to the third component C; (a) χ(A) < χ(B) <
χ(C), (b) χ(A) < χ(C) < χ(B), (c) χ(C) < χ(A) < χ(B); electron
transfer takes place until a constant electrochemical potential exists

throughout the structure

Above ca. 650°C, these elements form a layered hexa-
gonal structure, h-Nb3SI7, [29] (see Figure 4) whose layers
are related to those found in β-Nb3I8. [31] The corresponding
structural formula for this compound is Nb3S1

i-
I3

iI6/2
a2aI3/3

a2a. Each sulfur atom is just three-coordinated
to Nb, and the layers are flat. The structures of o-Nb3SI7

and h-Nb3SI7 can be compared by examining the two differ-
ent packing arrangements of anions: o-Nb3SI7 involves cu-
bic closest packed anions (···c···) [32] with each (111) plane
containing 1/8 sulfur and 7/8 iodine, while h-Nb3SI7 con-
tains an alternating mixture of cubic closest packed and
hexagonally closest packed layers (···hc···) [32] with sulfur oc-
curring in alternate close packed layers to an extent 1/4 sul-
fur and 3/4 iodine. In o-Nb3SI7 the stacking arrangement
of one anion “(111)” sheet (i.e., “SI7”) with respect to its
two neighboring layers maximizes the S···S internuclear sep-
aration, or minimizes the electrostatic repulsion between
neighboring sulfide ions. In both close packed anion arrays,
Nb atoms occupy 3/8 of the total number of octahedral
holes and are located close to the sulfur atoms. A combi-
nation of lattice energy[33] and extended Hückel[22] calcu-
lations on various models indicates that Nb2Nb bonding
is optimized in h-Nb3SI7, but that the Madelung energy is
lower for o-Nb3SI7. Quenching and annealing experiments
conducted at different temperatures show that o-Nb3SI7

transforms to h-Nb3SI7 irreversibly at temperatures above
ca. 650°C.
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Thus, the coloring of the anion network in Nb3SI7 strongly
influences the resultant total structure of the extended solid
involving transition metal clusters. Ionic and covalent forces
compete for the formation of a given atomic arrangement. At
low temperatures, long range electrostatic interactions guide
the formation of the kinetically stable o-Nb3SI7 by maximizing
the separation between sulfide ions. At higher temperatures,
however, the atoms rearrange to give a structure with lower
internal energy, h-Nb3SI7, which retains certain structural fea-
tures, e.g., the Nb3 triangular cluster.[*]

The ternary niobium/sulfur/iodine system offers a further
application of the coloring problem that is only possible
in extended solids-nonstoichiometry. Nb3S12xI71x can be
prepared from the elements for x # 1.[29] [35] X-ray and neu-
tron diffraction studies on polycrystalline powders and sin-
gle crystals show that these layered compounds have struc-
tures related to β-Nb3I8 for x > 0.6 and h-Nb3SI7 for x <
0.4. A two-phase mixture of these structures exists for 0.4
< x < 0.6. Throughout the series, moreover, sulfur and iod-
ine atoms randomly occupy the anion site capping the Nb3

cluster. Neutron powder diffraction on the compounds β-
Nb3I8, Nb3S0.34I7.66, and Nb3S0.64I7.36 between 15 K and
300 K did not exhibit any ordering phenomena, i.e., no
superstructure reflections nor any symmetry-lowering phase
transitions. Magnetic susceptibility measurements give one
unpaired electron per µ3-I capped Nb3 cluster, except in β-
Nb3I8. We can understand the lack of superstructure from
the electronic structures of µ3-S capped Nb3 groups and
µ3-I capped Nb3 groups in the iodide matrix. Electronic and
matrix effects work against each other to produce disorder:
the six-electron Nb3 cluster in Nb3SI7 has weaker Nb2Nb
bonding but a smaller capping anion (sulfide) than the
seven-electron cluster in β-Nb3I8. Thus, Nb2Nb distances
remain nearly unchanged throughout the series
Nb3S12xI71x and the Fermi levels do not vary with the
composition variable x.

2. Coloring and Structure in Ternary MM9X Intermetallics

Intermetallic compounds adopt structures that are de-
pendent, in part, on the number of valence electrons per
formula unit. An understanding of this relationship be-
tween structure and electron count requires knowledge of
the electronic structures and a good estimation of the struc-
tural energy differences for different arrangements of atoms.
Second moment scaling [6] techniques and the structural en-
ergy difference theorem [4] have contributed greatly to the re-
cent success of electronic structure calculations for sorting
numerous binary intermetallic compounds. The second mo-
ment µ2 for a quasi-continuous distribution of electronic
states ρ(E) (as one finds in an extended solid) is defined by
the integral

µ2 5 e
`

2`

E2ρ(E)dE (9)

[*] A new modification, m-Nb3SI7, has been recently characterized
at temperatures exceeding 1000°C, but was first identified in the
compound Nb7S2I19 5 [Nb3SI7]2(NbI5). [34]
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Within the tight-binding (LCAO) approximation, this in-

tegral expression can be rewritten into a summation

µ2 5 Σi 5 1
N αi

2 1 Σi<j βij
2 (10)

N is the number of atomic orbitals in the unit cell, αi is
the atomic orbital energy for the ith atomic orbital, and βij

is the resonance integral between different atomic orbitals i
and j. For identical compositions, the first term in equation
(10) is the same for all structural models. Second moment
scaling, therefore, demands that for all structure types to be
compared the unit cell and atomic positional parameters be
selected to create equal second terms, Σi<jβij

2, and therefore
equal µ2 values. The structural energy difference theorem
states that the energy difference between two structures is
given to first order by the difference in the bonding contri-
butions to the total energy, i.e., ∆Ebond. The total binding
energy for a structure is generally the sum of a repulsive
term, Erep, and the bonding contribution, Ebond. Ebond can
result from a Madelung (Emad), molecular orbital or band
structure (Eorb) calculation, while the repulsive term is a
combination of short-range electrostatic and Pauli repul-
sion contributions, which are specifically proportional to
coordination numbers. Heine has demonstrated that the
second moment µ2 is proportional to the average coordi-
nation number in a given structure. [36] Therefore, per-
forming second moment scaling on various structural mod-
els creates equal Erep terms in the total binding energy, and
validates the structural energy theorem.[4]

Once the electronic structure calculations are completed,
equation (3) or (8) can be used to provide a rationale, in
chemical terms, for the predicted sorting diagram: an ele-
ment will tend to adopt a single type of site that minimizes
its site energy and bond energies. For a study of structural
changes with valence electron concentration, the site energy
changes rapidly with electron count due to the quadratic
dependence of atomic orbital energies on charge. The rela-
tive electronegativities (χ) of the components in ternary Ax-
ByC systems give rise to three scenarios: (1) χ(C) > χ(B) >
χ(A), (2) χ(B) > χ(C) > χ(A), and (3) χ(B) > χ(A) > χ(C).
Figure 6 illustrates how electron transfer will take place as
these elements form chemical bonds (the greater electrone-
gativity implies lower atomic orbital energies). The sites ul-
timately selected by elements A and B in the C matrix will
follow the ramifications of equation (8): lowest site and
bond energies, which are governed by the extent of electron
transfer and orbital overlap. In this first example, we high-
light the subtle interplay between site potential and near
neighbor interactions at controlling structure in metal-rich
phosphides.

The recent synthesis and crystal structure determination
of ZrNbP provide two unusual features:[37] (1) ZrNbP crys-
tallizes in the Co2Si structure type (oP12[*]), whereas Zr2P

[*] The Pearson symbol[32] describes for a given structure its Laue
symmetry, lattice class, and number of atoms in the unit cell.
oP12 means primitive orthorhombic with 12 atoms in the unit
cell.
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(oC108) and Nb2P (oP54) form other, quite complex struc-
tures; and (2) Zr and Nb are completely separated onto
different crystallographic sites with no evidence for mixed
site occupations nor of any variable composition,
Zr1±xNb17xP. The miscibility of Zr and Nb is certainly
manifested in their binary phase diagram, but does not
seem to extend to this ternary compound. Furthermore,
ZrNbP differs from ternary (Nb, Ta) sulfides, [38] in which
there is only a partial segregation of Nb and Ta atoms onto
inequivalent crystallographic sites. But ZrNbP is nonethe-
less similar to these ternary sulfides because they exist only
for specific Ta:Nb ratios. Semi-empirical electronic struc-
ture calculations[39] were performed in our group in order
to address the following questions: (1) what accounts for
the complete segregation of Zr and Nb atoms in ZrNbP?,
and (2) what controls the observed structure of ZrNbP with
respect to viable alternative structures for the ternary
MM9P phosphide system? As it turns out, both questions
have the same answer, which relates to the nature of metal
2metal bonding in this system. Moreover, the theoretical
analysis predicted the structure for the new compound
ZrMoP, which was subsequently confirmed by experiment.
Therefore, the structure and existence of a new intermetallic
compound could be predicted using crystal chemical prin-
ciples and electronic structure calculations.

Figure 7. (Top) structure of ZrNbP and (bottom) structure of
ZrMoP; black circles are Nb or Mo atoms, gray circles are Zr
atoms, and white circles are P atoms; figures on the left illustrate
metal2phosphorus contacts, figures on the right show metal2

metal contacts

Figure 7 illustrates two projections of ZrNbP along the
crystallographic b axis, one of which emphasizes the close
metal2phosphorus contacts (d < 3.05 Å) while the other
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shows the metal2metal distances shorter than 3.30 Å. In
ZrNbP, Nb is tetrahedrally coordinated and Zr is square
pyramidally coordinated by P atoms. With respect to these
coordination environments, there are two alternative struc-
tures common to many ABC intermetallics: (1) the Fe2P-
type and (2) the Cu2Sb-type. [32] [40] The Fe2P structure type
is also illustrated in Figure 7 to point out both the metal2
phosphorus and metal2metal connectivities. In order to
compare the total energies of the three structure types at
valence electron counts around fourteen per formula unit,
second moment scaling and the structural energy theorem
were applied. Figure 8 illustrates these results as energy dif-
ference curves. Not only do these calculations reflect the
stability of the observed structure for ZrNbP, but they also
predict the structure of ZrMoP, if it exists, to be the Fe2P-
type. Direct synthesis and single crystal structural charac-
terization of Hf1.06Mo0.94P confirmed this prediction, and
revealed the complete segregation of Hf and Mo, respec-
tively, onto the square pyramidal and tetrahedral sites.[39]

ZrMoP was also synthesized and characterized by X-ray
powder diffraction.[39]

Figure 8. Energy difference curves vs. valence electron count for
the Co2Si-, Fe2P-, and Cu2Sb-structure types as possible models
for the structure of ZrNbP; the energy of the Co2Si-structure type
is the reference energy (∆E 5 0); the lowest ∆E curve for a given
electron count represents the most stable structure among the three

models; the electron counts for ZrNbP and ZrMoP are marked

Figure 9. Overlap populations[17] [41] for the shortest homonuclear and heteronuclear metal2metal bonds in ZrNbP (left) and ZrMoP
(right); the dashed lines indicate calculated Fermi levels for 14 and 15 valence electrons per formula unit; positive values (bonding overlap)
lie to the right and negative values (antibonding overlap) lie to the left; in ZrNbP, both Nb2Nb and Zr2Nb bonding is optimized; in

ZrMoP, Zr2Mo bonding is optimized, but there is significant antibonding character for Mo2Mo bonding at the Fermi level

Eur. J. Inorg. Chem. 1998, 5232536530

Why does the complete segregation of Zr and Nb in
ZrNbP and of Hf and Mo in Hf1.06Mo0.94P occur? The
same electronic structure calculations[39] show that the ob-
served, completely segregated sets of metal atoms give the
lowest total valence electron energies over all other possible
arrangements of metal atoms in ZrNbP and ZrMoP. From
equation (8), this segregation provides the lowest site ener-
gies for these elements. In addition, analysis of the overlap
populations[39] [41] for the two shortest metal2metal con-
tacts in each structure reveals that the heteronuclear Zr2Nb
and Zr2Mo interactions are optimized, i.e., bonding and
nonbonding orbitals are filled; antibonding orbitals are
empty. At the corresponding Fermi levels, the homonuclear
Nb2Nb interactions in ZrNbP are nonbonding whereas
the Mo2Mo contacts in ZrMoP show significant antibond-
ing overlap (see Figure 9). These theoretical results are well
reflected in the observed bond lengths: the shortest hetero-
nuclear metal2metal distances reflect the differences in
atomic radii [dmin (Zr2Nb) 5 3.014 Å in ZrNbP vs. dmin

(Hf2Mo) 5 2.915 Å in HfMoP], whereas the shortest
homonuclear metal2metal distances demonstrate the na-
ture of occupied electronic levels near the Fermi level [dmin

(Nb2Nb) 5 2.816 Å in ZrNbP vs. dmin (Mo2Mo) 5 3.015
Å in HfMoP]. Thus, total segregation of Zr and Nb in
ZrNbP or Hf and Mo in Hf1.06Mo0.94P relies not only on
the site energies in each structure, but also on the heteronu-
clear metal2metal interactions.

Figure 10 illustrates how the relationship between the site
and bond energies arises. Phosphorus atoms create tetra-
hedral and square pyramidal ligand fields about the metals,
which breaks the degeneracy of their valence d orbitals. Ac-
cording to electronegativities (see Figure 6) some of the
metal valence electrons are transferred to phosphorus to
form metal2phosphorus bonds. The electrons remaining in
metal valence orbitals are utilized to form heteronuclear
and homonuclear metal2metal bonds. Since the strength of
orbital interactions is inversely proportional to the energy
difference between the two isolated orbitals, [14] the strongest
heteronuclear metal2metal interactions occur when the en-
ergy difference between occupied valence d orbitals of the
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two different metals is smallest. In ZrNbP and ZrMoP this
condition is met when Zr is in square pyramidal coordi-
nation and Nb or Mo are tetrahedrally coordinated by P:
the difference in valence d orbital energies equals the free
atomic orbital energy difference, ∆, plus the difference be-
tween the d orbital energy shifts from the π donor phos-
phorus ligands (expressed in units of eπ using the angular
overlap model[2]). When the more electronegative Nb or Mo
atoms are tetrahedrally coordinated, the resulting energy
difference is less than when these elements are in the square
pyramidal sites. In this manner, optimizing the site energy
also minimizes the heteronuclear metal2metal bond energy.

Figure 10. Ligand field effects on the site preference problem in
metal-rich ternary phosphides; in each section, the relative energies
of the Zr and Nb 4d AOs are shown (∆ is energy difference between
Nb and Zr 4d AOs); under the influence of either tetrahedral or
square pyramidal ligand fields of phosphorus, these 4d orbitals are
split and pushed up in energy by M2P σ* and π* interactions (eπ
and eπ9 are AOM parameters[2]); (left) ∆E 5 ∆ 1 2eπ9 2 2.7eπ;

(right) ∆E9 5 ∆ 1 2.7eπ9 2 2eπ; ∆E < ∆E9

3. Coloring and Composition in Aluminides: Zintl Phases?

The question of chemical composition is closely linked
to stable electronic configurations. For ionic and valence
compounds (Zintl phases), the octet rule allows the chemist
to “understand” chemical stability, since all bonding and
nonbonding orbitals should be filled for “stable” chemical
species. [42] When the electronegativity differences between
elements in a compound are small, as in intermetallics, this
rule becomes less well defined, and electronic structure cal-
culations are necessary for a complete analysis. Neverthe-
less, the principle of bond order optimization by filling
bonding and nonbonding orbitals is a compelling driving
force for stable chemical compositions in a specific struc-
ture, i.e., equations (3) or (8).

Aluminides have been the focus of recent research
towards an understanding of the transition from intermet-
allics to Zintl phases. [43] Post-transition elements form
Hume-Rothery compounds[9] with vec < 2, while Zintl
phases have networks of these elements with vec $ 4. Ter-
nary aluminides involving an alkali or alkaline earth metal
and an element from groups 11, 12, or 13 allow examin-
ation of compounds with vec values between two and four.
A recent example of these efforts is BaCu5Al8, [44] which
adopts the NaZn13-type intermetallic structure. Further ef-
forts have demonstrated that this structure occurs for com-
pounds ACu5±εAl87ε, with A being Ba, Sr, La, or Eu and
ε # 1. [45] The NaZn13 structure type, shown in Figure 11,
is a three-dimensional network of interconnected atom-cen-
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tered (stuffed) icosahedra. Within the [Cu5±εAl87ε] icosa-
hedral substructure, there are two crystallographically in-
equivalent sites: (1) the center of each icosahedron, which
is exclusively occupied by Cu; and (2) the surface of each
icosahedron which is randomly decorated with (4 ± ε) Cu
and (8 7 ε) Al atoms. Thorough synthetic and crystallo-
graphic investigations indicate that no ordering of Cu and
Al on the icosahedra occurs even after months of annealing
above 1000°C. Electronic structure calculations on various
arrangements of Cu and Al in BaCu5Al8 demonstrate that
bonding within the icosahedral framework is optimized (see
Figure 11). Combinatorial methods indicate only ten un-
ique ways of arranging four Cu and eight Al atoms in an
icosahedron.[46] [47] According to molecular orbital calcu-
lations, the lowest energy configurations of Cu and Al max-
imize the separations between Cu atoms. But, since there
are six intericosahedral contacts per cluster, there is little
energetic driving force for the ordering of Cu and Al. On
the other hand, the overlap population curve in Figure 11
suggests that the stable compositions are influenced by the

Figure 11. (Top) structure of BaCu5Al8; shaded circles are Ba
atoms, icosahedra correspond to the Cu-centered [Cu4Al8] clusters
which are tightly interconnected; (bottom) overlap populations for
two types of bonds in the icosahedral network: (i) central Cu with
surface atoms, and (ii) among difference surface atoms on the ico-
sahedra; note that bonding orbitals are filled and antibonding orbi-

tals are empty at the Fermi level for BaCu5Al8
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valence electron concentration and contribute to the narrow
range of composition that has been observed.

Corresponding reactions with the more electronegative
coinage metal, Au, rather than Cu produce a structure
which is related to the NaZn13-type, but the icosahedron is
empty and there is an ordering of Au and Al atoms on the
icosahedra (see Figure 12). [45] Both observations result
from the repulsive Au2Au interactions that are present in
this chemical environment: Au is the most electronegative
component which attracts electrons from Al and increases
the antibonding interaction between Au atoms. The ar-
rangement of Au and Al corresponds to the lowest energy
Au4Al8 icosahedron as calculated by molecular orbital
methods.

Figure 12. Icosahedron found in SrAu51xAl72x; black circles are
Au atoms, gray circles are a mixture of Au and Al atoms, white
circles are Al atoms; the arrangement for the four black Au atoms
corresponds to the lowest energy configuration of the icosahedron

[Au4Al8]

Further investigations with Au in this reducing environ-
ment produce new compounds[45] [48] [49] which allow an
investigation of the chemistry and coloring problem involv-
ing the BaAl4 structure, which is the most prolific intermet-
allic structure reported, known for more than 600 com-
pounds. [50] This tetragonal structure contains two crystallo-
graphically distinct sets of aluminum atoms: one set forms
planar square nets (Wyckoff site 4e) while the other set form
dimers (Wyckoff site 4f) which link the square nets together
to form a three-dimensional framework. There are numer-
ous ternary variants of BaAl4, in which the Al positions
are occupied by two different elements in various ways (see
Figure 13): (1) the ThCr2Si2-type, space group I4/mmm,
with the different elements occupying the two inequivalent
crystallographic sites; (2) the CaBe2Ge2-type, space group
P4/nmm, in which the two elements alternate occupying the
layers of square nets and the dimers so that only heteronu-
clear “Be2Ge” nearest neighbor contacts occur; and (3) the
BaNiSn3-type, space group I4mm, in which the Sn atoms
form the square nets and the heteroatomic “Ni2Sn” pairs
align in the same direction throughout the structure. The
electronic structures of many compounds with these atomic
arrangements have been extensively examined[51] and the re-
sults are summarized as follows: (1) for main group com-
pounds, the structure is observed with 12214 valence elec-
trons per formula unit; (2) bonding within each dimer in-
volves two-center two-electron σ bonds at 14 valence elec-
trons, with an increasing π bonding character towards 12
valence electrons; and (3) optimum bonding between atoms
on the 4e and 4f sites occurs at 12 valence electrons, and
involves multi-center orbital interactions.
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Figure 13. Three different colorings of BaAl4 in ternary
LnAu11xAl32x intermetallics; black circles are Au atoms, dark gray
circles (in center diagram only) are 50% Au/50% Al atoms, light
gray circles are Al atoms, white circles are Ln atoms; (top)
LnAuAl3; (center) LnAu11xAl32x (0 < x # 0.5); (bottom)

LnAu2Al2

Recent investigations in ternary rare earth/gold/alumi-
num systems have shown interesting trends with respect to
the “coloring” of Au and Al atoms in the covalent network
of the BaAl4 structure. [45] [48] LnAuxAl42x, 0.75 # x # 2,
have been reported for Ln ranging from La to Tb. When x
$ 1.5, the CaBe2Ge2 structure type occurs. For x < 1.5, i.e.,
higher Al concentrations, Au and Al partially disorder to
give the ThCr2Si2-type until the composition LnAuAl3,
which shows both the ordered BaNiSn3 and disordered Ce-
CuAl3 structure types. At x 5 0.75, Au and Al are dis-
ordered on the 4f site, and show features of the ThCr2Si2
structure. Therefore, an interesting trend in coloring
phenomenon occurs as the composition varies in LnAux-
Al42x and for which the structural topology remains un-
changed. Using equation (8) for these systems, the site en-
ergy is minimized when the most electronegative compo-
nent occupies the 4e site, which is the place where Au re-
places Al at low Au concentration (x # 1). As the Au



The “Coloring Problem” in Solids: How It Affects Structure, Composition and Properties MICROREVIEW
concentration increases, repulsive Au2Au interactions
“force” Au atoms to occupy the square net positions 4d,
until the maximum Au composition LnAu2Al2 is achieved.
If the Au composition were to extend beyond this com-
pound, Au2Au contacts would become necessary. Further-
more, the lowest possible Au concentration is LnAu0.5Al3.5

in order to maintain a maximum vec of fourteen electrons.
When x < 1, entropic factors favor the body-centered te-
tragonal BaAl4-type over the primitive tetragonal BaNiSn3-
type with no long range preference for the ordering of Au
and Al in the dimers, which is observed for
EuAu0.75Al3.25

[45] Recent experiments have also shown that
ordered vacancies enter the Au2Al framework as vec ap-
proaches fourteen electrons to give Ln3Au2Al9 (Ln 5 Sm,
Gd, Tb, Dy, and Yb). [45] [49] [52]

4. Coloring: Structure and Composition in Main Group Laves
Phases

In the previous two sections, we have discussed how the
coloring problem is tied to either structure or composition
in intermetallic compounds. In general, however, these three
aspects are closely interrelated, and are often difficult to
separate and investigate systematically. An example of this
problem occurs in the Ca2Li2Al ternary phase diagram
along the line CaLixAl22x, which can be reformulated as
(CaLi2)y/(CaAl2)12y, x 5 2y. [53] CaLi2 and CaAl2 form dif-
ferent Laves phase structures: [54] CaLi2 adopts the hexa-
gonal MgZn2-type; and CaAl2 forms the cubic MgCu2-
type. There exist many investigations concerning the influ-
ence of vec on the structures of Laves phases, but this study
was the first which pointed out partial site preferences tak-
ing place in the framework of the majority component. Fig-
ure 14 illustrates how the volumes of the observed phases
vary with Li content. When compared to a linear interp-
olation between the two binary compounds, there is a con-
siderable volume reduction for the ternaries which strongly
suggests covalent bonding within the aluminum framework,
as found in Zintl phases. As x increases from zero in CaLix-
Al22x, the cubic MgCu2-type structure changes to the hex-
agonal MgNi2-type structure and then to the MgZn2-type
structure. Furthermore, stable compounds occur in CaLix-
Al22x only for x < 1; when synthesis is attempted for phases
with x $ 1, disproportionation into CaLi2 and CaLiyAl22y,
y < 1, occurs.

With respect to the coloring problem in Laves phases, the
cubic MgCu2-type structure has just one kind of majority
site, whereas the hexagonal MgNi2 and MgZn2 types have
three and two kinds of majority sites, respectively, which
lead to potential site preferences. Li and Al show no site
preferences in the hexagonal MgNi2-type compounds, e.g.,
CaLi0.33Al1.67, and partial site preferences in the MgZn2-
type examples, e.g., CaLi0.88Al1.12. In this last compound,
one of the majority sites (the kagomé nets; Wyckoff site 6h)
is 50% Li and 50% Al, while the other crystallographic site
(Wyckoff site 2a) attracts 75% Al and 25% Li. The reasons
for these two coloring patterns stem from both the site ener-
gies as well as the driving force for Al in this reducing en-
vironment to establish an octet by forming Al2Al bonds.
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Figure 14. CaLixAl22x phases; (top) variation in volume per for-
mula unit as the Li content varies from 0% to 100%; the dashed
line connecting the two endpoints (CaAl2 and CaLi2) represents
Zen9s law for a linear variation with composition; the vertical
dashed lines separate regions of the types of Laves phase structure
observed for the experimental points; (bottom) trend in charges of
the majority elements (LixAl22x) for the hexagonal MgZn2-struc-
ture type as the number of valence electrons changes; the dashed
line shows the maximum number of valence electrons allowed for
this structure; the 2a site gains electrons, the 6h site loses electrons:
thus, the more electronegative element would be attracted to the 2a

site

For the series of observed CaLixAl22x compounds, both
semiempirical and density functional theory show that Ca
donates just one valence electron to the [LixAl22x] frame-
work. Figure 14 illustrates the deviations from the average
Mulliken population for the two majority sites in the hexa-
gonal MgZn2-type structure as a function of valence elec-
tron count. Notice that the largest difference in atomic
population occurs for six electrons per formula unit
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(“CaLiAl”), whereas the difference is nearly zero between
seven and eight electrons. Thus, CaAl2 (8 electrons) and
CaLi0.33Al1.67 (7.33 electrons) adopt, respectively, the
MgCu2-type and the MgNi2-type structures with no site
preferences. On the other hand, CaLi0.88Al1.12 (6.25 elec-
trons) do show segregation in agreement with the Mulliken
population analysis. However, with respect to minimizing
the bond energy component of the total orbital energy from
equation (8), a completely random arrangement of Li and
Al would be expected. If the Zintl-Klemm formalism is ap-
plied to Al in CaLi0.88Al1.12 with complete segregation of
Li and Al into the two crystallographic sites as far as al-
lowed by the composition, the Ca atoms would donate 1.2
electrons to the [Li0.88Al1.12] framework, which opposes the
conclusions from theoretical calculations. Table 1 summar-
izes three different scenarios for the arrangement of Li and
Al atoms in CaLi0.88Al1.12: (1) minimum site energy, (2)
minimum Al2Al bond energy, and (3) the observed con-
figuration. These results demonstrate that the structure and
the partial segregation of Li and Al arise from the syner-
gistic interplay of both the site energy and bond energy
terms in the total orbital energy. In addition, the observed
structure optimizes the Ca2Ca orbital interactions, as has
been shown by calculating pair potentials in CaAl2. [55] In
CaLi0.33Al1.67, both the site energy and bond energy terms
allow for a completely random arrangement of Li and Al
throughout the structure.

5. Coloring and Property Effects in Metal-Rich Tellurides

The cases discussed thus far demonstrate minor changes
in physical or chemical properties as a function of atomic
coloring. This is due primarily to the fact that either the
electronic configurations are all closed shell (as in Nb3SI7),
or the valence electron concentrations are sufficiently low
(less than four per atom) as to preclude any significant
change in electronic properties. In order to investigate ef-
fects of atomic coloring on conductivity properties, focus
must be directed towards compounds involving the post-
transition elements, whose structures lie close to the border
between Zintl phases (valence compounds) and typical in-
termetallics (Hume2Rothery phases, for example). A par-
ticularly interesting set of examples involves the substi-

Table 1. Analysis of various coloring models for the MgZn2-type Laves phase CaLi0.88Al1.12 with respect to the Zintl-Klemm formalism;
the [Li0.88Al1.12] network is described by two crystallographic sites in the space group P63/mmc: the 2a and the 6h sites

Coloring 2 2a Site 2 2 6h Site 2 Role of Ca:
Model Site Occ. CN by Al[a] Charge[b] Site Occ. CN by Al[a] Charge[b] Electrons, Bond Order

Minimum Al: 100.00% 2.500 22.500 41.67% 3.667 21.333 Ca donates 1.21 electrons;
Site Energy Li: 0.00% 11.000 58.33% 11.000 Ca2Ca Bond Order ca. 0.6

Minimum Al: 56.25% 3.375 21.625 56.25% 3.375 21.625 Ca donates 0.95 electron;
Bond Energy Li: 43.75% 11.000 43.75% 11.000 Ca2Ca Bond Order ca. 0.9

Observed Al: 75.00% 3.000 22.000 50.00% 3.500 21.500 Ca donates 1 electron;
Arrangement Li: 25.00% 11.000 50.00% 11.000 Ca2Ca Bond Order ca. 1.0

[a] CN 5 coordination number; it represents the average number of Al nearest neighbors. 2 [b] Charge for Al is based on the 8 2 Nrule;
it equals 3 2 (8 2 CN) 5 CN 2 5. The charge for Li is chosen to be 11 as the most electropositive element in this compound.
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tution of Sn atoms for Tl atoms in the low temperature
superconductor Tl5Te3.

Tl5Te3 adopts a variation of the tetragonal Cr5B3-struc-
ture type with a smaller than typical c/a ratio for these com-
pounds, which leads to a three-dimensional network of ver-
tex-sharing octahedra, 3

`[TlTe6/2], stuffed with Tl atoms
over each face of the octahedron, i.e., [TlTe6/2]Tl8/2 = Tl5Te3

(see Figure 15). [56] Tl5Te3 has a superconducting transition
at 2.2 K,[57] which according to a combination of band
structure and lattice energy calculations,[58] can arise from
an electronic instability in the electronic band structure that
is frustrated by strong short-range repulsive forces which
retard any structural distortion. Using simple electron
counting, the octahedrally coordinated Tl atoms can be for-
mulated as Tl21, which is unstable towards dispro-
portionation into Tl11 and Tl31. [20]

Figure 15. The structure of Tl5Te3 and its ternary derivatives; white
circles are Te atoms, black circles are Tl atoms; Te octahedra are
also illustrated; there is a Tl atom at the center of each octahedron

Böttcher and coworkers have recently synthesized ternary
derivatives of Tl5Te3. [59] In particular, SnTl4Te3 was pre-
pared and shown to be metallic. From crystallographic
data, the Sn atoms occupy both Tl sites in the parent struc-
ture. Replacing a “Tl21” with a Sn21 is a plausible chemical
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substitution, and with an increase the valence electron con-
centration to a closed subshell configuration, semiconduct-
ing behavior would be expected. Indeed, band calculations
with Sn completely replacing the octahedrally coordinated
Tl atoms produces an energy gap at the Fermi level (Model
A: see Figure 16). A combination of electronic band struc-
ture and lattice energy calculations reveal that whereas co-
valent interactions prefer Sn atoms to substitute at the octa-
hedral sites, ionic interactions would rather place Sn atoms
at the other Tl sites. [58] When such a substitution mode
takes place, SnTl4Te3 retains its metallic character, but
yields a smaller density of states at the Fermi level (Model
B: see Figure 16). Therefore, where the substitution for Tl
takes place has a dramatic effect on the expected physical
properties of the derivative compounds.

Figure 16. Densities of states for two models of Sn atom coloring
in SnTl4Te3; (left) Model A: all Sn atoms occupy the octahedral
sites shown as polyhedra in Figure 15; (right) Model B: all Sn
atoms occupy the other Tl sites shown as black circles in Figure
15; note that the Fermi level occurs in an energy gap for Model A,

but there is no gap in Model B

Summary, Implications, and Future Directions

The coloring problem has powerful ramifications in
chemistry. Electronic structure theory provides a theoretical
underpinning for its effects, and also allows a simple chemi-
cal understanding of the phenomenon. However, can theory
really assist the synthetic chemist with this problem? One
important goal of synthetic chemists is to prepare new ma-
terials, which is often motivated by trying to optimize cer-
tain chemical or physical properties, e.g., catalytic activity,
thermoelectric behavior, or magnetism to name a few. For
the solid state chemist, these efforts are largely Edisonian
in nature. Of course, the discovery of some physical prop-
erty in one example tends to attract attention to the particu-
lar structure type in question: for example, superconduc-
tivity in cuprates. A working knowledge of the coloring
problem, which includes both an imagination for possible
new structures as well as an analysis based upon existing
structures, will greatly assist the synthetic solid state chem-

Eur. J. Inorg. Chem. 1998, 5232536 535

ist as the search for new, exciting, and probably more com-
plex materials continues. Complexity can be simply moving
from binary to ternary to quaternary systems, where the
number of possible new materials increases exponentially.

How atoms arrange themselves in extended solid state
structures depends on the number of valence electrons and
the differences in electrochemical potentials, which are re-
lated to electronegativity, size, and the types of valence elec-
tronic structure the atoms bring to the compound. This re-
view attempted to demonstrate that not only is structure a
concern, but also the decoration pattern once a network of
atoms is in place. Structure-composition-property inter-
relationships can then be studied by a careful application
of experiment and theory 2 in most cases involving inter-
metallic compounds, theory is essential in order to develop
a description of the electronic structure that harks to the
classical chemical ideas for valence compounds. A par-
titioning of the total electronic energy into a site energy
and a bond energy creates two components to the coloring
problem. Through the examples presented in this review,
i.e., Nb3SI7, ZrNbP and ZrMoP, BaCu5Al8 and SrAu6Al6,
LnAuxAl42x, CaLixAl22x, and SnxTl52xTe3, analysis of
both components is necessary to understand the complete
structural details of these compounds and to ultimately re-
late their structures to their physical properties.

Where does the coloring problem take us now? A couple
of examples may provide an indication: (1) utilize the
Klemm pseudoelement approach[60] to create possible
mixed anion matrices for transition metals in order to study
electronic transitions, e.g., metal-semiconductor or metal-
superconductor transitions, and (2) rely on structural ex-
perience in crystalline solids to develop models for systems
which lack translational symmetry and yet are beginning
to show interesting properties and applications with little
fundamental understanding, i.e., quasicrystals and amorph-
ous metals. [61] Our group is beginning to address these
questions using the elegant ideas surrounding the coloring
problem.

My group9s efforts in this field have benefited by the financial
support of the Department of Energy, the Donors of the Petroleum
Research Fund, administered by the American Chemical Society,
and the National Science Foundation (DMR-96-27161). The author
is indebted to Jun Cheng, Chi-Shen Lee, Jianhua Lin, Karen Nordell,
and Mark Smith for significant contributions to some of the work
presented in this microreview, and to Carla Holbrook for some of
the figures.

; Dedicated to the memory of Professor Jeremy K. Burdett, who
was a brilliant scientist and a superb mentor.

[1] H.-D. Hardt, Die periodischen Eigenschaften der chemischen Ele-
mente, 2. Auflage, Georg Thieme Verlag, Stuttgart, 1987, p. 126.

[2] J. K. Burdett, Molecular Shapes, Wiley Interscience, New
York, 1980.

[3] J. Donohue, The Structure of the Elements, Krieger, Malabar,
Florida, 1982.

[4] D. G. Pettifor, Bonding and Structure of Molecules and Solids,
Oxford University Press, Oxford, 1995.

[5] P. Pyykkö, Adv. Quant. Chem. 1978, 11, 353; P. Pyykkö, J. P.
Desclaux, Acc. Chem. Res. 1979, 12, 276; P. Pyykkö, Chem. Rev.
1988, 88, 563.

[6] D. G. Pettifor, R. Podloucky, Phys. Rev. Lett. 1984, 53, 1080; J.
K. Burdett, S. Lee, J. Am. Chem. Soc. 1985, 107, 3063; S. Lee,



G. J. MillerMICROREVIEW
Acc. Chem. Res. 1991, 24, 249; S. Lee, J. Am. Chem. Soc. 1991,
113, 101, 8611; L. Hoistad, S. Lee, J. Am. Chem. Soc. 1991,
113, 8216.

[7] T. L. Brennan, J. K. Burdett, Inorg. Chem. 1993, 32, 750.
[8] J. K. Burdett, S. Lee, T. J. McLarnan, J. Am. Chem. Soc. 1985,

107, 3083.
[9] W. Hume-Rothery, J. Inst. Metals 1926, 35, 295.
[10] D. Barnette, Map Coloring, Polyhedra, and the Four-Color Prob-

lem, The Mathematical Association of America, USA, 1983.
[11] H. S. M. Coxeter, Introduction to Geometry, Wiley, New York,

1969.
[12] F. Harary, Graph Theory, Addison-Wesley Publishing Co.,

Reading, MA, USA, 1972.
[13] J. K. Burdett, E. Canadell, T. Hughbanks, J. Am. Chem. Soc.

1986, 108, 3971.
[14] T. A. Albright, J. K. Burdett,, M.-H. Whangbo, Orbital Interac-

tions in Chemistry, Wiley-Interscience, New York, 1985.
[15] S4N4: M. L. de Lucia, P. Coppens, Inorg. Chem. 1978, 17, 2336;

As4S4: D. J. E. Mullen, W. Nowacki, Z. Kristallogr. Kris-
tallgeom. Kristallphys. Kristallochem. 1972, 136, 48.

[16] B. M. Gimarc, J. Am. Chem. Soc. 1983, 105, 1979.
[17] R. Hoffmann, Solids and Surfaces: A Chemist9s View of Bond-

ing in Extended Structures, VCH Publishers, New York, 1988;
J. K. Burdett, Prog. Solid State Chem. 1984, 15, 173; R. S. Mul-
liken, J. Chem. Phys. 1955, 23, 1833, 2343.

[18] C. A. Coulson, Proc. Roy. Soc. London, Ser. A 1939, 139, 413.
[19] I. N. Levine, Quantum Chemistry, 2nd ed., Allyn, Bacon, Inc.,

Boston, 1974, pp. 421-450.
[20] N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, Per-

gamon Press, Oxford, 1984.
[21] G. C. Pimentel, J.Chem. Phys. 1951, 19, 446; R. J. Hach, R. E.

Rundle, J. Am. Chem. Soc. 1951, 73, 4321.
[22] R. Hoffmann, W. N. Lipscomb, J. Chem. Phys. 1962, 36, 2179,

3489; R. Hoffmann, J. Chem. Phys. 1963, 39, 1397; J. H. Am-
meter, H.-B. Bürgi, J. C. Thibeault, R. Hoffmann, J. Am. Chem.
Soc. 1978, 100, 3686.

[23] A. P. Sutton, Electronic Structure of Materials, Clarendon Press,
Oxford, 1994.

[24] R. Haydock, V. Heine, M. Kelly, J. Phys. C 1972, 5, 2845; V.
Heine, R. Haydock, D. Bullett, M. Kelly, Solid State Physics
1980, 35, 1; D. G. Pettifor, D. L. Weaire (Eds.), The Recursion
Method and its Applications, Springer-Verlag, Heidelberg, 1985.

[25] K2SnTe5: B. Eisenmann, H. Schwerer, H. Schäfer, Mater. Res.
Bull. 1983, 18, 383; Tl2SnTe5: V. Agafonov, P. Legendre, N. Ro-
dier, J. M. Cense, E. Dichi, G. Kra, Acta Crystallogr., Sect. C
1991, 47, 850.

[26] J. B. Goodenough, A. L. Loeb, Phys. Rev. 1955, 98, 391.
[27] J. K. Burdett, T. J. McLarnan, J. Solid State Chem. 1984, 53,

382; J. K. Burdett, Chemical Bonding in Solids, Oxford Univer-
sity Press, Oxford, 1995.

[28] E. Zintl, W. Dullenkopf, Z. Phys. Chem. 1932, B16, 195.
[29] G. J. Miller, J. Alloys Compd. 1995, 229, 93; G. J. Miller, J.

Alloys Compd. 1995, 217, 5.
[30] H. Schäfer, H. G. von Schnering, Angew. Chem. 1964, 76, 833.
[31] A. Simon, H. G. von Schnering, J. Less-Common Met. 1966,

11, 31.
[32] W. B. Pearson, The Crystal Chemistry and Physics of Metals

and Alloys, Wiley, New York, 1972.
[33] F. Seitz, The Modern Theory of Solids, Dover Publications, Inc.,

New York, 1987, pp. 76298.
[34] G. J. Miller, J. Lin, Angew. Chem. 1994, 106, 357; Angew. Chem.

Int. Ed. Engl. 1994, 33, 334; P. Schmitz, University of Freiberg,
private communication, 1997.

[35] C.-S. Lee, M.Sc. Thesis, The Site Preference Study of Trinuclear
Niobium Compounds Nb3(SxI12x)I7 (x 5 0.021.0), Iowa State
University, 1997; G. J. Miller, J. Lin, M. D. Smith, C. S. Lee,
manuscript in preparation.

Eur. J. Inorg. Chem. 1998, 5232536536

[36] V. Heine, I. J. Robertson, M. C. Payne in Bonding and Structure
of Solids, The Royal Society, London, 1991, p. 1.

[37] G. Marking, H. F. Franzen, J. Alloys Compd. 1994, 204, L16.
[38] B. Harbrecht, H. F. Franzen, Z. Anorg. Allg. Chem. 1987, 551,

74; B. Harbrecht, Z. Kristallogr. 1988, 182, 118; B. Harbrecht,
H. F. Franzen, Z. Kristallogr. 1989, 186, 119; X. Yao, H. F.
Franzen, J. Less-Common Met. 1990, 161, L37; X. Yao, H. F.
Franzen, J. Solid State Chem. 1990, 86, 88; X. Yao, H. F.
Franzen, Z. Anorg. Allg. Chem. 1991, 598, 353; X. Yao, H. F.
Franzen, J. Am. Chem. Soc. 1991, 113, 1426; X. Yao, G. J.
Miller, H. F. Franzen, J. Alloys Compd. 1992, 183, 7; H. F.
Franzen, M. Köckerling, Prog. Solid State Chem. 1995, 23, 265.

[39] G. J. Miller, J. Cheng, Inorg. Chem. 1995, 34, 2962.
[40] B. G. Hyde, S. Andersson, Inorganic Crystal Structures, Wiley

Interscience, New York, 1989.
[41] T. Hughbanks, R. Hoffmann, J. Am. Chem. Soc. 1983, 105,

3528; S. Wijeyesekera, R. Hoffmann, Organometallics 1984, 3,
949.

[42] G. J. Miller in Chemistry, Structure, and Bonding of Zintl Phases
and Ions (Ed.: S. M. Kauzlarich), VCH Publishers, Inc., New
York, 1996, p. 1.

[43] R. Nesper, Angew. Chem. 1991, 103, 805; Angew. Chem. Int. Ed.
Engl. 1991, 30, 789; U. Häussermann, S. Wengert, P. Hofmann,
A. Savin, O. Jepsen, R. Nesper, Angew. Chem. 1994, 106, 2147;
Angew. Chem. Int. Ed. Engl. 1994, 33, 2069; U. Häussermann,
S. Wengert, R. Nesper, Angew. Chem. 1994, 106, 2150; Angew.
Chem. Int. Ed. Engl. 1994, 33, 2073; U. Häussermann, M.
Wörle, R. Nesper, J. Am. Chem. Soc. 1996, 118, 11789.

[44] K. J. Nordell, G. J. Miller, Croat. Chim. Acta 1995, 68, 825.
[45] K. J. Nordell, Ph.D. Thesis, Exploring Aluminum-Rich Intermet-

allics with Experiment and Theory, Iowa State University, 1997.
[46] T. J. McLarnan, P. B. Moore in Structure and Bonding in Solids,

vol. II (Eds.: M. O9Keeffe, A. Navrotsky), Academic Press, New
York, 1981.

[47] B. K. Teo, H. Zhang, Y. Kean, H. Dang, X. Shi, J. Chem. Phys.
1993, 99, 2929.

[48] F. Hulliger, H.-U. Nissen, R. Wessicken, J. Alloys Compd. 1994,
206, 263; F. Hulliger, J. Alloys Compd. 1995, 218, 255.

[49] For related gallides, see also: Yu. Grin, M. Ellner, K.Hiebl, P.
Rogl, O. M. Sichevich, O. M. Myakush, J. Alloys Compd. 1994,
205, 285.

[50] P. Villars, L. D. Calvert, Pearson9s Handbook of Crystallo-
graphic Data for Intermetallic Phases, 2nd ed., ASM, Materials
Park, OH, 1991.

[51] C. Zheng, R. Hoffmann, Z. Naturforsch. 1986, 41B, 292; J. K.
Burdett, G. J. Miller, Chem. Mater. 1989, 2, 12; C. Zheng, J.
Am. Chem. Soc. 1993, 115, 1047.

[52] K. J. Nordell, G. J. Miller, Angew. Chem. 1997, 109, 2098; An-
gew. Chem. Int. Ed. Engl. 1997, 36, 2008.

[53] R. Nesper, G. J. Miller, J. Alloys Compd. 1993, 197, 109.
[54] C. Barrett, T. B. Massalski, Structure of Metals, 3rd ed., Perga-

mon Press, Oxford, 1980.
[55] J. Hafner, From Hamiltonians to Phase Diagrams, Springer-Ver-

lag, Berlin, 1987, p. 58.
[56] I. Schewe, P. Böttcher, H. G. von Schnering, Z. Kristallogr.

1989, 188, 287.
[57] A. Judoakis, C. R. Kannewurf, J. Appl. Phys. 1968, 39, 3003.
[58] K. J. Nordell, G. J. Miller, J. Alloys Compd. 1996, 241, 51.
[59] S. Bradtmöller, P. Böttcher, Z. Anorg. Allg. Chem. 1993, 619,

1155; S. Bradtmöller, P. Böttcher, Z. Kristallogr. 1994, 209, 75;
S. Bradtmöller, P. Böttcher, Z. Kristallogr. 1994, 209, 97; S.
Bradtmöller, Ph.D. Thesis, Ternäre Metallreiche Chalkogenide:
Synthese, Strukturen und Eigenschaften, University of Düssel-
dorf, 1995; T. Doert, Ph.D. Thesis, Chalkogenide mit In5Bi3-
Typ-Struktur, University of Düsseldorf, 1994.

[60] W. Klemm, Proc. Chem. Soc., London 1959, 329; W. Klemm,
Trab. Reun. Int. React. Solidos, 3rd 1956, 1, 447.

[61] A. I. Goldman, K. F. Kelton, Rev. Mod. Phys. 1993, 65, 213.
[97231]



SHORT COMMUNICATION

Carbonyl and Benzene Complexes of Lithium: Transition-Metal-Like
Behaviour of Lithium in Organolithium Compounds;

Matthias Tacke

Department of Chemistry, University College Dublin,
Belfield, Dublin 4, Ireland
E-mail: matthias.tacke@ucd.ie

Received November 29, 1997

Keywords: Lithium / (Benzene)lithium complex / (Carbonyl)lithium complex / Ab initio calculations

Complexes of CO and aromatic compounds were believed to thium starting compound suitable models were chosen in
be an exclusive domain of transition metals caused by their combination with high-level ab initio calculations. For the
ability of backbonding to these ligands. But recently, (benze- carbonyl derivative a reaction enthalpy of 28 kcal/mol was
ne)lithium and (carbonyl)lithium complexes were character- found while the interaction with benzene reached unexpec-
ized by X-ray structure analysis and IR spectoscopy. In order tedly 221 kcal/mol. This underlines the ability of lithium to
to determine geometries of the complexes and the bonding act like a transition metal in subcoordinated organyl com-
energies of the benzene and CO molecule to the organoli- pounds without having d orbitals available for bonding.

Introduction

Aggregation is a nearly ubiquitous characteristic of or-
ganolithium compounds. [1] But if bulky substituents pre-
vent aggregation monomeric organolithium compounds
show in benzene solution lithium2benzene π interaction
like a transition metal. So (2,4,6-iPr3C6H2)2C6H3Li crys-
tallizes from benzene/hexane solution as a monomer with a
coordination between the lithium center and the benzene
molecule. [2]

If the ligands have sterically less demanding ortho-substi-
tuted phenyl groups a small number of crystal structures
show dimers exhibiting lithium2benzene interactions. [2] [3]

But X-ray crystallography is unable to measure the strength
of this π interaction. This paper presents ab initio calcu-
lations on MP2 level for geometries and HF level for IR
frequencies and zero-point energies which are able to fill the
experimental gap. For these calculations there is no need
for selecting highly substituted compounds of course. So
three simple types of organolithium compounds are chosen
(LiH, LiMe, LiPh)[4] which are allowed to interact with a
benzene molecule to determine the reaction enthalpy of the
process and to compare calculated and experimental struc-
tures.

In a recent spectroscopic study the very early steps of the
reaction of organolithium compounds with CO or isonitrile
were detected. [5] Liquid xenon (LXe) is used as the reaction
medium because it suppresses electron-transfer reactions
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which are known to complicate the reaction.[6] If this reac-
tion is performed at sufficiently low temperature a coordi-
nation of CO is found firstly. This unexpected transition-
metal-like behaviour of lithium is followed by insertion of
carbon monoxide into the lithium2carbon bond which is
again expected for transition metal complexes only.

Our investigations show that tetrameric methyllithium in
combination with high-level MP2 calculations are a suitable
model to determine reaction enthalpies and structures of
the intermediates which allow comparison with the exper-
imental data.

Results and Discussion

In a first attempt monomeric lithium hydride, which is
the simplest model for an organolithium compound, is al-
lowed to interact with benzene on MP2 level. Upon coordi-
nation we find a change in reaction enthalpy of 221 kcal/
mol which is unexpectedly high. A weak interaction like a
hydrogen bonding would give about 23 kcal/mol only. The
Li2H stretching frequency decreases from 1420 cm21 in
free LiH to 1338 cm21 in the coordinated LiH which means
a total change of 6% indicating a major interaction as well.
Correspondingly the Li2H bond length varies from 162.4
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pm to 163.3 pm upon complexation. There is very little
change in bond lengths in the benzene molecule. Even the
hydrogen atoms stay nearly in the molecular plane. The re-
sulting lithium2carbon bond length of the adduct in C6v

symmetry is 252.0 pm.
To verify this first result the reaction of Li1 with benzene

to form an adduct is calculated. Since this reaction enthalpy
is measured to be 237 ± 2 kcal/mol applying ion cyclotron
resonance technique[7] it is a unique chance to calibrate the
ab initio calculations. The expected C6v species exhibits an
Li2C bond of 239.1 pm and a C2C bond of 140.6 pm
which is slightly longer than in free benzene (139.6 pm).
The enthalpy change is slightly overestimated by this calcu-
lation (241 kcal/mol) showing that method (MP2) and
basis set (6-31G**) are suitable to describe the system.

When using monomeric methyllithium as a model the
calculation results in 219 kcal/mol for the reaction en-
thalpy with a new lithium2carbon distance of 251.7 pm.
The most precise results are to be expected when mono-
meric phenyllithium is used since it is nearly the compound
found to crystallize with benzene in an η6-coordination
mode. This time the enthalpy change is 221 kcal/mol and
a lithium2carbon distance of 247.0 pm is found on average.
Figure 1 illustrates the results on the MP2/6-31G** level of
theory of the above-mentioned species.

These theoretical results give a consistent picture of the
coordination of benzene to organolithium compounds. The
calculated geometries of the complexes predict an atom dis-
tance of around 250 pm between lithium and carbon in the
coordinated benzene. In the X-ray structure a significantly
shorter value of 235 pm is determined. The calculations
therefore give a reasonable but not excellent prediction of
this important parameter. The interaction energy is with
about 220 kcal/mol unexpectedly high and shows that the
complexes formed are held together with more than weak
Li2benzene π interactions as was suggested by the crystal-
structure determination.[2] If bis(benzene)chromium is used
as a reference compound for the bonding strength of the
metal2benzene interaction an interesting comparison be-
comes available. From thermodynamical values it can be
calculated that the reaction of Cr(C6H6)2 to a chromium
atom and two molecules of benzene needs around 80 kcal/
mol. [8] Therefore, the bonding energy of each benzene unit
to the chromium center is 40 kcal/mol which is only double
the value of the lithium2benzene interaction. The high
value is caused by the covalent nature of the lithium2car-
bon bond in the starting compound making it behave like a
transition metal. Because lithium with its only three overall
electrons is not able to build up highly ionic organo com-
pounds as its heavier homologues it has to form a polar
but covalent bond in a compound like phenyllithium. The
subcoordination of lithium is normally moderated by for-
mation of an oligomer with shared bonding electrons. But
in the case of (2,4,6-iPr3C6H2)2C6H3Li the bulky substitu-
ents force the compound to remain a monomer with only
two shared bonding electrons for the lithium center. In ben-
zene solution this bonding type changes dramatically since
the six-valence-electron donor benzene can form a stable
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Figure 1. Molecular projections of adducts of benzene with LiH,
LiMe, and LiPh; selected bond lengths in pm

complex and enables the lithium center to end up with an
8-valence-electron environment.

Recently, it was shown, that organolithium compounds
are also able to interact with CO[5] in a newly developed
LXe cell constructed from one piece of single-crystal sili-
con. [9] In a first step carbon monoxide is complexed with
back bonding to nBuLi [ν(CO): 2047 cm21] and inserts in a
second step at higher temperatures into the lithium2carbon
bond [ν(CO): 1635 cm21]. Further warming-up to 220°C
results in decomposition of the observed pentanoyllithium
intermediate. Probably a lithiated oxycarbene is formed fa-
voured by formation of a strong lithium2oxygen bond.
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With tetrameric lithium hydride as a model substance for

ab initio calculations of oligomeric organolithium species it
was possible to obtain first structural information[5] about
the complexation and insertion of the CO molecule. But
the insertion turned out to be a sligthly exothermic partial
reaction, which is hard to believe in the light of the success-
ful experiment in liquid xenon. With tetrameric methyllith-
ium as a much better substitute we can now show, that the
wrong sign of the reaction enthalpy is caused by the inade-
quate model. The addition of CO to (LiMe)4 releases 27.8
kcal/mol with the formation of a linear LiCO substructure
with a relative long lithium2carbon distance of 234.0 pm.
For comparison d(Li2C) in tetrameric methyllithium is cal-
culated to 221.0 pm. In contrast to the experiment the cal-
culated compound does not show backbonding to CO as

Figure 2. Molecular projections of Li4Me4, Li4Me4CO, and
Li4Me3(COMe); selected bond lengths in pm

Table 1. Ab initio calculated energies and frequencies for the
various intermediates

electronic energy zero-point energy ν(CO)
[Hartrees] (MP2) [Hartrees] (HF) [cm21]

CO 2113.021215 0.004825 2118
Li4Me4CO 2302.011968 0.156614 2475
Li4Me3(COMe) 2302.024139 0.162068 1626
Li1·PhH 2238.808641 0.110077
LiH·PhH 2239.538754 0.112874
LiMe·PhH 2278.724527 0.143982
LiPh·PhH 2469.881984 0.204110
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Table 2. Ab initio calculated geometries for the various intermedi-
ates

Li1·PhH Standard orientation
Center number Coordinates [Å]

X Y Z

Li1 0.000000 0.000000 1.806913
C2 0.000000 1.405805 20.126712
C3 1.217463 0.702903 20.126712
C4 1.217463 20.702903 20.126712
C5 0.000000 21.405805 20.126712
C6 21.217463 20.702903 20.126712
C7 21.217463 0.702903 20.126712
H8 0.000000 2.488179 20.143186
H9 2.154826 1.244089 20.143186
H10 2.154826 21.244089 20.143186
H11 0.000000 22.488179 20.143186
H12 22.154826 21.244089 20.143186
H13 22.154826 1.244089 20.143186

LiH·PhH Standard orientation
Center number Coordinates [Å]

X Y Z

H1 0.000000 0.000000 3.508600
Li2 0.000000 0.000000 1.875200
C3 0.000000 1.401195 20.219208
H4 0.000000 2.483028 20.207116
C5 0.000000 21.401195 20.219208
H6 0.000000 22.483028 20.207116
C7 1.213471 0.700598 20.219208
C8 1.213471 20.700598 20.219208
C9 21.213471 0.700598 20.219208
C10 21.213471 20.700598 20.219208
H11 2.150365 1.241514 20.207116
H12 2.150365 21.241514 20.207116
H13 22.150365 1.241514 20.207116
H14 22.150365 21.241514 20.207116

LiMe·PhH Standard orientation
Center number Coordinates [Å]

X Y Z

Li1 0.000000 0.000000 1.268048
C2 0.000000 0.000000 3.268348
H3 0.000000 21.010855 3.691113
C4 0.000000 1.400960 20.822668
H5 20.875426 0.505428 3.691113
H6 0.875426 0.505428 3.691113
C7 1.213267 20.700480 20.822668
C8 21.213267 20.700480 20.822668
H9 0.000000 2.482902 20.811488
H10 2.150256 21.241451 20.811488
H11 22.150256 21.241451 20.811488
C12 0.000000 21.400979 20.822775
C13 21.213283 0.700489 20.822775
C14 1.213283 0.700489 20.822775
H15 0.000000 22.482922 20.811711
H16 22.150274 1.241461 20.811711
H17 2.150274 1.241461 20.811711

indicated by a higher C2O stretching frequency in com-
parison to free carbon monoxide. The second possible iso-
mer showing a likewise linear LiOC substructure is higher
in energy. The insertion reaction of carbon monoxide into
the lithium2carbon is now exothermic (24.2 kcal/mol) and
the resulting acetyl group coordinates with its carbon atom
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Table 2 (continued)

LiPh·PhH Standard orientation
Center number Coordinates [Å]

X Y Z

C1 0.000000 0.000000 1.308901
C2 0.000000 0.000000 4.191006
H3 0.000000 0.000000 5.275245
C4 0.000000 1.185759 2.083837
C5 0.000000 21.185759 2.083837
H6 0.000000 2.152982 1.582074
H7 0.000000 22.152982 1.582074
C8 0.000000 1.203397 3.484029
C9 0.000000 21.203397 3.484029
H10 0.000000 2.146635 4.021178
H11 0.000000 22.146635 4.021178
Li12 0.000000 0.000000 20.687751
C13 20.000007 1.401557 22.721978
C14 0.000007 21.401557 22.721978
H15 20.000011 2.483614 22.711293
H16 0.000011 22.483614 22.711293
C17 1.213925 0.700759 22.721400
C18 21.213933 0.700747 22.721404
C19 21.213925 20.700759 22.721400
C20 1.213933 20.700747 22.721404
H21 2.150995 1.241532 22.708094
H22 22.151008 1.241512 22.708094
H23 22.150995 21.241532 22.708094
H24 2.151008 21.241512 22.708094

Li4Me4CO Standard orientation
Center number Coordinates [Å]

X Y Z

O1 0.000000 0.000000 4.016836
C2 0.000000 0.000000 2.869736
Li3 0.000000 0.000000 0.530136
Li4 21.207885 0.697373 21.501358
Li5 1.207885 0.697373 21.501358
Li6 0.000000 21.394746 21.501358
C7 0.000000 2.100162 20.307115
C8 1.818794 21.050081 20.307115
C9 21.818794 21.050081 20.307115
C10 0.000000 0.000000 23.221164
H11 20.861692 0.497498 23.695092
H12 0.861692 0.497498 23.695092
H13 0.000000 20.994996 23.695092
H14 0.000000 2.249353 0.782519
H15 0.860769 2.703982 20.639751
H16 20.860769 2.703982 20.639751
H17 1.947997 21.124677 0.782519
H18 1.911332 22.097438 20.639751
H19 2.772101 20.606543 20.639751
H20 21.947997 21.124677 0.782519
H21 22.772101 20.606543 20.639751
H22 21.911332 22.097438 20.639751

to one [d(LiC) 5 210.8 pm] and with the oxygen atom to
two lithium atoms of a lithium tetrahedron plane [d(LiO) 5
196.9 pm]. This coordination in a µ3 fashion helps to find
an exothermic reaction pathway for the insertion. Figure 2
illustrates the results on the MP2/6-31G** level of theory
of the above-mentioned reaction steps. A summary of the
theoretical results are given in Table 1 (energies and freq-
encies) while the coordinates of the optimized structures are
found in Table 2.

In this second case the high-level calculations correspond
with the experimental basis. In the early phase of the LXe
experiment at low temperature a coordinated triple-bonded
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Table 2 (continued)

Li4Me3COMe Standard orientation
Center number Coordinates [Å]

X Y Z

Li1 21.034062 21.931743 0.000000
Li2 1.231743 20.850342 0.000000
C3 1.285637 1.256727 0.000000
O4 0.000000 1.396461 0.000000
C5 2.026287 2.568586 0.000000
Li6 20.927215 0.156368 1.216750
Li7 20.927215 0.156368 21.216750
C8 0.174686 21.660539 1.814355
C9 0.174686 21.660539 21.814355
C10 22.674889 20.457851 0.000000
H11 1.357455 3.431790 0.000000
H12 2.682286 2.594098 0.872794
H13 2.682286 2.594098 20.872794
H14 23.196468 21.428345 0.000000
H15 23.126195 0.062150 20.860343
H16 23.126195 0.062150 0.860343
H17 20.086380 21.163545 2.763242
H18 1.250917 21.855296 1.940979
H19 20.275216 22.660100 1.936136
H20 20.086380 21.163545 22.763242
H21 1.250917 21.855296 21.940979
H22 20.275216 22.660100 21.936136

CO group is detected by IR spectroscopy and is assigned
to the (carbonyl)lithium. Warming-up leads to the de-
composition of this first species while a second one with a
double-bonded CO group appears at the same time. It is
plausible that the second intermediate is the organolithium-
lithium species coordinating the RC5O group in a µ3 fa-
shion which shifts the carbonyl stretching frequency to 1635
cm21 which, in turn, is only plausible in this extraordinary
complexation mode. This second species finally reacts
further resulting an IR spectrum with no C2O stretching
frequencies above 1500 cm21.

Again a comparison of the bonding energy of carbon
monoxide to lithium or chromium will help to classify the
observed transition-metal-like behaviour of lithium. Chro-
mium atoms react with carbon monoxide to Cr(CO)6 and
release nearly 180 kcal/mol which is interpreted as an (aver-
aged) bonding energy between Cr and CO of 30 kcal/mol.[8]

The result of the calculation for the lithium2CO bonding
energy is less than 8 kcal/mol and indicates a relatively weak
interaction. This is not unexpected in the second case since
the subcoordination and therefore the transition-metal-like
behaviour of lithium is markedly less because now a organ-
olithium cluster is involved instead of a monomeric com-
pound.

This work was supported by the Deutsche Forschungsgemein-
schaft, the Fonds der Chemischen Industrie and the Irish Research
Organisation Forbairt.

Experimental Section
With a view to determining the structures, IR frequencies and

energies of formation the application of theoretical methods are
proved advantageous. For this purpose the program package
GAUSSIAN 92[10] implemented on an IBM-compatible Pentium
computer with 64 MB RAM memory was used. Ab initio calcu-
lations were performed at the HF (Hartree-Fock) or MP2 (second
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order Møller-Plesset) level of theory using 6-31G** basis set for
the species of interest. Harmonic vibrational frequencies, calculated
at the HF/6-31G** level only, characterized stationary points and
gave the zero-point energy. Therefore, frequencies are scaled by
using a factor of 0.89. Geometries were then optimized on MP2/
6-31G** level to deliver the electronic energy and geometries for
discussion. The sum of the electronic and the zero-point energy
was used to calculate differences interpreted as reaction enthalpies
at 0 K. For the visualisation of the calculated structures the pro-
gram ORTEX 5[11] was used.

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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Ytterbium metal reacts with thallium(I) 3,5-diphenylpyrazo- razolate complex, [Yb(Ph2pz)2(DME)2]. The molecular struc-
late, or with diphenylmercury and 3,5-diphenylpyrazole ture reveals eight coordinate ytterbium(II) with two cisoid η2-
(Ph2pzH) in tetrahydrofuran or 1,2-dimethoxyethane (DME) 3,5-diphenylpyrazolate and two chelating 1,2-dimethoxy-
giving, after appropriate isolation, the first lanthanoid(II) py- ethane ligands.

Redox transmetallation between lanthanoid metals and
metal complexes (eq. 1; n 5 2 or 3; m 5 an/b) and redox
transmetallation/ligand exchange involving mercurials (eq.
2; n 5 2 or 3) provide simple halide free routes to lan-
thanoid complexes[1] [2] [3].

aLn 1 bM(L)m R aLn(L)b 1 bM Q (1)
2Ln 1 nHgR2 1 2nLH R 2Ln(L)n 1 nHg Q 1 2nRH (2)

Recent examples of eq. 1 involve mercury[4] [5] and tin[6]

compounds. Use of thallium(I) reagents is currently restric-
ted to cyclopentadienyls[7] [8] [9] [10] and phenolates[11]. We
now report the synthesis of the first lanthanoid(II) pyrazol-
ate, Yb(Ph2pz)2 (Ph2pzH 5 3,5-diphenylpyrazole), by redox
transmetallation between thallium(I) 3,5-diphenylpyrazol-
ate, and ytterbium metal and by redox transmetallation/li-
gand exchange between Yb, Ph2pzH and HgPh2, together
with the X-ray crystal structure of [Yb(Ph2pz)2(DME)2]
(DME 5 1,2-dimethoxyethane). This opens the use of thal-
lium-based redox transmetallation as a source of lan-
thanoid organoamides, and increases the versatility of reac-
tion (2).

Thallium(I) 3,5-diphenylpyrazolate was obtained in high
yield by reaction of thallium(I) ethoxide with 3,5-di-
phenylpyrazole in dichloromethane (eq. 3).

Reaction of the thallium complex with ytterbium metal
in the presence of mercury metal in tetrahydrofuran (THF)
and evaporation and crystallisation from DME or reaction
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of Yb and Tl(Ph2pz) in DME gave [Yb(Ph2pz)2(DME)2]
in good yield (eq. 4). Satisfactory crystallisation was not
achieved from THF.

The highly air-sensitive product was characterised by el-
emental analysis and infrared and 1H-NMR spectra, whilst
the visible/near infrared spectrum (no bands at 45021200
nm) indicated the absence of Yb(III). The structure was es-
tablished by X-ray crystallography below. Although a range
of lanthanoid(III) pyrazolates are known[12], particularly
[Ln(R2pz)3(L)n] complexes (R 5 Me, L 5 THF, n 5
1[12c]; R 5 Ph or tBu, L 5 THF, DME, or Ph3PO, n 5
123[12d-h]), no lanthanoid(II) pyrazolates have previously
been reported. It is of particular interest that redox
transmetallation/ligand exchange reactions of an excess of
ytterbium metal with Hg(C6F5)2 and 3,5-di-tert-butylpyr-
azole gave [Yb((tBu)2pz)3(THF)2] rather than a divalent
complex[12d] [12f], and analogous reactions with 3,5-di-
phenylpyrazole in this work gave an unidentifiable black
insoluble material. However, with HgPh2 as the reagent in-
stead of the commonly used Hg(C6F5)2, a smooth high
yield synthesis of [Yb(Ph2pz)2(DME)2] was achieved (eq. 5).

Yb 1 2Ph2pzH 1 HgPh2 R Yb(Ph2pz)2 1 2PhH 1 Hg Q (5)

The successful outcome of eq. 5 compared with the failed
preparation with Hg(C6F5)2, shows that HgPh2 has excel-
lent prospects in redox transmetallation/ligand exchange
(eq. 2), despite lower reactivity towards lanthanoid metals
than Hg(C6F5)2.
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By contrast with eq. 4, treatment of thallium(I) 3,5-di-

phenylpyrazolate with a large excess of samarium metal
gave impure (indicated by the Sm analysis)
[Sm(Ph2pz)3(DME)2]. The DME/Ph2pz ratio was estab-
lished by 1H-NMR spectroscopy and corresponds to that
in previously prepared [Ln(Ph2pz)3(DME)2] (Ln 5 La, Nd,
or Er)[12h]. A significant high frequency shift of the Ph2pz
resonances from those for [La(Ph2pz)3(DME)2] is consistent
with coordination to the paramagnetic ion. The oxidation
state was established by the near infrared absorption, which
was characteristic of Sm(III) [13], as well as by the typical
pale yellow colour of the product solution, whilst the visible
region lacked typical Sm(II) absorption near 600cm21 [14].
Thus, even for lanthanoid metals giving accessible divalent
compounds, reaction (1) [M(L)m 5 Tl(R2pz)] does not
necessarily give a lanthanoid(II) complex.

The molecular structure of [Yb(Ph2pz)2(DME)2] is dis-
played in Figure 1, together with selected bond distances
and angles. Two η2-Ph2pz and two chelating DME ligands
are bound to ytterbium, giving approximately dodecahedral
YbN4O4 eight coordination. The common ligands are in a
cisoid relationship to each other, as indicated by a N-N-
centroid2Yb2N9-N9-centroid angle of 101.4° and a O···O-
centroid2Yb2O9···O9-centroid angle of 97.9°. The dihedral

Figure 1. ORTEP plot of [Yb(Ph2pz)2(DME)2][a] showing 20%
thermal ellipsoids for the non-hydrogen atoms

[a] Selected bond lengths [Å] and angles [°] data with estimated
deviations in parentheses: Yb2N(11) 2.426(7), Yb2N(12) 2.414(7),
Yb2N(21) 2.424(7), Yb2N(22) 2.430(7), Yb2O(31) 2.502(6),
Yb2O(319) 2.558(7), Yb2O(41) 2.484(6), Yb2O(419) 2.576(7),
N(11)2N(12) 1.362(9), N(21)2N(22) 1.357(9), N(11)2Yb2N(12)
32.7(2), N(11)2Yb2N(21) 95.5(2), N(11)2Yb2N(22) 107.3(2),
N(11)2Yb2O(31) 116.7(2), N(11)2Yb2O(319) 174.7(2), N(11)2
Yb2O(41) 91.2(2), N(11)2Yb2O(419) 87.7(2), N(12)2Yb2N(21)
102.8(2), N(12)2Yb2N(22) 96.4(2), N(12)2Yb2O(31) 86.8(2),
N(12)2Yb2O(319) 150.9(2), N(12)2Yb2O(41) 97.9(2), N(12)2
Yb2O(419) 119.7(2), N(21)2Yb2N(22) 32.5(2), N(21)2
Yb2O(31) 122.8(2), N(21)2Yb2O(319) 87.1(2), N(21)2Yb2
O(41) 151.2(2), N(21)2Yb2O(419) 86.7(2), N(22)2Yb2O(31)
91.0(2), N(22)2Yb2O(319) 77.3(2), N(22)2Yb2O(41) 161.2(2),
N(22)2Yb2O(419) 116.8(2), O(31)2Yb2O(319) 65.2(2), O(31)2
Yb2O(41) 77.8(2), O(31)2Yb2O(419) 136.6(2), O(319)2Yb2
O(419) 84.4(2), O(319)2Yb2O(419) 87.9(2), O(41)2Yb2O(419)
65.6(2).
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angle between the two YbN2 planes is 101.0(2)°. Obser-
vation of η2-pyrazolate coordination for the first lantha-
noid(II) pyrazolate is consistent with the predominance of
this bonding mode in pyrazolatolanthanoid(III) com-
plexes[12], but where µ-pyrazolate binding, the dominant
mode for d-block metals[15], is also known[12a] [12b] [12c]. The
first examples of η2 coordination for d-block transition
metals have recently been reported[15c] [16]. With allowance
for differences in oxidation state and coordination num-
ber[17], the Yb2N distances are comparable with those of
lanthanoid(III) pyrazolates[12] and the Yb2O distances are
consistent with those of the chelating DME of
[Er(Ph2pz)3(η2-DME)(η1-DME)][12h]. Thus, subtraction of
the ionic radius for eight coordinate Yb21 (1.14 Å) [17] from
<Yb-N> gives 1.28 Å comparable (but at the low end) with
values, 1.2721.38 Å[12c-h], for a range of [Ln(η2-R2pz)3(L)n]
(R 5 Ph or tBu) complexes, whilst a similar subtraction
from <Yb-O> gives 1.39 Å, comparable with the 1.42 Å
derived from the chelating DME of [Er(Ph2pz)3(η2-
DME)(η1-DME)][12h] and within the range derived from
Ln2O of [Ln(R2pz)3(THF)n] (n 5 2 or 3) (R 5 tBu or
Ph) complexes[12e] [12f].

A wide ranging study of the syntheses and structures of
pyrazolatolanthanoid(II) complexes, especially preparation
by redox transmetallation reactions from free metals and
thallium(I) pyrazolates, is in progress.

We are grateful to the Australian Research Council for financial
support and for the award of an Australian Postgraduate Research
Award to E. E. D

Experimental Section
The compounds described here are extremely air- and moisture-

sensitive and consequently all operations were carried out in an
inert atmosphere (purified argon or nitrogen).

(3,5-Diphenylpyrazolato)thallium(I): Thallium(I) ethoxide (3.55
ml, 12.5g, 50.0 mmol) was added to a CH2Cl2 (200 ml) solution of
3,5-diphenylpyrazole (11.1g, 50.0 mmol). Addition of thallium(I)
ethoxide caused undissolved 3,5-diphenylpyrazole to dissolve. Re-
moval of the CH2Cl2 under vacuum yielded 19.4g (92%) of a white
crystalline solid, m.p. 195°C (sealed capillary/argon). 2 IR: ν̃ 5

1600 cm21 m, 1259 m, 1070 m, 1058 s, 1025 m, 972 m, 914 w, 799
m, 758 vs, 693 vs. 2 1H NMR (200 MHz, [D8]THF): δ 5 7.96 (s,
1 H, 4-H pz),7.1227.21 (m, 2 H, p-H), 7.2127.27 (m, 4 H, m-H),
7.68 (t, 4 H, o-H), 2 MS (70 eV, EI); m/z (%): 424 (50) [(205Tl)M1],
220 (80) [C15H11N2

1], 205 (100) [205Tl1]. 2 C15H11N2Tl (423.6):
calcd. C 42.53, H 2.62, N 6.61; found C 42.35, H 2.53, N 6.49.

Bis(1,2-dimethoxyethane)bis(η2-3,5-diphenylpyrazolato)-
ytterbium(II) 2 Method A: A mixture of ytterbium powder (1.73g,
10.0 mmol), mercury metal (ca. 0.10 ml) and (3,5-diphenylpyrazol-
ato)thallium(I) (2.12g, 5.0 mmol) in THF (30 ml) or DME (50 ml)
was subjected to ultrasonication for 24 h. The resulting deep red
solution with grey suspended solids was allowed to stand for sev-
eral hours until the suspension settled out. The reaction mixture
was then filtered using a filter cannula. In the case where THF was
used, the filtrate was evaporated to dryness under vacuum yielding
a red solid which was dissolved in DME (40 ml) and allowed to
stand for several days at room temp. during which time 1.3 g (66%)
of large red crystals formed. In the case where DME was used,
evaporation of some DME (ca. 5 ml) and standing for several days
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afforded large red crystals of similar appearance in similar yield,
m.p. >350°C (sealed capillary/argon). 2 IR: ν̃ 5 1602 cm21 m,
1156 w, 1121 w, 1099 m, 1071 s, 1025 m, 968 s, 914 w, 863 m, 859
m, 801 w, 757 vs, 722 m, 698 s, 685 s. 2 Visible/near IR (THF):
λmax (ε) 5 410 nm (774). 2 1H NMR (300 MHz, [D8]THF): δ 5

3.24 (s, 12 H, CH3O DME), 3.41 (s, 8 H, CH2 DME), 7.07 (t, 4 H,
p-H), 7.10 (s, 2 H, 4-H), 7.24 (t, 8 H, m-H), 7.92 (d, 8 H, o-H). 2
171Yb NMR (52.5 MHz, 0.04  in DME): δ 5 480 (∆ν1/2 20 Hz)
[relative to Yb(C5Me5)2(THF)2] 2 C38H42N4O4Yb (791.8): calcd.:
C 57.64, H 5.35, N 7.08, Yb 21.85; found C 56.88, H 5.24, N 7.59,
Yb 22.43.

Method B: A mixture of ytterbium powder (1.73 g, 10.0 mmol),
HgPh2 (0.80 g, 2.3 mmol) and 3,5-diphenylpyrazole (1.00 g, 4.5
mmol) in THF (40 ml) was stirred and heated at 60°C for 2 d. The
resulting red solution with grey suspended solids was filtered and
the filtrate was evaporated to dryness. Recrystallisation of the re-
sulting red solid from DME (20 ml) at 220°C gave 1.37 g (76%)
of [Yb(Ph2pz)2(DME)2] as deep red crystals. 2 IR: Identical with
that of the product from A. 2 C38H42N4O4Yb (791.8): calcd. Yb
21.85; found Yb 21.48.

Reaction Between (3,5-Diphenylpyrazolato)thallium(I) and Sam-
arium Metal: A mixture of samarium metal (1.50 g, 10.0 mmol),
mercury metal (ca. 0.40 ml) and (3,5-diphenylpyrazolato)thalli-
um(I) (0.85 g, 2.0 mmol) in THF (30 ml) was subjected to ultra-
sonication for 3 d. The resulting pale yellow solution with grey
suspended solids was allowed to stand for several hours. Filtration
and evaporation as above yielded a white solid which was recrystal-
lised from a DME/light petroleum mixture giving
[Sm(Ph2pz)3(DME)2] 0.42 g, (40%) as a white powder. 2 IR: ν̃ 5

1604 cm21 m, 1513 w, 1422 w, 1282 w, 970 s, 906 w, 864 s, 800 w,
759 vs, 696 s, 684 s. 2 Visible/near IR (THF): λmax (ε) 5 369 nm
(1.5), 402 (2.0), 977 (1.0), 1074 (2.0), 1328 (3.5), 1368 (1.0) . 2 1H
NMR (300 MHz, [D8]THF): δ 5 3.27 (s, 12 H, CH3O), 3.39 (s, 8
H, CH2), 7.30 (t, 6 H, p-H), 7.54 (t, 12 H, m-H), 7.94 (s, 3 H, 4-
H), 9.28 (d, 12 H, o-H). 2 C53H53N6O4Sm (988.5): calcd. Sm 15.22;
found Sm 16.64.

X-ray Crystallography of [Yb(Ph2pz)2(DME)2]: Single crystals
were grown from a saturated DME solution at room temperature
over several days. C38H42N4O4Yb (791.82), monoclinic, space
group P21/a (no. 14). a 5 7.882(4), b 5 18.959(3), c 5 24.080(14)
Å, β 5 91.03(2)°, V 5 3598(3) Å3, Z 5 4, Dc 5 1.462 g cm23,
µMo 5 26.4 cm21, F(000) 5 1600, A*min,max 1.64, 2.17. For X-ray
crystallography single crystals 0.20 3 0.38 3 0.33 mm were covered
in a heavy oil and sealed into glass capillaries under purified argon.
From 6331 diffractometer reflections (2θmax 50°, 2θ/θ scan mode;
monochromatic Mo Kα radiation; λ 5 0.71073 Å; T ø 295 K;
18381 total reflections merged (Rint 5 0.048), 50% crystal de-
composition compensated by scaling), 3670 “observed” [I > 3σ(I))]
used after absorption correction in the final least squares refine-
ment [anisotropic thermal parameters for non-hydrogen atoms, (x,
y, z, Uiso)H constrained]. R, Rw on uFu were 0.044, 0.044 (statistical
weights). Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-101118. Copies of the data can be obtained from The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(int. Code) 144(1223)336-033, E-mail: deposit@chemcrys.cam.a-
c.uk, World Wide Web: http://www.ccdc.cam.ac.uk].
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In situ reaction of CuII triflate with aminopyridine or amino- [Cu2Cu2Cu angle 175.19(2)°] consists of four nearly flat
pyrimidine and triethylorthoformate in ethanol results in molecules of the ligand which contribute to the propeller-
unique linear trinuclear CuII complexes with the general for- type structure around the Cu2Cu2Cu axis. A strong antifer-
mula [Cu3(L2)4](CF3SO3)2(EtOH)x (L = dehydronated ligand romagnetic interaction between the CuII ions is observed, re-
N,N9-bis(pyridine-2-yl)formamidine or the new ligand sulting in an S = 1/2 ground state below 100 K.
N,N9-bis(pyrimidine-2-yl)formamidine). The structure

Dinuclear and polynuclear exchange-coupled copper(II)
complexes are well known, but the number of magnetically
as well as structurally investigated trinuclear compounds is
quite limited[1]. Also the theory for dinuclear and polynu-
clear systems is found adequate to describe the exchange
parameter of magnetism[1] [2], but linear trinuclear com-
pounds are far less discussed. Dinuclear systems are also
well documented because their relevance for bioinorganic
model systems in copper enzymes[3].

Linear trinuclear CuII compounds are relatively rare and
only few are studied magnetically[4]. A few are known with
a CuN426 chromophore around each CuII ion[5]. We now
wish to report a novel method for in situ synthesis of such
trinuclear compounds, which have quite unusual propeller-
type structure and a strong magnetic exchange coupling.
Compounds [Cu3(pdf)4](CF3SO3)2(EtOH)1.5 (1), in which
pdf is the dehydronated ligand N,N9-bis(pyridine-2-yl)form-
amidine, and [Cu3(pmf)4](CF3SO3)2(EtOH)0.5 (2), in which
pmf is the dehydronated ligand N,N9-bis(pyrimidine-2-yl)-
formamidine, were synthesized and characterised.

Structural analysis of 1 shows a linear arrangement of 3
CuII ions surrounded by 4 ligand molecules in a propeller
mode, each of which being tetracoordinating to the 3 cop-
per atoms (Figure 1). The central copper atom is distorted
square-planar [angles of 163.46(11), 161.11(11)°] and nor-
mal Cu2N distances of ca. 2.0 Å. The outer copper ions
are six coordinated with distorted square-based geometry,
and a slightly different geometry for each copper. The
angles of the basal plane of Cu1 (formed by
N2112N3112N4112N125) are 176.84(11) and 158.53(11)°
and of Cu3 (formed by N1172N2172N3172N423) are
178.50(11) and 156.83(11)°. The short Cu2N distances for
Cu(1) and Cu(3) vary from 1.989(3) to 2.191(3) Å. The ax-
ial sites of the geometry are occupied by other nitrogens
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with Cu2N distances that vary from 2.267(4) to 2.543(3)
Å. The axial angles slightly differ from linear
[N3252Cu12N111 5 160.81(11)° and N4172Cu32
N223 5 158.18(11)°], as a result of contraints caused by
the ligandshape.

Figure 1. Plot of structure 1 with atom-labelling scheme. H- atoms
and non-coordinating triflate anions and the ethanol molecules are

omitted for clarity[a]

[a] Selected distances [Å] and angles [°]: Cu(1)2Cu(2) 2.6618(8),
Cu(2)2Cu(3) 2.6676(8), Cu(1)2N(411) 1.989(3), Cu(1)2N(211)
1.992(3), Cu(1)2N(125) 2.033(3), Cu(1)2N(311) 2.168(3),
Cu(1)2N(325) 2.272(3), Cu(1)2N(111) 2.543(3), Cu(2)2N(425)
1.997(3), Cu(2)2N(225) 2.026(3), Cu(2)2N(123) 2.036(3),
Cu(2)2N(323) 2.050(3), Cu(3)2N(317) 2.001(3), Cu(3)2N(117)
2.011(3), Cu(3)2N(423) 2.032(3), Cu(3)2N(223) 2.191(3),
Cu(3)2N(217) 2.267(4), Cu(3)2N(417) 2.500(3), N(411)2Cu(1)2
N(211) 176.84(11), N(125)2Cu(1)2N(311) 158.53(11), N(111)2
Cu(1)2N(325) 160.81(11), N(425)2Cu(2)2N(225) 163.46(11),
N(123)2Cu(2)2N(323) 161.11(11), Cu(1)2Cu(2)2Cu(3)
175.19(2), N(317)2Cu(3)2N(117) 178.50(11), N(423)2Cu(3)2
N(217) 156.83(11), N(223)2Cu(3)2N(417) 158.18(11).

The Cu2Cu distances of 2.6618(8) and 2.6676(8) Å, are
only slightly longer than in the two other comparable
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CuNx-bridged linear copper(II) compounds[5a] [5c], but
shorter than in the azido-bridged trinuclear com-
pounds[4] [5b] [5d].

The linear angle Cu12Cu22Cu3 is 175.19(2)°. Viewing
along the Cu2Cu2Cu axis (Figure 2) a propeller type ar-
rangement is visible in which the ligands are almost perpen-
dicular to the axis with angles between the two rings of
each ligand which vary from 27.73 to only 8.19°. Hydrogen
bonds between the oxygens of the lattice ethanol and the
triflate molecules (O···O 2.82 and 3.02 Å) stabilize the lat-
tice.

Figure 2. View along the Cu2Cu2Cu axis of structure (1)

The ligand field spectrum of both compounds show a
broad band with a double maximum at 16.3 and 20.8·103

cm21 for 1 and at 16.9 and 20.9·103 cm21 for 2. These two
absorptions are both d-d transitions[6a] [6b], and it is tempt-
ing to assume that the highest energy is from the central Cu
atom, although Cu2 is not perfectly square planar, and the
lowest energy from the outer six-coordinated Cu
atoms[5c] [6c].

The EPR spectra at room temperature shows a broad ab-
sorption centered around g 5 2.11 and a weaker broad ab-
sorption at ca. g 5 3.6, which disappear upon cooling to
77 K. The EPR signal sharpens upon cooling and a very
weak g// at ca. 2.3 is observed (no A// resolved). No struc-
tural conclusions can be drawn from these spectra. Prelimi-
nary temperature dependent magnetic susceptibility meas-
urements down to 5 K, shows a magnetic moment of ca.
1.50 B.M. per copper(II) ion at 270 K, which decreases to
ca. 1.0 B.M. at 20 K, which indicates an antiferromagnetic
coupling between the copper(II) ions within the trinuclear
units [6d] [5c]. In the area 7025 K 1/χ vs. T is linear with Θ 5
0 and agrees with µ 5 1.05 (or 1.8 B.M./Cu3) which agrees
with a ground state only one unpaired electron per 3 CuII.
A preliminary fit on the hamiltonian H 5 22J [(S A ·S B)
1 (S B ·S C)] shows that J 5 2100 cm21 and assumes
J9 5 0.

Further work will deal with related ligands yielding this
structure and with a full magnetic study. In summary, we
have shown that copper ions can control the template syn-
thesis of tetradentate formamidine ligands, simultanously
resulting in linear trinuclear CuII complexes.
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Experimental Section
General: Ligand field spectra were recorded on a Perkin-Elmer

Lambda 900 spectrophotometer using the diffuse reflectance tech-
nique, with MgO as a reference. 2 X-band powder EPR spectra
were obtained on a Jeol RE2x electron spin resonance spec-
trometer, using DPPH (g 5 2.0036) as a standard. 2 Magnetic
susceptibilities were measured in the temperature range 52300 K
with a Manics DSM-8 susceptometer. Data were corrected for
magnetization of the sample holder and for diamagnetic contri-
butions, which were estimated from the Pascal constants[8].

Synthesis: 2-Aminopyridine and 2-aminopyrimidine are ob-
tained from Acros Organics; metal salts and solvents were commer-
cially available and used without further purification. 1.2 mmol of
Cu(CF3SO3)2 and 1.2 mmol of 2-aminopyridine or 2-aminopyrimi-
dine were each dissolved in ca. 10 ml of ethanol. To each solution
ca. 5 ml of triethylorthoformate was added. The copper solution
was added carefully to the amino compound solution and filtered
to remove any un-dissolved material. After a few days black crys-
talline material was obtained, filtered, and air-dried.

Compound 1 {[Cu3(pdf)4](CF3SO3)2(EtOH)1.5} can also be syn-
thesized directly from the copper(II)triflate salt and the ligand
Hpdf (which was synthesized in the literature[7]) in ethanol plus
triethylorthoformate to remove the water from the ethanol. Satis-
factory elemental analysis were obtained.

X-ray Crystal Structure Analysis: Crystal data for
[Cu3(pdf)4](CF3SO3)2(EtOH)1.5: C49H45Cu3F6N16O7.5S2, M 5

1346.75, monoclinic, space group P21/c (no. 14), a 5 12.974(3),
b 5 17.769(4), c 5 24.227(5) Å, β 5 92.73(3)°, V 5 5579(2) Å3,
Z 5 4, Dc 5 1.603 g cm23, T 5 193 K, µ(Mo-Kα) 5 1.295 mm21,
F(000) 5 2736, 11365 reflections measured, 10881 independent,
Rint 5 0.0317, (2.52 < θ < 26.54°), a black crystal with dimensions
of 0.30 3 0.30 3 0.25 mm was selected, mounted to the glass fiber
using the oil drop method[9a]. Rigaku AFC-7S diffractometer,
graphite-monochromated Mo-Kα radiation (λ 5 0.71073 Å), ω-2θ
scans. Data reduction using the TEXSAN[9b] package. The inten-
sity data were corrected for Lorentz and polarization effects and
for absorption and extinction. All non H atoms were refined aniso-
tropically. H atoms were situated from difference Fourier map and
refined isotropically. The structure was solved using direct methods
SHELXS-86[9c]. The weighting scheme w 5 1/[σ2(Fo

2) 1 (0.0970
P)2 1 09.6067 P], where P 5 (Fo

2 1 2 Fc
2)/3 was adopted. Refine-

ment method full-matrix least-squares on F2 using SHELXL-93[9d]

package converged to R1 [I > 2σ(I)] 5 0.0475, wR2 5 0.1478 (all
data) for 751 parameters, S 5 0.892, largest difference peak and
hole 1.080 and 20.437 e·A23.

Crystallographic data (excluding structure factors) for the struc-
ture in this paper have been deposited with the Cambridge Crystal-
lographic Data Centre as supplementary publication no. CCDC-
101041. Copies of the data can be obtained free of charge on appli-
cation to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) 144(1223)336-033, E-mail: deposit@ccdc.cam.ac.uk].
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Bis(alkynyl)zirconocene and -hafnocene complexes 4 react
with (butadiene)zirconocene or -hafnocene, respectively, to
yield the binuclear σ,π-acetylide bridged complexes
[(Cp2M)2(µ-C;C2R)2] 7 (M = Zr, Hf; R = CH3, C2H5, or
CH2Ph). The complexes 7 are selectively protonated upon
treatment with N,N-dimethylanilinium tetraphenylborate or
tetrakis(pentafluorophenyl)borate to yield the dinuclear me-
tallocene cation complexes [(Cp2M1)(µ-RCC12H)(µ-
C;C2R)M2Cp2

+] 13 (M1 = M2 = Zr, a2c; M1 = Zr, M2 = Hf,
h; M1 = M2 = Hf, i) that contain a planar-tetracoordinate car-
bon atom (C1-H) bearing a hydrogen substituent. Complex
13a was characterized by X-ray diffraction. It reveals an
agostic interaction of the C1-H moiety with the M2Cp2 unit.

Introduction

Planar-tetracoordinate carbon has an electronic structure
that is characterized by an electron-deficient σ-system (six
electrons making four bonds) and a doubly occupied p-or-
bital perpendicular to the σ-plane. [1] Principally, σ-electron
donor and π-acceptor substituents should stabilize this “un-
natural” carbon coordination geometry.[1] [2] We have pre-
viously prepared a large number of thermodynamically very
stable “anti-van9t Hoff/Le Bel” compounds of this general
type, where the planar-tetracoordinate carbon atom is part
of a C5C double bond and has two metal substituents that
share a sp2-orbital in the carbon σ-plane in a three-center-
two-electron bond situation.[3] A very favourable situation
arises when the two geminal metal substituents have slightly
different σ-donor properties. Typical examples are a combi-
nation of Cp2Zr and AlR2

[4] or Cp2Zr and Cp2Zr1. [5] The
complexes 1 and 2 are typical examples out of a large vari-
ety of such systems. The stabilization energy of planar-
tetracoordinate vs. planar-tricoordinate carbon in these
complexes is very high (ca. 35 kcal/mol calculated for 1, ca.
12 kcal/mol experimentally determined for 2). [6]

The synthetic routes developed and applied so far have
allowed for the preparation of a great variety of examples
of the complexes of the type 1 and 2 using various combi-
nations of metal complex fragments, bridging ligands X and
of the substituents attached at the carbon atoms C1 (i.e. the
planar-tetracoordinate carbon atom) and C2, but systems
bearing a hydrogen at C1 were not available by these
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The planar-tetracoordinate carbon unit C1-H of 13a exhibits
13C/1H NMR chemical shifts of δ = 161.0 and 20.11 and a
coupling constant of 1JCH = 103 Hz. Selective protonation of
(µ-alkynyl)bis(group 4 metallocene) complexes containing
other additional bridging ligands provides a rather general
synthetic entry to planar-tetracoordinate carbon containing
complexes of this type: [Cp2M1(µ-C;C2CH3)(µ-Cl)M2Cp2]
(10a2c, M1, M2 = Zr, Hf) and [Cp2M1(µ-C;C2CH3)(µ-
CH3)M2Cp2] (11a,b) selectively add a proton from
[(HNMe2Ph)+(BAr4)2] at carbon atom C1 of the acetylide li-
gand to yield the corresponding “anti-van9t Hoff/LeBel com-
plexes” [Cp2M1(µ-CH3CC1-H)(µ-X)M2Cp2

+] (13d2g and k,
X = Cl, CH3), respectively.

routes. [7] We have now found a rather simple method to
solve this synthetic organometallic problem and have pre-
pared a variety of cationic bis(metallocene) complexes of
this general type by a regioselective protonation pathway.

Results and Discussion

Synthesis of the Dinuclear Complexes

Dinuclear (µ-alkynyl)zirconocene and -hafnocene com-
plexes were chosen as the starting materials for our new
synthesis. We had previously shown that bis(alkynyl)group
4 metallocenes (4) react rapidly with in situ generated Cp2M
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Scheme 1

(M 5 Zr, Hf) reagents to cleanly form the [(µ-η1:η2-alky-
nyl)2(MCp2)2] type complexes. There is evidence that the
C2v-symmetric species 5 are formed first, that subsequently
rearrange to the C2h-complexes 6 that are eventually iso-
lated from the reaction.[8]

We have thus treated bis(propynyl)zirconocene 4a (M1 5
Zr, R 5 CH3) with (butadiene)zirconocene (6a, M2 5 Zr)[9]

in benzene at ambient temperature (18 h) and obtained the
dinuclear complex 7a in 70% yield. Complex 7a, like many
examples of this type of complexes, is dynamic and un-
dergoes an intramolecular exchange of the two µ-η1:η2-al-
kynyl ligands within the dinuclear metal complex frame-
work that is rapid on the NMR time scale. [8] [10]

Complexes 7b and 7c were prepared analogously by treat-
ment of the respective bis(alkynyl)zirconocenes 4b and 4c
with the (butadiene)zirconocene reagent. Treatment of bis-
(propynyl)hafnocene (4a9) with (butadiene)zirconocene cle-
anly gave the mixed-metal complex 7d, and treatment of 4a9
with (butadiene)hafnocene furnished the bis(µ-η1:η2-propy-
nyl)bis(hafnocene) complex 7e. The latter reaction required
more drastical reaction conditions (2 d at 60°C) to liberate
Cp2Hf in situ.

Thermally induced ligand exchange was used to prepare
the (propynyl)metallocene chlorides 8. [8] Subsequent treat-
ment with the (butadiene)metallocenes then gave the (µ-
η1:η2-propynyl)(µ-chloro)bis(metallocenes) 10a2c (see
Scheme 2). Treatment of 3b with propynyllithium (to give
9), followed by treatment with (butadiene)ZrCp2, gave the
(µ-η1:η2-propynyl)(µ-methyl)bis(metallocenes) 11a, b.

In the synthesis of the µ-methyl bridged systems, only
(butadiene)zirconocene was employed as the source for the
in situ metallocene generation. Attempts to use the corre-
sponding hafnocene reagent required higher temperatures
that led to massive σ-ligand scrambling of the starting ma-
terials and precluded a clean product formation.

We then treated the dinuclear (µ-alkynyl)bis(metallocene)
complexes 7, 10, and 11 with a suitable proton source. As
reagents for the proton transfer reaction we choose the N,N-
dimethylanilinium salts [HNMe2Ph1][B(C6F5)4

2] (12a) or
[HNMe2Ph1][BPh4

2] (12b), respectively. Both reagents had
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previously been used for the synthesis of donor-ligand
stabilized zirconocene derived cations, such as e.g.
[Cp2ZrCH3

1] (from Cp2Zr(CH3)2). [11] Thus, the here selec-
ted anions had shown to be of a sufficiently low nucleophil-
icity to not interfere with the formation of very electrophilic
group 4 metallocene-based cation systems.

The protonation reactions in all cases led to the forma-
tion of the same cationic systems irrespective whether
[BPh4

2] or [B(C6F5)4
2] was used as the counteranion.

Thus, the bis(µ-η1:η2-propynyl)bis(zirconocene) complex 7a
was treated with one molar equivalent of the ammonium
salt 12b at 250°C in dichloromethane. After workup at
room temperature a single cationic product was isolated in
close to 60% yield that was identified as 13a spectroscopi-
cally and by an X-ray crystal structure analysis (see below).
The product exhibits a pair of 1H/13C-NMR Cp signals at
δ 5 6.03, 5.71 / 109.7, 108.4 (in [D2]dichloromethane) and
methyl group resonances at δ 5 2.83, 2.44 / 25.1, 10.2.
Noteworthy is the [Zr]-σ-alkenyl C2 13C-NMR resonance at
δ 5 217.6 and the 1H/13C-NMR resonances of the planar-
tetracoordinate carbon C1-H group at δ 5 20.11 (broad
singlet) / 161.0 (1JCH 5 103 Hz). Thus, the planar-tetraco-
ordinate carbon atom exhibits a chemical shift in the olef-
inic region, as it is expected for sp2-hybridized carbon, but
its 1JCH coupling constant is quite unusual at a very low
value of close to 100 Hz. As we shall see, this is a very
typical feature of the planar-tetracoordinate carbon com-
pounds that bear a hydrogen substituent at C1. It is prob-
ably the close vicinity of the C1-H hydrogen to its adjacent
zirconium center Zr2 that results in such a marked decrease
of the 1JCH value of this (sp2)C-H moiety. According to the
X-ray crystal structure analysis of 13a (see below) an α-
agostic interaction[12] between C1-H and Zr2 must be as-
sumed.
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The protonation reactions of the related complexes 7b
and 7c proceed analogously to yield the corresponding
planar-tetracoordinate carbon complexes 13b and 13c,
respectively. Some of their typical spectroscopic parameters
are listed in Table 1. Protonation of the bis(µ-η1:η2-propy-
nyl)bis(hafnocene) complex 7e also proceeds cleanly to yield
13i. Noteworthy is here that the C1-H 1H-NMR resonance
is shifted markedly to a larger δ-value (10.42) as compared
to the zirconium-containing examples 10a2c (see Table 1),
whereas the 1JC1-H coupling constant is still very low at 99
Hz. It thus may be that the 1H-NMR C1-H chemical shift
is sensitive to the very nature of its closely adjacent metal
center. This specific feature turned out to be of some diag-
nostic value in the protonation reactions of the heterodime-
tallic precursors.

Table 1. Selected NMR data of the planar-tetracoordinate carbon complexes 13 and related reference compounds

Compd. prepd. from R X anion M δ C2 δ C1-H[d] 1JC
1-H [Hz]

13a 7a CH3
[a] [b] Zr,Zr 217.6 161.0 20.11 103

13b 7b C2H5
[a] [b][c] Zr,Zr 227.6 160.4 20.16 103

13c 7c CH2Ph [a] [b] Zr,Zr 225.2 165.3 20.47 [m]

13d 11a CH3 CH3
[b][c] Zr,Zr 229.8 159.3 0.83 108

13e 10a CH3 Cl [b] Zr,Zr 273.7 157.7 0.51 103
13f 11b CH3 CH3

[c] Zr,Hf 233.7 160.1 1.47 106
13g 10b CH3 Cl [b] Zr,Hf 227.1 156.4 1.12 99
13h 7d CH3

[a] [b] Zr,Hf [e] 162.5 0.38 100
13i 7e CH3

[a] [b] Hf,Hf 225.1 167.4 0.42 99
13k 10c CH3 Cl [b] Hf,Hf 228.6 160.8 1.05 97
2a 2 CH3

[a] [c] Zr,Zr 210.4 127.7[f] [g][h] 2
2b 2 CH3

[a] [c] Zr,Hf 217.1 129.5[f] [g][h] 2
2c 2 n-C3H7 Cl [c] Zr,Zr 224.9 125.3 [g][h] 2
1a 2 CH3 CCPh 2 Zr,Al 208.6 144.2[f] [i][k] 2
1b 2 CH3 CC2C6H11 2 Zr,Al 197.7 152.0[f] [k][l] 2

[a] C;C2R. 2 [b] B(C6F5)4
2. 2 [c] BPh4

2 . 2 [d] NMR spectra in CD2Cl2. 2 [e] Not located. 2 [f] Tentative assignment. 2 [g] C1-CH3. 2
[h] From ref. [3] [5] [6]. 2 [i] C1-Ph. 2 [k] From ref. [3] [4]. 2 [l] C1-cyclohexyl. 2 [m] Not determined.
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Protonation of the bis(µ-η1:η2-propynyl)(HfCp2)(ZrCp2)
complex 7d could in principle lead to the formation of two
regioisomeric products arising from H1-addition to either
the CH32C;C2HfCp2 or the CH32C5C2ZrCp2 unit.
The reaction of the heterodimetallic complex 7d with 12b
resulted in the formation of a single organometallic product
(13h) that was isolated in ca. 50% yield. The product exhib-
its 1H/13C-NMR pairs of Cp resonances at δ 5.94, 5.72 /
108.6, 108.1, and 13C/1H-NMR signals of the C1-H unit at
δ 162.5 (1JCH 5 100 Hz) and 10.38. The latter value is in
the typical range expected of an α-agostic C1-H moiety at
HfCp2. We therefore propose that protonation has occured
regioselectively at the CH32C;C2HfCp2 part of the start-
ing material 4e, leading to the heterodinuclear planar-tetra-
coordinate carbon compound 13h.

A very similar situation was found when the µ-chloro-
and µ-methyl-bridged metallocene complexes were pro-
tonated. Treatment of (µ-η1:η2-propynyl)(µ-Cl)(ZrCp2)2 10a

Scheme 4
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with [HNMe2Ph1][B(C6F5)4

2] (12b) gave rise to the forma-
tion of the planar-tetracoordinate carbon compound 13e
(1H/13C NMR of the C1-H unit: δ 5 0.51/157.7 (1JCH 5
103 Hz). Protonation of the corresponding mixed metal
compound 10b selectively led to a single product (13g)
whose C1-H 1H-NMR resonance is found shifted to δ 1.12.
A similar value was found in the planar-tetracoordinate
carbon complex 13k containing the (µ-Cl)(Cp2Hf)2 frame-
work (see Table 1), and a similar trend was observed upon
protonation of 11a and 11b giving rise to the selective for-
mation of the planar-tetracoordinate carbon compounds
13d and 13f, respectively. In all these cases the HfCp2 unit
ended up in the “south-east position” of the planar-tetraco-
ordinate carbon containing dimetallic framework, similarly
as it was observed for a related series of mixed metal deriva-
tives of the complex type 2 (see above).

X-ray Crystal Structure Analysis of 13a

Single crystals suited for the X-ray crystal structure
analysis were obtained by allowing a solution of 13a [·
B(C6F5)4

2] in dichloromethane to equilibrate with toluene
by gas-phase diffusion in a closed system. The dimetallic

Figure 1. A view of the molecular geometry of 13a[a]

[a] Selected bond lengths [Å] and angles [°]: Zr12C1 2.377(6),
Zr12C2 2.365(8), Zr12C4 2.313(6), Zr22C1 2.274(7), Zr22C4
2.406(6), Zr22C5 2.693(8), Zr22H1 2.14(7), C12C2 1.255(9),
C12H1 0.91(7), C22C3 1.492(10), C42C5 1.199(9), C52C6
1.468(10), Zr12C12Zr2 96.7(2), Zr12C42Zr2 94.9(2),
Zr12C12C2 74.1(5), Zr12C12H1 166(4), Zr12C22C1 75.2(5),
Zr12C22C3 144.0(6), Zr22C12C2 170.1(6), Zr22C12H1 70(4),
C12C22C3 140.8(8), Zr12C42C5 174.4(6), Zr22C42C5 90.3(5),
C42C52C6 166.6(8).

Table 2. A comparison of selected structural parameters of dimetallic planar-tetracoordinate carbon complexes and related systems[a]

Compd. M1 M2 C12R Zr12C1 Zr12C2 C12C2 M22C1 ref.

13a Cp2Zr Cp2Zr1 C2H 2.377(6) 2.365(8) 1.255(9) 2.274(7) [b]

14 Cp2Zr Cp2Zr1 N 2.338(10) 2.266(14) 1.230(14)[c] 2.075(11) [14]

1a Cp2Zr AlMe2 C2Ph 2.465(2) 2.163(3) 1.324(4) 2.103(3) [4]

2a Cp2Zr Cp2Zr1 C2CH3 2.509(4) 2.182(5) 1.305(6) 2.324(5) [5] [6]

[a For a schematic representation of the structures of these complexes see Scheme 5 and Figure 1. 2 [b] This work. 2 [c] C2N.
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cation 13a and the B(C6F5)4
2 anion are independent in the

crystal. In the cation the two zirconocene units are well
separated from each other (Zr1···Zr2 separation 3.477 Å).
The zirconium centers are connected by means of two
hydrocarbyl ligands, namely the H3C3C2C1H unit and the
C4C5C6H3 moiety. The special structural features of the for-
mer make complex 13a so noteworthy. It contains the car-
bon atom C1 that is planar-tetracoordinate. Carbon atom
C1 is bonded to C2 [d C12C2 1.255(9) Å], the metal atoms
Zr1 [d Zr12C1 2.377(6) Å] and Zr2 [d Zr22C1 2.274(7) Å]
and a hydrogen atom (crystallographically located, d C12H
0.91 Å). The atoms C1, C2, H1, Zr1, and Zr2 are oriented
coplanar (their neighboring atoms C3, C4, C5, C6 are lo-
cated in the same plane, which is the typical σ-ligand plane
of the two group 4 bent metallocene subunits). [13] The
bonding angles around the planar-tetracoordinate carbon
atom C1 are 96.7(2)° (Zr12C12Zr2), 74.1(5)°
(Zr12C12C2), 119° (C22C12H1), and 70° (Zr22C12H1)
(sum of bonding angles at C1: 359.8°).

In a comparison with typical planar-tetracoordinate car-
bon compounds and related complexes of this general
structural type (see Table 2) it becomes apparent that the
complexes 13 exhibit a few very special bonding param-
eters. The Zr12C1 bond, the “extra bond” between the ac-
ceptor-metallocene Cp2Zr1 and the planar-tetracoordinate
carbon center, is the shortest found in the overall series of
complexes so far. This bond is by ca. 0.12 Å shorter than
its equivalent in the related bis(zirconocene) complex 2a
(M1 5 M2 5 Zr, R1 5 R2 5 CH3) (see Scheme 5 and Table
2). Only in the µ-N;C2Ph complex 14 is this metal-to-
bridgehead atom bond shorter. We also note that the
C12C2 bond in 13a is rather short. Also the Zr12C2 sepa-
ration in 13a [2.365(8) Å] is much larger than this was found
in 2a [2.182(5) Å]. We conclude that the Cp2Zr1(µ-η1:η2-
H3C32C2C1H)(Zr2Cp2) subunit in 13a is in its structural
details somewhat different from the bonding parameters of
the related typical Zr/Zr1 or Zr/Al containing planar-tetra-
coordinate carbon complexes (2, 1). In some of its struc-
tural characteristics this unit in 13a still resembles its Zr(µ-
acetylide)Zr precursor unit. In some respect this unit be-
haves more as a “protonated alkynyl complex” than a (µ-
alkyne)bis(zirconocene) cation [the C1;C2 bond length in
the Cp2Zr2C;C2Ph dimer (7f) is 1.261(2) Å, the corre-
sponding Zr12C1 and Zr12C2 distances are 2.431(2) and
2.407(2) Å, the Zr22C1 bond length is 2.188(2) Å, [8] see
Scheme 5].

The structural similarity between the cationic complex
13a and its precursor, a neutral (acetylide)metallocene di-
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mer (7), [8] [10] even is extending to the second bridging
hydrocarbyl moiety, the µ-propynyl group.[15] In both
planar-tetracoordinate carbon complexes 13 and 2 this
bridge is rather unsymmetrically located between the two
group 4 metallocene moieties. In 2a it seems to be strongly
σ-bonded to the metal atom Zr2 [d Zr22C4 2.263(4) Å] and
leans over to Zr1 [d Zr12C4 2.472(4) Å, d Zr12C5 2.814(5)
Å] [5] [6] whereas in the complex 13a we are encountered with
the opposite geometric situation: Zr1 is linked to C4 by
means of a strong σ-type interaction [d Zr12C4 2.313(6) Å]
and the C42C5 triple bond [1.199(9) Å] is η2-coordinated
to Zr2 [d Zr22C4 2.406(6) Å, d Zr22C5 2.693(7) Å]. The
latter structural situation is similar as it is typically found
in the related complexes 1 and 14 (see Scheme 5).

Scheme 5

Conclusions

Protonation of dimetallic (µ-η1:η2-alkynyl)bis(group 4
metallocene) complexes apparently provides a simple and
efficient route to stable and easily isolable cationic planar-
tetracoordinate carbon compounds. The X-ray crystal
structure analysis of a representative example (13a) has
shown that four substituents (a carbon atom, two metal
centers, and a hydrogen) are oriented coplanar with carbon
atom C1 and are all strongly bonded to it. In addition, there
is evidence from the NMR spectra and the X-ray structural
analysis that there is some electronic interaction of this hy-
drogen (C1)-H with the adjacent metal center Zr2. The
1JC

1
-H coupling constant is rather small, and the C1-H vec-

tor seems to be “leaning over” towards Zr2 (Zr2···H separ-
ation 2.136 Å). These features may indicate the presence of
some α-agostic interaction between Zr2 and the C12H

Eur. J. Inorg. Chem. 1998, 5512558 555

bond, but we must also notice that the Zr12C1 and Zr12C2

separations are almost equal in lengths, and that the C22C1

multiple bond is rather short as is the Zr12C4 linkage. All
these features seem to indicate some residual structural re-
semblance of 13a with its (acetylide)metallocene dimer pre-
cursor. The participation of a hyperconjugative formula
(139) could possibly be used to illustrate this specific struc-
tural situation.

Despite these specific structural details the complexes 13
seem to represent additional examples of a large general
class of stable easily prepared planar-tetracoordinate car-
bon compounds. It appears that the thermochemical stabi-
lization of the planar-tetracoordinate carbon center in these
dinuclear complexes is so pronounced that protonation
routes typically found in other organometallic systems, such
as e.g. protolytic cleavage of metal2carbon σ-bonds, be-
come quite disfavored here. The presence of a (probably
rather acidic) hydrogen atom at the “square planar” carbon
may open up ways of detecting chemical reactions which
are typical for this specific bonding situation of the element
carbon and for synthesizing novel, potentially func-
tionalized derivatives. We have begun to carry out such in-
vestigations in our laboratory.
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Experimental Section
Reactions with organometallic compounds were carried out in

an inert atmosphere (argon) using Schlenk type glassware or in a
glovebox. Solvents, including deuterated solvents used for NMR
spectroscopy, were dried and distilled under argon prior to use. 2

The following instruments were used for physical characterization
of the compounds: Bruker AC 200 P and Varian Unity plus (1H:
600 MHz, 13C: 150 MHz) NMR spectrometers; Nicolet 5 DXC
FT-IR spectrometer; elemental analyses were carried out with a
Foss-Heraeus CHN-Rapid elemental analyzer, melting points were
determined by differential scanning calorimetry (2910 DSC, Du-
Pont/STA Instruments). The spectral assignments were in most
cases secured by 2D NMR methods (GHMBC, GHSQC, and
GCOSY[16]). The 1JC

1
-H coupling constants were usually deter-

mined by means of a selective 1D-GHMBC method. The (alkynyl)-
metallocene complexes 4 and 7210, and the (butadiene)metalloc-
enes were prepared according to literature procedures.[8] [9]

Preparation of [(µ-Methyl)(µ-propynyl)(ZrCp2)2] 11a: A solu-
tion containing 1.0 g (3.6 mmol) of methyl(propynyl)zirconocene
and 1.0 g (3.6 mmol) of (butadiene)zirconocene in 25 ml of benzene
was stirred for 24 h at room temperature. Pentane (10 ml) was ad-
ded to precipitate the product, which was collected by filtration,
washed three times with pentane and dried in vacuo to yield 790
mg (44%) of 11a, m.p. 147°C (decomp.). 2 1H NMR (200.1 MHz,
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300 K, [D6]benzene): δ 5 5.24, 5.17 (each s, each 10 H, Cp-H),
2.64 (s, 3 H, 3-H), 22.77 (s, 3 H, CH3). 2 13C NMR (90.6 MHz,
300 K, [D6]benzene): δ 5 229.4 (C1), 179.7 (C2), 104.4, 102.5 (Cp),
21.5 (C;C-CH3), 6.08 (µ-CH3). 2 C24H26Zr2 (496.91): C 58.01, H
5.27; found C 58.13, H 5.72.

Preparation of [(µ-Methyl)(µ-propynyl)(ZrCp2)(HfCp2)] 11b:
Complex 11b was prepared analogously as described above from
600 mg (1.66 mmol) of methyl(propynyl)hafnocene and 456 mg
(1.66 mmol) of (butadiene)zirconocene in 25 ml of benzene (18 h,
ambient temperature). Yield of 11b: 630 mg (65%), m. p. 159°C
(decomp.). 1H NMR (200.1 MHz, 300 K, [D6]benzene): δ 5 5.22,
5.16 (each s, each 10 H, Cp-H), 2.65 (s, 3 H, 3-H), 23.09 (s, 3 H,
CH3). 2 13C NMR (90.6 MHz, 300 K, [D6]benzene): δ 5 224.6
(C1), 180.3 (C2), 104.3, 102.4 (Cp), 22.8 (C3), 5.87 (C4). 2

C24H26HfZr (584.18): C 49.34, H 4.49; found C 47.72, H 4.46.

Protonation of the (µ-Propynyl)zirconocene Dimer 7a: Synthesis
of 13a: A sample of complex 7a (150 mg, 0.29 mmol) was mixed
with solid N,N-dimethylanilinium tetrakis(pentafluorophenyl)bo-
rate 12a. Dichloromethane (20 ml) was added at 220°C. The mix-
ture was stirred for 1 h at this temperature and then allowed to
warm to ambient temperature. Pentane (5 ml) was added. The pre-
cipitated product was collected by filtration, washed with pentane,
and dried in vacuo to give 190 mg (59%) of 13a [with B(C6F5)4

2

anion], m.p. 229°C (decomp.). 2 1H NMR (599.9 MHz, 300 K,
[D2]dichloromethane): δ 5 6.02, 5.73 (each s, each 10 H, Cp), 2.83
(d, 3 H, 3-H, 4JHH 5 1.8 Hz), 2.44 (s, 3 H, 6-H), 20.11 (br, 1 H,
1-H). 2 13C NMR (150.9 MHz, 300 K, [D2]dichloromethane): δ 5

217.6 (C2), 161.0 (C1, 1JCH 5 103 Hz), 109.7, 108.4 (Cp), 25.1 (C3,
1JCH 5 129 Hz), 10.2 (C6, 1JCH 5 133 Hz); B(C6F5)4

2 : 148.5 (o-
C-F, 1JCF 5 242 Hz), 138.5 (p-C-F, 1JCF 5 245 Hz), 136.7 (m-C-
F, 1JCF 5 244 Hz), 124.2 (br, i-C). C4 and C5 not observed. 2 IR
(KBr): ν̃ 5 3118, 2969, 2919, 2854, 2056 (C;C), 1645, 1513, 1463,
1262, 1085, 1015, 979, 812 cm21. 2 C50H27BF20Zr2 (1200.97): C
50.00, H 2.27; found C 49.26, H 2.58.

X-ray Crystal Structure Analysis of 13a [· B(C6F5)4
2]: Single

crystals were obtained by allowing a solution of 13a in dichloro-
methane to equilibrate with toluene by diffusion through the gas
phase over a period of several days. Formula C50H27BF20Zr2, M 5

1200.97, 0.25 3 0.25 3 0.15 mm, a 5 15.057(2), b 5 16.618(4),
c 5 18.530(4) Å, β 5 99.56(1), V 5 4572(2) Å3, ρcalc 5 1.745 g
cm23, µ 5 5.75 cm21, empirical absorption correction via ψ scan
data (0.965 # C # 0.999), Z 5 4, monoclinic, space group P21/c
(no. 14), λ 5 0.71073 Å, T 5 223 K, ω/2θ scans, 9449 reflections
collected (±h, 1k, 2l), [(sinθ)/λ] 5 0.62 Å21, 9156 independent
and 5535 observed reflections [I $ 2 σ(I)], 663 refined parameters,
R 5 0.063, wR2 5 0.137, max. residual electron density 0.71
(20.75) e Å23, hydrogens calculated and riding, hydrogen at C1
found in Difference-Fourier map. Data set was collected with an
Enraf Nonius CAD4 diffractometer equipped with a rotating an-
ode FR 591. Programs used: data reduction MolEN, structure solu-
tion SHELXS-86, structure refinement SHELXL-93, graphics
SCHAKAL-92. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication CCDC-100817. Copies of the data can be obtained free
of charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: int. code 144(1223)336-033, e-
mail: deposit@ccdc.cam.ac.uk].

Preparation of 13b. 2 a) With B(C6F5)4
2 Anion: 150 mg (0.27

mmol) of bis(1-butynyl)zirconocene 7b was treated with 220 mg
(0.27 mmol) of the anilinium salt 12a analogously as described
above to give 220 mg (66%) of 13b(· B(C6F5)4

2), m.p. 216°C (de-
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comp.). 2 1H NMR (200.1 MHz, 300 K, [D2]dichloromethane):
δ 5 6.03, 5.71 (each s, each 10 H, Cp), 3.04 (dq, 2 H, 3-H, 4JHH 5

1.7 Hz, 3JHH 5 7.5 Hz), 2.69 (q, 2 H, 7-H, 3JHH 5 7.5 Hz), 1.48
(t, 3 H, 8-H, 3JHH 5 7.5 Hz), 1.37 (t, 3 H, 4-H, 3JHH 5 7.5 Hz),
20.16 (br, 1 H, 1-H). 2 13C NMR (150.9 MHz, 300 K, [D2]dichlo-
romethane), cation only: δ 5 227.6 (C2), 160.4 (C1, 1JCH 5 103
Hz), 129.5 (C6), 108.5, 107.3 (Cp), 36.1 (C4, 1JCH 5 129 Hz), 18.4
(C8, 1JCH 5 133 Hz), 15.9 (C5, 1JCH 5 125 Hz), 14.6 (C3, 1JCH 5

124 Hz); C5 not observed. 2 IR (KBr): ν̃ 5 3119, 2962, 2918,
2851, 2054 (C;C), 1642, 1513, 1463, 1262, 1089, 1020, 980, 812
cm21. 2 C52H31BF20Zr2 (1229.03): C 50.82, H 2.54; found C 50.09,
H 2.68.

b) With BPh4
2 Anion: The preparation was carried out anal-

ogously as above. Treatment of 200 mg (0.36 mmol) of 7b with
[HNMe2Ph1][BPh4

2] (12b) (150 mg, 0.37 mmol) gave 185 mg
(59%) of 13b(· BPh4

2), m.p. 193°C (decomp.).

Preparation of 13c: Treatment of 150 mg (0.22 mmol) of 7c with
182 mg (0.22 mmol) of 12b was carried out analogously as de-
scribed above to yield 260 mg (87%) of 13c (m. p. 165°C, decomp.),
that was characterized spectroscopically. 2 1H NMR (599.9 MHz,
300 K, [D2]dichloromethane): δ 5 7.6527.64 (m, 4 H, Ph-H),
7.3827.37 (m, 4 H, Ph-H), 7.2027.18 (m, 2 H, Ph-H), 5.86, 5.74
(s, each 10 H, Cp), 4.23 (d, 2 H, 3-H, 4JHH 5 1.4 Hz), 4.04 (s, 2
H, 6-H), 20.47 (br, 1 H, 1-H). 2 13C NMR (150.9 MHz, 300 K,
[D2]dichloromethane), cation only: δ 5 225.2 (C2), 165.3 (C1),
140.8, 126.4 (C4, C5), 132.0, 129.5, 126.6, 119.4 (Ph), 110.2, 107.8
(Cp), 46.6 (C3), 30.9 (C6). 2 IR (KBr): ν̃ 5 3123, 2960, 2924, 2853,
2050 (C;C), 1643, 1514, 1462, 1274, 1085, 978, 813 cm21.

Preparation of 13d. 2 a) With B(C6F5)4
2 Anion: Analogously

as described above, treatment of 150 mg (0.30 mmol) of 11a with
240 mg (0.30 mmol) of 12a at 250°C in 20 ml of dichloromethane
followed by precipitation at room temperature (5 ml of pentane
was added) gave 13d as a yellow oil. Extensive stirring and washing
with pentane eventually yielded 13d as a sticky solid material, 120
mg (34%), m.p. 162°C (decomp.). 2 1H NMR (599.9 MHz, 300 K,
[D2]dichloromethane): δ 5 6.11, 5.83 (s, each 10 H, Cp), 2.69 (d, 3
H, 3-H, 4JHH 5 1.9 Hz), 0.84 (br, 1 H, 1-H), 20.79 (s, 3 H, 4-H).
2 13C NMR (150.9 MHz, 300 K, [D2]dichloromethane), cation
only: δ 5 229.8 (C2), 159.3 (C1, 1JCH 5 108 Hz), 110.8, 108.6 (Cp),
28.5 (C3), 13.5 (C4, 1JCH 5 111 Hz). 2 IR (KBr): ν̃ 5 3123, 2961,
2918, 2850, 1644, 1511, 1470, 1275, 1263, 1095, 1018, 973, 810
cm21.

b) With BPh4
2 Anion: A sample of 150 mg (0.30 mmol) of 11a

was treated with 120 mg (0.30 mmol) of 12b in 20 ml of dichloro-
methane at 250°C. The mixture was stirred for 30 min at 250°C,
then for 1 h at room temperature. 10 ml of toluene was added
dropwise with stirring to precipitate the product that was collected
by filtration, washed several times with pentane and dried in vacuo
to yield 154 mg (63%) of 13d(· BPh4

2), m.p. 210°C (decomp.). 2

C48H47Zr2 (817.15): C 70.55, H 5.80; found C 69.14, H 5.85.

Preparation of 13e: Treatment of 150 mg (0.30 mmol) of 10a with
230 mg (0.30 mmol) of 12a in 20 ml of dichloromethane anal-
ogously as described above gave, after precipitation with 5 ml of
pentane, 173 mg (48%) of 13e, m. p. 193°C (decomp.). 2 1H NMR
(599.9 MHz, 300 K, [D2]dichloromethane): δ 5 6.15, 5.79 (s, each
10 H, Cp), 2.79 (d, 3 H, 3-H, 4JHH 5 1.8 Hz), 0.50 (br, 1 H, 1-H).
2 13C NMR (150.9 MHz, 300 K, [D2]dichloromethane), cation
only: δ 5 273.7 (C2), 157.7 (C1, 1JCH 5 103 Hz), 112.5, 109.4 (Cp),
25.3 (C3, 1JCH 5 129 Hz). 2 IR (KBr): ν̃ 5 3126, 2966, 2924,
2853, 1644, 1515, 1463, 1276, 1262, 1086, 979, 816 cm21. 2

C47H24BClF20Zr2 (1197.37): C 47.15, H 2.02; found C 47.18, H
2.18.
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Preparation of 13f: 150 mg (0.26 mmol) of 11b was treated with

114 mg (0.28 mmol) of 12b in 20 ml of dichloromethane at room
temperature (45 min). Precipitation with 10 ml of toluene gave a
solid that was washed with pentane and dried in vacuo. Yield of
13f(· BPh4

2) 180 mg (77%), m.p. 219°C (decomp.). 2 1H NMR
(599.9 MHz, 300 K, [D2]dichloromethane): δ 5 5.92, 5.83 (s, each
10 H, Cp), 2.75 (d, 3 H, 3-H, 4JHH 5 1.8 Hz), 1.48 (br, 1 H, 1-H),
20.72 (s, 3 H, 4-H); BPh4: 7.4127.33 (m, 8 H, Ph-H), 7.1027.07
(m, 8 H, Ph-H), 6.9626.89 (m, 4 H, Ph-H). 2 13C NMR (150.9
MHz, 300 K, [D2]dichloromethane), cation only: δ 5 233.7 (C2),
160.1 (C1, 1JCH 5 106 Hz), 110.1, 109.2 (Cp), 27.0 (C3), 13.3 (C4,
1JCH 5 111 Hz). 2 IR (KBr): ν̃ 5 3109, 3053, 3029, 2981, 2919,
2893, 1579, 1478, 1426, 1366, 1264, 1015, 816, 741, 705, 607 cm21.
2 C48H47BHfZr (904.42): C 63.75, H 5.24; found C 61.28, H 5.20.

Preparation of 13g: A sample of 150 mg (0.25 mmol) of 10b was
treated with 200 mg (0.25 mmol) of 12a at 230°C in dichlorometh-
ane. After stirring for 30 min at 230°C and 30 min at room tem-
perature the product was precipitated by slowly adding pentane (10
ml) at 0°C. The product was collected by filtration, washed with
pentane and dried in vacuo to yield 210 mg (65%) of 13g [· B(C6F5)
4
2], m.p. 147°C (decomp.). 2 1H NMR (599.9 MHz, 300 K,

[D2]dichloromethane): δ 5 6.13, 5.85 (s, each 10 H, Cp-H), 2.83
(d, 3 H, 3-H, 4JHH 5 1.8 Hz), 1.12 (q, 1 H, 1-H, 4JHH 5 1.8 Hz).
2 13C NMR (150.9 MHz, 300 K, [D2]dichloromethane), cation
only: δ 5 227.1 (C2), 156.4 (C1, 1JCH 5 99 Hz), 111.3, 109.5 (Cp),
26.2 (C3, 1JCH 5 129 Hz). 2 IR (KBr): ν̃ 5 3251, 3121, 2960,
2921, 2871, 1644, 1514, 1463, 1273, 1087, 979, 819, 661 cm21. 2

C47H24BClF20HfZr (1284.64): C 43.94, H 1.88; found C 43.14, H
2.38.

Preparation of 13h: A sample of 160 mg (0.26 mmol) of 7d was
treated with 190 mg (0.26 mmol) of 12a at 250°C in 30 ml of
dichloromethane. The mixture was stirred at 250°C for 1 h and
then warmed up to room temperature. Addition of 5 ml of pentane
gave a red oil, that was solidified by means of a prolonged treat-
ment with 20 ml of pentane to give 170 mg (51%) of 13h
[· B(C6F5)4

2], m.p. 206°C (decomp.). 2 1H NMR (599.9 MHz, 300
K, [D2]dichloromethane): δ 5 5.94, 5.72 (s, each 10 H, Cp), 2.84
(d, 3 H, 3-H, 4JHH 5 1.8 Hz), 2.53 (s, 3 H, 6-H), 0.37 (br, 1 H, 1-
H). 2 13C NMR (150.9 MHz, 300 K, [D2]dichloromethane), cation
only: δ 5 162.5 (C1, 1JCH 5 100 Hz), 108.6, 108.1 (Cp), 25.6 (C3),
10.5 (C6). C2, C4, C5 not found. 2 IR (KBr): ν̃ 5 3126, 2961,
2923, 2853, 1644, 1514, 1467, 1272, 1087, 980, 813 cm21. 2

C50H27BF20HfZr (1288.25): C 46.62, H 2.11; found C 47.13, H
2.60.

Preparation of 13i: Treatment of 150 mg (0.22 mmol) of 7e with
173 mg (0.22 mmol) of 12a at 250°C in 20 ml of dichloromethane
analogously as described above, followed by addition of 10 ml of
toluene gave a brown oil that was solidified by treatment with pen-
tane. Yield of 13i [· B(C6F5)4

2]: 190 mg (63%), m.p. 224°C (de-
comp.). 2 1H NMR (599.9 MHz, 300 K, [D2]dichloromethane):
δ 5 5.97, 5.65 (s, each 10 H, Cp), 2.90 (d, 3 H, 3-H, 4JHH 5 1.8
Hz), 2.46 (s, 3 H, 6-H), 0.41 (br, 1 H, 1-H). 2 13C NMR (150.9
MHz, 300 K, [D2]dichloromethane), cation only: δ 5 225.1 (C2),
167.4 (C1, 1JCH 5 99 Hz), 109.0, 107.4 (Cp), 27.5 (C3, 1JCH 5 128
Hz), 12.0 (C6). 2 IR (KBr): ν̃ 5 3117, 2961, 2920, 2855, 1643,
1514, 1463, 1374, 1263, 1086, 1016, 979, 817 cm21. 2

C50H27BF20Hf2 (1375.52): C 43.66, H 1.98; found C 42.99, H 2.44.

Preparation of 13k: A sample of 150 mg (0.22 mmol) of 10c was
treated with 173 mg (0.22 mmol) of 12a at 230°C in 20 ml of
dichloromethane. After stirring for 1 h at 230°C and 1 h at room
temperature the product was precipitated by addition of 5 ml of
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pentane. The resulting oil was washed with toluene and then solidi-
fied by prolonged treatment with 20 ml of pentane to yield 110 mg
(37%) of 13k [· B(C6F5)4

2], m.p. 136°C (decomp.). 2 1H NMR
(599.9 MHz, 300 K, [D2]dichloromethane): δ 5 6.12, 5.80 (s, each
10 H, Cp), 3.43 (d, 3 H, 3-H, 4JHH 5 4.8 Hz), 1.04 (q, 1 H, 1-H,
4JHH 5 4.8 Hz). 2 13C NMR (150.9 MHz, 300 K, [D2]dichloro-
methane), cation only: δ 5 228.6 (C2), 160.8 (C1, 1JCH 5 97 Hz),
111.1, 108.4 (Cp), 26.3 (C3, 1JCH 5 129 Hz). 2 IR (KBr): ν̃ 5

3129, 2959, 2925, 2854, 1643, 1514, 1463, 1273, 1088, 979, 822
cm21.
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The reaction of H2L1 and H2L2 with divalent metal ions leads
to octanuclear bis(triple-helical) metal(II) complexes of the
general composition [Zn8O2L2

6] (3) and [M8O2L1
6] (4: M =

Cd2+; 5: M = Mn2+). NMR studies of the diamagnetic cad-

There is considerable interest in the design of metallo-
supramolecular oligomers containing a defined number of
metal ions in a determined spatial arrangement. In prin-
ciple, it is possible to selectively generate a large variety of
structures by choosing the appropriate ligands and metal
ions. [1] [2] Our interest in polynuclear supramolecular com-
plexes, with two or more FeIII ions bridged by oxygen and
nitrogen donor ligands, stems mainly from the importance
of oxo-centered polyiron aggregates as model compounds
for metalloproteins, oxidation catalysts and corrosion in-
hibitors. [3]

Complexation of trivalent Fe ions with the doubly nega-
tively charged, pentadentate ligand L1 leads to the {2}-
metallacryptate [K,(Fe2L1

3)]PF6 (1). [4] In contrast to L1,
nucleation of iron with the isodentate ligand L2 yields the
triple-helical, oxo-centered, trinuclear mixed-valence iron
complex [Fe3OL2A

3] (2) [5] but, unexpectedly, no {2}-metal-
lacryptate [K,(Fe2L2B

3)]PF6. This result can be explained
by the fact that the pentadentate ligand L2 exists as two
different rotamers, L2A and L2B in solution. In the case of
L2A the coordination donors are five nitrogen atoms,
whereas in the case of L2B the donor atoms are three nitro-
gen and two oxygen atoms. Due to the topological equival-
ency of the ligand L1 and the rotamer L2B, one expects to
obtain, using appropriate transition metals, isostructural
complexes by nucleation of L1 and L2.

Herein we describe the reaction of the pentadentate tri-
topic ligands L1 and L2B with divalent metal ions such as
zinc, cadmium and manganese. Treatment of 0.75 equiv. of
the pyridylene-spacered tetraketone[6] H2L1 or the bis(tetra-
zole) [7] H2L2, with one equiv. of zinc acetate, cadmium or
manganese dichloride furnishes the coordination com-
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mium complex 4c show six equivalent ligands. Unambiguous
characterisation of 5b was achieved by X-ray crystallo-
graphic analysis.

pounds 325 which range from colourless to orange in ap-
pearance.

The compositions of these complexes were determined by
FAB mass spectrometry (FAB 5 fast-atom bombardment).
The FAB-MS spectrum of complex [Zn8O2L2B

6] (3) exhibits
the correct molecular peak and isotopic pattern at m/z 2519
(Figure 1). According to their FAB-MS data, the corre-
sponding cadmium (4) and manganese (5) complexes have
the same composition.
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Figure 1. FAB-MS spectrum of zinc complex 3

1H- and 13C-NMR studies of the diamagnetic cadmium
complex [Cd8O2L6

1c] (4c) reveals that, in solution, all six
ligands are chemically identical, but that the two halves of
each ligand are in different magnetic environments. Conse-
quently, the 13C-NMR spectrum of 4c displays a double set
of signals in contrast to the single set of the protonated free
ligand H2L1c.

In order to unequivocally establish the structure of the
polynuclear systems 325, the manganese complex 5b was
taken as a representative example and we carried out an X-
ray crystallographic analysis. [8] According to this analysis,
5b is present in the crystal as a neutral, octanuclear bis(tri-
ple-helical) chelate complex. The core of 5b consists of eight
manganese(II) ions, forming a twofold capped, slightly
twisted trigonal prism with a µ3-O22 ion centered in each of
the two inner faces (Figure 2.). All the six doubly negatively
charged pentadentate ligands L1b link to three manganese
atoms. The two antipodal manganese(II) ions are coordi-
nated by three µ1- and three µ2-oxygen chelate atoms of
three ligands. However, the six metal centers, constituting
the trigonal prism, are coordinated by one pyridylene nitro-
gen and two µ2-chelate oxygen atoms. Distorted octahedral
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coordination of these six manganese(II) ions is achieved by
two extra µ3-O22 ions.

Figure 2. Left: Core of the octanuclear complex 5b to highlight the
bicapped distorted trigonal prism; right: Octanuclear core of 5b
showing two ligands and the µ3-O22 ions; H atoms omitted for
clarity, O atoms hatched, C atoms shaded, N atoms empty, Mn

atoms dotted

Consequently, in the neutral, octanuclear, bis(triple-heli-
cal) complex 5b all the manganese(II) ions are octahedrally
coordinated (Figure 3).

Figure 3. Molecular structure of the octanuclear complex 5b in the
crystal; H atoms omitted for clarity, O atoms hatched, C atoms

shaded, N atoms empty, Mn atoms dotted

As shown by X-ray crystallographic analysis[12], the zinc
complex 3 is isostructural with 5b. The space-filling model
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of 3 (Figure 4) illustrates the bis(triple-helical) arrangement
of the ligands.

Figure 4. Space-filling model of bis(triple-helical) octanuclear
[Zn8O2L2B

6] (3); top: view along the C3 axis; bottom: view along
the C2 axis

The similarity between the core of the octanuclear com-
plex 3 and the metal framework of the iron-molybdenum
co-factor of the nitrogenase MoFe protein[13] is noteworthy
(Figure 5).

In conclusion these results demonstrate clearly that the
formation of metalla-supramolecular structures is highly
sensitive with respect to the metal ions, the ligands and their
conformation. In contrast to the {2}-iron(III) cryptate 1
and the oxo-centered iron(III) complex 2, both ligands
(L1)22 and (L2A/L2B)22 lead to the isostructural bis(triple-
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Figure 5. Top: Core of the iron-molybdenum co-factor of nitroge-
nase[13]; bottom: torso of [Zn8O2L2B

6] (3)

helical) octanuclear complexes, i.e. [Zn8O2L2B
6] (3),

[Cd8O2L1
6] (4) and [Mn8O2L1

6] (5).

Financial support from the Deutsche Forschungsgemeinschaft, the
Volkswagen-Stiftung and the Fonds der Chemischen Industrie is
gratefully acknowledged. We would like to thank Prof. Dr. K.-P.
Zeller, University of Tübingen, for the FAB-MS measurements.

Experimental Section
1H- and 13C-NMR spectra: Jeol JNM-GX-400 (400 MHz; 100

MHz) spectrometer with TMS as internal standard, chemical shifts
are given in ppm. 2 Mass spectra: Varian MAT 3rA (EIMS) or a
Finnigan MAT TSQ 70 instrument (ion desorption from m-NBA
matrix: 10 keV xenon atoms, FAB MS). 2 Microanalyses: Heraeus
CHN-Mikroautomat. 2 IR: Perkin2Elmer 1420 Ratio-Recording
Infrared Spectrophotometer.

General Procedure for the Synthesis of the Bis(tetrazole) Ligand
H2L2: A cooled suspension of 2.0 g (20 mmol) N-methylaminote-
trazole and 2.0 g (47 mmol) of dry lithium chloride was placed in
a three-necked, round-bottom flask, fitted with a condenser. The
contents of the flask were stirred, while 2.03 g (10 mmol) of
2,6-pyridinedicarboxylic dichloride was slowly added. The solution
was poured into ice-cold water (400 ml), stirred for 2 h and the
white precipitate was filtered off, washed with water and dried in
vacuo (oil pump).

N,N9-Bis(1-methyl-1H-tetrazol-5-yl)pyridyl-2,6-dicarboxamide
(H2L2): Yield 2.77 g (84%), white powder, m.p. > 250°C (decomp.).
2 IR (KBr): ν̃ 5 3340 cm21, 3120 (NH), 3020 (5CH), 2920 (CH3),
1690 (C5O), 1550 (C5C). 2 1H NMR (CD3CN/CF3COOD): δ 5

4.25 (s, 6 H, 2 CH3), 8.39 (t, 3JH,H 5 7.7 Hz, 1 H, 4-pyridyl-CH),
8.63 (d, 3JH,H 5 7.7 Hz, 2 H, 3,5-pyridyl-CH). 2 13C NMR
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(CD3CN/CF3COOD): δ 5 37.08 (2 CH3), 129.84 (3,5-pyridyl-CH),
142.56 (4-pyridyl-CH), 148.13 (2,6-pyridyl-C5), 150.25 (2 CN2),
164.19 (2 C5O). 2 MS (EI, 70 eV); m/z: 330 [M1]. 2 C11H11N11O2

(329.32): calcd. C 40.12, H 3.37, N 46.80; found
C 39.55, H 3.74, N 45.93.

General Procedure for the Synthesis of the Octameric Zinc Com-
plex 3: A solution of 293 mg (1.33 mmol) of Zn(OAc)2 ·2 H2O in
methanol (50 ml) was added to a solution of 329 mg (1.0 mmol)
bis(tetrazole) H2L2 in acetonitrile (400 ml). The reaction mixture
was stirred and heated under reflux for 24 h. The resulting precipi-
tate was filtered off washed with diethyl ether and dried in vacuo.
The resulting solid was recrystallized from hot acetonitrile.

[Zn8O2L2b
6]2 (3): Yield 365 mg (87%) of colourless crystals from

acetonitrile, m.p. > 250°C (decomp.). 2 IR (KBr): ν̃ 5 1640 cm21

(C5O), 1550 (C5C), 1450 (C5N). 2 MS (FAB, m-NBA); m/z:
2519 [M1]. 2 C66H54N66O14Zn8 (2518.70): calcd. C 31.48,
H 2.16, N 36.70; found C 31.53, H 2.98, N 36.16.

General Procedure for the Synthesis of the Pyridyl-Spacered
Tetraketones (H2L1): A suspension of 1.0 g (44 mmol) of freshly
cut sodium and diethyl 2,6-pyridinedicarboxylate (4.90 g, 22 mmol)
in dry benzene (50 ml) was placed in a three-necked, round-bottom
flask, fitted with a condenser. The contents of the flask were
stirred, while a solution of the corresponding methyl ketone (44
mmol) in benzene (25 ml) was added dropwise. Stirring at room
temp. was continued for 30 min until the yellow sodium salt had
precipitated out of the solution. The reaction mixture was heated
gently for about 224 h. The sodium salt was collected by filtration
and washed thoroughly with petroleum ether before drying. The
dry solid was added to dilute hydrochloric acid (2 , 50 ml) and
the resulting solid was collected by filtration. The crude products
were recrystallized from the mentioned solvents.

1,19-(2,6-Bispyridyl)bis-1,3-butanedione (H2L1a): [The 1H-NMR
spectrum shows the presence of keto-enol tautomers. In the follow-
ing we describe only the main tautomer (90%), the bis(keto-enol)
system.] Yield 2.30 g (42%), yellow microcrystals from methanol,
m.p. 60°C. 2 IR (KBr): ν̃ 5 3450 cm21 (OH), 2920 (CH), 1720
(C5O), 1620 (C5C). 2 1H NMR (CDCl3): δ 5 2.30 (s, 6 H, 2
CH3), 6.87 (s, 2 H, 2 5CH), 7.99 (t, 3JH,H 5 7.7 Hz, 1 H, 4-pyridyl-
CH), 8.24 (d, 3JH,H 5 7.7 Hz, 2 H, 3,5-pyridyl-CH), 15.75 (br. s, 2
H, 2 5C2OH). 2 13C NMR (CDCl3): δ 5 26.13 (2 CH3), 97.27
(2 5CH), 124.29 (3,5-pyridyl-CH), 138.16 (4-pyridyl-CH), 151.71
(2,6-pyridyl-C5), 180.43 (2 5C2OH), 194.92 (2 C5O). 2 MS (EI,
70 eV); m/z: 247 [M1]. 2 C13H13NO4 (247.25): calcd. C 63.15, H
5.31, N 5.67; found C 63.23, H 5.49, N 5.63.

1,19-(2,6-Bispyridyl)bis-4-methyl-1,3-pentanedione (H2L1b): [The
1H-NMR spectrum shows the presence of keto-enol tautomers. In
the following we describe only the main tautomer (75%), the bis-
(keto-enol) system.] Yield 2.40 g (36%), yellow microcrystals from
methanol, m.p. 44°C. 2 IR (l, CHBr3): ν̃ 5 3480 cm21 (OH), 2950
(CH), 1600 (C5O), 1550 (C5C). 2 1H NMR (CDCl3): δ 5 1.27
(d, 3JH,H 5 7.0 Hz, 12 H, 4 CH3), 2.37 [sept, 2 H, 2 CH(CH3)2],
6.92 (s, 2 H, 2 5CH), 7.98 (t, 3JH,H 5 7.7 Hz, 1 H, 4-pyridyl-CH),
8.19 (d, 3JH,H 5 7.7 Hz, 2 H, 3,5-pyridyl-CH), 15.81 (br. s, 2 H,
2 5C2OH). 2 13C NMR (CDCl3): δ 5 19.23 (4 CH3), 37.55 [2
CH(CH3)2], 94.67 (2 5CH), 124.63 (3,5-pyridyl-CH), 138.40 (4-
pyridyl-CH), 151.80 (2,6-pyridyl-C5), 181.61 (2 5C2OH), 201.79
(2 C5O). 2 MS (EI, 70 eV); m/z: 303 [M1]. 2 C17H21NO4

(303.36): calcd. C 67.31, H 6.98, N 4.62; found C 67.02, H 6.88,
N 4.69.

1,19-(2,6-Bispyridyl)bis-4,49-dimethyl-1,3-pentanedione (H2L1c):
Yield 0.93 g (13%), colourless needles from methanol, m.p. 124°C:
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2 IR (l, CHBr3): ν̃ 5 3440 cm21 (OH), 2970 (CH), 1610 (C5O),
1570 (C5C). 2 1H NMR (CDCl3): δ 5 1.30 (s, 18 H, 6 CH3), 7.13
(s, 2 H, 2 5CH), 7.99 (t, 3JH,H 5 7.8 Hz, 1 H, 4-pyridyl-CH), 8.19
(d, 3JH,H 5 7.8 Hz, 2 H, 3,5-pyridyl-CH), 15.90 (br. s, 2 H, 2 5

C2OH). 2 13C NMR (CDCl3): δ 5 27.24 (6 CH3), 39.87
[2 C(CH3)2], 92.59 (2 5CH), 123.98 (3,5-pyridyl-CH), 138.21 (4-
pyridyl-CH), 151.86 (2,6-pyridyl-C5), 182.39 (2 5C2OH), 202.78
(2 C5O). 2 MS (EI, 70 eV); m/z: 331 [M1]. 2 C19H22NO4

(331.41): calcd. C 68.86, H 7.58, N 4.23; found C 68.34, H 7.56,
N 4.24.

General Procedure for the Synthesis of the Octameric Cadmium
(4a2c) and Manganese (5a2c) Complexes: Aqueous ammonia (2
ml, 12%) was added dropwise to a solution of 184 mg (1.0 mmol)
cadmium chloride or 126 mg (1.0 mmol) manganese(II) chloride
and the appropriate pyridyl-spacered ligand H2L1 (0.75 mmol) in
ethanol (100 ml), until no more turbidity was seen. To achieve com-
plete precipitation of the products, water (100 ml) was added. The
products were filtered off and dried in vacuo (oil pump) and recrys-
tallized from the solvents described above.

[Cd8O2L1a
6] (4a): Yield 180 mg (60%), yellow microcrystals

from ethanol, m.p. 290°C (decomp.). Because of the total insolu-
bility in all available solvents, detailed NMR investigations could
not be carried out. 2 IR (KBr): ν̃ 5 2970 cm21 (CH), 1610 (C5

O), 1585 (C5C). 2 MS (FAB, m-NBA); m/z: 2402 [M1]. 2

C77H66Cd8N6O26 (2402.69): calcd. C 38.99, H 2.77, N 3.50; found
C 41.60, H 3.99, N 3.61.

[Cd8O2L1b
6] (4b): Yield 320 mg (94%), yellow microcrystals

from ethanol, m.p. 275°C (decomp.). Because of the total insolu-
bility in all available solvents, detailed NMR investigations could
not be carried out. 2 IR (l, CHBr3): ν̃ 5 2960 cm21 (CH), 1610
(C5O), 1500 (C5C) 2 MS (FAB, m-NBA); m/z: 2740 [M1]. 2

C102H114Cd8N6O26 (2739.34): calcd. C 44.72, H 4.20, N 3.07; found
C 43.55, H 4.48, N 3.07.

[Cd8O2L1c
6] (4c): Yield 280 mg (77%), yellow microcrystals

from ethanol, m.p. 285°C (decomp.). 2 IR (KBr): ν̃ 5 2950 cm21

(CH), 1610 (C5O), 1450 (C5C). 2 1H NMR (CDCl3): δ 5 0.71,
1.24 (s, 54 H, 18 CH3), 5.35, 6.22 (s, 6 H, 6 5CH), 7.57 (d, 3JH,H 5

6.4 Hz, 6 H, 3-pyridyl-CH), 7.79 (d, 3JH,H 5 7.3 Hz, 6 H, 5-pyridyl-
CH), 7.89 (t, 3JH,H 5 7.5 Hz, 6 H, 4-pyridyl-CH). 2 13C NMR
(CDCl3): δ 5 27.92, 27.99 (18 CH3), 42.50, 43.01 [6 C(CH3)3],
89.82, 94.20 (6 5CH), 121.11, 122.89 (3,5-pyridyl-CH), 138.98 (4-
pyridyl-CH), 152.85, 155.99 (2,6-pyridyl-C), 172.05, 174.61, 207.62,
207.66 (24 C5O). 2 MS (FAB, m-NBA); m/z: 2908 [M1]. 2

C114H138Cd8N6O26 (2907.66): calcd. C 47.09, H 4.78, N 2.89; found
C 40.07, H 4.50, N 2.51.

[Mn8O2L1a
6] (5a): Yield 144 mg (59%), orange microcrystals

from ethanol, m.p. 215°C (decomp.). 2 IR (KBr): ν̃ 5 2920 cm21

(CH), 1620 (C5O), 1510 (C5C). 2 MS (FAB, m-NBA); m/z: 1942
[M1]. 2 C78H66Mn8N6O26 (1942.91): calcd. C 48.22, H 3.42, N
4.33; found C 48.93, H 4.63, N 5.22.

[Mn8O2L1b
6] (5b): Yield 250 mg (88%), red crystals from tolu-

ene/pyridine, m.p. > 300°C. 2 IR (l, CHBr3): ν̃ 5 2975 cm21 (CH),
1625 (C5O), 1575 (C5C). 2 MS (FAB, m-NBA); m/z: 2280 [M1].
2 C102H114Mn8N6O26 (2279.56): calcd. C 53.74, H 5.04,
N 3.66; found C 55.53, H 4.64, N 3.44.

[Mn8O2L1c
6] (5c): Yield 260 mg (85%), orange microcrystals

from ethanol, m.p. > 300°C. 2 IR (KBr): ν̃ 5 2950 cm21 (CH),
1610 (C5O), 1500 (C5C). 2 MS (FAB, m-NBA); m/z: 2448 [M1].
2 C114H138Cd8N6O26 (2447.88): calcd. C 55.94, H 5.68,
N 3.43; found C 57.03, H 6.30, N 3.68.
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A new series of four binuclear platinum-thallium cyano com-
pounds containing a direct and unsupported by ligands met-
al2metal bond has been prepared in aqueous solution. These
compounds are represented by the formula
[(NC)5Pt2Tl(CN)n21](n21)2 (n = 124 for compounds I, II, III
IV, respectively) and [(NC)5Pt2Tl2Pt(CN)5]32 (for compound
V). The oligonuclear complexes are synthesised according
to the reaction mPt(CN)4

22 + Tl3+ + nCN2
v [PtmTl-

(CN)4m+n]322m2n. Thus, there occurs a change of the coordi-
nation number of the Pt center from four (square planar) to
six (octahedral). Consequently, the formation of binuclear
platinum-thallium cyano compounds involves at least two
steps: (i) formation of metal2metal bond and (ii) formation of
(NC)5Pt2 unit by a cyanide transfer process. 2 The comple-

Introduction

Starting from the report of Nagle et al. on the six-coordi-
nated platinum in the structure of trans-Tl2Pt(CN)4, [3] a few
oligometallic compounds containing platinum and thallium
have been synthesised and their properties stud-
ied. [4] [5] [6] [7] [8] [9] Recently, we have published a study of new
binuclear platinum-thallium cyano compounds containing
a direct metal2metal bond.[1] Their structure has been
studied in solution[2] as well as in the solid state. [10] In the
present study a new aspect of these small clusters9 chemistry
is explored, namely their equilibrium behaviour in aqueous
solution. The data on reversible equilibrium processes for
metal2metal bonded compounds is practically non-exist-
ent. [11] [12] [13] Also for metal2carbon bonded compounds
(excluding cyano complexes) the information is very
scarce. [14] [15] Equilibrium models, which are routinely used
in coordination chemistry, would provide obvious advan-
tages also for cluster chemistry, e.g. to increase the yield of
a reaction by shifting the equilibrium in the direction of
required species using the law of mass action in a quantita-
tive way, or for catalytic studies providing speciation of the

[e] Part 1: Ref. [1]; Part 2: Ref. [2].
[°] Permanent address: Kurnakov Institute of General and Inor-

ganic Chemistry, Russian Academy of Sciences, Leninsky Pro-
spect 31, Moscow 117907, Russia.
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xes exist in an equilibrium, which also includes the parent
complexes Pt(CN)4

22 and Tl(CN)n
32n (n = 024), and can be

controlled by varying the cyanide concentration and/or pH
of the solution. The stability constants of the compounds βN =
[PtmTl(CN)4m+n

322m2n] / {[Pt(CN)4
22]m · [Tl3+] · [CN2]n} have

been determined by means of multinuclear NMR (195Pt,
205Tl): logβN = 19.9±0.4, 30.7±0.3, 38.6±0.3, and 44.8±0.2 for
I, II, III, and IV (m = 1, n = 124), and 32.1±0.3 for V (m = 2,
n = 2), respectively, (in 1 M NaClO4 as ionic medium, at 25
oC). To our knowledge, the present work constitutes the first
detailed equilibrium study of metal2metal bonded com-
pounds; it indicates that also other cluster formation reactions
described in the literature may represent real equilibria.

potentially active complexes, thus allowing the chemist to
tune their redox potential, selectivity, etc.

Our interest on two-electron transfer reactions in solu-
tion prompted us to study the equilibria of the TlIII2
PtII2CN2 system in water. The advantage of these compo-
nents for a multinuclear NMR study is obvious, all atoms
have suitable NMR active nuclei (see in refs.[1] and[2]). 205Tl
NMR is superior in sensitivity, and its huge chemical shift
scale provides slow exchange regimes for the different spe-
cies, thus allowing to follow the concentration distribution
of the formed clusters. A further advantage of the direct
spectroscopic detection of the different species was that the
evaluation of the overall stability constant values of this
relatively complicated system was possible without any
sophisticated data treatment, using only molar ratios calcu-
lated from the NMR integrals and the mass balance equa-
tions. In this context, the structural change in the geometry
of the platinum coordination sphere from four- to six-coor-
dination in a two-step formation reaction of the plati-
num2thallium cluster is also discussed.

Results and Discussion

Preliminary experiments aimed at finding new com-
plexes[2] indicated that the speciation of the Pt-Tl bimetallic
complexes varies at different total concentrations of the
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components, Tl31, Pt(CN)4

22, CN2, and H1. Changing
the concentration of any of the components shifted the dis-
tribution of the reactants and/or products, and demon-
strated the existence of several types of chemical equilibria
in the solutions.

In solutions with molar ratio Pt/Tl # 1, bimetallic com-
pounds are present only as binuclear species I2IV, at Pt/Tl
> 1 a trimer V can be formed. The formation of the com-
plexes in solution can be described by the following equilib-
rium:

m Pt(CN)4
22 1 Tl31 1 n CN2

v [PtmTl(CN)41n](n21)2 (1)

giving the following overall stability constant:

βN 5 [PtmTl(CN)4m1n
322m2n]/

{[Pt(CN)4
22]m · [Tl31] · [CN2]n} (1a)

where m 5 1, n 5 1, 2, 3, and 4 for I, II, III, and IV; and
m 5 2, n 5 2 for V, respectively. The following simultaneous
equilibria taking place in this system must also be con-
sidered:

Tl31 1 n CN2
v Tl(CN)n

32n (2)

with βn 5 [Tl(CN)n
32n] / {[Tl31]·[CN2]n}, [20] and

CN2 1 H1
v HCN (3)

with KH 5 Ka
21 5 [HCN] / {[CN2][H1]}. [21]

Although the stepwise formation/dissociation of plati-
num(II) cyano complexes could also be considered, the only
species detected in 195Pt-NMR spectra at the current exper-
imental conditions were Pt(CN)4

22 and
[PtmTl(CN)4m1n]322m2n (and in some solutions also
Pt(CN)6

22, which formed as a product of a slow photo-
induced irreversible redox reaction). This finding is in ac-
cordance with the known properties of the complex,
Pt(CN)4

22, namely its high stability (different values of
logβ4 can be found in the literature, ranging from 35 up to
65)[22] and kinetic inertness. [23] Based on these facts the
species Pt(CN)4

22 was treated as a stable component.
The “addition reactions” between the complexes

Pt(CN)4
22 and Tl(CN)n

32n resulting in binuclear com-
plexes:

Pt(CN)4
22 1 Tl(CN)n

32n
v [PtTl(CN)41n](n21)2 (4)

can be represented by the equilibrium constants,

KN
add 5 [PtTl(CN)41n

(n21)2] / {[Pt(CN)4
22]·[Tl(CN)n

32n]} (4a)

for n 5 1, 2, 3, and 4, referring to complexes I, II, III, and
IV, respectively. These constants can be calculated from the
signal integrals of the Tl-containing species and the concen-
tration of Pt(CN)4

22. The latter can be calculated from the
following mass balance equation:

[Pt]tot 5 [Pt(CN)4
22] 1 [I] 1 [II] 1 [III] 1 [IV] 1 [Pt(CN)6

22] (5)
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where the concentration of Pt(CN)6
22 can be assumed to

be practically equal to that of Tl1, due to the redox reac-
tion: TlIII 1 PtII

v Tl1 1 PtIV. Equilibrium constants were
determined and are: logKII

add 5 4.2 (±0.3), (based on 10
experimental points); logKIII

add 5 3.6 (±0.3), (3 points);
logKIV

add 5 2.3 (±0.1), (21 points). The small number of
points for measuring logKIII

add is due to the experimental
finding that the complex Tl(CN)3 is a minor species existing
in an unbuffered region of the titration curve. Tl(CN)21 was
not observed at any of the current experimental conditions;
hence, a direct determination of KIadd was not possible. The
values of stability constants obtained for the complexes
II2IV demonstrate high thermodynamic stability of the bi-
metallic Pt-Tl complexes as compared to the reagents.

The formation of the bimetallic species, II, III, and IV
can also be described by a stepwise coordination of CN2

ions to I:

[PtTl(CN) 41(n21)](n22)2 1 CN2
v [PtTl(CN)41n](n21)2 (6)

giving equilibrium constants, KN 5 [PtTl(CN)41n
(n21)2] /

{[PtTl(CN)41(n21)
(n22)2]·[CN2]} for n 5 2, 3 and 4, refer-

ring to the complexes n 5 II, III, and IV, respectively. These
constants, KN, can be calculated from the signal integrals of
the Pt-Tl-containing species, measured for suitable titration
points and using [CN2] calculated from the mass balance
equation:

[CN]tot 5 [CN2] 1 [HCN] 1 n [Tl(CN)n
32n] 1 4 [Pt(CN)4

22]
1 5 [I] 1 6 [II] 17 [III] 18 [IV] 1 6 [Pt(CN)6

22] (7)

It should be noted, that the protonation equilibrium must
also be considered when calculating values of KN. Free cy-
anide concentrations were calculated by means of Eq. 3
from the equilibrium hydrogen ion concentration, [H1], ob-
tained from the pH-potentiometric titrations (see Sup-
plementary Material). The calculated values are: log KII 5
10.8 (±0.2), (24 experimental points) and log KIII 5 6.6
(±0.4), (5 points). The latter one calculated for 5 points is
less reliable; for log KIV no trustworthy value could be cal-
culated, due to the same reasons as discussed above for log-
KIII

add. The trend of the constants follows the normal de-
crease of the stepwise stability constants, although the de-
crease is somewhat smaller compared to the corresponding
values for the parent complexes, Tl(CN)2

1 (logK2 5 13.2),
Tl(CN)3 (logK3 5 8.5). [20] The pronounced weakening of
the bond between thallium and cyanide ligands in II and
III compared to Tl(CN)2

1 and Tl(CN)3, respectively, can
be attributed to the strong influence of the (NC)5Pt2 unit
coordinated to the thallium atom in these complexes.

In addition, a trinuclear complex V with the formula
[(NC)5Pt2Tl2Pt(CN)5]32 is formed in solutions where the
Pt/Tl ratio is larger than 1. This complex can be considered
as an adduct of II and Pt(CN)4

22:

[PtTl(CN)6 ]2 1 Pt(CN)4
22

v [Pt2Tl(CN)10]32 (8)

with an equilibrium constant,

KV
add 5 [Pt2Tl(CN)10

32] / {[Pt(CN)4
22 ] · [ PtTl(CN)6

2]} (8a)
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Kv

add can easily be calculated from the integral ratios of
II and V (R 5 [II]/[V]) measured by 205Tl NMR, and from
the equilibrium concentration of Pt(CN)4

22 derived from
195Pt NMR; Kv

add 5 1/(R· [Pt(CN)4
22]). It can be noted

that no additional data are needed, and the experimental
conditions for samples D12D5 were selected in order to
achieve comparable values of integrals for II and V, and to
obtain measurable integrals for [Pt(CN)4

22] in order to
minimize the uncertanties related to the integration (see
Supplementary Material). Samples, D22D5 are in fact a
serial dilution of D1. The higher the total concentrations
the larger the fraction of the trimer. From these data (5
experimental points), Kv

add 5 1.44 ±0.03 was calculated
(see Scheme).

The equilibria describing the chemical system (compo-
nents: Pt(CN)4

22, Tl31 , CN2, and H1) are shown in the
Scheme. It shows how the reactions 4, 6, and 8 result in
formation of the different Pt-Tl complexes. These equilibria
are related to each other and some of them can be calcu-
lated independently. From the known stepwise stability con-
stants (logKn) for the parent complexes, Tl(CN)n

32n, [20] and
the values of logKII

add, logKIII
add, logKIV

add, and KV
add de-

termined in this work, we obtain

logKIII 5 logK3 1 logKIII
add 2 logKII

add 5 7.9 and
logKIV 5 logK4 1 logKIV

add 2 logKIII
add 5 6.2.

In the following, when calculating the overall stability
constants βN, this value of logKIII is used instead of the
directly determined and less reliable one (vide supra).

In addition the Scheme gives one more constant which is
not directly measurable:

logKI
add 5 logK2 1 logKII

add 2 logKII 5 6.6.

These data can easily be converted to overall stability
constants, logβN 5 logKN

add 1 logβn (N 5 I2IV) and

Eur. J. Inorg. Chem. 1998, 5652570 567

logβV 5 logβII 1 log KV
add (cf. Eq. 1a); the values of logβ

are given in Table 1.
A typical distribution diagram of the studied chemical

system, calculated using the data of Table 1 and ref.[20], is
given in Figure 1. The increase of the free cyanide ion con-
centration with increasing pH causes further coordination
of CN2 to the thallium atom of the binuclear Pt-Tl species
and thus the equilibrium shifts towards the formation of
Pt-Tl complexes with a higher number of cyanide ligands.
In the presence of excess Pt(CN)4

22, compound II can also
be transferred to V, but the formation of the trinuclear com-
plex might be supressed by CN2 competition resulting in
formation of compound III. At higher pH, the mononu-
clear complexes of platinum [Pt(CN)4

22 ] and thallium

Table 1. Overall stability constants[a][b] of the Pt-Tl complexes
I2V. βN 5 [PtmTl(CN)4m1n

322m2n] / {[Pt(CN)4
22]m2 ·

[Tl31] · [CN2]n}, where m 5 1, n 5 1, 2, 3, and 4 for I, II, III, and
IV; and m 5 2, n 5 2 for V, respectively. Temperature 25 oC, ionic

medium ca. 1  NaClO4

Complex logβN

I 19.9±0.4
II 30.7±0.3
III 38.6±0.3
IV 44.8±0.2
V 32.1±0.3

[a] Uncertainties are averaged deviations from the mean value calcu-
lated for the individual titration points; and attributed to uncertain-
ties in the logKN

add values (cf. Eqs. 4a and 8a), except for the error
in I, which was estimated as the sum of uncertainties in logKII

add

and logKII. 2 [b] The value of logKH 5 9.3 (cf. eq 3) was estimated
from pH-potentiometric titration (titration C) and was used for the
calculation of the constants, KN. Note that the ionic strength, I ø
1 , was varying slightly during the titration and could reach up
to 1.3 at high pH values.

[Tl(CN)4
2 ] are also present (i.e. equilibrium 4 is shifted to

the left). Decrease of the pH shifts reaction 4 to the right,
showing that the metal2metal bond formation in aqueous
solution is reversible. Certainly, varying the pH shifts also
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Figure 1. Typical distribution of thallium-containing species in aqueous solution as a function of pH, as calculated from the determined
stability constants (Table 1)[a]

[a] [Pt]tot 5 40 m, [Tl]tot 5 30 m, [CN]tot 5 280 m.

the equilibrium of reaction 6, similarly as for the parent
Tl(CN)n

32n species.
These thermodynamic data (KN

add) could be used as a
quantitative measure of the stability or strength of the
Pt2Tl bond only if the simple formation of an adduct be-
tween platinum and thallium cyanides took place by means
of the reaction:

Pt(CN)4
22 1 Tl(CN)n

32n
v (NC)4Pt2Tl(CN)n

(n21)2 (9)

and if the entropy term is negligible. However, the struc-
tural data discussed in our recent paper[2] show that in all
the bimetallic complexes five cyanides are coordinated di-
rectly to the Pt-center, and this (NC)5Pt2 unit is, in turn,
coordinated to the Tl atom. The species [PtIICN)5]32 has
not been reported previously and it is likely that it does not
exist; accordingly, no formation constant has been meas-
ured. [24] When the free [CN2] is decreased, the equilibrium
is shifted towards species with lower cyanide content, down
to complex I with no cyanide ligands coordinated to the
thallium atom, whereas the (NC)5Pt2 unit remains un-
changed. Thus, the stability constant for the coordination
of the ”fifth” cyanide to the Pt atom must be larger com-
pared to all cyanides bound to thallium in the binuclear
compounds.

It seems unreasonable that an extra cyanide ligand would
be coordinated to the PtII(CN)4

22 complex without oxi-
dation of platinum; hence, the formation of the (NC)5Pt2
unit must be preceded or accompanied by an electron trans-
fer from Pt to Tl leading to the formation of a Pt2Tl bond.
Therefore, reaction 4 should involve at least two steps: (i)
formation of metal2metal bond according to reaction 9
and (ii) formation of (NC)5Pt2 unit by a cyanide transfer
reaction. Whether these reactions are simultaneous or not
should be subject of further study.

It can be noted that most information on complexes with
metal2metal bonds in the literature has been obtained for
the solid state; the reported solution studies were aimed
mainly at structural characterisation of the species. In this
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context, the qualitatively studied [Rh(CO)2Cl]22
[Co(CO)4]2 system in toluene can be mentioned;[11] it exhi-
bits some features similar to the bimetallic Pt-Tl cyanide
compounds. Heteropolynuclear complexes formed in the
Rh-Co solutions are in equilibrium which is governed by
the Rh/Co ratio. The presumed bimetallic compound
(R4N)[Rh(CO)2ClCo(CO)4] decomposes by addition of
either Cl2 or OH2 ions to give mononuclear species. In
another carbonyl mixed metal cluster, [Re7C(CO)21Tl]22,
dissociation of µ3-TlI was followed by infrared spectroscopy
in acetone and a dissociation constant K 5 2.1 ·1023  was
calculated. [13] Also for the related cyano metal clusters equi-
librium data are very scarce. A study of a stepwise coordi-
nation of cyanide to Mo2Mo and W2W bonded clusters
has been published, but a formation of the metal2metal
bond is not involved in the qualitative description of the
equilibria. [12] [25] In another study, an estimated stability
constant (106) has been reported for the CN-bridged iron-
platinum species. [26]

In the case of metal2carbon bonds there are a few papers
containing equilibrium data. In our earlier work[14] [15] we
characterized the formation of monoketonato-thallium(III)
ion in aqueous solution. In this equilibrium ketonato and
the chloride ligands are in competition for TlIII.

Conclusions

Reaction between Pt(CN)4
22 and Tl(CN)n

32n (n 5 124)
complexes in aqueous solution results in the formation of a
family of heteropolynuclear cyano complexes. Depending
on the molar ratio Pt/Tl, cyanide concentration and pH,
four binuclear complexes I2IV with the general compo-
sition [(CN)5Pt2Tl(CN)n21](n21)2 (n 5 12 4) and a trinu-
clear species V with the formula [(NC)5Pt2Tl2Pt(CN)5]32

can be obtained.
If kept in dark, the complexes are in chemical equilib-

rium. The distribution between the bimetallic compounds
can be altered by varying the cyanide concentration (e.g. by
changing the pH), and/or by changing the Pt/Tl ratio. An
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excess of cyanide shifts equilibria 4 and 8 from the Pt-Tl
complexes to mononuclear platinum and thallium cyano
species. The high values of stability constants calculated for
the bimetallic complexes I2V imply thermodynamically
favourable formation of both the metal2metal bond and
the (CN)5Pt2 unit; the latter can be considered to be a
ligand coordinated to thallium. Comparison of the stepwise
stability constants for [(CN)5Pt2Tl(CN)n21](n21)2 com-
plexes with those for the corresponding parent Tl(CN)n

32n

compounds (cf. Scheme) demonstrates the strong influence
of the platinum cyano unit resulting in a substantial weak-
ening of the Tl2C bonds.

It is very unusual that equilibria are reported for metal2
metal bonded compounds and, according to our knowl-
edge, the present work constitutes the first detailed equilib-
rium study of such a system. These results suggest that
many of the reactions resulting in cluster formation are real
equilibria (although many can be dominantly shifted to one
direction) and that they can be studied using the tools of
equilibrium coordination chemistry. Further work is cer-
tainly required to confirm if this observation applies to
other cluster formation reactions which have been reported
in the literature.

Supplementary Material

Data of the equilibrium study (tables of titration data
from 6 independent potentiometric and NMR titrations
and a serial dilution) can be obtained from the authors.
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Experimental Section
Materials: A concentrated (1.45 ) aqueous solution of

Tl(ClO4)3 in 3.77  HClO4 was obtained by anodic oxidation of
TlClO4. [16] Solutions of thallium(III) cyanide complexes were syn-
thesised by addition of a calculated volume of a sodium cyanide
solution (and NaOH when needed) to the stock solution of thal-
lium(III) perchlorate. Potassium tetracyanoplatinate(II) trihydrate
(Aldrich, reagent grade) was used without further purification. The
solution of sodium tetracyanoplatinate(II) was prepared by precipi-
tation of potassium perchlorate from the aqueous solution of
K2Pt(CN)4 with an excess of aqueous sodium perchlorate at 275 K
and was used as a stock platinum solution.

Equilibrium Studies: All the solutions were kept dark to avoid
photochemical decomposition. Samples were prepared by mixing
the solutions of Na2Pt(CN)4 and Tl(CN)2

1 both containing 1 

NaClO4 as ionic medium, and the solutions were kept at room
temperature overnight prior to titrations. The complex, Tl(CN)2

1,
was prepared from thallium(III) perchlorate (1.45 mol/l Tl31 and
3.77 mol/l H1 ) and sodium cyanide solutions (molar ratio CN/
Tl 5 3) which resulted in exclusive formation of Tl(CN)2

1 species
(at the actual pH value). 2.00-ml samples containing [Tl]tot 5 54.0
m, [Pt]tot 5 49.8 m, [CN]tot 5 334 m, were titrated with an
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aqueous solution of: (titration A) 3.32  HClO4 (starting pH 4.7)
or (titration B) 3.5  NaCN (starting pH 3.6). In a different experi-
ment, 2.26 ml sample with [Tl]tot 5 44.3 m, [Pt]tot 5 57.5 m,
[CN]tot 5 341 m, [HClO4] 5 382 mM was titrated with 3.5 

NaCN (titration C) (see Supplementary Material).

The titrations were performed by using a syringe to add aliquotes
of the titrant (52100 µl) into the NMR tube through a rubber seal,
and subsequently recording 205Tl-NMR spectra to measure the sig-
nal integrals of the TlIII-containing species and Tl1. Tl1 was pres-
ent as a contaminant in the thallium(III) stock solution and as a
product of the slow, but not negligible redox reaction due to the
some unavoidable exposure to light. Nevertheless, the Tl1 content
never exceeded 15% of the total thallium concentration.[1] [17]

In order to study the formation of the trinuclear complex
samples (titration D) were prepared where the Pt/Tl ratio was 2.
D12D5: pH 5 1.7±0.2, [Tl]tot 5 40.0 m, 30.0 m, 20 m, 15
m, and 10 m; [Pt]tot 5 2 [Tl]tot, [CN]tot 5 11 [Tl]tot, respectively.
205Tl-NMR spectra were recorded as for the titrations mentioned
above, and the [Pt(CN)4

22] was also measured by integration of
the 205Pt-NMR signal. Since the individual species were in the slow
exchange regime on the actual 205Tl- and 205Pt-NMR time scales,
the signal integrals could be measured and the mole ratios calcu-
lated.

In order to measure [H1], the samples identical to A, B, and C
were used to measure the pH by potentiometric titrations. pH val-
ues were measured by a combination electrode connected to a pH-
meter (Radiometer PHM93). The readings of the electrode were
calibrated to pH values using the method of Irving for pH > 1,[18]

and by direct determination for pH < 1. These data resulted in
stoichiometric stability constants.

NMR Measurements: NMR spectra were recorded with Bruker
AM400 and Bruker DMX500 spectrometers at a probe tempera-
ture of 298 (±0.5) K. The following, typical NMR parameters
were used:

205Tl NMR: (AM400) spectrometer frequency (SF) 5 230.8
MHz; spectral window (SW) 5 50 kHz; pulse width (PW) 5 7 µs
(flip angle ca. 30o); pulse repetition time 2.16 s; digital resolution
12 Hz/point; and number of scans 5 20021000; (DMX500) SF 5

288.49 MHz; SW 5 7.2 kHz; pulse width (p1) 5 9.6 µs (flip angle
900); pulse repetition time 5.33 s; digital resolution 18 Hz/point;
number of scans 500. The chemical shifts are referred in ppm to-
ward higher frequency from the 205Tl-NMR signal of an aqueous
solution of TlClO4, extrapolated to infinite dilution. The transmit-
ter frequency (O1) was positioned at the resonance of the 205Tl
nuclei uncoupled to 195Pt and the intensity of this signal was meas-
ured directly from the spectra. In the equilibrium study, the sum of
the integrals (in the absolute intensity mode) measured at different
points of the NMR titration was not constant because the 90° pulse
varied with the acidity of the sample resulting in a non-equal exci-
tation of the signals. This was, however, not a problem since the
total concentration of thallium in the titrated solution was known
throughout the titration. Aqueous solutions of 25 and 50 m

TlClO4 in 1  NaClO4 were used to calibrate the signal integrals.
The accuracy of the integrals was estimated to 325%.

195Pt NMR: (AM400) SF 5 85.6 MHz; SW 5 50 kHz; PW 5 6
µs (flip angle ca. 30o); pulse repetition time 2.16 s; digital resolution
8 Hz/point; number of scans 5 1000210000; (DMX500) SF 5

107.03 MHz; SW 5 16 kHz ; P(900) 5 13.0 µs (flip angle 900);
pulse repetition time 1.3 s; digital resolution 17 Hz/point; number
of scans 1500. The chemical shifts were measured relative to an
external standard of aqueous 0.1  Na2PtCl6 which is 4533 ppm
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to higher frequency from Ξ(195Pt) 5 21.4 MHz at 25 0C.[19] A 15.0
m aqueous solution of K2Pt(CN)4 was used for calibration of
intensities of signals when measuring quantitative integrals. The
accuracy of the integrals was estimated to 325%.
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The synthesis of 3-phenyl-substituted 2H-azaphosphirene
pentacarbonylchromium and pentacarbonylmolybdenum
complexes is reported. New information on the rearrange-
ment cascade, which finally leads to 2H-azaphosphirene ring
formation, has been obtained through isolation of a reactive

Over the last three years we have focussed our attention
on the synthesis and chemistry of 2H-azaphosphirene tung-
sten complexes (II) (Scheme 1). [2] These complexes show a
fascinating reactivity upon ring opening to give, depending
on the reaction conditions, nitrilium phosphane ylide tung-
sten complexes (III) [1] [3] and/or an electrophilic terminal
phosphanediyl tungsten complex. [4] Meanwhile, both reac-
tive intermediates have found several applications in the
synthesis of heterocycles. [5]

Scheme 1. 2-Aza-1-phospha-4-metallabutadienes I, 2H-azaphos-
phirene metal complexes II and their acyclic isomers,
the nitrilium phosphane ylide metal complexes III; I, II,
III: R, R9 5 alkyl, aryl; [M] 5 metal complex fragment

Our first synthetic route to 2H-azaphosphirene tungsten
complexes used a rearrangement cascade in which transi-
ently formed metallaheterobutadienes I, which are isomeric
to II and III, were assumed to be key intermediates. [2a] The
elucidation of the reaction course was an intriguing prob-
lem for us and, therefore, we decided to investigate the reac-
tion of the aminobenzylidene chromium 1a [6] and molyb-
denum complex 1b [7] with [bis(trimethylsilyl)meth-
ylene]chlorophosphane (2). [8]

When we first carried out the reaction of complex 1a with
methylenechlorophosphane 2 in ether at ambient tempera-
ture and in the presence of triethylamine, we obtained a
complicated product mixture. According to 31P-NMR spec-
troscopic measurements the mixture contained approxi-

[e] Part 8: Ref. [1].
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intermediate. A comparison of the 13C-, 15N-, 31P-NMR, and
UV/vis spectroscopic data and single crystal X-ray structural
data of 3-phenyl-substituted 2H-azaphosphirene chromium,
molybdenum, and tungsten complexes is presented.

mately ten products, most of them appearing as singuletts
in the spectra. Although these products could not be sepa-
rated by column chromatography, the chromium complex 5
and the 2H-azaphosphirene chromium complex 6a, the lat-
ter formed only in small amounts, were easily identified by
their typical 31P-nuclear magnetic resonances [5: δ 5 95.4
(s) and 6a: δ 5 254.3 (s)]. Three other products showed
chemical shift values at low field [δ 5 518.6 (s)/425.4 (s),
and δ 5 476.3 (d)/445.1 (d), the latter with a 31P,31P coup-
ling constant of 515 Hz]. Because of these typical chemical
shift and coupling constant values, their identification was
achieved by comparison with the data of compounds
known in literature as bis[bis(trimethylsilyl)methyl]diphos-
phene [δ 5 517 (s)] [9] and the corresponding mono- and
dinuclear diphosphene pentacarbonylchromium complexes,
[{(Me3Si)2HCP5PCH(SiMe3)2}Cr(CO)5]: δ 5 475.8 and
444.3, 1J(P,P) 5 516 Hz and [{(Me3Si)2HCP5
PCH(SiMe3)2}[Cr(CO)5]2]: δ 5 425.9 (s). [10]

In contrast, the molybdenum complex 1b gave the 2H-
azaphosphirene molybdenum complex 6b straight away, but
only in low yields (28%). This reaction behavior underlines
the close relationship between aminobenzylidene molyb-
denum and tungsten complexes. Significantly better yields
of 6a (30%) and 6b (67%) were obtained if the reactions of
1a and 1b with 2 were carried out at low temperature (1a:
240°C; 1b: 210°C). Apart from triethylammonium chlo-
ride, the 2H-azaphosphirene metal complexes 6a, b and the
phosphanediyl-bridged dinuclear chromium carbene com-
plex 5a were obtained in good yields after low-temperature
column chromatography. The nature of complex 5a as a
long-lived intermediate was determined by reacting a pure
sample of it with triethylamine under similar reaction con-
ditions. Therefore we assume that the overall reaction pro-
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Scheme 2. Synthesis of 2H-azaphosphirene metal complexes 6a, b

ceeds through the rearrangement cascade depicted in
Scheme 2.

An additional experiment was carried out to shed more
light on the formation of complex 5a, which can a priori
proceed through 1,2-addition reactions of aminobenzylid-
ene chromium complex 1a to the P2C and/or P2N double
bond of the reactive intermediates 3a and/or 4a. In order
to distinguish between these two pathways, we mimicked
the hypothetical reaction of the first intermediate, 3a, with
the aminobenzylidene chromium complex 1a by reacting 1a
with [bis(trimethylsilyl)methylene](tert-butylamino)phos-
phane 7 [11] under similar reaction conditions. After ap-
proximately one day at ambient temperature, only 18% of 7
was consumed, leading predominantly to one product, 8,
with a chemical shift at δ 5 96.8 (Scheme 3). Unfortunately,
we could not isolate this product because of subsequent
chemical transformations and the lack of stability of 8 pre-
cluding chromatography. By comparison of the phosphorus
chemical shift of 8 (δ 5 96.8) with that of complex 5 (δ 5
95.4), and because of the reaction selectivity, we tentatively
assign the structure of complex 8 to this product. Neverthe-
less, the finding that complex 1a reacted very slowly with
compound 7 to give complex 8, supports the interpretation
that complex 5 resulted from a trapping of the 2-aza-1-
phospha-4-chromabutadiene 4a.

Interestingly, the NMR parameters of the carbon and ni-
trogen atoms of the three-membered ring of the 2H-aza-
phosphirene metal complexes 6a, b and 9 [2b] vary very little
with respect to metal exchange (Table 1). This is not the
case with the phosphorus resonances, which differ signifi-
cantly on going from chromium to the tungsten complex;
this is a common feature of coordinated tervalent phos-
phorus compounds. [12] In order to obtain information
about the electronic situation of the complexes 6a, b, and
9, UV/visible spectra were measured and λmax values deter-
mined (Table 2). λmax values of 200 and 240 nm should be
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Scheme 3

attributable to π-π* electron transitions related to the
phenyl groups. Bands appearing as shoulders with λmax val-
ues of 330 (6b) and 350 nm (9), with significantly lower lg
ε values, are tentatively assigned to π-π*-electron tran-
sitions of the C2N double bonds. It should be noted that
some metal carbonyl complexes also show charge-transfer
transitions in the range of 3002350 nm.[13] A comparison
of the values obtained for 6a, b, and 9 with those of a mix-
ture of related 3-phenyl-1H-thiazirene and benzonitrile sulf-
ide (bands with λmax values of 335, 324, 295, and 240 nm)
is interesting. [14] This interpretation of these UV/visible
spectra remains somewhat unsatisfactory because the bands
of benzonitrile sulfide had been assigned unambigously, but
those of 3-phenyl-1H-thiazirene had not. [14] EI-mass spec-
trometry experiments have shown that all of these 2H-aza-
phosphirene metal complexes predominantly undergo ring
cleavage subsequent to the ionisation process.

Figure 1. Molecular structure of 6a in the crystal (ellipsoids repre-
sent 50% probability levels, hydrogen atoms are omitted for clarity)
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Table 1. Selected 13C[a], 15N[b], 31P[a] NMR data (δ/[ppm], J/[Hz])
of 3-phenyl-2H-azaphosphirene metal complexes 6a, b, and 9 (exc-

lusively ring atoms of the 2H-azaphosphirene ring system)

complex metal δ13C δ15N δ31P (112)J(PC) (112)J(PN)

6a Cr 193.3 255.3 254.3 1.7 38.3
6b Mo 192.1 256.3 284.5 3.4 36.7
9 W 192.4 253.2 2111.0 1.7 36.9

[a] C6D6, room temp. 2 [b] CD2Cl2, room temp.

Table 2. UV/vis spectroscopic data (hexane, r.t.; λmax/[nm]) of 3-
phenyl-2H-azaphosphirene metal complexes 6a, b, and 9

complex metal λmax (lg ε) λmax (lg ε) λmax (lg ε) λmax (lg ε)

6a Cr 2 208 (4.637) 240 (4.599) 2

6b Mo 198 (4.625) 206 (4.610) 240 (4.697) 330 (3.394)
9 W 198 (4.655) 216 (4.657) 254 (4.590) 350 (3.544)

The molecular structures of the complexes 6a, b were de-
termined by X-ray crystallography (Figure 1 and Table
3). [15] The dimensions of the isostructural complexes 6a, b
(therefore, only 6a is depicted in Figure 1) and the corre-
sponding tungsten complex 9 [2b] differ mainly in their me-
tal-phosphorus bond distances [6a: 2.3125(6), 6b:
2.4772(12), and 9: 2.470(2) Å] and, as a consequence of this,
in the distance between the metal atom and the geometrical
center of the C2N double bond (6a: 3.542, 6b: 3.670, and
9: 3.659 Å). These and previously reported findings[2b] seem
to underline that the bonding situation of the heterocyclic
ligand of 2H-azaphosphirene pentacarbonylmetal com-
plexes should be described as a resonance hybrid of a three-
membered ring system with a covalent bonding (II) and a
π-electron donor-acceptor complex of benzonitrile and the
phosphorus atom of the terminal phosphanediyl complex
unit (IV) (Scheme 4).

Table 3. Selected bond lengths [pm] and angles [°] of complexes 6a,
b, and 9

complex P2C13 P2N N2C13 C132C14 M2P

6a 1.755(2) 1.811(2) 1.274(3) 1.458(3) 2.3125(6)
6b 1.762(4) 1.802(3) 1.273(5) 1.457(5) 2.4772(12)
9 1.759(5) 1.795(4) 1.272(7) 1.457(7) 2.470(2)

C132P2N C132N2P N2C132P N2C132C14 C62P2M
6a 41.82(8) 66.75(11) 71.43(11) 133.3(2) 124.13(6)
6b 41.8(2) 67.4(2) 70.8(2) 134.4(3) 124.57(12)
9 41.9(2) 67.5(3) 70.6(3) 134.2(5) 124.3(2)

Scheme 4
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Experimental Section
General: All operations were carried out under an inert atmos-

phere of deoxygenated dry nitrogen. Solvents were dried according
to standard procedures. 2 NMR spectra were recorded on a Bruker
AC-200 spectrometer (200 MHz for 1H; 50.3 MHz for 13C; 81 MHz
for 31P) using [D6]chloroform and [D6]benzene as solvents, the lat-
ter as internal standard, or a Bruker AMX-300 (30.4 MHz for 15N)
using dichloromethane as solvent and nitromethane as external
standard; shifts are given relative to tetramethylsilane (1H, 13C), to
nitromethane (15N) and 85% H3PO4 (31P). 2 MS: Finigan Mat
8430 (70 eV). 2 Elemental analyses: Carlo Erba analytical gas
chromatograph. 2 IR: Biorad FT-IR-165; UV/vis: Hewlett Pack-
ard 8452A.

Procedure for the Preparation of 2H-Azaphosphirene Pentacar-
bonylmetal(0) Complexes: 0.34 g (1.5 mmol) of 2 and 5 ml of NEt3

were added at 240°C or 210°C, respectively, to a solution of 1.5
mmol of aminobenzylidene chromium or molybdenum complex 1a,
b in 15 ml of diethyl ether. The reaction mixtures were stirred for
approximately 40 and 48 hours, respectively, and allowed to warm
up slowly to ambient temperature. The yellow/orange reaction mix-
tures were evaporated to dryness under reduced pressure (0.1
mbar). The residues were extracted with 30 ml of pentane and fil-
tered. The filtration residues were washed twice with 5 ml of pen-
tane, the organic phases combined and the solvent removed under
reduced pressure. The residues were purified by column chromatog-
raphy.

{[2-Bis(trimethylsilyl)methyl-3-phenyl-2H-azaphosphirene-κP]-
pentacarbonylchromium(0)} (6a): separation by low-temperature
chromatography (SiO2, 240°C; hexane/ether, 9:1) afforded 0.22 g
of 6a (30%) as a yellow powder after removal of the solvent from
the first yellow phase. M.p. 104°C (decomp.). 2 IR (KBr) ν̃ 5 2065
(s) cm21, 1988 (m), 1968 (vs), 1942 (vs), 1942 (vs) (CO), 1625 (s),
1618 (vw) (CN). 2 1H NMR (C6D6): δ 5 20.01 (s, 9 H, SiMe3),
0.27 (s, 9 H, SiMe3), 0.57 [d, 2J(P,H) 5 3.97 Hz, 1 H, PCH], 7.01
(mc, 3 H, m,p-Ph2H), 7.91 (mc, 2 H, o-Ph2H). 2 13C{1H} NMR
(C6D6): δ 5 1.2 [d, 3J(P,C) 5 3.1 Hz, SiMe3], 2.1 [d, 3J(P,C) 5 2.9
Hz, SiMe3], 28.3 [d, 1J(P,C) 5 29.8 Hz, PCH], 127.1 [d, 2J(P,C) 5

14.8 Hz, Ph2C1], 129.6 (s, Ph2C3/39), 129.7 (s, Ph2C2/29), 134.0
(s, Ph2C4), 193.3 [d, (112)J(P,C) 5 1.7 Hz, PCN], 215.9 [d,
2J(P,C) 5 16.8 Hz, cis-CO], 219.8 [d, 2J(P,C) 5 4.7 Hz, trans-CO].
2 15N NMR (CH2Cl2): δ 5 255.3 [d, (112)J(P,N) 5 38.3 Hz]. 2
31P{1H} NMR (C6D6): δ 5 254.3 (s). 2 UV/vis (hexane, c 5

2.06.1025 M): λmax (lg ε) 5 208 (4.637), 240 (4.599). 2 MS (70
eV), [pos.-CI (NH3)], (52Cr); m/z (%): 486 (100) [(M 1 H)1], 338
(40) [(M 1 H) 2 PhCN)1]. 2 C19H24CrNO5PSi2 (485.5) calcd. C
47.00, H 4.98, N 2.88; found C 46.95, H 5.04, N 2.81.

N,N9-Bis{amino[(phenyl)carbene]pentacarbonylchromi-
um(0)}bis(trimethylsilyl)methylphosphane (5a): Separation by low-
temperature chromatography (SiO2, 240°C; hexane/ether, 9:1) af-
forded 0.22 g of 5a (20%) as a yellow orange powder after removal
of the solvent from the second yellow phase. M.p. 106°C (decomp.).
2 IR (KBr) ν̃ 5 2061 (m) cm21, 1929 (vs, br), 1906 (vs, br) (CO).
2 1H NMR (CDCl3): δ 5 0.30 [d, 4J(P,H) 5 0.8 Hz, 18 H, SiMe3],
0.39 [d, 2J(P,H) 5 1.8 Hz, 1 H, PCH], 6.52 (mc, 8 H, m-Ph2H),
7.26 (mc, 12 H, o-,p-Ph2H), 9.95 (br, 2 H, NH). 2 13C{1H} NMR
(CDCl3): δ 5 2.2 [d, 3J(P,C) 5 4.6 Hz, SiMe3], 21.8 [d, 1J(P,C) 5

49.0 Hz, PCH], 119.5 [d, 3J(P,C) 5 5.7 Hz, Ph2C2/29], 127.6 (s,
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Ph2C4), 128.4 (s, Ph2C3/39), 151.9 [d, 3J(P,C) 5 11.8 Hz,
Ph2C1], 216.3 (s, cis-CO), 223.4 (s, trans-CO), 311.3 [d, 2J(P,C) 5

3.2 Hz, Cr5CR2]. 2 15N NMR (CH2Cl2): δ 5 2161.1 [dd,
1J(P,N) 5 84, 1J(N,H) 5 84 Hz]. 2 31P{1H} NMR (CDCl3): δ 5

95.4 (s). 2 31P{1H} NMR (Et2O/C6D6): δ 5 92.8 (s). 2 MS (70
eV), [pos.-CI (NH3)], (52Cr); m/z (%): 727 (100) [(M 1 H)1], 653
(6) [(M 1 H)1 2 Me3SiH], 535 (14) {[M 2 (Me3Si)2HCPH2)]1}.
2 C31H31Cr2N2O10P (726.6): calcd. C 47.57, H 3.99, N 3.58; found
C 47.00, H 3.79, N 3.46.

{[2-Bis(trimethylsilyl)methyl-3-phenyl-2H-azaphosphirene-κP]-
pentacarbonylmolybdenum(0)} (6a): Separation by low-tempera-
ture chromatography (SiO2, 215°C; hexane/ether, 9:1) afforded
0.53 g of 6a (67%) as yellow powder after removal of the solvent
from the first yellow phase. M.p. 105°C (decomp.). 2 IR (KBr)
ν̃ 5 2074 (s) cm21, 1994 (s), 1973 (vs), 1945 (vs), 1928 (vs) (CO),
1619 (w) (CN). 2 1H NMR (C6D6): δ 5 0.1 (s, 9 H, SiMe3), 0.29
(s, 9 H, SiMe3), 0.48 [d, 2J(P,H) 5 4.74 Hz, 1 H, PCH], 7.63 (mc,
3 H, m-, p-Ph2H), 8.02 (mc, 2 H, o-Ph2H). 2 13C{1H} NMR
(C6D6): δ 5 1.4 [d, 3J(P,C) 5 3.7 Hz, SiMe3], 2.2 [d, 3J(P,C) 5 3.1
Hz, SiMe3], 27.9 [d, 1J(P,C) 5 30.6 Hz, PCH], 126.8 [d, 2J(P,C) 5

15.0 Hz, Ph2C1], 129.6 (s, Ph2C3/39), 129.7 (s, Ph2C2/29), 134.0
(s, Ph2C4), 192.1 [d, (112)J(P,C) 5 3.4 Hz, PCN], 204.5 [d,
2J(P,C) 5 11.5 Hz, cis-CO], 208.6 [d, 2J(P,C) 5 38.1 Hz, trans-CO].
2 15N NMR (CH2Cl2): δ 5 256.3 [d, (112)J(P,N) 5 36.7 Hz]. 2
31P{1H} NMR (C6D6): δ 5 284.5 [s, 1J(Mo,P) 5 166 Hz]. 2 UV/
vis (hexane, c 5 2.059·1025 ): λmax (lg ε) 5 198 (4.625), 206
(4.610), 240 (4.697), 330 (3.394). 2 MS (70 eV), (98Mo); m/z (%):
531 (2) [M1], 400 (100) [(M 2 PhCN 2 CO)1], 103 (82) [PhCN1],
73 (78) [Me3Si1]. 2 C19H24MoNO5PSi2 (529.5): calcd. C 43.09, H
4.58, N 2.65; found C 43.36, H 4.77, N 2.72.

Reaction of [(Aminobenzylidene)pentacarbonylchromium(0)]
(1a) with [Bis(trimethylsilyl)methylene](tert-butylamino)phos-
phane (7) and Triethylamine: To 150 mg (0.5 mmol) of 1a in 6 ml
of diethyl ether was added 130 mg (0.5 mmol) of 7 and 0.67 ml
of triethylamine at 240°C with continuous stirring. The reaction
mixture was allowed to warm up slowly and the reaction course
was monitored after 24 h and 36 h by 31P-NMR spectroscopy. The
percentage of the compounds were estimated by signal integration,
assuming that the relaxation times of the phosphorus nuclei are
similar. The ratio of 7/8 (signal at δ 5 96.8) was determined after
24 h as 82:18 and after 36 h as 64:29:7.

Crystal Structure Determination of 6a [15]: C19H24CrNO5PSi2,
M 5 485.54, P1̄, a 5 9.1533(10), b 5 10.7771(10), c 5 13.5911(10)
Å, α 5 89.807(6)°, β 5 85.161(8)°, γ 5 64.298(8)°, V 5 1202.9(2)
Å3, Z 5 2, dcalc 5 1.340 Mg/m3, µ 5 0.669 mm21, T 5 173 K. A
yellow needle (0.80 3 0.42 3 0.28 mm) was mounted in inert oil.
4502 intensities were measured (2Θ 6250°, ω-scans, 210 < h < 0,
212 < k < 11, 216 < l < 16) using Mo-Kα radiation (graphite
monochromator) on a Siemens P4 diffractometer. After absorption
correction (ψ-scans, min. and max. transmission: 0.847, 0.934),
4213 were unique (Rint 5 0.0139) and 4208 used for all calculations
(program SHELXL-93). The structure was solved by direct meth-
ods and refined anisotropically by full-matrix least squares on F2.
All hydrogen atoms (except rigid methyl groups) were refined with a
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riding model.The final wR(F2) was 0.0724 with conventional R(F)
0.0275 for 268 parameters and 100 restraints. Highest peak 0.293,
hole 20.235 e/Å.

Crystal Structure Determination of 6b [15]: C19H24MoNO5PSi2,
M 5 529.48, P1̄, a 5 9.158(2), b 5 10.782(2), c 5 13.816(3) Å,
α 5 89.17(2)°, β 5 85.83(2)°, γ 5 65.03(2)°, V 5 1233.2(4) Å3,
Z 5 2, dcalc 5 1.426 Mg/m3, µ 5 0.721 mm21, T 5 143 K. A pale
yellow tablet (0.70 3 0.70 3 0.30 mm) was mounted in inert oil.
4577 intensities were measured (2Θ 6250°, ω/Θ-scans, 29 < h <
10, 0 < k < 12, 210 < l < 10) using Mo-Kα radiation (graphite
monochromator) on a Stoe STADI-4 diffractometer. After absorp-
tion correction (ψ-scans, min. and max. transmission: 0.767, 0.878),
4330 were unique (Rint 5 0.0214) and used for all calculations (pro-
gram SHELXL-93). The structure was solved by heavy atom
method and refined anisotropically by full-matrix least squares on
F2. All hydrogen atoms (except rigid methyl groups) were refined
with a riding model.The final wR(F2) was 0.0926 with conventional
R(F) 0.0382 for 268 parameters and 98 restraints. Highest peak
0.510, hole 20.452 e/Å.

; Dedicated to Professor Wolfgang Beck on the occasion of his
65th birthday.
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The syntheses of 3-heteroaryl-substituted 2H-azaphosphi-
rene pentacarbonyltungsten complexes are reported. The
products were characterized by multinuclear NMR spectro-

2H-azaphosphirene tungsten complexes (I) are of current
synthetic interest because of their widespread applicability
in heterocycle synthesis. For example, we very recently
demonstrated that 2H-azaphosphirene tungsten complexes
provide a new access to five-membered heterocyclic com-
plexes, through trapping reactions of transiently formed ni-
trilium phosphane ylide tungsten complexes (II) with an
acetylene[2] and a nitrile derivative.[3] Therefore, we were
interested in the synthesis of 3-heteroaryl-substituted 2H-
azaphosphirene tungsten complexes. We also wished to test
the limits of our initial synthetic approach[4] to 2H-aza-
phosphirene complexes.

Scheme 1. 2H-azaphosphirene tungsten complexes (I) and nitri-
lium phosphane ylide tungsten complexes (II) (I, II: R,
R9 5 alkyl, aryl; [M] 5 metal complex fragment)

Heteroaryl-substituted aminocarbene tungsten com-
plexes 1a2c were synthesized according to standard pro-
cedures[5] and reacted with [bis(trimethylsilyl)methylene]-
chlorophosphane (2) [6] in the presence of triethylamine. In
a similar way to our previously reported reactions of aryl-
substituted aminocarbene complexes, [1] [7] these reactions
proceeded smoothly to give the 2H-azaphosphirene tung-
sten complexes 3a2c (Scheme 2). These compounds were

[e] Part 9: See ref. [7].
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scopy (1H, 13C, 15N, 31P, 183W); the structure of the 3-N-
methylpyrryl-substituted 2H-azaphosphirene complex was
determined by single-crystal X-ray structure analysis.

isolated in moderate to good yields after low-temperature
column chromatography.

Scheme 2. Synthesis of 2H-azaphosphirene tungsten complexes
3a2c

The proposed structures of the 2H-azaphosphirene tung-
sten complexes 3a2c are unambiguously confirmed by their
typical NMR data. The assignment of the 1H- and 13C-
NMR resonances of the aromatic substituents in 3a2c is
based on a comparison with the corresponding data of 2-
formyl-substituted heteroarenes. [8] The chemical shift of the
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pyrryl nitrogen atom in 3a compares to reported values of
N-alkyl pyrroles. [9] The chemical shifts of the atoms in the
three membered rings of 3b,c match those of the phenyl
substituted derivative, 3d, [1] while for the N-methylpyrryl-
substituted compound, 3a, both the 31P and 15N resonances
display marked shifts to higher field (Table 1). The origin
of this phenomenon arises presumably from π-interactions
between the five- and three-membered rings and is in ac-
cord with the higher π-donor capability of a pyrryl as com-
pared to a thienyl or phenyl substituent. The magnitudes of
the carbon-phosphorus coupling constants in 3a2c
[(112)JPC 5 4.028.2 Hz] are larger than in 3d and related
para-substituted derivatives (123 Hz, ref. [7]) and increase in
the same order (3c < 3b < 3a) as [(112)JPN]. The values of
δ183W and 1JWP for 3a2c are essentially constant and lie in
the known range for complexes of the type
[W(CO)5(PR3)]. [10] CI EI mass spectrometric experiments
revealed that, although only the [(M 1 H)1] and not the

Table 1. Comparison of selected 13C[a], 15N[b] ,31P[b], 183W[b] NMR
data (δ values, J[Hz]) of 3-heteroaryl-2H-azaphosphirene tungsten
complexes 3a2c, d [7] (exclusively atoms of the three-membered ring

and tungsten)

δ 31P 1JW,P δ 13C (112)JC,P δ 15N (112)JN,P δ 183W

3a 2127.9 294 179.2 8.2 285.3 40.1 3249.8
3b 2108.3 298 181.7 7.0 260.7 39.7 3252.5
3c 2103.0 296 185.0 4.0 262.6 38.7 3255.3
3d 2108.8 294 192.3 1.3 253.9 36.7 3255.9

[a] CDCl3, room. temp. 2 [b] CH2Cl2, room. temp.

Figure 1. Molecular structure of 3a in the crystal (ellipsoids repres-
ent 50% probability levels, hydrogen atoms are omitted for clarity).
Selected bond lengths [Å] and angles [°]: P2C(6) 1.760(4), P2N(1)
1.789(3), N(1)2C(6) 1.296(5), W2P 2.4741(13); C(6)2P2N(1)
42.8(2), C(6)2N(1)2P 67.4(2), N(1)2C(6)2P 69.8(2),

N(1)2C(6)2C(14) 138.0(4).
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[(M 2 H)2] ions were detected, these 2H-azaphosphirene
complexes preferentially show PCN-ring cleavage sub-
sequent to the ionisation processes; this was observed in the
positive and negative CI mode. Additionally, the resulting
fragment ions indicate subsequent loss of carbon monoxide.

The molecular structure of complex 3a was confirmed for
the solid state by X-ray crystallography (Figure 1).[11] One
of the most interesting structural features of 3a is the al-
most coplanar arrangement of the two ring systems (in-
terplanar angle 6.4°) which allows an effective π-electron
interaction between the N-methylpyrryl group (π-donor)
and the PCN-ring (π-acceptor). This is strongly supported
by the observed bond length equalization of the car-
bon2carbon bonds in the pyrryl ring [C142C15 1.389(5),
C152C16 1.385(6), C162C17 1.396(6) Å] and the inter-
ring bond [C62C14 1.404(5) Å]. The latter is also signifi-
cantly shorter than the corresponding distance in 3d
[1.457(7) Å] [7], while at the same time the C2N double
bond [N12C6 1.296(5) Å] is longer than there [1.272(7)
Å [7]].

Support by the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie is gratefully acknowledged.

Experimental Section
General: All operations were carried out under deoxygenated dry

nitrogen as inert gas, solvents were dried according to standard
procedures. 2 NMR spectra were recorded on a Bruker AC-200 or
a Bruker AMX-300 spectrometer (AC-200: 200 MHz for 1H; 50.3
MHz for 13C; 81 MHz for 31P; AMX-300: 30.4 MHz for 15N; 12.5
MHz for 183W) using [D]chloroform and dichloromethane as sol-
vent and internal standard; shifts are given relative to ext. tetra-
methylsilane (1H, 13C), H3CNO2 (15N), 85% H3PO4 (31P) and
WO4

22 (183W). 15N-NMR spectra were recorded using 31P- and
1H-based polarisation transfer techniques (INEPT); 183W-NMR
data were obtained from two dimensional 31P-detected 31P,
183W{1H} HMQC spectra. 2 MS: Finigan Mat 8430 (70 eV). 2

Elemental analyses: Carlo Erba analytical gas chromatograph. 2

IR: Biorad FT-IR-165.

General Procedure for the Preparation of Amino-
(heteroaryl)carbene Tungsten Complexes: The ethoxy(heteroaryl)-
carbene tungsten complexes were prepared according to ref. [5] and
reacted, without purification, with ammonia. A gentle flow of am-
monia was bubbled through a solution of 5 mmol of the ethoxy-
(heteroaryl)carbene tungsten complexes in 60 ml of ether until a
yellow colour persisted and thin layer chromatography (SiO2) indi-
cated that all starting material had reacted. All volatile compounds
were removed under reduced pressure (0.1 mbar) and the yellow
residue was purified by column chromatography. The assignment
of the 1H and 13C resonances of the aromatic heterocyclic substitu-
ents of 1a2c accords with related chromium complexes.[12]

{[Amino(1-methyl-2-pyrryl)carbene]pentacarbonyltungsten(0)}
(1a): 1.7 g of 1a (79%) was obtained as a yellow powder after low
temperature chromatography (SiO2, 210°C; hexane/ether 1:1).
M.p. 120°C (decomp.). 2 IR (KBr): ν̃ 5 3451 (m) cm21, 3351 (m),
3256 (m), (NH), 2061 (m), 1978 (m), 1903 (s), (CO). 2 1H NMR
(CDCl3): δ 5 3.80 (s, 3 H, N2CH3), 6.22 (dd, 3JHH 5 4.0 Hz,
3JHH 5 2.6 Hz, 1 H, pyrryl-C4-H), 6.8526.91 (m, 2 H, pyrryl-C3/
5-H), 8.07 (br, 2 H, NH2). 2 13C{1H} NMR (CDCl3): δ 5 37.1 (s,
N2CH3), 110.3 (s, pyrryl-C4), 123.7 (s, pyrryl-C5), 132.0 (s, pyrryl-
C3), 143.6 (s, pyrryl-C2), 198.9 (s, 1JCW 5 127.6 Hz, cis-CO), 202.9
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(s, trans-CO), 240.6 (s, W5CR2). 2 MS (70 eV), (184W) m/z (%):
432 (8) [M1], 404 (11) [M1 2 CO], 352 (53) [M1 2 C5H6N], 296
(40) [M1 2 2 3 CO 2 C5H6N], 268 (100) [M1 2 3 3 CO 2

C5H6N], 240 (41) [M1 2 4 3 CO 2 C5H6N], 212 (43) [M1 2 5 3

CO 2 C5H6N], 184 (33) [M1 2 5 3 CO 2 C5H6N 2 CNH2]. 2

C11H8N2O5W (432.0): calcd. C 30.58, H 1.87, N 6.48; found C
30.67, H 1.90, N 6.48.

{[Amino(2-furyl)carbene]pentacarbonyltungsten(0)} (1b): 1.5 g
of 1b (71%) was obtained as a yellow-orange powder after low tem-
perature chromatography (SiO2, 210°C; hexane/ether 1:1). M.p.
95°C (decomp.). 2 IR (KBr): ν̃ 5 3457 (m) cm21, 3341 (m), 3256
(m), (NH), 2064 (m), 1976 (m), 1928 (s), 1888 (s), (CO). 2 1H
NMR (CDCl3): δ 5 6.56 (dd, 3JHH 5 3.7 Hz, 3JHH 5 1.8 Hz, 1
H, furyl-C4-H), 7.4527.47 (m, 1 H, furyl-C3-H), 7.5427.55 (m, 1
H, furyl-C5-H), 7.91 (br, 1 H, NH2), 8.94 (br, 1 H, NH2). 2
13C{1H} NMR (CDCl3): δ 5 114.5 (s, furyl-C4), 129.4 (s, furyl-
C3), 145.6 (s, furyl-C5), 159.0 (s, furyl-C2), 198.4 (s, 1JCW 5 129.9
Hz, cis-CO), 202.6 (s, trans-CO), 229.8 (s, W5CR2). 2 MS (70 eV),
(184W); m/z (%): 419 (56) [M1], 391 (18) [M1 2 CO], 335 (55) [M1

2 3 3 CO], 307 (51) [M1 2 4 3 CO], 279 (100) [M1 2 5 3 CO],
252 (56) [M1 2 3 3 CO 2 NH2 2 C4H3O], 224 (35) [M1 2 4 3

CO 2 NH2 2 C4H3O]. 2 C10H5NO6W (419.0): calcd. C 28.67, H
1.20, N 3.34; found C 28.73, H 1.21, N 3.32.

{[Amino(2-thienyl)carbene]pentacarbonyltungsten(0)} (1c): 1.8
g of 1c (84%) was obtained as a yellow powder after low tempera-
ture chromatography (SiO2, 210°C; hexane/ether 1:1). M.p. 101°C
(decomp.). 2 IR (KBr): ν̃ 5 3426 (m) cm21, 3343 (m), 3266 (m),
(NH), 2064 (m), 1969 (m), 1922 (vs), 1911 (vs), 1888 (s), 1872 (vs),
(CO). 2 1H NMR (CDCl3): δ 5 7.16 (dd, 3JHH 5 5.0 Hz, 3JHH 5

3.9 Hz, 1 H, thienyl-C4-H), 7.60 (dd, 3JHH 5 3.9 Hz, 4JHH 5 1.1
Hz, 1 H, thienyl-C3-H), 7.66 (dd, 3JHH 5 5.0 Hz, 4JHH 5 1.1 Hz,
1 H, thienyl-C5-H), 8.02 (br, 1 H, NH2), 8.52 (br, 1 H, NH2). 2
13C{1H} NMR (CDCl3): δ 5 129.0 (s, thienyl-C4), 132.7 (s) and
133.2 (s) (thienyl-C3/C5), 153.5 (s, thienyl-C2), 198.4 (s, 1JCW 5

127.2 Hz, cis-CO), 202.6 (s, trans-CO), 243.8 (s, W5CR2). 2 MS
(70 eV), (184W); m/z (%): 435 (49) [M1], 407 (30) [M1 2 CO], 351
(28) [M1 2 3 3 CO], 295 (100) [M1 2 5 3 CO], 268 (41) [M1 2

3 3 CO 2 C4H3S]. 2 C10H5NO5SW (435.1): calcd. C 27.61, H
1.16, N 3.22, S 7.37; found C 27.68, H 1.16, N 3.15, S 7.40.

General Procedure for the Preparation of 2H-Azaphosphirene-
(pentacarbonyl)tungsten Complexes: To a solution of 1.5 mmol of
amino(heteroaryl)carbene tungsten complexes 1a2c in 15 ml of
ether was added 0.34 g (1.5 mmol) of 2 and 5 ml of NEt3 at 0°C.
The reaction mixture was stirred at ambient temp. until 2 was con-
sumed (31P-NMR control). The yellow-orange reaction mixture
was evaporated to dryness under reduced pressure (0.1 mbar). The
residue was extracted with 30 ml of pentane and filtered. The fil-
tration residue was washed twice with 5 ml of pentane, the organic
phases combined and the solvent removed under reduced pressure.
The residue was purified, if necessary, by low temperature column
chromatography (SiO2, 210°C; hexane/ether 10:1).

{[2-Bis(trimethylsilyl)methyl-3-(1-methyl-2-pyrryl)-2H-azaphos-
phirene-κP]pentacarbo-nyltungsten(0)} (3a): 0.35 g of 3a (56%)
was obtained, after stirring for 20 hours, as a yellow powder. M.p.
112°C (decomp.). 2 IR (KBr): ν̃ 5 2073 (m) cm21, 1990 (m), 1952
(s, sh), 1936 (s), 1919 (vs), (CO), 1618 (w) (CN). 2 1H NMR
(CDCl3): δ 5 0.14 (s, 9 H, SiMe3), 0.28 (s, 9 H, SiMe3), 0.58 (d,
2JHP 5 2.9 Hz, 1 H, PCH), 4.01 (d, 4JHH 5 0.5 Hz , 3 H, N2CH3),
6.37 (dd, 3JHH 5 4.1 Hz, 3JHH 5 2.5 Hz, 1 H, pyrryl-C4-H),
7.0427.06 (m, 1 H, pyrryl-C3-H), 7.10 (m, 1 H, pyrryl-C5-H). 2
13C{1H} NMR (CDCl3): δ 5 1.3 (d, 3JCP 5 3.5 Hz, SiMe3), 2.2
(d, 3JCP 5 3.1 Hz, SiMe3), 27.2 (d, 1JCP 5 24.2 Hz, PCH), 36.2 (s,
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N2CH3), 111.0 (s, pyrryl-C4), 120.2 (d, 2JCP 5 19.2 Hz, pyrryl-
C2), 122.3 (s, pyrryl-C3), 132.6 (s, pyrryl-C5), 179.2 (d, (112)JPC 5

8.2 Hz, PCN), 196.0 (d, 2JCP 5 8.9 Hz, cis-CO), 198.1 (d, 2JCP 5

35.6 Hz, trans-CO). 2 15N NMR (CH2Cl2): δ 5 285.3 (d,
(112)JNP 5 40.1 Hz, PCN), 2224.3 (d, 3JNP 5 1.4 Hz, pyrryl-N).
2 31P{1H} NMR (CDCl3): δ 5 2125.8 (s, 1JPW 5 293.1 Hz). 2
31P{1H} NMR (CH2Cl2): δ 5 2127.9 (s, 1JPW 5 294.0 Hz). 2
183W NMR (CH2Cl2): δ 5 23249.8 (d, 1JPW 5 294.0 Hz). 2 MS
(pos.-CI, NH3), (184W) m/z (%): 621 (100) [(M 1 H)1], 515 (18)
[(M 1 H)1 2 C6H6N2], 106 (5) [C6H6N2

1]. 2 MS (neg.-CI, NH3),
(184W) m/z (%): 513 (100) [(M 2 H)2 2 C6H6N2], 485 (18) [(M 2

H)2 2 C6H6N2 2 CO], 457 (2) [(M 2 H)2 2 C6H6N2 2 2 3 CO].
2 C18H25N2O5PSi2W (620.4): calcd. C 34.85, H 4.06, N 4.52;
found C 35.08, H 4.03, N 4.62.

{[2-Bis(trimethylsilyl)methyl-3-(2-furyl)-2H-azaphosphirene-κP]-
pentacarbonyltungsten(0)} (3b): 0.35 g of 3b (58%) was obtained,
after stirring for 25 hours, as a yellow powder. M.p. 106°C (de-
comp.). 2 IR (KBr): ν̃ 5 2074 (s) cm21, 1991 (m), 1965 (s), 1945
(vs), 1935 (s), 1923 (vs), 1907 (vs) (CO), 1636 (w) (CN). 2 1H
NMR (CDCl3): δ 5 0.14 (s, 9 H, SiMe3), 0.28 (s, 9 H, SiMe3), 0.65
(d, 2JHP 5 3.8 Hz, 1 H, PCH), 6.74 (dd, 3JHH 5 3.5 Hz, 3JHH 5

1.8 Hz, 1 H, furyl-C4-H), 7.42 (d, 3JHH 5 3.5 Hz, 1 H, furyl-C3-
H), 7.88 (d, 3JHH 5 1.8 Hz,1 H, furyl-C5-H). 2 13C{1H} NMR
(CDCl3): δ 5 1.0 (d, 3JCP 5 3.4 Hz, SiMe3), 2.0 (d, 3JCP 5 3.2 Hz,
SiMe3), 28.0 (d, 1JCP 5 23.6 Hz, PCH), 113.6 (s, furyl-C3), 120.6
(s, furyl-C4), 143.3 (d, 2JCP 5 17.1 Hz, furyl-C2), 149.2 (s, furyl-
C5), 181.7 (d, (112)JCP 5 7.0 Hz, PCN), 195.6 (d, 2JCP 5 8.9 Hz,
cis-CO), 197.6 (d, 2JCP 5 37.0 Hz, trans-CO). 2 15N NMR
(CH2Cl2): δ 5 260.7 (d, (112)JNP 5 39.7 Hz). 2 31P{1H} NMR
(CDCl3): δ 5 2105.4 (s, 1JPW 5 297.9 Hz). 2 31P{1H} NMR
(CH2Cl2): δ 5 2108.3 (s, 1JPW 5 298.0 Hz). 2 183W NMR
(CH2Cl2): δ 5 23252.5 (d, 1JPW 5 298.0 Hz). 2 MS (pos.-CI,
NH3), (184W); m/z (%): 608 (100) [(M 1 H)1], 515 (4) [(M 1 H)1

2 C5H3NO]. MS (neg.-CI, NH3), (184W); m/z (%): 513 (100)[(M
2 H)2 2 C5H3NO], 485 (8) [(M 2 H)2 2 C5H3NO 2 CO]. 2

C17H22NO6PSi2W (607.4): calcd. C 33.56, H 3.64, N 2.30; found C
33.78, H 3.55, N 2.28.

{[2-Bis(trimethylsilyl)methyl-3-(2-thienyl)-2H-azaphosphirene-
κP]-pentacarbonyltungsten(0)} (3c): 0.35 g of 3c (56%) was ob-
tained, after stirring for 22 hours, as a yellow powder. M.p. 110°C
(decomp.). 2 IR (KBr): ν̃ 5 2072 (s) cm21, 1988 (m), 1963 (s),
1936 (vs, br), 1920 (vs), (CO), 1612 (w) (CN). 2 1H NMR (CDCl3):
δ 5 0.15 (s, 9 H, SiMe3), 0.29 (s, 9 H, SiMe3), 0.70 (d, 2JHP 5 3.3
Hz, 1 H, PCH), 7.34 (dd, 3JHH 5 4.9 Hz, 4JHH 5 3.8 Hz, 1 H,
thienyl-C4-H), 7.8727.94 (m, 2 H, thienyl-C3/5-H). 2 13C{1H}
NMR (CDCl3): δ 5 1.3 (d, 3JCP 5 3.5 Hz, SiMe3), 2.1 (d, 3JCP 5

3.3 Hz, SiMe3), 28.2 (d, 1JCP 5 24.3 Hz, PCH), 129.2 (s, thienyl-
C5), 130.0 (d, 2JCP 5 17.9 Hz, thienyl-C2), 134.9 (s) and 135.7 (s),
thienyl-C3/C4, 185.0 (d, (112)JPC 5 4.0 Hz, PCN), 195.7 (d, 2JCP 5

8.9 Hz, cis-CO), 197.7 (d, 2JCP 5 36.7 Hz, trans-CO). 2 15N NMR
(CH2Cl2): δ 5 262.6 (d, (112)JPN 5 38.7 Hz). 2 31P{1H} NMR
(CDCl3): δ 5 2100.8 (s, 1JPW 5 296.3 Hz). 2 31P{1H} NMR
(CH2Cl2): δ 5 2103.0 (s, 1JPW 5 296.0 Hz). 2 183W NMR
(CH2Cl2): δ 5 23255.3 (d, 1JPW 5 296.3 Hz). 2 MS (pos.-CI,
NH3), (184W) m/z (%): 624 (50) [(M 1 H)1], 515 (15) [(M 1 H)1

2 C5H3NS], 112 (100) [(C5H3NS 1 3 H)1], 74 (14) [(SiMe3 1

H)1]. 2 MS (neg.-CI, NH3), (184W) m/z (%): 513 (100) [(M 2 H)2

2 C5H3NS], 485 (44) [(M 2 H)2 2 C5H3NS 2 CO]. 2

C17H22NO5PSSi2W (623.4): calcd. C 32.75, H 3.56, N 2.25, S 5.14;
found C 32.82, H 3.61, N 2.11, S 5.17.

Crystal Structure Determination of 3a [11]: C18H25N2O5PSi2W,
M 5 620.40, P1̄, a 5 9.330(3), b 5 9.522(3), c 5 14.275(3) Å, α 5



R. Streubel, S. Priemer, F. Ruthe, P. G. Jones, D. GudatFULL PAPER
89.13(3), β 5 83.66(3), γ 5 79.80(3)°, V 5 1240.5(5) Å3, Z 5 2,
dcalc 5 1.661 Mg/m3, µ 5 4.846 mm21, T 5 143 K. A pale brown
block (0.6 3 0.3 3 0.3 mm) was mounted in inert oil. 8349 intensit-
ies were measured (2Θ 6250°) using Mo-Kα radiation on a Stoe
STADI-4 diffractometer. After absorption correction (ψ-scans)
4383 were unique (Rint 5 0.0256) and used for all calculations (pro-
gram SHELXL-93). All hydrogen atoms (except rigid methyl
groups) were refined with a riding model. The final wR(F2) was
0.052 with conventional R(F) 0.023 for 269 parameters and 90 re-
straints. Highest peak 640, hole 2969 e/nm3.

; Dedicated to Professor Hans Bock on the occasion of his 70th
birthday.
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Oxidation of the phosphaalkenyl-substituted carbyne com-
plexes [Tp9(CO)2M;C2P=C(NR2)2] (1a: M = Mo, R = Me; 1b:
M = W, R = Me; 2a: M = Mo, R = Et; 2b: M = W, R = Et)
with molecular dioxygen cleanly affords the orange carbyne
complexes [Tp9(CO)2M;C2P(O)2C(NR2)2] [3a: M = Mo, R =
Me; 3b: M = W; R = Me; 4a: M = Mo, R = Et; 4b: M = W, R =

Introduction

In search for transition-metal complexes with terminal
isophosphaalkyne ligands R2P;C[2] [3] [4] [5] [6] we recently
obtained phosphaalkenyl-substituted carbyne complexes of
the type Tp9(CO)2M;C2P5C(NR2)2 (1, 2) [1]. These mol-
ecules possess electrophilic and nucleophilic centres in close
proximity which renders them promissing as precursors for
a number of chemical transformations.

Herein we report on the facile oxidation of the phos-
phaalkenyl carbyne complexes 1, 2 (M 5 Mo, W; R 5 Me,
Et) with molecular dioxygen.

Results and Discussion

When crystalline samples of the phosphaalkenyl carbyne
complexes 2a and 2b were exposed to air for two weeks, a
color change from deep-red to orange-red took place. The
same oxidation process could be achieved within 2 h using
pure oxygen at a pressure of 80 bar. Similarly, compounds
1a and 1b were rapidly oxidized under O2 pressure, whereas
in air complete oxidation took about three weeks (eq. 1).

[e] Part 35: Ref. [1].
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Et; Tp9 = HB(3,5-Me2HC3N2)3], which are functionalized at
the methylidyne carbon atom by an α-carbenium phosphi-
nate moiety. The novel compounds have been characterized
by IR, 1H-, 13C-, and 31P-NMR spectroscopy. In addition, the
molecular structure of 4a has been determined by a single-
crystal X-ray structure analysis.

Purification of the products was effected by column chro-
matography on silanized silica, using CH2Cl2 and ethanol
as eluents, followed by crystallization of the orange-red
powdery solids from a CH2Cl2/pentane mixture. Compared
to the starting materials [1a: ν̃(CO) 5 1946, 1864 cm21; 1b:
1935, 1848 cm21; 2a: 1943, 1859 cm21; 2b: 1933, 1845
cm21], the bands of the carbonyl stretching vibrations in
the IR spectra of the products are significantly shifted to
higher wavenumbers [3a: ν̃(CO) 5 2005, 1918 cm21; 3b:
1987, 1893 cm21; 4a: 2002, 1923 cm21; 4b: 1989, 1894
cm21]. This observation is consistent with a decreased σ-
donor/π-acceptor behavior of the novel organophosphorus
carbyne ligands, compared with the phosphaalkenyl car-
byne ligands in the precursors 1 and 2. The PO2 group of
the carbenium phosphinate unit of the products gives rise
to medium intensity bands at 120221205 and 106621068
cm21, which, by analogy with the IR data of numerous pre-
viously described phosphinates[7] [8] [9], are attributed to the
asymmetric and symmetric PO2 stretching vibrations.

The 13C{1H}-NMR spectra of 3a, b and 4a, b are es-
pecially interesting in the low field region, where doublets
are observed at δ 5 298.72314.4 for the metal-bound car-
bon atoms of the carbyne ligands. In the 13C{1H}-NMR
spectra of the starting materials, the corresponding reso-
nances are observed at considerably lower field [1a: δ 5 337
(d, 1JPC 5 111.3 Hz); 1b: 318.3 (d, 1JPC 5 101.2 Hz); 2a:
338.8 (d, 1JPC 5 115.6 Hz); 2b: 319.0 (d, 1JPC 5 108.3 Hz)].
More remarkable is the dramatic decrease in the carbon-
phosphorus coupling constants from the aforementioned
values in 1, 2a, b to 1JPC 5 28.2254.0 Hz in the products.
These observations can be explained in terms of a decreased
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electron transfer from the organophosphorus ligand to the
metal and a decreased 3s orbital contribution in the C2P
bond. Doublets at δ 5 178.32181.9 (1JPC 5 91.9298.1 Hz)
are assigned to the tricoordinate carbon atom of the
[PC(NMe2)2] moiety of 3a, b and 4a, b. The oxidation of 1,
2a, b is accompanied by a considerable upfield shift of the
resonance of this carbon atom [∆δ 5 17.7224.4], whereas
the coupling constants 1JPC remain almost unaffected. The
decreased donor capacity of the novel organophosphorus
ligands in 3a, b and 4a, b is also reflected in the chemical
shifts of the carbonyl carbon atoms, which are shifted from
δ 5 228.12230.7 in 1, 2a, b to δ 5 225.92227.3 in the
oxidation products.

The 31P{1H}-NMR spectra of 3a, b and 4a, b display
singlets (δ 5 26.85 to 17.0) at higher fields compared to
those of the precursors (δ 5 49.0265.9). Interestingly, in
the tungsten derivatives 3b and 4b, the coupling constants
2JPW 5 152.9 and 151.7 Hz clearly exceed the values meas-
ured from the spectra of 1b (2JPW 5 51.4 Hz) and 2b
(2JPW 5 61.6 Hz). The 31P-chemical shifts of our products
may be compared to the 31P-NMR data of
(Me4Sb)1(O2PH2)2 (δ 5 11.70 in CH2Cl2) or
(Me4Sb)1(O2PMe2)2 (δ 5 224.50 in CH2Cl2) [10].

The mass spectra (LSIMS) show the peaks of the molecu-
lar ions of 3a, b and 4a, b as parent ion peaks, underlining
the fact that two oxygen atoms are added at the phosphorus
centre of the starting materials.

X-ray Structural Analysis of 4a

Single crystals of 4a were grown from CH2Cl2/hexane at
5°C. The results of the structural determination are shown
in Figure 1. Selected bond lengths and angles for the com-
plex are given in the caption. Crystalline 4a consists of
monomeric molecules with distorted octahedral geometry.
The bond angles between the organophosphorus ligand and
the two carbonyl ligands [C(16)2Mo(1)2C(18) 5
82.91(14)°; C(17)2Mo(1)2C(18) 5 83.53(13)°] are more
acute than those in 2b [85.5(3)°; 88.1(3)°] [1]. The angles be-
tween the nitrogen donor atoms N(2), N(4) and N(5) of the
Tp9 ligand are comparable in 4a [79.96(9)283.68(9)°] and
2b [80.3(2)282.9(2)°], and are markedly smaller than the
ideal 90°. The metal atom lies in the plane defined by the
carbon atoms C(5), C(9), and C(14) (deviation 0.083 Å).
The most interesting structural feature of the molecule is
the geometry of the organophosphorus ligand. The bond
length Mo(1)2C(18) of 1.813(3) Å compares well with the
corresponding bond length in Tp9(CO)2Mo;C
2S2C6H4NO2-p [1.801(4) Å] [11], hence this bond has to be
regarded as a metal2carbon triple bond.

The valence angle at the sp-hybridized methylidene car-
bon atom Mo(1)2C(18)2P(1) of 166.8(2)° shows only
slight deviation from linearity, as was also found for the
corresponding valence angle W2C2P in 2b [167.9(4)°] and
for that in the ion [Tp9(CO)2W;C2PMe2Ph]1

[168.1(5)°] [12]. However, unlike in 2b, the bonds between the
phosphorus atom and carbon atoms C(18) [P(1)2C(18) 5
1.788(3) Å] and C(19) [P(1)2C(19) 5 1.909(3) Å] differ sig-
nificantly. The standard value for a P2C single bond is 1.85
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Figure 1. Molecular structure of 4a[a]

[a] Selected bond lengths [C] and bond angles [°]: Mo(1)2C(18)
1.813(3), Mo(1)2C(16) 2.004(3), Mo(1)2C(17) 2.000(3),
Mo(1)2N(2) 2.326(2), Mo(1)2N(4) 2.227(2), Mo(1)2N(5)
2.219(2), P(1)2O(3) 1.496(3), P(1)2O(4) 1.467(3), P(1)2C(18)
1.788(3), P(1)2C(19) 1.909(3), O(1)2C(16) 1.147(4), O(2)2C(17)
1.139(4), N(7)2C(19) 1.333(4), N(8)2C(19) 1.347(4);
C(16)2Mo(1)2C(18) 82.91(14), C(17)2Mo(1)2C(18) 83.53(13),
C(16)2Mo(1)2C(17) 87.54(14), C(16)2Mo(1)2N(5) 175.87(11),
C(16)2Mo(1)2N(4) 94.70(12), C(17)2Mo(1)2N(4) 170.26(11),
N(4)2Mo(1)2N(5) 83.68(9), N(2)2Mo(1)2N(4) 79.96(9),
N(2)2Mo(1)2N(5) 82.84(9), N(2)2Mo(1)2C(18) 172.93(12),
Mo(1)2C(18)2P(1) 166.8(2), C(18)2P(1)2O(3) 110.81(15),
C(18)2P(1)2O(4) 111.03(15), C(18)2P(1)2C(19) 98.57(14),
C(19)2P(1)2O(3) 105.24(14), C(19)2P(1)2O(4) 109.94(15),
O(3)2P(1)2O(4) 119.10(16), P(1)2C(19)2N(7) 120.4(2),
P(1)2C(19)2N(8) 119.4(2), N(7)2C(19)2N(8) 120.1(3).

Å [13]. The tetracoordinate phosphorus atom can be con-
sidered as being part of a phosphinate unit [R1R2PO2]2.
The phosphorus2oxygen atomic distances differ in length
[1.496(3) and 1.467(3) Å] and are shorter than the P2O
bond lengths in the hypophosphite ion (1.51 Å) [14].

The fourth substituent at the phosphorus atom is a trig-
onal-planar bis(diethylamino)carbenium unit [sum of bond
angles at C(19) 5 359.9(2)°]. Accordingly, the carbon2ni-
trogen bond lengths N(7)2C(19) [1.333(4) Å] and
N(8)2C(19) [1.347(4) Å] are shortened compared to the
calculated value of a Csp

22Nsp
2 single bond [1.450 Å] [15].

Figure 2. View along the vector P(1)2C(18)2Mo(1); only the liga-
ting atoms N(2), N(4) and N(5) of the tripod are drawn for clarity
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The valence angle C(18)2P(1)2C(19) of 98.57(14)° is sig-

nificantly compressed, compared with the corresponding
C2P2C angle in 2b [105.7(3)°]. The remarkably long in-
teratomic distance P(1)2C(19) [1.909(3) Å] between the
phosphinato and carbenium centres is surprising. It is con-
ceivable that the positively charged carbon atom and the
positively polarized phosphorus centre repel each other.
The diaminocarbenium unit is oriented towards the tripod
ligand in such a way that the bonds P(1)2C(19) and
Mo(1)2N(4) are eclipsed (Figure 2).

The trans-influence of the methylidyne ligand is reflected
in the Mo(1)2N(2) bond length of 2.326(2) Å, which signif-
icantly exceeds the lengths of the other two Mo2N bonds
[2.219(2) and 2.227(2) Å], which are trans-oriented with re-
spect to the carbonyl ligands.

Experimental Section
Unless stated otherwise, standard inert-atmosphere techniques

were used for the manipulation of all reagents and reaction prod-
ucts. 2 Infrared spectra were recorded on a Bruker FT-IR IFS66
spectrometer. 2 1 H-, 13C-, and 31P-NMR spectra were recorded in
CD2Cl2 solution on Bruker AC 100 and Bruker AM Avance DRX
500 instruments. Standards: SiMe4 (1H, 13C), external 85% H3PO4

(31P). 2 Elemental analyses were performed in the Microanalytical
Laboratory of the University of Bielefeld and in the Microana-
lytical Laboratory, H. Kolbe, Mülheim, Germany. 2 Mass spectra
(LSIMS) (matrix: p-nitrobenzyl alcohol) were obtained with a
Varian MAT-CH5-DF spectrometer.

The precursors [Tp9(CO)2M;C2P5C(NR2)2] (1a: M 5 Mo,
R 5 Me; 1b: W, Me; 2a: Mo, Et; 2b: W, Et) were synthesized ac-
cording to literature procedures[1]. Dioxygen was taken from a cyl-
inder. Silanized silica gel (Merck) was purchased commercially.

[Tp9(CO)2Mo;C2P(O)2C(NMe2)2] (3a): A solution of
[Tp9(CO)2Mo;C2P5C(NMe2)2] (1a) (0.80 g, 1.35 mmol) in 15 ml
of dichloromethane was treated with dioxygen in an autoclave at
20°C and 80 bar for 3 h. Thereafter, the 31P{1H}-NMR spectrum
of the solution displayed a singlet at δ 5 26.8. The solvent and
volatile components were then removed in vacuo (ca. 0.1 Torr), and
the yellow-brown residue was chromatographed on silanized silica
60 (column: l 5 15 cm, d 5 2 cm). Elution with n-hexane (300 ml)
afforded a yellow fraction, which was discarded. The column was
developed with 200 ml of CH2Cl2. An orange-red zone was then
eluted with ethanol (100 ml) and this fraction was concentrated to
dryness. The powdery, ochre residue was dissolved in 25 ml of a
CH2Cl2/hexane mixture (1:2), and the solution was stored for 7
days at 25°C. Orange-red needles of 3a separated (0.55 g, 65.3%).
2 IR (KBr): ν̃ 5 2551 cm21 w [ν(BH)], 2005 vs, 1918 vs [ν(CO)],
1202 m [νas(PO2)], 1067 m [νs(PO2)]. 2 1H NMR: δ 5 2.36 (s, 3
H, Tp9CH3), 2.41 (s, 3 H, Tp9CH3), 2.64 (s, 6 H, Tp9CH3), 2.78 (s,
6 H, Tp9CH3), 3.42 (s, 12 H, NCH3), 5.80 (s, 1 H, Tp9-H), 5.95 (s,
2 H, Tp9-H). 2 13C{1H} NMR: δ 5 12.3 (s, Tp9CH3), 13.9 (s,
Tp9CH3), 15.7 (s, Tp9CH3), 38.1 (s, NCH3), 106.0 (s, Tp9CH), 144.9
(s, Tp9CCH3), 145.5 (s, Tp9CCH3), 150.8 (s, Tp9CCH3), 178.3 (d,
1JPC 5 93.2 Hz, PCN2), 226.5 (s, CO), 312.6 (d, 1JPC 5 30.3 Hz,
Mo;C). 2 31P{1H} NMR: δ 5 26.85 (s). 2 MS: m/z 5 626 [M1]
(98Mo), 570 [M1 2 2 CO] (98Mo). 2 C23H34BMoN8O4P (624.31):
calcd. C 44.25, H 5.49, N 17.95; found C 42.20, H 5.52, N 17.19.
Solid samples retained varying amounts of CH2Cl2 despite pro-
longed drying in vacuo.
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[Tp9(CO)2W;C2P(O)2C(NMe2)2] (3b): Analogously to the
preparation of 3a, a sample of 0.49 g (58.5%) of orange-red 3b was
obtained by the oxidation of 0.80 g (1.18 mmol) of 1b. 2 IR (KBr):
ν̃ 5 2551 cm21 w [ν(BH)], 1987 vs [ν(CO)], 1893 vs [ν(CO)], 1202
m [νas(PO2)], 1067 m [νs(PO2)]. 2 1H NMR: δ 5 2.35 (s, 3 H,
Tp9CH3), 2.38 (s, 3 H, Tp9CH3), 2.41 (s, 6 H, Tp9CH3), 2.66 (s, 6
H, Tp9CH3), 3.41 (s, 12 H, NCH3), 5.82 (s, 1 H, Tp9-H), 5.99 (s, 2
H, Tp9-H). 2 13C{1H} NMR: δ 5 12.6 (s, Tp9CH3), 15.0 (s,
Tp9CH3), 16.9 (s, Tp9CH3), 45.1 (s, NCH3), 106.8 (s, Tp9CH), 145.4
(s, Tp9CCH3), 146.2 (s, Tp9CCH3), 152.2 (s, Tp9CCH3), 152.4 (s,
Tp9CCH3), 179.4 (d, 1JPC 5 91.9 Hz, PCN2), 225.9 (s, CO), 298.7
(d, 1JPC 5 46.2 Hz, W;C). 2 31P{1H} NMR: δ 5 6.6 (2JPW 5

152.9 Hz). 2 MS: m/z 5 713 [M1], 656 [M1 2 2 CO]. 2

C23H34BN8O4PW (712.22): calcd. C 38.78, H 4.81, N 15.73; found
C 38.39, H 4.78, N 15.66.

[Tp9(CO)2Mo;C2P(O)2C(NEt2)2] (4a): As described above,
a sample of 2a (0.90 g, 1.39 mmol) was converted into orange-red
4a by treatment with molecular dioxygen (yield: 0.67 g, 70.8%). 2

IR (KBr): ν̃ 5 2551 cm21 w [ν(BH)], 2002 vs [ν(CO)], 1923 vs
[ν(CO)], 1203 m [νas(PO2)], 1066 m [νs(PO2)]. 2 1H NMR: δ 5

1.27 (t, 3JHH 5 7.1 Hz, 12 H, CH2CH3), 2.31 (s, 6 H, Tp9CH3),
2.37 (s, 6 H, Tp9CH3), 2.62 (s, 6 H, Tp9CH3), 3.89 (q, 3JHH 5 7.1
Hz, 8 H, CH2CH3), 5.75 (s, 1 H, Tp9-H), 5.89 (s, 2 H, Tp9-H). 2
13C{1H} NMR: δ 5 12.9 (s, Tp9CH3), 13.9 (s, NCH2CH3), 14.5 (s,
Tp9CH3), 16.4 (s, Tp9CH3), 48.1 (s, NCH2CH3), 106.6 (s, Tp9CH),
145.3 (s, Tp9CCH3), 145.9 (s, Tp9CCH3), 151.4 (s, Tp9CCH3), 181.0
(d, 1JPC 5 95.3 Hz, PCN2), 227.3 (s, CO), 314.4 (d, 1JPC 5 28.2
Hz, Mo;C). 2 31P{1H} NMR: δ 5 26.51 (s). 2 MS: m/z 5 682
[M1] (98Mo), 626 [M1 2 2 CO] (98Mo). 2 C27H42BMoN8O4P
(680.42): calcd. C 47.66, H 6.22, N 16.47; found C 46.20, H 6.21, N
15.99. Solid samples retained varying amounts of CH2Cl2 despite
prolonged drying in vacuo.

[Tp9(CO)2W;C2P(O)2C(NEt2)2] (4b): As described above,
0.65 g (77.9%) of orange-red 4b was prepared by oxidation of 0.80
g (1.09 mmol) of 2b with dioxygen at 80 bar. 2 IR (KBr): ν̃ 5

2552 cm21 w [ν(B2H)], 1989 vs [ν(CO)], 1894 vs [ν(CO)], 1205 m
[νas(PO2)], 1068 m [νs(PO2)]. 2 1H NMR: δ 5 1.30 (t, 3JHH 5 6.8
Hz, 12 H, CH2CH3), 2.34 (s, 3 H, Tp9CH3), 2.37 (s, 3 H, Tp9CH3),
2.40 (s, 6 H, Tp9CH3), 2.69 (s, 6 H, Tp9CH3), 3.92 (q, 3JHH 5 6.8
Hz, 8 H, CH2CH3), 5.81 (s, 1 H, Tp9-H), 5.97 (s, 2 H, Tp9-H). 2
13C{1H} NMR: δ 5 12.7 (s, Tp9CH3), 13.9 (s, NCH2CH3), 15.0 (s,
Tp9CH3), 17.1 (s, Tp9CH3), 47.9 (s, NCH2CH3), 106.8 (s, Tp9CH),
145.4 (s, Tp9CCH3), 146.2 (s, Tp9CCH3), 152.5 (s, Tp9CCH3), 181.9
(d, 1JPC 5 98.1 Hz, PCN2), 226.5 (s, CO), 299.9 (d, 1JPC 5 54.0
Hz, W;C). 2 31P{1H} NMR: δ 5 7.0 (s, 2JWP 5 151.7 Hz). 2

MS: m/z 5 769 [MH1], 712 [M1 2 2 CO]. 2 C27H42BN8O4PW
(768.33): calcd. C 42.21, H 5.51, N 14.58; found C 41.91, H 5.51,
N 14.35.

X-ray Crystal Structure Determination of 4a: Single crystals of
4a were grown from CH2Cl2/hexane at 5°C. A red crystal with the
approximate dimensions 0.1 3 0.15 3 0.3 mm3 was examined with
a Siemens SMART CCD area detector system with three axis ge-
ometry using Mo-Kα radiation at 173 K. Crystal data and refine-
ment details: Cell dimensions a 5 16.8674(9), b 5 15.8355(8), c 5

13.6762(7) Å, β 5 102.9790(10)°, V 5 3559.6(3) Å3, Z 5 4, dcalcd 5

1.428 g cm23, µ 5 0.608 mm21, space group P21/c, data collection
of 7737 unique intensities (2θmax 5 54°), semiempirical absorption
correction from equivalents, structure solution by direct methods
and anisotropic refinement with full-matrix least-squares methods
on F2 for all non-hydrogen atoms, programs used: Siemens
SHELXTL-PLUS, SHELXL-97, RF 5 0.0478 for 6115 reflections
with I > 2 σ(I), wRF

2 5 0.0965 for all data, largest diff. peak
0.775 eÅ23. [16]
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The binding of ammonia to oxidized horse heart cytochrome
c has been studied by 1H-NMR, EPR, and CD spectroscopy
at pH = 8.0. The affinity constant of the ligand is in the range
1.524 M21. The 1H-NMR spectra of the heme group have
been found to be similar to those of the high-pH forms, high-
temperature forms, and cyanide adduct of the Met80Ala mu-
tant of S. cerevisiae iso-1-cytochrome c. The assignment of a
number of signals has led to the determination of the values

The structure of the native cytochromes c has been exten-
sively characterized by both X-ray crystallogra-
phy[1] [2] [3] [4] [5] [6] [7] and NMR spectroscopy[8] [9] [10] [11] [12].
Several partially unfolded states of the oxidized species have
also been detected spectroscopically as a function of tem-
perature, pH, and denaturating agents[13226] but the struc-
tural characterization for these protein forms is not avail-
able up to now. One important feature of cytochrome c
folding/unfolding processes concerns the involvement of the
covalently attached heme group and its axial ligands. The
coordination of His and Met stabilizes the native state. In-
deed, one of the first steps of ferricytochrome c unfolding
upon increasing pH and/or temperature involves the de-
tachment of Met80 from iron coordination[13226]. In this
respect NMR spectroscopy turns out to be a powerful tech-
nique for the detection of changes in the iron coordination
in ferricytochrome c because the hyperfine shifted reso-
nances are heavily affected by changes in the axial coordi-
nation of heme iron[27] [28] [29] [30] [31] [32] [33]. Indeed, through
NMR spectroscopy, Hong and Dixon detected two forms
of the alkaline isomerized species in slow exchange with the
native form on the NMR time scale[34] [35]. At neutral pH
and temperature above 42°C, Ångstrom et al. [36] observed
new species that closely resemble the alkaline isomerized
forms. All these species contain low-spin iron(III). Recently,
Taler et al. have further characterized the high-temperature
species of horse cytochrome c and identified the 1H-NMR
resonances of the ε-CH3 of Met80 in the high-temperature
species at typical diamagnetic shift values[14].

It has been proposed that in oxidized cytochrome c at
high pH values or at high temperatures the Nζ of a Lys
residue substitutes Met80 in binding iron with a pKa of
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of the magnetic anisotropy and of the orientation of its axes.
The latter are similar to those of the Met80Ala cyanide deri-
vative. The assignment of the high-temperature species has
been further pursued during this research. The analysis of
the NMR data of the NH3 adduct leads to the conclusion that
substitution of Met80 at high pH or high temperature occurs
through a ligand with cylindrical symmetry. This supports the
suggestion that Met80 is substituted by a lysine at high pH.

8.529.5[17] [34] [35] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49]. It is
known that pyridine and imidazole bind to iron by replac-
ing Met80[50] [51]. We report here an investigation on NH3

binding to horse heart cytochrome. The results are com-
pared with those related to the high-temperature species,
whose characterization has been further extended during
this research, with those on the cyanide adduct of the
Met80Ala mutant of S. cerevisiae cytochrome c, and with
those on the alkaline forms.

Results

NH3 Adduct

The formation of the NH3 adduct of horse heart
cytochrome c (hh cyt c, hereafter) upon addition of increas-
ing amounts of a solution of NH4Br was monitored by 1H-
NMR spectroscopy at pH 5 8.0 and at 293 K. At this pH
this protein is largely in its physiologically relevant confor-
mation, as shown by its 1H-NMR spectrum (Figure 1, A).

Small traces of the alkaline forms are revealed by the
peaks marked with asterisks. Upon addition of NH4Br new
resonances appear at δ 5 25.2, 23.5, 15.7, 15.5, 11.6, 10.9
whereas the signals of native hh cyt c decrease in intensity
(Figure 1, B2D). A broad feature is observed upfield at
δ 5 211.9. All the above-mentioned resonances are due to
non-exchangeable protons because they remain when the
spectra are recorded in D2O.

Analogous titration was performed by circular dichroism
spectroscopy (CD) in the Soret region. In the native form,
the CD spectrum (Figure 2, A) is characterized by a nega-
tive absorption at 417 nm and a positive band at 400 nm,
as already reported[40].
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Figure 1. 600-MHz 1H-NMR spectra of hh cyt c recorded in H2O
solution (100 m phosphate buffer, pH 5 8.0, T 5 293 K) at in-
creasing amounts of NH4Br; (A) [NH4Br] 5 0 ; (B) [NH4Br] 5

0.5 ; (C) [NH4Br] 5 0.9 ; (D) [NH4Br] 5 2.7 

As the ligand concentration increases, the negative band
becomes smaller and the positive absorption gains in inten-
sity and moves towards higher wavelenghts. The final spec-
trum shows an intense positive band with maximum at 407
nm (Figure 2, B). A similar behavior has been reported as
a function of an increase in pH and explained with the hy-
pothesis that the negative 417-nm CD band is related to the
ligation of the heme iron by Met80[40]. This idea is sup-
ported by chemical modification studies on cytochrome
c[52].

From the circular dichroism and the 1H-NMR titration,
an apparent affinity constant in the range of 1.524 21 can
be estimated.

The 1H-NMR spectrum of the NH3 derivative of hh cyt
c was assigned by means of EXSY and NOESY spec-
troscopy. An EXSY cross peak is clearly detected between
8-CH3 of the native form and the resonance at δ 5 25.2
(Figure 3).

Other EXSY cross peaks have been observed at δ 5 11.0
for 3-CH3, δ 5 15.5 for 1-CH3, and δ 5 23.5 for 5-CH3.
The δ-meso proton was assigned to the peak at δ 5 26.0,
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Figure 2. CD spectra on the native hh cyt c (A) and on the NH3
adduct ([NH4Br] 5 2.7 ) recorded in 100 m phosphate buffer

(pH 5 8.0, room temperature)

Figure 3. Downfield region of the 600-MHz 1H-NMR EXSY spec-
trum recorded in H2O solution (100 m phosphate buffer, pH 5
8.0, T 5 293 K) on a sample with a ratio between native and NH3-
bound protein of about 1:1; broken lines indicate EXSY cross
peaks between the heme methyl groups in the two protein forms

thanks to its NOESY connectivities to both 8-CH3 and 1-
CH3 of the NH3-bound form. The 7-Hα proton was as-
signed at δ 5 1.8 based on its EXSY connectivity with the
7-Hα of the native protein and on a strong NOESY connec-
tivity with the 8-CH3 resonance of the NH3-bound form.
The ε-CH3 of Met80 gives an EXSY cross peak with a sig-
nal at δ 5 23.3 (data not shown) which is then the corre-
sponding signal in the NH3 adduct, thus indicating that, in
the presence of ammonia, Met80 is detached from iron and
moves towards a position characterized by diamagnetic
shift values. The β-CH2 protons of His18 were assigned in
the NH3 adduct at δ 5 15.7 and δ 5 9.6. Indeed, an ex-
change cross peak is observed between one β-CH2 signal at
δ 5 14.7 in the native form and that at δ 5 15.7 in the NH3

adduct. The resonances of the other β-CH2 proton in the
NH3-bound and unbound forms are too close to each other
to resolve the EXSY connectivity. The resonance was as-
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signed by an NOESY experiment. All the above assign-
ments are summarized in Table 1.

The shift pattern for the heme methyl groups is 8-CH3 >
5-CH3 > 1-CH3 > 3-CH3. The shift spreading is 14.2 ppm
and the mean shift value is 18.5 ppm. At the same tempera-
ture the mean shift value for the four heme methyl groups of
the native species is 21.3 ppm and the shift spreading is 28.9
ppm. At 2.7  ligand concentrations, the native species is
only about 10% of the NH3-bound form. NOESY and
TOCSY experiments were performed to further assign the

Table 1. Shift values for the hyperfine shifted signals of NH3 adduct of hh cyt c (pH 5 8.0, T 5 293 K), alkaline yeast Iso-1-cyt c, high-
temperature forms of hh cyt c, (pH 5 7.0, T 5 335 K) and cyanide adduct of Met80Ala cyt c (T 5 303 K)

Assignment hh cyt c-NH3 Alkaline yeast iso-1-cyt c hh cyt c Various forms[b] Met80Ala c-CN2

293 K (δ, ppm) 298 K (δ, ppm)[a] 335 K (δ, ppm) 303 K (δ, ppm)[d]

Heme
24.8 22.3 A

8-CH3 25.2 24.0 22.0 B 22.5
20.7 C

14.0 12.4 A
3-CH3 11.0 12.0 13.6 B 11.3

11.3 C
21.5 20.6 A

5-CH3 23.5 19.0 18.9 B 19.5
20.2 C
12.7 A

1-CH3 15.5 12.4 B 15.4
13.4 C
4.0 A

7-Hα 1.8 3.9 B 6.3
3.7 C
0.8 A

7-Hα9 20.5 0.9 B 1.4
0.4 C

20.2 A
7-Hβ 21.5 0.1 B 0.6

20.4 C
1.1 A

7-Hβ9 0.8 1.4 B 0.8
1.7 C

6-Hα 2.2 2.6 1.8
6-Hα9 21.6 1.6 1.6
6-Hβ 20.7 0.3 0.2
6-Hβ9 2.9 5.0 2[e]

2-Hα 0.8 20.3 A 6.3
20.2 B

2-CH2 2.5 0.6 A 20.2
0.5 B

4-CH2 0.2 0.8 0.3
4-Hα 2.6 2.2 20.1

α-meso 4.3 6.1 4.1
β-meso 1.4 20.6 20.8
γ-meso 2[c] 2[c] 2[e]

δ-meso 26.0 22.8 A 24.3
21.9 B

His18
Hα 10.9 2[c] 9.8
Hβ1 9.6 8.5 A 7.7

9.0 B
Hβ2 15.7 13.7 A 12.0

14.1 B
Hδ1 2[c] 2[c] 16.6
Hδ2 2[c] 18.3 A 16.1

20.1 B
Hε1 2[c] 23.4

Met80
ε-CH3 23.3 2.6 A

2.3 B

[a] Estimated chemical shifts taken from ref. [14]. 2 [b] The relative intensity of the EXSY peaks between the native and high-temperature
species of hh cyt c follows the order : A > B > C. 2 [c] Not observed. 2 [d] Taken from ref. [60]. 2 [e] Not reported.
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spectrum of the adduct. The NOESY connectivities observed
within the heme moiety are summarized in Scheme 1 (A).

The NOESY experiment allowed us to assign the Hα1
and Hα2 protons of Gly29 from their connectivities with 5-
CH3. The chemical shift of these two protons in the NH3

adduct is very similar to that of the native form and there-
fore the EXSY cross peaks are too close to the diagonal to
be clearly resolved. Other spin patterns were clearly iden-
tified in the TOCSY spectrum recorded in D2O solution
and are reported in Table 2.
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Table 2. Shift values for some residues in the NH3 adduct of horse

heart cyt c (100 m phosphate buffer, pH 5 8.0, T 5 293 K)

Signal hh cyt c-NH3 (δ, ppm)

Gly1
Hα1 3.5
Hα2 3.8

Gly6
Hα1 3.2
Hα2 3.9

Phe10
Hζ 9.3

Hε2 7.8
Hε1 8.9
Hδ2 6.9
Hδ1 7.3

Ala15
Hα 6.1

β-CH3 1.7
Cys17

Hα 6.1
Hβ 6.9

Thr19
Hα 6.7
Hβ 5.8

γ-CH3 2.1
Gly23

Hα1 3.7
Hα2 4.0

Gly29
Hα1 21.8
Hα2 24.7

Asn31
Hα 7.0

Hβ1 2.7
Hβ2 3.2

Phe36
Hδ9s 7.4
Hε9s 6.5
Hζ 6.6

Gly45
Hα1 3.7
Hα2 4.4

Asn54
Hα 5.7

Hβ1 3.0
Hβ2 3.2

Gly56
Hα1 3.8
Hα2 4.0

Trp59
Hζ2 7.1
Hε3 6.8
Hζ3 6.5
Hη2 6.3

Leu64
Hα 2.1

Hβ2 0.7
Hγ 0.4

δ1-CH3 20.3
δ2-CH3 20.6

Leu68
Hα 2.8

Hβ2 20.1
Hγ 0.6

δ1-CH3 20.9
δ2-CH3 21.8

Asn70
Hα 6.0

Hβ1 3.3
Hβ2 3.4

Tyr74
Hδ9s 8.1
Hε9s 7.1
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Table 2 (continued)

Signal hh cyt c NH3 (δ, ppm)

Phe82
Hδ9s 6.2
Hε9s 6.1
Hζ 5.9

Leu94
Hα 2.1

Hβ1 1.4
Hβ2 0.6
Hγ 0.0

δ1-CH3 20.4
δ2-CH3 20.8

Tyr97
Hδ2 7.4
Hε2 7.2
Hδ1 6.4
Hε1 5.6

Scheme 1. Schematic representation of a c-type heme; the dipolar
connectivities observed between the heme resonances in
hh cyt c NH3 (A) and in the major high-temperature
form (B) are also shown

A broad resonance at δ ø 280 was also detected in the
1H-NMR spectrum recorded in H2O, which is probably due
to the bound NH3. No corresponding signal was detected
in analogous spectra recorded in D2O solutions. The broad
signal observed at δ 5 211.9, which does not exchange in
D2O, remains unassigned. However, its short T1 value (< 2
ms) supports the idea that it is one of the two not-exchange-
able protons of the proximal histidine ring. Non-selective
T1 values were also measured for the heme methyl groups,
which are of the order of 70280 ms.

From the EXSY cross-peak intensity observed between
the heme methyl groups and from the above measured T1

values, an exchange rate of 2210 s21 can be estimated.
The shift values of the assigned resonances reported in

Table 2 allowed us to estimate the magnetic susceptibility
tensor parameters for this protein form. The tensor has
∆χax and ∆χrh values of 4.2 ± 0.2 3 10232 and 22.2 ± 0.1
3 10232 m3, respectively. The χxx and χyy axes are close,
although not exactly alligned, to the directions defined by
the meso protons (the deviation is about 11°), while the χzz

axis deviates by about 16° from the heme normal.
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Figure 4. X-band EPR spectra of the NH3 adduct ([NH4Br] 5 2.7
, 100 m phosphate buffer, pH 5 8.0) recorded at 4.2 K using 30
dB microwave power and a gain of 800,000 (A), and 20 dB micro-

wave power and a gain of 500,000 (B)

Figure 5. 600-MHz 1H-NMR spectra of native hh cyt c recorded
in H2O solution (100 m phosphate buffer, pH 5 7.0) at various
temperatures: (A) T 5 293 K; (B) T 5 300 K; (C) T 5 310 K; (D)

T 5 320 K; (E) T 5 330 K; (F) T 5 335 K
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The EPR spectra of the final adduct (2.7  of NH4Br) at
4.2 K (Figure 4) show g values of 3.28, 2.01, and 1.66. The
g values measured for the NH3-bound cytochrome c are
characteristic for a low-spin iron(III) and are within the
range expected for a heme iron coordinated axially by a
histidine and an amine group as exemplified by
cytochrome f[53].

1H-NMR Spectroscopy on the High-Temperature Species

In Figure 5 the 1H-NMR spectra of oxidized hh cyt c in
100 m phosphate buffer at pH 5 7.0 are shown as a func-
tion of temperature in the 2932335 K range. At 293 K only
the resonances of the native form are detected[10] [54].

Upon increasing the temperature, new hyperfine shifted
resonances appear in the 25220 and 10213 ppm ranges; a
broad signal is also observed at δ 5 210. At 335 K the
intensity of the signals belonging to the new species is con-
siderably enhanced, being twice as large as the intensity of
the native-form resonances. At 335 K, the 1H-NMR reso-
nances due to three out of four heme methyl groups of the
native form are well resolved at δ 5 31.6, 29.5, and 12.4,
while the fourth is at δ 5 9.0. Three exchange cross peaks
between the native and the high-temperature forms are ob-
served for each methyl group, indicating that three new
species are formed (Figure 6).

Figure 6. Downfield region of the 600-MHz 1H-NMR EXSY spec-
trum of native hh cyt c recorded in H2O solution (100 m phos-
phate buffer, pH 5 7.0) at 335 K with a mixing time of 40 ms;
broken lines indicate EXSY cross peaks between the heme methyl
groups in the native and high-temperature forms; cross peaks due
to the three different high-temperature species are labelled accord-

ingly to the concentration of the species: A > B > C

This implies that three different conformations involving
the heme and the surrounding residues are present at this
temperature. The shifts for these new species are compiled
in Table 1. From the peak intensity, the A species is the
major one, while the C species has the lowest concentration.
The shift range for these resonances corresponds to that
reported by Taler et al. [14]. From the EXSY cross-peak
intensities, an exchange rate between the native and the
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high-temperature forms of the order of 10 s21 can be esti-
mated. EXSY peaks are also observed between the corre-
sponding resonances of the three forms A, B, and C.

EXSY experiments allowed us to identify the 7-propi-
onate Hαs. The 7-propionate Hβs have been assigned on
the basis of their NOE connectivities with the 7-Hαs of the
same species. Dipolar connectivities were also observed be-
tween the 8-CH3 resonances of the high-temperature forms
and the corresponding 7-propionate protons. NOESY cross
peaks have been also used to identify the other resonances
reported in Table 1. Cross peaks between 5-CH3 and the α-
protons of 6-propionate are detected only for the major of
the new species. All the dipolar connectivities between heme
resonances observed at 335 K for form A are summarized
in Scheme 1 (B).

As already observed by Taler et al. [14] through monodi-
mensional saturation-transfer experiments, two exchange
cross peaks were detected in the EXSY experiments be-
tween the ε-CH3 of Met80 of the native form and two res-
onances at δ 5 2.3 and 2.6 of the high-temperature species.
Upon saturation of the Hγ proton of Met80 of the native
species, located at δ 5 222.7, saturation transfer is ob-
served at δ 5 3.2 and 2.7. From these assignments, it is clear
that all the shift values observed for Met80 in the high-
temperature species are typical of a “diamagnetic” methion-
ine and therefore they constitute an additional demon-
stration that Met80 is detached from the heme iron under
these experimental conditions.

By EXSY experiments also some of the His18 resonances
were assigned, as reported in Table 1. Only two high-tem-
perature species are detected for this residue.

For the native cytochrome c the heme methyl shift pat-
tern is 8-CH3 > 3-CH3 > 5-CH3 > 1-CH3. At 335 K the
mean shift value for the four heme methyl groups of the
native species is 20.6 ppm while the spreading is 22.6 ppm.
For the three high-temperature species the observed mean
shift values are 17.0, 16.8, and 16.4 ppm for species A, B,
and C, respectively. The spreading for the three species is
9.8, 9.6, and 9.4 ppm , in that order. The shift pattern is 8-
CH3 > 5-CH3 > 1-CH3 ø 3-CH3.

Discussion

The present data show that NH3 binds to iron(III) in
oxidized hh cyt c by displacing Met80. The system has been
characterized by EPR, CD and 1H-NMR spectra. The 1H-
NMR spectra of the NH3 adduct are different from that of
the native hh cyt c because Met80 is not bound anymore,
but they are, however, very similar to those of the high-
temperature forms which experience the detachment of
Met80 as well, the binding of another ligand to keep the
low-spin nature of the iron. In fact, a heme with only a
histidine bound in the fifth position gives rise to a high-
spin species as observed in peroxidases[55] [56] [57] [58] [59]. Un-
fortunately, the previous[14] and the present data do not
provide evidence for the nature of the sixth ligand. The
comparison of the spectra of the NH3 adduct and of the
high-temperature species on one hand, and the spectra of
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the cyanide derivative of the Met80Ala yeast cytochrome c
mutant[60] and of the high-pH species[34] on the other, may
be instructive with respect to the conformational and un-
folding properties[61] [62] of cyt c. It is known[34] that cyt c
undergoes a pH-dependent transition with a pKa of 9.5 at
293 K. Interestingly, the pKa decreases with increasing tem-
perature, indicating that both pH and temperature cause
similar effects. Indeed, Met80 is detached also at high
pH[26]. As it results from Table 1, the NMR signals of the
high-temperature species are close to those of the alkaline
species. The 1H-NMR spectra at high pH and high
temperature have been reported also for the cyanide-free
Met80Ala yeast cytochrome c[63], where no methionine is
bound to the iron. They closely resemble those observed for
the native protein under the same experimental conditions,
although only one of the two alkaline forms in the mutant
has been detected[63].

The 1H-NMR heme shift pattern observed for the high-
temperature forms, for the alkaline form, and for the NH3

adduct closely resembles that of the cyanide adduct of Met-
80Ala mutant of yeast iso-1-cytochrome c (last column of
Table 1)[60]. For the latter protein (at 303 K) the heme
methyl resonances order is 8-CH3 > 5-CH3 > 1-CH3 > 3-
CH3, the mean shift value is 17.2 ppm, and the heme methyl
signal spreading is 11.2 ppm.

The cyanide adduct of Met80Ala mutant of yeast iso-1-
cytochrome c has been extensively characterized by NMR
both in terms of structure[60] [64] and electronic proper-
ties [65] [66]. The magnetic susceptibility tensor axes and an-
isotropies have been evaluated[65] and the contact contri-
bution to the shift for the heme and the axial ligand has
been separated from the pseudocontact one (Table 3). The
pattern of the contact and pseudocontact contributions to
the shift of the porphyrin methyl protons are determined
by the orientation of the axial ligands[67278]. In native
cytochrome c both the His and the Met are contributing,
whereas in the cyanide adduct of Met80Ala cytochrome c
the orientation of the pπ nitrogen orbital of the His ring
defines the shift pattern. In the latter system this orbital
lies approximately parallel to the β/δ-meso direction and the
smallest spin density is found for the 3-CH3 (second column
of Table 3)[65]. In native cytochrome c the contact shift pat-
tern is completely different due to the contribution of
Met80 which imparts a pairwise pattern to the heme methyl
groups on opposite pyrrole rings, the 8-CH3 and 3-CH3

having significantly larger shifts than 1-CH3 and 5-CH3

(Table 3, third and fourth columns).

Table 3. Contact shift values (ppm) calculated for the NH3 adduct
of hh cyt c, the cyanide adduct of Met80Ala S. cerevisiae iso-1-
cytochrome c (Met80Ala-CN2) [65], native S. cerevisiae cytochrome

c (yeast cyt c) [9], hh cyt c[10]

hh cyt c-NH3 Met80Ala-CN2 yeast cyt c hh cyt c

1-CH3 24.0 16.9 4.5 3.4
3-CH3 11.5 10.5 27.1 29.0
5-CH3 32.0 20.8 7.4 6.1
8-CH3 27.8 24.6 32.4 33.5
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The orientation of the axial ligand determines the in-

plane orientation of the magnetic susceptibility tensor
axes[72] [73] [74] [75] [76] [77] [78] and then contributes to differen-
tiate the shifts of the methyl signals. The directions of the
tensor determined for the NH3 adduct compare well with
those of the cyanide adduct of Met80Ala for which the in-
plane axes are essentially aligned with the meso proton di-
rections and the z direction forms an angle of 6° with the
direction of the perpendicular to the heme plane. The con-
tact shift values for the heme methyl groups in the NH3

adduct are also listed in Table 3 for comparison purposes.
Analogously to the cyanide adduct of Met80Ala, the 3-CH3

experiences the smallest shift.
Unfortunately, the NMR spectrum of the high-tempera-

ture species is complicated by the coexistence of four species
at the same time. (At higher temperatures the protein dena-
turates). This prevented us from further extending the as-
signment of the A, B, and C forms and from calculating the
magnetic susceptibility parameters. However, the compari-
son of the shift patterns of the high-temperature
cytochrome c with the NH3 adduct and with that of the
cyanide adduct of the Met80Ala mutant, clearly supports
the idea that the sixth axial ligand is axially symmetric. The
same indication comes for the high-pH species.

Concluding Remarks

The assignment of the protons of the iron ligands re-
ported in Table 1 for the NH3 adduct and for the high-
temperature species indicates a meaningful similarity be-
tween the two species. The similarity extends to the high-
pH form of cytochrome c and the cyanide adduct of the
Met80Ala mutant. The directions of the magnetic suscepti-
bility anisotropy tensor for the NH3 adduct are similar to
those found in the cyanide adduct of the Met80Ala mutant.
All of this has been rationalized in terms of the orientation
of the axial histidine being the only factor determining the
heme proton shift pattern. This suggests that the other axial
ligand in the high-pH and the high-temperature forms has
cylindrical symmetry. The results presented here are consist-
ent with the hypothesis of a lysine substituting Met80 at
high pH. They also shed further light on the confor-
mational flexibility of the protein under various conditions.

This work was supported by the E.U. BIOMED program
(BMH4-CT96/1492) and by CNR-Comitato Nazionale Biotecnolo-
gia e Biologia Molecolare (95.02860.CT14).

Experimental Section
Sample Preparation: Horse heart cytochrome c (Type VI) was

purchased from Sigma Chemical Co. and used without further
purification. The 1H-NMR samples were prepared by dissolving
the lyophilized protein in 100 m phosphate buffer to give 224 m

solutions. The pH of the NMR samples was adjusted by addition
of small volumes of concentrated solutions of NaOH or H3PO4.
The pH was measured with an Orion Model 720 pH meter and a
Microelectrodes, Inc., Model MI-410 microcombination pH probe.
The NH3 adduct was prepared by adding increasing amounts of a
concentrated solution of NH4Br at pH 5 8.0. The same sample
was used for EPR measurements. Circular dichroism spectra were
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obtained with a Jasco J500 dicrograph by titrating with NH4Br a
8.0 µ ferricytochrome c solution (pH 5 8.0, 100 m phosphate
buffer).

NMR Spectroscopy: The 1H-NMR spectra were recorded with
Bruker DRX 500 and AMX 600 spectrometers. T1 measurements
at 500 MHz were performed with the inversion-recovery
method[79]. The 1D saturation-transfer experiments were per-
formed with the superWEFT pulse sequence[80] and were collected
using the standard methodology used for nuclear Overhauser effect
(NOE) experiments of paramagnetic macromolecules[81]. All other
spectra were acquired using presaturation during relaxation delay.
EXSY experiments with the native cytochrome c were performed
over the full spectral width with mixing times of 25, 40, and 60 ms
at different temperatures (300, 310, 320, 330, 335 K). NOESY[82]

and TOCSY[83] maps on a smaller spectral width (21 ppm) were
collected in H2O solutions at 335 K with a mixing time of 100 ms
and a spin-lock time of 90 ms, respectively. EXSY experiments with
a sample containing about 50% of the NH3 adduct and 50% of the
unbound form of cytochrome c were acquired with a mixing time
of 40 ms at 293 K. NOESY and TOCSY maps of the completely
NH3-bound species were collected over a smaller spectral width (21
ppm) in H2O and D2O solutions at 293 K with a mixing time of
100 ms and a spin-lock time of 90 ms, respectively. 2 The 2D maps
consisted of 4 K or 2 K data points in the F2 dimension. From
512 to 1024 experiments were recorded in the F1 dimension, using
642512 scans per experiment. Raw data were multiplied in both
dimensions by a pure cosine-squared and Fourier transformed to
obtain 2048 3 2048 real data points. A polynomial base-line cor-
rection was applied in both directions. Data processing was per-
formed using the standard Bruker software package. The 2D maps
were analyzed by means of IBM RISC 6000 computers with the
aid of the program XEASY (ETH, Zürich)[84].

EPR Spectroscopy: EPR experiments were performed at about
4.2 K with a Bruker ER200 spectrometer, operating at 9.6 GHz,
equipped with an Oxford cryostat. The g values were calibrated by
taking the 2,2-diphenyl-1-pycrylhydrazyl (DPPH) peak as reference
(g 5 2.0036). Spectra have been recorded using 30 dB microwave
power and a gain of 800,000 or 20 dB microwave power and a gain
of 500,000.

Magnetic Susceptibility Tensor Parameters: The hyperfine shift,
i.e. the difference in shift of a proton in a paramagnetic system
from that in an analogous diamagnetic system, includes contact
and pseudocontact contributions[85] [86] [87] [88]. The contact coupling
is due to the presence of unpaired spin density on the resonating
nucleus and vanishes a few chemical bonds away from the metal
center. The pseudocontact contribution (δpc) arises from the mag-
netic susceptibility anisotropy and depends on the nuclear position
with respect to the principal axes of the magnetic susceptibility
tensor. Within the metal-centered point-dipole point-dipole
approximation, the following equation holds[89]:

(1)

where ∆χax and ∆χrh are the axial and the rhombic anisotropies of
the magnetic susceptibility induced by the paramagnetic ion, ri is
the distance of the nucleus i from the metal ion, and li, mi, and ni

are the direction cosines of the position vector of atom i (ri) with
respect to the orthogonal reference system formed by the principal
axes of the magnetic susceptibility tensor. 2 Pseudocontact shifts
were determined by subtracting the chemical shifts measured in the
reduced species of hh cyt c[90] from those of the NH3-bound oxid-
ized form of the same protein. The resonances of cysteines 14 and
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17, of histidine 18, and of methionine 80 would experience non-
negligible contact shifts and therefore were not included in the cal-
culations. The 5 independent parameters (i.e. ∆χax, ∆χrh, and three
independent direction cosines which define the principal directions
of the χ tensor with respect to a metal-centered axis system) were
determined by finding the best fit of eq. 1 to a set of pseudocontact
shifts [65] [66], using the solution structure of horse heart
cytochrome c[10].
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Mixed aminotroponiminate ([ATI]2) cyclopentadienyl com-
plexes were prepared using two different synthetic routes.
Reaction of [[(iPr)2ATI]YCl2(THF)2]2 (1) with KCp* (Cp* =
C5Me5) or Li[C5H3(SiMe3)2] affords [(iPr)2ATI]YCp2* (2a) and
[(iPr)2ATI]Y[C5H3(SiMe3)2]2 (2b), respectively. Moreover,
[(iPr)2ATI]YCp2* has also been obtained from the reaction of
Cp2*Y(µ-Cl)2Li(OEt2)2 (3) and [(iPr)2ATI]K. The single crystal

Introduction

Recently, there has been significant interest in early tran-
sition metal chemistry for the replacement cyclopentadienyl
(or related systems) by other ligands in order to generate a
similar steric and electronic environment. [1] For example, a
number of metal complexes of the lanthanides and group 3
elements have been synthesized in which cyclopentadienyl
is replaced by anionic bidentate nitrogen ligands such as
amides, [2] benzamidinates, [3] and diazadienes. [4]

The aminotroponiminates ([ATI]2) A, have been intro-
duced as cyclopentadienyl alternatives for group 3,[5] group
4, [6] and the lanthanide elements. [5] [ATI]2 is a bidentate
mono-anionic ligand that features a 10 π electron back-
bone. [7] Upon coordination to a metal atom, [ATI]2 forms
a five-membered metallacycle adjacent to the seven-mem-
bered carbon ring. Recently, it was shown that the hetero-
leptic yttrium amides [ATI]Y[N(SiMe3)2]2 and [ATI]2Y[N-
(SiMe3)2] are active catalysts for the hydroamination/cycli-
zation reaction of aminoalkynes.[8] The new catalysts were
obtained by transmetallation of the corresponding chloro
precusors [[ATI]YCl2(THF)2]2 and [ATI]2YCl using
K[N(SiMe3)2].

In order to compare the coordination behavior and the
steric demands of both [ATI]2 and cyclopentadienyl
groups, our main interest is now focused on mixed cyclo-
pentadienyl-[ATI]2 complexes. In this paper, the synthesis
of new cyclopentadienyl-[ATI]2 yttrium complexes starting
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X-ray structure of [(iPr)2ATI]YCp2* shows that the steric de-
mand of the [(iPr)2ATI]2 ligand is somewhat similar to that
of the well-known cyclopentadienyl group and diazadiene
ligand. [(iPr)2ATI]Y[C5H3(SiMe3)2]2 shows a dynamic behav-
ior in solution (1H NMR), which is essentially caused by rota-
tion of the cyclopentadienyl group rather than by migration
of the [(iPr)2ATI]2 ligand.

from the isopropyl derivative [[(iPr)2ATI]YCl2(THF)2]2
(1) [5] is reported. These reactions lead to complexes of the
general formula [(iPr)2ATI]YCp2 [Cp 5 C5Me5,
C5H3(SiMe3)2]. 1 can be obtained from [(iPr)2ATI]K and
YCl3 (Scheme 1).

Results and Discussion

Transmetallation of 1 with a slight excess of potassium
pentamethylcyclopentadienyl (KCp*) in THF (Scheme 1),
followed by workup in pentane, yields the corresponding
dicyclopentadienyl complex [(iPr)2ATI]YCp2* (2a) as a
pure yellow solid in fairly good yield. 2a can also be ob-
tained by the “classical” route using Cp2*Y(µ-Cl)2Li(-
OEt2)2 (3) [9] as the starting material. Reaction of 3 with 1
equivalent of [(iPr)2ATI]K in toluene, followed by extrac-
tion with pentane, also affords 2a (Scheme 1). 2a is an air
and moisture sensitive compound and has been charac-
terized by MS, 1H- and 13C-NMR spectroscopy, and el-
emental analysis. The 1H-NMR spectrum shows a sharp
singlet for the protons of the Cp* unit, and this signal is
shifted slightly downfield (δ 5 1.94) compared with that of
3 (δ 5 1.83). [9] The room temperature 1H- and 13C-NMR
spectra point to a symmetrical coordination of the [(iP-
r)2ATI]2 ligand in solution, which is in agreement with the
coordination observed in the solid state (see below). The
signal of the isopropyl CH of 2a is well resolved into a
septet, but shows a marked upfield shift (δ 5 3.82) com-
pared to the starting material 1 (δ 5 4.04). [5] In contrast to
the anionic dicyclopentadienyl diazadiene complex of lan-
thanum, [Cp2*La(DAD)]2 {DAD 5 (Ph)N5C(Ph)C(Ph)5
N(Ph)}, [10] and the dicyclopentadienyl diazadiene com-
plexes of group 4 metals, Cp2*M(DAD) (M 5 Zr, Hf), [11]

2a does not show a rapid dynamic exchange of the chelating
ligand in solution at room temperature. Whereas DAD
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Scheme 1

complexes show a rapid migration of the Cp*M unit from
one side of the reduced DAD ligand to the other, the rigid
geometry of the [(iPr)2ATI]2 ligand (also seen in the single
crystal X-ray structure of 2a) prevents such a strong move-
ment of the Cp2*Y moiety.

The solid-state structure of 2a was investigated by single-
crystal X-ray diffraction (Figure 1). Suitable crystals were
obtained by slow evaporation of a saturated heptane solu-
tion of 2a. The structure reveals a pseudo-tetrahedral ar-
rangement of the ligands around the yttrium atom. The
Cg2Y (Cg 5 Cp*-ring centroids) distances (Cg12Y 244.6
pm and Cg22Y 244.2 pm) are in the expected range of
other Cp2*YIII compounds [e.g. 240.8(4) pm in Cp2*
Y(DAD)[10] and 266(2) pm in Cp2*Y(µ-Cl)2Li(THF)2

[12]].
The angle Cg12Y2Cg2 (133.95°) is approximately five de-
grees smaller than that in Cp2*Y(DAD) [138.6(2)°]. Similar
bonding modes are observed for Cp2*Sm[N(tBu)5
CHCH5N(tBu)]. [13] Both Cp* rings in 2a are located in a
staggered position with respect to each other. A C2-sym-
metric coordination of the [(iPr)2ATI]2 ligand along the
Y2C5 axis with symmetric N2Y distances [N12Y
239.8(2) and N22Y 239.0(3) pm] is observed. The whole
[(iPr)2ATI]2 framework is twisted, i.e. the atom C1 (C2) is
located about 40 pm above (below) the least-squares mean
plane defined by the seven membered ring (C12C7). This
observation is in sharp contrast to the comparable group 4
complexes, [(iPr)2ATI]2MCl2 (M 5 Zr, Hf), [6] which show
a planar coordination of the ligand. The N12Y12N2 angle
[69.38(9)°] is in the range of comparable compounds such
as 1 [67.4(2)°] [5] and also of Cp2*Y(DAD) [70.1(1)°], sug-
gesting a similar steric demand for [(iPr)2ATI]2 and DAD.

[(iPr)2ATI]Y[C5H3(SiMe3)2]2 (2b) is prepared in a similar
way to 2a. Transmetallation of 1 with lithium bis[1,3-(tri-
methylsilyl)cyclopentadienyl], Li[C5H3(SiMe3)2] in toluene
in a 2:1 molar ratio (equation 1), followed by workup in
pentane, leads to 2b as a yellow solid in very high yields. 2b
has been characterized by MS, IR, 1H-NMR spectroscopy,
and elemental analysis. In contrast to 2a the 1H-NMR spec-
trum of 2b shows a dynamic behavior in solution. At low
temperature (213 K) two doublets for the methyl protons
of the isopropyl groups of the [(iPr)2ATI]2 ligand are ob-
served along with two singlets for the Me3Si groups. These

Eur. J. Inorg. Chem. 1998, 5932596594

Figure 1. Solid-state structure of 2a showing the atom labeling
scheme, omitting hydrogen atoms (SCHAKAL drawing)[a]

[a] Selected distances [pm] and angles [o]: C12N1 132.7(4), C22N2
132.9(4), C142Y 277.5(3), C152Y 275.4(3), C162Y 270.8(3),
C172Y 271.8(3), C182Y 276.4(3), C242Y 269.0(4), C252Y
271.1(3), C262Y 275.5(3), C272Y 273.3(3), C282Y 271.1(4),
N12Y 239.8(2), N22Y 239.0(3), Cg12Y 244.6, Cg22Y 244.2;
N22Y2N1 69.38(9), N12Y2C14 127.52(10), N22Y2C14
131.12(10), N12Y2C15 132.13(10), N22Y2C15 102.46(10),
N12Y2C16 103.40(9), N22Y2C16 84.06(10), N12Y2C17
84.22(9), N22Y2C17 98.73(10), N12Y2C18 97.93(10),
N22Y2C18 128.48(10), Cg12Y2Cg2 133.95 (Cg 5 ring centroid).

signals start to coalesce with increasing temperature and
have a coalescence temperature of about Tc 5 273 K. At
higher temperatures (313 K and above) the signals due to
the methyl protons of the isopropyl groups appear as one
doublet and the signal of the Me3Si groups as a singlet.
Since the [(iPr)2ATI]2 ligand does not show a fluctionality
in 2a, these results were interpreted as evidence that the
two diastereotopic isopropyl groups exist in different chiral
environments and, due to the reciprocal nature of this ef-
fect, so do the Me3Si groups. It was shown earlier that
[C5H3(SiMe3)2]2ZrX2 ( X 5 F, Br, I) complexes crystallize
in a staggered conformation.[14] These conformations are
chiral in the absence of rotation of the cyclopentadienyl
groups. In accordance with these results, two enantiomeric
conformations are depicted in Figure 2 by considering a
stronger repulsion of the Me3Si groups in the back of the
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bent metallocene than in the front. At high temperature
both enantiomers interconvert rapidly, thus showing only
one set of signals. A similar diastereotopic splitting of the
isopropyl signals of the [(iPr)2ATI]2 ligand was observed
earlier for the chiral homoleptic compounds [(iPr)2ATI]3Ln
(Ln 5 Y, La, Sm). [5]

Figure 2. Schematic representation of both enantiomers of 2b ob-
served at low temperature in the 1H NMR (considering the absence

of a suitable scrambling mechanism at these temperatures)

From the coalescence temperature (Tc 5 273) and the
separation (∆ν 5 33.21 s21, 250 MHz NMR) of the two
coalescing doublets of the isopropyl groups in the absence
of any exchange, the free energy for the rotation about the
Y2Cg axis was calculated to be ∆GTc

$ 5 56.95 kJ/mol,
according to equation 2.[15]

∆GTc
° 5 2RTcln(π∆ν h/!2 kbTc) (2)

In summary, new mixed cyclopentadienyl2[ATI]2 com-
plexes of yttrium have been prepared. It has been demon-
strated that the steric demand of the [(iPr)2ATI]2 ligand is
comparable to that of the well-known cyclopentadienyl
groups and diazadiene ligands. The fluctional behavior of
[(iPr)2ATI]Y[C5H3(SiMe3)2]2 (2b) is essentially caused by
rotation of the cyclopentadienyl groups and not by mi-
gration of the [(iPr)2ATI]2 ligand.

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie (Liebig fellowship).
Additionally, generous support from Prof. Dr. D. Fenske is grate-
fully acknowledged.

Experimental Section
General: All manipulations of air-sensitive materials were per-

formed with the rigorous exclusion of oxygen and moisture in
flame-dried Schlenk-type glassware either on a dual manifold
Schlenk line, or interfaced to a high vacuum (1024 Torr) line, or
in an argon-filled Braun Atmospheres glove box. Ether solvents
(tetrahydrofuran and diethyl ether) were pre-dried over Na wire
and distilled under nitrogen from Na/K alloy benzophenone ketyl.
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Hydrocarbon solvents (toluene and pentane) were distilled under
nitrogen from Na wire. All solvents for vacuum line manipulations
were stored in vacuo over Na/K alloy in resealable flasks. Deuter-
ated solvents were obtained from Aldrich Inc. (all 99 atom% D)
and were degassed, dried, and stored in vacuo over Na/K alloy in
resealable flasks. NMR spectra were recorded on a Bruker AC 250
spectrometer. Chemical shifts are referenced to internal solvent res-
onances and are reported relative to tetramethylsilane. IR spectra
were performed on a Bruker IFS 28, mass spectra were recorded
at 70 eV on Varian MAT 711. Elemental analyses were performed
in the micro analytical laboratory of the Institut für Anorganische
Chemie der Universität Karlsruhe (S. Ariman). KCp*[16], Li[C5H3-
(SiMe3)2], [13] Cp2*Y(µ-Cl)2Li(OEt2)2, [9] [(iPr)2ATI]K,[5] and
[[(iPr)2ATI]YCl2(THF)]2, [5] were prepared by literature procedures.

Preparation of [(iPr)2ATI]YCp*2 (2a) 2 Route A: THF was
condensed at 2196°C onto a mixture of 189 mg (0.21 mmol) of
{[(iPr)2ATI]YCl2(THF)2}2 and 174 mg (1.0 mmol) of KCp*, and
the mixture was stirred for 18 h at room temperature. The solvent
was evaporated in vacuum, and pentane was condensed onto the
mixture. The solution was then filtered, and the solvent removed.
This procedure was repeated twice. The remaining solid was recrys-
tallized from pentane. 2 Yield 130 mg (56%).

Route B: THF was condensed at 2196°C onto a mixture of 390
mg (0.21 mmol) of Cp2*Y(µ-Cl)2Li(OEt2)2, and 161 mg (1.0 mmol)
of [(iPr)2ATI]K and the mixture was stirred for 18 h at room tem-
perature. The solvent was evaporated in vacuum, and pentane was
condensed onto the mixture. The solution was then filtered, and
the solvent removed. The remaining solid was recrystallized from
pentane. 2 Yield 180 mg (49%). 2 1H NMR (C6D6, 250 MHz,
25°C): δ 5 1.17 [d, 12 H, (CH3)2CH, J(H,H) 5 6.3 Hz], 1.94 (s,
30 H, CH3Cp), 3.82 [sept, 2 H, (CH3)2CH, J(H,H) 5 6.4 Hz],
6.0926.24 (m, 3 H, H3,5,7), 6.84 (dd, 2 H, H4,6). 2 13C{1H} NMR
(C6D6, 62.9 MHz, 25°C): δ 5 13.4 (CH3Cp), 22.9 [(CH3)2CH], 49.4
[(CH3)2CH], 115.1 (C5), 115.3 (Cp), 119.6 (C3,7), 133.4 (C4,6), 164.2
(C1,2). 2 EI/MS (70 eV) m/z (%): 562 ([M]1, rel. int. 11), 427 ([M
2 Cp*]1, 100), 223 ([Cp*Y 2 H]1, 64), 204 ([C13H20N2]1, 87). 2

C33H49N2Y (562.67): calcd. C 70.44, H 8.78, N 4.98; found C
70.03, H 8.57, N 5.31.

Preparation of [(iPr)2ATI]Y(C5H3(SiMe3)2)2 (2b): THF was
condensed at 2196°C onto a mixture of 217 mg (0.25 mmol) of
{[(iPr)2ATI]YCl2(THF)2}2 and 216 mg (1.0 mmol) of Li[C5H3(Si-
Me3)2], and the mixture was stirred for 18 h at room temperature.
The solvent was evaporated in vacuum, and pentane was condensed
onto the mixture. The solution was then filtered, and the solvent
removed. This procedure was repeated twice. 2Yield 335 mg (94%).
2 IR (KBr) ν̃ 5 1592 cm21 (st), 1506 (vs), 1470 (st), 1249 (st), 833
(vs). 2 1H NMR ([D8]toluene, 250 MHz, 70°C): δ 5 0.20 (s, 36 H,
CH3Si), 1.38 [d, 12 H, (CH3)2CH, J(H,H) 5 6.6 Hz], 3.56 [sept, 2
H, (CH3)2CH], 6.0926. 20 (m, 3 H, H3,5,7), 6.16 (d, 2 H, Cp), 6.35
(d, 2 H, Cp), 6.64 (dd, 2 H, H4,6), 6.71 (s, 1 H, Cp). 2 13C{1H}
NMR ([D8]toluene, 62.9 MHz, 25°C): δ 5 1.4 (CH3Si), 20.7
[(CH3)2CH], 46.3 [(CH3)2CH], 110.6 (Cp), 115.3 (C5), 117.9 (Cp),
119.5 (C3,7), 133.4 (C4,6), 164.2 (C1,2). 2 29Si NMR ([D8]toluene,
49.7 MHz, 25°C): δ 5 29.5. 2 EI/MS (70 eV) m/z (%): 710 ([M]1,
rel. int. 11), 637 ([M 2 C3H15Si]1, 8), 501 [M 2 (C9H11N2)]1, 100),
297 ([C11H21YSi2)]1 37). 2 C35H61N2Si4Y (711.23): calcd. C 59.12,
H 8.65, N 3.94; found C 58.75, H 8.71, N 4.50.

Crystal Structure Analysis of 2a: Stoe-IPDS diffractometer (Mo-
Kα radiation); T 5 203(3) K; data collection and refinement:
SHELXS-86[17], SHELXL-93[18]; monoclinic, space group P-1; lat-
tice constants a 5 9.694(2), b 5 10.284(2), c 5 15.730(3) Å, α 5

88.39(2), β 5 89.57(2), γ 5 75.18(2)°, V 5 1515.6(5) Å3, Z 5 2;
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µ(Mo-Kα) 5 2.666 mm21; 2θmax. 5 26.00; 5511 independent reflec-
tions measured, of which 4539 were considered observed with I >
2σ(I); max. residual electron density 0.526 and 20.367 e/A23; 339
parameters (all non hydrogen atoms were calculated aniso-
tropically; the positions of the H atoms were calculated for ideal-
ized positions) R1 5 0.0427. 2 Further details of the crystal struc-
ture investigation are available from the Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany) on
quoting the depository number CSD-407970, the name of the
author, and the journal citation.
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Radical-initiated P2H addition of (1S,2S)-C5H8(PH2)2 to cy-
cloalkenes gave bis(secondary phosphanes), (1S,2S)-
C5H8[P(H)CnH2n21-cyclo]2 (n = 528), as mixtures of RP,RP9,
SP,SP9, and RP,SP9 diastereomers. The three diastereomers of
the peralkylated chiral P2 ligand (1S,2S)-C5H8[P(CH3)C8H15-
cyclo]2 and its complexes with NiCl2, PdI2, and PtI2 were pre-

The development of novel chiral ligands for applications
in catalysis continues to be an important field of synthetic
organic and organometallic chemistry[3]. Optically stable bi-
dentate phosphanes exhibiting C2 chirality in their carbon
frameworks are among the most successful ligands em-
ployed in a variety of transition metal-catalyzed enantiose-
lective hydrogenations[4]. In many of these widely used chel-
ating bisphosphanes the phosphorus atoms bear two aryl
substituents. The correct orientation of these aryl substitu-
ents in the coordination sphere has been identified as a ster-
eochemically important feature contributing to the “recog-
nition ability” of the metal complex[5]. The traditional route
to this class of compounds involves the nucleophilic substi-
tution with alkali metal diarylphosphides of enantiopure di-
tosylates derived from optically active natural precursors.
This approach suffers the disadvantage that it cannot be
applied to the preparation of P-alkylated analogs. At-
tempted replacement reactions using alkali metal dialkyl-
phosphides thus resulted in products originating from P2P
coupling and elimination rather than substitution[6]. Our
objective has been the development of more variable meth-
ods for the synthesis of chiral bidentate phosphorus ligands,
starting from the resolved enantiomers of chiral bis(primary
phosphanes) [1], H2P∩PH2, and bis(phosphonous dichlor-
ides) [7], Cl2P∩PCl2, respectively. In this report we describe
how the radical-chain addition of the P2H bonds of
(1S,2S)-cyclopentane-1,2-diylbis(phosphane), (1S,2S)-
C5H8(PH2)2 (1) [1], across the >C5C< double bonds of sev-
eral cycloalkenes can conveniently be exploited for the high-

[e] Parts I and II: Refs. [1] [2]
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pared. The structures of [(1S,2S)-C5H8{P(CH3)C8H15-cyclo-
(R)}2NiCl2] · [(1S,2S)-C5H8{P(CH3)C8H15-cyclo-(S)}2NiCl2],
(1S,2S)-C5H8{P(CH3)C8H15-cyclo-(R)}2PdI2, and (1S,2S)-
C5H8{P(CH3)C8H15-cyclo-(R)}2PtI2 were determined by X-
ray diffraction.

yield synthesis of bis(secondary) and bis(tertiary) P2 ligands
(1S,2S)-C5H8[P(R9)R]2 (R 5 cycloalkyl, R9 5 H, Me) hav-
ing chiral phosphorus centers supported on an asymmetric
carbon backbone.

Results and Discussion

The AIBN-initiated addition of the 2PH2 functions of
optically pure 1 across the carbon2carbon double bonds of
cycloalkenes CnH2n22 [AIBN 5 α,α9-azobis(isobutyroni-
trile); n 5 528] in the absence of a diluting solvent (Scheme
1) was employed as a method for the synthesis of (1S,2S)-
cyclopentane-1,2-diyl-linked bis(secondary phosphanes)
(1S,2S)-C5H8[P(H)R]2, where R 5 cyclo-C5H9 (2), cyclo-
C6H11 (3), cyclo-C7H13 (4), or cyclo-C8H15 (5). Formation
of higher alkylated by-products resulting from consecutive
P2H/>C5C< addition steps did not occur in any of the
preparations leading to 325. We note, however, the obser-
vation of threefold and/or completely alkylated derivatives
in reactions between 1 and cyclopentene if the latter was
employed in a higher than 30-fold excess.

As anticipated for a free-radical-initiated reaction, no
diastereoselectivity was observed in any of the examples
studied; i. e., a more or less statistical mixture of RP,RP9,
RP,SP9 (5 SP,RP9), and SP,SP9 diastereomers was obtained
in each case. Those compounds with like chirality at phos-
phorus (RP,RP9 and SP,SP9) are C2-symmetric and, hence,
show 31P-NMR singlet signals; the presence of unlike con-
figurations at the phosphorus atoms of the RP,SP9 isomers
renders the two 31P nuclei inequivalent, thus giving rise to
AB doublets. For example, the stereoisomeric mixture of
bisphosphanes 5 displayed 31P-NMR singlets at δ 5 229.30
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Scheme 1

(C2-symmetric diastereomer 5a; 31%) and δ 5 222.79 (C2-
symmetric diastereomer 5b, 19%), together with an AB
spectrum characterized by δ(PA) 5 222.45, δ(PB) 5
229.52, and 3J(PA,PB) 5 6.8 Hz (RP,SP9 diastereomer 5c;
50%).

While the >PH signals of compound 2 suffered from
spectral overlap, the >PH groups of one of the two C2-
symmetric diastereomers of bisphosphanes 325 emerged as
(deceptively simple) AA9 subspectra of AMNXX9N9M9A9
spin systems, as expected for HAPX(CHM<)-
CHNCHN9PX9(CHM9<)HA9 building blocks of symmetry C2

[δ(1H) ø 3.3; 1J(P,H) ø 195, 3J(H,H) ø 5 Hz]. Two-dimen-
sional δ(31P{1H})2δ(1H{31P})-correlated NMR spec-
troscopy showed the resonating protons HA and HA9 to be
associated with those 31P nuclei that gave rise to the “lower
frequency”-singlets, assigned to stereoisomers “3a”2“5a”
[236 < δ(31P) < 229]. Furthermore, chemical shift corre-
lation was evident for the “diastereomer b”-31P singlet res-
onances located at higher frequencies [228 < δ(31P) < 222]
and >PH multiplets centered at δ(1H) ø 3.0. The contour
map demonstrated that the latter proton resonances are
also associated with 31P doublets resulting from those phos-
phorus nuclei PA of RP,SP9-configurated diastereomers
3c25c, which were found to resonate at high frequencies,
close to the mutually equivalent nuclei of diastereomers
3b25b. Finally, the correlation spectra enabled the chemical
shifts δ(PB) of diastereomers 3c25c, having values similar
to those of diastereomers 3a25a, to be associated with
>PH multiplets centered around δ 5 3.5.

Deprotonation of 5 using 2 equiv. of methyllithium in
diethyl ether, followed by hydrolysis of the dilithio deriva-
tive so generated, caused the diastereomeric distribution to
change in favor of the one diastereomer, 5b, having its 31P
chemical shift at δ 5 222.79; diastereomeric distribution
after de- and re-protonation: 5a (16%), 5b (40%), 5c (44%).
An even more pronounced diastereoselectivity was encoun-
tered if the diastereomeric mixture of the dilithiated phos-
phanes (1S,2S)-C5H8[P(Li)C8H15-cyclo]2 was allowed to in-
teract with methyl iodide as an electrophile. The bis(tertiary
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phosphane) (1S,2S)-C5H8[P(CH3)C8H15-cyclo]2 (6) ob-
tained in this way gave 31P-NMR singlets at δ 5 211.82
(C2-symmetric diastereomer 6a; 72%) and δ 5 210.02 (C2-
symmetric diastereomer 6b; 4%), along with two AB dou-
blets at δ(PA) 5 26.01 and δ(PB) 5 214.04 [3J(PA,PB) 5
6.2 Hz] originating from the RP,SP9-configurated donor
atoms of diastereomer 6c (24%).

While unequivocal assignment of RP,RP9 or SP,SP9 con-
figuration was not feasible for the C2-symmetric isomers a
and b in the family of bisphosphanes 225, differentiation
between the RP,RP9 and SP,SP9 diastereomers was achieved
for the bis(tertiary) ligand 6 by structural characterization
of three of its nickel, palladium, and platinum complexes
[6 ·MX2] (X 5 Cl, I). Stirring the diastereomeric mixture
6a2c with NiCl2 ·6 H2O in ethanol or with (1,5-C8H12)PdI2

or (1,5-C8H12)PtI2 in dichloromethane cleanly produced the
MX2 adducts (1S,2S)-C5H8{P(CH3)C8H15-cyclo}2NiCl2
(7), (1S,2S)-C5H8{P(CH3)C8H15-cyclo}2PdI2 (8), and
(1S,2S)-C5H8P(CH3)C8H15-cyclo}2PtI2 (9). The dia-
stereomeric distributions of metal complexes 729 were
found to be largely identical with those of the free ligand 6.
For example, the isomeric mixture of palladium complex 8
contained the C2-symmetric stereoisomers 8a [δ(31P) 5
42.83] and 8b [δ(31P) 5 43.93] accompanied by the RP,SP9-
configurated diastereomer 8c [δ(PA) 5 47.66, δ(PB) 5 40.97;
J(PA,PB) 5 20.7 Hz] in proportions of 70%, 3%, and 27%,
respectively, suggesting that non-selective coordination
rather than preferential binding of one particular stereo-
isomer 6a, 6b, or 6c had occurred during complex forma-
tion.

For the platinum complex, selective precipitation of the
prevalent isomer 9a [δ(31P) 5 24.94] from solution was ob-
served upon crystallzing the mixture of diastereomers 9a2c
from chloroform. Column chromatography on silica gel was
used to separate the predominant stereoisomers of the
nickel and palladium homologues 7a [δ(31P) 5 42.28] and
8a [δ(31P) 5 42.83] from their isomeric mixtures. Elution
with ethyl acetate/acetone and dichloromethane provided
palladium complex 8a as diastereomerically pure crystals.
For the nickel compound, on the other hand, the overall
separation remained somewhat unsatisfactory as 31P-NMR
spectroscopy showed the predominant diastereomer 7a to
persistently contain ca. 5% of its minor C2-symmetric dia-
stereomer 7b [δ(31P) 5 41.17], even after repeated attempts
at chromatographic purification.

The configuration at phosphorus in 8a (5 [6a ·PdI2]) was
established by X-ray diffraction as RP,RP9 (Figure 1), indi-
cating that the uncoordinated bisphosphane diastereomer
6a has to be assigned SP,SP9 stereochemistry. According to
the results of an X-ray structure determination, platinum
complex 9a also has the RP,RP9 configuration (Figure 2).
Moreover, crystals of 8a and 9a showed isotypism, both
belonging to the same tetragonal space group P41 with vir-
tually identical lattice constants and atomic positions.
Samples of (1S,2S)-C5H8 {P(CH3)C8H15-cyclo}2NiCl2 (7),
largely enriched in diastereomer 7a (vide supra) by chroma-
tographic work-up, were found to crystallize with difficulty.
Eventually, an X-ray diffraction study of a suitable speci-
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men grown from acetone revealed that 7a and its minor C2-
symmetric stereoisomer 7b tend to co-crystallize, forming
[(1S,2S)-C5H8{P(CH3)C8H15-cyclo-(R)}2NiCl2] · [(1S,2S)-
C5H8{P(CH3)C8H15-cyclo-(S)}2NiCl2], 7a·7b (see Figures 3
and 4), irrespective of their divergent concentrations present
in solution.

Figure 1. Molecular Structure of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(R)}2PdI2 (8a)[a]

[a] Selected bond lengths [Å] and angles [°]: Pd2P(1), 2.257(2);
Pd2P(2), 2.256(2); Pd2I(1), 2.6483(9); Pd2I(2), 2.6442(9).
P(1)2Pd2P(2), 87.22(7); P(1)2Pd2I(1), 89.81(5); P(1)2Pd2I(2),
175.71(6); P(2)2Pd2I(1), 175.54(6); P(2)2Pd2I(2), 89.75(5);
I(1)2Pd2I(2), 93.38(2).

Figure 2. Molecular Structure of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(R)}2PtI2 (9a)[a]

[a] Selected bond lengths [Å] and angles [°]: Pt2P(1), 2.236(3);
Pt2P(2), 2.237(3); Pt2I(1), 2.6480(9); Pt2I(2), 2.6481(9).
P(1)2Pt2P(2), 87.7(1); P(1)2Pt2I(1), 90.39(7); P(1)2Pt2I(2),
176.63(8); P(2)2Pt2I(1), 176.74(8); P(2)2Pt2I(2), 90.38(8);
I(1)2Pt2I(2), 91.62(3).

The three X-ray structure analyses revealed the expected
presence of square planar molecules, as evidenced (i) from
the sum of the four interligand cis angles, 360.1°, and (ii)
from the angles between the normals to the two planes de-
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Figure 3. Molecular Structure of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(R)}2NiCl2 (7a)[a]

[a] Selected bond lengths [Å] and angles [°]: Ni(1)2P(1), 2.161(3);
Ni(1)2P(2), 2.158(3); Ni(1)2Cl(1), 2.214(3); Ni(1)2Cl(2), 2.215(3).
P(1)2Ni(1)2P(2), 88.4(1); P(1)2Ni(1)2Cl(1), 87.9(1);
P(1)2Ni(1)2Cl(2), 175.8(1); P(2)2Ni(1)2Cl(1), 175.7(1);
P(2)2Ni(1)2Cl(2), 88.5(1); Cl(1)2Ni(1)2Cl(2), 95.3(1).

Figure 4. Molecular Structure of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(S)}2NiCl2 (7b)[a]

[a] Selected bond lengths [Å] and angles [°]: Ni(2)2P(1), 2.157(3);
Ni(2)2P(2), 2.166(3); Ni(2)2Cl(3), 2.216(3); Ni(2)2Cl(4), 2.208(3).
P(3)2Ni(2)2P(4), 89.0(1), P(3)2Ni(2)2Cl(3), 87.7(1);
P(3)2Ni(2)2Cl(4), 177.3(1); P(4)2Ni(2)2Cl(3), 175.4(1);

P(4)2Ni(2)2Cl(4), 88.6(1); Cl(3)2Ni(2)2Cl(4), 94.7(1).

fined by the MX2 and MP2 fragments. These dihedral
angles amount to only 3.5° in molecules 7a and 7b of the
nickel compound, the values for the palladium and plati-
num complexes 8a and 9a being 4.4° and 3.8°, respectively.
The P2M2P bite-angle of the chelate ligand is almost the
same in 8a [87.22(7)°] and 9a [87.7(1)°] and increases only
slightly to 88.4(1)° and 89.0(1)° on going to structures 7a
and 7b. The M2P distances range from 2.157(3) to 2.166(3)
Å for d(Ni2P) in 7a·7b, but are 2.256(3) and 2.257(3) Å
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for d(Pd2P) in molecule 8a. The M2P bonds of platinum
complex 9a, with lengths of 2.236(3) and 2.237(3) Å, are
somewhat shorter than those of its lower homologue 8a,
whereas the lengths of the M2I bonds in the two molecules,
2.649(1) Å (M 5 Pd) and 2.648(1) Å (M 5 Pt), are equal
within their standard deviations. While the torsion angle
between the two planes through P(1), C(10), C(14) and
C(10), C(14), P(2) within the chelate back-bones of the
three RP,RP9-configurated diastereomers decreases mar-
ginally from 50.8° to 50.5° and 48.8° on going from 7a to
8a and 9a, the corresponding value for the
P(3)2C(33)2C(37)2P(4) framework of SP,SP9 diastereomer
7b amounts to only 39.0°. Front views of the complexes,
shown schematically for 7b and 8a in Figures 5 and 6, iden-
tify the puckering of the chelate rings in the λ,δ notation
as δ. In the RP,RP9-configurated diastereomers the methyl
substituents occupy axial positions with respect to the coor-
dination plane, the torsion angles P2M2P2CH3 being

Figure 5. Schematic front view of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(S)}2NiCl2 (7b)

Figure 6. Schematic front view of (1S,2S)-C5H8{P(CH3)C8H15-
cyclo-(R)}2PdI2 (8a)

Eur. J. Inorg. Chem. 1998, 5972603600

close to 2105° in all three molecules 7a, 8a, and 9a. The
orientation of the equatorial pairs of cyclooctyl groups (tor-
sion angles P2M2P2CH<, 130.12132.5°) can be de-
scribed as approximately “face-on” (Figure 6), similar to
the alignment of the equatorial aryl groups in a variety of
structurally characterized transition metal complexes con-
taining perphenylated chelating bisphosphane ligands[5].
The SP,SP9 form of nickel complex 7b, on the other hand,
displays little differentiation between axially and equa-
torially oriented substituents, the torsion angles being
2115.0° and 2119.0° for the P2M2P2CH3 fragments
P(4)2Ni(2)2P(3)2C(25) and P(3)2Ni(2)2P(4)2C(39) and
125.8° and 120.7° for the two P2M2P2CH< chains of
atoms P(4)2Ni(2)2P(3)2C(24) and P(3)2Ni(2)2
P(4)2C(38). The conformation of the cyclooctyl rings can
be approximated as “boat-chair”-like in the palladium and
platinum complexes, and thus corresponds to the lowest-
energy conformation of cycloctane[8] [9]. In the two nickel
complexes, on the other hand, the C8H15 conformation
comes close to “boat-only” if conformational disorder is
neglected.

Conclusions

This work has shown that the free-radical-initiated P2H
addition of enantiomerically pure bis(primary phosphanes),
e.g. (1S,2S)-C5H8(PH)2

[1], across the carbon2carbon
double bonds of cycloalkenes containing five to eight ring
atoms provides an attractive method for the synthesis of the
preparation of asymmetric bis(secondary phosphanes). The
latter can be derivatized further by metalation and alky-
lation to give bis(tertiary) P2 ligands, such as (1S,2S)-
C5H8[P(CH3)C8H15-cyclo]2 (6), combining phosphorus-
based asymmetry with backbone chirality. Only a few bis-
phosphanes with asymmetric phosphorus atoms connected
to a chiral carbon framework have been reported be-
fore[10] [11] [12] [13] [14] [15]. None of these contains peralkylated
phosphanyl substituents 2P(R9)R. It was therefore a chal-
lenge to isolate the SP,SP9-configurated diastereomer 6a, ob-
served to predominate in the isomeric mixture of bisphos-
phanes 6a2c, in optically pure form. Attempts to liberate
6a from its palladium or platinum complexes 8a and 9a
were hampered, however, by extensive epimerization at
phosphorus, which occurred upon reacting 8a with excess
sodium cyanide in the two-phase system toluene/water.
Configurational inversion at phosphorus appears to be fac-
ile due to the fact that cyanolysis of 8a under the conditions
outlined before resulted in the liberation of 6 as an isomeric
mixture containing 52% of the desired 6a accompanied by
27% of 6b and, 21% of 6c.
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(Bonn) and the Fonds der Chemischen Industrie (Frankfurt/Main)
is gratefully acknowledged. We are also indebted to Degussa AG
(Hanau) for generous gifts of palladium and platinum salts.

Experimental Section
All manipulations were performed under nitrogen using standard

Schlenk techniques. Solvents were distilled from the appropriate
drying agents prior to use. 2 IR: Mattson Polaris. 2 NMR: Bruker
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DPX 300 (300.1 MHz for 1H, 75.5 MHz for 13C, 121.5 MHz for
31P) and Jeol FT-JNM-EX 270 (109.4 MHz for 31P; for compounds
224 only) at 20 ± 2°C with TMS as internal or with H3PO4 as
external standard (downfield positive). 2 Mass spectra: Jeol MS
700.

(1S,2S)-C5H8[P(H)C5H9-cyclo]2 (2): A suspension of 0.2 g of
AIBN in 1.63 g (23.9 mmol) of cyclopentene was added in two
portions within 2 h to a gently refluxing solution of 0.64 g (4.77
mmol) of 1 [1] in 1.63 g (23.9 mmol) of cyclopentene. The mixture
was stirred at reflux temperature for 4 d. Excess cyclopentene was
then removed at room temperature under reduced pressure, and
any remaining volatile material was removed from the product by
heating at 60°C under a dynamic vacuum. The yield was 1.10 g
(85%) of a colorless liquid, which was characterized as the desired
bis(secondary phosphane) 2 on the basis of its spectroscopic
properties. 2 MS (FD; toluene, 35 mA, 10 kV): m/z 5 270 [M1].
2 IR (film): ν̃ 5 2295 (PH) cm21. 2 1H NMR (C6D6): δ 5 1.122.3
(m, 26 H, C5H8 and C5H9), 2.86 [dm, 1J(P,H) 5 191 Hz; PH of
C2-symmetric diastereomer 2b superimposed by PAH of RP,SP9 dia-
stereomer 2c], 3.21 [dm, 1J(P,H) 5 193 Hz; PH of C2-symmetric
diastereomer 2a], 3.45 [dm, 1J(P,H) 5 192 Hz; PBH of RP,SP9 dia-
stereomer 2c]. 2 31P NMR (C6D6): δ 5 241.2 (br; C2-symmetric
diastereomer 2a overlapped by PB of RP,SP9 diastereomer 2c),
234.0 (br; C2-symmetric diastereomer 2b overlapped by PA of
RP,SP9 diastereomer 2c); 3J(P,P) not resolved.

(1S,2S)-C5H8[P(H)C6H11-cyclo]2 (3): The preparation of this
compound was carried out as described for 2 by reacting 0.68 g
(5.07 mmol) of 1 with a total of 3.50 g (42.6 mmol) of cyclohexene,
in the presence of a catalytic amount of AIBN (0.2 g), at 60°C for
3 d; yield 1.35 g (89%) of a colorless, viscous liquid. 2 IR (film):
ν̃ 5 2263 (PH) cm21. 2 1H NMR (C6D6): δ 5 1.122.2 (m, 30 H,
C5H8 and C6H11), 3.0 [dm (br), 1J(P,H) 5 194 Hz; PH of C2-sym-
metric diastereomer 3b superimposed by PAH of RP,SP9 dia-
stereomer 3c], 3.32 [“ddd”, 1J(P,H) 5 194, 3J(H,H) 5 3.4, 5.9 Hz;
PH of C2-symmetric diastereomer 3a], 3.4 [dm (br), 1J(P,H) 5 196
Hz; PBH of RP,SP9 diastereomer 3c]. 2 31P NMR (C6D6): 235.9
[AB-d, 3J(P,P) 5 5 Hz; PB of RP,SP9 diastereomer 3c], 235.5 (s; C2-
symmetric diastereomer 3a), 228.4 (s; C2-symmetric diastereomer
3b), 228.2 [AB-d, 3J(P,P) 5 5 Hz; PA of RP,SP9 diastereomer]; dia-
stereomeric distribution: 3a, 38%; 3b, 20%; 3c, 42%.

(1S,2S)-C5H8[P(H)C7H13-cyclo]2 (4): The preparation of this
compound was carried out as described for 2 and 3, by reacting
0.30 g (2.24 mmol) of 1 with 3.00 g (31.2 mmol) of cycloheptene,
in the presence of 0.2 g of AIBN, at 60°C for 3 d; yield 0.65 g
(89%) of a colorless oil. 2 MS (FD; toluene, 35 mA, 10 kV): m/z 5

326 [M1]. 2 IR (film): ν̃ 5 2263 (PH) cm21. 2 1H NMR (C6D6):
δ 5 1.322.1 (m, 34 H, C5H8 and C7H13), 3.0 [dm (br), 1J(P,H) 5

194 Hz; PH of C2-symmetric diastereomer 4b superimposed by
PAH of RP,SP9 diastereomer 4c], 3.35 [“ddd”, 1J(P,H) 5 194,
3J(H,H) 5 3.4, 6.1 Hz; PH of C2-symmetric diastereomer 4a], 3.5
[dt (br), 1J(P,H) 5 196, 3J(H,H) 5 6 Hz; PBH of RP,SP9 dia-
stereomer 4c]. 2 31P NMR (C6D6): 232.7 [AB-d, 3J(P,P) 5 7 Hz;
PB of RP,SP9 diastereomer 4c], 232.4 (s; C2-symmetric diastereomer
4a), 226.4 (s; C2-symmetric diastereomer 4b), 226.0 [AB-d,
3J(P,P) 5 7 Hz; PA of RP,SP9 diastereomer 4c]; diastereomeric distri-
bution: 4a, 30%; 4b, 27%; 4c, 43%.

(1S,2S)-C5H8[P(H)C8H15-cyclo]2 (5): This material was pre-
pared as described above by stirring 0.50 g (3.73 mmol) of 1 in 4.00
g (36. 3 mmol) of cyclooctene, containing AIBN (0.2 g), at 60°C
for 3 d; yield 1.12 g (85%) of colorless liquid 5. MS (FD; toluene,
35 mA, 10 kV): m/z 5 354 [M1]. 2 IR (film): ν̃ 5 2265 (PH) cm21.
2 1H NMR (C6D6): δ 5 1.322.2 (m, 38 H, C5H8 and C8H15), 3.0
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[dm (br), 1J(P,H) 5 192 Hz; PH of C2-symmetric diastereomer 5b
superimposed by PAH of RP,SP9 diastereomer 5c], 3.32 [“ddd”,
1J(P,H) 5 194, 3J(H,H) 5 3.4, 5.3 Hz; PH of C2-symmetric dia-
stereomer 5a], 3.46 [dt (br), 1J(P,H) 5 196, 3J(H,H) 5 5 Hz; PBH
of RP,SP9 diastereomer 5c]. 2 31P NMR (C6D6): 229.52 [AB-d,
3J(P,P) 5 6.8 Hz; PB of RP,SP9 diastereomer 5c], 229.30 (s; C2-
symmetric diastereomer 5a), 222.79 (s; C2-symmetric diastereomer
5b), 222.45 (AB-d; PA of RP,SP9 diastereomer 5c); diastereomeric
distribution: 5a, 31%; 5b, 19%; 5c, 50%.

(1S,2S)-C5H8[P(CH3)C8H15 -cyclo]2 (6): A solution of 5 (0.72
g, 2.03 mmol) in 25 ml of THF was treated with 2.60 ml of a 1.6
 hexane solution of n-butyllithium (4.16 mmol) at room tempera-
ture. The resulting orange solution was stirred for 10 min and then
cooled to 225°C. Methyl iodide (7.6 ml of a 0.54  solution in
THF, 4.10 mmol) was then added and the decolorized mixture was
evaporated to dryness in vacuo at 225°C. The oily residue was
allowed to warm to room temperature, dissolved in toluene, and
washed with degassed water. After separation of the organic layer
and removal of solvent, the product was extracted from the residue
into boiling hexane. Removal of all volatile material from the ex-
tracts left ligand 6 as a clear viscous oil; yield 0.73 g (94%). 2 1H
NMR (C6D6): δ 5 0.84 (“t”, 2J(P,H) 1 5J(P9,H) 5 3.5 Hz; PCH3

of predominating SP,SP9 diastereomer 6a), 0.94 (“d”, 2J(P,H) 1
5J(P9,H) 5 3.7 Hz; PCH3 of minor RP.RP9 diastereomer 6b), 0.81,
1.19 (both “d”, 2J(P,H) 1 5J(P,H) 5 3.5 Hz; both PCH3 of RP,SP9

diastereomer 6c present in intermediate concentration), 1.322.0
(m; 38 H, C5H8 and C8H15). 2 31P NMR (C6D6): δ 5 214.04 [AB-
d, 3J(PA,PB) 5 6.2 Hz; PB of RP,SP9 diastereomer 6c], 211.82 (s;
SP,SP9 diastereomer 6a), 210.02 (RP,P9 diastereomer 6b), 26.01
(AB-d; PA of RP,SP9 diastereomer 6c); diastereomeric distribution:
6a, 72%; 6b, 4%; 6c, 24%.

(1S,2S)-C5H8[P(CH3)C8H15-cyclo]2NiCl2 (7): To a stirred
solution of 6 (0.58 g, 1.52 mmol) in 20 ml of CH2Cl2 was added a
solution of NiCl2 · 6 H2O (0.37 g, 1.56 mmol) in 30 ml of ethanol.
The resulting red-brown mixture was stirred for 8 h and then the
solvent was evaporated to give a quantitative yield (0.78 g) of 7 as
a brown powder. 2 C23H44Cl2NiP2 (512.13): calcd. C 53.9, H 8.7;
found C 54.00, H 8.87. 2 MS (EI, 70 eV, 180°C): m/z (%) 5 512
(21%) [M1], 475 (58) [M1 2 Cl], 438 (9%) [M1 2 2Cl], 364 (61%)
[M1 2 Cl 2 C8H15]. 2 31P NMR (CDCl3): 38.51 [AB-d,
J(PA,PB) 5 84.6 Hz; PB of RP,SP9 diastereomer 7c], 41.17 (s; SP,SP9

diastereomer 7b), 42.28 (s; RP,RP9 diastereomer 7a), 45.23 (AB-d;
PA of RP,SP9 diastereomer 7c); diastereomeric distribution: 7a, 75%;
7b, 4%; 7c, 21%.

The RP,SP9 diastereomer 7c was removed by chromatography on
a column containing silica gel/acetone, which was charged with
0.78 g (1.52 mol) of 7 as a suspension in acetone. Elution with 5%
ethyl acetate in acetone, followed by elution with dichloromethane,
gave a yellow fraction, which on evaporation of solvent yielded
0.12 g (22%) of microcrystalline 7a, contaminated by ca. 5% of 7b
(diastereomeric purity estimated by 31P NMR). 2 13C{31P,1H}
NMR (CDCl3): 3.41 (CH3), 23.39, 25.44, 25.55, 26.18, 26.89, 27.13,
27.97, 30.53, 31.52 (all CH2), 34.02 (C8H15-CH), 44.03 (C5H8-CH);
the CH3 and CH resonances showed deceptively simple AA9X tri-
plet splitting in the 31P-coupled spectrum: J(P,C) 1 J(P9,C) 5 23.4
Hz (CH3), 30.2 Hz (C8H15-CH), and 45.3 Hz (C5H8-CH), respec-
tively.

(1S,2S)-C5H8[P(CH3)C8H15-cyclo]2PdI2 (8): To a solution of 6
(1.77 g, 4.65 mmol) in 100 ml of CH2Cl2 was added 1.52 g (5.34
mmol) of solid (1,5-C8H12)PdCl2[16]. The orange solution was
stirred at room temperature for 10 min and then treated with so-
dium iodide (2.07 g, 13.81 mmol) to give a brown mixture, which
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was stirred for additional 10 h. After filtration and evaporation of
the filtrate to dryness, excess (1,5-C8H15)PdCl2 was removed by
flash chromatography on a silica gel column with dichloromethane/
ethyl acetate (19:1) as the eluent. Evaporation of solvent from the
eluate left complex 8 as yellowish red powder; yield 2.95 g (85%).
2 C23H44I2P2Pd (742.72): calcd. C 37.20, H 5.97; found C 37.53,
H 6.14. 2 MS (EI, 70 eV, 180°C): m/z (%) 5 742 (19%) [M1], 615
(100%) [M1 2 I]. 2 31P NMR (CDCl3): 40.97 [AB-d, J(PA,PB) 5

20.7 Hz; PB of RP,SP9 diastereomer 8c], 42.83 (s; RP,RP9 dia-
stereomer 8a), 43.93 (s; SP,SP9 diastereomer 8b), 47.66 (AB-d; PA

of RP,SP9 diastereomer 8c); diastereomeric distribution: 8a, 70%;
8b, 3%; 8c, 27%.

For isolation of diastereomerically pure 8a, the isomeric mixture
8a2c (2.95 g) was chromatographed on a silica gel column, eluting
first with with 5% ethyl acetate in acetone and then with dichloro-
methane as described above for nickel complex 7. The residue re-
maining after removal of solvent from the CH2Cl2 eluate was thor-
oughly washed with acetone to give 0.32 g (15%) of 8a as yellow-
red microcrystals. 2 1H NMR (CDCl3): 1.321.9 (m, 30 H, CH2),
1.71 [“d”, J(P,H) 1 J(P9,H) 5 10.2 Hz; 6 H, CH3], 2.2522.55 (m,
6 H, CH and CH2), 3.1523.35 (m, 2 H, CH). 2 13C{31P,1H} NMR
(CDCl3): 6.05 (CH3), 23.06, 25.31, 25.55, 26.83, 27.48, 28.30, 30.58,
31.86 (all CH2), 37.32 (C8H15-CH), 45.47 (C5H8-CH); apparently
simple AAX9 patterns were observed for the CH3 and CH reso-
nances in the 31P-coupled spectrum: J(P,C) 1 J(P9,C) 5 24.3 Hz
(CH3), 30.6 Hz (C8H15-CH), and 45.8 Hz (C5H8-CH), respectively.

(1S,2S)-C5H8[P(CH3)C8H15-cyclo]2PtI2 (9): Solid
(COD)PtI2

[17] (0.49 g, 0.88 mmol) was added to a stirred solution
of 0.33 g (0.86 mmol) of 6 in 40 ml of dichloromethane. After
stirring for 10 h the solvent was removed in vacuo to leave a vir-
tually quantitative yield of 0.72 g of the product as a dark yellow
solid. 2 C23H44I2P2Pt (831.41): calcd. C 33.23, H 5.33; found C
32.78, H 5.37. 2 MS (EI, 70 eV, 180°C): m/z (%) 5 831 (17%)
[M1], 704 (100%) [M1 2 I]. 2 31P NMR (CDCl3): 21.90 [AB-d
with 195Pt satellites, J(PA,PB) 5 2.3, 1J(Pt,P) 5 3320 Hz; PB of
RP,SP9 diastereomer 9c], 24.94 [s with 195Pt satellites, 1J(Pt,P) 5

3333 Hz; RP,RP9 diastereomer 9a], 26.39 [s with 195Pt-satellites,
1J(Pt,P) 5 3362 Hz; SP,SP9 diastereomer 9b], 29.04 [AB-d with 195Pt
satellites, 1J(Pt,P) 5 3336 Hz; PA of RP,SP9 diastereomer 9c]; dia-
stereomeric distribution: 9a, 76%; 9b, 6%; 9c, 18%. 2 Crystalliza-
tion of the diastereomeric mixture from chloroform resulted in
preferential precipitation of 9a.

Cyanolysis of Palladium Complex 8a: A vigorously stirred suspen-
sion of 370 mg (0.5 mmol) of 8a in 10 ml of water and 15 ml of
toluene was treated with a ten-fold excess of solid potassium cyan-
ide at room temperature. Stirring was continued for 8 h to produce
a colorless two-phase system. The organic layer was separated and
the organic phase was extracted twice with 10 ml of water to re-
move any residual KCN. Evaporation of the combined organic
phases left the free ligand 6 as a 52:27:21 mixture of diastereomers
6a, 6b, and 6c.

X-ray Structure Determinations: Single-crystals of (1S,2S)-
C5H8{P(CH3)C8H15-cyclo-(R)}2NiCl2 · (1S,2S)-C5H8{P(CH3)-
C8H15-cyclo-(S)}2NiCl2 (7a·7b) (size 0.03 3 0.3 3 0.55 mm),
(1S,2S)-C5H8{P(CH3)C8H15-cyclo-(R)}2PdI2 (8a) (size 5 0.20 3

0.25 3 0.50 mm), and (1S,2S)-C5H8{P(CH3)C8H15-cyclo-(R)}2PtI2

(9a) (size 0.26 3 0.26 3 0.28 mm) were grown from acetone (7a·7b),
CH2Cl2/hexane (8a), and CHCl3 (9a), respectively. The measure-
ments were made at 295 ± 2°C (7a·7b) and at 20 ± 2°C (8a, 9a)
on an Enraf-Nonius CAD 4 diffractometer using graphite-mono-
chromated Mo-Kα radiation (λ 5 0.7107 Å): orientation matrices
and unit cell parameters from the setting anlges of 25 centered

Eur. J. Inorg. Chem. 1998, 5972603602

medium-angle reflections (7a·7b: 12 < 2θ < 16°; 8a: 15 < 2θ < 34°;
9a: 17 < 2θ < 26°); collection of the diffraction intensities of Ni
complex 7a·7b by ω scans (data uncorrected for absorption); inten-
sity measurements of Pd and Pt compounds 8a and 9a by the ω/2θ
scan technique (data corrected for absorption by ψ-scans; 8a:
Tmin 5 0.41, Tmax 5 0.99; 9a: Tmin 5 0.86, Tmax 5 0.99). The
structures were solved by direct methods employing the SIR-92[18 ]

program system and subsequently refined by full-matrix least-
squares procedures on F2 (SHELXL-93[19]) with allowance for an-
isotropic thermal motion of all non-hydrogen atoms. According to
the Uij values of three of the cyclooctyl carbon atoms of 7a·7b, two-
fold conformational disorder was suggested for these atoms, which
was accounted for by assigning the particular carbon positions split
occupancies of 0.45 [C(4a), C(7a)] and 0.55 [C(4b), C(7b)] and of
0.40 [C(31a)] and 0.60 [C(31b)], respectively. H atoms were included
in the final structural models assuming ideal geometry and using
appropriate riding models. 2 7a·7b: C23H44Cl2NiP2 (512.13); mon-
oclinic, P21, a 5 12.016(3), b 5 16.538(4), c 5 12.986(7) Å, β 5

103.44(3)°, V 5 2510(2) Å3, Z 5 4, dcalcd. 5 1.355 g cm23, µ(Mo-
Kα) 5 1.122 mm21; 5 # 2θ # 45°, 6843 reflections collected (212
# h # 12, 0 # k # 17, 0 # l # 13, together with Friedel pairs),
6514 reflections independent (Rint. 5 0.0359); Rw2 5 0.1115 for all
data and 535 parameters, w 5 {σ2(Fo

2) 1 [0.0433(Fo
2 1 2Fc

2)/3]2

1 3.2250(Fo
2 1 2Fc

2)/3}21, R 5 0.0463 for 4823 data with I >
2σ(I), absolute structure parameter[20]: 0.03(3). 2 8a: C23H44I2P2Pd
(742.72); tetragonal, P41, a 5 11.205(2), c 5 21.650(9) Å, V 5

2718(1) Å3, Z 5 4, dcalcd. 5 1.815 g cm23, µ(Mo-Kα) 5 3.080
mm21; 5 # 2θ # 54°, 12730 reflections collected (214 # h # 14, 0
# k # 14, 0 # l # 27, together with Friedel pairs), 5917 reflections
independent (Rint. 5 0.0460); Rw2 5 0.0906 for all data and 257
parameters, w 5 {σ2(Fo

2) 1 [0.0386(Fo
2 1 2Fc

2)/3]2 1 0.5985(Fo
2

1 2Fc
2)/3}21, R 5 0.0379 for 4732 data with I > 2σ(I), absolute

structure parameter[20]: 20.01(3). 2 9a: C23H44I2P2Pt (831.41); te-
tragonal, P41, a 5 11.198(1), c 5 21.685(5) Å, V 5 2719.2(7) Å3,
Z 5 4, dcalcd. 5 2.031 g cm23, µ(Mo-Kα) 5 7.557 mm21; 5 # 2θ
# 52°, 11460 reflections collected (213 # h # 13, 0 # k # 13, 0
# l # 26), 5313 reflections independent (Rint. 5 0.0483); Rw2 5

0.0756 for all data and 254 parameters, w 5 {σ2(Fo
2) 1 [0.0287

(Fo
2 1 2Fc

2)/3]2 1 0.6041(Fo
2 1 2Fc

2)/3}21, R 5 0.0381 for 4102
data with I > 2σ(I), absolute structure parameter[20]: 20.005(9).
2 Further details of the crystal structure determinations may be
obtained from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen (Germany), on quoting the depository
numbers CSD-408020 (7a·7b), CSD-408024 (8a), or CSD-408023
(9a).
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Sulfene complexes [CpRu(PR93)2(RHC=SO2)]PF6 (2a2d) are
obtained from the corresponding sulfur dioxide complexes
1a2c and diazomethane or -ethane. Reaction of
[CpRu(dppm)(SO2)]Cl (1d) and phenyldiazomethane gives
the chlorobenzylsulfinato complex [CpRu(dppm)(SO2-
CHPhCl)] (3). Alternatively, 2a may be synthesized by sulfur
dioxide addition to the carbene complex [CpRu(dppm)-
(CH2)]PF6 (5) which, in turn, is obtained from the correspon-
ding methyl complex [CpRu(dppm)(CH3)] and [Ph3C]PF6.

Highly reactive and unstable molecules can often be sta-
bilized by coordination to a transition metal 2 this prin-
ciple is certainly one of the most fascinating aspects of or-
ganic transition-metal chemistry. [1] In an ideal case, the
species under consideration is not only “tamed”, but is suf-
ficiently modified such that it undergoes novel types of re-
actions. Sulfenes R1R2C5SO2 are short-lived intermediates
that may be generated for example by 1,2-elimination or [2
1 4]-cycloreversion reactions.[2] Their typical transform-
ations include 1,2-additions across the C5S double bond,
nucleophilic addition at sulfur, and cycload-
ditions. [2] [3] [4] [5] [6] [7] Recently, we have synthesized η2(C,S)-
sulfene complexes of the type [CpRu(PR3)2(CH25SO2)]1

by methylene addition to the corresponding sulfur dioxide
complexes. [8] [9] In these species, the formal polarity of the
sulfene is reversed. Nucleophiles such as halide or pseudo-
halide ions, amines and phosphanes are added at the carbon
atom. With enamines, C2C coupling occurs with high yield
and chemoselectivity. [9] We now report on the addition of
enolates to sulfene complexes.

Results

Synthesis of Sulfene Complexes

The reaction of the sulfur dioxide complex 1a with diazo-
methane or -ethane to give the sulfene complexes 2a,d has
been described previously.[9] Similarly, 1b, c give the sulfene
complexes 2b, c (eq. 1).

Attempts to perform analogous reactions of 1a with
phenyldiazomethane, diphenyldiazomethane, or diazoacetic

[e] Part 22: Ref. [15].

Eur. J. Inorg. Chem. 1998, 6052611  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/050520605 $ 17.501.50/0 605

Treatment of 2a2d or 3 with the enolates of cyclic 2-methyl-
1,3-diketones, methyl malonates, open-chain cyano or β-oxo
esters, and cyclic β-oxo esters gives the C2C coupling pro-
ducts 6a, b, 7a2e, 8a2c, 9a2c in high yields and, in one case,
with high diastereoselectivity as well. The functionalized sul-
finate ligands thus formed may be alkylated and subsequ-
ently removed from the metal center by ligand substitution
with acetonitrile. After MeCN/SO2 exchange, the ruthenium
complex can be recycled.

acid esters were unsuccessful. However, when we treated the
chloride salt 1d with phenyldiazomethane, we obtained the
chlorobenzylsulfinate complex 3 in high yield (eq. 2). Com-
plex 3 represents a synthetic equivalent for the correspond-
ing phenylsulfene complex (see below).

An alternative synthetic access to sulfene complexes is
provided by the addition of SO2 to carbene com-
plexes. [10] [11] Thus, when the methyl complex 4 is treated at
low temperature with triphenylmethyl hexafluorophos-
phate, a red solution of the carbene complex 5 is ob-
tained, [12] which, upon addition of SO2, undergoes immedi-
ate discoloration to yield 2a (eq. 3). However, in spite of
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numerous attempts, we have not been able to extend this
reaction to complexes of substituted sulfenes.

2b, c are slightly yellow crystalline compounds which,
even at 220°C, decompose within a few days. 2c has spec-
troscopic properties very similar to those of 2a and the crys-
tallographically characterized complex [Cp*Ru(PMe3)2(η2-
CH25SO2)]PF6. [9] 2b, on the other hand, is unusual in that
it is fluxional on the NMR timescale due to a rapid rotation
of the sulfene ligand. Standard treatment[13] of the tempera-
ture-dependent 31P-NMR spectra using a two-site exchange
model [14] yields an activation barrier of ∆G? 5 60 kJ
mol21. A similar ligand rotation has been found for the
analogous sulfur trioxide complex [Cp*Ru(PMe3)2(η2-O5
SO2)]PF6. [15] In the 1H-NMR spectra, the two non-equiva-
lent protons of the methylene groups give rise to two widely
separated signals with the typical geminal coupling of ca. 4
Hz. The high-field signals show additional splitting due to
strong coupling with one of the two phosphorus atoms. The
13C resonance of the sulfene carbon atom appears as a
doublet at δ 5 220. Finally, two fairly strong absorptions
in the infrared spectrum at ν̃ ø 1230 and 1100 cm21 are
typical for the η2(C,S)-coordinated sulfene ligand.[9]

The chlorobenzylsulfinato complex 3 is a yellow, crystal-
line, air-stable compound. The two diastereotopic phos-
phorus atoms give rise to a narrow AB system in the 31P-
NMR spectrum, while the resonance of the α-carbon nu-
cleus at the sulfur atom is split into a narrow doublet of
doublets due to coupling with the two non-equivalent phos-
phorus nuclei. Here, the ν(SO) absorptions fall in the typi-
cal range of S-sulfinato complexes. [16]

Reactions with Enolates

Reactions of 2a in THF with the sodium enolates of 2-
methylcyclopentane-1,3-dione and 2,5,5-trimethylcyclohex-
ane-1,3-dione gave the expected addition compounds 6a, b
in good yields (eq. 4).

Similarly, treatment of 2a, b and d with the lithium eno-
lates of the diethyl or isopropylidene esters of methylma-
lonic acid yielded the C2C coupling products 7a2d, while
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the analogous phenyl derivative 7e was obtained from the
chlorobenzylsulfinate complex 3 (eq. 5).

Products 6 and 7 were obtained as light-yellow crystalline
solids. Due to their symmetrical structure they have fairly
simple NMR spectra, which are in full accord with the con-
stitutions shown in eqs. 4 and 5. Of note is the significant
downfield shift (> 90 ppm) of the resonance of the former
sulfene carbon atom that accompanies its release from the
ruthenium atom. In similar experiments, the sulfene com-
plexes 2a, b were treated with the ester enolates of 2-methyl-
3-oxobutyric acid and 2-cyanopropionic acid (eq. 6), while
2a, d were allowed to react with the deprotonated esters of
2-oxocyclopentane- and 2-oxocyclohexane-1-carboxylic ac-
ids (eq. 7).

Again, the expected coupling products were obtained in
good yields as light-yellow, air-stable, crystalline materials.
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Since a stereocenter adjacent to the sulfene carbon atom is
formed in this reaction, the methylene protons as well as
the phosphorus nuclei become diastereotopic. 9c was iso-
lated in 71% yield as a single diastereoisomer. NMR-spec-
troscopic analysis of the crude reaction mixture revealed an
almost quantitative formation of 9c and none of the op-
posite diastereomer. Unfortunately, this compound crys-
tallized only as stacks of very thin platelets, which were un-
suitable for X-ray structure determination.

Release of the Sulfinate Ligands

The reactions of 7a and 8c with oxonium salts in di-
chloromethane (eq. 8) gave the expected O-alkylation[17]

products 10a2c, which were isolated in almost quantitative
yield as yellow, crystalline, highly moisture-sensitive materi-
als. Alkylation of one of the S5O functions introduces a
new stereocenter at the sulfur atom and renders the methyl-
ene protons as well as the phosphorus nuclei diastereotopic.
Only negligible diastereoselectivity (2%) is observed in the
formation of 10c.

The role of sulfinic acid esters as ligands in coordination
compounds has received very little attention.[17] [18] Com-
pared to sulfoxides, they are expected to be quite weak do-
nors. Indeed, when 10a, b are heated in acetonitrile a slow
ligand substitution takes place yielding the known aceto-
nitrile complex 11 [19] along with the free esters 12a, b (eq.
9).

Despite the long reaction time, we observed no re-
arrangement[20] to the corresponding sulfones. The mix-
tures could be readily separated by extraction with diethyl
ether, leaving 12a, b in quantitative yields as colorless oils.
11 may be converted back into the starting SO2 complex 1a
or its BF4

2 salt 1e simply by dissolving it in liquid sulfur
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dioxide and allowing it to react for a few days at 20°C
(eq. 10).

Discussion

The methylene transfer outlined in eq. 1 is initiated by
nucleophilic attack of the diazo compound on the coordi-
nated sulfur dioxide. [9] This explains why less nucleophilic
diazo compounds do not react 2 phenyldiazomethane
seems to represent the limiting case. The expected phenyl-
sulfene complex was too unstable to be isolated but, due to
its high electrophilicity, [9] could be trapped by the addition
of chloride ions. The “inverse synthesis” of the sulfene com-
plex 2a as outlined in eq. 3 indicates that low-valent cationic
carbene complexes such as 5, which are normally seen as
role models of electrophilic carbenes, [21] may also exhibit
some nucleophilic character. A further extension of this
synthesis to complexes of substituted sulfenes, however, was
thwarted by the inaccessibility of the corresponding car-
bene complexes.

The rapid rotation of the sulfene ligand in 2b deserves
some comment. On the basis of steric considerations alone,
it might be tempting to assume that the sulfene ligand can
rotate more freely in the less congested dppm complex 2a.
The rotational barrier of a single-faced π-acceptor ligand,
however, depends to a large extent on the spatial extension
and energy difference of the occupied a9 and a99 frontier
orbitals of the [CpML2] fragment. [22] The antisymmetric a99
is the HOMO which is also M2L antibonding. With in-
creasing pyramidalization of the [CpML2] fragment, that is
with decreasing L2M2L angle, the energy of this orbital
is increased, [23] leading to a stronger fixation of the π-ac-
ceptor ligand perpendicular to the symmetry plane of the
[CpML2] complex.

Even in the early stages of this project, it soon became
apparent that cationic sulfene complexes are highly reactive
electrophiles. [8] Compared to uncoordinated sulfene, which
adds nucleophiles at the sulfur atom,[2] [3] the sulfene com-
plexes studied here exhibit a reversed polarity;[9] only hard
nucleophiles such as alkoxides are added at the sulfur
atom.[8] Initial attempts to treat 2a with Na[acac] gave in-
tractable product mixtures, the spectral analyses of which
indeed indicated competing C2C and C2O coupling, as
well as further reactions initiated by deprotonation of the
products. All these problems could readily be overcome by
employing salts of tertiary C2H acidic compounds. In
these cases, the reactions are clean and give the desired ad-
dition products in high yields. Particularly noteworthy is the
high diastereoselectivity of the formation of 9c (eq. 7). This
is certainly a result of the rigid fixation of the methylsulfene
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ligand in a sterically congested environment, which allows
the prochiral enolate to approach in one orientation only.

The alkylation of the sulfinate function to give complexes
of sulfinic acid esters provides a means of removing the
metal complex from the organic moiety under mild con-
ditions. Furthermore, the ionic acetonitrile complex thus
obtained is easily separated from the organic component
and can be converted back to the sulfur dioxide complex.
A closed cycle is thus created, which allows the assembly
of chain-extended sulfinic acid esters from sulfur dioxide,
diazomethane or -ethane, and enolates (Scheme 1). Perti-
nent literature reports sulfinic acid esters to be prone to
rearrangement to the corresponding sulfones.[20] Under our
conditions, no such rearrangement could be detected, but
we have at present no clear explanation as to the unexpec-
ted stability of 12a, b.

Scheme 1

Esters of sulfinic acids have a number of important appli-
cations in organic synthesis. [24] Most pertinent work has
been carried out on arenesulfinic acid esters, which seem to
be much more readily accessible than their alkane counter-
parts. It is thus particularly gratifying that the reaction se-
quence outlined here not only provides esters of aliphatic
sulfinic acids, but also tolerates a number of different func-
tional groups.

This work has been supported by the Deutsche Forschungsge-
meinschaft (SFB 347 “Selektive Reaktionen Metall-aktivierter Mo-
leküle”).

Experimental Section
All experiments were carried out in Schlenk tubes under nitrogen

using suitably purified solvents. The crystallization of oily products
was often conveniently induced by immersing the Schlenk tube in
a small ultrasonic cleaning bath. 2 IR: Perkin-Elmer 283, Bruker
IFS 25. 2 1H NMR: Bruker AMX 400, δ values relative to TMS;
diastereotopic methylene protons of ethoxy groups invariably gave
well-resolved ABX3 spectra with 2J(H,H) 5 10.5 Hz and
3J(H,H) 5 7.1 Hz; for the sake of simplicity they are denoted in
the following as “res. m” (resolved multiplet). 2 13C NMR: Bruker
AMX 400, δ values relative to TMS; assignments were routinely
checked by DEPT; in some cases the 13C-NMR signals of quater-
nary carbon atoms were too weak to be detected. 2 31P NMR:
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Bruker AMX 400, δ values relative to 85% H3PO4. The 1H- and
13C-NMR signals of the phosphane ligands and the 31P-NMR sig-
nals of the PF6

2 ion are very similar for all compounds and have
therefore been omitted from the lists of spectral data. 2 Elemental
analyses: Analytical Laboratory of the Institut für Anorganische
Chemie. 2 The following starting materials were obtained as de-
scribed in the literature: [CpRu(PR3)2(SO2)]X (1a2d), [25]

[CpRu(dppm)Cl], [19] [CpRu(dppm)(RHC5SO2)]PF6 (2a, d), [9] di-
azomethane, diazoethane,[26] phenyldiazomethane.[27] Enolates
were obtained from the corresponding 1,3-dicarbonyl compounds
by deprotonation using lithium diisopropylamide or sodium bis(tri-
methylsilyl)amide. All other reagents were used as purchased.

[CpRu(dppe)(H2C5SO2)]PF6 (2b): To a solution of 1b (177
mg, 0.23 mmol) in dichloromethane (20 ml) a solution of diazo-
methane in diethyl ether (1 ml, 0.30 mmol) was added at 270°C.
Gas evolution and a rapid color change to light-yellow were ob-
served. The mixture was allowed to warm to 0°C, and all volatiles
were removed in vacuo. After recrystallization from dichlorometh-
ane/pentane, a tan-colored microcrystalline powder was obtained.
Yield 160 mg (89%), m.p. 156°C (dec.). 2 1H NMR (400 MHz,
CD2Cl2, 270°C): δ 5 0.02 [dd, 2J(H,H) 5 4.4 Hz, 3J(P,H) 5 16.8
Hz, 1 H, HC5SO2], 3.30 (br. m, 1 H, HC5SO2), 5.68 (s, 5 H,
C5H5). 2 13C NMR (100 MHz, CD2Cl2, 270°C): δ 5 220.2 [d,
2J(P,C) 5 6 Hz, H2C5SO2], 85.6 (s, C5H5). 2 31P NMR (162 MHz,
CD2Cl2, 270°C): δ 5 73.8 [d, 2J(P,P) 5 20 Hz], 78.7 [d, 2J(P,P) 5

20 Hz]. 2 IR (Nujol): ν̃ 5 1236, 1093 cm21 (S5O). 2

C32H31F6O2P3RuS (787.6): calcd. C 48.80, H 3.97, S 4.07; found C
48.88, H 4.14, S 4.01.

[CpRu(PMe3)2(H2C5SO2)]PF6 (2c): This compound was pre-
pared analogously from 1c (120 mg, 0.23 mmol) and diazomethane
(0.45 mmol). Yield 109 mg (89%), m.p. 91°C (dec.). 2 1H NMR
(400 MHz, [D6]acetone, 20°C): δ 5 0.71 [dd, 2J(H,H) 5 3.9 Hz,
3J(P,H) 5 17.6 Hz, 1 H, HC5SO2], 2.57 (br. m, 1 H, HC5SO2),
5.92 (s, 5 H, C5H5). 2 13C NMR (100 MHz, [D6]acetone, 20°C):
δ 5 222.3 [d, 2J(P,C) 5 5 Hz, H2C5SO2], 96.0 (s, C5H5). 2 31P
NMR (162 MHz, [D6]acetone, 20°C): δ 5 7.7 [d, 2J(P,P) 5 43 Hz],
9.7 [d, 2J(P,P) 5 43 Hz]. 2 IR (Nujol): ν̃ 5 1220, 1104 cm21 (S5

O). 2 C12H25F6O2P3RuS (541.4): calcd. C 26.62, H 4.65; found C
26.95, H 4.72.

[CpRu(dppm)(SO2CHClPh)] (3): This compound was pre-
pared analogously from 1d (85 mg, 0.13 mmol) and phenyldiazo-
methane (0.25 mmol). The crude product was purified by chroma-
tography on a short silica gel column using acetone/dichlorometh-
ane (2:1) as eluent. Yield 68 mg (71%), m.p. 171°C (dec.). 2 1H
NMR (400 MHz, C6D6, 20°C): δ 5 4.50 (s, 1 H, CHClPh), 4.89
(s, 5 H, C5H5). 2 13C NMR (100 MHz, C6D6, 20°C): δ 5 83.2 [t,
2J(P,C) 5 2 Hz, C5H5], 83.3 [dd, 2J(P,C) 5 2 Hz, 2J(P,C) 5 1 Hz,
CHClPh]. 2 31P NMR (162 MHz, C6D6, 20°C): δ 5 11.0 [d,
2J(P,P) 5 90 Hz], 12.2 [d, 2J(P,P) 5 90 Hz]. 2 IR (Nujol): ν̃ 5

1184, 1032 cm21 (S5O). 2 C37H33ClO2P2RuS (740.2): calcd. C
60.04, H 4.49; found C 60.65, H 4.57.

[CpRu(dppm)(CH3)] (4): A solution of [CpRu(dppm)Cl] (300
mg, 0.51 mmol) in toluene (10 ml) was treated at 20°C with methyl-
magnesium chloride in THF (1.54 mmol). After 20 h, the excess
Grignard reagent was quenched by adding methanol (5 ml). All
volatile material was then removed in vacuo and the solid residue
was redissolved in toluene (20 ml). The resulting solution was fil-
tered through Celite, and the filtrate was concentrated to a volume
of 2 ml. Addition of pentane resulted in the deposition of the prod-
uct as yellow crystals. Yield 185 mg (64%), m.p. 176°C (dec.). 2
1H NMR (400 MHz, C6D6, 20°C): δ 5 0.20 [t, 3J(P,H) 5 7.1 Hz,
3 H, RuCH3], 4.87 (s, 5 H, C5H5). 2 13C NMR (100 MHz, C6D6,
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20°C): δ 5 223.1 [t, 2J(P,C) 5 13 Hz, RuCH3], 80.3 [t, 2J(P,C) 5

2 Hz, C5H5]. 2 31P NMR (162 MHz, C6D6, 20°C): δ 5 22.8 (s). 2

C31H30P2Ru (565.6): calcd. C 65.83, H 5.35; found C 65.52, H 5.42.

[CpRu(dppm)(H2C5SO2)]PF6 (2a). 2 From 4: To a solution
of 4 (185 mg, 0.33 mmol) in dichloromethane (20 ml), a solution
of [Ph3C]PF6 (130 mg, 0.34 mmol) in the same solvent (2 ml) was
added at 270°C. Sulfur dioxide was then introduced into the deep-
red solution, and the mixture allowed to warm to 0°C. After con-
centration to a volume of 2 ml, the product was precipitated by
adding pentane. Yield 218 mg (86%), colorless crystalline powder,
identical (NMR, IR) with the known 2a. [9]

Addition of Enolates: To a solution of Li[N(iPr)2] (25 mg, 0.22
mmol) or Na[N(SiMe3)2] (40 mg, 0.22 mmol) in THF (5 ml), an
equimolar amount of the respective C2H acidic compound was
added at 270°C. The resulting slurry was then added to a solution
of 0.20 mmol of the sulfene complex in THF (10 ml). The mixture
was allowed to warm to 20°C and stirred for 2 h. The solvent was
then removed in vacuo, the oily residue was taken up in dichloro-
methane and chromatographed (neutral alumina, activity grade I,
acetone/dichloromethane, 2:1). A broad, light-yellow band contain-
ing the product was collected. The solvent was evaporated and the
product was recrystallized from benzene/pentane.

6a: Yield 76 mg (51%), m.p. 232°C (dec.). 2 1H NMR (400
MHz, CD2Cl2, 20°C): δ 5 0.58 (s, 3 H, CH3), 2.3422.48,
2.8722.92 (m, 4 H, CH2CH2), 2.89 (s, 2 H, SO2CH2), 4.95 (s, 5 H,
C5H5). 2 13C NMR (100 MHz, CD2Cl2, 20°C): δ 5 20.2 (s, CH3),
35.2 (s, CH2CH2), 52.9 (s, Cquat), 82.3 (s, CH2SO2), 84.0 [t,
2J(P,C) 5 2 Hz, C5H5], 216.2 (s, CO). 2 31P NMR (162 MHz,
CD2Cl2, 20°C): δ 5 12.9 (s). 2 IR (Nujol): ν̃ 5 1715 (C5O), 1144,
1024 cm21 (S5O). 2 C37H36O4P2RuS (739.8): calcd. C 60.07, H
4.91; found C 60.54, H 5.30.

6b: Yield 124 mg (79%), m.p. 221°C (dec.). 2 1H NMR (400
MHz, CD2Cl2, 20°C): δ 5 0.64 (s, 3 H, CH3), 0.91 (s, 3 H, CH3),
1.00 (s, 3 H, CH3), 2.07 [d, 2J(H,H) 5 14.3 Hz, 2 H, CH2], 2.82
[d, 2J(H,H) 5 14.3 Hz, 2 H, CH2], 2.78 (s, 2 H, SO2CH2), 4.97 (s,
5 H, C5H5). 2 13C NMR (100 MHz, CD2Cl2, 20°C): δ 5 19.1 (s,
CH3), 27.1 (s, CH3), 30.6 (s, CH3), 30.9 (s, CMe2), 52.4(s, CH2),
62.4 (s, Cquat), 78.2 (s, CH2SO2), 83.8 (s, C5H5), 209.0 (s, CO). 2
31P NMR (162 MHz, CD2Cl2, 20°C): δ 5 13.5 (s). 2 IR (Nujol):
ν̃ 5 1716, 1688 (C5O), 1144, 1032 cm21 (S5O). 2

C40H42O4P2RuS (781.9): calcd. C 61.44, H 5.41; found C 60.96,
H 5.26.

7a: Yield 125 mg (78%), m.p. 183°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.19 [t, 3J(H,H) 5 7.1 Hz, 6 H, CH3],
1.36 (s, 3 H, CH3), 2.86 (s, 2 H, SO2CH2), 4.10 (res. m, 4 H, OCH2),
4.93 (s, 5 H, C5H5). 2 13C NMR (100 MHz, CDCl3, 20°C): δ 5

14.0 (s, CH3), 19.4 (s, CH3), 53.2 (s, Cquat), 61.0 (s, OCH2), 73.3 (s,
CH2SO2), 83.6 (s, C5H5), 171.5 (s, CO). 2 31P NMR (162 MHz,
CDCl3, 20°C): δ 5 12.6 (s). 2 IR (Nujol): ν̃ 5 1740, 1712 (C5O),
1152, 1028 cm21 (S5O). 2 C39H42O6P2RuS (801.8): calcd. C 58.42,
H 5.28; found C 57.96, H 5.59.

7b: Yield 129 mg (82%), m.p. 207°C (dec.). 2 1H NMR (400
MHz, CD2Cl2, 20°C): δ 5 1.48 (s, 3 H, CH3), 1.56 (s, 3 H, CH3),
1.74 (s, 3 H, CH3), 2.94 (s, 2 H, SO2CH2), 4.95 (s, 5 H, C5H5). 2
13C NMR (100 MHz, CDCl3, 20°C): δ 5 27.0 (s, CH3), 27.6 (s,
CH3), 30.2 (s, CH3), 43.4 (s, Cquat), 75.3 (s, CH2SO2), 83.6 (s,
C5H5), 106.5 (s, O2CMe2), 168.5 (s, CO). 2 31P NMR (162 MHz,
CDCl3, 20°C): δ 5 13.1 (s). 2 IR (Nujol): ν̃ 5 1744, 1732 (C5O),
1160, 1028 cm21 (S5O). 2 C38H38O6P2RuS (785.8): calcd. C 58.08,
H 4.87; found C 58.17, H 4.87.

7c: Yield 124 mg (76%), m.p. 209°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.18 [t, 3J(H,H) 5 7.1 Hz, 6 H, CH3],
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1.36 (s, 3 H, CH3), 2.57 (s, 2 H, SO2CH2), 4.07 (res. m, 4 H, OCH2),
4.85 (s, 5 H, C5H5). 2 13C NMR (100 MHz, CDCl3, 20°C): δ 5

14.0 (s, CH3), 19.2 (s, CH3), 53.2 (s, Cquat), 61.0 (s, OCH2), 72.3 (s,
CH2SO2), 85.6 (s, C5H5), 171.4 (s, CO). 2 31P NMR (162 MHz,
CDCl3, 20°C): δ 5 83.0 (s). 2 IR (Nujol): ν̃ 5 1741, 1725 (C5O),
1142, 1024 cm21 (S5O). 2 C40H44O6P2RuS (815.9): calcd. C 58.89,
H 5.44; found C 58.18, H 5.22.

7d: Yield 117 mg (72%), m.p. 207°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 0.41 [t, 3J(H,H) 5 7.3 Hz, 3 H, CH3],
1.15 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3], 1.21 [t, 3J(H,H) 5 7.1 Hz,
3 H, CH3], 1.43 (s, 3 H, CH3), 3.66 [q, 3J(H,H) 5 7.3 Hz, 1 H,
SO2CHMe], 4.02 (res. m, 2 H, OCH2), 4.17 (res. m, 2 H, OCH2),
5.02 (s, 5 H, C5H5). 2 13C NMR (100 MHz, CDCl3, 20°C): δ 5

11.2 (s, CH3), 14.2 (s, CH3), 15.6 (s, CH3), 57,5 (s, Cquat), 61.0 (s,
OCH2), 61.1 (s, OCH2), 74.5 (s, SO2CHMe), 82.7 (s, C5H5), 171.3
(s, CO), 171.4 (s, CO). 2 31P NMR (162 MHz, CDCl3, 20°C): δ 5

8.8 [d, 2J(P,P) 5 86 Hz], 11.1 [d, 2J(P,P) 5 86 Hz]. 2 IR (Nujol):
ν̃ 5 1744, 1704 (C5O), 1156, 1024 cm21 (S5O). 2

C40H44O6P2RuS (815.9): calcd. C 58.89, H 5.44; found C 57.99,
H 5.07.

7e: This compound was obtained from 3. To ensure complete
reaction the mixture was refluxed for 2 h. Yield 142 mg (81%), m.p.
156°C (dec.). 2 1H NMR (400 MHz, C6D6, 20°C): δ 5 0.75 [t,
3J(H,H) 5 7.1 Hz, 3 H, CH3], 0.94 [t, 3J(H,H) 5 7.1 Hz, 3 H,
CH3], 2.33 (s, 3 H, CH3), 3.64 (res. m, 2 H, OCH2), 3.95 (res. m, 1
H, OCH2), 4.13 (res. m, 1 H, OCH2), 4.35 (s, 5 H, C5H5), 4.55 (s,
1 H, SO2CHPh). 2 13C NMR (100 MHz, C6D6, 20°C): δ 5 13.8
(s, CH3), 14.0 (s, CH3), 18.2 (s, CH3), 58,4 (s, Cquat), 60.5 (s, OCH2),
60.8 (s, OCH2), 78.4 (s, CHPhSO2), 82.6 (s, C5H5), 170.3 (s, CO),
170.5 (s, CO). 2 31P NMR (162 MHz, C6D6, 20°C): δ 5 9.9 [d,
2J(P,P) 5 90 Hz], 14.0 [d, 2J(P,P) 5 90 Hz]. 2 IR (Nujol): ν̃ 5

1725, 1713 (C5O), 1141, 1022 cm21 (S5O). 2 C45H46O6P2RuS
(877.9): calcd. C 61.56, H 5.28; found C 61.72, H 5.19.

8a: Yield 114 mg (74%), m.p. 221°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.19 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3],
1.37 (s, 3 H, CH3), 1.98 [s, 3 H, C(O)CH3], 2.85 [d, 2J(H,H) 5 13.7
Hz, 1 H, SO2CH2], 2.94 [d, 2J(H,H) 5 13.7 Hz, 1 H, SO2CH2],
4.10 [q, 3J(H,H) 5 7.1 Hz, 2 H, OCH2], 4.94 (s, 5 H, C5H5). 2 13C
NMR (100 MHz, CDCl3, 20°C): δ 5 14.0 (s, CH3), 19.3 (s, CH3),
26.3 (s, CH3), 58.8 (s, Cquat), 61.0 (s, OCH2), 74.2 (s, CH2SO2), 83.7
(s, C5H5), 172.2 (s, CO), 205.8 (s, CO). 2 31P NMR (162 MHz,
CDCl3, 20°C): δ 5 12.6 [d, 2J(P,P) 5 90 Hz], 12.9 [d, 2J(P,P) 5 90
Hz]. 2 IR (Nujol): ν̃ 5 1728, 1708 (C5O), 1148, 1036 cm21 (S5

O). 2 C38H40O5P2RuS (771.8): calcd. C 59.14, H 5.22; found C
58.90, H 5.08.

8b: Yield 47 mg (31%), m.p. 211°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.28 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3],
1.37 (s, 3 H, CH3), 2.51 [d, 2J(H,H) 5 13.2 Hz, 1 H, SO2CH2],
2.75 [d, 2J(H,H) 5 13.2 Hz, 1 H, SO2CH2], 4.22 (res. m, 1 H,
OCH2), 4.23 (res. m, 1 H, OCH2), 4.95 (s, 5 H, C5H5). 2 13C NMR
(100 MHz, CDCl3, 20°C): δ 5 13.9 (s, CH3), 22.2 (s, CH3), 40.6
(s, Cquat), 62.5 (s, OCH2), 73.0 (s, CH2SO2), 83.6 (s, C5H5), 119.7
(s, CN), 168.6 (s, CO). 2 31P NMR (162 MHz, CDCl3, 20°C): δ 5

12.5 [d, 2J(P,P) 5 90 Hz], 13.0 [d, 2J(P,P) 5 90 Hz]. 2 IR (Nujol):
ν̃ 5 1744 (C5O), 1168, 1032 cm21 (S5O). 2 C37H37NO4P2RuS
(754.8): calcd. C 58.88, H 4.94, N 1.86; found C 59.09, H 4.45,
N 1.23.

8c: Yield 127 mg (78%), m.p. 216°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.35 (s, 12 H, tBu and CH3), 2.04 [s, 3
H, C(O)CH3], 2.32 [d, 2J(H,H) 5 14.0 Hz, 1 H, SO2CH2], 2.87 [d,
2J(H,H) 5 14.0 Hz, 1 H, SO2CH2], 4.84 (s, 5 H, C5H5). 2 13C
NMR (100 MHz, CDCl3, 20°C): δ 5 19.5 (s, CH3), 26.9 (s, CH3),
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27,7 (s, tBu), 59.1 (s, Cquat), 73.5 (s, CH2SO2), 80.7 (s, CMe3), 85.6
(s, C5H5), 170.7 (s, CO), 206.1 (s, CO). 2 31P NMR (162 MHz,
CDCl3, 20°C): δ 5 82.1 [d, 2J(P,P) 5 19 Hz], 84.2 [d, 2J(P,P) 5 19
Hz]. 2 IR (Nujol): ν̃ 5 1725, 1702 (C5O), 1140, 1022 cm21 (S5

O). 2 C41H46O5P2RuS (813.9): calcd. C 60.51, H 5.70; found C
60.39, H 5.92.

9a: Yield 111 mg (71%), m.p. 190°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.12 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3],
1.56 (m, 2 H, CH2), 1.99 (m, 2 H, CH2), 2.22 [d, 2J(H,H) 5 13.6
Hz, 1 H, SO2CH2], 2.50 (m, 2 H, CH2), 2.95 [d, 2J(H,H) 5 13.6
Hz, 1 H, SO2CH2], 4.02 (res. m, 1 H, OCH2), 4.03 (res. m, 1 H,
OCH2), 4.87 (s, 5 H, C5H5). 2 13C NMR (100 MHz, CDCl3,
20°C): δ 5 14.1 (s, CH3), 19.4 (s, CH2), 30.4 (s, CH2), 37.4 (s, CH2),
59.6 (s, Cquat), 61.1 (s, OCH2), 71.1 (s, CH2SO2), 83.8 (s, C5H5),
170.1 (s, CO), 214.6 (s, CO). 2 31P NMR (162 MHz, CDCl3,
20°C): δ 5 12.4 [d, 2J(P,P) 5 90 Hz], 13.1 [d, 2J(P,P) 5 90 Hz]. 2

IR (Nujol): ν̃ 5 1745, 1716 (C5O), 1149, 1022 cm21 (S5O). 2

C39H40O5P2RuS (783.8): calcd. C 59.76, H 5.14; found C 58.47,
H 5.02.

9b: Yield 123 mg (77%), m.p. 172°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 1.14 [t, 3J(H,H) 5 7.0 Hz, 3 H, CH3],
1.2821.54 (m, 4 H, CH2), 2.05 (m, 4 H, CH2), 2.79 [d, 2J(H,H) 5

13.0 Hz, 1 H, SO2CH2], 2.90 [d, 2J(H,H) 5 13.0 Hz, 1 H, SO2CH2],
4.06 [q, 3J(H,H) 5 7.0 Hz, 2 H, OCH2], 4.88 (s, 5 H, C5H5). 2 13C
NMR (100 MHz, CDCl3, 20°C): δ 5 14.1 (s, CH3), 21.2 (s, CH2),
26.4 (s, CH2), 32.4 (s, CH2), 39.6 (s, CH2), 60.9 (s, Cquat), 60.9 (s,
OCH2), 72.0 (s, CH2SO2), 83.7 (s, C5H5), 171.1 (s, CO), 207.7 (s,
CO). 2 31P NMR (162 MHz, CDCl3, 20°C): δ 5 12.6 [d, 2J(P,P) 5

90 Hz], 12.8 [d, 2J(P,P) 5 90 Hz]. 2 IR (Nujol): ν̃ 5 1731, 1701
(C5O), 1153, 1028 cm21 (S5O). 2 C40H42O5P2RuS (797.9): calcd.
C 60.22, H 5.31; found C 59.92, H 5.37.

9c: Yield 113 mg (71%), m.p. 191°C (dec.). 2 1H NMR (400
MHz, CDCl3, 20°C): δ 5 0.79 [t, 3J(H,H) 5 6.3 Hz, 3 H, CH3],
1.26 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3], 1.6621.91 (m, 2 H, CH2),
2.08 (m, 1 H, CH2), 2.43 (m, 1 H, CH2), 2.52 (m, 2 H, CH2), 3.72
[q, 3J(H,H) 5 6.3 Hz, 1 H, SO2CH], 4.15 (res. m, 1 H, OCH2),
4.16 (res. m, 1 H, OCH2), 5.07 (s, 5 H, C5H5). 2 13C NMR (100
MHz, CDCl3, 20°C): δ 5 13.7 (s, CH3), 14.6 (s, CH3), 19.1 (s,
CH2), 29.3 (s, CH2), 32.1 (s, CH2), 59.3 (s, OCH2), 82.4 (s, C5H5),
98.6 (s, CHSO2), 165.3 (s, CO), signals of Cquat and CO (ketone)
not detected due to low intensity. 2 31P NMR (162 MHz, CDCl3,
20°C): δ 5 11.9 [d, 2J(P,P) 5 88 Hz], 10.0 [d, 2J(P,P) 5 88 Hz]. 2

IR (Nujol): ν̃ 5 1672, 1613 (C5O), 1153, 1028 cm21 (S5O). 2

C40H42O5P2RuS (797.9): calcd. C 60.22, H 5.31; found C 59.99,
H 5.12.

O-Alkylation of the Sulfinato Complexes: To a solution of the
sulfinato complex (0.1 mmol) in dichloromethane (10 ml), a solu-
tion of the oxonium salt in the same solvent was added at 270°C.
After being allowed to warm to 20°C, the mixture was concen-
trated to a volume of 1 ml and the product was precipitated by the
addition of pentane. In some instances, 10a separated as an oil. In
this event, it was found that crystallization could be induced by
ultrasound treatment under pentane.

10a: Yield 85 mg (94%), m.p. 88°C (dec.). 2 1H NMR (400
MHz, CD2Cl2, 20°C): δ 5 1.10 (s, 3 H, CH3), 1.20 [t, 3J(H,H) 5

7.2 Hz, 6 H, CH3], 2.82 (s, 3 H, SOCH3), 3.07 [d, 2J(H,H) 5 15.0
Hz, 1 H, SO2CH2], 3.63 [d, 2J(H,H) 5 15.0 Hz, 1 H, SO2CH2],
4.15 (res. m, 4 H, OCH2), 5.31 (s, 5 H, C5H5). 2 13C NMR (100
MHz, CD2Cl2, 20°C): δ 5 14.1 (s, CH3), 14.2 (s, CH3), 19.3 (s,
CH3), 52.0 (s, SOCH3), 55.7 (s, Cquat), 62.2 (s, OCH2), 62.6 (s,
OCH2), 74.4 (s, CH2SO2), 84.6 (s, C5H5), 169.7 (s, CO), 169.9 (s,
CO). 2 31P NMR (162 MHz, CD2Cl2, 20°C): δ 5 2.6 [d, 2J(P,P) 5
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86 Hz], 5.8 [d, 2J(P,P) 5 86 Hz]. 2 IR (Nujol): ν̃ 5 1726 (C5O)
cm21. 2 C40H45BF4O6P2RuS (903.7): calcd. C 53.16, H 5.02; found
C 52.69, H 5.35.

10b: Yield 91 mg (93%), m.p. 135°C (dec.). 2 1H NMR (400
MHz, [D6]acetone, 20°C): δ 5 1.10 [t, 3J(H,H) 5 7.1 Hz, 3 H,
CH3], 1.16 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3], 1.21 [t, 3J(H,H) 5 7.1
Hz, 3 H, SOCH3], 1.22 (s, 3 H, CH3), 2.95 [dq, 3J(H,H) 5 7.1 Hz,
2J(H,H) 5 9.6 Hz, 1 H, OCH2], 3.07 [d, 2J(H,H) 5 15.1 Hz, 1 H,
SO2CH2], 3.62 [dq, 3J(H,H) 5 7.1 Hz, 2J(H,H) 5 9.6 Hz, 1 H,
OCH2], 3.88 [d, 2J(H,H) 5 15.1 Hz, 1 H, SO2CH2], 4.10 (res. m, 4
H, OCH2), 5.55 (s, 5 H, C5H5). 2 13C NMR (100 MHz, [D6]ace-
tone, 20°C): δ 5 13.9 (s, CH3), 14.0 (s, CH3), 14.1 (s, CH3), 19.2
(s, CH3), 54.1 (s, Cquat), 61.9 (s, OCH2), 62.4 (s, OCH2), 63.1 (s,
OCH2), 73.6 (s, CH2SO2), 85.6 (s, C5H5), 169.7 (s, CO), 170.0 (s,
CO). 2 31P NMR (162 MHz, [D6]acetone, 20°C): δ 5 2.6 [d,
2J(P,P) 5 85 Hz], 5.5 [d, 2J(P,P) 5 85 Hz]. 2 IR (Nujol): ν̃ 5 1733
(C5O), 1150 (S5O) cm21. 2 C41H47F6O6P3RuS (975.9): calcd. C
50.46, H 4.85; found C 50.82, H 4.99.

10c: Yield 90 mg (91%), m.p. 118°C (dec.). 2 1H NMR (400
MHz, [D6]acetone, 20°C) (assignment to the two different dia-
stereomers was not possible): δ 5 0.75 [t, 3J(H,H) 5 7.0 Hz, 3 H,
CH3], 1.20 (s, 3 H, CH3), 1.40 (s, 9 H, tBu), 1.93, 2.04 [s, 3 H,
C(O)CH3], 2.71, 2.86, 3.30, 3.32 [d, 2J(H,H) 5 15.2 Hz, 2 H,
SO2CH2], 2.95 (m, 2 H, SOCH2), 5.41, 5.42 (s, 5 H, C5H5). 2 13C
NMR (100 MHz, [D6]acetone, 20°C): δ 5 13.8, 14.6 (s, CH3), 18.9,
19.4 (s, CH3), 25.6, 26.2 (s, CH3), 27.6, 27.7 (s, tBu), 60.6, 60.7 (s,
Cquat), 62.4, 62.6 (s, SOCH2), 73.9, 74.2 (s, CH2SO2), 83.0, 83.1 (s,
CMe3), 87.4, 87.5 (s, C5H5), 169.6, 169.7 (s, CO), 202.3, 202.7 (s,
CO). 2 31P NMR (162 MHz, [D6]acetone, 20°C), major (51%)
diastereomer: δ 5 69.2 [d, 2J(P,P) 5 21 Hz], 73.3 [d, 2J(P,P) 5 21
Hz], minor (49%) diastereomer: δ 5 66.2 [d, 2J(P,P) 5 21 Hz], 72.8
[d, 2J(P,P) 5 21 Hz]. 2 IR (Nujol): ν̃ 5 1716 (C5O), 1150 cm21

(S5O). 2 C43H51F6O5P3RuS (987.9): calcd. C 52.28, H 5.20, S
3.25; found C 51.99, H 5.33, S 3.15.

Liberation of the Sulfinic Acid Esters: The respective ester com-
plexes 10a, b (0.2 mmol) were dissolved in acetonitrile (10 ml) and
heated under reflux (15 h). Thereafter, the mixtures were concen-
trated to dryness and the resulting residues were suspended in di-
ethyl ether. The acetonitrile complexes 11a, b separated as yellow
powders upon ultrasound treatment. In each case, the supernatant
was concentrated to dryness, leaving the esters 12a, b as colorless,
spectroscopically pure oils in almost quantitative yields.

12a: 1H NMR (400 MHz, CDCl3, 20°C): δ 5 1.24 [t, 3J(H,H) 5

7.1 Hz, 6 H, CH3], 1.58 (s, 3 H, CH3), 3.16 [d, 2J(H,H) 5 13.6 Hz,
1 H, SO2CH2], 3.34 [d, 2J(H,H) 5 13.6 Hz, 1 H, SO2CH2], 3.72 (s,
3 H, SOCH3), 4.19 [q, 3J(H,H) 5 7.1 Hz, 4 H, OCH2]. 2 13C
NMR (100 MHz, CDCl3, 20°C): δ 5 13.9 (s, CH3), 20.5 (s, CH3),
51.4 (s, Cquat), 62.0 (s, OCH2), 62.1 (s, OCH2), 63.0 (s, CH2SO2),
170.1 (s, CO).

12b: 1H NMR (400 MHz, CDCl3, 20°C): δ 5 1.25 [t, 3J(H,H) 5

7.1 Hz, 6 H, CH3], 1.32 [t, 3J(H,H) 5 7.1 Hz, 3 H, CH3], 1.58 (s,
3 H, CH3), 3.19 [d, 2J(H,H) 5 13.6 Hz, 1 H, SO2CH2], 3.36 [d,
2J(H,H) 5 13.6 Hz, 1 H, SO2CH2], 4.06 (res. m, 2 H, SOCH2),
4.19 (res. m, 2 H, OCH2), 4.20 (res. m, 2 H, OCH2). 2 13C NMR
(100 MHz, CDCl3, 20°C): δ 5 13.9 (s, CH3), 15.8 (s, CH3), 20.4
(s, CH3), 51.5 (s, Cquat), 62.0 (s, OCH2), 62.1 (s, OCH2), 63.2 (s,
SOCH2), 65.0 (s, CH2SO2), 170.1 (s, CO), 170.2 (s, CO).

Acetonitrile/SO2 Exchange: In a small pressure tube, equipped
with a Teflon needle valve, liquid sulfur dioxide (5 ml) was con-
densed onto the acetonitrile complex 11a, b (0.1 mmol). After 7 d
at 20°C, the tube was vented and the yellow residue was recrys-
tallized from dichloromethane/pentane.
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1a: Yield 72 mg (95%), spectroscopically identical to authentic

material. [19]

1e: Yield 67 mg (96%) m.p. 158°C. 2 31P NMR (162 MHz,
[D6]acetone, 20°C): δ 5 23.2 (s). 2 IR (Nujol): ν̃ 5 1279, 1115
(S5O) cm21. 2 C30H27BF4O2P2RuS (701.4): calcd. C 51.37, H
3.88, S 4.57; found C 50.94, H 3.88, S 4.50.
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A new water-soluble iron(III) sequestering agent has been
designed. The tris-bidentate tripodal ligand consists of three
2,29-dihydroxybiphenyl subunits connected via amide link-
ages at their meta (4-) positions to a framework of the “tren”
type. The key step of the synthesis involves the coupling of
suitably substituted monophenyl moieties in order to obtain
the biphenyl precursor. The deprotonation constants of the

Introduction

Iron overloading is a significant health problem, for
which iron chelation therapy is required[1]. A number of
limitations to the use of desferrioxamine, the only approved
drug for treatment of iron overload (parenteral adminis-
tration, prohibitive price, short plasma half-life), underline
the need for the development of a truly orally effective drug.
The search for effective ferric ion chelating agents was orig-
inally centered on mimics of natural siderophores [tris(cate-
cholate) or tris(hydroxamate) ligands][2]. Catechol-based li-
gands are the most powerful in the thermodynamic sense
[enterobactin, a tris(catecholate) siderophore produced by
E. Coli has been shown[3] to have a stability constant for
FeIII complexation of 1049], but these ligands are extremely
air-sensitive and they have been shown to promote bacterial
infections. Hydroxamate-based ligands seem to suffer limi-
tations inherent to all the hydroxamate chelating agents. Re-
cently, potential drugs for iron chelation therapy incorpo-
rating “non-natural” chelating subunits have been studied,
such as hydroxypyridinone[4], pyridoxal isonicotinoyl hy-
drazone[5], and 8-hydroxyquinoline[6].

In a previous publication[7], we described tripodal ligands
based on three 2,29-dihydroxybiphenyl subunits connected
to a tris(2-aminoethyl)amine (tren) framework via the ortho
(3-) positions of their phenolic groups (an example, Lo, is
depicted in Figure 1). The results obtained with these water-
soluble and air-stable ligands were promising[8]. Neverthe-
less, the complexing ability of these ligands was found to be
lower than that of tris(catecholates) or tris(hydroxamates)
on the basis of the respective pFe values. The interpretation
of molecular modelling studies suggested that connection
of the 2,29-dihydroxybiphenyl chelating pendant arms to

Eur. J. Inorg. Chem. 1998, 6132619  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/040420613 $ 17.501.50/0 613

ligand, and the formation and deprotonation constants of the
FeIII complex have been determined from potentiometric and
spectrophotometric measurements. The results are compared
with those of a previously described homologous ligand in
which the chelating subunits are attached to the tren frame-
work via the ortho (3-) position of the biphenyl rather than
the 4-position.

the tren framework via the 4-position, i.e. meta to the
hydroxy group, rather than via the 3-position (ortho to the
hydroxy group), should be more conducive to an octahedral
arrangement of the ligation sites around the metal center.
However, this new mode of connection renders impossible
the so-called salicylate-like binding of the metal[9] (which
generally occurs at low pH). On the other hand, the pres-
ence of an amide group at the position ortho to the hydroxy
group has been shown by Shanzer et al. [10] to result in hy-
drogen bonding in the complex between the amide and the
oxygen coordinated to FeIII. These interactions suggest a
preorganization of the ligand around the metal center that
improves its binding properties. In order to examine the ef-
fect of the position of the amide linkage (ortho or meta to
the phenolic group) on the complexing ability of the ligand,
we report herein on the synthesis and iron(III) complexing
properties of Lm, a tripodal ligand in which the biphenyl
subunits are attached via their 4-positions (Figure 1).

Figure 1. Structural formulae of tris-2,29-dihydroxybiphenyl
ligands
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Results and Discussion

Synthesis of Ligands

The synthesis of tripodal ligands based on 2,29-hydroxy-
1,19-biphenyl subunits, attached either via the 3-position[7a]

or the 4-position (this work, Figure 2), is centered on the
formation of amide links from carboxylate moieties, which
are activated and then conjugated with the tetraamine,
tris(2-aminoethyl)amine (tren). Coupling of the protected
2,29-dimethoxy-1,19-diphenyl-4-carboxylic acid 9 with tren
was most conveniently accomplished using N,N9-carbonyl-
diimidazole (CDI). [18] For comparative complexation stud-
ies, simple bidentate ligands 14 and 15 were also prepared
(Figure 2).

Figure 2. Synthesis of the ligands

Sulfonation, using H2SO4/oleum, of tripod 11 and of bi-
dentate ligand 14 afforded the water-soluble products 12
and 15, respectively.

In the previously studied[7a] series of ligands, in which the
connection with the spacer tren was at the 3-position of the
biphenyl group, the starting material for the synthesis was
commercially available 2,29-hydroxy-1,19-biphenyl. Func-
tionalization at the position ortho to the phenolic hydroxy
group was readily and regiospecifically effected by various
methods. The synthesis of 2,29-dimethoxy-1,19-diphenyl-4-
carboxylic acid (9) involves heterocoupling[13] [19] [20] (Figure
3) of the iodo derivative 5 of methyl 2-methoxybenzoate (4)
and 2-methoxyphenylboronic acid (7) (Figure 3B). The iodo
derivative was obtained[12] from 5-methyl-2-nitroanisole (1)
(Figure 3A).

Ligand Deprotonation Constants

The ligand Lm possesses six hydroxy groups and one ter-
tiary amine function and is denoted LH7

82 taking into ac-
count the negative charges of the nine sulfonate groups. The
deprotonation constants were determined by potentio-
metric titration of the fully protonated ligand with NaOH
in 0.1  NaClO4 at 25°C (Figure 4a). Analysis of the ti-
tration curve yielded only the following five pKa values:
10.62 ± 0.07; 7.48 ± 0.11; 6.23 ± 0.12; 5.85 ± 0.13, and 4.88
± 0.13.

Eur. J. Inorg. Chem. 1998, 6132619614

Figure 3. Synthesis of 2,29-dimethoxy-1,19-diphenyl-4-carboxylic
acid 9

Figure 4. Potentiometric titration curves for (a) 0.5 mmol dm23

ligand Lm; (b) ligand Lm 1 Fe31 1:1 0.5 mmol dm23; m 5 moles
of base added per mol of ligand; all solutions were at 25°C and
I 5 0.1 mol dm23 (NaClO4); the deprotonation constants of the
ligand and the complexation constants were calculated using the

SUPERQUAD program[15]

The deprotonation constants of LH2
132 and LH142 spec-

ies are too high to be accurately determined by direct po-
tentiometry. Spectrophotometric titration was carried out
at pH 5 10.2212.7 and revealed one buffer region. The
corresponding UV spectra exhibit isosbestic behavior, indi-
cating the presence of only two absorbing species (Figure
5). The data were analyzed using the LETAGROP-
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SPEFO[16] [17] program (absorbance values at 4 wave-
lengths). The model delineated involves a single-proton step
for the deprotonation equilibrium, yielding a pKa value of
11.70 ± 0.03. The pKa values of the monomeric analogue 15
(5,39,59-trisulfonate derivative of compound 14) were also
determined: 5.50 ± 0.01 by potentiometry in the acidic
range, and 11.68 ± 0.03 by UV/Vis spectrophotometry in
the basic range. The value of 5.50 befits a hydroxy group
meta to the electron-withdrawing amide group.

Figure 5. UV/Vis absorption spectra of the Lm ligand as a function
of pH; 1: pH 5 10.2; 2: pH 5 12.4; [Lm] 5 0.05 mmol dm23; I 5

0.1 mol dm23 (NaClO4)

The three lower pKa values (4.88, 5.85, and 6.23) and the
two higher pKa values (10.62 and 11.70) were assigned to
hydroxy groups. The former reflect a roughly statistical sep-
aration (log 3 or 0.48), which is consistent with non-inter-
acting arms if one allows for a difference up to one pK unit,
as is encountered in several tripodal structures containing
2,29-dihydroxybiphenyl[7b], catechol[21] or hydroxamate[22]

binding units. It should be noted that the average value of
these three pKa9s, 5.65, is very close to the value of 5.50
determined for the monomeric analogue. A similar behavior
is expected for the pKa9s of the three remaining hydroxy
groups, the value of 11.70 being very close to that of 11.68,
measured for the monomeric analogue. Furthermore, it is
assumed that the deprotonation of at least two OH groups,
each borne by two different pendant arms of the tripod,
induces a change in the UV spectrum. We can thus estimate
the third pKa in this range as having a value of 12.7 on the
basis of a statistical separation (see above). The pKa of 7.48
was attributed to the tertiary amine group by comparison
with the value of 7.1 determined for tripodal ligands con-
taining 2,29-dihydroxybiphenyl subunits[7b].

Stability Constants of Ferric Complexes

Stability constants for the FeIII complexes were deter-
mined by means of spectrophotometric and potentiometric
titrations. The spectrophotometric behavior of the ferric
complexes at a 1:1 metal-to-ligand molar ratio was investi-
gated as a function of pH. The spectrum changed signifi-
cantly over the pH range 0.725.3. The ligand reacts with
FeIII in acidic media, as indicated by the absorption spectra
(Figure 6a). As the pH was increased from 1 to 2.5, the
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charge transfer band was found to shift from 520 nm (ε ø
600 mol21 dm3 cm21) to 470 nm (ε ø 1400 mol21 dm3

cm21). The absorbance data were processed with the LET-
AGROP-SPEFO program. The best fit was obtained by
considering the formation of the [FeLH6]62 and [FeLH5]72

species, generating the values log β116
[23] 5 61.9 ± 0.1 and

log β115 5 60.0 ± 0.1, with εmax 5 580 mol21 dm3 cm21

(λ 5 520 nm) for [FeLH6]62 and 1510 mol21 dm3 cm21

(λ 5 480 nm) for [FeLH5]72. Increasing the pH to 5.3 led
to an increase in the band intensity, which was ac-
companied by a shift to lower wavelength (Figure 6b). The
best fitting model for the interpretation of spectrophoto-
metric data was obtained by considering the equilibrium
between [FeLH5]72 and [FeLH3]92. The calculated value of
log β113 is 51.8 ± 0.1, with ε 5 2600 mol21 dm3 cm21 at
420 nm (shoulder). Only a marginal spectral change was
observed over the pH range 5.327.5. At pH > 7.5, ab-
sorbances in the range 4002550 nm were found to decrease.

Figure 6. UV/Vis absorption spectra of Fe312Lm ligand as a func-
tion of pH; (a) 1: pH 5 0.7; 2: pH 5 2.45; (b) 1: pH 5 2.5; 2:
pH 5 5.3; [Fe31] 5 [Lm] 5 0.25 mmol dm23; I 5 0.1 mol dm23

(NaClO4)

Potentiometric titration on 1:1 solutions in ferric ion and
ligand was also carried out over the pH range 3210 (Figure
4b). Data were analyzed using the SUPERQUAD program
by considering the [FeLH5]72 species at the beginning of
the titration and using the value of β115 calculated from
the spectrophotometric titration. The model was best fitted
(σfit 5 2.9) with six FeIII complex species [FeLH4]82,
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[FeLH3]92, [FeLH2]102, [FeLH]112, [FeL]122, and
[FeLOH]132 giving the following values of log β11h: log
β114 5 56.49 ± 0.02; log β113 5 51.86 ± 0.03; log β112 5
46.26 ± 0.04; log β111 5 39.11 ± 0.06; log β110 5 30.03 ±
0.08; log β1121 5 20.26 ± 0.08.

From these values, the following deprotonation constants
can be deduced for the complexes: pKFeLH5 5 3.51;
pKFeLH4 5 4.63; pKFeLH3 5 5.60; pKFeLH2 5 7.15;
pKFeLH 5 9.08; pKFeL 5 9.77.

It should be noted that the value of log β113 5 51.86 is
in good agreement with that of 51.8 determined from the
spectrophotometric study, thus validating the proposed
model.

Structural attributes of these complexes can be proposed
on the basis of their spectral characteristics. For [FeLH5]72,
the band at 470 nm (ε 5 1400 mol21 dm3 cm21) is indica-
tive of a dihydroxylate mode of coordination involving one
arm of the ligand, as is apparent from comparison with the
system FeIII sodium 2,29-dihydroxybiphenyl-3,5,39,59-tetra-
sulfonate[9]. Over the pH range 2.525.3, the observed in-
crease in absorbance and shift to shorter wavelength
(shoulder at λ 5 430 nm with ε 5 2600 mol21 dm3 cm21)
suggest a bis(dihydroxylate) coordination involving two
arms of the ligand in the [FeLH3]92 species. A region of
constant specific absorbance at pH 5 5.327.5 indicates no
increased degree of coordination to the dihydroxylate
groups. At pH > 7.5, a decrease in the absorption in the
range 4002550 nm may correspond to the formation of
hydroxo complexes. The successive deprotonation constants
of the complex [FeLH3]92 may thus be attributed to depro-
tonation of the tertiary amine group, of one hydroxy group
of the uncoordinated arm, and of the two water molecules
that complete the coordination sphere around FeIII. The
fact that only two arms of the ligand Lm are involved in
coordination of FeIII might be explained in terms of repul-
sive effects between the negative charges on the sulfonate
groups in the 39-positions. It is assumed that such interac-
tions prevent the formation of a hexadentate coordination
cavity involving all three arms.

The pFe (2log [Fe31]) values have been calculated to pro-
vide a comparison of the relative ability of the ligands to
complex FeIII (under biologically reasonable conditions, i.e.
pH 5 7.4, [L]tot 5 1025 mol dm23, [Fe]tot 5 1026 mol
dm23). The calculated value for ligand Lm is 19.7. This
value shows that the ligand Lm is less effective than the
analogous tripodal Lo (pFe 5 22.8), [7b] in which the subun-
its are connected via their 3-positions, i.e. ortho to the
hydroxy groups. This lower affinity of Lm for FeIII can be
partly related to the available coordination modes. The
structure of the ligand Lo favours an initial coordination of
the salicylate type (with oxygen atoms of the carbonyl and
hydroxy groups). A preorganization of the ligand is thus
expected for a complexation of the metal ion by the other
arms. This cannot occur for Lm.

Conclusion

A multistep synthesis of the tris-bidentate tripodal ligand
Lm has been described. This ligand incorporates three 2,29-
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dihydroxybiphenyl subunits, which are attached to a central
“tren” framework via amide linkages at their 4-positions,
i.e. meta to the phenolic hydroxy groups. The aim of this
work was to compare the complexing ability of Lm with
that of Lo, a previously described iron chelator in which the
chelating pendant arms are attached via their 3-positions,
i.e. ortho to the phenolic groups.

The ligand deprotonation constants (six hydroxy groups
and one tertiary amine function) and the stability constants
β11h of the ferric complexes (in a pH range of 1210) have
been determined. The pFe value of 19.7 calculated for Lm

as compared to the value of 22.8 for Lo
[7b] reveals an inter-

esting structural effect. Since molecular models suggested
that the meta connection (Lm) should be more conducive to
the formation of an octahedral coordination cavity than the
ortho connection (Lo), the observed result was unexpected.
The structure of the ligand Lo favours an initial coordi-
nation of the salicylate type (with oxygen atoms of the car-
bonyl and hydroxy groups), which is assumed to “preor-
ganize” the ligand for a complexation of the metal ion by
the other arms. This is not possible for Lm, thus diminishing
its complexing ability towards FeIII. Furthermore, as the
coordination changes from a salicylate to a dihydroxylate
mode of bonding upon deprotonation of the complex, an
amide conformational change is assumed to occur for the
complexation of the metal center by Lo. Thus, hydrogen
bonding between the amide group and the coordinated oxy-
gen atom (six-membered ring) can occur, which is not pos-
sible in the complex of FeIII with Lm. The importance of the
preorganization of the ligand was emphazised by Shanzer et
al. [10], and seems to play a major role in determining the
complexing ability of a given ligand. Thus, for the design
of novel ligands, geometry of the octahedral coordination
sphere around the metal center is not the sole criterion for
the prediction of complexation stability.

We are grateful to Dr. Hakim Boukhalfa (L.E.D.S.S., Grenoble)
for performing the UV/Vis spectrophotometric measurements.

Experimental Section
Materials and Equipment: Solvents were purified by standard

techniques; 5-methyl-2-nitroanisole and 2-bromoanisole are com-
mercially available (Aldrich). The amine “tren” was distilled from
sodium. All other compounds were of reagent grade and were used
without further purification. Iron(III) stock solutions were pre-
pared by dissolving appropriate amounts of ferric perchlorate hy-
drate (Aldrich) in standardized HClO4/NaClO4 solutions. The
solutions were standardized for ferric ion spectrophotometrically
by using a molar extinction coefficient of 4160 mol21 dm3 cm21 at
240 nm[11]. 2 IR spectra were recorded with Perkin-Elmer 397 or
Nicolet Impact 400 spectrometers. UV/Vis absorption spectra were
recorded using 1.000-cm path length quartz cells with a Perkin-
Elmer Lambda 2 spectrometer connected to a COMPAQ Deskpro
386s microcomputer. 2 Mass spectra were recorded with a NER-
MAG R 10 1 C mass spectrometer. 2 1H- and 13C-NMR spectra
were obtained using 5-mm tubes at 25°C with a Bruker AC 200 or
a Bruker AM 400 spectrometer. 2 Microanalyses were performed
by the Central Service of CNRS, Solaise (France). 2 Melting
points were determined with a Büchi apparatus and are not cor-
rected.



Water-Soluble Tripodal Ligand Based on 2,29-Dihydroxybiphenyl Subunits FULL PAPER
3-Methoxy-4-nitrobenzoic Acid (2): A mixture of 5-methyl-2-

nitroanisole (1) (25.0 g, 0.15 mol), potassium permanganate (97.5
g, 0.62 mol), and sodium hydrogen carbonate (12.3 g, 0.12 mol) in
1.5 l of water was refluxed for 4 h. Thereafter, the MnO2 formed
was filtered off. The filtrate was cooled to 0°C and acidified with
20% sulfuric acid to pH 5 1. The yellow solid thus produced was
washed with water, dried, and purified by recrystallization from
ethanol (white crystals, 21 g, 73%). 2 M.p. 226°C (ref. [12]

2302233°C). 2 1H NMR (200 MHz, [D6]DMSO): δ 5 4.01 (s, 3
H, OCH3), 7.71 (dd, J1 5 8.3, J2 5 1.4 Hz, 1 H), 7.79 (d, J 5 1.4
Hz, 1 H), 7.83 (d, J 5 8.3 Hz, 1 H). 2 13C NMR (50 MHz,
[D6]DMSO): δ 5 56.8 (OCH3), 114.6 (CH), 121.3 (CH), 125.0
(CH), 135.8, 141.9, 151.5 (C2O), 165.8 (C5O). 2 IR (KBr): ν̃ 5

325022200 cm21 [ν(OH)], 1680 [ν(C5O)].

Methyl 3-Methoxy-4-nitrobenzoate (3): 3-Methoxy-4-nitroben-
zoic acid (2) (21.0 g, 0.11 mol) was dissolved in methanol (350 ml)
under nitrogen. BF3 (40 ml, 50% w/w in methanol) was added and
the mixture was stirred under reflux for 12 h. The solvent was then
removed, the residue was treated with water (300 ml), and the re-
sulting suspension was filtered. The collected yellow solid was
washed with water (500 ml) and then dried in vacuo (21.9 g, 0.10
mol, 91%). 2 M.p. 91°C (ref. [12] 90291°C). 2 1H NMR (200
MHz, CDCl3): δ 5 3.97 (s, 3 H, CO2CH3), 4.02 (s, 3 H, OCH3),
7.67 (dd, J1 5 8.3, J2 5 1.5 Hz, 1 H), 7.71 (d, J 5 1.5 Hz, 1 H),
7.84 (d, J 5 8.3 Hz, 1 H). 2 13C NMR (50 MHz, CDCl3): δ 5

52.8 (CO2CH3), 56.7 (OCH3), 114.6 (CH), 121.4 (CH), 125.3 (CH),
134.8, 142.0, 152.4 (C2O), 165.2 (C5O). 2 IR (KBr): ν̃ 5 1740
cm21 [ν(C5O)].

Methyl 4-Amino-3-methoxybenzoate (4): Compound 3 (10.0 g,
47.4 mmol) was dissolved in a mixture of dichloromethane (50 ml)
and ethanol (300 ml). The resulting solution was stirred for 12 h
under hydrogen in the presence of Pd/charcoal (10% Pd, 923 mg).
The catalyst was subsequently removed by filtration and the solvent
was evaporated. The yellow solid thus obtained was purified by
recrystallization from ethanol (7.84 g, 43.3 mmol, 91%). 2 M.p.
128°C (ref. [12] 1272128°C). 2 1H NMR (200 MHz, CDCl3): δ 5

3.86 (s, 3 H, OCH3), 3.89 (s, 3 H, OCH3), 4.22 (m, 2 H, NH2), 6.66
(d, J 5 8.0 Hz, 1 H), 7.45 (d, J 5 1.7 Hz, 1 H), 7.54 (dd, J1 5 8.0,
J2 5 1.7 Hz, 1 H). 2 13C NMR (50 MHz, CDCl3): δ 5 51.6
(CO2CH3), 55.5 (OCH3), 111.1 (CH), 113.1 (CH), 119.5, 124.0
(CH), 141.0, 146.1 (C2O), 167.3 (C5O). 2 IR (KBr): ν̃ 5

345023330 cm21 [ν(NH2)], 1670 [ν(C5O)].

Methyl 4-Iodo-3-methoxybenzoate (5): To a mixture of 4 (8.1 g,
44.7 mmol), water (110 ml) and 20% H2SO4 (24 ml), a solution of
sodium nitrite (3.47 g, 49.6 mmol) in water (20 ml) was slowly
added at 0°C. At the end of the reaction, the excess nitrous acid
was destroyed by the addition of urea (800 mg). Then, 20 ml of
aqueous KI (7.74 g, 46.6 mmol) was added dropwise and the mix-
ture was stirred for 2 h at 50°C. To the resulting brown mixture
was added an aqueous solution of Na2S2O5. The product was iso-
lated by extraction with diethyl ether, neutralization with 1 

NaOH (to pH 5 5), washing with brine, and drying with Na2SO4.
The solvent was evaporated and the iodo compound was purified
by column chromatography (alumina, pentane containing 3% ethyl
acetate), giving a white solid (10.4 g, 33.6 mmol, 72%). 2 M.p.
50252°C (ref. [12] 52253°C). 2 1H NMR (200 MHz, CDCl3): δ 5

3.92 (s, 3 H, OCH3), 3.94 (s, 3 H, OCH3), 7.36 (dd, J1 5 8.1, J2 5

1.8 Hz, 1 H), 7.44 (d, J 5 1.8 Hz, 1 H), 7.84 (d, J 5 8.1 Hz, 1 H).
2 13C NMR (50 MHz, CDCl3): δ 5 52.3 (CO2CH3), 56.5 (OCH3),
92.6 (CI), 111.2 (CH), 123.3 (CH), 131.6, 139.5 (CH), 158.2 (C2O),
166.5 (C5O). 2 IR (KBr): ν̃ 5 1720 cm21 [ν(C5O)].
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2-Methoxyphenylboronic Acid (7): At 278°C, nBuLi (80 ml, 1.6
 in hexane, 0.128 mol) was added to a solution of 2-bromoanisole
(6) (13.3 ml, 0.107 mol) in diethyl ether (100 ml) and the mixture
was stirred at this temperature for 30 min. With a protective nitro-
gen atmosphere, the lithio derivative was then cannulated into a
solution of triisopropyl borate (32 ml, 0.214 mol) in diethyl ether.
After stirring at 278°C for 30 min, then at room temperature, the
mixture was poured into aqueous HCl (10%, 300 ml). The product
was extracted with diethyl ether, the combined extracts were
washed with water (100 ml), and dried with Na2SO4. The oily,
crude product was stored in a refrigerator for 24 h, giving white
crystals. These somewhat unstable crystals were rapidly washed
with cold pentane and then dried in vacuo (11 g, 0.072 mol, 68%).
2 M.p. 1042105°C (ref. [13] 1052106°C). 2 1H NMR (200 MHz,
CDCl3): δ 5 3.85 (s, 3 H, OCH3), 6.85 (d, J 5 8.3 Hz, 1 H, ArH),
6.9327.01 (m, 1 H, ArH), 7.3427.43 (m, 1 H, ArH), 7.77 (dd, J1 5

7.3, J2 5 1.8 Hz, 1 H, ArH). 2 13C NMR (50 MHz, CDCl3): δ 5

55.3 (OCH3), 109.9 (CH), 121.1 (CH), 132.7 (CH), 136.8 (CH),
164.4 (C2O).

Methyl 2,29-Dimethoxy-1,19-diphenyl-4-carboxylate (8): To a
solution of 5 (1.0 g, 3.42 mmol) in freshly distilled DMF (15 ml)
under nitrogen were added 7 (78 mg, 5.13 mmol), Et3N (1.4 ml,
10.3 mmol), Pd(OAc)2 (23 mg, 0.103 mmol), and P(o-Tol)3 (65 mg,
0.212 mmol). The orange solution was heated at 100°C for 3 h,
whereupon it became black. The solvent was evaporated and the
residue was treated with dichloromethane and 10% ammonia. The
organic phase was washed with water and then dried with Na2SO4.
The orange oil was purified by column chromatography (silica gel;
pentane/diethyl ether, 9:1). 8 was obtained as a white solid (0.9 g,
3.3 mmol, 97%). 2 M.p. 112°C. 2 Rf 5 0.55 (pentane/diethyl ether,
2:1). 2 1H NMR (200 MHz, CDCl3): δ 5 3.33 (s, 3 H, CO2CH3),
3.39 (s, 3 H, OCH3), 3.50 (s, 3 H, OCH3), 6.5326.62 (m, 2 H,
ArH), 6.6226.90 (m, 2 H, ArH), 6.87 (d, J 5 7.7 Hz, 1 H), 7.20
(d, J 5 1.4 Hz, 1 H), 7.25 (dd, J1 5 7.7, J2 5 1.4 Hz, 1 H). 2 13C
NMR (50 MHz, [D6]DMSO): δ 5 52.2 (CO2CH3), 55.4 and 55.6
(OCH3), 111.3 (CH), 111.4 (CH), 120.2 (CH), 121.2 (CH), 126.3,
129.2 (CH), 130.7 (CH), 131.1, 131.4 (CH), 132.2, 156.6 (C2O),
156.7 (C2O), 167.2 (C5O). 2 IR (KBr): ν̃ 5 1710 cm21 [ν(C5

O)]. 2 MS (EI); m/z: 272 [M1], 241, 225, 213, 198. 2 C16H16O4:
calcd. C 70.58, H 5.29; found C 70.40, H 5.47.

2,29-Dimethoxy-1,19-diphenyl-4-carboxylic Acid (9): Ester 8 (2.0
g, 7.34 mmol) was refluxed with ethanolic KOH (excess) for 3 h.
The mixture was then concentrated and 10% HCl was added. The
resulting precipitate was filtered off, washed with water, and dried
in vacuo to give 9 as a white solid (1.9 g, quant.). 2 M.p. 170°C.
2 1H NMR (200 MHz, CDCl3): δ 5 3.78 (s, 3 H, OCH3), 3.85 (s,
3 H, OCH3), 6.9827.07 (m, 2 H, ArH), 7.2327.28 (m, 1 H, ArH),
7.3327.41 (m, 1 H, ArH), 7.36 (d, J 5 7.8 Hz, 1 H), 7.77 (d, J 5

1.5 Hz, 1 H), 7.8 (dd, J 5 7.8, 1.5 Hz, 1 H). 2 13C NMR (50 MHz,
[D6]DMSO): δ 5 55.4 and 55.5 (OCH3), 111.4 (CH), 111.5 (CH),
120.2 (CH), 121.4 (CH), 126.5, 129.1 (CH), 130.8 (CH), 131.1,
131.3 (CH), 132.2, 156.6 (C2O), 156.7 (C2O), 167.2 (C5O). 2

IR (KBr): ν̃ 5 360022300 cm21 [ν(OH)], 1680 [ν(C5O)]. 2 MS
(EI); m/z: 258 [M1], 184.

N,N9,N99-(Nitrilotri-2,1-ethanediyl)tris(2,29-dimethoxy-4-biphen-
ylcarboxamide) (10): Under nitrogen, acid 9 (1.0 g, 3.87 mmol) was
treated with CDI (690 mg, 4.26 mmol) in freshly distilled THF (50
ml) and the mixture was stirred for 12 h; tren (160 µl, 1.06 mmol)
was added and the mixture was stirred overnight at room tempera-
ture. The solvent was then evaporated and the brown oil was puri-
fied by column chromatography (silica gel, dichloromethane con-
taining 2% isopropylamine) giving 10 as a white solid (1.0 g, 3.50
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mmol, 90%). 2 M.p. 116°C. 2 Rf 5 0.6 (CH2Cl2/MeOH, 9:1). 2
1H NMR (200 MHz, CDCl3): δ 5 2.77 (br. s, 6 H, NCH2), 3.61
(m, 24 H, NCH2, OCH3), 6.8427.04 (m, 12 H, ArH), 7.2427.44
(m, 9 H, ArH), 7.50 (br. s, 3 H, NH). 2 13C NMR (50 MHz,
CDCl3): δ 5 38.4 (CH2), 54.7 (CH2), 55.3 and 55.4 (OCH3), 110.2
(CH), 110.9 (CH), 118.6 (CH), 120.1 (CH), 126.7, 128.7 (CH),
131.0 (CH), 131.2 (CH), 134.0, 156.6 (C2O), 156.9 (C2O), 167.8
(C5O). 2 IR (KBr): ν̃ 5 1635 cm21 [ν(C5O)]. 2 MSM [FAB(1),
NBA matrix]; m/z: 867 [M 1 H1], 596, 284, 257, 241, 213. 2

C51H54N4O9 ·3H2O: calcd. C 66.64, H 6.36, N 6.10; found C 66.65,
H 6.04, N 6.15.

N,N9,N99-(Nitrilotri-2,1-ethanediyl)tris(2,29-dihydroxy-4-biphen-
ylcarboxamide) (11): A solution of BBr3 in dichloromethane (1 ,
20 ml) was cooled to 0°C under nitrogen. Podand 10 (860 mg, 0.99
mmol) was added and the mixture was stirred for 12 h at room
temperature, resulting in the deposition of a white precipitate. The
mixture was treated with methanol and the solvents were evapo-
rated. The residue was dissolved in 30 ml of 10% aq. NaOH. Sub-
sequent addition of 10% HCl at 0°C gave 11 as a white precipitate,
which was dried in vacuo (700 mg, 0.89 mmol, 90%). 2 M.p.
170°C. 2 1H NMR (200 MHz, [D6]DMSO): δ 5 3.48 (br. s, 6 H,
CH2), 3.73 (br. s, 6 H, CH2), 6.7626.92 (m, 6 H, ArH), 7.1027.21
(m, 9 H, ArH), 7.3427.41 (m, 6 H, ArH), 8.81 (br. s, 3 H, NH),
9.37 (br. s, 3 H, OH), 9.50 (br. s, 3 H, OH). 2 13C NMR (50 MHz,
[D6]DMSO): δ 5 34.3 (CH2), 52.1 (CH2), 115.1, 115.8, 117.4,
118.8, 128.5, 129.3, 131.4, 133.8, 154.6 (C2O), 166.9 (C5O). 2

IR (KBr): ν̃ 5 365022300 cm21 [ν(OH)], 1640 [ν(C5O)]. 2 MS
[FAB(1), NBA matrix]; m/z: 783 [M 1 H1], 613, 540, 528. 2

C45H42N4O9 ·HBr ·H2O: calcd. C 61.35, H 5.15, N 6.36; found C
61.61, H 5.12, N 6.27.

N,N9,N0-(Nitrilotri-2,1-ethanediyl)tris(2,29-dihydroxy-5,39,59-
trisulfo-4-biphenylcarboxamide) (12): The hydroxylated tripod 11
(830 mg, 1.06 mmol) was dissolved in 60 ml of oleum (H2SO4 1

15% SO3) at 0°C. The mixture was then stirred at 90°C for 3 h.
After cooling to room temperature, the brown solution was cau-
tiously poured onto crushed ice with stirring. With cooling, the
solution was brought to pH 5 4 by the slow addition of 10% aq.
NaOH. Sodium sulfate was eliminated by repeated precipitations
by adding methanol. 2 M.p. > 286°C. 2 1H NMR (200 MHz,
D2O): δ 5 3.80 (m, 2 H, CH2), 4.00 (m, 2 H, CH2), 7.17 (s, 1 H),
7.91 (s, 1 H), 7.94 (d, J 5 2.3 Hz, 1 H), 8.22 (d, J 5 2.3 Hz, 1 H).
2 13C NMR (50 MHz, CD3OD): δ 5 37.4 (CH2), 55.3 (CH2),
118.6 (CH), 128.4 (CH), 129.4, 131.4, 134.1 (CH), 134.5, 134.9
(CH), 137.1, 138.0, 156.4 (C2O), 159.2 (C2O), 174.2 (C5O).

2,29-Dimethoxy-4-(N,N-dimethylcarbamoyl)-1,19-biphenyl (13):
Under nitrogen at room temperature, acid 9 (0.9 g, 3.48 mmol) was
treated with CDI (623 mg, 3.84 mmol) in THF (100 ml) for 12 h.
The mixture was then cooled to 0°C, dimethylamine (5 ml) was
added, and stirring was continued overnight at room temperature.
The solvent was then evaporated and the residual brown oil was
purified by column chromatography (silica gel, dichloromethane
containing 2% isopropylamine) to afford 13 as a white solid (800
mg, 2.80 mmol, 80%). 2 M.p. 123°C. 2 1H NMR (200 MHz,
CDCl3): δ 5 3.04 (s, 6 H, NCH3), 3.69 (s, 3 H, OCH3), 3.71 (s, 3
H, OCH3), 6.8926.98 (m, 4 H, ArH), 7.1327.31 (m, 3 H, ArH).
2 13C NMR (50 MHz, CDCl3): δ 5 36.0 (NCH3), 40.0 (NCH3),
55.6 (OCH3), 55.7 (OCH3), 110.0 (CH), 111.1 (CH), 118.7 (CH),
120.3 (CH), 127.0, 128.8 (CH), 129.2, 131.1 (CH), 131.2 (CH),
136.3, 156.9 (C2OMe), 157.0 (C2OMe), 171.5 (C5O). 2 MS (EI):
m/z: 285 [M], 257, 213.

2,29-Dihydroxy-4-(N,N-dimethylcarbamoyl)-1,19-biphenyl (14):
To a solution of BBr3 in dichloromethane (1 , 20 ml) at 0°C under
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nitrogen, 13 (900 mg, 3.15 mmol) was added and the mixture was
stirred for 12 h at room temperature. The mixture was then treated
with methanol and the solvents were evaporated. The residue was
redissolved in 20 ml of 10% aq. NaOH and subsequent addition
of 10% HCl at 0°C gave 14 as a white precipitate, which was dried
in vacuo (800 mg, 3.10 mmol, 98%). 2 M.p. 186°C. 2 1H NMR
(200 MHz, [D6]DMSO): δ 5 2.96 (s, 6 H, NCH3), 6.7726.90 (m,
4 H, ArH), 7.1027.88 (m, 3 H, ArH), 9.23 (s, 1 H, OH), 9.43 (s, 1
H, OH). 2 13C NMR (50 MHz, [D6]DMSO): δ 5 34.8 (NCH3),
114.4 (CH), 115.7 (CH), 117.3 (CH), 118.8 (CH), 125.2, 127.0,
128.3 (CH), 131.3 (CH), 131.4 (CH), 136.2, 154.4 (C2OH), 154.6
(C2OH), 154.6 (C5O). 2 IR (KBr): ν̃ 5 350022300 cm21

[ν(OH)], 1600 [ν(C5O)]. 2 MS (EI); m/z: 275 [M], 213.

2,29-Dihydroxy-4-(N,N-dimethylcarbamoyl)-3,39,59-trisulfo-1,19-
biphenyl (15): Sulfonation of 14 was performed as for 12. 2 M.p.
> 286°C. 2 1H NMR (200 MHz, CD3OD): δ 5 2.87 (s, 3 H, CH3),
3.03 (s, 3 H, CH3), 6.64 (s, 1 H), 7.7 (d, J 5 2.3 Hz, 1 H), 7.75 (s,
1 H), 8.16 (d, J 5 2.3 Hz, 1 H). 2 13C NMR (50 MHz, CD3OD):
δ 5 35.3 (CH3), 39.8 (CH3), 114.5 (CH), 126.3, 126.5 (CH), 127.2,
129.9, 132.6 (CH), 132.7 (CH), 133.5, 136.3, 137.0, 154.3 (C2N),
158.0 (C2N), 172.9 (C5O).

Potentiometric Experiments: All measurements were made at
25°C. Solutions were prepared with deionized, doubly distilled
water. The ionic strength was fixed at 0.1  with sodium perchlo-
rate (PROLABO puriss). The pH measurements were performed
using a TACUSSEL Ionoprocesseur-II millivoltmeter equipped
with glass and calomel electrodes (TACUSSEL). The electrodes
were calibrated to read p[H] according to the classical method[14].
Potentiometric titrations employed a TACUSSEL Electroburex bu-
rette and a pH meter (Ionoprocesseur-II) connected to a Hewlett
Packard microcomputer. The titrations were automated using
software developed in our laboratory. The ligands and their
iron(III) complexes at concentrations of ca. 0.001  were titrated
with standardized 0.05  sodium hydroxide. The titration data were
refined by the nonlinear least-squares refinement program SUPER-
QUAD[15] in order to determine the equilibrium constants (pro-
tonation and complexation).

Spectrophotometric Experiments: The deprotonation constant of
one hydroxy group was determined in the UV region (the ligand
concentration in aqueous solution was ca. 5 ·1025 ). The ferric
complexes were investigated by spectrophotometry: The UV/Vis
spectrum of a solution containing equal amounts of ligand and
FeIII (1024 ) was monitored as a function of pH over the range
1210 (adjusted with HClO4 or NaOH); an aliquot was taken from
the solution after each adjustment of the pH (which was measured
using a pH meter) and its spectrum was recorded. The ionic
strength was fixed at 0.1  with NaClO4/HClO4 for this second set
of experiments. The spectrophotometric data were fitted with the
LETAGROP-SPEFO program[16] [17]. The program uses a nonlin-
ear least-squares method and calculates the thermodynamic con-
stants of the absorbing species and their corresponding electronic
spectra. The calculations were performed on the basis of ab-
sorbance data at about 628 wavelengths (between 400 and 600
nm).

[1] [1a] P. S. Dobbin, R. C. Hider, Chem. Ber. 1990, 565. 2 [1b] C.
Herschko, D. J. Weatherall, Crit. Rev. Clin. Lab. Sc. 1988, 26,
303.

[2] R. J. Bergeron, G. M. Brittenham, The Development of Iron
Chelators for Clinical Use, CRC Press, Boca Raton, 1992.

[3] L. D. Loomis, K. N. Raymond, Inorg. Chem. 1991, 30, 906.
[4] E. R. Huehns, J. B. Porter, R. C. Hider, Hemoglobin 1988, 12,

593.
[5] G. M. Brittenham, Semin. Hematol. 1990, 27, 112.



Water-Soluble Tripodal Ligand Based on 2,29-Dihydroxybiphenyl Subunits FULL PAPER
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New J. Chem. 1993, 17, 297.

[10] A. Shanzer, J. Libman, S. Lifson, Pure Appl. Chem. 1992, 64,
1421.

[11] R. Bastian, R. Weberling, F. Palilla, Anal. Chem. 1956, 28, 459.
[12] M. A. Rizzacasa, M. V. Sargent, J. Organometal. Chem. 1976,

10, 529.
[13] W. J. Thomson, J. Gaudino, J. Org. Chem. 1984, 49, 5237.
[14] A. E. Martell, R. J. Motekaitis, Determination and Use of Sta-

bility Constants, 2nd ed., VCH Publishers, New York, 1992.

Eur. J. Inorg. Chem. 1998, 6132619 619

[15] P. Gans, A. Sabatini, A. Vacca, J. Chem. Soc., Dalton Trans.
1985, 1195.

[16] L. G. Sillen, B. Warsquist, Ark. Kemi 1969, 31, 377 (Chem.
Abstr. 1969, 71, 85125h).

[17] M. Meloun, J. Havel, E. Hogfeldt, Computation of Solution
Equilibria, Ellis Horwood, Chichester, 1988.

[18] H. A. Staab, H. Rohr, Newer Methods Prep. Org. Chem. 1988,
5, 61.

[19] M. Miyaura, T. Yanagi, A. Suzuki, Synth. Commun. 1981, 11,
513.

[20] G. Bringman, R. Walter, R. Weirich, Angew. Chem. 1990, 102,
1006; Angew. Chem. Int. Ed. Engl. 1990, 29, 977.

[21] S. J. Rodgers, C. W. Lee, C. Y. Ng, K. N. Raymond, Inorg.
Chem. 1987, 26, 1622.

[22] C. Y. Ng, S. J. Rodgers, K. N. Raymond, Inorg. Chem. 1989,
28, 2062.

[23] β11n 5 [FeLHn]/[Fe31] [L] [H1]n is the equilibrium constant for
Fe31 1 L 1 nH1

v FeLHn.
[97293]



FULL PAPER

Syntheses and Structures of Molecular Diphenolatonickel Compounds
Containing Trimethylphosphane Ligands
Hans-Friedrich Klein*a, Attila Dala, Thomas Junga, Siegmar Braunb, Caroline Röhrc, Ulrich Flörked, and Hans-Jürgen
Hauptd

Institut für Anorganische Chemie der Technischen Universität Darmstadta,
Petersenstraße 18, D-64285 Darmstadt, Germany

Institut für Organische Chemie der Technischen Universität Darmstadtb,
Petersenstraße 22, D-64285 Darmstadt, Germany

Institut für Anorganische Chemie der Universität Freiburgc,
Albertstraße 21, D-79104 Freiburg, Germany

Anorganische und Analytische Chemie der Universität/GH Paderbornd,
Warburger Strasse 100, D-33095 Paderborn, Germany

Received December 4, 1997

Keywords: Nickel / Oxidation / Phenols / Structure, dynamic NMR spectroscopy

The reaction of substituted phenols and dioxygen with
Ni(PMe3)4 yields the low-spin tetracoordinate diphenolato-
nickel compounds Ni(OAr)2(PMe3)2 [ArOH = 2-tert-butyl-
phenol (1), 2-tert-butyl-4-methylphenol (2), 2-tert-butyl-6-
methylphenol (3), 2,4-di(tert-butyl)phenol (4), 2-tert-butyl-4-
methoxophenol (5), 2-chloro-4-tert-butylphenol (6), 2-isopro-
pylphenol (7), 3-tert-butylphenol (8)]. As is revealed by varia-
ble temperature 1H- and 13C-NMR spectroscopy the comple-
xes constitute a mixture of two isomers, each of which can
be observed separately at lower temperatures when inter-

Many low-valent metal compounds, if combined with a
proton source and dioxygen, form an oxidizing system. Ex-
amples are Fentons reagent, Bartons Gif systems and the
Wacker process. Peroxometal complexes are believed to be
key intermediates in these reactions. [1] Strongly reducing
phosphane complexes of zerovalent nickel are known to
form peroxo species according to Eq. 1. In exceptional cases
these may be isolated, e.g. with space-filling tricyclohexyl-
phosphane ligands. [2]

Ni(PR3)4 1 O2 R (R3P)2NiO2 R Ni 1 2 R3P5O (1)

With the small trimethylphosphane the peroxo intermedi-
ate is explosive, and for this reason even small crystals of
Ni(PMe3)4 crackle upon contact with air. Using mol-equiv-
alent amounts of oxygen in solution the system becomes a
mild oxidant. On this basis we have developed a new syn-
thesis of molecular diphenolatonickel complexes containing
trimethylphosphane ligands.

Conventionally, but not conveniently, unsolvated diphe-
nolatonickel compounds may be prepared in an anhydrous
medium as insoluble coordination polymers. Methods using
NiCl2 and sodium or lithium phenolates usually afford
products which pertinaciously occlude halide impurities.

Some ortho-substituted phenols form diphenolatonickel
dihydrates that can be converted into anhydrous com-

Eur. J. Inorg. Chem. 1998, 6212627  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/050520621 $ 17.501.50/0 621

conversion is slower. An additional 6-carbaldehyde function
transforms the phenolate into a chelating ligand, giving rise
to a high-spin hexacoordinate compound Ni(OAr)2(PMe3)2

(9). X-ray crystal-structure determinations of 2 and 3 show
a trans square-planar structure, and that of 9 shows a trans
octahedral arrangement of donor atoms P2O4. Bulky substitu-
ents in the 3- or 4-position, or non-demanding substituents
in the 2-position, are less effective in stabilizing molecular
diphenolatonickel complexes.

pounds. These materials cannot be dissolved without reac-
tion. [3] However, with nitrogen donor atoms in a suitable
configuration numerous soluble chelate complexes, e. g.
with 8-hydroxoquinolines or salicylaldimines, have been
shown to exist as molecular compounds with square-planar
coordination at the nickel atom. These complexes usually
do not accommodate additional phosphane ligands.

In this contribution a novel method of synthesis is de-
scribed which smoothly affords crystalline diphenolatobis-
(trimethylphosphane)nickel compounds starting from sub-
stituted phenols, Ni(PMe3)4, and dioxygen.

Results and Discussion

Pale-yellow solutions of Ni(PMe3)4 and two mol-equiva-
lents of a phenol in hydrocarbon or ether solvents turn
dark-red when treated with one mol-equivalent of dioxy-
gen[4] according to Eq. 2. One of the trimethylphosphanes
serves as a co-reductant, in this respect resembling the natu-
ral methane monooxygenase system.[5]

Using sterically shielding 2-tert-butylphenols, mononu-
clear diphenolatonickel complexes containing trimeth-
ylphosphane are obtained in good to excellent yields. Sepa-
ration from moist trimethylphosphane oxide[6] is con-
veniently achieved by filtration, and trace impurities can be
sublimed from the product in vacuo at 20°C.
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(2)

1 2 3 4 5 6 7 8 9

R1 tBu tBu tBu tBu tBu tBu iPr H tBu
R2 H H H H H H H tBu H
R3 H Me H tBu OMe Cl H H Me
R4 H H Me H H H H H CHO
Yield [%] 52 78 86[a] 70 54 48 11 8 83

[a] Yield of crude product.

Recrystallization from pentane or ether affords red crys-
tals that can be dried in vacuo without loss of phosphane
ligands. While coordination of substoichiometric amounts
of triorganophosphanes by diphenolatonickel polymers has
been noticed, [7] to the best of our knowledge the molecular
trimethylphosphane complexes 128 constitute a novel type
of compound. The 2-tert-butyl groups not only prevent for-
mation of coordination polymers by steric shielding but
also enhance the reactivity of the phenolic function, when
compared with the unsubstituted phenol. In a sluggish reac-
tion with Ni(PMe3)4 and oxygen this parent phenol gives
low yields of insoluble material which, according to the in-
frared data, appears to be a mixture of nickel oxide and
diphenolatonickel containing residual trimethylphosphane
ligands.

To investigate the limits of steric demand, the size and
positions of phenolic substituents were varied.

Steric Protection of the Phenolate Function

Reducing the size of the substituent in 2-position induces
loss of trimethylphosphane while forming insoluble coordi-
nation polymers at the expense of molecular diphenolaton-
ickel compounds. This tendency increases from R 5 CMe3

to R 5 H. Moving the protecting tert-butyl group to the 3-
or 4-position dramatically reduces the yields of molecular
complexes.

R CMe3 CHMe2 2,4,6-Me3 H

Yield [%] 52 11 0 0

R 2-CMe3 3-CMe3 4-CMe3

Yield [%] 52 8 0

Eur. J. Inorg. Chem. 1998, 6212627622

Neither steric nor electronic changes in the 4-position can
affect the reasonably constant yields of bis(2-tert-butylphe-
nolato)bis(trimethylphosphane)nickel compounds.

R CMe3 Me H OMe Cl

Yield [%] 70 78 52 54 48

Thus, the stability of molecular diphenolatonickel com-
plexes containing trimethylphosphane appears to be con-
trolled by the size of the phenolic substituent in 2-position.

NMR Spectroscopy

For steric reasons an optimum configuration of the bis(2-
tert-butylphenolato)nickel complexes 2 and 3 in solution is
likely to be the same as that in the solids, and is charac-
terized by CMe3 groups pointing away from the plane of
coordination (Figures 1 and 2). In the crystal a transoid
arrangement of CMe3 substituents (A) is favored, while in
solution a second minimum of energy is populated through
rotation of phenolato ligands (B), as shown by dynamic 1H-
NMR spectroscopy.

The room-temperature 1H-NMR spectra (300 MHz) of
the complexes 1, 2, 4, 5, and 7 (Table 1) show a broad one-
proton signal at δH ø 9 ± 0.5, whereas the other protons
of the benzene ring show clearly resolved multiplets, e.g. for
2 a doublet of 1.9 Hz for the signal at δH 5 6.65 and a
double doublet of 7.7 and 1.9 Hz for that at δH 5 6.90.
From an analysis and comparison of the NMR data the
broad high-frequency signal has to be assigned to 6-H,
which is deshielded by the nearby nickel atom. On cooling
the solution (e.g. 2 was cooled to 233 K) two clearly re-
solved doublets are observed for 6-H at δH 5 9.21 and 8.63
in an intensity ratio of about 2:1 with J6-H,5-H 5 7.8 Hz for
both signals. Line separations, albeit amounting to only a
few Hz (ca. 0.01 ppm), can be seen also for the other pro-
tons, an exception being the 4-CH3 protons. An H,H-COSY
spectrum proves that the signals of 5-H of both species
overlap at δH 5 6.90 and those of the 3-H atoms at δH 5
6.65. On the other hand, when heating a solution of 2 in
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Figure 2. Molecular structure of 3 (ORTEP plot without hydrogen atoms)[a]

[a] Selected bond lengths [Å] and angles [°]: Ni2O1 1.861(3), Ni2P1 2.268(2), O12C1 1.331(6), C22C11 1.495(7), C62C7 1.535(8);
O12Ni2P1 98.6(1), O12Ni2P1a 81.5(1), C12O12Ni 127.3(3).

[D8]toluene to 373 K, one doublet at δH 5 9.07 with J 5
7.8 Hz appears.

Analogous results are obtained from the 13C-NMR spec-
tra (Table 2), e.g. that of 2. At 305 K one set of signals is
obtained, the one at δC 5 123.0 exhibiting some line broad-
ening; according to 2D-H,C correlation it has to be attri-
buted to C-6. At 233 K two sets of signals in a ratio of
about 2:1 are observed for most C atoms, exceptions being
those of C-3 and of both types of CMe3 under the routine
measurement conditions applied.

From these results it has to be concluded that there is a
mixture of two rotamers, A and B, which can be observed
separately when interconversion is slow on the NMR time
scale.

Coordination Number 6

In a suitable conformation an aldehyde or ketone func-
tion can serve as additional O-donor ligand. This chelating
property has been previously observed in equilibria of li-
gand dissociation involving pentacoordinate species which
are formed in a ligand dismutation reaction from iodo-
(phenolato)nickel precursors. [8]

Eur. J. Inorg. Chem. 1998, 6212627 623

Trimethylphosphane is smoothly added to produce hexa-
coordinate 9 according to Eq. 3. Involvement of both alde-
hyde groups is evident from a bathochromic coordination
shift of the ν(C5O) bands. Both types of diphenolatonickel
complexes have been characterized by single-crystal X-ray
diffraction.

Figure 1. Molecular structure of 2 (ORTEP plot without hydrogen
atoms)[a]

[a] Selected bond lengths [Å] and angles [°]: Ni2O1 1.868(3),
Ni2P1 2.233(1), O12C1 1.355(6), C12C7 1.382(8), C62C7
1.402(8); O12Ni2P1 94.1(1), O12Ni2P19 85.9(1), C12O12Ni
120.6(3).

Molecular Structures of 2, 3, and 9

Single crystals were obtained from pentane solutions at
220°C. Figures 123 give the atom numberings and the
principal bond lengths and angles.

In all three molecular structures the nickel atom lies on
a crystallographic inversion center. Bond lengths show sig-
nificant deviations only between the hexacoordinate species
9 and the two square-planar complexes. Thus, in 9 the
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Table 1. Dynamic 1H-NMR spectra ([D8]THF) of compounds 1, 2, 4, 5, and 8[a]

Comp. PCH3 CCH3 R 2-H 3-H 4-H 5-H 6-H
T [K]

1 0.95 1.22 6.78 6.32 7.09 9.15
293 18 H 18 H 2 2 2 H 2 H 2 H 1 H

s (br.) s d, J 5 7.4 t, J 5 7.4 t, J 5 7.4 s (br.)

1a 8.75
233 2 2 0.7 H

0.92 1.20 6.78 6.33 7.11 d, J 5 6.7
18 H 18 H 2 H 2 H 2 H
s (br.) s s (br.) s (br.) s (br.) 9.34

1b 1.3 H
233 d, J 5 7.4

2 0.95 1.22 2.17 6.65 6.90 8.99
305 18 H 18 H 6 H 2 2 H 2 2 H 2 H

s (br.) s s d, J 5 1.3 dd, J 5 6.5/1.3 s (br.)

2a 0.92 1.20 2.17 6.63 6.90 8.63
233 18 H 18 H 6 H 2 2 H 2 2 H 0.7 H

t9, N 5 8.0 s s s (br.) m d, J 5 8.0

2b 0.94 1.21 2.18 9.21
233 t9, N 5 8.0 s s 1.3 H

d, J 5 8.0

4 0.93 1.23 1.25 6.89 6.90 9.00
305 18 H 18 H 18 H 2 2 H 2 2 H 2 H

t0, N 5 6.3 s s d, J 5 2.5 dd, J 5 8.1/2.5 s (br.)

4a 8.82
233 1 H

0.92 1.23 1.25 6.87 7.14 d, J 5 8.1
18 H 18 H 18 H 2 2 H 2 2 H

4b t9, N 5 8.2 s s t, J 5 3.0 m 9.18
233 1 H

d, J 5 8.0

5 0.94 1.21 3.57 6.48 6.69 9.01
305 18 H 18 H 6 H 2 2 H 2 2 H 1 H

t9, N 5 6.4 s s d, J 5 3.1 dd, J 5 8.4/3.1 s (br.)

8 0.96 1.27 7.75 6.45 7.06 7.21
305 18 H 18 H 2 2 H 2 2 H 2 H 2 H

s (br.) s s d, J 5 7.0 m d, J 5 6.7

[a] t9 5 virtual triplet with N as distance of outer lines.

Table 2. Dynamic 13C-NMR spectra ([D8]THF) of compounds 1, 2, 4, 5, and 8

Comp. PCH3 CCH3 CCH3 R C-1 C-2 C-3 C-4 C-5 C-6
T [K]

1 10.8 28.4 33.6 2 164.2 138.1 125.4 112.4 123.8 121.5
305 t9, N 5 22
2 10.9 28.5 33.5 19.1 (Me) 162.1 137.6 124.9 120.3 125.5 121.1

305 t9, N 5 23
2a 10.3 161.2 137.0 119.8 125.4 120.4

233 t9, N 5 23
28.1 33.3 19.1 (Me) 124.7

2b 10.6 161.6 137.1 119.9 125.5 121.1
233 t9, N 5 23
4 10. 8 28.5 32.6 30.5 (Me) 161.7 134.1 120.8 136.9 121,5 120.8

305 t9 (br.) 33.8 (CMe3)

5 10.8 28.2 33.7 53.8 (OMe) 158.0 138.2 108.9 148.3 112.0 120.3
305 t9, N 5 23

8 9.7 29.9 33.2 2 165.0 111.4 150.2 109.9 116.4 126.8
305 t9, N 5 24

Ni2O distances of 1.995(2) and 2.060(2) Å, which are as
expected for octahedral complexes of nickel, [9] exceed those

Eur. J. Inorg. Chem. 1998, 6212627624

of 2 and 3 by more than 10 pm. Also the large Ni2P dis-
tances of 2.482(1) Å are due to octahedral coordination in
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Figure 3. Molecular structure of 9 (ORTEP plot without hydrogen atoms)[a]

[a] Selected bond lengths [Å] and angles [°]: Ni2O1 1995(2), Ni2O2 2.060(2), Ni2P1 2.482(1), O12C1 1.289(2), O22C12 1.245(3),
C42C11 1.522(3), C62C7 1.531(4); O12Ni2P1 87.2(1), O1a2Ni2P1 92.8(1), O22Ni2P1 89.9(1), O2a2Ni2P1 90.1(1), C12O12Ni
130.1(2), C122O22Ni 123.9(2).

the 20-electron complex 9 and are similar to those of octa-
hedral nickel(IV) complexes[10] (18 electrons). The diamag-
netic square-planar complexes 2 and 3 exhibit shorter
Ni2O and Ni2P bond lengths. While Ni2P distances are
as expected for 16-electron (trimethylphosphane)nickel
complexes[11] [12] the Ni2O distances of trans-bis(trimethyl-

Table 3. Distortions of square-planar geometries at nickel centres;
L 5 P(CH3)3

Eur. J. Inorg. Chem. 1998, 6212627 625

phosphane)nickel diphenolates are unprecedented as far as
we are aware. When compared with a pentacoordinate tri-
pyridinebis(2,4,6-trichlorophenolato)nickel(II)[13] [Ni2O 5
2.014(4) Å ] Ni2O distances such as 1.868(3) Å for 2 and
1.861(3) Å for 3 are considerably shorter. There is no struc-
tural indication for magnetic shielding of the aromatic 6-H
nucleus by a close approach to the metal atom (see NMR
Spectroscopy) because the calculated distance Ni2H(7) 5
2.627 Å seems too large for such interaction. Similarly, in
the 6-methyl-substituted compound 3 the distance between
the 6-alkyl group and the nickel atom is beyond the radius
of interaction.

Indeed, the substituent in 6-position points away from
the nickel atom. While the angle α 5 120.6(3)° in 2 (see
Table 3) this angle in 3 is augmented by 6.7°. The sterically
demanding 2-tert-butyl-6-methylphenolato ligand causes
contraction of angles β from 85.92(12)°in 2 to 81.45(12)° in
3. An even larger angle α in 9 is due to incorporation in the
6-membered chelate ring which also affects angles β and γ.

Conclusion

Molecular diphenolatobis(trimethylphosphane)nickel
complexes can be prepared by convenient methods in high
yields, if bulky substituents in the 2-position of the phe-
nolato ligand prevent condensation reactions between metal
centers. By dynamic NMR spectroscopy 2-tert-butyl groups
are shown to hinder rotation of phenolato ligands around
Ni2O bonds. X-ray crystallography reveals the nickel
atoms to be surrounded by a meridian of two phenolato
and two trimethylphosphane donors in mutual trans posi-
tions. These structures have been filed as the first reported
for diamagnetic diphenolatonickel compounds. The five-
membered chelate rings are all planar and show similar di-
mensions and the expected increase in bond lengths at the
nickel atom as going from square-planar to octahedral co-
ordination. Although in 9 the Ni2P distance represents an
extremely long bond [2.482(1) Å], crystals of this compound
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do not release trimethylphosphane at 20°C in vacuo.
Further investigation of properties of (trimethylphos-
phane)nickel diphenolates are in progress in order to better
understand the role of chelating phenols as active catalysts
in olefin oligomerization reactions. [14]

Financial support of this work by the Fonds der Chemischen In-
dustrie and the Deutsche Forschungsgemeinschaft is gratefully
acknowledged.

Experimental Section
General Procedures and Materials: All air-sensitive and volatile

materials were handled by standard vacuum techniques and kept
under argon. Details have been given elsewhere.[8] Ni(PMe3)4 was
prepared by literature methods,[15] phenols (Merck-Schuchardt)
were used as purchased. Measured volumes of oxygen were admit-
ted to the reaction mixture at 270°C and in vacuo.

Bis(2-tert-butylphenolato)bis(trimethylphosphane)nickel (1): 510
mg of Ni(PMe3)4 (1.37 mmol) and 414 mg of 2-tert-butylphenol
(2.74 mmol) in 60 ml of THF were combined with 25 ml of dioxy-
gen (1.04 mmol). Upon warming the light yellow solution turned
dark-red. After 16 h at 20°C, the volatiles were removed in vacuo
and the residue extracted with 50 ml of pentane through a glass-
sinter disc (G3). Crystallization at 220°C afforded dark-red
rhombs. Yield 362 mg (52% based on nickel), m.p. 1842186°C. 2

IR (Nujol): ν̃ 5 1574 cm21 (C5C), 1044 (C2O), 944 [ρ(PCH3)].
2 C26H44NiO2P2 (509.3): calcd. C 61.32, H 8.71, P 12.16; found C
61.15, H 9.04, P 12.21.

Bis(2-tert-butyl-4-methylphenolato)bis(tr imethylphos-
phane)nickel (2): 500 mg of Ni(PMe3)4 (1.37 mmol) and 452 mg of
2-tert-butyl-4-methylphenol (2.74 mmol) in 50 ml of THF at
270°C were combined with 33 ml of dioxygen (1.37 mmol). After
warming the mixture to 20°C, the volatile components were re-
moved in vacuo and the residue extracted with 60 ml of pentane.
Keeping the dark-red solution at 220°C for 30 h afforded red-
brown cubes. Yield 572 mg (78% based on nickel), m.p.
1332135°C. 2 IR (Nujol): ν̃ 5 1596 cm21 (C5C), 1019 (C2O),
943 [ρ(PCH3)]. 2 C28H48NiO2P2 (537.3): calcd. C 62.59, H 9.00, P
11.53: found C 62.96, H 9.48. P 11.78.

Bis(2-tert-butyl-6-methylphenolato)bis(tr imethylphos-
phane)nickel (3): 870 mg of Ni(PMe3)4 (2.40 mmol) and 787 mg of
2-tert-butyl-6-methylphenol (4.80 mmol) in 50 ml of THF at
270°C were combined with 50 ml of dioxygen (2.08 mmol). After
warming to 20°C, the light-yellow solution turned red-brown and
was stirred for a further16 h. The volatiles were removed in vacuo,
and the residue extracted with 50 ml of pentane. The crude product
was collected as a brown oil (1110 mg, 86%) and used for spectro-
scopic measurements. Crystallization from 5 ml of pentane at
227°C starting with 900 mg of crude material afforded 260 mg of
red-brown crystals (20%), m.p. 1692171°C. 2 IR (Nujol): ν̃ 5

1581 cm21 (C5C), 950 [ρ(PCH3)]. 2 1H NMR ([D8]THF): δ 5

0.61 [s (br.), 18 H, P(CH3)3], 1.30 (s, 6 H, CH3), 1.50 [s, 18 H,
C(CH3)3], 6.54 (t, J 5 7.3 Hz, 1 H, 4-H), 7.00 (m, 2 H, 3-H, 5-H).
2 13C NMR ([D8]toluene): δ 5 11.88 [s (br.), P(CH3)3], 20.92 (s,
CH3), 29.94 [C(CH3)3], 35.21 [s, C(CH3)3], 114.89 (s, C-3), 124.80
(s, C-5), 128.90 (s, C-4); 141.45 (s, C-2), 143.96 (C-6), 163.07 (s,
C-1).

Bis(2,4-di-tert-butylphenolato)bis(trimethylphosphane)nickel (4):
1350 mg of Ni(PMe3)4 (3.72 mmol) and 1530 mg of 2,4-di-tert-
butylphenol (7.44 mmol) in 70 ml of THF at 270°C were com-
bined with 90 ml of dioxygen (3.74 mmol). Upon warming to 20°C
the yellow solution turned dark-red. After 16 h at 20°C, the vol-
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atiles were removed in vacuo and trimethylphosphane oxide sub-
limed from the residue at 30°C/0.1 mbar. Extraction with 60 ml of
pentane and crystallization at 220°C afforded dark-red crystals.
Yield 1620 mg (70% based on nickel), m.p. 1692171°C. 2 IR (Nu-
jol): ν̃ 5 1591 cm21 (C5C), 1016 (C2O), 942 [ρ(PCH3)]. 2

C34H60NiO2P2 (621.5): calcd. C 65.71, H 9.73, P 9.97; found C
65.78, H 9.65, P 10.03.

Bis(2-tert-butyl-4-methoxyphenolato)bis(trimethylphos-
phane)nickel (5): 420 mg of Ni(PMe3)4 (1.16 mmol) and 417 mg of
2-tert-butyl-4-methoxyphenol (2.74 mmol) in 50 ml of THF at
270°C were combined with 30 ml of dioxygen (1.25 mmol). After
warming the solution to 20°C and stirring for 16 h, the volatiles
were removed in vacuo. Crystallization from 70 ml of pentane af-
forded 572 mg of dark-brown crystals (78% based on Ni), m.p.
1332135°C. 2 IR (Nujol): ν̃ 5 1603 cm21 (C5C), 1018 (C2O),
948 [ρ(PCH3)]. 2 C28H48NiO4P2 (569.3): calcd. C 59.07, H 8.50, P
10.88; found C 59.75, H 8.64, P 11.18.

Bis(2-tert-butyl-4-chlorophenolato)bis(trimethylphosphane)nickel
(6): 770 mg of Ni(PMe3)4 (2.12 mmol) and 787 mg of 2-tert-butyl-
4-chlorophenol (4.24 mmol) in 50 ml of THF at 270°C were com-
bined with 50 ml of dioxygen (2.08 mmol). After warming up to
20°C, the volatiles were removed in vacuo and the resulting red-
brown solid washed with ether (2 3 10 ml) and recrystallized from
THF to afford 590 mg of brown-red crystals, m.p. 1542156°C. 2

IR (Nujol): ν̃ 5 1603 cm21 (C5C), 1018 (C2O), 948 [ρ(PCH3)].
2 1H NMR ([D8]THF): δ 5 0.97 [s (br.), 18 H, P(CH3)3], 1.19 [s,
18 H, C(CH3)3], 6.79 [s (br.), 2 H, 3-H], 7.09 (s, 2 H, 5-H). 2

C26H42Cl2NiO2P2 (580.2): calcd. C 53.83, H 7.30, P 10.68; found
C 52.97, H 7.40, P 10.88.

Bis(2-isopropylphenolato)bis(trimethylphosphane)nickel(7): 620
mg of Ni(PMe3)4 (1.71 mmol) and 465 mg of 2-isopropylphenol
(3.42 mmol) in 50 ml of THF at 270°C were combined with 50 ml
of dioxygen (2.08 mmol). Stirring at 230°C for 1 h gave a dark
red solution. Upon careful removal of volatiles in vacuo at 220°C
(within 16 h) and extraction of the residue with 50 ml of pentane
a large amount of red oil was obtained from which, after three
months, dark-red crystals were deposited. These were isolated by
washing with acetone in the cold, yielding 120 mg of red platelets
(11% based on Ni), m.p. 1092112°C. 2 IR (Nujol): ν̃ 5 1591 cm21

(C5C), 1036 (C2O), 948 [ρ(PCH3)]. 2 1H NMR ([D8]THF): δ 5

0.97 [s, 18 H, P(CH3)3], 1.01 [d, J 5 7 Hz, 12 H, CH(CH3)2], 3.08
[quint, J 5 7 Hz, 2 H, CH(CH3)2], 6.34 (t, J 5 7 Hz, 2 H, 3-H ),
7.05 (m, 4 H, 2-H, 4-H), 8.71 [s (br.), 2 H, 6-H]. 2 13C NMR
([D8]THF): δ 5 9.79 [t9, N 5 2 Hz, P(CH3)3], 21.49 [s, CH(CH3)2],
25.93 [CH(CH3)2], 113.57 (s, C-4), 122.99 (s, C-6), 124.82, 125.09
(s, C-3, C-5); 141.45 (s, C-2), 137.68 (s, C-2), 162.38 (s, C-1). 2

C33H52NiO2P2 (617.5): calcd. C 64.19, H 8.49; found C 64.70, H
8.60.

Bis(3-tert-butylphenolato)bis(trimethylphosphane)nickel (8): 880
mg of Ni(PMe3)4 (2.42 mmol) and 728 mg of 3-tert-butylphenol
(4.85 mmol) in 70 ml of THF at 270°C were combined with 50 ml
of dioxygen (2.08 mmol). Stirring at 230°C for 1 h gave a dark-
red solution. Upon removal of volatiles in vacuo, and extraction of
the residue with 50 ml of pentane at 230°C, 520 mg of Ni(PMe3)4

was recovered. A second extraction with 50 ml of pentane at 25°C
gave 158 mg of red platelets (15% based on Ni), m.p. 1122117°C.
2 IR (Nujol): ν̃ 5 3430 cm21 (OH), 1643 [δ(OH)], 1591 (C5C),
1036 (C2O), 948 [ρ(PCH3)]. 2 C46H72NiO4P2 (809.7): calcd. C
68.23, H 8.89, P 7.65; found C 67.50, H 9.08, P 7.73.

Bis(2-tert-butyl-4-methyl-6-formylphenolato)bis(trimethylphos-
phane)nickel (9): 560 mg of Ni(PMe3)4 (1.54 mmol) and 580 mg of
3-tert-butyl-5-methylsalicylaldehyde (3.02 mmol) in 50 ml of THF
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Table 4. Crystallographic data of compounds 2, 3, and 9

2 3 9

Formula C28H48NiO2P2 C28H48NiO2P2 C30H48NiO4P2
Molecular mass 537.3 537.3 593.4
Crystal size [mm] 0.24 3 0.29 3 0.35 0.31 3 0.29 3 0.26 0.21 3 0.24 3 0.55
Crystal system triclinic monoclinic triclinic
Space group P1̄ P21/c P1̄
a [Å] 8.314(2) 9.857(3) 9.762(2)
b [Å] 9.654(2) 12.867(3) 9.850(2)
c [Å] 11.344(2) 13.136(3) 9.363(2)
α [°] 93.81(2) 90 108.68(1)
β [°] 108.16(2) 110.25(2) 98.10(1)
γ [°] 114.51(2) 90 73.10(1)
V [Å3] 766.8(3) 1563.1(7) 814.9
Z 1 2 1
Dcalcd. [g/cm3] 1.164 1.142 1.209
µ(Mo-Kα) [mm21] 0.757 0.743 0.720
T [K] 293(2) 293(2) 293(2)
Data coll. range [°] 5.5 # 2Θ # 45 5.4 # 2Θ # 55 3 # 2Θ # 55
h 211 # h # 11 212 # h # 12 212 # h # 12
k 213 # k # 13 0 # k # 16 212 # k # 12
l 0 # l # 11 0 # l # 17 0 # l # 12
No. reflect. measured 2099 3751 7527
No. unique reflect. 1985 3598 3765
No. parameters refined 152 159 170
R1 [F $ 4σ(F)] 0.090 0.075 0.040
wR2 [F $ 4σ(F)][a] 0.251[b] 0.123[b] 0.041[c]

[a] w 5 1/σ2(F) 1 0.0001·F2. 2 [b] Refinement on F. 2 [c] Refinement on F.

at 270°C were combined with 38 ml of dioxygen (1.58 mmol).
Upon warming the solution slowly turned brown. After 24 h at
20°C, the volatiles were removed in vacuo and the residue extracted
with 50 ml of pentane. Keeping the solution at 8°C for 70 h af-
forded yellow-brown crystals. Yield 656 mg (83% based on nickel),
m.p. 1532156°C. IR (Nujol): ν̃ 5 1596 cm21 (C5O), 1024 (C2O),
943 [ρ(PCH3)]. 2 1H NMR ([D8]toluene): extremely broad signals
at δ 5 1.1284.7. 2 C30H48NiO4P2 (593.4): calcd. C 60.73, H 8.15,
P 10.44; found C 60.76, H 7.97, P 10.41.

Crystal-Structure Analyses: Crystal data are presented in Table 4.

Data Collection. 2 Complex 2: A dark-red specimen was sealed
under argon in a glass capillary and mounted on a Philips PW
1100 diffractometer. Using graphite-monochromated Mo-Kα radi-
ation lattice parameters were obtained from 25 centered reflec-
tions. Intensities were collected (ω scan) and Lp corrections were
applied. The structure was solved (SHELX 86) using a full-matrix
least-squares refinement (SHELX 93). All non-hydrogen atoms
were treated anisotropically, hydrogen atoms were held in ideal-
ized fixed positions. 2 Complex 3: A dark-red specimen was
sealed under argon in a glass capillary and mounted on a Siemens
R3m/V diffractometer. Using graphite-monochromated Mo-Kα-
radiation lattice parameters were obtained from 25 centered re-
flections. Intensities were collected (ω scan) and Lp and empirical
absorption corrections were applied (4 scans). The structure was
solved (SHELXS 86) and refined (SHELXL 93). Non-hydrogen
atoms were refined anisotropically, hydrogen atoms were fixed in
idealized positions. 2 Complex 9: An orange-brown crystal was
sealed and mounted as given for 3. Lattice parameters were ob-
tained from 25 centered reflections. Intensities were collected and
four standard reflections were recorded every 400 measured reflec-
tions showing only random intensity fluctuations. Lp corrections
and empirical absorption correction were applied (ψ scans, min./
max. transmission 0.824/0.868). The structure was solved by Pat-
terson and Fourier methods. Full-matrix least-squares refinement
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was based on F. All non-hydrogen atoms were refined aniso-
tropically, hydrogen atoms were held in calculated positions. Scat-
tering factors and structure refinement: SHELXTL-Plus (G. M.
Sheldrick, 1990).

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre. Copies of the data
[CCDC-100867 (2), -100866(3), -100880 (9)] can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 44(1223)336-033, E-mail:
deposit@chemcrys.cam.ac.uk).
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The reaction of dicarbonyl(η5-cyclopentadienyl)cobalt (1)
and some of the Cp-ring substituted congeners with bis(tert-
butylsulfonyl)acetylene (BTSA) results in the replacement of
one CO group by the BTSA moiety. The variation of the

So far, substitution reactions at dicarbonyl(η5-cyclopen-
tadienyl)cobalt [CpCo(CO)2] (1) [1] [2] [3] with alkynes could
not be stopped at the monosubstitution stages, although
such complexes have been postulated as intermediates. [4] In
the reported cases follow-up reactions led to cyclobutadiene
complexes, cyclopentadienone complexes or benzene de-
rivatives. [5] [6] [7] [8] [9] [10] [11] In order to contribute to the clari-
fication of the mechanism of dimerization or trimerization
of alkynes we investigated the reaction of CpCo(CO)2 with
alkynes having electron-acceptor groups. Acceptor groups
were chosen because we thought that replacement of only
one CO group could best be accomplished by a triple bond
with stronger acceptor properties than diphenyl acetylene.
Therefore bis(tert-butylsulfonyl)acetylene (BTSA) was our
first choice because this compound has been found to be a
powerful dienophile. [12] [13] This led us to investigate the li-
gand properties of BTSA. In this paper we report experi-
ments with 1 [3] and the substituted congeners dicar-
bonyl(η5-methylcyclopentadienyl)- (2) [14], dicarbonyl(η5-tri-
methylsilylcyclopentadienyl)- (3) [15] [16], dicarbonyl(η5-
methoxycarbonylcyclopentadienyl)- (4) [17], dicarbonyl-
(η521-ethyl-2,3,4,5-tetramethylcyclopentadienyl)- (5) [18] [19],
and dicarbonyl(η5-pentaallylcyclopentadienyl)cobalt (6) [20].

Results and Discussion

The reaction of BTSA with 126 was accomplished by
stirring solutions of 126 and BTSA in methylene chloride
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yields and reaction times indicates a dependence of the reac-
tivity of 126 with BTSA as a function of substituents. X-ray
investigations of the products show that the alkyne unit is
strongly bound to the metal.

at room temperature. After 2211 days the reaction was
complete and the corresponding products could be isolated
(Scheme 1). The monoalkyne complexes 7212, respectively,
were obtained in yields between 36% and 85%. In addition
to yields we list in Table 1 the reaction time which was re-
quired for complete conversion of starting materials. The
data show that 4 having an electron withdrawing substitu-
ent on the Cp ring results in reduced yield (10, 39%) and
increased reaction time (11 d) as compared to 1. The lower
yield encountered in the case of 12 we ascribe to steric ef-
fects. However, we can not exclude that the mechanism of
the substitution might be different as compared to the other
examples, because the five vinyl groups might act as ligands
with formation of intermediate chelate complexes, which fi-
nally react to the observed, less strained product 12.

Scheme 1

Table 1. reaction times, yields, and selected spectroscopical features
of 7212

Compound 7 8 9 10 11 12

Reaction time [d] 3 2 6 11 2 3
Yield [%] 73 85 78 39 63 36
ν̃C;C[cm21] 1772 1778 1779 1777 1752 1734
ν̃CO[cm21] 2017 2023 2022 2031 2010 2002
13C δ (C;C) 93.72 104.55 91.60 91.33 103.43 103.21
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All resulting compounds (7212) were characterized by

their spectroscopic and analytical data. With the exception
of 10 we were also able to grow single crystals allowing a
more detailed study of the molecular parameters by using
the X-ray technique. The molecular structures of 7 and 12
are shown in Figure 1.

Figure 1. Top: Molecular structure of one of both independent
molecules of 7 in the unit cell. Bottom: Molecular structure of 12.

Ellipsoids are at the 50% probability level.

Table 2. Selected structural parameters of 729, 11, and 12. The
distances (d) are given in pm, the angles in degrees

Compound 7 8 9 11 12

d(C;C) 126.4(5) 126.8(5) 127.0(3) 126.7(3) 126.9(3) 126.1(5)
d(;C2Co) 194.2(3) 196.9(3) 194.7(3) 194.5(2) 195.2(2) 196.3(4)

194.6(4) 196.8(3) 194.9(3) 195.9(2) 196.8(2) 196.4(4)
angle 142.8(3) 142.2(3) 146.4(2) 145.0(2) 143.3(2) 140.9(3)
at C;C2S 158.5(3) 158.1(3) 158.9(2) 159.1(2) 155.9(2) 140.7(3)
torsion angle
at S2C;C2S 16(1) 13(1) 18(1) 15.6(1) 12.3(6) 3.0(1)
d(Co2CO) 176.1(4) 175.8(4) 177.0(3) 176.2(3) 175.3(2) 177.8(5)
d(C;O) 113.5(5) 113.7(5) 113.1(4) 112.9(4) 113.9(2) 113.0(5)
d(Co2center 170.2(2) 170.0(2) 169.6(2) 169.8(2) 170.2(1) 170.8(2)
of Cp)

The most relevant distances and angles of 729, 11, and
12 are listed in Table 2. A pronounced lengthening of the
C2C bond of the alkyne unit was observed, from 119.1 pm
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in the uncomplexed state to 126.12127.0 pm in the com-
plexes. The deviation from linearity of up to 40° is consider-
able. These results are supported by vibrational spectra
which show that the wave number for the uncomplexed
BTSA unit (2160 cm21 from Raman spectrum) is shifted to
lower values (173421779 cm21).

Analogous results were reported by Yamazaki et al. for
a related complex obtained by treating the diiodide of bis-
(triphenylphosphane)(η5-cyclopentadienyl)cobalt (13) with
tolane and isopropylmagnesium bromide.[21] The monosub-
stituted product 15 shows a C-C triple-bond stretching fre-
quency of 1818 cm21 which is considerably higher than that
found in our examples.

Scheme 2

The complexes 7212 are interesting intermediates on our
endeavors to isolate a CpCo complex with two alkyne units
and CpCo-capped push-pull cyclobutadiene complexes.

We are grateful to the Deutsche Forschungsgemeinschaft, the
Fonds der Chemischen Industrie and the BASF Aktiengesellschaft,
Ludwigshafen, for financial support. C. B. thanks the Studienstif-
tung des deutschen Volkes for a scholarship.

Experimental Section
General Methods. Moisture- and oxygen-sensitive reactions were

conducted in oven-dried glassware under argon. Solvents were
dried and distilled under argon before use; THF, diethylether, n-
pentane, and n-hexane from sodium, dichloromethane from CaH2.
2 Melting points are uncorrected. 2 Materials used for column
chromatography: Silica gel 60 (Macherey-Nagel), alumina (Merck).
2 1H-NMR and 13C-NMR: Bruker AS 200 (1H at 200 MHz and
13C at 50.33 MHz), Bruker WH 300 (1H at 300 MHz, 13C at 75.47
MHz) using the solvent as internal standard. 2 IR: Bruker Vector
22 FT-IR. 2 UV: Hewlett Packard HP8452A. 2 MS: Low resolu-
tion: ZAB-2F; high resolution: JEOL JMS-700. 2 Elemental
analyses were carried out by the Mikroanalytisches Laboratorium
der Universität Heidelberg. 2 The dicarbonyl(η5-cyclopentadi-
enyl)cobalt complexes 1 [3], 2 [14], 3 [15] [16], 4 [17], and 5 [18] [19] were pre-
pared according to literature methods.

Dicarbonyl(η5-pentaallylcyclopentadienyl)cobalt (6). Iodine (2.60
g, 10.2 mmol) was added at r.t. in portions to a stirred solution of
3.50 g (10.2 mmol) of dicobaltoctacarbonyl in 250 ml of anhydrous
THF. The solution turned to a dark green color with vigorous
foaming. After stirring for 1 h at room temperature, the solution
was cooled to 240 °C and 6.17 g (20.3 mmol) of potassium penta-
allylcyclopentadienide[20] was added. The reaction mixture was al-
lowed to warm to room temperature overnight. After additional
stirring for 1 d at room temperature the solvent was removed in
vacuo, the residue dissolved in dichloromethane and chromato-
graphed (alumina, 6% water, 30 3 3 cm). Elution with n-hexane
yielded 2.51 g (33%) of 6 as a dark red, air-sensitive oil. 2 1H NMR
(200 MHz, CDCl3): δ 5 2.9222.96 (m, 10 H, CH2), 4.8125.00 (m,
10 H, 5CH2), 5.6125.81 (m, 5 H, 5CH). 2 13C NMR (50.32
MHz, CDCl3): δ 5 29.10 (CH2), 99.62 (Cp-C), 115.40 (5CH),
137.21 (5CH2), 183.85 (C;O). 2 IR (film): ν̃ 5 3078 cm21, 3007,
2978, 2915, 2843, 2010, 1944, 1637, 1440, 1414, 1286, 993, 911,



Dicarbonyl(η5-cyclopentadienyl)cobalt Derivatives FULL PAPER
617, 556. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 222 nm (5.00). 2 MS
(EI, 70 eV): m/z 5 352 [M1 2 CO], 324 [M1 2 2CO].

General Procedure for the Preparation of the Carbonyl(η5-
cyclopentadienyl)(η2-bis[tert-butylsulfonyl]acetylene)cobalt(I)
Complexes. The dicarbonyl(η5-cyclopentadienyl)cobalt complex
was added at ambient temperature to a solution of bis(tert-butyl-
sulfonyl)acetylene (BTSA) in 50 ml of dichloromethane. After stir-
ring for 2211 d at r.t. the solvent was removed in vacuo and the
product was isolated by silica gel chromatography (silica gel, n-
pentane/diethyl ether).

Carbonyl(η5-cyclopentadienyl)(η2-bis[tert-butylsulfonyl]acety-
lene)cobalt(I) (7); Starting material: 300 mg (1.67 mmol) of dicar-
bonyl(η5-cyclopentadienyl)cobalt (1), 890 mg (3.34 mmol) of
BTSA. Reaction time: 3 d. Silica gel chromatography (n-pentane/
diethyl ether, 1:2). Yield: 508 mg (73%) of 7 as an orange solid,
m.p. 110°C (decomposition). 2 1H NMR (300 MHz, CDCl3): δ 5

1.52 (s, 18 H, CH3), 5.29 (s, 5 H, Cp-H). 2 13C NMR (75.47 MHz,
CDCl3): δ 5 23.38 [C(CH3)3], 61.52 [C(CH3)3], 86.93 (Cp-C), 93.72
(;C). 2 IR (KBr): ν̃ 5 3119 cm21, 2979, 2936, 2866, 2017, 1772,
1476, 1395, 1295, 1116. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 256 nm
(4.14). 2 MS (EI, 70 eV): m/z 5 390 [M1 2 CO], 270, 245, 214,
141, 124. 2 HRMS (FAB1): [M 1 H1] C16H24CoO5S2: calcd.
419.0319; found 419.0332. 2 C16H23CoO5S2 (418.425): calcd. C
45.93, H 5.54; found C 45.79, H 5.61.

Carbonyl(η5-methylcyclopentadienyl)(η2-bis[tert-butylsulfonyl]-
acetylene)cobalt(I) (8); Starting material: 330 mg (1.70 mmol) of
dicarbonyl(η5-methylcyclopentadienyl)cobalt (2), 906 mg (3.40
mmol) of BTSA. Reaction time: 2 d. Silica gel chromatography (n-
pentane/diethyl ether, 3:1). Yield: 624 mg (85%) of 8 as an orange
solid, m.p. 91°C (decomposition). 2 1H NMR (300 MHz, CDCl3):

Table 3. Crystallographic data of 7, 8, 9, 11, and 12

Compound 7 8 9 11 12

Empirical formula C16H23CoO5S2 C17H25CoO5S2 C19H31CoO5S2Si C22H35CoO5S2 C31H43CoO5S2

Molecular mass [g/mol] 418.425 432.452 490.608 502.586 618.748
Solvent n-pentane/diethyl ether n-pentane/diethyl ether n-pentane/diethyl ether n-pentane/diethyl ether n-pentane/diethyl ether
Crystal size [mm] 0.2030.6030.60 0.5530.6530.75 0.7030.5530.45 0.4030.4030.20 0.3030.2330.18
Crystal color red red orange red orange
Crystal shape irregular prism prism irregular needle
Crystal system triclinic triclinic triclinic monoclinic monoclinic
Space Group P1̄ P1̄ P1̄ P21/c P21/c
a [Å] 10.510(3) 9.601(3) 9.807(2) 15.270(4) 19.582(3)
b [Å] 12.431(3) 9.822(4) 9.920(1) 13.751(1) 9.518(1)
c [Å] 14.628(3) 12.710(4) 13.051(2) 11.961(2) 17.493(2)
α [°] 97.14(2) 70.04(3) 97.56(1) 90 90
β [°] 94.50(2) 78.31(3) 100.54(1) 100.28(2) 105.0920(10)
γ [°] 89.91(2) 63.07(3) 92.55(1) 90 90
V [Å3] 1890.5(7) 1002.8(6) 1234.3(3) 2471.2(7) 3147.91(7)
Dcalcd. [Mg/m3] 1.47 1.43 1.32 1.35 1.31
Z 4 2 2 4 4
F(000) 872 452 516 1064 1312
Temperature [K] 293 293 293 263 200
hmin / hmax 212 / 12 0 / 12 22 / 11 0 / 20 223 / 23
kmin / kmax 215 / 14 210 / 12 211 / 11 0 / 18 211 / 11
lmin / lmax 0 / 17 215 / 16 215 / 15 215 / 15 212 / 20
µ [mm21] 1.15 1.09 0.94 0.89 0.71
Refl. collected 7161 4374 5504 6152 14195
Refl. unique 7062 4374 4343 5940 5328
Refl. observed 5603 3837 3844 4569 4309
Variables 434 227 281 282 358
R(F) 0.049 0.048 0.034 0.032 0.053
Rw(F2) 0.116 0.121 0.089 0.079 0.127
S (Gof) on F2 1.07 1.10 1.15 1.06 1.10
(∆ρ)max [e Å23] 0.44 0.34 0.40 0.49 0.80
(∆ρ)min [e Å23] 20.55 21.09 20.26 20.42 20.59
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δ 5 1.44 (s, 3 H, Cp-CH3), 1.53 (s, 18 H, C(CH3)3), 5.13/5.52 (pt,
4 H, Cp-H). 2 13C NMR (75.47 MHz, CDCl3): δ 5 11.55 (Cp-
CH3), 23.55 [C(CH3)3], 61.54 [C(CH3)3], 83.24/90.22 (Cp-C), 97.70
[Cp(C)-CH3], 104.55 (;C). 2 IR (KBr): ν̃ 5 3119 cm21, 2978,
2932, 2867, 2023, 1778, 1475, 1365, 1297, 1117. 2 UV/Vis
(CH2Cl2): λmax (lg ε) 5 258 nm (4.32). 2 MS (FAB1): m/z 5 433
[M 1 H1], 405. 2 HRMS (FAB1): [M 1 H1] C17H26CoO5S2:
calcd. 433.0554; found 433.0554. 2 C17H25CoO5S2 (432.452):
calcd. C 47.22, H 5.83; found C 47.03, H 5.86.

Carbonyl(η5-trimethylsilylcyclopentadienyl)(η2-bis[tert-butylsul-
fonyl]acetylene)cobalt(I) (9): Starting material: 420 mg (1.67
mmol) of dicarbonyl(η5-trimethylsilylcyclopentadienyl)cobalt (3),
890 mg (3.34 mmol) of BTSA. Reaction time: 6 d. Silica gel chro-
matography (n-pentane/diethyl ether, 1:1). Yield: 639 mg (78%) of
9 as a yellow solid, m.p. 116°C (decomposition). 2 1H NMR (300
MHz, CDCl3): δ 5 0.34 [s, 9 H, Si(CH3)3], 1.49 [s, 18 H, C(CH3)3],
5.20/5.35 (b, 4 H, Cp-H). 2 13C NMR (75.47 MHz, CDCl3): δ 5

20.62 [Si(CH3)3], 23.43 [C(CH3)3], 61.58 [C(CH3)3], 91.60 (;C),
91.94/92.05 (Cp-C), 94.35 [Cp(C)-Si]. 2 IR (KBr): ν̃ 5 3092 cm21,
2980, 2956, 2867, 2022, 1779, 1459, 1393, 1295, 1115. 2 UV/Vis
(CH2Cl2): λmax (lg ε) 5 258 nm (4.14). 2 MS (FAB1): m/z 5 491
[M 1 H1], 463, 389. 2 HRMS (FAB1): [M1] C19H31CoO5S2Si:
calcd. 490.0714; found 490.0779. 2 C19H31CoO5S2Si (490.608):
calcd. C 46.52, H 6.37; found C 46.55, H 6.46.

Carbonyl(η5-methoxycarbonylcyclopentadienyl)(η2-bis[tert-
butylsulfonyl]acetylene)cobalt(I) (10): Starting material: 357 mg
(1.50 mmol) of dicarbonyl(η5-methoxycarbonylcyclopentadienyl)-
cobalt (4), 800 mg (3.00 mmol) of BTSA. Reaction time: 11 d.
Silica gel chromatography (n-pentane/diethyl ether, 1:1). Yield: 280
mg (39%) of 10 as an orange solid, m.p. 114°C (decomposition).
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2 1H NMR (200 MHz, CDCl3): δ 5 1.51 [s, 18 H, C(CH3)3], 3.87
(s, 3 H, OCH3), 5.37/5.79 (b, 4 H, Cp-H). 2 13C NMR (50.32
MHz, CDCl3): δ 5 23.55 [C(CH3)3], 52.40 (OCH3), 61.90
[C(CH3)3], 88.87/89.57 (Cp-C), 90.31 [Cp(C)-CO2Me], 91.33 (;C),
164.44 (C5O). 2 IR (KBr): ν̃ 5 3094 cm21, 2977, 2868, 2031,
1777, 1726, 1477, 1374, 1300, 1196, 1149, 1119. 2 UV/Vis
(CH2Cl2): λmax (lg ε) 5 260 nm (4.27). 2 MS (FAB1): m/z 5 477
[M 1 H1], 449. 2 HRMS (FAB1): [M 1 H1] C18H26CoO7S2:
calcd. 477.0452; found 477.0436.

Carbonyl(η521-ethyl-2,3,4,5-tetramethylcyclopentadienyl)(η2-
bis[tert-butylsulfonyl]acetylene)cobalt(I) (11): Starting material:
396 mg (1.50 mmol) of dicarbonyl(η5-1-ethyl-2,3,4,5-tetrameth-
ylcyclopentadienyl)cobalt (5), 800 mg (3.00 mmol) of BTSA. Reac-
tion time: 2 d. Silica gel chromatography (n-pentane/diethyl ether,
3:1). Yield: 476 mg (63%) of 11 as an orange solid, m.p. 92°C
(decomposition). 2 1H NMR (200 MHz, CDCl3): δ 5 1.01 (t, 3
H, CH2CH3, 3J 5 7.5 Hz), 1.47 [s, 18 H, C(CH3)3], 1.83 (s, 6 H,
Cp-CH3), 1.85 (s, 6 H, Cp-CH3), 2.41 (q, 2 H, CH2, 3J 5 7.5 Hz).
2 13C NMR (50.32 MHz, CDCl3): δ 5 9.28/9.43 (Cp-CH3), 13.84
(CH2CH3), 17.81 (CH2), 23.43 [C(CH3)3], 61.41 [C(CH3)3], 98.29/
99.67 [Cp(C)-CH3], 103.43 (;C), 105.22 [Cp(C)-CH2CH3]. 2 IR
(KBr): ν̃ 5 2974 cm21, 2914, 2871, 2010, 1752, 1458, 1380, 1291,
1115. 2 UV/Vis (CH2Cl2): λmax (lg ε) 5 272 nm (4.80). 2 MS
(FAB1): m/z 5 503 [M 1 H1], 475. 2 HR-MS (FAB1): [M 1 H1]
C22H36CoO5S2: calcd. 503.1336; found 503.1452. 2 C22H35CoO5S2

(502.586): calcd. C 52.58, H 7.02; found C 52.38, H 7.11.

Carbonyl(η5-pentaallylcyclopentadienyl)(η2-bis[tert-butylsulfo-
nyl]acetylene)cobalt(I) (12): Starting material: 304 mg (0.80
mmol) of dicarbonyl(η5-pentaallylcyclopentadienyl)cobalt (6), 426
mg (1.60 mmol) of BTSA. Reaction time: 3 d. Silica gel chromatog-
raphy (n-pentane/diethyl ether, 5:1). Yield: 180 mg (36%) of 12 as a
yellow solid, m.p. 106°C (decomposition). 2 1H-NMR (300 MHz,
CDCl3): δ 5 1.50 (s, 18 H, CH3), 3.1123.16 (td, 10 H, CH2, 3J 5

6.2 Hz, 4J 5 1.6 Hz), 4.9225.02 (dd, 5 H, CH5CHcisH, 3Jtrans 5

17.0 Hz, 2Jgem 5 1.4 Hz), 4.9825.04 (dd, 5 H, CH5CHtransH,
3Jcis 5 10.2 Hz, 2Jgem 5 1.4 Hz), 5.7125.86 (tdd, 5 H, CH5CH2,
3Jtrans 5 17.0 Hz, 3Jcis 5 10.2 Hz, 3J 5 6.2 Hz). 2 13C NMR (75.47
MHz, CDCl3): δ 5 23.52 [C(CH3)3], 28.94 (CH2), 61.91 [C(CH3)3],
101.50 (Cp-C), 103.21 (;C), 116.81 (5CH2), 135.14 (-CH5). 2 IR
(KBr): ν̃ 5 3079 cm21, 2979, 2937, 2870, 2002, 1734, 1637, 1453,
1415, 1365, 1301, 1118, 993, 914, 636. 2 UV/Vis (CH2Cl2): λmax

(lg ε) 5 294 nm (4.47). 2 MS (FAB1): m/z 5 619 [M 1 H1], 591.
2 HRMS (FAB1): [M 1 H1] C31H44CoO5S2: calcd. 619.1962;
found 619.2037. 2 C31H43CoO5S2 (618.748): calcd. C 60.18, H
7.00; found C 60.22, H 7.07.

X-ray Diffraction Analyses: The reflections were collected with a
Nonius-CAD4 diffractometer (11), a Siemens Nicolet-Syntex-R3
diffractometer (7, 8, 9) and a Siemens CCD diffractometer (12).
Intensities were corrected for Lorentz and polarisation effects. The
structures were solved by direct methods (7, 8, 9, 12: SHELXS-
86[22]; 11: SIR-92[23]). The structural parameters of the nonhydro-
gen atoms were refined anisotropically according to a full-matrix-
least-squares technique (F2). The hydrogen atoms were refined with
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fixed thermal parameters or calculated parameters. Refinement was
carried out with SHELXL-93[24]. Table 3 contains the crystallo-
graphic data and details of the refinement procedure. Crystallo-
graphic data (excluding structure factors) have been deposited with
the Cambridge Crystallograhic Data center as supplementary pub-
lication no CCDC2100891. Copies of data can be obtained free of
charge on application to CCDC, 12, Union Road, Cambridge
CB12 IEZ, UK [fax: int. code 144 (0)1223/336/033, email: de-
posit@ccdc.ac.uk].
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Hydroboration of diethyl(1-propynyl)borane 1 with tetra-
ethyldiborane(6) in the presence of a catalytic amount of tri-
methyl- or tributyltin chloride gave two new organo-substi-
tuted carboranes 6 and 7 with 2,3,5-tricarba-nido-hexabo-
rane(7) and 2,3,4-tricarba-nido-hexaborane(7) skeletons,
respectively, along with polymeric material and the known
organo-substituted 1-carba-arachno-pentaborane(10) (3) and

Introduction

Treatment of tetraborane(10) with alkynes gave the first
2,3,4-tricarba-nido-hexaboranes(7) with a B(5)2H2B(6)
bridge; [1] these early observations have, at least in part, been
confirmed recently, [2] and the formation of the parent com-
pound has been reported for the first time.[2b] Köster et al.
have tentatively assigned (on the basis of mass spectra) the
structure of 1,5,6-triethyl-2,3,4-trimethyl-2,3,4-tricarba-
nido-hexaborane(7) to one of the minor products in the
complex mixture which is obtained by dehalogenation of
diethylboron chloride with lithium in THF.[3] An alternative
route to small carboranes involves hydroboration of 1-alky-
nyl(diethyl)boranes in the presence of a large excess of
Et2BH,[5] which gives rise to hydroboration followed by
Et2BH-catalyzed condensations. [5] [6] [7] This method has af-
forded [Eq. (1)] the arachno-carborane 3, [7] which is a pre-
cursor of the closo-carborane 4. The formation of 3 in high
yield requires that the hydroboration of 1 takes place stereo-
selectively to give 2 as a reactive intermediate prior to the
condensation reactions. If this is not the case, products
other than 3 will be formed, as reported in this work.

Results and Discussion

Synthesis. Conditions that reduce the stereoselectivity of
the hydroboration of 1 will lead to mixtures containing
compounds 2 and 5 [Eq. (2)]; hence, condensation reactions
may give carboranes other than 3. Therefore, we have stud-
ied the reaction of 1 with Et2BH under various conditions.
As long as a large excess of Et2BH is used, 3 is the major
product, although more side-products are formed if 1 is ad-
ded to Et2BH at room temperature or above, rather than
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pentaethyl-1,5-dicarba-closo-pentaborane(5) (4). Selective
11B(5,6) decoupled 13C-NMR spectra indicate an unprece-
dented B(5)2ethyl2B(6) bridge in 7. This structure is sup-
ported by the agreement between experimental and calcu-
lated 11B- and 13C-chemical shifts on a model compound 7d
with methyl groups in the 1,2,3,5,6-positions and an ethyl
group bridging B(5) and B(6).

at 278°C. The use of only a slight excess of Et2BH (2.1
equivalents) results in mainly polymeric material containing
just traces (< 1%, according to 11B-NMR spectra) of car-
boranes, but the presence of a small amount of trimethyl-
or tributyltin chloride leads to the formation of interesting
products. Examination of the 11B-NMR spectra of such re-
action mixtures, after removing readily volatile material,
shows not only the presence of polymers (ca. 60%), but also
new types of carboranes 6 (ca. 15%) and 7 (ca. 10%) along
with the known carboranes 3 (ca. 10%) and 4 (ca. 5%). Un-
like 7, pure carborane 6 could not be isolated. However, 6
was readily identified by its characteristic[8] 11B-NMR data



B. Wrackmeyer, H.-J. Schanz, M. Hofmann, P. von R. SchleyerFULL PAPER
[δ11B(1) 5 236.4 and δ11B(4,6) 5 21.9] as a 2,3,5-tricarba-
nido-hexaborane(7) derivative. 6 is not stable to oxidation
or hydrolysis but 7 is, meaning the latter can be separated
and isolated. The compounds 7 do not react with Na-
[Et3BH] after prolonged heating at 60°C in hexane, with
Et3Al in hexane at room temperature, or with bases such
as pyridine.

Potential intermediates prior to the formation of the car-
boranes 6 and 7 are shown in Scheme 1. It is suggested that
the C2-bridged compound 8 is formed in a similar way to
3. [7] The C2-bridged arachno-carborane 9 is comparable
with a benzo derivative that has already been charac-
terized. [9] The intermediacy of 9 (prior to elimination of
EtBH2

[10] [11] and rearrangement) has been proposed in or-
der to explain the formation of 2,3,5-tricarba-nido-hexabor-
ane(7) derivatives analogous to 6. [8b] Although other re-
arrangements of 9 have not been observed before,[8b] it is
conceivable that insertion of the formerly apical CEt group
takes place not only into B2H2B bonds but also into B2C

Figure 1. 125.8-MHz 13C-NMR spectra of a mixture of 7 and 79 (ca. 10 mg in 0.5 ml of CDCl3). A: Normal 13C{1H}-NMR spectrum;
the region of the boron bonded cage carbon atoms has been taken from a spectrum recorded at 230°C in order to show the broadened
13C-NMR signals which are exceedingly broad in the spectrum at 25°C. B: The selective heteronuclear 13C{1 H, 11B(5,6)} triple-resonance
experiment shows sharpening of the B(5)213CH22B(6), 13CH22B(5,6), and 13C(2, 29, 4, 49) signals. C: The selective heteronuclear

13C{1H,11B(1)} triple-resonance experiment only gives rise to sharpening of the 13CH22B(1) signal.
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or C2C bonds, accompanied or followed by elimination of
EtBH2. This explains the formation of 10 and 109 which,
under the reaction conditions, can undergo irreversible H/
Et exchange to give the isomers 7 and 79 (in repeated experi-
ments the ratio of 7/79 varied from 3:1 to 2:3). The
B(5)2Et2B(6) bridge in 7 is an unprecedented structural
feature in borane and carborane chemistry. Bridging trior-
ganosilyl, -germyl, and -stannyl groups have been observed
previously, e.g. in the case of nido-pentaborane(9) deriva-
tives. [12]

NMR Spectroscopic Results: The 1H-, 11B- and 13C-
NMR data of 7 (Table 1 and Experimental Section) are
fully consistent with a 2,3,4-tricarba-nido-hexaborane(7)
cage bearing terminal ethyl groups at all boron atoms, a
hydrogen at C(4) and a methyl or a ethyl group at C(2)
or C(3). There was no indication of the initially expected
B2H2B group, either in the 1H-NMR spectra (with or
without 11B decoupling) or in the 11B-NMR spectra (with
and without 1H decoupling); this evidence definitely pre-
cludes the structures 10 and 109. However, there were ad-
ditional signals due to an ethyl group for each isomer in the
1H- and 13C-NMR spectra. 13C-NMR spectra of a mixture
of 7 and 79, recorded under various conditions, are shown
in Figure 1. The aliphatic region displays fourteen sharp
13C resonances (two CH2 and twelve CH3 groups with car-
bon atoms not linked to boron), and in the region for the
cage carbon atoms two sharp signals [13C(3,39)] and four
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Scheme 1

broad signals [13C(2,29) and 13C(4,49)] are observed, as re-
quired for the two isomers 7 and 79. The unique µ-13C(CH2)
signals (Figure 1, A and C) are significantly broadened [al-
though less than the 13C(CH2) resonance of terminal BEt
groups] as a result of scalar relaxation of the second
kind[13] [14] (partially relaxed scalar 13C-11B spin-spin cou-
pling). This was proved by selective 11B(5,6) decoupling
(Figure 1, B) which, as expected, causes sharpening of the
13C(2, 29, 4, 49) and 13C(CH2) signals of the terminal
B(5,6)Et groups, and also the µ-13C(CH2) signal of the ethyl
group in the B(5)2Et2B(6) bridge. Decoupling of B(1)
(Figure 1, C) has no appreciable effect on the appearance
of the 13C-NMR spectrum except for sharpening of the
13C(CH2) resonance of the apical BEt group. The greater
broadening of the terminal 13C(CH2) signal of the BEt
groups with respect to that of the bridging B2Et2B [i.e.
1J(13Cterminal,11B) > 1J(13Cbridging,11B)] is reminiscent of the
1J(11B,1H) in diborane(6) where the magnitude of the cou-
pling constant of the terminal 1H nucleus is approximately
three times greater than that of the bridging 1H nucleus.

MO Calculations: We applied the ab initio/GIAO/NMR
method,[15] [16] a powerful computational tool for the deter-
mination of polyhedral borane and carborane structures, to
establish, in the absence of X-ray determinations the struc-
tural assignment for 7. [17] The chemical shifts, computed for
various optimized models, are compared with experimental
NMR data. The methyl-bridged µ-Me-2,3,4-C3B3H6 model
compound 7b not only allows the investigation of the
chemical shifts of a bridging alkyl group (the new feature
in 7 and 79, which is represented in 7b) but also a thermo-
dynamic stability assessment in comparison with the hydro-
gen bridge isomer (5-Me-2,3,4-C3B3H6, 7a, Figure 2). The
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18.3 kcal mol21 lower energy of 7a than 7b quantifies the
extend to which methyl bridging is normally unfavourable.
However, the methyl bridge has no large effect on the
chemical shifts (compare 7b to 7a): The differences are ca.
210 ppm for C(2,4), 18 ppm for C(3), and ca. 25 ppm for
B(6) (Table 1). [18] In particular, the apical B(1) has almost
the same d11B value of δ 5 252 in 7a and 7b.

Figure 2 Geometries (bond lengths in pm) of model compounds
7a2d, optimized at MP2(fc)/6-31G*[a]

[a] 7a: B12C2 172.0, B12C3 173.0, B12C4 172.1, B12B5 176.8,
B12B6 175.4, C22C3 142.7, C32C4 142.9, C22B6 153.6, C42B5
153.8, B52B6 177.6, B52µH 133.3, B62µH 130.9. 2 7b: B12C2
170.6, B12C3 173.1, B12B5 176.4, C22C3 142.9, C22B6 154.5,
B52B6 176.3, B52µCH3 179.5. 2 7c: B12C2 171.2, B12C3 173.7,
B12B5 176.9, C22C3 142.9, C22B6 154.9, B52B6 177.4,
B52µCH3 1.802. 2 7d: B12C2 170.5, B12C3 174.9, B12C4
169.7, B12B5 177.0, B12B6 176.1, C22C3 143.2, C32C4 143.7,
C22B6 156.2, C42B5 154.6, B52B6 176.2, B52µCH2 185.1,
B62µCH2 180.4.

Because of the large size of 7 and 79 and the many pos-
sible orientations of the ethyl groups, model compounds
were computed instead. The addition of methyl substituents
to 7b at B(1) and B(5,6) to give 7c results in the expected
d11B increase of ca. 10 ppm but has no significant influece
on the geometry (compare 7b and 7c, Figure 2). While the
chemical shifts computed for 7c correspond reasonably well
with the measured values for 7 and 79, our best model, a
1,2,3,5,6-pentamethyl tricarbahexaborane(7) with a bridg-
ing ethyl group, gives better agreement with almost all the
data in Table 1. The differences between 7c and 7d can be
ascribed to electronic effects of the additional alkyl sub-
stituents to the cage in 7d. [19] The constitution of 7 and 79
with their unique B2alkyl2B bridge is supported by the
above computations.

The B2µ-C and B(5)2B(6) distances computed for 7b2d
(Figure 2) show that the bridging alkyls are involved in
deltahedral (three-centre) bonding. Corner protonated
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cyclopropane (a CH3

1 π complex of ethylene) provides an
anology in carbon chemistry. [20]
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and the Fonds der Chemischen Industrie is gratefully acknowledged.

Experimental Section
All synthetic work (except for the purification of 7 and 79) and

handling of samples was carried out in an atmosphere of N2 or Ar,
observing all necessary precautions to exclude traces of oxygen or
moisture. The starting materials were commercial samples
(Me3SnCl or nBu3SnCl) or were prepared as described [Et2BH[4],
Et2B2C;CMe[6b]]. 2 NMR spectra: Bruker ARX 250 and DRX
500 spectrometers; the latter was equipped with a triple resonance
probe head for the 13C{1 H, 11B} experiments; chemical shifts are
reported with respect to Me4Si [δ1H (CHCl3/CDCl3) 5 7.24; δ1H
(C6C5CD2H) 5 2.03; δ13C (CDCl3) 5 77.0; δ13C (C6D5CD3) 5

20.4] and Et2O2BF3 [δ11B 5 0 for Ξ(11B) 5 32.083971 MHz]. 2

Electron impact (EI) mass spectra (70 eV): VARIAN MAT CH 7
with direct inlet.

5,6-µ-Ethyl-1,3,5,6-tetraethyl-2-methyl-2,3,4-tricarba-nido-hexa-
borane(7) (7) and 5,6-µ-Ethyl-1,2,5,6-tetraethyl-3-methyl-2,3,4-
tricarba-nido-hexaborane(7) (79): Et2BH (1.326 g, 16.7 mmol hy-
dride) was added at 278°C to diethyl(1-propynyl)borane 1 (1.799
g, 16.7 mmol) containing trimethyltin chloride (0.2 g) within 10
min. The reaction mixture was allowed to warm to room tempera-
ture and heated to 50°C. A further quantity of Et2BH (1.344 g,
16.8 mmol hydride) diluted with BEt3 (20 ml) was added over a
period of 90 min, and the mixture was stirred at 50°C for a further
4 h. All volatile material was removed in vacuo, and fractional dis-
tillation of the residue gave a mixture (0.326 g; b.p. 70280°C/1023

Torr) of the carboranes 6 (55%), 7 and 79 (35%) together with small
amounts of unidentified products. The distillate was diluted with
hexane (10 ml) and stirred in the presence of air for 10 h. The
resulting solution was filtered, the solvent was removed in vacuo,
and the residue was redistilled. The distillate [0.134 g (7%) of a
colorless liquid; b.p. 74277°C / 1023 Torr] contained the carbor-
anes 7 and 79 in a ratio varying from 3:1 to 2:3 in repeated experi-
ments, always in approximately the same yield.

7: 1H NMR (500.1 MHz, 25°C, CDCl3): δ 5 4.03 [s, 1 H,
C(4)H], 2.21 (m, 1 H), 2.01 (m, 1 H), 1.02 [t, 3 H, C(3)Et], 1.66 [s,
3 H, C(2)Me], 1.48 (m, 2 H), 0.18 (t, 3 H, µ-Et), 0.23 (m, 2 H),
0.68 [t, 3 H, B(1)Et], 0.88 (m, 2 H), 0.85 (m, 2 H), 1.18 (t, 3 H),
1.13 [t, 3 H, B(5,6)Et]. 2 11B NMR (160.6 MHz, 25°C, CDCl3):
δ 5 234.4 [B(1)], 3.0, 5.4 [B(5,6)]. 2 13C NMR (125.8 MHz, 25°C,
[D8]toluene): δ 5 143.3 [C(3)], 96.0 [broad, C(2)], 80.9 [broad,
1J(13C1H) 5 163.0 Hz, C(4)], 11.4 [C(3)Me], 24.0, 12.2 [C(2)Et],
20.3 (broad), 13.0 (µ-Et), 21.0 (broad), 11.8 [B(1)Et], 8.8 (broad),
8.7 (broad), 13.4, 11.7 [B(5,6)Et]. 2 EI-MS (70 eV): m/z (%) 5 230
(5) [M1], 201 (50) [M1 2 Et].

79: 1H NMR (500.1 MHz, 25°C, CDCl3): δ 5 4.12 [s, 1 H,
C(4)H], 2.04 (m, 2 H), 1.09 [t, 3 H, C(2)Et], 1.81 [s, 3 H, C(3)Me],
1.60 (m, 2 H), 0.21 (t, 3 H, µ-Et), 0.15 (m, 2 H), 0.70 [t, 3 H,
B(1)Et], 0.98 (m, 2 H), 0.86 (m, 2 H), 1.16 (t, 3 H), 1.12 [t, 3 H,
B(5,6)Et]. 2 11B NMR (160.6 MHz, 25°C, CDCl3): δ 5 234.5
[B(1)], 2.9, 5.7 [B(5,6)]. 2 13C NMR (125.8 MHz, 25°C, [D8]tol-
uene): δ 5 137.7 [C(3)], 102.7 [broad, C(2)], 83.2 [broad,
1J(13C1H) 5 161.1 Hz, C(4)], 15.7 [C(3)Me], 20.1, 15.0 [C(2)Et],
20.2 (broad), 13.4 (µ-Et), 21.1 (broad), 11.3 [B(1)Et], 8.9 (broad),
8.8 (broad), 11.7, 12.5 [B(5,6)Et].
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Table 1. Experimental chemical shifts [ppm] of the cage nuclei of 7
and 79 compared with computed values for model compounds 7a
to 7d (compare Figure 1) at GIAO-SCF/6-31G*//MP2(fc)/6-31G*

[a]

7 79 7a 7b 7c 7d

δ[11B(1)] 234.5 234.4 252.1 252.3 243.9 239.4
δ[11B(5,6)] 5.7, 2.9 5.4, 3.0 7.8, 20.4 25.1 1.5 4.7, 22.2
δ[13C(2)] 102.7 96.0 86.4 76.1 80.1 88.5
δ[13C(3)] 137.7 143.3 119.5 127.5 132.3 140.0
δ[13C(4)] 83.2 80.9 86.8 76.1 80.1 75.3
δ[13C(µ-CH2)] 20.2 20.3 2 219.7 28.5 26.3

[a] Absolute energies [hartree]: 7a: HF 5 2230.74721, MP2 5
2231.53436; 7b: HF 5 2230.71055, MP2 5 2231.50560; 7c:
HF 5 2347.84152, MP2 5 2349.04143; 7d: HF 5 2464.94023,
MP2 5 2466.54612

[1] [1a] R. N. Grimes, Carboranes, Academic Press, London, 1970.
2 [1b] C. L. Bramlett, R. N. Grimes, J. Am. Chem. Soc. 1966,
88, 426924270.

[2] [2a] M. A. Fox, R. Greatrex, J. Chem. Soc., Chem. Commun.
1995, 6672668. 2 [2b] M. A. Fox, R. Greatrex, J. Chem. Soc.,
Chem. Commun. 1996, 1752176.

[3] R. Köster, G. Benedikt, M. A. Grassberger, Justus Liebigs. Ann.
Chem. 1968, 719, 1872209.

[4] The formula Et2BH is used for simplicity. Tetraethyldiborane(6)
is usually obtained and used as a mixture with triethylborane
and small amounts of other ethyldiboranes(6): R. Köster, G.
Bruno, P. Binger, Justus Liebigs Ann Chem. 1961, 644, 1222.

[5] [5a] R. Köster, G. W. Rotermund, Tetrahedron Lett. 1964, 1667.
2 [5b] P. Binger, Tetrahedron Lett., 1966, 2675. 2 [5c] R. Köster,
H.-J. Horstschäfer, P. Binger, P. K. Matschei, Liebigs Ann.
Chem. 1975, 133921356.

[6] [6a] R. Köster, G. Seidel, B. Wrackmeyer, Angew. Chem. 1994,
106, 238022382; Angew. Chem. Int. Ed. Engl. 1994, 33,
229422296. 2 [6b] B. Wrackmeyer, H.-J. Schanz, Collect. Czech.
Chem. Commun. 1997, 62, 125421262.

[7] R. Köster, R. Boese, H.-J. Schanz, B. Wrackmeyer, J. Chem.
Soc., Chem. Commun. 1995, 169121692.

[8] [8a] A. Feßenbecker, A. Hergel, R. Hettrich, V. Schäfer, W. Sieb-
ert, Chem. Ber. 1993, 126, 2205. 2 [8b] B. Wrackmeyer, H.-J.
Schanz, Main Group Met. Chem. 1998, 21, 29232.

[9] B. Gangnus, H. Stock, W. Siebert, M. Hofmann, P. v. R. Schley-
er, Angew, Chem. 1994, 106, 2384; Angew, Chem. Int. Ed. Engl.
1994, 33, 2296.

[10] B. Wrackmeyer, H.-J. Schanz, W. Milius, Angew. Chem. 1997,
109, 98299; Angew. Chem. Int. Ed. Engl. 1997, 36, 75277.

[11] M. Hofmann, M. A. Fox, R. Greatrex, R. E. Williams, P. v. R.
Schleyer, J. Organomet. Chem. in press.

[12] D.F. Gaines, Acc. Chem. Res. 1973, 6, 4162421.
[13] A. Abragam, The Principles of Nuclear Magnetism, Oxford

University Press, Oxford 1961, chapter 8.
[14] B. Wrackmeyer, Annu. Rep. NMR Spectrosc. 1988, 20, 612203.
[15] [15a] M. Bühl, P. v. R. Schleyer J. Am. Chem. Soc. 1992, 114,

4772491. 2 [15b] M. Bühl, J. Gauss, M. Hofmann, P. v. R.
Schleyer J. Am. Chem. Soc. 1993, 115, 12385212390. 2 [15c] See
M. Diaz, J. Jaballas, J. Arias, H. Lee, T. Onak, J. Am. Chem.
Soc. 1996, 118, 440524410 for an extensive bibliography.

[16] [16a] M. A. Fox, R. Greatrex, M. Hofmann, P. v. R. Schleyer,
R. E. Williams Angew. Chem. 1997, 109, 154221544; Angew.
Chem. Int. Ed. Engl. 1997, 36, 149821501. 2 [16b] M. Diaz, J.
Jaballas, D. Tran, H. Lee, J. Arias, T. Onak, Inorg. Chem. 1996,
35, 453624540 and references cited therein.

[17] GIAO chemical shifts 2 [17a] K. Wolinski, J. F. Hinton, P. Pulay,
J. Am. Chem. Soc. 1990, 112, 8251) and MP2(fc)6-31G* geo-
metries 2 [17b] M. Häser, R. Ahlrichs, H. P. Baron, P. Weis, H.
Horn, Theor. Chim. Acta 1992, 83, 455) were computed with
the Gaussian 94 program 2 [17c] Gaussian 94, Revision D.3, M.
J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G.
Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Peters-
son, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V.
G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B.
Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.



2,3,4-Tricarba-nido-hexaboranes(7) with a Bridging B2Ethyl2B Moiety FULL PAPER
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees,
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J.
A. Pople, Gaussian, Inc., Pittsburgh PA, 1995).

[18] For the parent 2,3,4-C3B3H7 we get IGLO/DZ/MP2(fu)/6-31G*
chemical shifts of 252.9 (B1), 0.7 (B5,6), 87.6 (C2,4) and 120.0
(C3); experimental δ11B data : [2b] 257.9 [B(1)), 20.3 (B(5,6)].

[19] Geometric effects can be shown to be less important: A struc-

Eur. J. Inorg. Chem. 1998, 6332637 637

ture based on 7d but with the methyl groups at C(2), C(3) and
the bridging methylene group replaced by H (i.e. 7c in the ge-
ometry of 7d) gave computed chemical shifts [B(1): 242.3, B(5):
4.0, B(6): 23.1, C(2): 88.4, C(3): 138.0, C(4): 275.1, C(µ-CH2):
29.7] close to those for the optimized 7c geometry.

[20] W. Koch, P. v. R. Schleyer, P. Buzek, B. Liu, Croat. Chim. Acta
1992, 65, 6552672 and literature cited.

[97301]



FULL PAPER

A TXRF and Micro-Raman Spectrometric Reconstruction of Palettes for
Distinguishing Between Scriptoria of Related Medieval Manuscripts
Guido Van Hooydonk*a, Martine De Reua, Luc Moensb, Joke Van Aelstb [°], and Ludo Milisc

University of Ghent, Department of Library Sciencesa,
Rozier 9, B-9000 Ghent, Belgium
Fax (internat.): 13292643852; Tel: 13292643851
E-mail: guido.vanhooydonk@rug.ac.be

University of Ghent, Department of Analytical Chemistryb,
Proeftuinstraat 86, B-9000 Ghent, Belgium

University of Ghent, Department of Medieval Historyc,
Blandijnberg 2, B-9000 Ghent, Belgium

Received December 8, 1997

Keywords: Manuscripts / Scriptoria / TXRF / Micro-Ramanspectroscopy / Pigments / Middle Ages / Azurite /
Gold initials / Workshops / Renaissance / Mercatellis / Codicology

Assigning related medieval manuscripts to different work-
shops on the basis of codicological characteristics, is not
straightforward. We present the first attempt to distinguish
between scriptoria by means of a large-scale total reflection
X-ray fluorescence (TXRF) analysis of pigment elements and
an identification of pigment molecules with micro-Raman
spectroscopy. We analyzed 324 colored items in 10 medieval
manuscripts, of which 7 are folio-sized illuminated manu-
scripts, all ordered by Raphael de Mercatellis in the late 15th

and early 16th century. Palettes in miniatures were not yet
examined. Blue palettes are exclusively azurite-based and
are easily differentiated by means of the respective amounts
of Ti, Ba, and As. Differences for green palettes are also pro-

Introduction

Confronting conclusions of (art-)historians about im-
portant artifacts from the past with those obtained by
scientific experimental techniques, remains an intellectual
challenge[1]. Well-known examples are the proton milli-
probe analysis of Gutenberg’s bible[2] and the debate that
arose about the Shroud of Turin[3] [4] [5].

The late Middle Ages and the early Renaissance are cru-
cial periods for the transfer of knowledge, since exactly then
a large manuscript-production was confronted with the in-
(ter)vention of printing. Many medieval manuscripts are il-
luminated and decorated. The quality of their miniatures
not seldom compares well with that of paintings by illustri-
ous contemporary artists [6]. But, whereas today almost
everything is known about the contents of these manu-
scripts, in some intriguing cases little is known, until today,
about the workshops (scriptoria) involved. Using a codicol-
ogical approach, distinguishing between workshops produc-
ing similar manuscripts is very difficult, when no alternative
historical sources are available, e.g. archives in abbeys or

[°] Present address: Limburgs Universitair Centrum, Diepenbeek,
Belgium.
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nounced. The green Cu-based pigment was not yet iden-
tified, but it certainly is not malachite or verdigris. Red pig-
ments used are HgS, vermilion, and Pb3O4, red lead. The
Flemish gold-leaf technique is used. The 7 Mercatellis manu-
scripts show two different palettes, both different from the
non-Mercatellis manuscripts. The grouping of the Merca-
tellis manuscripts according to date and to palettes is, in gen-
eral, consistent with a grouping on the basis of a classical
codicological analysis, although some conflicting results are
obtained. A quantitative and qualitative reconstruction of
palettes by means of TXRF- and Raman-spectra, provides
with a complimentary and objective tool for distinguishing
between scriptoria.

monasteries regarding their scriptoria or other identifi-
cation means, sometimes left in the manuscript by scribes
or illuminators[6].

Only recently, progress has been made in identifying pig-
ment elements used in paintings and in medieval manu-
scripts [7] [8] by TXRF (total reflection X-ray fluorescence)
spectrometry, a technique conceived already in 1971[9] [10].
The use of micro-Raman spectroscopy in manuscripts for
identifying molecules started in 1984[11]. This technique was
also recently applied by Clark et al. [12] [13] [14].

Sampling in manuscripts for these analyses is non-de-
structive and a large number of samples can be taken with-
out damaging the manuscript. One sample provides enough
material for both TXRF and Raman analyses. Despite all
these possibilities, no large scale study has yet been reported
on a quantitative reconstruction of palettes in a series of
related medieval manuscripts. The 80 manuscripts, ordered
by Raphael de Mercatellis [15], an illegitimate son of Philip
the Good, Duke of Burgundy, represent such a series. A
codicological analysis of the 60 remaining Mercatellis
manuscripts, now held by libraries all over the world, has
been carried out[16] [17] [18] and led to a classification of all
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Table 1. Manuscripts and samples

Ms Short description (Date[a]) Codicological Parts or TXRF- Blue Green Gold Red UL[d]

group[b] hands[c] samples

M1 Georgius Reisch, Margarita 3(3) 2 56 19 7 8 22 Ms 7
Philosophica (1505 ?)

M2 Richardus de Bury et al., several 3(2) 3 27 9 1 3 14 Ms 67
works (1492/4)

M3 Plutarchus, De Viris Clarissimis (1492) 2(1) $1 25 6 5 4 10 Ms 109
M4 Decretum Gratiani (1505?) 3(6) 3 70 21 4 9 36 Ms 3
M5 Auctoritates Aristotelis (?) 3(8) 3 30 11 3 4 12 Ms 13
M6 Plato, Opera (?) 3(8) 3 37 10 4 5 18 Ms 1
M7 Petrus de Abano, Expositio 2(1) 3 47 17 4 5 21 Ms 72

problematum Aristotelis (1479)
nM1 Hagiologicum Slavicum (?) (Bulgaria) 1? 5 2 1 2 4 Ms 408
nM2 Thomas Aquinas (128021400 ?) (Paris) 1? 19 9 2 2 10 Ms 117
nM3 Exercitiones (?) (Cologne) 1? 8 2 2 2 8 Ms 211

Total $18[e] 324 102 29 38 155

[a] Probable date of production or acquisition from indications in the Ms. 2 [b] Classical codicological group(sub-group)[16]. 2 [c] If the
number of hands >1, different hands or workshops might have been involved in the manufacturing of the manuscript[16]. 2 [d] Ghent
University Library holding. 2 [e] M12M7.

Mercatellis manuscripts in function of their codicological
characteristics.

Given the technical and artistic skills required and the
financial implications for producing manuscripts[6], the ac-
tual number of Mercatellis workshops must have been
rather small, since these manuscripts were all made in the
region Ghent-Bruges, where there was a tradition of manu-
script-manufacturing in the late Middle Ages and early Re-
naissance. Scriptoria, working in this very typical and fa-
mous Ghent-Bruges style, however, did not make Mercatellis
manuscripts[17]. Who exactly produced these 80 Mercatellis
manuscripts remains an open and still intriguing question,
although several suggestions have been made[16] [17] [18].

Therefore, we decided to use two analytical techniques to
reconstruct both qualitatively (with Raman) and quantita-
tively (with TXRF) some Mercatellis palettes. The initials,
the paragraph marks, the rubrication, and especially the
very typical colored decorations in margine provide with an
excellent basis for pigment analysis and palette reconstruc-
tion. This study is a first step in a larger project, aiming at
an inventory of palettes of scriptoria, to be used for the
identification of other historically important manuscripts of
unknown or uncertain origin.

Manuscripts

Table 1 gives a short description (with date), the codicol-
ogical group, determined by a number of visible character-
istics, and the number of parts of the 7 Mercatellis manu-
scripts (M12M7) studied. Three non-Mercatellis manu-
scripts (nM12nM3) were also analyzed.

Results and Discussion

Elements Detected by TXRF: Table 1 also shows the dis-
tribution of the 324 samples, taken by rubbing a dry and
clean cotton-wool swab (Q-tip) over the not-varnished col-
ored surfaces (initial, paragraph-mark, rubrication, ...).
With a Mo-tube, 12 elements were detected: Ca, Fe, Zn,
Cu, Hg, Au, Pb, Ti, As, Mn, Ni, and Sr. With a W-tube Ba,
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Ag, Sn, and Sb could be retraced. Since nanogram samples
can not be weighted, concentrations must be estimated by
normalizing the sum of the elements detected to 100. This
is by no means exact, since elements with atom number <
11 can not be detected.

Element Classification and Pigment Identification by
Micro-Raman Spectra: Ca, Fe, and Zn are considered as
non-pigment elements. Their presence in the majority of
samples is due to the preparation of the parchment and to
the presence of (traces of) ink. Although ink is not con-
sidered here as a pigment, samples taken from the inks pre-
dominantly contain Ca, Fe, and Zn and the latter two ele-
ments are highly correlated. Raman spectra of white grains
show that Ca is mainly present as CaSO4 (gypsum) and
CaCO3 (chalk).

The only pigment key-element for blue and green is Cu.
The blue pigment used is azurite, easily identified by Ra-
man. The green pigment, usually believed to be malachite
or verdigris, must be another still unidentified but certainly
Cu-based pigment (malachite and verdigris were not yet de-
tected by Raman).

Two pigment key-elements were found for red: Hg in the
pigment vermilion (HgS) and Pb in the pigment red lead
(Pb3O4), both identified by Raman.

Two precious elements were detected Ag and Au (mainly
in 38 gold initials).

Finally, 8 (to 11) minor elements were found: Ti, Ba, As,
Sn, Ni, Mn, Sr, and Sb (to be combined with Cu, Hg, and
Pb when not present as a main pigment element). The white
pigment BaSO4 was identified by Raman. All Raman spec-
tra will be presented elsewhere[19].

Blue, Green, and Red Palettes: Figure 1 shows the exper-
imental TXRF-results (percentages of elements found) for
each of the 9 blue samples in nM2, without the main pig-
ment element Cu and the non-pigment elements Ca, Fe,
and Zn. For 7 samples, the overall constitution is very simi-
lar and amounts to an average of about 6% of the sample
total. In the samples on pages 1 and 2, Ba is not detected.
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This is not surprising, since Ba in this manuscript is the
key-element in the whitener BaSO4.

Figure 1. All 9 blue samples for nM2, without Cu and non-pigment
elements (8% level)

The consistent reproduction of nearly the same percent-
ages for each of the minor elements in the samples must
result from the fact that a large number of basic manuscript
elements (parchment, parchment preparation, pigment, pig-
ment composition, granular structure, adhesion, resistance
to rubbing, ...) remains invariant throughout the complete
manuscript.

These observations lead to the conclusion that this 800-
page pecia manuscript, made in Paris in the 14th century,
was made in a single workshop, whereby the same tech-
nique and material (azurite) was used for blue initials and
paragraph-marks. A specific whitener, BaSO4, was used in
the larger part of the manuscript (except in the first pages).

Conversely, these results demonstrate the consistency of
the sampling and of the TXRF-analysis.

In Figure 2 on the other hand, the average composition
for blue and green samples is given for all manuscripts.

Two very different blue palettes appear: one for the group
M1-M4-M5 and another one for M2-M3-M6-M7, although
the same pigment azurite is used in both cases. But, al-

Figure 2. Average palettes for blue and green (without Cu and Ca) for all manuscripts
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though within each group the palettes are very similar, the
averaged totals of the element percentages differ signifi-
cantly, in contrast with the results in Figure 1. For blue,
the palette of nM2 resembles that found for M1, but the
“absolute” amounts of material vary from 2.5% for M1 to
over 5% for nM2 (a difference of a factor of 2).

In the hypothesis that the same, yet unidentified, Cu-
based green pigment is used in all Mercatellis manuscripts
M127, the green palettes confirm the group M1-M4-M5
but the pair M6-M7 emerges. Green for M2-M3 is inter-
mediate. For green, the nM1 palette compares with those
found for M2 and M3.

This grouping is further confirmed by the red palettes
(not shown)[19]: two red pigments are identified by Raman
(HgS, vermilion and Pb3O4 , red lead).

The 7 Mercatellis manuscripts can therefore be divided
in 2 distinct palette-groups:

Palette-group I: M1, 1505?; M4, 1505?, and M5, date?.

Palette-group II: (M2, 1492/94))?; M3, 1492; M6, date?,
and M7, 1479.

The detailed confrontation of this result with a codicol-
ogical analysis is given below. A first conclusion is that the
yet undated manuscript M5 can be situated around 1505
and the other one M6 in the period 1479294 (with a prefer-
ence for 1479).

Group II is the oldest, as it goes back to pigments used
from 1479 onwards, and remained active at least for some
15 years, using the same style and the same coloring tech-
nique.

Ba/Ti-Ratio in Blue Samples: Another detail on palettes
revealed by TXRF spectrometry is shown in Figure 3,
where %Ba is plotted against %Ti for 34 blue samples, in
which Ba is detected. The average Ba/Ti ratio equals 2.8,
with a correlation R2 better than 0.86. The observed fluctu-
ations in this ratio (not shown) remain between ± 40%, a
result to be expected in the case of element ratio’s on ac-
count of the accuracy of TXRF analyses. The origin of this
ratio is not yet clear.
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Figure 3. %Ba versus %Ti for 34 blue data points

Raman spectra show that Ba is present as BaSO4, a whit-
ener (see also Figure 1). The molecule containing Ti re-
mains a problem. Normally it would be FeTiO3, but an Fe-
Ti correlation was not (yet) found. TiO2, a modern whit-
ener, must be excluded, since it is generally accepted that
this pigment was not known in the Middle Ages (although
the mineral rutile, found in the Alps, is known as a gem
from Antiquity). Raman did not reveal any traces of TiO2.
No correlation was found for Ti or Ba with any of the 14
other elements. Their presence as a pair is mainly restricted
to blue samples in group I manuscripts and in nM2.

Almost no As is found in the blue samples of Group I
manuscripts, where large amounts of Ti and Ba are found.
The opposite situation applies for Group II (see Figure 2).

Gold: The two classical types of illuminations are present
in Mercatellis manuscripts: shell (or liquid) gold is used
mainly in decorations in margine, whereas gold leaf is re-
served for initials. Shell gold was detected in 25 leaves and
ranks out of 60 rubbed, although just rubbing of a colored
surface was intended.

Gold initials continue to be real eye-catchers of medieval
manuscripts, as intended 500 years ago. Gold is not always
used for the initial itself but also for its background. Gold-
leaf techniques can vary locally[6]: in Flanders and Ger-
many, the parchment is first covered with a brownish gesso
where an illumination is wanted, on which the gold leaf is
fixed when the gesso was dry. In many Mercatellis manu-
scripts, this brownish gesso shows through the parchment
at the back of the initial.

In most of the 38 gold initials, silver is detected and the
Ag/Au ratio varies from 0.01 to 0.15. In one M2-initial 37%
Ag was found, exactly as much as Au. Another initial (first
page in M2) contains 4,4% Sn, which could indicate that
mosaic or synthetic gold (SnS2) was used, but this is highly
improbable*. In group II, three initials are found with Pb/
Au ratios between 6 and 1, whereas usually only a few per-
cent Pb is found. In all three, gold leaf is used in the back-

* Sn is found in only 7 of 324 samples (1 gold initial and 6 blue
ranks), and is highly correlated with Pb (%Pb 5 5.456 3 %Sn
2 5.88 with R2 5 0.9647). Here Pb, with Sn, is probably used as
white lead (to be confirmed by Raman spectra).
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ground. Here, lead is probably originating from white dec-
orations in the initial (internal contamination, see also be-
low).

In Figure 4, a logarithmic scale is used to plot the Cu/
Au ratios for 37 gold initials (for one initial Cu/Au 5 0).
The majority of initials shows a low Cu “palette” (Ag, Cu,
Hg, Pb, and Ni contribute 10 to 15% to the sample-total).
However, for 10 initials in the two palette-groups (i.e. the 10
data points in Figure 4 with black background), the slope
of the line connecting the data points almost vanishes and
a plateau emerges at an average Cu/Au ratio of about 1:75.
This might indicate that, irrespective of the palette-group,
orders for gold (or gold leaves) were invariantly placed with
the same merchant or that the same kind of coin was used
for making gold leaves[6]. However, further work remains
to be done on this point.

The first 12 gold initials in Figure 4 have a relatively high
Cu/Au ratio (>0.1). High Cu/Au- and Pb/Au-ratios for gold
initials must be explained by internal and/or external con-
tamination. Sampling small decorated gold initials can eas-
ily lead to contamination by pigment elements in the in-
itial’s decorations (internal contamination). But, samples
were also taken from large initials, where internal contami-
nation can be avoided. Even then, as much as 30% Ca can
be found, indicating that “external” contamination is sub-
stantial. This contamination is due to the intense contact
between facing pages in a manuscript, kept closed almost
constantly for about 500 years by means of straps. This kind
of contamination is even clearly visible in M1: the white
lower margin on f. 263r almost shows a “color-copy” of a
decoration in margine on folio 262v.

TXRF and Raman Results versus Classical Codicological Re-
sults

Only the identification of pigments used in manuscripts
by means of Raman spectroscopy allows one to reconstruct
palettes on the basis of TXRF results. In this work, Raman
spectra provided with conclusive evidence concerning the
presence of some important (pigment-)molecules, such as
BaSO4, HgS, Pb3O4, CaSO4, CaCO3, 2CuCO3 · Cu(OH)2.
Attempts to identify Ti molecules and lapis lazuli were not
yet successful (miniatures were not yet analyzed in this
work). Given the importance attached to blue pigments in
the making of medieval manuscripts[1] [6](see also below), it
is a pity that lapis lazuli can not be detected by TXRF. So
far, we did not yet find Raman evidence for lapis lazuli in
any of the 93 blue samples but the Raman analysis shows
that the blue pigment used in all manuscripts, studied here,
is azurite. This observation allows us to confront the results
of the palette reconstruction for blue illustrations, obtained
in this work, with the results of codicological analyses on
the same Mercatellis manuscripts. This confrontation is
done on two levels: the complete manuscript and the sub-
manuscripts (see Table 1).

The Complete Manuscripts

A classical codicological analysis is based upon a com-
parison of the visible characteristics of 60 Mercatellis
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Figure 4. Ratios Cu/Au for gold initials, descending order

manuscripts still in existence[16] [17] [18]. Applying TXRF and
Raman makes some invisible characteristics also visible.

The different codicological groups for the 7 Mercatellis
manuscripts are given in Table 1. The result of the confron-
tation of the codicological with the analytical studies is
given in Table 2.

Table 2. Confrontation of a codicological classification (CC) with
palette-groups for 7 Mercatellis manuscripts

CC[a]/Palette-group[b] 2(1) 3(2) 3(3) 3(6) 3(8)

Palette-group I M1 M4 M5
Palette-group II M3,M7 M2 M6

[a] Taken from Table 1. 2 [b] This work.

For 6 out of 7 Mercatellis manuscripts, an acceptable re-
sult is obtained. However, the palette reconstruction sug-
gests that the dividing line for the codicological classifi-
cation should not be drawn between the major codicolog-
ical groups 2 and 3 but between the codicological sub-
groups 3(2) and 3(3), if the palette classification for M2 is
valid (see above). In addition, M6 and M7 have similar pal-
ettes, whereas the codicological analysis reveals differences.
This result for M6 is intriguing, so we further quantified
and refined the palette reconstruction for blue decorations,
which have always been important in manuscripts and since
azurite is the only blue pigment found.

Correlation Between Sub-Manuscripts on the Basis of Blue
Palettes

In Table 1, the 4th column gives the number of parts dis-
tinguished codicologically in the 7 Mercatellis manuscripts,
giving a total of 18 sub-manuscripts (see bottom line in
Table 1). Correspondingly, sub-manuscripts are dis-
tinguished as follows: the 2 different parts in M1 will be
designated as M1,1 and M1,2 and so on for all 7 Merca-
tellis manuscripts.
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Table 3 gives a correlation matrix for these 18 Mercatellis
sub-manuscripts, calculated on the basis of the average per-
centages found for 10 minor elements in blue samples: Hg,
Au, Ti, Ba, Ag, As, Sn, Ni, S and Sb. The correlation matrix
consists of the Pearson product-moment correlation coef-
ficients for the variables. A positive correlation between 0.6
and 1, rounded off, is given in bold; the identity in the diag-
onal is given by 1.

The first 8 sub-manuscripts of palette-group I are similar
(except in part for M5,3) and the 10 sub-manuscripts of pal-
ette-group II form an even more homogenous set (in each
case a positive correlation is found). There is no or a slightly
negative correlation between sub-manuscripts of the two
different groups I and II (except in part for M6,3).

Parts M5,3 and M6,3 are slightly different from the other
parts in M5 and M6. But, Table 3 also shows that most
parts distinguished codicologically are not only consistent
with the complete manuscript but also with the Mercatellis
palette-groups I and II, the manuscript belongs to. Remov-
ing one (sub-)manuscript from one palette-group to the
other, as suggested codicologically (see Table 2), would dis-
tort the symmetry of Table 3.

The blue palette of nM2 is correlated with group I and
less with group II (see also Figure 1 and Figure 2). This is
remarkable, since the pecia nM2 originates from Paris. The
fact that a similar technique was used by geographically
separated scriptoria in the 14th century for a completely dif-
ferent kind of manuscript, is an extra argument for dis-
tinguishing between two local Mercatellis workshops, which
used different blues.

The refined analysis in Table 3 confirms that both M2
and M6 are members of palette-group II, which is in sup-
port of their position in Table 2. An extra codicological
argument for the position of M6 is that the size and the
ruling of this manuscript are the same as for Mercatellis
manuscripts in group 2(3) [16].
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Table 3. Correlation matrix for blue data-points by palette-group and by sub-manuscripts on the basis of 10 minor elements

Sub-ms M1,1 M1,2 M4,1 M4,2 M4,3 M5,1 M5,2 M5,3 M2,1 M2,2 M2,3 M3 M6,1 M6,2 M6,3 M7,1 M7,2 M7,3 nM2

Palette Group I
M1,1 1
M1,2 0.9 1
M4,1 0.9 0.9 1
M4,2 0.4 0.7 0.6 1
M4,3 0.5 0.8 0.8 1 1
M5,1 1 0.9 0.8 0.5 0.6 1
M5,2 0.6 0.8 0.7 0.9 0.9 0.7 1
M5,3 0.0 0.4 0.4 0.8 0.8 0.0 0.6 1

Palette Group II
M2,1 0.1 0.2 0.0 20.1 20.1 0.1 0.0 0.1 1
M2,2 20.1 0.2 0.0 0.1 0.1 20.1 0.1 0.5 0.9 1
M2,3 20.2 0.1 20.1 0.0 20.1 20.2 20.1 0.4 0.9 1 1
M3 0.0 0.1 0.2 20.2 0.0 20.1 20.2 0.3 0.6 0.6 0.6 1
M6,1 20.1 0.0 20.1 20.2 20.2 20.2 20.2 0.2 1 0.9 1 0.7 1
M6,2 20.1 0.0 20.1 20.2 20.2 20.2 20.2 0.2 1 0.9 1 0.7 1 1
M6,3 0.4 0.6 0.6 0.4 0.5 0.4 0.4 0.6 0.7 0.7 0.7 0.7 0.6 0.6 1
M7,1 20.1 0.0 20.1 20.2 20.2 20.2 20.2 0.2 0.9 0.9 1 0.7 1 1 0.7 1
M7,2 20.2 0.0 20.2 20.2 20.2 20.2 20.2 0.2 0.9 0.9 1 0.7 1 1 0.6 1 1
M7,3 20.2 20.1 20.2 20.2 20.2 20.2 20.2 0.2 0.9 0.9 1 0.7 1 1 0.6 1 1 1

non-Mercatellis group
nM2 0.9 0.8 0.7 0.3 0.3 0.9 0.5 0.0 0.6 0.4 0.3 0.2 0.3 0.4 0.7 0.4 0.3 0.3 1

Conclusion

The 7 Mercatellis manuscripts analyzed were certainly
made in Flanders using two different coloring techniques
but also in two different periods, suggesting that also two
different workshops were involved in their production. A
large scale TXRF- and Raman-analysis can indeed lead to
a quantitative reconstruction of palettes in medieval manu-
scripts and, even for related manuscripts, palette-differences
can be detected. These differences must be attributed either
to different hands or techniques, simultaneously available
in the same scriptorium, to an evolution in manufacturing
techniques in the same scriptorium or to different scriptoria.
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Experimental Section
A description of the instrumentation used for TXRF and Raman

is given elsewhere[7] [8] [19].
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The photolytically induced CO substitution reactions of
CpMn(CO)3 with N-phenylaziridine and of W(CO)6 with 2,2-
dimethylaziridine lead to the N-coordinated aziridine com-
plexes Cp(CO)2Mn{N(Ph)CH2CH2} and (CO)5W{N(H)CH2-
CMe2}. Both are stable with respect to thermal alkene elimi-
nation. The thermal reaction of Cp(CO)3MoCl with N-hydro-
xyethylaziridine leads to the metallaheterocyclic compound
Cp(CO)2MoNH(CH2CH2OH)CH2CH2C(O). It might be for-
med by several reaction steps including a Cl migration with
nucleophilic ring opening, a CO insertion reaction forming

Introduction

The photolytic reactions of CpMn(CO)3 with thiirane,
C2H4S, or thiirane S-oxide, C2H4SO, lead to CO substi-
tution and elimination of ethene with formation of the in-
tensively colored S and SO complexes, {CpMn(CO)2}2S
(green) and {CpMn(CO)2}2SO (violet) [1] [2]. Both dinuclear
compounds show a central, symmetrically-bridging 3c4e-π-
system. With their planar Mn2SOn skeleton (n 5 0, 1), they
demonstrate isolobal bis-metalorganic analogues of SO2

and SO3. The coordination of C2H4S- and C2H4SO ligands
to transition metals via sulfur was first reported to exist in
(Ph3P)2Pt{S(O)nC2H4} (n 5 0, 1) [3] and [CpRu(PPh3)2(S-
C2H4)]O3SCF3

[4]. Ring-opening and oxidative-addition re-
actions of C2H4S and C2H4SO onto transition metal com-
plexes have not yet been observed.

The isoelectronic aziridine-derivatives N(R)CH2CR9R99
are expected to react in a similar fashion. Firstly, the coor-
dination of aziridines onto transition metal centers via its
nitrogen atom should also be possible. Subsequent ethene
elimination might result in the formation of mono- and di-
nuclear nitrene complexes. This would be a new synthetic
approach to nitrene complexes. A third type of reaction
could be ring-opening leading to four-membered ring sys-
tems by an oxidative-addition process. However, five-mem-
bered ring systems could also form, especially with hydrido
complexes of transition metals e. g., by a nucleophilic attack
of the alkylidene part on the electrophilic carbon atom of
a carbonyl ligand.

Beck et al. have described the reactivity of aziridines with
metalcarbonyl and metalcarbonylhydrido complexes[5].
They observed two types of reactions of aziridines: simple
coordination as N-coordinate ligands, as well as ring-open-
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the β-aminoacyl ligand and finally a hydrolytic process. The
X-ray structure analysis of Cp(CO)2Mn{N(Ph)CH2CH2} and
(CO)5W{N(H)CH2CMe2} shows three-membered-ring li-
gands N-bonded to the metal atoms with a trigonal pyrami-
dal configuration at the nitrogen atoms. The X-ray structure
analysis of Cp(CO)2MoNH(CH2CH2OH)CH2CH2C(O) re-
veals a five-membered heterocyclic ring system, including
the molybdenum atom, a carbonyl function and an ammo-
nium center.

ing to give metallacycles. Both types of complexes were
characterized mainly by their IR spectra[5] [6] [7] [8]. Two ex-
amples of the five-membered metallacycles have been
characterized by X-ray structure analysis[9] [10] [11] [12]. An-
gelici et al. reported the reaction of aziridine with plati-
num(II)-nitrile complexes to give aziridino-amidines, 2-imi-
dazolines and to trans-[PtCl2{N(H)5C(Ph)NC2H4}2] com-
plexes[13]. Coordination of the aziridine to the Pt-atom was
not observed. In a recent paper, Beck et al. [14] described
the reaction of a N-functionalized -aziridine-2-carboxylate
(ac) with some chloro-bridged transition-metal complexes
to give e.g. (OC)2Rh(ac), (η5-C5Me5)(Cl)Ir(ac), (η3-C3H5)-
Pd(ac), Me2NCH2C6H4Pd(ac), (R3P)(Cl)Pd(ac) (R 5 Et,
Bu, Ph), (Ph3P)(Cl)Pt(ac) and [(Ph3P)2Pt(ac)]BF4. All these
complexes are formed by HCl-elimination and by ring for-
mation. They are the first structurally characterized N-az-
iridine complexes which possess an additional carboxylato-
O bond to the transition metal (bidentate-N,O). Recently,
the monodentate and N-coordinate benzylaziridine com-
plex Cp(CO)2Mn{N(Bz)CH2CH2} was sucessfully synthe-
sized and characterized[15].

In this paper the photolytic reactions of CpMn(CO)3 and
W(CO)6 with different N- and C-substituted aziridines are
reported. These lead to new N-coordinate mono-aziridine
complexes. In addition, the thermal reaction of
Cp(CO)3MoCl with N-hydroxyethylaziridine, which results
in the formation of an interesting five-membered transition-
metallacycle, is described.

Results and Discussion

CpMn(CO)3 and N-phenylaziridine N(C6H5)C2H4 (1a)
are photolysed for 3.5 h in n-pentane at 235°C. The clear
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yellow solution turns orange after warming to r. t. Crystal-
lisation provided monoclinic orange colored crystals of 2
(Scheme 1). 2 is neither light- nor air-sensitive. The forma-
tion of 2 results from a simple substitution reaction of one
CO ligand for the nucleophilic nitrogen atom of the azirid-
ine ligand (2e donor). 2 is also obtained by photolysing first
CpMn(CO)3 in thf to give the labile complex
CpMn(CO)2thf, which then is allowed to react with the azi-
ridine ligand within 4 h to give 2. The yield of 2 is higher
for the “direct” synthesis in n-pentane (76%) than for the
“indirect” in thf (56%).

Scheme 1

In accordance with the utilisation of N-substituted aziri-
dines described later, the analagous reaction products of C-
substituted N(H)-aziridines and further metal complexes
are also of interest. By using such C-substituted aziridines
the question as to whether the alkene elimination takes
place by activation, therefore obtaining nitrene complexes
by a new method, can be answered. In the case where alkene
elimination is not observed, the N2H bond cleavage should
be attempted by the nucleophilic attack of strong bases to
obtain a new nucleophilic center at the N of the aziridine
ligand. This would then be attempted to react with other
electrophilic compounds. With 16e-fragments like
[CpMn(CO)2], or 17e-fragments like CpFe(CO)2 anionic or
neutral µ2-N bridged dimetallo complexes should be built
up.

Thus, W(CO)6 is first photolysed in thf for 2 h at r. t.,
followed by addition of one equivalent of 2,2-dimethylaziri-
dine N(H)CH2CMe2 (1b). After evaporating the solution to
dryness and removal of some W(CO)6 by sublimation, the
residue is dissolved in thf. Careful layering of n-pentane at
222°C yields yellow crystals of 3 (Scheme 2.). These are
neither air, nor light sensitive and they are soluble in ace-
tone, CH2Cl2 and thf. No H2C5CMe2 elimination was ob-
served on heating.

Scheme 2

In contrast to both 16e complex fragments, where neutral
addition products were obtained with aziridines, aziridines
were reacted with 17e complex fragments in the hope of
obtaining cationic addition products. Therefore, CpMo(C-
O)3Cl was reacted with N-hydroxyethylaziridine,
N(CH2CH2OH)C2H4 (1c), in acetone at 60°C. After cool-
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ing to r. t., a dark red solution was obtained from which
yellow-orange crystals of 4 separated on evaporation.

However, instead of the expected cationic complex
[Cp(CO)2MoN(CH2CH2OH)CH2CH2)]Cl, the new neutral
metallacycle Cp(CO)2MoNH(CH2CH2OH)CH2CH2C(O)
(4) was surprisingly obtained. Its formation requires several
steps and the presence of traces of water. Firstly, a mi-
gration of the Cl onto the N atom giving the corresponding
metallate and aziridinium ion. They undergo a nucleophilic
ring opening process to give the β-aminoethyl ligand which
as nucleophile attacks the electrophilic C atom of one of
the CO ligands to give the β-aminoacyl ligand. The reaction
is finished by the coordination of the amine to the metal to
form the five-membered metallacycle. We believe that the
replacement of the Cl substituent for H takes place during
the long crystallization process. The presence of water could
be derived from the hydroxyethyl substituent by conden-
sation. Beck et al. have described a similar com-
plex[5] [10] [11] [14], the hydrido complex CpMo(CO)3H was
used as a starting material. Therefore there was no hydro-
lytic process necessary.

The composition and structure of 2, 3 and 4 were con-
firmed by elemental analyses, MS, 1H-, 13C{1H}-NMR and
IR spectra, as well as by X-ray structure analyses.

The IR spectrum of 2 shows two ν(CO) vibrations at
1917.7 and 1839.1 cm21 (in CH2Cl2), or 1915.8 and 1844.8
cm21 (in KBr), respectively. The IR spectrum in KBr also
shows the ν(CH) at 3106.4 and 3011.2 cm21, as well as the
ν(C2Ntert.) vibration at 1358.6 cm21. The IR spectrum of
3 exhibits three bands at 1974.7, 1924.8 and 1888.6 cm21

for terminal CO groups (2A1 1 E, C4V local symmetry). In
the IR spectrum of 4, ν(CO) bands at 2020.7 and 1936.3
cm21 are observed for the two terminal ligands. A third
ν(CO)-band at 1844.9 cm21 is due to the carbonyl group
within the ring.

In the EI-MS spectrum of 2, the [M1] signal appears at
295.0 u, together with signals at 239.0 u and 120.0 u for
[M1 2 2 CO] and [M1 2 2 CO 2 N(Ph)CH2CH2]. In the
EI-MS spectrum of 3, the parent ion [M1] appears at 395.0
u, together with peaks at 367.0 for [M1 2 CO], 339.0 for
[M1 2 2 CO], 309.0 for [M1 2 3 CO 2 2 H], 281.0 for
[M1 2 4 CO], 253.0 for [M1 2 5 CO] and 71.0 for
[HNCH2CMe2]. 4 does not give the [M1] signal, the mass
spectrum shows only fragments.

In the 1H-NMR spectrum of 2, the phenyl protons are
found as singlets at 7.27 (ortho), 7.20 (meta) and 7.06 (para)
ppm. In comparison with the free N-phenylaziridine ligand,
these are deshielded by 0.11 to 0.40 ppm. The Cp protons
give rise to a singlet at δ 4.25, which in comparison with
CpMn(CO)3 lies 0.51 ppm upfield. The aziridine ring pro-
tons are observed at 2.38 ppm as a broad singlet in 2,
whereas in 1a two triplets are found at δ 3.58 and 3.38. The
1H-NMR spectrum of 3 is characterized by 2 triplets at 2.50
and 2.35 ppm for the CH2 ring protons, a triplett at δ 4.35
for the NH proton (ABX system), and two singlets at δ 1.40
and 1.35 for the methyl groups. In the 1H-NMR spectrum
of 4, the Cp protons are observed at δ 5.32 as a singlet,
shifted 0.56 ppm upfield from the CpMo(CO)3Cl starting
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Scheme 3

material. At 5.29 ppm, the OH proton of 4 is better shielded
by 0.19 ppm relative to the free N-hydroxyethyl aziridine
ligand. The signals for the N-2-hydroxyethyl and for the
ethene group within the ring in 4 appear as 4 triplets at 3.80
(CH2O), 3.63 (CH2CO), 2.99 (CH2N) and at δ 2.82
(CH2N).

Table 1. Crystal data and data collection of 2, 3, and 4

2 3 4

Empirical formula C15H14MnNO2 C9H9NO5W C12H15MoNO4
Formula weight [g/mol] 295.21 395.02 333.19
Crystal size [mm3] 0.40 x 0.40 x 0.12 0.25 x 0.10 x 0.05 0.35 x 0.30 x 0.26
Crystal color and habit orange plate yellow needle orange-red plates
Crystal system monoclinic monoclinic monoclinic
Space group P21 /c P21 /n P21 /n
Unit cell dimensions [Å], a 5 10.828(3) a 5 6.584(3) a 5 16.912(3)

b 5 9.326(3) b 5 10.608(4) b 5 8.707(2)
c 5 13.864(3) c 5 17.276(6) c 5 18.668(4)

[°] β 5 106.34(2) β 5 94.669(1) β 5 107.99(3)
Volume [Å3] 1343.5(6) 1202.6(8) 2614.5(9)
Z 4 4 8
Density (calc.) [g/cm3] 1.460 2.182 1.693
Absorption coefficient 0.978 9.609 1.009
[mm21]
F(000) 608 736 1344
Scan type ω-Scan Hemisphere ω-Scan
Temperature [K] 213(2) 183(2) 293(2)
2Θ range for data 5.34246.00 4.52257.64 3.90257.90
collection [°]
Index ranges 21 # h # 11 28 # h # 8 221 # h # 22

0 # k # 10 213 # k # 13 210 # k # 11
215 # l # 14 216 # l # 23 220 # l # 23

Reflections collected 2129 6600 12645
Independent reflections 1847 (Rint 5 0.1357) 2104 (Rint 5 0.0474) 5342 [Rint 5 0.0492]
Observed reflections 1438 [F > 4σ(F)] 1827 [F>4σ(F)] 4235 [F > 4σ(F)]
Absorption correction not necessary semi empirical semi empirical
Max. and min. 0.465 and 0.694 0.159 and 0.394 0.6422 and 0.8542
transmission
Experimental details:
Scan-speed in ω variable; 3 to 60°/min variable; 3 to 60°/min
Scan range (ω) 1.6° 1.2°
Solution and refinement
Structure solution XS (Siemens) XS (SHELXTL- XS (Siemens)
program Ver.5)
Weighting scheme w21 5 σ2Fo21(0.0862P)2 w21 5 σ2Fo21(0.0330P)2 w21 5 σ2Fo21(0.0690P)2

12.0719P 111.5843P 16.4669P
where P 5 (Fo212Fc2)/3 where P 5 (Fo212Fc2)/3 where P 5 (Fo212Fc2)/3

Data/restraints/parameter 1841 / 0 / 214 1951 / 0 / 151 5337 / 0 / 325
Final R indices [F>4σ(F)] R1 5 0.0612, R1 5 0.0396, R1 5 0.0475,

wR2 5 0.1572 wR2 5 0.0929 wR2 5 0.1326
R indices (all data) R1 5 0.0831, R1 5 0.0433, R1 5 0.0678,

wR2 5 0.2026 wR2 5 0.0967 wR2 5 0.1522
Goodness-of-Fit on F2 1.151 1.249 1.158
Largest and mean ∆/σ 0.002 0.000 0.001 0.000 20.001 0.000
Largest difference 0.78 /20.964 1.422 /21.744 0.613 / 21.557
peak / hole [eÅ23]
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In the 13C{1H}-NMR spectrum of 2, the signals for the
CO groups and the Cp ligand lie at δ 288.36 and 83.70,
respectively. The different carbon atoms of the phenyl ring
are detected between δ 129.28 and 122.70 (4 signals). Coor-
dination of 1a to the manganese atom in 2 leads to two
signals which are very close together and shifted upfield for
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the two ring carbon atoms. They lie at 41.92 and 41.85 ppm,
compared with δ 45.43 and 43.18 for free 1a. In the
13C{1H}-NMR spectrum of 3, a signal at δ 191.21 for the
tertiary carbon atom, at 68.05 ppm for the CH2N ring
group and only a singlet at 25.67 ppm for the two CH3

substituents is observed. In the 13C{1H}-NMR spectrum of
4, signals are observed at 213.43 and 205.86 ppm (CO li-
gand and carbonyl function), 94.45 (Cp), 64.05 (s,
C(12)H2O) and at 52.09 ppm (s, C(11)H2N). The C atoms
of the five-membered ring are found at 50.66 ppm (s,
C(10)H2N) and 44.14 ppm (s, C(9)H2CO).

Single crystals suitable for X-ray diffraction analysis of
2, 3 and 4 were obtained. The crystal structure analysis data
are summarized in Table 1 and the molecular structures and
the most important bond lengths and angles are given in
Figures 1, 2 and 3.
Figure 1. Molecular structure of 2[a] in the crystal. Thermal ellips-

oids are represented at a 25% probability scale

[a] Selected bond lenghts [Å] and bond angles [°]: Mn2N 2.096(5),
Cp2Mnaverage 2.141(7), N2C11 1.446(7), N2C17 1.506(7),
N2C18 1.491(8), C172C18 1.480(9), C112N2Mn 115.2(3),
C172N2Mn 121.7(4), C182N2Mn 119.5(4), C72Mn2C6
88.1(3), Mn2C62O6 175.3(6), Mn2C72O7 174.0(6),
C182N2C17 59.2(4), C172C182N 60.9(4), C182C172N
59.9(4), C112N2C18 116.3(5), C112N2C17 113.6(5).

The configuration at the Mn- and the N-atom of 2 is
distorted tetrahedral. The Mn2N bond length of 2.096(5)
Å indicates a single bond; the two bonds N2C17 (1.506(7)
Å) and N2C18 (1.491(8) Å) are practically of equal length,
while N2C11 (1.446(7) Å) is somewhat shorter. The bond
length C172C18 with 1.480(9) Å is a little bit shorter in
comparison with typical C2C-single bonds and as found
in aziridines[9]. While the C182N2C17 angle within the
ring is 59.2(4)°, the two angles C112N2C17 and
C112N2C18 outside the ring lie between 116.3(5)° and
113.6(5)°. The angles C172N2Mn (121.7(4)°) and
C182N2Mn (119.5(4)°), containing a manganese atom,
are close to 120°. The angle C112N2Mn (115.2(3)°), C11
being the ipso-carbon of the phenyl ligand, is also very
large. The plane of the aziridine ligand nearly approaches
orthogonality to the plane of the cyclopentadienyl ligand
(71.3°).
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Figure 2. Molecular structure of 3[a] in the crystal. Thermal ellips-
oids are represented at a 25% probability scale

[a] Selected bond lenghts [Å] and bond angles [°]: W12N1 2.307(8),
N12C1 1.488(14), N12C2 1.500(13), C12C2 1.48(2), C22C3
1.49(2), C22C4 1.504(14), C92W12C6 89.3(4), C62W12C8
177.9(3), C62W12C7 90.4(4), C72W12C5 176.2(4), C22C12N1
60.7(7), C12C22N1 59.9(7), C12N12C2 59.4(7), C12N12W1
128.8(6), C22N12W1 132.9(6), C82W12N1 91.0(4),
C52W12N1 88.6(4), C32C22N1 116.8(9), C12C22C3
120.6(11), C32C22C4 115.0(10), N12C22C4 114.5(8).

The coordination sphere around the tungsten atom in 3
can be described as a distorted octahedron with maximum
deviations of 4.8° for C72W12N1 and 3.5° for
C92W12N1 from 90° and 180°, respectively. The W12N1
bond length of 2.307(8) Å lies in the expected region for a
single bond. The distance C12C2 of 1.48(2) Å is again
slightly shorter than that found for C2C single bonds and
comparable to C172C18 of 2 [9]. However, both bonds
C22C3 and C22C4 are found to be somewhat longer
(1.49(2) Å and 1.504(14) Å). The bond lengths N12C1 and
N12C2 are to be considered to be of equal length (1.49(1)
Å and 1.50(1) Å). Because of the C2 substituents both
angles C12N12W1 and C22N12W1 are different
(128.8(6)° and 132.9(6)°). The ring-angle C12N12C2 is
again the smallest (59.4(7)°).

In 4, the molybdenum atom possesses a distorted tetra-
gonal pyramidal configuration with the Cp ligand in apical
position. It is also part of the five-membered heterocyclic
ring system, which is formed by the β-aminoacyl li-
gand[6] [8] [10] [11]. Whereas the Mo12N10 bond of 2.267(4)
Å is very long, that of Mo12C8 is remarkably shorter at
2.180(5) Å. The bonds N102C10 and N102C11 are almost
equal (1.473(6) Å and 1.484(6) Å) and their length is typical
for N2C single bonds. Of both C2C bonds within the ring,
that of C82C9 (1.536(7) Å) is significantly larger than that
of C92C10 (1.497(7) Å). While the atom distance O92C8
of the carbonyl group is 1.233(6) Å, the bond length
O122C12, where O12 belongs to an OH group, corre-
sponds with a single bond (1.432(6) Å). Within the five-
membered ring with envelope conformation, the angle
C82Mo12N10 of 73.4(2)° is the most acute and the angle
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Figure 3. Molecular structure of 4[a] in the crystal. Thermal ellipsoids are represented at a 25% probability scale

[a] Selected bond lenghts [Å] and bond angles[°]: Cp2Mo1average 2.348(5), Mo12N10 2.267(4), Mo22N31 2.280(4), Mo12C8 2.180(5),
Mo22C28 2.162(4), Mo12C6 1.929(6), O92C8 1.233(6), O282C28 1.239(5), C82C9 1.536(7); C92C10 1.497(7), N102C10 1.473(6),
N102C11 1.484(6), C112C12 1.523(6), C122O12 1.432(6), C62Mo12C7 75.4(2), C72Mo12C8 121.3(2), C72Mo12N10 82.6(2),
C82Mo12N10 73.4(2), Mo12C62O6 178.5(5), Mo12C72O7 175.5(4), N102Mo12C8 73.4(2), Mo12C82C9 127.5(4), C82C92C10
111.8(4), C92C102N10 108.7(4), C102N102Mo1 109.8(3).

C92C82Mo1 of 115.7(3)° the most open, because of the
sp2-hybridized C8 atom. The other three angles
C82C92C10 (111.8(4)°), C92C102N10 (108.7(4)°) and
C102N102Mo1 (109.8(3)°) are approximately equal. The
ring shows envelope conformation, where N10 is placed
20.75 Å out of the plane Mo12C82C92C10, with an in-
terplanar angle to the Mo12N102C10 plane of 47.2° (re-
spective data for N31 is 20.75 Å and for
Mo22C282C292C30 the interplanar angle to the
Mo22N312C30 plane is 46.3°). The isolated crystals con-
tain only one of the possible isomers with the relative con-
figuration RS/SR.

Conclusion and Scopes

The results demonstrate that aziridine ligands coordinate
much more effectively to transition metals than thiiranes.
The latter prefer an ethene elimination and formation of
sulfur complexes. The first aziridine complex has only re-
cently been published[15]. 2 and 3 are two further examples.
3 is the first aziridine complex with a chiral N atom. We
are continuing investigations in this field with more electro-
philic, metalorganic-complex fragments to induce ethene
elimination as a new synthetic approach to nitrene com-
plexes. Moreover, aziridines can react, after coordination,
with carbonyl ligands via ring-opening and by a redox reac-
tion to produce the new metallaheterocycle 4. We hope to
elucidate the mechanism of its formation.

These complexes may find use in the therapeutic use of
aziridines, which has been known since the fifties. Currently,
there are detailed investigations on the cytostatic, cytotoxic
and mutagenic activity of aziridine compo-
nents[16] [17] [18] [19] [20] [21] [22]. In recent years organometallic
transition complexes have gained a wide interest in cancer

Eur. J. Inorg. Chem. 1998, 6452650 649

diagnostics[23]. It is planned to test such aziridine and aziri-
dine-based complexes for such applications.

Experimental Section
To remove oxygen, all operations were carried out under an ar-

gon atmosphere in dry and argon-saturated solvents[24] .
CpMn(CO)3

[25], W(CO)6
[25], CpMo(CO)3Cl[25], N-phenylazirid-

ine[26] and 2,2-dimethylaziridine[27] were prepared in accordance
with literature procedures. N-hydroxyethylaziridine was used as
purchased from Aldrich. The photolytic reactions were carried out
by using a mercury-high-pressure lamp TQ 150 Hanau (as an inside
dipping lamp) in a modified glass apparatus with an overflow tube,
which allows a sufficient vertical mixing of the reaction solution.
2 IR: Perkin-Elmer 598 and Nicolet FT-IR. 2 NMR: Jeol EX-
400 (1H: 399.784 MHz and 13C: 100.540 MHz) and Jeol GSX-270
(1H: 240.0 MHz and 13C: 61.0 MHz), both with [D6]acetone and
CDCl3 as solvents and TMS as internal standard. 2 MS: Finnigan
MAT 900 (20 kV), Varian MAT CH7 (70 eV).

N-Phenylaziridine-dicarbonyl-η5-cyclopentadienyl-manganese(I)
(2): 0.81 g (6.8 mmol) CpMn(CO)3 and 2.73 g (13.4 mmol) of 1a
were photolysed at 235°C in 400 ml n-pentane for 3.5 h with
strong stirring. The elimination of 1 mol of CO was controlled by
IR spectroscopy. Thereafter, the clear orange solution was allowed
to attain r. t. during 4 h and then the solvent was partially evapo-
rated. After 24 h, orange crystals of 2 had formed; yield 1.54 g
(76.6%); m.p. 149°C. 2 IR (CH2Cl2): ν̃ [cm21] 5 1917.7vs, 1839.1
vs (CO); IR (KBr): ν̃ [cm21] 5 3106.4 s, 3011.2 s (CH); 1915.8 vs,
1844.8 vs (CO); 1358.6 s (C-Ntert.). 2 1H-NMR ([D6]acetone): δ 5

7.27 (s, o-Ph, 2 H), 7.20 (s, m-Ph, 2 H), 7.06 (s, p-Ph, 1 H), 4.25 (s,
Cp, 5 H), 2.38 (s, (CH2)2, 4 H). 2 13C{1H}-NMR ([D6]acetone):
δ 5 288.36 (s, CO), 129.28 (s, Ph, Cipso), 129.25 (s, Ph, Cortho),
123.06 (s, Ph, Cmeta), 122.70 (s, Ph, Cpara), 83.70 (s, Cp), 41.92 (s,
CH2), 41.85 (s, CH2). 2 MS-EI (70 eV): 296.0 [M1 1 H], 295.0
[M1], 239.0 [M1 2 2 CO], 211.0 [M1 2 2 CO 2 C2H4], 176.0 [M1
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2 N(Ph)C2H4], 148.0 [M1 2 CO 2 N(Ph)C2H4], 120.0 [M1 2 2
CO 2 N(Ph)C2H4]. 2 C15H14MnNO2 (295.22): calcd. C 61.05, H
4.74, N 4.74; found. C 60.55, H 5.02, N 4.84.

2,2-Dimethylaziridine-pentacarbonyl-tungsten(0) (3): A solution
of 1.0 g ( 2.8 mmol) of W(CO)6 was photolysed while stirring in
400 ml thf at r. t. for 2 h. The elimination of 1 mole CO was
observed by IR-spectroscopy. Then 0.20 g (2.8 mmol) of 1b were
added. The yellow solution turned orange within 1 h. After evapo-
rating the solvent and sublimation of unreacted W(CO)6 from the
residue in vacuum at 60°C, the remaining material was dissolved
in 50 ml of thf and covered with a layer of n-pentane (10 ml). After
48 h at 222°C yellow crystals of 3 had formed; yield 0.53 g (47%);
m.p. 98°C. 2 IR (CH2Cl2): ν̃ [cm21] 5 1974.7 m, 1924.8 vs, 1888.6
m (CO). 2 1H-NMR (CDCl3): δ 5 1.85 (m, CH2, 2 H), 1.40 (s,
CH3, 3 H), 1.35 (s, CH3, 3 H). 2 13C{1H}-NMR (CDCl3): δ 5

191.21 (CMe2), 68.05 (CH2N), 25.67 (CH3). 2 EI-MS (70 eV); m/z
(%): 395.0 [M1], 367.0 [M1 2 CO], 339.0 [M1 2 2 CO], 309.0 [M1

2 3 CO 2 2 H], 281.0 [M1 2 4 CO], 253.0 [M1 2 5 CO], 71.0
[HNCH2CMe2]. 2 C9H9NO5W (395.02): calcd. C 27.36, H 2.30,
N 3.54; found. C 27.00, H 2.03, N 2.68.

1,1-Dicarbonyl(η5-cyclopentadienyl)-2-hydroxyethylmolybda(1)-
aza(2)-cyclopentan(5)-one (4): To the red solution of 0.38 g (1.4
mmol) of CpMo(CO)3Cl in 125 ml acetone, were added two mol-
equivalents of 1c (0.22 ml, 2.7 mmol) while stirring. The solution
was then heated to 60°C for 1 h, during which the color of the
solution became darker. After cooling to r. t. and partially evapor-
ating the solvent in a vacuum, yellow-orange crystals of 4 formed;
yield 0.23 g (60%); m.p. 113°C. 2 IR (CH2Cl2): ν̃ [cm21] 5 2020.7
m, 1936.3 vs (CO)terminal, 1844.9 s (CO)carbonyl. 2 1H-NMR ([D6]a-
cetone): δ 5 5.32 (s, Cp, 5 H), 5.29 (s, OH, 1 H), 3.80 (t, CH2O, 2
H), 3.63 (t, C(11)H2, 2 H), 2.99 (t, C(10)H2, 2 H), 2.82 (t, C(9)H2,
2 H). 2 13C{1H}-NMR ([D6]acetone): δ 5 213.43
(CO)terminal, 205.86 (CO)carbonyl, 94.45 (Cp), 64.05 (CH2OH), 52.09
(C(11)H2), 50.66 (C(10)H2), 44.14 (C(9)H2). 2 C12H15MoNO4

(333.20): calcd. C 43.26, H 4.54, N 4.20; found. C 43.12, H 4.67,
N 4.77.

X-Ray Structure Determinations of 2, 3 and 4 [28]: The crystal
structure, experimental specifications and refinement data are given
in Table 1. Selected single crystals were mounted on in a glass fiber
or a capillary with perfluoroether oil, and aligned on a Siemens P4
diffractometer in a N2 cold stream equipped with a scintillation
counter (2) or a CCD area detector (3, 4). Data collection for the
determination of the unit cell as well as for the structure determi-
nation was performed at 280°C (2), using MoKα radiation (λ 5

0.71073 Å) and a graphite monochromator. Data reduction was
performed with programs XSCANX Ver. 2.2 or SAINT Ver. 4 (Sie-
mens Analytical Instruments), and structure solution with direct
(2, 4) or heavy atom methods (3). The SHELXL and SHELX93
programs were used for structure refinement (on F2) and documen-
tation. Non hydrogen atoms are presented in anisotropic descrip-
tion. Hydrogen atoms were placed in calculated positions and re-
fined with fixed isotropic U using the riding model (3) or freely
unfined (2, 4). In case of compound 3 the atom H1 was found in
the difference Fourier synthesis and was freely refined isotropically.
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When a mixture of stereoisomers of rac- and meso-1,2-
bis(phenylphosphanyl)-1,2-dicarba-closo-dodecaborane(12)
(1a, b; 1a/1b = 3:1) is treated with [Cp2ZrMe2] in boiling toluene
for 2 h, the formation of three phosphorus-containing products,
namely meso-[Cp2Zr(PPh)3] (3), (PPh)4 (4) and (PPh)5 (5), ratio
2.8:1.1:1.0, was observed by 31P-NMR spectroscopy. In the 11B-
NMR spectrum of the reaction mixture, only signals for 1,2-
dicarba-closo-dodecaborane(12) were observed. When zircono-
cene, prepared in situ from [Cp2ZrCl2] and BuLi, was treated
with 1a, b at low temperature and then heated to reflux in tolu-
ene for 2 h, only formation of 3 and 1,2-dicarba-closo-dodeca-
borane(12) was observed. The mixture of stereoisomers of 1a, b
reacts with CuCl in THF to give rac- and meso-[CuCl(THF){1,2-

Organo-element and organic derivatives of dicarba-closo-
dodecaboranes(12) have received increasing attention dur-
ing the last decade due to their interesting chemical and
physical properties. Thus, these compounds have been em-
ployed as catalysts[1] [2], as doping reagents in semicon-
ductor materials [3], as precursors for ceramic materials[4],
and in medical areas[5] [6] [7]. Hence applications in medicine
can be envisioned for related carbaboranylphosphanes and
their transition-metal complexes[8].

While tertiary phosphanyl derivatives of dicarba-closo-
dodecaboranes(12), which were first reported in 1963[9],
have been employed as ligands in transition-metal chemis-
try and as starting materials for the preparation of other
closo-carbaborane(12)-containing organophosphorus com-
pounds[10], their secondary analogues have remained largely
unexplored[11]. We have recently reported the synthesis and
spectroscopic properties of the first secondary bis(phos-
phanyl)carbaboranes, rac- and meso-1,2-bis(phenylphos-
phanyl)-1,2-dicarba-closo-dodecaborane(12) (1a, 1b), as
well as the molecular structure of the rac isomer 1a [12].

We now report reactions and coordination properties of
1a, b towards transition-metal complexes.

Results and Discussion

Reactions of 1,2-Bis(phenylphosphanyl)-1,2-dicarba-closo-
dodecaborane(12) (1)

We have studied the reaction of a mixture of stereoiso-
mers of rac- and meso-1,2-bis(phenylphosphanyl)-1,2-di-
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(PHPh)2C2B10H10}] (7a, b), which is only stable in THF solution
and loses THF in vacuo over several hours to yield the insoluble
colorless complex [CuCl{1,2-(PHPh)2C2B10H10}]n (8). In THF so-
lution, 7 reacts with PPh3 to give the stable isolable complex
[CuCl(PPh3){1,2-(PHPh)2C2B10H10}] (9). No reaction of 1a, b is
observed with [Cp9Mo(CO)3]2 (Cp9 = C5H4Me) in boiling THF,
while only decomposition occurs in boiling toluene. However,
[(NBD)Mo(CO)4] (NBD = norbornadiene) reacts smoothly with
1a in toluene at room temperature to give cis-rac-[Mo(CO)4{1,2-
(PHPh)2C2B10H10}] (10). Compounds 7, 9, and 10 were charac-
terized spectroscopically (1H, 31P, 11B, 13C NMR, IR), and an X-
ray structure determination was carried out on 10.

carba-closo-dodecaborane(12) [1 (mixture of stereoiso-
mers), 1a (rac), 1b (meso)] [12] with various transition-metal
complexes, i.e., [Cp2ZrMe2] (Cp 5 C5H5), [Cp2ZrCl2]/BuLi,
CuCl, [Cp9Mo(CO)3]2 (Cp9 5 C5H4Me) and
[(NBD)Mo(CO)4] (NBD 5 norbornadiene) (Scheme 1). As
already observed in the reaction of 1 with sulfur[12], the
chemical reactivity of 1 differs markedly from that of com-
parable carbaboranyldiphosphanes with tertiary phos-
phanyl groups or alkyl- or aryl-substituted secondary di-
phosphanes. In the case of dimethylzirconocene, the course
of reaction is similar to that observed with the primary
phosphane PhPH2

[13].

Reaction of 1a, b with Dimethylzirconocene or Zirconocene

When a mixture of stereoisomers of 1 (1a/1b 5 3:1) was
treated with dimethylzirconocene in boiling toluene for 2 h
(Scheme 1), the formation of three phosphorus-containing
products 2 meso-[Cp2Zr(PPh)3] (3) [13] [14], (PPh)4 (4) [15],
and (PPh)5 (5) [16] (ratio 2.8:1.1:1.0) 2 was observed by 31P-
NMR spectroscopy. The 1H-NMR spectrum of the reaction
mixture showed the presence of unreacted dimethylzir-
conocene (ca. 75%). 3 was isolated in 23% yield (based on
reacted dimethylzirconocene) and characterized by com-
parison of its NMR data with those reported in the litera-
ture[13] [14]. In the 11B-NMR spectrum of the reaction mix-
ture, only signals for 1,2-dicarba-closo-dodecaborane(12)
were observed. As 1 exhibits remarkable thermal stability
(up to 195°C in undecane solution), the formation of the
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Scheme 1

observed products 325 and 1,2-dicarba-closo-dodecabor-
ane(12) must be due to reaction with dimethylzirconocene
rather than decomposition of 1.

When a mixture of stereoisomers of 1 (1a/1b 5 3:1) is
treated with “zirconocene”, prepared in situ from
[Cp2ZrCl2] and BuLi by the Negishi method[17], followed
by 2 h reflux in toluene, formation of 3 and 1,2-dicarba-
closo-dodecaborane(12) is observed (Scheme 1); the cyclo-
oligophosphanes 4 and 5 are not formed. The course of the
reaction was monitored by 31P-NMR spectroscopy. At
room temperature, the spectrum of the burgundy red solu-
tion exhibits two major resonances at δ 5 22.0 (1JPH 5
233 Hz) and δ 5 22.6 (1JPH 5 230 Hz), which may be due
to the rac and meso isomers of the intermediate [Cp2Zr{1,2-
(PHPh)2C2B10H10}] (6). On heating the solution to reflux
for 2 h, the signals corresponding to 6 are replaced by those
of 3 and two low-intensity signals at δ 5 224 and δ 5 231
from an as yet unknown compound. Apparently, 6 decom-
poses with elimination of 1,2-dicarba-closo-dodecabor-
ane(12) and formation of 3 as the final product.

The fact that 4 and 5 are not formed suggests the involve-
ment of a different intermediate in the reaction between di-
methylzirconocene and 1 in refluxing toluene. A phospha-
nylidenezirconocene complex, which is the most likely inter-
mediate, was not observed.
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Reaction of 1a, b with Copper(I) Chloride

A mixture of stereoisomers of 1 (1a/1b 5 3:1) reacts with
copper(I) chloride in THF over 1 h to give a yellow solu-
tion, which we believe contains the THF adduct rac- and
meso-[CuCl(THF){1,2-(PHPh)2C2B10H10}] (7) (Scheme 1,
Table 1), based on NMR studies. 7 is only stable in THF
solution and as a solid loses THF in vacuo over several
hours to yield the insoluble colorless complex [CuCl{1,2-
(PHPh)2C2B10H10}]n (8). The latter is comparable to
[CuCl{1,2-(PPh2)2C2B10H10}] [18], which was obtained from
CuCl2 and 1,2-bis(diphenylphosphanyl)-1,2-dicarba-closo-
dodecaborane(12). In THF solution, 7 reacts with PPh3 to
give the stable isolable complex [CuCl(PPh3){1,2-
(PHPh)2C2B10H10}] (9) in 92% yield (Scheme 1). 9 is sol-
uble in THF and toluene. In the 31P-NMR spectrum, only
two broad signals are observed for coordinated PPh3 and
1, and this is due to the quadrupole moment of Cu. In the
1H-NMR spectrum, signals for the P2H protons and the
phenyl (PHPh and PPh3) ligands are observed in the ratio
2:10:15. In contrast to complex 7 and the free ligand 1,
signals corresponding to rac- and meso-9 were not ob-
served. In the 13C-NMR spectrum, the C atoms of the car-
baborane cluster appear as a multiplet at δ 5 81.3. Signals
corresponding to coordinated PPh3 are observed in the us-
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Table 1. NMR (31P, 1H, 13C, 11B) and IR data of compounds 1a, b [12] (NMR in C6D6), 7 (NMR in [D8]THF), 9 (NMR in C6D6) and

10 (NMR in C6D6)

δ 31P/J [Hz] δ 1H/J [Hz] δ 13C/J [Hz] δ 11B/1JBH [Hz] ν̃ [cm21] in KBr

1a 215.15/246 (1JPH), 84 (3JPP) 7.30 m, 7.00 m (Ph), 136.8 m, 131.0, 130.9, 20.9/142, 27.2/144, 2626, 2606, 2583,
4.78/244 (1JPH), 82 (3JPP) (PH), 129.0 (Ph), 76.3 m (C2B10H10) 29.4/225, 211.3 2561 (BH);
3.521.6 br. m (B2H) 2323 (PH)

1b 214.98/239 (1JPH), 87 (3JPP) 7.30 m, 7.00 m (Ph), 136.8 m, 131.0, 130.9, 20.9/142, 27.2/144, 2626, 2606, 2583,
4.78/239 (1JPH), 87 (3JPP) (PH), 129.0 (Ph), 77.6 m (C2B10H10) 29.4/225, 211.3 2561 (BH);
3.521.6 br. m (B2H) 2323(PH)

7 214.5 v br. 7.76 m (7a), 7.53 m (7b), 7.41 m (Ph); 22.1, 25.4, 29.8
5.50/341 (1JPH), 172 (3JPP) (PH) (7a),
5.45/339 (1JPH), 179 (3JPP) (PH) (7b);
3.521.6 br. m (B2H)

9 1.08, 27.95/316 (1JPH) 8.23 br. m, 7.72 br. m, 7.05 m, 6.95 m 137.6 br. m, 134.75[a]/14.6 (1JCP),21.6, 24.1, 29.1 2581 (BH);
(Ph), 5.12/320 (1JPH), 107 (3JPP) (PH), 133.0, 130.9[a], 130.1, 129.7[a], 2338 (PH)
3.521.6 br. m (B2H) 129.6[a] (Ph), 81.3 m (C2B10H10)

10 67.70/358 (1JPH) 7.40 m, 6.97 m (Ph), 6.08/358 (1JPH), 212.3/9.9[b], 209.2/9.2[b] (CO), 22.6/165, 23.9/151, 2593 (BH); 2034,
19 (2JPP) (PH), 3.521.6 br. m (B2H) 134.7 m, 133.2, 130.1 m 28.9, 211.4, 213.1 1955, 1936, 1905

(Ph), 82.8 m (C2B10H10) (CO); 2342 (PH)

[a] PPh3. 2 [b] Observed splitting in virtual triplet.

ual range for PPh32CuCl complexes[18] [19] (Table 1). Mo-
lecular-mass determination with a vapor-pressure os-
mometer showed 9 to be monomeric in solution (calcd. 722,
found 724). In conclusion, the data given are in agreement
with a tetrahedral structure for 9, in which the bis(phos-
phanyl)carbaborane is coordinated in a chelating fashion
(Scheme 1). According to the NMR data (Table 1), the
THF adduct 7 has a similar structure. Due to the low solu-
bility of 8, attempts to determine the molecular structure in
solution were unsuccessful. A comparison with the CuCl
complexes [CuCl{1,2-(PPh2)2C2B10H10}] [18] and [CuCl{1-
(PPh2)C2B10H11}2]n [20] suggests an oligomeric structure.

Reaction of 1a, b with Carbonylmolybdenum Complexes

The reaction of 1a, b with carbonylmolybdenum com-
plexes depends on the nature of the Mo complex employed
(Scheme 1). Thus, in contrast to primary and secondary
alkyl- and arylphosphanes[21], no reaction is observed with
[Cp9Mo(CO)3]2 (Cp9 5 C5H4Me) in boiling THF. In boil-
ing toluene reaction did occur, but a complex mixture of
products was formed that could not be separated, isolated,
or characterized.

However, [(NBD)Mo(CO)4] reacts smoothly with 1a in
toluene at room temperature to give cis-rac-[Mo(CO)4{1,2-
(PHPh)2C2B10H10}] (10; Scheme 1) in 73% yield. In the
solid state, 10 is air- and moisture-stable. In solution, how-
ever, 10 slowly decomposes on exposure to air.

Molecular Structure of cis-rac-[Mo(CO)4{1,2-(PHPh)2C2B10H10}]
(10)

Single crystals of 10 were obtained from toluene/hexane
solution at 25°C. 10 crystallizes in the centrosymmetric
space group P21/c. The X-ray structure determination (Fig-
ure 1) shows that both enantiomers of the racemic isomer
are present in the unit cell. The bis(phosphanyl)carbabor-
ane is coordinated in a chelating fashion. The structural
parameters of 1a [12] remain almost unchanged on coordi-
nation to the Mo atom [Ccluster2Ccluster 1.683(2) (1a),

Eur. J. Inorg. Chem. 1998, 6512656 653

1.681(3) Å (10); P2Ccluster 1.8727(13) (1a), 1.873(2),
1.872(2) Å (10); P2CPh 1.8244(14) (1a), 1.815(2), 1.813(2)
Å (10)]. A comparison of 10 with cis-tetracarbonyl{1,4-η2-
[1,2-dimethyl-1,2-bis(phenylphosphanyl)disilane]}molyb-
denum(0) (cis-rac-11) [22], the only other structurally charac-
terized complex of an Mo(CO)4 fragment with a coordi-
nated secondary diphosphane ligand (Figure 2), shows that
the Mo2P bond lengths [2.4445(6), 2.4559(6) Å (10);
2.550(1) Å (11)] and P2Mo2P bond angle [84.31(2) (10);
89.4(1)° (11)] of 10 are smaller.

For the Mo2CO groups trans to the coordinated P
atoms, the Mo2C distances are larger [2.015(3), 2.017(3)Å
(10); 1.994(4) Å (11)] and the C2O bond lengths shorter
[1.139(3), 1.140(3)Å (10); 1.152(5) Å (11)] in 10. Similar
trends, that is, lengthening of the Mo2P and C2O bonds
and shortening of the Mo2C bonds, are observed for the
complexes [Mo(CO)4(PMePhR)2] (R 5 Me, Ph)[23],
[Mo(CO)4{1,2-(PPh2)2C2H4}] [24] and [Mo(CO)4{1,2-
(PPh2)2C2H2}] [25] (Table 2), which are similar to 11. This
suggests increased π-acceptor properties of the P atoms in
1a, in comparison with other phenyl-substituted phos-
phanes or diphosphanes[29], due to the presence of the elec-
tron-deficient carbaboranyl ligand in 1a [30]. Accordingly, in
the IR spectrum the CO vibrations of 10 are shifted to
higher wavenumbers by 10220 cm21 compared with other
tetracarbonyl(diphosphane)- or -bis(phosphane)molyb-
denum complexes[26] [27] [28] (Table 2).

Discussion of 31P- and 1H-NMR Data of 1, 7, 9, and 10

The mixture of stereoisomers of 1a, b exhibits 31P- and
1H-NMR spectra in which the signals of the HP2CC2PH
group appear as multiplets corresponding to an AA9XX9
spin system[12]. Simulation of the 1H-NMR spectra allowed
the corresponding coupling constants to be calculated [1a:
1JPH 5 244 Hz, 3JPP 5 84 Hz; 1b: 1JPH 5 239 Hz, 3JPP 5
87 Hz][31]. Similar coupling patterns were observed in the
1H-NMR spectra of 7, 9 and 10. The P-P coupling of the
P2C2C2P fragment was observed only in the 1H-NMR
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Figure 1. Molecular structure of cis-rac-[Mo(CO)4{1,2-
(PHPh)2C2B10H10}] (10); only one of the present enantiomers
(R,R) with its atom-numbering scheme is shown (SHELXTL

PLUS; XP)[37][a]

[a]Selected bond lengths [Å] and bond angles [°]: Mo(1)2P(1)
2.4559(6), Mo(1)2P(2) 2.4445(6), Mo(1)2C(31) 2.036(3),
Mo(1)2C(32) 2.017(3), Mo(1)2C(33) 2.046(3), Mo(1)2C(34)
2.015(3), P(1)2C(11) 1.815(2), P(1)2C(1) 1.873(2), P(2)2C(21)
1.813(2), P(2)2C(2) 1.872(2), O(31)2C(31) 1.139(3), O(32)2C(32)
1.140(3), O(33)2C(33) 1.138(3), O(34)2C(34) 1.139(3), C(1)2C(2)
1.681(3); C(32)2Mo(1)2C(34) 92.85(11), C(31)2Mo(1)2C(34)
90.08(11), C(32)2Mo(1)2C(31) 88.67(12), C(33)2Mo(1)2C(34)
89.77(11), C(32)2Mo(1)2C(33) 87.80(11), C(31)2Mo(1)2C(33)
176.46(10), C(32)2Mo(1)2P(2) 175.00(9), C(34)2Mo(1)2P(1)
171.95(8), P(1)2Mo(1)2P(2) 84.31(2), Mo(1)2P(1)2C(1)
112.20(7), Mo(1)2P(2)2C(2) 112.56(7), C(11)2P(1)2C(1)
102.70(10), C(11)2P(1)2Mo(1) 127.10(8), C(1)2P(1)2Mo(1)
112.20(7), C(21)2P(2)2C(2) 102.06(10), C(21)2P(2)2Mo(1)
125.63(9), C(2)2P(2)2Mo(1) 112.56(7).

Figure 2. cis-Tetracarbonyl{1,4-η2-[1,2-dimethyl-1,2-bis(phenyl-
phosphanyl)disilane]}molybdenum(0)

Table 2. Comparison of selected bond lengths and CO vibrations of compound 10 with those of other Mo(CO)4L2 complexes with
phenyl-substituted diphosphane and bis(phosphane) ligands

L2 Mo2P [Å] Mo2C trans to P [Å] C2O trans to P [Å] Ref. ν(CO) [cm21] Ref.

1,2-(PHPh)2C2B10H10 2.4445(6), 2.4559(6) 2.017(3), 2.015(3) 1.139(3), 1.140(3) this 2036, 1940, 1934, 1897 (hexane) this
work 2034, 1955, 1936, 1905 (KBr) work

H(Ph)PSiMe2SiMe2P(Ph)H 2.550(1) 1.994(4) 1.152(5) [22]

Ph2PCH2CH2PPh2 2.500(2), 2.495(2) 1.999(8), 1.974(8) 1.140(8), 1.164(9) [24] 2021, 1929, 1919, 1903 (C6H12) [26]

2020, 1919, 1907, 1881 (C2H4Cl2)
Ph2PCH5CHPPh2 2.501(1), 2.494(1) 1.993(5), 1.976(5) 1.152(6), 1.138(7) [25]

H(Ph)PCH2CH2P(Ph)H 2023, 1928, 1908, 1892 (CH2Cl2)[a] [27]

2023, 1927, 1908, 1893 (CH2Cl2)[b]

(PPh3)2 2.576(2), 2.577(2) 1.972(8), 1.973(9) 1.158(8), 1.149(8) [23] 2023, 1927, 1908, 1897 (C2H4Cl2) [28]

(PMePh2)2 2.545(1), 2.565(1) 1.981(6), 1.975(6) 1.153(7), 1.152(7) [23] 2020, 1925, 1902, 1891 (C2H4Cl2) [28]

(PMe2Ph)2 2.525(2), 2.533(2) 1.981(6), 1.983(6) 1.150(7), 1.163(7) [23] 2018, 1920, 1900, 1891 (C2H4Cl2) [28]

[a] rac isomer. 2 [b] meso isomer.
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spectra of 7 and 9. For 10, the coupling constant of the
P2Mo2P fragment (2JPP 5 19 Hz) was observed in the
1H-NMR spectrum[27]. However, due to line broadening in
the proton-coupled 31P-NMR spectra, only P-H coupling
was observed for 9 and 10, and for 7 only one broad signal
(ν1/2 ø 600 Hz) was present. As expected, for all complexes
the coupling constant 1JPH increases on coordination
(Table 1).

Conclusions

The reaction of the recently reported 1,2-bis(phenylphos-
phanyl)-1,2-dicarba-closo-dodecaborane(12) (1a, b) [12] with
several transition-metal complexes is dependent on the me-
tal and the complex employed (Scheme 1). With electron-
poor zirconocene derivatives, reactions similar to those of
primary phosphanes are observed[13]. In contrast, the elec-
tron-rich compounds CuCl and [(NBD)Mo(CO)4] react
with formation of the chelate complexes 7 and 10, respec-
tively. In vacuum 7 loses THF in the solid state and oligo-
merizes. With PPh3, the stable monomeric complex 9 is ob-
tained. In 10, the carbaboranylbis(phosphane) ligand exhib-
its a higher π-acceptor ability compared to other diphos-
phanes in complexes of Mo(CO)4, due to the presence of
the electron-deficient carbaboranyl fragment.

We gratefully acknowledge support from the Fonds der Che-
mischen Industrie. Chemetall GmbH has provided a generous do-
nation of alkyllithium compounds. F. S. thanks the Alexander-von-
Humboldt-Stiftung for a fellowship.

Experimental Section
All experiments were carried out under purified dry argon. Sol-

vents were dried and freshly distilled under argon. 2 The NMR
spectra were recorded with an AVANCE DRX 400 spectrometer
(Bruker); 1H NMR: internal standard solvent (benzene), external
standard TMS; 13C NMR: external standard TMS, internal stand-
ard solvent; 31P NMR: external standard 85% H3PO4; 11B NMR:
external standard BF3 · Et2O. 2 The IR spectra were recorded with
an FT-IR spectrometer Perkin-Elmer System 2000 in the range of
35024000 cm21. 2 Molecular-mass determination: Vapour Pres-
sure Osmometer (Knauer), in CHCl3 at 35°C. 2 X-ray structural
analysis: Siemens SMART CCD diffractometer. 2 The melting
points were determined in sealed capillaries under argon and are
uncorrected. 2 [Cp2ZrMe2] [32], [Cp2ZrCl2] [33], [Cp9Mo(CO)3]2 [34]
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and [(NBD)Mo(CO)4] [35] were prepared by literature procedures.
1,2-Bis(phenylphosphanyl)-1,2-dicarba-closo-dodecaborane(12) (1)
was prepared as described earlier[12]. CuCl and PPh3 are commer-
cially available.

Reaction of 1 with Dimethylzirconocene: A mixture of stereoiso-
mers of 1 (1.2 g, 3.33 mmol, 1a/1b 5 3:1) and dimethylzirconocene
(0.84 g, 3.35 mmol) were heated in toluene (20 ml) at 105°C for 2
h. After allowing the mixture to cool to room temperature, the
solvent was distilled off. The resulting residue was characterized by
1H-,11B- and 31P-NMR spectroscopy. meso-[Cp2Zr(PPh)3] (3) was
isolated by washing the residue with hexane and ether, and then
dissolving it in toluene. Filtration and cooling the solution to
230°C gave 0.4 g of 3 (23% based on [Cp2ZrMe2]). The spectro-
scopic data of 3 are in agreement with those reported pre-
viously[13] [14].

Reaction of 1 with Zirconocene Dichloride/BuLi: At 280°C, BuLi
in hexane (2 equiv.) was added slowly to a suspension of [Cp2ZrCl2]
(0.29 g, 1.15 mmol) in toluene (10 ml) to generate “zirconocene”
in situ. The mixture was stirred at 280°C for 1 h, then at 250°C
for 15 min. The mixture was quickly brought to 20°C and a solu-
tion of 1 (0.35 g, 0.97 mmol, 1a/1b 5 3:1) in toluene (15 ml) was
added. Samples for 11B- and 31P-NMR studies were taken after
stirring the reaction mixture for 4 h at room temperature and for
2 h at 105°C.

Reaction of 1 with CuCl. 2 [1,2-Bis(phenylphosphanyl)-1,2-di-
carba-closo-dodecaborane(12)](tetrahydrofuran)copper(I) Chlo-
ride (7) and [1,2-Bis(phenylphosphanyl)-1,2-dicarba-closo-dodeca-
borane(12)]copper(I) Chloride (8): A mixture of 1 (0.93 g, 2.58
mmol, 1a/1b 5 3:1) and CuCl (0.2 g, 2.22 mmol) in THF (25 ml)
was stirred at room temperature for 1 h. The solvent was then re-
moved from the clear yellow solution in vacuo to give a yellow
solid (presumably the THF adduct 7) which turned colorless after
2 h in vacuo, giving the final product 8. The solid was washed with
THF, toluene, and ether to give 0.78 g (76%) of 8; dec. 267°C. 2

IR (KBr): ν̃ 5 3055 cm21 (ν C2H), 2579 (ν B2H), 2350 (ν P2H).
2 C14H22B10ClCuP2 (459.39): calcd. C 36.60, H 4.83, Cl 7.72;
found C 37.25, H 4.71, Cl 7.59. 2 7 was characterized in [D8]THF
solution by 31P-, 1H- and 11B-NMR spectroscopy (Table 1).

Reaction of 1 with CuCl and PPh3. 2 [1,2-Bis(phenyl-
phosphanyl)-1,2-dicarba-closo-dodecaborane(12)](triphenyl-
phosphane)copper(I) Chloride (9): A mixture of 1 (0.7 g, 1.94
mmol, 1a/1b 5 3:1) and CuCl (0.19 g, 1.92 mmol) in THF (25 ml)
was stirred at room temperature for 1 h. PPh3 (0.5 g, 1.91 mmol)
was added and the mixture stirred for 16 h. After filtration, the
solvent was removed by distillation to give 1.28 g (92%) of 9 which
can be recrystallized from THF/toluene; m.p. 2182219°C. 2

C32H37B10ClCuP3 (721.68): calcd. C 53.26, H 5.17, Cl 4.91; found
C 53.55, H 5.17, Cl 5.59.

[1,2 -Bis(phenylphosphany l) -1 ,2 -d icarba -clo so -dode-
caborane(12)]tetracarbonylmolybdenum(0) (10): A mixture of 1a
(0.7 g, 1.94 mmol) and [(NBD)Mo(CO)4] (0.6 g, 1.93 mmol) in
toluene (30 ml) was stirred at room temperature for 20 h. The sol-
vent was removed in vacuo and the resulting solid was recrys-
tallized from toluene/hexane (20 ml/10 ml). At 25°C crystals of 10
were obtained. Yield 0.8 g (73%); dec. 2522254°C. 2

C18H22B10MoO4P2 (568.34): calcd. C 38.04, H 3.90; found 38.70,
H 4.18.

Data Collection and Structural Refinement of 10 [36]: Data (Mo-
Kα, λ 5 0.71073 Å) were collected with a Siemens CCD (SMART).
All observed reflections (2Θ range: 2252°) were used for determi-
nation of the unit-cell parameters. The structures were solved by
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direct methods (SHELXTL PLUS[37]) and subsequent difference
Fourier syntheses, and refined by full-matrix least squares on F2

(SHELXTL PLUS[37]). Mo, O, P, B, and C atoms refined aniso-
tropically, H atoms located and refined isotropically. Empirical ab-
sorption correction with SADABS[38]. 2 Crystal data:
C18H22B10MoO4P2, M 5 568.34, white crystals, 0.4 3 0.3 3 0.2
mm, monoclinic, space group P21/c (no. 14), T 5 293(2) K, a 5

22.012(1), b 5 6.8393(4), c 5 18.657(1) Å, β 5 111.978(1)°, V 5

2604.7(3) Å3, Z 5 4, Dcalcd. 5 1.449 Mg m23, F(000) 5 1136,
µ(Mo-Kα) 5 0.651 mm21, 11162 reflections collected with 1° < Θ
< 26°; 4622 of these were independent; 404 parameters, GOOF 5

1.100, residual electron density 0.321/20.474 Å23, refinements con-
verge to R1 5 0.0284, wR2 5 0.0734 [for reflections with I > 2σ(I)],
R1 5 0.0335, wR2 5 0.0766 (all data).

; Dedicated to Professor Dr. Hartmut Bärnighausen on the oc-
casion of his 65th birthday.
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Bis(pentafluorophenyl)cadmium, [Cd(C6F5)2], reacts with
equimolar amounts of triphenylmethanethiol, TrtSH, in tolu-
ene to give [{Cd(C6F5)(STrt)}4] ? 1.5 tol (1). The cuboidal com-
plex of 1 has been transformed into the heterometallic cuboi-
dal complex [{Cd(C6F5)(STrt)}3(OH)K(THF)3] (2) by reaction
with KOH in tetrahydrofuran. In the presence of 18-crown-
6, the compound [K(18-crown-6)(THF)2][{Cd(C6F5)-
(STrt)}3(OH)] ? THF (3) has been obtained instead of 2. X-ray
structure analysis shows the anion of 3 to be an incomplete
cuboidal complex, which alternatively can be described as a
cyclic trimer of the {Cd(C6F5)(STrt)} unit stabilized by a µ3-
hydroxo ligand. The compound [K(18-crown-6)(THF)2]-

Metal complexes having an overall donor-to-metal ratio
which is smaller than the typical coordination number
adopted with the respective donors can be termed “ligand-
deficient“[1]. Ligand deficiency is accompanied by low coor-
dination numbers and/or the formation of oligomeric spe-
cies with bridging ligands, and 2 most important 2 by the
tendency to bind additional ligands[2]. Of course, the simple
arithmetic of this concept is only useful, if the reactivity is
not determined by other factors such as metal2metal
bonding or the character of the metal2ligand bonds.

We found that bis(pentafluorophenyl)cadmium,
[Cd(C6F5)2], is a suitable starting material for the synthesis
of ligand-deficient chalcogenolato complexes of the general
formula [Cdn(C6F5)2n2p(ER)p] (E 5 O or S; R 5 alkyl,
aryl) [1] [3]. A convenient method for the preparation of
[Cd(C6F5)2] by thermal decarboxylation of Cd(O2CC6F5)2

has been described by Schmeißer and Weidenbruch[4]. Crys-
tals of [Cd(C6F5)2] consist of two-coordinate monomers, as
shown by X-ray structure determination[5]. Protolysis reac-
tions with alcohols and thiols according to Eq. 1 allowed
the syntheses of several new multinuclear complexes, most
of which were also characterized by X-ray crystal struc-
ture analysis [1] [3] [6].

n [Cd(C6F5)2] 1 p REH R [Cdn(C6F5)2n2p(ER)p] 1 p C6F5H (1)

One of these complexes is [{Cd(C6F5)(STrt)}4] [Trt 5 tri-
phenylmethyl (“trityl“)], whose preparation and typical li-
gand-deficient behaviour towards the nucleophiles HO2
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[Cd(C6F5)(STrt)2] (4) has been isolated from reaction mixtures
containing 1, KSTrt and 18-crown-6. The cadmium atom in 4
is three-coordinated, in contrast to the cadmium atoms in
123, which are situated in strongly distorted coordination te-
trahedra. Intramolecular C6H5???C6F5???C6H5 stacks in 4 are
interpreted as resulting from attractive ligand2ligand inter-
actions. Spectroscopic data, particularly from 13C-NMR and
IR spectra, are consistent with the order of ligand deficiency:
1 . 2 . 3 . 4. The macrocyclic, eight-coordinate complex
[K(18-crown-6)(THF)2]+ in 3 and 4 contains trans arranged
THF ligands.

and TrtS2 are described in this paper. The crystal structures
of the resulting degradation products, a tri- and a mononu-
clear complex, respectively, are presented.

Syntheses

Starting from [Cd(C6F5)2], we have studied various reac-
tions, which are shown in Schemes 1 and 2. The partial
protolysis of [Cd(C6F5)2] with triphenylmethanethiol
(TrtSH) in toluene (Eq. 2) yields [{Cd(C6F5)(STrt)}4] ? 1.5
tol (1). X-ray structure analysis has revealed that 1 contains
a cuboidal {Cd4(µ3-SR)4}41 core, which is structurally very
similar to that of the already described tBuS2 analogue[1].
The X-ray structure of 1 is therefore not included here, but
will be detailed in a forthcoming paper together with
the structure of the dinuclear alkoxo complex
[{Cd(C6F5)(OTrt)}2] [6].

1 exhibits the characteristic reactivity of a ligand-de-
ficient complex towards potential ligands. It is degraded to
the trinuclear complex [{Cd(C6F5)(STrt)}3(OH)]2 by reac-
tion with the appropriate amount of hydroxide (Eqs. 3 and
4). The potassium hydroxide used in this reaction must be
prepared in situ from potassium metal and water to be suf-
ficiently reactive. Depending on whether or not 18-crown-6
has been added, [K(18-crown-6)(THF)2][{Cd(C6F5)(STrt)}3-
(OH)] ? THF (3) or [{Cd(C6F5)(STrt)}3(OH)K(THF)3] (2),
respectively, can be isolated. The anion of 3 is an incom-
plete cuboidal complex (see Scheme 2), whose structure will
be discussed below. The structure of 2 has been unambigu-
ously established from single-crystal X-ray diffraction data.
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Scheme 1

Scheme 2

Unfortunately, the crystal quality was low, and thus the
structure determination does not meet the usual standards.
Therefore, only some basic crystal data are given here (see
Experimental Section). 2 can be transformed into 3: the
{K(THF)3}1 group is removed by addition of 18-crown-6
(Eq. 5).

Interestingly, the reaction of 1 with monohydrogensul-
phide differs strongly from that with hydroxide. The SH2

ends up completely as cadmium sulphide (Eq. 6). We have

Eur. J. Inorg. Chem. 1998, 6572662658

already noticed the same type of different behaviour be-
tween H2S and H2O when reacted with [Cd(C6F5)2]. With
H2S the only isolable product is CdS[1], while the partial
hydrolysis of [Cd(C6F5)2] yields [{Cd(C6F5)(OH)}4], which
could be isolated and structurally characterized by Weiden-
bruch et al. [7]. The second product in Eq. 6, namely the new
compound [K(18-crown-6)(THF)2][Cd(C6F5)(STrt)2] (4), is
more conveniently prepared from 1, KSTrt and 18-crown-6
according to Eq. 7. The compounds 124 decompose on
exposure to air, 4 apparently being most sensitive.

It is worth noting, that triphenylmethanethiolate has ra-
rely been used as a sterically hindered ligand[8], especially
when the wealth of data on bulky aromatic thiolate ligands
is considered[9]. The main reason for this seems to be the
fear, that C2S bond cleavage may occur. The C2S bonds
of aliphatic thiols are in fact weaker than those of aromatic
thiols. In some cases, C2S scission reactions have even led
to isolable sulfido complexes[10]. However, in the syntheses
of the compounds 124 the use of triphenylmethanethiol-
(ate) has been found unproblematic[11].

Spectroscopic Properties

The 13C-NMR spectra reflect the decrease of ligand de-
ficiency, i. e. the decreasing electronic stress of the thiolate
ligands, in the sequence 1R2R3R4. The signal of the α-C
atoms of the TrtS2 groups is found at δ 5 74.20 (1), 65.78
(2), 63.81 (3), and 63.30 (4), respectively. The chemical-shift
difference between 2 and 3 may indicate, that for 2 the coor-
dination of {K(THF)3}1 by the [{Cd(C6F5)(STrt)}3(OH)]2

anion, as found in the solid state, is retained in solution.
However, the influence of the different solvents is difficult
to estimate (2: C6D6, 3: CDCl3). A clear, but reverse trend
is also observed for the ipso-C atoms of the TrtS2 ligands:
δ 5 147.0 (1), 149.8 (2), 150.1 (3), and 153.6 (4), respec-
tively. The remaining 13C-NMR signals of the phenyl
groups were found to be relatively insensitive to the coordi-
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nation mode of the TrtS2 ligand (µ3, µ2 or terminal). They
span ranges of less than 2.0 ppm each.

The C6F5 ligands are terminally coordinated in all four
compounds. Here, some less pronounced trends of the spec-
troscopic properties are observed: (i) for the 19F-NMR sig-
nal of the para-F atom: δ 5 2156.7 (1), 2158.0 (2), and
2160.4 (3 and 4), respectively, and (ii) for the C2F stretch-
ing frequency in the IR spectra: 954 (1), 949 (2), 948 (3),
and 945 cm21 (4), respectively. For the educt [Cd(C6F5)2]
the C2F stretching vibration has been observed at 956
cm21 [4]. A dependence of ν(C2F) on the metal oxidation
state has been reported for pentafluorophenyl complexes of
palladium and platinum: MIV 968 ± 3, MII 955 ± 6, and
MI 946 ± 6 cm21 [12]. Thus, an increase in ligand deficiency
shifts ν(C2F) into the same direction as an increasing oxi-
dation state of the coordination centre does 2 in accord-
ance with chemical intuition.

In the TrtS2 ligands of 4 two types of ortho-H atoms can
be distinguished by 1H-NMR spectroscopy. Their intensity
ratio of 2:1 is consistent with a structure that possesses an
intramolecular C6H5???C6F5???C6H5 stack as observed in
the solid state and discussed below.

X-ray Crystal Structures of 3 and 4

Crystals of 3 consist of [{Cd(C6F5)(STrt)}3(OH)]2 com-
plexes, [K(18-crown-6)(THF)2]1 counterions and non-coor-
dinating THF molecules. The trinuclear cadmium complex
is shown in Figure 1. It can be regarded as a cyclic trimer
of the {Cd(C6F5)(STrt)} unit stabilized by a µ3-hydroxo li-
gand. An alternative description is that of an incomplete
cuboidal complex. As shown in Scheme 2, this complex can
actually be prepared by removal of the {K(THF)3}1 corner
from the heterometallic cuboidal complex
[{Cd(C6F5)(STrt)}3(OH)K(THF)3] (2). A structurally re-
lated, but homoleptic trinuclear complex has been de-
scribed, namely [Cd3{SC6H2(iPr)3-2,4,6}7]2 [13].

The [{Cd(C6F5)(STrt)}3(OH)]2 complex in 3 closely ap-
proaches C3 symmetry. Its central, chair-like Cd3S3 ring is
strongly puckered, the metal part being contracted by the
small µ3-OH2 ligand. This contraction becomes obvious by
comparison with the situation in [{Cd(C6F5)(STrt)}4] [6]: for
3 a shortening of the mean Cd???Cd distance (3: 3.57 Å) by
0.36 Å, an increase of the mean S2Cd2S angle by 9°, and
a decrease of the mean Cd2S2Cd angle by 7° are ob-
served. The coordination tetrahedra around the cadmium
atoms are severely distorted with bond angles ranging from
87.6° for S2Cd2O to 130.4° for S2Cd2C (mean values).
As may be expected from the different coordination modes
of the thiolate, in 3 the mean Cd2S bond length (2.56 Å)
is smaller than in 1 (2.65 Å), but larger than in 4 (2.467(1)
Å) and in [Cd(STrt)2(tmeda)] (2.44 Å) [8b], where the ligands
are terminally bonded.

Crystals of 4 are composed of [Cd(C6F5)(STrt)2]2 anions
and [K(18-crown-6)(THF)2]1 cations. The cadmium com-
plex (see Figure 2) is situated on a crystallographic twofold
axis of rotation, which passes through the atoms Cd, C(1),
C(4), and F(3). To our knowledge, [Cd(C6F5)(STrt)2]2 is
the first cadmium complex reported to have an S2C donor
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Figure 1. View of the complex [{Cd(C6F5)(STrt)}3(OH)]2 in crys-
tals of 3; the hydrogen atoms of the thiolate ligands have been
omitted for clarity; thermal ellipsoids are drawn with 30% probabi-

lity[a]

[a] Selected bond lengths [Å] and angles [°], mean values in brackets:
Cd(1)2S(1) 2.542(3), Cd(1)2S(2) 2.586(3), Cd(2)2S(1) 2.568(3),
Cd(2)2S(3) 2.545(3), Cd(3)2S(2) 2.563(3), Cd(3)2S(3) 2.583(3),
Cd(1)2O(1) 2.395(6), Cd(2)2O(1) 2.408(7), Cd(3)2O(1) 2.368(7),
Cd(1)2C(1) 2.16(1), Cd(2)2C(7) 2.18(1), Cd(3)2C(13) 2.20(1),
S(1)2C(19) 1.87(1), S(2)2C(38) 1.89(1), S(3)2C(57) 1.87(1),
S2Cd2S 90.91(9)295.16(9) [93.0], S2Cd2O 86.0(2)288.5(2)
[87.6], S2Cd2C 126.1(3)2135.4(3) [130.4], O2Cd2C
111.4(4)2114.3(4) [113.1], Cd2S2Cd 87.4(1)288.76(9) [88.2],
Cd2O2Cd 95.7(3)298.2(3) [96.6].

set [14] [15]. The observed bond lengths and angles at the Cd
atom are unexceptional. There is, however, a striking struc-
tural features of this complex, namely the mutual orien-
tation of the trityl groups and the pentafluorophenyl ligand.
The C6H5 ring containing the C atoms C(6) to C(11) and
the symmetry related one in the same complex are arranged
above and below the C6F5 group. A C6H5???C6F5???C6H5

intramolecular stack results, in which the plane of the C6F5

group forms an angle of 4.6° with each of the C6H5 planes.
The atom C(1) lies nearly perpendicular over the centroid
of the C6 ring of the phenyl group (deviation: ca. 1.0°). The
C(1)···centroid distance is 3.37 Å.

The alternating stacking in complexes between polyfluo-
rinated and non-fluorinated aromatic molecules is a well-
known structural phenomenon in organic chemistry. Dahl
has studied a number of such molecular complexes contain-
ing hexafluorobenzene as the fluorinated component[16]. He
has reported mean interplanar distances in the stacks rang-
ing from 3.39 to 3.56 Å. These values correspond approxi-
mately to the van der Waals thickness of typical aromatic
molecules of 3.4 Å[17]. When viewed perpendicular to the
ring planes, a slipped orientation of adjacent rings is usually
observed. This is also true for the C6H5···C6F5 pairs in 4.
The close structural similarity to the molecular complex p-
xylene2hexafluorobenzene[18] is shown in Figure 3. Recent
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Figure 2. View of the complex [Cd(C6F5)(STrt)2]2 in crystals of 4;
hydrogen atoms have been omitted for clarity; thermal ellipsoids

are drawn with 30% probability[a]

[a] Selected bond lengths [Å] and angles [°]: Cd2S 2.467(1),
Cd2C(1) 2.180(6), S2C(5) 1.876(4), S2Cd2S9 103.39(5),
S2Cd2C(1) 128.31(3), Cd2S2C(5) 111.7(1).

results indicate, that the attractive forces between polyfluor-
inated and non-fluorinated aromatic molecules are largely
electrostatic in nature[19].

Figure 3. The slipped parallel arrangement of aromatic rings in
[Cd(C6F5)(STrt)2]2 (A) and in the p-xylene2hexafluorobenzene
molecular complex[18] (B); the mean C6 planes of the fluorine-con-
taining groups are exactly parallel to the projection plane; small

circles represent hydrogen atoms.

We believe, that attractive interligand interactions are the
most probable cause of the C6H5···C6F5···C6H5 stacking in

Eur. J. Inorg. Chem. 1998, 6572662660

4. No other intramolecular causes can be recognized. In
fact, the sterical demand of the thiolate ligands should fa-
vour other arrangements, especially those with one trityl
group above and the other below the CdS2C(1) plane. The
possibility cannot be ruled out, however, that packing for-
ces contribute to determine the observed structure. Regard-
ing the expected weakness of C6H5···C6F5 interac-
tions[19b] [20], the 1H-NMR results on 4 (see above) should
not be interpreted as a proof, but merely as a possible indi-
cation of aromatic-ring stacking in solution. Intramolecular
stacks of phenyl and pentafluorophenyl groups are also ob-
served in crystals of the compounds 123 (cf. Figure 1). In
these cases, it cannot be decided whether or not these ar-
rangements are enforced by sterical crowding. The face-to-
face orientation of C6H5 and C6F5 groups in metal com-
plexes is not particularly rare, though it has mostly been
neglected in structure discussions. The Cambridge Struc-
tural Database (CSD)[14] contains ca. 30 examples where in
metal coordination spheres attractive interactions of the
type described above seem possible. A detailed analysis is,
however, beyond the scope of this paper.

In both 3 and 4, the cationic part is formed by the macro-
cyclic complex [K(18-crown-6)(THF)2]1. The CSD[14] lists
four other structures containing this complex[21]. The metal
ion in [K(18-crown-6)(THF)2]1 is in an O8 environment,
the THF ligands being in trans position. The mean K2O-
(macrocycle) bond lengths are 2.79 (3) and 2.80 Å (4),
respectively. Due to disorder of the THF ligands in both
compounds, the K2O(THF) bond lengths are less accurate.
Their mean values are 2.78 (3) and 2.76 Å (4), respectively.

This work was supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie. We are indebted to
Prof. H. Vahrenkamp for the 19F-NMR spectra and to Mr. W. Saak
for collecting the diffraction data

Experimental Section
General: Bis(pentafluorophenyl)cadmium was prepared from

Cd(O2CC6F5)2 according to a literature method[4]. Triphenylmeth-
anethiol (Merck) was treated with activated charcoal in boiling
ethanol and recrystallized twice from diethyl ether prior to use.
Tetrahydrofuran was pretreated with KOH and subsequently des-
tilled from LiAlH4 under nitrogen. Toluene and n-hexane were re-
fluxed over Na/K alloy and destilled under nitrogen. All other com-
mercially available chemicals were used as received. The cadmium
complexes described below were prepared and handled under an
atmosphere of dry nitrogen in a glove box; storage was also under
dry nitrogen. 2 IR: Bio-Rad FTS 7PC and Beckman IR-4220. 2
1H and 13C{1H} NMR: Bruker AM-300, chemical shifts relative to
TMS, solvent signal as internal reference in the 13C-NMR spectra
(CDCl3: δc 5 77.00, C6D6: δc 5 128.00). 19F NMR: chemical shifts
relative to CFCl3. Prior to use, all NMR solvents were treated with
molecular sieves to remove water. 2 Elemental analyses: Mikro-
analytisches Laboratorium Beller, D-37004 Göttingen, Germany.
2 Caution! Cadmium compounds are highly toxic and probably
carcinogenic. Therefore they should be handled with care to
avoid exposure.

[{Cd(C6F5)(STrt)}4] ·1.5 tol (1): 2.76 g (10.0 mmol) of tri-
phenylmethanethiol, dissolved in 10 ml of toluene, was added to a
solution of 4.47 g (10.0 mmol) of [Cd(C6F5)2] in 25 ml of toluene.
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After some minutes, a white, microcrystalline precipitate of 1
started separating from the yellow solution. The product was iso-
lated within the next hour (on prolonged standing, a brown colour-
ing occurred), thoroughly washed with toluene and dried in vacuo.
Yield: 5.42 g (92%), m.p. 145°C (dec.). 2 IR (KBr): ν̃ 5 954 cm21

(s, CF). 2 13C NMR (75.5 MHz, CDCl3): δ 5 21.44 (tol), 74.20
(Ph3C), 125.3 (tol), 127.2 (Ph-para in Ph3C), 127.9 (Ph-meta in
Ph3C), 128.2 (tol), 129.0 (tol), 129.7 (Ph-ortho in Ph3C), 137.9 (tol),
147.0 (Ph-ipso in Ph3C)[22]. 2 19F NMR (188.3 MHz, CDCl3): δ 5

2109.3 (m, 8 F, C6F5-ortho), 2156.7 (m, 4 F, C6F5-para), 2162.0
(m, 8 F, C6F5-meta). 2 C110.5H72Cd4F20S4 (2357.7): calcd. C 56.29,
H 3.08, Cd 19.07, F 16.12, S 5.44; found C 55.81, H 3.02, Cd 19.14,
F 16.2, S 5.63.

[{Cd(C6F5)(STrt)}3(OH)K(THF)3] (2): 39 mg (1.0 mmol) of
freshly cut potassium metal was added to a solution of 18 µl (1.0
mmol) of water in 8 ml of tetrahydrofuran. After stirring overnight,
a suspension of potassium hydroxide had formed. Traces of unre-
acted potassium were removed. 1.77 g (0.75 mmol) of 1, dissolved
in 12 ml of tetrahydrofuran, was added. The reaction mixture was
stirred until the potassium hydroxide had completely reacted. Then
the clear, colourless solution was carefully layered with n-hexane in
the reaction flask. After 2 d, colourless crystals of 2 had separated,
which were isolated on a large-pored glass filter, washed with n-
hexane and dried in vacuo. Yield 1.20 g (62%), m.p. 1462147°C.
2 IR (KBr): ν̃ 5 949 cm21 (s, CF). 2 1H NMR (300 MHz,
CD3CN): δ 5 1.80 (m, 12 H, CCH2C), 2.11 (br., 1 H, OH), 3.65
(m, 12 H, CH2O), 6.9127.03 (m, 27 H, Ph-meta and -para), 7.14
(“d“, 18 H, Ph-ortho). 2 13C NMR (75.5 MHz, C6D6): δ 5 25.68
(CCH2C), 65.78 (Ph3C), 67.77 (CH2O), 126.8 (Ph-para), 127.7 (Ph-
meta), 129.9 (Ph-ortho), 149.8 (Ph-ipso) [22]. 2 19F NMR (188.3
MHz, C6D6): δ 5 2110.8 (m, 6 F, C6F5-ortho), 2158.0 (m, 3 F,
C6F5-para), 2161.9 (m, 6 F, C6F5-meta). 2 Crystallographic data
(23°C): monoclinic, space group P21/n, a 5 15.07(1), b 5 21.75(1),
c 5 25.49(1) Å, β 5 90.89(5)°, V 5 8354 Å3, Z 5 4, ρcalcd. 5 1.540
gcm23. 2 C87H70Cd3F15KO4S3 (1937.0): calcd. C 53.95, H 3.64,
Cd 17.41, F 14.71, K 2.02, S 4.97; found C 53.07, H 3.70, Cd 17.57,
F 14.1, K 2.10, S 4.62.

[K(18-crown-6)(THF)2][{Cd(C6F5)(STrt)}3(OH)] ·THF (3):
Method A: In tetrahydrofuran, potassium hydroxide was prepared
as described above for 2, but with the addition of 264 mg (1.00
mmol) of 18-crown-6. To the suspension 1.77 g (0.75 mmol) of 1,
dissolved in 12 ml of tetrahydrofuran, was added. After the reac-
tion mixture had become clear, it was diluted with 15 ml of toluene
and then layered with n-hexane. 3 separated as a colourless, crystal-
line solid, which was isolated, washed with n-hexane and dried in
vacuo. Yield 1.49 g (68%), m.p. 1652166°C. 2 IR (KBr): ν̃ 5 948
cm21 (s, CF). 2 1H NMR (300 MHz, CD3CN): δ 5 1.80 (m, 12
H, CCH2C), 2.12 (br., 1 H, OH), 3.56 (s, 24 H, 18-crown-6), 3.64
(m, 12 H, CH2O in THF), 7.0227.13 (m, 27 H, Ph-meta and
-para), 7.32 (“d“, 18 H, Ph-ortho). 2 13C NMR (75.5 MHz,
CDCl3): δ 5 25.58 (CCH2C), 63.81 (Ph3C), 67.93 (CH2O in THF),
70.18 (18-crown-6), 125.6 (Ph-para), 126.8 (Ph-meta), 129.7 (Ph-
ortho), 150.1 (Ph-ipso) [22]. 2 19F NMR (188.3 MHz, CDCl3): δ 5

2110.9 (m, 6 F, C6F5-ortho), 2160.4 (m, 3 F, C6F5-para), 2163.7
(m, 6 F, C6F5-meta). 2 C99H94Cd3F15KO10S3 (2201.3): calcd. C
54.02, H 4.30, Cd 15.32, F 12.95, K 1.78, S 4.37; found C 53.98,
H 4.35, Cd 15.14, F 13.0, K 1.92, S 4.50.

Method B: 0.97 g (0.50 mmol) of 2 was dissolved in 20 ml of
tetrahydrofuran. To the stirred solution 132 mg (0.50 mmol) of 18-
crown-6 was added. After the crown ether had dissolved, first tolu-
ene and then n-hexane were carefully layered over the reaction mix-
ture. Nearly colourless crystals of 3 separated during the next 4 d.

Eur. J. Inorg. Chem. 1998, 6572662 661

The product was isolated, washed with n-hexane and dried in
vacuo. Yield 0.94 g (85%).

[K(18-crown-6)(THF)2][Cd(C6F5)(STrt)2] (4): 39 mg (1.0
mmol) of freshly cut potassium metal was added to a stirred solu-
tion of 276 mg (1.00 mmol) of triphenylmethanethiol in 2 ml of
tetrahydrofuran. After ca. 4 h, the metal had completely reacted,
and a clear, light yellow solution had formed. This solution was
slowly dropped into a solution of 589 mg (0.250 mmol) of 1 in 2
ml of toluene. 264 mg (1.00 mmol) of 18-crown-6 was added. Then
n-hexane was carefully layered over the light brown solution in the
reaction flask. After 2 d, nearly colourless crystals of 4 had formed,
which were isolated on a large-pored glass filter, washed with n-
hexane, dried in vacuo, and finally stored in a refrigerator. Yield
1.01 g (79%). 2 IR (KBr): ν̃ 5 945 cm21 (s, CF). 2 1H NMR (300
MHz, CD3CN): δ 5 1.80 (m, 8 H, CCH2C), 3.56 (s, 24 H, 18-
crown-6), 3.64 (m, 8 H, CH2O in THF), 7.0027.14 (m, 18 H, Ph-
meta and -para), 7.33 (“d“, 8 H, Ph-ortho), 7.47 (“d“, 4 H, Ph-
ortho). 2 13C NMR (75.5 MHz, C6D6): δ 5 25.78 (CCH2C), 63.30
(Ph3C), 67.77 (CH2O in THF), 70.16 (18-crown-6), 125.3 (Ph-para),
127.3 (Ph-meta), 130.7 (Ph-ortho), 153.6 (Ph-ipso) [22]. 2 19F NMR
(188.3 MHz, C6D6): δ 5 2110.2 (m, 2 F, C6F5-ortho), 2160.4 (m,
1 F, C6F5-para), 2163.2 (m, 2 F, C6F5-meta). 2 C64H70CdF5KO8S2

(1277.9): calcd. C 60.15, H 5.52, Cd 8.80, F 7.43, K 3.06, S 5.02;
found C 59.87, H 5.65, Cd 8.37, F 7.3, K 4.03, S 5.10.

X-ray Crystal Structure Analysis of 3 and 4: Intensity data were
measured at 23°C on a Siemens/STOE AED2 diffractometer.
Graphite-monochromated MoKα radiation, ω scans, structure
solutions by direct methods[23], refinements on F2 values (full-ma-
trix least-squares)[24].

A suitable single crystal of 3 was obtained by layering first a
small amount of toluene and then n-hexane over a solution of the
compound in tetrahydrofuran. C99H94Cd3F15KO10S3, M 5 2201.3,
pale brown crystal, crystal size 0.65 3 0.53 3 0.27 mm, monoclinic,
space group P21/c, a 5 25.464(3), b 5 14.248(2), c 5 28.421(4) Å,
β 5 104.40(3)°, V 5 9988(2) Å3, Z 5 4, ρcalcd. 5 1.464 gcm23,
F(000) 5 4456, µ(MoKα) 5 0.82 mm21. 11954 reflections collected,
intensity variation during data collection: 224%, 3° # 2Θ # 43°,
0 # h # 26, 0 # k # 14, 229 # l # 28, empirical absorption
correction, Tmin 5 0.3081, Tmax 5 0.4240. 11472 independent re-
flections (Rint 5 0.0407) of which 11470 were used in the final
refinement, 802 parameters, S (on F2) 5 1.022, R1 (all data) 5

0.1415, wR2 (all data) 5 0.1699, R1 [I > 2σ(I)] 5 0.0678, max. and
min. electron density in final difference map: 10.52 and 20.42
eÅ23. Each of the THF molecules was assumed to be disordered
on two positions, occupied in the ratio of 3:2. A common isotropic
U value was refined for the non-hydrogen atoms of each individual
position. Anisotropic displacement parameters were refined for all
other non-hydrogen atoms, except the C atoms of the trityl groups.
All H atoms were included on idealized positions.

A single crystal of 4, suitable for X-ray structure determination,
was grown by layering n-hexane over a dilute solution of the com-
pound in tetrahydrofuran. C64H70CdF5KO8S2, M 5 1277.9, pale
yellow crystal, crystal size 0.76 3 0.53 3 0.46 mm, monoclinic,
space group C2/c, a 5 20.230(2), b 5 13.897(1), c 5 22.512(2) Å,
β 5 101.65(1)°, V 5 6198.6(9) Å3, Z 5 4, ρcalcd. 5 1.369 gcm23,
F(000) 5 2648, µ(MoKα) 5 0.55 mm21. 5721 reflections collected,
intensity variation during data collection: 215%, 3.6° # 2Θ # 48°,
0 # h # 23, 0 # k # 15, 225 # l # 25, no absorption correction.
4868 independent reflections (Rint 5 0.0312) of which all were used
in the final refinement, 372 parameters, S (on F2) 5 1.107, R1 (all
data) 5 0.0977, wR2 (all data) 5 0.1098, R1 [I > 2σ(I)] 5 0.0510,
max. and min. electron density in final difference map: 10.50 and
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20.32 eÅ23. Anisotropic displacement parameters were refined for
the non-hydrogen atoms, except in the THF ligand, which was as-
sumed to be disordered on three equally occupied positions. A
common isotropic U value was refined for the non-hydrogen atoms
of each individual position. A total of 30 restraints (DFIX instruc-
tions) were used to generate idealized geometries for the THF mol-
ecules. For practical reasons, an envelope conformation was chosen
with metrical data (C2O 1.43, C2C 1.54 Å; C2O2C 106,
O2C2C and C2C2C 104°) close to the values found for free
THF[25]. All H atoms were included on idealized positions.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-100805. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [Fax: int. code 144(1223)336-033; E-mail: deposit@-
ccdc.cam.ac.uk].

; Dedicated to Professor Manfred Weidenbruch on the occasion
of his 60th birthday.
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The introduction of an aminoethyl side chain into cyclopenta- plexes with a tethered ammoniumethyl group often show
good solubility in protic solvents, relevant with regard to or-dienyl compounds of many d-block elements leads to inter-

esting changes in structure and reactivity compared to the ganometallic chemistry in water. These features together
with others are described in this review, which informs aboutparent species: (i) A hemilabile bonding situation is observed

in complexes with low-valent transition-metal centers; (ii) the synthesis and properties of this new type of transition-
metal complexes.amino-group coordination to an adjacent metal or nonmetal

center creates novel types of bimetallic compounds; (iii) com-

Introduction tial or full replacement of the hydrogen atoms by other
groups. [2]

Undoubtedly, the cyclopentadienyl group, C5H5 (Cp), is
one of the most important ligands in organometallic chem- The chemistry of Cp complexes containing a donor-func-

tionalized side chain is a rapidly growing area that isistry. [1] In the last decade, an increasing number of new
ring-substituted cyclopentadienyl fragments has appeared currently being explored by several research

groups. [3] [4] [5] [6] [7] [8] [9] This review concentrates on com-in the literature. Variations in the Cp-ligand periphery often
result in dramatic changes in physical and chemical proper- plexes of d-block elements containing aminoethyl-substi-

tuted Cp ligands. The first complexes of this type were in-ties of the corresponding compounds. These changes can be
attributed to electronic and steric effects caused by the par- troduced by Green et al. in 1983; the dimethylamino func-
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Figure 2tion was attached to a functionalized Cp ring only in the

last step of the synthesis. [7a] The first synthesis of an amino-
ethyl-functionalized cyclopentadiene was described by
Wang and co-workers in 1991. They prepared complexes
with the (dimethylaminoethyl)cyclopentadienyl ligands CpI

and CpII (Figure 1). [7f] Our laboratory contributed to this
new field with compounds bearing the ligands CpIII and
CpIV (Figure 1). [9] Cyclopentadienyl ligands CpV and CpVI

with pyrrolidyl and piperidyl functions as pendant groups
were introduced by Herrmann and co-workers (Figure
1). [8c] The chiral dimethylaminoethyl-functionalized cyclo-
pentadienyl ligand CpVII was described by van der Zeijden
only recently (Figure 1). [8b] [8l] The cyclopentadienyl ligand
CpVIII with only one methyl substituent at the nitrogen
atom was also introduced by Wang and co-workers. [8u]

Tyler and Avey synthesized complexes with the CpIX ligand
which contains the parent amino function. [7h]

Figure 1

coordination to a reactive metal center is of special interest
in connection with catalytic processes; it seems possible to
stabilize a highly reactive, electronically and sterically un-Apart from the general interest in novel ligand systems,

we are investigating aminoethyl-functionalized Cp ligands saturated intermediate by weakly occupying the vacant co-
ordination site, until the actual substrate coordinates andfor the following reasons (see Figure 2):

2 The nitrogen atom of the aminoethyl group can coor- replaces the amino group. Such processes might increase the
lifetime and also the selectivity of the catalyst. A versatiledinate to a metal center and block a vacant coordination

site (see Figure 2a, d). Otherwise highly reactive intermedi- catalyst design is conceivable by modifying the aminoethyl
group.ates or reaction products will be stabilized by this interac-

tion, thus allowing unprecedented structures and chemical 2 The amino function can coordinate to an adjacent
electron-deficient metal (or nonmetal) center (Figure 2b, e).properties. Interesting bonding situations are expected as a

function of the formal oxidation state of the respective met- The resulting homo- or hetero-bimetallic complexes might
be stabilized by different kinds of additional interaction;al. As documented by many examples, a cyclopentadienyl

ligand stabilizes transition metals in high as well as in low synergetic effects are expected.
2 The amino group allows an interaction with Lewis oroxidation states. On the other hand, the amino group fa-

vours coordination to metals in a high oxidation state Broensted acidic surfaces (see Figure 2c, f); this effect is
of special interest with regard to the heterogenisation of(hard2hard interactions according to Pearson9s concept).

To metals in a low oxidation state, only weak interactions homogenous catalysts.
2 Pendant amino or ammonium groups might have dras-are anticipated, which might be strenghtened by the chelate

effect; in this case, the aminoethyl-functionalized Cp ligand tical consequences concerning the solubility of respective
complexes. The development of an organometallic chemis-should behave as a hemilabile ligand. To metals in a high

oxidation state, rather strong interactions are expected, try in water[10] can be promoted by the application of pro-
tonated or alkylated (arylated) aminoethyl-functionalizedwhich might allow the isolation of compounds even with

cationic (aminoethyl)cyclopentadienyl units. In general, a Cp compounds (see Figure 2h, i).
2 Amino or ammonium groups in the side chain mightligated amino group will render the central atom much

more electron-rich. exert electronic and steric effects and thus might induce
changes in the chemistry compared to that of the parent2 The hemilabile bonding situation will allow an easy

ligand exchange, as described in Figure 2g. The reversible compounds. Electronic and steric effects can be altered by

Eur. J. Inorg. Chem. 1998, 6632674664
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Figure 3variation of the substitution pattern at the cyclopentadienyl

as well as at the amino fragment.
2 The presence of N2H bonds in the side chain (Figure

1, compounds CpVIII, CpIX) allows further functionali-
zation of the amino group by substitution reactions.

2 The presence of protonated amino groups (Figure 2h,
i; R9 5 H) in principal permits proton-transfer reactions
and thus opens new synthetic pathways.

This listing of effects unequivocally explains the current
interest in aminoethyl-functionalized Cp complexes. In the
following, we present a complete survey of d-block element
complexes containing aminoethyl-functionalized cyclopen-
tadienyl systems. Synthetic and structural aspects as well as
important properties of these compounds are described
with special emphasis to the effects of the tethered amino-
ethyl function.

Titanium and Zirconium Complexes

We started our efforts in this field synthesizing titanium
compounds with the CpI and the CpIII ligand. The ti-
tanium(III) complexes CpI

2TiCl (1) (Figure 3) and
CpIII

2TiCl (2) were prepared by the reaction of CpILi and
CpIIILi, respectively, with TiCl3. [9m] A single-crystal X-ray
structure analysis of 1 revealed a pseudo-tetrahedral coordi-
nation sphere and thus the interaction of only one of the
two amino groups with the titanium center. [9m] The struc-
ture of 2 containing the bulkier diisopropylaminoethyl-
functionalized cyclopentadienyl ligand CpIII is still un-
known.[9w] The extreme air sensitivity of 2 compared to 1
indicates the non-coordinating nature of the amino func-
tion. The organo derivatives CpI

2TiR (3: R 5 Me; 4: R 5
Bz) could be synthesized by simple substitution reac-
tions. [9m] Only very recently, the titanium(III) compound
[(Me2NCH2CH2)Me4C5][C5H5]TiCl with an intramolecular of the amino groups which facilitate the hydrolysis by en-

hancing the concentration of the attacking OH2 nucleo-amino-group coordination was synthesized and structur-
ally characterized.[8aa] philes and by trapping the arising hydrogen chloride.

The methyl-substituted metallocenes CpIII
2MMe2 (11:In metallocene dichlorides of the type CpI

2MCl2 (5: M 5
Ti; 6: M 5 Zr) (Figure 3), the intramolecular interaction of M 5 Ti; 12: M 5 Zr) (Figure 3) could be formed straight-

forwardly by the reaction of the corresponding metallocenethe amino group turns out to be rather weak. Intermolecu-
lar interaction finally dominates due to the formation of dichlorides with methyllithium.[9q] The titanium derivative

11 exhibits a remarkable thermal stability. In contrast toinsoluble coordination polymers; the structures of these
species are still unknown.[8z] [9m] The corresponding di- the temperature- and light-sensitive complex Cp2TiMe2, for

which an autocatalytic, “catastrophic” decomposition is re-methyl-substituted compounds CpI
2MMe2 (7: M 5 Ti; 8:

M 5 Zr) are highly reactive and were therefore only charac- ported[11], 11 is stable for several days under inert gas at
room temperature. To explain this phenomenon, we pro-terized by 1H-NMR spectroscopy.

The metallocene dichlorides CpIII
2MCl2 (9: M 5 Ti; 10: pose a protecting effect of the NiPr2 group, which prohibits

an α-elimination decomposition. Until now, an intramol-M 5 Zr) (Figure 3) could be characterized completely. [9q]

A single-crystal X-ray structure analysis of the titanium ecular coordination could not be proved unequivocally.
The metallocene dichlorides 5, 6, 9 and 10 could be con-species 9 reveals a monomeric structure with no intramo-

lecular coordination of the diisopropylamino functions to verted quantitatively into the corresponding hydrochlorides
CpI

2MCl2 3 2 HCl (13, 14) and CpIII
2MCl2 3 2 HCl (15,the metal center. The non-coordinating nature in 9 and 10

can be attributed to steric effects of the isopropyl substitu- 16) (Figure 3). [9q] In these compounds the protonated am-
ino groups lead to drastic changes in the physical andents.

The dialkylaminoethyl functions in this type of metallo- chemical properties as compared to those of the non-pro-
tonated species. The hydrochlorides show an excellent solu-cene complexes dramatically change the physical as well as

the chemical properties. In contrast to the parent complexes bility and stability in polar solvents such as chloroform or
acetonitrile. Furthermore, solvolysis of the M2Cl bonds inCp2MCl2, both types CpI

2MCl2 and CpIII
2MCl2 are ex-

tremely air- and moisture-sensitive. This is due to the effect protic solvents such as methanol or even water is prevented.

Eur. J. Inorg. Chem. 1998, 6632674 665
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This is due to the effect of the ammonium groups which catalysts by a simple extraction procedure with methanol

and aqueous HCl, as shown in Scheme 2 for complex 20. [9v]function as Broensted acids and reduce the concentration
of the attacking OH2 nucleophiles, which are responsible

Scheme 2for the hydrolytic process. Because of their exceptional sta-
bility, the hydrochlorides possess a long shelf life. Further-
more, they are useful starting materials for the synthesis of
catalytically relevant species. For example, the metallocene
dichloride dihydrochlorides 15 and 16 could be transformed
with four equivalents of methyllithium into the dimethyl
compounds 11 and 12 (Scheme 1). [9q] It is remarkable that
a quantitative retransformation of the dimethyl compounds
11 and 12 back to the hydrochlorides 15 and 16 could be
achieved by reaction with four equivalents of HCl in meth-
anolic solution. No decomposition products were observed.

Scheme 1

Enders et al. described the reaction of the polymeric ti-
tanocene CpI

2TiCl2 (5) with two equivalents of
LiC;CSiMe3 to afford the temperature-sensitive, mono-
meric bis(alkynyl)titanocene derivative CpI

2Ti(C;CSiMe3)2

(21) (Figure 3). [8z] The reaction of 21 with AgCl and
Cu(SC6H4CH2NMe2)2, respectively, yielded the heterobi-
metallic titanium-silver and titanium-copper complexes
[CpI

2Ti(C;CSiMe3)2][AgCl] (22) and [CpI
2Ti(C;CSi-

The mixed bent-sandwich complex CpIIICpSTiCl2 (17) Me3)2][Cu(SC6H4CH2NMe2)2] (23); a coordination of the
(CpS 5 CpSiMe3) containing only one (diisopropylaminoe- N functions to the metal centers could not be observed. [8z]

thyl)cyclopentadienyl ligand could be obtained by treating Further mixed aminoethyl-functionalized zirconocene
a solution of the halfsandwich complex CpSTiCl3 with one complexes have been prepared by Tanaka et al. [8t]

equivalent of CpIIILi (Figure 3). [9r] The corresponding sub- Cp(IndCH2CH2NMe2)ZrCl2 (24) and Cp*
stituted derivatives CpIIICpSTiR2 [R 5 Me (18); PhO (19)] (IndCH2CH2NMe2)ZrCl2 (25) (Ind 5 C9H6, Cp* 5
(Figure 3) as well as the hydrochloride CpIIICpSTiCl2 3 C5Me5) (Figure 4) could be obtained by the reaction of the
HCl (20) can be synthesized in analogy to the symmetric appropriately substituted indenyllithium with Cp*ZrCl3
titanocene complexes as described above. [9q] Only very re- and CpZrCl3.

[8t] NMR spectroscopy did not reveal any in-
cently, other titanocene derivatives with the CpIV ligand dication of an amino-group coordination. These complexes,
were synthesized and structurally characterized. They all activated with 2 equiv. of nBuLi, catalyze the dehydrocoup-
show a non-coordinating amino group, but intermediate ling polymerization of phenylsilane to afford high-molecu-
ligation was postulated to explain the observed reaction lar-weight poly(phenylsilanes). 29Si-NMR spectroscopy
products.[8aa]

indicates that the microstructure of the resulting polymers
The metallocene dichlorides as well as the hydrochlorides is predominantly syndiotactic. [8t]

containing the CpIII ligand are catalyst precursors for the
Figure 4polymerization of ethylene; the productivities of the catalyst

systems are comparable to those of the parent metallocene
derivatives. [9q] [9r] Furthermore, high catalytic activity in the
dehydrocoupling of phenylsilane is observed for the methyl-
and phenoxy-substituted derivatives. [9q] [9r] The poly(phenyl-
silanes) obtained exhibit analytical data similar to those
prepared with the parent catalyst system.

After the reaction, the catalytic species or its decompo-
sition products generally remain in the polymer (leave-in
catalysts) or are destroyed during the separation process
and thus cannot be employed again. In our case, the influ-
ence of the diisopropylaminoethyl side chain provides suf-
ficient stability to allow for efficient recycling of the pre-
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In the context of our studies of metallocene complexes contrast to CpITiCl3 (30), where a rigid intramolecular co-

ordination is observed.with early transition metals we focussed our efforts also on
the synthesis of ansa-zirconocenes. There is considerable
interest in the preparation of ansa-zirconocenes as precur- Figure 5
sors for olefin polymerization catalysts; [12] the bridging unit
as well as the substituents of both Cp rings greatly influence
the activity and the stereoselectivity of the polymerization
reaction.

Very recently, we synthesized the compounds
[(C13H8)CMe2(C5H3CH2CH2NMe2)]ZrCl2 (26) and
[(C13H8)CMe2(C5H3CH2CH2NiPr2)]ZrCl2 (27), which are
the first examples of dialkylaminoethyl-functionalized ansa-
zirconocenes (Figure 4). [9x] Single-crystal X-ray analyses re-
veal the monomeric structure of these complexes. The
amino groups are not coordinating to the zirconium center.
The dialkyaminoethyl-functionalized side chains in β-posi-
tion to the C1 bridge might be essential for affecting the
stereoselectivity in the polymerization of propylene. The di-
methyl derivatives 28 and 29 (Figure 4) were obtained in
high yields by the reaction of 26 and 27, respectively, with
two equivalents of methyllithium.[9x] Complexes 28 and 29
are highly moisture-sensitive, orange-yellow oils with a
good solubility in nonpolar aprotic solvents such as tolu-
ene. Examinations of these complexes with respect to their
potential use in catalytic reactions are in progress.

Although group-4 metallocenes dominate the homo-
geneous Ziegler-Natta polymerizations of ethylene and pro-
pylene, also halfsandwich complexes are employed as pre-
cursors in many catalytic reactions. In this context, several
titanium and zirconium halfsandwich complexes containing
dialkylaminoethyl functionalized cyclopentadienyl ligands
were synthesized.

The compound CpITiCl3 (30) is the first titanium half-
sandwich complex with an intramolecularly coordinating
amino function, as reported by Rausch and co-workers
(Figure 5). [7n] The amino group affects significantly the
catalytic reactivity of 30 as compared to that of the parent
complex CpTiCl3. The system 30/MAO (MAO: methylalu- In the halfsandwich complex CpIIITiCl3 (34), synthesized

by our group,[9u] the amino group is obviously not stronglyminoxane) shows a considerably lower activity towards
styrene and an impressively increased activity towards eth- coordinating intramolecularly to the titanium center (Fig-

ure 5); however, a weak intermolecular coordination wasylene and propylene. This is most likely due to the coordi-
nation behaviour of the amino group which influence the observed. The different coordination behaviour of 34 as

compared to 30233 can be attributed to steric effects ofcoordination of the incoming monomer. [7n] Cyclopen-
tadienyl complexes of titanium with tethered pyrrolidinyl the bulkier isopropyl substituents at the amino function.

Complex 34 reacted with one equivalent of HCl under pro-and piperidinyl functions were introduced by Herrmann
and co-workers. [8c] The titanium halfsandwich complexes tonation of the amino group to give the monomeric hydro-

chloride CpIIITiCl3 3 HCl (35), which shows excellent solu-CpVTiCl3 (31) and CpVITiCl3 (32) were prepared by the
reaction of the silylated cyclopentadiene precursor with bility in polar solvents (Figure 5). [9u] Similar O-brigded di-

mers [CpITiCl]2O 3 2HCl (36) [7n] and [CpVIITiCl]2O 3TiCl4. X-ray crystal-structure results confirm the intramol-
ecular nitrogen coordination to the titanium(IV) center 2HCl (37) [8l] were obtained by the reaction of the halfsand-

wich complexes 30 and 33, respectively, with traces of water.(Figure 5). Van der Zeijden designed the chiral dimethylam-
inoethyl-functionalized cyclopentadienyl titanium halfsand- In the trichlorozirconium complex CpIZrCl3 3 THF (38)

an intramolecular coordination of the amino group takeswich complex CpVITiCl3 (33) by the reaction of the trimeth-
ylsilyl derivative CpVIISiMe3 with TiCl4 (Figure 5). [8l] In the place. (Figure 5). The monomeric structure of the THF ad-

duct was proved by a single-crystal X-ray structure investi-titanium compound 33 the nitrogen side chain is only
weakly coordinated, NMR spectroscopy indicates a gation.[9m] Van der Zeijden also synthesized the chiral zir-

conium species CpVIIZrCl3 (39) (Figure 5). [8l] In contrastfluxional coordination of the amino side arm. This is in
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to the corresponding titanium species CpVIITiCl3 (33), the activity is already reached in a molar Al/Cr ratio of

452300:1.[*]amino group is firmly coordinated to the metal center.
Moreover, 39 still behaves as a moderate Lewis acid and Figure 5a
catalyzes the Diels-Alder reaction of methacroleine with
cyclopentadiene, but without measurable enantiomeric ex-
cess. [8l]

The zirconium compound [CpIIIZrCl3]x (40) (Figure 5)
containing the bulkier diisopropylaminoethyl group forms
a coordination polymer, comparable to the situation found
for the analogous titanium species 34. [9u] Compound 40 re-
acted with one equivalent of HCl under protonation of the
amino group to give the monomeric air- and moisture- Wang and co-workers[7f] synthesized various molyb-
stable hydrochloride 41, which crystallized with two ad- denum halfsandwich complexes in which the pendant di-
ditional methanol molecules in the coordination sphere of methylaminoethyl group is coordinating intramolecularly to
the zirconium atom (Figure 5). [9u] The reaction of 41 with the metal center. Reaction of Mo(CO)6 with CpILi and sub-
water, which involves exchange of the donor ligands, led to sequently with iodine led to the tricarbonyl complex CpI-
the formation of the air- and water-stable hydrochloride 42 Mo(CO)3I (47), which was transformed into the dicarbonyl
(Figure 5). [9u] compound CpIMo(CO)2I (48) (Scheme 4) by irradiation.

The extremely high air and moisture sensitivity of all de- Treatment of 48 with silver tetrafluoroborate led to the
scribed neutral halfsandwich complexes is worth men- ionic molybdenum complex 49 (Scheme 4). [7f] An intramo-
tioning. In contrast, the halfsandwich complexes with a lecular coordination of the amino group takes place in 48
protonated amino function are stable against air and moist- as well as in 49. [7f]

ure and soluble in protic solvents such as methanol. These
Scheme 3properties of the protonated sandwich and halfsandwich

compounds may be of special interest with regard to or-
ganometallic chemistry in water.

Vanadium, Chromium and Molybdenum Complexes

Only recently Enders and co-workers[8z] described the
synthesis of the first dimethylaminoethyl-functionalized
vanadocene and chromocene derivatives. The reaction of
two equivalents of the metallated CpI ligand with in-situ Scheme 4
prepared VCl2 and CrCl2, repectively, afforded the para-
magnetic vanadocene and chromocene compounds CpI

2M
[M 5 V (43); M 5 Cr (44)]. The paramagnetic behaviour
(spin-only value) is comparable to that of the parent com-
plexes Cp2Cr and Cp2V. NMR data did not reveal any co-
ordination of the N functions.

The first dimethylaminoethyl-functionalized bis(cyclo-
pentadienyl)molybdenum complex was already synthesized
by Green et al. in 1983. [7a] The functionalized molybdenum
complex [Mo(C5H4CH2CH2I)2I2] (45) (Scheme 3) reacted
with dimethylamine and subsequently with ammonium
hexafluorophosphate to give the ionic compound
[Mo(CpI)(C5H4CH2CH2NMe2H)H]21[PF6]22 (46) with the
dimethylamino group intramolecularly coordinating to the
molybdenum center. The structure of 46 as proposed on the

The dimethylaminoethyl-functionalized cyclopentadi-basis of 1H-NMR data is shown in Scheme 3.
enylmolybdenum complex (C6H9)CpIMo(CO)2 (50)Only very recently, the synthesis of halfsandwich com-
(Scheme 5) was prepared by adding CpILi to (C6H8)Mo-plexes of chromium (type 46a2d, Figure 5a) with an intra-
(CO)2(CH3CN)2Br. [7g] Reaction of 50 with trityl hexa-moleculary coordinating amino group was reported. These
fluorophosphate provided the ionic compoundcompounds were obtained as deep blue species by the reac-
[(C6H8)CpIMo(CO)2]1[PF6]2 (51) by hydride abstractiontion of Cr(THF)3Cl3 with the corresponding cyclopen-
(Scheme 5). Treatment of 51 with trimethylamine N-oxidetadienyl alkali metal salts. In the mixture with MAO

(MAO: methylaluminoxane), highly effective catalysts for [*] Note added in proof: P. Jolly, K. Ionas, G. P. I. Verkovnic, Ger-
man Patent 19630580 A1, 1998.olefin polymerisation are formed. Surprisingly, full catalytic
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Scheme 5 removed carbon monoxide to give [(C6H8)(C5H4CH2-

CH2NMe2)Mo(CO)]1[PF6]2 (52). (Scheme 5). A single-
crystal X-ray structure analysis of 52 confirmes the intra-
molecularly coordinating dimethylamino group and the exo
conformation of the cyclohexadiene ligand.[7g] Cationic di-
enylmolybdenum complexes are pertinent substrates for or-
ganic syntheses. Complexes of type 52 are particularly inter-
esting because the electrophilicity is weakened as a result of
amine coordination. Furthermore, the metal center is now
chiral.

The dinuclear molydenum complex [CpIVMo(CO)2]2 (53)
was synthesized by our group.[9k] The structure analysis re-
vealed that the side chains do not coordinate to the central
metal atoms and lie on opposite sides of the Mo2Mo ax-
is. [9k]

Avey and Tyler described the synthesis of the ammonio-
ethyl-functionalized dimeric molybdenum complexes
CpIX

2Mo2(CO)6 3 2 HX (54: X 5 NO3; 55: X 5 PF6)
Scheme 6

by reaction of CpIXNa with Mo(CO)6 and by subsequent
oxidation of the anion [CpIXMo(CO)3]2 (56) with Fe(NO3)3

· 9 H2O in water. The exchange of the anion in 54 with
NH4PF6 afforded 55 (Scheme 6). [7h] It is noteworthy that
in contrast to 55, which is soluble in common organic sol-
vents like THF, complex 54 is soluble and stable in aque-
ous solution.

Interestingly, the photochemistry of 55 differs from that
of the parent complex Cpx

2Mo2(CO)6 (57) (Cpx 5
C5H4Me). Mechanistic work established that the different
reactivities can be ascribed to a supramolecular effect of the
tentacle ligand.[7l] Irradition of either dimer complex led to
photolytic cleavage of the metal2metal bond. The photo-
generated 17-electron radical complexes then reacted with
THF (the solvent) to form 19-electron adducts; dispro-
portionation then followed. The initial products were
[CpxMo(CO)3(THF)]1, [CpxMo(CO)3]2 and

Scheme 7
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Scheme 8 portionation to yield stable products is regarded as an ex-

ample of supramolecular reactivity. [7l]

Manganese and Rhenium Complexes

Wang et al.[7e] synthesized the manganese complex CpVIII-
Mn(CO)3 (61) by treating Mn(CO)5Br with CpVIIILi
(Scheme 8). Irradiation of 61 removed carbon monoxide
and gave rise to an intramolecular amine-group ligation to
provide complex 62 (Scheme 8). [7e] Deprotonation of 62
with NaN(SiMe3)2 and subsequent addition of allyl bro-
mide led to the alkylation product 63 (Scheme 8). The X-
ray analysis clearly shows that allylation occurred at the[CpIXMo(CO)3(THF)]1, [CpIXMo(CO)3]2, respectively

(Scheme 7). In the case of the dimer 57, a facile back reac- nitrogen atom and not at the manganese center. [7e] The se-
quence 62 R 63 is an example of further amino-group func-tion of these products ensued, and the net result was no

reaction, even in the presence of an excess of tionalization in complexes with aminoethyl-substituted Cp
ligands still containing N2H functions.[C6H5CH2CH2NH3]1[PF6]2. [7l] In the case of the tentacle

dimer CpIX
2Mo(CO)6 3 2 HPF6 (55), proton transfer from The first rhenium complexes containing an N-func-

tionalized cyclopentadienyl ligand and further interestingthe ammonium group to the anion yielded CpIXMo(CO)3H
3 HPF6 (58) and [CpIXMo(CO)3THF]1[PF6]2 (59), and reaction sequences were reported by Wang et al. [8d] The

lithium salts CpILi and CpVIIILi were shown to react withthen facile coordination of the free amine by displacing the
THF ligand effectively blocked the back reaction by form- Re(CO)5Br to provide the halfsandwich complexes CpI-

Re(CO)3 (64) and CpVIIIRe(CO)3 (65) (Scheme 9). Ir-ing [CpIXMo(CO)3]1[PF6]2 (60) irreversibly.
The described cooperative interaction between the ten- radiation of 64 and 65 afforded the complexes CpIRe(CO)2

(66) and CpVIIIRe(CO)2 (67), respectively, in which thetacle ligands and the unstable initial products of dispro-

Scheme 9

Scheme 10
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amino group is bound intramolecularly to the rhenium [CpIVFe(CO)2]1[BF4]2 (81), which was obtained by the re-

action of 80 with AgBF4, is stabilized by an intramolecularcenter (Scheme 9). [8d] [8u] Oxidation of 66 with 3-chloro-
peroxybenzoic acid (MCPBA) provided the complex coordination of the amino group (Scheme 11). [9c]

CpIRe(CO)(CO2) (68) (Scheme 9), the first example of a Scheme 11
mononuclear CO2 complex in rhenium chemistry. The
structure of 68 is confirmed by X-ray crystallography.[8u]

Reaction of 65 with two equivalents of NOBF4 gave the
nitrosylrhenium complex [CpIRe(NO)(CO)2]1[BF4]2 3
NOBF4 (69), [8k] which was treated with NBS to afford the
bromo complex CpIReBr(NO)(CO) (70) (Scheme 9). Re-
moval of the bromide ion with AgBF4 resulted in amino-
group coordination to give the ionic complex

Cobalt, Rhodium and Iridium Complexes[CpIRe(CO)(NO)]1[BF4]2 (71) (Scheme 9). The X-ray dif-
Several halfsandwich complexes with the CpIV ligand andfraction study of the corresponding tetraphenylborate

with the central atoms cobalt, rhodium and iridium were[CpIRe(CO)(NO)]1[BPh4]2 (72) confirms the amino-group
obtained by classical synthetic routes. [9b] [9h] In compoundscoordination. [8k] Reaction of the rhenium complex 71 with
of the type CpIVML2 (M 5 Co, Rh, Ir; L 5 CO, C2H4)alkylating reagents occurred at the carbonyl carbon atom
with the metals in the oxidation state 11, amino-group co-to provide acyl complexes. For instance, the reaction with
ordination is generally not observed. In compounds withmethylmagnesium chloride led to the acyl derivative CpIR-
the metals in the oxidation state 13, coordination dependse(NO)(COMe) (73) in which the amino group is still coordi-
on the further ligands present. The interplay between thenating (Scheme 9). [8k] It is worth mentioning that the corre-
donor ligands and the metal center can be tuned to a cer-sponding triphenylphoshane complex did not react with
tain extent. An irreversible displacement was observed inalkylmetal reagents to provide acyl complexes. Obviously,
the reaction of complexes of the type CpIVMX2 (82) (M 5the influence of the amino function is necessary for this
Co, Rh, Ir; X 5 I; X2 5 C2O4) with stoichiometric amountssynthetic pathway.
of trimethylphosphane or tert-butyl isonitrile to affordDeprotonation of the N2H function in 67 with nBuLi
CpIVM(L)X2 (83). With carbon monoxide, the displace-led to the ionic compound 74 (Scheme 10), which reacted
ment reaction leading to CpIVM(CO)I2 (84) is reversiblewith electrophiles such as CH25CHCH2Br at the nitrogen
(Scheme 12). [9b] [9h]center to provide the complex [C5H4CH2CH2N(Me)(CH25

CHCH2)]Re(CO)2 (75) with to different substituents at the Scheme 12
nitrogen atom (Scheme 10). [8u] This is another example of
a further functionalization of an aminoethyl-substituted Cp
ligand. However, 74 reacted with electrophiles such as
BrCH2CN to give the alkylrhenium compound CpIRe-
(CO)2CH2CN (76) (Scheme 10). Thus, the regioselectivity
is dependent on the nature of the electrophile and can be
explained on the basis of the hard-soft acid-base prin-
ciple. [8u] Reaction of the neutral complex 66 with
BrCH2CN gave exclusively the alkylrhenium compound
[CpIRe(CO)2CH2CN]1[Br]2 (77). [8u] It is remarkable that
the parent rhenium complex CpRe(CO)3 does not react
with BrCH2CN. Thus, the electron donation of the amino
ligand is important to promote the reactivity towards car-
bon electrophiles.

Iron Complexes Poilblanc et al. described the synthesis of the rhodium(I)
complex CpIRh(cod) (85) (Scheme 13) by reaction ofTreatment of FeCl2 in THF with two equivalents of the
CpINa with [Rh(cod)Cl]2. [8w] Oxidation with iodine re-lithiated ligand CpIVLi yielded the dimethylaminoethyl-
sulted in the formation of the rhodium(III) complexfunctionalized ferrocene CpIV

2Fe (78). [9a] The analogous
CpIRhI2 (86) (Scheme 13) with a coordinating aminoferrocene CpI

2Fe (79) could be synthesized in a similar
group.manner. [7s] Not unexpectedly, no amino-group coordi-

nation is observed; the 18-electron rule is obeyed in both Scheme 13
complexes by η5-Cp bonding. Reaction of CpIVH with
Fe(CO)5 led to the formation of the dimeric dicarbonyl(cy-
clopentadienyl)iron complex [CpIVFe(CO)2]2 (80). In this
compound, no intramolecular displacement of a CO ligand
by the amino groups could be initiated. [9c] However, the
cationic cyclopentadienyl iron halfsandwich complex
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The reaction of 85 with HCl afforded the corresponding The reaction of 92 with [(thf)3Li{Si[Si(CH3)3]3}] finally

afforded the nickel halfsandwich complex 96 (Scheme 15).water-soluble hydrochloride CpIRh(cod) 3 HCl (87). It is
noteworthy that a reversible transformation to 85 could be This is the first example in which the amino function coor-

dinates to an element (silicon) directly attached to the cen-achieved by treating 87 with a slight excess of n-butyllith-
ium. The water-soluble rhodicinium complex CpI

2RhCl 3 tral metal. The structure of 96 is proven by a single-crystal
X-ray structure analysis. When 92 was treated with2 HCl (88) was obtained by the reaction of the cyclopen-

tadiene CpIH with Na3RhCl6 3 12 H2O.[8w]. Generally, the [(thf)3Li{Si[Si(CH3)3]3}] in the presence of PPh3, the “nor-
mal” substitution product CpIVNi(PPh3)I (97) was obtainedsynthesis of this kind of compounds requires previous de-

protonation of the cyclopentadiene by an auxiliary base. In (Scheme 15). [8n] [8o] [8p]

case of the preparation of 88, the role of the auxiliary basic Scheme 15
reagent is probably adopted by the free amino group at-
tached to the cyclopentadiene. The solubility of 87 and 88
in water is interesting in the context of a screening for anti-
tumor activity. [8w]

Nickel, Palladium and Platinum Complexes

We were successful in the preparation of the dimeric car-
bonylnickel(I) complex [CpIVNi(CO)]2 (89) (Scheme 14) by
the reaction of Ni(CO)4 with CpIVLi and subsequent oxi-
dation with CuCl. [9n] The analogous complex [CpINi(CO)]2
(90) (Scheme 14) containing the CpI ligand could be synthe-
sized by Fischer and co-workers by a synproportionation
of the nickelocene CpI

2Ni (91) with Ni(CO)4. [8n] [8o] [8p] As
expected, in both complexes no coordination of the pen-

The reaction of 92 with PPh3 and with low-valent indiumdant dimethylamino groups is observed.
bromide in the presence of NaI afforded the complex µ-

Scheme 14 CpINi(PPh3)InI2 (98) (Figure 16) with intramolecular coor-
dination of the dimethylamino group.[8n] [8o] [8p] Another
complex in which the amino group is coordinating to the
adjacent electron-deficient metal center is the heterobime-
tallic compound µ-CpINi(CO)GaCl2 (99) (Figure 6) which
was obtained by the reaction of [CpINi(CO)]2 (90) with
Ga2Cl4. [8n] [8o] [8p] Both complexes 98 and 99 might be inter-
esting as MOCVD precursors for nickel-indium and nickel-
gallium alloy thin films.

Figure 6

In the chemistry of palladium only dimethylaminoethyl-
functionalized cyclopentadienyl complexes with the per-
methylated CpIV ligand are known. Reaction ofCleavage of 90 with iodine gave the monomeric nickel

complex CpINiI (92) with a coordinating amino group [Pd(CO)Cl]n with [CpIVMgCl]2 gave the thermally labile di-
meric palladium complex (CpIVPdCO)2 (100) in a mixture(Scheme 14). [8n] [8o] [8p] The CO-free complex 92 might be an

interesting starting material for MOCVD studies. Attemps with CpIVH.[9n] The synthesis of the palladium halfsand-
wich complex CpIVPdC3H5 (101) demonstrated that even into prepare the correseponding permethylated complex

CpIVNiI (93) failed. [9g] Cleavage of 89 with iodine in the complexes with the palladium metal in the 12 oxidation
state, the amino group could not compete with a π-allylpresence of PMe3 afforded the monomeric nickel(II) half-

sandwich complex CpIVNi(PMe3)I (94) (Scheme 14). [9n] ligand.[9n] The preparation of the dimeric platinum(I) com-
plex [CpIVPt(CO)]2 (102) failed. [9g] However, the halfsand-Complex 89 reacted with two equivalents HBF4 under pro-

tonation of the amino groups to give the ionic, air stable wich complex CpIVPtMe3 (103) with a PtIV metal center
was obtained in the reaction of [IPtMe3]4 with CpIIILicompound [CpIVNi(CO)]2 3 2HBF4 (95) (Scheme 14),

which shows excellent solubility and stability in polar sol- (Scheme 16). [9n] In this complex the 18-electron rule is ob-
eyed, and thus no coordination of the amino group is ex-vents such as nitromethane and acetonitrile. [9n]
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Kristen, Christian Müller, and Thomas Redeker; X-ray crystal-struc-pected. The reaction of 103 with one equivalent of HBF4
ture analyses were performed by Beate Neumann and Hans-Georgdid not result in an elimination of methane and subsequent
Stammler. The dedication and expertise of these co-workers is veryamino coordination, but led to the formation of CpIVPtMe3
gratefully acknowledged. We thank Marion Welschof for preparing3 HBF4 (104) with a protonated amino group, which shows
the drawings. Funding was kindly provided by the Deutsche For-an excellent solubility in polar solvents (Scheme 16). [9n]
schungsgemeinschaft, by the Fonds der Chemischen Industrie, and by

With two equivalents of HBF4, however, elimination of the University of Bielefeld. We are grateful to the BASF AG, to the
methane did occur, and 103 was transformed into the Degussa AG, and to the Wittko AG for gifts of chemicals.
fluoro-substituted compound CpIVPt(F)Me2 3 HBF4 (105)
(Scheme 16). [9n]

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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The chlorine functions of CH3C(CH2Cl)3, 1, may be replaced involved in intramolecular hydrogen bonding to the CH2OH
function (N···H–O distance 280 pm). Blocking of the OHby pyrazolyl (pz) as well as imidazolyl (im) residues under

the conditions of nucleophilic substitution leading to tripodal function of 10a by etherification, i.e. to form
EtOCH2C(CH2PPh2)(CH2pz)2, 11, does not dramaticallyligands CH3C(CH2X)3, X = pz, 2; X = im, 3. As a means of

introducing two nitrogen donors and one phosphorus donor affect the coordination capabilities with 11 ·
Mo(CO)3(MeCN), 12d, being formed upon treatment withinto a tripod ligand, substitution of the Br and OMs functions

in O(CH2)2C(CH2Br)(CH2OMs), 8, by nitrogen nucleophiles (MeCN)3Mo(CO)3. Again only one pz function is coordinated
to the metal. Bidentate coordination by two phosphorusand subsequent cleavage of the oxetane ring by a phosphide

nucleophile to give HOCH2C(CH2PPh2)(CH2X)2 has been donors of 10c is observed in 10c · Mo(CO)3(MeCN), 12d. The
dangling arm pz donor function and the CH2OH group aredeveloped, furnishing 10a (X = pz) and 10d (X = NEt2),

respectively. For the synthesis of 10a, K-pz was used as the intermolecularly hydrogen-bonded in this case. When the
bulky P[3,5-Me2(C6H3)]2 substituent of 10c is replaced by thenucleophile, while 10d was prepared using azide in the

initial step, which then had to be transformed into NEt2 in less sterically demanding PPh2 donor in 10b, η3-coordination
is finally observed with the formation of 10b · Mo(CO)3, 13.two subsequent steps. The nucleophugic functions of the

oxetane 8 undergo selective substitution by K-pz and KPPh2 The coordination capabilities of the new ligands are
rationalized in terms of the size (six-, seven-, and eight-in THF to produce O(CH2)2C(CH2PPh2)(CH2pz), 9b.

Phosphide cleavage of the oxetane function leads to membered rings) and interference of the chelate cycles. All
compounds have been characterized by the usual analyticalHOCH2C(CH2PPh2)(CH2PR2)(CH2pz), R = Ph, 10b; R = 3,5-

Me2(C6H3), 10c. – The tris(pyrazolyl) tripod ligand 2 reacts and spectroscopic methods, with a complete assignment of
the NMR data achieved by a combination of 2D-NMRwith (MeCN)3Mo(CO)3 to give 2 · Mo(CO)3(MeCN), 12a, in

which only two of the three donor functions are coordinated. techniques in some cases. The structures of the coordination
compounds have additionally been deduced by X-rayUpon reaction with 10a, the same reagent gives 10a ·

Mo(CO)4, 12b, with one pyrazolyl coordinated and the other methods.

Introduction thetic strategies for introducing phosphorus donors are well
developed[5a] [5b] [5c] [5d] [5e], including the EPC synthesis ofThe coordination chemistry of tripod ligands has con-
chiral tripod ligands with three different phosphorus donorsiderable potential in many fields of chemistry: Tripod li-
groups[5f] [5g] [5h], general strategies for the synthesis of tri-gands are essential constituents of many bioinorganic mo-
pod ligands containing, amongst others, nitrogen donordel compounds[1], the stabilization of unconventional li-
functions are still lacking. A special route into the chemis-gands by tripod metal templates has found widespread ap-
try of such ligands based upon the aminolytic cleavage ofplication[2] and catalytic applications of tripod metal
neopentane-based oxetanes has recently been reported[6]

templates are a rapidly developing field[3]. As a special type
and some particular cases based on the nucleophilic substi-of tripod ligands, molecules containing three different do-
tution of functionalized neopentane derivatives by azidenor groups bonded to a neopentane backbone
are known[7].CH3C(CH2X)(CH2Y)(CH2Z) have been shown to be pro-

We report herein on our efforts to devise new methodsductive in coordination chemistry, as well as in catalysis.
by which tripod ligands A RCH2C(CH2X)(CH2Y)(CH2Z)Sacconi and his group, as well as the group of Bianchini,
with the donor set X, Y, Z containing at least one nitrogenhave made extensive contributions to the application of
donor can be synthesized.CH3C(CH2PPh2)3 in preparative and in catalytic chemis-

try[3] [4]. Nevertheless, the potential offered by neopentane- Special emphasis is put on the introduction of the pyr-
azolyl donor function, the reason being that this type ofbased tripod ligands is still far from being fully exploited.

Tripod ligands of this type with up to three different donor functionality has been shown to be highly efficient in tris-
(pyrazolyl)borate tripod ligands[8]. On the other hand, eachgroups have only recently become available. While the syn-
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the same type of straightforward approach. Imidazolyl resi-
dues at the neopentane backbone are appealing in so far as
it has been shown that multidentate imidazolyl-func-
tionalized ligands may be transformed into multidentate
carbene ligands, with the additional merit of making use
of the known stability of transition metal-imidazolinylidene

pyrazolyl donor function linked to the neopentane back- carbene bonds[11]. Reaction of the trichloride 1 with potas-
bone in RCH2C(CH2X)(CH2Y)(CH2Z) increases the ring sium imidazolate in DMSO indeed resulted in the tripodal
size in the chelate cage RCH2C(CH2X)(CH2Y)(CH2Z)M by system 3, albeit in modest yield only.
one over the sterically ideal arrangement of three six-mem-
bered rings forming a bicyclooctane-type chelate cage that
results when all three donor atoms of X, Y, Z are directly
linked to the neopentane carbon skeleton. This increase in
ring size (seven-membered chelate rings with one pyrazolyl
entity and even eight-membered chelate rings with more
than one of these entities) to some extent disfavours the
tripodal coordination of such ligands. Given the excellent

Compound 3 was isolated by bulb-to-bulb distillationligand properties of pyrazolyl ligands on one side and the
from the ethereal extract after hydrolysis of the reactionexpected destabilization of η3-coordination by the introduc-
mixture. As a consequence of the high boiling point of freetion of pyrazolyl donor functions into neopentane-based
imidazole and of the tripod ligand 3, appreciable thermaltripod ligands, facile equilibration between η3- and η2-coor-
decomposition occurred under the conditions of the distil-dination modes in such ligand-metal templates may be en-
lation. Moreover, increasing the temperature and the reac-visaged. This means that introducing pyrazolyl donor func-
tion time in the synthesis of 3 did not increase the yieldtions into neopentane-based tripod ligands has the poten-
because of decomposition of the reaction system into atial of allowing the synthesis of coordination compounds in
brown, viscous oil of unknown composition. Compound 3,which the pyrazolyl-containing arm of a tripod ligand is
as obtained after distillation, consists of colourless needles.easily coordinated and decoordinated, thus reversibly pro-
Spectroscopic data and elemental analyses confirm thetecting a coordination site at the metal center in the sense
given constitution (Tables 1 and 2, Exp. Section).of an auxiliary ligand.

This paper deals with the synthesis of tripod ligands
Synthesis of Tripod Ligands Starting from Monofunctionalized

RCH2C(CH2X)(CH2Y)(CH2Z) containing one to three ni- Oxetanes
trogen donor functions with the other donors being PR2

Functionalized oxetanes O(CH2)2C(CH3)(CH2X) havegroups. The coordination behaviour of these tripod ligands
been shown to undergo aminolytic cleavage of the oxetanecontaining up to three pyrazolyl nitrogen donors is probed
ring[6] [12]. This method works when CH2OR and CH2SRby characterization of their tricarbonylmolybdenum deriva-
substituents are present in the oxetane ring[6]. While thistives.
strategy failed in the presence of CH2PR2 substituents, we

Synthesis of Tripod Ligands Starting from Tris(chloromethyl)ethane have now found that amino substituents are well tolerated.
The pyrazolyl-substituted oxetane 5a was obtained in goodTris(chloromethyl)ethane 1 [9] reacts with an excess of
yields from the functionalized oxetane 4 by nucleophilicpotassium pyrazolate (K-pz) in DMSO with substitution of
substitution with potassium 3,5-dimethylpyrazolate (K-all three chlorine functions by pyrazolyl groups.
3,5-Me2pz).

The tripod ligand 2 was obtained by bulb-to-bulb distil-
lation in a kugelrohr apparatus in around 46% yield as a
colourless oil, which solidified to give colourless needles
after few days. Spectroscopic data and elemental analyses
unequivocally confirmed its constitution (Tables 1 and 2,
Exp. Section).

Since the reaction yielding 2 proceeded unexpectedly well
2 bearing in mind the sluggish reactivity of neopentane
derivatives in nucleophilic substitution[7a] [10] 2 it appeared
worthwhile to attempt to introduce imidazolyl donors by

Eur. J. Inorg. Chem. 1998, 6752692676



Neopentane-Based Tripod Ligands FULL PAPER
Compound 5a underwent aminolytic cleavage of the oxe- well with 4 as the starting compound. The transformation

of 4 into the azide derivative 5b has been reported in thetane moiety upon treatment with HNMe2/H2O at 40 bar/
170°C. The product 6a was accompanied by the bis(hy- patent literature, where no details of the procedure were

given[17a]. We found that solutions of 4 in DMSO react withdroxy) compound 6b. Of course, under the drastic reaction
conditions necessary to observe any reaction at all, hydro- a threefold excess of NaN3 to produce 5b.
lytic cleavage effectively competes with aminolytic cleavage.
Products 6a/6b were not completely separable by Vigreux
distillation; fractions containing 6a/6b in ratios up to 4:1
were obtained at best. Compounds 6a/6b could nevertheless
be unequivocally characterized by derivatization (7a/7b).

Alternative and potentially more general methods for the
exchange of the OMs group by an amine function have been
examined. The standard procedure[13] of using potassium
phthalimide (K-Phth) as the nitrogen nucleophile works
well. While K-Phth is known to react with oxiranes with
ring opening[13], the oxetane moiety in 4 stays intact and
so this compound can be transformed to the phthalimide
derivative B in high yields. B was fully characterized by its
analytical and spectroscopic data (Exp. Section).

Optimum yields of around 90% were obtained after 30 h
at 130°C. Shorter reaction times gave reduced yields (10 h:
50%), while prolonged heating or higher temperatures alsoHowever, any attempt to transform the phthalimide

group into an amine function proved problematic. While reduced the yield (48 h: 55%) (caution: 5b “AMMO” and
several of its polymers are used as explosives[17b] and appro-the cleavage of neopentane-bound phthalimide groups in

CH3C(CH2Phth)3 has been shown to proceed in the pres- priate care has to be taken in its preparation and work-up).
After dilution of the reaction mixture with two equiv. ofence of 25% KOH over a period of a few days at room

temperature[14], B showed no reaction under the same con- water, 5b was extracted into diethyl ether. The presence of
5b in the ethereal solution was evidenced by an azide bandditions. Hydrazinolysis of B was not very effective either;

NMR control of the reaction mixture showed that the oxet- at 2103 cm21 in the IR spectrum. A small amount of the
ethereal solution was concentrated to an extent that allowedane functionality was also affected under the drastic con-

ditions necessary (boiling for 10 h). From the reaction mix- the characterization of 5b by 1H NMR (Exp. Section). The
reactivity of 5b towards PPh3 gave further proof of its iden-ture obtained after this time, the amine (5c) could not be

separated. tity: the corresponding iminophosphorane was formed im-
mediately (31P NMR: δ 5 110.6), which upon hydrolysisAn alternative strategy starting from B might have been

possible through its reaction with LiPPh2. If this nucleo- yielded 5c. Compound 5c was purified by distillation under
reduced pressure, with appropriate care being taken in viewphile would selectively attack the oxetane ring[5d] [5e] of B, a

subsequent hydrazinolytic cleavage of the phthalimide moi- of its volatility. The identity of 5c was obvious from its ana-
lytical data (Exp. Section) as well as from its reaction withety would no longer be impeded by the reactivity of the

oxetane functionality (see above). However, when red HNMe2/H2O at 30 bar/130°C, which furnished 6c (Exp.
Section). This potential tripod ligand, containing two dif-LiPPh2 was treated with a solution of colourless B, an im-

mediate colour change to deep-green ensued, indicating a ferent nitrogen donors and one oxygen donor, was also fully
characterized. Several attempts have been made to furtherreaction at the phthalimide moiety[15]. Reaction control by

31P-NMR spectroscopy showed that a multitude of PPh2 derivatize 6c with the aim of replacing its OH group by a
PPh2 group. This intended type of transformation requiresderivatives of different kinds (31P NMR: δ from 240 to

140) was formed under these conditions. In summary, po- protection of the NH2 group. Boc-protection has been
found to be adequate, allowing the formation of C as atassium phthalimide does not appear to be the correct

choice of nitrogen nucleophile for the problem at hand. colourless, microcrystalline solid (for analytical and spec-
troscopic data, see Exp. Section). However, deprotonationThe use of azides as nitrogen nucleophiles is a well-estab-

lished method, even for polyfunctional and sensitive com- of C by a minimum of two equivalents of nBuLi, sub-
sequent treatment of the product with an excess of MsCl,pounds[16]. This method has previously proved successful in

the synthesis of tripod ligands of type A [7], and it works as followed by addition of LiPPh2, resulted in unseparable
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product mixtures. These mixtures are not a result of cleav- This result suggests that the difficulties observed in the

debenzylation reactions are mainly due to the notoriouslyage of the Boc group by nBuLi, since C can be recovered
after treatment with two equivalents of nBuLi under the low reactivity of neopentane derivatives[10]. Even though

CH3C(CH2OH)2(CH2NH2) is accessible by a debenzylationsame conditions after hydrolytic work-up. Selective depro-
tonation of the OH group in the presence of an NHBoc procedure, its further functionalization is impeded by the

same sort of problems as already described for 6c. Thefunctionality has been reported to occur for HBocNCH-
(Me)CH2OH[17c]. In this case, mesylation of the alcohol problem of functionalizing 6c might also potentially be

overcome by tracing back the synthesis of 6c a few steps:function was achieved using MsCl/NEt3, whereas in the
present case the use of NEt3 as a base is not feasible since Starting from 5c, Boc-protection and subsequent silylation

results in a product D, in which the CH2NH2 substituent isthe product obtained after mesylation cannot be purified,
presumably due to decomposition by internal cycliza- transformed into a CH2NBocSiMe3 functionality (see

above). When this protected intermediate D is treated withtion[7a]. If the product mixture is treated with LiPPh2 with-
out any intermediate purification step, a complex mixture LiPPh2, an unseparable reaction mixture nevertheless re-

sults (31P NMR: δ from 240 to 140). Tracing one stepof compounds results, with the desired PR2 substitution oc-
curring only to a minor extent (< 10% according to 31P- further back, 5b produces the iminophosphorano-substi-

tuted oxetane O(CH2)2C(CH3)(CH2N5PPh3) in a clean re-NMR data).
A solution to these problems might possibly have been action. If the oxetane moiety of this intermediate would

undergo nucleophilic cleavage with LiPPh2, a phosphorusfound in replacing the NH function by an NSiR3 function.
When C was treated with one equivalent of nBuLi, and then donor might be introduced at such an early stage. However,

in practice, this reaction also results in an unseparable mix-the reaction mixture was quenched with TMSCl, the N-sily-
lated product was obtained. However, mesylation and sub- ture (31P NMR) of different phosphorus-containing prod-

ucts.sequent reaction with LiPPh2 was again unselective and an
unseparable mixture of products was obtained once more. In contrast to the reluctance of 6c to undergo further

functionalization, 6a as well as 6b can be transformed intoBenzyl-protection of the NHBoc group might appear to be
an alternative. However, we found that the phosphorus-containing tripod ligands 7a and 7b by the

standard procedure[6].CH3C(CH2PPh2)2(CH2NBnBoc)[6], which has been used as
a model compound, does not allow for a straightforward
debenzylation with the Li/NH3/THF reagent[18a].

In the present case, only a small yield of
CH3C(CH2PPh2)2(CH2NH2) was obtained, which after
chromatography was sufficiently pure for identification by
NMR spectroscopy with reference to an authentic While 6a and 6b are invariably obtained as mixtures (see
sample[7b]. Even though the transformation of carbamate- above), their derivatives 7a and 7b can be easily separated
type NBn groups into NH2 groups by alkali metal in liquid by column chromatography owing to the fact that 7a bear-
ammonia solutions under carefully controlled conditions is ing an NMe2 group migrates much more slowly than 7b.
known to work in other cases[18b], the reluctance of the sys- Compounds 7 are obtained as colourless, analytically and
tem to undergo a debenzylation reaction does not appear spectroscopically pure oils (Tables 1 and 2, Exp. Section).
to be due to the presence of the PPh2 group alone. While
hydrogenolytic cleavage of the NBn function is not possible

Synthesis of Tripod Ligands Starting from Difunctionalizedwith the model compound due to phosphorus poisoning of
Oxetanesthe catalyst, it should work well with

CH3C(CH2OH)2(CH2NBnH)[6]. With this compound, In the synthesis of neopentane-based tripod ligands, the
however, no reaction was observed under conditions using use of difunctionalized oxetanes such as 8 [19] has the ad-
10% Pd/C catalyst at 1 bar H2 and 25°C. Only at 60°C ditional merit of producing a CH2OH group at the back-
under 60 bar H2 and with reaction times of 12 h was the bone of the tripod ligand HOCH2C(CH2X)(CH2Y)(CH2Z),
amine-functionalized product CH3C(CH2OH)2(CH2NH2) which lends itself to further functionalization of the ligand.
E obtained (Exp. Section). Compound 8 has successfully been used as a starting mate-

rial in the synthesis of phosphorus-containing CH2OH-
functionalized tripod ligands[5d]. Its reaction with nitrogen
nucleophiles allows access to mixed donor set tripod ligands
containing a CH2OH group at the quaternary carbon.
Thus, 8 reacted with 2 equivalents of K-pz in THF to form
the bis(pyrazolyl) derivative 9a, which was purified by distil-
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lation and obtained as a pale-yellow, viscous oil (Exp. Sec- with LiPPh2 in boiling THF, resulting in the CH2OH-func-

tionalized tripod ligands 10.tion).

When 8 was treated first with 1.2 equiv. of K-pz and then
with 2 equiv. of KPPh2, the substitution product 9b was
obtained in moderate yields. 9b could be separated from
some less polar co-products (including excess HPPh2) by
flash chromatography and was obtained as a colourless,
microcrystalline solid.

Compounds 10 were obtained as colourless oils upon
chromatographic work-up. Elemental analyses, mass spec-
tra, and NMR data were consistent with the given consti-
tution in each case (Tables 1 and 2, Exp. Section).

The identity of the products 9 was established beyond
doubt by elemental analyses and mass spectrometry, as well
as by NMR spectroscopy (Exp. Section). As usual with 3,3-
bis-substituted oxetanes, the symmetric (9a) and unsym-
metric (9b) substitution patterns, respectively, are immedi-
ately evident from the multiplicity of the 1H-NMR signals
of the oxetane CH2 groups (Exp. Section)[5d].

The use of azide as a nucleophile for the substitution of
difunctional oxetanes has been reported previously[20a]. Use
of 8 as the electrophilically-substituted oxetane instead of
O(CH2)2C(CH2Cl)2

[20a] was found to increase the yield of
9c from 25% to around 90%, as inferred from the trans- The diastereotopicity of the protons of some of the CH2formation of 9c to the corresponding amine 9d by PPh3/ groups in the neopentane framework is of considerable help
H2O. in assigning the relevant signals to the individual CH2 enti-

ties. For instance, the protons at the pyrazolyl-substituted
CH2 groups of 10a are diastereotopic, while those of the
CH2PPh2 and CH2OH moieties, respectively, are not.

The appearance of the corresponding 1H-NMR signals
clearly reflects this difference (Table 1). Analogous argu-
ments help in assigning the 1H-NMR data of the other
compounds 10; the resolution obtainable at 200 MHz does,
however, preclude a complete assignment of the 1H-NMR
spectra of 10c and 10d (Table 1).The NH2 functions of 9d could be transformed into NEt2

functions by treatment with ethyl iodide/K2CO3 in ethanol, Functionalization of the CH2OH group at the backbone
of tripod ligands is generally hampered by difficulties [21].resulting in a high yield of 9e [20c]. The oxetane derivatives

9d and 9e were fully characterized by their analytical and Problems arise because of the reduced reactivity of neopen-
tane derivatives as well as due to the fact that tripod li-spectroscopic data (Exp. Section). The potentially explosive

9c was characterized by its 1H-NMR spectrum, an azide gands, by definition, contain other nucleophilic groups (the
ligand entities!) besides the CH2OH entity. Thus, treatmentband at 2105 cm21 in the IR spectrum, and its derivati-

zation to 9d. of 10d for example with KOtBu/EtI in THF not unexpec-
tedly results in a mixture of products, probably because ofThe difunctionalized oxetanes 9a, 9b, and 9e underwent

nucleophilic cleavage of the oxetane ring upon treatment partial quaternization of the amine donor functions.
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Table 1. Chemical shifts (δ values), integrals [xH] and coupling constants J[a] in the 1H-NMR spectra of 2, 3, 7a, 7b, 10a212d, and 11

(solvent: CDCl3)

[a] J 5 2JHH unless otherwise stated, coupling constants in Hz. 2 [b] All pyrazolyl-H9s (except for 7a and 7b) give broad signals due to
3JHH coupling (unresolved at 200 Mhz) and integrate as 1 H.

The pyrazolyl residues, being more resistant to electro- clearly demonstrate that only two pyrazolyl functions are
coordinated, while the third one plays the role of a danglingphilic attack compared to the NEt2 nucleophiles, should not

be prone to problems resulting from quaternization and, arm (Table 3). The signals attributable to the CH2pz groups
show a clear 2:1 intensity pattern, with the signals of theindeed, 10a is transformed to its ethyl ether derivative with-

out complications. The complete set of analytical and spec- coordinated residues significantly shifted compared to those
of the dangling arm CH2pz entity (Table 3). This 2:1 pat-troscopic data obtained for 11 is in accord with its proposed

constitution (Tables 1 and 2, Exp. Section). tern is also evident in the 13C-NMR data of 12a on inspec-
tion of the signals of the CH2pz and pyrazolyl carbons

Coordination Chemistry

The coordination behaviour of the novel ligands was (Table 4). The presence of a coordinated acetonitrile can
also be deduced by NMR (Tables 3 and 4). Even if the shifttested with (MeCN)3Mo(CO)3 as the substitution-labile

precursor[22]. With the tris(pyrazolyl)-substituted ligand 2, imposed on the MeCN ligand by coordination is not always
large enough to allow unequivocal differentiation between adisplacement of only two MeCN groups was observed, re-

sulting in the Mo(MeCN)(CO)3 derivative 12a, in which 2 coordinated and a non-coordinated acetonitrile, the relative
intensity of the MeCN signal in the 1H-NMR spectrum ofacts as a bidentate ligand.

On the basis of its mass spectrum and its ν(CO) IR data, 12a shows that just one MeCN is present in each molecule
(Table 3), which, in accord with the 18-electron rule and the12a might appear to be a compound of the composition

2 ·Mo(CO)3, containing η3-coordinated 2 (Table 5, Exp. findings described below (for 12c, 12d), leads to the given
constitution for 12a.Section). The 1H-NMR data obtained for 12a, however,
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Table 2. Chemical shifts (δ values) and coupling constants J[a] in the 13C{1H}-NMR spectra of 2, 3, 7a, 7b, 10a210d, and 11 (solvent:

CDCl3)

[a] Coupling constants in Hz; all signals are singlets unless otherwise stated.

Table 3. Chemical shifts (δ values), integrals [xH] and coupling constants J[a] in the 1H-NMR spectra of 12a212d and 13

[a] J 5 2JHH unless otherwise stated, coupling constants in Hz. 2 [b] Solvent: CD2Cl2; the CD2Cl2 was condensed into the NMR tubes
prior to flame sealing. 2 [c] Solvent: CDCl3. 2 [d] c. 5 coordinated, n. c. 5 non-coordinated; all pyrazolyl-H9s give broad signals and
integrate as 1 H unless otherwise stated.
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Table 4. Chemical shifts (δ values) and coupling constants J[a] in the 13C{1H}-NMR spectra of 12a212d and 13

[a] Coupling constants in Hz; all signals are singlets unless otherwise stated. 2 [b] Solvent: CD2Cl2; the CD2Cl2 was condensed into the
NMR tubes prior to flame sealing. 2 [c] Solvent: CDCl3. 2 [d] c. 5 coordinated, n. c. 5 non-coordinated.

Table 5. Chemical shifts (δ values) and coupling constants J in the (Table 3). For the bridging hydrogen evident in the solid-31P{1H}-NMR spectra and νCO IR bands (CH2Cl2) of 12a212d
state structure (see below), no signal could be assigned, norand 13
could an appropriate band be found in the IR spectrum
of 12b.

Crystals of 12b suitable for X-ray analysis were obtained
from dichloromethane by vapour-phase diffusion with
petroleum ether (40/60). The structure of 12b, as deter-
mined by single-crystal X-ray analysis (Table 8)[23a], is
shown in Figure 1: η2-coordination of the ligand by one
pyrazolyl and one phosphorus donor results in the forma-
tion of a seven-membered chelate cycle. The tendency of the
pyrazolyl ligand to enforce coplanarity between the bonds
radiating from the two nitrogen centers in the ring (torsion

[a] Solvent: CD2Cl2; the CD2Cl2 was condensed into the NMR tu- angle Mo2N2N2C 1.9°, Table 6) results in a character-
bes prior to flame sealing. 2 [b] Solvent: CDCl3. istic puckering at the other positions of the seven-mem-

bered ring, which is also observed for the corresponding
entity in 12c (Figure 1, Table 6).While η3-coordination did not occur with 2, having three

pyrazolyl donor functions, it appeared probable that the ex- A peculiar feature of the structure of 12b is the formation
of a strong OH2N hydrogen bond between the danglingchange of one pz donor by a PPh2 group might favour the

facial coordination of ligands such as 10a. While 2 would arm pyrazolyl entity and the CH2OH group. The corre-
sponding N2O distance amounts to only 280 pm; the posi-form a chelate cage with three condensed eight-membered

chelate cycles, only one eight-membered cycle and two tion of the bridging hydrogen has been successfully refined
(Table 6).seven-membered cycles would result from the η3-coordi-

nation of 10a. However, reaction of 10a with A seven-membered ring is formed, with the OH group
and the pyrazolyl entity linked by the hydrogen bond (Fig-
ure 1). With the coplanarity of the H2N2N2C fragment
of this ring, its conformation is similar to that observed for
the chelate ring (for torsion angles, see Table 6). Since it
appears that in 12b (see also 12d) the OH proton competes
successfully with the metal in coordinating the second pyr-
azolyl function of 10a, η3-coordination of a ligand of the
type 10a might possibly have resulted when the OH func-
tion of 10a was transformed into the OEt function of 11.
However, it was found that 11 produces 12c when reacted(MeCN)3Mo(CO)3 affords 12b as the only isolable product.
with (MeCN)3Mo(CO)3, in which again only two donorThe presence of an Mo(CO)4 group in 12b is evident
functions coordinate to the metal center (Figure 1). Onefrom the ν(CO) bands, as well as from its mass spectrum
pyrazolyl donor and the ethoxy group remain uncoordi-(Table 5, Exp. Section). The formation of Mo(CO)4 deriva-
nated.tives from (MeCN)3Mo(CO)3 is well-documented in tripod

coordination chemistry[6] [21b]. The 1H-NMR spectrum of The conformation of the seven-membered chelate cycle
closely resembles that observed for 12b (for torsion angles,12b cannot be completely resolved at 200 MHz; neverthe-

less, the groups of signals show the expected integral ratios see Table 6). On the other hand, the rotational orientation
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Figure 1. Conformations as observed for 12b, 12c, and 12d in the Table 6. Selected bond lengths [pm], bond angles [°], and torsion

angles [°] for 12b, 12c, and 12d[a]solid state[a]

12b 12c 12d

Mo2P1 251.4 (1) 254.4 (2) 251.7 (1)
Mo2N22 (P2) 230.2 (2) 228.3 (4) 252.7 (1)
Mo2C41 200.6 (3) 197.2 (6) 198.1 (7)
Mo2C42 194.6 (3) 194.0 (5) 195.9 (5)
Mo2C43 204.1 (3) 2 2
Mo2C44 202.5 (3) 193.4 (5) 194.6 (5)
Mo2N4 2 222.0 (4) 220.6 (4)
P12Mo2N22 (P2) 88.4 (1) 88.0 (1) 84.1 (1)
N332H11 172 (6) 2 2
N332H112O1 143.3 (3) 2 2
Mo2P12C112C6 3.9 (2) 6.3 (3) 222.5 (5)
Mo2P12C172C12 252.3 (2) 270.8 (5) 64.4 (6)
Mo2P22C232C18 2 2 2.3 (4)
Mo2P22C292C24 2 2 82.1 (4)
C442Mo2P12C1 289.0 (1) 292.6 (2) 253.7 (2)
Mo2P12C12C4 61.7 (2) 62.7 (4) 233.0 (4)
P12C12C42C2 250.0 (2) 246.9 (5) 230.3 (5)
C12C42C22N2 (P2) 252.3 (3) 256.6 (5) 73.9 (5)
C42C22N2 (P2)2N22 (Mo) 91.6 (2) 93.4 (5) 244.6 (4)
C22N22N222Mo 1.9 (2) 5.5 (4) 2
(C22P22Mo2P1) 2 2 29.9 (3)
N22N222Mo2P1 251.5 (2) 252.5 (3) 2
(P22Mo2P12C1) 2 2 42.4 (2)
N222Mo2P12C1 7.0 (1) 5.5 (2) 2
C42C32N32N33 282.5 68.4 80.5
C32N32N332H11 15.0 2 2
N32N332H112O1 40.3 2 2
N332H112O12C5 7.9 2 2
H11 (C55)2O12C52C4 275.5 2164.9 2172.4
O12C52C42C3 43.7 255.1 262.2
C52C42C32N3 55.3 245.4 2174.9
C12C42C52O5 162.6 61.0 54.7
C22C42C32N3 170.9 71.3 258.1

[a] The numbering scheme is such that chemically equivalent atoms
have the same numbers in molecules 12b, 12c and 12d.

for 12c are roughly similar to those obtained for 12a (Tables
3, 4, and 5). With the structure of 12c known, this is an
indirect proof of the validity of the constitution assigned to
12a. The 1H-NMR data of 12c have been analysed in some
detail (Table 3). Since at 200 MHz the signals of the five
different types of CH2 groups of 12c are largely overlapped,

[a] The numbering scheme selected for compounds 12 allows direct a series of 2D-NMR experiments (see Exp. Section) was
comparison with the data given in ref. [6]. essential to allow complete assignment of all the individual

signals (Tables 3 and 4). A rather astonishing result of these
experiments was that the diastereotopic protons of theof the dangling arm functions is distinctly different from

the situation in 12b, where these donor functions are con- CH2P group were found to have their resonances separated
by about 1.5 ppm (Table 3). An equally large shift differencenected by a strong hydrogen bond (Table 6, Figure 1). Since

the conformations of the chelate rings in 12b and 12c are was observed for the two diastereotopic protons at the co-
ordinated CH2pz group (δ 5 4.28, 5.37, Table 3). The dan-nevertheless almost identical, this means that there is little

interference between the conformation of the chelate ring gling arm CH2pz entity has a more normal shift difference
(δ 5 4.10, 4.28, Table 3) between its diastereotopic pro-at the metal center and the orientation of the substituents

at C4 (Figure 1, Table 6). The spectroscopic data obtained tons[6]. The observed strong differentiation between the two
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hydrogens at the CH2 groups in the chelate ring calls for (Table 3). From the mass spectrum of 12d, the η2-coordi-

nation of the ligand is not apparent since, as with 12a andan explanation, since correspondingly large shift differences
have, to our knowledge, not hitherto been observed in com- 12c, the MeCN group is no longer present in the ions de-

tected; [10c ·Mo(CO)3
1] is the ion with the highest m/z ra-pounds of neopentane-based ligands, nor in coordination

compounds containing the CH2pz group as part of a li- tio observed.
gand[6] [24]. It is assumed that the magnetic anisotropy of

The given constitution of 12d was unequivocally proven
the dangling arm pyrazolyl entity is responsible for the ob-

by X-ray analysis. Small single crystals of 12d were obtained
served difference in the magnetic shielding of the CH2 by vapour-phase diffusion of petroleum ether (40/60) into
groups within the chelate ring.

the reaction mixture after it had been reduced to half of its
The two different types of pyrazolyl entities in 12c give

original volume. The crystals were found to be very sensi-
rise to several 1H resonances in the aromatic region [Table

tive to air and moisture, but could be subjected to X-ray
3; for the numbering scheme, see Figure 4 (Exp. Section)].

analysis when immersed in perfluorinated polyether oil and
The resonance of the central CH group at C4 is well-sepa-

immediately cooled to 270°C (Exp. Section). The coordi-
rated on the highfield side of this range. The resonance of

nation of the two phosphorus donors leads to the formation
this group is significantly shifted downfield upon coordi-

of a six-membered chelate cycle (Figure 1). The confor-
nation (Table 3). An unequivocal assignment of the reso-

mation of the chelate ring does not correspond to a distinct
nances of the CH groups at C3 and C5 was possible with

chair-type arrangement (almost Cs symmetric), which has
the combined application of 2D-NMR experiments (Tables

been observed in quite a number of related structures de-
3 and 4, Exp. Section). The 1H signals of the phenyl sub-

rived from neopentane-based tripod ligands in an η2-coor-
stituents at the phosphorus could also be fully assigned

dination mode[6] [25]. It does not conform to a twistboat ar-
(Table 3). The 13C-NMR spectrum of 12c shows an upfield

rangement either, which is again found in the structures of
shift for the methylene carbons bound to the coordinated

some closely related molecules[6] [25]. In this context, the
PPh2 and pyrazolyl entities and a downfield shift for the

structure of CH3C(CH2PPh2)2(CH2Cl)Mo(CO)4
[23b] is of

carbons of the coordinated pyrazolyl entity, while the 13C
interest, in which the chelate cycle adopts a distorted chair

signals of the non-coordinated CH2pz group exhibit no
conformation (P12C12C22P2 5 62.5°, see below). This

shift at all (compared to the free ligand, see Tables 2 and
compound was prepared in order to study the reactivity of

4). The information gleaned from these NMR experiments
the CH2Cl group with the phosphorus donors protected by

is important in so far as no data have hitherto been re-
an Mo(CO)4 entity 2 a strategy which has proved useful in

ported pertaining to the complete and absolute assignment
certain ligand syntheses[26]. Its structure was analysed in

of non-coordinated and coordinated pyrazolyl functions in
order to get some appraisal of the accessibility of the

the same coordination compound[24].
CH2Cl group to nucleophiles. The chlorine function has

The fact that 11, containing two pyrazolyl donor func-
been found to point outwards, away from the molybdenum

tions, acts only as a bidentate ligand, even though the OH
center[23b]. In contrast, the presence of two sterically de-

group, which competes with the metal coordination of one
manding functionalities (CH2pz, CH2OH) at the central

pyrazolyl donor in the reactions of 10a, is blocked as an
carbon atom in compound 12d leads to some irregular dis-

OEt function, indicates that η3-coordination of neopen-
tortion, which is best described as a chair conformation

tane-based tripod ligands will tolerate at most one pyrazolyl
with some twist, as indicated by the torsion angle

donor. An attempt was therefore made to coordinate 10c,
P12C12C22P2 of 35.8°. This angle is close to 0° for a

which contains one pyrazolyl and two phosphorus donors,
chair or boat conformation and around 70° for a pure twist-

in an η3-fashion to an Mo(CO)3 fragment. Again, under
boat (see above)[6]. This type of distortion of the chelate

standard conditions, only bidentate coordination of 10c was
ring in 12d has not previously been observed in the coordi-

observed, with the Mo(MeCN)(CO)3 fragment coordinated
nation chemistry of neopentane-based tripod ligands acting

to the two phosphorus donors of the ligand.
in an η2-coordination mode. One reason for the distortion
observed in 12d may be the fact that the pyrazolyl substitu-
ent and the OH group are both involved in intermolecular
hydrogen bonding. The individual molecules are linked by
this hydrogen bonding to form chains spiralling around the
21 axis, characterizing the symmetry of the crystal in the
space group P21/c. Figure 2 shows a projection illustrating
the arrangement in this infinite spiral.

In spite of the unconventional folding of the chelate ring
of 12d, the rotational position of the PPh2 moieties relativeThe presence of a dangling arm pyrazolyl function is

indicated by the 1H-NMR data, where the CH2pz group as to the idealized octahedral axis of the coordination poly-
hedron and the rotational position of the phenyl groupswell as the CH group at C4 of the pyrazolyl ring show their

resonances in the ranges expected for non-coordinated relative to the Mo2P axis are not dissimilar from those
observed in quite a number of other essentially similar com-CH2pz groups (cf. 12c, Table 5). The coordination of the

two phosphorus donors is evident from the 31P-NMR data pounds (Table 6)[6].
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Figure 2. Hydrogen bonding pattern as observed for 12d in the envelope [Table 5, expected idealized local C3 symmetry for

crystal[a]
this type of coordination of the Mo(CO)3 chromophore].
The coordination of the two phosphorus donors on the
other hand is clearly evident from the 31P-NMR data (Table
5). The fact that the pyrazolyl donor is coordinated as well
is at least not contradicted by the corresponding 1H-NMR
data (Table 3). The NMR data give convincing evidence for
the fact that the OH group is not coordinated to the metal
(Table 3).

Again, the constitution was unambiguously proved by an
X-ray analysis performed on well-formed needles obtained
from dichloromethane solutions of 13 by vapour-phase dif-
fusion with petroleum ether (40/60). Two crystallograph-
ically independent molecules 13 are observed in the crystal
(Figure 3). The overall conformations of the two molecules
are rather similar, as shown by the torsion angles given in
Table 7 (even the torsional positions of the aryl substituents
are almost equivalent in the two symmetrically independent
species within the crystal).

Figure 3. Conformation as observed for 13/1 in the solid state[a]

[a] For the sake of clarity, the aryl groups are represented by their
ipso-carbon atom only; for structural features of 12d see also Figure
1 and Table 6.

The idea that a tripod ligand of type A with only one
pyrazolyl donor group and two phosphorus donors should
be capable of η3-coordination appears to be ruled out at
first glance by the η2-coordination observed for 12d. How-
ever, it may be argued that the steric bulk introduced by the
3,5-dimethylphenyl substituents at P2 may be a factor in
favouring η2-coordination, which, as shown for the solid-
state structure of 12d, is then additionally stabilized by in-
termolecular hydrogen bonding. To verify this argument,
the reactivity of 10b towards (MeCN)3Mo(CO)3 was tested.
While with this ligand intermolecular hydrogen bonding

[a] 13/1 and 13/2 designate the two crystallographically independentmight also favour η2-coordination, the reduced steric de-
molecules in the crystal of 13. The structure of 13/2 corresponds

mand of 10b 2 two PPh2 groups instead of one PPh2 and in its overall arrangement to the structure shown for 13/1. The
numbering scheme chosen for 13 allows for the direct comparisonone P(3,5-Me2Ph)2 group 2 might successfully compete,
with the data given in ref. [6].such that η3-coordination could result. Such a facial coordi-

nation of 10b is in fact observed, with the Mo(CO)3 deriva- The relative arrangement of the aryl substituents is in
tive 13 being formed. accord with a pattern previously described for η3-coordi-

nated tripod ligands containing two PPh2 groups and one
nitrogen donor[6], even though the chelate cage of 13 con-
tains two seven-membered and only one six-membered cy-
cle, while the cages of comparable molecules[6] contain the
standard set of three condensed six-membered cycles. The
main difference between the two individual molecules 12
within the crystal is a different orientation of the CH2OH
group relative to the chelate cage (Table 7). This difference
in orientation results from the fact that, of the two indepen-The fact that the ligand 10b is coordinated in an η3-bind-

ing mode cannot, of course, convincingly be deduced from dent molecules, one is engaged as a proton donor in a hy-
drogen bond, with one carbonyl group of the other mol-the appearance of the molecular ion in the mass spectrum

(see above), nor is it proved by the observation of the νCO ecule acting as the proton acceptor. The interaction is very
weak (dO2O 5 299 pm, dO2H 5 229 pm, O2H2O 5IR pattern, even though this corresponds to the A1 1 E
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Table 7. Selected bond lengths [pm], bond angles [°] and torsion to this strain by increasing accordingly. The presence of

angles [°] for 13/1 and 13/2[a]
strain in the chelate cage of 13 is also indicated by the con-
formation of the six-membered chelate cycle, which, al-

13/1 13/2 though in a situation where the chelate cage consists of
three condensed six-membered rings, i.e. the normal tripodMo12P1 254.7 (2) 253.9 (2)
metal templates RCH2C(CH2X)(CH2Y)(CH2Z)M, is in-Mo12P2 250.7 (2) 250.9 (2)

Mo12N3 232.4 (5) 230.3 (5) variably found in an approximate boat arrangement[27]. In
Mo12C41 194.4 (6) 194.1 (6) 13, there is an appreciable twist in the boat conformationMo12C42 196.9 (7) 196.6 (6)
Mo12C43 192.5 (6) 191.7 (7) of this ring (P12C12C22P2 5 239.7°,
P12Mo12P2 82.9 (1) 82.8 (1) P1012C1012C1022P102 5 233.7°), which is similar to
P12Mo12N3 94.8 (1) 95.1 (1)

the twist observed in 12d, where steric strain was also in-P22Mo12N3 83.4 (1) 82.4 (1)
Mo12P12C12C4 36.8 (5) 32.9 (5) voked as an explanation (see above).
Mo12P22C22C4 42.9 (5) 37.5 (5)
Mo12N32C32C4 49.0 (5) 46.4 (5)

ConclusionsP12C12C22P2 239.7 233.7
C12C42C52O1 260.7 55.6

1. It is found that pyrazolyl as well as imidazolyl donorsMo12P12C112C6 260.1 (5) 277.1 (5)
Mo12P12C172C12 11.2 (6) 2.3 (6) may be incorporated into neopentane-based tripod ligands
Mo12P22C232C18 2169.1 (4) 2159.4 (5) by means of nucleophilic substitution reactions with potas-Mo12P22C292C24 2100.9 (5) 2100.7 (5)

sium pyrazolate and potassium imidazolate, respectively.Hz12P12C112C6 228.9 245.1
Hz12P12C172C12 244.6 252.6 2. It is shown that the oxetane ring of substituted oxet-
Hz22P22C232C18 142.0 154.6 anes O(CH2)2C(CH3)(CH2X) undergoes aminolytic cleav-Hz22P22C292C24 258.5 256.7

age to furnish CH3C(CH2X)(CH2Y)(CH2OH) systems,
with X being an amine or a pyrazolyl substituent and Y[a] The numbering scheme adopted for 13/2 relates chemically equi-

valent atoms by adding 100 to the numbers used in 13/1 (not inclu- being an amine function.
ding molybdenum). The torsion angles given refer to a selection of 3. It is demonstrated that starting from O(CH2)2-enantiomers such that the skew of the chelate scaffolding has the

C(CH2Br)(CH2OMs), by selective substitution of thesame sense for both individual molecules.
nucleophugic groups and subsequent nucleophilic cleavage
of the oxetane moiety, chiral tripod ligands

144.2°), but is clearly present, as found in the solid-state HOCH2C(CH2PR2)(CH2Y)(CH2Z) with mixed nitrogen/
structure. The OH group of the second molecule shows no phosphorus donor sets may be obtained.
close contacts to other hydrogen-accepting positions within 4. It is observed that potential tripod ligands HOCH2-
the crystal. C(CH2pz)32n(CH2PR2)n tend to act as bidentate chelate li-

The interatomic distances within the five individual mol- gands when less than two phosphorus donors are present.
ecules (12b2d and two molecules 13/1 and 13/2 in the crys- The size of the chelate ring is invoked as an explanation,
tal of 13) are in rather close agreement. The Mo2P bond with this argument being corroborated by X-ray analysis.
lengths span a range approximately between 250 and 255

We are grateful to the German Science Foundation (DFG), SFBpm (Tables 6 and 7). The Mo2N distances to the pyrazolyl
247, the VW Foundation (Stiftung Volkswagenwerk), and the Fondsdonors are similarly found in a narrow range (2282233
der Chemischen Industrie for financial support. The author would

pm), while the coordinated acetonitriles in 12c and 12d especially like to thank F. Rominger for help with the data collec-
show significantly shorter Mo2N distances (2202222 pm). tion for the X-ray structure analysis of 12b and 12c. The technical
The Mo2C(CO) distances are in the usual range. A signifi- support by Th. Jannack (mass spectrometry) and the Microana-
cant shortening of the Mo2C(CO) bond trans to to the lytical Laboratory of the Institute of Organic Chemistry is grate-

fully acknowledged.pyrazolyl donor is observed in all molecules (Mo2C42 for
12b2d, Mo2C43 for 13/1, 13/2). The Mo2C(CO) bonds
trans to the acetonitrile ligands are also significantly shorter Experimental Section
(Mo2C44 in 12c/d) than the Mo2C(CO) bonds that are All manipulations involving phosphanes were carried out under
trans to an Mo2P bond. This observation reflects the an argon atmosphere by means of standard Schlenk techniques and
higher donor/acceptor ratio of the nitrogen donors relative were monitored by TLC (Macherey-Nagel & Co., Polygram SIL G/

UV254). 2 The aminolytic cleavage of oxetanes was carried out into a phosphane ligand. The bite angles P2Mo2N and
an HR 100 stainless steel high-pressure laboratory reactor (Berg-P2Mo2P, respectively, span a range between 82° and 95°
hof/Maasen GmbH) equipped with inlet and outlet valves and a(Tables 6 and 7); angles smaller than 90° are generally ob-
manometer. 2 The bulb-to-bulb distillations were performed in aserved. An angle of over 90° occurs only in 13, where in
kugelrohr apparatus (Büchi). 2 All solvents were dried by standardboth of the two independent molecules one of the
methods[28] and distilled under argon. The solvents CDCl3 andP2Mo2N angles has a value around 95°. This large angle
CD2Cl2 used for the NMR spectroscopic measurements were de-

appears to be the result of the steric strain within the seven- gassed by three successive “freeze-pump-thaw” cycles and dried
membered chelate cycles. This strain leads to a folding of over 4 A

˚
molecular sieves. 2 NMR: Bruker Avance DPX 200 at

these cycles (Figure 3), which increases the steric burden on 200.13 MHz (1H), 50.323 MHz (13C{1H}), 81.015 MHz (31P{1H}),
one of the phosphorus donors (P1), while relieving the bur- T 5 298 K, chemical shifts (δ) in ppm with respect to CHCl3 (1H:

δ 5 7.27, 13C: δ 5 77.0) and CH2Cl2 (1H: δ 5 5.32, 13C: δ 5 53.5)den on the other (P2). The angle P12Mo2N33 responds
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as internal standards. 31P chemical shifts (δ) in ppm with respect and 1.11 g (4.1 mmol, 46%) of 2 was obtained as colourless needles

(2002250°C/0.5 mbar). 2 MS (EI); m/z (%): 270 (10) [M1], 189to 85% H3PO4 (31P: δ 5 0) as external standard. 2 2D-NMR
experiments: DQF-COSY[29a], TOCSY[29b], NOESY[29c], (100) [M1 2 CH2pz], 121 (59) [M1 2 CH2pz 2 pz], 81 (45)

[CH2pz1]. 2 C14H18N6 (270.34): calcd. C 62.19, H 6.71, N 31.10;HMQC[29d], and HMBC[29e] experiments were performed in order
to allow the complete assignment of protons and carbons in 12c. found C 61.86, H 6.88, N 29.90.
2 IR: Bruker FT-IR IFS-66, CaF2 cells. 2 MS (EI): Finnigan 1,1,1-Tris(imidazol-1-yl-methyl)ethane (3): 4.08 g (60 mmol) of
MAT 8320; fast-atom bombardment (FAB) xenon, matrix: 4-nitro- imidazole was dissolved in 120 ml of DMSO and deprotonated at
benzyl alcohol. 2 Melting points: Gallenkamp MFB-595 010; un- 0°C with 6.73 g (60 mmol) of KOtBu. After warming to room
corrected values. 2 Elemental analyses: Microanalytical Labora- temperature, 1.76 g (10 mmol) of tris(chloromethyl)ethane 1 in 10
tory of the Organisch-Chemisches Institut, Universität Heidelberg. ml of DMSO was added. The resulting mixture was stirred for 14
The procedures used for determining the carbon content often give h at 120°C. The solution was then cooled and the DMSO was
falsely low values when Mo is present in a compound owing to the evaporated in vacuo (1021 mbar). 70 ml of water was added to the
formation of incombustible Mo carbide; nitrogen values generally reddish-brown residue. After stirring for 20 min, the brown solution
tend to be to low as well. 2 The silica gel (Kieselgel z.A. 0.0620.2 was extracted with 30 ml portions of THF (53) and subsequently
mm, J. T. Baker Chemicals B.V.) used for chromatography was de- with 20 ml portions of dichloromethane (33). The combined or-
gassed at 1 mbar for 24 h and saturated with argon. A solution of ganic phases were dried over MgSO4, filtered, and concentrated in
2.5  nBuLi in hexanes was used for deprotonations. Mo(CO)6 was vacuo (1021 mbar). The resulting orange-coloured oil was divided
sublimed before use. 1 [9], (MeCN)3Mo(CO)3

[22], 4 [19] and 8 [5d] were into three portions, which were separately purified by bulb-to-bulb
prepared according to literature procedures. All other chemicals distillation. 0.35 g (1.3 mmol, 13%) of 3 as colourless crystals
were obtained from commercial suppliers and used without (230°C/0.02 mbar) was obtained. 2 MS (EI); m/z (%): 271 (67)
further purification. [M1], 189 (28) [M1 2 CH2imidazole], 121 (100) [M1 2 CH2imida-

zole 2 imidazole], 81 (81) [CH2imidazole1]. 2 C14H18N6 (270.34):Figure 4. NMR numbering scheme for the pyrazolyl ring[24]

calcd. C 62.19, H 6.71, N 31.10; found C 61.75, H 6.57, N 30.67.

3-Methyl-3-(3,5-dimethylpyrazol-1-yl-methyl)oxetane (5a); 4.80 g
(60 mmol) of 3,5-dimethylpyrazole was dissolved in 150 ml of THF
and deprotonated at 0°C with 6.74 g (60 mmol) of KOtBu. The
solution was then allowed to warm to room temperature. In a sec-
ond flask, 9.00 g (50 mmol) of 3-methyl-3-(methylsulfonyloxymeth-
yl)oxetane 4 in 100 ml of THF was cooled to 0°C. The potassium

X-ray Structure Determinations: Suitable crystals were taken di- pyrazolate solution was then added and the reaction mixture was
rectly out of the mother liquor, immersed in perfluorinated poly- refluxed for 4 h. The jelly-like mixture was then quenched by the
ether oil and fixed to a glass capillary at 200 K. The measurements addition of 50 ml of water and the aqueous phase was extracted
for 12d and 13 were carried out on a Siemens P4 four-circle dif- with 30 ml portions of diethyl ether (23). The combined organic
fractometer (equipped with a low temperature device) with graph- phases were washed with brine, dried over MgSO4, filtered, and
ite-monochromated Mo-Kα radiation. The measurements for 12b distilled through a 20 cm Vigreux column at 1 mbar. 6.85 g (38
and 12c were carried out on a Siemens CCD/SMART System mmol, 76%) of 9a was obtained as a colourless oil (b.p.
(equipped with a low temperature device) also with graphite-mo- 1282133°C, 1 mbar). 2 1H NMR (CDCl3): δ 5 1.18 (s, 3 H,
nochromated Mo-Kα radiation. All calculations were performed CqCH3), 2.13, 2.15 (2s, 6 H, pzCH3), 4.05 (s, 2 H, CH2pz), 4.29,
using the SHELXT-PLUS[30] software package. Structures were 4.70 (2d, 4 H, oxetane-CH2, 2JHH 5 5.8 Hz), 5.72 [s, 1 H,
solved by direct methods with the SHELXS-86 program[30a] and CH(4)pz]. 2 13C NMR (CDCl3): δ 5 11.8, 13.9 (2s, pzCH3), 22.3
refined with the SHELX-93 program[30b]. Graphical handling of (s, CqCH3), 41.5 (s, Cq), 54.5 (s, CH2pz), 81.0 (s, oxetane-CH2),
the structural data during solution and refinement was performed 105.2 [s, C(4)pz], 139.5 [s, C(5)pz], 148.0 [s, C(3)pz]. 2 MS (EI);
with XPMA[31]. An absorption correction (ψ-scan, ∆ψ 5 10°) was m/z (%): 180 (30) [M1], 149 (55) [M1 2 CHO], 109 (100) [CH2pz1],
applied to the data for 12d and 13. An empirical absorption correc- 96 (22) [pz1]. 2 C10H16N2O·1/3 H2O* (180.25): calcd. C 64.49, H
tion was applied in the cases of 12b and 12c. Atomic coordinates 9.02, N 15.04; found C 64.47, H 9.05, N 15.05. *The water content
and anisotropic parameters of the non-hydrogen atoms were re- was inferred from the analytical results, which were well reproduc-
fined by full-matrix least-squares calculations. Data for the struc- ible.
ture determination are compiled in Table 8.

3-Azidomethyl-3-methyloxetane (5b): 18.0 g (0.1 mol) of 3-
methyl-3-(methylsulfonyloxymethyl)oxetane 4 and 19.0 g (0.3 mol)Ligand Synthesis
of NaN3 were dissolved in 300 ml of DMSO. This mixture was1,1,1-Tris(pyrazol-1-yl-methyl)ethane (2): 3.40 g (50 mmol) of
stirred vigorously for 30 h at 120°C. After cooling to room tem-pyrazole was dissolved in 100 ml of DMSO and deprotonated at
perature, 600 ml water was added and the solution was carefully0°C with 5.61 g (50 mmol) of KOtBu. After warming to room
extracted with 100 ml portions of diethyl ether (43). The combinedtemperature, 1.58 g (9 mmol) of tris(chloromethyl)ethane 1 in 10
organic phases were concentrated in vacuo (1021 mbar) to half ofml of DMSO was added. The resulting mixture was stirred for 12
the initial volume (CAUTION: explosive). A sample of 1 ml wash at 120°C. The solution was then cooled and the DMSO was
concentrated to dryness at 1022 mbar (0°C) in order to obtain spec-evaporated in vacuo (1021 mbar). 60 ml of water was added to the
troscopic data of 5b. 2 IR (Et2O): ν̃ 5 2103 (s, 2N3). 2 1H NMRoily brown residue and after stirring for 20 min., the brown solution
(CDCl3): δ 5 1.28 (s, 3 H, CH3), 3.48 (s, 2 H, CH2N), 4.31, 4.39was extracted with 50 ml portions of diethyl ether (53). The com-
(2d, 4 H, 2JHH 5 6.0 Hz, oxetane-CH2). 2 13C NMR (CDCl3): δ 5bined organic phases were concentrated in vacuo (1021 mbar). The
23.1 (s, CH3), 40.5 (s, Cq), 58.1 (s, CH2N), 79.6 (s, oxetane-CH2).brown residue was divided into three portions, which were sepa-

rately purified by bulb-to-bulb distillation. After removing the 3-Aminomethyl-3-methyloxetane (5c): 23.7 g (90 mmol) of PPh3

was added slowly to a well-stirred ethereal solution of 5b. Evolutionpyrazole at 120°C (0.5 mbar), the temperature was raised further

Eur. J. Inorg. Chem. 1998, 6752692 687



Albrecht Jacobi, G. Huttner, U. Winterhalter, S. CunskisFULL PAPER
Table 8. Crystal data for 12b, 12c, 12d, and 13

Compound 12b 12c 12d 13

Formula C27H25N4O5PMo C30H32N5O4PMo C41H43N3O4P2Mo ? C35H32N2O4P2Mo ?
0.5 CH2Cl2 ? 1.5 MeOH 2 CH2Cl2

molecular mass [g] 612.43 653.53 799.71 702.54
crystal size [mm] 0.3 3 0.3 3 0.3 0.3 3 0.3 3 0.2 0.05 3 0.05 3 0.2 0.3 3 0.3 3 0.2
crystal system triclinic monoclinic monoclinic triclinic
space group (No.) [30c] P1

¯
(2) P21/n (14) P21/c (14) P1

¯
(2)

a [pm] 936.62(2) 908.9(5) 1612.76(2) 1021.2(2)
b [pm] 1065.85(1) 2005.2(3) 1183.87(1) 1649.3(4)
c [pm] 1479.42(2) 1634.8(4) 2470.21(1) 2078.4(7)
α [°] 72.90(1) 90 90 93.02(2)
β [°] 72.12(1) 92.38(4) 93.71(1) 92.63(2)
γ [°] 72.94(1) 90 90 90.70(2)
V [106 pm3] 1309.6(1) 2976.9(2) 4706.5(1) 3491.7(2)
Z 2 4 4 4
dx [g cm23] 1.553 1.447 1.242 1.494
µ [mm21] 0.61 0.54 0.45 0.66
transition (min) 0.80 0.81 0.90 0.78
transition (max) 0.92 0.87 0.99 0.90
T [K] 200 200 200 200
no. rflns. for cell all 25 all 26
param. refinm.
scan range 6.4° # 2Θ # 54.6° 4.8° # 2Θ # 51.0° 3.3° # 2Θ # 51.8° 3.9° # 2Θ # 48.1°
scan speed [° min21] 2 ω 5 6 2 ω 5 12
no. rflns. measured 6881 5964 20889 11468
no. unique rflns. 5039 5531 7791 10683
no. rflns. observed 4730 4005 6519 7306
observation criterion I $ 2σ I $ 2σ I $ 2σ I $ 2σ
no. param. refined 443 462 514 868
resid. el. density [1026 e pm23] 0.57 0.59 1.39[a] 0.71
R1/Rw [%] (refinement on F2) 3.1/10.4 5.5/11.3 6.1/23.6[a] 5.3/11.8

[a] Due to badly resolved, disordered solvent molecules.

of nitrogen was observed over a period of two hours. The reaction C4H9], 115 (100) [NBoc1]. 2 C10H19NO3 (201.27): calcd. C 59.68,
H 9.52, N 6.96; found C 59.63, H 9.57, N 6.89.mixture was then stirred at room temperature for 10 h [reaction

control: 31P NMR: PPh3, δ 5 27.2, imidophosphorane (R2N5

PPh3), δ 5 110.6; IR: ν̃ 5 2103 (s, R2N3)]. Subsequently, addition
3-(tert-Butyloxycarbonyl)(trimethylsilyl)aminomethyl-3-methyl-of 1.8 ml of water and refluxing for two hours led to cleavage of

oxetane (D): Deprotonation of Boc-5c with 1 equiv. of nBuLi inthe imidophosphorane (reaction control: 31P NMR: O5PPh3, δ 5
THF at 270°C followed by addition of 1.2 equiv. TMSCl yielded128.2). The solvent was removed under reduced pressure (100
D after removal of the solvent in vacuo (1021 mbar). 2 1H NMRmbar) using a trap (270°C). The residue was distilled through a
(CDCl3): δ 5 0.28 (s, 9 H, SiMe3), 1.37 (s, 3 H, CqCH3), 1.51 (s,10 cm Vigreux column at 20 mbar while the head was cooled to
9 H, Boc), 3.18 (s, 2 H, CH2N), 4.18, 4.68 (2d, 4 H, 2JHH 5 5.8210°C (using a cryostat) and the collecting flask was ice-cooled.
Hz, oxetane-CH2).9.1 g (82 mmol, 82%) 5c was obtained as a colourless oil; b.p. of

40°C (20 mbar). 2 1H NMR (CDCl3): δ 5 1.21 (s, 3 H, CH3), 2.86
(s, 2 H, CH2N), 4.35, 4.41 (2d, 4 H, 2JHH 5 5.8 Hz, oxetane-CH2). 3-Phthalimidomethyl-3-methyloxetane (B): 9.0 g (50 mmol) of 3-
2 13C NMR (CDCl3): δ 5 21.1 (s, CH3), 40.4 (s, Cq), 49.1 (s, methyl-3-(methylsulfonyloxymethyl)oxetane 4 and 10.2 g (55
CH2S), 80.2 (s, oxetane-CH2). 2 MS (EI), m/z (%): 129 (9) mmol) of potassium phthalimide were dissolved in 400 ml of
[M1 ·H2O], 101 (10) [M1]. 2 C5H11NO·1/10 DMSO/H2O* DMSO. This mixture was stirred vigorously for 4 h at 120°C. After
(110.76): calcd. C 56.39, H 10.74, N 12.65; found C 56.29, H 10.97, cooling to 50°C, the DMSO was removed in vacuo (1021 mbar)
N 12.91. *The DMSO content was estimated by NMR; the water and 50 ml of water was added to the residue. The product was
content was inferred from elemental analysis. extracted with 40 ml portions of dichloromethane (43). The com-

bined organic phases were washed with brine, dried over MgSO4,3-(tert-Butyloxycarbonyl)aminomethyl-3-methyloxetane (Boc-
5c): Boc-protection of 5c was carried out on a 25 mmol sample filtered, and concentrated at 1021 mbar. The resulting light-yellow

oil crystallized after 2 h at 0°C. 10.3 g (44.6 mmol, 89%) of B wasaccording to a previously published procedure[6]. After work-up,
Boc-5c was obtained as a colourless oil, which could be crystallized obtained as colourless needles after washing the crystalline material

with portions of petroleum ether (40/60) (3 3 20 ml). 2 1H NMRby overlayering a dichloromethane solution with petroleum ether
(40/60). After two days, 4.07 g (20 mmol, 81%) of Boc-5c was iso- (CDCl3): δ 5 1.29 (s, 3 H, CqCH3), 3.80 (s, 2 H, CH2N), 4.27, 4.64

(2d, 4 H, 2JHH 5 6.2 Hz, oxetane-CH2), 7.6627.81 (m, 4 H, aro-lated in the form of colourless needles. 2 1H NMR (CDCl3): δ 5

1.26 (s, 3 H, CqCH3), 1.42 (s, 9 H, Boc), 3.26 (d, 2 H, 3JHH 5 6.4 mat. H). 2 13C NMR (CDCl3): δ 5 22.6 (s, CqCH3), 41.1 (s, Cq),
44.7 (s, CH2N), 80.9 (s, oxetane-CH2), 123.62134.5 (aromat. C). 2Hz, CH2N), 4.31, 4.43 (2d, 4 H, 2JHH 5 5.8 Hz, oxetane-CH2),

5.25 (bs, 1 H, NH). 2 13C NMR (CDCl3): δ 5 22.3 (s, CqCH3), MS (EI), m/z (%): 231 (67) [M1], 201 (100) [M1 2 CH2O]. 2

C13H13NO3 (231.25): calcd. C 67.52, H 5.67, N 6.06; found C 67.25,28.7, 79.7, 158.1 (3s, Boc), 40.5 (s, Cq), 47.4 (s, CH2N), 80.5 (s,
oxetane-CH2). 2 MS (EI), m/z (%): 201 (2) [M1], 145 (69) [M1 2 H 5.66, N 6.05.
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The aminolytic cleavage of the oxetanes 5a and 5c was performed Preparation of 7a and 7b: The transformation of alcohol func-

tions into PPh2 groups was performed according to a previouslyin an autoclave (see above) according to a previously published pro-
cedure[6]. published procedure[6].

(±)-2-Dimethylaminomethyl-2-(3,5-dimethylpyrazol-1-yl- 2-(Dimethylaminomethyl)-2-(diphenylphosphanylmethyl)-2-(3,5-
methyl)-2-methylpropan-1-ol (6a) and 2-Methyl-2-(3,5-dimethylpy- dimethylpyrazol-1-ylmethyl)ethane (7a): Activation of 6a [6] (fraction
razol-1-yl-methyl)propane-1,3-diol (6b): 9.0 g (50 mmol) of 5a was I, see above) and subsequent substitution with LiPPh2 gave, after
heated in an aqueous dimethylamine solution. After one week at flash chromatography, 1.58 g (4 mmol, 33%) of a very viscous oil.
40 bar and 170°C, a product mixture of 6a/6b in an overall yield 2 Rf 5 0.2 (PE/Et2O, 2:1). 2 31P NMR (CDCl3): δ 5 227.0 (s).
of around 40% was obtained. The products 6a/6b could not be 2 MS (EI); m/z (%): 393 (14) [M1], 335 (34) [M1 2 CH2NMe2],
completely separated by distillation through a 20 cm Vigreux col- 239 (14) [M1 2 CH2NMe2 2 3,5-Me2pz], 183 (30) [PPh2

1], 98 (39)
umn (1021 mbar). Two fractions were collected above 100°C (I: [3,5-Me2pz1], 58 (100) [CH2NMe2

1]. 2 C24H32N3P (393.51): calcd.
3.05 g, 1302150°C, 6a/6b ratio 5 4:1 and II: 1.81 g, 1502165°C, C 73.25, H 8.20, N 10.68, P 7.87; found C 72.05, H 8.30, N 10.14,
6a76b ratio 5 1:5; ratios estimated from 1H-NMR data). P 7.55.

(±)-2-Aminomethyl-2-dimethylaminomethyl-2-methylpropan-1-ol 2,2-Bis(diphenylphosphanylmethyl)-2-(3,5-dimethylpyrazol-1-
(6c): 2.22 g (20 mmol) of 5c was heated in an aqueous dimethyl- ylmethyl)ethane (7b): Activation of 6b [6] (fraction II, see above) and
amine solution. The reaction was complete after 48 h at 30 bar and subsequent substitution with LiPPh2 gave, after flash chromatogra-
140°C. After work-up, distillation through a micro Vigreux column phy, 1.71g (3.2 mmol, 40%) of 7b as a viscous oil. 2 Rf 5 0.6 (PE/
in vacuo yielded 1.31 g (9 mmol, 45%) of 6c as a colourless oil, Et2O, 2:1). 2 31P NMR (CDCl3): δ 5 227.3 (s). 2 MS (EI); m/z
b.p. 56°C (1.4 mbar). 2 1H NMR (CDCl3): δ 5 0.77 (s, 3 H, (%): 534 (20) [M1], 457 (100) [M1 2 Ph], 349 (5) [M1 2 CH2PPh2],
CqCH3), 2.27 (s, 6 H, NMe2), 2.37 (m, 2 H, CH2N), 2.57, 2.80 199 (8) [CH2PPh2

1], 185 (13) [PPh2
1], 78 (4) [Ph1]. 2 C34H36N2P2

(2bd, 2 H, 2JHH 5 12.6 Hz, CH2N), 2.95 (bs, 2 H, NH2), 3.53 (bs, (534.62): calcd. C 76.39, H 6.79, N 5.24, P 11.59; found C 75.79,
2 H, CH2O). 2 13C NMR (CDCl3): δ 5 20.0 (s, CqCH3), 40.0 H 7.00, N 5.01, P 11.42.
(s, Cq), 48.3, 67.2 (s, CH2N), 48.8 (s, NMe2), 71.1 (s, CH2O). 2

3,3-Bis(pyrazol-1-ylmethyl)oxetane (9a): 7.49 g (110 mmol) ofC7H18N2O·1/4 H2O (146.23): calcd. C 55.78, H 12.37, N 18.58;
pyrazole was dissolved in 300 ml of THF and deprotonated at 0°Cfound C 55.67, H 11.68, N 18.25.
with 12.35 g (110 mmol) of KOtBu. After warming to room tem-

(±)-2-(tert-Butyloxycarbonyl)aminomethyl-2-dimethyl- perature and stirring for 20 min., a white precipitate of potassium
aminomethyl-2-methylpropan-1-ol (Boc-6c): Boc-protection of 6c pyrazolate was formed. This suspension was added at 0°C to a
was carried out on a 6.4 mmol sample according to a previously solution of 12.96 g (50 mmol) of 8 in 200 ml of THF and the
published procedure[6]. After work-up, Boc-6c was obtained as a reaction was completed by refluxing for 4 h. The jelly-like mixture
colourless oil, which solidified after a few days at 0°C yielding 1.56 was then quenched by the addition of 100 ml of water and the
g (6.3 mmol, 99%) of Boc-6c as colourless crystals. 2 1H NMR aqueous phase was extracted with 50 ml portions of diethyl ether
(CDCl3): δ 5 0.83 (s, 3 H, CqCH3), 1.48 (s, 9 H, Boc), 2.29 (m, 2 (23). The combined organic phases were washed with brine, dried
H, CH2N), 2.34 (s, 6 H, NMe2), 2.93 (bs, 1 H, NH), 3.16, 3.45 (2m, over MgSO4, filtered, and distilled through a 20 cm Vigreux col-
4 H, CH2N, CH2OH), 5.01 (bs, 1 H, OH). 2 13C NMR (CDCl3): umn. 8.90 g (41 mmol, 82%) of 9a was obtained as a pale-yellow
δ 5 20.0 (s, CqCH3), 28.8, 79.8, 158.5 (3s, Boc), 40.7 (s, Cq), 45.6, oil (b.p. 1382145°C, 1021 mbar). 2 1H NMR (CDCl3): δ 5 4.31
67.6, 68.9 (3s, CH2N, CH2O), 49.0 (s, NMe2). 2 MS (EI), m/z (%): (s, 4 H, oxetane-CH2), 4.68 (s, 4 H, CH2pz), 6.23 [t, 2 H, 3JHH 5
246 [M1], 173 [M1 2 C4H9O]. 2 C12H26N2O3 (246.35): calcd. C 2 Hz, CH(4)pz], 7.37 [d, 2 H, 3JHH 5 2 Hz, CH(3)pz], 7.52 [d, 2
58.51, H 10.64, N 11.37; found C 58.25, H 10.51, N 11.07. H, 3JHH 5 2 Hz, CH(5)pz]. 2 13C NMR (CDCl3): δ 5 45.4 (s,

Cq), 54.3 (s, CH2pz), 78.0 (s, oxetane-CH2), 105.6 [s, C(4)pz], 131.42-Aminomethyl-2-methylpropane-1,3-diol (E): 3.95 g (19 mmol) of
[s, C(5)pz], 140.5 [s, C(3)pz]. 2 MS (EI); m/z (%): 218 (18) [M1],2-benzylaminomethyl-2-methylpropane-1,3-diol [6] was dissolved in
188 (99) [M1 2 OCH2], 137 (57) [M1 2 CH2pz], 120 (100) [M150 ml of methanol. 0.6 g of 10% Pd/C was added and the mixture
2 OCH2 2 pz], 81 (96) [CH2pz1], 69 (42) [pzH1]. 2 C11H14N4Owas stirred under 60 bar H2 pressure at 60°C for 12 h (the reaction
(218.26): calcd. C 60.53, H 6.47, N 25.67; found C 58.98, H 6.46,was monitored by 1H NMR). The catalyst was then removed by
N 24.98.filtration and the residue was distilled through a micro Vigreux

column. 1.65 g (13.9 mmol, 73%) of E was obtained as a colourless 3-(Diphenylphosphanylmethyl)-3-(pyrazol-1-ylmethyl)oxetane
oil (b.p. 63265°C, 23 mbar). 2 1H NMR (CDCl3): δ 5 0.76 (s, 3 (9b): 1.63 g (24 mmol) of pyrazole was dissolved in 100 ml of THF
H, CqCH3), 2.80 (s, 2 H, CH2N), 3.58 (bs, 4 H, CH2OH). 2 13C and deprotonated at 0°C with 2.69 g (24 mmol) of KOtBu. After
NMR (CDCl3): δ 5 18.3 (s, CqCH3), 40.1 (s, Cq), 48.2 (s, CH2N), warming to room temperature, a white precipitate of potassium
68.8 (s, CH2OH). 2 MS (EI), m/z (%): 120 [M1]. 2 C5H13NO2 pyrazolate was formed. This suspension was added at 0°C to a
(119.16): calcd. C 50.40, H 11.60, N 11.75; found C 49.59, H 10.41, solution of 12.96 g (50 mmol) of 8 in 200 ml of THF and the
N 10.75. reaction was completed by refluxing for 5 h. In another flask, 7.44

g (40 mmol) of HPPh2 was dissolved in 50 ml of THF and depro-2-(tert-Butyloxycarbonyl)aminomethyl-2-methylpropane-1,3-diol
(Boc-E): Boc-protection of E was carried out on a 10 mmol sample tonated with 4.49 g (40 mmol) of KOtBu at 0°C. After warming

to room temperature and stirring for 20 min., the red potassiumaccording to a previously published procedure[6]. After work-up,
2.1 g (9.6 mmol, 96%) of Boc-E was obtained as a colourless, mic- phosphide solution was added dropwise to the first reaction mix-

ture, which was maintained at 0°C. After warming to room tem-rocrystalline solid. 2 1H NMR (CDCl3): δ 5 0.76 (s, 3 H, CqCH3),
1.48 (s, 9 H, Boc), 3.24 (d, 2 H, 3JHH 5 7.0 Hz, CH2N), 3.42, 3.55 perature and stirring for 10 h (the phosphide substitution was

monitored by TLC), the then yellow solution was quenched by the(2d, 4 H, 2JHH 5 11.4 Hz, CH2OH), 3.83 (bs, 1 H, NH). 2 13C
NMR (CDCl3): δ 5 17.9 (s, CqCH3), 28.7, 80.7, 158.5 (3s, Boc), addition of 100 ml of deoxygenated water. The aqueous phase was

extracted with 50-ml portions of diethyl ether (23). The combined41.4 (s, Cq), 43.8 (s, CH2N), 68.5 (s, CH2OH). 2 MS (EI), m/z (%):
220 (13) [M1], 56 (100) [C4H8

1]. 2 C10H21NO4 (219.28): calcd. C organic phases were washed with deoxygenated brine, dried over
MgSO4, filtered, and concentrated in vacuo. The resulting viscous54.77, H 9.65, N 6.39; found C 54.73, H 9.69, N 6.22.
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oil was purified by column chromatography on silica gel using washed with deoxygenated brine, dried over MgSO4, filtered, and

concentrated in vacuo yielding the crude products as colourlesspetroleum ether (40/60)/diethyl ether (1:1) as eluent to obtain 3.32
g (10 mmol, 49%) of 9b as a colourless, microcrystalline powder. oils.
2 Rf 5 0.1 2 1H NMR (CDCl3): δ 5 2.43 (bs, 2 H, CH2P), 4.50

3-(Diphenylphosphanyl)-2,2-bis(pyrazol-1-ylmethyl)propan-1-ol(2d, 4 H, CH2O, 2JHH 5 6.4 Hz), 4.65 (s, 2 H, CH2N), 6.23 [t, 1
(10a): The crude product was purified by column chromatographyH, 3JHH 5 2 Hz, CH(4)pz], 7.31 [d, 1 H, 3JHH 5 2 Hz, CH(3)pz],
on silica gel using petroleum ether (40/60)/diethyl ether (1:1) and7.3527.49 (10 H, aromat. H), 7.55 [d, 1 H, 3JHH 5 2 Hz,
pure diethyl ether (after elution of HPPh2) to obtain 5.57 g (13.8CH(5)pz]. 2 13C NMR (CDCl3): δ 5 34.7 (d, CH2P), 44.1 (d, Cq),
mmol, 81%) of 10a as a colourless, microcrystalline powder. 2 Rf 556.9 (s, CH2N), 80.3 (d, CH2O), 105.6 [s, C(4)pz], 129.02140.3
0.15 (Et2O) 2 31P NMR (CDCl3): δ 5 229.0 (s). 2 MS (EI); m/z(aromat. C), 131.1 [s, C(5)pz], 140.3 [s, C(3)pz]. 2 31P NMR
(%): 403 (96) [M1], 323 (68) [M1 2 CH2pz], 255 (91) [M1 2(CDCl3): δ 5 226.8 (s). 2 MS (EI); m/z (%): 336 (29) [M1], 305
CH2pz 2 pz], 199 (82) [CH2PPh2

1], 121 (100) [CHPPh1], 81 (38)(48) [M1 2 OCH2], 199 (40) [CH2PPh2
1], 183 (100) [M1 2 PPh2],

[CH2pz1]. 2 C23H25N4OP (404.45): calcd. C 68.30, H 6.23, N121 (73) [M1 2OCH2 2CH2PPh2], 81 (26) [CH2pz1]. 2
13.85, P 7.66; found C 68.31, H 6.40, N 13.17, P 7.53.C20H21N2OP (336.37): calcd. C 71.41, H 6.29, N 8.33, P 9.21; found

C 71.34, H 6.48, N 8.32, P 9.16. 2,2-Bis(diphenylphosphanylmethyl)-3-(pyrazol-1-yl)propan-1-ol
(10b): The crude product was purified by column chromatography3,3-Bis(azidomethyl)oxetane (9c) [20a]: Compound 9c was pre-
on silica gel using petroleum ether (40/60)/diethyl ether (3:2) andpared as described for compound 5b (see above). Starting with 12.9
pure diethyl ether (after elution of HPPh2) to obtain 2.78 g (5.3g (50 mmol) of 8, two equiv. of NaN3 were employed. After careful
mmol, 78%) of 10b as a colourless, microcrystalline powder. 2 Rf 5work-up (CAUTION: explosive), a sample of 1 ml was concen-
0.3 (Et2O) 2 31P NMR (CDCl3): δ 5 229.5 (s). 2 MS (EI); m/ztrated to dryness at 1022 mbar (0°C) in order to obtain spectro-
(%): 522 (12) [M1], 445 (100) [M1 2 Ph], 367 (55) [M1 2 2 Ph],scopic data of 9c. 2 IR (Et2O): ν̃ 5 2105 (s, 2N3). 2 1H NMR
183 (39) [PPh2

1]. 2 C32H34N2OP2 (524.58): C 73.25, H 6.54, N(CDCl3): δ 5 3.48 (s, 4 H, CH2N), 4.35 (s, 4 H, oxetane-CH2).
5.34, P 11.82; found C 73.37, H 6.24, N 5.31, P 11.78.

3,3-Bis(aminomethyl)oxetane (9d) [20b]: Compound 9d was pre-
2-(Diphenylphosphanylmethyl)-2-(3,5-dimethylphenyl)-pared as described for compound 5c (see above). Two equiv. of

phosphanylmethyl]-3-(pyrazol-1-yl)propan-1-ol (10c): The crudePPh3 and of water were employed. 3.9 g (31 mmol, 62%) of 9d was
product was purified by column chromatography on silica gel usingobtained upon distillation as a colourless oil (b.p. 86°C, 3 mbar),
petroleum ether (40/60)/diethyl ether (3:2) and pure diethyl etherwhich was found to contain 1/2 equivalent of water (as inferred
(after elution of the diarylphosphanes) to obtain 1.75 g (3.0 mmol,from the elemental analysis, see also[20b]). 2 1H NMR (CDCl3):
82%) of 10c as a colourless, microcrystalline powder. 2 Rf 5 0.25δ 5 1.10 (bs, 4 H, NH2), 2.97 (s, 4 H, CH2N), 4.37 (s, 4 H, oxetane-
(Et2O) 2 m.p. 54.9°C. 2 31P NMR (CDCl3): δ 5 229.5 (d, 4JPP 5CH2). 2 13C NMR (CDCl3): δ 5 43.9 (s, CH2N), 44.6 (s, Cq), 78.3
8.7 Hz), 229.8 (bs). 2 MS (EI); m/z (%): 577 (20) [M1], 500 (55)(s, oxetane-C). 2 MS (EI); m/z (%): 117 (100) [M1]. 2
[M1 2 Ph], 472 (35) [M1 2 (3,5-Me2Ph)], 423 (43) [M1 2 2 Ph],C5H12N2O·1/2 H2O (125.17): calcd. C 47.98, H 10.47, N 22.38;
241 (19) [P(3,5-Me2Ph)2

1], 101 (100) [(3,5-Me2Ph)1]. 2found C 47.49, H 9.92, N 21.39.
C36H40N2OP2 (578.67): calcd. C 74.71, H 6.97, N 4.84, P 10.71;

3,3-Bis(diethylaminomethyl)oxetane (9e) [20c]: 2.32 g (20 mmol) of found C 74.57, H 7.19, N 4.67, P 10.47.
9d and 6.09 g (44 mmol) of K2CO3 were dissolved in 40 ml of

2,2-Bis(diethylaminomethyl)-3-(diphenylphosphanyl)propan-1-olEtOH. 11.5 ml (144 mmol) of EtI was slowly added, the reaction
(10d): The crude product was purified by column chromatographymixture was refluxed for 12 h, and then concentrated in vacuo to
on silica gel using petroleum ether (40/60)/diethyl ether (1:1) tohalf of its initial volume. To the concentrate, 10 ml of aqueous
obtain 2.23 g (5.4 mmol, 82%) of 10d as a colourless, viscous oil.NaOH (10%) was added and the mixture was extracted with 20 ml
2 Rf 5 0.25. 2 31P NMR (CDCl3): δ 5 228.4 (s). 2 MS (EI);portions of dichloromethane (33). The combined organic phases
m/z (%): 413 (3) [M1], 328 (10) [M1 2 CH2NEt2], 183 (12)were washed with deoxygenated brine (23), dried over MgSO4, fil-
[CH2PPh2

1], 86 (100) [CH2NEt2
1]. 2 C25H39N2OP (414.57): calcd.tered, and concentrated in vacuo. Distillation through a 20 cm Vig-

C 72.43, H 9.48, N 6.76, P 7.47; found C 72.34, H 9.56, N 6.65,reux column at 3 mbar furnished 3.01 g (13.2 mmol, 73%) of 9e as
P 7.48.a colourless oil (b.p. 91°C, 3 mbar). 2 1H NMR (CDCl3): δ 5 1.02

(t, 12 H, 3JHH 5 7.2 Hz, NCH2CH3), 2.53 (q, 8 H, 3JHH 5 7.2 Hz, 3-(Diphenylphosphanyl)-2,2-bis(pyrazol-1-yl-methyl)propyl Ethyl
NCH2CH3), 2.74 (s, 4 H, CH2N), 4.45 (s, 4 H, oxetane-CH2). 2 Ether (11): 855 mg (2.1 mmol) of 10a was dissolved in 40 ml of13C NMR (CDCl3): δ 5 11.8 (s, NCH2CH3), 44.8 (s, Cq), 47.8 (s, THF and the solution was cooled to 0°C. Addition of 1.18 g (10.6
NCH2CH3), 57.7 (s, CH2N), 80.0 (s, oxetane-C). 2 MS (EI); m/z mmol) of KOtBu yielded a clear, yellow solution. After 20 min.,
(%): 228 (4) [M1], 155 (39) [M1 2 NEt2], 126 (63) [M1 2 NEt2 2 0.84 ml (10.6 mmol) of EtI in 10 ml of THF was added dropwise.
Et], 86 (100) [CH2NEt2

1]. 2 C13H28N2O (228.38): C 68.37, H The reaction mixture was stirred overnight at room temperature
12.36, N 12.27; found C 67.70, H 11.71, N 12.14. [TLC control (PE/Et2O, 3:2): 10a: Rf 5 0.1; 11: Rf 5 0.3]. The

reaction was then quenched by the addition of 10 ml of deoxygen-Preparation of 10a210d: 1 equiv. of the appropriately substituted
oxetane was dissolved in THF (3 ml per mmol oxetane). In a se- ated water and the aqueous phase was extracted with 10 ml por-

tions of diethyl ether (23). The combined organic phases werecond flask, 1.2 equiv. of HPPh2 was dissolved in THF (2 ml per
mmol HPPh2) and deprotonated at 0°C with 1.2 equiv. of nBuLi. washed with deoxygenated brine, dried over MgSO4, filtered, and

concentrated in vacuo. The resulting viscous oil was purified byAfter warming to room temperature and stirring for 20 min., the
red lithium phosphide solution was added dropwise to the oxetane column chromatography on silica gel using petroleum ether (40/

60)/diethyl ether (3:2) to obtain 832 mg (1.9 mmol, 91%) of 11 assolution at 0°C. The mixture was allowed to warm to room tem-
perature, while the reaction progress was monitored by TLC. Upon a colourless, viscous oil, which solidified after two days. 2 Rf 5

0.3. 2 31P NMR (CDCl3): δ 5 229.0 (s). 2 MS (EI); m/z (%): 403completion (4210 h), the reaction was quenched by the addition of
deoxygenated water. The aqueous phase was extracted with small (96) [M1], 323 (68) [M1 2 CH2pz], 255 (91) [M1 2 CH2pz 2 pz],

199 (82) [CH2PPh2
1], 121 (100) [CHPPh1], 81 (38) [CH2pz1]. 2portions of diethyl ether (33). The combined organic phases were
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C25H29N4OP (432.51): calcd. C 69.43, H 6.76, N 12.95, P 7.16; (702.54): calcd. C 59.84, H 4.59, N 3.99, P 8.82; found C 59.63, H

5.13, N 3.81, P 8.75.found C 69.39, H 6.81, N 12.99, P 7.16.

Coordination Chemistry
[1] See for example: [1a] U. Bossek, H. Hummel, T. Weyhermüller,Preparation of 12a212d, 13: A stirred solution of 1 mmol ligand

E. Bill, K. Wieghardt, Angew. Chem. 1995, 107, 288522888;in 100 ml of dichloromethane was cooled to 270°C and 0.95 mmol Angew. Chem. Int. Ed. Engl. 1995, 34, 2885. 2 [1b] C. Titze, J.
(288 mg) of freshly prepared (MeCN)3Mo(CO)3 was added. After Hermann, H. Vahrenkamp, Chem. Ber. 1995, 128, 109521103.
224 h, all of the (MeCN)3Mo(CO)3 had dissolved, resulting in a 2 [1c] A. Looney, G. Parkin, R. Alsfasser, M. Ruf, H. Vahren-

kamp, Angew. Chem. 1992, 104, 57258; Angew. Chem. Int. Ed.clear, yellow solution. The solvent was then removed at 1021 mbar
Engl. 1992, 31, 92. 2 [1d] P. Stavropoulos, M. C. Muetterties, M.without heating of the solution. The complexes were recrystallized Carrié, R. H. Holm, J. Am. Chem. Soc. 1991, 113, 848528492.
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Force field parameters used to describe the conformation of
coordination compounds involving transition metals are gen-
erally derived by a trial-and-error procedure, until a some-
how satisfying agreement between the calculated and obser-
ved conformations of a few members of a class of related
compounds is reached. It is shown in this paper that a more
general and less biased alternative is available, applicable to
many structures at a time. Genetic Algorithms will effectively
optimize force field parameters in an automatic way, on the
basis of a potentially exhaustive set of all the structural data
available for a given class of compounds. The feasibility of
this procedure has been demonstrated by the derivation of
force field parameters describing the conformational be-
haviour of tripod-Mo(CO)3 compounds [tripod =
RCH2C(CH2X)(CH2Y)(CH2Z), X,Y,Z = PR9R99)] by simultane-
ous optimization based on the structure of ten individual mol-
ecules. With the force field parameters relevant to the or-
ganic part of these compounds taken from MM2*, the param-
eters involving contributions from the Mo center were refi-

Introduction

The reactivity of ligand-metal templates is largely deter-
mined by their conformations. Homogeneous catalysis by
such templates has been shown to be strongly dependent on
even minor changes in the conformation as well as in the
conformational flexibility of the templates themselves.[1]

Methods of predicting these conformational properties
would hence be of considerable practical importance.
“Understanding” conformations in the sense of being able
to model them would be a crucial step in any attempt to
understand homogeneous catalysis. In spite of the success
quantum chemical methods nowadays have to rationalize
and predict the properties of even relatively large ligand2
metal templates[2] [3], these methods are not yet in a state to
allow for an extensive conformational search in a practi-
cable amount of time. As an alternative, force field methods
have become popular since N. L. Allinger and his group
demonstrated how successful these methods can be.[4] [5] At-
tractive as these methods are, they are hampered by diffi-
culties when applied to inorganic compounds, especially
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ned. The agreement between observed and calculated
structures is characterized by an rms deviation of around 0.3
Å for the ten structures contained in the data base. To assess
the validity of this approach, the conformational space of
CH3C(CH2PPh2)3Mo(CO)3 was explored exhaustively. A con-
tour diagram representing the relative energy of the mole-
cule with respect to the rotational positions of its phenyl
groups was found to effectively reproduce the scatter of these
conformational parameters as earlier derived from an analy-
sis of 82 relevant compounds. 2 As a further assessment, the
conformational space of CH3C[CH2P(o-Tol)2]3Mo(CO)3,
which was not included in the data base, has been analyzed.
It is found that the structure corresponding to the global
energy minimum corresponds to that observed in the crystal
with an rms deviation of only 0.3 Å. The novel approach to
problems of this type 2 Genetic Algorithms had not pre-
viously been applied in this context 2 thus appears promi-
sing.

those containing transition metals. Not only is it the broad
span of coordination numbers and coordination geometries
accessible to one and the same type of metal which is at the
basis of these problems, but it is as well the lack of reliable
spectroscopic and thermodynamic data which would allow
for an appropriate assessment of force field parameters.
Nevertheless, inorganic chemists have successfully ad-
dressed conformational problems by force field meth-
ods[6] [7] [8] and have devised different strategies to overcome
the intrinsic difficulties. These methods rely by and large
on an educated guess of the relevant parameters and the
subsequent improvement of these initially chosen param-
eters by trial and error. The quality of the parameters is
generally judged by the accuracy with which the chosen set
of parameters will reproduce the structures of a few selected
examples of the class of compounds to be modelled. There
are two basic problems associated with this type of method-
ology:

(a) The structures which are used to assess the validity of
a specific force field approach are taken from solid-state
structure determinations. The approach of fitting force field
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parameters to these structures is acceptable as a tool of pa-
rameter evaluation only if it is shown that these structures
and the conformations represented by them reflect the “in-
ner” molecular potential of the compounds and are not sig-
nificantly influenced by the outer potential acting on the
molecular entities within a crystal.

(b) The method of just selecting a few structures and then
fitting the force field parameters on this reduced set of in-
formation by trial and error procedures does not appear to
be the state of the art with respect to the computing capa-
bilities now available.

In an attempt to understand the conformational flexi-
bility of tripod2metal templates, an alternative strategy has
been developed, which tries to make the maximum use of
the information contained in molecular structures as deter-
mined by solid-state crystallography.

With regard to the problem outlined under (a) above, a
statistical analysis of 82 structures containing the tri-
pod2metal template CH3C(CH2PPh2)3Co in compounds of
the type tripod2CoL2 and tripod2CoL3 was performed in
order to find out whether these structures might be taken
as an unbiased sample representing the inner molecular for-
ces, not largely disturbed by the crystal environment.[9] [10]

Irrespective of the statistical tools used (factor analysis,
cluster analysis, partial least-squares, scattergraphs, neural
networks), the analysis showed that the observed confor-
mations are determined by the inner forces, and thus that
they correspond to local minima on the molecular energy
hypersurface. This result means that the conformations of
tripod2metal compounds as determined by X-ray crystal-
lography contain the information necessary for developing
an appropriate force field: it is a necessary condition for a
set of force field parameters to reproduce these confor-
mations as at least local minima on the energy hypersurface
described by it.

With regard to point (b) above, the task of deriving par-
ameter sets from the observed conformations that give the
optimal reproduction of the observed structures is a prob-
lem of global optimization. This class of mathematical
problem has not yet found a unique solution in applied
mathematics, nor is there a solution guaranteeing that the
global minimum will be found in a finite number of steps
in general. Nevertheless, several types of approaches exist,
the practicability of which has been demonstrated in quite
a number of optimization problems.[11] [12] In the present
work, Genetic Algorithms (GA) have been used as the opti-
mizing tool. In this paper, we report how, by use of this
approach, sets of force field parameters may be automati-
cally derived from a structural database. Compounds of the
type tripod2Mo(CO)3 [tripod 5 RCH2C(CH2X)(CH2Y)-
(CH2Z), X,Y,Z 5 PR9R99] serve as the specific example.
The quality of the parameter sets thus derived is assessed by
their ability to reproduce conformations as well as general
conformational patterns. It is further validated by the cor-
rect prediction of the conformation of a specific tri-
pod2Mo(CO)3 compound that had not been part of the
data basis.
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Data Basis

Compounds of the type tripod2Mo(CO)3 containing tri-
pod ligands RCH2C(CH2X)(CH2Y)(CH2Z) with up to three
different donor groups X,Y,Z 5 PR9R99 are generally ac-
cessible by reacting (CH3CN)3Mo(CO)3 with the appropri-
ate tripod ligand.[13] [14] [15] [16] The structures of a number of
such compounds have been determined by X-ray crystal-
lography.[13] [14] [15] [16] When this work was commenced, nine
relevant structure determinations had been reported[17] re-
ferring to ten crystallographically independent molecules of
this type. To illustrate the overall structural characteristics
of this type of compound, Figure 1 shows two mutually
orthogonal projections of the structure of CH3C-
(CH2PPh2)3Mo(CO)3.
Figure 1. Two orthogonal projections of the solid-state structure of
CH3C(CH2PPh2)3Mo(CO)3; the numbering scheme given is used

throughout the text

The constitutions of all the structural examples included
in the data base are given in Table 1.

In order to elaborate a force field description for this
class of molecules, the parameters involving bonds to the
molybdenum atom had to be evaluated from first prin-
ciples.The force constants describing the organic part of the
compounds on the other hand were taken from the well-
established MM2* force field.[4] [18] The force field param-
eters describing the force field interactions involving the
metal were incorporated as defined by the expressions given
in Figure 2. These parameters were in part refined by the
methods described below.

Refinement of the Force Field: Any refinement of the force
field will correspond to a search for the set (or sets) of pa-
rameter values that best reproduce the conformations pres-
ent in the data base as local or even global minima on the
corresponding energy hypersurface (surfaces). To perform
this search in an automatic way, the strategy of Genetic
Algorithms has been used throughout in this work. In the
realm of molecular modelling, Genetic Algorithms have al-
ready been used to scan an energy hypersurface for mini-
mum energy conformations. In the analysis and prediction
of the conformation of biological macromolecules, the in-
troduction of these algorithmic methods has in some cases
dramatically improved the validity of the predictions.[19] [20]

To the problem of conformational search on an energy hy-
persurface, an inverse problem exists: given the confor-
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Table 1. Compounds 1210 and rms deviations between the conformations observed and calculated for the two different parameter sets
mm2f and mm2t, and rms deviation between the conformations as calculated on the basis of the two different parameter sets. Compounds
6 and 7, labelled with an asterisk, are two crystallographically independent conformations of CH3C(CH2PEt)3Mo(CO)3 as found in one

and the same unit cell[a]

number formula RMSmm2f [Å] RMSmm2t [Å] RMSmm2f/mm2t [Å]

1 CH3C(CH2PPh2)3Mo(CO)3 0.286 0.248 0.060
2 CH3C(CH2PBzlPh)3Mo(CO)3 0.417 0.357 0.190
3 CH3C(CH2PMe2)3Mo(CO)3 0.197 0.190 0.071
4 PhCOOCH2C(CH2PMe2)3Mo(CO)3 0.585 0.581 0.061
5 CH3C(CH2PNap2)3Mo(CO)3 0.353 0.328 0.090
6* CH3C(CH2PEtPh)3Mo(CO)3 0.252 0.240 0.075
7* CH3C(CH2PEtPh)3Mo(CO)3 0.243 0.193 0.144
8 ClCH2C(CH2PPh2)3Mo(CO)3 0.235 0.224 0.059
9 CH3C[CH2P(DBP)2]3Mo(CO)3 0.312 0.284 0.062

10 CH3C(CH2PEt2)3Mo(CO)3 0.248 0.235 0.074
mean 0.313 0.288 0.089

[a] Abbreviations: Et: ethyl, Me: methyl, Bzl: benzyl, Nap: naphthyl, DBP: dibenzophospholyl.

Figure 2. Definition of parameters involving the metal center

[a] Colour codes of atom types shown for a fragment of 2 (see Table
1). 2 [b] Parameter types and corresponding potential terms applied
in the force field. 2 Abbreviations: E: energy; kb: bonding constant;
r: bond length; r0: equilibrium bond length; ka: force constant for
angle bending; α/α0: angle/equilibrium angle; kt(123): force constant
123 for torsion; ω: dihedral angle.
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mations which correspond to 2 at least local 2 minima on
the energy hypersurface, a search on the hypersurface de-
fined by the force field parameters themselves should lead
to an optimized parameter set. [21] With the efficiency of
Genetic Algorithms in mind, and with the given formal
logical analogy of these two problems, it appears natural to
apply Genetic Algorithms to adapt a force field to a set of
conformations. The formal logical complementarity of the
two problems, (a) to find an optimized conformation on the
basis of a given force field, and (b) to find an optimized
force field on the basis of given conformations, is illustrated
in Figure 3.

Figure 3. Complementary problems 2 analogous solutions

[a] Adaptation of a conformation to a given force field. 2 [b] Adap-
tation of force field parameters to a given conformation

In case (a), the conformation 2 symbolized by a circle, a
square and a triangle, connected in a gear-like arrangement
2 has to be changed such that it optimally fits into a given
pre-designed matrix, the structure of which is strictly de-
fined by the force field used. In case (b), on the other hand,
the conformation of the object is fixed and it is the matrix
which has to adapt its shape to the conformation presented
by the object, i.e. the force field parameters defining the
shape of the matrix have to be changed to this end. To solve
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these problems in both cases, even if they are logically
complementary an optimization procedure must be in-
voked.

To devise such a procedure, whatever form it takes, the
relative quality of a given approximation has to be defined
by some numerical qualifiyer that numerically represents
the overall performance of this particular approximation.
In terms of the language of Genetic Algorithms, this quali-
fier is called the “fitness value” of a given approximation.
In the case considered, the root-mean-square deviation be-
tween observed and calculated atom positions is a simple
and efficient qualifier and is therefore used throughout in
this work. An optimization procedure, whatever its form,
has then to find approximations which minimize the dis-
crepancy between observation and model, i.e., in the lan-
guage of Genetic Algorithms, to find approximations with
the optimal fitness values. Because of the a priori unpredict-
able shape of the hypersurface on which the minimization
procedure is performed, analytical methods based on differ-
ent types of gradients will not generally lead to the desired
solution. Purely stochastic methods, on the other hand, will
in principle solve the problem, albeit possibly only in an
infinite amount of time. With these Monte Carlo type pro-
cedures, the hypersurface is probed at random and finding
a solution basically relies on Cicero’s old statement: “Quis
est enim, qui totum diem iaculans, non aliquando conlineet
?”[22] Imagine how long it might take to find the highest
elevation in the Alps by this purely stochastic procedure.[23]

While completely deterministic analytical methods cannot
generally solve the problem and while, as described, stoch-
astic methods may be practically inapplicable, a combi-
nation of deterministic and stochastic strategies may well
be successful.

Genetic Algorithms may be seen as an algorithmic im-
plementation of both these principles. [24] [25] [26] The termin-
ology associated with Genetic Algorithms is by and large
the same as that used in biology to describe the evolution-
ary process. As far as we know, the Darwinian principle of
“survival of the fittest” is based on two underlying basic
molecular processes: crossing over and mutation. The
higher the fitness of an individual within a given popu-
lation, the higher its chance of reproducing; the offspring
resulting from sexual reproduction will then have DNA
blueprints from the mother as well as from the father, which
will generally have fitness values well above the average. In
this way and by occasional mutations, sufficient diversity is
retained in each generation of a population such as to
guarantee dynamic evolution. On the other hand trans-
mithose DNA blueprints which have already led to a high
fitness of the parent individuals is at the basis of the evo-
lutionary optimization process and represents the determin-
istic part of it. Pieces of information which have already
been evaluated as being efficient are at least in part in-
herited and used in the next evolutionary optimization step.
To apply this evolutionary strategy to numerical problems,
a set of parameters for which the optimized values are to
be found is encoded as a binary string (Figure 4).
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Figure 4. Force field parameter refinement with Genetic Algo-
rithms

A “population” of such strings, each one representing a
set of parameters, is generated at random. The fitness of all
these parameter sets is then evaluated. For the problem at
hand, this means that the set of parameters is applied to
optimize the structures starting with the conformations as
represented in the database. The rms deviations (see Exper-
imental Section) between the structures as derived from the
force field approach and those in the database are calcu-
lated, and taken to assess the fitness value for this specific
set of parameters. This procedure is performed for all the
members of a population (Figure 4). To produce the next
generation with an intentionally increased fitness, those
members of the parent population that are already ranked
highly on the fitness scale are preferentially selected to re-
produce. Mating is simulated by switching the information
encoded in the binary strings, with the switching point be-
ing selected at random (Figure 4). By this crossover pro-
cedure, the population of the next generation is built up. To
increase diversity, point mutations 2 changing a 0 to a 1
and vice versa 2 are occasionally performed at random.
The procedure is then repeated to produce generation after
generation and it is generally observed that the fitness in-
creases from population to population. A typical result of
the application of this procedure to the problem at hand is
shown in Figure 5.

The dotted line represents the mean of the fitness values
of all precedent populations at a given generation. It is seen
that the discrepancy decreases exponentially. The lower
curve represents the overall fitness of each individual popu-
lation. It is seen that even after 160 generations, the fitness
is still able to change. The population is not stuck in a
niche, but is still capable of adapting. There is no guarantee
that the optimal set of parameters has already been found,
nor is there of course, by the very nature of the problem,
any guarantee that a unique solution exists at all. The in-
crease of the quality with which the best parameter set in a
generation reproduces the conformation in the database is
shown in Figure 5 as an overlay of the computed (grey) and
the observed (red) conformations of 2 as an example.

A great advantage of applying Genetic Algorithms as
minimizers stems from the fact that their algorithmic struc-
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Figure 5. Genetic Algorithms at work[a]

[a] The force field model is optimized such that the calculated con-
formations (i.e. grey) will reproduce the observed ones (i.e. red)
increasingly well. The dotted line represents the cumulated fitness,
which steadily increases as indicated. The average fitness of each
individual population is represented by the continous line.

ture is inherently parallel, and hence the time-consuming
steps (in the present case force field minimization of 10
structures) may naturally be distributed over the equivalent
number of processors in a parallel computing environment
(see Experimental Section). Yet another advantage may be
seen in the fact that Genetic Algorithms have no problems
in evaluating a whole subspace of solutions that will repro-
duce the observations equally well. Why should there exist
a subspace of solutions and not just one optimal solution
to a given problem? In the problem at hand, it is in fact to
be expected that there will be several combinations of force
field parameters, which 2 although individually numeri-
cally quite different 2 will reproduce the observations in
conformational space equally well. This is to be expected
owing to the fact that there are strong and sometimes even
linear dependencies between the parameters. Consider a tri-
angle with sides a, b, c. Given the length of the sides a and
b, the length of c is as well determined by the angle sub-
tended between a and b as it is by the value for the distance
itself. In a force field approximation as applied the angle
as well as the distance would be determined by individual
potential functions for the angle and its deformation on the
one hand and the distance and its change on the other.
Trying to extract force constants for these two functions
from a set of observations of triangles would inevitably lead
to a multitude of solutions 2 in principal an infinite num-
ber of solutions 2 corresponding to the linear dependence
between the angle and the distance. All these solutions will,
of course, reproduce the observations equally well. While in
spectroscopy this problem has been well delineated and is
appropriately handled[27], molecular modelling as generally
applied does not bother about it. As far as the refinement
of force field parameters on the basis of a given set of con-
formations is concerned, the dependencies in parameter
space would be cumbersome to handle by analytical refine-
ment methods, while Genetic Algorithms would just pro-
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duce a collection of solutions that would all reproduce the
observations equally well.

With regard to the physical meaning of the parameters
derived by such a refinement, it is evident from the above
that individual parameters as such do not necessarily have
to have a definite physical meaning. It is only the whole
ensemble of parameters, which altogether have the physical
meaning that, fed into the appropriate force field program,
they will reproduce and hopefully predict conformations in
agreement with empirical observations. Nevertheless, it is
pleasing to apply, wherever possible, force constants that
have been assessed by independent physical methods, and
which then have a definite meaning even as individuals.
With this in mind, the Mo2CCO stretching constant was
set throughout at a value taken from the literature (Table
2), as was the Mo2C2O bending force constant. [28] [29] Two
parameter sets were finally refined (Table 2), with different
degrees of freedom. The set designated as mm2f has the two
aforementioned force constants at fixed values. The equilib-
rium distances and angles were set at the mean values ob-
served for the sample in all cases, except for the Mo2CCO

distance and the Mo2C2O angle, which were allowed to
refine while the corresponding force constants were held at
the fixed values (Table 2). Refinement thus mainly applied
to the different types of force constants (Table 2). In the
set of parameters designated as mm2t, the above set was
augmented by allowing the torsion potentials involving
contributions from molybdenum to refine (Table 2). This
set was created for several reasons. Firstly, it seemed of
interest to ascertain whether an augmented set of param-
eters would lead to a better refinement, as would in prin-
ciple be expected, and whether the refinement procedure as
applied would be able to converge on a set of values, even
though these parameters are not so well-defined by the vari-
ance apparent in the data set. (The variance of values refer-
ring to these parameters in the data set would not lead one
to expect that a stringent refinement would be possible at
all). The second reason for deriving an augmented set of
parameters was the curiosity to see how the introduction of
these additional potentials would influence the values of the
force field parameters common to both parameter sets. It is
seen that the individual values for bond stretching and an-
gle bending parameters are indeed quite different in both
sets.

If these two sets of parameters are now applied to the ten
compounds in the data base, to find the local minimum that
best corresponds to the observed conformation, the results
obtained (Table 1) are very similar for both parameter sets,
even though individual parameters are grossly different in
the two cases (Table 2). The rms deviation between ob-
served and calculated structures as defined above is consist-
ently somewhat smaller with the augmented force field
mm2t than that derived using the mm2f approach (Table 1).
This applies to the individual structures as well as to the
sample as a whole (Table 1). With only a small difference
between the quality of fit obtained from force field calcu-
lations based on the mm2f parameter set and that based on
the mm2t set, the latter having 15 additional parameters, it
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appears that on statistical reasoning the set mm2f is built
on firmer grounds and should thus be preferred. Anyhow,
the rms deviation between the two conformations for each
compound obtained by applying one or the other set in the
force field geometry optimization is considerably smaller
than the rms of the difference between the observed and
calculated structures in each case (Table 1). To illustrate the
quality of fit obtained from the parameter set mm2f, Figure
6 shows an overlay of experimental and calculated confor-
mations of four examples taken from the data set.

Figure 6. Overlay of calculated (grey) and observed (red) structures
of compounds 1, 3, 5 and 6 (see Table 1)

The agreement is clearly quite satisfying. It may well be
that the predominance of (mainly repulsive) interactions be-
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tween the organic moieties of the ligands, which is charac-
teristic of tripod-metal templates, is largely responsible for
this degree of agreement. The conformations are thus domi-
nated by forces that have been thoroughly modelled for or-
ganic compounds. [4] [5]

If the parameters as evaluated here have the physical
meaning of reproducing the conformational behaviour of
tripod-metal compounds as a whole, the general trends and
regularities observed for these compounds must be reliably
reproduced by the force field approach. By analysis of 82
tripod-metal compounds[9], it has been found that the tor-
sional positions occupied by the phenyl groups of the PPh2

donors of tripod ligands form a regular pattern when plot-
ted against each other in a type of scattergraph.[9] This
analysis is shown in Figure 7 (black dots). [30]

Figure 7. Contour plot representing lines of equal energy as calcu-
lated for compound 1 based on the mm2f parameter set, with rela-
tive energies colour-coded as shown. The coordinates (φ) refer to
the rotational positions of the two phenyl groups of a PPh2 group
in 1. The black dots represent experimental points based on the
analysis of 82 structures. [9] Pictograms of torsion angles φ refer to
a projection of the molecule as presented in Figure 1 (left). For
each PPh2 group, φ2n11 and φ2n follow each other when counting in
a clockwise sense referring to this projection. Grey lines represent

energetically feasible pathways for rotational reorientation

This scattergraph is projected onto a contour-line dia-
gram representing lines of equal energy as computed on the
basis of the mm2f parameter set. It is evident from Figure
7 that regions of low energy (1, 2) correspond to regions
which are densely occupied by experimental points. Regions
of high energy (6) are not occupied at all. Region 3 corre-
sponding to a two-ring flip transition[9] is in contrast quite
densely populated. The contour plot shows that the energy
differences between the regions 1 and 2 on the one hand
and 3 are only small. Regions 4 and 5 correspond to one-
ring flip transitions. [9] It has already been argued[9] that the
extension of experimental points towards these regions indi-
cates the feasibility of one-ring flip transitions. The poten-
tial pathways for a rotational rearrangement of the phenyl
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rings at a PPh2 grouphad already been delineated by lines
as shown in Figure 7[9]. It is satisfying to see that the energy
separation between the regions 3 and 2 and the transition
point 4 is modest (roughly 10 kJ/mol), so that the free ro-
tation of such phenyl groups as observed by NMR even at a
temperature of 280°C finds is counterpart in the diagram.

Satisfying as the result shown by Figure 7 is, a more
specific validation of the force field approach as developed
would be the prediction of the conformation of a specific
compound that had not already been included in the data
set used to derive the force field. For this purpose, the con-
formational space available to CH3C[CH2P(o-Tol)2]3-

Mo(CO)3 (11) was systematically analyzed by the above
force field approach. It was not clear at that time that the
compound could be prepared and even structurally charac-
terized by X-ray analysis, and so it was especially satisfying
to find that the subsequently determined crystal struc-
ture[31] agreed exceedingly well with the structure obtained
as the global minimum from the force field calculations.

Figure 8. Overlay of the conformation of CH3C[CH2P(o-Tol)2]3-
Mo(CO)3 as observed by X-ray analysis and calculated on the basis

of the mm2f set (global minimum)

Figure 8 shows an overlay of the conformation as ob-
tained from the conformational search (grey) and that ob-
served in the crystal (red). Irrespective of the parameter set
used (mm2f, mm2t), the global minimum was found at the
same place in conformational space. The rms deviation be-
tween the two model conformations amounted to only 0.11
Å. The rms difference between the model conformations
and the conformation observed in the crystal is very small
as well (mm2f: 0.37 Å, mm2t: 0.42 Å)

The results obtained to date using this novel type of ap-
proach are sufficiently promising to warrant further investi-
gations along such lines. While, from the results presented,
it appears probable that the conformations of related mol-
ecules will be reliably predicted, it will be interesting to see
whether the calculated energy hypersurfaces are approxi-
mately on scale with experimental data. The application of
this method to problems pertaining to the conformational
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flexibility of tripod2Mo(CO)3 compounds in solution
(forthcoming paper) should give an answer to this question.

In summary, a novel approach to the derivation of force
field parameters for metal-containing compounds is pres-
ented. It is shown that refinement of force field parameters
on the basis of solid-state structures can be efficiently per-
formed by the application of Genetic Algorithms. These al-
gorithms are robust and allow for the simultaneous refine-
ment of many force field parameters on an extended data
basis containing many structures. When applied to tri-
pod2Mo(CO)3 compounds, the approach leads to models
with a high predictive power with respect to specific confor-
mations of these molecules, as well as to their overall con-
formational behaviour.
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Experimental Section
(a) Force Field Calculations: In order to apply the methodology

of Genetic Algorithms to the problem of refining sets of force con-
stants, it is necessary to have the force field program available as a
source text. Since almost all modern force field programs are now-
adays only commercially available and are delivered to the cus-
tomer as executable files that will run only on a specific type of
machine, these commercial programs are of no help. Instead of
writing a whole new package for force field calculations,
YAMMP[32], a program set written by R. K. Z. Tan et al. in 0C0,
which is available as a public domain source code, was used as the
core. The force field expressions implemented in this program were
changed to correspond to the potentials applied in MacroModels
MM2*.[18] Test runs on a vast sample of different compounds were
performed with both programs to ensure that the results produced
by MacroModel and those produced by the modified YAMMP
program were numerically identical. Two converters which trans-
form the MacroModel data format into the YAMMP data format
were implemented and YAMMP was embedded in a number of
shells so as to allow its use on different types of single processor
machines (e.g. Pentium, SGI) as well as on different types of paral-
lel computing systems (Parsytec GC, CRAY T3E).

To evaluate the rms deviation between two structural models, the
mutual translational and rotational positions of the two models
were optimized by a least-squares procedure using in part the quat-
fit program of D. Heisterberg[33] and in part a program based on
the same algorithmic approach written by K. Allinger. The root-
mean-square deviation was defined as the square root of the sum
of the squares of the deviations between all n corresponding pairs
of atoms divided by the square root of n (hydrogen atoms were
included in these calculations throughout).

(b) Optimization by Genetic Algorithms: The force field param-
eter refinement was performed with the program GAPAO, written
in 0C0, which uses functions from the PGA-Genetic Algorithm Pack-
age. [34] These functions are fully parallelized and are based on the
Message Passing Interface Library. [35] This standard parallelization
platform is available for all types of Unix systems, even for a net-
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work of Linux PC’s, and thus GAPAO has been installed on a Par-
sytec GC/Power Plus as well as on a CRAY T3E. Parallelization in
this case means that all the evaluations of the parameter sets 2

implying the time-consuming energy minimizations of all the basis
conformations 2 are performed on different processors. This leads
to a tremendous economization of time and is thus another impor-
tant advantage of the optimization procedure as applied.

Different crossing-over types and different selection routines are
available. [34] In the cases reported, the approach of uniform cross-
ing-over has been used.[36] To this end a mask of 0s and 1s with
the length of the corresponding bitstring is generated at random.
Applied according to the crossing over probability this mask then
indicates which bits from the parents have to be taken to produce
offspring. This type of crossing-over turned out to be especially
useful in the treatment of large-scale parameterization problems.

The traditional “fortune wheel” selection type has been used as
the selection routine. [25] This type of selection means that the prob-
ability of a given bitstring to be chosen to produce an offspring is
proportional to its fitness value. Furthermore, an elitistic optimi-
zation strategy[25] has been adopted throughout, i.e. the best par-
ameter set found in a given population is always left unchanged
and taken into the next generation.

Evaluation was performed by energy minimization of all the
structures contained in the data basis. To this end, the function
KA MMOPTfct, written in C by K. Allinger, was used. The Po-
lak-Ribière conjugate gradient minimization method[11] [12] was em-
ployed and minimization was always driven to convergence (con-
vergence criterion: 0.01 Å/iteration).

Parameters referring to force constants for bond stretching were
encoded in the range 0.022.0 mdyn/Å. Parameters referring to
force constants for angle bending were encoded in the range
0.021.5 mdyn/(rad2). Torsional force constants kt1, kt2, and kt3 (see
Figure 2) were encoded in a range between 21.5 and 11.5 kcal/
mol. The refined Mo2C2O angle (see Table 2) was optimized in
an interval between 170° and 180°; the Mo2C bond length was
allowed to refine in an interval from 1.7 Å to 2.2 Å. Different
subsequent runs were performed, each taking as its starting point
the best results of the foregoing process, gradually augmenting the
number of bits encoding the corresponding parameters in a step-
wise manner from 5 to 8, and thus improving the resolution of the
refined parameters.

Another way of overcoming the problem of discreteness in the
optimization process was to apply a “hill climbing heuristic” to the
best parameter set found and thus to locally optimize the corre-
sponding parameters. This feature is implemented in the GAPAO
program (GAPAO-h) by the strategy of altering or diminishing in
a stepwise manner one parameter after another in the best param-
eter set, such that the resulting rms deviations become smaller. This
is done until no further amelioration is achieved by such adjust-
ments.

The method as described lends itself to a principally unlimited
number of variations and it is a matter of experience to select ap-
propriate values for the size of a population, and for the rates of
crossing-over and mutation. This is exemplified in Figures 9a and
b, which refer to different refinement runs for the parameters
characterized by mm2f.

The rates of crossing-over and mutation were left unchanged for
the three runs shown in Figure 9, with values that were found to
be especially appropriate for the parameterization problem at hand
(values given in Figure 9). The size of the population was different
for the three runs. Not unexpectedly, the cumulated overall fitness,
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Figure 9. How to find the appropriate GA protocol. Parameters
used in the GA runs presented in a and b: crossing-over rate 5 0.8,

mutation rate 5 0.02

which is the mean of all the previously assessed fitness values, im-
proves with the size of the population (see Figure 9a). However,
the real aim of the optimization is not to find the population with
the maximum overall fitness, but rather to find one member of a
population 2 from which ever generation 2 which is the fittest
individual of all, i.e. the search is aimed at the best set of force field
parameters. Figure 9b illustrates that of the three runs described,
the one based on a population of 60 randomly selected parameter
sets produces the optimal solution after about 60 generations, with
no better solution being found after more than 100 subsequent
generations. The run based on a population size of 128 obviously
takes far longer to converge. The run based on 44 individuals shows
rapid convergence, but appears to be stuck at a lower quality solu-
tion.

In summary, it may be said that quite some experience and in
some respects “green fingers” are needed to successfully apply Gen-
etic Algorithms. However, this statement applies to other methods
of global optimization as well and is not specific to the physical
model analyzed here.

Calculations were performed on a CRAY T3E-512 with 512
compute nodes (600 MFLOPS/processor, 128 MB/processor, 333
MHz) and a Parsytec GC/Power Plus-192 (192 Power PC 601, 80
MHz, 32 MB/processor).
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(c) Conformational Analyses: The φ1/φ2 contour plot of the PPh2

conformations in 1, as shown in Figure 7, is based on a grid search
with a resolution of 5° for each P2Ph rotation φ (a φ value of 0°
corresponds to an orientation of the phenyl ring perpendicular to
the plane defined by the three P atoms, see Figure 7). Due to the
C2 symmetry of the phenyl groups, their rotation is periodic with
a period of 180°, thus leading to 36 3 36 5 1296 grid points to
describe one PPh2 group. To account for the molecule as a whole,
the multitude of orientations accessible to the remaining PPh2

groups and to the chelate scaffolding have to be appropriately rep-
resented in the corresponding calculations. To this end, the torsion
of the scaffolding τ [9] was uniformly set to starting values of 11° or
34°, respectively, leading to 2 3 1296 5 2592 starting geometries.
In these conformations, the rotational arrangement at the remain-
ing PPh2 groups was set such that it corresponded to the regularites
derived from an extensive analysis of such compounds (τ1/2/3 5 11°:
φ3/5 5 36°; φ4/6 5 49°; τ1/2/3 5 34°: φ3/5 5 250°, φ4/6 5 229°; for
the meaning of the numbers, see Figures 1 and 7). [9] (The confor-
mations of a molecule such as 1 are chiral in general; only one of
the enantiomers needs to be considered in the grid search due to
this mirror symmetry in conformational space.)

A total of 2592 starting geometries were generated by the pro-
gram confgenrub (written in 0C0 for that purpose) and then mini-
mized by the program bmin as included in Version 5.0 of the molec-
ular modelling software package MacroModel[18], using the force
field MM2* and the parameter set mm2f described above. In order
to evaluate the energy at each of the 1296 grid points, the rotational
positions at the selected PPh2 group at P1 (the orientation of the
phenyl group as defined by the coordinate values of the grid point)
had to be fixed during minimization. This was achieved by the
technique of using a dummy atom, Du: A dummy atom was placed
at a distance of 1 Å from the atom P1, perpendicular to the plane
defined by the 3 phosphorous positions, in the direction pointing
towards the metal atom. Technically, this was achieved by imposing
3 restraints on its position: the distance P12Du as well as the
angles P22P12Du and P32P12Du were fixed by giving them suit-
ably steep potentials. The torsion angles φ1 and φ2 were kept at the
preordained values by imposing a corresponding restraint on the
relevant torsion angles Du2P12Cipso2Cortho. Force constants as
applied for this purpose were: distances: 500 kJ/Å2, angles: 9999
kJ/rad2, torsion angles: 9999 kJ/mol for kt1 (see Figure 2).

The refinement was performed using the Polak-Ribière mini-
mizer with a gradient of 0.01Å/iteration and a maximum of 500
iteration steps as the limiting criteria. No cut-off was set for non-
bonded interactions.

After minimization of each pair of conformations (two different
τ values, see above) calculated for every grid point, the one with
the lower energy was chosen to represent the energy (diagram in
Figure 7).

The final contour plot as shown in Figure 7 was obtained by
taking into account the isoenergetic enantiomeric conformation in
each case. The mirror symmetry of the problem is apparent by a
diagonal mirror plane characterizing the symmetry of the plot. The
plot2D option of MacroModel was used to prepare the contour
plot shown in Figure 7. The result of this procedure as depicted
was obtained using the mm2f parameter set. Repeating the same
procedure with the mm2t set produced a contour plot with the same
overall characteristics.

A complete conformational search was performed for 11. To gen-
erate the starting conformations for the search, the rotations of the
tolyl groups about their P2Cipso bonds were set at the initial values
of φ 5 2135°, 245°, 135°. These torsional positions were defined
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with respect to a dummy atom, the position of which was generated
as described above. The φ values refer to the torsion angle Du2P
2Cipso2Cortho(Me-substituted). The torsional arrangement of the cage
was set by assigning a value of 20° to each of the 3 torsion angles τ.

Combining the four predefined orientations of each tolyl group
in all possible combinations for the six tolyl groups present in the
molecule gives a total of 46 5 4096 starting conformations. In this
set, there are 16 (24) conformations that occur only once because
of the C3-symmetry of the molecule. The remaining 4096 2 16 5

4080 conformations occur in isoenergetic triplets. While physically
indeterminable, they differ in assigning the same values of the six
tolyl rotations φ to the P(o-Tol)2 groups at P1P2P3, P2P3P1 or
P3P1P2 in this sequence of cyclic permutations. Thus only (4096
2 16)/3 1 16 5 1376 starting geometries had finally to be taken
into account. Minimization was performed as described above,
with the criteria of a limiting gradient of 0.001Å/iteration and the
maximum number of 2000 iterations allowed.

The calculations were carried out on two Silicon Graphics In-
digo2 MIPS R4400 workstations, 200 MHz, 128 MB RAM, op-
erating under IRIX 5.3.

Table 2. Parameter sets mm2t and mm2f. Refined parameters are
labelled with an asterisk

(a) Bond stretching

parameter set mm2f parameter set mm2t
r0 [Å] kb [mdyn/ Å] r0 [Å] kb [mdyn/ Å]

Mo2C1 1.99* 2.00 1.94* 2.00
Mo2P 2.53 1.98* 2.53 0.75*

(b) Angle bending

parameter set mm2f parameter set mm2t
α0 [°] ka [mdyn/rad2] α0 [°] ka [mdyn/rad2]

P2Mo2P 83.70 1.18* 83.70 0.53*
C12Mo2C1 87.10 0.33* 87.10 0.39*
C12Mo2P 94.90/175.90 0.1* 94.90/175.90 0.25*
Mo2C12O 173.0* 0.47 170.00* 0.47
Mo2P2C2 119.0 0.29* 119.00 0.43*
Mo2P2C3 114.50 0.02* 114.50 0.29*

(c) Torsion

parameter set mm2f parameter set mm2t
kt1

[a] kt2
[a] kt3

[a] kt1
[a] kt2

[a] kt3
[a]

P2Mo2P2C3 0.00 0.00 0.00 20.90* 20.58* 0.71*
P2Mo2P2C2 0.00 0.00 0.00 1.05* 0.26* 20.24
Mo2P2C32C3 0.00 0.00 0.00 20.37* 20.55* 0.11*
Mo2P2C22C2 0.00 0.00 0.00 21.06* 20.19* 1.14*
Mo2P2C32H 0.00 0.00 0.00 0.72* 20.92* 1.20*

[a] In kcal/mol.
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The sodium salts Na2[{(CO)5M}2EX2] (M = Cr, Mo, W; E = compounds (2b, 2c) are able to rotate by a full 180° turn-
around with respect to one another. This process mustGe, Sn, Pb; X = Cl, I, OOCCH3) react with 2,2’-bipyridine

(bipy) to form neutral compounds [{(CO)5M}2E(bipy)] (E = Sn: involve complete de-coordination of at least one of the two
nitrogen donors in again at least one of the chelate cycles,1a–1c; E = Ge: 3a; E = Pb: 4). 1,10-Phenanthroline (phen)

analogues of compounds 1a–1c and 3a [{(CO)5M}2E(phen)] the activation energy for this process being around 60 kJ/
mol. By 119Sn-NMR spectroscopy of almost all of the tin(E = Sn: 1d–1f, E = Ge: 3b) are as well accessible. The 2,2’-

bipyridine ligand in 1 may be formally replaced by two compounds described it is shown that equilibria between
[{(CO)5M}2Sn(L2)] and [{(CO)5M}2Sn(L)] + L exist in all cases.pyridine (py) ligands resulting in [{(CO)5M}2Sn(py)2] (1g: M =

Cr, 1h: M = W). The bis-bidentate ligand 2,2’-bipyrimidine From the temperature dependence of the δ values it is
concluded that the activation barriers for this association/(bpmd) is found to coordinate just one [{(CO)5M}2Sn] entity

in [{(CO)5M}2Sn(bpmd)] (2b: M = Cr, 2c: M = W). The dissociation process is below 10 kJ/mol. The structures of all
new compounds are documented by X-ray analyses and allbiimidazolato (biim) ligand binds two [{(CO)5Cr}2Sn]

moieties in [{(CO)5Cr}2Sn(biim)Sn{Cr(CO)5}2]2–, 2a. It is compounds are characterized by the usual analytical and
spectroscopical techniques.shown by 1H-NMR that the pyrimidine entities in these

Na[BPh4] the highly reactive sodium salts
Introduction [Na(solv)x]2[{(CO)5M}2SnCl2] are formed[4]. The difference

in reactivity of these two types of salts is illustrated by theThe chemistry of low-valent main-group compounds may
observation that the phosphonium salts do not react withconsiderably be expanded by using organometallic protec-
sodium 8-oxoquinolate, Na[C9H6NO], while the sodiumtive groups to electronically and sterically inhibit the de-
salt [Na(solv)x]2[{CO)5Cr}2SnCl2] instantaneously does[4].composition of such species. Thus while neither Bi2 nor
The resulting anion [{(CO)5Cr}2Sn(oxinato)]2 contains aSn6

22 are known as such at ambient temperature their or-
tetrahedrally coordinated tin center (formal oxidation state:ganometallic derivatives [{(CO)5W}3Bi2] [1] and
Sn0) with two coordination positions occupied by the[{(CO)5Cr}6Sn6]22 [2] are well characterized species. In order
anionic chelate ligand[4].to exploit the unconventional chemistry of compounds con-

We report here that an analogous procedure allows fortaining low-valent tin aggregates embedded in an or-
the replacement of the two halide substituents in A by neu-ganometallic matrix, starting materials which contain reac-
tral nitrogen-based chelate ligands leading to neutral ad-tive tin2halide bonds and have the tin centers already coor-
ducts of types 1 and 2 which as well contain tin in the for-dinated to organometallic building blocks should be useful.
mal oxidation state of zero. Analogous reactivity is ob-With this idea in mind syntheses of various salts containing
served for the homologues of type A anions containing ger-anions of type A (Figure 1) had been developed[3] [4].
manium or lead instead of tin. 2,29-Bipyridine or 1,10-

Figure 1. Anions of type A
phenanthroline adducts of Ge0, 3, and Pb0, 4, stabilized by
coordination to two [(CO)5Cr] groups are thus obtained.

Results and Discussion

a) Compounds 1 Containing 2,29-Bipyridine or 1,10-Phenanthroline
as Chelating LigandsIt had been found that the salts formed with [Ph4P]1

counter ions are quite unreactive and correspondingly in- THF solutions of the sodium salts of the anions of type
A, [{(CO)5M}2SnCl2]22, are prepared fromdefinitely stable at room temperature under an inert atmos-

phere[4]. When, however, these salts are metathesized with [Ph4P]2[{(CO)5M}2SnCl2] by salt metathesis with Na[BPh4]
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Figure 2. Carbonyl region of the IR-absorption spectra ofas described[4]. Upon addition of 2,29-bipyridine (bipy) or

[Na(THF)x]2[{(CO)5Cr}2SnCl2] (A) and 1a (B) in THF1,10-phenanthroline (phen) the initially yellow solutions
turn deep red immediately and take on a turbid appearance
caused by the precipitation of NaCl.

Table 1. Complexes of type 1

Chromatographic workup, separating compounds 1 from
the decomposition products [M(CO)6], [M(CO)4(bipy)], and
[M(CO)4(phen)], respectively, leads to 1a21f in yields

Table 2. 1H-NMR-spectroscopic data ([D6]acetone, 25°C) for theof around 50%. The compounds are obtained as micro-
uncoordinated ligands and compounds 124crystalline deep red materials of analytical purity. Crystals

suitable for X-ray analyses are obtained by vapour diffusion
from THF/diethyl ether/petroleum ether (boiling range
40260°C). 1a21f are analogues of the known species
[{Cp9(CO)2Mn}2Sn(bipy)] [5] and [{Cp9(CO)2Mn}2Sn-
(phen)] [6].

The IR-ν̃CO spectra of 1a21f show the three-band pat- Ha Hb Hc Hd Hf

tern (Table 4, Figure 2) characteristic of [LM(CO)5] spec-
bipyridine 8.67[a] 7.38[b] 7.89[c] 8.51[d] 2ies [7]; in a few cases an additional shoulder around 1960
1a 9.18[a] 8.17[b] 8.60[c] 9.12[d] 2cm21 is observed (Table 4) indicating either a local sym- 1b 9.25[a] 8.11[b] 8.55[c] 9.10[d] 2

metry lower than C4v or coupling between the two 1c 9.23[a] 8.14[b] 8.57[c] 9.08[d] 2
3a 9.13[a] 8.28[b] 8.67[c] 9.23[d] 2[(CO)5M] chromophores. The IR-ν̃CO absorptions of the
4 9.13[a] 7.90[b] 8.37[c] 8.76[d] 2neutral compounds 1 are shifted to somewhat higher ener-

gies relative to the absorptions of the dianionic starting ma- phenanthroline 9.13[e] 7.72 8.42[f] 2 7.91[g]

1d 9.61[e] 8.48 9.19[f] 2 8.53[g]
terials (e.g. [Na(THF)x]2[{(CO)5Cr}2SnCl2]: ν̃CO (THF) 5

1e 9.68[e] 8.42 9.13[f] 2 8.51[g]

2040 w, 2007 s, 1920 vs, 1895 sh cm21, Figure 2) as would 1f 9.64[e] 8.44 9.13[f] 2 8.50[g]

3b 9.57[e] 8.59 9.26[f] 2 8.62[g]be expected when reducing the charge in an [LM(CO)5]
compound[8]. pyridine 8.62[h] 7.32[j] 7.72[k] 2 2

The 1H-NMR spectra show the expected shifts of the 1g 8.89[i] 8.00[j] 8.36[i] 2 2
1h 8.94[h] 7.96[j] 8.34[k] 2 2proton resonances of the ligands (Table 2). The observed

low-field shifts are somewhat higher than those found for bipyrimidine 9.00[l] 7.60[m] 2 2 2
the [Cp9(CO)2Mn] analogues of compounds 1 [5] [6]. This 2b[n] 9.71[l] 8.44[m] 9.68[l] 2 2

2c[n] 9.74[l] 8.39[m] 9.64[l] 2indicates that the coordination of the chelate ligands is
somewhat stronger for 1a21f as compared to their

[a] 3J(1H,1H) 5 4.825.5 Hz. 2 [b] 3J(1H,1H) 5 8.028.4 Hz. 2 [c]
[Cp9(CO)2Mn] analogues[5] [6]. 3J(1H,1H) 5 7.728.0 Hz. 2 [d] 3J(1H,1H) 5 4.725.8 Hz. 2 [e]

This is in fact what would be expected taking into ac- 3J(1H,1H) 5 4.025.1 Hz. 2 [f] 3J(1H,1H) 5 8.0 Hz. 2 [g]

3J(1H,1H) 5 4.025.5/8.0 Hz. 2 [h] 3J(1H,1H) 5 6.4 Hz. 2 [i] broadcount the relative π-donor capabilities of [Cp9(CO)2Mn]
signal, no coupling observable. 2 [j] 3J(1H,1H) 5 6.4/7.6 Hz. 2 [k]

and [(CO)5M] (M 5 Cr, Mo, W): with [Cp9(CO)2Mn] being 3J(1H,1H) 5 7.6 Hz. 2 [l] 3J(1H,1H) 5 4.825.0 Hz. 2 [m]

3J(1H,1H) 5 4.825.0 Hz. 2 [n] Measured at 250°C.the stronger π-donor[9] the cumulene-type compounds
[CpR(CO)2Mn5Sn5Mn(CO)2CpR] (CpR 5 Cp, Cp9,
Cp*)[10] are available as such. Their 2,29-bipyridine and bases[5] [6] and the compounds may thus be considered as

Lewis base stabilized organometallic cumulenes. The inter-1,10-phenanthroline derivatives corresponding to 1a21f are
directly obtained from the cumulenes by adding the chelate action with the Lewis base chelate ligands remains weak in

Eur. J. Inorg. Chem. 1998, 7032720  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/060620703 $ 17.501.50/0
704
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Table 4. IR-ν̃CO and 119Sn{1H}-NMR-spectroscopic data for com-this case reflecting the extensive Mn-dπ2Sn-pπ back-do-

pounds 124nation which effectively stabilizes even the base-free cumul-
enes. The weaker back-donation from the [(CO)5M] frag-

IR 119Sn{1H}ments makes the cumulene compounds [(CO)5M5Sn5 (ν̃CO/cm21)[a] (δ/ppm)[b]

M(CO)5] so unstable that they have not yet been isolated
as such[11]. Compounds 1a21f may be considered as base- 1a 2045 (m) 2016 (s) 1922 (vs) 1336

1b 2056 (m) 2034 (s) 1932 (vs) 1354stabilized forms of such species. Due to the inherent lack of
1c 2057 (m) 2035 (s) 1960 (sh) 1927 (vs) 1021[c]

sufficient back-donation from the metals the tin center in 1d 2045 (m) 2016 (s) 1922 (vs) 1327
1e 2056 (m) 2034 (s) 1932 (vs) 1349the hypothetical cumulenes [(CO)5M5Sn5M(CO)5] is
1f 2057 (m) 2035 (s) 1959 (sh) 1926 (vs) 996[d]

highly electron-deficient and will act as an effective Lewis
1g 2046 (m) 2016 (s) 1924 (vs) 1515

acidic center towards the chelate bases. The shifts of the 1h 2058 (m) 2036 (s) 1928 (vs) 1200[e]

2a 2052 (w) 2011 (m) 1938 (sh) 1919 (vs) 1897 (sh) 11491H-NMR resonances of the ligands upon coordination are
2b 2048 (m) 2018 (s) 1928 (vs) 1372indicative of this interaction. 2c 2059 (m) 2038 (s) 1963 (sh) 1929 (vs) 1026[f]

3a 2047 (m) 2021 (s) 1956 (sh) 1923 (vs) 2
Table 3. 13C-NMR-spectroscopic data ([D6]acetone, 25°C) for the 3b 2047 (m) 2021 (s) 1956 (sh) 1923 (vs) 1906 (sh) 2

uncoordinated ligands and compounds 124 4 2050 (m) 2017 (s) 1931 (vs)

[a] In THF. 2 [b] In [D6]acetone, 25°C. 2 [c] 1J(183W, 119Sn) 5 578
Hz; intensity ratio of peaks 15:100:15. 2 [d] 1J(183W, 119Sn) 5 520
Hz; intensity ratio of peaks 14:100:15. 2 [e] 1J(183W, 119Sn) 5 575
Hz; intensity ratio of peaks 16:100:14. 2 [f] 1J(183W, 119Sn) 5 540
Hz; intensity ratio of peaks 19:100:20. 2 [c]2[f] The intensity of the
satellites is close to the value of 29% as expected from coupling of
a tin nucleus with two equivalent tungsten nuclei.COax COeq Ca

[a] Cb
[b] Cc

[c] Cd
[d] Ce Cf

bipyridine 2 2 149.9 124.6 137.5 121.3 156.7 2
1a 227.4 221.1 148.2 127.9 143.0 125.8 152.6 2

The NMR data which are most characteristic for the par-1b 2 210.6 148.0 127.4 142.3 125.8 2 2
1c 204.5 201.3 147.8 127.8 142.6 125.7 153.6 2 ticular bonding situation in compounds 1 are the 119Sn-
3a 227.1 220.4 145.8 127.6 142.8 125.6 146.0 2 NMR resonances (Table 4). The absorptions occur at rela-4 221.3 219.3 148.8 126.6 141.0 125.1 152.3 2

tively low field in the broad range of shifts [14] hitherto ob-
phenan- 2 2 150.6 123.9 136.7 129.5 147.1 127.4 served for tin compounds of δ 5 2 2171 (Cp2Sn[15]) to δ 5
throline

1 3301 ([{Cp*(CO)2Mn}3Sn][16]).1d 227.0 220.9 149.4 126.3 141.8 132.2 140.4 129.1
1e 216.3 210.6 149.2 125.8 141.0 132.3 140.5 129.1 The resonances observed for the tungsten compounds 1c
1f 206.0 201.4 148.9 126.2 141.3 132.2 140.4 129.1 and 1f consistently occur at higher fields similar to those of3b 226.9 220.2 146.8 126.2 141.1 131.9 137.6 129.1

their chromium and molybdenum analogues[4].
pyridine 2 2 150.6 124.4 136.5 2 2 2 The 119Sn-NMR shifts of all compounds 1 are strongly
1g 226.7 220.9 149.0 127.2 142.2 2 2 2 temperature-dependent throughout. In the observable range1h 204.7 201.5 149.7 127.6 142.0 2 2 2

of temperatures the shifts increase with a slope of around
bipyrimi- 2 2 158.2 122.0 2 2 164.4 2 1.5 ppm/K with increasing temperature. This increase is
dine

monotonic though not strictly linear (cf. Figure 3).2b[e] 226.5 220.8 156.4 125.0 163.9 2 2 2
2c[f] 203.6 200.9 155.5 124.3 162.8 2 155.7 This behavior may be rationalized by the assumption of

two different species which are close in energy to each other,
[a] Ca: 1J(1H,13C; bipy) 5 178 Hz; 1J(1H,13C; 1a) 5 184 Hz; but which have widely different 119Sn-NMR shifts. One of1J(1H,13C; 3a) 5 161 Hz. 2 [b] Cb: 1J(1H,13C; bipy) 5 165 Hz;

these species should contain four-coordinate tin (type B,1J(1H,13C; 1a) 5 171 Hz; 1J(1H,13C; 3a) 5 165 Hz. 2 [c] Cc:
1J(1H,13C; bipy) 5 162 Hz; 1J(1H,13C; 1a) 5 171 Hz; 1J(1H,13C; Figure 4) in accord with the solid-state structure (vide in-
3a) 5 166 Hz. 2 [d] Cd: 1J(1H,13C; bipy) 5 163 Hz; 1J(1H,13C; fra). The other one is assumed to be a species where one of1a) 5 165 Hz; 1J(1H,13C; 3a) 5 170 Hz. 2 [e] Measured at 0°C. 2

the two nitrogen atoms of the chelate ligand is de-coordi-[f] Measured at 2 60°C.
nated (type C, Figure 4). This type of arrangement would
lead to a bonding situation close to the one characteristicThis interaction is mirrored by the 13C-NMR resonances

(Table 3). With reference to the 13C-NMR data of the free of inidene-type compounds Ln
…
2X(R)…

2MLn
[17].

The 3-center-4-π system characterizing the bonding situ-ligands the 13C signals of the coordinated ligands consist-
ently show the high-field (Ca, Ce) and low-field (Cb, Cc, Cd, ation in inidene compounds has a dramatic effect on the

NMR shift of the central atom X. It has been found thatand Cf) shifts which are known to be characteristic of the
coordination of these chelate bases[12]. A theoretical expla- with phosphorus in this position 31P-NMR shifts range

from δ 5 900 to δ 5 1400, well out of the range of shiftsnation of this characteristic pattern of high- and low-field
shifts has been put forward[13]. The individual resonances documented for all other phosphorus compounds[18]. This

strong low-field shift is in addition well correlated with thefor the carbonyl carbon atoms Cax and Ceq of the [(CO)5M]
entities are generally well resolved (Table 3); only in the case inverse of the energy ∆E (1/∆E) of the π-π* transition

in these compounds[18]. Taken together these observationsof 1b the quality of the spectroscopic data did not reveal
the resonance of the axial carbonyl group. lend strong weight to an interpretation which relates the

Eur. J. Inorg. Chem. 1998, 7032720 705
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Figure 3. Temperature-dependent 119Sn-NMR spectrum of 1a (left) The experimental observations are well in accord with

and 1e (right) and graphs obtained from Equation 1 the above assumptions. If a dynamic equilibrium as given in
Figure 4 is assumed the 119Sn-NMR shift of the equilibrium
mixture of the two isomeres is given by δobs. 5 xBδB 1 xCδC

with the molar fractions xB and xC and the shifts of the
pure isomeres δB and δC, respectively. The observed tem-
perature dependence of δobs. is then a consequence of the
temperature dependence of the equilibrium constant per-
taining to this isomerisation process and is given by Equa-
tion 1.

(1)

Fitting the parameters of δB, δC, and ∆G of the corre-
sponding Equation 1 to the observed values results in a
favorable agreement with the assumptions made above: the
values for δB are estimated by this procedure in a range of
δ 5 990 to δ 5 1070 for all four-coordinate compounds of
type B (Figure 4). The values estimated for δC are in a range
of δ 5 2900 to δ 5 3000. The values of ∆G range between
4 and 5 kJ/mol. All these values and ranges of values are
completely independent of any guess made for the quanti-Figure 4. Equilibrium between four- and three-coordinated tin spe-
tative items δB, δC, and ∆G above. They are extracted fromcies 1d21f
the observed material alone by the single assumption of a
dynamic equilibrium as given in Figure 4 with no quantitat-
ive restrictions put on this equilibrium other than the exper-
imental data. Graphs typical for the quality of fit obtained
are shown for 1a and 1e in Figure 3. It is evident that quite
some extrapolation is involved when the values δB and espe-
cially δC are to be determined by the fitting procedure.
Nevertheless the ranges of δB and δC compare favorably
with the expectations and the observed temperature depen-
dence of δobs. is neatly reproduced.

The interpretation of the temperature dependence of the
119Sn-NMR shifts in terms of an intramolecular equilib-
rium is further corroborated by the observation that ad-
dition of the free ligands (bipy, phen) to the solutions doesobserved low-field shifts to the low HOMO-LUMO gap
not change the appearence of the 119Sn-NMR spectra.characterizing the 3-center-M…

2X…
2M-4π systems. The same

The equilibrium between species with η2-coordinated li-type of arguments has been used to rationalize the extreme
gands (type B) and η1-coordinated ones (type C) as delin-119Sn-NMR low-field shift of around δ 5 3300 for a com-
eated should mirror itself into an appropriate behavior ofpound containing a M…

2X…
2M-π system as well [16]. A spec-

the proton resonances of the ligands.ies of the type C as shown in Figure 4 would thus be ex-
pected to have its resonance around δ 5 3000.

Figure 5. Temperature-dependent 1H-NMR spectrum of 1eA guess for the shift which should be expected for a com-
pound with four-coordinate tin (type B) may be based on
the observation that [Ph4P]2[{(CO)5Cr}2SnCl2] shows one
single temperature-independent signal at δ 5 924 with its
tungsten analogue [Ph4P]2[{(CO)5W}2SnCl2] resonating at
δ 5 605 again independent of temperature. The resonances
of the chelate compounds of type B (Figure 4) would hence
be expected somewhere around δ 5 500 to δ 5 1000.

An equilibrium as depicted in Figure 4 does not appear
to be ruled out by MO considerations: EHT calculations[19]

give an energy difference of only around 10 kJ/mol between
the two isomeres (type B and C, Figure 4) with the chelate
compound (type B) being the more stable.
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Figure 5 showing the temperature dependence of the 1H- The 1H-NMR spectra of 1g and 1h in [D6]acetone (Table

2) with the corresponding low-field shifts relative to freeNMR spectrum of 1e as an example demonstrates that with
raising temperature all of the signals are continuously pyridine clearly reveal the coordination of the pyridine li-

gands. The proton signals shift to lower fields as the tem-shifted to higher fields. Qualitatively this is well in accord
with what would be expected on the basis of the partial de- perature is lowered with the same type of observation hav-

ing already been described for 1a21f.coordination of the ligand characterizing the equilibrium
depicted in Figure 4: with the ligands being less tightly The 13C-NMR data (Table 3) equally well demonstrate

the coordination of the heterocycles in 1g and 1h. Againbound in the mean with increasing temperature their signals
should move towards the ones of the free ligands (Table 2). the individual resonances of the carbonyl carbon atoms are

observable and distinguishable (Table 3).Applying Equation 1 to the 1H-NMR data of 1e (Figure
5) with one set of limiting resonances fixed on the values The 119Sn-NMR data are indicative of dynamic equilibria

in these cases as well. When CD2Cl2 is used as the solventof the free ligand [δC 5 9.13 (Ha), 8.42 (Hc), 7.91 (Hf), 7.72
(Hb)] the other set of limiting resonances is derived as [δB 5 for 1h sharp tungsten-modulated signals are observed over

the whole range of temperatures (2982168 K). With9.96 (Ha), 9.57 (Hc), 8.87 (Hf), 8.70 (Hb)]. The value of ∆G
characterizing the equilibrium is obtained as 2 kJ/mol and decreasing temperature a monotonically increasing high-

field shift of the signal is observed: at 298 K the resonanceis 2 with respect to experimental accuracy (Figure 5) and
the narrow range of temperatures studied 2 in satisfying occurs at δ 5 1271 at 168 K is is found at δ 5 1164. If it

is assumed that the underlying chemical process is again aagreement with the value of ∆G 5 4 kJ/mol as extracted
from 119Sn-NMR measurements (vide supra). It is worth coordination/de-coordination equilibrium similar to the

one shown in Figure 4 and if it is further assumed that thenoting that the worst quality of fit is obtained for the data
pertaining to the protons Ha of the α-CH groups. The sensi- pyridine, when de-coordinated remains close to the tin in

the solvent cage an analysis as performed for the chelatetiveness of the resonances of these protons to minor
changes in the coordination environment is amply been compounds (vide supra) results in δB 5 1100, δC 5 2200,

and ∆G 5 5 kJ/mol, respectively, with the species of type Bdemonstrated in the literature[20]. Overall the successful mo-
deling of the temperature dependence of the NMR spectra being the more stable. The quality of fit is similar to the

one shown in Figure 3 for the chelate compounds 1a andof compounds 1 and the qualitative agreement of the esti-
mates made by these models for the reaction enthalpy, inde- 1e. This refers to the data from solutions of 1h in CD2Cl2.

Solutions of 1h in [D6]acetone show the same type ofpendent of whether 119Sn- or 1H-NMR data are analyized,
are in favor of the belief that the underlying basic assump- temperature dependence of the 119Sn-NMR signal with the

additional complication that the signal starts to broaden attion of an equilibrium (Figure 4) is correct.
The equilibrium (Figure 4) suggests that species with just 240 K and is completely vanishing in the background at

230 K reappearing as a sharp signal at 210 K. It is assumedone donor ligand should be stable as such without the
necessity of a second donor ligand. Under these premises it that some exchange with the [D6]acetone solvent is respo-

nsible for this phenomenon. With the chelate compoundsappeared worthwhile to probe whether, excluding the che-
late effect, one pyridine (py) molecule as a Lewis base 1a and 1e this type of observation is not made; steric re-

asons are a rationale for this difference in behavior. Any-would suffice to stabilize the underlying cumulene-type
compounds to such an extent that inidene like adducts how, the dynamic situation with 1h is more complicated

than the one described for 1a and 1e since addition of the[(CO)5M…
2Sn(py)…

2M(CO)5] could be isolated or whether a
second pyridine molecule whould coordinate, leading to free ligand pyridine is found to cause a high-field shift in

the 119Sn-NMR spectrum while starting with pure 1h in-[(CO)5M…
2Sn(py)2

…
2M(CO)5], compounds, formally isoelec-

tronic to the dianions [{(CO)5M}2SnHal2]22 [3] [4]. creasing dilution will shift the signal to the low-field side.
These experiments indicate that coordination/de-coordi-
nation equilibria of the same type as depicted in Figure 4b) Compounds 1 Containing Two Pyridine Donors
must be at the basis of the observed phenomena.

When THF solutions of the sodium salts
c) Molecular Structures of Compounds 1a21h[Na(THF)x]2[{(CO)5M}2SnCl2] (type A) are treated with a

fourfold equimolar excess of pyridine, adduct formation is The molecular structures of all the compounds of 1a21h
have been determined by X-ray analyses (Tables 5, 10, andindicated by a change in the IR-ν̃CO pattern. Isolation of

the pyridine adducts 1g and 1h, albeit in yields below 20%, 11). The similar allover geometry of the individual mol-
ecules within each class (1a21c, 1d21f, 1g and 1h) warrantsis possible by column chromatography. Compounds 1g and

1h are obtained as yellow microcrystalline solids. 1g and 1h the discussion of the structures with reference to Figure 6,
showing only the [(CO)5Cr] derivatives[21].are definitely less stable than the chelate adducts 1a21f:

under conditions where 1a21f are indefinitely stable in This similarity is also illustrated by the fact that the crys-
tal structures of 1a21c are isotypic (Table 10) as are thoseTHF solutions 1g and 1h gradually disintegrate to produce

unsoluble greenish materials. of 1d21f which include one THF solvate per molecule 1
(Tables 10 and 11) and those of 1g and 1h (Table 11). TheThe IR-ν̃CO absorptions (Table 4) of 1g and 1h are within

a few wavenumbers found at the same positions as those of environment of the tin centers in 1a21h is distorted tetra-
hedral (Table 5).the corresponding 2,29-bipyridine adducts 1a and 1c.
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Figure 6. Molecular structures of compounds 1a, 1c, and 1g

Table 5. Selected bond lengths [pm], angles [°] and torsion angles [°] of compounds 1a21h[a]

[a] Estimated standard deviations in units of the least significant figures given in each case are quoted in parentheses. 2 [b] Average values;
the standard deviations refer to the largest individual esd in each set. 2 [c] α refers to the torsion angle CCO(eq)2M2M2CCO(eq) as
defined in Figure 7.

The tin2metal distances in compounds 1a21h are very Sn2W) for the three types of compounds (1a21c, 1d21f,
1g, and 1h). Within each individual compound the two tin2similar (Table 5) within each class (Sn2Cr, Sn2Mo,
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Figure 8. Correlation between the angles around the tin centermetal distances are close of being even numerically equal.

The geometric data characterizing the Sn2{M(CO)5} enti-
ties in each compound are again very similar (Table 5).
While the distances are appropriately modulated by the
kind of metal (Cr, Mo, or W) the same general trends are
found in all compounds. The axial metal2carbonyl bonds
are without exception some 224 pm shorter than the equa-
torial ones (Table 5). The equatorial M2CO entities tend
to bend towards the tin center with the Sn2M2Ceq angles
somewhat smaller than 90° throughout, and consequently
the Cax2M2Ceq angles somewhat larger than 90° (Table
5). The torsion angles α [CCO(eq)2M2M2CCO(eq), Figure
7] are as well similar within each class of compounds
(1a21c, 1d21f, 1g, and 1h). While for 1a21c a more
eclipsed orientation with α ø 24° is found to be preferred,
a more staggered conformation is observed for 1d21f (α ca.
40°) and for 1g and 1h (α ø 44°) (Table 5).

Figure 7. Newman projection of a compound of type 1; view along
the M2M axis

[a] Values for the chloride compounds [{(CO)5M}2SnCl2]22 (M 5
Cr, Mo, W) are taken from ref. [3] 2 [b] Values for the bromide
compounds [{(CO)5M}2SnBr2]22 (M 5 Cr, W) are taken from
ref. [4].

free to occupy the individually optimal positions, for the
chemically related dianions [{(CO)5M}2SnHal2]22 (M 5
Cr, Mo, W: Hal 5 Cl[3]; M 5 Cr, W: Hal 5 Br[4]), were
two halide donors bind to the tin center, the anglesThe Sn2N distances observed for 1a21f are close to
Hal2Sn2Hal are around 94° so that it is propable to as-their mean value of 229 pm within a few pm in all these
sume that an angle of around 90° is characteristic for ancompounds (Table 5). The quality of the data obtained for
unstrained L2Sn2L arrangement in this type of com-the tungsten compound 1c is too low (Tables 10 and 11) to
pound. The trend apparent from the structures of 1a21hwarrant a detailed discussion of individual differences; the
that a small N2Sn2N angle is accompanied by a largesame applies to the tungsten compound 1h. A comparison
M2Sn2M angle is also apparent from the fact that theof the 2,29-bipyridine adduct 1a and the bis-pyridine adduct
M2Sn2M angles observed for [{(CO)5M}2SnHal2]22 are1g suggests a somewhat weaker Sn2N interaction in 1g
close to 131° [3] [4]. The corresponding data for quite a num-(Sn2N: 232.0 pm) than in 1a (Sn2N: 228.5 pm) (Table 5).
ber of compounds of the general formulaThe most apparent difference between the three classes of
[{(CO)5M}2SnL2]n (n 5 0, L2 5 2,29-bipyridine, 1,10-phen-compounds (1a21c, 1d21f, 1g, and 1h) is found in the
anthroline, 2 pyridine, 2,29-bipyrimidine; n 5 22, L 5 Cl,angular distribution around the tin center: the M2Sn2M
Br) are collected in the diagram of Figure 8 which illustratesangles are close to 149° for the 2,29-bipyridine adducts
the correlation between M2Sn2M and L2Sn2L angles in(Table 5) while they average at around 145° for the 1,10-
this type of compounds.phenanthroline adducts (Table 5). For the bis-pyridine ad-

ducts they are definitely smaller with values around 139°
d) Compounds 2 Containing Biimidazolato or 2,29-Bipyrimidine(Table 5).

Chelating LigandsThe trend observed for the M2Sn2M angles is counter-
balanced by an opposite trend in the N2Sn2N angles Since the bidentate chelate ligands 2,29-bipyridine and

1,10-phenanthroline form the stable mononuclear adducts(Table 5, Figure 8): with 2,29-bipyridine as the ligand this
angle is constant at 71.3° (Table 5) within the limits of error 1 bis-bidentate chelate bases should give dinuclear com-

pounds. When disodium biimidazolate, C6H4N4Na2, isfor all three compounds 1a 21c; with 1,10-phenanthroline
(1d21f) the angle stays at 72.4° (Table 5). For the bis-pyri- treated with [Na(THF)x]2[{(CO)5Cr}2SnCl2] [3] [4] the di-

nuclear tin(0) compound 2a is obtained (Scheme 1).dine derivatives 1g and 1h angles of 86.5° (Table 5) are ob-
served being again practically identical for the two com- 2a is separated from the reaction mixture by chromato-

graphic workup. Crystals suitable for X-ray analysis are ob-pounds in this class. The rather small N2Sn2N angles ob-
served for 1a21c and 1d21f are thus obviously a conse- tained by addition of 12-Crown-4 to a THF solution of 2a

followed by vapor diffusion from THF/diethyl ether/petro-quence of the chelate binding mode. While in the
compounds 1g and 1h the two separate pyridine donors are leum ether (boiling range 40260°C).
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Scheme 1. Reaction of Na2[{(CO)5Cr}2SnCl2] with disodium bi- connected with the biimidazolato bridging ligand which

imidazolate causes this deviation.

Table 6. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] of compounds 2a22c[a]

[({(CO)5M}2Sn)x(N∩N)]n 2a · (12- 2b 2c
Crown-4)
M 5 Cr; M 5 Cr; M 5 W;
x 5 2; x 5 1; x 5 1;
n 5 22 n 5 0 n 5 0

M2Sn 260.1(1) 265.2(2) 275.2(1)
262.1(2) 265.7(3) 275.4(1)

M2CCO(ax) 183.2(9) 187(1) 196(2)The IR-ν̃CO spectrum in THF is consistent with the pres-
M2CCO(eq)

[b] 188.3(9) 191(3) 205(2)
ence of [(CO)5Cr] groups (Table 4)[7]; in comparison with Sn2N 229.2(5) 236.0(6) 231(1)

226.9(5) 236.9(7) 234(1)the IR-ν̃CO spectra of 1a and 1d the absorption pattern ob-
served for 2a shows two additional resonances apparent as M2Sn2M 135.26(4) 146.05(5) 143.90(4)
shoulders. The somewhat reduced local symmetry or some N2Sn2N 77.2(2) 70.2(2) 69.6(4)

M2Sn2N 112.8(1) 101.2(2) 99.8(3)coupling between the individual [(CO)5Cr] chromophores
106.2(1) 104.7(2) 101.6(3)may be the reason for this [7]. Relative to the absorptions 107.1(1) 101.3(2) 106.4(3)
102.1(1) 107.9(2) 108.1(3)observed for the neutral species 1a and 1d the center of

Sn2N2Cipso
[b] 109.6(4) 118.4(5) 119.1(9)gravity of the ν̃CO-band pattern is shifted to slightly lower

Sn2M2CCO(ax) 177.1(3) 179.1(5) 175.0(4)
energies as expected. Sn2M2CCO(eq)

[b] 86.7(2) 88.8(8) 87.4(5)
CCO(eq)2M2CCO(ax)

[b] 93.3(4) 91.2(8) 92.6(7)The 1H- and 13C-NMR data of 2a (see Experimental Sec-
CCO(eq)2M2CCO(eq)

[b] 89.8(3) 89(1) 89.9(7)tion) are consistent with the ligand acting as a bis-bidentate 173.3(3) 172(1) 174.2(7)
chelate bridge.

N2C2C2N 0 6(1) 2(2)A value of δ 5 1149 is observed for the 119Sn-NMR res-
torsion angle α[c] 33 6 10onance (Table 4) of 2a. The 119Sn-NMR shift is thus about

200 ppm upfield from the shifts observed for 1a and 1d and [a] Estimated standard deviations in units of the least significant
is close to the value observed for [Ph4P]2[{(CO)5Cr}2SnCl2] figures given in each case are quoted in parentheses. 2 [b] Average

values; the standard deviations refer to the largest individual esd(δ 5 924)[4]. Even though no temperature-dependent 119Sn-
in each set. 2 [c] α refers to the torsion angle CCO(eq)2M2M2NMR data of 2a could be obtained, the relatively strong CCO(eq) as defined in Figure 7.

high-field shift of the 119Sn-NMR signal of 2a suggests that
Procedures analogous to the one which leads to the di-there is no dynamic coordination/de-coordination equilib-

nuclear compound 2a with biimidazolate as the ligand gave,rium active for this compound.
under the workup procedures applied to obtain compounds
1, only the mononuclear species 2b and 2c with 2,29-bipy-Figure 9. Molecular structure of the dianion of 2a
rimidine (bpmd) as the potential bis-bidentate chelate li-
gand (Scheme 2).

Scheme 2. Reaction of Na2[{(CO)5M}2SnCl2] (M 5 Cr, W) with
2,29-bipyrimidine

The IR-ν̃CO data of 2b and 2c are in excellent qualitative
accord with the corresponding data of compounds 1
(Table 4).The X-ray analysis of 2a (Tables 6 and 12, Figure 9)

which is a centrosymmetric molecule in the solid state re- The mononuclearity of 2b and 2c is unequivocally
proofed by X-ray analyses for both compounds (Tables 6veals the general type of bonding as inferred from the spec-

tral data. The individual trends already discussed for com- and 12, Figure 10). While the quality of the diffraction data
obtained for the tungsten compound 2c does not warrant apounds 1 are equally well seen in the structure of 2a (Table

6). With respect to the diagram (Figure 8) correlating the detailed discussion of individual geometric parameters the
structure analysis of 2b is of standard accuracy.bond angles M2Sn2M and N2Sn2N 2a is an outlyer

with values of 135° and 77°, respectively (Table 6) being Since 2,29-bipyridine is a direct analogue of 2,29-bipyri-
midine a comparison of structures 1a and 2b should be in-found for 2a. It is not clear whether it is the steric encum-

brance in the dinuclear tin species 2a or some peculiarity formative. Many of the general trends discussed for com-
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Figure 10. Molecular structure of 2b doublet is apparent at 313 K (Figure 11) indicating C2v

symmetry in the time average. The process which gives rise
to this temperature dependence is then one which equilib-
rates all the four donor positions of the 2,29-bipyrimidine
ligand in 2c.

According to the discussions made in the previous parts
of this paper the most propable equilibration pathway is the
one where one Sn2N bond is opened thus allowing the now
uncoordinated pyrimidyl residue to rotate. Recoordination
of this pyrimidyl entity necessarily leads to the equilibration
of its donor functions. With the same type of process op-
erating for the other pyrimidyl part of the chelate ligand all
four donor positions are equilibrated on the time average.
The coalescence temperature for this process as observed
for 2c (Figure 11) is around 288 K corresponding to an
activation barrier of around 61±1 kJ/mol[22]. The same type
of 1H-NMR observation is made for 2b with a coalescence

pounds 1 are as well observed for compounds 2 (Tables 5 temperature of 293 K. The activation energy (64±1 kJ/mol)
and 6). The fact that the Cr2Sn bond is more than 3 pm is the same within the limits of error as the one found for
longer than the one observed in 1a (Table 5) has no expla- 2c. These energies refer to a process different from the one
nation at the moment because at the same time the Sn2N discussed in connection with the dynamic behavior of 1: the
distances in 2b [236.5 (7) pm, Table 6] are definitely longer process discussed there for 2,29-bipyridine or 1,10-phen-
than the Sn2N bonds in the 2,29-bipyridine derivative 1a anthroline derivatives, respectively, involved nothing but a
[228.5 (3) pm, Table 5]. Nevertheless, the angles characteriz- wagging motion of the chelate ligands with one of the nitro-
ing the coordination at the tin center are very similar for gen donors remaining tightly bound and the other one just
both compounds as are the angles relevant to describe the shifting away from the tin by some 50 pm (Sn···N ca. 284
coordination of the chromium centers in both compounds pm) without completely loosing the contact to its tin
(Tables 5 and 6, Figure 9). neighbor (type C, Figure 4). In the case of 2b and 2c this

In contrast to the mononuclear structure of 2b and 2c contact is completely lost by a full 180° rotation of the ring.
the proton-NMR signals observed for these compounds at Such a rotation is not possible for 1,10-phenanthroline and
ambient temperature show a pattern (Figure 11) which indi- the observation that the 1,10-phenanthroline derivative 1e
cates at least C2v symmetry for the ligand surroundings behaves quite like the 2,29-bipyridine derivative 1a (vide su-
while only Cs symmetry is possible with the static structure pra) lends quite some credit to the interpretation of the dy-
found in the solid state (Figure 10). namic processes in these cases. For 2b and 2c one Sn2N

bond is completely broken and EHT calculations per-Figure 11. Temperature-dependent 1H-NMR spectrum of 2c
formed on [{(CO)5Cr}2Sn(bipy)] (1a) as a model compound
suggest that quite some additional energy is needed for this
process of completely breaking the bond.

The 13C-NMR data of 2b and 2c are formally in accord
with the static structure as observed in the solid state (Fig-
ure 10) and individual signals are observed for every type
of chemically different carbon atoms (Table 3). This is due
to the different time window of 1H- and 13C-NMR spec-
troscopy and especially to the large difference in resonance
frequency of Ca and Cc (Table 3)[23]. At 313 K the reso-
nances of Ca and Cc have just started to fade away yet with-
out a time averaged signal being apparent. Further heating
is precluded by the low boiling point of the [D6]acetone
solvent used.In the static structure the protons Ha and Hc (see insert,

Table 2) have definitely different environments, while they The type of dynamic process as discussed for the 2,29-
bipyridine and 1,10-phenanthroline adducts 1 should like-give rise to only one broad signal at 298 K (Figure 11, δ ø

9.6). By variable-temperature NMR measurements (Figure wise be apparent for 2b and 2c (Figure 12). In these cases
the weakening of one of the two Sn2N bonds at each tin11) it is shown that upon cooling two doublets evolve from

this envelope which are clearly resolved at 263 K (Figure center should be a low lying pre-equilibrium step with refer-
ence to the complete bond breaking and rotation process11). The appearance of the spectra at low temperatures thus

corresponds to the static Cs-symmetric structure as is ob- which is evident by the coalscence experiments discussed
above. If no further deep energy minima are met along theserved in the solid state (Figure 10). At higher temperatures

the broad envelope observed at 298 K sharpens and a clear reaction coordinate of bond breaking and ring rotation 2
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Figure 12. Temperature-dependent 119Sn-NMR spectrum of 2c ([Na(THF)x]2[{(CO)5M}2SnCl2]: ν̃CO (THF): M 5 Cr: 2040

w, 2007 s, 2000 sh, 1920 vs, 1895 sh cm21, Figure 2; M 5
Mo: 2051 vw, 2025 s, 1949 sh, 1929 vs, 1901 s; M 5 W:
2052 w, 2027 m 1926 vs, 1894 s). The 119Sn-NMR spectrum
of solution of [Ph4P]2[{(CO)5W}2SnCl2 ·CdCl2] for example
taken at 300 K shows a signal at δ 5 1250, very similar to
the one observed for the disodium salt (δ 5 1268). It is
plausible to assume that CdCl2 will interact with the SnCl2
part of the dianion by association with the chlorine func-
tions to produce an adduct of type D (Figure 14)
Figure 14. Possible form of an association between

[Ph4P]2[{(CO)5M}2SnCl2] (M 5 Cr, Mo, W) and CdCl2

as is evident by the 1H-NMR data 2 this additional dy-
namic process will not mirror itself into the temperature
dependence of the 119Sn-NMR spectrum and this is what is
indeed observed. Fitting equation 1 as discussed for 1a and
1e to the shift values observed at different temperatures
(Figure 12) for 2c leeds to the values δB 5 800, δC 5 3600 Several forms of association are of course conceivable
and ∆G 5 6 kJ/mol with B and C refering to the use of the with the extreme of a complete separation of the adduct
symbols in Figure 4. These values are in good agreement to into the two anions “[CdCl3]2” and [{(CO)5Cr}2SnCl]2.
the ones obtained for 1a and 1e. The observed shift in the IR-ν̃CO absorptions (vide supra)

Observations made for [{(CO)5M}2SnCl2]22 (M 5 Cr, fits into this idea as does the observation that the 119Sn-
Mo, W) lend some additional credit to the above reasoning: NMR spectra of [Ph4P]2[{(CO)5M}2SnCl2 ·CdCl2] are
the 119Sn-NMR resonances of the salt strongly temperature-dependent while the ones of
[Ph4P]2[{(CO)5Cr}2SnCl2] [4] occurs at δ 5 924 with a only [Ph4P]2[{(CO)5M}2SnCl2] are not. Fitting the NMR data of
slight temperature dependence as generally induced by solv- [Ph4P]2[{(CO)5W}2SnCl2 ·CdCl2] to an equilibrium of this
ation processes (Figure 13, B). type leads to a ∆G value of 5 kJ/mol for the relevant process

and values of δB 5 1000 and δC 5 3200 with respect toFigure 13. Comparison of the temperature dependence of the
119Sn-NMR resonances of [Na(solv)x]2[{(CO)5Cr}2SnCl2] (A) and Equation 1. These values are not to different from the ones

[Ph4P]2[{(CO)5Cr}2SnCl2] (B) estimated for a comparable equilibrium in the case of com-
pounds 1 and 2.

If THF solutions of [Ph4P]2[{(CO)5M}2SnCl2] are treated
with equimolar amounts of CoCl2, FeCl2, or MnCl2 the IR-
ν̃CO absorption pattern shifts accordingly with the resulting
spectrum being equal to the one observed when CdCl2 is
used as the halide abstractor and altogether equal to the
one observed for THF-solutions of
[Na(THF)x]2[{(CO)5M}2SnCl2]. When, on the other hand,
solutions of Na2[{(CO)5M}2SnCl2] in THF are treated with
a large excess of [2.2.2]-Cryptand the IR-ν̃CO absorption
pattern as well as the 119Sn-NMR resonances shift to the
value characteristic for [Ph4P]2[{(CO)5M}2SnCl2] [4]: theThe disodium salt of the same dianion on the other hand
encrypted sodium ion can no longer act as a halide ab-shows a 119Sn-NMR resonance which is strongly tempera-
stractor. Any attempts to isolate the productture dependent (Figure 13, A). The shift values observed
[{(CO)5M}2SnCl]2 formed by halide abstraction frombetween 213 K and 303 K span a range between δ 5 1593
[{(CO)5M}2SnCl2]22 have failed so far. The isolation ofand δ 5 1490. The IR-ν̃CO absorptions of these two salts
[Ph4P]2[Zn2Cl6] [24] from the reaction ofare different as well [4] with the absorption pattern observed
[Ph4P]2[{(CO)5Cr}2SnCl2] and ZnCl2 does however showfor the disodium salt occuring at higher energies as com-
that chloride abstraction is in fact occuring with thepared to the one of the [Ph4P] salt [4]. A clue as to what
ZnCl2 reagent.the reason for these differences might be comes from the

following observation: when THF solutions of the
e) Analogous Compounds with Germanium and Lead[Ph4P]2[{(CO)5M}2SnCl2] are treated with an equimolar

amount of CdCl2 the infrared band pattern changes to the The germanium analogue 3a of 1a is prepared from the
reaction of Na2[Cr2(CO)10] with GeI2 in the presence ofone characteristic for the disodium salts
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2,29-bipyridine. The same procedure when performed with ligand going from lead to germanium. An interesting spe-

cial feature apparent from Figure 15 is that the signals orig-1,10-phenanthroline instead of 2,29-bipyridine as the chelat-
ing ligand leads to 3b the germanium analogue of 1d inating from Ha and Hd change their relative position with

respect to one another when going from the tin (1a) to the(Scheme 3).
germanium compound 3a. This type of observation had al-Scheme 3. Reaction of Na2[Cr2(CO)10] with GeI2 in the presence

of a chelate ligand ready been made with other coordination compounds of
2,29-bipyridine and 1,10-phenanthroline and has prompted
to some tentative explanations[20].

Table 7. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] of compounds 3a24[a]

[{(CO)5Cr}2EL2] 3a/1 3a/2 3b 4
E 5 Ge E 5 Ge E 5 Ge E 5 Pb
L2 5 bipy L2 5 bipy L2 5 phen L2 5 bipy

The lead analogue 4 of 1a is accessible by the reaction of
Cr2E 247.1(3) 247.9(3) 247.5(1) 265.8(2)[{(CO)5Cr}2Pb(OOCCH3)2]22 [4] with 2,29-bipyridine

247.2(3) 249.6(3) 2 265.8(2)(Scheme 4).
Cr2CCO(ax)

[b] 186(1) 186(1) 184.5(7) 187.0(2)
Cr2CCO(eq)

[b] 187(1) 187(1) 187.8(8) 189.7(2)Scheme 4. Reaction of the disodium salt [{(CO)5Cr}2Pb-
E2N 206.1(9) 204.6(9) 206.9(4) 244(1)(OOCCH3)2]22 with 2,29-bipyridine

204.3(9) 205(1) 2 241(1)

Cr2E2Cr 133.26(9) 136.64(1) 137.94(5) 155.47(8)
N2E2N 76.7(3) 76.8(4) 78.1(2) 67.4(4)
Cr2E2N 103.7(3) 105.5(3) 104.4(1) 100.7(3)

108.8(3) 108.8(3) 108.0(1) 99.4(3)
112.1(3) 103.7(3) 2 99.4(3)
107.8(3) 108.5(3) 2 101.2(3)

E2N2Cipso
[b] 118.1(8) 117.8(8) 115.0(4) 120.2(9)All three compounds are characterized by IR-ν̃CO, 1H- E2Cr2CCO(ax)

[b] 174.7(5) 174.7(5) 177.9(2) 175.8(5)
NMR, and 13C-NMR spectroscopy (Tables 224). The E2Cr2CCO(eq)

[b] 88.9(5) 88.9(5) 88.0(2) 88.3(5)
CCO(eq)2Cr2CCO(ax)

[b] 91.2(6) 91.2(6) 92.0(3) 91.8(7)NMR shifts observed relative to the resonances of the free
CCO(eq)2Cr2CCO(eq)

[b] 90.0(6) 90.0(6) 89.9(3) 90.0(7)ligands clearly indicate a chelate type coordination in each 176.3 (7) 176.3(7) 175.7(7) 175.0(7)
case (Tables 2 and 3). The 1H-NMR pattern observed for

N2C2C2N 7(1) 4(1) 0 16(1)the resonances of the 2,29-bipyridine ligands in the series of
torsion angle α[c] 19 40 42 25

the germanium, tin, and lead compounds (3a, 1a, and 4)
are compared to the 1H-NMR pattern observed for the free [a] Estimated standard deviations in units of the least significant

figures given in each case are quoted in parentheses. 2 [b] Averageligand in Figure 15.
values; the standard deviations refer to the largest individual esd

Figure 15. Comparison of the 1H-NMR spectra of in each set. 2 [c] α refers to the torsion angle CCO(eq)2M2M2
[{(CO)5Cr}2E(bipy)] (E 5 Ge: 3a; E 5 Sn: 1a; E 5 Pb: 4) with the CCO(eq) as defined in Figure 7.1H-NMR spectrum of free 2,29-bipyridine

The structures of 3 and 4 have been determined by X-
ray crystallography (Tables 7 and 13). The overall geometry
closely corresponds to the one observed for the other 2,29-
bipyridine and 1,10-phenanthroline compounds described
in this paper. The structures will therefore be discussed with
implicit reference to Figure 2 which shows the general
structural pattern with respect to the [{(CO)5Cr}2Sn(L2)]
analogues 1a and 1d. The crystal of 3a contains two crystal-
lographically independent molecules designated as 3a/1 and
3a/2 in Table 7. The only very minor deviations in the scalar
properties of the two crystallographically independent spe-
cies 3a (Table 7) demonstrate that the structures are to a
very large extent determined by the inner molecular poten-
tial and not strongly influenced by the outer forces caused
by the potential imposed onto the molecules by the crystal
lattice. On the other hand the torsion angles characterizing
the skew of the arrangement of the equatorial carbonyl
groups of the [(CO)5Cr] entities relative to each other isIt is seen that the low-field shift upon coordination is

smallest for the lead compound 4 and largest for the ger- different in the two individual molecules of 3a (Table 7).
This means that the corresponding torsional mode is a verymanium compound 3a (Table 2, Figure 15). This may be

taken as an indication of the continuously stronger interac- soft one as expected. The Ge2N distances observed in 3a
(205 pm) are significantly shorter than the ones found in itstion between the main group center and the 2,29-bipyridine
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analogue [{Cp9(CO)2Mn}2Ge(bipy)] (Ge2N: 211.5 pm)[5]. completely sound on a thermodynamic basis due to par-

tially irreversible electron transfer processes (Table 8) theThe same trend is observed for the 1,10-phenanthroline
compound 3b (3b has crystallographic C2 symmetry) with trends are altogether clear. A reliable comparison can be

made for 1a (L2 5 bipy) and 2b (L2 5 bpmd) because inan Ge2N distance of 206.9 pm versus the equivalent dis-
tance in [{Cp9(CO)2Mn}2Ge(phen)] of 216.8 pm[6]. The each case the first reduction is fully reversible with the sec-

ond one being quasireversible. It is observed that the firstPb2N distances in the lead compound 4 fit to this trend as
well. Due to absorption effects the structure analysis is not reduction of 1a is by 30 kJ/mol more difficult than the first

reduction of 2b. The difference in electron affinity of thevery accurate but it is still beyond doubt that the Pb2N
distances in 4 (243 pm, Table 7) are significantly shorter 2,29-bipyridine versus the 2,29-bipyrimidine ligand is mir-

rored by these data which again is in favour of the con-than the ones found in [{Cp9(CO)2Mn}2Pb(bipy)] (Pb2N:
255.7 pm)[5]. An explanation for this trend based on the clusion that the LUMO is ligand centered in each case.

While the reduction is thus ligand-centered the oxidationdifferent π-donor capabilities of [Cp9(CO)2Mn] versus
[(CO)5Cr] has already been given above. Yet another trend of the compounds 1a23b appears to be metal-centered: in-

dependent of the ligand but slightly dependent on the metalis seen when comparing the data collected in Tables 5 and
7: the M2E2M angle systematically increases along the the oxidation waves are observed in the range of 0.721.0 V.

In most cases the first oxidation wave occurs in this rangeseries of germanium, tin, and lead compounds. This trend
is as well apparent from the data known for the (Table 8). In the case of 1g and 1h, where two pyridine

molecules act as the L2 donor set, the first irreversible oxi-[Cp9(CO)2Mn] analogues of 1a, 3a, and 4 [5] [6] and their iso-
electronic cationic analogues [{Cp9(CO)2Mn}2E(bipy)]1 dation is found at a lower potential of around 0.6 V already

while the second one is again in the range discussed above.(E 5 As[25], Sb[25], Bi [26]).
It is assumed that the first irreversible oxidation wave refers

f) Cyclovoltammetry of Compounds 1a23b to the species which result from 1g and 1h by loss of one
pyridine ligand. The corresponding dissociation equilib-Cyclovoltammetric data have been obtained (see Exper-
rium is evident from NMR and has been explained above.imental Section) for all compounds but 4 and are listed in
With the biimidazolato bridging ligand, species 2a, whichTable 8.
undergoes no reduction in the potential range studied, three

Table 8. Cyclovoltammetric data[a]
oxidation waves are observed, all of them irreversible. But
the last one with 0.9 V (Table 8) again being in the rangeReduction Oxidation
characteristic of all the other compounds where this com-
plication by several oxidation steps does not occur. Com-1a 21.16 rev. 21.70 qrev. 10.84 qrev. 11.17 irrev.

1b 21.22 rev. 21.80 rev. 10.70 irrev. 11.08 irrev. parison of the oxidation potentials observed for 1a (Sn) and
1c 21.20 rev. 21.76 rev. 10.86 irrev. 11.10 irrev. 3a (Ge) shows that the observed potentials are also practi-1d 21.16 irrev. 2 10.84 qrev. 2

cally independent of the main-group center. Taken together1e 21.21 irrev. 22.00 irrev. 10.68 irrev. 2
1f 21.20 irrev. 2 10.83 irrev. 11.09 irrev. these findings indicate that the HOMO of the compounds
1g 21.40 irrev. 22.16 irrev. 10.56 irrev. 10.85 rev. is metal-centered with the exception of the dianionic com-1h 21.43 irrev. 2 10.57 irrev. 10.97 irrev.

pound 2a.2a 2 2 10.54 irrev. 10.89 irrev.
10.67 irrev.

2b 20.86 rev. 21.87 qrev. 10.85 qrev. 2 Concluding Remarks
2c 20.92 rev. 21.81 qrev. 10.89 irrev. 11.08 irrev.
3a 21.09 rev. 21.70 rev. 10.78 irrev. 10.85 qrev. It is shown that even though the cumulene-type com-
3b 21.09 irrev. 2 10.79 irrev. 10.89 qrev. pounds [(CO)5M5E5M(CO)5] (E 5 Ge, Sn, Pb; M 5 Cr,4 2 2 2

Mo, W) are not yet known in the free state, their base ad-
ducts [{(CO)5M}2E(L2)] are stable and well-characterized[a] Pt/SCE electrode/nBu4NPF6/CH3CN; see Experimental Section.
compounds. Their structures as determined by X-ray crys-
tallography reveal a common bonding pattern for all theA first reductive electron transfer occurs in the region

between 20.8 and 21.4 V. Although the redox processes compounds of this type. By comparison of a series of com-
pounds of the type [{(CO)5M}2Sn(L2)] it is demonstratedare only in part fully reversible a comparison of the ob-

served potentials is revealing. For a given set of ligands re- that in an unstrained compound the angle sustained at the
tin center by the donors of L2 should be close to 90°. Theductions are found at closely similar values independent of

the [(CO)5M] groups to which the main-group center is M2E2M angles (E 5 Ge, Sn, Pb) are in the range between
133° and 155° systematically increasing from E 5 Ge overbonded (compare: 1a21c, L2 5 bipy, 21.2 V; 1d21f, L2 5

phen, 21.2 V; 1g21h, L2 5 2 py, 21.4 V; 1a21c, L2 5 E 5 Sn to E 5 Pb. From NMR-spectroscopic data of the
corresponding 2,29-bipyridine adducts [{(CO)5Cr}2E(bipy)]bpmd, 20.9 V). Furthermore, the potential at which re-

duction occurs does appear to be independent of the kind it is inferred that the bonding interaction between the che-
late ligand and the main-group element decreases in theof main-group center (compare: 1a, Sn, L2 5 bipy, 21.2 V;

3a, Ge, L2 5 bipy, 21.1 V). These observations indicate series E 5 Ge to E 5 Pb. The temperature dependence of
the 119Sn-NMR shifts observed for compounds 1 and 2 isthat the LUMO in all the compounds is ligand centered.

Even the second reduction waves (Table 8) conform to this consistently interpreted in terms of an equilibrium
[{(CO)5M}2E(L2)] v [{(CO)5M}2E(L)] 1 L. With 2,29-bi-statement. Although some of the comparisons made are not
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solids. Single crystals of 1a and 1d were obtained within 3 d bypyrimidine as a spectroscopic probe in
applying the method described below.[{(CO)5M}2Sn(bpmd)] (M 5 Cr, W) this process of partial

de-coordination is more directly evident from dynamic 1H- Bis(pentacarbonylmolybdenum)(2,29-bipyridine)tin, [{(CO)5Mo}2-
Sn(bipy)] (1b), and Bis(pentacarbonylmolybdenum)(1,10-phen-NMR spectroscopy.
anthroline)tin, [{(CO)5Mo}2Sn(phen)] (1e): A yellow solution of
Na2[{(CO)5Mo}2SnCl2], obtained by salt metathesis reaction ofThe financial support by the Deutsche Forschungsgemeinschaft
[Ph4P]2[{(CO)5Mo}2SnCl2] (1340 mg; 1 mmol) with Na[BPh4] (684(SFB 247) and the Fonds der Chemischen Industrie is gratefully
mg; 2 mmol)[4], was filtered through Kieselgur (3 cm) into aacknowledged.
Schlenk tube which already contained solid 2,29-bipyridine (156
mg; 1 mmol) or solid 1,10-phenanthroline (180 mg; 1 mmol),
respectively. The resulting deep red solution was filtered through
Kieselgur (3 cm) and taken to dryness. The resulting red oil was

Experimental Section redissolved in THF (3 ml) and slowly chromatographed (max. 50
drops/min) on silica gel (20 cm; Ø 5 3 cm; diethyl ether). TwoGeneral: All manipulations were carried out under argon by
bands were obtained by elution with diethyl ether. The first yellowmeans of standard Schlenk techniques at 20°C unless mentioned
band was identified by IR spectroscopy to be [Mo(CO)6] [29]. Theotherwise. All solvents were dried by standard methods and de-
second pink band was also characterized by spectroscopic compari-stilled under argon. [D6]acetone used for the NMR spectroscopic
son (IR[30], 1H-, and 13C-NMR spectra) and found to be [(CO)4-measurements was degassed by three successive “freeze-pump-
Mo(bipy)] or [(CO)4Mo(phen)], respectively. A third red-brownthaw” cycles and dried over 4-A

˚
molecular sieves. Silica gel (Kiesel-

band, containing the compound 1b or 1d, was eluted with THF.gel z. A. 0.0620.2 mm, J. T. Baker Chemicals B.V.) used for chro-
From the red-brown solution 310 mg (41%) of 1b or 290 mg (38%)matography and Kieselgur (Kieselgur, gereinigt, geglüht, Erg. B.6,
of 1d, respectively, were obtained by removing the solvent in vacuo.Riedel de Haen AG) used for filtration were degassed at 1 mbar at
Applying the method described below gave single crystals of 1b and180°C for 12 h and saturated with argon. 2 NMR: Bruker Avance
1d within 3 d.DPX 200 at 200.13 MHz (1H), 50.323 MHz (13C{1H}), 74.631

MHz (119Sn{1H}); chemical shifts (δ) in ppm with respect to [D6]- Bis(pentacarbonyltungsten)(2,29-bipyridine)tin, [{(CO)5W}2-
acetone (1H: δ 5 2.04; 13C: δ 5 29.8) as internal standards and to Sn(bipy)] (1c), and Bis(pentacarbonyltungsten)(1,10-phenanthroli-
SnMe4 (119Sn: δ 5 0 at 25°C), respectively, as external standard. ne)tin, [{(CO)5W}2Sn(phen)] (1f). 2 Method A: The disodium
2 IR: Bruker FT-IR IFS-66; CaF2 cells. 2 UV/Vis/NIR: Perkin salt Na2[{(CO)5W}2SnCl2] (442 mg; 0.5 mmol) was dissolved in
Elmer Lambda 19; cells (0.2 cm; Hellma 110 suprasil). 2 MS (FAB THF (30 ml). Solid 2,29-bipyridine (78 mg; 0.5 mmol) or solid 1,10-
or EI): Finnigan MAT 8400; Nibeol (4-nitrobenzyl alcohol) or phenanthroline (90 mg; 0.5 mmol), respectively, was added in one
TEA (triethanol amine) matrices, respectively. 2 Elemental analy- portion. The orange solution turned deep red immediately. After
ses: microanalytical laboratory of the Organisch-Chemisches Insti- stirring for 30 min, the solvent was evaporated in vacuo. The oily
tut, Universität Heidelberg. 2 Melting points: Gallenkamp MFB- red residue was redissolved in THF (3 ml) and chromatographed
595 010; the values are not corrected. 2 Cyclic voltammetry: on silica gel (20 cm; Ø 5 3 cm; diethyl ether). Elution with diethyl
Methrohm “Universal Meß- und Titriergefäß”, Methrohm GC ether gave two bands. The first yellow band was found to contain
electrode RDE 628, platinum electrode, SCE electrode, Princeton [W(CO)6], the second pink band contained [(CO)4W(bipy)] or
Applied Research potentiostat Model 273, 1023  in 0.1  [(CO)4W(phen)], respectively. These compounds were characterized
nBu4NPF6/CH3CN. 2 The dinuclear sodium salts of the compo- by comparison of spectroscopic data[29] [30] (IR, 1H-, and 13C-NMR
sition Na2[{(CO)5M}2EX2] (E 5 Sn: M 5 Cr, Mo, W; X 5 Cl; spectra). 1c or 1f were eluted with THF as a third red-brown band.
E 5 Pb: M 5 Cr; X 5 OOCCH3) were prepared by salt metathesis The resulting solution was taken to dryness leaving 310 mg (67%)
reaction from the corresponding stable phosphonium salts of 1c or 350 mg (71%) of 1f, respectively, as red microcrystalline
[Ph4P]2[{(CO)5M}2EX2] as described[4]. The biimidazole[27] and the powders.
metallates Na2[M2(CO)10] (M 5 Cr, Mo, W) were prepared as re-

Method B: To a stirred orange solution of the disodium metallateported[28]. All other chemicals were commercially obtained and
Na2[W2(CO)10] (347 mg; 0.5 mmol) in ethanol (30 ml) was addedused without further purification.
solid SnCl2 (95 mg; 0.5 mmol) in one portion. The solution turned
deep red immediately. After stirring for 30 min, the solution was

Bis(pentacarbonylchromium)(2,29-bipyridine)tin, [{(CO)5Cr}2- filtered through Kieselgur (3 cm). By addition of solid 2,29-bipyri-
Sn(bipy)] (1a), and Bis(pentacarbonylchromium)(1,10-phenanthro- dine (78 mg; 0.5 mmol) or solid 1,10-phenanthroline (90 mg; 0.5
line)tin, [{(CO)5Cr}2Sn(phen)] (1d): Na2[{(CO)5Cr}2SnCl2] (310 mmol), respectively, the corresponding chelate complex precipi-
mg; 0.5 mmol) was dissolved in THF (30 ml) and solid 2,29-bipyri- tated. After additional stirring for 30 min, the red solid was sepa-
dine (78 mg; 0.5 mmol) or solid 1,10-phenanthroline (90 mg; 0.5 rated from the mother liquor by filtration, washed with ethanol (2
mmol), respectively, was added in one portion. The clear orange 3 5 ml) and diethyl ether (2 3 5 ml), and taken to dryness. Yields:
solution turned deep red immediately. After stirring for 30 min, the 1c: 260 mg (57%); 1f: 270 mg (56%).
solvent was removed in vacuo. The resulting red oil was dissolved

Single crystals of 1c or 1f were obtained within 3 d by applyingin THF (3 ml) and chromatographed on silica gel (20 cm; Ø 5 3
the method described below.cm; diethyl ether). Elution with diethyl ether gave two bands. The

first yellow band was identified by IR spectroscopy to be Bis(pentacarbonylchromium)bis(pyridine)tin, [{(CO)5Cr}2-
Sn(py)2] (1g), and Bis(pentacarbonyltungsten)bis(pyridine)tin,[Cr(CO)6] [29]. The second pink band was also characterized by

spectroscopic comparison (IR[30], 1H-, and 13C-NMR spectra) and [{(CO)5W}2Sn(py)2] (1h): To a stirred orange solution of
Na2[{(CO)5Cr}2SnCl2] (620 mg; 1 mmol) or Na2[{(CO)5W}2SnCl2]found to be [(CO)4Cr(bipy)] or [(CO)4Cr(phen)], respectively. A

third red-brown band which contained the compound 1a or 1d was (884 mg; 1 mmol), respectively, was added pyridine (316 mg; 4
mmol) in one portion. No colour change of the solution was ob-eluted with THF. The resulting solution was taken to dryness leav-

ing 1a (230 mg; 71%) or 1d (230 mg; 68%), respectively, as red served upon the addition. After 30 min of stirring, the solution was
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Table 9. Selected analytical data

Table 10. Crystal-structure data for 1a21d

filtered through Kieselgur (3 cm) and the solvent was evaporated and chromatographed slowly on silica gel (20 cm; Ø 5 3 cm; diethyl
ether). A yellow band was eluted with diethyl ether containingin vacuo. The yellow oily residue was redissolved in THF (3 ml)
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Table 11. Crystal-structure data for 1e21h

[Cr(CO)6] or [W(CO)6], respectively (identified by comparison of solid 2,29-bipyrimidine (79 mg; 0.5 mmol) the orange solution
turned deep red immediately. The solvent was evaporated in vacuoIR spectroscopic data[29]). A second yellow band, eluted with di-

ethyl ether, consisted of a mixture of [Cr(CO)6] and [(CO)5Cr(py)] after stirring the solution for 30 min. The red oily residue was dis-
solved in THF (3 ml) and chromatographed on silica gel (20 cm;or [W(CO)6] and [(CO)5W(py)], respectively, as identified by IR

spectroscopy[29] [30]. With THF a third yellow band was obtained Ø 5 3 cm; diethyl ether). Two bands were obtained by elution with
diethyl ether. The first yellow band was identified by comparisonconsisting of pure 1g or 1h, respectively. Evaporation of the solvent

left 1g and 1h as yellow oils. Yield: 1g: 100 mg (15%); 1h: 140 mg of IR spectra[29] and found to be [Cr(CO)6] or [W(CO)6], respec-
tively. The second pink band was identified to be [(CO)4Cr(bpmd)](15%). Single crystals of 1g and 1h were obtained within 8 d by

applying the method given below. or [(CO)4W(bpmd)], respectively, by comparison of their IR spectra
with the IR spectra of the corresponding 2,29-bipyridine complexesBis[bis(12-crown-4)sodium] Tetrakis(pentacarbonylchromium)-
(vide supra)[30]. With THF a third red-brown band was eluted(biimidazolato)distannate(0), [Na-(12-crown-4)2]2[{(CO)5Cr}2-
which contained 2b or 2c, respectively. Evaporation of the solventSn(biim)Sn{Cr(CO)5}2] (2a): Na2[{(CO)5Cr}2SnCl2] (310 mg; 0.5
left 2b and 2c as red solids. Yield: 2b: 150 mg (45%); 2c: 170 mgmmol) was dissolved in THF (30 ml). Upon addition of solid dis-
(36%). Single crystals of 2b and 2c were obtained within 12 d byodium biimidazolate [45 mg; 0.25 mmol; obtained by heterogenous
applying the method described below.reaction of biimidazole (34 mg; 0.25 mmol) and NaH (14 mg; 0.6

Bis(pentacarbonylchromium)(2,29-bipyridine)germanium, [{(CO)5-mmol) in THF without further purification] no colour change was
Cr}2Ge(bipy)] (3a), and Bis(pentacarbonylchromium)(1,10-phen-observed. After 30 min, the yellow solution was filtered through
anthroline)germanium, [{(CO)5Cr}2Ge(phen)] (3b): To a stirred,Kieselgur (3 cm). 12-Crown-4 (90 mg; 0.5 mmol) was added to the
orange solution of Na2[Cr2(CO)10] (430 mg; 1 mmol) in THF (50reaction mixture. Evaporation of the solvent in vacuo left 760 mg
ml) was added solid GeI2 (326 mg; 1 mmol) in one portion. After(80%) of 2a as a yellow-brown solid. Applying the method de-
5 min of stirring, solid 2,29-bipyridine (156 mg; 1 mmol) or solidscribed below gave single crystals of 2a within 14 d.
1,10-phenanthroline (180 mg; 1 mmol), respectively, was added and

2a · (12-crown-4)2: 1H NMR ([D6]acetone, 25°C): δ 5 7.22 (s, 4 the deep red solution was filtered through Kieselgur (3 cm). After
H, imidazolato-H), 3.65 [s, 64 H, CH2-(12-crown-4)]. 2 13C NMR 30 min of stirring, the solvent was evaporated. The solid residue
([D6]acetone, 25°C): δ 5 230.0 (COax), 222.5 (COeq), 144.0 (C-2, was redissolved in THF (3 ml) and chromatographed on silica gel
biimidazolate), 127.1 (C-4 and C-5, biimidazolate), 62.5 (CH2, 12- (20 cm; Ø 5 3 cm; diethyl ether). Elution with diethyl ether gave
crown-4). two bands. The first yellow band was identified by IR spectroscopy

to be [Cr(CO)6] [29]. The second pink band was found to consist ofBis(pentacarbonylchromium)(2,29-bipyrimidine)tin, [{(CO)5-
Cr}2Sn(bpmd)] (2b), and Bis(pentacarbonyltungsten)(2,29-bipy- [(CO)4Cr(bipy)] or [(CO)4Cr(phen)], respectively, by comparison of

IR[30], 1H-, and 13C-NMR spectra. The compounds 3a and 3b wererimidine)tin, [{(CO)5W}2Sn(bpmd)] (2c): Na2[{(CO)5Cr}2SnCl2]
(620 mg; 1 mmol) or Na2[{(CO)5W}2SnCl2] (884 mg; 1 mmol), eluted with THF as the third red-brown band. Evaporation of the

solvent left the compounds as red microcrystalline powders. Yields:respectively, was dissolved in THF (50 ml). Upon the addition of
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Table 12. Crystal-structure data for 2a22c

3a: 150 mg (25%); 3b: 160 mg (25%). Single crystals of 3a and 3b stant throughout the data collection, thus indicating crystal and
electronic stability. All calculations were performed using thesuitable for X-ray structural analyses were obtained within 7 d by

the method described below. SHELXT PLUS software package. The structures were solved by
direct methods with the SHELXS-86 program and refined with theBis(pentacarbonylchromium)(2,29-bipyridine)lead, [{(CO)5-
SHELX93 program[31]. The program XPMA[32] was used for theCr}2Pb(bipy)] (4): The disodium salt Na2[{(CO)5Cr}2-
graphical handling of the data. Absorption corrections (ψ scan,Pb(OOCCH3)2] (694 mg; 0.5 mmol) was dissolved in dichlorometh-
∆ψ 5 10°) were applied to the data. The structures were refined inane (30 ml) and solid 2,29-bipyridine (78 mg; 0.5 mmol) was added
fully or partially anisotropic models by full-matrix least-squaresin one portion. The orange solution turned deep red immediately.
calculations. Hydrogen atoms were introduced at calculated posi-After 30 min of stirring, the solution was taken to dryness. The
tions. Tables 10213 compile the data for the structure determi-oily red residue was dissolved in THF (3 ml) and chromatographed
nations. Peculiarities about the structures are as follows: 1c: In thisslowly (max. 50 drops/min) on silica gel (20 cm; Ø 5 3 cm) with
tungsten-containing compound one carbon atom of an equatorialdiethyl ether. The first yellow band was identified by spectroscopic
carbonyl group could only be refined isotropically. 1d: The crystalcomparison (IR spectra) to be [Cr(CO)6] [29]. A second red band
analyzed contained one THF per molecule 1d with one of the THFconsisted of a mixture of 4 and [(CO)4Cr(bipy)] (identified by com-
carbon atoms refined isotropically in a disordered position (occu-parison of spectroscopic data[30]). A third red band contained pure
pation: 0.6:0.4). 1e: The crystal used contained one THF per mol-4. The ethereal solution was taken to dryness leaving 4 as a red
ecule as well; again one of the THF carbon atoms was found in amicrocrystalline powder. Yield: 4: 170 mg (45%). To grow single
split position (occupation: 0.7:0.3; anisotropic refinement). 1f: Allcrystals of 4 the method described below was applied.
atoms of the solvent molecule THF included in the unit cell of 1f

Procedure of Growing Single Crystals of 124: A concentrated showed some disorder (occupation: 0.6:0.4) and thus were refined
THF solution (5 ml) of the chelate complex 124 was shared out only isotropically. 2a: One of the crown ether molecules showed
between three test tubes (Ø 5 1 cm) which were brought into a disorder. 2b: The equatorial carbonyl groups at one chromium
Schlenk tube (250 ml). Diethyl ether (30 ml), which was in the atom had to be refined in split positions (∆α ø 25°, with α defined
tube, was allowed to diffuse through the gas-phase into the THF as shown in Figure 7; occupation: 0.52:0.48). 2c: The crystal ana-
solutions (3 h). After this period of time, the diethyl ether was lyzed contained 0.4 THF per unit cell with the oxygen atom show-
replaced by petroleum ether (boiling range 40260°C; 50 ml). Vapor ing some disorder (occupation: 0.5:0.5). Further details of the crys-
diffusion of the petroleum ether (boiling range 40260°C) gave sin- tal-structure investigations may be obtained from the Fachinforma-
gle crystals of 124 suitable for X-ray structure analyses. tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger-

many), on quoting the depository numbers CSD-408203 (1a),X-ray Structure Determinations: The measurements for 124 were
-408201 (1b), -408206 (1c), -408197 (1d), -408204 (1e), -408196 (1f),carried out with a Siemens P4 four-circle diffractometer with
-408205 (1g), -408207 (1h), -408198 (2a), -408209 (2b), -408199graphite-monochromated Mo-Kα radiation. The intensities of three
(2c), -408231 (3a), -408202 (3b), -408200 (4).check reflections (measured every 100 reflections) remained con-
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Table 13. Crystal-structure data for 3a24
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Jean Guilhemc, and Jean-Jacques Girerd*a

Laboratoire de Chimie Inorganique, URA CNRS 420, Université Paris-Suda,
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The synthesis and structural characterization of the novel
[MnIII,IV

2O2(N,Nbispicen)2](ClO4)3·CH3CN complex em-
ploying the tetradentate ligand N,Nbispicen = N,N-bis(2-py-
ridylmethyl)-1,2-diaminoethane are reported. Magnetic pro-
perties were determined and show that the ground state is a
spin doublet. This can be quantitatively interpreted by anti-
ferromagnetic coupling between a Mn(III) high spin and a
Mn(IV) (J = 2316 cm21). The 16 line solution EPR spectrum
exhibits an unusual splitting in the low field resonances.The
following rhombic tensors were needed to simulate the EPR
spectrum: uA1xu = 160 1024 cm21, uA1yu = 144 1024 cm21, uA1zu =
109 1024 cm21, uA2xu = 69 1024 cm21, uA2yu = 72 1024 cm21,
uA2zu = 75 1024 cm21, gx = 2.001, gy = 1.996, gz = 1.984. The
classical ligand field theory of local [gIII] and [gIV] tensors
implemented with the first order perturbation theory to de-
scribe the properties of the pair does not result in a satisfying

During the last twenty years, several di-µ-oxo dimanga-
nese complexes have been structurally characterized. There
is still a continuing interest in these compounds due to their
relevance to the water-oxidizing enzyme in photosystem
II[1] [2] and their redox catalytic properties, as shown with
the mixed-valent complex [Mn2O2(bpy)4]31 [3] [4] [5] and its
1,10-phenantroline analogue.[4] Similar complexes using lin-
ear tetradentate ligands like N,N9-bis(2-pyridylmethyl)-1,2-
diaminoethane (bispicen)[6] have been prepared in order to
study their redox properties in relation to their structures.[7]

We report herein the synthesis and characterization of a
new dinuclear mixed-valence di-µ-oxo manganese complex
with the tetradentate ligand N,N-bis(2-pyridylmethyl)-1,2-
diaminoethane (N,Nbispicen), an isomer of bispicen which
presents a tertiary amino group as well as a primary amino
group instead of the two secondary amino groups in bi-
spicen. N,Nbispicen is thus a tripodal ligand similar to
tris(2-pyridylmethyl)amine (TPA)[8] and tris(2-aminoethyl)-
amine (tren)[9] as shown in Scheme 1.
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description of the [g1/2] tensor unless a large reduction in the
spin-orbit constant is invoked. A simplified version of sec-
ond-order perturbation theory leads to effects in qualitative
agreement with experiment but weak as expected from the
large uJu value. The magnitude of these effects depends, how-
ever, on the anisotropy effects on each Mn ion. It is suggested
that determination of the anisotropy of the magnetic proper-
ties of the monomeric Mn(III) and Mn(IV) moieties would be
a valuable goal for a future study of these mixed valent di-
manganese-di-µ-oxo complexes. The complex exhibits two
quasi-reversible waves in the cyclic voltammogram, one at
E1/2 = 0.18 V vs SCE for the III/IV ↔ III/III couple and the
other at E1/2 = 0.98 V vs SCE for the III/IV ↔ IV/IV couple.
The UV-Vis spectra of the three redox states have been re-
corded spectroelectrochemically.

Scheme 1

The N,Nbispicen ligand has recently been used in the
preparation of Fe(II) spin transition systems.[10] Unexpec-
tedly the two primary amino groups of the two N,Nbispicen
ligands in the [Mn2O2(N,Nbispicen)2]31 cation studied here
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were found in a “cis” configuration relatively to the Mn2O2

diamond core. This unusual feature gives the potential to
assemble two such dimanganese complexes in a dimer of di-
mers.

Results and Discussion

Structure: The structure of the [Mn2O2(N,Nbispicen)2]31

cation is represented in Figure 1. This cation contains a
dimanganese-di-µ-oxo unit which presents no axis of sym-
metry. The geometry about each manganese center is ap-
proximately octahedral, with ligating atoms from the two
oxo bridges and the four nitrogen atoms from the N,Nbis-
picen ligand. The Mn2Mn distance is 2.646(2) Å, which is
comparable to the value found in dimanganese(III,IV)-di-
µ-oxo complexes previously reported.[6] [8] [9] [11] [12] The two
primary amino groups from the two N,Nbispicen ligands
are situated in the same half-space delimited by the Mn2O2

plane. This arrangement is probably due to a combination
of two different effects. Firstly, a network of hydrogen
bonds can be identified involving both NH2 groups and the
two ClO4

2 anions as represented in Scheme 2.

Figure 1. ORTEP diagram of the [Mn2O2(N,Nbispicen)2]31 cation
with thermal ellipsoids at 50% probability; the atom labels are
shown for only one chemically symmetrical part of molecule; the

labeling of the Part A and Part B of molecule are similar

Scheme 2

This network can be described as a cycle made of 2 Cl,
2 N, 4 O and 4 H atoms. The four distances O2N are 3.153
Å, 2.964 Å, 2.951 Å and 3.193 Å, all consistent with the
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presence of H bonds. Secondly a π-π interaction between
the two pyridine groups appears to participate in the stabi-
lisation of this structure. The shortest distance is that be-
tween the carbon atoms C10 and C109 which is equal to
3.291 Å. The N22N29 distance is 3.412 Å.

The inequivalence between the Mn(IV) (Mn) and
Mn(III) (Mn9) ions is easily recognizable from the bond dis-
tances (Table 1). The Mn equatorial pyridine distances
Mn2N1 and Mn92N91 are, respectively 2.036(5) Å and
2.057(5) Å and the Mn-equatorial tertiary amine distances
Mn2N3 and Mn92N93 are respectively 2.069(5) Å and
2.121(5) Å. These distances are less sensitive to the oxi-
dation state of manganese than the axial ones. The Mn ax-
ial pyridine distances Mn2N2 and Mn92N92 are respec-
tively equal to 2.015(6) Å and 2.238(6) Å and the axial Mn
primary amine distances Mn2N4 and Mn92N49 are
respectively 2.047(5) and 2.283(6) Å. This is in agreement
with a dp

3dz2 configuration for the Mn(III) ion (with the z
axis perpendicular to the Mn2O2 plane). [12] An antibonding
molecular orbital which is half occupied for the Mn(III) ion
and empty for the Mn(IV) ion results fom the interaction
of the dz2 orbital with the σ orbitals of the axial pyridine
N2 atom and the axial primary amino-group N4 atom. In
previous studies it has been found that the average axial
Mn(III) primary amine distance is 2.276 Å[9] in
[Mn2O2(tren)2]31 and the average axial Mn(III) pyridine
distance in [Mn2O2(TPA)2]31 is 2.233 Å. [8] These distances
are similar to those found here.

Table 1. Selected bond lengths (Å) and angles (deg) for
[MnIII,IV

2O2(N,Nbispicen)2](ClO4)3·CH3CN

Bond lengths
Mn2O 1.783(4) Mn92O 1.836(4)
Mn2O9 1.788(4) Mn92O9 1.838(4)
Mn2N(1) 2.036(5) Mn92N(19) 2.057(5)
Mn2N(2) 2.015(6) Mn92N(29) 2.238(6)
Mn2N(3) 2.069(5) Mn92N(39) 2.121(5)
Mn2N(4) 2.047(5) Mn92N(49) 2.283(6)
Mn···Mn9 2.646(2)
Bond angles
O2Mn2O9 87.6(2) O2Mn92N(19) 174.7(2)
O2Mn2N(2) 96.6(2) O92Mn92N(19) 97.6(2)
O92Mn2N(2) 95.0(2) O2Mn92N(39) 96.8(2)
O2Mn2N(1) 94.7(2) O92Mn92N(39) 174.1(2)
O92Mn2N(1) 177.2(2) N(19)2Mn92N(39) 81.6(2)
N(2)2Mn2N(1) 86.2(2) O2Mn92N(29) 95.3(2)
O2Mn2N(4) 100.9(2) O92Mn92N(29) 98.9(2)
O92Mn2N(4) 89.5(2) N(19)2Mn92N(29) 89.2(2)
N(2)2Mn2N(4) 162.0(2) N(39)2Mn92N(29) 75.3(2)
N(1)2Mn2N(4) 88.5(2) O2Mn92N(49) 88.6(2)
O2Mn2N(3) 174.3(2) O92Mn92N(49) 106.7(2)
O92Mn2N(3) 96.3(2) N(19)2Mn92N(49) 86.1(2)
N(2)2Mn2N(3) 79.0(2) N(39)2Mn92N(49) 79.1(2)
N(1)2Mn2N(3) 81.5(2) N(29)2Mn92N(49) 154.4(2)
N(4)2Mn2N(3) 83.2(2) Mn2O2Mn9 94.0(2)
O2Mn92O9 84.6(2) Mn2O92Mn9 93.7(2)

This structure can be compared in more general terms
to the numerous examples already reported containing the
[Mn2O2]31 core. [6] [7] [8] [9] [12] [13] [14] The difference between
the average Mn2N(axial ligand) distances around both Mn
ions reflects the asymmetry in electron distribution between
the two Mn ions. [6] Here the value is 0.230 Å, which is com-
parable to that found for [Mn2O2(bisimMe2en)2]31 (0.204
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Å). [12] In summary the [Mn2O2(N,Nbispicen)2]31 cation is
a new example of a complex of this family where the val-
ences are profoundly differentiated.

Magnetic Susceptibility: The molar magnetic suscepti-
bility χM of ground crystals of [Mn2O2(N,Nbispicen)2]-
(ClO4)3.CH3CN was measured as a function of the tem-
perature T. The results are shown in Figure 2 in the form
of the χMT versus T plot.

Figure 2. Product of the magnetic susceptibility per mole by tempe-
rature for [Mn2O2(N,Nbispicen)2](ClO4)3.CH3CN; the solid line

was generated by the best fit parameters given in the text

χMT decreases from 0.64 cm3mol21K at 292 K to a pla-
teau at 0.38 cm3mol21K around 60 K. This is characteristic
of an antiferromagnetic coupling between the electronic
spins of the Mn(III) and Mn(IV) ions which produces a
spin S 5 1/2 ground state. This coupling is expressed by the
Heisenberg hamiltonian 5 2J S1·S2.The susceptibility was
calculated according to:

χMT 5 (Nβ2g2/3k)(ΣS(S 1 1)(2S 1 1)
exp[J(S(S 1 1)/2kT)])/Σ(2S 1 1)exp[J(S(S 1 1)/2kT)]

The best fit was obtained with g 5 2 (kept constant) and
J 5 2316 cm21. This value is close to that found for
[Mn2O2(bispicMe2en)2](ClO4)3.H2O (J 5 2320 cm21) [11]

and [Mn2O2(bpy)4](ClO4)3.2H2O (J 5 2300 ± 14 cm21) [15]

but clearly smaller than that of the strongest antiferromag-
netic couplings, J down to 2544 cm21, found in some
[Mn2O2L2]31 complexes ( L representing a tetradentate li-
gand of the bispicen family) of ref[7], for which unfortu-
nately no structural data is available.

EPR Spectrum: The EPR spectrum of
[Mn2O2(N,Nbispicen)2]31 was recorded at 10 K in aceto-
nitrile (Figure 3a). As a first approximation this spectrum
can be described as containing 16 lines, as previously ob-
served for related complexes. Actually one may observe on
closer inspection that the two lowest field lines are split.
To our knowledge this feature is not generally observed in
dimanganese (III,IV)-di-µ-oxo units. Another example can
be found in the published spectrum of [Mn2O2(TPA)2]31

although this was not commented upon by the authors. [16]
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It should be noted that the topologies of both complexes
are similar. A simulation (not shown) with an axial con-
straint was first achieved with the following parameters:
uA1xyu 5 148·1024 cm21, uA1zu 5 106·1024 cm21, uA2xyu 5
72·1024 cm21, uA2zu 5 72·1024 cm21, gxy 5 1.999, gz 5
1.984. The tensors were taken parallel to each other. The
agreement factor R was found equal to 0.06. An improved
simulation with R 5 0.02, (Figure 3b) was obtained by let-
ting the tensors become rhombic (but parallel): uA1xu 5
160·1024 cm21, uA1yu 5 144·1024 cm21, uA1zu 5 109·1024

cm21, uA2xu 5 69·1024 cm21, uA2yu 5 72·1024 cm21, uA2zu 5
75·1024 cm21, gx 5 2.001, gy 5 1.996, gz 5 1.984, giso 5
1.994 with a line width equal to 11 G. This new set of values
reproduced the splitting in the two lowest field lines men-
tioned above. It can be observed that the [Mn2O2(tren)2]31

does not present this low-field feature although the ligand
is also of the tripodal type. However the structure of this
dimer is quite different, with the ligand bridging the two
metal ions. [9]

Figure 3. X-band cw-EPR spectrum of [Mn2O2(N,Nbispicen)2]31

in an 0.1  NBu4ClO4 acetonitrile solution. Spectrometer setting:
modulation amplitude, 1.91 G; T 5 10 K; ν 5 9.4384 GHz; (a)

experimental spectrum; (b) simulated spectrum

In general the spectra of the Mn(III)Mn(IV) pairs have
been simulated using axial g and A tensors. [9] [12] [17] A
rhombic simulation has been proposed for
[Mn2O2(bpy)4]31 [18] (1.998, 1.992, 1.982, iso: 1.991). A
55Mn ENDOR study of the same compound has used axial
hyperfine tensors. [17] An X and Q band EPR and 55Mn EN-
DOR study of [(TACN)MnO2(CH3CO2)Mn(TACN)]21 [19]

has lead to rhombic tensors, in particular g 5 2.000, 1.998,
1.984, iso: 1.994. The expression for a rhombic g tensor for
Mn(III) has been given in ref[20]

gx 5 2 2 2(λ/∆)(cosδ 2 √3sinδ)2

gy 5 2 2 2(λ/∆)(cosδ 1 √3sinδ)2 (1)
gz 5 2 2 8(λ/∆)(cosδ)2

where λ is the spin orbit constant, ∆ the energy gap be-
tween the “t2g” and the “eg”-like orbitals and δ a parameter
reflecting the composition of the ground state as uf> 5
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cosδ udxzdyzdxydz2> 1 sin δ udxzdyzdxydx22y2>. It is also
known that for the ground state of an antiferromagnetically
coupled Mn(III)Mn(IV) pair one has

[g1/2] 5 2[gIII] 2 [gIV] (2)

The anisotropy of [gIII] (gperpendicular
III 5 1.990, g//

III 5
1.960 for an elongated Mn(III) complex)[21] is larger than
that of [gIV] (gperpendicular

IV 5 1.991, g//
IV 5 1.995 for

Mn(IV) in TiO2). [22] Initially assuming [gIV] 5 gIV is iso-
tropic, the three parameters δ, λ/∆ and gIV can then be ad-
justed to reproduce the g values obtained. One finds δ 5
8.14° (cos δ 5 0.9899, sin δ 5 0.1416), λ/∆ 5 0.0012875,
and gIV 5 1.996. Consequently the system would be largely
described by the |dxzdyzdxydz2> wave function on Mn(III).
From the type of distorsion observed in the structure it is
tempting to consider the EPR z axis parallel to the axis of
elongation observed in the structure. Although the gIV and
δ values seem reasonable, the λ/∆ ratio is smaller than ex-
pected. Indeed using λ 5 88 cm21 for the free Mn(III)
ion, [20] one gets ∆ 5 68000 cm21 which is too large a value.
This straightforward approach is thus not satisfying.

If isotropy for [gIV] is not assumed, the following general
expression, deduced from equations 1 and 2, can be used
to estimate λ/∆.

giso
1/2 5 4 2 8(λ/∆) 2 gIV

iso (3)

For instance with the value gIV
iso 5 1.992 for Mn(IV)

in TiO2
[22] and λ 5 88 cm21, one finds ∆ 5 50300 cm21

which is still unlikely. The ∆ value can be decreased by tak-
ing into account a reduction of λ reflecting covalency ef-
fects and decreasing gIV

iso.
One may wonder if eq 2 is fully appropriate and if the

extra terms due to anisotropy effects discussed by Zheng et
al. [18] play a role. These terms are due to the perturbation
of the spin doublet ground state by the excited spin levels.
These effects have been studied for Fe(II)Fe(III) dimers in
ref[23] and[24]. For the spin doublet ground state of an
Mn(III)Mn(IV) pair one obtains the following modification
of eq 2.

[g1/2] 5 2 [gIII] 2 [gIV] 1 (2/5) ([gIII] 2 [gIV]) (7[DIII] 1

2[DIV]) (2/2J) (4)

Due to the large value of J , the correction introduced is
expected to be small. Preliminary calculations for an elon-
gated Mn(III) system (∆gIII 5 gperpendicular

III 2 g//
III 5

6λ/∆ > 0, DIII < 0) and assuming an isotropic Mn(IV) ion
(DIV 5 0), show that

giso
1/2 5 4 2 8(λ/∆) 2 gIV

iso 1 (2/5)(14DIII/3(2J))(22/3)(6λ/∆) (5)

For DIII < 0, this indeed decreases the computed value
for ∆ by an amount proportional to DIII (1.6% for DIII 5
25 cm21, 3.1% for DIII 5 210 cm21). Due to the large J
value as said above, this effect is weak unless the anisotropy
energies be large. Nevertheless we feel that this problem has
to be studied in more details for the following reasons.
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Little is known about the zero-field splitting energy value
for Mn(III) and Mn(IV) ions in these dimers. It could well
be that the zero-field splitting energy value for Mn(III) is
substantial in these dimers due to a mixing of the 3T1 state
into the 5E ground state of the Mn(III) ion, an effect shown
recently by Caneschi et al. in a Mn(III) monomer.[21] Exam-
ination of the Tanabe-Sugano diagram for a d4 ion shows
that for a strong ligand field the 3T1 state comes close to
the 5E ground state as one could sensibly predict in the case
of dimers with nitrogeneous ligands. The properties of the
Mn(IV) moiety also certainly deserve to be studied. In sum-
mary we propose that in order to understand in depth the
electronic structure of these dimers, a better knowledge of
the monomeric moieties has first to be achieved.

As for the A values, the [AIII] presents the usual aniso-
tropy with the lowest absolute value along the axis corre-
sponding to the lowest g value (z) and the highest absolute
principal value of the [AIV] tensor along the same axis. [19]

Redox Properties: The cyclic voltamogram of
[Mn2O2(N,Nbispicen)2]31 obtained in acetonitrile is shown
in Figure 4. It shows two quasi-reversible waves, one at 0.18
V and the other at 0.98 V vs SCE. The E1/2 value of 0.18 V
corresponds to the one-electron couple III/IV ↔ III/III,
while that at 0.98 V represents the couple III/IV ↔ IV/IV.
Those two potentials are very similar to those previously
reported for similar complexes with tetradentate ligands.[25]

Figure 4. Cyclic voltammetry of [Mn2O2(N,Nbispicen)2]-
(ClO4)3.CH3CN in acetonitrile, with 0.1  (TBA)ClO4 as suppor-

ting electrolyte; potentials are referenced vs SCE

UV-Vis Spectroelectrochemistry: The spectrum of the
[Mn2O2(N,Nbispicen)2]31 complex as recorded in aceto-
nitrile, is shown in Figure 5. It is comparable to those pre-
viously described for analogous dimanganese (III,IV)-di-µ-
oxo units, the characteristic parameters of which have been
summarized in ref [25]. It consists of a shoulder in the UV
region and two bands of medium intensity in the visible
region, which can be attributed as follows[26]: the 433 nm
(1080 21cm21) band corresponds to a mixed contribution
of Mn(IV) oxo LMCT and Mn(IV) d-d transitions, that at
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Figure 5. Visible spectroelectrochemistry of the mixed-valent com-
plex [Mn2O2(N,Nbispicen)2](ClO4)3·CH3CN in acetonitrile: ( )
no potential applied; (]···]) oxidation at 11.14 V/SCE; (···) reduc-

tion at 20.13 V/SCE

555 nm (511 21cm21) to a Mn(IV) d-d transition and that
at 654 nm (450 21cm21) to Mn(IV) oxo LMCT.

After oxidation at 11.14 V/SCE, the spectrum of the
Mn(IV)Mn(IV) form was obtained. The intensity of the ab-
sorption at 433 nm increases dramatically. This can be
understood on the basis of the oxidation of the Mn(III) ion
to Mn(IV). Apparently the Mn(IV) d-d band has shifted
from 555 to 528 nm and its intensity has increased to 657
21cm21. The band at 654 nm shifts to higher energy (637
nm) and also increases in intensity (592 21cm21). This is
in agreement with the attribution of such a band to an oxo
Mn(IV) LMCT. After electrolysis at 20.13 V/SCE, a large
decrease in the intensity of the spectrum is observed. Fea-
tures at 661 (213 M21cm21), 556 (274 M21cm21) and 443
nm (595 21cm21) are detected. At this potential, the
Mn(III)Mn(III) form is obtained. The modifications de-
scribed above are reversible by varying the potential applied
appropriately. The observations reported above are very
similar to those made by Brewer et al.[27] on [Mn2O2(14-
aneN4)2]31 where 14-aneN4 stands for 1,4,8,11-tetraaza-
cyclotetradecane.

Conclusion

We have characterized a new di-µ-oxo bridged mixed val-
ence manganese complex employing the tetradentate ligand
N,Nbispicen. The structure of the Mn(III)Mn(IV) complex
has been resolved. Unexpectedly, the two primary amino
groups from the two N,Nbispicen ligands of the complex
are situated on the same side of the space delimited by the
Mn2O2 plane. Electronic, magnetic and redox properties
have been reported. The EPR spectrum presents splitting of
the resonances at low field which are most probably due to
the rhombicity in the [AIII] tensor. We remarked that the
usual theory of the [g] tensor is not satisfactory unless λ is
much reduced. We propose that second-order perturbation
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by excited spin levels on the spin doublet ground state, of
the type described by Sage et al. for Fe(II)Fe(III) complexes
and by Zheng et al. for Mn(III)Mn(IV), could lead to a
better description if the zero-field splitting energy in those
systems is important. Measurement of this energy by mag-
netization study and high-field EPR will be undertaken in
a near future on the monomeric moieties corresponding to
these dimers. The opportunity to use the two amino groups
from the two N,Nbispicen ligands in order to link two di-
nuclear complexes to form a tetranuclear complex will be
explored.

This work has been supported in part by the European Training
and Mobility of Researchers “Ru-Mn Artificial Photosynthesis”
program (contract EU HMC network ERBXCT 94 0524).

Experimental Section
Compound Preparation: All chemical reagents were supplied by

Aldrich and used without further purification. The ligand N,N-
bis(2-pyridylmethyl)-1,2-diaminoethane (abbreviation: N,Nbisp-
icen) was prepared by following the procedure in ref[28]. This ligand
has also recently been described in ref[10].

Caution: Perchlorate salts of compounds containing organic li-
gands are potentially explosive. Only small quantities of those com-
pounds should be prepared and handled behind suitable protective
shields.

[MnIII,IV
2O2(N,Nbispicen)2](ClO4)3 · CH3CN: 190 mg of

N,Nbispicen (0.785 mmol) were dissolved in 4 ml of absolute etha-
nol. To this solution 210.5 mg of Mn(O2CCH3)3.2H2O (0.785
mmol) were added. After stirring for 1/2 hour, the resulting brown
solution was filtered, and to the filtrate was added an absolute etha-
nol solution (4 ml) of NaClO4·H2O (220.5 mg, 1.57 mmol). A
brown microcrystalline solid started to precipitate immediately. The
solid was collected by filtration, washed thoroughly with absolute
ethanol and dried under vacuum. The elemental analysis corre-
sponds to a Mn(III)Mn(III) dimer [Mn2O2(N,Nbispicen)2]-
(ClO4)2·1.3H2O·1.3C2H5OH. This powder was EPR silent. 2

C30.6H46.4Cl2Mn2N8O12.6: calcd C 40.43, H 5.11, Cl 7.82, Mn
12.11, N 12.33; found C 40.48, H 5.00, Cl 7.84, Mn 12.11, N 12.01.
Dark single crystals characterized as [MnIII,IV

2O2-
(N,Nbispicen)2](ClO4)3·CH3CN were grown by slow diffusion of a
mixture of CH2Cl2-CHCl3 (1:1) into a concentrated solution of the
powder in CH3CN under air. 2 C30H39Cl3Mn2N9O14: calcd C
37.30, H 4.07, Cl 11.01, Mn 11.39, N 13.05; found C 37.47, H 3.94,
Cl 10.95, Mn 11.38, N 13.0. 2 IR: ν̃ 5 3429 (br) cm21, 1607 (s),
1571 (w), 1480 (m), 1466(m), 1444(m), 1292 (m), 1144 (w), 1091
(vs), 766 (m), 697 (m), 660 (m), 625 (s). Symbols: br broad; vs very
strong; s strong; m medium; w weak; sh shoulder. The single crys-
tals of [MnIII,IV

2O2(N,Nbispicen)2](ClO4)3·CH3CN were used for
all subsequent physical measurements.

Electrochemical Measurements: Cyclic voltammetry was meas-
ured using a EGG PAR potentiostat (M 273 model). The working
electrode was a Pt disk of 3 mm diameter, carefully polished with
diamond pastes and ultrasonically rinsed in ethanol before use. A
Pt wire was used as counter electrode and as reference, a Ag/
AgClO4 electrode, prepared in acetonitrile and separated by a frit-
ted disk from the main solution (270 mV above the potential of the
saturated calomel electrode). The experiment was carried out on a
carefully degassed solution by argon flushing.

Magnetic Susceptibility Measurements: Magnetic susceptibility
measurements in the 4.22300 K temperature range were carried
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out with a MPMS5 SQUID magnetometer (Qantum Design Inc.).
The calibration was made at 298K using palladium reference
sample furnished by Quantum Design Inc. Ground crystals of
[MnIII,IV

2O2(N,Nbispicen)2](ClO4)3.CH3CN were used.

Crystallographic Data Collection and Refinement of the Structure
of [MnIII,IV

2O2(N,Nbispicen)2](ClO4)3 ·CH3CN: The crystal data
of [MnIII,IV

2O2(N,Nbispicen)2](ClO4)3·CH3CN and the parameters
of data collection are summarized in Table 2. A prismatic black
crystal with the dimensions 0.9 3 0.25 3 0.15 mm was mounted
in a glass capillary with 0.5 mm diameter. The unit-cell and inten-
sity data were measured with an Enraf-Nonius CAD-4 dif-
fractometer with graphite monochromated Mo-Kα radiation (λ 5

0.71073 Å). The cell constants were obtained by least-squares pro-
cedures based upon the 2Θ values of 25 reflections measured in the
ranges 20.8° < 2Θ < 21.6° at ambient temperature. All reflection
intensities were collected in the range 4° < 2Θ < 50° within [219
# h # 19, 213 # k # 13, 0 # l # 29]. The total number of the
collected and independent reflections are 16114 and 7870. Due to
the peculiar form of the single crystal an empirical absorption cor-
rection was carried out. The structure was solved by direct methods
with the program SHELXS86[29] and refined by using the
SHELXL93[30] programs. The figure was prepared with ORTEP
II. [31] The molecular cation was located in a general crystallo-
graphic position as well as three perchlorate anions and the mol-
ecule of acetonitrile. Observed disorder in the stucture involved the
anions; all were disordered over two sites with non-identical occu-
pations (0.60 and 0.40). The stucture was refined by full-matrix
least-squares approximation based on F2. Refinement was aniso-
tropic for non-H atoms. Hydrogen positions were calculated by as-
suming geometrical positions and were included in the structural
model (In addition, a cluster of electron density with seven different
peak positions was found and these were not identified). Final re-
finement of this model was continued until convergence when R1 5

0.066 for F2>2σ(F2) and Rw 5 0.242. The final difference map
showed two largest residual peaks of 0.68 and 20.66 eÅ23. Crystal-
lographic data (excluding structure factors) for the structure re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
100897. Copies of the data can be obtained free of charge on appli-
cation to The Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [Fax: (int. Code) 144(1223)336-033, E-mail: deposit@-
chemcrys.cam.ac.uk, World Wide Web: http://www.ccdc.cam.a-
c.uk].

Table 2. Crystallographic data for [MnIII,IV
2O2(N,Nbispicen)2]-

(ClO4)3 · CH3CN

Formula Mn2C28H36N8Cl3O14·CH3CN
fw 965.93
Radiation Mo-Kα (0.71073 Å)
Temp (K) 293
Space group P21/c
a (Å) 16.511(9)
b (Å) 11.113(5)
c (Å) 24.55(2)
α (deg) 90
β (deg) 91.33(8)
γ (deg) 90
V (Å3) 4503(5)
Z 4
µ (mm21) 0.818
Nmeas 16114
Nobs 7870
R 0.066
Rw 0.242
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EPR Spectroscopy: EPR spectrum was recorded on Bruker ER
200 D spectrometer at X-band. For low temperature studies, an
Oxford Instruments continuous flow liquid helium cryostat and a
temperature control system were used. In order to get a good qual-
ity glass a 0.1  solution of NBu4ClO4 in acetonitrile was used
as solvent.

EPR Simulation: Simulation of the EPR spectrum was per-
formed using a FORTRAN program originally developed by Drs
L. K. White and R. L. Belford at University of Illinois. The pro-
gram simulates powder spectra for S 5 1/2 systems and can include
four different hyperfine interactions using perturbation theory. It
was modified to allow for calculation of the hyperfine contributions
to the spectra to the second order. [32] Briefly, for each transition,
the resonant field was calculated using perturbation theory up to
the second order for the hyperfine coupling terms and the resulting
stick spectrum was then convolved with Gaussian functions. This
simulation program is coupled to a minimization program in order
to find the set of parameters giving the lowest possible value of the
agreement factor defined as R 5 Σi(Yi

calc 2 Yi
exp)2/ΣiYi

exp 2.
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Consecutive addition of one-equivalent portions of glycine
ethyl ester to [(p-cymene)Ru(GGGOMe2H+)Cl] leads to con-
siderable amounts of (tetra- to nonapeptide)ruthenium com-
plexes in a one-pot reaction, in which the (p-cymene)RuCl
fragment acts as a catalyst. The analogous reaction with ala-

Introduction

There have been several reports on the formation of pep-
tides from α-amino acid esters [2] or α-amino acids[3] in the
presence of metal ions or metal complexes. Recently, our
group reported a metal-promoted peptide synthesis in
which non-activated α-amino acid esters are assembled in
the coordination spheres of half-sandwich complexes of ru-
thenium, rhodium, and iridium.[4] This method permits the
elongation of a coordinated peptide ester at its N-terminus
with a defined amino acid sequence. In previous studies[4]

we focused on stoichiometric reactions between peptide
complexes and amino acid esters. However, according to
the proposed mechanism, it should be possible to produce
polypeptides using only catalytic amounts of these or-
ganometallic complexes (Scheme 1).

Scheme 1

Therefore, we became interested in ascertaining whether
longer peptide chains could be obtained by repetitive ad-
ditions of α-amino acid esters to half-sandwich (pep-
tide)metal complexes. In this paper, we report on the forma-
tion of tetra- to nonapeptides by means of a one-pot reac-
tion of [(p-cymene)Ru(GGGOMe2H1)Cl] (1) with glycine
or alanine esters according to Scheme 1.

[e] Part 104: Ref. [1].
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nine methyl ester affords AGGG and AAGGG complexes as
the main products. The course of these metal-catalyzed pep-
tide oligomerizations has been followed by mass spectrome-
try. The synthesis and characterization of the pentapeptide
complex [(C6Me6)Ru(GGGGGOMe2H+)] is reported.

Results and Discussion

Repetitive additions (every 24 h) of one equivalent of gly-
cine ethyl ester (GlyOEt) to [(p-cymene)Ru(GGGOMe2
H1)Cl] (1) in the presence of triethylamine gave ruthenium
complexes with increased chain length of the peptide
(Scheme 2). The reaction resembles living polymerization
processes. [5] A large excess of α-amino acid ester was avo-
ided in order to reduce autocondensation reactions.

Scheme 2

The course of the metal-catalyzed peptide oligomeri-
zation was followed by FAB mass spectrometry. This ana-
lytical tool allows the simultaneous determination of the
various intact (peptide)RuII complexes that are present in
the reaction mixture. [6] The relative amount of each peptide
complex was estimated by comparing the appropriate peak
heights. Table 1 and Figure 1A show how the distribution
of the higher peptides changes as the complex is “fed” with
successive one-equivalent portions of glycine ester. Signifi-
cant amounts of hepta- to nonapeptides are obtained after
the addition of 8 equivalents of GlyOEt. The time course
of product formation reflects the statistical growth of the
peptide chain. The limiting factor of this reaction was the
increased viscosity of the solution after the addition of sev-
eral portions of the amino acid. It should be emphasized,
however, that the presence of the lipophilic (p-cymene)RuII

fragment strongly increases the solubility of the otherwise
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notoriously insoluble polyglycine peptides in organic sol-
vents.

Figure 1. Catalytic formation of polypeptide complexes by conse-
cutive addition (every 24 h) of glycine ethyl ester (A) or alanine

methyl ester (B)

Table 1. Formation of (oligoglycine)ruthenium complexes following
successive additions of one-equivalent portions of glycine ethyl

ester

Peptide Start Portion no.
2 3 4 5 7 8

triglycine 100 21 6 3 0 0 0
tetraglycine 0 29 13 7 1 0 0
pentaglycine 0 29 20 14 6 0 0
hexaglycine 0 17 32 30 15 9 10
heptaglycine 0 4 22 33 35 26 25
octaglycine 0 0 7 11 31 37 26
nonaglycine 0 0 1 2 10 23 22
decaglycine 0 0 0 0 2 5 7

For comparison, a (pentaglycine methyl ester)ruthenium
complex 2 was prepared directly from [(C6Me6)RuCl2]2 and
GGGGGOMe. N,N-coordination in 2 is proven by the IR
absorptions at 1660 and 1579 cm21. [4]

While with glycine ethyl ester and 1 the relative amount
of any single product does not exceed 40% because of simi-
lar reactivities of all the products, with alanine methyl ester
(AlaOMe) and 1 a different situation is encountered.
Scheme 3 illustrates the reaction of 1 with one equivalent
of AlaOMe. The larger steric bulk of this amino acid seems
to prevent it from undergoing successive condensation reac-
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tions. Therefore, a substantial build-up of the AGGG com-
plex (up to 84%) and the AAGGG complex (up to 56%)
is observed (Figure 1B). Only minor amounts of peptide
complexes with more than two alanine residues are pro-

Scheme 3

duced, even after the addition of 7 equivalents of AlaOMe.
The experiments described herein demonstrate that (p-

cymene)RuII complexes are able to catalyze the formation
of oligopeptides from simple amino acid esters. We are cur-
rently investigating whether this strategy can be applied to
generate oligopeptides with a different amino acid content
and/or a longer chain length. In certain cases, this new syn-
thetic approach might be an interesting alternative to con-
ventional methods of peptide synthesis.

We are deeply indebted to Prof. Dr. W. Steglich for providing a
series of mass spectra. Generous support by the Deutsche For-
schungsgemeinschaft and the Fonds der Chemischen Industrie is
gratefully acknowledged.

Experimental Section
Reactions were carried out in Schlenk tubes under N2 or Ar.

Methanol (puriss., < 0.05% H2O) was saturated with N2 and stored
over molecular sieves (3 Å). [(p-cymene)RuCl2]2 and
[(C6Me6)RuCl2]2 were prepared according to literature pro-
cedures. [7] The free amino acid esters were prepared from the hy-
drochlorides by treatment with NEt3 in dichloromethane.
NEt3·HCl precipitated upon addition of pentane. 2 IR: Perkin-
Elmer 841, Nicolet 520; PE 5 polyethylene. 2 NMR: JEOL EX
400. 2 MS: Finnigan MAT 90 mass spectrometer.

[(p-Cymene)Ru(GGGOMe2H1)Cl] (1): A solution of 288 mg
(1.2 mmol) of GGGOMe·HCl and 1.2 mmol of NaOMe in 10 ml
of methanol was added to a suspension of 367 mg (0.6 mmol) of
[(p-cymene)RuCl2]2 in 20 ml of methanol. After stirring for 2 h,
the mixture was concentrated in vacuo to a volume of 2 ml. NaCl
precipitated upon the addition of 10 ml of dichloromethane and 3
ml of pentane and was separated by centrifugation. The solvent
was then removed in vacuo. After the addition of pentane, an oily
red compound was obtained. The product was purified by recrys-
tallization from methanol/diethyl ether. Yellow powder. Yield 543
mg (94%). 2 M.p. 2032206°C (decomposition). 2 IR (KBr): ν̃ 5

3333 cm21 (m), 3275 (m, sh), 3128 (m, NH), 1748 (s, C5O, ester),
1665 (s, amide I, uncoord.), 1583 (vs, amide I, coord.), 1535 (m,
amide II). 2 IR (PE): ν̃ 5 286 cm21 (w), 253 (m, RuCl). 2 1H
NMR (400 MHz, CDCl3/CD3OD): δ 5 1.27 [d, 3J 5 7 Hz, 6 H,
CH(CH3)2], 2.21 (s, 3 H, ArCH3), 2.83 [sept, 3J 5 7 Hz, 1 H,
CH(CH3)2], 3.15 (m, 2 H, NH2CH2), 3.76 (s, 3 H, OCH3), 3.94 (m,
2 H, CH2CO2), 4.11 (d, 2J 5 17 Hz, 1 H, NCH2CO), 4.78 (d, 2J 5

16 Hz, 1 H, NCH2CO), 5.3625.58 (m, 4 H, C6H4). 2 13C NMR
(68 MHz, CDCl3/CD3OD): δ 5 18.63 (ArCH3), 22.00, 23.10
[CH(CH3)2], 31.13 [CH(CH3)2], 40.94 (CH2CO2), 46.76 (NH2CH2),
52.54 (OCH3), 54.74 (NCH2CONH), 80.83, 81.95, 82.10, 82.47,
96.46, 101.76 (C6H4), 170.71 (CO2Me), 174.45, 180.36 (CON). 2

C17H26ClN3O4Ru·1/2 H2O (481.9): calcd. C 42.37, H 5.65, N 8.72;
found C 42.56, H 5.87, N 8.55.
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[(C6Me6)Ru(GGGGGOMe2H1)Cl] (2): 311 µl (0.19 mmol) of

NaOMe/MeOH (1.19 ) was added dropwise to a suspension of
65 mg (0.19 mmol) of GGGGGOMe·HCl and 62 mg (0.09 mmol)
of [(C6Me6)RuCl2]2 in 15 ml of methanol. After 1 h, a small
amount of a precipitate was separated by centrifugation and the
solvent was removed in vacuo. The residue was treated with 5 ml
of dichloromethane, 1 ml of methanol, and 2.5 ml of pentane and
NaCl was removed by centrifugation. The product precipitated
upon addition of 30 ml of pentane and was purified by recrystalli-
zation from methanol/dichloromethane (2:1)/diethyl ether. Orange
crystals. Yield 40 mg (35%). 2 M.p. 198°C (decomposition). 2 IR
(KBr): ν̃ 5 3289 cm21 (s, NH), 3243 (sh, NH), 1758 (m, C5O,
ester), 1743 (m, C5O, ester), 1691 (sh, amide I, uncoord.), 1660
(vs, amide I, uncoord.), 1579 (vs, amide I, coord.). 2 1H NMR
(400 MHz, CD3OD): δ 5 2.13 (s, 18 H, ArCH3), 3.14 (s, 2 H,
NH2CH2), 3.31 (CH2 together with CD2HOD), 3.37 (s, 2 H, CH2),
3.73 (s, 3 H, OCH3), 3.89 (br. s, 2 H, CH2), 3.95 (s, 2 H, CH2). 2

C23H36ClN5O6Ru·H2O (633.1): calcd. C 43.63, H 6.05, N 11.06;
found C 44.01, H 6.24, N 11.02.

Peptide Synthesis: 213 mg (0.45 mmol) of [(p-cymene)RuCl2]2
was dissolved in 20 ml of methanol and 347 µl (2.5 mmol) of NEt3

was added as co-catalyst. Once per day one portion of 57 µl (0.55
mmol) of GlyOEt was added to the solution. Just before adding
the third portion, a sample of 1.9 ml (first data point) was removed
from the reaction vessel. Peptide complexes were isolated after pre-
cipitation with 30 ml of diethyl ether and were analyzed by mass
spectrometry. The reaction volume was kept constant by adding 2
ml of methanol. Subsequent data points were obtained similarly.
As the amount of complex in the solution decreased, the amount
of GlyOEt added was decreased accordingly. After addition of the
seventh portion, the viscosity increased and magnetic stirring be-
came problematic. The solution showed thixotropic properties. 2

Peptide synthesis with AlaOMe was performed analogously using
152 mg (0.32 mmol) of [(p-cymene)RuCl2]2 and 250 µl of NEt3

dissolved in 20 ml of methanol.

MS Analysis: FAB-MS measurements were performed using m-
NBA as the matrix. For each peptide complex present, three to
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four well-separated peak groups can be identified, corresponding
to [M 2 Cl2], [M 2 Cl2 1 H1 1 Na1], [M 1 H1], and [M 1

Na1]. Ionization occurs without decomposition of the complex.
Semi-quantitative analyses were performed by comparing the sums
of the relevant peak heights.

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday as a mark of friendship and respect.
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A theoretical analysis was performed to quantify the π-
electron-accepting ability of the boron atom in
ethynylboranes. An expansion technique was employed
which permits to obtain a set of localized bonding schemes
and their weights from a delocalized molecular orbital
determinantal wavefunction. The derived manifold of
bonding schemes is close to the classical resonance hybrid
used in organic chemistry (valence-bond description). We
quantified the π-electron transfer into the empty π-orbital of
the boron atom by investigating nine model compounds
where substituents with π-electron-donating ability are
adjacent to a boron atom. This led to an ordering of the
substituents according to their electron-donating ability
towards boron. The boron atom hesitates to accept π-
electrons from the ethynyl group in ethynylboranes in
particular when good π-donors like amino groups are
present. The π-electron donation from the vinyl group to the
adjacent boron centre is slightly stronger than from the

Introduction

Ethynylboranes are characterized by a carbon2carbon
triple bond directly attached to a Lewis acid boron atom[1].
Its electron-accepting ability may lead to an electron trans-
fer from the adjacent alkynyl π-electron system into the
empty π-orbital of the boron atom. This is illustrated in
Scheme 1 for the parent compound ethynylborane 1a.

Scheme 1. Two resonance structures symbolizing the electron-ac-
cepting ability of the boron atom

The π-electron structure of ethynylborane is described by
the two resonance structures RS1 and RS2 which symbolize
an alkynylborane and a heteroallene, respectively. In the
heteroallene resonance structure RS2 one of the two π-elec-
trons delocalized above and below the molecular plane is
transferred to the boron atom. This transfer leads to a par-
tial double bond between the boron atom and the alkynyl
group accompanied by a formal negative and a positive
charge at the boron and the terminal carbon atom, respec-

Eur. J. Inorg. Chem. 1998, 7332744  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/060620733 $ 17.501.50/0 733

ethynyl group. Nitrogen lone-pair electrons are easily
transferred to a neighbouring boron centre. Bonding
schemes and their weights are in line with computed bond
lengths and rotational barriers. Moreover, our theoretical
results rationalize previous NMR and X-ray experiments and
are in line with the reactivity of related compounds. It is
demonstrated that bond lengths alone do not necessarily
correlate with the degree of π-bonding and should be
discussed with caution. The analysis is substantiated by
showing that weights for covalent bonding schemes, as
obtained from the simple restricted closed-shell MO
determinant, correlate with bond strengths. Furthermore, a
correlation of bonding-scheme weights with quantities based
on the fragment orbital approach is presented. This novel
correlation elucidates molecular properties which determine
the extent of the π-electron transfer to the boron atom and
permits a quantitative interpretation and prediction of
intramolecular π-bonding.

tively (see Scheme 1). The relative weights of RS1 and RS2
in the resonance hybrid for those compounds have been de-
bated for some time. X-ray crystallographic results[2] do not
show a significant lengthening of the carbon2carbon triple
bond or a shortening of the boron2carbon bond. In anal-
ogy to phenyl- and vinylboranes, NMR data for ethynylbo-
ranes have been interpreted in the light of a substantial B5
C double bond character[3]. Calculated bond lengths and
rotational barriers[2h] [2i] of several alkynylboranes support
a rather weak B5C double bond. Thus, the various findings
appear partially contradictory. Moreover, they permit only
indirect conclusions about the electronic structure of ethyn-
ylboranes and have not been quantified in a concise manner
up to now.

Ab initio quantum chemistry provides a more direct ac-
cess to the electronic structure of ethynylboranes. The pre-
dominantly applied computational methods are based on
the molecular orbital method[4]. There, spin-coupled elec-
tron pairs are located in molecular orbitals delocalized over
the whole molecule. Scheme 1, however, represents a set of
valence-bond resonance structures which describe spin-cou-
pled electron pairs strictly localized in bonds. Thus, a val-
ence-bond calculation for ethynylboranes would be the ap-
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propriate method for computing the weights of RS1 and
RS2 contained in the valence-bond wave function. They
would indicate the importance of RS1 and RS2 for the elec-
tronic structure of ethynylboranes. An alternative way is to
compute a molecular orbital wave function and to analyze
this wave function a posteriori in terms of resonance struc-
tures and their weights[5]. Recently, a concise method was
proposed for expanding a determinantal wave function
composed of delocalized molecular orbitals into a set of
determinantal wave functions consisting of localized atomic
orbitals [6]. The procedure permits to obtain from a delo-
calized molecular orbital wave function weights for lo-
calized bonding schemes which are close to the resonance
structures of organic chemistry. Thus, the method is suited
to discuss the frequent problem about the weight of a par-
ticular resonance structure in a resonance hybrid. In the
following sections we use this technique to investigate the
π-electron-accepting ability of the boron atom in ethynyl-
boranes. We do this by obtaining weights for localized
bonding schemes for a characteristic set of molecules. Our
set of model compounds is represented in Scheme 2.

Scheme 2. The set of model compounds selected for quantifying
the π-electron donation into the empty π-AO of boron

Ethynylborane (1a) is the parent compound of alkynyl-
boranes and the main objective of our investigation. The
BH2 group is isoelectronic with the methylene cation
CH2

1. The differences in their π-electron-accepting proper-
ties are illustrated by compairing 1a and the ethynylmethy-
lene cation (1b). In 1a and 1b, only the ethynyl groups do-
nate π-electrons to the BH2 and the CH2

1 group, respec-
tively. However, the π-electron-donating properties of am-
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ino and vinyl groups are also well established[3b] [7]. In 2a
and 2b competitive π-electron donation may occur and we
investigate the competitive electron-donating abilities of the
amino, vinyl and ethynyl groups, for which aminoborane
(3a) and vinylborane (3b) serve as reference compounds.
Our set of model compounds comprised also 2-amino-
ethynylborane (4) where the electron attraction of the BH2

group and the electron donation of the NH2 group are me-
diated by the ethynyl group. This should lead to a push-
pull π-electron transfer in 4. In methyleneborane (5) the sp-
hybridized boron atom itself provides a π-electron and a
full carbon2boron double bond exists. In the methylborane
carbanion (6) only a partial B5C double bond is formed
which stabilizes the carbanion by delocalizing the negative
charge. Compounds 5 and 6 were included in this study to
put the amount of B5C double bonding (as expected from
resonance structure RS2) in perspective.

Computational Methods

Applied Programs and the Expansion Technique

Quantum chemical calculations were performed by using
the Gaussian 92/DFT suite of ab initio programs operating
under OpenVMS[8]. The restricted Hartree-Fock (RHF)
method[9] and the 62311G** basis sets [10] were applied to
optimize the geometries of the molecules.

We used the recently proposed technique[6] to expand a
molecular orbital (MO) determinantal wave funtion Ψmo

into ND determinantal wave functions Ψi
ao composed of

atomic orbitals (AOs).

The expansion coefficients ci in (1) are determinants of
matrices which contain definite selections of the canonical
MO coefficients. The weight wi of a definite Ψi

ao in the
expansion (1) was computed by means of

Equation 1 leads to an expansion of the delocalized wave
function Ψmo into wave functions Ψi

ao which are strictly
localized. Any Ψi

ao represents a definite occupation pattern
of the localized atomic spin orbitals. Hence, we analyze the
delocalized MO wave function in terms of local spin occu-
pations and their weights[6]. Furthermore, local bonding
schemes are obtained by drawing lines between electrons of
opposite spin-localized at adjacent atoms of the molecule.
These bonding schemes are close to the resonance struc-
tures drawn by organic chemists[6]. We are mainly interested
in the π-electron distribution. Therefore, MO determinants
Ψmo composed of π-MOs were expanded.
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The Expansion Technique and Extended AO Basis Sets

We employed the extended basis set 62311G[11] to ex-
pand Ψmo into the Ψi

aos. We note, that eq. 1 holds also
when extended basis sets are employed[6]. Thus, the Ψi

aos
contain the various groups of contracted gaussian functions
which represent the π-AOs. Use of the 62311G basis set
requires a recipe for computing the total weights of the vari-
ous local spin occupations.

Consider a planar molecule with four π-electrons distrib-
uted over four adjacent π-AOs. Each of them is represented
by three groups of primitive gaussians. Consequently, vari-
ous types of spin occupations can occur in the Ψi

aos [12]

(Scheme 3).

Scheme 3. Several types of local spin occupations occuring when
the 62311G basis is applied in the expansion technique;
the occupation schemes are used to obtain local atomic
spin occupations

The covalent spin occupation of type (a) describes a com-
plete spin alternation. We obtain the total weight of the
local covalent spin occupation by adding up all weights of
those 81 Ψi

aos which describe the general spin-occupation
pattern given by (a). The total weight for a local monoionic
spin occupation is obtained by sampling the weights for
Ψi

aos with occupation patterns of type (b). A similar sam-
pling is performed to compute the total weight for further
monoionic and diionic spin occupations resulting from
cases (c) and (d), respectively. However, eq. 1 produces also
Ψi

aos for energetically unfavourable spin occupations of
type (e) which allocate three electrons at one atom. Those
spin occupations have very small weights and are neglected
in our weight sampling.

Relating Weights and Bond Strengths

We also relate weights for bonding schemes to the
strengths of the bonds designated by the bonding schemes.
For this purpose the second derivatives of the molecular
energy with respect to definite internal coordinates are
needed. These coordinates are the bond lengths in the z-
matrix[13] defining the molecular geometries. We computed
the second derivatives by repeating the last step in the ge-
ometry optimization but we used an analytic hessian
(FOPT5CALCALL)[8]. The second derivatives of the en-
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ergy with respect to the internal coordinates of the z-matrix
were printed out by means of the option IOP(1/33 5 1)[8].

Results

π-Electron Donation from the Alkynyl Group to the Isoelectronic
BH2 and CH2

1Groups

In ethynylborane (1a) the Lewis acidic BH2 group is di-
rectly attached to the ethynyl group (see Scheme 1). Two π-
electrons of this group can be transferred to the BH2 group
by partially occupying the empty π-orbital of the boron
atom. Thus, two π-electrons of the ethynyl group can delo-
calize over three π-AOs and a partial boron2carbon π-
bond can be formed (see Scheme 1). In order to investigate
the extent of this π-bonding we expanded a restricted
closed-shell MO determinant for the two π-electrons into
the set of all 81 AO determinants. We derived local spin
occupations by sampling the corresponding AO determi-
nants as outlined above. Local spin occupations and their
weights are given in the first column of Table 1.

Table 1. Bonding schemes and their weights for ethynylborane (1a);
the covalent weights show that the boron atom hesitates to accept

π-electrons from the ethynyl group

Generally, a line in a bonding scheme represents a spin-
coupled electron pair localized in bonds or at an atom by
forming a lone pair [14]. In the second column of Table 1
spin occupations of the first column are converted into
bonding schemes. Equal weights of spin-inverted spin occu-
pations are added up to derive weights for bonding
schemes. All covalent AO determinants give rise to three
covalent bonding schemes. All ionic AO determinants make
up three ionic bonding schemes (see Table 1). It is well
known that expanding an uncorrelated restricted MO deter-
minant produces weights for the covalent and ionic bonding
schemes which are too small and too large, respectively[15].
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This problem could be alleviated by using a correlated
wavefunction to obtain localized bonding schemes, the pro-
cedure for which is, however, computationally more in-
volved. Former work has demonstrated that geometries for
boron compounds are reproduced reasonably well by RHF
calculations. Moreover, it was shown previously that within
the subspaces of the covalent and ionic bonding schemes
the weights can be expected to appear in correct relative
order[16]. Therefore, the weights of covalent bonding
schemes in Table 1 should indicate their relative importance.
Because this work concentrates solely on the relative impor-
tance of covalent bonding schemes, all ionic bonding
schemes have been omitted for clarity for the other com-
pounds in this study. In the following we estimate the im-
portance of a covalent bonding scheme by its weight pre-
centage value, where 100% is the weight sum of all covalent
bonding schemes. Table 1 shows that the two π-electrons
reside mainly on the alkynyl group (92.4%). A heteroallene
structure with a B5C double bond is only of minor impor-
tance (4.4%). The weight for the singlet diradicaloid bond-
ing scheme is small (3.2%) but of comparable magnitude.
These results suggest that the boron atom hesitates to ac-
cept a single π-electron from the alkynyl group. It also
avoids to accept a spin-coupled electron pair as indicated
by the very small weight of the respective charge-separated
bonding scheme. These conclusions seem to be supported
by the optimized geometries. The carbon2carbon triple
bond length of the alkynyl group is 1.1927 Å, a value close
to the carbon2carbon triple bond length of acetylene
(1.204 Å) [17]. Thus, the C;C bond in 1a is in essence an
acetylene triple bond. A value of 1.5250 Å is computed for
the B2C bond length in 1a. This value is close to the com-
puted B2C bond length in BH22CH3 (1.578 Å) [18]. The
small bond shortening is in line with the different carbon
hybridizations present in 1a and BH22CH3 (sp vs. sp3). All
results support the notion that the double-bond character
of the B2C bond in 1a is small.

In 1b the ethynyl group is adjacent to the positively
charged CH2

1 group which is isoelectronic to the BH2

group of 1a, but expected to be a much stronger π-acceptor
due to its positive charge. As for 1a, the covalent AO deter-
minants for 1b lead to three local covalent spin occupations
and bonding schemes as recorded in Table 2.

Table 2. Bonding schemes and their weights for model compound
1b; the covalent weights indicate the two π-electrons are delocalized
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They show that the two π-electrons are almost equally
localized in the CH22CCH bond region (42.2%) and in the
CH2C;CH bond region (45.7%). Hence, the carbon2car-
bon triple bond experiences a removal of π-electrons but
also positive charge is accumulated in this bond region as
indicated by the first bonding scheme of Table 2. These two
effects have an opposite influence on the carbon2carbon
triple bond length which therefore remains unaffected. In
contrast, the carbon2carbon single bond CH22CCH
should have a significant double-bond character. Both con-
clusions are supported by the optimized bond lengths: The
CH22CCH bond length of 1.3414 Å is close to the car-
bon2carbon bond length in ethylene (1.337 Å) [19], but the
CH2C;CH bond length is 1.2096 Å, a value near 1.204 Å
which is the carbon2carbon bond length in acetylene[17].
Thus, in spite of the massive π-electron withdrawal from the
triple bond its bond length remains virtually unchanged.
This fact emphasizes that geometrical parameters are at
best an indirect measure of electronic properties. The lead-
ing covalent bonding schemes of Table 2 describe the well-
known delocalization of the positive charge[20] among the
two terminal carbon atoms. A feature of cation 1b seems to
be its notable singlet biradical character. This is indicated
by the appreciable weight of the third covalent bonding
scheme (12.1%). This conclusion illustrates an advantage of
the applied procedure: The singlet biradical character of a
closed-shell molecule is contained in a restricted closed-
shell MO determinant. However, it remains hidden but is
revealed by the expansion technique[6].

The effective charge delocalization in alkynyl-substituted
carbocations has been demonstrated by Olah et al. [21] using
NMR spectroscopy.

Scheme 4. A set of alkynyl-substituted compounds where π-elec-
tron delocalization operates; compound C serves as a
comparison

In A (see Scheme 4), the 13C chemical shift of the para-
carbon atom of the phenyl ring is δp 5 145.5 or ∆δp 5 16.8
downfield from that of the respective carbon atom in C [21].
In B, ∆δp is only 1 ppm[3d] supporting our notion that de-
spite of their isoelectronic nature, the X2C;C π-interac-
tion is much weaker in ethynylboranes (X 5 R2B) than in
the carbocation (X 5 R2C1). By comparing the results for
model compounds 1b and 1a we have presented two ex-
treme cases of a strong and weak electron delocalization,
respectively, which are most likely inaccessible preparatively.
In those ethynylboranes known, competitive π-electron do-
nation from other substituents to boron might diminish the
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B2C;C π-interaction even further. A quantitative estimate
of these substituent effects is presented in the next section.

Competitive π-Electron Donations from the Amino, Vinyl, and
Ethynyl Groups to the BH2 Group

There is ample experimental evidence for the formation
of a partial boron2nitrogen double bond in aminoboranes.
For example, NMR spectroscopy shows a hindered rotation
about the B2N bond and a rotational barrier of ca. 20
kcal/mol is measured[7f] [7i] and confirmed by computational
methods[22]. In aminoboranes with three-coordinate boron
atoms the B2N bond length is ca. 1.40 Å and the nitrogen
atom is planar[7a] [7f] [7i]. In related compounds with tetra-
coordinated boron atoms, however, the B2N bond is ca.
0.05 Å longer and the nitrogen atom is pyramidal[7a] [7f] [7i].
π-Electron donation from a vinyl group to a neighbouring
boron centre is considered to be much weaker, but firmly
established[1d]. We have calculated the relative weights for
all covalent bonding schemes in amino(ethynyl)borane (2a)
and ethynyl(vinyl)borane (2b) in order to determine the
relative π-donating abilites of the three substituents.

The four π-electrons in 2a occupy two π-MOs delocalized
over four π-AOs. By expanding a restricted closed-shell MO
determinant we obtained a set of 4356 AO determinants for
the four π-electrons. The results for the local covalent spin
occupations and their weights as obtained by sampling the
corresponding AO determinants are displayed in Table 3.

Table 3. Covalent bonding schemes and their weights for the
amino(ethynyl)borane (2a)

As before, any line in a bonding scheme symbolizes a
spin-coupled electron pair present in the corresponding lo-
cal spin occupation. A single local spin occupation, how-
ever, may be compatible with various ways of drawing lines
and its weight contributes to the weights of several bonding
schemes[6]. Such a case is the second spin occupation in
Table 3 contributing at least to a biradical scheme with a
central double bond and to a scheme with a triple bond in
the alkynyl group and an N5B double bond. The alkynyl
carbon2carbon bond is much shorter (1.1904 Å) than the
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boron2carbon bond (1.5495 Å) and the bonding scheme
comprising an alkynyl triple bond should be energetically
much more favourable. Therefore, we attributed the weight
of the second spin occupation solely to the bonding scheme
with the alkyne triple and the N5B double bond (see Table
3). Similar arguments have been applied previously to de-
rive bonding schemes from local spin occupations where the
conversion is non-unique[6].

Weights in Table 3 indicate that the four π-electrons in 2a
prefer the ethynyl group and the nitrogen lone pair (84.2%).
However, the boron atom accepts an electron from the ni-
trogen lone pair by forming a partial nitrogen2boron
double bond H2N5BHCCH (11.7%). The formation of a
π-bond between the boron atom and the ethynyl group is
rather unfavourable (2.2%). The singlet biradical character
of 2a is also negligible (1.9%). In aminoborane (3a) (36 AO
determinants for two π-electrons delocalized over two
centres) the weight for the resonance hybrid with a B5N
double bond is 11.2%. These results imply that the boron
atom readily accepts an electron from the nitrogen lone
pair, but much less from the ethynyl group. In addition, the
ethynyl group is a fairly electronegative substituent at the
boron centre. Its electron withdrawal through the σ bond is
balanced by a slightly stronger π-electron donation from
the nitrogen atom (11.7% vs. 11.2%). This idea had been
advanced previously but remained unsubstantiated until
now. Former computations[23] have shown that a barrier of
32.4 kcal/mol exists for a rotation about the nitrogen2bo-
ron bond. This barrier height points to a partial double-
bond character and is in line with the exceptional stability
of aminoboranes. Lone-pair electron donation has been ex-
ploited frequently for stabilizing otherwise inaccessible bo-
ron compounds e.g. diborane compounds[2g] [24], boranes
with B5C[25], B5N[26] and B5P[27] bonds. 13C chemical
shifts for compounds similar to 2a have been analyzed in
some detail. They are in line with an ethynyl group without
electron deficit [2d] [2e] [2f] [2h] [28]. These experimental findings
corroborate our theoretical result that the boron atom
avoids to accept π-electrons from the C;C triple bond pro-
vided a good π-donor like the amino group in 2a is present.
A direct comparison between two weak π-donors is possible
in compound 2b (Table 4). In 2b, four π-electrons are dis-
tributed over five π-AOs and we obtained 11025 AO deter-
minants.

The results in Table 4 highlight the preference of the four
π-electrons for the vinyl and the ethynyl groups (83.5%).
The boron atom accepts only weakly a π-electron from the
vinyl group by forming the boron2carbon double bond
H2CCH5BHCCH [5.6%, compared to 5.2% in vinylbo-
rane (3b)]. Electron donation from the ethynyl group by
forming an H2CCHBH5CCH boron2carbon double bond
is even less favourable (3.5%). The various singlet biradical
bonding schemes appear only with small weights. However,
the vinyl group is a slightly better π-electron donator than
the alkynyl group. Our conclusions are substantiated by the
optimized carbon2carbon bond lengths for the vinyl and
the ethynyl group which are 1.3300 Å and 1.1921 Å, respec-
tively. They are close to the bond lengths of ethylene (1.337
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Table 4. Covalent bonding schemes and their weights for the ethyn-
yl(vinyl)borane (2b); the boron atom accepts only weakly π-elec-
trons; the π-donation is slightly stronger from the vinyl than from

the ethynyl group

Å) [19] and of acetylene (1.204 Å) [17], respectively. The bo-
ron2carbon bonds H2CCH2BHCCH and H2CCHBH2
CCH in 2b have lengths of 1.5491 Å and 1.5358 Å, respec-
tively. Again, these values reflect the trend imposed by the
different hybridization states of the carbon atoms.

Conclusions from the Expansion Results

The following picture emerges consistantly from the
above expansion results. The lone-pair electrons of an
amino group are donated efficiently into the empty π-or-
bital of boron. Adjacent carbon2carbon double or triple
bonds are an order of magnitude weaker π-electron donors.
In the absence of a good π-electron donor, however, the
boron centre excerts its full Lewis acidity and the extent of
B5C bonding is doubled but still remains small (2.2% in
2a, Table 3, vs. 4.4% in 1a, Table 1). In the presence of a
comparably potent π-donor, e.g. the vinyl group, an ethynyl
group will only excert half of its maximal electron-donating
ability (3.5%, Table 4). Moreover, the weights show that the
vinyl group is more electron-donating than the ethynyl
group (5.6% vs. 3.5%, Table 4). This is corroborated by 13C-
NMR data on dimesitylboranes[29].

Electron Donation from an NH2 to the BH2 Group Mediated by an
Alkynyl Group

2-Aminoethynylborane (4) is of push-pull type and the
electron transfer is mediated by the π-electrons of the
alkynyl group perpendicular to the molecular plane.
Due to this intramolecular electron transfer a partial
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H2B5CCNH2 double bond is expected. In order to verify
this assumption we expanded a restricted MO determi-
nant[6] for the four π-electrons and we obtained 4356 AO
determinants. Subsequently, we derived covalent local spin
occupations and their weights by sampling weights of the
corresonding AO determinants. The results are compiled in
Table 5.

Table 5. Covalent bonding schemes and their weights for the “push-
pull” 2-aminoethynylborane (4)

Spin occupation four is characterized by complete spin
alternation and its weight can contribute to the weights of
several bonding schemes. Again, we attributed the total
weight solely to the bonding scheme conceived to have the
lowest energy. Table 5 shows that the four π-electrons prefer
the alkynyl group and the nitrogen atom by forming a lone
pair (84.5%). The weight for the second bonding scheme
illustrates that the boron atom accepts also a π-electron
from the ethynyl group by forming a partial boron2carbon
double bond (9.0%) but two π-electrons remain at nitrogen
as a lone pair. This result accords with the notion that the
coulomb repulsion between the nitrogen lone pair and the
π-electrons of the alkynyl group is important. It is reduced
when two alkynyl π-electrons leave the alkynyl group by
forming the partial H2B5CCNH2 double bond. A push-
pull character of a molecule is frequently described by res-
onance structures with a maximal number of covalent
bonds[30] similar to the fifth bonding scheme of Table 5.
Its small weight, however, shows that the formation of a
completely delocalized push-pull system is highly unfavour-
able. The boron2carbon double-bond character in 4 (9.0%)
is larger than in 1a (4.4%). This accords with the computed
boron2carbon bond lengths which are 1.4932 Å in 4 and
1.5250 Å in 1a. Nöth et al. synthesized compound D [31] (see
Scheme 5) which contains the “push-pull” part of model
compound 4. B5C π-bonding in D, however, is diminished
by the two amino groups at the boron atom.

None of the spectroscopic data [δ 13C, δ11B, νCC (IR)] of
D are significantly different from other ethynylboranes.
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Scheme 5: An alkynylborane which contains a push-pull entity; the

push-pull character is dwarfed by two amino substitu-
ents at the boron centre

These findings are in line with the analysis for the model
compounds 2a and 3a. The boron atom in D accepts lone-
pair electrons from the adjacent nitrogen atoms but not
from the ethynyl group. Accordingly, D could not be photo-
dimerized to form a push-pull-stabilized cyclobutadiene[30].

Strong Carbon2Boron Double Bonds

So far we have concentrated on the formation of a partial
B5C double bond through π-donation from an adjacent
ethynyl or vinyl group. We will now use our expansion tech-
nique to investigate two compounds with strong B5C
double bonds. In methyleneborane (5), the sp-hybridized
boron atom provides itself one π-electron and a full bo-
ron2carbon double bond is present[32]. In contrast, the
methylborane carbanion (6) will develop a partial (but
probably strong) B5C double bond because a π-electron of
the negatively charged carbon centre may be transferred to
the empty π-orbital of the sp2-hybridized boron atom. We
expanded the restricted MO determinants for the two π-
electrons and sets of 36 AO determinants were obtained.
Weights for covalent and ionic local spin occupations were
obtained by sampling the weights of the corresponding AO
determinants (Tables 6 and 7).

Table 6. Bonding schemes and their weights for methyleneborane (5)

The only covalent bonding scheme for 5 evolves with a
weight of 44.9% when referred to the weights of all bonding
schemes. This value is close to 50% which is the weight for
the covalent bonding scheme of ethylene when a restricted
MO determinant is expanded[33]. The proximity of both
values shows that a pronounced boron2carbon π-bond is
present in methyleneborane (5). The π-bond in H2C5BH is
further substantiated by its computed short bond length of
1.3741 Å. The weights for the two ionic bonding schemes
show that the π-bond is polar and the electrons prefer the
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carbon atom. As mentioned before, when an uncorrelated
wavefunction is expanded the absolute weights for all ionic
bonding schemes will be overestimated at the expense of the
covalent bonding schemes. Table 6 exemplifies for com-
pound 5 that the covalent weight is only 10% smaller than
the covalent weight in ethylene.

Table 7. Bonding schemes and their weights for the methylborane
carbanion (6)

Evidently, the boron2carbon bond in 6 possesses signifi-
cant double-bond character (36.7%). This supports the no-
tion that the sp2-hybridized boron atom efficiently stabilizes
the carbanion centre by forming a partial double bond ac-
companied by a delocalization of the negative charge. A
decrease of the negative charge at the sp2-hybridized carbon
atom is supported by 13C-NMR data: For the methylene
carbon atom in a dialkylmethyleneborane anion, a 13C
chemical shift of δ 5 54.5 was observed[34]. This value sug-
gests a significant deshielding of the methylene carbon atom
as a consequence of π-electron delocalization. The B5C
double-bond character in 6 is also corroborated by the cal-
culated B2C bond length of 1.4446 Å. This value is much
smaller than 1.5250 Å which is the boron2carbon bond
length in the alkynylborane 1a. Moreover, a rotation about
the B2C bond leads to a local minimum located 26.7 kcal/
mol higher in energy than the planar ground state[35].

Computed Weights and Bond Strength

We have applied weights for localized bonding schemes
to evaluate the electron-accepting ability of a boron atom
bonded to a π-electron-donating group. A large electron at-
traction is indicated by a large weight for those covalent
bonding schemes which describe a π-bond between the bo-
ron atom and the electron-donating group. Thus, we assume
that the weights for covalent bonding schemes are obtained
in the correct relative order. The weights were obtained by
expanding a restricted closed-shell MO determinant for the
π-electrons into the set of AO determinants. It is well
known that expanding such an uncorrelated MO determi-
nant leads to covalent and ionic weights which are too small
and too large, respectively[15]. Expansions of correlated MO
wave functions, however, produce correct weights[36]. In this
section we show that even the uncorrelated restricted MO
determinant leads to meaningful covalent weights whose
relative magnitudes correlate with bond strengths.
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Consider the leading bonding scheme RS1 for 1a. It lo-

cates two π-electrons into the C5C bond region and an
alkynyl group is indicated. A large or a small weight for
this bonding scheme designates the triple bond as strong
or weak, respectively. A measure for the C;C triple-bond
strength at the equilibrium geometry is the energy increase
∆E which occurs when the bond is elongated by an amount
∆R (see Appendix for details). Figure 1 correlates this en-
ergy increase ∆E with the computed weights for all covalent
bonding schemes of Tables 127 with at least one C;C tri-
ple bond.

Figure 1. A correlation between weights for bonding schemes and computed ∆E values; bonding schemes are considered where at least
one C;C triple bond occurs

On the abscissa their weights are given and on the ordi-
nate the corresponding energy increases ∆E are recorded
(computed by means of eq. 5 or eq. 9). The needed second
derivatives were obtained at the RHF/62311G** level of
theory as described in “Computational Methods”. Figure 1
shows that a correlation exists between ∆E values and the
weights for covalent bonding schemes. The entry for acetyl-
ene (0.5) confines the rightmost upper end of the corre-
lation line. In our context, ethylene can be considered as an
acetylene molecule devoid of one π-bond and we attribute
weight zero to ethylene. Its entry marks the leftmost lower
end of the correlation line. The fact that acetylene and eth-
ylene are members of the correlation line supports a quali-
tative weight rationalization. All leading covalent bonding
schemes for 1a, 2a, and 4 locate two π-electrons into the
alkynyl groups. Their entries appear near acetylene, which
shows that the π-systems in 1a, 2a and 4 are acetylene-like.
The leading covalent bonding scheme for 2b locates two π-
electrons into the alkynyl but also two π-electrons into the
vinyl group (see Figure 1). Its intermediate weight shows
that both groups are relevant. At the leftmost lower part of
the correlation line, different covalent bonding schemes of
2a and 2b appear. They attribute two π-electrons to the
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ethynyl group and two π-electrons to the N5B and C5
B double bonds, respectively. Their small weights, however,
indicate that an occurrence of N5B, and C5B double
bonds in combination with an ethynyl C;C triple bond is
unfavourable in 2a and 2b. The small weights suggest the
notion that the ∆E values for these bonding schemes are
determined by the bonds which remain when the π-bonds
of the bonding schemes are not drawn. Thus, the small ∆E
values should be determined by the strongest remaining
bond which is the double bond of the alkynyl groups and
hence appear near the value for ethylene (see Figure 1).

A similar treatment was carried out for bonding schemes
with double bonds. On the abscissa of Figure 2, weights are
recorded for covalent bonding schemes of Tables 127 which
comprise at least one double bond.

The corresponding ∆E values are given on the ordinate.
Figure 2 shows that a fair correlation between weights and
∆E values exists. The ethylene entry confines the righmost
upper part of the correlation line with a weight of 0.5 and
ethane (attributed weight zero) delimits the leftmost lower
part of the correlation line. The dominating covalent bond-
ing schemes for 3b and 5 appear near the ethylene entry (see
Figure 2). This proximity shows that the π-bonds in 3b and
5 are similar to the strong π-bond in ethylene. The bonding
schemes for the H2C5CCH double bond in 1b and the
H2N5BH2 double bond in 3a appear at the middle of the
correlation line. This intermediate location, between ethyl-
ene and ethane, shows that these π-bonds have a significant
single-bond character. The covalent bonding schemes for
C5B double bonds in 1a, 3b and 4 are located at the lower
left part of the correlation line. Their small weights show
that drawing of double bonds is unjustified. These bo-
ron2carbon bonds are in essence single bonds and the en-
tries appear near ethane. The location of two π-electrons
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Figure 2. A correlation between weights for bonding schemes and computed ∆E values; the bonding schemes comprise at least one C5

C double bond

into the vinyl group combined with a singlet biradical ar-
rangement of the remaining two π-electrons is unfavourable
for 2b. The corresponding bonding scheme appears with a
small weight (see Figure 2). At the lower leftmost part of
the correlation line, deviations are found for two covalent
bonding schemes of 2b and 4. They both locate four π-
electrons into two π-bonds. However, their small weights
show that they should be regarded as two single bonds. This
may explain the deviation from the correlation line where
small ∆E values are determined by only one single bond.

Discussion and Conclusion

In the previous sections we have evaluated the π-elec-
tron-accepting ability of an sp2-hybridized boron atom
bonded to a π-electron-donating entity. The π-electron-
attraction can be viewed as an intramolecular π-electron
transfer. It leads to a partial B5X double bond where X
is an atom of the electron-donating substituent. This
double-bond character increases in the sequence of model
compounds 1a < 3b < 3a < 6. Our analysis is rooted in
the framework of valence-bond theory. An alternative
way, however, is to analyse the π-bond character of the
B5X bonds by means of the qualitative perturbational
approach in terms of fragment molecular orbitals [38]. In
the following we show that a correlation between com-
puted weights and quantities based on the fragment-or-
bital approach exists. This correlation leads to an eluci-
dation of factors which are responsible for the extent of
the B5X double-bond character.

Consider the parent ethynylborane (1a) where an intra-
molecular π-electron transfer may occur from the alkynyl
group to the BH2 group. The acceptor (A) fragment orbital
is the lowest unoccupied molecular orbital (LUMO) of the
borane BH3. The donor (D) orbital is one of the degenerate
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π-orbitals of acetylene. Electron transfer occurs within the
model compound 1a which can be viewed as donor ac-
ceptor complex (DA). The π-electron transfer transforms
the π-orbital of D into the π-orbital of (DA). This occurs
by mixing the LUMO of A into the π-orbital of D[38]. An
efficient π-electron transfer is manifested by an π-orbital
energy in (DA) which is significantly lower than in D[38].
For model compounds 1a, 3b, 3a, 1b and 6 the operation
of this concept is illustrated in Table 8.

In the first column the computed orbital energies of the
acceptor fragment orbitals are recorded. These are the
LUMOs of BH3 and of CH3

1. In the third column the en-
ergies of the donor fragment orbitals of the reference donor
molecules D are given. Electron transfer in the model com-
pounds (DA) leads to new π-orbitals and their computed
MO energies are given in column two. The energy differ-
ences ∆E between the π-orbital energies in (DA) and (D)
are recorded in column four. The ∆E values show the intra-
molecular electron transfer increases in the sequence 1a <
3b < 3a < 6. This ordering accords with the weights for the
corresponding covalent bonding schemes. However, the ∆E
value for compound 1b is far too large and incompatible
with the intermediate weight for the covalent bonding
scheme. The donor orbitals for the substituted boranes are
energy lowered only by mixing in the acceptor orbitals of
BH3 and the overall net charges of (D) and (DA) are iden-
tical. In 1b, however, a positive charge is present which is
absent in the donor fragment (D). This leads to an ad-
ditional energy lowering of the donor π-orbital and the ∆E
value is exaggerated. A better interpretation is given in the
following by interrelating computed weights to quantities
derived from the fragment molecular orbital approach. Any
bonding scheme for the B5X double bonds is charcterized
by a definite expansion coefficient ci (see eq. 1). For the
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Table 8. The fragment orbital approach as applied to a selection of model compounds; they are considered as donor acceptor molecules
(DA) where a π-electron donation occurs from the donor fragments D to the acceptors fragments A; the relevant MO energies ε and the

energie decreases ∆E are given

molecules in Table 8, ci is simply the product between the
π-MO coefficients cµπ and cνπ.

Here, µ and ν refer to an AO of boron and of the adja-
cent atom X, respectively. The boron coefficients cµπ are
much smaller than the coefficients cνπ for atom X. More-
over, cνπ can be reasonably approximated by the unper-
turbed MO coefficient of the donor orbital. The small bo-
ron coefficients cµπ, however, are determined in the pertur-
bational fragment approach by a first-order improvement
of the donor MO[38]. This improvement is proportional to
a first-order coupling integral divided by the energy differ-
ence between the donor and the acceptor orbital, namely
(εD 2 εA)[39]. Weights wi are proportional to the squares of
the expansion coefficients ci (see eq. 2). Therefore, the wi

should correlate linearly with a quantity which is the square

Figure 3. A correlation between bonding-scheme weights and a quantity based on the fragment molecular orbital approach
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of the first-order coupling integral divided by the square
of (εD 2 εA). The computed ∆E values of Table 8 can be
considered as second-order perturbation energies[40]. The
analytic form of the second-order perturbation energies[40]

and the above reasoning leads us to conclude that the wi

values should correlate linearly with ∆E divided by (εD 2
εA). The logarithm of the ∆E/(εD 2 εA) values are recorded
in the last column of Table 8. Figure 3 shows that they
correlate reasonably with the logarithms of the wi values.

This correlation leads immediately to an explanation of
the relative ordering of weights in terms of properties of the
fragment orbitals. A small weight for the B5X double bond
is expected provided the ∆E values are small and the energy
difference (εD 2 εA) is large. This situation holds for ethyn-
ylborane (1a) and vinylborane (3b). Large ∆E values sup-
plemented by a small energy difference (εD 2 εA) determine
large B5X weights. This is valid for the ethynyl carbocation
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1b and the borane carbanion 6. Aminoborane (3a) re-
presents an intermediate case. Thus, a large B5X double-
bond character is expected provided the donating fragment
has a low π-electron ionization potential. This is certainly
true for the carbanion fragment in 6. The π-electron ioni-
zation potential of acetylene (11.4 eV)[41] and ethylene (10.5
eV)[41] are larger and the B5C double-bond character in
1a and 3b is rather small. Due to the ionization potentials,
however, the B5C double-bond character in 3b should be
slightly larger than in 1a. This accords with the correspond-
ing weights which are 4.4% in 1a and 5.2% in 3b. Moreover,
the extent of the double-bond character is also determined
by the energy of the acceptor orbital. The high energy of
the BH3 acceptor orbital implies a small weight for the B5
C double bond in ethynylborane (1a). On the contrary, the
low energy of the acceptor orbital of CH3

1 leads to a rather
large weight for the C5C double bond in 1b. The derived
qualitative explanation holds also for the π-bond present in
a planar borylphosphane H2B2PH2. The optimized ge-
ometry of H2B2PH2 is characterized by a pyramidal phos-
phanyl group and the lone pair at the PH2 group is oriented
away from the BH2 group. Therefore, only a weak B5P π-
bond is present in H2B2PH2 at the equilibrium ge-
ometry[42]. However, computational results at a planar C2v

geometry of H2B2PH2 indicate a B5P bond slightly
stronger than the B5N bond in 3a [43]. This finding is in line
with the concepts determining the correlation line of Figure
3. The 3p electrons at the planar PH2 fragment have a lower
ionization potential than the 2p electrons at the NH2 frag-
ment. Consequently, the weight for the B5P bond should
be larger than the weight for the B5N bond.
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Appendix
Consider a bonding scheme with one bond of length R (exem-

plified for 1a in Scheme 6).

Scheme 6. A bonding scheme where only one π-bond is indicated;
the only bond parameter is the bond length R

The energy E at a bond length R, elongated by ∆R, is given up
to second order in ∆R by

If we assume an optimized geometry for 1a, the first derivative
in eq. 4 vanishes. Furthermore, we apply a reference elongation
with a squared norm of unity. Thus, ∆R2 is unity and the energy
increase ∆E is given by
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We see, ∆E is given by half of the curvature when the reference
elongation is applied. A representative covalent bonding scheme
for two π-bonds is the leading scheme for the ethynyl(vinyl)borane
(2b) represented in Scheme 7.

Scheme 7. A bonding scheme where two π-bonds are indicated; the
two bonds have the bond lengths Ra and Rb

It locates four π-electrons into two π-bonds such that a C;C
triple and a C5C double bond is formed. A measure for their com-
bined bond strength is the energy increase resulting when the two
bonds are stretched by ∆Ra and ∆Rb (see Scheme 7). The energy
up to second order in ∆Ra and ∆Rb at the distorted geometry is
given by eq. 6.

Here, we have applied the Taylor expansion for a function de-
pending on two parameters[37]. The expansion is simplified by the
vanishing of the first derivatives implied by the use of optimized
geometries. Moreover, we neglected the mixed second derivatives.
This is suggested by the fact that the double and the triple bonds
are well separated. A coupling between the two bonds should be
negligible. Again, a reference elongation is chosen such that the
squared norm of the elongation vector is unity. Thus, we have

Moreover, we partition the elongations such that eq. 8 holds.

Based on these assumptions, we obtain an energy increase ∆E
given by eq. 9.

The ∆E given by eq. 5 and eq. 9 are based on a different number
of bond elongations, namely one and two, respectively. The squared
norm of both elongations, however, is equal and unity. This prop-
erty permits us to compare bonding schemes with a different num-
ber of bonds by computing ∆E values. Our notion is that covalent
bonding schemes with large (small) weights indicate strong (weak)
bonds and they should be characterized by large (small) ∆E values.
In Figure 1, weights for bonding schemes and ∆E values are corre-
lated.

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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The reaction of Ga2X4 · 2 dioxane with four equivalents of
(Me3Si)3SiLi(thf)3 (= hypersilyllithium) affords for X = Br a
1,3,2,4-disiladigalletane together with tetrahedral
hypersilylgallium(I). For X = Cl an anionic 1,2,3,4-
silatrigalletanate, a four-membered heterocycle with a Ga3

unit, is isolated. These primary examples of gallium/group-

The tris(trimethylsilyl)silyl (5 hypersilyl) group has pro-
ved to be a very useful substituent in gallium chemistry.
Not only trivalent gallanes like tmp2GaSi(SiMe3)3, [1] Y2Ga-
Si(SiMe3)3 · thf (Y 5 Me, Cl), [2] Cl2Ga[Si(SiMe3)3]2 ·
Li(thf)2

[3], and [(EtO)2GaSi(SiMe3)3]2 [2] are accessible but
the hypersilyl group is also excellently capable of stabilizing
a number of low-valent gallium compounds with gal-
lium2gallium bonds. This includes hypersilyl-substituted
digallanes [(Me3Si)3Si]2Ga2Ga[Si(SiMe3)3]2 and [(Me3Si)3-
SiGa(Cl)2Ga(Cl)Si(SiMe3)3]2 [4] as well as an anionic tetra-
gallane [(Me3Si)3SiGa{Ga(I)Si(SiMe3)3}3]2 and the poly-
hedral nonagallane [{(Me3Si)3Si}6Ga9]2. [5] The hypersilyl-
substituted tetrahedral gallium(I) cluster [(Me3Si)3SiGa]4
proved to be very stable towards dissociation into mono-
meric units. [6] In all these cases the hypersilyl group re-
mained unaffected. Consequently, the central silicon atom
is bonded to only one gallium atom and no cyclic com-
pounds are known with gallium and silicon atoms as ring-
building elements. In the following we describe results,
where the inherent capability of the hypersilyl ligand for
Si2Si bond cleavage is used for the synthesis of gal-
lium2silicon heterocycles, which feature a tetracoordinate
silicon atom bonded to two gallium atoms.

Reactions

By treating [(Me3Si)3SiGa(Cl)2Ga(Cl)Si(SiMe3)3]2 (1)
with two equivalents of Li(thf)3Si(SiMe3)3 (Eq. 1) dispro-
portionation of the gallium(II) species is achieved. Ac-
companying [(Me3Si)3SiGa]4 (2), bis(hypersilyl)gallium

[e] Part 13: G. Linti, M. Bühler, H. Urban, Z. Anorg. Allg. Chem.
1998, 624, 5172520.
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14 heterocycles have been investigated by NMR
spectroscopy as well as by X-ray single-crystal structure
analysis. In addition, the synthesis and structure of
bis(hypersilyl)gallium chloride is described. This monomeric
molecule has a nearly T-shaped Si2GaCl framework.

chloride (3) is isolated in this reaction. Recently, we have
described the synthesis of 2 [6] together with Cl2Ga[Si(Si-
Me3)3]2 · Li(thf)2 (4) and several not further characterized
byproducts by reaction of Ga2Cl4 · 2 dioxane with three
equivalents Li(thf)3Si(SiMe3)3 (Eq. 2). Another reaction
course is observed, if Ga2Cl4 · 2 dioxane, dissolved in tetra-
hydrofuran, is treated with four equivalents of Li(thf)3Si(Si-
Me3)3 (Eq. 3). In this reaction the disproportionation of the
gallium(II) species leads again to several hypersilylgallium
compounds in oxidation state III, but no 2 is observed. In-
stead, black crystals of the unprecedented gallium/silicon
heterocycle 5 are isolated. On the other hand, the analogous
reaction of Ga2Br4 · 2 dioxane with four equivalents of
Li(thf)3Si(SiMe3)3 affords 6 together with 2 (Eq. 4). The
latter cocrystallizes with Si(SiMe3)4, which is formed during
the reaction course. It is plausible, that 2 and bis(hypersilyl)
gallium bromide are formed by disproportionation at first.
6 forms formally by elimination of bromotrimethylsilane
from the sterically crowded [(Me3Si)3Si]2GaBr. This takes
place in the presence of excess Li(thf)3Si(SiMe3)3, conse-
quently the halosilane reacts further to produce Si(SiMe3)4

(Scheme 1). The pathway leading to 5 obviously also in-
cludes a step of disproportionation, but now an oligomeric
hypersilylgallium(I) reacts with Li(thf)3Si(SiMe3)3. Thus, a
possible intermediate might be the three-membered gallacy-
cle [Ga3{Si(SiMe3)3}4]2. Migration of a trimethylsilyl group
from an Si(SiMe3)3 group at the four-coordinate gallium
center to a three-coordinate one and insertion of the re-
maining Si(SiMe3)2 unit into a Ga2Ga bond affords 5.

Spectroscopic Characterization
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Scheme 1. Proposed reaction pathways to 6 (a) and 5 (b)

The 1H- and 13C-NMR spectra for 5 show two signals
for the hypersilyl groups, one for the Ga2SiMe3 group and
two for the Si(SiMe3)2 unit, as is expected. In the 29Si-NMR
spectrum for the eight chemical different silicon atoms eight
signals are observed. All trimethylsilyl groups, including the
gallium-bonded one, resonate in the typical range between
δ 5 28.8 and 214.2. The central silicon atoms of the hy-
persilyl groups give rise to two signals at δ 5 2120.2 and
2131.4. The signal for the ring silicon atom is identified at
δ 5 24.3. In 6 the signal for the ring silicon atoms is ob-
served at δ 5 23.3, that for the central atom of the hypersi-
lyl group at δ 5 2103.8. Whereas there are no comparable
data available for silicon atoms bonded to two gallium
atoms, the chemical shifts for the hypersilyl silicon atoms
are in the typical range known for other hypersilylgallium
derivatives.[2] For example, the central silicon atom in
tmp2GaSi(SiMe3)3

[1] resonates at δ 5 2115.3, in Cl2GaSi-
(SiMe3)3 · thf [2] at δ 5 2127.8, and in [(PhO)3GaSi-
(SiMe3)3]2 [2] at δ 5 2141.7. Electron-precise compounds
with Ga2Ga bonds like [(Me3Si)3SiGa(Cl)2Ga(Cl)Si-
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(SiMe3)3]2 [4] have signals in this range (δ 5 2112.2), too.
This is only a small variation compared to other hyper-
silyl derivatives; here chemical shifts from δ 5 233.4 for
(Me3Si)3SiF[7] to 2189.4 for Li(thf)3Si(SiMe3)3

[15c] are
known. The chemical shifts of the gallium compounds seem
to be affected by the electron-withdrawing properties of the
ligands at and the coordination number of the gallium
center. But the bonding situation at the gallium center ob-
viously has the largest impact. In the electron-deficient
tetrahedral cluster 1, the signal for the hypersilyl silicon
atom is observed at δ 5 268.7. This shift to higher fre-
quencies compared to other gallium compounds must be
due to the multicenter-bonding situation the gallium atoms
are involved in.

In the mass spectrum (70 eV) of 6 not only the molecular
peak at m/z 5 980 and the typical fragmentation path-
way, i.e. loss of CH3, SiMe3, and Si(SiMe3)3 are observed,
but in addition at m/z 5 490 the radical cation
[(Me3Si)3SiGaSi(SiMe3)2]1· and consequent fragmentation
occurs.

X-ray Structure Analysis

3 crystallizes in the hexagonal space group P6122 with
Z 5 6. The crystal consists of well-separated monomeric
molecules of 3 with a severely distorted trigonal-planar co-
ordinated gallium center (Figure 1). The Ga2Si distance is
240.3(2) pm, which is comparable to the one in Me2-
Ga(thf)2Si(SiMe3)3 [dGaSi 5 241.1(3) pm], [2] but shorter
than in tmp2Ga2Si(SiMe3)3 [dGaSi 5 246.8(1) pm]. [1] Here,
due to the three versus only two space-filling substituents
the hypersilyl groups must minimize their steric interactions
by bond elongation. In 3 this is achieved by a wide SiGaSi
bond angle [150.3(1)°]. This is very wide, compared to other
monomeric R2GaCl compounds like [(Me3Si)2N]2GaCl[8]

[N2Ga2N 5 128.5(2)°], (2,4,6-iPr3C6H2)2GaCl[9]

[C2Ga2C 5 133.8(7)°], and (2,4,6-tBu3C6H2)2GaCl[10]

[C2Ga2C 5 135.6(2)°]. Only (Mes2C6H3)2GaCl
[C2Ga2C 5 153.5(5)°] is even more T-shaped.[11]

Figure 1. View of a molecule of 3[a]

[a] Selected bond lengths [pm] and angles [°]: Ga2Cl 222.4(3),
Ga2Si1 240.3(2), Si12Si4 235.8(3), Si12Si3 235.(3), Si12Si2
236.1(3); Cl2Ga2Si1 104.83(5), Si12Ga2Si1 150.33(10), Si42
Si12Si3 110.1(1), Si42Si12Si2 113.96(10), Si32Si12Si2 110.9(1),
Si42Si12Ga 102.42(8), Si32Si12Ga 113.79(9), Si22Si12Ga
105.36(9).
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5 crystallizes monoclinic, space group P21/n, and consists

of anionic Ga3Si heterocycles (Figure 2) and isolated
Li(thf)4 cations. The heterocycle 5 is diamond-shaped with
acute angles of 84.52(5)° at the ring silicon atom and of
81.39(3)° at the tetracoordinated gallium center. The wide
angles [97.78(4), 95.96(4)°] are as expected at the three-co-
ordinate gallium atoms. As is indicated by the sum of angles
the ring adopts a flat butterfly structure; the Si1Ga1Ga2
and Si1Ga3Ga2 plane orthogonals intersect at 20.6°.
Consequently, the two hypersilyl groups at Ga1 and Ga3
are on the same side of the ring, the hypersilyl group at Ga2
is in trans position to them. Nevertheless, the attachment
of so many bulky substituents to that four-membered ring
results in a considerable distortion of the bond angles and
the coordination spheres around Ga2 and Ga3 (Figure 3a).
Inspecting the ring silicon atom, at first, the Si22Si12Si3
angle, namely the angle between the trimethylsilyl groups is
near the tetrahedral angle, but the trimethylsilyl group (Si2)
on the inner side of the butterfly has very wide Si22
Si12Ga2,3 angles. This means the Si12Si2 bond has only
an angle of 26.5° with the Si1Ga2Ga3 plane. In contrast,
the Si12Si3 bond is nearly perpendicular to this plane
(Si3Si1//Si1Ga2Ga3: 100.5°). At the tetracoordinated gal-
lium atom Ga2 the situation is similar. The Si82Ga22Si12
angle [110.37(6)°] is near the tetrahedral angle, too. The
bond Ga22Si8, involving the central atom of the attached
hypersilyl group, has wide angles with the Ga22Ga1,3
bonds [Si82Ga22Ga1 126.64(4)°; Si82Ga22Ga3
128.57(4)°], but, in contrast, the corresponding angles in-
volving the trimethylsilyl silicon atom Si12 have values of
only 105.67(5)° and 98.09(5)°. This means angles between
the Ga2Ga1Ga3 plane and the Si82Ga2 and Si122Ga2
bonds of 36.4° and 106.8°, respectively. Furthermore, the
steric crowding in 5 causes a no longer exactly planar ar-
rangement around Ga1 and Ga3. Both atoms are 16 pm
above the plane through their neighboring atoms. The
Ga2Ga bond lengths in the trigallane unit of 5 [255.27(9),
252.88(9) pm] are in the typical range for other hypersilyl-
substituted oligogallanes like [(Me3Si)3SiGa(Cl)2Ga(Cl)Si-
(SiMe3)3]2 (dGaGa 5 250.5 pm), [4] [(Me3Si)3SiGa-
{Ga(I)Si(SiMe3)3}3]2 (dGaGa 5 253.3 pm)[5] and [(Me3Si)3-
Si]2Ga2Ga[Si(SiMe3)3]2 (dGaGa 5 259.9 pm). [4] Only one
structurally investigated compound with a trigallane unit is
known so far, Ga3I5 · 3 PEt3. [12] In this gallium subhalide
shorter Ga2Ga bond lengths [dGaGa 5 245.1(1), 246.0(1)
pm] are observed. The Ga2Si(SiMe3) distances in 5
[dGaSi 5 248.4 pm] are very long compared to other hypersi-
lylgallium compounds, as is discussed above. There is no
difference between the Ga2Si bond lengths involving three-
or four-coordinate gallium atoms in 5. In contrast, the Ga-
2SiMe3 bond length is 5 pm shorter. As we have noted
earlier, [2] the Ga2Si bond lengths are very sensitive to steric
requirements. In this sense, the shorter bond length to the
trimethylsilyl group is expected, but further structural data
on molecules with Ga2SiMe3 bonds are not available, yet.
The ring silicon atom is also in a novel environment. For
this atom bonded to two gallium atoms Ga2Si bond
lengths of 247.5(2) and 245.2(2) pm are observed, thus in
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the range of long Ga2Si bonds. The Si2Si and Si2C bond
lengths are in the normal range for these bond types.

Figure 2. View of the heterocyclic anion in 5; the methyl groups
have been omitted for clarity[a]

[a] Selected bond lengths [pm] and angles [°]: Ga12Ga2 255.27(9),
Ga22Ga3 252.88(9), Ga12Si1 247.5(2), Ga32Si1 245.2(2),
Ga12Si4 248.4(2), Ga22Si8 248.4(2), Ga22Si12 243.6(2),
Ga32Si13 248.3(2), Si12Si2 235.4(2), Si12Si3 236.5(2), Si2SiMe3
235.5; Si12Ga12Ga2 94.78(4), Ga32Ga22Ga1 81.39(3), Si12
Ga32Ga2 95.96(4), Ga32Si12Ga1 84.52(5), Si12Ga12Si4
119.60(6), Si42Ga12Ga2 144.07(5), Si122Ga22Si8 110.37(6), Si-
122Ga22Ga3 105.67(5), Si82Ga22Ga3 128.57(4), Si122
Ga22Ga1 98.09(5), Si82Ga22Ga1 126.64(4), Si12Ga32Si13
125.63(5), Si132Ga32Ga2 136.59(5), Si22Si12Si3 106.12(8), Si2-
2Si12Ga3 127.03(7), Si32Si12Ga3 98.00(7), Si22Si12Ga1
135.74(7), Si32Si12Ga1 97.47(7).

Figure 3. Side-on view of a) anionic 5, b) one of the two indepen-
dent molecules of 6; the methyl groups have been omitted for clarity

Compound 6 (Figure 4) crystallizes triclinic, space group
P1̄, with two independent molecules in the asymmetric unit.
The nearly planar four-membered gallium/silicon hetero-
cycles have an approximately quadratic alternating Ga2Si2
framework of distorted trigonal-planar coordinated gallium
and tetrahedrally coordinated silicon centers. Thus, the in-
ner ring angles at the gallium atoms are 91.6°, those at the
silicon atoms 88.4°, on an average. The Ga2Si bond lengths
in the ring (dGaSi 5 242.1 pm on an average) vary only by
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2 pm. The exocyclic gallium2silicon bond lengths are simi-
lar to the innercyclic, too. But, if 5 and 6 are compared, it
has to be noted, that all Ga2Si bonds are shortened by
more than 5 pm. This is, at least in part, a consequence of
the replacement of a [Ga(SiMe3)Si(SiMe3)3]2 unit by the
less bulky Si(SiMe3)2 group. In spite of the reduction of
steric crowding, the anti-standing trimethylsilyl groups are
bonded either in a flat or nearly perpendicular manner to
the heterocycle (Figure 3b). The corresponding angle pairs
between Si2Si bonds and the Ga2Si planes are 31 and
104.3° or 42.3 and 115.9°, respectively. It has to be noted,
that the two independent molecules differ only a little in the
orientation of the approximately staggered hypersilyl
groups to one another.

Figure 4. View of a molecule of 6[a]

[a] Selected bond lengths [pm] and angles [°]: Ga12Si1 242.89(9),
Ga12Si4 241.2(1), Ga12Si7 241.5(1), Ga22Si1 242.5(1), Ga22Si4
241.68(9), Ga22Si11 242.5(1), Si12Si2 232.8(1), Si12Si3 233.9(1),
Si42Si5 233.7(2), Si42Si6 232.4(1), Si2SiMe3 234.0; Si42
Ga12Si1 91.59(4), Si42Ga22Si1 91.57(4), Ga22Si12Ga1
88.11(3), Ga12Si42Ga2 88.68(3), Si42Ga12Si7 132.66(3), Si72
Ga12Si1 135.74(3), Si42Ga22Si11 132.77(4), Si112Ga22Si1
135.64(3), Si22Si12Si3 107.27(5), Si22Si12Ga2 128.62(5), Si32
Si12Ga2 96.78(5), Si22Si12Ga1 127.47(5), Si32Si12Ga1
102.77(5), Si62Si42Si5 116.52(5), Si62Si42Ga1 123.73(5), Si52
Si42Ga1 100.53(5), Si62Si42Ga2 120.08(5), Si52Si42Ga2
101.97(5).

Conclusions

With 5 and 6 we have described two novel gallium- and
silicon-containing heterocycles, which have both been pre-
pared starting from gallium(II) halides, showing that the
hypersilyl ligand is not only useful as a bulky substituent,
but is also a valuable source for Si(SiMe3)2 units. 6 is for-
mally a dimer of a hypothetical silagallene RGa5SiR92, 5
is a novel substituted trigallane derivative. Obviously, in all
reactions described in this work disproportionation takes
place. The different product distributions reflect the sensi-
tivity of low-valent gallium halide reaction chemistry. Only
small variations in the reaction conditions may either pro-
ceed in retention or cleavage of the initial Ga2Ga bond. In
the latter case gallium(III) compounds and new oligogal-
lanes are formed; in the worst case elemental gallium pre-
cipitates.
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Experimental Section
General: All handling was performed under purified nitrogen or

in vacuo using Schlenk techniques. 2 NMR: Bruker ACP 200 and
250. 2 MS: Varian MAT 711 with direct inlet. 2 Gallium halides
were prepared from the elements,[14] (Me3Si)3SiLi(thf)3

[15] as de-
scribed in the literature. Other chemicals were used as purchased.
2 X-ray Crystallographic Study:[13] Suitable crystals were mounted
with a perfluorated polyether oil on the tip of a glass fiber and
cooled immediately on the goniometer head. Data collections were
performed in ω-scan with Mo-Kα radiation (graphite monochroma-
tor) on a Stoe STADI4 (3, 5) or Stoe IPDS (6) diffractometer using
the commercial software. Structures were solved using the program
XS from Siemens SHELXTL (PC) and refined against F2 (full ma-
trix) with SHELXL93. All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms bonded to carbon atoms were in-
cluded as riding model with fixed isotropic U9s in the final refine-
ment. For further details see Table 1.

Bis[tris(trimethylsilyl)silyl]gallium Chloride (3): Into a solution
of [(Me3Si)3Si]4Ga4Cl4 (1) (0.51 g, 0.36 mmol) in 20 ml of tetra-
hydrofuran a solution of LiSi(SiMe3)3 · 3 thf (0.34 g, 0.73 mmol)
in 15 ml of tetrahydrofuran was added dropwise at 60°C (at room
temperature no reaction was observed). After stirring the resulting
red solution for additional 12 h at room temperature all volatiles
were removed in vacuo. The residue was suspended in 10 ml of
pentane. Upon filtration the solution was reduced to a volume of
2 ml and cooled to 225°C. Yellow prisms of 3 crystallized followed
by black violet plates of 2.

Lithium 2,4,4-Tris(trimethylsilyl)-1,2,3-tris[tris(trimethylsilyl)
silyl]-1,3-digalla-2-gallata-4-silacyclobutane · 4 THF (5): A solution
of Ga2Cl4 · 2 dioxane (0.49 g, 1.07 mmol) in 15 ml of tetrahydrofu-
ran was added dropwise at 278°C to a solution of LiSi(Si-
Me3)3 · 3 thf (2.00 g, 4.25 mmol) in 20 ml of tetrahydrofuran. After
slowly warming to ambient temperature, the mixture was stirred
for another 12 h, then all volatiles were removed in vacuo and the
residue was extracted three times with 20 ml of pentane, each. The
insoluble residue was treated with 15 ml of toluene and sonicated
for 5 min. The red solution was filtered. Upon standing a dark red
oil separated, which was redissolved in methylcyclohexane/tetra-
hydrofuran (25:1). At 0°C 0.15 g of 5 (14%) crystallized as black-
red prisms. From the pentane fraction bis(hypersilyl)gallium chlo-
ride could be identified as one of the gallium(III) products. 2 1H
NMR ([D8]THF): δ 5 0.30 [54 H, 1,3-Si(SiMe3)3], 0.25 (9 H, 2-
SiMe3), 0.20 [27 H, 2-Si(SiMe3)3], 0.17, 0.13 (9 H each, 4-SiMe3).
2 13C NMR ([D8]THF): δ 5 11.8, 8.2 (4-SiMe3), 5.8 [1,3-Si(Si-
Me3)3], 5.6 [2-Si(SiMe3)3], 3.6 (2-SiMe3). 2 29Si NMR ([D8]THF):
δ 5 24.3 (Si-4), 28.8 [2-Si(SiMe3)3], 29.4 [1,3-Si(SiMe3)3], 211.8
(4-SiMe3), 212.7 (GaSiMe3), 214.2 (4-SiMe3), 2120.2 [1,3-Si(Si-
Me3)3], 2131.4 [2-Si(SiMe3)3]. 2 MS (70 eV, EI, 69Ga): m/z (%) 5

536 (5) [Ga{Si(SiMe3)3}2]1, 389 (16) [Me3SiGaSi(SiMe3)3]1, 316
(10) [GaSi(SiMe3)3]1, 248 (94) [HSi(SiMe3)3]1, 174 (83)
[Si(SiMe3)2]1, 160 (100) [HSi(SiMe3)(SiMe2)]1, 73 (76) [SiMe3]1.
2 C52H140Ga3LiO4Si16 (1495.2): calcd. C 41.77, H 9.44; found C
42.15, H 10.16.

1,1,3,3-Tetrakis(trimethylsilyl)-2,4-bis[tris(trimethylsilyl)silyl]-
1,3,2,4-disiladigalletane (6): A solution of LiSi(SiMe3)3 · 3 thf (4.66
g, 9.89 mmol) in 30 ml of tetrahydrofuran was treated at room
temperature dropwise with a solution of Ga2Cl4 · 2 dioxane (1.59
g, 2.50 mmol) in 40 ml of tetrahydrofuran. After stirring for an-
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Table 1. Crystal data and data-collection parameters

Compound 3 5 6

Chem. formula C18H54ClGaSi8 C52H140Ga3LiO4Si16 C30H90Ga2Si14
Form. weight 600.50 1495.18 983.72
Cryst. size [mm] 0.3030.4030.50 0.2530.2830.30 0.2030.2030.25
Cryst. system hexagonal monoclinic triclinic
Space group P6122 P21/n P1̄
a [Å] 9.604(4) 14.054(2) 24.113(3)
b [Å] 9.604(4) 24.232(6) 25.480(4)
c [Å] 68.530(40) 26.036(4) 9.6617(10)
α [°] 90 90 100.191(15
β [°] 90 97.56(3) 80.874(13)
γ [°] 120 90 98.330(15)
V [Å3] 5474.1(45) 8790(3) 5726.7(12)
Z 6 4 4
ρ(calcd.) [Mg/m3] 1.093 1.130 1.141
µ [mm21] 1.096 1.164 1.253
F(000) 1932 3216 2112
Index range ±h±k±l ±hkl ±h±k±l
2θmax [°] 46.04 49.98 48.24
Temp. [K] 210 200 193(2)
Refl. collected 8624 15607 31672
Refl. unique 2554 14661 17028
Refl. observed (4σ) 1964 9521 10226
Rint 0.1393 0.0485 0.0322
Absorption corr. n. a. semi-empirical semi-empirical
Min/max. transm. 2 0.7493/0.6647 0.6369/0.8580
No. variables 137 721 889
Weighting scheme[a] x/y 0.0448/5.5264 0.0232/2.7117 0.0303/0.0000
GOOF 1.139 1.130 0.794
Final R (4σ) 0.0476 0.0527 0.0308
Final wR2 0.1074 0.0884 0.0679
Largest resid. peak [e/Å3] 0.716 0.439 0.345

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2 Fc
2)/3.

other 12 h, the volatiles were removed in vacuo and the oily residue
was suspended in 30 ml of pentane. After filtration, a dark red
solution was obtained from which after separation of minor por-
tions of 6 0.43 g of 2 · Si(SiMe3)4 (43%) as blue-violet plates crys-
tallized upon cooling to 230°C. The in pentane not soluble residue
of filtration was extracted with 30 ml of toluene. From the solution
obtained, 0.54 g of 6 (44%) crystallized as orange needles at
230°C. 2 6: 1H NMR (C6D6): δ 5 0.47. 2 13C NMR (C6D6): δ 5

6.8 (SiMe3), 5.5 [Si(SiMe3)3]. 2 29Si NMR (C6D6): δ 5 23.3
(Ga2Si2), 27.1 (SiMe3), 28.0 [Si(SiMe3)3], 2103.8 [Si(SiMe3)3]. 2

MS (70 eV, EI, 69Ga): m/z (%) 5 980 (23) [M]1·, 965 (11) [M 2

CH3]1, 907 (2) [M 2 SiMe3]1, 733 (100) [M 2 Si(SiMe3)3]1, 660
(1) [M 2 Si(SiMe3)4]1·, 645 (40) [(660) 2 CH3]1, 587 (28) [(660) 2

SiMe3]1, 490 (55) [M/2]1·, 475 (18) [M/2 2 CH3]1, 417 (42) [M/2
2 SiMe3]1, 316 (68) [GaSi(SiMe3)3]1, 243 (40) [M/2 2

Si(SiMe3)3]1.2 C30H90Ga2Si14 (983.7): calcd. C 36.63, H 9.22;
found C 35.35, H 9.28. 2 2 · Si(SiMe3)4: 1H NMR (C6D6): δ 5

0.47 [s, 27 H, GaSi(SiMe3)3], 0.27 [s, 9 H, Si(SiMe3)4]. 2 13C NMR
(C6D6): δ 5 4.4 [GaSi(SiMe3)3], 2.8 [Si(SiMe3)4]. 2 29Si NMR
(C6D6): [ 5 28.3 (GaSi(SiMe3)3], 29.8 [Si(SiMe3)4], 268.7 [GaSi-
(SiMe3)3], 2135.5 [Si(SiMe3)4].

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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We report the preparation of the novel phosphonium salts
[Ph2PaP(NR92)N(R)C(tBu)=CbH]A(Pa–Cb) (2a; R9 = Et, R =
SiMe3, A = Cl; 2b: R9 = Me, R = SiMe3, A = Cl; 2c: R = Et,
R9 = SiMe3, A = [OSO2CF3]; 2d: R9 = Et, R = SiMe3, A = [BPh4];
4: R9 = Et, R = H, A = Cl) and trans-1,3,2,4-
diazadiphosphetidines R92NPaN(R)P(NR92)Nc(R)(Pa–Nc) [3a:
R9 = Et, R = C(tBu)=C(H)PPh2; 3b: R9 = Me, R = C(tBu)=
C(H)PPh2; 7: R9 = Me, R = C(tBu)=C(H)SiMe3]. Reaction of
3a with Cu2I2 led to the P- and P,P9-centred complexes
[Cu(I)(3a)] (5a) and [{Cu(I)}2(3b)] (5b) [R = C(tBu)=C(H)PPh2].

Introduction

Recently we reported that treatment of the ketimine Me3-
SiN5C(tBu)CH(R9)SiMe3 (A: R9 5 PPh2; B: R9 5 SiMe3)
with PCl3 gave the novel phosphonium salt
[Ph2PaP(Cl)N(SiMe3)C(tBu)5CbH]Cl(Pa2Cb) (1a) or the
trans-1,3,2,4-diazadiphosphetidine 6 (Scheme 1)[1].

Scheme 1

The chloride 1a was thermolabile and decomposed dur-
ing attempted recrystallisation, whereas the corresponding
triflate or tetraphenylborate was stable. We now present
further reactions of the two phosphorus-containing hetero-
cycles 1a and 6.

[e] Part 1: Ref. [1].
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The phosphazole NaC(tBu)C(H)CcPaN(Me)(CH2)2NcMe(Na–
Pa)(Cc–Nc) (8) was obtained by a remarkable hetero-
cycloaddition reaction from the diazadiphosphetidine
ClPaN(R)P(Cl)NbR(Pa–Nb) [6: R = C(tBu)=C(H)SiMe3] and the
electron-rich olefin [=CaN(Me)(CH2)2NaMe(Ca–Na)]2 and
was oxidised with S8 yielding NaC(tBu)C(H)CcPa-
(S)N(Me)(CH2)2NcMe(Na–Pa)(Cc–Nc) (9). Compounds 2–9
were characterised by multinuclear NMR spectroscopy, mass
spectrometry for 5–9, while single-crystal X-ray diffraction
data are provided for 3a and 5a.

Results and Discussion

The reaction of 1a with Me3SiNR92 led (step i in Scheme
2), by Me3SiCl elimination, to the PIII-dialkylamino deriva-
tives 2a and 2b. Both compounds were thermally labile and
were isolated as crude materials from the reaction mixture
by removing the solvent and washing the residue with pen-
tane. They were characterised solely by multinuclear
NMR spectroscopy.

After resolvation in hot toluene, 2a or 2b eliminated a
second equivalent of Me3SiCl and cooling gave (step ii in
Scheme 2) colourless crystals of the trans-diazadiphospheti-
dine 3a or 3b in nearly quantitative yield. Each gave satis-
factory (parent ion) mass spectra and microanalyses. NMR-
spectroscopic studies showed that the P,P9-bis(diethylam-
ino) compound 3a existed in solution as mixture of two
trans isomers, which only differed in the orientation of their
substituents at the endocyclic nitrogen atom. In the minor
isomer (henceforth identified as syn), both diphenylphos-
phane end groups were close to the same endocyclic phos-
phorus atom (this conformation is also adopted in the CuI
complex 5a, see Figure 3), while in the major (anti) isomer
they were close to endocyclic phosphorus atoms of adjacent
molecules (as in the crystal, Figure 2). The bis(dimethylam-
ino) analogue 3b, by contrast, was found to exist solely as
the anti isomer.

Replacing Cl2 of 2a by a bulkier anion by treatment with
Ag[OSO2CF3] or Na[BPh4] gave (step iii in Scheme 2) the
thermally stable five-membered heterocycle 2c or 2d. Each
was recrystallised from a mixture of CH2Cl2 and pentane
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Scheme 2. Some reactions of the phosphonium salt 1a

and was fully characterised. Remarkably, the conversion of
the phosphonium chloride 2a into the diazadiphosphetidine
3a proved to be quasi-reversible as was shown by treatment
of 3a with CF3SO3SiMe3 in hot toluene (80°C, 96 h) which
yielded (step iv in Scheme 2) the phosphonium triflate 4;
the cation is the desilylated analogue of that in 2a. The fate
of the Me3Si group at N was not established. A similar
observation had, however, been made for the reaction of
Me3SiN5C(tBu)CH(PPh2)SiMe3 (A: R9 5 PPh2) with
PhPCl2 or EtPCl2 (cf. Scheme 1) giving
Ph2PaP(R99)N(H)C(tBu)5CbH(Pa2Cb)Cl (R99 5 Ph or Et),
with no trace of the SiMe3-substituted product being de-
tected[1].

The ability of a diazaphosphetidine to act as ligand is
well documented[2] and is now demonstrated for 3a by the
synthesis (steps v or vi of Scheme 2) of the iodocopper(I)
complexes 5a or 5b from a mixture of 3a and Cu2I2 in hot
toluene. Thus, compound 3a behaved as a novel terminal
tridentate (5a) or bridging bis(bidentate) (5b) ligand. The
related reaction of 3b with AgI led, under similar reaction
conditions, to the disappearance of AgI, and the formation
of a white precipitate, presumably an Ag analogue of 5b,
but its extreme insolubility in standard solvents including
hot CHCl3 or CH3CN prevented its characterisation. This
was not surprising, as even 5b was only very sparingly sol-
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uble in hot toluene or CHCl3, which may be due to its being
a polymer of infinite chain length, with 5b moieties bridging
CuI units (anti isomer). The syn isomer of 5a was, by con-
trast, a monomer both in the gas phase (parent ion in the
mass spectrum) and in the crystal (see Figure 3). As a
consequence, 5a was much more soluble than 5b in, for ex-
ample, hot toluene.

Further reactions of the diazadiphosphetidine 6 are illus-
trated in Scheme 3. Treatment of 6 with Me3SnNMe2 led (i
in Scheme 3) in a clean reaction to the trans-diazadiphos-
phetidine 7, which with LiNEt2 gave an inseparable mixture
of products, whereas Me3SiNEt2 proved to be unreactive.
The treatment of 6 with the electron-rich olefin [5CaN-
(Me)(CH2)2NaMe(Ca2Na)]2[3] led not, as we had antici-
pated, by chlorine abstraction to a stable phosphorus-
centred radical, as had been reported for formation of PR92

from ClPR92 [R9 5 CH(SiMe3)2][4], but (step ii in Scheme
3) to the fused bicyclic compound NaC(tBu)C(H)CcPaN-
(Me)(CH2)2NcMe(Na2Pa)(Cc2Nc) (8). The latter was dis-
tillable in a vacuum at 130°C and crystallised at room tem-
perature after several days. Compound 8 was converted
(step iii in Scheme 3) into its PV derivative 9 by treatment
with S8 and crystallisation from Et2O.

Scheme 3. Some reactions of the trans-diazadiphosphetidine 6
[R 5 C(tBu)C(H)SiMe3]

A plausible reaction pathway for the formation of 8 is
outlined in Scheme 4. The first step (i in Scheme 4) is the
dissociation of 6 into the transient monomer, the imino-
phosphane, which is subjected to nucleophilic attack (step
ii in Scheme 4) by the electron-rich olefin known[5] to be a
powerful C-centred nucleophile. A reversible dimerisation
of an iminophosphane has been reported for tBuP5
NtBu[6]. In step (iii) (which may be synchronous with ii),
a spiro bycyclic compound B is formed with electron-rich
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carbene elimination (this can dimerise to reform the elec-
tron-rich olefin). Loss of Me3SiCl from B thus leads (step
iv in Scheme 4) to C, which isomerises (step v in Scheme 4)
into the more stable bicyclic compound 8.

Scheme 4. Proposed reaction pathway from 6 1 [5CaN(Me)(CH2)2-
NaMe(Ca2Na)]2 to 8

NMR-Spectra and Solution Behaviour

In the following discussion of the NMR spectra of the
new cyclic phosphonium salts 2 and 4 we also include data
on five related compounds [Ph2PaP(R99)N(R9)C(tBu)5
CbH(Pa2Cb)]A {R9 5 SiMe3, R99 5 Cl and A 5 Cl (1a),
[OSO2CF3] (1b), [BPh4] (1c); A 5 Cl, R9 5 H, R99 5 Ph
(10a), Et (10b)} which had been reported earlier[1]. The data
are summarised in Table 1. Each was insoluble in hydro-
carbons or Et2O, but readily soluble in CH2Cl2. As a gen-
eral rule, the NH compounds (i.e., R9 5 H) 4, 10a and
10b were thermally stable and were easily crystallised from
aromatic solvents, while solutions of the NSiMe3 derivatives
1a22d were much less so and, in particular for A 5 Cl,
decomposed at room temperature. Compounds with the
bulkier anions (A 5 [OSO2CF3] or [BPh4]) were sufficiently
stable to be purified by recrystallisation from mixtures of
CH2Cl2 and Et2O or pentane.

The 31P-NMR spectral shift values for the λ4P1 (Table
1) were in the region reported for typical phosphonium
salts[7]. The assignments of individual 31P-NMR spectro-
scopic shift values and JH-P coupling constants were made
on the basis of 2D-31P-1H correlation experiments for 2d,
4, 10a, and 10b (as an example, see Figure 1). These showed
cross-peaks for NH, CH, and for each set of o-hydrogen
atoms at the benzene rings of the λ4P1 and hence estab-
lished the identity of the λ4P1. The remaining doublet is
consequently attributed to λ3P, an assignment further sup-
ported by its broadening attributable to the quadrupolar
moment of the adjacent nitrogen atom.

The 1JPP coupling constants were on the low side of pre-
viously reported values (2402424 Hz)[8] [9][10] in related sys-
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tems, but showed the general trend[8] of increasing with in-
creasing electron-donating strength of the substituent at the
λ3P (2c being an exception).

The comparatively small effect of changing the anion A2

(compounds 1a21c, 2a, 2c, 2d) on the 31P-NMR shift value
for λ3P, and in particular on the size of the 1JPP coupling
constants makes it plausible to assume that in solution the
phosphonium salts exist as separated ion pairs even for the
comparatively small chloride anion. Larger differences in
31P-NMR spectroscopic shifts {∆δ[31P(λ3P)] 5 6218 ppm}
and coupling constants (∆1JPP 5 35258 Hz) in the related
urea-bridged derivatives [tBu(Ph)PaP(R)N(Me)-
C(O)Nb(Me)(Pa2Nb)]A (R 5 Me, Et, iPr, tBu, Ph, Xyl, 9-
Anth, CHCl2, or CH2SiMe3) have been attributed to a
change in structure from a zwitterionic form for the chlo-
ride to a separated ion pair for the tetraphenylborate[8].

Other interesting features were: (i) the 1H-NMR spectro-
scopic shift of the ring CH adjacent to λ4P1 seemed to de-
pend mainly on the nature of the counterion. Independent
of other substituents they varied from δ ø 10 for A 5 Cl,
through δ ø 8 for A 5 [OSO2CF3] to δ ø 6 for A 5 [BPh4];
(ii) the large 4JH-λ4P coupling constants of 10216 Hz for
the NH compounds 4 and 10; and (iii) δ[13C{1H}] 5 78 for
the ring CH and δ 5 190 for the ring CN, a value usually
associated with a carbon atom doubly bonded to an oxygen
or nitrogen atom. Items (ii) and (iii) indicate a considerable
delocalisation of π-electron density in the heterocycle be-
tween N and λ4P1.

The 31P-NMR spectroscopic shift of δ ø 186 for the en-
docyclic phosphorus atom of the diazadiphosphetidine 3a,
3b, or 7 in CDCl3 solution is appropriate for each having
trans-orientated substituents at the phosphorus
atom[11] [12] [13] [14] [15] [16] [17] [18] [19] [20][21]. While 7 showed only
a singlet for the magnetically equivalent phosphorus atoms
of the PN heterocycle, the spectrum of 3a indicated the
presence of two isomers in a ratio of approximately 3:1. The
set of signals of the major isomer assigned to be of the anti
isomer (as in the crystal) showed an AA9XX9 spectral pat-
tern with two pseudo triplets, one for the PPh2 (X) groups
at δ 5 229.4 and the other for the ring phosphorus (A) at
δ 5 186.6. The spectrum was readily simulated on the basis
of JAX 5 202.6 and JAA9 5 20.4 Hz. The CP-MAS 31P-
NMR spectrum of 3a showed the signals only of the major
(δ 5 229.4 and δ 5 186.6, JPP 5 190 Hz), but not of the
minor, isomer. It is, however, not inevitable that the minor
isomer exists only in solution and not in the solid, because
the larger line width and the less favourable signal-to-noise
ratio of the solid-state NMR spectrum compared to that in
solution may have obscured the CP-MAS signals of the
minor isomer. The solution 31P-NMR spectrum of the latter
showed features consistent with its being the syn isomer,
having a conformation similar to 5a. Only a doublet was
observed for the PPh2 groups, while the ring phosphorus
atom close to the PPh2 groups gave rise to a triplet of dou-
blets due to a coupling with PPh2 and the other endocyclic
phosphorus atom, respectively. Variable-temperature solu-
tion 31P-NMR spectroscopic studies on the isomeric mix-
ture of 3a showed no temperature dependence for the ratio



P. B. Hitchcock, M. F. Lappert, M. LayhFULL PAPER
Table 1. Selected NMR-spectroscopic data of cyclic phosphonium salts

No. R R9 A δ 31P (λ3P) δ 31P (λ4P) 1JP-P δ 1H (CH) δ 13C (CH) δ 13C (CN)

1a SiMe3 Cl Cl 69.2 54.9 227.9 10.26 [a] 191.0
1b SiMe3 Cl OSO2CF3 73.0 61.7 233.5 8.77 78.2 191.5
1c SiMe3 Cl BPh4 69.5 63.1 241.0 6.15 2 2
2a SiMe3 NEt2 Cl 74.4 29.4 269.1 10.08 2 2
2b SiMe3 NMe2 Cl 74.9 30.1 263.5 9.90 69.0 190.6
2c SiMe3 NEt2 OSO2CF3 84.5 31.2 190.4 8.23 [a] 188.8
2d SiMe3 NEt2 BPh4 86.5 33.2 279.5 6.11 72.5 188.5
4 H NEt2 OSO2CF3 82.3 10.6 304.9 8.19 65.0 184.0

10a H Ph Cl 15.0 43.8 238.5 10.09 64.8 186.4
10b H Et Cl 28.6 39.6 245.4 9.44 63.7 185.8

[a] Not identified.

Figure 1. 2D-31P{1H} 1H-NMR correlation spectrum of
Ph2PaP(Ph)N(H)C(tBu)5CbH(Pa2Cb)Cl (10a)

of the two isomers between 245 and 160°C, while pro-
longed heating (12 h at 60°C) led to complete decompo-
sition of the sample. No signals attributable to the forma-
tion of a cis isomer were observed.

In solutions of the metal complexes 5a or 5b, the 31P-
NMR spectral signal for the metal-coordinated ring phos-
phorus atoms was shifted by ca. 50 ppm to lower frequency,
whereas the influence on the chemical shifts of the PPh2

groups was only small. Probably due to the quadrupolar
moment of the coordinated copper centre, the lines were,
particularly for 5a, so broad that any coupling information
was obscured. Slightly sharper lines were observed for 5b,
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so that JP(A)P(X) 5 297 Hz was determined, being ca. 100
Hz larger than in the free ligand 3a. The unusual magnitude
of these coupling constants in 3 and 5, being in the lower
range of reported directly bonded P-P coupling con-
stants[11], is attributed to a through-space coupling rather
than a 4J(31P-31P). This is supported by the close P···P con-
tacts between phosphane and ring phosphorus atoms in the
crystal structures of 3a [3.262(1) Å] and 5a [3.252(3) and
3.319(3) Å]. A similar effect had been observed for 6, where
the closeness of the ring phosphorus atom and the trimeth-
ylsilyl group gave rise to a coupling (JP-H 5 1.3 Hz[1]) be-
tween these two groups.

There has been much interest in the cis/trans isomerism
in 1,3,2,4-diazadiphosphetidines, with the cis generally the
thermodynamically and the trans the kinetically favoured
isomer (refs. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23], and literature
cited therein). For bulky ligands at N and P, the trans iso-
mer is usually thermodynamically favoured. Studies into the
relationship between isomer and the chemical shift δ(31P)
showed the signals of the cis isomer to be ca. 50290 ppm
at higher frequency than in the trans iso-
mer[14][18] [19] [20] [21] [22][23]. Each of the diazadiphosphetidines
having the bulky C(tBu)5C(H)R9 (R9 5 SiMe3 and PPh2)
substituent at N, which we have so far characterised, has
invariably adopted the trans conformation.

The 31P-NMR spectroscopic shifts previously reported
for trans-diazadiphosphetidines coordinated to metals were
for most part in the same region (δ ø 1302170[2]) as ob-
served for 5a and 5b. Only for Pd or Pt complexes, values
of 40 or 80 ppm to lower frequency have been observed.
The direction of the shift change, as between the free ligand
and the complex upon coordination, seems largely to de-
pend on the metal[2]. Since 5a and 5b are, to our knowledge,
the first compexes of diazadiphosphetidines with copper, no
comparative data are available.
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The structures of 8 and 9 were determined with the help

of multinuclear NMR spectra and MS. The assignments of
the 13C-NMR spectroscopic shifts were made on the basis
of (i) their chemical shift values and (ii) the information
derived from JP-C coupling constants (when compared with
literature data[24]). The interpretation of the 1H-NMR spec-
troscopic shift data required NOE-difference NMR-spec-
troscopic studies. Irradiation of an individual tBu group
gave a 6.4% enhancement for the olefinic CH signal, while
irradiation of the CNMe group gave enhancements of 3.9
and 2.0% for the CH and the exo-H at the neighbouring
CH2 group, respectively. The hydrogen atoms of the remain-
ing CH2 groups were not unambiguously identified, as any
NOE enhancement was obscured due to the closeness of
these signals to the centre of irradiation.

The spectra of 9 were very similar to those of 8, the major
difference being a higher frequency shift of the CH proton
in the 1H-NMR spectrum and a similar effect in the 13C-
NMR spectrum for the carbon atom directly bonded to the
phosphorus atom (8: CH: δ 5 5.83; CP: δ 5 183.2; 9: CH:
δ 5 5.26; CP: δ 5 166). A further difference was the magni-
tude of the coupling constants of the nuclei close to the
phosphorus atom, being much larger for 9 [3J(1H-31P) 5
30.0; 1J(13C-31P) 5 94.4; 2J(13C-31P) 5 46.4 Hz] than for 8
[3J(1H-31P) 5 17.1; 1J(13C-31P) 5 4.1; 2J(13C-31P) 5 36.0
Hz].

X-ray Structural Analysis of 3a and 5a

The X-ray molecular structures of 3a and 5a are illus-
trated in Figures 2 and 3, with the atom-numbering scheme
and selected bond lengths and angles being shown in Tables
2 and 3.

Figure 2. Molecular structure of 3a
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The crystalline compound 3a is centrosymmetric and ad-
opts a trans configuration with the substituents at N(1) be-
ing anti to one another. The PaNPNa(Pa2Nb) ring is
planar, with the N-ligating sp2-carbon atoms also coplanar,
the sum of angles at nitrogen (Σ N) being 360°. The endo-
cyclic ring angle at nitrogen, 100.8(1)°, is much larger than
that at phosphorus, 79.2(1)°. The N(2)2P(2)2N(1) and
N(2)2P(2)2N(19) bond angles are significantly narrower
than tetrahedral, indicating the presence of a stereochem-
ically active lone pair at P(2). The alkenyl groups have the
(E) configuration, so as to minimise steric effects, the tert-
butyl group being trans to PPh2. As a consequence, there
are close contacts between the phosphorus atom of one di-
phenylphosphane group [P(1)] and one ring phosphorus
atom [P(1)2P(2): 3.262(1) Å] which may account for the
large coupling constant between P(1) and P(2) (JPP 5 190
Hz) observed in the solid-state 31P-NMR spectrum. The
exo P2N distances [P(2)2N(2): 1.671(3) Å] are much
shorter than the endo ones [P(2)2N(1): 1.751(1);
P(2)2N(19): 1.730(2) Å].

In general, the skeletal geometry of 3b closely resembles
that of other known trans-1,3,2,4-diazadiphosphetidines,
such as [(MeO)PN(Ph)]2[25], {[F3C(F2C)2H2C]PN-
(tBu)}2

[21], [(F3CH2CO)PN(Ph)]2[14], [(Ph2N)PN(Ph)]2[17],
[(C6H4Me-4)OPN(Ph)]2[20], [Me2Ca(CH2)3(Me)2CbNPN(Si-
Me3)(Ca2Cb)]2[26] and {[Me3Si)2N]PN(SiMe3)}2

[27].
In the CuI complex 5a, the copper centre is surrounded

in a distorted tetrahedral fashion by the iodine, the ring
phosphorus P(1) and the two phosphorus atoms P(3) and
P(4) of the exo-diphenylphosphane groups, Figure 4. The
coordination to the metal atom leads to a syn confor-
mation in the diazadiphosphetidine and a slight puckering
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Figure 3. Molecular structure of 5a

Table 2. Selected bond lengths [Å] and angles [°] for 3a

P(1)2C(1) 1.805(3) P(1)2C(13) 1.831(3)
P(1)2C(7) 1.846(3) P(2)2N(2) 1.671(3)
P(2)2N(1)9 1.730(2) P(2)2N(1) 1.751(2)
N(1)2C(2) 1.405(3) N(2)2C(19) 1.458(4)
N(2)2C(21) 1.462(4) C(1)2C(2) 1.340(4)
C(2)2C(3) 1.535(4) C(3)2C(6) 1.527(5)
C(3)2C(4) 1.532(5) C(3)2C(5) 1.536(4)
C(7)2C(12) 1.380(4) C(7)2C(8) 1.384(4)
C(8)2C(9) 1.390(5) C(9)2C(10) 1.355(5)
C(10)2C(11) 1.362(5) C(11)2C(12) 1.382(5)
C(13)2C(18) 1.378(4) C(13)2C(14) 1.381(4)
C(14)2C(15) 1.387(5) C(15)2C(16) 1.360(6)
C(16)2C(17) 1.372(6) C(17)2C(18) 1.373(5)
C(19)2C(20) 1.503(5) C(21)2C(22) 1.518(4)

C(1)2P(1)2C(13) 104.60(14) C(1)2P(1)2C(7) 98.9(2)
C(13)2P(1)2C(7) 99.80(14) N(2)2P(2)2N(1)9 104.12(12)
N(2)2P(2)2N(1) 108.06(12) N(1)2P(2)2N(1)9 79.18(12)
C(2)2N(1)2P(2) 125.3(2) C(2)2N(1)2P(2)9 133.9(2)
P(2)2N(1)2P(2)9 100.82(12) C(19)2N(2)2C(21) 116.6(2)
C(19)2N(2)2P(2) 117.1(2) C(21)2N(2)2P(2) 126.1(2)
C(2)2C(1)2P(1) 126.7(2) C(1)2C(2)2N(1) 120.3(3)
C(1)2C(2)2C(3) 122.8(3) N(1)2C(2)2C(3) 116.8(2)
C(6)2C(3)2C(4) 108.9(3) C(6)2C(3)2C(2) 112.1(3)
C(4)2C(3)2C(2) 109.7(3) C(6)2C(3)2C(5) 107.4(3)
C(4)2C(3)2C(5) 109.1(3) C(2)2C(3)2C(5) 109.6(3)
C(12)2C(7)2C(8) 117.7(3) C(12)2C(7)2P(1) 122.3(3)
C(8)2C(7)2P(1) 119.7(2) C(7)2C(8)2C(9) 120.5(3)
C(10)2C(9)2C(8) 120.5(4) C(9)2C(10)2C(11) 120.1(4)
C(10)2C(11)2C(12) 119.9(4) C(7)2C(12)2C(11) 121.4(4)
C(18)2C(13)2C(14) 117.9(3) C(18)2C(13)2P(1) 123.6(3)
C(14)2C(13)2P(1) 118.5(3) C(13)2C(14)2C(15) 120.5(4)
C(16)2C(15)2C(14) 120.5(4) C(15)2C(16)2C(17) 119.6(4)
C(18)2C(17)2C(16) 120.0(4) C(17)2C(18)2C(13) 121.5(4)
N(2)2C(19)2C(20) 114.0(3) N(2)2C(21)2C(22) 112.6(3)
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Table 3. Selected bond lengths [Å] and angles [°] for 5a

I2Cu 2.574(1) Cu2P(1) 2.223(2)
Cu2P(4) 2.292(3) Cu2P(3) 2.306(3)
P(1)2N(3) 1.643(7) P(1)2N(1) 1.723(7)
P(1)2N(2) 1.736(6) P(2)2N(4) 1.649(8)
P(2)2N(1) 1.754(6) P(2)2N(2) 1.755(7)
P(3)2C(2) 1.788(8) P(3)2C(321) 1.813(10)
P(3)2C(311) 1.837(10) P(4)2C(4) 1.812(9)
P(4)2C(411) 1.819(9) P(4)2C(421) 1.839(10)

P(1)2Cu2P(4) 94.61(9) P(1)2Cu2P(3) 91.77(9)
P(4)2Cu2P(3) 133.87(10) P(1)2Cu2I 129.32(8)
P(4)2Cu2I 107.15(7) P(3)2Cu2I 103.49(7)
N(3)2P(1)2N(1) 110.1(4) N(3)2P(1)2N(2) 106.2(3)
N(1)2P(1)2N(2) 80.9(3) N(3)2P(1)2Cu 121.9(3)
N(1)2P(1)2Cu 113.8(2) N(2)2P(1)2Cu 116.5(2)
N(4)2P(2)2N(1) 108.3(3) N(4)2P(2)2N(2) 105.9(3)
N(1)2P(2)2N(2) 79.5(3) C(2)2P(3)2C(321) 106.5(5)
C(2)2P(3)2C(311) 96.9(4) C(321)2P(3)2C(311) 102.0(5)
C(2)2P(3)2Cu 117.2(3) C(321)2P(3)2Cu 119.5(3)
C(311)2P(3)2Cu 111.6(3) C(4)2P(4)2C(411) 99.3(4)
C(4)2P(4)2C(421) 103.8(5) C(411)2P(4)2C(421) 102.8(4)
C(4)2P(4)2Cu 113.2(3) C(411)2P(4)2Cu 114.2(3)
C(421)2P(4)2Cu 120.8(3) C(3)2N(1)2P(1) 125.9(5)
C(3)2N(1)2P(2) 133.4(6) P(1)2N(1)2P(2) 100.0(3)
C(1)2N(2)2P(1) 127.5(5) C(1)2N(2)2P(2) 130.6(5)
P(1)2N(2)2P(2) 99.4(4) C(17)2N(3)2C(19) 114.6(7)
C(17)2N(3)2P(1) 117.9(6) C(19)2N(3)2P(1) 126.0(6)
C(13)2N(4)2C(15) 116.4(7) C(13)2N(4)2P(2) 126.0(6)
C(15)2N(4)2P(2) 117.6(6)

of the PN heterocycle [angle between the planes
P(1)N(2)P(2) and P(1)N(1)P(1): 5.7(7)°]. The exo P2N
bond lengths [P(1)2N(3): 1.643(7); P(2)2N(4): 1.649(8) Å]
are considerably shorter than the endo ones [P(1)2N(2):
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1.736(6); P(2)2N(1): 1.754(6); P(1)2N(1): 1.723(7);
P(2)2N(2): 1.755(7) Å], but the influence of metal coordi-
nation on the endocyclic P2N bonds is only small (Table
2). The Cu2I [2.574(1) Å] and Cu2P distances [Cu2P(1):
2.223(2); Cu2P(3): 2.306(3); Cu2P(4): 2.292(3) Å] are
within the range of values reported for four- and three-
coordinated phosphanecopper(I) complexes: [CuI(PPh3)3]
triclinic: Cu2Pav. 2.34(1), Cu2I 2.686(1) Å[28]; [Cu-
I(PPh3)3] trigonal: Cu2Pav. 2.355(8), Cu2I 2.67(1) Å[28];
[(Cu{µ-I}{P(c-C6H11)3})2]: Cu2P 2.23(1), Cu2Iav. 2.58(1)
Å[29]; [(Cu{µ-I}{P(Ph)(CH2CH2PPh2)2})2]: Cu2P
2.263(4)22.325(5), Cu2I 2.614(2) Å[30]; [Cu(PMe3)(µ-I)2-
Cu(PMe3)2][31], [{Cu(µ-I)(PPh2Me)}2] · SO2: Cu2Pav

2.250(2), Cu2Iav 2.719(1) Å[32]; [(Cu{µ-I}{P(C6H4Me-
4)3})2](C6H5Me)2: Cu2P 2.238(4), Cu2Iav 2.583(2) Å[33].
For two-coordinate phosphanecopper complexes, the ob-
served Cu2P distances are usually slightly smaller:
[CuBr{P(C6H2Me3-2,4,6)3}] 2.193(2) Å[34]; [CuX{P(C6H2-
(OMe)3-2,4,6}3] with X 5 Cl 2.177(1), X 5 Br 2.197(3),
X 5 I, Cu2P 2.188(4) Å[35]; [Cu{N(SiMe3)C(tBu)5
C(H)SiMe3}(PPh3)] 2.145(3) Å[36]. Apart from the already
mentioned puckering of the ring, the nature of the back-
bone of the heterocycle in 5a is similar to that of the free
ligand 3a.

Figure 4. Molecular structure of 5a (core atoms only)
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Experimental Section
All manipulations were carried out under argon, using standard

Schlenk techniques. Solvents were distilled from drying agents and
degassed. 2 The NMR spectra were recorded in C6D6 or CDCl3
at 298 K using the following Bruker instruments: AC-P 250 (1H
250.1 MHz; 11B 80.3 MHz; 13C 62.9 MHz; 31P 101.2 MHz), DPX
300 (1H 300.1 MHz; 13C 75.5 MHz; 31P 121.5 MHz), and AMX
500 (1H 500.1MHz; 13C 125.7 MHz) and referenced internally to
residual solvent resonances in the case of 1H and 13C spectra. The
31P and 11B spectra were referenced externally to H3PO4 and
BF3(OEt2), respectively. Unless otherwise stated, all NMR spectra,
other then 1H, were proton-decoupled. 2 Electron-impact mass
spectra were taken from solid samples using a Kratos MS 80 RF
instrument. 2 Melting points were taken in sealed capillaries and
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are uncorrected. Elemental analyses were determined by Medac
Ltd., Brunel University. Due to incorporation of solvent, some of
the phoshonium salts and the copper complexes 5 gave unsatisfac-
tory elemental analyses.

Preparation of the Phosphonium Chlorides [Ph2PaP(NR92)N(Si-
Me3)C(tBu)5CbH(Pa2Cb)]A (2a: R9 5 Et, A 5 Cl; 2b: R9 5

Me, A 5 Cl; 2c: R9 5 Et, A 5 OSO2CF3; 2d: R9 5 Et, A 5 BPh4):
Me3SiNEt2

[2] (0.34 ml, 1.82 mmol) was added to a solution of
[Ph2PaP(Cl)N(SiMe3)C(tBu)5CbH(Pa2Cb)]Cl (1)[1] (0.83 g, 1.82
mmol) in CH2Cl2 (15 ml) at 250°C. The yellow solution was slowly
warmed to room temperature and stirred for 1 h. Removal of vol-
atiles in vacuo gave crude 2a (0.90 g, 100%). 2 1H NMR (CDCl3):
δ 5 0.15 [s, SiMe3], 0.84 [s, broad, Me], 1.61 [s, tBu], 2.223.1 [m,
very broad, CH2], 7.5227.69 [Ph, 10 H], 10.08 [dd, CH, J(1H-31P)
27.5 and 27.6 Hz]. 2 31P NMR (CDCl3): δ 5 74.4 [d, λ3P, 1J(31P-
31P) 5 269.1 Hz], 29.0 [d, λ4P, 1J(31P-31P) 5 269.1 Hz].

Crude compound 2b (1.45 g, 100%) was prepared in an identical
fashion, from 1 (1.40 g, 3.07 mmol) and Me3SiNMe2 (0.49 ml, 3.07
mmol). 2 1H NMR (CDCl3): δ 5 0.13 [s, SiMe3], 1.59 [s, tBu],
2.60 [s, very broad, CH3], 5.26 [s, CH2Cl2], 7.4627.73 [Ph, 10 H],
9.90 [s, broad, CH]. 2 31P NMR (CDCl3): δ 5 74.9 [d, λ3P, 1J(31P-
31P) 5 263.5 Hz], 30.1 [s, broad, λ4P1]. 2 13C NMR (CDCl3): δ 5

5.2 [s, SiMe3], 30.9 [s, C(CH3)3], 41.3 [d, C(CH3)3, 3J(13C-31P) 5

13.8 Hz], NMe2 signal not observed, 53.4 [s, CH2Cl2], 69.0 [d, CH,
1J(13C-31P) 5 20.2 Hz], 120.1 [d, ipso C, 1J(13C-31P) 5 66.3 Hz],
127.32133.7 [Ph], 190.6 [s, broad, CN].

Compound 2c or 2d was obtained by adding Ag(OSO2CF3) (0.21
g, 0.81 mmol) or Na[BPh4] (0.46 g , 1.36 mmol) at 240°C to a
solution of 2a (0.4 g, 0.81 mmol; or 0.67 g, 1.36 mmol, respectively)
in CH2Cl2 (15 ml). The mixture was allowed to warm to room
temperature and was stirred for another 4 h or 2.5 h, then filtered
and all volatiles were removed from the filtrate in vacuo. The crude
product was recrystallised from a mixture of CH2Cl2 and pentane
to give colourless crystals of 2c (0.36 g, 75%) or 2d (0.59 g, 68%).

2c: 1H NMR (CDCl3): δ 5 0.13 [s, SiMe3], 0.74 [m, broad, Me],
1.56 [s, tBu], 2.50 [m, very broad, CH2], 3.09 [m, very broad CH2],
7.6027.84 [Ph, 10 H], 7.9728.04 [d, 2 H], 8.23 [dd, CH, 3J(1H-31P)
27.7 Hz, 2J(1H-31P) 19.7 Hz]. 2 31P NMR (CDCl3): δ 5 84.5 [d,
λ3P, 1J(31P-31P) 5 190.4 Hz], 31.2 [s, very broad, λ4P1]. 2 13C
NMR (CDCl3): δ 5 5.0 [s, SiMe3], 13.1 [s, Me], 30.3 [s, C(CH3)3],
41.4 [d, C(CH3)3, 3J(13C-31P) 5 13.0 Hz], 45 [s, very broad CH2],
CH and OSO2CF3 signals not identified, 116.9 [d, ipso C, 1J(13C-
31P) 5 71.2 Hz], 118.7 [d, ipso C, 1J(13C-31P) 5 50.6 Hz], 130.1 [d,
Ph, J(13C-31P) 5 12.4 Hz], 130.5 [d, Ph, J(13C-31P) 5 13.1 Hz],
132.7 [d, Ph, J(13C-31P) 5 9.9 Hz], 133.8 [s, Ph], 134.3 [s, Ph], 135.1
[d, Ph, J(13C-31P) 5 9.4 Hz], 188.8 [d, CN, 2J(13C-31P) 5 11.8 Hz].

2d · (CH2Cl2)0.5: Mp 105°C (dec.). 2 C49.5H60BClN2P2Si2
(819.41): calcd. C 72.6, H 7.38, N 3.42; found C 70.7, H 7.30, N
3.39. 2 1H NMR (CDCl3): δ 5 0.22 [s, SiMe3], 0.69 and 0.80 [s,
broad, Me], 1.40 [s, tBu], 2.2422.93 [m, very broad, CH2], 5.28 [s,
CH2Cl2], 6.11 overlapping dd, CH, J(1H-31P) 5 29.5 Hz], 6.94 [t,
4 H, J(1H-31P) 5 7.1 Hz], 7.07 [t, 8 H, J(1H-31P) 5 7.3 Hz],
7.4827.69 [m, 16 H]. 2 31P NMR (CDCl3): δ 5 86.5 [d, λ3P,
1J(31P-31P) 5 279.5 Hz], 33.2 [d, λ4P1, 1J(31P-31P) 5 279.5 Hz]. 2
11B NMR (CDCl3): δ 5 29.1. 2 13C NMR (CDCl3): δ 5 5.0 [s,
SiMe3], 14.8 [s, Me], 30.3 [s, C(CH3)3], 40.6 [d, C(CH3)3, 3J(13C-
31P) 5 14.1 Hz], 41.5 [s, CH2], δ 43.7 [d, CH2

1J(13C-31P) 5 37.0
Hz], δ 53.4 [s, CH2Cl2], δ 72.5 [d, CH, 1J(13C-31P) 5 16.9 Hz],
118.3 [d, ipso C, 1J(13C-31P) 5 68.0 Hz], 121.5 [s, BPh], 122.5 [d,
ipso-C, 1J(13C-31P) 5 24.7 Hz], 125.4 [s, BPh], 130.1 [t, Ph], 132.0
[d, Ph, J(13C-31P) 5 6.4 Hz], 133.5 [d, Ph, J(13C-31P) 5 9.7 Hz],
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134.1 [d, Ph, J(13C-31P) 5 19.9 Hz], 136.3 [s, BPh], 164.2 [q, ipso
C, 1J(13C-11B) 5 49.4 Hz], 188.5 [d, CN, 2J(13C-31P) 5 9.4 Hz].

Preparation of cis/trans-[Et2NPaN(R)P(NEt2)NdR(Pa2Nd)]
[3a: R 5 C(tBu)5C(H)PPh2]: Crude 2a (0.90 g, 1.82 mmol) was
heated in toluene (15 ml) under reflux until a clear yellow solution
had formed and was then allowed to cool to room temperature.
After 1 d, colourless crystals of 3a (0.6 g, 85%) had formed. A
second crop of crystals (0.1 g, 14%) was obtained after removing
part of the solvent from the mother liquor; mp 192°C (dec.). 2

C44H60N4P4 (768.89): calcd. C 68.7, H 7.86, N 7.29; found C 68.4,
H 7.88, N 7.53. 2 MS; m/z (%): 768 (2) [M2]1, 696 (2) [M2 2

NEt2]1, 384 (43) [M]1. 21H NMR (CDCl3): δ 5 0.68 [s, very
broad, CH3, cis/trans], 1.29 [s, tBu, cis/trans], 2.72 [s, broad, CH2,
trans], 4.05 [s, broad, CH2, cis], 5.38 [s, broad, CH, cis], 5.50 [t,
CH, 2J(1H-31P) 5 4.2 Hz, trans], 7.1527.30 [Ph, 8 H], 7.5027.60
[o-Ph, 2 H]. 2 31P NMR (CDCl3): trans isomer (AA9XX9 system):
δ 5 229.4 [t, PPh2 J(31P-31P)AX 5 202.6 Hz], 186.6 [t, PN, 2J(31P-
31P)AA9 5 20.4 Hz]; cis isomer: δ 5 230.1 [d, PPh2, J(31P-31P) 5

198.0 Hz], 176.8 [s, PN uncoord., 2J(31P-31P) 5 20.7 Hz ], 193.9
[dt, PN coord., J(31P-31P) 5 198.0 Hz, 2J(31P-31P) 5 20.7 Hz]. 2
13C NMR (CDCl3): isomeric mixture: δ 5 13.8 [s, broad, CH3],
30.4 [s, C(CH3)3,], C(CH3)3 signal not identified, 39.8 [s, broad,
CH2], 103.8 [s, CH,], 126.5 and 127.8 [s, Ph], 131.2 and 134.3 [d,
Ph, J(13C-31P) 5 15.9 and 19.0 Hz], 141.0 and 141.1 [s, Ph], 145.3
and 145.4 [s, Ph], 162.3 and 162.6 [s, CN]. 2 CP-MAS 31P NMR:
δ 5 227.7 [d, PPh2 J(31P-31P) 5 191.6 Hz], 186.6 [s, broad, PN].

Preparation of trans-[Me2NPaN(R)P(NMe2)NcR(Pa2Nc)] [3b:
R 5 C(tBu)5C(H)PPh2]: Colourless crystals of 3b (1.04 g, 95%)
were obtained similarly to 3a, from 2b (1.45 g, 3.07 mmol) in hot
toluene (20 ml); mp 185°C (dec.). 2 C40H52N4P4 (712.78): calcd.
C 67.4, H 7.35, N 7.86; found C 67.0, H 7.43, N 7.70. 2 MS; m/z
(%): 712 (3) [M2]1, 668 (22) [M2 2 NMe2]1, 357 (100) [M 1 H]1,
356 (54) [M]1, 342 (50) [M 2 Me]1, 312 (97) [M 2 NMe2]1. 21H
NMR (CDCl3): δ 5 1.23 [s, tBu], 2.52 [s, broad, NCH3], 5.24 [d,
CH, 2J(1H-31P) 5 2.5 Hz], 7.1927.29 [Ph, 8 H], 7.4127.47 [o-Ph,
2 H]. 2 31P NMR (CDCl3): δ 5 228.7 [t, PPh2 J(31P-31P) 5 101.8
Hz ], 184.9 [t, PN, 1J(31P-31P) 5 101.8 Hz]. 2 13C NMR (CDCl3):
δ 5 30.2 [s, C(CH3)3,], 36.8 [s, broad, NCH3], 38.7 [s, CH2], 39.5
[s, C(CH3)3,], 102.8 [d, CH, 3J(13C-31P) 5 8.1 Hz], 127.3 [d, Ph,
J(13C-31P) 5 26.4 Hz], 127.9 [s, Ph], 132.0 [d, Ph, J(13C-31P) 5 18.6
Hz], 132.6 [d, Ph, J(13C-31P) 5 18.5 Hz], 141.1 [d, Ph, J(13C-31P) 5

9.7 Hz], 161.7 [d, CN, 2J(13C-31P) 5 20.3 Hz].

Preparation of the Phosphonium Salt [Ph2PaP(NEt2)N(H)-
C(tBu)5CbH(Pa2Cb)][OSO2CF3] · 1/2 C6H6 (4): Compound 3a
(0.35 g, 0.46 mmol) and CF3SO3SiMe3 (0.36 ml, 9.1 mmol) were
stirred in toluene (20 ml) for 96 h at 80°C. After removing the
volatiles, a colourless solid remained. Attempts to recrystallise it
from toluene or a mixture of CH2Cl2/Et2O or THF/pentane failed,
but dissolving in hot benzene gave, on cooling to room tempera-
ture, colourless crystals of 4 (0.31 g, 59%); mp > 105°C (dec.). 2

C26H34F3N2O3P2S (573.58): calcd. C 54.4, H 5.97, N 4.88; found
C 56.5, H 6.03, N 4.53. 2 1H NMR (CDCl3): δ 5 0.82 [t, Me,
4J(1H-31P) 9 5 7.1 Hz], 1.39 [s, tBu], 2.92 [s, very broad, CH2], 5.04
[d, NH, 4J(1H-31P) 5 10.5 Hz], 7.35 [s, C6H6], 7.5427.66 [Ph, 10
H], 8.19 overlapping dd, CH, J(1H-31P) 5 29.0 Hz]. 2 31P NMR
(CDCl3): δ 5 82.3 [d, λ3P, 1J(31P-31P) 5 304.9 Hz], 10.6 [d, λ4P,
1J(31P-31P) 5 304.9 Hz. 2 13C NMR (CDCl3): δ 5 14.5 [s, Me],
28.6 [s, C(CH3)3], 37.8 [d, C(CH3)3, 3J(13C-31P) 5 10.7 Hz], 43 [s,
broad CH2], 65.0 [d, CH 2J(13C-31P) 5 68.0 Hz], CF3SO3 signal
not identified, 120.1 [d, ipso C, 2J(13C-31P) 5 70.8 Hz], 124.3 [d,
ipso C, 2J(13C-31P) 5 76.6 Hz], 128.3 [s, C6H6], 130.0 [dd, o-C,
J(13C-31P) 5 12.0 and 4.6 Hz], 132.2 [dd, o-C, J(13C-31P) 5 8.0 and
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4.5 Hz], 133.1 [s, Ph], 133.2 [s, Ph], 133.5 [s, Ph], 133.9 [s, Ph], 184.0
[t, CN, J(13C-31P) 5 15.0 Hz].

Preparation of trans-5a: The diazadiphosphetidine 3a (0.47 g,
0.61 mmol) was suspended in toluene (20 ml) and Cu2I2 (0.12 g,
0.31 mmol) was added. The reaction mixture was heated until 3a
had completely dissolved, then stirred for 12 h at room tempera-
ture, whereafter a very fine precipitate had formed. Further toluene
(15 ml) was added. The mixture was heated under reflux until most
of the precipitate had dissolved. Hot filtration and cooling the fil-
trate to room temperature gave colourless crystals of 5b (0.1 g,
14%). Removing ca. 2/3 of the solvent from the mother liquor and
cooling at 220°C gave colourless crystals of 5a (0.31 g, 53%); mp
175°C (dec.). 2 C51H68CuIN4P4 (1051.48): calcd. (5a 1 1 molecule
of toluene) C 58.3, H 6.52, N 5.33; found C 57.2, H 6.09, N 5.17.
2 MS; m/z (%): 958 (0.1) [M]1, 831 (0.3) [M 2 I]1, 574 (0.6) [M
2 Et2NPNC(tBu)5CHPPh2]1, 511 (2.5) [M 2 Et2NPNC(tBu)5
CHPPh2 2 Cu]1, 384 (35) [Et2NPNC(tBu)5CHPPh2]1. 2 1H
NMR (CDCl3): δ 5 0.04 [s, CH3 coord., 3 H], 0.82 [s, CH3 coord.,
3 H], 1.20 [t, CH3 coord., 6 H, 4J(1H-31P) 5 7.0 Hz ], 1.25 [s, tBu,
18 H], 2.45 [s, broad, CH2 coord. 3 H], 2.95 [s, broad, CH2 coord.,
3 H], 3.69 [m, CH2 uncoord., 3 H], 5.73 [s, broad, CH], 7.1727.43
[mult. multiplets, Ph, 8 H, PhMe], 7.69 [t, o-Ph, 2 H, 2J(1H-31P) 5

8.3 Hz]. 2 31P NMR (CDCl3): δ 5 2 24.9 [s, very broad, PPh2],
142.6 [s, very broad, ring P coord.], 172.2 [s, ring P uncoord.]. 2
13C NMR (CDCl3): δ 5 11.3 and 12.5 [s, CH3 coord.], 14.8 [s, CH3

uncoord.], 30.6 [d, C(CH3)3, 4J(13C-31P) 5 8.4 Hz], 35.6 [s, CH2],
38.7 [s, CH2], 40.6 [s, C(CH3)3,], 105.9 [d, CH, 3J(13C-31P) 5 33.0
Hz], 128.0 [d, Ph, J(13C-31P) 5 36.2 Hz], 128.2 [s, Ph], 129.3 [d, Ph,
J(13C-31P) 5 41.3 Hz], 131.8 [s, Ph], 133.3 [d, Ph, J(13C-31P) 5 17.0
Hz], 135.5 [dd, Ph, overlayed], 139.7 [d, Ph, J(13C-31P) 5 39.2 Hz],
163.1 [s, CN].

Preparation of 5b: Cu2I2 (0.25 g, 0.65 mmol) was added to a
solution of 3a (0.5 g, 0.325 mmol) in hot (105°C) toluene (100 ml).
The mixture was stirred for 15 h, whereafter the greyish Cu2I2 had
disappeared and a white precipitate had formed. After 12 h at room
temperature, the supernatant liquor was filtered off and the residue
dried in vacuo to give 5b (0.7 g, 94%), as a colourless, extremely
insoluble, white powder; mp 260°C (dec.). 2 C47.5H64Cu2I2N4P4

(1195.85): calcd. C 56.8, H 6.42, N 5.57; found C 42.4, H 5.32, N
4.46. 2 MS (300°C); m/z (%): 831 (5) [M 2 2 I 2 Cu]1, 574 (13)
[M 2 Et2NPNC(tBu)5CHPPh2]1; (250°C); m/z (%): 559 (22)
[M1/2 2 Me]1, 480 (3) [M1/2 2 Et 2Cu]1. 2 1H NMR (CDCl3):
δ 5 0.46 [s, broad, CH3], 0.69 [s, broad, CH3 ], 1.53 [s, tBu], 2.45
and 3.72 [m, very broad, NCH2], 5.91 [t, CH, 2J(1H-31P) 5 3.82
Hz], 7.3427.37 [m, Ph, 3 H], 7.4027.42 [m, Ph, 3 H], 7.5727.7.64
[m, Ph, 2 H], 7.7527.82 [m, Ph, 2 H]. 2 31P NMR (CDCl3): δ 5

238.0 [d, PPh2, J(31P-31P) 5 292.8 Hz ], 131.3 [d, PN, J(31P-31P) 5

292.8 Hz]. 2 13C NMR (CDCl3): δ 5 11.2 [s, CH3], 31.0 [d,
C(CH3)3, 4J(13C-31P) 5 8.7 Hz], 39.3 [s, CH2], C(CH3)3 signal not
identified, 106.6 [d, CH, 3J(13C-31P) 5 33.2 Hz], 126.32133.9 [phe-
nyl C], 163.0 [s, CN].

Preparation of [Me2NPaN(R)P(NMe2)NcR](Pa2Nc) [7: R 5

C(tBu)5C(H)SiMe3]: Me3SnNMe2 (0.13 g, 0.64 mmol) was added
to a solution of [ClPaN(R)P(Cl)NbR(Pa2Nb)][1] (0.15 g, 0.32 mmol)
in CH2Cl2 (5 ml). The reaction mixture was stirred for 12 h at room
temperature, whereafter a white solid had crystallised. All volatiles
were removed and the resulting residue was extracted with hot tolu-
ene (10 ml). The hot mixture was filtered. Cooling the filtrate to
215°C gave colourless crystals of 7 (0.11 g, 70%); mp 170°C (dec.).
2 MS; m/z (%): 488 (5) [M2]1, 473 (1) [M2 2 Me]1, 444 (9) [M2

2 NMe2]1, 415 (2.5) [M2 2 SiMe3]1, 244 (75) [M]1, 229 (11) [M
2 Me]1, 187 (72) [M 2 tBu]1. 2 1H NMR (C6D6): δ 5 0.16 [s,
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Table 4. Crystallographic data for compounds 3a and 5a

Compounds 3a 5a

Empirical formula C44H60N4P4 C51H68CuIN4P4

Formula weight 768.84 1051.41
Temperature [K] 293(2) 293(2)
Radiation, λ [Å] Mo-Kα, 0.71073 0.71073
Crystal system triclinic triclinic
Space group P1̄ (No. 2) P1̄ (No. 2)
a [Å] 8.568(2) 11.021(2)
b [Å] 10.504(3) 12.114(2).
c [Å] 13.324(5) 21.816(3).
α [°] 110.59(3) 74.28(1)
β [°] 92.54(2) 76.15(1)
γ [°] 98.30(2) 72.86(1)
V [Å3] 1104.9(6) 2638.6(7)
Z 1 2
Dcalcd. [g cm23] 1.16 1.323
µ [mm21] 0.21 1.16
F[000] 412 1088
Crystal size [mm] 0.4 3 0.2 3 0.1 0.3 3 0.2 3 0.2
θ min and max [°] 2 to 25 2 to 25
Dataset 0/10; 212/12; 215/15 0/13; 213/14; 224/25
Tot., uniq. data 3880, 3880 9249, 9249
Reflections with 2609 4685
I > 2σ(I)
Structure solution Direct methods Direct methods
Refinement method Full-matrix least Full-matrix least

squares on all F2 squares on all F2

Parameters 235 520
Final R indices R1 5 0.051, R1 5 0.073,
I > 2σ(I) wR2 5 0.099 wR2 5 0.150
R indices (all data) R1 5 0.091, R1 5 0.160,

wR2 5 0.115 wR2 5 0.192
Largest diff. peak and 0.23 and 20.20 1.05 and 20.53
hole [e/Å3]
Abs.correction from not applied Tmax 5 1.00,
ψ scans Tmin 5 0.91
Max. shift/error 0.005 0.002

SiMe3], 1.19 [s, tBu], 2.75 [d/t, NMe2], 4.36 [s, CH]. 2 31P NMR
(C6D6): δ 5 187. 2 13C NMR (C6D6): δ 5 2.0 [s, SiMe3], 30.6 [s,
C(CH3)3], 37.7 [t, NMe2, 2J(13C-1H) 5 9.1 Hz], 39.8 [s, C(CH3)3],
100.4 [s, CH], 160.8 [s, CN].

Preparation of NaC(tBu)C(H)CcPaN(Me)(CH2)2NcMe(Na2

Pa)(Cc2Nc) (8): A mixture of [ClPaN(R)P(Cl)NbR(Pa2Nb)] (6)[1]

(0.71 g, 1.5 mmol) and [5CaN(Me)(CH2)2NaMe(Ca2Na)]2[3] (0.30
g, 1.5 mmol) in toluene (15 ml) was stirred for 60 h at 50°C. Re-
moval of the solvent and distillation (130°C, 1022 Torr) of the resi-
due in vacuo gave the yellow oil 8 (0.22 g, 32%), which slowly
crystallised; mp 58260°C. 2 MS; m/z (%): 225 (80) [M]1, 210 (67)
[M 2 Me]1, 197 (10) [M 2 CH2CH2]1, 182 (90) [M 2 MeNCH2]1.
21H NMR (CDCl3): δ 5 1.36 [s, tBu], 2.08 [m, CH2], δ 2.30 [m,
CH2], 2.37 [m, CH2], 2.41 [d, NMe 4J(1H-31P) 5 2.7 Hz], 2.58 [d,
NCH3

3J(1H-31P) 5 12.9 Hz], 3.06 [ddd, CH2 ], 5.83 [d, CH, 3J(1H-
31P) 5 17.1 Hz]. 2 31P NMR (CDCl3): δ 5 98.9 [s]. 2 13C NMR
(CDCl3): δ 5 29.2 [d, C(CH3)3, 4J(13C-31P) 5 2.3 Hz], 38.4 [d,
C(CH3)3, 3J(13C-31P) 5 7.5 Hz], 40.6 [s, NCH3], 42.9 [d, NCH3
2J(13C-31P) 5 38.5 Hz], 51.5 [d, NCH2, 2J(13C-31P) 5 3.1 Hz], 53.7
[s, NCH2], 98.5 [d, CH, 2J(13C-31P) 5 36.0 Hz], 183.2 [d, CP,
1J(13C-31P) 5 4.1 Hz], 185.8 [s, CN].

Preparation of NaC(tBu)C(H)CcPa(S)N(Me)(CH2)2NcMe-
(Na2Pa)(Cc2Nc) (9): Sulfur (0.02 g, 0.63 mmol) was added to a
solution of 8 (0.1 g, 0.44 mmol) in toluene (5 ml) and the mixture
was stirred for 15 h, then filtered and the solvent removed from the
filtrate in vacuo. Recrystallisation of the residue from Et2O gave
yellow crystals of 9 (0.07 g, 70%); mp 126°C (dec.). 2 HR-MS:
calcd. for C11H20N3PS 257.1116; found 257.1118. 2 MS; m/z (%):
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257 (100) [M]1, 242 (15) [M 2 Me]1, 224 (27) [M 2 HS]1, 214
(65) [M 2 MeNCH2]1, 201 (15) [M 2 Me2C5CH2]1. 2 1H NMR
(CDCl3): δ 5 1.21 [s, tBu], 2.05 [m, CH2], 2.15 [s, NMe], 2.27 and
2.35 [m, CH2], 2.56 [d, NMe, 3J(1H-31P) 5 12.0 Hz], 4.33 [ddd,
CH2 ], 5.26 [d, CH, 3J(1H-31P) 5 30.0 Hz]. 2 31P NMR (CDCl3):
δ 5 83.6 [s]. 2 13C NMR (CDCl3): δ 5 28.2 [d, C(CH3)3], 35.3 [s,
NCH3], 35.3 [d, C(CH3)3, 4J(13C-31P) 5 25.0 Hz], 39.1 [d, NCH3,
2J(13C-31P) 5 5.7 Hz], 46.8 [s, NCH2], 50.9 [d, NCH2, 2J(13C-
31P) 5 12.4 Hz], 94.1 [d, CH, 2J(13C-31P) 5 46.4 Hz], 166.9 [d, CP,
1J(13C-31P) 5 94.4 Hz], 193.8 [d, CN, 2J(13C-31P) 5 7.5 Hz].

X-ray Structure Determination of the Diazadiphosphetidines 3a
and 5a[37]: Data were collected with an Enraf-Nonius CAD4 dif-
fractometer using monochromatic Mo-Kα radiation and single
crystals sealed under argon in Lindemann capillaries. Cell dimen-
sions were calculated from the setting angles for 25 reflections with
9° < θ < 13°. Intensities were measured by an ω-2θ scan. Correc-
tions were made for Lorentz and polarisation effects and in the
case of 5a for absorption. There was no crystal decay as measured
by two standard reflections. Positions of non-hydrogen atoms were
derived by direct methods using SHELXS-86[38] and refined on F2

with anisotropic thermal parameters by full-matrix least squares
using SHELXL-93[39]. Further details are in Table 4.

; Dedicated to Prof. Dr. Dr. h. c. mult. Heinrich Nöth on the oc-
casion of his 70th birthday as a mark of respect and (by M. F. L.)
of friendship.
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With the purpose of preparing novel mono- and bidentate
organoboron Lewis acids, the scope and limitations of
synthesizing the requisite organoboranes by the boron-tin
exchange between a boron halide and the appropriate
organostannane have been examined in detail. The
following organotin derivatives have been obtained either
from the corresponding RMgBr or RLi reagent and
MenSnCl4–n or from a Barbier procedure using the organic
halide, Me3SnCl and magnesium metal: 1,2-
bis(trimethylstannyl)ethyne, o-, m-, and p-bis(trimethyl-
stannyl)benzenes, α,o-bis(trimethylstannyl)toluene, α,α-
bis(trimethylstannyl)-o-xylene, and 2,2-dimethyl-2-
stannaindane. The individual interaction of the 1,2-
bis(trimethylstannyl)ethyne and the isomeric
bis(trimethylstannyl)benzenes with Et2BBr produced the
corresponding bis(diethylboryl)-derivatives. By contrast, with
Et2BCl the α,o-bis(trimethylstannyl)toluene gave only o-
diethylboryl-α-trimethylstannyltoluene and with BCl3 the
α,α9-bis(trimethylstannyl)-o-xylene formed only α,α9-bis-

As part of an ongoing investigation of Ziegler-Natta ole-
fin-polymerization catalysis the present study has explored
the synthesis of novel Group-13 Lewis acids for their poten-
tial suitability as cocatalysts with cyclopentadienyl tran-
sition metal derivatives in such homogeneous polymeri-
zations. [1] [2] [3] [4] In this contribution the preparation of or-
ganoborane Lewis acids bearing substituents of enhanced
electron-withdrawing power (1) and diminished steric de-
mand (2) and possibility multidentate boron centers (3) has
been the principal focus of research. The electron-with-
drawing group E in 1 could favorably be a halide (F > Cl
> Br > I) and an organyl group other than alkyl (sp3) hav-
ing greater p-character, such as aryl (sp2) or 1-alkynyl (sp).
As to steric demands (2), smaller groups E (Me versus tBu;
1-alkenyl versus alkyl; and 1-alkynyl versus 1-alkenyl)
should engender less B-strain upon the boron center ac-
cepting the donor group D and rehybridizing to sp3. Fi-
nally, the coordination of suitably sized donor D (3) should
be stabilized by chelation, as has been abundantly estab-

[e] Part 53: J. J. Eisch, X. Ma, M. Singh, G. Wilke, J. Organomet.
Chem. 1997, 527, 301.
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(chlorodimethylstannyl)-o-xylene. Furthermore, in the
attempted double boron-tin exchange between o-
bis(trimethylstannyl)benzene and BCl3, an unprecedented
rearrangement of the 1-(dichloroboryl)-2-(trimethylstan-
nyl)benzene intermediate into its 1-[chloro(methyl)boryl]-2-
(chlorodimethylstannyl) isomer was observed. Likewise, o-
bis(trimethylstannyl)benzene with PhBCl2 produced by a
similar rearrangement 1-[methyl(phenyl)boryl]-2-(chloro-
dimethylstannyl)benzene. The thermolysis of such boranes
led variously to definite dimers or ill-defined oligomers.
Preliminary studies of the properties of these organoboranes
have identified the heightened Lewis acidity of 1,2-
bis(diethylboryl)ethyne and the π-electron delocalization
involving the 2pz-boron orbitals in the 9,10-dihydro-9,10-
diboraanthracene system. Finally, an electronic mechanism
for the boron-tin exchange has been developed to account
for the selectivity of the boron halide’s attack at unsaturated
carbon–tin bonds.

lished by the pioneering researches of Köster and coworkers
with cis-1,2-diborylalkenes. [5]

In order to synthesize the required organoborane Lewis
acids, most of which are mixed or unsymmetrical boranes,
such as PhBCl2 or Et2B2C;C2BEt2, a preparative route
occurring under mild conditions is required, so as to mini-
mize any tendency of the desired product E2BE9 to redis-
tribute rapidly into E3B and E93B.[6] For this desideratum
it was found that the transmetallation reaction between the
appropriate organostannane and a boron halide was gener-
ally a feasible route (Eq. 1). [7]

In some situations where such a tin-boron exchange
failed to produce the desired borane, it was instead found
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that the analogous tin-lithium exchange is more suitable
and that the desired transformation is then attainable by
treating the lithium derivative RLi with E2B2X (Eqs. 2, 3).

Finally, each of the successes or failures of the tin-boron
exchanges in achieving its intended transformation has pro-
vided us with valuable insight into the reaction mechanisms
of such processes.

Results

Preparation of Organotin Precursors

Where successfully applicable, the organotin precursors,
such as 1,2-bis(trimethylstannyl)ethyne (3), phenyl(trimeth-
yl)tin (4), benzyl(trimethyl)tin (5), and 2,2-dimethyl-2-stan-
naindane (6) were prepared from the appropriate lithium or
magnesium reagent and either Me3SnCl or Me2SnCl2, as
required, and were generally attainable according to pub-
lished procedures[8] or procedures given in this article (cf.
infra). The other precursors, containing two trimethylstan-
nyl groups, were individually prepared from the corre-
sponding organyl dibromide or dichloride by preparing the
organomagnesium intermediate from magnesium metal in
THF in the presence of the organotin chloride reactant
(Barbier procedure[9]). Small to moderate amounts of the
trimethylstannyl derivative (9) were formed as a side prod-
uct (Eq. 4).

In a similar manner, α,o-bis(trimethylstannyl)toluene (10)
and α,α9-bis(trimethylstannyl)-o-xylene (11) were prepared
from o-bromobenzyl bromide in 45% yield and from α,α9-
dichloro-o-xylene in 85% yield, respectively.

Preparation of Organolithium Precursors

Unusual lithium reagents employed in this study were
prepared by the following procedures: a) dilithioethyne (12)
by either the action of 3 equivalents of n-butyllithium on
trichloroethylene[10] or the action of 2 equivalents of the
lithium reagent on acetylene; b) α,α9-dilithio-o-xylene (13)
from stirring 2.2 equivalents of n-butyllithium and 1 equiva-
lent of 11 vigorously for 96 h, whereupon a yellow precipi-
tate of 13 formed; quenching such a reaction mixture with
excess Me3SiCl, hydrolytic work-up and distillation yielded
87% of α,α9-bis(trimethylsilyl)-o-xylene (14) and 90% of n-
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butyl(trimethyl)tin, indicating that 13 had been formed in
at least 90% yield (Eqs. 526).

Similarly, the dissolution of 13 in anhydrous diethyl ether
and the slow introduction of 1 equivalent of Me2SnCl2 led
to the isolation of 75% of 2,2-dimethyl-2-stannaindane[11]

(6) (Eq. 6b).

Preparation of Organoboranes by Boron-Tin Exchange Reactions

1,2-Bis(diethylboryl)ethyne (15): This organoborane
could be prepared by the interaction of bromo(diethyl)bo-
rane (16) with dilithioethyne (12), but since the most con-
venient source of 12 involved the action of n-butyllithium
on trichloroethylene in THF, 12 was generated as a solid
complex with LiCl and 0.5 equiv. of THF. The complexed
THF in 12 was then easily cleaved in the reaction of 12
with Et2BBr, producing also 17 and lowering the yield of
15 (Eq. 7).

The boron-tin exchange between 16 and 1,2-bis(trimeth-
ylstannyl)ethyne (3) in pentane precludes this side reaction
and permits 15 to be isolated cleanly and in good yield
(65%) by distillation. As with all such unsymmetrical bo-
ranes, their distillation had to be conducted at as low a
temperature (and hence pressure) as possible to minimize
redistribution and the formation of triethylborane (cf. infra)
(Eq. 8).

Attempts were made to reduce 15 selectively to (Z)-1,2-
bis(diethylboryl)ethene (18) with dihydrogen and a Lindlar
catalyst, but the hydrogenation could not be halted but pro-
ceeded to form 1,2-bis(diethylboryl)ethane (19) (Eq. 9). In
recording the NMR spectra of 15 and 19 in various sol-
vents, it was discovered that 15, but not 19, forms a com-
plex with two equivalents of THF. For example, the 11B
signal of 15 in C6D6 occurs at δ 5 72.0 but in THF is found
at δ 5 36.9.

1,2-Bis(dichloroboryl)benzene (20): Despite the reported
preparation of 20 in 88% yield from the interaction of 8a
with BCl3 in a 1:3 ratio in CH2Cl2 at 278°C,[12] attempts to
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reproduce this result in our laboratory under the specified
conditions or under a variety of modified procedures did
not lead to high yields of isolable 20 but rather to the mo-
nomethylated derivative 24 when a large excess of BCl3 was
employed. Other reactions conducted with different ratios
of reactants and in different solvents (alkanes, arenes,
CH2Cl2) gave mixtures of 20224. An unmistakable sign
that the reaction between 20 and BCl3 (1:2 ratio) was taking
an unexpected course was the isolation of a precipitate
composed of 44% of the expected 2 equivalents of Me3SnCl
and 40% of 1 equivalent of the unexpected Me2SnCl2. The
source of the Me2SnCl2 can best be explained by a relatively
fast boron-tin exchange leading from 8a to 21, which re-
arranges relatively rapidly to 23 and this undergoes a se-
cond boron-tin exchange to produce 24 more rapidly than
the diminished concentration of 21 can generate 20. The
small proportion of 22 produced could have arisen from
either 20 or 24.

Scheme 1

1-[Methyl(phenyl)bory]l-2-(chlorodimethylstannyl)ben-
zene (25): Confirmation of the foregoing unusual rearrange-
ment (21223) came from the reaction of 8a with phenylbo-
ron dichloride at 278°C. The by-product Me3SnCl was iso-
lated in 78% yield and 25 was isolated by distillation (Eq.
10), a clear indication that 26 is an intermediate in this no-
vel transformation.

1,2-, 1,3-, and 1,4-Bis(diethylboryl)benzenes (27229):
These isomeric diborylbenzenes were readily prepared in
high yield (> 80%) by treating the individual bis(trimethyl-
stannyl)benzenes (8a28c) with 2 equivs. of Et2BBr or
Et2BCl and removing the Me3SnX under reduced pressure
at 50°C (Eq. 11).
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Diethyl(phenyl)borane could also be prepared similarly
from trimethyl(phenyl)tin in 89% yield.

o-(Diethylboryl)-a-(trimethylstannyl)toluene (30): The
interaction of α,o-bis(trimethylstannyl)toluene (10) with
Et2BCl (1:2 ratio) at 25°C led cleanly to 90% of 30 after
all volatiles were removed (Eq. 12). When the reaction was
conducted with Et2BBr and with a 4-h heating period, bo-
ron-tin exchange had also occurred at tin2methyl bond of
30 as well, forming 31 also in 90% yield (Eq. 13).

a,a9-Bis(dichloroboryl)-o-xylene (32) (attempted): The
interaction of α,α9-bis(trimethylstannyl)-o-xylene (11) with
BCl3 (1:2 ratio) from 250 to 25°C led to the formation
instead of 85% of α,α9-bis(chlorodimethylstannyl)-o-xylene
(32), the product of the boron-tin exchange at the
tin2methyl bond (eq. 14).

Thermolysis of Organoboranes

1,2-Bis(diethylboryl)ethyne (15): A neat sample of 15 was
heated to 120°C and the evolved liquid permitted to reflux
for 2 h. Evaporation of the evolved liquid under reduced
pressure allowed the condensation of 1.0 equivalent of Et3B
and a red-brown viscous oil remained (33). Subsequent
heating up to 700°C in a TGA apparatus left a shiny black
residue of empirical formula (by elemental analyses) of
C3B2H0.14 (34) (Eq. 15).

1,2-Bis(diethylboryl)ethane (19): Heating 19 to 180°C for
2 h and subsequent cooling similarly led to the evolution of
1.5 equiv. of Et3B and a yellow residue (35) that lost no
further weight up to 350°C in a TGA apparatus (Eq. 16).

1,2-Bis(diethylboryl)benzene (27): Heating 27 in refluxing
heptane for 18 h formed 9,10-diethyl-9,10-dihydro-9,10-di-
boraanthracene (36) almost quantitatively. The triethylbo-
rane eliminated was removed with the heptane by evapor-
ation under reduced pressure. Yellow 36 was crystallized
from pentane at 278°C (Eq. 17).

1,2-Bis(dichloroboryl)benzene (20) or 1-(Dichloroboryl)-
2-loro(methyl)boryl]benzene (24): Individual samples or
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mixtures of 20 and 24 gradually formed 9,10-dichloro-9,10-
dihydro-9,10-diboraanthracene (22) when heated at reflux
in heptane (Eq. 18). Samples of 22 were purified by subli-
mation as yellow needles.

Discussion

Selectivity of Boron-Tin Exchange

The attack by a boron halide R2B2X (37) on an or-
ganotin substrate (38) can be viewed as passing through a
transition state (39) involving electrophilic attack of
R2B2X on the C2Sn bond or one involving concerted elec-
trophilic attack by boron and nucleophilic attack by halide
(40) (Scheme 2).

Scheme 2

If the carbon in 38 is involved in π-bonding (sp- or sp2-
hybridized carbon), this situation would explain why tran-
sition state 39, involving principally electrophilic attack by
R2B2X, should be relatively lower in energy and hence
rate-determining for the boron-tin exchange. Furthermore,
transition state 39 would account readily for the following:
1) the selective borylation of 3 at the acetylenic carbon2tin
bonds rather than the methyl carbon2tin bonds; 2) the ex-
clusive borylation of mono- and bis(trimethylstannyl)ben-
zenes, such as 8a, at the aryl carbon2tin bonds; and 3) the
sole monoborylation of 10 at the aryl carbon2tin bond,
even when 2 equiv. of the boron halide, Et2BCl, were em-
ployed. Thus, generally when an sp- or sp2-hybridized car-
bon2tin bond is pitted against an sp3-hybridized car-
bon2tin bond in boron-tin exchange processes, the former
carbon centers always react faster (cf. infra for an intramo-
lecular exception to this conclusion.)

A further interesting structural example of such boron-
tin exchanges are the benzylic trimethyltin derivatives, such
as benzyltrimethyltin (5) and α,α-bis(trimethylstannyl)-o-
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xylene (11), which present competing carbon2tin bonds,
namely benzylic C2Sn and methyl C2Sn bonds, both for-
mally involving identical sp3-hybridized carbon centers.
When 5 and 11 were individually treated with an excess of
BCl3, they were converted into 41 and 42, respectively.
Thus, exchange took place selectively at the methyl carbon-
tin bond. With the absence of any π-electron density at the
carbon center, a transition state like 39 would no longer be
a low-energy configuration and a bridging transition state
resembling 40 may be more accessible. The carbon group
bridging between tin and carbon would be more appropri-
ate the smaller its steric requirements would be. Therefore,
the greater reactivity of the methyl carbon2tin bond would
stem from the methyl group9s smaller steric size and better
bridging property, compared with the bulkier benzyl group.
It should be noted that trimethylaluminum exists as a stable
dimer with bridging methyl groups, while tribenzylalumi-
num is monomeric.

The exceptional instance where an sp3-hybridized car-
bon2tin bond enters into a boron-tin exchange more read-
ily than an available sp2-hybridized carbon2tin bond is the
facile intramolecular boron-tin exchange first observed in
this study (Scheme 1 and Eq. 10) and depicted generally in
Scheme 3. Undoubtedly, the failure of 21 or 26 to undergo
the boron-tin exchange with the elimination of Me3SnCl
and the formation of benzoborirene 43 stems from the ex-
tremely strained transition state of type 39 that would have
been required. A four-center transition state involving the
methyl groups (44), on the other hand, is easily attainable.

Scheme 3

Thermal Redistribution of Unsymmetrical Organoboranes

The unsymmetrical organoboranes synthesized in this
study uniformly underwent a redistribution of groups upon
heating over 100°C. With diethylboryl derivatives the
amount of evolved triethylborane corresponded rather well
with the selective formation of defined oligomers or poly-
mers. The formation of the dihydro-9,10-diboraanthracene
(36, Eq. 17) from the 1,2-diborylbenzene 27 and the pro-
duction of some polymeric structure of the Et2B2C;C2
unit (33, Eq. 15) are illustrative. If such thermolyses are
continued up to 700°C, there are indications that boron car-
bides of unusual stoichiometry may result. Such thermoly-
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sis of diborylacetylene 15 yields a glistening black solid of
approximate composition C3B2. Further work is required
to learn whether this solid 34 (Eq. 15) is a novel boron
carbide or a mixture of B4C and carbon.[13]

Unusual Properties of Unsymmetrical Organoboranes

An exploration of the boron-tin exchange route to orga-
noboranes has been undertaken, in order to prepare such
boranes that might exhibit novel properties, such as en-
hanced Lewis acidity and unusual spectral properties. [14]

Both kinds of properties would involve the ability of the
2pz-orbital on tricoordinate boron to accept electron den-
sity, either intermolecularily from a Lewis base (Eq. 19) or
from an adjacent π-electron cloud (resonance structure 45
and 46, Scheme 4).

Scheme 4

Although the study of the properties of such boranes has
just begun, two observations are already noteworthy: 1) 1,2-
bis(diethylboryl)ethyne (15) readily forms a stable bis-com-
plex with THF (47), whereas the structurally similar 1,2-
bis(diethylboryl)ethane (19) does not complex with THF at
all nor do Et3B, PhBEt2, or the dihydro-9,10-diboraanthra-
cene 36; and 2) both the known 9,10-dichloro- (22) and the
novel 9,10-diethyl- (36) -9,10-dihydro-9,10-diboraanthra-
cenes absorb in the visible spectrum (yellow) and exhibit
their 11B-NMR signals shifted considerably upfield (δ <
70), that is, attributable to a more shielded boron nucleus,
than those of PhBEt2 or o-(Et2B)2C6H4 (27), whose 11B sig-
nals occurs at δ 5 78280. Both the electronic and the 11B-
NMR spectral data are consistent with the interaction of
the 2pz-orbitals of boron in 22 and 36 with the adjacent π
clouds (48).

As to the enhanced Lewis acidity of 15 over 19, it is to
be expected that the steric F-strain generated in complex 47
by the neighboring C;C group would be somewhat smaller
than that of an adjacent CH22CH2 group in such a com-
plex formed by 19 and two THF units. But such steric fac-
tors alone seem inadequate in explaining the enhanced aci-
dity of 15. Therefore, we propose that the enhanced elec-
tronegativity of the sp-hybridized carbon centers in 15 with-
draws electron density more effectively along the σ C2B
bond, thereby enhancing the Lewis acidity of boron.

Our continuing studies will investigate the significance
and consequences of π-electron interactions between boron
and unsaturated carbon.[15]
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Experimental Section
General Techniques: All preparations and purification procedures

involving manipulations with oxygen- and moisture-sensitive re-
agents were carried out under an anhydrous, oxygen-free argon or
nitrogen atmosphere employing Schlenk techniques.[16] Those pro-
cedures which did not require a protective atmosphere but involved
working with toxic chemicals (such as boron and tin compounds)
were carried out in an exhaust hood evacuating air at 100 ft/min.
For the operations under reduced pressure the required vacuum
was provided either by a rotary vacuum oil pump (down to 0.1
Torr) or by a water pump (down to 10 Torr) and toxic volatiles
were condensed in cold baths.

In instances when acetylene and hydrogen were used, tanks were
connected through purification columns directly to the one of the
manifold9s outlets. Acetylene was purified by passing through a
bubbler with concentrated sulfuric acid and a 25-cm column filled
with activated charcoal and 4-Å molecular sieves. Hydrogen was
delivered to the system after passing through a similar column
filled only with 4-Å molecular sieves. When a volume of hydrogen
needed to be measured, a calibrated gas buret was used.

Commercially available solvents of reagent grade were purified
according to the recommended methods. [16] Solvents used in reac-
tions were always freshly distilled under argon or nitrogen from the
appropriate drying agents: aliphatic hydrocarbons from LiAlH4;
toluene from sodium; dichloromethane from CaH2; and ethers
from sodium/benzophenone combination. Deuteriated solvents
(Cambridge Scientific) for NMR measurements of oxygen- and
moisture-sensitive substance were vacuum-transferred to the
Schlenk glass vessels and stored over 4-Å molecular sieves under
argon. 2 Nuclear magnetic resonance (NMR) spectra were re-
corded with Bruker AM 360 (1H: 360.0 MHz, 11B: 115.5 MHz,
13C: 90.5 MHz, 27Al: 93.8 MHz, 119Sn: 134.2 MHz) or Bruker-IBM
AM 300 (1H: 299.9 MHz, 11B: 96.2 MHz, 13C NMR: 75.4 MHz,
27Al: 78.2 MHz, 119Sn: 111.8 MHz) instruments. [D6]Benzene,
[D]chloroform, or 95% tetrachloromethane and 5% [D6]benzene
mixture were used as solvents. The chemical shifts are reported on
a δ scale in parts per million (ppm) from the reference signals set
as δ 5 0. The following substances served as references: 1H and
13C NMR: tetramethylsilane (TMS), internal; 11B NMR: boron tri-
fluoride2diethyl ether (BF3 · Et2O), external; 119Sn NMR: tetra-
methyltin (Me4Sn), external. 2 Gas chromatographic analysis (GC)
was performed with a Hewlett-Packard Chromatograph, model
5880A, with helium as the carrier gas.

Lithium Compounds

Dilithioethyne (12). 2 Method 1: [10] A flask was charged with a
solution of n-butyllithium (231 ml of 2.0  pentane solution, 0.462
mol) and then the pentane was removed under vacuum. With cool-
ing a mixture of freshly distilled THF (50 ml) and Et2O (50 ml)
was slowly added to the residue. The resulted solution was cooled
to 278°C and stirred for 0.5 h. Then a solution of trichloroethylene
(20.2 g, 0.154 mol) in 50 ml of Et2O was added dropwise. After
completion of the addition the resulting clear yellow solution was
stirred for 2 h at 278°C and then allowed to warm up to ambient
temperature. A white precipitate gradually began to fill the flask
and at approximately 0°C the flask was full of solid. The solvents
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were removed partly by filtration and partly in vacuum. The yellow
solid was washed with pentane (2 3 100 ml), filtered, and dried
under vacuum (0.5 Torr, 40°C). Analysis of the resulting powder
(20.4 g) allowed an estimation of its composition as Li2C2 ·LiCl ·0.5
THF with 29.8% content of dilithioethyne (6.07 g, 96%). [17]

Method 2: A solution of n-butyllithium (70 ml of 2.5  in hexane,
0.175 mol) was diluted with freshly distilled hexane (100 ml) and
cooled to 215°C. With vigorous stirring acetylene was then passed
through the solution at a rate maintaining the reaction temperature
below 210°C. After approximately 15 min, a white precipitate
started to form. When gas evolution was evident (bubbling through
the check valve) a slow delivery of acetylene was continued for 0.5
h and then stopped. The reaction mixture was allowed to warm up
to room temperature and then was heated at reflux for 2 h to expel
all dissolved gas. The solvent was removed partly by filtration and
partly by evaporation in vacuum. The remaining white solid residue
was washed with hexane (2 3 100 ml), filtered and dried in vacuum
(0.5 Torr, 60°C). The resulting fine, white powder (3.40 g) was ana-
lyzed and found to have 92% of dilithioethyne (12) (3.13 g, 82%).

1,4-Dilithiobenzene: The reaction of 1,4-bis(trimethylstannyl)-
benzene (0.86 g, 2.1 mmol) with n-butyllithium (2.8 ml of 1.6 

hexanes solution, 4.3 mmol) in pentane/diethyl ether (1:1 v/v, 10
ml) after stirring for 2 d gave 0.75 g of colorless precipitate. The
precipitate was derivatized with methyl iodide to give 92% of p-
xylene. n-Butyl(trimethyl)tin was formed in 95% yield.[11]

1,4-Bis(trimethylsilyl)benzene: To a similarly prepared suspen-
sion of 1,4-dilithiobenzene was added 2.1 equiv. of chlorotrimethyl-
silane. Usual work-up provided crude solid 1,4-bis(trimethylsilyl)-
benzene, which was washed with cold pentane (90%; recrystallized
from hexane, mp 92293°C).

a,a9-Dilithio-o-xylene (13): The reaction of α,α9-bis(trimethyl-
stannyl)-o-xylene (0.80 g, 1.85 mmol with n-butyllithium (2.4 ml of
1.6  hexanes solution, 3.8 mmol) in pentane/diethyl ether (1:1 v/
v, 10 ml) after stirring for 2 d gave 0.62 g of a bright yellow precipi-
tate. The precipitate was derivatized with methyl iodide to give 90%
of 1,2-diethylbenzene. n-Butyl(trimethyl)tin was formed in 89%
yield.

Tin Compounds

1,2-Bis(trimethylstannyl)ethyne (3): To a stirred suspension of
dilithioethyne (1.22 g, 32.2 mmol) in 100 ml of dry pentane at
225°C was added dropwise over 40 min a solution of trimethyltin
chloride (12.94 g, 65.0 mmol) in 100 ml of pentane. The reaction
was then warmed to room temperature and heated at reflux for 1
h. The lithium chloride was filtered off and the filtrate upon con-
centration deposited pale yellow crystals. The crude product was
recrystalized from pentane at 278°C and dried under vacuum
(40°C, 5 Torr) to give off-white crystals of 1,2-bis(trimethylstannyl-
ethyne) (8.56 g, 76%); mp 57259°C (mp 58260°C). 2 1H NMR
(C6D6): δ 5 0.15 (s, 18 H, JSn-H 5 58 Hz). 2 13C NMR (C6D6):
δ 5 8.0 (Sn-CH3, JSn-C 5 400 Hz), 115.8 (Sn2C;C2Sn). 2 119Sn
NMR (C6D6) δ 5 80.9. 2 A corresponding reaction with trimeth-
yltin bromide yielded 64% of the product.

1,2-Bis(trimethylstannyl)benzene (8a): Magnesium turnings (3.16
g, 130 mmol) in 20 ml of THF were activated with 0.3 ml of ethyl-
ene bromide. A fresh 50-ml portion of THF was then added and
0.2 ml more of ethylene bromide was injected. The mixture was
heated at reflux until gas evolution stopped. At reflux a solution
of 1,2-dibromobenzene (5.89 g, 25 mmol) in 30 ml of THF and
trimethyltin chloride (50 ml of 1.0  THF solution, 50 mmol) was
added dropwise. As the reaction progressed, a green-brown solu-
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tion developed. After the addition the reaction mixture was heated
at reflux for 6 h, poured into 150 ml of a cold, saturated aqueous
solution of ammonium chloride and then extracted with two 75-ml
portions of ethyl ether. The extracts were washed with water, dried
with anhydrous Na2SO4, and then concentrated under reduced
pressure. Vacuum distillation of the remaining residue gave 1,2-
bis(trimethylstannyl)benzene (8a) as a colorless, viscous liquid (4.46
g, 44%); bp 90294°C/0.1 Torr (bp 92294°C/0.145 Torr). 2 1H
NMR (C6D6): δ 5 0.28 (s, 18 H, JSn-H 5 52 Hz), 7.15 (dd, J 5

5.3, 3.5 Hz, 2 H), 7.52 (dd, J 5 5.3, 3.5 Hz, 2 H). 2 13C NMR
(C6D6) δ 5 27.2 (Sn-CH3), 127.4, 137.3, 151.6 (Car-Sn). 2 119Sn
NMR (C6D6): δ 5 34.1. 2 Trimethyl(phenyl)tin (9) (2.46 g, 41%)
was isolated as a major by-product; bp 65268°C/0.1 Torr). 2 1H
NMR (C6D6): δ 5 0.20 (s, 9 H, JSn-H 5 54 Hz), 7.20 (m, 3 H),
7.43 (dd, 2 H). 2 13C NMR (C6D6) δ 5 29.9 (Sn-CH3), 128.5,
136.1, 142.0 (Car-Sn). 2 119Sn NMR (C6D6): δ 5 29.9. 2 The fol-
lowing bis(trimethylstannyl) derivatives were also prepared anal-
ogously.

1,3-Bis(trimethylstannyl)benzene (8b): This compound was pre-
pared from 1,3-dibromobenzene (5.89 g, 25 mmol) and trimethyltin
chloride (50 ml of 1.0  THF solution, 50 mmol). Vacuum distil-
lation yielded trimethyl(phenyl)tin (9) (1.37 g, 23%) and the desired
compound as a colorless liquid (4.93 g, 49%); bp 92295°C/0.1
Torr. 2 1H NMR (C6D6): δ 5 0.24 (s, 18 H, JSn-H 5 54 Hz), 7.27
(t, J 5 7 Hz, 1 H, JSn-H 5 10 Hz), 7.44 (d, J 5 7 Hz, 2 H, JSn-H 5

46 Hz), 7.79 (s, 1 H, JSn-H 5 42 Hz). 2 13C NMR (C6D6): δ 5

29.7 (Sn-CH3), 128.5, 136.2, 142.0, 143.3. 2 119Sn NMR (C6D6):
δ 5 30.4.

1,4-Bis(trimethylstannyl)benzene (8c): This compound was pre-
pared from 1,4-dibromobenzene (6.63 g, 28 mmol) and trimethyltin
chloride (56 ml of 1.0  THF solution, 56 mmol). The crude prod-
uct was recrystallized from pentane at 278°C to give 1,4-bis(tri-
methylstannyl)benzene as short, white needles (7.44 g, 66%); mp
1252127°C (mp 124°C).[18] 2 1H NMR (C6D6): δ 5 0.24 (s, 18
H, JSn-H 5 54 Hz), 7.49 (s, 4 H). 2 13C NMR (C6D6) δ 5 29.9
(Sn-CH3), 136.0, 142.1 (Car-Sn). 2 119Sn NMR (C6D6): δ 5 30.8.

a,o-Bis(trimethylstannyl)toluene (10): This compound was pre-
pared from 2-bromobenzyl bromide (5.61 g, 22.5 mmol) and tri-
methyltin chloride (50 ml of 1.0  THF solution, 50 mmol). Va-
cuum distillation of the crude product yielded the compound as a
colorless, viscous liquid (4.21 g, 45%); bp 89292°C/0.1 Torr. 2 1H
NMR (C6D6): δ 5 0.03 (s, 9 H, JSn-H 5 52 Hz), 0.28 (s, 9 H,
JSn-H 5 52 Hz), 2.38 (s, 2 H, JSn-H 5 62 Hz), 6.9727.00 (m, 2 H),
7.12 (d, J 5 7 Hz, 1 H), 7.38 (d, J 5 7 Hz, 1 H). 2 13C NMR
(C6D6): δ 5 29.6 (CH2-Sn-CH3), 28.2 (Car-Sn-CH3), 24.2 (Sn-
CH2), 123.6, 126.8, 129.1, 136.7, 138.7, 149.9. 2 119Sn NMR
(C6D6): δ 5 36.6 [Ph-Sn-(CH3)3], 20.8 [Ph-CH2-Sn-(Me3)3].

a,a9-Bis(trimethylstannyl)-o-xylene (11): This compound was
prepared from α,α9-dichloro-o-xylene (4.34 g, 24.6 mmol) and tri-
methyltin chloride (50 ml of 1.0  THF solution, 50 mmol). The
crude product was distilled under vacuum to yield the pure deriva-
tive as a colorless, viscous liquid (9.14 g, 85%); bp 92295°C/0.05
Torr. 2 1H NMR (C6D6): δ 5 0.04 (s, 18 H, JSn-H 5 54 Hz), 2.16
(s, 4 H, JSn-H 5 62 Hz), 6.93 (s, 4 H). 2 13C NMR (C6D6): δ 5

29.5 (Sn-CH2), 124.3, 128.3, 138.4 (Car-Sn). 2 119Sn NMR (C6D6):
δ 5 2.7.

a-(Trimethylstannyl)-o-xylene was formed as a reaction by-prod-
uct (0.51 g, 7%). 2 1H NMR (C6D6) δ 5 20.02 (s, JSn-H 5 50 Hz,
9 H), 2.05 (s, 2 H), 6.90 (m, 2 H), 6.92 (m, 2 H), 7.04 (d, 1 H). 2
13C NMR (C6D6): δ 5 29.7 (Sn-CH3), 18.2 (Sn-CH2), 124.0, 126.4,
127.6, 130.3, 133.3, 141.5 (Car-Sn). 2 119Sn NMR (C6D6): δ 5 2.4.
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a,a92Bis(chlorodimethylstannyl)-o-xylene (32): To a stirred solu-

tion of α,α9-bis(trimethylstannyl)-o-xylene (4.78 g, 11 mmol) in dry
pentane (50 ml) at 250°C was added 22 ml of a 1.0  hexane
solution of boron trichloride in portions of 0.5 ml over 1.5 h. Dur-
ing the addition a white precipitate formed. After the addition the
reaction was stirred at 250°C for 2 h and then allowed to reach
ambient temperature. Upon warming the initially formed precipi-
tate redissolved. When the reaction mixture reached room tempera-
ture, a new precipitate formed. The reaction mixture was stirred
for 12 h at room temperature and the precipitate was then filtered
off, washed twice with two 20-ml portions of dry pentane and dried
under vacuum (1 Torr, room temp.) to give the desired derivative
as a white, moisture-sensitive powder (4.04 g, 85%). 2 1H NMR
(C6D6): δ 5 0.27 (s, 12 H, JSn-H 5 56 Hz), 2.48 (s, 4 H, JSn-H 5

70 Hz), 6.90 (m, 4 H). 2 13C NMR (C6D6): δ 5 22.0 (Sn-CH3),
25.3 (Sn-CH2), 125.7, 129.1, 135.8. 2 119Sn NMR (C6D6): δ 5

2.44.

2,2-Dimethyl-2-stannaindane (6): A suspension of 10 mmol of
α,α9-dilithio-o-xylene was prepared from 11 mmol of α,α9-bis(tri-
methylstannyl)-o-xylene and 22 mmol of n-butyllithium according
to the aforementioned procedure. After dilution with dry diethyl
ether, the lithium reagent was treated at 0°C with an ether solution
of 10 mmol of dimethyltin dichloride. The reaction was stirred at
reflux for 2 h and then poured into a solution of aqueous NH4Cl.
Usual work-up gave an orange-yellow oil with the desired stannain-
dane as the major component by NMR criteria. Distillation under
reduced pressure gave an 85% yield of colorless product. 2 1H
NMR (C6D6): δ 5 0.09 (s, JSn-H 5 55 Hz, 6 H), 2.20 (s, JSn-H 5

41 Hz, 4 H), 7.03 (dd, J 5 5.3, 3.5 Hz, 2 H), 7.03 (dd, J 5 4.5, 3.5
Hz, 2 H). 2 13C NMR (C6D6): δ 5 210.1 (Sn-CH3), 17.95 (Sn-
CH2), 125.4, 131.2, 143.6 (Car-Sn).

Boron Compounds

1,2-Bis(diethylboryl)ethyne (15). 2 Method A: In this method
the active dilithioethyne was prepared from trichloroethylene and
n-butyllithium (cf. supra). The composition of solids from this reac-
tion varied and the actual proportions of Li2C2, LiCl, and THF
had to be analyzed after each preparation. The quantity of the
dilithioethane used in the preparation described here refers to 14.7
g of a solid of the composition 33% Li2C2, 37% LiCl, and 30%
THF by weight. An excess of Et2BBr was used to allow for the
formation of diethyl[(4-bromo)butoxy]borane (Et2B2O2

[CH2]4Br), a side-product formed from a THF ring cleavage reac-
tion by Et2BBr even at low temperatures.

A solution of diethylboron bromide (47.2 g, 0.317 mol) in 100
ml of dry pentane was added to a stirred suspension of the dilithio-
ethyne (4.85 g, 0.128 mol) in 100 ml of pentane at such a rate as
to maintain the temperature below 40°C. After the addition, the
reaction mixture had turned red-brown. Lithium bromide was fil-
tered off and the pentane was removed from the filtrate under re-
duced pressure. The residue was then distilled at 0.3 Torr to yield
1,2-bis(diethylboryl)ethyne as a colorless liquid (8.1 g, 39%); bp
40250°C/0.3 Torr. 2 1H NMR (C6D6): δ 5 1.08 (t, J 5 7 Hz, 12
H), 1.19 (q, J 5 7 Hz, 8 H). 2 13C NMR (C6D6): δ 5 9.4 (CH2-
CH3), 20.6 (br., CH2-CH3), 137.2 (br., B-C;C-B). 2 11B NMR
(C6D6): δ 5 72.

Diethyl(4-bromobutoxy)borane was formed as a reaction by-
product (12.52 g, 93%); recovered as a distillation residue. 2 1H
NMR (C6D6): δ 5 0.76 (q, J 5 7 Hz, 4 H), 0.93 (t, J 5 7 Hz, 6
H), 1.04 (m, 2 H), 1.62 (m, 2 H), 3.01 (t, J 5 7 Hz, 2 H), 3.50 (t,
J 5 6 Hz, 2 H). 2 13C NMR (CDCl3): δ 5 8.0 (CH2-CH3), 12.1
(br., B-CH2), 29.7, 30.3, 33.4, 64.2 (O-CH2). 2 11B NMR (C6D6)
δ 5 53.2.
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Method B: To a stirred solution of diethylboron bromide (0.68
g, 4.6 mmol) in 10 ml of dry pentane at 230°C was added a solu-
tion of bis(trimethylstannyl)ethyne (0.80 g, 2.3 mmol) in 20 ml of
dry pentane. After the addition, the reaction mixture was stirred
for 1 h at 25°C and then cooled to 278°C, upon which white tri-
methyltin bromide precipitated. After this solid was filtered off at
278°C, pentane was partly removed from the cold filtrate under
reduced pressure and the residue was allowed to warm up to ambi-
ent temperature. A fresh 10-ml portion of dry pentane was added
to the residue and the solution again cooled to 278°C whereupon
further precipitate was filtered off. The pentane was partly removed
from the filtrate in vacuo and the remaining residue distilled under
vacuum to give 1,2-bis(diethylboryl)ethyne (0.24 g, 65%) contain-
ing less than 2 mol-% of trimethyltin bromide.

1,2-Bis(diethylboryl)ethane (19): The modified Lindlar catalyst
used here refers to the commercial product Pd/CaCO3. In the orig-
inal Lindlar procedure the catalyst, Pd/CaCO3, was partly deacti-
vated by addition of quinoline. Since quinoline forms a pale yellow
complex with bis(diethylboryl)ethyne and the hydrogenation then
does not proceed at all, the palladium catalyst used in these experi-
ments was not poisoned with quinoline. A suspension of the modi-
fied Lindlar catalyst (0.16 g) in 5 ml of cyclohexane was stirred at
room temperature under a slow flow of hydrogen gas for 1 h.
Thereafter a solution of bis(diethylboryl)ethyne (1.31 g, 8.1 mmol)
in 10 ml of cyclohexane was introduced and the hydrogen flow was
stopped. From there the reaction was carried out by admission of
hydrogen gas from a calibrated gas burette. The reaction was
stopped when the hydrogen consumption had ceased. Hydrogen
was purged by a stream of argon passing through the flask. The
cyclohexane was removed under reduced pressure and the residue
distilled under vacuum to yield pure 1,2-bis(diethylboryl)ethane
(1.2 g, 85%). bp 30234°C/2 Torr. 2 1H NMR (C6D6): δ 5 1.021.3
(m), no signals at δ 5 2.0210.0. 2 13C NMR (C6D6): signals at
δ 5 10230, no signals at δ 5 402150. 2 11B NMR (C6D6): δ 5 75.

Pyrolysis of 1,2-Bis(diethylboryl)ethyne (15): This compound
(1.45 g, 9 mmol) was slowly heated under argon at about 100°C,
whereupon a colorless liquid began to distill. The heating was con-
tinued until the internal temperature reached 120°C. Further gentle
reflux was maintained for 2 more hours after which the reaction
mixture was cooled to room temperature and the volatiles removed
under vacuum. The distillate consisted of triethylborane (0.99 g, 10
mmol). The red-brown residue (0.45 g) was then heated to 350°C
under vacuum to give a viscous dark oil and then up to 700°C in
a TGA apparatus to yield a glistening black solid which contained
55.13% C, 38.12% B, and 2.68% H, approximating an empirical
formula of C3H2H0.14.

Pyrolysis of 1,2-bis(diethylboryl)ethane (19): 1,2-Bis(diethylbo-
ryl)ethane (19) (0.64 g, 3.9 mmol) was slowly heated under argon
to 120°C where triethylborane started to distill. Further heating
in a TGA apparatus was continued until the internal temperature
reached approximately 350°C and the evolution of volatiles had
stopped. The reaction was cooled to room temperature and volatile
substances removed under vacuum, which proved to be triethylbo-
rane (0.59 g, 6.0 mmol). The composition of the yellow residue
(0.03 g) was not determined.

1,2-Bis(dichloroboryl)benzene (20) and 1-Dichloro-2-[chloro(me-
thyl)boryl]benzene (24): To a stirred solution of 1,2-bis(trimethyl-
stannyl)benzene (8a) (2.31 g, 5.7 mmol) in 20 ml of dry pentane
was added a solution of boron trichloride (11.4 ml of 1.0  hexanes
solution, 11.4 mmol) at 240°C. During the addition a white pre-
cipitate formed gradually. The precipitate was separated from the
solution at 240°C and dried under vacuum to give 1.51 g of white
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solid identified as a mixture of trimethyltin chloride (5.0 mmol,
44%) and dimethyltin dichloride (2.3 mmol, 40%). From the solu-
tion the solvents were removed in vacuo to give 1.23 g of a yellow
oil. Since the separation of the substances present in the residue
was unsuccessful, the components were identified spectroscopically.

1-Dichloroboryl-2-[chloro(methyl)boryl]benzene (40 mol-%)
(24): 1H NMR (C6D6): δ 5 1.21 (s, 3 H), 7.19 (dd, J 5 5.5, 3.3
Hz, 2 H), 8.18 (dd, J 5 5.5, 3.3 Hz, 2 H). 2 13C NMR (C6D6):
δ 5 9.5, 133.9, 136.4. 2 11B (C6H6): δ 5 33. 2 1-
[Chloro(methyl)boryl]-2-(chlorodimethylstannyl)benzene (65 mol-
%) (23): 1H NMR (C6D6): δ 5 0.24 (s, 6 H), 1.21 (s, 3 H), 7.42 (d,
1 H) 7.86 (td, 1 H), 7.92 (d, 1 H) 8.36 (td, 1 H). 2 13C NMR
(C6D6): δ 5 20.3 (Sn-CH3), 10.0 (B-CH3), 132.8, 133.8, 135.8,
136.4. 2 11B (C6H6): δ 5 38.7. 2 119Sn (C6H6): δ 5 172.1. 2 9,10-
Dichloro-9,10-Dihydro-9,10-diboraanthracene (22) [19] (ca. 10 mol-
%). 2 1H NMR (C6D6): δ 5 7.27 (dd, J 5 5.55, 3.5 Hz, 4 H), 7.68
(dd, J 5 5.5, 3.5 Hz, 4 H). 2 13C NMR (C6D6): δ 5 132.9, 137.1.

When the reaction was repeated by employing 6.0 mmol of 1,2-
bis(trimethylstannyl)benzene and 24.0 mmol of boron trichloride,
Me3SnCl and Me2SnCl2 were filtered off from the chilled reaction
solution (240°C), the filtrate freed of volatiles and the residue dis-
tilled under vacuum to yield 80% of 24.

Diethyl(phenyl)borane: A solution of trimethyl(phenyl)tin (2.65
g, 11 mmol) in 10 ml of dry pentane was added dropwise to a
stirred solution of diethylboron bromide (1.80 g, 12 mmol) in 10
ml of pentane at room temperature. The reaction mixture was
heated under atmospheric pressure until pentane started to distill.
When distillation stopped, the reaction was heated and stirred at
70°C for 3 h. The volatiles were removed under vacuum to give a
clear, brownish liquid which was identified as nearly pure diethyl-
(phenyl)borane (1.43 g, 89%). 2 1H NMR (C6D6): δ 5 1.01 (t, J 5

7.8 Hz, 6 H), 1.54 (q, J 5 7.8 Hz, 4 H), 7.25 (m, 3 H), 7.75 (d, J 5

6.5 Hz, 2 H). 2 13C NMR (C6D6): δ 5 8.8 (-CH3), 16.0 (br., B-
CH2), 128.2, 132.1, 134.5, 139.3 (Car-B). 2 11B NMR (C6D6):
δ 5 78.1.

1,2-Bis(diethylboryl)benzene (27): A solution of 1,2-bis(trimeth-
ylstannyl)benzene (1.81 g, 4.5 mmol) in 5 ml of dry pentane was
added dropwise to a refluxing solution of diethylboron bromide
(1.78 g, 12 mmol) in 10 ml of pentane. After the addition, the
reaction mixture was heated at reflux for 1 h. The pentane and
unreacted Et2BBr were removed under reduced pressure and a fresh
10-ml portion of dry pentane was added to the yellow residue and
the solution was cooled to 278°C. Upon cooling a precipitate was
formed and was filtered off at 278°C. The pentane was removed
from the filtrate under vacuum to give a crude product as a lemon-
colored oil (1.16 g). Distillation of the crude product yielded 27 as
a yellowish, viscous liquid (0.81 g, 84%). During distillation partial
decomposition with the evolution of some triethylborane was ob-
served. 2 1H NMR (C6D6): δ 5 1.00 (t, J 5 8 Hz, 12 H), 1.35 (q,
J 5 8 Hz, 8 H), 7.24 (dd, J 5 5.0, 3.0 Hz, 2 H), 7.35 (dd, J 5 5.0,
3.0 Hz, 2 H). 2 13C NMR (C6D6): δ 5 8.2 (CH2-CH3), 21.6 (br.,
B-CH2-CH3), 128.6, 130.3, 139.7 (Car-B). 2 11B NMR (C6D6):
δ 5 80.8.

9,10-Diethyl-9,10-dihydro-9,10-diboraanthracene (36): A solution
of 1,2-bis(diethylboryl)benzene (27) (0.98 g, 4.6 mmol) in dry hep-
tane (10 ml) was heated under reflux for 12 h. The solvent was then
gradually distilled off as the reaction temperature rose to 140°C.
The residue was stirred at 1402150°C for 6 h and the volatiles
then were removed under vacuum. The oily, yellow residue (0.63 g)
contained (36) and unreacted (27) in an approximate molar ratio
of 1.0:0.3. Freshly distilled pentane (10 ml) was added to the resi-
due and the resulting solution was cooled to 278°C, whereupon a

Eur. J. Inorg. Chem. 1998, 7612769768

fine, pale yellow precipitate settled out. The colorless supernatant
solution was decanted and the precipitate dried under vacuum. The
precipitate was identified by spectral data as pure 36 (0.12 g, 23%).
2 1H NMR (C6H6): δ 5 1.09 (t, J 5 8.2 Hz, 6 H), 1.89 (q, J 5

8.2 Hz, 4 H), 7.33 (dd, J 5 5.4, 3.2 Hz, 4 H), 8.01 (dd, J 5 5.3,
3.4 Hz, 4 H). 2 13C NMR (C6H6): δ 5 10.3 (CH3), 12.4 (br., B-
CH2), 132.7, 136.0, 145.6 (br., Car-B). 2 11B NMR (C6H6): δ 5

67.5.

1,3-Bis(diethylboryl)benzene (28): A solution of 1,3-bis(trimeth-
ylstannyl)benzene (1.46 g, 3.6 mmol) in 3 ml of dry pentane and
diethylboron chloride (0.85 g, 8.1 mmol) were stirred at room tem-
perature for 1 h. Thereupon the reaction mixture was heated under
atmospheric pressure until the pentane started to distill. Then, the
reaction mixture was stirred and heated to 70°C for 3 h. Volatiles
were removed under vacuum to leave a yellowish, oily residue that
was identified as essentially pure 1,3-bis(diethylboryl)benzene (0.67
g, 87%). 2 1H NMR (C6D6): δ 5 1.07 (t, J 5 7.9 Hz, 12 H), 1.62
(q, J 5 7.8 Hz, 8 H), 7.35 (t, J 5 7.5 Hz, 1 H), 7.87 (d, J 5 7.3
Hz, 2 H), 8.45 (s, 1 H). 2 13C NMR (C6D6): δ 5 8.8 (CH3), 17.3
(br., B-CH2), 127.7, 137.8, 139.4, 140.3. 2 11B NMR (C6D6): δ 5

78.5. 2 Attempts to further purify the crude product by distillation
failed and resulted in its significant decomposition with the liber-
ation of triethylborane.

A parallel procedure was conducted with 1,4-bis(trimethylstan-
nyl)benzene (8) and diethylboron chloride to provide a 90% yield
of 1,4-bis(diethylboryl)benzene (29) at the stage where volatiles had
been removed from the reaction mixture. Attempted distillation
again led to the evolution of triethylborane.

2-(Diethylboryl)-a-(trimethylstannyl)toluene (30): At room tem-
perature a solution of α,2-bis(trimethylstannyl)toluene (1.71 g, 4
mmol) in 3 ml of dry pentane was added dropwise to a neat sample
of diethylboron chloride (0.85 g, 8 mmol). The reaction mixture
was stirred at room temperature for 1 h and then heated gradually
until pentane started to distill. The reaction mixture then was
stirred and heated at 70°C for 3 h. After that, volatiles were re-
moved under reduced pressure to leave a pale yellow, oily mixture
of 30 and unreacted tin derivative in approximately a 1:1 molar
ratio. The residue was then allowed to react further with an excess
of Et2BCl (1.0 g, 10 mmol). After stirring the mixture at 60°C for
12 h, the volatiles were removed in vacuo. The clear yellow oil was
identified by spectral data as 2-(diethylboryl)-α-(trimethylstannyl)-
toluene. Further purification of the crude product by distillation
resulted in its partial decomposition. 2 1H NMR (C6D6): δ 5 0.03
(s, JSn-H 5 52 Hz, 9 H), 1.03 (t, J 5 7.6 Hz, 6 H), 1.49 (q, J 5 7.6
Hz, 4 H), 2.20 (s, 2 H, JSn-H 5 72 Hz), 6.93 (t, J 5 7.5 Hz, 1 H),
6.94 (d, J 5 6.2 Hz, 1 H), 7.00 (t, J 5 7.4 Hz, 1 H), 7.12 (td, J 5

7.4, 1.2 Hz, 1 H). 2 13C NMR (C6D6): δ 5 29.5 (Sn-CH3, J 5

324, 308 Hz), 8.95 (B-CH2-CH3), 21.6 (Sn-CH2, J 5 300, 244 Hz),
22.0 (br., CH2), 123.1, 127.6, 128.36, 128.42, 143.1 (CHar-B). 2 11B
NMR (C6D6): δ 5 85.3. 2 119Sn NMR (C6D6): δ 5 3.7.

2-(Diethylboryl)-a-(bromodimethylstannyl)toluene (31): A solu-
tion of α,2-bis(trimethylstannyl)toluene (2.11 g, 5 mmol) in 5 ml of
dry pentane was added to a solution of diethylboron bromide (1.78
g, 12 mmol) in 5 ml of pentane at room temperature. The reaction
mixture was heated at reflux for 3 h and then the pentane was
partly distilled off under atmospheric pressure. The residue was
further heated at 70°C for 4 h. The volatiles were removed under
vacuum to leave a colorless oil of almost pure 31 (1.75 g, 90%). 2
1H NMR (C6D6): δ 5 0.31 (s, JSn-H 5 55 Hz, 6 H), 0.97 (t, J 5

7.5 Hz, 6 H), 1.44 (q, J 5 7.5 Hz, 4 H), 2.58 (s, 2 H, JSn-H 5 68
Hz); 6.8527.05 (m, 4 H). 2 13C NMR (C6D6): δ 5 22.6 (Sn-CH3),
8.9 (B-CH2-CH3), 22.1 (br., B-CH2), 27.9 (Sn-CH2), 124.3, 127.9,
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128.6, 128.7, 139.1 (Car-Sn). 2 11B NMR (C6D6): δ 5 84.9. 2 119Sn
NMR (C6D6): δ 5 3.6.

1-[Methyl(phenyl)boryl]-2-(chlorodimethylstannyl)benzene (25):
A solution of 1,2-bis(trimethylstannyl)benzene (1.85 g, 4.6 mmol)
in 10 ml of pentane was added dropwise to a refluxing solution of
dichloro(phenyl)borane (0.73 g, 4.6 mmol) in 10 ml of pentane. The
reaction mixture was then heated at reflux for 1 h and thereafter
cooled to 278°C. The precipitate of trimethyltin chloride (0.71 g,
78%) was filtered off at 278°C and the volatiles were removed
from the filtrate under reduced pressure. The light yellow oil (1.69
g) was further distilled under vacuum (0.1 Torr, 60°C) to give partly
decomposed 25 (1.03 g, 61%). 2 1 H NMR (C6D6): δ 5 0.16 (s, 6
H, JSn-H 5 56 Hz), 1.26 (s, 3 H), 7.01 (t, J 5 7.2 Hz, 2 H), 7.09
(d, J 5 7.2 Hz, 1 H), 7.2027.29 (m, 2 H), 7.42 (m, 2 H), 8.07 (d,
1 H). 2 13C NMR (C6D6): δ 5 0.5 (Sn-CH3), 12.5 (br., B-CH3),
128.5, 128.7, 129.6, 132.4 (B-Car), 132.8, 133.1, 136.2, 137.2
(B-Car), 137.7, 147.0 (Sn-Car).

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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Novel 2-(4,4’-bipyridin-2-yl)oxazolines, bearing a chiral
oxazoline moiety, were synthesised starting from 4,4’-
bipyridine and selectively monomethylated in the N’-
position. After coordination to rhodium these electron-poor
ligands are supposed to exhibit charge-transfer effects with
electron-donating substrates in the Rh(I)-catalysed
enantioselective hydrosilylation (see next publication).

Introduction

A well-known example in asymmetric catalysis is the
Rh(I)-catalysed enantioselective hydrosilylation of prochiral
ketones, which after hydrolysis gives chiral secondary al-
cohols[2] [3] [4]. Asymmetric induction is brought about by in
situ Rh(I)-catalysts consisting of [Rh(cod)Cl]2 and prefer-
ably nitrogen ligands[5] [6] [7]. In particular, ligands contain-
ing chiral oxazolines proved to be effective[8] [9] [10] [11].

Our point of interest was a possible pre-orientation of
the substrate to be hydrosilylated with respect to the cata-
lytic centre. Such a pre-orientation of the metal bound pro-
chiral ketone might result in a higher enantiodiscrimin-
ation. We propose charge-transfer interactions for this pre-
orientation. Charge-transfer interactions usually appear in
systems consisting of electron-donating and electron-ac-
cepting compounds[12] [13] [14] [15]. In addition to the isolation
of stable charge-transfer complexes, e.g. the paraquat-
hydroquinone adduct[16] [17] (Scheme 1), charge-transfer in-
teractions were used as a template effect for ring closure re-
actions[18].

We tried to introduce charge-transfer interactions in the
Rh(I)-catalysed hydrosilylation using the electron-rich 2,5-
dimethoxyacetophenone as the substrate. The acceptor had
to be a chiral ligand whose electron-accepting properties
should be amplified by coordination to Rh(I). N9-Methyl-
ated 2-(4,49-bipyridin-2-yl)oxazolines 1, which resemble pa-
raquat after coordination to Rh, promised to be a suitable

[e] Part 116: See ref. [1].
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Similar effects were expected from 4,4’-bipyridine- and
pyrazine-bisoxazolines after complexation with rhodium. For
comparison 2-(4-phenylpyridin-2-yl)oxazoline ligands were
synthesised. Rh(I)-complexes of selected ligands were
prepared and characterised, including an X-ray structure
analysis.

Scheme 1

system (Scheme 1). The ligands of type 1 contain the same
chelating unit as the ligands of type 2, which were among
the first successful chiral nitrogen ligands in enantioselec-
tive catalysis[11] [19]. Since the formation of oxazoline rings
is straightforward and the necessary enantiopure amino al-
cohols are accessible by reduction of amino acids, chirality
should be easily introduced into 4,49-bipyridine-oxazolines,
provided a synthesis of the 2-cyano precursor is found. An-
other task is the selective methylation of the N9-position,
which is necessary to increase the electron accepting proper-
ties of the 4,49-bipyridine system.

Scheme 2
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In this paper we describe the synthesis and characteri-

sation of 2-(4,49-bipyridin-2-yl)oxazolines and their N9-
methylated derivatives, 2-(4-phenylpyridin-2-yl)oxazolines,
4,49-bipyridine- and pyrazine-bisoxazolines as well as some
Rh(I)-complexes[20]. The next paper reports on the cata-
lytic results.

The 2-(4,49-Bipyridin-2-yl)oxazolines 3a-f

Six novel 2-(4,49-bipyridin-2-yl)oxazolines 3a-f were pre-
pared from 4,49-bipyridine via the four-step synthesis
shown in Scheme 3.

Scheme 3

In a variation of known procedures[21] [22] [23], 4,49-bipyri-
dine (4) was oxidised to the N-oxide 5 with m-chloroperben-
zoic acid (mcpba) in CHCl3. Chromatography on SiO2

using an acetone/methanol gradient was necessary to sepa-
rate the desired 5 from unreacted 4,49-bipyridine and 4,49-
bipyridine N,N9-dioxide. α-Cyanation of the N-oxide 5 with
trimethylsilyl cyanide and dimethylcarbamoyl chloride in
CH2Cl2[24] yielded the nitrile 6 in 90% (Scheme 3) which
had been only prepared as N,N9-bisquarternised salts [25]. A
small amount of a side-product was obtained, characterised
as the previously unknown 4,49-bipyridine-2-carboxamide 7
(Scheme 4), probably resulting from partially hydrolysed 6.
Conversion of 6 into the carboximidate 8 (91% yield) was
accomplished by stirring 6 for 2 d in dry methanol contain-
ing catalytic amounts of methanolate[26], according to
Scheme 3. The resulting iminoether 8 was air-stable and
could be stored for months if kept dry. The acid-catalysed
condensation of 8 and enantiopure amino alcohols gave the
corresponding oxazolines 3a-f (Scheme 3). After flash chro-
matography and recrystallisation all six new ligands were
obtained analytically pure in good yields (67283%). By
13C/1H correlation experiments for 3c all its protons and
carbon atoms could be assigned. Comparison of their
chemical shifts with those of the other ligands allowed al-
most complete assignment of their signals, too.

Eur. J. Inorg. Chem. 1998, 7712781772

The oxazolines were unstable towards acids. Crude 3a in
chlorobenzene was almost completely transferred into the
aqueous layer while shaking with 2  HCl, thereby hy-
drolysing to the hydroxyalkylamide 9 (Scheme 4). After
treatment of 9 with p-tosyl chloride and triethylamine in
CHCl3 according to ref. [27] the original oxazoline 3a was re-
stored.

Scheme 4

The N9-Methylated 2-(4,49-Bipyridin-2-yl)oxazolines 1a2e
and 11

The 2-(4,49-bipyridin-2-yl)oxazolines 3a-e were treated
with excess methyl iodide in absolute THF at room tem-
perature according to Scheme 3. A comparable selective
N99-methylation of 2,29;4,499-terpyridine was reported by
Persaud and Barbiero[28]. For 3e nearly quantitative quar-
ternisation of the N9-position occurred selectively and the
product 1e was isolated as an orange solid. The location of
the methyl group was determined unequivocally by NMR
spectroscopy. The AA9BB9 system of the Py9 ring in the 1H
NMR spectrum was shifted downfield compared to the
non-methylated ligand 3e and the CH3 group showed a
cross-peak with H-29 and H-69 in the NOESY spectrum. In
the 13C NMR spectrum the signals of C-29 and C-69 are
broader than the other peaks due to the quadrupol momen-
tum of the quarternised nitrogen.

For 3a-d the analogous reactions gave the corresponding
N9-methylated ligands 1a-d (Scheme 3) in satisfying yields
(50263%). Here, the formation of a red side-product was
observed. It could be removed by fractional crystallisation
from methanol/ether solutions at 220°C. For 3d the side-
product was recrystallised from aqueous acetone/methanol
yielding dark red tetrahedra, which were characterised as
the dimethylated compound 10 (Scheme 4). 2D NMR
experiments (NOESY and 13C/1H correlations) showed that
the second methyl group is attached to the oxazoline-nitro-
gen. The methylated ligands 1a-e are orange solids, which
are hygroscopic and have to be stored under dry nitrogen.
Spectroscopic characterisation including a 13C/1H NMR
correlation spectrum for 1c allowed almost complete assign-
ment of all carbon and hydrogen atoms.

By treating 1e (dissolved in water) with saturated aque-
ous NH4PF6 the iodide was substituted by hexafluorophos-
phate to yield 11 in 88% (Scheme 4), which was sparingly
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soluble in methanol and could be recrystallised from boil-
ing water.

The 2,29-Bis(oxazolin-2-yl)-4,49-bipyridine 15, the
2,5-Bis(oxazolin-2-yl)-3,6-dimethylpyrazine 19 and the
2-(4-Phenylpyridin-2-yl)oxazolines 23a,b

Since the N-oxidation of 4,49-bipyridine 4 always yielded
ca. 30% N,N9-dioxide 12, the novel bisoxazoline 15 could
be prepared via the dinitrile 13 [29] and the biscarboximidate
14 [30] (Scheme 5).

Scheme 5

4,49-Bipyridine N,N9-dioxide 12 as a single product was
obtained in excellent yield (95%) by oxidation of 4,49-bi-
pyridine 4 with excess H2O2/urea adduct and phthalic anhy-
dride in CH2Cl2 (80% yield were reported by using smaller
amounts of oxidising agent[31]). Condensation of 14 with 2
equivalents of (R)-α-phenylglycinol yielded 15 as the first
example of a chiral C2-symmetrical 4,49-bipyridine deriva-
tive, which is able to coordinate to two metal centres. The
corresponding 2,29-bipyridine-bisoxazoline was synthesised
by Nishiyama et al. [32]. In the 1H NMR spectra 15 and
its mono-oxazoline counterpart 3d display nearly identical
chemical shifts for the oxazoline protons and the ABX sys-
tem of the pyridine ring.

Since pyrazine is a 0shortened0 4,49-bipyridine, a Rh(I)-
coordinated pyrazoline-bisoxazoline could also exhibit
charge-transfer properties. Such a bisoxazoline was syn-
thesised starting from dimethyl 3,6-dimethylpyrazine-2,5-di-
carboxylate 16 [33]. After hydrolysis of 16 to 17, the diacid
chloride 18 was prepared using SOCl2. Without isolation of
intermediates the two oxazoline rings were condensed via a
three-step reaction (Scheme 6). The pyrazine-bisoxazoline
19 was obtained in 46% yield.

For comparison two 2-(4-phenylpyridin-2-yl)oxazolines
23a,b were synthesised from commercially available 4-phen-
ylpyridine N-oxide 20 using the same reactions as for 3a-f
via the intermediates 21 and 22 (Scheme 7). 23a,b differ
from 3c and 3e, respectively, only in the nature of the 4-
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Scheme 6

substituent (phenyl vs. 49-pyridine). Thus, the spectroscopic
data of 23a,b are very similar to their 4,49-bipyridine
counterparts.

The Rh(I) Complexes 24228

To ascertain that the 4,49-bipyridine-oxazolines 3 prefer
chelate coordination via pyridine- and oxazoline-N with re-
gard to a monodentate coordination via N9, a series of
Rh(I)-complexes was synthesised. All complexes were pre-
pared by adding a solution of [Rh(cod)Cl]2 in CH2Cl2 to
the dissolved ligand. Exchange of chloride by PF6

2 (24, 25)
or BF4

2 (26) gave the corresponding red complexes in
82292% yields (Scheme 8).

The 1H NMR data (including COSY) proved the chelate
coordination, because for 24 H-6 exhibited a strong down-
field shift (0.87 ppm) compared to the free ligand 3d due to
the proximity of the rhodium. On the other hand H-29/H-
69 did not shift at all. The [Rh(cod)3e]1-complexes were
synthesised with two different anions (25 5 PF6

2, 26 5
BF4

2). Interestingly, both the 1H and 13C NMR spectra
showed significant differences especially for the pyridine
signals. All three pyridine protons H-3, H-5 and H-6 and
the carbon atoms C-5 and C-6 of 26 were shifted downfield
compared to 25. The olefinic 13C atoms of 1,5-cyclooc-
tadiene coupled with 103Rh giving rise to doublets (1JC,Rh 5
12.6212.9 Hz) in both 13C NMR spectra.

The Rh(I)-complex 27 (Scheme 8) derived from the ox-
azoline 23a (75% yield) showed broad signals for all 1,5-
cyclooctadiene carbons in the 13C NMR spectrum, but
long-range couplings between 103Rh and 13C atoms of the
ligand were identified. The carboxylic and the methine car-
bons of the oxazoline ring gave rise to doublets (2JC,Rh 5

Scheme 7
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Scheme 8

1.4 Hz and 2.1 Hz, respectively). Similarly, the pyridine car-
bons C-6, C-5 and C-3 appeared as doublets (2JC,Rh 5 0.6
Hz and 3JC,Rh 5 0.9 Hz). Analogous couplings were not
found for 25 and 26.

By slow diffusion of ether into a CHCl3 solution of 27
red needles suitable for an X-ray structure analysis were ob-

Figure 2. Molecular structure of one of the cations of 27[a]

[a] Selected bond lengths [Å] and angles [°]: Rh12N1 2.119,
Rh12N2 2.102, Rh12(C235C24)[b] 1.995, Rh12(C195C20)[b]

2.025, C232C24 1.366, C192C20 1.353, N22C14 1.498,
C142C13 1.526, C132O1 1.458, O12C12 1.328 C122C5 1.461,
C122N2 1.269; (C235C24)-Rh12(C195C20)[b] 87.3,
N12Rh12N2 79.4, Rh12N12C5 112.5, N12C52C12 113.8,
C52C122N2 122.3, Rh12N22C12 111.8, N22C122O1 120.0,
C122O12C13 104.7, O12C132C14 106.0, C132C142N2 102.2,
C142N22C12 106.8, phenyl/pyridine (same cation) 20.7 and 27.1.
2 [b] C195C20/C235C24: statistical middle of the olefinic double
bond.

Eur. J. Inorg. Chem. 1998, 7712781774

Figure 1. Molecular structure of the two different species in the
unit cell of 27

tained. There are two independent species in the unit cell
(Figure 1).

Both cations differ to some extent in the arrangement of
the cod-ligands. The most interesting feature is the orien-
tation of the two aromatic rings of both complexes. Each
phenyl ring is oriented in a plane above the pyridine ring
of the other cation and vice versa (arrows in Figure 1). The
angles phenyl plane versus pyridine plane of the other cat-
ion are very small (2.7° and 6.7°, respectively). With
3.423.5 Å the distances of the aromatic rings are similar
to that between graphite layers (3.35 Å). This π-stacking is
probably amplified by charge-transfer interactions between
the electron-rich phenyl and the electron-accepting pyri-
dine ring.

Figure 2 shows the molecular structure of one of the cat-
ions of 27, establishing the expected square planar coordi-
nation of rhodium by the two nitrogen atoms of ligand 23a
and the two double bonds of 1,5-cyclooctadiene. The (S)-
configuration of the chiral carbon atom in the oxazoline
ring was unequivocally proven. Selected bond lengths and
angles are summarised in Table 1. For further details and
the CSD number see Experimental Section.

Reaction of bisoxazoline 15 with [Rh(cod)Cl]2 (2 equiva-
lents of Rh) yielded the dinuclear complex 28 in 56% yield

Scheme 9
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(Scheme 9). The symmetry introduced by the bridging of
15 between two Rh(cod) units showed up in the 1H NMR
spectrum of 28, the signals of which were somewhat broad-
ened (no sharpening even at 280°C, 250 MHz, CD2Cl2).

We thank the Fonds der Chemischen Industrie for providing a
Kekulé scholarship for R.S. and for financial support.

Experimental Section
General: Chromatography: Merck silica gel 60 (632200 mesh).

2 Melting points (not corrected): Büchi SMP 20 (open capillaries).
2 Elemental analyses: Microanalytical Laboratory, University of
Regensburg. 2 1H/13C NMR: Bruker AW-80 (80 MHz, T 5 31°C),
AC-250 (250/62.9 MHz, T 5 24°C) and ARX-400 (400/100.6
MHz, T 5 21°C), TMS or the solvent itself as internal standard.
For optimal resolution some spectra were altered after acquisition
using Bruker WIN NMR 5.0/5.1 software. The protons H-29/H-69

and H-39/H-59 in all 4,49-bipyridine derivatives form AA9BB9 spin
systems and were assigned as centred multiplets (AA9BB9). The two
diastereotopic protons of the oxazoline CH2 group are differen-
tiated as HZ and HE (cis and trans, respectively, with regard to
the methine proton). The abbreviations qC in the 13C NMR data
represent quarternary carbon atoms. 2 MS: Finnigan MAT 95
(FAB and FD), Finnigan MAT 311 A (EI, 70 eV). High-resolution
mass spectra were recorded at the Max-Planck-Institut für medizi-
nische Forschung in Heidelberg: VG Analytic ZAB 2E/70SE (FAB)
and Joel JMS-SX102A (EI, 70 eV); the abbreviation K1 represents
the cationic species of salt like compounds. 2 IR: Beckman IR
4240 (solids as KBr pellets, liquids as films between NaCl plates);
only characteristic bands are listed. 2 Optical rotation: Perkin-
Elmer Polarimeter 241 (0.1 or 0.2 dm cuvettes).

Materials: Commercially available reagents were used without
further purification. All anhydrous solvents were stored under ni-
trogen.

Abbreviations: cod 5 η4-1,5-cyclooctadiene, m-NBA 5 m-nitro-
benzyl alcohol, Ox 5 oxazoline, PE 5 petroleum ether (b.p.
40260°C), TFA 5 trifluoroacetic acid.

4,49-Bipyridine N-Oxide Hemihydrate (5): To a stirred solution of
10.0 g (64.0 mmol) of 4,49-bipyridine (4) in CHCl3 (200 ml) was
added during 6 h a solution of 57286% mcpba (12.9 g, max. 64.0
mmol) in CHCl3 (500 ml). After 3 d four portions of mcpba (2.0 g
each) in CHCl3 (150 ml each) were added every 24 h. Stirring at r.
t. was continued for a total of 17 d. The solution was reduced to
ca. 30 ml and the mixture was separated by column chromatogra-
phy (SiO2, 20 3 5 cm). Elution with acetone yielded unreacted 4
(Rf 5 0.5 [methanol]) and m-chlorobenzoic acid. After removing
the acid by extracting a CHCl3 solution with 2  NaOH, 1.05 g (6.7
mmol, 10.5%) of 4,49-bipyridine were reisolated. With an acetone/
methanol gradient (4:1 R 3:1) the desired product 5 (Rf 5 0.31
[methanol]) was obtained. Recrystallisation from acetone afforded
6.07 g (33.5 mmol, 55%) of 5. Cream-coloured crystals, mp. 170°C
(ref. [21]: 180°C, ref. [22]: 1742176°C). 2 1H NMR (250 MHz, D2O):
δ 5 7.50 (AA9BB9, 2 H, H-39, H-59), 7.70 (AA9BB9, 2 H, H-3, H-
5), 8.20 (AA9BB9, 2 H, H-2, H-6), 8.42 (AA9BB9, 2 H, H-29, H-
69). 2 MS (EI): m/z (%) 5 172 (100) [M1], 156 (38) [M1 2 O], 155
(18), 116 (16), 90 (14), 89 (15), 63 (14), 51(14). 2 IR (KBr): ν̃
(cm21) 5 1250/1225 s (NO). 2 C10H8N2O Γ 1/2 H2O (181.20):
calcd. C 66.29, H 5.01, N 15.46; found C 66.11, H 5.22, N 15.15.
With pure methanol as liquid phase 4.41 g (19.7 mmol, 31%) of
4,49-bipyridine N,N9-dioxide 12 as the dihydrate were eluted (Rf 5

0.1 [methanol]).
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4,49-Bipyridine-2-carbonitrile (6): 6.0 g (33.1 mmol) of 5 were dis-
solved under nitrogen in dry CH2Cl2 (70 ml). After adding 4.8 ml
(38.4 mmol) of trimethylsilyl cyanide the solution was stirred for 5
min and then treated with 3.1 ml (33.7 mmol) of dimethylcarba-
moyl chloride. Stirring at r. t. was continued for 2 d. The solvent
was evaporated and the yellow residue treated with 10% aqueous
K2CO3 (70 ml). The solid was sucked off and dried. Recrystallis-
ation from acetone yielded 5.4 g (29.8 mmol, 90%) of 6. White
solid, m.p. 2382240°C. 2 1H NMR (250 MHz, [D6]DMSO): δ 5

7.93 (AA9BB9, 2 H, H-39, H-59), 8.21 (dd, 3J 5 5.2 Hz, 4J 5 1.9
Hz, 1 H, H-5), 8.57 (dd, 4J 5 1.9 Hz, 5J 5 0.9 Hz, 1 H, H-3), 8.78
(AA9BB9, 2 H, H-29, H-69), 8.90 (dd, 3J 5 5.2 Hz, 5J 5 0.9 Hz, 1
H, H-6). 2 13C NMR (100.6 MHz, [D6]DMSO): δ 5 117.6 (CN),
121.6 (C-39, C-59), 125.4/126.8 (C-3 and C-5), 133.8 (C-2), 142.6
(C-4), 146.2 (C-49), 150.9 (C-29, C-69), 152.3 (C-6). 2 MS (EI): m/z
(%) 5 181 (100) [M1], 180 (21), 57 (21). 2 IR (KBr): ν̃ (cm21) 5

2240 w (C;N). 2 C11H7N3 (181.20): calcd. C 72.92, H 3.89, N
23.19; found C 72.84, H 4.15, N 22.87.

If the crude product was purified by flash chromatography (SiO2,
15 3 4.5 cm) with PE/acetone (1:1) 300 mg (1.5 mmol, 4.5%) of a
side-product (Rf 5 0.31 [acetone]) were obtained. It crystallised
from ether and was characterised as 4,49-bipyridine-2-carboxamide
(7). Colourless needles, m.p. 1762178°C. 2 1H NMR (250 MHz,
CDCl3): δ 5 6.00 (br s, 1 H, NHH9), 7.61 (AA9BB9, 2 H, H-39, H-
59), 7.71 (dd, 3J 5 5.1 Hz, 4J 5 1.9 Hz, 1 H, H-5), 7.92 (br s, 1 H,
NHH9), 8.50 (dd, 4J 5 1.9 Hz, 5J 5 0.8 Hz, 1 H, H-3), 8.71 (dd,
3J 5 5.1 Hz, 5J 5 0.8 Hz, 1 H, H-6), 8.78 (AA9BB9, 2 H, H-29, H-
69). 2 13C NMR (62.9 MHz, CDCl3): δ 5 120.3 (C-3 or C-5),
121.4 (C-39, C-59), 123.9 (C-5 or C-3), 144.7/147.2 (qC), 149.2 (C-
6), 150.7 (qC), 150.8 (C-29, C-69), 166.3 (C5O). 2 MS (EI): m/z
(%) 5 199 (53) [M1], calcd. for C11H9N3O 199.07456, found
199.07442, diff. 20.14 mmu/0.7 ppm, 157 (12), 156 (100) [M1

2 HNCO], 155 (41) [M1 2 CONH2], 129 (16), 128 (14), 102 (11),
101 (11). 2 IR (KBr): ν̃ (cm21) 5 3415/3380/3290/3200 m (NH),
1795/1775/1690 s (C5O).

Methyl 4,49-Bipyridine-2-carboximidate (8): 50 mg (2.2 mmol) of
sodium were dissolved in dry methanol (35 ml) under nitrogen.
Then 1.63 g (9.0 mmol) of 6 were added and allowed to react for
2 d at r. t. The suspension became finally a clear solution. After
adding 0.1 ml (1.6 mmol) of acetic acid the solvent was evaporated.
The residue was treated with warm ether (ca. 400 ml). Insoluble
inorganic salts were removed by hot filtration. Cooling of the fil-
trate to 220°C afforded 1.74 g (8.2 mmol, 91%) of white crystals,
m.p. 1342136°C. 8 is easily hydrolysed but can be stored for
months if kept dry. 2 1H NMR (250 MHz, C6D6): δ 5 3.94 (s, 3
H, CH3), 6.76 (dd, 3J 5 5.1 Hz, 4J 5 1.9 Hz, 1 H, H-5), 6.78
(AA9BB9, 2 H, H-39, H-59), 7.86 (dd, 4J 5 1.9 Hz, 5J 5 0.9 Hz, 1
H, H-3), 8.33 (dd, 3J 5 5.1 Hz, 5J 5 0.9 Hz, 1 H, H-6), 8.53
(AA9BB9, 2 H, H-29, H-69), 9.98 (br s, 1 H, NH). 2 13C NMR
(62.9 MHz, C6D6): δ 5 53.7 (CH3), 118.8 (C-3), 121.2 (C-39, C-
59), 122.6 (C-5), 144.6/147.1/149.1 (qC), 150.1 (C-6), 151.1 (C-29,
C-69), 166.2 (C5N). 2 MS (EI): m/z (%) 5 213 (87) [M1], 183
(15), 182 (83] [M1 2 OCH3], 170 (17) [M1 2 CH3 2 CO], 157 (10),
156 (100) [M1 2 OCH3 2 CN], 155 (39) [M1 2 OCH3 2 HCN],
101 (13), 51 (11). 2 IR (KBr): ν̃ (cm21) 5 3310 w (NH), 1655 s
(C5N), 1370 vs (CO). 2 C12H11N3O (213.24): calcd. C 67.59, H
5.67, N 19.71; found C 67.44, H 5.48, N 19.32.

General Procedure I (Preparation of Oxazolines): To a solution
of 8 (2.3 g, 10.8 mmol) and 10.8 mmol of the amino alcohol in dry
chlorobenzene (20 ml) one drop of conc. HCl was added and the
solution was stirred at 80°C with a gentle stream of nitrogen bub-
bling through. After 47268 h the cooled solution was directly puri-
fied by flash chromatography.
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(1)-2-[4-(R)-Ethyloxazolin-2-yl]-4,49-bipyridine (3a): Amino

alcohol: 2-(R)-aminobutan-1-ol. 14 3 3.5 cm SiO2 with PE/ace-
tone (1:1) as eluent (Rf 5 0.32 [acetone]). Recrystallisation from
ether/PE yielded 1.83 g (7.2 mmol, 67%) of colourless crystals, m.p.
73276°C. 2 1H NMR (250 MHz, CDCl3): δ 5 1.05 (t, 3J 5 7.4
Hz, 3 H, CH3), 1.69 (0oct0, 3J ø 7.0 Hz, 1 H, CHAHBCH3), 1.84
(m, 1 H, CHAHBCH3), 4.18 (0t0, 2J 5 3J 5 8.1 Hz, 1 H, Ox-
CHZHE), 4.35 (m, 1 H, Ox-CH), 4.62 (dd, 2J 5 8.1 Hz, 3J 5 9.3
Hz, 1 H, Ox-CHZHE), 7.60 (AA9BB9, 2 H, H-39, H-59), 7.64 (dd,
3J 5 5.1 Hz, 4J 5 1.8 Hz, 1 H, H-5), 8.32 (d, 4J 5 1.8 Hz, 1 H,
H-3), 8.76 (AA9BB9, 2 H, H-29, H-69), 8.82 (d, 3J 5 5.1 Hz, 1
H, H-6). 2 13C NMR (62.9 MHz, CDCl3): δ 5 10.0 (CH3), 28.5
(CH2CH3), 68.4 (Ox-CH), 72.9 (Ox-CH2), 121.4 (C-39, C-59), 121.6
(C-3), 122.9 (C-5), 144.8/146.4/148.0 (qC), 150.5 (C-6), 150.8 (C-
29, C-69), 162.4 (C5N). 2 MS (EI): m/z (%) 5 253 (11) [M1], 225
(28), 224 (100) [M1 2 C2H5], 208 (13), 196 (20), 182 (13), 169 (25),
155 (26). 2 IR (KBr): ν̃ (cm21) 5 3030 w, 2965/2930 m, 2870/2860
w (CH), 1640 s (C5N). 2 C15H15N3O (253.30): calcd. C 71.13, H
5.97, N 16.59; found C 70.76, H 6.06, N 16.40. 2 Optical rotation
(c 5 1.27, CHCl3): [α]21

D 5 136, [α]21
578 5 138, [α]21

546 5 145,
[α]21

436 5 194, [α]21
365 5 1197.

(2)-2-[4-(S)-Isopropyloxazolin-2-yl]-4,49-bipyridine (3b):
Amino alcohol: (S)-valinol. 12 3 3.5 cm SiO2 with acetone as
eluent (Rf 5 0.32). Recrystallisation from ether/PE yielded a light
yellow solid (70%), m.p. 76278°C. 2 1H NMR (250 MHz, CDCl3):
δ 5 0.98 (d, 3J 5 6.7 Hz, 3 H, CH3), 1.08 (d, 3J 5 6.7 Hz, 3 H,
CH39), 1.93 (0sept0, 3J ø 6.7 Hz, 1 H, CHMe2), 4.1624.30 (m, 2
H, Ox-CHZHE and Ox-CH?), 4.56 (m, 1 H, Ox-CHZHE?), 7.60
(AA9BB9, 2 H, H-39, H-59), 7.64 (dd, 3J 5 5.1 Hz, 4J 5 1.7 Hz, 1
H, H-5), 8.33 (d, 4J 5 1.7 Hz, 1 H, H-3), 8.76 (AA9BB9, 2 H, H-
29, H-69), 8.82 (d, 3J 5 5.1 Hz, 1 H, H-6). 2 13C NMR (62.9 MHz,
CDCl3): δ 5 18.2 (CH3), 19.0 (CH39), 32.8 (CHMe2), 70.9 (Ox-
CH2), 73.2 (Ox-CH), 121.4 (C-39, C-59), 121.7 (C-3), 123.0 (C-5),
144.9/146.4/148.1 (qC), 150.6 (C-6), 150.8 (C-29, C-69), 162.4 (C5

N). 2 MS (EI): m/z (%) 5 267 (7) [M1], 225 (21), 224 (100) [M1-
C3H7], 223 (23), 196 (17), 169 (21), 156 (11), 155 (22), 43 (10)
[C3H7

1]. 2 IR (KBr): ν̃ (cm21) 5 3040 w, 2980 m, 2960 s,
2930/2910/2870 m (CH), 1645 s (C5N). 2 C16H17N3O (267.33):
calcd. C 71.89, H 6.41, N 15.72; found C 71.78, H 6.63, N 15.55. 2

Optical rotation (c 5 1.24, CHCl3): [α]20
D 5 229, [α]20

578 5 230,
[α]20

546 5 234, [α]20
436 5 273, [α]20

365 5 2155.

(2)-2-[4-(S)-(2-Methylpropyl)oxazolin-2-yl]-4,49-bipyridine
(3c): Amino alcohol: (S)-leucinol. Flash chromatography on SiO2

(15 3 3.5 cm) with PE/acetone (1:1) as eluent (Rf 5 0.32 [acetone])
yielded a yellow oil (73%), which neither crystallised nor could be
distilled without decomposition. 2 1H NMR (250 MHz, CDCl3):
δ 5 0.99 (d, 3J ø 6.0 Hz, 3 H, CH3), 1.01 (d, 3J 5 6.5 Hz, 3 H,
CH39), 1.44 (0dt0, 2J 5 13.3 Hz, 3J ø 7.1 Hz, 1 H, CHAHBCHMe2),
1.78 (0dt0, 2J 5 13.3 Hz, 3J ø 6.6 Hz, 1 H, CHAHBCHMe2), 1.90
(0sept0, 3J ø 6.6 Hz, 1 H, CHMe2), 4.12 (0t0, 2J 5 3J 5 8.1 Hz, 1
H, Ox-CHZHE), 4.44 (m, 1 H, Ox-CH), 4.65 (dd, 2J 5 8.1 Hz, 3J 5

9.4 Hz, 1 H, Ox-CHZHE), 7.60 (AA9BB9, 2 H, H-39, H-59), 7.65
(dd, 3J 5 5.2 Hz, 4J 5 1.7 Hz, 1 H, H-5), 8.32 (d, 4J 5 1.7 Hz, 1
H, H-3), 8.76 (AA9BB9, 2 H, H-29, H-69), 8.82 (d, 3J 5 5.2 Hz, 1
H, H-6). 2 13C NMR (62.9 MHz, CDCl3): δ 5 22.69 (CH3), 22.71
(CH39), 25.4 (CHMe2), 45.5 (CH2CHMe2), 65.6 (Ox-CH), 73.8
(Ox-CH2), 121.4 (C-39, C-59), 121.6 (C-3), 122.9 (C-5), 144.8/146.4/
148.1 (qC), 150.5 (C-6), 150.7 (C-29, C-69), 162.2 (C5N). 2 MS
(EI): m/z (%) 5 281 (35) [M1], 238 (24) [M1 2 C3H7], 225 (27),
224 (79) [M1 2 C4H9], 196 (26), 183 (21), 182 (33), 181 (46), 180
(60), 170 (36), 169 (25), 165 (45), 156 (54), 155 (62), 98 (26), 84
(68), 71 (28), 57 (100) [C4H9

1], 56 (22), 55 (26), 43 (45), 42 (30),
41 (57). 2 IR (film): ν̃ (cm21) 5 3030 w, 2975/2930 m, 2870 w
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(CH), 1645 m (C5N). 2 C17H19N3O (281.36): calcd. C 72.57, H
6.81, N 14.93; found C 71.89, H 7.06, N 14.86. 2 Optical rotation
(c 5 1.6, CHCl3): [α]20

D 5 239, [α]20
578 5 240, [α]20

546 5 248,
[α]20

436 5 2100, [α]20
365 5 2208.

(2)-2-[4-(R)-Phenyloxazolin-2-yl]-4,49-bipyridine (3d): Amino
alcohol: (R)-α-phenylglycinol. 15 3 3.5 cm SiO2 with PE/acetone
(1:1) as eluent (Rf 5 0.35 [acetone]). Recrystallisation from ether
yielded a white foam (80%), m.p. 52255°C. 2 1H NMR (250 MHz,
CDCl3): δ 5 4.44 (0t0, 2J 5 3J ø 8.6 Hz, 1 H, Ox-CHZHE), 4.94
(dd, 2J 5 8.7 Hz, 3J 5 10.2 Hz, 1 H, Ox-CHZHE), 5.50 (dd, 3J 5

8.5 Hz, 3J 5 10.2 Hz, 1 H, Ox-CH), 7.2727.41 (m, 5 H, Ph-H),
7.59 (AA9BB9, 2 H, H-39, H-59), 7.67 (dd, 3J 5 5.1 Hz, 4J 5 1.8
Hz, 1 H, H-5), 8.45 (dd, 4J 5 1.8 Hz, 5J 5 0.7 Hz, 1 H, H-3), 8.75
(AA9BB9, 2 H, H-29, H-69), 8.85 (dd, 3J 5 5.1 Hz, 5J 5 0.7 Hz, 1
H, H-6). 2 13C NMR (62.9 MHz, CDCl3): δ 5 70.5 (Ox-CH), 75.4
(Ox-CH2), 121.4 (C-39, C-59), 122.0 (C-3), 123.2 (C-5), 126.8 (o- or
m-Ph-C), 127.8 (p-Ph-C), 128.8 (m- or o-Ph-C), 141.6 (qC of Ph),
144.7/146.5/147.8 (qC), 150.6 (C-6), 150.8 (C-29, C-69), 163.7 (C5

N). 2 MS (EI): m/z (%) 5 301 (100) [M1], 272 (25), 271 (96) [M1

2 CH2O], 156 (44), 155 (36), 118 (36), 91 (22), 90 (31), 89 (32). 2

IR (KBr): ν̃ (cm21) 5 3055/3025/2980/2890 w (CH), 1650 s (C5

N). 2 C19H15N3O (301.35): calcd. C 75.73, H 5.02, N 13.94; found
C 75.28, H 5.24, N 13.81. 2 Optical rotation (c 5 1.27, CHCl3):
[α]22

D 5 252, [α]22
578 5 254, [α]22

546 5 263, [α]22
436 5 2107,

[α]22
365 5 2156.

(1)-2-[4-(S)-Benzyloxazolin-2-yl]-4,49-bipyridine (3e): Amino
alcohol: (S)-phenylalaninol. 8 3 3.5 cm SiO2 with ethyl acetate/
acetone (1:1) as eluent (Rf 5 0.39 [acetone]). Recrystallisation from
ether yielded a white solid (83%), m.p. 95298°C. 2 1H NMR (250
MHz, CDCl3): δ 5 2.79 (dd, 2J 5 13.8 Hz, 3J 5 9.0 Hz, 1 H,
CHAHBPh), 3.32 (dd, 2J 5 13.8 Hz, 3J 5 4.9 Hz, 1 H, CHAHBPh),
4.27 (dd, 2J 5 8.6 Hz, 3J 5 7.8 Hz, 1 H, Ox-CHZHE), 4.49 (dd,
2J 5 8.6, 3J 5 9.4 Hz, 1 H, Ox-CHZHE), 4.71 (dddd, 3J 5 9.4 Hz,
3J 5 9.0 Hz, 3J 5 7.8 Hz, 3J 5 4.9 Hz, 1 H, Ox-CH), 7.2127.35
(m, 5 H, Ph-H), 7.59 (AA9BB9, 2 H, H-39, H-59), 7.64 (dd, 3J 5

5.1 Hz, 4J 5 1.8 Hz, 1 H, H-5), 8.33 (d, 4J 5 1.8 Hz, 1 H, H-3),
8.76 (AA9BB9, 2 H, H-29, H-69), 8.83 (d, 3J 5 5.1 Hz, 1 H, H-6).
2 13C NMR (62.9 MHz, CDCl3): δ 5 41.7 (CH2Ph), 68.2 (Ox-
CH), 72.7 (Ox-CH2), 121.4 (C-39, C-59), 121.7 (C-3), 123.1 (C-5),
126.6 (p-Ph-C), 128.6/129.2 (o- and m-Ph-C), 137.7 (qC of Ph),
144.8/146.5/147.9 (qC), 150.6 (C-6), 150.8 (C-29, C-69), 162.9 (C5

N). 2 MS (EI): m/z (%) 5 315 (10) [M1], 225 (16), 224 (100) [M1

2 CH2Ph], 196 (16), 169 (19), 155 (18), 91 (12) [PhCH2
1]. 2 IR

(KBr): ν̃ (cm21) 5 3030 m, 2985/2920/2880 w (CH), 1635 s (C5

N). 2 C20H17N3O (315.37): calcd. C 76.17, H 5.43, N 13.32; found
C 76.13, H 5.75, N 13.24. 2 Optical rotation (c 5 1.26, CHCl3):
[α]20

D 5 130, [α]20
578 5 133, [α]20

546 5 136, [α]20
436 5 169,

[α]20
365 5 1132.

(2)-2-[4-(S)-tert-Butyloxazolin-2-yl]-4,49-bipyridine (3f): Am-
ino alcohol: (S)-tert-leucinol. 11.5 3 2.5 cm SiO2 with PE/acetone
(3:2) as eluent (Rf 5 0.09). Stirring in PE/ether and filtration gave
a white solid (76%), m.p. 98299°C. 2 1H NMR (250 MHz, C6D6):
δ 5 0.90 (s, 9 H, CH3), 3.90 (dd, 2J 5 7.8 Hz, 3J 5 10.8 Hz, 1 H,
Ox-CHEHZ?), 4.041 (d, 2J 5 7.8 Hz, 1 H, Ox-CHEHZ?), 4.044 (d,
3J 5 10.8 Hz, 1 H, Ox-CH?), 6.73 (AA9BB9, 2 H, H-39, H-59), 6.77
(dd, 3J 5 5.2 Hz, 4J 5 2.0 Hz, 1 H, H-5), 8.42 (dd, 4J 5 2.0 Hz,
5J 5 0.8 Hz, 1 H, H-3), 8.48 (AA9BB9, 2 H, H-29, H-69), 8.50 (dd,
3J 5 5.2 Hz, 5J 5 0.8 Hz, 1 H, H-6). 2 13C NMR (62.9 MHz,
CDCl3): δ 5 26.0 (CH3), 34.0 (CMe3), 69.4 (Ox-CH2), 76.7 (Ox-
CH), 121.4 (C-39, C-59), 121.7 (C-3), 122.9 (C-5), 144.9/146.4/148.1
(qC), 150.5 (C-6), 150.7 (C-29, C-69), 162.2 (C5N). 2 MS (EI):
m/z (%) 5 281 (3) [M1], 225 (100) [M1 2 C4H8], 224 (78) [M1 2
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C4H9], 223 (35), 196 (33), 170 (10), 169 (25), 156 (44), 155 (61), 57
(20) [C4H9

1], 41 (17). 2 IR (KBr): ν̃ (cm21) 5 3060 w, 2960/2950
m, 2905/2865 w (CH), 1665/1645 m (C5N). 2 C17H19N3O
(281.36): calcd. C 72.57, H 6.81, N 14.93; found C 72.22, H 6.42,
N 14.44. 2 Optical rotation (c 5 1.1, CHCl3): [α]20

D 5 230,
[α]20

578 5 232, [α]20
546 5 238, [α]20

436 5 279, [α]20
365 5 2156.

(1)-N-[2-(R)-(1-Hydroxybuty l)]-4,4 9 -b ipyr id ine-2-
carboxamide (9): 2.03 g (9.5 mmol) of 8 and 0.9 ml (9.5 mmol) of
2-(R)-aminobutan-1-ol were heated to 80°C in dry chlorobenzene
(15 ml) for 66 h. After cooling the solvent was removed. The resi-
due was treated with ether (30 ml) and extracted with 2  HCl (23

5 ml). Almost all the substance was transferred into the aqueous
layer, which then was alkalised with 2  NaOH. After extraction
with CHCl3 (33 20 ml) the organic layer was dried over MgSO4

and the solvent evaporated. Recrystallisation from cyclohexane/
acetone afforded 910 mg (3.4 mmol, 35%) of 9. Colourless crystals,
m.p. 1172119°C. 2 1H NMR (250 MHz, CDCl3): δ 5 1.04 (t,
3J 5 7.4 Hz, 3 H, CH3), 1.5521.86 (m, 2 H, CH2CH3), 3.6923.86
(br s, 1 H, OH), 3.73 (dd, 2J 5 11.1 Hz, 3J 5 5.5 Hz, 1 H, CHAHB),
4.0124.15 (m, 1 H, CH), 3.82 (dd, 2J 5 11.1 Hz, 3J 5 4.0 Hz, 1
H, CHAHB), 7.53 (AA9BB9, 2 H, H-39, H-59), 7.60 (dd, 3J 5 5.1
Hz, 4J 5 1.7 Hz, 1 H, H-5), 8.18 (d, 3J 5 8.2 Hz, 1 H, NH), 8.38
(d, 4J 5 1.7 Hz, 1 H, H-3), 8.60 (d, 3J 5 5.1 Hz, 1 H, H-6), 8.69
(AA9BB9, 2 H, H-29, H-69). 2 13C NMR (62.9 MHz, CDCl3): δ 5

10.6 (CH3), 24.3 (CH2CH3), 53.7 (CH), 65.0 (CH2OH), 120.0 (C-
3), 121.3 (C-39, C-59), 123.5 (C-5), 144.8/147.0 (qC), 149.0 (C-6),
150.7 (C-29, C-69), 151.0 (qC), 164.4 (C5O). 2 MS (EI): m/z (%) 5

271 (1) [M1], 241 (32) [M1 2 CH2O], 240 (100) [M1 2 CH2OH],
183 (12), 156 (26), 155 (86). 2 IR (KBr): ν̃ (cm21) 5 3450/3390/
3345/3270 m (OH, NH), 2960/2930 m, 2880 w (CH), 1670 s (C5

O). 2 C15H17N3O2 (271.32): calcd. C 66.40, H 6.32, N 15.49; found
C 65.87, H 6.36, N 15.19. 2 Optical rotation (c 5 0.16, CHCl3):
[α]22

D 5 145, [α]26
578 5 153, [α]26

546 5 164, [α]26
436 5 1103,

[α]26
365 5 1138.

General Procedure II (N9-Methylation): 2.6 mmol of 2-(4,49-bi-
pyridin-2-yl)oxazoline (3) were dissolved in dry THF (30 ml) under
nitrogen. After adding 3.0 ml (48.0 mmol) of methyl iodide the
light-protected solution was stirred for 63290 h at r. t. The re-
sulting reddish precipitate was collected and washed with dry ether
(3 3 5 ml). The red side-product was removed by dissolving the
precipitate in dry methanol and adding dry ether till an appearing
cloudiness just faded. After cooling (220°C) only the side-product
crystallised and was filtered off. Dry ether (5215 ml) was added to
the resulting filtrate and after cooling to 220°C the pure, hygro-
scopic product 1 was obtained.

(1)-N9-Methyl-2-[4-(R)-ethyloxazolin-2-yl]-4,49-bipyridinium
Iodide (1a): From oxazoline 3a. Orange solid (51%), m.p. > 68°C
(dec.). 2 1H NMR (250 MHz, CD3OD): δ 5 1.04 (t, 3J 5 7.4 Hz,
3 H, CH2CH3), 1.6121.88 (m, 2 H, CH2CH3), 4.27 (0t0, 2J 5 3J 5

7.9 Hz, 1 H, Ox-CHZHE), 4.2924.44 (m, 1 H, Ox-CH), 4.51 (s, 3
H, N-CH3), 4.69 (dd, 2J 5 7.9 Hz, 3J 5 9.2 Hz, 1 H, Ox-CHZHE),
8.13 (dd, 3J 5 5.2 Hz, 4J 5 1.9 Hz, 1 H, H-5), 8.53 (dd, 4J 5 1.9
Hz, 5J 5 0.9 Hz, 1 H, H-3), 8.55 (AA9BB9, 2 H, H-39, H-59), 8.91
(dd, 3J 5 5.2 Hz, 5J 5 0.9 Hz, 1 H, H-6), 9.10 (AA9BB9, 2 H, H-
29, H-69). 2 13C NMR (62.9 MHz, CD3OD): δ 5 10.1 (CH2CH3),
29.4 (CH2CH3), 49.0 (N-CH3), 69.3 (Ox-CH), 74.4 (Ox-CH2),
123.3 (C-3), 125.5 (C-5), 127.1 (C-39, C-59), 144.4 (qC), 147.6 (C-
29, C-69), 149.1 (qC), 152.2 (C-6), 154.2 (qC), 164.1 (C5N). 2 MS
(FAB, MeOH/glycerol): m/z 5 663 [2 K1 1 I2], 268 [K1]. 2 IR
(KBr): ν̃ (cm21) 5 3030/2960/2930 m, 2875 w (CH), 1645 s (C5

N). 2 C16H18IN3O • 1/2 H2O (404.25): calcd. C 47.54, H 4.74, N
10.39; found C 47.79, H 5.12, N 9.97. Optical rotation (c 5 2.2,
MeOH): [α]22

D 5 125, [α]22
578 5 126, [α]22

546 5 131.
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(2)-N9-Methyl-2-[4-(S)-isopropyloxazolin-2-yl]-4,49-
bipyridinium Iodide (1b): From oxazoline 3b. Orange solid (53%),
m.p. > 130°C (dec.). 2 1H NMR (250 MHz, CD3OD): δ 5 0.99
(d, 3J 5 6.7 Hz, 3 H, CH3), 1.08 (d, 3J 5 6.7 Hz, 3 H, CH39), 1.92
(m, 1 H, CHMe2), 4.2224.33 (m, 1 H, Ox-CH), 4.37 (0t0, 2J 5 3J 5

8.3 Hz, 1 H, Ox-CHZHE), 4.51 (s, 3 H, N-CH3), 4.63 (dd, 2J 5 8.3
Hz, 3J 5 9.6 Hz, 1 H, Ox-CHZHE), 8.14 (dd, 3J 5 5.2 Hz, 4J 5

2.0 Hz, 1 H, H-5), 8.53 (dd, 4J 5 2.0 Hz, 5J 5 0.8 Hz, 1 H, H-3),
8.55 (AA9BB9, 2 H, H-39, H-59), 8.91 (dd, 3J 5 5.2 Hz, 5J 5 0.8
Hz, 1 H, H-6), 9.11 (AA9BB9, 2 H, H-29, H-69). 2 13C NMR (62.9
MHz, CD3OD): δ 5 18.5 (CH3), 19.0 (CH39), 33.9 (CHMe2), 49.0
(N-CH3), 72.4 (Ox-CH2), 73.9 (Ox-CH), 123.3 (C-3), 125.5 (C-5),
127.1 (C-39, C-59), 144.4 (qC), 147.6 (C-29, C-69), 149.1 (qC), 152.2
(C-6), 154.2 (qC), 164.1 (C5N). 2 MS (FAB, MeOH/glycerol):
m/z 5 282 [K1]. 2 IR (KBr): ν̃ (cm21) 5 3020/2960 m, 2870 w
(CH), 1645 s (C5N). 2 C17H20IN3O • 2 H2O (445.30): calcd. C
45.85, H 5.43, N 9.44; found C 45.98, H 5.12, N 8.91. 2 Optical
rotation (c 5 2.2, MeOH): [α]22

D 5 223, [α]22
578 5 224,

[α]22
546 5 228.

(2)-N9-Methyl-2-[4-(S)-(2-methylpropyl)oxazolin-2-yl]-4,49-
bipyridinium Iodide (1c): From oxazoline 3c. Orange solid (50%),
m.p. > 85°C (dec.). 2 1H NMR (250 MHz, CD3OD): δ 5 1.00 (d,
3J 5 6.6 Hz, 3 H, CH3), 1.02 (d, 3J 5 6.6 Hz, 3 H, CH39), 1.48
(0dt0, 2J 5 13.3 Hz, 3J 5 7.3 Hz, 1 H, CHAHBCHMe2), 1.78 (0dt0,
2J 5 13.3 Hz, 3J 5 6.6 Hz, 1 H, CHAHBCHMe2), 1.89 (0sept0,
3J 5 6.6 Hz, 1 H, CHMe2), 4.19 (0t0, 2J 5 3J 5 8.1 Hz, 1 H, Ox-
CHZHE), 4.4124.56 (m, 1 H, Ox-CH), 4.51 (s, 3 H, N-CH3), 4.73
(dd, 2J 5 8.1 Hz, 3J 5 9.5 Hz, 1 H, Ox-CHZHE), 8.13 (dd, 3J 5

5.2 Hz, 4J 5 2.0 Hz, 1 H, H-5), 8.53 (dd, 4J 5 2.0 Hz, 5J 5 0.8
Hz, 1 H, H-3), 8.55 (AA9BB9, 2 H, H-39, H-59), 8.90 (dd, 3J 5 5.2
Hz, 5J 5 0.8 Hz, 1 H, H-6), 9.10 (AA9BB9, 2 H, H-29, H-69). 2
13C NMR (62.9 MHz, CD3OD): δ 5 23.1 (CH3), 23.2 (CH39), 26.5
(CHMe2), 46.5 (CH2CHMe2), 49.0 (N-CH3), 66.5 (Ox-CH), 75.4
(Ox-CH2), 123.3 (C-3), 125.5 (C-5), 127.1 (C-39, C-59), 144.4 (qC),
147.6 (C-29, C-69), 149.1 (qC), 152.2 (C-6), 154.2 (qC), 163.9 (C5

N). 2 MS (FAB, MeOH/glycerol): m/z 5 719 [2K1 1 I2], 424
[MH1], 268 [K1]. 2 IR (KBr): ν̃ (cm21) 5 3020 m, 2950 s, 2865
m (CH), 1645 s (C5N). 2 C18H22IN3O • H2O (441.32): calcd. C
48.98, H 5.48, N 9.52; found C 49.24, H 5.46, N 9.61. 2 Optical
rotation (c 5 2.2, MeOH): [α]22

D 5 231, [α]22
578 5 232,

[α]22
546 5 236.

(2)-N9-Methyl-2-[4-(R)-phenyloxazolin-2-yl]-4,49-bipyridinium
Iodide (1d): From oxazoline 3d. Orange solid (63%), m.p. > 135°C
(dec.). 2 1H NMR (250 MHz, CD3OD): δ 5 4.40 (0t0, 2J 5 3J ø
8.5 Hz, 1 H, Ox-CHZHE), 4.50 (s, 3 H, N-CH3), 5.03 (dd, 2J 5 8.7
Hz, 3J 5 10.3 Hz, 1 H, Ox-CHZHE), 5.54 (dd, 3J 5 8.3 Hz, 3J 5

10.3 Hz, 1 H, Ox-CH), 7.2927.38 (m, 5 H, Ph-H), 8.15 (dd, 3J 5

5.2 Hz, 4J 5 2.0 Hz, 1 H, H-5), 8.54 (AA9BB9, 2 H, H-39, H-59),
8.58 (dd, 4J 5 2.0 Hz, 5J 5 0.8 Hz, 1 H, H-3), 8.93 (dd, 3J 5 5.2
Hz, 5J 5 0.8 Hz, 1 H, H-6), 9.09 (AA9BB9, 2 H, H-29, H-69). 2
13C NMR (62.9 MHz, CD3OD): δ 5 49.1 (N-CH3), 71.3 (Ox-CH),
77.1 (Ox-CH2), 123.6 (C-3), 125.8 (C-5), 127.1 (C-39, C-59), 128.0
(o- or m-Ph-C), 129.0 (p-Ph-C), 130.0 (m- or o-Ph-C), 143.0 (qC of
Ph), 144.4 (qC), 147.6 (C-29, C-69), 148.9 (qC), 152.4 (C-6), 154.1
(qC), 165.2 (C5N). 2 MS (FAB, MeOH/glycerol): m/z 5 316 [K1].
2 IR (KBr): ν̃ (cm21) 5 3020 m (CH), 1645 s (C5N). 2

C20H18IN3O • H2O (461.31): calcd. C 52.07, H 4.37, N 9.11; found
C 52.08, H 4.55, N 8.96. 2 Optical rotation (c 5 2.2, MeOH):
[α]22

D 5 215, [α]22
578 5 217, [α]22

546 5 219.

In this case the red side-product was recrystallised from aqueous
acetone/methanol to give dark-red tetrahedra, m.p. > 215°C (dec.),
which were characterised as N9,N99-dimethyl-2-[4-(R)-phenylox-
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azolinium-2-yl]-4,49-bipyridinium Diiodide (10). 2 1H NMR (400
MHz, D2O): δ 5 3.14 (s, 3 H, Ox-N-CH3), 4.40 (s, 3 H, N9-CH3),
5.16 (dd, 2J 5 14.4 Hz, 3J 5 3.9 Hz, 1 H, Ox-CHZHE), 5.40 (dd,
2J 5 14.4 Hz, 3J 5 4.7 Hz, 1 H, Ox-CHZHE), 5.48 (0t0, 3J ø 4.3
Hz, 1 H, Ox-CH), 7.1927.22 (m, 2 H, o-Ph-H), 7.3027.36 (m, 3
H, m- and p-Ph-H), 8.47 (AA9BB9, 2 H, H-39, H-59), 8.55 (dd, 3J 5

6.3 Hz, 4J 5 2.4 Hz, 1 H, H-5), 8.90 (d, 3J 5 5.2 Hz, 1 H, H-6),
8.97 (AA9BB9, 2 H, H-29, H-69), 9.09 (d, 4J 5 2.4 Hz, 1 H, H-3).
2 13C NMR (100.6 MHz, D2O): δ 5 34.5 (Ox-N-CH3), 48.7 (N9-
CH3), 58.8 (Ox-CH), 59.1 (Ox-CH2), 126.7 (o-Ph-C), 126.9 (C-3),
127.0 (C-39, C-59), 129.2 (C-5), 129.6 (p-Ph-C), 129.7 (m-Ph-C),
133.7/141.9 (qC), 146.3 (C-6), 146.6 (C-29, C-69), 149.2/152.3 (qC),
156.7 (C5N). 2 MS (FAB, H2O/glycerol) [34]: m/z 5 332 (weak)
[KH1], 331 [K1], 165.5 5 331/2 (very weak) [K11]. 2 IR (KBr):
ν̃ (cm21) 5 3060/2990 w (CH), 1675 s (C5N). 2 C21H21I2N3O •
2H2O (621.26): calcd. C 40.60, H 4.06, N 6.76; found C 40.71, H
4.32, N 6.53.

(1)-N9-Methyl-2-[4-(S)-benzyloxazolin-2-yl]-4,49-bipyridinium
Iodide (1e): 1.3 g (4.1 mmol) of 3e and 5.0 ml (80.0 mmol) of methyl
iodide in dry THF (50 ml) were stirred at r. t. for 40 h under nitro-
gen. The precipitated orange solid was filtered off and washed with
dry ether (23 10 ml). After recrystallisation from methanol/ether
at 220°C 1.84 g (4.0 mmol, 98%) of pure 1e were obtained. Light
orange solid, m.p. > 165°C (dec.). 2 1H NMR (250 MHz,
CD3OD): δ 5 2.92 (dd, 2J 5 13.7 Hz, 3J 5 7.1 Hz, 1 H,
CHAHBPh), 3.11 (dd, 2J 5 13.7 Hz, 3J 5 5.9 Hz, 1 H, CHAHBPh),
4.33 (dd, 2J 5 8.5 Hz, 3J 5 7.5 Hz, 1 H, Ox-CHZHE), 4.48 (s, 3
H, N-CH3), 4.58 (dd, 2J 5 8.5 Hz, 3J 5 9.5 Hz, 1 H, Ox-CHZHE),
4.75 (m, 1 H, Ox-CH), 7.1527.33 (m, 5 H, Ph-H), 8.11 (dd, 3J 5

5.2 Hz, 4J 5 2.0 Hz, 1 H, H-5), 8.48 (dd, 4J 5 2.0 Hz, 5J 5 0.8
Hz, 1 H, H-3), 8.51 (AA9BB9, 2 H, H-39, H-59), 8.89 (dd, 3J 5 5.2
Hz, 5J 5 0.8 Hz, 1 H, H-6), 9.08 (AA9BB9, 2 H, H-29, H-69). 2
13C NMR (62.9 MHz, CD3OD): δ 5 42.2 (CH2Ph), 49.0 (N-CH3),
69.0 (Ox-CH), 74.0 (Ox-CH2), 123.3 (C-3), 125.6 (C-5), 127.1 (C-
39, C-59), 127.7 (p-Ph-C), 129.6/130.6 (o- and m-Ph-C), 138.9 (qC
of Ph), 144.3 (qC), 147.6 (C-29, C-69), 149.0 (qC), 152.2 (C-6), 154.2
(qC), 164.4 (C5N). 2 MS (FAB, H2O/glycerol): m/z 5 787 [2K1

1 I2], 330 [K1]. 2 IR (KBr): ν̃ (cm21) 5 3020 m (CH), 1645 s
(C5N). 2 C21H20IN3O • 1/2 H2O (466.32): calcd. C 54.09, H 4.54,
N 9.01; found C 54.21, H 4.66, N 8.69. 2 Optical rotation (c 5

2.2, MeOH): [α]22
D 5 111, [α]22

578 5 112, [α]22
546 5 115,

[α]22
436 5 127.

(1)-N9-Methyl-2-[4-(S)-benzyloxazolin-2-yl]-4,49-bipyridinium
Hexafluorophosphate (11): 460 mg (1.0 mmol) of 1e were dissolved
in water (15 ml) and treated with 1 ml of saturated aqueous
NH4PF6. The precipitated yellow solid was collected after 30 min
and washed with little water. After recrystallisation from boiling
water 420 mg (0.9 mmol, 88%) of 11 were isolated. Light yellow,
hygroscopic solid, m.p. > 120°C (dec.). 2 1H NMR (250 MHz,
[D6]acetone): δ 5 2.90 (dd, 2J 5 13.9 Hz, 3J 5 7.5 Hz, 1 H,
CHAHBPh), 3.11 (dd, 2J 5 13.9 Hz, 3J 5 6.3 Hz, 1 H, CHAHBPh),
4.24 (dd, 2J 5 8.3 Hz, 3J 5 7.5 Hz, 1 H, Ox-CHZHE), 4.55 (dd,
2J 5 8.3 Hz, 3J 5 9.5 Hz, 1 H, Ox-CHZHE), 4.69 (s, 3 H, N-CH3),
4.6724.86 (m, 1 H, Ox-CH), 7.1327.38 (m, 5 H, Ph-H), 8.12 (dd,
3J 5 5.2 Hz, 4J 5 2.0 Hz, 1 H, H-5), 8.53 (dd, 4J 5 2.0 Hz, 5J 5

0.8 Hz, 1 H, H-3), 8.71 (AA9BB9, 2 H, H-39, H-59), 8.92 (dd, 3J 5

5.2 Hz, 5J 5 0.8 Hz, 1 H, H-6), 9.25 (AA9BB9, 2 H, H-29, H-69).
2 MS (FAB, MeOH/glycerol): m/z 5 476 (weak) [MH1], 330 [K1].
2 IR (KBr): ν̃ (cm21) 5 3150/3060/3030/2970/2910 w (CH), 1650
s (C5N), 840 vs, 555 s (PF). C21H20F6N3OP • H2O (493.39): calcd.
C 51.12, H 4.49, N 8.52; found C 51.12, H 4.44, N 8.36. 2 Optical
rotation (c 5 2.2, acetone): [α]22

D 5 17.7, [α]22
578 5 18.6,

[α]22
546 5 110, [α]22

436 5 120.
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4,49-Bipyridine N,N9-Dioxide Dihydrate (12): 5.4 g (57.4 mmol)
of commercially available H2O2/urea adduct and 8.5 g (57.4 mmol)
of phthalic anhydride were suspended in CH2Cl2 (60 ml). After 15
min 2.0 g (12.8 mmol) of 4,49-bipyridine (4) were added and stirred
for 3 d. Then the resulting suspension was poured into a saturated
solution of aqueous NaHCO3 (200 ml) and continuously extracted
with CHCl3 for 3 d. Removing the solvent and recrystallisation
from water afforded 2.72 g (12.1 mmol, 95% [ref. [31]: 80%]) of 4,49-
bipyridine N,N9-dioxide as the yellow dihydrate, m.p. > 250°C (ref.:
305°C[31], 3052306°C[36], 335°C[21]). 2 1H NMR (250 MHz,
D2O): δ 5 7.84 (AA9BB9, 4 H, H-3,39, H-5,59), 8.30 (AA9BB9, 4
H, H-2,29, H-6,69). 2 MS (FD, MeOH): m/z 5 188 [M1]. 2 IR
(KBr): ν̃ (cm21) 5 1255 s, 1245 vs (NO). C10H8N2O2 • 2 H2O
(224.22): calcd. C 53.57, H 5.39, N 12.49; found C 53.98, H 5.42,
N 12.26.

4,49-Bipyridine-2,29-dicarbonitrile (13): 12 (1.7 g, 7.6 mmol) and
dimethyl sulfate (15 ml, 157.7 mmol) were heated at 140°C for 30
min. The cooled solution was treated with ethanol (30 ml) and 70%
HClO4 (10 ml). The precipitated solid was collected, dried, dis-
solved in water (90 ml), weakly alkalised with Na2CO3 and cooled
on ice. A solution of 2.6 g (59 mmol) of NaCN in water (25 ml)
was added and the precipitation completed by stirring for 1 h. After
washing the filtered precipitate with ice water it was dried in vacuo
over P4O10. Recrystallisation from ethanol yielded 760 mg (3.7
mmol, 48%) of the white dinitrile 13. 2 1H NMR (250 MHz,
[D6]DMSO): δ 5 8.29 (dd, 3J 5 5.2 Hz, 4J 5 1.9 Hz, 2 H, H-5,
H-59), 8.66 (dd, 4J 5 1.9 Hz, 5J 5 0.9 Hz, 2 H, H-3, H-39), 8.95
(dd, 3J 5 5.2 Hz, 5J 5 0.9 Hz, 2 H, H-6, H-69). 2 MS (EI): m/z
(%) 5 206 (100) [M1]. 2 IR (KBr): ν̃ (cm21) 5 2230 m (C;N).

Dimethyl 4,49-Bipyridine-2,29-dicarboximidate (14): 50 mg (2.2
mmol) of sodium were dissolved in dry methanol (40 ml) under
nitrogen. 750 mg (3.6 mmol) of 13 were added and stirring at r. t.
was continued for 4 d. After addition of acetic acid (0.1 ml, 1.6
mmol) the solvent was evaporated and the residue treated with
warm ether (300 ml). Inorganic salts were removed by hot fil-
tration. Cooling the filtrate to 220°C lead to 600 mg (2.2 mmol,
62%) of 14. Colourless crystals, m.p. 2112214°C. 2 1H NMR (250
MHz, CDCl3): δ 5 4.07 (s, 6 H, CH3), 7.66 (dd, 3J 5 5.1 Hz, 4J 5

1.8 Hz, 2 H, H-5, H-59), 7.86 (dd, 4J 5 1.8 Hz, 5J 5 0.8 Hz, 2 H,
H-3, H-39), 8.79 (dd, 3J 5 5.1 Hz, 5J 5 0.8 Hz, 2 H, H-6, H-69),
9.31 (br s, 2 H, NH). 2 13C NMR (62.9 MHz, CDCl3): δ 5 54.0
(CH3), 118.8 (C-3, C-39), 123.0 (C-5, C-59), 146.7/148.8 (qC), 150.1
(C-6, C-69), 166.2 (C5N). 2 MS (EI): m/z (%) 5 270 (100) [M1],
240 (15), 239 (63) [M1 2 OCH3], 227 (20), 214 (14), 213 (83) [M1

2 OCH3 2 CH3OH], 182 (13), 181 (15), 180 (23), 156 (12), 155
(18), 153 (13), 58 (17). 2 IR (KBr): ν̃ (cm21) 5 3300/3265 m (NH),
1645 s (C5N), 1365 vs (CO). 2 C14H14N4O2 (270.29): calcd. C
62.21, H 5.22, N 20.73; found C 62.21, H 5.18, N 20.32.

(2)-2,29-Bis[4-(R)-phenyloxazolin-2-yl]-4,49-bipyridine (15):
Following general procedure I 580 mg (2.1 mmol) of 14 and 590
mg (4.3 mmol) of (R)-α-phenylglycinol were heated at 80°C in dry
chlorobenzene (20 ml) for 6 d. Flash chromatography (SiO2, 9.5 3

2.5 cm) with PE/acetone (1:1) as eluent (Rf 5 0.37 [acetone]) fol-
lowed by recrystallisation from PE/ether afforded 520 mg (1.2
mmol, 56%) of 15. Light yellow foam, m.p. 1022105°C. 2 1H
NMR (250 MHz, CDCl3): δ 5 4.44 (0t0, 2J 5 3J 5 8.6 Hz, 2 H,
Ox-CHZHE), 4.94 (dd, 2J 5 8.6 Hz, 3J 5 10.2 Hz, 2 H, Ox-
CHZHE), 5.50 (dd, 3J 5 8.6 Hz, 3J 5 10.2 Hz, 2 H, Ox-CH),
7.3027.41 (m, 10 H, Ph-H), 7.74 (dd, 3J 5 5.0 Hz, 4J 5 1.9 Hz, 2
H, H-5, H59), 8.50 (dd, 4J 5 1.9 Hz, 5J 5 0.9 Hz, 2 H, H-3, H-
39), 8.86 (dd, 3J 5 5.0 Hz, 5J 5 0.9 Hz, 2 H, H-6, H-69). 2 13C
NMR (62.9 MHz, CDCl3): δ 5 70.5 (Ox-CH), 75.5 (Ox-CH2),



Asymmetric Catalysis, 117 FULL PAPER
122.1/123.4 (C-3, C-39 and C-5, C-59), 126.9 (o- or m-Ph-C), 127.9
(p-Ph-C), 128.9 (m- or o-Ph-C), 141.6 (qC of Ph), 145.8/148.0 (qC),
150.7 (C-6, C-69), 163.6 (C5N). 2 MS (EI): m/z (%) 5 446 (100)
[M1], calcd. for C28H22N4O2 446.1743, found 446.1737, diff. 20.5
mmu/1.2 ppm, 416 (28) [M1 2 CH2O], 315 (20), 301 (20), 296 (21),
269 (31), 91 (44), 90 (42), 89 (24). 2 IR (KBr): ν̃ (cm21) 5 3055/
3025/2890 w (CH), 1640 s (C5N). 2 Optical rotation (c 5 1.27,
CHCl3): [α]22

D 5 278, [α]22
578 5 282, [α]22

546 5 295, [α]22
436 5

2168, [α]22
365 5 2271.

3,6-Dimethylpyrazine-2,5-dicarboxylic Acid (17): 1.4 g (6.2 mmol)
of dimethyl 3,6-dimethylpyrazine-2,5-dicarboxylate (16) [133] were
refluxed in 2  NaOH (50 ml) for 30 min. The cooled solution
was acidified with conc. HCl and the precipitate filtered off. After
recrystallisation from ethyl acetate 1.0 g (5.1 mmol, 82%) of 17
were obtained. Colourless crystals, m.p 195°C (ref. 1942195°C[37],
2002201°C[38]). 2 1H NMR (80 MHz, [D6]acetone): δ 5 2.78 (s,
CH3). 2 IR (KBr): ν̃ (cm21) 5 3465 s (OH), 1705 s (C5O).

3,6-Dimethylpyrazine-2,5-dicarboxylic Acid Chloride (18): 970 mg
(5.1 mmol) of 17 and 1.1 ml of SOCl2 were refluxed for 2 h. Excess
SOCl2 was removed in vacuo and the residue (1.18 g, 5.1 mmol,
99%), m.p. 98°C, was directly used in the next reaction. 2 1H
NMR (80 MHz, CDCl3): δ 5 2.85 (s, CH3). 2 MS (EI): m/z (%) 5

234 (14)/232 (21) [M1], 199 (33)/197 (100) [M1 2 Cl], 171 (24)/169
(74) [M1 2 Cl 2 CO], 143 (13)/141 (41) [M1 2 Cl 2 2 CO], 106
(17) [M1 2 2 Cl 2 2 CO]. 2 IR (KBr): ν̃ (cm21) 5 1755 vs (C5

O), 880/865 s (CCl).

(1)-2,5-Bis[4-(R)-phenyloxazolin-2-yl]-3,6-dimethylpyrazine
(19): To a solution of (R)-α-phenylglycinol (1.36 g, 9.9 mmol) and
dry triethylamine (1.4 ml) in CH2Cl2 (15 ml) was added during 15
min a solution of 18 (1.15 g, 4.9 mmol) in CH2Cl2 (12 ml) at 0°C
under nitrogen. The mixture was stirred for 16 h at r. t. The solvent
was removed and the residue treated with toluene (30 ml) and
SOCl2 (2.2 ml). After refluxing for 1 h the cooled solution was
evaporated. A solution of NaOH (800 mg, 20.0 mmol) in methanol
(40 ml) was added and refluxing continued for 3.5 h. To the cooled
solution ether (100 ml) and brine (30 ml) were added. The organic
layer was collected and the aqueous layer extracted with acetone
(33 30 ml). After washing with brine (20 ml) the combined organic
layers were dried over MgSO4 and evaporated. The oily residue was
purified by flash chromatography (SiO2, 10 3 3 cm) with PE/ethyl
acetate (1:1) as eluent (Rf 5 0.65 [ethyl acetate]). Recrystallisation
from ether/acetone yielded 900 mg (2.3 mmol, 46%) of 19. Light
yellow solid, m.p. 143°C. 2 1H NMR (250 MHz, CDCl3): δ 5 2.99
(s, 6 H, CH3), 4.35 (0t0, 2J 5 3J ø 8.6 Hz, 2 H, Ox-CHZHE), 4.90
(dd, 2J 5 8.7 Hz, 3J 5 10.2 Hz, 2 H, Ox-CHZHE), 5.56 (dd, 3J 5

8.5 Hz, 3J 5 10.2 Hz, 2 H, Ox-CH), 7.31 (m, 2 H, p-Ph-H), 7.34
(m, 4 H, o- or m-Ph-H), 7.38 (m, 4 H, m- or o-Ph-H). 2 13C NMR
(62.9 MHz, CDCl3): δ 5 23.4 (CH3), 71.1 (Ox-CH), 74.6 (Ox-
CH2), 126.7 (o- or m-Ph-C), 127.8 (p-Ph-C), 128.9 (m- or o-Ph-C),
141.0/141.7/151.6 (qC), 162.4 (C5N). 2 MS (EI): m/z (%) 5 398
(100) [M1], 307 (32), 121 (24), 118 (39), 104 (73), 103 (27), 91 (57),
89 (24). 2 IR (KBr): ν̃ (cm21) 5 3050/3020/2950/2920/2890 w
(CH), 1645 s (C5N). 2 C24H22N4O2 (398.46): calcd. C 72.34, H
5.56, N 14.06; found C 72.21, H 5.57, N 13.90. 2 Optical rotation
(c 5 1.29, CHCl3): [α]22

D 5 153, [α]22
578 5 157, [α]22

546 5 168,
[α]22

436 5 1171.

4-Phenylpyridine-2-carbonitrile (21): 5.0 g (29.2 mmol) of com-
mercially available 4-phenylpyridine N-oxide (20) and 4.0 ml (32.0
mmol) of trimethylsilyl cyanide were dissolved in CH2Cl2 (50 ml)
and stirred for 5 min under nitrogen. After adding 2.7 ml (29.3
mmol) of dimethylcarbamoyl chloride the resulting solution was
stirred at r. t. for 2 d. A solution of 10% aqueous K2CO3 (50 ml)
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was added and stirring continued for 10 min. The organic layer was
separated and the aqueous layer extracted with CH2Cl2 (23 25 ml).
The combined organic layers were washed with 25 ml of brine and
dried over MgSO4. Recrystallisation from PE (750 ml) yielded 4.2
g (23.3 mmol, 80%) of 21. Colourless needles, m.p. 99°C (ref.:
992100°C[39], 99°C[40] [41], 98299°C[42]). 2 1H NMR (250 MHz,
CDCl3): δ 5 7.4927.66 (m, 5 H, Ph-H), 7.72 (dd, 3J 5 5.2 Hz,
4J 5 1.6 Hz, 1 H, H-5), 7.90 (dd, 4J 5 1.6 Hz, 5J 5 0.8 Hz, 1 H,
H-3), 8.75 (dd, 3J 5 5.2 Hz, 5J 5 0.8 Hz, 1 H, H-6). 2 13C NMR
(62.9 MHz, CDCl3): δ 5 117.4 (CN), 124.6/126.4 (C-3 and C-5),
127.0/129.5 (o- and m-Ph-C), 130.2 (p-Ph-C), 134.6/136.0/149.9
(qC), 151.5 (C-6). 2 MS (EI): m/z (%) 5 180 (100) [M1], 179 (18),
153 (11). 2 IR (KBr): ν̃ (cm21) 5 2220 w (C;N). 2 C12H8N2

(180.21): calcd. C 79.98, H 4.47, N 15.54; found C 79.77, H 4.65,
N 15.40.

Methyl 4-Phenylpyridine-2-carboximidate (22): 20 mg (0.9 mmol)
of sodium were dissolved in dry methanol (8 ml) under nitrogen.
1.26 g (7.0 mmol) of 21 were added and stirring at r. t. was con-
tinued for 90 h. After addition of a few drops of acetic acid the
solvent was evaporated and the residue treated with warm ether
(70 ml). Inorganic salts were removed by hot filtration. After evap-
oration of the solvent and recrystallisation from PE 1.31 g (6.2
mmol, 88%) of the imino ether 22 were obtained as a light yellow
solid, m.p. 81283°C. 2 1H NMR (250 MHz, C6D6): δ 5 3.93 (s,
3 H, CH3), 6.95 (dd, 3J 5 5.1 Hz, 4J 5 1.8 Hz, 1 H, H-5),
6.9927.28 (m, 5 H, Ph-H), 8.05 (dd, 4J 5 1.8 Hz, 5J 5 0.8 Hz, 1
H, H-3), 8.36 (dd, 3J 5 5.0 Hz, 5J 5 0.8 Hz, 1 H, H-6), 10.02 (br
s, 1 H, NH). 2 13C NMR (62.9 MHz, C6D6): δ 5 53.7 (CH3),
119.0/122.9 (C-3 and C-5), 127.3/129.26 (o- and m-Ph-C), 129.27
(p-Ph-C), 138.2 (qC of Ph), 148.8/149.8 (qC), 149.9 (C-6), 166.7
(C5N). 2 MS (EI): m/z (%) 5 212 (79) [M1], 182 (17), 181 (83)
[M1 2 OCH3], 156 (13), 155 (100) [M1 2 CH3 2 CN], 154 (29)
[M1 2 CH3 2 HCN], 153 (11), 128 (17), 127 (27), 77 (17), 43 (17).
2 IR (KBr): ν̃ (cm21) 5 3290 m (NH), 1655 s (C5N), 1365 vs
(CO). 2 C13H12N2O (212.25): calcd. C 73.57, H 5.70, N 13.20;
found C 73.57, H 5.90, N 12.61.

(2)-4-(S)-(2-Methylpropyl)-2-(4-phenylpyridin-2-yl)oxazoline
(23a): Following general procedure I 1.35 g (6.3 mmol) of 22 and
750 mg (6.4 mmol) of (S)-leucinol were heated at 80°C in dry
chlorobenzene (25 ml) for 64 h. Flash-chromatography (SiO2, 9 3

3 cm) with PE/acetone (2:1) as eluent (Rf 5 0.26) followed by
recrystallisation from PE/ether afforded 1.35 g (4.8 mmol, 76%) of
23a. Colourless needles, m.p. 43244°C. 2 1H NMR (250 MHz,
CDCl3): δ 5 0.98 (d, 3J 5 6.7 Hz, 3 H, CH3), 1.00 (d, 3J 5 6.3
Hz, 3 H, CH39), 1.43 (0dt0, 2J 5 13.5 Hz, 3J 5 7.1 Hz, 1 H,
CHAHBCHMe2), 1.78 (0dt0, 2J 5 13.5 Hz, 3J ø 6.7 Hz, 1 H,
CHAHBCHMe2), 1.89 (0sept0, 3J ø 6.3 and 6.7 Hz, 1 H, CHMe2),
4.10 (0t0, 2J 5 3J 5 8.0 Hz, 1 H, Ox-CHZHE), 4.43 (m, 1 H, Ox-
CH), 4.65 (dd, 2J 5 8.0 Hz, 3J 5 9.5 Hz, 1 H, Ox-CHZHE),
7.4127.55 (m, 3 H, Ph-H), 7.59 (dd, 3J 5 5.2 Hz, 4J 5 1.6 Hz, 1
H, H-5), 7.6627.72 (m, 2 H, Ph-H), 8.29 (dd, 4J 5 1.6 Hz, 5J 5

0.8 Hz, 1 H, H-3), 8.74 (dd, 3J 5 5.2 Hz, 5J 5 1.2 Hz, 1 H, H-6).
2 13C NMR (62.9 MHz, CDCl3): δ 5 22.7 (CH3 and CH39), 25.5
(CHMe2), 45.5 (CH2CHMe2), 65.5 (Ox-CH), 73.7 (Ox-CH2), 121.8
(C-3), 123.1 (C-5), 127.1/129.1 (o- and m-Ph-C), 129.3 (p-Ph-C),
137.5 (qC of Ph), 147.6/149.1 (qC), 150.1 (C-6), 162.6 (C5N). 2

MS (EI): m/z (%) 5 280 (21) [M1], 224 (40), 223 (80) [M1 2 C4H9],
196 (21), 195 (35), 181 (42), 169 (100), 168 (30), 155 (47), 154 (63),
127 (34), 84 (30). 2 IR (KBr): ν̃ (cm21) 5 3055/3025 w, 2955 s,
2925/2875 m (CH), 1645 s (C5N). 2 C18H20N2O (280.37): calcd.
C 77.11, H 7.19, N 9.99; found C 76.94, H 7.18, N 9.95. Optical
rotation (c 5 1.27, CHCl3): [α]22

D 5 230, [α]22
578 5 233, [α]22

546 5

239, [α]22
436 5 278, [α]22

365 5 2160.
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(1)-4-(S)-Benzyl-2-(4-phenylpyridin-2-yl)oxazoline (23b): Fol-

lowing general procedure I 580 mg (2.7 mmol) of 22 and 415 mg
(2.7 mmol) of (S)-phenylalaninol were heated at 80°C in dry chlo-
robenzene (20 ml) for 64 h. Flash-chromatography (SiO2, 10 3 3
cm) with PE/acetone (2:1) as eluent (Rf 5 0.17) followed by recrys-
tallisation from PE/ether afforded 560 mg (1.8 mmol, 66%) of 23b.
Ivory coloured needles, m.p. 1562157°C. 2 1H NMR (250 MHz,
CDCl3): δ 5 2.78 (dd, 2J 5 13.8 Hz, 3J 5 9.1 Hz, 1 H, CHAHBPh),
3.33 (dd, 2J 5 13.8 Hz, 3J 5 5.0 Hz, 1 H, CHAHBPh), 4.25 (dd,
2J 5 8.6 Hz, 3J 5 7.7 Hz, 1 H, Ox-CHZHE), 4.47 (dd, 2J 5 8.6
Hz, 3J 5 9.4 Hz, 1 H, Ox-CHZHE), 4.69 (dddd, 3J 5 9.4 Hz, 3J 5

9.1 Hz, 3J 5 7.7 Hz, 3J 5 5.0 Hz, 1 H, Ox-CH), 7.1927.35 (m, 5
H, Ox-Ph-H), 7.4127.53 (m, 3 H, Py-Ph-H), 7.60 (dd, 3J 5 5.2
Hz, 4J 5 2.0 Hz, 1 H, H-5), 7.6727.72 (m, 2 H, Py-Ph-H), 8.31
(dd, 4J 5 2.0 Hz, 5J 5 0.8 Hz, 1 H, H-3), 8.74 (dd, 3J 5 5.2 Hz,
5J 5 0.8 Hz, 1 H, H-6). 2 13C NMR (62.9 MHz, CDCl3): δ 5

41.7 (CH2Ph), 68.2 (Ox-CH), 72.6 (Ox-CH2), 121.9 (C-3), 123.4
(C-5), 126.6 (Ox-p-Ph-C), 127.1 (Ox-o- or m-Ph-C), 128.6 (Py-o- or
m-Ph-C), 129.17/129.23 (Ox- and Py-m- or o-Ph-C), 129.4 (Py-p-
Ph-C), 137.4 (qC of Py-Ph), 137.9 (qC of Ox-Ph), 147.4/149.2 (qC),
150.2 (C-6), 163.3 (C5N). 2 MS (EI): m/z (%) 5 314 (5) [M1],
224 (17), 223 (100) [M1 2 CH2Ph], 195 (21), 168 (24), 167 (12),
154 (14), 127 (12). 2 IR (KBr): ν̃ (cm21) 5 3050/3030/2970/2955/
2920/2890 w (CH), 1650 s (C5N). 2 C21H18N2O (314.39): calcd.
C 80.23, H 5.77, N 8.91; found C 80.30, H 5.82, N 8.91. 2 Optical
rotation (c 5 1.26, CHCl3): [α]20

D 5 133, [α]20
578 5 135, [α]20

546 5

140, [α]20
436 5 179, [α]20

365 5 1148.

General Procedure III [(η4-1,5-Cyclooctadiene)oxazoline-rho-
dium(I) Complexes]: To a stirred solution of 1.0 mmol of oxazoline
in dry CH2Cl2 (6 ml) were added 247 mg (0.5 mmol) of
[Rh(cod)Cl]2 in dry CH2Cl2 (6 ml) under nitrogen. The resulting
dark red solution was stirred for 2 h, then excess (ca. 1.4 mmol) of
solid NH4PF6 or NaBF4 (for 26) was added. After stirring for an-
other 122 h, the inorganic salts were filtered off and rinsed with 2
ml of dry CH2Cl2. The filtrate containing the complex was treated
as described for the individual compounds.

(2)-(η4-1,5-Cyclooctadiene){2-[4-(R)-phenyloxazolin-2-yl]-
4,49-bipyridine-N,N99}rhodium(I) Hexafluorophosphate (24): From
oxazoline 3d. By adding 6 ml of dry PE to the filtrate and cooling
to 220°C 607 mg (0.9 mmol, 92%) of 24 were obtained. Red mi-
crocrystalline solid, m.p. > 245°C (dec.). 2 1H NMR (400 MHz,
CDCl3): δ 5 1.7221.80 (m, 2 H, cod-Hendo-3, Hendo-8), 1.8921.94
(m, 2 H, cod-Hendo-4, Hendo-7), 2.1922.28 (m, 2 H, cod-Hexo-3,
Hexo-8), 2.4322.52 (m, 2 H, cod-Hexo-4, Hexo-7), 3.9324.00 (m, 2
H, cod-H-1, H-2), 4.4124.48 (m, 2 H, cod-H-5, H-6), 4.67 (m, 1
H, Ox-CH?), 5.33 (m, 2 H, Ox-CH2?), 7.3127.33 (m, 2 H, m-Ph-
H), 7.4127.47 (m, 3 H, o- and p-Ph-H), 7.65 (AA9BB9, 2 H, H-39,
H-59), 7.98 (0d0, 3J 5 5.6 Hz, 1 H, H-6), 8.06 (dd, 3J 5 5.6 Hz,
4J 5 2.0 Hz, 1 H, H-5), 8.17 (dd, 4J 5 2.0 Hz, 5J 5 0.5 Hz, 1 H,
H-3), 8.75 (AA9BB9, 2 H, H-29, H-69). 2 MS (FD, CH2Cl2): m/z 5

512 [K1]. HR-MS (FAB, m-NBA 1 1% TFA): m/z (%) 5 512
(100%) [K1], calcd. for C27H27N3ORh 512.1209, found 512.1215,
diff. 10.6 mmu/1.2 ppm. 2 IR (KBr): ν̃ (cm21) 5 2985/2950/2885/
2840 w (CH), 1645 w (C5N), 840 vs, 555 s (PF). 2 Optical rotation
(c 5 0.38, MeOH): [α]22

D 5 26.6, [α]22
578 5 26.6, [α]22

546 5 215.

(1)-(η4-1,5-Cyclooctadiene){2-[4-(S)-benzyloxazolin-2-yl]-
4,49-bipyridine-N,N99}rhodium(I) Hexafluorophosphate (25): From
oxazoline 3e. The filtrate was evaporated, the residue was dissolved
in dry acetone (5 ml) and dry ether (10 ml) was added. Crystalli-
sation at 220°C yielded 550 mg (0.8 mmol, 82%) of 25. Red
needles, m.p. > 205°C (dec.). 2 1H NMR (250 MHz, CDCl3): δ 5

1.8222.02 (m, 2 H, cod-Hendo-3, Hendo-8), 2.0922.16 (m, 2 H, cod-
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Hendo-4, Hendo-7), 2.3522.44 (m, 2 H, cod-Hexo-3, Hexo-8),
2.5822.74 (m, 2 H, cod-Hexo-4, Hexo-7), 2.84 (dd, 2J 5 13.9 Hz,
3J 5 8.1 Hz, 1 H, CHAHBPh), 3.03 (dd, 2J 5 13.9 Hz, 3J 5 4.4
Hz, 1 H, CHAHBPh), 4.3624.46 (m, 3 H, Ox-CH? and cod-H-1,
H-2), 4.6424.81 (m, 4 H, Ox-CH2? and cod-H-5, H-6), 7.2227.35
(m, 5 H, Ph-H), 7.60 (AA9BB9, 2 H, H-39, H-59), 7.98 (0s0, 1 H, H-
3), 8.02 (0d0, 3J ø 5.4 Hz, 1 H, H-6), 8.08 (0d0, 3J ø 5.4 Hz, 1 H,
H-5), 8.76 (AA9BB9, 2 H, H-29, H-69). 2 13C NMR (62.9 MHz,
CDCl3): δ 5 29.7 (cod-C-3, C-8), 31.3 (cod-C-4, C-7), 40.5
(CH2Ph), 63.9 (Ox-CH), 76.4 (Ox-CH2), 82.6 (d, 1JRh,C 5 12.9 Hz,
cod-C-1, C-2), 85.0 (d, 1JRh,C 5 12.6 Hz, cod-C-5, C-6), 121.5 (C-
39, C-59), 123.3 (C-3), 127.5 (p-Ph-C), 127.9 (C-5), 129.0/129.6 (o-
and m-Ph-C), 134.8 (qC of Ph), 142.2/145.6/150.1 (qC), 150.2 (C-
6), 151.2 (C-29, C-69), 171.1 (C5N). 2 MS (FAB, CH2Cl2/m-
NBA): m/z 5 526 [K1], 418 [K1 2 cod]. 2 IR (KBr): ν̃ (cm21) 5

2950/2925/2890/2840 w (CH), 1650 w (C5N), 845 vs, 565 s (PF).
2 C28H29F6N3OPRh (671.43): calcd. C 50.09, H 4.35, N 6.26;
found C 49.84, H 4.47, N 6.03. 2 Optical rotation (c 5 0.29,
MeOH): [α]26

D 5 163, [α]26
578 5 152, [α]26

546 5 166.

(1)-(η4-1,5-Cyclooctadiene){2-[4-(S)-benzyloxazolin-2-yl]-
4,49-bipyridine-N,N99}rhodium(I) Tetrafluoroborate (26): From ox-
azoline 3e. The filtrate was evaporated, the residue was dissolved
in dry acetone (5 ml) and dry ether (5 ml) was added. Crystallis-
ation at 220°C yielded 540 mg (0.9 mmol, 88%) of 26. Red micro-
crystalline solid, m.p. > 150°C (dec.). 2 1H NMR (250 MHz,
CDCl3): δ 5 1.7921.93 (m, 2 H, cod-Hendo-3, Hendo-8), 2.0422.17
(m, 2 H, cod-Hendo-4, Hendo-7), 2.3022.44 (m, 2 H, cod-Hexo-3,
Hexo-8), 2.5922.74 (m, 2 H, cod-Hexo-4, Hexo-7), 2.87 (dd, 2J 5

13.9 Hz, 3J 5 7.6 Hz, 1 H, CHAHBPh), 3.03 (dd, 2J 5 13.9 Hz,
3J 5 4.5 Hz, 1 H, CHAHBPh), 4.4024.51 (m, 3 H, Ox-CH? and
cod-H-1, H-2), 4.5924.86 (m, 4 H, Ox-CH2? and cod-H-5, H-6),
7.2127.35 (m, 5 H, Ph-H), 7.65 (AA9BB9, 2 H, H-39, H-59), 7.99
(0s0, 1 H, H-3), 8.14 (0d0, 3J ø 5.5 Hz, 1 H, H-6), 8.23 (0d0, 3J ø
4.0 Hz, 1 H, H-5), 8.77 (AA9BB9, 2 H, H-29, H-69). 2 13C NMR
(62.9 MHz, CDCl3): δ 5 29.7 (cod-C-3, C-8), 31.3 (cod-C-4, C-7),
40.5 (CH2Ph), 63.9 (Ox-CH), 76.5 (Ox-CH2), 82.6 (d, 1JRh,C 5 12.7
Hz, cod-C-1, C-2), 85.1 (d, 1JRh,C 5 12.6 Hz, cod-C-5, C-6), 121.5
(C-39, C-59), 123.1 (C-3), 127.5 (p-Ph-C), 128.2 (C-5), 129.0/129.6
(o- and m-Ph-C), 134.8 (qC of Ph), 142.1/145.4/150.0 (qC), 150.7
(C-6), 151.2 (C-29, C-69), 171.2 (C5N). 2 MS (FD, CH2Cl2):
m/z 5 526 [K1]. 2 IR (KBr): ν̃ (cm21) 5 2945/2915/2880/2835 w
(CH), 1645 w (C5N), 1085/1060 vs (BF). 2 C28H29BF4N3ORh •
H2O (631.29): calcd. C 53.27, H 4.95, N 6.65; found C 53.36, H
4.79, N 6.43. Optical rotation (c 5 0.58, MeOH): [α]23

D 5 173°,
[α]23

578 5 170°, [α]23
546 5 183°.

(1)-(η4-1,5-Cyclooctadiene){4-(S)-(2-methylpropyl)-2-(4-
phenylpyridin-2-yl)oxazoline-N,N9}rhodium(I) Hexafluorophos-
phate (27): From oxazoline 23a. By adding 12 ml of dry ether to
the filtrate and cooling to 220°C a bright orange solid (475 mg,
0.7 mmol, 75%) was obtained. Slow diffusion of ether into a CHCl3
solution yielded 27 as red needles, m.p. > 185°C (dec.). 2 1H NMR
(250 MHz, CDCl3): δ 5 0.93 (d, 3J 5 6.5 Hz, 3 H, CH3), 0.98 (d,
3J 5 6.5 Hz, 3 H, CH39), 1.4021.70 (m, 3 H, CH2CHMe2), 1.89
(m, 2 H, cod-Hendo-3, Hendo-8), 2.0522.20 (m, 2 H, cod-Hendo-4,
Hendo-7), 2.43 (m, 2 H, cod-Hexo-3, Hexo-8), 2.5822.82 (m, 2 H,
cod-Hexo-4, Hexo-7), 4.1624.27 (m, 1 H, Ox-CH?), 4.3024.80 (m,
4 H, cod-olefinic-H), 4.58 (dd, 2J ø 9.0 Hz, 3J 5 5.9 Hz, 1 H, Ox-
CHEHZ?), 4.96 (0t0, 2J 5 3J 5 9.0 Hz, 1 H, Ox-CHEHZ?),
7.4827.56 (m, 3 H, Ph-H), 7.6627.73 (m, 2 H, Ph-H), 7.8927.94
(m, 1 H, Py-H), 7.9928.02 (m, 2 H, Py-H). 2 13C NMR (62.9
MHz, CDCl3): δ 5 21.5 (CH3), 23.7 (CH39), 25.3 (CHMe2), 29.3/
30.4/31.2 (br, cod-CH2), 44.1 (CH2CHMe2), 62.1 (d, 2JRh,C 5 2.1
Hz, Ox-CH), 77.3 (Ox-CH2), 82.5/83.1/85.9 (br, cod-CH), 123.0 (d,
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3JRh,C 5 0.9 Hz, C-3), 127.2 (d, 3JRh,C 5 0.9 Hz, C-5), 127.4/129.7
(o- and m-Ph-C), 131.3 (p-Ph-C), 134.6 (qC of Ph), 145.2 (qC),
149.6 (d, 2JRh,C 5 0.6 Hz, C-6), 153.0 (qC), 170.9 (d, 2JRh,C 5 1.4
Hz, C5N). 2 MS (FAB, CH2Cl2/m-NBA): m/z 5 491 [K1]. 2 IR
(KBr): ν̃ (cm21) 5 2965/2885 w (CH), 1645 w (C5N), 840 vs, 555
s (PF). 2 C26H32F6N2OPRh (636.42): calcd. C 49.07, H 5.07, N
4.40; found C 49.07, H 5.25, N 4.43. 2 Optical rotation (c 5 0.46,
MeOH): [α]22

D 5 183, [α]22
578 5 188, [α]22

546 5 187.

X-ray Structure Analysis of 27: C26H32F6N2OPRh (636.42); crys-
tal dimensions 0.32 3 0.13 3 0.13 mm3; crystal system tetragonal;
space group I41 (80); unit cell dimensions: a 5 b 5 38.1211(1), c 5

7.5213(1) Å, α 5 β 5 γ 5 90°, V 5 10930.1(2) Å3, Z 5 16; density
dcalcd. 5 1.55 g/cm3, µ(Mo-Kα) 5 0.75 mm21, T 5 293(2) K; θ
range for data collection 1.5225.6°; total no. of reflections 41381,
independent reflections 9353 (Rint 5 0.0523), observed reflections
with I > 2σ(I) 7346; data/restraints/parameters: 9349/29/691; good-
ness-of-fit on F2 5 1.11; final R indices [I > 2σ(I)]: R1 5 0.044,
wR2 5 0.092; absolute structure parameter: 20.05(3). Further de-
tails of the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-
poldshafen (Germany), on quoting the depository number CSD-
407778.

(1)-Di(η4-1,5-cyclooctadiene){2,29-bis[4-(R)-phenyloxazolin-
2-yl]-4,49-bipyridine-N,N99,N9,N999}dirhodium(I) Bis(hexafluoro-
phosphate) (26): To a stirred solution of 150 mg (0.33 mmol) of 15
in dry CH2Cl2 (4 ml) were added 163 mg (0.33 mmol) of
[Rh(cod)Cl]2 in CH2Cl2 (5 ml) under nitrogen. The resulting dark
red solution was stirred for 1.5 h, then solid NH4PF6 (165 mg, 1.0
mmol) was added. After stirring for another 1.5 h, the inorganic
salts were filtered off and rinsed with 2 ml of CH2Cl2. The filtrate
was evaporated and the residue was dissolved in dry acetone (5 ml).
Adding dry ether (5 ml) and subsequent cooling to 220°C yielded
215 mg (0.2 mmol, 56%) of 26. Dark red solid, m.p. > 110°C (dec.).
2 1H NMR (250 MHz, CDCl3): δ 5 1.6022.00 (m, 8 H, cod-
Hendo), 2.1022.60 (m, 8 H, cod-Hexo), 3.96 (m, 4 H, cod-H-1, H-
2, H-19, H-29), 4.42 (m, 4 H, cod-H-5, H-6, H-59, H-69), 4.62 (m,
2 H, Ox-CH?), 5.1025.50 (m, 4 H, Ox-CH2?), 7.1027.50 (m, 10
H, Ph-H), 8.26 and 8.51 (m, 6 H, Py-H). 2 MS (FD, CH2Cl2):
m/z 5 1013 [M1 2 PF6], 657 [Rh(cod)151], 434 5 868/2 [K11]. 2

HR-MS (FAB, m-NBA 1 1% TFA): m/z (%) 5 657 (100%)
[Rh(cod)151], calcd. for C36H34N4O2Rh 657.1737, found 657.1713,
diff. 22.4 mmu/3.7 ppm. 2 IR (KBr): ν̃ (cm21) 5 3060/3030/2940/
2915/2875/2830 w (CH), 1645 w (C5N), 840 vs, 555 s (PF). 2

Optical rotation (c 5 0.45, acetone): [α]23
D 5 116, [α]23

578 5 112,
[α]23

546 5 23.3.

; Dedicated to Professor H. Nöth on the occasion of his 70th
birthday.
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Novel N9-methylated 2-(oxazolin-2-yl)-4,49-bipyridinium
salts, bearing a chiral oxazoline moiety, were tested in the
Rh(I)-catalysed enantioselective hydrosilylation. After coor-
dination to rhodium these electron-attracting ligands are
supposed to exhibit charge-transfer effects with electron-do-
nating substrates. Therefore, a new catalytic hydrosilylation

Introduction

In the Rh(I)-catalysed enantioselective hydrosilylation of
prochiral ketones, the substrate (e.g. acetophenone 1a) re-
acts with diphenylsilane to yield the chiral silylalkyl ether
2a (Scheme 1)[1] [2] [3]. After hydrolysis the chiral 1-phenyl-
ethanol 4a is obtained. Asymmetric induction is brought
about by in situ Rh(I)-catalysts consisting of [Rh(cod)Cl]2
and preferably nitrogen ligands, e.g. chiral oxazo-
lines[4] [5] [6] [7].

Scheme 1

In the preceding paper, we proposed charge-transfer in-
teractions for a possible pre-orientation of the substrate to
be hydrosilylated with respect to the catalytic centre. We

[e] Part 117: H. Brunner, R. Störiko, F. Rominger, Eur. J. Inorg.
Chem. 1998, 7712781, preceding paper.
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reaction with 2,5-dimethoxyacetophenone as an electron-
rich substrate was developed. The results were compared
with those of the non-methylated 2-(oxazolin-2-yl)-4,49-bipy-
ridine and related ligands. In addition, the new ligands and
Rh(I)-complexes were tested in the hydrosilylation of aceto-
phenone.

tried to find evidence for charge-transfer effects in the
Rh(I)-catalysed hydrosilylation using the electron-rich 2,5-
dimethoxyacetophenone as the substrate. As acceptor with
electron-accepting properties we resorted to the Rh(I)-coor-
dinated 2-(oxazolin-2-yl)-4,49-bipyridinium salts 5, de-
scribed in the preceding publication. The adduct catalyst/
substrate should resemble the charge-transfer complex pa-
raquat/hydroquinone (both formulas are shown in the pre-
ceding paper, see Introduction). In the ligands of type 5
chirality is easily introduced into the oxazoline ring. Li-
gands 5 contain the same 2-(pyridin-2-yl)oxazoline chelat-
ing unit as the ligands of type 6 (Scheme 2), which were

Scheme 2
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among the first successful chiral nitrogen ligands in enanti-
oselective catalysis[4] [8].

To establish charge-transfer effects in the Rh(I)-catalysed
enantioselective hydrosilylation, the catalytic results of the
ligands of type 5 were compared with those of similar but
less electron-accepting ligands. Obvious differences in the
optical yield might originate from a charge-transfer me-
diated pre-orientation.

Hydrosilylation of 2,5-Dimethoxyacetophenone

2,5-Dimethoxyacetophenone (1b) has already been tested
in the asymmetric hydrosilylation[9] and in two recent pa-
pers it has been reduced with chiral auxiliaries[10] [11]. A
standard procedure for the hydrosilylation of 2,5-dimeth-
oxyacetophenone with diphenylsilane was set up[12], similar
to the acetophenone/diphenylsilane system. Since the ra-
cemic alcohol 4b was not well characterised in the litera-
ture[13], it was synthesised by reduction of 1b with KBH4 in
methanol and spectroscopically characterised. The catalytic
intermediates 2b and 3b were analysed in situ by 1H NMR
spectroscopy. The silylenol ether 3b originates from the enol
tautomer of 1b and on hydrolysis reverts to the ketone 1b
(Scheme 1). Hence, it reduces the chemical yield of the chi-
ral alcohol 4b.

For quantification of the catalytic results three param-
eters were calculated from the 1H NMR spectra (80 MHz,
CDCl3), which were recorded for each catalysis (reproduc-
ibility about ±5%): (i) the amount of silylenol ether 3 in
the hydrosilylation product: 3/(213); (ii) the total degree
of hydrosilylation (conversion): (213)/(11213) and (iii) the
chemical yield of the silylalkyl ether 2, which on hydrolysis
is converted to the chiral product 4: (2)/(11213). The en-
antiomeric excess of the alcohol 4 was determined by GC
with a Chirasil-DEX CB column (reproducibility ±0.5%).
The values in the tables were averaged over usually two in-
dependent runs, differing in most cases less than 5% (con-
version and chemical yield) and 1% (ee), respectively.

To compare the N9-methylated ligands 5a2e with the
non-methylated ligands 7a2e (Scheme 2) each pair was
doubly tested in parallel runs. No CCl4 (see later) was ad-
ded due to the limited solubility of the ionic compounds
5a2e in chlorinated solvents. For reaction conditions and
results see Table 1.

All the N9-methylated ligands 5a-e induced much higher
optical inductions than their non-methylated counterparts
7a2e (Figure 1). The pair 5c/7c exhibited the largest differ-
ence with an average ∆ee of about 40%. The degree of
hydrosilylation was generally high (>79%), in some cases
even quantitative. The amount of silylenol ether scattered
around 14258%.

The non-methylated bipyridines 7a and 7e performed
much better if CCl4 was added. No silylenol ether was
formed and the optical yield increased remarkably (Table
1). This significant increase in asymmetric induction on
conducting the hydrosilylation in CCl4 is known as the CCl4
effect [4] [14] [15] and will be referred to later.

Eur. J. Inorg. Chem. 1998, 7832788784

Table 1. Hydrosilylation of 2,5-dimethoxyacetophenone with 5a2e,
7a2e, 8e, 9c and 9e; reaction time: 90 h (no solvent) or 18 h (in
CCl4); catalyst: 0.23 mol% [Rh(cod)Cl]2 (0.46 mol% Rh) and 2.3

mol% ligand; substrate/Rh: 214:1

ligand no of runs silylenol conver- chemical ee (config.) [%]
ether [%] sion [%] yield [%]

7a 2 26 95[a] 71 5.8 (S)
2 (1 CCl4) 0 77 77 38.5 (S)

5a 2 22 86[a] 68 27.0 (S)
7b 2 23 99[a] 77 3.2 (R)
5b 2 34 90[a] 60 28.1 (R)
7c 2 26 100 75 7.1 (R)
5c 2 19 86 70 44.4 (R)
9c 2 (18 h) 11 97[a] 88 46.3 (R)
7d 2 25 100 76 1.0 (S)
5d 2 50 93[a] 47 10.5 (S)
7e 4 21 96[a] 76 6.7 (R)

2 (1 CCl4) 0 96[a] 96 52.1 (R)
5e 4 26 91[a] 68 29.0 (R)
8e 2 30 78 55 9.4 (R)
9e 2 (18 h) 12 99[a] 87 44.8 (R)

[a] No more diphenylsilane detectable by 1H NMR spectroscopy
(80 MHz, CDCl3).

Figure 1. Comparison of the enantioselectivities of the hydrosilyla-
tion of 2,5-dimethoxyacetophenone with the ligands 7a2e and

5a2e

Unexpectedly, the anion exchanged 8e (hexafluorophos-
phate instead of iodine in 5e, Scheme 2) led to a much lower
enantioselectivity than 5e (Table 1), a result which does not
fit into the picture of charge-transfer interactions between
coordinated ligand and substrate.

The 2-(4-phenylpyridin-2-yl)oxazoline ligands 9c and 9e
(Scheme 2) are sterically almost identical to 7c and 7e,
respectively. As they are definitely less electron-attracting
than 5c and 5e, no charge-transfer effects were expected in
the hydrosilylation of 2,5-dimethoxyacetophenone. Surpris-
ingly, both ligands yielded relatively high enantioselectivi-
ties (9c: 46.3% ee, 9e: 44.8% ee, Table 1), which are slightly
better than the N9-methylated ligands 5c and 5e and differ
markedly from their sterically equivalent 4,49-bipyridine
counterparts 7c and 7e. An explanation of these findings
might be the free N9-position in the ligands 7. It is known
that for the Rh(I)-catalysed hydrosilylation with nitrogen
ligands, a ligand excess is beneficial. This points to equilib-
ria involving catalytically active species containing at least
two ligand molecules, one of which could be even monod-
entate [15]. Only the non-methylated ligands 7 can bind via
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their free pyridine9 nitrogen and this might result in the low
optical yields. Due to the methylation of this nitrogen in 5
and due to the phenyl substituent in 9 the formation of such
species is impossible for these ligands.

Also, the bisoxazolines 10 and 11 (Scheme 3) were tested
due to their potential charge-transfer properties if coordi-
nated to two Rh-centres. A Rh/ligand ratio of 2:1 was used
and CCl4 was added (no precipitation as with ligands 5a2e
was observed). However, no asymmetric induction was ob-
served with 10 and 11 [12].

Scheme 3

So far the hydrosilylation results did not provide defini-
tive proof for charge-transfer interactions between coordi-
nated ligand and substrate. Hence, we investigated the ab-
sorption behaviour of some presumed catalytic intermedi-
ates looking for charge-transfer transitions[16]. The UV
spectra of equally concentrated methanol solutions of 2,5-
dimethoxyacetophenone, [Rh(cod)5e]Cl (prepared in situ),
and [Rh(cod)5e]Cl 1 2,5-dimethoxyacetophenone (1:1)
were recorded. 2,5-Dimethoxyacetophenone showed an ab-
sorption maximum at 330 nm in accord with the litera-
ture[17]. [Rh(cod)5e]Cl exhibited a maximum at 287 nm and
a shoulder at ca. 380 nm. The spectrum of the 1:1 catalyst/
substrate mixture was only a superposition of the com-
pounds9 single spectra. No charge-transfer transitions were
found up to 900 nm (Figure 2).

By substituting the electron-rich 2,5-dimethoxyaceto-
phenone for the much less electron-donating acetophenone
(to be described next), charge-transfer interactions should
be strongly reduced. However, 5e used as a cocatalyst in
the hydrosilylation of acetophenone gave a higher optical
induction than the non-methylated 7e (17.8% compared to
9.6% ee, similar amounts of silylenol ether and chemical
yields under identical conditions)[12].

All these experiments showed that the desired charge-
transfer interactions, if existent at all, had only little influ-
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Figure 2. UV-Spectra in methanol (ca. 1025 M)

ence on the catalytic results compared to other effects re-
sulting from the nature of the ligands.

Hydrosilylation of Acetophenone

The new ligands were tested in the hydrosilylation of aceto-
phenone with diphenylsilane in CCl4. The results of the ox-
azolines 7a-f and the bisoxazoline 10 are shown in Table 2.
In general good chemical (up to 95%) and optical yields
(up to 74% ee) were obtained. In most cases no silylenol
ether was formed.

Table 2. Hydrosilylation of acetophenone with 7a-f and 10; reaction
time: 18 h; catalyst: 0.24 mol% [Rh(cod)Cl]2 (0.48 mol% Rh) and

2.35 mol% ligand; substrate/Rh: 210:1

ligand no of runs silylenol conver- chemical ee
(solvent) ether sion yield (config.)

[%] [%] [%] [%]

7a 2 (CCl4) 0 92[a] 92 59.8 (S)
7b 2 (CCl4) 0 91[a] 91 66.5 (R)
7c 2 (CCl4) 0 94[a] 94 73.9 (R)
7d 2 (CCl4) 7 78[a] 70 62.9 (S)
10[b] 2 (CCl4) 50 85[a] 42 29.8 (S)
7e 2 (CCl4) 0 94[a] 94 67.9 (R)
7e[c] 2 (none) 34 98[a] 65 9.6 (R)
7e 1 (C6F6) 46 99[a] 53 4.3 (R)
7e 1 (C6HF5) 11 96[a] 85 37.1 (R)
7e 1 (Cl2- 49 96[a] 49 racemate

C5CCl2)
7e 2 (CCl3Br) 2 0 0 2
7f 2 (CCl4) 14 81[a] 70 31.8 (R)

[a] No more diphenylsilane detectable by 1H NMR spectroscopy
(80 MHz, CDCl3). 2 [b] 1.16 mol% ligand. 2 [c] Reaction time:
90 h.

Figure 3 compares the enantioselectivities obtained with
the ligands 7a2f and the reported values (comparable con-
ditions) of the 2-(pyridin-2-yl)oxazolines 6a2f (Scheme
1)[4].

The 2-(4,49-bipyridin-2-yl)oxazolines 7a2c and 7e in-
duced a slightly higher optical induction compared to the
corresponding 2-(pyridin-2-yl)oxazolines 6. Only 7d and 7f
performed worse than their counterparts 6d and 6f. The
results with the tert-butyl substituted 7f were surprising, be-
cause the enantiomeric excess dropped appreciably with re-
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Figure 3. Comparison of the enantioselectivities of the hydrosilyla-
tion of acetophenone with the ligands 7a2f and 6a2f (values of

6a2f taken from the literature[4])

gard to 6f, which still is the best 2-(pyridin-2-yl)oxazoline
for asymmetric hydrosilylation[4].

With the bisoxazoline 10 less than half the optical yield
of its mono-oxazoline equivalent 7d was obtained (Table 2),
while the amount of silylenol ether was more than seven-
fold. The pyrazine ligand 11 did not yield any optically ac-
tive product at all (three double experiments with different
concentrations of 11) [12].

It is well known, that Rh(I)-catalysed hydrosilylations
with nitrogen ligands tend to give higher chemical and, in
particular, optical yields in the presence of CCl4 (0CCl4 ef-
fect0) [4] [14] [15]. So far the highest increase in the asymmetric
induction by conducting the catalysis in CCl4 has been
18.3% ee compared to toluene solution or the solvent-free
procedure[15]. As already mentioned, the bipyridine ligands
7a and 7e improved the optical yields in the hydrosilylation
of 2,5-dimethoxyacetophenone in CCl4 by striking 32.7 and
45.4% ee, respectively (Table 1).

Table 3. Hydrosilylation of acetophenone with the ligands 9c, 9e and the complexes 12214; reaction time: 18 h (if not otherwise stated);
0.48 mol% Rh; substrate/Rh: 210:1

catalytic system no of runs silylenol ether conversion chemical yield ee (config.)
(solvent) [%] [%] [%] [%]

[Rh(cod)Cl]2 1
2.35 mol% 9e 1 (none) 13 99[a] 86 54.9 (R)
[Rh(cod)Cl]2 1 3 (CCl4 from
2.35 mol% 9e the beginning) 2 0, 0[b] 0, 0[b] 2
[Rh(cod)Cl]2 1 1 (CCl4 added
2.35 mol% 9e with H2SiPh2) 0 93[a] 93 64.2 (R)
[Rh(cod)Cl]2 1
2.35 mol% 9c 2 (none) 22 100 78 45.0 (R)
[Rh(cod)Cl]2 1 (CCl4 from1
2.35 mol% 9c the beginning) 2 0 0 2
[Rh(cod)Cl]2 1 1 (CCl4 added
2.35 mol% 9c with H2SiPh2) 5 95[a] 90 70.5 (R)
12[c] 1 (CCl4 from

the beginning) 62 96[a] 36 2.9 (R)
12[c] 1 (CCl4 added

with H2SiPh2) 76 92[a] 22 2.6 (R)
12 1 2 (CCl4 added
1.9 mol% 9c[d] with H2SiPh2) 2 84 83 74.8 (R)
13 1 (CCl4)[c] 17 81[a] 68 33.6 (R)

1 (CCl4)[d] 29 86[a] 61 34.6 (R)
14 2 (CCl4)[d] 25 74[a] 57 14.4 (R)
14 1 1.9 mol% 7e 2 (CCl4)[c] 0 85 85 66.2 (R)

[a] No more diphenylsilane detectable by 1H NMR spectroscopy (80 MHz, CDCl3). 2 [b] After 90 h. 2 [c] Reaction time: 66 h. 2
[d] Reaction time: 42 h.
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Using acetophenone as the prochiral substrate and 7e as
the cocatalyst the optical induction in CCl4 increased by
58.3% compared to the solvent-free reaction (Table 2).
Therefore, we studied the hydrosilylation of acetophenone
using the ligand 7e in other polyhalide solvents (Table 2).
None of these solvents increased the enantioselectivity com-
pared to CCl4. Replacing hexafluorobenzene by penta-
fluorobenzene the content of silylenol ether decreased from
46 to 11%, while the optical yield increased from 4.3 to
37.1%. In perchloroethylene only racemic alcohol was pro-
duced, whereas CCl3Br totally inhibited the hydrosilylation.
This inhibition had been reported for similar reactions[14]

and explained by an oxidative addition of CCl3Br to Rh(I)
yielding a catalytically inactive Rh(III)-species.

The activity of in situ catalysts consisting of [Rh(cod)Cl]2
and the 2-(4-phenylpyridin-2-yl)oxazolines 9c and 9e de-
pended on the stage, when the additive CCl4 came into play
(Table 3). If the in situ catalyst (always easily recognised by
its red colour) was prepared in the presence of CCl4, no
hydrosilylation activity was observed. If the in situ catalyst
was prepared in acetophenone and CCl4 was added later
together with the diphenylsilane, smooth reaction took
place as usual.

Since the Rh-complex 12 (Scheme 3), containing 9c as
the ligand, had been synthesised (preceding paper), it was
tested in three different catalytic runs (Table 3). 12 proved
to be a poor catalyst with respect to the chemical and op-
tical yield. However, by adding a fourfold amount of ligand
establishing the Rh/ligand ratio of 1:5, a catalytic system
resulted, which formed almost no silylenol ether and which
gave 74.8% ee, exceeding the asymmetric induction of the
in situ system (70.5% ee) to some extent.
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All these results show that the inhibition of the catalyst

by CCl4 is only possible during its formation. Once the
catalyst is formed, CCl4 cannot inhibit its activity. Instead,
it leads to a lower amount of silylenol ether and a higher
enantioselectivity compared to the hydrosilylation without
CCl4 (Table 3). The 0inertness0 of the prepared Rh(I)-com-
plex 12 towards CCl4 was also proven by recording 1H
NMR spectra of 12 in CDCl3 before and after adding 25
vol% of CCl4. Even 24 h after the addition no changes of
the original spectrum were evident.

Two other Rh(I)-complexes 13 and 14 (Scheme 3) were
tested in the hydrosilylation of acetophenone (Table 3). Al-
though they only differ in the nature of their anion, the
BF4-complex 13 gave a much higher optical yield than the
PF6-complex 14. The enantioselectivities of these complexes
(Rh/ligand ratio: 1:1) are quite low compared to the in situ
catalysts (Rh/ligand ratio: 1:5). In line with this, addition
of a fourfold excess of 7e to 14 resulted in similar chemical
and optical yields as the in situ catalyst of [Rh(cod)Cl]2 and
7e (Tables 3 and 2).

We thank the Fonds der Chemischen Industrie for providing a
Kekulé scholarship for R.S. and for financial support.

Experimental Section
Chromatography: Merck silica gel 60 (632200 mesh). 2 Elemen-

tal analysis: Microanalytical Laboratory, University of Regensburg.
2 1H / 13C NMR: Bruker AW-80 (80 MHz, T 5 31°C) and AC-
250 (250 / 62.9 MHz, T 5 24°C), TMS as internal standard. 2

MS: Finnigan MAT 311 A (EI, 70 eV). 2 IR: Beckman IR 4240
(film between NaCl plates), only characteristic bands are listed. 2

UV/Vis: Kontron Instruments Spectrophotometer UVIKON 922.
2 All liquids were distilled and stored under argon. 2 η4-1,5-
Cyclooctadiene 5 cod.

Asymmetric Hydrosilylation of 2,5-Dimethoxyacetophenone: 8 mg
(0.016 mmol) of [Rh(cod)Cl]2 (0.032 mmol Rh) and ligand (0.16
mmol, if not otherwise stated) were dissolved in 2,5-dimethoxyace-
tophenone (1.1 ml, 7.0 mmol) under argon. Eventually, 1.7 ml of
CCl4 were added and the solution was stirred at r. t. for 30 min.
After cooling to 0°C for at least 30 min diphenylsilane (1.3 ml, 7.0
mmol) was added and stirring in the ice bath, which was warming-
up, continued for the period quoted.

To determine the amount of silylenol ether, the degree of hydrosi-
lylation and the chemical yield, a sample was taken and a 1H NMR
spectrum (CDCl3, 80 MHz) recorded. The following integrals were
used: δ 5 5.43 (s, SiH) and 5.36 (q, CH) together (silylalkyl ether
IA), δ 5 5.10 and 4.77 (2 d, CH2) together (silylenol ether IE), and
δ 5 2.60 (s, CH3, 2,5-dimethoxyacetophenone IDMAP). Calcu-
lations: silylenol ether [%] 5 [IE /(IA 1 IE)]·100, conversion [%] 5

[(3 IE 1 3 IA)/(3 IA 1 3 IE 1 2 IDMAP)]·100, and chemical yield
[%] 5 [3IA/(3IA 1 3IE 1 2IDMAP) ]·100.

Hydrolysis was performed by adding methanol (8 ml) and a few
crystals of p-TosOH. After stirring at r. t. for 30 min the solvents
were evaporated. Ca. 0.1 ml of the residue were purified by chroma-
tography (425 cm SiO2 in a Pasteur pipette) with CH2Cl2 as eluent
(Rf 5 0.12). The first fraction (ca. 3 ml) was discarded, the follow-
ing 10 ml were collected and evaporated. The enantiomeric excess
was determined by injecting 0.4 µl of a solution of the resulting oil
(122 drops) in 1 ml of CH2Cl2 (Merck Uvasol) into a Fisons
8130 gas chromatograph. Column: Chrompack Chirasil-DEX CB
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(l 5 25 m, &osol; 5 0.25 mm), integrator: Varian 4290, retention
times (160°C): 8.628.8 min [(R)-1-(2,5-dimethoxyphenyl)ethanol]
and 9.229.4 min [(S)-1-(2,5-dimethoxyphenyl)ethanol].

1-(2,5-Dimethoxyphenyl)ethyl Diphenylsilyl Ether (2b). 2 1H
NMR (250 MHz, CDCl3): δ 5 1.45 (d, 3J 5 6.2 Hz, 3 H, CH3),
3.65 (s, 3 H, OCH3), 3.73 (s, 3 H, OCH39), 5.36 (q, 3J 5 6.2 Hz, 1
H, CHCH3), 5.43 (s, 1 H, SiH), 6.71 / 6.72 / 7.19 (3 m, 3 H, H-3,
H-4, H-6), 7.2927.45 (m, 6 H, Ph-H), 7.5627.65 (m, 4 H, Ph-H).

1-(2,5-Dimethoxyphenyl)ethenyl Diphenylsilyl Ether (3b) [18]. 2
1H NMR (250 MHz, CDCl3): δ 5 3.69 (s, 3 H, OCH3), 3.72 (s, 3
H, OCH39), 4.77 (d, 2 J 5 1.2 Hz, 1 H, C5CHH9), 5.10 (d, 2 J 5

1.2 Hz, 1 H, C5CHH9), 5.64 (s, 1 H, SiH), 6.7926.81 (m, 2 H,
Ar-H), 7.15 (m, 1 H, Ar-H), 7.2727.49 and 7.5227.71 (m, 10 H,
Ph-H).

rac-1-(2,5-Dimethoxyphenyl)ethanol (4b): 2,5-Dimethoxyaceto-
phenone (1.5 ml, 9.5 mmol) and KBH4 (800 mg, 14.8 mmol) in dry
methanol (10 ml) were stirred for 15 h. After acidifying with 2 

HCl (10 ml) the solution was extracted with ether (33 10 ml). The
combined organic layers were washed with water (10 ml) and brine
(10 ml), and dried over MgSO4. Evaporation of the solvent yielded
1.73 g (100%) of the oily alcohol 4b. 2 1H NMR (250 MHz,
CDCl3): δ 5 1.48 (d, 3J 5 6.4 Hz, 3 H, CH3), 2.76 (d, 3J 5 4.8
Hz, 1 H, OH), 3.76 (s, 3 H, OCH3), 3.81 (s, 3 H, OCH39), 5.05 (dq,
3J 5 6.4 Hz, 3J 5 4.8 Hz, 1 H, CH3CHOH), 6.74 (dd, 3J 5 8.7
Hz, 4J 5 2.8 Hz, 1 H, H-4), 6.79 (dd, 3J 5 8.7 Hz, 5J 5 0.8 Hz, 1
H, H-3), 6.94 (dd, 4J 5 2.8 Hz, 5J 5 0.8 Hz, 1 H, H-6). 2 13C
NMR (62.9 MHz, CDCl3): δ 5 23.1 (CH3), 55.8 and 55.9 (OCH3),
66.4 (CHOH), 111.6 / 112.4 / 112.5 (C-3, C-4, C-6), 134.9 (C-1),
150.7 (C-2), 154.0 (C-5). 2 MS (EI): m/z (%) 5 182 (100) [M1],
167 (95) [M1 2 CH3], 152 (24), 139 (88), 137 (32), 124 (33), 43
(29). 2 IR (film): ν̃ (cm21) 5 3400 s (O2H), 2960/2945 s (C2H),
2830 s (OC2H), 1275/1210/1070/1045/1020 s (C2O). 2 C10H14O3

(182.22): calcd. C 65.91, H 7.74; found C 65.64, H 7.81.

Asymmetric Hydrosilylation of Acetophenone: 10 mg (0.02 mmol)
of [Rh(cod)Cl]2 (0.04 mmol Rh) and ligand (0.2 mmol, if not other-
wise stated) were dissolved in acetophenone (1.0 ml, 8.5 mmol)
under argon. Usually, 2.0 ml of CCl4 were added and the solution
was stirred at r. t. for 30 min. After cooling to 0°C for at least 30
min diphenylsilane (1.6 ml, 8.6 mmol) was added and stirring in the
ice bath, which was warming-up, continued for the period quoted.

To determine the amount of silylenol ether, the degree of hydrosi-
lylation and the chemical yield, a sample was taken and a 1H NMR
(CDCl3, 80 MHz) recorded. The following integrals were used: δ 5

5.70 ppm (s, SiH, silylenol ether IE), δ 5 5.40 (s, SiH, silylalkyl
ether IA), and δ 5 2.50 (s, CH3, acetophenone IAP). Calculations:
silylenol ether [%] 5 [IE /(IA 1 IE)]·100, conversion [%] 5 [(3 IE 1

3 IA)/(3 IA 1 3 IE 1 IAP)]·100, and chemical yield [%] 5 [3 IA/(3
IA 1 3 IE 1 IAP)]·100.

Hydrolysis was performed by adding methanol (10 ml) and a few
crystals of p-TosOH. After stirring at r. t. for 30 min the solvents
were evaporated and the residue was distilled in a kugelrohr appa-
ratus at 1002120°C / ca. 1 Torr. The enantiomeric excess was deter-
mined by injecting 0.4 µl of a solution of the distillate (324 drops)
in 1 ml of CH2Cl2 (Merck Uvasol) into a Fisons 8130 gas chroma-
tograph. Column: Chrompack Chirasil-DEX CB (l 5 25 m, &
osol; 5 0.25 mm), integrator: Varian 4290, retention times (118°C):
7.327.7 min [(R)-1-phenylethanol] and 8.028.3 min [(S)-1-phenyl-
ethanol].

; Dedicated to Professor H. Nöth on the occasion of his 70th
birthday.
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In an effort to assist in the preparation of metal-containing
ligands for the androgen receptor, we have synthesized the
first oxorhenium(V) complexes containing a pendant testo-
sterone moiety. The key step in the synthesis involves the
copper-catalysed, α-selective 1,6-Michael addition of a 4-
pentenylmagnesium bromide to 6-dehydrotestosterone 17β-
acetate. The α-stereoselectivity is governed by the presence
of the C-19 methyl group. The absolute configurations of the

Introduction

The development of radiolabeled ligands for the andro-
gen receptor may make possible the imaging and detection
of androgen-dependent tumors, such as prostate cancer, as
well as greatly facilitate the study of androgen action in
heterogeneous tissues[1]. Because of its wide availability,
convenient half-life and appropriate γ energy, technetium-
99m is frequently the radionuclide of choice for diagnostic
imaging agents in nuclear medicine[2]. Therefore, the syn-
thesis of technetium- and rhenium-containing steroids that
are capable of binding to steroid-hormone receptors with
high affinity has been a goal of many investigators[3]. A
number of radiolabeled steroid ligands have been prepared
as molecular probes for the estrogen and progesterone re-
ceptors[4]. A detailed study of the androgen receptor has
lagged behind the other sex steroid receptors due in part to
the low levels of androgen receptor present in most target
tissues, and also to the relatively low stability of this recep-
tor[5] [6]. The recent developments of radiolabeled ligands
for the androgen receptor involved only syntheses of radio-
halogenated, C-11- and 3-H-labeled derivatives of testoster-
ones, 19-nortestosterone and 5α-dihydrotestosterone[6] [7] [8].
To date, there are no reports using technetium or rhenium
as androgen labels.

Recently, it has been shown that the androgen receptor
can tolerate a bulky iodide at the 7α position[6]. Moreover,
the access to 7α-alkyl and -(phenylalkyl) substituents is well
known[9] [10]. Therefore, we focused our attention on the in-
troduction of a 7α-alkyl side-chain into the testosterone
skeleton bearing a terminal oxorhenium(V) chelate accord-
ing to the mixed-ligand concept[11] [12]. In our preliminary
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epimers were investigated by 1H-NMR studies. Further
chemical transformations of the 7α-pentenyl spacer introdu-
ced the terminal thiol group, needed for complex formation.
The complex formation was accomplished by the “3+1” mi-
xed-ligand concept using two different rhenium precursors.
The obtained complexes differ with respect to the central do-
nor atom of the tridentate ligand part, namely, S and O.

investigations we used rhenium as a surrogate for the radio-
active technetium.

Results and Discussion

In this paper we report the synthesis of 17β-hydroxy-7α-
(5-mercaptopent-1-yl)-androst-4-en-3-one (8) and its con-
version into the corresponding oxorhenium(V) “311”
mixed-ligand complexes. The ω-mercaptoalkyl-func-
tionalized testosterone derivative 8 binds as a monodentate
ligand to the oxorhenium(V) core, with the remaining posi-
tions at the metal center occupied by a tridentate dithiolate
ligand “SXS” . The latter ligand differs with respect to the
central donor atom, which can be O or S. The key step of
the synthesis of 8 (Scheme 1) involves the diastereoselective
introduction of a 4-pentenyl group into the 7α position of
the testosterone skeleton. This reaction succeeded by the
copper-catalysed, 1,6-conjugate Michael addition of a 4-
pentenyl chain to 6-dehydrotestosterone 1 [13]. We used a
modification of the procedure by French et al. [10a], replac-
ing pure THF as the solvent and 7 mol-% CuCN (related
to 5-bromopentene) instead of a mixture of THF/Et2O and
0.5 equiv. of CuI. The reaction proceeded with an α/β dia-
stereoselectivity of 4.3:1 which is similar to that of French.
The 19β-methyl group in 1 increases the steric bulk of the
β face and therefore increases the α selectivity. The sepa-
ration of both diastereomers of 2 was easily accomplished
by flash chromatography to yield the desired diastereomers
in 43% (2a) and 10% (2b). The 4-pentenyl group was used
as nucleophilic component containing a masked primary al-
cohol. This strategy eliminates the need for protecting-
group manipulations, contrary to other investigators who
have used protected alcohols as nucleophilic compo-
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nents[10b] [10c]. The following transformation of 2a into the
required alcohol 5 was achieved by subsequent cleavage of
the acetyl group of 2a and introduction of a TBDMS pro-
tecting group followed by a hydroboration/oxidation step
using 9-BBN, H2O2 and NaOH. The regeneration of the
enone system in the A ring of 5 was accomplished by oxi-
dation using N-bromoacetamide.

The introduction of a thiol group into the steroid mol-
ecule succeeded via a thiobenzoate by the Mitsunobu reac-
tion[14] starting from alcohol 5. This reaction is the method
of choice for the introduction of a sulfur moiety under mild
conditions in high yield. By treatment of alcohol 5 with
the system PPh3, DIAD and BzSH the thiobenzoate 6 was
obtained in a satisfactory yield of 88%. The cleavage of the
TBDMS ether in 6 by treatment with TBAF in THF as
the otherwise usual TBDMS deprotecting agent failed. The
removal of the silyl ether protecting group succeeded in the
system 40% HF/acetonitrile in moderate yield of 68%. The
last step of the synthesis involves the saponification of 7 by
sodium methoxide in MeOH to give the desired thiol 8.
The overall yield for the end product 8 is 12% based on 6-
dehydrotestosterone 1.

The absolute configurations of the chromatographically
separated compounds 2a (7α isomer) and 2b (7β isomer)
were determined by 1H-NMR measurements[10]. These
measurements established the chemical shifts and the coup-
ling pattern of the AB part of the 6α-H, 6β-H and 7-H
ABX system of both diastereomers 2a and 2b. The assign-
ment of 6α-H (2a: δ 5 2.32, dd, 2J6α6β 5 14.3 Hz and
3J6α7β 5 2.5 Hz; 2b: δ 5 2.30, dd, 2J6α6β 5 14.5 Hz and
3J6α7α 5 5.0 Hz) and 6β-H (2a: δ 5 2.38, dd, 2J6α6β 5 14.3
Hz and 3J6β7β 5 5.1 Hz; 2b: δ 5 2.18, dd, 2J6α6β 5 14.5 Hz
and 3J6β7α 5 12.6 Hz) was confirmed by using the 2D-
NOESY and COSY technique.

Scheme 1. Synthesis of thiol 8
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The large 3Jaxial-axial coupling constant of 12.6 Hz accord-
ing to the Karplus curve between 6β-H and 7α-H indicates
that the pentyl spacer at the 7-C of 2b is β-substituted. This
led us to the conclusion that compound 2a therefore must
be α-substituted.

The complex formation according to the “311” concept
by the use of two different rhenium precursors 9 [12] and
10 [15] offers the access to oxorhenium(V) complexes which
differ in the central donor atom of the tridentate ligand
part, being S for 12 and O for 13. The corresponding
mixed-ligand complexes 12 and 13 could be obtained as
reddish-brown and wine-red amorphous glasses in 71% (for
12) and 14% (for 13) yield, respectively (Scheme 2).

The common reaction of both the tridentate ligand
“SOS” 11 and the thiol 8 with the oxorhenium(V) precursor
10 leads to the complex 13. This reaction occurs immedi-
ately at 0°C due to the high reactivity of rhenium precursor
10. For the preparation of rhenium complex 12 an alterna-
tive route is used, based on the chlorine-containing complex
9 as a precursor. The complex formation by exchange of
the chlorine atom in 9 by the mercaptide sulfur of 8 requires
heating for 2 hours. In the infrared spectra a strong absorp-
tion band at 961 cm21 (for 12) and 969 cm21 (for 13) is
observed, which is indicative of the Re5O31 core. The 1H-
NMR spectrum of 12 shows at δ 5 3.12, 3.91 and 4.30
complex coupling patterns of the tridendate “SSS” ligand
protons. By using the “SOS” ligand resulting in complex 13
only broad signals could be observed.

The complexes 12 and 13 represent the first examples of
rhenium-containing androgen receptor ligands. Further in-
vestigations concerning the biological evaluation of 12 and
13 and their technetium analogues under in vitro and in
vivo conditions will be done in order to evaluate the useful-
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Scheme 2. Oxorhenium(V) complexes 12 (X 5 S) and 13 (X 5 O)

according to the mixed-ligand concept

ness of complexes like 12 and 13 to act as radiotracers for
the image of the androgen receptor.

Financial support of this work by the Deutsche Forschungsge-
meinschaft is gratefully acknowledged.

Experimental Section
General: Solvents and reagents were purchased from the follow-

ing commercial sources: Sigma, Fluka and Aldrich. THF was dis-
tilled from sodium/benzophenone ketyl prior to use. CuCN and
magnesium turnings were dried prior to use. Other reagents were
used as received. The synthesis involving air-sensitive compounds
were carried out under argon using standard Schlenk technique.
The standard workup procedure for product isolation involved
quenching of the reaction mixture in an aqueous solution, followed
by a thorough extraction with CHCl3, washing of the extract, dry-
ing with MgSO4, filtration and evaporation of the solvent under
reduced pressure. Flash chromatography was performed according
to Still [16], using Merck silica gel (0.04020.063 mm). 2 IR: Spe-
cord M 80 Carl-Zeiss Jena. 2 NMR: Bruker DRX-500; Varian
Inova-400. For 1H NMR CDCl3 as solvent δH 5 7.26; for 13C
NMR, CDCl3 δC 5 77.0. 2 MS: Finnigan MAT 90.

17β-Acetoxy-7a-(4-penten-1-yl)androst-4-en-3-one (2a): 4.51 ml
(38.16 mmol) of 5-bromopentene in 15 ml of dry THF was slowly
added to 1.29 g (53 mmol) of magnesium turnings under argon.
The resulting slurry was diluted with 5 ml of THF and heated for
1 h at 60°C while stirring. Afterwards, additional 60 ml of THF
was added to adjust the Grignard solution to 0.75 . The solution
was cooled to 245°C and stirred for 30 min and 245 mg (2.73
mmol) of CuCN was added in one portion and stirring was con-
tinued for 30 min. Then 5 g (15.22 mmol) of dienone 1 in 60 ml of
THF was added at 240°C over a period of 90 min. The solution
was kept at 240 to 245°C for 30 min and then quenched with 5
ml of HOAc followed by filtration of the copper salts and standard
workup. The resulting yellow oil contained the two diastereomers
2a and 2b. Separation of the diastereomers was accomplished by
flash chromatography (EtOAc/n-hexane, 5:95). Yield: 2.6 g (43%)
of the 7α product 2a (pale yellow oil) and 0.6 g (10%) of the 7β-
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product 2b. 2 IR (CHCl3): ν̃ 5 1734 cm21 (s, 17β-OAc), 1674 (s,
3-C5O), 1615 (m, C5C). 2 1H NMR (CDCl3): δ 5 0.82 (s, 3 H;
18-CH3), 1.18 (s, 3 H; 19-CH3), 2.02 (s, 3 H; 17β-OCOCH3), 4.58
(t, 3J 5 8.4 Hz, 1 H; 17-H), 4.9125.00 (m, 2 H; 2CH5CH2), 5.70
(s, 1 H; 4-H), 5.7125.76 (m, 1 H; 2CH5CH2). 2 13C NMR
(CDCl3): δ 5 199.0, 171.1, 169.7, 138.5, 125.8, 114.6, 82.4, 47.0,
45.8, 42.4, 38.7, 38.6, 36.6, 36.3, 36.3, 35.9, 33.9, 33.7, 27.3, 26.6,
24.5, 22.8, 21.1, 20.7, 18.0, 11.8. 2 HRMS (EI, 70 eV): calcd. for
C26H28O3 398.2820, found 398.2812.

17β-Hydroxy-7a-(4-penten-1-yl)androst-4-en-3-one (3): 2.6 g (6.5
mmol) of the 17β-acetoxy steroid 2a was dissolved in 60 ml of
MeOH and 30 ml of THF and cooled to 0°C. 30 ml of 1  NaOH
was added drop by drop. The resulting mixture was stirred for 2 h
at room temperature and 15 ml of 2  HCl was added followed by
standard workup and flash chromatography (EtOAc/n-hexane, 1:2).
Yield 1.72 g (75%), m.p. 1492153°C. 2 IR (KBr): ν̃ 5 3455 cm21

(s, OH), 3077 (w, 5C2H), 1658 (s, 3-C5O), 1617 (m, C5C). 2
1H NMR (CDCl3): δ 5 0.79 (s, 3 H; 18-CH3), 1.20 (s, 3 H; 19-
CH3), 3.66 (t, 3J 5 8.4 Hz, 1 H; 17-H), 4.9225.01 (m, 2 H; CH5

CH2), 5.72 (s, 1 H; 4-H), 5.7325.80 (m, 1 H; CH5CH2). 2 13C
NMR (CDCl3): δ 5 199.2, 170.0, 138.6, 125.8, 114.5, 81.6, 47.2,
46.0, 42.8, 39.0, 38.6, 36.6, 36.3, 36.2, 36.0, 34.0, 33.8, 30.3, 26.7,
24.6, 22.8, 20.9, 18.1, 10.9. 2 C24H36O2 (356.54): calcd. C 80.85,
H 10.18; found C 80.50, H 10.14.

17β-(tert-Butyldimethylsilyloxy)-7a-(4-penten-1-yl)androst-4-
en-3-one (4): 1.24 g (18.2 mmol) of imidazole was dissolved in 12
ml of dry DMF. 1.37 g (9.1 mmol) of TBDMSCl in 6 ml of DMF
was slowly added at 0°C. After 30 min, 1.3 g (3.64 mmol) of
hydroxysteroid 3 in 5 ml of DMF was added in one portion and
the mixture was stirred for 3 h at room temperature. After hydroly-
sis with a 0.1% K2CO3 solution, the mixture was extracted several
times with CHCl3, dried with MgSO4 and the solvent was removed
under reduced pressure. The residue was purified by flash chroma-
tography (EtOAc/n-hexane, 1:3). Yield 1.7 g (98%), m.p.
1172119°C. 2 IR (KBr): ν̃ 5 3076 cm21 (w, 5C2H), 1676 (s, 3-
C5O), 1616 (m, C5C). 2 1H NMR (CDCl3): δ 5 0.01 [s, 6 H;
Si(CH3)2], 0.75 (s, 3 H; 18-CH3), 0.88 [s, 9 H; SiC(CH3)3], 1.20 (s,
3 H; 19-CH3), 3.57 (t, 3J 5 8.4 Hz, 1 H; 17-H), 4.9325.01 (m, 2
H; CH5CH2), 5.72 (s, 1 H; 4-H), 5.7525.83 (m, 1 H; CH5CH2).
2 13C NMR (CDCl3): δ 5 199.3, 170.3, 138.7, 125.8, 114.5, 81.6,
47.3, 45.6, 43.2, 39.1, 38.7, 36.7, 36.6, 36.4, 36.0, 34.1, 33.9, 30.7,
26.8, 25.8, 24.6, 22.9, 20.9, 18.1, 18.1; 11.2, 24.5, 24.8. 2

C30H50O2Si (470.81): calcd. C 76.53, H 10.70; found C: 76.35, H
10.46.

17β-(tert-Butyldimethylsilyloxy)-7a-(5-hydroxypent-1-
yl)androst-4-en-3-one (5): 1.7 g (3.6 mmol) of the steroid 4 was
dissolved in 15 ml of dry THF and cooled to 0°C. 44 ml of 9-BBN
(0.5  in THF; 22 mmol) was added dropwise to the stirred solu-
tion under argon. After the addition of 9-BBN was complete, the
whole mixture was stirred at 60°C for 40 min. At 0°C 15 ml of
water was added, followed by 15 ml of 3  NaOH 5 min later. After
another 5 min, 15 ml of 30% H2O2 was added very carefully and
the mixture was stirred for 30 min. After standard workup using
saturated NaHCO3 solution a colorless oil containing the 3-
hydroxy-7α-hydroxypentyl steroid was obtained. The residue was
dissolved in a mixture of 13 ml of benzene and 26 ml of pyridine,
and 0.75 g (5.43 mmol) of N-bromoacetamide was added. This was
stirred overnight at room temperature. Standard workup involved
treatment with 1  HCl and flash chromatography (EtOAc/n-hex-
ane, 1:1). Yield 1.2 g (68%), pale yellow oil. 2 IR (CHCl3): ν̃ 5

3412 cm21 (s, OH), 1673 (s, 3-C5O), 1614 (m, C5C). 2 1H NMR
(CDCl3): δ 5 20.02 [s, 6 H; Si(CH3)2], 0.71 (s, 3 H; 18-CH3), 0.84
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[s, 9 H; SiC(CH3)3], 1.17 (s, 3 H; 19-CH3), 3.53 (t, 3J 5 8.4 Hz, 1
H; 17-H), 3.59 (t, 3J 5 6.6 Hz, 2 H; CH2OH), 5.68 (s, 1 H; 4-H).
2 13C NMR (CDCl3): δ 5 199.4, 170.5, 125.6, 81.5, 62.7, 47.3,
45.5, 43.1, 39.0, 38.6, 36.7, 36.6, 36.3, 35.9, 33.9, 32.6, 30.6, 27.1,
25.9, 25.8, 24.9, 22.8, 20.9, 20.5, 18.0, 18.0, 11.1, 24.6, 24.9. 2

LRMS (DCI positive, isobutane) for C30H52O3Si: 489 [M11].

7α-[(S)-5-Benzoylthiopent-1-yl]-17β-(tert-butyldimethyl-
silyloxy)androst-4-en-3-one (6): 880 µl (4.1 mmol) of 90% diisopro-
pyl azodicarboxylate (DIAD) was added to an efficiently stirred
solution of 1.08 g (4.1 mmol) of PPh3 in 11 ml of dry THF at 0°C.
The mixture was stirred at 0°C for 30 min and a white precipitate
resulted. 1 g (2.05 mmol) of the hydroxy steroid 5 and 532 µl (4.1
mmol) of 95% thiobenzoic acid in 6 ml of dry THF were added
dropwise over a period of 10 min and stirring of the mixture was
continued for 1 h at 0°C and for 1 h at room temperature. To the
resulting yellow solution 100 ml of CHCl3 was added and the mix-
ture was washed with saturated NaHCO3 solution. After drying
with MgSO4 and evaporation of the solvent, a pale yellow residue
was obtained which was purified by flash chromatography (EtOAc/
n-hexane, 1:3). Yield 1.1 g (88%), pale yellow oil. 2 IR (CHCl3):
ν̃ 5 1666 cm21 (s, 3-C5O), 1615 (m, C5C). 2 1H NMR (CDCl3):
δ 5 20.02 [s, 6 H; Si(CH3)2], 0.73 (s, 3 H; 18-CH3), 0.87 [s, 9 H;
SiC(CH3)3], 1.18 (s, 3 H; 19-CH3), 3.05 (t, 3J 5 7.3 Hz, 2 H;
CH2SBz), 3.56 (t, 3J 5 8.4 Hz, 1 H; 17-H), 5.71 (s, 1 H; 4-H),
7.4127.97 (m, 5 H; Haromat.). 2 13C NMR (CDCl3): δ 5 199.1,
191.9, 170.2, 137.1, 133.2, 128.5, 127.1, 125.7, 81.5, 47.3, 45.6, 43.1,
39.0, 38.6, 36.7, 36.6, 36.3, 35.9, 34.0, 30.6, 29.6, 29.3, 28.9, 26.9,
25.8, 24.9, 22.9, 20.9, 18.0, 18.0, 11.1, 24.6, 24.9. 2 LRMS (DCI
positive, isobutane) for C37H56O3SSi: 609 [M11].

7a-[(S)-5-Benzoylthiopent-1-yl]-17β-hydroxyandrost-4-en-3-one
(7): 3.5 ml of 40% aqueous HF was added to a solution of 0.9 g
(1.48 mmol) of the steroid 6 in 20 ml of acetonitrile at room tem-
perature. After stirring 1 h at room temperature, 20 ml of saturated
NaHCO3 solution was added and the product was extracted with
CHCl3. After drying with MgSO4 and evaporation of the solvent,
flash chromatography (EtOAc/n-hexane, 1:1) was used to isolate
pure 7. Yield 0.5 g (68%), m.p. 1292133°C. 2 IR (KBr): ν̃ 5 3060
cm21 (w, 5C2Haromat.), 1662 (s, 3-C5O), 1615 (m, C5C). 2 1H
NMR (CDCl3): δ 5 0.78 (s, 3 H; 18-CH3), 1.19 (s, 3 H; 19-CH3),
3.05 (t, 3J 5 7.3 Hz, 2 H; CH2SBz), 3.64 (t, 3J 5 8.4 Hz, 1 H; 17-
H), 5.71 (s, 1 H; 4-H), 7.4127.97 (m, 5 H; Haromat.). 2 13C NMR
(CDCl3): δ 5 199.2, 192.0, 170.0, 137.1, 133.2, 128.5, 127.1, 125.8,
81.6, 47.1, 46.0, 42.8, 39.0, 38.6, 36.6, 36.3, 36.2, 35.9, 34.0, 30.3,
29.6, 29.0, 28.9, 26.9, 24.9, 22.8, 20.9, 18.0, 10.9. 2 C31H42O3S
(494.74): calcd. C 75.26, H 8.56, S 6.48; found C 74.85, H 8.28,
S 6.31.

17β-Hydroxy-7a-[5-mercaptopent-1-yl]androst-4-en-3-one (8): 70
mg (0.14 mmol) of the thiobenzoate 7 was dissolved in 4.5 ml of
MeOH while stirring at room temperature under argon. To this
solution 280 µl (0.28 mmol) of 1  NaOMe was added. After 1.5
h, the pH was adjusted to 425 by 1  HCl. Then, 5 ml of water
was added and the solution was extracted with chloroform. Drying
with MgSO4 and evaporation of the solvent yielded a yellow resi-
due which was purified by flash chromatography (EtOAc/n-hexane,
1:1). Yield 52 mg (95%), m.p. 1502153°C. 2 IR (KBr):ν̃ 5 3449
cm21 (s, OH), 2551 (w, S2H), 1656 (s, 3-C5O), 1616 (m, C5C).
2 1H NMR (CDCl3): δ 5 0.79 (s, 3 H; 18-CH3), 1.21 (s, 3 H; 19-
CH3), 1.59 (s-like, 1 H; SH), 3.76 (m, 1 H; 17-H), 5.72 (s, 1 H; 4-
H). 2 13C NMR (CDCl3): δ 5 199.2, 170.0, 125.8, 81.7, 47.2, 46.0,
42.8, 39.0, 38.7, 36.7, 36.3, 36.2, 36.0, 34.0, 33.9, 30.3, 28.0, 26.9,
25.0, 24.6, 22.8, 20.9, 18.1, 10.9. 2 C24H38O2S (390.63): calcd. C
73.79, H 9.81, S 8.21; found C 73.54, H 10.06, S 7.86.
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[5-(17β-Hydroxy-3-oxoandrost-4-en-7a-yl)pentan-1-thiolato]-
oxo(3-thiapentane-1,5-dithiolato)rhenium(V)rhenium(V) (12): 78
mg (200 µmol) of chloro(3-thiapentane-1,5-dithiolato)oxorheni-
um(V) (9) was dissolved in 5 ml of hot acetonitrile while stirring.
To this mixture a solution of the steroid 8 (117 mg, 300µmol) in 5
ml of acetonitrile was added . The mixture was refluxed for 2 h
and then concentrated to dryness. The residue was purified by flash
chromatography [n-hexane/ethylacetate, 1:1 and chloroform/meth-
anol, 10:1]. After slow evaporation of the solvent, a brown glass
was obtained. Yield 106 mg (71%). 2 IR (KBr): ν̃ 5 3437 cm21

(s, OH), 1658 (s, C5O), 1613 (m, C5C), 961 (s, Re5O). 2 1H
NMR (CDCl3): δ 5 0.79 (s, 3 H; 18-CH3), 1.19 (s, 3 H; 19-CH3),
3.12 (tt, 2 H, J 5 14.3 Hz), 3.6523.67 ( m, 1 H; 17-H), 3.84 (t, 2
H, 3J 5 7.3 Hz; CH2SReO“SSS”), 3.91 (br. d, 2 H, J 5 10.2 Hz),
4.30 (br. d, 2 H, J 5 13.2 Hz), 5.72 (s, 1 H; 4-H). 2 MS (FAB
negative, tetraglyme); m/z (%): 741 (47.6), 742 (19.0), 743 (100) [M
2 1], 744 (28.6), 745 (19.0), 746 (3.8). 2 C28H45O3S4Re (744.13):
calcd. C 45.20, H 6.10, S 17.24; found C 44.97, H 6.04, S 16.94.

[5-(17β-Hydroxy-3-oxoandrost-4-en-7a-yl)pentan-1-thiolato](3-
oxapentane-1,5-dithiolato)oxorhenium(V) (13): 75 mg (128 µmol)
of tetra-n-butylammonium tetrachlorooxorhenate(V) (10) was dis-
solved in 2 ml of EtOH and cooled to 0°C. At this temperature 50
mg (128 µmol) of the steroid 8 and 15 µl (128 µmol) of 3-oxapen-
tane-1,5-dithiol (11) in 2 ml of chloroform was added while stirring.
The color of the mixture immediately changed to red. The reaction
mixture was stirred at 0°C for 2 h. The solution was then concen-
trated and the residue dissolved in chloroform yielding a red solu-
tion which was purified by flash chromatography [n-hexane/ethyl-
acetate, 1:1 and chloroform/methanol, 10:1]. After slow evapo-
ration of the solvent, a wine-red glass was obtained. Yield 13 mg
(14%). 2 IR (KBr): ν̃ 5 3436 cm21 (s, OH), 1659 (s, 3-C5O), 1613
(m, C5C), 969 (s, Re5O). 2 1H NMR (CDCl3): δ 5 0.79 (s, 3 H;
18-CH3), 1.20 (s, 3 H; 19-CH3), 2.87 (br. s, 1 H), 3.35 (br. s, 2 H),
3.52 (br. s, 2 H), 3.6523.71 (m, 4 H), 3.94 (br. s, 1 H), 4.61 (br. s,
1 H), 4.70 (br. s, 1 H), 5.73 (s, 1 H, 4-H). 2 MS (FAB negative,
tetraglyme); m/z (%): 725 (45.7), 726 (47.6), 727 (100) [M 2 1], 728
(81.9), 729 (35.2), 730 (11.4). 2 C28H45O4S3Re (728.05): calcd. C
46.19, H 6.23, S 13.21; found C 45.96, H 6.52, S 12.97.
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A basic aluminium chloride with high chlorine content
(basicity 1.85) has been crystallized from a concentrated
aqueous solution. Its crystal structure has been determined
by X-ray structure analysis. The structure contains

The structures of complex cations of basic aluminium
chlorides, formed by hydrolysis and condensation, as well
as the conditions of their formation, are of special interest
because of their occurrence in natural water and their appli-
cations as antiperspirants and in water purification. De-
tailed information concerning the structures of similar com-
plex cations has been provided by the crystal-structure
analyses of basic aluminium sulfates and selenates carried
out by Johansson and co-workers. They demonstrated the
existence of a dimeric species[1] [Al2(OH)2(H2O)8]41, con-
sisting of two octahedrally coordinated Al centres connec-
ted by a common edge (di-µ-OH2 bridge), and of a poly-
cation [Al13O4(OH)24(H2O)12]71 (Figure 1) with a Keggin-
type structure. [2] The latter structure is characterized by a
particular resonance shift in its 27Al-NMR spectrum, even
in solutions of basic aluminium chlorides, [3] caused by the
tetrahedrally coordinated, central aluminium, which is sur-
rounded by 12 other octahedrally coordinated Al atoms.
Various crystalline basic aluminium chlorides have been
prepared from solutions by Walter-Levy and Breuil. [4] The
crystalline phases were characterized by means of X-ray
powder analysis and their thermal decomposition was in-
vestigated. The powder diagrams of some of these crystal-
line phases were unambiguously indexed and the lattice
constants were determined. This is also the case for a cubic
phase prepared at Dow Chemical Co.[5] However, as far as
we are aware, results of crystal structure analyses have hith-
erto not been reported.

In this paper, we report on a structure analysis of the
most chlorine-rich of the basic aluminium chlorides de-
scribed by Walter-Levy and Breuil. [4] [6] These authors ob-
tained the salt as a crystalline precipitate that formed after
several days following dilution and storage of concentrated
basic aluminium chloride solutions. Suitable monocrystals
for our structure analysis were obtained serendipitously, in
the course of studies on the colloid structures of basic alu-
minium chlorides. Colloid solutions with an Al:Cl ratio in
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tridecameric cations of a novel type consisting only of
interconnected AlO6 octahedra. The formation of these
polycations is discussed.

Figure 1. Tridecameric cation after Johansson[2]

the range 122 tend to form gels after evaporation of the
solvent, and these were the subject of rheological and light-
scattering investigations[7]. In basic aluminium chloride
solutions, besides the aforementioned monomeric, dimeric
and tridecameric species, further oligomeric and polymeric
cations exist. To date, only vague statements have been
made regarding their size and shape.[3] For comparison, we
also studied solutions rich in chloride. It was known that
crystalline phases could be precipitated from such media.
After very slow evaporation of water from a concentrated
solution of a basic aluminium chloride with an Al:Cl ratio
of 0.7, besides very large crystals of AlCl3 ·6H2O, crystals
of another phase grew, which were the subject of our in-
vestigations.

Results and Discussion

The lattice constants of the formed monocrystal were de-
termined by means of single-crystal X-ray diffractometry.
On the basis of the monoclinic unit cell obtained, the unin-
dexed powder data reported by Breuil for the hydroxide
chloride 5 AlCl3 ·8 Al(OH)3 ·37.5 H2O[8] become indexable.
Therefore, we conclude that a crystal of this phase was pre-
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sent. The results of its X-ray structure analysis confirmed
this assertion, although not all the positions of the hydro-
gen atoms could be determined. The water content in the
formal unit was found to be slightly lower than reported,
being consistent with the composition 5 AlCl3 ·8
Al(OH)3 ·37 H2O. The cell contains 4 formal units. The
atomic positions determined in the structure analysis show
two analogous types of large units, built up from connected
AlO6 octahedra (Figure 2). Two of each kind are present in
the unit cell. The chlorine atoms are situated outside of
these complex units, along with the oxygen and hydrogen
atoms obviously belonging to water molecules. Considering
the charges (Al31, Cl2), the large units must be viewed as
polycations. Each polycation consists of 13 octahedra (Fig-
ure 3): a central one, 6 further octahedra surrounding the
central unit and connected to it by common edges, and fi-
nally 6 peripherally arranged octahedra, with each one
joined to the inner ring by two common corners. The Al31

ion in the central octahedron lies at an inversion centre of
the space group, and thus the polycations are centrosym-
metric. The central Al31 and the 6 Al31 of the ring are
coplanar and together form a centred, almost regular, hexa-
gon. The oxygen positions correspond to octahedra with
varying degrees of distortion. The Al2O distances in the
central octahedron are virtually equal (1882189 pm), and
the O2Al2O angles are approximately equal (97°), but dif-
fer from the octahedral ideal of 90°. The ring octahedra
are distorted to a greater extent. The peripheral octahedra
occupy alternate positions above and below the plane of
the hexagon. Accordingly, they show a certain degree of
deformation; the Al2O distances to the free corners are
obviously longer than those to the corners that are shared
with the adjacent octahedra. Since not all of the hydrogen
atom positions could be determined, the question remains
as to which oxygen atoms the hydrogen atoms should be
assigned so as to form hydroxide ions or water molecules.
Consideration of the charges may elucidate this matter. In
the polycation, we find 13 Al31 ions with 39 positive
charges. On the other hand, there are 15 Cl2 ions, giving
15 negative charges per polycation. This leaves 39 2 15 5
24 negative charges in the polycation to account for. This
number corresponds to the number of linkage oxygen
atoms. We can thus assume that these oxygen atoms belong
to hydroxide ions. Water molecules must then be present at
the 24 free corners of the peripheral octahedra. An ad-
ditional 13 water molecules are situated outside of the po-
lycation. The basic aluminium chloride investigated can
therefore be assigned the formula [Al13(OH)24(H2O)24]-
Cl15 ·13 H2O.

Hence, a further tridecameric cation species has been de-
tected in addition to Johansson9s tridecamer. The new spe-
cies is characterized by a single resonance of octahedrally
coordinated Al in its 27Al-NMR spectrum and needs to be
formally distinguished from the previously identified spe-
cies. The notation Al13 is no longer unambiguous. It seems
reasonable to distinguish the two tridecameric species by
using an auxiliary index that denotes the different coordi-
nation of the central aluminium: Al13

t (t: tetrahedral) for
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Figure 2. Crystal structure of [Al13(OH)24(H2O)24]Cl15 · 13 H2O;
section of the unit cell: polycations with centres in z 5 1/2

Figure 3. Structure of the polycation [Al13(OH)24(H2O)24]151; large
circles: aluminium; small cirder: oxygen

the Johansson species and Al13
o (o: octahedral) for the new

structure. The two tridecamers have OH2 (Al13
o) or O22

groups (Al13
t ) that form a common vertex of three oc-

tahedra. Therefore, Brown et al. [9] and Baes and Mesmer[10]

discuss the formation of Al13
t in terms of the assembly of

trimers [Al3(tri-µ-OH)(OH)3(H2O)9]51 (Figure 4), which
are in turn formed by the condensation of a dimer
[Al2(OH)2(H2O)8]41 with a monomer [Al(OH)(H2O)5]21. It
has been assumed that the Keggin tridecamer is formed by
the reaction of the hydroxide ions of an [Al(OH)4]2 anion
with the nucleophilic tri-µ-OH2 of trimeric units, building
up a tetrahedral arrangement of linking oxygen ions with
the liberation of water. In our tridecamer Al13

o, there are
OH2 groups that connect three octahedra. The central Al31

is surrounded by six tri-µ-OH2. The formation of this po-
lycation structure can also be envisaged as starting from
trimers, formed by condensation of dimeric and monomeric
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units. However, in this case, the process continues with the
addition of other dimers, which condense together after
further protolysis and form the ring surrounding the central
atom. The peripheral octahedra could clearly be attached
subsequently by the condensation of monomer units with
the compact planar core.

We thank the Fonds der Chemischen Industrie and the Deutsche
Forschungsgemeinschaft (Graduiertenkolleg “Crystal Engineering
and Crystallization”) for financial support.

Experimental Section
General: The Al13

o hydroxide chloride was crystallized from a
basic aluminium chloride solution with an Al/Cl ratio of 0.7. The
solution was prepared by dissolution of partially thermally decom-
posed AlCl3 ·6 H2O in hot water (80°C) at a mass ratio of solid
material/water of 1:1. The thermal decomposition of the starting
material was carried out at about 180°C in a whirling air stream.
The solution was placed in an open dish at ambient temperature.
After 4 months, well-grown crystals of suitable dimensions for X-
ray structure analysis were obtained. The quality of separated crys-
tals was tested by polarization microscopy. Solid-state 27Al-NMR
analysis was performed with a Bruker MSL300 instrument at a
frequency of 15 KHz.

X-ray Crystallographic Study: T 5 295°C; crystal size 0.20 3

0.20 3 0.15 mm, formula weight 1957.27, monoclinic, space group
P21/c, a 5 13.901(1), b 5 23.483(3), c 5 22.345(2) Å, β 5 90.36(1)°,
V 5 7294.1(12) Å3, Z 5 4, Dcalcd. 5 1.782 g cm23. Enraf-Nonius
CAD4 diffractometer, graphite-monochromated Cu-Kα radiation
(λ 5 1.5418 Å), F(000) 5 4040, µ 5 7.736 cm21, ω-2θ scan, scan
range (θ) 2.73274.73°, hkl range 117, 129, ±27, no. of unique
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reflections 14942, no. of observed reflections 11292 with I > 2σ(I),
refined parameters 903, R1 for observed reflections 0.00527, R1 for
all reflections 0.0776, wR2 for observed reflections 0.1341, wR2 for
all reflections 0.1497, GooF 5 1.077 for the observed and GooF 5

1.025 for all reflections, residual electron density 0.80/20.62 e Å23.
The structure was solved by direct methods (SHELXS-86) and re-
fined by full-matrix least-squares methods with SHELXL-93. DI-
FABS was used for empirical absorption correction. Further details
of the crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-
poldshafen (Germany) on quoting the depository number CSD-
408095.
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The aminoalcohol ligands diethanolamine (H2dea) and tri-
ethanolamine (H3tea) react with [VO(acac)2] to yield the te-
tranuclear oxovanadium(IV) complexes [{VO(dea)}2-
{VO(acac)}2(µ2-OMe)2] (1) and [{VO(Htea)}2{VO(acac)}2(µ2-
OMe)2] (2). In the case of the potentially bridging aminoalco-
hol ligands N,N,N9,N9-tetrakis(2-hydroxyethyl)ethylenedi-
amine (H4edte) and N,N,N9,N9-tetrakis(2-hydroxypropyl)e-
thylenediamine (H4edtp) the corresponding oxovanadi-
um(IV) complexes could not be isolated. Instead after air oxi-
dation the ligand supported binuclear oxovanadium(V)
complexes [{VO(acac)]}2(edte)] (3) and [{VO(acac)}2(edtp)] (4)
are obtained. The reaction of the ligand H4edtp with ammo-
nium meta-vanadate in methanol solution leads to the meth-
oxy bridged binuclear oxovanadium(V) complex
[(VO)2(edtp)(µ2-OMe)2] (5). The tetranuclear oxovanadi-
um(IV) complexes can be isolated as crystalline compounds
1 ·2 MeOH and 2 ·2 MeOH and have been characterized by

Introduction

The increasing interest in vanadium coordination chemis-
try is based on its well established biological function in the
oxidations states 14 and 15, e.g. as essential element for
enzymatic systems like vanadium-requiring haloperoxidases
and nitrogenases and the insulin-mimetic action of va-
nadium compounds[1]. Related with this biological aspects
the coordination chemistry of oxovanadium(IV) and -(V)
complexes with aminoalcohols has found special atten-
tion[2] [3] [4] [5]. In addition the coordination chemistry of
oxovanadium(IV) complexes with aminoalcohols offers
easy access to model systems for the magnetic behavior of
corresponding polynuclear complexes and has already led
to a magnetostructural relationship for such systems[6] [7].
Similarly to the well established tris(hydroxymethyl)alkane
family of ligands[8] aminoalcohols can be utilized as bridg-
ing units in the formation of higher nuclear oxovanadium-
(IV) complexes[9].

The present study describes a synthetic approach to
oxovanadium(IV) and -(V) complexes with potentially
bridging and/or chelating aminoalcohol ligands depicted in
Scheme 1. Besides the structural and spectroscopic charac-
terization of these complexes special emphasis is placed on
their electrochemical and magnetic properties.
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IR, UV/Vis, and ESR spectroscopy as well as cyclic voltam-
metry and magnetic susceptibility measurements. Single-
crystal diffraction studies reveal that the complexes 1 and 2
contain a tetranuclear {(VO)4(µ3-OR)2(µ2-OR)4}2+ core compo-
sed of three different types of edge-shared binuclear units,
whereas the oxovanadium(V) complexes 3, 4, and 5 posses
binuclear structures, that are either ligand supported as in
the case of 3 and 4 or contain a µ2-methoxy bridged
{(VO)2(µ2-OR)2}4+ core as in the case of 5. ESR and magnetic
data indicate a singlet ground state for 1 ·2 MeOH and 2 ·2
MeOH, although competing ferromagnetic exchange inte-
ractions are operative within the tetranuclear core structure.
In the solid state compounds 1 ·2 MeOH and 2 ·2 MeOH hy-
drogen bridged supramolecular structures are found. The hy-
drogen bonding scheme of both compounds leads to the for-
mation of a similar chain arrangement of the tetranuclear
complexes 1 and 2.

Scheme 1. Aminoalcohol ligands used in this study[a]

[a] Abbreviations: H2dea 5 diethanolamine; H3tea 5 triethanol-
amine; H4edte 5 N,N,N9,N9-tetrakis(2-hydroxyethyl)ethylene-
diamine, H4edtp 5 N,N,N9,N9-tetrakis(2-hydroxypropyl)ethylene-
diamine.

Results and Discussion

Syntheses

In methanol solution the aminoalcohol ligands dietha-
nolamine (H2dea) and triethanolamine (H3tea) react with
[VO(acac)2] (Hacac 5 2,4-pentanedione) to form the neu-
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tral tetranuclear oxovanadium(IV) complexes [{VO(dea)}2-
{VO(acac)}2(µ2-OMe)2] (1) and [{VO(Htea)}2{VO(acac)}2-
(µ2-OMe)2] (2). The complexes 1 and 2 are obtained as
green crystalline solid materials, which are insoluble in al-
cohols and water but readily soluble in DMF and DMSO.
Under oxygen free reaction conditions the formation of the
complexes 1 and 2 is virtually independent of the ligand to
[VO(acac)2] ratio. However, the vanadyl ion can easily be
oxidized to the 15 oxidation state in the presence of either
aminoalcohol ligand. With H3tea the air oxidation leads to
the well-known oxovanadium(V) triethanolaminate[4] [10].
Similar reactions with the potentially bridging aminoalco-
hol ligands N,N,N9,N9-tetrakis(2-hydroxyethyl)ethylenedi-
amine (H4edte) and N,N,N9,N9-tetrakis(2-hydroxypropyl)-
ethylenediamine (H4edtp) did not yield any isolable va-
nadium(IV) complexes. Nevertheless after air oxidation the
ligand supported binuclear oxovanadium(V) complexes
[{VO(acac)}2(edte)] 3) and [{VO(acac)}2(edtp)] (4) can be
isolated, which are isoluble in common organic solvents.
For both complexes 3 and 4 only one of the acetylacetonate
ligands at the vanadyl ion is replaced by the aminoalcohol
ligand. Utilizing ammonium meta-vanadate as starting ma-
terial the reaction with the ligand H4edtp in methanol solu-
tion afforded the methoxy bridged binuclear oxovanadi-
um(V) complex [(VO)2(edtp)(µ2-OMe)2] (5). 5 is readily sol-
uble in DMF and DMSO but only sparingly soluble in al-
cohols.

Crystal Structure Descriptions

The molecular structures of the tetranuclear complexes 1
and 2 are shown in Figures 1 and 2. In both complexes the
aminoalcohols, H2dea and H3tea, coordinate as tridentate
ligands in their dianionic form and occupy three facial posi-
tions at the vanadium center V1 leading structurally similar
{VO(dea)(OMe)}2 and {VO(Htea)(OMe)}2 fragments. Di-
mers of these fragments arranged in an anti-coplanar con-
figuration constitute the central units of complexes 1 and 2
with the oxygen donors O3 and O39 in the bridging posi-
tions. The formal condensation of two {VO(acac)}1 frag-
ments onto the trigonal faces of the central fragments estab-
lished by the coordinated alkoxy ligands (O3, O49, O5 and
O39, O4, O59) leads to the tetranuclear complexes 1 and 2.
The resulting {(VO)4(µ3-OR)2(µ2-OR)4}21 core structure of
1 and 2 generally resembles that of an earlier reported Schiff
base substituted tetranuclear oxovanadium(IV) complex[9]

and corresponds to the well-known {M4O16} condensation
motif found for high valent transition-metal systems[8] [11].
The actual orientation pattern of the oxo groups is directed
by the trans effect generally observed for such strong ter-
minal ligands, i.e. all are arranged trans to the µ3-bridging
oxygen donors O3 and O39. Consequently, the {(VO)4(µ3-
OR)2(µ2-OR)4}21 core of 1 and 2 consists of five edge
shared binuclear arrangements: one with anti-coplanar
(V1···V19: 329.0(2) pm for 1, 326.6(2) pm for 2), two with
syn-coplanar (V1···V2 and V19···V29: 342.2(2) pm for 1,
341.9(2) pm for 2), and two with twist configuration
(V1···V29 and V19···V2: 329.5(2) pm for 1, 330.8(2) pm for
2).
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Figure 1. Molecular structure 1 in crystals of 1 · 2 MeOH[a]

[a] The thermal ellipsoids are drawn at the 50% probability level;
hydrogen atoms are omitted; atoms related by the crystallographic
inversion center are denoted with a9 in the labelling scheme; se-
lected bond lengths and metal2metal distances [pm]: C12O1
160.5(2), V12O3 222.1(2), V12O39 201.5(2), V12O4 195.1(2),
V12O5 201.1(2), V12N1 215.2(3), V22O2 159.8(2), V22O3
235.6(2), V22O49 201.0(2), V22O5 199.1(2), V22O6 199.9(2),
V22O7 200.2(2), V1···V2 342.2(2), V1···V29 329.5(2), V1···V19
329.0(2), V2···V29 585.8(3); selected bond angles [°]: O12V12O3
166.80(9), O22V22O3 164.75(9), V12O32V2 96.75(7),
V12O32V19 101.80(8), V192O32V2 97.51(8), V12O42V29
112.59(10), V12O52V2 117.58(9).

Figure 2. Molecular structure of 2 in crystals of 2 · 2 MeOH[a]

[a] The thermal ellipsoids are drawn at the 50% probability level;
hydrogen atoms are omitted; atoms related by the crystallographic
inversion center are denoted with a9 in the labelling scheme; se-
lected bond lengths and metal2metal distances [pm]: V12O1
160.8(2), V12O3 219.8(2), V12O39 201.4(2), V12O4 193.9(2),
V12O5 203.5(2), V12N1 217.7(3), V22O2 159.6(2), V22O3
237.3(2), V12O49 200.4(2), V22O5 197.5(2), V22O6 200.8(3),
V22O7 200.1(3), V1···V2 341.9(2), V1···V29 330.8(2), V1···V19
326.6(2), V2···V29 588.2(2); selected bond angles [°]: O12V12O3
167.22(11), O22V22O3 163.32(11), V12O32V2 96.72(8),
V12O32V19 101.57(9), V192O32V2 97.54(9), V12O42V29
114.08(11), V12O52V2 116.97(11).

The crystal structures of the compounds 1 · 2 MeOH and
2 · 2 MeOH are characterized by the fact that both com-
plexes contain hydrogen bond donors (1: NH, 2: OH) as
well as different possible acceptors. Moreover, also the ad-
ditional molecules of methanol present in the crystal struc-
tures are involved in the hydrogen bonding networks. In the
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hydrogen bonding scheme of 1 · 2 MeOH depicted in Figure
3 each tetranuclear oxovanadium(IV) complex takes part in
the four equivalent hydrogen bonds with a
N2H···O2H···O5V arrangement (N1, O1m, O1a). This
leads to the formation of a hydrogen bridged chain along
the [010] direction with a shortest V···V separation of 673
pm between neighboring complexes. Although the nitrogen
atom of the H3tea ligand present in 2 has lost its hydrogen
donor ability due to the third substituted ethoxy group, the
hydrogen bonding scheme observed for 2 · 2 MeOH de-
picted in Figure 4 is rather similar to that found for 1 · 2
MeOH. Nevertheless, in contrast to 1 · 2 MeOH the crystal
structure of 2 · 2 MeOH exhibits two topologically different
types of hydrogen bonds that can be characterized as bridg-
ing and terminal. The bridging of the oxovanadium(IV)
complexes is facilitated by O2H···O5V hydrogen bonds
between the dangling ethoxy groups and the oxo groups of
the central binuclear unit (O8···O1a). As a result a hydrogen
bridged chain along the [100] direction with a shortest V···V
separation of 650 pm between neighboring complexes is
formed. Whereas the methanol molecules present in 2 · 2
MeOH participate in terminal hydrogen bonds to one of the
oxygen donors of the acetylacetonate ligands (O1m···O7).

Figure 3. Representation of the hydrogen bonding scheme of 1 · 2
MeOH[a]

[a] Selected distances [pm]: O12O1ma 274, N12O1m 293.

Figure 4. Representation of the hydrogen bonding scheme of 2 · 2
MeOH[a]

[a] The scheme is only shown for one of the enantiomeric chains;
selected distances [pm]: O12O8a 281, O1m2O7 289.

The centrosymmetric molecular structure of the ligand
supported binuclear complex 3 is depicted in Figure 5. The
oxovanadium(V) centers are coordinated by an acetylace-
tonate ligand and one of the diethanolamine fragments of
the edte42 ligand affording an octahedral coordination en-
vironment. Basically the same molecular structure can be
expected for the analogous binuclear oxovanadium(V) com-
plex 4, except that different stereochemical configurations
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are possible at the chiral carbon centers. Figure 6 shows the
molecular structure derived for 4. The observed disorder of
the carbon atoms C14, C17, C20, and C23 is consistent
with the occurrence of all possible stereochemical isomers
in the solid state. As expected the observed bond lengths
and angles for the oxovanadium(V) centers are the same for
both complexes 3 and 4 within the estimated standard devi-
ations.

Figure 5. Molecular structure of 3[a]

[a] The thermal ellipsoids are drawn at the 50% probability level;
hydrogen atoms are omitted; selected bond lengths [pm]: V2O1
159.3(4), V2O2 181.6(4), V2O3 181.8(4), V2O4 200.5(4), V2O5
201.3(4), V2N 242.7(4); selected bond angles [°]: O12V2O2
99.2(2), O12V2O3 100.3(2), O12V2O4 99.0(2), O12V2O5
96.3(2), O12V2N 176.6(2).

Figure 6. Molecular structure of 4[a]

[a] The thermal ellipsoids are drawn at the 30% probability level;
hydrogen atoms are omitted; C14, C17, C20, and C23 are disorder-
ed, the positions corresponding to the (S) configuration are repre-
sented by shaded circles and the corresponding bonds by broken
lines; selected bond lengths [pm]: V12O1 160.4(3), V12O2
200.6(2), V12O3 202.0(3), V12O4 183.2(2), V12O5 181.4(2),
V12N1 244.6(3), V22O6 159.5(2), V22O7 202.0(2), V22O8
201.3(3), V22O9 181.8(2), V22O10 182.6(2), V22N2 244.8(3); se-
lected bond angles [°]: O12V12O2 98.76(12), O12V12O3
98.64(13), O12V12O4 99.78(13), O12V12O5 100.30(13),
O12V12N1 176.43(12), O62V22O7 97.69(12), O62V22O8
98.93(13), O62V22O9 99.70(12), O62V22O10 101.31(13),
O62V22N2 177.18(12).

The crystal structure analysis of 5 reveals the formation
of a binuclear µ2-methoxy bridged {(VO)2(µ2-OR)2}41 core
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(see Figure 7). The coordination of the hexadentate ami-
noalcohol ligand edtp42 leads to an octahedral coordi-
nation environment for both oxovanadium(V) centers. In
contrast to 4 the crystal structure of 5 is consistent with the
presence of just one diastereomer derived from the enanti-
omeric ligand pair (R,R,R,R)-H4edtp and (S,S,S,S)-H4edtp.
In Figure 7 only the molecular structure of
[(VO)2{(S,S,S,S)-edtp}(µ2-OMe)2] is depicted, which is re-
lated to the enantiomeric structure of [(VO)2{(R,R,R,R)-
edtp}(µ2-OMe)2] by an crystallographic mirror plane (with
V1, V2, O1, O2, and N1 lying on the mirror plane). Al-
though not enforced by a crystallographic symmetry ele-
ment the molecular structure of 5 is consistent with an ap-
proximate C2 symmetry with the twofold axis perpendicular
to the mean plane given by V1, O3, V2, and O3a (Σ ] 5
355°).

Figure 7. Molecular structure of 5[a]

[a] The thermal ellipsoids are drawn at the 30% probability level;
hydrogen atoms are omitted; atoms related by the crystallographic
mirror plane are denoted with the suffix a in the labelling scheme;
for the carbon and nitrogen atoms only the positions corresponding
to the all (S) form of the edtp42 ligand are shown; selected bond
lengths [pm]: V12O1 159.5(2), V12O3 200.14(14), V12O4
181.1(2), V12N1 240.3(2), V22O2 160.0(2), V22O3 199.8(2),
V22O5 181.1(2), V22N2 241.7(4); selected bond angles [°]:
O12V12O3 99.60(8), O12V12O4 98.15(7), O12V12N1
173.75(1), O32V12O4 90.00(8), O32V12O3a 72.33(8),
O32V12O4a 156.75(8), O22V22O3 99.70(8), O22V22O5
98.86(2), O22V22N2 170.93(12), O32V22O5 90.14(9),
O32V22O3a 72.46(8), O32V22O5 90.14(9), V12O32V2
105.22(7).

Spectroscopic and Electrochemical Characterization

The IR spectra of the tetranuclear complexes 1 and 2 are
consistent with their centrosymmetric core structure and
the presence of vanadyl acetylacetonate fragments. The
bands related with the V5O stretching vibrations are ob-
served at 950 and 975 cm21, with the latter being character-
istic for an octahedral coordinated vanadyl acetylacetonate
fragment[6] [9]. Although the complexes 3 and 4 contain an
oxidized oxovanadium(V) group, their band related with
the V5O stretching vibration is observed at a similar value
of about 970 cm21. For 1 · 2 MeOH and 2 · 2 MeOH the
observed IR bands due to their O2H and N2H stretching
vibrations are in accord with their hydrogen bridged supra-
molecular structure found in the solid state (cf. Figures 3
and 4).
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The NMR spectra recorded for 5 are consistent with the
presence of only one diastereomer with C2 symmetry in
solution. According to the results of the crystallographic
analysis this corresponds to the enantiomeric pair
[(VO)2{(S,S,S,S)-edtp}(µ2-OMe)2] and [(VO)2{(R,R,R,R)-
edtp}(µ2-OMe)2]. Consequently the protons of the methyl-
ene groups are diastereotopic. The observed coordination
induced shifts of the 1H and 13C resonances (see Exper-
imental Section) toward lower fields are consistent with the
structure of the chelate rings and generally an intact molec-
ular structure of 5 in solution[2] [4] [5] [12].

To probe the electrochemical properties of the tetranu-
clear oxovanadium(IV) complexes 1 and 2 cyclic voltamme-
try measurements have been performed. Figure 8 shows
representative cyclic voltammograms of a solution of
2 · MeOH in DMF measured at a gold working electrode.
As expected the neutral oxovanadium(IV) complexes 1 and
2 can be oxidized. Figure 8 shows that four oxidation half
waves can be observed in the cyclic voltammogram (A, B,
C, and D). The first oxidative peak at Ea 5 0.47 V (A)
possesses a reductive counterpart at Ec 5 0.37 V (G). Based
on the scan rate dependence of the peak separation and the
peak current ratio (ia/ic ø 1) the wave given by A/G is found
to be quasi-reversible. On the contrary, for the oxidative
peaks B (Ea 5 0.73 V) and C (Ea 5 0.90 V) no related
reduction half waves are observed as can be seen from the
cyclic voltammogram measured with an anodic potential
limit of about 1.0 V (see broken line in Figure 8). Upon
scanning through the fourth oxidation half wave D (Ea 5
1.17 V) two new reduction half waves E (Ec 5 1.01 V) and
F (Ec 5 0.61 V) are observed. The reduction half waves E
and F can be assigned to a new species derived by a chemi-
cal reaction of the positively charged complex after the last
oxidation step D. This is further evidenced by the observed
scan rate dependence of the two reduction half waves E
and F.

Figure 8. Cyclic voltammograms of 2[a]

[a] Solvent DMF; tetra-n-buthylammonium perchlorate is used as
supporting electrolyte at 0.1 M concentration and the concentration
of the compound 2 · 2 MeOH is about 1 mM; scan rate 50 mV/s;
the broken line represents a scan with an anodic reversion potential
of about 1.0 V; A, B, C, and D represent anodic peak potentials
and E, F, and G stand for cathodic peak potentials (see text).
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ESR Spectra and Magnetic Properties of 1 and 2

The X-band ESR powder spectra of 1 · 2 MeOH and 2 ·
2 MeOH recorded at room temperature show a broad un-
structured band at g 5 1.97 and a second weak resonance at
half-field, indicating the spectra are the result of exchange
coupled spin systems[13]. The temperature dependence of
the spectra indicates singlet ground states for 1 and 2. At
very low temperatures only the resonance signal of a re-
sidual monomeric oxovanadium(IV) impurity can be de-
tected.

The magnetic susceptibility data of polycrystalline
samples of 1 · 2 MeOH and 2 · 2 MeOH were measured
in a temperature range from 4 to 280 K. The temperature
dependence of the molar magnetic susceptibility χM in both
cases goes through a maximum which is indicative for anti-
ferromagnetic exchange interactions to be operative. At low
temperatures χM is increasing again due to the presence of
paramagnetic impurities. The χMT values at low tempera-
tures are in accord with an S 5 0 ground state of 1 and 2,
as suggested by the ESR spectra.

The observed ESR spectra and magnetic properties of
1 · 2 MeOH and 2 · 2 MeOH resemble those observed for
an earlier reported oxovanadium(IV) complex with the
same tetranuclear core structure[9]. On the basis of a gen-
eral magneto-structural relationship for edge-shared bi-
nuclear oxovanadium(IV) units[6], both antiferro- and fer-
romagnetic interactions can be expected to be operative
within the {(VO)4(µ3-OR)2(µ2-OR)4}21 core of 1 and 2. The
spin topology and the notation of the magnetic exchange
interaction parameters are depicted in Scheme 2. As a
consequence of the given spin topology the expected anti-
ferro- (Jsc) and ferromagnetic exchange interactions (Jac

and Jt) cannot be simultaneously satisfied.

Scheme 2. Spin topology of the {(VO)4(µ3-OR)2(µ2-OR)4}21 core[a]

[a] The magnetic exchange coupling constants are denoted as fol-
lows: Jac for anti-coplanar, Jsc for syn-coplanar, and Jt for twist con-
figurations.

Based on data observed for other complexes with similar
configurations of the binuclear oxovanadium(IV) units[6] [9],
the relative ratio of the exchange interaction parameters can
be estimated as 2Jsc @ Jac ø Jt. Although competing mag-
netic interactions are operative within the tetranuclear core,
a simplified binuclear model proved to be sufficient to de-
scribe the magnetic data of such a tetranuclear core struc-
ture with the given estimated parameter ratio[9]. This model
refers to the picture that both pairs with syn-coplanar con-
figuration (V1···V2 and V19···V29) should be predominantly
coupled to form two virtually independent S50 ground
states. A quantitative analysis of the magnetic data has been

Eur. J. Inorg. Chem. 1998, 7992805 803

performed using the Heisenberg2Dirac-van Vleck Hamil-
tonian given in Eq. 1.

Ĥ 5 2J(Ŝ1 · Ŝ2 1 Ŝ19 · Ŝ29) (1)

Although only one exchange interaction constant is used
in the analytical expression, reasonably good fits to the ex-
perimental data of 1 · 2 MeOH and 1 · 2 MeOH can be
achieved. The magnetic parameters derived for the simpli-
fied isotropic spin Hamiltonian according to Eq. 1 are g 5
1.89 and J 5 2165 cm21 for 1 · 2 MeOH and g 5 1.94
and J 5 2171 cm21 for 2 · 2 MeOH. The rather strong
antiferromagnetic coupling constants observed for both
complexes are in good agreement with the data reported for
other complexes containing binuclear units with syn-co-
planar configuration (V···V 333 pm, J 5 2334 cm21 [14] and
V···V 341 pm, J 5 2152 cm21 [9]) and can be explained on
the basis of the possible superexchange mechanism through
the bridging methoxy oxygen donors (O5 and O59).

This work was supported by the Deutsche Forschungsgemein-
schaft, the Fonds der Chemischen Industrie, and the Herbert Quandt-
Stiftung der VARTA AG.

Experimental Section
NMR: 1H, 13C, 51V, 1H-1H COSY, 1H-13C COSY, and 1H-1H

NOESY NMR spectra were recorded on a Bruker DRX500 (1H
500 MHz, 13C 125.8 MHz, 51V 131.5 MHz) spectrometer. Chemical
shifts δ are reported with reference to external tetramethylsilan (1H
and 13C) and VOCl3 (51V). 2 IR: Solid samples were measured
either as KBr pellets or Nujol mulls between CsI plates using a
Bruker IFS66 FT-IR spectrometer. 2 Raman: Solid samples were
measured as powder on aluminium support using a Bruker IFS66/
FRA106 (λe 5 1064 nm) spectrometer. 2 UV/Vis: Spectra were
recorded on Beckman Acta MIV (solid state reflection, cellulose
as calibration standard) and Schimadzu UV-160A spectrometers
(solution transmission). 2 Cyclic voltammetry: Princeton Applied
Research VersaStat (Model 253). Cyclic voltammograms have been
measured at room temperature with a three-electrode system com-
posed of a gold working electrode, a platinum auxiliary electrode,
and a platinum wire as reference electrode. The surface of the the
gold working electrode was polished before each measurement. The
reported potentials were referenced compared to the potential of
the ferrocenium/ferrocene couple [E0(Fc1/Fc) 5 400 mV vs. NHE]
as internal standard[15]. The solvent DMF was dried and saturated
with argon. Tetra-n-buthylammonium perchlorate was used as the
supporting electrolyte at 0.1 M concentration and the solutions of
the complexes were about 1 mM in concentration. 2 Powder dif-
fraction: Powder diffraction diagrams were measured of solid
samples on Al support with a Philips PW3710 powder dif-
fractometer using Cu-Kα radiation. 2 ESR: X-Band ESR spectra
were recorded using a Bruker ECS106 spectrometer at a microwave
frequencies of 9.48 GHz with 2,2-diphenyl-1-picrylhydrazyl as
standard. 2 Magnetic susceptibility: Magnetic susceptibility meas-
urements from 4 to 280 K were performed by using a Quantum
Design MPMS2 SQUID magnetometer. All data were collected at
an applied field of 10 kOe. The diamagnetic corrections were esti-
mated from Pascal’s constants. The susceptibility data were further
corrected for temperature-independent paramagnetism (TIP) and
the presence of paramagnetic impurity. For details see ref. [9]. 2

Melting points (uncorrected): Electrothermal melting point appa-
ratus. 2 Elemental analyses: LECO CHNS-932 Analyzer.
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Preparation of [{VO(dea)}2{VO(acac)}2(µ2-OMe)2] · 2 MeOH

(1 · 2 MeOH) and [{VO(Htea)}2{VO(acac)}2(µ2-OMe)2] · 2
MeOH (2 · 2 MeOH): All manipulations were carried out under
an argon atmosphere using Schlenk line techniques. The solvent
methanol was purified and dried using standard methods. The li-
gand (9.5 mmol, i.e. 1.00 g of H2dea or 1.42 g of H3tea) dissolved
in 5 ml methanol was added to a solution of 2.54 g (9.5 mmol)
[VO(acac)2] in 20 ml methanol. The resulting green solution was
heated at reflux for 2 h and subsequently allowed to stand at room
temperature. Within 324 days green crystals began to grow. After
an additional week the crystalline compounds were isolated by fil-
tration and washed with methanol. A second crop of material was
obtained from the filtrate after removing solvent to about 1/3 of
the original volume. The isolated solid materials can be handled in
air. Within about 8 weeks the crystals start to decompose due to
the loss of cocrystallized methanol.

1 · 2 MeOH: Yield 0.98 g (52%), dec. 165°C. 2 C22H46N2O16V4

(798.4): calcd. C 33.10, H 5.81, N 3.51, found: C 33.31, H 5.69, N
3.68. 2 Selected IR data (Nujol mull between CsI plates, cm21):
ν(OH) 3370 br. w, ν(NH) 3240 m, ν(C…

2C) 1 ν(C…
2O) 1583 vs and

1518 vs, ν(V5O) 978 vs (V2 cf. Figure 1), ν(V5O) 950 vs (V1 cf.
Figure 1). 2 UV/Vis [DMF, ν̃max in 103 cm21 (ε in lmol21 cm21)]:
22.4 (23, sh), 16.0 (55), 11.5 (110). 2 UV/Vis (solid state, reflec-
tance, ν̃max in 103 cm21): 31.8, 26.7 (sh), 22.5 (sh), 16.2, 11.2.

2 · 2 MeOH: Yield 1.59 g (76%), dec. 159°C. 2 C26H54N2O18V4

(886.5): calcd. C 35.23, H 6.14, N 3.16, found: C 35.01, H 5.82, N
3.11. 2 Selected IR data (Nujol mull between CsI plates, cm21):
ν(OH) 3515 w, ν(OH) 3410 m, ν(C…

2C) 1 ν(C…
2O) 1582 vs and

1521 vs, ν(V5O) 973 vs (V2 cf. Figure 2), ν(V5O) 954 vs (V1 cf.
Figure 2). 2 UV/Vis [DMF, ν̃max in 103 cm21 (ε in lmol21 cm21)]:
22.3 (20, sh), 16.1 (54), 11.7 (103). 2 UV/Vis (solid state, reflec-
tance, ν̃max in 103 cm21): 31.6, 26.3 (sh), 22.2 (sh), 16.4, 11.4.

Preparation of [{VO(acac)}2(edte)] (3) and [{VO-
(acac)}2(edtp)] (4): The ligand (7.5 mmol, i.e. 1.78 g of H4edte or
2.19 g of H4edtp, the latter being a mixture of all possible dia-
stereomers) dissolved in 5 ml methanol was added to a solution of
4.00 g (15 mmol) [VO(acac)2] in 40 ml methanol. At room tempera-
ture a slow stream of air was bubbled through the stirred green
solution (for about 2 h). The resulting brown solution was kept at
room temperature for crystallization. Orange needles began to
grow after about 1 day and after additional 2 days the crystalline
compound was isolated by filtration and washed with methanol. A
second crop of material was obtained from the filtrate after reduc-
ing the solution volume to about 20 ml.

3: Yield 2.51 g (59%), dec. 148°C. 2 C20H34N2O10V2 (564.4):
calcd. C 42.56, H 6.07, N 4.96; found: C 42.37, H 6.28, N 4.68. 2

Selected IR data (Nujol mull between CsI plates, cm21): ν(C…
2C)

1 ν(C…
2O) 1574 s and 1527 s, ν(V5O) 970 vs. 2 Selected Raman

data (powder on Al support, λe 5 1064 nm, 35 mW, cm21): ν(V5

O) 964 s.
4: Yield 2.32 g (50%), dec. 136°C. 2 C24H42N2O10V2 (620.5):

calcd. C 46.46, H 6.82, N 4.51; found: C 46.27, H 6.68, N 4.66. 2

Selected IR data (Nujol mull between CsI plates, cm21): ν(C…
2C)

1 ν(C…
2O) 1576 vs and 1531 vs, ν(V5O) 972 vs. 2 Selected Raman

data (powder on Al support, λe 5 1064 nm, 90 mW, cm21): ν(V5

O) 969 s.

Preparation of [(VO)2(edtp)(µ2-OMe)2] (5): NH4VO3 (2.8 g,
24 mmol) was added to a solution of H4edtp (3.50 g, 12 mmol) in
50 ml methanol containing all possible diastereomers of the ligand.
The resulting mixture was heated at reflux for 8 h. The hot reaction
mixture was filtered to remove unreacted NH4VO3. Upon cooling
the filtrate to room temperature orange crystals of 5 · x MeOH
formed. The number of methanol molecules present in the crystal-
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line material is estimated to x 5 0.3 based on the elemental analysis
and NMR data and is consistent with the crystal structure data.

5: Yield 0.38 g (6%), dec. 169°C. 2 C16H34N2O8V2 · 0.3 MeOH
(493.9): calcd. C 39.64, H 7.18, N 5.67; found: C 39.66, H 7.36, N
5.74. 2 Selected IR data (Nujol mull between CsI plates, cm21):
ν(V5O) 963 vs. 2 Selected Raman data (powder on Al support,
λe 5 1064 nm, 150 mW, cm21): ν(V5O) 961 m. 2 1H NMR
(500 MHz, [D6]DMSO): δ 5 1.00 (d, 3J 5 6.0 Hz, 6H, CH3),
1.18 (d, 3J 5 6.0 Hz, 6H, CH3), 2.2322.31 [m; 6H,
CH2NCH2CH(CH3)OV], 2.6222.67 (m, 2H, NCH2CH(CH3)OV),
2.8022.85 [m, 2H, NCH2CH(CH3)OV], 3.2323.31 (m, 2H,
CH2N), 4.21 (s, 6H, OCH3), 4.70 (m, 2H, NCH2CH(CH3)OV], 4.81
(m, 2H, NCH2CH(CH3)OV). 2 13C NMR (125.8 MHz,
[D6]DMSO): δ 5 19.7 (CH3), 21.4 (CH3), 51.6 (CH2N), 59.7
[NCH2CH(CH3)OV], 63.7 [NCH2CH(CH3)OV], 67.5 (OCH3), 76.3
[CH2CH(CH3)OV], 78.2 [CH2CH(CH3)OV]. 2 51V NMR (131.5
MHz, [D6]DMSO): δ 5 2444.

Crystal Structure Determinations of 1 · 2 MeOH, 2 · 2 MeOH
and 3: The crystallographic data of 1 · 2 MeOH, 2 · 2 MeOH,
and 3 were collected with ω-scan technique on a Siemens R3m/V
diffractometer using graphite monochromated Mo-Kα (λ 5 71.073
pm) radiation. The unit cell parameters were obtained by least-
squares refinement of the angular settings from well centered reflec-
tions in the 2Θ range of 18230°. Lorentz and polarization correc-
tions as well as an absorption correction based on azimuthal ψ
scans were applied to the diffraction data. The structures were
solved by direct methods (SHELXTL)[16] and subsequent full-ma-
trix least-squares refinement of the function Σw(F2

o 2 F2
c)2 {w 5 1/

[σ2(F2
o) 1 (A · P)2 1 B · P] with P 5 (F2

o 1 2F2
c)/3}[17]. All non-

hydrogen atoms were refined with anisotropic displacement param-
eters. The hydrogen atoms were treated using the riding model with
their isotropic displacement parameters fixed at 1.2 times the value
of the non-hydrogen atom attached. For the hydrogen atoms of the
methyl as well as hydroxyl groups their conformation was addition-
ally fitted to the difference Fourier map.

1 · 2 MeOH: C22H46N2O16V4; formula weight 798.4; crystal size
0.5 3 0.5 3 0.4 mm; triclinic space group P1̄ (No. 2); T 5 188 K;;
a 5 773.5(3), b 5 998.7(3), c 5 1241.6(4) pm, α 5 103.10(2), β 5

107.69(2), γ 5 106.13(2)°; V 5 0.8255(5) nm3; Z 5 1; ρcalcd. 5

1.606 g/cm3; µ(Mo-Kα) 5 1.168 mm21; 2Θ range 4254°; 3553 inde-
pendent reflections (Rint. 5 0.022); 204 parameters; A 5 0.08, B 5

0.5; wR2 5 0.137; R1 5 0.047 for 3064 reflections with F . 4σ(F);
max./min. residual electron density in the final difference Fourier
map 0.9/20.6 · 1026 e/pm3.

2 · 2 MeOH: C26H54N2O18V4; formula weight 886.5; crystal size
0.3 3 0.2 3 0.2 mm; monoclinic space group P21/c (No. 14); T 5

188 K; a 5 965.4(2), b 5 1677.0(4), c 5 1677.0(4) pm, β 5

104.65(2)°; V 5 1.8622(8) nm3; Z 5 2; ρcalcd. 5 1.581 g/cm3; µ(Mo-
Kα) 5 1.048 mm21; 2Θ range 4254°; 4095 independent reflections
(Rint. 5 0.020); 232 parameters; A 5 0.05, B 5 2.7; wR2 5 0.122;
R1 5 0.046 for 3028 reflections with F . 4σ(F); max./min. residual
electron density in the final difference Fourier map 0.5/20.5 · 1026

e/pm3.
3: C20H34N2O10V2; formula weight 564.4; crystal size 0.25 3 0.15

3 0.05 mm; monoclinic space group P21/n (No. 14); T 5 188 K;
a 5 812.2(3), b 5 1165.2(5), c 5 1298.3(6) pm, β 5 102.65(3)°;
V 5 1.1989(9) nm3; Z 5 2; ρcalcd. 5 1.563 g/cm3; µ(Mo-Kα) 5

0.837 mm21; 2Θ range 4254°; 2632 independent reflections (Rint. 5

0.030); 156 parameters; A 5 0.07, B 5 2.5; wR2 5 0.176; R1 5

0.067 for 1675 reflections with F . 4σ(F); max./min. residual elec-
tron density in the final difference Fourier map 0.6/20.4 · 1026

e/pm3.
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Crystal Structure Determinations of 4 and 5: The crystallographic

data of 4 and 5 were collected on a Siemens SMART-CCD dif-
fractometer (ω-scans with 0.3° per frame) using graphite mono-
chromated Mo-Kα (λ 5 71.073 pm) radiation. The intensities of
the reflections of a hemisphere have been measured (SMART). Lo-
rentz and polarization corrections as well as an empirical absorp-
tion correction based on the intensities of equivalent reflections
measured at different angular settings have been performed
(SAINT and SADABS). The structure was solved by direct meth-
ods (SHELXTL)[16] and subsequent full-matrix least-squares re-
finement of the function Σw(F2

o 2 F2
c)2 {w 5 1/[σ2(F2

o) 1 (A · P)2

1 B · P] with P 5 (F2
o 1 2F2

c)/3}[17]. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen
atoms were treated using the riding model with their isotropic dis-
placement parameters fixed at 1.2 times the value of the non-hydro-
gen atom attached. For the hydrogen atoms of the methyl as well
as hydroxyl groups their conformation was additionally fitted to
the difference Fourier map.

For 4 the observed systematic absences suggest either of the or-
thorhombic space groups Pca21 and Pbcm. Attempts to solve the
structure in the centrosymmetric space group Pbcm were unsuc-
cessful. This led in agreement with intensity statistics to the non-
centrosymmetric orthorhombic space group Pca21 as final choice.
The refinement afforded a Flack parameter[18] of about 0.4, which
could not be reduced upon inversion of the parameter set. There-
fore the final structure refinement was performed assuming racemic
twinning, which led to a refined Flack parameter of 0.42(2). Also
the refinement in the chiral subgroup P21 was attempted but did
not give any evidence for the presence of any particular chiral mo-
lecular structure. The presence of all possible diastereomers is con-
sistent with the observed disorder of the chiral carbon atoms of the
edtp42 ligand (C14, C17, C20, and C23) on two positions corre-
sponding to their respective (R) and (S) configurations (in Figure
6 only the positions for the (R) configurations are represented as el-
lipsoids).

The additional methanol molecule present in 5 is highly dis-
ordered and only the respective oxygen atom could be located from
the difference Fourier map and refined with an isotropic displace-
ment parameter.

4: C24H42N2O10V2; formula weight 620.5; crystal size 0.4 3 0.4
3 0.4 mm; orthorhombic space group Pca21 (No. 29); T 5 183 K;
a 5 2553.18(4), b 5 823.11(1), c 5 1396.16(1) pm; V 5 2.93410(6)
nm3; Z 5 4; ρcalcd. 5 1.405 g/cm3; µ(Mo-Kα) 5 0.691 mm21; 2Θ
range 4254°; 5897 independent reflections (Rint. 5 0.027); 3298
reflections for Friedel opposites merged; 379 parameters; A 5 0.06,
B 5 2.1; wR2 5 0.109; R1 5 0.039 for 5331 reflections with F .

4σ(F); Flack parameter x 5 0.42(2); max./min. residual electron
density in the final difference Fourier map 0.5/20.6 · 1026 e/pm3.

5: C16H34N2O8V2 · 0.3 MeOH; formula weight 493.9; crystal size
0.4 3 0.4 3 0.06 mm; orthorhombic space group Pbcm (No. 57);
T 5 183 K; a 5 903.85(1), b 5 1453.37(2), c 5 1757.92(3) pm;
V 5 2.30925(6) nm3; Z 5 4; ρcalcd. 5 1.421 g/cm3; µ(Mo-Mα) 5
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0.852 mm21; 2Θ range 4254°; 2593 independent reflections
(Rint. 5 0.028); 208 parameters; A 5 0.04, B 5 1.8; wR2 5 0.097;
R1 5 0.038 for 2204 reflections with F . 4σ(F); max./min. residual
electron density in the final difference Fourier map 0.5/20.4 · 1026

e/pm3.
Further details of the crystal structure investigations may be ob-

tained from the Fachinformationszentrum Karlsruhe; D-76344
Eggenstein-Leopoldshafen (Germany), on quoting the depository
numbers CSD-408105 (1 · 2 MeOH), CSD-408106 (2 · 2 MeOH);
CSD-408107 (3), CSD-408108 (4), and CSD-408109 (5).

; Dedicated to Professor Achim Müller on the occasion of his
60th birthday.
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Examples of a new class of three-dimensionally arranged uniform and random colloidal dispersions on the walls in the
form of sub-monolayers without any aggregation. UV/Visgold colloids have been prepared in the nanoscale pores of

alumina membranes. Immobilization of the colloid particles spectra of the filled membranes showed an absorption
maximum at ca. 525 nm arising from an excitation of thewas achieved by a modification of the inner walls with

alkoxysilanes Y–(CH2)x–Si(OR)3 and Y–(CH2)x–SiR(OR)2 plasmon resonance of the gold colloids. The dimensions of
the pores can be “tuned” and given the diverse range ofbearing suitable functional groups (Y = NH2, SH), followed

by anchoring of the colloids by self-assembly onto the different colloids available, routes to novel catalysts and
sensors can be envisaged.modified surface. This procedure gives tight and stable

ensembles of colloids on the walls. TEM analyses revealed

Introduction surface has been reported by Natan et al. [9] and by Sato
et al. [10] The use of colloids offers several advantages: (i)

Over the past decade, a wide variety of approaches have essentially monodispersed metal particles are easily ob-
been proposed for the construction of nanostructured mate- tained, (ii) the preparation and characterization of many
rials from nanoparticles. Organization of nanoscale par- kinds of colloidal metals has been well-researched, (iii) or-
ticles is considered as a promising route for the develop- dering of colloids is expected by self-assembly, (iv) anchor-
ment of new materials that can be classified as nanostruc- ing on supports increases stability against agglomeration,
tures. Since metal colloids represent one of the most exten- and (v) new characteristics originate from an interaction
sively studied classes of nanoscale materials, and because between the colloidal particles and supports.
they have the advantage of well-defined size and character,
such systems are promising candidates for use as building Since the construction of three-dimensional ensembles is

necessary for the practical use of colloids, the developmentblocks in the construction of nanostructured materials. [1]

Nanostructures constructed from colloids are of interest for of three-dimensional structures from two-dimensional ar-
rays is necessary. [11] Three-dimensional colloid arrange-a wide range of applications[2] as a result of their chemical,

catalytic, electrochemical, magnetic, and optical properties. ments have been reported to be produced from multi-layer
films by sequential self-assembling[12] and by using sol-gelFor example, in catalysis they can be regarded as offering

intermediate situations between homogeneous and hetero- techniques[13], as well as from the use of reversed mi-
celles [14], and by an external electric field induced layeringgeneous catalysts [3], and unique catalytic features in reac-

tions such as hydrogenation[4], hydrosilylation[5], and pho- of colloid crystals. [15] Assembling a homogeneous disper-
sion in a well-defined three-dimensional nanostructure of-tocatalytic reactions[6] have been reported. Meanwhile, the

adsorption of metal colloids onto organic and inorganic fers an alternative route to these “stepwise”[12] [13] [14] [15]

constructions. Such a strategy requires careful selection ofsupports has been investigated as a means of preparing
well-defined heterogeneous catalysts. [7] the appropriate matrix. Since a porous alumina membrane,

which can be prepared by anodic oxidation of aluminum inImmobilization of metal colloid particles on a suitable
structured matrix using a self-assembly technique is one of diprotic acid solution, has a huge number of parallel pores

of uniform diameter, we chose it as a promising matrix forthe most promising strategies for the construction of col-
loidal nanostructures. [8] Based on such a strategy, the prep- supporting assemblies of colloids. The dimensions of the

pores can be controlled by adjusting the anodization con-aration of two-dimensional metal colloid arrays on a flat
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ditions; by varying the applied voltage their diameter can the reagents is modified by the nature of the functional

group Y and by the number of alkoxy groups. Comparedbe varied from 5 to 150 nm and their depth, i.e. the thick-
ness of the membrane, from 1 to >100 µm.[16] Such a po- to dialkoxysilanes, trialkoxysilanes show lower reactivity.

On the other hand, aminoalkoxysilanes are highly reactiverous alumina membrane has also been used as a unique
template in the assembly of nanostructures. [17] The anodi- compared to mercapto derivatives.

The immobilization of gold colloids in the pores can bezation procedure is readily applicable for the preparation of
a membrane of large area and of appropriate shape. Here, performed by one of two types of vacuum incorporation.

In the first, the modified membrane is placed on a shortwe describe the assembly of gold colloids in the well-or-
dered pores of alumina membranes using a self-assembly plastic tube connected to a water pump, and the gold col-

loid solution is sucked through the membrane. Alterna-technique. These materials belong to a new class of three-
dimensional nanostructures, the structures of which can be tively, the membrane is placed in a flask and the colloid

solution is added. Evacuation of the flask causes the solu-“tuned” by modification of the matrix. Therefore, this strat-
egy should be a potentially useful technique in the develop- tion to penetrate into the pores. In both cases it is necessary

to exhaustively wash out remaining silane before the fillingment of diverse applications in optics, as sensors, and as
catalysts. process. Even small amounts of unreacted reagents cause

immediate aggregation of the gold colloids. Well-washed
membranes take on a dark-red color upon incorporation ofResults and Discussion
gold colloids. Figure 1 shows a schematic depiction of aImmobilized Colloids in Membranes: Scheme 1 illustrates
membrane containing immobilized gold.our strategy for the preparation of the target material and

the colloid coordination. The procedure consists of the ano-
Figure 1. Model structure of a colloid-charged porous aluminadization of aluminum, the derivatization of pores in the alu-

membrane
mina membrane with a functionalized alkoxysilane such as
Y2(CH2)x2Si(OR)3 or Y2(CH2)x2SiR(OR)2 (Y 5 SH,
NH2), and the immobilization of colloidal particles.

Scheme 1. Modification of alumina membranes with functionalized
alkoxysilane molecules and chemisorption of gold col-
loids

Optical Properties: UV/Vis spectra of gold colloid solu-
tions, prepared as described[21], show an absorption maxi-
mum at ca. 520 nm originating from an excitation of plas-
mon resonance.

Aluminum plates form porous membranes on the surface
upon anodization in 2% phosphoric acid solution. Pore size Figure 2. UV/Vis spectra of immobilized gold colloids in nanopo-
and pore density is largely governed by the applied volt- rous membranes derivatized with different alkoxysilanes 2 A: deri-

vatized with APDMS; B: derivatized with MPDMSage. [16] Membranes containing pores of 150 ± 10 nm in di-
ameter are obtained by constant voltage anodization at 150
V. Detachment of the membrane by treatment with sulfuric
acid gives a self-standing alumina membrane with a thick-
ness of between 20 and 90 µm depending on the anodi-
zation period.

The hydroxyl groups present on the alumina surface are
highly reactive and react readily with alkoxysilane mol-
ecules generating covalent Al2O2Si moieties. Functional
groups Y are selected such that they show good affinity to
the metal colloid. Reactions of the alkoxysilanes with the
pore walls proceed smoothly in toluene solution under re-
flux conditions. The IR spectrum of a membrane reacted The spectra of colloids in membranes show resonances

at approximately the same position. Figure 2 shows thewith 3-aminopropylmethyldiethoxosilane (APDMS) shows
two signals at 2960 and 2930 cm21, which can be attributed spectra of two colloid-containing membranes. Membrane A

was modified with APDMS, membrane B with 3-mercapto-to C2H stretching vibrations of the alkyl chains. [18] By
monitoring the peak intensity during the course of the reac- propylmethyldimethoxysilane (MPDMS). Both spectra

show a peak at λmax 5 ca. 525 nm, but the relative ab-tion, saturation is observed after ca. 14 h. The reactivity of

Eur. J. Inorg. Chem. 1998, 8072812808
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Figure 3. TEM image of immobilized gold colloids (ca. 13 nm) insorbances differ markedly. The peak position is close to that

opened pores of aluminaof the original solution, albeit slightly shifted to longer
wavelengths. This shift can be explained in terms of inter-
particle coupling between the colloids[19], i.e. a reduction of
the distance between particles compared to that in solution.

The difference in the absorbances of membranes A and
B can be attributed to the different amounts of colloid that
are immobilized. The different degree of immobilization
can be explained by preferred interactions between the
amino functions of APDMS and the colloids bearing citric
acid molecules on the surface. The SH functions in
MPDMS could be expected to form strong bonds to gold
particles, but this effect is less in evidence compared to the
acid-base interaction. Since neither spectrum shows aggre-
gation peaks between 600 and 800 nm, aggregation of the
colloids by migration can be excluded. The lack of aggre-
gation indicates that the colloids are tightly bound to the This value is slightly larger but close to the size of the orig-

inal colloids in aqueous solution, i.e. the colloidal particlessurface through their interaction with the functional groups
of anchored molecules. Assuming that the pores have a di- do not grow or aggregate during immobilization. The sub-

monolayer coverage of the wall with the gold colloids wasameter of 160 nm and that there is a pore density of 1.1·109

cm22, in accordance with the data of Rigby and co-work- found to represent ca. 25% of a full monolayer. Incomplete
coverage of the wall can be attributed to an electrostaticers[16c], the internal surface area of the pores can be roughly

calculated as 4·102 cm2 for 1 cm2 of membrane. The outer repulsion between particles. This is consistent with previous
observations on a two-dimensional array of gold colloidssurface area is thus less than 1% of this value. Since the

density of surface hydroxy groups on the alumina was re- on a derivatized SiO2 surface. [9]

Since the pores are cylindrical in shape, the walls are con-ported to be 10 per nm2 after treatment at 100°C[20], the
total number of OH groups in the pores can be estimated cave. Therefore, the particle density projected on the film

appears to vary with position in the pore. Differently sec-as 4·1016 for 1 cm2 of membrane. If all OH groups are deriv-
atized by silane molecules, about 23 nmol of functional tioned TEM photographs clearly show the effect of pore

shape. Figures 4a to 6a show images of apparently differentgroups are fixed in the pores. Considering the size of the
colloid (13 nm), more than ca. 450 of the functional groups dispersions according to the sectioning, along with sche-

matic depictions.can be expected to be present within the area corresponding
to the dimensions of one colloid particle. Of course, not all In order to make TEM imaging easy, AnoporeTM with

250 nm pore widths was used for this special purpose. Thefunctional groups are able to interact with the colloids, but
strong interactions by multi-anchoring between the surface sample was derivatized with APDMS and sectioned into

sheets of thickness 100 nm. A part of the sample gave im-and the particle are very reasonable as an interpretation of
the absence of aggregation. [22] ages showing the particles located only near the pore walls

(Figure 4a). In this micrograph, closely packed, verticallyTransmission Electron Microscopy: To confirm the disper-
sion of the colloids on the derivatized surface of the pores, overlapped particles are observed along the walls. This ar-

rangement is interpreted as illustrated in Figure 4b. In thistransmission electron microscopy (TEM) investigations
were carried out on sectioned samples. Figure 3 shows a image, thin sectioning is considered to remove both walls,

i.e. the upper and lower faces, of the pore. Since particlesTEM image of a porous membrane following derivatization
with APDMS and treatment with a gold colloid by vac- near the wall are viewed from the perpendicular direction,

particles aligned vertically give a projected image of over-uum incorporation.
The gold colloid particles can clearly be recognized on lapped particles. As the result, the density of particles near

the wall appears to increase. Figure 5a shows an image ofthe pore walls. Apart from the region near the surface of
the membrane, the particles are randomly and uniformly an area similar to that depicted in Figure 4a (bottom), but

additionally shows a pore with an intact rear side (upperdistributed and cover the wall surface as a sub-monolayer
extending over a large area. No aggregated or chained par- part). Figure 5b illustrates a tubular pore cut in half, with

immobilized particles on the surface. In accordance withticles can be observed in either direction, i.e. in the plane
of, or perpendicular to the wall. In contrast, a TEM image the curvature of the bottom side, the apparent density of

particles appears to be higher near the vertical walls andof an underivatized porous membrane following treatment
with the colloid revealed only the presence of partly aggre- gradually decreases towards the center.

Figure 6a depicts two distinct areas in one pore (parts Agated colloids of low density. Therefore, the random ar-
rangement indicated by the UV/Vis spectrum is clearly con- and B). The two areas are distinguishable by the following

criteria: (i) the observed density of particles in part A isfirmed by the TEM observation.
The average diameter of the immobilized colloids on the much higher than that in part B, (ii) overlapped images of

particles are apparent only in part A, (iii) the darknesswall is found to be ca. 15 nm (for 131 measured particles).

Eur. J. Inorg. Chem. 1998, 8072812 809
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Figure 4. (a) TEM image of gold colloids in the pores. Both the upper and lower walls have been removed by sectioning; (b) schematic

representation illustrating the situation

Figure 5. (a) TEM image of gold colloids in alumina pores opened on one side, (b) schematic representation to clarify the photograph

Figure 6. (a) Some distinct areas in a piece of membrane supporting gold colloids. Area B shows part of a pore opened on one side,
while area A depicts a view through a thin, but colloid-bearing alumina wall; the density of colloids appears higher in A than in B due
to the simultaneous imaging of particles on both the front and rear sides. The schematic representation in Figure 6b helps to clarify the

relatively complicated situation in Figure 6a.

around the colloids in area A is more pronounced than that transmission view of the whole tube, i.e. the overlapped im-
age of both upper and lower walls of one pore. This viewin area B. Part B is considered to be similar to the bottom

part of a wall, as in Figure 4b. Figure 6b illustrates a cylin- can be considered to give an almost double particle density
and an overlapped image of particles through projection ofdrical pore sliced slantwise. This scheme depicts two parts;

one part is modelled in Figure 5b, while the other consists both walls within the same area. The model shown in Fig-
ure 6b interprets all characteristics of Figure 6a.of a whole pore wall. The image of area A is assigned to a

Eur. J. Inorg. Chem. 1998, 8072812810
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Derivatization of Porous Alumina: A typical procedure for theThese three TEM photographs are consistent with the

derivatization with MPDMS and APDMA was as follows: theresults of spectroscopic studies and clearly confirm the situ-
membrane was cut to a size of ca. 1 3 2 cm, then washed withation with gold colloids immobilized on the tubular walls
methanol, and dried in air. Subsequent procedures were carried outof alumina membranes.
under nitrogen. The specimen was placed in a 50 ml flask under
anhydrous conditions. A dry toluene solution of the derivatizationConclusions
reagent (5%) was added to the flask, heated to reflux temperature,

Gold colloids have been successfully immobilized in the and maintained under these conditions for 18 h without stirring.
After cooling, the solution was removed and the membrane wasparallel and uniform pores of alumina membranes. The en-
thoroughly rinsed with dry toluene. In order to ensure completesemble of colloids forms a sub-monolayer on the pore walls
reaction of the surface hydroxy groups with the alkoxysilanes, each(coverage 5 ca. 0.25), as shown by TEM and UV/Vis spec-
specimen was subsequently subjected to the reaction conditions fortroscopy. The observations show that the colloids are tightly
a further 1 h. Afterwards, the sample was repeatedly washed withanchored on the surface, randomly and uniformly, without
hot toluene to ensure complete removal of the unreacted reagent.

any aggregation. Thus, three-dimensionally arranged col-
loidal particles are distributed over a large area, as a result Immobilization: The implantation of gold colloids into the modi-
of their self-assembly on the derivatized surfaces of the fied pores was carried out by one of two vacuum filling methods.

(a) The membrane was washed with water and then placed on astructurally well-defined alumina. The thickness of the
short plastic tube (&osol; 5 5 mm) connected to a water pump viamembranes in which the colloids are arranged ranges from
a 3-way control valve. A drop of gold colloid solution was applied10 to 100 µm, and the pore size can be “tuned” by variation
to the other side of the membrane and drawn into the pores byof the anodization conditions. Variation of the anchored
applying a vacuum. (b) The washed membrane was placed in a 50-colloids should be easily achieved by means of suitable
ml round-bottomed flask and 10 ml of the gold colloid solution

combinations of derivatizing reagents and colloidal metals. was added. The flask was then carefully evacuated to water-pump
pressure and maintained under these conditions overnight. In both

Experimental Section methods, immobilization of the colloids was checked by observing
the color of the membrane. After incorporation, the membrane wasGeneral: Aluminum plates of 99.5% of purity were used. Of the
washed thoroughly with distilled water and dried in air at roomalkoxysilanes used as derivatizing reagents, 3-mercaptopropylme-
temperature.thyldimethoxysilane (MPDMS) was purchased from ABCR

GmbH & Co., Germany, while 3-aminopropylmethyldiethoxysilane
(APDMS) was purchased from Fluka GmbH, Switzerland. Tolu-

; Dedicated to Professor Hartmut Bärnighausen on the occasionene was obtained as analytical grade and was dried by distillation
of his 65th birthday.from sodium benzophenone ketyl. Analytical grade methanol was [1] [1a] Clusters and Colloids (Ed.: G. Schmid), VCH, Weinheim,

used without further purification. Gold colloid solutions were pre- 1994, chapter 1. 2 [1b] G. Schmid, Chem. Rev. 1992, 92,
pared by an established method[21] through reduction of HAuCl4 170921727. 2 [1c] G. Schön, U. Simon, Colloid Polym. Sci.

1995, 273, 1012117. 2 [1d] J. H. Fendler, F. C. Meldrum, Adv.with sodium citrate. The average diameter of the colloids was meas-
Mater. 1995, 7, 6072632; M. Giersig, P. Mulvaney, J. Phys.ured as 13 ± 1 nm. Commercially available porous aluminum oxide Chem. 1997, 97, 633426336. 2 [1e] R. G. Freeman, K. C. Gra-

membrane, AnoporeTM (Merck, Germany; average pore diameter bar, K. J. Allison, R. M. Bright, J. A. Davis, A. P. Guthrie, M.
250 nm), was also used as a porous alumina membrane. B. Hommer, M. A. Jackson, P. C. Smith, D. G. Walter, M. J.

Natan, Science 1995, 267, 162921632.
Physical Measurements: IR spectra of derivatized membranes [2] Nanomaterials: Synthesis, Properties, and Application (Eds.: A.

were recorded on a BIO-RAD FTS-175 infrared spectrometer. S. Edelstein, R. C. Cammarata), Institute of Physical Pub-
lishing, Bristol, 1996, p. 1112140.Electronic spectra of membranes containing gold colloids were

[3] D. R. Anton, R. H. Crabtree, Organometallics 1983, 2,measured on a Varian Cary-1 UV/Vis spectrometer equipped with 8552859.
a small aperture fitted to the sample. TEM images were obtained [4] [4] H. Hirai, H. Chawanya, N. Toshima, Macromol. Chem., Ra-
using a Philips CM 200 FEG microscope. Samples for TEM were pid Commun. 1981, 2, 992103. 2 [4b] N. Toshima, T. Takahashi,

Bull. Chem. Soc. Jpn. 1992, 65, 4002409. 2 [4c] H. Bönnemann,embedded in a resin and sectioned. The thickness of the sample
W. Brijoux, R. Brinkmann, E. Dinjus, R. Fretzen, T. Joussen,was varied from 100 to 50 nm. An Ultra Cut Microtom, Leica, B. Korall, J. Mol. Cat. 1992, 74, 3232333. 2 [4d] M. Brust, J.

Germany, was used for sectioning. Fink, D. Bethell, D. J. Schiffrin, C. Kiely, J. Chem. Soc., Chem.
Commun. 1995, 165521656.Preparation of Porous Alumina Membranes: Aluminum plates [5] [5a] L. N. Lewis, N. Lewis, J. Am. Chem. Soc. 1986, 108,

(99.5%, 70 3 55 3 2 mm) were electropolished before anodization 722827231. 2 [5b] L. N. Lewis, R. J. Uriarte, N. Lewis, J. Mol.
Catal. 1991, 66, 1052113.in a mixture of sulfuric acid and phosphoric acid. Anodic oxidation

[6] [6a] A. Harriman, J. Chem. Soc., Faraday Trans. 1986, 82,was carried out in 2% (w/w) phosphoric acid under a constant volt-
226722274. 2 [6b] C. K. Grätzel, M. Grätzel, J. Am. Chem.age of 150 V at 6°C. The maximum current density was ca. 2.5 mA Soc. 1979, 101, 774127743. 2 [6c] G. S. Nahor, L. C. T. Shoute,

cm22. Anodization was allowed to proceed for 6 to 48 h depending P. Neta, A. Harriman, J. Chem. Soc., Faraday Trans. 1990, 86,
392723933. 2 [6d] T. Hanaoka, H. Arakawa, K. Takeuchi, T.on the required thickness of the membrane. Thereafter, the applied
Matsuzaki, Y. Sugi, Chem. Express 1989, 4, 1372140. 2 [6e] T.voltage was reduced in a stepwise manner from 150 V to 0.5 V and
Hanaoka, Y. Kubota, K. Takeuchi, T. Matsuzaki, Y. Sugi, J.then stopped. The anodized plates were washed with water and Mol. Catal. A - Chemical 1995, 98, 1572160.

dried in air, then immersed in 12.5% sulfuric acid at room tempera- [7] [7a] G. Schmid, M. Harms, J.-O. Malm, J.-O. Bovin, J. van Rui-
tenbeck, H. W. Zandbergen, W. T. Fu, J. Am. Chem. Soc. 1993,ture in order to detach the porous alumina membranes. The mem-
115, 204622048. 2 [7b] K. J. Klabunde, Y.-X. Li, B.-J. Tan,branes were carefully washed with water and then immersed in 10%
Chem. Matter. 1991, 3, 30239.sulfuric acid for 10 min to remove the barrier layer on the rear side, [8] [8a] A. Badia, S. Singh, L. Demers, L. Cuccia, G. R. Brown, R.

so as make through pores. Subsequently, the membrane was rinsed B. Lennox, Chem. Eur. J. 1996, 2, 3592363. 2 [8b] A. Ulman,
Chem. Review 1996, 96, 153321554.with water and methanol, and dried.
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[9] [9a] K. C. Grabar, K. J. Allison, B. E. Baker, R. M. Bright, K. ing, Chem. Rev. 1969, 69, 3652405. 2 [16c] R. C. Furneaux, W.

R. Rigby, A. P. Davidson, Nature 1989, 337, 1472149.R. Brown, R. G. Freeman, A. P. Fox, C. D. Keating, M. D.
Musick, M. J. Natan, Langmuir 1996, 12, 235322361. 2 [9b] K. [17] [17a] H. Masuda, K. Fukuda, Science 1995, 268, 146621468. 2

[17b] H. Masuda, M. Satoh, Jpn. J. Appl. Phys. 1996, 35,C. Grabar, R. G. Freeman, M. B. Hommer, M. J. Natan, Anal.
Chem. 1995, 67, 7352743. 2 [9c] K. C. Grabar, P. C. Smith, M. 1262129. 2 [17c] P. Hoyer, N. Baba, H. Masuda, Appl. Phys.

Lett. 1995, 66, 270022702. 2 [17d] C. A. Huber, T. E. Huber,D. Musick, J. A. Davis, D. G. Walter, M. A. Jackson, A. P.
Guthrie, M. J. Natan, J. Am. Chem. Soc. 1996, 118, 114821153. M. Sadoqi, J. A. Lubin, S. Manalis, C. B. Prater, Science 1994,

263, 8002802. 2 [17e] J. C. Hulteen, C. R. Martin, J. Mater.[10] [10a] T. Sato, D. Brown, B. F. G. Johnson, J. Chem. Soc., Chem.
Chem. 1997, 7, 107521087.Commun. 1997, 100721008. 2 [10b] T. Sato, D. G. Hasko, H.

[18] D. E. Weisshaar, B. D. Lamp, M. D. Porter, J. Am. Chem. Soc.Ahmed, J. Vac. Sci. Technol. B 1997, 15, 45248.
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A new type of gold cluster has been synthesized using the high-energetic irradiation in the microscope, is not observed
over longer periods of time. The increase in the total diame-silsesquioxane derivative (cyclopentyl)7Si8O12(CH2)3SH (T8-

OSS2SH) to exchange the PPh3 ligands in (PPh3)12Au55Cl6 ter from 2.1 to ca. 4.4 nm is probably responsible for these
advantageous properties, supported by strong S2Au bonds.by T8-OSS2SH quantitatively. This exchange causes several

important changes in the physical and chemical behavior of The increase in size is also expressed as an increase in the
activation energy for electron-tunneling processes throughthe compound. Owing to the presence of cyclopentyl substi-

tuents, the cluster becomes soluble in non-polar solvents the ligand shells of neighboring clusters in a densely packed
pellet. This increase is from 0.16 eV for (PPh3)12Au55Cl6 tosuch as pentane. The stability of this compound compared

with that of the PPh3-protected cluster is considerably higher 0.26 eV for the T8-OSS2SH-protected cluster.
meaning that decomposition in solution, and even under the

Introduction shell in order to evaluate the influence of the latter on the
chemical, physical, and electronic properties. Our investi-In nanoscale structures, the effect of size on the electronic
gations are based principally on functionalized organosil-properties (Quantum Size Effect) is an active area of re-
sesquioxane ligands (OSS) for several reasons. Firstly, it issearch. [1] [2] The main motivation for this work is to under-
likely that they should represent a satisfactory class of spa-stand the change in the electronic properties on the way
cers to obtain well-separated ligand-stabilized quantumfrom the bulk to the nanosized species. By reducing the size
dots. On the other hand, the incomplete T7-OSS (1; T 5of a three-dimensional metal particle, initially having bulk
number of RSiO3/2 units), which is used as a precursor inproperties, to a zero-dimensional arrangement containing
the synthesis of different functionalized OSS, has been sub-dozens or a few hundreds of atoms, a dramatic change in
ject to great attention since this molecule has a close simi-the electronic properties is observed. The electrons, which
larity with the β-cristobalite form of silica. [4]

are free in all three dimensions, now behave like electrons
in a box and the continuous density of states is replaced by
a more discrete energy level structure. This band-gap struc-

Figure 1. Formalized structure of the incompletely condensed sil-ture can be considered as an intermediate between the typi-
sesquioxane (cyclopentyl)7Si7O9(OH)3 (1)cal band structure in the bulk and the bonding and anti-

bonding system in a molecular state. In this way, if a metal
cluster has a diameter in the order of the de Broglie wave-
length of the valence electrons, the metal core could be re-
garded as a zero-dimensional quantum dot.

For the two-shell cluster (PPh3)12Au55Cl6, physical in-
vestigations have clearly indicated the existence of Quantum
Size Effects. [2] [3] Electronic inter-cluster tunneling processes
through the ligand shell have been observed and are caused
by an electron jump from one metal island to the other.

This class of small metal particle needs a protective li-
gand shell to prevent uncontrolled growth and the forma-
tion of macroscopic metal particles. It therefore seemed
interesting to modify the nature and the size of this ligand
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During the last few years, Feher et al. have focused a Marsmann et al. have already reported the synthesis of a

similar thiol-functionalized OSS by co-hydrolysis of trichlo-great deal of effort to describe a new approach for modeling
the chemistry of silica-supported transition-metal com- ro(n-propyl)silane with the (3-mercaptopropyl)trimethoxys-

ilane in a 7:1 ratio. [9] [10] In the case reported here, we haveplexes. [5] [6] After corner-capping reactions with metal com-
plexes, they obtained representative models for catalysts preferred to perform two successive hydrolyses in order to

avoid the statistically possible formation of polythiol-func-supported on hydroxylated silica. It appears fundamental
to try to adapt this approach to cluster chemistry. Previous tionalized OSS as products of a competitive reaction.

Although it is difficult to evaluate the exact size of 2 duework with the functionalized T8-OSS2ethyldiphenylphos-
phane ligand has already given good precursors to achieve to the flexibility of the propyl chain, the total diagonal

length of this ligand should be in a range of 1.421.5 nm.gold clusters but has never led to the isolation of such mate-
rials. [7] We have therefore extended these studies with SH- As explained in the introduction, this size allows one to

predict the possibility of obtaining well-separated quan-functionalized OSS. We describe here the synthesis of a new
thiol-substituted OSS that is obtained by treating 3-mercap- tum dots.

In previous works we described the exchange of the PPh3topropyltrimethoxysilane with the incompletely condensed
(cyclopentyl)7Si7O9(OH)3. Subsequent use of this func- ligand shell in (PPh3)12Au55Cl6 by Ph2PC6H4SO3Na in a

phase-transfer reaction to give a water-soluble gold clus-tionalized OSS as a protective ligand has allowed us to iso-
late a new Au55 cluster whose numerous advantages are re- ter. [11] Owing to the well-known affinity of thiol functions

to gold atoms[12] and the labile nature of the phosphaneported.
ligands bound to the surface gold atoms,[13] we tried to use
this method to synthesize thiol-functionalized OSS goldResults and Discussion
clusters (Equation 1).

Trichloro(cyclopentyl)silane, (cyclopentyl)SiCl3, is ob-
tained by hydrosilylation of cyclopentene and trichlorosi-

(PPh3)12Au55Cl6 1 12 T8-OSS2SH Rlane in the presence of H2PtCl6 as catalyst. [8] The hydrolysis
(T8-OSS2SH)12Au55Cl6 (3) 1 12 PPh3 (1)of (cyclopentyl)SiCl3 in a mixture of water/acetone leads

to the incompletely condensed (cyclopentyl)7Si7O9(OH)3 (1)
after two weeks. The reaction between 1 and the (3-mercap- This approach has been successfully applied and allowed

us to obtain the expected cluster in almost quantitativetopropyl)trimethoxysilane allows the isolation of the thiol-
substituted OSS 2, whose elemental analysis, IR, 1H-, yield. However, to prevent coalescence special precautions

should be taken (see Experimental Section). 1H-, 31P{1H}-13C{1H}-, and 29Si{1H}-NMR data are given in the Exper-
imental Section. NMR spectroscopy, and elemental analysis prove that all

Scheme 1. Synthesis of the silsequioxane ligand (cyclopentyl)7Si8O12[CH2]3SH (T8-OSS2SH) (2)
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Figure 3. High resolution transmission electron microscopy imagetwelve phosphane ligands are replaced by thiol-func-
of a 52 3 52 nm area of oriented Au55(T8-OSS2SH)12Cl6 clusters;tionalized oligosilsesquioxanes.

the insert shows the Fourier transform of that area
The most remarkable changes in behavior are found in

the solubility and in the stability of this new cluster. It is
soluble in pentane as well as in dichloromethane and the
solutions are stable over several months. This behavior is
in contrast to the very labile (PPh3)12Au55Cl6 cluster which
degrades, if dissolved, in the course of hours. Transmission
electron microscopy (TEM) investigations show monodis-
perse particles (Figure 2).

Figure 2. Transmission electron microscopy image of a ca. 145 3
200 nm area of randomly oriented (T8-OSS2SH)12Au55Cl6 clusters

ter spacing and activation energy. (T8-OSS2SH)12Au55Cl6
fits well into this series and shows a Coulomb gap of 0.26
eV, corresponding to a distance of the cluster nuclei of ca.
3 nm, a value that is in agreement with the theoretical value
of 4.4 nm 2 1.4 nm 5 3.0 nm.[19]

These results impressively show that a change in the na-
Figure 3 shows a high resolution electron microscopy ture of the ligand molecules causes drastic effects in the

(HRTEM) image of an area of a well-ordered two-dimen- physical properties. The solubility in pentane is explained
sional arrangement of (T8-OSS2SH)12Au55Cl6 (3) clusters. by the presence of many non-polar cyclopentyl groups on
The formation of ordered monolayers of nanosized metal the ligand. To understand the unusual stability we should
particles has been observed previously. [14] Ordering seems consider the total cluster diameter including the metal gold
to happen preferentially if clusters can arrange from solu- core and the ligand shell. The diameter is close to 4.4 nm
tion on a support without chemical interactions between [2.1 nm for (PPh3)12Au55Cl6] and this is probably the main
each other and the surface. In this way ideal arrangements reason that agglomeration among clusters is efficiently pre-
may occur owing to the mobility of the clusters. If strong vented. However, this phenomenon is also due to the good
chemical interaction between cluster and surface is pro- affinity of thiols for gold atoms, even if at present we cannot
voked organization is clearly hindered, as has been shown assert anything about the nature of the sulfur2gold bond.
in numerous studies of cluster assemblies on chemically Indeed two approaches can be considered. The first involves
modified surfaces. [15] The quality of the ordered area in an elimination or migration of hydrogen and the formation
Figure 3 also becomes visible from a Fourier transform (in- of a covalent bond between gold and the ligand. The second
sert in Figure 3). The angle between the visible peaks can is to consider an interaction of intact thiol with gold atoms
be measured as ca. 75°. The size of the individual clusters and the formation of a dative bond.
can be determined as 1.4 ± 0.1 nm, a value that is in good Theoretically, there is also one other way that should al-
agreement with the calculated value (1.4 nm). HRTEM re- low us to synthesize this new cluster by a phase-transfer
sults of this quality with other Au55 clusters, e.g. reaction, according to Equation 2.
(PPh3)12Au55Cl6, have not been obtained in the past due to
very fast coalescence and aggregation processes occurring (PPh2C6H4SO3Na)12Au55Cl6 1 12 T8-OSS2SH R
under the influence of the electron beam[16] and so have led (T8-OSS2SH)12Au55Cl6 1 12 PPh2C6H4SO3Na (2)
to misinterpretation of HRTEM work by other groups. [17]

The increase in the thickness of the ligand shell on chang- However, we did not observe any exchange of
PPh2C6H4SO3Na by T8-OSS2SH. Despite this failure weing from PPh3 to T8-OSS2SH, i.e. from 2.1 to ca. 4.4 nm

for the total size of the cluster, leads to considerable do not believe that PPh2C6H4SO3Na ligands have better af-
finity to gold atoms than T8-OSS2SH. One hypothesischanges in the interelectronic relation between neighboring

clusters. Recently, we determined the activation energy for could be to consider that non-polar thiol-functionalized
OSS encounters difficulties in crossing the water phase andelectron-tunneling processes in densely packed Au55 cluster

pellets containing different ligand shells or spacer mol- the water layer surrounding the water-soluble gold cluster.
The fact that no phase-transfer reaction is observed be-ecules, [18] and this resulted in a linear relation between clus-
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and 400 kV accelerating voltages, respectively. 2 Elemental analy-tween (T8-OSS2SH)12Au55Cl6, dissolved in dichlorometh-
ses were carried out by the Analytical Laboratory of the Chemistryane, and PPh2C6H4SO3Na, dissolved in water, supports this
Department of the University of Essen.assumption and indicates clearly that we cannot have any

doubts about the affinity of thiol groups for gold atoms. (Cyclopentyl)SiCl3 and (Cyclopentyl)7T7(OH)3 (1): (Cyclopen-
Following this synthetic work, a number of investigations tyl)SiCl3 and 1 were synthesized by well-known literature pro-

cedures. 1 was obtained with yields as high as 80% and the puritywere undertaken to assess physical properties and appli-
of this product was assessed by comparison of the NMR and IRcations.
data and elemental analysis. 2 IR: ν̃ 5 3200 cm21 m ν(OH), 2949In nanoporous membranes science, the size and the high
s, 2865 s, ν(alkyl), 1452 m, 1250 s, δ(C2H), 1120 vs νasym(Si2stability of this newly synthesized gold cluster turned out
O2Si), 498 m νsym(Si2O2Si). 2 1H NMR (CDCl3): δ 5 0.9521.2to be very advantageous. Recent works have shown that in
(m, 7 H, CH pentyl), 1.4521.95 (m, 56 H, CH2 pentyl), 6.10 (br.,alumina membrane pores near 7 nm in diameter can be
3 H, OH). 2 13C{1H} NMR (CDCl3): δ 5 21.97, 22.10, 22.48 (s,

filled with this new Au55 cluster, leading to a monodisperse CH, pentyl), 26.72, 26.75, 26.78 (s, CH2), 26.99, 27.01, 27.02 (s,
helical arrangement. [20] These results are very promising in CH2). C35H66O12Si7 (875.5): calcd. C 48.02, H 7.60; found C 47.98,
terms of the elaboration of 1D quantum wires and are all H 7.68.
the more interesting since it is still difficult, in practice, to

(Cyclopentyl)7T8(CH2)3SH (2): 272 mg (1.39 mmol) ofmake smaller pores near 3 nm in order to fill them with
HS(CH2)3Si(OMe)3 was placed in a dry 100-ml three-neckedusual (PR3)12Au55Cl6 clusters, the size of which does not
round-bottomed flask filled with nitrogen. 30 ml of dried benzene

exceed 2.122.2 nm. and, with vigorous stirring, 1.2 g (1.39 mmol) of 1 and 10 mg of
p-toluenesulfonic acid, diluted in few ml of dried acetone, were ad-

Conclusions ded. The solution was stirred for 20 h under reflux, then cooled
with an ice bath, concentrated to 10 ml and carefully layered withThe 3-propylthiol-substituted T8-OSS (T8-OSS2SH) has
60 ml of acetonitrile whereupon 2 precipitated. In order to simplifyallowed us to synthesize, for the first time and in very high
the filtration, the resulting white solid was allowed to stand over-

yield, a new Au55 cluster stabilized with thiol-functionalized night in a cold place. After filtration and washing with acetonitrile,
OSS ligands. pure 2 was dried under vacuum. Yield 1.03 g (78%). 2 IR: ν̃ 5

This work clearly demonstrates the dramatic influence of 2950 cm21 s ν(alkyl), 2866 s, 2590 w ν(S2H), 1452 m δ(C2H),
this new ligand on the cluster properties. Among these 1250 s, 1121 vs, νasym(Si2O2Si), 733 w ν(Si2CH2), 693 w, 507 m
properties, the size and the high stability are the greatest νsym(Si2O2Si). 2 1H NMR (C6D6): δ 5 0.75 (t, 2 H, CH22Si),

1.10 (t, 1 H, SH), 1.1821.28 (m, 7 H, CH-pentyl), 1.4521.90 (m,advantages for future physical investigations and appli-
56 H, CH2-pentyl, m, 2 H, CH22CH22CH2SH), 2.27 (m, 2 H,cations.
CH22SH). 2 13C{1H} NMR (C6D6): δ 5 11.38 (d, CH22Si),This newly synthesized Au55 cluster can also be con-
22.70, 22.71, 22.73 (s, CH-pentyl, 3:3:1), 27.35 (s, CH22SH), 27.43,sidered as a valuable model for transition-metal complexes
27.45, 27.46, 27.83, 27.85, 27.86 (s, CH2-pentyl, 3:3:1:3:1:3), 28.24or clusters supported on silica surface since OSS show great
(s, CH22CH2SH). 2 29Si{1H} NMR (C6D6): δ 5 266.56 (Si2cy-

similarities with the cristobalite form of silica. clopentyl, 3), 266.59 (Si2cyclopentyl, 1), 266.62 (Si2cyclopentyl,
Following these first results many future possibilities can 3), 266.96 (SiCH2, 1). 2 C38H70O12SSi8 (975.7): calcd. C 46.77, H

be suggested. It should first be possible to modify the 7.23; found C 46.35, H 7.32.
length of the functionalized OSS carbon chain to investi-

(T8-OSS-SH)12Au55Cl6 (3): 20 mg (1.41 µmol) ofgate inter-tunnel conductivity and quantum-size effects.
(PPh3)12Au55Cl6 and 16.5 mg (16.9 µmol) of 2 were placed in a dryMoreover, the functional group could also be changed to
100-ml three-necked round-bottomed flask filled with nitrogen. 50

synthesize other ligands to stabilize different metal centers ml of dried benzene and, a few minutes later, 5 3 10 ml of dried
in clusters or colloids. In this way the trisilanol part of the dichloromethane were added with vigorous stirring. After evapo-
incompletely condensed (cyclopentyl)7T7(OH)3 allowed us ration of the solvents, the brown product was extracted with 50 ml
to complex nickel clusters. [21]

of pentane and filtered through an ANOTOP filter (20 nm). The
pentane was removed under vacuum and the new gold cluster wasG. S. and R. P. thank the Bundesministerium für Bildung, Wissen-
precipitated with 30 ml of acetonitrile and filtered. The filtrationschaft, Forschung und Technologie, Bonn for supporting this work
pad was washed with copious amounts of acetonitrile in order tounder project FKZ 03N1012A7 and the Fonds der Chemischen In-
remove triphenylphosphane and dried overnight under vacuum. Atdustrie for their continued financial support.
this stage, the black powder obtained still contained an excess of
T8-OSS2SH due to a slight amount of decomposition during the

Experimental Section ligand-exchange reaction. Usual purification methods such as ex-
traction, recrystallisation or chromatography did not allow the iso-All reactions using air-sensitive reagents and products were per-

formed under nitrogen using standard Schlenk techniques. In the lation of the pure gold cluster and mainly led to progressive de-
composition. The best way to purify 3 was found to be ultra-fastwork described here only the (3-mercaptopropyl)trimethoxysilane

is highly sensitive in the presence of water and humidity. All sol- centrifuging. This method was successfully applied with a concen-
trated pentane solution with 28000 rpm (34000 g) over 24 h. Yield:vents were dried and purified using standard procedures. 2 NMR

spectra were recorded with a Bruker DPX working at 300 MHz for 20230 mg (60290%). 2 The spectroscopic data (IR, 1H, 13C{1H}
NMR) are the same as for the free ligand (see above). 31P-NMR1H, 75.5 MHz for 13C{1H}, 121.5 MHz for 31P{1H} and 59.6 MHz

for 29Si{1H}. 2 Infrared spectra were recorded with a Perkin-Elmer signals could no longer be observed. 2 C456H840Au55Cl6O144S12Si96

(22754.5): calcd. C 24.07, H 3.72, S 1.69; found C 25.36, H 3.81, SFT-IR 1600 spectrometer. 2 TEM images were recorded using Phi-
lips FEG-CM 200 and JEM-4000 EX machines working with 200 1.53. 2 The slight excess of carbon and hydrogen, as well as the
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Synthesis, Structure, and Properties of Osmium Complexes Containing
[Os(9S49)] and [Os(9S29)2] Fragments (9S4922 5 1,2-Bis(2-mercaptophenylthio)-
ethane(22), 9S2922 5 1,2-Benzenedithiolate);
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In search for osmium complexes with sulfur-dominated coor-
dination spheres that potentially bind and activate or stabi-
lize nitrogenase relevant small molecules, several
osmium2sulfur complexes containing 1,2-bis(2-mercapto-
phenylthio)ethane(22) (9S4922) and benzenedithiolate
(9S2922) ligands were synthesized. [OsII(PR3)2(9S49)] [R = Ph
(1), Et (2)], [OsIV(PR3)2(9S29)2] [R = Et (3), Pr(4), Me(5), Ph(6)],
[OsIV(PCy3)(9S29)2] (7), (PHCy3)[OsIII(9S29)2] (8a), (NMe4)-
[OsIII(9S29)2] (8b), and (NBu4)2[OsIV(9S29)3] (9b) were obtained
in reactions starting from commercially available osmium
compounds and the sulfur and phosphane ligands. The pres-
ence or absence of reducing solvents strongly influenced
these reactions. Octahedral (3), (4), and (PHCy3)2[OsIV(9S29)3]

Introduction

Transition metals in sulfur-dominated coordination
spheres form the active centers of numerous oxidoreduct-
ases such as nitrogenases, hydrogenases and CO dehydro-
genase[1]. In the search for low-molecular compounds that
combine structural and reactivity features of these [MS] en-
zymes we have found that transition metal complexes con-
taining [M(9S49)] (A) or [M(9S29)2] fragments (B and C)
[9S4922 5 1,2-bis(2-mercaptophenylthio)ethane(22);
9S2922 5 1,2-benzenedithiolate(22)] can bind and activate
or stabilize a considerable number of small molecules that
are key intermediates in enzymatic processes[2]. In a few
cases, catalytic reaction cycles could be developed[3]. For
example, [Rh(L)(9S49)]1 complexes (L 5 CO, PCy3) cata-
lyze the heterolytic cleavage of dihydrogen and D2/H1 ex-
change that are features of hydrogenases[4].

Iron and ruthenium [M(9S49)] complexes bind key inter-
mediates of N2 fixation such as N2H2, N2H4 and NH3

[2].
However, attempts to coordinate also dinitrogen to such
fragments have as yet remained unsuccessful. In this context
it is to be noted that transition metal N2 complexes with
sulfur dominated coordination spheres are conspicuously

[e] Part 130: D. Sellmann, T. Gottschalk-Gaudig, F. W. Heine-
mann, Inorg. Chem, submitted.
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(9a) were characterized by X-ray structure analysis, leading
to the conclusion that despite the high oxidation state of the
osmium centers, innocent dithiolate ligands are present. The
stabilization of the OsIV centers is traced back to SRM π do-
nation. Close inspection of 1 and 2 revealed a large influence
of the phosphane ligands on the stability of OsII thioether
complexes. While 1 is reasonable stable, 2 readily gives 3
and ethylene via intramolecular 9S4922 ligand reduction and
OsII R OsIV oxidation. UV-Vis spectra of 325 indicate phos-
phane dissociation in solution leading to pentacoordinate
[Os(PR3)(9S29)2] complexes. This was confirmed by the syn-
thesis of pentacoordinate [Os(PCy3)(9S29)2] (7).

rare. In fact, [Mo(N2)2(octamethyltetrathiacyclohexade-
cane)] is the only example for the coordination of N2 to a
metal center carrying exclusively sulfur coligands[5].

For this reason, we have started to explore the osmium
chemistry of 9S4922 and 9S2922 ligands, anticipating that
with [Os(9S49)] or [Os(9S29)n] species complexes could be-
come accessible that proved inaccessible with the iron and
ruthenium homologues. [Os(9S49)] complexes have been un-
known as yet, the chemistry of osmium benzene-1,2-dithiol-
ate and related ligands is largely unexplored[6]. No benzene-
dithiolate complex was known, and only a very few com-
plexes with toluenedithiolate, maleonitriledithiolate and
similar ligands have been described[7].
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Results

[Os(9S49)] Complexes

Two target complexes containing [Os(9S49)] cores could
be obtained from commercially available OsCl3 ·x H2O by
the reaction according to eq. (1).

Heating to reflux, an excess of the respective phosphane,
and the use of the solvent mixture MeOH/THF proved
necessary. The excess of phosphane and the methanol prob-
ably serve as reducing reagents for OsCl3 ·x H2O. The meth-
anol additionally causes precipitation of the resultant yel-
low to yellow-green [Os(PR3)2(9S49)] complexes 1 (PPh3)
and 2 (PEt3) from the reaction solutions. When pure THF
was used as solvent, neither 1 nor 2 could be isolated.

In these experiments, it was noted that 2 is rather thermo-
labile. The reaction leading to its formation according to
eq. (1) had to be quenched after ca. one hour of refluxing in
order to avoid a drastic decrease in yield. Already at room
temperature, [Os(PEt3)2(9S49)] (2) slowly decomposes ac-
cording to eq. (2).

An intramolecular redox reaction leads to release of
C2H4 and formation of the OsIV complex [Os(PEt3)2(9S29)2]
(3). The evolving ethylene could be detected by its 1H-NMR
signal at δ 5 5.24[8].

Complexes 1 and 2 were characterized by the common
spectroscopic methods. For example, the 1H-NMR spectra
of 1 and 2 exhibit signal patterns that are typical of C2

symmetrical [ML2(9S49)] [9] complexes. Cyclic voltammetry
of 2 further revealed two reversible redox waves at E1/2 5
220 mV and E1/2 5 950 mV that can be assigned to the
formation of the [2]1 and [2]21 cations.

Attempts to substitute one PPh3 ligand of 1 by N2H4 or
CO remained unsuccessful. Complex 1 proved substitution
inert even at elevated temperatures and pressures. In this
respect, 1 contrasts the homologous [Ru(PPh3)2(9S49)]
which readily exchanges one PPh3 ligand for numerous two
electron donors at room temperature[10].

The facile formation of the OsIV complex [Os-
(PEt3)2(9S29)2] (3) from the OsII complex [Os(PEt3)2(9S49)]
(2) and the rareness of osmium benzene dithiolate com-
plexes in higher oxidation states prompted us to investigate
these species more closely, which are also potentially suited
to yield complexes with [Os(9S49)] cores via template alky-
lations[9].

Eur. J. Inorg. Chem. 1998, 8192826820

Synthesis and Characterization of the Hexa- and Pentacoordinate
OsIV Complexes [Os(PR3)2(9S29)2] (R 5 Me, Et, Pr, Ph), and
[Os(PCy3)(9S29)2]

[Os(PR3)2(9S29)2] complexes were obtained with various
PR3 ligands according to eq. (3).

The resultant complexes 326 are gray-black to black-vi-
olet and diamagnetic. While the PMe3 and PPh3 complexes
5 and 6 are only very sparingly soluble, the PEt3 and PPr3

complexes 3 and 4 readily dissolve in common organic sol-
vents. The complexes were characterized by elemental
analyses and spectroscopic methods, and 3 and 4 also by
X-ray structure analyses. The OsIV complexes 3 and 4 each
exhibit a characteristic low field shifted 31P-NMR signal in
the region of δ 5 2200 and contrast in this respect the OsII

complexes 1 and 2 whose 31P-NMR signals appear at δ ca.
220. No 31P-NMR spectrum could be recorded of the spar-
ingly soluble PMe3 complex 5. The 31P-NMR spectrum of
the PPh3 complex 6 revealed one broad signal at δ 5 246.5.
The shift of this signal indicates dissociation of 6 to give
pentacoordinate [Os(PPh3)(9S29)2] (vide infra).

When the reaction according to eq. (3) was carried out
with the sterically very demanding phosphane PCy3, no
hexacoordinate complex but the pentacoordinate
[Os(PCy3)(9S29)2] (7) formed. This even occurred when a
fourfold excess of PCy3 was applied. Complex 7 was ob-
tained as violet microcrystals that proved diamagnetic and
well soluble in organic solvents. The number and splitting
of the 1H- and 13C-NMR signals of 7 indicate that 7 pos-
sesses lateral symmetry. The 31P-NMR spectrum exhibits
one signal at δ 5 229.2 whose chemical shift contrasts the
31P-NMR shifts (2200 ppm) of the bisphosphane com-
plexes 3 and 4. The FD mass spectrum of 7 revealed the
molecular ion at m/z 5 752 and no ions of higher masses.
These results and, in addition, the UV-Vis-NIR spectro-
scopic properties of 7 versus those of 325 (vide infra) indi-
cate that 7 is mononuclear possessing the structure indi-
cated by formula D.

X-ray Structure Determination of [Os(PEt3)2(9S29)2] (3) and
[Os(PPr3)2(9S29)2] (4)

The molecular structures of 3 and 4 are depicted in Fig-
ure 1.

Complexes 3 and 4 both possess crystallographically im-
posed inversion symmetry and exhibit pseudo-octrahedral
coordination with the phosphane ligands in trans positions.
The corresponding Os2P and Os2S distances in 3 and 4
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Figure 1. ORTEP plots of a) [Os(PEt3)2(9S29)2] (3) and b)
[Os(PPr3)2(9S29)2] (4) drawn with 50% probability ellipsoids (H

atoms omitted)[a]

[a] Selected distances [pm] and angles [°]: 3: Os(1)2S(1) 231.1(2),
Os(1)2S(2) 232.8(2), Os(1)2P(1) 244.8(2), S(1)2C(10) 174.8(8),
S(2)2C(15) 173.1(8), C(10)2C(11) 142.4(10), C(11)2C(12) 138(2),
C(12)2C(13) 130(3), C(14)2C(15) 141.2(9), C(10)2C(15)
139.0(11). S(1)2Os(1)2P(1) 90.58(7), S(2)2Os(1)2P(1) 90.46(7),
S(1)2Os(1)2S(2) 86.33(7). 2 4: Os(1)2S(1) 231.2(2), Os(1)2S(2)
231.7(2), Os(1)2P(1) 244.2(2), S(1)2C(10) 172.8(11), S(2)2C(15)
172.6(9), C(10)2C(11) 137.9(13), C(11)2C(12) 137(2),
C(12)2C(13) 136(2), C(14)2C(15) 138.1(12), C(10)2C(15)
145.3(14), S(1)2Os(1)2P(1) 89.85(8), S(2)2Os(1)2P(1) 90.65(8),
S(1)2Os(1)2S(2) 86.29(8).

are identical within the 3σ criterion. The averaged Os2S
distances of 3 and 4 [231.7(2) pm] are identical to the Ru2S
distances of the analogous [Ru(PMe3)2(9S29)2] [231.7(1)
pm][11] and are in the usual range of osmium(IV) thiolate
complexes. Os2S distances of osmium(IV) thiolate com-
plexes cover a range from 220 to 241 pm and depend on
the coordination number and geometry[12].

Detailed inspection of the C2C and C2S bond distances
in the C6H4S2

22 ligands revealed no evidence for a partial
oxidation of the benzenedithiolate ligands to give dithiocy-
clohexadiene units according to eq. (4).

In this respect, the OsIV complexes 3 and 4 behave iden-
tical to the homologous FeIV complex [Fe(PMe3)2(9S29)2]

Eur. J. Inorg. Chem. 1998, 8192826 821

and related species, which have been extensively discussed
previously[13]. They allow to conclude that benzenedithiol-
ate behaves as “innocent” dithiolate ligand such that stabi-
lization of higher metal oxidation states is rather due to
increasing SRM π donation.

Reversible Dissociation of [Os(PR3)2(9S29)2] Complexes;
UV-Vis-NIR Spectra

The UV-Vis-NIR spectra of the hexacoordinate com-
plexes 325 exhibit very intense absorptions (ε > 40000
l·mol21·cm21) in the region of 95021050 nm. These bands
can be assigned to sulfur-metal LMCT transitions, and they
slowly decrease in intensity when dilute solutions of 325
are kept at room temperature. Simultaneously, the solutions
change color from deep red to violet blue. Addition of the
respective phosphane reverses these effects (Figure 2).

Figure 2. UV-Vis-NIR spectra of a) 4 in CH2Cl2 (λmax 5 1043 nm,
ε 5 42740 lmol21cm21), b) after 12 h, c) after addition of excessive

PPr3

These observations indicate that the hexa-coordinate
complexes reversibly dissociate in solution to yield penta-
coordinate species according to eq. (5).

This assumption is supported by the electronic spectrum
of the pentacoordinate complex [Os(PCy3)(9S29)2] (7) which
does not exhibit an absorption in the NIR region. It is
further corroborated by the FD mass spectra of complexes
325, which all show intensive signals of the fragment ions
[Os(PR3)(9S29)2]1 in addition to the molecular ions.

Synthesis and Properties of the OsIII Complex
(PHCy3)[Os(9S29)2] (8a)

The [Os(PR3)2(9S49)] complexes 1 and 2 had shown that
the solvent and reaction time could markedly influence the
course of synthesis reactions. This was also observed when
(NH4)2[OsBr6], 9S29-Li2 and an excess of PCy3 were com-
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bined not in THF as in the reaction according to eq. (3),
but in a mixture of THF and MeOH, and refluxed for three
days. In this case, not the OsIV complex 7 but the OsIII

complex (PHCy3)[Os(9S29)2] (8a) formed as major product
according to eq. (6).

Complex 8a precipitated as orange micro-crystals from
the boiling reaction mixture. The violet-blue
[Os(PCy3)(9S29)2] (7) formed only as minor by-product and
could be isolated in negligible amounts when the mother
liquors were cooled to 220 oC.

Apparently, in the reaction according to eq. (6) the sol-
vent MeOH and possibly also the excess PCy3 act as reduc-
ing reagents upon (NH4)2[OsBr6]. Complex 8a, whose el-
emental composition differs from that of the OsIV complex
[Os(PCy3)(9S29)] (7) only by one proton, was identified by
its spectra, magnetism, and by the metathesis reaction with
NMe4OH yielding the NMe4

1 salt (NMe4)[Os(9S29)2] (8b)
according to eq. (7).

The presence of the PHCy3
1 cation in 8a could further

be concluded from the 1H-NMR spectrum of 8a which re-
vealed the characteristic 1J(PH) coupling constant (475 Hz)
of the PHCy3

1 cation.
8a is paramagnetic and exhibits a magnetic moment of

µeff 5 3.04 µB. The magnetic moment is compatible with
three unpaired electrons at OsIII centers in square planar or
tetragonal pyramidal coordination. In contrast octahedral
OsIII thiolate phosphane complexes with one unpaired elec-
tron exhibit magnetic moments in the range µeff 5
1.8521.98 µB

[14]. The structure of the anion in 8a remains
unknown, however, the dinuclear structure of the homolo-
gous iron complex that was revealed by X-ray structure
analysis [15] suggests a similar structure for 8a as indicated
by formula E.

Complex 8a is sparingly soluble in THF or MeOH, but
readily dissolves in CH2Cl2. Also in the absence of air, the
resultant orange CH2Cl2 solutions are unstable and turn to
deep violet in the course of a few hours, because 8a spon-
taneously forms 7 according to eq. (8).

Eur. J. Inorg. Chem. 1998, 8192826822

This reaction involves an OsIII R OsIV oxidation, but the
oxidizing reagent as well as the fate of the formally released
proton and electron remain unknown. Evolution of H2

could not be observed[16].

Synthesis and Properties of (NBu4)2[Os(9S29)3] and
(PHCy3)2[Os(9S29)3]

Single crystals that precipitated in minor amounts from
the mother liquors of the [Os(PCy3)(9S29)2] (7) synthesis
could be characterized by X-ray structure analysis revealing
that the crystals contained the salt (PHCy3)2[Os(9S29)3] (9a).
The NBu4

1 salt (NBu4)2[Os(9S29)3] (9b) was subsequently
obtained in the straight forward synthesis according to eq.
(9).

9b was isolated in form of dark red crystals, which were
characterized by elemental analysis and spectroscopic meth-
ods. 9b is diamagnetic. Its cyclic voltammogramm shows
one irreversible (2580 mV) and two reversible anodic redox
waves (280 mV and 180 mV). They can be assigned to the
redox steps indicated by eq. (10).

Figure 3 depicts the molecular structure of the anion of
(PHCy3)2[Os(9S29)3] (9a).

Figure 3. ORTEP plot of the anion of (PHCy3)2[Os(9S29)3] (9a)
drawn with 50% probability ellipsoids (H atoms omitted)[a]

[a] Selected distances [pm]: Os(1)2S(1) 236.6(2), Os(1)2S(2)
235.7(2), Os(1)2S(3) 235.6(2), Os(1)2S(4) 234.5(3), Os(1)2S(5)
235.0(3), Os(1)2S(6) 236.0(3), S(1)2C(10) 175.8(9), S(2)2C(15)
173.6(9), S(3)2C(20) 177.4(10), S(4)2C(25) 172.7(11), S(5)2C(30)
176.7(11), S(6)2C(35) 177.2(10); average S2S(intra) 3.190,
S2S(inter) 3.385. 2 Selected angles [°]: S(1)2Os(1)2S(4)
167.40(9), S(2)2Os(1)2S(5) 163.53(9), S(3)2Os(1)2S(6) 168.23(8),
S(1)2Os(1)2S(2) 85.06(8), S(3)2Os(1)2S(4) 85.40(9),
S(5)2Os(1)2S(6) 85.23(10).

The average Os2S distances in 9a [235.6(3) pm] are
longer than those in the neutral [Os(PR3)2(9S29)2] complexes
3 and 4 [231.7(2) pm]. This can be traced back to reduced
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SRM π donation in 9a which unlike 3 and 4 does not exhi-
bit π acceptor phosphane ligands. As for 3 and 4, scrutiniz-
ing the C2C and C2S distances yielded no evidence for
cyclohexadienedithioketone-like structures of the C6H4S2 li-
gands.

An important structural feature of numerous dithiolene
type [M(S2C2R2)3] complexes (R 5 H, Ph) is their trigonal
prismatic coordination geometry. Potential factors, e.g.,
S···S interactions between vicinal S donors, metal-ligand π
bonding and the overall charge of the complexes, stabilizing
the trigonal pyramidal versus the octahedral coordination
geometry have been elucidated[17]. The analysis of the
S2Os2S angles in 9a shows that 9a is best described to
possess pseudo-octahedral geometry. Due to the chelate
bite of the C6H4S2 units, the ideal S2M2S angle which can
be reached for 9trans9 sulfur donors in octahedral com-
plexes is 170° (instead of 180°) [18]. The corresponding angle
in trigonal prismatic complexes is 136°. The respective
S2Os2S angles in 9a vary between 163.5(1)° and 168.2(1)°
and are thus close to the ideal angle for octahedral coordi-
nation.

A literature search revealed that there are only two other
dianionic [M(9S29)3]22 complexes (M 5 Ti[19], Zr[18]) that
exhibit octahedral geometry. The anion in
(AsPh4)2[W(9S29)3] shows average S2W2S angles of
151.6° [20]. It thus represents an intermediate between octa-
hedral and trigonal prismatic coordination comparable to
the structure of the monoanion in (AsPh4)[Nb(9S29)3] [21].

Discussion and Summary

The OsII complexes [Os(PR3)2(9S49)] (1) (R 5 Ph) and
2 (R 5 Et) could be directly synthesized from 9S4922, the
respective phosphane and commercially available OsCl3 ·x
H2O. Complexes 1 and 2 revealed a remarkable influence
of the phosphane coligands upon the complex stability and
reactivity. 1 proved temperature stable and substitution in-
ert contrasting the homologous [Ru(PPh3)2(9S49)], which re-
adily exchanges one PPh3 ligand. 2 is so labile that already
at room temperature it readily releases C2H4 and forms the
OsIV complex [Os(PEt3)2(9S29)2] (3) via an intramolecular
redox reaction. Evidently, the strongly electron donating
PEt3 and the a priori high electron density of the OsII center
destabilize the 9S4922-ligand to such an extent that its C2H4

bridge is reductively eliminated. Such C2H4 eliminations
from the 9S4922-ligand have been observed previously with
electron rich Fe and Mo species[22]. In this respect, 2 unex-
pectedly strongly differs from its iron and ruthenium alkyl-
phosphane [M(PR3)2(9S49)] counterparts which are perfectly
stable at ambient conditions. Complex 3 and the PMe3 5,
PPr3 4, and PPh3 6 analogues were directly obtained from
[OsBr6]22, 9S2922 and the respective phosphanes. X-ray
structure analyses of 3 and 4 revealed that these complexes
possess planar [Os(9S29)2] cores and trans phosphanes. UV-
Vis-NIR spectroscopy further showed that the hexaco-
ordinate complexes 3 to 5 have very intense NIR bands
and reversibly dissociate yielding pentacoordinate
[Os(PR3)(9S29)2] complexes. When PR3 is the sterically
very bulky PCy3, only the pentacoordinate species
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[Os(PCy3)(9S29)2] (7) could be isolated. The influence of sol-
vents upon the course of reactions became particularly evi-
dent when the synthesis of (7) was tried in MeOH instead
of THF. In this case, the OsIII complex (PHCy3)[Os(9S29)2]
(8a) formed. Complex 8a probably possesses a dinuclear
anion, is paramagnetic and spontaneously oxidizes in
CH2Cl2 to give 7. Cyclic voltammetry revealed redox ac-
tivity also for 2, 3, and (NBu4)2[Os(9S29)3] (9b) which forms
from stoichiometric amounts of [OsBr6]22, NBu4

1, and
9S2922. X-ray structure analysis of the analogous
(PHCy3)2[Os(9S29)3] (9a) revealed pseudo-octahedral coor-
dination geometry of the [Os(9S29)3]22 anion.

Scrutinizing the C2C and C2S distances in the C6H4S2

units of 3, 4, and 9a corroborates previous results. They
indicate that benzenedithiolate behaves as “normal” dithiol-
ate also when binding to metal centers in higher oxidation
states. The stabilization of these oxidation states thus is bet-
ter traced back to increasing SRM π donation than to a
“non-innocence” of benzenedithiolate that involves a
break-up of the aromatic benzene system.

In summary, first examples of complexes containing
[Os(9S49)] and [Os(9S29)2)] fragments have been synthesized
and characterized. The complexes differ unexpectedly
strongly from their iron and ruthenium homologues. While
with 9S4922 or 9S2922 ligands the metal oxidation state 1IV
is found only in very few iron and only unsignificantly more
ruthenium complexes, it is well accessible with Os com-
plexes.

Financial Support of this work by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie is gratefully
acknowledged.

Experimental Section
General Methods: Unless noted otherwise, all reactions were car-

ried out under an atmosphere of dinitrogen at room temperature
by using standard Schlenk techniques. Solvents were dried and dis-
tilled before use. 2 Physical measurements were carried out with
the following instruments: IR spectra, Perkin Elmer 16PC FTIR
spectrometer (IR spectra of solutions were recorded in CaF2 cu-
vettes with compensation of the solvent bands, solids were meas-
ured as KBr pellets); mass spectra, Varian MAT 212; UV/Vis/NIR
spectra, Shimadzu UV3101 PC spectrometer; NMR spectra, Jeol
FT-JNM-GX 270, EX 270 and LA 400; Magnetic susceptibility:
Johnson Matthey susceptibility balance; Cyclic voltammograms,
EG&G potentiostat PAR model 264A with glassy carbon working
electrode, Pt counter electrode and Ag/AgCl reference electrode.
Conducting electrolyte: 0.1  NBu4PF6. Potentials are referred to
NHE via Cp2Fe0/1 as internal standard. Cp2Fe0/1 5 0.40 V vs.
NHE[23]. 2 1,2-benzenedithiol [24] and 1,2-bis(2-mercaptophenyl-
thio)ethane 9S49-H2

[25] were prepared as described in the literature.

[Os(PPh3)2(9S49)] (1): OsCl3 · x H2O (335 mg, 1.1 mmol), PPh3

(1 g, 3.8 mmol), and 9S49-H2 (350 mg, 1.1 mmol) were suspended
in MeOH (20 ml) and THF (40 ml) and refluxed for 24 h. The
resultant suspension was cooled to room temperature, the precipi-
tating yellow-green crystals were separated, recrystallized from
CH2Cl2 (20 ml), and dried in vacuo. Yield: 500 mg of 1 · 0.25
CH2Cl2 (44%). 2 C50.25H42.5OsP2S4 (1044.5): calcd. C 57.78, H
4.10, S 12.28; found C 57.55, H 4.15, S 12.22. 2 1H NMR
(CD2Cl2): δ 5 6.427.5 (m, 38 H, C6H4, C6H5), 2.1522.4 (m, 2 H,
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C2H4), 1.621.8 (m, 2 H, C2H4). 2 13C{1H} NMR (CD2Cl2): δ 5

159.6, 136.2 (m), 135.4 (t), 133.1, 130.8, 129.8, 129.2, 128.1, 126.7
(t), 121.6 (C6H4, C6H5), 43.3 (C2H4). 2 31P{1H} NMR (CD2Cl2)
δ 5 214.4 (s, PPh3).

[Os(PEt3)2(9S49)] (2): OsCl3 ·x H2O (360 mg, 1.2 mmol), PEt3

(4 ml, 26 mmol), and 9S49-H2 (380 mg, 1.2 mmol) were suspended
in MeOH (35 ml) and THF (20 ml) and refluxed for 1 h. The
resultant solution was filtered and cooled to 220°C. Yellow crys-
tals precipitated that were separated after one week, washed with
MeOH (50 ml) and n-hexane (20 ml), and dried in vacuo. Yield:
550 mg of 2 (62%). 2 C26H42OsP2S4 (735.0): calcd. C 42.49, H
5.76, S 17.45; found C 42.85, H 5.75, S 17.54. 2 FD MS (CH2Cl2);
m/z: 736 [M1]. 2 1H NMR (CD2Cl2), δ 5 7.327.6 (m, 4 H, C6H4),
6.6527.0 (m, 4 H, C6H4), 2.4522.7 (m, 2 H, C2H4), 1.722.2 (m,
12 H, CH2), 1.421.7 (m, 2 H, C2H4), 0.821.2 (m, 18 H, CH3). 2
31P NMR (CD2Cl2), δ 5 226.3 (s, PEt3). 2 CV (CH2Cl2, room
temp., [mV]); E 5 220 (rev.), 2950 (rev.).

[Os(PR3)2(9S29)2] with R 5 Me, Et, Pr, Ph

General Procedure: At 278°C, 2.5  nBuLi in n-hexane (0.8 ml,
2 mmol) was added to a solution of 9S29-H2 (0.12 ml, 1 mmol) in
THF (10 ml). The solution was warmed to room temperature and
added to a suspension of (NH4)2[OsBr6] (350 mg, 0.5 mmol) and
PR3 (0.15 ml, 1 mmol) in MeOH or THF (10 ml). The resultant
suspension was heated under reflux for 19 h, filtered, and cooled
to room temperature or 220°C. The resultant complexes precipi-
tated as black crystals or gray-black powders that were collected
after one week, washed with MeOH (20 ml) and dried in vacuo.
Complex 6 required recrystallization from THF (20°C R 220°C)
in order to obtain correct elemental analyses.

[Os(PEt3)2(9S29)2] (3): Yield: 225 mg of 3 (50%). 2

C24H38OsP2S4 (707.0): calcd. C 40.78, H 5.42, S 18.14; found C
40.66, H 5.72, S 18.10. 2 FD MS (CH2Cl2); m/z: 590 [M1 2 PEt3].
2 1H NMR (CD2Cl2), δ 5 7.527.7 (m, 4 H, C6H4), 5.325.5 (m,
4 H, C6H4), 0.420.6 (quint, 18 H, CH3), 20.7 (m, 12 H, CH2). 2
13C{1H} NMR (CD2Cl2), δ 5 148.0, 125.0, 120.7 (C6H4), 10.7 (t,
CH2), 6.7 (s, CH3). 2 31P{1H} NMR (CD2Cl2), δ 5 2195.4 (s,
PEt3). 2 UV/VIS/NIR (CH2Cl2): λmax (lg ε) 5 1043 nm (4.61), 765
(3.64), 626 (3.78), 531 (3.67). 2 CV (CH2Cl2, room temp., [mV]);
E 5 340 (rev.), 2760 (rev.), 1030 (irrev.).

[Os(PPr3)2(9S29)2] (4): Yield: 290 mg of 4 (73%). 2

C30H50OsP2S4 (791.1): calcd. C 45.55, H 6.37, S 16.21; found C
45.50, H 6.40, S 15.75. 2 FD MS (CH2Cl2); m/z: 792 [M]1, 632
[M1 2 PPr3]. 2 1H NMR (CD2Cl2), δ 5 7.527.7 (m, 4 H, C6H4),
5.3525.55 (m, 4 H, C6H4), 0.620.9 (m, 12 H, βCH2), 0.5 (t, 18 H,
CH3), 20.752(20.6) (m, 12 H, αCH2). 2 13C{1H} NMR
(CD2Cl2), δ 5 147.9, 124.9, 120.7 (C6H4), 21.1 (t, αCH2), 16.3 (s,
CH3), 16.0 (t, βCH2). 2 31P{1H} NMR (CD2Cl2), δ 5 2201.1 (s,
PPr3). 2 UV/VIS/NIR (CH2Cl2, λmax (lg ε) 5 1043 nm (4.63), 761
(3.74), 625 (3.88).

[Os(PMe3)2(9S29)2] (5): Yield: 155 mg of 5 (50%). 2

C18H26OsP2S4 (622.8): calcd. C 34.71, H 4.21; found C 34.96, H
4.17. 2 1H NMR (C6D6), δ 5 7.928.1 (m, 4 H, C6H4), 5.425.6
(m, 4 H, C6H4), 21.2 (t, 18 H, CH3). 2 UV/VIS/NIR (CH2Cl2):
λmax (lg ε) 5 985 nm (4.53), 750(3.71), 622(3.56).

[Os(PPh3)2(9S29)2] (6): Yield: 410 mg of 6 (82%). 2

C48H38OsP2S4 (995.2): calcd. C 57.93, H 3.85; found C 57.90, H
3.84. 2 1H NMR (CD2Cl2), δ 5 7.527.6 (m, 4 H, C6H4), 6.927.25
(m, 30 H, C6H5), 5.926.05 (m, 4 H, C6H4). 2 13C{1H} NMR
(CD2Cl2), δ 5 134.1 (d), 132.3 (d), 132.2, 129.4, 128.8 (d), 128.1,
122.8, 134.1 (d) (C6H4, C6H5). 2 31P{1H} NMR (CD2Cl2), δ 5

246.5 (s, PPh3).
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[Os(PEt3)2(9S29)2] (3) from OsCl3 · x H2O, 9S49-H2 and PEt3:
OsCl3 · x H2O (360 mg, 1.2 mmol), PEt3 (4 ml, ca. 25 mmol), and
9S49-H2 (380 mg, 1.2 mmol) were combined in MeOH (35 ml) and
THF (20 ml) and heated under reflux for 3 d. The resultant solu-
tion was filtered while hot and cooled to room temperature. Black
crystals precipitated that were collected after 7 d, washed with
MeOH (40 ml) and n-hexane (20 ml) and dried in vacuo. They were
identified by comparison with an authentic sample of 3. Yield: 620
mg of 3 (73%). 2 C24H38OsP2S4 (707.0): calcd. C 40.78, H 5.42, S
18.14; found C 40.80, H 5.67, S 18.36.

[Os(PCy3)(9S29)2] (7): At 278°C, 2.5  nBuLi in n-hexane (0.4
ml, 1 mmol) was added to a solution of 9S29-H2 (0.16 ml, 0.5 mmol)
in THF (10 ml). The solution was warmed to room temperature
and added to a suspension of (NH4)2[OsBr6] (176 mg, 0.25 mmol)
and PCy3 (280 mg, 1 mmol) in THF (20 ml). The resultant violet
suspension was heated under reflux for 19 h, filtered and cooled to
220°C. The precipitating violet crystals were collected after 8 d,
washed with MeOH (20 ml) and dried in vacuo. When the THF/
MeOH mother liquor was kept at 220°C, a few single crystals
separated in the course of 14 d, which were identified as
(PHCy3)2[Os(9S29)3] (8a) by X-ray structure determination. Yield:
125 mg of 7 (67%). 2 C30H41OsPS4 (751.1): calcd. C 47.98, H 5.50,
S 17.08; found C 47.88, H 5.51, S 17.27. 2 FD MS (CH2Cl2); m/z:
752 [M]1. 2 1H NMR (CD2Cl2), δ 5 8.2528.45 (m, 4 H, C6H4),
6.5526.75 (m, 4 H, C6H4), 0.722.0 (m, 33 H, C6H11). 2 13C{1H}
NMR (CD2Cl2), δ 5 164.4, 129.0, 123.7 (C6H4), 28.8, 28.1, 28.0,
26.4 (C6H11). 2 31P{1H} NMR (CD2Cl2), δ 5 229.2 (s, PCy3). 2

UV/VIS/NIR (CH2Cl2, λmax (lg ε) 5 563 nm (3.66), 753 (3.22).

(PHCy3)[Os(9S29)2] (8a): At 278°C, 2.5  nBuLi in n-hexane
(0.8 ml, 2 mmol) was added to a solution of 9S29-H2 (0.12 ml, 1
mmol) in THF (10 ml). The solution was warmed to room tempera-
ture and added to a suspension of (NH4)2[OsBr6] (355 mg, 0.5
mmol) and PCy3 (560 mg, 2 mmol) in MeOH (10 ml) and THF
(10 ml). The resultant violet suspension was heated under reflux
for 3 d and cooled to room temperature. Orange crystals precipi-
tated that were separated, washed with MeOH (20 ml) and Et2O
(40 ml) and dried in vacuo. Yield: 195 mg of (8a) (52%). 2

C30H42OsPS4 (752.1): calcd. C 47.91, H 5.63, S 17.05; found C
47.83, H 5.68, S 16.96. 2 1H NMR (CD2Cl2), δ 5 7.427.6 (m, 4
H, C6H4), 6.5526.75 (m, 4 H, C6H4), 5.46 (d, 1JPH 5 475 Hz, 1
H, PHCy3), 0.821.9 (m, 33 H, C6H11). 2 13C{1H} NMR (CD2Cl2,
270°C), δ 5 148.3, 127.7, 121.8 (C6H4), 26.1, 25.8, 25.5, 24.2
(C6H11). 2 31P{1H} NMR (CD2Cl2), δ 5 20.7 (s, PHCy3).

(NMe4)[Os(9S29)2] (8b): An orange-brown suspension of (8a)
(75 mg, 0.1 mmol) in THF (5 ml) was treated with a 2.2  solution
of NMe4OH in MeOH (0.1 ml, 0.2 mmol). The resultant orange-
brown powder was separated, washed with MeOH (5 ml) and dried
in vacuo. Yield: 50 mg of (8b) (92%). 2 C16H20NOsS4 (544.8):
calcd. C 35.28, H 3.70, N 2.57; found C 35.52, H 3.46, N 2.47. 2
1H NMR ([D6]DMSO), δ 5 7.3027.45 (m, 4 H, C6H4), 6.5526.70
(m, 4 H, C6H4), 3.1 (s, 12 H, NMe4

1).

(NBu4)2[Os(9S29)3] (9b): NBu4OH (3 ml of 1  solution in
MeOH, 3 mmol) 9S29-H2 (0.18 ml, 1.5 mmol), and (NH4)2[OsBr6]
(355 mg, 0.5 mmol) were combined in MeOH (50 ml) and heated
under reflux for 2 h. The resultant brown-red solution was filtered
while hot, and cooled to room temperature. Brown-red crystals pre-
cipitated that were separated after 4 h, washed with MeOH (30 ml)
and Et2O (30 ml), and dried in vacuo. Yield: 500 mg of (9b) (91%).
2 C50H84N2OsS6 (1095.8): calcd. C 54.80, H 7.73, N 2.56, S 17.56;
found C 54.61, H 7.97, N 2.54, S 17.84. 2 1H NMR (CD2Cl2), δ 5

6.5527.90 (m, C6H4), 3.00 (m, 16 H, CH2), 1.70 (m, 16 H, CH2),
1.42 (m, 16 H, CH2), 1.0 (t, 24 H, CH3), 0.22 (s, C6H4), 20.90 (s,
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Table 1. Selected crystallographic data for [Os(PEt3)2(9S29)2] (3), [Os(PPr3)2(9S29)2] (4), and (PHCy3)2[Os(9S29)3] (9a)

compound [Os(PEt3)2(9S29)2] [Os(PPr3)2(9S29)2] (PHCy3)2[Os(9S29)3]
(3) (4) (9a)

Formula C24H38P2S4Os C30H50P2S4Os C54H78P2S6Os
MW [g/mol] 706.92 791.08 1171.66

Crystal size. [mm] 0.4 3 0.3 3 0.2 0.3 3 0.2 3 0.1 0.5 3 0.2 3 0.2
F(000) 704 800 2416

Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/c P21/n

a [pm] 968.9(7) 1001.5(5) 1801.7(4)
b [pm] 1163.7(6) 1320.8(6) 1705.4(5)
c [pm] 1285.6(7) 1354.7(4) 1942.4(5)
β [°] 93.38(5) 95.09(3) 112.72(2)

Cell volume [nm3] 1.447(2) 1.785(1) 5.505(3)
Z 2 2 4

dcalcd. [g/cm3] 1.622 1.472 1.414
µ [mm21] 4.817 3.913 2.636

Temperature [K] 293(2) 293(2) 200(2)
θ-range 2.36227.04 2.04227.05 2.27227.06

Measured reflections 5442 4852 14605
Independent reflections 3177 3354 11812

Observed reflections 2169 1943 4086
Refined parameters 145 169 605

R1 [F0 $ 4σ (F)] 0.0330 0.0434 0.0488
wR2 (all data) 0.0865 0.1074 0.1115

C6H4). 2 CV (CH2Cl2, room temp., [mV]); E1 5 280 (rev.), 180
(rev.), 2580 (irrev.).

X-ray Structure Analysis of [Os(PEt3)2(9S29)2] (3),
[Os(PPr3)2(9S29)2] (4), and (PHCy3)2[Os(9S29)3] (9a): Black sin-
gle crystals of [Os(PEt3)2(9S29)2] (3) and [Os(PPr3)2(9S29)2] (4) were
grown from MeOH (3) or MeOH/THF (4) solutions at 220°C. A
few black single crystals of (PHCy3)2[Os(9S29)3] (9a) were obtained
as minor by-product from the THF/MeOH mother liquor resulting
from the synthesis of [Os(PCy3)(9S29)2] (7). Suitable single crystals
were sealed under N2 in glass capillaries. The data were collected
using a Siemens P4 diffractometer. The structures were solved with
direct methods and refined using full-matrix least-squares pro-
cedures on F2 values (SHELXTL 5.03)[26]. Non-hydrogen atoms
were refined anisotropically, hydrogen positions were taken from
the difference Fourier synthesis and fixed on their positions with a
common isotropic thermal parameter in case of 4, while for 3 and
9a all H-atoms are geometrically positioned. One cyclohexyl group
(C702C75) of the cation in 9a is disordered. Two different orien-
tations were refined, with a site occupancy of 50%. Table 1 lists
selected crystallographic data of 3, 4, and 9a [27].

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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The tripodal N,O ligands bis(2-pyridylmethyl)(o-hydroxy-
benzyl)amine (L1) and bis(2-pyridylmethyl)(2-carboxyethyl)-
amine (L2) were tested for their ligating properties towards
zinc. Zinc halides yielded L1·Zn2Hal (1a2c, Hal = Cl, Br, I)
and L2·Zn2Hal (2a2c, Hal = Cl, Br, I). Subsequent treatment
of L1 with ZnEt2 or Zn[N(SiMe3)2]2 and phenol, thiophenols

The challenge of modern coordination chemistry is the
design of complexes in which an inert ligand matrix pro-
vides the metal ion with appropriate electronic properties
and the right number of labile coordination sites to effect
specific metal-mediated reactions. In practice this means the
use of polydentate ligands, and specifically in the field of
functionalized macrocycles a high level of sophistication
has been reached for this purpose.

We are trying to contribute to this area of research in the
field of zinc chemistry. Zinc ion catalysis, in organic syn-
thesis as well as in biological systems, involves zinc com-
plexes of low coordination numbers, e.g. 4 or 5[1]. Hence
most macrocyclic ligands which favour coordination num-
bers 5 and 6 are not ideally suited for mechanistic or bio-
inorganic model studies here. The ligands of choice are the
tripods of which very many have been synthesized in recent
years. If constructed right, those of type A should favour
tetrahedral zinc and those of type B should favour trigonal-
bipyramidal zinc, each with one labile coordination site.

A typical representative of type A is the class of pyrazo-
lylborate ligands[2] to which we have contributed synthetic,
model complex, and complex reactivity studies[3]. One of
the simplest representatives of type B is tris(picolyl)amine[4]

which so far has been used sparsely in zinc chemistry[5]. In
contrast to the pyrazolylborates, the type B tripods can eas-
ily be obtained with different donor “arms” in the same
ligand. A recent example which has the additional advan-
tage of bearing one negative charge is dipicolylglycinate[6]
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or diphenylphosphate led to L1·Zn2OPh (3), L1·Zn2SAr (4)
and L1·Zn2OPO(OPh)2 (5). Zinc salts of noncoordinating
anions yielded oligonuclear ligand-bridged complexes
[L1·Zn]ClO4 (6), [L2·Zn]ClO4 (7) and [L2·Zn]NO3 (8), of which
6 was identified as a phenolate bridged dimer and 8 as a η1-
η2-carboxylate bridged polymer.

of which we have prepared the [L·Zn2OH2]1 complex and
studied its reactivity[7].

Ligands like tris(picolyl)amine and dipicolylglycinate
have an arrangement of donor atoms corresponding to that
of ethylenediamine, i.e. they support valence angles near 90°
and hence octahedral coordination at the metal ion, as we
have experienced for zinc complexes of the latter[7]. In order
to relax their bite, the length of their “arms” should be
extended. Some reports on zinc complexes having type B
ligands with “longer arms” seem to support this idea[8]. We
therefore looked for such ligands to include them in our
reactivity studies. Of the various possibilities we opted for
the two dipicolylamine derivatives HL1 with a phenolate
unit and HL2 with a carboxylate unit as the third “arm”.
Both could be expected to bind to zinc as the monoanions
L1 and L2 and thereby ensure a reasonably good complex
stability.

Both HL1 [9] and HL2 [10] have been described before and
used for bioinorganic model studies[9] [10] [11] [12] [13]. The co-
ordination chemistry of ligands like L1 with varying “arm
lengths” was developed extensively by D. E. Fen-
ton[13] [14] [15] [16] including the modelling of the structure and
reactivity of zinc enzymes[15] [16] and the preparation of di-
nuclear copper and zinc complexes of L1 [13] [15]. One of the
attractions in the zinc chemistry of L1 and L2 is that they
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allow to mimick the fivefold NxOy coordination of zinc in
enzymes like the peptidase astacin [histidine (33), tyrosine,
H2O][17] or Escherichia coli alkaline phosphatase [histidine
(23), aspartate (23), H2O][18]. With this in mind we in-
tended to explore the basic zinc coordination chemistry of
L1 and L2 (coordination numbers, ligand bridging) and to
find complexes like [L·Zn]1, [L·Zn2OH2]1 or [L·Zn2OH]
for reactivity studies involving a labile coordination site or
a hydrolytically active function at the zinc ion.

L·Zn2X Complexes

In order to test the ligating abilities of L1 and L2 their
zinc halide complexes were prepared. This could be
achieved with ZnHal2 in methanol, using NaOH to depro-
tonate LH. All six complexes (1 and 2) were obtained.
Complexes 1 are soluble in polar organic solvents like di-
chloromethane or ethanol, complexes 2 dissolve only in
water or water/alcohol mixtures. The presence of the intact
ligands L in the complexes is evident from their 1H-NMR
spectra (see experimental), their binding to zinc can be de-
duced from the low-field shifts of the signals for the pyridyl-
Hα atoms.

L1·Zn2Hal L2·Zn2Hal

1a Hal 5 Cl 2a Hal 5 Cl
1b Br 2b Br
1c I

Proof for the molecular nature of complexes L·Zn2Hal
was obtained by the structure determination of 1a, see Fig-
ure 1. The geometry at zinc in 1a is close to trigonal-bipyr-
amidal, and it can be compared with that in related zinc
complexes of tris(benzimidazolylmethyl)amine[19] or dipico-
lylglycinate[7]. This includes the bending along the trigonal
axis (165°) and the lengthening of the axial Zn2N distance
compared to the equatorial ones. The axial Zn2Cl distance
(2.33 Å) seems long when compared to those in pyrazo-
lylborate zinc complexes (2.1422.18 Å)[20]. But it compares
well with that in trigonal-bipyramidal (tren)Zn2Cl (2.31
Å) [21].

Figure 1. Molecular structure of L1·Zn2Cl (1a)[a]

[a] Bond lengths and angles around zinc: Zn2N1 2.109(5), Zn2N2
2.116(4), Zn2N3 2.240(4), Zn2O1 1.928(3), Zn2Cl 2.326(2) Å. 2
N12Zn2N3 77.6(2), N22Zn2N3 76.7(2), O12Zn2N3 91.9(2),
Cl2Zn2N3 165.1(1), Cl2Zn2N1 96.5(2), Cl2Zn2N2 95.3(1),
Cl2Zn2O1 102.9(1), N12Zn2N2 121.2(2), N12Zn2O1 117.0(2),
N22Zn2O1 115.8(2)°.

In the subsequent derivatizations it turned out to be ad-
vantageous to use an acid-sensitive zinc compound {ZnEt2
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or Zn[N(SiMe3)2]2} for the deprotonation of ligands LH.
The resulting labile complexes {L·Zn2Et or
L·Zn2N(SiMe3)2} were then treated with the correspond-
ing acid HX of the coligand X. This way the L1·Zn unit
was converted to the phenolate 3 by treatment with ZnEt2

and phenol. Likewise thiophenol could be incorporated as
the thiophenolate 4a via the Zn2N(SiMe3)2 intermediate.
4a could, however, not be obtained in a pure form. There-
fore alternatively p-chlorothiophenol was used, leading to
4b which was fully characterized. Finally, using ZnEt2 and
diphenylphosphate the phosphate complex 5 was prepared.
Complexes 325 are again soluble in moderately polar or-
ganic solvents, thereby indicating their molecular nature.
Their 1H-NMR spectra (see Experimental Section) are
proof for their constitutions.

L1·Zn2OPh L1·Zn2SPh
3 4a

L1·Zn2SC6H42p-Cl L1·Zn2O2PO(OPh)2
4b 5

Crystals for a structure determination were obtained of
5. Figure 2 shows that the coordination environment of zinc
is very similar to that in 1a, including the moderate defor-
mation of the trigonal-bipyramidal geometry, the lengthen-
ing of the axial vs. equatorial Zn2X bonds and the bending
of the N32Zn2O2 axis. The orientation and the bonding
situation of the phosphate ligand can be compared to that
in a considerable number of pyrazolylborate2zinc2organo-
phosphate complexes. [22] Specifically, the close similarity of
the P2O2 and P2O5 bond lengths and the wide Zn2O2P
angle are as observed before. This holds also for organo-
phosphate complexes of dipicolylglycinate[7] and tris(pico-
lyl)amine[5].

[L·Zn]1 Complexes

The main purpose of this study was the preparation of
zinc complexes in which the tripodal ligands L encapsulate
the zinc ion such that they stabilize [L·Zn]1 cations or cat-
ionic [L·Zn2OH2]1 complexes which can give access to re-
active substrates S for zinc-mediated or zinc-catalyzed in-
terconversions via intermediate complexes [L·Zn2S]. To
obtain such cationic complexes ligands L were treated with
zinc salts of noncoordinating anions. In case of L1 and L2

this worked with Zn(ClO4)2 · 6 H2O. When using methanol
as a solvent and NaOH as a base the products 6 and 7 were
isolated. Of these 6 was impure and insoluble while 7 could
be recrystallized from water yet not obtained in the form of
good single crystals. A form of 6 suitable for X-ray analysis
was obtained by runing the reaction in CH2Cl2/methanol
with KOH as a base, removing KClO4 by filtration and al-
lowing the product to crystallize from chloroform. This
product 6 was not soluble in chloroform after isolation but
could be subjected to NMR spectroscopy in DMSO. The
1H-NMR and IR data of 6 and 7 (see Experimental Sec-
tion) confirm the presence of L and ClO4

2 but give no indi-
cation of the complexes9 structures. The insoluble form of
6 seems to be polymeric. 7 is likely to be a carboxylate-



Zinc Complexes of Tripodal N3O Ligands FULL PAPER
Figure 2. Molecular structure of L1·Zn2OPO(OPh)2 (5)[a]

[a] Pertinent bond lengths and angles: Zn2N1 2.073(4), Zn2N2
2.096(3), Zn2N3 2.221(3), Zn2O1 1.926(3), Zn2O2 2.030(3),
P2O2 1.486(3), P2O3 1.598(3), P2O4 1.601(3), P2O5 1.461(3) Å.
2 N32Zn2N1 79.5(1), N32Zn2N2 77.5(1), N32Zn2O1 91.7(1),
N32Zn2O2 168.5(1), N12Zn2N2 111.9(1), N12Zn2O1
121.0(2), N12Zn2O2 93.3(2), N22Zn2O1 122.6(2), N22Zn2O2
97.4(1), O12Zn2O2 99.8(1), Zn2O22P 151.9(2)°.

bridged oligomer, possibly a polymer like 8 (see below) or
a trimer like the analogous dipicolylglycinate complex[7].

[L1·Zn]ClO4 [L2·Zn]ClO4
6 7

The structure determination of the soluble form of 6
showed it to be a chloroform-solvated dimer (see Figure
3). The unit cell contains two independent centrosymmetric
dinuclear entities which differ slightly in their confor-
mations but only marginally in the coordination environ-
ments of the zinc ions (bond lengths ±0.01 Å , angles ±2°).
The coordination geometry of zinc is trigonal-bipyramidal,
and all details associated therewith correspond to those for
1a and 5. The phenolate oxygen atoms provide the bridging
function, as has been observed before, typically in zinc com-
plexes of dinucleating ligands with central phenolate
units [23]. The basic type of [N3Zn(µ-O)2] coordination is re-
alized in [L·Zn2OH]2

21 with L 5 triazacyclononane[24] or
tris(picolyl)amine[5] and zinc in a square-pyramidal en-
vironment. The Zn2N and Zn2O distances in 6 compare
well with those in the reference compounds. The closest re-
lation to 6 exists in the corresponding copper derivative of
L1 which, however, contains square-pyramidal copper[13].
Fenton has also described two phenoxide-bridged dizinc
complexes derived from L1-related tripod ligands with
longer arms[15]:

When using zinc nitrate, a pure product, 8, could only be
obtained with L2. The structure determination showed this
to be a polymeric methanol solvate with noncoordinating
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Figure 3. Molecular structure of the cations of 6[a]

Average bond lengths and angles about zinc: Zn2O1 2.029(3),
Zn2O19 2.002(4), Zn2N1 2.066(4), Zn2N2 2.066(4), Zn2N3
2.161(4), Zn···Zn 3.064(2) Å. N32Zn2N1 80.4(2), N32Zn2N2
79.9(2), N32Zn2O1 93.0(2), N32Zn2O19 172.5(2), N12Zn2N2
126.6(2), N22Zn2O1 122.8(2), N22Zn2O19 99.6(2),
O12Zn2N1 112.6(2), O192Zn2N1 106.0(2), O12Zn2O19
81.0(2), Zn2O12Zn9 99.0(2)°.

nitrate anions (see Figure 4). The linkage between the
monomeric units is provided by the carboxylate groups in
a manner which to our knowledge has not been observed
for zinc before: one oxygen atom is bridging while the other
is coordinated to the neighbouring zinc ion (η1-η2-car-
boxylate bridging)[25]. In contrast the trimeric complex
[L·Zn]ClO4 with L 5 dipicolylglycinate has one oxygen co-
ordinating the ipso zinc ion and the other the neighbouring
one[7]. The coordination geometry of the zinc ions in 8 is
severley distorted octahedral with O12Zn2O2 (58.7°) as
the smallest and N32Zn2O19 (113.9°) as the largest cis
angles and trans angles of 169.6 (N32Zn2O29), 150.0
(O12Zn2O19), and 154.8° (N12Zn2N2). Carboxylate
bridging between zinc ions is quite common[26], and all
types of bridging[27] except for the η1-η2 type have been ob-
served.

Figure 4. Solid-state arrangement of polymeric [L2·Zn]1 in 8[a]

[a]Bond lengths: Zn2N1 2.084(3), Zn2N2 2.076(3), Zn2N3
2.179(3), Zn2O1 2.013(2), Zn2O19 2.302(2), Zn2O29 2.132(2) Å.
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As can be seen from the Zn2N and Zn2O bond dis-

tances the coordination of L2 to zinc can be viewed as that
in a trigonal-bipyramidal L2·Zn2X complex, i.e. the
Zn2N3 bond is longer than the three other Zn2L bonds.
Carboxylate atom O29 then occupies the second axial li-
gand position, viz. Zn2O29 is comparable in length to
Zn2N3. The Zn2O19 bond, i.e. the one that provides
bridging to the neighbouring zinc ion, is the weakest, and
O1 also occupies the most distorted octahedral ligand posi-
tion. The distorted nature of the bridging assembly points
to weak bridging, in accordance with the solubility of 8
in methanol.

Conclusions

The results of this paper indicate that ligands L1 and L2

are suitable for monofunctional zinc complexes L·Zn2X.
Anionic coligands X providing Zn2Cl, 2Br, 2I, 2OR,
2SR, and 2oxoanion linkages can be incorporated. The
structures of the complexes are trigonal-bipyramidal with
the pivotal N atom of the tripod and the coligand X on the
axial positions. The complexes derived from L1 complement
previous work on zinc complexes of similar tripodal ligands
with one phenolate and two pyridyl donors[13] [14] [15] [16].

In terms of functionality and possibly catalytic activity
the complexes derived from L2 seem to be better suited. In
case of L1 phenolate bridging and consequently oligomeri-
zation seem to be so preferred that we could not obtain a
soluble [L1·Zn]1 complex or a species [L1·Zn2S]1 with a
labile solvent ligand S like H2O. On the other hand the
oligomeric [L2·Zn]1 complexes 7 and 8 are soluble in meth-
anol and/or water indicating the presence of species
[L2·Zn2S]1. If such a species is [L·Zn2OH] it should be
a catalyst for the cleavage of esters or peptides[15] [28]. Our
subsequent work in this field will therefore focus on the
solution chemistry of the L2·Zn complexes, their acid-base
behaviour and their reactivity towards hydrolysable sub-
strates.

This work was supported by the Fonds der Chemischen Industrie.
We thank Dr. W. Deck, Dr. B. Müller, and M. Tesmer for spectra
and X-ray work.

Experimental Section
General experimental methods and measuring techniques: see

ref. [29]. The ligands L1 [9] and L2 [10] were prepared according to the
published procedures.

1a: 400 mg (1.31 mmol) of L1 and 52 mg (1.31 mmol) of NaOH
were dissolved in 40 ml of methanol. 177 mg (1.31 mmol) of ZnCl2
in 10 ml of methanol were added, and the mixture was stirred for
2 h. Upon addition of 200 ml of ether the raw product 1a was
precipitated and filtered off. Recrystallization from methanol/water
(1:1) yielded 218 mg (41%) 1a as colourless crystals, m.p. 263°C
(dec.). 2 C19H18ClN3OZn (405.2), calcd.: C 56.32, H 4.48, N 10.37,
found: C 55.76, H 4.40, N 10.15. 2 1H NMR (CDCl3): δ 5 3.76
[s, 2 H, NCH2Ph], 3.85 [d, J 5 15.6 Hz, 2 H, NCH2Py], 4.10 [d,
J 5 15.6 Hz, 2 H, NCH2Py], 6.4227.10 [m, 4 H, Ph], 7.29 [d, J 5

7.8 Hz, 2 H, Hδ(Py)], 7.47 [dd, J 5 5.4 Hz, 6.5 Hz, 2 H, Hβ(Py)],
7.87 [dd, J 5 7.8 Hz, 5.4 Hz, 2 H, Hγ(Py)], 9.45 [d, J 5 6.5 Hz, 2
H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1604s, 1479vs, 1438s, 1309vs.
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1b: Like 1a from 200 mg (0.66 mmol) of L1, 26 mg (0.66 mmol)
of NaOH, and 149 mg (0.66 mmol) of ZnBr2. Yield 229 mg (77%)
of 1b, colourless crystals, m.p. 259°C. 2 C19H18BrN3OZn (449.7),
calcd.: C 50.75, H 4.03, N 9.34, found: C 48.80, H 3.88, N 9.06. 2
1H NMR (CDCl3): δ 5 3.73 [s, 2 H, NCH2Ph], 3.85 [d, J 5 15.8
Hz, 2 H, NCH2Py], 4.08 [d, J 5 15.8 Hz, 2 H, NCH2Py], 6.3927.08
[m, 4 H, Ph], 7.30 [d, J 5 9.2 Hz, 2 H, Hδ(Py)], 7.43 [dd, J 5 6.6
Hz, 5.2 Hz, 2 H, Hβ(Py)], 7.86 [dd, J 5 9.2 Hz, 6.6 Hz, 2 H,
Hγ(Py)], 9.47 [d, J 5 5.2 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1605s,
1480vs, 1451m, 1433m, 1307s.

1c: Like 1a from 200 mg (0.66 mmol) of L1, 26 mg (0.66 mmol)
of NaOH, and 211 mg (0.66 mmol) of ZnI2. Yield 268 mg (82%)
of 1c, colourless crystals, m.p. 168°C. 2 C19H18IN3OZn (496.7),
calcd.: C 45.95, H 3.65, N 8.46, found: C 44.37, H 3.55, N 8.12. 2
1H NMR (DMSO): δ 5 3.84 [s, 2 H, NCH2Ph], 4.15 [s, 4 H,
NCH2Py], 6.3927.06 [m, 4 H, Ph], 7.6527.69 [m, 4 H, Hβ(Py),
Hδ(Py)], 8.17 [dd, J 5 7.5 Hz, 6.6 Hz, 2 H, Hγ(Py)], 8.79 [d, J 5

4.2 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1609s, 1482vs, 1441m,
1293m, 1273s.

2a: 200 mg (0.74 mmol) of L2 and 30 mg (0.74 mmol) of NaOH
were dissolved in 10 ml of methanol. 101 mg (0.74 mmol) of ZnCl2
in 10 ml of methanol were added. A flask containing diethyl ether
was then connected to the reaction flask by a glass tube. After 2 d,
the product had precipitated and was filtered off. Recrystallization
from methanol/water (1:1) yielded 96 mg (35%) 2a as colourless
microcrystals, m.p. 258°C (dec.). 2 C15H16ClN3O2Zn (371.2),
calcd.: C 48.54, H 4.34, N 11.32, found: C 48.07, H 4.16, N 10.95.
2 1H NMR (D2O): δ 5 2.15 [t, J 5 7.1 Hz, 2 H, CH2(C2)], 3.89
[t, J 5 7.1 Hz, 2 H, CH2(C1)], 4.23 [s, 4 H, NCH2Py], 7.4527.56
[m, 4 H, Hβ(Py), Hδ(Py)], 8.00 [dd, J 5 7.8 Hz, 7.7 Hz, 2 H,
Hγ(Py)], 8.57 [d, J 5 5.2 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1605vs,
1441m, 1395m.

2b: Like 2a from 150 mg (0.55 mmol) of L2, 22 mg (0.55 mmol)
of NaOH, and 124 mg (0.55 mmol) of ZnBr2. Yield 98 mg (43%)
of 2b, colourless microcrystals, m.p. 259°C (dec.). 2

C15H16BrN3O2Zn (415.6), calcd.: C 43.35, H 3.88, N 10.11, found:
C 42.43, H 3.81, N 9.79. 2 1H NMR (D2O): δ 5 1.99 [t, J 5 6.9
Hz, 2 H, CH2(C2)], 2.75 [t, J 5 6.9 Hz, 2 H, CH2(C1)], 4.12 [s, 4
H, NCH2Py], 7.3627.43 [m, 4 H, Hβ(Py), Hδ(Py)], 7.87 [dd, J 5

7.8 Hz, 7.7 Hz, 2 H, Hγ(Py)], 8.43 [d, J 5 4.1 Hz, 2 H, Hα(Py)]. 2

IR (KBr): ν̃ 5 1600vs, 1440m, 1365m.

2c: Like 2a from 200 mg (0.74 mmol) of L2, 30 mg (0.74 mmol)
of NaOH, and 236 mg (0.74 mmol) of ZnI2. Yield 282 mg (82%)
of 2c, colourless needles, m.p. 223°C (dec.). 2 C15H16IN3O2Zn
(462.6), calcd.: C 38.95, H 3.49, N 9.08, found: C 38.39, H 3.93, N
8.57. 2 1H NMR (D2O): δ 5 2.18 [t, J 5 5.8 Hz, 2 H, CH2(C2)],
2.93 [t, J 5 5.8 Hz, 2 H, CH2(C1)], 4.28 [s, 4 H, NCH2Py],
7.5027.60 [m, 4 H, Hβ(Py), Hδ(Py)], 8.03 [dd, J 5 7.8 Hz, 7.7 Hz,
2 H, Hγ(Py)], 8.60 [d, J 5 4.8 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5

1607s,1539vs, 1441m.

3: 200 mg (0.66 mmol) of L1 were dissolved in 10 ml of toluene.
Diethylzinc (0.66 ml, 0.66 mmol) was added as a 1  solution in
hexane. Then, 62 mg (0.66 mmol) of phenol dissolved in 5 ml of
toluene were added while stirring. Upon addition of the phenol the
raw product 3 was precipitated and filtered off. Recrystallization
from ethanol/water (1:1) yielded 162 mg (53%) of 3 as colourless
crystals, m.p. 224°C. 2 C25H23N3O2Zn (462.9), calcd.: C 64.87, H
5.01, N 9.08, found: C 63.74, H 4.98, N 8.97. 2 1H NMR (CDCl3):
δ 5 3.68 [s, 2 H, NCH2Ph], 3.70 [d, J 5 15.8 Hz, 2 H, NCH2Py],
4.00 [d, J 5 15.8 Hz, 2 H, NCH2Py], 6.4227.23 [m, 13 H, Ph,
Hβ(Py), Hδ(Py), O-Ph], 7.72 [dd, J 5 7.1 Hz, 6.3 Hz, 2 H, Hγ(Py)],
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8.90 [d, J 5 5.7 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1607s, 1591s,
1478vs, 1454m, 1437m, 1308vs.

4a: 200 mg (0.66 mmol) of L1 were dissolved in 10 ml of toluene.
Zn[N(SiMe3)2]2 (255 mg, 0.66 mmol) were added. Then, 67 µl (73
mg, 0.66 mmol) of thiophenol dissolved in 5 ml of toluene were
added while stirring. Upon addition of the thiophenol the raw
product 4a was precipitated and filtered off. Recrystallization from
ethanol yielded 130 mg (41%) of 4a as a colourless solid, m.p.
104°C. 2 C25H23N3OSZn (479.0), calcd.: C 62.70, H 4.84, N 8.77,
found: C 57.38, H 4.17, N 7.91. 2 1H NMR (CDCl3): δ 5 3.67 [s,
2 H, NCH2Ph], 3.78 [d, J 5 15.7 Hz, 2 H, NCH2Py], 3.98 [d, J 5

15.7 Hz, 2 H, NCH2Py], 6.3027.73 [m, 15 H, Ph, Hβ(Py), Hδ(Py),
Hγ(Py), S-Ph], 9.02 [d, J 5 5.4 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5

1603s, 1478vs, 1437m, 1312s.

4b: Like 4a from 200 mg (0.66 mmol) of L1, 255 mg (0.66 mmol)
of Zn[N(SiMe3)2]2, and 95 mg (0.66 mmol) of 4-chloro-thiophenol.
Yield 149 mg (44%) of 4b as colourless crystals, m.p. 142°C. 2

C25H22ClN3OSZn (513.4), calcd.: C 58.49, H 4.32, N 8.19, found:
C 58.47, H 4.39, N 7.91. 2 1H NMR (CDCl3): δ 5 3.67 [s, 2 H,
NCH2Ph], 3.80 [d, J 5 15.8 Hz, 2 H, NCH2Py], 3.91 [d, J 5 15.8
Hz, 2 H, NCH2Py], 6.3527.28 [m, 12 H, Ph, Hβ(Py), Hδ(Py), S-
Ph], 7.70 [dd, J 5 9.5 Hz, 8.7 Hz, 2 H, Hγ(Py)], 9.00 [d, J 5 5.5 Hz,
2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5 1604s, 1477vs, 1438m, 1309s, 1093s.

5: Like 3 from 200 mg (0.66 mmol) of L1, 0.66 ml (0.66 mmol)
of diethylzinc as a 1  solution in hexane, and 164 mg (0.66 mmol)
of diphenylphosphate. Yield 303 mg (74%) of 5 as colourless crys-
tals, m.p. 91°C. 2 C31H28N3O5PZn · 2 H2O · CH3OH (618.9 1

36.0 1 32.0), calcd.: C 55.95, H 5.28, N 6.12, found: C 56.09, H
4.51, N 6.31. 2 1H NMR (CDCl3): δ 5 3.77 [s, 2 H, NCH2Ph],
3.81 [d, J 5 15.8 Hz, 2 H, NCH2Py], 4.03 [d, J 5 15.8 Hz, 2 H,
NCH2Py], 6.4227.46 [m, 18 H, Ph, Hβ(Py), Hδ(Py), P-O-Ph], 7.78
[dd, J 5 7.6 Hz, 6.4 Hz, 2 H, Hγ(Py)], 9.04 [d, J 5 4.4 Hz, 2 H,

Table 1. Crystallographic details

1a 5 6 8

formula C19H18ClN3OZn C31H29N3O5PZn· C38H36Cl2N6O10Zn2 · C15H16N4O5Zn·
CH3OH · 2 H2O 2 CHCl3 CH3OH

mol. mass 405.18 686.98 1177.10 429.73
cryst. from CH2Cl2/hexane CH3OH/H2O CHCl3 CH3OH
crystal size [mm] 0.3 3 0.5 3 1.0 0.4 3 0.5 3 0.5 0.3 3 0.4 3 0.5 0.5 3 0.6 3 0.6
space group P21 P21 P21 P21/n
Z 2 2 2 4
a [Å] 6.835(1) 9.503(2) 12.641(5) 9.968(2)
b [Å] 12.586(2) 12.855(3) 14.085(8) 7.866(2)
c [Å] 13.168(2) 13.453(3) 15.555(11) 23.089(5)
α [°] 107.26(1) 90.87(3) 89.92(5) 90
β [°] 101.38(1) 93.49(3) 68.06(5) 94.79(3)
γ [°] 102.32(1) 106.90(3) 66.09(4) 90
V [Å3] 1014.8(3) 1568.6(6) 2311(2) 1804.0(7)
d(calc.) [g·cm23] 1.33 1.45 1.69 1.58
temp. (K) 293 293 183 293
µ(Mo-Kα) [mm21] 1.35 0.89 1.56 1.40
Θ range [°] 3.7226.0 2.4226.1 2.7226.0 2.7226.0
hkl range h: 28 to 8 h: 211 to 0 h: 215 to 14 h: 0 to 12

k: 215 to 14 k: 215 to 15 k: 217 to 0 k: 0 to 9
l: 0 to 16 l: 216 to 16 l: 219 to 19 l: 228 to 28

refl. measd. 4152 6556 9423 3735
indep. refl. 3972 6164 9035 3524
obs. refl. [I>2σ(I)] 3392 4621 6879 2881
parameters 226 406 595 244
refl. refined 3972 4621 9021 3524
R (obs. refl.) 0.065 0.053 0.051 0.040
R (all refl.) 0.211 0.163 0.175 0.119
min. / max. residual el. 11.1 / 21.2 10.8 / 20.8 11.0 / 21.1 11.0 / 20.7
density [e·Å23]
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Hα(Py)]. 2 31P NMR (CDCl3): δ 5 211.63. 2 IR (KBr): ν̃ 5

1608s, 1595s, 1485vs, 1453m, 1437m, 1296s, 1267s, 1205s, 1104vs.

6: 200 mg (0.66 mmol) of L1 were dissolved in 10 ml of methylene
chloride. 37 mg (0.66 mmol) of KOH in 5 ml of methanol were
added, and the mixture was stirred for 10 min. Then, 244 mg (0.66
mmol) of Zn(ClO4)2 · 6 H2O in 5 ml of methanol were added while
stirring. The solution became cloudy and was then refluxed for 30
min. After this, another 37 mg (0.66 mmol) of KOH in 5 ml meth-
anol were added and the solution stirred overnight. The precipitate
formed was removed by filtration. The filtrate was evaporated to
dryness . Recrystallization from chloroform yielded 90 mg (23%)
of 6 as colourless crystals, m.p. 274°C (dec.). 2 C19H18ClN3O5Zn
· CHCl3 (469.2 1 119.4), calcd.: C 40.81, H 3.25, N 7.14, found: C
40.23, H 3.16, N 6.93. 2 1H NMR (DMSO): δ 5 3.76 [s, 2 H,
NCH2Ph], 4.08 [s, 4 H, NCH2Py], 6.3626.99 [m, 4 H, Ph],
7.5827.62 [m, 4 H, Hβ(Py), Hδ(Py)], 7.91 [dd, J 5 7.9 Hz, 7.7 Hz,
2 H, Hγ(Py)], 8.70 [d, J 5 4.3 Hz, 2 H, Hα(Py)]. 2 IR (KBr): ν̃ 5

1611s, 1485s, 1445m, 1274m, 1090vs.

7: 200 mg (0.74 mmol) of L2 and 30 mg (0.74 mmol) of NaOH
were dissolved in 10 ml of methanol. 244 mg (0.74 mmol) of
Zn(ClO4)2 · 6 H2O in 10 ml of methanol were added, and the mix-
ture was stirred for 10 min. The solution became cloudy and after
5 min, 7 precipitated as a white solid. Recrystallization from water
yielded 171 mg (53%) of 7 as colourless microcrystals, m.p. 296°C
(dec.). 2 C15H16ClN3O6Zn (435.2), calcd.: C 41.40, H 3.71, N 9.66,
found: C 41.14, H 3.49, N 9.56. 2 1H NMR (D2O): δ 5 2.10 [t,
J 5 7.0 Hz, 2 H, CH2(C2)], 2.85 [t, J 5 7.0 Hz, 2 H, CH2(C1)],
4.19 [s, 4 H, NCH2Py], 7.4027.50 [m, 4 H, Hβ(Py), Hδ(Py)], 7.96
[dd, J 5 7.9 Hz, 7.7 Hz, 2 H, Hγ(Py)], 8.51 [d, J 5 5.0 Hz, 2 H,
Hα(Py)]. 2 IR (KBr): ν̃ 5 1607s, 1548s 1484m, 1441m, 1088vs.

8: 200 mg (0.74 mmol) of L2 and 30 mg (0.74 mmol) of NaOH
were dissolved in 10 ml of methanol.193 mg (0.74 mmol) of
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Zn(NO3)2 · 4 H2O in 10 ml of methanol were added. A flask con-
taining diethyl ether was then connected to the reaction flask by a
glass tube. After 2 d, crystallization yielded 191 mg (65%) of 8 as
colourless crystals, m.p. 238°C (dec.). 2 C15H16N4O5Zn · CH3OH
(397.7 1 32.0), calcd.: C 44.72, H 4.69, N 13.04, found: C 43.24,
H 4.13, N 13.36. 2 1H NMR (D2O): δ 5 2.17 [t, J 5 5.6 Hz, 2 H,
CH2(C2)], 3.91 [t, J 5 5.6 Hz, 2 H, CH2(C1)], 4.27 [s, 4 H,
NCH2Py], 7.5227.59 [m, 4 H, Hβ(Py), Hδ(Py)], 8.03 [dd, J 5 7.7
Hz, 7.6 Hz, 2 H, Hγ(Py)], 8.59 [d, J 5 4.8 Hz, 2 H, Hα(Py)]. 2 IR
(KBr): ν̃ 5 1609s, 1541m, 1384vs, 1363vs.

Structure Determinations [30]: Crystals were obtained from the re-
action solutions. Diffraction data were recorded with the ω/2θ tech-
nique on a Nonius CAD4 diffractometer fitted with a molybdenum
tube (Kα, λ 5 0.7107 Å) and a graphite monochromator. No ab-
sorption corrections were applied. The structures were solved with
direct methods and refined anisotropically with the SHELX pro-
gram suite[31]. Hydrogen atoms were included with fixed distances
and isotropic temperature factors 1.2 times those of their attached
atoms. Parameters were refined against F2. The R values are de-
fined as R1 5 ΣuFo 2 Fcu/ΣFo and wR2 5 [Σ[w(Fo

2 2 Fc
2)2/

Σ[w(Fo
2)2]]1/2. Drawings were produced with SCHAKAL[32]. Table

1 lists the crystallographic data.

; Dedicated to Prof. H. Nöth on the occasion of his 70th birth-
day.
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The violet THF adduct (tBu3Si)2P3Na(THF)4 (1a) of the
triphosphide (tBu3Si)2P3Na (1) is prepared, (i) by protolysis
of the tetraphosphide (tBu3Si)2P4Na2 (2) with an equimolar
amount of CF3CO2H in THF (transformation of 2 into 1), (ii)
by the reaction of tBu3SiNa and the oligophosphane
(tBu3SiP3)n in THF (building-down of Pn), and (iii) by the
action of tBu3SiNa on PCl3 in THF (building-up of Pn).
According to X-ray structural analysis, the SiPPPSi skeleton
of the anionic part [tBu3SiPPPSitBu3]– of 1a is W-shaped with
two P–P 11/2 bonds; in addition, 1a contains a planar deltoid
P3Na backbone with the 4 THF molecules coordinated to Na.
The protolysis of 1a leads to cyclotriphosphane (tBu3Si)2P3H
(11), and the oxidation of 1a leads to 1,1’-

While nitrogen hydrides of the formula NnHn and their
derivatives have an acyclic structure with a double bond,
phosphorus hydrides PnHn and their derivatives show, in
accordance with the double-bond rule, cyclic structures
without a double bond[3]. This is demonstrated by a com-
parison of the structures of N3H3 and N4H4 with those of
P3H3 and P4H4, (see Scheme 1).

Scheme 1

In contrast the tendency of phosphanes PnHn to form
unsaturated acyclic structures increases after depro-
tonation, because the negative charges of the phosphides

[°] Simulation of NMR spectra.
[°°] X-ray structure analysis.

[°°°] Ab initio structure and NMR calculations.

Eur. J. Inorg. Chem. 1998, 8332841  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/060620833 $ 17.501.50/0 833

bicyclotriphosphane (tBu3Si)2P3–P3(SitBu3)2 (12) as the main
product and bicyclo[3.1.0]hexaphosphane (tBu3Si)4P6 (13) as
an isomer of 12. The structures of 11, 12, and 13 as well as
the structure of 1a have been unambiguously determined by
31P-NMR studies. Ab initio structure and energy calculations
show that the acyclic P3H2

– with allylic conjugation and P–P
11/2 bonds is thermodynamically more stable than the cyclic
isomer whereas, in contrast, the neutral compound P3H3

prefers the cyclic form. The exceptional downfield shift of the
NMR signal of the central phosphorus in 1a is in agreement
with DFT NMR calculations for a model compound
[H3SiPPPSiH3]Na with P–P 11/2 bonds.

obtained may be better stabilized by a π system containing
a phosphorus chain. This is suggested by our studies in con-
nection with the triphosphide (tBu3Si)2P3Na (see Scheme 2)
and the tetraphosphide (tBu3Si)2P4Na2 (cf. refs. [4] [5]) which
have the structures 1 (disupersilyltriphosphenide) and 2
(disupersilyltetraphosphenediide), respectively.

Scheme 2

The unsaturated cluster anion R2P3
2 with substituents R

which are sterically constrained (such as supersilyl tBu3Si[5])
is readily formed. Thus, 2 converts into 1 under suitable
conditions (see below). The compounds Mes*2P2ELi
(Mes* 5 Supermesityl, E 5 P, As) and (tBu3Si)2E3Na (E 5
N, As) were both synthesized by Jutzi et al. [6] and this
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group[7] [8]. Finally the anions [(Me3Si)2CPPPC(Si-
Me3)2]2 [9a] and [RPPPR]2 (RR 5 2CH2CH22 and
2CHPhCHPh2) [9b] containing a P3 skeleton with a π sys-
tem were prepared as alkali metal salts.

In this publication we deal with the syntheses and the
structure of 1, as well as with the protolysis and oxidation
of the compound, which proceed by the formation of the
triphosphane (tBu3Si)2P3H and two isomers of hexaphos-
phane (tBu3Si)4P6, respectively. In addition, the question
concerning the relative stabilities of cyclic and acyclic P3H3

and P3H2
2 is answered by ab initio calculations.

Formation of (tBu3Si)2P3Na (1)

As has already been mentioned, 1 is prepared by trans-
formation of 2. In addition, 1 may be formed from supersi-
lylphosphanes (tBu3Si)mPn or supersilyldihalogenephos-
phanes tBu3SiPX2 by building-down or building-up the
phosphorus framework. In the latter cases, supersilyl so-
dium tBu3SiNa in tetrahydrofuran (THF) serves as the re-
action partner. Details of the syntheses of 1 are discussed
below. In this connection, not only 2, but also the phos-
phides 3 and 4 as well as the phosphanes 528 play a role
(see Scheme 3).

Scheme 3

Transformation of 2

To convert the tetraphosphide 2, which is easily prepared
from P4 and tBu3SiNa in THF[4], into the triphosphide 1,
the former is protonated by equimolar amounts of a strong
acid (CF3CO2H or CF3SO3H) in THF at 278°C. Then,
by warming up the reaction mixture to room temp., 1 and
tBu3SiPH2 are obtained according to Eq. 1.

Eur. J. Inorg. Chem. 1998, 8332841834

In fact, 1 is produced simultaneously with the pentaphos-
phide 4 as well as oligophosphanes (tBu3SiP3)n (see below);
in addition, the starting material 2 remains unreacted (1, 2,
and 4 exist in the molar ratio 2:1:1, increasing amounts of
acid lead to a decrease in the amount of 2 and also of
1 [5] [10]). As 1 cannot easily be separated from the other
products, reaction (1) is less suitable for its preparation.

In the weak acid acetonitrile, 2 quickly transforms ac-
cording to Eq. 1 (NaCH2CN may be another product), but
the solutions obtained are unstable and after some weeks
contain tBu3SiPH2 as the one and only soluble phos-
phorus compound.

Building-Down of Phosphorus Clusters

The reaction of oligophosphanes (tBu3SiP3)n (among
others 8 [5]) with n-fold molar amounts of tBu3SiNa is par-
ticularly suitable for the synthesis of 1. In this way, the tri-
phosphide 1 is obtained as the only product according to
Eq. 2. The oligophosphanes, on the other hand, are pre-
pared from 2 and a twofold molar amount of a strong acid
(CF3SO3H) in pentane: 2 1 2H1 R 1/n (tBu3SiP3)n 1 tBu3-
SiPH2.

1/n (tBu3SiP3)n (among others 8) 1 tBu3SiNa R 1 (2)

Reaction (2) demonstrates, as does reaction (1), the high
tendency for the formation of 1. The same holds for the
reaction shown in (3): a twofold molar amount of tBu3SiNa
degrades the heptaphosphane 7 (which is easily prepared
from P4 and tBu3Si2SitBu3 in THF or toluene at 100°C
together with the tetraphosphane 5 [11]) into the triphos-
phide 1 and the tetraphosphide 3. The latter compound is
also quantitatively obtained by reaction of the tetraphos-
phane 5 with equimolar amounts of tBu3SiNa in THF[5].

7 1 2 tBu3SiNa R 1 1 3 (3)

In addition, it is worth noting that the pentaphosphane 6
is transformed by tBu3SiNa into the triphosphide 1 to-
gether with other phosphorus containing substances[10].

Building-Up of Phosphorus Clusters

To synthesize 1 by building-up the phosphorus chain,
PCl3 in pentane is slowly added dropwise to a solution of
a threefold molar amount of tBu3SiNa in THF, cooled to
278°C. While warming up the solution to room temp., the
starting materials react according to (4a). In fact, 1 is pro-
duced simultaneously with the tetraphosphide 3, the penta-
phosphide 4 as well as some mono- and diphosphides (1,
3, 4, and the other phosphides are formed in the molar
ratio 10:5:3:3).
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An insight into the formation pathway of 1 is given by

the reaction of PCl3 with an equimolar amount of tBu3SiNa,
the products of which are some chlorine-free and some
chlorine-containing supersilylphosphanes[5]; this will be
thoroughly discussed elsewhere[12]. Obviously, the chlorine
containing compound 9 plays an important role in the
building-up of 1, as it may react with tBu3SiNa with ex-
change of Cl for Na (Eq. 4c). An isomerization of the phos-
phide 10 obtained in this way leads to 1 (Eq. 4d).

The formation of 9, summarized by Eq. 4b, may be inter-
preted as follows: As a first reaction product, tBu3SiPCl2 is
formed from PCl3 and tBu3SiNa by exchange of Cl2 for
tBu3Si2. For steric reasons supersilyldichlorophosphane
does not undergo any further supersilanidation[5]. Instead,
with the cooperation of PCl3 and tBu3SiNa, it enters a
building-up of phosphorus clusters which proceeds accord-
ing to the reactions formulated in Eq. 5[5].

Hereafter, tBu3SiPCl2, PCl3, and tBu3SiNa first of all
may react according to tBu3SiPCl2 1 tBu3SiNa R tBu3Si-
PClNa 1 tBu3SiCl and 2 tBu3SiPClNa 1 PCl3 R tBu3Si-
PCl2PCl2PClSitBu3 1 2 NaCl under formation of tri-
chlorodisupersilyltriphosphane, which then converts ac-
cording to Eq. 5 into 9.

Characterization and Structure of (tBu3Si)2P3Na(THF)4
(1a)

If a solution of 2.8 mmol of 1, prepared by reaction of
(tBu3SiP3)n with tBu3SiNa in 6 ml of THF (cf. Eq. 2), is
concentrated to 2 ml and mixed with 2 ml of pentane, then
over several days, deep violet crystals of the THF adduct
(tBu3Si)2P3Na(THF)4 (1a) of the triphosphide 1 may be ob-
tained. These are extremely sensitive to air and moisture
but comparatively stable thermally. However, the tendency
of 1 to crystallize from THF is quite low and exchanging
THF for another solvent is not advisable, since 1 decom-
poses when the THF is removed.

A suitable crystal of the phosphide 1a selected from many
unsuitable crystals was investigated by X-ray structure
analysis. The view of the molecule in the crystal (ortho-
rhombic), all atomic positions of which seem to be splitted,
is shown in Figure 1. As can be clearly seen, the three P
atoms and the Na atom in 1a occupy the edges of a planar
deltoid (P2P2P 5 104.2, P2P2Na 5 95.2, P2Na2P 5
64.3°; sum of the angles of the mean values of the split
positions is 358.9°). For each of the outer P atoms a planar
surrounding may be outlined, consisting of one P, one Si,
and one Na atom, the central P atom has two P atoms as
neighbours forming an obtuse angle and the Na atom is
coordinated by two P and four O atoms forming a distorted
octahedron with a sharp P2Na2P angle. The O atoms are
each coordinated to one Na and two C atoms. The P2P
distances have a mean value of 2.10 Å, in between those
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found for P2P single bonds (around 2.20 Å) and those for
P2P double bonds (around 2.00 Å)[3]. As can be seen from
Table 1, the two P2P distances and the two P2P2Na
angles are indeed slightly different [P12P2 5 2.12,
P12P3 5 2.07 Å; P12P22Na 5 96.6, P12P32Na 5 93.7°
(mean values); an analogous situation is also observed for
the two N2N bonds and the N2N2Na angle of (tBu3Si)2-
N3Na(THF)2 in the crystal [13]]. The distance of the sodium
atom to the outer phosphorus atom showing the longer
P2P bond is shorter than the distance to the outer phos-
phorus atom showing the shorter 2P bond [P22Na 5 3.05,
P32Na 5 3.18 Å (mean values)].

As shown by the X-ray structure analysis, the anionic W-
shaped part of 1a with two P2P 11/2 bonds represents a
triphosphaallylic anion, the bonding situation of which can
be described by a resonance formula with two limiting
structures, as is shown in Eq. 6 (the triphosphenide Mes2*-
P3Li was not investigated by means of X-ray diffraction;
however according to 31P-NMR it also has an acyclic struc-
ture[6]).

The 31P{1H}-NMR spectrum of the anion in 1a shows
two signals with the splitting pattern of an AX2 spin system
in the range typical for the unsaturated twocoordinate
phosphorus atom in diphosphenes[14], and in a range which
is possible for an unsaturated anionic phosphorus atom[9b]

(Figure 2). This is in accord with the trans-trans configura-
tion of the anion, as found in the crystal. An isomeric anion
with trans-cis configuration is, according to the NMR spec-
tra, not present in the C6D6 solution, obviously as a conse-
quence of the steric crowding of the supersilyl groups; an
isomer with cis-cis configuration is not possible for steric
reasons and can be definitely ruled out from the signal pat-
tern in the 29Si{1H}-NMR spectrum, which suggests a large
2JPP coupling constant. (In the case of Mes*2P3Li with the
less bulky supermesityl substituents, the compound exists
as a mixture of the cis-trans and the trans-trans isomer[6].)

Protolysis and Oxidation of (tBu3Si)2P3Na (1)

While the protolysis of the tetraphosphide 2 with tri-
fluoroacetic acid in THF, as reported elsewhere[4] [5], pro-
ceeds nonuniformly with the formation of a number of
phosphanes and phosphides containing supersilyl groups,
the triphosphide 1 is protolyzed with CF3CO2H in THF in
a comparatively uniform reaction to form the ring com-
pound 11. The triphosphene tBu3Si2P5P2PH2SitBu3,
which is expected to be the primary product of the proto-
lysis of 1, is presumably thermodynamically as well as kine-
tically unstable with respect to the cyclotriphosphane 11.
(In contrast, as product of the protolysis of Mes*2P3Li the
unsaturated compound Mes*2P5P2PH2Mes* was ob-
tained[6].)

The oxidation of 2 with tetracyanoethylene in THF pro-
ceeds, as reported[4] [5], uniformly with the formation of the
bicyclotetraphosphane 5 [4], i.e. with retention of the P4 skel-
eton. On the other hand, the action of TCNE on the triphos-
phide 1 in THF leads to a doubling of the P3 skeleton: the
isomeric hexaphosphanes 12 and 13, with connected and
anellated rings of phosphorus atoms, respectively, are
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Figure 1. Molecular structure of (tBu3Si)2P3Na(THF)4 (1a) in the
crystal; top: atom numbering used; bottom: splitting of positions
of atoms found (SCHAKAL plot; atoms drawn with arbitrarily

chosen atom radii; without H atoms)[a]

[a] Selected distances [Å] and angles [°] of the molecular structure of
1a in the crystal with the standard deviations in units of the last signi-
ficant position in parentheses (all positions of the P and Si atoms
seem to be triply split): P(1A)2P(2A) 2.09(2), P(1B)2P(2B) 2.12(2),
P(1C)2P(2C) 2.15(2), P(1A)2P(3A) 2.14(3), P(1B)2P(3B) 2.06(2),
P(1C)2P(3C) 2.02(2), P(2A)2Si(1A) 2.47(2), P(2B)2Si(1B) 2.26(1),
P(2C)2Si(1C) 2.23(2), P(3A)2Si(2A) 2.37(3), P(3B)2Si(2B) 2.26(1),
P(3C)2Si(2C) 2.23(2), P(2A)2Na 2.92(2), P(2B)2Na 3.03(1),
P(2C)2Na 3.19(2), P(3A)2Na 3.07(2), P(3B)2Na 3.20(1),
P(3C)2Na 3.27(2), O(1)2Na 2.349(8), O(2)2Na 2.35(1), O(3)2Na
2.37(1), O(4)2Na 2.359(6); P(2A)2P(1A)2P(3A) 104.6(11),
P(2B)2P(1B)2P(3B) 101.3(7), P(2C)2P(1C)2P(3C) 106.6(9), P(1A)-
2P(2A)2Na 96.2(8), P(1B)2P(2B)2Na 99.7(5), P(1C)2P(2C)2Na
93.9(6), P(1A)2P(3A)2Na 91.0(7), P(1B)2P(3B)2Na 96.1(5),
P(1C)2P(3C)2Na 94.1(7), Si(1A)2P(2A)2Na 167.4(7),
Si(1B)2P(2B)2Na 150.1(5), Si(1C)2P(2C)2Na 148.9(8), Si(2-
A)2P(3A)2Na 162.0(12), Si(2B)2P(3B)2Na 155.9(5),
Si(2C)2P(3C)2Na 160.3(11), P(2A)2Na2P(3A) 68.0(4),
P(2B)2Na2P(3B) 62.5(3), P(2C)2Na2P(3C) 62.4(5), Si(1-
A)2P(2A)2P(1A) 96.1(10), Si(1B)2P(2B)2P(1B) 104.3(6),
Si(1C)2P(2C)2P(1C) 103.0(9), Si(2A)2P(3A)2P(1A) 97.3(11),
Si(2B)2P(3B)2P(1B) 105.7(7), Si(2C)2P(3C)2P(1C) 105.5(12).
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Figure 2. Observed 31P{1H}-NMR spectrum of 1a in C6D6 at
109.37 MHz (25°C; external 85% H3PO4); 1JP1P2 5 552.6 Hz

formed. Presumably, in the first step TCNE oxidizes the
triphosphide 1 to form the resonance stabilized triphos-
phanyl radical [tBu3Si2P5P2P2SitBu3 v tBu3Si2P2P5
P2SitBu3]•, which therefore exists for a longer period of
time and changes into the 1,19-bicyclotriphosphane 12 and
the bicyclohexaphosphane 13.

Unfortunately, the compounds 11213 (see Scheme 4)
have not so far been isolated in their pure state; however,
their structures, as shown by the formula, can be proved
unambiguously from their 31P-NMR spectra (see below).
The 31P-NMR data of phosphorus compounds of type
11 (tBu2P3H[15]), 12 (P6tBu4

[16]), and 13 (P6tBu4
[17],

P6Cp*4
[18]), which were already known, were also quite

helpful for this purpose. Other isomers of the cyclophos-
phanes 11213 could not be spectroscopically detected using
NMR. The molecular structures shown for the compounds
are obviously the most sterically favorable, and therefore
energetically lowest lying.

Scheme 4

The 31P{1H}-NMR spectrum of the cyclotriphosphane
11 exhibits the signals of an ABC spin system [δA(P-1) 5
2246.9, δB(P-2) 5 2259.5, δC(P-3) 5 2260.1; 1JP1P2 5
2188.0 Hz, 1JP1P3 5 2141.3 Hz, 1JP2P3 5 2224.2 Hz]. In
the proton coupled 31P-NMR spectrum (Figure 3) it ex-
tends to an ABCX spin system (1JP3H 5 137.1 Hz, 2JP1H 5
16.6 Hz, 2JP2H 5 6.9 Hz; regarding the signs of 1JPP and
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1JPH see refs. [19] [20] [21]). Because of the small shift difference
between the signals of P-2 and P-3 the spectra deviate
strongly from first order. The difference in the PP couplings
to P-3 allows an assignment of the signals to P-1 and P-2.
The larger coupling constant between P-2 and P-3 indicates
a cis orientation of the substituents H and SitBu3 at these
phosphorus atoms[22]. For 11 the 31P-NMR chemical shifts,
as well as the P2P coupling constants, fall in the range
characteristic for cyclotriphosphanes[23] [24].

Figure 3. Observed (a) and calculated[20] (b) 31P-NMR spectrum
of the cyclotriphosphane 11 at 161.84 MHz in C6D6 (0.01  solu-
tion, 25°C, external 85% H3PO4); the shift difference between the
NMR signals of P-2 and P-3 observed at this frequency is only
102.7 Hz; the relative signs of the coupling constants result from
the iterative fitting of the spectrum assuming negative values for
1JPP and positive values for 1JPH

[19] [20] [21]: 1JP1P2 5 2188.0,
1JP1P3 5 2141.3, 1JP2P3 5 2224.2, 1JP3H 5 137.1, 2JP1H 5 16.6,

2JP2H 5 6.9 Hz

The 31P{1H}-NMR spectrum of the 1,19-bicyclotriphos-
phane 12 shows three multiplets with the classical splitting
pattern of an AA9BB9MM9 spectrum. Approximate values
for δP and JPP can be estimated by simple examination of
the experimental spectrum[19]; starting from these values
the spectrum can be solved by iterative fitting[20] (Figure 4).
The 31P-NMR data of 12 parallel, to a large degree, those
of tBu2P32P3tBu2

[16]. The chemical shifts of the phos-
phorus nuclei appear at high field [δ(P-1) 5 2142.6, δ(P-
2) 5 2194.8, δ(P-3) 5 2210.8], as is generally found for
δ31P in cyclotriphosphanes[23] [24]. The direct connection of
the two P3 rings is indicated by the large and negative coup-
ling constant between P-1 and P-19. The spatial neighbour-
hood of the lone pairs at P-3 and P-19 as well as P-1 and
P-39 causes a large and positive coupling constant (57.7 Hz)
between these phosphorus atoms, while for 2JP19P2 and
2JP1P29 a much smaller value (1.7 Hz) is observed. This pro-
ves the trans orientation of the supersilyl substituents at the
adjacent phosphorus atoms P-2 and P-3 as well as P-29 and
P-39. In accord with this is also the sequence of magnitudes
of 1JP1P2 (2284.7 Hz) and 1JP1P3 (2174.9 Hz)[22]. Obvi-
ously, like tBu2P32P3tBu2

[16], 12 also forms the sterically
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most favorable all trans isomer. In the case of 12, however,
coupling constants 3JP2P29 (7.6 Hz) and 3JP3P39 (0.4 Hz) are
found to have the reverse order of magnitude. This differ-
ence, as well as the clearly more negative coupling constant
3JP2P39 (214.1 Hz) observed for 12, is presumably caused
by a larger population of the rotamers with a wider torsion
angle P-2,P-1,P-19,P-29.

Figure 4. Observed (a) and calculated[20] (b) 31P{1H}-NMR spec-
trum of 12 at 109.36 MHz in C6D6 (25°C; external 85% H3PO4):
1JP1P19 5 2301.1, 1JP1P2 5 1JP19P29 5 2284.7, 1JP1P3 5 1JP19P39 5
2174.9, 1JP2P3 5 1JP29P39 5 2171.8, 2JP1P29 5 2JP19P2 5 1.7,
2JP1P39 5 2JP19P3 5 57.7, 3JP2P29 5 7.6, 3JP3P39 5 0.4, 3JP2P39 5
3JP29P3 5 214.1 Hz; the relative signs of the coupling constants
result from the iterative fitting of the spectra assuming negative

values for 1JPP
[21]

The structure of the bicyclo[3.1.0]hexaphosphane 13 can
be derived from the NMR data after a complete analysis of
its 31P{1H}-NMR spectrum. It shows, as in the case for the
analogous hexaphosphanes P6tBu4

[17] and P6Cp*4
[18] the

four multiplets of an AA9BB9MX spin system (Figure 5).
The signal of P-2 (X part) appears at high field (δ 5
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Figure 5. Observed (a) and calculated[20] (b) 31P{1H}-NMR spec-
trum of 13 at 109.37 MHz in C6D6 (25°C; external 85% H3PO4):
1JP1P2 5 1JP2P3 5 2159.5, 1JP1P3 5 2245.9, 1JP1P6 5 1JP3P4 5
2397.1, 1JP4P5 5 1JP5P6 5 2487.7, 2JP1P4 5 2JP3P6 5 23.2, 2JP1P5 5
2JP3P5 5 11.7, 2JP2P4 5 2JP2P6 5 105.4, 2JP4P6 5 34.7, 3JP2P5 < 1.0
Hz; the relative signs of the coupling constants result from the ite-
rative fitting of the spectrum assuming negative values for 1JPP

[21]

2251.6) as a triplet of triplets and can be understood, prac-
tically, according to a first order interpretation. On the
other hand the signal of P-5 (M part, δ 5 9.5) deviates
considerably from the first order (JP-4P-5)/ν0[δ(P-4) 2 δ(P-
5)] 5 0.08 at 109.37 MHz). For the phosphorus atoms P-1
and P-3 at the bridgehead positions δ 5 230.5, and for the
adjacent phosphorus atoms P-4 and P-6 in the pentaphos-
pholane ring δ 5 249.5; the characteristic splitting pattern
for the A and the B part of an AA9BB9M spin system[19] is
observed, each doubled by coupling with P-2. The presence
of a cyclotriphosphane ring in 13 is indicated by the chemi-
cal shift at high field for P-2 as well as by the large and
negative coupling constant 1JP1P3 5 2245.9 Hz (regarding
the sign see ref. [21]). As in the case of P6tBu4

[17] 1JP1P6 and
1JP5P6 are clearly larger than 1JPP in the cyclotriphosphane
ring, and here have values of 2397.1 Hz and 2487.7 Hz,
respectively, which are remarkably large values. The large
and positive coupling constant between P-2, P-4 and P-6
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(1105.4 Hz) indicates that the lone pairs at these phos-
phorus atoms are facing each other. The tBu3Si substituents
at P-2 as well as at P-4 and P-6 must therefore occupy in
the first case the axial position and in the last two cases
the equatorial positions, as shown by the X-ray structure
analyses for P6tBu4

[17] and P6Cp*4
[18] in the crystal.

Cyclic versus Acyclic P3H2
2, P3H3 and Derivatives: Ab

initio Structure, Energy and NMR Calculations

Figure 6 comprises the results of ab initio calculations
concerning structure and relative energies of cyclic P3H3

(14) and P3H2
2 (18) as well as of their acyclic isomers (15,

16, 17, 19) and two derivatives of cyclo-P3H3 (20, 21). Our
RMP2/6-311G* calculations of the parent P3H2

2 anion
show that the acyclic planar trans-trans form 19 with allylic
conjugation[25], [HP ·· P ·· PH]2, and P2P 11/2 bonds[25] is
thermodynamically 6.1 kcal/mol more stable than the cyclic
isomer 18 (isomerization of 19 via 17 to a trans-cis isomer
has a barrier of 23.1 kcal/mol, see Figure 6). With silyl sub-
stituents the allyl preference increases slightly [Erel for cyclic
(H3Si)2P3

2 is 7.6 kcal/mol]. In contrast, neutral compounds
with a P3 framework like P3H3 (14) [26], (H3Si)2P3H (20),
(H3Si)2P3Cl (21) prefer the cyclic form. Structural alterna-
tives with a terminal PH2 group are less stable than the
global minimum for the neutral cyclo-P3H3 [Erel (H2PPPH,
15) with respect to 14 is 11.7 kcal/mol, Figure 6] as well as
for the anionic acyclo-P3H2

2 [Erel (H2PPP2) with respect to
19 is 12.7 kcal/mol)]. Therefore, cyclization of the “pro-
tonated anion” 1 to 11 and ring opening of the “reduced
halogenide” 9 to 1 is in agreement with our ab initio results
for the simple models R2P3X and R2P3

2 with R 5 H or
SiH3 and X 5 H or Cl.

Both the acyclic anion R2P3
2 (in 1 with R 5 SitBu3;

calcd. for R 5 H, SiH3) and the cyclic isomer could have
two 31P-NMR signals. The question is which R2P3Na
model structure provides computed NMR data which are
in agreement with the experiment? Unfortunately, ab initio
NMR calculations which neglect electron correlation give
δ31P values for the model complexes, (RP…2P…2PR,Na)
(R 5 H or SiH3), with unusually large deviations of several
hundred ppm. However, density functional NMR calcu-
lations (SOS-DFPT[27]), which include correlation are in
good agreement with GIAO-MP2[28] (explicit consideration
of correlation) and should only deviate by the order of 37
ppm from the experiment[29]. Our SOS-DFPT/Perdew-
Wang functional ‘91/B3///RMP2/6-31G*, NMR values for
an appropriate model of 1 (modeling the silyl substituent
by SiH3 and the solvated sodium by bare Na1) are in
reasonable agreement with the experiment for the W-
shaped, CS-symmetric acyclic form with a folded deltoid
P3Na moiety (δDPB331P 5 720 and 176, corresponding to
733 and 213) and exclude any cyclic form[30]. The
δDPB331P values for the strictly planar Si2P3Na framework
indicate that this transition structure of the molecule, in
solution or in the crystalline framework, occurs only inter-
mittently during the permanent internal motion of the mol-
ecule.
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Figure 6. RMP2/6-31G* (and 6-311G* for anions) geometries
(bond length in [Å], angles in [°] and relative energies (in [kcal/

mol]) for P3H3, P3H2
2 and (H3Si)2P3X (X 5 H, Cl)

We would like to thank the Deutsche Forschungsgemeinschaft for
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Experimental Section
All experiments were carried out under dry argon with strict ex-

clusion of air and moisture. CF3SO3H, CF3CO2H, TCNE,
CD3CN, and PCl3 were commercially available. (tBu3Si)2P4Na2 (2)
in THF[4], tBu3SiNa in THF[31], and (tBu3Si)3P7 (7) [11] were pre-
pared according to literature procedures. The solvents (pentane,
benzene, tetrahydrofuran) were distilled from sodium/benzo-
phenone immediately before use.

The NMR spectra were recorded with a JEOL FX-90-Q (1H/
13C/29Si: 89.55/22.52/17.79 MHz), a JEOL GXS-270 (1H/13C/29Si/
31P: 270.17/67.94/53.67/109.37 MHz), and a JEOL EX-400 (1H/13C/
31P: 399.78/100.53/161.84 MHz) spectrometer. The 29Si-NMR spec-
tra were recorded with the INEPT pulse sequence using empirically
optimized parameters for polarization transfer from the tBu sub-
stituents. The mass spectra (electron impact) were recorded with a
Varian CH7 instrument.

Conversion of 2 into 1: a) 5.22 mmol (0.4 ml) of CF3CO2H in 2 ml
of pentane was added dropwise with stirring to a cooled (278°C)
solution of 5.22 mmol of 2 in 50 ml of THF and the resulting deep
red reaction mixture was warmed up after 1 h to ambient temp.

Eur. J. Inorg. Chem. 1998, 8332841 839

While warming, the solution changed colour to red-violet. Accord-
ing to the 31P-NMR spectrum (C6D6) the reaction solution con-
tained, in addition to tBu3SiPH2 and small amounts of tBu3Si-
PHNa (identified by comparison with authentical samples[32]), the
phosphorus compounds 1 (see below), 2 (unreacted starting mate-
rial) and 4 (identified by comparison with an authentic sample[10])
in a molar ratio of 2:1:1, as well as the oligophosphane (tBu3SiP3)n

(see below).

b) From a solution of 0.138 mmol of 2 in 2 ml of THF the
solvent was removed in vacuo and 1 ml of CD3CN added to the
remaining deep red solid to yield a violet solution. According to
the 31P-NMR spectrum of this solution, 1 (identified by compari-
son with an authentic sample, see below) and tBu3SiPD2 (identified
by comparison with an authentic sample[32]) were formed as the
only phosphorus-containing products in a molar ratio of 1:1. After
removing the CD3CN in vacuo, tBu3SiPD2 was separated from the
residue by sublimation (100°C/1023 mbar) and isolated as colour-
less needles. 2 1H NMR (CD3CN, internal TMS): δ 5 1.14 (d;
4JPH 5 0.46 Hz; 3 tBu). 2 13C{1H} NMR (CD3CN, internal TMS):
δ 5 22.8:30.9 (d/d; 2JCP/3JCP 5 6.1/3.0 Hz; 3 tBu). 2 29Si NMR
(CD3CN, external TMS): δ 5 24.0 (d; 1JSiP 5 30.7 Hz; SitBu3). 2
31P{1H} NMR (CD3CN, external 85% H3PO4): δ 5 2268.9 (quint;
1JPD 5 29.4 Hz; PD2).

Note: In the course of a few weeks the violet colour of the reac-
tion solution vanished and it then contained, according to the 31P-
NMR spectrum, tBu3SiPD2 as the only phosphorus compound.
According to the 29Si-NMR spectrum tBu3SiCN also formed
(identified by comparison with an authentic sample[33]).

c) 2, dissolved in a pentamethyldiethyltriamine (PMDTA)/ben-
zene mixture, converted in the course of several months at ambient
temp. into 1 and tBu3SiPHNa (as PMDTA adducts); at the same
time additional, and as yet unidentified, phosphorus-containing
products were formed.

Formation of 1 from Supersilylpolyphosphanes: a) 3.45 mmol of
2 in 50 ml of THF was added dropwise to a solution of 6.94 mmol
(0.61 ml) of CF3SO3H in 5 ml of pentane at ambient temp. The
deep red colour of the solution of 2 changed to yellow on contact
with the acid. According to the 31P-NMR spectrum (C6D6) poly-
phosphanes together with tBu3SiPH2 were formed (molar ratio of
the polyphosphane phosphorus to the monophosphane phos-
phorus in accord with Eq. 2 is 3:1). The solvent and all volatile
materials were removed in vacuo, the residue dissolved in 10 ml
of pentane and all insoluble material (CF3SO3Na) separated by
filtration. After several days at 225°C, a yellow solid precipitated
from the filtrate, which was separated, dissolved in heptane and
precipitated again at 225°C. Repetition of this procedure several
times afforded 0.820 g of a yellow and very air-sensitive solid poly-
phosphane product. According to the 31P-NMR spectrum, this
product was free of tBu3SiPH2, and according to elemental analysis
had the composition tBu3SiP3

[34]. After removal of the pentane and
heptane in vacuo from the respective filtrates, solid tBu3SiPH2 was
obtained from the remaining residue by sublimation at 100°C/1023

mbar (identified by comparison with an authentic sample[32]).

A solution of 2.80 mmol of tBu3SiNa in 6 ml of THF was slowly
added dropwise to a solution of 0.820 g (2.80 mmol with respect
to the formula tBu3SiP3) of the solid yellow polyphosphane (see
above) in 10 ml of THF. The colour of the reaction solution
changed from yellow to deep violet. According to the 31P-NMR
spectrum, 1 was quantitatively formed, which proved the identity
of the polyphosphane to be (tBu3SiP3)n. The reaction solution was
concentrated to 5 ml and mixed with 2 ml of pentane. In the course
of 10 d violet, and very air- and moisture-sensitive crystals of so-
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dium 2,3-bis(tri-tert-butylsilyl)triphosphenide2tetrahydrofuran(1/
4) (1a) separated. 2 1H NMR (C6D6/THF, internal TMS): δ 5

1.38 (br.; 2 SitBu3). 2 13C{1H} NMR (C6D6/THF, internal TMS):
δ 5 25.3 (br.; 6 CMe3), 32.3 (br.; 6 CMe3). 2 29Si NMR (C6D6/
THF, external TMS): δ 5 18.3 (td; 1JSiP 1 3JSiP 5 47.1 Hz; 2JSiP 5

7.1 Hz; 2 SitBu3). 2 31P{1H} NMR (C6D6/THF, external 85%
H3PO4): cf. Figure 1. 2 X-ray structure investigation [cf. section
on characterization and structure of (tBu3Si)2P3Na(THF)4 (1a)].

b) A solution of 0.445 mmol tBu3SiNa in 1 ml of THF was
added dropwise to 0.181 g (0.222 mmol) of 7 at ambient temp. The
reaction mixture immediately adopted a red-violet colour. Accord-
ing to the 31P-NMR spectrum 1 (identified by comparison with an
authentic sample, see above) and 3 formed in a molar ratio of 1:1.
After a longer period of time dark red crystals of highly air- and
moisture-sensitive 1-[tri-tert-butylsilyl(sodio)phosphanidyl]-2,3-
trans-bis(tri-tert-butylsilyl)cyclotriphosphane2tetrahydrofuran-
(1/n) (3) were formed from the red-violet reaction solution (ident-
ified by comparison with an authentic sample[12]).

Note: The phosphide 3 was also formed quantitatively from the
reaction of 5 with an equimolar amount of tBu3SiNa in THF.

Formation of 1 from Phosphorus Trichloride: A solution of 0.184
g (1.35 mmol) of PCl3 in 0.5 ml of heptane was added dropwise to
a cooled (278°C) solution of 4.6 mmol tBu3SiNa in 10 ml of THF
(procedure A); alternatively a solution of 11.5 mmol tBu3SiNa in
25 ml of THF was added dropwise to a cooled (278°C) solution
of 0.623 g (4.98 mmol) of PCl3 in 20 ml of THF (procedure B).
The resulting reaction mixtures were then warmed up to ambient
temp. According to the 31P-NMR spectrum the triphosphide 1 (see
above), the tetraphosphide 3 [5], the pentaphosphide 4 [5] [10], mono-
phosphides (see below), and diphosphides (see below) were formed
in a molar ratio of about 10:5:3:1:2 for procedure A, and of about
7:4:3:1:4 for procedure B [the compounds were identified by com-
parison of the 31P-NMR data with those of authentical samples;
cf. references given with the numbers of the compounds; the mono-
and diphosphides were formed in only small amounts (giving one
and two 31P-NMR signals, respectively) and are not yet identified.

Note: After the insoluble materials from the reaction solution,
obtained according to procedure B, were separated by filtration,
and the solution was concentrated to 15 ml and cooled to 225°C,
a microcrystalline precipitate of a mixture of the compounds men-
tioned above was obtained. The filtrate (“mother liquor”), which
contains 1, 3, 4, and other phosphides in a molar ratio of 8:5:3:3,
was further treated with CF3CO2H and with TCNE (see below).

Reaction of 1 with Trifluoracetic Acid: A solution of 0.060 g (0.53
mmol) of CF3CO2H in 0.5 ml of heptane was added dropwise at
ambient temp. to 2 ml of the “mother liquor” (described above and
obtained from PCl3 and tBu3SiNa in THF) which contained, as
shown from titration, 0.56 mmol/ml of anionic phosphorus. The
solvents and all volatile materials were removed in vacuo, the resi-
due was dissolved in pentane, the insoluble material (CF3CO2Na)
separated by filtration, and the pentane then removed in vacuo and
the residue dissolved in 1 ml of C6D6. According to the 31P-NMR
spectrum, protonated 1 (; 11), protonated 3 [5] and protonated
5 [5] [10] were formed in a molar ratio of about 3:5:3, together with
monophosphanes, diphosphanes, and other phosphanes. The struc-
ture of trans-bis(supersilyl)cyclotriphosphane (11), which could not
be isolated from the reaction mixture, was unambiguously proved
from the 31P-NMR spectra [cf. section on the protolysis and oxi-
dation of (tBu3Si)2P3Na (1)]. The 1H-, 13C-, and 29Si-NMR spectra
revealed no additional information for 11 because of superposition
of its signals with the signals of other compounds present in the
mixture.
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Reaction of 1 with Tetracyanethylene: 2 ml of the “mother liquor”
described above (obtained from PCl3 and tBu3SiNa in THF, and
which contained, as shown from a titration, 0.56 mmol/ml anionic
phosphorus) was added dropwise to 0.059 g (0.46 mmol) of TCNE
at ambient temp. The solvent and all volatile materials were re-
moved in vacuo, the residue was dissolved in pentane, unsoluble
materials were removed by filtration, and finally the pentane was
evaporated in vacuo and the residue dissolved in 0.8 ml of C6D6.
According to the 31P-NMR spectrum, 5 [4] [11], 6 [10], 12, and 13 are
formed in a molar ratio of 2:7:8:1 together with other phosphanes.
Assuming, that 4 was oxidized uniformly to 6 and 1 was oxidized
only to 12 and 13, the compounds 1 and 4, present in the “mother
liquor” in a molar ratio of 8:3, must be found in the reaction solu-
tion, after the oxidation, in a molar ratio of 4:3 (experimentally
observed 9:7 ; 4:3.1). The structures of 2,29,3,39-tetrasupersilyl-
1,19-bicyclotriphosphane (12) and 2,4,5,6-tetrasupersilylbicy-
clo[3.1.0]hexaphosphane (13), which could not be isolated from the
reaction mixture, were unambiguously derived from the 31P-NMR
spectra [cf. section on the protolysis and oxidation of (tBu3Si)2-
P3Na (1)]. The 1H-, 13C-, and 29Si-NMR spectra revealed no ad-
ditional information for 12 and 13, due to the superposition of
their NMR signals with the signals of other compounds present in
the mixture.

X-ray Structure Determination of (tBu3Si)2P3Na(THF)4 (1a):
Diffractometer STOE IPDS, Mo-Kα radiation, λ 5 0.71069 Å. A
small violet crystal was fixed in perfluoroether and analyzed in a
Mark-tube at T 5 200(2) K. Crystallographic data: C40H86Na-
O4P3Si2, Mf 5 803.17, orthorhombic, space group Pna21 (No. 33),
a 5 24.433(6), b 5 17.439(7), c 5 12.005(6) Å, V 5 5115(4) Å3,
Z 5 4, dcalcd. 5 1.043 g cm23, µ 5 0.204 mm21, F(000) 5 1768. 2

Data collection: ω scans, 2Θ 5 2.38221.00° in 232 # h # 32, 222
# k # 8, 215 # l # 15. 10985 measured reflections, of which 4866
symmetry independent. 2 Solution of the structure: Restraints, 390
parameters optimized, R1[I > 2σ(I)] 5 0.0787, wR2 5 0.1802,
GOF 5 2.128; residual electron density 5 0.389 and 20.388 e Å23.
For further details of the crystal structure investigation (for ex-
ample splitting of the positions of the atoms) see ref. [35].

; Dedicated to Professor Dr. Heinrich Nöth on the occasion of
his 70th birthday.
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Reactions of the Lewis acids BH3 and BEt3 with
trimethylimidazole (1) lead to the borane adducts 2a and 2b.
Deprotonation of 2a with n-butyllithium results in the
formation of the novel N-borane-substituted imidazol-2-
ylidene anion 3a– whereas deprotonated 2b rearranges
unexpectedly to the anionic compound 3b–. This can be
transformed into the carbene–borane adduct 4 by

Introduction

The chemistry of nucleophilic carbenes has become an
area of particular interest since the discovery of the first
stable carbenes, synthesized by Arduengo et al. in 1991[1].
Several derivatives of the imidazol-2-ylidene A as well as
the imidazolin-2-ylidene B [2] and the chain-like carbene
compound C have been reported[3]. Based on the hetero-
cycles triazole and thiazole, the carbenes D [4] and E [5] have
also been synthesized. Recently, a review of the chemistry
of N-heterocyclic carbenes was published by Herrmann et
al. [6].

Compounds A2E have in common the presence of only
organic substituents attached to the nitrogen atoms,
whereas other main-group element substituted carbenes are
not known. Fehlhammer et al. [7] synthesized a tris(car-
bene)iron complex in which the carbene units are connected
via a BH group.

In 1994 Contreras, Wrackmeyer, et al. [8] published the
synthesis of the imidazabole F (R 5 H) which may also be
regarded as an intramolecular carbene2borane adduct F9.
Its BH2 groups function as Lewis acid centers for the car-
bene carbon atoms (see below).

Imidazol-2-ylidenes (e.g. A) have also proved to be excel-
lent ligands in transition-metal complexes[9]. In particular,
ligand exchange reactions with carbonylmetal compounds
work easily yielding the expected carbene complexes. The
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methylation. The reaction of 3a– with [Mn(CO)5Br] yields the
carbene complex 5. Surprisingly, 3a– attacks Fe(CO)5 at a
carbon atom which leads to the iron acyl complex anion 6–.
The compositions of the products follow from spectroscopic
and analytical data and from X-ray structure analyses for
Li(thp)+3a–, Li(thf)2

+3b– and Li(thp)3
+6–.

reactions occur at room temperature and, depending on the
stoichiometry of the reactants, mono-substituted products
of type H are formed as well as bis- and tris(carbene) com-
plexes in the case of Mo, W, and Ni[10] [11]. Beside complexes
with the monodentate ligand A, compounds J with a biden-
tate ligand are known as well [10] [11].

In complexes of imidazol-2-ylidenes the metal2carbene
bond has weak π-backbonding character[6] [10]. Therefore,
these carbenes appear comparable to phosphanes, and
could therefore also prove important in homogeneous cata-
lytic processes[6] [9e] [10]. In fact, K and L are examples of
useful carbene catalysts for asymmetric hydrosilylations
(K) [12] and for the Heck reaction (L) [13].

In the following we report the deprotonation of the tri-
methylimidazol2borane adducts 2a and 2b with n-butyl-
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lithium which results in the formation of the novel anions
3a2 and 3b2. 3a2 forms the metal complexes 5 and 62.

Results and Discussion

Synthesis

Analogous to the reaction of imidazoles with boranes[14],
1,4,5-trimethylimidazole (1) reacts with BH3 ? thf at 0 °C
to yield 3-borane-1,4,5-trimethylimidazole (2a), a colorless,
crystalline, and air-stable solid. Its composition follows
from NMR and MS data. Deprotonation of 2a leads to
the formation of the 3-borane21,4,5-trimethylimidazol-2-
ylidene anion 3a2. The salt Li(thp)13a2, thp being tetra-
hydropyran, is obtained as a colorless crystalline solid,
which is sensitive to air and moisture. This first example of
a borane-substituted nucleophilic carbene is dimeric in the
solid state (see below). It is derived from A by formal substi-
tution of a methyl group by the isoelectronic BH3

2 unit.

Scheme 1

A characteristic feature of nucleophilic carbenes is the
low-field 13C-NMR shift of the carbene carbon atom signal
(δ 5 2112256 for A2E) [1] [2] [3] [4] [5]. 3a2 shows a resonance
at δ 5 191.3 which is shifted 22.4 ppm to high field com-
pared to that of the corresponding carbene A [1]. Obviously,
there is a transfer of electron density from the negatively
charged boron atom to the carbene carbon atom. The re-
maining 13C-NMR data are very similar to those of A. The
signals for C4 and C5 appear at δ 5 121.8 and 128.7 while
those for the three methyl groups appear at δ 5 8.3, 10.4,
and 33.8. The 11B-NMR spectrum shows one signal at δ 5
221.1 which is broadened so that coupling with the hydro-
gen atoms is not observed, in contrast to 2a (1JB-H 5 94
Hz).

Treatment of 1 with BEt3 at 0°C leads to 3-(triethylbor-
ane)21,4,5-trimethylimidazole (2b) in quantitative yield. 2b
is a crystalline, colorless solid which is, in contrast to 2a,
sensitive to air. By analogy to the formation of 3a2, treat-
ment of 2b with n-butyllithium was expected to yield a car-
bene; however, surprisingly the rearranged anion 3b2 was
obtained. After deprotonation, migration of the triethylbor-
ane from the nitrogen to the carbene carbon atom took
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place. This follows from the NMR data and from an X-ray
structural analysis of Li(thf)2

13b2. Obviously, the different
Lewis acidities of BH3/BEt3 are responsible for this result.

The 13C-NMR spectrum of 3b2 exhibits two signals at
δ 5 119.9 and 123.8 for the C4 and C5 atoms, the one for
C2 not being observed. The resonances for the methyl
groups are found at δ 5 8.3, 9.4, and 32.0 while the ethyl
substituents show two signals at δ 5 10.7 and 14, the latter
for the CH2 carbon atom being broadened.

The different electronic behavior of BH3 and BEt3 as
Lewis acids is reflected in the 11B-NMR spectra. 2a exhibits
a resonance at δ 5 220.9 whereas for 2b a low-field shift
to δ 5 21.5 is observed. Comparing the shifts of 2a and
2b with those of 3a2 and 3b2 it is striking that for 3a2 (δ 5
221.1) there is only a slight difference relative to 2a whereas
in the case of 3b2 (δ 5 214.6) compared with 2b a signifi-
cant shift to higher field is observed. These data indicate
that the migration of the triethylborane from the nitrogen
to the carbon atom results in a larger electronic saturation
of the boron atom. This is supported by comparing the 11B-
NMR shifts for tetraalkyl- and trialkyl(amino)-borates.
[BEt4]2 shows a resonance at δ 5 217.5[15] whereas for
[Et3BNH2]2 a low-field shift to δ 5 29.8 is observed[16].

The reaction of 3b2 with iodomethane results in the for-
mation of the 2-(triethylborane)21,3,4,5-tetramethylimida-
zoline (4). Carbene adducts of this kind are known for a
large variety of electrophiles and are usually obtained by
addition of the Lewis acid to the free imidazol-2-ylidene[17].
Thus, carbene adducts with BH3 and BF3 have been de-
scribed[18]. The method presented herein is a new route to
generate triethylborane2carbene adducts. In the first step
the trialkylborane is introduced, which on deprotonation
and rearrangement gives 3b2. In the last step methylation
of the anion 3b2 with CH3I leads to the carbene adduct 4.

4 is characterized by 1H-, 13C-, 11B-NMR spectroscopy,
and mass spectrometry. The 1H-NMR spectrum shows the
expected two signals at δ 5 1.29 and 3.26 for the two sets
of equivalent methyl substituents. In the 13C-NMR spec-
trum only one signal for the imidazole carbon atoms C4
and C5 (δ 5 123.6) is found, while that of C2 is, as for
3b2, not observed. The methyl substituents give rise to two
signals at δ 5 12.1 and 32.9. The 11B-NMR shift of δ 5
212.6 is comparable with that of 3b2.

Complex Formation

The reactivity of 3a2 in ligand-exchange reactions was
studied. When [Mn(CO)5Br] is added to a solution of 3a2,
the expected complex 5 is obtained. In contrast to this, the
reaction of 3a2 with Fe(CO)5 results in the formation of
the acyl complex 62. Treatment of 3a2 with chlorobis(di-
methylamino)borane leads to the borane compound 7
(Scheme 2).

The orange-yellow complex 5 is extremely sensitive to air
and moisture, and is obtained by reaction of the in situ
generated carbene 3a2 with [Mn(CO)5Br] at 240°C. The
IR spectrum of the reaction mixture indicates the presence
of several products, for which pure 5 can be isolated by
column chromatography in 33% yield. 5 is characterized by
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1H-, 13C-, 11B-NMR, IR spectroscopy, and mass spec-
trometry. The 1H-NMR spectrum shows two signals at δ 5
2.22 and 2.24 for the C-CH3 groups and one for the N-CH3

group at δ 5 3.81. In the 13C-NMR spectrum the signals
of the imidazole carbon atoms are found at δ 5 129.0, 130.9
(C4, C5) and 146.9 (C2). This high-field shift of 44.4 ppm
relative to that of 3a2 is in the same range as those for
other carbenes and their complexes[10]. For the carbonyl li-
gands two signals at δ 5 214.6 and 256.1 are observed. The
assumption that 5 possesses a structure analogous to 62

can be ruled out on the basis of the NMR data. The 11B-
NMR shift of δ 5 222.3 is comparable with the data men-
tioned above. Again the signal is broadened so that no
coupling to the hydrogen atoms can be observed. The IR
spectrum of 5 shows four absorptions at ν̃ 5 2081, 2004,
1992 and 1974 cm21. In the mass spectrum (EI) of 5 the
molecular ion of m/z 5 318 with the expected isotopic dis-
tribution is observed as well as the fragmentation pattern
for the sequential loss of up to five CO molecules, with the
resulting base peak at m/z 5 178 [M1 2 5 CO].

Scheme 2

At room temperature 3a2 attacks one carbonyl ligand in
Fe(CO)5, analogously to the reaction of alkyllithium with
carbonyl complexes[19], with formation of the complex
anion 62. The reaction occurs rapidly and quantitatively as
monitored by IR spectroscopy. This behavior represents an
important difference relative to the reactivity of the imida-
zol-2-ylidenes known today. Obviously, 3a2 is much more
nucleophilic than the classic nucleophilic carbenes. In the
presence of tetrahydropyran, Li(thp)3

162 is obtained as a
crystalline yellow solid which is extremely sensitive to air
and moisture. It decomposes slowly even at temperatures
< 210°C.

For the anion 62 two structures may be expected, the
acyl complex 62 with an Fe2C single bond or the carbene
complex 692. The X-ray diffraction study of Li(thp)3

162

reveals that in the solid state the complex has the acyl struc-
ture 62 (see below). In case of an equilibrium between the
two structures in solution, it should be possible to trans-
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form the complex into a Fischer carbene complex by meth-
ylation as preliminary experiments indicate.

The NMR data for 62 reveal the expected pattern: In the
13C-NMR spectrum a low-field shift to δ 5 154.3 for the
C2 atom is observed, compared with δ 5 135.7 in 2a. This
can be explained by the electron-withdrawing effect of the
acyl group. Its carbon atom shows a resonance at δ 5 280.8
while for the four other carbonyl groups only one signal is
observed at δ 5 219.4. The 11B-NMR shift of δ 5 222.9
differs little from those for 2a and 3a2. Again, the signal is
broadened so that no coupling with the hydrogen atoms can
be observed. Its IR spectrum shows four CO absorptions at
ν̃ 5 2031, 1949, 1928, and 1911 cm21.

The reaction of 3a2 with chlorobis(dimethylamino)bor-
ane at 230°C leads to 7 in 72% yield. It was characterized
by 1H-, 13C-, 11B-NMR spectroscopy, and mass spec-
trometry. The 1H-NMR spectrum shows two signals for the
aminoboryl and the N-CH3 groups at δ 5 2.56 and 3.39,
in an intensity ratio of 4:1. This indicates a free rotation of
the dimethylamino substituents. The two C-CH3 groups
show resonances at δ 5 2.10 and 2.11. In the 13C-NMR
spectrum two signals can be found in the aromatic region
at δ 5 123.4 and 131.0 for the atoms C4 and C5, while that
of C2 is not observed. The four CH3 substituents resonate
at δ 5 8.5, 10.0, 31.4, and 40.0. The 11B-NMR shift of the
BH3 group is nearly unchanged with δ 5 221.8, and the
second boron signal is observed at δ 5 27.8, a typical shift
for a diamino(organo)borane.

Crystal Structures

To elucidate the structure of 3a2, an X-ray diffraction
study was carried out (crystal data and structure refinement
for 3a2, 3b2, and 62 are shown in Table 1). A single crystal
of Li(thp)13a2 was grown from a tetrahydropyran solution
at 4°C. Its structure (Figure 1) is built up by dimeric units
of two carbene anions which are connected by the two lith-
ium cations.

It was found that for imidazoles and imidazol-2-ylidenes
the distances and angles at C2 show characteristic differ-
ences[1]. In imidazol-2-ylidenes the angle N12C22N3
(101.42102.2°) is significantly smaller than that in imidaz-
oles and imidazolium ions (1072109°) [20]. The C22N dis-
tances are a little elongated and approximately equal
(1.36321.373 Å) [1], while in imidazoles an alternation of
bond lengths is observed (e.g. 1.32 and 1.37 Å[21]). The
C22N1 and C22N3 bond lengths (1.373 and 1.368 Å) in
3a2 are in good agreement with those of A [1], while the
N12C22N3 angle of 104.0° is enlarged by 2.5°. This slight
increase can be explained by the interaction of the carbene
center with the lithium cation. The imidazole ring is almost
planar with deviations from the best plane through the ring
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Table 1. Crystal data and structure refinement for Li(thp)13a2, Li(thf)2

13b2, and Li(thp)3
162

Li(thp)13a2 Li(thf)2
13b2 Li(thp)3

162

Empirical formula C11H22BLiN2O C20H40BLiN2O2 C26H42BFeLiN2O8
Formula weight 216.1 358.3 584.2
Crystal system triclinic monoclinic monoclinic
Space group P1̄ P21/n P21/n
Unit cell
a [Å] 8.218(4) 9.723(11) 10.873(8)
b [Å] 8.669(4) 13.853(14) 14.426(11)
c [Å] 11.108(6) 17.274(19) 20.307(15)
α [°] 79.44(3) 90 90
β [°] 75.19(3) 93.03(9) 93.37(6)
γ [°] 61.89(3) 90 90
Volume [Å3] 673.0(6) 2323(4) 3180(4)
Z 2 4 4
Calc. density [g/cm3] 1.066 1.024 1.220
Adsorp.coeff. [mm21] 0.066 0.063 0.519
F(000) 236 792 1240
Crystal size [mm] 0.6530.5530.50 0.730.530.5 0.730.730.5
Θ-range [°] 1.9225.0 1.9226.0 1.7227.0
Index-ranges 29/19, 29/110, 0/113 211/111, 0/117, 0/121 213/113, 0/118, 0/125
No. of reflections
unique 2375 4558 6932
observed [I>2σ(I)] 1619 2604 4836

Transmission 0.93321.00 0.9421.00 0.8721.00
Parameters 228 239 527
Final R indices
R1 [I > 2σ(I)] 0.059 0.091 0.045
wR2 0.165 0.271 0.117

Largest diff.peak/hole[e/Å3] 10.17 / 20.40 10.48 / 20.43 10.31 / 20.22

atoms being less than 0.006 Å. The B62N1 distance of
1.572 Å is characteristic for a B2N single bond. For each
of the lithium cations a short (Li2C29 2.169 Å) and a
longer contact (Li12C2 2.339 Å) with the carbene carbon
atoms are observed. The coordination around the Li cation
is completed by the thp molecule and a weak interaction
with the BH3 group.

Figure 1. Structure of Li(thp)13a2 in the crystal[a]

[a] Selected bond lengths [Å] and angles [°]: N12C2 1.373(3),
C22N3 1.368(3), N32C4 1.393(3), C42C5 1.355(3), C52N1
1.398(3), B62N1 1.572(3), Li12B6 2.417(5), Li12N1 2.489(5),
Li12C2 2.339(5), Li12C29 2.169(5), Li12H1 2.315(5), Li12H3
2.214(5), B62H1 1.156(32), B62H3 1.185(30), B62H2 1.102(30),
N12C22N3 104.0(2), C22N32C4 112.2(2), N32C42C5
105.7(2), C42C52N1 107.9(2), C52N12C2 110.3(2).

3a2 is the first example of an isolable borane-substituted
imidazol-2-ylidene, although carbene2borane adducts such
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as 2-borane21,3-diethyl-4,5-dimethylimidazoline (G) are
already known[18]. F has not attracted any attention as a
carbene although the structural data[8] support the assump-
tion that it may be regarded as a carbene2borane adduct
(F9) as well.

In F9 (R 5 mesityl) [8b] the C22N bonds (1.356 and 1.357
Å) are nearly identical and match the distances found in G.
The N2C2N angle of 106.4° has increased by 1.7° com-
pared with that in G, but is still significantly smaller than
in an imidazole or imidazolium ion. The C22B distance in
F9 is 1.635 Å (G: 1.603 Å) which may be explained by the
effect of the sterically demanding mesityl substituents. In
contrast, F represents a description as an adduct in which
the BH2 group of a 2-boryl-substituted imidazole acts as
Lewis acid and the imidazole nitrogen atom as Lewis base.
This should lead to a characteristic imidazole structure with
alternation of the C22N bond lengths and a larger
N2C2N angle. Another indication for the carbene charac-
ter of F9 (R 5 H) is its 13C-NMR shift of δ 5 161.0[8a]

which is observed in the typical low-field area of carbene
adducts and is comparable with the shift of δ 5 166.6 for
G [18].

A different structure is found for Li(thf)2
13b2. A single

crystal was grown from a hexane solution at 4°C and the
structure is shown in Figure 2. The crystal-structure deter-
mination reveals the occurrence of a migration of the BEt3
group from the nitrogen to the carbon atom, leading to a
1-methyl-2-borane-substituted imidazole anion.

The C22N1 and C22N3 bond lengths of 1.337 Å and
1.373 Å show the typical alternation of a 1-substituted imi-
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Figure 2. Structure of Li(thf)2

13b2 in the crystal[a]

[a] Selected bond lenghts [Å] and angles [°]: N12C2 1.337(4),
C22N3 1.373(4), N32C4 1.389(5), C42C5 1.346(5), C52N1
1.388(5), N22C7 1.464(5), B62C2 1.645(5), B62C10 1.655(5),
B62C12 1.646(5), B62C14 1.639(5), Li12N1 1.932(7), Li12C10
2.511(7), N12C22N3 107.4(3), N12C52C4 109.4(3),
C22N12N3 108.2(3), N32C42C5 105.7(3), C22N32C4
109.3(3).

dazole[21] and the N12C22N3 angle of 107.4° has in-
creased considerably when compared to that of A [1] and
Li(thp)13a2. The N1 atom interacts strongly with the lith-
ium cation (Li12N1 1.932 Å), whose coordination is com-
pleted by the two thf molecules and weak agostic interac-
tions with the hydrogen atoms of the methylene group at
C10.

Figure 3. Structure of Li(thp)3
162 in the crystal[a]

[a] Selected bond lengths [Å] and angles [°]: N12C2 1.326(3),
C22N3 1.347(3), N32C4 1.395(3), C42C5 1.351(4), C52N1
1.397(4), N12B6 1.596(4), N32C7 1.465(4), C22C10 1.512(4),
Fe12C10 1.966(3), C102O1 1.237(3), Li12O1 1.905(5), Fe12C11
1.800(3), Fe12C12 1.792(3), Fe12C13 1.781(3), Fe12C14
1.787(3), N12C22N3 109.4(2), C22N12C5 107.7(2),
C22N32C4 108.3(2), N32C42C5 106.4(2), N12C52C4
108.2(2), C22C102O1 114.6(2), C22C102Fe1 118.7(2),
Fe12C102O1 126.6(2), C102Fe12C11 178.3(1).
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The bonding in Li(thp)3
162 is of significant interest in

order to distinguish whether it is an acyl or a carbene com-
pound. The answer was found by carrying out an X-ray
diffraction study. Single crystals were grown from a thp
solution at 4°C. The X-ray structure of 62 shows the com-
plex anion with Li(thp)3

1 as counter ion that is attached to
the acyl oxygen atom (Figure 3). There is no doubt that 62

must be regarded as an acyl complex. It exhibits a trigonal-
bipyramidal coordination of the iron atom by four CO li-
gands and the acyl group, derived from the addition of 3a2

to one of the axial carbon monoxide in Fe(CO)5. The
C102Fe12C11 axis is nearly linear with an angle of 178.7°.
The Li(thp)3

1 ion is coordinated by the oxygen atom of the
acyl group. The length of the Fe12C10 bond (1.966 Å) is
in agreement with the formulation as an acyl complex, for
which Fe2C distances between 1.92 and 1.99 Å[22] are typi-
cally observed, compared with 1.8421.87 Å for carbene
complexes[23]. The C22C10 (1.512 Å) and C102O1 (1.237
Å) distances also fit with the data found for acyl com-
plexes[22]. Obviously the acyl ligand has nearly no influence
on the trans-CO group, with the Fe12C11 bond length of
1.800 Å being comparable to those for the equatorial car-
bonyl groups (1.78121.792 Å). The distances and angles of
the imidazole ring indicate the loss of carbene character.
The alternating bond lengths N12C2 (1.326 Å) and
C22N3 (1.347 Å) as well as the large N12C22N3 angle
of 109.4° are typical for an imidazole.

Experimental Section
General: Reactions were carried out under dry argon, using

standard Schlenk techniques. Solvents were dried, distilled, and
saturated with nitrogen. Glassware was dried with a heat-gun in
high vacuum. 2 1H-, 13C-, 11B-NMR: Bruker AC 200 spectrometer,
NMR references are (CH3)4Si and BF3 · Et2O. 2 IR spectra were
recorded with a Bruker IFS 28 Fourier transformation spec-
trometer with CaF2 cells. 2 Mass spectra were obtained with a
Finnigan MAT 8200 plus spectrometer using the EI technique. 2

Melting points (uncorrected) were obtained with a Büchi appar-
atus, using a capillary which was filled under argon and sealed. 2

1,4,5-trimethylimidazole (1) [24a] and [Mn(CO)5Br] [24b] were pre-
pared according to literature procedures.

3-Borane21,4,5-trimethylimidazole (2a): To a solution of 790 mg
(7.2 mmol) of 1 in 20 ml of thf, 7.2 ml of BH3 ? thf (1.0  in thf)
was added dropwise at 0°C, after which the mixture was allowed
to warm to room temp. and stirred for 24 h. By that time a white
solid had precipitated. The product was dissolved by heating and
then allowed to crystallize at 230°C. Yield: 760 mg (85%) color-
less, air-stable needles, m.p.: 160°C. 2 1H NMR (200.1 MHz,
CDCl3): δ 5 2.10 (s, 3 H, C-CH3), 2.14 (s, 3 H, C-CH3), 3.53 (s, 3
H, N-CH3), 7.62 (s, 1 H, N5CH-N). 2 13C NMR (50.3 MHz,
CDCl3): δ 5 9.2 (C-CH3), 10.6 (C-CH3), 33.2 (N-CH3), 125.3 (C5

C-N), 132.2 (C5C-N), 135.7 (N5CH-N). 2 11B NMR (64.2 MHz,
CDCl3): δ 5 220.9 (q, 1JB-H 5 94 Hz). 2 C6H13BN2 (124.0): calcd.
C 58.12, H 10.56, N 22.59; found C 57.72, H 10.40, N 22.43.

3-(Triethylborane)21,4,5-trimethylimidazole (2b): To a solution
of 1.52 g (13.8 mmol) of 1 in 20 ml of toluene, 2.2 ml of BEt3 was
added dropwise at 0°C. The mixture was allowed to warm to room
temp. and stirred for 24 h. The solvent was evaporated in vacuo
and the colorless oil was allowed to crystallize at 230°C, and then
washed with pentane and dried. Yield: 2.84 g (99%); colorless crys-
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tals, m.p.: 65°C. 2 1HNMR (200.1 MHz, CDCl3): δ 5 0.37 (t, 9
H, CH2-CH3), 0.57 (q, 6 H, CH2-CH3), 2.11 (s, 3 H, C-CH3), 2.20
(s, 3 H, C-CH3), 3.54 (s, 3 H, N-CH3), 7.45 (s, 1 H, N5CH-N). 2
13C-NMR (50.3 MHz, CDCl3): δ 5 8.0 (C-CH3), 9.3 (CH2-CH3),
11.0 (C-CH3), 14 (br., CH2-CH3), 32.2 (N-CH3), 124.5 (C5C-N),
130.8 (C5C-N), 134.2 (N5CH-N). 2 11B-NMR (64.2 MHz,
CDCl3): δ 5 21.5 (∆ν1/2 5 290 Hz).

Lithium 3-Borane21,4,5-trimethylimidazol-2-ylidene [Li(thp)1-
3a2]: To a suspension of 860 mg (6.9 mmol) of 2a in 25 ml of thf
3.2 ml of n-butyllithium (2.5  in hexane) was added dropwise at
240°C. The mixture was allowed to warm to room temp. and
stirred for 24 h. The solvent was evaporated in vacuo and the re-
sulting solid was recrystallized from thf/hexane at 230°C. Yield:
1.14 g (82%) colorless crystals, m.p.: 2102220°C (decomp.). 2 1H
NMR (200.1 MHz, C6D6): δ 5 1.38 (m, 12 H, thf), 1.74 (s, 3 H,
C-CH3), 2.34 (s, 3 H, C-CH3), 3.43 (s, 3 H, N-CH3), 3.57 (m, 12
H, thf). 2 13C NMR (50.3 MHz, C6D6): δ 5 8.3 (C-CH3), 10.4
(C-CH3), 25.1 (thf), 33.8 (N-CH3), 67.6 (thf), 121.8 (C5C-N),
128.7 (C5C-N), 191.3 (N5C-N). 2 11B NMR (64.2 MHz, C6D6):
δ 5 221.1 (∆ν1/2 5 290 Hz).

Lithium Triethyl(1,4,5-trimethylimidazolyl)borate [Li(thf)2
13b2]:

To a suspension of 950 mg (4.6 mmol) of 2b in 20 ml of thf 2.0 ml
of n-butyllithium (2.5  in hexane) were added dropwise at 278°C.
The mixture was allowed to warm to room temp. and stirred for
24 h. The solvent was evaporated in vacuo and the resulting white
solid was recrystallized from thf/hexane. Yield: 1.07 g (77%) color-
less crystals, m.p.: 1502160°C (decomp.). 2 1H NMR (200.1 MHz,
CDCl3): δ 5 0.29 (q, 6 H, CH2-CH3), 0.59 (t, 9 H, CH2-CH3), 1.83
(m, 8 H, thf), 2.06 (s, 3 H, C-CH3), 2.10 (s, 3 H, C-CH3), 3.58 (s,
3 H, N-CH3), 3.72 (m, 8 H, thf). 2 13C NMR (50.3 MHz, CDCl3):
δ 5 8.3 (C-CH3), 9.4 (C-CH3), 10.7 (CH2-CH3), 14.0 (br., CH2-
CH3), 25.6 (thf), 32.0 (N-CH3), 67.9 (thf), 119.9 (C5C-N), 123.8
(C5C-N), C2 not observed. 2 11B NMR (64.2 MHz, C6D6): δ 5

214.6.

2-(Triethylborane)21,3,4,5-tetramethylimidazoline (4): 810 mg
(3.9 mmol) of 2b was dissolved in 15 ml of thf and 1.7 ml of n-
butyllithium (2.5  in hexane) was added dropwise at 278°C. The
mixture was allowed to warm to room temp. and stirred for 1 h.
Then 0.5 ml of iodomethane was added at 230°C, the solution was
warmed to room temp. and stirred for another hour. The solvent
was evaporated in vacuo, the resulting white solid was dissolved in
hexane and filtered. After cooling to 230°C, a white precipitate
had formed which was filtered and dried. Yield: 600 mg (69%)
white powder. 2 1H NMR (200.1 MHz, C6D6): δ 5 1.01 (q, 6 H,
CH2-CH3), 1.18 (t, 9 H, CH2-CH3), 1.29 (s, 6 H, C-CH3), 3.26 (s,
6 H, N-CH3). 2 13C NMR (50.3 MHz, C6D6): δ 5 8.3 (C-CH3),
12.1 (CH2-CH3), 15.0 (br., CH2-CH3), 32.9 (N-CH3), 123.6 (C5C-
N), C2 signal not observed. 2 11B NMR (64.2 MHz, C6D6): δ 5

212.6. 2 EI-MS; m/z (%): 193 (45) [M1 2 C2H5], 137 (100), 124
(44) [M1 2 BEt3].

(3-Borane21,4,5-trimethylimidazol-2-ylidene)pentacarbonyl-
manganese (5): To a suspension of 240 mg (1.9 mmol) of 2a in 20
ml of thp was added 0.85 ml of n-butyllithium (2.5  in hexane)
dropwise at 240°C. The reaction mixture was allowed to warm to
room temp. and stirred for 1 h. Then 535 mg (1.9 mmol) of
[Mn(CO)5Br] were added at 240°C and the solution was again
warmed to room temp. and stirred for another hour. While warm-
ing, the solid dissolved, the solution became orange-colored and at
room temp. deep red. The solvent was evaporated in vacuo, the
residue dissolved in toluene and separated by column chromatogra-
phy (SiO2/toluene). Yield: 200 mg (33%) yellow powder. 2 1H
NMR (200.1 MHz, [D8]thf): δ 5 2.22 (s, 3 H, C-CH3), 2.24 (s, 3
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H, C-CH3), 3.81 (s, 3 H, N-CH3). 2 13C NMR (50.3 MHz,
[D8]thf): δ 5 8.3 (C-CH3), 9.6 (C-CH3), 32.3 (N-CH3), 129.0 (C5

C-N), 130.9 (C5C-N), 146.9 (N-C-N), 214.6 (CO), 256.1 (CO). 2
11B NMR (64.2 MHz, C6D6): δ 5 222.3. 2 IR (hexane): ν̃(CO)
[cm21] 5 2081 (w), 2004 (s), 1992 (vs), 1974 (s). 2 EI-MS; m/z (%):
318 (22) [M]1, 290 (17) [M 2 CO]1, 262 (20) [M 2 2 CO]1, 234
(48) [M 2 3 CO]1, 206 (29) [M 2 4 CO]1, 178 (100) [M 2 5 CO]1.

Lithium (3-Borane21,4,5-trimethylimidazol-2-ylcarbonyl)tetra-
carbonyliron [Li(thp)3

162]: To a suspension of 500 mg (4.0 mmol)
of 2a in 20 ml of thp was added 1.8 ml of n-butyllithium (2.5  in
hexane) dropwise at 240°C. The mixture was allowed to warm to
room temp. and stirred for 1 h. Then 0.55 ml of Fe(CO)5 was added
at 240°C. At 230°C a yellow solid was formed which dissolved at
5°C. The orange-colored solution was stirred for 1 h at room temp.
and afterwards half of the solvent was removed in vacuo. Crystalli-
zation at 230°C yielded 1.29 g (78%) yellow needles, m.p.:
1202127°C (decomp.). 2 1H NMR (200.1 MHz, C6D6): δ 5 1.29
(m, 24 H, thp), 1.44 (s, 3 H, C-CH3), 2.01 (s, 3 H, C-CH3), 3.42 (s,
3 H, N-CH3), 3.52 (m, 16 H, thp). 2 13C NMR (50.3 MHz,
[D8]thf): δ 5 8.2 (C-CH3), 10.0 (C-CH3), 24.7 (thp), 27.8 (thp),
31.1 (N-CH3), 69.3 (thp), 121.1 (C5C-N), 128.1 (C5C-N), 154.3
(N-C-N), 219.4 (CO), 280.8 (CO). 2 11B NMR (64.2 MHz, C6D6):
δ 5 222.9 (br.). 2 IR (thp): ν̃(CO) [cm21] 5 2031 (s), 1949 (s),
1928 (vs), 1911 (vs).

3-Borane22-[bis(dimethylamino)boryl]-1,4,5-trimethylimid-
azoline (7): To a suspension of 500 mg (4.0 mmol) of 2a in 20 ml
of thf was added 1.6 ml of n-butyllithium (2.5  in hexane) drop-
wise at 240°C with dissolving of the solid. The mixture was al-
lowed to warm to room temp. and stirred for 1 h. Then 540 mg
(4.0 mmol) of chlorobis(dimethylamino)borane was added at
230°C, the solution warmed to room temp. and stirred for another
hour. The solvent was removed in vacuo and the white precipitate
dissolved in toluene. LiCl was separated by filtration and the prod-
uct was allowed to crystallize from a toluene/hexane solution.
Yield: 640 mg (72%) colorless needles, m.p.: 74°C. 2 1H NMR
(200.1 MHz, CDCl3): δ 5 2.10 (s, 3 H, C-CH3), 2.17 (s, 3 H, C-
CH3), 2.56 (s, 12 H, N-CH3), 3.39 (s, 3 H, N-CH3). 2 13C NMR
(50.3 MHz, CDCl3): δ 5 8.5 (C-CH3), 10.0 (C-CH3), 31.4 (N-CH3),
40.0 (N-CH3), 123.4 (C5C-N), 131.0 (C5C-N), C2 signal not ob-
served. 2 11B NMR (64.2 MHz, CDCl3): δ 5 221.9 (br., BH3),
27.8 [br., B(NMe2)2]. 2 EI-MS; m/z (%): 221 (13) [M1 2 H], 207
(7) [M1 2 CH3], 123 (100) [M1 2 B(NMe2)2].

Crystal-Structure Determinations of Li(thp)13a2, Li(thf)2
13b2,

and Li(thp)3
162: Crystal data and details of the structure determi-

nations are listed in Table 1. Unique sets of intensity data were
collected at 270°C with a four-circle diffractometer (Mo-Kα radi-
ation λ 5 0.7107 Å, graphite monochromator, ω-scan). Empirical
absorption corrections (ψ-scans) were applied. The structures were
solved by direct methods [SHELXS86][25] and refined by least-
squares methods based on F2 with all measured reflections
[SHELXL97][26]. All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms in 3b2 were included in calculated posi-
tions or as part of rigid groups (CH3), in 3a2 and 62 hydrogen
atoms were located in difference Fourier maps and refined. The thf
molecules in 3b2 and one of the thp molecules in 62 are disordered.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallograhpic Data Center as supplementary publication
no. CCDC-101057. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: int. code 1 44(0)1223/336-001; e-mail:
deposit@ccdc.cam.ac.uk
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A neutron diffraction analysis was carried out at 120 K on a
single crystal of [K(18-crown-6)][(PPh3)2ReH6Cr(CO)3] ·THF
in order to locate the hydride ligands. Three of the hydrides
are bound terminally to the Re atom while the other three
bridge the Re–Cr bond; the bridging hydrides are closer to
the Re atom. This compound can be thought of as a donor–

The concept of a transition metal hydride complex func-
tioning as a ligand has been attracting an increasing
amount of attention.[1] [2] [3] [4] [5] [6] [7] In recent years, several
cases have been documented in which a metal hydride acts
as a donor to a second (otherwise electron-deficient) metal
atom. The donor-acceptor interaction in the resulting com-
pound takes place through the bridging hydride ligands,
much as in a borohydride complex.[8] In this communi-
cation we report the neutron structure determination of one
such compound, the [(PPh3)2ReH6Cr(CO)3]2 anion, and
provide the first accurate characterization of a Re2H2Cr
bridging system.

[K(18-crown-6)][(PPh3)2ReH6Cr(CO)3] is made by
reaction of [K(18-crown-6)] [(PPh3)2ReH6] with
(CH3CN)3Cr(CO)3 in THF.[1] Crystals were obtained by
the addition of diethyl ether to a THF solution of the title
compound. Neutron diffraction data were collected at the
Institut Laue-Langevin at 120 K on a sample with volume
4 mm3, and the structure was refined to a final agreement
factor of R(F) 5 6.4% (Experimental Section).

The structure of the [(PPh3)2ReH6Cr(CO)3]2 unit is
shown in Figure 1, and selected distances and angles listed
in Table 1. Three of the H ligands bridge the Re2Cr bond
and three are terminal on Re, as predicted. [1] The bridging
H atoms are closer to the Re atom [average Re2H 5
1.75(1) Å, average Cr2H 5 1.92(2) Å], despite the smaller
size[9] of chromium. This suggests that the complex as a
whole is best viewed as a donor-acceptor complex in which
an 18-electron [(PPh3)2ReH6]2 moiety serves as a 62elec-
tron donor, through the three bridging H atoms, to a 12-
electron Cr(CO)3 fragment. The average Re2H2Cr angle
is 89.1(7)°, comparable to other compounds having
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acceptor complex, with [(PPh3)2ReH6]– acting as the donor to
the Cr(CO)3 fragment. Average distances and angles: Re–
Cr = 2.58(1), Re–H(br) = 1.75(1), Cr–H(br) = 1.92(2), Re–H(t) =
1.69(1) Å; Re–H–Cr = 89.1(7)°. Final agreement factors: R(F) =
6.4% for 3443 reflections with I . 2σ(I) , and R(F) = 8.3% for
all data (4195 reflections).

M2(µ2H)32M bridges. [10] The Re2Cr bond length,
2.58(1) Å, is much shorter than the single-bonded Re2Cr
distance of 3.05 Å, [11] suggesting some level of multiple
bonding. Indeed, [(PPh3)2ReH6Cr(CO)3]2 as a whole is iso-
electronic with [Re2H9(triphos)]2, a compound considered
to have a formal triple bond.[3]

Figure 1. A plot of the core of the [(PPh3)2ReH6Cr(CO)3]2 anion,
with all but the ipso carbons of the phenyl groups removed for

clarity

As anticipated earlier, [1] the eight ligands around the Re
atom (not counting the Re2Cr bond) define the familiar
dodecahedral arrangement[12] of two interpenetrating trap-
ezoids. Figure 2 shows this clearly: atoms H1, H4, H6, and
P2 are virtually co-planar (within ±0.01 Å), and define one
trapezoid, which is essentially perpendicular to the other
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Table 1. Selected distances [Å] and angles [°]

Re2Cr 2.58(1)
Re2P(1) 2.39(1) Re2P(2) 2.38(1)

Re2H(1) 1.75(1) Re2H(4) 1.69(1)
Re2H(2) 1.76(1) Re2H(5) 1.70(1)
Re2H(3) 1.74(1) Re2H(6) 1.69(1)

Cr2H(1) 1.94(2) Cr2C(1) 1.81(1)
Cr2H(2) 1.95(2) Cr2C(2) 1.80(1)
Cr2H(3) 1.87(2) Cr2C(3) 1.82(1)

P(1)2Re2H(1) 88.0(5) P(2)2Re2H(1) 156.4(5)
P(1)2Re2H(2) 139.3(5) P(2)2Re2H(2) 81.9(5)
P(1)2Re2H(3) 148.1(5) P(2)2Re2H(3) 92.3(5)
P(1)2Re2H(4) 75.2(5) P(2)2Re2H(4) 133.9(5)
P(1)2Re2H(5) 66.6(5) P(2)2Re2H(5) 85.3(5)
P(1)2Re2H(6) 84.3(5) P(2)2Re2H(6) 67.3(5)

H(1)2Re2H(2) 76.9(6) H(1)2Re2H(3) 90.3(6)
H(1)2Re2H(4) 69.2(6) H(1)2Re2H(5) 78.8(6)
H(1)2Re2H(6) 135.7(7) H(2)2Re2H(3) 70.5(6)
H(2)2Re2H(4) 130.4(6) H(2)2Re2H(5) 73.5(6)
H(2)2Re2H(6) 132.1(6) H(3)2Re2H(4) 74.5(6)
H(3)2Re2H(5) 143.8(7) H(3)2Re2H(6) 74.9(6)
H(4)2Re2H(5) 130.5(7) H(4)2Re2H(6) 66.6(6)
H(5)2Re2H(6) 135.2(7)

Cr2Re2H(4) 81.2(5) Cr2Re2P(1) 136.1(3)
Cr2Re2H(5) 105.2(5) Cr2Re2P(2) 121.1(4)
Cr2Re2H(6) 119.2(5) P(1)2Re2P(2) 101.8(3)

H(1)2Cr2H(2) 68.2(6) C(1)2Cr2H(1) 167.9(8)
H(2)2Cr2H(3) 63.6(6) C(2)2Cr2H(2) 168.0(8)
H(1)2Cr2H(3) 80.9(7) C(3)2Cr2H(3) 168.3(8)

C(1)2Cr2Re 127.4(6) Re2H(1)2Cr 88.4(6)
C(2)2Cr2Re 125.9(6) Re2H(2)2Cr 88.0(6)
C(3)2Cr2Re 128.9(6) Re2H(3)2Cr 91.0(7)

trapezoid, defined by atoms H3, H2, H5, and P1 (co-planar
within ±0.05 Å). The Re atom is slightly out of plane of
both trapezoids. Because of the unsymmetrical positioning
of the Re2Cr bond relative to these two interpenetrating
trapezoids (one trapezoid contains two bridging H ligands
while the other one has only one bridging hydride), the
Cr2Re2P angles are unequal [Cr2Re2P1 5 136.1(4),
Cr2Re2P2 5 121.1(4)°]. The closest H···H non-bonding
contacts are those along the “sides” of the trapezoids (Fig-
ure 2): H4···H6 5 1.85, H1···H4 5 1.96, H2···H3 5 2.02,
H2···H5 5 2.07 Å.

The average terminal Re2H distance in the title com-
pound [1.69(1) Å] is, as expected, [3] [13] shorter than the aver-
age bridging Re2H distance [1.75(1) Å]. The former is
comparable to terminal Re2H distances found from other
neutron structure determinations (range 1.66 to 1.69 Å), [10]

but the latter is unusually short (standard Re2H bridging
bond lengths range from 1.81 to 1.88 Å[10]). This suggests
that the Re2H bridge in [(PPh3)2ReH6Cr(CO)3]2 is
stronger than a normal bridge (i.e., is somewhat more “ter-
minal” in character).

The Cr atom has the expected distorted octahedral ge-
ometry, with C2Cr2H (trans) angles that have a mean
value of 168.1(8)°. The average Cr2H bond length [1.92(2)
Å] is much longer than normal bridging Cr2H distances
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Figure 2. An alternative view of the [(PPh3)2ReH6Cr(CO)3]2 core,
plotted in such a way as to show the coordination around the Re
atom, which consists of two intepenetrating trapezoids. The copla-
nar atoms H3, H2, H5, and P1 define one trapezoid, which is ap-
proximately perpendicular (87°) to the other trapezoid, defined by
the coplanar atoms H1, H4, H6, and P2. Because of this arrange-
ment, the three H2Re2H angles are decidedly unequal to each

other, as are the three H2Cr2H angles

[range: 1.7221.73 Å], [14] suggesting a weaker-than-usual
chromium-hydrogen interaction.

Curiously, the H2Cr2H angles show an unequal distri-
bution [63.6(6), 68.2(6), 80.9(7)°] as do the H2Re2H
angles [70.5(6), 76.9(6), 90.3(7)°], presumably because of the
steric requirement for maintaining a dodecahedral arrange-
ment of ligands around rhenium.

The K1 coordination sphere is quite interesting, being
made up of the 18-crown-6 ligand and two CO oxygens
from separate Cr(CO)3 fragments. This approximately D6h,
8-fold coordination is shown in Figure 3. The THF solvate
molecule, which does not bind to the potassium ion and
has no other strong interactions, is disordered and was re-
fined as a rigid body in two orientations.

The present structure determination represents the first
time that a Re2H2Cr bridging system has been analyzed
by neutron diffraction. An earlier X-ray analysis[15] on the
single-hydride-bridged complex (OC)5Re(H)Cr(CO)5 re-
vealed a Re2Cr distance of 3.435(1) Å, but did not locate
the bridging H atom. It was originally proposed that the
Re2H2Cr bridge in that compound was linear, [15] but that
suggestion was made before it became generally accepted
that 3-center/2-electron M2H2M bridge bonds are in-
herently bent. [7] [14] [16]

Only a few metal hydride complexes of the donor-ac-
ceptor type have been accurately analyzed by neutron dif-
fraction. Earlier examples include [Re2H9(triphos)]2 {in
which [ReH9]22 is formally a ligand to a [Re(triphos)]1

moiety}, [3] [Pt2H3(dppe)2]1 {a complex between
PtH2(dppe) and [PtH(dppe)]1}, [4] [PtIrH4(PEt3)4]1 {a com-
plex between PtH2(PEt3)2 and [IrH2(PEt3)2]1}, [5] and
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Figure 3. The coordination around the K1 ion, which is sur-
rounded by six oxygen atoms from the 18-crown-6 ligand and two
carbonyl oxygen atoms in an approximately D6h arrangement. The
two axial ligands are the O2 and O3 atoms of the H3Cr(CO)3 por-

tions of two neighboring anions

[(PEt3)2(C6Cl5)PtHAg(H2O)]1, in which a Pt2H bond is
a donor to a Ag1 ion. [6] Also worthy of mention are two
complexes in which [Na(18-crown-6)]1 and [K(18-crown-
6)]1 act as acceptors from a [WH5(PMe3)3]2 fragment. [17]

In most cases {except [Re2H9(triphos)]2}, [3] the hydride li-
gands are unsymmetrically bridging in such a way as to
indicate that they are held much more tightly to the donor
atom than the acceptor atom. The structure of the title
compound is consistent with this general trend: the short/
long pattern of distances in the Re2H2Cr linkage is cer-
tainly suggestive of a higher bond order for the Re2H por-
tion than the H2Cr portion of the bridge.

This research was supported by the National Science Foundation
and the American Chemical Society (Petroleum Research Fund).

Experimental Section
The neutron diffraction data set was collected at the Institut

Laue-Langevin, Grenoble, France, on the thermal-beam instru-
ment D19, which is equipped with a 4° 3 64° position-sensitive
detector. [18] A platelike single crystal of dimensions 1.2 3 1.6 3

2.0 mm, volume 4 mm3, was sealed in epoxy on an Al pin and
placed in a Displex cryorefrigerator.[19] It was then indexed and
cooled at 2 degrees per minute while the strong (0, 0, 4) reflection
was being monitored. Below 117 K the mosaic spread increased
and at 95 K the peak was much broader and weaker, so the tem-
perature was raised to 120 K where the mosaic spread was accept-
able and the peak intensity restored. Data were initially collected
at a neutron wavelength of 1.3139 Å, but this was changed to
1.5394 Å to increase the intensity of the reflections. Bragg intensi-
ties were integrated in three dimensions using the ILL program
RETREAT.[20] The two sets of intensities were then scaled and
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merged, and corrected for attenuation by the cylindrical heat
shields, and for absorption effects (µ 5 2.31 cm21 at 1.3139 Å; 2.55
cm21 at 1.5394 Å) using the program D19ABS, based on the ILL
version of the CCSL system.[21] Refinement was begun using the
positions of the non-hydrogen atoms obtained from the x-ray struc-
ture determination;[1] the positions of the organic hydrogen atoms
were calculated and subjected to several cycles of least-squares re-
finement. The hydride ligands were readily found in a difference
Fourier map. All atoms except those of the disordered THF mol-
ecule were refined anisotropically[22a] to yield final agreement fac-
tors of R(F) 5 6.4% for 3443 reflections with I > 2σ(I) , and R(F) 5

8.3% for all data (4195 reflections). The neutron scattering lengths
used in the refinement were those tabulated by Sears.[22b]

Supplementary Material: A summary of the results of the neu-
tron diffraction study, with final atomic positions and a complete
listing of distances and angles in the title compound, have been
deposited with the Cambridge Crystallographic Data Centre as
Supplementary Publication No. CCDC2100889. Copies of the
data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.ca-
m.ac.uk; fax: 144(0)1223/336-033).
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The reactions of LiSi(SiMe3)3 with Cl(Me)2B3N3(Me)3,
Cl2(Me)B3N3(Me)3, (ClBNMe)3, and (ClBNH)3 result in the
formation of molecular species (Me3Si)3Si(Me)2B3N3(Me)3,
[(Me3Si)3Si]2(Me)B3N3(Me)3, [(Me3Si)3SiBNMe]3, and [(Me3-
Si)3SiBNH]3. The new compounds have been characterized
by spectroscopic techniques, and a single-crystal X-ray

After about a decade of intense study, it has been demon-
strated that inorganic and organometallic polymers may be
used to produce a number of ceramic powders including
SiC, Si3N4, BN, B4C, and AlN[1] [2] [3], albeit at greater ex-
pense than traditional metallurgical routes. Despite the
economic drawback, many polymer precursors offer the ad-
vantage that they can be processed into useful physical
forms (e.g., fibers, coatings, binders, and porous bodies)
that cannot be achieved by classical powder-processing ap-
proaches. One additional area where polymer precursors
are showing potentially useful benefits and applications is
in the fabrication of composite materials [2] [3] [4] [5]. Polymer-
derived syntheses of ceramic-ceramic composites have most
often been accomplished by three chemical approaches:
blending and pyrolysis of a liquid or soluble polymeric pre-
cursor with an elemental filler, blending and pyrolysis of
two or more processible polymeric precursors, and pyrolysis
of a “single-source” preceramic polymer[4] [5]. Successes
have been demonstrated with each approach. However, un-
til very recently the least attention and fewest successes have
been realized with the “single-source” approach, primarily
due to the lack of appropriate monomers and polymers.
This situation has begun to change. In particular, several
groups have noted that addition of boron to silicon-based
ceramics can produce enhanced stability in the resulting
composite, as well as improve property performances[6].
These observations, in turn, have resulted in new efforts to
obtain processible single-source preceramic polymers that
convert readily to so-called SiNCB ceramic
composites [7] [8] [9] [10] [11] [12][139 [14] [15] [16] [17] [18] [19] [20] [21]. In
this report, the syntheses of model molecular silyl-sub-
stituted borazines and a silylborazine oligomer are de-
scribed along with our initial efforts to define the pyrolysis
chemistry of the polymer that results in formation of
SiNCB composites.
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diffraction analysis for [(Me3Si)3SiBNMe]3 has been
completed. The monomer (Me3Si)3Si(Cl)2B3N3H3 was also
prepared and combined with (Me3Si)2NH in hexane to form
an organic solvent soluble oligomer. Pyrolysis of this
oligomer provides composites containing BN and an SiXNYCZ

phase that suppresses the crystallization of BN.

Results and Discussion

Relatively few compounds with boron2silicon bonds
have been prepared, and the interesting development of this
chemistry has been briefly summarized by Berry and co-
workers[22]. Pertinent to our work, two reports of the for-
mation of B-silylborazines, (Ph3SiBNMe)3 and (Ph3Si-
BNPh)3, formed from salt-elimination reactions, have ap-
peared[23] [24]. Similarly, salt-elimination reactions involving
the B-chloroborazines, Cl(Me)2B3N3(Me)3, Cl2(Me)B3N3-
(Me)3, (ClBNMe)3, and (ClBNH)3 with LiSi(SiMe3)3 pro-
duce B-silylborazines [(Me3Si)3Si](Me)2B3N3(Me)3 (2),
[(Me3Si)3Si](Me)B3N3(Me)3 (3), [(Me3Si)3SiBNMe]3 (4),
and [(Me3Si)3SiBNH]3 (5) in high yields as summarized in
Eq. 1. Compound 2 is obtained as a white solid, which
when recrystallized from benzene gives blocky, colorless
crystals. The remaining compounds are isolated as waxy or
gummy solids. Each compound is soluble in Et2O, THF,
benzene, and pentane and is moisture-sensitive in both the
solid state and in solutions.

Compounds 224 give satisfactory CHN analyses; how-
ever, 5 retains small amounts of reactants and adequate
analyses are not obtained. All of the compounds display a
moderately intense parent ion peak in the EI-mass spectrum
that provides confirmation of the molecular composition.
The 11B{1H}-NMR spectra for 2 and 3 show two reso-
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nances; one resonance, in the range δ 5 36.3237.1, is as-
signed to the BMe group[25] and the second resonance, in
the range δ 5 42.2242.8, is assigned to the BSi(SiMe3)3

group. Compounds 4 and 5 produce a single resonance at
δ 5 42.2 and 38, respectively which are assigned to the BSi-
(SiMe3)3 group. The 1H- and 13C{1H}-NMR spectra are
also consistent with the proposed structures showing reso-
nances assigned to BMe, BSi(SiMe3), and NMe groups.

The molecular structure of compound 2 was determined
by single-crystal X-ray diffraction analysis. A view of the
molecule is shown in Figure 1 and selected bond lengths
and angles are given in Table 1. As expected, the B3N3 ring
is planar and the (Me3Si)3Si group occupies an exo position
bonded to B(1). The average B2N distance, 1.434 Å [range
1.453(6)21.407(8) Å] is identical to the average values in
several borazine compounds: (HNBH)3

[26], 1.436 Å;
(Me2NBNH)3

[27], 1.433 Å; and (Me3N3Me2B3)2NH[28],
1.438 Å. Four of the B2N distances are within one stand-
ard deviation of the average value, while the two distances
associated with B(3) vary from the average by slightly more
than 3σ. Such a variation is not typical for borazine rings
although a similar behavior was found in [Me3N3-

Me2B3]2NMe[28] [B2N distance range 1.463(6) Å21.414(7)
Å]. The average B2CH3 and N2CH3 distances, 1.593 and
1.475 Å, are comparable with the values in (Me3N3-

Me2B3)2NH, 1.580 and 1.476 Å, and in (Me3N3-

Me2B3)2NMe, 1.586 and 1.479 Å[28]. The terminal B2Si
bond length, 2.097(4) Å, is somewhat unique. We are un-
aware of structural data for closely comparable compounds
containing an exo, two-center, two-electron B2Si bond
with the boron atom having formal sp2 hybridization. The
observed distance is longer than the sum of covalent radii:
0.88 Å (B) 1 1.17 Å (Si) 5 2.05 Å[29], and not surprisingly
it is significantly longer than the distance in tBuN;B2Si-
(SiMe3)3, 1.976(4) Å [30], which contains a formally sp-hy-
bridized B atom (N;B2Si, 176.6°). On the other hand, the
B2Si distances in Cy3P · B(H)2SiMe3, 2.007(4) Å[31] and in
Cp2Ta[η2-BH3{Si(tBu)2H}], 2.02(1) Å [22], which contain
sp3-hybridized boron atoms, are also significantly shorter
than the distance in 2. The long distance in 2 may result
from steric interactions between the bulky Me3Si groups on
the Si atom and the Me groups on the ortho N atoms in
the borazine ring. The molecular structure of the B,B9,B99-
trisilyl derivative 4 was also determined[32], but disorder in
several silylmethyl carbon atoms led to a large R value.
Nonetheless, the composition and anticipated structure of
4 is confirmed. It is also noteworthy that the B2Si bond
lengths are long: 2.11(2) Å (average).

In previous reports[28] [33] we have described the syntheses
of polyborazinylamine oligomers by reaction of chlorobora-
zine with hexamethyldisilazane and heptamethyldisilazane.
Extending this approach, the borazine monomer
H3N3B3(Cl)2Si(SiMe3)3 was prepared from the 1:1 reaction
of (HNBCl)3 and LiSi(SiMe3)3 in hexane. The reaction mix-
ture was filtered to remove LiCl and the monomer solution
containing 6 was combined with (Me3Si)2NH at 23°C. This
produces a glassy, colorless solid (7), following solvent
evaporation, that is soluble in pentane, hexane, benzene,

Eur. J. Inorg. Chem. 1998, 8552859856

Figure 1. Molecular structure and atom-labeling scheme for [(Me3-
Si)3Si](Me)2B3N3(Me)3 (2)

and Et2O. The oligomer formation is summarized in Eq. 2.
Elemental analysis (CHN) of the oligomer is in close agree-
ment with the calculated values for 7 although a small
amount of residue is typically found according to the com-
bustion analysis. The 1H-NMR spectrum displays a sharp
resonance at δ 5 0.25 that is assigned to the Si(SiMe3)3

groups in the oligomer and a broad peak at δ 5 0.35 is
assigned to N2H groups. The 11B-NMR spectrum displays
two broad resonances centered at δ 5 18 and 38. No further
attempts were made to characterize the structure of the oli-
gomer.

The pyrolysis behavior of 7 was initially surveyed by
TGA from 5021400°C under argon. There are two primary
weight loss ranges. From 1002300°C about 35% of the
mass is lost and from 3502500°C another 18% of the mass
is lost. No significant further change occurs above 600°C.
The overall ceramic yield is ca. 47%. Bulk samples of the
polymer were initially pyrolyzed at 1200°C for 12 h under
a slow stream of pure nitrogen. The product is a shiny black
hard solid. The infrared spectrum of the material shows a
strong, broad peak centered at ca. 1400 cm21 and a me-
dium-intensity band at ca. 800 cm21. These bands closely
resemble those of a standard sample of turbostratic BN[33].
In addition, weaker bands appear at 1030, 840, and 470
that may be tentatively assigned to Si3N4. The XRD pattern
(Figure 2) for this sample shows only a weak, broad peak
centered at 2θ 5 42° (d 5 2.1 Å). This is interesting since
pyrolyzed samples of polyborazinylamine polymers typi-
cally show a strong reflection at 2θ 5 26° (d 5 3.3 Å) and
weaker, broad reflections centered at 2θ 5 34° and 42° fol-
lowing pyrolysis at temperatures as low as 900°C. This leads
to the tentative conclusion that the crystallization of the
boron nitride formed in this study is depressed by the pres-
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ence of the silicon present as amorphous Si3N4, SiC, and/
or a ternary SiNC material.

Figure 2. Powder XRD patterns from pyrolysis of polymer precur-
sor 7; lower trace: 1200°C, 12 h under N2; upper trace: 1400°C, 12

h under N2

Further heating of the black, glassy solid to 1400°C un-
der nitrogen gave a gray solid. The sample analyzed as
B1.0N1.28Si0.29C0.12. An infrared spectrum shows a strong,
broad band at ca. 1400 cm21 and a sharper band at ca. 800
cm21 that are assigned to BN and additional bands at 1080,
930, 470, and 420 cm21. The XRD pattern (Figure 2) shows
a broad reflection at 2θ 5 26° (d 5 3.37 Å) and very weak
peaks at 2θ 5 21° (d 5 4.0 Å, broad), 39° (d 5 2.28 Å),
44° (d 5 2.06 Å), 50° (d 5 1.83 Å) and 57° (d 5 1.60 Å).
Further heating of this material at 1600°C under Ar leads
to gray solid that analysed as B1.0N1.26Si0.25C0.10. The XRD
pattern (Figure 3) for this material now shows a sharp re-
flection at 2θ 5 22° (d 5 4.06 Å) and very weak reflections
at 2θ 5 28° (d 5 3.13 Å), 32° (d 5 2.84 Å), 36° (d 5 2.48
Å), 47° (d 5 1.93 Å), 48° (d 5 1.87 Å), 60° (d 5 1.53 Å).
The reflection at 2θ 5 22° and weak reflections at 2θ 5 32°
and 48° may be tentatively ascribed to α-Si3N4 that has be-
gun to form in this sample. Other weak reflections may
correspond to Si and β-SiC.

Figure 3. Powder XRD pattern from pyrolysis of polymer 7 at
1600°C, 12 h under N2
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A sample of the glassy polymer 7 was also heated at
350°C for 12 h under a flowing stream of NH3 and then
for 6 h under N2. The resulting residue was heated at
1200°C for 12 h under N2. The remaining solid was cream-
colored, displayed no crystallinity, and analyzed as
B1.0N1.42Si0.27.

The silyl-substituted monomer molecules 225 have been
prepared and characterized by spectroscopic techniques,
and the molecular structure determination for 2 confirms
substitution of the very bulky (Me3Si)3Si group on the bor-
azine ring at a boron atom. The monomer 6 has also been
produced but not isolated. It has been combined with hexa-
methyldisilazane to provide an organic solvent soluble
(Me3Si)3Si-derivatized polyborazinylamine oligomer 7.
Pyrolysis of this oligomer in nitrogen produces a ceramic
product rich in boron and nitrogen containing small
amounts of silicon and carbon. The Si appears to suppress
the crystallization of BN at 1200°C. At approximately
1400°C the Si present begins to form crystalline phases that
at 1600°C show some evidence for formation of α-Si3N4.
These results are similar to findings reported by Sneddon
and coworkers on the pyrolysis of borazine/silazane back-
bone copolymers. The results suggest that related silyl-sub-
stituted borazine monomers should be explored as potential
SiNCB precursors.

This work was supported by the UNM/NSF Center for Microen-
gineered Materials and its industrial partners.

Experimental Section
Standard vacuum-line and inert-atmosphere techniques were

used for the manipulation of reactants and products. 2 Infrared
spectra were obtained with a Nicolet 6000 FT-IR spectrometer and
NMR spectra were recorded with Bruker AC-250 and JEOL GSX-
400 spectrometers. 2 NMR spectra were recorded from C6D6 solu-
tions and referenced with Me4Si (1H, 13C) and BF3 ·OEt2 (11B). 2

Mass spectra were obtained with a Finnegan mass spectrometer
through a solids probe. 2 Reagents (Me3Si)3SiLi·3THF[34],
(ClBNMe)3 (1c) [35], (ClBNH)3 (1d) [36], Cl2(Me)B3N3(Me)3 (1b) [37],
and Cl(Me)2B3N3(Me)3 (1a) [38] were prepared as described in the
literature. Solvents were dried by standard procedures and vacuum-
transferred from storage vessels into reaction flasks immediately
before use.

Synthesis of Molecular Model Compounds [(Me3Si)3Si]-
(Me)2B3N3(Me)3 (2): A sample of LiSi(SiMe3)3 · 3 THF (1.0 g,
2.1 mmol) was added over 10 min to a stirred solution (278°C) of
2-chloro-1,3,4,5,6-pentamethylborazine, (Cl(Me)2B3N3(Me)3; 0.4 g,
2.1 mmol) in 40 ml of hexane. The reaction mixture was warmed
to 25°C and stirred overnight. Volatile materials were removed in
vacuo. The white residue was combined with hexane (50 ml) and
filtered. Solvent removal from the filtrate afforded a solid 2 that
was recrystallized from a minimum of hexane. Yield: 0.75 g (90%);
mp 85°C; soluble in Et2O, pentane, THF, benzene. 2 IR (KBr):
ν̃ 5 2953 cm21 (m), 2899 (m), 1477 (s,sh), 1447 (s), 1400 (s), 1388
(s), 1244 (m), 1105 (m), 1075 (m), 997 (m), 863 (s,sh), 836 (s), 682
(m), 625 (m), 515 (w), 430 (w). 2 MS (50 eV); m/z (%): 397 (28)
[M1], 382 (24) [M 2 CH3

1], 324 (32) [M 2 SiMe3
1], 250 (17) [M

2 2 SiMe3
1], 150 (11) [M 2 (Me3Si)3Si1], 73 (100) [Me3Si1]. 2

1H NMR: δ 5 0.36 (CH32Si, 27 H), 0.43 (CH32B, 6 H), 2.68
(CH32N, 3 H), 3.09 (CH32N, 6 H). 2 13C{1H} NMR: δ 5 1.92
(CH32B), 4.22 (CH32Si), 34.2 (CH32N), 41.8 (CH32N). 2
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11B{1H} NMR: δ 5 36.3 (B2CH3, 2 B), 42.2 [B2Si(SiMe3)3, 1 B].
2 C14H42B3N3Si4 (397.28): calcd. C 42.32, H 10.60, N 10.60; found
C 42.28, H 10.77, N 10.67.

[(Me3Si)3Si]2(Me)B3N3(Me)3 (3): A sample of LiSi(SiMe3)3 · 3
THF (1.4 g, 3.0 mmol) was added over 15 min to a stirred
solution (278°C) of 2,4-dichloro-1,3,5,6-tetramethylborazine
(Me3N3B3(Me)Cl2; 0.32 g, 1.5 mmol) in hexane (40 ml). The mix-
ture was subsequently warmed to 25°C and stirred for 12 h. The
volatile components were evaporated leaving a white residue that
was extracted with hexane (50 ml). The solution was filtered, the
filtrate concentrated and a white waxy solid 3 was recovered. Yield:
0.80 g (85%); mp 1032106°C; soluble in Et2O, pentane, benzene,
and THF. 2 IR (KBr): ν̃ 5 2520 cm21 (m), 2509 (m), 1484 (m),
1433 (m), 1381 (s,sh), 1357 (s), 1239 (s), 1107 (w), 1064 (m), 984
(m), 947 (w), 832 (s), 696 (w), 684 (m), 608 (m). 2 MS (50 eV);
m/z (%): 629 (35) [M1], 614 (20) [M 2 CH3

1], 556 (40) [M 2 SiMe
3
1], 382 (18) [M 2 Si(SiMe3)3

1], 73 (100) [Me3Si1]. 2 1H NMR:
δ 5 0.36 (CH32Si, 54 H), 0.44 (CH32B, 3 H), 3.07 (CH32N, 6
H), 3.56 (CH32N, 3 H). 2 13C{1H} NMR: δ 5 4.27 (CH32Si),
(CH32N), 47.8 (CH32N). 2 11B{1H} NMR: δ 5 37.1 (B2CH3,
1 B), 42.8 [B2Si(SiMe3)3, 2 B]. 2 C22H66N3B3Si8 (629.90): calcd.
C 41.97, H 10.50, N 6.67; found C 40.92, H 10.99, N 6.91.

[(Me3Si)3Si]B3N3(Me)3 (4): A sample of LiSi(SiMe3)3 · 3 THF
(1.95 g, 4.2 mmol) was added over 15 min to a stirred solution
(278°C) of 1,3,5-trimethyl-2,4,6-trichloroborazine (Me3N3B3Cl3;
0.32 g, 1.4 mmol) in hexane (40 ml). The reaction mixture was
warmed to 25°C and stirred overnight. Removal of the volatiles
from the reaction mixture afforded a white residue that was ex-
tracted with hexane (50 ml) and filtered. The solvent was removed
from the filtrate under vacuum leaving a white waxy solid. Yield:
1.06 g (88%); soluble in Et2O, pentane, benzene, and THF. 2 IR
(KBr): ν̃ 5 2952 cm21(s), 2893 (s), 1924 (w), 1864 (w), 1472 (m),
1434 (w), 1348 (br., s) 1261 (m, sh), 1244 (s), 1074 (s), 967 (m), 838
(s, br.), 748 (m), 681 (m), 622 (m), 438 (w). 2 MS (50 eV); m/z (%):
862 (15) [M1], 847 (15) [M 2 SiMe3

1], 789 (35) [M 2 SiMe3
1],

614 (52) [M 2 Si(SiMe3)3
1]. 2 1H NMR: δ 5 0.38 (CH32Si), 3.58

(CH32N). 2 13{1H} NMR: δ 5 4.37 (CH32Si), 47.7 (CH32N).
2 11B{1H} NMR: δ 5 42.2. 2 C30H90B3N3Si12 (862.52): calcd. C
41.80, H 10.50, N 4.88; found C 42.10, H 10.54, N 5.29.

[(Me3Si)3Si]3B3N3H3 (5): A sample of (Me3Si)3SiLi · 3 THF
(1.55 g, 3.38 mmol) was added to a cooled (278°C ), stirred solu-
tion of Cl3B3N3H3 (0.208 g, 1.13 mmol) in hexane (40 ml). The
solution was warmed slowly to 23°C and stirred overnight. The
solvent was removed by vacuum evaporation leaving a white resi-
due that was redissolved in fresh hexane (50 ml) and filtered to
remove entrained LiCl. The filtrate was concentrated leaving a
gummy solid 5 that was vacuum-dried. Yield: 0.81 g (88%); mp
78283°C. Further attempts to purify this compound by subli-
mation and recrystallization were unsuccessful. 2 MS (50 eV); m/z
(%): 819 (4) [M1], 804 (1) [M 2 Me1], 746 (1) [M 2 Me3Si1], 731
(1) [M 2 (Me3Si)(Me)1], 658 (4) [M 2 (Me3Si)2(Me)1, 247 (4)
[Si(SiMe3)3

1]. 2 1H NMR: δ 5 0.36 (CH3Si). 2 13C{1H} NMR:
δ 5 1.94 (CH3Si). 2 11B{1H} NMR: δ 5 38.

Synthesis of Polymer 7: In a typical reaction, LiSi(SiMe3)3 · 3
THF (1.3 g, 2.9 mmol) was added with stirring over 15 min to
(ClBNH)3 (0.53 g, 2.9 mmol) in hexane (60 ml) cooled to 278°C.
The mixture was warmed to 23°C and stirred overnight. The re-
sulting mixture was filtered to remove LiCl, and the filtrate con-
taining 6 was combined with (Me3Si)2NH (0.6 ml, 2.9 mmol). This
mixture was stirred (23°C) for 24 h and the volatiles removed by
vacuum evaporation. This left a glassy, colorless solid 7. Yield: 0.9
g (90%); soluble in hexane, pentane, benzene, and Et2O. 2 IR
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(KBr): 3446 cm21 (s), 2956 (s), 2922 (s, sh), 2900 (s), 1456 (s), 1413
(s), 1251 (m), 1186 (w), 1111 (w), 1064 (m), 836 (s), 754 (m), 712
(w), 687 (m), 623 (w), 609 (w). 2 1H NMR: δ 5 0.3520.25 (br.,
m). 2 13C{1H} NMR: δ 5 3.921.9 (br.). 2 C9H31B3N4Si4 (340.14):
calcd. C 31.76, H 9.11, N 16.47; found C 32.29, H 8.52, N 14.43.

Polymer Pyrolysis: The TGA of the polymer was recorded under
Ar (5021400°C, 10°C/min). There is a significant weight loss (ca.
35%) between 100 and 350°C and a more gradual weight loss (ca.
18%) up to 500°C. Beyond this temperature, there is minimal
weight loss. 2 Bulk pyrolyses were performed under a variety of
conditions, and some representative results are summarized. Typi-
cally, a sample (0.35 g) of glassy polymer was placed in a Pt boat
in a quartz pyrolysis tube, and the tube was evacuated and back-
filled with dry N2. The sample was then heated at 1200°C under a
slow stream of N2 purge gas. After 12 h, a black solid was collected
and characterized. 2 IR (KBr): ν̃ 5 1410 cm21 (vs), 1030 (vs), 830
(m), 800 (m), 470 (m). 2 XRD: d 5 2.1 Å (br.). 2 The sample was
further heated to 1400°C under N2 for 12 h, and the resulting gray
solid was characterized. 2 IR (KBr): ν̃ 5 1400 cm21 (vs), 1130
(m), 1080 (s), 930 (m), 800 (s), 470 (m), 420 (w). 2 XRD: d 5 4.0
Å, 3.38, 2.28, 2.06, 1.83, 1.60. 2 Found C 3.76, B 28.21, N 46.78,
Si 21.25. 2 Continued heating of this sample at 1600°C for 12 h
under N2 results in a dark gray solid. 2 IR (KBr): ν̃ 5 1382 cm21,
1088, 894, 784, 476. 2 XRD: d 5 4.06 Å, 3.13, 2.84, 2.48, 1.93,
1.87, 1.53. 2 Found C 3.27, B 29.47, N 48.11, Si, 19.14. 2 A
sample (0.35 g) of glassy polymer was also heated at 350°C under

Table 1. Crystallographic data for [(Me3Si)3Si](Me)2B3N3(Me)3 (2)

empirical formula C14H42B3N3Si4
formula weight 397.3
T [°C] 22
crystal system monoclinic
space group P21/c
a [Å] 9.346(2)
b [Å] 11.677(2)
c [Å] 24.027(5)
α [°] 90.0
β [°] 98.82
γ [°] 90.0
V [Å3] 2591.2(9)
Z 4
Dcalcd. [g cm23] 1.018
µ [cm21] 0.227
F(000) 872
reflections collected 2h 2k ±l
measured 5109
independent 4542
observed [F > 3σ(F)] 3023 [F > 3σ(F)]
RF [%] 6.42
RwF [%] 5.93

Table 2. Selected bond lengths and bond angles for [(Me3Si)3Si]-
(Me)2B3N3(Me)3 (2)

Bond lengths [Å]
B(1)2Si(1) 2.097(4) Si(1)2Si(2) 2.382(2)
B(1)2N(1) 1.432(6) Si(1)2Si(3) 2.362(2)
B(1)2N(3) 1.440(6) Si(1)2Si(4) 2.385(2)
B(2)2N(1) 1.439(6) N(1)2C(1) 1.470(6)
B(2)2N(2) 1.428(8) N(2)2C(3) 1.488(6)
B(3)2N(2) 1.407(8) N(3)2C(5) 1.470(6)
B(3)2N(3) 1.453(6) B(2)2C(2) 1.585(8)

B(3)2C(4) 1.601(9)
Bond angles [°]
N(1)2B(1)2N(3) 115.6(3) B(1)2N(1)2B(2) 123.4(4)
N(1)2B(2)2N(2) 117.8(4) B(2)2N(2)2B(3) 122.0(4)
N(2)2B(3)2N(3) 118.2(5) B(1)2N(3)2B(3) 122.5(4)
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NH3 for 12 h, then under N2 at 350°C for 6 h, and 1200°C for an
additional 12 h. The resulting solid was cream-colored. 2 IR
(KBr): 1388 cm21 (s), 1033 (s), 788 (m), 696 (w), 448 (w). 2 Found
B 28.24, N 51.95, Si 19.81.

Crystallographic Measurements and Structure Solution: A suit-
able crystal of 2 was mounted in a glass capillary and centered
on a Syntex P3/F automated diffractometer. Determinations of the
crystal class, orientation matrix, and unit-cell dimensions were per-
formed in a standard fashion. Data were collected with use of Mo-
Kα radiation (λ 5 0.71069 Å), a highly oriented graphite crystal
monochromator, a scintillation counter, and pulse-height analyzer.
Selected data-collection parameters are summarized in Table 2. The
space-group assignment was made by inspection of a small data
set[39], and no absorption correction was required. Redundant and
equivalent data were averaged and converted to unscaled uFou values
following corrections for Lorentz and polarization effects. Standard
intensities decayed by about 10% during data collection and inten-
sities were scaled accordingly. All calculations were performed with
the SHELXTL PLUS structure solution package[40]. The structure
was solved by direct methods and refined with full-matrix least-
squares techniques[41]. The heavy atoms were refined aniso-
tropically, and the H atoms were initially refined (riding model) in
idealized positions with fixed Uiso 5 1.2 Uequiv of the parent atom.
The hydrogen positions were then allowed to vary to achieve the
final R value. Further information on the X-ray crystallographic
structure determination for (Me3Si)3SiBB2Me2N3Me3 may be ob-
tained from the Cambridge Crystallographic Data Centre, 12 Un-
ion Road, Cambridge CB21EZ, England, and may be ordered by
quoting the depository number CCDC-101122.

; Dedicated to Professor Heinrich Nöth on the occasion of his
70th birthday.
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The X-ray crystal structure of a palladium(II) complex of 2-
hydroxyacetophenone N4-ethylthiosemicarbazone (H2Ap4E)
shows it to be a triangular, trinuclear complex with bridging
thiosemicarbazonato sulfur atoms. This species can be for-

Thiosemicarbazones of aromatic ortho-hydroxy aldehydes
and ketones have recently attracted considerable attention
because of their potential biological properties[1] and cata-
lytic activity[2]. These aromatic thiosemicarbazones most
often coordinate as the dianion on loss of the phenoxy hy-
drogen and thiosemicarbazone moiety9s to form mononu-
clear [M(ONS)X] (ONS represents the dianionic thiose-
icarbazone ligand coordinated via the phenoxy oxygen,
azomethine nitrogen and thiolato sulfur and X represents a
neutral molecule such as ammonia or pyridine)[3], or di-
nuclear [M(ONS)]2 {M5Ni(II) or Cu(II) and M2O,O2M
bridging pattern}[4] [5] [6] [7] have been isolated on depro-
tonation of the ring hydroxy group and loss of the N(2)
hydrogen of the thiosemicarbazone (tsc) moiety. Most re-
cently, a trinuclear nickel(II) complex with both
Ni2O,O2Ni and Ni2S,O2Ni bridging patterns has been
reported[8]. Two monomers combine to form a butterfly-
shaped dimer by Ni2O,O2Ni bonding and a third mono-
mer binds to the dimer via Ni2S,O2Ni bridging. Pal-
ladium(II) complexes of tscs of 2-acetylpyridine have been
studied with regard to their structural and biological
properties, and some of them show remarkable antitumour
activity[9] [10] [11]. Therefore, we expanded our studies of pal-
ladium(II) complexes to include other potentially tridentate
tsc ligands and report here the structure of
[Pd(Ap4E)]3 ·DMF (Ap4E is the dianion of 2-hydroxyace-
tophenone N4-ethylthiosemicarbazone) with Pd2S2Pd
bridging.
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med from a monomer on dissolution in DMF or directly from
Li2PdCl4 and the thiosemicarbazone in methanol-ammonia
solution.

Although numerous dinuclear palladium complexes are
known, only a few trinuclear palladium complexes have
been reported[12] [13]. Triangular complexes[12] [13], as well as
linear complexes[14], have been structurally characterized.
Linear tripalladium structures have been found for the
complexes Pd3[η3-1,3-di(pyvaloyl)allyl]2(µ,η2-acetate)4

[14b],
Pd3[1-3η3-6-(α-chloroethyl)cyclooctenyl]2Cl4 [14c] and
[Pd3(µ-SCy)4Cl2(PMe3)2] [14h] with four bridging ligands
and palladium atoms at non-bonding distances. Bent trime-
tallic structures have been proposed for [Pd3(µ-PPh2)2(µ-
Cl)2(PPh3)2] [14f], [NEt4]2[Pd3(µ-Cl)4Cl2(C6F5)4] [14g], [Pd3(η3-
1,2,3-tri(p-methoxyphenyl)allyl)2(acac)2] [14d] and [Pd3(η3-2-
methylallyl)2(Cl)4] [14e]. In the case of allyl complexes, it is
believed that the bent structures may result from crystal
packing forces rather than steric interactions.

Palladium acetate has been found to be trinuclear with a
triangular arrangement of non-bonded palladium[12f] and
[Pd3(µ-O2CMe)3(µ-MeSCHR)3] [13a] is a mixed-sphere pal-
ladium complex in which the solid state nuclearity and
structure of palladium acetate is retained. Complexes that
are cationic and triangular trinuclear with two triply bridg-
ing ligands include [Pd3(µ3-SPPh2)2(PhN5NC6H4)-
(PPh3)2]ClO4

[13c] and [Pd3(C6H4CH2NMe2)3(pyS)2]-
BF4

[13d] and with three bridging ligands, capped by a lone
sulfur atom as [Pd3(µ3-S)(SC)(µ-Ph2PCH2PPH2)3]-
[SCN].3C2H4Cl2[13b] have been studied. Neutral tripallad-
ium triangular complexes with two bridging ligands [Pd3(µ-
SO2)2(BuNC)5].2(C6H6)[12b] and with three bridging ligands
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Figure 1. The reaction path for the synthesis of [Pd(Ap4E)]3.DMF

[Pd3(µ-Pcy)2(m-SPh)(PCyH)2(SPh)] [13e] have been studied.
However, to our knowledge this is the first report of an
approximately symmetric, triangular palladium(II) com-
plex, [Pd(Ap4E)]3.DMF, with three bridging ligands having
the same formal charge and bonding pattern.

Results and Discussion

The reaction of Li2PdCl4 with HAp4E afforded the com-
plex 2. The microanalytical data are consistent with the em-
pirical formula C36H46N10O4Pd3S3, which indicates the
structure [Pd(HAp4E)Cl]n, and suggests a mononuclear or
binuclear structure. A mononuclear is suggested by the IR
spectrum, which revealed the appearance of a strong band
at 346 cm21 consistent with a terminal ν(Pd2Cl) bond.
Figure 1 shows the reactions used to form the trinuclear
complex [Pd(Ap4E)]3.DMF with three doubly deprotonated
phenolato-thiosemicarbazonato ligands and its molecular
structure is shown in Figure 2. Each Ap4E ligand coordi-
nates via its phenoxy oxygen and azomethine nitrogen
atoms and bridges to another palladium(II) with its thiolato
sulfur atom. The metal-ligand bond distances are as fol-
lows: Pd12O1, 1.967(5) Å; Pd22O1a, 1.993(5) Å and
Pd32O1b, 1.994(6) Å; Pd12N1, 2.005(6) Å; Pd22N1a,
2.002(6) Å and Pd32N1b, 2.020(5) Å; Pd12S1, 2.226(2) Å;

Figure 2. Molecular structure of [Pd(Ap4E)]3.DMF and numbering
scheme

Eur. J. Inorg. Chem. 1998, 8612863862

Pd22S1a, 2.250(2) Å and Pd2S1b, 2.231(2) Å. The bridg-
ing sulfur atoms are closer (ca. 0.1 Å) to one Pd atom,
having distances of 2.332(2) Å, 2.315(2) Å and 2.337(2) Å
to the second Pd atom. The distances between the pal-
ladium centres [Pd12Pd2, 3.945(1); Pd22Pd3, 4.146(1);
Pd12Pd3, 3.500(1)] indicate that there are no metal-metal
bonds. The three bond angles involving bridging sulfur
atoms are as follows: Pd12S12Pd2, 120.6(1)°;
Pd22S1a2Pd3, 129.3(1)° and Pd32S1b2Pd1, 100.2(1)°.

Figure 3. a) UV spectra of 53 1025 M H2Ap4E (}})
[Pd(HAp4E)Cl] and (----) [Pd(Ap4E)]3 ·DMF (22) in DMF and

b) in CHCl3
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The coordination planes Pd12O12N12S12S1b,
Pd22O1a2N1a2S1a-S1 and Pd32O1b2N1b2S1b2S1a
have mean plane deviations of 0.066, 0.157 and 0.048 Å,
respectively, and form dihedral angles of 42.24(6)°,
20.23(5)° and 43.98(6)° respectively, with
Pd12S12Pd22S1a2Pd32S1b, which has a mean plane
deviation of 0.436 Å.

A kinetically labile ligand and polar solvent like dimeth-
ylformamide affords the elimination of hydrogen chloride
from 2 and the deprotonation of H2Ap4E to form [Pd-
(Ap4E)]3.DMF (Figure 1). The electronic spectra of the
complexes 2 and 3 exhibit the same spectral pattern in
CHCl3, suggesting conversion of the trinuclear to the
mononuclear complex (Figure 3). A different spectral pat-
tern is shown in DMF solution, consistent with the slow
transformation of the monomer to the trinuclear complex.
Although transformation of 2 to 3 occurs in DMF solution
(and the trinuclear complex can be prepared by this
method), a non-coordinating, non-polar solvent such as
CHCl3 causes 3 to be reverted to 2 (Figure 3b). In contrast
dinuclear complexes of copper(II)[5] and nickel(II) [6] [7] [8]

when dissolved in solvents like DMSO and DMF are able
to partly monomerize and crystals of a monomer were iso-
lated from DMF solution[7].

Experimental Section
H2Ap4E 5 2-hydroxyacetophenone N4-ethylthiosemicarbazone,

1, was prepared by reacting equimolar amounts of 2-hydroxyaceto-
phenone (2 mmol) and N4-ethyl-3-thiosemicarbazide (2 mmol) in
30 ml ethanol. Two drops of concentrated sulfuric acid were added
and the reaction mixture was refluxed for three hours. On partial
evaporation of the solvent a white solid formed, which was filtered,
washed with cold 2-propanol and dried. [Pd(HAp4E)Cl], 2, was
prepared by reacting lithium tetrachloropalladate (1.2 mmol) pre-
pared in situ from palladium chloride and lithium chloride in meth-
anol and H2Ap4E (1 mmol) in methanol. The reaction mixture was
stirred for 24 hours at room temperature and the resulting yellow
powder was filtered, washed with methanol followed by ether and
dried in vacuo over silica gel. Calcd for [Pd(HAp4E)Cl].H2O: C,
33.35; H, 4.04; N, 10.65; Cl, 8.95. Found: C, 33.05; H, 4.02;
N,10.52; Cl, 9.10. Yield 43%. Slow evaporation of 2 from dimeth-
ylformamide gives dark red crystals of the complex 3 suitable for
X-ray structural analysis. Also, the complex [Pd(Ap4E)]3 was pre-
pared directly from the reaction of K2PdCl4 (1.2 mmol) and
H2Ap4E (1 mmol) in 25 ml of H2O, by adjusting the pH of the
reaction to ca. 9 with drops of a 1.5  NH3 solution. Figure 1
shows the two routes to the trinuclear [Pd(Ap4E)]3. Calcd for
[Pd(Ap4E)]3: C 38.66; H 3.80; N 12.30; found: C 39.13, H 4.10; N
12.40. Yield 50%.

Crystal Data: C36H46N10O4Pd3S3, molecular mass 1098.2, tri-
clinic, space group P1bar, a 5 8.874(2) Å, b 5 15.680(2) Å, c 5

16.273(2) Å, α 5 97.80(2)°, β 5 105.76(2)°, γ 5 103.31(2)°, U 5

2072.5(5) Å3, Z 5 2 , d 5 1.760 Mg/m3, F(000) 5 1100, MoKα
(λ 5 0.71073 Å). A red-wine prism with dimensions 0.36 3 0.10
3 0.08 mm was mounted in random orientation on a glass fiber
and data were acquired with a Siemens P4 Four-Circle Dif-
fractometer. The structure was solved with direct methods and
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missing atoms were found by difference-Fourier synthesis. All non-
hydrogen atoms were refined with anisotropic temperature factors.
The H atoms were allowed to ride on the C atoms and assigned
fixed isotropic temperature factor, U 5 0.06 Å2. Hydrogen atoms
on a heteroatom, H3D, H3E and H3 C, were refined in found posi-
tions. Refinement of the structure was made by full-matrix least-
squares. The minimized function was Sw(Fo 2 Fc)2 with, w21 5

[σ2(F) 1 0.0009(F)2], with final g 5 0.0005 for [Pd(Ap4E)]3 ·DMF.
Scattering factors were taken from International Tables for X-ray
Crystallography (1974, Vol. IV). All calculations were done with
the SHELXTL PCTM program package.
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The dependence of the protolytic decomposition rate of triphenylmethylphosphonous dichloride 1 was allowed to
react with 3 equivalents of HTMG, forming the stablephosphorus amides on the substituents at phosphorus is

decribed. On treatment with HCl, the N9,N9,N0,N0- phosphonium salt 19, soluble in water, which was converted
to the bicationic species 20c upon treatment with HCl. – Thetetramethylguanidine(= TMG)-substituted σ4(P) compounds

5 and 9 formed salts that were protonated at the imino basicity of the tritylated phosphorus compounds was found
to increase in the order 5 , 2 , 19 , 13 , HTMG , 21;nitrogen atoms and were completely stable in the solid state,

and surprisingly stable in solution. Even with a large excess the basic centre is the phosphorus atom in 21 and the imino
nitrogen atom in all other compounds. The fluorinating agentof HCl, only the imino nitrogen atom underwent protonation,

with formation of HCl2– as a counter anion, without cleavage Et3N · 3 HF caused rapid conversion of compound 6 to 25,
the nucleophilic attack of fluoride ion at phosphorus couldof the P–N bond. The basicity of the imino nitrogen atom

also protected σ3(P) species from electrophilic attack, and the not be prevented by the stabilizing effects mentioned. – All
compounds were investigated by 1H- and 31P-NMR spec-ionic compounds 12, 14, and 20c were formed, providing

examples of the first stable σ3(P) amides with one or two troscopy. The crystal structures of compounds 5, Ph3CP(=O)-
(H)TMG,and 6, [5 · 2 HCl], were determined; 6 is protonatedprotonated P-N bonds. Such unusual stability is associated

with steric protection by the Ph3C (= trityl) group and charge at the imino nitrogen, leading to a longer P–N bond [5:
161.6(2), 6: 168.7(2) pm], and the counterion is HCl2–. In thedelocalization over the TMG-moiety. In contrast, MeP(TMG)2

was unstable towards HCl, whereas treatment with HSbF6 structure of 20c, [Ph3CP(TMG)2] · 3 HCl, the cation is
protonated at both imino N atoms and the counterions areled to the phosphonium salt 24, where protonation had

occurred at phosphorus. The same result was obtained when Cl– and HCl2– (one of each).

Introduction In contrast to expectation, the reaction of 5 with HCl
furnished the ionic compound 6, an intermediate that wasThe bond between phosphorus and nitrogen is particu-
reasonably stable in solution and completely stable in thelarly susceptible to attack by acids; this is exploited in a
solid state.general method of forming phosphorus halides from the

Such cases of protonation of the nitrogen atom with pres-corresponding phosphorus amides (Eq. 1). The hydrolytic
ervation of the P2N bond are scarce in the literature. How-cleavage of the P2N bond is complex and takes place under
ever, a few examples of compounds are known in which themild conditions to give an ammonium salt and the corre-
P2N bond was not affected by protonic acids; e.g., Riesssponding phosphorus halide[1] [2].
et al. were able to isolate stable ammonium salts with tetra-
and penta-coordinated phosphorus[4]. Furthermore,
Schmidpeter et al. have investigated 5-membered ring sys-

(1)
tems containing 2P5N2 moieties, from which stable am-
monium salts could also be obtained[6]. However, σ3(P)
compounds with protonated phosphorus-nitrogen single
bonds have only been postulated as reaction intermedi-Because alkyl groups are the most widely used substitu-
ates[7] [8] [9] [10]. Most reactions of phosphorus amides withents at nitrogen, and in connection with our own studies on
protonic acids proceed via protonation at phosphorus,N9,N9,N99,N99-tetramethylguanidine (TMG)-derivatives[3],
which is due mainly to the nucleophilic character of thewe wished to apply the method to TMG-substituted phos-
phosphorus atom; a few examples of such phosphoniumphorus compounds. In particular, we wanted to prepare the
salts with various counterions have been reported[11] [12].monochloride of (triphenylmethyl)phosphonous acid 8,

which could, in principle, be formed by the process de- Thus, the intermediates formed by HCl attack on TMG-
substituted phosphanes need to be identified and investi-scribed in Eq. 1, via compound 5.
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gated with regard to their stability (e.g., by varying the en- viously been observed by Nixon in connection with amino-

lysis reactions of Cl3CPF2
[16].vironment of the phosphorus atom). The protolytic stability

of the P2N bond must be determined by electronic (a con-
(2)jugative delocalization of the cationic charge on phos-

phorus or at TMG) and steric factors (shielding of the
phosphorus atom by a bulky substituent). In our investi-

Treatment of 2 with H2O and NEt3 led spontaneously togations we used trityl-TMG substituted phosphorus com-
triphenylmethylphosphonous N9,N9,N99,N99-tetramethylgu-pounds, which proved suitable in forming intermediates of
anidinide 5 (Scheme 1). The attempted preparation of theinterest, especially in the acid-catalysed nucleophilic substi-
monochloride of triphenylmethylphosphonous acid 8 usingtution at σ3(P) amides[8] [12] [13].
excess HCl led to the hydrogendichloride 6 (formally 5 · 2
HCl), which was stable at room temperature and was con-
verted to Ph3CPCl2 1 and Ph3CPH(O)OH 7 upon heatingResults and Discussion
in excess HCl at 80°C (Eq. 3).

The phosphonous dichloride 1, which has been known
since 1933[14], was used as starting material for the prep-
aration of compounds containing the trityl-moiety bonded (3)
to phosphorus. It reacted vigorously with 2 equivalents of
HTMG, forming compound 2 (Scheme 1).

Scheme 1

This result is at variance with the observation that orga-
no(chloro)phosphonous acids are usually stable when they
contain sterically demanding substituents[17].

Figure 1. Structure of 5 in the crystal. The solvent has been omitted
for clarity[a]

[a] Selected bond lengths [pm] and angles [°]: P2O 148.1(2),
P2H(1) 136(2), P2N(1) 161.6(2), P2C(10) 187.5(2), N(1)2C(1)
131.5(3), N(2)2C(1) 137.3(3), N(2)2C(3) 145.5(3), N(2)2C(2)
145.5(3), N(3)2C(1) 134.5(3), N(3)2C(5) 145.0(4), N(3)2C(4)
146.6(4), O2P2N(1) 117.35(11), O2P2C(10) 114.13(11),
N(1)2P2H(1) 107.6(9), C(10)2P2H(1) 101.7(9), O2P2H(1)
110.0(9), N(1)2P2C(10) 104.76(11), C(1)2N(1)2P 126.8(2),
C(1)2N(2)2C(3) 120.4(2), C(1)2N(2)2C(2) 121.8(2),
C(3)2N(2)2C(2) 114.8(2), C(1)2N(3)2C(5) 120.0(2),
C(1)2N(3)2C(4) 122.9(2), C(5)2N(3)2C(4) 115.7(2),
N(1)2C(1)2N(3) 119.4(2), N(1)2C(1)2N(2) 124.8(2),Using the less reactive agent Me3SiTMG (Scheme 1) par- N(3)2C(1)2N(2) 115.7(2).

tial aminolysis of 1 was also effected. The reaction of tri-
phenylmethylphosphonous difluoride 3 and HTMG, how-

Discussion of the X-Ray Structures of 5 and 6ever, involved an unusual preferential cleavage of the phos-
phorus2carbon rather than the phosphorus2fluorine Compound 5 crystallises with half a molecule of di-

chloromethane (disordered over an inversion centre) in thebond, with formation of the known phosphonous difluo-
ride 4 [15] (Eq. 2); this interesting phenomenon had pre- asymmetric unit. The hydrogen atom H2 of the cation of 6
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Figure 2. Structure of 6 in the crystal[a] is normal for hydrogendichloride anions (cf. [(4-

CH3OC6H4)(CH3)PCl2] [ClHCl]: Cl···Cl 321.0(3) pm; [(4-
C2H5OC6H4)PCl3] [ClHCl]: Cl···Cl 318.9(1) pm)[18].

The H2 atom forms a hydrogen bond to Cl1 at [1.5 2 x,
0.5 1 y, 20.5 2 z], with the following dimensions: H2···Cl1
237(3) pm, N1···Cl1 321.9(2) pm and N12H2···Cl1 157(2)°.
The H1 atom is linked to O [at 1.5 2 x, 0.5 1 y, 0.5 2 z] via
short contacts that may be interpreted as hydrogen bonds
[H1···O 255(2), P···O 386.6(2) pm, P2H1···O 170.4(1.2)°].

The formation of compounds 1 and 7 from 6 would ap-
pear to be the result of the conversion of Ph3CPH(5O)Cl
8, formed as an intermediate by nucleophilic attack of chlo-
ride anion on 6. This process is complex and will be dis-
cussed in a subsequent publication.

The unusual stability of 6 is caused by the kinetically sta-
bilizing effect of the trityl group[19], and the possibility of
charge delocalisation in TMG-substituted phosphorus
compounds[3]. The latter might be the reason for the pos-
sibility of the isolation of compound 10, a doubly pro-

[a] Selected bond lengths [pm] and angles [°]: P2O 147.2(2), tonated species whose formation was concluded from ana-P2N(1) 168.7(2), P2C(10) 186.0(2), P2H(1) 132(2), N(1)2C(1)
137.8(3), N(1)2H(2) 90(3), N(2)2C(1) 133.0(3), N(2)2C(3) lytical data (Eq. 4).
145.8(3), N(2)2C(2) 146.7(3), N(3)2C(1) 132.2(3), N(3)2C(4)
145.8(3), N(3)2C(5) 146.6(3), Cl(1)2H(3) 187(3), Cl(2)2H(3)
135(3), O2P2N(1) 112.38(10), O2P2C(10) 113.61(10),
N(1)2P2C(10) 108.25(11), O2P2H(1) 114.9(8), N(1)2P2H(1)
103.3(8), C(1)2N(1)2P 126.3(2), C(1)2N(1)2H(2) 114.5(1.7),
P2N(1)2H(2) 118.6(1.7), C(1)2N(2)2C(3) 123.5(2),

(4)C(1)2N(2)2C(2) 121.2(2), C(3)2N(2)2C(2) 115.2(2),
C(1)2N(3)2C(4) 121.6(2), C(1)2N(3)2C(5) 123.1(2),
C(4)2N(3)2C(5) 114.9(2), N(3)2C(1)2N(2) 121.6(2),
N(3)2C(1)2N(1) 118.8(2), N(2)2C(1)2N(1) 119.6(2),
Cl(1)2H(3)2Cl(2) 173(2).

The possibility of rearrangement of the dichloride 10 towas located at the imino nitrogen N1; this hydrogen and
the hydrogendichloride in the solid state was considered, inall other non-C-bonded hydrogen atoms of 5 and 6 were
the mass spectrum, from the observation of only the mono-refined freely.
protonated parent ion. The cation 11 was formed in goodThe P2O, P2C, and P2H bonds are marginally shorter
yield by treatment of 9 with p-tolylsulfonic acid. This coun-in 6 than in 5 [5: P2O 148.1(2), P2C10 187.5(2), P2H1
terion, of low nucleophilicity, gave rise to additional stabi-136(2) pm; 6: P2O 147.2(2), P2C10 186.0(2), P2H1 132(2)
lization, compared to the chloride ion.pm]. The increase in coordination number at the imino ni-

The displacement of halogen by water was of particulartrogen leads, as expected, to a marked increase in the P2N
importance and led, as mentioned above, to compound 5 inbond length [5: P2N 161.6(2), 6: P2N 168.7(2) pm]. In
the presence of NEt3, or to a mixture of 5 and 12, in whichcompound 5 the imino N2C bond [N12C1 131.5(3) pm]
a second molecule of 2 acted as a scavenging agent for theis naturally shorter than the amino N2C bonds [N22C1
HCl liberated (Scheme 1). In the presence of excess water137.3(3), N32C1 134.5(3) pm]. In compound 6 the N12C1
the same treatment afforded compound 6. Compound 12bond [137.8(3) pm] is about 5 pm longer than N22C1
was also formed by reaction of 2 with HCl (Scheme 1) and[133.0(3) pm] and N32C1 [132.2(3) pm]; this indicates that
5 with phosgene (Eq. 5), respectively.the positive charge is delocalized over the two dimethyl-

amino groups. The average N2Cmethyl bond lengths differ
insignificantly [5: 145.6, 6 146.22 pm].

The phosphorus atom, as expected, displays somewhat
distorted tetrahedral coordination geometry, with the
largest angles involving the doubly bonded O atom. In the
case of 5 O2P2N1 [117.35(11)°] is the largest, C102P2H1
[101.7(9)°] the smallest angle; in 6 O2P2H1 [114.9(8)°] and

(5)
C102P2H1 [103.5(8)°].

The counteranion in compound 6 is the hydrogendichlor-
ide anion. The angle at H3 is 173(2)°. One Cl2H bond is
significantly longer than the other [Cl12H3 187(3),
Cl22H3 135(3) pm], so the negative charge is mainly
located at Cl1. The Cl2Cl distance is 320.8(1) pm, which
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The latter reaction was preceded by the formation of the where, moreover, the nucleophilicity of phosphorus should

be higher than in both 2 and 13 (Eq. 8).tautomeric parent acid 5a, where the proton was more
strongly acidic than in 5, and the reaction with C(5O)Cl2
took place rapidly. The assumed intermediate 12a was un-
stable and was transformed to 12. This salt was stable as a
solid, but in solution slowly decomposed to 1, 2, and (8)
HTMG·HCl (Eq. 6).

The reaction pathway is not clear. The solid that precipi-
tated from toluene consisted of HTMG·HCl and a phos-
phorus compound separated that could not be isolated (in
a 1:1 ratio). The product soluble in toluene was charac-(6)
terized by 31P NMR as diphenylphosphinous chloride 18,
which was formed as shown (Eq. 8). The precise location
of the proton in 17 could not be established, because the
1H NMR resonance of the proton bonded to phosphorus
or nitrogen was not observed.

Scheme 2
To define the effects causing the unusual stability of 12,

further investigations were conducted that involved varia-
tion of the nucleophilicity and steric congestion at the phos-
phorus atom. Thus, the nucleophilicity of the tritylated
phosphorus compounds should increase if the chlorine
atom in 2 were substituted by hydrogen. This was realized
when 2 was allowed to react with LiAlH4 (Scheme 1). The
isolation of 13 was not possible because Ph3CH was also
formed and could not be separated from the reaction mix-
ture. A toluene solution of the resulting crude product was,
therefore, treated with excess HCl, and the colourless solid
precipitated was identified as the hydrogendichloride 14,
where protonation had occurred at the imino nitrogen atom
(Eq. 7).

When the reaction of HTMG with 1 was carried out in
a molar ratio 3:1, the final product was the phosphonium

(7) salt 19, which was also obtained when 2 was allowed to
react with HTMG (Scheme 1). In both cases, the strongly
basic properties of the phosphorus atom of
Ph3C2P(TMG)2 21 were evident (based on 31P NMR stud-
ies). The equilibrium between 19 and 21 was established
spontaneously (molar ratio 19/21 5 6:4). After removing
the volatile products, the phosphonium salt 19 was isolated.

The isolation of 21 from this equilibrium mixture was,The identity of 14 was established by analytical and
NMR spectral data, and by its decomposition to triphenyl- however, not possible. After the components were left in

solution in CDCl3 for 3 d, a complex mixture was obtainedmethylphosphonous chloride 15. Compounds like 15 are
sufficiently stable only in the presence of bulky groups, and (Scheme 2). The attempted preparation of 21 via reaction

of 2 with Me3SiTMG was also unsuccessful because underonly a few examples, mainly referred to as intermediates,
are mentioned in the literature[20] [21] [22]. Compound 15, the reaction conditions (temperature ca. 80°C), decompo-

sition with formation of an oily product took place (Schemewhich is completely stable, will be described elsewhere in
connection with alternative synthetic routes and further in- 1). The above-mentioned acid-base equilibrium could not

be observed when 19 was treated with excess NEt3. Thisvestigations.
To exclude the steric hindrance effect of the trityl group, provides additional evidence of the high basicity of 21. The

basic properties of the phosphorus atom in amino-substi-the protonation reaction was repeated with compound 16
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tuted phosphorus compounds are well known[23] [24]. How- phorus atom was not possible, even on raising the tempera-

ture (60°C).ever, it should be noted that in the preparation of
RP(TMG)2 (R 5 Me, tBu, and Ph) by treatment of RPCl2
with HTMG (molar ratio: 1:4) these compounds could be

(10)
obtained readily and in good yield by distillation of the cor-
responding crude products[3]. The formation of 19 took
place quantitatively, but the separation from HTMG·HCl

Figure 3. Structure of 20c in the crystal. Methyl and phenyl hydro-by washing with H2O resulted in low yields, because 19 also gen atoms and solvent have been omitted for clarity[a]

showed hydrophilic properties. The phosphorus atom in
Ph3C2P(TMG)2 seemed to be more basic than the imino
nitrogen atom in HTMG and, therefore, 19 showed (in con-
trast to the conversion of compounds 12 and 14) no de-
composition to the chlorinated compound 2 and the unpro-
tonated species 21, respectively (Eq. 9).

(9)

[a] Selected bond lengths [pm] and angles [°]: P2N(4) 171.7(3),
P2N(1) 173.4(2), P2C(11) 195.8(3), N(1)2C(1) 135.4(4),
N(1)2H(1) 81.9(40), N(2)2C(1) 133.9(4), N(2)2C(2) 146.1(4),
N(2)2C(3) 146.8(4), N(3)2C(1) 133.4(4), N(3)2C(4) 146.1(4),
N(3)2C(5) 146.5(4), N(4)2C(6) 135.9(4), N(4)2H(4) 74.4(36),
N(5)2C(6) 133.7(4), N(5)2C(7) 146.1(4), N(5)2C(8) 146.8(4),

The TMG moieties in [Ph3C2PH(TMG)2]1 also were N(6)2C(6) 133.0(4), N(6)2C(10) 145.8(4), N(6)2C(9) 146.3(4),
Cl(2)2H(2) 170.1(54), Cl(3)2H(2) 145.5(54), N(4)2P2N(1)found to display basic properties at the imino nitrogen
93.07(12), N(4)2P2C(11) 104.53(12), N(1)2P2C(11) 105.30(12),atoms and additional HCl should lead to a doubly pro- C(1)2N(1)2P 130.2(2), P2N(1)2H(1) 114(3), C(1)2N(1)2H(1)
115(3), C(1)2N(2)2C(2) 121.7(3), C(1)2N(2)2C(3) 120.7(3),tonated species. Surprisingly, the product resulting from the
C(2)2N(2)2C(3) 115.4(3), C(1)2N(3)2C(4) 123.4(2),reaction of 19 with HCl was, instead of the expected com-
C(1)2N(3)2C(5) 121.8(3), C(4)2N(3)2C(5) 114.7(3),

pound 20a, the σ3(P) compound 20b, where both imino ni- C(6)2N(4)2P 124.8(2), P2N(4)2H(4) 119(3), C(6)2N(4)2H(4)
115(3), C(6)2N(5)2C(7) 122.1(2), C(6)2N(5)2C(8) 122.8(3),trogen atoms were protonated (Scheme 2).
C(7)2N(5)2C(8) 114.9(2), C(6)2N(6)2C(10) 121.5(2),The migration of the proton in 20a is caused by the elec- C(6)2N(6)2C(9) 123.2(3), C(10)2N(6)2C(9) 114.9(2),

tron-withdrawing effect of the HTMG1 moiety, which is N(3)2C(1)2N(2) 120.0(3), N(3)2C(1)2N(1) 122.2(3),
N(2)2C(1)2N(1) 117.7(3), N(6)2C(6)2N(5) 121.8(3),comparable to that of a chlorine atom. The electron density
N(6)2C(6)2N(4) 118.1(3), N(5)2C(6)2N(4) 120.1(3),at the phosphorus atom in 20b is comparable to that in Cl(2)2H(2)2Cl(3) 177(4).

12, and a decreasing tendency of electrophilic attack was
established by treatment of 20b with excess hydrogen chlo-

Discussion of the X-ray Structure of 20cride, leading to HCl2
2 as counter anion. There was no pro-

tonation at the phosphorus atom. Treatment of 19 with HCl Compound 20c crystallises as a dichloromethane solvate.
All three non-C-bonded hydrogen atoms were refined freely.(ratio 1:1) led to the ionic species 20b with chloride as coun-

terion. Compound 20b was insoluble in CDCl3, whereas the The P2N bonds in 20c [P2N1 173.4(2), P2N4 171.7(3)
pm] are longer than those of Ph2P(TMG) A [25] [P2N1corresponding hydrogendichloride 20d was well soluble in

chlorinated solvents and, as expected from its structure, in- 169.6(3) pm]. The N12C1 [135.4(4) pm] and N42C6
[135.9(4) pm] bonds are about 5 pm longer [A: P2N1soluble in nonpolar solvents. The crystals, obtained from

the reaction mixture (in CH2Cl2/Et2O, ratio: 7:1) at room 129.3(4) pm], but the amino N2C bonds [133.0(4)
(N62C6) to 133.9(4) (N22C1) pm] are much shorter thantemperature by treatment of 19 with HCl (ratio: 1:3), con-

tained both chloride and hydrogendichloride anions (see be- those of A [N22C1 138.2(4), N32C1 136.4(4) pm]. In com-
pound 20c the formal imino N2C double bond is longerlow). The solubility of this compound (20c) lies between

that of 20b and 20d. Surprisingly, the attempted conversion than the amino N2C bonds, which means that the positive
charge is effectively delocalized via π bonding to N2, N3,of 20c did not afford the expected compounds 12 and

HTMG·HCl, and reflected the increasing influence of steric N5, and N6. The N2methyl bond lengths vary from
145.8(4) pm (N62C10) to 146.8(4) pm (N22C2 andcongestion by the second HTMG1 moiety (Eq. 10). Thus,

in contrast to 12 and 14, nucleophilic attack at the phos- N52C8).
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The phosphorus atom displays a pyramidal configura- sponding acids (6, 12, 20, 14, and 19) increased in the re-

verse order, as was evident from 1H NMR studies.tion, lying 82 pm out of the plane of its α-substituents. The
smallest angle at phosphorus is between the two TMG sub-
stituents [N12P2N4 93.07(12)°], the angles involving C11 Figure 4. The relative basicities of tritylated N9,N9,N99,N99-tetra-

methylguanidino-substituted phosphorus compounds in compari-of the triphenylmethyl group are 105.30(12)° (N12P2C11)
son to NEt3 and HTMG (bold print: main basic centres)and 104.53(12)° (N42P2C11), respectively. The P2C11

bond [195.8(3) pm] is extremely long.
The hydrogendichloride anion displays dimensions of

145(5) pm (Cl32H2), 170(5) pm (Cl22H2), 177(4)°
(Cl22H22Cl3). The distance between Cl2 and Cl3 is
315.5(1) pm. The other counterion is a chloride ion, which
forms hydrogen bonds to both N2H groups; the Cl···H dis-
tances are 247(4) pm (Cl1···H1) and 237(4) pm (Cl1···H4).

In compound 22 the steric hindrance effect of the organic
group was essentially absent, and treatment with excess HCl
afforded the chlorinated product 23, with no P- or N-pro-
tonated intermediates being observed (Eq. 11). Increasing acidity effects an increasing tendency to pro-

ton exchange and influences the observed 1H NMR spectra.
Figure. 5 shows the 1H-NMR spectra of 5 observed after
interaction with HCl in various ratios (employing the corre-
sponding mixtures of 5 and 6).

The 1J(PH) values may be considered as diagnostic of(11)
the extent of the protonation of compound 5, and of the
deprotonation of 6. These values lay between 494 Hz (sharp
doublet, compound 5) and 550 Hz (broad doublet, com-
pound 6). If the ratio of HCl to 5 was increased to 1:1,
HCl22 was formed and because of proton exchange pro-
cesses δ(1H)(PH) and 1J(PH) could not observed. A dy-The 31P-NMR spectrum of the adduct between 22 and

HSbF6 also suggested that electrophilic attack on the polar namic phenomenon that can be explained by a fast bond
exchange, relative to the NMR time scale, also led to theP2N bond led to the phosphonium cation, an intermediate

that was stable in combination with weakly nucleophilic averaging of the NMR signals in the 31P-NMR spectra and
caused the absence of the NH proton resonance in the 1Hanions but not in the presence of chloride ions.

A measure of the relative basicity of compounds 2, 5, 13, NMR. In contrast, in the 31P-NMR spectra 1J(PH)-coup-
ling of the phosphorus nuclei of 5 was observed, even in theand 19 was obtained through the acid-base reactions out-

lined in Scheme 3. presence of HCl. The δ(31P) values observed for mixtures of
5 and HCl showed a linear relationship, and ranged be-The basicity of the tritylated compounds increased in the

order shown in Figure. 4 (in comparison to HTMG and tween δ 5 24.8 (compound 5) and δ 5 27.4 (compound 6)
(Figure. 6).NEt3) and, in agreement with this, the acidity of the corre-

Scheme 3
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Figure 5. 1H NMR spectra of mixtures of 5 with various ratios of The restricted proton exchange (as concluded from the

HCl 1H-NMR spectra) was also proved by 31P-NMR spec-
troscopy. Mixtures of compounds 2 and 13 with the corre-
sponding protonated species (12 and 14) did not give rise
to single averaged peaks. Furthermore, both systems (2/12;
13/14) showed, in contrast to the system 5/6, separate reso-
nances for the protonated and unprotonated species.

For TMG·HCl, the signals of the N(CH3)2 protons of
all protonated compounds (6, 10, 11, 12, 14, 17, and 20c)
were shifted downfield, compared to those of the related
unprotonated species. All the spectra exhibited sharp sin-
glets, and demonstrated the chemical equivalence of the
N(CH3)2 groups, caused by a three step isomerisation via,
a: deprotonation, b: inversion of configuration at the imino
nitrogen atom, and c: reprotonation; a mechanism that was
reported previously for other TMG-substituted com-
pounds[27] [28] [29].

In addition to structural parameters (see X-ray studies),
the 31P-NMR data also could be used as a sensitive probe
to evaluate the electronic structure of the C5N double
bond. Surprisingly, the 31P-NMR signals of the protonated
σ3(P) species (12, 14, 20c) were markedly shifted to high
field, relative to the corresponding unprotonated com-
pounds (2, 13, 21). This phenomenon can be rationalized
as a consequence of the delocalisation of the positive charge

Figure 6. Dependence of δ(31P) (upper curve) and 1J(PH) (lower along the P2N5C(NMe2)2 grouping (Figure. 7).
curve) of 5 on the degree of protonation at the imino nitrogen atom

Figure. 7. Possible charge delocalisation over the TMG moiety (il-
lustrated for molecule 6)

Thus, the 31P-NMR data of the protonated species
should generally be comparable to those of the correspond-
ing amino-substituted phosphorus compounds. A compi-
lation of such data is shown in Table 1, supporting this
assumption through similar δ(1H) values of corresponding
N(H)2tBu-substituted phosphorus compounds.

The 1H NMR signal of the HCl2
2 proton moved signifi-

cantly downfield when the proportion of HCl was increased Table 1. δ(31P) values of unprotonated and protonated tritylated
(broad hump at room temperature). N9,N9,N99,N99-tetramethylguanidino-substituted phosphorus com-

pounds, compared to those of the corresponding tert-butyl de-The 1H-NMR spectra of compounds 10, 11, and 17 were
rivatives

also influenced by such dynamic phenomena, whereas the
NMR spectra of 12 and 14 were more informative, and
clear evidence for the presence of hydrogen atoms in both
compounds came from 1H-NMR spectra. The increasing
basicity in the series led to restricted proton interactions,
and the NMR spectra of 12, 14, and 20c exhibited broad-
ened singlets, caused by the protons bonded to the imino
nitrogen atoms. Furthermore, in 14 the resonance of the PH
proton was observed as a broad doublet of doublets, mak-
ing the accurate determination of 1J(PH) and 3J(HH) im-
possible. However, the observed value of J(PH) (ca. 235 Hz)
is typical of σ3(P) compounds[26], and suggested the struc-
ture proposed for 14.
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capillaries and are uncorrected (Instrument: Büchi 510). 2 IR spec-The observation that the resonance of the phosphorus
tra were recorded on a BIO-RAD IR-165 instrument. 2 The ab-atom in 17 was shifted downfield, in the direction of the
breviation “in vacuo” indicates a pressure of 0.1 mm Hg.unprotonated precursor 16, cannot be explained. Com-

The following compounds were synthesized according to thepounds 19 and 24 were characterized from their 1J(PH) val-
literature: Ph3CPCl2[14], Ph3CPF2

[19], (tBu)P(5O)(TMG)2
[33],ues, which were typical of σ4(P) compounds[26].

Ph2P(TMG) and MeP(TMG)2
[3], Me3SiTMG[34]. All other com-

pounds were obtained commercially.Reactivity of Protonated Compounds
Reactions which were investigated solely by 31P-NMR spec-Because of the protonation at the imino nitrogen atom

troscopy in CDCl3 are not described in the Experimental Section,of aminosubstituted trityl-phosphane compounds, the
because the products were synthesized by alternative methods re-

phosphorus becomes more electrophilic and thus more sus- ported in the present work, and also in previous publications.
ceptible to nucleophilic attack (e.g. by H2O). In agreement

Chloro Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethyl-with this it has been found that the chemical behaviour of
guanidinide (2). 2 Method A: Reaction of Triphenylmethylphos-

protonated species is similar to that of the corresponding phonous Dichloride 1 with HTMG: HTMG (1.80 g, 15.64 mmol)
halogenated compounds. Thus 6 reacted slowly with H2O, was added dropwise with stirring over 10 min at room temperature
forming triphenylmethylphosphonous acid 7 (Eq. 12), to a solution of 1 (2.70 g; 7.82 mmol) in 30 ml of dichloromethane.
whereas hydrolysis of the unprotonated compound 5 was The solvent was evaporated and toluene (50 ml) was added to the

residue. The precipitate was filtered off and the solvent from thenot observed.
filtrate was removed in vacuo. The residue was dissolved in 15 ml of
dichloromethane and the product was obtained as an amorphous,
colourless solid. Yield 2.1 g (63.3%); m.p. 145°C (dec.). 2 1H
NMR: δ 5 2.59 (s, 12 H, N(CH3)2), 7.1627.37 (m, 15 H, Ph3C).
C24H27ClN3P (423.92): calcd. C 68.00, H 6.42, N 9.91; found C
67.70, H 6.64, N 9.91.(12)

Method B: From 1 and Me3SiTMG: To a solution of 1.0 g (2.9
mmol) 1 in 7 ml of toluene, 543 mg (2.9 mmol) of Me3SiTMG was
added at room temperature. After 3 h the precipitate was filtered
off, washed with 5 ml of diethyl ether and dried in vacuo. Yield
1.03 g (83.9%); m.p. 143°C (dec.).

However, the sensitivity to nucleophilic attack at the pro- Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethylguanidi-
nide (5): N9,N9,N99,N99-Tetramethylguanidine (1.6 g; 13.9 mmol)tonated P2N bond of these species appeared to be lower
was added dropwise with stirring over 10 min at room temperaturethan at the P2Cl bond, because hydrolysis of 12 initially
to a solution of 1 (2.40 g, 6.95 mmol) in 40 ml of toluene. To thisled to the displacement of the chlorine atom (Scheme 1).
solution a solution of H2O (0.5 g; 27.76 mmol) in HTMG (0.8 g;The bis(TMG)-substituted phosphorus compound 19
6.95 mmol) was added with stirring at 0°C during 30 min. Thewas attacked by H2O to a lesser extent, forming 6 and ad-
reaction mixture was allowed to reach room temperature and theditional phosphorus compounds that could not be charac-
precipitate was filtered off. The solvent was removed from the fil-

terized (decomposition of 19 after 7d at room temperature trate in vacuo, and the product was left as a colourless solid. Yield
in dichloromethane and excess H2O: ca. 10%). Unexpec- 2.4 g (85.1%); m.p. 175°C (dec.). 2 1H NMR: δ 5 2.61 [s, 12 H,
tedly, 20c was soluble in water, and showed no conversion N(CH3)2], 7.1827.35 (m, 15 H, Ph3C), 7.92 [d, 1J(PH) 5 493.7 Hz,
to the expected compounds (6 or 7, and HTMG·HCl). This 1 H, PH]. 2 13C NMR: δ 5 39.73 (s, CH3), 62.96 [d, 1J(PC) 5

90.7 Hz, Ph3C], 143.25 [d, 2J(PC) 5 3.1 Hz, C6H5], 130.73 [d,must be due to steric congestion.
3J(PC) 5 6.5 Hz, C6H5], 127.88 (s, C6H5), 126.45 [d, 5J(PC) 5 2.0On changing the counterion to F2, the displacement of
Hz, C6H5], 162.58 (s, C5N). 2 31P NMR: δ 5 24.8 (s). 2 IRHTMG1 took place rapidly. For instance, the reaction of 6
(KBr): ν̃ 5 1339 (P5O), 2307 (P2H). 2 C24H28N3OP (405.48):with NEt3 ·3 HF in a 1:1 molar ratio spontaneously led to
calcd. C 71.09, H 6.96, N 10.36; found C 70.53, H 6.91, N 10.04.triphenylmethylphosphonous fluoride 25 (Eq. 12), provid-

[Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethylguanidi-ing an alternative convenient synthesis to that reported pre-
nide] · 2 HCl (6): To a solution of Ph3CPH(O)TMG 5 (1.01 g;viously[19].
2.5 mmol) in 10 ml of toluene were added at room temperature 3

We are grateful to BASF AG, Bayer AG and Hoechst AG for equivalents of HCl (7.5 ml of a 1  solution in diethyl ether; 7.5
generous supplies of chemicals used in this research, and to Fonds mmol HCl). The precipitate was filtered off and the product was
der Chemischen Industrie for financial assistance. obtained as a colourless solid. Yield 1.12 g (95.6%); m.p. 220°C

(dec.). 2 1H NMR: δ 5 2.88 [s, 12 H, N(CH3)2], 7.1327.32 (m, 15
Experimental Section H, Ph3C), 9.58 (s, 1 H, HCl2

2), no resonances for PH and NH
were observed. 2 13C NMR: δ 5 41.65 (s, CH3), 63.32 [d, 1J(PC) 5All experiments were carried out with exclusion of air and moist-
77.7 Hz, Ph3C], 139.12 [d, 2J(PC) 5 2.4 Hz, C6H5], 130.38 [d,ure; solvents were purified and dried according to the usual meth-
3J(PC) 5 7.3 Hz, C6H5], 129.02 (s, C6H5), 128.04 [d, 5J(PC) 5 2.6ods[31] [32]. 2 NMR spectra were recorded in CDCl3 (unless other-
Hz, C6H5], 159.65 (s, C5N). 2 31P NMR: δ 5 27.7 (s). 2 IRwise noted) at 298 K, using a Bruker AC-200 instrument at 200.1
(KBr): ν̃ 5 1291 (P5O), 2340 (P2H). 2 C24H30Cl2N3OP (478.40):MHz (1H), 81.3 MHz (31P) and 50.3 MHz (13C) and referenced
calcd. C 60.25, H 6.32, N 8.78; found C 60.33, H 6.21, N 8.82.internally to residual solvent resonances. 2 Electron impact mass

spectra were recorded on solid samples, using a Finnigan MAT 6 (Preparation of Crystals): A solution of Ph3CPH(5O)TMG 5
(1.01 g; 2.5 mmol) in 10 ml of toluene was combined with a solu-8430 (70 eV) instrument. 2 Melting points were taken in sealed
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tion of 2 equivalents of HCl (5.0 ml; 5 mmol HCl of a 1  solution equivalents of H2O (21 mg; 1.18 mmol). After 15 min the colourless

precipitate of 12 was collected by filtration, washed with diethylin diethyl ether) in toluene (20 ml). After 4 d the resulting colour-
less crystals were filtered off. Yield 1.15 g (98.1%). ether (5 ml), and dried in vacuo. Yield 0.48 g (88.4%), m.p.

166°C (dec.).Decomposition of 6; Formation of 1 and 7: A solution of 5 (1.0
g; 2.5 mmol) in toluene (20 ml) was treated with gaseous hydrogen Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethylguanidi-

nide (13): To a solution of 1.3 g (3.1 mmol) of 2 in 20 ml of diethylchloride for (ca.) 2 min but the precipitate (6) formed instan-
taneously was found to be dissolved again after prolonged action ether 0.2 g (5.3 mmol) of LiAlH4 were added at 0°C with stirring.

The mixture was allowed to warm up to room temperature andof HCl. This solution was heated in a sealed tube for 18 h at 80°C.
The solvent was removed in vacuo and the products were charac- stirring was continued for another hour. The reaction was

quenched by addition of water (20 ml), using a water bath for cool-terized by 31P NMR spectroscopy. The data were identical to those
of 1 and 7 [19]. ing. The precipitate was filtered off and the solvent was removed

from the filtrate in vacuo. To the residue 10 ml of diethyl ether was[tert-Butylphosphonic Bis(N9,N9,N99,N99-tetramethylguanidinide)]
added and the product was obtained as a colourless amorphous· 2 HCl (10): Addition of 2 equivalents of HCl (4.52 ml of a 1 
substance, containing small amounts of Ph3CH (4%), on coolingsolution in diethyl ether; 4.52 mmol) to a stirred solution of 9 (0.75
this solution to 220°C. Yield 0.81 g (67.8%); m.p. 118°C (dec.). 2g; 2.26 mmol) in toluene (20 ml) at room temperature resulted in 1H NMR: δ 5 2.55 [s, 12 H, N(CH3)2], 7.25 (s, 15 H, Ph3C), 5.67a yellow oil. After decanting the solvent the oil was washed with
(d, 1J(PH) 5 188.4 Hz, 1 H, PH).n-hexane (23 10 ml), was dried in vacuo and 10 was obtained as

a colourless solid. Yield 0.89 g (97.3%); m.p. 79°C (dec.). 2 1H [Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethylguanidi-
nide] · 2 HCl (14): To a solution of Ph3CPH(TMG) 13 (0.6 g; 1.5NMR: δ 5 1.42 [d, 3J(PH) 5 18.72, 9 H, PC(CH3)3], 3.21 [s, 24 H,

N(CH3)2], no resonance for N(H)5C< was observed. 2 31P NMR: mmol) in 10 ml of toluene were added at room temperature 3 equiv-
alents of HCl (4.5 ml of a 1  solution in diethyl ether; 4.5 mmolδ 5 31.70 (s). 2 FAB-MS chemical ionization with nitrobenzyl

alcohol (5 NBA)]: positive m/z (%): 666 (2) [(tBuP(5 HCl). The precipitate was filtered off and the product was obtained
as a colourless solid. Yield 0.51 g (71.6%); m.p. 145°C (dec.). 2O)(TMG)2·H)2]1, 333 (78) [tBuP(5O)(TMG)2·H]1, 218 (100)

[tBuP(5O)TMG]1, 71 (12) [HNCNMe2]1; negative (m/z) (%): 188 1H NMR: δ 5 2.84 [s, 12 H, N(CH3)2], 7.0927.43 (m, 15 H, Ph3C),
5.81 [dd, 1 H, J(PH) 5 235.6 Hz, J(HH) 5 4.6 Hz, P-H], 7.99 (m,(100) [Cl2·NBA]2. 2 IR (KBr): ν̃ 5 1253 (P5O). 2

C14H35Cl2N6OP (405.35): calcd. C 41.48, H 8.70, N 20.73; found: 1 H, NH), 10.60 (s, 1 H, HCl2
2). 2 C24H30Cl2N3P (462.4): calcd.

C 62.34, H 6.54, N 9.08; found C 62.49, H 6.52, N 8.96.C 41.60, H 8.73, N 20.46.

tert-Butylphosphonic Bis(N9,N9,N99,N99-tetramethylguanidinide)] Decomposition of 14: A 60 mg (0.13 mmol) sample of 14 was
dissolved in CDCl3 (0.5 ml) and placed into a 5-mm NMR tube,·(p-Tol)SO3H (11): A solution of a mixture of 9 (0.45 g; 1.35

mmol) and p-toluenesulphonic acid (0.25g; 1.31 mmol) in 10 ml of capped with a rubber septum. The decomposition was monitored
by 31P NMR; it was complete after 18 h. Product 15 was charac-toluene was stirred at room temperature for 16 h. The oily precipi-

tate formed was separated from the solvent and after washing with terized by comparison of its 1H and 31P NMR data to those of an
authentic sample[30].n-hexane (two 5 ml portions) 11 was obtained as a colourless solid.

Yield 0.62 g (94.5%); m.p. 135°C (dec.). 2 1H NMR: δ 5 1.23 [d,
[Diphenylphosphinous N9,N9,N99,N99-Tetramethylguanidinide] ·3J(PH) 5 16.85, 9 H, PC(CH3)3], 2.31 (s, 12 H, MeC6H4-

HCl (17): A solution of 16 (0.61 g; 2.01 mmol) in toluene (30 ml)
SO3

2), 2.98 [s, 12 H, N(CH3)2], 7.10/7.74 [m (AA9XX9), 4 H,
was treated with gaseous hydrogen chloride until precipitation of a

MeC6H4SO3
2]. 2 31P NMR: δ 5 20.28 (s). 2 FAB-MS (NBA):

colourless solid commenced. The solid product was separated by
positive m/z (%): 333 (86) [tBuP(5O)(TMG)2·H]1, 218 (100)

filtration and investigated by 31P- and 1H-NMR spectroscopy. The
tBuP(5O)TMG]1, 71 (14) [HNCNMe2]1; negative (m/z) (%): 324

spectra indicated a mixture of 17 and HTMG·HCl. In the 31P-
(16) [MeC6H4SO3·NBA]2, 171 (100) [MeC6H4SO3]2. 2

NMR spectrum of the filtrate a signal was observed which was due
C21H37N6O4PS (500.60): calcd. C 50.39, H 7.45, N 16.79, S 6.40;

to Ph2PCl [δ(31P) in C6D6 5 82.2[35]]. 2 1H NMR: δ 5 2.98 [s,
found: C 50.02, H 8.07, N 16.53, S 6.21.

12 H, N(CH3)2], 7.1227.79 (m, 5 H, C6H5); no resonance for
N(H)5C< was observed. 2 31P NMR: δ 5 41.2 (s).[Chloro Triphenylmethylphosphonous N9,N9,N99,N99-Tetramethyl-

guanidinide] · HCl (12): 2 Method A : Treatment of 5 with Phos-
Bis(N9,N9,N99,N99-tetramethylguanidino) Triphenylmethyl Phos-

gene: A solution of C(5O)Cl2 (0.27 g; 2.7 mmol) in toluene (1.4
phonium Chloride (19): N9,N9,N99,N99-Tetramethylguanidine (2.0 g;

ml) was added to a solution of 5 (1.1 g; 2.7 mmol) in toluene (20
17.4 mmol) was added dropwise with stirring over 10 min at room

ml) at room temperature. After 10 min the evolution of CO2 had
temperature to a solution of 1 (2.0 g, 5.80 mmol) in 20 ml of di-

ceased, and the solid product was separated and washed with di-
chloromethane. After stirring for 0.5h at room temperature the re-

ethyl ether (10 ml). The product was dried in vacuo and the product
action mixture was washed with water (10 ml) and was cooled to

was obtained as an amorphous solid. Yield 1.0 g (80.0%); m.p.
0°C. The dichloromethane layer was separated from the mixture

168°C (dec.). 2 1H NMR: δ 5 2.95 [s, 12 H, N(CH3)2], 7.1327.41
and dried over Na2SO4 (5.0 g). The solvent was removed in vacuo,

(m, 15 H, Ph3C), 7.85 (s, 1 H, NH2 ). 2 C24H28Cl2N3P (460.4):
and the residue was washed with 10 ml of diethyl ether, resulting

calcd. C 62.61, H 6.13, N 9.13; found: C 62.80, H 6.29, N 8.94.
in a colourless, amorphous substance. Yield 1.59 g (50.9%); m.p.
146°C (dec.). 2 1H NMR: δ 5 2.70 [s, 24 H, N(CH3)2], 7.0527.25Method B: Treatment of 2 with HCl: To a solution of 2 (1.0 g,

2.36 mmol) in 10 ml of toluene was added at room temperature 1 (m, 15 H, Ph3C), 8.23 [d, 1J(PH) 5 471.5 Hz, 1 H, PH]. 2 31P
NMR: δ 5 5.1. 2 C29H40ClN6P (539.1): calcd. C 64.61, H 7.48, Nequivalent of HCl (2.36 ml of a 1  solution in diethyl ether; 2.36

mmol HCl). After 5 min the colourless precipitate of 12 was col- 15.59; found C 62.19, H 7.63, N 14.24.
lected by filtration, washed with diethyl ether (5 ml), and dried in

[Triphenylmethylphosphonous Bis(N9,N9,N99,N99-tetramethyl-
vacuo. Yield 1.0 g (91.7%), m.p. 167°C (dec.).

guanidinide)] · 3 HCl (20c): To a solution of [Ph3CPH-
(TMG)2]1Cl2 (19) (0.5 g; 0.93 mmol) in 10 ml of dichloromethaneMethod C: Via Hydrolysis of 2: To a solution of 2 (1.0 g; 2.36

mmol) in 10 ml of toluene were added at room temperature 0.5 were added at room temperature 3 equivalents of HCl (2.8 ml of a
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Table 2. Crystal data of 5, 6, and 20c Attempted Preparation of [Triphenylmethylphosphonous

N9,N9,N99,N99-Tetramethylguanidinide] · 2 HF; Formation of Tri-
phenylmethylphosphonous Fluoride (25): Et3N·3 HF (337 mg; 2.1
mmol) was added dropwise with stirring over 2 min at room tem-
perature to a solution of 6 (1.0 g, 2.1 mmol) in 10 ml of dichloro-
methane. The solvent was evaporated in vacuo, and toluene (20 ml)
was added to the residue. The precipitate was filtered off and the
solvent from the filtrate was removed in vacuo. The product was
obtained as an amorphous, colourless solid. Yield 0.6 g (92.5%);
m.p. 159°C (dec.) [19].

Determination of Crystal Structures 2 Data Collection and Re-
duction: Crystals were mounted on glass fibres in inert oil and
transferred to the cold gas stream of the diffractometer (Stoe
STADI-4 for 5 and 20c, Siemens P4 for 6, both with LT-2 low
temperature attachment). The cell constants for 5 and 20c were
refined from ±ω angles of 52 reflections in the 2θ range 20223°.
The orientation matrix for 6 was refined from setting angles of 62
reflections in the 2θ range 5225° (monochromated Mo-Kα radi-
ation).

Structure Solution and Refinement: The structures were solved by
direct methods and refined anisotropically on F2 (program system:
SHELXL-93, G.M.Sheldrick, University of Göttingen). H atoms
were included using a riding model or rigid methyl groups, except
for P2H, N2H and Cl2H hydrogens, which were refined freely.
Weighting schemes of the form w21 5 [σ2(Fo

2) 1 (aP)2 1 bP] were
employed, with P 5 (Fo

212Fc
2)/3. Full details of the crystal struc-

ture determinations (except structure factors) have been deposited
under the number 100815 at the Cambridge Crystallographic Data
Centre. Copies may be obtained free of charge from: The Director,
CCDC, 12 Union Road, GB-Cambridge CB2 1EZ [Telefax: Int.
144 (0)1223/3362033; E-mail: fileserv@chemcrys.cam.ac.uk.]

; Dedicated to Professor Manfred Weidenbruch on the occasion
of his 60th birthday.
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CORRECTION

Palladacycles as Reactive Intermediates
Gerald Dyker

Chem. Ber./Recueil 1997, 130, 156721578

Reference[5] on page 1576 should read as follows:

[5] A special case of a 9-membered palladacycle annelated
by four cyclopentane units has been reported: P. Binger,
H. M. Büch, R. Benn, R. Mynott, Angew. Chem. 1982, 94,
66; Angew. Chem. Int. Ed. Engl. 1982, 21 62263.

G. Dyker
[C97132]
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The product of reaction between ortho-methylbenzonitrile which shows a new type of (NCNLi)2 core and a solution
structure in which the coordination mode of the diamine by-(o-MeC6H4CN) and lithium N,N,N9-trimethylethylene-

diamide [LiN(Me)(CH2)2NMe2], the 1:1 complex 1-lithio- product varies with temperature.
amido-3-(2-methylphenyl)isoquinoline–N,N,N9-trimethyleth-
ylenediamine (1-Li·HTriMEDA), has a solid-state structure

The reactions of organolithium reagents with benzoni- the primary amidolithium centre[6] in the self-assembled 1-
lithioamidoisoquinolino moiety is chelated by the concomi-trile have long been known to induce cyclotrimerisation[1]

to yield, amongst other products, fully unsaturated 2,4,6- tantly formed secondary amine. This dimer demonstrates
several unusual structural features. At first sight it appearstriphenyl-1,3,5-triazine[2] by 1,4-elimination of organoli-

thium from a lithio-1,4-dihydrotriazine precursor. More re- to incorporate a straightforward four-membered Li(1)2N(-
2)2Li(1A)2N(2A) ring at its core, with further stabilisationcently, we reported a nitrile addition product, an imidolith-

ium species of the type which probably acts as an initial of the metal being afforded by isoquinoline N centre do-
nation to lithium. However, closer inspection reveals that,intermediate in the cyclisation reaction[3]. Given this latter

result, we sought to investigate the reactions of organoli- within the supposed four-membered ring, two of the N2Li
distances are short [Li(1A)2N(2) 2.055(6) A

˚
] while thethium reagents with ortho-methylbenzonitrile, for which ad-

dition across the nitrile triple bond is known to be in com- other two are unusually long [Li(1)2N(2) 2.394(7) A
˚

]. It
seems, therefore, to be the relatively short (isoquinoli-petition with ortho lithiation[4]. It has also been reported[5]

for this system that a nitrile self-condensation product, a ne)N2Li interactions [N(1)2Li(1) 2.081(6) A
˚

] which are
mainly responsible for dimerisation. Consequently, the cen-substituted 1-aminoisoquinoline (1-H), can result in various

yields (2280%) depending on the organolithium reagent tral unit of the structure is best viewed as being an eight-
membered [(isoquinoline)N2C2(amido)N2Li]2 ring re-employed and on the reaction conditions.
sulting from inter-monomer (isoquinoline)N2Li interac-
tions, with very weak (amido)N2Li cross-ring interactions.
A search of the Cambridge Crystallographic Database lo-
cates only two examples of eight-membered (NCNLi)2

rings[7], neither of which shows any cross-ring interactions
whatsoever. Thus the structure of 1-Li·HTri-
MEDA, containing as it does partial cross-ring contacts,
is unique. The coordination sphere of each metal centre is
completed by chelation of the HTriMEDA ligands which,
unusually, have also been formed during the reaction. While

The reaction of lithium N,N,N9-trimethylethylenediamide at 2.130(7) A
˚

the Li(1)2N(4) bond is of a length normal
(LiTriMEDA) with o-methylbenzonitrile in toluene at for such an interaction, the Li(1)2N(3) bond is, at 2.358(7)
278°C affords a red solution which becomes yellow at A

˚
, surprisingly long. Alkali metal complexes containing

room temperature. Addition of hexane and storage at ambi- protic amine bases are not common, and those which are
ent temperature overnight yields orange crystals identified known have generally been synthesised by allowing an or-
as the 1:1 complex, 1-lithioamido-3-(2-methylphenyl)iso- ganolithium compound to react with an excess of amine[8],
quinoline2N,N,N9-trimethylethylenediamine (1-Li·HTri- by having the amine ligand present in a 1:1 reaction be-
MEDA). X-ray crystallography shows that in the solid state tween a lithiating agent and a (more acidic) organic sub-
1-Li·HTriMEDA is a transoid dimer (Figure 1), in which strate, or by adding the amine after the lithiation reaction

Eur. J. Inorg. Chem. 1998, 8792883  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/070720879 $ 17.501.50/0 879



N. Feeder, R. Snaith, A. E. H. WheatleySHORT COMMUNICATION
is complete. Indeed, the last method has been used to give o-methylbenzonitrile in THF/HMPA [HMPA 5

O5P(NMe2)3] at 278°C afforded predominantly o-lithio-enolatolithium and amidolithium complexes containing
HTriMEDA itself [9]. In both of these cases diamine chel- methylbenzonitrile, 1-H was best synthesised by the 1:1 re-

action of Me2NLi with the nitrile in THF/HMPA atation of the metal centre was accompanied by a hydrogen
bonding interaction involving the acidic proton of HTri- 278°C, subsequent addition of a second equivalent of ni-

trile and heating at 60°C for 1 hour resulting, after work-MEDA. While in [H2C5C(NMe2)OLi·HTriMEDA]2 the
interaction was directed towards the enamine N-centre, in up, in the high yield formation (80%) of 1-H. In this current

work, a 2:2 reaction of LiTriMEDA with o-methylbenzon-[H2C5C(tBu)OLi·HTriMEDA]2 it was directed towards the
enolato π system [N2H···C distances 2.62 and 2.73 A

˚
]. This itrile affords 1-Li·HTriMEDA, the immediate precursor to

1-H, essentially quantitatively (first batch yield of crystalslast structural feature pinpoints a final interesting facet of
the structure of 1-Li·HTriMEDA in that here a somewhat 90%, with respect to nitrile) in non-donor media (toluene)

at ambient or sub-ambient temperature. The yield of theanalogous, but rather stronger, interaction is observed. The
N(3)2H(3N) bond points approximately at the centre of complex, with respect to nitrile, is unaffected if the correct

stoichiometry (2:1 nitrile/LiTriMEDA) is used. It is logical,the 3-(2-methylphenyl) ring [H(3N)···ring centroid 2.440 A
˚

,
N(3)2H(3N)2ring centroid 172.3°]. This interaction ap- therefore, that the initial 1:1 reaction, which yields either

an imidolithium (2a, which rapidly isomerises to o-lithiatedpears to account for the massive N(1)C(9)C(10)C(11) tor-
sional angle of 114.3°. However, it is also noticeable that in imine 2b) or, more probably, a complexed o-lithiated nitrile

(2c) (Scheme 1) is slow relative to subsequent insertion of[H2C5C(tBu)OLi·HTriMEDA]2, where the hydrogen
bonding interaction is somewhat weaker than in the second equivalent of o-methylbenzonitrile (yielding 3b/

c). Presumably ring closure by 3b/c yields 4b/c which, in1-Li·HTriMEDA, bonds between the lithium centre and the
chelating diamine are essentially equivalent and, at 2.11(1) turn, gives the title complex via a simple rearrangement (ac-

companied by elimination of HTriMEDA in the case of 4b).and 2.09(1) A
˚

[9], of lengths typical for such interactions. It
seems, therefore, that the relative strength of the hydrogen It is presently impossible to say whether the first stage of

the reaction is addition/isomerisation or o-lithiation, al-bond in 1-Li·HTriMEDA is the most likely reason for the
surprising length of the Li(1)2N(3) interaction. though it has been observed that in the presence of benzon-

Figure 1. Structure of dimeric 1-Li·HTriMEDA; hydrogen atoms (except the primary amidolithium and secondary amine hydrogen atoms)
have been omitted for clarity; the symmetry operation which relates original atoms to their “A” equivalents is 2x 1 1, 2y 1 1, 2z 11

Although the self-condensation reaction of two equiva- itrile, LiTriMEDA readily gives an extremely stable ad-
dition product[3].lents of o-methylbenzonitrile in the presence of one equiva-

lent of certain lithium reagents has been reported earlier [5], A solution of 1-Li·HTriMEDA (12.0 mg ml21 in [D6]ben-
zene) yields a 1H-NMR spectrum in which, unusually,no lithiated intermediates have been isolated previously.

Given the finding[4] that the reaction of Me2NLi with extensive coupling is observed through the secondary amine
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Scheme 1

N centre. Consequently, therefore, the H3C(H)NCH2 triplet base to mono- or bidentate coordinated ligand or (ii) mon-
odentate ligand to bidentate chelate of the lithium centre.at δ 5 2.46 (3JH-(C)H 5 5.46 Hz) is split into two

(3JH-(N)H 5 6.64 Hz) and the H3C(H)N resonance at δ 5 This is suggested by the observation that while at 60°C the
HTriMEDA methylene protons bonded to either N centre2.26 is a doublet (3JH-(N)H 5 6.43 Hz); irradiation of the

H3C(H)N multiplet at δ 5 0.93 causes these signals to ap- (Table 1, Hc and Hd) demonstrate chemical shifts downfield
of the (same species) N-methyl protons (Hb and He) bondedpear as a triplet and singlet respectively. At the same con-

centration, 1H-NMR spectroscopy in [D8]toluene indicates to the same N-centre [i. e. δ(Hc) > δ(Hb) and δ(Hd) > δ(He)],
as the temperature is lowered so the former protons drift tothat as a function of temperature there is a significant

change in the behaviour of the HTriMEDA with respect to positions upfield relative to their methyl counterparts [i. e.
δ(Hb) > δ(Hc) and δ(He) > δ(Hd)]. This observation is con-the metal centre. It appears either to change from (i) free
sistent with the known behaviour of free and complexed

Table 1. 1H-NMR data for the secondary amine ligand in 1- TMEDA [(H3C)2N(CH2)2N(CH3)2] [10], and indeed a com-
Li·HTriMEDA in [D8]toluene over the range 60°C to 280°C; (2) parison of the spectra of 1-Li·HTriMEDA with those ofindicates that the signal was not observable at that temperature;

pure HTriMEDA in toluene suggests that it is only in thethe Ha signal was obscured by that of He at low temperature while
those of Hb and Hc were obscured by the [D8]toluene resonance range 25260°C that the base is essentially free. Moreover,

extensive coordination of the metal centres by HTriMEDA
at low temperature is suggested by variable-temperature
7Li-NMR spectroscopy. In toluene the dominant lithium

Table 2. Cryoscopic data for 1-Li·HTriMEDA in benzene over theTemp. [°C] δ [ppm] concentration range 2.0215.4 mg ml21
Ha Hb Hc Hd He

Conc. [mg ml21] Av. mol. mass (±5) n (±0.1)60 0.84 2.26 2.46 2.20 2.03
40 0.91 2.25 2.42 2.18 2.01
25 1.10 2.17 2.29 2.03 1.93 2.0 274 0.8

3.9 305 0.90 1.41 2 2 1.87 1.84
225 2 2 2.05 1.72 1.76 7.0 349 1.0

10.3 386 1.1250 2 2 1.95 1.61 1.71
280 2 2 1.90 1.48 1.65 15.4 413 1.2
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room temp. afforded orange crystals of 1-Li·HTriMEDA, yieldenvironment moves from δ 5 1.79 (at 60°C) to δ 5 1.43 (at
90% (with respect to nitrile), m.p. > 300°C. 2 C21H27LiN425°C) to δ 5 0.90 (at 0°C) and finally to δ 5 0.53 (at
(342.41): calcd. C 73.68, H 7.89, Li 2.05, N 16.37; found C 73.06,280°C). Clarification comes from cryoscopy in benzene.
H 7.97, Li 2.00, N 16.07. 2 1H NMR (60°C, 12.0 mg ml21 inResults suggest (Table 2) that whereas at low concentration
[D6]benzene): δ 5 7.50 (d, 1 H, Ar, 3JHH 5 8.16 Hz), 7.38 (d, 1 H,(2.0 mg ml21) HTriMEDA is ostensibly free in solution, at
Ar, 3JHH 5 7.69 Hz), 7.32 (dd, 1 H, Ar, 3JHH 5 6.92, 5.94 Hz),

higher concentrations (ca. 10215 mg ml21) 7.14 (dd, 1 H, Ar), 7.07 (br., 1 H, Ar), 6.93 (br., dd, 1 H, Ar), 6.85
the secondary amine and metal centre interact. This clearly (d, 1 H, Ar, 3JHH 5 6.66 Hz), 6.69 (br., 1 H, Ar), 6.43 (s, 1 H, Ar),
suggests, given the evidence from NMR spectroscopy, that 4.71 (s, br., 1 H, NHLi), 2.46 (dt, 2 H, H3C(H)NCH2, 3JH-(C)H 5
at these higher concentrations 1-Li·HTriMEDA dissolves in 5.46 Hz, 3JH-(N)H 5 6.64 Hz), 2.26 [d, 3 H, H3C(H)N, 3JH-(N)H 5

6.43 Hz], 2.21 [t, 2 H, CH2N(CH3)2, 3JH-(C)H 5 5.97 Hz], 2.03 [s,non-donor solvents to give a species in which, at or about
6 H, N(CH3)2], 1.99 (s, br., 3 H, ArCH3), 0.93 [m, br., 1 H,cryoscopy temperature (5°C), the secondary amine acts as
H3C(H)N]. 2 7Li NMR (25°C, 12 mg ml21 in [D6]benzene): δ 5a monodentate ligand, probably [judging from the relative
1.69 (s, 1 Li), 1.38 (s, ca. 13 Li). 2 7Li NMR (25°C, 12 mg ml21

Li(1)2N(3) and Li(1)2N(4) distances observed in the solid-
in [D8]toluene): δ 5 1.86 (s, 1 Li), 1.43 (s, ca. 14 Li); (0°C): δ 5state structure] through its (H3C)2N centre, and as a biden-
1.81 (s, 1 Li), 0.90 (s, ca. 18 Li); (225°C): δ 5 0.78 (s); (250°C):tate one only at much lower temperatures.
δ 5 0.55 (s); (280°C): δ 5 0.69 (s, 1 Li), 0.53 (s, ca. 11 Li).

The reaction of LiTriMEDA with o-methylbenzonitrile
clearly demonstrates the significant effect of ring substitu- X-ray Crystallographic Study of 1-Li·HTriMEDA: C21H27LiN4,

triclinic, space group P1
¯
, a 5 10.093(2), b 5 11.523(4), c 5 8.700(2)ents on the chemistry of benzonitriles. The observed con-

A
˚

, α 5 93.28(2), β 5 100.050(10), γ 5 96.97(2)°, V 5 985.7(5) A
˚

3,densation reaction is enabled by the contrasting behaviour
Mr 5 342.41, Z 5 2, Dc 5 1.154 Mg m23, µ(Mo-Kα) 5 0.069of LiTriMEDA as either a nucleophile (with benzonitrile) [3]

mm21, F(000) 5 368. Data were collected by the ω/2θ scan methodor a base (with o-methylbenzontrile) [4], the isolated com-
on a Rigaku AKC5R four-circle diffractometer at 150(2) K usingplex, 1-Li·HTriMEDA, demonstrating a variety of interes-
graphite-monochromated Mo-Kα radiation (λ 5 0.71069 A

˚
) in theting features in both the solid state and in non-polar solu-

range 5.10 < 2θ < 50.00°, 1h, ±k, ±l; 3691 reflections of which
tion. 3474 were independent (Rint 5 0.0391) and used in all calculations.

We thank the U.K. EPSRC (A.E.H.W) for financial support and The structure was solved using direct methods[11] and subsequent
Dr. Basil J. Wakefield and Dr. Gregory P. Shields for useful dis- Fourier difference syntheses and refined[12] by full-matrix least-
cussions. squares on F2 with anisotropic thermal parameters for all non-hy-

drogen atoms. H(2N), H(2NA), H(3N) and H(3NA) were located
Experimental Section from the Fourier difference map and their coordinates and isotropic

temperature factors were allowed to refine. All other hydrogenGeneral: All operations were carried out using standard inert-
atoms were placed in geometrically idealised positions and refinedatmosphere Schlenk techniques with a dual nitrogen/vacuum line.
using a riding model or as rigid methyl groups. Methylene groupsSchlenk tubes were pre-dried at 180°C prior to evacuation to less
in the HTriMEDA chelates were disordered over two positions. Inthan 0.1 Torr three times, being filled with dry nitrogen from the
the final cycles of refinement a weighting scheme of the form w21 5house supply between each evacuation. N,N,N9-Trimethylethylene-
[σ2(Fo

2) 1 (0.0840P)2 1 0.63P], where P 5 (Fo
2 1 2Fc

2)/3, wasdiamine and o-methylbenzonitrile were used as received from Ald-
employed which produced a flat analysis of variance. Final R(F) 5rich Chemical Company and stored over 4 A

˚
molecular seive. Tolu-

0.0623 for 3462 reflections with [I > 2σ(I)], wR(F2) 5 0.1865 forene (freshly distilled and maintained at reflux over sodium), hexane
all data; 277 parameters; goodness of fit 5 1.165. Maximum peak(freshly distilled and maintained at reflux over sodium-potassium
and hole in final Fourier difference map 0.297 and 20.210 eA

˚
23

amalgam) and n-butyllithium were added directly to the nitrogen-
respectively. Crystallographic data (excluding structure factors) forfilled Schlenk tube using standard syringe techniques. 2 NMR
the structure reported in this paper have been deposited with thespectroscopy: Bruker AM 400 and DRX 400 (400.137 MHz and
Cambridge Crystallographic Data Centre as supplementary publi-155.508 MHz, for 1H and 7Li, respectively). For 1H-NMR spec-
cation no. CCDC-101025. Copies of the data can be obtained freetroscopy, [D6]benzene and [D8]toluene as solvents, TMS at 25°C
of charge on application to CCDC, 12 Union Road, Cambridgeas external standard; for 7Li-NMR spectroscopy, [D6]benzene and
CB2 1EZ, UK [Fax: (int. code) 1 44-1223/336-033, E-mail:[D8]toluene as solvents, PhLi in [D6]benzene and [D8]toluene
deposit@ccdc.cam.ac.uk, www: http://www.ccdc.cam.ac.uk].respectively at 25°C as external standards.

N,N,N9-Trimethylethylenediamine (HTriMEDA): 1H NMR
(60°C, 3.6 mg ml21 in [D8]toluene): δ 5 2.52 [t, 2 H, [1] [1a] R. M. Anker, A. H. Cook, J. Chem. Soc. 1941, 3232331. 2
H3C(H)NCH2, 3JH-(C)H 5 6.01 Hz], 2.32 [s, 3 H, H3C(H)N], 2.27 [1b] L. S. Cook, B. J. Wakefield, J. Chem. Soc., Perkin Trans. 1

1980, 239222397.[t, 2 H, CH2N(CH3)2, 3JH-(C)H 5 6.01 Hz], 2.07 [s, 6 H, N(CH3)2],
[2] [2a] D. R. Armstrong, W. Clegg, M. MacGregor, R. E. Mulvey,0.88 [s, br., 1 H, H3C(H)N]. Spectra at 60, 40, 25, 0, 225, 250,

P. A. O9Neil, J. Chem. Soc., Chem. Commun. 1993, 6082610.and 280°C showed no significant variation. 2 [2b] D. R. Armstrong, K. W. Henderson, M. MacGregor, R.
E. Mulvey, M. J. Ross, W. Clegg, P. A. O9Neil, J. Organomet.1-Lithioamido-3-(2-methylphenyl)isoquinoline2N,N,N9-trimeth-
Chem. 1995, 486, 79293.ylethylenediamine (1-Li·HTriMEDA): n-Butyllithium (1.88 ml, 1.6 [3] R. P. Davies, P. R. Raithby, G. P. Shields, R. Snaith, A. E. H.

 in hexanes, 3.0 mmol) was added to N,N,N9-trimethylethylenedia- Wheatley, Organometallics 1997, 16, 222322225.
[4] E. M. Kaiser, J. D. Petty, J. Organomet. Chem. 1976, 107,mine (0.38 ml, 3.0 mmol) in toluene (2 ml) at 278°C under nitro-

2192228.gen. After stirring for 15 min, o-methylbenzonitrile (0.36 ml, 3.0
[5] E. M. Kaiser, J. D. Petty, L. E. Solter, W. R. Thomas, Synthesismmol) was added and the resultant red solution was stirred for a 1974, 8052806.

further 15 min at 278°C. Warming to room temp. gave a yellow [6] For solid-state examples of primary amidolithium species see:
[6a] B. Cetinkaya, P. B. Hitchcock, M. F. Lappert, M. C. Misra, A.solution, to which hexane (1 ml) was added. Storage overnight at
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Treatment of (1S,2S)-C5H8(PH2)2 (1) with OC(OCCl3)2 gave (Me)Et-(S)]2 (5), P[2-OC10H6C10H6O-29-(R)] (6), P(NC4H8O-
(1S,2S)C5H8(PCl2)2 (2) as the first example of an optically cyclo)2 (7), P(C6H11-cyclo)2 (8)] by reactions with oxygen,
active bis(phosphonous dichloride). 2 was converted to nitrogen, and carbon nucleophiles.
(1S,2S)-C5H8(PX2)2 [PX2 = P(OMe)2 (3), P(OPh)2 (4), P[OCH-

The design of new chiral phosphanes for use in transition been studied thoroughly during the past decade[8]. We rea-
soned that triphosgene would also turn out useful as a syn-metal-based asymmetric catalysis continues to play an im-

portant role in synthetic organic and organometallic chem- thetic auxiliary in the conversion of the easily accessible
(1S,2S)-C5H8(PH2)2

[3] (1) to the more reactive and, hence,istry[2]. Our current research in this field has been focused
on the development of variable methods of synthesis for more versatile (1S,2S)-C5H8(PCl2)2 (2). Actually, bis(phos-

phonous dichloride) 2 formed smoothly when bis(primarychiral bidentate phosphorus ligands with electron-rich and/
or electron-poor donor atoms, starting from the resolved phosphane) 1 and OC(OCCl3)2 where combined in THF at

50°C in 3:4 stoichiometry, as required for the quantitativeenantiomers of chiral bis(primary phosphanes) [3] [4]. We her-
ein report the details of a synthetic procedure that allows transformation of the two 2PH2 groups into 2PCl2 func-

tions. This procedure provided solutions of 2 exhibiting nothe facile transformation of (1S,2S)-cyclopentane-1,2-diyl-
bisphosphane, (1S,2S)-C5H8(PH2)2

[3] (1), into its PCl2 ho- extraneous signals in their 31P-NMR spectra, from which
the pure product was isolated in 66% yield by vacuum distil-mologue (1S,2S)-C5H8(PCl2)2 (2) and present selected ex-

amples of how the optically pure multi-purpose P2Cl re- lation.
agent 2 is easily converted to the 1S,2S enantiomers of vari-
ous C5H8(PX2)2 ligands containing sterically and elec- Compound 2 represents the hitherto only example of an

optically active P2 ligand possessing reactive P2Cl bonds,tronically different P2C-, P2N-, or P2O-bonded
substituents X on phosphorus. opening up variable synthetic routes to a wide range of en-

antiomerically pure electron-rich and electron-poor P2C-,
Results P2N-, and P2O-bonded derivatives (1S,2S)-C5H8(PX2)2,

potentially useful as supporting ligands in asymmetric ca-Formerly, primary phosphanes RPH2 were reported to
talysis. So far, we have prepared bidentates of the formerproduce bis(phosphonous dichlorides) RPCl2 on treatment
type with PX2 5 P(OMe)2 (3), P(OPh)2 (4), P[OCH(Me)Et-with chlorine in inert halogenated solvents [5]. These results
(S)]2 (5), P[2-OC10H6C10H6O-29-(R)] (6), P(NC4H8O-could not be reproduced, however, in later work where it
cyclo)2 (7), and P(C6H11-cyclo)2 (8) by conventional reac-was shown that both phosphonous and phosphinous chlo-
tions of 2 with mono- and difunctional alcohols, secondaryrides are more readily prepared from a primary or second-
amines, and Grignard reagents (Scheme 1). The ease of syn-ary phosphane by oxidizing the P2H bond with COCl2
thesis of ligands 328, starting from enantiopure 2, may be(“phosgene”) rather than with Cl2[6] [7]. Bis(trichloromethyl)
contrasted with, e. g., the previously described tedious prep-carbonate, OC(OCCl3)2 (“triphosgene”), has served as a
aration of 8, which involved oxidation of rac-convenient crystalline alternative to the highly toxic phos-
C5H8[P(C6H11-cyclo)2]2 to rac-C5H8[P(O)(C6H11-cyclo)2]2,gene in miscellaneous laboratory reactions and its use as an
followed by optical resolution of the P,P9-dioxide with (1)-electrophile, dehydrating agent, or specific oxidant in the
di-O-benzoyl tartaric acid and reduction of the resolved P5preparation of many classes of organic compounds has
O enantiomers in neat diphenylsilane at 150°C[9].

[e] Part VI: Ref. [1]
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Scheme 1 Experimental Section

All manipulations were performed under nitrogen using standard
Schlenk techniques. Solvents were distilled from the appropriate
drying agents prior to use. 2 NMR: Bruker DPX 300 (300.1 MHz
for 1H, 75.5 MHz for 13C, 121.5 MHz for 31P) at ambient tempera-
ture with TMS as internal or H3PO4 as external standard (down-
field positive). 2 Mass spectra: Jeol MS 700. 2 Optical rotation:
Schmidt & Haensch POLARTRONIC E.

CAUTION: Although at the time of writing this article no con-
clusive data on the toxicity of triphosgene were available to the
authors, the reagent should be handled using similar precautions
as for the more dangerous phosgene, even if OC(OCCl3)2 is safer
because of its lower vapor pressure and higher stability[8] [13].

(1S,2S)-C5H8(PCl2)2 (2): A solution of 23.7 g (80 mmol) of
OC(OCCl3)2 (Aldrich) in 250 ml of THF was added dropwise
within 2 h to a stirred solution of 8.1 g (60 mmol) of (1S,2S)-
C5H8(PH2)2

[3] in 400 ml of THF, heated to 50°C. The mixture was
stirred overnight at 50°C, solvent was then evaporated, and the
residue was distilled in the vacuum of an oil pump at 80 to 110°C
(pot temperature) to give 10.8 g (66%) of 2 as a colorless liquid. 2
1H NMR (C6D6): δ 5 1.25 [qui, 3J(H,H) 5 7.1 Hz; 2 H, CH2-4],
1.60 (m; 4 H, CH2-3,5), 2.36 (m; 2 H, CH-1,2). 2 13C{1H} NMR
(C6D6): δ 5 26.9 [t, 3J(P,C) 5 3.1 Hz; C-4], 29.6 [AXX9-d, 2J(P,C)
1 3J(P9,C) 5 14.5 Hz; C-3,5], 50.5 [dd, 1J(P,C) 5 51.8, 2J(P,C) 5

13.6 Hz; C-1,2]. 2 31P{13C} NMR (C6D6): δ 5 188.6 (s). 2 [α]
D

25 5 219.8 (neat).

(1S,2S)-C5H8{P[OCH(Me)Et-(S)]2}2 (5): At dry-ice tempera-
ture, a quantity of 1.95 g (7.1 mmol) of 2, dissolved in 20 ml of
diethyl ether, was added dropwise, within 30 min, to a stirred solu-
tion containing 2.65 ml (28.7 mmol) of (S)-(1)-butan-2-ol (Ald-
rich) and 4.0 ml (28.7 mmol) of triethylamine in 200 ml of diethyl
ether. Precipitation of [Et3NH]Cl occurred immediately to give a
pasty suspension which was diluted by adding additional quantities
of solvent in order to maintain stirring. After warming to room
temperature overnight, the mixture was filtered and evaporated toDiscussion
leave bis(phosphinite) 5 as an opaque oil. Occasionally, this mate-

The usefulness of the above procedures for the synthesis rial contained impurities which in view of their 31P{1H} NMR sig-
nals (δ ca. 40245) were strongly suspected to be onium salts, e.of optically active P2 ligands rests on the following fea-
g., [(1S,2S)-C5H8{P[OCHC(Me)Et-(S)]2}2Hn]Cln (n 5 1, 2). Thesetures[10]: First, the formation of bis(phosphonous dichlor-
could be removed quantitatively by stirring the crudes with excessides) or bis(phosphinous chlorides) by chlorination with tri-
sodium amide in toluene. Subsequent filtration and evaporation ofphosgene of bis(primary phosphanes) or bis(secondary
solvent afforded diastereomerically pure 5 as a colorless liquid (1.37phosphanes) can conceivably be performed with any other
g; 45%), spectroscopically free from contaminating admixtures. 2

suitable chiral H2P∩PH2 or H(R)P∩P(R)H precursor, as 13C{1H} NMR (C6D6): δ 5 9.9, 10.1 (both s; both CH2CH3, pair-
will be examplified elsewhere for the correspondent trans- wise diastereotopic), 22.0, 22.1 (both s; both CHCH3, pairwise dia-
formations of systems as different as C5H8[P(H)R]2[11] and stereotopic), 27.5 [m; (CH2)3], 31.6, 31.7 (both s; both CH2CH3,
Fe(C5H4PH2)2

[12]. Second, substitution reactions under- pairwise diastereotopic), 43.5 [dd, J(P,C) 5 10.8 and 18.0 Hz;
gone by P2Cl functional phosphorus(III) compounds upon PCH], 75.5, 76.6 [both AXX9-t, ΣJ(P,C) 5 16.5 Hz; both POCH,

pairwise diastereotopic]. 2 31P{1H} NMR (C6D6): δ 5 179.6 (s).treatment with carbon, nitrogen or oxygen nucleophiles are
2 MS (FD; toluene, 35 mA, 10 kV): m/z 5 423 [M1].among the most general and most easily accomplished

coupling methods in organic chemistry. Finally, the fact (1S,2S)-C5H8{P[2-OC10H6C10H6O-29-(R)]}2 (6) was obtained
analogously from 1.78 g (6.5 mmol) of 2 and 3.75 g (13.1 mmol)that it is possible to incorporate virtually any other P2O-,
of (R)-(1)-1,19-bi(2-naphthol) (Aldrich) in 200 ml of diethyl etherP2N-, or P2C-bonded residue R into chiral Cl2P∩PCl2 or
containing 3.68 ml (26.4 mmol) of added triethylamine; yield: 3.69Cl(R)P∩P(R)Cl frameworks makes it possible to utilize the
g (81%) of a yellow waxy solid. 2 13C{1H} NMR (CD2Cl2): δ 5method for the preparation of a wide range of optically
21.5 (s; CH2CH2CH2), 27.0 [AXX9-t, 2J(P,C) 1 3J(P9,C) 5 20.3active P2 ligands having fine-tunable and, perhaps, ration-
Hz; CH2CH2CH2], 41.9 [dd, 1J(P,C) 5 38.6, 2J(P,C) 5 17.9 Hz;

ally designed steric and electronic requirements.
PCH], 121.4, 122.2, 123.6, 124.7, 125.2, 125.6, 126.5, 126.9, 127.1,
128.5, 128.7, 129.3, 130.1, 130.8, 131.4, 131.7, 133.0, 133.2 (all s;Financial support from the Deutsche Forschungsgemeinschaft

(Bonn) and the Fonds der Chemischen Industrie (Frankfurt/Main) 18 anisochronous aromatic C), 149.5, 150.7 th d, 2J(P,C) 5 6.9 Hz;
both POC]. 2 31P{1H} NMR (C6D6): δ 5 203.5 (s). 2 MS (FD;is gratefully acknowledged. We are also indebted to Hoechst AG

(plant Vlissingen/NL) for a generous gift of P4. toluene, 35 mA, 10 kV): m/z 5 698 [M1].
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Hydrozirconation of propyne followed by treatment with three molar equivalents of tert-butyl isocyanide to give 16.
Complex 16 contains a five-membered carbocyclic ring,propynyllithium yields the (σ-propenyl)(σ-propynyl)zir-

conocene complex 11. Its treatment with the organometallic formed by carbon-carbon coupling of the former propenyl
and propynyl groups with the C;N–R reagent, to which aLewis acid B(C6F5)3 results in transfer of the σ-propynyl

group from zirconium to boron followed by insertion of the (η2-iminoacyl)(κ-tert-butyl isocyanide)zirconocene moiety is
attached. Complex 16 was characterized by an X-ray crystalalkynylborate triple bond into the zirconium carbon bond of

the remaining metallaallyl cation to furnish the zirconocene– structure analysis.
(µ-hydrocarbyl)borate betaine complex 14. This reacts with

Introduction

Allyl- and propargyl-conjugation effects are of great im-
portance in organic chemistry. They greatly influence the
chemistry of allylic and propargylic substrates due to the
thermodynamic stabilization of the respective cations, rad-
icals or anions. [1] Organometallic group 4 metallocene cat-
ions [RCp2Zr2R1] play a very important role as the active
species of the homogeneous metallocene Ziegler catalysts. [2]

It is therefore of interest to know about the electronic ef-
fects that influence and alter the properties of such cationic
organometallic systems, i.e. whether allylic [3] or propargylic
conjugation effects may lead to chemical consequences in
such cations. We have recently investigated two potential
synthetic entries into “metallapropargyl”-cation systems of metallocene (µ-hydrocarbyl)borate betaine 6 exhibits a un-

ique reactivity. It seems to be in an (endothermic) equilib-the type [RCp2Zr2C;C2R1]. [4] [5] Such species can be gen-
erated in situ, but they are extremely reactive. Their interest- rium with its isomer 7, formally obtained by an intramol-

ecular alkyne insertion reaction into the Zr2C(sp2) σ-bond,ing chemical behavior has led to the development of a vari-
ety of rather simple synthetic pathways to a number of no- from which the stable corresponding methylenecyclopro-

pene derivatives are obtained in high yield by treatmentvel organometallic frameworks. Here are two representative
examples: treatment of bis(propynyl)zirconocene (1) with with suitable insertion reagents, e.g. isonitriles (see Scheme

1). Subsequent hydrolysis of 8 led to interesting novel or-trityltetraphenylborate[6] generated the reactive intermedi-
ate [Cp2Zr2C;C2CH3

1] that instantaneously attacked an ganic three-membered ring systems.[5] [9]

It would be interesting to know whether this chemistryequivalent of the starting material 1 to form the CC-cou-
pled product 3 which contains a planar-tetracoordinate car- of conjugated metallocene cations could be extended from

metallapropargyl to metallaallyl systems.[3] Which of thebon atom (C3) at a bridgehead-position of the dimetal-
labicyclic framework.[3] two cations is preferrentially formed in a competitive situ-

ation? Do ring closure reactions of the 6 q 7 type requireWhen 1 is treated with the strong organometallic Lewis
acid tris(pentafluorophenyl)borane (4) [7] a propynyl anion the presence of two acetylide-derived building blocks (i.e.

to make cyclopropenylium product stabilization possible asequivalent is transferred[8] from zirconium to boron with
generation of a 1,1-bis(cyclopentadienyl)zircona-propargyl in 8) or would building blocks of lower unsaturation being

tolerable in the chemistry depicted in Scheme 1? To addresscation intermediate (5). This then inserts the alkynyl moiety
of the resulting anion to give the observed product 6. The these and related questions experimentally we have pre-
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Scheme 1 Complex 11 reacts instantaneously with B(C6F5)3 at

room temperature. A mixture of products is formed con-
taining a major component (14) that amounts to ca. 80%,
but this product has turned out not to be very stable. In the
course of several hours it decomposes unspecifically. There-
fore, the product 14 was not isolated but only characterized
spectroscopically from freshly prepared solutions (in
[D6]benzene, [D8]toluene, or [D5]bromobenzene). The
NMR spectra clearly showed that carbon-carbon coupling
of the two unsaturated σ-ligands at zirconium had occurred
under the influence of the borane Lewis acid. The product
exhibits the signals of a terminal trans-H3C62C5H5C4H
moiety [233 K, [D8]toluene: 1H NMR: δ 7.40, 5.78, 3J 5 16
Hz; 13C NMR: δ 158.8 (C4), 115.5 (C5)].

The C45C5 double bond is probably coordinated to the
electrophilic zirconium center, according to the correspond-
ing 13C-NMR chemical shifts and a comparison with typi-
cal reference data from the literature. [12a] Compound 14 at
233K in [D8]toluene at 564 MHz exhibits a set of 15 19F
NMR signals, which indicates hindered rotation about the
C(sp2)2B bonds. In addition, complex 14 exhibits a pair
of diastereotopic cyclopentadienyl ligands (1H-/13C-NMR
signals in [D8]toluene at 233 K: δ 5.16, 5.02/112.8, 111.0).

pared a “mixed” (σ-alkenyl)(σ-alkynyl)metallocene and in-
Raising the temperature results in a coalescence of the Cp-

vestigated its metallocene cation chemistry initiated by
signals [Tcoal (1H NMR, 600 MHz) 5 304 K], and a Gibbs

treatment with B(C6F5)3.
activation energy of ∆G°

isom (304 K) 5 15.5 ± 0.5 kcal
mol21 for the dynamic exchange process. [11] This NMR be-Results and Discussion
havior has precedence for substituted (1-butadienyl) ligand(σ-Propenyl)(σ-propynyl)zirconocene 11 was synthesized
systems bonded to a cationic Cp2M1 unit: we assume ain the following way. Propyne was hydrozirconated by treat-
weak π-interaction of the C45C5 double bond with the veryment with the oligomeric [Cp2Zr(H)Cl]n reagent 9 in tolu-
electrophilic group 4 metallocene unit in 14. [12] Confor-ene at ambient temperature[10] to give the (trans-1-propen-
mational equilibration of the helically arranged C4 unit inyl)zirconocene chloride complex 10 (74%). Subsequent
14 may then occur by reversible cleavage of this weak π-treatment with propynyllithium in toluene furnished 11 in
complexation similarly as it was previously observed in thegood yield (>90%). It shows the characteristic spectroscopic
structurally and chemically related betaine system 15 (seefeatures of the trans-1-metallated alkene (1H NMR: δ 6.98,
Scheme 3). [13] [14]

5.88, 3J 5 17.4 Hz; 13C NMR: δ 182.2 (C1); IR: ν̃ 5 1635
Scheme 3cm21) and of the σ-alkynyl unit [IR: ν̃ 5 2086 cm21; 13C

NMR: δ 129.1, 118.1 (C4;C5)].

Scheme 2

Complex 14 reacts readily with tert-butyl isocyanide (it
consumes three equivalents of this reagent) to give an inser-
tion/addition product 16, that was isolated in >80% yield as
a very pale yellow amorphous solid. Recrystallization from
chloroform by slow evaporation of the solvent eventually
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Figure 2. A view of the central atom framework of 16 with atomgave single crystals that were suited for an X-ray crystal

numbering scheme[a]
structure analysis (see Figures 1 and 2). An overall view of
the structure is given in Figure 1.

Figure 2 shows a projection of the central core of atoms
of the newly formed product. This reveals that two equiva-
lents of the isonitrile reagent were inserted. The first was
used to couple the alkenyl- and alkynyl-derived moieties of
the starting material together to form a five-membered car-
bocycle (C12C5). The carbon framework H3C62C25
C1[B]2C5H22C42C7H3 of the product 16 corresponds ex-
actly to the connectivity of the framework of its precursor
14, only that the number of hydrogen atoms at carbon cen-
ters C5 and C4 does not correspond with the starting mate-
rial.

Figure 1. A view of the molecular structure of 16

[a] Selected bond lengths [A
˚

] and angles [°]: Zr2C8 2.209(5),
Zr2N2 2.234(4), Zr2C11 2.338(7), C112N3 1.153(7), N32C12
1.477(8), N22C8 1.258(6), N22C10 1.498(6), C82C4 1.525(7),
B2C1 1.662(8), C12C2 1.346(7), C12C5 1.517(7), C22C3
1.500(7), C22C6 1.503(7), C32C4 1.545(7), C32N1 1.266(7),
N12C9 1.471(7), C42C5 1.548(7), C42C7 1.537(7); Zr2C82C4
148.8(4), Zr2C82N2 74.7(3), Zr2N22C8 72.4(3), Zr2N22C10Unfortunately, we could not find any intermediate along 148.5(3), Zr2C112N3 175.5(5), C112N32C12 175.8(7),

the reaction pathway. Therefore, a detailed mechanistic pic- C112Zr2N2 84.1(2), C112Zr2C8 117.0(2), N22Zr2C8 32.9(2),
C82N22C10 139.0(5), N22C82C4 136.4(5), C82C42C5ture of the 14R16 transformation must remain speculative
111.8(4), C82C42C3 115.0(4), C82C42C7 108.4(4), B2C12C2at this time. A possible pathway is formulated in Scheme 126.3(5), B2C12C5 122.4(5), C12C22C3 111.9(5), C12C22C6

4, starting with isonitrile insertion followed by electrophilic 123.1(5), C22C32C4 114.8(5), C22C32N1 140.1(5), C32C42C5
104.7(4), C32C42C7 106.6(4), C32N12C9 130.8(5), C52C42C7addition of the activated iminoacyl group at the C5C
110.2(4), C42C52C1 104.4(4); α(Zr,C8,N2)/(C1,C2,C3,C4,C5)

double bond to form the five-membered ring. We must as- 85.4.
sume a subsequent 1,2-hydride migration, potentially as-
sisted by zirconium2carbon σ-bond formation to form the
likely intermediate 19. This is then trapped by insertion of The complex framework of 16 corresponds to a zir-

conium2borate-betaine structure, which means that the zir-an additional tert-butyl isocyanide insertion into the Zr2C
σ-bond, followed by coordination of the third C;NR mol- conium center bears a partial positive charge. Its high elec-

trophilicity and coordinative unsaturation has led to theecule to give the observed stable reaction product. [15]

The X-ray crystal structure analysis of 16 shows the pres- complexation of the tert-butyl isocyanide ligand. In view
of the special stereoelectronic features of the group 4 bentence of the newly formed carbocyclic five-membered ring

system (C12C5) that contains the C12C2 double bond metallocene framework[16] it is likely that the metal2iso-
nitrile coordination is dominated by ligand to metal σ-do-[1.346(7) A

˚
] in conjugation to the ketimine functionality

[C32N1 1.266(7) A
˚

]. The bulky 2B(C6F5)3 substituent is nation of electrons, without a significant π-backbonding
contribution. This is confirmed by the bonding parametersattached to the sp2-carbon atom C1 [C12B 1.662(8) A

˚
].

Noteworthy is the presence of a η2-iminoacyl group at the of the ZrrC;NR unit of 16 and its spectroscopic proper-
ties. [17] The C;N bond length in the free isonitrile is 1.145group 4 bent metallocene unit. The corresponding Zr2C8

bond length is 2.209(5) A
˚

, the Zr2N2 distance is 2.234(4) A
˚

. The C112N3 distance of the coordinated tert-butyl iso-
nitrile ligand in 16 is only marginally elongated at 1.153(7)A

˚
. The angles inside the organometallic three-membered

ring system are small [C82Zr2N2 32.9(2)°, Zr2C82N2 A
˚

. The RN;CRZr unit is close to linear [angle
N32C112Zr 175.5(3)°], and the Zr2C11 distance is74.7(3)°, Zr2N22C8 72.4(3)°]. The C82N2 bond length is

1.258(6) A
˚

which is marginally shorter than the uncom- 2.338(7) A
˚

. Thus the Cp2Zr1rC;N2CMe3 unit in 16
shows very similar bonding features as found in the pureplexed N15C3 imino double bond at the adjacent five-

membered ring (see above). donor/acceptor adduct [Cp3ZrrC;N2CMe3
1] (20)
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Scheme 4 trogen atoms (major isomer 16a: δ 30.57, 26.61, 26.30;

minor isomer 16b: 30.66, 26.56, 25.58) or the narrowly
separated Cp signals at δ 105.23/103.87 (16a) and δ 105.28/
103.91 (16b). Two of the 1H-NMR Cp resonances of the
isomers are isochronous (δ 6.00), but the others are split
into a 70:30 intensity pair of signals at 5.80 (16a) and 5.82
(16b). Upon increasing the temperature, coalescence of the
two sets of spectra takes place to give an averaged single set
of signals corresponding to the equilibrated chiral isomers
(leading e.g. to a single pair of 1H-NMR signals of the dia-
stereotopic Cp-ligands at δ 5.94 and 5.75). From the tem-
perature dependent 1H NMR spectra the activation barrier
of the 16a q 16b isomerization reaction was determined
at ∆G°

isom (273 K) 5 14 ± 1 kcal mol21 using the DNMR5
dynamic NMR simulation program.[20]

It is very clear that the dynamic process monitored by
the temperature dependent 1H- and 13C-NMR spectra as
described above corresponds to the iminoacyl N-inside q

N-outside isomerization reaction and not from an equili-
bration process that solely involves the advent or disappear-
ance of a persistent propeller conformation at the
2B(C6F5)3 borate group attached at the sp2-C carbon atom
C1 of the five-membered ring system. We are quite sure

[Zr2C: 2.313(3) A
˚

, C2N 1.145(4) (identical with the un- about this interpretation since we were able to observe this
complexed ligand); angle Zr2C2N 178.4(2)°]. [18] The IR “freezing” of the chiral propeller-geometry at the boron
(C;NR) band of 16 is at ν̃ 5 2197 cm21 (20: 2209 cm21) center[5] independently by temperature dependent 19F-
which is above the free ligand value of ν̃ 5 2140 cm21 as ex- NMR spectroscopy (at 564 MHz). As expected for this
pected. [17] overall scenario we have observed a total of 30 19F-NMR

The η2-iminoacyl ligand and the isonitrile donor ligand resonances of the B(C6F5)3 residues at 233 K in [D8]THF,
are both oriented in the σ-ligand plane of the bent metallo- 15 arising from the major isomer 16a (70% intensity) [δ
cene group, as expected. Therefore, two isomeric arrange- 2128.4, 2130.2, 2130.7, 2133.3, 2134.8, 2135.6 (ortho),
ments of these ligands are possible, which are characterized 2164.6, 2165.3, 2165.6 (para), and 2167.4, 2168.3,
by central or lateral positioning of the iminoacyl nitrogen 2168.5, 2168.6, 2169.2, 2169.3 (meta)] and 15 of lower
atom, respectively. [19] In the crystal we have only found the intensity (30%) due to the minor isomer 16b [δ 2128.9,
N-inside isomer (16a). But an investigation of the system in 2130.5, 2131.2, 2133.2, 2133.9, 2135.3 (ortho), 2164.9,
solution has revealed the presence of the other, the N-out- 2165.2, 2165.9 (para), and 2167.6, 2167.8, 2168.7,
side isomer (16b) and shown that the two stereoisomers 16a 2169.2, 2169.7, 2169.9 (meta)]. Increasing the tempera-
and 16b are interconverted on the NMR time scale. ture results in massive line broadening which is first due

to giving the (sp2-C)2B rotation free and thus leading to
individual equilibration of the six 2o-F, three 2p-F, and six
2m-F signals for each of the isomers 2 which gives rise to
the observation of a set of two ortho-F, two meta-F and two
para-F resonances, each in a ca. 70:30 ratio. Raising the
temperature further eventually leads to rapid 16a q 16b
equilibration also on the 19F-NMR time scale and thus
gives rise to a very simple limiting high temperature spec-
trum showing only three remaining lines corresponding to
the o-, m-, and p-F substituents at the B(C6F5)3 unit under
rapidly equilibrating conditions.

Conclusions

In principle, the reaction of the (σ-propenyl)(σ-propyn-In [D8]THF solution complex 16 exhibits two complete
sets of 1H- and 13C-NMR signals at 213 K in a ratio of yl)zirconocene complex 11 with the strong organometallic

Lewis acid B(C6F5)3 proceeds very similar to the reaction70:30 which correspond to the two isomers 16a and 16b.
The chemical shifts of the sets of signals are mostly very of bis(σ-propynyl)ZrCp2 with tris(pentafluorophenyl)bor-

ane. [5] [9] The propynyl ligand is transferred, followed by ansimilar, some of them are overlapping. The presence of the
two isomers can clearly be monitored e.g. by observing six insertion reaction with carbon-carbon coupling to give the

group 4 metallocene2(µ-hydrocarbyl)borate betaine com-13C NMR signals of the 2C(CH3)3 substituents at the ni-
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yellow solid, m. p. 78°C (decomp.). 2 1H NMR ([D6]benzene): δplex 14. The reaction of 11 with B(C6F5)3 proceeds rather
6.88 (dq, 3J 5 17.2 Hz, 4J 5 1.5 Hz, 1 H, Zr-C1H5), 5.89 (dq,selectively. Within the limits of detection it is the σ-propynyl
3J 5 17.2 Hz, 6.0 Hz, 1 H, 5C2H-), 5.81 (s, 10 H, Cp), 1.79 (dd,group that is transferred. The σ-propenyl ligand remains
3J 5 6.0 Hz, 4J 5 1.5 Hz, 3 H, CH3). 2 13C NMR (CDCl3): δbonded to zirconium in the first step, it is only used sub-
177.2 (C1), 138.6 (C2), 112.8 (Cp), 23.8 (CH3).sequently as a reactive reagent in the insertion reaction.

This pronounced selectivity might indicate an increased Preparation of (1-Propenyl)(1-propynyl)zirconocene (11): (Pro-
penyl)zirconocene chloride 10 (1.00 g, 3.47 mmol) and propynylli-thermochemical stabilization of the 1,1-bis(cyclopen-
thium (165 mg, 3.59 mmol) were mixed as solids. At 278°C 10 mltadienyl) “zircona-allyl” cation over the corresponding “zir-
of cold toluene was added with stirring. The cooling bath was re-cona-propargyl” cation system, but this experimental result
moved after 1 h and the mixture allowed to warm to room tempera-could also merely reflect the higher mobility of the σ-propy-
ture. After stirring overnight a lithium chloride precipitate was re-nyl group in the transfer step. In any case the resulting “zir-
moved by filtration and the solvent evaporated in vacuo from the

cona-allyl” cation complex is extremely unstable and rap- filtrate. The oily residue was solidified by treatment with pentane
idly reacts with the in situ generated alkynyl-functionalized (12 h stirring) and the product dried in vacuo to yield 956 mg (91%)
borate anion by insertion to yield the metallocene2betaine of 11, m.p. 129°C (decomp.). 2 1H NMR ([D6]benzene): δ 6.98
complex 14. We conclude that metalla-allyl type reagents (dq, 3J 5 17.4 Hz, 4J 5 1.2 Hz, 1 H, Zr-CH5), 5.95 (s, 10 H, Cp),

5.88 (dq, 3J 5 17.4 Hz, 5.8 Hz, 1 H, 5CH-), 1.78 (s, 3 H, C5C-can readily be generated by the synthetic route applied in
CH3), 1.77 (dd, 3J 5 5.8 Hz, 4J 5 1.2 Hz, 3 H, 5CH-CH3). 2 13Cthis study, but we must note that such systems seem to be
NMR ([D6]benzene): δ 182.2 (Zr-CH5), 135.6 (5CH-), 110.6 (Cp),very reactive. If there should be any thermodynamic stabili-
129.1, 118.1 (-C5C-), 23.9 (5CH-CH3), 5.90 (5C-CH3). 2 IRzation at all it is certainly overruled by a very high kinetic
(KBr): ν̃ 5 2086 (C5C), 1635 (C5C). 2 C16H18Zr (301.5): Creactivity of this organometallic cationic system.
63.67, H 5.97; found: C 62.68, H 5.49%.The reaction of 14 with tert-butyl isocyanide yields the

product 16 which is very interesting in view of its specific Reaction of 11 with B(C6F5)3: Generation of 14: 5 mg (16.6 µmol)
of 11 and 8.5 mg (16.6 µmol) of B(C6F5)3 were mixed as solids. 0.5bonding features that are derived from the dipolar (i.e. beta-
ml of the respective deuterated solvent (see below) was added andine) structure of this metal complex. The connection of the
the clear orange colored solution characterized spectroscopically.borate anion part [R2B(C6F5)3

2] with the Cp2Zr(η2-im-
The solutions were not stable for prolonged periods of time. Theyinoacyl) group by means of the bridging carbocyclic frame-
turned brownish and a dark colored oil precipitated. Spectroscopicwork in fact creates a situation where the zirconocene unit
characterization of 14: 1H NMR ([D8]toluene, 600 MHz, 233 K):

effectively behaves like a metallocene cation that is com- δ 7.40 (d, 3J 5 16.2 Hz, 1 H, 4-H), 5.78 (br. s, 1 H, 5-H), 5.16 (s,
pletely separated from its anion.[21] This shows up in its 5 H, Cp), 5.02 (s, 5 H, Cp), 1.86 (s, 3-H, 2-CH3), 0.80 (d, 3J 5 6.0
property to serve as an organometallic Lewis acid strongly Hz, 3 H, 5-CH3). 2 13C NMR ([D8]toluene, 150 MHz, 233 K): δ
coordinating an isonitrile donor ligand. The structural and 158.8 (C4), 149.3 [1JCF 5 253 Hz, o-B(C6F5)3], 115.5 (C5), 112.8

(Cp), 111.0 (Cp), 26.9 (2-CH3), 19.1 (5-CH3) [C2, C3, m-, p-, andspectroscopic features of the resulting local [Cp2Zr-
ipso-C of B(C6F5)3 not observed]; the spectral assignment was se-(R9)rC;NR1] moiety are as expected for an (isonitrile)-
cured by GCOSY, GHSQC, and GHMBC-NMR experiments[22].zirconocene cation donor-acceptor adduct. This provides
2 11B NMR ([D6]benzene): δ 213.2. 2 19F NMR ([D8]toluene,additional evidence that a variety of group 4 metallo-
233K, 564 MHz): δ 2128.7, 2129.2, 2129.8, 2133.3, 2133.8,cene2(µ-organyl)borate betaines are very suited organome-
2138.2 (o-), 2160 to 2164 (p-), 2164.5, 2164.7, 2165.7, 2167.0,tallic molecules to detect, study, and eventually use a typical
2167.3, 2168.3 [m-B(C6F5)3]. From the temperature-dependent

metallocene cation reactivity in an overall neutral molecule. dynamic NMR spectra (1H-NMR coalescence of the Cp-signals) a
Financial support from the Fonds der Chemischen Industrie, the Gibbs activation energy of the enantiomerization process of 14 was

Bundesminister für Bildung, Wissenschaft, Forschung und Technolo- derived at ∆G°
enant (Tc 5 304 K) 5 15.5 ± 0.5 kcal mol21 (∆ν 5

gie (BMBF), the Deutsche Forschungsgemeinschaft, and the Mini- 20.6 Hz, in [D8]toluene) using the Gutowsky-Holm approxi-
sterium für Wissenschaft und Forschung des Landes Nordrhein- mation.[11]

Westfalen is gratefully acknowledged.
Reaction of 14 with tert-Butyl Isocyanide: Preparation of 16: The

betaine 14 was generated in situ by treatment of 200 mg (0.66Experimental Section
mmol) of 11 with 340 mg (0.66 mmol) of B(C6F5)3 in 8 ml of tolu-

All reactions were carried out in an inert atmosphere (argon) ene at 278°C. The mixture was stirred for 30 min at 278°C and
using Schlenk-type glassware or in a glovebox. Solvents, including then allowed to warm to 0°C during 1 h. 1 ml of tert-butyl isocyan-
deuterated solvents, were dried and distilled under argon prior to ide was added to the orange colored turbid solution. The reaction
use. For additional general information, including a list of spec- mixture was stirred overnight at ambient temperature. Volatiles
trometers used, see ref. [5] and ref. [9]. The reagents (hydrido)zircono- were removed in vacuo and the residue washed twice with 5 ml of
cene chloride[10] and tris(pentafluorophenyl)borane[7] were pre- pentane. The resulting solid was dissolved in 5 ml of dichlorometh-
pared according to literature procedures. ane and the product precipitated by the addition of 10 ml of pen-

tane, collected by filtration and dried in vacuo; yield of 16 527 mgPreparation of (1-Propenyl)zirconocene Chloride (10): (Hydrido)-
zirconocene chloride (1.10 g, 4.32 mmol) was suspended in 10 ml (81%). Single crystals of 16 suited for the X-ray crystal structure

analysis were obtained from CDCl3 by a slow evaporation of theof toluene. The Schlenk flask was evacuated and filled with pro-
pyne. The mixture was stirred and additional propyne was entered solvent. Characterization of 16: m.p. 141°C (decomp.). In solution

two isomers 16a and 16b were detected in a 70:30 ratio. 2 1H NMRinto the gasphase in ca. 20 min intervals. A clear solution was ob-
tained after ca. 4 h. Solvent was removed in vacuo and the residue ([D8]THF, 600 MHz, 213 K) major isomer (16a): δ 6.00 (s, 5 H,

Cp), 5.80 (s, 5 H, Cp), 2.75, 2.68 (AB, 2J 5 16 Hz, each 1 H, 5-H,stirred with pentane (3 3) to give 950 mg (74%) of 10 as a pale
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D. Fischer, R. Mülhaupt, B. Rieger, R. Waymouth, Angew.5-H9), 1.86 (s, 3 H, 4-CH3), 1.65 (s, 3 H, 2-CH3), 1.75, 1.35, 1.30
Chem. 1995, 107, 1255; Angew. Chem., Int. Ed. Engl. 1995, 34,[s, each 9 H, C(CH3)3]; minor isomer (16b): δ 6.00 (s, 5 H, Cp), 1143; M. Bochmann, J. Chem. Soc., Dalton Trans. 1996, 255

5.82 (s, 5 H, Cp), 2.78, 2.36 (AB, 2J 5 16 Hz, each 1 H, 5-H, 5- and references cited in these articles.
H9), 1.92 (s, 3 H, 4-CH3), 1.88 (s, 3 H, 2-CH3), 1.72, 1.30, 1.02 [s, [3] J. J. Eisch, A. M. Piotrowski, S. K. Brownstein, E. J. Gabe, F.

L. Lee, J. Am. Chem. Soc. 1985, 107, 7219; C. McDade, J. E.each 9 H, C(CH3)3]. 2 13C NMR ([D8]THF, 150 MHz, 213 K)
Bercaw, J. Organomet. Chem. 1985, 279, 281. A. D. Horton, A.major isomer (16a): δ 230.0 (Zr-C5N), 179.4 (C3), 147.8 (ZrrC; G. Orpen, Organometallics 1991, 10, 3910; Organometallics

NR), 146.2 (1JCF 5 246 Hz), 136.6 (1JCF 5 240 Hz), and 135.0 1992, 11, 8; A. S. Guram, Z. Guo, R. F. Jordan, J. Am. Chem.
[1JCF 5 254 Hz, o-, p-, m-B(C6F5)3], 133.2 (C2), 122 [ipso-C of Soc. 1993, 115, 4902; A. S. Guram, R. F. Jordan, D. F. Taylor,

J. Am. Chem. Soc. 1991, 113, 1833; R. Beckhaus, J. Sang, T.B(C6F5)3 ], 105.23 and 103.87 (Cp), 58.8, 58.1, and 51.9 (ipso-C of
Wagner, B. Ganter, Organometallics 1996, 15, 1176.tert-butyl), 55.1 (C4), 48.9 (C5), 28.1 (4-CH3), 30.57, 26.61, and [4] W. Ahlers, B. Temme, G. Erker, R. Fröhlich, F. Zippel, Or-

26.30 [C(CH3)3], 16.6 (2-CH3), C1 not observed; minor isomer ganometallics 1997, 16, 1440.
(16b): δ 230.0 (Zr-C5N), 179.4 (C3), 147.3 (ZrrC;NR), 146.2 [5] B. Temme, G. Erker, R. Fröhlich, M. Grehl, Angew. Chem.

1994, 106, 1570, Angew. Chem. Int. Ed. Engl. 1994, 33, 1480; B.(1JCF 5 246 Hz), 136.6 (1JCF 5 254 Hz), and 135.0 [1JCF 5 240
Temme, G. Erker, R. Fröhlich, M. Grehl, J. Chem. Soc., Chem.Hz, o-, p-, m-B(C6F5)3], 132.6 (C2), 122 [ipso-C of B(C6F5)3],
Commun. 1994, 1713; W. Ahlers, B. Temme, G. Erker, R.

105.28 and 103.91 (Cp), 58.3, 52.00 (ipso-C of tert-butyl, 1 signal Fröhlich, T. Fox, J. Organomet. Chem. 1997, 527, 191.
not observed), 54.2 (C4), 48.3 (C5), 30.66, 26.56, and 25.58 [6] J. C. W. Chien, W.-M. Tsai, M. D. Rausch, J. Am. Chem. Soc.

1991, 113, 8570.[C(CH3)3], 29.4 (4-CH3), 16.2 (2-CH3), C1 not observed. 2 These
[7] A. G. Massey, A. J. Park, F. G. A. Stone, Proceedings Chem.assignments were supported by the results of GCOSY, GHSQC

Soc. 1963, 212; A. G. Massey, A. J. Park, J. Organomet. Chem.and GHMBC NOE-difference, and ROESY NMR experiments[22]. 1964, 2, 245; A. G. Massey, A. J. Park, Organometallic Synthesis
2 11B NMR (CDCl3): δ 215.1. 2 19F NMR ([D8]THF, 564 MHz, (Eds.: R. B. King, J. J. Eisch), Elsevier, New York, 1986, Vol. 3,

p. 461.233 K) major isomer (16a): δ 2128.4, 2130.2, 2130.7, 2133.3,
[8] X. Yang, C. L. Stern, T. J. Marks, J. Am. Chem. Soc. 1994,2134.8, 2135.6 (ortho-), 2164.6, 2165.3, 2165.6 (para-), 2167.4,

116, 10015.168.3, 2168.5, 2168.6, 2169.2, 2169.3 [meta-B(C6F5)3]; minor [9] G. Erker, W. Ahlers, R. Fröhlich, J. Am. Chem. Soc. 1995, 117,
isomer (16b): δ 2128.9, 2130.5, 2131.2, 2133.2, 2133.9, 2135.3 5853; W. Ahlers, G. Erker, R. Fröhlich, F. Zippel, Chem. Ber.
(ortho-), 2164.9, 2165.2, 2165.9 (para-), 2167.6, 2167.8, 2169.2, 1997, 130, 1079.

[10] P. C. Wailes, H. Weigold, A. P. Bell, J. Organomet. Chem. 1971,2169.7, 2169.9 [meta-B(C6F5)3]. IR (KBr): ν̃ 5 2197 (N;CR),
27, 373; J. Schwartz, Pure Appl. Chem. 1980, 52, 733; J. Jubb,1611 (C5C). 2 UV/Vis (dichloromethane): λmax 5 306 nm (ε 5 J. Song, D. Richeson, S. Gambarotta, Comprehensive Or-

34500), 254 (ε 5 36000), 233 (ε 5 21700). 2 C49H45BF15N3Zr ganometallic Chemistry, (Eds.: E. W. Abel, F. G. A. Stone, G.
(1062.9): C 55.37, H 4.27, N 3.97; found: C 55.41, H 4.50, N 4.26%. Wilkinson), Pergamon, New York, 1995, Vol. 4, p.5562572.

[11] H. S. Gutowsky, C. H. Holm, Chem. Phys. 1956, 25, 1228; M.
X-ray Crystal Structure Analysis of 16: Formula L. H. Green, L.-L. Wong, A. Sella, Organometallics 1992, 11,

2660, and references cited therein.C49H45BF15N3Zr ·1.5 CHCl3, M 5 1241.96, 0.30 3 0.20 3 0.10
[12] [12a] Z. Wu, R. F. Jordan, J. L. Petersen, J. Am. Chem. Soc.mm, a 5 12.105(1), b 5 13.146(1), c 5 17.167(1) A

˚
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Reaction of Ni(COD)2 (COD = 1,5-cyclooctadiene) with two are more prone to oxidative addition than the Sn–Me groups.
When Ni(COD)2 is treated with one equivalent ofequivalents of Ph2PCH2CH2SnPh3 or of (Ph3P)2Pt(C2H4) with

two equivalents of Ph2PCH2CH2SnR3 (R = Ph, Me, Bu) results Ph2PCH2CH2SnPh3 and PR’3 (PCy3 or PMe2Ph) each, the
complexes (R’3P)M(PPh2CH2CH2SnPh2)(Ph)(M–Sn) arein the immediate formation of the complexes

(R3SnCH2CH2Ph2P)M[PPh2CH2CH2SnPh2(M–Sn)](R) (M = formed. Heating of (Ph3SnCH2CH2Ph2P)Ni[PPh2-
CH2CH2SnPh2(Ni–Sn)](Ph) to 70 °C induces the oxidativeNi, Pt) with a cis arrangement of the two phosphorus atoms.

The structure of (Me3SnCH2CH2Ph2P)Pt[PPh2CH2- addition of a Sn–Ph group of the dangling ligand, and cis-
Ni[PPh2CH2CH2SnPh2(Ni–Sn)]2 is obtained. The sameCH2SnMe2(Pt–Sn)](Me) was confirmed by an X-ray structure

analysis. In the presence of PPh3, this complex shows complex is formed upon reaction of Ni(COD)2 with
Ph2PCH2CH2SnPh2H. Reaction of Ni(COD)2 withdynamic behavior in solution due to Ph2PCH2CH2SnMe3/

PPh3 exchange. When the phosphanylalkylstannanes Ph2PCH2CH2SnMe3 results in the immediate formation of
trans-Ni[(PPh2CH2CH2SnMe2(Ni–Sn)]2.Ph2PCH2CH2SnPh3–xMex (x = 1, 2) are employed in the

reaction with Ni(COD)2 or (Ph3P)2Pt(C2H4), the Sn–Ph groups

Results and DiscussionContrary to Sn2H bonds that readily add to a variety
of transition-metal complex fragments, [2] there are only few When Ni(COD)2 (COD 5 1,5-cyclooctadiene) was
examples for the oxidative addition of non-activated Sn2C treated with two equivalents of Ph2PCH2CH2SnPh3 in
bonds. For example, SnPh4 only adds to electron-rich frag- THF, the color of the yellow solution changed to deep or-
ments such as (Ph3P)2Pt to give (Ph3P)2Pt(SnR3)(Ph). [3] [4] [5]

ange, and a broad signal in the 31P-NMR spectrum at δ ø
Sn2Me bonds are even less reactive than Sn2Ph bonds. [6]

28 indicated the immediate formation of phosphanenickel
The weaker Sn2C bonds in alkynylstannanes also add to complexes. Additional stirring for 2.5 h resulted in the al-
less electron-rich metal centers. [7] [8]

most quantitative formation of the oxidative addition prod-
One of the possibilities to promote oxidative addition re- uct 1 (Eq. 1) according to the 31P-NMR spectrum.

actions is “chelate assistance”, introduced by Stobart et al.
for phosphanylalkylsilyl ligands with Si2H bonds. [9] We
previously used this option to add Sn2C bonds to electron-
rich Pd and Pt fragments[10] as well as to the less reactive
Fe(CO)4 fragment, [11] using ligands of the type
Ph2P(CH2)nSnR3. Richmond et. al. observed reversible
Sn2Ph addition in the reaction of a SnPh3-substituted
ethylenediamine derivative with W(CO)3(CH3CN)3. [12] The
concept was also extended to Si2Si and Si2Sn bonds. [13] [14]

In the present paper, we first describe the reaction of
We were not able to separate traces ofNi(COD)2 with Ph2PCH2CH2SnR3. The results led us to

Ph2P(O)CH2CH2SnPh3 and unreacted Ph2PCH2CH2-re-examine some of our experiments with Pt compounds
SnPh3. However, the structure of the complex was un-and to correct some of our previous results. [10]

equivocally confirmed by multinuclear NMR spectroscopy.
The spectra are discussed in detail in the following para-
graph because they are representative for most of the com-

[e] Part 11: Ref. [1]. plexes reported in this paper.
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The 31P{1H}-NMR spectrum of 1 showed the expected

two doublet signals of an AB system. The resonance at δ 5
58.3 is attributed to the phosphorus atom in a five-mem-
bered ring because of the significant downfield shift of ca.
32 ppm relative to the resonance of the other phosphorus
nucleus at δ 5 26.1. This downfield shift is a well-known
phenomenon upon chelation, [15] and was also observed in
the related Pt complexes Pt[Ph2PCH2CH2SiR2(Pt2Si)]2 [9]

and (Ph3P)Pt(Ph2PCH2CH2SiR2)(SiR3)(Pt2Si). [13] The
2JPNiP coupling constant of 6.1 Hz proved the cis dispo-
sition of the phosphorus nuclei. The J117/119SnP coupling formed in 90% yield (31P NMR) together with 1 and a

small amount of PhP(O)Me2 as by-products.constant of 219.8 Hz between the Sn and P nucleus at δ 5
58.3 of the chelate ring is typical for the cis position of both Unfortunately, 2 was even more difficult to purify than

1. The reaction of PCy3 resulted in almost quantitative for-nuclei. On the other hand, the signal at δ 5 26.1 showed
the typical trans-2JSnNiP (117Sn: 1065.9 Hz; 119Sn: 1109.3 mation of (Cy3P)Ni(Ph2PCH2CH2SnPh2)(Ph)(Ni2Sn) (3)

(31P-NMR). It was possible to isolate the complex analyti-Hz) and an additional set of Sn satellites attributed to the
3J117/119SnCCP coupling within the dangling ligand. The cally pure as a yellow-brown powder by column chromatog-

raphy. Contrary to 1, it was even possible to assign the res-NMR data confirm the trans position of the non-chelated
ligand and the metal-bonded tin atom. The 119Sn-NMR onance for the ipso-carbon atom of the metal-bonded

phenyl group. It appears at δ 5 155.6 (dd) with two 2JPNiCspectrum corroborates the assignment of the phosphorus
resonances by showing a doublet of doublets at δ 5 23.6 couplings of 59.2 and 7.9 Hz due to the trans- and cis-phos-

phorus nuclei. These values are in good agreement withfor the tin atom bound to nickel, with trans 2J119SnNiP of
1116.9 Hz and JSnP of 223 Hz. This resonance is distinctly those found for the ipso-carbon atom in (Me3P)2-

Ni[CH2C(CH3)2C6H4(Ni2C)] (δ 5 171.1, trans-2JPNiC 5shifted downfield by ca. 120 ppm relative to the resonance
at δ 5 297.6 for the non-coordinated SnPh3 group. This 79 Hz). [16]

In the reaction with Ph2PCH2CH2SnPh3, nickel re-resonance appears as a doublet with the appropriate
3J119SnCCP of 183.8 Hz. sembles platinum and does not parallel the reactivity pat-

tern of palladium that formed the product of a double oxi-The 1H-NMR spectrum lacked essential structural in-
formation because the methylene proton signals appear as dative SnPh addition and consecutive reductive biphenyl

elimination, trans-Pd[Ph2PCH2CH2SnPh2(Pd2Sn)]2. [10]complex multiplets superimposing each other (see Exper-
imental Section). The only interesting feature is the reso- Therefore, the possibility to induce a second SnPh oxidative

addition was probed. Crude 1 was dissolved in toluene andance of the protons of the Ni-bonded phenyl group. Their
multiplet was significantly shifted to higher field (δ 5 heated to about 70°C for 9 h. Monitoring the reaction by

31P-NMR spectroscopy showed a new singlet resonance at6.7527.05), compared to the other phenyl resonances.
This highfield shift seems to be a typical phenomenon for δ 5 63.3 with a double set of tin satellites. The coupling

constants of 930.1 Hz (119Sn), 891.0 Hz (117Sn), and 161.1complexes of this kind because it is also reported for (CO)3-
Fe(Ph2PCH2CH2SnPh2)(Ph)(Fe2Sn) [11] and (Ph3P)Pt- Hz (119/117Sn) are in the typical range for a trans- and a cis-

tin nucleus relative to the phosphorus atoms, thus excluding(Ph2PCH2CH2SnPh2)(Ph)(Pt2Sn). [10] The 13C-NMR
spectrum confirms that there are two different phosphanyl- trans-Ni[Ph2PCH2CH2SnPh2(Ni2Sn)]2.

The singlet resonance in the 31P-NMR spectrum is duealkylstannane units in the molecule because of two sepa-
rate resonances for the SnCH2 and the PCH2 group. While to two equivalent phosphorus nuclei in molecules where

both tin atoms are 118Sn isotopes. A doublet-of-doublet res-the resonances for the methylene carbon atoms of the dan-
gling ligand appear as doublets due to the coupling with onance at δ 5 56.8 was observed (trans-J119SnP 5 933.3 and

cis-J119SnP 5 164.0 Hz) in the 119Sn-NMR spectrum. Eventhe phosphorus atom within the ligand, the resonances of
the CH2 groups of the chelating ligand appear as doublet if one takes into account that the values given for the coup-

lings are based on a first-order interpretation of the spectraof doublets because of the additional coupling with the
other phosphorus nucleus. This observation seems reason- because the resolution was too poor to observe all coup-

lings needed for a interpretation as an ABXY spin system,able if one takes into account that in this case the second
phosphorus atom is in a kind of transoid position with the data clearly indicate the formation of the cis product 4

resulting from the oxidative addition of a second Sn2Phrespect to the carbon nuclei while in the first case the sec-
ond phosphorus nucleus is cisoid. In the very complex bond (Eq. 3). Unfortunately, the course of the reaction was

not completely straightforward because some decompo-range of the phenyl carbon signals no assignment for the
ipso-carbon atom of the metal-bonded phenyl group was sition occurred, and the resulting product still contained

small amounts of 1 besides the impurities present in thepossible.
Since the second Ph2PCH2CH2SnPh3 in 1 just acts as a starting complex.

We therefore prepared 4 independently from Ni(COD)2monodentate ligand, we also treated Ni(COD)2 with a 1:1
mixture of Ph2PCH2CH2SnPh3 and PPhMe2 or PCy3 (Eq. with two equivalents of Ph2PCH2CH2SnPh2H, utilizing the

fact that Sn2H bonds are more prone to oxidative addition2). (PhMe2P)Ni(Ph2PCH2CH2SnPh2)(Ph)(Ni2Sn) (2) was
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than Sn2C bonds. On addition of the phosphanylalkylstan- phosphorus atoms in molecules with a 118Sn and a 119Sn

nucleus. The triplet pattern is caused by the fact that 2JSnNiPnane at room temperature, the color of the solution
changed immediately, and gas evolution was observed after and the “mixed” 2JSnNiP/3JSnCCP coupling constant have ap-

proximately the same value. Thus, in the case ofa short period. The yellow oil resulting after work-up
showed the same resonances in the 31P- and 119Sn-NMR Ph2PCH2CH2SnMe3, the outcome of the reaction of

Ni(COD)2 parallels that of Pd.spectra as were observed in the thermal reaction of 1. This
proves that for SnH the second oxidative addition is facili- Comparing the higher reactivity of Sn2Ph bonds with

that of Sn2Me it is somewhat surprising that elevated tem-tated, as expected (Eq. 3).
peratures are needed to induce oxidative addition of a sec-
ond Sn2Ph bond while the addition of a second Sn2Me
bond takes place at room temperature. This may have steric
reasons. Steric effects may also be responsible for the for-
mation of different isomers in both reactions. In the reac-
tion of the SnPh3 derivative, the stereochemical outcome
of the reaction is probably controlled by electronic reasons
because all atoms bonded to the Ni center are equally sub-
stituted by phenyl groups. Contrary to that, steric factors
may dominate in the reaction of the trimethylstannyl de-
rivative, leading to the trans arrangement that minimizes
the steric repulsion between the bulkier phosphane sub-
stituents.

The ligand Ph2PCH2CH2SnPh2Me offers the possibility
of either Sn2Ph or Sn2Me addition. Unfortunately, theIn the reaction of Pd(PPh3)4 with either
reaction carried out as before was not straightforward.Ph2PCH2CH2SnPh3 or Ph2PCH2CH2SnMe3, the trans
Nevertheless, the evolution of small amounts of gas wascomplexes Pd[PPh2CH2CH2SnR(Pd2Sn)]2 were formed.[10]

observed during the reaction. The 31P-NMR spectrum ofBecause of the somewhat surprising formation of the cis
the residue after work-up showed two characteristic doubletproduct 4 from 1 at elevated temperatures the question
resonances at δ 5 57.9 and 25.3 (2JPNiP 5 6.1 Hz) for thearises which isomer is obtained when Ph2PCH2CH2SnMe3
main product. The reasonably close agreement of the NMRis treated with Ni(COD)2 (Eq. 4).
data with those of 1 (δ 5 58.3, 26.1; 2JPNiP 5 6.1 Hz) sug-
gested that (MePh2SnCH2CH2Ph2P)Ni[(PPh2CH2CH2-
SnPhMe)(Ni2Sn)](Ph) with a dangling phosphanylalkyl-
stannane ligand is the main product. The tin satellites at
the downfield signal with JSnP 5 213 Hz supported this
interpretation. However, due to the poor resolution of the
spectrum no tin satellites at the highfield signal were ob-
served. A compound with a singlet resonance at δ 5 42.5
was formed as a minor product. No tin satellites were re-
solved at this signal, but it can be supposed that due toThe 31P-NMR spectrum of the residue obtained after re-

moval of all volatiles showed two resonances. The one at the chemical shift and the gas evolution observed during
reaction, trans-Ni[Ph2PCH2CH2SnPh2(Ni2Sn)]2 may beδ 5 30.6 with an Sn coupling of 149 Hz was assigned to

Ph2P(O)CH2CH2SnMe3 as shown by the 31P-NMR spec- the by-product.
The somewhat different results for the oxidative additiontrum of a sample of Ph2P(O)CH2CH2SnMe3, independ-

ently prepared by oxidation of the phosphane with H2O2. of Sn2C bonds to Ni0 compared to Pd0 and the fact that
we had found complexes of the type (R3Si-Despite of the fact that all solvents were thoroughly dried

and degassed, and air was excluded as far as possible by SiR2CH2CH2Ph2P)Pt[PPh2CH2CH2SiR2(Pt2Si)](SiR3) in
our previous investigations on chelate-assisted Si2Si oxi-standard Schlenk techniques, it was impossible to suppress

the formation of phosphane oxides completely. The fact dative addition to (Ph3P)2Pt(C2H4), we re-checked the
experiments on the Sn2C addition of phosphanylalkylstan-that Ni0 complexes, that are intermediates in the reactions,

are very good catalysts in the phosphane oxidation by oxy- nanes to Pt0 published by us some years ago.[10] First, we
treated (Ph3P)2Pt(C2H4) with two molar equivalents ofgen may be the reason that even very small traces of air led

to significant phosphane oxidation. The singlet resonance Ph2PCH2CH2SnPh3 according to the published procedure
and observed almost quantitative formation of a complexat δ 5 41.5 was assigned to trans-Ni[Ph2PCH2-

CH2SnMe2(Ni2Sn)]2 because of the typical cis coupling to with the 31P-NMR data in good agreement with those
previously assigned to (Ph3P)Pt[Ph2PCH2CH2SnPh2-117/119Sn of 137.9 Hz and the equivalence of the two phos-

phorus nuclei (if both are 118Sn). The trans conformation (Pt2Sn)](Ph) as product of this reaction. However, on scrut-
inizing the better data obtained now, we have to correctwas confirmed by the virtual triplet observed in the 119Sn

spectrum at δ 5 5.9 due to the inequivalence of the two the assignment. Instead of the PPh3 derivative, the complex
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(Ph3SnCH2CH2Ph2P)Pt[PPh2CH2CH2SnPh2(Pt2Sn)](Ph) To elucidate the role of the PPh3 in the dynamic process,

6 was independently prepared from Pt(COD)2. As expected,(5) was formed (Eq. 5).
the product 6 formed in almost quantitative yield showed
no dynamic features at room temperature because of the
absence of PPh3. On addition of PPh3, a dynamic process
was initiated similar to that observed for the product re-
sulting from the reaction of (Ph3P)2Pt(C2H4) at room tem-
perature.

Colorless crystals of 6 suitable for an X-ray crystal struc-
ture analysis were obtained by diffusion of heptane into a
concentrated benzene solution of the complex. The struc-
ture analysis proved the cis arrangement of the two phos-
phorus ligands with one dangling phosphanylalkylstannane
(Figure 1). The Pt2C(1) distance [214 (1) pm] is in the nor-This is confirmed by the fact that a coupling to Sn (179.9

Hz) in the typical range for a 3JSnCCP was now observed at mal range for Pt2CH3 compounds (2022220 pm). [18]The
Pt2Sn(1) bond length of 259.36(8) pm is significantlythe resonance for the phosphorus of the non-chelated li-

gand. The 119Sn-NMR spectrum also corroborates that shorter than that in trans-(Ph3P)2Pt(SnPh3)(H) (265.4
pm). [19] This difference is reasonable if one takes into ac-there is a dangling phosphanylalkylstannane ligand because

there is an additional doublet at δ 5 297.5 with the correct count the different influence of a hydride and a phosphane
ligand. The P(1)2Pt2P(2) angle is widened [104.30(9)°] duephosphorus coupling besides the doublet of doublets reso-

nance for the chelated tin nucleus at δ 5 97.2. Complex 5 to the steric repulsions between the bulky phenyl groups
at the phosphorus atoms. This distortion from the regularcorresponds to the analogous Ni complex 1. It therefore

seemed reasonable to study whether a second oxidative square-planar arrangement is compensated by the angles
C(1)2Pt2P(2), C(1)2Pt2Sn(1) and P(1)2Pt2Sn(1) beingSn2Ph addition is also possible for Pt. However, a toluene

solution of 5 heated to 70°C for 10 h and then analyzed by smaller than 90° [87.8(3), 85.3(3), and 82.55(7)°]. The latter
is partially due to chelation. The methyl groups at the tin31P-NMR spectroscopy did not indicate any formation of

the product of a second oxidative addition. atom of the dangling ligand are disordered in the crystal.
This led us to re-examine also the reaction of two equiva-

lents Ph2PCH2CH2SnMe3 with (Ph3P)2Pt(C2H4), for which Figure 1. ORTEP diagram of 6; the hydrogen atoms are omitted
we had previously postulated the formation of the PtIV for clarity[a]

complex Pt[PPh2CH2CH2SnMe2(Pt2Sn)]2(Me)2. [10] On in-
spection of the better spectroscopic data obtained now we
realized that the formerly observed doublet resonance in the
119Sn-NMR spectrum is contradicting the proposed struc-
ture. The product was instead the PtII complex
(Me3SnCH2CH2Ph2P)Pt[PPh2CH2CH2SnMe2(Pt2Sn)]-
(Me) (6) (Eq. 5). The spectrum of the yellow oil left after
removal of all volatiles from the reaction mixture mainly
showed two broad resonances at δ ø 55 and 27, and a
broad signal at δ 5 23 in the 31P-NMR spectrum. The
signals sharpened on lowering the temperature, and at 240
K the dynamic process was completely frozen. At this tem-
perature, the expected spectrum for 6, the typical AB pat-
tern with the corresponding Sn satellites, was observed in
addition to a sharp resonance for free PPh3. The fact that
the resonances of the dangling phosphorus ligand and the
PPh3 continually broaden on rising the temperature from
240 K to 360 K while the resonance of the ring-integrated

[a] Selected bond lengths [pm] and angles [°]: Pt2C(1) 213.7(11),phosphorus first broadens to a much smaller extend, and Pt2P(1) 227.4(3), Pt2P(2) 232.7(3), Pt2Sn(1) 259.36(8),
Sn(1)2C(2) 213.7(11), P(1)2C(3) 184.5(10), P(2)2C(4) 187.2(9),then re-sharpens (starting at about 310 K) indicates that the
Sn(2)2C(5) 213.1(10), Sn(1)2C(33) 213.0(11), Sn(1)2C(34)dynamic process is a Ph2PCH2CH2SnMe3/PPh3 exchange at
215.0(12); C(1)2Pt2P(1) 167.4(3), C(1)2Pt2P(2) 87.8(3),

the PtII center. This suggestion is in agreement with results P(1)2Pt2P(2) 104.30(9), C(1)2Pt2Sn(1) 85.3(3), P(1)2Pt2Sn(1)
82.55(7), P(2)2Pt2Sn(1) 173.13(7), C(33)2Sn(1)2C(34) 104.4(5),obtained for the complexes cis-(Ph3P)2Pt(SiR3)(H) where
C(33)2Sn(1)2C(2) 109.2(5), C(34)2Sn(1)2C(2) 106.4(5), C(33)2similar interchange processes with excess PPh3 were ob- Sn(1)2Pt 118.2(3), C(34)2Sn(1)2Pt 115.6(4), C(2)2Sn(1)2Pt

served[17]. The authors also observed the phenomenon that 102.5(3), C(24)2P(2)2Pt 110.8(3), C(18)2P(2)2Pt 115.3(4),
C(4)2P(2)2Pt 121.3(4), C(12)2P(1)2C(3) 103.7(5), C(6)2the resonance of the PPh3 ligand cis to the silyl ligand that
P(1)2C(3) 100.2(4), C(12)2P(1)2Pt 114.6(3), C(6)2P(1)2Ptdoes not take part in the dynamic process is only slightly 120.0(4), C(5)2C(4)2P(2) 114.8(7), C(3)2C(2)2Sn(1) 107.9(8),
C(2)2C(3)2P(1) 113.2(7), C(4)2C(5)2Sn(2) 113.9(7).broadened.
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Attempts to induce the oxidative addition of one of the ductive elimination of biphenyl from the intermediate NiIV

complex.SnMe bonds of the dangling ligand by heating a toluene
solution of 6 to about 90°C for 10 h failed. The 31P-NMR In the corresponding reactions of the trimethylstannyl de-

rivative Ph2PCH2CH2SnMe3 the reactivity pattern ofspectrum did not indicate any reaction.
Contrary to the results obtained for Ni0, an increase of Ni(COD)2 parallels that of Pd(PPh3)4. In both cases the bis-

chelated complexes trans-M[PPh2CH2CH2SnMe2(M2Sn)]2the steric bulk at the Sn atom by changing the methyl
groups in the phosphanylethylstannane against butyl were formed, while the reaction with (Ph3P)2Pt(C2H4)

stopped at the stage of the mono-chelated complex cis-groups did not influence the general outcome of the reac-
tion. Besides the main product (Bu3SnCH2CH2Ph2P)Pt- (Me3SnCH2CH2Ph2P)Pt[(PPh2CH2CH2SnMe2)(Pt2Sn)](Me)

(6). The change in geometry of Ni[PPh2CH2CH2SnMe2-[PPh2CH2CH2SnBu2(Pt2Sn)](Bu) (7) (formed in 90% yield
according to the 31P-NMR spectrum), a minor amount of (Ni2Sn)]2 compared to the SnPh2 derivative (4) is probably

caused by steric effects overriding the electronic preference(Ph3P)Pt[PPh2CH2CH2SnBu2(Pt2Sn)](Bu) was observed
as a by-product [31P NMR(C6D6): δ 5 53.9 (d, 2JPPtP 5 9.7 of the cis isomer.

When the phosphanylalkylstannanes Ph2PCH2CH2-Hz, J117/119SnP 5 105.0 Hz, 1JPtP 5 1914.1 Hz), 32.1 (d,
2JPPtP 5 9.7 Hz, 2J119SnNiP 5 1666.3 Hz, 2J117SnPtP 5 SnPh32xMex (x 5 1, 2) are employed, there is the possibil-

ity of either Sn2Ph or Sn2Me oxidative addition. For both1597.9, 1JPtP 5 2119.2].
The use of the previously unknown derivative Ni0 and Pt0, the Sn2Ph groups are more prone to oxidative

addition than the Sn2Me groups, as was previously ob-Ph2PCH2CH2SnMe2Ph, synthesized similar to its con-
geners by radical addition of PhMe2SnH to CH25CHPPh2, served by us for Fe complexes. [11]

led to the formation of (PhMe2SnCH2CH2Ph2P)Pt- Complex 6, whose structure was unambiguously con-
[PPh2CH2CH2SnMe2(Pt2Sn)](Ph) (8) and thus corrobor- firmed by an X-ray structure analysis, showed dynamic be-
ates the fact that SnPh addition is favored over SnMe ad- havior in the presence of PPh3 that may be attributed to a
dition. The exclusive formation of the product of Sn2Ph PPh3/Ph2PCH2CH2SnMe3 exchange process.
activation was proven in the 1H-NMR spectrum by a

This work was supported by the Fonds zur Förderung der wissen-slightly broadened singlet resonance for the methyl groups
schaftlichen Forschung (FWF). We thank Dr. K. Mereiter for valu-

at the metal-bonded Sn with a coupling to platinum of 7.3 able discussions.
Hz. This coupling constant was too small a value for
2JPtCH, but in good agreement with a 3JPtSnCH coupling. Experimental Section
The proton signals of the Pt2Ph moiety once again show

All operations were carried under dry and oxygen-free argon by
the significant high-field shift and appear at δ 5 6.8726.98. standard Schlenk-tube techniques. All solvents were dried by stand-
The 13C-NMR spectrum in the range for the sp2-carbon ard procedures, saturated with argon and stored over molecular
atoms and their Pt satellites is very complex. Therefore, no sieves. The THF used was freshly distilled from potassium. The
assignments are possible. The complexes 7 and 8 are not phosphanylalkylstannanes were synthesized according to literature
dynamic at room temperature in the presence of PPh3. procedures[11] [20] from Ph2P(C2H3) and HSnR3. 2 The NMR spec-

tra were recorded with a Bruker AC 250 spectrometer. 1H- and 13C-
Conclusions NMR data were referenced against the solvent resonances, while

31P- and 119Sn-NMR data were referenced against the externalThe present and our previous results on corresponding
standards 85% H3PO4 and SnMe4. Integrations of the 1H-NMRpalladium complexes, [10] allow to draw a complete picture
signals are omitted if there are overlaps with residual proton reso-on the reactivity pattern of Ph2PCH2CH2SnR3 (R 5 Me,
nances of the deuterated solvents (especially C6D6). 2 DSC analy-

Ph) with complexes of the zero-valent metals of the nickel ses were performed with a Shimadzu Thermal Analyzer DSC 50.
triad. For R 5 phenyl, the reactivity of Ni(COD)2 parallels The expression JXY is used for those cases where coupling is pos-
that of (Ph3P)2Pt(C2H4). Complexes of the type sible through different nuclei.
(Ph3SnCH2CH2Ph2P)M[PPh2CH2CH2SnPh2(M2Sn)](Ph)

Preparation of (Ph3SnCH2CH2PPh2)Ni(Ph)[Ph2PCH2CH2-
[M 5 Ni (1), Pt (5)], with a dangling Ph2PCH2CH2SnR3 SnPh2(Ni2Sn)] (1): An amount of 922 mg (1.63 mmol) of
ligand and a cis disposition of the two phosphorus atoms, Ph2PCH2CH2SnPh3 was added to a solution of 213 mg (0.77
were formed in both cases. For the nickel complex 1, the mmol) of Ni(COD)2 in 25 ml of THF. The color of the yellow
oxidative addition of an Sn2Ph bond of the dangling solution immediately turned to deep orange. After additional 2.5 h

of stirring at room temperature, the reaction mixture was yellowishPh2PCH2CH2SnR3 ligand was observed at elevated tem-
brown. Then the solvent and most of the COD was removed inperatures during which the cis arrangement of the phos-
vacuo at 40°C, leaving a slightly oily golden brown residue thatphorus atoms was retained. The resulting complex is cis-
contained 1 as the main product, according to the 31P-NMR spec-Ni[PPh2CH2CH2SnPh2(Ni2Sn)]2 (4). The same reaction
trum. Neither recrystallisation nor column chromatography on sil-was not observed for the corresponding Pt complex 5. The
ica with common organic solvents resulted in analytically purehigher reactivity of Ni for the formation of the second che-
samples of 1. 2 31P NMR (101.25 MHz, C6D6): δ 5 58.3 (d,

late ring by oxidative addition of an Sn2Ph bond of the 2JPNiP 5 6.1 Hz, J117/119SnP 5 219.8 Hz), 26.1 (d, 2JPNiP 5 6.1 Hz,
dangling phosphanylalkylstannyl ligand is somewhat sur- 2J119SnNiP 5 1109.3 Hz, 2J117SnNiP 5 1065.9 Hz, 3JSnCCP 5 183.0
prising, because the heavier metals in a group are more Hz). 2 119Sn NMR (93.276 MHz, C6D6) δ 23.6 (dd, 2JSnNiP 5
prone to oxidative addition reactions. The driving force for 1116.7 Hz, JSnP 5 223 Hz), 297.6 (d, 3JSnCCP 5 183.8 Hz). 2 13C

NMR (62.90 MHz, C6D6): δ 5 3.9 (d, SnCH2, 2JPCC 5 5.1 Hz),the formation of 4 from 1 therefore may be the easier re-
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6.3 (dd, SnCH2, 2JPCC 5 31.7 Hz, JPC 5 13.4 Hz), 23.7 (d, PCH2, During additional 3 h of stirring, the color of the solution lightened

to yellowish brown with further weak gas evolution. Then all vol-1JPC 5 11.5 Hz), 32.6 (dd, PCH2, 1JPC 5 24.5 Hz, JPC 5 7.9 Hz),
127.82146.5 (C6H5). 2 1H NMR (250.130 MHz, C6D6): δ 5 atiles were removed in vacuo leaving a yellowish brown oily residue

containing 4 in about 85% yield, as confirmed by 31P- and 119Sn-1.0121.38 (m, overlapping SnCH2), 1.5921.84 (m, PCH2),
2.4022.61 (m, PCH2), 6.7527.05 (m, NiC6H5), 7.0027.62 (m, NMR spectroscopy. Washing the residue twice with 3 ml of pentane

each left a slightly oily yellowish brown powder that still containedC6H5).
some impurities that could not be removed. 2 31P NMR (101.250Preparation of (PhMe2P)Ni(Ph)[Ph2PCH2CH2SnPh2(Ni2
MHz, C6D6): δ 5 63.3 (s, 2J119SnNiP 5 930.5 Hz, 2J117SnNiP 5 891.1Sn)] (2): A solution of 51 mg (0.37 mmol) of PhPMe2 and 207 mg
Hz, J117/119SnP 5 161.1 Hz. 2 119Sn NMR (93.276 MHz, C6D6):(0.37 mmol) of Ph2PCH2CH2SnPh3 in 6 ml of THF was added to
δ 5 56.8 (dd, 2JPNiSn 5 933.3 Hz, JSnP 5 164.0 Hz).a solution of 101 mg (0.37 mmol) of Ni(COD)2 in 10 ml of THF.

Reaction of Ni(COD)2 with Ph2PCH2CH2SnMe3: A solution ofThe mixture turned orange and, during further stirring for 4 h,
1.47 g (3.86 mmol) of Ph2PCH2CH2SnMe3 in 8 ml of THF wasyellow-brown. After removal of all volatiles, a sticky yellowish
added to a solution of 532 mg (1.93 mmol) of Ni(COD)2 in 40 mlbrown residue was obtained. It contained 90% of 2 and some 1
of THF. The resulting red solution was stirred for 3 h during whichand PhP(O)Me2 according to the NMR spectra. 2 31P NMR
a gas evolved and the color of the solution deepened. The red-(101.25 MHz, C6D6): δ 5 60.0 (d, 2JPNiP 5 4.2 Hz, J117/119SnP 5
brown solution was concentrated in vacuo, and the resulting yel-239.0 Hz), 26.8 (d, 2JPNiP 5 4.2 Hz, 2J119SnNiP 5 1199.5 Hz,
low-brown slightly sticky residue was analyzed by 31P- and 119Sn-2J117SnNiP 5 1150.3 Hz). 2 119Sn NMR (93.276 MHz, C6D6): δ 5
NMR spectroscopy. 2 31P NMR (101.250 MHz, C6D6): δ 5 41.535.0 (dd, 2JSnNiP 5 1199.1 Hz, JSnP 5 239.1 Hz). 2 13C NMR
(s, JSnP 5 137.9 Hz). 2 119Sn NMR (93.276 MHz, C6D6): δ 5(62.90 MHz, C6D6): δ 5 6.2 (dd, SnCH2, 2JPCC 5 31.1 Hz,
5.9 (t).3JPNiSnC 5 11.0 Hz), 12.9 (d, PCH3, 1JPC 5 22.6 Hz), 32.9 (dd,

PCH2, 1JPC 5 33.0 Hz, 3JPNiPC 5 9.2 Hz, 126.72146.8 (C6H5). 2 Reaction of Ni(COD)2 with Ph2PCH2CH2SnPh2Me: A solution
1H NMR (250.130 MHz, C6D6): δ 5 0.73 (d, PCH3, 2JPCH 5 6.1 of 1.08g (2.16 mmol) of Ph2PCH2CH2SnPh2Me in 5 ml of THF
Hz), 1.1721.33 (m, SnCH2), 2.5922.78 (m, PCH2), 6.9027.73 was added to 297 mg (1.08 mmol) Ni(COD)2, dissolved in 20 ml
(m, C6H5). of THF. The deep red solution was stirred for 4 h while a small

amount of gas was evolved. Removal of all volatiles in vacuo leftPreparation of (Cy3P)Ni(Ph)[Ph2PCH2CH2SnPh2(Ni2Sn)]
a brown oil. 2 31P NMR (101.250 MHz, C6D6): δ 5 57.9 (d,(3): A solution of 258 mg (0.92 mmol) of PCy3 and 518 mg (0.92
2JPNiP 5 6.1 Hz, J117/119SnP 5 213 Hz), 25.3 (d, 2JPNiP 5 6.1 Hz).mmol) of Ph2PCH2CH2SnPh3 in 5 ml benzene was added to a sus-

pension of 252 mg (0.92 mmol) of Ni(COD)2 in 15 ml of heptane. Preparation of (Ph3SnCH2CH2Ph2P)Pt[PPh2CH2CH2SnPh2-
A red-brown solution formed almost immediately. After additional (Pt2Sn)](Ph) (5): A solution of 193 mg (0.35 mmol) of
stirring for 4 h, during which the color slightly lightened, the solu- Ph2PCH2CH2SnPh3 in 3 ml of benzene was added to a solution of
tion was filtered through glass wool. From the resulting deep red 117 mg (0.17 mmol) of (Ph3P)2Pt(C2H4) in 12 ml of benzene. An
solution all volatiles were removed in vacuo. The remaining golden- immediate color change to bright yellow and gas evolution oc-
red oil was chromatographed on silica gel with Et2O/petroleum curred. The solution was stirred for additional 10 h at room tem-
ether (1:50). The complex 3 was eluted as a deep yellow zone. After perature, resulting in a pale yellow solution. A yellow oil remained
removal of the solvent, 620 mg (75%) of 3 was obtained as a brown- after removal of all volatiles in vacuo. Complex 5 was obtained as
yellow powder. M.p. 69°C (dec.). 2 C50H62P2NiSn (902.3): calcd. a pale yellow powder on washing the oil three times with 5 ml of
C 66.6, H 6.93; found C 65.9, H 6.81. 2 31P NMR (101.250 MHz, petroleum ether each at 0°C and drying in vacuo. Yield 128 mg
C6D6): δ 5 51.9 (d, 2JPNiP 5 8.6 Hz, J119SnP 5 222.2 Hz, (57%). M.p. 95°C (dec.). 2 C64H58P2PtSn2 (1321.6): calcd. C 58.2,
J117SnP 5 206 Hz), 22.5 (d, 2JPNiP 5 8.6 Hz, 2J119SnNiP 5 1036.3 H 4.42; found C 57.9, H 4.30. 2 31P NMR (101.250 MHz, C6D6):
Hz, 2J117SnNiP 5 991.2 Hz). 2 119Sn NMR (93.276 Hz, C6D6): δ 5 δ 5 51.8 (d, 2JPPtP 5 11.0 Hz, 1JPtP 5 2020.2 Hz, JSnP 5 115.0
16.7 (dd, 2J119SnNiP 5 1036.3 Hz, 2J119SnNiP 5 218.7 Hz). 2 13C Hz), 24.1 (d, 2JPPtP 5 11.0 Hz, 1JPtP 5 2184.9 Hz, 2J119SnPtP 5
NMR (62.90 MHz, C6D6): δ 5 5.2 (dd, SnCH2, 2JPCC 5 29.6 Hz, 1712.6 Hz, 2J117SnPtP 5 1635.7 Hz, 3JSnCCP 5 179.4 Hz). 2 119Sn
3JPNiSnC 5 12.2 Hz), 32.7 (dd, PCH2

1JPC 5 31.4 Hz, 2JPNiPC 5 NMR (93.276 MHz, C6D6): δ 5 97.2 (dd, 2J119SnPtP 5 1711.5 Hz,
6.9 Hz), 34.7 (d, 1JPC 5 11.6 Hz), 30.7 (s), 27.8 (d, JPC 5 9.4 J119SnP 5 117.0 Hz), 297.5 (d, 3J119SnCCP 5 180.6 Hz). 2 13C
Hz), 26.8 (s), signals of PCy3, 121.12156.2 (C6H5), 155.6 (dd, NiC, NMR (62.90 MHz, C6D6): δ 5 4.1 (d, 2JPCC 5 7.5 Hz, SnCH2),
2JPNiC 5 59.2 Hz, 2JPNiC 5 7.9 Hz). 2 1H NMR (250.130 MHz, 5.2 (dd, 2JPCC 5 23.6 Hz, 3JPPtSnC 5 12.0 Hz, SnCH2), 24.4 (d,
C6D6): δ 5 0.9320.98 (m, SnCH2, 2 H), 1.15 (s, br.) 1.5121.80 1JPC 5 20.8 Hz, PCH2) 36.6 (dd, 1JPC 5 37.5 Hz, JPC 5 8.8 Hz,
(m) (cyclohexyl, 33 H), 2.6522.87 (m, PCH2, 2 H), 6.9527.10 (m, PCH2), 124.32156.3 (C6H5, no assignment was possible due to dif-
NiC6H5), 7.0727.79 (m, C6H5). ferent phenyl groups and Pt satellites). 2 1H NMR (250.130 MHz,

C6D6): δ 5 0.8021.28 (m, overlapping, 4 H, SnCH2), 2.1522.32Thermal Reaction of 1: An amount of 350 mg of the crude com-
(m, 2 H, PCH2), 2.4522.68 (m, 2 H, PCH2), 6.7827.73 (m, C6H5).plex 1 was dissolved in 20 ml of toluene and heated in a sealed

Schlenk tube for 9 h to 70°C. Then the solvent was removed in Preparation of (Me3SnCH2CH2Ph2P)Pt[PPh2CH2CH2SnMe2-
vacuo. The oily yellowish brown residue was analyzed by 31P- and (Pt2Sn)](Me) (6). 2 Method a: A solution of 128 mg (0.17
119Sn-NMR spectroscopy, which showed partial formation of mmol) of (Ph3P)2Pt(C2H4) in 10 ml of benzene was treated with
Ni[Ph2PCH2CH2SnPh2(Ni2Sn)]2 (4) and some decomposition. 130 mg (0.35 mmol) of Ph2PCH2CH2SnMe3 in 4 ml of benzene at
The reaction products could not be separated. The NMR data are room temperature for 12 h. After removal of the solvent in vacuo,
given in the next paragraph. an orange oil remained. The product was crystallized from a con-

centrated benzene solution by heptane diffusion as pale yellowPreparation of Ni[(Ph2PCH2CH2SnPh2(Ni2Sn)]2 (4) from
crystals in 55% yield (89 mg). M.p. 132°C. 2 C34H46P2PtSn2Ph2PCH2CH2SnPh2H: A solution of 400 mg (0.82 mmol) of
(949.2): calcd. C 43.0, H 4.88, found C 43.4, H 4.65.Ph2PCH2CH2SnPh2H in 6 ml of THF was added to a yellow solu-

tion of 108 mg (0.41 mmol) of Ni(COD)2 in 10 ml of THF. The Method b: To a beige solution of 131 mg (0.32 mmol) of
Pt(COD)2 in 3 ml of benzene, 242 mg (0.64 mmol) ofreaction mixture immediately turned red, and a gas was evolved.
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Ph2PCH2CH2SnMe3 was added, resulting in a color change to yel- X-ray Structure Analysis of 6: Triclinic, space group P1

¯
, a 5

1241.42(1), b 5 1280.91(2), c 5 1578.98(3) pm, α 5 66.396(1), β 5low-brown. On stirring for 16 h, the color of the reaction mixture
became lighter. All volatiles were removed in vacuo after filtration 69.796(1), γ 5 66.749(1)°, V 5 2060.91·106(3) pm3, dcalcd. 5 1.655

g cm23 for Z 5 2. F(000) 5 1000, µ(Mo-Kα) 5 4.690 mm21, λ 5through glass wool, and the remaining slightly oily solid was
washed twice at 0°C with 3 ml of pentane each. After drying, 6 71.073 pm, T 5 302 K, crystal size 5 0.5 3 0.4 3 0.25 mm. A

crystal was sealed in a glass capillary and mounted on a Siemenswas obtained as a beige powder (210 mg, 69%).
SMART diffractometer with a CCD area detector. A hemisphere31P NMR (101.250 MHz, C6D6): δ 5 55.9 (d, 2JPPtP 5 7.3 Hz,
of data was collected by a combination of three sets of exposures1JPtP 5 2152.2 Hz, JSnP 5 108.6 Hz), 27.9 (d, 2JPPtP 5 7.3 Hz,
(17343 reflections). Each set had a different f angle for the crystal,1JPtP 5 2065.5 Hz, 2J119SnPtP 5 1726.2 Hz, 2J117SnPtP 5 1696.8 Hz,
and each exposure took 15 s and covered 0.3° in ω (2.9° # 2Θ #3JSnCCP 5 213.6 Hz). 2 119Sn NMR (93.276 MHz, C6D6): δ 5
60.1°). The crystal-to-detector distance was 3.85 cm. The data were147.2 (dd, 2J119SnPtP 5 1732.1 Hz, J119SnP 5 111.9 Hz), 229.5 (d,
corrected for polarization and Lorentz effects, and an empirical3J119SnCCP 5 218.7 Hz). 2 13C NMR (62.90 MHz, [D8]toluene):
absorption correction (SADABS) was applied (11897 unique reflec-δ 5 211.7 (dd, trans-2JPPtC 5 82.9 Hz, cis-2JPPtC 5 7.6 Hz,
tions). The structure was solved by the Patterson methodPtCH3), 29.6 (s, SnCH3), 26.5 (d, 3JPPtSnC 5 8.2 Hz, 2JPtSnC 5
(SHELS86). Refinement was carried out with the full-matrix least-78.5 Hz, SnCH3), 5.8 (s, br., SnCH2), 6.1 (d, JPC 5 13.1 Hz,
squares method based on F2 (SHELXL93) with anisotropic ther-SnCH2), 25.4 (d, br., 1JPC 5 12.0 Hz, PCH2), 39.4 (dd, 1JPC 5 39.2
mal parameters for all non-hydrogen atoms. Hydrogen atoms wereHz, JPC 5 8.7 Hz, PCH2). 2 1H NMR (250.130 MHz, [D8]tol-
inserted in calculated positions and refined riding with the corre-uene): δ 5 20.11 (s, 2JSnCH 5 51.3 Hz, 9 H, SnCH3), 0.55 (s,
sponding atom. Refinement converged at R1 5 0.0595 [for 18472JSnCH 5 41.5 Hz, SnCH3, 6H), 0.65 (d, 3JPPtCH 5 6.1 Hz, PtCH3),
reflections with I > 2σ(I)], wR2 5 0.1344 {w 5 [σ2(Fo)2 1 (0.0·x0.712 0.95 (m, SnCH2), 1.4421.52 (m, 2J117/119SnCH ø 59 Hz, 2 H,
P)2 1 x·P]21, where P 5 (Fo

2 1 2Fc
2)/3}; final GOF 5 0.511. TheSnCH2), 2.0322.12 (m, PCH2), 2.4822.61 (m, PCH2, 2 H),

final difference map showed no peak larger than 12.008 ē 23 and6.9827.75 (m, C6H5).
no hole larger than 21.243 ē 23. [21]

Preparation of (Bu3SnCH2CH2Ph2P)Pt[PPh2CH2CH2SnBu2-
(Pt2Sn)](Bu) (7): The reaction was carried out in benzene as
described for 6, using 160 mg (0.22 mmol) of (Ph3P)2Pt(C2H4) and [1] Part 11: U. Schubert, S. Grubert, Organometallics 1996, 15,
227 mg (0.45 mmol) of Ph2PCH2CH2SnBu3. Removal of all vol- 4707.
atiles in vacuo resulted in a yellow oil (consisting of 7 in about 90% [2] U. Schubert, Angew. Chem. 1994, 106, 435; Angew. Chem. Int.

Ed. Engl. 1994, 33, 419.yield according to the 31P-NMR spectrum). By washing the oil
[3] G. Butler , C. Eaborn, A. J. Pidcock, Organomet. Chem. 1979,twice with 8 ml of pentane each and drying in vacuo, a yellow

181, 47.
powder was obtained that contained 7 and only traces of impurities [4] T. A. K.Al-Allaf, C. Eaborn, K. Kundu, A. J. Pidcock, J. Chem.
according to the 31P-NMR spectrum. 2 31P NMR (101.25 MHz, Soc., Chem. Commun. 1981, 55.

[5] G. Butler, C. Eaborn, A. J. Pidcock, Organomet. Chem. 1985,C6D6): δ 5 53.2 (d, 2JPPtP 5 9.3 Hz, 1JPtP 5 1899.5 Hz,
185, 367.J117/119SnP 5 110.2 Hz), 27.9 (d, 2JPPtP 5 9.3 Hz, 1JPtP 5 2097.2 [6] C. Eaborn, K. Kundu, A. Pidcock, J. Chem. Soc. 1981, 1223.

Hz, 2J119SnPtP 5 1671.2 Hz, 2J117SnPtP 5 1596.7 Hz, 3J119SnCCP 5 [7] B. Cetinkaya, M. F. Lappert, J. McMeeking, D. E. Palmers, J.
185.6 Hz, 3J117SnCCP 5 178.2 Hz). 2 119Sn NMR (93.276 MHz, Chem. Soc., Dalton Trans. 1973, 1202.

[8] H. Werner, O. Gevert, P. Haquette, Organometallics 1997, 16,C6D6): δ 5 175.8 (dd, 2J119SnPtP 5 1673.4 Hz, J119SnP 5 111.9 Hz),
803.24.8 (d, 3JPCC119Sn 5 185.7 Hz). 2 1H NMR (250.130 MHz, [9] M. J. Auburn, R. D. Holmes Smith, S. R. Stobart, J. Am. Chem.

C6D6): δ 5 0.7521.96 (complex overlapping multiplets of butyl Soc. 1984, 106, 1314.
groups and SnCH2), 2.2022.51 (m, PCH2), 2.6522.80 (m, PCH2) [10] C. Müller, U. Schubert, Chem. Ber. 1991, 124, 2181.

[11] U. Schubert, S. Grubert, U. Schulz, S. Mock, Organometallics6.9927.90 (m, C6H5).
1992, 11, 3165.

Preparation of (PhMe2SnCH2CH2Ph2P)Pt[PPh2CH2- [12] B. P. Buffin, M. J. Poss, A. M. Arif, T. G. Richmond, Inorg.
Chem. 1993, 32, 3805.CH2SnMe2(Pt2Sn)](Ph) (8): An amount of 123 mg (0.16 mmol)

[13] H. Gilges, U. Schubert, J. Organomet. Chem. 1997, 548, 57; M.of (Ph3P)2Pt(C2H4) and 144 mg (0.16 mmol) of
Murikami, T. Yoshida, Y. Ito, Organometallics 1994, 13, 2900;Ph2PCH2CH2SnMe2Ph was treated as described above. After re- M. Murikami, T.Yoshida, Y. Ito, Chem. Lett. 1996, 13.

moval of all volatiles, the yellow oil was analyzed by multinuclear [14] H. Weichmann, J. Organomet. Chem. 1982, 238, C49.
[15] P. E. Garrou, P. E. Chem. Rev. 1981, 81, 229.NMR which indicated the almost quantitative formation of 8 ac-
[16] E. Carmona, E. Gutierrez-Puebla, J. M. Marin, A. Monge, M.cording to 31P NMR. 2 31P NMR (101.250 MHz, C6D6): δ 5 52.8

Paneque, M. L. Poveda, C. Ruiz, J. Am. Chem. Soc. 1989,(d, 2JPPtP 5 11.0 Hz, 1JPtP 5 2116.0 Hz, J117/119SnP 5 104.1 Hz), 111, 2883.
24.4 (d, 2JPPtP 5 11.0 Hz, 1JPtP 5 2046.2 Hz, 2J119SnPtP 5 1572,3 [17] H. Azizian, K. R. Dixon, C. Eaborn, A. Pidcock, N. M. Shuaib,

J. Vinaixa, J. Chem. Soc. 1982, 1020.Hz, 2J117SnPtP 5 1503.7 Hz, 3J119/117SnCCP 5 200.0 Hz). 2 119Sn
[18] Comprehensive Organometallic Chemistry, vol. 9 (Eds.: E. W.NMR (93.276 MHz, C6D6): δ 5 161.2 (dd 2J119SnPtP 5 1572.9 Hz,

Abel, F. G. A. Stone, G. Wilkinson), Pergamon Press, Oxford,J119SnP 5 104.4 Hz) 225.5 (d, 3J119SnCCP 5 208.0 Hz). 2 13C NMR 1995, p. 454.
(62.90 MHz, C6D6): δ 5 211.1 [s, Sn(CH3)2Ph], 27.4 [d, [19] H. C. Clark, G. Ferguson, M. J. Hampden-Smith, H. Ruegger,

B. L. Ruhl, Can. J. Chem. 1988, 66, 3120.3JPPtSnC 5 6.9 Hz, 2JPtSnC 5 74.9 Hz, Sn(CH3)2], 3.7 (d, 2JPCC 5
[20] H. Weichmann, G. Quell, A. Tzschach, Z. Anorg. Allg. Chem.7.4 Hz, SnCH2), 6.6 (d, 2JPCC 5 16.2, SnCH2), 25.4 (d, br., 1JPC 5

1983, 503, 7.18.5 Hz, PCH2) 37.6 (dd, 1JPC 5 38.4 Hz, JPC 5 8.8 Hz, PCH2), [21] Crystallographic data (excluding structure factors) for the struc-
121.92156.6 (C6H5, no assignment possible due to different phenyl ture reported in this paper have been deposited with the Cam-

bridge Crystallographic Data Centre. Copies of the data can begroups and Pt satellites). 2 1H NMR (250.13 MHz, C6D6): δ 5
obtained free of charge on application to CCDC, 12 Union0.04 (s, 2JSnCH 5 53.0 Hz, 6 H, SnCH3), 0.36 (s, br, 3JPtSnCH 5 8.1
Road, Cambridge C82 1EZ, UK [fax: int. code 1(1223)336-Hz, 6 H, SnCH3), 0.5820.73 (m, SnCH2), 1.0521.19 (m, SnCH2), 033; e-mail: deposit@ccdc.cam.ac.uk] quoting the depository

2.0922.21 (m, 2 H, PCH2), 2.5322.67 (m, 2 H, PCH2), 6.8726.98 number CCDC-101015.
[98011](m, 5 H, PtC6H5), 7.1027.86 (m, C6H5).
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The reaction of lithium[bis(dimethylphosphanyl)(trimethyl- (SiMe3)]3}– (8) was obtained. This compound is not only the
first reported hexacoordinated magnesate, but also the firstsilyl)methanide] Li[(PMe2)2C(SiMe3)] with BeCl2 gave the

homoleptic compound Be[(PMe2)2C(SiMe3)]2 (5) with four magnesium compound with six magnesium–phosphorus
bonds. With CaCl2 and Li[C(PMe2)2(SiMe3)], a heptacoor-beryllium–phosphorus bonds constituting a distorted

tetrahedron around the beryllium center. The reaction of dinated complex Ca[(PMe2)2C(SiMe3)]2 · 3 THF (10) with
three coordinating THF ligands was isolated. The complexesMgCl2 with Li[(PMe2)2C(SiMe3)] resulted in the formation of

the bis-chelate complex Mg[(PMe2)2C(SiMe3)]2 · 2 THF (7), were characterized using 9Be{1H}-, 31P{1H}-, 1H-, 13C{1H}-
NMR spectroscopy, and elemental analysis and by X-raywhere the distorted cis-octahedral magnesium center is

additionally coordinated by two THF ligands. In the reaction diffraction. The neutral compounds are highly soluble in
nonpolar solvents.of 7 with an additional equivalent of Li[C(PMe2)2(SiMe3)],

THF is released and the magnesate anion {Mg[(PMe2)2C-

Introduction

The alkaline earth metals are very hard coordination cen-
ters. In general, they do not form stable complexes with soft
donors such as phosphanes and it seems a challenging task
to create stable alkaline earth metal2phosphane donor

In this class of ligands, in contrast to phosphanides, thebonds. Only three complexes of diorganometal centers R2M
negative charge is not localized at the phosphorus atom andwith “normal” (i.e. neutral) phosphane ligands R3P, two
the phosphorus valency number is three, as is typical forexamples for beryllium[1] and one for magnesium[2], have
phosphanes. Anionic diphosphanomethanides have beenbeen reported in the literature, but none have been well
ligated to hard metal centers (e.g. aluminium[6] and rarecharacterized. Phosphane complexes of alkaline earth met-
earth metals [7]) and they often enable high phosphane coor-als are promising precursors for chemical vapor deposition
dination numbers even at these metal centers.(CVD) processes and possible candidates for metal-me-

Thus, it emerged that phosphane coordination to alkalinediated organic synthesis. Moreover, with phosphane donor
earth metals might be achieved by using anionic diphos-ligands it might be possible to stabilize low-valency alkaline
phanomethanide ligands. Meanwhile, using a related strat-earth metal compounds and mixed alkaline earth/tran-
egy, a hexacoordinated magnesium compound 4 with foursition-metal bi- or multinuclear complexes. A promising
magnesium2phosphorus bonds has been successfully syn-strategy for creating alkaline earth metal to phosphorus
thesized[8].bonds makes use of anionic phosphanide ligands containing

phosphorus of formal valency number two, and in fact sev-
eral alkaline earth metal compounds with phosphanide li-
gands 1 have been described[3]. Bridged heterobimetallic
phosphanides 2 may also be formed in this way[4].

The use of diphosphanomethanides additionally might
provide access to homoleptic species exhibiting exclusively
metal2phosphorus bonds. Furthermore, the monoanionicAn alternative class of anionic phosphane donor ligands

is established by diphosphanomethanides 3 [5]. nature of these ligands and their tendency to form four-
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membered chelates allows comparisons to be made with In the solid state, compound 5 is a monomer. The central

beryllium dication is coordinated by two chelatingother recently synthesized compounds of alkaline earth me-
tals derived from amidinates and aminoiminophosphoran- [(PMe2)2C(SiMe3)]2 monoanions resulting in a distorted

tetrahedral BeP4 arrangement. The normals to the twoates[9]. Additionally, for the heavier alkaline earth metals
the question of d-orbital participation may be considered. BeP2 planes intersect at an angle of 90°. Both BePCP four-

membered rings are planar, as is the environment of theThis paper is concerned with the synthesis and full
endocyclic C atoms C1 and C1a. The Be2P bond lengthscharacterization of phosphane donor adducts to alkaline
are remarkably short; a comparison with the only twoearth metal centers ranging from beryllium to calcium, in-
structurally characterized beryllium2phosphorus com-cluding the first homoleptic examples of beryllium and
pounds shows that the bond lengths in 5 [2.134(2) andmagnesium with exclusive metal2phosphorus bonds.
2.137(3) A

˚
] are just between the respective bond lengths in

6 (2.083 A
˚

)[10] and in the binary solid-state phase Be3P2Results and Discussion
(2.20 A

˚
)[11], but in both cases anionic phosphanide- and

Be[(PMe2)2C(SiMe3)]2 (5)
phosphide-type ligating atoms, respectively, are involved.

This first molecular compound with beryllium exclusively The endocyclic P2C bond lengths [1.740(4) and 1.744(4)
joined to phosphorus was obtained by treating anhydrous A

˚
] are quite short and of nearly equal length, as is the case

BeCl2 with two equivalents of Li[(PMe2)2C(SiMe3)] accord- in a variety of other diphosphanomethanide complexes[5].
ing to Eq. (1) and isolated from pentane as colorless crys- This has been explained in terms of an ylidic bonding mo-

del with some charge delocalization within the PCP moiety.
The nonbonding P12P2 distance [2.685(1) A

˚
] is signifi-

cantly shorter than the van der Waals radii, as is the case
with other chelating diphosphanomethanide derivatives and
must be regarded as a consequence of the geometric re-
straints [12].

Figure 1. Crystal structure of 5 (only molecule A is shown)

tals 5. The substance is extremely air and moisture sensitive.
The first 9Be{1H}-NMR spectrum of a beryllium2phos-

phorus compound was obtained from 5 in C6D6 at room
temperature. It exhibits a quintet at δ 5 6.4 with a 1JBe2P

coupling constant of 33.5 Hz. The same coupling constant
can be extracted from the 31P{1H}-NMR quartet signal
(δ 5 230.8). This is an indication of a highly symmetrical
structure with four equivalent phosphorus atoms in solu-
tion. As expected, the coupling constant is smaller than that
observed in the 31P{1H}-NMR spectrum of the phos-
phanide compound Cp*BeP(tBu)2 (6) (1JBe-P 5 50 Hz), the
only other hitherto known, sufficiently characterized mole- Mg[(PMe2)2C(SiMe3)]2 · 2 THF (7)
cular beryllium2phosphorus compound[10].

Diphosphanomethanides can span tetrahedral coordi-
nation sites only with centers from the second period (lith-
ium[13], beryllium: this paper, boron[14]). With increasing
atomic radii, i.e. with the heavier elements, either higher
coordination numbers at the coordination center M (which
decreases the P2M2P angle; Si [15], P[12]) or a monodentate
ligating mode is observed (Si [15], P[16]). Consequently, in the
analogous reaction of anhydrous MgCl2 with Li[(PMe2)2C-

The spectra are essentially temperature independent (280 (SiMe3)], the formation of the bis-chelate complex 7 is ob-
to 140°C). served.

In contrast to the beryllium compound, where the centralX-ray analysis reveals 1/2 (A) and 1/4 (B) molecule in the
asymmetic unit. The whole molecules can be generated by atom is tetrahedrally coordinated by four phosphorus

atoms, the magnesium center in 7 is additionally coordi-symmetric transformations (#1: x 1 1 21, 2y 1 1/2, 2z
1 3/2; #2: 2x, y, 2z 1 1/2; #3: 2x 1 1 2 1, 2y 1 1/2, z; nated by two THF molecules, completing a distorted octa-

hedral environment at the metal center.#4: 2x, y, 2z 1 3/2). The bond lengths and angles are
nearly identical for both molecules A and B, but the SiMe3

31P{1H}-NMR variable-temperature experiments at
280°C show a multi-line, symmetric pattern, tentatively as-group in B is disordered and could not be resolved compu-

tationally. Therefore, only molecule A will be discussed. signed to a not completely resolved AA9BB9 spin system
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1.83 A

˚
), consistent with the carbanionic character of C1

and C2. The mean lengths of P2Cmethyl bonds (1.85 A
˚

) are
roughly within this latter range.

The sums of the angles in the four-membered rings
MgPCP are 359.8° and 359.9° respectively, which indicates
the planarity of chelate rings. The environment of the car-
banionic carbon atoms is also planar, the silicon atom of
the SiMe3 groups adopting a position in the same plane as
the four-membered chelate rings.

[Li(12-crown-4)2]1{Mg[(PMe2)2C(SiMe3)]3}2 (8)

The homoleptic “magnesate” anion 8 is obtained as de-(centered at δ 5 216.7). At room temperature only one
scribed in Eq. 3. Hitherto known “magnesate” anions exhi-singlet (δ 5 216.2) was detected, due to a fast exchange of
bit coordination numbers of four[19] or five[20]. It is also theaxial and equatorial sites. These experiments indicate a cis-
first molecular magnesium compound with six mag-octahedral coordination, in contrast to the only hitherto
nesium2phosphorus bonds.known magnesium2phosphorus compound 4 with four

Mg2P bonds[8]. The cis-octahedral coordination was con-
firmed by X-ray analysis.

Figure 2. Crystal structure of 7

The 31P{1H}-NMR spectrum (C6D6) shows a singlet
(δ 5 215.8), which does not vary with temperature and
thus indicates the equivalence of all six phosphorus atoms.

The 1H-NMR spectrum (C6D6) reveals, besides the sig-
nals of the phosphanomethanide ligand, the presence of
two 12-crown-4 molecules (δ 5 2.9) per anion. Colorless
crystals of 8 have been grown from diethyl ether solution.
The X-ray analysis shows the structure containing a Li[12-
crown-4]2

1 cation[21], two molecules of C6H6 and a hexaco-
ordinated “magnesate” anion, which is isoelectronic with
the neutral aluminium complex 9 [6]. The cation and anionThe Mg2P bond lengths [2.654(1)22.684(1) A

˚
] are equal

within one standard deviation and are significantly shorter units are well separated without any noticeable interionic
contacts.than in 4 [2.761(1) and 2.770(1) [8]], but more comparable

with those in tetracoordinated magnesium2phosphanide The Li[12-crown-4]2
1 cation shows considerable disorder,

which influences the R values, but has no influence on thecompounds, e.g. in [Mg(PHPh)2(TMEDA)] [2.592(5) and
2.587(5) A

˚
] [17]. structural findings concerning the anion. Again, as in 5 and

7, the three four-membered chelate rings in 8 are planar, asIn contrast, the Mg2O bond lengths [2.137(2) and
(2.122(2) A

˚
] are significantly longer than in tetrahedral ref- are the environments of the carbanionic carbon atoms. The

deviation from the ideal octahedral geometry at magnesiumerence compounds [e.g. Ph2Mg(THF)2: 2.03 A
˚

] [18], and
therefore it seems possible to remove the THF ligands. In can be described by the torsion angle f of the trigonal P3

planes P1, P3, P5 and P2, P4, P6 (f 5 32.2°). This anglefact, a substitution of the THF ligands by a third diphos-
phanomethanide ligand is possible (see below). indicates a slightly enhanced torsion towards a trigonal-

prismatic coordination compared to 9 (f 5 35.9°) [6].The average bond lengths of P1/22C1 and P3/42C2
(1.75 A

˚
) range between the bond lengths of an ylidic P2C A magnesium ion of coordination number six can also

be assigned in the polymeric solid-state phase of MgP4
[22],bond (typically around 1.68 A

˚
) and a single P2C bond (ca.
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Figure 3. Crystal structure of 8 (only the anion is shown)

O12Ca12O3 of 177.0(1)°; the third THF ligand and the
two planar four-membered chelate rings of the diphos-
phanomethanides complete the pentagon. The sum of in-
ternal angles is 361.3° indicating the near planarity of the
pentagon. The higher coordination number of Ca21 can
easily be understood in terms of the increasing ion radius
in going from Mg21 to Ca21.

Figure 4. Crystal structure of 10 (only molecule A is shown)

although a description in terms of 4 1 2 coordination may
be more appropriate. There are two quite different Mg2P
distances in MgP4 (four short contacts: 2.608 A

˚
and two

long contacts: 2.862 A
˚

), in marked contrast to the case of
8. In 8, the Mg2P bond lengths are more similar, ranging
from 2.635(3) to 2.698(3) A

˚
, with a mean Mg2P bond

length of 2.66 A
˚

. In 9, the Al2P distance amounts to 2.490
A
˚

[6]. Altogether, as expected, a high ionic contribution to
the metal to ligand bonding in both 8 and 9 may be ex-
tracted from these data.

Ca[(PMe2)2C(SiMe3)]2 · 3 THF

The diphosphanomethanides are also suitable phosphane
donor ligands for the heavier alkaline earth metals. An ex- The angles P22Ca12O2 and P32Ca12O2 are close to

rectangular (81.96° and 81.95°, respectively) indicating thatample is given by Eq. 4. Colorless crystals of 10 are ob-
tained from the pentane extraction of the reaction mixture. the two chelating diphosphanomethanide ligands are lo-

cated essentially in one hemisphere of the central atom, asThe 31P{1H}-NMR spectrum displays a singlet (δ 5
228.6) which essentially remains unchanged on cooling is the case in the magnesium compound 7 (which in the

case of 10 is more or less trivial, however). The partial ylidic(280°C).
The X-ray analysis of the colorless crystals of 10 shows character of the P2Ccarbanion bond again is evident from

the average bond lengths of 1.75 A
˚

(see above). The meantwo identical molecules in the asymmetric unit and reveals
phosphane coordination to a calcium atom for the first Ca2P (3.043 A

˚
) and Ca2O bond lengths (2.391 A

˚
) are

within the range found in known phosphanide and THFtime. Three THF molecules and two chelating diphos-
phanomethanide ligands generate a distorted pentagonal- complexes of calcium[3] [23]. An indication of d-orbital par-

ticipation is not obvious, at least as extracted from the plan-bipyramidal coordination polyhedron. Two of the THF li-
gands are in a trans-axial position with a bond angle arity of the chelate rings and of the endocyclic C atoms,
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as it also was found in most other diphosphanomethanide molecules[25]. It is interesting to note that similar behavior

has been observed in amidinate and aminoiminophosphor-complexes, including 5, 7, 8, and 9. In marked contrast to
10, the chelate rings in the scandium complex Sc[(PMe2)2C- anate complexes of the heavier alkaline earth metals[9]. This

observation can now be extended: it is no longer restricted(SiMe3)]3 [7] show a considerable deviation from planarity.
to N-donor-type ligands, but includes also P-donor-type li-

Comparison of 5, 7, and 10 gands and is probably a quite general phenomenon. More-
over, magnesium coordination centers can also be added toAll three compounds are monomeric and contain chelat-
the series, which is particularly noteworthy since d orbitalsing diphosphanomethanides. As a consequence of the
are not available for this element.monomeric nature, these alkaline earth metal2phosphane

The proposed generality of this observation is augmentedcomplexes are soluble in nonpolar organic solvents such as
by the fact that the chelate rings in 5, 7, and 10 not onlypentane. With increasing metal radii, the coordination num-
span quite different coordination polyhedra but also varyber increases from 4 (beryllium) to 6 (magnesium) to 7 (cal-
considerably in the M2P bond lengths in going from beryl-cium), resulting in more or less distorted tetrahedral, octa-
lium to magnesium to calcium. Likewise, as a consequencehedral, and pentagonal-bipyramidal coordination ge-
of this bond lengthening, the endocyclic angles at phos-ometry, respectively. The additional coordination sites are
phorus increase and at the metal decrease (see Table 1).occupied by two (magnesium) or three (calcium) THF do-
Hence, although the geometric constraints are quite differ-nor molecules. In all cases the four-membered chelate rings
ent, the cisoid arrangement of the anionic ligands is re-including the metal atom are planar. For the magnesium
tained.and the calcium compounds a cisoid coordination of the

diphosphanomethanide ligands is observed. The P2C bond
Comparison of 7 and 8lengths within the four-membered rings in all cases are close

to 1.75 A
˚

which is well between the bond lengths of a single The replacement of the two THF ligands in 7 by a third
diphosphanomethanide ligand leads to the first reportedand an ylidic P2C double bond. This is in accordance with

other diphosphanomethanide chelate rings and reflects the hexacoordinated “magnesate” anion 8 with six mag-
nesium2phosphorus bonds.partial ylidic character of this bond. Since all P2C and

M2P endocyclic bond lengths within a given compound The Mg2P bond lengths in both compounds are nearly
equal, as are the bond lengths and angles in all four-mem-are almost identical, an “unisobidentate” coordination

mode, as present in some diphosphanomethanide[14] and re- bered chelate rings. This shows that the anionic nature of 8
has no influence on the radius of the Mg21 dication; thelated complexes with potentially bidenate ligands[24], is not

observed. One may speculate whether the restriction of the bonding thus seems to be mainly ionic.
In accord with the long Mg2O bonds in 7, the THFdiphosphanomethanide coordination to one hemisphere of

the metal (magnesium, calcium) may be attributed to effects ligands can be removed thermally by heating 7 in vacuo.
However, a simple THF-free derivative of 7 was not ob-which are also responsible for the bending in simple MX2

Table 1. Comparison of structural features of 5, 7, 8, and 10

Be[(PMe2)2C(SiMe3)]2, Mg[(PMe2)2C(SiMe3]2 · 2 THF, {Mg[(PMe2)2C(SiMe3]3}2, Ca[(PMe2)2C(SiMe3]2 · 3 THF,
5 (molec. A) 7 8 10 (molec. A)

Be2P1: 2.137(3) Mg2P1: 2.667(1) Mg2P1: 2.635(3) Ca2P1: 3.041(1)
Be2P2: 2.134(3) Mg2P2: 2.678(1) Mg2P2: 2.689(3) Ca2P2: 3.049(1)

Mg2P3: 2.654(1) Mg2P3: 2.674(3) Ca2P3: 3.045(1)
Mg2P4: 2.684(1) Mg2P4: 2.668(3) Ca2P4: 3.038(1)
Mg2O1: 2.137(2) Mg2P5: 2.644(3) Ca2O1: 2.393(3)
Mg2O2: 2.122(2) Mg2P6: 2.682(3) Ca2O2: 2.410(3)

Ca2O3: 2.370(3)
P12C1: 1.740(4) P12C1: 1.752(2) P12C1: 1.753(9) P12C1: 1.758(4)
P22C1: 1.744(4) P22C1: 1.750(2) P22C1: 1.766(8) P22C1: 1.758(4)

P32C2: 1.753(2) P32C2: 1.754(7) P32C2: 1.765(4)
P42C2: 1.753(2) P42C2: 1.753(7) P42C2: 1.751(4)

P52C3: 1.761(7)
P62C3: 1.745(8)

P12Be2P2: 77.92(4) P12Mg2P2: 63.48(2) P12Mg2P2: 63.55(8) P12Ca2P2: 55.62(3)
Be2P12C1: 90.6(2) Mg2P12C1: 94.93(7) Mg2P12C1: 96.5(3) Ca2P12C1: 98.4(1)
Be2P22C1: 90.5(2) Mg2P22C1: 94.61(7) Mg2P22C1: 94.3(3) Ca2P22C1: 98.1(1)

P12C12P2: 100.9(2) P12C12P2: 106.8(1) P12C12P2: 105.7(4) P12C12P2: 107.8(2)
P32Mg2P4: 63.69(2) P32Mg2P4: 63.36(7) P32Ca2P4: 55.20(3)
Mg2P32C2: 95.16(8) Mg2P32C2: 95.0(2) Ca2P32C2: 98.2(1)
Mg2P42C2: 94.12(7) Mg2P42C2: 95.2(2) Ca2P42C2: 98.8(1)
P32C22P4: 106.9(1) P32C22P4: 106.3(3) P32C22P4: 106.5(2)

P12Be2P1#: 124.8(3) P32Mg2P2: 157.04(3) P52Mg2P6: 63.47(8) P32Ca2P2: 163.89(4)
P12Be2P2#: 126.61(5) P32Mg2P1: 102.18(3) Mg2P52C3: 95.6(3) P32Ca2P1: 140.46(4)
P22Be2P1#: 126.61(5) P42Mg2P2: 100.03(3) Mg2P62C3: 94.7(3) P42Ca2P2: 140.61(4)
P22Be2P2#: 130.6(3) P42Mg2P1: 101.18(3) P52C32P6: 106.1(4) P42Ca2P1: 86.12(4)
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Table 2. Crystal data of 5, 7, 8, and 10

5 7 8 10

formula C16H42BeP4Si2 C24H48MgO2P4Si2 C40H95MgLiO8P6Si3·2 C6H6 C28H66CaO3P4Si2
formula weight 423.571 583.071 1161.721 670.951
space group Ccca P21/c P21/c P212121
crystal system orthorhombic monoclinic monoclinic orthorhombic
a [A

˚
] 18.230(1) 16.934(1) 12.567(1) 17.309(2)

b [A
˚

] 28.256(2) 12.556(1) 24.569(2) 20.907(2)
c [A

˚
] 15.963(1) 18.591(2) 24.987(2) 22.583(2)

α [°] 90 90 90 90
β [°] 90 116.0(1) 101.1(1) 90
γ [°] 90 90 90 90
Z 12 4 4 8
ρ (mg·m23) 1.026 1.090 1.019 1.091
µ (mm21) 0.361 0.315 0.237 0.393
F(000) 2760 1272 2520 2928
2θ range (deg) 6250 6250 6248 6250
reflections collected 7746 6920 12118 15054
reflections unique 4018 6198 11830 14266
refined params 163 312 661 713
GooF[a] s on F2 1.034 1.026 1.056 1.020
R1[F0>4σ(F0)][b] 0.056 0.036 0.095 0.046
wR2[F0>4σ(F0)][b] 0.149 0.092 0.286 0.095
Largest diff. peak 0.576, 20.485 0.614, 20.274 1.563, 20.389 0.400, 20.204
and hole [e·A

˚
23]

[a] Definition of the R values: R1 5 (ΣiFou 2 uFci)/ΣuFou, wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]}1/2 with w21 5 σ2(Fo

2) 1(aP)2 2 [b]

Definition of goodness-of-fit, s: s 5 {Σ[w(Fo
2 2 Fc

2)2]/(No 2 Np)}1/2.

ard. The 31P{1H}-NMR spectra were obtained in C6D6 ([D8]tol-tained, the nature of the resulting compound being cur-
uene for low temperature experiments) with H3PO4 (85%) as therently under investigation.
external reference on a JEOL GX 270 spectrometer. The 9Be-NMR
spectrum was obtained in C6D6 with BeSO4 · 7 H2O as the externalConclusion
standard on a JEOL Lambda 400 spectrometer.

For the first time it has been demonstrated that not only
The alkaline earth metal chlorides were used in the anhydrousphosphanide donors (with two-coordinated phosphorus),

form and prepared as described[27]. 12-crown-4 was purchased frombut also “normal” phosphane donors (with three-coordi-
commercial sources and dried over molecular sieve (4 A

˚
). Li[(P-nated phosphorus) are able to coordinate to alkaline earth

Me2)2C(SiMe3)] was prepared as described previously[28].
metal centers. Even “classic” ligands for alkaline earth met-

Elemental analyses were performed by the Mikroanalytischesals, such as halides, diethylether, or THF can be replaced
Labor des Anorganisch-chemischen Instituts der Technischen Uni-successfully by diphosphanomethanides. These results em-
versität München.phasize the exceptional role of diphosphanomethanides in

phosphane coordination chemistry. The preference for a ci- Hazard: Beryllium compounds are extremely toxic and may
soid arrangement of anionic ligands in alkaline earth metal cause cancer[29]. Handle with care! Avoid inhalation and any skin

contact!compounds can be emphasized and further extended. This
seems to be a quite general phenomenon that is not restric-

Preparation of the Diphosphanomethanide Complexes with Be,
ted to the heavier metal centers but has now also been es- Mg, and Ca: 7.0 mmol of Li[(PMe2)2C(SiMe3)] [28] and 3.5 mmol
tablished for magnesium compounds. of MCl2 (M 5 Be, Mg, Ca) were dissolved in 40 ml of THF at

The neutral compounds described are soluble in nonpo- 278°C. After being stirred overnight at room temperature, the sol-
lar solvents and represent promising precursors for chemi- vent was removed and replaced by pentane. After filtration, color-

less crystals were isolated from pentane in all cases by slowly cool-cal vapor deposition (CVD) processes. In addition they are
ing the solutions.possible candidates for metal-mediated organic synthesis

and for a wide range of reactions in nonpolar solvents. Preparation of [Li(12-crown-4)2]1{Mg[(PMe2)2C(SiMe3)]3}2:
2.20 mmol of Li[(PMe2)2C(SiMe3)] [28] were dissolved in ether (40H. H. K. thanks the Deutsche Forschungsgemeinschaft and the
ml) at 278°C. After adding 2.20 mmol of 12-crown-4 and 2.06Fonds der Chemischen Industrie for Financial Support. We also
mmol of Mg[(PMe2)2C(SiMe3)]2 · 2 THF (7), the mixture wasthank Dr. E. Witt for assistance with structural refinements.
warmed up to room temperature and stirred overnight. The ether
was removed and the remaining solid was washed with 30 ml ofExperimental Section
pentane. After replacing pentane by ether, colorless crystals were

General: All reactions were performed in a two-armed glass ves- grown from the solution by cooling.
sel as described elsewhere[26]. Exclusion of air and moisture was
essential and glassware was treated accordingly. All solvents were All compounds were extremely air and moisture sensitive. There-

fore, elemental analysis were not completely satisfactory in alldried over Na/K alloy and distilled prior to use. 2 For 1H- and
13C{1H}-NMR spectra TMS (δ 5 0) was used as an internal stand- cases.
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[3] M. Westerhausen, W. Schwarz, J. Organomet. Chem. 1993,Be[(PMe2)2C(SiMe3)]2 (5): M 5 423.571 g/mol, yield: 87.2%. 2

463, 51.1H (C6D6): δ 5 0.20 (s, 18 H), 1.21 (s, 24 H). 2 31P{1H} (C6D6): [4] M. Westerhausen, H.-D. Hausen, W. Schwarz, Z. Anorg. Allg.
δ 5 230.8 (1:1:1:1 quart., 1JBe2P 5 33.5 Hz). 2 13C{1H} (C6D6): Chem. 1995, 621, 877. For further reading, see: M. Wester-

hausen, Trends in Organometallic Chemistry 1997, 2, 89.δ 5 4.70 [s, Si(CH3)3] 20.17 [“quint.”, P(CH3)2], 22.31 (s, P2CSi).
[5] H. H. Karsch, Russ. Chem. Bull. 1993, 42, 1937.2 9Be (C6D6): δ 5 6.4 (quint., 1JBe2P 5 33.5 Hz). 2
[6] H. H. Karsch, A. Appelt, J. Riede, G. Müller, Organometallics,C16H21BeP4Si2: calcd. (found): C, 45.40 (43.74); H, 10.01 (9.64). 1987, 6, 316.
[7] H. H. Karsch, G. Ferazin, O. Steigelmann, H. Kooijmann, W.

Mg[(PMe2)2C(SiMe3)]2 ·2 THF (7): M 5 583.071 g/mol, yield: Hiller, Angew. Chem. 1993, 105, 1814; Angew. Chem., Int. Ed.
91.0%. 2 1H (C6D6): δ 5 0.53 (s, 18 H), 1.28 (m, THF, 8 H), 1.36 Engl. 1993, 32, 1739.

[8] A. Pape, M. Lutz,. G. Müller, Angew. Chem. 1994, 106, 2375;(s, 24 H), 3.47 (m, THF, 8 H). 2 31P{1H} (C6D6): δ 5 216.2 (s);
Angew. Chem., Int. Ed. Engl. 1994, 33, 2281.31P{1H} ([D8]toluene, 2100°C): δ 5 216.7 (AA9BB9 spin system, [9] R. Fleischer, D. Stalke, Inorg. Chem. 1997, 36, 2413.

N 5 34.2 Hz). 2 13C{1H} (C6D6): δ 5 6.37 [s, Si(CH3)3], 21.63 [10] J. L. Atwood, S. G Bott,. R. A. Jones, S. U. Koschmieder, J.
[“quint.”, P(CH3)2], 22.67 (s, P2CSi), 25.46 (s, THF), 68.57 (s, Chem. Soc., Chem. Comm. 1990, 693.

[11] A. El Maslout, J.-P. Motte, A. Courtois, J. Protas, C. Gleitzer,THF). 2 C16H21MgP4Si2: calcd. (found): C, 49.26 (49.11); H,
J. Solid State Chem. 1975, 15, 223.10.33 (10.07). [12] H. H. Karsch, E. Witt, E. Hahn, Angew. Chem. 1996, 108, 80;
Angew. Chem., Int. Ed. Engl. 1996, 35, 2242.{Mg[(PMe2)2C(SiMe3)]3}2Li(12-crown-4)2

1 (8): M 5 1005.494 [13] H. H. Karsch, A. Appelt, B. Deubelly, K. Zellner, J. Riede, G.
g/mol, yield: 55.0%. 2 1H (C6D6): δ 5 0.40 (s, 27 H), 1.49 (s, 36 Müller, Z. Naturforsch. 1988, 43b, 1416.
H), 2.90 (s, 32 H). 2 31P{1H} (C6D6): δ 5 215.5 (s); 31P{1H} [14] K. Zellner, Dissertation TU München, 1990; H. H. Karsch, K.

Zellner, A. Schier, unpublished.([D8]toluene, 280°C): δ 5 214.8 (s, br). 2 13C{1H} (C6D6): δ 5
[15] H. H. Karsch, R. Richter, A. Schier, Z. Naturforsch. 1993,6.94 [s, Si(CH3)3], 22.05 [“quint.”, P(CH3)2], 22.63 (s, P2CSi), 65.46 48b, 1533.

(s, 12-crown-4). [16] H. H. Karsch, E. Witt, A. Schneider, E. Herdtweck, M. Heckel,
Angew. Chem. 1995, 107, 628; Angew. Chem., Int. Ed. Engl.

Ca[(PMe2)2C(SiMe3)]2 ·3 THF (10): M 5 670.951 g/mol, yield: 1995, 34, 557.
[17] E. Hey, L. M. Engelhardt, C. L. Raston, A. H. White, Angew.85.7%. 2 1H (C6D6): δ 5 0.46 (s, 18 H), 1.27 (m, THF, 12 H), 1.31

Chem. 1987, 99, 61; Angew. Chem., Int. Ed. Engl. 1987, 26, 81.(s, 24 H), 3.50 (m, THF, 12 H). 2 31P{1H} (C6D6): δ 5 228.6 (s). [18] P. R. Markies, O. S. Akkermann, F. Bickelhaupt, W. J. J. Smeets,
2 13C{1H} (C6D6): δ 5 7.75 [s, Si(CH3)3], 21.89 [“quint.”, A. L. Spek, Adv. Organomet. Chem. 1991, 32, 147.
P(CH3)2], 22.70 (s, P2CSi), 25.58 (s, THF), 68.71 (s, THF). 2 [19] T. Greiser, J. Kopf, D. Thoennes, E. Weiss, Chem. Ber. 1981,

114, 209.C28H45CaO3P4Si2: calc, (found): C, 50.12 (48.57); H, 9.91 (9.79).
[20] B. Schubert, E. Weiss, Chem. Ber. 1984, 117, 366.
[21] P. P. Power, Acc. Chem. Res. 1988, 21, 147.X-ray Measurements: The single crystals were sealed in thin-
[22] H. G. v. Schnering, G. Menge, Z. Anorg. Allg. Chem. 1976,walled capillaries and mounted on a four-circle diffractometer 422, 219.

CAD4 (Fa. ENRAF-NONIUS) with graphite-monochromated [23] M. Westerhausen, M. Digeser, Inorg. Chem. 1997, 36, 521.
Mo-Kα radiation (λ 5 0.71073 A

˚
). All data were collected at low [24] C. Silvestru, I. Haiduc, S. Klima, U. Thewalt, M. Gielen, J. J.
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Deprotonation of chiral triazolium salts 1 and reaction of the structure analysis. The application of the rhodium(COD)
complexes as catalysts in an asymmetric hydrosilylationresulting nucleophilic carbenes with [(COD)RhCl]2 or

[(NBD)RhCl]2 afforded square-planar complexes 2–6 in reaction has been examined, resulting in enantiomeric
excesses of up to 44%. Similar results were achieved foryields of 65–95%. The complexes contain an axis of chirality

and a diastereomeric excess of up to 97% was achieved. The aromatic and aliphatic ketones and a nonlinear temperature
effect (principle of isoinversion) was observed.relative and absolute configurations of these complexes were

determined by NMR spectroscopic investigations and X-ray

Introduction ligand perpendicular to the square-plane of the com-
plex[3] [7].Metal complexes of nucleophilic carbenes have already

been investigated[1] [2]. Recent investigations have included Scheme 1. Preparation of rhodium(COD) and -NBD complexes
chiral modifications and the application of these complexes
as catalysts in asymmetric synthesis. The first chiral carbene
complexes bearing imidazolidinylidene ligands were intro-
duced by Lappert et al. in 1983[3], followed by chiral imida-
zolinylidene complexes by Herrmann et al. [4] and by com-
plexes containing chiral imidazolinylidenes and triazolinyl-
idenes by our group[5] [6]. Using the C1-symmetrical triazoli-

The axis of chirality is represented by the carbene car-nylidenes as ligands, different rotamers were obtained as a
bon2rhodium bond. The two substituents of the first planeresult of hindered rotation about the carbene carbon2metal
are the chlorine atom and the olefin trans to the chlorine,bond[5]. To prevent the formation of these various rotamers,
whereas the substituents of the second plane are the nitro-one possibility is to employ chelating carbene ligands. These
gen atoms neighboring the carbene carbon atom (see Fig-ligands have previously been used to prepare ruthenium and
ure 1).rhodium complexes bearing a stereogenic center at the me-

tal atom[6]. Another possibility is to use nonchelating car-
Figure 1. Axis of chirality

bene ligands with hindered rotation about the carbene car-
bon2metal bond, causing an axis of chirality when in a
perpendicular orientation to the square-plane of the metal
complex. We now report the diastereoselective synthesis of
rhodium(I) complexes containing this kind of chirality and
the application of these complexes in a hydrosilylation reac-
tion.

Results and Discussion

Following our work on palladium(II) complexes contain-
ing two carbene ligands and therefore two axes of chirality Rhodium(COD) Complexes: The rhodium(COD) com-

plexes 224 were prepared by reaction of a triazolium salt 1in the cis form (resulting in two diastereomers and one meso
form according to our nomenclature[5]), we prepared with[(COD)RhCl]2 in THF with NEt3 in yields of 65295%,

the yield depending on the substituent R at N1. With asquare-planar rhodium complexes containing one carbene

Eur. J. Inorg. Chem. 1998, 9132919  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/070720913 $ 17.501.50/0 913
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Figure 2. Molecular structure of (Sa)-4a[a]phenyl group as the substituent at N1, the yield was higher

than with an alkyl group (see Table 1).

Table 1. Yields and diastereomeric excesses (de) of rhodium(COD)
complexes 224

Yield [%] de [%][a]

[a] Selected bond lengths (A
˚

) and angles (°): Rh2C(carbene)
2 90 2 2.004(7), Rh2Cl 2.366(2), Cl2Rh2C(carbene) 88.3(2).
3a 70 41
3b 95 40
3c 78 36
4a 79 93
4b 95 91
4c 65 97

[a] Determined by 1H-NMR spectroscopy.

The benzyl group in complex 2 (two doublets of 2J 5 14
Table 2. Yields and diastereomeric excesses (de) of rhodium(NBD)

Hz for the two benzylic protons in the 1H-NMR spectrum) complexes 5 and 6
indicates the existence of the axis of chirality within the
complex, the two protons becoming diastereotopic because Yield [%] de [%][a]

of the hindered rotation about the carbene carbon2rho-
5 95 2[b]dium bond. Calculation of the barrier for rotation of the
6a 93 [b]

carbene2carbon rhodium bond at the MP2/TZVP//RI- 6b 95 [b]

DFT/SV(P) level of theory yielded an energy of 93 kJ/mol, 6c 75 87
which is consistent with the experimentally found hindered

[a] Determined by 1H-NMR spectroscopy. 2 [b] Due to broad sig-rotation[8]. The diastereomeric excess of the complexes with
nals (rotation of the ligand), a diastereomeric excess could not bechiral substituents R*, 3 and 4, was determined by 1H- determined.

NMR spectroscopy to be 36241% for 3a2c [R* 5 (R)-1-
phenylethyl]. Using the 2,2-dimethyl-4-phenyl-1,3-dioxanyl They did not show the same hindrance of rotation about
residue as chiral substituent R* 4a2c, diastereomeric ex- the carbene carbon2rhodium bond as the rhodium(COD)
cesses of up to 97% could be achieved, the best obtained complexes. For the achiral benzyl group, at room tempera-
being with the bulky t-butyl group (4c). Despite the mixture ture no splitting of the benzylic protons was observed in
of diastereomers in solution, the major diastereomer of 4a the 1H-NMR spectrum. These findings were again sup-
could be crystallized and its structure in the solid state was ported by MP2/TZVP//RI-DFT/SV(P) calculations, which
determined by X-ray structure analysis (Figure 2). [9] [10]

gave a rotational barrier of 58 kJ/mol for the rotation about
The X-ray structure shows the rhodium atom with a the carbene carbon2rhodium bond in complex 5, much

square-planar arrangement of the ligands and a bond angle lower than that of complex 2 [8]. This is probably due to the
Cl2Rh2C(carbene) of 88.3(2)°. The interatomic distances significantly smaller size of the NBD ligand compared to
within the triazolinylidene heterocycle are similar to those the COD ligand, which leads to a considerably decreased
obtained for other (triazolinylidene)metal complexes[5] [6]. steric interaction in the course of the rotation. By analogy,
The carbene carbon bond length amounts to 2.004(7) A

˚
, no evidence for the existence of two diastereomers was ob-

identical to the value obtained by Lappert et al. for an (im- served in the NMR spectra of complexes 6a and 6b with a
idazolidinylidene)rhodium(COD) complex [2.004(4) A

˚
] [3]. chiral ligand, and only very broad signals were observed for

The configuration of the axis of chirality was assigned as the triazolinylidene ligand. Nevertheless, complex 6c with
(Sa) for this complex 4a. a bulky t-butyl substituent showed a hindered rotation. A

diastereomeric excess of 87% was determined, lower thanRhodium(NBD) Complexes: The rhodium(NBD) com-
plexes 526 were prepared in the same way as the rho- that for the rhodium(COD) complex 4c (97%). NMR spec-

troscopic investigations (NOE9s and ring-current effects) re-dium(COD) complexes.

Eur. J. Inorg. Chem. 1998, 9132919914
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vealed the relative and therefore the absolute configuration complexes 8a2b was determined to be 87%, identical to the

result obtained for the chloro complex 6c. For complex 7,of complex 6c.
the barrier for the rotation about the carbene carbon2rho-Figure 3. NMR spectroscopic investigations of complex 6c
dium bond was again calculated at the MP2/TZVP//RI-
DFT/SV(P) level of theory, yielding a barrier height of 73
kJ/mol[8]. The energy obtained is somewhat higher than for
the corresponding chloro complex 5, suggesting that the
steric interaction of the iodine ligand is more significant.
This is in agreement with experiment, since we did not ob-
serve rotation about the carbene carbon2rhodium bond in
the NMR spectra.

Asymmetric Hydrosilylation: The hydrosilylation reaction
with achiral (imidazolidinylidene)rhodium(COD) com-In both diastereomers, the dioxane ring in the chair con-
plexes, by Lappert et al. [12] was further developed byformation points away from the rhodium atom. For the
Herrmann et al. using chiral imidazolinylidene ligands,major diastereomer (Sa), the phenyl substituent of the diox-
which gave enantiomeric excesses of up to 32%[4].anyl group points at the olefinic protons of the double bond

The potential of the (triazolinylidene)rhodium(COD)trans to the chlorine atom, causing a ring-current effect and
and -(NBD) complexes as catalysts was examined in aa NOE. The former leads to a significant highfield shift of
hydrosilylation reaction. The best enantioselectivities werethese protons. For the minor diastereomer (Ra) with the
achieved with complexes 4a2c. In typical hydrosilylations,phenyl group pointing at the chlorine atom, neither this
the methyl ketones 9212 were reduced to the correspondingring-current effect nor the NOE was observed. This confor-
alcohols with diphenylsilane and 1 mol% of the catalyst inmation and configuration of 6c in solution is identical to
THF[13].the structure obtained for 4a in the solid state. The lower

diastereomeric excess of the rhodium(NBD) complex 6c Scheme 2. Asymmetric hydrosilylation of methyl ketones 9212
compared to rhodium(COD) complex 4c and the rotation
of the ligand in case of complexes 5, 6a2b may be caused
by a lower steric hindrance of the NBD ligand compared
to the COD ligand. Upon cooling to 240°C, the broad
signal of the benzylic protons of complex 5 in the 1H-NMR Enantiomeric excesses of up to 44% were achieved with
spectrum sharpened due to a more hindered rotation, now similar results being observed for aromatic and aliphatic ke-
appearing as two doublets. NMR spectroscopic investi- tones. The configuration of the resulting alcohol depends
gations of Rh, Cr, Mo, and W complexes with hindered upon the achiral group R at N1 of the triazolinylidene li-
carbene ligand rotation at lower temperatures have already gand. For example, the enantiomeric excess changes from
been reported[11]. 44% (S) (catalyst 4a) to 43% (R) (catalyst 4c) with acetylcy-

Substitution Reactions: The chlorine atom of the com- clohexane 12 as the starting material and no change of the
plexes 226 was exchanged with iodine using NaI in MeOH chirality information within the catalyst.
and the resulting complexes were purified by column chro- Table 4. Reaction conditions, yields and enantiomeric excesses for

the hydrosilylation reactionmatography. Some examples for this substitution reaction
are summarized in Table 3.

Catalyst Ketone Temperature [°C] Time Yield [%] ee [%]

4a 9 22 4h 90 20 (S)
4c 9 11 6d 60 40 (R)
4a 10 42 4h 80 37 (R)
4b 10 2 10d 40 32 (R)
4a 11 2 5d 90 19 (S)
4c 11 22 16h 40 24 (R)
4a 12 210 6d 75 44 (S)Table 3. Yields and diastereomeric excesses (de) of rhodium(NBD) 4b 12 2 4d 80 43 (S)complexes 7 and 8 4c 12 22 3d 70 43 (R)

Yield [%] de [%][a]

The optimum reaction temperature in order to achieve
the highest enantioselectivities varies from 142°C to7 90 2

8a 70 87 210°C for the different systems. We found a decreasing en-
8b 83 87 antioselectivity with increasing or decreasing temperature

with respect to the optimum conditions (principle of isoinv-[a] Determined by 1H-NMR spectroscopy.
ersion[14]). This nonlinear temperature effect has also been
observed by Scharf et al. [15] for a hydrosilylation reactionThe (iodo)rhodium(NBD) complexes 7 and 8 showed a

hindered rotation at room temperature, in contrast to the with rhodium(NBD) complexes and chiral cyclic mono-
phosphonite ligands.chloro complexes 5, 6a2b. The diastereomeric excess of the

Eur. J. Inorg. Chem. 1998, 9132919 915
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Conclusion 163 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 3029 cm21 (m), 2978 (s),

2933 (s), 2875 (s), 2829 (s), 1531 (s), 1495 (s), 1474 (s), 1404 (s),
Axially chiral (triazolinylidene)rhodium(COD) and - 1383 (s), 1335 (s), 794 (s), 732 (s), 701 (s). 2 1H NMR (300 MHz):

(NBD) complexes have been prepared with diastereomeric δ 5 1.74 (m, 1 H, CH2CH2), 1.92 (d, J 5 7.14 Hz, 3 H, CHCH3),
excesses of up to 97%. The NMR spectroscopic and theo- 2.00 (m, 3 H, CH2CH2), 2.40 (m, 4 H, CH2CH2), 2.93 (m, 1 H,
retical investigations show the steric requirements needed CHCH), 3.36 (m, 2 H, CHCH), 4.27 (s, 3 H, NCH3), 5.12 (m, 2
for hindered rotation about the carbene carbon2rhodium H, CHCH), 6.73 (q, J 5 7.41 Hz, 1 H, CHCH3), 7.33 (m, 2 H,

C6H5), 7.40 (m, 2 H, C6H5), 7.60 (s, 1 H minor diastereomer,bond. This new type of chiral complex was examined in
N2CH), 7.64 (m, 1 H, C6H5), 7.92 (s, 1 H, N2CH). 2 13C NMRasymmetric hydrosilylation reactions with enantiomeric ex-
(75 MHz): δ 5 22.93 (CH3), 28.35, 29.18, 32.20, 33.36 (CH2CH2),cesses of up to 44% for aromatic and aliphatic ketones. This
39.98 (NCH3), 58.48 (CHCH3), 68.40 (d, J 5 14.3 Hz, CHCH),represents a good result for a nonchelating ligand, probably
69.61 (d, J 5 15.0 Hz, CHCH), 99.46 (d, J 5 7.4 Hz, CHCH),caused in part by the axis of chirality.
99.85 (d, J 5 6.9 Hz, CHCH), 126.36, 128.36, 129.20 (C5H5CR),

This work was supported by the Fonds der Chemischen Industrie, 138.80 (C5H5CR), 140.24 (N2CH), 186.02 (d, J 5 50.3 Hz, NCRh).
the Deutsche Forschungsgemeinschaft (Leibniz award) and the For- 2 MS (70 eV); m/z (%): 433.0 (11.0) [M1], 324.9 (100) [M1 2
schungsverbund Katalyse Nordrhein-Westfalen. We are grateful to COD], 288.8 (17.5) [M1 2 COD 2 Cl], 260.9 (45.5), 105.0 (42.8).
BASF AG, Degussa AG, Boehringer Mannheim GmbH, Bayer AG 2 HR-MS; m/z: C19H25ClN3Rh [M1]: calcd. 433.0785; found
and Hoechst AG for the donation of chemicals. 433.0784.

(R)-Chloro(η4-1,5-cyclooctadiene)(1-phenyl-4-(1-phenylethyl)-
Experimental Section 4,5-dihydro-1H-1,2,4-triazol-5-ylidene)rhodium(I) (3b): Yield 94

mg (95%), de 40%, m.p. 207°C. 2 [α]D
25 5 1142 (c 5 0.1, CHCl3).General: All solvents were dried and distilled before use. The

2 IR (KBr): ν̃ 5 3031 cm21 (m), 2995 (m), 2969 (m), 2935 (s),triazolium perchlorates[16], [(COD)RhCl]2 and [(NBD)RhCl]2 [17]

2914 (s), 2874 (s), 2829 (s), 1597 (s), 1531 (s), 1500 (s), 1476 (m),were prepared according to literature procedures. 2 Column chro-
1452 (m), 1409 (s), 1387 (m), 1345 (s), 762 (s), 718 (s), 691 (s), 663matography: Merck silica gel 60, 0.04020.063 mm (2302400 mesh)
(s). 2 1H NMR (300 MHz): δ 5 1.65 (m, 1 H, CH2CH2), 1.76 (m,(flash). 2 Optical rotation values: Perkin-Elmer P 241, solvent
2 H, CH2CH2), 1.90 (m, 2 H, CH2CH2), 2.00 (d, J 5 7.15 Hz, 3UVASOL-quality. 2 Melting points (uncorrected): Büchi 510. 2
H, CHCH3), 2.15 (m, 1 H, CH2CH2), 2.35 (m, 2 H, CH2CH2), 2.68IR: Perkin-Elmer FT 1750. 2 NMR: Varian VXR 300 and Gemini
(m, 1 H, CHCH), 2.81 (m, 2 H, CHCH), 5.15 (m, 2 H, CHCH),300 (300 and 75 MHz for 1H and 13C, respectively), Varian Unity
7.02 (q, J 5 7.14 Hz, 1 H, CHCH3), 7.39 (m, 2 H, C6H5), 7.46 (m,500 (500 and 125 MHz for 1H and 13C, respectively), CDCl3 as
4 H, C6H5), 7.56 (m, 2 H, C6H5), 7.72 (s, 1 H minor diastereomer,solvent, TMS as internal standard, room temperature if not other-
N2CH), 8.18 (s, 1 H, N2CH), 8.55 (m, 2 H, C6H5). 2 13C NMRwise noticed. 2 MS: Finnigan MAT (70 eV) and Finnigan SSQ
(75 MHz): δ 5 22.79 (CH3), 28.20, 29.17, 32.18, 32.76 (CH2CH2),7000 (70 eV).
59.49 (CHCH3), 68.76 (d, J 5 14.3 Hz, CHCH), 71.02 (d, J 5 13.8

1. General Procedure for the Preparation of (Chloro)rhodium- Hz, CHCH), 98.50 (d, J 5 7.5 Hz, CHCH), 99.42 (d, J 5 7.4 Hz,
(COD) Complexes 224: (COD)RhCl]2 (50 mg, 0.10 mmol), NEt3 CHCH), 123.95, 125.55, 128.41, 128.47, 128.84, 129.25 (C5H5CR),
(0.2 ml, 1.4 mmol) and 1.1 equiv. of the corresponding triazolium 138.28, 139.89 (C5H5CR), 140.67 (N2CH), 186.85 (d, J 5 51.0 Hz,
perchlorate 1 (0.22 mmol) were dissolved in 40 ml of THF and the NCRh). 2 MS (70 eV); m/z (%): 495.0 (36.3) [M1], 386.9 (66.5)
solution was stirred at room temperature for 14 h. The solution [M1 2COD], 350.9 (64.3) [M1 2 COD 2 HCl], 246.9 (44.9), 105.0
was evaporated to dryness in vacuo and the products were purified (77.7). 2 HR-MS, m/z: C24H27ClN3Rh [M1]: calcd. 495.0942;
by column chromatography (silica gel, Et2O/pentane, 2:1). found 495.0942.

Chloro(η4-1,5-cyclooctadiene)(1-phenyl-4-benzyl-4,5-dihydro- (R)-(1-tButyl-4-(1-phenylethyl)-4,5-dihydro-1H-1,2,4-triazol-5-
1H-1,2,4-triazol-5-ylidene)rhodium(I) (2): Yield 86 mg (90%), m.p. ylidene)(chloro)(η4-1,5-cyclooctadiene)rhodium(I) (3c): Yield 74
184°C. 2 IR (KBr): ν̃ 5 3110 cm21 (m), 3047 (m), 3005 (m), 2931 mg (78%), de 36%, m.p. 81°C. 2 [α]D

25 5 138 (c 5 0.1, CHCl3).
(s), 2880 (s), 2833 (m), 1595 (s), 1545 (m), 1497 (s), 1476 (m), 1457 2 IR (KBr): ν̃ 5 3047 cm21 (m), 2976 (s), 2933 (s), 2876 (s), 2831
(m), 1435 (m), 1396 (s), 1355 (s), 1333 (s), 1222 (s), 766 (s), 723 (s), (s), 1545 (s), 1496 (m), 1475 (s), 1454 (s), 1406 (s), 1383 (s), 1365
706 (s), 650 (s). 2 1H NMR (300 MHz): δ 5 1.66 (m, 1 H, (s), 762 (m), 703 (s), 673 (m). 2 1H NMR (300 MHz): δ 5 1.87
CH2CH2), 1,84 (m, 4 H, CH2CH2), 2.12 (m, 1 H, CH2CH2), 2.30 (m, 4 H, CH2CH2), 1.97 (d, J 5 7.69 Hz, 3 H, CHCH3), 2.01 (s, 9
(m, 2 H, CH2CH2), 2.74 (m, 1 H, CHCH), 3.08 (m, 1 H, CHCH), H, C(CH3)3), 2.36 (m, 1 H, CH2CH2), 3.20 (m, 1 H, CHCH), 3.35
5.12 (m, 1 H, CHCH), 5.22 (m, 1 H, CHCH), 5.86 (d, J 5 14.83 (m, 1 H, CHCH), 5.04 (m, 2 H, CHCH), 7.36 (m, 5 H, C6H5,
Hz, 1 H, PhCH2), 6.06 (d, J 5 14.83 Hz, 1 H, PhCH2), 7.50 (m, 8 CHCH3), 7.70 (m, 1 H, C6H5), 7.72 (s, 1 H minor diastereomer,
H, C6H5), 7.90 (s, 1 H, N2CH), 8.56 (m, 2 H, C6H5). 2 13C NMR N2CH), 7.88 (s, 1 H, N2CH). 2 13C NMR (75 MHz): δ 5 23.37
(75 MHz): δ 5 28.64, 28.87, 32.23, 32.60 (CH2CH2), 53.37 (CH3), 28.79, 28.86 (CH2CH2), 31.25 [C(CH3)3], 32.17, 32.70
(PhCH2), 69.07 (d, J 5 14.3 Hz, CHCH), 70.35 (d, J 5 14.3 Hz, (CH2CH2), 59.76 (CHCH3), 61.95 [C(CH3)3], 68.51 (d, J 5 14.3
CHCH), 98.83 (d, J 5 7.4 Hz, CHCH), 99.53 (d, J 5 7.4 Hz, Hz, CHCH), 69.74 (d, J 5 14.9 Hz, CHCH), 95.63 (d, J 5 7.5 Hz,
CHCH), 123.75, 128.48, 128.73, 128.82, 128.90, 129.31 (C5H5CR), CHCH), 97.63 (d, J 5 7.4 Hz, CHCH), 126.08, 127.51, 129.19
134.70, 139.74 (C5H5CR), 142.42 (CHN), 186.94 (d, J 5 51.0 Hz, (C5H5CR), 139.64 (C5H5CR), 140.67 (N2CH), 184.10 (d, J 5 56.7
NCRh). 2 MS (70 eV); m/z (%): 481.1 (38.2) [M1], 445.0 (12.1) Hz, NCRh). 2 MS (70 eV); m/z (%): 475.0 (37.1) [M1], 440.1 (10.8)
[M1 2 HCl], 372.9 (43.6) [M1 2 COD], 336.9 (100) [M1 2 COD [M1 2 Cl], 402.8 (14.2), 366.9 (50.5) [M1 2 COD], 331.0 (24.3)
2 Cl]. 2 HR-MS; m/z: C23H25ClN3Rh [M1]: calcd. 481.0785; [M1 2 COD 2 HCl], 310.9 (100.0) [M1 2 COD 2 C4H8], 105.1
found 481.0785. (18.6). 2 HR-MS, m/z: C22H31ClN3Rh [M1]: calcd. 475.1255;

found 475.1255.(R)-Chloro(η4-1,5-cyclooctadiene)(1-methyl-4-(1-phenylethyl)-
4,5-dihydro-1H-1,2,4-triazol-5-ylidene)rhodium(I) (3a): Yield 60 (Sa,4S,5S)-Chloro(η4-1,5-cyclooctadiene)(1-methyl-4-(2,2-

dimethyl-4-phenyl-1,3-dioxan-5-yl)-4,5-dihydro-1H-1,2,4-triazol-5-mg (70%), diasteromeric excess (de) 41%, m.p. 78280°C 2 [α]D
25 5

Eur. J. Inorg. Chem. 1998, 9132919916
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ylidene)rhodium(I) (4a): Yield 84 mg (79%), de 93%, m.p. >230°C 8.49 (s, 1 H minor diastereomer, N2CH), 8.87 (s, 1 H, N2CH). 2

13C NMR (75 MHz): δ 5 18.50 (CCH3), 28.19 (CH2CH2), 29.372 [α]D
25 5 180 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 3174 cm21

(w), 2990 (m), 2939 (s), 2914 (m), 2875 (s), 2833 (m), 1533 (m), (CH2CH2), 29.68 (CCH3), 30.88 (CH2CH2), 31.23 [C(CH3)3], 31.34
(CH2CH2), 58.53 (OCHCH), 61.70 [C(CH3)3], 65.09 (OCH2), 68.011499 (m), 1478 (m), 1448 (m), 1376 (s), 1204 (s), 1188 (s), 1165 (s),

1121 (s), 1078 (s), 1017 (m), 732 (s), 701 (s). 2 1H NMR (300 (d, J 5 14.3 Hz, CHCH), 68.99 (d, J 5 14.99 Hz, CHCH), 73.69
(OCH), 95.90 (d, J 5 7.5 Hz, CHCH), 97.70 (d, J 5 8.0 Hz,MHz): δ 5 1.65 (s, 3 H, CCH3), 1.69 (s, 3 H, CCH3), 1.88 (m, 5

H, CH2CH2), 2.14 (m, 1 H, CH2CH2), 2.30 (m, 4 H, CH2CH2, CHCH), 100.51 [OC(CH3)2], 126.55, 128.53, 128.73 (C5H5CR),
137.25 (C5H5CR), 142.45 (N2CH), 183.93 (d, J 5 51.0 Hz, NCRh).CHCH), 2.96 (m, 1 H, CHCH), 4.19 (s, 3 H, NCH3), 4.27 (br. d,

J 5 12.91 Hz, 1 H, OCH2), 4.52 (d/d, J 5 12.92/2.20 Hz, 1 H, 2 MS (70 eV); m/z (%): 561.2 (88.7) [M1], 453.0 (100) [M1 2

COD], 417.0 (58.2) [M1 2 COD 2 Cl], 396.9 (81.4). 2 HR-MS,OCH2), 4.91 (m, 1 H, CHCH), 5.01 (m, 1 H, CHCH), 5.50 (d,
J 5 2.48 Hz, 1 H, OCH), 5.72 (d/d/d, J 5 1.65/1.65/1.65 Hz, 1 H, m/z: C26H37ClN3O2Rh [M1]: calcd. 561.1622; found 561.1620.
OCHCH), 7.24 (m, 5 H, C6H5), 8.35 (s, 1 H minor diastereomer,

2. General Procedure for the Preparation of (Chloro)rhodi-N2CH), 8.73 (s, 1 H, N2CH). 2 13C NMR (75 MHz): δ 5 18.44
um(NBD) Complexes 5 and 6: [(NBD)RhCl]2 (46 mg, 0.1 mmol),(CCH3), 28.48 (CH2CH2), 29.04 (CH2CH2), 29.73 (CCH3), 32.28
NEt3 (0.2 ml, 1.4 mmol) and 1.1 equiv. of the corresponding triazo-(CH2CH2), 33.26 (CH2CH2), 39.76 (NCH3), 57.25 (OCHCH),
lium perchlorate 1 (0.22 mmol) were dissolved in 40 ml of THF64.89 (OCH2), 68.26 (d, J 5 13.8 Hz, CHCH), 69.13 (d, J 5 14.3
and the solution was stirred at room temperature for 14 h. TheHz, CHCH), 73.09 (OCH), 99.31 (d, J 5 6.8 Hz, CHCH), 99.64
solution was evaporated to dryness in vacuo and the products were(d, J 5 7.4 Hz, CHCH), 100.47 [OC(CH3)2], 126.13, 128.52, 128.64
purified by column chromatography (silica gel, Et2O/pentane, 2:1).(C5H5CR), 137.35 (C5H5CR), 143.17 (N2CH), 187.33 (d, J 5 52.3

Hz, NCRh). 2 MS (70 eV); m/z (%): 519.0 (24.7) [M1], 411.0 Chloro(η4-1,5-norbornadiene)(1-phenyl-4-benzyl-4,5-dihydro-
(100.0) [M1 2 COD], 376.9 (6.7) [M1 2COD 2 Cl]. 2 HR-MS, 1H-1,2,4-triazol-5-ylidene)rhodium(I) (5): Yield 88 mg (95%), m.p.
m/z: C23H31ClN3O2Rh [M1]: calcd. 519.1153; found 519.1153. 192°C. 2 IR (KBr): ν̃ 5 3118 cm21 (m), 3047 (m), 3002 (m), 2958

(m), 2919 (m), 2841 (m), 1596 (s), 1541 (m), 1497 (s), 1456 (m),(Sa,4S,5S)-Chloro(η4-1,5-cyclooctadiene)(1-phenyl-4-(2,2-
1397 (s), 1338 (s), 1306 (s), 1222 (s), 763 (s), 726 (s), 705 (s). 2 1Hdimethyl-4-phenyl-1,3-dioxan-5-yl)-4,5-dihydro-1H-1,2,4-triazol-5-
NMR (500 MHz): δ 5 1.10 (d/d/d, J 5 8.51/1.38/1.38 Hz, 1 H,ylidene)rhodium(I) (4b): Yield 110 mg (95%), de 91%, m.p. >230°C
CHCH2), 1.18 (d/d/d, J 5 8.51/1.65/1.65 Hz, 1 H, CHCH2), 2.692 [α]D

25 5 18 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 3161 cm21 (m),
(m, 2 H, CHCHCHCH2), 3.47 (m, 2 H, CH2CH), 4.87 (m, 2 H,2991 (m), 2935 (s), 2910 (m), 2877 (s), 2831 (m), 1597 (m), 1538
CHCHCHCH2), 5.80 (br. s, 2 H, PhCH2), 7.48 (m, 4 H, C6H5),(m), 1499 (s), 1464 (m), 1452 (m), 1430 (m), 1402 (s), 1382 (s), 1366
7.61 (m, 4 H, C6H5), 8.01 (s, 1 H, N2CH), 8.54 (m, 2 H, C6H5). 2(s), 1187 (s), 1160 (s), 1112 (s), 1078 (s), 1010 (s), 763 (s), 736 (s),
1H NMR (500 MHz, 240°C): δ 5 1.09 (br. d, J 5 8.55 Hz, 1 H,719 (s), 699 (s). 2 1H NMR (300 MHz): δ 5 1.43 (m, 1 H,
CHCH2), 1.17 (br. d, J 5 8.24 Hz, 1 H, CHCH2), 2.59 (m, 2 H,CH2CH2), 1.61 (m, 2 H, CH2CH2), 1.68 (s, 3 H, CCH3), 1.72 (s, 3
CHCHCHCH2), 3.46 (m, 2 H, CH2CH), 4.85 (m, 1 H,H, CCH3), 1.75 (m, 3 H, CH2CH2), 2.06 (m, 1 H, CH2CH2), 2.19
CHCHCHCH2), 4.91 (m, 1 H, CHCHCHCH2), 5.50 (d, J 5 14.65(m, 1 H, CH2CH2), 2.27 (m, 2 H, CHCH), 4.42 (d/d, J 5 12.91/
Hz, 1 H, PhCH2), 6.08 (d, J 5 14.65 Hz, 1 H, PhCH2), 7.48 (m, 21.37 Hz, 1 H, OCH2), 4.60 (d/d, J 5 12.91/2.20 Hz, 1 H, OCH2),
H, C6H5), 7.54 (m, 2 H, C6H5), 7.62 (m, 2 H, C6H5), 7.69 (m, 2 H,4.90 (m, 1 H, CHCH), 5.11 (m, 1 H, CHCH), 5.58 (d, J 5 2.47
C6H5), 8.31 (s, 1 H, N2CH), 8.53 (m, 2 H, C6H5). 2 13C NMR (75Hz, 1 H, OCH), 6.00 (d/d/d, J 5 1.64/1.64/1.64 Hz, 1 H, OCHCH),
MHz): δ 5 49.36 (m, CH2CHCHCH), 50.67 (d, J 5 2.9 Hz,7.23 (m, 1 H, C6H5), 7.30 (m, 4 H, C6H5), 7.42 (m, 1 H, C6H5),
CH2CH), 52.97 (PhCH2), 63.00 (d, J 5 5.1 Hz, CH2CHCH), 78.347.51 (m, 2 H, C6H5), 8.43 (m, 2 H, C6H5), 8.45 (s, 1 H minor
(d, J 5 6.0 Hz, CH2CHCHCH), 123.50, 128.56, 128.72, 128.78,diastereomer, N2CH), 8.95 (s, 1 H, N2CH). 2 13C NMR (75 MHz):
129.17 (C5H5CR), 135.32, 139.84 (C5H5CR), 142.63 (CHN), 189.00δ 5 18.47 (CCH3), 28.67 (CH2CH2), 28.78 (CH2CH2), 29.77
(d, J 5 57.5 Hz, NCRh). 2 MS (70 eV); m/z (%): 465.1 (3.6) [M1],(CCH3), 31.70 (CH2CH2), 33.09 (CH2CH2), 58.14 (OCHCH),
429.0 (3.3) [M1 2HCl], 372.9 (3.0) [M1 2 NBD], 336.9 (16.0) [M1

64.99 (OCH2), 68.39 (d, J 5 14.4 Hz, CHCH), 70.79 (d, J 5 13.7
2 NBD 2 HCl], 91.0 (100.0). 2 HR-MS, m/z: C22H21ClN3RhHz, CHCH), 73.12 (OCH), 98.63 (d, J 5 6.9 Hz, CHCH), 98.87
[M1]: calcd. 465.0472; found 465.0477.(d, J 5 7.4 Hz, CHCH), 100.53 (OC(CH3)2), 124.13, 126.13,

128.41, 128.53, 128.66 (C5H5CR), 137.40, 139.73 (C5H5CR), (4S,5S)-Chloro(1-methyl-4-(2,2-dimethyl-4-phenyl-1,3-di-
143.56 (N2CH), 186.75 (d, J 5 51.6 Hz, NCRh). 2 MS (70 eV); oxan-5-yl)-4,5-dihydro-1H-1,2,4-triazol-5-ylidene)(η4-1,5-norbor-
m/z (%): 581.2 (11.7) [M1], 546.2 (16.8) [M1 2Cl], 473.0 (14.9) nadiene)rhodium(I) (6a): Yield 94 mg (93%), m.p. 199°C. 2
[M1 2 COD], 437.0 (63.7) [M1 2 COD 2 Cl]. 2 HR-MS, m/z: [α]D

25 5 1128 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 2994 cm21 (s),
C28H33ClN3O2Rh [M1]: calcd. 581.1309; found 581.1306. 2953 (m), 2922 (m), 2882 (m), 2837 (m), 1533 (m), 1483 (m), 1451

(m), 1441 (m), 1407 (m), 1383 (s), 1305 (m), 1237 (s), 1204 (s), 1187(Sa,4S,5S)-(1-tButyl-4-(2,2-dimethyl-4-phenyl-1,3-dioxan-5-yl)-
4,5-dihydro-1H-1,2,4-triazol-5-ylidene)(chloro)(η4-1,5-cyclo- (s), 1162 (s), 1115 (s), 1079 (s), 762 (m), 734 (s), 705 (s). 2 1H

NMR (300 MHz): δ 5 1.29 (d/d, J 5 1.37/1.37 Hz, 2 H, CHCH2),octadiene)rhodium(I) (4c): Yield 72 mg (65%), de 97%, m.p. 228°C.
2 [α]D

25 5 139 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 3031 cm21 1.64 (s, 3 H, CCH3), 1.68 (s, 3 H, CCH3), 2.34 (m, 1 H,
CH2CHCHCH), 3.33 (m, 1 H, CH2CHCHCH), 3.63 (m, 1 H,(w), 2990 (m), 2939 (m), 2914 (m), 2876 (s), 2833 (m), 1534 (m),

1478 (m), 1448 (m), 1376 (s), 1188 (s), 1121 (s), 1078 (s), 1016 (s), CH2CH), 3.73 (m, 1 H, CH2CH), 4.05 (s, 3 H, NCH3), 4.14 (d/d,
J 5 12.91/1.37 Hz, 1 H, OCH2), 4.54 (d/d, J 5 12.91/2.20 Hz, 1732 (s), 701 (s). 2 1H NMR (300 MHz): δ 5 1.65 (s, 3 H, CCH3),

1.70 (s, 3 H, CCH3), 1.77 (m, 2 H, CH2CH2), 1.88 (m, 2 H, H, OCH2), 4.78 (m, 1 H, CH2CHCHCH), 4.85 (m, 1 H,
CH2CHCHCH), 5.55 (d, J 5 2.47 Hz, OCH), 5.90 (d/d/d, J 5CH2CH2), 1.92 [s, 9 H, C(CH3)3], 2.02 (m, 1 H, CHCH), 2.16 (m,

1 H, CH2CH2), 2.24 (m, 2 H, CH2CH2), 2.36 (m, 1 H, CH2CH2), 1.37/1.37/1.37 Hz, 1 H, OCH2CH), 7.24 (m, 1 H, C6H5), 7.34 (m,
4 H, C6H5), 8.63 (s, 1 H, N2CH). 2 13C NMR (75 MHz): δ 52.90 (m, 1 H, CHCH), 4.41 (d/d, J 5 12.64/1.37 Hz, 1 H, OCH2),

4.56 (d/d, J 5 12.91/2.20 Hz, 1 H, OCH2), 4.86 (m, 1 H, CHCH), 19.04 (CCH3), 30.27 (CCH3), 40.05 (NCH3), 49.60 (d, J 5 11.9
Hz, CH2CHCHCH), 50.03 (d, J 5 12.5 Hz, CH2CHCHCH), 51.524.97 (m, 1 H, CHCH), 5.52 (d, J 5 2.47 Hz, 1 H, OCH), 6.20 (d/

d/d, J 5 1.65/1.65/1.65 Hz, 1 H, OCHCH), 7.26 (m, 5 H, C6H5), (d, J 5 5.7 Hz, CH2CH), 57.21 (OCH2), 64.29 (CH2CHCHCH),
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65.58 (OCH2CH), 73.15 (OCH), 79.53 (d, J 5 5.7 Hz, CH2CHCHCH), 48.65 (d, J 5 12.0 Hz, CH2CHCHCH), 50.22 (d,

J 5 2.4 Hz, CH2CH), 50.32 (d, J 5 2.9 Hz, CH2CH), 58.50CH2CHCHCH), 81.07 (d, J 5 5.7 Hz, CH2CHCHCH), 100.94
[C(CH3)2], 126.64, 128.86, 129.21 (C5H5CR), 137.89 (C5H5CR), (OCH2CH), 60.95 [C(CH3)3], 63.04 (d, J 5 4.9 Hz,

CH2CHCHCH), 65.11 (OCH2), 72.19 (d, J 5 6.0 Hz,143.52 (N2CH), 186.64 (d, J 5 58.1 Hz, NCRh). 2 MS (70 eV);
m/z (%): 503.1 (4.7) [M1], 468.2 (54.6) [M1 2 Cl], 411.0 (71.3) [M1 CH2CHCHCH), 73.41 (OCH), 75.64 (d, J 5 6.5 Hz,

CH2CHCHCH), 100.46 [C(CH3)2], 126.59, 128.51, 128.552 NBD], 376.2 (17.7) [M1 2 NBD 2 HCl], 323.1 (41.1), 287.1
(36.6), 211.1 (60.8), 272.1 (9.0), 184.1 (80.6), 91.2 (100.0). 2 HR- (C5H5CR), 137.35 (C5H5CR), 142.11 (N2CH), 185.46 (d, J 5 56.7

Hz, NCRh). 2 MS (70 eV); m/z (%): 545.2 (39.0) [M1], 453.0MS, m/z: C22H27N3O2Rh [M1 2 Cl]: calcd. 468.1151; found
468.1154. (100.0) [M1 2 NBD], 417.0 (98.7) [M1 2 NBD 2 HCl], 396.9

(95.7), 361.0 (49.0), 308.9 (47.7), 272.9 (55.4), 196.9 (41.1), 105.0(4S,5S)-Chloro(η4-1,5-norbornadiene)(1-phenyl-4-(2,2-di-
(63.1), 91.1 (69.9). 2 HR-MS, m/z: C25H33ClN3O2Rh [M1]: calcd.methyl-4-phenyl-1,3-dioxan-5-yl)-4,5-dihydro-1H-1,2,4-triazol-5-yli-
545.1309; found 545.1308.dene)rhodium(I) (6b): Yield 108 mg (95%), m.p. 226°C. 2

[α]D
25 5 113 (c 5 0.1, CHCl3) 2 IR (KBr): ν̃ 5 3049 cm21 (w), 3. General Procedure for the Preparation of (Iodo)rhodi-

2985 (s), 2922 (m), 2956 (s), 2937 (m), 2912 (m), 2837 (w), 1597 um(NBD) Complexes 7 and 8: Chloro)rhodium(NBD) complexes
(m), 1533 (m), 1501 (s), 1453 (m), 1410 (m), 1383 (s), 1326 (m), 5, 6a2b (0.1 mmol) and NaI (40 mg, 0.26 mmol) were dissolved in
1234 (s), 1201 (s), 1161 (s), 1115 (s), 1074 (s), 1014 (s), 762 (s), 734 10 ml of MeOH. The solution was stirred at room temperature for
(s), 704 (s). 2 1H NMR (300 MHz): δ 5 1.05 (d/d/d, J 5 8.24/ 6 h, evaporated to dryness in vacuo and the products were purified
1.50/1.50 Hz, 1 H, CHCH2), 1.16 (d/d/d, J 5 8.52/1.38/1.38 Hz, 1 by column chromatography (silica gel, Et2O/pentane, 1:1).
H, CHCH2), 1.67 (s, 3 H, CCH3), 1.71 (s, 3 H, CCH3), 2.00 (m, 1

Iodo(η4-1,5-norbornadiene)(1-phenyl-4-benzyl-4,5-dihydro-1H-H, CH2CHCHCH), 2.40 (m, 1 H, CH2CHCHCH), 3.37 (m, 1 H,
1,2,4-triazol-5-ylidene)rhodium(I) (7): Yield 50 mg (90%), m.p.CH2CH), 3.50 (m, 1 H, CH2CH), 4.29 (br. d, J 5 12.37 Hz, 1 H,
172°C. 2 IR (KBr): ν̃ 5 3120 cm21 (m), 3052 (m), 3006 (m), 2949OCH2), 4.62 (d/d, J 5 12.91/1.92 Hz, 1 H, OCH2), 4.80 (m, 2 H,
(m), 2912 (m), 2863 (m), 2840 (m), 1595 (m), 1534 (m), 1498 (s),CH2CHCHCH), 5.63 (d, J 5 2.47 Hz, OCH), 6.11 (d/d/d, J 5
1458 (m), 1384 (m), 1343 (m), 1303 (s), 761 (s), 732 (s), 697 (s). 21.65/1.65/1.65 Hz, OCH2CH), 7.22 (m, 1 H, C6H5), 7.34 (m, 2 H,
1H NMR (500 MHz): δ 5 1.09 (d/d/d, J 5 8.51/1.65/1.65 Hz, 1 H,C6H5), 7.46 (m, 3 H, C6H5), 7.55 (m, 2 H, C6H5), 8.34 (m, 2 H,
CHCH2), 1.24 (d/d/d, J 5 8.52/1.65/1.65 Hz, 1 H, CHCH2), 2.91C6H5), 8.82 (s, 1 H, N2CH). 2 13C NMR (75 MHz): δ 5 18.51
(m, 2 H, CH2CHCHCH), 3.47 (m, 2 H, CH2CH), 5.06 (m, 1 H,(CCH3), 29.74 (CCH3), 48.71 (br. CH2CH), 50.51
CH2CHCHCH), 5.10 (m, 1 H, CH2CHCHCH), 5.56 (d, J 5 14.55(CH2CHCHCH), 50.80 (br. CH2CH), 57.37 (OCH2), 63.26 (d, J 5
Hz, 1 H, PhCH2), 6.03 (d, J 5 14.56 Hz, 1 H, PhCH2), 7.48 (m, 45.2 Hz, CH2CHCHCH), 65.06 (OCH2CH), 72.51 (OCH), 77.46 (d,
H, C6H5), 7.58 (m, 4 H, C6H5), 7.98 (s, 1 H, N2CH), 8.56 (m, 2 H,J 5 5.2 Hz, CH2CHCHCH), 77.82 (d, J 5 6.2 Hz,
C6H5). 2 13C NMR (75 MHz): δ 5 51.18 (d, J 5 2.33 Hz,CH2CHCHCH), 100.45 [C(CH3)2], 123.86, 126.05, 128.31, 128.53,
CH2CH), 51.83 (d, J 5 11.9 Hz, CH2CHCHCH), 52.92 (d, J 5128.60, 128.62 (C5H5CR), 137.32, 139.55 (C5H5CR), 143.32
12.0 Hz, CH2CHCHCH), 53.47 (PhCH2), 64.39 (d, J 5 5.1 Hz,(N2CH), 187.54 (d, J 5 58.1 Hz, NCRh). 2 MS (70 eV); m/z (%):
CH2CHCH), 75.48 (d, J 5 8.0 Hz, CH2CHCHCH), 75.58 (d, J 5565.2 (19.0) [M1], 473.1 (19.9) [M1 2NBD], 437.1 (100.0) [M1 2
5.7 Hz, CH2CHCHCH), 123.02, 128.43, 128.66, 128.83, 129.14,NBD 2 HCl], 349.0 (12.8), 273.0 (16.6), 247.0 (15.1). 2 HR-MS,
129.19 (C5H5CR), 135.01, 139.93 (C5H5CR), 142.70 (CHN), 190.80m/z: C27H29ClN3O2Rh [M1]: calcd. 565.0996; found 565.1001.
(d, J 5 55.2 Hz, NCRh). 2 MS (70 eV); m/z (%): 557.0 (0.3) [M1],

(Sa,4S,5S)-(1-tButyl-4-(2,2-dimethyl-4-phenyl-1,3-dioxan-5-yl)- 430.0 (2.6) [M1 2 I], 337.2 (10.4) [M1 2 NBD 2 I], 126.0 (27.8),
4,5-dihydro-1H-1,2,4-triazol-5-ylidene)(chloro)(η4-1,5-nor- 72.1 (100.0). 2 HR-MS, m/z: C22H21N3Rh [M1 2 I]: calcd.
bornadiene)rhodium(I) (6c): Yield 82 mg (75%), de 87%, m.p. 430.0783; found 430.0783.
113°C. 2 [α]D

255 136 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 3060
cm21 (w), 2988 (s), 2939 (m), 2878 (m), 1543 (m), 1498 (m), 1475 (Sa,4S,5S)-Iodo(1-methyl-4-(2,2-dimethyl-4-phenyl-1,3-dioxan-

5-yl)-4,5-dihydro-1H-1,2,4-triazol-5-ylidene)(η4-1,5-norborna-(m), 1454 (m), 1400 (s), 1384 (s), 1306 (m), 1267 (s), 1234 (s), 1206
(s), 1192 (s), 1166 (s), 1112 (s), 1078 (s), 1010 (m), 754 (m), 704 (s). diene)rhodium(I) (8a): Yield 42 mg (70%), de 87%, m.p.

1222124°C. 2 [α]D
25 5 197 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 52 1H NMR (500 MHz, major diastereomer): δ 5 1.19 (d/d/d, J 5

8.54/1.53/1.53 Hz, 1 H, CHCH2), 1.22 (d/d/d, J 5 8.54/1.53/1.53 2989 cm21 (s), 2922 (m), 2873 (m), 1563 (m), 1532 (m), 1498 (m),
1451 (m), 1403 (m), 1383 (s), 1307 (m), 1203 (s), 1188 (s), 1163 (s),Hz, 1 H, CHCH2), 1.64 (s, 3 H, CCH3), 1.71 (s, 3 H, CCH3), 1.88

(s, 9 H, C(CH3)3), 2.26 (m, 1 H, CH2CHCHCH), 3.13 (m, 1 H, 1117 (s), 1078 (s), 761 (m), 732 (s), 701 (s). 2 1H NMR (300 MHz):
δ 5 1.24 (d, J 5 8.12 Hz, 1 H, CHCH2), 1.32 (d, J 5 8.18 Hz, 1CH2CHCHCH), 3.63 (m, 2 H, CH2CH), 4.26 (d/d, J 5 12.82/1.53

Hz, 1 H, OCH2), 4.55 (m, 1 H, CH2CHCHCH), 4.59 (d/d, J 5 H, CHCH2), 1.64 (s, 3 H, CCH3), 1.68 (s, 3 H, CCH3), 2.23 (m, 1
H, CH2CHCHCH), 3.47 (m, 1 H, CH2CHCHCH), 3.57 (m, 1 H,12.82/1.53 Hz, 1 H, OCH2), 4.70 (m, 1 H, CH2CHCHCH), 5.59

(d, J 5 2.44 Hz, OCH), 6.45 (d/d/d, J 5 1.53/1.53/1.53 Hz, CH2CH), 3.71 (m, 1 H, CH2CH), 4.04 (s, 3 H, NCH3), 4.26 (br. d,
J 5 12.63 Hz, 1 H, OCH2), 4.57 (d/d, J 5 12.91/2.20 Hz, 1 H,OCH2CH), 7.25 (m, 1 H, C6H5), 7.28 (m, 2 H, C6H5), 7.30 (m, 2

H, C6H5), 8.78 (s, 1 H, N2CH). 2 1H NMR (500 MHz, minor OCH2), 5.01 (m, 2 H, CH2CHCHCH), 5.55 (d, J 5 2.20 Hz,
OCH), 5.73 (m, 1 H, OCH2CH), 7.29 (m, 5 H, C6H5), 8.35 (s, 1 Hdiastereomer): δ 5 1.32 (d/d/d, J 5 8.54/1.67/1.67 Hz, 1 H,

CHCH2), 1.35 (d/d/d, J 5 8.54/1.60/1.60 Hz, 1 H, CHCH2), 1.64 minor diastereomer, N2CH), 8.70 (s, 1 H, N2CH). 2 13C NMR (75
MHz): δ 5 18.44 (CCH3), 29.70 (CCH3), 39.32 (NCH3), 51.43 (m,(s, 3 H, CCH3), 1.73 (s, 3 H, CCH3), 1.85 (s, 9 H, C(CH3)3), 2.23

(m, 1 H, CH2CHCHCH), 3.39 (m, 1 H, CH2CHCHCH), 3.76 (m, CH2CHCHCH, CH2CH), 53.14 (d, J 5 12.0 Hz, CH2CHCHCH),
56.48 (OCH2), 64.55 (OCH2CH), 65.08 (d, J 5 5.2 Hz,2 H, CH2CH), 4.29 (d/d, J 5 11.52/1.83 Hz, 1 H, OCH2), 4.75 (m,

2 H, CH2CHCHCH), 4.82 (d/d, J 5 12.51/2.90 Hz, 1 H, OCH2), CH2CHCHCH), 73.00 (OCH), 77.34 (d, J 5 6.0 Hz,
CH2CHCHCH), 100.51 [C(CH3)2], 126.41, 128.54, 128.725.61 (d, J 5 2.83 Hz, OCH), 6.27 (d/d/d, J 5 1.76/2.60/2.60 Hz,

OCH2CH), 7.12 (m, 1 H, C6H5), 7.22 (m, 2 H, C6H5), 7.44 (m, 2 (C5H5CR), 137.39 (C5H5CR), 143.16 (N2CH), 188.20 (d, J 5 55.9
Hz, NCRh). 2 MS (70 eV); m/z (%): 595.0 (1.6) [M1], 502.9 (4.88)H, C6H5), 8.40 (s, 1 H, N2CH). 2 13C NMR (75 MHz): δ 5 18.53

(CCH3), 29.66 (CCH3), 31.14 [C(CH3)3], 47.40 (d, J 5 12.5 Hz, [M1 2 NBD], 468.0 (100.0) [M1 2 I], 376.0 (21.2) [M1 2 NBD
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[6] D. Enders, H. Gielen, G. Raabe, J. Runsink, J. H. Teles, Chem.2 I], 287.9 (16.2), 184.0 (23.1). 2 HR-MS, m/z: C22H27N3O2Rh

Ber. 1997, 130, 1253.[M1 2 I]: calcd. 468.1151; found 468.1153. [7] [7a] C. Köcher, W. A. Herrmann, J. Organomet. Chem. 1997,
532, 261. 2 [7b] W. A. Herrmann, L. J. Gooßen, M. Spiegler,(Sa,4S,5S)-Iodo(η4-1,5-norbornadiene)(1-phenyl-4-(2,2-di- ibid. 1997, 547, 357.

methyl-4-phenyl-1,3-dioxan-5-yl)-4,5-dihydro-1H-1,2,4-triazol-5- [8] All ab initio calculations were performed using the TURBO-
MOLE program package. (For an overview of TURBOM-ylidene)rhodium(I) (8b): Yield 54 mg (83%), de 87%, m.p. > 230°C.
OLE9s capabilities see: R. Ahlrichs, M. v. Arnim, in Methods2[α]D

25 5 179 (c 5 0.1, CHCl3). 2 IR (KBr): ν̃ 5 2990 cm21 (s),
and Techniques in Computational Chemistry: METECC-95,2958 (m), 2922 (m), 2876 (m), 2838 (m), 1596 (m), 1536 (m), 1500 Eds.: E. Clementi, G. Corongiu)

(s), 1460 (m), 1450 (m), 1427 (m), 1383 (s), 1368 (s), 1354 (s), 1199 Geometries have been calculated at the RI-DFT (K. Eichkorn,
O. Treutler, H. Ihm, M. Häser, R. Ahlrichs, Chem. Phys. Letters(s), 1163 (s), 1117 (s), 1073 (s), 1017 (s), 831 (s), 708 (s), 698 (s). 2
1995, 242, 652) level with the Becke2Perdew functional using1H NMR (300 MHz): δ 5 0.98 (d/d/d, J 5 8.52/1.50/1.50 Hz, 1 H,
TURBOMOLE9s SV(P) basis sets (K. Eichkorn, F. Weigend,CHCH2), 1.17 (d/d/d, J 5 8.50/1.38/1.38 Hz, 1 H, CHCH2), 1.68 O. Treutler, R. Ahlrichs, Theor. Chem. Acc. 1997, 97, 119). Ener-

(s, 3 H, CCH3), 1.70 (s, 3 H, CCH3), 1.85 (m, 1 H, CH2CHCHCH), gies were calculated at the MP2 level with TZVP basis sets by
optimization for different rotation angles.2.51 (m, 1 H, CH2CHCHCH), 3.29 (m, 1 H, CH2CH), 3.44 (m, 1

[9] Software used for the presentation: Ball & stick vers. 2.2, A.H, CH2CH), 4.35 (d/d, J 5 13.18/1.10 Hz, 1 H, OCH2), 4.53 (d/d,
Falk, N. Müller, G. Schoppel, L.Webb, Linz (Austria), StaffordJ 5 12.91/2.47 Hz, 1 H, OCH2), 4.95 (m, 2 H, CH2CHCHCH), (Great Britain).

5.58 (d, J 5 2.19 Hz, OCH), 6.02 (d/d/d, J 5 1.37/1.37/1.37 Hz, [10] Suitable crystals were obtained from CH2Cl2/pentane mixtures
at room temp. The compound crystallizes in the orthorhombicOCH2CH), 7.23 (m, 1 H, C6H5), 7.36 (m, 4 H, C6H5), 7.45 (m, 1
space group P212121; a 5 10.601(5), b 5 11.441(3), c 5H, C6H5), 7.54 (m, 2 H, C6H5), 8.36 (m, 2 H, C6H5), 8.54 (s, 1 H
19.178(6) A

˚
. At a cell volume of 2326.1 A

˚
3, Z 5 4 and Mber. 5minor diastereomer, N2CH), 8.92 (s, 1 H, N2CH). 2 13C NMR 519.87, the calculated density and the absorption coefficient are

(75 MHz): δ 5 19.04 (CCH3), 30.31 (CCH3), 51.50 (m, CH2CH, ρ 5 1.484 mg m23 and µ 5 7.180 mm21, respectively. The total
number of electrons per unit cell amounts to F(000) 5 1072.CH2CHCHCH), 54.93 (d, J 5 12.0 Hz, CH2CH2CHCHCH), 58.10
The data collection was performed at 203 K on a Siemens P4(OCH2), 65.11 (d, J 5 5.1 Hz, CH2CHCHCH), 65.24 (OCH2CH),
diffractometer, Cu-Kα radiation (graphite monochromator, λ 573.60 (OCH), 75.09 (d, J 5 5.7 Hz, CH2CHCHCH), 76.31 (d, J 5 1.54178 A

˚
), 1735 reflections measured (1h, 1k, 1l), 1735 inde-

6.2 Hz, CH2CHCHCH), 101.15 [C(CH3)2], 123.93, 127.00, 128.99, pendent reflections, 4.50° < θ < 55.85°. Structure solved by di-
rect methods [SHELXTL (G. M. Sheldrick, Univ. Göttingen,129.14, 129.27 (C5H5CR), 138.06, 140.23 (C5H5CR), 144.07
Germany), refinement on F2]. The hydrogen atoms were located(N2CH), 189.87 (d, J 5 56.3 Hz, NCRh). 2 MS (70 eV); m/z (%):
and refined isotropically. 1733 observed reflections [I > 2σ (I)]657.0 (1.8) [M1], 530.1 (97.7) [M1 2 I], 437.9 (100.0) [M1 2 NBD were used in the final refinement of 295 parameters terminating

2 I], 349.9 (12.3), 246.9 (11.1). 2 HR-MS, m/z: C27H29N3O2Rh at R 5 0.0327 (RW 5 0.0738). Maximal residual electron density
20.314/1 0.339 e A

˚
23. Crystallographic data (excluding struc-[M1 2 I]: calcd. 530.1308; found 530.1309.

ture factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as4. General Procedure for a Catalytic Hydrosilylation Reaction:
supplementary publication no. CCDC-101134. Copies of theUnder a nitrogen atmosphere, the ketones 9212 (1 mmol) and
data can be obtained free of charge on application to: The Di-Ph2SiH2 (184 mg, 1 mmol) were added to a solution of the (triazo- rector, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK,

linylidene)rhodium(COD) complex 4a2c (1 mol%) in 2 ml of THF [Fax: (internat.) 144 (0)1223 336033, e-mail: deposit@chemcry-
s.cam.ac.uk].stirred at reaction temperature. The reaction was quenched by ad-

[11] [11a] M. J. Doyle, M. F. Lappert, J. Chem. Soc., Chem. Commun.dition of methanol (0.5 ml) containing 1% of p-toluenesulfonic acid
1974, 679. 2 [11b] C. G. Kreiter, K. Öfele, G. W. Wieser, Chem.(p-TSA). After evaporation of the solvent in vacuo and purification Ber. 1976, 109, 1749.

of the product by column chromatography (silica gel, pentane/ [12] M. F. Lappert, R. K. Maskell, J. Organomet. Chem. 1984,
264, 217.Et2O, 2:1), the enantiomeric excess of the product alcohol was de-

[13] D. Enders, H. Gielen, K. Breuer, Tetrahedron: Asymmetry 1997,termined by gas chromatography (LIPODEX E, CP-CHIRASIL-
8, 3571.DEX CB, 7-CD PERME). [14] [14a] H. Buschmann, H.-D. Scharf, N. Hoffmann, P. Esser, An-
gew. Chem. 1991, 103, 480; Angew. Chem., Int. Ed. Engl. 1991,
30, 452. 2 [14b] A. Gypser, P.-O. Norrby, J. Chem. Soc., Perkin
Trans. 2, 1997, 939.[1] W. A. Herrmann, C. Köcher, Angew. Chem. 1997, 109, 2257;

Angew. Chem., Int. Ed. Engl. 1997, 36, 2162. [15] D. Haag, PhD thesis, RWTH Aachen, 1997.
[16] For the preparation and further application of triazolium salts,[2] M. Regitz, Angew. Chem. 1996, 108, 791; Angew. Chem., Int.

Ed. Engl. 1996, 35, 725. see: [16a] D. Enders, K. Breuer, G. Raabe, J. Runsink, J. H. Teles,
J.-P. Melder, K. Ebel, S. Brode, Angew. Chem. 1995, 107, 1119;[3] [3a] A. W. Coleman, P. B. Hitchcock, M. F. Lappert, R. K. Mas-

kell, J. H. Müller, J. Organomet. Chem. 1983, 250, C9. 2 [3b] A. Angew. Chem., Int. Ed. Engl. 1995, 34, 1021. 2 [16b] J. H. Teles,
J.-P. Melder, K. Ebel, R. Schneider, E. Gehrer, W. Harder, S.W. Coleman, P. B. Hitchcock, M. F. Lappert, R. K. Maskell, J.

H. Müller, ibid. 1985, 296, 173. Brode, D. Enders, K. Breuer, G. Raabe, Helv. Chim. Acta 1996,
79, 61. 2 [16c] D. Enders, K. Breuer, J. H. Teles, Helv. Chim.[4] [4a] W. A. Herrmann, L. J. Gooßen, C. Köcher, G. R. J. Artus,

Angew. Chem. 1996, 108, 2980; Angew. Chem., Int. Ed. Engl. Acta 1996, 79, 1217. 2 [16d] D. Enders, K. Breuer, J. H. Teles,
Helv. Chim. Acta 1996, 79, 1899. 2 [16e] D. Enders, K. Breuer,1996, 35, 2805. 2 [4b] W. A. Herrmann, L. J. Gooßen, G. R. J.

Artus, C. Köcher, Organometallics 1997, 16, 2472. J. Runsink, J. H. Teles, Liebigs Ann. 1996, 2019.
[17] G. Giordano, R. H. Crabtree, Inorg. Synth. 1979, 19, 218.[5] D. Enders, H. Gielen, G. Raabe, J. Runsink, J. H. Teles, Chem.

Ber. 1996, 129, 1483. [98021]
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Sodium nitrite (NaNO2) dissolves readily in THF, when the aluminium atom to form a five-membered Al2CNO hetero-
cycle. The second oxygen atom of the nitrite anion is notmethylene-bridged dialuminium compound R2Al–CH2–AlR2

[R = CH(SiMe3)2] 1 with two coordinatively unsaturated affected. Similarly, lithium nitrate (LiNO3) reacts with 1 to
yield a THF soluble product (6a). Single crystals were obtain-aluminium atoms is added. Compound 1 reacts as a chelating

Lewis acid, and, as shown by a crystal structure deter- ed of the [Li(N,N9,N99-trimethyltriazinane)2]+ derivative 6c,
whose structure shows each aluminium atom to bemination of the [Na([18]crown-6)(Et2O)]+ derivative 5c, a

compound (5) is formed, in which one oxygen atom and the coordinated by one oxygen atom of the nitrate ion to give a
six-membered Al2CNO2 heterocycle.nitrogen atom of the nitrite ion are each coordinated by one

Chelating Lewis bases for the effective coordination of thiomethanolate anion[13]. A remarkable five-membered
ring (3) was obtained by the reaction of 1 withcations are extraordinarily important in all areas of chemis-

try as can be seen from thousands of known compounds. LiCH(PMe2)2, in which one Al atom is coordinated to the
central carbanion and the other one to a phosphorusIn contrast, chelating Lewis acids as anion receptors for the

complexation and recognition of anions are investigated to atom[14]. A terminal coordination of a neopentyl group is
observed by the reaction of 1 with neopentyllithium (4) [15].a much lower extent, and by far the most of these ligands

were obtained by the protonation of amino groups of Much more interest deserve, however, the up to now un-
known complexes with multidentate inorganic anions likemacrocyclic or polycyclic compounds[1]. Organoelement de-

rivatives of the elements of the third main-group have a nitrate, nitrite, azide, sulfate etc. in order to find specific
anion receptors or in order to use a Lewis-acid like 1 as acoordinatively unsaturated central atom and are therefore

suitable as Lewis acids, but only few examples exist, which phase transfer reagent to dissolve ionic compounds in or-
ganic solvents and to study their changed, possibly en-have more than one atom of those elements and could poss-

ibly be useful as a chelating ligand. Well documented and hanced reactivity. We started now with systematic investi-
gations into those reactions and wish to report here on thecharacterized[2] compounds of this type are for instance

1,8-naphthlenediylbis(dimethylborane)[3], Cl2Al2CH22 complexes of 1 with sodium nitrite and lithium nitrate. Car-
bon bridged dialuminium compounds have recently beenAlCl2[4], Cl2Al2CH2CH22AlCl2[5], R2Al2CH22AlR2

1 [R 5 CH(SiMe3)2] [6], R(Cl)Al2CH22Al(Cl)R [R 5 used in organic syntheses to form for instance C5C double
bonds, but they usually were only used as reactive inter-CH(SiMe3)2] [7], Me2(THF)AlOC6H4OAl(THF)Me2

[8],
Cl2In2CH22InCl2 · 2 TMEDA[9], and Hg(C6H42 mediates, and they were not isolated or well charac-

terized[16].InCl2 ·THF)2
[10]. However, most of these compounds have

up to now not been investigated concerning their ability to
Reactions of the Methylene-Bridged Dialuminiumact as a chelating Lewis acid. Exceptions are the diborane
Compound 1 with NaNO2 and LiNO3compound with a single example of a hydrido bridge[3] and

the methylene bridged tetraalkyl dialuminium derivative 1, Both, sodium nitrite and lithium nitrate are insoluble even
in a large excess of THF. But upon addition of one equiva-which was recently synthesized by our group[6]. Few chelate

complexes of 1 have been isolated and characterized, in lent of the chelating Lewis-acid µ-methylene tetraalkyldialu-
minium R2Al2CH22AlR2 1 the complete dissolution ofwhich heterocycles are formed by the coordination of both

aluminium atoms to one hydride (2) [11], hydroxide[12], or the crystalline salts occurred within several hours by stirring

Eur. J. Inorg. Chem. 1998, 9212926  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/070720921 $ 17.501.50/0 921
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crystals were obtained of compounds 5c {[Na([18]crown-
6)(Et2O)]1} (Eq. 1) and 6c {[Li(triazinane)2]1}; the last one
crystallized from a dilute solution of the mixed triazinane/
THF adduct 6b (Eq. 2) in diethyl ether in the presence of
triazinane.

at room temperature. Yellow solutions were formed, from
which the yellow addition products 5a and 6a were isolated
after concentration and cooling to 250°C in a high yield.
The crystals rapidly became amorphous upon drying in va-
cuo and had low melting points of 92°C and 135°C (5a
and 6a, respectively). The 1H- and 13C-NMR spectroscopic
characterization gave some important changes in compari-
son to the neutral starting compound 1, and all signals of
groups bound to aluminium showed a significant shift to
high field. In 1 the protons of the Al2CH22Al group res-
onated at δ 5 20.50, and we observed the methine protons
at δ 5 20.22 and the corresponding carbon atoms at δ 5
13.2; in 5a and 6a these resonances were shifted to δ(Al-
CH2Al) 5 21.24 and 21.27, δ(AlCHSi2) 5 21.06 and
21.05, δ(AlCHSi2) 5 4.1 and 4.3, respectively. Such shifts

As shown in Eq. (1), the structure of the complex 5c com-to a higher field are very indicative of the enhancement of
prises the nitrite anion coordinated by one oxygen atomthe coordination number at the aluminium atoms from
and the lone pair at the central nitrogen atom. This struc-three to four[11] [12] [13] [14] [15] [17].
ture should result in two chemical different AlR2 moieties,Both compounds were stable in THF solutions, but slow
but at room temperature only one singlet was detected indecomposition by the precipitation of NaNO2 or LiNO3
the 1H-NMR spectrum for both the methine and the SiMe3and the formation of 1 was observed in more nonpolar sol-
protons. However, a splitting into two resonances was ob-vents like diethyl and diisopropyl ether or in mixtures of
served upon cooling a sample of 5c dissolved in [D10]diethylether with toluene or pentane. Single crystals of the nitrate
ether to 270°C indicating a fast exchange process at elev-derivative 6a with the counterion [Li(THF)4]1 could not be
ated temperatures.obtained, while single crystals of 5a showed a severe dis-

order of the Na(THF)3 cation, and the structure could not
Crystal Structures of 5c and 6cbe refined satisfactorily. Therefore, we synthesized several

derivatives of 5 and 6 by using different chelating Lewis- The molecular structures of the nitrito complex 5c and the
nitrato complex 6c are depicted in Figures 1 and 2. To thebases like the crown ether [18]crown-6, tetramethylethylen-

ediamine (TMEDA), tetramethylpropylenediamine best of our knowledge, it is the first time, that chelating
Lewis-acids like compound 1 with coordinatively unsatu-(TMPDA), pentamethyldiethylenetriamine (PMDETA),

and N,N9,N99-trimethyltriazinane. Some of the isolated rated atoms of the elements of group 13 are successfully
used for the coordination of at least bidentate anions andproducts are described in detail in the Experimental Sec-

tion, the spectroscopic properties of their anions as well as that the coordination mode could be determined by crystal
structure determinations. Both anions are coordinated in atheir solubility in polar or nonpolar solvents differ only

slightly from those of the THF adducts. But owing to the chelating manner by both aluminium atoms of 1. As ex-
pected, the nitrate anion in 6c is bound by two oxygenchelating coordination of the cations they show a signifi-

cantly increased stability and can be stored in diethyl ether atoms to form a six-membered Al2CO2N heterocycle, while
a five-membered Al2CNO heterocycle is observed in 5c withsolution at room temperature without decomposition and

precipitation of the corresponding salts. High quality single the nitrite anion coordinated via one oxygen and the central

Eur. J. Inorg. Chem. 1998, 9212926922
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nitrogen atom. One oxygen atom of each anion is in a ter- atoms[11] [12] [13] [14] [15] [17], all distances are lengthened com-

pared with the starting compound 1 [6], which had the corre-minal position.
sponding values at 195.7 and 193.8 pm. The structure of 1

Figure 1. Molecular structure and numbering scheme of the anion showed a strongly enlarged Al2C2Al angle (129.6°)
of 5c; the thermal ellipsoids are drawn at the 40% probability level;

caused by steric and electrostatic repulsion between themethyl groups are omitted for clarity[a]

bulky substituents and the positively charged Al atoms[6].
Owing to the formation of five and six membered hetero-
cycles this angle is reduced in 5c and 6c to 111.3° and
116.2°, respectively.

The Al2O distance in the nitrito compound 5c is slightly
lengthened to 196.0 pm compared with complexes of tri-
methylaluminium with sulfate or nitrate anions (ca. 191
pm)[18] [19]. The Al2N1 distance is long (212.3 pm) with re-
spect to some [bis(trimethylsilyl)methyl]aluminium com-
pounds recently obtained in our group[20], which may indi-
cate only a weak coordinative interaction to the Al atom
Al2. Unfortunately, the N2O distances N12O1 137.6 pm
and N12O2 103.1 pm, which is in the range of the triple
bond in NO1, are incorrect due to a disorder of the atoms
N1 and O2. Both atoms could not be refined in split posi-
tions to give acceptable positions. The same disorder was[a] Selected bond lengths [pm] and angles [°]: Al12O1 196.0(3),
observed for the THF adduct, which could not be com-Al22N1 212.3(5), N12O1 137.6(5), Al12C 196.1(3), Al22C

195.0(3), Al12C1 202.7(3), Al12C2 202.6(3), Al22C3 199.9(3), pletely refined due to the severe disorder of the cation. The
Al22C4 201.3(3), C2Al12O1 96.8(1), Al12O12N1 114.4(2), distances should therefore not further be discussed in detail,O12N12Al2 119.2(2), N12Al22C 89.5(2), Al12C2Al2 111.3(2).

but it seems clear, that strong differing distances are present
with one value approaching a double bond and one ap-

Figure 2. Molecular structure and numbering scheme of the anion proaching a single bond similar to the situation in nitrous
of 6c; the thermal ellipsoids are drawn at the 40% probability level;

acid HONO (N2O 5 142 and 118 pm)[21]. A similar coor-methyl groups are omitted for clarity[a]

dination mode with bridging µ-NO2-N,O groups has been
observed before in several coordination compounds of the
transition metals. As expected, the N2O distances of the
bridging NO groups of these complexes are elongated com-
pared to those of terminal N5O groups by up to 17 pm[22].
The atoms of the nitrito group (N1, O1, O2) and the alu-
minium atom coordinated by nitrogen (Al2) lie almost ide-
ally within a plane (sum of the angles 359.8 pm). The most
acute angles in the five-membered central heterocycle are at
the Al atoms with 96.8° at Al1 and 89.5° at Al2, the last
one is coordinated by the nitrogen atom. The heterocycle
adopts an envelope conformation with the four atoms Al1,
Al2, O1, and N1 almost ideally within a plane and the
bridging carbon atom 58 pm above the plane. The angle
between the normals of the planes (Al1O1N1Al2 and Al1-
CAl2) is 31.7°.

In contrast to the strongly differing N2O distances of
[a] Selected bond lengths [pm] and angles [°]: Al12O2 193.9(3), 5c, a more delocalized electronic system is observed in theAl22O1 195.7(3), N2O1 126.1(4), N2O2 125.2(4), N2O3

nitrato compound 6c with three quite similar N2O dis-121.4(4), Al12C 194.5(4), Al22C 195.0(4), Al12C1 201.4(3),
Al12C2 202.7(4), Al22C3 203.8(4), Al22C4 200.8(4), tances. The N2O bond length to the terminal oxygen atom
C2Al22O1 99.8(2), Al22O12N 136.0(3), O12N2O2 121.3(4), is 121.4 pm, which is only 4.5 pm shorter than the distanceN2O22Al1 135.9(3), O22Al12C 100.4(2), Al12C2Al2 116.2(2).

between nitrogen and the bridging oxygen atoms (125.7 pm
on average). The longer distances are similar to the N2OThe methylene bridged tetraalkyldialuminium moieties of

both compounds are quite similar. The Al2C distances of bond lengths of the nitrate ions in many salt-like com-
pounds, which are in the range of about 126 pm[23]. Twothe CH(SiMe3)2 substituents are 201.6 (5c) and 202.2 pm

(6c) on average, and the smallest distances are observed to metal atoms bridged by two different oxygen atoms of a
nitrato group as in 6c are for instance observed in somethe aluminium atom bound to nitrogen. The bond lengths

to the carbon atom of the methylene bridge are 195.6 aquo Zn-, Cu-, or Ni nitrato complexes[24]. The Al2O dis-
tances of 6c are similar to 5c (194.8 pm on average). The(5c) and 194.8 pm (6c). As expected from the enhance-

ment of the coordination number at the aluminium most acute angles of the six-membered heterocycle are
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yellow crystals, which become amorphous at room temperature.found at the aluminium atoms (100.1° on average), while
Yield: 0.588 g (72%). 2 M. p. (argon, sealed capillary): 140°C. 2the angles Al2O2N are much enlarged to 136°. As ex-
1H NMR ([D10]Et2O, 300 MHz): δ 5 2.48 and 2.38 (each: pseudo-pected, the nitrogen atom is planar surrounded by three
t, 8 H, NCH2 of PMDETA), 2.26 (s, 6 H, N-Me of PMDETA),oxygen atoms (sum of the angles 5 360.0°). The heterocycle
2.22 (s, 24 H, NMe2 of PMDETA), 0.10 (s, 72 H, SiMe3), 21.05has an envelope conformation similar to 5c with the bridg-
(s, 4 H, AlCHSi2), 21.23 (s, 2 H, AlCH2Al). 2 13C NMR

ing carbon atom 59.2 pm above the plane spanned by the ([D10]Et2O, 75.5 MHz): δ 5 58.6 and 56.7 (NCH2 of PMDETA),
five atoms Al1, Al2, O1, O2, and N, which have a maximum 46.4 (NMe2 of PMDETA), 43.7 (NMe of PMDETA), 6.0 (SiMe3),
deviation from this plane of only 2.5 pm (angle between the 4.9 (br., AlCH2Al), 4.3 (AlCSi2). 2 IR (CsBr, paraffin): ν̃ 5 1497
normals of the planes 34.9°). m cm21 νNO; 1464 vs, 1377 s, 1366 s, 1355 m paraffin; 1341 vw,

1308 s, 1291 s, 1252 vs, 1242 vs, 1225 vs δCH3; 1161 s, 1150 s, 1127No short bonding distances are observed between atoms
m, 1111 s, 1096 m, 1065 m, 1026 vs νCC, νCN; 1007 vs δCH; 930of the complex anions and the corresponding cations in
vs, 901 vs, 843 vs, 777 vs, 750 vs, 727 s ρCH3(Si); 667 vs νasSiC;both compounds. The sodium atom in 5c is coordinated by
629 m, 615 w νsSiC; 590 w, 559 s, 517 m, 503 m, 496 m, 465 w, 449six oxygen atoms of the crown ether (Na2O 5 248.7 to
w, 424 vw νAlC, νAlO; 380 w, 353 vw δSiC. 2 UV/vis (diethyl271.8 pm) and one oxygen atom of an ether molecule
ether) (ε): 240 (2050), 270 nm (sh, br., 1230). C47H124Al2-(Na2O 247.0 pm) with a distorted coordination geometry.
NaN7O2Si8 (1210.84): calcd. Al 4.8, Na 2.0; found Al 4.8, Na 2.0.

In 6c, the Li atoms of the counterions [Li(triazinane)2]1 are
Synthesis of [(µ-NO2-N,O)R2AlCH2AlR2]2[Na([18]crown-located on a crystallographic inversion center; the Li atoms

6)(Et2O)]1 (5c): An excess of solid NaNO2 (0.061 g, 0.884 mmol)are coordinated by six nitrogen atoms with Li2N distances
is treated with a solution of 0.507 g (0.719 mmol) of 1 and 0.252 gbetween 215.7 and 234.0 pm.
(0.953 mmol) [18]crown-6 in 50 ml of diethyl ether. The mixture is

We are grateful to the Deutsche Forschungsgemeinschaft and the vigorously stirred for 18 h, and the solution adopts a pale yellow
Fonds der Chemischen Industrie for generous financial support. color. After filtration the solution is concentrated in vacuo at room

temp. and cooled to 250°C. The product is isolated as yellow crys-
tals, which become amorphous upon thorough drying in vacuo andExperimental Section
include about 0.4 molecules of diethyl ether in each formula unit.

General: All procedures were carried out under purified argon in
Yield: 0.455 g (59%). 2 M. p. (argon, sealed capillary): 163°C. 2

dried solvents (THF and diethyl ether over Na/benzophenone). 1H NMR ([D10]Et2O, 300 MHz, 300 K): δ 5 3.69 (s, 24 H,
Compound 1 was synthesized as described in ref.[6], N,N9,N99-tri-

[18]crown-6), 3.39 (q, 1.6 H, OCH2 of Et2O), 1.12 (t, 2.4 H, CH3methyltriazinane and pentamethyldiethylenetriamine (PMDETA)
of Et2O), 0.11 (s, 72 H, SiMe3), 21.04 (s, 4 H, AlCHSi2), 21.23 (s,

were distilled over Na (PMDETA under reduced pressure) and
2 H, AlCH2Al). 2 1H NMR ([D10]Et2O, 500 MHz, 203 K): δ 5

stored over molecular sieve, commercially available crown ether 18-
3.65 (s, 24 H, [18]crown-6), 3.38 (q, 1.6 H, OCH2 of Et2O), 1.15 (t,

crown-6 (Merck-Schuchardt), NaNO2 (Aldrich), and LiNO3 2.4 H, CH3 of Et2O), 0.15 and 0.06 (each: s, 36 H, SiMe3), 21.0
(Riedl-deHaen) were thoroughly evacuated at room temperature

and 21.1 (each: br., 2 H, AlCHSi2), AlCH2Al not detected. 213C
and used without further purification.

NMR ([D10]Et2O, 75.5 MHz): δ 5 69.8 ([18]crown-6), 6.0 (SiMe3),
Synthesis of [(µ-NO2-N,O)R2AlCH2AlR2]2[Na(THF)3]1 (5a): 5.0 (br., AlCH2Al), 4.2 (AlCSi2). 2 IR (CsBr, paraffin): ν̃ 5 1501

A solution of 0.362 g (0.514 mmol) of 1 in 25 ml of THF is added m cm21 νNO; 1462 vs, 1377 s, 1354 m paraffin; 1321 vw, 1296 m,
to an excess (0.057 g, 0.826 mmol) of solid NaNO2. The mixture 1244 vs δCH3; 1157 m, 1111 s, 1100 s, 1026 m νCC, νCO; 1005 s
is vigorously stirred for 22 h, and the solution adopts a pale yellow δCH; 953 sh, 932 s, 899 s, 845 vs, 777 s, 750 s, 725 m ρCH3(Si);
color. After filtration the solution is concentrated in vacuo at room 669 s νasSiC; 629 w, 610 w νsSiC; 588 w, 561 m, 517 w, 505 w, 498
temp. and cooled to 250°C. The product is isolated as yellow crys- w, 463 vw, 449 vw νAlC, νAlO; 388 vw, 359 vw δSiC. 2 UV/vis
tals, which rapidly become amorphous at room temperature and (diethyl ether) (ε): 230 (2530), 280 (sh, 870), 360 nm (90).
normal pressure. Yield: 0.404 g (79%). 2 M. p. (argon, sealed capil- C41H102Al2NaNO8Si8 · 0.4 C4H10O (1068.55): calcd. Al 5.1, Na 2.2;
lary): 92°C. 2 1H NMR ([D10]Et2O, 300 MHz): δ 5 3.66 (m, 12 found Al 5.1, Na 2.0.
H, OCH2 of THF), 1.82 (m, 12 H, CH2CH2 of THF), 0.09 (s, 72 Synthesis of [(µ-NO3-O,O9)R2AlCH2AlR2]2[Li(THF)4]1 (6a):
H, SiMe3), 21.06 (s, 4 H, AlCHSi2), 21.24 (s, 2 H, AlCH2Al). 2 Solid LiNO3 (0.038 g, 0.554 mmol) is treated with a solution of an13C NMR ([D10]Et2O, 75.5 MHz): δ 5 68.4 (OCH2 of THF), 26.2 equimolar amount of 0.391 g (0.554 mmol) of 1 in 50 ml of THF.
(CH2CH2 of THF), 5.9 (SiMe3), 5.0 (br., AlCH2Al), 4.1 (AlCSi2). The mixture is vigorously stirred for 12 h. The yellow solution is
2 IR (CsBr, paraffin): ν̃ 5 1497 m cm21 νNO; 1462 vs, 1377 s concentrated to about 1 ml, and the product crystallizes as yellow-
paraffin; 1339 w, 1316 w, 1244 vs δCH3; 1192 m, 1159 m, 1049 vs, ish crystals upon cooling to 250°C. Yield: 0.490 g (83%). 2 M. p.
1028 s νCC, νCO; 1003 vs δCH; 934 vs, 918 vs, 899 vs, 843 vs, 777 (argon, sealed capillary): 135°C. 2 1H NMR ([D10]diethyl ether,
vs, 750 vs, 725 s ρCH3(Si); 698 s, 669 vs νasSiC; 629 m, 613 w νsSiC; 300 MHz): δ 5 3.64 (m, 16 H, OCH2 of THF), 1.79 (m, 16 H,
588 w, 561 s, 521 m, 503 w, 496 m, 448 w νAlC, νAlO; 386 vw, 366 CH2CH2 of THF), 0.10 (s, 72 H, SiMe3), 21.05 (s, 4 H, AlCHSi2),
vw δSiC. 2 UV/vis (diethyl ether) (ε): 240 (1750), 290 (sh, 700),

21.27 (s, 2 H, AlCH2Al). 2 13C NMR ([D10]diethyl ether, 75.5
370 nm (sh, 90). 2 C41H102Al2NNaO5Si8 (990.90): calcd. Al 5.4, MHz): δ 5 68.2 (OCH2 of THF), 26.3 (CH2CH2 of THF), 5.7
Na 2.3; found Al 5.4, Na 2.2. (SiMe3), 5.0 (br., AlCH2Al), 4.3 (AlCSi2). 2 IR (CsBr, paraffin):

ν̃ 5 1501 s cm21 νNO; 1462 vs, 1377 vs paraffin; 1344 m, 1281 vs,Synthesis of [(µ-NO2-N,O)R2AlCH2AlR2]2[Na(PMDETA)2]1

(5b): An excess of solid NaNO2 (0.070 g, 1.01 mmol) is treated with 1248 vs δCH3; 1179 w, 1067 s, 1044 vs νCC, νCO; 1007 s δCH; 930
vs, 912 s, 845 vs, 777 vs, 750 s, 725 s ρCH3(Si); 667 s νasSiC; 629a solution of 0.513 g (0.727 mmol) of 1 in 50 ml of diethyl ether. 2

ml of PMDETA is added to the suspension, and the mixture is m, 611 w νsSiC; 583 w, 556 s, 521 m, 505 m, 465 vw, 452 w, 421 w
νAlC, νAlO, νLiO; 372 vw, 334 vw, 316 vw δSiC. 2 UV/vis (THF)vigorously stirred for 18 h. The solution adopts a pale yellow color.

After filtration the solution is concentrated in vacuo at room temp. (ε): 225 (2470), 260 nm (sh, br., 990). C45H110Al2LiNO7Si8
(1062.96): calcd. Al 5.1, Li 0.6; found Al 5.1, Li 0.6.to about 4 ml and cooled to 250°C. The product is isolated as
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Table 1. Crystal data, data collection parameters, and structure refinement for 5c and 6c[a] (crystal data of 5a and 5d [Na(TMPDA)2]

included)

5a 5c 5d 6c

Formula C41H102NO5NaAl2Si8 C45H112NO9NaAl2Si8 C43H114N5O2NaAl2Si8 C41H108LiN7O3Al2Si8
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2(1)/n; No. 14[25] P2(1)/n; No. 14[25] P2(1)/n; No. 14[25] P1

¯
; No. 2[25]

Z 4 4 4 2
Temperature [K] 297(1) 300(2) 297(1) 293(2)
dcalc. [g/cm3] 0.842 1.041 0.975 0.994
a [pm] 1816.2(2) 1496.0(1) 1989.6(3) 1404.5(2)
b [pm] 1837.1(2) 2766.5(3) 1507.0(3) 1437.6(2)
c [pm] 2385.9(3) 1716.0(1) 2393.1(5) 1935.3(2)
α [°] 90 90 90 78.97(2)
β [°] 100.98(2) 90.594(7) 100.78(3) 85.54(2)
γ [°] 90 90 90 64.09(1)
V [10230 m3] 7815(1) 7102(1) 7049(2) 3449.8(8)
µ [mm21] 0.223 0.215
Crystal size [mm] 0.65 3 0.65 3 0.04 0.67 3 0.70 3 0.33 1.06 3 0.72 3 0.61 0.65 3 0.53 3 0.53
Diffractometer AED-2 Stoe-IPDS AED-2 AED-2
Radiation Mo-Kα; graphite monochromator
2Θ range [°] 3.8 # 2Θ # 48.2 3.2 # 2Θ # 46
Index ranges 215 # h # 17 215 # h # 15

231 # k # 31 215 # k # 15
219 # l # 17 0 # l # 21

Independent reflections 10572 9621
Reflections F > 4 σ(F) 5380 5823
Parameters 621 630
R 5 ΣiFou 2 uFci/ΣuFou [F > 0.0531 0.0873
4σ(F)]
wR2 5 {Σw(uFou22uFcu2)2/ 0.0795 0.1068
Σw(Fo

2)2}1/2 (all data)
Max./min. residual electron 0.480/20.280 0.295/20.208
density [1030 e/m3]

[a] Programmes SHELXL-93; SHELXTL[26]; solutions by direct methods, full matrix refinement with all independent structure factors.

Synthesis of [(µ-NO3-O,O9)R2AlCH2AlR2]2[Li{(CH2NMe)3}- solution in ether in the peresence of a small quantity of triazinane.
Crystal data and structure refinement parameters are given in TableTHF]1 (6b): Solid LiNO3 (0.048 g, 0.696 mmol) is treated with a

solution of an equimolar amount of 0.490 g (0.694 mmol) of 1 and 1[27]. One of the [Li(triazinane)2]1 cations shows a disorder with a
partial overlap of the atoms of the triazinane molecules. Crystal2 ml of trimethyltriazinane in 45 ml THF. The mixture is vigorously

stirred for 24 h. The yellow solution is evaporated, the residue is data of 5a and of 5[Na(TMPDA)2] (5d) (TMPDA 5 tetrameth-
ylpropylenediamine) are also given in Table 1; both structures couldtreated with 5 ml of diethyl ether, and THF is added dropwise until

a clear solution is obtained. Product 6b crystallizes as yellow crys- not be satisfactorily refined due to the severe disorder of the cat-
ions. 5d was obtained on the same route as compound 5b, but wastals upon cooling to 250°C, which contain one molecule of THF

and one molecule of trimethyltriazinane in each formula unit. The not isolated in a high yield.
product (6c) with two trimethyltriazinane molecules coordinated to
lithium, which was used for the crystal structure determination, ; Dedicated to Prof. Dr. Heinrich Nöth on the occasion of his
was obtained on slow cooling of a dilute solution of 6b in diethyl- 70th birthday.
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Upon treatment with Lewis bases Do (Do = pyridine bases or data and conductivity measurements. Solid [tmp2Al(py)]AlI4

(6b) decomposes readily into tmpAlI2 and tmpAlI2 ·py (7c).THF), the Lewis acids tmp2AlX (X = Cl, Br, I) are converted
exclusively to the monoadducts tmp2AlX ·Do (2–4). The Al– Addition of non-polar aliphatic solvents to solutions of

[tmp2Al(Do)]AlX4 (6) leads to slow decomposition intoX bonds of these addition compounds are considerably
elongated, indicating a tendency towards the formation of tmp2AlX and AlX3 ·Do (7a–b, d). This also occurs in polar

donor solvents, where compounds AlX3 ·Do are favoured dueionic species [tmp2Al(Do)]X. Due to the steric requirements
of the bulky tmp ligands, addition of an excess of the Lewis to the formation of penta- or hexacoordinated species

AlX3 ·Do ·Solvn (n = 1, 2). Semiempirical AM1 calculationsbase does not force these compounds to form
tetracoordinated aluminum cations [tmp2Al(Do)2]+ or reveal the gas-phase stability of the tricoordinated

bis(tmp)aluminum cation in the salt [tmp2AlPy]AlCl4 as thepentacoordinated adducts tmp2AlX ·Do2. Attempts to
prepare ionic representatives by reaction of tmp2AlX ·Do only representative in a series of calculated aluminum

cations [(R2N)2AlPy]AlCl4 (R2N = Me2N, Et2N, iPr2N, tmp).with “ate” complexes of comparatively low nucleophilicity
[MY = NaBPh4, AgBPh4, LiB(C6F5)4, AgBF4, AgOtos] result According to these calculations, the stability of a given cation

increases when tetrachloroaluminate is replaced byin phenylation products [e.g. tmp2AlPh (5a) and BPh3 ·py
(5b)] or tetracoordinated addition compounds tmp2AlY ·Do tetraiodoaluminate. Ab initio calculations have been

performed on two cations [(H2N)2Al(Do)]+ (Do = NH3, py) and(Y = anion). However, addition of one equivalent of AlX3 (X =
Br, I) initiates halide abstraction with formation of the ionic indicate very short Al–N bond lengths owing to ionic

bonding contributions.[tmp2Al(Do)]AlX4 species 6a–f, as indicated by 27Al-NMR

As aluminum compounds exhibit the highest Lewis acid- ies of this type have been reported, namely
[tBu2Al(tmeda)]1 by Uhl[11] and A by Raston[12].ity amongst main group III species[3] [4], tetra-, penta- and

hexacoordinated Lewis acid2base complexes with many
different neutral donor molecules have been described in
the literature[5]. Due to their importance in industrial pro-
cesses[6], complexes involving AlCl3 and trimethylaluminum
as Lewis acids [e.g. AlCl3 ·NMe3, AlCl3 · (NMe3)2,
AlBr3 ·diglyme (diglyme 5 diethylene glycol dimethyl
ether), AlMe3 ·OMe3, etc.] [4] [7] [8] have been particularly well
studied. These addition compounds can exist as covalent
molecules or as ion pairs, as shown by X-ray crystal struc- To the best of our knowledge, tricoordinated aluminum

cations [R2Al(Do)]1 (Do 5 monofunctional ligand) haveture determinations {e.g. [AlCl2(py)4]AlCl4}[3], 27Al-NMR
and conductivity measurements, e.g. of solutions of AlCl3 yet to be observed and characterized.

In contrast to the aminoboron halides, aminoaluminumor AlBr3 in THF, diglyme, DME etc. [8] [9]. A fine example
of this feature has recently been published by Atwood et halides can be expected to be sufficiently acidic to form

addition compounds [see (Me3Si)2NAl(H)(Cl) ·NMe3][13].al. [10]. They investigated reactions of Me2AlX (X 5 Cl, Br,
I) with tBuNH2 as a donor molecule. Whereas the chloride Even aminoorganylalanes form Lewis acid2base adducts,

as exemplified by Ph2NAlMe2 ·NMe3 and Ph2NAl-gave the molecular adduct Me2AlCl ·NH2tBu, the bromide
and iodide were forced to dissociate upon addition of excess Me2 ·OEt2

[14]. Thus, the question arose as to whether the
recently synthesized series of monomeric bis(amino)alumi-tBuNH2, forming the salts [Me2Al(NH2tBu)2]X (X 5 Br,

I). The chemistry of tetracoordinated aluminum cations has num halides, tmp2AlX (tmp 5 2,2,6,6-tetramethylpiperid-
ino, X 5 Cl 1a, Br 1b, I 1c) [15] and some products of nucleo-so far been explored only fleetingly, and apart from the lat-

ter compounds, as far as we are aware, only two other spec- philic substitution derived from these[16] [17] would still show
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Lewis acidity. This was indeed found to be the case for pair [tmp2Al(py)]BF4. This dissociation is accompanied by

dramatic shifts of the 11B- and 19F-NMR resonances.1a2c. Here, we report on the addition compounds
tmp2AlX ·Do (X 5 Cl, Br, I) as well as the salts [tmp2Al(-
Do)]Y (Y 5 AlI4).

Synthesis and Reactions

Addition of one equivalent of a donor molecule Do to
n-hexane solutions of tmp2AlX, 1a2c, leads to immediate
precipitation of the adducts tmp2AlX ·Do 2a, b, 3a2c, and
4a2c in almost quantitative yield, according to Eq. 1.

The adducts 224 are stable in vacuo and do not lose
their donor molecules, even when subjected to high vacuum
conditions at 50°C. On the other hand, Et2O, tBuPH2,
NEt3, and acridine do not give stable addition compounds
(with respect to the application of vacuum). Moreover,
tmp2AlI (1c), the most Lewis acidic compound in the series
of the halides 1a2c, crystallizes from Et2O as its tricoordi-
nated monomer, as proven by NMR and by examination
of its unit cell parameters[15]. Compounds 224 are readily
soluble in aromatic hydrocarbons, CH2Cl2, CH2Br2, THF,
and Et2O. Addition of a large excess of donor (up to ten-

As all the tested tetraphenylborates and tetrafluorobo-fold, or, in the case of THF, using the donor as solvent)
rates turned out to be either unstable (due to dephenylation)does not force coordination of a further donor molecule
or too basic (formation of adducts) to give ionic componds(i.e. bring about pentacoordination at the aluminum atom),
of the type [tmp2Al(Do)]Y, a different approach was evalu-nor does it induce dissociation into ionic [tmp2Al(Do)2]X
ated, in which strong halide acceptors were employed inspecies. The addition compounds 224 can be crystallized
order to induce a reaction according to Eq. 3a.from THF and no replacement of Do by the solvent is ob-

served.
Attempts to prepare low coordinated ionic species of the

type [tmp2Al(py)]Y (Y 5 anion) by addition of NaBPh4,
AgBPh4, or LiB(C6F5)4 to solutions of tmp2AlI ·py in vari-
ous solvents at ambient temperature, did not lead to substi-
tution of the iodine atom by the weakly coordinating ions
BR4

2, even after a reaction time of several weeks. In the
case of the reaction with AgBPh4, the only species detec-
table after heating were tmp2AlPh (5a) and BPh3 ·py (5b).
This implies that [tmp2Al(py)]BPh4 is formed initially,
which then decomposes to give 5a and 5b. The aluminum
compound 5a has been synthesized independently from Addition of one equivalent of AlX3 (X 5 Br, I) to solu-

tions of tmp2AlX ·Do (X 5 Br, I) in CH2Br2 (for 6a) or inPhLi and tmp2AlCl[17].
Upon reaction with AgOtos (Otos 5 tosylate), 4a gives aromatic solvents such as toluene leads smoothly to the

ionic compounds [tmp2Al(iq)]AlBr4 (6a), [tmp2Al(py)]AlI4only the tetracoordinated, covalent product of nucleophilic
substitution, tmp2AlOtos ·py (5c). Likewise, a mixture of (6b), [tmp2Al(4-Me-py)]AlI4 (6c), [tmp2Al(4-tBu-py)]AlI4

(6d), [tmp2Al(iq)]AlI4 (6e), and [tmp2Al(acr)]AlI4 (6f), (iq 5AgBF4, 2,6-lutidine (5 lut) and 1b yields the adduct
tmp2Al(BF4) · lut (5d). Replacing the sterically hindered, isoquinoline, acr 5 acridine). If a solution of tmp2AlCl · thf

(2a) in THF is treated with AlCl3, only the adductless powerful donor 2,6-lutidine by pyridine leads to
tmp2Al(BF4) ·py (5e). The latter compound, molecular in AlCl3 · (thf)2 is formed, according to the 27Al-NMR spec-

trum. In contrast to the iodide [tmp2Al(acr)]AlI4 (6f), ad-n-pentane solution, dissociates in CH2Cl2 to give an ion
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dition of AlBr3 to a 1:1 mixture of tmp2AlBr (1b) and acri- at δ 5 1.29; for tmp2AlBr · iq (3c) at δ 5 1.37, and for

tmp2AlI · iq (4b) at δ 5 1.41. Similarily, the methyl protonsdine leads to exclusive formation of AlBr3 ·acr (7d), leaving
1b uncoordinated. The tetraiodoaluminates were found to resonate at δ 5 1.58 in tmp2AlBr ·py (3b) and at δ 5 1.62

in tmp2AlI ·py (4a). These changes point to a predis-be the most stable of all the tetrahaloaluminates. Never-
theless, NMR spectroscopic evidence was found even for sociation of the weakest Al2X bond (Al2I). The aluminum

centre thus becomes more positively charged (see B), andthe formation of ionic tetrachloroaluminates. Solutions of
6b2f in aromatic hydrocarbons or CH2Cl2 are stable for the resonances appear at lower field.
weeks at ambient temperature, but addition of n-pentane

Table 1. 27Al chemical shifts and line-widths, and selected 1H- and(in an attempt to induce crystallization) results in slow de- 13C-NMR data of compounds 2b, 3a2c, and 4a2c
composition to give tmp2AlI (1c) and AlI3 ·Do. This was
proven by the isolation and full characterization of AlI3 · iq Com- 2b 3b 3c 3a 4a 4b 4c

pound [CDCl3] [C6D6] [CDCl3] [C6D6] [C6D6] [CDCl3] [C6D6](7a) and AlI3 · (4-tBu-py) (7b), as well as by NMR spectro-
(solv.)scopic characterization of tmp2AlI (1c) (see Eq. 4a and

4b)[15]. The preparation of 6b also proceeds smoothly in
δ27Al[a] 102 96 109 125 92 108 76

Et2O, but storing the concentrated solution at 278°C in ∆1/2
[b] 8.300 4.360 7.500 8.000 4.900 8.900 5.900

δ1H[a] 10.07 s9.25 s 10.17 s3.76 t 9.06 s 10.21 s9.27 sthe hope of obtaining crystals leads to decomposition into
9.11 d[e] 9.18 d[c] 9.21 d[d]

soluble AlI3 ·py · (OEt2)n and insoluble tmp2AlI (1c), ac- δ13C[a] 155.1 150.4 155.7 68.3 148.0 155.3 150.2
cording to Eq. 4c[15]. Upon standing for one week at 35°C,
solid 6b disproportionates into tmpAlI2 and tmpAlI2 ·py [a] In ppm. 2 [b] In Hz. 2 [c] 3J(H,H) 5 7.4 Hz. 2 [d] 3J(H,H) 5

6.4 Hz. 2 [e] 3J(H,H) 5 6.6 Hz.(7c).

The chemical shifts of hydrogen and carbon atoms adjac-
ent to the heteroatoms of the donor molecules proved to be
valuable indicators in ascertaining whether or not a com-
pound tmp2Al(Do)Y (Y 5 anion or ligand) is dissociated
into an ion pair (see Table 2). In comparison with the free
pyridine bases, the resonances for these bases in the adducts
224 are shifted downfield by 0.6 to 1 ppm (1H-NMR) and
by 0.6 to 3.5 ppm (13C-NMR), respectively.

The decomposition products of the tetraphenylborate, as
described by Eq. 2b, were identified by their 1H-, 13C-, and
27Al-NMR shifts, as reported in the literature (tmp2AlPh,
5a) [17], or by the known 11B-NMR shift of δ 5 5.0[20].
Further evidence was provided by the 1H-NMR spectrum,
elemental analysis, and X-ray crystal structure determi-

Characterization nation of BPh3 ·py (5b) [21].

Since tmp2AlOtos ·py (5c) exhibits a 27Al-NMR signal inCompared to the shifts and half-widths of the 27Al-NMR
signals of the tricoordinated alanes tmp2AlX 1a2c the same range as the adducts 224 (δ27Al 5 97, ∆1/2 5

5500 Hz), as well as a similar shift of the ortho-protons on(δ27Al 5 1302131, ∆1/2 5 9100213700 Hz)[15], the signals
of the adducts 224 are shifted by 30260 ppm to higher the pyridine ring (δ1H 5 9.29, cf. the data in Table 1), it

appears that this species is not ionic. A very similar situ-field due to the higher electron-density at the aluminum
center and are narrower. As compounds 224 have tetraco- ation is found for tmp2Al(lut)BF4 (5d). In its 27Al-NMR

spectrum, a line at δ 5 1 (∆1/2 5 3400 Hz) is found, tooordinated aluminum atoms, and thus the local symmetry at
the aluminum nuclei is increased (as compared to 1a2c), narrow to be attributable to a tricoordinated aluminum cen-

tre. Moreover, the 11B-NMR spectrum consists of a single,the average half-widths of the 27Al-NMR signals are re-
duced to approximately 6800 Hz (see Table 1)[18] [19]. Single broadened line at δ11B 5 17.9. Due to the coordination at

the aluminum centre, the resonance is deshielded by 18 ppmsets of lines are observed in the 1H- and 13C-NMR spectra
of the tmp ligands, indicating free rotation about the Al2N compared to the free, ionic tetrafluoroborate[20]. Similarly,

a solution of tmp2Al(py)BF4 (5e) in pentane exhibits a sig-bond as well as rapid inversion of the piperidinyl ring.
Compared to the halides 1a2c, the signals are shifted nal at δ11B 5 19.3. If the spectrum is recorded in CDCl3 or

CH2Cl2, a line at δ11B 5 0.9 is observed, indicating thedownfield [by about 0.3 ppm (1H NMR) and 2.7 ppm (13C
NMR)]. Moreover, the chemical shifts show a strong sol- presence of uncoordinated, free BF4

2 [20]. This is ac-
companied by correspondingly dramatic differences in thevent dependence. In CDCl3, the signals are found at higher

field than in C6D6. The decrease in Lewis acidity in the 19F-NMR signals. Whereas in pentane a broadened reson-
ance at δ19F 5 2111 (analogous to 5d: δ19F 5 2104.5 andseries Al2I > Al2Br > Al2Cl[3] [4] and the bond enthalpy

order Al2X (Al2I < Al2Br < Al2Cl)[6] are mirrored by 2111.0) is found, in CDCl3 a 1:1:1:1 quartet at δ19F 5
2151 with 1J(B,F) 5 12 Hz supports the salt formation [cf.the chemical shifts of the tmp methyl groups. For

tmp2AlCl · iq (2b), the methyl protons give rise to a signal F3BOH, 1J(B,F) 5 16.4 Hz; F3B ·N(H)xMe32x, x 5 023,
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1J(B,F) 5 15.1 to 16.4 Hz][20]. The 27Al-NMR signal of 5e As the calculated Al2N bond lengths and N2Al2N bond

angles are very similar (to within ±0.01 A
˚

and ±1°), similarin CH2Cl2 is additional evidence for the ionic behavior in
polar solvents: a very broad signal is observed, covering the NMR spectroscopic data can be expected.

Addition of n-pentane to a solution of 6b or 6d in aro-full spread of the spectrum. The 1H-NMR signals of the
ortho-protons on the pyridine ring also reflect this change: matic hydrocarbons leads to disproportionation according

to Eq. 4c. In solution, the characteristic chemical shifts ofthe shift for 5e (δ 5 8.71) is consistent with an ionic struc-
ture {cf. [tmp2Al(py)]AlI4, (6b), δ1H 5 8.59}, but not with tmp2AlI (1c) could be detected (1H-, 13C-, 27Al-NMR)[15].

Crystals of AlI3 ·4-tBu-py (7b), which separated on coolingthe adduct tmp2AlI ·py (4a), where the corresponding sig-
nal appears at δ 5 9.06. to 5°C, were characterized spectroscopically and analyti-

cally, as was a sample of AlBr3 ·acr (7d), obtained accordingCompared to the adducts 224, the formation of the ionic
species 6a2f is accompanied by dramatic changes in the to Eq. 3b. Due to the highly symmetrical coordination at

the aluminum nuclei, these compounds give sharp lines atline-widths of the 27Al-NMR signals. Whereas 224 exhibit
average line widths of 6800 Hz, a single sharp line attribu- δ27Al 5 51 (∆1/2 5 46 Hz) (7b) and δ 5 83 (∆1/2 5 34 Hz)

(7d). Since only one distinct line was observed in each 27Al-table to the AlX4
2 fragment (∆1/2 5 17 to 134 Hz) is found

for compounds 6a2f. The second aluminum nucleus, as- NMR spectrum, dissociation into ionic species as found for
AlCl3 ·py2 can be ruled out[5]. Moreover, AlI3 · iq (7a) pre-sumed to be tricoordinated, should contribute to the spec-

tra with a very broad line. Due to the presence of highly cipitated under these conditions as a molecular adduct. It
was only characterized by its X-ray crystal structure.symmetrical, NMR-sensitive and unsymmetrical, tricoordi-

nated aluminum centres, this line is not usually detected In the solid state, 6b decomposes into tmpAlI2 and
tmpAlI2 ·py (7c) (Eq. 4c). This is demonstrated by its 27Al-{e.g. in the ambient temperature 27Al-NMR spectrum of

[Al(OiPr)3]4 one sharp line, assigned to the central, hexaco- NMR spectrum: one signal at δ27Al 5 69 (∆1/2 5 2640 Hz)
is observed for 7c, the half-width of which resembles thatordinated aluminum atom is readily detected (δ27Al 5

22.62, ∆1/2 5 102 Hz), while signals due to the tetracoordi- of signals of other tmpAlX2?Do compounds[15] [19]. The 1H-
and 13C-NMR shifts of 7c are very similar to those ob-nated aluminum atoms are not seen[19]}. As the chemical

shifts of the tetrahaloaluminates (6a: δ27Al 5 104; 6b2e: served for tmp2AlI ·py (4a), differing by only about 0.01
ppm (δ1H) and 0.1 ppm (δ13C). Thus, it is most likely thatδ27Al 5 50255; 6f: δ27Al 5 222) are, with the exception

of 6f, found at lower field than those reported in the litera- 7c is present in solution as a tetracoordinated adduct.
ture [AlBr4

2: δ27Al 5 80283, AlI4
2: δ27Al 5 227

Conductivity Measurements(CH2Cl2)] [19], a weak coordination of the anions to the cat-
ionic aluminum center is indicated. Considering the narrow To prove the formation of ions, conductivity measure-
line-width for 6a2f (∆1/2 5 172134 Hz), this interaction ments were carried out on well-defined CH2Cl2 solutions of
cannot be very strong, since the aluminum nucleus is very 5d, 6a2b, e and the dissociation patterns were deduced
sensitive to a disturbance of symmetry. Due to the positive from the calculated gradients of the resulting Fuoss-Kraus
charge of 6a2f, the 1H- and 13C-NMR signals of the pro- plots[22]. These salts are stable in CH2Cl2 solution and do
tons and the carbon atoms adjacent to the heteroatoms of not undergo halogen-exchange with the solvent, as is ob-
the donor molecules are shifted by about 0.4 ppm (1H served for AlX3 solutions (X 5 Br, I). The gradient of these
NMR) and 123 ppm (13C NMR), respectively, to higher plots gives an indication of the ion pair formation from the
field, compared to the corresponding signals in compounds undissociated parent species. An equilibrium as described
224. This is a characteristic feature for these ionic com- by Eq. 5a corresponds to a gradient of 20.5, that according

to Eq. 5b exhibits a gradient of 0, while a dissociation pat-Table 2. Selected NMR data of compounds 6
tern described by Eq. 5c is represented by a value of 0.5.

Compound δ27Al [ppm] ∆1/2 [Hz] δ1H [ppm] δ13C [ppm]

6a [CDCl3] 104 66 9.89 s[a], 8.94 d[b] 152.5
6b [C6D6] 50 134 8.59 s[a] 147.0
6c [C6D6] 51 35 8.47 s[a] 146.9
6d [C6D6] 51 75 8.54 s[a] 146.6
6e [CDCl3] 55 17 9.70 s[a], 8.75 d[b] 152.4
6f [CDCl3] 222.0 70 8.80 s[a][c], 8.21 d[d] 148.7

[a] Broad. 2 [b] 3J(H,H) 5 6.4 Hz. 2 [c] At C7, trans to N1. 2
[d] 3J(H,H) 5 8.1 Hz.

A solution of 5d in CH2Cl2 shows no electrical conduc-pounds (see Table 2 and compare with the data in Table 1).
Single sets of lines are observed for the tmp ligand in 6, tivity and thus this compound remains as a molecular ad-

duct, as already shown by its NMR data. Solutions of 6a,indicating free rotation about the Al2N bond and rapid
inversion of the piperidinyl ring. Compared to the adducts b, e exhibit electrical conductivity, indicating ion pair for-

mation. The gradient of the plot for 6b reaches a value of224, the signals appear at higher field and resemble those
found for the halides 1b2c. This is in line with calculated approximately 20.6, indicating a reaction according to Eq.

5a. However, the gradients for 6a, e are 20.1 and 20.2,AM1 data[29] for 1b, c and [tmp2Al(py)]AlX4 (X 5 Br, I).
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Figure 1. Molecular structure of 2a in the solid state. Thermal el-respectively. This corresponds with ion formation according

lipsoids are shown at a 25% probability levelto Eq. 5a and Eq. 5b, with a greater percentage of the dis-
sociation behavior conforming to Eq. 5b. 8a and 8b re-
present two possible structures of the ionic products formed
according to Eq. 5b.

Crystal Structures

The adducts of tmp2AlCl (2a, b) and tmp2AlBr (3a) crys-
tallize in the monoclinic space group P21/n with four mol-
ecules in the unit cell, while tmp2AlBr ·py (3b) and

Figure 2. Molecular structure of 2b in the solid state. Thermal el-tmp2AlI ·py (4a) are isotypical having the monoclinic space
lipsoids are shown at a 25% probability level

group C2/c (Z 5 8). Structural parameters of these com-
pounds are given in Table 3, crystallographic details in
Table 6.

Table 3. Selected bonding parameters of compounds 2a, b, 3a, b,
and 4a

Compound 2a 2b 3a 3b 4a

Bond lengths [A
˚

]
d(Al2X) 2.227(3) 2.220(1) 2.408(2) 2.429(2) 2.704(1)
d(Al2N1) 1.836(5) 1.844(2) 1.836(4) 1.838(4) 1.849(3)
d(Al2N2) 1.843(6) 1.851(3) 1.844(4) 1.844(4) 1.854(4)
d(Al2N3/O1) 2.041(7) 1.913(2) 1.928(4) 2.030(4) 2.022(3)
Bond angles [°]
N12Al2N2 126.0(3) 126.6(1) 126.7(2) 125.7(2) 126.1(2)
N12Al2X 106.3(2) 104.22(8) 104.9(2) 105.2(1) 104.4(1)
N22Al2X 113.8(2) 115.40(8) 115.2(2) 115.5(1) 116.0(1)
N3/O12Al2X 95.7(2) 95.13(7) 94.3(2) 93.6(1) 92.7(1)
N3/O12Al2N1 111.6(3) 111.8(1) 111.9(2) 111.7(2) 111.9(2)
N3/O12Al2N2 99.1(3) 99.2(1) 98.9(2) 100.4(2) 100.7(2)
Al2N12C1 127.4(4) 127.4(2) 125.9(4) 127.5(3) 127.4(3) Figure 3. Molecular structure of 3a in the solid state. Thermal el-
Al2N12C5 116.8(4) 117.0(2) 116.7(3) 114.9(4) 116.8(3) lipsoids are shown at a 25% probability level
Al2N22C10 124.7(4) 123.9(2) 124.8(3) 125.8(3) 124.9(2)
Al2N22C14 121.9(4) 121.5(2) 121.2(4) 120.8(3) 121.0(2)
Sum of bond an-Σ(N1) 358.9 358.8 358.8 359.4
gles [°]
Σ(N2) 359.5 359.8 359.7 359.6 359.6
Σ(N3/O1) 360.0 360.0 359.6 359.9 360.0
Torsion angles [°]
C12N12Al2X 69.81 75.95 75.06 72.36 2
C52N12Al2X 57.20 60.41 60.49 59.88 2
C102N22Al2X 29.23 35.06 22.49 26.69 2
C142N22Al2X 19.68 19.39 16.27 18.36 2

Each of the aluminum centres in the five compounds is
coordinated in a distorted tetrahedral fashion by one tmp
ligand in the chair conformation, one tmp ligand in the
twist conformation, the N or O atom of the donor mol-
ecule, and the halogen atom. The N and O atoms of the
ligands are tricoordinated and exhibit bond angle sums
close to 360° (358.82360.0°). The most interesting feature
of these adducts are the long Al2X bond lengths: 2.220(1)
to 2.227(3) A

˚
for X 5 Cl; 2.408(2) to 2.429(2) A

˚
for X 5
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Figure 4. Molecular structure of 3b in the solid state. Thermal el- bond lengths d(Al2Cl) in 2a, b and the Al2Cl distance

lipsoids are shown at a 25% probability level found in the molecular adduct Me2AlCl ·NH2tBu [2.204(2)
A
˚

] [10] reveal that the adducts 2a, b are in a state of predis-
sociation {cf. the related salts [Me2Al(NH2tBu)2]X, X 5 Br,
I}[10]. Thus, Al2Cl bond lengths shorter than those in the
adducts 2a, b have been observed even for usually longer
bridging Al2Cl2Al distances, e.g. in the centrosymmetric
organoaluminum dichloride Ar(Cl)Al(µ-Cl)2Al(Cl)Ar
(Ar 5 2,6-Mes2C6H3), where the Al2Cl bond lengths
amount to 2.195(2) A

˚
, terminal: 2.125(2) A

˚
] [24]. This is also

true for 324, which exhibit long Al2X distances in the
range typical of bridging Al2X2Al units, e.g. of the same
order as those in (tBu2Alµ-X)2 [X 5 Br 2.463(3) A

˚
, X 5 I

2.708 A
˚

] [25] or in (trip2Alµ-Br)2 [d(Al2Br) 5 2.475(4) and
2.500(3) A

˚
; trip 5 2,4,6-iPr3C6H2][26]. This elongation can

be viewed as the initial stage of dissociation. For the Al2I
bond in particular, a strongly polar Alδ12Iδ2 bonding situ-
ation follows [cf. Me2AlI ·NMe3; d(Al2I) 5 2.58 A

˚
] [28],

which also explains the poor solubility of these compounds
in non-polar solvents.

Crystals of the adduct AlI3 · iq (7a) are monoclinic, space
Figure 5. Molecular structure of 4a in the solid state. Thermal el- group C2/c (Z 5 8, Figure 7). For compound tmpAlI2 ·pylipsoids are shown at a 25% probability level

(7c), the monoclinic space group P21/n with four molecules
in the unit cell has been determined (Figure 8). The alumi-
num atoms in these adducts are tetracoordinated by the
pyridine base, the iodine atoms, and the tmp ligand. The
latter substituent adopts the chair conformation and pos-
sesses a planarized nitrogen centre (sum of bond angles
356.2°). The Al2N distance to the donor molecule de-
creases from 1.978(5) A

˚
(7c) to 1.947(9) A

˚
(7a) (cf. the ad-

ducts 224 in Table 2) as the number of iodine atoms in-
creases. This gives an indication that AlI3 is a stronger
Lewis acid than tmpAlI2. For AlCl3 ·NMe3, d(Al2N)
amounts to 1.96 A

˚
[4], while for cyclo-Me2NCH2CH2(Et)-

NAlCl2, this distance is 1.963(2) A
˚

[27]. However, in 7c, the
Al2N bond to the tmp ligand is short [1.809(5) A

˚
] and

resembles that in [tmp(Br)Alµ-OEt]2, [d(Al2N) 5 1.810(3)
A
˚

] [15]. Thus, the difference between the coordinative Al2N
linkage and the covalent Al2N bond is about 0.17 A

˚
.

Given these bonding parameters for 7a, c, it is not surpris-
ing that the Al2I bond lengths in 7a are 2 on average 2

Br, and 2.704(1) A
˚

for X 5 I. The Al2N bond lengths fall 6.5 pm shorter than those in 7c [7a: 2.500(4) to 2.510(4),
in a narrow range, varying only from 1.836(5) to 1.854(4) 7c: 2.572(2) and 2.573(2) A

˚
]. This is in accord with a de-

A
˚

. There are no differences in the bond distances between crease of the Lewis acidity of the aluminum centre in 7c
the tmp ligand present in the chair conformation and that and compares well with the d(Al2I) of 2.58 A

˚
observed

in the twist conformation. Al2Do distances range from in Me2AlI ·NMe3
[28].

1.913(2) to 1.928(4) A
˚

(THF) and from 2.022(3) to 2.041(7)
A
˚

(pyridine bases). As the tmp ligands are quite bulky, the
Semiempirical and Ab Initio CalculationsN2Al2N bond angle [125.7(2) to 126.7(2)°] shows a con-

siderable deviation from the tetrahedral bond angle of Semiempirical AM1[29] calculations have been performed
109.5°. in order to investigate the extent of steric shielding and the

bond strength factors that are necessary to favor ionization.Compared to the sums of their covalent radii (Al2Cl
2.10, Al2Br 2.28, Al2I 2.48 A

˚
, corrected for ionic contri- Thus, the structures of the cations [(R2N)2Al(py)]1 and the

salts [(R2N)2Al(py)1]AlCl4
2, as well as of the halide-butions by the Schomaker-Stevenson method[23]), which

normally correspond well with the experimental Al2X bridged adduct compounds (R2N)2(py)Al2Cl2AlCl3 were
computed (R 5 Me, Et, iPr, and R2N 5 tmp). The heatsatom distances (X 5 Cl, Br, I), the bond lengths found for

tmp2AlX ·Do (224) are unusually long. They exceed the of formation of the respective minimum geometries and the
shortest Al2ClAlCl3 distances are presented in Table 4.sums of their covalent radii by 12 (Cl) to 23 pm (I). The
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Figure 6. Molecular structure of 7b in the solid state. Thermal el- The free cations exhibit positive heats of formation (in

lipsoids are shown at a 25% probability level[a]
the range 182.5 to 1113.1 kcal/mol), whereas the tetra-
chloroaluminum compounds are exergonic by 2231.1 to
2254.3 kcal/mol. Shielding of the aluminum center by the
amido ligands R2N (R 5 Me, Et, iPr) is insufficient to pre-
vent coordination of one chlorine atom [d(Al2Cl) of the
tetrachloroaluminate to the aluminum center of the cation:
2.4122.42 A

˚
]. It is only the sterically most demanding am-

ido ligand, tmp, that allows the induction of ionization, as
demonstrated by the shortest Al2Cl distance of 4.45 A

˚
. In

another series of calculations, the enthalpies for the forma-
tion of [tmp2Al(py)]AlX4 (X 5 Cl, Br, I), as well as for the
observed decomposition reactions of the salts into tmp2AlX
and AlX3 ·py, were calculated from the computed heats of
formation of every compound involved (see Scheme 1)
using Hess9 rule.

Scheme 1. AM1 computed heats of formation and enthalpies of
reaction for the formation and decomposition of[a] Selected atom distances [A

˚
] and bond angles [°]: Al12I1 [tmp2Al(py)]AlX4 (X 5 Cl, Br, I)2.500(4), Al12I2 2.508(4), Al12I3 2.510(4), Al12N1 1.947(9);

N12Al12I1 104.8(3), N12Al12I2 106.7(3), N12Al12I3
106.8(3), I12Al2I2 112.2(1), I12Al2I3 112.2(2), I22Al12I3
113.5(1).

Figure 7. Molecular structure of 7c in the solid state. Thermal el-
lipsoids are shown at a 25% probability level[a]

[a] Selected atom distances [A
˚

] and bond angles [°]: Al12I1
2.573(2), Al12I2 2.572(2), Al12N1 1.809(5), Al12N2 1.978(5);
N12Al12I1 122.3(2), N12Al12I2 123.5(2), N12Al12N2
106.3(2), I12Al2N2 103.4(2), I22Al2N2 101.2(2), I12Al12I2 Two opposing trends are observed: whereas the heat of
96.89(6), C12N12Al1 120.1(4), C52N12Al1 118.7(4), formation for the salt [tmp2Al(py)]AlX4 decreases on goingC12N12C5 117.4(5).

from the chloride to the iodide (but still remains exergonic),
the enthalpies for the formation of the salts increase in thisTable 4. AM1 calculated heats of formation of various model com-

pounds direction. In fact, in the case of the iodide, the salt is stable
with respect to decomposition into tmp2AlI and AlI3 ·py.

R2N Heat of formation Heat of formation Al...ClAlCl3 This is partly due to the thermodynamically less favored
[(R2N)2Al(py)]1 (R2N)2(py)Al...Cl d(Al2Cl) [A

˚
] Al2I bond [E(Al2Cl) 5 494 kJ/mol; E(Al2I) 5 364 kJ/2AlCl3

mol] [6], but is mainly attributable to the contribution of
electrostatic stabilization of the tetraiodoaluminate, sinceMe2N 1113.1 kcal/mol 2231.1 kcal/mol 2.42

Et2N 193.3 kcal/mol 2251.7 kcal/mol 2.41 the decomposition products, which also contain Al2X
iPr2N 182.5 kcal/mol 2254.3 kcal/mol 2.42 bonds, are less favored on going from the chloride to thetmp 190.1 kcal/mol 2235.0 kcal/mol 4.45

iodide.
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As no X-ray crystal structures of the ionic species could Al2N bond is responsible for the short Al2N distances in

8a, b.be determined, an ab initio study (MP2/6-311G*)[30] of
two model compounds [(H2N)2Al(Do)]1 (Do 5 NH3 8a,

Discussion
py 8b) was performed, in order to assess the structural par-

The aim of this study was the synthesis and characteriz-ameters of these cations. The minimum structures of the
ation of low coordinated, cationic aluminum compounds.cations 8a, b are depicted in Figure 9, and their structural
In contrast to the R2AlX/tBuNH2 system described by At-parameters are given in Table 5.
wood et al. [10], the compounds tmp2AlX (X 5 Cl, Br, I)

Figure 8. Computed structures of [(H2N)2Al(NH3)]1 (8a) and could not be forced to ionize by the addition of an excess
[(H2N)2Al(py)]1 (8b) of a donor molecule. The steric demand of the tmp and

donor ligands prevents the formation of cations of the type
tmp2Al(Do)2

1 and of adducts of the type tmp2AlX ·Do2.
However, comparison of the Al2X bond lengths deter-
mined for 224, having conventional terminal and bridging
Al2X bonds, reveals that tmp2AlX ·Do shows the early
stages of dissociation into [tmp2Al(Do)1]X2. Dissociation
of compounds of the type tmp2AlX ·Do should be facili-
tated by weakly coordinating anions X2. However, such a
strategy did not succeed with X 5 BPh4

2, B(C6F5)4
2,

BF4
2, or tosylate. Instead, decomposition reactions or co-

ordination of the various anions occurred. Nevertheless, the

Table 5. Selected ab initio calculated bonding parameters for the two model cations, 8a,b

Compound[a] Sym. d(Al2N) d(Al2L) N2Al2N q(Al) q(N) q(L) B.O. LP*[b]

[A
˚

] [A
˚

] [°] [e] [e] [e] Al2N (Al)

[(H2N)2Al(NH3)]1 8a Cs 1.758 1.996 139.34 2.12 21.54 21.26 0.62 0.19
[(H2N)2Al(py)]1 8b C1 1.764 1.947 136.86 2.14 21.54 20.78 0.60 0.13

[a] All calculations MP2/6-311G*. 2 [b] Number of electrons in 3pz orbital of Al.

The tricoordinated aluminum cations 8a, b represent tetrabromo- and tetraiodoaluminates turned out to be suf-
ficiently non-basic (and suitably large) to stabilize the saltshighly charged species [q(Al) 5 12.12e and 12.14e, q(N) 5

21.54e and 21.54e, q(Do-N) 5 21.26e and 20.78e], with [tmp2Al(Do)]AlX4 (6a2f) in solution. The formation of the
AlX4

2 units (X 5 Br, I) is favoured due to the decreasingshort Al2N bond lengths of 1.758 A
˚

(8a) and 1.764 A
˚

(8b)
as well as wide N2Al2N bond angles of 139.3° and 136.8°, strength of the Al2X bonds in tmp2AlX ·Do on proceeding

from chlorine to iodine, so that the additional stabilizationrespectively. The Al2N distances to the nitrogen atoms of
the donor molecules reflect their degree of hybridization. energy provided by ion pair formation governs the overall

enthalpy for the decomposition of [tmp2Al(py)]AlI4 (as pre-As expected, for the sp3-hybridized donor NH3, a longer
Al2N bond length (1.996 A

˚
) was calculated, compared to dicted by AM1 calculation). Since decomposition products

of even tetraiodoaluminates have been found [e.g. AlI3 · iqthat for the aromatic pyridine donor [d(Al2N) 5 1.947 A
˚

].
According to NBO analysis, the 3pz(Al) orbital is populated (7a), AlI3 ·4-tBu-py (7b)], this seems to be contradictory.

However, the calculations can only simulate gaseous specieswith 0.19 (8a) and 0.13 (8b) electrons, indicating the pres-
ence of only weak pp(π) Al2N bonding. This compares in vacuo. As the variations in the reaction enthalpies are

small, solvent effects must play a role in the behavior of thewell with the calculated minimum structures of (H2N)2AlY
[Y 5 Cl, OH, SH, NH2, PH2, CH3, SiH3, Al(NH2)2] [17]. tetrahaloaluminate salts. Nevertheless, both the experimen-

tal and theoretical approaches indicate that the iodo com-For these compounds, it was shown that the Al2N bond is
highly polar and that the shorter the Al2N distance, the pounds represent the most stable species. Non-polar sol-

vents disfavour the formation of ionic species of typewider the N2Al2N bond angle[17]. Since the Al2N bond
lengths in 8a, b are 2 pm shorter than in (H2N)2AlCl (9) [tmp2Al(Do)]AlX4 (6a2f), whereas polar donor solvents

stabilize the ions, but may also abstract AlX3 as[the compound with the shortest Al2N bond in the
(H2N)2AlY series, d(Al2N) 5 1.782 A

˚
], the N2Al2N AlX3 ·Do · (Solv.)n (n 5 1, 2), providing an alternative de-

composition pathway for the system.bond angles in 8a, b of 139.3° and 136.8° are widened by
about 16° compared to that in the chloride 9 (123.2°). The

Conclusionshort Al2N bonds are mirrored by an increased positive
charge of 0.16e and 0.18e residing on the aluminum centres The aluminum atoms in the tricoodinated bis(tetrame-

thylpiperidino)aluminum halides 1a2c are Lewis acidic andof 8a, b, compared to that calculated for the chloride 9.
Since the charge on the nitrogen atoms in 8a, b, and 9 re- form monoadducts of the type tmp2AlX ·Do (224) with

THF and pyridine bases. Since the Al2X (X 5 Cl, Br, I)mains almost constant (21.53 to 21.55e), a strongly polar
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tration of the filtrate to one-third of its original volume, storage atbonds in 224 are considerably longer than those in 1a2c,
220°C overnight led to the deposition of well-shaped crystals ofa tendency towards dissociation into tmp2(Do)Al1 and X2

224. Precipitates were washed twice with pentane and dried in va-is indicated. Attempts to prepare salts of the type [tmp2Al-
cuo. Yields varied between 80 and 95%. Where suitable crystals for(Do)]Y2 [Y 5 BPh4, B(C6F5)4, Otos] led either to de-
X-ray diffraction studies were required, aromatic solvents orcomposition or to the formation of molecular adducts. The
n-hexane/THF mixtures proved to be appropriate media for recrys-

solution behavior of tmp2Al(py)BF4 (5e) shows a solvent tallization.
dependence: in pentane, a tetracoordinated molecular prod-

tmp2AlCl · iq (2a): tmp2AlCl (43.2 ml, 0.11 , 4.8 mmol); isoquin-uct is observed, while in CH2Cl2 or CDCl3 solution, it dis-
oline (0.99 g, 4.8 mmol), yield of 2a: 1.95 g (86%), m.p.

sociates into an ion pair. However, halide abstraction from 1482151°C. 2 1H NMR (CDCl3) (400 MHz): δ 5 1.37 (t, 8 H,
tmp2AlX ·Do can be achieved by the addition of AlX3 to tmp-β-CH2), 1.29 [s, 24 H, tmp-C(CH3)2], 1.62 (m, 4 H, tmp-γ-
generate salts of the type [tmp2Al(Do)]AlX4, as demon- CH2), 7.80 (t, 1 H, iq-CH), 7.93 (m, 3 H, iq-CH), 8.15 (d, 1 H, iq-
strated by electrical conductivity in CH2Cl2 solution. These CH), 9.14 [d, 1 H, 3J(H,H) 5 6.5 Hz, iq-CH], 10.10 (s, 1 H, iq-
experimental results are supported by semiempirical AM1 CH). 2 13C NMR (CDCl3) (100 MHz): δ 5 18.1 (tmp-C4), 34.0

(tmp-C7-10), 41.5 (tmp-C3/5), 52.7 (tmp-C2/6), 122.0 (iq-C), 126.8calculations on the [(R2N)2Al(py)]AlX4 species. The results
(iq-C), 127.7 (iq-C), 129.2 (iq-C), 129.5 (iq-C), 134.3 (iq-C), 137.3show that the steric demand of the tmp ligand is essential
(iq-C), 141.1 (iq-C), 155.1 (iq-C). 2 27Al NMR (CDCl3) (70 MHz):for ion pair formation. The formation of tetraiodoalumin-
δ 5 102 (∆1/2 5 8300 Hz). 2 C27H43AlClN3 (473.10): calcd. Cate compounds is favored over that of the corresponding
68.69, H 9.18, N 8.90; found C 67.67, H 8.62, N 8.68.tetrabromo- or tetrachloroaluminates. Further ab initio

tmp2AlBr · iq (3c): tmp2AlBr (40.7 ml, 0.27 , 11.0 mmol); isoqui-studies of some model systems explain the presence of short
noline (2.28 g, 11.0 mmol), yield of 3c: 5.06 g (89%), m.p.Al2N distances in terms of ionic contributions to the
1552160°C. 2 1H NMR (CDCl3) (400 MHz): δ 5 1.41 (t, 8 H,Al2N bond. Whether the Lewis acidic aluminum centre in
tmp-β-CH2), 1.37 [s, 24 H, tmp-C(CH3)2], 1.66 (m, 4 H, tmp-γ-these cations can act as catalyst, e.g. in olefin polymeriz-
CH2), 7.78 (t, 1 H, iq-CH), 7.94 (m, 3 H, iq-CH), 8.13 (d, 1 H, iq-

ation, needs to be evaluated experimentally. Since these salts CH), 9.18 [d, 1 H, 3J(H,H) 5 7.4 Hz, iq-CH], 10.17 (s, 1 H, iq-
are highly Lewis acidic, are soluble in aromatic hydro- CH). 2 13C NMR (CDCl3) (100 MHz): δ 5 17.9 (tmp-C4), 34.1
carbons, and are sterically encumbered so as to possibly (tmp-C7-10), 41.5 (tmp-C3/5), 52.9 (tmp-C2/6), 121.8 (iq-C), 126.8
induce regioselectivity, these aspects will be investigated and (iq-C), 127.7 (iq-C), 129.4 (iq-C), 129.5 (iq-C), 134.2 (iq-C), 137.5
communicated in forthcoming reports. (iq-C), 141.6 (iq-C), 155.7 (iq-C). 2 27Al NMR (CDCl3) (70 MHz):

δ 5 109 (∆1/2 5 7500 Hz). 2 IR (Nujol) [ν(Al2Br)]: ν̃ 5 332 cm21Once again, the tmp ligand is found to produce a remark-
vs. 2 C27H43AlBrN3 (516.54): calcd. C 62.78, H 8.39, N 8.13, Brable stabilizing effect and allows the generation of unusual
15.5; found C 58.75, H 8.13, N 7.42, Br 15.9.bonding situations, such as the tricoordinated aluminum

tmp2AlI · iq (4b): tmp2AlI (84.9 ml, 0.10 , 8.5 mmol); isoquino-cations. As yet, the most weakly coordinating anions
line (1.76 g, 8.5 mmol), yield of 4b: 3.93 g (82%), 152°C (decomp.CB11H11X2 (X 5 H, Cl) have not been tested[31], but they
to a black material), m.p. 168°C. 2 1H NMR (CDCl3) (400 MHz):are certainly good candidates for achieving the formation
δ 5 1.41 (t, 8 H, tmp-β-CH2), 1.44 [s, 24 H, tmp-C(CH3)2], 1.65of tmp2Al(Do)1 cations, or the even more demanding goal
(m, 4 H, tmp-γ-CH2), 7.76 (t, 1 H, iq-CH), 7.93 (m, 3 H, iq-CH),of generating the dicoordinated cation tmp2Al1.
8.15 (d, 1 H, iq-CH), 9.21 [d, 1 H, 3J(H,H) 5 6.4 Hz, iq-CH], 10.21

We are grateful to the Fonds der Chemischen Industrie and (s, 1 H, iq-CH). 2 13C NMR (CDCl3) (100 MHz): δ 5 17.7 (tmp-
Chemetall mbH for supporting our studies. We also thank Mrs. G. C4), 34.1 (tmp-C7-10), 41.3 (tmp-C3/5), 53.1 (tmp-C2/6), 121.7 (iq-
Käser and Mrs. C. Ullmann for performing the elemental analyses, C), 126.8 (iq-C), 127.5 (iq-C), 129.4 (iq-C), 129.5 (iq-C), 134.0 (iq-
Mr. P. Mayr, Dr. R. Waldhör and Dr. C. Miller for recording many C), 137.2 (iq-C), 141.8 (iq-C), 155.3 (iq-C). 2 27Al NMR (CDCl3)
NMR spectra, Mrs. D. Ewald for mass spectra and Mrs. E. Kiese- (70 MHz): δ 5 108 (∆1/2 5 8900 Hz). 2 IR (Nujol) [ν(Al2I)]: ν̃ 5
wetter for IR spectra. Access to the calculation facilities of Leibniz 341 cm21 vs. 2 C27H43AlIN3 (563.54): calcd. C 57.55, H 7.91, N
Rechenzentrum is also acknowledged. 7.10, I 22.4; found C 56.55, H 7.69, N 7.46, I 22.5.

tmp2AlBr · thf (3a): tmp2AlBr (35.1 ml, 0.27 , 9.5 mmol); THFExperimental Section (5 ml, excess), yield of 3a: 3.97 g (91%), m.p. 50253°C. 2 1H NMR
All manipulations were performed using Schlenk techniques un- (C6D6) (270 MHz): δ 5 1.45 (s, 24 H, tmp-CH3), 1.31 (t, 8 H, tmp-

der a dinitrogen or argon atmosphere. All solvents were rigorously β-CH2), 1.58 (m, 4 H, tmp-γ-CH2), 3.76 (br s, 4 H, thf-α-CH2),
dried prior to use and stored under N2 or argon. Discrepancies in 1.84 (br s, 4 H, thf-β-CH2). 2 13C NMR (C6D6) (100 MHz): δ 5
the elemental analyses of a number of compounds can be attributed 18.2 (tmp-C4), 34.3 (tmp-C7-10), 40.0 (tmp-C3/5), 52.5 (tmp-C2/
to insufficient protection against oxidation and hydrolysis of the 6), 25.6 (thf-β-CH2), 68.3 (thf-α-CH2). 2 27Al NMR (C6D6) (70
air- and moisture-sensitive compounds during the weighing pro- MHz): δ 5 125 (∆1/2 5 8080 Hz). 2 IR (Nujol) [ν(Al2Br)]: ν̃ 5
cedures. 2 NMR: Bruker ACP 200, Jeol GSX400 and Jeol 342 cm21 vs. 2 C22H44AlBrN2O (459.49): calcd. C 57.51, H 9.65,
GSX270. 2 IR: Nicolet FT-IR spectrometer model 6000, CsI N 6.10, Al 5.9, Br 17.4; found C 56.01, H 9.65, N 5.81, Al 5.4,
plates, Nujol. 2 MS: Varian Atlas CH7 spectrometer. Br 17.1.

tmp2AlBr · py (3b): tmp2AlBr (50.0 ml, 0.27 , 13.5 mmol); pyri-General Procedure for the Synthesis of the Adducts tmp2AlX · Do
224: The concentrations of stock solutions of tmp2AlX (X 5 Cl, dine (1.00 g, 13.5 mmol), yield of 3b: 5.98 g (95%), m.p.

1212125°C. 2 1H NMR (C6D6) (400 MHz): δ 5 1.51 (t, 8 H,Br, I), 1a2c, in n-hexane were determined by titration of aluminum
and halide. At ambient temperature, the stoichiometric amount of tmp-β-CH2), 1.58 [s, 24 H, tmp-C(CH3)2], 1.74 (m, 4 H, tmp-γ-

CH2), 6.43 (t, 2 H, py-CH), 6.75 (t, 1 H, py-CH), 9.25 (br. s, 2 H,the appropriate donor was added as a hexane solution. Most of
the adducts precipitated immediately. After filtration and concen- py-CH). 2 13C NMR (C6D6) (100 MHz): δ 5 18.6 (tmp-C4), 34.5
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(tmp-C7-10), 42.2 (tmp-C3/5), 53.4 (tmp-C2/6), 124.1 (py-C), 140.4 the mixture was cooled to 278°C. A solution of tmp2AlBr (22.9

ml, 0.35 , 8.0 mmol) in n-hexane was then added slowly and the(py-C), 150.4 (py-C). 2 27Al NMR (C6D6) (70 MHz): δ 5 96 (∆1/

2 5 4360 Hz). 2 IR (Nujol) [ν(Al2Br)]: ν̃ 5 347 cm21 vs. 2 mixture was allowed to attain ambient temperature. After stirring
overnight, the brownish insoluble material was filtered off (2.32 g,C23H41AlBrN3 (466.48): calcd. C 59.22, H 8.86, N 9.01, Al 5.7, Br

17.2; found C 57.59, H 8.74, N 8.49, Al 5.8, Br 16.5. calcd. AgBr 1.61 g) and the resulting yellow filtrate was stored for
several days at 278°C. Colorless crystals of tmp2Al(lut)(BF4) 5dtmp2AlI ·py (4a): tmp2AlI (64.5 ml, 0.10 , 6.5 mmol); pyridine
separated. Yield: 2.47 g (62%); m.p. > 328°C (decomp.). 2 1H(0.48 g, 6.5 mmol), yield of 4a: 3.17 g (95%), m.p. 1342137°C. 2
NMR (C6D6) (400 MHz): δ 5 1.23 (t, 8 H, tmp-β-CH2), 1.06 [s,1H NMR (C6D6) (400 MHz): δ 5 1.48 (t, 8 H, tmp-β-CH2), 1.62
24 H, tmp-C(CH3)2], 1.53 (m, 4 H, tmp-γ-CH2), 2.41 (s, 6 H, lut-[s, 24 H, tmp-C(CH3)2], 1.76 (m, 4 H, tmp-γ-CH2), 6.30 (t, 2 H,
CH3), 6.57 (d, 2 H, lut-H), 7.00 (t, 1 H, lut-H). 2 13C NMR (C6D6)py-CH), 6.62 (t, 1 H, py-CH), 9.06 (br s, 2 H, py-CH). 2 13C NMR
(100 MHz): δ 5 18.8 (tmp-C4), 32.0 (tmp-C7-10), 38.6 (tmp-C3/(C6D6) (100 MHz): δ 5 17.8 (tmp-C4), 34.8 (tmp-C7-10), 42.7
5), 49.6 (tmp-C2/6), 52.4 (lut-CH3), 119.8 (lut-C), 136.9 (lut-C). 2(tmp-C3/5), 53.3 (tmp-C2/6), 125.0 (py-C), 141.9 (py-C), 148.0 (py-
27Al NMR (C6D6) (70 MHz): δ 5 1 (∆1/2 5 3900 Hz). 2 11B NMRC). 2 27Al NMR (C6D6) (70 MHz): δ 5 92 (∆1/2 5 4900 Hz). 2
(C6D6) (64 MHz): δ 5 17.9. 2 19F NMR (C6D6) (85 MHz): δ 5C23H41AlIN3 (513.48): calcd. C 53.80, H 8.05, N 8.18, Al 5.3, I
2104.5 (s), 2111.0 (s). 2 IR (Nujol): ν̃ 5 421 w, 452 m, 468 s, 50724.7; found C 50.73, H 7.46, N 7.60, Al 5.7, I 25.0.
vs, 527 vs, 551 vs, 568 s, 596 s, 745 w, 762 w, 851 w, 870 w, 900 m,

tmp2AlI ·pic (4c): tmp2AlI (32.8 ml, 0.10 , 3.3 mmol); γ-picoline 918 s, 936 vs, 957 vs, 982 vs, 997 vs, 1064 s, 1082 w, 1130 vs, 1180
(0.29 g, 3.3 mmol), yield of 2a: 1.70 g (80%), m.p. 1362139°C. 2 s, 1202 m, 1236 vs, 1294 w, 1346 m, 1364 s, 1375 s, 1384 s, 1435 m,
1H NMR (C6D6) (400 MHz): δ 5 1.52 (t, 8 H, tmp-β-CH2), 1.66 1470 s, 1594 w, 1645 w, 1732 w, 2458 w, 2672 w, 2766 w, 287323007
[s, 24 H, tmp-C(CH3)2], 1.73 (m, 4 H, tmp-γ-CH2), 1.54 (s, 3 H, γ- vs. 2 C25H45AlBF4N3 (501.44): calcd. C 59.88, H 9.05, N 8.38, Al
pic-CH3), 6.32 (br s, 2 H, β-pic-CH), 9.27 (br s, 2 H, α-pic-CH). 2 5.4; found C 60.06, H 10.07, N 7.47, Al 6.0.
13C NMR (C6D6) (100 MHz): δ 5 18.3 (tmp-C4), 34.4 (tmp-C7-
10), 42.2 (tmp-C3/5), 53.5 (tmp-C2/6), 125.0 (β-pic-C), 150.2 (α- tmp2Al(py)BF4 (5e): To a solution of AgBF4 (1.06 g, 4.96 mmol)

in 35 ml of CH2Cl2, a solution of tmp2AlI · py (37.0 ml, 0.134 ,pic-C). 2 27Al NMR (C6D6) (70 MHz): δ 5 77 (∆1/2 5 5900 Hz).
2 IR (Nujol) [ν(Al2I)]: ν̃ 5 318 cm21 s. 2 C24H43AlIN3 (527.51): 4.96 mmol) in toluene was added at ambient temperature. Immedi-

ately, a dark precipitate formed. After stirring the mixture over-calcd. C 54.65, H 8.22, N 7.39; found C 50.98, H 8.13, N 6.75.
night, the insoluble material was filtered off and the filtrate wasReaction of tmp2AlI ·py 4a with AgBPh4 To Give BPh3 · py (5b)
concentrated in vacuo. The resulting yellow oil (1.89 g, 80%) wasand tmp2AlPh (5a): AgBPh4 (0.58 g, 1.36 mmol) was suspended in
found to be soluble in aliphatic as well as in aromatic or chlori-10 ml of benzene. A solution of tmp2AlI ·py (18.1 ml, 0.075 , 1.36
nated solvents. Crystallization could not be achieved. 2 1H NMRmmol) in benzene was added at ambient temperature. The mixture
(CDCl3) (270 MHz): δ 5 0.83 (t, 8 H, tmp-β-CH2), 1.23 [s, 24 H,was heated to reflux for 3 days and the insoluble material was fil-
tmp-C(CH3)2], 1.60 (m, 4 H, tmp-γ-CH2), 7.75 (t, 2 H, py-H), 8.22tered off (0.46 g, calcd. AgI: 0.32 g). From the resulting filtrate, all
(t, 1 H, py-H), 8.71 (br s, 2 H, py-H). 2 27Al NMR (CDCl3) (70volatiles were removed in vacuo. The residue was extracted with 20
MHz): Only an extremely broad, poorly-defined signal was ob-ml of toluene and this solution was stored overnight at 278°C. A
served. 2 11B NMR (CDCl3) (64 MHz): δ 5 0.9; (pentane): δ 5microcrystalline precipitate of BPh3 ·py (5b), (0.17 g, 39%) sepa-
19.3 (no BF coupling observed). 2 19F NMR (CDCl3) (85 MHz):rated; tmp2AlPh (5a) was characterized in solution by its NMR
δ 5 2151.0 [q, 1J(B,F) 5 12 Hz]; (pentane): δ 5 2111.0 (br s).data[15].

5b: 1H NMR (C6D6) (270 MHz): δ 5 7.25 (t, 3 H, p-Ph-H), 7.32 [tmp2Al(iq)]AlBr4 (6a): To a solution of tmp2AlBr · iq in
CH2Br2 (33.1 ml, 0.178 , 5.89 mmol), AlBr3 (1.57 g, 5.89 mmol)(t, 6 H, m-Ph-H), 7.51 (d, 6 H, o-Ph-H), 6.15 (br s, 2 H, m-py-H),

6.57 (br. s, 1 H, p-py-H), 8.15 (br s, 2 H, o-py-H). 2 11B NMR in 10 ml of CH2Br2 was added dropwise at 0°C. After 30 min., the
clear red solution was reduced to half of its original volume and(C6D6) (64 MHz): δ 5 5.1 (br). 2 C23H20BN (321.23): calcd. C

86.00, H 6.28, N 4.36; found C 84.20, H 6.61, N 4.28. stored overnight at 220°C. 6a separated as an orange microcrystal-
line powder. Yield: 4.43 g (96%), m.p. > 302°C (decomp.). 2 1Htmp2AlOtos ·py (5c): To a suspension of AgOtos (1.00 g, 3.6
NMR (CDCl3) (270 MHz): δ 5 1.34 (t, 8 H, tmp-β-CH2), 1.47 [s,mmol) and pyridine (0.29 ml, 3.6 mmol) in 30 ml of toluene, a
24 H, tmp-C(CH3)2], 1.62 (m, 4 H, tmp-γ-CH2), 7.94 (t, 1 H, iq-solution of tmp2AlBr (13.3 ml, 0.27 , 3.6 mmol) in n-hexane was
CH), 8.10 (m, 2 H, iq-CH), 8.28 (d, 1 H, iq-CH), 8.30 (d, 1 H, iq-added at ambient temperature. Immediately, a yellow precipitate of
CH), 8.94 [d, 1 H, 3J(H,H) 5 6.4 Hz, iq-CH], 9.89 (s, 1 H, iq-CH).tmp2AlBr ·py separated. The mixture was allowed to stir overnight,
2 13C NMR (CDCl3) (100 MHz): δ 5 17.5 (tmp-C4), 34.2 (tmp-and then the insoluble material, which had become somewhat
C7-10), 39.9 (tmp-C3/5), 52.5 (tmp-C2/6), 124.2 (iq-C), 127.0 (iq-brown, was filtered off and weighed (2.41 g, calcd. AgBr 0.67 g).
C), 127.5 (iq-C), 130.1 (iq-C), 130.1 (iq-C), 136.4 (iq-C), 137.1 (iq-Extraction with 50 ml of benzene resulted in a yellow solution,
C), 137.7 (iq-C), 152.5 (iq-C). 2 27Al NMR (CDCl3) (70 MHz):which was concentrated in vacuo to a volume of 10 ml. Storage of
δ 5 102 (∆1/2 5 66 Hz); (CH2Br2): δ 5 104 (∆1/2 5 53 Hz). 2 IRthis solution overnight at 8°C afforded tmp2AlOtos ·py as a color-
(Nujol) [ν(Al2Br)]: ν̃ 5 429 cm21 vs. 2 C27H43Al2Br4N3 (783.24):less precipitate. Yield of 5c: 0.54 g (28%), decomp. > 311°C. 2 1H
calcd. C 41.40, H 5.53, N 5.36, Al 6.9, Br 40.8; found C 36.01,NMR (CDCl3) (270 MHz): δ 5 1.27 (t, 8 H, tmp-β-CH2), 1.09 [br
H 5.12, N 4.43, Al 7.2, Br 40.7 (C, H, N ratio: calcd. 9:14.33:1;s, 24 H, tmp-C(CH3)2], 1.54 (m, 4 H, tmp-γ-CH2) 2.24 (s, 3 H, tos-
found 9.48:16.06:1).CH3), 7.55 (t, 2 H, m-py-H), 7.96 (t, 1 H, p-py-H), 9.29 (br s, 2 H,

o-py-H). 2 13C NMR (CDCl3) (100 MHz): δ 5 18.1 (tmp-C4), [tmp2Al(py)]AlI4 (6b): To AlI3 (0.62 g, 1.5 mmol) dissolved in
33.9 (tmp-C7-10), 40.9 (tmp-C3/5), 52.2 (tmp-C2/6), 21.4 (tos- 5 ml of benzene, a solution of tmp2AlI · py (20.0 ml, 0.075 , 1.5
CH3), 125.0 (py-C), 141.8 (py-C), 149.8 (py-C), 127.0 (tos-C), 128.3 mmol) in benzene was added at ambient temperature. The mixture
(tos-C), 128.8 (tos-C), 139.1 (tos-C). 2 27Al NMR (C6D6) (70 was stirred overnight. Subsequent addition of 5 ml of pentane led
MHz): δ 5 97 (∆1/2 5 5500 Hz). to the precipitation of yellowish 6b. Yield: 1.10 g (79%), decomp.

at T > 166 C (blackens). 2 1H NMR (C6D6) (270 MHz): δ 5 1.31tmp2Al(lut)(BF4) (5d): AgBF4 (1.65 g, 8.5 mmol) and 2,6-luti-
dine (0.86 g, 8.5 mmol) were suspended in 50 ml of n-hexane and (t, 8 H, tmp-β-CH2), 1.48 [s, 24 H, tmp-C(CH3)2], 1.55 (m, 4 H,
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tmp-γ-CH2), 6.21 (t, 2 H, py-CH), 6.57 (t, 1 H, py-CH), 8.59 (br Hz). 2 IR (Nujol) [ν(Al2I)]: ν̃ 5 362 cm21 vs. 2 C27H43Al2I4N3

(783.24): calcd. C 33.39, H 4.46, N 4.33, Al 5.6, I 52.3; found Cs, 2 H, py-CH). 2 13C NMR (C6D6) (100 MHz): δ 5 18.1 (tmp-
C4), 34.5 (tmp-C7-10), 40.2 (tmp-C3/5), 52.9 (tmp-C2/6), 125.5 (py- 35.54, H 4.97, N 3.98, Al 5.2, I 52.8 (C,H ratio: calcd. 1:1.59;

found 1:1.65).C), 142.2 (py-C), 147.0 (py-C). 2 27Al NMR (C6D6) (70 MHz):
δ 5 50 (∆1/2 5 134 Hz). 2 IR (Nujol) [ν(Al2I)]: ν̃ 5 338 cm21 vs. [tmp2Al(acr)]AlI4 (6f): To a solution of tmp2AlI (0.81 g, 1.84
2 C23H41Al2I4N3 (921.18): calcd. C 29.99, H 4.49, N 4.56, Al 5.9, mmol) in 50 ml of CH2Cl2, a solution of acridine (8.80 ml, 0.209
I 55.1; found C 29.55, H 4.62, N 3.67, Al 5.8, I 55.6.

, 1.84 mmol) in CH2Cl2 was added at 278°C. The mixture was
kept at this temperature for 1 h and then 0.75 g (1.84 mmol) of[tmp2Al(4-Me-py)]AlI4 (6c): To a solution of tmp2AlI (50 ml,

0.10 , 5.0 mmol) in n-hexane, γ-picoline (0.50 ml, 5.0 mmol) was AlI3 was added in one portion. The suspension was slowly allowed
to warm to ambient temperature and then filtered. From the or-added at ambient temperature. From the resulting suspension, all

volatiles were removed in vacuo. The residue was redissolved in 50 ange-red filtrate, all volatiles were removed in vacuo. The residue
was characterized as 6f (1.86 g, 99%). Attempts to crystallize theml of diethyl ether and the solution was cooled to 278°C. After

the addition of AlI3 powder (2.04 g, 5.0 mmol), the mixture was product from various solvents were not successful. 2 1H NMR
(CDCl3) (270 MHz): δ 5 1.34 (t, 8 H, tmp-β-CH2), 1.47 [s, 24 H,allowed to warm to ambient temperature (1.5 h). The cloudy solu-

tion was filtered and the filtrate was concentrated to a volume of tmp-C(CH3)2], 1.65 (m, 4 H, tmp-γ-CH2), 7.53 (t, 2 H, acr-CH),
7.78 (t, 2 H, acr-CH), 8.01 (d, 2 H, acr-CH), 8.21 (d, 2 H, acr-CH),25 ml. At this stage, the NMR spectra of 6c were recorded by

removal of all volatiles from a portion of the solution in vacuo and 8.80 (s, 1 H, acr-CH). 2 13C NMR (CDCl3) (100 MHz): δ 5 17.7
(tmp-C4), 34.3 (tmp-C7-10), 39.8 (tmp-C3/5), 52.6 (tmp-C2/6),redissolving the residue in C6D6. Storage of the filtrate for several

weeks at 278°C afforded colorless crystals of tmp2AlI 1c (2.07 g, 125.8 (acr-C), 126.6 (acr-C), 128.3 (acr-C), 128.8 (acr-C), 136.6
(acr-C), 148.7 (acr-C). 2 27Al NMR (CDCl3) (70 MHz): δ 5 22295%) (characterized by its NMR spectra and check of the unit

cell parameters) [15]. (∆1/2 5 70 Hz); (CH2Cl2): δ 5 227 (∆1/2 5 65 Hz). 2

C31H45Al2I4N3 (1021.28): calcd. Al 5.3, I 49.7; found Al 5.1, I 50.0.6c: 1H NMR (C6D6) (270 MHz): δ 5 1.29 (t, 8 H, tmp-β-CH2),
1.46 [s, 24 H, tmp-C(CH3)2], 1.56 (m, 4 H, tmp-γ-CH2), 1.49 (s, 3 AlBr3 · acr (7a): To a solution of tmp2AlBr (50 ml, 0.12 , 6.0

mmol) in n-hexane, a solution of acridine (4.88 ml, 1.23 , 6.0H, γ-pic-CH3), 6.12 (d, 2 H, γ-pic-CH), 8.47 (br. s, 2 H, γ-pic-CH).
2 13C NMR (C6D6) (100 MHz): δ 5 18.1 (tmp-C4), 34.5 (tmp- mmol) in toluene was added at ambient temperature. After the ad-

dition of AlBr3 (1.60 g, 6.0 mmol), a greenish-yellow precipitate ofC7-10), 40.0 (tmp-C3/5), 52.8 (tmp-C2/6), 21.3 (γ-pic-CH3) 126.5
(γ-pic-C), 145.9 (γ-pic-C), 156.9 (γ-pic-C). 2 27Al NMR (C6D6) AlBr3 · acr formed immediately. The insoluble material was filtered

off and washed twice with pentane. Yield: 2.40 g (90%); decomp.(70 MHz): δ 5 51 (∆1/2 5 35 Hz).
at T > 186°C. 2 The 27Al-NMR spectrum of the filtrate exhibited[tmp2Al(4-tBu-py)]AlI4 (6d): To a solution of tmp2AlI (25 ml,
the chemical shift of tmp2AlBr (1b) (d27Al 5 130; ∆1/2 5 102000.10 , 2.5 mmol) in n-hexane, 4-tBu-py (0.36 ml, 2.5 mmol) was
Hz)[15]. 2 1H NMR (CDCl3) (270 MHz): δ 5 7.68 (t, 2 H, acr-H),added at ambient temperature. From the resulting suspension of
7.96 (t, 2 H, acr-H), 8.16 (d, 2 H, acr-H), 8.45 (br d, 2 H, acr-H),tmp2AlI ·4-tBu-py, all volatiles were removed in vacuo and the yel-
9.14 (s, 1 H, acr-H). 2 27Al NMR (CDCl3) (70 MHz): δ 5 83low residue was redissolved in 35 ml of toluene. AlI3 powder (1.01
(∆1/2 5 38 Hz). 2 IR (Nujol) [ν(Al2Br)]: ν̃ 5 404 cm21 vs, 460 vs.g, 2.5 mmol) was then added in one portion. The mixture was
2 C13H9AlBr3N (379.68): calcd. C 35.02, H 2.03, N 3.14; found Cstirred for 1 h, then the cloudy solution was filtered. After concen-
35.59, H 3.18, N 3.28.tration of the filtrate to one-third of its original volume, the solu-

tion was cooled to 278°C. NMR spectra of 6d were obtained from AlI3 · 4-tBu-py (7b): A solution of tmp2AlI (51.5 ml, 0.10 , 5.15
mmol) in n-hexane was diluted with a further 150 ml of the solvent.this solution. Even after weeks at various temperatures and at dif-

ferent concentrations, no crystals suitable for X-ray structure deter- Then, 4-tBu-py (0.75 ml, 5.15 mmol) was added. To this clear solu-
tion, powdered AlI3 (2.10 g, 5.15 mmol) was added at ambient tem-mination were formed. 2 1H NMR (C6D6) (270 MHz): δ 5 1.28

(t, 8 H, tmp-β-CH2), 1.45 [s, 24 H, tmp-C(CH3)2], 1.56 (m, 4 H, perature. On leaving the mixture to stand overnight, a copius
amount of a colorless precipitate was deposited, which was re-tmp-γ-CH2), 0.69 (s, 9 H, tBu-CH3), 6.35 (d, 2 H, 4-tBu-py-CH),

8.54 (br s, 2 H, 4-tBu-py-CH). 2 13C NMR (C6D6) (100 MHz): moved by filtration. Washing the solid with pentane afforded (2.70
g, 96%) of 7b, m.p. 1542158°C (becomes red). NMR analysis ofδ 5 18.1 (tmp-C4), 34.4 (tmp-C7-10), 40.0 (tmp-C3/5), 52.8 (tmp-

C2/6), 29.5 (4-tBu-CH3) 127.8 (4-tBu-py-C), 146.6 (4-tBu-py-C), the filtrate showed only the signals of 1c. 2 1H NMR (C6D6) (400
MHz): δ 5 0.65 [s, 9 H, tBu-C(CH3)3], 6.42 (t, 2 H, py-CH), 8.63156.9 (4-tBu-py-C). 2 27Al NMR (C6D6) (70 MHz): δ 5 51

(∆1/2 5 74 Hz). (d, 2 H, py-CH). 2 13C NMR (C6D6) (100 MHz): δ 5 29.3 [tBu-
C(CH3)3], 35.1 [tBu-C(CH3)3], 122.9 (py-C), 146.6 (py-C). 2 27Al[tmp2Al(iq)]AlI4 (6e): To tmp2AlI·iq (1.71 g, 3.03 mmol) dis-
NMR (C6D6) (70 MHz): δ 5 51 (∆1/2 5 46 Hz). 2 IR (Nujol)solved in 15 ml of toluene, a solution of AlI3 (1.24 g, 3.03 mmol)
[ν(Al2I)]: ν̃ 5 371 cm21 vs, 385 vs. 2 C9H13AlI3N (542.89): calcd.in 10 ml of toluene was added at a temperature of 5210°C. After
C 19.91, H 2.41, N 2.58; found C 21.08, H 2.88, N 2.63.stirring for 1.5 h, the mixture was filtered and the clear filtrate

was concentrated to dryness in vacuo. A reddish-brown residue of tmpAlI2 · py (7c): To a solution of tmp2AlI · py (28.7 ml, 0.134 ,
3.85 mmol) in toluene, AlI3 (1.57 g, 3.85 mmol) was added at 0°C[tmp2Al(iq)]AlI4 was obtained. Yield: 2.91 g (99%); m.p. > 330°C

(decomp.). 2 1H NMR (CDCl3) (270 MHz): δ 5 1.32 (t, 8 H, tmp- and the mixture was kept stirring overnight. The turbid solution
was then filtered and the filtrate was concentrated to dryness inβ-CH2), 1.41 [s, 24 H, tmp-C(CH3)2], 1.61 (m, 4 H, tmp-γ-CH2),

7.91 (t, 1 H, iq-CH), 8.08 (m, 2 H, iq-CH), 8.14 (d, 1 H, iq-CH), vacuo. The resulting brownish oil was stored for some days at tem-
peratures up to 35°C. After one week, colorless crystals of 7c8.26 (d, 1 H, iq-CH), 8.75 [d, 1 H, 3J(H,H) 5 8.4 Hz, iq-CH], 9.70

(s, 1 H, iq-CH). 2 13C NMR (CDCl3) (100 MHz): δ 5 17.6 (tmp- formed. These were isolated from the oil (1.70 g, 88%) and washed
twice with pentane; m.p. > 202°C (decomp.). 2 1H NMR (C6D6)C4), 34.0 (tmp-C7-10), 39.5 (tmp-C3/5), 52.0 (tmp-C2/6), 124.4 (iq-

C), 127.1 (iq-C), 127.7 (iq-C), 130.1 (iq-C), 130.8 (iq-C), 136.4 (iq- (400 MHz): δ 5 1.39 (t, 4 H, tmp-β-CH2), 1.63 [s, 12 H, tmp-
C(CH3)2], 1.60 (m, 2 H, tmp-γ-CH2), 6.26 (t, 2 H, py-CH), 6.59 (t,C), 137.0 (iq-C), 137.9 (iq-C), 152.4 (iq-C). 2 27Al NMR (CDCl3)

(70 MHz): δ 5 55 (∆1/2 5 17 Hz); (CH2Cl2): δ 5 54 (∆1/2 5 43 1 H, py-CH), 9.05 (br s, 2 H, py-CH). 2 13C NMR (C6D6) (100
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Table 6. Crystallographic data and details relating to the data collection and structure solution of the compounds examined by X-ray

diffraction analysis

Compound tmp2AlCl · iq tmp2AlCl · thf tmp2AlBr · thf tmp2AlBr · py tmp2AlI · py4a AlI3 · iq tmpAlI2 ·py
2a 2b 3a 3b 4a 7b 7c

Chem. formula C27H43AlClN3 C22H44AlClN2O C22H44AlBrN2O C23H41AlBrN3 C23H40AlIN3 C9H7AlI3N C14H23AlI2N2

Form wght. 472.07 415.02 459.48 466.48 512.46 536.84 500.12
Cryst. size [mm] 0.4 3 0.5 3 0.5 0.2 3 0.3 3 0.3 0.4 3 0.3 3 0.3 0.6 3 0.4 3 0.4 0.2 3 0.2 3 0.3 0.1 3 0.1 3 0.3 0.7 3 0.5 3 0.4
Cryst. system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n C2/c C2/c C2/c P21/n
a [A

˚
] 10.685(3) 7.715(3) 8.104(3) 31.700(1) 32.21(1) 20.01(3) 9.861(3)

b [A
˚

] 16.945(1) 18.396(6) 16.986(6) 11.086(5) 11.063(6) 10.23(1) 18.133(1)
c [A

˚
] 14.745(5) 17.139(6) 17.576(9) 14.671(6) 14.886(8) 14.12(2) 10.113(4)

α [°] 90 90 90 90 90 90 90
β [°] 100.83(2) 94.444(5) 98.62(4) 108.64(3) 110.394(1) 107.27(5) 99.41(3)
γ [°] 90 90 90 90 90 90 90
V [A

˚
3] 2622.0(2) 2425.0(2) 2392.1(2) 4885.3(3) 4971.2(4) 2759(7) 1784.0(1)

Z 4 4 4 8 8 8 4
ρcalcd [Mg/m3] 1.196 1.137 1.276 1.268 1.369 2.585 1.862
µ [mm21] 0.199 0.208 1.769 1.732 1.337 6.828 3.566
absol. 2 2 2 2 semiempirical semiempirical semiempirical
min./max. transm. 2 2 2 2 0.621 and 0.851 0.144 and 1.000 0.055, 0.107
F(000) 1024 912 984 1984 2120 1920 960
Index range 0 # h # 12 29 # h # 9 5 # h # 0 235 # h # 0 235 # h # 35 224 # h # 24 211 # h # 11

0 # k # 19 223 # k # 21 0 # k # 19 0 # k # 12 213 # k # 13 212 # k # 12 23 # k # 21
216 # l # 16 221 # l # 22 219 # l # 19 215 # l # 16 218 # l # 18 217 # l # 17 24 # l # 12

2 θ [°] 48.00 58.14 47.10 47.12 54.76 54.78 50.06
Temp. [K] 233 173 223 213(2) 213 213 223
Refl. collected 4267 13580 2899 3709 13202 7175 3081
Refl. unique 4030 4752 2618 3636 3735 2684 2948
Refl. observed (4σ) 2191 4159 2042 2581 3291 1561 2667
Rint 0.0826 0.0416 0.0383 0.0614 0.0725 0.0832 0.0868
No. variables 297 252 252 261 261 127 176
Weighting scheme 0.0841/12.9220 0.0225/3.8906 0.1000/0.0000 0.0539/9.6308 0.0622/13.5922 0.1334/18.0998 0.0783/ 5.0904
x/y[a]

GooF 1.025 1.214 1.169 1.034 1.144 1.152 1.088
Final R (4σ) 0.0915 0.0669 0.0479 0.0495 0.0474 0.0669 0.0457
Final wR2 0.2043 0.1332 0.1467 0.1050 0.1116 0.1756 0.1241
Larg. res. peak 0.894 0.577 0.658 0.768 0.885 2.760 1.785
[e/A

˚
3]

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.

MHz): δ 5 17.6 (tmp-C4), 34.8 (tmp-C7-10), 42.7 (tmp-C3/5), 53.3 be requested by quoting the depository number CSD-101038, the
names of the authors, and the full journal citation.(tmp-C2/6), 124.9 (py-C), 141.7 (py-C), 148.0 (py-C). 2 27Al NMR

(C6D6) (70 MHz): δ 5 69 (∆1/2 5 2640 Hz). 2 IR (Nujol)
[ν(Al2I)]: ν̃ 5 315 cm21 vs, 335 vs, 355 vs. 2 C14H23AlI2N2

(500.14): calcd. C 33.62, H 4.64, N 4.80; found C 33.40, H 4.80, [1] I. Krossing, Dissertation, University of Munich, 1997.
N 5.13. [2] Responsible for some X-ray crystal structure determinations.

[3] J. D. Smith, I. J. Worrall, A. McKillop, Dictionary of Organome-X-ray Crystal Structure Determinations: Data collection for X- tallic Compounds, Chapman and Hall, London 198421989,
ray structure determinations was performed on a Syntex P4 or a Aluminum pp. 92120, Gallium pp. 9402962, Indium pp.

113821151.Syntex R3 four-circle diffractometer using graphite-monochrom-
[4] A. Haaland, Angew. Chem. 1989, 101, 101721032; Angew.ated Mo-Kα (λ 5 0.71073 A

˚
) radiation. Single crystals were

Chem. Int. Ed. Engl. 1989, 28, 992.mounted in Lindemann capillaries and sealed under argon atmos- [5] [5a] P. Pullmann, K. Hensen, J. W. Bats, Z. Naturforsch. Part B
phere. Other data collection for X-ray structure determinations was 1982, 37, 131221316. 2 [5b] D. M. Brown, D. T. Stewart, D.
performed on a Siemens P4 four-circle diffractometer equipped E. H. Jones, Spectrochim. Acta 1973, 29a, 2132217. 2 [5c] M.

Dalibart, J. Derouault, M. T. Forel, J. Mol. Struct. 1981, 70,with a CCD area detector[32]. Single crystals were mounted in poly-
1192123. 2 [5d] I. R. Beattie, P. J. Jones, J. A. K. Howard, L.fluoroether oil and fixed on top of a glass fibre. Data was collected E. Smart, C. J. Gilmore, J. W. Akitt, J. Chem. Soc., Dalton

at 280 to 2100°C. All calculations were performed on PC9s and Trans. 1979, 5282541. 2 [5e] J. Meunier, M. T. Forel, Can. J.
workstations using the Siemens SHELXTL-Plus[33] or SHELX- Chem. 1972, 50, 115721161.

[6] [6a] A. J. Downs (Ed.), Chemistry of Aluminium, Gallium, Indium93[34] software packages. The structures were solved by direct or
and Thallium, Blackie Academic and Professional, London,heavy atom methods and successive interpretation of the difference
1993. 2 [6b] N. N. Greenwood, K. Wade, Friedel-Crafts and Re-

Fourier maps, followed by least-squares refinement. All non-hydro- lated Reactions (Ed.: G. Olah), Interscience, New York, 1963.
gen atoms were refined anisotropically. The hydrogen atoms were [7] P. J. Olgren, J. P. Cannon, C. F. Smith Jr., J. Phys. Chem. 1971,

75, 2822289.included in the refinement in calculated positions by a riding model
[8] L. Jakobsmeier, I. Krossing, H. Nöth, M. J. H. Schmidt, Z.using fixed isotropic thermal parameters. Data relevant to the crys-

Naturforsch. Part B 1996, 51, 111721126.tallography, data collection and refinement are compiled in Table [9] H. Nöth, R. Rurländer, P. Wolfgardt, Z. Naturforsch. Part B
6. Further details of the crystal structure determinations are de- 1982, 37, 29235.

[10] D. A. Atwood, J. Jegler, Inorg. Chem. 1996, 35, 427724282.posited at the Cambridge Crystallographic Data Centre and may
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[11] W. Uhl, J. Wagner, D. Fenske, G. Baum, Z. anorg. allg. Chem. [22] R. M. Fuoss, C. A. Kraus, J. Am. Chem. Soc. 1933, 55,

238722399.1992, 612, 25233.
[23] V. Shomaker, D. P. Stevenson, J. Am. Chem. Soc. 1941, 63,[12] U. Kynast, B. W. Skelton, A. H. White, M. J. Henderson, C. L.

37240.Raston, J. Organomet. Chem. 1990, 384, C1.
[24] R. J. Wehmschulte, W. J. Grigsby, B. Schiemenz, R. A. Bartlett,[13] K. Ruhlandt-Senge, P. P. Power, Inorg. Chem. 1991, 30,

P. P. Power, Inorg. Chem. 1996, 35, 669426702.263322639.
[25] I. Krossing, Dissertation, University of Munich, 1997.[14] M. G. Gardiner, M. G. Koutsantonis, S. M. Lawrence, F.-C. [26] M. A. Petrie, P. P. Power, H. V. Rasika Dias, K. Ruhlandt-Lee, C. L. Raston, Chem. Ber. 1996, 129, 5452549.

Senge, K. M. Waggoner, R. J. Wehmschulte, Organometallics[15] I. Krossing, H. Nöth, C. Tacke, M. Schmidt, H. Schwenk,
1993, 12, 108621093.Chem. Ber. 1997, 130, 104721052. [27] M. J. Zaworotko, J. L. Atwood, Inorg. Chem. 1980, 19,[16] I. Krossing, H. Nöth, B. N. Anand, Inorg.Chem. 1997, 36, 2682271.197921981. [28] J. L. Atwood, P. A. Milton, J. Organomet. Chem. 1973, 52,[17] K. Knabel, I. Krossing, H. Nöth, H. Schwenk-Kircher, M. J. 2752279.

H. Schmidt-Amelunxen, T. Seifert, unpublished results. [29] Performed with the program Hyperchem, V3.0, Autodesk, 1993.[18] Low local symmetry leads to broad signals and vice versa. See [30] Performed with the program Gaussian 94, Revision B.2, M. J.
refs. [19a] and[19b]. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. John-

[19] [19a] J. Mason, Multinuclear NMR, Plenum Press, New York and son, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson,
London, 1987, 2592278. 2 [19b] H. Lehmkuhl, J. Organomet. J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G.
Chem. 1991, 411, 37255. Zakrzewski, J. V. Ortiz, J. B. Foresman, C. Y. Peng, P. Y. Ayala,

[20] H. Nöth, B. Wrackmeyer, NMR Spectroscopy of Boron Com- W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gom-
pounds, Vol. 14 (Eds.: P. Diehl, E. Fluck, R. Korfeld), Springer perts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J.
Verlag, Berlin, Heidelberg, New York, 1978. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J. A.

Pople, Gaussian, Inc., Pittsburgh PA, 1995.[21] BPh3 ·py (5b) precipitates in triclinic crystals of space group P1
¯

(Z 5 2) from benzene/pentane solutions. As the B2N and C2C [31] S. H. Strauss, Chem. Rev. 1993, 93, 9272942.
[32] Siemens Industrial Automation, 1995.bonds are isoelectronic, the pyridine and phenyl ligands are site

disordered, so that every phenyl position is occupied to 1/4 by [33] PC SHELXTL Rel. 5.03, Siemens Analytical Instruments, Ver-
sion 4.1, 1994.the pyridine molecule. Therefore, bond lengths cannot be dis-

cussed, but the structure is an additional proof for the reaction [34] G. M. Sheldrick, University of Göttingen, 1993.
[97292]described by Eq. 2b.

Eur. J. Inorg. Chem. 1998, 9272939 939



FULL PAPER

Metal Tetrahydridoborates and Tetrahydridometallates, 22[e]

Structural Chemistry of Lithium Tetrahydroborate Ether Solvates;

Hans-Hermann Giese, Heinrich Nöth*, Holger Schwenk, and Steffen Thomas

Institute of Inorganic Chemistry, University of Munich,
Meiserstraße 1, D-80333 München, Germany

Received December 23, 1997

Keywords: Lithium tetrahydridoborate diethyl ether (1:1) / Lithium tetrahydridoborate diveron (1:1) /
Lithium tetrahydridoborate dimethoxyethane (1:2) / Lithium tetrahydridoborate triglyme (1:1) /
Lithium tetrahydridoborate tetrahydrofuran (1:3) / Lithiumtetrahydridoborate 1,3-dioxolane (1:1) / Hydride-
bridge bonding

LiBH4 · OEt2 (1) and LiBH4 · O(Me)CMe3 (2) form double- centers through two of its four oxygen atoms in such a
manner that a chain structure results. The compound LiBH4stranded chains in the solid state. While 3 hydrides of the

BH4 group in 1 bind to three different Li atoms through · 3 THF (5) exists as discrete molecules in the lattice. Its BH4
–

anion is triply bridging to the Li center. In contrast,Li···H–B interactions, the fourth H atom interacts with three
adjacent Li centers. In contrast, in compound 2 there are two LiBH4·C3H6O2 (6) (1,3-dioxolane) is polymeric. Due to the

presence of two µ2
2-BH4 groups, a chain of the typesingle Li···H–B bonds and two doubly bridging hydrogen

atoms, the latter again interacting with three lithium centers. ···Li(H2BH2)Li(H2BH2)··· is formed, and the 1,3-dioxolane
molecules connect the chains through Li–O coordination toMoreover, the arrangements of the ether molecules in 1 and

2 are different. LiBH4 · 2 DME (3) (DME = dimethoxyethane) form a three-dimensional array. In spite of the variations in
the bonding of the BH4 group to Li centers, the Li atoms areforms a molecular lattice, in which the BH4

– anions are
present in Li···H2BH2 bridges. The same structural feature is hexacoordinated in 3 to 6 but are heptacoordinated in 1

and 2.present in LiBH4 · TG (4) (TG = triglyme = triethylene glycol
dimethyl ether), but the TG molecule coordinates to two Li

Introduction picted in E2I. Type G has been observed in dimeric
LiBH4 ·TMEDA[13]. We use the notation shown in A to ILithium tetrahydridoborate is a commercially available
to describe the hydride bridges. The subscripts indicate thereagent which surpasses NaBH4 in terms of its reactivity[2].
number of hydrogen atoms of the BH4 group that interactIt is widely used, and most reactions are performed in di-
with one metal atom, while the superscripts denote theethyl ether (OEt2) or tetrahydrofuran (THF) as LiBH4 is
number of hydrogen atomss that interact with different me-more rapidly hydrolyzed than NaBH4

[3]. Several ether sol-
tal centers. Thus, for example, µ1

3 would indicate a hydro-vates of LiBH4 are known, but the only one to have been
gen atom of the BH4

2 anion that forms bridges to threestructurally characterized is 2 LiBH4 ·18-crown-6[4] and
metal atoms. The examples given demonstrate that themore recently LiBH4 ·OEt2

[17]. Most of the other ether sol-
BH4

2 anion is a very versatile ligand[14].vates of LiBH4 were first described in the period from 1950
to 1974[5], and only a few have subsequently been investi- Synthesis
gated in detail by vibrational and/or NMR spectroscopy[6].

The synthesis of ether solvates of LiBH4 can be achievedTo date, the following solvates have been characterized:
in various ways. One method is to dissolve LiBH4 in theLiBH4 ·nOEt2 (n 5 0.5, 1, 2) [7] [8], LiBH4 ·nTHF (n 5 1,
respective ether, and to crystallize the solvates either by2)[2c] [8], LiBH4 ·OiPr2

[2c], and LiBH4 ·1,4-dioxane[2c] [9].
cooling of the saturated solution or by removal of the sol-Meanwhile, several modes of bonding or interaction of
vent. A second method is to replace the solvate moleculethe BH4

2 ion with metal centers have been established[5].
with a more strongly coordinating ether. Thirdly, the etherIn mononuclear species M(BH4)n or LmM(BH4)n, µ1-, µ2-,
can be added to a suspension of LiBH4 in hexane or tolu-or µ3-BH4 groups may be present, as shown in formulae
ene. Using these methods, the following solvates have beenA2C, which have local C3v, C2v, and C3v point-group sym-
obtained as single crystals (see Experimental Section for themetry, respectively. BH4 groups acting as bridges between
method used): LiBH4 ·OEt2 (1), LiBH4 ·DIV (2), LiBH4 ·2two metal centers (type D) are found in solid Be(BH4)2

[10],
DME (3), LiBH4 ·TG (4), LiBH4 ·3 THF (5), LiBH4 ·Zr3(BH4)6H6 ·4 PMe3

[11], and Cr2(BH4)4·dipy2 ·Cr-
DIOXL (6) [DIV 5 MeOCMe3, DME 5 MeOCH2CH2-(BH4)2 ·dipy ·TMEDA[12]. Although the double µ2-bridging
OMe, TG 5 MeO(CH2CH2O)3Me, DIOXL 5 C3H6O2,mode B prevails, other bonding modes are possible as de-
1,3-dioxolane]. No single crystals could be obtained in the

[e] Part 21: Ref. [1]. case of LiBH4 ·1,4-dioxane[9] due to its very low solubility.
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ate gave rise to a 1:4:6:4:1 quintuplet with 1J(11B1H) in the
small range of 81283 Hz, and δ11B varying only within a
range of ± 2.6 ppm. The shielding at the 11B center de-
creases slightly when C6D6 is used as a solvent instead of
the respective ether. This may be taken as evidence for a
slightly stronger Li(BH4) interaction within an ion pair. No
NMR data could be recorded for LiBH4 ·1,4-dioxane, nei-
ther in dioxane nor in C6D6, due to its very low solubility
in both solvents. This suggests that its structure in the solid
state consists of an extended lattice. LiBH4 ·3 THF and
LiBH4 ·1,3-dioxolane are also practically insoluble in deu-
terated benzene. However, for a solution of LiBH4 in trig-
lyme, two additional signals are observed at δ 5 13.7 and
δ 5 17.5. The signals in this case are broad, even that for
the BH4 anion at δ 5 239.7, and they show no resolved
lines due to B-H coupling. The signal at δ 5 13.7 may be
due to the presence of a BH3 adduct to the ether (cf. δ11B 5
2.5 for H3B·OMe2)[16].

Table 2. 11B- and 7Li-NMR data of LiBH4 solvates [δ is given in
ppm, the coupling constant 1J(11B1H) is given in Hz (in parenthe-

ses)

LiBH4 LiBH4 LiBH4 LiBH4 LiBH4 LiBH4IR and NMR Spectra
· OEt2 · DIV · 2 DME · TG · 3 THF · DIOXL

In order to obtain some information on the interaction 1 2 3 4 5 6

of the Li1 center with the BH4
2 anion, IR spectra were

δ11B 239.1 238.4 239.1 240.5, 241.0 240.4recorded of the solid compounds as Nujol/Hostaflon mulls.
(81)[a] (81)[c] (83)[d] 214.6, (82)[e] (81)[g]

The data attributable to BH stretching vibrations are sum- 29.1
marized in Table 1. There are four strong bands in this re- (br.)[e]

240.0 239.7 241.3 240.8 2 2gion, irrespective of the type of ether solvate molecule pre-
(87)[b] (br)[b] (82)[b] (71)[b]

sent, and the pattern observed is not characteristic for a δLi 1.78[a] 21.83[c] 0.416[d] 1.300[e] 22.331[f] 0.493[g]

0.145[b] 0.119[b] 20.154[b] 20.679[b] 2 2BH4
2 group of either Td, C3v, or C2v symmetry. Bands due

to ν10BH4 are not resolved. The strong band at 2240 ± 65
[a] In OEt2. 2 [b] In C6D6. 2 [c] In diveron. 2 [d] In dimethoxy-cm21 seems to be the overtone of the δBH2 vibration at
ethane. 2 [e] In triglyme. 2 [f] In THF; in addition a weak doublet

1130 ± 10cm21. The IR spectra of solid LiBH4 and NaBH4 at δ11B 5 14 (64 Hz) is observed. 2 [g] 2 In 1,3-dioxolane.
do not differ significantly[15]. It is only the triglyme solvate

Table 3. Li···B atom distances in [A
˚

] of the LiBH4-ether solvatesthat shows a better resolution. Obviously, the bonding be-
tween the BH4

2 group and Li1 is predominantly ionic, and
LiBH4 LiBH4 LiBH4 LiBH4 LiBH4 LiBH4the IR spectra do not allow any firm conclusions to be
· OEt2 · DIV · 2 DME · TG · 3 THF · DIOXLdrawn regarding type of interaction of the BH4 group with

the Li center (µ1, µ2, or µ3 bonding). Li···B 2.498(8) 2.560(4) 2.470(4) 2.478(6) 2.319(7) 2.445(3)
2.53(1) 2.505(4) 2 2 2 2.447(3)Table 1. IR bands in the stretching vibration region for the LiBH4 2.54(1) 2.520(4) 2 2 2 2.431(3)ether solvates: crystalline material in Nujol/Hostaflon suspension

1[a] 2 3 4 5 6 In benzene solution, the shielding of the 7Li nucleus also
varies considerably, but is more in line with the number of

2230 st 2180 m 2134 2198 m 2111 m 2180 st solvent molecules attached to the LiBH4 molecule. This be-
2234 st 2277 2258 2264 st 2127 m 2256 st

comes evident by comparing the δ values for the DME and2286 st 2306 2281 2295 st 2176 st
2364 st 2320 2373 2560 st 2237 st TG solvates with those of diethyl ether and diveron. The

2410 sh 2330 m st 2272 st 2317 st δ7Li data for compounds 126 in their respective ether solu-2382 m st 2334 m st
tions are difficult to rationalize. The excellent shielding of2382 m st
the Li nucleus in 5 is most likely due to ion-pair formation

[a] In crystalline solid LiBH4 the following bands were observed in [Li(THF)4]BH4, but then it is hard to understand why the
the IR spectrum and assigned (in cm21): 2525 (2ν2), 2408 (ν2 1 Li center in 3 is less shielded than that in 2, and why the Liν4), 2308 (ν3), 2182 (2ν4) [15].

resonance for 1 in diethyl ether solution is found at very
low field. Since the degrees of association of LiBH4 ·OEt2Likewise, the 11B-NMR spectra of solutions of the LiBH4

solvates in their respective ethereal solvents, or of the solid and LiBH4 ·DIV in C6D6 solution are unknown, it is diffi-
cult to interpret the δ7Li data, which suggest much strongersolvate in C6D6, did not yield any additional information

(see Table 2). With the exception of LiBH4 ·TG, each solv- solvation in benzene (ratio Li/O only 1:1) than in ether. A
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Figure 1. ORTEP plot of four LiBH4 ·OEt2 (1) molecules; esti-better shielding in benzene can only be expected when

mated standard deviations in parentheses[a]
strong interactions between LiBH4 molecules remain, while
the indications seem contrary to this. Therefore, association
through the BH4 groups must remain in benzene solution.
As both compounds have been found to be moderately sol-
uble, it is evident that the chain structures present for these
compounds in the solid state (vide infra) must be broken
down into smaller [LiBH4 ·Do]n units (Do 5 coordinated
solvent).

Crystal and Molecular Structures

Coordination Compounds of LiBH4 with Noncyclic Ethers:
Neither the NMR data of solutions of LiBH4 in the respect-
ive ethers nor the IR data of the solid ether solvates allowed
an unambiguous assignment of the structure of the LiBH4-
ether solvates, particularly with respect to the type of
Li···H2B interaction. Therefore, it was necessary to deter-
mine the molecular structures of the ether solvates of
LiBH4 by X-ray diffraction analysis. [a] Selected bond lengths and atom distances [A

˚
]: Li12O1 1.927(6),

LiBH4 ·OEt2 (1), whose crystal structure has recently Li12H1 1.97(3), Li12H2 2.11(3), Li12H 42.08(3), B12H1
1.12(3), B12H2 1.14(3), B12H3 1.01(5), B12H4 1.19(4), Li1···B1been reported[17], crystallizes from a diethyl ether solution
2.53(1), Li1···B1B 2.54(1). 2 Selected bond angles [°]: C12O12C3in colorless needles of the orthorhombic system and, there- 115.0(3), C112O12Li1 122.3(4), C32O12Li 122.5(3),

fore, only a few features will be discussed. H12B12H3 109(3), H12B12H2 107(2), H12B12H4 110(3),
H22B12H3 116(3), H22B12H4 107(3), H32B12H4 108(2),Figure 1 shows that three of the four H atoms of the
O12Li1···B1 122.5(3), O12Li1···B1A 106.2(4), Li12H22Li1A

BH4
2 anion each interact with one Li center and that the 161(2), Li12H12B1 105(2), Li1A2H32B1 104(3), B12H42Li1B

105(3). 2 Atom Li1B is part of the adjacent chain (see Figure 2).fourth hydrogen atom coordinates to three Li1 ions. This
hydrogen atom is tetracoordinated. Moreover, each Li
center is coordinated by six hydrogen atoms and one ether groups of the diveron molecules are ordered in such a man-

ner that allows one methyl unit of each DIV molecule to beoxygen atom. The sum of bond angles subtended at the
ether oxygen atoms is 359.8°. Li2H atom distances range arranged in a zipper-like orientation. Thus, the organyl

groups shield the LiBH4 part of the [(LiBH4)2]` chain betterfrom 1.94(5) to 2.25(5) A
˚

, while bond angles at Li span the
wide range from 48.0 to 161.4°, with many falling in the than in 1 (Figure 4b). However, every second pair of trans-

oriented ether molecules are turned by 69.7° to one another.interval 90 ± 15°. This shows that the coordination poly-
hedron can be described as a very strongly distorted octa- Therefore, the arrangement of the molecules of 2 in the

chain is different to that observed for 1.hedron. As expected, the coordination polyhedron around
the boron atom is close to a tetrahedron. LiBH4 ·2 DME (3) forms colorless monoclinic crystals.

There is half a molecule in the asymmetric unit. The Li andThe units shown in Figure 1 are the building blocks for
the formation of doubly stranded chains in the lattice of 1 B atoms occupy special positions on a C2 axis. Figure 5

depicts the molecular structure of compound 3.as depicted in Figure 2. In the lattice, each BH4 group has
to be described as 3µ1

1, µ1
3, i.e. all four hydrogen atoms of It is apparent that the hexacoordinated Li atoms are sur-

rounded by four oxygen atoms of two DME molecules andthe BH4
2 ion are involved in coordination to Li1 ions,

which are heptacoordinated. The ether molecules are ar- two hydrogen atoms from a µ2
1-BH4 group.

The B2H bonds to the bridging hydrogen atoms areranged in such a manner that an organophilic “skin” par-
tially shields the (LiBH4)n core. This most probably explains slightly, although not significantly, longer than those to the

terminal hydrogen atoms. In the case of the Li2O coordi-why LiBH4 ·OEt2 not only dissolves in ether but also to a
small extent in toluene. The structure in solution will, of nation, one Li2O distance is significantly shorter than the

other [2.058(2) A
˚

for O2, 2.133(1) A
˚

for O1]. The rathercourse, differ significantly from that in the solid state.
LiBH4 ·DIV (2) crystallizes from toluene solution in thin acute O12Li2O2 bond angle is due to the small bite angle

of the DME molecule. Consequently, the deviation frommonoclinic plates. Figure 3 depicts a single molecule, show-
ing a doubly bridging BH4 anion. These molecules are as- octahedral symmetry around the Li ion is substantial; the

smallest bond angle is 55.9(9)° (H22Li12H2a), the largestsociated as shown in Figure 4a. Here, it can be seen that
each Li center shares hydrogen atoms with three BH4 150.8(5)° (H22Li12O2). Bond angles subtended at atoms

O1 and O2 are rather different, the largest C2O2Li bondgroups, and this leads to heptacoordination at Li (6 H
atoms and 1 O atom). Of the four hydrogen atoms of each angles being those to the methyl groups of the DME mol-

ecule, which range from 122.0(1) to 126.30(9)°. More inter-BH4
2 anion, two are involved in bridging two Li centers,

while the other two are involved in single B2H···Li interac- esting in terms of the coordination geometry is the fact that
the bond angle sums at atoms O1 and O2 are 321.1(3)°tions (2 µ1

1-, 2 µ1
2-BH4). Figure 4a depicts the arrangement

in a double-stranded chain. It also shows that the tert-butyl and 349.5(3)°, respectively. Considering the C2O2C bond
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Figure 2. A space-filling model of a chain of LiBH4 ·OEt2

Figure 3. ORTEP plot of LiBH4 ·OMe(CMe3) (2) in the asymme- in contrast to atom O2, where the sum is 359.3°. This points
tric unit[a]

to two different bonding situations for O1 and O2, as sug-
gested also by the shorter Li12O2 atom distance. On the
other hand, the O22Li12O1 bond angle of 79.67(8)° does
not deviate at all from the analogous bond angle in 3
[79.49(8) A

˚
], and we take this as evidence that the Li···O

interactions in 4 are again primarily determined by polar
factors, irrespective of the bond angle sums at the O atoms.

Coordination Compounds of LiBH4 with Cyclic Ethers:
Cyclic ethers such as THF, 1,4-dioxane, 1,3,5-trioxolane,
and many others add to LiBH4. However, to date we have
been unsuccessful in obtaining good single crystals of these
solvates, apart from the case of THF and 1,3-dioxolane sol-
vates.

LiBH4 ·3 THF (5) crystallizes from a THF solution at[a] Selected bond lengths and atom distances [A
˚

]: Li12O1 2.000(4),
240°C in extensively intergrown platelets. Crystal selectionLi12H1 2.11(2), Li12H3 2.16(2), Li1B2H1 2.16(2), H22Li1A

2.00(2), H32Li1A 2.08(2), Li12H4B 2.08(2), Li12HaB 2.16(2), at low temperature was difficult, as was the mounting using
B12H1 1.11(2), B12H2 1.12(3), B12H3 1.14(2), B12H4 1.11(3), oxygen-free perfluoroether oil. Several crystals had to beLi1···B1 2.560(4), Li12B1A 2.505(4), Li12B1B 2.529(4). 2 Se-
lected bond angles [°]: O12Li12H1 110.9(6), O12Li12H3 examined and even the best one was comparatively weakly
159.1(6), H12B12H2 110(2), H12B12H3 110(2), H12B12H4 diffracting. Consequently, the quality of the structure deter-
108(2), H22B22H3 106(2), H22B12H4 114(2), H32B12H4

mination is less than satisfactory. Nevertheless, a model109(2), B12H12Li1 101(1), B12H32Li1 97(1), B12H42Li1B
100(1), B12H22Li1A 104(2) Σ/ at O1: 356.0°. structure was found that seems to be reliable, even though

the hydrogen atoms at the boron center had to be fixed in
angles of 112.6 and 111.3(3)°, respectively, it would appear their found positions in the final cycles of refinement. Fig-
that these oxygen atoms are best described as being sp3- ure 7 shows the result.
hybridized. The O12Li2O2 bond angle of 79.49(6)° as well

It is apparent that 5 is a molecular compound that mayas the Li12O12C2 and Li12O22C3 bond angles
be regarded as a contact ion pair. The Li center is hexacoor-[112.6(1)° and 111.87(8)°] indicate that the Li···O interac-
dinated by three oxygen atoms and three hydrogen atoms.tion is predominantly polar. However, it should be borne in
Thus, the BH4 group acts as a µ3

1-ligand. Li2O atom dis-mind that 3 is nevertheless a molecular compound.
tances vary significantly, ranging from 1.952(6) to 2.017(6)The LiBH4 ·TG solvate 4 forms colorless, orthorhombic
A
˚

, while the O2Li2O bond angles span the small rangecrystals. There are four molecules in the unit cell. However,
from 100.6(3) to 102.5(3)°. On the other hand, the bite ofthe triglyme ligand does not coordinate to only one Li
the BH4 group is very small, as exemplified by H2Li2Hcenter. As shown in Figure 6, the triglyme ligand binds to
bond angles in the range 45.5254.4°. The Li···B atom dis-two different Li centers through two of its four oxygen do-
tance is 2.319(7) A

˚
, which is shorter than the Li···B dis-nor atoms. Therefore, a chain structure results, in which the

tances found for µ2
1-BH4 groups.Li centers are hexacoordinated. The Li ions are coordinated

by four oxygen atoms of two different triglyme molecules, LiBH4 ·1,3-DIOXL (6) separates from saturated 1,3-di-
oxolane solutions. The crystals are monoclinic. The con-as well as by a µ2

1-bonding BH4 group.
The C2O atom distances in 4 fall in the fairly narrow tents of the asymmetric unit is depicted in Figure 8. The

structure features tricoordinated Li ions, which are, ofrange from 1.425(2) (O12C2) to 1.432(2) A
˚

(O22C4).
However, the sum of bond angles at atom O1 is only 335.4°, course, coordinatively unsaturated. These units associate to
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Figure 4. a) Four molecules of 2 in a chain; b) space-filling model

Figure 5. ORTEP plot of the molecular structure of LiBH4 ·2 DME for Li1 and 96.2(1)° for Li2. It is also interesting to note
(3)[a]

that the Li···B atom distances are 2.445(3) and 2.439(3) A
˚

,
respectively. These are definitely longer than the Li···B dis-
tance in 4 as a result of the “unusual” Li2H2B interac-
tions. The two OCO planes of the dioxolane molecules co-
ordinated to a Li center are twisted by almost 90° with re-
spect to one another. The symmetry at atom Li2 is higher
than that at atom Li1. Moreover, the Li···B···Li angles differ
considerably, amounting to 174.1(1)° at atom B1 and
162.8(1)° at atom B2.

[a] Selected bond lengths and atom distances [A
˚

]: Li12O1 2.133(1), Discussion
Li12O2 2.058(2), Li12H2 1.17(2), B12H1 1.15(2), B12H2
1.17(2), Li1···B1 2.470(4). 2 Selected bond angles [°]: O12Li12O2 It is well known that LiBH4 forms many well-defined sol-
79.49(6), O12Li12O1a 165.9(2), O12Li12O2a 92.60(7), vates with various kinds of ethers[2]. Although the compo-O22Li12O1a 92.60(7), O22Li12O2a 111.9(2), Li12H22B1

sitions of some of these solvates have been determined, their98.1(9), H12B12H1a 110(2), H12B12H2 111(1). Σ/ O1 5
341.2°, O2 5 349.5°. structures in the solid state and in solution have never been

adequately described.
In the present study, it is demonstrated that an IR-spec-form an extended structure, as shown in Figure 9. The BH4

groups join strands of Li(1,3-dioxolane) units. troscopic investigation does not allow unambiguous con-
clusions to be drawn concerning the coordination mode ofThe BH4 groups are of the 4µ1

1-type, i.e. there are four
singly bridging hydrogen atoms to 4 Li centers. Moreover, the anion BH4

2 to the Li centers. Such information can
only be obtained from X-ray structure determinations,both oxygen atoms of the 1,3-dioxolane are involved in co-

ordination. This leads to hexacoordinated Li ions with an which are of course confined to the solid state. Thus, the
structure of (LiBH4)2 ·18-crown-6 has been determined,H4O2 environment. The two Li2O distances are 1.993(3)

and 2.031(3) A
˚

, and the O2Li2O bond angles are 94.6(1)° which reveals µ1
1-BH4 interactions with the Li centers[4].
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Figure 6. ORTEP plot of two molecules of LiBH4 · TG (4)[a]

[a] Selected bond lengths and atom distances [A
˚

]: Li12O1 2.192(2), Li12O2 2.035(3), Li12O1B 2.192(2), Li12O2B 2.035(3), Li1···B1
2.487(6). 2 Selected bond angles [°]: O12Li12O2 79.67(8), O12Li12O2B 94.1(1), O12Li12O1B 169.6(2), O22Li12O1B 94.1(1),
O22Li12O2B 107.3(2), O1B2Li12O2B 79.68(8).

The compound can therefore be regarded as a “double”Figure 7. ORTEP plot of the molecular structure of LiBH4 ·3 THF
(5); thermal ellipsoids are represented at the 25% probability level[a]

contact ion pair, in which each Li atom is coordinated by a
hydrogen atom and four oxygen atoms. Although all the
molecular solvates described herein, such as LiBH4 ·2 DME
and LiBH4 ·3 THF, may also be regarded as contact ion
pairs, this seems to be an inadequate description as the BH4

group definitely favors µ1, µ2, or µ3 interactions with the
Li1 center. The structure determinations presented in this
study clearly show a preferential orientation of the BH4

moiety. Using Edelstein9s correlation of metal2
boron distances as a measure of the denticity of the BH4

group[18], it is shown that this holds not only for typical
[a] Selected bond lengths and atom distances [A

˚
]: Li12O1 1.952(6), covalent metal tetrahydridoborates, but also for more polar

Li12O2 1.968(5), Li12O3 2.017(6), Li12H1 2.02(4), Li12H2
metal tetrahydridoborates.2.10(5), Li12H3 2.12(4), Li1···B1 2.319(7), B12H1 1.15(3),

B12H2 1.15(3). 2 Selected bond angles [°]: O12Li12O2 102.5(3), It is also evident that strongly coordinating ether ligands
O12Li12O3 100.6(3), O22Li12O3 101.4(2), O12Li1···B1 such as THF and DME lead to the formation of molecular114.2(3), O22Li1···B1 117.8(3), O32Li1···B1 117.8(3),

LiBH4 complexes, while more weakly bound ethers such asH12B12H2 110.2(3), H12B12H3 102.7(3), H12B12H4
117.3(8), H22B12H3 90.3(3), H22B12H4 90.3(3), H32B12H4 OEt2 or diveron lead to polymers. This is apparent from
115.7(3); Σ/ at O atoms: O1: 358.1°, O2: 357.6°, O3: 354.9°

ether/Li ratios of 1:1 with weak donors and ratios of up to
4:1 with strong donor molecules. As the O/Li ratio de-

Figure 8. ORTEP plot of the molecular structure of LiBH4 ·1,3- creases, coordination unsaturation at the Li ion increases
dioxolane (6)[a]

and this is counterbalanced by additional Li···H interac-
tions. Therefore, we observe BH4 groups of type A (µ3

1-
BH4) for LiBH4 ·3 THF, of type B (µ2

1-BH4) for LiBH4 ·2
DME and LiBH4 ·TG, and 4µ1

1-BH4 for LiBH4 ·1,3-DIOX.
Type-D BH4 groups (2µ1

1,2µ1
1-BH4) are present in

LiBH4 ·DIV and 3µ1
1,µ1

3-bonding is found in LiBH4 ·OEt2.
Thus, in these cases, each hydrogen atom of the BH4 group
is involved in interactions with the Li1 ions. Amongst the
LiBH42ether complexes described here, there are hydrogen
atoms of the BH4 group that coordinate to three Li centers,
as for example, in 1. Consequently, these are H2 ions in
a tetracoordinated environment. However, in complexes of
LiBH4 with nitrogen ligands, the interaction of BH4 hydride[a] Selected bond lengths and atom distances [A

˚
]: Li12O6 2.004(3),

with three Li centers is more common than with ethers[19],Li12O4A 1.993(3), Li1···B1 2.445(3), Li12B2B 2.447(3) Li2···B2
2.431(3), Li2C2B1 2.428(3), Li22O1 1.984(3), Li22O9 2.031(3). and we have recently found an example where even four
Selected bond angles [°]: O62Li12B1 117.4(1), B12Li12O4A metal centers coordinate to one hydride, namely Li-100.6(1), O62Li12O4A 96.2(1), O4A2Li1···B2B 118.6(1),
O62Li1···B2B 98.7(1). Al3H5(OR)5

[20].
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Figure 9. View of the three-dimensional array of compound 6

B 11.27, Li 7.24; found B 11.09, Li 7.11 (by titration); B 10.33, LiIt is evident that the BH4 group is a very versatile ligand,
6.92 (by AAS).and it can be expected to show still further variations in

coordination mode as a ligand in competition with ethers Lithium Tetrahydridoborate2tert-Butyl Methyl Ether (2): Prep-
ared analogously to 1 from LiBH4 (0.76 g) and diveron (25 ml). 2or other donor ligands. Studies in this area are currently in
crystallized from the solution in very thin, interwoven needles.progress in our laboratory.
Yield: 3.07 g (79%), dec. 283°C. Single crystals were obtained from

We thank Chemetall GmbH for support of this study. Moreover the saturated solution at 20°C by cooling to 5°C. The compound
we are indebted to the Fonds der Chemischen Industrie for unbu- was found to be soluble in diveron and benzene, but insoluble in
reaucratic help over many years, and we are also grateful to Mrs. E. hexane. 2 C5H16BLiO (128.08): calcd. B 9.83, Li 6.31; found B
Kiesewetter and Mrs. G. Hanatschek for recording the IR spectra. 9.69, Li 6.22 (by titration); B 8.93, Li 6.43 (by AAS).

Lithium Tetrahydridoborate2Bis(dimethoxyethane) (3): Prepared
Experimental Section analogously to 1 from LiBH4 (0.61 g, 28 mmol) and dimethoxy-

ethane (60 ml). A clear solution resulted after heating. Since noThe hydrolytic sensitivity of LiBH4 requires the exclusion of
crystals separated at 20°C, the solution was cooled to 220°C. Well-moisture in all experiments. Therefore, the Schlenk-tube technique
shaped needles separated. Yield: 2.4 g of 3 (42%). The compoundwas used with N2 or Ar as the protecting gas. All solvents were
was found to be soluble in DME, THF (reaction), and benzene,carefully dried, and only flame-dried glassware was used. LiBH4
but insoluble in hexane. 2 C8H24BLiO (154.03): calcd. B 5.35, Li(Chemetall GmbH) was crystallized from diethyl ether and dried
3.44; found B 5.41, Li 3.53 (by titration); B 5.45, Li 3.41 (by AAS).in vacuum. NMR spectra were recorded with Jeol EX 270 and EX

400 instruments [standards: TMS (1H, 13C), 1  LiCl (7Li), Lithium Tetrahydridoborate2Triglyme (4): Obtained by dissolv-
BF3 ·OEt2 (11B)]. 2 IR: Nicolet FT-IR. ing LiBH4 (250 mg, 11.5 mmol) in 10 ml of triglyme. After heating

to reflux (20 min), the hot suspension was filtered and the clearLithium Tetrahydridoborate2Diethyl Ether (1): Diethyl ether (35
solution was cooled to 220°C. Well-shaped needles formed, whichml) was added to LiBH4 (0.94 g, 43 mmol) at 20°C with stirring.
were isolated by filtration. Yield: 600 mg of 4 (26%), m.p. 59°C.After heating to reflux for 4 h, a turbid solution formed, from
The compound was found to be soluble in triglyme and benzene,which the insoluble material was removed by filtration (G3 glass
but insoluble in hexane. 2 C8H22BLiO (152.01): calcd. B 5.41, Lifrit). On cooling to 5°C, needles formed which were not suitable
3.47; found B 5.40, Li 3.42 (by titration); B 5.28, Li 3.24 (by AAS).for X-ray crystallography. Yield: 3.36 g of 1 (81%), m.p. ca. 5°C.

The ether adduct was dissolved in a minimum amount of an Et2O/ Lithium Tetrahydridoborate2Tris(tetrahydrofuran) (5): To
LiBH4 (3.2 g, 146 mmol), tetrahydrofuran (50 ml, 615 mmol) wastoluene (5:3) mixture. Single crystals of sufficient quality grew at

220°C. Isolation and the selection of suitable crystals was carried added with stirring. Most of the LiBH4 dissolved exothermically.
The turbid solution was heated to reflux for 10 min, and any insol-out at this temperature. 1 was found to be readily soluble in Et2O

and benzene, but insoluble in hexane. 2 C4H14BLiO (95.91): calcd. uble material was then removed at ambient temperature by fil-
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Table 4. Data relevant to crystallography, data collection and refinement of the structures of the LiBH4-ether adducts

Compound 1 2 6 4 9 3

Chem. formula C4H14BLiO C5H16BLiO C3H10BLiO2 C8H22BLiO4 C12H28BLiO3 C8H24BLiO4
Form. wght. 95.90 109.93 95.86 200.01 238.09 202.02
Cryst. size [mm] 0.1530.230.4 0.330.430.55 0.333 0.43 0.6 0.13 0.153 0.3 0.13 0.33 0.9 0.2 30.330.3
Cryst. system Orthorhombic Monoclinic Monoclinic Orthorhombic Tetragonal Monoclinic
Space group Pna2(1) I2/a P2(1)/n Pbcn I4(1)cd C2/c
a [A

˚
] 11.806(12) 9.2598(7) 7.1656(5) 6.395(2) 18.2973(3) 14.376(5)

b [A
˚

] 13.617(9) 12.3190(9) 12.9452(9) 15.078(7) 18.2973(3) 7.895(3)
c [A

˚
] 4.531(5) 14.4108(14) 13.2702(8) 12.798(7) 18.4226(4) 12.258(5)

α [°] 90.00 90.00 90.00 90.00 90.00 90.00
β [°] 90.00 94.159(1) 101.523(1) 90.00 90.00 105.59(2)
γ [°] 90.00 90.00 90.00 90.00 90.00 90.00
V [A

˚
3] 728.4(12) 1639.5(2) 1206.1(1) 1234.1(10) 6167.7(2) 1340.1(9)

Z 4 8 8 4 16 4
ρ(calcd.) [Mg/m3] 0.875 0.891 1.056 1.076 1.026 1.001
µ [mm21] 0.053 0.053 0.076 0.079 0.068 0.073
F(000) 216 496 416 440 2112 448
Index range 213#h#13 211#h#11 27# h# 7 25# h# 8 220# h# 18 215#h#18

210k##10 214#k#14 214# k# 14 218# k# 18 220# k# #20 210#k#10
25#1#5 217#1#17 213# 1# 14 215# 1# 15 220# 1# 20 215#1#15

2 θ [°] 46.50 56.26 46.50 58.12 46.48 57.52
Temp. [K] 193(4) 173(4) 203 173 153(5) 193
Refl. collected 2821 4174 4690 6273 12493 3729
Refl. unique 867 1518 1706 1184 2215 1295
Refl. observed (4σ) 714 1026 1548 627 1938 1140
R (int.) 0.0825 0.0555 0.0332 0.0650 0.1845 0.0216
No. variables 82 93 188 74 166 113
Weighting scheme[a] x/y 0.0000/0.5250 0.0728/2.2374 0.0409/0.5497 0.0281/0.4510 0.0835/3.1079 0.0341/0.6213
GOOF 1.219 1.089 1.076 1.164 1.122 1.235
Final R (4σ) 0.0627 0.0647 0.0386 0.0400 0.0658 0.0415
Final wR2 0.1109 0.1668 0.0943 0.0813 0.1697 0.0978
Larg. res. peak [e/A°3] 0.150 0.660 0.183 0.124 0.196 0.098

[a] w21 5 σ2Fo
2 1 (x·P)2 1 y·P; P 5 (Fo

2 1 2·Fc
2)/3.

tration. A 25-ml aliquot of the solution was cooled to 275°C. Ex- 15 frames. The dimensions of the unit cell reported in Table 4 are
those calculated from all data. Data reduction was performed usingtensively intergrown crystals were deposited. Single crystals were

selected at 275°C and investigated crystallographically. The crys- the program SAINT[21]. The structures were solved by the direct
methods implemented in the SHELXTL and SHELX-93 programtals, which proved to be LiBH4 ·3 THF, melted at ca. 260°C. The

remaining solution was subjected to NMR (7Li, 11B) and IR analy- packages[22]. Hydrogen atoms bonded to the boron atom were re-
fined freely, except for those in 3. Non-hydrogen atoms were de-sis. The compound loses THF readily at ambient temperature, and

finally gives LiBH4 ·THF[8]. As yet, we have not been able to obtain scribed anisotropically. Hydrogen atoms bonded to carbon atoms
were placed in calculated positions and refined with a riding model.the latter in the form of single crystals.
The positions of hydrogen atoms bonded to boron atoms wereLithium Tetrahydridoborate21,3-Dioxolane (6): LiBH4 (780 mg,
taken from difference Fourier maps. Crystallographic data have35.8 mmol) was added to 1,3-dioxolane (40 ml). The suspension
been deposited with the Cambridge Crystallographic Data Centrewas heated to reflux for 20 min, and insoluble material was re-
as supplementary publication CCDC-101311. Copies of the datamoved by filtration at 230°C. On storing the clear solution at
can be obtained free of charge on application to CCCD, 12 Union

230°C, colorless crystals formed within 3 d. Yield: 2.67 g of 6
Park, Cambridge CB2 1EZ, U.K. [Fax: (internat.) 1 44(0)1223/(78%). Recrystallization from 20 ml of toluene at 230°C gave well-
336033; E-mail: deposit@ccdc.cam.ac.uk].shaped single crystals of 6. 2 C3H10BLiO2 (95.86): calcd. C 37.62,

H 10.44, B 11.27; found C 36.93, H 10.43, B 11.15.

Crystal-Structure Determinations: Single crystals were grown by ; Dedicated to my colleague Prof. Dr. K.-H. Kompa on the oc-
casion of his 60th birthday.slow evaporation of the solvent from the ethereal solutions

[1] H. Nöth, S. Thomas, M. Schmidt, Chem. Ber. 1996, 129,(LiBH4 ·OEt2, LiBH4 ·DIV, LiBH4 ·3 THF) or by cooling solutions
4512458.in toluene (all others) to low temperatures. The crystals of 1, 2, and [2] [2a] H. Hajos, Komplexe Hydride, VEB, Deutscher Verlag der

5 were removed from the cold solution and transferred directly into Wissenschaften, Berlin, 1966. 2 [2b] K. M. Mackay, Hydrogen
Compounds of the Metallic Elements, E. & F. N. Spon Ltd.,precooled perfluoroether oil at 260°C. The selected specimen was
London, 1996. 2 [2c] E. Wiberg, E. Amberger, Hydrides of themounted on a glass fiber, which was rapidly transferred to the go-
Elements of Main Groups I2IV, Elsevier Publ. Comp., Amster-niometer head. The crystal was cooled in an N2 cold stream to dam, London, New York, 1971. 2 [2d] Y. M. Choi, S. Naras-

2100°C. Most crystals of LiBH4 ·DIV and LiBH4 ·3 THF were imha, Inorg. Chem. 1981, 20, 445624457; 1982, 21, 365723661.
[3] R. E. Mesmer, W. L. Jolly, Inorg. Chem. 1962, 1, 6082612 andfound to be weakly diffracting. Only the best data obtained are

literature cited therein; J. A. Gardiner, J. W. Collat, ibid. 1965,reported here. A Siemens P4 four-circle diffractometer equipped
4, 120821212.with a SMART-CCD detector was used for data collection with [4] A. S. Antsyshikina, G. G. Sadikov, M. A. Porai-Koshits, V. N.

graphite-monochromated Mo-Kα radiation. Preliminary determi- Konoplev, T. A. Silina, A. S. Sizareva, Koord. Khim. 1994, 20,
2772284.nations of the cell constants used reflections of 4 different sets of
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[5] Gmelin Handbuch der Anorganischen Chemie, Supplement to 8th in the Chemistry of Boron, Royal Soc. Chem. Special Publ. No.

143, 1994, p. 3872391.ed., vol. 33, Boron Compounds, part B, 1976.
[15] K. B. Harvey, N. R. M. Quaker, Can. J. Chem. 1971, 49,[6] T. L. Volski, H. B. Moore, L. E. Rott, K. J. Martin, G. W.

327223281; V. V. Volkov, E. V. Sobolev, Z. A. Grankina, I. S.Schaeffer, J. Am. Chem. Soc. 1958, 80, 5222549.
Kalina, Zh. Neorg. Khim. 1968, 13, 6592664.[7] G. W. Schaeffer, T. L. Kolski, D. L. Ekstedt, J. Am. Chem. Soc.

[16] D. E. Young, G. E. McAchran, S. G. Shore, J. Am. Chem. Soc.1957, 79, 591225915.
1966, 88, 4390.[8] E. Wiberg, H. Nöth, R. Usõn, Z. Naturforsch., Part B 1956, 11, [17] A. Heine, D. Stalke, J. Organomet. Chem. 1997, 542, 25228,4902491; T. L. Kolski, H. B. Moore, L. E. Roth, K. J. Martin,
have independently determined the structure of 1 in the solidG. W. Schaeffer, J. Am. Chem. Soc. 1958, 80, 5492592.
state. Therefore, we restrict the discussion of the structure to[9] N. M. Joseph, R. E. Paul, French Patent, 1077048 (1954); some essentials necessary to compare 1 with the structure of 2.Chem. Abstr. 1959, 53, 10681. [18] H. Edelstein, Inorg. Chem. 1981, 20, 2992303.[10] D. S. Marynick, W. N. Lipscomb, Inorg. Chem. 1972, 11, 820. [19] The preparation and structures of compounds LiBH4 ·n L [L 5[11] C. S. Mayo, M. Brown, V. K. Loyd, Acta Crystallogr., Sect. C tBuNH2, (CH3NCH2)3], and others will be published soon.

1994, 50, 3672369; J. E. Gozum, S. R. Wilson, G. S. Girolani, [20] H. Nöth, A. Schlegel, J. Knizek, H. Schwenk, Angew. Chem.
J. Am. Chem. Soc. 1992, 114, 448329492. 1997, 109, 275422758; Angew. Chem. Int. Ed. Engl. 1997, 36,

[12] M. Dionne, S. Hao, S. Gambarotta, Can. J. Chem. 1995, 73, 264022643.
1126. [21] Siemens Analytical Instrum. Div., SAINT, Version 4.

[13] D. R. Armstrong, W. Clegg, H. M. Colquhoun, J. A. Danils, [22] SHELX-93 programs; G. W. Sheldrick, University of
R. E. Mulvey, I. R. Stephenson, K. Wade, J. Chem. Soc., Chem. Göttingen, 1993, and SHELXTL, Siemens Analytical Instru-
Comm. 1987, 6302631. ments, version 5, 1994.

[97321][14] H. Nöth, M. Thomann, M. Bremer, G. Wagner, Current Topics
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According to quantum chemical calculations at an ab initio diphosphete structures: π donors at phosphorus strongly
elongate the P–P bond while electronegative substituents atlevel parent 1,2-diphosphete is slightly more stable than its

corresponding 1,4-diphosphabutadiene structural isomer. phosphorus increase the interflap angle of the four-
membered ring systems, bringing an envelope conformationThe quantum chemical calculations indicate that substituents

at phosphorus and to a much less extent at carbon exert to the fore. The lengthening of the P–P bond gives rise to a
Möbius-type delocalization within the ring moiety.strong influences on the equilibrium geometries of 1,2-

Introduction Scheme 1

Since the first described route for the syntheses of 1,2-
diphosphetes 1 by condensation of cyclopolyphosphanes
with alkynes[1] a variety of procedures have been reported,
involving the [212] cycloaddition reaction of diphosphene
complexes with alkynes[2], insertion of a phosphenium cat-
ion into a three-membered phosphirene ring[3], the reaction
of sterically stabilized iminophosphanes with phosphir-
enes[4], the Zr-to-P metathetical exchange on 1-phospha-2-
zirconacyclobutenes[5], and the reaction of butadiynes with
terminal phosphanylidene complexes[6]. In addition a vari-
ety of other procedures exist [7]. The versatility of 1,2-dipho-
sphetes has been summarized in recent reports [7].

Here we present quantum chemical calculations which re-
veal that substituents with strong donor capabilities have
sizable effects on the P2P bond equilibrium geometries,
ranging from usual (P2P 5 2.2 A

˚
) to strongly stretched

(P2P 5 2.5 A
˚

) bonds. Furthermore, the substituents
strongly affect the interflap angle of the four-membered
ring system. On this basis we propose 1,2-diphosphetes with
noticeable irregular geometries, which are best described by
a cyclic delocalized ring system with 4 electrons (Möbius-
type aromaticity).

We note that the recent experimental effort in the syn-
thesis of 1,2-diphosphosphetes has opened a new con-

Methodologyvenient general access to symmetrically or unsymmetrically
substituted species. On the basis of the phosphanylidene Previous investigations[12] demonstrate that the barriers

for valence isomerization as well as the equilibrium geo-complex addition reaction[6], it might be possible to intro-
duce suitable functional groups at the phosphorus atoms. metries of the various stationary points on the electronic

hypersurface are strongly sensitive to explicit treatment ofCorresponding precursor phosphanylide complexes have
hitherto been reported for the alkoxy[8], alkoxycarbonyl[9], electron correlation in the wavefunction. Within this line we

have chosen for the present investigations the MP2 level ofdialkylamino[10], and vinyl [11] substituents. Thus, our quan-
tum chemical predictions should be amenable to experimen- optimization, conducted by analytically determined gradi-

ents[13]. As a basis set we have used a double-ζ basis settal verification.
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Scheme 2augmented by polarization functions at the heavy atoms [6-

31g(d)] [14]. In addition for the anions one set of diffuse s,p
functions was added. All details are provided in the dis-
cussion. The calculations were performed with the GAUS-
SIAN-94[15] set of programs.

Results and Discussion

a. Qualitative Considerations

We begin our discussion with an analysis of the electronic
hypersurface for the ring-opening reaction of parent 1 (R1

to R4 5 H) to its valence isomer, the cis-diphosphabuta-
diene 2. It is valence-isoelectronic to cyclobutene, which un-
dergoes a conrotatory ring opening (π2 1 σ2) reaction to
cis-butadiene according to the Woodward-Hoffmann
rules[16]. Thus, one expects a similar reaction mode for the
case at hand. However, there is an essential difference in
bonding between cyclobutene and the 1,2-diphosphete. It
becomes apparent by an inspection of bond energies
(Table 1).

Table 1. Bond energies (in kcal/mol)

Type E [kcal/mol] Ref.

here). As a consequence of the weaker P 2P σ bond (in
σ C2C 83 [a]

reference to the C2C σ bond) the energy barrier for an
π C2C 65 [b]

electrocyclic reaction from 1 to 2 should be smaller than inσ P2P 50 [a]

π P2P 34 [b] cyclobutene and the P2P σ bond sensitive to donating and/
σ P2C 71 [c]

or σ-accepting substitutents attached to the phosphorusπ P2C 43 [b]

atoms. Regarding the ring-opening reaction, experimental
investigations on parent 1 are not available, since the struc-[a] K. F. Purcell, J. C. Kotz, Inorganic Chemistry, Holt-Saunders

International Editions, Honkong, 1977. 2 [b] M. W. Schmidt, P. N. tures have to be synthesized with bulky substituents, in or-
Truong, M. S. Gordon, J. Am. Chem. Soc. 1987, 109, 5217; W. W. der to protect these compounds kinetically.Schoeller, C. Begemann, U. Tubbesing, J. Strutwolf, J. Chem. Soc.,
Faraday Trans. 2 1997, 93, 2957. 2 [c] Estimated by the Pauling

b. Valence Isomerization of Parent 1 to 2relationship for heteropolar bonds, see: W. W. Schoeller, R. Schnei-
der, Chem. Ber. 1997, 130, 1013; see Appendix.

According to recent quantum chemical calculations[12]

the ring opening of the 1,2-diphosphete occurs with an en-A P2P σ bond is essentially weaker than a C2C σ bond.
ergy barrier of 16.9 kcal/mol, a value comparable with anAn estimate for the bond energy from (parent) 1 (R1 to
estimate at an RHF level of quantum chemical sophisti-R4 5 H) to 2 results endothermic in 2Eσ

PP 1 2 Eπ
PC 2

cation[21]. The energy balance to the trans-1,4-diphos-Eπ
CC 5 229 kcal/mol, with the energy values given in Table

phabutadiene 3 is endothermic by 2.9 kcal/mol[12]. The pri-1. This estimate neglects (a) possible ring strain which
mary product in the ring-opening reaction of 1 is the cis-would be released upon ring opening and (b) rehybridiz-
1,4-diphosphabutadiene 2. It is less stable by 5.1 kcal/molation effects. Since factor (a) is small in phosphorus ring
than its trans isomer 3. It must be noted that the rotationalsystems[17] it does not contribute significantly to the energy
barrier from 2 (C2 symmetry) to 3 (C2h symmetry) is fairlybalance. In comparison with, a corresponding energy bal-
small [21]. Experimentally only the trans isomers areance for ring opening in cyclobutene, based on the consider-
known[22] [23] which is the most favoured butadiene structureation of bond transformations, results also endothermic
because of the low-energy barrier for rotation. Overall these(Eσ

CC 1 2 Eπ
CC 2 Eπ

CC 5 218 kcal/mol). However, in
investigations indicate that the 1,2-diphosphete is the mostcyclobutene the ring strain is large (65 kcal/mol[18]). It has
stable species, but separated by a relatively small barrierto be added to the energy balance and makes the ring-open-
from the butadiene derivatives.ing reaction for this case exothermic, in accord with experi-

ment[19] as well as theory[20]. A further consequence of
c. Substituent Effects on 1these considerations may be noticed here, schematically

shown in Scheme 2. The conclusion that the P2P σ bond is weaker than a
C2C σ bond raises the question about the magnitude ofIn cyclobutene the C2C π (π*) orbitals are higher (lower)

in energy than the C2C σ (σ*) orbitals. In (parent) 1 the substituent effects on the geometries of 1,2-diphosphetes.
To evaluate this aspect in more detail we first performedsituation is different. The corresponding orbitals σ and π

(σ* and π*) are similar in energy. It is in accord with the calculations on a variety of mono-substituted 1,2-diphos-
phetes, the substituents attached to one phosphorus center.result of the quantum chemical calculations (not recorded
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Figure 1. Plot of torsional angles / RPCC vs. / PCCP, for mono-All geometries were determined at the MP2(fc)/6-31g(d).

substituted 1,2-diphosphetes (angles in degrees)No symmetry restrictions were imposed in the structural
energy optimizations.
Table 2. Relevant structural parameters (bond lengths in A

˚
, bond

angles in degrees) in mono-P-substituted 1,2-diphosphetes, at MP2
(fc)/6-31g(d) level, anions calculated at MP2(fc)/6-311g(d) level

R1[a] P2P P2C[b] / P2C2C2P / R2P2C2C
(/ H2P2C2C)

H 2.252 1.831 216.1 110.8 (110.8)
CH3 2.254 1.859 215.3 112.5 (111.1)
SiH3 2.260 1.831 212.9 107.8 (107.8)
F 2.254 1.801 225.9 124.2 (120.3)
Cl 2.260 1.827 222.6 121.6 (116.9)
NH2 2.291 1.822 220.5 124.6 (118.0)
PH2 2.264 1.829 215.7 118.4 (111.8)
O(2) 2.512 1.801 226.8 131.8 (128.6)
NH(2) 3.554 1.741 220.2 174.1 (172.2)
NSiH3

(2) 2.490 1.834 225.1 131.4 (126.6)
PH(2) 2.399 1.817 216.8 126.4 (117.8)
PSiH3

(2) 2.348 1.824 213.7 127.9 (114.8)

Figure 2. Interaction diagram of two donor p orbitals (A) with the[a] R2 5 R3 5 R4 5 H. 2 [b] P2C bond in vicinity to the the
σ (σ*) of the P2P bond (B)substituent R.

A typical spectrum of substituents at phosphorus were
chosen. For the calculations of the anions one set of diffuse
s,p functions was added to the heavy atoms.

A sizable lengthening of the P2P bond is already ob-
served to R(P) 5 NH2 (P2P 5 2.291 A

˚
), in reference to

the parent compound (R 5 H; P2P 5 2.252 A
˚

). It is in
conformity with the result of recent experimental find-
ings[24]. An even stronger elongation of the P2P bond re-
sults for the substituents which carry a negative charge,
PH(2) (2.399 A

˚
), PSiH3

(2) (2.348 A
˚

). The investigations
indicate that π donors strongly elongate the P2P bond. Fi-
nally, for R 5 NH(2) the butadiene structure is already
more stable than the diphosphete. Evidently the ring-open-
ing reaction within the latter occurs without an energy bar-
rier. Strong electronegative substituents, e.g., R 5 F do not
exert considerable changes in the P2P bond lengths. Simi-
larly operates a typical electron-accepting substituent, e.g.,
SiH3. There is, however, a strong effect on the torsional an-
gle / R2P2C2C and the folding angle / P2C2C2P of
the ring moiety. In comparison to the parent compound, 1
(R1 to R4 5 H), electronegative substituents (e.g., F) tend
to increase and electropositive substituents (e.g., SiH3) to
decrease these torsional angles. A plot of both quantities
(Figure 1) affirms an approximate relationship between
both types of torsional angles (for a related discussion on
torsional angles in cyclobutenes, see ref. [25]).

A rationale for the substituent effects can be given in an
interaction diagram, as follows. For the case of simplicity
we analyze these effects for the case of di-substitution at
phosphorus, invoking simple symmetry arguments (Figure bitals (<σ/p1>) is overall four-electron destabilizing (type

I). (ii) In comparison, the mingling of the b set of orbitals2).
Two π donors at the phosphorus atoms (B) form a posi- (<σ*/p2>) results in an overall stabilization (type II), since

it involves donation of electron density of a doubly occu-tive (p1, a within C2 symmetry) or negative (p2, b within
C2 symmetry) combination of p orbitals, suitable for inter- pied orbital (p2 at B) into the empty (σ*) orbital (at A).

With increasing donor capability (lower ionization poten-action with the bonding (σ, π) or antibonding (σ*, π*) or-
bitals of the ring moiety (A). Mutual interaction occurs in tial) the stabilizing interaction (type II) comes to the fore. It

will cause a weakening of the P2P bond with concomitanteither of two ways. (i) Interaction among the a set of or-
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lengthening. Alternatively, if the donor p orbitals at R are We note that the discussion presented here is reminescent

to the analysis of substituents for the design of a “frozen-low in energy, which refers to the case of electronegative
substituents (with a high ionization potential, e.g., R 5 F) in” transition-state geometry in semibullvalene[28] [29], E.

There, a structure with [σ2 1 π2 1 π2] delocalization is pro-the type-II interaction will be weak and the P2P bond
length almost unchanged. This tendency is reflected also for moted for the cases R9 5 σ acceptor, R99 5 σ donor. It

refers to a delocalized Hückel aromatic system. In compari-the case of the mono-substitution at phosphorus (see Table
2). We note that within this simplified picture the interac- son, our investigations indicate that such a delocalized sys-

tem may also exist for a Möbius-type arrangement, whichtions of the donor orbitals (p1, p2, at P) with the π (π*)
orbitals are not included in the discussion. To a first order involves 4 electrons in pericyclic delocalization [σ2 1 π2].

This view does, however, imply that the phosphorus lonethe latter molecular orbitals are not effected, since they are
in 1,3-position to the p-set of donor orbitals. pairs are not included in the delocalization. It results in

unusual structures for the 1,2-diphosphetes. The experimen-A variety of substituents were also calculated for the
cases of di-substitution (a) at phosphorus and/or (b) at the tal verification of the concept of 1,2-diphosphete structures

with strongly elongated P2P bonds remains, however, acarbon atoms. In contrast to phosphorus substitution, the
various carbon-substituted 1,2-diphosphetes do not show challenge to the experimentalist. In addition, the validity of

the presented concept of delocalized Möbius-type struc-considerable changes in the structures. Thus, the unusual
bonding properties are only obtained for the case of phos- tures has to be analyzed for the related cases, such as the

mono- and triphosphetes. The bonding situation in the di-phorus substitution. The di-substitution at phosphorus ex-
erts additive trends on the P2P bond lengths. Correspond- phosphetes may also be compared with that in the dithi-

etes [33] [34]. There, the ring structure (dithiete) and the corre-ing investigations will not be reported here in detail. How-
ever, the most important results for the cases (a) and (b) are sponding open structures (dithioglyoxal) are similar in en-

ergy and their mutual energy differences are a balance oflisted in the Appendix (Table 3).
One important point deserves further discussion. Follow- delicate substituent effects.

ing our analysis electron-donating substituents weaken the This work has been supported by the Deutsche Forschungsge-
P2P bond. What is its effect on the energy barrier of the meinschaft and the Fonds der Chemischen Industrie.
conrotatory ring opening reaction? We have examined this
aspect in detail for the case of amino di-substitution at the Appendix
diphosphete 1 (R1 5 R4 5 NH2; R2 5 R3 5 H). The energy

While the case of mono-substitution at phosphorus in the 1,2-barrier disappears in fact [at a MP2(fc)/6-31g(d) level, plus
diphosphetes was studied at the MP2(fc)/6-31g(d) or for the anionsadditional MP4SDTQ(fc) and zero-point vibrational cor-
at the MP2(fc)/6-311g(d) level, for the heterosubstituted cases (at

rections]. In other words the description of 1 and 2 as two phosphorus and carbon) we employed the less costly 3-21g(d) basis
species in equilibrium, C, which implies separation by an set[30], accounting within the density functional formalism[31] [32]

energy barrier [7], is not valid for the case at hand, i.e., with [B3LYP/3-21g(d)] for the importance for electron correlation. The
a strong π-donor substitution at the phosphorus atom(s). results of these investigations are summarized in Table 3.

Scheme 3 Table 3. Relevant geometrical parameters (bond lengths in A
˚

, an-
gles in degrees) for disubstituted 1,2-diphosphetes, obtained at

B3LYP/3-21g(d) level of sophistication

R1 5 R4 R2 5 R3 P2P P2C C2C / P2C2C2P / R2P2C2C

H H 2.279 1.851 1.346 211.5 104.4
F H 2.292 1.805 1.365 230.3 129.0
Cl H 2.307 1.822 1.357 222.9 120.2
CH3 H 2.276 1.846 1.350 211.8 109.3
SiH3 H 2.290 1.850 1.350 28.0 102.0
PH2 H 2.297 1.842 1.351 211.6 113.8
NH2 H 2.349 1.817 1.360 220.5 124.8
NH2 CN 2.338 1.824 1.379 222.0 126.1
NH2 NH2 2.304 1.824 1.471 217.0 120.3
NH2 F 2.323 1.823 1.350 215.1 117.8
Ph H 2.307 1.838 1.353 215.0 113.7
CN H 2.295 1.846 1.347 215.4 110.3
H CN 2.269 1.855 1.364 212.3 105.6
CN CN 2.289 1.856 1.364 215.7 110.6
CN NH2 2.268 1.839 1.369 214.5 109.8
F F 2.282 1.811 1.351 223.2 120.0

The results, although obtained at a lower level of sophistication,
Consequently, 1 can be considered as a structure with yield similar trends. In addition they indicate that substituents at

pericyclic electron delocalization. Such a species, D, with 4 the carbon position(s) do not exert strong substituent effects at the
delocalized electrons may be described as a Möbius aro- P2P bond length. As shown for the case of the mono-substitution

electronegative substituents at phosphorus tend to increase thematic system[26] [27].
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A series of heterobimetallic complexes [{Ru(bipy)2}m- However, the luminescence of 1b–4b is significantly
quenched compared to that of the parent compounds 1a–4a.AA{Cu(phen)(H2O)}](PF6)3 (m-AA = Nω-(4-carbonyl-49-meth-

yl-2,29-bipyridyl)-L-α,ω-diamino acid; diamino acid (AA): 1b, Quenching was found to proceed only intramolecularly and
to be most efficient in 1b with the shortest alkyl spacer.L-2,3-diaminopropionic acid; 2b, L-2,4-diaminobutyric acid;

3b, L-ornithine, 4b, L-lysine) has been synthesized and Equilibrium constants for the formation of 1b–4b were
determined from luminescence titrations of the respectivecharacterized starting from the 2,2’-bipyridineruthenium(II)-

substituted amino acids [{Ru(bipy)2}m-AA-αN-tBoc]2+ (αN- ruthenium-substituted amino acid with [Cu(phen)(NO3)2].
The complexes 2b–4b (K = 1.61–2.08 × 107 M–1) were foundtBoc-1a–4a, αN-tBoc = Nα-tert-butoxycarbonyl). The metal

centers in 1b–4b are bridged by insulating alkyl chains. to be significantly more stable than 1b (K = 5.7 × 106 M–1).
This is explained by a stronger electrostatic repulsionConsequently, spectroscopic and electrochemical investi-

gations confirmed the absence of any appreciable ground- between the two metal centers in the latter compound.
state coupling between ruthenium(II) and copper(II).

Introduction DNA in the presence of oxygen and a reducing agent.[8]

This has stimulated considerable interest in using these sys-
Owing to their fundamental importance in biological tems as chemical probes for DNA structures. [9] DNA-

photosynthesis, photoinduced electron- and energy-transfer strand scission occurs through a series of reactions starting
processes have attracted much attention in the context of with hydrogen-atom abstraction from a ribose unit. [9] The
supramolecular chemistry. [1] [2] [3] [4] A particularly inter- active agent is probably a metal-oxo or metal-hydroxyl in-
esting challenge for synthetic chemists is the design of re- termediate formed upon reaction of hydrogen peroxide with
dox-active devices in which a photoinduced electron-trans- a [Cu(phen)2]1 molecule bound to the surface of DNA
fer process triggers a chemical reaction. The light-depen- within the minor groove. [9] [10]

dent reduction of CO2 by macrocyclic NiII complexes which
An interesting approach to the in situ generation of ac-have been covalently tethered to a polypyridineruthenium

tive CuI species has been reported by Strekas et al. [11] Themoiety may illustrate this goal. [5] [6] In these compounds the
authors have synthesized and characterized heterobimetal-electron-accepting nickel complex functions as a cata-
lic complexes containing CuI and CuII fragments, and alytically active site for substrate turnover, whereas the ru-
bis(diimine)ruthenium(II) complex. It was shown that thethenium chromophore serves the purpose of converting
compounds interact with DNA and that oxidative strandlight into chemical energy.
cleavage occurs in the presence of reducing agents. TheWork in our laboratories has focussed on the design and
combination of [Cu(phen)]21 fragments with photoredox-synthesis of modified amino acids with well-defined binding
active polypyridineruthenium(II) complexes thus seems tosites for transition-metal complexes. [7] Our aim is to use
be a promising route to bimetallic DNA-cleavage reagents.these ligands as building blocks for the construction of po-
Photoinduced electron transfer should be possible betweenlyfunctional supramolecular systems. Here we report the
the ruthenium and the copper centers in dinuclear com-synthesis and characterization of novel dinuclear RuII-CuII

plexes, triggering oxidative strand-scission reactions uponcomplexes [{Ru(bipy)2}m-AA{Cu(phen)(H2O)}](PF6)3,
irradiation with visible light.1b24b (Figure 1), with bridging bipyridyl-substituted α,ω-

diamino acids (m-AA). The photoredox active [Ru(bipy)3] Furthermore, both metal fragments are expected to inter-
subunit in 1b24b is thought to be suitable for the photo- act with DNA with different affinities and selectivities. Po-
chemical generation of phenanthrolinecopper(I). lypyridineruthenium compounds typically intercalate into

the base stacks of DNA,[12] [13] whereas bis(phenanthroline-It has been known for twenty years that phenanthroline-
copper(I) complexes can function as efficient chemical nu- )copper(I) predominantly binds to the minor groove.[9] [14]

The combination of metal fragments with different DNAcleases, catalysing the oxidative cleavage of ribose links of
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Figure 1. Synthesis of the RuII-CuII complexes 1b24b[a] reported earlier for the lysine derivative αN-tBoc-4a. [16] Full

experimental details will be published elsewhere. [17]

The tBoc protecting groups of αN-tBoc-1a24a were re-
moved by acid deprotection in dioxane/HCl. [18] Depro-
tonation of the amine hydrochloride and subsequent reac-
tion with one equivalent of commercially available [Cu-
(phen)(NO3)2] in methanol yielded the desired complexes
1b24b (Figure 1). The compounds were isolated as PF6

2

salts from water in approximately 70% yield. Coprecipitated
salts can be removed by stirring the complexes with water
for one day. However, it is advantageous to use only a small
excess (< 5 times) of NH4PF6 in order to prevent coprecipi-
tation of ammonium hexafluorophosphate.

1H NMR

Proton-NMR spectroscopy proved to be a valuable tool
for structural investigations of the RuII-CuII mixed-metal
complexes 1b24b. Binding of the paramagnetic
[Cu](phen)21 fragment is easily confirmed by the disappear-
ance of all signals related to the αCH and β2ωCH2 protons
of the amino acid moieties. [19] [20] In contrast, the reson-
ances of the [Ru(bipy)2m]21 fragments in 1b24b are
broader than those of the parent compounds 1a24a but
readily observable. This is a consequence of the 1/r6 depen-
dence of longitudinal relaxation rates, 1/T1, on the distance
between protons and paramagnetic centers such as
Cu21. [19]

Most interesting are changes of the signals assigned to
the m3 protons of 1b24b at δ ø 8.96 (notation see Figure
1). A clear dependence on the Ru2Cu distance is evident[a] 1) 4  HCl/dioxane, 1 h, 0°C. 2 2) 1 equiv. [Cu(phen)(NO3)2]/

methanol. 2 3) NH4PF6/H2O. as the intensities decrease with the number of methylene
spacers, n. Assuming fully extended hydrocarbon chains,
the Ru2Cu distances can be calculated to range from ca.binding patterns has been exploited by Brewer and co-wor-
13 A

˚
in 4b to ca. 9 A

˚
in 1b. We think this model is justifiedkers for the synthesis of RuII-PtII and OsII-PtII heterobimet-

because of the electrostatic repulsion between the positivelyallic complexes. [15] These compounds can interact with
charged metal centers.DNA by intercalation and/or covalent bonding.

It was first the aim of our studies on 1b24b to establish
fundamental structure-function relationships in order to EPR
provide a basis for the applications described above. The The EPR spectra of 1b24b in frozen methanol solutions
compounds were investigated structurally by NMR and at 77 K are anisotropic with g|| > g> > 2.04 and large paral-
EPR spectroscopy. UV/Vis spectroscopy and cyclic voltam- lel hyperfine splittings (A|| ø 180 3 1024 cm21). These val-
metry were used to confirm the absence of an efficient elec- ues are typical for copper(II) complexes with a dx22y2 (or
tronic coupling between the two metal centers. Finally, lu- dxy) ground state. [21]

minescence spectroscopy was applied as a tool to determine No significant differences are observed between the spec-
the effects of bridge structures on quenching efficiencies tra of 1b24b (Table 1). This is expected since the copper
and complex stability constants. centers possess identical local environments in these com-

pounds. The spectrum of 3b is shown in Figure 2 as an ex-Synthesis and Characterization of the Complexes
ample.

Synthesis Our data compare well with others reported in the litera-
ture for copper(II) complexes with square-pyramidal orOur synthesis of the dinuclear RuII-CuII complexes

1b24b started from the αN-tBoc-protected (amino acid)ru- elongated octahedral coordination geometries. [22] Particu-
larly relevant examples are several ternary phenanthroline-thenium(II) complexes [{Ru(bipy)2}m-AA-αN-tBoc](PF6)2

[αN-tBoc-1a24a; AA 5 -2,3-diaminopropionic acid; -2,4- copper(II) dipeptide complexes (g|| ø 2.24, A|| ø 170 3
1024 cm21). [23] Slightly lower g|| values (< 2.20) were founddiaminobutyric acid; -ornithine; -lysine (Figure 1)]. The

latter compounds were prepared by coupling the succinim- for square-planar complexes. [22] One or two solvent mol-
ecules may thus be coordinated to the copper centers ofido ester [Ru(bipy)2(m-OSu)](PF6)2 with the appropriate

αN-tBoc-protected α,ω-amino acid according to a procedure 1b24b in solution. Elemental analysis data confirm the
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Table 1. EPR data of complexes 1b24b (frozen methanol, DPPH Figure 3. Absorption spectra of 1.5 3 1025  solutions of 3a [------,

λmax (lg ε) 5 457 nm (4.24), 287 (4.89), 246 (4.53)], 3b [}}, λmax (lgas internal reference)
ε) 5 455 nm (4.22), 287 (4.94), 256 (4.64)], and [Cu(phen)(NO3)2]

[········, λmax (lg ε) 5 294 (4.38), 272 (4.79)] in methanolComplex gi g> Ai [1024 cm21]

1b 2.271 2.043 177
2b 2.268 2.046 179
3b 2.276 2.046 177
4b 2.274 2.049 179

Figure 2. EPR spectrum of complex 3b in frozen methanol solution
at 77 K (DPPH as internal reference)

considered to play only a structural role. Each complex
fragment is therefore expected to keep its essential individ-
ual properties. This condition has been discussed to be im-
portant for the definition of supramolecular systems[33] and
is crucial for the prediction of properties such as DNA
binding and cleavage abilities.presence of at least one water molecule in the solid state.

The water contents vary from 123.5 equiv. after several
Cyclic Voltammetry

days under vacuum at elevated temperatures. We propose
The weak coupling between ruthenium(II) and copper(II)the solid-state structures shown in Figure 1 with water oc-

in 1b24b is also evident from electrochemical data (Tablecupying the apical positions of square pyramidal coordi-
2). Figure 4 shows the cyclic voltammogram (2nd cycle) ofnation environments around the copper centers in our com-
2b as an example. Two redox couples are observed. Oneplexes. However, the presence of two weakly bound solvent
reversible at a half-wave potential of 1.30 V (∆EP ø 80 mV)molecules in solution cannot be ruled out and seems likely.
is typical for the RuII/III transition in [Ru(bipy)3]21 deriva-

Absorption Spectra tives[24] [25] and similar to those observed for the mononu-
clear precursor complexes 1a24a. The other couple isThe absorption spectra of 1b24b in methanol are domi-
irreversible and occurs at E1/2 5 0.1 V (∆EP ø 280 mV).nated by the typical features of polypyridineruthenium(II)
This value is in good agreement with data reported in thecomplexes. [24] [25] Most significant is an MLCT band with a
literature for other phenanthrolinecopper complexes. [34] [36]

maximum at 455 nm and a shoulder at 427 nm. A weak
Table 2. Electrochemical data of complexes 1b24b as measured byabsorption at around 340 nm may be assigned to either an

cyclic voltammetry[a]
MC[24] [25] or an MLCT[26] transition. In the UV region a
strong intraligand π-π* band is centered at 288 nm.

Complex E1/2 [V] (∆EP [mV])
The presence of the [Cu(phen)]21 subunit is apparent

from a shoulder at 274 nm due to a phenanthroline-based metal oxidation ligand reduction
intraligand π-π* transition. A comparison of the absorption RuII/III CuI/II

1b 1.31 (80) 0.14 (290) 21.23 (120), 21.45, 21.68 (70)spectra in methanol obtained for 3a, 3b, and [Cu-
2b 1.31 (80) 0.10 (280) 21.23 (100), 21.39, 21.69 (130)

(phen)(NO3)2] is shown in Figure 3. The spectrum of 3b 3b 1.30 (90) 0.08 (285) 21.25 (90), 21.44, 21.66 (130)
4b 1.29 (80) 0.10 (285) 21.23 (110), 21.44, 21.66 (130)appears as the sum of the spectra of its constituents, con-

sistent with the absence of any significant ground-state elec-
[a] All measurements were recorded against an Ag/AgCl referencetronic coupling between the two metal centers. In addition,
electrode: E1/2, Ag/AgCl 5 E1/2, NHE 2 0.222 V.

no intervalence charge-transfer absorption bands were ob-
served for 1b24b in the near-infrared region (ε < 10 for the The irreversibility of the CuI/II couple is most likely due

to a change in coordination number and stereochemistryIT transition). According to the Hush theory[27] [28] [29] this
is further evidence for weak electronic coupling in polynu- upon reduction of Cu21 to Cu1. [22] [37] [38] This is important

since it may impose a kinetic barrier on electron-transferclear complexes with noninteracting redox centers (class I
according to the Robin2Day classification[30] [31]). reactions. It is interesting to note that relatively slow self-

exchange rates of 1.5 3 104 21 s21 have been reported forSimilar results were reported in the literature for di-
nuclear RuII-RuII and RuII-PtII compounds with bridging phenanthrolinecopper complexes. [39] However, an excited-

state electron transfer from Ru*II to CuII in our complexesalkyl spacers. [32] The amino acid bridges in 1b24b evidently
act as insulators between RuII and CuII and thus may be is possible based on thermodynamic consideration.
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Figure 4. Cyclic voltammograms of 2a (------) and 2b (}}) in was detectable. As has been discussed in the previous sec-

CH3CN tions the alkyl bridges in 1b24b do not mediate efficient
electronic interactions between the metal centers. We there-
fore propose that a bridged outer-sphere quenching mecha-
nism without direct participation of the bridge in either
electron- or energy-transfer processes seems most likely. The
alkyl bridge is important for keeping the two metal centers
together in a “precursor complex” and is therefore crucial
for excited-state interactions even though it does not di-
rectly facilitate electronic exchange.

It is obvious from Figure 5a that the titration curves have
not reached their minima at a Cu/Ru ratio of 1:1. An excess
of copper is necessary to achieve maximum luminescence
quenching. Since bimolecular processes have been shown to
be negligible this must be a consequence of complex dis-
sociation according to the equilibrium shown below.

A negative driving force ∆G0 of 280 kJ mol21 is calcu-
lated from the reduction potential E0

Red for CuI/II (0.10 V),
and the excited-state oxidation potential E*0

Ox for Ru*II/III
Luminescence-quenching studies have been employed

(20.90 V). E*0
Ox was obtained according to Equation earlier for the determination of equilibrium constants,

(1). [40]
K. [44] [45] [46] Two requirements have to be met for this ap-
proach to be valid. The first is that bimolecular processesE*0

Ox([M]/[M]1) 5 E0
Ox([M]/[M]1) 1 E0-0 (1)

do not contribute significantly to the observed quenching,
as we have already demonstrated for our compounds. TheE0

Ox([M]/[M]1) is the oxidation potential of the ground-
second is a linear dependence of the observed emissionstate molecule and E020 is the one-electron potential corre-
intensities on complex concentrations as shown in Equa-sponding to the energy of the zero-zero transition (2.26 eV).
tion (2),They were determined from the cyclic voltammograms and

the intersection between absorption and emission spectra,
Iobs 5 I[Ru] 1 I[Ru-Cu] 5 iRu [Ru] 1 iRu-Cu [Ru-Cu] (2)

respectively.
Another characteristic feature of the CuI/II redox couple where Iobs is the observed emission intensity, iRu and iRu-Cu

is the broad reduction wave at 20.25 V which appears to are the molar intensities of the mono- and bimetallic spec-
consist of two unresolved contributions. This is typical for ies, respectively, and [Ru] and [Ru-Cu] are the concen-
[(phen)Cu]21/1 complexes and has been ascribed to adsorp- trations of the respective complexes in solution. The simple
tion processes at the glassy carbon electrode. [36] Similar ob- equation (2) generally applies if the absorbance of the solu-
servations have also been reported for several polynuclear tion is smaller than 0.05 at the excitation wavelength, λexc.
ruthenium complexes. [41]

This was the case in our studies at ruthenium concen-
Cyclic voltammetry and absorption spectroscopy both trations of 2.5 3 1026  or lower. However, we repeated

confirm that the individual properties of the two metal frag- our experiments at several concentrations ranging from 2.5
ments are retained in our RuII-CuII complexes. No indi- 3 1026  to 1.0 3 1024  and found no significant devia-
cation for efficient ground-state electronic coupling between tions for the obtained K values.
the two metal ions was found. The amino acid bridge acts The validity of Equation (2) allows emission intensities
as an insulator and serves only the purpose of connecting to be treated similar to absorbances. Thus, Equation (3) can
the independent constituents. This observation is important be derived which relates log K and the equilibrium concen-
for the following discussion of luminescence properties. tration of free [Cu(phen)]21 to experimentally accessible lu-

minescence data.
Luminescence Quenching Studies I0 and I` are the luminescence intensities at [Cu] 5 0

and [Cu] 5 `, respectively. Computer programs have beenThe [Ru(bipy)3]21-based emission of 1a24a is signifi-
cantly quenched in the presence of [Cu(phen)]21. This is developed for the treatment of absorbance data. We have

employed the program PSEQUAD[47] for our evaluation ofevident from the emission titration curves shown in Figure
5a. Stern2Volmer plots of the data are found to be non equilibrium constants. Emission intensities have been used

instead of absorbances. The results are summarized in Tablelinear (Figure 5b). Saturation is observed at higher copper
concentrations. It is therefore concluded that luminescence 3. Most significant is the observed lower stability of the

diaminopropionic acid derivative 1b compared to the threequenching occurs by intramolecular rather than intermole-
cular mechanisms. [42] [43] This was further supported by ti- other compounds with increased spacer lengths. The ob-

tained log K values follow the order 1b < 2b ø 3b ø 4b andtration of [Ru(bipy)3]21 with [Cu(phen)(NO3)2] under simi-
lar conditions, where no significant luminescence quenching are smaller than those reported in the literature for binary
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Figure 5. a)Titrations of 1a (h), 2a (s), 3a (n), and 4a (,) (2.5 3 I0)100 5 I/I0 for xRu-Cu 5 1). The relative intensities (I/I0)100
1026 , 3 equiv. NaOMe, methanol) with [Cu(phen)(NO3)2] (2.5 3 have been calculated from xRu-Cu and I/I0 according to
1024 ); intensities are relative to the values obtained at [Cu] 5 0.

Equation (4).2 b) Stern2Volmer plot of the titration curves

Table 4. Luminescence quenching data of complexes 1b24b

Complex xRu2Cu
[a] I/I0

[b] (I/I0)100
[c]

1b 0.77 0.31 0.10
2b 0.87 0.24 0.13
3b 0.85 0.29 0.16
4b 0.87 0.26 0.15

[a] Fractions of 1b24b in solution at [Ru] 5 [Cu] 5 2.5 3 1026 .
2 [b] I 5 observed emission intensity, I0 5 observed emission inten-
sity at [Cu] 5 0. 2 [c] Calculated value for I/I0 at xRu-Cu 5 1.

The data shown in Table 4 confirm a dependence of lumi-
nescence intensities on the bridge lengths in 1b24b. As
would be expected intuitively, quenching is most efficient in
compound 1b with the shortest alkyl chain. (I/I0)100 follows
the order 1b < 2b < 3b ø 4b. A slightly smaller number iscopper complexes of amino acids with uncharged side
found for 4b than for 3b, but the difference is not signifi-chains such as [Cu(Ala)]1 (log K 5 8.15) or [Cu(Ile)]1 (log
cant. Interesting in this context are observations made byK 5 8.45). [48]

Osman and Vogler. [49] These authors studied a series ofThe electrostatic repulsion between the two positively
alkyl-bridged naphthalene-CoIII complexes. In contrast tocharged metal ions in our compounds apparently results in
our results, photoinduced electron transfer from naphtha-a destabilization of the complexes. This explains why 1b is
lene to CoIII was reported to be most efficient in com-the least stable derivative in the series since it possesses the
pounds with longer alkyl chains. This has been explainedshortest alkyl spacer. The differences in stability between
by an increased flexibility of the bridges resulting in re-the other three compounds are insignificantly small within
duced donor-acceptor distances. The opposite bridge-lengththe experimental errors. This may in part be due to the in-
dependence in our complexes therefore supports the state-creased flexibility of the bridges allowing the metal frag-
ment made above that electrostatic repulsion between RuII

ments to get closer in space. However, the following dis-
and CuII forces the alkyl chains in 1b24b to adopt a fullycussion of quenching efficiencies in 1b24b will support the
extended conformation.view that the electrostatic repulsion results in a preference

of structures with fully extended alkyl chains.
Conclusions

Table 3. Stability constants of complexes 1b24b obtained from lu-
We have designed and synthesized the amino acidminescence spectra in methanol (c[Ru] 5 2.5 3 1026 ) using the

program PSEQUAD[47] bridged heterobimetallic RuII-CuII complexes 1b24b as po-
tential photoredox-active DNA-binding and -cleaving re-

Complex log K agents. The studies described in this report served to clarify
several important questions concerning fundamental struc-

1b 6.76 ± 0.10
ture-function relationships in the complexes.2b 7.30 ± 0.15

3b 7.21 ± 0.25 We were able to demonstrate that 1b24b are typical
4b 7.32 ± 0.05 supramolecular systems, i.e. the metal fragments retain their

individual ground-state properties. This is important for the
prediction of DNA-binding properties since the two func-Two factors determine the experimentally observed ste-

ady-state luminescence intensities at different copper con- tional sites are expected to follow different patterns. Lumi-
nescence quenching in our systems was shown to occur onlycentrations. The effect of complex stabilities has been dis-

cussed in the previous section. The other factor is how ef- intramolecularly indicating that the bridge efficiently me-
diates special interactions between the metal centers. Aficiently the ruthenium-based emission is quenched in the

dinuclear complexes 1b24b. Table 4 shows the fraction of marked dependence of the stability constants and quench-
ing efficiencies on the amino acid bridge structures of1b24b, xRu-Cu, present in solution at a Ru/Cu ratio of 1:1,

together with the corresponding relative luminescence 1b24b was found. The data suggest that the electrostatic
repulsion between RuII and CuII forces the bridges to adoptintensities I/I0 and (I/I0)100 (I 5 observed steady state emis-

sion intensities, I0 5 emission intensity at [Cu] 5 0, (I/ a fully extended configuration in solution. These results
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7.7927.94 (m, 6 H, 4 3 b6, m6, m69); 8.09 (m, 4 H, b4); 8.63 (m,provide valuable insight into the structural and functional
5 H, 4 3 b3, m39). 2 IR (KBr): ν̃ 5 3115 cm21 (m), 3087 (m),roles of our amino acid ligands in solution.
2930 (m), 1650 (s, COO2), 1542 (m), 1465 (m), 1431 (m), 1312 (m),Further mechanistic investigations will focus on photoin-
1270 (m), 1239 (m), 1107 (m), 843 (vs, PF6

2), 766 (s), 727 (m), 558duced electron- or energy-transfer processes, as well as
(s). 2 UV/Vis (CH3OH): λmax (lg ε) 5 455 nm (4.22), 288 (4.96),DNA binding and cleavage studies.
256 (4.66).
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Experimental Section 1463 (m), 1432 (m), 1400 (m), 1313 (m), 1270 (m), 1239 (m), 1107
(m), 842 (vs, PF6

2), 766 (s), 727 (m), 558 (s). 2 UV/Vis (CH3OH):General Methods: Spectra were recorded with the following in-
λmax (lg ε) 5 455 nm (4.17), 288 (4.90), 256 (4.61).struments: UV/Vis: Shimadzu UV-2101PC. 2 NIR (acetonitrile

solutions): Cary 5G. 2 IR (KBr pellets): Mattson Polaris FT IR. [{Ru(bipy)2}m-Orn{Cu(phen)(H2O)}](PF6)3 (3b): Yield: 232
2 Emission: Perkin Elmer LS 50B. 2 1H NMR: Bruker Avance mg (81%). 2 C49H45CuF18N10O4P3Ru (1437.5): calcd. C 40.97, H
DPX 300. All chemical shifts are referenced to residual solvent sig- 3.09, N 9.74; found C 41.18, H 3.09, N 9.57. 2 1H NMR (300
nals as internal standards previously referenced to TMS, with high- MHz, CD3OD, all signals broad): δ 5 2.59 (s, 3 H, m49-CH3); 7.35
frequency shifts recorded as positive. 2 ESR: Bruker ESP 300 E. (d, 1 H, m59); 7.47 (m, 4 H, b5); 7.61 (m, 1 H, m5); 7.79 (m, 5 H,
All spectra were recorded at 77 K in frozen methanol. DPPH rad- 4 3 b6, m69); 7.92 (m, 1 H, m6); 8.09 (m, 4 H, b4); 8.64 (t, 5 H, 4
ical (g 5 2.0036) was used to standardize the klystron frequency. 3 b3, m39); 8.95 (s, 1 H, m3). 2 IR (KBr): ν̃ 5 3086 cm21 (m),
2 Elemental analysis: Carlo Erba EA 1106. 2 Cyclic voltammetry 2930 (m), 2869 (m), 2862 (m), 1650 (s, COO2), 1542 (m), 1465 (m),
was performed with a PAR potentiostat 263 using a three-elec- 1444 (m), 1431 (m), 1392 (m), 1312 (m), 1270 (m), 1239 (m), 1107
trodes cell with glassy carbon working, Ag/AgCl reference and Pt (m), 844 (vs, PF6

2), 766 (s), 727 (m), 558 (s). 2 UV/Vis (CH3OH):
counter electrodes. Acetonitrile solutions of the complexes contain- λmax (lg ε) 5 455 nm (4.22), 287 (4.94), 256 (4.64).
ing TBAPF6 (1021 ) as supporting electrolyte were used. E1/2 val-

[{Ru(bipy)2}m-Lys{Cu(phen)(H2O)}](PF6)3 (4b): Yield: 296ues were calculated from half the difference between EP values for
mg (68%). 2 C50H47CuF18N10O4P3Ru·2.5 H2O (1451.5 ·2.5 H2O):the anodic and cathodic waves from cyclic voltammograms. The
calcd. C 40.13, H 3.50, N 9.36; found C 40.05, H 3.26, N 9.21. 2ferrocene-ferrocenium couple was observed at 0.45 V (∆EP 5 88
1H NMR (300 MHz, CD3OD, all signals broad): δ 5 2.59 (s, 3 H,mV) in acetonitrile under the measurement conditions. 2 RuCl3
m49-CH3); 7.34 (s, 1 H, m59); 7.47 (s, 4 H, b5); 7.60 (s, 1 H, m5);was a donation from Degussa. The synthesis of the αN-tBoc-pro-
7.79 (s, 5 H, 4 3 b6, m69); 7.91 (s, 1 H, m6); 8.10 (s, 4 H, b4); 8.66tected (amino acid)ruthenium(II) complexes [{Ru(bipy)2}m-AA-
(s, 5 H, 4 3 b3, m39); 8.95 (d, 1 H, m3). 2 IR (KBr): ν̃ 5 3080αN-tBoc](PF6)2 (αN-tBoc-1a24a, AA 5 DAPA, DABA, Orn, Lys)
cm21 (m), 2930 (m), 2869 (m), 1650 (s, COO2), 1542 (m), 1465and [{Ru(bipy)2}m-AA] (PF6)3 is described elsewhere. [17] Reagent-
(m), 1445 (m), 1432 (m), 1312 (m), 1271 (m), 1239 (m), 1107 (m),grade solvents were obtained from Roth NMR solvents, and all
842 (vs, PF6

2), 766 (s), 728 (m), 558 (s). 2 UV/Vis (CH3OH): λmaxother chemicals, including [Cu(phen)(NO3)2], from Aldrich. Water
(lg ε) 5 455 nm (4.25), 288 (4.96), 255 (4.64).for preparations was demineralized.

Titration Curves: Emission titration curves were followed by un-[{Ru(bipy)2}m-AA{Cu(phen)(H2O)}](PF6)3 (AA 5 DAPA
corrected luminescence spectra obtained with a Perkin Elmer LS1b, DABA 2b, Orn 3b, Lys 4b). 2 General Procedure: A solution
50B spectrophotometer (λexc 5 400 nm, λobs 5 5002690 nm). 25of the respective αN-protected (amino acid)ruthenium(II) complex
ml of 2.5210 3 1026  solutions of the complexes [{Ru(bipy)2}m-[{Ru(bipy)2}m-AA-αN-tBoc](PF6)2 in 4  HCl/dioxane (10 ml) was
AA](PF6)3 in methanol, containing 3.0 equiv. of NaOMe to yieldstirred at 0°C for 1 h. All solvent and excess HCl were removed by
the deprotonated complex form, were titrated with 2.5210 3 1024

rotary evaporation and the residue dried in vacuo overnight. The
 solutions of [Cu(phen)(NO3)2] in methanol. The solutions wereresulting amine hydrochloride was dissolved in 15 ml of methanol
deaerated by bubbling with dry nitrogen for at least 10 min priorand deprotonated with a solution of NaOMe (1.5 equiv.) in meth-
to each measurement. The results were evaluated using the pro-anol (c 5 1021 ). Solid [Cu(phen)(NO3)2] (1.0 equiv.) was added
gram PSEQUAD.[47]

and the suspension stirred at room temperature for 2 h. After the
methanol was removed by rotary evaporation, the product was dis-
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Chem. Rev. 1996, 96, 7592833.
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The reaction of n/sec-dibutyl magnesium with 6-methyl-6- [bis(tetrahydrofuran-O)]iro{cyclopropane-1,29(19-η5-cyclo-
pentadienyl-19,39,39-tricyclopropyl-19,29,39,3a9-tetrahy-phenyl- and 6,6-dicyclopropylfulvene gives the β-hydride

transfer products 1,19-bis(1-phenylethyl)- and 1,19-bis- dropenalene)}-3a9-69-η2-enyl]magnesium. In the absence of
β-hydrogen atoms at the organometallic reagent as well as at(dicyclopropylmethyl)magnesocene, respectively. The latter

crystallizes in the eclipsed conformation, whereas the first the fulvene the addition reaction is the only possible reaction
pathway. Thus, one Mg2C bond of MgMe2 adds to tetra-one shows an anti conformation in the solid state. Dimethyl-

magnesium deprotonates 6-methyl-6-phenylfulvene with methylfulvene to give quantitatively dimeric methylmagne-
sium ethyltetramethylcyclopentadienide. The bridgingformation of 1,19-bis(1-phenylethen-1-yl)magnesocene,

which decomposes upon isolation. The deprotonation of 6,6- methyl groups are sterically shielded against further attack
of the fulvene.dicyclopropylfulvene with MgMe2 in thf solution yields

The metalation of 6-methyl-6-phenylfulvene with calcium
bis[bis(trimethylsilyl)amide] in tetrahydrofuran yields the
bis(thf) complex of 1,19-bis(1-phenyl-1-ethenyl)calcocene. [1]

The bis(trimethylsilyl)amides of strontium and barium react
in the same manner. [2] Enhancement of the ring strain leads
to extended reaction periods. Therefore, the reaction of
(thf)2Ca[N(SiMe3)2]2 with two equivalents of 6,6-dicyclo-
propylfulvene according to Eq. (1) needs several days even
at elevated temperatures, [3] however, the yield of 1,19-bis-
(cyclopropylcyclopropylidenemethyl)calcocene is only mod-

We were interested in the synthesis of magnesocenes byerate. The cyclopentadienide fragments and the alkenyl
the reaction of halogen-free magnesium compounds withgroups show no electronic interaction, free rotation around
fulvenes to compare the magnesocenes with the heavierthe C2C bond between these moieties is observed. An ad-
homologues. In contrast to calcium bis[bis(trimethylsilyl)-dition of the Ca2N bond to the fulvene has never been
amide], the homologous magnesium bis(amide)[7] does notobserved. In contrast to these findings, the addition of
react with fulvenes. Although a monomer-dimer equilib-methyl lithium to 6,6-dimethylfulvene gives tert.-butylcyclo-
rium is observed for Mg[N(SiMe3)2]2 in toluene solution,[8a]pentadienyllithium,[4] whereas sterically demanding nucleo-
the X-ray structure reveals the steric shielding of thephiles favor the metalation reaction. For example, lithium
Mg2N bonds of the dimer in the solid state. [8b] Due to adiisopropylamide metalates (α-deprotonates) fulvenes in
large cone angle of the bis(trimethylsilyl)amide substitu-tetrahydrofuran to alkenylcyclopentadienyllithium.[5] Erker
ent, [9] even in the monomer the metal center is not acces-and coworkers[5g] investigated the dependency of this reac-
sible to fulvenes. Therefore, we investigated the reactivity oftion on the solvent and observed in diethylether a β-hydride
dimethylmagnesium as well as commercially available n/sec-transfer from alkyl lithium to the fulvenes. Based on the
dibutylmagnesium towards 6-methyl-6-phenyl- and 6,6-di-investigations of Fischer and coworkers[6a] addition reac-
cyclopropylfulvene. The reductive coupling of 6,6-dimeth-tions of anionic nucleophiles such as methyllithium, potas-
ylfulvene with magnesium, calcium or strontium in thesium diphenylphosphanide or sodium cyclopentadienide to
presence of a catalytic amount of HgCl2 gives the corre-6,6-dimethylfulvene as well as the corresponding chromium
sponding ansa-alkaline earth metallocenes in a goodtri(carbonyl) complex were reported by Edelmann et
yield, [10] however, our interest was centered on protonational. [6b] [6c]

and deprotonation reactions with fulvenes and we could
[°] X-ray structure determinations. show that not only the substituents at the fulvene and the
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metal led to different reaction products but that the size of These different reaction behaviors of dimethyl- and dibu-

tylmagnesium allows the synthesis of two different com-the alkaline earth metal influenced the reaction pathway.
pounds 1 and 2 without impurities stemming from the other

Synthesis reaction type.
To compare the reactivity of dimethyl- and dibutylmag-The reaction of dimethylmagnesium[11] with 6-methyl-6-

nesium with the reactivity of (thf)2Ca[N(SiMe3)2]2 both thephenylfulvene yields nearly quantitatively the metalation
dialkylmagnesium compounds were reacted with 6,6-di-product 1,19-bis(1-phenyl-1-ethenyl)magnesocene 1 accord-
cyclopropylfulvene. The calcium derivative metalates theing to Eq. (2). The 1H- and 13C{1H}-NMR spectra are very
fulvene and 1,19-bis(cyclopropylcyclopropylidenmethyl)cal-similar to those of the heavier homologous alkaline earth
cocene was isolated. [3] The use of n/sec-dibutylmagnesiummetallocenes of calcium,[1] strontium and barium.[2] In
gives quantitatively the β-hydride transfer product 1,19-Table 1 characteristic resonances are listed in comparison
bis(dicyclopropylmethyl)magnesocene 3 [Eq. (3)]. Dimeth-to the corresponding calcocene[1] and lithium derivative. [6]

ylmagnesium on the other hand reacts with dicyclopro-An isolation of 1 failed due to decomposition upon iso-
pylfulvene in a completely different and unexpected man-lation. The use of butyl ligands instead of methyl groups
ner. During the reaction methane is eliminated, however,leads to a β-hydride transfer from n/sec-dibutyl magnesium
the NMR parameters showed no similarities to the productto 6-methyl-6-phenylfulvene and to the elimination of bu-
obtained from the metalation with the above mentioned cal-tene in a good yield. Butene was collected during the reac-
cium bis(amide).tion and identified by IR spectroscopy. 1,19-Bis(1-phenyl-1-

ethyl)magnesocene 2 is a colorless, moisture-sensitive solid.
Freshly prepared magnesium dihydride does not react with
fulvenes to give 1,19-dialkylmagnesocenes, therefore, β-hy-
dride transfer reactions of n/sec-dibutyl magnesium with
cyclic transition states as already known[12] are proposed.

Eq. (4) describes the formation of [bis(tetrahydrofuran-
O)]spiro{cyclopropane-1,29(19-η5-cyclopentadienyl-19,39,39-
tricyclopropyl-19,29,39,3a9-tetrahydropentalene)}-3a9-69-η2-
enyl]magnesium 4 and proposes a reaction mechanism. The
first step is the metalation of 6,6-dicyclopropylfulvene as
also observed for the reaction of calcium bis[bis(trimethylsi-
lyl)amide] according to Eq. (1). [3] This step is supported by
the solvent-dependent studies of Erker and coworkers[5g]

who found in tetrahydrofuran a favoring of the α-depro-
tonation against a β-hydride transfer. The ring strain of the
thus formed cyclopropylidene fragment is released by the
reaction with another molecule of 6,6-dicyclopropylfulvene.
The second methyl nucleophil at the magnesium atom met-Table 1. Comparison of the NMR parameters of the homoleptic 1-

phenylethen-1-ylcyclopentadienides of lithium, magnesium (1), and alates the cyclopentadienyl moiety, a ring closure follows
calcium (Cp9 5 H4C5-C(5CH2)Ph) and a bis(cyclopentadienyl)magnesium derivative forms.

Due to the enforced orientation of the cyclopentadienyl
LiCp9 [5g] MgCp92 (1) (thf)2CaCp92

[1]

groups to each other, the aromatic fragments are not co-
planar and two thf molecules occupy the coordination gap1H NMR
at the alkaline earth metal center. A rather similar mecha-δ(5CH2) 4.71, 5.30 4.92, 5.47 4.73, 5.23

2J(H,H) 2.7 2.4 2.3 nism was suggested to explain the reaction of sodium cyclo-
δ(C5H4) 5.94, 6.07 6.03, 6.28 5.79, 5.95 pentadienide with 6,6-dimethylfulvene. [13]
δ(Ph) 7.1027.30, 7.65 7.627.7 7.227.5

Further enhancement of ring strain during the formation
13C NMR of an alkenyl substituted magnesocene prevents a metal-
δ(5CH2) 101.9 105.03 104.57

ation (α-deprotonation) of the fulvene. Therefore, dimethyl-1J(C,H) 155 156 156.4
δ(C5CH2) 149.5 147.74 148.54 magnesium shows no reaction with cyclopentadienylidene-
δ(i-C/Cp) 120.5 122.13 123.13 adamantane. [14] The absence of α-CH moieties in the ful-δ(CH, Cp) 105.0, 105.1 103.69, 106.26 108.52, 108.70

vene molecule would enforce another reaction mechanism,δ(Ph) 126.6 126.64 127.32
δ(Ph) 127.6 127.52 128.06 because the formation of an alkenylcyclopentadienyl sub-
δ(Ph) 129.2 128.83 129.30 stituent as an intermediate is impossible. Consequently, alsoδ(i-C, Ph) 146.1 144.78 145.21

6,6-diphenylfulvene[15] does not react with MgMe2. An-
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tion of compound 5 with additional tetramethylfulvene oc-
curs nor redistribution reactions to the homoleptic dimeth-
ylmagnesium and the substituted magnesocene are
observable even in the presence of Lewis bases such as thf.

Molecular Structures

The alkaline earth metallocenes gained interest not only
for their synthetic potential but moreover quite unusual
solid state structures[22] led to theoretical investigations. [23]

Although numerous magnesocenes are characterized by X-
ray structure determinations we describe the molecular
structures of 2 to 5, however, only 2 and 3 show the charac-
teristic sandwich structure. Figure 1 und 2 show the mole-
cular structures and numbering schemes of 2 and 3, respec-
tively. The crystallographic inversion center in the structure
of 2 lies on the magnesium atom and therefore, a anti-con-
figuration of the alkyl substituents is enforced (Figure 3).
The Mg2C bond lengths differ between 230.0 and 231.6
pm and the distance between Mg and the center Z of theother conceivable reaction pathway would be the addition
cyclopentadienyl moiety lies at 198 pm. The molecularof a Mg-Me bond to the exocyclic C5C double bond of
structure of 3 shows an eclipsed-conformation (Figure 3).6,6-diphenylfulvene, however, this reaction was not ob-
This arrangement leads to steric repulsion between the di-served, probably due to steric reasons.
cyclopropylmethyl groups. As a consequence, theThe reaction of dimethylmagnesium with tetramethylful-
Z12Mg2Z2 angle of 176.3° shows a small deviation fromvene only allows the addition reaction, because the require-
linearity and furthermore, the deviation from coplanarityments for a β-hydride transfer reaction as well as for a α-
of the cyclopentadienyl ligands amounts 4.4°.deprotonation of the fulvene are not given. In the presence

of Lewis bases such as thf and 1,4-dioxane the addition Figure 1. Molecular structure and numbering scheme of 2; symme-
try-related atoms are marked by an apostrophe. Thermal ellipsoidsof one methyl substituent to tetramethylfulvene yields the

are drawn at a 40% probability level[a]
tetrahydrofuran complex of bis(η5-ethyltetramethylcyclo-
pentadienyl)dimethyldimagnesium 5. Due to the coordi-
nation of a thf molecule to the metal center and the forma-
tion of a four-membered Mg2C2 cycle the methylmag-
nesium moiety is sterically too shielded for an addition re-
action to an additional molecule of tetramethylfulvene.

[a] Selected bond lengths [pm]: Mg12C1 230.8(2), Mg12C2
231.5(2), Mg12C3 231.0(2), Mg12C4 230.0(2), Mg12C5 231.6(2),
C12C2 140.5(4), C12C5 140.8(3), C22C3 137.9(4), C32C4
139.0(3), C42C5 140.0(3), C52C6 151.3(3), C62C7 151.2(4),Heteroleptic cyclopentadienylmagnesium derivatives are
C62C8 153.1(3).

well known since decades. The diethylether and tetrahydro-
furan adducts of the halides RMgX are dimeric with a cen- Magnesocene Mg(C5H5)2 shows Mg2C distances of

230.4[24] and 233.9 pm[25] in the solid state and the gastral Mg2X2 cycle[16] [17] whereas the addition of tmeda yields
monomeric complexes. [18] The Schlenk equilibrium in- phase, respectively. In contrast to the antiprismatic (stag-

gered) conformation in the crystalline state an eclipsedterconverts Cp9MgX into magnesium dihalides and magne-
socens. [19] Methylmagnesium cyclopentadienide is dimeric (prismatic) structure is found in the gas phase. A linear ar-

rangement is also observed for 1,19-di-tert-butylmagneso-via methyl bridges as confirmed by IR spectroscopy, [20]

however, diethyl ether leads to a partial cleavage of the di- cene[26] with an average Mg2C bond length of 233.6 pm.
Intramolecular steric repulsion leads to a bending of hexa-mer, whereas thf and tmeda cleave the methyl bridges com-

pletely. [20] [21] In contrast to these findings neither the reac- kis(trimethylsilyl)magnesocene. [27] In contrast to these
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Figure 2. Molecular structure and numbering scheme of 3; thermal anionic ligand the tetrahydropentalene unit acts as a η2-

ellipsoids are drawn at a 40% probability level[a]
bonded substituent with a short Mg12C192 bond length
of 227.2 pm, whereas the distance to the neighboring atom
C191 is approximately 40 pm larger. Nevertheless, a delocal-
ization of the double bonds within this five-membered cycle
exists because the bonds C192C191 (137.2 pm) and
C1932C194 (139.1 pm) are only approximately 4 pm
shorter than the other endocyclic C2C bonds with values
of 141.0, 141.8, and 143.7 pm. In this molecule there are
three neighboring quarternary carbon atoms C16, C17, and
C18. Due to the steric repulsion, the C2C distances of
these carbon atoms are unusual large (157.0 and 158.2 pm).

Figure 4. Molecular structure und numbering scheme of 4; thermal
ellipsoids are drawn at a 40% probability level. The hydrogen atoms

are omitted for clarity[a]

[a] Selected bond lengths [pm]: Mg12C1 235.7(2), Mg12C2
232.2(2), Mg12C3 231.8(2), Mg12C4 233.1(2), Mg12C5 234.6(2),
Mg12C13 235.8(2), Mg12C14 233.9(2), Mg12C15 231.8(2),
Mg12C16 230.9(2), Mg12C17 231.8(2), C12C2 142.7(2), C12C5
142.4(2), C12C6 151.5(3), C22C3 141.3(3), C32C4 141.0(3),
C42C5 141.1(3), C132C14 141.7(3), C132C17 142.6(2),
C132C18 152.2(2), C142C15 141.4(2), C152C16 140.2(3),
C162C17 141.9(3).

Figure 3. Comparison of the conformations of 2 (left) and 3 (right)
with a view perpendicular to the cyclopentadienide ligands; the car-
bon atoms are drawn with arbitrary radii and the hydrogen atoms
omitted for clarity. The magnesium atoms are drawn at a 40% pro-

bability level.

[a] Selected bond lengths [pm]: Mg12O11 203.7(3), Mg12O12
204.5(3), Mg12C11 246.5(5), Mg12C12 252.2(5), Mg12C13
247.4(5), Mg12C14 237.4(4), Mg12C15 238.7(4), Mg12C191

265.8(4), Mg12C192 227.2(4).

The Mg2O bond lengths of 204 pm to the coordinated
tetrahydrofuran molecules lie within the characteristic
range and depend on the degree of steric strain. They are
also influenced by the coordination number of the metal
center; a comparison with published data[29] account for
four to five-fold coordinated magnesium centers. Moreover,
the Mg12C192 bond length lies in the characteristic range
for Mg2C σ bonds of a four or five-fold coordinated metal
center[29] as for example in (Et2O)2Mg(Br)CPh3 (225
pm[30]) and the anthracenyl derivatives (thf)3Mg(An)2 (229
pm[30]).

The molecular structure of 5 as well as the numbering
scheme is represented in Figure 5. Symmetry related atomsmonomeric magnesocenes bis(indenyl)magnesium exhibits

infinite chains with bridging and terminal indenyl substitu- are marked with an apostroph. The isotropic refinement of
the methyl hydrogen atoms was successful and therefore,ents [28] bonded in η1, η2, or η5 fashion.

The asymmetric unit of the crystal structure of 4 consists these H atoms are included in Figure 5. Bridging methyl
substituents were also found in solvent-free dimethylmag-of two independent molecules. These two molecules are dis-

tinguished by the first number n 5 1 or 2 following the nesium.[31]

Figure 5 shows the dimeric molecule of ethyltetramethyl-element symbol. Due to the similar constitution the dis-
cussion of the molecular structure is limited to the molecule cyclopentadienylmagnesium methanide 5. The methyl

group bridges the magnesium atoms, the Mg2C bondswith n 5 1 shown in Figure 4. The magnesium atom is η5-
bonded to the cyclopentadienyl fragment and the mag- amount 227.0 and 228.5 pm. In polymeric dimethyl-[31] and

diethylmagnesium[32] similar Mg2C distances of 224 andnesium2carbon distances vary between 237.4 and 252.2
pm. Due to the rather unflexible backbone of the carbdi- 226 pm were observed by Weiss. The magnesate anion
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Figure 5. Molecular structure und numbering scheme of 5; thermal but thf-free molecule is even present in the gas phase as
ellipsoids are drawn at a 40% probability level. Only the hydrogen shown by mass spectroscopy. Regarding the dimeric nature

atoms of the bridging methyl substituents are represented[a]

of this compound in solution as well as in the gas phase it
is not surprising that the bridging methyl groups cannot
add to another equivalent of tetramethylfulvene.

Conclusion

Erker and coworkers[5g] demonstrated the solvent depen-
dency on the reaction of organyl lithiums whether a pro-
tonation (β-hydride transfer from alkyl lithium) or a depro-
tonation (metalation) of the fulvene is favored. Due to the
absence of β-hydrogen atoms the alkaline earth metal bis-
[bis(trimethylsilyl)amides] of calcium, strontium and bar-
ium deprotonate the fulvenes to give alkenyl substituted al-
kaline earth metallocenes. The corresponding magnesium
derivative is not reactive enough to interact with fulvenes.

[a] Selected bond lengths [pm] and angles [°]: Mg12O1 209.2(2), If β-hydrogen atoms are present in dialkylmagnesium as for
Mg12C1 242.7(2), Mg12C2 246.9(2), Mg12C3 251.2(2), example in n/sec-dibutylmagnesium only the β-hydrideMg12C4 248.4(2), Mg12C5 243.8(2), Mg12C12 228.5(2),
Mg1···Mg19 280.96(12), O12Mg12C12 94.22(8), O12Mg12C129 transfer to the fulvene is observed. Dimethylmagnesium al-
96.02(8), C122Mg12C129 103.82(7), Mg12C122Mg19 76.18(7). ways deprotonates the fulvene, however, the reaction with

6,6-dicyclopropylfulvene proceeds different than the reac-
[Mg3Me8]22 is best described as a tetramethylmagnesate di- tion with 6-phenyl-6-methylfulvene, which yields 1,19-bis(1-
anion, where two methyl groups are bridged by MgMe2 phenylethen-1-yl)magnesocene. One of the fulvene mol-
units. [33] The central Mg2C bond lengths lie in the ex- ecules is not metalated at the alkyl substituent but in ortho-
pected region of approximately 224 pm, whereas the bonds position at the cyclopentadienyl fragment. Thus, the ring
between the outer magnesium atoms and the bridging strain induced by the formation of a cyclopropylidene moi-
methyl groups are more than 10 pm longer. Terminally ety is avoided. Now a ring closure reaction gives [bis(tetra-
bonded methyl groups show approximately 10 pm shorter hydrofuran-O)]spiro{cyclopropane-1,29(19-η5-cyclopenta-
Mg2C bond lengths. [21]

dienyl-19,39,39-tricyclopropyl-19,29,39,3a9-tetrahydropenta-
lene)}-3a9-69-η2-enyl]magnesium. Thus far, an addition of

NMR Spectroscopic Characterization
an alkyl magnesium moiety to a fulvene is only observed

The comparison of the NMR data of 1 with those of 1- when both the β-hydride transfer to and the deprotonation
phenylethen-1-ylcyclopentadienyllithium[6] and bis(tetrahy- (metalation) of a fulvene is impossible.
drofuran-O)calcium bis(1-phenylethen-1-ylcyclopentadien-

This research was supported by the Deutsche Forschungsgemein-
ide) [1] shows nearly no dependency on the nature of the schaft, Bonn, and the Fonds der Chemischen Industrie, Frankfurt/
metal atom. On the other hand the composition of 1 can Main.
be proven by these NMR data which are listed in Table
1. Similar findings also hold for 2 and the corresponding Experimental Section
lithium derivative. [6]

All experiments and manipulations were carried out under argon
A different situation is observed for 4. Whereas the aro- purified by passage through BTS catalyst and P4O10. Reactions

matic CH protons of the cyclopentadienyl moiety of the were performed by using standard Schlenk techniques and dried,
lithium derivative show an AA9XX9coupling pattern, the thoroughly deoxygenated solvents. The starting materials 6-methyl-
1H-NMR spectrum of 4 is more complicated due to the 6-phenylfulvene, [34] 6,6-dicyclopropylfulvene, [35] and dimethylmag-

nesium[11] were prepared by literature procedures. 2 NMR spectrafixed geometry of this fragment in regard of the rotation
were recorded on the Bruker spectrometers AM200, AC250, andaround the C2C bond between the cyclopentadienyl and
AM400 or Jeol spectrometers GSX270 and EX400. 2 A Perkin-the tetrahydropentalene units. Furthermore, large differ-
Elmer Paragon 1000 PC spectrophotometer was used to record theences in the chemical shifts of the CH groups of the penta-
IR spectra; solid substances were measured in nujol between CsBrlene fragment are observed. This can be explained by the
windows (vs very strong, s strong, m medium strong, w weak, vwmainly η2-coordination of the pentalene unit to magnesium
very weak, sh shoulder). The frequencies in the region of the nujol

in 4 whereas lithium forms a η5-complex. The chemical vibrations were not listed. 2 The sensitivity towards moisture and
13C{1H} and 1H shifts of the magnesium-bonded fragment oxygen during the handling of the compounds and the formation
(C192 in Figure 4) are δ 5 75.1 and 4.6, respectively. The of carbides during combustion lead to low carbon values in the
other CH fragments show values of approximately δ 5 110 elemental analysis. Due to the moisture and air sensitivity of 4 and

5 the elemental analysis gave no reasonable results, even though iffor the carbon (C193 and C194 in Figure 4) and δ 5 6 for
crystalline material was used. During handling of these compoundsthe 1H nuclei.
they turned dark and became waxy.The characteristic feature in the NMR spectra of 5 is the

high field shift of the bridging methyl groups at δ 5 22.1 1,19-Bis(1-phenyl-1-ethenyl)magnesocene (1). At 0°C 4.5 ml of 6-
methyl-6-phenylfulvene were added to 13.8 mmol of dimethylmag-for the 1H and δ 5 218.1 for the 13C nuclei. The dimeric,

Eur. J. Inorg. Chem. 1998, 9652971 969



M. Westerhausen et al.FULL PAPER
nesium dissolved in 20 ml of the solvent mixture of thf, diethyl of Cp]. 2 IR (nujol): ν̃ 5 1271 cm21 s, 1261 sh, 1216 w, 1201 w,

1163 w, 1110 w, 1057 w, 1043 s, 1030 s, 1019 s, 1011 s, 973 m, 933ether, and 1,4-dioxane. Stirring at r.t. for a few days led to quanti-
tative formation of 1 as could be shown by NMR spectroscopy. s, 916 m, 899 m, 855 sh, 829 s, 778 sh, 769 s, 750 s, 676 w, 530 w,

496 m, 453 m, 426 w, 321 w. 2 MS (70 ev); m/z (%): 158 (31) [Cp-The addition of 30 ml of pentane and cooling to 5°C yielded a
precipitation of 1. The nearly colorless precipitate turns dark upon C(C3H5)2

1], 131 (100), 117 (63) [Cp-CH(C3H5)1], 95 (28)
[CH(C3H5)2

1]. 2 C24H30Mg (342.81): calcd. C 84.09, H 8.82;removal of the mother liquor and drying in vacuum. Therefore, we
used this solution without further purification or isolation of 1. found C 83.43, H 8.64.
The NMR data is summarized in Table 1. [Bis(tetrahydrofuran-O)]spiro{cyclopropane-1,29(19-η5-cyclo-

pentadienyl-19,39,39-tricyclopropyl-19,29,39,3a9-tetrahydro-1,19-Bis(1-phenyl-1-ethyl)magnesocene (2). At 230°C 3.3 ml
(20.0 mmol) of 6-methyl-6-phenylfulvene were dropped to 10.0 ml pentalene)}-3a9-69-η2-enyl]magnesium (4). 1.6 ml (10.0 mmol) of

6,6-dicyclopropylfulvene was added at 0°C to 5.0 mmol of dimeth-of a 1  solution of dibutylmagnesium in heptane. After complete
addition the reaction mixture was stirred for 2 days, till the color ylmagnesium dissolved in 7.1 ml of a mixture of thf, diethyl ether

and 1,4-dioxane. Within 12 days the orange solution turned yellow.changed from orange to bright yellow. The solution was decanted
from the precipitate and reduced in vacuum. 2.6 g of compound 2 The addition of 10 ml of pentane led to the precipitation of 0.8 g of

a reddish oil 4, which crystallized at 25°C in the shape of yellowishcrystallized as colorless cuboids (72%), m.p. 47248°C. 2 1H NMR
(C6D6): δ 5 1.48 [d, 3J(H,H) 5 7 Hz, Me], 3.85 [q, 3J(H,H) 5 7 cuboids (35%), m.p. 218°C (dec.). 2 1H NMR (C6D6, assignment

with 1 H,1H-COSY45 NMR experiments): δ 5 0.420.48 [m],Hz, CpCH], 5.725.9 [m, Cp], 7.027.2 [m, Ph]. 2 13C{1H} NMR
(C6D6): δ 5 22.92 [Me], 40.05 [Cp-CH], 104.95, 105.08, 105.70, 0.6420.68 [m], 0.8220.84 [m], 0.9821.07 [m], 1.2721.33 [m],

1.4021.48 [m], 1.5121.60 [m], 1.7221.82 [m], 4.60 [dd, 3J(H,H) 5106.56 [CH of Cp], 126.20 [para-C of Ph], 127.30, 128.58 [meta and
ortho-C of Ph], 129.50 [ipso-C of Ph], 147.40 [ipso-C of Cp]. 2 IR 1.3 Hz], 5.95 [dd], 5.96 [m, Cp], 6.11 [m, Cp], 6.14 [m, Cp], 6.17

[dd], 6.76 [m, Cp]. 2 13C NMR (C6D6, assignment with means of(nujol): ν̃ 5 1688 cm21 w, 1601 m, 1296 w, 1271 w, 1236 w, 1201
w, 1182 w, 1156 w, 1066 m, 1051 m, 1026 s, 1003 w, 978 m, 917 m, DEPT, 1H-J-resolved 2D-NMR and 1H,13C-HMQC experi-

ments[36]): δ 5 0.01, 1.07, 2.50, 2.74, 3.89, 6.71, 13.26, 13.43 [CH2895 sh, 862 w, 825 s, 768 s, 703 s, 632 w, 617 w, 584 w, 529 m, 504
sh, 452 w. 2 MS (70 eV); m/z (%): 169 (100) [CpCHMePh1], 154 of cPr]; 17.88, 19.89, 22.47 [CH of cPr]; 46.24, 47.34, 54.25 [quart.

C]; 75.06, 105.28 116.40 [CH of pentalene fragment]; 97.80, 100.66,(99) [CpCHPh1], 105 (95) [PhCHMe1], 77 (42) [Ph1]. 2 C26H26Mg
(362.78): calcd. C 86.07, H 7.22; found C 83.88, H 7.20. 104.18, 106.41 [CH of Cp]; 129.96, 134.44, 140.63 [quart. aromatic

C]. 2 IR (nujol): ν̃ 5 1309 cm21 vs, 1242 vs br, 1184 vs, 1129 vs1,19-Bis(dicyclopropylmethyl)magnesocene (3). 5.0 ml (30 mmol)
br, 1045 m, 1020 s, 998 sh, 985 vs, 933 w, 918 w, 901 w, 871 w, 845of 6,6-dicyclopropylfulvene were added to a cooled solution of 15.0
w, 828 w, 810 w, 760 sh, 745 w, 719 sh, 702 w, 675 w, 646 w, 625ml of 1  dibutylmagnesium in heptane. After stirring for 2 days
w, 532 w br, 467 w, 438 w, 405 w, 370 w. MS (70 eV); m/z (%): 316at r.t. the solution was reduced in vacuum. At 5°C 4.8 g of slightly
(24), 275 (45), 209 (39), 193 (55), 165 (71), 158 (100), 128 (96), 115yellow crystals of 3 precipitated (93%), m.p. 53254°C. 2 1H NMR
(98), 91 (87).(C6D6): δ 5 0.1420.28 and 0.3920.54 [m, CH2], 0.9221.01 [m,

CH of cPr], 1.22 [t, 3J(H,H) 5 9 Hz, CpCHcPr2], 6.06 [s, Cp]. 2 Bis(tetrahydrofuran-O)dimethyl-bis(η5-ethyltetramethylcyclo-
pentadienyl)dimagnesium (5). At 0°C 3.8 mmol of dimethylmag-13C{1H} NMR (C6D6): δ 5 3.80, 4.15 [CH2], 17.45 [CH of cPr],

47.90 [CpCHcPr2], 105.53 and 106.04 [CH of Cp], 128.72 [ipso-C nesium dissolved in thf, dioxane, and diethyl ether were added to

Table 2. Crystallographic data of 2, 3, 4, and 5 as well as details of the structure solution and refinement procedures

compound 2 3 4 5

formula C26H26Mg C24H30Mg C32H42MgO2 C16H28MgO
fw [g?mol21] 362.78 342.79 482.97 260.69
T [K] 193 193 193 193
space group[38] P21/c (No. 14) P1

¯
(No. 2) P21/c (No. 14) P21/n (No. 14)

a [pm] 1181.7(4) 853.8(4) 1268.6(3) 900.35(1)
b [pm] 803.1(3) 983.2(5) 2315.5(7) 1348.23(1)
c [pm] 1155.2(5) 1236.6(4) 18.41.9(5) 1297.14(2)
α [°] 90 82.442(7) 90 90
β [°] 109.24(1) 78.92(1) 97.55(1) 93.26(1)
γ [°] 90 73.347(7) 90 90
V [nm3] 1.0352(6) 0.9729(7) 5.364(3) 1.57201(3)
Z 2 2 8 4
dcalcd [g?cm3] 1.164 1.170 1.196 1.101
µ [mm21] 0.093 0.095 0.093 0.102
F(000) 388 372 2096 576
scan range [°] 1.7 # θ # 24.7 1.7 # θ # 29.3 1.4 # θ # 24.0 2.2# θ # 29.4
measured data 4888 5505 17538 8768
unique data (Rint) 1666 (0.0255) 2958 (0.0192) 7643 (0.0377) 2979 (0.0193)
parameters 129 227 735 180
wR2

[a] (all data) 0.1282 0.0900 0.2699 0.1516
R1

[a] (all data) 0.0570 0.0473 0.1192 0.0639
data [I>2σ(I)] 1567 2696 5647 2470
R1 [I>2σ(I)] 0.0538 0.0416 0.0883 0.0519
goof σ[b] on F2 1.052 1.159 1.108 1.068
residual dens [e?nm23] 561; 20.219 193; 2158 599; 2288 355; 2325

[a] Definition of the R values: R1 5 (ΣiFou 2 uFci)/ΣuFou; wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]}1/2 with w21 5 σ2(Fo

2) 1 (aP)2. 2 [b] σ 5
{Σ[w(Fo

2 2 Fc
2)2]/(No 2 Np)}1/2.
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[10] [10a] S. Guttmann, P. Burger, H.-U. Hund, J. Hofmann, H.-H.1.02 g of 1,2,3,4-tetramethylfulvene in n-pentane. Stirring at r.t. for

Brintzinger, J. Organomet. Chem. 1989, 369, 343. 2 [10b] M.4 d resulted in a yellow solution. Recrystallization from pentane Rieckhoff, U. Pieper, D. Stalke, F. T. Edelmann, Angew. Chem.
yielded 0.74 g of colorless 5 (75%), m.p. 124°C. 2 1H NMR 1993, 105, 1102; Angew. Chem. Int. Ed. Engl. 1993, 32, 1079.

[11] W. Strohmeier, F. Seifert, Chem. Ber. 1961, 94, 2356.([D8]THF): δ 5 22.08 [s, Mg-Me], 0.90 [t, 3J(H,H) 5 7.6 Hz, CH3
[12] K. W. Henderson, J. F. Allan, A. R. Kennedy, Chem. Commun.of Et], 1.76 [m, THF], 1.91 [Cp-Me], 1.94 [Cp-Me], 2.42 [q,
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[14] S. Landa, J. Burkhardt, J. Vais, Z. Chem. 1967, 7, 388.of Et], 19.55 [CH2 of Et], 25.44 [THF], 67.35 [THF], 106.70 [Cp],
[15] G. Kresze, S. Rau, G. Sabelus, H. Goetz, Liebigs Ann. Chem.107.45 [Cp], 114.23 [Cp]. 2 IR (nujol): ν̃ 5 1363 cm21 m, 1339 m,

1961, 648, 57.1310 w, 1293 w, 1242 m, 1182 vs, 1138 sh, 1126 w, 1105 w, 1070 w, [16] R. E. Cramer, P. N. Richmann, J. W. Gilje, J. Organomet. Chem.
1053 w, 1025 vs, 985 w, 956 w, 944 sh, 927 m, 912 w, 870 vs, 844 1991, 408, 131.

[17] C. Dohmeier, D. Loos, C. Robl, H. Schnöckel, D. Fenske, J.m, 675 m, 637 sh, 564 s, 494 s, 429 s, 404 s, 390 sh, 353 sh, 330 s,
Organomet. Chem. 1993, 448, 5.295 sh. 2 MS (70 eV); m/z (%): 377 (8) [M1 2 2 THF], 299 (74)

[18] C. Johnson, J. Toney, G. D. Stucky, J. Organomet. Chem. 1972,[M1 2 Cp9 2 2 THF], 285 (91), 269 (92), 149 (100) [Cp91], 134 40, C11.
(99) [Cp91-CH4]. [19] [19a] W. T. Ford, J. Organomet. Chem. 1971, 32, 27. 2 [19b] W. T.

Ford, J. B. Grutzner, J. Org. Chem. 1972, 37, 2561.X-ray Crystallography. [37] The single crystals were covered with [20] G. E. Parris, E. C. Ashby, J. Organomet. Chem. 1974, 72, 1.
nujol, sealed in thin-walled capillaries and mounted on a dif- [21] [21a] H. O. House, R. A. Latham, G. M. Whitesides, J. Org.
fractometer with graphite monochromated Mo-Kα radiation (λ 5 Chem. 1967, 32, 2481. 2 [21b] H. Viebrock, D. Abeln, E. Weiss,

Z. Naturforsch. 1994, 49b, 89.71.073 pm). A Siemens SMART-CCD area detector was used to
[22] [22a] P. Jutzi, Adv. Organomet. Chem. 1986, 26, 217. 2 [22b] P.monitor the reflections. Crystallographic parameters and details of Jutzi, Chem. Rev. 1986, 86, 894. 2 [22c] P. Jutzi, Pure Appl.

data collection performed at 280°C are summarized in Table 2. Chem. 1989, 61, 1731. 2 [22d] P. Jutzi, Pure Appl. Chem. 1990,
62, 1035. 2 [22e] P. Jutzi, J. Organomet. Chem. 1990, 400, 1. 2All structures were solved by direct methods with the software [22f] D. J. Burkey, T. P. Hanusa, Comments Inorg. Chem. 1995,

package SHELXTL Plus[39] and refined with the program 17, 41.
SHELXL-93.[40] Neutral atom scattering factors were taken from [23] A. J. Bridgeman, J. Chem. Soc., Dalton Trans. 1997, 2887.

[24] W. Bünder, E. Weiss, J. Organomet. Chem. 1975, 92, 1.Cromer and Mann[41] and for the hydrogen atoms from Stewart et
[25] A. Haaland, J. Lusztyk, J. Organomet. Chem. 1975, 85, 279.al. [42] The non-hydrogen atoms were refined anisotropically. The [26] M. G. Gardiner, C. L. Raston, C. H. L. Kennard, Organomet-

H-atoms were refined with a riding model under restriction of ideal allics 1991, 10, 3680.
symmetry at the corresponding carbon atom. The hydrogen atoms [27] C. P. Morley, P. Jutzi, C. Krüger, J. M. Wallis, Organometallics
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[28] J. L. Atwood, K. D. Smith, J. Am. Chem. Soc. 1974, 96, 994.
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Reaction of di-tert-butylcyclopentadiene with excess tane-1,2’-cyclopenta[b][1,3]diselena-2,4-diene (1) and 1,3,
5,7-tetra-tert-butyl-3a,7a-dihydro-3a,7a-epi-selenodicyclo-potassium tert-butoxide in the presence of elemental

selenium leads to cyclopentadienes bridged by two or three penta[b,e][1,4]diselenine (2) have been characterized by
single-crystal X-ray diffraction.selenium atoms through one or two diselenoketal

functionalities. 2,5,4’,6’-Tetra-tert-butyl-5’H-spirocyclopen-

Introduction Scheme 1. Synthesis of compounds 1 and 2

We have recently reported that lithium cyclopentadien-
ides substituted by tBu or Me3Si groups, obtained by de-
protonation of the corresponding cyclopentadiene with n-
butyllithium, insert several equivalents of elemental se-
lenium with formation of lithium cyclopentadienylpolyse-
lenolates[1]. Subsequent in situ disproportionation leads to
substituted bis(cyclopentadienyl)selanes, cp92Sen (n 5 125).
If n-butyllithium is replaced by potassium tert-butoxide, a
base of low nucleophilicity which itself reacts with elemen-
tal selenium and is able to cleave C2Se and Se2Se bonds
if present in excess, the reaction pathway changes drasti-
cally. The hitherto unknown doubly and triply selenium-
bridged cyclopentadienes 1 and 2 are obtained in moderate
to good yield in a one-pot reaction. Bridging occurs
through a previously unknown cyclopentadiene-centered
diselenoketal functionality. Other identified products are
labile and could not be isolated, e.g. (tBu2C5H3)2Se[2],
which is formed primarily in the initial stages of the reac-
tion, while a small amount of tetra-tert-butylpentafulva-
lene[3] was obtained as deep-red crystals (Scheme 1).

Results and Discussion

The formation of 1 and 2, although entirely unexpected,
can be understood in terms of a sequence of established
reactions (Scheme 2).

The main driving force is the successive deprotonation tadienide (Eq. 4). Repetition of these steps finally affords 1
and 2 (Eqs. 527). 1 is generated if bridging occurs withof cyclopentadiene and subsequent insertion of elemental

selenium into the formed cyclopentadienide anions (Eqs. 1 formation of a 1,3-diselenolane heterocycle. If, on the other
hand, the postulated heterocyclic intermediate 1,4-disele-and 2). These processes are accelerated in a cascade-like

manner owing to the increased acidity of the cyclopen- nane 1a is formed, an additional deprotonation2insertion-
2disproportionation sequence leads to 2. The two tButadiene protons that results from the increasing selenium

substitution of the cyclopentadiene. Disproportionation of groups serve to control the above reactions and thus pre-
vent extensive oxidation and/or polymerization of cyclopen-the intermediate cyclopentadienylpolyselenolates leads to

selenium-bridged cyclopentadiene species (Eq. 3). Bridges tadiene.
The molecular structure of 1 consists of a 1,3-diseleno-containing more than one selenium atom are known to be

increasingly unstable and are degraded by lithium cyclopen- lane heterocycle, which spans between an allylic spiro car-
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Scheme 2. Proposed reaction steps leading to 1 and 2 Table 1. Crystal structure data of compounds 1 and 2

1 2

formula C26H40Se2 C26H38Se3
Mr 510.50 587.44
cryst. size [mm] 0.60 3 0.50 3 0.20 0.51 3 0.18 3 0.13
T [K] 213(2) 293(2)
crystal system monoclinic monoclinic
space group P21/c (no. 14) P2/c (no. 13)
a [A

˚
] 9.681(2) 11.969(1)

b [A
˚

] 11.267(2) 6.177(1)
c [A

˚
] 24.366(4) 18.573(1)

β [°] 99.66(1) 106.12(1)
V [A

˚
3] 2620.1(8) 1319.2(3)

Z 4 2
ρcalcd. [g cm23] 1.294 1.479
µ [mm21] 2.831 4.192
F(000) 1056 592
2 θmax [°] 45.00 55.00
reflections collected 4570 6227
independent reflections 3380 2954
reflections [I > 2 σ(I)] 2429 2110
absorption correction ψ scan ψ scan
Tmin, Tmax 0.524, 1.000 0.565, 1.000bon atom of the cyclopentadiene bearing the diselenoketal
parameters 294 132functionality, and the other cyclopentadiene, which is anne- R1 [I > 2 σ(I)][a] 0.0534 0.0374

lated via vicinal vinylic carbon atoms (Figure 1). This re- wR2 [I > 2σ(I)][b] 01325 0.0748
largest diff. peak/hole 1.884, 20.352 0.677, 20.337sults in an almost mutually perpendicular orientation of the
[eA

˚
23]

two cyclopentadiene rings [interplane angle: 87.7(3)°] and
consequently to an optimal staggering of all the tBu groups. [a] R1 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR2 5 {Σ[w(Fo

2 2 Fc
2)2]/

The angle at the selenium atoms of 92.5(3)° is comparable Σ[w(Fo
2)2]}1/2.

to that found in other diorganylselanes such as [(Me3-
diselenolane heterocycles, which each bridge the two cyclo-Si)2C5H3]2Se (97.9°) [2] and Me2Se (96.3°) [4] and indicates
pentadiene moieties in a similar manner as in 1. The mol-negligible ring strain. However, the difference between the
ecule possesses a twofold symmetry axis which passesC(sp2)2Se and C(sp3)2Se bond lengths [1.914 A

˚
compared

through Se(1) and bisects the Se(2)2Se(2a) vector. The keyto 1.986 A
˚

(mean values)] is striking. The extreme shorten-
difference between 1 and 2 is that in 2 the allylic positionsing of the former represents a further example of a strong
of both cyclopentadienes are substituted by a diselenoketalelectronic interaction between selenium bound in a vinylic
functionality. Also in contrast to 1, there appears to be con-position and the π system of cyclopentadiene[1] [2] [5] [6]

siderable strain within the heterocyclic framework, as indi-(Table 1).
cated by the extremely acute C2Se(1)2C angle of 82.6(2)°.

Figure 1. Molecular structure of 1; anisotropic displacement pa- Nevertheless, the striking difference in the C(sp2)2Se andrameters depicting 50% probability; hydrogen atoms of methyl
C(sp3)2Se bond lengths seen in 1 is also seen in 2 [1.888 A

˚
groups have been omitted for clarity[a]

compared to 1.985 A
˚

(mean values)]. In fact, these are
amongst the shortest and longest C2Se bonds ever re-
ported [e.g. 1.879(5) A

˚
in TMTSF[7] and 2.018(5) A

˚
in

3,3,5,5-tetrakis(trimethylsilyl)-1,2,4-triselenolane[8]] (Table
1). Whereas other cyclopentadienylselenium compounds
form W(CO)5 complexes[2] [5] [9], the multisubstitution of
cyclopentadiene with selenium reduces the donor capacity
of each selenium and no interaction of 2 with
[(CO)5W(THF)] occurs.

The packing of 2 shows a highly oriented stacking along
the y axis (Figure 3). This is accomplished by Se2Se inter-
actions between the unique Se(1) of one molecule and Se(2)
and Se(2a) of the neighbouring molecule. The former fits
into a cavity formed by the latter (Figure 4). The intrastack[a]Selected bond lengths [A

˚
] and angles [°]: Se(1)2C(1) 1.915(7),

Se(1)2C(6) 1.992(7), Se(2)2C(2) 1.913(7), Se(2)2C(6) 1.980(7); Se(1)2Se(2, 2a) distances of 3.978 A
˚

are almost identical
C(1)2Se(1)2C(6) 92.5(3), C(2)2Se(2)2C(6) 92.5(3); interplane an- to the Se2Se intrastack distances in selenium-based organicgle 87.7(3).

metal superconductors (TMTSF)2X[10]. In contrast to these
materials, however, there are no Se2Se interstack interac-The molecular structure of 2 can be described as a kind

of hexagonal pyramid, based on a 1,4-diselenane heterocy- tions in 2. Attempts at chemical doping have to date been
unsuccessful. TCNQ does not interact, while nitrosyl saltscle in boat conformation (Figure 2). The unique Se(1) atom

is at the top of the pyramid and is common to two 1,3- react too vigorously with extrusion of elemental selenium.
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to the latest IUPAC proposals for the nomenclature of fused andFigure 2. Molecular structure of 2; anisotropic displacement pa-

rameters depicting 50% probability; hydrogen atoms of methyl bridged fused ring systems and of spiro compounds.
groups have been omitted for clarity[a]

Experimental Section
General: All reactions were performed under argon by using

standard Schlenk techniques. THF was purified and dried accord-
ing to standard methods. KOtBu and elemental grey selenium were
obtained from Aldrich and Fluka, respectively. tBu2C5H4

[11] was
prepared as described previously. Flash chromatography was per-
formed on Merck silica gel (Type 60, 2302400 mesh ASTM) with
petroleum ether as eluent. 2 1H- and 13C-NMR spectra were re-
corded with a Bruker AC 200 spectrometer. 1H and 13C chemical
shifts are referred to solvent signals [CDCl3: (residual CHCl3):
δH 5 7.26; δC 5 77.7]. 2 Mass spectra were recorded with a Varian
CH-7 instrument.

Preparation of Compounds 1 and 2: KOtBu (3.72 g, 33.1 mmol)
was added to a solution of tBu2C5H4 (1.97 g, 11.1 mmol) in THF

[a]Selected bond lengths [A
˚

] and angles [°]: Se(1)2C(1) 1.979(3), (50 ml) at 230°C. After stirring the resulting suspension for 1 h at
Se(2)2C(2) 1.888(3), Se(2)2Se(1a) 1.990(3); C(1)2Se(1)2C(1a)

ambient temp., 2.63 g of grey selenium (33.3 mmol) was added and82.6(2), C(2)2Se(2)2C(1a) 89.56(13); interplane angle 57.6(1).
stirring was continued for a further 12 h. The solvent was then
removed in vacuo, 100 ml of petroleum ether was added, and the
resulting suspension was filtered through silica gel. Chromatogra-

Figure 3. Packing plot of 2 along the y axis phy afforded 0.13 g of tetra-tert-butylpentafulvalene (7%) as deep-
red crystals, 0.13 g of 1 (5%) as yellow crystals, and 1.28 g of 2
(39%) as yellow crystals. Single crystals of the air-stable com-
pounds 1 and 2 were obtained from Et2O/MeOH.

1: M.p. 1902191°C. 2 1H NMR (200 MHz, CDCl3): δ 5 1.11
(s, 9 H, 9-tBu), 1.22 (s, 18 H, 3,5-tBu), 1.37 (s, 9 H, 7-tBu), 3.27 (s,
2 H, 4,4-H), 5.94 [d, 4JHH 5 1.82 Hz, 1 H, 8-H], 6.28 [d, 4JHH 5

1.82 Hz, 2 H, 10-H]. 2 13C NMR (50 MHz, CDCl3): δ 5 29.9 [9-
C(CH3)3], 30.7 [3,5-C(CH3)3], 31.5 [3,5-C(CH3)3], 32.4 [7-C(CH3)3],
33.7 [9-C(CH3)3], 47.5 (4-C), 86.5 (6-C), 127 (8-C), 135 (10-C), 140
(3,5-C), 146 (1,2-C), 148 (9-C), 158 (7-C); 7-C(CH3)3 not observed.
2 EI MS (70 eV): m/z (%): 510 (100) [M1], 495 (10) [M1 2 Me]. 2

C26H40Se2 (510.50): calcd. C 61.17, H 7.90; found C 61.06, H 7.99.

2: M.p. 2112213°C. 2 1H NMR (200 MHz, CDCl3): δ 5 1.19
(s, 1JCH 5 18 Hz, 9 H, tBu), 1.40 (s, 1JCH 5 18 Hz, 9 H, tBu), 6.56
(s, 1JCH 5 18 Hz, 1 H, 4-H). 2 13C NMR (50 MHz, CDCl3): δ 5

29.9 [C(CH3)3], 32.6 [C(CH3)3], 35.1 [C(CH3)3], 92.1 (1-C), 131 (4-
C), 138 (5-C), 147 (2-C), 154 (3-C). 2 EI MS (70 eV): m/z (%): 588
(100) [M1], 573 (26) [M1 2 Me], 512 (21) [M1 2 Se]. 2 C26H38Se3

(587.44): calcd. C 53.16, H 6.52; found C 53.31, H 6.59.

Figure 4. Intrastack Se2Se interactions in 2 Solution and Refinement of Structures 1 and 2: Crystal data for
structures 1 and 2 are given in Table 1. Data were collected with a
Siemens P4 diffractometer with Mo-Kα (λ 5 0.71073 A

˚
) radiation

(graphite monochromator) using ω scans and were corrected for
Lorentz and polarization effects. An empirical absorption correc-
tion based on a series of ψ scans was applied. The structures were
solved by direct methods using SHELXS-86[12], and refined by a
full-matrix least-squares procedure on F2 using SHELXL-93[13].
The positions of the hydrogen atoms were calculated and were in-
cluded in the refinement with isotropic temperature parameters 1.2
or 1.5 times higher than Ueq of the carbon atom to which they
were attached. The methyl groups of tBu at C(3) and C(7) of 1 are
disordered by a rotation of 60° about the C2C(CH3)3 bond. The
ratios of the two possible orientations are almost 5:3 at C(3) and
4:1 at C(7). Figure 2 shows the methyl groups in the major position.
Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publicationWe thank Dr. L. Call, Institut für Organische Chemie der Uni-

versität Innsbruck, for his assistance in naming 1 and 2 according no. CCDC-101066. Copies of the data can be obtained free of
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Oligobipyridine ligands containing one or two imine bridges Titration of a mixture of the bis(bipyridine) and the
tris(bipyridine) ligands with silver(I) hexafluorophosphatewere found to form double helicates by treatment with

copper(I) or silver(I). The properties of the complexes are showed that helicates formed with strict self-recognition.
similar to those of oxapropylene-bridged oligobipyridines.

In recent years, the design and study of properties of ing amine and aldehyde functional groups in a reversible
reaction, thus opening the way to the design of a systemdouble and triple helical complexes organized by self-as-

sembly of two or three ligand strands and metal ions to the which might display self-generation and self-replicating
properties.so-called helicates have been subject to detailed investi-

gations. [1] [2] [3] [4] [5] [6] [7] [8] The architectural information is
found in the matching between the ligand binding sites and
the stereochemical preferences of the metal ion. Com-
plexation of oligo-bidentate strands with tetrahedrally or
octahedrally coordinating ions leads respectively to double
or triple helices[1] [2] [3] [4] [5][] [7] [8] [9]. On the other hand, oligo-
tridentate strands give double or triple helices with octa-
hedrally or nine coordinated ions[2] [3] [10] [11]. The helicate
formation with oligobipyridine ligands was found to occur
with positive cooperativity[12], self-recognition and self/non-
self-discrimination. [1] [9] In the case of oligobipyridine li-
gands, spacers are introduced which separate the different
metal-binding centers and dispose them in a suitable way
for formation of multinuclear complexes. The features
(length, flexibility, constitution) of the spacer separating the
2,29-bipyridines (bpy) should be such as to allow the helical
arrangement around metal ions but hinder the coordination
of several binding units to the same metal ion by back-
folding of the strand. Several spacers have been tested so

Synthesis of the Oligobipyridine Ligands 1 and 2
far, of which the oxapropylene bridge (CH22O2CH2) was
the most studied. [1] [2] [5] The analogous bridge The synthetic precursors for the formation of ligands 1

and 2 were all obtained from 6,69-dimethyl-2,29-bipyridine(CH22S2CH2) did not allow helicate formation perhaps
due to the competition of sulfur for CuI binding. [13] The 3 (Scheme 1). After radical NBS bromination to 4 followed

by amination with hexamethylene tetramine[17] [18] the sym-ethylene bridge (CH22CH2) permits helicate formation
with CuI[14] [15] whereas the unsaturated bridge (CH5CH) metrical diamine 5 was obtained. For the monosubstituted

precursors 10 and 11, another strategy proved to be moredoes not because of its rigidity. [16] In continuation of these
studies, we report here on the syntheses of two novel oligo- practical. Compound 3 was unsymmetrically functionalized

by N-oxidation with meta-chloroperbenzoic acid[19] fol-bipyridine strands 1 and 2 with imine bridges. These ligands
contain a rigid double bond and a nitrogen atom as poten- lowed by rearrangement to acetate 6 and hydrolysis to

monoalcohol 7, which, after activation as monomesylate 8,tially competing binding site, so that it has first to be shown
whether helicate formation does occur. This 2CH5N2 was converted into monobromide 9. [5] The monobromide 9

was then converted into the monoamine 10 with hexameth-bridge can easily be formed from monomer bpy units bear-
ylene tetramine. Alcohol 7 was also oxidized to monoal-
dehyde 11 under Swern conditions. The ligand synthesis[°} Present address: Biochemisches Institut der Universität Kiel,

Olshausenstr. 40, D-24098 Kiel. was completed by Schiff base formation between the
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monoaldehyde 11 and either monoamine 10 or diamine 5 of AgI. On further titration, this signal rapidly converges

into an A2 signal which is shifted upfield (ca 0.7 ppm) com-to form the dimer 1 or the trimer 2, respectively.
pared to the free ligand, indicating that a species different
from the helicate or the free ligand is formed. These obser-Scheme 1. Synthesis of the oligobipyridine ligands 1 and 2
vations can be explained by dissociation of the helicate
structure and fast ligand exchange with the complex(es)
formed. This agrees with the following observations: (1) in
the new species, the methylene protons give again only an
A2 signal; (2) the imine proton is no longer shielded by the
pyridine rings of the second strand, indeed a singlet at δ 5
8.35 appears which can be assigned to the imine proton; (3)
on further addition of AgI the spectrum does not change.

Spectral and Thermodynamic Properties of the Copper(I)
Helicates

The UV spectra of the colorless ligands 1 and 2 in di-
chloromethane as well as their monomers 5, 10, and 11 dis-
play two intense absorptions around 240 nm and 300 nm
attributed to π2Rπ* and π1Rπ* by comparison with 2,29-
bipyridine. [20] Upon complexation with CuI ions, the
π2Rπ* band is split into several bands and the π1Rπ* band
is slightly red-shifted. Most significant is the appearance of
a new band near 450 nm, which is responsible for the red
color of the complexes. It can be assigned to MLCTFormation of the Helicates 1-H and 2-H with AgI

(CuIRπ*) transitions typical for pseudotetrahedral
The helicate complexes of ligands 1 and 2 were formed in [Cu(a,a9-diimine)2]1 chromophores. [21]

situ by stoichiometric addition of the AgI salt to the ligands
dissolved in CD2Cl2 with a minimal amount of CD3CN.

Figure 1. UV spectra for the titration of the bis(bipyridine) ligandTheir helical structure was proved by 500-MHz NMR and 1 with [Cu(CH3CN)4](PF6) in dichloromethane; the amount of salt
added increases from 1 to 192-dimensional H,H-correlated 1H-NMR spectroscopy

(COSY). In line with earlier observations[1] [5] helicate for-
mation results in characteristic changes in the NMR spec-
trum compared to that of the free ligands 1 and 2. Shifts
to lower δ values are observed for the methylene, imine, and
methyl protons in the range of δ 5 0.620.8. As a result of
helicate formation, the singlet for the methylene protons of
the free ligand is split into an AB system (J ø 18 Hz) be-
cause these protons are no longer equivalent in the com-
plex. Furthermore, the singlet for the imine proton is also
shifted to smaller δ values and now overlaps with the sig-
nals of the aromatic ring protons (compare Figure 3).

The self-assembly of the silver(I) helicates 1-H and 2-H
was investigated by NMR titration experiments, which were
performed by progressively adding a solution of AgPF6 in
CD2Cl2/CD3CN (1:1) to a solution of the ligand in CD2Cl2
(spectra not shown, compare Figure 3). For trimer 2, the
following changes in the NMR spectrum were observed.
Immediately after addition of only 0.28 equiv. of AgI with
respect to binding sites, the A2 system of the methylene pro-
tons splits into an AB system typical for helicity. Also, the Figure 1 displays the UV spectra of the titration of dimer

1 with [Cu(CH3CN)4](PF6). Two isosbestic points can bearomatic peaks are significantly shifted up-field. With
further addition of AgI, the AB pattern is still present, and distinguished at 299 nm and 273 nm. This indicates that

either only two main products exist in solution or thateven with an excess of AgI the helix is not destroyed. The
dimer helicate is not as stable as the trimer helicate. Ti- eventual intermediates have the same molar extinction coef-

ficient ε. With increasing CuI concentration, the bands fortrations of dimer 1 with AgPF6 solution show that in the
range of 0.220.9 equiv. of AgI added, the spectrum only the πRπ* transitions are red-shifted because of complex

formation. The absorbance diagram (not shown) for theconsists of broad signals resulting from fast exchanges. The
AB system only appears after addition of exactly one equiv. MLCT band indicates that the final level is reached at a

Eur. J. Inorg. Chem. 1998, 9772982978
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Figure 3. 200-MHz 1H-NMR spectra for the titration of ligands 1ratio cM/cL 5 1, which corresponds to equivalency for helic-
and 2 in CD2Cl2 with AgPF6 in CD2Cl2/CD3CN (1:1); signals as-ate formation.
cribed to the dimer are identified by 1, those of the trimer by 2;

The data obtained from the titration spectra were used the following equivalents of AgI were added: A2E: 0, 0.2, 0.61,
0.75, 1 equiv. with respect to bipyridine binding sitesfor the determination of the binding constants with the LE-

TAGROP-SPEFO program.[12a] This program allows the
calculation of the binding constants βml for each species
MmLl of a proposed model in a non-linear best fit of spec-
trophotometric data. For the dimer, the following equilibria
should be considered:

M 1 L v ML
ML 1 L v ML2

ML2 1 M v M2L2

The first equilibrium was neglected as its inclusion did
not yield satisfactory results. This is reasonable since the
formation of a 1:1 complex is unlikely for steric reasons.
The log βml values calculated are in good agreement with
those determined for a 4,49-substituted dimer: [22]

log β12 5 9.1 M 1 2 L v ML2

log β22 5 13.05 2 M 1 2 L v M2L2

Titration spectra for the trimer 2 are given in Figure 2.
An isosbestic point is found at 273 nm. It should be noted
that the absorbance at 450 nm first increases with the con-
centration of CuI as the trimer helicate is formed, but with
an excess of more than 1.35 equiv. of CuI, it sinks again
indicating the destruction of the helicate. This differs from
the results obtained for NMR titrations with AgI (see
above) and may be related to the higher stability of CuI

versus AgI helicates. The ε value of the π1Rπ* transition
decreases much more than in the case of the dimer, and a
shoulder develops at 313 nm.

Figure 2. UV spectra for the titration of the tris(bipyridine) ligand
2 with [Cu(CH3CN)4](PF6) in dichloromethane; the amount of salt

added increases from 1 to 19

Self-Recognition in the Self-Assembly of the Helicates 1-H
and 2-H

It has been found earlier that helicate formation from
mixtures of oligobipyridine ligands occurs with self-recog-
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yl)-69-methyl-2,29-bipyridine (9) [28] were prepared according to lit-nition, each strand assembling with an identical partner. [9]

erature procedures. Crude monoalcohol 7 was further purified byIn order to investigate whether this was also the case with
chromatography [alumina; A: dichloromethane; B: dichlorometh-the present ligands 1 and 2, we performed a competition
ane/2% methanol; elution procedure: 700 ml of A, followed by 400experiment by titrating mixtures of the two compounds. In
ml of A/B (3:1), followed by 300 ml of A/B (2:1)]. In some cases,a vernier mechanism[9] [23], two complementary components
crude 7 was partitioned between water (pH 5 223) and chloro-

differing in length aggregate to give linear side-by-side ad- form/hexane (1:1). The water phase containing 7 was neutralized
ducts; growth may then continue until the tips of the adjac- with NaHCO3 and extracted with chloroform. The organic layer
ent aggregates are in register. According to this model, an was then dried with Na2SO4 and concentrated.
aggregate of 2 trimers, 3 dimers, and 6 AgI ions would form,

Bis(bipyridine) Ligand 1: 30 mg (0.15 mmol) of monoamine 10whereas self-recognition of identical ligands leads to two
was suspended in 1 ml of acetonitrile. A solution of 30 mg (0.15individual helicate species. A mixture of 1.5 equiv. of dimer
mmol) of monoaldehyde 11 in 1 ml of acetonitrile was added

1 and 1 equiv. of trimer 2 in CD2Cl2 was titrated with a slowly. Immediately, a white precipitate formed. The mixture was
solution of AgPF6 in CD2Cl2/CD3CN (1:1) and the ti- stirred at room temp. under argon for 2 h. The white precipitate
tration was followed by recording the 200-MHz 1H-NMR was centrifuged off, washed with acetonitrile, again centrifuged,
spectra (Figure 3). In agreement with titrations of the indi- and dried under vacuum yielding 46 mg of 1 (0.12 mmol, 80%) as

a white solid, m.p. 1812182°C. 2 C24H21N5 (379.18): calcd. Cvidual ligands, the singlet for the methylene protons col-
75.97, H 5.58, N 18.46; found C 76.22, H 5.83. 2 FAB-MS: m/zlapsed to a broad signal immediately after addition of AgI.
calcd. for M1: 379.18; found for MH1: 380.1; EI-MS: M1: 379.2.At low salt concentration, all signals were broad and badly
2 1H NMR (500 MHz, CD2Cl2): δ 5 8.69 (s, 1 H, imine-H), 8.48resolved due to fast exchange. After addition of ca. 0.5
(d, 1 H, aromatic-3II), 8.33 (d, 1 H, aromatic-3III), 8.30 (d, 1 H,equiv. AgI per binding site, helicate formation can be antici-
aromatic-3I), 8.26 (d, 1 H, aromatic-3IV) 8.11 (d, 1 H, aromatic-pated, and indeed with 0.6 equiv. AgI added, two individual
5II), 7.89 (t, 1 H, aromatic-4II), 7.82 (t, 1 H, aromatic-4III), 7.73 (t,

AB systems corresponding to the dimer and trimer helicates 1 H, aromatic-4I), 7.70 (t, 1 H, aromatic-4IV), 7.44 (d, 1 H, aro-
were clearly resolved. These titration NMR spectra (Figure matic-5III), 7.21 (d, 1 H, aromatic-5I), 7.18 (d, 1 H, aromatic-5IV),
3) combine the features of the individual titration spectra 5.09 (s, 2 H, CH2), 2.61 (s, 3 H, CH3), 2.60 (s, 3 H, CH93). 2 13C
indicating strict self-recognition as no new species are NMR (50.3 MHz, CDCl3): δ 5 164.64 (imine-C), 158.38, 158.11,

157.95, 156.30, 156.12, 155.27, 154.13, (8 C-C); 137.55, 137.49,found. A polymer resulting from the vernier mechanism
137.21, 137.11, 123.55, 123.29, 122.41, 122.16, 121.02, 119.62,would be destabilised by steric interaction in the center of
118.40, 118.26 (12 C-H); 66.78 (CH2); 24.76 (CH3). 2 UV/Vis di-the structure between the methyl groups. On the other
chloromethane/acetonitrile (2:1)]: λmax (lg ε) 5 290 nm (4.55), 233hand, its formation is entropically disfavored as the number
(4.46); shoulder (lg ε) 5 301 nm (4.41), 246 nm (4.30).of particles formed is smaller than in the case of a mixture

of helicates. This agrees with the previous results where self- Tris(bipyridine) Ligand 2: 50 mg (0.23 mmol) of diamine 5 was
suspended in 2 ml of acetonitrile. A solution of 93 mg (0.47 mmol)recognition in helicate formation with (CH22O2CH2)-
of monoaldehyde 11, dissolved in 3 ml of acetonitrile, was added.bridged oligobipyridine ligands was observed.[9] The ability
The mixture was stirred for 2 h under argon at room temp. Theto form helicates as well as to perform self-recognition
white precipitate was centrifuged off, washed with acetonitrile,make imine-bridged oligobipyridine strands potential can-
again centrifuged and dried under vacuum yielding 96 mg of 2didates for setting up systems displaying self-generation and
(0.17 mmol, 72%) as a white solid, m.p. 1862188°C. 2 C36H30N8self-replication processes. [29]
(574.69): calcd. C 75.24, H 5.26, N 19.50; found C 74.21, H 5.25,

We thank the Alexander von Humboldt Stiftung for a Feodor N 19.50. 2 FAB-MS: m/z calcd. for M1: 574.3; found for MH1:
Lynen stipend to R. S. as well as the CNRS (URA422) and the 575.1. 2 1H NMR (500 MHz, CD2Cl2): δ 5 8.70 (s, 2 H, imine-
Collège de France for financial support. We are also grateful to H), 8.49 (dd, 2 H, aromatic-3II), 8.39 (d, 2 H, aromatic-3III), 8.31
Dr. Annie Marquis for her help in some experiments and measure- (d, 2 H, aromatic-3I), 8.12 (dd, 2 H, aromatic-5II), 7.90 (t, 2 H,
ments and for the binding constants computations. aromatic-4II), 7.84 (t, 2 H, aromatic-4III), 7.74 (t, 2 H, aromatic-

4I), 7.47 (d, 2 H, aromatic-5III), 7.21 (d, 2 H, aromatic-5I), 5.11 (d,
4 H, CH2), 2.62 (s, 6 H, CH3). 2 13C NMR (50.3 MHz, CDCl3):Experimental Section
δ 5 164.67 (imine-C), 158.34 (C-C), 137.49, 137.18, 123.52, 122.41,

General: All solvents were freshly distilled: chloroform from 122.29, 121.00, 119.72, 118.25 (C-H), 66.74 (CH2), 24.72 (CH3).
CaCl2; acetonitrile and DMSO from CaH2; dichloromethane, CCl4 UV/Vis (dichloromethane): λmax (lg ε) 5 291 nm (4.68); shoulder
and TEA from P2O5; toluene from Na; THF from Na/benzo- (lg ε) 5 303 nm (4.55), 247 (4.50).
phenone. Ethyl acetate and solvents used for imine syntheses and
UV experiments were filtered through basic alumina before use. 6-Aminomethyl-69-methyl-2,29-bipyridine (10): 0.81 g (5.8 mmol)

of hexamethylenetetramine was stirred at 40°C in 12 ml of chloro-Reagents were used without further purification unless otherwise
noted. AgPF6 was obtained from Merck. [Cu(CH3CN)4]PF6, form until everything was dissolved. A solution of 1.32 g (5.6

mmol) of 6-(bromomethyl)-69-methyl-2,29-bipyridine (9) in 10 ml[Cu(CH3CN)4]BF4 and [Cu(CH3CN)4]ClO4 were prepared accord-
ing to a literature procedure. [24] 2 M.p. (uncorrected): Digital melt- of chloroform was added slowly. A white precipitate formed im-

mediately. The addition funnel was washed with 3 ml of chloroforming-point apparatus (Electrothermal). 2 UV/Vis: Cary 13 spec-
trometer. 2 NMR: Bruker AC-200 and Bruker ARX 500; chemical and the mixture was refluxed for 2 h. After cooling to room temp.,

the precipitate was filtered and dried. The solid was refluxed for 2shifts in ppm rel. to TMS (δ 5 0). 2 6-Bromo-2-picoline[25], 6,69-
dimethyl-2,29-bipyridine[26] (3), 6,69-bis(bromomethyl)-2,29-bipyri- h at 70°C with a mixture of 11 ml of ethanol, 1.5 ml of water, and

1.5 ml of conc. HCl. The solution was left in a refrigerator over-dine (4) [27], 6,69-bis(aminomethyl)-2,29-bipyridine (5) [18], 6-
(hydroxymethyl)-69-methyl-2,29-bipyridine (7) [19], 6-(bromometh- night. The precipitate was filtered off, the filtrate was concentrated
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to give more precipitate. The solids were dried under vacuum, redis- 4IV), 7.99 (d, 1 H, aromatic-3I), ca. 7.90 (d, 1 H, aromatic-3II), ca.

7.87 (t, 1 H, aromatic-4II), ca. 7.82 (d, 1 H, aromatic-3III), ca. 7.81solved in a minimal amount of water and adjusted to pH 5 13 with
6  NaOH. The water phase was extracted with dichloromethane (3 (t, 1 H, aromatic-4I), 7.52 (t, 1 H, aromatic-4III), 7.36 (d, 1 H,

aromatic-5II), 7.21 (d, 1 H, aromatic-5I), 7.16 (d, 1 H, aromatic-3 50 ml), the organic phase was dried with Na2SO4, concentrated
and dried under vacuum yielding 0.33 g 10 (1.7 mmol, 30%) as a 5IV), 6.84 (d, 1 H, aromatic-5III), 4.46 (d, 1 H, CH2), 4.17 (d, 1 H,

CH92), 2.33 (s, 6 H, CH3). 2 FAB-MS: calcd. for [Ag2(1)2](PF6)1:yellow solid. 2 TLC (Al2O3; dichloromethane/2% methanol): Rf 5

0.10. 2 1H NMR (200 MHz, CDCl3): δ 5 8.28 (d, 1 H, aromatic 1117.1; found: 1118.7; calcd. for [Ag2(1)2]21: 972.1; found: 973.8.
H), 8.24 (d, 1 H, aromatic H), 7.76 (t, 1 H, aromatic H), 7.69 (t, 1 [Ag2(1)2](Tf)2: 1H NMR (200 MHz, CD2Cl2): δ 5 8.20 (d, 1
H, aromatic H), 7.25 (d, 1 H, aromatic H) 7.16 (d, 1 H, aromatic H, aromatic-3IV), ca. 8.01 (m, 3 H, aromatic H/imine-H), ca. 7.87
H), 4.04 (s, 2 H, CH2), 2.63 (s, 3 H, CH3), 1.73 (s, NH2). 2 UV/ (m, 4 H, aromatic H), 7.52 (t, 1 H, aromatic-4III), 7.42 (d, 1 H,
Vis (dichloromethane): λmax (lg ε) 5 239 nm (4.13), 292 (4.34); aromatic-5II), 7.20 (d, 1 H, aromatic-5I), 7.15 (d, 1 H, aromatic-
shoulder (lg ε) 5 245 nm (4.11), 283 (4.27), 301 (4.20). 5IV), 6.84 (d, 1 H, aromatic-5III), 4.47 (d, 1 H, CH2), 4.15 (d, 1 H,

6-Methyl-2,29-bipyridine-69-carbaldehyde (11): A solution of 2.5 CH92), 2.34 (s, 6 H, CH3).
ml of freshly distilled oxalyl chloride in 30 ml of dichloromethane

Complexes of the Tris(bipyridine) Ligand 2was cooled to 260°C. A mixture of 1.5 ml of DMSO in 6 ml of
dichloromethane was added in 10 min and it was stirred for another [Cu3(2)2](ClO4)3: UV/Vis (dichloromethane): λmax (lg ε) 5 450
10 min at 260°C. A solution of 1.48 g of highly purified 6-hydroxy- nm (3.78), 302 (4.71); shoulder (lg ε) 5 313 nm (4.66), 260 (4.68).
methyl-69-methyl-2,29-bipyridine (7) in 12 ml of dichloromethane 2 FAB-MS: calcd. for M1 (C72H60Cl3Cu3N16O8): 1634.15; found
was added slowly, keeping the temperature at 260°C. The mixture 1638.2. 2 1H NMR [200 MHz, CD2Cl2/CD3CN (1:1)]: δ 5 ca. 8.49
was stirred for 30 min at that temperature. Then, 7.5 ml of TEA (d, aromatic H), ca. 8.14 (m, aromatic H), ca. 8.00 (m, aromatic
was added slowly. After the addition was complete, the mixture was H), ca. 7.88 (m, aromatic H), 7.62 (t, aromatic H) 7.51 (m, aromatic
warmed up to room temp. and 30 min later 60 ml of water was H), 7.32 (t, aromatic H), 7.16 (d, aromatic H), 7.00 (d, aromatic H),
added. The organic phase was separated and the water was ex- 6.81 (d, aromatic H), 4.12 (d, CH2), 3.98 (d, CH92), 1.95 (s, CH3).
tracted with dichloromethane (2 3 40 ml). The combined organic

[Cu3(2)2](PF6)3: UV/Vis (dichloromethane): λmax (lg ε) 5 451phases were washed with 50 ml of brine, dried with Na2SO4, and
nm (4.03)ł 302 (4.80), 231 (4.87); shoulder (lg ε) 5 313 nm (4.75),concentrated. The residue was chromatographed [silica gel (2 3 14
260 (4.74).cm); A: dichloromethane; B: dichloromethane/2% TEA/2% meth-

anol; elution procedure: 300 ml of A followed by 200 ml of A/B [Ag3(2)2](PF6)3: 1H NMR (500 MHz, CD2Cl2): 8.07 (d, 1 H,
(9:1)]. Recrystallization from ethanol gave 0.31 g of 11 (1.56 mmol, aromatic-3I), 7.93 (s, 1 H, imine-H), ca. 7.88 (t, 1 H, aromatic-4I),
21%), cream colored solid, m.p. 1352136°C. 2 TLC (Al2O3; di- 7.86 (d, 1 H, aromatic-3II), 7.65 (t, 1 H, aromatic-4II), ca. 7.61 (d,
chloromethane/1% methanol): Rf 5 0.66. 2 1H NMR (200 MHz, 1 H, aromatic-3III), 7.47 (t, 1 H, aromatic-4III), 7.13 (d, 1 H, aro-
CDCl3): δ 5 10.16 (s, 1 H, CHO), 8.68 (dd, 1 H, aromatic H), 8.34 matic-5II), 7.02 (d, 1 H, aromatic-5I), 6.74 (d, 1 H, aromatic-5III),
(d, 1 H, aromatic H), 7.98 (m, 2 H, aromatic H), 7.75 (t, 1 H, 4.44 (d, 1 H, CH2), 4.32 (dd, 1 H, CH92), ca. 1.96 (s, 6 H, CH3,).
aromatic H), 7.22 (d, 1 H, aromatic H), 2.66 (s, 3 H, CH3). 2 UV/ 2 FAB-MS: calcd. for [Ag3(2)2](PF6)2

1: 1762.9, found: 1763.1;
Vis (dichloromethane): λmax (lg ε) 5 287 nm (4.08), 229 (4.15); calcd. for {[Ag3(2)2](PF6)}21: 1614.2, found: 1617.2; calcd. for
shoulder (lg ε) 5 299 nm (3.92), 253 (3.86). [Ag3(2)2]31: 1469.2, found: 1471.2.

General Procedure for the Preparation of the Helicate Complexes: Titration of Ligand 1 with AgI: 2 mg of dimer 1 (5.3 µmol) was
Solvents were freshly distilled and filtered through a column of weighed into an NMR tube and dissolved in 0.5 ml of CD2Cl2..
basic alumina and molcular sieves (4 A

˚
) before use. Copper(I) salts The solution was then titrated with a 0.125  AgPF6 solution.

and silver(I) salts were dissolved in dichloromethane/acetonitrile NMR spectra were recorded with 70 scans after addition of 7 µl
(1:1). They were stable in solution for several weeks. Complexes (0.17 equiv.), 14 µl (0.33 equiv.), 19 µl (0.45 equiv.), 24 µl (0.57
were prepared by mixing a solution of the ligand in dichlorometh- equiv.), 31 µl (0.74 equiv.), 37 µl (0.88 equiv.), 42 µl (1 equiv.), 47
ane and adding the proper amount of salt solution (usually 0.5 µl (1.12 equiv.), 52 µl (1.24 equiv.), 57 µl (1.36 equiv.) 63 µl (1.5
equivalents per binding site). The complexes were characterized by equiv.), 70 µl (1.67 equiv.), 80 µl (1.91 equiv.), 90 µl (2.15 equiv.),
UV and NMR. 100 µl (2.39 equiv.), 110 µl (2.63 equiv.) and 130 µl (3.11 equiv.) of

the AgI solution. Equivalents refer to mols of binding site.
Complexes of the Bis(bipyridine) Ligand 1

Titration of Ligand 2 with AgI: 4.8 mg of trimer 2 (8.4 µmol) was
[Cu2(1)2](ClO4)2: UV/Vis (dichloromethane): λmax (lg ε) 5 450 weighed into an NMR tube and dissolved in 0.5 ml CD2Cl2. A

nm (3.81), 302 (4.74), 263 (4.62); shoulder (lg ε) 5 317 nm (4.62). solution of AgTf in CD3CN (78 m) was prepared. NMR spectra
2 FAB-MS: calcd. for C48H42ClCu2N10O4: 983.17; found for (200 MHz) were recorded with 50 scans after addition of 30 µl (0.28
{[Cu2(1)2](ClO4)}1: 985.2. 2 1H NMR (200 MHz, CD2Cl2): δ 5 equiv.), 45 µl (0.42 equiv.), 60 µl (0.56 equiv.), 75 µl (0.7 equiv.), 100
8.55 (d, 1 H, aromatic H), 8.47 (d, 1 H, aromatic H), 8.41 (d, 1 H, µl (0.84 equiv.), 130 µl (1.12 equiv.), 150 µl (1.31 equiv.), 170 µl
aromatic H), 8.24 (d, 1 H, aromatic H), 8.19 (t, 1 H, aromatic H), (1.50 equiv.), 185 µl (1.64 equiv.) and 205 µl (1.83 equiv.) of the
8.08 (t, 1 H, aromatic H), 7.96 (t, 1 H, aromatic H), 7.62 (m, 2 H, AgI solution. Equivalents refer to mols of binding site.
aromatic H), 7.49 (t, 1 H, aromatic H), 7.36 (d, 1 H, aromatic H),

Competition Experiment: 2 mg of dimer 1 (5.3 µmol) and 2 mg6.90 (d, 1 H, aromatic H), 4.57 (dd, 1 H, CH2), 4.32 (dd, 1 H,
of trimer 2 (3.5 µmol) corresponding to 21.1 µmol binding sitesCH92), 2.15 (s, 3 H, CH3), 1.88 (s, 3 H, CH93).
were given into an NMR tube and dissolved in 0.75 ml of CD2Cl2.

[Cu2(1)2](PF6)2: UV/Vis (dichloromethane): λmax (lg ε) 5 451 The solution was then titrated with a 0.125  AgPF6 solution.
nm (4.01), 301 (4.84), 267 (4.68), 231 (4.77); shoulder (lg ε) 5 317 NMR spectra were recorded with 70 scans after addition of suc-
nm (4.66). cessive amounts of AgI solution from 7 µl (0.042 equiv.) to 207 µl

(1.23 equiv.) in 7210 µl aliquots. Equivalents refer to mols of bind-[Ag2(1)2](PF6)2: 1H NMR (500 MHz, CD2Cl2): δ 5 8.19 (d, 1
H, aromatic-3IV), 8.01 (s, 1 H, imine-H), ca. 8.01 (t, 1 H, aromatic- ing site, so helicity should be complete after addition of 0.5 equiv.
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2,2-Dichloro-1,3-dichalcogena-2-telluroles of sulfur and phase. The most abundant fragmentation channel at the
neutral and cationic stages is due to loss of atomic telluriumselenium, C6H4[XTe(Cl)2Y] with X, Y = S, Se, serve as

precursors to generate the cation radicals of 1,3- to afford the corresponding benzo-1,2-dichalcogena-
cyclobutenes. For the latter, partial isomerization to thedichalcogena-2-telluroles C6H4[XTeY]+• as well as the

corresponding neutral counterparts by means of related dichalcogena-ortho-quinones is indicated by the
mass-spectrometric fragmentation pattern.neutralization-reionization mass spectrometry. These neutral

2-telluroles are intrinsically stable for at least 1 µs in the gas

Fused aromatic ring systems comprise a huge body of chloride, while weak isotope patterns for the monochloro
derivatives were observed.heterocyclic chemistry including several natural products,

e.g. indole derivatives. Heterocycles containing chalcogens
Scheme 2are of particular relevance in redox processes, but knowl-

edge about heteroindenes with several chalcogenes directly
attached to each other is limited[1]. In particular, benzo-
dichalcogena-2-telluroles, viz. 1,3-dichalcogena-2-tellurain-
denes, have not been isolated so far.

The metastable ion (MI) and collisional activation (CA)Scheme 1
mass spectra of the cation radicals 11•231• (Table 1) are
dominated by loss of atomic tellurium (∆m 5 130) yielding
the corresponding C6H4XY1• cations (X, Y 5 S, Se), while
loss of neutral C6H4XY concomitant with Te1• is hardly
observed. Location of the positive charge on the organic
fragment can be accounted for by the fact that already the

In this contribution, we describe the generation of the dithiete C6H4S2 has an ionization energy (IE) of ca. 8.2
ionized and neutral 1,3-dichalcogena-2-telluroles 123 eV[3] which is significantly lower than that of atomic Te
(Scheme 1) by means of neutralization-reionization mass (IE 5 9.0 eV)[4]; thiaselenete C6H4SSe and diselenete
spectrometry (NR)[2]. C6H4Se2 are expected to have IEs even lower than 8.2 eV.

Additional fragmentation channels of the cation radicals
are due to bond cleavages involving the other chalcogeneResults and Discussion
atoms, while degradation of the hydrocarbon backbone is
negligible. Interestingly, also losses of the chalcogene dimersThe cation radicals of the 1,3-dichalcogena-2-telluroles

123 are readily formed upon electron ionization (EI) of the S2, SeS, Se2, TeS, and TeSe, respectively, are observed to
some extent. The three former of these fragments indicatecorresponding 2,2-dichlorides, as shown in Scheme 2 for

the dithia compound. The ease of one-electron oxidation of the possible occurrence of some rearrangements prior to
fragmentation because the connectivities of these diatomic1,2,3-trichalcogenoles has been demonstrated previously, [1]

but the mass spectra do not reveal whether two chlorine entities are not contained in the precursor molecules (see
below).atoms or molecular chlorine is lost from the precursors

upon ionization. Thermal dechlorination appears unlikely, In neutralization-reionization (NR) mass spectrometry,
fast-moving ions are subjected to a double-collision eventhowever, because Cl2

1• is hardly observed in the EI mass
spectra. None of the precursors yields a significant signal in which first the ion is neutralized, then any remaining ions

are deflected, and subsequently the neutrals are reionizedfor the respective molecular ion of the corresponding di-
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Table 1. Mass differences (∆m in amu) in metastable ion (MI) and collisional activation (CA) mass spectra of 11•231• (data are given

as percentages of the base peak)[a]

∆m (amu)[b] 232 264 280 2108 2112 2130 2156 2160 2162 2194
neutral lost[c] S S2 Se C6H4S SeS Te C6H4Se Se2 TeS TeS2

11• MI 3 100
CA 3 10 5 100 8 2 1

21• MI 4 100 1
CA 2 12 15 8 100 3 4

31• MI 10 100 3
CA 15 100 8 3

[a] For the sake of clarity in the MI spectra intensities of less than 1% are omitted, and for the CA spectra only the leading fragments
are given. 2 [b] All data refer to the most abundant isotopes 32S, 80Se, and 130Te, respectively. 2 [c] Some of the neutrals may also arise
from multiple fragmentations, e.g. ∆m 5 206 may either correspond to loss of intact C6H4Te or to consecutive losses of Te and C6H4.

Figure 1. NR mass-spectra (trimethylamine/O2, both 80% T) ofto allow for conventional mass-spectrometric detection[2].
B(1)-mass-selected C6H4{XTeY}1• cation radicals generated byOften, xenon is used as a collision gas for the neutralization
electron ionization of (a) C6H4{STe(Cl)2S}, (b) C6H4{STe(Cl)2Se},

of cations having kinetic energies in the keV range. For and (c) C6H4{SeTe(Cl)2Se}
11•231•, however, no recovery signals due to the reionized
neutrals 123 are detectable when xenon is used for neu-
tralization of the cation radicals, while recovery signals are
observed when other collision gases are used. Target gas
effects in NR mass spectrometry have been analyzed by
Holmes[5] and have been associated with the thermochemis-
try of the neutralization step. In analogy to other heteroin-
denes, we can certainly estimate that the ionization energies
of 123 are below 8 eV. Thus, due to the high ionization
energy (IE) of xenon (12.1 eV), electron transfer from
xenon to the cation radicals 11•231• is highly endothermic
and requires a large amount of energy transfer in the colli-
sion. As a consequence, the Franck2Condon factors for
neutralization are unfavorable and fragments prevail the
NR mass spectra instead. Therefore, we have examined
some other collision gases for which electron transfer to the
cation radicals 11•231• is less endothermic, and the best
results were obtained using cyclopropane (IE 5 9.9 eV) and
trimethylamine (IE 5 7.8 eV), respectively.

The NR spectrum of 11• is dominated by signals due to
Te1• and TeS1• (Figure 1a), but an unambiguous signal
due to the reionized neutral parent is also detected. Simi-
larly, recovery signals for the reionized neutral counterparts
are present in the NR spectra of 21• and 31• along with
Te1•, TeS1•, and TeSe1• fragments (Figures 1b and 1c).
The mere observation of the recovery signals implies that
in the gas phase the neutral 1,3-dichalcogena-2-telluroles
123 correspond to stable species which can survive the

One particular series of fragments in the NR spectraflight time between the neutralization and the reionization
should, however, be discussed in some more detail. Thus,events (about 1 µs). Although this time interval appears to
the CA and NR spectra of 11•231• show weak, but yetbe short, these telluroles can be considered as being long-
distinct signals due to the S2

1•, SeS1•, and Se2
1•, respec-lived as far as unimolecular processes are concerned, be-

tively, which are not in keeping with the proposed connec-cause the microsecond range is likely to allow for energy
tivities, because these do not contain S2S, Se2S, anddistribution over all internal modes. In addition to the re-
Se2Se bonds, respectively. The most pronounced signal incovery signals, several fragment ions are observed which are
this respect is the Se2

1• fragment in the NR spectrum ofin accord with the structures 123 as deduced from the con-
33

1• (Figure 1c).nectivities of the corresponding 2,2-dichlorides used as pre-
Conceptually, there exist at least two possible scenarioscursors. Note that the weak, but yet significant loss of

2 occurring either at the cationic or the neutral stage 2atomic Se in Figure 1c points toward the formation of the
hitherto unknown benzoselenatellurete, C6H4SeTe, from 3. which can account for this result. Route as involves re-
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arrangement of the 2-telluroles (X, Y 5 S, Se) to the corre- give rise to the corresponding signals due to formation of
sponding 1-telluroles 4 and subsequent formation of XY. In XY according to route bs in Scheme 3.
contrast, route bs involves a stepwise fragmentation in Neutral benzodithiete C6H4S2 has previously been exam-
which first atomic tellurium is lost to yield the dichalcog- ined by matrix isolation methods as well as photoelectron
eno-ortho-quinones 5 which may rearrange via X2Y bond spectroscopy[3] [6]. These studies have provided strong evi-
formation to bicyclic 6 from which XY can subsequently be dence for the existence of benzodithiete (6; X, Y 5 S),
formed. In order to get a handle for the distinction of these whereas contribution of the dithioquinone structure 5 (X,
routes, we have examined the C6H4XY1• cation radicals (X, Y 5 S) was excluded[7]. Similarly, several substituted 1,2-
Y 5 S, Se) which are also formed upon electron ionization dichalcogenacyclobutenes of sulfur and/or selenium have
of the dichloro telluroles used as precursors for 11•231•. been characterized by various means[8] [9]. Nevertheless,

trapping reactions of dithiete with appropriate dienophiles
Scheme 3

led to cycloaddition products consistent with the formation
of transient 5 (X, Y 5 S)[3].

Qualitatively, the NR spectra lead to a similar conclusion
in that formation of the dichalcogenes XY is consistent
with 6, while the signals due to CS and/or CSe losses point
towards 5. Thus, for C6H4S2

1• (Figure 2a), the loss of neu-
tral CS and the complementary signal due to reionized CS
can be considered to be indicative for the quinone structure
5 (X, Y 5 S), while the S2

1• fragment is in keeping with
structure 6. The ratios of the corresponding (CX 1 CY)Figure 2. NR mass-spectra (cyclopropane/O2, both 80% T) of B(1)-

mass-selected C6H4XY1• cation radicals generated by electron io- versus XY fragments decrease from ca. 3:1 for X, Y 5 S
nization of (a) C6H4{STe(Cl)2S}, (b) C6H4{STe(Cl)2Se}, and (c)

(Figure 2a), to about 1:1 for X 5 S, Y 5 Se (Figure 2b)C6H4{SeTe(Cl)2Se}
and ca. 1:8 for X, Y 5 Se (Figure 2c). This trend can be
interpreted in the sense that the bicyclic structure 6 is fav-
ored over 5 the more Se is incorporated. Moreover, the in-
creasing abundance of the XY fragments going from X,
Y 5 S to X, Y 5 Se provides a rationale for the XY1•

signals in the NR spectra of 11•231• by involving route in
Scheme 3. In fact, the low-mass parts of the NR spectra
shown in Figure 1 can by and large be represented by a
superposition of the NR spectra of the C6H4XY fragments
with that of atomic Te.

In order to distinguish at which stage of the experiment
formation of XY from C6H4XY takes place, we subjected
C6H4Se2 to some additional experiments because the corre-
sponding fragment Se2

1• is most pronounced in Figure 1c.
In the MI spectrum of C6H4Se2

1•, loss of atomic Se leading
to C6H4Se1• is observed almost exclusively (100%). Forma-
tion of Se2

1•, as the only other fragment, is very minor
(3%) and may be due to collisional activation with residual
gas in the high-vacuum device. In fact, the 100:3 ratio of
C6H4Se1• and Se2

1• becomes 100:30 upon collisional acti-
vation; in addition, a series of other fragments is formed
among which C6H4

1• is most intense (8%). Accordingly,
the fragmentation of the cation via route bs in Scheme 3 can
in part account for the Se2

1• signal in the NR spectrum of
31•, but nevertheless, the cation route cannot be a major
route because otherwise also C6H4Se1• must be much more
intense. Accordingly, isomerization via route asof Scheme
3 can only be neglected, if Se2 can be formed at the neutralBesides sizable recovery signals, the NR spectra of these

C6H4XY1• ions show numerous fragments. In fact, the par- stage. Conventional mass spectrometry cannot provide dis-
tinct information about the neutral9s reactivity, but someticularly rich fragmentation pattern in the NR spectrum of

C6H4S2
1• (Figure 2a) can account for the seemingly noisy variants of the NR method can be applied[10d]. One of the

most sensitive and also straightforward approaches in thislow-mass region in the NR spectrum of 11• (Figure 1a) in
that this is due to the many fragments formed upon reioni- respect represents the NIDD method[10] which is based on

the comparison of two different ways to accomplish two-zation of neutral C6H4S2
1•. Notwithstanding, all three ions
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electron transfer either from an anion to a cation or vice lying triplet state of 5 (X, Y 5 S) was found which is only

about 15 kcal/mol less stable than singlet 6 (X, Y 5 S).versa. To this end, charge reversal (CR)[11] and NR mass
spectra are compared with each other. In brief, the resulting Interestingly, the endothermicity associated with loss of tel-

lurium from neutral 1 is predicted to be as small as 43 kcal/NIDD spectra reflect the reactivity of the neutral species,
and the scheme is defined as such that reactions occurring mol. This rather low value is consistent with loss of atomic

Te as a low-lying fragmentation channel at the neutral stageat the neutral stage appear as positive peaks, while processes
and thus can account for the intense signals due to atomic

Figure 3. NIDD mass spectrum of B(1)-mass-selected C6H4Se2
2•

Te present in the NR spectra. As we may expect that theanion radicals generated by electron ionization of
C6H4{SeTe(Cl)2Se} in the negative mode; note that reionization reactions 1 R Te 1 6 are even less endothermic when se-
leads to cations; the NIDD spectrum was obtained by subtracting lenium is involved, the computational results add furtherthe normalized ion intensities in the CR mass spectrum (O2, 80%
T) of C6H4Se2

2• from those in the corresponding NR mass spec- confidence to the assignment of route bs as the origin for
trum (O2/O2, each 80% T); for further details of the NIDD the formation of S2

1•, SeS1•, and Se2
1• under the exper-method, see ref. [10]

imental conditions.

Conclusions

Neutral 1,3-dithia-, 1-selena-3-thia-, and 1,3-diselena-2-
telluroles can be generated by one-electron reduction of the
corresponding cation radicals by means of neutralization-
reionization mass spectrometry. In this respect, it is, how-
ever, of prime importance to choose appropriate neutrali-

taking place in the ionic stage give rise to negative signals. zation agents, because otherwise long-lived neutrals cannot
The NIDD spectrum of the C6H4Se2

2• anion radical be assessed and dissociation by loss of atomic tellurium pre-
(Figure 3) shows three prominent signals at the positive vails. Thus, this study indicates that target-gas effects are
scale, i.e. an intense recovery signal due to neutral counter- particularly important in the neutralization of heavy, polya-
part reionized to the cation radical and signals due to reion- tomic ions. Finally, the present experimental results provide
ized Se2 and C6H4. As the latter two fragments are comp- evidence for the formation of 3,4-benzo-1,2-dichalcogena-
lementary to each other and appear on the positive scale, cyclobutenes of sulfur, selenium, and tellurium.
this observation identifies the occurrence of the reaction

Financial support by the Deutsche Forschungsgemeinschaft, the
C6H4Se2 R C6H4 1 Se2 at the neutral stage. Accordingly, Volkswagen-Stiftung, the Fonds der Chemischen Industrie, and the

Gesellschaft von Freunden der Technischen Universität Berlin isroute bs in Scheme 3 can account for the observation of
gratefully acknowledged. S. O. acknowledges a travel support bySe2

1• in the NR spectrum of 31•, and although we cannot
the Iwate Network System. We thank R. Steudel for initiating thedefinitively rule out the isomerization to 4, there is no need
contact between the German and Japanese research groups.to invoke it. Further, we may assume that the anion radical

C6H4Se2
2• has an open structure similar to 5 (X, Y 5 Se),

Experimental Sectionsuch that the formation of the Se2 fragment indicates re-
arrangement to the bicyclic benzodiselenete at the neutral The experiments were performed with a modified VG ZAB/HF/
stage. AMD 604 four-sector mass spectrometer of BEBE configuration

(B stands for magnetic and E for electric sectors), which has beenFigure 4. Calculated structures of C2v-symmetrical 1 and 6 (X, Y 5
described elsewhere[12]. The cation radicals of the 1,3-dichalcogena-S) using the B3LYP method (bond lengths in A

˚
); for the sake of

clarity, the hydrogen atoms are left out (all C2H bond lengths are 2-telluroles were generated by electron ionization (EI, 70 eV) of the
close to 1.085 A

˚
) corresponding 2,2-dichlorides. After acceleration to a kinetic en-

ergy of 8 keV, the ions of interest were mass-selected using the
magnetic and electric sectors as indicated further below. Metastable
ion (MI) and collisional activation (CA) spectra of B(1)/E(1)-mass-
selected ions were obtained by monitoring the fragments formed in
the field-free region preceding B(2) by scanning B(2); for CA, he-
lium (80% transmission, T) was used as a collision gas. NR experi-
ments were performed by colliding B(1)-mass-selected cations withIn order to assess the stability of the neutral 2-telluroles,
either xenon, cyclopropane, or trimethylamine (80% T), deflectingwe briefly examined the thermochemistry of the reaction 1
the remaining ions by applying a potential of 1 kV, reionizing theR Te 1 6 (X, Y 5 S) by ab initio methods using the B3LYP
fast neutrals by collision with oxygen (80% T), and scanning E(1)method (Figure 4). The calculated structures are consistent
to monitor the cations formed. The NR spectra recorded for B(1)/with the description of 1 as 1,3-dithia-2-tellurole and for-
E(1)-mass-selected ions show similar fragmentation pattern, butmation of benzodithiete upon loss of tellurium. Both spe-
somewhat poor signal-to-noise ratios. All spectra were accumulated

cies exhibit singlet ground states and the similarity of the and on-line processed with the AMD/Intectra data system; 5240
C2C bond lengths in the carbon skeleton suggest that these scans were averaged to improve the signal-to-noise ratio. The natu-
systems maintain aromaticity without any tendency for ral abundances (Inat) of the chalcogenides9 isotopes pose quite some
bond localization. At the B3LYP level of theory we could restrictions for the mass selection of isotopically pure ion[13]. Ac-

cordingly, from the clusters of isotope patterns those ions werenot locate 5 (X, Y 5 S) on the singlet surface, but a low-
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The reaction of diphenyl(trimethylsilylmethyl)phosphane CH2SiMe3)(PPh3)](CF3SO3) (4), the latter mixed with the
symmetrical derivatives [Au(PPh2R)2](CF3SO3) (R = Ph, CH2-with [AuCl(tht)] affords the gold(I) complexes [AuCl(PPh2-

CH2SiMe3)] (1) or [Au(PPh2CH2SiMe3)2]Cl (2). An X-ray SiMe3). The molecular structure of complex 3 has been
established by X-ray diffraction and shows an antiperiplanarstudy of 1 does not reveal any Au···Au interaction. Treatment

of [Au(tht)2](CF3SO3) or [Au(tht)(PPh3)](CF3SO3) with arrangement of the two PR2R9 rotors in the solid state. The
reaction of the phosphane ligand with [Au2{µ-(CH2)2-diphenyl(trimethylsilylmethyl)phosphane results in the

displacement of the thioether ligands to give the ionic PPh2}2(tht)2](ClO4)2 affords the dinuclear gold(II) complex
[Au2{µ-(CH2)2PPh2}2(PPh2CH2SiMe3)2](ClO4)2 (5).complexes [Au(PPh2CH2SiMe3)2](CF3SO3) (3) or [Au(PPh2-

Introduction ing symmetric complexes, 3 and [Au(PPh3)2](CF3SO3), as
shown in the 31P{1H}-NMR spectra (Scheme 1).The supramolecular aggregates of gold(I) complexes of

type L2Au2X (X 5 halide or pseudohalide) include di- Scheme 1. (i) [AuCl(tht)]; (ii) 2 [AuCl(tht)]; (iii) [AuCl(tht)]; (iv)
[Au(tht)2](CF3SO3); (v) [Au(tht)(PPh3)](CF3SO3) ormers, trimers, higher oligomers, and polymers. The degree
[Au(thf)(PPh3)](CF3SO3)of oligomerization is determined by several factors, the

steric requirement of the ligands being the most clear. [1] [2] [3]

Gold(I) complexes with silanes attracted particular atten-
tion after it was found that auration reactions of silanes
or silylated alkylgold complexes afford gold(I) clusters with
hypercoordinated carbon or nitrogen centers. [4] [5] [6] [7] Gold
complexes containing a silicon unit via a bridging O, S, Se,
Te, or As donor atom are also known.[8] [9] [10] [11] [12] In con-
trast, no gold complexes with (silylmethyl)phosphanes have
been described so far.

These complexes are air- and moisture-stable white solidsIn this paper we describe the synthesis of gold(I) and
at room temperature. They were readily characterised by 1Hgold(II) complexes with diphenyl(trimethylsilylmethyl)-
and 31P{1H} NMR. Their 31P{1H}-NMR spectra show aphosphane. The crystal structures of [AuCl(PPh2CH2-
singlet at δ 5 21.6 (1), 27.6 (2), and 36.4 (3); an AB spinSiMe3)] and [Au(PPh2CH2SiMe3)2](CF3SO3) have been
system is observed for 4 (δA 5 46.7, δB 5 36.5, 2JAB 5solved by X-ray diffraction studies.
331 Hz), besides two singlets corresponding to symmetric
phosphane complexes. In the 1H-NMR spectra the reson-

Results
ance of the CH2 is observed at δ ø 2: a doublet for 122
[2JHP 5 15.3 (1) and 14.3 (2) Hz], a pseudotriplet for 3 (partThe reaction of diphenyl(trimethylsilylmethyl)phosphane

with [AuCl(tht)] (tht 5 tetrahydrothiophene), in molar ratio A of an A2XX9A92 system, N 5 5.9 Hz) and a doublet of
doublets for 4 (2JHP 5 13.7 Hz and 4JHP 5 3.5 Hz). Their1:1, proceeds by displacing the tht ligand to give complex

1, which by reaction with another PPh2CH2SiMe3 affords IR spectra show absorptions at 338 (1, medium) and 331
(2, very weak) cm21 due to ν(Au2Cl)[13] and to 1264 (br.,complex 2 (see Scheme 1). The latter can be also synthesised

by reaction of PPh2CH2SiMe3 and [AuCl(tht)] (molar ratio s) and 636 (m) from triflate[14] (3). The LSI-MS mass spec-
tra show peaks at m/z (complex, abundance in%) 469 (1,2:1). Treatment of [Au(tht)2](CF3SO3) with PPh2CH2SiMe3

in a 1:2 molar ratio gives complex 3, containing two phos- 55), 741 (2, 100), 741 (3, 100), and 731 (4, 85) correspond-
ing to [M 2 X]1 (X 5 Cl or CF3SO3).phane ligands. Treatment of this phosphane with

[Au(tht)(PPh3)](CF3SO3) or [Au(thf)(PPh3)](CF3SO3) (thf 5 The crystal structures of 1 and 3 have been determined by
means of X-ray diffraction studies. Complex 1 crystallisestetrahydrofuran) leads to a mixture of 4 and the correspond-
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with two independent molecules (Figure 1), of which one is 3.104(2) A

˚
] or even the 5.916(1) A

˚
found in [Au-

Cl(AsPh3)] [19]. There are no other contacts that could com-disordered over two positions for all atoms except Au and
Cl; a suitably restrained refinement proved successful, but pete with gold2gold interactions, such as the Au···Cl found

in [Au{P(o-Tol)3}(GeCl3)] [3] or the hydrogen bonds inthe molecular dimensions of the disordered molecule
should be interpreted with caution. Here we discuss only [AuCl(PPh2CH2CONHMe)].
the ordered molecule. The gold(I) center displays an almost The crystal structure of cation of 3 is shown in Figure
linear coordination with Cl2Au2P 176.86(6)°. The Au2P 2. The geometry around the gold atom is distorted linear,
distance is 2.236(2) A

˚
, similar to that found in other chloro- P(1)2Au2P(2) 5 172.12(4)°. The Au2P bond lengths are

phosphanegold(I) complexes, 2.235(3) A
˚

in [AuCl- 2.3080(10) and 2.3149(10) A
˚

, similar to that found in other
(PPh3)], [15] 2.236(6) A

˚
in [AuCl(PPhMe2)], [16] 2.232(9) A

˚
in [Au(PR2R9)2]1 complexes, 2.309(3) in [Au(PPh2Me)2][3,4-

[AuCl(PEt3)], [17] but somewhat longer than in S2C6H3CH3)2] [20], and 2.316(4) A
˚

in [Au(PPh2Me)2]PF6, [21]

[AuCl(PPh2CH2CONHMe)] [2.221(1) A
˚

]. [18] The Au2Cl but longer than in [AuCl(PPh2CH2CONHMe)] [2.221(1)
distance is 2.292(2) A

˚
, similar to that found in [AuCl(PEt3)] A

˚
] [18] and in 1 [2.236(2) A

˚
] probably as a consequence of

[2.305(8) A
˚

], longer than in [AuCl(PPh2CH2CONHMe)] the lesser trans influence of Cl. The PR2R9 ligands adopt an
[2.275(2) A

˚
] or in [AuCl(PPh3)] [2.279(3) A

˚
], and marginally approximately antiperiplanar arrangement, with the torsion

shorter than in [AuCl(PPhMe2)] [2.316(6) A
˚

]. angle C12P1···P22C5 166°.
Figure 1. The two independent molecules of compound 1 in the Figure 2. The cation of compound 3 in the crystal; H atoms omit-crystal: (a) the ordered molecule; (b) the disordered molecule sho- ted for claritywing both alternative sites (see text); H atoms omitted for clarity

As in the similar complexes [Au(PPh2Me)2]1, [20] [21] [22]

there are no short gold2gold contacts, the shortest Au2Au
distance being 9.1 A

˚
.

The presence of a pseudotriplet (which can be attributed
to two superposed doublets) in the 1H-NMR spectrum in-
stead of the expected doublet could indicate a case of pro-
peller isomerism. Schmidbaur and coworkers[23] reported
recently that ortho-substituted triarylphosphanes can in-
duce this kind of isomerism in complexes with a coordi-
nation number of two, even at room temperature, by hin-
dered rotation of the aryl groups about the P2Cipso axes.
The variable-temperature 1H-NMR spectrum of 3 shows a
triplet for the CH2 resonance and the 31P{1H} spectrum a
singlet from 260 to 120°C in CDCl3 solution; when a
1H{31P}-NMR experiment is carried out at 260°C only
one singlet (rather than two) is found, which confirms that
there is no propeller isomerism but only two magneticallyThere are no short gold2gold contacts, the shortest

Au2Au distance being 6.6 A
˚

. This long distance can be inequivalent CH2 units (as the parts A of an A2XX9A92

spin system).rationalised in terms of the steric bulk of the ligand, but
it contrasts with other cases, as the 2.881 (1) A

˚
found in We have also prepared gold(II) complexes by displace-

ment of tht from [Au2{µ-(CH2)2PPh2}2(tht)2](ClO4)2 [see[Au(PPhMe2)2][Au(GeCl3)2] [3], ca. 3.1 A
˚

in [AuX(PPhMe2)]
[X 5 Cl, 3.091(2) and 3.230(2) A

˚
; Br, 3.119(2) A

˚
; and I Eq. (1)]. Complex 5 is a green solid, air- and moisture-stable
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solid which was washed with hexane (2 3 5 ml). Yield: 70%. b) Toat room temperature. We were unable to obtain single crys-
a dichloromethane solution (15 ml) of 1 (50 mg, 0.1 mmol) wastals of 5 but expect its structure to be similar to that of
added PPh2CH2SiMe3 (27 mg, 0.1 mmol). After stirring for 1 h,[Au2(CH2PPh2CH2)(PPh3)2](ClO4)2

[24]. The IR spectrum
the solution was concentrated to ca. 2 ml and hexane (15 ml) wasshows absorptions at 1092 (br., s) and 623 (m) cm21 from
added. 2 appeared as a white solid which was washed with hexanethe perchlorate anion[25] and at 568 (m) from ν(Au2
(2 3 5 ml). Yield: 80%, m.p. 125°C. 2 1H NMR: δ 5 7.827.3 (m,

Cylide) [26]. The 31P{1H}-NMR spectrum shows two triplets 10 H, Ph), 2.00 (d, 2 H, 2JHP 5 14.3 Hz, CH22P), 20.03 (s, 9 H,
at δ 5 46.7 and 23.6 (3JPP 5 38.8 Hz) as expected for an Me). 2 C32H42AuClP2Si2 (777.22) : calcd. C 49.45, H 5.45; found
A2X2 spin system. In the 1H-NMR spectra the resonance C 49.25, H 5.55.
of the CH22Si unit appears as a pseudotriplet (N 5 5.4

[Au(PPh2CH2SiMe3)2](CF3SO3) (3): To a dichloromethaneHz) at δ 5 1.98 whilst a doublet at δ 5 1.61 (2JHP 5 11.5
solution (20 ml) of [Au(tht)2](CF3SO3) (0.15 mmol, prepared “inHz) is observed for CH22Au; again when a 1H{31P}-NMR
situ”) was added PPh2CH2SiMe3 (82 mg, 0.3 mmol). After stirringexperiment is carried out only a singlet is found for the
for 2 h, the solution was concentrated to ca. 2 ml and diethyl ether

CH22Si unit. The LSI-MS mass spectrum show peaks at (15 ml) was added to obtain 3 as a white solid. 3 was washed with
m/z (abundance in%) 1463 (25) from [M 2 ClO4]1 whilst diethyl ether. Yield: 70%, m.p. 136°C. 2 1H NMR: δ 5 7.727.5
the base peak appears at 741, corresponding to (m, 10 H, Ph), 2.08 (t, 2 H, 2JHP 5 5.9 Hz, CH22P), 20.02 (s, 9
[Au(PPh2CH2SiMe3)2]1. H, Me). 2 1H NMR (260°C): δ 5 7.727.5 (m, 10 H, Ph), 2.01 (t,

2 H, 2JHP 5 5.7 Hz, CH22P), 20.01 (s, 9 H, Me). 2 31P{1H}
NMR (260°C): δ 5 35.8 (s). 2 1H{31P} NMR (260°C): δ 5[Au2{µ-(CH2)2PPh2}2(tht)2](ClO4)2 1 2 PPh2CH2SiMe3 R
7.827.5 (m, 10 H, Ph), 2.01 (s, 2 H, CH22P), 20.02 (s, 9 H, Me).2[Au2{µ-(CH2)2PPh2}2(PPh2CH2SiMe3)2](ClO4)2 1 2 tht (1)
C33H42AuF3O3P2SSi2 (890.84) : calcd. C 44.5, H 4.75, S 3.6; found5
C 44.4, H 4.65, S 3.8.

We thank the Dirección General de Investigación Cientı́fica y Téc- [Au(PPh2CH2SiMe3)(PPh3)](CF3SO3) (4): This complex,
nica (Project PB94-0079) and the Fonds der Chemischen Industrie mixed with the corresponding symmetric [Au(PPh2R)2](CF3SO3)
for financial support. (R 5 Ph, CH2SiMe3), was prepared by two different ways. a) To a

dichloromethane solution (20 ml) of [Au(tht)(PPh3)](CF3SO3) (0.15
mmol, prepared “in situ”) was added PPh2CH2SiMe3 (41 mg, 0.15
mmol). After stirring for 2 h, the solution was concentrated to ca.Experimental Section
2 ml and diethyl ether (15 ml) was added. The white solid was

General: All the reactions were carried out under argon at room washed with diethyl ether. b) As for a) but using
temperature. [Au(tht)2](CF3SO3), [Au(tht)(PPh3)](CF3SO3) and [Au(thf)(PPh3)](CF3SO3), prepared in situ in thf.
[Au(thf)(PPh3)](CF3SO3) were prepared in situ by reaction of
[AuCl(tht)] or [AuCl(PPh3)] with [Ag(CF3SO3)(tht)] or [Au2{µ-(CH2)2PPh2}2(PPh2CH2SiMe3)2](ClO4)2 (5): To a di-
[Ag(CF3SO3)] according to a standard procedure: [AuCl(tht)] [27], chloromethane solution (10 ml) of [Au2{µ-(CH2)2PPh2}2-
PPh2CH2SiMe3

[28], and [Au2{µ-(CH2)2PPh2}2(tht)2](ClO4)2
[24] (tht)2](ClO4)2 (60 mg, 0.05 mmol) was added PPh2CH2SiMe3 (27

were prepared according to literature procedures. 2 IR spectra mg, 0.1 mmol). After stirring for 2 h, the solution was concentrated
were recorded on a Perkin-Elmer 883 spectrophotometer, over the to ca. 1 ml and diethyl ether (15 ml) was added to obtain 5 as a
range 40002200 cm21, by using Nujol mulls between polyethylene green solid. 5 was washed with diethyl ether. Yield: 85%, m.p.
sheets. 2 1H- and 31P-NMR spectra were recorded with a Bruker 120°C (decomp.). 2 1H NMR: δ 5 7.527.0 (m, 40 H, Ph), 1.98
ARX·300 or GEMINI 2000 apparatus in CDCl3 solutions; chemi- (t, 4 H, 2JHP 5 5.4 Hz, P2CH22Si), 1.61 (d, 8 H, 2JHP 5 11.5 Hz,
cal shifts are quoted relative to SiMe4 (external, 1H) and H3PO4 Au2CH22P), 20.20 (s, 18 H, Me). 2 1H{31P} NMR: δ 5 7.527.0
(external, 31P). 2 C, H, and N analyses were performed with a (m, 40 H, Ph), 1.95 (s, 4 H, P2CH22Si), 1.60 (s, 8 H,
Perkin-Elmer 2400 microanalyser. 2 Melting points were measured Au2CH22P), 20.20 (s, 18 H, Me). 2 C60H70Au2Cl2O8P4Si2
with a Büchi apparatus and are uncorrected. 2 Mass spectra were (1564.11) : calcd. C 46.05, H 4.5; found C 45.75, H 4.15.
recorded with a VG Autospec using LSI-MS1 techniques (with Cs

Crystal Structure Determinations: Crystal data and refinementgun) and 3-nitrobenzyl alcohol as matrix.
details are given in Table 1. Crystals of 1 were obtained by slow

Caution: Perchlorate salts or derivatives must be manipulated evaporation of a dichloromethane/ethanol slution; crystals of 3
with caution, mainly by avoiding evaporation to dryness. were obtained by slow diffusion at 218°C of diethyl ether into a

dichloromethane solution. 2 Data collection: Crystals were[AuCl(PPh2CH2SiMe3)] (1): To a dichloromethane solution (15
mounted in inert oil and transferred to the cold gas stream of aml) of [AuCl(tht)] (96 mg, 0.3 mmol) was added PPh2CH2SiMe3 Siemens P4 diffractometer. Intensity measurements were performed(82 mg, 0.3 mmol). After stirring for 3 h, the solution was concen-
using Mo-Kα radiation. Absorption corrections were based on ψtrated to ca. 2 ml and hexane (15 ml) was added to obtain 1 as a
scans. 2 Structure solution and refinement: Solution by the heavy-white solid. 1 was washed with hexane (2 3 5 ml). Yield: 70%, m.p.
atom method, anisotropic refinement on F2 (program SHELXL-118°C. 2 1H NMR: δ 5 7.727.4 (m, 10 H, Ph), 1.83 (d, 2 H,
93, G.M. Sheldrick, University of Göttingen). H atoms with riding2JHP 5 15.3 Hz, CH22P), 0.08 (s, 9 H, Me). 2 C16H21AuClPSi
model or as rigid methyl groups. 2 Special features: For 1, the(504.82): calcd. C 38.05, H 4.2; found C 37.75, H 3.85.
second independent molecule is disordered, all atoms except Au
and Cl occupying two alternative orientations. Nevertheless, the use[Au(PPh2CH2SiMe3)2]Cl (2): This product can be synthesised

by two different routes: a) To a solution of [AuCl(tht)] (0.064 g, 0.2 of appropriate similarity restraints enabled a satisfactorily stable
refinement to be performed. Disordered C and Si atoms were re-mmol) in dichloromethane (10 ml) was added PPh2CH2SiMe3 (109

mg, 0.4 mmol). After stirring for 1 h, the solution was concentrated fined isotropically. 2 Full details of the crystal structures (except
structure factors) have been deposited at the Cambridge Crystallo-to ca. 2 ml and hexane (15 ml) was added. 2 appeared as a white
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[1] P. Pyykkö, N. Runeberg, F. Mendizabal, Chem. Eur. J. 1997,Table 1. Details of data collection and structure refinement for

3, 1451.complexes 1 and 3 [2] W. Schneider, K. Angermaier, A. Sladek, H. Schmidbaur, Z.
Naturfosch 1996, 51b, 790.

Compound 1 3 [3] A. Bauer, H. Schmidbaur, J. Am. Chem. Soc. 1996, 118, 5324.
[4] F.P. Gabbaı̈, A. Schier, J. Riede, H. Schmidbaur, Chem. Ber.

1997, 130, 111.Chemical Formula C16H21AuClPSi C33H42AuF3O3P2SSi2 [5] H. Schmidbaur, F.P. Gabbaı̈, A. Schier, J. Riede, Organometall-Crystal habit colourless prism colourless tablet
ics 1995, 14, 4969.Crystal size [mm] 0.5530.2030.10 0.6030.3030.15 [6] K. Angermaier, H. Schmidbaur, Chem. Ber. 1995, 128, 817.Crystal system triclinic monoclinic [7] S. Bommers, H. Beruda, N. Dufour, M. Paul, A. Schier, H.Space group P(21) P21/c
Schmidbaur, Chem. Ber. 1995, 128, 137.a [A

˚
] 9.9920(12) 11.378(2) [8] A. Bauer, W. Schneider, K. Angermaier, A. Schier, H. Schmid-b [A

˚
] 10.746(2) 18.880(2)

baur, Inorg. Chim. Acta 1996, 251, 249.c [A
˚

] 17.707(3) 17.993(2) [9] W. Wojnowski, B. Becker, J. Sassmannhausen, E. M. Peters, K.α [°] 94.99(2) 90
Peters, H. G. von Schnering, Z. Anorg. Allg. Chem. 1994, 620,β [°] 104.97(2) 99.43(1)
1417.γ [°] 94.34(2) 90 [10] P. J. Bonasia, D. E. Gindelberger, J. Arnold, Inorg. Chem. 1993,V [A

˚
3] 1820.4(5) 3813.2(9)

32, 5126.Z[a] 4 4 [11] W. Eikens, P. G. Jones, C. Thone, Z. Anorg. Allg. Chem. 1997,Dc [Mg m23] 1.842 1.552
623, 735.M 504.80 890.81 [12] D. Fenske, F. Simon, Z. Anorg. Allg. Chem. 1996, 622, 45.F(000) 968 1776 [13] R. Usón, A. Laguna, M. Laguna, M. N. Fraile, P. G. Jones, G.T [°C] 2100 2100
M. Sheldrick, J. Chem. Soc., Dalton Trans. 1986, 291.2θmax [°] 50 50 [14] P. J. Stang, Y. Huang, A. M. Arif, Organometallics 1992, 11,µ(Mo-Kα) [mm21] 8.37 4.11
231.Transmissions 0.4921.00 0.6320.96 [15] N.C. Baenziguer, W. E. Bennett, D. M. Soboroff, Acta Crys-No. of reflections 8494 7220
tallogr., Sect. B 1976, 32, 962.measured [16] D. Toronto, B. Weissbart, D. Tinti, A. Balch, Inorg. Chem. 1996,No. of unique 6389 6714
35, 2484.reflections [17] E. R. T. Tiekink, Acta Crystallogr. 1989, C45, 1233.Rint 0.020 0.022 [18] P. Lange, A. Schier, H. Schmidbaur, Inorg. Chim. Acta 1995,R[a] [F, F > 4σ(F)] 0.029 0.026
235, 263.wR[b] (F2, all refl.) 0.058 0.047 [19] B. Weissbart, L. J. Larson, M. M. Olmstead, C.P. Nash, D.S.No. of parameters 276 412
Tinti, Inorg. Chem. 1995, 34, 393.No. of restraints 244 280 [20] M. C. Gimeno, P. G. Jones, A. Laguna, M. Laguna, R. Terroba,S[c] 0.90 0.84
Inorg. Chem. 1994, 33, 3932.Max. ∆ρ [eA

˚
23] 0.6 0.63 [21] J. J. Guy, P. G. Jones, G. M. Sheldrick, Acta Crystallogr., Sect.

B 1976, 32, 1937.
[a] R(F)5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR(F2) 5 [Σ{w(Fo

2 2 Fc
2)2}/ [22] S. M. Draper, C. E. Housecroft, J. E. Rees, M. S. Shongwe, B.

Σ{w(Fo
2)2}]0.5; w21 5 σ2(Fo

2) 1 (aP)2 1 bP, where P 5 [Fo
21 S. Haggerty, A. L. Rheingold, Organometallics 1992, 11, 2356.

2Fc
2]/3 and a and b are constants adjusted by the program. 2 [c] [23] A. Bayler, G. A. Bowmaker , H. Schmidbaur, Inorg. Chem.

S 5 [Σ{w(Fo
2 2 Fc

2)2}/(n 2 p)]0.5, where n is the number of data 1996, 35, 5959.
and p the number of parameters. [24] R. Usón, A. Laguna, M. Laguna, J. Jiménez, P. G. Jones, J.

Chem. Soc., Dalton Trans. 1991, 1361.
[25] M. N. Gowda, S. B. Naikar, G. K. N. Reddy, Adv. Inorg. Chem.

Radiochem. 1984, 28, 255.graphic Data Centre, and can be obtained free of charge from
[26] H. Schmidbaur, R. Franke, Chem. Ber. 1975, 108, 1321.CCDC, 12 Union Road, Cambridge CB2 1EZ, England [Fax: (in- [27] R. Usón, A. Laguna, M. Laguna, Inorg. Synth. 1989, 26, 85.

ternat.) 1 44(0)1223/336033; E-mail: deposit@ccdc.cam.ac.uk] on [28] B. E. Cooper, W. J. Owen, J. Organomet. Chem. 1970, 21, 329.
[98033]quoting the reference number CCDC-101120.
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The (η4-1-azabuta-1,3-diene)tricarbonyliron complexes 10 spectroscopy, as well as X-ray crystallography of 10b, 10c,
and 10l. Using variable temperature 13C-NMR spectroscopyare easily prepared in high yield by condensation of the

corresponding arylamines 7 with the cinnamaldehydes 8 and the fluxionality of the complexes 10a, 10b, 10c, 10e, and 2 is
investigated and the activation barrier for the turnstilesubsequent ultrasound-promoted complexation of the

resulting 1-azabuta-1,3-dienes 9 with nonacarbonyldiiron. rotation of the tricarbonyliron fragment is determined. The
transfer reaction and the structural factors influencing theThe complexes 10 are shown to represent excellent reagents

for the transfer of the tricarbonyliron fragment onto transfer of the tricarbonyliron fragment are extensively
investigated.cyclohexa-1,3-diene (1a). The structural characterization for

the complexes 10 is achieved by IR, 1H-NMR, and 13C-NMR

Introduction Scheme 1. Complexation of cyclohexa-1,3-diene (1a) and cyclo-
hexa-1,4-diene (1b) with Fe(CO)5 or Fe2(CO)9 and prep-

Tricarbonyl(η4-cyclohexa-1,3-diene)iron complexes have aration of the complex salt 3
found many useful applications in synthetic organic chemis-
try and have been shown to represent excellent starting ma-
terials for the stereoselective synthesis of natural prod-
ucts. [1] The parent complex, tricarbonyl(η4-cyclohexa-1,3-
diene)iron (2), was prepared first in 1958 by Pauson via
complexation of cyclohexa-1,3-diene (1a) with pentacar-
bonyliron under thermal reaction conditions (yield: 21%).[2]

The yield of this complexation was later improved by
photolytic reaction of cyclohexa-1,4-diene (1b) with penta-
carbonyliron in benzene (yield: 56%), [3] by reaction of
cyclohexa-1,4-diene (1b) with pentacarbonyliron in di-n-bu-
tyl ether at reflux (yield: 46%), [4] by reaction of cyclohexa-

resulting tricarbonyl(η5-cyclohexadienylium)iron tetra-1,3-diene (1a) with nonacarbonyldiiron in tetrahydrofuran
fluoroborate (3) can be utilized for regio- and stereoselec-at reflux (yield: 43%), [5] and by photolytic reaction of cyclo-
tive bond formation with a broad range of nucleophiles. [1]

hexa-1,3-diene (1a) with pentacarbonyliron in hexane
Projected synthetic applications of the complex salt 3 re-(yield: 77%)[5] (Scheme 1).
quire an access to the iron complex 2 in large scale and highThe high synthetic potential of tricarbonyl(η4-cyclohexa-
yield. However, the methods described above, involving1,3-diene)iron (2) became evident in 1960, when E. O.
either thermally or photochemically induced direct com-Fischer found the possibility of hydride abstraction using
plexation of the cyclohexadienes 1a or 1b with pentacar-triphenylmethyl tetrafluoroborate. [6] The reactivity of the
bonyliron or nonacarbonyldiiron, afford complex 2 in only
21277% yield. Moreover, these procedures lead to the for-[e] Part 40: H.-J. Knölker, E. Baum, M. Heininger, Tetrahedron

Lett. 1997, 38, 8021. mation of pyrophoric iron which is hazardous during
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workup, especially on large scale complexations. This prob- A further tricarbonyliron transfer reagent was developed

by Grevels in 1984. Photolytic reaction of pentacar-lem can be circumvented by using labile tricarbonyliron
complexes in order to transfer the tricarbonyliron fragment bonyliron with an excess of cis-cyclooctene (5) in hexane at

240°C afforded tricarbonylbis(η2-cis-cyclooctene)ironfrom the weakly bound ligand to cyclohexa-1,3-dienes or
buta-1,3-dienes under mild reaction conditions. The devel- (Grevels9 reagent) (6), which can be isolated as yellow crys-

tals in 85290% yield (Scheme 3). [11] While the solid com-opment of such tricarbonyliron transfer reagents for the ef-
ficient complexation of 1,3-dienes has been extensively in- pound can be handled at room temperature, complex 6 is

labile in solution at temperatures above 235°C. The advan-vestigated over the last 25 years. [7]

The ability of tricarbonyl(η4-1-oxabuta-1,3-diene)iron tage of Grevels9 reagent is that the transfer of the tricarbon-
yliron fragment to 1,3-dienes occurs under extremely mildcomplexes to serve as a mild source of the tricarbonyliron

fragment was first described by Lewis in 1972. [8] The reaction conditions at temperatures below 0°C. Moreover,
using Grevels9 reagent 6 also non-conjugated 1,4-dienes can(η4-benzylideneacetone)tricarbonyliron (4) was found to re-

present an especially efficient transfer reagent. Brookhart be complexed with concomitant migration of the double
bond, e.g. the transfer of the tricarbonyliron fragment ofreported the transfer of the tricarbonyliron fragment of 4

to cyclohexa-1,3-diene (1a) in a thermal reaction that af- Grevels9 reagent 6 to cyclohexa-1,4-diene (1b) provides
tricarbonyl(η4-cyclohexa-1,3-diene)iron (2) in 78% yieldfords the iron complex 2 in over 95% yield (Scheme 2). [9]

(Scheme 3).Scheme 2. Complexation of benzylideneacetone to 4 and tricarbo-
nyliron transfer to cyclohexa-1,3-diene (1a) using the The high lability of the tricarbonyl(η4-1-oxabuta-1,3-di-
complex 4 ene)iron complex 4 and the Grevels9 reagent 6 in solution

at room temperature and in the air induced our search for
alternative tricarbonyliron transfer reagents, whose higher
stability should make them useful for a wider range of ap-
plications in synthetic organometallic chemistry.

Results and Discussion

Our investigations led us to the (η4-1-azabuta-1,3-diene)-
tricarbonyliron complexes 10 as efficient and selective
tricarbonyliron transfer reagents of high stability (Scheme
4). [12] [13] (η4-1-Azabuta-1,3-diene)tricarbonyliron com-
plexes were first described by Otsuka[14] and Lewis[15] and
have been applied to the synthesis of dicarbonyl(η4-styr-However, the problematic step of this reaction sequence
ene)iron carbene complexes, [16] substituted pyrroles, [17] andis the preparation of the transfer reagent 4. The original
to the preparation of labile Schiff bases in the form of theirprocedure described by Lewis involved complexation of
metal complexes. [18] The following methods were previouslybenzylideneacetone with 1 equivalent of nonacarbonyldi-
used for the preparation of the complexes 10: 1. conden-iron in toluene at 60°C and afforded complex 4 in only 32%
sation of amines with tetracarbonyl(η2-1-oxabuta-1,3-diene)-yield. [8] Brookhart improved this yield to 60% by a photo-
iron complexes; [14a] [18] 2. thermal reaction of the 1-azabuta-lytic and subsequent thermal reaction of benzylideneace-
1,3-dienes 9 with nonacarbonyldiiron;[14] [17] and 3. aza-Wit-tone with pentacarbonyliron. [9] Only by heating a solution
tig reaction of tetracarbonyl(η2-1-oxabuta-1,3-diene)ironof benzylideneacetone with an excess of nonacarbonyldi-
complexes. [19] We found that the yields of the (η4-1-aza-iron in diethyl ether at reflux, as reported by Thomas, the
buta-1,3-diene)tricarbonyliron complexes 10 are consider-tricarbonyliron complex 4 was obtained in reasonable
ably improved by an ultrasound-promoted complexation[20]

yields (74281%). [10]

of 1-azabuta-1,3-dienes 9 with nonacarbonyldiiron at room
Scheme 3. Complexation of cyclohexa-1,4-diene (1b) to 2 using temperature. [12] [13] In the present paper we describe an

Grevels9 reagent 6 extensive investigation of the transfer reaction of the tricar-
bonyliron fragment from the complexes 10 to cyclohexa-
1,3-diene (1a) as well as the structural factors influencing
the transfer of the metal fragment.

The synthesis of the 1-azabuta-1,3-dienes 9 was achieved
by adaptation of standard literature procedures for the im-
ine condensation of the arylamines 7 with the cinnamal-
dehydes 8. Reaction of 1 equivalent of the freshly distilled
or sublimated arylamine 7 and 1 equivalent of the cinnam-
aldehyde 8 in an inert solvent, generally with addition of a
drying agent, afforded the 1-azabuta-1,3-dienes 9 in high
yields (Scheme 4, Table 1). Most of the arylamines 7 and
the cinnamaldehydes 8 are commercially available. 2,4,6-Tri-
methoxyaniline (7i) was prepared in 88% yield by hydrogen-
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Scheme 4. Synthesis of the azadienes 9, complexation of 9 to the iron complexes 10 with nonacarbonyldiiron, and the tricarbonyliron

transfer to cyclohexa-1,3-diene (1a)

Table 1. Synthesis and characteristic 1H-NMR data of the 1-azabuta-1,3-dienes 9 and their iron complexes 10 and transfer of the
tricarbonyliron fragment to cyclohexa-1,3-diene (1a)

R1 R2 R3 R4 R5 R6 R7 9, Yield [%] δ [ppm][a] 10, Yield [%]δ [ppm][a] 2, Yield [%]

a H H H H H H H 82 8.27 82 6.95 88
b H H OMe H H H H 100 8.30 88 6.99 95
c OMe H H H H H H 87 8.28 80 7.10 74
d H H NMe2 H H H H 40 8.35 55 7.06 45
e H H CF3 H H H H 72 8.24 59 6.84 78
f H NO2 H H H H H 56 8.30 0 2 2
g OMe H OMe H H H H 81 8.31 43 7.15 80
h H OMe OMe OMe H H H 79 8.30 40 6.97 87
i OMe H OMe H OMe H H 73 8.51 56 7.94 74
j H H H H H OMe H 88 8.21 73 2[b] 93
k H H OMe H H OMe H 95 8.26 41 6.95 90
l OMe H H H H OMe H 79 8.24 82 2[b] 83
m H H CF3 H H OMe H 59 8.20 64 6.83 88
n OMe H OMe H H OMe H 80 8.26 79 7.10 78
o H H OMe H H H OMe 86 8.31 81 6.95 92
p H H H H H CN H 78 8.47 57 7.04 69
q OMe H OMe H H CN H 99 8.36 61 7.23 60
r H H OMe H H NMe2 H 85 8.24 62 6.89 74
s H H OMe H H NO2 H 75 8.34 0 2 2

[a] Chemical shift of the H-C2 signal in the 1H-NMR spectrum. 2 [b] No assignment possible, due to coincidental overlap of signals.

ation of 2,4,6-trimethoxynitrobenzene. [21] The synthesis of and para positions of the 1-aryl ring (R1, R3, R5) cause a
downfield shift of the signal of the imine proton relative to4-cyanocinnamaldehyde (8p 5 8q; R6 5 CN, R7 5 H) was

achieved in 78% yield by Wittig reaction of 4-cyanobenzal- the value obtained for the parent compound 9a (δ 5 8.27).
The maximum is observed for the 2,4,6-trimethoxy deriva-dehyde and (formylmethylene)triphenylphosphorane in

toluene at reflux. tive 9i with a chemical shift of δ 5 8.51, which can be at
least partly ascribed to the influence of the anisotropy ofAs shown below, the electron density at the nitrogen of

the 1-azabuta-1,3-dienes 9 is crucial for the efficiency of the the oxygen atoms. In contrast, a highfield shift is found with
donor substituents in the para position of the 4-aryl ringtricarbonyliron transfer from the corresponding complexes

10 and for the catalytic complexation[12] [13] of cyclohexa- (R6). Exactly the opposite effects on the chemical shift of
H-C2 are observed with acceptor substituents in these posi-1,3-diene (1a) using 9 and nonacarbonyldiiron or pentacar-

bonyliron. The chemical shift of the imine proton (H-C2) tions. In a few cases steric effects are overriding, since sub-
stituents in the ortho positions of the aryl ring cause largerin the 1H-NMR spectra of the 1-azabuta-1,3-dienes 9 is a

measure of the electron density at the imine nitrogen atom. torsion angles between the aryl ring and the 1-azabuta-1,3-
diene plane, resulting in decreased π-overlap.A larger downfield shift of H-C2 correlates with a higher

electron density at the nitrogen. Thus, this value can be used The complexation of the 1-azabuta-1,3-dienes 9 to the
(η4-1-azabuta-1,3-diene)tricarbonyliron complexes 10 wasto estimate the activity of the 1-azabuta-1,3-dienes 9 for

catalytic complexations and the transfer ability of the corre- conveniently achieved by reaction with nonacarbonyldiiron
under sonication in tetrahydrofuran at room temperaturesponding complexes 10. Donor substituents in the ortho
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(Scheme 4, Table 1). The ultrasound-promoted tricarbonyl- ity of these complexes leading to equivalency of the three

carbonyl ligands is caused by the turnstile rotation of theiron complexation, previously applied by Ley and coworkers
to buta-1,3-dienes and cyclohexa-1,3-dienes, [20] was found tricarbonyliron fragment. This dynamic process is suffic-

iently slow on the NMR time scale at low temperatures toto be superior to the thermal complexation of the 1-aza-
buta-1,3-dienes 9. With respect to the diastereoselectivity allow the observation of two peaks for the three carbonyl

ligands with an intensity ratio of 2:1 in the case of sym-of the complexation of chiral 1-azabuta-1,3-dienes, [22] the
ultrasound procedure also provides better results than the metrical diene ligands or three peaks of equal height for

unsymmetrical diene ligands. [24] Previous investigations ofthermal reaction, since it does not require elevated tempera-
tures, which were shown to cause epimerization of the the fluxional behavior of tricarbonyliron-diene complexes

have demonstrated that the activation barriers for this intra-planar chirality. [23]

The red crystalline (η4-1-azabuta-1,3-diene)tricarbonyl- molecular basal-apical exchange of the carbonyl groups for
complexes with carbadiene ligands are significantly loweriron complexes 10 are stable in the air for months and there-

fore appeared to represent appropriate potential transfer re- than those of 1-heterodiene ligands.[25] Takats concluded
that the variations in the activation barrier for the turnstileagents for our purposes. The IR spectra of the iron com-

plexes 10 in KBr exhibit intense broad bands in the region rotation of the tricarbonyliron fragment can be rationalized
by the metal-carbonyl back bonding, however steric factorsof 196022060 cm21, which are typical of carbonyl ligands

of tricarbonyliron2diene complexes (Table 2). The wave also contribute to this value. [25c]

We determined precisely the activation barrier for the in-number of the CO stretching vibration represents an in-
direct measure of the strength of the bonding between the tramolecular carbonyl ligand exchange of four (η4-1-aza-

buta-1,3-diene)tricarbonyliron complexes (10a2c and 10e)metal and the organic ligand. A shift to lower wave num-
bers relative to the value for the parent compound 10a is and for tricarbonyl(η4-cyclohexa-1,3-diene)iron (2) by dy-

namic 13C-NMR spectroscopy at 125 MHz in deuteratedobserved by donor substituents in the para position of the
1-aryl ring (e.g. 10b: R3 5 OMe, 10d: R3 5 NMe2) indicat- toluene (Figure 1a2e, Table 2). The stepwise increase of the

temperature up to 373 K during the measurement of theing a reduced back bonding from the iron atom to the aza-
diene ligand in these complexes, which is explained by an 13C-NMR spectra of the complexes 10 provided a single

signal for the three carbonyl ligands, which still showedincrease in energy of the π* orbitals of the 1-azabutadiene.
The 1H-NMR spectra of the η4-tricarbonyliron-com- some line broadening. As expected the low temperature

spectra of the 1-azadiene complexes 10 at 233 K exhibitedplexed 1-azabuta-1,3-dienes 10 exhibit the characteristic
high field shifts for the protons at the carbon atoms which three sharp singlets for the carbonyl ligands. The coales-

cence temperature TC of the dynamic process was clearlyare coordinated to the metal (C2 to C4). A closer inspection
of the chemical shifts which are found for the signals of above room temperature for all four cases investigated. This

was already indicated by the fact that the signals for thethe imine protons (H-C2) of the complexes 10 reveals that
generally a highfield shift of about 1.321.4 ppm relative to carbonyl ligands were missing in the 13C-NMR spectra in

deuterochloroform at room temperature for most of thethe value for the corresponding free ligand 9 is observed
(Table 1). For those derivatives of 10 having one methoxy 1-azadiene complexes 10 prepared in the present work. For

the cyclohexadiene complex 2 one sharp singlet for thesubstituent in the ortho position of the 1-aryl ring (R1 5
OMe; 10c, 10g, 10n, and 10q) this highfield shift relative to three carbonyl ligands is observed at room temperature,

while the 13C-NMR spectrum at 185 K exhibits two singlets9 is decreased to 1.1321.18 ppm, which is ascribed partly
to a steric effect of the ortho substituent (increase of the at δ 5 211.32 and 216.05 in a ratio of 2:1. The coalescence

temperatures could be determined with a tolerance of ±5torsion angle) leading to reduced π-overlap and partly to
the anisotropy of the oxygen atom. For complex 10i with K. With the value for δν taken from the low temperature

spectrum, the free enthalpy of activation for the intramol-two ortho methoxy substituents in the 1-aryl ring (R1 5
R5 5 OMe) the highfield shift of the imine proton relative ecular exchange of carbonyl ligands could be calculated in

good approximation by using the formula ∆G° 5 R·TCto the value observed for 9i drops to 0.57 ppm.
Almost all of the (η4-1-azabuta-1,3-diene)tricarbonyliron [22.96 1 ln(TC/δν)]. [26] The activation barrier for this turn-

stile rotation of the tricarbonyliron fragment in the 1-p-ani-complexes 10 described in this paper show no or at best
three very broad signals for the carbon atoms of the car- syl-substituted 1-azadiene complex 10b is 13.5 ± 0.3 kcal/

mol. For the other 1-azadiene complexes that were investi-bonyl ligands in their 13C-NMR spectra when taken in deu-
terochloroform at room temperature, although the IR spec- gated by dynamic 13C-NMR spectroscopy (10a, 10c, and

10e), the value was found to be increased by about 1 kcal/tra in KBr exhibit the typical three bands for the carbonyl
ligands at 196022060 cm21. The trifluoromethyl-substi- mol (Table 2). Thus the intramolecular ligand exchange of

the carbonyl groups is facilitated by a donor substituent intuted compounds 10e and 10m are exceptions and exhibit
three only slightly broadened signals in their 13C-NMR the para position of the 1-aryl ring (complex 10b) as com-

pared to the parent compound 10a. This finding is again inspectra under these conditions (10e: δ 5 204.77, 208.30,
211.49; 10m: δ 5 205.07, 208.94, 211.97). The 13C-NMR agreement with the assumption of reduced back bonding

from the iron atom to the 1-azadiene ligand in complexspectra of (η4-carba-1,3-diene)tricarbonyliron complexes
show in most cases only one singlet at δ 5 2102213 for the 10b relative to 10a. The opposite effect is observed with an

acceptor group in this position (complex 10e) and also withthree carbonyl ligands at room temperature. The fluxional-
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Figure 1a. Dynamic 13C-NMR spectra of complex 10a in the metal Figure 1b. Dynamic 13C-NMR spectra of complex 10b in the metal

carbonyl region (125 MHz, [D8]toluene) carbonyl region (125 MHz, [D8]toluene)

Figure 1c. Dynamic 13C-NMR spectra of complex 10c in the metal Figure 1d. Dynamic 13C-NMR spectra of complex 10e in the metal
carbonyl region (125 MHz, [D8]toluene) carbonyl region (125 MHz, [D8]toluene)

a donor group in the ortho position of the 1-aryl ring, be-Figure 1e. Dynamic 13C-NMR spectra of complex 2 in the metal
carbonyl region (125 MHz, [D8]toluene) cause of the increased torsion angle (compound 10c). For

the cyclohexa-1,3-diene complex 2 the activation barrier for
the rotation of the tricarbonyliron fragment has been deter-
mined as 8.7 ± 0.3 kcal/mol, which is in good agreement
with the value of 8.8 ± 0.5 kcal/mol obtained earlier by
Takats et al. in [D6]DMSO/CS2. [25c] For the related (η4-
buta-1,3-diene)tricarbonyliron complex activation barriers
of 9.5 kcal/mol[24] and 10.5 ± 0.5 kcal/mol[25c] have been
reported. These findings emphasize that the free enthalpy
of activation for the turnstile rotation of the tricarbonyliron
fragment for the complexes of 1-hetero-1,3-dienes is gener-
ally about 425 kcal/mol higher than for the corresponding
complexes of carba-1,3-dienes, no matter whether they are
cyclic or acyclic. The data are in agreement with decreased
back donation of electrons from filled iron d-orbitals into
the LUMO of the carbonyl group for the tricarbonyliron

Table 2. Characteristic IR and 13C-NMR data for the carbonyl ligands of selected tricarbonyliron complexes[a]

ν̃CO [cm21] δCO (233 K) [ppm] δCO (373 K) [ppm] TC [K] δν [Hz] ∆G° [kcal/mol]

10a 2055, 1988, 1977 206.02, 209.49, 212.70 209.53 328 ± 5 840.79 14.3 ± 0.3
10b 2049, 1987, 1963 206.60, 209.71, 213.03 209.81 308 ± 5 809.65 13.5 ± 0.3
10c 2058, 2000, 1970 206.41, 210.06, 213.84 210.02 338 ± 5 934.21 14.7 ± 0.3
10e 2059, 2002, 1983 205.19, 208.90, 212.16 208.79 335 ± 5 876.08 14.6 ± 0.3
2 2042, 1957 211.32, 216.05[b] 212.56[c] 201 ± 5 594.79 8.7 ± 0.3

[a] IR spectra: Drift at room temp.; 13C-NMR spectra: 125 MHz in [D8]toluene. 2 [b] This spectrum was recorded at 185 K. 2 [c] This
spectrum was recorded at 298 K.
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complexes of 1-hetero-1,3-dienes, as compared to 1-carba- cyclohexa-1,3-dienes and buta-1,3-dienes, correlate very

well with the concept of increased back bonding from the1,3-dienes. This is confirmed by the higher stretching fre-
quencies for the carbonyl bands in the IR spectra of 1-het- filled iron d-orbitals into the π* orbitals of the organic li-

gand for the heterodiene complexes. This is emphasized byero-1,3-diene complexes. In consequence the averaged
chemical shifts in the 13C-NMR spectra observed at high the IR, 1H-NMR, and 13C-NMR data described above.

Some anomalies in the spectral data of the 1-azabuta-1,3-temperatures are shifted to higher field and the activation
barrier for the rotation of the tricarbonyliron fragment is diene complexes presented above were ascribed to steric fac-

tors, especially for those cases of 1-azabuta-1,3-dienes re-higher for the 1-heterodiene complexes.
sulting from an ortho-substituted arylamine. The X-ray

Figure 2. Molecular structure of 10b in the crystal (SCHAKAL
crystal structures reveal an increased torsion angle for the

representation; arbitrary numbering). Selected bond lengths [A
˚

]:
complexes with an ortho-methoxy substituent. It is note-Fe2N 2.075(3), Fe2C2 2.074(4), Fe2C3 2.068(4), Fe2C4

2.167(4). Torsion angle: C2,N2C11,C16: 10.8° worthy that the out-of-plane arrangement of the 1-aryl ring
relative to the 1-azabuta-1,3-diene plane in these complexes
proceeds in a way that the oxygen atom of the methoxy
group is oriented towards the iron atom. For electronic rea-
sons this arrangement becomes most evident for complex
10l with an ortho-methoxy substituent in the 1-aryl ring and
a para-methoxy substituent in the 4-aryl ring. The torsional
angle between the 1-aryl ring and the 1-azabuta-1,3-diene
plane of 10l is 37.4° and the distance Fe2O4 is only 3.35 A

˚
,

suggesting the possibility of chelation of the tricarbonylironFigure 3. Molecular structure of 10c in the crystal (SCHAKAL
fragment by coordination of the oxygen to the iron atomrepresentation; arbitrary numbering). Selected bond lengths [A

˚
]:

Fe2N 2.074(2), Fe2C2 2.064(2), Fe2C3 2.050(2), Fe2C4 on haptotropic η4 R η1 migration during the transfer of
2.132(3). Torsion angle: C2,N2C11,C16: 13.4°. Distance Fe2O4: the metal fragment (see below).3.62 A

˚

The transfer of the tricarbonyliron fragment from the
(1-azabuta-1,3-diene)tricarbonyliron complexes 10 to cyclo-
hexa-1,3-diene (1a) was extensively investigated. It was
shown that a smooth transfer of the metal fragment from
all 1-azabuta-1,3-diene complexes described in this study
was achieved simply by heating the reaction mixture of
complex 10 and 1a in tetrahydrofuran at reflux (Scheme 4,
Table 1). The variation of the reaction time for the transfer
of the tricarbonyliron fragment to cyclohexa-1,3-diene (1a)
was investigated for the complexes 10b, 10c, and 10g (Table
3). At all three different reaction times the transfer reagentFigure 4. Molecular structure of 10l in the crystal (SCHAKAL
10b was superior. Complex 10b transfers the metal fragmentrepresentation; arbitrary numbering). Selected bond lengths [A

˚
]:

Fe2N 2.070(2), Fe2C2 2.068(2), Fe2C3 2.062(2), Fe2C4 faster and provides the best yield after 2 h. With increasing
2.155(2). Torsion angle: C2,N2C11,C16: 37.4°. Distance Fe2O4:

turnover, the transfer of the tricarbonyliron fragment from3.35 A
˚

complex 10 to already generated corresponding free 1-aza-
buta-1,3-diene ligand 9 can compete with the desired trans-
fer to 1a and finally becomes dominant if only a 1:1 ratio

Table 3. Variation of the reaction time for the tricarbonyliron trans-
fer to 1a using the complexes 10b, c, g

The X-ray crystal structure determinations of the (η4-1-
azabuta-1,3-diene)tricarbonyliron complexes 10b, 10c, and
10l confirm the tetragonal pyramidal coordination of the
iron atom (Figure 224, Table 4). Two basal positions are
occupied by the two π bonds, the two others by carbonyl
ligands. The third carbonyl ligand adopts the apical posi-
tion of these complexes. Similar arrangements were pre-
viously found for tricarbonyliron complexes of buta-1,3-di-
enes and cyclohexa-1,3-dienes and also for the parent com-
plex 10a. [14b] The bond lengths found in the tricarbonyliron
complexes of 1-azabuta-1,3-dienes, compared to those of
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of complex 10 and 1a is employed. Therefore, an excess of forded the iron complex 2 after 20 min in 85% yield

(Scheme 5). Thus, the required reaction time for compar-cyclohexa-1,3-diene (1a) is used in order to bring the reac-
tion to completion. able yields of 2 with the 1-oxabuta-1,3-diene complex 11

as transfer reagent is significantly shorter than with the 1-Using a standard set of reaction conditions, the transfer
of the metal fragment to cyclohexa-1,3-diene (1a) was com- azabuta-1,3-diene complexes 10 (cf. Table 3). On direct

comparison of the transfer reagents 11 and 10b this differ-pared for the various (1-azabuta-1,3-diene)tricarbonyliron
complexes 10 (Table 1, Scheme 4). By far the best overall ence in reactivity becomes even more evident (Scheme 6).

The transfer of the tricarbonyliron fragment from theresult was achieved using tricarbonyl[(1-4-η)-1-(4-meth-
oxyphenyl)-4-phenyl-1-azabuta-1,3-diene]iron (10b) as tricarbonyl(4-methoxybenzylideneacetone)iron complex 11

to the free 1-azadiene 9b by heating in benzene at reflux fortransfer reagent. First, the free 1-azabuta-1,3-diene 9b can
be prepared quantitatively and crystallizes very easily. Sec- 20 min afforded exclusively the (1-azabuta-1,3-diene)tricar-

bonyliron complex 10b along with the free 1-oxabuta-1,3-ondly, the complexation of 9b with nonacarbonyldiiron pro-
moted by ultrasound provided the tricarbonyliron complex diene 12. However, a transfer of the metal fragment from

complex 10b to the free ligand 12 could not be achieved.10b in a yield of 88%. Thirdly, the reaction of 10b with
cyclohexa-1,3-diene (1a) afforded tricarbonyl(η4-cyclohexa- This result confirmed the higher reactivity of the 1-oxabuta-

1,3-diene complexes for the transfer of the tricarbonyliron1,3-diene)iron (2) in 95% yield. Thus, the complexation of
1a using this 3-step sequence could be realized in an overall fragment.
yield of 84%. Moreover, the free 1-azadiene 9b can be reco- A direct comparison of the (η4-1-azabuta-1,3-diene)-
vered from the reaction mixture by simple crystallization in tricarbonyliron complexes 10a and 10b demonstrated the
more than 95% yield. higher transfer reactivity of the latter reagent. Reaction of

either equimolar amounts of the free 1-azabuta-1,3-dieneScheme 5. Transfer of the tricarbonyliron fragment from the 4-me-
thoxybenzylideneacetone complex 11 to cyclohexa-1,3- 9a with the iron complex 10b of the free ligand 9b with the
diene (1a) iron complex 10a in tetrahydrofuran at reflux led within 4

h to an equilibrium with a 2:1 ratio of the iron complexes
10a and 10b. This result confirms again that the transfer
of the tricarbonyliron fragment is facilitated by the donor
substituent in the para position of the 1-aryl ring.

Based on previous kinetic studies on ligand exchange re-
actions at complex 10a [28] and our own mechanistic investi-
gations, [23] [29] the following mechanism is proposed for the
transfer of the tricarbonyliron fragment using (η4-1-aza-Some information on the relative reactivities of various

tricarbonyliron transfer reagents was provided by compe- buta-1,3-diene)tricarbonyliron complexes 10 (Scheme 7).
Complex 10 generates, by a thermally induced haptotropictition experiments. For this purpose we prepared the tricar-

bonyliron complex 11 containing the more electron-rich 4- migration, the 16-electron tricarbonyl(η1-imine)iron com-
plex 13. This type of 16-electron η1-imine complex is alsomethoxybenzylideneacetone ligand. Complex 11 was re-

ported to be more reactive in transfer reactions than the considered as the intermediate in the thermal epimerization
of tricarbonyliron complexes of chiral 1-azabuta-1,3-di-tricarbonyliron complex 4 with unsubstituted benzylidenea-

cetone as ligand. [27] A smooth transfer of the metal frag- enes[23] and was obtained on matrix photolysis studies of
(η4-1-azabuta-1,3-diene)tricarbonyliron complexes. [30] Thement was observed on reaction of complex 11 with cyclo-

hexa-1,3-diene (1a) in tetrahydrofuran at reflux and af- vacant coordination site of complex 13 is filled by η2-coor-

Scheme 6. Competition experiments between various tricarbonyliron transfer reagents
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phy: Baker or Merck silica gel (0.0320.06 mm). 2 Ultrasound:Scheme 7. Proposed mechanism of the tricarbonyliron transfer

from 1,4-diaryl-1-azabuta-1,3-diene complexes 10 to Bandelin Sonorex-TK52H cleaning bath; frequency: 35 kHz, used
cyclohexa-1,3-diene (1a) at 50% power. 2 Melting points: Leitz hot stage and Büchi 535. 2

IR spectra: Bruker IFS-88, Perkin-Elmer 882 and 1710. 2 1H-
NMR and 13C-NMR spectra: Bruker WP-200, AC-250, AM-400,
and DRX-500; internal standard: tetramethylsilane or the signal of
the deuterated solvent; coupling constants in Hz. 2 Mass spectra:
Finnigan MAT-312 and MAT-90: ionization potential: 70 eV. 2

Elemental analysis: Heraeus CHN-Rapid. Bulb-to-bulb distillation:
Büchi glass tube oven GKR-51. 2 X-ray analyses: The data were
collected on a STOE STADI-4 diffractometer using Mo-Kα radi-
ation. The structures were solved by direct methods (SHELXS-86)
and refined anisotropically by full-matrix least squares based on all
unique F2 (SHELXL-93); the program SCHAKAL-92 was used for
the graphical representation of the crystal structures (E. Keller, a
computer program for the graphic representation of molecular and
crystallographic models, Universität Freiburg, Germany, 1992).

2,4,6-Trimethoxyaniline (7i): A mixture of 2,4,6-trimethoxynitro-
benzene[21] (500 mg, 2.35 mmol) and Pd/C (100 mg) in EtOH (30
ml) was stirred under a hydrogen atmosphere (1.1 bar) for 20 h.
The reaction mixture was filtered through a short path of Celite/
Alox B and the solvent was removed under reduced pressure. Bulb-
to-bulb distillation (120°C, 0.1 mbar) of the residue afforded 7i
(380 mg, 88%). Pale yellow solid. M.p. 33235°C. 2 IR (drift): ν̃ 5dination of cyclohexa-1,3-diene (1a) to provide complex 14.
3449, 3362, 2939, 2837, 1611, 1512, 1164 cm21. 2 1H NMR (400This 18-electron complex, which could not be isolated, re-
MHz, CDCl3): δ 5 3.48 (br s, 2 H), 3.74 (s, 3 H), 3.81 (s, 6 H),

presents the crucial intermediate of the transfer reaction. 6.15 (s, 2 H). 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5
Based on X-ray crystal structure determinations of (η1-1- 55.91 (3 CH3), 91.40 (2 CH), 118.97 (C), 148.13 (2 C), 152.62 (C).
azabuta-1,3-diene)tetracarbonyliron complexes[29] [31] and 2 MS (30°C): m/z (%) 5 183 (100) [M1], 168 (87), 140 (39), 125
additional experimental evidence, [29] [32] complex 14 is pro- (28); HRMS: 183.0910 (C9H13NO3, calcd. 183.0895).
posed to have a trigonal-bipyramidal structure with the η2-

4-Cyanocinnamaldehyde (8; R6 5 CN, R7 5 H): A solution of 4-coordinated 1,3-diene in equatorial and the η1-coordinated
cyanobenzaldehyde (823 mg, 6.28 mmol) and (formylmethylene)tri-

α,β-unsaturated imine in an axial position. Disengagement phenylphosphorane (2.10 g, 6.90 mmol) in toluene (40 ml) was
of the 1-azabuta-1,3-diene 9 from complex 14 leads to the stirred at 80°C for 24 h. The solvent was evaporated in vacuo and
16-electron complex 15, which affords the tricarbonyliron the residue was subjected to flash chromatography (gradient elu-
complex 2 by haptotropic (η2 R η4) migration of the tion, first with Et2O/pentane, 1:3 and then elution with Et2O) on
metal fragment. silica gel. Evaporation of the solvent afforded a crude product,

which was dissolved in Et2O (30 ml). Recrystallization at 230°C
Conclusion provided the aldehyde 8 (R6 5 CN, R7 5 H) as a mixture of dia-

stereoisomers (771 mg, 78%, (E)/(Z) $ 10:1). Yellow solid. M.p.We have shown that the tricarbonyliron complexes of 1,4-
132°C. 2 IR (drift): ν̃ 5 2228, 1685, 1627, 1420, 1293, 1129, 987,

diaryl-substituted 1-azabuta-1,3-dienes serve as highly ef- 817 cm21. 2 1H NMR (250 MHz, CDCl3) [(E)-isomer]: δ 5 6.78
ficient tricarbonyliron transfer reagents for the com- (dd, J 5 16.1, 7.5 Hz, 1 H), 7.49 (d, J 5 16.1 Hz, 1 H), 7.67 (d,
plexation of cyclohexa-1,3-diene. Complexation using these J 5 8.5 Hz, 2 H), 7.74 (d, J 5 8.5 Hz, 2 H), 9.78 (d, J 5 7.5 Hz,
transfer reagents can also be applied to a broad range of 1 H). 2 MS (25°C): m/z (%) 5 157 (100) [M1], 156 (92), 129 (57),
other 1,3-dienes. [12] After the transfer of the metal fragment 128 (46), 103 (14), 102 (20), 101 (17); HRMS: 157.0516 (C10H7NO,

calcd. 157.0528).the 1-azabuta-1,3-dienes 9 are recovered almost quantita-
tively by simple crystallization. This fact has been exploited 1,4-Diphenyl-1-azabuta-1,3-diene (9a): Na2SO4 (3 g) was added
for the development of a complexation of 1,3-dienes using to a solution of cinnamaldehyde (8; R6 5 R7 5 H) (1.91 ml, 2.00
only catalytic amounts of the 1-azabuta-1,3-dienes 9. [12] [13]

g, 15.1 mmol) and freshly distilled aniline (7a) (1.38 ml, 1.41 g,
Most importantly, it has been demonstrated that high 15.1 mmol) in Et2O (30 ml). The reaction mixture was stirred at
asymmetric inductions are achieved on the catalytic com- room temp. for 1 h, then filtered, and the residue was washed with

Et2O (20 ml). Crystallization from the filtrate at 220°C affordedplexation of prochiral 1,3-dienes using chiral 1-azabuta-
the product 9a (2.56 g, 82%). Pale yellow needles. 2 IR (drift): ν̃ 51,3-dienes. [32]

2958, 2839, 1630, 1605, 1505, 1295, 1251, 1032, 986, 720 cm21. 2
This work was supported by the Deutsche Forschungsgemein- 1H NMR (400 MHz, CDCl3): δ 5 7.17 (m, 5 H), 7.38 (m, 5 H),

schaft (Gerhard-Hess award) and the Fonds der Chemischen Indus- 7.54 (m, 2 H), 8.27 (dd, J 5 7.2, 1.0 Hz, 1 H). 2 13C NMR and
trie. DEPT (63 MHz, CDCl3): δ 5 120.87 (2 CH), 126.07 (CH), 127.44

(2 CH), 128.52 (CH), 128.87 (2 CH), 129.13 (2 CH), 129.55 (CH),
Experimental Section 135.50 (C), 143.98 (CH), 151.64 (C), 161.60 (CH). 2 MS (35°C):

m/z (%) 5 207 (40) [M1], 206 (100), 130 (3), 115 (7), 77 (22);General: All reactions were carried out using anhydrous and de-
gassed solvents under an argon atmosphere. 2 Flash chromatogra- HRMS: 207.1062 (C15H13N, calcd. 207.1048).
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Table 4. Crystallographic data, summary of data collection, and refinement of 10b, 10c, and 10l

10b 10c 10l

empirical formula C19H15FeNO4 C19H15FeNO4 C20H17FeNO5
formula weight 377.17 377.17 407.20
crystal color red red red
crystal size [mm] 0.54 x 0.12 x 0.12 0.4 3 0.3 3 0.3 0.80 3 0.60 3 0.55
crystal system monoclinic orthorhombic triclinic
space group P21/c Pbca P1

¯

a [A
˚

] 11.975(5) 18.5970(10) 6.549(3)
b [A

˚
] 15.735(8) 7.938(3) 10.400(5)

c [A
˚

] 9.439(4) 23.483(3) 14.618(6)
α [°] 90 90 106.71(3)
β [°] 101.07(3) 90 96.30(3)
γ [°] 90 90 103.07(3)
V [A

˚
3] 1745.5(14) 3466.6(14) 912.4(7)

Z 4 8 2
ρ

calcd. [g cm23] 1.435 1.445 1.482
absorption coefficient [mm21] 0.862 0.893 0.858
F (000) 776 1552 420
λ [A

˚
] 0.71073 0.71073 0.71073

T [K] 293(2) 200(2) 173(2)
θ range [°] 5.20228.15 1.73225.03 3.04225.00
reflections collected 9737 6121 3202
independent reflections 4111 3063 3202
refinement method full-matrix least squares on F2 full-matrix least squares on F2 full-matrix least squares on F2

data / restraints / parameters 4106 / 0 / 251 3062 / 0 / 286 3200 / 3 / 255
final R indices [I>2σ (I)] R1 5 0.0583; wR2 5 0.1376 R1 5 0.0317; wR2 5 0.0772 R1 5 0.0317; wR2 5 0.0805
max. residual electron density 0.467 0.274 0.395
[e A

˚
23]

CSD number[a] 59410 408182 58301

[a] Further details of the crystal structure investigations may be obtained from the Fachinformationszentrum Karlsruhe D-76344 Eggen-
stein-Leopoldshafen on quoting the CSD numbers given.

1-(4-Methoxyphenyl)-4-phenyl-1-azabuta-1,3-diene (9b): Cinna- H), 7.19 (m, 1 H), 7.23 (dd, J 5 16.0, 8.7 Hz, 1 H), 7.3327.41 (m,
3 H), 7.53 (m, 2 H), 8.28 (d, J 5 8.7 Hz, 1 H). 2 13C NMR andmaldehyde (8; R6 5 R7 5 H) (10 ml, 10.5 g, 79.3 mmol) was added

to a solution of freshly sublimated p-anisidine (7b) (9.77 g, 79.3 DEPT (100 MHz, CDCl3): δ 5 55.75 (CH3), 111.22 (CH), 119.41
(CH), 120.93 (CH), 126.99 (CH), 127.47 (2 CH), 128.89 (2 CH),mmol) in EtOAc (150 ml). MgSO4 (4 g) was added and the mixture

was stirred for 1 h at room temp. The solution was separated and 129.06 (CH), 129.47 (CH), 135.66 (C), 141.21 (C), 143.66 (CH),
152.73 (C), 162.01 (CH). 2 MS (45°C): m/z (%) 5 237 (100) [M1],the residue was washed with EtOAc. The solutions were combined

and the solvent was evaporated slowly at 40°C until crystallization 236 (81), 220 (21), 130 (12), 115 (17); HRMS: 237.1140 (C16H15NO,
calcd. 237.1154). 2C16H15NO: C 80.98, H 6.37, N 5.90; found: Ccould be observed. Then pentane (100 ml) was added to the warm

solution. Recrystallization at 220°C afforded the azadiene 9b (18.8 80.46, H 6.37, N 6.30.
g, 100%). Yellow-green crystals. M.p. 122°C. 2 IR (drift): ν̃ 5

1-(4-N,N-Dimethylaminophenyl)-4-phenyl-1-azabuta-1,3-diene3060, 1625, 1600, 1576, 1150, 999, 994, 753 cm21. 2 1H NMR (400
(9d): A solution of cinnamaldehyde (8; R6 5 R7 5 H) (0.95 ml,MHz, CDCl3): δ 5 3.83 (s, 3 H), 6.92 (br d, J 5 9.0 Hz, 2 H), 7.11
1.00 g, 7.57 mmol) and freshly sublimated 4-N,N-dimethylami-(m, 2 H), 7.21 (br d, J 5 9.0 Hz, 2 H), 7.38 (m, 3 H), 7.53 (m, 2
noaniline (7d) (1.03 g, 7.57 mmol) in Et2O (30 ml) was stirred atH), 8.30 (dd, J 5 4.5, 3.8 Hz, 1 H). 2 13C NMR and DEPT (63
room temp. for 1 h. Na2SO4 (2 g) was added and the reaction mix-MHz, CDCl3): δ 5 55.29 (CH3), 114.27 (2 CH), 122.11 (2 CH),
ture was stirred at room temp. for additionally 2 h. The solution127.24 (2 CH), 128.61 (CH), 128.75 (2 CH), 129.23 (CH), 135.60
was separated and evaporated in vacuo to a volume of 15 ml. Crys-(C), 142.85 (CH), 144.37 (C), 158.25 (C), 159.29 (CH). 2 MS
tallization at 220°C provided the product 9d (760 mg, 40%). Yel-(55°C): m/z (%) 5 237 (63) [M1], 236 (100), 115 (17); HRMS:
low crystals. M.p. 146°C. 2 IR (drift): ν̃ 5 1625, 1605, 1512, 1448,237.1137 (C16H15NO, calcd. 237.1154). 2 C16H15NO: C 80.98, H
1349, 1220, 1169, 955, 821, 752, 693 cm21. 2 1H NMR (400 MHz,6.37, N 5.90; found: C 81.14, H 6.35, N 6.35.
CDCl3): δ 5 2.99 (s, 6 H), 6.75 (br d, J 5 9.0 Hz, 2 H), 7.07 (d,

1-(2-Methoxyphenyl)-4-phenyl-1-azabuta-1,3-diene (9c): Na2SO4 J 5 15.9 Hz, 1 H), 7.14 (dd, J 5 15.9, 8.2 Hz, 1 H), 7.25 (br d,
(1.5 g) was added to a solution of cinnamaldehyde (8; R6 5 R7 5 J 5 9.0 Hz, 2 H), 7.33 (m, 1 H), 7.39 (m, 2 H), 7.53 (m, 2 H), 8.35
H) (1.91 ml, 2.00 g, 15.1 mmol) and freshly distilled o-anisidine (d, J 5 8.2 Hz, 1 H). 2 13C NMR and DEPT (100 MHz, CDCl3):
(7c) (1.70 ml, 1.86 g, 15.1 mmol) in Et2O (30 ml). The reaction δ 5 40.68 (2 CH3), 112.76 (2 CH), 122.33 (2 CH), 127.25 (2 CH),
mixture was stirred at room temp. for 3 h. The solution was sepa- 128.86 (2 CH), 129.07 (CH), 129.15 (CH), 136.03 (C), 140.31 (C),
rated and the residue was washed with Et2O. The solution of the 141.63 (CH), 149.58 (C), 156.94 (CH). 2 MS (65°C): m/z (%) 5
combined organic layers was evaporated in vacuo to a volume of 5 250 (84) [M1], 249 (100), 233 (12), 124 (4); HRMS: 250.1450
ml. Crystallization from the filtrate at 220°C provided the product (C17H18N2, calcd. 250.1470).
9c (3.11 g, 87%). Yellow crystals. M.p. 67°C. 2 IR (drift): ν̃ 5

1627, 1602, 1581, 1493, 1447, 1296, 1247, 1115, 1027, 1001, 754, 1-(4-Trifluoromethylphenyl)-4-phenyl-1-azabuta-1,3-diene (9e): A
solution of cinnamaldehyde (8; R6 5 R7 5 H) (1.26 ml, 1.32 g, 10.0747 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.90 (s, 3 H), 6.95

(m, 2 H), 7.00 (dd, J 5 7.7, 2.0 Hz, 1 H), 7.12 (d, J 5 16.0 Hz, 1 mmol) and freshly sublimated 4-trifluoromethylaniline (7e) (1.61 g,
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10.0 mmol) in Et2O (30 ml) was stirred at room temp. for 2 h. The 15.9 Hz, 1 H), 7.39 (m, 3 H), 7.55 (m, 2 H), 8.30 (d, J 5 7.9 Hz,

1 H). 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 56.09 (2mixture was subsequently dried over Na2SO4. The solution was
separated and the residue was washed with Et2O. The solution of CH3), 60.97 (CH3), 98.29 (2 CH), 127.46 (2 CH), 128.41 (CH),

128.93 (2 CH), 129.60 (CH), 135.57 (C), 136.67 (C), 143.97 (CH),the combined organic layers was evaporated to a volume of 20 ml.
Crystallization at 220°C provided a crude product, which was 147.42 (C), 153.58 (2 C), 160.70 (CH). 2 MS (70°C): m/z (%) 5

297 (100) [M1], 296 (84), 282 (52), 115 (19), 74 (68), 59 (91);washed with a mixture of cold Et2O/pentane (1:7) to afford 9e (1.97
g, 72%). Yellow crystals. 2 IR (drift): ν̃ 5 1628, 1611, 1586, 1333, HRMS: 297.1347 (C18H19NO3, calcd. 297.1365).
1313, 1156, 1109, 1073, 841, 753 cm21. 2 1H NMR (400 MHz, 1-(2,4,6-Trimethoxyphenyl)-4-phenyl-1-azabuta-1,3-diene (9i): A
CDCl3): δ 5 7.11 (dd, J 5 15.9, 8.7 Hz, 1 H), 7.22 (d, J 5 15.9 solution of cinnamaldehyde (8; R6 5 R7 5 H) (195 µl, 204 mg,
Hz, 1 H), 7.22 (d, J 5 8.2 Hz, 2 H), 7.40 (m, 3 H), 7.56 (m, 2 H), 1.54 mmol) and freshly sublimated 2,4,6-trimethoxyaniline (7i) (282
7.64 (d, J 5 8.2 Hz, 2 H), 8.24 (d, J 5 8.7 Hz, 1 H). 2 13C NMR mg, 1.54 mmol) in Et2O (20 ml) was stirred at room temp. for 2 h.
and DEPT (100 MHz, CDCl3): δ 5 121.03 (2 CH), 124.51 (CF3, The solvent was evaporated and the residue was dissolved in Et2O
q, 1JCF 5 276 Hz), 126.38 (2 CH, q, 3JCF 5 3.4 Hz), 127.67 (2 (5 ml). Crystallization at 220°C provided the product 9i (336 mg,
CH), 128.08 (CH), 129.00 (2 CH), 129.99 (CH), 135.25 (C), 145.51 73%). Yellow crystals. M.p. 114°C. 2 IR (drift): ν̃ 5 1628, 1607,
(CH), 154.87 (C), 163.30 (CH), the signal of one carbon atom is 1579, 1468, 1449, 1334, 1228, 1201, 1149, 1121, 812 cm21. 2 1H
missing. 2 MS (35°C): m/z (%) 5 275 (34) [M1], 274 (100), 145 NMR (400 MHz, CDCl3): δ 5 3.82 (s, 3 H), 3.83 (s, 6 H), 6.21 (s,
(7), 115 (4); HRMS: 275.0907 (C16H12F3N, calcd. 275.0922). 2 H), 7.02 (d, J 5 16.0 Hz, 1 H), 7.20 (dd, J 5 16.0, 8.9 Hz, 1 H),

7.35 (m, 3 H), 7.51 (m, 2 H), 8.51 (d, J 5 8.9 Hz, 1 H). 2 13C1-(3-Nitrophenyl)-4-phenyl-1-azabuta-1,3-diene (9f): A solution
NMR and DEPT (100 MHz, CDCl3): δ 5 55.45 (CH3), 56.12 (2of cinnamaldehyde (8; R6 5 R7 5 H) (0.95 ml, 1.00 g, 7.57 mmol)
CH3), 91.43 (2 CH), 123.64 (C), 127.34 (2 CH), 128.81 (2 CH),and freshly sublimated 3-nitroaniline (7f) (1.05 g, 7.57 mmol) in
129.02 (CH), 130.19 (CH), 136.15 (C), 142.04 (CH), 153.22 (2 C),C6H6 (30 ml) was stirred with activated molecular sieves (4 A

˚
, 5 g)

158.09 (C), 165.18 (CH). 2 MS (75°C): m/z (%) 5 297 (100) [M1],at room temp. for 17 h. The reaction mixture was filtered over a
296 (99.7), 266 (9), 130 (12), 115 (17); HRMS: 297.1351short path of Celite. The solvent was evaporated and the residue
(C18H19NO3, calcd. 297.1365).dissolved in EtOAc (15 ml). The crude product was crystallized by

addition of pentane (80 ml). The solid was recrystallized twice from 4-(4-Methoxyphenyl)-1-phenyl-1-azabuta-1,3-diene (9j): Na2SO4
EtOAc/pentane (1:10) to afford the product 9f (1.07 g, 56%). Yel- (3 g) was added to a solution of 4-methoxycinnamaldehyde (8;
low needles. 2 1H NMR (200 MHz, CDCl3): δ 5 7.11 (dd, J 5 R6 5 OMe, R7 5 H) (2.00 g, 12.3 mmol) and freshly distilled ani-
16.0, 8.4 Hz, 1 H), 7.27 (d, J 5 16.0 Hz, 1 H), 7.3827.59 (m, 7 line (7j) (1.12 ml, 1.15 g, 12.3 mmol) in Et2O (30 ml). The mixture
H), 8.00 (m, 1 H), 8.07 (dt, J 5 7.2, 2.1 Hz, 1 H), 8.30 (d, J 5 8.4 was stirred for 3 h at room temp. and then filtered. The residue
Hz, 1 H). was washed with Et2O and the solvent of the combined organic

layers was evaporated. The crude product was dissolved in a mix-1-(2,4-Dimethoxyphenyl)-4-phenyl-1-azabuta-1,3-diene (9g):
ture of Et2O (80 ml) and EtOAc (10 ml). Recrystallization affordedNa2SO4 (5 g) was added to a solution of cinnamaldehyde (8; R6 5
the azadiene 9j (2.58 g, 88%). Light yellow crystals. 2 1H NMRR7 5 H) (2.86 ml, 3.00 g, 22.7 mmol) and freshly distilled 2,4-
(400 MHz, CDCl3): δ 5 3.80 (s, 3 H), 6.90 (d, J 5 8.4 Hz, 2 H),dimethoxyaniline (7g) (3.24 ml, 3.48 g, 22.7 mmol) in Et2O (50 ml)
6.98 (dd, J 5 15.9, 8.5 Hz, 1 H), 7.07 (d, J 5 15.9 Hz, 1 H), 7.18and the reaction mixture was stirred at room temp. for 2 h. The
(m, 3 H), 7.36 (t, J 5 7.5 Hz, 2 H), 7.46 (d, J 5 8.4 Hz, 2 H), 8.21mixture was filtered and the residue was washed with Et2O. The
(d, J 5 8.5 Hz, 1 H). 2 13C NMR and DEPT (100 MHz, CDCl3):solution of the combined ethereal layers was evaporated in vacuo
δ 5 55.37 (CH3), 114.40 (2 CH), 120.95 (2 CH), 125.91 (CH),to a volume of 25 ml. Crystallization at 220°C provided the prod-
126.46 (CH), 128.40 (C), 129.07 (2 CH), 129.18 (2 CH), 143.85uct 9g (4.91 g, 81%). Yellow crystals. M.p. 75°C. 2 IR (drift): ν̃ 5
(CH), 151.90 (C), 160.86 (C), 161.92 (CH).1628, 1602, 1588, 1497, 1280, 1259, 1206, 1157, 966, 824, 754 cm21.

2 1H NMR (250 MHz, CDCl3): δ 5 3.82 (s, 3 H), 3.89 (s, 3 H), 1,4-Di-(4-methoxyphenyl)-1-azabuta-1,3-diene (9k): 4-Meth-
6.48 (dd, J 5 8.5, 2.6 Hz, 1 H), 6.53 (d, J 5 2.6 Hz, 1 H), 7.01 (d, oxycinnamaldehyde (8; R6 5 OMe, R7 5 H) (1.62 g, 10.0 mmol)
J 5 8.5 Hz, 1 H), 7.07 (d, J 5 16.0 Hz, 1 H), 7.22 (dd, J 5 16.0, and freshly sublimated p-anisidine (7k) (1.23 g, 10.0 mmol) were
8.6 Hz, 1 H), 7.35 (m, 3 H), 7.50 (m, 2 H), 8.31 (d, J 5 8.6 Hz, 1 dissolved in a mixture of Et2O (30 ml) and THF (15 ml). On cool-
H). 2 13C NMR and DEPT (63 MHz, CDCl3): δ 5 55.50 (CH3), ing the reaction mixture to 5°C for 15 h, the azadiene 9k crys-
55.82 (CH3), 99.24 (CH), 104.33 (CH), 119.53 (CH), 127.36 (2 CH), tallized (1.03 g, 39%). The solvent of the mother liquor was evapo-
128.87 (2 CH), 129.25 (CH), 129.39 (CH), 134.50 (C), 135.90 (C), rated and the residue was dissolved in EtOAc (200 ml) at 65°C.
142.59 (CH), 154.21 (C), 159.37 (C), 159.90 (CH). 2 MS (50°C): Recrystallization at 220°C afforded 9k (1.50 g, 56%). Total yield
m/z (%) 5 267 (93) [M1], 266 (100), 130 (6), 115 (13); HRMS: of the azadiene 9k: 2.53 g (95%). Light yellow crystals. M.p. 182°C.
267.1254 (C17H17NO2, calcd. 267.1259). 2 IR (drift): ν̃ 5 1900, 1627, 1602, 1576, 1504, 1441, 1307, 1290,

1245, 1178, 1031, 864, 816 cm21. 2 1H NMR (400 MHz, CDCl3):1-(3,4,5-Trimethoxyphenyl)-4-phenyl-1-azabuta-1,3-diene (9h):
δ 5 3.82 (s, 3 H), 3.84 (s, 3 H), 6.91 (br d, J 5 8.8 Hz, 4 H), 6.98Na2SO4 (5 g) was added to a solution of cinnamaldehyde (8; R6 5
(dd, J 5 15.9, 8.4 Hz, 1 H), 7.07 (d, J 5 15.9 Hz, 1 H), 7.19 (brR7 5 H) (2.86 ml, 3.00 g, 22.7 mmol) and freshly sublimated 3,4,5-
d, J 5 8.8 Hz, 2 H), 7.47 (br d, J 5 8.8 Hz, 2 H), 8.26 (d, J 5 8.4trimethoxyaniline (7h) (4.16 g, 22.7 mmol) in Et2O (50 ml) and the
Hz, 1 H). 2 13C NMR and DEPT (63 MHz, CDCl3): δ 5 55.74reaction mixture was stirred at room temp. for 2 h. The mixture
(CH3), 55.86 (CH3), 114.75 (2 CH), 114.78 (2 CH), 122.53 (2 CH),was filtered and the residue was washed with Et2O. The solution
127.08 (CH), 128.99 (C), 129.28 (2 CH), 143.19 (CH), 145.17 (C),of the combined organic layers was evaporated in vacuo to a vol-
158.59 (C), 160.24 (CH), 161.07 (C). 2 MS (80°C): m/z (%) 5 267ume of 25 ml. Crystallization at 220°C provided the product 9h
(34) [M1], 266 (100), 252 (12), 145 (6); HRMS: 267.1264(5.33 g, 79%). Yellow needles. M.p. 88291°C. 2 IR (drift): ν̃ 5
(C17H17NO2, calcd. 267.1259).1627, 1584, 1503, 1446, 1417, 1243, 1232, 1008, 991, 838, 753, 693

cm21. 2 1H NMR (250 MHz, CDCl3): δ 5 3.87 (s, 3 H), 3.90 (s, 1-(2-Methoxyphenyl)-4-(4-methoxyphenyl)-1-azabuta-1,3-diene
(9l): A solution of 4-methoxycinnamaldehyde (8; R6 5 OMe, R7 56 H), 6.48 (s, 2 H), 7.09 (dd, J 5 15.9, 7.9 Hz, 1 H), 7.19 (d, J 5
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H) (1.62 g, 10.0 mmol) and freshly distilled o-anisidine (7l) (1.13 solvent of the combined organic solutions was evaporated and the

residue was dissolved in Et2O/pentane (2:1, 100 ml). Precipitationml, 1.23 g, 10.0 mmol) in Et2O (30 ml) was stirred at room temp.
for 2 h. Subsequently, the reaction mixture was dried over Na2SO4. of the product was completed by cooling this solution to 278°C

and subsequent warming to 40°C. Repetition of this procedure sev-The solution was separated and the residue was washed with Et2O.
The solution of the combined organic layers was evaporated in va- eral times afforded the product 9o (2.82 g, 86%). Yellow solid. M.p.

62°C. 2 IR (drift): ν̃ 5 2839, 1620, 1596, 1504, 1484, 1467, 1244,cuo to a volume of 20 ml. Crystallization at 230°C afforded 9l
(2.11 g, 79%). Light yellow needles. M.p. 105°C. 2 IR (drift): ν̃ 5 1028, 990, 956, 756 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5

3.82 (s, 3 H), 3.89 (s, 3 H), 6.8827.01 (m, 2 H), 6.91 (br d, J 5 8.91626, 1580, 1492, 1307, 1246, 1025, 810, 754 cm21. 2 1H NMR
(400 MHz, CDCl3): δ 5 3.82 (s, 3 H), 3.90 (s, 3 H), 6.9027.00 (m, Hz, 2 H), 7.1127.23 (m, 2 H), 7.17 (dd, J 5 16.1, 9.0 Hz, 1 H),

7.32 (m, 1 H), 7.48 (d, J 5 16.1 Hz, 1 H), 7.57 (dd, J 5 7.7, 1.65 H), 7.0427.20 (m, 3 H), 7.47 (br d, J 5 8.8 Hz, 2 H), 8.24 (dd,
J 5 7.5, 0.8 Hz, 1 H). 2 13C NMR and DEPT (100 MHz, CDCl3): Hz, 1 H), 8.31 (d, J 5 9.0 Hz, 1 H). 2 13C NMR and DEPT (63

MHz, CDCl3): δ 5 56.13 (2 CH3), 111.72 (CH), 115.04 (2 CH),δ 5 55.30 (CH3), 55.70 (CH3), 111.12 (CH), 114.30 (2 CH), 119.34
(CH), 120.88 (CH), 126.69 (CH), 126.95 (CH), 128.46 (C), 128.96 121.51 (CH), 122.85 (2 CH), 125.38 (C), 128.30 (CH), 129.90 (CH),

131.24 (CH), 138.96 (CH), 145.43 (C), 158.12 (C), 158.90 (C),(2 CH), 141.38 (C), 143.40 (CH), 152.69 (C), 160.69 (C), 162.21
(CH). 2 MS (50°C): m/z (%) 5 267 (40) [M1], 266 (100), 252 (24), 161.24 (CH). 2 MS (70°C): m/z (%) 5 267 (32) [M1], 266 (24),

252 (16), 237 (16), 236 (100), 115 (6); HRMS: 267.1237250 (8), 236 (6); HRMS: 267.1249 (C17H17NO2, calcd. 267.1259).
(C17H17NO2, calcd. 267.1259).

1-(4-Trifluoromethylphenyl)-4-(4-methoxyphenyl)-1-azabuta-
1,3-diene (9m): 4-Methoxycinnamaldehyde (8; R6 5 OMe, R7 5 H) 4-(4-Cyanophenyl)-1-phenyl-1-azabuta-1,3-diene (9p): A solution

of 4-cyanocinnamaldehyde (8; R6 5 CN, R7 5 H) (157 mg, 1.00(1.62 g, 10.0 mmol) and freshly distilled 4-trifluoromethylaniline
(7m) (1.25 ml, 1.61 g, 10.0 mmol) were dissolved in a mixture of mmol) and freshly distilled aniline (7p) (182 µl, 186 mg, 2.00 mmol)

in THF (10 ml) was stirred at room temp. for 1.5 h. After additionEt2O (50 ml) and THF (15 ml). The reaction mixture was cooled
to 5°C for 15 h and was dried over Na2SO4. After filtration the of pentane (30 ml) the product was crystallized at 230°C to afford

the azadiene 9p (181 mg, 78%). Yellow crystals. M.p. 104°C. 2 IRsolvent was evaporated and the residue was crystallized from Et2O/
EtOAc (3:1, 80 ml) to afford the azadiene 9m (1.81 g, 59%). Yellow (drift): ν̃ 5 3049, 2221, 1627, 1608, 1583, 1488, 1413, 1156, 983,

954, 816, 764 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5crystals. M.p. 121°C. 2 IR (drift): ν̃ 5 1628, 1588, 1513, 1330,
1270, 1130, 1011, 850 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 7.3227.47 (m, 5 H), 7.58 (m, 2 H), 7.77 (d, J 5 7.9 Hz, 2 H), 7.83

(d, J 5 7.9 Hz, 2 H), 8.47 (d, J 5 7.0 Hz, 1 H). 2 13C NMR and3.85 (s, 3 H), 6.94 (br d, J 5 8.8 Hz, 2 H), 6.99 (dd, J 5 15.9, 8.9
Hz, 1 H), 7.16 (d, J 5 15.9 Hz, 1 H), 7.21 (d, J 5 8.4 Hz, 2 H), DEPT (63 MHz, CDCl3): δ 5 112.93 (C), 119.11 (C;N), 121.48

(2 CH), 127.22 (CH), 128.27 (2 CH), 129.79 (2 CH), 132.27 (CH),7.50 (br d, J 5 8.8 Hz, 2 H), 7.62 (d, J 5 8.4 Hz, 2 H), 8.20 (d,
J 5 8.9 Hz, 1 H). 2 13C NMR and DEPT (100 MHz, CDCl3): 133.14 (2 CH), 140.35 (C), 141.68 (CH), 151.70 (C), 161.00 (CH).

2 MS (60°C): m/z (%) 5 232 (53) [M1], 231 (100), 77 (21); HRMS:δ 5 55.39 (CH3), 114.44 (2 CH), 121.02 (2 CH), 124.30 (CF3, q,
1JCF 5 272 Hz), 125.93 (CH), 126.35 (2 CH, q, 3JCF 5 3.5 Hz), 232.1015 (C16H12N2, calcd. 232.1000).
127.53 (C, q, 2JCF 5 32.5 Hz), 128.06 (C), 129.27 (2 CH), 145.33

4-(4-Cyanophenyl)-1-(2,4-dimethoxyphenyl)-1-azabuta-1,3-diene(CH), 155.04 (C), 161.15 (C), 163.54 (CH). 2 MS (40°C): m/z
(9q): A solution of freshly distilled 2,4-dimethoxyaniline (7q) (141(%) 5 305 (25) [M1], 304 (100), 290 (13), 261 (7), 145 (7); HRMS:
µl, 153 mg, 1.00 mmol) in Et2O (14 ml) was added to a solution of305.1006 (C17H14F3NO, calcd. 305.1027).
4-cyanocinnamaldehyde (8; R6 5 CN, R7 5 H) (157 mg, 1.00
mmol) in Et2O (20 ml). The reaction mixture was stirred for 101-(2,4-Dimethoxyphenyl)-4-(4-methoxyphenyl)-1-azabuta-1,3-

diene (9n): A solution of 4-methoxycinnamaldehyde (8; R6 5 OMe, min at room temp. and then cooled to 220°C for 15 h without
stirring. Evaporation of the solvent afforded the product 9q (289R7 5 H) (1.00 g, 6.17 mmol) and freshly distilled 2,4-dimethoxyani-

line (7n) (0.88 ml, 945 mg, 6.17 mmol) in THF (30 ml) was stirred mg, 99%). Orange solid. M.p. 121°C. 2 IR (drift): ν̃ 5 2223, 1623,
1604, 1585, 1498, 1311, 1258, 1210, 1161, 1130, 1047, 843, 827at 40°C for 1 h. The solvent was evaporated and the residue was

crystallized from a mixture of Et2O (200 ml) and EtOAc (30 ml) at cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.83 (s, 3 H), 3.90 (s,
3 H), 6.49 (dd, J 5 8.6, 2.6 Hz, 1 H), 6.54 (d, J 5 2.6 Hz, 1 H),220°C to provide the product 9n (1.46 g, 80%). Yellow solid. M.p.

123°C. 2 IR (drift): ν̃ 5 1625, 1603, 1587, 1509, 1497, 1259, 1246, 7.05 (d, J 5 8.6 Hz, 1 H), 7.06 (d, J 5 16.0 Hz, 1 H), 7.28 (dd,
J 5 16.0, 8.9 Hz, 1 H), 7.58 (br d, J 5 8.4 Hz, 2 H), 7.65 (br d,1206, 1176, 1157, 1128, 1025, 824 cm21. 2 1H NMR (400 MHz,

CDCl3): δ 5 3.80 (s, 3 H), 3.81 (s, 3 H), 3.88 (s, 3 H), 6.46 (dd, J 5 8.4 Hz, 2 H), 8.36 (d, J 5 8.9 Hz, 1 H). 2 13C NMR and
DEPT (100 MHz, CDCl3): δ 5 55.54 (CH3), 55.86 (CH3), 99.23J 5 8.6, 2.5 Hz, 1 H), 6.52 (d, J 5 2.5 Hz, 1 H), 6.89 (d, J 5 8.7

Hz, 2 H), 6.98 (d, J 5 8.6 Hz, 1 H), 7.02 (d, J 5 15.9 Hz, 1 H), (CH), 104.49 (CH), 112.06 (C), 118.69 (C;N), 119.73 (CH), 127.59
(2 CH), 132.63 (2 CH), 132.69 (CH), 133.80 (C), 139.62 (CH),7.09 (dd, J 5 15.9, 8.3 Hz, 1 H), 7.45 (d, J 5 8.7 Hz, 2 H), 8.26

(d, J 5 8.3 Hz, 1 H). 2 13C NMR and DEPT (100 MHz, CDCl3): 140.27 (C), 154.45 (C), 158.43 (CH), 159.92 (C). 2 MS (85°C):
m/z (%) 5 292 (43) [M1], 291 (42), 157 (100), 156 (82), 153 (25),δ 5 55.33 (CH3), 55.49 (CH3), 55.80 (CH3), 99.20 (CH), 104.26

(CH), 114.33 (2 CH), 119.41 (CH), 127.30 (CH), 128.72 (C), 128.85 138 (28), 129 (51), 128 (43); HRMS: 292.1203 (C18H16N2, calcd.
292.1212).(2 CH), 134.72 (C), 142.40 (CH), 154.13 (C), 159.14 (C), 160.22

(CH), 160.57 (C). 2 MS (85°C): m/z (%) 5 297 (56) [M1], 296
1-(4-Methoxyphenyl)-4-(4-N,N-dimethylaminophenyl)-1-aza-(100), 282 (22), 145 (5); HRMS: 297.1354 (C18H19NO3, calcd.

buta-1,3-diene (9r): A solution of 4-N,N-dimethylaminocinnamal-297.1365).
dehyde (8; R6 5 NMe2, R7 5 H) (1.00 g, 5.71 mmol) and freshly
sublimated p-anisidine (7r) (703 mg, 5.71 mmol) in CH2Cl2 (30 ml)1-(4-Methoxyphenyl)-4-(2-methoxyphenyl)-1-azabuta-1,3-diene

(9o): Na2SO4 (5 g) was added to a solution of 2-methoxycinnamal- was stirred at room temp. for 1 h. Na2SO4 (2 g) was added and the
reaction mixture was stirred at room temp. for an additional 2 h.dehyde (8; R6 5 H, R7 5 OMe) (2.00 g, 12.3 mmol) and freshly

sublimated p-anisidine (7o) (1.52 g, 12.3 mmol) in Et2O (100 ml). The solution was separated and by addition of Et2O/pentane (1:7,
50 ml) the product 9r was precipitated (1.36 g, 85%). Green crys-The reaction mixture was stirred at room temp. for 2 h. The solu-

tion was separated and the residue was washed with Et2O. The tals. M.p. 1462150°C. 2 IR (drift): ν̃ 5 2540, 2057, 2006, 1887,
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1609, 1575, 1503, 1248, 1156, 836, 810 cm21. 2 1H NMR (250 1450, 1290, 1155, 761 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5

3.38 (d, J 5 9.4 Hz, 1 H), 5.72 (dd, J 5 9.4, 2.8 Hz, 1 H), 6.92 (m,MHz, CDCl3): δ 5 3.01 (s, 6 H), 3.82 (s, 3 H), 6.6326.76 (m, 2
H), 6.8726.94 (m, 2 H), 6.92 (dd, J 5 15.7, 8.5 Hz, 1 H), 7.05 (d, 3 H), 6.95 (d, J 5 2.8 Hz, 1 H), 7.19 (m, 3 H), 7.30 (m, 4 H). 2

13C NMR and DEPT (100 MHz, CDCl3): δ (T 5 298 K) 5 62.17J 5 15.7 Hz, 1 H), 7.18 (br d, J 5 8.9 Hz, 2 H), 7.42 (br d, J 5

8.9 Hz, 2 H), 8.24 (d, J 5 8.5 Hz, 1 H). 2 13C NMR and DEPT (CH), 74.45 (CH), 103.86 (CH), 121.86 (2 CH), 122.56 (CH),
126.61 (2 CH), 126.93 (CH), 128.80 (2 CH), 128.99 (2 CH), 138.81(125 MHz, CDCl3): δ 5 40.11 (2 CH3), 55.40 (CH3), 111.96 (2

CH), 114.30 (2 CH), 122.02 (2 CH), 123.74 (C), 124.08 (CH), (C), 153.38 (C), 205.79 (CO, very br), 208.77 (CO, very br), 211.90
(CO, very br); 13C NMR (125 MHz, [D8]toluene): δ (T 5 233 K) 5128.87 (2 CH), 143.90 (CH), 145.05 (C), 151.11 (C), 157.86 (C),

160.35 (CH). 2 MS (110°C): m/z (%) 5 280 (45) [M1], 279 (100), 62.31 (CH), 74.20 (CH), 104.37 (CH), 122.09 (2 CH), 122.63 (CH),
126.67 (2 CH), 127.08 (CH), 128.93 (2 CH), 129.16 (2 CH), 138.91265 (3), 158 (7); HRMS: 280.1563 (C18H20N2O, calcd. 280.1576).
(C), 153.90 (C), 206.02 (CO), 209.49 (CO), 212.70 (CO); δ (T 51-(4-Methoxyphenyl)-4-(4-nitrophenyl)-1-azabuta-1,3-diene (9s):
292 K) 5 62.63 (CH), 74.29 (CH), 104.43 (CH), 122.16 (2 CH),A solution of 4-nitrocinnamaldehyde (8; R6 5 NO2, R7 5 H) (713
122.79 (CH), 126.81 (2 CH), 127.12 (CH), 128.96 (2 CH), 129.19mg, 4.02 mmol) in THF (20 ml) was added to a solution of freshly
(2 CH), 138.13 (C), 153.96 (C), 206.04 (CO, br), 209.42 (CO, br),sublimated p-anisidine (7s) (495 mg, 4.02 mmol) in THF (20 ml).
212.66 (CO, br); δ (T 5 373 K) 5 63.21 (CH), 74.51 (CH), 104.75The reaction mixture was stirred at room temp. for 1 h. The solvent
(CH), 122.37 (2 CH), 123.13 (CH), 127.15 (2 CH), 127.30 (CH),was evaporated and the residue was recrystallized from EtOAc (60
129.11 (2 CH), 129.34 (2 CH), 139.61 (C), 154.15 (C), 209.53 (3ml) to afford the azadiene 9s (848 mg, 75%). Yellow needles. M.p.
CO, br). 2 MS (75°C): m/z (%) 5 347 (3) [M1], 319 (8), 291 (12),164°C. 2 IR (drift): ν̃ 5 1622, 1608, 1595, 1441, 1415, 1300, 953,
263 (100), 207 (10), 206 (31), 56 (18); HRMS: 347.0217758 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5 3.84 (s, 3 H), 6.94
(C18H13FeNO3, calcd. 347.0245). 2 C18H13FeNO3: C 62.28, H(br d, J 5 8.9 Hz, 2 H), 7.14 (d, J 5 16.1 Hz, 1 H), 7.23 (dd, J 5
3.77, N 4.03; found: C 62.33, H 4.08, N 4.22.16.1, 8.3 Hz, 1 H), 7.24 (br d, J 5 8.9 Hz, 2 H), 7.66 (br d, J 5

8.8 Hz, 2 H), 8.25 (br d, J 5 8.8 Hz, 2 H), 8.34 (d, J 5 8.3 Hz, 1 Tricarbonyl[(1-4-η)-1-(4-methoxyphenyl)-4-phenyl-1-azabuta-
1,3-diene]iron (10b): Mp $ 140°C (dec). 2 IR (drift): ν̃ 5 2049,H). 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 55.51 (CH3),

114.52 (2 CH), 122.46 (2 CH), 124.25 (2 CH), 127.78 (2 CH), 1987, 1963, 1507, 1250, 1040, 832 cm21. 2 1H NMR (200 MHz,
CDCl3): δ 5 3.37 (d, J 5 9.4 Hz, 1 H), 3.75 (s, 3 H), 5.68 (dd, J 5132.86 (CH), 139.45 (CH), 142.02 (C), 143.95 (C), 147.76 (C),

157.90 (CH), 158.98 (C). 2 MS (100°C): m/z (%) 5 282 (100) [M1], 9.4, 2.9 Hz, 1 H), 6.73 (d, J 5 8.9 Hz, 2 H), 6.91 (d, J 5 8.9 Hz,
2 H), 6.99 (d, J 5 2.9 Hz, 1 H), 7.1927.34 (m, 5 H). 2 13C NMR281 (74), 235 (65), 192 (9); HRMS: 282.0998 (C16H14N2O3, calcd.

282.1004). and DEPT (100 MHz, CDCl3): δ (T 5 298 K) 5 55.42 (CH3),
61.89 (CH), 73.95 (CH), 104.28 (CH), 114.28 (2 CH), 122.55 (2Preparation of the (η4-1-Azabuta-1,3-diene)tricarbonyliron Com-
CH), 126.59 (2 CH), 126.84 (CH), 128.77 (2 CH), 138.97 (C),plexes 10 by Sonochemical Reaction of the 1-Azabuta-1,3-dienes 9
146.55 (C), 155.37 (C); 13C NMR (125 MHz, [D8]toluene): δ (T 5with Nonacarbonyldiiron at Room Temperature 2 General Pro-
233 K) 5 54.44 (CH3), 62.10 (CH), 73.71 (CH), 104.82 (CH),cedure: A solution of the 1-azabuta-1,3-dienes 9 (1 eq.) and
114.20 (2 CH), 122.76 (2 CH), 126.69 (2 CH), 127.00 (CH), 128.93Fe2(CO)9 (1.5 eq.) in THF (15 ml) was sonicated at room temp. for
(2 CH), 139.12 (C), 146.74 (C), 155.59 (C), 206.60 (CO), 209.7116 h. Removal of the solvent by evaporation and flash chromatog-
(CO), 213.03 (CO); δ (T 5 298 K) 5 54.85 (CH3), 62.48 (CH),raphy (Et2O/pentane) of the residue on silica gel afforded the tricar-
73.81 (CH), 105.03 (CH), 114.65 (2 CH), 122.94 (2 CH), 126.92 (2bonyliron complexes 10 as red crystals (Table 5).
CH), 127.12 (CH), 129.03 (2 CH), 139.46 (C), 147.00 (C), 156.17
(C), 206.91 (CO, very br), 209.80 (CO, very br), 212.84 (CO, veryTable 5. Sonochemical complexation of the 1-azabuta-1,3-dienes 9

and yield of the iron complexes 10 br); δ (T 5 373 K) 5 55.31 (CH3), 62.89 (CH), 73.90 (CH), 105.32
(CH), 115.17 (2 CH), 123.09 (2 CH), 127.15 (2 CH), 127.19 (CH),

Entry 9 Fe2(CO)9 Eluent[b] Yield 10 129.08 (2 CH), 139.80 (C), 147.27 (C), 156.75 (C), 209.81 (3 CO).
[g] [mmol] [g] [mmol] Et2O/pentane [g] [%] 2 MS (90°C): m/z (%) 5 377 (3) [M1], 349 (6), 321 (8), 293 (100),

237 (29), 236 (54), 115 (16); HRMS: 377.0339 (C19H15FeNO4,
a 0.500 2.41 1.10 3.03[a] 1:10 0.682 82 calcd. 377.0350). 2 C19H15FeNO4: C 60.50, H 4.01, N 3.71; found:
b 0.500 2.11 0.960 2.64[a] 1:10 0.701 88

C 60.51, H 4.05, N 3.94.c 1.78 7.50 4.11 11.3 1:10 2.25 80
d 0.500 2.00 1.09 3.00 1:7 to 1:3 0.428 55 Tricarbonyl[(1-4-η)-1-(2-methoxyphenyl)-4-phenyl-1-azabuta-
e[c] 1.00 3.63 1.98 5.45 1:10 0.882 59

1,3-diene]iron (10c): Mp $ 123°C (dec). 2 IR (drift): ν̃ 5 2058,g 1.50 5.61 3.06 8.42 1:10 0.990 43
2000, 1970, 1497, 1455, 1297, 1245, 1031, 749, 695 cm21. 2 1Hh 1.50 5.04 2.75 7.56 1:10 0.890 40

i 1.00 3.36 1.83 5.04 10:1 to 5:1 0.819 56 NMR (400 MHz, CDCl3): δ 5 3.33 (d, J 5 9.5 Hz, 1 H), 3.97 (s,
j[c] 1.00 4.21 2.30 6.32 0:1 to 1:4 1.16 73 3 H), 5.80 (dd, J 5 9.5, 3.0 Hz, 1 H), 6.81 (m, 2 H), 6.98 (br dt,
k 1.00 3.74 2.04 5.61 1:10 to 1:2 0.626 41

J 5 1.5, 7.8 Hz, 1 H), 7.04 (m, 1 H), 7.10 (br d, J 5 3.0 Hz, 1 H),l 1.50 5.61 3.06 8.42 1:7 1.88 82
7.19 (m, 1 H), 7.28 (m, 2 H), 7.34 (m, 2 H). 2 13C NMR andm 1.00 3.28 1.79 4.92 0:1 to 1:3 0.935 64

n 0.500 1.68 0.917 2.52 1:10 to 1:5 0.578 79 DEPT (100 MHz, CDCl3): δ (T 5 298 K) 5 54.79 (CH3), 62.08
o 1.00 3.74 2.04 5.61 1:10 1.24 81 (CH), 76.09 (CH), 101.99 (CH), 110.99 (CH), 118.96 (CH), 120.51
p 0.450 1.94 1.06 2.91 1:7 to 1:1 0.410 57

(CH), 123.57 (CH), 126.53 (2 CH), 126.75 (CH), 128.76 (2 CH),q 0.846 2.89 1.58 4.34 1:10 to 2:1 0.760 61
139.11 (C), 141.38 (C), 150.88 (C), 205.70 (CO, very br), 209.33r 0.500 1.78 0.971 2.67 1:7 to 1:0 0.463 62
(CO, very br), 212.82 (CO, very br); 13C NMR (125 MHz, [D8]tol-
uene): δ (T 5 233 K) 5 53.90 (CH3), 62.58 (CH), 76.24 (CH),[a] 1.25 Equivalents of Fe2(CO)9. 2 [b] Gradient elution by entry d,

i, j, k, m, n, p, and q. 2 [c] Reaction time (sonication) of entry e 101.97 (CH), 110.90 (CH), 118.41 (CH), 120.39 (CH), 123.59 (CH),
was 18 h and of entry j 17 h. 126.61 (2 CH), 126.86 (CH), 128.91 (2 CH), 139.33 (C), 141.70 (C),

150.86 (C), 206.41 (CO), 210.06 (CO), 213.84 (CO); δ (T 5 298
K) 5 54.33 (CH3), 62.85 (CH), 76.00 (CH), 102.71 (CH), 111.47Tricarbonyl[(1-4-η)-1,4-diphenyl-1-azabuta-1,3-diene]iron (10a):

Mp $ 132°C (dec). 2 IR (drift): ν̃ 5 2055, 1988, 1977, 1593, 1486, (CH), 119.17 (CH), 120.73 (CH), 123.64 (CH), 126.79 (2 CH),
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126.93 (CH), 128.93 (2 CH), 139.54 (C), 142.14 (C), 151.44 (C), 2054, 1995, 1980, 1580, 1501, 1451, 1251, 1128, 1011, 770 cm21. 2

1H NMR (250 MHz, CDCl3): δ 5 3.38 (d, J 5 9.4 Hz, 1 H), 3.78206.46 (CO, br), 210.04 (CO, br), 213.75 (CO, br); δ (T 5 373 K) 5

55.01 (CH3), 63.27 (CH), 75.85 (CH), 103.64 (CH), 112.50 (CH), (s, 3 H), 3.86 (s, 6 H), 5.70 (dd, J 5 9.4, 2.9 Hz, 1 H), 6.18 (s, 2
H), 6.97 (dd, J 5 2.9, 0.8 Hz, 1 H), 7.1727.35 (m, 5 H). 2 13C120.21 (CH), 121.27 (CH), 123.82 (CH), 127.10 (3 CH), 129.05 (2

CH), 139.93 (C), 142.73 (C), 152.26 (C), 210.02 (3 CO, br). 2 MS NMR and DEPT (100 MHz, CDCl3): δ 5 56.00 (2 CH3), 60.92
(CH3), 62.30 (CH), 74.11 (CH), 99.26 (2 CH), 103.91 (CH), 126.61(75°C): m/z (%) 5 377 (3) [M1], 349 (12), 321 (23), 293 (58), 278

(100), 237 (11), 236 (11), 139 (12), 56 (6). (2 CH), 126.99 (CH), 128.81 (2 CH), 134.03 (C), 138.74 (C), 149.43
(C), 153.22 (2 C). 2 MS (90°C): m/z (%) 5 437 (3) [M1], 409 (9),Tricarbonyl[(1-4-η)-1-(4-N,N-dimethylaminophenyl)-4-phenyl-1-
381 (6), 353 (100), 297 (51), 296 (45), 282 (28), 177 (8); HRMS:azabuta-1,3-diene]iron (10d): Mp $ 136°C (dec). 2 IR (drift): ν̃ 5
437.0575 (C21H19FeNO6, calcd. 437.0562).2047, 1987, 1965, 1607, 1515, 1283, 1154, 822, 765, 698 cm21. 2

1H NMR (250 MHz, CDCl3): δ 5 2.88 (s, 6 H), 3.37 (d, J 5 9.3
Tricarbonyl[(1-4-η)-1-(2,4,6-trimethoxyphenyl)-4-phenyl-1-aza-

Hz, 1 H), 5.63 (dd, J 5 9.3, 2.9 Hz, 1 H), 6.58 (br d, J 5 9.0 Hz,
buta-1,3-diene]iron (10i): Mp $103°C (dec). 2 IR (drift): ν̃ 5 2052,

2 H), 6.93 (br d, J 5 9.0 Hz, 2 H), 7.06 (dd, J 5 2.9, 0.8 Hz, 1 H),
2038, 1992, 1978, 1968, 1597, 1578, 1465, 1337, 1205, 1131 cm21.

7.1727.34 (m, 5 H). 2 13C NMR and DEPT (63 MHz, CDCl3):
2 1H NMR (250 MHz, CDCl3): δ 5 3.23 (d, J 5 9.4 Hz, 1 H),

δ 5 40.91 (2 CH3), 61.34 (CH), 73.43 (CH), 104.40 (CH), 113.28
3.77 (s, 3 H), 3.91 (s, 6 H), 5.65 (dd, J 5 9.4, 3.0 Hz, 1 H), 6.09 (s,

(2 CH), 122.45 (2 CH), 126.56 (2 CH), 126.64 (CH), 128.69 (2 CH),
2 H), 7.17 (m, 1 H), 7.30 (m, 4 H), 7.94 (dd, J 5 3.0, 0.8 Hz, 1 H).

139.29 (C), 143.14 (C), 146.96 (C). 2 MS (105°C): m/z (%) 5 390
2 13C NMR and DEPT (63 MHz, CDCl3): δ 5 55.25 (CH3), 55.44

(5) [M1], 362 (1), 334 (7), 306 (100), 250 (69), 249 (89), 233 (15);
(2 CH3), 60.79 (CH), 74.06 (CH), 91.18 (2 CH), 106.17 (CH),

HRMS: 390.0671 (C20H18FeN2O3, calcd. 390.0667).
122.93 (C), 126.33 (CH), 126.43 (2 CH), 128.56 (2 CH), 139.62 (C),

Tricarbonyl[(1-4-η)-1-(4-trifluoromethylphenyl)-4-phenyl-1- 153.60 (2 C), 156.00 (C). 2 MS (120°C): m/z (%) 5 437 (0.2) [M1],
azabuta-1,3-diene]iron (10e): Mp $ 151°C (dec). 2 IR (drift): ν̃ 5 409 (2), 381 (9), 353 (72), 338 (100), 297 (43), 296 (31), 115 (20);
3061, 2059, 2002, 1983, 1611, 1329, 1288, 1166, 1123, 1110, 842, HRMS: 437.0546 (C21H19FeNO6, calcd. 437.0562).
768, 698 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.41 (d, J 5

9.5 Hz, 1 H), 5.75 (dd, J 5 9.5, 2.9 Hz, 1 H), 6.84 (dd, J 5 2.9, Tricarbonyl[(1-4-η)-4-(4-methoxyphenyl)-1-phenyl-1-azabuta-
1,3-diene]iron (10j): Mp $136°C (dec). 2 IR (drift): ν̃ 5 2054,0.7 Hz, 1 H), 6.92 (d, J 5 8.3 Hz, 2 H), 7.22 (m, 1 H), 7.31 (m, 4

H), 7.41 (d, J 5 8.3 Hz, 2 H). 2 13C NMR and DEPT (100 MHz, 1981, 1607, 1515, 1485, 1475, 1278, 1249, 1032, 835, 762 cm21. 2
1H NMR (400 MHz, CDCl3): δ 5 3.43 (d, J 5 9.5 Hz, 1 H), 3.80CDCl3): δ (T 5 298 K) 5 63.04 (CH), 75.65 (CH), 102.01 (CH),

121.77 (2 CH), 123.98 (C, q, 2JCF 5 32.6 Hz), 124.45 (CF3, q, (s, 3 H), 5.65 (dd , J 5 9.5, 2.9 Hz, 1 H), 6.84 (br d, J 5 8.8 Hz,
2 H), 6.92 (m, 4 H), 7.17 (m, 2 H), 7.27 (br d, J 5 8.8 Hz, 2 H).1JCF 5 271 Hz), 126.24 (2 CH, q, 3JCF 5 3.5 Hz), 126.67 (2 CH),

127.26 (CH), 128.93 (2 CH), 138.34 (C), 156.70 (C), 204.77 (CO, 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 55.27 (CH3),
63.15 (CH), 74.28 (CH), 103.03 (CH), 114.31 (2 CH), 121.86 (2br), 208.30 (CO, br), 211.49 (CO, br); 13C NMR (125 MHz,

[D8]toluene): δ (T 5 233 K) 5 62.95 (CH), 75.33 (CH), 102.36 CH), 122.44 (CH), 127.83 (2 CH), 128.96 (2 CH), 130.89 (C),
153.51 (C), 158.71 (C). 2 MS (85°C): m/z (%) 5 377 (2) [M1], 349(CH), 121.94 (2 CH), 123.56 (C, q, 2JCF 5 32.2 Hz), 125.22 (CF3,

q, 1JCF 5 271 Hz), 126.32 (2 CH, br), 126.68 (2 CH), 127.41 (CH), (7), 321 (11), 293 (100), 237 (19), 236 (73), 222 (12); HRMS:
377.0360 (C19H15FeNO4, calcd. 377.0350).129.04 (2 CH), 138.38 (C), 156.97 (C), 205.19 (CO), 208.90 (CO),

212.16 (CO); δ (T 5 307 K) 5 63.49 (CH), 75.54 (CH), 102.50
Tricarbonyl[(1-4-η)-1,4-di-(4-methoxyphenyl)-1-azabuta-1,3-(CH), 122.05 (2 CH), 124.31 (C, q, 2JCF 5 33 Hz), 126.46 (2 CH,

diene]iron (10k): Mp $132°C (dec). 2 IR (drift): ν̃ 5 2049, 1985,br), 126.89 (2 CH), 127.51 (CH), 129.08 (2 CH), 138.66 (C), 157.10
1974, 1607, 1518, 1506, 1274, 1252, 1179, 1031, 839 cm21. 2 1H(C), 205.44 (CO, br), 208.89 (CO, br), 212.16 (CO, br), the signal
NMR (400 MHz, CDCl3): δ 5 3.41 (d, J 5 9.5 Hz, 1 H), 3.75 (s,of the CF3 carbon atom is missing due to overlapping; δ (T 5 373
3 H), 3.79 (s, 3 H), 5.61 (dd, J 5 9.5, 2.9 Hz, 1 H), 6.72 (br d, J 5K) 5 64.02 (CH), 75.80 (CH), 102.74 (CH), 122.22 (2 CH), 125.35
8.9 Hz, 2 H), 6.83 (br d, J 5 8.8 Hz, 2 H), 6.90 (br d, J 5 8.9 Hz,(CF3, q, 1JCF 5 273 Hz), 126.63 (2 CH, br), 127.16 (2 CH), 127.66
2 H), 6.95 (br d, J 5 2.9 Hz, 1 H), 7.26 (br d, J 5 8.8 Hz, 2 H).(CH), 129.20 (2 CH), 139.01 (C), 157.25 (C), 208.79 (3 CO, br),
2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 55.27 (CH3),the signal of the aromatic carbon atom α to the CF3 group is mis-
55.42 (CH3), 62.83 (CH), 73.77 (CH), 103.48 (CH), 114.23 (2 CH),sing due to overlapping. 2 MS (90°C): m/z (%) 5 415 (1) [M1],
114.27 (2 CH), 122.52 (2 CH), 127.79 (2 CH), 131.05 (C), 146.68387 (6), 359 (7), 331 (73), 275 (24), 274 (100), 256 (17), 145 (13),
(C), 155.27 (C), 158.64 (C). 2 MS (115°C): m/z (%) 5 407 (0.4)115 (29); HRMS: 415.0085 (C19H12F3FeNO3, calcd. 415.0119).
[M1], 379 (1), 351 (2), 323 (32), 267 (20), 266 (100), 252 (14), 145

Tricarbonyl[(1-4-η)-1-(2,4-dimethoxyphenyl)-4-phenyl-1-
(10); HRMS: 407.0473 (C20H17FeNO5, calcd. 407.0456).

azabuta-1,3-diene]iron (10g): Mp $95°C (dec). 2 IR (drift): ν̃ 5

2048, 1994, 1970, 1503, 1456, 1285, 1259, 1205, 1030, 823 cm21. 2 Tricarbonyl[(1-4-η)-1-(2-methoxyphenyl)-4-(4-methoxyphenyl)-
1H NMR (400 MHz, CDCl3): δ 5 3.30 (d, J 5 9.4 Hz, 1 H), 3.77 1-azabuta-1,3-diene]iron (10l): Mp $ 1342136°C (dec). 2 IR
(s, 3 H), 3.96 (s, 3 H), 5.77 (dd, J 5 9.4, 2.9 Hz, 1 H), 6.34 (dd, (drift): ν̃ 5 2054, 1989, 1972, 1516, 1495, 1274, 1253, 1023, 831
J 5 8.7, 2.6 Hz, 1 H), 6.41 (d, J 5 2.6 Hz, 1 H), 6.99 (d, J 5 8.7 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5 3.38 (d, J 5 9.5 Hz, 1
Hz, 1 H), 7.15 (d, J 5 2.9 Hz, 1 H), 7.19 (m, 1 H), 7.28 (t, J 5 7.4 H), 3.80 (s, 3 H), 3.98 (s, 3 H), 5.74 (dd, J 5 9.5, 3.0 Hz, 1 H),
Hz, 2 H), 7.34 (m, 2 H). 2 13C NMR and DEPT (100 MHz, 6.7826.87 (m, 2 H), 6.84 (br d, J 5 8.8 Hz, 2 H), 6.9527.07 (m,
CDCl3): δ 5 54.93 (CH3), 55.43 (CH3), 61.66 (CH), 75.59 (CH), 3 H), 7.29 (br d, J 5 8.8 Hz, 2 H). 2 13C NMR and DEPT (100
99.25 (CH), 102.30 (CH), 103.60 (CH), 118.53 (CH), 126.53 (2 MHz, CDCl3): δ 5 54.80 (CH3), 55.28 (CH3), 63.00 (CH), 75.88
CH), 126.66 (CH), 128.74 (2 CH), 135.03 (C), 139.29 (C), 152.27 (CH), 101.18 (CH), 110.92 (CH), 114.27 (2 CH), 118.94 (CH),
(C), 156.67 (C). 2 MS (70°C): m/z (%) 5 407 (1) [M1], 379 (5), 120.48 (CH), 123.44 (CH), 127.72 (2 CH), 131.21 (C), 141.50 (C),
351 (18), 323 (78), 308 (100), 267 (74), 266 (82), 154 (15), 115 (16); 150.86 (C), 158.57 (C). 2 MS (110°C): m/z (%) 5 379 (2) [M1 2
HRMS: 407.0447 (C20H17FeNO5, calcd. 407.0456). 28), 351 (13), 323 (42), 308 (100), 267 (11), 266 (28), 252 (10), 56

(11); HRMS: 379.0484 (C19H17FeNO4 [M1 2 CO]), calcd.Tricarbonyl[(1-4-η)-1-(3,4,5-trimethoxyphenyl)-4-phenyl-1-
azabuta-1,3-diene]iron (10h): Mp $ 147°C (dec). 2 IR (drift): ν̃ 5 379.0507).
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Tricarbonyl[(1-4-η)-1-(4-trifluoromethylphenyl)-4-(4-methoxy- 1 H), 6.35 (dd, J 5 8.7, 2.6 Hz, 1 H), 6.43 (d, J 5 2.6 Hz, 1 H),

7.01 (d, J 5 8.7 Hz, 1 H), 7.23 (br d, J 5 3.0 Hz, 1 H), 7.37 (d,phenyl)-1-azabuta-1,3-diene]iron (10m): Mp 124°C. 2 IR (drift):
ν̃ 5 2066, 2001, 1982, 1610, 1517, 1443, 1325, 1312, 1172, 1129, J 5 8.4 Hz, 2 H), 7.55 (d, J 5 8.4 Hz, 2 H). 2 13C NMR and

DEPT (100 MHz, CDCl3): δ 5 54.91 (CH3), 55.43 (CH3), 58.19831 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.46 (d, J 5 9.6
Hz, 1 H), 3.81 (s, 3 H), 5.71 (dd, J 5 9.6, 2.9 Hz, 1 H), 6.83 (dd, (CH), 74.87 (CH), 99.27 (CH), 103.70 (CH), 103.93 (CH), 109.43

(C), 118.54 (CH), 119.10 (C;N), 126.72 (2 CH), 132.51 (2 CH),J 5 2.9, 0.8 Hz, 1 H), 6.85 (br d, J 5 8.8 Hz, 2 H), 6.93 (d, J 5

8.4 Hz, 2 H), 7.29 (br d, J 5 8.8 Hz, 2 H), 7.42 (d, J 5 8.4 Hz, 2 134.37 (C), 145.36 (C), 152.30 (C), 157.04 (C).
H). 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 55.33 (CH3), Tricarbonyl[(1-4-η)-1-(4-methoxyphenyl)-4-(4-N,N-dimethyl-
64.14 (CH), 75.49 (CH), 101.19 (CH), 114.48 (2 CH), 121.80 (2 aminophenyl)-1-azabuta-1,3-diene]iron (10r): Mp $125°C (dec). 2
CH), 123.86 (C, q, 2JCF 5 32.6 Hz), 124.49 (CF3, q, 1JCF 5 271 IR (drift): ν̃ 5 2045, 2041, 1989, 1971, 1964, 1605, 1502, 1243,
Hz), 126.24 (2 CH, q, 3JCF 5 3.8 Hz), 127.97 (2 CH), 130.42 (C), 1035, 836, 823 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5 2.95 (s,
156.87 (C), 159.01 (C), 205.07 (CO, br), 208.94 (CO, br), 211.97 6 H), 3.50 (d, J 5 9.6 Hz, 1 H), 3.75 (s, 3 H), 5.61 (dd, J 5 9.6,
(CO, br). 2 MS (90°C): m/z (%) 5 445 (2) [M1], 417 (6), 389 (11), 2.9 Hz, 1 H), 6.63 (d, J 5 8.8 Hz, 2 H), 6.71 (d, J 5 8.8 Hz, 2 H),
361 (100), 304 (52), 286 (16), 145 (17); HRMS: 445.0214 6.89 (br d, J 5 2.9 Hz, 1 H), 6.89 (d, J 5 8.8 Hz, 2 H), 7.22 (d,
(C20H14F3FeNO4, calcd. 445.0224). J 5 8.8 Hz, 2 H). 2 13C NMR and DEPT (63 MHz, CDCl3): δ 5

40.36 (2 CH3), 55.44 (CH3), 65.36 (CH), 73.60 (CH), 102.53 (CH),Tricarbonyl[(1-4-η)-1-(2,4-dimethoxyphenyl)-4-(4-methoxy-
112.46 (2 CH), 114.22 (2 CH), 122.53 (2 CH), 126.06 (C), 127.80phenyl)-1-azabuta-1,3-diene]iron (10n): Mp $116°C (dec). 2 IR
(2 CH), 147.01 (C), 149.52 (C), 155.15 (C). 2 MS (130°C): m/z(drift): ν̃ 5 2051, 2043, 1992, 1984, 1964, 1518, 1443, 1285, 1255,
(%) 5 420 (0.1) [M1], 392 (0.2), 364 (1), 336 (9), 280 (43), 2791034, 837 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.34 (d, J 5
(100), 158 (10); HRMS: 420.0795 (C21H20FeN2O4, calcd.9.5 Hz, 1 H), 3.76 (s, 3 H), 3.79 (s, 3 H), 3.96 (s, 3 H), 5.70 (dd,
420.0772).J 5 9.5, 2.8 Hz, 1 H), 6.33 (dd, J 5 8.6, 2.5 Hz, 1 H), 6.41 (d, J 5

2.5 Hz, 1 H), 6.83 (d, J 5 8.7 Hz, 2 H), 6.99 (d, J 5 8.6 Hz, 1 H), Preparation of Tricarbonyl(η4-cyclohexa-1,3-diene)iron (2) by
7.10 (d, J 5 2.8 Hz, 1 H), 7.28 (d, J 5 8.7 Hz, 2 H). 2 13C NMR Transfer of the Fe(CO)3-Fragment of the (η4-1-Azabuta-1,3-diene)-
and DEPT (100 MHz, CDCl3): δ 5 54.91 (CH3), 55.28 (CH3), tricarbonyliron Complexes 10 to Cyclohexa-1,3-diene (1a) 2 General
55.40 (CH3), 62.52 (CH), 75.40 (CH), 99.14 (CH), 101.42 (CH), Procedure: Dry THF (10 ml) and cyclohexa-1,3-diene (1a) (0.37
103.44 (CH), 114.22 (2 CH), 118.39 (CH), 127.69 (2 CH), 131.35 ml, 3.88 mmol) were added to the azadiene complex 10 (1.00 mmol)
(C), 135.10 (C), 152.18 (C), 156.52 (C), 158.48 (C). 2 MS (135°C): and the reaction mixture was stirred at reflux (reaction time, see
m/z (%) 5 437 (0.2) [M1], 409 (2), 381 (13), 353 (49), 338 (81), 310 Table 6). The mixture was cooled to room temp. and the solvent
(11), 299 (16), 297 (59), 296 (100), 282 (28), 153 (35), 138 (40), 84 was evaporated in vacuo to a volume of 1 ml. The residue was
(30), 56 (28); HRMS: 437.0583 (C21H19FeNO6, calcd. 437.0562). subjected to flash chromatography (pentane) on silica gel and af-

forded the iron complex 2 as a yellow oil (Table 6).Tricarbonyl[(1-4-η)-1-(4-methoxyphenyl)-4-(2-methoxyphenyl)-
1-azabuta-1,3-diene]iron (10o): Mp $121°C (dec). 2 IR (drift): ν̃ 5

2049, 1994, 1975, 1604, 1595, 1503, 1441, 1293, 1242, 1100, 1031,
Table 6. Transfer reagent 10, reaction time, and yield of the iron1024, 836, 754 cm21. 2 1H NMR (250 MHz, CDCl3): δ 5 3.71 (d,

complex 2
J 5 9.8 Hz, 1 H), 3.75 (s, 3 H), 3.92 (s, 3 H), 5.81 (dd, J 5 9.8,
3.0 Hz, 1 H), 6.72 (br d, J 5 8.9 Hz, 2 H), 6.85 (d, J 5 7.9 Hz, 2

Iron Complex 10 Reaction time 2, Yield
H), 6.92 (br d, J 5 8.9 Hz, 2 H), 6.95 (br d, J 5 3.0 Hz, 1 H), Entry [mg] [min] [mg] [%]
7.1527.24 (m, 2 H). 2 13C NMR and DEPT (100 MHz, CDCl3):
δ 5 55.11 (CH3), 55.44 (CH3), 56.33 (CH), 73.73 (CH), 104.51 a[a] 250 180 140 88
(CH), 110.46 (CH), 114.18 (2 CH), 120.30 (CH), 122.57 (2 CH), b 377 30 134 61

377 60 183 83125.27 (CH), 127.37 (C), 127.81 (CH), 147.01 (C), 155.14 (C),
[b] 200 120 111 95157.14 (C). 2 MS (100°C): m/z (%) 5 407 (1) [M1], 379 (1), 351
c 377 30 68 31

(5), 323 (32), 267 (21), 266 (16), 252 (11), 236 (100); HRMS: 377 60 103 47
407.0455 (C20H17FeNO5, calcd. 407.0456). 2 C20H17FeNO5: C 377 120 163 74

d[c] 200 120 98 4558.99, H 4.21, N 3.44; found: C 58.80, H 4.26, N 3.65.
e 415 120 171 78

Tricarbonyl[(1-4-η)-4-(4-cyanophenyl)-1-phenyl-1-azabuta-1,3- g 407 30 109 50
407 60 148 67diene]iron (10p): Mp $143°C (dec). 2 IR (drift): ν̃ 5 2224, 2057,
407 120 177 801997, 1991, 1485, 1439, 1295, 836, 764 cm21. 2 1H NMR (400 h 437 120 192 87

MHz, CDCl3): δ 5 3.24 (d, J 5 9.2 Hz, 1 H), 5.70 (dd, J 5 9.2, i 437 120 163 74
2.9 Hz, 1 H), 6.94 (m, 3 H), 7.04 (dd, J 5 2.9, 0.8 Hz, 1 H), 7.20 j 377 120 205 93

k 407 120 199 90(m, 2 H), 7.37 (br d, J 5 8.4 Hz, 2 H), 7.56 (br d, J 5 8.4 Hz, 2
l 407 120 183 83H). 2 13C NMR and DEPT (100 MHz, CDCl3): δ 5 58.69 (CH), m 445 120 194 88

73.70 (CH), 105.71 (CH), 109.80 (C), 118.95 (C;N), 121.82 (2 n 437 120 172 78
CH), 123.04 (CH), 126.85 (2 CH), 129.12 (2 CH), 132.57 (2 CH), o 407 120 203 92

p 372 120 152 69144.86 (C), 152.81 (C). 2 MS (95°C): m/z (%) 5 372 (1) [M1], 344
q 432 120 131 60(2), 316 (5), 288 (32), 232 (51), 231 (100), 77 (24); HRMS: 372.0204 r 420 120 162 74

(C19H12FeN2O3, calcd. 372.0197).

The following reactions were run on a different scale: [a] Cyclohexa-Tricarbonyl[(1-4-η)-4-(4-cyanophenyl)-1-(2,4-dimethoxy-
1,3-diene 1a (0.20 ml, 168 mg, 2.10 mmol) and azadiene complexphenyl)-1-azabuta-1,3-diene]iron (10q): Mp $118°C (dec). 2 IR
10a (250 mg, 0.720 mmol). 2 [b] Cyclohexa-1,3-diene 1a (0.20 ml,(drift): ν̃ 5 2226, 2057, 2004, 1995, 1970, 1602, 1503, 1311, 1214, 168 mg, 2.10 mmol) and azadiene complex 10b (200 mg, 0.531

843, 791 cm21. 2 1H NMR (400 MHz, CDCl3): δ 5 3.15 (d, J 5 mmol). 2 [c] Cyclohexa-1,3-diene 1a (0.25 ml, 210 mg, 2.62 mmol)
and azadiene complex 10d (200 mg, 0.513 mmol).9.2 Hz, 1 H), 3.77 (s, 3 H), 3.97 (s, 3 H), 5.74 (dd, J 5 9.2, 3.0 Hz,
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p. 59; H. Hermann, Diplomarbeit, Universität Karlsruhe, 1994,Preparation of Tricarbonyl(η4-cyclohexa-1,3-diene)iron (2) by Di-
p. 28.rect Complexation of Cyclohexa-1,3-diene (1a) with Nonacarbonyl- [6] E. O. Fischer, R. D. Fischer, Angew. Chem. 1960, 72, 919.

diiron: Cyclohexa-1,3-diene (1a) (13.9 ml, 146 mmol) was added to [7] For a brief review on tricarbonyliron transfer reagents, see: H.-
J. Knölker, in Encyclopedia of Reagents for Organic Synthesis,a suspension of nonacarbonyldiiron (44.2 g, 121.5 mmol) in THF
Vol. 1 (Ed.: L. A. Paquette), Wiley, Chichester, 1995, p. 333.(250 ml) and the heterogeneous mixture was stirred at reflux for 6

[8] J. A. S. Howell, B. F. G. Johnson, P. L. Josty, J. Lewis, J. Or-h. The mixture was cooled to room temp., filtered through a short ganomet. Chem. 1972, 39, 329; A. J. P. Domingos, J. A. S. How-
path of Celite, and the solvent was removed. The residue was dis- ell, B. F. G. Johnson, J. Lewis, Inorg. Synth. 1976, 16, 103.

[9] C. R. Graham, G. Scholes, M. Brookhart, J. Am. Chem. Soc.solved in light petroleum and filtered through a short path of Alox
1977, 99, 1180; M. Brookhart, G. O. Nelson, J. Organomet.B. Evaporation of the solvent in vacuo afforded the iron complex
Chem. 1979, 164, 193.2 (11.5 g, 43%), which could be subjected directly to hydride ab- [10] S. E. Thomas, T. N. Danks, D. Rakshit, Philos. Trans. R. Soc.

straction. Yellow oil. 2 IR (film): ν̃ 5 3009, 2926, 2907, 2887, 2850, London A 1988, 326, 611; N. W. Alcock, C. J. Richards, S. E.
Thomas, Organometallics 1991, 10, 231.2042, 1957, 1467, 1333, 1180, 1029, 1007, 938, 879, 865, 642, 623

[11] H. Fleckner, F.-W. Grevels, D. Hess, J. Am. Chem. Soc. 1984,cm21. 2 1H NMR (400 MHz, C6D6): δ 5 1.18 (br d, J 5 12 Hz,
106, 2027.2 H), 1.45 (br dt, J 5 12, 2 Hz, 2 H), 2.74 (dd, J 5 5, 2 Hz, 2 H), [12] H.-J. Knölker, P. Gonser, Synlett 1992, 517.

4.63 (dd, J 5 5, 3 Hz, 2 H). 2 13C NMR and DEPT (100 MHz, [13] H.-J. Knölker, P. Gonser, P. G. Jones, Synlett 1994, 405.
[14] [14a] S. Otsuka, T. Yoshida, A. Nakamura, Inorg. Chem. 1967,C6D6): δ (T 5 298 K) 5 23.82 (2 CH2), 62.52 (2 CH), 85.37 (2

6, 20. 2 [14b] A. De Cian, R. Weiss, J. Chem. Soc. Chem. Com-CH), 212.63 (3 CO); 13C NMR (125 MHz, [D8]toluene): δ (T 5
mun. 1968, 348; A. De Cian, R. Weiss, Acta Cryst. B 1972,185 K) 5 23.45 (2 CH2), 62.30 (2 CH), 85.09 (2 CH), 211.32 (2 28, 3264.

CO), 216.05 (CO); δ (T 5 298 K) 5 23.89 (2 CH2), 62.47 (2 CH), [15] A. M. Brodie, B. F. G. Johnson, P. L. Josty, J. Lewis, J. Chem.
Soc. Dalton Trans. 1972, 2031.85.41 (2 CH), 212.56 (3 CO). 2 MS (20°C): m/z (%) 5 220 (9)

[16] J. Yin, J. Chen, W. Xu, Z. Zhang, Y. Tang, Organometallics[M1], 192 (32), 164 (5), 162 (10), 134 (100), 56 (33); HRMS:
1988, 7, 21.219.9834 (C9H8FeO3, calcd. 219.9823). [17] T. N. Danks, S. E. Thomas, Tetrahedron Lett. 1988, 29, 1425;
T. N. Danks, S. E. Thomas, J. Chem. Soc. Perkin Trans. 1

Synthesis of the Tricarbonyl(η5-cyclohexadienylium)iron Tetra- 1990, 761.
[18] M. F. Semmelhack, C. H. Cheng, J. Organomet. Chem. 1990,fluoroborate (3) by Hydride Abstraction of the Iron Complex 2: A

393, 237.solution of tricarbonyl(η4-cyclohexa-1,3-diene)iron (2) (11.5 g, 52.4 [19] H. Cherkaoui, J. Martelli, R. Grée, Tetrahedron Lett. 1994,
mmol) in CH2Cl2 (70 ml) was added to a solution of tri- 35, 4781.
phenylmethyl tetrafluoroborate (20.8 g, 62.9 mmol) in CH2Cl2 (70 [20] S. V. Ley, C. M. R. Low, A. D. White, J. Organomet. Chem.

1986, 302, C13; S. V. Ley, C. M. R. Low, Ultrasound in Organicml). The reaction mixture was stirred for 40 min at room temp. and
Synthesis, Springer Verlag, Berlin, 1989, chap. 14.then poured into wet Et2O (700 ml). The resulting yellow precipi- [21] M. Geisert, H. Oelschläger, J. Prakt. Chem. 1967, 35, 110.

tate was washed twice with Et2O (150 ml) and dried in vacuo to [22] K. G. Morris, S. E. Thomas, J. Chem. Soc. Perkin Trans. 1 1991,
provide pure tricarbonyl(η5-cyclohexadienylium)iron tetrafluoro- 97; A. J. Pearson, K. Chang, D. B. McConville, W. J. Youngs,

Organometallics 1994, 13, 4.borate (3) (15.7 g, 98%). Yellow crystals. 2 IR (KBr): ν̃ 5 2118,
[23] H.-J. Knölker, G. Baum, P. Gonser, Tetrahedron Lett. 1995,2060, 1455, 1410, 1311, 1062, 603, 589, 558 cm21. 2 1H NMR (200

36, 8191.
MHz, CD3CN): δ 5 1.91 (d, J 5 15.7 Hz, 1 H), 2.92 (dt, J 5 15.7, [24] A. J. Pearson, Metallo-organic Chemistry, Wiley, Chichester,
6.3 Hz, 1 H), 4.24 (t, J 5 6.3 Hz, 2 H), 5.83 (t, J 5 6.3 Hz, 2 H), 1985, chap. 2.

[25] [25a] J.-Y. Lallemand, P. Laszlo, C. Muzette, A. Stockis, J. Or-7.16 (t, J 5 6.3 Hz, 1 H).
ganomet. Chem. 1975, 91, 71. 2 [25b] D. Leibfritz, H. tom Dieck,
J. Organomet. Chem. 1976, 105, 255. 2 [25c] L. Kruczynski, J.
Takats, Inorg. Chem. 1976, 15, 3140.

[26] H. Günther, NMR-Spektroskopie, 3rd ed., Thieme Verlag,[1] For reviews, see: A. J. Pearson, Acc. Chem. Res. 1980, 13, 463;
A. J. Pearson, in Comprehensive Organometallic Chemistry, Vol. Stuttgart, 1992, p. 310.

[27] D. H. R. Barton, A. A. L. Gunatilaka, T. Nakanishi, H. Patin,8 (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon
Press, Oxford, 1982, chap. 58; A. J. Pearson, Metallo-organic D. A. Widdowson, B. R. Worth, J. Chem. Soc. Perkin Trans. 1
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Knölker, in Organic Synthesis via Organometallics (Eds.: K. H. [28] G. Bellachioma, G. Cardaci, J. Chem. Soc. Dalton Trans. 1977,
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unpublished results.1 (Ed.: C. J. Moody), JAI Press, Greenwich, CT, 1995, p. 173.
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The reaction of rare earth silylamides Ln[N(SiHMe2)2]3(thf)n performed on the solvent-free, dinuclear yttrium derivative 5
revealed an unusual µ2,η4:η1-coordination of the[n = 1 for Sc (1a); n = 2 for Y (1b), La (1c), Nd (1d)] with trans-

1,2-bis(2,4,6-triisopropylbenzenesulfonamido)cyclohexane disulfonamide ligand, involving bridging S=O groups. In
solution, equilibria between dimeric and monomeric forms,(H2L, rac-2) in toluene at ambient temperature proceeds via

an extended silylamide route, affording highly soluble dependent on the presence of a donor molecule, were
observed by NMR techniques.complexes Sc(L)[N(SiHMe2)2] (3) and Ln(L)[N(SiHMe2)2](thf)

(4a–c) in excellent yields. An X-ray crystallographic study

Results and DiscussionIn the last decade rare earth metals have gained consider-
able interest as highly efficient catalysts for a variety of or-

The synthesis of the novel disulfonamide complexes 3 andganic transformations. [1] Dicyclopentadienyl complexes,
4a2c was achieved by an extended silylamide route, [3] [10] [11]

e.g., ansa-lanthanidocenes as depicted in Figure 1, represent
utilizing Ln[N(SiHMe2)2]3(thf)n as synthetic precursors askey compounds in precatalyst design. Although the cyclo-
shown in Scheme 1. The ligand trans-1,2-bis(2,4,6-triisopro-pentadienyl backbone imposes a unique electronic and
pylbenzenesulfonamido)cyclohexane (rac-2) was chosen ac-steric situation including complex chirality, broader appli-
cording to the following considerations: (i) trans-1,2-diami-cation of these systems is hampered by their pronounced
nocyclohexane provides a relatively rigid backbone. Ad-sensibility towards moisture. Recently, alternative ligands
ditionally, it offers easy access to enantiomerically pure li-were successfully introduced to cope with the peculiarities
gands, which should lead to enantioselective precatalysts. [12]

of organolanthanide chemistry, e.g., lanthanide binaphthol
(ii) The sterically demanding triisopropylphenyl groupsderivatives in Lewis acid catalysis. [2] Our current research
should favor monomeric complexes, and (iii) induce in-interests put main emphasis on the replacement of the di-
creased solubility in non-polar solvents. The rare earth ele-cyclopentadienyl backbone by other divalent auxiliary li-
ments Sc, Y, and La were selected to cover the entire rangegands, which are prone to fine-tuning in the sense of solu-
of cation radii and in the case of Nd to visually follow thebility, chirality and steric and electronic factors. In the
reaction by color effects. Our examinations on rare earthcourse of these studies we found synthetic access to the first
salen derivatives revealed that cation size and ligand bitemonomeric salen complexes of the lanthanide elements via
angle are important factors to direct the formation ofan extended silylamide route (Figure 1). [3] Encouraged by
monomeric complexes. [3b]

these results we anticipated application of this synthetic
The disulfonamide complexes 3 and 4a2c are formed byroute to other catalytically relevant ligand systems. Disul-

the subsequent aminolysis of two rare earth bis(dimethyl-fonamides constitute a class of ligands well established in
silyl)amide bonds[*] by the more acidic sulfonamide (pKathe coordination chemistry of strongly Lewis acidic metal
ca. 10211, measured in water). [13] The remaining thirdcenters such as boron(), [4] aluminum(), [5] and ti-
bis(dimethylsilyl)amide ligand was characterized by a sharptanium(). [6] [7] These complexes are of significant import-
Si2H vibration at ca. 2065 cm21. Interestingly, the reactionance in several catalytic transformations such as the Diels-
is accompanied by the loss of one molecule THF (GC-MSAlder reaction or the alkylation of carbonyl groups. [8] Anal-
analysis). Compounds 3 and 4a2c are obtained in yields >ogous lanthanide complexes, though postulated once, [9]

90% after evaporation of the volatiles. Their excellent solu-have never been characterized. Here, we report the synthesis
bility even in non-polar solvents such as toluene or n-hex-and characterization of the first soluble rare earth com-
ane indicates the formation of non-oligomerized productsplexes derived from chelating disulfonamides.
for the differently sized cations. Although the enhanced
solubility hampered further purification by recrystalliza-[*] The use of Ln[N(SiMe3)2]3 as a synthetic precursor is ham-

pered by partial product oligomerization. tion, satisfying elemental analyses were obtained in most
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Figure 1. Conceptional design of divalent auxiliary ligands could also be confirmed by 1H-NMR spectroscopy. The yt-

trium derivative 4a could be further desolvated by pro-
longed exposure to high vacuum to yield the less soluble
compound 5, crystals of which could be grown from hot
n-hexane.

First NMR spectroscopic examinations of compounds
325 in C6D6 revealed spectra rather difficult to understand
with broad, poorly resolved, overlapping signals. We as-
sume two major effects to be responsible for this behavior.
Firstly, sulfonyl moieties are known to serve as electron do-
nors capable of forming Lewis acid-base adducts with metal
cations. Depending on geometric and electronic factors
Lewis acid-base adduct formation can occur in both an in-
tra- and intermolecular fashion. As shown previously for
aluminum (6) [5a] and indium (7) [14] sulfonamides, organiz-
ation to dimers leads to extended heterocyclic ring systems
(Figure 2).

Figure 2. Intermolecular bridging of sulfonamide ligands via
S5O donor interactions; for 7, even intramolecular interactions are

discussed

Scheme 1. Synthesis of the complexes 3 and 4a-c via an extended
silylamide route

A monomer-dimer equilibrium in solution is supposed to
partly contribute to the poor NMR spectra observed in
C6D6. The second reason can be found in an unusually
strong intramolecular coordination of the sulfonamido
group. Very recently, Walsh and Gagné independently re-
ported a η2-coordination of the sulfonamido group in ti-
tanium complexes, resembling strongly our lanthanide de-
rivatives. [6] [7] Although these monomeric complexes do not
show similar solution behavior, we postulate cis/trans iso-
mers observable on NMR time scale, resulting from a hin-
dered rotation around the S2N bond (Scheme 2). Evidence
for both of these assumptions is given by an X-ray diffrac-cases, indicating a very clean reaction under mild con-

ditions. Elemental analysis revealed that one THF solvent tion study performed on the yttrium complex 5 (vide infra).
Consequently, the NMR spectra simplified remarkablymolecule coordinates to the larger lanthanide cations while

scandium can accomodate no THF molecule. This finding when recorded in a donor solvent like [D8]THF. THF coor-
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Scheme 2. Dynamic equilibrium between trans- and cis-rotamers (coordinated THF has been omitted for clarity)

dination reduces the Lewis acidity of the metal center and ture NMR studies in the range of 280 to 110°C in [D8]tol-
uene.thus lowers the rotation barrier around the S2N bond.

Furthermore, THF coordination counteracts dimerization The X-ray structure determination of 5 (triclinic, space
group P1

¯
) both revealed its dimeric nature and an unusualby replacing intermolecular sulfonyl bridging. The observed

set of resonances is in agreement with a C2-symmetric struc- coordination of the formally bidentate disulfonamide li-
gand. Complex 5 consists of the two enantiomers locatedture on the NMR time scale. As expected, 1H-, 13C-, and

29Si-NMR spectra of 325 are very similar to each other. on a crystallographic inversion center, forming a structure
which could be described as a “racemic dimer” (Figure 3).Moreover, addition of only one equivalent of a strong do-

nor, e.g., triphenylphosphane oxide, is sufficient to achieve The sulfonyl oxygen bridging results in the formation of
an eight-membered chair-shaped ring system comparable tothe same result, proven in case of the 1H-NMR spectrum

of THF-free 5 in C6D6. Trends within the series cannot be those in 6 and 7. [5] [14] A similar structural motif is also
found in µ,η2-SO3CF3 bridged lanthanidocene triflate com-determined easily, except the rising high field shift of the

29Si resonance from δ 5 223.4 to δ 5 226.1 which corre- plexes (cf. [(C5H5)2Yb(µ-O2SOCF3)]2). [15] The resulting co-
ordination polyhedron of the central yttrium is best con-lates to the decreasing Lewis acidity from Sc to La. No

fluxional behavior could be observed by variable tempera- sidered as a bi-capped tetrahedron with the intramolecu-
larly coordinating O(2) and O(4) in the capping positions.

In the solid state complex 5 adopts a trans configuration,
Figure 3. Solid-state structure of dimeric complex 5 (PLATON[16]

which is fixed via intramolecular coordination of two sul-plot). Thermal ellipsoids are drawn at the 50% probability level.
fonyl oxygen atoms, as depicted in Figure 4. The detection2,4,6-Triisopropylphenyl groups at the sulfur atoms and all carbon

bonded hydrogen atoms are omitted for clarity[a] of the trans form gives additional evidence of the solution
behavior of compound 5 (Scheme 2).

Closer inspection of the yttrium disulfonamide bonding
reveals an unprecedented µ2,η4:η1-coordination mode of
this ligand system. The η4-coordination results from two
Y2N(sulfonamide) and two intramolecular Y2O(sulfonyl)

bonds. The Y2N(sulfonamide) bond distances of 2.365(2) A
˚

and 2.403(2) A
˚

are longer than Y2N(dialkylamide) or Y2
N(silylamide) bond lengths and are comparable to Y2N
bonds containing delocalized charge density within the or-
ganic amide ligand. Representative examples include
benzamidinate [{p-MeOC6H4C(NSiMe3)2}2YCH(SiMe3)2]

Figure 4. Structure of the mononuclear unit of 5 (PLATON[16]

plot). Thermal ellipsoids are drawn at the 50% probability level.
All carbon bonded hydrogen atoms are omitted for clarity

[a] Selected bond lengths [A
˚

] and angles [°]: Y2N(1) 2.365(2),
Y2N(2) 2.403(2), Y2N(3) 2.239(2), Y2O(1)a 2.234(2), Y2O(2)
2.600(2), Y2O(4) 2.358(2), S(1)2O(1) 1.482(2), S(1)2O(2)
1.463(2), S(2)2O(3) 1.438(2), S(2)2O(4) 1.491(2), S(1)2N(1)
1.546(2), S(2)2N(2) 1.563(2), Y2Si(1) 3.5401(3), Y2Si(2)
3.1058(7), Y2H(1) 3.573(9), Y2H(2) 2.619(1); N(1)2Y2N(2)
66.41(6), Y2N(1)2S(1) 101.64(9), Y2N(2)2S(2) 96.45(8),
O(2)2S(1)2N(1) 103.11(9), O(4)2S(2)2N(2) 100.87(9),
Y2O(2)2S(1) 94.25(7), Y2O(4)2S(2) 100.45(7), O(2)2Y2N(1)
56.45(5), O(4)2Y2N(2) 59.29(5), Y2N(3)2Si(1) 127.6(1),
Y2N(3)2Si(2) 103.57(9), Si(1)2N(3)2Si(2) 128.4(1).
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[Y2N 2.325(4)22.345(4) A

˚
], [17] aminotroponiminate (ATI) agostic interactions. [24] The Y2N2Si angles differ signifi-

cantly [103.57(9), 127.6(1)°] and the H(2) of one SiHMe2[(iPr2ATI)YCl2(thf)2]2 [2.331(5), 2.430(5) A
˚

], [18] phthalocy-
anine (Pc) [Y(Pc22)(Pc2)] ·CH2Cl2 [2.395(3)22.406(4) group could be localized relatively close to the yttrium

center [Y2Si(2) 3.1058(7) A
˚

]. However, the sharp Si2HA
˚

],[19] or alkoxydimethylsilylamide [{Me2Si(NtBu)(OtBu)}2-
YCH(SiMe3)2] [2.20(2), 2.32(1) A

˚
]. [20] The Y2O distances stretch frequencies in complexes 325 clearly range in the

area of non-interacting Si2H groups, [25] although should-range between 2.234(2)22.600(2) A
˚

. The Y2O(4) distance
of 2.358(2) A

˚
of the non-bridging sulfonyl moiety together ers often termed as agostic could be detected at ca. 1950

cm21. If electronically forced, e.g., agostic, the Y···(Si2H)with the adjacent Y2N(2) bond of similar length resemble
the bonding in η2-coordinating carboxylates, e.g., interaction in 5 would indicate electron deficiency at the

metal center, which is highly desirable for the anticipated[Cp2Y{η2-O2C(CH2)3NMe2}] [2.390(3), 2.406(3) A
˚

]. [21] The
bridging sulfonyl moiety forms a long intramolecular con- catalytic applications.

In conclusion, we have synthesized highly soluble raretact of 2.600(2) A
˚

[Y(1)2O(2)] which lies in the long range
order of Y2O(donor) bonds and a relatively short Y2O(1a) earth complexes with formally bidentate disulfonamide li-

gands according to an extended silylamide route. The ob-contact which approaches bridging Y2O(alkoxide) bond
lengths. [22] The marked differences in the Y2O bond dis- tained heteroleptic complexes of type “(L)LnIIIR” bearing

the disulfonamide ligand as a divalent auxiliary ligand Ltances arise from two effects: While the attractive interac-
tion in Y2O(4) is affected by ring tension of the four-mem- and the silylamide ligand R as a reactive, readily exchange-

able moiety are potential candidates for rare earth mediatedbered Y2N2S2O cycle [cf. Y2N(1)2S(1) 101.64(9)°,
Y2N(2)2S(2) 96.45(8)°], reduced partial charge of the catalysis. The complexes show unprecedented ligand coor-

dination, as evidenced by a µ2,η4:η1-coordination of a de-doubly coordinating SO2 moiety additionally weakens the
Y2O(2) interaction. The Y2O(1a) displays the unper- solvated dinuclear complex in the solid state. The presence

of a strong metal sulfonyl coordination is further suggestedturbed case and hence shows the shortest contact.
The charge delocalization in the disulfonamide ligand is by the solution behavior (NMR experiments). The asym-

metric coordination of the bis(dimethylsilyl)amide ligandalso clear from the S5O and S2N bonding. The S5O
bonds of the Y-bonded oxygen atoms average 1.479(2) A

˚
, appears to be sterically forced, albeit the metal···(Si2H) co-

ordination might qualify as a sensitive probe to evaluate thewhereas the bond distance of S(2)5O(3) [1.434(2) A
˚

] lies in
the typical non-interacting range (1.42321.444 A

˚
). [23] The electronic situation at early transition metal centers. Cur-

rent studies concentrate on ligand variations and examin-S2N distances amount to an average of 1.555(2) A
˚

, clearly
indicating a partial double bond character (cf. ations of the resulting complexes in Lewis acid catalysis.
RNH2SO2R9 1.600-1.623 A

˚
). [23] The special mode of coor- We thank the Deutsche Forschungsgemeinschaft (DFG) and De-

dination is best understood by a charge delocalized model, gussa AG for financial support of this research. R. A. thanks the
as shown in Scheme 3. While I represents the classic case DFG for the award of a fellowship. Generous support from Prof.
of a deprotonated sulfonamide, II displays a sulfonate type Wolfgang A. Herrmann is gratefully acknowledged.
coordination, resulting in elongated S5O distances and
shortened S2N bonds. Experimental Section

General: All rare earth complexes were synthesized and manipu-
Scheme 3. Charge delocalized description of a η2-coordinating sul- lated under an argon atmosphere using either standard high-vac-fonamido group

uum techniques or a glovebox (MBraun MB150B; O2 < 2 ppm,
H2O < 1 ppm). Toluene and n-hexane were distilled from Na/K/
benzophenone and stored under argon. Deuterated THF was dried
by stirring over Na/K alloy. All starting materials were purchased
from Aldrich Chemical Co. and used without further purification.
The synthesis of the disulfonamide rac-2 is described in detail, be-
cause slight modifications of the established synthesis procedures
were applied. [26] The bis(dimethylsilyl)amides of Sc, Y, La, and NdIn contrast, the metal sulfonyl interactions in similar ti-
(1a2d) were prepared according to the literature procedure.[27] 2tanium complexes are weak and ascribed to crystal packing
NMR: Jeol JNM-GX-400 (399.80, 100.51, and 79.43 MHz for 1H,forces. [6] In fact, all Ti2O contacts are by far longer 13C, and 29Si, respectively). Spectra were referenced internally using

(0.1720.38 A
˚

) than the Ti2N bonds. [6] [7] In compound 5 the residual solvent resonances (1H, 13C) or referenced externally
the Y2N and Y2O bonds approximately equal each other to TMS (29Si; δ 5 0). [D8]THF as solvent δH 5 3.58/1.73, δC 5
which is consistent with strong metal oxygen interaction. 67.7/25.5. 2 FTIR: Perkin-Elmer 1650. 2 Elemental analyses: Mi-
The different metal oxygen bonding in the titanium and kroanalytisches Laboratorium at the department of inorganic
lanthanide complexes is also reflected in the different solu- chemistry of the Technische Universität München.
tion behavior described above.

trans-1,2-Bis(2,4,6-triisopropylbenzenesulfonamido)cyclohexane
The Y2N(3) bond length [2.239(2) A

˚
] of the silylamide (rac-2): Racemic 2 was prepared by addition of a pre-cooled solu-

ligand is comparable to that of the precursor silylamide tion of 6.36 g (21.0 mmol) of 2,4,6-triisopropylbenzene sulfonyl
[2.229(4)22.276(4) A

˚
]. [11] Interestingly, the N(SiHMe2)2 chloride in 30 ml of CH2Cl2 to an ice-cold, stirred solution of 1.14

moiety coordinates asymmetrically to the yttrium center, g (10.0 mmol) of trans-1,2-diaminocyclohexane and 2.13 g (21.0
mmol) of triethyl amine in 50 ml of CH2Cl2. The mixture wasfeaturing structural details previously ascribed to β-SiH
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stirred overnight while it was allowed to warm up to room tempera- thanum() (4b): 450 mg (91%), colorless, brittle solid. 2 1H NMR

([D8]THF, 25°C): δ 5 7.13 (s, 4 H, -C6H2iPr3), 4.75 [sept, 3J 5 3.0ture. The solution was washed successively with 50 ml of hydro-
chloric acid (1 ), saturated NaHCO3 solution, and brine. Drying Hz, 2 H, -Si(CH3)2H], 4.63 [sept, 3J 5 6.8 Hz, 4 H, o-CH(CH3)2],

3.39 [m, 2 H, -CHα(N2La)-], 2.88 [sept, 3J 5 6.8 Hz, 2 H, p-of the organic phase over Na2SO4 and evaporation of the solvent
gave a crude product which was purified by column chromatogra- CH(CH3)2], 1.73 (m, 2 H, CHHβ), 1.47 (m, 2 H, CHHβ), 1.27 [d,

3J 5 6.8 Hz, 12 H, p-CH(CH3)2], 1.23 [d, 3J 5 6.8 Hz, 24 H, o-phy (silica, CH2Cl2/EtOAc, 40:1 v/v, Rf 5 0.32) to yield 5.96 g
of rac-2 (92%) as a white solid, m.p. 2062207°C. NMR and IR CH(CH3)2], 1.01 (m, 4 H, CH2,γ), 0.11 [d, 3J 5 3.0 Hz, 12 H,

-Si(CH3)2H]. 2 13C{1H} NMR ([D8]THF, 25°C): δ 5 151.1 (C-4),spectroscopic data and elemental analysis are in agreement with
the data reported for (1R,2R)-1,2-bis(2,4,6-triisopropylbenzenesul- 149.4 (C-2,6), 142.5 (C-1), 123.7 (C-3,5), 64.8 [-CHα(N2La)-], 35.0

(CH2,β), 34.6 [p-CH(CH3)2], 29.8 [o-CH(CH3)2], 26.0 [o-fonamido)cyclohexane.[26]

CH(CH3)2], 25.4 (CH2,γ), 24.1 [p-CH(CH3)2], 3.2 [-Si(CH3)2H]. 2General Procedure for the Preparation of the Rare Earth Metal
29Si{1H} NMR ([D8]THF, 25°C): δ 5 226.1. 2 IR (Nujol): ν̃ 5Disulfonamide Complexes (3 and 4a2c): To a stirred solution of
2062 m [ν(Si2H)], 1945 w sh, 1601 m, 1563 w, 1241 s [ν(S5O)],0.50 mmol of the rare earth bis(dimethylsilyl)amide Ln[N(SiH-
1219 m, 1195 m, 1163 s, 1126 m, 1074 m, 1063 m, 1046 s [ν(S5Me2)2]3(thf)n (Y, La, Nd: n 5 2; Sc: n 5 1) in 15 ml of toluene an
O)], 1012 m, 980 m, 940 m, 896 s, 879 m, 842 m, 810 m, 789 w,equimolar amount (0.50 mmol) of rac-2 was added slowly. The li-
764 w, 671 s, 629 w, 596 m, 578 w, 492 w cm21. 2gand dissolved within a few minutes (Sc: 1 h). To ensure complete
C44H78LaN3O5S2Si2 (988.3): calcd. C 53.47, H 7.95, N 4.25, S 6.49;reaction the mixture was stirred for further 24 h. Then the solvent
found C 53.9, H 7.7, N 4.3, S 6.7.and volatile products were evaporated in vacuo to yield the com-

plexes 3 and 4a2c. (Tetrahydrofurane)[trans-1,2-bis(2,4,6-triisopropylbenzene-
[trans-1,2-Bis(2,4,6-triisopropylbenzenesulfonamidato)cyclo- sulfonamidato)cyclohexane-N,N9][bis(dimethylsilyl)amido]neo-

hexane-N,N9][bis(dimethylsilyl)amido]scandium() (3): 385 mg dymium() (4c): 421 mg (85%), pale blue, brittle solid. 2 IR (Nu-
(94%), colorless, amorphous solid. The compound starts to decom- jol): ν̃ 5 2071 m [ν(Si2H)], 1951 w sh, 1601 m, 1563 w, 1314 w,
pose at 130°C to yield a material that forms a homogeneous melt 1241 s [ν(S5O)], 1219 s, 1193 m, 1163 s, 1130 m, 1106 m, 1064 m,
at 230°C. 2 1H NMR ([D8]THF, 25°C): δ 5 7.14 (s, 4 H, 1046 s [(S5O)], 1013 s, 980 s, 940 m, 897 vs, 842 m, 810 m, 764 w,
-C6H2iPr3), 4.58 [sept, 3J 5 6.8 Hz, 4 H, o-CH(CH3)2], 4.47 [sept, 671 s, 630 w, 586 m, 557 w cm21. 2 C44H78N3NdO5S2Si2 (993.7):
3J 5 3.0 Hz, 2 H, -Si(CH3)2H], 3.48 [m, 2 H, -CHα(N2Sc)-], 2.86 calcd. C 53.19, H 7.91, N 4.23, S 6.45; found C 52.7, H 7.5, N 4.0,
[sept, 3J 5 6.9 Hz, 2 H, p-CH(CH3)2], 1.86 (m, 2 H, CHHβ), 1.60 S 5.7.
(m, 2 H, CHHβ), 1.24 [d, 3J 5 6.8 Hz, 24 H, o-CH(CH3)2], 1.23

Bi s{ [ t rans -1 , 2 -b i s(2 , 4 , 6 - t r i i so propy l be nzen es u l fo n -[d, 3J 5 6.9 Hz, 12 H, p-CH(CH3)2], 0.86 (m, 4 H, CH2,γ), 0.12 [d,
amidato)cyclohexane-N,N9][bis(dimethylsilyl)amido]yttrium()}3J 5 3.0 Hz, 12 H, -Si(CH3)2H]. 2 13C{1H} NMR ([D8]THF,
(5): In a Schlenk tube 1.877 g (2.00 mmol) of finely powdered 4a25°C): δ 5 151.8 (C-4), 148.9 (C-2,6), 124.1 (C-3,5), 66.2
was exposed to high vacuum (p < 1025 mbar) for 24 h. Afterwards[-CHα(N2Sc)-], 35.0 (CH2,β), 34.5 [p-CH(CH3)2], 30.6
25 ml of n-hexane was added in the cold, leading to an insoluble[o-CH(CH3)2], 26.1 [o-CH(CH3)2], 24.0 [p-CH(CH3)2],
residue and a clear solution, which was separated. Recrystallization1.4 [-Si(CH3)2H]; C-1 not detected; CH2,γ might be hidden by the
of the white residue from hot n-hexane yielded 534 mg of 5 (31%)residual solvent signal. 2 29Si{1H} NMR ([D8]THF, 25°C): δ 5
as colorless crystals suitable for X-ray structure determination. 2223.4. 2 IR (Nujol): ν̃ 5 2068 m [ν(Si2H)], 1601 m, 1565 w, 1423
1H NMR ([D8]THF, 25°C): δ 5 7.15 (s, 4 H, -C6H2iPr3), 4.66 [sept,m, 1363 m, 1315 w, 1243 s [ν(S5O)], 1207 w, 1167 s, 1150 m, 1133
3J 5 3.0 Hz, 2 H, -Si(CH3)2H], 4.49 [sept, 3J 5 6.7 Hz, 4 H, o-m, 1106 s, 1064 m, 1046 m [ν(S5O)], 1019 m, 1007 m, 987 m, 971
CH(CH3)2], 3.41 [m, 2 H, -CHα(N2Y)-], 2.87 [sept, 3J 5 6.9 Hz,m, 938 m, 900 s, 842 m, 802 w, 783 w, 699 w, 676 m, 660 m, 630
2 H, p-CH(CH3)2], 1.84 (m, 2 H, CHHβ), 1.57 (m, 2 H, CHHβ),w, 586 w, 552 w cm21. 2 C40H70N3O4S2ScSi2 (822.3): calcd. C
1.25 [d, 3J 5 6.9 Hz, 12 H, p-CH(CH3)2], 1.23 [d, 3J 5 6.7 Hz, 2458.43, H 8.58, N 5.11, S 7.80; found C 58.5, H 8.8, N 4.4, S 7.2.
H, o-CH(CH3)2], 0.89 (m, 4 H, CH2,γ), 0.11 [d, 3J 5 3.0 Hz, 12(Tetrahydrofurane)[trans-1,2-bis(2,4,6-triisopropylbenzene-
H, -Si(CH3)2H]. 2 13C{1H} NMR ([D8]THF, 25°C): δ 5 151.3 (C-sulfonamidato)cyclohexane-N,N9][bis(dimethylsilyl)amido]yttri-
4), 149.2 (C-2,6), 142.1 (C-1), 124.2 (C-3,5), 64.0 [-CHα(N2Y)-],um() (4a): 455 mg (97%), colorless, brittle solid. 2 1H NMR
35.7 [p-CH(CH3)2], 34.9 (CH2,β), 30.0 [o-CH(CH3)2], 26.0 [o-([D8]THF, 25°C): δ 5 7.15 (s, 4 H, -C6H2iPr3), 4.66 [sept, 3J 5 3.0
CH(CH3)2], 25.7 (CH2,γ), 24.0 [p-CH(CH3)2], 3.7 [-Si(CH3)2H]. 2Hz, 2 H, -Si(CH3)2H], 4.49 [sept, 3J 5 6.7 Hz, 4 H, o-CH(CH3)2],
29Si{1H} NMR ([D8]THF, 25°C): δ 5 225.7. 2 IR (Nujol): ν̃ 53.41 [m, 2 H, -CHα(N2Y)-], 2.87 [sept, 3J 5 6.9 Hz, 2 H, p-
2088 m [ν(Si2H)], 1917 w sh, 1602 m, 1566 w, 1423 m, 1365 s,CH(CH3)2], 1.84 (m, 2 H, CHHβ), 1.57 (m, 2 H, CHHβ), 1.25 [d,
1314 w, 1296 w, 1239 s [ν(S5O)], 1206 m, 1182 s, 1160 s, 1146 m,3J 5 6.9 Hz, 12 H, p-CH(CH3)2], 1.23 [d, 3J 5 6.7 Hz, 24 H, o-
1128 m, 1079 s, 1067 s [ν(S5O)], 1042 m, 1019 m, 988 m, 965 m,CH(CH3)2], 0.89 (m, 4 H, CH2,γ), 0.11 [d, 3J 5 3.0 Hz, 12 H, -
940 m, 903 s, 882 s, 838 m, 820 m, 792 m, 762 m, 674 s, 652 w, 633Si(CH3)2H]. 2 13C{1H} NMR ([D8]THF, 25°C): δ 5 151.3 (C-4),
w, 621 w, 594 w, 587 m, 564 w, 556 m, 495 w, 485 w, 411 w cm21.149.2 (C-2,6), 142.1 (C-1), 124.2 (C-3,5), 64.0 [-CHα(N2Y)-], 35.7
2 C80H140N6O8S4Si4Y2 (1732.4): calcd. C 55.46, H 8.15, N 4.85, S[p-CH(CH3)2], 34.9 (CH2,β), 30.0 [o-CH(CH3)2], 26.0 [o-
7.40; found C 55.6, H 8.1, N 4.7, S 8.5.CH(CH3)2], 25.7 (CH2,γ), 24.0 [p-CH(CH3)2], 3.7 [-Si(CH3)2H]. 2

29Si{1H} NMR ([D8]THF, 25°C): δ 5 225.7. 2 IR (Nujol): ν̃ 5 X-ray Crystal Structure Analysis of 5: C80H140N6O8S4Si4Y2;
2069 m [ν(Si2H)], 1948 w sh, 1601 m, 1564 w, 1423 m, 1364 m, Mr 5 1732.44; a 5 12.3022(5), b 5 13.4696(8), c 5 14.8607(9) A

˚
,

1317 w, 1241 s [ν(S5O)], 1164 s, 1106 m, 1076 m, 1048 s [ν(S5O)], α 5 74.823(6), β 5 79.688(5), γ 5 78.454(5)°; triclinic, P1
¯

(Int.
1022 m, 984 s, 939 m, 899 s, 842 m, 813 w, 795 w, 777 w, 759 w, Table Nr.: 2); V 5 2307.6(2) A

˚
3; Z 5 1; Dcalc 5 1.247 g cm23; µ 5

673 s, 658 m, 587 m, 555 w cm21. 2 C44H78N3O5S2Si2Y (938.3): 1.45 mm21 (Mo-Kα); F(000) 5 924; A colorless crystal was
calcd. C 56.32, H 8.38, N 4.48, S 6.83; found C 55.9, H 7.3, N 4.2, mounted on a STOE IPDS[28] diffractometer (graphite-monochro-
S 7.0. mated Mo-Kα radiation). 32070 reflections (Θ range: 1.65°226.05°;

213 < h < 13, 216 < k < 16, 218 < l < 18) were collected at 193(Tetrahydrofurane)[trans-1,2-bis(2,4,6-triisopropylbenzene-
sulfonamidato)cyclohexane-N,N9][bis(dimethylsilyl)amido]lan- K and corrected for Lorentz, polarization and X-ray absorption
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Rotational barriers and π conjugation effects have been SCH3 species. An acute B–S–C angle (69.6°) is found, thus
evidencing a direct H···B agostic interaction with a four-studied in H2X–YR systems (X = Al, B; Y = O, S; R = H, CH3)

by means of ab initio calculations at the MP4/6–311G**// membered (BSCH) heterocycle. To further evidence our
analysis, additional calculations have been performed onMP2/6–311G** level. In non-substituted systems H2X–YH, it

is shown that the rotational barrier depends on three factors: carbocationic species H2C+–YR (Y = O, S; R = H, CH3) for
which the H2C+ moiety is a strong π acceptor. As expected,(i) π conjugation strength between the X vacant p orbital and

the Y p-lone pair; (ii) the opening ability of the Y-valence the C+–O and C+–S conjugation are strong (about 60 kcal/
mol). Only two minima have been located for the H2C+–angle and (iii) a possible direct interaction between X and

the Y hydrogen substituent. The conjugation stabilization OCH3 species. In the sulfur case, the Potential Energy
Surface (PES) is more complicated and six stationary pointshas been estimated through Valence Bond calculations and

is found to decrease in the order BO (22.6 kcal/mol), BS (16.6 have been characterized. A strong agostic interaction is
found for a secondary deconjugated minimum for which ankcal/mol), AlO (10.2 kcal/mol), and AlS (8.1 kcal/mol). Study

of the methylated systems confirm the results found in hydrogen symmetrically bridges the two carbon atoms. A
schematic energy profile connecting the various extrema isunsubstituted species. The most important feature is the

location of a deconjugated secondary minimum for H2B– given for this cationic species.

Introduction in these compounds. On the opposite, recent calculations
by Fink, Power and Allen[4] give a low rotational barrier

The question of π conjugation between Al and O in alk- in both model compounds, H2Al2OH (3.5 kcal/mol) and
oxy derivative of aluminium has not received a definite (CH3)2Al2OCH3 (1.7 kcal/mol). However, large geometric
answer until now although much theoretical and exper- distortions in the deconjugated conformer do not allow a
imental work has been devoted to the problem. Following definite conclusion regarding the π bonding in these 3-coor-
Brothers and Powell, [1] the conjugation in 3-coordinated dinated aluminium alkoxides.
species is expected to be weak: for instance, the rotational

To shed some light on this problem, we have undertakenbarrier around the Al2O bond has been shown to have an
ab initio calculations on H2Al2OR model molecules (R 5upper limit of 8 kcal/mol. In addition, the Al2O bond
H, CH3) in order to get a more detailed description oflength in 3-coordinated species is found to decrease in the
Al2O π bonding; the results are compared to those ob-series R2Al2OR9, RAl(OR9)2, Al(OR9)3, a trend which
tained when oxygen is replaced by sulfur. In order to cali-seems to be in contradiction with a strong π Al2O bond-
brate our results, additional calculations where performeding. Different conclusions concerning the π Al2O bonding
on boron systems H2B2YR (Y 5 O, S; R 5 H, CH3) forhave been reached by Barron:[2] a noticeable π Al2O conju-
which B2O B2S π conjugation is well etablished. Thesegation should be responsible for short Al2O bond lengths
calculations are expected to check our previous conclusionsin 3-coordinated aluminium alkoxides. The lack of ro-
for H2X2Y2XH2 species[5] (X 5 Al, B; Y 5 O, S) wheretational barrier in these compounds is expected to have the
it was found that X2Y π conjugation is a determining fac-same origin as in transition metal alkoxides where no ro-
tor for understanding the geometrical structure of thesetational barrier is found although π-bonding in these com-
compounds.plexes is not doubtful. In addition, similar π Al2O conju-

gation is also proposed in 4-coordinated alkoxy alu- The results will be presented as follows: first, calculations
on model species H2X2YH at a conventional MO level ofminium compounds.

Theoretical calculations by Barron, Dobbs and Francl [3] theory will be followed by Valence-Bond (VB) calculations.
Secondly, the effect of Y substitution by a methyl groupindicate that π Al2O conjugation in 3- and 4- coordinated

systems may explain the geometrical distortions observed will be studied. Finally, the conclusions drawn from these
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Figure 1. Geometrical optimized parameters of the H2X2YH spe-two sets of results will be checked with systems in which X

cies (bonds in A
˚

and angles in degrees)is replaced by a strong π acceptor: C1. Both model systems
H2C2YH1 and H2X2YCH3

1 (Y 5 O, S) will be analyzed.

Method of Calculation

The 62311G** basis set was used throughout the paper.
All geometries were optimized at the MP2 level with the
help of an analytical gradient method. Characterization of
the extrema were made by analytical frequencies calcu-
lations at this level. The stationary points may be minima
(Min, no imaginary frequency) or transition states (TS, only
one imaginary frequency) or n-order saddle points (n-SP, n
imaginary frequencies). In this last case (n > 1), the station-
ary point has no chemical significance. Subsequent calcu-
lation of the correlation energy was made at the
MP4(SDTQ) level on the geometries optimized at the MP2
level. Our level of calculation is therefore MP4/62311G**//
MP2/62311G**. In the simplest model systems
(H2X2YH) we have tested the influence of improving the
correlation energy by optimizing the geometries at the MP4
level. The G 92 set of programs[6] was used.
Valence-Bond calculations were made with the help of the
Turtle program.[7]

Results

A. Unsubstituted Systems

Energetical Analysis
For each system (referred as BS, BO, AlS and AlO in the

following), three geometries [planar (1), perpendicular (2)
Table 1. Relative energies (in kcal/mol) of the three geometries for

and linear (3)] have been optimized and fully characterized each species at the MP2/MP2 level of calculation.
by analytical frequencies calculations.

BS BO AlS AlO

planar 0 0 0 0
perpendicular 20.5 16.9 7.6 3.6
linear 54.4 20.5 31.7 3.9

All the extrema have been recalculated at the MP4 level
at the MP2 optimized geometries. The relative energies at
the MP4/62311G**//MP2/62311G** level are given in
Table 2.

Table 2. Relative energies (in kcal/mol) of the three geometries for
each species at the MP4/MP2 level of calculation

All twelve structures are found to be stationary points on BS BO AlS AlO
the various potential energy surfaces. In each case, the
planar geometry is a real minimum while the perpendicular planar 0 0 0 0

perpendicular 20.6 17.1 7.8 3.9geometry is a transition state (TS, one imaginary fre-
linear 54.4 21.0 32.0 4.2quency). Following the transition vector associated with the

imaginary frequency leads to the planar minimum. The lin-
ear structure is found to be a second-order saddle point The results at MP2/MP2 and MP4/MP2 levels are very

similar: improving the correlation energy calculation in-(2-SP, two imaginary frequencies) and the two associated
transition vectors lead to the planar minimum or to the creases the energy differences by less than 0.5 kcal/mol.

However, to be sure that improvement of the correlationperpendicular transition state. The geometrical parameters
of the optimized structures (MP2/62311G** level) are energy calculation does not affect the optimized param-

eters, the planar and perpendicular geometries have beengiven in Figure 1 and the corresponding relative energies in
Table 1. reoptimized at the MP4 level. The rotational barriers
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[E(perp)2E(planar)] are exactly the same as that found at The main electronic difference between the two geo-

metries comes from the interaction of the second Y lonethe MP4/MP2 level. In addition, the geometrical changes
are less than 0.007 A

˚
for bond lengths and 1.5° for bond pair with the H2X moiety. The lone pair is expected to be

strongly hybridized in the planar structure while it is a pureangles (except for the Al2O2H bond angle whose change
is 3° in the perpendicular structure). Therefore, our calcu- p orbital in the linear geometry (Scheme 1). In each case

except H2BSH, the X2Y bond length shortens from thelation level can be considered as satisfactory. Note finally
that our results agree well with those previously published: planar to the linear geometry (Table 3). This shortening

may come from a negative hyperconjugation interaction be-18.0, 14.3, 7.3, and 3.5 kcal/mol for BS, BO,[8] AlS, and
AlO[4] systems respectively. Similar values (19, 14, 8, and 4 tween this Y lone pair and the symmetry adapted H2X anti-

bonding orbitals (see below).kcal/mol) have been obtained by Zyubina and Charkin. [9]

The evolution of the rotational barrier should well illus- The geometrical evolutions from planar to perpendicular
geometries are different for oxygen and sulfur systems andtrate the basic concept of conjugation in such compounds.

In the planar structure, the vacant p orbital on aluminium will be discussed separately. In oxygen compounds, the per-
pendicular structure is reminiscent of the linear geometry.or boron conjugates with the π-doubly occupied lone pair

of sulfur or oxygen, leading to a 2-electron stabilization. A The X2Y2H angle opens when going from the planar to
the perpendicular geometries (by 8.2 and 23.9° in boron90° rotation of the Y2H group destroy this conjugation

and the rotational barrier could be a measure of the and aluminium cases respectively) which allows the dehy-
bridization of the in-plane lone pair and therefore ensuresstrength of the π X2Y bond. It is indeed found that the

rotational barrier is very low when X and Y electronegativi- a better conjugation with the p vacant orbital on the H2X
moiety. This effect is rather small in the boron compoundties are different (X 5 Al and Y 5 O) and becomes higher

as the X and Y electronegativities become closer. As a re- and the BO bond length increases upon OH rotation (from
1.354 to 1.370 A

˚
). On the other hand, the Al2O2H anglesult, the highest barrier is found when X 5 B and Y 5 S. In

fact this interpretation of the barrier evolution is somewhat dramatically increases by 23.9° upon rotation and that leads
to a strong residual conjugation in the perpendicular ge-oversimplified as shown below.
ometry. This is illustrated by an Al2O bond length (1.690

Geometrical Analysis A
˚

) which is intermediate between those of the planar (1.711
The X2Y bond lengths and X2Y2H angles for each sys- A

˚
) and linear (1.670 A

˚
) geometries. Consequently, the ro-

tem are reported in Table 3. To our knowledge only the un- tational barrier in H2AlOH is not a measure of the π Al2O
substituted H2BOH species has been experimentally charac- conjugation since a noticeable conjugation still remains in
terized (Microwave Spectrum).[10] Our optimized parameters the perpendicular structure. A similar interaction (although
(B2O 5 1.354 A

˚
; O2H 5 0.960 A

˚
; B2O2H 5 111.2°; attenuated) exists in H2BOH, as previously pointed out by

O2B2Hc 5 120.9°; O2B2Ht 5 116.7°; BHc 5 1.197 A
˚

; Ashby and Sheshtawy;[8] following these authors, the
BHt 5 1.191 A

˚
) are in excellent agreement with the exper- hydroxy group should be considered as a double-faced

imental ones (B2O 5 1.352 A
˚

; O2H 5 0.967 A
˚

; π-donor. Thus, the oxygen9s ability to conjugate in both the
B2O2H 5 112.0°; O2B2Hc 5 121.8°; O2B2Ht 5 planar and perpendicular geometries is further illustrated
117.2°, the B2H bond length being assumed to be 1.200 A

˚
). by the small energy differences between the perpendicular

and linear geometries: it is 3.9 and only 0.3 kcal/mol for
Table 3. X2Y bond lengths (in A

˚
) and X2Y2H bond angles (in

H2BOH and H2AlOH respectively (Table 2). These low val-degrees) in the various optimized extrema
ues indicate that the energetical cost of dehybridization of
the oxygen second lone pair is almost compensated by theX2Y Bond lengths BS BO AlS AlO
additional conjugation interaction. This result gives an in-

planar 1.771 1.354 2.176 1.711 sight in the mechanism of aluminum alkoxides isomeri-
perpendicular 1.854 1.370 2.206 1.690 zation. Since the two (perpendicular and linear) structureslinear 1.780 1.329 2.124 1.670

are almost isoenergetic, this reaction may proceed by ro-
tation or linearization of the alkoxide moiety (Scheme 2).X2Y2H Bond angles

planar 98.1 111.2 93.8 122.3 As previously noted by Ashby,[8] the competition between
perpendicular 86.7 119.4 89.6 146.2 the two mechanisms should be in favor the intermediacy of

a perpendicular structure for H2BOH because of the larger
energy difference.Let us first compare the X2Y bond lengths in planar

Fo the sulfur derivatives, linearization of the X2S2H ar-and linear structures: in both structures π conjugation is at
rangment costs much more energy (54.4 and 32.0 kcal/molwork between the p orbitals of X and Y (Scheme 1).
for H2BSH and H2AlSH respectively, Table 2). As a result,
no dehybridization occurs in the perpendicular structure

Scheme 1
that is well illustrated by an X2S2H angle which is roughly
equal to 90° in both planar and perpendicular geometries.
The π residual conjugation is expected to be small in the
rotated structure and, consequently, both Al2S and B2S
bond lengths increase upon rotation (Table 3). A surprising
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Scheme 2 ometry are expected to correctly reflect the stabilization due

to conjugation in H2X2YH species. The lowest value (8.1
kcal/mol) is found in the Al2S case, confirming that the π
bonds are weak between two second-row atoms.[12] The
X2Y conjugation is still weak in H2Al2OH (10.2 kcal/
mol) and becomes stronger in the boron compounds (16.6
and 22.6 kcal/mol for H2B2SH and H2B2OH respectively,
Table 4). As expected the highest stabilization is found for
H2B2OH in which conjugation develops between two first-
row atoms.

Table 4. Stabilization (in kcal/mol) due to conjugation (planar and
linear structures) and to hyperconjugation (linear structure only)

point is the decrease of the X2S2H angle in the planar
BS BO AlS AlOR perpendicular interconversion: this variation is small in

H2AlSH (4.2°) and becomes rather large (11.4°) in H2BSH.
planar conjugation 16.6 22.6 8.1 10.2It allows a shortening of the X···H distance (4) and we attri- linear conjugation 19.0 21.1 9.6 9.6

bute this geometrical change (which is opposite to that linear HC 7.0 7.9 6.0 6.6
linear conjugation 1 HC 27.0 30.6 16.6 17.3found in oxygenated systems) to a direct interaction be-

tween the H2X p vacant orbital and the hydrogen atom.
Such interactions are well-known in organometallic chemis- In the four linear structures, the hyperconjugation of the
try and have been called “agostic” by Brookhart and in-plane Y lone pair with the H2X moiety is found to be
Green. [11] Similar interactions will be analyzed in more de- stabilizing and almost constant (between 6 and 8 kcal/mol)
tails in the study of substituted species. Note that, following whatever the nature of the X and Y atoms. Finally, it is
Ashby,[8] this angle decrease may be attributed to a relief of worth noting that the two contributions (conjugation and
Pauli repulsion. hyperconjugation) are fairly additive in the linear structure:

adding the stabilization due to conjugation (entrie 2) and to
hyperconjugation (entrie 3) in Table 4, gives (within about 2
kcal/mol) the total stabilization (entrie 4) obtained when
both lone pairs are allowed to delocalize.

In Table 5 are brought together the values of conjugation
stabilization (Table 4) and rotational barrier (energy differ-

π-Conjugation in H2X2YH Species? ence between planar and perpendicular geometries,
Since the rotational barrier cannot be a good measure of Table 2).

X2Y conjugation in these species, additional VB calcu-
Table 5. Conjugation stabilization and rotational barrier for the

lations have been performed on planar and linear structures various systems; all quantities are in kcal/mol.
at the MP2 optimized geometries. In a first step, the total
energy is recalculated in a “normal” manner i.e. all the in- BS BO AlS AlO
teraction are taken into account. In a second step, the π

planar conjugation 16.6 22.6 8.1 10.2interaction in both geometries is set to zero by forbiding
rotational barrier 20.6 17.1 7.8 3.9any delocalization of the π lone pair of the Y atom on the

XH2 moiety in both planar and linear geometries. The en-
The values are reasonably close in the sulfur-substitutedergy differences between the two sets of results give a

systems but differ notably in the oxygenated cases. In thesereasonable estimation of the π interaction in those systems.
cases, the rotational barrier is systematically lower than the(Note that a more accurate calculation of the conjugation
conjugation interaction (by 5.5 and 6.3 kcal/mol in boroninteraction should require a full geometry reoptimization in
and aluminium cases respectively) which indicates the remi-the deconjugated species that is not possible with our VB
niscent conjugation in the rotated structure as shown above.program.) Similar calculations have been performed in the
The two values notably differ in the H2Al2OH case wherelinear geometry by cancelling the delocalization of the in-
the Al2O2H angle dramatically increases in the perpen-plane Y p-lone pair in order to get a measure of the hyper-
dicular geometry (Table 3).conjugation (HC) with the XH2 moiety. Finally, in the lin-

ear geometry, both conjugation and hyperconjugation have
B. Methyl-Substituted Systemsbeen cancelled. The results of these calculations are given

in Table 4 for each system under study. Energetical Analysis
Calculations on substituted systems H2X2YCH3 haveFor each species the conjugation stabilizations are not

identical for the planar and linear geometries since the been made in order to get more detailed informations on
the various interactions in these species. As shown pre-X2Y bond lengths are not the same in both geometries

(Table 3). However the two sets of values are rather close viously, [13] the eclipsed conformer (5) is the most stable in
the planar geometry. Two rotamers have been fully optim-to each others and the results obtained in the planar ge-
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ized and characterized in the perpendicular geometry. In 1.7 kcal/mol (Table 6). It is worth to compare our calculated

barriers on methyl-substituted species to those experimen-the first one (6), a CH methyl bond eclipses the X2Y bond
while in the second one (7), the CH methyl bonds are stag- tally determined. In BS and BO cases, the theoretical values

(22.3 and 17.2 kcal/mol) are larger than the experimentalgered with respect to the X2Y bond. The energetical results
are reported in Table 6 together with the characterization values (18.2219.7 kcal/mol (BS)[14] [15] and 11.2213.9 kcal/

mol (BO)[15] [16]. The presence of bulky substituents mayof the various structures. The rotational energy barriers in
unsubstituted species have also been reported for sake of well be at the origin of this discrepancy since steric repul-

sion should be smaller in the perpendicular structure thatcomparison.
lowers the rotational barrier. In aluminium compounds,
there are few experimentally determined values: it is found
to be less than 8 kcal/mol in Al2O case(17] and between 8
and 9 kcal/mol in AlS case.(18] (This last value is obtained
in bisthiolate derivative of aluminium. To our knowledge,
no data on monosubstituted compound are available). Both
these values are in agreement with our theoretical values.

In the perpendicular geometries, the methyl group
bonded to the Y atom does not seem to exhibit strong con-
formational preference: the energy differences between
structures 6 (eclipsed) and 7 (staggered) are about 0.5 kcal/
mol for BS, and AlS and increases up to 1.4 kcal/mol in
H2B2OCH3 system. However these small energy differ-
ences originate from very different interaction as shown be-
low. More puzzling, the characterization of this structure

Table 6. Relative energies (in kcal/mol) at the MP4/MP2 level of the depends on the nature of X and Y atoms. In BO and AlS
planar (5) and perpendicular (6 and 7) geometries in H2X2YCH3 cases, the eclipsed geometries are 2-order saddle points asspecies; the rotational barrier in unsubstituted species is also given

expected. The transition vector associated with one imagin-for sake or comparison
ary frequency essentially develops on the twist angle be-

BS BO AlS AlO tween H2X and XYC planes and corresponds to the 6 R 5
motion. The second transition vector involves the in-block

planar 5 0 (Min) 0 (Min) 0 (Min) 0 (Min) rotation of the methyl substituent and corresponds to the 6
perpendicular 6 22.2 (Min) 18.6 (2-SP)9.2 (2-SP) -[a]

R 7 motion. For Al2O, we did not find any stationaryperpendicular 7 22.3 (TS) 17.2 (TS) 8.7 (TS) 3.0 (TS)
unsubst. R.B. 20.6 17.1 7.8 3.9 point corresponding to the eclipsed perpendicular con-

former 6. Optimization of this geometry leads to an open-
[a] No stationary point found, see text. ing of the Al2O2C angle beyond 180° and this structure

collapses to the conformer 7 which is a transition state lo-All the planar structures (5) are found to be real minima
cated 3.0 kcal/mol above the planar structure. More puz-on the Potential Energy Surface (PES). Staggered perpen-
zling is the fact that in BS case, the eclipsed perpendiculardicular geometries (7) are found to be transition states (one
structure is found to be a secondary minimum on the PES.imaginary frequency) and we have verified that they belong

to the isomerization reaction path depicted in Scheme 3.
Geometrical Analysis

Scheme 3 The main optimized geometrical parameters are given in
Figure 2. For each structure, the X2Y bond length is
slightly shorter than that found in the unsubstituted species:
for instance, B2O 5 1.345 A

˚
in H2B2OCH3 and 1.354 A

˚

in H2B2OH for the planar structures. Our optimized par-
ameters (X2Y and Y2C bond lengths and X2Y2C angles
are in reasonable agreement (Table 7) with the experimental
data available on monosubstituted compounds (except in
Al2S case where only bis-thiolate derivative has been
characterized). It should be noted that we find a large
X2Y2C angle only in Al2O2C case, in accordance with
the experimental data.

Partial deconjugation (5 R 6 or 7) leads in each case to
a lengthening of the X2Y bond, except in H2Al2OCH3.The rotational barriers in the methylated species are

therefore equal to the energies differences between struc- In this case, the shortening of the Al2O bond length may
be explained (as in the unsubstituted species) by the quasi-tures 5 and 7. They are found to be very close to that of

the hydrogenated systems: for each molecule, the barrier in linear geometry of the rotated structure (Al2O2C 5
170.9°, Figure 2).methylated and unsubstituted systems are the same within
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Table 7. Comparison between theoretical and experimental para- A dramatic change occurs in H2B2SCH3 perpendicular
meters determined on monosubstituted species; bonds are in A

˚
and geometry 6: the B-S-C angle is found to be very acute

angles in degrees
(69.6°), about 35° smaller than in the planar geometry. This
very small sulfur valence angle may be attributed to a directB2S S2C B2S2C ref.
interaction between the eclipsing methyl hydrogen and the
boron atom. A short distance (B···H 5 1.764 A

˚
) is indeed1.758 1.818 104.4 this work

1.787 1.815 109.8 [8] found and is accompanied with a noticeable lengthening of
1.790 1.773 107.0 [19]

the C2H bond (C2H 5 1.12 A
˚

which may be compared1.779 1.825 107.2 [20]

B2O O2C B2O2C ref. to the standard value (1.09 A
˚

) found in H2B2OCH3). As
1.345 1.427 120.5 this work a result of this stabilizing agostic interaction, the eclipsed
1.352 1.438 123.6 [8]

geometry 6 is found to be a secondary minimum on the1.361 1.421 124.4 [21]

Al2S S2C Al2S2C ref. PES. A similar interaction 2 although attenuated 2 is
2.166 1.828 102.4 this work found in H2Al2SCH3: the Al2S2C angle is small (87.5°)2.18422.197 1.80321.814 95.92102.7 [18][a]

and the eclipsing C2H bond lengthens to 1.10 A
˚

. However,Al2O O2C Al2O2C ref.
1.706 1.411 131.6 this work the Al···H distance remains large (2.50 A

˚
) and leads to a

1.709/1.710 2 129.4/135.2 [17]

rather weak interaction. As a consequence, the eclipsed per-
pendicular structure 6 is a 2-order saddle point which may[a] Bis-thiolate derivative.
be stabilized by a 90° rotation of the methyl group (6 R 7).
The difference between these two molecules (H2Al2SCH3Figure 2. Geometrical optimized parameters of the H2X2YCH3

species (bonds in A
˚

and angles in degrees) and H2B2SCH3) may be attributed to the lower π-acceptor
ability of the aluminium relative to the boron due to its
lower electronegativity.

In summary of the study of these methylated and hydro-
genated systems, the rotational energy barrier in H2X2YR
(R 5 H, CH3) depends on three factors: (i) the strength of
π-conjugation between X and Y; (ii) the plasticity of the Y
valence angle and (iii) possible agostic iteraction with the
unsaturated H2X moiety. Note that a similar direct interac-
tion between the deficient central atom and a non bonded
hydrogen has already been shown in aluminium[17] [22] [23]

and gallium[18] [22] [24] [25] derivatives. In order to check these
conclusions, we have performed additional calculations on
similar systems obtained by taking a strong π-acceptor X
atom: C1.

C. Carbocationic Systems

Unsubstituted Compounds
The unsubstituted cationic species H2C2OH1 and

H2C2SH1 have been fully optimized in planar (1), perpen-
dicular (2) and linear (3) geometries. The energetic results
and main optimized parameters are given in Tables 8 and
9. Our optimized parameters are very close to that found
by Suarez and Sordo[26] in their recent study of the H2 elim-
ination from these cations.

Table 8. Relative energies (in kcal/mol, MP4/MP2 level) and char-
acterization of the various extrema for the H2C2OH1 and

H2C2SH1 systems

1 (planar) 2 (perpendicular) 3 (linear)

Y 5 O 0 (Min) -[a] 25.4 (TS)In oxygenated compounds, the 90° rotation of the Y 5 S 0 (Min) 50.3 (Min) 76.3 (2-SP)
X2O2C plane relative to the H2X plane leads to an open-
ing of the oxygen valence angle as already noted in the un- [a] No stationary point found.
substituted species. In sulfur compounds, we find a smaller
X2S2C angle in perpendicular 7 geometry than in the Since the H2C1 moiety is a strong π-acceptor, a strong π

conjugation is expected between the C1 and the Y atoms.planar 5 one. The angular variations are in the same range
as in unsubstituted species (6.2 vs. 4.2° in Al compounds VB calculations of the same type as presented before indeed

give a C12O π-bond strength of 59.5 kcal/mol (planar geo-and 16.7 vs. 11.4° in B compounds).
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Table 9. Main optimized parameters of the two cations H2C2OH1 Figure 3. Main geometrical parameters [A

˚
,°] and relative energies

(kcal/mol, MP4/MP2 level) of the optimized structures ofand H2C2SH1; bond lengths are in A
˚

and angles in degrees
H2C2OCH3

1

CS CO COH CSH

planar 1.617 1.354 114.1 98.0
perpendicular 1.680 2[a] 2[a] 50.3
linear 1.619 1.227

[a] No stationary point found.

The planar structure 5 is a real minimum and we havemetry) and 57.3 kcal/mol (linear geometry). This π bond is
verified that the conformation where a C2H bond eclipsestherefore much stronger than that found between B and O
the C2S bond is the most stable (by 0.6 kcal/mol with re-(22.6 kcal/mol) or Al and O (10.2 kcal/mol). Similarly, the
spect to the staggered conformation). The eclipsed perpen-C12S π bond is calculated to be of 59.0 kcal/mol (planar)
dicular conformation 6 is also a real minimum located 41.3and 66.6 kcal/mol (linear); [27] as in the oxygen case, it is
kcal/mol above the planar geometry. In this structure, thestronger than B2S (16.6 kcal/mol) or Al2S (8.1 kcal/mol)
C1···H agostic interaction is strong and a C2v geometry isπ bonds (Table 4).
found: the methyl hydrogen symmetrically bridges the twoRotation of the Y2H moiety about the C12Y bond de-
carbon atoms, both C2H distances being equal to 1.279 A

˚
stroys this strong conjugation that is energetically much un-

(Figure 4). The sulfur valence angle is acute (58.9°) and thefavorable. Geometrical deformations therefore occur in or-
two S2C bond are lengthened to 1.780 A

˚
. The transitionder to diminish this energetical cost. In H2C2OH1, the

state connecting these two minima (TS1) has been located.C2O2H angle opens up to 180° and the dehybridization
Its geometry ressembles that of the secondary minimum 6of the perpendicular lone pair allows a favorable π interac-
(Figure 4) and is located 3.5 kcal/mol above it.tion. As a result, no stationary point corresponding to a

perpendicular geometry is found. The linear structure is Figure 4. Main geometrical parameters [A
˚

,°] and relative energies
(kcal/mol, MP4/MP2 level) of the optimized isomers ofthen the transition state allowing the isomerization of this

H2C2SCH3
1

species with a 25.4 kcal/mol activation energy (Table 8). In
H2C2SH1, similar linearization of the C2S2H angle is
too much expansive: the linear structure is located 76.3
kcal/mol above the planar geometry. It is a 2-order saddle
point, the two transition vectors associated with the imagin-
ary frequencies leading to the planar or perpendicular
structures. However, a diminution of the C2S2H angle to
50.3° allows a noticeable interaction between the H atom
and the cationic carbon. As a result, the S2H bond leng-
thens (from 1.346 A

˚
in the planar geometry to 1.519 A

˚
in

the perpendicular structure) and the C1···H distance is only
1.368 A

˚
. This bridged structure is located 50.3 kcal/mol

above the planar geometry and is found to be a real mini-
mum (Table 8). We did not try to locate the transition state
connecting these two minima. This has been previously
done by Suarez and Sordo[26] who found the transition state
only 0.2 kcal/mol above the secondary minimum.

Optimization of the staggered conformation 7 leads to
the location of two stationary points. Both of them areMethylated Compounds
characterized to be transition states, TS2 and TS3. TheThe potential energy surfaces associated with the methyl-
highest one, TS2 is located 43.6 kcal/mol above the mini-ated species H2C2OCH3

1 and H2C2SCH3
1 have also

mum 5. It is of C1 symmetry and its geometry is ratherbeen investigated. The H2C2OCH3
1 cation behaves as its

close to that of the secondary minimum 6 (C12S 5 1.689unsubstituted analog: the planar structure is found to be a
real minimum and no stationary point corresponding to a

Scheme 4perpendicular geometry has been found. A quasi-linear
(C2O2C 5 178.6°) transition state has been located 22.5
kcal/mol (MP4/MP2 level) above the minimum. The main
geometrical parameters are depicted in Figure 3.

The PES associated with the H2C2SCH3
1 cation is more

complicated. As in boron and aluminium systems, a planar
(5) conformation and two perpendicular geometries
(eclipsed 6 and staggered 7) have been optimized.
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Scheme 5

A
˚

; C2S 5 1.952 A
˚

; C2S2C 5 56.4°, Figure 4). Two C2H mol). The nature of the Y atom (Y 5 O or S) does not
seem to strongly affect the strength of the X2Y π bond.bonds of the methyl group are elongated (C2H2 5 1.108

A
˚

; C2H3 5 1.104 A
˚

). Following the transition vector as- The value of the rotational barrier is not a measure of the
π conjugation because important geometrical deformationssociated with the imaginary frequency leads to a cyclic

minimum which is the protonated thiooxirane 8. This mini- occur in the deconjugated perpendicular structure in order
to compensate for -at least in part- the loss of the stabiliz-mum is located 2.5 kcal/mol below the planar structure 5

(Figure 4). The structure TS2 is therefore the transition ation interaction. When Y 5 O, the X2O2R angle opens
so that a X2O π conjugation still exists between the p(X)state allowing the interconversion of the secondary mini-

mum 6 into the protonated thiooxirane 8. From a geometri- vacant orbital and the second oxygen lone pair which is
partly dehybridized. The linearization of the X2O2R ar-cal point of view, it should be noted that the migration of

the hydrogen from carbon to sulfur is possible because the rangment is more pronounced in methylated than in the
unsubstituted systems. When Y 5 S, the opposite defor-CS symmetry plane has been removed in the TS2 geometry.

The second transition state (TS3) is of CS symmetry and is mation is found, probably because of the reluctance of sul-
fur for obtuse valence angles. The X2S2R angle becomeslocated 32.4 kcal/mol above the minimum 5. Formally, it is

a conformer of the H2C2SCH3
1 cation, but severe distor- more obtuse in the perpendicular geometry and a direct

agostic interaction takes place between the X atom and thetions appear in this geometry: the C2C distance is very
short (1.414 A

˚
) indicating the presence of a C2C bond Y substituent R (R 5 H, CH3). For R 5 H, as the π-ac-

ceptor capability of X increases, the X2S2H angle de-(Figure 4). In addition, the S2H (1.360 A
˚

) and C2H (1.919
A
˚

) distances indicate that a S2H bond is formed whereas creases [89.6° (Al); 86.7° (B); 50.3° (C1)]. In methylated sys-
tems, the four-membered (X2S2C2H) ring seems to bea C2H bond is broken. With respect to the H2C2SCH3

1

cation, an hydrogen atom has moved from carbon to sulfur. particularly favorable and, provided that the agostic interac-
tion is strong enough, the bridged structure is a secondaryThe transition vector associated to the imaginary frequency

almost only develops on the out-of-plane motion of the hy- minimum on the PES (X 5 B, C1). For X 5 C1, this inter-
action is found to be rather strong and the bridging hydro-drogen atom bound to sulfur. This transition state is there-

fore thought to connect the two enantiomeric forms of the gen is equally shared between the two carbon atoms.
protonated thiooxirane (Scheme 4).
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1996, 39, 1.these different extrema is given in Scheme 5.
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The reaction of ethoxyxcarbonyl isothiocyanate with water isothiocyanate. Compound 2 can be isolated chromatog-
raphically, but it is slowly oxidized when allowed to stand inin the absence of a solvent has yielded the new compound

[EtO2CN=CS2C{N(H)CO2Et}{S2CN(H)CO2Et}] (1) in 76% the open air to form the thiuram disulfide 3. Compounds 1
and 3 were characterized crystallographically. Compound 1yield that has been isolated in a crystalline form that con-

tains one equivalent of ethoxyxcarbonyl isothiocyanate. contains an imino-substituted dithietane ring with a
dithiocarbamate substitutent bonded to one of the ringCompound 1 can be viewed as an adduct of a dimer of

EtO2CN=C=S and the dithiocarbamic acid 2. Compound 1 carbon atoms. Compound 3 is a thiuram disulfide which has
C2 crystallographic symmetry.dissociates in solution to yield 2 and free ethoxyxcarbonyl

Introduction compound 1 with one equiv. ethoxycarbonyl isothiocyanate
are formed in up to 75% yield. The product actually formsOrganic isothiocyanates have been used for the synthesis
crystals suitable for analysis by single crystal X-ray diffrac-of a variety of new heterocycles. [1] They are also effective
tion methods in the reaction mixture. Accordingly, a singleligands for transition metals. [2] [3] There are claims that iso-
crystal X-ray diffraction analysis of 1 was performed. Anthiocyanates with electron withdrawing substitutents couple
ORTEP diagram of the molecular structure of 1 is shownto form dimers A, [4] and there is an example of a coupled
in Figure 1.form B of two isothiocyanates coordinated to a transition

metal atom that has been verified crystallographically[5]
Figure 1. An ORTEP diagram of {EtO2CN5CS2C[N(H)CO2Et]-
[S2CN(H)CO2Et]} (1) found in the crystal of 1.EtO2CN5C5S[a]

Organic isothiocyanates readily react with water to form
amines with a release of CO2 and H2S (eq. 1). [6] H2S is
known to add to organic isothiocyanates to yield dithiocar-
bamic acids (eq. 2). [6]

RN5C5S 1 2 H2O R RNH2 1 H2S 1 CO2 (1)
RN5C5S 1 H2S R RNHCS2H (2)

Dithiocarbamic acids are generally unstable, but the di-
thiocarbamate anions are a good ligands for transition met- [a] Selected interatomic distances (A

˚
) and angles (°): S(1)2C(1)

als and a large number of complexes have been made with 1.755(8), S(2)2C(1) 1.715(9), S(1)2C(2) 1.831(8), S(2)2C(2)
1.870(7), S(3)2C(2) 1.824(8), S(3)2C(3) 1.762(8), S(4)2C(3)them.[7] In this report we describe a reaction of the ethoxy-
1.630(8), S(5)2C(4) 1.51(2), C(1)2N(1) 1.28(1), C(2)2N(2)carbonyl isothiocyanate with water. We have isolated and 1.41(1), C(3)2N(3) 1.39(1); S(1)2C(1)2S(2) 102.3(5),

structurally characterized the new compound 1 which can S(1)2C(2)2S(2) 93.8(4), S(2)2C(2)2S(3) 103.8(4), S(1)2C(2)2S(3)
115.5(5), N(2)2C(2)2S(1) 113.1(6), N(2)2C(2)2S(2) 112.5(6),be viewed as an adduct of the dimer A, and the ethoxycar-
N(2)2C(2)2S(3) 115.5(6).bonyl dithiocarbamic acid (2).

Compound 1 can be viewed as an adduct of the dimer A
Results and Discussion of ethoxycarbonyl isothiocyanate and ethoxycarbonyldi-

thiocarbamic acid. The dimeric ethoxycarbonyl isothiocy-When small amounts of water are allowed to mix with
pure ethoxycarbonyl isothiocyanate, pale yellow crystals of anate portion of the molecule is distinguished by a dithiet-
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ane ring. One of the sulfur atoms of the diffraction analysis were obtained and the analysis has been

completed. An ORTEP diagram of the molecular structureethoxycarbonyldithiocarbamyl grouping S(3) is bonded to
one of the imino carbon atoms of the EtO2CNCS dimer at of 3 is shown in Figure 2.
C(2) atom. Thus, C(2) has three sulfur atoms, S(1), S(2), Figure 2. ORTEP diagram of [EtO2CN(H)CS2]2 (3)[a]

and S(3) bonded to it with bond lengths typical of C2S
single bonds, S(1)2C(2) 1.831(8), S(2)2C(2) 1.870(8),
S(3)2C(2) 1.824(8) A

˚
. The C2S bonds to C(1) are shorter,

S(1)2C(1) 1.755(8) A
˚

, S(2)2C(1) 1.715(9) A
˚

due to partial
multiple bonding character to C(1). A line drawing of the
structure is shown below.

[a] Selected interatomic distances (A
˚

) and angles (°): S(2)2S(29)
2.034(3), S(2)2C(1) 1.780(4), S(1)2C(1) 1.631(4), C(1)2N(1)
1.364(6), C(2)2O(1) 1.330(5), C(2)2O(2) 1.200(5); S(1)2C(1)2S(2)
125.3(3), N(1)2C(1)2S(1) 120.9(3), N(1)2C(1)2S(2) 113.8(3),
C(1)2N(1)2C(2) 128.1(5).

The molecule contains an imino-substituted four-mem- Due to crystal symmetry only half of the molecule is
present in the asymmetric unit. The two halves are relatedbered dithietane ring which imposes a highly distorted

tetrahedral structure around atom C(2). There are few mol- by a C2 rotation. A similar situation was observed in
both the structure of tetramethylthiuram disulfide and theecules that are structurally similar to 1. Perhaps, its closest

relative is the cation of the compound [Me2N5 structure of dipyrrolidylthiuram disulfide (space group
C2/c). [10a] [10b] [10c] Compound 3 is a bis(ethoxycarbonyl)thi-CS2C(H)S2CNMe2]BPh4 (4) which contains an amino-sub-

stituted dithietane ring. [8] The 1H-NMR spectrum of 1 uram disulfide formed by the oxidation and coupling of two
molecules of 2. The geometry about C(1) of the S2CNshows the presence of three ethyl groups, as expected, and

two slightly broadened, deshielded resonances of intensity group is essentially planar. These two groups are connected
by a S2S single bond with a C2S2S2C torsion angle ofone at δ 5 9.02 and 7.23. The latter are attributed to hydro-

gen atoms that have been assigned to sites on N(2) and 286.2(3)°. The configuration about the S2S bond is similar
to that found in the structures of other thiuram disulfidesN(3) since the C(1)2N(1) bond length is indicative a double

bond, C(1)2N(1) 1.283(9) A
˚

while the lengths of other two, (S2CNR2)2 [R2 5 Me2, Et2, (CH2)4, (CH2)5, Et, cyclo-
C6H11]. [10] The S2S bond distance 2.034(2) A

˚
, is slightlyC(2)2N(2) and C(3)2N(3), 1.41(1) and 1.386(9), respec-

tively, are more consistent with single bond lengths. One longer than that found for other thiuram disulfides
1.99522.009. [11] However, an even longer S2S bond dis-equivalent of ethoxycarbonyl isothiocyanate is crystallized

with 1 in the same crystal lattice. There are no significant tance, 2.069(1) A
˚

, with a trans-C2S2S2C torsion angle
has been found in a centric thiuram disulfide, tetraisopro-bonding interactions between 1 and the ethoxycarbonyl iso-

thiocyanate solvate. pylthiuram disulfide. [11] The 1H-NMR spectrum of 3 shows
only one set of resonances for the ethyl group and onlyIn solution compound 1 slowly dissociates to form the

dithiocarbamic acid 2 and ethoxycarbonyl isothiocyanate one deshielded resonance for the hydrogen atoms bonded
to nitrogen atoms at δ 5 9.23 (s, br, 2 H, NH). This isas shown by 1H-NMR analysis. Separation of the reaction

mixture by column chromatography yielded pale yellow 2 in consistent with the fact that the two halves of the molecule
are symmetry equivalent.85%. Compound 2 was characterized by IR and 1H-NMR

spectroscopy. The S2H vibration is observed at 2476 cm21 The formation of 1 can be explained by the combination
of one equivalent of 2 [formed by the series of reactions (1)in the region that is characteristic of this group.[9] Efforts

to obtain crystals of 2 suitable for X-ray analysis have and (2) of the isothiocyanate with water and H2S] with two
equiv. of the isothiocyanate. Mechanistically, this could oc-been unsuccessful.

Compound 2 decomposes when allowed to stand in the cur by either of two mechanisms shown in Scheme 1: (1)
The addition of the S2H bond to one of the two C2Nopen air, and is converted to a dimer 3 of the dithiocar-

bamic acid 2. Crystals of 3 suitable for single crystal X-ray double bonds of a dimer such as A formed by the combi-
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dried and degassed prior to use. Ethoxycarbonyl isothiocyanatenation of two equiv. of the ethoxycarbonyl isothiocyanate.
were purchased from Aldrich and freshly distilled prior to use. 2The hydrogen atom is added to the nitrogen atom and the
TLC separations were performed in air by using silica gel (60 A

˚
,sulfur atom is added to the carbon atom. While there have

F254) on plates (whatman, 0.25 mm). 2 Elemental analyses werebeen several well documented examples of adducts contain-
performed by Desert Analytics, Tucson, AZ. 2 Mass spectra wereing four membered rings formed by the addition of carbodi-
obtained with a VG Model 70SQ mass spectrometer (direct inlet,

imides to isothiocyanates, [12] the isothiocyanate dimers are electron impact ionization).
not yet well characterized[4]; (2) alternatively the dithiocar-

Preparation of [EtO2CN5CS2C{N(H)CO2Et}{S2CN(H)CO2-bamic acid could combine with the isothiocyanates in a
Et}] (1): A 60.0-µl amount (3.34 mmol) of distilled H2O was added

sequential fashion. The combination of 2 with one equiv. to a 200-µl amount (1.70 mmol) of EtO2CN5C5S in a small
of the ethoxycarbonyl isothiocyanate could yield a thiuram capped vial, and the mixture was simply allowed to stand at room
monosulfide C. A variety of stable thiuram monosulfide de- temp. for 2 d. Pale yellow crystals formed and were separated. The
rivatives have been characterized. [13]

crystals were washed with 10 3 1 ml of hexane and dried in vacuo.
This yielded 175.6 mg (75%) of 1 with one equiv. of ethoxycarbonyl

Scheme 1 isothiocyanate. 2 1H NMR (CDCl3): δ 5 9.02(s, 1 H, NH), 7.23
(s, 1 H, NH), 4.27(q, 3JH2H 5 7.1 Hz, 2 H, OCH2Me), 4.24 (q,
3JH2H 5 7.1 Hz, 2 H, OCH2Me), 4.15 (q, 3JH2H 5 7.1 Hz, 2 H,
OCH2Me), 4.10(q, 3JH2H 5 7.1 Hz, 2 H, OCH2Me), 1.32(t,
3JH2H 5 7.1 Hz, 3 H, CH3), 1.31(t, 3JH2H 5 7.1 Hz, 3 H, CH3),
1.25(t, 3JH2H 5 7.1 Hz, 3 H, CH3), 1.24(t, 3JH2H 5 7.1 Hz, 3 H,
CH3). 2 C16H22N4O8S5 (558.67): calcd. (found): C 33.71 (33.16),
H 4.01 (4.12), N 9.83 (9.89).

Transformation of 1 to EtO2CNHCS2H (2): (a) A 400.0 mg
amount (0.72 mmol) of 1.(EtO2CNCS) was dissolved in a minimum
amount of CH2Cl2. The solution was transferred to a silica gel
column and was eluted with a CH2Cl2/ethylacetate (6:1) solvent
mixture to yield an orange band of EtO2CNHCS2H (2) (140 mg,
85% yield). 2 IR (CH2Cl2): ν̃ 5 3365 cm21 (N2H), 2476(S2H),
1755(C5O). 2 1H NMR (CDCl3): δ 5 8.98 (s, br, 1 H, NH), 6.56
(s, br, 1 H, SH), 4.29 (q, 3JH2H 5 7.1 Hz, 2 H, OCH2Me), 1.33 (t,
3JH2H 5 7.1 Hz, 3 H, CH3).

(b) A 5.0 mg amount of 1.(EtO2CN5C5S) was dissolved in 0.6
ml of CDCl3 and placed in a 5-mm NMR tube at 25°C. The trans-
formation of 1 was followed by 1H-NMR spectroscopy. After 24 h,
compound 1 was converted to 2 and EtO2CN5C5S completely.

Transformation of 2 to (EtO2CNHCS2)2 (3): A 15.0 mg amount
(0.091 mmol) of 2 was dissolved in 5 ml of CH2Cl2. The solution
was stirred at room temp. in open air for 48 h. After the solvent
was removed, the residue was redissolved in a CH2Cl2/C6H6 (3:1)The addition of an equivalent of the ethoxycarbonyl iso-
solvent mixture at room temp. Colorless crystals formed were col-thiocyanate across one of the C5S double bonds in the thi-
lected and washed with 5 3 0.5 ml of hexane. This yield 9.2 mguram monosulfide C could give the product 1. Complex 1
(62%) of [EtO2CN(H)CS2]2 (3). 2 1H NMR (CDCl3): δ 5 9.23 (s,is stable in the solid state, but it is readily dissociated into
br, 2 H, NH), 4.31 (q, 3JH2H 5 7.1 Hz, 4 H, OCH2Me), 1.35 (t,compound 2 and free isothiocyanate when dissolved in 3JH2H 5 7.1 Hz, 6 H, CH3). 2 C8H12N2O4S4 (328.43): calcd.

chloroform. This fact would support the first mechanism (found): C 29.26 (29.40), H 3.68 (3.44), N 8.53 (8.25).
(microscopic reverse of the dissociation) as the mechanism

X-ray Structural Analyses of 1 and 3: Crystals of 1 suitable forof the formation of 1.
X-ray diffraction analysis were obtained by crystallization of anCompound 2 can be obtained in a pure form when 1 is
EtO2CN5C5S solution at 24°C. Crystals of 3 suitable for X-ray

passed over a silica gel chromatography column. However, diffraction analysis were obtained by slow evaporation of solvent
like most dithiocarbamic acids, [9] [11] [14] it is slowly oxidized from a CH2Cl2/benzene (3:1) solution at 25°C. The crystals used
upon standing in air to yield the corresponding thiuram in intensity measurements were mounted in thin-walled glass capil-
disulfide 3. laries. Diffraction measurements for 1 and 3 were made on a Ri-

gaku AFC6S fully automated four-circle diffractometer usingThese studies were supported by the Division of Chemical Sci-
graphite-monochromated Mo-Kα radiation. The unit cells were de-ences of the Office of Basic Energy Sciences of the U. S. Department
termined and refined from 15 randomly selected reflections ob-of Energy. Support for an upgrade of the NMR facilities at the
tained by using the AFC6S or AFC5R automatic search, center,University of South Carolina was provided by an NSF ARI grant,
index, and least-squares routines. All data processing was per-Grant No. CHE-9601723.
formed on a Silicon Graphics Indigo2 computer by using the
TEXSAN structure solving program library obtained from the Mo-

Experimental Section lecular Structure Corp., The Woodlands, TX. Neutral atom scat-
tering factors were calculated by the standard procedures. [15a]General: Unless specified otherwise, all reactions were performed

under an atmosphere of nitrogen. All solvents were appropriately Anomalous dispersion corrections were applied to all non-hydro-
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gen atoms.[15b] Lorentz-polarization (Lp) and absorption correc- C2/c or Cc. This structure was solved and refined in the higher

symmetry centrosymmetric space group C2/c. The hydrogen atomtions were applied in each analysis. Both structures were solved by
a combination of direct methods (MITHRIL) and difference Four- H(1) on the nitrogen atom N(1) was located and the positions of

other hydrogen atoms were calculated by assuming idealized geo-ier syntheses, and all nonhydrogen atoms were refined with aniso-
tropic thermal parameters. Full matrix least-squares refinements metries. These hydrogen atoms were successfully refined with iso-

tropic thermal parameters. [16]minimized the function: Σhklw(|Fo| 2 |Fc|)2, where w 5 1/σ(F)2,
σ(F) 5 σ(Fo

2)/2Fo, and σ(Fo
2) 5 [σ(Iraw)2 1 (0.02·Inet)2]1/2/Lp.
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The triphenylphosphane derivatives 2a and 5, bearing one esters 7a, 7b with Ph2PK and subsequent ester hydrolysis the
isomeric disodium (diphenylphosphano)phenylphosphonatesand two phosphonic ester groups, are accessible in high

yields by consecutive Pd-catalyzed P–C coupling reactions of 3a, 3b were obtained. The X-ray structure of Ph2P(C6H4–m-
PO3Na2) · 5.5 H2O · iPrOH (space group Cmc21) has beenp-bromoiodobenzene with Ph2PH and PhPH2, respectively,

and then with diethyl phosphite. Ester hydrolysis yields the determined. In the solid state, it forms a layer structure with
hydrophilic (PO3

2–, H2O, iPrOH) and hydrophobic (Ph2P)highly water-soluble sodium salts of mono- and bis-
phosphonated triphenylphosphane, 3a and 6, respectively. compartments, in which the PO3

2– anionic groups are not
engaged in coordination of the sodium cations.On reaction of the p- and m-fluorophenylphosphonic diethyl

The introduction of the aqueous two-phase technique lyzed carbonylation of benzyl chloride[7] and by Suzuki-
type C2C coupling reactions[9].may be considered as a cornerstone in the development of

homogeneous catalysis over the last two decades. The en-
Syntheses of Mono- and Bisphosphonated Aromaticvironmental benefits of using water instead of organic sol-
Phosphanes Using Consecutive Pd-Catalyzed P2Cvents and the ease with which the water soluble catalyst
Coupling Reactionsmay be separated from the products are the principal ad-

vantages of this technique. Water solubility of the complex Previously, we reported a novel synthetic route to multi-
functional phosphanes by cross-coupling of aryl halidescatalysts is achieved by incorporation of phosphanes bear-

ing cationic[2], anionic[3], or non-charged hydrophilic [4] with primary or secondary phosphanes in the presence of a
base and catalytic amounts of a palladium catalyst [10].groups, respectively. The phosphonate group has been em-

ployed only very recently as a polar functionality to en- Using this method, p-bromophenyldiphenylphosphane[11]

(1a) and bis(p-bromophenyl)phenylphosphane[12] (4) werehance the solubility of aliphatic and aromatic phosphanes
in aqueous media. Thus, DuBois et al. [5] have reported the obtained in high yields by reaction of p-bromoiodobenzene

with diphenylphosphane and phenylphosphane, respectivelysyntheses of tridentate phosphane ligands bearing
(EtO)2(O)PCH2CH2 side chains. Köckritz et al. [6] and in the presence of 0.1 mol-% Pd(Ph3P)4 (Eq. 1a, 2a). The m

and o isomers 1b and 1c are also accessible by this syn-Schull, Fettinger, and Knight[7] have developed a multistep
synthesis for the sodium salts of monophosphonated tri- thetic procedure.

The final steps in the syntheses of the mixed-ligand phos-phenylphosphane, moderate yields being achieved in both
cases. Phosphanorbornadiene monophosphonates are phanophosphonates required the introduction of the phos-

phonic ester groups into 1a and 4. This was achieved by Pd-formed by addition of (phenylethynyl)phosphonates to 1-
phenyl-3,4-dimethylphosphole[8]. catalyzed P2C coupling reactions with diethyl phosphite,

HP(O)(OEt)2. The mono- (2a) [7] and bisphosphonated (5)The great potential of phosphonated and phosphinated
derivatives of triphenylphosphane as catalyst ligands in p isomers were formed in high yields (Eq. 1b, 2b). The

anionic derivatives 3a and 6 were obtained by transesterifi-two-phase catalysis has been demonstrated by the Pd-cata-
cation of 2a and 5 using Me3SiBr[14], followed by hydrolysis
of the intermediate silyl esters and subsequent neutrali-[e] Part 9: Ref. [1].
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Scheme 1 Scheme 2

fluorophenylphosphonate (7b) with Ph2PK in THF solutionzation of the phosphonic acids with aqueous NaOH (Eq.
proceeded much more slowly than that of the correspond-1c, 2c). As expected, the solubility of 6, bearing two polar
ing p isomer 7a, the anion of 8b being formed exclusively.groups, was much higher (100021100 g/kg water, 20°C)

After acidification of the reaction mixtures, the mono-than that of 3a (3002400 g/kg water, 20°C).
esters 8a, 8b were precipitated as colorless crystals (Eq. 4,
5). Transesterification of 8a, 8b with Me3SiBr and sub-Syntheses of m- and p-Phosphonated Aromatic Phosphanes
sequent reaction of the intermediate silyl esters with NaOHby a Combination of Pd-Catalyzed P2C Coupling and
gave the disodium salts 3a and 3b, respectively (Eq. 6), inNucleophilic Substitution
overall yields much higher than those reported previouslyNucleophilic phosphanylation of fluorobenzene deriva-
in the literature[7]. The free phosphonic acids 9a, 9b weretives bearing electron-withdrawing substituents[1] [3b] [15] may
precipitated from aqueous solutions of 3a, 3b on acidifi-be employed for the synthesis of a great variety of water-
cation with HCl (Eq. 7).soluble phosphanes. In combination with the Pd-catalyzed

coupling[10], the reaction has many attractive features as a
NMR-Spectroscopic Identification of 1a211bgeneral P2C bond-formation method. This is illustrated by

the syntheses of the p and m isomers 2a, 2b of monophos- The δP(PIII) values of the phosphonated phosphanes dif-
fer only marginally from that of Ph3P[11] [17a] (δP 5 25.9 tophonated triphenylphosphane (Eq. 4). The starting materi-

als, 7a [16a], 7b [16b], were obtained by P2C coupling reac- 28.0), with δP(PV) values (20.028.9) falling in the range
typical for aromatic phosphonic acids and their esters[17b].tions of p- and m-bromofluorobenzene with diethyl phos-

phite using catalytic amounts of Pd(Ph3P)4 in the presence Assignment of all 13C{1H}-NMR signals of 1a21c, 2a, 3a,
3b, 4, 5, 6 and 7a, 7b, 9a, 9b was achieved with the aid ofof NEt3 as the base (Eq. 3). This method was found to be

more efficient than the multistep syntheses reported in the DEPT experiments[18a] and by comparison of the δC values
and P2C coupling constants with the relevant data forliterature for 7a [16a] and 7b [16b].

Upon treatment of 7a with Ph2PK, a mixture of the ex- Ph3P[18b]. Further support was gained from the relative
magnitude of the coupling constants nJ(PC), which decreasepected diester 2a and the potassium salt of the monoester

8a was formed (Eq. 4, 5). The diester 2a is formed initially in the order 2J(PC) > 3J(PC) > 4J(PC), with 1J(PC) being
smaller than 2J(PC)[18c]. Large coupling constantsuntil about half an equivalent of Ph2PK has been added.

The addition of further Ph2PK yields Ph2PEt and the po- (1602190 Hz) are observed for the signals of the carbon
atoms (C3 or C4, respectively) bound to PV[18d] (for thetassium salt of 8a as a result of dealkylation of the ester

group in 2a or 7a. This indicates that in the initial stages numbering of the carbon atoms in the Experimental Section
see Scheme 2).of the reaction nucleophilic phosphanylation is faster than

dealkylation. In contrast to our results, from a similar reac- The protons of the CH2 groups of the P(O)(OEt)2 sub-
stituents in 2a, 7a, and 7b are diastereotopic[19] (Figure 1a,tion of the p isomer 7a, using Ph2PLi instead of Ph2PK,

Köckritz et al. [6] obtained only the diester 2a and, surpris- 7a). In the 1H-NMR spectra, complicated multiplet pat-
terns are observed, representing the AB parts of ABM3Xingly, no dealkylation products were detected. However, the

diester 2a was formed only in moderate yields and no exper- spin systems [A, B 5 Ha,b(CH2), M 5 H(CH3), X 5 31P].
Analysis of these line patterns (Figure 1b) could be ac-imental details were given. Phosphanylation of diethyl m-
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complished in the case of 7a using 1H{1H(CH3)} homo nu- geometry. The O2P2O bond angles and P2O bond

lengths are identical within experimental standard devia-clei decoupling experiments (Figure 1c).
tion, and the P2O distances fall within the typical

Figure 1. (a) Newman projection along the P···(O)···C(H2) axis. 2
range[21] [22].(b) 1H-NMR spectrum of 7a (experimental/calculated); δHa 5

4.06, δHb 5 24.12, 2J(HaHb) 5 10.2, 3J(HaP) 5 8.2, 3J(HbP) 5 Figure 2. Structure of the anion of 3b[a]

7.8, 3J(HH) 5 7.1 Hz. 2 (c) 1H{1H(CH3)}-NMR spectrum of 7a,
P(O)(O2CH22CH3)2 group

[a] Selected interatomic distances [A
˚

] and angles [°]: P(1)2C(1)
1.843(5), P(1)2C(7) 1.836(8), P(1)2C(13) 1.842(8), P(2)2C(3)
1.823(5), P(2)2O(1) 1.522(6), P(2)2O(2) 1.520(7), P(2)2O(3)
1.521(7); C(1)2P(1)2C(7) 103.7(4), C(7)2P(1)2C(13) 101.9(4),
C(1)2P(1)2C(13) 102.6(4), C(2)2C(1)2P(1) 116.6(4), C(6)2
C(1)2P(1) 123.3(4), O(1)2P(2)2O(2) 111.9(4), O(1)2P(2)2O(3)
111.6(4), O(2)2P(2)2O(3) 110.9(4).

Within the unit cell, the sodium cations are solvated by
water and 2-propanol, thus forming a three-dimensional
network supported by O···H2O hydrogen bonding (Figure
3). The shortest distance between the oxygen atoms of the
Ph2P(C6H42m-PO3

22) dianions and the sodium atoms is
2.987(6) A

˚
[O(1)2Na(1)]. This is around 0.4520.60 A

˚

larger than that of other Na2O interactions in the struc-
ture, implying that the phosphonate groups are not engaged
in the primary coordination sphere of the sodium. The
Na···O(P) distances found in Na2[Ph2P(C6H42p-PO3)

X-ray Structure of Ph2P(C6H42m-PO3Na2) · (H2O)3(CH3OH)](CH3OH)[7] [Na(1)2O(2) 2.448(3),
5.5 H2O· iPrOH Na(2)2O(1) 2.249(3) A

˚
] are shorter than the closest Na2O

Colorless crystals of the composition Ph2P(C6H42m- contact in Na2[Ph2P(C6H42m-PO3) ·5.5 H2O· iPrOH]
PO3Na2) ·5.5 H2O· iPrOH were formed at the interface be- [Na(1)2O(1) 2.987(6) A

˚
]. Interestingly, the structure con-

tween the two layers obtained on addition of 2-propanol to tains sodium cations in three different environments. Na(1)
a concentrated aqueous solution of 3b. The results of an X- is coordinated to five water molecules in a trigonal-bipyr-
ray structural analysis are shown in Figures 2 and 3, crystal- amidal arrangement (Na···O distances 2.3022.58 A

˚
), two

lographic data are collected in Table 1, and selected bond of the water molecules [O(13), O(14)] form bridges to the
lengths and angles are given in the caption to Figure 2. A hexacoordinate Na(2) (Na···O distances 2.3622.46 A

˚
),

comparison of the structural parameters of triphenylphos- which in turn is connected to Na(3) and symmetry-equiva-
phane[20] with those of the isolated diphenylphosphano- lent Na(3a) via two water molecules [O(21a), O(21)] in axial
phenyl-m-phosphonate dianion of 3b and its p isomer 3a [7], positions. Na(3a) is pentacoordinated, with the two axial
reveals that the PO3

22 group in the p or m position of the positions in a strongly distorted trigonal-bipyramid being
aromatic ring system has only marginal influence on the occupied by bridging oxygen atoms [O(21a) and O(12c)]. 2-
geometry of the triarylphosphane subunit. The propeller- Propanol and two water oxygen atoms lie in the equatorial
like arrangement of the phenyl rings (Figure 2), which are plane of Na(3), with one of the latter [O(22)] bridging the
each rotated in the same sense, is found in all three struc- symmetry-related Na cations [Na(3) and Na(3a)]. The clos-
tures. In contrast to Na2[Ph2P(C6H42p-PO3)(H2O)3 est cation2cation contact is 3.314(6) A

˚
[Na(2)···Na(3)].

(CH3OH)](CH3OH)[7], which is dimeric and contains two This work was supported by the Bundesministerium für Bildung,
formula units in the unit cell, the phosphorus atom in the Wissenschaft, Forschung und Technologie and the Fonds der Chemi-
phosphonate group of Na2[Ph2P(C6H42m-PO3) · 5.5 schen Industrie. The Hoechst AG is thanked for financial support

and generous gifts of chemicalsH2O· iPrOH] displays only a slightly distorted tetrahedral
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Preparation of 4 by Pd-Catalyzed Coupling of 4-Bromoiodoben-Figure 3. Solid-state structure of 3b · 5.5 H2O· iPrOH

zene with PhPH2: A Schlenk flask was charged with 250 ml of
acetonitrile, 7.91 g (71.8 mmol) of phenylphosphane, 40.65 g (143.7
mmol) of 4-bromoiodobenzene, and 16.00 g (158.1 mmol) of tri-
ethylamine. The mixture was deoxygenated and 1.66 g (1.43 mmol,
1 mol-%) of Pd(Ph3P)4 was added. After heating the reaction mix-
ture under reflux for 24 h, the solvent was removed in vacuo, and
the residue was dissolved in 200 ml of dichloromethane. The re-
sulting solution was washed with three 100-ml aliquots of water.
The organic phase was separated and dried with magnesium sul-
fate. After removal of the solvent under reduced pressure (30°C, 10
mbar), the residue was distilled in vacuo (0.1 mbar) at 2002300°C.
Yield: 19.03 g (63%). 2 4: C18H13Br2P (420.1): calcd. C 51.47, H
3.12; found C 51.12, H 3.25. 2 MS: [M1]: m/z 5 418 (79Br), 420
(81Br,79Br), 422 (81Br). 2 31P{1H} NMR (CDCl3): δP 5 26.0;
13C{1H} NMR (CDCl3): δC (C12C10) 5 135.9 (12.2), 135.1
(20.3), 131.7 (7.1), 123.6, 131.7 (7.1), 135.1 (20.3), 136.0 (10.2),
133.6 (19.3), 128.7 (7.1), 129.2.

Preparation of 2a/3a and 5/6: To a solution of 2.0 g (5.9 mmol)
of 1a or 4.26 g (10.1 mmol) of 4 in 40 or 80 ml of toluene, 0.89 g
(6.45 mmol) or 3.08 g (22.3 mmol) of HP(O)(OEt)2 and 0.65 g
(6.45 mmol) or 2.26 g (22.3 mmol) of NEt3 were added. After de-
oxygenation in vacuo, 68 mg (0.06 mmol, 1 mol-%) or 0.23 g (0.2
mmol, 1 mol-%) of Pd(Ph3P)4 was added. The reaction mixtures
were then heated to 80°C for 50 h or 72 h. After cooling to ambient
temperature and washing with three 25- or 50-ml aliquots of water,Experimental Section
the toluene phases were collected and dried with MgSO4. Evapor-For experimental details see Part 9 of this series[1]. Phenylphos-
ation of the solvent in vacuo left 2a and 5 as yellow, viscous oils.phane, diphenylphosphane[23], and Pd(Ph3P)4

[13] were prepared ac-
Yields: 1.46 g (62%) 2a, 3.78 g (70%) 5. 2 2a: 31P{1H} NMRcording to literature methods. Ph2PK, 2-, 3-, and 4-bromoiodoben-
(CDCl3): δP 5 23.8 (PIII), 19.4 (PV). 2 5: MS: [M1]: m/z 5 534.zene, 3- and 4-bromofluorobenzene, as well as bromotrimethylsil-
2 31P{1H}NMR (CDCl3): δP 5 23.4 (PIII), 19.3 (PV).ane were purchased from Aldrich Chemical Co. and used without

further purification. To a solution of 3.79 g (7.1 mmol) of 5 in 50 ml of dichlorometh-
ane at room temperature 6.5 g (42.4 mmol) of Me3SiBr were addedPreparation of 1a21c by Palladium-Catalyzed Coupling of 2-, 3-,
with stirring. After 12 h, all volatiles were removed in vacuo (60°C,and 4-Bromoiodobenzene with Ph2PH: A mixture of 20.0 g (70.8
0.01 mbar) and the residual oily liquid was taken up in 50 ml ofmmol) of the appropriate bromoiodobenzene, 7.64 g (78.0 mmol)
acetone. To the resulting solution 1.02 g (56.7 mmol) of water wasof potassium acetate, and 28.4 ml of a 5.0·1023  solution of pal-
added and the mixture was stirred at ambient temperature for 2 h.ladium(II) acetate in dimethylacetamide was dissolved in 120 ml of
Thereafter, all volatiles were removed in vacuo (20°C, 0.01 mbar),dimethylacetamide. To this solution, 13.16 g (70.8 mmol) Ph2PH
and the pale-yellow solid (the free phosphonic acid) thus obtainedwas added and the mixture was heated for 5 d at 130°C. The reac-
was redissolved in 20 ml of conc. NaOH solution. On pouring thistion mixture was then poured into 200 ml of deoxygenated water
solution into 200 ml of ethanol, 6 was precipitated as pale-yellowand the resulting suspension was extracted with 200 ml of dichloro-
crystals, which were separated by suction using a fritted Buchnermethane. The organic phase was separated, washed with 100 ml of
funnel. The residue was washed with two 10-ml aliquots of ethanolsaturated aqueous KCl solution, and dried with magnesium sulfate.
and dried in vacuo (60°C, 0.01 mbar). Yield: 2.58 g (71.2%) 6.After removal of the solvent under reduced pressure (20°C, 10

mbar), the residue was distilled in vacuo (0.1 mbar) at 2002300°C. 3a was obtained in high yield by the analogous procedure using
Yields: 15.0 g (62%) 1a, 18.4 g (76%) 1b, 18.0 g (75%) 1c. For 2a as the starting material.
further purification, 1a21c were recrystallized from water/ethanol.

3a: 31P{1H} NMR (D2O): δP 5 25.5 (PIII), 12.0 (PV). 2 6:
1a: C18H14BrP (341.2): calcd. C 63.36, H 4.14; found C 63.32, H C18H13O6Na4P3 ·1.5 H2O (537.2): calcd. C 40.25, H 3.00; found C

4.18. 2 MS: [M1]: m/z 5 342 (81Br), 340 (79Br). 2 31P{1H} NMR 40.19, H 3.24. 2 31P{1H} NMR (D2O): δP 5 26.0 (PIII), 12.0 (PV).
(C6D6): δP 5 24.8. 2 13C{1H} NMR (C6D6): δC (C12C10) 5

2 13C{1H}-NMR (D2O): δC (C12C10) 5 138.5 (5.1, 3.1), 135.1
137.0 (14.2), 135.4 (20.3), 131.8 (7.1), 123.5, 131.8 (7.1), 135.4 (18.8, 13.2), 132.8 (8.1, 8.1), 144.3 (165.8), 132.8 (8.1, 8.1), 135.1
(20.3), 137.2 (12.2), 133.9 (19.3), 128.7 (7.1), 128.9. 2 1b: (18.8, 13.2), 138.3 (5.1), 136.0 (19.3),131.2 (7.1), 131.7.
C18H14BrP (341.2): calcd. C 63.36, H 4.14; found C 63.40, H 4.21.
2 MS: [M1]: m/z 5 342 (81Br), 340 (79Br). 2 31P{1H} NMR Preparation of 7a, 7b: A Schlenk flask was charged with 200 ml

of toluene, 20.0 g (114.3 mmol) of 4-bromofluorobenzene or 25.0(C6D6): δP 5 23.3. 2 13C{1H} NMR (CDCl3): δC (C12C10) 5

141.4 (16.3), 136.4 (20.3), 123.6 (7.1), 132.1, 123.6 (7.1), 136.4 g (142.8 mmol) of 3-bromofluorobenzene, 17.3 g (125.7 mmol) or
21.7 g (157.1 mmol) of HP(O)(OEt)2, and 12.7 g (125.7 mmol) or(19.3), 136.8 (12.2), 134.2 (19.3), 129.1 (7.1), 129.5. 2 1c:

C18H14BrP (341.2): calcd. C 63.36, H 4.14; found C 63.30, H 4.22. 15.9 g (157.1 mmol) of NEt3. Dissolved oxygen was removed by
freeze-thaw cycles and after addition of 5.3 g (4.6 mmol, 4 mol-%)2 MS: [M1]: m/z 5 342 (81Br), 340 (79Br). 2 31P{1H} NMR

(C6D6): δP 5 23.3. 2 13C{1H} NMR (C6D6): δC (C12C10) 5 or 6.6 g (5.7 mmol, 4 mol-%) of Pd(Ph3P)4 the reaction mixture
was heated to 70280°C for 24 h. Thereafter, the mixture was139.7 (13.2), 130.5 (30.0), 133.2 (2.0), 130.1, 127.4, 134.7, 136.6

(12.2), 134.3 (21.4), 128.8 (7.1), 129.0. washed with three 200-ml aliquots of water. The toluene phase was
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dried with MgSO4. The liquid obtained after removal of the solvent temperature, all volatiles were removed in vacuo (60°C, 0.01 mbar).

The intermediate silyl esters formed were obtained as very moist-in vacuo was fractionated. Yields: 21.5 g (81%) 7a, 28.0 g (84%) 7b.
ure-sensitive colorless oils. They were dissolved in acetone (300 ml7a: C10H14FO3P (232.2): calcd. C 51.73, H 6.08, P 13.34; found
or 100 ml, respectively), 4.13 g (229.4 mmol) or 1.44 g (80.0 mmol)C 51.94, H 6.18, P 13.13. 2 B.p. 96°C, 0.4 mbar. 2 31P{1H} NMR
of water was added and the reaction mixture was stirred at ambient(CDCl3): δP 5 18.9 [5J(PF) 5 1.4]. 2 13C{1H} NMR (CDCl3): δC
temperature for 2 h. After removal of all volatiles in vacuo (20°C,(C12C6) 5 165.4 [4.1, 253.8 1J(CF)], 115.8 (16.3, 21.4), 134.4
0.01 mbar), the respective diphenylphosphanophenylphosphonic(11.2, 8.6), 124.7 (192.8, 3.6), 134.4 (11.2, 8.6), 115.8 (16.3, 21.4),
acid was obtained as a colorless solid. The product was redissolved62.2 (5.6, CH2), 16.3 (6.6, CH3). 2 7b: C10H14FO3P (232.2): calcd.
in 150 ml or 50 ml of conc. NaOH and the resulting solution wasC 51.73, H 6.08; found C 51.64, H 6.13. 2 B.p. 96°C, 0.4 mbar. 2
poured into 4.0 l or 400 ml of ethanol, whereupon the disodium31P{1H} NMR (CDCl3): δP 5 17.4 [4J(PF) 5 8.6]. 2 13C{1H}
salt of the diphenylphosphanophenylphosphonic acid was precipi-NMR (CDCl3): δC (C12C6) 5 162.3 (21.2, 249.2), 118.3 (10.2,
tated as colorless crystals. The product was filtered off using a22.4), 131.2 (188.2, 6.1), 127.3 (9.2, 3.1), 130.4 (17.3, 8.1), 119.3
Buchner funnel, washed with ethanol, and dried in vacuo (60°C,(3.1, 21.4), 62.2 (6.1, CH2), 16.1 (6.1, CH3).
0.01 mbar). Yields: 30.5 g (76%) 3a, 5.81 g (63%) 3b.

Nucleophilic Phosphination of 7a with Ph2PK in a 1:1 Molar Ra-
3a: C18H14Na2O3P2 · 2 H2O (422.2): calcd. C 51.20, H 4.30;tio: To the solution of 1.63 g (7.0 mmol) 7a in 20 ml of THF 17

found C 51.43, H 4.34. 2 31P{1H} NMR (D2O): δP 5 25.5 (PIII),ml of a 0.5  solution of Ph2PK in THF (8.5 mmol) was added
12.0 (PV). 2 13C{1H} NMR (D2O): δC (C12C10) 5 136.8 (9.2,at room temp. After completion of the addition, the solvent was
2.0), 132.9 (19.3, 13.2), 130.7 (7.1, 8.1), 142.2 (166.8), 130.7 (7.1,evaporated under reduced pressure. From the oily residue Ph2PEt
8.1), 132.9 (19.3, 13.2), 136.2 (6.1), 133.8 (19.3), 129.0 (7.1), 129.4.formed during the reaction was removed at 100°C, 0.01 mbar using
2 3b: C18H14Na2O3P2 · 2 H2O (422.2): calcd. C 51.20, H 4.30;a short-path distillation apparatus. The remaining solid was ex-
found C 51.34, H 4.39. 2 31P{1H} NMR (D2O): δP 5 25.1 (PIII),tracted with a mixture of 20 ml of water and CH2Cl2. The organic
11.8 (PV). 2 13C{1H} NMR (D2O): δC (C12C10) 5 135.3 (12.2,phase was separated and dried with magnesium sulfate. After re-
7.1), 136.1 (29.6, 9.5), 141.8 (9.2, 165.8), 133.2 (9.2), 128.4 (4.1,moval of the solvent in vacuo, 2a was obtained as a colorless oil.
12.2), 131.5 (9.2), 136.3 (6.1), 133.7 (18.3), 129.0 (8.1), 129.3.Yield: 1.52 g (54.5%).

The diphenylphosphanophenylphosphonic acids 9a and 9b were2a: C22H24O3P2 (398.4): calcd. C 66.33, H 6.07, P 15.55; found
obtained as oily liquids in quantitative yields by acidification ofC 65.49, H 6.29 P 14.60. 2 MS: [M1]: m/z 5 398. 2 31P{1H} NMR
aqueous solutions of the disodium salts 3a and 3b with HCl. The(CDCl3): δP 5 23.8 (PIII), 19.4 (PV). 2 13C{1H} NMR (CDCl3):
crude products were extracted with dichloromethane, and the com-δC (C12C10) 5 143.6 (15.3, 3.1), 133.2 (18.3, 14.2), 131.6 (6.1,
bined extracts were dried with magnesium sulfate. After evapor-12.2), 128.7 (188.2), 131.6 (6.1, 12.2), 133.2 (18.3, 14.2), 136.2
ation of the solvent, the diphenylphosphanophenylphosphonic ac-(10.2), 134.0 (20.3), 128.8 (7.1), 129.3, 62.2 (5.1, CH2), 16.5 (6.1,
ids 9a and 9b were obtained as colorless solids. The products wereCH3).
characterized by 31P{1H}-NMR spectroscopy and APCI mass

Synthesis of 8a and 8b: A 0.5  solution of Ph2PK (250 mmol) spectrometry. 9a, 9b: APCI-MS: [MH1]: m/z 5 343; [MH1 2
in 500 ml of THF was added to 27.86 g (120 mmol) of 7a dissolved PO2H]: m/z 5 279; [MH1 2 PO3H]: m/z 5 263.
in 500 ml of THF over a period of 3 h at 20°C. After completion

Crystal-Structure Analysis of Na2[Ph2P(C6H42m-PO3) · 5.5of the addition, the reaction mixture was stirred for a further 1 h.
H2O · iPrOH]: Experimental data for the X-ray structural analysisThereafter, the solvent was distilled off under normal pressure and
are collected in Table 1. Unit-cell constants were determined fromthe remaining residue was partitioned between 500 ml of water and
a least-squares fit to the settings of 25 reflections centred on a500 ml of dichloromethane. The organic phase was separated and
Siemens P4 diffractometer. Intensity data were collected with thedried with magnesium sulfate. The residue obtained after evapor-

ation of the solvent at normal pressure was fractionated in vacuo
Table 1. Experimental data for the X-ray structure of 3b · 5.5(0.1 mbar) to afford 11.10 g of Ph2PEt (b.p. 102°C, 0.1 mbar, yield

H2O· iPrOH43%). The aforementioned aqueous phase was treated with HCl
until a pH value of 2 was reached, and then extracted with three

formula weight 533.30150-ml aliquots of dichloromethane. The combined extracts were
temperature 293(2) Kdried with magnesium sulfate. Removal of the solvent in vacuo left crystal system orthorhombic

a colorless solid. Yield: 36.50 g (82%) 8a. space group Cmc21
unit cell dimensions a 5 48.462(10) A

˚
8b was obtained in an analogous manner starting from 6.82 g b 5 6.3360(10) A

˚

(29.4 mmol) of 7b, dissolved in 100 ml of THF, and 130 ml of a c 5 17.509(4) A
˚

α 5 β 5 γ 5 90°0.5  solution of Ph2PK (65.0 mmol) in THF. Due to the lower
V 5376(2) A

˚
3

reactivity of 7b, a longer reaction time was needed, even at reflux
Z 8temperature (72 h). Yield: 8.80 g (81%). Dcalcd. 1.318 Mg/m3

absorption coefficient 0.240 mm21
8a: C20H20O3P2 (370.3): calcd. C 64.87, H 5.44, P 16.73; found

F(000) 2200C 64.72, H 5.38, P 16.56. 2 MS: [M1]: m/z 5 370. 2 31P{1H} crystal size 0.46 3 0.4 3 0.06 mm
NMR (CDCl3): δP 5 23.6 (PIII), 20.0 (PV). 2 8b: C20H20O3P2 θ range 2.33 to 25.01

reflections collected 2482(370.3): calcd. C 64.87, H 5.44, P 16.73; found C 64.19, H 5.32, P
independent reflections 248216.14. 2 MS: [M1]: m/z 5 370. 2 31P{1H} NMR (CDCl3): δP 5
absorption correction semiempirical

23.9 (PIII), 19.9 (PV). max. and min. transmission 0.589 and 0.536
data/restraints/parameters 2479/1/291Preparation of 3a and 3b: To the solutions of 35.54 g (96.0 mmol)
final R indices [I > 2σ(I)] R1 5 0.0694, wR2 5 0.1339of 8a or 8.11 g (21.9 mmol) of 8b in 300 ml or 100 ml of dichloro- R indices all data R1 5 0.1408, wR2 5 0.1691

methane 44.08 g (287.9 mmol) or 10.1 g (66.0 mmol) of Me3SiBr largest diff. peak and hole 0.382/20.315 eA
˚

23

was added. After stirring the reaction mixtures for 12 h at ambient
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The title compound (–CF2–SF3)2 (2) is prepared from (–CF2– SO2 gives [–CF2–S(O)F]2 (4), and CsF-catalysed oxidation
with F2 leads to the previously reported (–CF2–SF5)2 (11). AbSCl)2 (1) and F2 at –90 °C in 83 % yield. Reaction of 2 with

CsF and TASF yields Cs[(–CF2–SF3)2F] (8), TAS [(–CF2SF3)2F] initio calculations of the molecular structures of 2 and the
related methane derivative F2C(SF3)2 are reported.(9) and (TAS)2[(–CF2–SF4)2] (10). Fluoride-ion abstraction

yields [(–CF2SF2)2F] [AsF6] (6), BF3-catalysed solvolysis in

Introduction

α,ω-Bis(trifluorosulfur)perfluoroalkanes, SF32(CF2)n2SF3,
should show a rich and interesting chemistry as a result of
the bifunctionality and high reactivity of the SF3 groups.

Fluorine was expanded through a metal vacuum line un-The only compound of this class known to date is
der reduced pressure into a cooled nickel reactor containingF2C(SF3)2, which is prepared by the direct fluorination of
compound 1 as a thin film on the inner surface. Decompo-CS2

[1] [2] [3]. As well as the chemistry of this compound and
sition products and the resulting chlorine were periodicallyits reaction product CF2[S(O)F]2[4], the gas-phase structure
removed on reaching a pressure of approximately 100 mbar.of bis(trifluorosulfur)difluoromethane has been studied by
The reaction was taken as complete when no more fluorineelectron diffraction[5]. There is an intramolecular interac-
uptake was observed, i.e. a subsequent oxidation of com-tion between the two SF3 groups in the gas phase; one of
pound 2 to the respective sulfur(VI) derivative 11 does notthe axial fluorine atoms of the pseudo-trigonal bipyramidal
occur under these conditions.sulfur atom interacts equatorially with the other sulfur

Compound 2 was prepared by this reaction on a prepara-center and vice versa.
tive scale with a yield of 83%. 2 is a colourless, hydrolysis-We thought it would be interesting to observe the effect
sensitive liquid, as is the corresponding methane derivativethat increasing the length of the perfluoroalkane chain
CF2(SF3)2.would have on the interaction between the sulfur centers,

In an analogous way to CF2(SF3)2, which was describedthe stability and the reactivity. We report here the synthesis
in the Introduction, α,ω-bis(trifluorosulfur)perfluoroalk-of 1,2-bis(trifluorosulfur)tetrafluoroethane and illustrate
anes display intramolecular donor-acceptor properties as athe diverse reaction possibilities with some examples. The
result of the acid-base amphoteric behaviour of the SF3structures of SF3(CF2)nSF3 (n 5 1, 2) calculated by ab initio
groups, a phenomenon that leads to a chemical stabilizationmethods are compared to that of CF2(SF3)2

[5] determined
of the SF3 groups. Evidence for such an interaction was alsoby electron diffraction.
obtained by NMR spectroscopy. The 19F-NMR spectra of
SF4 and CF3SF3 show only one signal for the sulfur-Results and Discussion
bonded fluorine atoms as a result of Berry pseudorotation

Synthesis of 1,2-Bis(trifluorosulfur)-1,1,2,2-tetrafluoroethane at room temperature. However, the fluorine atoms do be-
(F3S2CF22CF22SF3) come non-equivalent at 220°C. In the 19F-NMR spectrum

of 2 [and also of CF2(SF3)2], no inequivalence of the sulfur-The bis(trifluorosulfur)ethane derivative 2 was prepared
in high yield by low-temperature fluorination of the corre- bonded fluorine atoms is observed even at 280°C. We as-

sume that, in addition to Berry pseudorotation, fast intra-sponding chlorosulfenyl derivative 1 [6].
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molecular fluorine exchange between the two SF3 groups is the abstraction is prevented due to the mutual interaction

of both sulfonium centers. In the 19F-NMR spectrum of 6responsible for this behaviour.
NMR measurements of 2 and CF2(SF3)2 at 230°C show only one signal is observed for the C- and S-bonded fluor-

ine atoms, even at low temperature [δ(CF) 5 298.3 (s),that 2 is less stable to hydrolysis than CF2(SF3)2 and forms
the sulfinyl products F3S2CF22CF22S(O)F (3) and δ(SF) 5 237.2 (s, br.)]. This equivalence suggests a fast

intramolecular fluoride exchange between the two sulfo-[2CF22S(O)F]2 (4), while F2C(SF3)2 is stable under these
conditions. nium centers via a cyclic transition state in which the sulfur

centers have pseudo-trigonal bipyramidal coordination
through bridging over axially bonded fluoride. Single crys-
tals of 6 suitable for an X-ray-structural analysis have not
been obtained to date. In comparison with other sulfonium

While 4 can be synthesized simply by BF3-catalysed sol-
salts RFSF2

1AsF6
2 (RF 5 CF3, C2F5, C3F7)[9] [10] [11], 6 is

volysis of 2 in SO2, 3 has only been observed as an inter-
not very stable; 6 can only be stored satisfactorily at room

mediate (see Eq. 2). The 19F-NMR spectrum of 3 shows a
temperature in Kel-F or Teflon vessels.

complex AA9BB9MX3 splitting pattern with δ(SF3) 5 18.0
(s, br.), δ[S(O)F] 5 213.1 (m), δ(CF2SF3) 5 2102.2 and
δ[CF2S(O)F] 5 2118.1 (m).

The intramolecular interaction between the two SF3

groups in 2 appears to be weaker than in CF2(SF3)2 and
the reactivity higher as a result of the longer perfluoroal-

Reactions of F3SCF2CF2SF3 with Fluoride Ionskane chain. Evidence for this hypothesis through structural
analysis of 2 has not yet been obtained. RFSF4

2 anions can be prepared by fluoride-ion addition
to RFSF3 derivatives [RF 5 CF3, (CF3)2CF][12]. Spectro-Reaction of (2CF2SF3)2 with BF3 and AsF5 in SO2:
scopic studies show that the sulfur atom has a pseudo-octa-Synthesis of [2CF2S(O)F]2 and [(2CF2SF2)2F][AsF6]
hedral geometry in these complexes, with the four fluorine

Perfluoroalkanesulfinyl fluorides can be obtained by two atoms in the basal and the perfluoroalkyl groups in the api-
synthetic routes: (i) from perfluoroalkenes and SOF2

[7] or cal positions. These anions correspond to the transition
SO2

[8] and (ii) by hydrolysis of perfluoroalkylsulfur trifluor- state of a nucleophilic SN2 substitution at pseudo-pentaco-
ides[7]. The second route is particularly unsatisfactory due ordinated sulfur.
to the difficulty in controlling the reaction. As a result of As we showed recently, fluoride-ion addition to
our attempt to synthesize sulfonium salts RFSF2

1BF4
2

F2C(SF3)2 leads to a stable four-membered cyclic anion
from the corresponding perfluoroalkylsulfur trifluorides by with a symmetrical S2F2S9 bridge[13]. Similarly, fluoride-
fluoride abstraction using BF3 in SO2, we observed the ion addition to 2 with CsF and TASF [(Me2N)3S1Me3Si-
quantitative formation of RFS(O)F[4]. On addition of BF3 F2

2] leads to the stable salts 8 and 9.
to a solution of 2 in SO2 at 240°C, a colourless solid pre-
cipitated. This precipitate disappeared on slow warming to
room temperature and was not observed again on cooling.

In contrast to the neutral starting material 2, the salts 8
and 9 are much more stable. They can be stored in glassIt is likely that the colourless precipitate is salt 5. As dis-
vessels at room temperature under an inert atmosphere forcussed previously[4], the FSO2

2 ions resulting from the SO2/
several weeks. The attack by nucleophiles (e.g. H2O) is im-BF4

2 equilibrium attack the cations of 5 leading to the for-
peded through anion formation.mation of 4. Compound 4 is isolated as a colourless liquid

The 19F-NMR spectra of the salts 8 and 9 each showin > 90% yield.
two signals, and these have been assigned to the sulfur- andThe 19F-NMR spectrum of compound 4 shows two
carbon-bonded fluorine atoms, respectively. Although onlyAA9BB9XX9 spin patterns (see Experimental Section), de-
broad singlets are observed for the Cs salt 8 [δ(CF) 5 296.0monstrating the presence of two isomers in a 1:1 ratio,
(s), δ(SF) 5 112.0 (s, br.)], the SF signal in the TAS salt 9which can be assigned to the meso and , compounds as
[δ(CF) 5 295.6 (s, br.), δ(SF) 5 112.5 (quint)] is split intoa result of the two chiral sulfinyl centers.
a quintuplet (3J 5 15.6 Hz). The equivalence of all SF andIf reaction (3) is performed with AsF5 as a Lewis acid,
CF atoms deduced from the 19F-NMR spectra can be ex-the salt 6 is isolated in almost quantitative yield.
plained by a fast intramolecular exchange between the two
sulfur centers and a rotation around the C2S bonds.

The formation of the dicationic compound 7 is not ob-
served, even with a large excess of AsF5. We assume that
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Although it was not possible to add a second fluoride is also clearly seen in the calculated structure. The calcu-

lated distance between the axial fluoride F(2) and the neigh-ion to CF2(SF3)2, the reaction of 2 with an excess of TASF
led quantitatively to 10, a salt containing a dianion with bouring sulfur center S(1a) [or F(2a)2S(1)] of 263 pm lies

well below the sum of the van der Waals radii of S and Ftwo pseudo-octahedrally coordinated sulfur centers.
(320 pm). The experimentally found value is 266 pm. The
averaged S2F bond lengths of 163.6 pm (calculated) and
163.0(3) pm (experimental) are identical, although the indi-

These reactions show, on the one hand, that the interac- vidual values differ substantially.
tion between the two sulfur centers in α,ω-bis(trifluorosul- Figure 1. Fully optimized structure of F3S2CF22SF3

[a]

fur) derivatives of the type F3S2(CF22)nSF3 seems to de-
crease with increasing chain length and, on the other hand,
that the S2F2S9 bridge in 8 and 9 can only be broken by
using “naked” or nearly naked, highly reactive fluoride ions
such as those in TASF. The colourless stable salt 10 (mp
132°C, decomp.) was characterized by elemental analysis
and IR spectroscopy (Experimental Section). Due to the
high charge on the anion of 10 it is very insoluble in aceto-
nitrile, the most convenient solvent for reactions with
TASF, and, as a result, neither NMR-spectroscopic investi-
gation nor recrystallization of the salt was possible.

CsF-Catalysed Oxidative Fluorination of SF32CF22CF22SF3 to
SF52CF22CF22SF5 (11)

CsF-catalysed oxidative fluorinations have found wide
[a] Calculated [and experimental [5]] bond lengths [pm] and bonduse in fluorine chemistry. The oxidation is made easier
angles [°]: C(1)2S(1) 187.6 [188.8(7)], C(1)2F(4) 129.1 [131.8(5)],through intermediate anion formation, as shown by numer- S(1)2F(1) 164.1 [166.4(4)], S(1)2F(2) 172.0 [166.6(4)], S(1)2F(3)
154.7 [156.2(6)], S(1)···F(2a) 263 [266]; S(1)2C(1)2S(1a) 108.6ous examples in the chemical behaviour of the elements of
[108.2(5)], F(4)2C(1)2F(4a) 110.1 [109.8(18)], F(4)2C(1)2S(1)groups 15218. Compound 2 can be oxidized to the corre-
111.8 [109.7(5)], F(4a)2C(1)2S(1) 107.2, F(1)2S(1)2F(2) 167.7

sponding sulfur(VI) oxidation state in a way similar to the [173.1(15)], F(1)2S(1)2F(3) 87.6 [88.1(13)], F(2)2S(1)2F(3) 85.8
[88.1(3)], F(1)2S(1)2C(1) 89.0 [89.1(8)], F(2)2S(1)2C(1) 82.0conversion of CF2(SF3)2 to CF2(SF5)2

[3].
[85.1(8)], F(3)2S(1)2C(1) 101.2 [97.2(11)].

An average S2F bond length and the difference ∆ 5
(S2Fa) 2 (S2Fe) were obtained experimentally, equally
large S2Fa distances were assumed. From these data the

11 was first observed as a by-product in the electrofluor- bond lengths S2Fa and S2Fe were derived. However, it is
ination of 3-oxapentane-1,5-dithiol [14]. The 19F-chemical expected that the interaction of the axial 3c-4e2 bond sys-
shifts of the fluorine atoms of our product differ only tem with the neighbouring centers will lead to a stretching
slightly from the literature values. For the C-bonded fluor- of the bridging SF and a corresponding shortening of the
ine atoms we observe a nonuplet of triplets, since non-bridging fluoride. For example, this phenomenon is ob-
3J(CF2SF4) 5 4J(CF2SF4) 5 14.6 Hz and 3J(CF2 served in the structure of SF32SF[16]. In this case the two
SFapical) 5 4J(CF2SFapical) 5 3.0 Hz. The fine splitting of S2Fa bonds of the pseudo-pentacoordinated sulfur center
the A and B4 parts of the SF5 groups (2J 5 152.3 Hz) indi- differ by approximately 10 pm, and a difference of 7.9 pm
cates a spin system of type AA9B4B49X2X29. From the split- was calculated for F2C(SF3)2 (172.0 and 164.1 pm).
ting of the 13C signal (δ 5 119.9, ttq) we determined the The influence of the interaction between the two SF3

following coupling constants: 1J(C2F) 5 314.2 Hz, groups on the geometrical configuration of the substituents
2J(C2F) 5 35.5 Hz and 2J(C2SF4) 5 28.4 Hz. at the sulfur centers is minimal. Through the lengthening

of the one axial S2F bond we would expect a distortion of
Structure and Bonding in F3S(CF2)nSF3 (n 5 1, 2) the pseudo-trigonal bipyramid towards a pseudo-tetra-

hedron and through the interaction of this bridging fluorideThe gas-phase structure of the methane derivative
F2C(SF3)2 has been determined by electron diffraction[5]. with the neighbouring sulfur center we would expect an in-

crease in sulfur coordination towards a pseudo-octahedron.However, our attempts to determine the structure of the
ethane derivative 2 have been fruitless to date due to the These interactions have little influence, as shown by a com-

parison with the experimentally determined structure ofextreme moisture sensitivity of this species. Figure 1 shows
the RHF/6-3111G*-calculated[15] structure for F2C(SF3)2, CF3SF3

[17]. Deviations from ideal pseudo-trigonal bipyr-
amidal geometry can be explained by the influence of thewith the experimentally determined bond lengths and

angles given for comparison. The conformation as well as lone pair of electrons in accordance with VSEPR theory[18].
The RHF/6-311 1 G*-calculated[15] structure ofthe angles and distances are in good agreement. The exper-

imentally observed interaction between the two SF3 groups F3S2CF22CF22SF3 (2) with bond lengths and angles is

Eur. J. Inorg. Chem. 1998, 103521039 1037
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vay Fluor and Derivate GmbH for the donation of elemental fluor-shown in Figure 2. Interaction of the two SF3 groups is also
ine. We thank Dr. A. Waterfeld for the preparation of (2CF2SCl)2clearly seen here. The distances between the non-bonded
and Dr. P. G. Watson for the translation of the manuscript.atoms S(1)F(2a) and S(1a)F(2) of 283 pm are also signifi-

cantly longer than those in the methane derivative. This is
Experimental Sectionin agreement with the conclusions drawn from the exper-

imental results, i.e. that the interaction of the SF3 groups All reactions were performed with rigorous exclusion of moisture
leads to a stabilization and that the lesser interaction in 2, in thick-walled glass reactors with Teflon valves, or in nickel vessels

previously passivated with ClF5. Work involving aggressive gasescompared to that in F2C(SF3)2, is responsible for its higher
was undertaken in a metal vacuum manifold. Volatile reagents werereactivity towards nucleophiles.
condensed in vacuum lines and solids transferred in a glove box
under argon or nitrogen. The starting materials (2CF22SCl)2

[6],
Figure 2. Fully optimized structure of compound 2[a]

TASF[19] and AsF5
[20] were prepared using literature methods. 2

IR: Biorad FTS-7-FT-IR. 2 MS: Finnigan MAT 8222, EI 70 eV.
2 NMR: Bruker AC 80 and WH 360. 2 Elemental analyses were
performed by the Mikroanalytisches Labor Beller (Göttingen).

F3S2CF22CF22SF3 (2): In a vacuum line, 3.0 g of F2 (79 mmol)
from a reservoir was added to 5.2 g of (2CF22SCl)2 (1, 22 mmol),
previously condensed onto the inner surface of a 1-l nickel vessel,
over a period of 10 h at 290°C. The resulting chlorine and de-
composition products were removed as soon as the pressure ex-
ceeded 100 mbar. The reaction was complete when uptake of fluor-
ine was no longer observed. Fractional condensation at 1023 mbar
(278 and 2196°C) led to 5.1 g of 2 as a colourless solid in the
278°C trap, yield 83%. 2 IR (gas, cm21): ν̃ 5 1280 m, 1261 m,
1222 vs, 1149 m, 932 s, 850 vs, 680 vs, 637 m, 583 m, 564 s, 521 m,
455 w. 2 19F NMR: δ 5 2100.5 (s, CF), 8.0 (s, br., SF). 2 EI MS;
m/z (%): 259(1) [M1], 189(5) [M1 2 SF3], 119(100) [CF3CF2

1].

FS(O)CF22CF2S(O)F (4): 3.0 g of 2 (10.8 mmol), approxi-
mately 10 ml of SO2 and 0.2 g of BF3 (2.9 mmol) were condensed[a] Calculated bond lengths [pm] and bond angles [°]: C(1)2C(1a)
into a glass reactor fitted with a Teflon valve at 2196°C. A colour-155.8, C(1)2S(1) 188.9, C(1)2F(4) 130.2, C(1)2F(5) 130.6,
less solid formed on warming the mixture to 240°C, and this solidS(1)2F(1) 164.3, S(1)2F(2) 170.2, S(1)2F(3) 155.0, S(1)···F(2a)

283; F(1)2S(1)2F(2) 170.9, F(1)2S(1)2F(3) 88.1, disappeared on stirring for 3 h at ambient temperature. BF3 was
F(1)2S(1)2C(1) 89.9, F(2)2S(1)2F(3) 86.7, F(2)2S(1)2C(1) then removed by condensation onto 5 g of NaF and subsequent83.6, F(3)2S(1)2C(1) 99.2, S(1)2C(1)2C(1a) 115.4,

stirring at ambient temperature for 6 h. Fractional condensationS(1)2C(1)2F(4) 110.0.
under vacuum (278 and 2196°C) resulted in 2.3 g of 4 in the
278°C trap, yield 91%. 2 IR (gas, cm21): ν̃ 5 1281 sh, 1255 vs,As expected, the S2C and averaged S2F bonds, as well
1234 s, 1184 s, 1129 s, 745 s, 603 w, 481 w. 2 19F NMR (CDCl3/as the bond angles in the C2SF3 groups of 2 and
CFCl3, 307 K): Two AA9BB9XX9 spin patterns were observed inCF2(SF3)2, differ only slightly. The weaker interaction of
the ratio 1:1; δ 5 217.75 (m, SF), 218.1 (m, SF), 2119.5 (m, CF2,

the two SF3 groups in 2 corresponds to the lesser stretching center point of the AA9BB9 part). 2 13C NMR: δ 5 117.0 (dddddd,
of the axial S2F bonds [170.2 pm compared to 172.0 pm 1JCF 5 309.6 Hz, 1JCF 5 306.0 Hz, 2JCCF 5 32.5 Hz, 2JCCF 5 32.0
in CF2(SF3)2] towards bridging fluorides S(1)F(2a) and Hz, 2JC-SF 5 16.4 Hz, 3JC-SF 5 2.0 Hz). 2 EI MS; m/z (%): 167(24)
S(1a)F(2). The terminal S2F bonds are only slightly longer. [M1 2 SOF], 148(2) [CF2CF2SO1], 67(100) [SOF1]. 2 C2F6O2S2

(234.1): calcd. F 48.7, S 37.4; found F 48.7, S 37.3.
Conclusions

[(2CF22SF2)F]AsF6 (7): 1.9 g of 2 (6.8 mmol), 2.0 g of AsF5
In α,ω-bis(trifluorosulfur)perfluoroalkanes, F3S(CF2)n- (11.8 mmol) and approximately 10 ml of SO2 as solvent were con-

SF3 (n 5 1, 2), the intramolecular interaction between the densed into a glass reactor fitted with a Teflon valve at 2196°C.
The mixture was stirred for 1 h at 240°C and the volatile materialstwo SF3 groups decreases with increasing chain length, as
were subsequently removed at this temperature under dynamic va-shown unequivocally by experimental results and ab initio
cuum. 3.0 g of 7 (quantitative) remained as a colourless solid, mp.calculations. In both cases fluoride-ion addition and ab-
97°C. 2 IR: Due to the sensitivity of the compound we have beenstraction gives intramolecular fluoride-bridged anions and
unable to obtain satisfactory IR spectra. 2 19F NMR: δ 5 237.2cations. With excess “naked” fluoride (e.g. from TASF)
(s, br., SF), 257.2 (s, br., AsF), 298.3 (s, CF). 2 C2AsF15S2only the ethane derivative forms a dianion on ring cleavage. (448.0): calcd. As 16.7, F 63.6; found As 17.4, F 61.8.

The synthesis of dications, even with a large excess of a
Cs[(2CF22SF3)2F] (8): 1.3 g of 2 (4.7 mmol) and 10 ml ofstrong fluoro Lewis acid (e.g. AsF5), was unsuccessful. It

CH3CN were condensed onto 0.6 g of CsF (4.0 mmol), previouslywill be interesting to perform further investigations to as-
dried at 140°C under vacuum. The mixture was stirred for 3 h atsess the chain length necessary in order that the SF3 groups
230°C and all volatile products were subsequently removed at this

have no influence on each other. temperature and for a short time at ambient temperature under
dynamic vacuum. 1.7 g of 8 (quantitative) was obtained as aWe thank the Fonds der Chemischen Industrie and the Deutsche

Forschungsgemeinschaft for financial support and the Deutsche Sol- colourless non-volatile solid, mp. 105°C (decomp.). 2 IR (nujol,
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1,2-Bis[trifluorosulfur(IV)]tetrafluoroethane F3S2CF22CF22SF3 FULL PAPER
; Dedicated to Professor Dr. Walter Siebert on the occasion ofcm21): ν̃ 5 1247 s, 1203 s, 1184 vs, 1168 sh, 1127 m, 1113 sh, 1027s,

his 60th birthday.902s, 846 m, 778 sh, 741 sh, 722 vs (br.), 655 s. 2 19F NMR [1] A. Clifford, H. K. El-Shamy, H. J. Emeleus, R. N. Haszeldine,
(CD3CN/CFCl3, 307 K): δ 5 112.0 (s, br., SF), 296.0 (s, br., CF). J. Chem. Soc. 1953, 2372.

[2] L. A. Shimp, R. Lagow, Inorg. Chem. 1977, 16, 2974.
TAS[(2CF22SF3)2F] (9): 0.80 g of 2 (2.9 mmol) was con- [3] A. Waterfeld, R. Mews, J. Fluorine Chem. 1983, 23, 325.

[4] D. Viets, R. Mews, M. Noltemeyer, H. G. Schmidt, A.densed on to 0.67 g of TASF (2.4 mmol) in 5 ml of CH3CN in a
Waterfeld, Chem. Ber. 1991, 124, 1353.glass reactor fitted with a Teflon valve at 2196°C. After stirring [5] I. Weiss, H. Oberhammer, D. Viets, R. Mews, A. Waterfeld, J.for 15 min at 240°C, approximately 20 ml of diethyl ether was Mol. Struct. 1991, 248, 407.

condensed onto the reaction mixture at 280°C. The resulting oily [6] C. G. Krespan (E.I. du Pont), U.S. Pat. 3099688, 1960/63;
Chem. Abstr. 1964, 60, 1597.product was then washed several times with diethyl ether. 1.13 g of

[7] C. T. Ratcliffe, J. M. Shreeve, J. Am. Chem. Soc. 1968, 90, 5403.9 (quantitative) remained as a colourless solid after removal of the [8] D. Sianesi, G. C. Bernardi, G. Moggi, Tetrahedron Lett. 1970,volatile materials under vacuum, mp 96°C. 2 IR (nujol, cm21): 1313.
ν̃ 5 1282 m (br.), 1229 s, 1200 sh, 1168 m, 1153 sh, 1112 w, 1062 [9] M. Kramar, L. C. Duncan, Inorg. Chem. 1971, 10, 647; F. Pauer,

M. Erhard, R. Mews, D. Stalke, Z. Naturforsch. 1990, 45b, 271.w, 1027 m, 970 m, 945 m, 901 s (br.), 766 sh, 736 vs, 722 vs, 605 s
[10] D. Viets, E. Lork, R. Mews, unpublished results; Dissertation(br.), 579 s (br.), 482 m. 2 19F NMR (CD3CN, CFCl3, 173 K):

D. Viets, Bremen, 1992.
δ 5 12.5 (quint, SF, 3JCF-SF 5 15.6 Hz), 295.6 (s, br., CF). 2 [11] Dissertation M. Erhart, Bremen, 1990.
C8H18F11N3S3 (461.4): calcd. C 20.8, H 3.93, F 45.3; found C 21.3, [12] W. Heilemann, R. Mews, S. Pohl, W. Saak, Chem. Ber. 1989,

122, 1613.H 4.1, F 44.0.
[13] D. Viets, W. Heilemann, A. Waterfeld, R. Mews, S. Besser, R.

Herbst-Irmer, G. M. Sheldrick, W.-D. Stohrer, J. Chem. Soc.,(TAS)2(2CF2SF4)2 (10): 0.45 g of 2 (1.6 mmol) was stirred with
Chem. Commun. 1992, 1017.0.93 g TASF (3.4 mmol) in approximately 5 ml of CH3CN at [14] T. Abe, S. Nagase, H. Baba, Bull. Chem. Soc. Jpn. 1973, 46,

240°C for 15 min in a way similar to the synthesis of 9. A colour- 3845.
less solid precipitated and was washed twice with CH3CN at [15] M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M. W. Gill,

M. W. Wong, J. B. Foresman, B. G. Johnson, H. B. Schlegel,240°C. 1.09 g of 9 (quantitative) remained after removal of the
M. A. Robb, E. S. Replogle, R. Gomperts, J. L. Andres, K.volatile materials in vacuo, mp. 132°C (decomp.). 2 IR (nujol,
Raghavachari, J. S. Binkley, C. Gonzalez, R. L. Martin, D. J.

cm21); ν̃ 5 1282 m, 1197 s, 1169 m, 1152 m, 1132 s, 1113 sh, 1065 Fox, D. J. Defrees, J. Baker, J. P. Stewart, and J. A. Pople, Gaus-
m, 1032 m, 968 s, 950 s, 899 s, 768 m, 722 vs, 689 m, 676 w, 617 s, sian 92, Revision G.3, Gaussian Inc., Pittsburgh PA, 1992. Fre-

quency analyses confirm that the calculated structures are min-550 vs (br.), 426 m. 2 C14H36F12N6S4 (644.7): calcd. C 26.1, H
ima on the corresponding Born2Oppenheimer surface.5.63, F 35.4; found C 26.7, H 6.39, F 33.7. [16] M. v. Carlowitz, H. Oberhammer, H. Willner, J. E. Boggs, J.
Mol. Struct. 1983, 100, 161.SF52CF22CF22SF5 (11): 2.2 g of 2 (7.9 mmol) and 0.3 g of F2 [17] R. Minkwitz, W. Molsbeck, H. Oberhammer, Inorg. Chem.

(7.9 mmol) were condensed onto 5.3 g of CsF (35 mmol) in a 1-l 1992, 31, 2104.
[18] R. J. Gillespie, Molecular Geometry, Van Nostrand-Reinhold,nickel reactor. The reaction mixture was allowed to warm up to

London, 1972.ambient temperature over 12 h and subsequently left to stand for
[19] W. J. Middleton, Org. Synth. 1985, 64, 221.48 h at this temperature. Fractional condensation (278 and [20] O. Ruff. A. Braida, O. Bretschneider, W. Menzel, H. Plaut, Z.

2196°C) gave 0.30 g of 11 in the 278°C trap, yield 21% (based Anorg. Allg. Chem. 1932, 206, 59.
[97282]on F2).
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Complexes of the type [M{N(O)C(CN)2}(PPh3)n] (M = CuI, oxygen atom (silver). In addition the two copper and silver
complexes [M{N(O)C(CN)2}(PPh3)2]2 are not isostructural butAgI, n = 2, 3) were synthesized by metathesis of

K[N(O)C(CN)2] and [M(NO3)(PPh3)n]. The complexes were have quite different structures. For M = Cu the two copper
atoms are doubly bridged by two NCCN sequences, formingcharacterized by 13C-, 31P-NMR and IR spectroscopy and

elemental analyses. The crystal structures of an approximately planar Cu(NCCN)2Cu ring. On the other
hand, in the homologous silver derivative the metal atoms[M{N(O)C(CN)2}(PPh3)2]2 (M = CuI, AgI) have been

determined by X-ray diffraction. Depending on the metal are also doubly bridged, but by two NO groups, thus forming
a planar six-membered ring.atom in the complexes [M{N(O)C(CN)2}(PPh3)3] the ionic

ligand is coordinated via the central nitrogen (copper) or the

Considering the fragment C(CN)2 as an oxygen homolo- silver salt Ag[N(O)C(CN)2] [9] is also worth mentioning. Its
crystal structure shows ligand-metal contacts via oxygengous functional group, the anions [N(O)C(CN)2]2 (dicyan-

methanidonitrite) and [N{C(CN)2}2]2 [bis(dicyanmethan- and both types of nitrogen atoms.
ido)nitrite] appear as pseudochalcogenonitrites[2]. The

Results and Discussionstrength of this approach is emphasized by the fact that,
In order to study the ambidentate behaviour of dicyan-like [NO2]2, [N(O)C(CN)2]2 also behaves ambidentately

methanidonitrite, depending on the hard/soft nature of me-towards metal ions. In both species oxygen and the middle
tal ions in complexes with this ligand (in a uni- and es-nitrogen atoms should be comparable from the electronic
pecially in a bidentate function) we prepared compounds ofpoint of view[3]. According to the soft-soft and hard-hard
copper(I) and silver(I) of the types [MX(PPh3)3] andorientation, exceptionally soft metal ions coordinate uni-
[MX(PPh3)2]2. The syntheses were carried out in boilingdentately to these ligands via the central nitrogen (ReI [4],
CHCl3 or CH2Cl2.IrI [5], PtII [6]) whilst more hard 3d-metal ions (NiII [7], CuII [8],

CoIII [8], FeIII [5]) coordinate via the oxygen atom. In con-
trast to this finding the ion [N{C(CN)2}2]2 is preferentially
linked through an end-on nitrile group (PtII). However, in
solution a linkage isomerization can be assumed[6].

To our knowledge, no complexes with dicyanmethan-
idonitrite in bidentate function were crystallographically
characterized up to now. Several bonding motifs can be ex-
pected because apart from oxygen and the central nitrogen,
end-on nitrile groups can also be discussed as potential do-
nor atoms. In the past compounds of the type
[M{N(O)C(CN)2}2L2] have been synthesized; some of them
have indeed proved to be addition products of the expected
complex and a protic solvent such as
[Cu{ONC(CN)C(NH)OEt}2(H2O)2] [8]. In this context the

[e] Part XII: Ref. [1].
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Crystal Structures of 5a and 5bDicyanmethanidonitrite tends to add protic agents[7]

such as methanol or water. If K[N(O)C(CN)2] is treated
As a common feature, the homologous copper and silverwith [Cu(NO3)(PPh3)2] in the presence of methanol the

complexes [M{N(O)C(CN)2}(PPh3)2]2 both exist in themonomeric complex 6 is formed. In 6 [ONC-
crystal in form of discrete dimers in which the metal atoms(CN)C(NH)OMe]2 acts as a chelating ligand which is coor-
are doubly bridged by two dicyanmethanidonitrite ligandsdinated through the nitrogen atoms of the NO and the NH
[N(O)C(CN)2]2. But surprisingly, 5a and 5b are not iso-groups, forming a five-membered ring (Figure 1)[10].
structural and differ markedly with regard to the coordi-
nation mode of the ionic ligand. Depending on the centralFigure 1. Schematic view of the molecular structure of 6
atom, the donor atoms are N(cyano) and N(central) in the
copper complex 5a, and O and N(central) in the silver com-
plex 5b.

The molecular structure of 5a is shown in Figure 2. Two
copper atoms are bridged by two ionic ligands
[N(O)C(CN)2]2 coordinating the metal through the central
and one cyano nitrogen atom. In this way a ten-membered
ring, with a weakly pronounced chair conformation aroundThe new compounds were characterized by 13C-NMR,
a crystallographic inversion centre, is formed. The ligand31P-NMR and IR spectroscopy. Surprisingly, in contrast to
itself is, to a good approximation, planar with significant1, the vibrations νas(CNO) and ν(CC) of 3a and 3b are
deviations from planarity only for N1 [0.027(3) A

˚
] and O1shifted in opposite directions (Table 1). The shift of

[0.016(3) A
˚

]. The copper atoms are at a distance ofνas(CNO) to higher wavenumbers characterizes
±0.5188(4) A

˚
from the plane defined by the two NCCN[N(O)C(CN)2]2 as centrally N-bonded (3a)[6]. On the other

fragments of the ring. The coordination geometry aroundhand, the decrease of the N2O bond order corresponds to
Cu can be described as a distorted tetrahedron. The strong-coordination via the oxygen atom. The IR spectra of the
est deviation from the tetrahedral geometry is shown by thespecies 5 are in agreement with the results of the crystal
angle P12Cu12P2 with 122.62(3)°. The Cu2P bondstructure analyses. In contrast to 5b the complex 5a shows
lengths, being Cu12P1 5 2.2853(8) A

˚
and Cu12P2 5three ν(CN) bands indicating a stronger differentiation of

2.2935(8) A
˚

, are in good agreement with the average valuethe nitrile groups. In comparison to K[N(O)C(CN)2] the
of 2.252(44) A

˚
established for CuI2PPh3 complexes[11].shifts of the vibrations νas(CNO), νs(CNO), and ν(CC) of

Surprisingly, the bond lengths between Cu and the two5a and 5b are opposite in direction.
chemically non-equivalent N atoms are nearly the same
[Cu12N1 5 2.080(3) A

˚
, Cu12N2a 5 2.042(3) A

˚
]. In con-Table 1. Characteristic infrared absorptions (KBr [cm21]) of potas-

trast to this finding, in the structurally analogous complexsium dicyanmethanidonitrite and corresponding complexes 3a, 3b,
5a, 5b, and 6 [Cu(NCNNO2)(PPh3)2]2 [12], significantly different Cu2N

bond lengths were found (∆ 5 0.138 A
˚

). These relations
Compound ν(CN) νas(CNO) νs(CNO) ν(CC) Mode are similar in the following complexes with trigonal-planar

configured copper(I): [Cu{µ-NCNC(NH2)2}-
1 2236 vs, 2225 s 1325 vs 1275 vs 1236 vs ionic

{NCNC(NH2)2}]2A.2H2O with A 5 SO4 [Cu2N1 53a 2212 m, 2193 w 1345 m 1329 m 1208 s unidentate
3b 2204 m 1306 s 1262 s 1275 vs unidentate 1.868(9) and 1.883(9) A

˚
, Cu2N2 5 2.25(1) and 2.250(9) A

˚
]

5a 2216 m, 2207 m, 1339 s 1253 w 1214 vs bidentate and A 5 S2O6 [Cu2N1 5 1.874(4) A
˚

, Cu2N2 5 2.246(4)
2188 w

A
˚

] [13]. On the other hand, for [Cu(NCNC6H4Me-5b 2207 s 1326 vs 1288 vs 1245 vs bidentate
6 2212 s, 2202 m 1359 vs 1330 vs 1313 vs 4)(PPh3)2]2 rather similar metal nitrogen bonds were found

[Cu2N1 5 2.045(2) A
˚

and Cu2N2 5 2.095(2) A
˚

] [14].
The molecular structure of 5b is shown in Figure 3. The

two silver atoms are doubly bridged by the NO groups ofComparing the 13C-NMR spectra of 1 with those of 3
and 5 very slight shifts, with no clear trend, can be ob- two dicyanmethanidonitrite ligands, and a centrosymmetric

six-membered ring is formed in this way. A comparableserved. The 31P-NMR chemical shifts of triphenylphos-
phane depend on the central metal atom. So the copper bridging function is known for [NO2]2, and this is proved

by X-ray analysis for [(H3N)4Co(NH2)ON(O)Co-complexes show one resonance at about 0 ppm; the chemi-
cal shifts of 3b or 5b are δ 7.93 and 11.85 respectively. (NH3)4]41 [15]. The Ag(NO)2Ag ring is planar to a good

approximation, the maximum deviation from the best planeAccording to the structure of the anionic ligand the infra-
red spectrum of 6 shows bands at 1606 (vs) and 1412 (vs) shown by the O atoms [±0.083(4) A

˚
]. The coordination geo-

metry around Ag is that of a strongly distorted tetrahedron;cm21 which can be assigned to νas(C5N) and νs(C5N) vi-
brations. The (CN) vibration indicates an uncoordinated ni- the greatest deviations from the ideal value shown by the

bond angles P12Ag12P2 with 132.83(4)° and N12trile group. As expected for NO coordination the bands
νas(CNO) and νs(CNO) are shifted to higher wavenumbers. Ag12O1a with 89.7(1)°. The two Ag2P bond lengths

[Ag12P1 5 2.444(1) A
˚

, Ag12P2 5 2.447(1) A
˚

] are equalIn the 13C-NMR spectrum resonances at δ 61.1 and 165.1
appear, confirming the assumed structure. within experimental error and agree well with experience
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Figure 2. Molecular structure of 5a[a] in its ionic (1 5 KX)[21], bidentate (5a, 5b) and unidentately

N-bonded (trans-[Pt(H)X(PPh3)2]) [6] or O-bonded function
([Co(X)Cl(en)2]X)[22] is given in Table 2. A comparison of
the listed values reveals no significant, or only slight to
moderate, differences, depending on the coordination
modes. Even 5a and 5b agree completely within experimen-
tal error. For both compounds, within their ONC frag-
ments, the N2O bond is slightly shortened and the N2C
bond is slightly lengthened with respect to the uncoordi-
nated anion X2 in 1. The N2O bond lengths in 5a and 5b
are a little bit longer than the value of 1.240(3) or 1.248(3)
A
˚

found for the nitrite ion in the sodium[24] and the silver
salt [17], respectively. All other bond lengths agree well with
standard values[23]. The rigidity of the dicyanmethanidoni-
trite skeleton and its structural insensibility to variations
in the coordination mode is also manifested by the small

[a] Selected bond lengths [A
˚

] and angles [°]: Cu12N1 2.080(3), differences between the corresponding bond angles (Table
Cu12N2a 2.042(3), Cu12P1 2.2853(8), Cu12P2 2.2935(8), 2). The maximum ranges of variation are shown by theO12N12Cu1 113.4(2), C12N12Cu1 129.1(2), C22N22Cu1a

angles C2C2C (∆ 5 1.4°) and O2N2C (∆ 5 3.9°).169.6(3), P12Cu12P2 122.62(3), N12Cu12N2a 104.98(10).

[2.419(46) A
˚

as average of 27 AgI2PPh3 complexes] [11]. The
Table 2. Geometric parameters [A

˚
,°] of [N(O)C(CN)2]2 in 1, 5a,

Ag12N1 distance of 2.413(3) A
˚

is quite normal compared 5b, trans-[Pt(H)N(O)C(CN)2(PPh3)2] (7a), and [Co(Cl)ONC(C-
N)2(en)2][ONC(CN)2] (7b)with the values of 2.400(4) and 2.416(4) A

˚
in

[Ag(NCNNO2)(PPh3)2]2 [12] but longer than the range from
Distance/angle 1 5a 5b 7a 7b[a]

2.28(1) to 2.332(5) A
˚

observed in a series of compounds
[Ag(NCS)Ln] (L 5 py-Me-2, py-Me-3, py-Me222,6,

O12N1 1.287(1) 1.266(3) 1.260(4) 1.260(3) 1.310(2)quin)[16]. The Ag12O1a distance of 2.504(3) A
˚

is just in N12C1 1.324(2) 1.338(4) 1.329(5) 1.333(4) 1.299(3)
C12C2 1.431(2) 1.418(4) 1.400(7) 1.421(5) 1.432(4)the middle of the wide range observed for Ag2O bond
C12C3 1.422(2) 1.423(5) 1.411(8) 1.417(5) 1.424(4)lengths, which depend on the coordination mode and are
N22C2 1.135(2) 1.135(4) 1.127(7) 1.134(5) 1.130(4)

illustrated by the following examples: NO2
2 chelating in N32C3 1.143(2) 1.128(4) 1.143(8) 1.148(4) 1.130(4)

N22C22C1 179.1(2) 177.3(3) 178.2(6) 178.0(4) 177.4(4)AgNO2 [2.441(3) A
˚

] [17], NO3
2 terminal in [AgONO2(1-Me-

N32C32C1 177.3(1) 178.3(5) 178.5(10) 178.1(4) 179.2(3)cytosine)] [2.469(3) A
˚

] [18] or chelating in [AgNO3(2-pyridy- C22C12C3 119.8(1) 118.8(3) 118.6(4) 119.8(3) 118.4(2)
leneaniline)] [2,259(3) A

˚
] [19] or bridging in [AgNO3(cyclos- O12N12C1 115.9(1) 115.7(3) 116.0(4) 118.1(3) 114.2(2)

arcosylsarcosine)2] [2.612(8) and 2.679(7) A
˚

] [20].
[a] O-coordinated.

Figure 3. Molecular structure of 5b[a]

This work is supported by the Deutsche Forschungsgemeinschaft
and the Fonds der Chemischen Industrie.

Experimental Section
IR (KBr): Mattson 5000 FTIR. 2 13C NMR (TMS as reference):

WP 200. 2 31P NMR (85% H3PO4 as reference, down-field shift
positive): AC 80. The compounds 2a [25], and 4a [25] were prepared
as described previously. For the synthesis of 2b and 4b known pro-
cedures were modified by using triphenylphosphane and silver ni-
trate[26] [27].

General Method for the Syntheses of 3 and 5: 2 mmol of 2a, 4a
or 4b were dissolved in 15 ml of CHCl3, or 2 mmol of 2b in 30 ml
of CH2Cl2. While stirring the resulting mixture was treated with a
solution of 2 mmol (0.25 g) of 1 in 20 ml of methanol or ethanol
(synthesis of 3a) and heated to reflux for 6 h in a water bath with
exclusion of light. Afterwards the mixture was stirred at room temp.

[a] Selected bond lengths [A
˚

] and angles [°]: Ag12N1 2.413(3), for 3 h. After filtration and evaporation of the solvent in vacuo the
Ag12O1a 2.504(3), Ag12P1 2.444(1), Ag12P2 2.447(1),

resulting solid was washed with methanol and dissolved in a smallO12N12Ag1 125.4(3), C12N12Ag1 117.1(3), P12Ag12P2
amount of CHCl3 (3a in ethanol). A quantity of n-pentane was132.83(4), N12Ag12O1a 89.7(1).
added until the onset of turbidity was observed and the solution

A survey of the bond lengths and angles characterizing kept at about 0°C. After some hours a microcrystalline solid was
formed which was filtered off and dried in vacuo.the geometry of the ambidentate dicyanmethanidonitrite X
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For the preparation of single crystals 0.010 g of 5a or 5b were [νas(CNO)], 1253 m [νs(CNO)], 1214 vs [ν(CC)], 692 vs (Ph), 744

vs (Ph), 1091 vs (Ph), 1433 vs (Ph), 1479 vs (Ph), 3050 m (Ph). 2dissolved in 2 ml of CHCl3 and overlayed with 6 ml of petroleum
ether. 13C NMR (CDCl3): δ 5 113.9 (s, CN), 108.3 (s, methanide-C),

128.4, 128.6 [t, P-C3,5, 1J(31P,13C) 5 8.4 Hz], 129.7 (s, P-C4), 132.7,Tris(triphenylphosphane)copper(I)dicyanmethanidonitrite (3a):
133.2 [t, P-C-1, 1J(31P,13C) 5 23.1 Hz], 133.6, 133.9 [t, P-C-2,6,slightly brown crystals, yield 80%, m.p. 143°C (dec). 2 IR (KBr):
1J(31P,13C) 5 15.4 Hz]. 2 31P NMR (CHCl3, capillary containingν̃ 5 2212 s cm21 [ν(CN)], 2193 w [ν(CN)], 1345 s [νas(CNO)], 1329
D2O): δ 5 20.95 (s, PPh3). 2 31P NMR (CDCl3): δ 5 0.17 (s,s [νs(CNO)], 1209 vs [ν(CC)], 694 vs (Ph), 742 vs (Ph), 1092 vs (Ph),
PPh3). 2 C78H60Cu2N6O2P4 (1364.36): calcd. C 68.67, H 4.43, N1434 vs (Ph), 1479 s (Ph), 3049 s (Ph). 2 13C NMR (CDCl3): δ 5
6.16; found C 68.24, H 4.96, N 5.77.112.9 (s, CN), 119.0 (s, CN), 107.9 (s, methanide-C), 128.4, 128.5

[t, P2C-3,5, 1J(31P,13C) 5 8 Hz), 129.6 (s, P2C-4), 132.8, 133.0 [t, Bis(triphenylphosphane)silver(I)dicyanmethanidonitrite (5b):
P2C1, 1J(31P,13C) 5 22.9 Hz], 133.6, 133.7 [t, P2C-2,6, slightly yellow crystals, yield 77%, m.p. 155°C. 2 IR (KBr): ν̃ 5
1J(31P,13C) 5 15.0 Hz]. 2 31P NMR (CDCl3): δ 5 20.27 (s, 2208 vs cm21 [ν(CN)], 1326 vs [νas(CNO)], 1287 vs [νs(CNO)], 1244
PPh3).2 C57H45CuN3OP3 (944.47): calcd. C 72.49, H 4.80, N 4.45; vs [ν(CC)], 693 vs (Ph), 744 vs (Ph), 1095 s (Ph), 1434 vs (Ph), 1479
found C 70.70, H 4.67, N 4.04. vs (Ph), 3051 w (Ph). 2 13C NMR (CDCl3): δ 5 111.6 (s, CN),

116.9 (s, CN), 108.7 (s, methanide-C), 129.0, 129.1 [t, P-C-3,5,Tris(triphenylphosphane)silver(I)dicyanmethanidonitrite (3b):
1J(31P,13C) 5 10 Hz], 130.6 (s, P-C-4), 130.6, 130.8 [t, P-C-1,yellow crystals, yield 78%, m.p. 167.5°C. 2 IR (KBr): ν̃ 5 2204 s
1J(31P,13C) 5 30.9 Hz], 133.6, 133.7 [t, P-C-2,6, 1J(31P,13C) 5 17.0cm21 [ν(CN)], 1306 s [νas(CNO)], 1262 s [νs(CNO)], 1226 vs
Hz]. 2 31P NMR (CHCl3, capillary containing D2O): δ 5 11.05 (s,[ν(CC)], 693 vs (Ph), 743 vs (Ph), 1093 vs (Ph), 1433 vs (Ph), 1479
PPh3), 31P NMR (CDCl3): δ 5 11.85 (s, PPh3). 2 C78H60Ag2-vs (Ph), 3052 w (Ph). 2 13C NMR (CDCl3): δ 5 112.5 (s, CN),
N6O2P4 (1453.02) calcd. C 64.48, H 4.16, N 5.78; found C 60.14,118.6 (s, CN), 108.4 (s, methanide-C), 128.7, 128.8 [t, P2C-3,5,
H 4.00, N 5.25.1J(31P,13C) 5 10 Hz], 130.0 (s, P2C-4), 132.2, 132.4 [t, P2C1,

1J(31P,13C) 5 21.9 Hz], 133.7, 133.8 [t, P2C-2,6, 1J(31P,13C) 5 16.8 Bis(triphenylphosphane)copper(I)-2-cyano-1-metoxy-2-nitroso-
Hz]. 2 31P NMR (CHCl3, capillary containing D2O): δ 5 6.98 (s, vinylamide (6): After addition of 0.25 g (2 mmol) of 1 in 20 ml of
PPh3), 31P NMR (CDCl3): δ 5 7.93 (s, PPh3). 2 C57H45AgN3OP3 methanol to a solution of 1.3 g (2 mmol) of 4a in 20 ml of CHCl3(988.79): calcd. C 69.24 H 4.59 N 4.25; found C 68.74, H 4.50, the resulting mixture was heated to reflux in a water bath for 6 h.
N 4.28. After filtration at room temp. the solvent was evaporated to dry-

ness. The remaining solid was washed with methanol (2 3 10 ml)Bis(triphenylphosphane)copper(I)dicyanmethanidonitrite (5a):
yellow crystals, yield 78%, m.p. 1822183°C. 2 IR (KBr): ν̃ 5 2216 and dissolved in about 10 ml of CHCl3. A quantity of n-pentane

was added until the onset of turbidity was observed and the solu-s cm21 [ν(CN)], 2207 m [ν(CN)], 2188 w [ν(CN)], 1339 s

Table 3. Crystal data and experimental details of X-ray structure determination of 5a and 5b

5a 5b ·CHCl3

Empirical formula C39H30CuN3OP2 C39H30AgN3OP2
. 0.5 CHCl3

Molecular mass [g ·mol21] 682.14 786.15
Crystal system triclinic monoclinic
Space group P1

¯
C2/c

Lattice parameters:
a [A

˚
] 12.216(1) 24.712(1)

b [A
˚

] 12.958(1) 14.284(1)
c [A

˚
] 13.475(1) 24.834(2)

α [°] 66.908(6) 90.0
β [°] 64.859(5) 121.401(4)
γ [°] 67.490(5) 90.0
V [A

˚
3] 1715.4(2) 7482.3(7)

Z 2 8
F(000) 704 3192
Dcalc. [g.cm23] 1.321 1.396
µ (MoKα) [cm21] 7.65 7.66
Crystal dimensions [mm] 0.46 3 0.35 3 0.21 0.46 3 0.34 3 0.17
Check reflections (555), (516), (4

¯
31) (800), (040), (06

¯
7
¯
)

Intensity variations [%] 9.8 10.0
2Θmax. [°] 50.0 50.0
hkl range ±14, ±15, ±15 ±29, ±16, ±29
Measured reflections 12046 13118
Unique reflections 6023 6559
Rint. 0.0380 0.0285
Obs. Reflections [I > 2σ(I)] 4443 4931
Refined parameters 415 438
Weighting coefficients a/b [a] 0.0310/0.4660 0.0431/11.5720
Absorption correction empirical (Psi scans) empirical (Psi scans)
Tmin./Tmax. 0.6566/0.7898 0.6718/0.7709
R1/wR2/S (all data) 0.0706/0.0955/1.121 0.0661/0.1120/1.126
R1/wR2/S [I > 2σ(I)] 0.0392/0.0790/1.113 0.0408/0.0939/1.120
(∆/σ)max. in last 1.s. cycle 0.000 20.001
∆ρ fin. (min./max.) [e.A

˚
23] 20.231/0.263 20.677/0.722

[a] w 5 [σ2(Fo
2) 1 (a.P)2 1 b.P]21 where P 5 1/3 (Fo

2) 1 2 c
2)
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86[29] and SHELXL-93[30] were used. The molecular structures in lished.

[23] P. Rademacher, Strukturen organischer Moleküle, VCH,Figures 2 and 3 were plotted by use of the program XP/PC[31].
Weinheim, 1987, p. 56.

[24] M. I. Kay, B. C. Frazer, Acta Crystallogr. 1961, 14, 56257.
[25] F. H. Jardine, A. G. Vohra, F. J. Young, J. Inorg. Nucl. Chem.[1] L. Jäger, C. Tretner, K. Sünkel, J. Kožı́šek, Z. Anorg. Allg.
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Dimerized inidene complexes [(CO)5M…
2Sn(OR)…

2M(CO)5]22– system, which characterizes monomeric inidene species [LnM
…
2E(X)…

2MLn]n, is still prevalent in the dimeric species 1. The(M = Cr, W; R = Et, iPr), 1, are obtained from [{(CO)5M}2SnCl2]2–

by different routes. Dimerization occurs via alkoxy-donor tin- low-lying π*-type LUMOs of 1 are the rationale for the
observed 119Sn-NMR low-field shifts of 1. The dimericacceptor bonding by which a planar Sn2O2 ring is formed. The

Sn–{M(CO)5} bonds are made in a plane vertical to this ring compounds 1 react with 2,4-pentanedione to form chelate
compounds of the same type as those characteristicallysuch that, with the R–O groups being almost coplanar with the

Sn2O2 ring, the overall geometry of the compounds shows obtained from monomeric inidene complexes:
[{(CO)5Cr}2SnOEt]22– (1a) reacts to give [{(CO)5Cr}2Sn(acac)]–idealized D2h symmetry. – The 119Sn-NMR resonances of 1 are

found at rather low fields (M = Cr: δ ø 1400; M = W: δ ø 1170) (2). The experimental results are verified by X-ray analyses in
addition to the usual spectroscopic and analyticalindicating a low-lying tin-centered orbital in the LUMO range.

Correspondingly EHT analyses show that the 3-center-4π investigations.

Trigonal planar coordination around a tin center has so preferable due to its soft sulfur donor, hitherto uncontrol-
lable side reactions have precluded the successful synthesisfar only been achieved in a few types of compounds: stan-

nylene complexes [{(CO)5M}SnR2] (M 5 Cr, Mo, W)[1] of [(CO)5M…
2Sn(SR)…

2M(CO)5]2 compounds. [8b] With the
R2O substituent, which is decidedly less soft when com-which are isolobal analogues of olefins, the star-type com-

pound [{(CO)5Cr}3Sn]22 [2] which is isolobal to the carbon- pared to the R2S entity, the working hypothesis met with
partial success: [(CO)5M…

2Sn(OR)…
2M(CO)5]2 entities areate anion, [{LnM}2Sn5MLn] (LnM 5 W(CO)5,

CpR(CO)2Mn; CpR 5 Cp, Cp9, Cp*)[3] which are analogues in fact formed, albeit not as monomeric species but as di-
mers [{(CO)5M}2Sn(µ2-OR)2Sn{M(CO)5}2]22 (1) (Table 1).of the methylenecyclopropane system, and inidene com-

pounds [LnM…
2Sn(X)…

2MLn]2 (MLn 5 MnCp9(CO)2, R 5 The Lewis acidity at the tin centers is still large enough to
call for compensation by an oxygen “lone pair” of a secondCl, Br, StBu)[4] which are analogues of the allylic anion,

represent the few types of compounds for which trigonal- inidene species.
planar coordination of tin is known. For the inidene series
of compounds there is strong evidence that the species Table 1. Complexes of type 1
[LnM…

2Sn(X)…
2MLn]2 are only stable, as such, if the LnM

fragment is a potent d-π donor such as [CpR(CO)2Mn], no. M R cation
while LnM groups such as [(CO)5M] (M 5 Cr, Mo, W) with
their reduced π-donor capabilities [5] will not sufficiently sta-

[nBu4N]2 · 1a Cr Et [nBu4N]bilize the allylic-type 3-center-4π system characteristic of
[Ph4P]2 · 1a Cr Et [Ph4P]these compounds. [6] [7] Inidene compounds [(CO)5M…

2Sn(X)
[nBu4N]2 · 1b Cr iPr [nBu4N]…

2M(CO)5]2 are obviously strongly Lewis-acidic at their un-
[nBu4N]2 · 1c W Et [nBu4N]saturated tin center, such that in any attempt to prepare
[Ph4P]2 · 1d W Et [Ph4P]them the base adducts, [(CO)5M2Sn(X)(B)2M(CO)5]n, ap-

pear to be inevitably formed. Quite a number of such base
adducts have now been characterized, [8] [9] while no unpro-
tected compound [(CO)5M…

2Sn(X)…
2M(CO)5]2 has so far

been obtained. In order to prepare such compounds it ap- This type of dimerization is similar to that observed for
[{Cp(CO)2Mn}2BiCl]. [7j] [10] The dimeric entities have apears natural to try to compensate for the reduced d-π-do-

nor capabilities of the [(CO)5M] entities by introducing a p- strong relation to the well-characterized main-group ring
species [R2Sn(µ2-OR)2Sn2R][11] as well as to the theoreti-π donor as the substituent X at the tin center. As potentially

π-donating substituents R2O or R2S entities are a cally well-understood species [Sn2H4] and [Sn2H6]21. [12]

They are also closely related to genuine inidene compounds.straightforward choice. While an R2S substituent would be

Eur. J. Inorg. Chem. 1998, 105721066  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/080821057 $ 17.501.50/0 1057



P. Kircher, G. Huttner, K. Heinze, L. ZsolnaiFULL PAPER
In this paper we describe the syntheses, structure, spec- Under these conditions the dimeric dianions are immedi-

ately formed (IR control), and the salts [Ph4P]2 ·1a andtroscopy, and reactivity of type-1 compounds, as well as the
specific bonding situation pertaining to them. [Ph4P]2 ·1c are precipitated, by the addition of [Ph4P]Cl, in

the form of microcrystalline yellow powders. Since solutions
Results and Discussion of A in alcohols are stable as such, it is evident that basic

conditions are necessary to induce the transformation of ASynthesis and Reactivity
into 1.When the dichlorostannate compounds A,

This fact is also inferred from the observation that treat-[{(CO)5M}2SnCl2]22 (M 5 Cr, W)[8], are treated with
ing THF solutions of Na2[{(CO)5W}2SnCl2] with pyridine[nBu4N][BH4] in an alcoholic solution the alkoxy-bridged
(py), which leads to the formation of the pyridine adductdimers [nBu4N]2 ·1 are obtained (Scheme 1) instead of the
B, [{(CO)5W}2Sn(py)2] as the major product[9], will alsodesired hydridotin species.
produce minor amounts of [Ph4P]2 ·1c when ethanol is used

Scheme 1. Reaction of [{(CO)5M}2SnCl2]22 (M 5 Cr, W) (A) with as the eluent during the chromatographic workup (Scheme
[nBu4N][BH4] in alcoholic solution

3). In this case pyridine obviously acts as the HCl scavenger.

Scheme 3. Reaction of Na2[{(CO)5W}2SnCl2] with an excess of py-
ridine

The yellow compounds [nBu4N]2 ·1 are obtained as mi-
crocrystalline solids, the constitution of which is docu-
mented by the usual spectroscopic and analytical tech-
niques as well as by a series of X-ray analyses (Tables 3, 4,
and 5). It is observed that under the reaction conditions
described addition of [nBu4N][BH4] to the solutions of A is
accompanied by a rapid evolution of gas. It might therefore

Yet another way to produce [Ph4P]2 ·1c relies upon thebe assumed that the primary product, and hence intermedi-
basisity of the [W2(CO)10]22 anion (Scheme 4): when A isate in the formation of [nBu4N]2 ·1, is a hydridotin species.
allowed to react with Na2[W2(CO)10] in ethanol an immedi-While this hypothesis can not be completely ruled out, it
ate color change from yellow to dark red is observed.appears more probable that the hydridoborate is merely ac-

tive as a base, deprotonating the alcohol which is used as Scheme 4. Reaction of Na2[{(CO)5W}2SnCl2] with Na2[W2(CO)10]
in ethanolthe solvent; no hydridoborate is needed for the transfor-

mation of A into 1 if sodium ethoxide, NaOEt, is used as
the reagent (Scheme 2).

Scheme 2. Reaction of [{(CO)5M}2SnCl2]22 (M 5 Cr, W) (A)
with NaOEt

119Sn-NMR spectroscopy shows that a mixture of at least
5 species is formed, one of them being [Ph4P]2 ·1c which
may be precipitated by addition of [Ph4P]Cl.

As far as the reactivity of 1 is concerned the compounds
behave similarly to dimerized inidene species; it is a charac-
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teristic of [LnM…

2E(X)…
2MLn]n (E 5 group 15 element, n 5 [Na(12-Crown-4)2] ·3 was prepared as a crystalline salt.

The structure of the anion of this salt, as obtained by X-ray0; E 5 group 14 element, n 5 21; X 5 leaving group: e.g.
Cl, etc.) to undergo substitution and addition with mono- analysis, is shown in Figure 1. The accuracy of the structure

determination is rather low due to insufficient crystal qual-valent chelate bases to form chelate derivatives. [13] Corre-
spondingly, [nBu4N]2 ·1a reacts with 2,4-pentanedione ity and the notorious disorder of the 12-Crown-4 entities.
(Hacac) to give 2 as its [nBu4N] salt (Scheme 5).

Figure 1. Molecular strucutre of the anion of
Scheme 5. Reaction of [nBu4N]2 ·1a with 2,4-pentanedione [Na(12-Crown-4)2] ·3[a]

No external base is needed to promote this reaction. The
reaction itself is monitored by NMR spectroscopy, either
by observing the disappearance of the 1H-NMR resonance
of the diketo tautomer of 2,4-pentanedione in acetone solu-
tion or by observing the disappearance of the 119Sn-NMR [a] The numbering system chosen does not correspond to the one
signal of [nBu4N]2 ·1a (δ 5 1445) and the appearance of the adopted in the data deposited.
signal at δ 5 1205 characterizing [nBu4N] ·2 (Table 3). The
spectroscopic data leave no doubt about the consitution of Even though the overall geometry of the chelate com-
[nBu4N] ·2. Its solid-state structure could, however, not be pound is established beyond doubt (Table 2), comparison
analyzed since [nBu4N] ·2 is (even after the chromato- of the spectrocopic properties of [Na(12-Crown-4)2] ·3 with
graphic workup) an oil with no tendency to crystallize. those observed for [nBu4N] ·2 (Table 3) shows that the gen-
Since the [Ph4P] salt of 2 was also found to be an oil, the eral structural and electronic features of both compounds
γ-pyronate analogue 3 of 2 was synthesized (Scheme 6) with are very similar.
the hope of obtaining a crystalline compound showing a

Table 2. Selected bond lenghts [pm], angles [°], and torsion anglesbonding situation closely related to that in 2. As an easy
[°] for the anion 3 of [Na(12-Crown-4)2] ·3[a]

access to chelate compounds of this type the reaction of A
with chelate bases had been described.[8b] [9] Following this Cr2Sn 262.6(2) Cr2Sn2Cr 137.17(6)
route 3 was prepared from Na2[{(CO)5Cr}2SnCl2] and the 262.8(2) O2Sn2O 76.9(4)

Sn2O1 217.8(8) Cr2Sn2O 107.8(2)sodium salt of 3-hydroxy-2-methyl-γ-pyrone (pyro)
Sn2O2 216.5(8) 105.1(2)(Scheme 6). O12C1 120(1) 105.7(2)
O22C2 151(1) 107.8(2)
C12C2 129(2) Sn2O2C 102.6(6)/118(1)

Scheme 6. Reaction of Na2[{(CO)5Cr}2SnCl2] with the sodium salt C22C3 146(2) Sn2Cr2CCOax 178.1(4)/178.8(4)
of 3-hydroxy-2-methyl-γ-pyrone C32O4 130(1) Sn2Cr2CCOeq 85.7(3)289.5(3)

O42C5 146(2) CCOax2Cr2CCOeq 90.7(5)294.3(6)
C52C6 123(2) CCOeq2Cr2CCOeq 86.6(5)292.2(5)
C62C1 156(2) 172.3(5)2176.2(5)
C32C7 136(2) Cr2C2O 176.1(9)2179.5(9)

Cr2CCOax 184(1)
Cr2CCOeq 184(1)2190(1) torsion angle α[b] 11

[a] Estimated standard deviations in units of the least significant
figures given in each case are quoted in parentheses. 2 [b] α is defi-
ned elsewhere in the text.

The integrity of the ligand is in both cases (2 and 3) sup-
ported by the 1H- and 13C-NMR spectra (see Experimental
Section). The symmetrical binding of the acac ligand of 2
(averaged over time at least) is also apparent from these
spectra.
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Table 3. ν̃CO-IR and 119Sn{1H}-NMR-spectroscopic data for the and data sets of good quality could be obtained up to 2Θ ø

compounds 123 50° for the two isotypic crystals (Table 5). The results of
these three structure analyses are qualitatively similar for

IR in CH2Cl2 119Sn{1H} all three compounds (Table 4).ν̃ [cm21] δ [ppm]
Only the structure of [Ph4P]2 ·1c is, therefore, shown in

Figure 2. The structures of [Ph4P]2 ·1a and [Ph4P]2 ·1c have[nBu4N]2 · 1a 2032 (w) 2007 (s) 1917 (vs) 1886 (s) 1445[a]

[Ph4P]2 · 1a 2033 (w) 2007 (s) 1918 (vs) 1880 (s) 1460[b] crystallographic inversion symmetry while the structure of
[nBu4N]2 · 1b[c] 2032 (w) 2005 (s) 1918 (vs) 1884 (s) 1379[a]

[nBu4N]2 ·1a has no crystallographic symmetry constraint[nBu4N]2 · 1c 2045 (w) 2026 (s) 1925 (vs) 1881 (s) 1169[b][d]

[Ph4P]2 · 1c 2044 (w) 2025 (s) 1923 (vs) 1878 (s) 1169[b][ e] (Table 4). The distances and angles, which by chemical
[nBu4N] · 2[c] 2039 (w) 2004 (s) 1919 (vs) 1891 (s) 1205[b]

reasoning should be equivalent in each case, are in fact very
[Na(12C4)2] · 3[c] 2037 (w) 2001 (s) 1917 (vs) 1889 (s) 1361[b]

similar within each compound and, where appropriate, also
for the whole class of compounds (Table 4).[a] In CD2Cl2, 25°C. 2 [b] In [D6]acetone, 25°C. 2 [c] In THF. 2 [d]

1J(183W,119Sn) 5 540 Hz; intensity ratio of peaks 17:100:17. 2 [e] Even the rotational position of the [(CO)5M] groups with
1J(183W,119Sn) 5 523 Hz; intensity ratio of peaks 15:100:17. respect to the Sn2M axes are almost identical in all three

compounds; the angle α given in Table 4 (see also Table 2)
Structure and Bonding refers to the pseudo torsion angle CCOeq2M2M92CCOeq9

were M, CCOeq and M9, CCOeq9 belong to [(CO)5M] groupsX-ray analyses have been performed for the salts of
bonded to one and the same tin center. [8b] [9][nBu4N]2 ·1a, [Ph4P]2 ·1a, and [Ph4P]2 ·1c. The analysis of

[nBu4N]2 ·1a was hampered by the instability of the crystal, A characteristic feature of all three compounds
[nBu4N]2 ·1a, [Ph4P]2 ·1a, and [Ph4P]2 ·1c is a planar four-even at 173 K. Data were finally collected at 200 K (Table

5). Even when applying a rather high scan speed only the membered Sn2O2 ring (Table 4). Coordination of the
[(CO)5M] groups occurs in a plane vertical to this cycle.range up to 2Θ 5 28° could be covered . The phosphonium

salts [Ph4P]2 ·1a and [Ph4P]2 ·1c did not pose these problems The α-carbon atoms of the (µ2-OEt) groups do not gener-

Table 4. Selected bond lenghts [pm], angles [°], torsion angles [°], and devitations of individual atoms from the Sn2O2 plane [pm] for the
complex anions 1 in [nBu4N]2 · 1a, [Ph4P]2 · 1a, and [Ph4P]2 · 1c[a]

[nBu4N]2 ·1a [Ph4P]2 · 1a [Ph4P]2 · 1c
M 5 Cr M 5 Cr M 5 W

M2Sn 265.4(2) 265.3(1) 278.8(1)
262.5(3) 265.4(1) 279.4(1)
263.5(3) 2 2
264.7(2) 2 2

Sn2O 216.6(9) 216.1(3) 214(1)
215(1) 214.7(3) 215(1)
214(1) 2 2

215.2(9) 2 2
O2Cα 142(2) 144.2(5) 142(2)

140(2) 2 2
C2C 145(2) 151.0(7) 151(2)

148(2) 2 2
M2CCOax 178(2)2181(2) 183.0(5)/185.4(5) 196(2)/198(2)
M2CCOeq 180(2)2189(2) 187.5(5)2190.6(5) 199(2)/208(2)

M2Sn2M 125.22(8) 124.52(2) 125.52(5)
124.40(8) 2 2

O2Sn2O 70.8(4) 72.8(1) 73.5(4)
71.2(4) 2 2

Sn2O2Sn 108.8(4) 107.2(1) 106.5(4)
109.1(5) 2 2

M2Sn2O 109.0(3)2117.4(3) 110.6(8)2113.4(8) 110.3(3)2113.7(3)
Sn2O2Cα 121.5(9)2125.1(8) 122.0(3)/123.3(3) 121.6(9)/123.2(9)

Sn2M2CCOax 174.3(5)2178.3(5) 170.1(2)/171.9(2) 167.6(6)/170.5(6)
Sn2M2CCOeq 81.9(4)293.4(4) 82.4(2)2100.7(1) 82.3(5)2100.4(5)

CCOax2M2CCOeq 87.5(6)296.3(6) 82.2(2)297.9(2) 81.3(7)296.1(8)
CCOeq2M2CCOeq 84.6(6)294.9(6) 86.3(2)294.1(2) 87.4(7)292.5(7)

168.6(6)2178.1(6) 166.0(2)2177.7(2) 168.1(7)2177.9(8)
M2C2O 175(1)2179(1) 173.1(4)2177.5(5) 172(2)2179(2)

O2Cα2Cβ 115(1)/117(1) 110.3(4) 113(1)

α[b] 43 37 39
Cα2O2Sn2O 13.7221.7 29.4/29.9 31.6/32.2

deviation of Sn 22/22 0/0 0/0
deviation of O 2/2 0/0 0/0
deviation of Cα 226/241 ±63 ±60

[a] Estimated standard deviations in units of the least significant figures given in each case are quoted in parentheses. 2 [b] Average values.
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Table 5. Crystal structure data for [nBu4N]2 · 1a, [Ph4P]2 · 1a, [Ph4P]2 · 1c, and [Na-(12-Crown-4)2] · 3

Figure 2. Molecular structure of the anion of [Ph4P]2 · 1c As far as the bonding situation is concerned compounds
1 may be considered as composed of two [(CO)5M…

2Sn(OR)
…
2M(CO)5]2 species which, due to the electron deficiency at
the tin centers in these inidene-type entities, dimerize by
oxygen-donor2tin-acceptor bonding (Figure 2).

On the other hand, the planar Sn2(OR)2 ring forming the
central ligand entity in compounds 1 has a strong resem-
blance to the corresponding entities in [RSn(OR)]2 (a in
Figure 3). These species, which may be seen as dimerized
stannylenes RSnOR, have been thoroughly analyzed by M.
Veith and his group.[11]

Figure 3. Realtionship between 1 and some Sn2(OR)2- and Sn2H2-
heterocycles

ally deviate too much from coplanarity with the hetero-
cyclic plane (Table 4). The valence angles at the bridging
oxygen atoms (Table 4) show that their coordination is
more appropriately idealized as trigonal planar as com-
pared to pseudo tetrahedral. Consequently, the torsion
angles Cα2O2Sn2O (Table 4) are small. [11] The idealized
symmetry of the core of the compounds, including the
metal atoms, the tin centers and the O2CH2 fragments, is This kind of view is well born out by theoretical reason-

ing which makes clear that the most stable dimerized formclose to D2h (Figure 2).

Eur. J. Inorg. Chem. 1998, 105721066 1061



P. Kircher, G. Huttner, K. Heinze, L. ZsolnaiFULL PAPER
of H2Sn does correspond to the cyclic structure of b [12] field shifts observed for the central main-group elements in

these compounds are intimately connected to the presencewhich is mutatis mutandis the same as that for the well-
characterized compounds a (Figure 3). Protonation of the of a low-energy π* orbital of these 3-center-4π systems. [17]

The theory of NMR shifts predicts that the presence of“lone pairs” in b leads to the dication c (Figure 3) which,
as will be discussed later, is a close relative to the anions 1. such a low-lying main-group-centered orbital will strongly

contribute to the paramagnetic (low-field) term of the shiftA structure corresponding to c is established as a true mini-
mum on the potential surface for the isoelectronic C2H6

21 observed for this element. [18] Since the symmetry of 1 would
allow for such a low-lying orbital in 1 an EHT-MO analysiscation and is a global minimum for B2H6 which is also an

isoelectronic analogue. [14] The relationship of c to the of 1 was performed as well. As a simplified model of 1,
following common practice, its “isoelectronic” analogueanions 1 is the following:

1. Bridging hydrogen atoms may be replaced by bridging [{H5Cr}2Sn(µ2-OH)2Sn{CrH5}2]222 with R2O replaced by
H2O and [(CO)5Cr] replaced by [H5Cr]52 was chosen. [19]R2O groups without much change being caused by the

three additional p-valence orbitals at the oxygen atom, as 3-center-4π systems, only slightly disturbed by the inter-
action with oxygen p orbitals localized at the Cr2Sn2Cris seen by comparing a and b. The major change in bonding

is the replacement of the 3-center-2-electron Sn2H2Sn entities, make up an essential part of the orbital pattern.
The totally bonding combinations of the 3-center-4π-bridges by 3-center-4-electron Sn2(OR)2Sn bridges, both

referring to σ-bonding. The disturbance by potential π-in- parts are found at the HOMO-10 and HOMO-12 positions
(Figure 4). Due to the D2h symmetry of 1 and the modelteractions between the relevant oxygen and tin p orbitals

will only be slight, due to the misfit of these two types of p compound as well, orbitals must occur in pairs, one with
gerade (g) symmetry and the other one with ungerade (u)orbitals in size as well as in energy. So far to the similarity

of the Sn2H2 core in b and c and the Sn2(OR)2 core in a symmetry with respect to the phases characterizing the con-
tributions of the two Cr2Sn parts (Figure 4). Due to aand 1.

2. The analogy of c and 1 is immediately apparent by modulation by minor contributions from the oxygen val-
ence orbitals these pairs may be at slightly different energiescomparing the σ-bonding properties of H and [(CO)5Cr]2.

Both species have just one orbital filled with one electron in those cases where this interaction is allowed by symmetry
(Figure 4). The energy differences calculated for these pairsin each case for this type of interaction. They are “isoelec-

tronic” in the sense that a seventeen-electron organometal- are smaller than 0.1 eV for the bonding orbitals (Figure 4)
but are significant for some of the unoccupied ones (Fig-lic species [(CO)5Cr]2 is an analogue of a seven electron

main-group species [R] or of hydrogen [H] with all three of ure 4).
The non-bonding orbital of each 3-center-4π constituentthem being short by one electron with respect to the noble-

gas electronic configuration. will have a zero coefficient for the tin px orbital and will be
composed by an anti-phase combination of the d orbitalsMany of the ideas worked out for a2c may therefore be

applied to 1 as well. With compounds a it is observed that which might by symmetry maximally interact with the tin
px orbital as individuals. The relevant orbitals are found atthe O2Sn2O angles are without exception considerably

smaller than 90° with the Sn2O2Sn angles being corre- the positions HOMO-2 to HOMO-5 (Figure 4). Due to the
coordinate system chosen the relevant d orbitals are a com-spondingly larger. [11] This type of angle distribution has

been analyzed for b as the model compound.[12a] It has been bination of dxy and dxz. These orbitals transform in groups
as au and b2g. A linear combination of the au pair as wellrationalized in terms of the charge distribution within com-

pounds of this type with both the bridging hydrogen atoms as the b2g pair are the representatives of the u and g combi-
nation of the terminal orbitals of the two 3-center-4π sys-and the terminal hydrogen atoms being rather negatively

charged. [12a] A merely electrostatic model built on these tems characterizing the compound.
The HOMOs of the compound correspond to g und ugrounds will reproduce structures as well as energies. Simi-

lar reasoning will apply to 1. combinations of mainly Cr2Sn σ-bonding orbitals with a
significant Sn-pz contribution (Figure 4). The LUMOs ofThe approach of looking at 1 as an analogue of c by

replacing the terminal hydrogen atoms in c by negatively the model compound are σ-anti-bonding with an almost
negligible tin contribution (Figure 4).charged “isoelectronic” [(CO)5M]2 groups in 1 does appear

somewhat less arbitrary with the ν̃(CO)-IR data of 1 (Table The totally antibonding combinations of the 3-center-4π
systems are found at the positions LUMO12 and3) in mind: these ν̃(CO)-IR absorptions occur at wave-

lengths which are characteristic for negatively charged LUMO17. These orbitals have large Sn-px contributions
and comparatively small contributions from the relevant d[(CO)5M] groups. [15] The R2O groups should bear δ2

charges by simple electronegativity arguments. orbitals. They are modified by contributions of the oxygen
p orbitals and are thus at different energies.When the bonding in 1 is rationalized in these terms, the

structural properties of 1 are not astonishing. What is, how- The essence of this analysis is the following: the 3-center-
(M2E2M)-4π system, which is characteristic for inideneever, astonishing at first glance is that the 119Sn-NMR shift

of 1 is far more on the low-field side than is usually ob- compounds, is as well a characteristic ingredient to the
bonding situation in 1: non-bonding contributions of theserved for tin in pseudo-tetrahedral four-coordination

(R2SnCl2). [16] From the observations made with inidene- relevant d orbitals make up MOs in the HOMO range.
Anti-bonding combinations of the relevant metal d andtype compounds there is convincing evidence that the low-
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Figure 4. Characteristic orbitals of Figure 5. Ring-opening/ring-closing equilibrium

[{L5Cr}2Sn(µ2-OR)2Sn{CrL5}2]22[a,b]

an explanation.[9] Based on the same type of arguments the
temperature dependence of the 119Sn-NMR resonance of
[Ph4P]2 ·1c may be interpreted in terms of a ring-opening/
ring-closing equilibrium (Figure 5). Upon cooling from 298
K to 198 K the 119Sn-NMR signal of [Ph4P]2 ·1c shifts to
lower fields (from δ 5 1158 to δ 5 1135).

The shift difference observed for 10 K temperature differ-
ence is thus only 2 ppm in the case of [Ph4P]2 ·1c while in
other cases shifts of up to 20 ppm/10 K have been ob-
served. [9]

Under the hypothesis that the temperature-induced shift
is due to an equilibrium between three- and four-coordi-
nated tin species the relatively small temperature depend-
ence observed for [Ph4P]2 ·1c indicates a high intrinsic sta-
bility of the four-membered Sn2O2 heterocycle.

Financial support by the Fond der Chemischen Industrie is grate-
fully acknowledged. The work had formerly been supported by the
Deutsche Forschungsgemeinschaft (SFB 247).

Experimental Section
General: All manipulations were carried out under an argon at-

mosphere by means of standard Schlenk techniques at 25°C unless
mentioned otherwise. All solvents were dried by standard methods
and distilled under argon. [D6]acetone and CD2Cl2 used for the
NMR-spectroscopic measurements were degassed by three success-
ive “freeze-pump-thaw” cycles and dried over 4-A

˚
molecular sieves.

Silica gel (Kieselgel z. A., 0.0620.2 mm, J. T. Baker Chemicals B.
V.) used for chromatography and Kieselgur (Kieselgur, gereinigt,
geglüht, Erg. B.6, Riedel-de Haen AG) used for filtration were de-
gassed at 1 mbar at 180°C for 12 h and saturated with argon. 2

NMR: Bruker Avance DPX 200 at 200.13 MHz (1H), 50.323 MHz
(13C{1H}), 74.631 MHz (119Sn{1H}), 81.015 MHz (31P{1H});
chemical shifts (δ) in ppm with respect to [D6]acetone (1H: δ 5[a] The actual calculations were performed with [CrH5]52 templates

instead of [L5Cr]. The R2O groups were replaced by H2O enti- 2.04, 13C: δ 5 29.8) and CD2Cl2 (1H: δ 5 5.32, 13C: δ 5 53.5) as
ties.2 [b] The bottom three pairs of orbitals refer to the bonding internal standards; chemical shifts (δ) in ppm with respect to
and non-bonding sets of the (Cr2Sn2Cr) 3-center-4π-systems. The

SnMe4 (119Sn: δ 5 0, at 25°C) and to 85% H3PO4 (31P: δ 5 0) astop pair corresponds to the LUMOs of these systems. The σ-type
external standard. 2 IR: Bruker FT-IR IFS-66; CaF2 cells. 2 UV/HOMO pairs and LUMO pairs of the model compound are given

as well. Vis/NIR: Perkin Elmer Lambda 19; cells (0.2 cm; Hellma 110 sup-
rasil). 2 MS (FAB or EI): Finnigan MAT 8400; TEA (triethanol-
amine) matrix. 2 Elemental analyses: Microanalytical laboratorymain-group p orbitals are found in the LUMO range. This
of the Organisch-Chemisches Institut, Universität Heidelberg. 2situation is typically the one giving rise to large low-field
Melting points: Gallenkamp MFB-595 010; values not corrected.shifts [2] [8b] [9] [17] [20] in the NMR spectra of the bridging ele-
2 The dinuclear sodium salts of the composition

ments as is also observed for 1. [21]
Na2[{(CO)5M}2SnCl2] (M 5 Cr, W) were prepared by salt meta-

It has been argued that real inidene-type compounds thesis from the corresponding stable phosphonium salts
[(CO)5M…

2Sn(X)…
2M(CO)5]2 should have their 119Sn-NMR [Ph4P]2[{(CO)5M}2SnCl2] as described[8b]. All other chemicals were

shifts close to δ 5 3000. [9] This argument was inferred in commercially obtained and used without further purification.
part from the observation that base adducts of these com- [nBu4N]2[{(CO)5Cr}2Sn(µ2-OEt)2Sn{Cr(CO)5}2] ([nBu4N]2 ·
pounds [(CO)5M2Sn(X)(B)2M(CO)5]n show strong tem- 1a): Na2[{(CO)5Cr}2SnCl2] (310 mg; 0.5 mmol) was dissolved in
perature dependence of their 119Sn-NMR resonances. Equi- ethanol (50 ml). At 0°C solid [nBu4N][BH4] (257 mg; 1 mmol) was
libria of the type [(CO)5M2Sn(X)(B)2M(CO)5]n q added in portions under spontaneous evolution of gas as well as

precipitation of [nBu4N]2 · 1a as a yellow microcrystalline powder.[(CO)5M…
2Sn(X)…

2M(CO)5]2 1 B have been put forward as
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The reaction mixture was stirred until no further evolution of gas NMR ([D6]acetone, 25°C): δ 5 230.6 (s, CCOax), 223.2 (s, CCOeq),

136.4 (s, Cpara), 135.6 (d, 2JP,C 5 11 Hz, Cortho), 131.3 (d, 3JP,C 5was observed. The yellow solid of [nBu4N]2 ·1a was seperated from
the reaction mixture by filtration, washed with ethanol (3 3 10 ml) 13 Hz, Cmeta), 118.9 (d, 1JP,C 5 90 Hz, Cipso), 61.9 (OCH2), 19.8

(OCH2CH3). 2 119Sn NMR ([D6]acetone, 25°C): δ 5 1460. 2 31Pand diethyl ether (2 3 10 ml) and dried in vacuo. Yield: 670 mg,
85%. For growing single crystals of [nBu4N]2 ·1a the yellow powder NMR ([D6]acetone, 25°C): δ 5 24.3 (1JC,P 5 89 Hz). 2

C72H50Cr4O22P2Sn2 (1774.4): calcd. C 48.74, H 2.96; found Cwas dissolved in dichloromethane (10 ml) and overlayered with
ethanol (100 ml). Within 7 d yellow single crystals suitable for X- 47.90, H 2.84.
ray structure analysis were obtained. M.p. 65°C (dec.). 2 IR

[Ph4P]2[{(CO)5W}2Sn(µ2-OEt)2Sn{W(CO)5}2] ([Ph4P]2 ·1c):(CH2Cl2): ν̃CO 5 2032 cm21 (w), 2007 (s), 1917 (vs), 1886 (s). 2
In an analogous procedure Na2[{(CO)5W}2SnCl2] (442 mg; 0.5UV/Vis (THF): λ (lg ε) 5 430 nm (3.41). 2 1H NMR (CD2Cl2,
mmol) in ethanol (50 ml) was treated with a solution of NaH (2525°C): δ 5 4.30 (q, 4 H, OCH2), 3.14 (m, 16 H, 1-HN), 1.64 (m,
mg; 1 mmol) in ethanol (20 ml). The workup and crystal growth16 H, 2-HN), 1.48 (m, 16 H, 3-HN), 1.44 (t, 6 H, OCH2CH3), 1.09
followed the methods described above. Yield: 780 mg, 68%. 2 M.p.(t, 24 H, 4-HN). 2 13C NMR (CD2Cl2, 25°C): δ 5 230.5 (s, CCOax),
203°C (dec.). 2 IR (CH2Cl2): ν̃CO 5 2044 cm21 (w), 2025 (s), 1923222.9 (s, CCOeq), 61.6 (s, OCH2), 59.2 (s, CN-1), 24.1 (s, CN-2), 20.0
(vs), 1878 (s). 2 UV/Vis (THF): λ (lg ε) 5 318 nm (4.21), 369 (3.86,(s, CN-3), 19.5 (s, OCH2CH3), 13.6 (s, CN-4). 2 119Sn NMR
sh), 417 (3.62). 2 1H NMR ([D6]acetone, 25°C): δ 5 8.0427.86 (m,(CD2Cl2, 25°C): δ 5 1445. 2 MS (neg.-FAB, TEA); m/z (%): 547
40 H, aromatic H), 4.24 (q, J 5 6.8 Hz, 4 H, OCH2), 1.41 (t, J 5(30) [{(CO)5Cr}2SnOEt]2.
6.8 Hz, 6 H, OCH2CH3). 2 13C NMR ([D6]acetone, 25°C): δ 5

209.1 (s, CCOax), 204.7 (s, CCOeq), 136.4 (d, 4JP,C 5 3 Hz, Cpara),[nBu4N]2[{(CO)5Cr}2Sn(µ2-iOPr)2Sn{Cr(CO)5}2] ([nBu4N]2 ·
1b): In an analogous procedure to that for [nBu4N]2 · 1a, 135.7 (d, 2JP,C 5 11 Hz, Cortho), 131.5 (d, 3JP,C 5 13 Hz, Cmeta),

119.1 (d, 1JP,C 5 90 Hz, Cipso), 62.7 (OCH2), 19.5 (OCH2CH3). 2Na2[{(CO)5Cr}2SnCl2] (310 mg; 0.5 mmol) was dissolved in 2-pro-
panol (50 ml) and treated with [nBu4N][BH4] (257 mg; 1 mmol) at 119Sn NMR ([D6]acetone, 25°C): δ 5 1169 (1JW,Sn 5 523 Hz). 2

31P NMR ([D6]acetone, 25°C): δ 5 24.3. 2 C72H50O22P2Sn2W40°C. The workup and crystal growth followed the methods de-
scribed above. Even at 200 K, the obtained yellow single crystals (2301.9): calcd. C 37.57, H 2.19; found C 37.18, H 2.60.
of [nBu4N]2 ·1b, were not stable enough to allow for the collection

[nBu4N][{(CO)5Cr}2Sn(acac)] ([nBu4N]2 · 2): 2,4-Pentandioneof high-quality X-ray diffraction data set. Yield: 280 mg, 35%. 2
(50 mg; 0.5 mmol) was added in one portion to a solution ofM.p. 65°C (dec.). 2 IR (THF): ν̃CO 5 2032 cm21 (w), 2005 (s),
[nBu4N]2[{(CO)5Cr}2Sn(µ2-OEt)2Sn{Cr(CO)5}2] ([nBu4N]2 ·1a)1918 (vs), 1884 (s). 2 1H NMR (CD2Cl2, 25°C): δ 5 5.00 (sept, 2
(790 mg; 0.5 mmol) in THF (30 ml). The reaction mixture wasH, OCH), 3.16 (m, 16 H, 1-HN), 1.66 (m, 16 H, 2-HN), 1.51 (d1m,
stirred for 2 h, filtered through Kieselgur (3 cm) and dried. The12116 H, OCH(CH3)2 1 3-HN), 1.09 (t, 24 H, 4-HN). 2 13C NMR
oily yellow residue was dissolved in THF (3 ml) and chromato-(CD2Cl2, 25°C): δ 5 230.1 (s, CCOax), 223.2 (s, CCOeq), 68.9 (s,
graphed on silica gel (10 cm; Ø 5 3cm; diethyl ether). Elution withOCH), 59.1 (s, CN-1), 26.5 [s, OCH(CH3)2], 24.0 (s, CN-2), 19.9 (s,
diethyl ether gave a yellow band which was found, by IR-spectro-CN-3), 13.6 (s, CN-4). 2 119Sn NMR (CD2Cl2, 25°C): δ 5 1379.
scopic comparison, to consist mainly of [Cr(CO)6]. [22] An orange
band which contained [nBu4N]2 · 2 was eluted with THF. This THF[nBu4N]2[{(CO)5W}2Sn(µ2-OEt)2Sn{W(CO)5}2] ([nBu4N]2 ·

1c): At 0°C Na2[{(CO)5W}2SnCl2] (442 mg; 0.5 mmol) in ethanol solution was dried in vacuo leaving a yellow orange oil which could
not be crystallized. Yield: 350 mg; 42%. 2 IR (THF): ν̃CO 5 2039(50 ml) was treated with [nBu4N][BH4] (257 mg; 1 mmol) in an

analogous procedure. The further workup and single-crystal growth (w), 2004 (s), 1919 (vs), 1891 (s) cm21. 2 1H NMR ([D6]acetone,
25°C): δ 5 5.58 (s, 1 H, CH), 3.42 (m, 16 H, 1-HN), 2.05 (s, 6 H,followed the methods described for [nBu4N]2 ·1a. Yield: 830 mg,

72%. 2 IR (CH2Cl2): ν̃CO 5 2045 cm21 (w), 2026 (s), 1925 (vs), CH3), 1.82 (m, 16 H, 2-HN), 1.47 (m, 16 H, 3-HN), 1.04 (t, 24 H,
4-HN). 2 13C NMR ([D6]acetone, 25°C): δ 5 229.7 (s, CCOax),1881 (s). 2 1H NMR ([D6]acetone, 25°C): δ 5 4.24 (q, 4 H, OCH2),

3.45 (m, 16 H, 1-HN), 1.85 (m, 16 H, 2-HN), 1.49 (m, 16 H, 3- 222.7 (s, CCOeq), 192.8 (CC2O), 101.4 (CC5C), 59.5 (s, CN-1), 27.7
(CMe), 24.4 (s, CN-2), 20.4 (s, CN-3), 13.9 (s, CN-4). 2 119Sn NMRHN), 1.44 (t, 6 H, OCH2CH3), 1.02 (t, 24 H, 4-HN). 2 13C NMR

([D6]acetone, 25°C): δ 5 209.2 (s, CCOax), 204.7 (s, CCOeq), 62.7 ([D6]acetone, 25°C): δ 5 1205.
(s, OCH2), 59.4 (s, CN-1), 24.4 (s, CN-2), 20.4 (s, CN-3), 19.5 (s,

[Na(12-Crown-4)2][{(CO)5Cr}2Sn(pyro)] ([Na(12-Crown-OCH2CH3), 13.9 (s, CN-4). 2 119Sn NMR ([D6]acetone, 25°C): δ 5
4)2] ·3): 3-Hydroxy-2-methyl-γ-pyrone (63 mg; 0.5 mmol) was de-1169 (1JW,Sn 5 540 Hz).
protonated with NaH (12 mg; 0.5 mmol) at 270°C in THF (20
ml). The solution was allowed to warm up slowly to 25°C and was[Ph4P]2[{(CO)5Cr}2Sn(µ2-OEt)2Sn{Cr(CO)5}2] ([Ph4P]2 · 1a):

A yellow solution of Na2[{(CO)5Cr}2SnCl2] (310 mg; 0.5 mmol) in poured into a yellow solution of the disodium salt
Na2[{(CO)5Cr}2SnCl2] (310 mg; 0.5 mmol) in THF (30 ml). Theethanol (50 ml) was added to a solution of NaH (25 mg; 1 mmol)

in ethanol (20 ml), with no color change observed. After stirring reaction mixture was stirred for 2 h, filtered through Kieselgur (3
cm) and dried. The oily orange residue was dissolved in diethylfor 30 min, the yellow solution was filtered through Kieselgur (3

cm). By addition of solid [Ph4P]Cl (375 mg; 1 mmol) in one portion ether (3 ml) and chromatographed on silica gel (15 cm; Ø 5 3 cm;
diethyl ether). Elution with diethyl ether gave a yellow band whichthe phosphonium salt [Ph4P]2 ·1a precipitated immediatly as a yel-

low solid. After stirring for another 1 h, the yellow microcrystalline contained [Cr(CO)6] and another unidentified product (by IR-spec-
troscopic comparison with [{(CO)5Cr}Sn(oxinato)2] (oxinato 5 8-powder was separated from the mother liquor by filtration, washed

with ethanol (3 3 10 ml) and diethyl ether (2 3 10 ml) and dried oxoquinolato)[8b] it appears probable that the product is
[{(CO)5Cr}Sn(pyro)2]). An orange band which containsin vacuo. Yield: 660 mg, 75%. For growing single crystals of

[Ph4P]2 ·1a suitable for X-ray structure analysis the same procedure [Na(THF)x] ·3 could be eluted with THF. This THF fraction was
concentrated to 5 ml and 12-Crown-4 (36 mg; 0.2 mmol) was ad-as described for [nBu4N]2 ·1a was performed. M.p. 182°C (slow

dec.). 2 IR (CH2Cl2): ν̃CO 5 2033 cm21 (w), 2007 (s), 1918 (vs), ded.
For growing single crystals of [Na(12-Crown-4)2] ·3 the following1880 (s). 2 UV/Vis (THF): λ (lg ε) 5 340 nm (4.32, sh), 392 (3.93,

sh). 2 1H NMR ([D6]acetone, 25°C): δ 5 8.0227.87 (m, 40 H, procedure was carried out: A concentrated THF solution (5 ml) of
[Na(12-Crown-4)2] ·3 was shared out between three test-tubes (Ø 5aromatic H), 4.35 (q, 4 H, OCH2), 1.45 (t, 6 H, OCH2CH3). 2 13C
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Madach, H. Vahrenkamp, Z. Naturforsch. B 1979, 34,1 cm) which were brought into a Schlenk tube (250 ml). Diethyl
119521198.ether (30 ml), within the tube, was allowed to diffuse through the [6] For reviews see: [6a] G. Huttner, Pure Appl. Chem. 1986, 58,

gas phase into the THF solution (3 h). After this period of time 5852596. 2 [6b] G. Huttner, K. Evertz, Acc. Chem. Res. 1986,
the diethyl ether was replaced by petroleum ether (boiling range 19, 4062413.

[7] For more recent publications on “inidene” compounds [LnM40260°C) (50 ml). Vapor diffusion of the petroleum ether (10 d)
…
2E(X)…

2MLn]n see also: E 5 In, Tl: [7a] O. J. Curnow, B. Schie-yielded yellow single crystals suitable for X-ray structure analysis. menz, G. Huttner, L. Zsolnai, J. Organomet. Chem. 1993, 459,
Crystalline yield: 110 mg; 11%. M.p. 166°C (dec.). 2 IR (THF): 17220. 2 E 5 Ge: [7b] B. Schiemenz, G. Huttner, Chem. Ber.
ν̃CO 5 2037 (w), 2001 (s), 1917 (vs), 1889 (s) cm21. 2 UV/Vis 1994, 127, 212922133. 2 E 5 Sn: See ref. [4]. 2 E 5 Pb: [7c] F.

Ettel, G. Huttner, L. Zsolnai, Angew. Chem. 1989, 101,(THF): λ (lg ε) 5 309 (4.45), 357 (3.98). 2 1H NMR for
152521527; Angew. Chem. Int. Ed. Engl. 1989, 28, 149621498.[Na(solv)x] ·3 ([D6]acetone, 25°C): δ 5 8.04 (d, 1 H, H5), 6.73 (d,
2 E 5 P: [7d] R. A. Bartlett, H. V. R. Dias, K. M. Flynn, H.

1 H, H6), 2.44 (s, 3 H, H7) (numbers refer to Figure 1). 2 13C Hope, B. D. Murray, M. M. Olmstead, P. P. Power, J. Am.
NMR for [Na(solv)x] ·3 ([D6]acetone, 25°C): δ 5 229.8 (s, CCOax), Chem. Soc. 1987, 109, 569325698. 2 [7e] J. Borm, G. Huttner,

L. Zsolnai, K. Evertz, H. Berke, J. Organomet. Chem. 1987,222.6 (s, CCOeq), 177.6 (C1), 156.0 (C5), 155.3 (C2), 153.7 (C3),
327, 2232235. 2 [7f] M. Scheer, K. Schuster, A. Krug, H. Har-111.5 (C6), 15.3 (C7) (numbers as given in Figure 1). 2 119Sn NMR tung, Chem. Ber. 1996, 129, 9732979. 2 E 5 As: [7g] A. Strube,

for [Na(solv)x] ·3 ([D6]acetone, 25°C): δ 5 1361. 2 [Na(12-Crown- G. Huttner, L. Zsolnai, W. Imhof, J. Organomet. Chem. 1990,
4)2] ·3, C32H37Cr2NaO21Sn (1003.3): calcd. C 38.31, H 3.72; found 399, 2812290. 2 [7h] C. Emmerich, G. Huttner, J. Organomet.

Chem. 1993, 447, 81289. 2 E 5 Sb: [7i] F. Bringewski, G.C 38.37, H 3.85.
Huttner, W. Imhof, L. Zsolnai, J. Organomet. Chem. 1992, 439,
33244. 2 E 5 Bi: [7j] S. J. Davies, N. A. Compton, G. Huttner,X-ray Structure Determinations: The measurements for
L. Zsolnai, S. E. Garner, Chem. Ber. 1991, 124, 273122738. 2[nBu4N]2 ·1a, [Ph4P]2 ·1a, [Ph4P]2 ·1c, and [Na(12-Crown-4)2] ·3
E 5 S: [7k] H. Braunwarth, G. Huttner, L. Zsolnai, Angew.

were carried out with a Siemens P4 four-circle diffractometer with Chem. 1988, 100, 7312732; Angew. Chem. Int. Ed. Engl. 1988,
graphite-monochromated Mo-Kα radiation. The intensities of three 27, 6982699. 2 [7l] P. Lau, H. Braunwarth, G. Huttner, D.

Günauer, K. Evertz, W. Imhof, C. Emmerich, L. Zsolnai, Or-check reflections (measured every 100 reflections) remained con-
ganometallics 1991, 10, 386123873. 2 E 5 Se: [7m] H. Braun-stant (except for [nBu4N] ·1a) throughout the data collection, thus
warth, F. Ettel, G. Huttner, J. Organomet. Chem. 1988, 355,

indicating crystal and electronic stability. All calculations were per- 2812288. 2 [7n] P. Lau, G. Huttner, L. Zsolnai, Z. Naturforsch.
formed using the SHELXT PLUS software package. Structures B 1991, 46, 7192728. 2 E 5 Te: [7o] G. Huttner, S. Schuler, L.

Zsolnai, M. Gottlieb, H. Braunwarth, M. Minelli, J. Or-were solved by direct methods with the SHELXS-86 program and
ganomet. Chem. 1986, 299, C42C6. 2 [7p] P. Lau, G. Huttner,refined with the SHELX93 program.[23] The program XPMA[24]

L. Zsolnai, J. Organomet. Chem. 1992, 440, 41246.
was used for graphical handling of the data. Absorption correc- [8] [8a] B. Schiemenz, B. Antelmann, G. Huttner, L. Zsolnai, Z.
tions (ψ scan, ∆ψ 5 10°) were applied to the data. The structures Anorg. Allg. Chem. 1994, 620, 176021767. 2 [8b] P. Kircher, G.

Huttner, B. Schiemenz, K. Heinze, L. Zsolnai, O. Walter, A.were refined in fully or partially anisotropic models by full-matrix
Jacobi, A. Driess, Chem. Ber. 1997, 130, 6872699.least-squares calculations. Hydrogen atoms were introduced at cal- [9] P. Kircher, G. Huttner, K. Heinze, B. Schiemenz, L. Zsolnai,culated positions. Table 5 compiles the data for the structure deter- M. Büchner, A. Driess, Eur. J. Inorg. Chem. 1998, 7032720.

minations. Peculiarities about the structure of [Na(12-Crown-4)2] ·3 [10] J. von Seyerl, G. Huttner, J. Organomet. Chem. 1980, 195,
2072212.are the following: One of the crown ether molecules shows disorder

[11] See e.g.: [11a] T. Fjeldberg, P. B. Hitchcock, M. F. Lappert, S. J.and could only be refined isotropically.
Smith, A. J. Thorne, J. Chem. Soc., Chem. Commun. 1985,
9392941. 2 [11b] M. Veith, P. Hobein, R. Rösler, Z. Naturforsch.Further details of the crystal structure investigations may be ob-
B 1989, 44, 106721081. 2 [11c] W. A. Herrmann, N. W. Huber,tained from the Fachinformationszentrum Karlsruhe, D-76344 O. Runte, Angew. Chem. 1995, 107, 237122390; Angew. Chem.

Eggenstein-Leopoldshafen (Germany), on quoting the depository Int. Ed. Engl. 1995, 34, 218722206. 2 [11d] M. Veith, C. Mathur,
numbers CSD-408368 ([nBu4N]2 ·1a), -408369 ([Ph4P]2 · 1a), V. Huch, Organometallics 1996, 15, 285822859.

[12] [12a] G. Trinquir, J. Am. Chem. Soc. 1990, 112, 213022137. 2-408367 ([Ph4P]2 ·1c), -408370 ([Na(12-Crown-4)2] ·3).
[12b] G. Trinquir, J. Am. Chem. Soc. 1991, 113, 1442151.

[13] [13a] J. von Seyerl, B. Sigwarth, G. Huttner, Chem. Ber. 1981,
114, 140721412. 2 [13b] B. Sigwarth, L. Zsolnai, O. Scheid-; Dedicated to Professor Warren Roper on the occasion of his
steger, G. Huttner, J. Organomet. Chem. 1982, 235, 43258. 260th birthday. 13c] H. Lang, L. Zsolnai, G. Huttner, Z. Naturforsch. B 1985,[1] [1a] J. D. Cotton, P. J. Davidson, D. E. Goldberg, M. F. Lappert,
40, 5002506. 2 [13d] A. Lombard, G. Huttner, J. Organomet.K. M Thomas, J. Chem. Soc., Chem. Commun. 1974, 8932895.
Chem. 1988, 352, 3032306. 2 [13e] F. Ettel, M. Schollenberger,2 [1b] J. D. Cotton, P. J. Davidson, H. F. Lappert, J. Chem. Soc.,
B. Schiemenz, G. Huttner, L. Zsolnai, J. Organomet. Chem.Dalton Trans. 1976, 227522286. 2 [1c] A. B. Cornwell, P. G.
1994, 476, 1532162.Harrison, J. A. Richards, J. Organomet. Chem. 1976, 108, [14] [14a] G. A. Olah, M. Simonetta, J. Am. Chem. Soc. 1982, 104,47260. 2 [1d] M. Weidenbruch, A. Stilter, J. Schlaefke, K. Pe-
3302331. 2 [14b] P. v. R. Schleyer, A. J. Kos, J. A. Pople, A. T.ters, H. G. von Schnering, J. Organomet. Chem. 1995, 501,
Balaban, J. Am. Chem. Soc. 1982, 104, 377123773.67270. 2 [1e] M. Weidenbruch, A. Stilter, K. Peters, H. G. von [15] C. Elschenbroich, A. Salzer, Organometallchemie, 3rd ed.,Schnering, Z. Anorg. Allg. Chem. 1996, 622, 5342538. 2 [1f] S.
Teubner, Stuttgart, 1990, p.277.L. Ellis, P. B. Hitchcock, S. A. Holmes, M. F. Lappert, M. J.

[16] B. Wrackmeyer, Annu. Rep. NMR Spec. 1985, 16, 732186.Slade, J. Organomet. Chem. 1993, 444, 95299.
[17] G. Huttner, J. Organomet. Chem. 1986, 308, C112C13.[2] P. Kircher, G. Huttner, K. Heinze, J. Organomet. Chem., in
[18] R. S. Drago, Physical Methods in Chemistry, W. B. Saunderspress.

Company, Philadelphia, Eastbourne, Toronto, 1977.[3] [3a] G. Huttner, U. Weber, B. Sigwarth, O. Scheidsteger, H. Lang,
[19] CAChe, Extended Hückel, Release 3.6 with given parametersL. Zsolnai, J. Organomet. Chem. 1985, 282, 3312348. 2 [3b] W.

for Cr and Sn, basis STO-6G. The Sn2Cr and Sn2O distanceA. Herrmann, H.-J. Kneuper, E. Herdtweck, Chem. Ber. 1989,
refer to the structure of [Ph4P]2 · 1a while Cr2H and O2H dis-122, 4372444.
tances are used as set by the program.[4] [4a] F. Ettel, G. Huttner, L. Zsolnai, C. Emmerich, J. Organomet.

[20] B. Schiemenz, G. Huttner, L. Zsolnai, P. Kircher, T. Diercks,Chem. 1991, 414, 71287. 2 [4b] F. Ettel, M. Schollenberger, B.
Chem. Ber. 1995, 128, 1872191.Schiemenz, W. Imhof, G. Huttner, L. Zsolnai, J. Organomet.

Chem. 1994, 476, 2072214. [21] With compounds 1 as well as with compounds a (Figure 3) it
is generally observed that the bonds to the substituents R at the[5] [5a] W. Strohmeier, Angew. Chem. 1964, 76, 8732881; Angew.

Chem. Int. Ed. Engl. 1964, 3, 7302738. 2 [5b] U. Honrath, H. bridging oxygen atoms are made in the directions approxi-
mately coplanar with the four-membered cycle with a resultingVahrenkamp, Z. Naturforsch. B 1979, 34, 119021194. 2 [5c] T.
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trigonal-planar coordination around the oxygen atom (see eV more stable). It appears therefore that the potential describ-

ing this bending motion is quite soft and that neither the co-ref. [11]). While Sn2O π-bonding might be a reason for this this
π contribution is found to be small. In an EHT analysis the planarity nor the distortion from coplanarity of the R2O-

bonds has any specific and easy to interpret meaning. It is ob-model as used above was compared with a model in which the
hydrogen atoms of the H2O groups were deliberately set at served that the compounds [RGe(µ2-SR)2GeR], isoelectronic to

a, show distinctively pyramidal coordination around sulfurpositions 40° away from the x direction in the xz plane (Figure
4) in a mutually anti-sense. Only a minor change in the total (see ref. [11]).

[22] F. A. Cotton, C. S. Kraihanzel, J. Am. Chem. Soc. 1962, 84,energy was observed; the “in-plane” model being about 0.1 eV
more stable than the “out-of-plane” model. Bonding and anti- 443224438.

[23] G. M. Sheldrick, SHELX86, University of Göttingen, 1986; G.bonding effects of this bending must therefore almost compen-
sate each other within the set of occupied orbitals. An anal- M. Sheldrick, SHELX93, University of Göttingen, 1993.

[24] L. Zsolnai, G. Huttner, XPMA, University of Heidelberg, 1998;ogous model calculation was done for [HSnOH]2 as a prototype
of the species a. Here as well bending did not cause dramatic http://www.rzuser.uni-heidelberg.de/v54/xpm.html.

[98048]change in the total energy (the “in-plane” model is about 0.01
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The reaction of the stable silylene 1 (L9Si:) with CO, SnCl2, Pca21. The bond angles of 115.89 ° (ave. Si–Sn–Si) and 101.87
° (ave. Cl–Sn–Si) show a slightly flattened tetrahedralPbCl2, the stable carbene L9C: (2) and the stable germylene

L9Ge: (3) was investigated as a possible approach for the geometry around the tin atom. – Thermolysis of 5 at 100 °C
led to the deposition of thin films of tin; photolysis resultedsynthesis of hetero-polysilanes (poly-carbosilanes, poly-

germasilanes, poly-stannasilanes). The silylene 1 was found in the formation of tin powder. All thermolysis products could
be isolated and were characterized as SnCl2, elemental tin,to be inert towards all substrates except SnCl2 and PbCl2.

Reaction with SnCl2 led to the formation of the yellow, L9Si: (1), L9SiCl2 (6) and the new disilane L9Si(Cl)-(Cl)SiL9 (7).
Photolysis led to a reduced product spectrum (formation oftris(silyl)stannane [(L9SiCl)3SnCl] (5) and elemental tin. The

photolabile (5) was characterized by multinuclear NMR (1H, Sn + SnCl2 + 7). Reaction of 1 with PbCl2 gave elemental
lead and L9SiCl2 as the only products.13C, 29Si, 119Sn) and single crystal X-ray diffraction:

C30H60Cl4N6Si3Sn, M = 849.60, orthorhombic, space group

Scheme 1The heavy analogs of carbenes R2E: (E 5 Si, Ge, Sn, Pb)
are attractive building blocks for the synthesis of inorganic
polymers [R2E]n. Homo-polymers of silicon, germanium,
and tin are typically obtained by the reduction of the dihal-
ides R2SiCl2, [1] R2GeCl2, [2] or R2SnCl2.

[3] These reactions
may proceed through the intermediacy of free silylenes, ger-
mylenes or stannylenes as reactive intermediates. The un-
ique electronic structure of poly-silanes[1], poly-germanes[2],
and poly-stannanes[3] has prompted detailed investigations
of their physical properties. The partial replacement of sili-
con in poly-silanes by germanium or tin is of special interest
as a 1-dimensional model for Si2Ge and Si2Sn alloys. The
dehalogenation of mixtures of dichlorides R2ECl2 has been
used to obtain copolymers of type [R2Si]n[R92Si]k [4] and and Pb) was investigated by Gehrhus, Hitchcock, and Lap-
[R2Si]n[R2Ge]k, [4] but the very different susceptibility of the pert and was shown to proceed by insertion of the silylene
SiCl, GeCl, and SnCl bonds towards reduction limits the 4 into the MN bond rather than formation of Si,Ge-, Si,Sn-
scope of the dehalogenation approach. or Si,Pb copolymers. [8a] [8b] Similar MN insertion products

The recent synthesis of a number of stable carbenes[5] [6] were obtained by Weidenbruch et al. from the reaction of a
and silylenes[7] [8] presents a new possible strategy to obtain stable diaminogermylene with a stable diaminosilylene. [8c]

group 14 polymers by copolymerization of these reactive No reaction was observed between the silylene 1 (L9Si:)
molecules. We now report preliminary results on the reac- and CO, L9C: or L9Ge: or any other combination of these
tion of the stable silylene L9Si (1) [7] with the stable divalent compounds even after prolonged heating to 150°C in sealed
group 14 compounds: CO, SnCl2, PbCl2, L9C: (2) [9] and NMR tubes. Rapid reaction occurred between 1 and tin(II)
L9Ge: (3) [10] (Scheme 1). chloride, however, to give the tris(silyl)stannane 5. [11]

The reaction of the stable silylene 4 with the germylenes, Compound 5 was characterized by multinuclear NMR
stannylenes, and plumbylenes M[N(SiMe)3]2 (M 5 Ge, Sn (1H, 13C, 29Si, and 119Sn)[11], CI-MS[11] and single crystal

X-ray diffraction[12] [19] as a tris(silyl)stannane with SnIV

[e] Part 6: Ref. [6]. and SiIV centers. The oxidation of both divalent silicon and
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Figure 1. Molecular structure of 5 (ORTEP plot, 50% probability

level, hydrogen atoms have been omitted for clarity)[a]

tin in the course of the reaction is balanced by the forma-
tion of a stoichiometric amount of metallic tin. Compound
5 can be stored at 210°C in the dark for months, but slowly
decompose to give deposits of metallic tin at r. t. especially
if exposed to light.

The decomposition of 5 under thermolytic[13] or photo-
lytic [14] conditions follows different pathways. Both reac-
tions lead to a fragmentation of the Si3Sn framework and [a] Selected bond lengths [pm] and angles [°]: Sn(1)2Cl(4) 238.8(3),
the formation of the disilane 7. [15] Elemental tin is de- Sn(1)2Si(1) 263.0(4), Sn(1)2Si(2) 264.2(4), Sn(1)2Si(3) 264.0(3),

Cl(1)2Si(1) 211.2(5), Cl(2)2Si(2) 209.3(5), Cl(3)2Si(3) 211.6(4);posited as film (thermolysis) or powder (photolysis). Under
Cl(4)2Sn(1)2Si(1) 102.96(11), Cl(4)2Sn(1)2Si(2) 102.57(13),thermolytic conditions, the silylene 1, [7a] and the silane 6 [7a]
Cl(4)2Sn(1)2Si(3) 100.07(12), Si(1)2Sn(1)2Si(2) 116.38(11),

are formed as additional products. The thermolytic de- Si(1)2Sn(1)2Si(3) 116.7(2), Si(2)2Sn(1)2Si(3) 114.60(12); Torsio-
nal angles: Cl(4)2Sn(1)2Si(1)2Cl(1) 250.15(0.18), Cl(4)2Sn(1)2composition pathway of 5 matches the CI-MS fragmen-
Si(3)2Cl(3) 250.50(0.23), Cl(4)2Sn(1)2Si(2)2Cl(2) 247.95(0.17)

tation pattern[11] (high abundance of the fragments [L9Si:]1•

and [L9SiCl2]1•).
The crystal structure of 5 [12] [19] (Figure 1) shows the tin

atom in a distorted tetrahedral environment. The Si2Sn2Si
bond angles (114.602116.70°) and Si2Sn2Cl bond angles match those reported for the recently characterized silyl-
(100.072102.96°) deviate from the ideal tetrahedral ge- stannanes [(Me3Si)3Si]2SnCl2 (259.72260.4 pm)[16] and
ometry. Few structural data are available on silyl-stannanes, [(Me3Si)3Sn]2 (260.92261.1 pm). [17]

but the Si-Sn bond distances in 5 (263.02264.2 pm) closely The normal Si2Sn bond distances, and especially the fact
that the Si2Sn bonds of 5 are freely rotating in solution
(equivalence of 6 tBu groups and 6 ring protons in the 1H
NMR at r.t.), show that 5 is free of strong steric congestion.
By contrast, the disilane L9Si(Cl)2(Cl)SiL9 (7, vide infra)
shows hindered rotation of the tBu-groups at r.t, as evi-
denced by the broad signals found for the methyl groups in
the 1H- and 13C-spectrum. The (SiCl)3Sn2Cl framework
has the idealized symmetry C3, with Cl2Sn2Si2Cl tor-
sional angles ranging from 247.95 to 250.15.

The reaction of 1 with PbCl2 leads to the clean formation
of elemental lead (powder) and L9SiCl2 (6) as the only
products.

Stable silylenes of type 1 can at present only be obtained
by reduction of the corresponding dihalosilanes R2SiCl2
with potassium at elevated temperatures[7a]. The thermo-
lytic generation of 1 from a stannylsilane such as 5 presents
a potential alternative synthetic approach. The stannyl-
silanes L9Si(SnR3)(Cl) and L9Si(SnR3)2 are now under
investigation as new precursors for stable silylenes.

The authors thank the Natural Sciences and Engineering Re-
search Council of Canada (NSERC) and the Connaught Fund of
the University of Toronto for support of this research, Dr. Juris
Strautmanis (Toronto) for many helpful discussions and Avinash
Thadani for preliminary experiments.
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J. Marshall, J. Am. Chem. Soc. 1996, 118, 11027211028. 2 [5i]Experimental Section
T. A. Taton, P. Chen, Angew. Chem. 1996, 108, 109821100;
Angew. Chem. Int. Ed. Engl. 1996, 35, 101121013.General: All reactions were carried out under argon (99.994%

[6] M. K. Denk, A. Thadani, K. Hatano, A. J. Lough, Angew.purity) with usual Schlenk equipment or inside an inert-gas glove-
Chem. Int. Ed. Engl. 1997, 36, 260722609; Angew. Chem. 1997,box (O2 and H2O < 1 ppm). Solvents were purified by distillation 109, 271922721.

over benzophenone/potassium (THF, hexanes, benzene) or by 30 [7] [7a] M. Denk, R. Lennon, R. Hayashi, R. West, R. V. Belyakov,
minute sonication with CaH2. 2 IR: Nicolet. 2 NMR: Varian H. P. Verne, A. Haaland, M. Wagner, N. Metzler, J. Am. Chem.

Soc. 1994, 116, 269122692. 2 [7b] M. Denk, R. Hayashi, R.Gemini 200, Unity 400 and 500. 2 The starting materials L9Si
West, J. Chem. Soc., Chem. Commun. 1994, 33234. 2 [7c] M.(1) [7a] L9C: (2) [9] and L9Ge: (3) [10] were obtained according to pub- Denk, J. Green, N. Metzler, M. Wagner, J. Chem. Soc., Dalton

lished procedures. The compounds 123 were purified by subli- Trans. 1994, 240522410. 2 [7d] N. Metzler, M. Denk, J. Chem.
mation under exclusion of air and moisture. Anhydrous SnCl2 was Soc., Chem. Commun. 1996, 265722658.

[8] [8a] B. Gehrhus, P. B. Hitchcock, M. F. Lappert, Angew. Chem.used as received (Aldrich). Reactions of 1 with CO, L9C: and L9Ge:
Int. Ed. Engl. 1997, 36, 251422516; Angew. Chem. 1997, 109,were studied in ca. 5 wt.-% solutions in C6D6. Flame sealed
262422626. 2 [8b] C. Drost, B. Gehrhus, P. B. Hitchcock, M.

samples were heated to 150°C for 4 weeks in 5-mm NMR tubes. F. Lappert, J. Chem. Soc., Chem. Commun. 1997, 184521846.
For the synthesis and characterization of 6 see reference[7a]. 2 [8c] A. Schäfer, W. Saak, M. Weidenbruch, H. Marsmann, G.

Henkel, Chem. Ber. 1997, 130, 1733 2 1737.
Synthesis of 5: SnCl2 (10.0 mmol, 1.896 g) is added to a solution [9] Obtained from the imidazolium salt by deprotonation as de-

of the silylene 1 (20.0 mmol, 3.927 g) in 15 ml of THF at 210°C. scribed in: A. J. Arduengo, J. Am. Chem. Soc. 1992, 114,
553025534.The reaction mixture turns red and the starting material is com-

[10] W. A. Herrmann, M. Denk, J. Behm, W. Scherer, F.-R. Klingan,pletely consumed after 60 min. The crude reaction mixture contains
H. Bock, B. Solouki, M. Wagner, Angew. Chem. 1992, 104,5 (> 85%) and small amounts (ca. 5%) of 6 and 7. Analytically 148921492; Angew. Chem. Int. Ed. Engl. 1992, 31, 148521488.

pure (L9SiCl)3SnCl (5) is isolated from the crude reaction mixture [11] (L9SiCl)3SnCl (5): 1H NMR (200 MHz, C6D6): δ 1.45 (s, 54 H,
by chromatography on Celite (hexane as eluent), followed by CH3), 5.83 [s, 6 H, 5CH, tin satellites corresponding to 4J(1H,
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˚
, b 5CMC, Tokyo, 1989.
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˚
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˚
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˚

3, Z 5 4,[2] [2a] P. Trefonas, R. West, J. Polym. Sci., Polym. Chem. Ed. 1985,
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˚
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vent the formation of a tin film in the bottom part of thePhys. Lett. 1994, 65, 135821360. 2 [4g] K. Mochida, H. Chiba,
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The preparation and characterization of dinuclear NiII and complexes are isostructural with the thiolate complexes. All
complexes undergo electrochemically reversible one-PdII complexes of the tridentate amine-chalcogenolate

ligands 4-tert-butyl-2,6-di(aminomethyl)thiophenol (4a) and electron transfer processes in the potential range –1.0 to –0.8
V vs. SCE ascribed to metal-centered reductions with4-tert-butyl-2,6-di(aminomethyl)selenophenol (4b) are re-

ported. Reaction of 4a,b with Ni(ClO4)2·6 H2O or (COD)PdCl2 formation of mixed-valent MI,II species [M2(L)2]+. Further
reduction at more negative potentials then leads to thein a 1:1 molar ratio yields 1:1 complexes of composition

[M2(L)2][BPh4]2·CH3CN·CH3OH [M = Ni, L = 4a,b (5a,b); M = neutral [M2(L)2] species, which are not stable on the time
scale of the CV experiment. The spectroscopic properties ofPd, L = 4a,b (6a,b)]. The palladium complex 6a is

isomorphous with 5a as shown by X-ray crystal structure the thiolate and selenolate complexes are very similar
indicating electronically similar properties of the tridentateanalysis. NMR studies reveal that both complexes retain their

solid-state structure in solution and that the selenolate amine-chalcogenolate ligands.

Introduction Scheme 1. Structures of amine-chalcogenolate ligands 4a,b and the
binding mode of 4a in the dinuclear [Ni2(4a)2]21 dication
in [Ni2(4a)2][BPh4]2 (5a) [20]

The coordination chemistry of transition-metal thiolate,
selenolate, and tellurolate complexes has been actively pur-
sued in the past several years, motivated primarily by the
bonding diversity[1] [2], potential use as precursors to new
solid-state materials [3]

, and the relevance of such complexes
to biomimetic chemistry[4] [5]. Monodentate chalcogenolate
ligands, which have been studied most, form complexes
with most of the elements, however, their inherent tendency

Our work on thiolate-bridged dimetal complexes[19] hasto form bridges between transition-metal ions limits their
shown that the dinickel complex 5a of the tridentate N2Suse in the preparation of complexes of well-defined nu-
ligand 4a is quite robust, tolerating binding of exogenousclearity[6]. Furthermore, an investigation of chemical reac-
ligands without affecting the dinuclear structure[20]. Com-tivities is often hampered by ligand-centered redox reac-
plex 5a also serves as a versatile starting agent in the prep-tions and the fact that such species can be notoriously lab-
aration of novel face-sharing bioctahedral nickel complexes.ile [7].
This prompted us to investigate the possibility of synthesiz-

More recently, multidentate nitrogen/sulfur-based ligands
ing related complexes with the amine-selenolate ligand 4b.

have been employed as spectator ligands in various mono-
This article describes the syntheses and characterization

nuclear[8] [9] [10] and dinuclear transition-metal com-
of dinuclear nickel and palladium complexes of the anal-

plexes[11] [12] and have been shown to offer some unique
ogous ligands 2,6-bis(aminomethyl)-4-tert-butylthiophenol

properties in coordination chemistry. The notable feature of
(4a) and 2,6-bis(aminomethyl)-4-tert-butylselenophenol

such complexes is their enormous stability that has enabled
(4b).

the preparation of complexes with metal ions in unusual
high formal oxidation states[13] [14] and has allowed for stud- Results and Discussion
ies on their chemical reactivity[15]. However, while mononu-

Synthesesclear complexes have been extensively studied, dinuclear
complexes have been considered less often, and very little Compounds 4a,b were prepared in 3 steps starting from

1, as is shown in Scheme 2. In the first step, compound 1information is available on their reactivity[16] [17]. This is true
in particular for complexes with polydentate nitrogen/sel- was treated with potassium benzylthiolate in dimethylfor-

mamide to afford benzyl [4-tert-butyl-2,6-diformylphe-enium-based ligands[18].
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nyl]sulfide in nearly quantitative yield. The dialdehyde 2a isomorphous and isostructural with 5a ·CH3CN·CH3OH.

Although the dication does not possess crystallographicallywas subsequently converted to the corresponding dioxime
3a by reaction with hydroxylamine. In the last step, re- imposed symmetry, its idealized symmetry is C2v. A per-

spective view of the molecular structure of the dipalladiumduction of compound 3a was accomplished with sodium
in liquid ammonia. The amine-thiolate compound 4a was complex with the atomic numbering scheme is shown in

Figure 1.isolated as the hydrochloride salt 4a·(HCl)2 in 55% overall
yield. A similar reaction sequence was employed to prepare

Figure 1. Molecular structure of the [Pd2(4a)2]21 cation in 6a (50%the selenium analogue 4b.
probability thermal ellipsoids)[a]

Scheme 2. Preparation of amine-chalcogenolate ligands 4a,b

[a] Selected bond lengths [A
˚

] and angles [°]: Pd(1)2S(1) 2.3057(9),Metal Complex Syntheses
Pd(1)2S(2) 2.3020(11), Pd(1)2N(1) 2.076(3), Pd(1)2N(3) 2.076(3),

The hydrochloride salts of the chalcogenolate ligands Pd(2)2S(1) 2.3009(8), Pd(2)2S(2) 2.2951(9), Pd(2)2N(2) 2.069(2),
Pd(2)2N(4) 2.084(2), Pd(1)···Pd(2) 3.0847(6); S(1)2Pd(1)2S(2)4a,b react with equimolar quantities of Ni(ClO4)2 ·6H2O in
81.79(3), S(1)2Pd(1)2N(1) 94.24(9), S(1)2Pd(1)2N(3) 173.56(8),

the presence of base to give the air-stable dications S(2)2Pd(1)2N(1) 174.98(8), S(2)2Pd(1)2N(3) 94.34(8),
N(1)2Pd(1)2N(3) 89.88(11), S(1)2Pd(2)2S(2) 82.05(3),[Ni2(4a)2]21 and [Ni2(4b)2]21, respectively (eq. 1). These cat-
S(1)2Pd(2)2N(2) 94.70(7), S(1)2Pd(2)2N(4) 175.48(7),ionic species were isolated as the tetraphenyl borate salts S(2)2Pd(2)2N(2) 176.27(7), S(2)2Pd(2)2N(4) 93.78(7),

[Ni2(4a)2][BPh4]2 (5a) and [Ni2(4a)2][BPh4]2 (5b). Com- N(2)2Pd(2)2N(4) 89.40(10).
plexes 5a,b are dark-red crystalline solids, soluble in polar
aprotic solvents like acetonitrile, dichloromethane, dimethyl As in the dinickel complex 5a, the coordination of each
sulfoxide, and dimethylformamide. Similarly, reaction of Pd atom by two nitrogen and two bridging thiolate sulfur
4a,b with (COD)PdCl2 and NaOMe in methanol produced, atoms is approximately planar. Maximum deviations from
upon addition of NaBPh4, yellow crystals of the palladium the least-squares planes defined by the atoms Pd(1), S(1),
analogs of 5a,b in good yields {[Pd2(4a)2][BPh4]2 (6a), 82%; S(2), N(1), N(3) and Pd(2), S(1), S(2), N(2), N(4) are 0.078
[Pd2(4b)2][BPh4]2 (6b), 63%}. and 0.028 A

˚
, respectively. The two planar PdN2S2 units are

joined via two bridging thiolate atoms with a folding angle
of 123.3° between the two planes. While this angle is only
marginally smaller than the corresponding value in 5a
(124.6°), a larger difference is found for the angle between
the two least-squares planes defined by the atoms of the
phenyl rings of the two ligands (91.9° in 6a, 96.1° in 5a).
The average Pd2N and Pd2S bond lengths are 2.076 and
2.301 A

˚
. In 5a, the corresponding values were found to be

1.936 and 2.182 A
˚

, respectively. It is noted that the differ-When recrystallized from acetonitrile/methanol solution,
ence between Ni2N and Pd2N bond lengths (0.140 A

˚
) isthe complexes crystallize with a solvent molecule of aceto-

larger than the difference in Ni2S and Pd2S bond lengthsnitrile and a solvent molecule of methanol per dication. The
(0.119 A

˚
). Due to the longer Pd2S bonds in 6a, the M···Mdinuclear nature of the complexes was confirmed by X-ray

distance within the dinuclear cations has increased fromcrystal structure determination of the palladium complex
2.973 A

˚
in 5a to 3.085 A

˚
in 6a.6a · CH3CN · CH3OH. The structure of 5a · CH3CN ·

In essence, the molecular structures of 6a and 5a showCH3OH has been determined previously[20].
only slight differences. The most important information,
however, is that both complexes are isomorphous and iso-Crystal Structure of 6a ·CH3CN·CH3OH
structural. The similar analytical and spectroscopic data ofThe X-ray crystal structure determination of 6a
the complexes 5b and 6b (below) suggest that the selenolate·CH3CN·CH3OH revealed the structure to consist of well-
complexes are also isomorphous and isostructural with theseparated molecules of the dipalladium complex and two
thiolate complexes.tetraphenylborate anions. The two solvent molecules of

crystallization form hydrogen bonds with nitrogen atoms
NMR Spectroscopy[N(1), N(3)] of the dication [N(1)2H(1B)···O(1) 2.892 A

˚
,

N(3)2H(3A)···N(5) 3.307 A
˚

], but feature no bonding inter- Complexes 5a26b have been examined by 1H-NMR,
13C{1H}-NMR, and, where appropriate, by 77Se-NMRactions with the palladium ions. 6a ·CH3CN·CH3OH is
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Figure 2. 200-MHz 1H-NMR spectrum of 5b in CD2Cl2 showingspectroscopy. 1H- and 13C-chemical shifts and assignments
the four multiplets of the protons of the CH2NH2 groups in theaccording to Chart 1 are collected in Table 1.
region δ 5 4.020.5 (*: resonances due to H2O traces of the deute-

rated solvent)Chart 1. 1H-NMR labeling scheme

The 1H-NMR spectrum of a solution of 6a in CD2Cl2
is representative for all homodinuclear complexes 5a26b.
Characteristic features are a singlet for the hydrogen atoms Hz, while u3Jc,fu was estimated to be ca. 12 Hz. Assignment

of the amine hydrogen atoms was unambiguously achievedof the tert-butyl groups (Hd) at δ 5 1.32 and a singlet for
the hydrogen atoms bonded to the meta-carbon atoms of by an NH/ND-exchange experiment. Thus, addition of a

few drops of a CD3OD/D2O (95:5) solution caused the twothe phenyl ring (Ha) at δ 5 7.24 (for 5a,b this singlet is
obscured by resonances of the anion). The signals of the multiplets observed for He and Hf to disappear. Under

these conditions the two multiplets observed for Hb and Hcmethylene (Hb, Hc) and amine hydrogen atoms (He, Hf) of
the aminomethyl groups appear as four multiplets centered now form an AB spin system (doublet of doublets). This

allowed the geminal coupling constant of the methylene hy-at δ 5 3.49, 3.11, 1.88, and 1.02. These form an ABCD
spin system as evidenced by H,H-COSY spectroscopy, and drogen atoms 2Jb,c to be determined (u2Jb,cu ø 12 Hz). The

two sets of vicinal coupling constants indicate a staggeredthis ABCD spin system in the alkane region is characteristic
for all compounds (see Figure 2 for the spectrum of 5b). conformation of the methylene and amine hydrogen atoms

within the six-membered chelate ring similar to that ob-The vicinal coupling constants u3Jb,fu, u3Jb,eu, and u3Jc,eu
were estimated (by graphical evaluation) to be less than 2 served in the solid state.

Table 1. 1H- and 13C{1H}-NMR spectroscopic data and assignments of complexes 5a26b[a]

5a 5b 6a 6b

1H NMR[b]

Ha [c] [c] 7.24 (s, 4 H) 7.27 (s, 4 H)
Hb 3.19 (d, 4 H) 3.32 (d, 4 H) 3.49 (d, 4 H) 3.56 (d, 4 H)
Hc 2.62 (t, 4 H) 2.50 (t, 4 H) 3.11 (t, 4 H) 3.06 (t, 4 H)
Hd 1.31 (s, 18 H) 1.32 (s, 18 H) 1.32 (s, 18 H) 1.34 (s, 18 H)
He 0.51 (d, 4 H) 0.43 (d, 4 H) 1.88 (d, 4 H) 1.71 (d, 4 H)
Hf 20.03 (t, 4 H) 20.23 (t, 4 H) 1.02 (t, 4 H) 0.91 (t, 4 H)
[BPh4]2 7.57 (br. s, 16 H) 7.57 (br. s, 16 H) 7.57 (br. s, 16 H) 7.59 (br. s, 16 H)

7.10 (m, 28 H) 7.10 (m, 28 H) 7.05 (t, 16 H) 7.06 (t, 16 H)
6.90 (t, 8 H) 6.89 (t, 8 H)

CH3OH[d] 3.37 (s, 3 H) 3.37 (s, 3 H) 3.37 (s, 3 H) 3.37 (s, 3 H)
CH3CN[d] 1.97 (s, 3 H) 1.97 (s, 3 H) 1.97 (s, 3 H) 1.97 (s, 3 H)
13C NMR
C1 152.7 153.3 152.5 151.1
C2 135.2 137.4 136.2 140.4
C3 128.3 128.3 129.5 128.6
C4 121.9 118.3 125.6 123.2
C5 45.8 47.9 48.1 48.8
C6 34.9 34.9 34.8 34.5
C7 30.8 30.9 30.8 31.0
[BPh4]2 164.0 164.1 164.2 162.0

135.6 135.6 135.6 135.7
126.9 126.9 126.8 125.5
123.1 123.1 123.0 121.7

CH3OH 50.1 49.9 50.0 50.1
CH3CN 117.7 117.7 117.6 117.5
CH3CN 1.7 1.7 1.6 1.3

[a] See Chart 1 for atom labeling; data are δ values. 2 [b] δ values for solutions of complexes in CD2Cl2. 2 [c] Obscured by resonances of
[BPh4]2. 2 [d] Crystals of 5a26b slowly lose the acetonitrile and methanol molecules of crystallization upon storage in air at 298 K.
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In the 13C{1H}-NMR spectrum of 6a, the [Pd2(4a)]21 di- ciple of hard and soft acids and bases that classifies selenol-

ate selenium atoms easier to polarize than thiolate sulfurcation gives rise to four signals in the aromatic region and
three signals in the aliphatic region again consistent with atoms[22].
local C2v symmetry of the dication in solution. The four Table 2. Electrochemical, IR-spectroscopic, and UV/Vis data of
signals in the aromatic region correspond to the para- (C1), complexes 5a26b
the ipso- (C4), the ortho- (C3, C39), and the meta-carbon

5a 5b 6a 6batoms (C2, C29) of the phenyl ring, whereas the singlets in
the aliphatic region correspond to the quaternary carbon

Electrochemical data, Ex
1/2 [V][a]

atom of the tert-butyl group (C6), the three equivalent
E1

1/2 20.97 20.83 21.02 20.98
methyl carbon atoms of the tert-butyl group (C7), and the E2

1/2 21.48 (irr.) 21.34 (irr.) 21.51 (irr.) 21.44 (irr.)
methylene carbon atoms (C5, C59). Infrared spectroscopic data, ν̃ [cm21][b]

νas(NH2) 3250 s 3248 s 3262 s 3263 sAlthough the chemical shifts of the protons of the amino-
νs(NH2) 3193 s 3197 s 3200 s 3201 smethyl groups of the nickel complex 5a are upfield from the
UV/Vis data, λmax [nm] (ε [21 · cm21])[c]

corresponding resonances in the palladium complex 6a, the 320 (5629) 327 (5043) 318 (9593) 320 (10537)
otherwise identical 1H-NMR and 13C{1H}-NMR data 380 (7157) 389 (6741) 354 (8272) 354 (7210)

499 (1713) 509 (1069) 426 (744) 430 (873)clearly reveal that 6a and 5a retain their solid-state structure
in solution. Furthermore, the similar 1H-NMR and 13C-

[a] Experiments were carried out using DMF as the solvent withNMR data of the selenolate complexes suggest that these 0.1  nBu4NPF6 as the supporting electrolyte, Pt disc working elec-
are isostructural with the thiolate complexes. The singlet trode and Pt wire auxiliary electrodes. All half-cell potentials were

calibrated against an internal ferrocenium/ferrocene (Fc1/Fc) stan-77Se resonance observed for 6b at δ 5 24.5 also supports
dard; Ex

1/2 5 (Eox
p 1 Ered

p)/2 for reversible one-electron transferthis assumption, however, for reasons unclear no 77Se res- processes; oxidation (Eox
p) or reduction peak potentials (Ered

p) are
onance was observed for 5b. given for irreversible (irr.) processes. Reported values are referenced

vs. SCE. 2 [b] As KBr pellets. 2 [c] Data recorded for solutions ofIt should also be noted that no exchange occurs between
5a,b in CH2Cl2 and 6a,b in CH3CN.

these dinuclear complexes in solution. When pure com-
pounds were mixed in a ca. 1:1 ratio and investigated by

Electrochemistry1H-NMR spectroscopy, the spectra of such solutions re-
semble just superpositions of the spectra of the pure com- Cyclic voltammograms (CVs) of complexes 5a26b have
pounds. These spectra remained unchanged even after one been recorded in dimethylformamide solution containing
week at room temperature. If exchange had occurred under 0.10  tetra-n-butylammonium hexafluorophosphate as
these conditions, one would expect new signals due to supporting electrolyte. All potentials are referenced to the
mixed species such as [Ni2(4a)(4b)]21 or [NiPd(4a)2]21. SCE. The CV of 5b is representative for all homodinuclear
These results demonstrate the stability of complexes 5a26b. complexes 5a26a (Figure 3). The complex undergoes two
The same conclusions can be drawn from the electrochemi- irreversible reduction processes with cathodic peak poten-
cal studies presented below. tials at 20.87 and 21.38 V vs. SCE (Table 2). However,

when the scan is reversed at 21.2 V vs. SCE, the first re-Infrared and UV/Vis Spectroscopy
duction process becomes quasi-reversible with the appear-

Complexes 5a26a exhibit very similar IR spectra which
are all dominated by two strong absorptions in the region

Figure 3. Cyclic voltammogram of 5b in DMF with 0.1 
335023200 cm21 (Table 2). These latter absorptions were nBu4NPF6 as supporting electrolyte, Pt disc working electrode, Pt

wire auxiliary electrode, and Ag wire pseudo reference electrode;assigned to νs(NH2) and νas(NH2) stretching vibrations of
scan rate 200 mV·s21

the CH2NH2 groups[21]. As is expected, the replacement of
sulfur in 5a or 6a by selenium in 5b or 6b produces no shifts
in ν(NH2) stretching frequencies. However, the ν(NH2)
stretching modes in palladium complexes 6a,b appear at
higher frequencies than in nickel complexes 5a,b. The in-
crease in N2H stretching frequencies in Pd complexes 6a,b
reflects a stronger N2H bond consistent with longer Pd2N
bonds and, therefore, less polarized N2H bonds in 6a,b.

The UV/Vis spectra are also very similar. In each case
two features appear in the region 3202380 nm, which are
assigned to π-π* transitions of the ligands. The red color of
the nickel complexes is due to the absorption maxima at
499 nm in 5a and 509 nm in 5b, which are assigned to chal-
cogenolate-to-Ni charge-transfer transitions. These bands
are shifted to 426 nm in 6a and 430 nm in 6b. Relative to the
positions of the charge-transfer transitions of the thiolate
complexes, those of the selenolate complexes are slightly
shifted to lower energy. This is in agreement with the prin-

Eur. J. Inorg. Chem. 1998, 1071210771074



Dinuclear Ni and Pd Complexes of Tridentate Amine-Chalcogenolate Ligands FULL PAPER
ance of an anodic peak at 20.76 V (∆E1 5 84 mV). Re- Table 2 shows that the redox potentials of the palladium

complexes 6a,b are only slightly shifted to more negativeduction of 5b at a constant potential of 21.2 V vs. SCE
consumed 0.94 e2/complex indicative of a one-electron potentials when compared with those of the nickel com-

plexes 5a,b. Replacement of sulfur by selenium also doestransfer process. A similar electrochemical behaviour is ob-
served for the other dinuclear complexes (Table 2). not dramatically shift the redox potentials, albeit both se-

lenolate complexes are reduced at slightly less negative po-Since the ligands in complexes 5a26b are unlikely to un-
dergo ligand-centered redox reactions, it is concluded that all tentials than the thiolate complexes. It follows that the re-

duced species are equally well stabilized irrespective of thecomplexes undergo metal-centered redox reactions with the
initial formation of mixed-valent MII,I monocations choice of N2S2 or N2Se2 coordination.

As previously established by NMR spectroscopy, the di-[M2(L)2]1 (eq. 2). This is also supported by the electrochemi-
cal behaviour of related Ni and Pd complexes with planar nuclear complexes are quite stable in solution. These results

are further confirmed by cyclic voltammetry. In Figure 4N2(µ2-SR)2 coordination environments. The thiolate-bridged
NiII complex [Ni(pdmt)]2 (H2pdmt 5 pyridine-2,6-dimeth- (top), for example, is displayed the cyclic voltammogram of

a mixture of complexes 5a and 6a in a 1:1 molar ratio inanethiol), for example, undergoes a one-electron reduction at
E1/2 5 21.21 V vs. SCE ascribed to the formation of the DMF solution. The CV reveals two overlapping reduction

waves which correspond to independent reductions of 5amixed-valence NiII,I complex [Ni(pdmt)]2
2 [23], while the tri-

metallic compounds [(NiL9)2Ni]21 and [(NiL9)2Pd]21 [L9 5 and 6a. Both reduction waves are clearly discernible in the
corresponding square-wave voltammogram shown in Fig-1,5-bis(mercaptoethyl)-1,5-diazacyclooctane] are reduced at

20.77 and 20.88 V vs. SCE, respectively[24]. It is noted that ure 4 (bottom).
In the present study it was shown that the tridentate am-complexes 5a26b are readily reduced by NaBH4 in THF to

afford dark-brown solutions. These solutions are assumed to ine-chalcogenolate ligands 4a,b form dinuclear complexes
with nickel and palladium. In contrast to many monodent-contain the respective mixed-valent MI,II monocations

[M2(L)2]1. However, any attempts to isolate the MI,II species ate thiolate (or selenolate) ligands, the formation of com-
plexes of higher or lower nuclearity was not observed. Allhave not yet been successful.
complexes retain their solid-state structure in solution,

[M2(L)2]21 1 e2
v [M2(L)2]1 (2) where they do not undergo any exchange reactions. Fur-

(L 5 4a,b; M 5 Ni, Pd) E1
1/2 thermore, the existence as chalcogenolate-bridged dinuclear

species in solution has allowed for reactivity studies. ForFigure 4. Top: cyclic voltammogram of a solution containing 5a
and 6a in a 1:1 molar ratio (solid line); bottom: square-wave vol- example, all complexes undergo metal-centered electron-
tammograms of a solution containing 5a and 6a in a 1:1 molar transfer reactions at potentials (21.0 to 20.8 V vs. SCE)ratio (solid line) and of the same solution containing a slight excess

which are far more positive than those of mononuclearof 6a (dashed line)
nickel or palladium complexes with N2S2 coordination en-
vironments (E ø 22.0 V)[24]. Further studies will focus on
the isolation, characterization, and an investigation of the
chemical reactivity of these reduced species.

This work was supported by the Deutsche Forschungsgemein-
schaft. The author thanks Prof. Dr. H. Vahrenkamp for his continu-
ous and generous support and is grateful to Dipl.-Chem. A. Trösch
for collecting the X-ray data.

Experimental Section
General: Dichloro(1,5-cyclooctadiene)palladium(II) [25], benzyl-

selenol[26], and compound 5a [20] were prepared according to litera-
ture procedures. Compound 1 was prepared by oxidation of 2-
bromo-1,3-dimethyl-5-(1,1-dimethylethyl)benzene with CrO3 in
acetic anhydride[27]. All other chemicals were commercially avail-
able. The solvents were predried with molecular sieves and freshly
distilled from appropriate drying agents. All reactions were carried
out under dry nitrogen with standard Schlenk techniques. 2 CHN
analyses: Perkin Elmer Elemental Analyzer 240. 2 IR: Bruker
IFS25 spectrophotometer (KBr pellets). 2 1H NMR, 13C{1H}
NMR: Bruker AC 200 spectrometer. 2 77Se NMR: Varian Unity
300 spectrometer. Dibenzyl diselenide was used as external stand-
ard. 77Se NMR chemical shifts are referenced to Me2Se2

[28]. 2 Ab-
sorption spectra: Jasco V-750 UV/VIS/NIR spectrometer. 2 Cyclic
voltammetry: EG&G Princeton Applied Research Potentiostat/
Galvanostat Model 263 A. The cell contained a Pt working elec-
trode, a Pt wire auxiliary electrode, and an Ag wire pseudo refer-
ence electrode. Concentration of solutions were 0.1  in supporting
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electrolyte (nBu4NPF6) and ca 1 3 1023  in sample. All potentials to 1 by addition of 1  HCl. After stirring for 30 min, the precipi-

tate was collected by filtration, and recrystallized from 1  HCl towere scaled to ferrocenium/ferrocene as internal standard and con-
verted to the SCE reference[29]. give 4.04 g (68%) of 4a · 2HCl as pale yellow needles. 2 1H NMR

(CD3OD): δ 5 7.65 (s, 2 H, aromatic H), 4.44 (s, 4 H, CH2), 1.37Benzyl (4-tert-Butyl-2,6-diformylphenyl)sulfide (2a): To a suspen-
(s, 9 H, CH3). 2 13C{1H} NMR (CD3OD): δ 5 153.6, 138.1, 129.6,sion of phenylmethanethiol (6.58 g, 53.0 mmol) and K2CO3 (8.29
127.6, 43.7, 36.1, 31.6.g, 60.0 mmol) in DMF (80 ml) was added solid 1-bromo-4-tert-

butyl-2,6-diformylbenzene (14.3 g, 53.0 mmol). After stirring the 2,6-Bis(aminomethyl)-4-tert-butylselenophenol (4b): Analogously
to the preparation of 4a, compound 4b was prepared by reductionreaction mixture for 12 h, the crude product solidified upon drop-

wise addition of water (200 ml). The solid was isolated by filtration, of 3b (7.79 g, 20.0 mmol) with sodium in liquid ammonia. Recrys-
tallization from 1  HCl afforded 3.98 g (58%) of 4b · 2HCl aswashed with 100 ml of water, and dried in vacuum. The crude prod-

uct was used without further purification, yield 15.4 g (93%), m.p. yellow needles. 2 1H NMR (CD3OD): δ 5 7.68 (s, 2 H, aromatic
H), 3.92 (s, 4 H, CH2), 1.42 (s, 9 H, CH3). 2 13C{1H} NMR78280°C. 2 IR (KBr pellet): ν̃ 5 1720 cm21 (CO). 2 1H NMR

(CDCl3): δ 5 10.57 (s, 2 H, CHO), 8.13 (s, 2 H, aromatic H), 7.20- (CD3OD): δ 5 156.8, 139.6, 130.9, 129.9, 45.3, 36.2, 31.6.
7.16 (m, 3 H, aromatic H), 6.86 (m, 2 H, aromatic H), 3.91 (s, 2 Bis[2,6-bis(aminomethyl)-4-tert-butylselenophenolato]-
H, SCH2), 1.35 (s, 9 H, CH3). 2 13C{1H} NMR (CDCl3): δ 5 dinickel(II) Tetraphenylborate · Acetonitrile · Methanol (5b): A solu-
191.3 (CHO), 153.5, 138.8, 137.4, 135.8, 130.4, 128.7, 128.6, 127.7, tion of Ni(ClO4)2 · 6H2O (731 mg, 2.00 mmol) in methanol (10 ml)
43.7, 35.1, 30.8. was added to a solution of 4b · (HCl)2 (688 mg, 2.00 mmol) in meth-

anol (10 ml). After the pale yellow solution was stirred for 10 min,Benzyl (4-tert-Butyl-2,6-diformylphenyl)selenide (2b): Anal-
ogously to the preparation of 2a, compound 2b was prepared from 12.0 ml of a 0.5  solution of NaOMe in methanol (6.00 mmol)

was added. To the dark red solution was added a solution ofphenylmethaneselenol (9.07 g, 53.0 mmol), K2CO3 (8.29 g, 60.0
mmol), and 1-bromo-4-tert-butyl-2,6-diformylbenzene (14.3 g, 53.0 NaBPh4 (856 mg, 2.50 mmol) in methanol (2 ml). After the mixture

was allowed to stand overnight, the microcrystalline residue wasmmol). The crude product was used without further purification,
yield 16.6 g (87%), m.p. 79281°C. 2 1H NMR (CDCl3): δ 5 10.51 collected by filtration, washed with methanol (3 3 5 ml), and dried

in air. The crude product was recrystallized from CH3CN/MeOH(s, 2 H, CHO), 8.13 (s, 2 H, aromatic H), 7.16 (m, 3 H, aromatic
H), 6.87 (m, 2 H, aromatic H), 3.93 (s, 2JSe,H 5 16 Hz, 2 H, SeCH2), (1:1), dark-red crystals, 1.07 g (78%), m.p. 2062209°C (decomp.).

2 C72H78B2N4Ni2Se2 · CH3CN · CH3OH (1369.45): calcd. C 65.78,1.36 (s, 9 H, CH3). 2 13C{1H} NMR (CDCl3): δ 5 193.0 (CHO),
153.3, 138.4, 136.6, 133.1, 130.3, 128.4, 128.3, 127.2, 35.2, 34.9, H 6.26, N 5.11; found C 65.46, H 6.30, N 4.84.
30.7. Bis[2,6 -bis(aminomethyl)-4 - tert -butylthiophenolato]-

dipalladium(II) Tetraphenylborate · Acetonitrile · Methanol (6a): ABenzyl [4-tert-Butyl-2,6-di(hydroximinoformyl)phenyl]sulfide
(3a): To a suspension of NH2OH·HCl (2.78 g, 40.0 mmol) in solution of (COD)PdCl2 (571 mg, 2.00 mmol) in methanol (10 ml)

was added to a solution of 4a · (HCl)2 (595 mg, 2.00 mmol) in meth-CHCl3 (100 ml) was added a solution of NEt3 (4.05 g, 40.0 mmol)
in CHCl3 (50 ml). A solution of compound 2a (6.25 g, 20.0 mmol) anol (10 ml). After the pale yellow solution was stirred for 10 min,

12.0 ml of a 0.5  solution of NaOMe in methanol (6.00 mmol)in CHCl3 (100 ml) was added, and stirring was continued for 12 h.
The organic phase was washed with 200 ml of water, separated, was added. To the dark-yellow solution was added a solution of

NaBPh4 (856 mg, 2.50 mmol) in methanol (2 ml). After the mixtureand dried with MgSO4. The solvent was removed in vacuum to
afford a pale yellow crystalline residue. This material was recrys- was allowed to stand overnight, the microcrystalline residue was

collected by filtration, washed with methanol (3 3 5 ml), and driedtallized from benzene, colorless crystals, 5.96 g (87%). 2 1H NMR
([D6]DMSO): δ 5 11.41 (s, 2 H, OH), 8.55 (s, 2 H, CH), 7.82 (s, 2 in air. The crude product was recrystallized from CH3CN/MeOH

(1:1), yellow crystals, 1.12 g (82%), m.p. 2072209°C (decomp.). 2H, aromatic H), 7.20 (m, 3 H, aromatic H), 7.02 (m, 2 H, aromatic
H), 3.85 (s, 2 H, SCH2), 1.29 (s, 9 H, CH3). 2 13C{1H} NMR C72H78B2N4Pd2S2 · CH3CN · CH3OH (1371.11): calcd. C 65.70, H

6.25, N 5.11; found C 65.39, H 6.27, N 5.02.([D6]DMSO): δ 5 151.6, 146.9, 137.1, 136.9, 128.9, 128.7, 128.3,
127.2, 123.6, 41.3, 34.5, 30.8. Bis[2,6-bis(aminomethyl)-4-tert-butylselenophenolato]-

dipalladium(II) Tetraphenylborate · Acetonitrile · Methanol (6b):Benzyl [4-tert-Butyl-2,6-di(hydroximinoformyl)phenyl]selenide
(3b): Analogously to the preparation of 3a, compound 3b was prep- Analogously to the preparation of 6a, compound 6b was prepared

from 4b (688 mg, 2.00 mmol), (COD)PdCl2 (571 mg, 2.00 mmol),ared from 2b (7.19 g, 20.0 mmol), NH2OH·HCl (2.78 g, 40.0
mmol), and NEt3 (4.05 g, 40.0 mmol) in CHCl3, colorless crystals, 0.5  NaOMe (12.0 ml, 6.00 mmol), and NaBPh4 (855 mg, 2.50

mmol) in MeOH. The crude product was recrystallized from6.62 g (85%). 2 1H NMR ([D6]DMSO): δ 5 11.37 (s, 2 H, OH),
8.52 (s, 2 H, CH), 7.79 (s, 2 H, aromatic H), 7.16 (m, 3 H, aromatic CH3CN/MeOH (1:1), yellow crystals, 0.93 g (63%), m.p.

2082210°C (decomp.). 2 77Se NMR ([D6]DMSO, 200 MHz): δ 5H), 7.00 (m, 2 H, aromatic H), 3.89 (s, 2JSe,H 5 16 Hz, 2 H, SeCH2),
1.30 (s, 9 H, CH3). 2 13C{1H} NMR ([D6]DMSO): δ 5 151.5, 24.5. 2 C72H78B2N4Pd2Se2 · CH3CN · CH3OH (1464.91): calcd. C

61.49, H 5.85, N 4.78; found C 61.43, H 6.03, N 4.72.149.0, 138.0, 137.3, 128.4, 128.2, 126.8, 126.4, 123.6, 34.4, 33.4,
30.8. Crystal-Structure Determination: Crystals of 6a suitable for X-

ray structure analysis were obtained by recrystallization from an2,6-Bis(aminomethyl)-4-tert-butylthiophenol (4a): A solution of
3a (6.85 g, 20.0 mmol) in THF (50 ml) was added dropwise to a acetonitrile/methanol (1:1) solution. A yellow crystal of approxi-

mate dimensions 0.30 3 0.30 3 0.40 mm was selected and mountedsolution of sodium (6.05 g, 28.3 mmol) in liquid ammonia (100
ml). During addition the temp. was kept below 260°C by cooling on a glass fibre with a small amount of perfluoroether oil. After

optical alignment at 193 K on an Enraf Nonius CAD4 dif-with a dry ice/2-propanol bath. After the deep blue reaction mix-
ture was stirred for further 3 h at 250°C, solid ammonium chloride fractometer, the unit cell was determined from a least-squares fit

of the setting angles of 25 carefully centered high-angle reflections.was added to destroy excess reducing equivalents. After the am-
monia was allowed to evaporate at atmospheric pressure, the re- Crystal data and refinement details: C75H85B2N5Pd2OS2, Mr 5

1371.11, monoclinic, space group P21/n, a 5 22.130(4), b 5maining THF was evaporated in vacuum. The pale yellow solid
was dissolved in 30 ml of water and the pH of the solution adjusted 13.806(3), c 5 23.672(5) A

˚
, β 5 109.81(3)°, V 5 6804.4 A

˚
3, Z 5
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The complex chemical behaviour of 2-phosphaindolizines 1 strong upfield signal (δ31P = 6.1) was observed with a
coordination shift of ∆δ = –161.7, which is typical for π-(1,3-azaphospholo[1,5-a]pyridines) towards metal carbonyl

compounds was studied. (η1-2-Phosphaindolizine)M(CO)5 coordination. Prolonged reaction or work-up led, however, to
dismutation yielding 1g and the fac-L3Mo(CO)3 complex 6g.complexes 2–4 (M = Cr, Mo, W) were formed from 1 and

[(THF)M(CO)5], the cis-L2Cr(CO)4 complex 5f from 1f and X-ray structure analysis of 2a indicates an increased 10π-
delocalization compared with 1a and a changedtetracarbonyl(norbornadiene) chromium(0). The reaction of

2-phosphaindolizines 1e, 1f, or 1g with tricarbonyl(cyclo- conformation of the acyl substituent. The influence of
substituents and metals on the 31P and 13C complexationheptatriene)molybdenum(0) or tricarbonyl(mesitylene)-

tungsten(0) yielded σ-complexes of the types L2M(CO)4 or chemical shifts and coupling constants is discussed.
L3M(CO)3 rather than isolable π-complexes. In one case a

Introduction pholes[10] [11] [12] but very little is known about their behav-
iour in complex formation. Only two η1-LCr(CO)5 com-The coordination behaviour of five-membered π-excess
plexes with the ligands 2-phenyl-1,3-benzazaphosphole[13]

heterocycles has found considerable interest [1] [2] [3] [4] [5].
and 2-phosphaindolizine[14] have been reported, which exhi-Mono-, di-, and triphosphole anions exhibit different coor-
bit even lower 31P-coordination shifts than related η1-di-dination modes but, like cyclopentadienyl anions, they pref-
and -triazaphosphole[11] [15] and η1-phosphabenzene com-erably form η5-complexes[1] [2] [6] emphasizing the similarities
plexes[16] with sp2(pπ) hybridized phosphorus. This may beof P5C and C5C structural units [7]. Pyrroles and pyrrole
viewed in association with the reduced σ- and the increasedanions also form various types of complexes with π- and σ-
π-charge density at phosphorus[10] [14] in these π-excess het-coordination. Simple sandwich or η5-coordinate (tricarbon-
erocycles. These various aspects prompted us to investigateyl)transition metal(0) complexes of pyrroles or pyrrole
complexation reactions of neutral and anionic 1,3-azaphos-anions, however, need sterical stabilization by suitable sub-
pholes or more easily accessible annelated representativesstituents[4]. Thus, tricarbonyl(η5-pyrrole)chromium(0) com-
thereof and to study the preferred coordination mode andplexes belong to the most labile π-complexes with benzene-
possible alternatives. We report here on reactions of 2-phos-like ligands, reacting even with THF or benzene by ligand
phaindolizines[14] [17] [18] with group VI metal carbonyl com-substitution[8], in sharp contrast to the η5-phosphole or η5-
plexes and the characterization of the complexes by NMRarsole complexes. 1H-1,3-azaphospholes and their anions,
and, for 2a, by X-ray structural analysis.contain both two-coordinate phosphorus and three-coordi-

nate nitrogen; they are aromatic 6π-systems even in the neu-
Results and Discussiontral state and, according to the P5C/C5C-similarity prin-

ciple, should resemble the pyrroles[9] [10]. There are several Synthesis of Phosphaindolizine Carbonyl Complexes
studies on azaphospholes and annelated azaphos-

Various substituted 2-phosphaindolizines 1 bearing an
[°] Present Address: University of Rajasthan. electron-withdrawing substituent R2 such as acyl, carbalk-
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oxy or p-nitrophenyl in 3-position and a further substituent
(Me, nBu or Ph) in position 1, 6, or 7 were treated at room
temperature with [(THF)M(CO)5] (M 5 Cr, Mo, W). This
led to selective formation of (η1-2-phosphaindoli-
zine)M(CO)5 complexes 224. The carbonyl or nitro groups
did not interfere. Extractive purification or recrystallization
of the crude products with hexane afforded powdery or
crystalline, analytically pure, pale to dark yellow complexes.
They were characterized by 31P (Table 1), 1H (Table 2), and
13C NMR (Table 3) as well as by infrared spectroscopy Solely during the reaction of excess 1g with tricarbonyl-

(cycloheptatriene)molybdenum(0) in tetrahydrofuran at(Table 4) and (for 2a) by X-ray structural analysis (Figure
1). The spectroscopic data and structure are discussed be- room temperature could a strong upfield signal at δ31P 5

6.1 with a coordination shift of ∆δ 5 2161.7 be observed,low.
The reaction of 1e with [(THF)Cr(CO)5] to 2e (δ31P 5 which is close to the phosphorus resonance δ31P 5 4.3 and

∆δ 5 2173.9 of tricarbonyl-η3-(2,4,6-triphenylphosphaben-190.6) was accompanied by formation of a smaller amount
of the tetracarbonyl bis(phosphaindolizine) complex 5e zene)chromium(0)[20]. On prolonged reaction or attempted

isolation this signal disappeared, however, and only 1g and(δ31P 5 201.5). Recrystallization of the crude product af-
forded, however, only pure 2e. The synthesis of tetracar- the fac-L3Mo(CO)3 complex 6g (δ31P 5 181.2) were de-

tected. This suggests formation of a little stable π-complexbonyl bis(phosphaindolizine) complexes can be achieved by
refluxing 1 with tetracarbonyl(norbornadiene)chromium(0) that underwent dismutation. Curiously, if the reaction was

performed in a 1:1 ratio using the same solvent and reactionin petroleum ether. In this way, 1f gave an orange-yellow
mixture of two complexes, 2f (δ31P 5 190.8) and 5f (δ31P 5 conditions, the isomeric mer-L3Mo(CO)3 complex 7g

[δ31P 5 196.3, d, 2 Ptrans; 203.8, t, 1 Pcis; 2J(31P-31Pcis) 5202.3). Recrystallization from hexane gave 5f. Structure
elucidation is based on 13C and 1H NMR investigations. 9.3 Hz] was obtained. Formation of 7g was also observed

if CDCl3 was used as solvent. Attempts at extractive purifi-The appearance of two triplets of equal intensity in the 13C-
NMR spectrum at δ 5 217.0 [2J(31P-13C) 5 17.2 Hz, cis cation or reaction in refluxing ether/hexane furnished a

mixture of 6g and 7g. The structure assignment is sup-CO] and δ 5 224.0 ( JAX 1JA9X 5 20.2 Hz, trans CO) be-
sides the signals for the ligand indicates the presence of two ported by proton-coupled phosphorus spectra. In 6g the

proton coupling with the initial phosphorus singlet led to aequally populated types of carbonyl groups and thus proves
5f to be the tetracarbonyl-cis-bis(η1-2-phosphaindolizi- symmetric multiplet with seven resolved lines, lines 1 and 7

being weak, lines 3 and 5 broad. A calculated spectrum[22]ne)chromium(0) complex. It should be mentioned that the
cis-L2M(CO)4 isomers were also formed preferentially in with δ31P 5 173.13, 2J(31P-31P) 5 30 Hz and 2J(PH1) 5

30.8 Hz is in good accordance with the experimental coup-the reaction of triphenylphosphabenzene with tetracar-
bonyl(norbornadiene) complexes of group VI[16a] whereas ling pattern. It consists of 9 inner lines, two pairs of which

lie close together to form the experimental lines 3 and 5.thermal reactions of phosphanes and the metal hexacar-
bonyls provide mixtures of cis and trans complexes[19]. Weak outer lines are hinted at in the spectrum by a raised

base line. In 7g the Pc triplet becomes a double triplet by
Scheme 1 coupling with the H-1 proton within the ligand, while the

doublet corresponding to the Ptrans ligands is split into a
multiplet with five strong lines. A simulation using
δ31P(C6D6) 5 193.34, 200.90, 2J(31P-31Pcis) 5 9.3 Hz,
2J(31P-31Ptrans) 5 41 Hz and 2J(PH1) 5 30.8 Hz (δH1 5
6.38) fits with the experimental spectrum (Figure 1). Since
2J(PH1) is similar to the respective coupling in 3g (31.5 Hz)
and 2J(31P-31P) generally larger in trans than in cis com-
plexes these values seem reasonable.

In the reaction of 1f with tricarbonyl(cycloheptatriene)-
molybdenum(0), initial formation of probably 6f was ob-In view of the existence of σ- and π-coordination modes

in carbonyl complexes of phosphabenzene[16] [20] [21], phos- served by a singlet at δ31P 5 178.9 and a line form of the
proton-coupled phosphorus multiplet resembling rather aphole anions[1] [2], and π-excess heterocycles such as pyr-

role[3] [4] [5], we tried to obtain η5-2-phosphaindolizine π- fac-L3Mo(CO)3 than a trans-L2Mo(CO)4 coupling pattern.
However, this complex proved to be unstable in extractivecomplexes. However, isolable π-complexes were obtained

neither on prolonged irradiation by a high-pressure mer- work-up and subsequently underwent dismutation yielding
the LMo(CO)5 complex 3f (δ31P 5 169.3), which could becury lamp, e.g. of 4b in hexane, nor on heating, nor from

the reactions of 2-phosphaindolizines 1e, 1f, or 1g with isolated in spectroscopically and analytically pure form
(Tables 124). Prolonged heating of 1e with tricarbonyl(me-tricarbonyl(cycloheptatriene)molybdenum(0) or tricarbon-

yl(mesitylene)tungsten(0). Instead, a variety of σ-complexes sitylene)tungsten(0) in THF afforded a mixture of 6e
[δ31P 5 149.6, 1J(31P-183W) 5 265 Hz, multiplet with fiveof the types L2M(CO)4 or L3M(CO)3 were formed.
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Figure 1. Proton-coupled phosphorus spectra of 6f (left) and 7f hybridization) may be compared with complexes of elec-

(middle and right) tron-poor phosphanes, which are weak σ-donor but more
efficient π-acceptor ligands. In fact, ∆δ31P of the 2-phos-
phaindolizine complexes 224 is somewhat lower than
∆δ31P of (MeO)3PMVI(CO)5

[26] [27] and similar to the η1-
phosphabenzene complexes 2,4,6-Ph3C5H2PMVI(CO)5

[16].
The electron-withdrawing effect of nitrogen and -M groups
in α-position to phosphorus is partly compensated by the π-
excess character of the 1,3-azaphosphole ring. The stronger
upfield coordination shifts of the pivaloyl and phenacyl de-
rivatives a-d may be attributed to the changed confor-
mations with increased anisotropy and reduced 2M effects
on phosphorus as compared to the free ligand. The one-
bond 31P-183W couplings of 4 (2532268 Hz) are larger than
those in (triorganophosphane)W(CO)5 complexes which,
however, increase with the group electronegativity of R in
R3PW(CO)5

[23] [24] [25] [26].
Proton NMR: The chemical shifts and almost all coup-

ling constants of free ligands 1a2h [14] [17] [18] and their com-
plexes (Table 2) in CDCl3 are very similar. Thus the differ-

[a]Each two unresolved lines (calculated 21528, 21530; 21514, ences of respective δ values of the complex 2e and the li-21512), of which only the stronger one is seen. 2 [b] Small lines
gand 1e in CDCl3 are less than 0.13. However, a strong(calculated 23541, 23532; 23440, 23449) are superimposed by noise.
influence on the proton resonance is exerted by deuteroben-
zene. Almost all signals of phosphaindolizine protons in

broad lines by 31P-1H coupling] and 4e (δ 5 140.2, quartet 224 are upfield shifted by ∆δ 5 0.6 to 1.1 in C6D6 as com-
by 31P-1H coupling). pared to the ligands in CDCl3. Methyl groups in position 7

The phosphaindolizine carbonyl complexes are less stable and 1 are also affected, but to a lower extent. Phenyl groups
than phosphane carbonyl complexes and are attacked by are at most slightly influenced, indicating stacking interac-
water and by air, slowly in the solid state and more rapidly tions between C6D6 and the phosphaindolizine ring. The
in solution. In a moist CDCl3 solution of 4a we observed lack of an upfield shift of H-5 in the 3-carbalkoxy deriva-
the phosphorus resonance of 1a. After four days, signals of tives 3e, 4e, 2f, and 3f can be attributed to a superimposed
1a and an addition product (δ31P 5 128.5) are exhibited deshielding anisotropy effect of the carbonyl group of
(intensity 1:2) and after a further day all of 1a and a part of COOR (R 5 Me, Et). Another exception, the extreme in-
the addition product was decomposed to give a hydrolysis crease of δ(H-5) in 2a (∆δ 5 2.75), 4a (∆δ 5 2.34), and 5a
product with δ31P 5 21.8. The volatility is low but sufficient (∆δ 5 2.58) compared to 1a in CDCl3, is associated with a
to record EI mass spectra of the complexes LM(CO)5. For change in conformation of the 3-pivaloyl substituent which
2f, 3f, 4e and 4h the molecular ion peaks M1 were ob- is also found for the solid state. In crystalline 1a, the acyl
served. The appearance of [M 2 CO]1., [M 2 2 CO]1., [M group is arranged nearly coplanar to the ring system (tor-
2 3 CO]1., [M 2 4 CO]1. and [M 2 5 CO]1. peaks indi- sion angle P2C12C5O 178°) with the tert-butyl group at
cates primary decomposition by the successive loss of car- the P-side, whereas in the chromium complex 2a the latter
bon monoxide molecules from the LM(CO)5 moieties. is oriented to the N-side of the azaphosphole ring, adopting
Further fragmentation follows similar pathways as for the a staggered conformation (see below). This arrangement
free ligand[18]. shields the proton in position 5. Concerning proton coup-

lings, the only marked changes between 1 and 224 are the
Spectra of Phosphaindolizine M(CO)5 Complexes and Structural solvent-independent increase of the magnitude of 3J(PH)
Aspects involving the 1-methyl protons by ∆J 5 3.7 to 5.3 Hz,

slightly increasing from chromium to tungsten and from thePhosphorus NMR: Preliminary reports of two Cr(CO)5

complexes of annelated 1,3-azaphospholes, 2-phenyl-1,3- 3-pivaloyl to the 3-carbalkoxy derivatives, and the decrease
of the magnitude of 2J(31P-1H) of the protons in 1-positionbenzazaphosphole[13], and a 2-phosphaindolizine[14], had

indicated small 31P-coordination shifts of ∆δ 5 4.4 and 7.5, of 2b, 4b, 4d, and 3g relative to the respective ligands by
728 Hz.respectively. The larger body of data for 224 (Table 1) now

reveals a much broader range of ∆δ31P and allows a com- Carbon NMR: In contrast to organometallic compounds,
phosphane complexes have not been extensively investi-parison with LMVI(CO)5 complexes of phosphane and het-

erocyclic σ2-phosphorus ligands. The coordination shift in gated with respect to the impact of coordination on carbon
chemical shifts and couplings in the ligands[23] [24] [25]. In thecomplexes R3PMVI(CO)5 becomes smaller with increasing

group electronegativity of R, for Hal3PMVI(CO)5 even 13C NMR spectra of 224 (Table 3) we observed trans 13CO
(δ 5 197-225) at lower field than cis carbonyls (δ 5negative[23] [24] [25] [26]. η1-Complexes of σ2-phosphorus com-

pounds possessing a higher s-character at phosphorus (sp2 1942215) and for both an increasing shielding in the series
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Table 1. 31P-NMR chemical shifts (δ ) of 124 and coordination shifts (∆δ)

R1 R2 R3 R4 δ 1 δ 2 ∆δ (221) δ 3 ∆δ (321) δ 4 (1JPW, Hz) ∆δ (421)
M 5 Cr M 5 Mo M 5 W

a CH3 COC(CH3)3 H H 172.1 155.4 216.7 135.3 236.8 108.2 (258.2) 263.9
b H COC6H5 nBu H 179.9 184.6 14.7 133.4 (253.7) 246.4
c CH3 COC6H5 H H 183.6 164.3 219.3
d H COC6H5 H CH3 182.5 137.1 (264.2) 245.4
e CH3 COOC2H5 H H 165.5 190.6 125.1 167.5 12.0 140.2 (268.1) 225.3
f CH3 COOCH3 H H 165.8 190.8 125.0 169.3 13.5
g H CN H CH3 164.5 169.9 15.4
h C6H5 C6H4-NO2(p) H H 130.6 105.2 (262.4) 225.4

Table 2. 1H-NMR data of the complexes 224[a]

δ 2a 2b 2e 2f 3a 3c 3e 3f 3g 4a 4b 4d 4e 4h 5e 5f
J [Hz]

1-H 7.09 6.38 6.95 6.85
2J(P,H) 28.3 31.5 27.8 28.3
5-H 7.49 9.51 9.95 9.80 7.90 9.48 9.87 9.81 7.48 7.66 9.57 9.55 9.86 7.21 9.91 9.90
4J(P,H) 1.8 1.9 1.9 1.6 1.5 1.9 1.4
3J(5-H,6-H) 7.1 7.3 7.3 7.3 7.2 7.3 7.3 7.2 7.3 7.4 7.3 6.8 7.3 7.2
4J(5-H,7-H) 0.9 0.8 0.9 1.1 0.9 1.3 0.8 0.9 1.1
6-H 5.87 [b] 6.89 6.12 5.98 6.05 6.16 6.14 5.70 5.91 [c] 5.96 6.14 5.95 6.82 6.09
5J(P,H) 1.1 1.3 1.2 1.4 1.3 1.3 1.2 1.3 1.5 1.3 0.6
3J(6-H,7-H) 7.0 7.0 7.1 7.0 6.4 6.7 6.9 7.0 6.8 6.6 6.9 6.8
4J(6-H,8-H) 1.1 1.4 1.3 1.3 1.0 1.3 1.0 1.5
7-H 6.24 6.71 7.22 6.41 6.30 6.41 6.43 6.40 [d] 6.27 6.45 [e] 6.41 6.30 7.15 6.36
5J(P,H) 1.2 1.4 1.4 1.3 1.5 1.5 1.3 1.3 1.6 1.3
3J(7-H,8-H) 9.1 9.0 8.9 8.9 9.1 9.3 8.9 8.9 9.0 9.0 8.9 9.1 8.9 8.9
8-H 6.58 6.47 7.43 6.54 6.66 6.63 6.60 6.57 6.29 6.58 6.70 6.41 6.55 7.08 7.32 6.53
4J(P,H) 1.1 2.5 2.5 2.5 2.5 1.2 2.4 1.9 2.6 1.1
R1:
CH3 2.21 2.58 2.12 2.25 2.22 2.13 2.10 2.15 2.07 [f] 2.35 2.15
3J(P,H) 16.0 16.7 16.7 16.2 16.8 16.9 16.9 16.6 17.3 (m) (m)
R2:
OCH2/OCH3 4.47 3.65 4.28 3.64 4.28 4.26 3.61
CH3 1.46 1.26 1.25 1.22
3J(H,H) 7.1 7.1 7.1 7.0
COC(CH3)3 1.19 1.30 1.23
o-H 7.83 7.82 7.86 7.43
m-, p-H 7.172 7.20 7.162 7.94

7.19 7.21

[a] 2e and 5e in CDCl3, others in C6D6. 2 [b] 6-Bu: α-CH2: δ 5 2.12; β-CH2: δ 5 1.35; γ-CH2: δ 5 1.30; δ-CH3: δ 5 0.83. 2 [c] 6-Bu: α-
CH2: δ 5 2.11; β-CH2: δ 5 1.28; γ-CH2: δ 5 1.14; δ-CH3: δ 5 0.80. 2 [d] 7-CH3: δ 5 1.66. 2 [e] 7-CH3: δ 5 1.74. 2 [f] 1-C6H5: o-H:
δ 5 6.88; m-H: δ 5 7.37; p-H: δ 5 7.18.

Cr, Mo, W. This can be seen e.g. for the series 2e, 3e, 4e group and reduced π-charge density at C-CO by loss of de-
localization compared to the coplanar free ligand. Markedwhere each ∆δ is about 10. The magnitude of the two-bond

coupling with the phosphorus decreases for cis carbonyls coordination shifts for C-5 are found in the phenacyl de-
rivatives, nearly no effect for 3c, shielding for 4b and de-in the order Cr, Mo, W pentacarbonyl (ca. 17, 12, 9 Hz,

respectively) and increases with the metal radii for the re- shielding for 4d, whereas δ(3-CO) is slightly influenced by
the coordination, suggesting a torsion of the phenyl ringspective trans carbonyls (ca. 4 << 32 , 32 Hz), causing small

trans couplings in chromium carbonyl P-complexes. around the C2C(O) axis to give the minimum energy ar-
rangement. A general upfield shift on coordination for C-1Marked differences in some carbon chemical shifts and

coupling constants occur also between free and coordinate and, except for 2a and 4a, also for C-3, with a slight in-
crease from chromium to tungsten, may be assigned to elec-phosphaindolizines and can be attributed to steric and elec-

tronic effects. The solvent influence, in contrast to proton tronic as well as steric influences, viz. the change in hy-
bridization of phosphorus, back-bonding and steric shield-NMR data, is essentially negligible as can be seen, e.g., by

the very small differences of δ13C (< 0.6) and J(31P-13C) ing by the M(CO)5 group. The same holds to an reduced
extent for the α-C atoms of the substituents at C1 and C3,(#1) of 4b in CDCl3 and C6D6. The upfield coordination

shift for C-5 and the opposite change for C-3 and the 3- reflecting inductive effects. The lack of noticeable shift dif-
ferences for C6 to C9 in free and coordinated ligands sug-carbonyl groups in 2a and 4a, not observed in other deriva-

tives, are attributed to the distortion of the 3-pivaloyl gests that back donation, ascribed to (dM-π*)π bonding[25],
has a rather localized effect. Indeed, according to PM3 cal-group, causing enhanced shielding of C-5 by the tert-butyl
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culations[28] phosphorus has the highest coefficient in the 13C9) and 2J(31P-3-13CO), whereas 3J(31P-13C8) are usually

increased.LUMO (π*-orbital) of 2-phosphaindolizine (ε 5 20.77 eV,
c2 5 0.50) and is separated by nodal planes from C1 and

X-ray Analysis of 2aC3.
A strong decrease in 1J(31P-13C) coupling constants is ob- X-ray structure analysis of the Cr(CO)5 complex 2a (Fig-

ure 2) shows a planar ring system (mean deviation 3 pm)served by complexation. For C1 and C3 one-bond 31P-13C
coupling constants are in the range 18230 Hz and 10237 with trigonal planar coordination at phosphorus; the metal

lies only slightly outside the plane (12 pm). The endocyclicHz as compared to 38244 and 45259 Hz, respectively, in
the free ligands[14] [17] [18]. The absolute magnitude of 1J(31P- angle at phosphorus in the rigid five-membered ring is not

greatly affected by the steric requirements and thus only13C3) increases with the electron-withdrawing effect of the
3-substituent R2 in the order C6H4-4-NO2 << COOEt < slightly opened, from 91.9(2)° in 1a [18] to 93.5(1)° in 2a.

The P2C bond lengths become more equal [172.4, 171.7(2)COOMe ø or < COPh ø COtBu. The much lower one-
bond couplings in the complexes may be attributed to the pm] on complexation than in the free ligand [174.7(3),

170.8(4) pm] and on average shorter (172.1 versus 172.8participation of the s-orbital in the hydridization of phos-
phorus. The smaller differences between 1J(31P-13C1) and pm) indicating more effective delocalization. The rotation

of the pivaloyl group from a coplanar arrangement (di-1J(31P-13C3) in the complexes reflect a higher degree of de-
localization and aromaticity than in the ligands themselves. hedral angle P2C12C5O 178°) in 1a to a staggered con-

formation with q (P2C12C92O1) 5 45.5° in 2a preventsThis is consistent with nearly equal P2C bond lengths in
2a, whereas they differ in 1a. In rounding off this section it the strong -M interactions possible in 1a and is certainly

an important factor in the increase in aromaticity. Anothershould be mentioned that two-bond couplings are also re-
duced on complexation, 2J(31P-1-13CH3) larger than 2J(31P- factor may be the change in hybridization from p2 to sp2

Table 3. 13C-NMR data of the complexes 224[a]

δ 2a 2e 2f 3c 3e 3f 3g 4a 4b 4d 4e 4h 5f[b]

J in Hz

C-1 130.3 132.5 132.2 [c] 131.7 132.4 129.7 128.6 121.6 120.3 130.8 134.4 132.0
1J(CP) 18.3 22.9 23.0 22.2 22.3 22.5 25.1 28.3 28.6 29.4 25.5 23.3
C-3 147.0 130.0 130.1 133.2 129.5 129.6 145.4 143.4 139.7 139.4 127.4 145.1 129.3
1J(CP) 10.0 18.3 18.4 19.3 19.1 19.7 14.7 17.0 12.7 13.5 28.2 36.9 12.1
C-5 126.7 129.6 129.1 130.0 129.6 130.1 127.2 127.1 128.2 137.1 129.8 123.8 128.3
3J(CP) 2 2.3 2 2.0 2.4 2.3 2 2 1.7 2.3 7.8 2 8.0
C-6 112.0 113.2 113.3 113.3 113.7 113.8 116.8 112.6 125.7 116.2 113.7 112.9 112.7
4J(CP) 4.0 4.8 4.7 2 4.7 4.9 4.7 4.4 2 4.5 5.1 3.8 <1.0
C-7 120.7 124.1 124.2 124.7 123.4 124.0 122.5 121.2 127.9 129.5 124.3 121.3 123.9
4J(CP) 3.0 3.2 3.0 3.2 2.9 3.0 2.9 2.6 2.0 2 3.0 1.8 <1.0
C-8 116.2 115.3 115.3 115.9 115.7 116.4 117.9 116.8 118.0 117.1 116.0 118.0 115.1
3J(CP) 17.0 11.3 11.3 2 11.7 11.2 11.8 11.2 12.4 12.4 11.7 9.5 11.4
C-9 140.6 143.6 143.7 143.7 143.3 144.0 147.6 140.6 145.6 147.0 143.6 140.3 143.6
2J(CP) 4.0 5.7 5.7 5.8 5.7 5.7 2 2.9 8.4 8.3 4.6 2 7.3
R1: CH3 10.9 11.3 11.3 11.8 11.4 11.9 [d] 11.3 [e] [f] 11.6 [g] 11.5
2J(CP) 14.9 14.4 14.5 15.3 15.6 16.0 15.3 14.9 14.4
R2: CO/CN 204.9 163.0 163.1 186.8 162.8 163.6 117.5 204.9 186.6 186.3 163.0 163.6
2J(CP) 12.0 17.7 17.4 20.5 16.8 17.0 19.7 12.1 20.6 20.6 17.4 19.6
OCH2/OCH3 60.7 50.6 60.6 51.3 60.8 50.9
CH3 27.5 14.4 14.4 14.4 27.1 14.5
4J(CP) 1.6
C(CH3)3 45.7 45.7
C-i 140.8 140.5 140.6 137.4
2/3J(CP) 1.8 1.8 1.8 13.6
C-o 130.8 131.3 131.3 137.3
3/4J(CP) 2.9 2.9 3.0 7.4
C-m 129.0 129.0 129.0 129.4
C-p 132.5 132.7 132.6 148.2
5J(CP) 1.6
M(CO)5:
CO(cis) 215.2 214.6 214.6 203.6 204.3 204.9 208.8 194.9 194.5 194.6 194.4 194.2 217.0
1J(CW) 125.2 125.7 125.6 125.5 128.9
2J(CP) 16.0 17.2 17.3 10.7 11.7 11.8 11.9 8.7 8.7 8.8 9.4 8.7 17.2
CO(para) 221.1 220.9 220.9 209.6 210.0 210.6 225.1 198.4 198.2 198.3 198.7 197.8 224.0
1J(CW) 151.4 148.8 [h] 151.6 145.2
2J(CP) 5.0 3.9 3.8 [i] 31.9 31.9 33.0 30.7 32.2 32.2 32.0 31.0 20.2

[a] 4e in CDCl3, others in C6D6. 2 [b] Coupling constants are not J values but N 5 uJAX 2 JA9Xu values. 2 [c] Merged in C6D6 peak. 2
[d] 7-CH3: δ 5 20.9. 2 [e] α-C: δ 5 32.7; β-C: δ 5 32.5; γ-C: δ 5 22.4; δ2C: δ 5 13.9. 2 [f] 7-CH3: δ 5 20.4. 2 [g] 1-C6H5: i-C: δ 5
133.6 (JPC 5 12.8); o-C: δ 5 130.9 (JPC 5 6.9); m-C: δ 5 124.5; p-C: δ 5 129.2. 2 [h] Not observed due to small intensity of signal. 2
[i] Not resolved.
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Figure 2. Structure of 2a in the crystal. Ellipsoids represent 50% bonyl [440 mg of Cr(CO)6; 704 mg of W(CO)6 or 528 mg of

probability levels. H atom radii are arbitrary[a]
Mo(CO)6] in 200 ml of oxygen-free THF was irradiated using a
high-pressure mercury photo lamp with continuous stirring and
monitoring of the volume of CO evolved. [If with Mo(CO)6 the
reaction became slower, the irradiation was interrupted and argon
was bubbled through the solution to diminish the CO concen-
tration, using a separate outlet.] After evolution of 2 mmol (44.8
ml ) of CO the irradiation was stopped. The [(THF)M(CO)5] solu-
tion was added to a solution of the respective 2-phosphaindolizine
1 (2.0 mmol ) in THF and stirred overnight at room temperature.
The solvent was removed in vacuo and the residue extracted with
hexane (2 3 50 ml). Shining crystals were obtained on leaving the
concentrated hexane extract (10215 ml) in a refrigerator (220°C).
If no crystals separated, the solvent was removed completely to
obtain yellow to orange powdery complexes. 2a, b, e, 3a, c, e, g, 4a,
b, d, e and h were synthesized in this manner. In case of the reaction
of 1e with [(THF)Cr(CO)5], formation of some 5e was observed in
addition to 2e. On recrystallization from hexane pure 2e was ob-
tained. NMR-spectroscopic data are given in Tables 1-3, substance
and IR data in Table 4.

[a] Selected bond lengths [pm] and angles: Cr2C(14) 187.0(3),
Reaction of 1f with Tetracarbonyl(norbornadiene)chromium(0)Cr2C(16) 189.8(3), Cr2C(15) 190.0(3), Cr2C(18) 190.3(3),

Cr2C(17) 190.6(3), Cr2P 232.50(14), P2C(7) 171.7(2), P2C(1) (2f and 5f): 207 mg (1.0 mmol) of 1f was refluxed with 256 mg (1.0
172.4 (2), C(1)2N 138.2(3), N2C(6) 140.4(3), C(6)2C(7) 138.7(3); mmol) of tetracarbonyl(norbornadiene)chromium(0) in petroleumC(1)2P2Cr 135.95(8), C(7)2P2Cr 130.47(8), C(7)2P2C(1)

ether (50 ml, b.p. 1002120°C ) for three hours. The colour of the93.51(11), N2C(1)2P 109.6(2), C(1)2N2C(6) 113.7(2),
solution changed from yellow to orange. The reaction mixture wasC(7)2C(6)2N 113.2(2), C(6)2C(7)2P 109.9(2).
filtered, and the filtrate placed in a refrigerator (ca. 220°C). Yel-
low-orange crystals consisting of 2f (δ31P 5 190.8) and 5f (δ31P 5

which makes the phosphorus more similar to carbon. In 2a 202.3) precipitated. For 1H- and 13C-NMR data see Tables 2 and
3. Extraction of the mixture with hexane afforded spectroscopicallythe Cr2P bond [232.50(14) pm] is slightly shortened com-
pure 5f, yield 18%, m.p. 1352137°C.pared to a variety of R3PCr(CO)5 and phosphaalkene

Cr(CO)5 complexes (235-245 pm)[29] and also the Cr2C Reactions of 1g with Tricarbonyl(cycloheptatriene)molyb-
bond of trans-CO [187.0(3) pm] is shorter (trans effect) by denum(0) (6g and 7g) 2 A: 236 mg of 1g (1.35 mmol) and 123 mg
3 pm than those of cis-CO (average 190.2 pm). Finally, it (0.45 mmol) of (cycloheptatriene)Mo(CO)3 were dissolved in THF.

31P NMR (THF/[D8]THF) spectra were recorded (i) after 18 hoursshould be mentioned that the averaged P2Cr2C angles of
and (ii) after 2 days at room temperature. In the first case we ob-cis-and trans-carbonyls are 90.2° and 178.4°, respectively,
served signals at δ (rel.int.) 5 6.1 (65), 11.4 (12), 167.8 (85) 1g andcorresponding closely to ideal octahedral geometry around
181 (8) 6g, in the second case only at δ (rel.int.) 5 167.8 (110) andchromium.
181.2 (20).

Funding by the Deutsche Forschungsgemeinschaft and financial
B: 130 mg (0.75 mmol) of 1g was stirred for 2 days with 203 mgsupport by the Fonds der Chemischen Industrie, Germany, is grate-

(0.75 mmol) of (cycloheptatriene)Mo(CO)3 in THF (40 ml) at roomfully acknowledged. Furthermore, we appreciate the help by Dr.
temperature. 31P NMR (THF/[D8]THF) control showed only sig-M. K. Kindermann and B. Witt for numerous NMR measurements,
nals of 7g, δ 5 196.3, d; 203.8, t; 2J(31P-31P) 5 9 Hz, intensity ratioI. Stoldt for IR and Dr. A. Müller for mass spectra.
2:1. Similarly, 7g is formed preferentially in CDCl3.

C: 120 mg (0.69 mmol) of 1g was refluxed for 2 days with 188Experimental Section
mg (0.69 mmol) of (cycloheptatriene)Mo(CO)3 in ether/hexane

General Comments: All reactions were carried out under a dry
(1:2). The precipitate was separated and washed with little hexane.

argon atmosphere using the Schlenk technique. 2 NMR spectra
The 31P-NMR spectra of the solid, dissolved in C6D6, showed it to

were recorded on Bruker ARX 300 (31P-NMR at 121.5 MHz, 1H-
be a mixture of 7g (δ 5 193.3, d; δ 5 200.9, t; 2J(31P-31P) 5 9.3

NMR at 300.1 MHz and 13C-NMR at 75.5 MHz). The chemical
Hz) and 6g (δ 5 177.1, s); proton-coupled 31P-NMR: 7g δ 5 193.3,

shifts refer to 85% H3PO4 (external) or TMS (internal). 2 Mass
dt, 2J(31P-1H) 5 30.5 Hz, δ 5 200.8, multiplet; 6g δ 5 177.1, mul-

spectra were recorded on AMD 40(intectra), IR spectra on System
tiplet.

2000 of Perkin-Elmer. 2 The synthesis of the 2-phosphaindolizines
Reaction of 3f with Tricarbonyl(cycloheptatriene)molybdenum(0)1a-h was recently reported[14] [17] [18]. [(THF)M(CO)5] were freshly

(3f and 6f): 207 mg (1.0 mmol) of 1f and 272 mg of (cycloheptatri-prepared before use[30], tetracarbonyl(norbornadiene)chromium(0)
ene)Mo(CO)3 was stirred in THF (50 ml) for two days. 31P-NMRwas synthesized by refluxing chromium hexacarbonyl with norbor-
of the reaction mixture indicated 6f (δ 5 178.9) as major product,nadiene in light petroleum[31]. Tricarbonyl(cycloheptatriene)molyb-
along with 3f (δ 5 169.3). THF was removed and the residue ex-denum(0) and tricarbonyl(mesitylene)tungsten(0) were commer-
tracted with hexane. On concentrating the filtrate, analytically andcially available and used without further treatment. Melting points
spectroscopically pure 3f was obtained as a yellow solid. For 1H-of complexes are uncorrected and were determined in a capillary
and 13C-NMR see Table 2 and 3, for substance data see Table 4.under argon.

Reaction of 2-Phosphaindolizines 1 with THF·M(CO)5 (2, 3, 4) Reaction of 1e with Tricarbonyl(mesitylene)tungsten(0) ( 4e and
6e ): 111 mg (0.5 mmol) of 1e was heated with 194 mg (0.5 mmol)2 General Procedure: A solution of 2.0 mmol of metal hexacar-
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Table 4. Substance and IR data of the complexes 224

IR ν (CO) mp yield mol. formula analysis found / calc. (%)
[cm2-1] [°C] [%] [m. wt.] C H N

2a 2071 m, 2004 w, 90292 77 C18H16O6NPCr 50.93 4.02 3.34
1954 s, 1940 s, 1915 sh (425.29) 50.83 3.79 3.29

2b 2 68269 78 C23H18O6NPCr 56.21 3.44 2.61
(487.35) 56.68 3.72 2.87

2e 2069 m, 1995 sh, 164265 82 C16H12O7NPCr 46.15 2.67 3.29
1956 s, 1929 s, (413.24) 46.50 2.93 3.39

3a 2 89290 72 C18H16O6NPMo 46.26 3.28 2.75
(469.23) 46.07 3.44 2.99

3c 2079 w, 1987 s, 124225 65 C20H12O6NPMo 49.34 2.73 2.93
1964 m, 1953 s, 1936 s (489.22) 49.09 2.47 2.86

3e 2075 m, 2035 w, 146247 77 C16H12O7NPMo 42.53 2.72 3.04
1986 m, 1961s, 1926 s (457.18) 42.03 2.65 3.06

3f 2075 m, 1987 m, 115216 51 C15H10O7NPMo 40.49 2.43 3.28
1961 s, 1948 s, 1926 s (443.15) 40.65 2.28 3.16

3g 2072 w, 135238 64 C14H7O5N2PMo 40.16 1.81 6.98
986 s, 1950 s (410.1) 40.99 1.72 6.83

4a 2077 m, 1995 w, 74276 68 C18H16O6NPW 39.08 2.83 2.37
1970 sh, 1953 s, 1920 s (557.14) 38.80 2.90 2.51

4b 2078 m, 1999 w, 66267 75 C23H18O6NPW 45.61 3.14 2.23
1952 s, 1920 sh (619.20) 44.61 2.93 2.26

4d 2079 m, 2007 m, 166268 70 C20H12O6NPW 42.13 2.13 2.39
1970 s,1943 s, 1908 s (577.13) 41.62 2.10 2.43

4e 2074 m, 1993 m, 179281 81 C16H12O7NPW 36.16 2.54 2.24
1954 s, 1935 s, 1917 s (545.09) 35.25 2.22 2.57

4h 2075 m, 1994 w, 170271 66 C24H13O7N2PW 43.12 2.16 4.32
1961 s, 1930 s, 1918 sh (656.18) 43.93 2.00 4.27

[6] V. Caliman, P. B. Hitchcock, J. F. Nixon, L. Nyulaszi, N. Saka-of tricarbonyl(mesitylene)tungsten(0) in THF (40 ml) for 20 hours
rya, J. Chem. Soc., Chem. Commun. 1997, 1305.at 45250°C. 31P NMR presents signals of 1e, 4e, and 6e in an [7] L. Nyulászi, T. Veszprémi, J. Réffy, J. Phys. Chem. 1993, 97,

intensity ratio of 14:8:78. After removal of THF, the residue was 401124015.
extracted with hexane and filtered. Removal of the solvent in vacuo [8] [8a] K. Öfele, E. Dotzauer, J. Organometal. Chem. 1971, 30,

2112220. 2 [8b] N. Kuhn, J. Kreutzberg, E. M. Lampe, D.afforded a yellow solid that proved to be a mixture (m.p.
Blaser, R. Boese, J. Organomet. Chem. 1993, 458, 1252129.1102118°C) of 6e as major product with some 4e. Proton-coupled [9] T. Veszpremi, L. Nyulaszi, J. Reffy, J. Heinicke, J. Phys. Chem.31P NMR: 6e δ 5 149.6, multiplet, 1J(31P-183W) 5 263 Hz; 4e δ 5 1992, 96, 6232626.

140.2, q, 3J(31P-1H) 5 17 Hz. [10] J. Heinicke, Trends Organometal. Chem. 1994, 1, 3072322.
[11] A. Schmidpeter, K. Karaghiosoff in Multiple Bonds and LowX-ray Structure Analysis of 2a 2 Crystal Data: C18H16CrNO6P, Coordination in Phosphorus Chemistry (Eds.: M. Regitz, O. J.

triclinic, P1
¯
, a 5 905.9(3), b 5 977.8(4), c 5 1238.0(4) pm, α 5 Scherer), Thieme, Stuttgart, 1990, p. 2582286.

94.13(3), β 5 97.52(3), γ 5 116.72(3)°, V 5 0.9604 nm3, Z 5 2, [12] R. K. Bansal, K. Karaghiosoff, A. Schmidpeter, Tetrahedron
1994, 50, 767527745.µ 5 0.71 mm-1, Dx 5 1.471 Mg m-3, λ(Mo-Kα) 5 71.073 pm, T 5

[13] K. Issleib, R, Vollmer, Z. Allg. Anorg. Chem. 1981, 481, 22232.2130°C. Data Collection: Yellow tablet 0.7 3 0.5 3 0.15 mm, Stoe [14] R. K. Bansal, K. Karaghiosoff, N. Gupta, A. Schmidpeter, C.STADI-4 diffractometer, 2θmax 50°; 3622 intensities, absorption Spindler, Chem. Ber. 1991, 124, 4752480.
correction with ψ-scans (transmissions 0.8220.96), 3387 unique re- [15] [15a] K. Karaghiosoff, A. Schmidpeter, Phosphorus Sulfur 1988,
flections (Rint 0.021). Structure Solution and Refinement: Direct 36, 217. 2 [15b] J. H. Weinmaier, H. Tautz, A. Schmidpeter, S.

Pohl, J. Organometal. Chem. 1980, 185, 53268.methods, refined on F2 using SHELXL-93[32]. Hydrogen atoms:
[16] [16a] J. Deberitz, H. Nöth, J. Organomet. Chem. 1973, 49,riding model or rigid methyls. Final wR(F2) 0.077 for all reflections,

4532468. 2 [16b] G. Märkl, H.-J. Beckh, Tetrahedron Lett. 1987,
conventional R(F) 0.032 for 248 parameters; S 1.06, max. ∆ρ 295 28, 3475.
e nm23. [17] R. K. Bansal, V. Kabra, N. Gupta, K. Karaghiosoff, Indian J.

Chem. 1992, 31B, 254.Crystallographic data (excluding structure factors) have been de- [18] N. Gupta, C. B. Jain, J. Heinicke, N. Bhartiya, R. K. Bansal, P.
posited at the Cambridge Crystallographic Data Centre under the G. Jones, Heteroatom Chem. 1998, 9, 3332339.
number CSD 101226. Copies may be obtained free of charge from: [19] S. O. Grim, D. A. Wheatland, Inorg. Chem. 1969, 8,

171621719.The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ (Fax
[20] [20a] J. Deberitz, H. Nöth, Chem. Ber. 103, 1970, 254122547. 2internat.: 144-1223-336033; e-mail: deposit@ccdc.cam.ac.uk). [20b] H. Vahrenkamp, H. Nöth, Chem. Ber. 105, 1972,

114821157.
[21] D. Böhm, H. Geiger, F. Knoch, F. Kremer, S. Kummer, P. Le-[1] J. F. Nixon, Chem. Rev. 1988, 88, 132721362.

Floch, F. Mathey, U. Schmidt, U. Zennek, Phosphorus Sulfur[2] J. H. Nelson, F. Mathey in Methods in Stereochemical Analysis
Silicon Relat. Elem. 1996, 1092110, 1732176.8: 31P NMR in Stereochemical Analysis (Eds.: J. G. Verkade, L.

[22] The program gNMR from Cherwell Scientific Publishing wasD. Quin), VCH, 1987, p. 6652694.
used.[3] A. P. Sadimenko, A. D. Garnovskii, N. Retta, Coord. Chem.

[23] J. G. Verkade, Coord. Chem. Rev. 1972, 9, 12106;Rev. 1993, 127, 2372318.
[24] P. S. Pregosin , R.W. Kunz in NMR Basic Principles, Progress[4] Ch. Janiak, N. Kuhn, Adv. Nitrogen Heterocycl. 1996, 2,

(Eds.: P. Diehl, E. Flock, R. Kosfeld), Springer, Berlin, 1979,1792210.
vol. 16.[5] M. O. Senge, Angew. Chem.1996, 108, 205122053; Angew.

Chem. Int. Ed. Engl. 1996, 35, 192321925. [25] C. A. McAuliffe in Comprehensive Coordination Chemistry
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(Eds.: G. Wilkinson, R. D. Gillard, J. A. McCleverty, Perga- [29] S. Woodward, in Comprehensive Organometallic Chemistry

(Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), Pergamon,mon, Oxford, 1987, vol. 2, chapter 14.
[26] S. Berger, S. Braun, H.-O. Kalinowski, NMR-Spektroskopie von 1995, vol.5, (Vol.eds.: J. A. Labinger, M. J. Winter), chapter 4.

[30] H. L. Krauss in Synthetic Methods of Organometallic and Inor-Nichtmetallen, Band 3, 31P-NMR Spektroskopie, Thieme,
Stuttgart 1993. ganic Chemistry (Ed.: W. A. Herrmann), Thieme, Stuttgart,

1996, vol. 1 (Eds.: W. A. Herrmann, A. Salzer), p 117.[27] R. Mathieu, M. Lenzi, R. Poilblanc, C.R. Acad. Sci., Paris
1968, 266, 806. [31] N. A. Bennet, L. Pratt, G. Wilkinson, J. Chem. Soc. 1961, 2037.

[32] G. M. Sheldrick, University of Göttingen.[28] Calculated by the PM3 method using MOPAC 6.0: J. J. P. Stew-
ard, QCPE 455, 1990. [98085]
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The stabilities of low coordinated phosphorus cations can be from a balance between π-donation into the empty p(P)
orbital and electrostatic stabilization by polar P–R σ-bonds.expressed in the frame of the HSAB concept by the

transferred charge density ∆q(N) which a cation receives A further stabilizing effect, which is of similar magnitude as
in isoelectronic carbenes or silylenes, may arise from cyclicupon formation of a donor-acceptor adduct with a Lewis base

N. This concept allows to differentiate between relative π-conjugation between a diaminophosphenium fragment
and an adjacent double bond. Substituent effects influencestabilities towards different reaction partners, and to

compare the electrophilicities of phosphenium ions to those further the nature of the frontier orbitals of phosphenium
ions, resulting in orbital sequences which resemble those ofof isoelectronic carbenes and silylenes. An analysis of

substituent influences on ∆q(H) in cations [P(R)2]+ suggests carbenes, allyl anions, or phospholides, respectively. The
absence of frontier orbital related changes in reactivityan increasing stabilizing power of substituents in the series

R = Cl , CH3 , OH, SH , NH2. The same ordering was patterns suggests that in all reactions, including metal
complex formation, phosphenium ions behave as purelyderived from isodesmic hydride transfer reactions.

Interpretation of population analyses suggests that the electrophilic rather than ambiphilic species.
individual substituent contributions to cation stabilities result

Introduction hydride transfer reaction energies. [4] In addition, a dis-
cussion of molecular structures and frontier orbitals wasBelonging to the first isolable compounds with (p-p)π
presented which substantiated the isolobal relationship be-bonding to phosphorus, amino-phosphenium ions,
tween phosphenium ions and carbenes, and between phos-[P(NR2)(R9)]1, and phosphanetriyl-ammonium ions,
phanetriyl-ammonium ions (and the isolelectronic PO1 and[P;N2R]1, have received continuous attention during the
PS1 cations) and (iso)cyanides.last 25 years and are still objects of current interest. [1] The

results of extensive studies of chemical reactivities have Regarding that low coordinate phosphorus cations en-
gage frequently in donor-acceptor interactions with nucleo-coined the opinion that the cations are ambiphiles which

have both nucleophilic and electrophilic properties. The philic counter ions or solvents, [1c] it becomes clear that in
condensed phases their stability and electrophilicity areelectrophilic character comes to the fore in C2H- and C2C

bond insertion reactions, cycloadditions, and complex for- closely connected. It is the primary objective of this work
to attempt an analysis of cation stabilities which not onlymation with Lewis bases, while the nucleophilic properties

are considered responsible for the formation of transition covers a wider range of molecular structures, but also takes
this effect explicitly into consideration. For this purpose, ametal complexes. [1]

In contrast to the wealth of experimental studies, theor- concept is proposed which is based on a discussion of sta-
bility and electrophilicity in the frame of the extendedetical investigations of these cations are rare. Earlier ab-

initio calculations on simple model systems ([P(H)2]1, HSAB concept. [5] [6] The pivotal idea is to use the amount
of charge transfer which a cation receives in the formation[P(H)(NH2)]1, [P(NH2)2]1) confirmed singlet ground states

and revealed the stabilizing effect of conjugation between of a donor-acceptor adduct as a measure of its stability. In
order to elucidate the origin of the stability differences, anitrogen lone-pairs and the empty p-orbital at phosphorus

which resulted in a heteroallylic frontier orbital sequence discussion of population analyses is presented which sug-
gests an interplay between mesomeric effects and electro-for [P(NH2)2]1. [1a] [2] For selected cyclic cations, the issue of

conjugation between amino(thioxo)phosphenium fragments static contributions associated with high P2R bond polarit-
ies. To highlight further the connection between electronicand adjacent double bond systems to form “aromatic” π-

systems was discussed. [3] Only recently, Schoeller et al. re- structure and reactivity, some comments on frontier orbital
sequences and the “carbenic” nature of phosphenium ionsported a first attempt to establish a relative scale of gas

phase stabilities for selected cations from a comparison of will be made.
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Results and Discussion approximation,[9] [10] qualitative trends in χ and η between

related molecules are reproduced at this level with suf-Stability and Electrophilicity of Low Coordinate Phosphorus
ficient accuracy. [10] [11]Cations

If we compare the interactions of two cations with anRelative gas phase stabilities of phosphenium ions
arbitrary nucleophile (e.g. N 5 H2), the less stable cation[P(R1)(R2)]1 can be determined according to Schoeller et
will receive a larger charge transfer and form a strongeral. by comparing the energies ∆EGT of the hydride transfer
bond. Presuming a monotonous relation between the trans-reaction of Eq. (1) (Scheme 1). [4] Formally, this reaction
ferred charge density ∆q(N) and the donor2acceptor bondcan be separated into two steps as described by Eq. (2a)
strength ∆EAdd, [12] an increase in ∆q(N) corresponds to anand (2b). Since Eq. (2a) and ∆E1 remain the same for differ-
increase in ∆EAdd and thus a lower cation stability, and viceent cations, ∆EGT essentially quantifies the variation in hy-
versa, so that ∆q(N) values can in principle be used directlydride affinities, ∆E2. In view of the fact that the stability of
as indicators of relative stabilities.phosphenium ions in condensed phases is often limited by

In order to apply this concept we computed transferredtheir tendency to form Lewis acid-base adducts with solvent
charge densities ∆q(H) for some 30 model cations with lowmolecules or counter ions [Eq. (3)], [1] of which the reaction
coordinate phosphorus atoms, using hydride as an arche-with a hydride is just a special case, Schoeller9s definition
typal nucleophile. The studied systems (Scheme 2) includemay easily be put in a more general form: relative stabilities
cyclic and acyclic phosphenium ions [P(R1)(R2)]1 (R1,of cations E (in condensed phases) are reflected in different
R2 5 H, Ph, Cl, alkyl, alkoxy, thioxo, amino), the 1.3-bi-energies ∆EAdd associated with the formation of covalent
sphosphanyl-phosphapropenides and -phospholides 12, 25donor-acceptor adducts E2N with a given nucleophile N
which are isolobal and isoelectronic to the diaminophos-(counter ion or solvent).
phenium ions 11, 24, [13] and the phosphanetriyl-ammonium
ions 30232. Details on the calculations are given in theScheme 1
experimental section; the resulting values of ∆q(H) are
listed in Table 1, together with frontier orbital energies and
the values of χ and η.
Scheme 2. (* 5 Ph-group orientation parallel (17) and orthogonal

(179) with respect to P2NH22plane)

On a first glance, this approach seems to offer no obvious
advantage, since a concise evaluation of hydride or nucleo-
phile affinities imposes more severe computational prob-
lems than calculation of the energies of isodesmic hydride
transfer reactions. [7] However, as an estimation of relative
stabilities requires only the correct evaluation of trends in
adduct formation energies ∆EAdd rather than their true val-
ues, an approximate solution to the problem can be ob-
tained on a much simpler level.

Thus, the formation of a donor2acceptor bond in the
adduct E2N [Eq. (3)] induces a charge transfer ∆q(N) from
N to the phosphorus cation. Using the principle of elec-
tronegativity equalization,[5] [8] ∆q(N) can be approximated
as ∆q(N) 5 (χe 2 χn)/(ηe 1 ηn). Here, χe(n) and ηe(n) denote
the absolute electronegativity and absolute hardness of the
cation (nucleophile), whose operational definitions are χ 5
2(I 1 E)/2 and η 5 (E 2 I)/2 (I 5 ionization potential,
E 5 electron affinity) in the frame of the extended HSAB
concept. [5] Within Hartree-Fock theory, χ and η may be
approximated as χ 5 2(εHOMO 1 εLUMO)/2 and η 5
(εLUMO 2 εHOMO)/2 by using Koopman9s theorem.[6] It Inspection of the computed ∆q(H) values reveals an in-

creasing stabilizing effect of the substituents R1, R2 in amay be noted that, despite the severe deficiencies of this

Eur. J. Inorg. Chem. 1998, 1087210941088



“Carbene Analogue” Character of Low Coordinate Phosphorus Cations FULL PAPER
Table 1. Frontier orbital energies, absolute electronegativities and hardness, transferred charge densities ∆q(H), and cation stabilization

energies ∆EGT at MP2/6-311g(d) level for 1232

[a] εHOMO [eV] [b] εLUMO [eV] [b] χ [eV] η [eV] ∆q(H) [c] ∆EGT [kcal/mol]

1 (C2v) 219.79 a1(n) 28.56 b1(p*) 14.17 5.62 1.08 0.0
2 (Cs) 218.30 a9(n) 27.40 a99(π*) 12.85 5.45 0.99 222.2
3 (Cs) 218.57 a9(n) 28.04 a99(π*) 13.30 5.26 1.04 218.9
4 (Cs) 219.08 a9(n) 27.18 a99(π*) 13.13 5.95 0.97 239.5
5 (Cs) 218.13 a9(n) 27.11 a99(π*) 12.62 5.51 0.96 245.6
6 (Cs) 218.69 a9(n) 26.11 a99(π*) 12.40 6.29 0.89 266.3
7 (C2v) 218.60 a1(n) 27.71 b1(π*) 13.15 5.45 1.01 232.8
8 (C2) 217.20 a9(n) 26.50 a99(π*) 11.82 5.39 0.91 240.6
9 (C2v) 219.46 a1(n) 25.99 b1(π*) 12.72 6.74 0.89 263.3

10 (C2v) 216.36 a2(π2) 26.38 b1(π*) 11.37 4.99 0.90 262.3
11 (C2v) 217.63 a2(π2) 24.40 b1(π*) 11.02 6.62 0.77 293.8
12 (C2v) 212.05 a2(π2) 22.17 b1(π*) 7.11 4.94 0.54 2145.7
13 (Cs) 218.32 a9(n) 26.00 a99(π*) 12.16 6.16 0.88 263.9
14 (Cs) 217.50 a9(n) 25.41 a99(π*) 11.45 6.05 0.83 277.3
15 (Cs) 218.90 a9(n) 25.18 a99(π*) 12.04 6.86 0.83 280.2
16 (Cs) 216.67 a99(π2) 25.44 a99(π*) 11.06 5.61 0.83 276.7
17 (Cs) 213.76 a99(π2) 24.77 a99(π*) 9.27 4.49 0.76 297.2
179 (Cs) 213.42 a99(π2) 24.98 a99(π*) 9.20 4.22 0.77 286.3
18 (C2) 214.80 a(π2) 23.60 b(π*) 9.20 5.60 0.68 2107.5
19 (C2) 215.50 a(π2) 25.85 b(π*) 10.67 4.82 0.85 276.9
20 (C2) 215.85 a(π2) 24.15 b(π*) 10.00 5.85 0.73 2107.9
21 (C2) 216.25 a(π2) 24.91 b(π*) 10.58 5.67 0.79 285.7
22 (C2v) 215.07 b1(π3) 25.82 b1(π*) 10.44 4.62 0.85 290.8
23 (Cs) 214.59 a99(π3) 25.07 a99(π*) 9.83 4.76 0.79 2107.9
24 (C2v) 214.10 b1(π3) 24.17 b1(π*) 9.13 4.97 0.71 2129.0
25 (C2v) 211.31 b1(π3) 21.85 b1(π*) 6.58 4.73 0.51 2173.1
26 (C2v) 213.52 b1(π3) 25.52 b1(π*) 9.52 4.00 0.81 286.9
27 (C2v) 212.90 b1(π3) 24.24 b1(π*) 8.57 4.33 0.70 2120.9
28 (C2v) 217.09 b1(π3) 25.39 b1(π*) 11.24 5.85 0.83 297.3
29 (Cs) 214.15 a99(π3) 25.41 a99(π*) 9.78 4.37 0.81 294.8
30 (C`v) 220.37 26.09 13.23 7.14 0.90 278.3
31 (C3v) 218.47 25.42 11.94 6.52 0.84 294.8
32 (C2v) 213.26 25.13 9.20 4.06 0.78 299.5

[a] Symbols in parentheses denote the molecular point group. 2 [b] Symmetry race and type of the orbital (in parentheses); n 5 phosphorus
lone-pair, π2 5 heteroallylic π2-orbital, π3 5 “phospholide” type orbital (see text), p* 5 unoccupied phosphorus p-orbital, π* 5 π*-
orbital with P2X antibonding character. 2 [c] ∆q(H) 5 2[χ 2 χ(H)]/[η 1 η(H)]; values of χ(H) and η(H) taken from ref. [6]

cation [P(R1)(R2)]1 in the series R1, R2 5 H < Cl < Me < cations with oxygen or nitrogen substituents. Still more pro-
nounced variations are noted for 10, 13 and 11, 179, whichSH, OH < Ph < NH2 < C(H)PH3. A general increase in

stability is further observed upon replacement of hydrogens display a reversed order of relative stabilities depending on
whether the interaction of the cations with F2 or I2 is con-at an adjacent element E in EHn-fragments by alkyl groups,

and of 2CH2CH22 moieties in the five membered rings of sidered.
Extension of the concept to other species than phosphen-cyclic cations by ethylene or phenylene units. On the whole,

the order of relative stabilities of the model systems is in ium ions should further allow to compare the Lewis acid/
base behavior of different types of electrophiles. As an ex-accord with interpretations of physical and chemical

properties of experimentally known cations. [1] ample, the interaction of trimethylamine and -phosphane
with cyclic diaminophosphenium ions and isoelectronicTransferred charge densities for the interaction of phos-

phenium ions with a variety of anionic (e.g. halides) and carbenes and silylenes was considered, (Scheme 4). The
magnitude of ∆q for the cations 22, 24 reflects their electro-neutral nucleophiles (NMe3, PMe3) can be computed

straightforwardly. The results, which are not included here philicity and is in accord with the known tendency of phos-
phenium ions to form stable donor adducts. [1] In contrast,for the sake of shortness, give on the whole a similar ac-

count of relative cation stabilities as ∆q(H) values. A de- ∆q values for the carbenes and silylenes 33236 are close to
zero, or even negative, [14] indicating that the electrophilictailed inspection reveals, however, some characteristic devi-

ations which mirror a preference for “hard-hard” or “soft- character is negligible. This is in line with experimental evi-
dence for low π-acceptor capabilities and classification ofsoft” over “hard-soft” interactions in the sense of the

HSAB concept. [5] Some examples involving the interaction these systems as nucleophilic carbenes (silylenes). [1c] [15]

In order to compare relative stabilities derived fromof selected phosphenium ions with a hard (F2) and soft
nucleophile (I2) are illustrated in Scheme 3. Thus, the simi- transferred charge densities with hydride transfer energies,

we have also computed stabilization energies ∆EGT forlarity of ∆q(F) for 14216, 19, 22, 28 suggests nearly identi-
cal stabilities towards F2, whereas towards I2, the softer 1232 at the MP2/6-311g(d) level. The results are included

in Table 1. According to a regression analysis, ∆EGT andcations with sulfur substituents receive a larger charge
transfer ∆q(I) (and are hence considered less stable) than ∆q(H) are connected by a linear relation (correlation coef-
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Scheme 3. Comparison of transferred charge densities for the inter- Figure 1. Plot of ∆q(H) vs. ∆EGT for 1232 (solid circles) and result

of a linear regression analysis [solid line, ∆q(H)regr 5 3.30·1023action of selected phosphenium ions with fluoride
[∆q(F2)] and iodide [∆q(I2)] anions. Values of χ and η ∆EGT 1 1.10, correlation coefficient r 5 0.96]
employed in the calculation of ∆q were taken from table
1 for the cations; for the halide anions, the correspon-
ding data of the neutral atoms given in ref. [5] were used

ners according to the HSAB concept. However, since the
pivotally important quantities χ and η are molecular and
not orbital properties, the origin of the stability differences
remains obscure. In order to obtain further insight in theScheme 4. Comparison of transferred charge densities ∆q(NMe3)
bonding situation of low coordinate phosphorus cations, weand ∆q(PMe3) for isoelectronic diaminophosphenium

cations and neutral diaminocarbenes and -silylenes. All have attempted a more detailed analysis of the electronic
values of χ and η employed in the calculation of ∆q structure based on the results of natural population analy-were taken from MP2/6-311g(d) orbital energies of

ses (NPA). [16]MP2 optimized molecular structures
π-Interactions vs. σ-Bond Polarization: Most discussions

on the origin of the stabilization of phosphenium ions focus
on mesomeric interactions of the formally empty p-orbital
at phosphorus with adjacent π-donors. [2] [3] [4] The varying
extent of this π-donation in different cations may be esti-
mated in a straightforward manner by comparing either the
electron populations in the phosphorus p-orbital, nπ(P), or
the bond orders in the P2X bonds. A listing of the values
of nπ(P) as well as Wiberg bond indexes[16] for the phos-
phenium ions 1229 is given in Table 2. For the simplest
case, [P(H)2]1, nπ(P) is nearly zero, indicating vanishing π-
stabilization. Introduction of ERn-groups at phosphorus in-
duces partial population of the p-orbital via dative (E2P)-
π-interactions (ERn 5 Cl, OR, SR, NR2), or hyperconjug-
ation (ERn 5 CR3), and nπ(P) increases in the order ERn 5
CR3 < OR < Cl < NR2 < SR. The same order of increasing
π-stabilizing capabilities emerges also from the comparison
of Wiberg bond indexes.

Interestingly, the above mentioned ordering according to
ficient r 5 0.96, Figure 1). This suggests that despite some increasing degree of E2P π-stabilization differs markedly
discrepancies in the assessment of the stability of individual from the order of overall cation stabilities. Here, regardless
cations, which are reflected in the scatter of the data, both if one refers to a comparison of ∆q(N) or ∆EGT values,
scales give a similar account of the general trends which cations with NR2- and OR groups should be more stable
govern the stability of low coordinate phosphorus cations. than analogous derivatives with SR- or Cl substituents,

respectively. This discrepancy suggests that further influ-
Electronic Origin of the Stability of Phosphenium Cations ences beside mesomeric stabilization have a significant ef-

fect on cation stability. In order to understand the underly-Appealing features of the application of ∆q(N) to predict
relative stabilities (and reactivities) are the use of a mini- ing mechanisms, a comparison of the bonding situation in

phosphenium ions and carbenium ions of the typemum number of parameters, and the possibility to dis-
tinguish between stabilities towards different reaction part- [C(EH)3]1 (E 5 chalcogen) appears useful. For the latter it
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Table 2. Electron population in the phosphorus p(π)-orbital [nπ(P)], table to overcompensation of the lower π-donor capability
“electrostatic factors” ε 5 1/2 Σ [q(P) q(Xi)]/[r(PXi)], and P2X Wi-

of the former by a larger Coulomb stabilization.berg bond indices for the phosphenium cations 1229. Natural
charges q(P, Xi), orbital populations nπ(P), and Wiberg bond indi- A heuristic confirmation of this concept can be derived
ces were computed from NPA analyses of MP2/6-311g* electron from a correlation analysis involving nπ(P), ε, and ∆EGT asdensities

an indicator of overall cation stabilities. While a regression
analysis between nπ(P) and ∆EGT for the phosphenium ionsnπ(P) Wiberg Indices ε
1211, 13224, 26229 yielded a linear relation with a corre-

1 0.02 P2H 0.96 20.02 lation coefficient r 5 0.77, a nonlinear fit using both nπ(P)
2 0.12 P2C 1.02 P2H 0.95 20.42 and ε as independent variables furnished the equation
3 0.37 P2Cl 1.40 P2H 0.94 0.00

EGT,regr 5 23(10) 1 92(15) nπ(P) 2 89(15) ε 2 49(16) ε2,4 0.31 P2O 1.08 P2H 0.94 20.39
5 0.58 P2S 1.66 P2H 0.94 0.02 with a correlation coefficient r 5 0.88. Despite the still sub-
6 0.46 P2N 1.34 P2H 0.93 20.37 stantial scatter of the data, it is apparent that the two par-7 0.55 P2Cl 1.25 20.01

ameter model gives a more concise account on phosphen-8 0.18 P2C 0.98 20.91
9 0.42 P2O 0.94 21.04 ium ion stabilities than the consideration of mesomeric ef-

10 0.75 P2S 1.35 20.01 fects alone.11 0.56 P2N 1.08 21.06
12 0.80 P2C 1.26 20.63 Cyclic π-Conjugation: An issue which attracted consider-
13 0.57 P2Cl 1.11 P2N 1.20 20.47 able interest and was debated rather controversially is the
14 0.45 P2C 0.93 P2N 1.26 20.87

formation of delocalized 6(10)π-systems in cyclic cations15 0.51 P2O 0.87 P2N 1.16 21.04
16 0.64 P2S 1.29 P2N 1.14 20.40 such as 22229. [3] [18] [19] [20] Positive evidence for the presence
17 0.55 P2C 1.01 P2N 1.15 20.61 of conjugation of this type is provided both by the increase179 0.46 P2C 0.89 P2N 1.27 20.64

of nπ(P) and the decrease of ∆q(H) (or increase of ∆EGT,18 0.70 P2N 1.05 20.64
19 0.78 P2S 1.32 0.06 respectively) for 22 - 29 relative to their CC-saturated ana-
20 0.61 P2N 1.06 20.83 logues 19221 (cf. Table 1). The net energetic gain [e.g.21 0.63 P2N 1.06 20.68
22 1.04 P2S 1.21 0.08 ∆(∆EGT) 21.1 and 13.9 kcal/mol for 20/24 and 19/22,
23 0.98 P2N 0.95 P2S 1.19 20.12 respectively] is, however, much lower than the inherent
24 0.94 P2N 0.95 20.55

mesomeric stabilization in the PE2 fragment {E 5 N, S;25 1.06 P2C 1.10 20.34
26 1.02 P2S 1.21 0.08 ∆(∆EGT) 93.8 and 62.3 kcal/mol between [P(H)2]1 and
27 0.90 P2N 0.96 20.57 [P(NH2)2]1 or [P(SH)2]1}; it may rather be compared to28 0.78 P2N 0.99 20.50

the inductive stabilization which results from replacement29 0.95 P2N 1.01 20.09
of H in EHn-moieties by alkyl groups {e.g. ∆(∆EGT) 13.7
kcal/mol for [P(NH2)2]1 and [P(NMe2)2]1}.

was shown recently, [17] that beside (E2C) π-donation also As we have demonstrated earlier for 25, the energetic ef-
the polarity of the C2E bonds may add substantially to the fects of cyclic π-conjugation may also be analyzed in terms
stabilization energy. The effect is most pronounced for E 5 of the reaction energy of the homodesmotic reaction of
O, where the high σ bond polarity [C(1)2O(2)] overcom- Scheme 5.[13] This approach is easily extended to a compari-
pensates the ORC-π-electron shift. This leads to a net in- son of the π-electron structures in the isoelectronic carbene
crease of charge separation in the C2O bond and results in analogues 24, 33, and 35. The value of ∆Edeloc in the cation
a marked contribution of the Coulomb-term to the bond 24 is higher (425 kcal/mol) than in 33 or 35, but still no-
energy. tably lower than in 25 or the isolobal [13] phospholide anion

The assessment of a similar contribution to the stability 37 (Scheme 5). Without attempting to establish a quantitat-
of phosphenium ions [P(E1Rn)(E2Rn)]1 becomes feasible ive scale, these results indicate that all three carbene ana-
from a comparison of the “electrostatic factors” logues exhibit only weak aromatic character, even if cyclic

conjugation in the cation 24 is somewhat more effective
than in the neutral species 33, 35. [21] Natural population
analyses indicate further that the increase in nπ(P) in 24
relative to 20 results from a shift of π-electron densitywhich characterize the average Coulomb stabilization as-

sociated with the presence of polar P2E bonds based on a within the N2P-unit, and not from a net transfer from the
C2 to the N2P fragment. In a simple orbital picture, thissimple point-charge model. A comparison of the listed val-

ues of ε in Table 2 reveals an increasing Coulomb stabiliza- corresponds to mixing of occupied and empty N2P-π or-
bitals under perturbation by the additional double bond.tion in the order X 5 S ø Cl << N < O. If we assume that

the overall cation stability is influenced by both Coulomb
and π-donor contributions (which increase with nπ(P) in the Frontier Orbital Considerations
order OH < Cl < NH2 < SH), the higher stabilizing power
of NH2- with respect to OH- (which exert stronger Cou- Phosphenium ions are with regard to their reactivity gen-

erally considered as carbene analogues. [1] [2] The justifi-lomb stabilization) or SH-groups (which are better π-do-
nors) is consistently explained as the consequence of a bal- cation for this hypothesis was derived from the similarity of

the HOMO (phosphorus lone pair) and LUMO (empty p-ance of both effects. Likewise, the slightly higher stabilizing
effect of a CH3- as compared to a Cl-substituent is attribu- orbital) in [P(H)2]1 (Figure 2a) and the parent carbene,
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Scheme 5. Isodesmic reactions describing the interaction of hete- Figure 2. MOLDEN[29] plot of the LUMO (top row) and HOMO

(bottom row) of (a) [P(H)2]1 (1), (b) [P(NH2)2]1 (11), and (c)roallylic N2E(C2E)-fragments in cyclic phosphenium
ions, carbenes, silylenes, and phospholide anions with [cyclo-P(NH)2(CH)2]1 (24). The shown surfaces correspond to

electron densities of (a) 0.14, (b) 0.10, and (c) 0.09, respectivelyan adjacent double bond. Reaction energies ∆Edeloc were
calculated at the MP2/6-311g(d) 1 ZPE level. The va-
lue for 25 was taken from ref. [13]

mation of transition metal complexes. The phosphorus-me-
tal bonding can in this case be described as superposition
of a dative PRM σ- and a retrodative PrM π-bond.[1c] [22]

An analysis of frontier orbital interactions must therefore
consider both the HOMO(cation)-LUMO(metal) and LU-CH2, which makes the two systems both isolobal and iso-

electronic. [1] [2] MO(cation)-HOMO(metal) interactions, and the reactivity
of the cation will be directed by the electron densities inInspection of the frontier orbitals of cations 1229 (Table

1) reveals that this analogy is not preserved in all cases. A both of its frontier orbitals.
For “carbene analogue” cations such as 1 where thetrue carbene analogue frontier orbital sequence is confined

to cations with small to moderate ERP-π stabilization such maximum electron density in both HOMO and LUMO oc-
curs at phosphorus, the formation of dative PRM-σ- andas [P(H)(X)]1 (X 5 any substituent) or [P(NH2)(Y)]1 (Y 5

Cl, CH3, OH). The frontier orbitals of cations [P(ERn)2]1 PrM-π-bonds is straightforward. For “heteroallylic” cat-
ions such as 11, the shapes of the frontier orbitals implywith two strong π-donor groups (ERn 5 NH2, NMe2, SH)

resemble in accord with earlier studies[2] [4] those of an allyl that a nucleophilic attack of the ligand at a transition metal
should occur via the nitrogen,[23] and an electrophilic attackanion (Figure 2b): the HOMO is an antisymmetric combi-

nation of pπ(E)-orbitals with a node at phosphorus, and via the phosphorus. The observed formation of P-coordi-
nated complexes[1] suggests therefore that the metal-ligandthe LUMO an antibonding π3*-orbital. The “lone pair” at

phosphorus corresponds to the HOMO-1 and lies 0.522.4 interaction is dominated by the LUMO(cation)-HOMO-
(metal) contribution. Since the HOMO of the cation has aeV below the HOMO. The LUMO of the cyclic conjugated

cations 22229 is similar to the previous case, but the node at phosphorus, secondary interactions between
LUMO(metal) and HOMO-1 (phosphorus lone pair) be-HOMO resembles now the highest occupied π-orbital of a

phospholide anion[13] and has a large coefficient at phos- come important, leading to the same bonding description
as before. It should be noted that, even if the results of thisphorus (Figure 2c). The highest σ-orbital with significant

“lone-pair”-character lies 1.824.9 eV below the HOMO. analysis agree with the generally acknowledged picture of
phosphorus-metal bonding in phosphenium complexes[1],In the frame of frontier orbital theory, one can expect

that such significant variations in the type of frontier or- they suggest a different weighting of the two contributions:
the dominant interaction is here the PrM π- rather thanbitals imply concomitant changes in reactivity patterns.

That this is actually not observed may be explained on the the PRM σ-contribution, and the electrophilic character
of phosphenium cations commands even the reaction withbasis of a closer inspection of frontier orbital interactions

for individual reactions. In the majority of known reactions transition metal substrates. [24] [25]

In the cyclic cations 22229, the shapes of HOMO andwhich comprise oxidative additions and cycloadditions,
phosphenium ions act as electrophiles, [1] and the dominant HOMO-1 (which likewise resembles the HOMO-1 of a

phospholide[13] and is very close in energy) suggest that afrontier orbital interaction involves the LUMO of the cat-
ion and the HOMO of the reaction partner. Since the larg- nucleophilic attack at a metal should favor side-on coordi-

nation via the π-electron system, while for an electrophilicest lobe in the LUMO is always centered at the phosphorus-
p-orbital, no changes in frontier orbital interactions or re- attack a similar situation as in the previous examples pre-

vails. So far, stable complexes of diazaphospholenium ionsactivity patterns are expected.
The most prominent reaction which supposedly reflects of either type are unknown, but the preference of bis-phos-

phonio-benzophospholides to form σ-complexes[1c] suggeststhe nucleophilic character of phosphenium ions is the for-
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out at the MP2/6-311g(d) level. The resulting final geometries werethat the coordination properties may still reflect the electro-
used for all subsequent calculations. The absolute electronegativityphilic character of these cations. [26]

χ and absolute hardness η of 1232, Me3P, and Me3N were com-
puted from orbital energies obtained with 6-311g(d) basis sets. Be-Conclusions
cause of the conceptual difficulties associated with the determi-

The results of the presented studies may be summarized nation of electron affinities for anions, [5] [28] the values of χ and η
as follows: for the neutral atoms from ref. [5] were used for H2, F2, and I2.

Transferred charge densities ∆q(N) were then computed as de-(1) Transferred charge densities ∆q(N), which describe
scribed in the text. Values of ∆EGT and ∆Edeloc were computedthe shift of electron density upon formation of a dative
according to Eq. (1) and (3) at the MP2/6-311g(d) and MP2/6-bond between a low coordinate phosphorus cation and a
311g(d)1ZPE level, respectively (zero point corrections were de-nucleophile N, are an alternative to hydride transfer ener-
rived from additional frequency analyses at the MP2/6-311g(d) le-gies for the classification of relative cation stabilities. The
vel). The values of orbital populations and Wiberg indexes for

evaluation of ∆q(N) requires less computational effort, 1229, and the atomic charges required for the calculation of ε were
since an energy optimization of neutral reaction products obtained from natural population analyses[16] of MP2 electron
in each single case is avoided. Further appealing prospects densities. Electrostatic factors ε were calculated as described. Rep-
are the possibilities to discriminate between stabilities resentations of frontier orbitals were generated with the program
towards different nucleophiles which should allow to de- MOLDEN.[29]

velop a more distinguished view on stabilities/reactivities in
condensed phases, and to compare the electrophilicity of
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Reactions of metallated nucleophiles MIY [Y = OR, SR, NR2, of a systematic analysis of the bonding parameters
determined for the tmp2AlY compounds, combined with aPR2, AsR2, CR3, Si(SiMe3)3, R = organyl, H] with bis(2,2,6,6-

tetramethylpiperidino)aluminum halides [tmp2AlX, (X = Cl, quantum mechanical study on model compounds (H2N)2AlY,
not only reveal the presence of a highly polar Al–N bond, butBr, I)] offer facile access to a variety of bis(amino)alanes of

the type tmp2AlY. As indicated by 27Al-NMR spectroscopy, at the same time rule out AlN-pp(π) bonding, in contrast to
the situation in the analogous tmp2BY compounds. It ismass spectrometry and X-ray crystal structure determina-

tions, all of these compounds are monomeric in the solid shown that the Al–N bond length depends on the acidic
character of the protic species HY: the shorter d(Al–N), thestate, in solution, and in the gas phase. Even Al–E single

bonds (E = Si, P, As etc.) that are not commonly encountered less basic is Y.
are stabilized by the supporting tmp fragments. The results

Introduction monomeric aminoalanes {e.g. 1.78(2) A
˚

in Al[N(SiMe3)2]3
and 1.782(2) A

˚
in (MeAlNdipp)3 (dipp 5 2,6-

Homo- and heteroatomic multiple bonding, especially in- iPr2C6H3)}[12] [13]. Moreover, a barrier to rotation about the
volving heavier main-group elements, has been a major field Al2N bond in tBu2AlN(dipp)(SiPh3) of 9.9 kcal/mol has
of interest in the last decade. Thus, many compounds with been determined, indicative of weak pp(π) interactions[14].
element2element double bonds, kinetically stabilized by However, Al2N bond lengths in tricoordinated aluminum
using bulky substituents attached to the element atom in amides vary considerably from 1.78 to 1.88 A

˚
. An analysis

question, have been produced. Application of this principle of structural data and rotational barriers in tricoordinated
has led to the synthesis and characterization of Si5Si, Ge5 Al2N compounds lead to the conclusion that the bonding
Ge, Sn5Sn[3] [4] [5] and III2V (B5N, B5P, B5As)[6] [7] [8] is primarily determined by Al2N bond polarity[15]. How-
doubly bonded systems. In the latter species, bond shorten- ever, no systematic analysis on the variation of Al2N bond-
ing and small twist angles between the planes at boron and ing parameters in a family of compounds has so far been
the group-V elements are reported, indicative of pp(π) inter- performed. We found that bis(tetramethylpiperidino)alanes
actions. By means of variable-temperature 1H-NMR spec- represent such a family.
troscopy[9] and quantum mechanical calculations[10], acti- Recently, we published the synthesis and structures of the
vation barriers for rotation about the B2E bond (E 5 N, monomeric bis(2,2,6,6-tetramethylpiperidino)aluminum
P, As) as high as 33 kcal/mol have been determined. halides {tmp2AlX [X 5 Cl (1a), Br (1b), I (1c)]}[16], which

allow even the synthesis of transition-metal compoundsConsidering the heavier homologues of boron, i.e. alumi-
num and gallium, these might also be capable of adopting such as [tmp2Al2Fe(cp)(CO)2,] (2) [17]. Here, we report on

a variety of additional derivatives of bis(tmp)alanes. Thesuch bonding arrangements. However, no compounds con-
taining Al5P or Al5As double bonds have yet been compounds 1a2c, 2, and of the type tmp2AlY 326 {Y 5

OR, SR, NR2, PPh2, AsPh2, CR3, Si[Si(Me)3]3, R 5 or-characterized. Thus, the gallyl phosphide tBu2GaP(Mes)-
(SiPh3) exhibits a barrier to rotation about the Ga2P bond ganyl, H} possess tricoordinated aluminum and nitrogen

centers. To allow a distinction to be made between possibleof only 12.7 kcal/mol[11]. Taking this result, together with
an almost planar (sum of bond angles 346.2°) geometry at pp(π) interactions, N(p)AlX(σ*) interactions and a highly

polar bonding situation at the aluminum center [χ(N) 5the phosphorus atom and a short Ga2P bond length, the
authors concluded that a small pp(π) contribution might be 3.1; χ(Al) 5 1.6; Pauling electronegativity], the structures

of these compounds were determined in the solid state. Sys-present[11]. In the case of aluminum amides, pp(π) interac-
tion, well established for the homologous aminobor- tematic variation of the group Y not only changes the elec-

tronic situation at the aluminum atom, but 2 since the am-anes[6] [9], has been used to explain short bond lengths in
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ino ligands remain constant 2 this allows quantification of
the effect of various substituents at the Al2N unit.

Although most of the tmp2AlY compounds are sterically
severely crowded, we expected to obtain supporting evi-
dence from ab initio calculations (MP2/6-311G*) on sys-
tematically varied model compounds (H2N)2Al2Y (7a2h)
[Y 5 Cl, OH, SH, NH2, PH2, CH3, SiH3, Al(NH2)2], in-
cluding NBO analysis for interpretation of their bonding
situation in the LMBO picture (5 Lewis picture) [18].

Synthesis and Reactions

In order to delineate the effects of a systematic change of
the group Y in tmp2AlY, the following results describe
tmp2AlY compounds in which the substituent Y is varied
across the main-group elements from right to left. All
bis(tmp)alanes were obtained by the metathesis of tmp2AlX
(X 5 Cl, Br, I) with nucleophiles Y2. The reactions pro- duct of FecLi2 (Fec 5 ferrocene) each reacted smoothly
ceeded well in aliphatic organic solvents. Monitoring of the with tmp2AlX (1a2c) (within minutes to one hour) to give
reactions by 1H-NMR spectroscopy indicated the exclusive the organylalanes tmp2Al2Ph (5a), tmp2Al2Bu (5b),
formation of compounds tmp2AlY (326). Competing reac- tmp2Al2C6H4OMe (5c), (tmp2Al)2C2B10H10 (5d), and
tions, which commonly hamper aluminum chemistry (e.g. (tmp2Al)2Fec (5e) in 48279% yield. Reaction with
dismutation leading to mixtures), were not observed. (Me3Si)3Si2Li(thf)3 afforded the silylalane tmp2Al2Si-

(SiMe3)3 (5f) in 65% yield, whereas addition of freshly pre-
(i) Main Group VI Nucleophiles pared Me3SnLi(thf)x (x ø 3) led only to the transient for-

mation of tmp2Al2SnMe3 (5g), which quickly decomposedWhen mixtures of tmp2AlX 1a2c with the freshly pre-
pared lithium compounds PhOLi, dippOLi, PhSLi, and by stannylene elimination (SnMe2)n to give tmp2Al2Me

(5h) as the sole isolated species. On leaving the latter com-tBuSLi were refluxed in n-hexane solution for about three
hours, the monomeric bis(tmp)aluminum phenolates pound to stand for several weeks in CO2 at 278°C, quanti-

tative insertion of CO2 into the Al2N bonds occurred, re-and thiolates tmp2Al2OPh 3a, tmp2Al2Odipp 3b,
tmp2Al2SPh 3c, and tmp2Al2StBu 3d were obtained in sulting in the methylaluminum bis(carbaminate) [MeAl-

(O2Ctmp)2]2 (5i).54287% yield. The relatively weak nucleophilic character
of the lithium aryloxides and thiolates necessitates heating The silylalane 5f was subjected to a series of solvolysis

reactions. Treatment with stoichiometric amounts of EtOH,in this case to make reaction times suitably short.
PhOH, and HCl led exclusively to the products of Al2N
cleavage [(Me3Si)3SiAl(OEt)2]2 (5j) and [(Me3Si)3Si-
AlZ3]tmpH2 [Z 5 OPh (5k), Cl (5l)] in 65285% yield. Use
of bulkier alcohols such as tBuOH, MesOH and dippOH
led to inseparable mixtures, whereas 2,4,6-tBu3C6H2OH did
not react.

(iv) Main Group III Nucleophiles(ii) Main Group V Nucleophiles

Suspensions of LiBH4 or Li(H29-BBN) (9-BBN 5 9-Powdered LiN(H)R (R 5 tBu, Ph) and LiEPh2 (E 5 P,
borabicyclononane) in n-hexane reacted with tmp2AlXAs) react with tmp2AlX (1a2c) in n-hexane solution at am-
compounds (X 5 Cl, Br, I) to afford the highly solublebient temperature to give tmp2Al2N(H)tBu (4a),
compounds tmp2AlH2BH2 (6a) (42%) and tmp2AlH2(9-tmp2Al2N(H)Ph (4b), tmp2Al2PPh2 (4c), and tmp2Al2
BBN) (6b) (74%).AsPh2 (4d) in 42265% yield. To verify the donor properties

of the phosphorus atom in 4c, one equivalent of AlI3 was
Characterizationadded to a solution of the compound in benzene. From the
Monomeric Bis(tmp)alanesresulting solution, crystals separated on cooling, which pro-

ved to be the trimeric I2AlPPh2 (4e). The supernatant solu- The chemical shift of the 27Al-NMR signals of 126 is a
tion was found to contain tmp2AlI (1c), which was charac- function of the electron density at the aluminum nucleus
terized by its NMR spectra[15]. (see Table 1). Strong σ- and possible π-donors such as the

aryloxides, phosphanides, and arsanides 3a2b and 4c2d in-
(iii) Main Group IV Nucleophiles duce an upfield shift of the 27Al signal up to δ 5 65 [com-

pared to tmp2AlX (X 5 Cl, Br, I), δ27Al 5 130] [15]. OrganylPhLi (Bu2O solution), nBuLi (n-hexane solution), freshly
prepared p-MeOC6H4MgBr (THF), H10B10C2Li2 ( 5 1,2- or silyl substituents cause a deshielding, which reaches its

maximum for tmp2Al2Si(SiMe3)3 (5f) (δ27Al 5 186). How-dilithio-1,2-dicarba-closo-dodecaborane) and the tmeda ad-
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Table 1. Chemical shifts δ27Al and line width of tmp2 AlY

compounds

tmp2AlY 3a 3b 3c 3d 4a 4b 4c 4d
compd.
R 5 OPh Odipp SPh StBu N(H)tBu N(H)Ph PPh2 AsPh2

δ27Al[a] 75 85 153 152 129 124 110 74
h1/2

[b] 8800 9000 14000 9500 8700 9600 13400 18300

tmp2AlY 5a 5b 5c 5d 5e 5f 5h 6b
compd.
R 5 Ph Bu [c] [d] (Fec)2 (Me3- Me H29-

Si)3Si BBN

δ27Al[a] 153 164 160 164 59 186 173 115
h1/2

[b] 12300 13400 19400 12400 7400 12400 2 10700

[a] In ppm. 2 [b] In Hz. 2 [c] p-MeOC6H4.2 [d] (C2B10H10)2.

these separate into two distinct lines (depicted in Figure 1).
As the free activation enthalpy for this process has been
determined to be about 54 kJ/mol (using the Eyring equa-
tion)[21], we take this as evidence for hindered inversion of
the piperidinyl ring (cf. for example, the inversion barrier of
cyclohexane: 46 kJ/mol) [22], while we assume free rotation
about the Al2N bond even at a temperature of 270°C (if
there was hindered rotation about the Al2N bond, one
should observe four signals for the then magnetically in-
equivalent tmp methyl groups).

In the 11B-NMR spectrum of the tetrahydroborate 6a
(δ11B 5 224.4), a 1J(11B,1H) coupling constant of 85 Hz
is found. This lies well within the range found for other
aminoaluminum tetrahydroborates [e.g. H2B(µ-NMe2)-
Al(BH4)2, 1J(11B,1H) 5 89 Hz][23]. In contrast, the proton-
coupled 11B-NMR spectrum of 6b exhibits only a broad,ever, there is one exception: δ27Al of (tmp2Al)2Fec (5e),

possibly as a result of an anisotropic effect of the iron atom, unresolved signal, which narrows on proton decoupling
from 247 Hz to 207 Hz. From the IR spectra, a bidentateexhibits a remarkable high-field shift (δ27Al 5 59). Due to

the low local symmetry at the aluminum center, signals with coordination of the BH4 group to the aluminum atom can
be deduced.half-widths as broad as 19400 Hz are a characteristic fea-

ture of the tricoordinated aminoalanes 226 [18] [19]. The hal- To investigate their gas-phase behavior, 3d, 5a2b, h, and
6a were subjected to mass spectrometry (70 eV). No frag-ides 1a2c were shown to be monomeric by cryoscopic mo-

lar-mass determinations and, therefore, the signals in the ments of higher m/z ratios than the molecular ions of the
monomers (15220% relative intensity) were observed, con-27Al-NMR spectrum exhibit very broad half-widths of

9100213700 Hz[15]. Since all other tmp2AlY compounds firming the unassociated nature of these species in the vap-
our phase. Due to the low Al2C and Al2H bondpossess the same local symmetry at the aluminum atom and

exhibit signal half-widths similar to those observed in strengths[24], the bis(tmp)aluminum cation tmp2Al1, m/z 5
307, is formed as the major fragment with 182100% rela-1a2c, it can be assumed that 226 do not form associates

in solution. tive intensity. Since these compounds contain eight methyl
groups, the (M 2 15) fragment is formed very readilyIn agreement with this assumption is the observation that

in the 1H- and 13C-NMR spectra, only one set of reson- (312100% relative intensity). It is noteworthy that the
phosphanide 4c, the arsanide 4d, and the silylalane 5f de-ances is observed for the tmp ligand, indicating free rotation

about the Al2N bond and rapid inversion of the piperidinyl composed upon vaporization; only fragments of low m/z
ratio were detected.ring. In the case of the phosphanide 4c, a long-range coup-

ling [4J(31P,13C) 5 4.1 Hz] of the tmp methyl carbon atoms 1H- and 13C-NMR spectroscopic analysis of the crystals
and the supernatant solution obtained according to equa-and the phosphorus atom is characteristic. At ambient tem-

perature, 5f, probably the sterically most crowded molecule tion 2a revealed Al2P bond cleavage of the presumably
formed adduct tmp2AlPPh2*AlI3. The crystals only gaveof this series, shows a set of broad 1H-NMR and 13C-NMR

signals for the tmp methyl groups. Upon cooling to 270°C, rise to signals in the aromatic region, while the solution
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Figure 1. 1H-NMR and 13C-NMR spectra of 5f in [D8]toluene recorded at various temperatures

exhibited signals attributable to tmp2AlI (1c) [15]. The 31P- groups are oriented trans to one another, as this isomer
crystallizes from the solution (the trans isomer is favouredNMR signal of 4e is shifted downfield compared to 4c, ap-

pearing at δ31P 5 242.9, thus indicating a tetracoordinated by about 6 kcal/mol according to a semiempirical AM1 cal-
culation). Aluminate formation in the case of 5k2l is de-phosphorus atom. Since 4e is trimeric in the solid state, as

ascertained by X-ray crystal structure determination, it is duced from the 13C-NMR signals of the tmpH2
1 cation,

which differ markedly compared to those observed when amost likely that the phosphanide retains this degree of
oligomerization in solution. This would correspond to the tricoordinated nitrogen atom is present in the piperidino

ligand [e.g. δ13C (N2C) 5 57258 vs. 51253 in tmp2AlY],behavior of (Me2AlPMe2)3
[25].

The 27Al-NMR spectrum of the aluminum carbaminate and from the presence of an NH2 stretching band in the IR
spectrum. The 29Si-NMR signals of the Me3

29Si groups of5i shows two sharp signals in the region typical of pentaco-
ordinated species [d27Al 5 21 (∆1/2 5 1.120 Hz); d27Al 5 9 5j2l fall in the small range of δ 5 28 to 210, well within

the range of reported values for the homologous gallium(∆1/2 5 980 Hz)] {cf. [(Me2NCS2)2AlCl]2: d27Al 5 14}[26],
indicating that the dimeric compound found in the solid compounds prepared by Linti et al. [27]. Compared to 5f, the

1H-NMR signals for the Me3Si groups are shifted bystate (vide infra) dissociates in solution partly into mono-
mers . This is confirmed by 1H- and 13C-NMR spec- 0.320.4 ppm to higher field. We attribute this to the re-

duced steric crowding that results from the replacement oftroscopy. Two sets of signals are observed for the tmp li-
gands, those assigned to the dimer having twice the inten- the tmp ligands with less bulky substituents.
sity (see Figure 2).

Crystal Structures
Figure 2. Possible bonding patterns of the carbaminate 5i

Monomeric Bis(tmp)alanes tmp2AlY (326)

Structural parameters are presented in Table 2, additional
values are given in the caption of each ORTEP represen-
tation. Hydrogen atoms are omitted for clarity in the figures
except in the plots of 4b and 6b where selected hydrogen
atoms are depicted. All molecules 326 possess tricoordin-Considering the IR spectrum, formula D is consistent
ated aluminium atoms residing in a planar envirnonmentwith the strong absorption at 1582 cm21. Thus, the partial
[sum of bond angles Σ(Al) 5 360.0°]. The nitrogen atomsC2N double bond, as indicated by the rather short C2N
of the tmp ligands, which exhibit the chair conformation,bond length (vide infra), results in hindered rotation about
seem to have sp2 character, as their sum of bond anglesthis bond and makes inversion of the ring more difficult,
range from 359.4 to 360.0°.rendering pairs of atoms in the tmp ligand magnetically in-

equivalent.
tmp2AlOdipp (3b)The presence of tetracoordinated aluminum centers in

the silylalane 5j and the silylaluminates 5k2l is evident The structure of 3b is depicted in Figure 3. The molecule
shows a rather long Al2O distance of 1.696(2) A

˚
, com-from the dramatically decreased line widths in the 27Al-

NMR spectra (∆1/2 5 100023000 Hz vs. 12400 Hz in 5f) [18]. pared to that in the electronically similar tris(aryloxides)
[e.g. Al(OAr)3, OAr 5 2,6-tBu2-4-Me-C6H2, d(Al2O) 5A double set of lines for the ethoxy groups in 5j indicates

its dimeric nature (terminal and bridging EtO resonances) 1.647 A
˚

(av.)] [28] investigated by Barron et al. Due to the
steric requirements of the bulky substituents, the Al2O2Cand rules out the possibility that a mixture of cis and trans

isomers is present, since only one signal for the bridging angle, 158.4(2)°, is rather large a feature commonly ob-
served for monomeric aluminum aryloxides. This can beethoxy group is found. Most probably, the terminal EtO
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Table 2. Some characteristic bonding parameters of tmp2AlY compounds

tmp2AlY d(Al2N) [A
˚

] d(Al2E) [A
˚

] N2Al2N [°] C2N12Al2E C2N22Al2E Σ(N) [°] Σ(Al) [°]
Y 5 [°] [°]

Cl[a] (1a) 1.785(4) 2.144(2) 130.1(2) 66.2 30.8 357.6 360.0
1.810(4) 84.3 52.1 356.7

Br[a] (1b) 1.782(6) 2.309(2) 130.4(3) 66.0 31.1 357.5 359.8
1.812(6) 88.7 46.9 356.9

I[a] (1c) 1.788(3) 2.571(1) 129.5(1) 65.2 35.6 357.9 359.9
1.803(3) 89.3 48.8 357.1

Odipp (3b) 1.807(2) 1.696(2) 128.9(1) 59.5 57.4 359.8 360.0
1.809(2) 59.4 62.7 360.0

SPh (3c) 1.800(2) 2.225(1) 128.2(1) 2141.0 59.6 360.0 360.0
1.807(2) 37.8 2106.9 358.9
1.798(2) 2.233(1) 130.8(1) 119.4 110.3 358.6 360.0
1.813(2) 244.1 260.3 359.5

StBu (3d) 1.817(2) 2.200(1) 128.6(1) 273.5 270.6 359.9 360.0
1.820(2) 109.9 116.1 359.8

N(H)Ph (4b) 1.813(2) 1.790(2) 131.8(1) 66.2 67.2 359.9 360.0
1.822(2) 70.4 70.2 359.9

PPh2 (4c) 1.819(2) 2.377(1) 128.8(1) 65.3 65.1 359.9 360.0
1.819(2) 66.7 68.7 360.0

AsPh2 (4d) 1.816(3) 2.485(2) 129.1(1) 65.5 64.9 359.9 360.0
1.822(3) 69.6 66.1 360.0

Ph (5a) 1.826(2) 1.971(3) 128.9(1) 67.7 2 359.8 359.9
73.2

(Fec)0.5 (5e) 1.824(3) 1.952(3) 126.1(1) 69.7 61.6 359.8 360.0
1.825(3) 74.0 62.0 359.9

(Me3Si)3Si (5f) 1.844(2) 2.514(1) 123.8(1) 76.5 59.9 359.6 360.0
1.848(2) 82.9 66.8 359.6

H2(9-BBN)[d] (6b) 1.814(4) 2.223(7) 132.4(2) 67.1 2 359.4 360.0
75.9 [d]

Altmp2
[b] (8) 1.849(1) 2.640(2) 121.8(1) 64.1 68.1 359.9 360.0

1.851(2) 67.6 69.7 359.9
Fecp(CO)2 (2)[c] 1.847(4) 2.450(1) 121.9(2) 72.2 64.6 359.3 360.0

1.862(4) 73.8 74.5 359.9

[a] See ref. [15]. 2 [b] See ref. [49i]. 2 [c] See ref. [16]. 2 [d] Al···B distance.

Figure 3. Molecular structure of tmp2AlOdipp (3b) in the solidtaken as an indication of a strong polar Al2O bond, which
state; thermal ellipsoids are shown at a 25% probability level[a]

should lead to a short Al2O bond[15].

tmp2AlSPh (3c) (Figure 4) and tmp2AlStBu (3d) (Figure 5)

The asymmetric unit of 3c contains two independent,
slightly different molecules. Compared to the published
structure of monomeric aluminum thiolates (mes*S)3Al
[mes* 5 2,4,6-tBu3C6H2, d(Al2S) 5 2.185(2) A

˚
] [29], Bu-

Al(Smes*)2 [d(Al2S) 5 2.188(9) A
˚

] and tBuAl(Smes*)2

[d(Al2S) 5 2.196(3) A
˚

] [30], the Al2S distances found in
3c2d are elongated [3c: 2.225(1), 2.233(1) A

˚
; 3d: 2.200(1)

A
˚

]. This is consistent with the lower basicity of PhS2

(compared to tBuS2), since d(Al2S) in 3c is longer, and
d(Al2N) is shorter than in 3d, and vice versa. The
C2S2Al angles are 105.7(1)° and 106.5(1)° for 3c, and
118.9(1)° for 3d and, as expected, are smaller than the
C2O2Al angles observed in 3b [158.4(2)°] or
RxAl(OAr)32x (R 5 organo, up to 171°) [27].

[a] Additional bond angles [°]: Al(1)2O(1)2C(19) 158.4(2),tmp2AlN(H)Ph (4b)
N(1)2Al(1)2O(1) 113.3(1), N(2)2Al(2)2O(1) 117.8(1).

As the anilide 4b (depicted in Figure 6) is the derivative
of the primary amine PhNH2, it belongs to the rare class Al2N bond [1.790(2) A

˚
] is shorter than the Al2N bonds

to the piperidino ligand [1.813(2) and 1.822(2) A
˚

], presum-of kinetically stabilized, hydrogen-bearing aluminum am-
ides[15]. These are normally unstable with respect to intra- ably due to the reduced steric requirement of the ligand.

However, in the monomeric tris(amides) Al[N(SiMe3)]3 [12]molecular amine elimination and formation of oligomeric
iminoalanes (RAl2NR)n (n 5 228)[31] [32]. The anilide and Al(NiPr2)3

[33] similar or even shorter Al2N bond
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Figure 4. Molecular structure of one of the two independent species Figure 6. Molecular structure of tmp2AlN(H)Ph (4b) in the solid

state; thermal ellipsoids are shown at a 25% probability level[a]of tmp2AlSPh (3c) in the solid state; thermal ellipsoids are shown
at a 25% probability level[a]

[a] Bond lengths [A
˚

] and bond angles [°]: Al(1)2S(1) 2.225(1),
Al(2)2S(2) 2.233(1); C(19)2S(1)2Al(1) 105.7, C(43)2S(2)2Al(2)
106.5, N(1)2Al(1)2S(1) 110.1(1), N(2)2Al(1)2S(1) 121.7(1),
N(3)2Al(2)2S(2) 109.4(1), N(4)2Al(2)2S(2) 119.6(1).

[a] Additional bond lengths [A
˚

] and bond angles [°]: Al(1)2N(1)Figure 5. Molecular structure of tmp2AlStBu (3d) in the solid state; 1.790(2); Al(1)2N(1)2C(1) 138.9(2), N(2)2Al(1)2N(1) 118.57(9),thermal ellipsoids are shown at a 25% probability level[a]
N(3)2Al(1)2N(1) 109.7(1), Al(1)2N(1)2H(1) 110.9(2),
C(1)2N(1)2H(1) 110.1(2).

1 1.10 A
˚

(P) 5 2.35 A
˚

] [35], the Al2P bond in 4c is elon-
gated. The arsanide 4d represents a acyclic compound feat-
uring an aluminum2arsenic σ-bond, although two mol-
ecules, the trimeric (mes*Al2AsPh)3 [d(Al2As) 5 2.43
A
˚

] [36] and the cp*3Al3As2 cluster [d(Al2As) 5 2.48 A
˚

] [37],
have previously been subjected to crystal structure analyses.
The latter compound may be viewed as a subvalent species,
and thus it is inappropriate to compare its Al2As bond
length with that in 4d. Considering the sum of the covalent
radii [1.25 A

˚
(Al) 1 1.21 A

˚
(As) 5 2.46 A

˚
] [33], the Al2As

single bond in 4d seems to be slightly lengthened. The phos-
phorus and arsenic atoms in 4c2d reside in pyramidal en-
vironments [sum of bond angles: 316.2° (P) and 308.1°

[a] Additional bond lengths [A
˚

] and bond angles [°]: Al(1)2S(1) (As)]. Due to its position in the main-group V, the geometry
2.220(1); C(19)2S(1)2Al(1) 118.9(1), N(1)2Al(1)2S(1) 107.0(1),

at the arsenic atom is more pyramidalized than that at theN(2)2Al(1)2S(1) 124.4(1).
phosphorus atom [cf. for example, the sum of bond angles
in PCl3 (300.9°) and AsCl3 (296.1°)]. The pyramidal P andlengths are reported [1.78(2) A

˚
for the silylamide and

As atoms, as well as the geometric orientations of the EPh21.791(4)21.801(4) A
˚

for the isopropylamide]. The anilide N
fragments relative to the N2Al planes, prevent the formationatom resides in a distorted trigonal-planar environment
of Al2E pp(π) bonds.(sum of bond angles at the anilide nitrogen atom: 359.9°),

with a large Al2N2C angle [138.9(2)°] and small
tmp2AlPh (5a) (Figure 9) and (tmp2Al)2Fec (5e) (Figure 10)Al2N2H and C2N2H angles [110.9(2) and 110.1(2)°].

Colorless needles of 5a are monoclinic, space group C2/
tmp2AlPPh2 (4c) (Figure 7) and tmp2AlAsPh2 (4d) (Figure 8) c. There are four molecules in the unit cell, which suggests

crystallographically imposed C2 symmetry. The Al2C dis-4c2d are isotypic. The most important structural param-
eter of these compounds is the Al2E bond length [E 5 tances of 1.971(3) A

˚
(5a) and 1.952(3) A

˚
(5e) fall well within

the range of published Al2C bond lengths for organylbis-P: 2.377(1) A
˚

; E 5 As: 2.485(2) A
˚

]. Only a few bonding
parameters of this kind are known at the present time.[15] (amino)alanes [e.g. 1.970(3) A

˚
for Mes2Al-

[N(SiMe3)2]2] [15] [38]. Due to the higher electronegativity ofCompared to the recently published tricoordinated alumi-
num phosphanide trip2Al2P(Ada)(SiPh3) [d(Al2P) 5 the ferrocenyl ligand, which is associated with more con-

tracted orbitals, the Al2C bond in this compound is2.342(2) A
˚

; trip 5 2,4,6-iPr3C6H2; Ada 5 adamantyl] [34]

and to the sum of the relevant covalent radii [1.25 A
˚

(Al) slightly shorter. The C2Al2N2C torsion angles are very
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Figure 9. Molecular structure of tmp2AlPh (5a) in the solid state;Figure 7. Molecular structure of tmp2AlPPh2 (4c) in the solid state;

thermal ellipsoids are shown at a 25% probability level[a] thermal ellipsoids are shown at a 25% probability level[a]

[a] Additional bond angles [°]: Al(1)2P(1) 2.377(1);
Al(1)2P(1)2C(19) 100.55(8), Al(1)2P(1)2C(25) 110.90(9),
N(1)2Al(1)2P(1) 109.35(7), N(2)2Al(1)2P(1) 121.76(7).

[a] Additional bond angles [°] and torsion angles [°]: Al(1)2C(10)
1.971(3); N(1)2Al(1)2C(10) 115.5(1); N(1)2Al(1)2C(10)2C(11)Figure 8. Molecular structure of tmp2AlAsPh2 (4d) in the solid
18.0.state; thermal ellipsoids are shown at a 25% probability level[a]

tmp2AlSi(SiMe3)3 (5f)

The molecular structure of 5f is depicted in Figure 11.
Compared to a series of tetracoordinated silylalanes, which
exhibit Al2Si distances of around 2.47 A

˚
[41], the bond

length of 2.514(1) A
˚

found in 5f is rather long, but is never-
theless in accordance with the steric demand of the ligands
attached to the aluminum atom. Moreover, Linti et al. have
prepared the homologous compound tmp2GaSi(SiMe3)3,
which, according to its crystal structure, exhibits the same
structural features (e.g. long Ga2Si and Ga2N dis-
tances) [26] as 5f. The decreased Si2Si2Si bond angles (av.
103.5°) may be attributable to steric factors, but could also
be taken as an indication of a polar Al2Si bond (strong
repulsion between the Al2Si σ-electrons and the Me3Si
groups due to the negative charge), since comparable angles

[a] Additional bond angles [°]: Al(1)2As(1) 2.485(2); have been found in the lithium silanides (Me3Si)3SiLi*(thf)3Al(1)2As(1)2C(19) 108.3(1), Al(1)2As(1)2C(25) 97.6(1),
N(1)2Al(1)2As(1) 108.8(1), N(2)2Al(1)2As(1) 122.1(1). and (Me3Si)3SiLi(DME)1.5 (av. 102.4 and 104.0°) [42]. In the

more relaxed (Me3Si)3SiAlCl3
2, prepared by Stalke et

al. [43], the Si2Si2Si bond angles are on average 110.0°.small (5a: 18.0°; 5e: 7.2215.8°), facilitating Al2C double
bonding. However, closer examination of the reported

tmp2AlH2(9-BBN) (6b)Al2C distances in tetracoordinated alanes, which are not
capable of bond shortening due to pp(π) interactions, is in- 6b forms colorless monoclinic crystals, space group C2/c,

Z 5 4 and possesses crystallographically imposed C2 pointdicative of σ-bonding. Values of d(Al2C) similar to those
in 5a and 5e are found in the tetracoordinated aminoalanes group symmetry. The core of the structure consists of a

four-membered AlH2B ring. Since a twofold axis runs(Me2AlNC6H12)2 [d(Al2C) 5 1.963(6) and 1.986(7) A
˚

] and
(iBu2AlNMe2)2 [d(Al2C) 5 1.956(8) and 1.982(8) A

˚
] [15] [39]. through Al1 and B1, this ring must be planar. The Al2H

(1.738 A
˚

) and B2H (1.208 A
˚

) bond lengths are shorter thanIn contrast to the crystal structures of the borylated ferro-
cenes (Hal2B)nFec (Hal 5 Br, I; n 5 124)[40], no Al2Fe those found in aluminum tris(tetrahydroborate) Al(BH4)3

(1.80 A
˚

and 1.28 A
˚

). Moreover, d(Al2B) [2.223(7) A
˚

] isinteraction is apparent, which might have resulted from an
interaction of the electron-deficient aluminum atom (with only 9 pm longer than the sum of their covalent radii (1.25

1 0.88 5 2.13 A
˚

)[33]. Assuming a bonding pattern as illus-respect to an eight-electron system) and the electron-rich
iron atom. The C2C2C2Al torsion angles of 12.5212.9° trated in Figure 13, the aluminum and boron atoms can be

described as sp2-hybridized, in accord with the largereveal a bending of the Altmp2 fragment away from the
iron atom. N2Al2N and C2B2C angles.
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Figure 10. Molecular structure of (tmp2Al)2Fec (5e) in the solid state; thermal ellipsoids are shown at a 25% probability level[a]

[a] Additional bond lengths [A
˚

] and bond angles [°] and torsion angles [°]: Al(1)2C(20) 1.952(3), Fe(1)2C(20) 2.103(3), Fe(1)2C(21)
2.036(3), Fe(1)2C(22) 2.028(3), Fe(1)2C(23) 2.049(3), Fe(1)2C(24) 2.065(3); N(1)2Al(1)2C(20) 117.4(1), N(2)2Al(1)2C(20) 116.1(1);
C(21)2C(20)2Al(1)2N(2) 7.2, C(24A)2C(20)2Al(1)2N(1) 15.8.

Figure 11. Molecular structure of tmp2AlSi(SiMe3)3 (5f) in the solid state; thermal ellipsoids are shown at a 25% probability level[a]

[a] Additional bond lengths [A
˚

] and bond angles [°]: Al(1)2Si(1) 2.5136(9), Si(1)2Si(2) 2.375(1), Si(1)2Si(3) 2.3703(9), Si(1)2Si(4)
2.3745(8); N(2)2Al(1)2Si(1) 117.81(6), N(1)2Al(1)2Si(1) 118.41(7), Si(3)2Si(1)2Al(1) 112.58(3), Si(4)2Si(1)2Al(1) 115.24(3), Si(3)2
Si(1)2Si(4) 104.70(3), Si(3)2Si(1)2Si(2) 106.04(3), Si(4)2Si(1)2Si(2) 99.80(3), Si(2)2Si(1)2Al(1) 116.98(3).
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Figure 12. Molecular structure of tmp2AlH2(9-BBN) (6b) in the 122.3 and 102.1°, respectively[24]. There is only a slight
solid state; thermal ellipsoids are shown at a 25% probability variation in the distance d(Al2I), the average being 2.532(2)

level[a]

A
˚

, which is in good agreement with the Schomaker-Steven-
son corrected sum of the relevant sum of covalent radii
(2.51 A

˚
)[33]. Moreover, for the compound I4Al4(µ-S)2(µ-

SMe)4, which crystallizes in an adamantane-like Al4S6

framework bearing terminal iodine atoms, a similar bond
length of 2.50 A

˚
has been reported[46].

Figure 14. Molecular structure of 4e in the solid state; thermal
ellipsoids are shown at a 25% probability level[a]

[a] Additional bond lengths [A
˚

] and bond angles [°]: Al(1)2B(1)
2.223(7), Al(1)2H(1) 1.738, B(1)2H(1) 1.208; N(1)2Al(1)2B(1)
113.8(1), H(1)2Al(1)2H(1A) 65.4, Al(1)2H(1)2B(1) 96.3,
H(1)2B(1)2H(1A) 112.4.

Figure 13. Possible bonding pattern in 6b

[a] Selected bond lengths [A
˚

] and bond angles [°]: Al(2)2P(2)
2.470(3), Al(2)2P(3) 2.461(3), Al(2)2I(3) 2.538(2), Al(2)2I(4)
2.541(2), Al(3)2P(3) 2.452(3), Al(3)2P(4) 2.438(3), Al(3)2I(5)
2.544(2), Al(3)2I(6) 2.525(2), Al(4)2P(4) 2.461(3), Al(4)2P(2)
2.444(3), Al(4)2I(7) 2.536(2), Al(4)2I(8) 2.521(2); Al(2)2
P(3)2Al(3) 115.1(1), P(3)2Al(3)2P(4) 110.3(1), Al(3)2P(4)2Al(4)
114.8(1), P(4)2Al(4)2P(2) 108.2(1), Al(4)2P(2)2Al(2) 115.5(1),Whereas the N2Al2N angle in 6b is as wide as 132.4°,
P(2)2Al(2)2P(3) 109.1(1), I(3)2Al(2)2I(4) 111.15(8),and thus exceeds the 120° ideal by 12.4°, the C2B2C angle
I(5)2Al(3)2I(6) 111.00(8), I(7)2Al(4)2I(8) 112.81(9).

is only 110.2(6)°. Thus, the description of the bonding in
6b is reminiscent of that of diborane[42]. A large exocyclic

[MeAl(O2Ctmp)2]2 (5i)H2B2H angle of 121.8° and a short B2B distance of 1.71
A
˚

have been reported for this compound[42]. Crystals of 5i are very sensitive to warming and disinte-
grate when exposed to temperatures above 210°C (possibly

(Ph2PAlI2)3 (4e) due to a change of the modification?). The low-temperature
phase is found to be monoclinic, space group P21/c, andColorless prisms of 4e crystallize in the trigonal space

group R3
¯

with Z 5 24 monomeric units. The six-membered contains two molecules in the unit cell (see Figure 15). The
skeleton of 5i is formed by two orthogonally linked, planar,ring is present in a chair conformation, (see Figure 14). The

environment around each of the tetracoordinated Al and P eight-membered C2Al2O4 rings, which meet at the pentaco-
ordinated aluminum atoms. A C4 axis (neglecting theatoms can be described as distorted tetrahedral, with maxi-

mum deviations of 28.2°/14.6° from 109.5°. Values of Al2Me hydrogen atoms) passes through the Me2Al2
Al2Me vector. The aluminum atoms reside in the center ofd(Al2P) vary only slightly within the range from 2.435(2)

to 2.461(3) A
˚

, and thus are very similar to the structural a tetragonal pyramid, of which the four oxygen atoms form
the base. The Al2Me groups are coordinated in an exo fa-data of the trimeric phosphanylalane (Me2PAlMe2)3

[d(Al2P) 5 2.434(3) A
˚

], as determined by an electron dif- shion, with short Al2C distances of 1.952(4) A
˚

to the
pentacoordinated aluminum center. Longer Al2C bondfraction study[24]. In contrast, the Al2P2Al [131.7(8)°] and

P2Al2P [96.4(7)°] angles in (Me2PAlMe2)3 differ consider- lengths, up to 1.974(5) and 1.981(5) A
˚

, have been found for
{AlMe2[N(H)CH2-2-Py]}2

[47]. The short Al2C bond in 5iably from those found in 4e [114.8(1)2115.6(1)° and
108.2(1)2110.3(1)°]. Due to steric effects and bond polarity is due to the coordination of the Al center to four strongly

electronegative oxygen atoms, which induce a positive(Alδ12Pδ2), the Al2P2Al angles are widened compared
to those in the cyclohexane ring. A siimilar behavior is ob- charge at the Al atoms center, thereby reducing its effective

radius due to coulombic interactions. The C30/312N dis-served in the homologous aminoalane trimers: Whereas in
(H2Al2NMe2)3 the Al2N2Al and N2Al2N angles are tances are consistent with a partial pp(π) double bond

[d(C30/312N) 5 1.355(5) and 1.358(5) A
˚

]; the planes114.9 and 108.8°, in [Me2Al2N(H)Me]3 these angles are
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through C3N stand almost coplanar with those formed by where these parameters are 1.827(6) A

˚
and 81.3(2)°, respec-

tively[15]. The terminal Al2O distance [1.676(6) A
˚

] in 5j,the eight-membered rings. As indicated by the C2N2C2O
torsion angles of 6.2 to 12.8°, C30 and C31 reside in planar about 16 pm shorter than that of the Al2O bridge, is very

similar to that found in [H(OtBu)AlOtBu]2 [1.675(3) A
˚

] [47].environments, the O2C2O and N2C2O angles showing
only very slight deviation from the 120° ideal (1/20.5°). The distance d(Al2Si) [2.444(2) A

˚
] is about 6 pm shorter

than that in the starting material 5f and other tetracoordi-Coordination of the oxygen atoms to the aluminum nuclei
is electrostatic, since the C2O2Al angles are found to be nated silylalanes which show an average Al2Si distance of

2.47 A
˚

[39]. This lies at the lower end of the range of known133.4(3) to 136.4(3)°, and not of 115°, as would be expected
for the appropriate hybridization of the oxygen atoms (in- Al2Si bond lengths, and indicates a relaxation in the steric

strain on going from the tmp ligands to the EtO groups.termediate between sp2 and sp3). In accordance with this
description are quite long Al2O bonds, found in the range Moreover, short Si2Si distances (2 pm shorter than that in

5f) and acute Al2Si2Si angles are observed, which deviateof 1.863(3) to 1.880(3) A
˚

, which adhere to the steric require-
ments of the carbaminate ligands. up to 4.0° from the ideal angle of 109.5° (7.5° in 5f).

Figure 15. Molecular structure of 5i in the solid state; thermal ellip- Figure 16. Molecular structure of 5j in the solid state; thermal ellip-
soids are shown at a 25% probability level[a]

soids are shown at a 25% probability level[a]

[a] Selected bond lengths [A
˚

] and bond angles [°] and torsion angles
[°]: Al(1)2O(2) 1.863(3), Al(1)2O(3) 1.866(3), Al(1)2O(1) [a] Selected bond lengths [A

˚
] and bond angles [°]: Al2Si 2.444(2),

1.873(3), Al(1)2O(4) 1.880(3), Al(1)2C(20) 1.952(4), O(1)2C(30) Al2O(2A) 1.833(4), Al2O(1) 1.676(6), Al2O(2) 1.836(4),
1.271(5), O(2)2C(31A) 1.273(5), O(3)2C(31) 1.279(5), O(2)2Al(A) 1.833(4), Al2Al(A) 2.797(3), Si2Si(1) 2.350(2),
O(4)2C(30A) 1.270(4), N(1)2C(30) 1.358(5), N(1)2C(1) 1.524(5), Si2Si(2) 2.353(2), Si2Si(3) 2.353(2); O(1)2Al2O(2A) 106.0(2),
N(1)2C(5) 1.527(4), N(2)2C(31) 1.355(5), N(2)2C(14) 1.516(5), O(1)2Al2O(2) 110.2(2), O(2A)2Al2O(2) 80.7 (2), O(1)2Al2Si
N(2)2C(10) 1.520(4); O(2)2Al(1)2O(3) 149.2(1), 120.1(2), O(2)2Al2Si 115.3(1), Al(A)2O(2)2Al 99.3(2), Si(1)2
O(2)2Al(1)2O(1) 85.6(1), O(3)2Al(1)2O(1) 86.1(1), Si2Si(3) 109.08(9), Si(3)2Si2Si(2) 107.94(9), Si(1)2Si2Si(2)
O(2)2Al(1)2O(4) 86.3(13), O(3)2Al(1)2O(4) 86.0(1), 106.01(9), Si(3)2Si2Al 110.62 (8), Si(2)2Si2Al 109.86(8), Si(1)2
O(1)2Al(1)2O(4) 149.4(1), O(2)2Al(1)2C(20) 105.3(2), Si2Al 113.11(9).
O(3)2Al(1)2C(20) 105.5(2), O(1)2Al(1)2C(20) 105.1(2),
O(4)2Al(1)2C(20) 105.5(2), C(30)2O(1)2Al(1) 133.4(3),
C(31A)2O(2)2Al(1) 136.4(3), C(31)2O(3)2Al(1) 133.7(3),
C(30A)2O(4)2Al(1) 136.1(3), C(30)2N(1)2C(1) 117.3(3), [(Me3Si)3SiAl(OPh)3]tmpH2 (5k) and [(Me3Si)3SiAlCl3]tmpH2 (5l)
C(30)2N(1)2C(5) 117.2(3), C(1)2N(1)2C(5) 121.6(3),
C(31)2N(2)2C(14) 117.1(3), C(31)2N(2)2C(10) 116.5(3), Crystals of the triphenoxyaluminate 5h are found to be
C(14)2N(2)2C(10) 123.4(3), O(4A)2C(30)2O(1) 120.8(3), monoclinic, space group P21/n. However, 5l forms mixedO(4A)2C(30)2N(1) 119.7(3), O(1)2C(30)2N(1) 119.5(3),

crystals with [tmpH2]Cl, a by-product of the reaction, with-O(2A)2C(31)2O(3) 120.2(3), O(2A)2C(31)2N(2) 120.2(3),
O(3)2C(31)2N(2) 119.7(3); C(5)2N(1)2C(30)2O(4A) 10.12, out intermolecular contacts between the two species. Thus,
C(1)2N(1)2C(30)2O(1) 12.48, C(14A)2N(2A)2C(31A)2O(3A) the composition of compound 5l corresponds to [(Me3Si)3-6.24, C(10A)2N(2A)2C(31A)2O(2) 12.82.

SiAlCl3]tmpH2*[tmpH2]Cl. The crystals are of the mono-
clinic space group P21/c, Z 5 4. The aluminum atoms in

[(Me3Si)3SiAl(OEt)2]2 (5j) 5k, l reside in the centers of “tetrahedra” formed by three
oxygen or chlorine atoms and one silicon atom (see FiguresThe silylalane 5j crystallizes in the monoclinic space

group P21/c, with Z 5 2 (see Figure 16). The central struc- 17 and 18). Due to the steric demand of the phenoxy group,
the angles in 5k show larger deviation from the ideal valuetural feature is, therefore, a four-membered, planar and

crystallographically centrosymmetric Al2O2 ring [d- of 109.5° [97.4(1) to 117.1(1)°] than those in the trichloro
derivative 5l [104.7(1) to 113.0(1)°]. Both aluminate anions(Al2O) 5 1.833(4) A

˚
, O2Al2O 5 80.7(2)°] with (Me3-

Si)3Si and OEt ligands in trans positions. This is reminiscent are linked to the tmpH2
1 cations by hydrogen bonds.

Whereas the triphenoxyaluminate 5k forms two hydrogenof the recently published structure of [tmp(Br)AlOEt]2,
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Figure 18. Molecular structure of 5l in the solid state; thermal ellip-bonds to oxygen atoms incorporated in a six-membered,

soids are shown at a 25% probability level[a]
almost planar AlO2H2N ring, only one chlorine atom is co-
ordinated by a hydrogen bond in 5l. These atoms exhibit
longer bond lengths to the aluminum center than their non-
coordinated counterparts [5k: d(Al2O) 5 1.775(3), 1.784(3)
A
˚

vs. 1.736(3) A
˚

; 5l: d(Al2Cl) 5 2.187(3) A
˚

vs. 2.160(3),
2.166(3) A

˚
]. While the Al2Si distance in 5k [2.468(3) A

˚
]

corresponds to the average value[39] of 2.47 A
˚

, in the tri-
chloro derivative 5l it is only 2.420(3) A

˚
, which is even

shorter than the Al2Si bond length found in the very simi-
lar compound [(Me3Si)3SiAlCl3]Li(thf)4 [2.446(1) A

˚
] [41].

Figure 17. Molecular structure of 5k in the solid state; thermal
ellipsoids are shown at a 25% probability level[a]

[a] Selected bond lengths [A
˚

] and bond angles [°]: Al(1)2Cl(3)
2.160(2), Al(1)2Cl(1) 2.187(3), Si(1)2Si(4) 2.331(3), Si(1)2Si(3)
2.342(3), Al(1)2Cl(2) 2.166(3), Al(1)2Si(1) 2.420(3), Si(1)2Si(2)
2.340(3), Si(2)2C(2) 1.858(5); Cl(3)2Al(1)2Cl(2) 106.48(7),
Cl(2)2Al(1)2Cl(1) 104.66(1), Cl(2)2Al(1)2Si(1) 112.99(6), Si(4)-
2Si(1)2Si(2) 109.8(1), Si(2)2Si(1)2Si(3) 109.88(9), Si(2)2
Si(1)2Al(1) 110.87(6), Cl(3)2Al(1)2Cl(1) 105.7(1),
Cl(3)2Al(1)2Si(1) 115.5(1), Cl(1)2Al(1)2Si(1) 110.62(6), Si(4)2
Si(1)2Si(3) 111.28(7), Si(4)2Si(1)2Al(1) 108.03(6), Si(3)2
Si(1)2Al(1) 106.9(1).

(> 130°) is noted, whereas compounds with long Al2N
bonds exhibit smaller angles [down to 121.8(1)°]. This re-
lationship cannot be associated with the steric effect of the
attached ligands, since the sterically crowded aryloxide
tmp2AlOdipp (3b) shows a large angle of 128.9(1)°, while
the undemanding substituted ferrioalane 2 has a value of
only 121.9(2)°. The orientation of perpendiculars through[a] Selected bond lengths [A

˚
] and bond angles [°]: Al(1)2O(1)

the nitrogen atoms in relation to the respective aluminum1.775(3), Al(1)2O(2) 1.736(3), Al(1)2O(3) 1.784(3), Al(1)2Si(1)
2.468(3), Si(1)2Si(2) 2.344(3), Si(1)2Si(3) 2.359(3), Si(1)2Si(4) atoms indicates a strongly twisted orientation of the tmp
2.346(4); O(2)2Al(1)2O(1) 112.2(1), O(2)2Al(1)2O(3) 109.4(1), ligands, with the relevant C2N2Al2E torsion angles (E 5
O(1)2Al(1)2O(3) 97.4(1), O(2)2Al(1)2Si(1) 107.2(1),

element) in 226 lying in the range of 57.4282.9°.O(1)2Al(1)2Si(1) 113.6(1), O(3)2Al(1)2Si(1) 117.1(1), Si(2)2
Si(1)2Si(4) 106.6(1), Si(2)2Si(1)2Si(3) 104.24(9), Si(4)2
Si(1)2Si(3) 105.41(9), Si(2)2Si(1)2Al(1) 107.0(1), Si(4)2 Ab Initio Calculations of Model Compounds (H2N)2AlY
Si(1)2Al(1) 115.2(1), Si(3)2Si(1)2Al(1) 117.4(1).

To gain an insight into the relationship between d(Al2N)
and the N2Al2N bond angle, a series of ab initio calcu-

Al2N Bond Lengths and Related Structural Parameters lations (MP2/6-311G*)[17] has been performed on model
compounds (H2N)2AlY, in which Y is systematically variedAlthough in the tricoordinated tmp2AlY species 126 the

tmp ligand is not changed, and thus little influence on [Y 5 Cl (7a), OH (7b), SH (7c), NH2 (7d), PH2 (7e), CH3

(7f), SiH3 (7g), Al(NH2)2 (7h)]. The 6-311G* basis set wasd(Al2N) can therefore be expected, the observed Al2N
bond lengths nevertheless vary from 1.782(6) to 1.862(4) A

˚
chosen in order to provide a better approximation for the
nitrogen lone pair and of the potentially highly polar Al2N(see Table 2). These values are close to the shortest and

longest Al2N distances reported for tricoordinated ami- bond. In this basis set, diffuse functions are implemented,
which adequately describe electron density even far awaynoalanes [e.g. 1.78(2) A

˚
for Al[N(SiMe3)2]3, 1.782(4) A

˚
for

(MeAlNdipp)3, (dipp 5 2,6-iPr2-C6H3) and 1.880(4) A
˚

for from the nuclei. The structural parameters of the minimum
structures are given in Table 3.tBu2AlN(SiPh3)2] [12] [13] [14]. Moreover, an elongation of the

Al2N bonds is observed when the ligand Y is varied from To understand the bonding situation in 7a2h, natural
bonding orbital analyses (NBO analyses) have been per-main-group VII (strongly electronegative ligands) to main-

group III (electropositive ligands), reaching maximum val- formed on the minimum energy structures. The results are
listed in Table 3, and will be discussed later. It is apparentues in the dialane(4) [48] [1.851(2) A

˚
] and the ferrioalane[16]

[1.862(4) A
˚

]. An analysis of the structural parameters reveal that the results of the calculations for the model compounds
7a2h show the same trends as those observed in the crystala relationship between the N2Al2N bond angle and the

Al2N bond lengths. For short Al2N bonds, a wide angle structures of 126. The shortest Al2N bonds (1.782 A
˚

), are
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Table 3. Calculated bonding parameters for bis(amino)alanes (H2N)2AlY in their most stable configuration

Compound[a] Sym. d(Al2N) [A
˚

] d(Al2E) [A
˚

] N2Al2N [°] q(Al) [e] q(N) [e] q(E) [e] B.O. Al2N LP[b] (Al)

(H2N)2Al2Cl (7a) C2v 1.782 2.100 123.18 1.96 21.53 20.59 0.56 0.19
(H2N)2Al2OH (7b) Cs 1.786, 1.793 1.730 121.39 2.15 21.54 21.27 0.54, 0.55 0.17
(H2N)2Al2SH (7c) Cs 1.788, 1.791 2.192 121.39 1.89 21.53 20.66 0.55, 0.55 0.21
(H2N)2Al2NH2 (7d) D3h 1.796 2 120.00 2.10 21.53 2 0.53 0.19
(H2N)2Al2PH2 (7e) Cs 1.794 2.331 119.82 1.79 21.53 20.38 0.55 0.18
(H2N)2Al2CH3 (7f) Cs 1.799 1.962 117.91 2.00 21.52 21.33 0.54 0.15
(H2N)2Al2SiH3 (7g) Cs 1.797 2.451 119.09 1.67 21.53 0.27 0.55 0.16
(H2N)2Al2Al(NH2)2 (7h) D2 1.804 2.579 116.71 1.40 21.53 2 0.54 0.16

[a] All calculations MP2/6-311G*.2 [b] Number of electrons in 3pz orbital of Al.

observed for the chloride 7a and the longest for the dial- If pp(π) or N(p)AlX(σ*) interactions are responsible for
the short Al2N distances, the tmp ligands should show aane(4) 7h (1.804 A

˚
); there is an inverse proportionality of

d(Al2N) and the bond angle N2Al2N (large angles as- preference for a parallel orientation of the nitrogen lone
pairs with respect to the free pz orbital of the aluminumsociated with short bond lengths). Moreover, the calculated

Al2E bond lengths are in good agreement with the exper- atom. Optimal orbital overlap for a pp(π) bond would be
achieved with a C2N2Al2X torsion angle of 0°. For animental values. Comparison with the crystal structures re-

veals that the observed correlation is not due to the steric N(p)AlX(σ*) bond, however, the corresponding
C2N2Al2X torsion angle should be close to 90° (see Fig-requirements of the substituents, but is a consequence of

the electronic situation (see Tables 2 and 3). ure 19). If the Al2N bond is to be described as highly polar,
these torsion angles should be a compromise between cou-

Discussion of Al2N Bonding lombic attraction (Alδ12Nδ2) and the steric requirements
of the ligands. These three possibilities may be distinguishedFirst of all, there is the paradox of the Al2N bonds: the
from a plot of d(Al2N) versus the C2N2Al2X torsionshortest distances d(Al2N) ever found have been reported
angle. Such a plot of 35 bond lengths versus the corre-for compounds with tetracoordinated aluminum atoms [e.g.
sponding torsion angles for monomeric aminoalanes, (see1.767(3)21.771(3) A

˚
in 9a, 1.770(1) A

˚
in 9b] [49] [50]. There-

Table 5) is depicted in Figure 20.fore, the reason for the short bonds cannot be due to Al2N
pp(π) interaction. Figure 20. Plot of 35 Al2N bond lengths against the C2N2Al2X

torsion angles

As all monomeric aminoalanes tmp2AlX (126) contain
planar tricoordinated nitrogen atoms in the tmp ligands,
three Al2N bonding patterns (depicted in Figure 19) are

The C2N2Al2X torsion angles of short Al2N bondspossible to explain the trends in the Al2N bond lengths,
reveal no preferential orientation of the attached ligands.namely pp(π) interaction (D), N(p)AlX(σ*) interaction (E),
Values between 0 and 80° are found for short d(Al2N) (<or a highly polar bonding situation (F).
1.80 A

˚
) values, indicating an absence of double bond contri-

butions. Thus, a highly polar bonding situation for theFigure 19. Possible Al2N bonding patterns for the monomeric
tmp2AlY species 126 Al2N bond is clearly the best description. Taking the ge-

ometry of the bis(tmp)borinium cation (10a) (linear;
N2B2N angle: 180°) as the limiting case of an ideal
bis(tmp)aluminum cation (10b), (a semiempirical AM1 cal-
culation led to an N2Al2N angle of 171° for the tmp2Al1

cation)[51], for the present tmp2AlY species 126, the
N2Al2N angle can be taken as an indicator of the extent
of polarity of the Al2N bond (see Figure 21). Compounds
tmp2AlY with short, highly polar Al2N bonds, associated
with loosely bound ligands R of low basicity, exhibit large
N2Al2N angles, and vice versa. Figure 22 gives a graphi-
cal representation of the data collected for 126. It can be
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Figure 22. Graphical representation of the dependence of d(Al2N)Table 4. Al2N distances and torsion angles of tmp2AlY

compounds on the N2Al2N angles

Compound Ref. d(Al2N) [A
˚

] Torsion angle [°]

tmp2AlCl (1a) [15] 1.785 75.2
1.810 41.45

tmp2AlBr (1b) [15] 1.782 75.25
1.812 41.23

tmp2AlI (1c) [15] 1.788 75.17
1.803 44.2

tmp2AlOdipp (3b) 2 1.809 60.09
1.808 59.45

tmp2AlSPh (3c) 2 1.800
1.807
1.798
1.813

tmp2AlStBu (3d) 2 1.820
1.817

tmp2AlN(H)Ph (4b) 2 1.790 18.79 Figure 23. Plot of d(Al2N) of compounds tmp2AlY versus the pKa
1.813 68.25 value of the corresponding Brønsted acid YH as a measure of its
1.822 68.7 basicity

tmp2AlPPh2 (4c) 2 1.819 65.97
1.819 66.94

tmp2AlAsPh2 (4d) 2 1.816 67.55
1.822 65.46

tmp2AlPh (5a) 2 1.826 70.42
(tmp2Al)2Fec (5e) 2 1.824 71.83

1.825 61.79
tmp2AlSi(SiMe3)3 (5f) 2 1.844 63.38

1.848 79.68
tmp2Al2Altmp2 (8) [48] 1.849 65.88

1.852 68.9
tmp2AlFe(cp)(CO)2 (2) [16] 1.847 73.03

1.862 74.51
Al[N(SiMe3)2]3 [12] 1.78 50
trip2AlN(H)dipp [56] 1.784 5.5
tBu2AlNMes2

[14] 1.823 49.5 also supports the presence of a highly polar Al2N bond,tBu2AlN(dipp)(SiPh3) [14] 1.834 16.1
as tmp2AlMe (5h) possesses two reactive sites (Al2N andtBu2AlN(Ad)(SiPh)3

[14] 1.849 86.3
tBu2AlN(SiPh3)2

[14] 1.879 64.3 Al2C), of which the Al2Me site is undoubtedly also very
MesAl[N(SiMe3)2]2 [36] 1.807 47.1 polar. Even in the presence of excess CO2, only the Al2N(MeAlNdipp)3

[13] 1.782 0
Al(NiPr2)3

[31] 1.791 36.6 bond reacted to produce the carbaminate 5i, leaving the
1.794 38.3 Al2C bond intact. Moreover, solvolysis reactions of
1.801 75.5

tmp2AlSi(SiMe3)3 (5f) also support this assumption. Both
the Al2N and Al2Si bonds are labile [23], but stoichio-
metric solvolysis reactions gave only the products of deam-

seen that d(Al2N) depends on the basicity of the substitu- ination, even though the Al2N bond is sterically more shi-
ent Y. Stabilized, weakly basic anions (like the halides) lead elded than the Al2Si bond [cf. e.g. d(Al2N) 5 1.846 A

˚
vs.

to strongly polar, short Al2N bonds, and vice versa. To d(Al2Si) 5 2.514 A
˚

; d(C2N) 5 1.50 A
˚

vs. d(Si2Si) 5 2.37
obtain some appraisal of the influence of the basicity of the A

˚
]. Thus, we conclude that the Al2N bonds in the present

conjugate acid YH, the pKa values of the Brønsted acids series of sterically encumbered, monomeric tmp2AlY com-
YH are plotted against d(Al2N) (Figure 23). pounds 126 are best described as being highly polar. The
Figure 21. The N2Al2N angle as an indicator for a polar Al2N degree of polarity, and thus d(Al2N), is governed by the

bonding situation third ligand Y.
To evaluate the contributions from pp(π), N(p)AlX(σ*)

and electrostatic interactions in small aminoalanes, ab initio
calculations of some model compounds have been per-
formed[17]. To understand their behavior, some results per-
taining to the homologous aminoboranes are cited[10]. In
the latter species, pp(π) interactions provide an additional
stabilization enthalpy of up to 33 kcal/mol per B2N bond
(cf. 65 kcal/mol found for the homoatomic and isoelectronic
C5C double bond in ethylene)[10]. The planes around the
boron and the nitrogen atoms of aminoboranes R2NBX2

are coplanar. In the coplanar ground state of H2B5NH2

(C2v), d(B2N) is as short as 1.378 A
˚

(calcd.). However, inThis representation reveals a good agreement with the
experimental data. The insertion reaction of CO2 with 5h the orthogonal transition state (Cs), the B2N distance is
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Figure 25. Structural parameters and results of the NBO analysiselongated considerably (by about 9 pm) to 1.469 A

˚
(calcd.).

of 12a and 7dDue to saturation of the electron-deficient boron center,
pp(π) contributions decrease with the attachment of an in-
creasing number of π-donors. Applying this principle to
aminoalanes, we will first discuss the results of ab initio
calculations on H2AlNH2 (Figure 24: planar: 11a; ortho-
gonal: 11b) and Al(NH2)3 (Figure 25: planar: 7d; ortho-
gonal: 12a).

Figure 24. Structural parameters and results of the NBO analysis
of 11a2b

calculated by dividing the energy difference between 7d and
12a by three, decreases to 9.8 kcal/mol.

In the minimum energy structures of the bis(amino)al-
anes (H2N)2AlY (7a2h) short Al2N bond lengths are as-
sociated with highly charged aluminum centers (see Table
3), and vice versa. Since only 0.15 to 0.21 electrons are
transferred to the aluminum 3pz orbitals [which negates the
presence of strong pp(π) bonding] and the NBO charge onIn contrast to the calculated structures for H2BNH2, the
the nitrogen atoms remains essentially constant (21.52 e tocalculated C2v structures of the planar ground state 11a and
21.54 e), the differences in the Al2N distances must bethe orthogonal transition state 11b do not show marked
attributed to the influence of the third substituent Y. So Ydifferences in the values of d(Al2N) (1.793 vs. 1.814 A

˚
),

has a significant effect on the charge at the aluminum atomd(Al2H) (1.586 vs. 1.591 A
˚

), Wiberg Al2N bond order
(varying from 11.40 to 12.15 e), and, therefore, influences(0.579 vs. 0.473) and NBO charges [q(Al): 1.547 vs. 1.631 e;
the coulombic interaction between Al and N, and conse-q(N): 21.518 vs. 21.562 e]. Moreover, the NBO analysis
quently determines the Al2N bond lengths.reveals that in 11a only 0.096 electrons are transferred from

the N(pz) orbital (populated with 1.905 electrons) to the 3pz
Conclusionorbital of the aluminum atom. Thus, no effective pp(π)

bond is formed, as is evident from the small energy differ- Bis(tmp)aluminum halides 1a2c have been subjected to
a series of nucleophilic substitution reactions in order toence on going to the orthogonal transition state 11b. The

pp(π) contribution amounts at most to 12.6 kcal/mol. In generate a systematically varied series of compounds
tmp2AlY (226). The tmp2Al fragment not only preventsthe transition state 11b, which exhibits the requisite ge-

ometry for N(p)AlH(σ*) bonding, only 0.035 electrons are dimerization, but is also effective in stabilizing even and as
yet “unusual” Al2E σ bonds (E 5 P, As, Si, Al, Fe). Thetransferred from the N(pz) orbital (containing 1.959 elec-

trons) to the AlH(σ*) orbitals. Moreover, the Al2H bond distances d(Al2N) in these compounds vary from 1.782(6)
to 1.862(4) A

˚
. There is an inverse proportionality betweenis only very slightly lengthened (by 0.5 pm). These results

are wholly consistent with a highly polar bonding situation, the Al2N bond lengths and the N2Al2N bond angles. Ab
initio calculations revealed the presence of very weak dativebut not with effective pp(π) or N(p)AlH(σ*) bonding.

The tris(amide) Al(NH2)3 (D3h) has been subjected to the pp(π) bonding in hypothetical sterically non-demanding
aminoalanes, which becomes weaker as the number of π-same analysis in order to evaluate saturation effects, i.e.

when more potential π-donors are bonded to the aluminum donors attached to the aluminum center increases. How-
ever, these pp(π) contributions (about 10 kcal/mol) are toocenter (see Figure 25).

Here, the energy differences between the planar ground weak to enforce on tmp2AlY compounds geometric restric-
tions required to achieve optimal π-orbital overlap. Exper-state 7d and the orthogonal transition state 12a are even

smaller than those between 11a and 11b, even though three imental and quantum mechanical results best describe the
Al2N bond as being highly polar. The orientation of theelectronegative nitrogen atoms are present in the tris(am-

ide), further supporting the argument for a polar bonding tmp ligands is a compromise between the electrostatic at-
traction of the charged aluminum and nitrogen centers andsituation. Thus, the differences between the data for 7d and

12a amount to only 2.1 pm [d(Al2N)], 0.107 e [q(Al)], 0.029 the steric requirements of the tmp ligand. Moreover, in the
tmp2AlY system, d(Al2N) is a function of the pKa valuee [q(N)] and 0.076 (Wiberg Al2N bond order). In 7d, 0.189

electrons are transferred into the 3pz(Al) orbital, while in of the conjugate Brønsted acid Y2H: the stronger the acid
Y2H, the higher the Al2N bond polarity and the shorter12a only 0.043 electrons are transferred into the Al2N σ*

orbital. Moreover, the pp(π) contribution per Al2N bond, the Al2N bond lengths. Ab initio calculations reveal that
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2 1H NMR (C6D6) (270 MHz): δ 5 1.26 (t, 8 H, tmp-β-CH2), 1.34this effect can be attributed to the considerable influence
(s, 24 H, tmp-CH3), 1.57 (m, 4 H, tmp-γ-CH2), 1.27 (d, 12 H, iPr-that the ligand Y exerts on the charge at the aluminum
CH3), 3.65 (sept, 2 H, Me2C-H), 6.95 (dd, 1 H, Ar-H), 7.12 (d, Ar-atoms (variation from 11.40 to 12.15 e). Since the charge
H). 2 13C NMR (C6D6) (100 MHz): δ 5 18.6 (tmp-γ-CH2), 33.9,on the nitrogen atoms remains almost constant (21.52 to
(tmp-CH3), 40.2 (tmp-β-CH2), 51.8 (N2C), 23.9 [(H)C(CH3)2],

21.54 e), the differing Al2N distances can be rationalized
26.9 [(H)C(CH3)2], 120.1 (Ar-C), 123.7 (Ar-C), 137.4 (Ar-C). 2

in terms of the changing electrostatic attraction between the 27Al NMR (C6D6) (70 MHz): δ 5 85 (∆1/2 5 9400 Hz). 2
nitrogen and aluminum atoms, as influenced by the induc- C30H53AlN2O (484.75): calcd. C 74.33, H 11.02, Al 5.6, N 5.78;
tive effect of the third substitutent Y. These results not only found C 71.56, H 11.27, Al 5.8, N 5.63.
reinforce the qualitative analysis of Al2N and Al2X bond tmp2AlSPh (3c): Thiophenol (0.54 g, 4.9 mmol) was metallated
lengths as summarized by P. J. Brothers and P. P. Power[15]

with BuLi (4.9 mmol, 3.1 ml, 1.6 ) by stirring in hexane at 230°C.
but provide a much more systematic approach supported Then, tmp2 AlBr (4.9 mmol, 25 ml of a 0.196  solution in hexane)
by ab initio calculations. was added at 20°C. Stirring was continued for 14 h, and the solid

Investigations into the Lewis acidity of compounds material was removed by filtration. The yellow solution was then
reduced in vacuo to one-third of its original volume. Cooling thetmp2AlX (1a2c) and their potential to form adducts of the
solution to 278°C furnished crystals of 3c, yield 1.0 g (49%). 2type tmp2AlX*Do have been performed also. For example,
1H NMR (C6D6) (270 MHz): δ 5 1.30 (t, 8 H, tmp-β-CH2), 1.45the abstraction of the halide ion by strong halide ab-
(s, 24 H, tmp-CH3), 7.00 (m, 3 H, m-H, p-H), 7.41 (m, 2 H, o-H),stractors with formation of ionic species [tmp2AlDo1]Y2

the tmp-γ-CH2 protons are represented by an unresolved, very(Y2 5 non-nucleophilic anion) has been studied. These re-
broad signal. 2 13C NMR (C6D6) (67.9 MHz): δ 5 18.0 (tmp-γ-

sults will be part of forthcoming publications. CH2), 34.1 (tmp-CH3), 39.2 (tmp-β-CH2), 52.0 (N2C), 125.4 (p-
We thank the Fonds der Chemischen Industrie and the Chemetall C), 128.3 (m-C), 135.0 (o-C), 135.9 (1-C). 2 27Al: δ 5 153 (∆1/2 5

mbH for support of our research. Moreover, we thank Mrs. Käser 14000 Hz).
and Mrs. Ullmann for carrying out the C/H/N analyses, Mr. P. tmp2AlS(tBu) (3d): Prepared analogously to 3c from tBuSH
Mayr, Mr. R. Waldhör and Mr. C. Miller for recording many NMR (0.41 g, 4.4 mmol), BuLi (2.8 ml, 1.6 ), tmp2AlCl (4.4 mmol, 19.5
spectra, Mrs. D. Ewald for mass spectra and Mrs. E. Kiesewetter ml of a 0.228  hexane solution). Yield 1.0 g of 3d (58%), m.p.
for IR spectra. 87°C. 2 1H NMR (C6D6) (270 MHz): δ 5 1.32 (t, 8 H, tmp-β-

CH2), 1.52 (s, 24 H, tmp-CH3), 1.61 (s, 9 H, tBu-CH3). 2 13C
Experimental Section NMR (C6D6) (100 MHz): δ 5 18.5 (tmp-γ-CH2), 34.3 (tmp-CH3),

36.9 (CMe3), 40.3 (tmp-β-CH2), 44.4 (CMe3), 52.3 (N2C). 2 27AlAll manipulations were performed using Schlenk techniques un-
(C6D6) (70.4 MHz): δ 5 152 (∆1/2 5 8000 Hz). 2 C22H45AlN2Sder dinitrogen or argon. All solvents were rigorously dried prior to
(396.65): calcd. C 66.62, H 11.43, N 7.06; found C 62.78, H 11.33,use and stored under N2 or Ar. Due to insufficient protection
N 6.59.against oxidation and hydrolysis of the air- and moisture-sensitive

compounds while weighing for microanalysis, the C/H/N data are tmp2AlNHtBu (4a): tBuN(H)Li (0.62 g, 7.8 mmol) was sus-
often not very accurate; Al31 was determined by EDTA titration. pended in 20 ml of n-hexane. A solution of tmp2AlBr (3.0 g, 7.8
NMR: Bruker ACP 200, Jeol GSX400 and Jeol GSX270. 2 IR: mmol) in 45 ml of n-hexane was then added at ambient tempera-
Nicolet FT-IR spectrometer model 6000; CsI plates, Nujol. 2 MS: ture. After heating the sample for 3 h under reflux, the insoluble
Varian Atlas CH7 spectrometer. material (0.86 g, calcd. LiBr 0.68 g) was filtered off and the filtrate

reduced to one-third of its original volume and the solution storedtmp2AlOPh (3a): Lithiation of PhOH (0.80 g, 8.5 mmol) was
overnight at 220°C. 1.46 g of 4a (3.8 mmol, 49%) was recoveredperformed at ambient temperature in 20 ml of n-hexane by the
as a yellowish precipitate, m.p. 1482152°C. 2 1H NMR (C6D6)addition of a solution of nBuLi (5.3 ml, 1.6 , 8.5 mmol). Then, a
(400 MHz): δ 5 1.45 (s, 24 H, tmp-CH3), 1.32 (s, 9 H, tBu-CH3),solution of tmp2AlBr in n-hexane (47.8 ml, 0.178 , 8.5 mmol) was
1.31 (t, 8 H, tmp-β-CH2), 1.65 (m, 4 H, tmp-γ-CH2). 2 13C NMRadded at 25°C. The mixture was heated to reflux for 324 h. After
(C6D6) (100 MHz): δ 5 18.7 (C2,C6), 34.3 (tmp-Me), 35.2removal of the insoluble material by filtration (0.86 g, calcd. LiBr
[C(CH3)3], 40.6 (C3,C5), 50.0 [C(CH3)3], 51.8 (C4). 2 27Al NMR0.74 g), the yellowish filtrate was reduced to one-third of its original
(C6D6) (70 MHz): δ 5 129 (∆1/2 5 8900 Hz). 2 C22H46AlN3volume in vacuo and stored overnight at 220°C. 2.96 g (87%) of
(379.61): calcd. Al 7.1; found 7.4.yellowish crystals was recovered, m.p. 80285°C. 2 1H NMR

(C6D6) (270 MHz): δ 5 1.31 (t, 8 H, tmp-β-CH2), 1.40 (s, 24 H, tmp2AlNHPh (4b): Prepared as described for 4a. PhNHLi (0.53
tmp-CH3), 1.55 (m, 4 H, tmp-γ-CH2), 6.827.4 (m, Ph-H, 5 H). 2 g, 5.3 mmol), tmp2AlBr (48.2 ml, 0.11  solution in n-hexane, 5.3
13C NMR (C6D6) (100 MHz): δ 5 18.5 (tmp-γ-CH2), 34.1 (tmp- mmol). 2 Yield 1.32 g of 4b (62%); m.p. 1342137°C. 2 1H NMR
CH3), 39.7 (tmp-β-CH2), 51.9 (N2C), 119.7 (Ph-C), 120.5 (Ph-C), (C6D6) (400 MHz): δ 5 1.38 (s, 24 H, tmp-CH3), 1.31 (t, 8 H, tmp-
129.7 (Ph-C), 157.4 (Ph-C). 2 27Al NMR (C6D6) (70 MHz): δ 5 β-CH2), 1.65 (m, 4 H, tmp-γ-CH2), 6.75 (t, 1 H, p-Ph-H), 7.00 (d,
75 (∆1/2 5 8800 Hz). 2 C24H41AlN2O (400.59): calcd. C 71.96, H 2 H, o-Ph-H), 7.17 (t, 2 H, m-Ph-H). 2 13C NMR (C6D6) (100
10.00, Al 6.7, N 6.99; found C 67.99, H 10.12, Al 6.6, N 6.11. MHz): δ 5 18.8 (C2,C6), 33.9 (tmp-Me), 40.2 (C3,C5), 52.0 (C4),

117.5 (Ph-C), 118.7 (Ph-C), 129.2 (Ph-C), 150.3 (Ph-C-N). 2 27Altmp2AlOdipp (3b): dippOH (0.93 ml, 5.0 mmol), dissolved in 20
NMR (C6D6) (70 MHz): δ 5 124 (∆1/2 5 9600 Hz). 2 C24H42AlN3ml of n-hexane, was lithiated at ambient temperature by addition
(399.60): calcd. Al 6.8; found 6.7.of nBuLi (3.2 ml, 1.6 , 5.0 mmol) in n-hexane. To this solution,

tmp2AlCl in n-hexane (25 ml, 0.20 , 5.0 mmol) was added and tmp2AlPPh2 (4c): To a suspension of LiPPh2 (1.19 g, 7.4 mmol)
in 15 ml of n-hexane, a solution of tmp2AlBr in n-hexane (50 ml,the mixture was heated for 3 h under reflux. Removal of the insol-

uble material by filtration yielded a yellowish solution. After reduc- 0.11 , 5.5 mmol) was added at ambient temperature and the mix-
ture was kept for 4 h under reflux. A clear, yellow solution wasing its volume to one-third and cooling to 278°C, yellowish crys-

tals of 3b (1.30 g, 54%) were formed and isolated, m.p. 97299°C. removed from insoluble material by means of a syringe and reduced
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in vacuo to one-third of its original volume. Storing the solution 1.36 [s, 24 H, tmp-C(CH3)2], 1.65 (m, 4 H, tmp-γ-CH2), 0.39 (t, 2

H, Bu-α-CH2), 1.10 (t, 3 H, Bu-CH3), 1.23 and 1.47 (2 m, each 2overnight at 220°C afforded 1.14 g (42%) of colorless crystals of
4c [m.p. > 278°C (decomp.)]. 2 1H NMR (CDCl3) (400 MHz): δ 5 H, β- and γ-CH2). 2 13C NMR (C6D6) (100 MHz): δ 5 18.7 (tmp-

C4), 34.1 (tmp-C7210), 40.5 (tmp-C3/5), 51.9 (tmp-C2/6), 14.11.10 (t, 8 H, tmp-β-CH2), 1.31 (s, 24 H, tmp-CH3), 1.54 (m, 4 H,
tmp-γ-CH2), 7.10 (d, 4 H, Ar-H), 7.18 (t, 4 H, Ar-H), 7.52 (t, 2 H, (Bu-C4), 28.4 (Bu-C3), 29.1 (Bu-C2), Al2C signal not observed.

2 27Al NMR (CDCl3) (70 MHz): δ 5 164 (∆1/2 5 13400 Hz). 2Ar-H). 2 13C NMR (CDCl3) (100 MHz): δ 5 18.8 (tmp-γ-CH2),
33.5 [d, 4J(P,C) 5 4.1 Hz, tmp-CH3], 39.5 (tmp-β-CH2), 52.0 (N- MS: m/z 5 364 [tmp2AlnBu1].
C), 126.2 (s, C6H5), 128.1 [d, 3J(P,C) 5 6.8 Hz, C6H5], 133.7 [d,

tmp2AlC6H4OCH3 (5c): A solution of p-bromoanisole (0.63 ml,2J(P,C) 5 15.5 Hz, C6H5], 137.8 [d, 1J(P,C) 5 15.0 Hz, C6H5]. 2
5.0 mmol) in 20 ml of THF was refluxed for 1 h with 0.13 g of Mg27Al NMR (CDCl3) (70 MHz): δ 5 110 (∆1/2 5 13400 Hz). 2
and then cooled to ambient temperature. To this Grignard solutionC30H46AlN2P (492.66): calcd. C 73.14, H 9.41, Al 5.5, N 5.69;
(assuming 100% conversion), tmp2AlBr (18.7 ml, 0.268 , 5.0found C 69.30, H 8.59, Al 5.5, N 4.85 (C/H/N: calcd. 15:23:1;
mmol) in n-hexane was added and the mixture was refluxed over-found 16.7:24.6:1).
night. After filtration, the collected precipitate (1.67 g) was ex-

tmp2AlAsPh2 (4d): LiAsPh2 (0.75 g, 3.2 mmol) was suspended in tracted with 20 ml of CH2Cl2 (the insoluble material subsequently
20 ml of n-hexane and tmp2AlBr (27.3 ml, 0.11 , 3.0 mmol) in n- weighed 0.93 g). The combined filtrates were reduced to one-third
hexane was added at ambient temperature. Stirring overnight pro- of the original volume and then stored overnight at 220°C to yield
duced a yellow suspension (insoluble material as mentioned above), 1.61 g (79%) of 5c as a microcrystalline precipitate, m.p. > 100°C
which was filtered off. The filtrate was reduced to one-third of its (decomp.). 2 1H NMR (CDCl3) (400 MHz): δ 5 1.36 (t, 8 H, tmp-
original volume and left for 4 d at 220°C. Colorless crystals of 4d β-CH2), 1.34 [s, 24 H, tmp-C(CH3)2], 1.70 (m, 4 H, tmp-γ-CH2),
(0.93 g, 58%) separated; m.p. > 254°C (decomp.). 2 1H NMR 3.79 (s, 3 H, O-CH3), 6.85 (d, 2 H, Ar-H), 7.70 (d, 2 H, Ar-H). 2
(CDCl3) (400 MHz): δ 5 1.13 (t, 8 H, tmp-β-CH2), 1.30 (s, 24 H, 13C NMR (CDCl3) (100 MHz): δ 5 18.6 (tmp-C4), 33.8 (tmp-
tmp-CH3), 1.55 (m, 4 H, tmp-γ-CH2), 7.14 (t, 4 H, Ar-H), 7.19 (t, C7210), 40.6 (tmp-C3/5), 51.6 (tmp-C2/6), 54.6 (O-CH3), 113.0,
4 H, Ar-H), 7.54 (d, 2 H, Ar-H). 2 27Al NMR (CDCl3) (70 MHz): 139.1, 159.9 (Ar-C), Al2C signal not observed. 2 27Al NMR
δ 5 74 (∆1/2 5 18300 Hz). 2 C30H46AlAsN2 (536.61): calcd. C (CDCl3) (70 MHz): δ 5 160 (∆1/2 5 19400 Hz). 2 C25H43AlN2O
67.15, H 8.84, Al 5.0, N 5.22; found C 63.22, H 6.79, Al 4.9, N 5.25. (414.61): calcd. Al 6.5; found Al 6.7.

(Ph2PAlI2)3 (4e): To a solution of tmp2AlPPh2 (0.52 g, 1.05 (tmp2Al)2C2B10H10 (5d): To a solution of 1,2-dicarba-closo-do-
mmol) in 20 ml of benzene, AlI3 (12.2 ml, 0.086 , 1.05 mmol) in decaborane(12) (1.0 g, 6.9 mmol) in 20 ml of toluene, nBuLi in n-
benzene was added at ambient temperature. Addition of 20 ml of hexane (40.6 ml, 1.6 , 64.9 mmol) (cooled to 0°C) was added
n-pentane and cooling to 5°C led to the precipitation of 0.40 g dropwise over a period of 20 min. After 5 min, a colorless precipi-
(27%) of colorless crystals of 4e, m.p. > 314°C (decomp.). 2 1H tate of 1,2-dilithio-1,2-dicarba-closo-dodecaborane started to sep-
NMR (C6D6) (400 MHz): δ 5 6.95 (m, C6H5, 12 H), 7.42 (t, C6H5, arate. The mixture was then stirred for a further 1.5 h to ensure
6 H), 7.55 (t, C6H5, 12 H). 2 13C NMR (C6D6) (100 MHz): δ 5 completion of the reaction. The precipitate was isolated by fil-
129.35 [d, 3J(P,C) 5 9.6 Hz], 131.35 [d, 4J(P,C) 5 11.1 Hz], 134.30 tration, washed with two 20-ml portions of n-pentane, and dried in
[d, 2J(P,C) 5 12.3 Hz, C6H5], 134.89 [d, 1J(P,C) 5 12.3 Hz, C6H5], vacuo. The resulting colorless, pyrophoric powder was suspended
135.01 [d, 1J(P,C) 5 12.2 Hz, C6H5]. 2 31P NMR (C6D6) (81 in 40 ml of n-pentane and treated at 278°C with a solution of
MHz): δ 5 242.9. 2 C36H30Al3I6P3 (1397.89): calcd. Al 5.8, I 54.5; tmp2AlI (6.1 g, 14 mmol, in 50 ml of n-hexane). The mixture was
found Al 6.0, I 54.1. allowed to warm to room temperature, and stirring was continued

for 2 d. Removal of the insoluble material by filtration left a yellowtmp2AlPh (5a): To a solution of tmp2AlBr in n-hexane (50 ml,
solution, from which the solvent was removed in vacuo. The non-0.11 , 5.5 mmol), PhLi (2.42 ml, 2.27 , 5.5 mmol) in nBu2O was
volatile, yellow-brownish oil was rigorously dried in vacuo and thenadded at ambient temperature, resulting in the immediate forma-
subjected to analysis. Yield 2.57 g of 5d (3.4 mmol, 49%). 2 1Htion of a colorless precipitate. After stirring for 1/2 h, the suspen-
NMR (CDCl3) (270 MHz): δ 5 1.29 (t, 8 H, tmp-β-CH2), 1.32 [s,sion was allowed to settle. The clear, yellow supernatant solution
24 H, tmp-C(CH3)2], 1.64 (m, 4 H, γ-CH2). 2 13C NMR (CDCl3)was removed by means of a syringe reduced to one-third of its
(100 MHz): δ 5 18.3 (tmp-C4), 33.9 (tmp-C7210), 40.2 (tmp-C3/original volume and stored overnight at 8°C, resulting in the depo-
5), 51.7 (tmp-C2/6), Al2C signal not observed. 2 27Al NMRsition of 1.54 g (73%) of colorless crystals of 5a; m.p. 85288°C. 2
(CDCl3) (70 MHz): δ 5 164 (∆1/2 5 12300 Hz). 2 11B NMR1H NMR (CDCl3) (400 MHz): δ 5 1.32 (t, 8 H, tmp-β-CH2), 1.29
(CDCl3) (86.4 MHz): δ 5 215.0 [(1J(B,H) 5 173.3 Hz], 213.8(s, 24 H, tmp-CH3), 1.66 (m, 4 H, tmp-γ-CH2), 7.20 (d, 2 H, Ar-
[1J(B,H) 5 169.2 Hz], 211.7 [1J(B,H) not resolved], 29.4H), 7.23 (m, 1 H, Ar-H), 7.72 (dd, 2 H, Ar-H). 2 13C NMR
[1J(B,H) 5 161.8 Hz], 27.1 [1J(B,H) 5 187.3 Hz], 22.6 [1J(B,H) 5(CDCl3) (100 MHz): δ 5 18.5 (tmp-γ-CH2), 34.0 (tmp-CH3), 40.6
145.0 Hz]. 2 C38H82Al2B10N4 (757.16): calcd. C 60.28, H 10.92, N(tmp-β-CH2), 51.8 (N-C), 127.2 (s, C6H5), 127.8 (C6H5), 137.4
7.40; found C 59.35, H 10.87, N 7.64.(C6H5), Al2C signal not observed. 2 27Al NMR (CDCl3) (70

MHz): δ 5 153 (∆1/2 5 12300 Hz). 2 C23H41AlN2 (384.43): calcd. (tmp2Al)2Fec (5e): FecLi2 (1.1 g, 5.5 mmol) was suspended in 20
C 74.98, H 10.75, Al 7.0, N 7.29; found C 73.19, H 9.88, Al 7.3, ml of n-hexane and tmp2AlCl in n-hexane (50 ml, 0.20 , 5.0 mmol)
N 6.39. was added at ambient temperature. After stirring overnight, the

insoluble material was removed by filtration and the resulting redtmp2Al(nBu) (5b): To a solution of tmp2AlBr (5.73 g, 14.8
mmol) in 80 ml of n-hexane, nBuLi (9.25 ml, 1.6 , 14.8 mmol) in filtrate was reduced to one-third of its original volume. Storage of

the solution overnight at 220°C led to the deposition of red crys-n-hexane was added dropwise at ambient temperature. To complete
the reaction, the mixture was stirred for 1 h at ambient temperature. tals of 5e (2.10 g, 48%), m.p. 1762179°C. 2 1H NMR (C6D6) (400

MHz): δ 5 1.45 (t, 8 H, tmp-β-CH2), 1.57 (s, 24 H, tmp-CH3), 1.73After removal of the insoluble material, the solvent of the yellow
filtrate was removed in vacuo providing 5b as a viscous oil, which (m, 4 H, tmp-γ-CH2), 4.47 (t, 4 H, cp-H), 4.55 (t, 4 H, cp-H). 2

13C NMR (C6D6) (100 MHz): δ 5 18.6 (tmp-γ-CH2), 34.3 (tmp-could not be crystallized from various solvents. Yield 5.23 g (97%).
2 1H NMR (CDCl3) (270 MHz): δ 5 1.31 (t, 8 H, tmp-β-CH2), CH3), 40.6 (tmp-β-CH2), 52.0 (N-C), 71.9 (C5H4Al), 79.1
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Table 5. Crystallographic data and relevant data referring to the structure solution and refinement

Compound tmp2AlOdipp (3b) tmp2AlSPh (3c) tmp2AlStBu (3d) tmp2AlN(H)Ph (4b)tmp2AlPPh2 (4c) tmp2AlAsPh2 (4d) (I2AlPPh2)3 (4e)

Code Kros31 Knab7 Knabe8 Kros16 Ingo10 Ingo13 Kros22
Chem. formula C30H53AlN2O C24H41AlN2S C22H45AlN2S C36H72Al2N4 C30H46AlN2P C30H46AlAsN2 C15H13AlI2P
Formula weight 484.72 416.63 396.64 614.94 492.64 536.59 505.02
Cryst. size [mm] 0.2 3 0.2 3 0.3 0.4 3 0.5 3 0.5 0.2 3 0.3 3 0.4 0.2 3 0.32 3 0.6 0.3 3 0.3 3 0.4 0.5 3 0.5 3 0.6 0.12 3 0.2 3

0.4
Cryst. system monoclinic monoclinic monoclinic monoclinic triclinic triclinic trigonal
Space group P21/c P2(1)/n P2(1)/n C2/c P1

¯
P1

¯
R3

¯

a [A
˚

] 17.008(1) 8.3000(14) 10.5638(2) 21.264(9) 10.1560(1) 10.156(3) 23.45920(1)
b [A

˚
] 10.760(8) 41.673(8) 14.66050(10) 7.876(4) 10.5220(1) 10.652(6) 23.45920(1)

c [A
˚

] 17.449(1) 14.044(2) 15.5048(2) 24.426(9) 15.154(7) 15.239(9) 23.45920(1)
α [°] 90 90.00 90.00 90 98.98(2) 98.93(5) 106.47
β [°] 110.462(1) 96.120(7) 96.84(1) 114.058(8) 90.51(2) 90.80(4) 106.47
γ [°] 90 90.00 90.00 90 117.980(1) 118.10(4) 106.47
V [A

˚
3] 2991.8(4) 4829.9(14) 2384.15(6) 3735.5(3) 1406.3(7) 1429.4(1) 10902.49(8)

Z 4 8 4 4 2 2 24
ρcalcd. [Mg/m3] 1.076 1.146 1.105 1.093 1.163 1.247 1.846
µ [mm21] 0.091 0.182 0.181 0.094 0.150 1.240 3.584
F(000) 1072 1824 880 1368 536 572 5688
Index range 221 # h # 21 210 # h # 10 213 # h # 13 226 # h # 24 23 # h # 11 0 # h # 11 226 # h # 24
Index range 213 # k # 13 251 # k # 47 218 # k # 16 210 # k # 10 211 # k # 10 212 # k # 10 225 # k # 25
Index range 221 # l # 21 216 # l # 15 219 # l # 20 233 # l # 25 217 # l # 17 218 # l # 18 225 # l # 25
2θ [°] 54.72 55.44 58.26 58.16 47.98 50.10 46.50
T [K] 193 183 193 213 223 233 193
Refl. collected 13267 21001 13292 9285 4611 4688 46312
Refl. unique 5691 7098 4779 3772 4335 4386 10154
Refl. observed (4σ) 3170 6131 2626 2794 3249 3633 7757
Rint 0.0474 0.0553 0.0513 0.0881 0.0213 0.0259 0.0890
No. of variables 319 521 246 199 315 315 685
Weighting scheme[a]0.0075/2.6126 0.0250/4.9687 0.0187/2.1682 0.0560/6.0270 0.0383/0.5694 0.0510/1.2191 0.0254/44.7300
x/y

GooF 1.163 1.214 1.186 1.193 1.030 1.038 1.186
Final R (4σ) 0.0543 0.0508 0.0476 0.0668 0.0405 0.0399 0.0427
Final wR2 0.0995 0.1151 0.0919 0.1473 0.0879 0.0934 0.0791
Larg. res. peak 0.301 0.488 0.216 0.325 0.220 0.521 0.989
[e/A

˚
3]

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.

(C5H4Al), Al2C signal not observed. 2 27Al NMR (C6D6) (70 extracted with 30 ml of n-pentane. From a portion of this solution
all volatiles were removed in vacuo and the maining oil was sub-MHz): δ 5 59 (∆1/2 5 7400 Hz). 2 C46H80Al2FeN4 (798.98): calcd.

C 69.15, H 10.09, Al 6.8, N 7.01; found C 63.59, H 9.04, Al 6.5, jected to analysis by NMR and mass spectrometry and proved to
be 5h. 2 1H NMR (C6D6) (60 MHz): δ 5 20.24 (s, 3 H, Al-CH3),N 6.27 (C/H/N: calcd. 11.50:20:1; found 11.77:19.93:1).
1.45 (s, 24 H, tmp-CH3), 1.40 (t, 8 H, tmp-β-CH2), 1.70 (m, 4 H,

tmp2AlSi(SiMe3)3 (5f): To a stirred solution of (Me3Si)3SiLi·3
tmp-γ-CH2). 2 13C NMR (C6D6) (100 MHz): δ 5 21.0 [Al(CH3)],

thf[52] (1.01 g, 2.14 mmol) in 30 ml of n-hexane, was added a solu-
18.5 (tmp-C4), 34.3 (tmp-C7210), 40.4 (tmp-C3/5), 52.0 (tmp-C2/

tion of tmp2AlBr (0.83 g, 2.14 mmol) in 12 ml of n-hexane. After
6). 2 27Al NMR (C6D6) (70 MHz): δ 5 173. 2 MS (70 eV, 30°C):

stirring overnight, the solvent was evaporated in vacuo. The residue
m/z (%) 5 322 (41) [tmp2AlMe1·].

was extracted with 20 ml of n-pentane, filtered, and the filtrate
reduced to one-third of its original volume. Cooling of the yellow
solution overnight at 220°C led to the deposition of 0.76 g (65%)

Since crystals of 5h could not be obtained from the n-pentane
of colorless crystals of 5f, m.p. 2032206°C. (1H-NMR and 13C-

solution, 5 ml of diethyl ether was added. The solution was then
NMR spectra at various temperatures are depicted in the text). 2

cooled to 278°C (dry-ice). During the course of several weeks, CO21H NMR (C6D6) (270 MHz): δ 5 0.44 [s, 27 H, Si(CH3)3], 1.36 (t,
slowly diffused into the vessel and underwent insertion into the

8 H, tmp-β-CH2), 1.49 [s, 24 H, tmp-C(CH3)2], 1.63 (m, 4 H, tmp-
Al2N bonds, resulting in the deposition of colorless crystals of 5i

γ-CH2). 2 13C NMR (C6D6) (100 MHz): δ 5 5.3 [Si(CH3)3], 18.6
(1.93 g, 29%), m.p. 1402142°C. 2 1H NMR (C6D6) (400 MHz):

(tmp-C4), 33.8 (tmp-C7210), 41.4 (tmp-C3/5), 53.1 (tmp-C2/6). 2
(monomer): δ 5 20.24 (br. s, Al-CH3), 1.30 (t, 8 H, tmp-β-CH2),27Al NMR (C6D6) (70 MHz): δ 5 186 (∆1/2 5 12400 Hz). 2 29Si
1.56 (s, 24 H, tmp-CH3); (dimer): δ 5 20.24 (br. s, Al-CH3), 1.41,

NMR (C6D6) (55 MHz): δ 5 27.9. 2 C27H63AlN2Si4 (555.13):
1.44 (2 t, each 8 H, tmp-β-CH2), 1.61, 1.64 (2 s, each 24 H, tmp-

calcd. C 58.42, H 11.44, Al 4.9, N 5.05; found C 55.99, H 11.52,
CH3). 2 13C NMR (C6D6) (100 MHz): (monomer): δ 5 16.2 (tmp-

Al 5.0, N 4.92 (C/H/N: calcd. 13.50:31.50:1; found 13.27:32.54:1).
γ-CH2), 29.3 (tmp-CH3), 42.0 (tmp-β-CH2), 57.3 (N-C), 170.1 (N-
CO2), Al2C signal not observed; (dimer): δ 5 15.3, 16.5 (tmp-tmp2AlMe (5h) and [(tmpCO2)2AlMe]2 (5i): To a solution of

tmp2AlCl (40 ml, 0.20 , 8.0 mmol) in n-hexane, 10 ml of a freshly γ-CH2), 29.7, 29.9 (tmp-CH3), 39.4, 42.7 (tmp-β-CH2), 57.0, 57.2
(N2C), 160.9 (N2CO2), Al2C signal not observed. 2 27Al NMRprepared solution of LiSnMe3 (1.0 , 10.0 mmol) in THF was ad-

ded over a period of 30 min. After stirring the mixture overnight, (C6D6) (70 MHz): (monomer): δ 5 21 (∆1/2 5 1120 Hz); (dimer):
δ 5 9 (∆1/2 5 980 Hz). 2 IR (Nujol): ν̃ 5 1582 cm21, ν(C5N)].all volatile materials were removed in vacuo and the residue was
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Table 5 (Continued)

Compound tmp2AlPh (5a) (tmp2Al)2Fec (5e) Carbaminate (5i) tmp2AlSi(SiMe3)3 (5f)

Code Kros21 Kros32 Kros33 Kros11
Chem. formula C24H41AlN2 C46H80Al2FeN4 C45.33H86Al2N4O8 C27H63AlN2Si4
Formula weight 384.57 798.95 869.16 555.13
Cryst. size [mm] 0.5 3 0.5 3 0.7 0.15 3 0.2 3 0.3 0.1 3 0.2 3 0.2 0.25 3 0.25 3 0.45
Cryst. system monoclinic orthorhombic monoclinic triclinic
Space group C2/c Pbcn P2(1)/c P1

¯

a [A
˚

] 11.256(6) 25.07(2) 11.61950(10) 11.418(1)
b [A

˚
] 20.869(1) 18.67(1) 11.299 11.915(1)

c [A
˚

] 10.672(5) 9.805(6) 20.827 16.129(2)
α [°] 90 90 90.00 93.17(1)
β [°] 113.11(1) 90 93.5030(10 109.08(1)
γ [°] 90 90 90.00 118.48(1)
V [A

˚
3] 2305.7(2) 4589(5) 2729.11(2) 1762.9(3)

Z 4 4 2 2
ρcalcd. [Mg/m3] 1.108 1.156 1.058 1.046
µ [mm21] 0.099 0.401 0.101 0.211
F(000) 848 1744 952 616
Index range 214 # h # 14 232 # h # 32 214 # h # 14 211 # h # 9
Index range 225 # k # 25 223 # k # 24 214 # k # 14 213 # k # 12
Index range 213 # l # 13 211 # l # 12 222 # l # 26 218 # l # 18
2θ [°] 57.50 55.10 58.40 49.00
Temp, [K] 193(3) 193 173 198
Refl. collected 6410 18335 15176 8085
Refl. unique 1956 4756 5308 5661
Refl. observed (4σ) 1235 3097 3231 4600
Rint 0.0565 0.0473 0.1065 0.0466
No. of variables 128 248 282 324
Weighting scheme[a] x/y 0.0564/3.2577 0.0249/5.6830 0.0980/4.2353 0.0411/0.7067
GooF 1.165 1.190 1.122 1.051
Final R (4σ) 0.0557 0.0537 0.0793 0.0393
Final wR2 0.1278 0.1062 0.2070 0.0950
Larg. res. peak [e/A

˚
3] 0.227 0.356 0.901 0.308

2 C42H78Al2N4O8 (821.07): calcd. C 61.44, H 9.58, Al 5.1, N 6.82; [(Me3Si)3SiAlCl3][tmpH2] (5l): To a stirred solution of
tmp2AlSi(SiMe3)3 (0.55 g, 1.25 mmol) in 40 ml of n-hexane atfound C 60.60, H 9.36, Al 5.0, N 6.72.
270°C, was added HCl (21.9 ml of a 0.225  solution of HCl in[(Me3Si)3Si(OEt)Al(µ-OEt)]2 (5j): To a stirred solution of
diethyl ether, 5.0 mmol). The mixture was then allowed to warmtmp2AlSi(SiMe3)3 (0.78 g, 1.8 mmol) in 25 ml of n-hexane, was
to ambient temperature and stirring was continued overnight. Theadded 10 ml (3.5 mmol) of a 2% EtOH solution in n-hexane. The
insoluble material was filtered off, all volatiles from the solutionturbid mixture was exposed to ultrasound for 24 h and then fil-
were removed in vacuo, and the residue was dissolved in 15 mltered. The yellow filtrate thus obtained was reduced in vacuo to a
of CH2Cl2. Cooling of this solution overnight at 220°C affordedvolume of 5 ml and stored at 220°C, resulting in the deposition
colorless crystals of 5l. Yield 0.41 g (65%), m.p. 1542155°C. 2 1Hof 0.56 g (85%) of colorless crystals of 5j. 2 1H NMR (C6D6) (270
NMR (CDCl3) (400 MHz): δ 5 0.16 [s, 27 H, Si(CH3)3], 1.25 (m,MHz): δ 5 0.17 [s, 54 H, Si(CH3)3], 1.20 (t, 6 H, OCH2CH3), 1.28
4 H, tmp-γ-CH2), 1.52 (s, 24 H, tmp-CH3), 1.67 (m, 8 H, tmp-β-(t, 6 H, µ-OCH2CH3), 4.13 (q, 4 H, µ-OCH2), 3.86 (q, 4 H, OCH2).
CH2). 2 13C NMR (CDCl3) (100 MHz): δ 5 0.9 [Si(CH3)3], 22.9

2 27Al NMR (C6D6) (70 MHz): δ 5 42.2 (∆1/2 5 1660 Hz). 2
(tmp-C4), 35.0 (tmp-C7210), 38.6 (tmp-C3/5), 58.0 (tmp-C2/6). 2C26H74Al2O4Si8 (729.53): calcd. Al 7.4; found 7.1.
27Al NMR (CDCl3) (70 MHz): δ 5 133 (∆1/2 5 3000 Hz). 2 29Si

[(PhO)3AlSi(SiMe3)3]tmpH2 (5k): To a stirred solution of NMR (CDCl3) (55 MHz): δ 5 28.5. 2 C18H47AlCl3NSi4 (523.26):
tmp2AlSi(SiMe3)3 (0.87 g, 2.0 mmol) in 25 ml of diethyl ether and calcd. C 46.27, H 9.63, N 4.00; found C 45.79, H 9.50, N 3.64.
25 ml of n-hexane powdered phenol (0.37 g, 4.0 mmol) was added. 2 Crystal structure analysis was carried out with a crystal of the
The resulting suspension was stirred overnight, insoluble material composition [(Me3Si)3SiAlCl3][tmpH2][tmpH2]Cl · 0.25 OEt2.
filtered off, and the filtrate reduced in vacuo to a volume of 20 ml.
Crystals of 5k separated: yield 1.05 g (76%), m.p. 1452147°C. 2 tmp2AlH2BH2 (6a): A suspension of LiBH4 (0.070 g, 3.3 mmol)

in 20 ml of n-hexane was cooled to 278° C, and a solution of1H NMR (CDCl3) (400 MHz): δ 5 20.04 [s, 27 H, Si(CH3)3], 1.36
(s, 12 H, tmp-CH3), 1.45 [t, 4 H, 3J(H,H) 5 5.5 Hz, tmp-β-CH2], tmp2AlBr (0.64 g, 1.7 mmol) in 5 ml of n-hexane was added drop-

wise. The mixture was then allowed to warm to ambient tempera-1.57 (m, 2 H, tmp-γ-CH2), 6.78 [t, 3 H, 3J(H,H) 5 7.4 Hz, OPh-
δ-CH], 6.97 [d, 6 H, 3J(H,H) 5 7.1 Hz, OPh-γ-CH], 7.17 [t, 6 H, ture and stirred overnight. Removal of the insoluble material by

filtration yielded a yellow solution, which was reduced to a volume3J(H,H) 5 7.7 Hz, OPh-β-CH]. 2 13C NMR (CDCl3) (100 MHz):
δ 5 3.4 [Si(CH3)3], 16.2 (tmp-C4), 28.3 (tmp-CH3), 36.2 (tmp-C3/ of 15 ml and stored overnight at 220°C. The resulting precipitate

of 6a (0.23 g, 42%) melted with decomposition at T > 316°C. 25), 57.4 (tmp-C2/6), 118.4 (OPh-β-CH), 120.5 (OPh-γ-CH), 129.5
(OPh-δ-CH), 158.7 (OPh-α-CH). 2 27Al NMR (CDCl3) (70 MHz): 1H NMR (C6D6) (270 MHz): δ 5 1.37 (s, 24 H, tmp-CH3), 1.25

(t, 8 H, tmp-β-CH2), 1.57 (m, 4 H, tmp-γ-CH2). 2 13C NMRδ 5 91 (∆1/2 5 1000 Hz). 2 29Si NMR (CDCl3) (55 MHz): δ 5

28.7. 2 IR (Nujol): ν̃ 5 3076 cm21 [ν(N2H)]. 2 C36H62AlNO3Si4 (C6D6) (100 MHz): δ 5 52.5 (tmp-C2,6), 40.5 (tmp-β-CH2), 34.0
(tmp-CH3), 18.5 (tmp-γ-CH2). 2 11B NMR (C6D6) (64 MHz): δ 5(694.20): calcd. C 62.11, H 8.98, N 2.01; found C 60.57, H 8.80, N

2.1 (C/H: calcd. 1:1.72; found 1:1.73). 224.4 (quint) [1J(B2H) 5 85 Hz]. 2 27Al NMR (C6D6) (70 MHz):
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Table 5 (Continued)

Compound Cl3AlSi(SiMe3)3
2 (5l) (Me3Si)3SiAl(OPh)3

2 (5k) [(Me3Si)3SiAlOEt2]2 (5j) tmp2AlH2(9-BBN) (6b)

Code Kros17 Kros15 Kros19 Kros20
Chem. formula C28H69.50AlCl4N2Si4O0.25 C36H62AlNO3Si4 C13H37AlO2Si4 C26H52AlBN2
Formula weight 715.50 696.21 364.77 430.49
Cryst. size [mm] 0.2 3 0.1 3 0.1 0.3 3 9.3 3 0.2 0.24 3 0.3 3 0.6 0.2 3 0.3 3 0.4
Cryst. system monoclinic monoclinic monoclinic monoclinic
Space group P21/c P21/n P21/c C2/c
a [A

˚
] 17.59(2) 19.76(3) 9.2471(6) 13.2641(3)

b [A
˚

] 11.10(1) 12.05(2) 17.294(1) 19.7133(3)
c [A

˚
] 24.88(3) 20.35(3) 15.492(1) 10.9173(2)

α [°] 90 90 90 90
β [°] 108.7(3) 118.95(4) 106.891(1) 107.0650(1)
γ [°] 90 90 90 90
V [A

˚
3] 4601(1) 4240(1) 2370.7(3) 2728.88(6)

Z 4 4 4 4
ρcalcd. [Mg/m3] 1.033 1.091 1.022 1.048
µ [mm21] 0.399 0.192 0.288 0.089
F(000) 1554 1512 800 960
Index range 219 # h # 19 225 # h # 25 210 # h # 12 225 # k # 25
Index range 212 # k # 11 215 # k # 15 221 # k # 22 225 # k # 25
Index range 227 # l # 26 225 # l # 24 219 # l # 19 213 # l # 11
2θ [°] 46.5 58.22 57.44 57.08
T [K] 293(2) 293(2) 213 193
Refl. collected 17137 20920 11446 7410
Refl. unique 6411 8896 4797 2524
Refl. observed (4σ) 4878 5993 1934 1242
Rint 0.0500 0.0571 0.1124 0.1337
No. Variables 367 425 191 146
Weighting scheme[a] x/y 0.0765/4.8394 0.0374/3.7774 0.0330/5.2990 0.1397/8.4413
GooF 1.106 1.076 1.089 1.245
Final R (4σ) 0.0598 0.0471 0.0671 0.0802
Final wR2 0.1535 0.1026 0.1280 0.2517
Larg. res. peak [e/A

˚
3] 0.315 0.636 0.346 0.299

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.

δ 5 125 (∆1/2 5 7040 Hz). 2 IR (Nujol): ν̃ [ν(B2H) region] 5 detector[53]. Single crystals were mounted in polyfluoroether oil
and fixed on top of a glass fibre. Data collections were carried out2289 cm21 vs, 2317 vs, 2341 vs, 2403 vs, 2455 m. 2 MS: m/z 5 322

[tmp2AlH2BH2
1]. 2 C18H40AlBN2 (322.32): calcd. Al 8.4; found at 280 to 2100°C. All calculations were performed on PCs and

workstations using the Siemens SHELXTL-Plus[54] or SHELX-Al 8.9.
93[55] software packages. The structures were solved by direct ortmp2AlH2(9-BBN) (6b): LiH2(9-BBN) (1.52 g, 6.25 mmol) was
heavy-atom methods and successive interpretation of the differencesuspended in 20 ml of n-hexane. At ambient temperature, 25 ml of
Fourier maps, followed by least-squares refinement. All non-hydro-a 0.20  n-hexane solution of tmp2AlCl (5.0 mmol) was added and
gen atoms were refined anisotropically. Hydrogen atoms were in-the mixture was stirred overnight. The clear, yellow solution was
cluded in the final refinement in calculated positions by a ridingthen reduced to one-third of its original volume. Cooling of the
model using fixed isotropic parameters. Relevant data relating tosolution overnight at 220°C afforded 1.59 g (74%) of colorless
the crystallography, data collection and refinement are compiled incrystals of 6b, m.p. > 288°C (decomp.). 2 1H NMR (C6D6) (400
Table 4. Further details on the crystal structure determinationsMHz): δ 5 1.39 (s, 24 H, tmp-CH3), 1.23 (t, 8 H, tmp-β-CH2), 1.58
have been deposited with the Cambridge Crystallographic Data(m, 4 H, tmp-γ-CH2), 1.6022.20 (m, 14 H, 9-BBN-CH2). 2 13C
Centre and may requested by quoting the depository numberNMR (C6D6) (100 MHz): δ 5 52.2 (tmp-C2,6), 41.1 (tmp-β-CH2),
CCDC-101483, the names of the authors, and the full journal33.6 (tmp-CH3), 18.4 (tmp-γ-CH2), 24.6 (9-BBN-CH2), 34.6 (9-
citation.BBN-CH2), B2C signal not observed. 2 11B NMR (C6D6) (64

MHz): δ 5 23.0 (s, ∆1/2 5 207.4 Hz 1H-decoupled; ∆1/2 5 246.7
Hz 1H-coupled). 2 27Al NMR (C6D6) (70 MHz): δ 5 115 (∆1/2 5 [1] I. Krossing, Dissertation, University of Munich, 1997.
10700 Hz). 2 IR (Nujol): ν̃ [ν(B2H) region] 5 1706 cm21 w, 1753 [2] X-ray structure determinations.

[3] R. West, Angew. Chem. 1987, 99, 123121245; Angew. Chem.w, 1788 w, 1824 m, 1859 m, 1895 s, 1911 vs, 1955 vs, 1997 vs, 2057
Int. Ed. Engl. 1987, 26, 1201.s, 2200 w. 2 C26H52AlBN2 (430.51): calcd. C 72.54, H 12.18, Al

[4] S. Masamune, Angew. Chem. 1991, 103, 9162937; Angew.6.3, N 6.51; found C 67.86, H 11.55, Al 6.4, N 5.54 (C/H/N: calcd. Chem. Int. Ed. Engl. 1991, 30, 902.
13:26:1; found 14.28:28.97:1; C/H: calcd. 1:2; found 1:2.02). [5] L. F. Guselnikov, N. S. Nametkin, Chem. Rev. 1979, 79,

5292577.X-ray Crystal Structure Determinations: Data collection for X- [6] H. Nöth, Angew. Chem. 1988, 100, 166421684; Angew. Chem.
ray structure determinations was performed with a Syntex P4 or a Int. Ed. Engl. 1988, 27, 1603.

[7] [7a] R. T. Paine, H. Nöth, Chem. Rev. 1995, 95, 3432379. 2 [7b]Syntex R3 four-circle diffractometer, using graphite-monochrom-
G. Linti, H. Nöth, R.T. Paine, Chem. Ber. 1993, 126, 8752887.ated Mo-Kα (0.71073 A

˚
) radiation. Single crystals were mounted in

[8] H. G. von Schnering, M. Somer, M. Hartweg, K. Peters, Angew.Lindemann capillaries and sealed under argon. Other data collec- Chem. 1990, 102, 6364; Angew. Chem. Int. Ed. Engl. 1990, 29,
tions for X-ray structure determinations were performed with a 5758.

[9] M. F. Lappert, P. P. Power, A. R. Sanger, R. C. Srivastava, Me-Syntex P4 four-circle diffractometer equipped with a CCD area
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The behavior of titanium and zirconium alkoxides towards Kh/Kc ratios has shown that in the sol state, silanol Si–OH
groups are more stable than the Ti–OH or Zr–OH groups.complexation and water addition is analyzed through water

titration and calorimetric experiments. A simple model is Moreover, this study has shown that the proton concentration
not only affects the kinetics, but also the final compositionpresented, which allows evaluation of the mean hydrolysis

and condensation constants, Kh and Kc, of both pure and of the system. Calorimetric studies of the complexation and
hydrolysis/condensation reactions have highlighted the rolecomplexed transition metal alkoxides in the sol state, through

the analysis of consumed water versus initial hydrolysis ratio of coordination unsaturation of the transition metal alkoxides
in the exothermicity of these reactions, clearly demonstratingcurves. These constants allow comparison of the extents of

the hydrolysis and condensation reactions for sols obtained that coordination unsaturation is the driving force behind the
reactivity of these alkoxides towards nucleophilic speciesfrom several alkoxide precursors. The complexation ratio

only affects the condensation constant Kc, whereas the (e.g. water, complexing ligands, polar solvents).
hydrolysis constant Kh remains unchanged. Analysis of the

Introduction cases the metallic center exhibits a higher electrophilicity
than silicon[5]. These alkoxides are consequently very reac-

Sol-gel processes are a means of preparing dispersed materi- tive towards nucleophilic reagents. Both the higher electro-
als through the growth of metal oxo-polymers in a sol- philicity and the coordination unsaturation of the metallic
vent[1] [2] [3]. Indeed, sol-gel chemistry is based on inorganic center can be invoked in explaining this higher reactivity of
polymerization reactions. Metal oxo-polymers can be ob- non-silicate alkoxides. However, coordination unsaturation
tained through hydrolysis and condensation of molecular seems to be the key parameter: titanium (χ 5 1.32), zir-
precursors such as metal alkoxides M(OR)n (where M 5 Si, conium (χ 5 1.29), and cerium (χ 5 1.17) have electronega-
Ti, Zr, Al, Sn, Ce; OR is an alkoxy group, and n is the tivities χ lower than that of silicon (χ 5 1.74), whereas the
valence or the oxidation state of the metal). In the case of value for tin (χ 5 1.89) is higher. Thus, the difference in
silicon alkoxides, these reactions are known to be equilib- electrophilicities of the metal atoms does not seem to be the
rium processes[4]. The present work demonstrates, through key parameter to account fully for the much higher reactiv-
the use of 17O-NMR spectroscopy, that, in the sol state, the ity of these non-silicate tetravalent alkoxides. In the work
hydrolysis and condensation reactions of titanium alkoxides described herein, we confirm experimentally that coordi-
also exhibit reversible behavior. These reactions start with nation unsaturation is the main driving force behind the
the nucleophilic addition of hydroxylated groups to the elec- reactivity of transition metal alkoxides.
trophilic metal atom M, which leads to an increase of the
coordination number of the metal atom in the transition Hydrolysis/condensation reactions of silicon alkoxides
state[3]. Consequently, the chemical reactivity of metal al- are rather slow, and consequently they can be monitored
koxides toward nucleophilic reactions largely depends on using many analytical techniques (e.g. chromatography, in-
the electrophilic character of the metal and its ability to frared spectroscopy[6]). Moreover, silicon has an isotope
increase its coordination number. with a nuclear spin I 5 1/2, so that 29Si-NMR experiments

offer the possibility of accurately characterizing the differ-Silicon has a low electrophilicity and it remains tetra-
coordinated in the Si(OR)4 alkoxide precursors, as well as ent species (monomers, oligomers, etc.) generated by hy-

drolysis and condensation[1] [7] [8] [9] [10]. This accurate NMRin its oxide. Thus, silicon alkoxides are not very reactive
and gelation times range from hours to several days. On speciation allows the determination of kinetic and thermo-

dynamic constants for the different reactions occurring dur-the other hand, many non-silicate metal alkoxides including
transition metal alkoxides, lanthanides, aluminum, tin al- ing the formation of silica-based sol-gel materials (hydroly-

sis, condensation, transalcoholysis, esterification).koxides, etc. are coordinatively unsaturated and in most
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Hydrolysis and condensation reactions of non-silicate hydrolysis (b), and after 24 h of ageing (c); the 17O-NMR

spectrum of sample 2 was recorded 5 min. after the secondmetal alkoxides must, on the other hand, be controlled by
using inhibitors such as high proton concentration[8] or hydrolysis (d), and after 24 h of ageing (e). The spectra ob-

tained are presented in Figure 1.complexing ligands[9]. However, even in the presence of in-
hibitors, the kinetics are too fast to be monitored by the

Figure 1. (Left:) 17O-NMR spectra of sample 1, just before theusual techniques employed for the characterization of sili- second hydrolysis (a), 5 min. after the second hydrolysis (b), and
con-based systems. Moreover, many of the most interesting 24 h after (c). (Right:) 17O-NMR spectra of sample 2, 5 min. after

the second hydrolysis (d), and 24 h after (e).[a]systems, as far as the field of material science is
concerned[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12], are not amenable to
study by NMR because they are paramagnetic (FeIII,
MnII,III, CoII, etc.) or because they possess a strong quad-
rupolar moment (47TiIV, 49TiIV, 91ZrIV, 93NbV, etc.). Since it
is extremely difficult to get detailed and specific information
on the hydrolysis/condensation reactions of transition metal
alkoxides, an alternative approach is to collect macroscopic
information and to rely upon a model to estimate the
chemical composition of the polycondensates. This ap-
proach has been very successful with regard to organic
polymers. Preferentially, the analysis of the polycondensates
should be done in the wet state, before any drying process
that can result in further condensation reactions and there-
fore modify the chemical composition of the system. The [a] For sample 1, the water used for the first and second hydrolyses
development of new tools could be especially helpful in was 5%-enriched in oxygen-17. 2 For sample 2, the first hydrolysis

was performed with unenriched water and the second hydrolysisclassifying the behavior of metal alkoxides towards com-
with 10%-enriched water. The total hydrolysis ratio of the sampleplexation, hydrolysis, and condensation reactions. A better was equal to 2. 2 The two peaks (see *) at δ 5 273 (enol form of

knowledge of the extent of these reactions is of paramount free acetylacetone) and at about δ 5 340 (acetylacetone bonded to
titanium) result from the isotopic 17O exchange between H2O andimportance because the structures and morphologies of the
acacH (ketolization).resulting networks are strongly dependent on their relative

contributions. Control of the growth of transition metal Spectrum (a) has already been described in a previous
oxo-polymers can be achieved through changes in the report[28]. Five signals are observed, which can be assigned
chemical reactivity of each component. The hydrolysis ratio as follows:
(H 5 H2O/M), the use of a catalyst [8], of complexing li-

δ 5 8002650 µ2O oxo-bridgesgands[11], or of a templating medium[12] [13] are the main
δ 5 6002450 µ3O oxo-bridgesfactors that must be mastered by the sol-gel chemist in or-
δ 5 4002300 µ4O oxo-bridgesder to achieve this control.
δ 5 3002200 µ5O oxo-bridgesTaking titanium and zirconium alkoxides as examples,
δ ø 0 H2Otwo main points will be discussed in this article: (i) the

calorimetric behavior of transition metal alkoxides towards A second addition of water to sample 1 resulted, after
a short time spectrum (b)], in a significant increase in thecomplexation and hydrolysis, and (ii) a model leading to

an evaluation of mean hydrolysis and condensation pseudo- intensity of the H2O signal (δ 5 250 to 50), and in a slight
increase in the intensity of the signals of the µ2O and µ3Oequilibrium (metastable equilibrium) constants of transition

metal alkoxides through the analysis of water titration oxo bridges (see Table 1); the intensities of the µ4O and µ5O
oxo bridge signals remained the same, within an experimen-curves. This simple model, based on constants evaluated

from a mean polymer formula, leads to a pertinent classifi- tal error of ±10%. The ratio of residual water to oxo
bridges, H2O/Σoxo, was around 1:1. After 24 h of ageing, thecation of the alkoxides, and allows determination of the ex-

tents of the hydrolysis and condensation reactions. How- intensities of the µ2O and µ3O oxo-bridge signals decreased
slightly. The main evolution of the spectrum was seen in theever, because this model is simple, it necessarily involves

certain approximations, which, of course, imply limitations. δ 5 2002400 region, where a significant increase of the
intensities was observed. In this chemical shift region, twoThese limitations will be discussed in the context of the

evolution of silica-based systems, for which hydrolysis and kinds of signals can be observed:
• the signals of the µ4O and µ5O oxo bridges, which havecondensation constants have been evaluated using both the

model and the speciation provided by 29Si-NMR experi- been previously observed in the spectra (a) and (b);
• the signals of free and titanium-bound acac (δ 5 273ments.

and 3002400, respectively).
Results and Discussion The chemical shift and the width of the narrow peak (δ 5
Evidence of the Reversibility of Hydrolysis/Condensation Reactions 272, w 5 370 Hz) correspond exactly to those of free acac,

and make the assignment of this peak to the free ligandThe 17O-NMR spectrum of sample 1 was recorded just
before the second hydrolysis (a), 5 min. after the second unambiguous. The signal in the range δ 5 3002400 can be
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Table 1. Intensities of the peaks of the spectra of Figure 1. For sample 1, the water used for the first and second hydrolyses was 5%-
enriched in oxygen-17. For sample 2, the first hydrolysis was performed with unenriched water and the second hydrolysis with 10%-
enriched water. The total hydrolysis ratio of the sample was equal to 2

µ2O µ3O µ4O or bonded acac µ5O or free acac water sum of the
(δ 5 8002650) (δ 5 6002400) (δ 5 4002300) (δ 5 3002200) (δ ca. 0) intensities[a]

before the 2nd hydro- 4 7 1 <1 4 16
lysis (a)

sample 1 5 min. after (b) 5 8 1 <1 14 28
24 hours ageing (c) 4 7 5 1 9 26

sample 2 5 min. after (d) 2 3 2 2 25 30
24 hours ageing (e) 7 6 5 1 10 29

[a] The sum of the intensities of the spectra of samples 1 and 2 after the second addition of water and after 24 hours of ageing are
equal within an experimental error of ±10% and the sum of the intensities of sample 1 before the second hydrolysis is about half of
that of sample 2 after the second hydrolysis, within an experimental error of ±15%.

assigned to both µ4O oxo bridges (which are also observed In the case of sample 1, the enrichment of the pre-formed
polymers, of the new oxo bridges, and of the residual waterin the spectrum recorded 5 min after the second hydrolysis)

and to acac bonded to titanium. However, previous studies is the same (5% in oxygen-17), whereas in sample 2, the
unenriched pre-formed polymers are, after the second hy-performed on acac-complexed and uncomplexed titanium

butoxide have all shown a decrease in the intensity of the drolysis, in the presence of 10%-enriched water. The slight
increase in the intensities of the µ2O and µ3O signals insignal of the µ4O bridges with time[28]. The significant in-

crease of intensity observed in this chemical shift region spectrum (b) of sample 1, as well as the two weak µ2O and
µ3O signals observed in spectrum (d) of sample 2, can beafter 24 h of ageing can therefore be mainly assigned to the

enrichment of acac in oxygen-17, according to the reaction assigned to this further hydrolysis. On the other hand, the
oxo-bridges that appear in the spectrum of sample 2 afterdescribed in Scheme 1.
24 h of ageing cannot be assigned to such a reaction be-

Scheme 1. Reaction leading to 17O enrichment of the ketones cause the intensities of these two peaks are only weakly
modified after 24 h of ageing in the case of sample 1. This
further modification of the spectrum of sample 2 can
therefore be attributed to 17O exchange between the en-
riched water and the unenriched oxo-polymers. The pre-
formed oxo-core is consequently accessible to nucleophilic
species, and depolymerization/repolymerization reactions
can occur. The depolymerization reactions imply the nucle-
ophilic attack of a water molecule at the metallic center,
and, therefore, an increase of its coordination. A mecha-Just after the second addition of water, the spectrum of
nism can be proposed, in which the first step is the changesample 2 was very different to that of sample 1. In spec-
of coordination of the acetylacetonate group from bidentatetrum (d), the signals due to the µ2O and µ3O oxo-bridges
to monodentate; the water molecule can then occupy theare weak, and the ratio of residual water to oxo bridges,
empty coordination site and subsequently be incorporatedH2O/Σoxo, is around 6:1. The evolution of the spectrum of
into the network by intramolecular rearrangements[14].sample 2 over a period of 24 h was drastic spectrum 2,

(e)]. In fact, after 24 h of ageing, it became very similar to This experiment highlights the equilibrium behavior of
the hydrolysis and condensation processes. It was per-that of sample 1 (see Table 1 for the intensities of the oxo

bridge signals and the water signal). One could also observe formed at a low hydrolysis ratio (H 5 2) in order to avoid
any quantitativity problems: at a higher initial hydrolysisthe appearance of two signals in the 2002400 region, which

can be assigned to free and titanium-bonded acac, respec- ratio, part of the oxo signal is lost due to the formation of
large titanium oxo-polymers that cannot be detected usingtively.

For these two samples, when the second hydrolysis takes solution 17O-NMR[28]. However SAXS experiments[15] [16]

have shown that the titanium oxo-polymer sols and gelsplace, many oxo-bridges are already present following the
addition of the first mole of water. The difference between synthesized under these conditions are tenuous (the fractal

dimension of the titanium oxo-polymers varies between 1.5these two samples is the as follows: in the case of sample
1, these pre-formed oxo-polymers are 5%-enriched in oxy- and 2.5, depending on the hydrolysis, complexation, or pro-

ton ratio). The fact that the structure of the oxo-polymersgen-17, whereas in the case of sample 2, these oxo-poly-
mers are initially unenriched. The second addition of water is non-dense indicates a high surface-to-volume ratio, which

will favor the equilibria between the polymers and the waterleads to a further hydrolysis of the pre-formed oxo-poly-
mers, which results in the formation of new oxo-bridges. and alcohol molecules present in the solution. In the sol

state, the swollen titanium oxo-polymers are not kineticallyThis second mole of water is only partially consumed by
the hydrolysis reaction and some water remains in solution. “locked-in”.
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Evaluation of Hydrolysis/Condensation Constants Through Figure 4. Hydrolysis of Si(OEt)4: variation of the consumed water

h with the initial hydrolysis ratio H at different pH values of theWater Titration Data
hydrolysis solution

Curves showing the consumed water h as a function of the
initial hydrolysis ratio H of the various alkoxides are shown
in Figures 224. These curves have been fitted using Equa-
tion 5 and the values of Kh and Kc obtained are reported
in Table 2 (See Experimental Section).

Figure 2. Hydrolysis of Ti(OnBu)4: variation of the consumed wa-
ter h with the initial hydrolysis ratio H at different complexation

ratios r

Table 2. Hydrolysis constants Kh and condensation constants Kc
for reactions of Ti(OnBu)4, Zr(OnPr)4, Si(OEt)4, calculated using

Equation 5

Sample Hydrolysis Condensation
constant Kh constant Kc

Ti(OnBu)4 r 5 0.6 0.51 ± 0.01 16 ± 2
Ti(OnBu)4 r 5 0.8 0.52 ± 0.01 15 ± 1
Ti(OnBu)4 r 5 1 0.52 ± 0.1 8 ± 4
Ti(OnBu)4 p 5 [H1]/[Ti] 5 0.02 0.55 ± 0.04 16 ± 5
Zr(OnPr)4 r 5 0.9 3 ± 1 30 ± 10
Zr(OnPr)4 r 5 1 1.8 ± 0.5 7 ± 3
Si(OEt)4 pH 5 0 2.1 ± 0.2 6 ± 1
Si(OEt)4 pH 5 2 1.2 ± 0.1 26 ± 6

alkoxide do not depend strongly on the experimental con-
ditions: Kh is equal to 0.5 in all cases (hydrolysis of acac-
modified precursors or acidic hydrolysis). However, the

Figure 3. Hydrolysis of Zr(OnPr)4: variation of the consumed water value of Kc seems to depend slightly on the complexationh with the initial hydrolysis ratio H at different complexation ratios
ratio, increasing marginally as the complexation ratio de-r
creases. The ratio Ko 5 Kc/Kh is always very high (between
16 and 32), indicating that the majority of Ti2OH groups
are engaged in forming oxo bridges. It is possible to calcu-
late the theoretical values of k 5 [M2O2M]/[M(OR)4], h,
(h 2 k) 5 [M2OH]/[M(OR)4], and (4 2 r 2 h 2 k) 5
[M2OR]/[M(OR)4] from the values of Kh and Kc using
Equations 5 and 6. Figure 5 shows the calculated consumed
water ratio h, the condensation ratio k, the titanium hy-
droxyl ratio (h 2 k) and the alkoxy ratio (4 2 r 2 h 2 k)
as functions of the initial hydrolysis ratio H for Kh 5 0.51
and Kc 5 16 (i.e., for the complexation ratio r 5 0.6). This
simulation shows that the alkoxy ratio decreases very
quickly: for an initial hydrolysis ratio H 5 10, 90% of the
alkoxy groups have been hydrolyzed. This simulation also
shows that the Ti2OH ratio is very small at a low initial

Titanium Oxide Based Sols hydrolysis ratio; at higher initial hydrolysis ratios, however,
the Ti2OH/Ti ratio becomes rather significant: at H 5 10The curves h 5 f(H) of Ti(OnBu)4 are presented in Figure

2. At low initial hydrolysis ratios (H # 1), the consumption it has a value of 0.5. This simulation is therefore an indirect
proof of the presence in solution of such groups, the num-of water is almost complete. At higher initial hydrolysis ra-

tios, the water is only partially consumed and its consump- ber of which increases with increasing initial hydrolysis ra-
tio. The mean formula for the titanium oxo-polymers cantion tends toward a limiting value that depends on the com-

plexation ratio. The values of Kh and Kc calculated for this be calculated from the fitted values of h, k, and r. As an
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Figure 6. Comparison of the evolution of the residual water ratioexample, the mean formulae of the polymers obtained

(H 2 h) versus time in two different solvents[a]
through hydrolysis (0.5 < H < 10) of one of the acac-modi-
fied samples (r 5 0.6) are reported in Table 3. The self-
consistency of this simple model can be checked by compar-
ing the calculated Ti2OH/Ti ratio to that estimated from
Karl-Fischer titrations. This estimation can be performed
by carrying out the titration in two different solvents. The
first one, 2-chloroethanol, is quite inert to the presence of
M2OH groups, while the second one, methanol, reacts with
M2OH groups to form M2O2Me groups with elimin-
ation of water. As a matter of fact, as shown in Figure 6
for the same sample (for example r 5 0.6, H 5 2), the meas-
ured consumption of water versus time in methanol solu-
tion is less than that measured in 2-chloroethanol. The dif-
ference between the two curves permits an evaluation of the
M2OH/M ratio. This ratio was found to be 0.15, which
is quite close to that calculated from the fitted Kh and Kc

constants, and which leads to the following mean formula
[TiO1.09acac0.6(OH)0.16(OR)1.06].

Figure 5. Simulation of the curves h, k, (h 2 k), (4 2 r 2 h 2 k) 5 Zirconium Oxide Based Solsf(H) for Kh 5 0.51 and K 5 16
The measured values of h as a function of H for Zr(OnPr)4

complexed by acetylacetone (r 5 0.9; r 5 1) are plotted in
Figure 3. The curves h 5 f(H) have a shape similar to those
for Ti(OnBu)4: the consumption of water increases as H
increases. At a low initial hydrolysis, ratio most of the water
is consumed. At higher initial hydrolysis ratios, the h 5 f(H)
curves show marked deviations from linearity; the h values
are invariably below 2, even at H 5 10. These results under-
line the fact that the hydrolysis/condensation reactions are
incomplete. The curves have been fitted using Equation 5
and the values of Kh and Kc obtained for these systems are
reported in Table 2. The hydrolysis constants of the two
systems are rather similar, but the condensation constant
seems, as in the case of Ti(OnBu)4, to increase as the com-
plexation ratio decreases. These results allow quantification
of the inhibitory effect towards condensation of complexing
ligands such as acac.

Silicon Oxide Based Sols

Karl-Fischer titrations were performed for the two series of
samples. The values of Kh and Kc are reported in Table 2
and the curves h 5 f(H) are plotted in Figure 4. They are

Table 3. Mean formula of titanium oxo-polymers calculated from Kh and Kc values at different hydrolysis ratios and r 5 [acac]/
[Ti(OnBu)4] 5 0.6. H is the [H2O]/[Ti] ratio, h is the consumed water ratio, Ti2O2Ti is the ratio of oxo bridges per titanium, Ti2OH
is the ratio of hydroxo groups per titanium, and H2O is the ratio of unconsumed water molecules per titanium

H h Ti2O2Ti Ti2OH Ti2OR H2O structural unit

0 0 0 0 3.4 0 Ti (acac)0.6(OR)3.4
0.5 0.45 0.42 0.02 2.52 0.05 TiO0.42(acac)0.6(OH)0.02(OR)2.52
1 0.85 0.78 0.07 1.77 0.19 TiO0.78(acac)0.6(OH)0.07(OR)1.77
2 1.25 1.09 0.16 1.06 0.73 TiO1.09(acac)0.6(OH)0.16(OR)1.06
4 1.55 1.24 0.31 0.61 2.50 TiO1.24(acac)0.6(OH)0.31(OR)0.61
6 1.67 1.26 0.41 0.47 4.29 TiO1.26(acac)0.6(OH)0.41(OR)0.47
8 1.75 1.26 0.49 0.39 6.19 TiO1.26(acac)0.6(OH)0.49(OR)0.39
10 1.81 1.25 0.56 0.33 8.31 TiO1.25(acac)0.6(OH)0.56(OR)0.33
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Figure 7. 29Si-NMR spectra of the systems [Si(OEt)4 1 H H2O,similar to those of the titanium and zirconium alkoxides.

pH 5 0; 0.5 < H < 10]At low hydrolysis ratios, most of the water is consumed; at
higher initial hydrolysis ratios, the consumed water ratio h
remains below 3.

The curves h 5 f(H) of Si(OEt)4 hydrolyzed at pH 0 and
pH 2 are quite different. The two curves are in fact similar
up to H 5 2, but at higher initial hydrolysis ratios, the pH
2 curve stays below the pH 0 curve. The hydrolysis con-
stants of these two systems are close, but the condensation
constant at pH 2 is 4 times as high as that at pH 0. This
result is consistent with the fact that the condensation is
more complete at pH 2 than at pH 0[1]. Protons are usually
considered as catalysts for hydrolysis/condensation reac-
tions[8] [15]. The above result shows that the proton concen-
tration will also change the final composition of the system,
and thus the effect of the protons is not merely kinetic.
Protonation of the oxo- or hydroxo-bridges is likely to assist
the redissolution-polymerization processes occurring during
the formation of the transition metal oxo-polymers[17].

For titanium and zirconium alkoxides, the only exper-
imental value that can be measured is the consumed water
h. The measurement of the condensation ratio k should
however give relevant information for the determination of
the hydrolysis and condensation constants. With the values
of h and k, it is indeed possible to calculate Kh and Kc,
for each value of H, directly from Equations 3 and 4. The
condensation ratio k can be measured for silicon alkoxides
by means of 29Si-NMR spectroscopy, which distinguishes
the silicon atoms according to their chemical environments.
The chemical shifts of the species SiOn(OR,OH)422n (0 < n

Table 4. Silicon-29 NMR chemical shifts [ppm] and percentage of< 4) are reported in Table 4. We have used the commonly Qn species
accepted notation to describe these species: a silicon Qn is
a silicon having n 2OSi neighbors and (4 2 n) 2OR Q0 Q1 Q2 Q3 Q4

(2OH) neighbors.
The NMR spectra of the systems {Si(OEt)4 1 H H2O, chemical 273 to 280 to 291 to 299 to 2110

shift 278 289 295 2103 (broad)pH 5 0; 0.5 < h <10 } are presented in Figure 7; they have
H 5 0.5 13 55 3

been fitted in order to derive the percentages of the atoms H 5 1 16 57 27
H 5 1.5 5 45 50Qn, as given in Table 4. The condensation ratios were calcu-
H 5 2 34 58 8lated by using the formula: H 5 3 17 63 21

k 5 (%Q1 1 2 3%Q2 1 3 3%Q3 1 4 3%Q4)/(2 3 100), H 5 4 8 59 33
H 5 6 10 57 33where%Qn is the percentage of the silicon atoms Qn.
H 5 8 9 52 39The k values are reported in Table 5, together with the H 5 10 8 49 44

consumed water ratio measured by a Karl-Fischer titration,
and the values of Kh and Kc. Kh and Kc were calculated
only between H 5 1.5 and H 5 4; at higher values of H,

Table 5. Values of the consumed water ratio h (Karl-Fischer titra-the Si2OR/Si ratio is too small to obtain relevant values of tion) and the oxo bridge ratio k (29Si NMR) of TEOS hydrolyzed
Kh and Kc; on the other hand, at lower values of H, the at pH 5 0, as a function of the initial water ratio H; hydrolysis and

condensation constants calculated using Eq. 3 and Eq. 4Si2OH/Si ratio is too small.
Kh and Kc values calculated for these samples using

H h k Kh KcEquation 5 are reported in Table 2. The values of Kh ob-
tained by the two methods are quite similar; however, the

0.5 0.5 0.5
Kc values are different (from NMR the mean Kc is 10212, 1 0.98 1

1.5 1.37 1.2 1.9 8.7while the mean Kc is 627 from water titration). These dif-
2 1.82 1.3 1.9 6.5ferences are especially noticeable at higher hydrolysis ratios. 3 2.14 1.5 1.7 11.1

This discrepancy between the values of Kc obtained from 4 2.33 1.6 2.8 24
6 2.40 1.629Si-NMR data and from the modelling of water titration
8 2.64 1.6curves, gives an indication of the limitations of the model. 10 2.99 1.7

Such differences can have several sources:
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Figure 8. Variation of the enthalpies of complexation of several(i) The 29Si resonances in the highly hydrolyzed samples

metal alkoxides by acetylacetone(H $ 3) are broad, indicating that some polymers have be-
come so large that their mobility is restricted. This broaden-
ing of the NMR resonances is expected to reduce the pre-
cision of the NMR data. An accuracy of about ±15% in
the integration of the NMR data would be sufficient to ac-
count for the differences observed between the two ap-
proaches.

(ii) some M2OH groups might have been partially ti-
trated during Karl-Fischer titration, thus decreasing the
accuracy of the estimation of the consumed water h.

Comparison of the Hydrolysis and Condensation Constants
of Titanium, Zirconium, and Silicon Alkoxides

The curves h 5 f(H) of these three alkoxides are similar:
at low hydrolysis ratios, the hydrolysis reaction is almost
complete, whereas at higher initial hydrolysis ratios, the
consumed water tends towards a plateau. The titanium al-
koxide has the lowest hydrolysis constant. The conden-
sation constants of the titanium and zirconium species are Table 6. Enthalpies (kJ·mol21) of the complexation reactions of

Ti(OnBu)4, Ti(OEt)4, Ti(OiPr)4, and Zr(OnPr)4. Gap [kJ·mol21] issimilar. For these two alkoxides, the condensation constants
the gap of enthalpy of complexation, taking Ti(OiPr)4 as referenceare about 10 times higher than their respective hydrolysis

constants. These results indicate that the condensation of Ti(OnBu)4 Ti(OEt)4 Ti(OiPr)4 Zr(OnPr)4
M2OH groups is important and that the M2OH/M ratio
is low. The influence of the complexation ratio on these two Enthalpy of 267 282 2102 275

complexation (2 acacH)alkoxides is also the same: an increase of r results in a de-
2125crease of Kc, whereas Kh remains unchanged. The pH of (4 acacH)

the hydrolyzing solution does not seem to change Kh and Energy of Ti2OR bond 2439 2422 2430 2
Gap (exp. value) 35 20 0 2Kc: their values are very close to those of the modified pre-
Gap (theoretical value) 18 216 0 2cursors. For silicon alkoxides, however, the condensation

constant is strongly dependent on the pH of the hydrolyzing
solution: at pH 5 2, Kc is high, indicating that the conden-

strongly shifted toward the formation of the chelated pre-sation is almost complete. At pH 5 0, Kc is low, the conden-
cursor up to r 5 2 for titanium alkoxides or up to r 5 4sation reaction is in equilibrium, and the ratio [Si2OH]/[Si]
for zirconium propoxide.is high. The silanol Si2OH groups seem to be more stable

These results are in good agreement with previous obser-than the Ti2OH or Zr2OH groups. This result is consist-
vations, which have shown that, in the case of titanium al-ent with previous 17O-NMR studies: Ti2OH and Zr2OH
koxides, substitution of the two first alkoxy groups byhave never been observed by liquid-state 17O-NMR,
acetylacetone ligands occurs readily, but that the further re-whereas Si2OH groups give rise to readily detectable sig-
placement of a third alkoxy substituent by acetylacetonenals [16] [18].
requires a large excess of the ligand[5]. Zirconium alkoxides,
on the other hand, react readily with four acetylacetone li-

Calorimetric Study of the Complexation Reaction gands, thus forming the Zr(acac)4 complex.
The complexation of the metallic center by acetylacetoneThe enthalpy of complexation of tetravalent transition me-

tal alkoxides by acetylacetone provides a relevant insight results in an increase of its coordination number. For ti-
tanium, the most stable coordination number is 6; this is itsinto this reaction. Four alkoxides have been studied: three

titanium alkoxides (ethoxide, butoxide, isopropoxide) and usual coordination number in metallic oxides (rutile and
anatase). The coordination number for titanium in the al-one zirconium alkoxide (n-propoxide). The curves of the

enthalpy of complexation versus the complexation ratio r 5 koxide precursor depends on the nature of the alkoxy group
and on the solvent. For neat alkoxides, or in non-polar sol-[acac]/[M] are shown in Figure 8. These curves show that

the complexation reaction is always exothermic (∆H < 0), vents such as benzene, the coordination number of titanium
is 4 when the alkoxy is secondary or tertiary, or 5 with pri-but that it reaches a plateau at r $ 2 for titanium alkoxides

or at r $ 4 for zirconium propoxide. The complexation en- mary alkoxy groups. Primary alkoxides show a general
tendency to form solvated dimers in alcoholic solution[5].thalpies of these four alkoxides are reported in Table 6.

Moreover, the entropy change associated with com- In the bis-complexed precursor Ti(OR)2acac2, however, the
coordination number of the metallic center is 6. This in-plexation by chelating ligands is always positive[19], so that

the free enthalpy ∆G 5 ∆H 2 T∆S should be negative. crease in coordination number is the main reason for the
exothermicity of the complexation reaction.Consequently, the equilibrium of complexation should be
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On the other hand, the most stable coordination numbers sation reactions are incomplete. These results can also be

compared with those of XANES experiments, which haveof zirconium are 7 and 8. Hence, zirconium propoxide can
react with up to four acac ligands, forming the complex indicated that at low initial hydrolysis ratios, most of the

titanium atoms become hexacoordinated[24]. We concludeZr(acac)4, in which eightfold zirconium coordination is at-
tained[20]. from these results that the hydrolysis and condensation re-

actions are governed by the coordination unsaturation ofThe complexation enthalpies of the various alkoxides are
reported in Table 6. The enthalpies of the reactions involv- the metallic center, which results in rapid reactions with any

nucleophiles, and especially with water. However, the hy-ing Ti(OnBu)4 and Ti(OEt)4 are smaller than that with
Ti(OiPr)4. These enthalpies can be calculated from the drolysis, oxolation, and alkoxolation reactions do not lead

to an increase of coordination, since they correspond tobond energies:
nucleophilic substitution reactions. As a consequence, these∆H [Ti(OR)4] 5 2E (Ti2acac) 1 2 E (ROH) 2
results suggest that for transition metal alkoxides, the early(1)

2E (Ti2OR) 2 2E (acacH) stages of hydrolysis and condensation are driven by nucleo-
philic addition reactions. Among the two possible additionThe bond energy values for the three titanium alkoxides
reactions, olation (creation of hydroxy bridges) or alkoxyare reported in Table 6. The energy of the RO2H bond
bridging, olation is probably the driving force responsibledepends only slightly on the nature of the R group[21].
for the high reactivity towards water of the transition me-Using Equation 1, we are able to calculate the gap be-
tal alkoxides.tween the enthalpies of two alkoxides. The calculated and

experimental values of these gaps are also reported in Table
Figure 9. Variation of the enthalpy of hydrolysis/condensation of

6. The reference point (E 5 0) was taken as the value for non-complexed alkoxides with the initial hydrolysis ratio; influence
of the complexation ratioTi(OiPr)4. The experimental and calculated values are at

variance, both for Ti(OnBu)4 and Ti(OEt)4 . In order to
explain these differences, we have to take into account the
structure of the alkoxides in solution in their parent al-
cohols. Ti(OiPr)4 is monomeric, but Ti(OEt)4 and
Ti(OnBu)4 are partially oligomerized via µ2-OR bridges.
The energies of these bridges have been previously calcu-
lated to be about 40 kJ·mol21, both for the ethoxy bridge[22]

and for the butoxy bridge[23]. The enthalpy of the com-
plexation reaction is therefore:

∆H[Ti(OR)4] 5 2E(Ti2acac) 1 2E(RO2H) 2
(2)

2E(Ti2OR) 22E(acacH)2x·E(alkoxo)

where x is the ratio bridges/titanium [x 5 0 in the case
of Ti(OiPr)4].

Using Equation 2, we were are able to estimate the values
of x for each alkoxide: xTi(OBu)4 5 0.9 and xTi(OEt)4 5 1.8.
Of course, these values are only approximate, but they pro-
vide an interesting way of calculating the degree of oligo-

Table 7. Enthalpies of the hydrolysis reactions of: Ti(OnBu)4,merization of the primary alkoxides in solution in their par- Ti(OEt)4, Ti(OiPr)4, and Zr(OnPr)4
ent alcohols.

substrate ratio enthalpy [kJ·mol21]
Calorimetric Study of Hydrolysis/Condensation Reactions

Ti(OnBu)4 r 5 [acac]/[Ti] 5 0 219.6
The enthalpies of hydrolysis were determined as described r 5 [acac]/[Ti] 5 1 28.4

r 5 [acac]/[Ti] 5 2 20.8in the Experimental Section. The variations of the heats of
Ti(OiPr)4 r 5 0 254.3hydrolysis of Ti(OiPr)4, Ti(OnBu)4, Ti(OEt)4, and r 5 1 232.6

Zr(OnPr)4 with the initial hydrolysis ratio, H 5 H2O/metal, r 5 2 20.2
Ti(OEt)4 210.7are plotted in Figure 9. The enthalpies of hydrolysis of these
Zr(OnPr)4 220.5four alkoxides are reported in Table 7. The hydrolysis reac-

tion is, in all cases, exothermic, which is in line with pre-
vious observations[5]. The curves ∆H 5 f(H) of the three The hydrolysis reaction of Zr(OnPr)4 is exothermic until

higher values of the initial hydrolysis ratio are reached (H 5titanium alkoxides show similar behavior: the hydrolysis re-
action is exothermic up to H 5 1 and reaches a plateau for 2 and even H 5 4). This result can be attributed to the

previously mentioned fact[2] [3] [9] that the coordination un-H > 1. These results can be compared with those of the
Karl-Fischer titrations, which show that at low initial hy- saturation (the coordination number of the metal in the ox-

ide minus the metal valency) is higher for zirconium alkox-drolysis ratios, the consumption of water is complete, while
at higher initial hydrolysis ratios, the hydrolysis and conden- ides (8 2 4 5 4) than for titanium alkoxides (6 2 4 5
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2). Again, the enthalpies of reactions between nucleophilic groups. We have shown using 17O-NMR spectroscopy that

hydrolysis and condensation reactions are equilibrium pro-species (e.g., organic ligands, water, hydroxy groups) and
transition metal alkoxide precursors are mainly due to the cesses. It is important to point out that another interpret-

ation can be proposed for incomplete hydrolysis of ORincrease in the coordination of the metallic center. As a
consequence, the enthalpies of hydrolysis/condensation groups, namely the lower reactivity of OR groups of large

clusters compared to those of monomers[17]. It is probableshould strongly depend on the complexation ratio. Indeed,
the hydrolysis reaction of the precursor solution obtained that both these phenomena (reversibility of hydrolysis/con-

densation reactions and decrease of the reactivity of ORfrom Ti(OnBu)4 and acacH with a complexation ratio r 5
2 is barely exothermic, while at lower complexation ratios, groups with increasing cluster size) contribute to the pres-

ence of residual OR groups.it is decidedly exothermic. Moreover, at a complexation ra-
tio r 5 1, the enthalpy of hydrolysis is about half of that of 2 for the acac-modified precursor, it was considered that

acac was a non-hydrolyzable ligand. At high initial hydroly-the non-complexed precursor (see Figure 10 and Table 7).
These results confirm the importance of the coordination sis ratios and/or high acac ratios, however, some acac li-

gands can be partially hydrolyzed[28] [28]. The stability of theunsaturation in the hydrolysis/condensation reactions, since
at a complexation ratio r 5 2, the coordination of all the metal2acac bond toward hydrolysis/condensation reactions

strongly depends on the nature of the metallic center. Fromtitanium atoms is 6. At r 5 1, the system reacts as an equi-
molar mixture of non-complexed and bis-complexed pre- the literature, it is known that for tetravalent metals, this

stability can be classified according to the sequence Ce, Zrcursors. The hydrolysis of acac-modified (r 5 1; r 5 2)
Ti(OiPr)4 leads to similar results (see Table 7). > Ti >> Sn[3] [11] [25].

This work has also incorporated key thermodynamic
Figure 10. Variation of the enthalpy of hydrolysis/condensation of data, which are consistent with the conclusions obtained.pure or complexed titanium butoxide with the initial hydrolysis ra-

Estimates of the enthalpies for the complexation and hy-tio: influence of the complexation ratio
drolysis/condensation reactions indicate that the increase of
coordination number of the transition metal alkoxide is of
paramount importance. The tendency of the metallic center
to attain the coordination that it usually has in naturally-
occurring crystalline oxide networks is the driving force of
all the reactions of transition metal alkoxides that take
place in sol-gel processes. Hydrolysis and oxolation are nu-
cleophilic substitutions and, therefore, do not modify the
coordination of the metallic center. As a consequence, it is
addition reactions (e.g. olation and alkoxy bridging) that
are responsible for the high reactivity of titanium and zir-
conium alkoxides. These should correspond to the con-
sumption of the first molecules of water (H2O/Ti # 1), for
which the reaction is complete and highly exothermic.
However, only a small number of M2OH groups is ob-
served when the metastable equilibrium state is reached.
This phenomenon can be explained by the high acidity of
the protons of the µ2-OH and µ3-OH groups bonded to

Conclusions titanium atoms, which leads to deprotonation of these
groups[26].This work has shown that mean hydrolysis and conden-

sation constants calculated from water titration curves offer
Experimental Sectiona useful means of quantifying the influence of parameters

such as the complexation or proton ratio on the behavior Synthesis
of titanium alkoxides towards hydrolysis. In addition, this Titanium Oxide Based sols and gels were prepared using two dif-
approach allows comparisons to be made between metal ferent methods:
alkoxides of different metals, particularly those of transition

(i) Hydrolysis of acac-Modified Precursors: Ti(OnBu)4 was di-metals, for which NMR speciation and quantitative spectro-
luted with n-butanol and acetylacetone (acacH) was added drop-

scopic analysis cannot as yet be realized. wise under magnetic stirring, resulting in a yellow solution. Hy-
This work has also given an indication of the limitations drolysis was performed by the dropwise addition of a solution of

of the proposed model. The assumptions that were invoked water in n-butanol. The complexation ratio [acac]/[Ti] was varied
to determine mean constants will benefit from further re- from 0.6 to 1. The hydrolysis ratio [H2O]/[Ti] was varied from 1 to
finement. These include: 10. The titanium concentration of the resulting sols was 0.4

mol·l21.2 the postulate that the polymers can all be represented
by a mean structural unit; (ii) Hydrolysis with Water Acidified with 35% (w/w) HCl:

2 the assumption that the system reaches, after ageing, Ti(OnBu)4 was diluted with n-butanol as above. Hydrolysis was
performed by the dropwise addition of a solution of acidified watera metastable equilibrium state, which results in residual OR
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in n-butanol. The ratio [H1]/[Ti] was kept at 0.02, while the hy- The 17O spectra of 17O-enriched titanium oxo-polymers have

been reported previously[28]. They are characterized by four broaddrolysis ratio was varied from 1 to 10. The concentration of the
resulting sol was 0.18 mol·l21. bands, which can be assigned, on the basis of the published litera-

ture[29] [30], as follows:The samples used for recording 17O-NMR spectra were prepared
• δ 5 6502850: µ2O oxo-bridgesas follows:
• δ 5 4502600: µ3O oxo-bridgesSample 1 was prepared following procedure (i) with both the
• δ 5 3002400: µ4O oxo-bridges[acac]/[Ti] and [H2O]/[Ti] ratios equal to 1. The water used for this
• δ 5 2002300: µ5O oxo-bridgesfirst hydrolysis was 5%-enriched with oxygen-17. After 1 h at room
• the signal appearing at around δ 5 0 corresponds to the re-temperature, the sample was further hydrolyzed with a solution of

sidual water.5% enriched water in n-butanol. The total hydrolysis ratio of the
sample was thus equal to 2. Two additional peaks can be observed in the presence of acetyl-

acetone[28]:Sample 2 was prepared according to the same procedure as
sample 1, but the first hydrolysis was performed with unenriched • one broad peak at δ 5 3002400, attributable to acac bonded
water and the second hydrolysis with 10%-enriched water. Thus, to titanium
after the second hydrolysis, the two systems have the same chemical • one narrow peak at δ 5 273, attributable to the enol form of
composition and the same enrichment in oxygen-17.

free acetylacetone.
Zirconium Oxide Based sols and gels were prepared according to These two peaks appear a few hours after hydrolysis, and are

a procedure analogous to (i) above: Zr(OnPr)4 was first diluted with only observed at complexation ratios higher than 1 and with a hy-
n-propanol, and then acetylacetone was added. The [acac]/[Zr] ratio drolysis ratio higher than 2[16]. They result from the isotopic 17O-
was either 0.9 or 1. Hydrolysis was performed by the dropwise ad- exchange between enriched H2O and the free acetylacetone released
dition of a solution of water in n-propanol. The [H2O]/[Zr] ratio by the hydrolysis of the acac ligands[28].
was varied from 1 to 10. The concentration of the resulting sols

Ti2acac 1 H2O R Ti2OH 1 acacHwas 0.44 mol·l21.
acacH 1 H2O* R acac*H 1 H2O

Silicon Oxide Based sols and gels were prepared following pro- Ti2OH 1 acac*H R Ti2acac* 1 H2O
cedure (ii): Si(OEt)4 was first diluted with ethanol. A solution of

(the reaction leading to enrichment of the acetylacetone in oxy-water acidified with HCl (pH 0 or pH 2) in ethanol was then added
gen-17 is described in Scheme 1).dropwise. The hydrolysis ratio was varied from 0.5 to 10 and the

concentration of the resulting sol was 0.54 mol·l21. The recording of oxygen-17 NMR spectra necessitates a pre-ac-
quisition delay in order to eliminate the trailing edge of the high-Characterizations
power pulse. This delay gives rise to a rolling baseline of sin x/x

Water Titrations were performed by the Karl-Fischer method shape. A baseline correction is then performed, using a cubic
using a 701 KF Titrino apparatus. The solvent used for the ti- splines baseline function (WinNMR 1D). The total intensity of the
trations was Hydranal Solvent K, rather than methanol, in order NMR signal has been measured for all the spectra reported herein,
to prevent side reactions of ketones and metal hydroxyls[27]. The in order to check that this area does not vary with the ageing and
reagent was Hydranal-composite 5K (Riedel-de-Haën). the preparation of the sample solution. The areas of the spectra of

all the samples after the second hydrolysis are equal, within anThe 29Si-NMR spectra were recorded on a Bruker MSL 400
experimental error of ±10%. A calibration has also been performedspectrometer operating at 79.48 MHz. The sample solution was
using a solution of 10%-enriched water in n-butanol, at the sameplaced in an 8 mm tube, which was placed inside a 10 mm tube
concentration as in the samples of oxo-polymers. The total intensit-containing C6D6 as a lock solvent. Tetramethylsilane was used as
ies of the spectra of the oxo-polymer samples before the secondreference (δ 5 0).
hydrolysis, after the second hydrolysis, and after 24 hours of ageingSilicon-29 is a spin 1/2 nucleus with a natural abundance of 4.7%.
are all consistent with the intensity of the water peak of the cali-A disadvantage of this nucleus is its high spin lattice relaxation
bration solution, within an experimental error of ±10%. This resulttime T1, which results in a long recycle delay. Thus, the relaxation
indicates that the formation of large polymers, which would resultagent chromium acetylacetonate Cr(acac)3 was added in order to
in the partial loss of the signal of the oxo-polymers and, therefore,reduce this delay. Cr(acac)3 has previously been used in similar sys-
in quantitativity problems, is negligible.tems, where it was shown that it does not interfere with the poly-

Calorimetric Study of the Complexation and Hydrolysis Reac-merization process[7].
tions: Four alkoxides were studied: Ti(OnBu)4, Ti(OEt)4,A second disadvantage of this nucleus is the presence of back-
Ti(OiPr)4, Zr(OnPr)4.ground Q4 silicon units present in the silica tube, which result in a

First, m1 g of the alkoxide (or acac-modified alkoxide) was di-large peak at about δ 5 110. In order to suppress this peak, we
luted with m91 g of its parent alcohol. This solution was placed inused a π.22τ2π echo sequence.The experimental NMR conditions
a Dewar vessel and its temperature T was measured. A solution ofwere as follows: first pulse 12.8 µs; τ 5 40 ms; second pulse 25.6
m2 g of acetylacetone in m92 g of the parent alcohol (or the hydroly-µs; recycle delay 30 s.
sis solution of water in parent alcohol) at temperature T2 was thenThe 17O-NMR spectra were recorded on a Bruker MSL 400
added. The final temperature Tf was measured about 1 min. afterspectrometer operating at 54.2 MHz. Again, the sample solutions
the addition of acetylacetone (or water). The [acac]/[M] ratio of thewere placed in an 8 mm tube, which was immersed in C6D6, as a
resulting solution was varied from 0.5 to 2 [or to 4 for Zr(OnPr)4].lock solvent, in a 10 mm tube. H2O was used as reference (δ 5 0).
The hydrolysis ratio was varied from 0.5 to 4. The molar enthalpyThe experimental NMR conditions were as follows: pulse 19.6 µs;
∆H of the reaction was calculated using the equation:pre-acquisition delay (time between the end of the RF pulse and

the beginning of the acquisition) 24 µs; recycle delay 0.2 s, number (m1∆H)/M 1 Cp(Ma 1 m1 1 m91)(Tf 2 T1) 1 Cp(m2

1 m92)(Tf 2 T2) 5 0of scans 1000.

Eur. J. Inorg. Chem. 1998, 1115211271124



Hydrolysis and Condensation Reactions of Transition Metal Alkoxides FULL PAPER
(adiabatic reaction), where M is the molar mass of the alkoxide ratio, k is the ratio of oxo bridges, and r is the initial complexation

ratio. Details of the calculation of the chemical composition of the(or of the acac-modified alkoxide), Cpalcohol is the heat capacity of
the alcohol, Ma is defined as Md3Cpd 5 Ma3Cpalcohol, where Cpd mean structural unit are presented in Appendix 1.
is the heat capacity of the Dewar vessel and Md the mass of the

It is possible to define two constants Kh and Kc in order to de-
Dewar vessel.

scribe the hydrolysis and condensation pseudo-equilibrium:
This measurement of the enthalpy is very simple, but it is only

intended to give approximate data. Two assumptions are made to
estimate the enthalpy of the reaction: first, we assume that the com-
plexation occurs during the first minute after the addition of acetyl-
acetone. This hypothesis is supported by infra-red experiments,
which have shown that no free acac can be detected 1 min. after
addition of the ligand[18] [31]. Secondly, we have assumed that all
the reactants and products have the same heat capacity of the sol-
vent, i.e. the parent alcohol. In order to minimize the error intro-
duced by this approximation, the concentrations of reactants were
kept below 5% (w/w).

Modelling of the h 5 f(H) Water Titration Curves

Evaluation of Hydrolysis/Condensation Mean Equilibrium Con-
stants: Hydrolysis and condensation reactions of metal alkoxides
do not generally reach completion, showing reversible character in
the sol state, as demonstrated by the 17O-NMR experiments. Com-
plete hydrolysis and condensation of a metal alkoxide M(OR)n

would result in the consumption of all the added water, up to a
hydrolysis ratio H 5 [H2O]/[Ti] 5 n/2, and, for hydrolysis ratios H
higher than n/2, a plateau at h 5 n/2 (h being the consumed water The pseudo-equilibrium oxolation constant Ko can be directly
ratio), according to the equation: deduced from Kh and Kc, as follows: Ko 5 Kc/Kh. The formula of

the mean structural unit does not depend on the kind of conden-M(OR)n 1 H H2O r MOn/2 1 n ROH 1 (H 2 n/2) H2O
sation reaction (oxolation or alkoxolation) that occurs (see Appen-
dix 1).For a tetravalent metal alkoxide [Ti(OR)4, Si(OR)4, etc.)] this

equation becomes: It is possible to express Kh and Kc as a function of k, the mean
number of oxo groups, h the water effectively consumed (expressedM(OR)4 1 H H2O r MO2 1 4 ROH 1 (H 2 2) H2O
as the ratio water/metal), r the complexation ratio, and H the initial

This behavior is only rarely observed. For all the alkoxides stud- hydrolysis ratio H 5 [H2O]/[M(OR)4]:
ied in the present paper, we have observed that the consumption of

An expression for the initial hydrolysis ratio H as a function ofwater does not follow this law. Two hypotheses can be made to
the water/metal ratio corresponding to the water effectively con-explain this difference: the first one is that hydrolysis and conden-
sumed can be obtained using Equations 3 and 4:sation reactions are kinetically controlled, so that the system never

reaches an equilibrium state. This hypothesis effectively rules out
any possibility of evaluating the extent of reaction. The second hy-
pothesis that can be made is that the system reaches a metastable
equilibrium state, which represents a steady state where the reac-
tants are no longer being consumed, but because of their high sur-
face/volume ratio, the solvent-swollen oxo-polymers are still in
equilibrium with free water and alcohol molecules. This steady state
is not the lower minimum of the system (i.e. the crystalline oxide),
but it is well known that chemical pathways can possess several
minima of different depth. This second assumption is confirmed
by 17O-NMR experiments presented in the Results and Discussion
section (vide infra). These experiments show that the hydrolysis and

The details of the determination of this equation are presentedcondensation reactions are equilibrium processes. Moreover, this
in Appendix 2.hypothesis has the advantage that it allows one to study the extent

of the hydrolysis and condensation reactions through to the deter-
mination of a mean chemical formula for the oxo-polymers.

The transition metal oxo-polymers that are formed by the sol-
gel process are generally polydisperse in size and composition and It is also possible to express k, the mean degree of oxo conden-
it is therefore impossible to perform a straightforward calculation sation, as a function of h and H:
of the pseudo-equilibrium constants of each of these polymers. In
order to circumvent this problem, we have defined a mean struc-
tural unit that has the mean composition of the polymers. This
mean structural unit has the following approximate formula:
MOk(OH)h2k(OR)42r2h2k(acac)r , where h is the consumed water
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Figure 11. Examples of simulation of water titration curves: (a)
Kh 5 1, Kc 5 100; (b) Kh 5 100, Kc 5 1; (c) Kh 5 0.1; Kc 5 0.1;

Kh is the hydrolysis constant and Kc the condensation constant

The water consumed during the hydrolysis/condensation reac-
tions was measured once the metastable equilibrium state had been
reached. These measurements were performed after ageing of the
sols of the various metal alkoxides for several weeks or months.
The time of ageing was fixed once the consumption of water was
negligible. The initial hydrolysis ratio was varied between 0.5 and
10, while the other parameters (acac/metal ratio, H1/metal ratio

Appendix 2: Determination of the equation of H as a function of hand concentration) were kept constant.

Examples of Simulation

Figure 11 depicts “extreme” behavior of the h 5 f(H) curves:

• when the condensation constant is higher than the hydrolysis
constant (Kh 5 1; Kc 5 100; Figure 11-a), the consumption of
water is complete up to H 5 2, and for H higher than 2 it reaches
a plateau. All the M2OH groups that are formed in the hydrolysis
reaction are consumed in the condensation reaction, and the final
composition of the system corresponds to the oxide MO2. The shift
of the equilibria toward the formation of the oxide is due to the
high value of Kc.

• When the hydrolysis constant is higher than the condensation
constant (Kh 5 100; Kc 5 1; Figure 11-b), the consumption of
water is almost complete up to H 5 4, and then reaches a plateau
at higher values of H. This limiting case corresponds to the forma-
tion of M(OH)4 units, which do not polymerize.

• If the hydrolysis and condensation constants are both low [1] C. J. Brinker; G. W. Scherrer, Sol-Gel Science, the Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego,(Kh 5 0.1; Kc 5 0.1; Figure 11-c), i.e. when both hydrolysis and
1990.condensation are incomplete, the consumption of water is not com- [2] J. Livage, M. Henry, C. Sanchez, Prog. in Solid-State Chem.

plete, even at low values of H, and the number of residual alkoxy 1988, 18, 2592341.
groups is high. [3] C. Sanchez, F. Ribot, New J. Chem. 1994, 18, 100721047.

[4] C. J. Brinker, G. W. Scherrer, Sol-Gel Science, the Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego,

Appendix 1: Determination of the formula of the mean structural 1990, 1092108; 1362137; 1502152.
unit [5] D. C. Bradley, R. C. Mehrotra, D. P. Gaur, Metal Alkoxides,

Academic Press, London-New-York-San Francisco, 1978.
[6] L. C. Klein, Ed., Sol-Gel Technology, Noyes Publications, New

Jersey, 1988.
[7] L. W. Kelts, N. J. Effinger, S. M. Melpolder, J. Non-Cryst. Solids

1989, 83, 3542374.
[8] B. E. Yoldas, J. Mater. Sci. 1986, 21, 108621092.
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Novel methyl complexes [Pd(Me)(N-N-N)]X (N-N-N = complexes 1e–6e revealed that the reactivity of complexes
1e–6e toward norbornadiene increases with increasingflexible or rigid terdentate nitrogen ligand, X = Cl, SO3CF3,

BAr94) have been synthesized and fully characterized. All rigidity of the terdentate ligand, i.e. with increasing strain in
the PdN3 moiety, which indicates that insertion very likelycomplexes readily underwent insertion of carbon monoxide

resulting in the quantitative formation of complexes occurs via a mechanism involving nitrogen dissociation. This
is fully supported by ab initio MO calculations on CO and[Pd{C(O)Me}(N-N-N)]X [X = Cl (1d–6d), BAr94 (1e–6e)].

Subsequently, complexes 2e–6e underwent quantitative ethylene insertion into carbon–palladium bonds of cationic
model systems containing a rigid terdentate nitrogen ligand,insertion of norbornadiene, resulting in complexes

[Pd{C7H8C(O)Me}(N-N-N)]BAr94 (2f–6f). Unexpectedly, which showed that the lowest-energy pathway for both
insertion reactions consists of substitution of one of the distalthese complexes, including even those containing rigid

terdentate nitrogen ligands, possess a structure in which the nitrogen atoms of the rigid terdentate nitrogen ligand by the
substrate, followed by a rate-determining migratory insertionnitrogen ligand is coordinated in a bidentate fashion. A

kinetic study of the reaction of norbornadiene with of the substrate into the carbon–palladium bond.

In many transition-metal-catalyzed reactions the complexes [Pd(R)(solv)(L-L)]X {R 5 Me, C(O)Me; solv 5
Et2O, MeCN; L-L 5 P-P, P-N, N-N; X 5 SO3CF3, BF4,insertion of an unsaturated molecule into a carbon2

metal bond is a key step. [1] [2] A recent example is the palla- [3,5-(CF3)2C6H3]4B} it has been shown that precoordi-
nation of CO and alkenes occurs via dissociation of thedium-catalyzed copolymerization of carbon monoxide

and alkenes, leading to the formation of polyketones, weakly coordinated solvent molecule. Both CO and alkene
precoordinated complexes of the type [Pd(Me)(CO)(L-which process involves the perfectly alternating

insertion of CO and alkenes into carbon2palla- L)]X[10] [19] [23] and [Pd{C(O)Me}(η2-alkene)(N-N)]X[23],
respectively, have been characterized as intermediates. Stud-dium bonds. [3] [4] [5] [6] [7] We[8] [9] [10] [11] [12] [13] [14] [15] and

others[16] [17] [18] [19] [20] [21] [22] [23] [24] have extensively studied ies of the insertion reactions of CO into the methyl2pal-
ladium bond of complexes Pd(Me)X(P-P) (X 5 Cl, PPh3,CO and alkene insertion reactions in model complexes of

the type Pd(R)X(L-L) {R 5 Me, C(O)Me; X 5 Cl, Br, I, MeCN; P-P 5 bidentate phosphorus ligand) showed that
the reactions were enhanced by flexible bidentate phos-SO3CF3, BF4, [3,5-(CF3)2C6H3)4B]; L-L 5 P-P, P-N, N-N}

mimicking the intimate steps of the catalytic cycle of poly- phorus ligands, which are able to coordinate with a large
bite angle, thereby lowering the energy of the transitionketone formation. [25] From these studies it is clear that the

mechanism of CO and alkene insertion reactions is highly state. [8] Furthermore, the reactions were strongly dependent
on the coordinating capability of the X ligand, which indi-dependent on the nature of the ligands. In the case of ionic
cates that insertion occurs mainly by X dissociation. Unex-
pectedly, insertion reactions in complexes containing flex-

[°] Netherlands Institute for Research in Catalysis (NIOK) publi- ible and rigid bidentate nitrogen ligands with a small bitecation UvA 98-3-04.
[°°] Correspondence address concerning crystallographic data. angle were much faster than those in complexes containing
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bidentate phosphorus ligands. [11] [12] [26] Mechanistic studies the role and behavior of rigid terdentate ligands in CO and

alkene insertion reactions.provided strong evidence that insertion reactions in neutral
complexes containing bidentate nitrogen ligands occur via

Results and Discussionintermediates in which these ligands are coordinated in a
unidentate fashion. [12] [13] [14] [15] Synthesis and Characterization of Compound 1 and

Methylpalladium Complexes 1a25a, 1b, and 1c26cAlthough most experimental studies indicate that inser-
tion by a mechanism involving four-coordinate intermedi- The novel compound 4,5-bis(isopropylimino)-1,2,
ates is more favorable than insertion by a mechanism in- 3,4,5,6,7,8-octahydroacridine (1) was synthesized by a con-
volving five-coordinate intermediates, for a few insertion re- densation reaction of 1,2,3,4,5,6,7,8-octahydroacridine-4,5-
actions a mechanism involving five-coordinate species has dione with isopropylamine in the presence of an excess
been suggested. For example, both intra- [27] and intermole- MgSO4 and a catalytic amount of formic acid (Equation 1).
cular[28] alkene insertions into hydride2platinum bonds Compound 1 was obtained as a yellow oil. In this form
and also CO insertions into aryl2 [29] and alkyl2pal- or in solution at 20°C, compound 1 is rather unstable and
ladium[30] bonds have been proposed to occur from five- decomposes into several uncharacterized products within a
coordinate intermediates. Recently, we reported the high re- few hours. At 280°C compound 1 can be stored for several
activity toward CO of the ionic complex [Pd(Me)(tpy)]Cl, days without decomposition. As reported for 1,2-bis(iso-
containing a terdentate 2,29:69,299-terpyridine ligand.[31] [32]

propylimino)cyclohexane[47], (5,6-dihydro[1]pyrindin-7-yli-
At first, insertion was proposed to occur via five-coordinate dene)isopropylamine[15], and isopropyl-(5H-[1]pyrindin-7-
species, as creation of a free coordination site was assumed yl)amine[15], compound 1 exists predominantly in the tau-
to be rather difficult due to the favorable terdentate coordi- tomeric form 19. Formation of this tautomer was revealed
nation of the tpy ligand.[31] However, Orrell et by NMR where a two-proton resonance at δ 5 4.85 in the
al. [33] [34] [35] [36] [37] and also others[38] [39] [40] [41] [42] [43] have re- 1H-NMR spectrum and a resonance at δ 5 74.7 in the 13C-
ported on the ability of tpy to coordinate in a bidentate NMR spectrum were observed, both characteristic of a 5
fashion, which suggests that the CO insertion reaction in CH fragment. Furthermore, the IR spectrum of 1 revealed
[Pd(Me)(tpy)]Cl may occur by a mechanism involving four- an NH stretching frequency at 3390 cm21. The instan-
coordinate intermediates, which contain a bidentate coordi- taneous disappearance of the 5-H NMR resonance upon
nated tpy ligand. Therefore, we turned our attention to addition of a drop of D2O to a solution of 1 in CDCl3
complexes containing rigid terdentate nitrogen ligands, in indicates the presence of a rapid equilibrium between enam-
which dissociation of one of the distal nitrogen atoms was ine and imine forms.
expected to be unlikely. We have used the novel rigid ligand
1 and the known ligands 2 [44], 3 [45], 4 [45], 5 [46], and 6 (Figure
1). In this series ligands 3 and 4 can be considered as rigid
analogs of 5 and tpy (6).

Figure 1. Terdentate nitrogen ligands 126 with the adopted num- The chloro(methyl)palladium complexes 1a25a were
bering schemes synthesized by substitution of COD ( 5 1,5-cyclooctadiene)

in Pd(Me)Cl(COD) by ligands 125 (Equation 2), similar to
what is reported for methylpalladium complexes containing
bidentate N-N,[11] [12] N-S[48] [49], P-N[10], P-P[8], and terd-
entate N-N-N[31] [32], P-N-N[50], P-N-S[51], and N-N-S[51] li-
gands. Analogously to [Pd(Me)(6)]Cl (6a) [32], complexes
2a25a were obtained as yellow, air-stable solids, which are
only moderately soluble in polar solvents such as methanol,
ethanol, and water. In contrast, complex 1a readily dis-
solves in dichloromethane and chloroform.

We report here the results of our study of the palladium
coordination chemistry of ligands 126. Furthermore, we
present the results of an extensive kinetic study of the nor- The complexes of the type [Pd(N-N-N)(Me)]X [N-N-

N 5 terdentate nitrogen ligands 126; X 5 SO3CF3 (b),bornadiene insertion in acetylpalladium complexes contain-
ing the ligands 126 and the results of ab initio MO calcu- BAr94 (c)] were obtained by the reaction the complexes

1a26a with silver trifluoromethanesulfonate and sodiumlations of CO and ethylene insertion reactions into carbon-
2palladium bonds of model complexes containing a rigid tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Equation 2).

Complexes 1b26b, however, except for 1b, are insoluble interdentate nitrogen ligand, which lead to a novel view of
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common solvents and could not be characterized. In con- capabilities of 2, 3, 4, and 6 are comparable, but higher than

that of 5.trast, complexes 1c26c are soluble in dichloromethane,
chloroform, and even in diethyl ether. Complexes 1a,c26a,c
and 1b were isolated and fully characterized. Crystals of Molecular Structures of [Pd(Me)(1)]SO3CF3 (1b) and

[Pd(Me)(4)]BAr94 (4c)1b and 4c, suitable for X-ray analyses, were obtained by
recrystallization from dichloromethane/hexane at 4°C The molecular structures of 1b and 4c are shown in Fig-
(vide infra). ures 2 and 3. Selected bond lengths and bond angles of

All methylpalladium complexes show a characteristic the non-hydrogen atoms are listed in Tables 1 and 2. The
Me2Pd resonance at δ ø 1 in the 1H-NMR spectra and at molecular structures of 1b and 4c both show a square-
δ ø 0 in the 13C-NMR spectra. [11] [12] [15] [32] [52] [53] [54] At planar geometry with the three nitrogen atoms of the terd-
20°C, as well as at 260°C, the 1H-NMR spectra of com- entate nitrogen ligand and a methyl ligand coordinated to
plexes 1a, 4a, and 5a, show a symmetrically bonded nitro- the palladium(II) center. The relatively short Pd2N(2)
gen ligand, indicating that these ligands are coordinated in bond lengths of 1.959(5) A

˚
for 1b and 1.993(3) A

˚
for 4c and

the expected terdentate fashion to the palladium center and the small trans-N(1)2Pd2N(3) bond angles of 155.50(19)°
that the chloride is present as a counter anion. The ob- for 1b and 156.95(11)° for 4c have been observed also
served high equivalent conductivities for 1a25a in meth- for 6a [32] and for other palladium complexes containing
anol at 20°C of 51270 Ω21 cm2 mol21 are also in agree- comparable symmetric terdentate nitrogen li-
ment with an ionic complex, whereas that of the neutral gands. [43] [55] [56] [57] [58] [59] [60] [61] Interestingly, the Pd2N(1)
precursor Pd(Me)Cl(COD) is 2.3 Ω21 cm2 mol21. and Pd2N(3) bond lengths in 4c [2.103(4) and 2.116(4) A

˚
,

Interestingly, addition of a drop of D2O to a solution of respectively] are longer than those in [Pd(Me)(6)]Cl (6a)
1a in CDCl3 led to a complete disappearance of the 5-H [Pd2N(1) 5 2.048(9) A

˚
; Pd2N(3) 5 2.057(8) A

˚
] [32] and the

NMR resonance due to H/D exchange. This result can be angles Pd2N(1)2C(1) and Pd2N(3)2C(19) in 4c [132.4(3)
explained by dissociation of one of the distal nitrogen and 132.1(3)°] show a larger deviation from the ideal 120°
atoms of the ligand, caused by coordination of the chloride than to those in 6a [Pd2N(1)2C(1) 5 128.8(7)°; Pd2
(Scheme 1). This mechanism is supported by the absence of N(3)2C(19) 5 128.4(7)°]. [32] These data indicate that the
H/D exchange for 1a in CD3OD, which efficiently solvates more rigid terdentate ligand 4 coordinates less strongly to
the chloride ion, hereby preventing chloride-initiated dis- the palladium center than the more flexible tpy ligand 6.
sociation of one of the distal nitrogen atoms. Furthermore, Whereas the four donor atoms and the palladium atom are
it is in agreement with the absence of H/D exchange for 1b confined to one plane in 4c [maximum deviation from the
and 1c, which contain weakly coordinating anions. least-squares plane is 0.005(3) A

˚
], the methyl ligand in com-

plex 1b is bent out of the coordination plane with an angleScheme 1
of 12.4(3)° between the methyl2palladium bond and the
plane defined by N(1), N(2), and N(3). As a result, the
methyl2palladium bond length of 2.189(4) A

˚
is large as

compared to those of other palladium complexes contain-
ing a methyl ligand trans-positioned to a nitrogen atom
(2.0022.09 A

˚
).[10] [11] [12] [32] [47] [48] [50] [52] [53] [54] [58] [61] [62] [63] [65] [66]

The distances between C20 and the nearest hydrogen atoms
on C15 and C18 of 2.67 A

˚
and 2.59 A

˚
, which are 0.23 A

˚

and 0.31 A
˚

shorter than the sum of the Van der Waals radii,
clearly show that the distortion from planarity in 1b is
caused by steric interaction between the methyl ligand and
the isopropyl groups. Recently, a similar observation has
been made for a series of chlororhodium(I) complexes con-
taining a terdentate nitrogen ligand. In these complexes,
substituents on the side arms of the terdentate nitrogen li-
gand were found to force the chloride ligand out of the
coordination plane. [61]

In order to investigate the relative coordinating capabili-
ties of the terdentate nitrogen ligands 226, competition

Carbon Monoxide Insertionexperiments were carried out. Addition of an equimolar
amount of free 6 to a solution of complex 5c in CDCl3 at The methylpalladium complexes 1a25a and 1c26c re-

acted within 1 minute with carbon monoxide to give the20°C resulted in a mixture of complexes 5c and 6c and the
free ligands 5 and 6 in a ratio 5c/6c (5 6/5) 5 1:2. A mixture corresponding acetylpalladium complexes 1d25d and

1e26e, respectively (Equation 3).with the same 5c/6c ratio was obtained upon addition of an
equimolar amount of free 6 to a solution of complex 5. The acetylpalladium complexes 1e26e were isolated and

characterized by 1H NMR, 13C NMR, and IR spec-These experiments and similar competition experiments
with the other nitrogen ligands show that the coordinating troscopy. In contrast, complexes 1d25d could not be iso-

Eur. J. Inorg. Chem. 1998, 112921143 1131



K. Vrieze et al.FULL PAPER
Figure 2. ORTEP drawing (50% probability level) and adopted Table 2. Selected bond lengths [A

˚
] and angles [°] for [Pd(Me)(4)]-

BAr94 (4c) (with esd9s in parentheses)numbering scheme of [Pd(Me)(1)]SO3CF3 (1b); hydrogen atoms
and SO3CF3 anion have been omitted for clarity

Bond lengths
Pd(1)2N(1) 2.103(4) N(2)2C(8) 1.309(5)
Pd(1)2N(2) 1.993(3) N(2)2C(12) 1.323(6)
Pd(1)2N(3) 2.116(4) N(3)2C(15) 1.373(5)
Pd(1)2C(20) 2.025(4) N(3)2C(19) 1.334(5)
N(1)2C(1) 1.320(6) C(5)2C(8) 1.431(5)
N(1)2C(5) 1.379(4) C(12)2C(15) 1.429(6)

Bond angles
N(1)2Pd(1)2N(2) 78.68(13) Pd(1)2N(1)2C(1) 132.4(3)
N(1)2Pd(1)2N(3) 156.95(11) Pd(1)2N(1)2C(5) 110.9(3)
N(1)2Pd(1)2C(20) 100.50(16) Pd(1)2N(2)2C(8) 119.1(3)
N(2)2Pd(1)2N(3) 78.28(13) Pd(1)2N(2)2C(12) 119.3(3)
N(2)2Pd(1)2C(20) 179.18(17) Pd(1)2N(3)2C(15) 111.2(3)
N(3)2Pd(1)2C(20) 102.54(16) Pd(1)2N(3)2C(19) 132.1(3)

Figure 3. ORTEP drawing (50% probability level) and adopted
numbering scheme of [Pd(Me)(4)]SO3CF3 (4c); hydrogen atoms

and BAr94 anion have been omitted for clarity
[D6]ethanol respectively, indicating that the instability of
complexes 1d25d in alcohols is caused by alcoholysis of the
acetyl2palladium bond. A mechanism of this degradation
process might involve dissociation of one of the distal nitro-
gen atoms of the terdentate ligand caused by coordination
of the chloride counter anion,[67] [68] followed by methanol
coordination and reductive elimination of methyl acetate.
This mechanism is supported by the observation that de-
composition in alcohols proceeds much more slowly for
complexes 2e26e, which contain the weakly coordinating
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate anion.[69]

The insertion of CO into the methyl2palladium bond of
1c26c is a reversible reaction. In solution decarbonylation
of 1e26e occurs, resulting in reformation of the methylpal-

Table 1. Selected bond lengths [A
˚

] and angles [°] for [Pd(Me)(1)]- ladium complexes 1c26c, without formation of any pal-
SO3CF3 (1b) (with esd9s in parentheses) ladium black. For example, after 1 h of bubbling N2

through a solution of 4e in dichloromethane, 80% of decar-
Bond lengths

bonylated [Pd(Me)(4)]BAr94 (4c) and 20% unreacted 4ePd(1)2N(1) 2.111(6) N(2)2C(6) 1.333(8)
Pd(1)2N(2) 1.959(5) N(2)2C(8) 1.341(9) were present, whereas complete decarbonylation took place
Pd(1)2N(3) 2.116(6) N(3)2C(13) 1.262(9) within 1 h in refluxing dichloromethane. Interestingly, com-Pd(1)2C(20) 2.189(4) N(3)2C(17) 1.490(9)

plexes 1e26e also undergo decarbonylation in the solidN(1)2C(1) 1.285(9) C(1)2C(6) 1.474(9)
N(1)2C(14) 1.485(9) C(8)2C(13) 1.488(9) state. Drying in vacuo for several hours or storage at 20°C

Bond angles for several days resulted in formation of the methylpal-
N(1)2Pd(1)2N(2) 78.1(2) Pd(1)2N(1)2C(1) 113.5(5) ladium complexes 1c26c, without any other decompo-N(1)2Pd(1)2N(3) 155.50(19) Pd(1)2N(1)2C(14) 127.7(4)

sition.N(1)2Pd(1)2C(20) 102.2(2) Pd(1)2N(2)2C(6) 118.6(4)
N(2)2Pd(1)2N(3) 77.7(2) Pd(1)2N(2)2C(8) 118.8(4)
N(2)2Pd(1)2C(20) 170.28(18) Pd(1)2N(3)2C(13) 114.0(5) Alkene InsertionN(3)2Pd(1)2C(20) 102.30(19) Pd(1)2N(3)2C(17) 127.0(4)

(a) Synthesis and Characterization of Alkylpalladium
Complexes 1f26f: Whereas insertion of ethylene, styrene,
maleic anhydride, and cyclopentene does not occur, the ace-lated, since these complexes, except for 1d, are only soluble

in alcohols, in which decomposition occurs within a few tylpalladium complexes 2e26e, but not 1e, do react with
the strained alkenes norbornene, norbornadiene, and di-minutes, resulting in palladium black and an organic com-

pound. This organic product was analyzed for 4d and 6d by cyclopentadiene. Because of their complex NMR spectra,
the products obtained after insertion of norbornene and di-1H NMR and GC-MS, and proved to be methyl acetate,

methyl [D3]acetate, ethyl acetate, and ethyl [D5]acetate for cyclopentadiene were difficult to characterize. However, the
insertion of norbornadiene into the acetyl2palladium bonddecomposition in methanol, [D4]methanol, ethanol, and
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of complexes 2e26e yielded the novel characterizable alkyl- Complexes 4f26f show fluxional behavior on the 1H-

NMR time scale, as both sides of the terdentate ligand be-palladium complexes [Pd{C7H8C(O)Me}(N-N-N)]BAr94

(2f26f) (Equation 4). come magnetically equivalent in the temperature range of
250 to 20°C. The mechanism probably proceeds by site
exchange of the distal nitrogen atoms involving a species in
which the nitrogen ligand is coordinated in a terdentate fa-
shion.

(b) Kinetic Study of Norbornadiene Insertion: To study
the kinetics of the norbornadiene insertion into the carbon-
2palladium bond of complexes 1e26e, the reactions were
carried out under pseudo-first-order conditions and wereThe reactions were completed within 30 minutes for

2e26e showing rates comparable to those found for the recorded by means of UV/Vis spectroscopy. In all cases,
plotting the observed rate constants kobsd versus time led toneutral complexes Pd{C(O)Me}Cl(Ar-BIAN) containing

the rigid bidentate nitrogen ligands bis(arylimino)acenaph- straight lines with a zero intercept, within experimental er-
ror, indicating that the rate law kobsd 5 k2[nbd] is obeyed.thene, [11] [13] but the rates were slower than those observed

for the ionic complexes [Pd{C(O)Me}(solv)(N-N)]SO3CF3 The experimental values of k2 are independent of the pres-
ence of free terdentate nitrogen ligand and are listed with(solv 5 solvent; N-N 5 Ar-BIAN, bpy). [11] [22] Complexes

2f26f were isolated and characterized by spectroscopic the respective activation parameters in Table 3.
techniques. The 1H-NMR spectra of 2f26f show the typical
pattern of an inserted norbornadiene moiety and a coupling Table 3. Rate constants k2 and the enthalpy and entropy of activa-

tion of the reaction of complexes 1e, 2e, 4e26e, and 5d with nor-constant between the former olefinic protons of about 6 Hz,
bornadiene (standard deviations in parentheses)[a]

which indicates the expected cis addition of the carbon2
palladium bond to the exo face of the norbornadi-

Compound T 102k2 ∆H° ∆S°

ene. [9] [11] [13] [16] [22] [32] [70] Furthermore, the spectral data of [°C] [s21 21] [kJ mol21] [J mol21 K21]
2f26f show the following interesting features: (i) In the IR
spectra a low CO stretching frequency at ca. 1600 cm21 1e 10.0(5) 0.11(1) 58(4) 296(13)

20.5(5) 0.24(1)is observed; (ii) In the 13C-NMR spectra a low-field CO
31.0(5) 0.65(1)resonance appears at δ ø 235; (iii) In the 1H-NMR spectra 2e 6.0(5) 120(5) 31(1) 2132(5)
11.0(5) 150(6)of 4f26f at 270°C separate signals for the two arms of the
20.5(5) 251(12)nitrogen ligands are observed; (iv) In the 15N-NMR spectra
29.0(5) 350(9)

of 2f, 4f, and 6f, which will be discussed in detail sepa- 4e 6.0(5) 17.7(3) 39(2) 2119(7)
13.0(5) 25.1(4)rately, [71] a signal representing one distal nitrogen atom ap-
20.5(5) 40(2)pears at δ ø 2150, which is characteristic of a coordinated 30.0(5) 72(3)

pyridine nitrogen atom.[72] In the case of 2f, the signal of 5d 7.5(5) 655(28)
5e 7.5(5) 16(1) 32(2) 2144(8)the other distal nitrogen atom is observed at δ 5 268,

13.5(5) 25(1)which is characteristic of a noncoordinated pyridine moi- 20.5(5) 33(2)
30.5(5) 52(2)ety[72] and can be compared to the distal nitrogen reson-

6e 6.0(5) 1.86(3) 51(1) 295(1)ances of δ ø 275 for the free ligands 2, 4, and 6. [71] Unfor-
13.0(5) 3.22(3)

tunately, in the case of 4f and 6f, the signal of the noncoor- 20.5(5) 5.8(1)
30.0(5) 11.5(3)dinated nitrogen atom could not be observed, most prob-

ably due to the absence of a sufficiently large N-H
[a] Conditions: dichloromethane as solvent, [Pd] 5 0.19 m.coupling constant.

From these spectroscopic data, we conclude that the acyl
oxygen atom is coordinated to the palladium center forming The activation enthalpy (31258 kJ mol21) and the large

negative activation entropy (2144 to 295 J mol21 K21)a C,O chelate and that, unexpectedly, the nitrogen ligand is
coordinated in a bidentate fashion. In the case of flexible are comparable with those of the k2 pathway of reaction of

norbornadiene with Pd{C(O)Me}Cl(p-An-BIAN) contain-terdentate ligands such as 5 and 6, the noncoordinated pyri-
dyl moiety is most probably in a position perpendicular ing the rigid bidentate nitrogen ligand bis(p-anisylimi-

no)acenaphthene (∆H° 5 48.4(18) kJ mol21; ∆S° 5with regard to the palladium coordination plane, as ob-
served in molecular structures of Pd(C6F5)2(tpy)[36] and 2126(6) J mol21 K21). [13] The rate constant k2 is highly

dependent on the terdentate nitrogen ligand in[Pd(η3-C3H5)(tpy)]ClO4
[43], which contain a bidentate tpy

ligand. In the case of rigid terdentate nitrogen ligands such [Pd{C(O)Me}(N-N-N)]BAr94 (1e26e) and increases in the
order N-N-N 5 1 << 6 << 5 < 4 << 2 (Figure 4). Theas 4, an asymmetrically bidentate coordination mode of the

nitrogen ligand, i.e. with a relatively long Pd2N(central) reaction of norbornadiene with 1e proceeded very slowly
and an extremely large excess of norbornadiene (80024000bond and a relatively short Pd2N(distal) bond, may result

in a long distance between palladium and the dissociated equiv.) was required in order to ensure relatively fast nor-
bornadiene insertion as compared to decarbonylation. Duenitrogen atom (ca. 3.5 A

˚
, vide infra), which enables C,O

chelate formation. to the absence of isosbestic points for the reaction of 3e
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with norbornadiene, no rate constants were determined for (a) Carbon Monoxide Insertion: The optimized geo-

metries and selected bond lengths and bond angles of thethis reaction.
starting methylpalladium complex I, the intermediate III,

Figure 4. Pseudo-first-order rate constants (kobsd) of the reaction the transition states II and IV, and the acetylpalladium
of [Pd{C(O)Me}(N-N-N)]BAr94 (1e, 2e, and 4e26e) with nbd as a

product V are shown in Scheme 2. The relative RHF andfunction of the concentration of nbd; conditions: dichloromethane
as solvent, 20.5°C, [Pd] 5 0.19 m MP2 energies have been collected in Table 4 and the poten-

tial energy profile at the MP2 level is shown in Figure 6.
The calculated bond angles N(1)2Pd2N(2) and
N(2)2Pd2N(3) and nitrogen2palladium bond lengths for
starting complex I and product V are in good agreement
with those observed experimentally for the terdentate nitro-
gen ligand containing methylpalladium complexes 1b (vide
supra), 4c (vide supra), and 6a. [32] The calculated carbon2
palladium distances in structures I (2.05 A

˚
) and V (1.97 A

˚
)

are as expected for methyl- [12] [32] [47] [50] [52] [53] [62] [73] [74] and
acetylpalladium[12] [15] [23] [50] [52] [53] [75] complexes, respec-
tively. The Pd2CO bond lengths in CO-coordination tran-
sition state II (2.10 A

˚
) and CO-containing complex III (2.10

A
˚

) are very close to that calculated for cis-
The influence of the counter anion X of [Pd(Me)(NH3)2(CO)]1 (2.106 A

˚
)[59], but somewhat longer

[Pd{C(O)Me}(N-N-N)]X on the reaction with nbd was than that calculated for [Pd(Me)(NH2CH2CH2NH2)(CO)]1

studied for the rigid ligand 4 and the flexible ligands 5 and (1.922 A
˚

)[76] and that experimentally observed for
6. In order to prevent decomposition of the unstable ace- [Pd{C(O)Me}(phen)(CO)]BAr94 [1.922(11) A

˚
]. [23] The geo-

tylchloropalladium complexes 4d26d, the reactions were metry of the CO-containing species III can be considered
carried out at 7.5°C. Unfortunately, a rate constant could to be square-planar, in which the four coordination sites are
be determined only in the case of 5d, as isosbestic points occupied by two nitrogen atoms of the terdentate nitrogen
were not obtained for 4d or 6d. From Figure 5 it is clear ligand, a CO and a methyl group. At the RHF level there
that the k2 value of the reaction of [Pd{C(O)Me}(5)]X [X 5 is a small barrier (Ea 5 113 kJ mol21) for formation of
Cl (5d), BAr94 (5e)] with nbd is highly dependent on the species III, but at the MP2 level formation of species III
nature of the counter anion X; the k2 rate constant in- appears to be barrierless (Ea 5 23 kJ mol21). The forma-
creases from 0.16(1) s21 21 for 5e to 6.55(28) s21 21 for tion of species III is much less exothermic (264 kJ mol21,
5d. MP2 value), however, than in the case of [Pd(Me)(8)]1 con-

taining the rigid bidentate model ligand HN5CHCH2N5
Figure 5. Pseudo-first-order rate constants (kobsd) of the reaction CH2 (8) (2170 kJ mol21, MP2 value), as expected. The CO
of [Pd{C(O)Me}(5)]X [X 5 Cl (5d), BAr94 (5e)] with nbd as a func-

insertion is found to proceed via a three-centered insertiontion of the concentration of nbd; conditions: dichloromethane as
solvent, 7.5°C, [Pd] 5 0.19 m transition state IV, which is rather close to those reported

for CO insertion into the carbon2palladium bond of the
complexes Pd(Me)H(PH3)(CO)[77], cis-[Pd(Me)(NH3)2-
(CO)]1 [59], and [Pd(Me)(NH2CH2CH2NH2)(CO)]1 [76]. The
geometry of the acetyl species V suggests that the reaction
occurs by CO insertion into the carbon2palladium bond.
The geometry of species IV, however, clearly shows that it
is the methyl group, not the carbonyl group, that migrates
during the reaction, as experimentally demonstrated for
platinum and palladium complexes with bidentate phos-
phorus ligands by van Leeuwen et al. [20] [21] The formation
of the transition state for CO insertion, IV, appears to be
the rate-determining step for acetyl formation. The tran-
sition state IV lies 48 kJ mol21 (MP2 value) above III. This
activation barrier is slightly lower than those found for sys-
tems containing the bidentate ligands 8 (159 kJ mol21,

Ab Initio MO Calculations MP2 value) and NH2CH2CH2NH2 (162 kJ mol21, B3LYP/
I value) [76], presumably because of the stronger steric repul-To obtain more insight into the mechanism of insertion

reactions of CO and alkenes into the carbon2palladium sion in the case of species III. The energy of the acetyl spe-
cies V lies only 10 kJ mol21 below that of III, which isbond of complexes containing rigid terdentate nitrogen li-

gands, we have carried out for the first time ab initio MO completely in agreement with the experimentally observed
reversibility of the CO insertion in complexes 1c26c (videcalculations of the cationic model systems [Pd(Me)(N-N-

N)]1 (I) 1 CO and [Pd{C(O)Me}(N-N-N)]1 1 ethylene. supra).
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Scheme 2

Table 4. Relative energies [kJ mol21] for stages of the CO and ethy- Figure 6. Potential-energy profile of CO and subsequent ethylene
insertion in [Pd(Me)(7)]1 (I), in kJ mol21 at the MP2 level, relativelene insertion in model systems with the ter- and bidentate nitrogen

ligands 7 and 8, respectively to I 1 CO

L 5 7 L 5 8
Species[a] RHF MP2 RHF MP2

[Pd(Me)(L)]1 (I) 0.0 0.0 20.0 3
CO coordination TS (II) 13 23 [b] [b]

[Pd(Me)(CO)(L)]1 (III) 216 264 293 2167
CO insertion TS (IV) 107 216 15 2108
[Pd{C(O)Me}(L)]1 (V) 234 274 272 2137
[Pd{C(O)Me}(C2H4)(L)]1 [c] [c] 2110 2220
C2H4 insertion TS (VI) 77 243 234 2174
[Pd{κ2-CH2CH2C(O)Me}(L)]1 (VII) 2122 2114 2260 2278
[Pd{κ1-CH2CH2C(O)Me}(L)]1 (VIII) 2148 2156 [c] [c]

[Pd{κ2-CH2CH2C(O)Me}(L)]1 (IX) 2149 2150 2 2

[a] Numbers of species with L 5 7 are given in parentheses. 2 [b]

Formation of [Pd(Me)(CO)(8)]1 from [Pd(Me)(8)]1 and CO ap-
pears to be barrierless. 2 [c] No minimum was found for this struc-
ture.

(b) Ethylene Insertion: The optimized geometries and insertion into the acetyl2palladium bond of
[Pd{C(O)Me}(7)]1 is found to proceed via a four-coordi-selected bond lengths and bond angles of the starting com-

plex, the transition state, and the initial and final product nate transition state (species VI), in which two nitrogen
atoms, the inserting ethylene molecule and the acetyl ligandare shown in Scheme 3. The relative RHF and MP2 ener-

gies have been collected in Table 4 and the potential energy occupy the four coordination sites. The ethylene insertion
is found to pass through a four-centered transition state,profile at the MP2 level is shown in Figure 6. Analogously

to the CO insertion reaction in [Pd(Me)(7)]1, the ethylene similar to those found by others in systems which contain
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Scheme 3

a bidentate ligand.[76] [78] [79] [80] At the RHF level, we did the nitrogen ligand is coordinated in a terdentate fashion.
The carbonyl group now occupies an apical position, asnot find a minimum for a structure containing a coordi-

nated alkene and a nitrogen ligand coordinated in a biden- theoretically observed in [Pd(C2H4C(O)Et)(PH2CH5
CHPH2)(CO)]1 [79]. Our experiments show that for com-tate fashion; therefore, the activation energy has been calcu-

lated relative to the acetyl species and free ethylene. Since plexes 2f26f, obtained after norbornadiene insertion, spe-
cies IX is more stable than structure VIII. On both thecomplexation energies are much higher at the MP2 level,

there might be a shallow local minimum at this level, which RHF and MP2 level, the energies of species IX and VIII
are similar. This is completely in agreement with the exper-would result in a slightly higher activation energy. In any

case, the calculated activation energy of 31 kJ mol21 (MP2 imentally observed fluxional behavior on the 1H-NMR time
scale for complexes 4f26f, which process is proposed tovalue) is fairly low and comparable to that of the system,

which contains the bidentate ligand 8 (Ea 5 37 kJ mol21 at proceed via species of type VIII.
MP2 level), despite the obvious crowding in structure VI.

Comparison Between Theoretical and Experimental ResultsIn the structure of the initial product VII, the acyl oxygen
atom interacts strongly with the palladium center, which The results of the ab initio MO calculations are fully in

agreement with our experimental results. The observed H/results in a relatively long C2O bond of 1.24 A
˚

and a short
Pd2O distance of 2.11 A

˚
. These values agree well with that D exchange in 1a in the presence of D2O, the fast al-

coholysis of the acetylchloropalladium complexes 1d26d,theoretically observed in [Pd{C2H4C(O)Me}(NH2-
CH2CH2NH2)]1 (C2O 5 1.28 A

˚
; Pd2O 5 2.07 A

˚
)[76] and and the structure of complexes 1f26f show the ability of

ligands 126 to coordinate in a bidentate fashion. Further-those experimentally observed for [Pd{C7H10C(O)Me}-
(PPh3)2]BF4

[16] (C2O 5 1.240(10) A
˚

; Pd2O 5 2.114(6) A
˚

) more, a mechanism by substitution of one of the distal ni-
trogen donor atoms by the substrate followed by rate-de-and [Pd{C10H12C(O)Me}(bpy)]SO3CF3

[22] (C2O 5
1.249(6) A

˚
; Pd2O 5 2.026(3) A

˚
). In the calculations, the termining migratory insertion explains the following obser-

vations.chelate structure VII isomerizes to species VIII, in which
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(i) Strained alkenes undergo facile insertion in complexes expected to be difficult for complexes containing rigid terd-

entate nitrogen ligands, ab initio MO calculations show that2e26e, whereas simple unstrained alkenes failed to react.
Strained alkenes are known to coordinate more strongly to the mechanism of both insertion reactions unexpectedly

proceeds by substitution of one of the distal nitrogen atomspalladium than unstrained alkenes[9] [32], so it seems reason-
able to assume that unstrained alkenes are unable to com- of the terdentate nitrogen ligand, followed by a rate-de-

termining migratory insertion reaction. These theoreticalpete with the distal nitrogen atoms of the nitrogen ligand
for coordination to the palladium. results, which indicate that even rigid terdentate nitrogen

ligands may coordinate in a bidentate fashion, are fully sup-(ii) Complex 1e reacts very slowly with nbd, as the two
bulky isopropyl groups in 1e will hinder alkene association ported by the experimentally observed bidentate coordi-

nation mode of both flexible and rigid terdentate nitrogensignificantly.
(iii) The nbd insertion rate increases in the order 6e < ligands in alkylpalladium complexes, obtained after norbor-

nadiene insertion and the kinetic study of this insertion re-5e, with decreasing coordinating capability of the nitrogen
ligand (vide supra). [81] Consequently, the distal nitrogen action. In our attempt to prevent nitrogen dissociation by

employing rigid terdentate nitrogen ligands, the opposite ef-atoms will dissociate more easily, resulting in a more facile
substitution by the alkene. fect has been observed, as the increasing rigidity of this par-

ticular set of terdentate nitrogen ligands leads to increasing(iv) The nbd insertion rate increases in the order 5e <<
5d. The chloride counter anion in 5d may initiate nitrogen strain, facilitating nitrogen dissociation.
dissociation by coordination to the palladium.[32] [67] [68]

This work was supported by the Netherlands Foundation for
Interestingly, the nbd insertion rate increases in the order Chemical Research (SON) with financial aid from the Netherlands

6e < 4e < 2e, whereas on the basis of the rigidity of nitrogen Organization for Scientific Research (NWO). P. H. M. B. thanks
Dr. J.H. van Lenthe (Utrecht University) for generous amounts ofligands 2, 4, and 6 an insertion rate for 2e in between those
computer time. Q. X. and R. P. T. thank the Robert A. Welch Foun-of 4e and 6e would be expected. Both from calculations and
dation and the National Science Foundation (Grant CHE-9224686)from the molecular structures of 1b, 4c, and 6a [32], it ap-
for the financial support. We thank Dr. R. E. Rülke for helpfulpears that considerable deformations of the ligand skeleton
discussions and for the GC-MS measurements, and J. W. H. Peetersare needed to achieve terdentate coordination with accept-
for the mass-spectrometry measurements.

able nitrogen2palladium distances. [82] Even so, the coordi-
nation environment is distorted, with trans N2Pd2N Experimental Section
angles deviating significantly from the ideal value of 180°.

General: All manipulations were carried out in purified dry nitro-In that sense, these complexes can be considered to be
gen by using standard Schlenk techniques. Solvents were dried and

strained. Dissociation of one of the arms of the nitrogen stored under nitrogen. Carbon monoxide 99.5% was purchased
ligand, relieving the strain, can be expected to be a low- from HoekLoos and was used without further purification. The
energy process, which indeed is observed in the experimen- compounds 1,2,3,4,5,6,7,8-octahydroacridine-4,5-dione[83], 2-(29-
tal and theoretical studies. The strain in the ligand back- pyridyl)-1,10-phenanthroline (2)[44], 1,2-dihydrodipyrido[4,3-b;5,6-b]-
bone in the terdentate coordinated situations obviously in- acridine (3) [45], dipyrido[4,3-b;5,6-b]acridine (4) [45], 49-methylthio-

2,29:69,299-terpyridine (5) [46], Pd(Me)Cl(COD)[72] (COD 5 1,5-creases in the order 6 < 2 < 4, reflecting the tendency of
cyclooctadiene), [Pd(Me)(6)]Cl (6a) [32], [Pd{C(O)Me}(6)]Cl (6d) [32],the ligand to coordinate in a bidentate fashion. However,
and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na-ligands 6 and 2 can both create space with the same ease
BAr94) [84] were prepared according to the literature. All other start-by rotating the dangling pyridyl group, whereas creation of
ing chemicals were used as commercially obtained. Silver trifluoro-space is much more difficult in the case of ligand 4. Thus,
methanesulfonate was stored under nitrogen in the dark. 2 1H-

we believe that the higher insertion rate for 2e and 4e rela- and 13C-NMR spectra (300.13 and 75.48 MHz, respectively) were
tive to 6e reflects the higher strain in 2e and 4e. Further- recorded with a Bruker AMX 300 spectrometer at 20°C, unless
more, the higher insertion rate for 2e relative to 4e is most noted otherwise. Chemical shifts are in ppm relative to TMS as
probably caused by more facile creation of a free coordi- external standard (s 5 singlet, d 5 doublet, dd 5 doublet of dou-
nation site. blets, t 5 triplet, q 5 quadruplet, qq 5 quadruplet of quadruplet,

sept 5 septuplet, m 5 multiplet, br. 5 broad). 15N chemical shifts,Complexes 2f26f showed further reactivity toward CO
which are in ppm relative to nitromethane as external standard,and nbd, but the complexity of the 1H-NMR spectra made
were extracted from gradient-selected (1H,15N)-HMQC experi-assignment difficult. Furthermore, further insertions are ex-
ments[85] [86] [87] with a Bruker DRX 300 spectrometer. For adoptedpected to proceed alike, and our results have demonstrated
numbering schemes see Figure 1. 2 IR spectra were obtained withthat not only complexes containing flexible terdentate nitro-
a Bio-Rad FTS-7 spectrophotometer and mass spectra were ob-

gen ligands, but also complexes containing rigid terdentate tained with a JEOL JMS SX/SX102A four-sector mass spec-
nitrogen ligands are useful in studying the intimate steps of trometer, coupled to a JEOL MS-MP7000 data system. GC-MS
the catalytic cycle of polyketone formation. spectra were obtained with a Hewlett-Packard 5890 series II gas

chromatograph with a Gerstel CIS III temperature-controllable in-
Conclusion jector, an HP 5971A mass-selective detector with electron-impact

ionization at 70 eV, and an HP Ultra-2 column (25 m, 0.20 mmWe have shown that ionic methyl- and acetylpalladium
inner diameter, 0.33 µm film thickness).complexes containing flexible and rigid terdentate nitrogen

ligands undergo sequential insertion of carbon monoxide 4,5-Bis(isopropylimino)-1,2,3,4,5,6,7,8-octahydroacridine (1): A
solution of 1,2,3,4,5,6,7,8-octahydroacridine-4,5-dione (1.04 g, 4.84and strained alkenes. Although nitrogen dissociation was
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mmol) in 20 ml of isopropylamine, to which formic acid (2 drops) H), 7.48 (pst, 3-H), 2.58 (s, SMe), 0.20 (s, Pd2Me). 2 13C NMR

(CD3OD): δ 5 159.6 (C-8), 156.1, 150.2 (C-5 and C-6), 151.8 (C-and MgSO4 (2 g) were added, was stirred at 20°C. After 5 h, the
solution was filtered and the isopropylamine was evaporated in va- 1), 141.6 (C-3), 129.0 (C-2), 125.4 (C-4), 118.9 (C-7), 14.5 (SMe),

6.6 (Pd2Me). 2 MS (FAB): calcd. for [C17H16N3PdS]1, 400; foundcuo, which resulted in a red oil. Purification by chromatography on
neutral alumina with hexane/diethyl ether (4:1) as eluent, resulted 400. 2 C17H16ClN3PdS ·1.5 H2O: calcd. C 44.07, H 4.14, N 9.07;

found C 43.83, H 4.02, N 8.90.in 1 as a yellow oil (704 mg, 49%). 2 1H NMR (CDCl3): δ 5 7.16
(s, 7-H), 4.85 (d, J 5 4.8 Hz, 5-H), 4.80 (br., NH), 3.48 (sept, J 5 [Pd(Me)(1)]SO3CF3 (1b): To a solution of [Pd(Me)(1)]Cl (1a)
6.3 Hz, CHMe2), 2.76 (t, J 5 7.6 Hz, 3-H), 2.35 (m, 4 H, 4-H), (56.9 mg, 0.12 mmol) in a mixture of 20 ml of dichloromethane
1.24 (d, J 5 6.3 Hz, CHMe2). 2 13C NMR (CDCl3): δ 5 146.1 and 0.5 ml of acetonitrile was added AgSO3CF3 (34.6 mg, 0.13
(C-1), 139.0 (C-2), 133.8 (C-7), 130.5 (C-6), 94.7 (C-5), 43.5 mmol), and the mixture was stirred in the dark at 20°C. After 10
(CHMe2), 27.5, 21.5 (C-3 and C-4), 22.6 (CHMe2). 2 IR (KBr): min, the mixture was evaporated to dryness and 20 ml of dichloro-
ν̃ 5 3390 cm21 (NH). 2 MS (EI): calcd. for C19H27N3 297.2205; methane were added. After filtering the solution through Celite and
found 297.2202. extracting the residue with dichloromethane (5 ml), the combined

Chloro(methyl)palladium Complexes 1a25a: 4,5-Bis(isopropy- filtrates were evaporated to dryness. Washing the residue with di-
limino)-1,2,3,4,5,6,7,8-octahydroacridine (1) (714 mg, 2.38 mmol) ethyl ether (2 3 20 ml) and drying in vacuo, yielded 1b as a yellow
was added to a solution of Pd(Me)Cl(COD) (431 mg, 1.63 mmol) solid (62.5 mg, 89%). 2 1H NMR (CDCl3): δ 5 7.84 (s, 7-H), 4.28
in 20 ml of toluene. The yellow precipitate, which was formed in- (sept, J 5 6.6 Hz, CHMe2), 3.01 (m, 8 H, 3-H and 5-H), 2.12 (m,
stantaneously, was separated from the toluene and was washed with 4 H, 4-H), 1.34 (d, J 5 6.6 Hz, CHMe2), 0.88 (s, Pd2Me). 2 13C
diethyl ether (2 3 20 ml). This resulted in 1a as a yellow solid (577 NMR (CDCl3): δ 5 175.5 (C-6), 146.3 (C-1), 142.8 (C-2), 138.7
mg, 78%). (C-7), 55.3 (CHMe2), 29.7 (C-5), 26.6 (C-3), 22.1 (C-4), 21.4

(CHMe2), 25.9 (Pd2Me). 2 MS (FAB): calcd. for [C20H30N3Pd]1By following the procedure for 1a, complexes 2a25a were syn-
418; found 418. 2 C21H30F3N3O3PdS: calcd. C 44.41, H 5.33, Nthesized in yields varying from 83 to 95%.
7.40; found C 44.49, H 5.21, N 7.24.

[Pd(Me)(1)]Cl (1a): 1H NMR (CDCl3): δ 5 8.03 (s, 7-H), 4.28
Methylpalladium Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate(sept, J 5 6.5 Hz, CHMe2), 3.14 (t, J 5 5.9 Hz, 3-H), 3.09 (t, J 5

Complexes 1c26c: To a solution of [Pd(Me)(1)]Cl (1a) (69.6 mg,6.4 Hz, 5-H), 2.14 (m, 4 H, 4-H), 1.33 (d, J 5 6.5 Hz, CHMe2),
0.15 mmol) in 20 ml of dichloromethane, NaBAr94 (123.3 mg, 0.140.86 (s, Pd2Me). 2 13C NMR (CDCl3): δ 5 175.6 (C-6), 146.3 (C-
mmol) was added. After stirring for 15 min at 20°C the solution1), 142.9 (C-2), 138.9 (C-7), 55.1 (CHMe2), 29.9 (C-5), 26.9 (C-3),
was concentrated to dryness. After addition of 20 ml of diethyl22.2 (C-4), 21.5 (CHMe2), 26.0 (Pd2Me). 2 MS (FAB): calcd. for
ether, the solution was filtered and concentrated to dryness. The[C20H30N3Pd]1 418; found 418. 2 C20H30ClN3Pd ·H2O: calcd. C
resulting yellow solid was washed with hexane (2 3 20 ml) and50.85, H 6.83, N 8.90; found C 50.67, H 6.44, N 8.57.
dried in vacuo, yielding complex 1c (148.7 mg, 83%).

[Pd(Me)(2)]Cl (2a): 1H NMR (CD3OD): δ 5 8.69 (m, 3 H, 1-
By following the procedure for 1c, complexes 2c26c were ob-H, 8-H, and 9-H), 8.50 (d, J 5 4.7 Hz, 15-H), 8.43 (m, 2 H, 3-H

tained from the corresponding chloro(methyl)palladium complexesand 12-H), 8.29 (m, 1 H, 13-H), 8.08 (d, J 5 9.0 Hz, 16-H or 17-
2a26a in yields varying from 78 to 95%.H), 8.04 (d, J 5 9.0 Hz, 16-H or 17-H), 7.92 (dd, J 5 8.2, 5.2 Hz,

2-H), 7.74 (m, 1 H, 14-H), 0.85 (s, Pd2Me). 2 13C NMR [Pd(Me)(1)]BAr94 (1c): 1H NMR (CDCl3): δ 5 7.70 (s, Ar9
(CD3OD): δ 5 157.6, 152.7, 152.1, 149.8, 149.2, 141.8, 140.8, 140.1, Hortho), 7.52 (s, Ar9 Hpara), 7.48 (s, 7-H), 4.23 (sept, J 5 6.6 Hz,
139.3, 131.6, 129.8, 129.5, 129.4, 127.5, 127.2, 125.9, 122.0 (C- CHMe2), 2.87 (t, J 5 6.5 Hz, 5-H), 2.76 (t, J 5 6.0 Hz, 3-H), 1.99
12C-17), 5.3 (Pd2Me). 2 MS (FAB): calcd. for [C18H14N3Pd]1 (m, 4 H, 4-H), 1.31 (d, J 5 6.6 Hz, CHMe2), 0.97 (s, Pd2Me). 2
378.0222; found 378.0242. 2 C18H14ClN3Pd ·1.5 H2O: calcd. C 13C NMR (CDCl3): δ 5 174.4 (C-6), 161.5 (q, J 5 50 Hz, Ar9
49.00, H 3.89, N 9.52; found C 49.23, H 4.00 , N 9.60. Cipso), 146.3 (C-1), 142.2 (C-2), 137.9 (C-7), 134.6 (Ar9 Cortho), 128.7

(qq, J 5 31, 3 Hz, Ar9 Cmeta), 124.3 (q, J 5 273 Hz, Ar9 CF3),[Pd(Me)(3)]Cl (3a): 1H NMR (CD3OD): δ 5 8.38 (d, J 5 8.1
117.3 (Ar9 Cpara), 55.4 (CHMe2), 29.5, 26.5 (C-3 and C-5), 21.8 (C-Hz, 3-H), 8.26 (d, J 5 5.1 Hz, 1-H), 8.18 (s, 8-H), 7.93 (m, 2 H,
4), 21.3 (CHMe2), 24.8 (Pd2Me). 2 MS (FAB): calcd. for13-H and 15-H), 7.70 (m, 2 H, 16-H and 17-H), 7.63 (dd, J 5 8.1,
[C20H30N3Pd]1 418.1474; found 418.1435. 2 C52H42BF24N3Pd:5.1 Hz, 2-H), 7.49 (dd, J 5 7.8, 5.4 Hz, 14-H), 3.23 (m, 4 H, 18-H
calcd. C 48.71, H 3.30, N 3.28; found C 48.35, H 3.33, N 3.13.and 19-H), 0.47 (s, Pd2Me). 2 13C NMR (CD3OD, 220°C): δ 5

153.6, 152.5, 150.7, 148.8, 146.5, 141.2, 139.7, 139.1, 138.5, 136.0, [Pd(Me)(2)]BAr94 (2c): 1H NMR (CDCl3): δ 5 8.81 (dd, J 5
135.5, 130.7, 130.0, 129.4, 129.0, 126.9, (C-12C-17), 26.0, 24.4, (C- 5.0, 0.9 Hz, 1-H), 8.65 (d, J 5 5.1 Hz, 15-H), 8.49 (dd, J 5 8.3,
18 and C-19), 3.3 (Pd2Me). 2 MS (FAB): calcd. for 0.9 Hz, 3-H), 8.41 (d, J 5 8.6 Hz, 12-H), 8.05 (m, 3 H, 8-H, 9-H,
[C20H16N3Pd]1 404.0379; found 404.0391. 2 C20H16ClN3Pd · 2 and 13-H), 7.92 (d, J 5 8.9 Hz, 16-H or 17-H), 7.86 (d, J 5 8.9
H2O: calcd. C 50.44, H 4.24, N 8.82; found C 50.37, H 4.51, N Hz, 16-H or 17-H), 7.86 (dd, J 5 8.3, 5.0 Hz, 2-H), 7.74 (s, Ar9
8.69. Hortho), 7.64 (m, 1 H, 14-H), 7.48 (s, Ar9 Hpara), 1.11 (s, Pd2Me).

2 13C NMR (CDCl3): δ 5 161.5 (q, J 5 50 Hz, Ar9 Cipso), 134.5[Pd(Me)(4)]Cl (4a): 1H NMR (CD3OD): δ 5 8.85 (s, 8-H),
(Ar9 Cortho), 128.7 (qq, J 5 31, 3 Hz, Ar9 Cmeta), 124.2 (q, J 5 2738.54 (d, J 5 7.9 Hz, 3-H), 8.42 (d, J 5 4.7 Hz, 1-H), 7.85 (m, 6 H,
Hz, Ar9 CF3), 117.3 (Ar9 Cpara), 157.6, 152.3, 151.3, 150.0, 149.5,2-H, 16-H, and 17-H), 0.79 (s, Pd2Me). 2 13C NMR (CD3OD):
141.7, 140.4, 139.0, 138.2, 131.2, 129.3, 129.0, 128.1, 126.4, 123.9,δ 5 152.5 (C-1), 148.0, 139.2 (C-5 and C-6), 139.8 (C-3), 135.3 (C-
120.4 (C-12C-17), 5.6 (Pd2Me). 2 MS (FAB): calcd. for8), 131.1, 128.0 (C-4 and C-7), 128.7, 128.2, 127.2 (C-2, C-16 and
[C18H14N3Pd]1 378; found 378. 2 C50H26BF24N3Pd: calcd. CC-17), 3.7 (Pd2Me). 2 MS (FAB): calcd. for [C20H14N3Pd]1

48.36, H 2.11, N 3.38; found C 48.51, H 2.16, N 3.37.402.0222; found 402.0200. 2 C20H14ClN3Pd ·2.5 H2O: calcd. C
49.71, H 3.97, N 8.70; found C 50.36, H 4.13, N 8.70. [Pd(Me)(3)]BAr94 (3c): 1H NMR (CDCl3): δ 5 8.76 (dd, J 5

5.0, 1.0 Hz, 1-H), 8.44 (dd, J 5 8.3, 1.2 Hz, 3-H), 8.39 (d, J 5 5.2[Pd(Me)(5)]Cl (5a): 1H NMR (CD3OD): δ 5 8.11 (d, J 5 6.0
Hz, 1-H), 8.03 (pst, 2-H), 7.96 (d, J 5 5.0 Hz, 4-H), 7.59 (s, 7- Hz, 15-H), 8.17 (s, 8-H), 7.84 (d, J 5 8.9 Hz, 16-H or 17-H), 7.79
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(d, J 5 8.9 Hz, 16-H or 17-H), 7.71 (s, Ar9 Hortho), 7.52 (dd, J 5 17-H), 7.98 (m, 2 H, 13-H and 15-H), 7.69 (dd, J 5 8.1, 5.4 Hz, 2-

H), 7.33 (dd, J 5 7.9, 5.4 Hz, 14-H), 1.62 [s, C(O)Me], signals of8.0, 5.2 Hz, 14-H), 7.47 (s, Ar9 Hpara), 3.30 (m, 4 H, 18-H and 19-
H), 1.09 (s, Pd2Me), signals of 2-H, 3-H, and 13-H are overlapping 18-H and 19-H are overlapping with signals of the solvent.
with signals of protons from BAr94

2. 2 13C NMR (CDCl3): δ 5
[Pd{C(O)Me}(4)]Cl (4d): 1H NMR (CD3OD): δ 5 8.60 (s, 8-

161.5 (q, J 5 51 Hz, Ar9 Cipso), 134.5 (Ar9 Cortho), 128.7 (qq, J 5
H), 8.58 (d, J 5 4.7 Hz, 1-H), 8.36 (d, J 5 8.1 Hz, 3-H), 7.73 (m,

31, 3 Hz, Ar9 Cmeta), 124.2 (q, J 5 273 Hz, Ar9 CF3), 117.3 (Ar9
6 H, 2-H, 16-H, and 17-H), 2.75 [s, C(O)Me].

Cpara), 154.4, 151.7, 150.2, 149.8, 147.0, 140.5, 140.3, 139.7, 138.8,
[Pd{C(O)Me}(5)]Cl (5d): 1H NMR (CD3OD): δ 5 8.50 (d,137.2, 134.7, 134.6, 130.6, 129.9, 128.4, 126.3, 126.0 (C-12C-17),

J 5 7.8 Hz, 4-H), 8.42 (d, J 5 5.4 Hz, 1-H), 8.26 (m, 2 H, 3-H),26.0, 24.5 (C-18 and C-19), 3.4 (Pd2Me). 2 MS (FAB): calcd. for
8.15 (s, 7-H), 7.73 (m, 2 H, 2-H), 2.77 [s, C(O)Me], 2.64 (s, SMe).[C20H16N3Pd]1 404; found, 404. 2 C52H28BF24N3Pd: calcd. C

49.26, H 2.23, N 3.31; found C 49.27, H 2.62, N 3.31. Acetylpalladium Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
[Pd(Me)(4)]BAr94 (4c): 1H NMR (CDCl3): δ 5 8.90 (s, 8-H), Complexes 1e26e: A solution of [Pd(Me)(1)]BAr94 (1c) (20.3 mg,

8.86 (dd, J 5 4.9, 0.9 Hz, 1-H), 8.52 (dd, J 5 8.4, 0.9 Hz, 3-H), 0.016 mmol) in 20 ml of dichloromethane was stirred at 20°C in
8.01 (d, J 5 9.2 Hz, 16-H or 17-H), 7.90 (d, J 5 9.2 Hz, 16-H or CO. After 10 min, the solution was filtered through Celite and the
17-H), 7.93 (dd, J 5 8.4, 4.9 Hz, 2-H), 7.72 (s, Ar9 Hortho), 7.46 (s, residue was extracted with dichoromethane (5 ml). The combined
Ar9 Hpara), 1.26 (s, Pd2Me). 2 13C NMR (CDCl3): δ 5 161.5 (q, filtrates were concentrated to dryness and the product was washed
J 5 50 Hz, Ar9 Cipso), 151.9 (C-1), 150.0, 141.3 (C-5 and C-6), with hexane (2 3 20 ml), giving 1e as a yellow solid (18.3 mg, 86%).
138.9 (C-3), 134.5 (Ar9 Cortho), 131.3, 128.7 (C-4 and C-7), 128.7

By following the procedure for 1e, complexes 2e26e were ob-
(qq, J 5 31, 3 Hz, Ar9 Cmeta), 128.2, 127.0, 126.9 (C-2, C-16, and

tained from 2c26c in yields of 85297%. Analytical data and mass
C-17), 124.2 (q, J 5 273 Hz, Ar9 CF3), 117.2 (Ar9 Cpara), 3.4

spectra for 1e26e could not be obtained due to decarbonylation in
(Pd2Me), signal of C-8 is overlapping with signal of Ar9 Cortho. 2

the solid state.
MS (FAB): calcd. for [C20H14N3Pd]1 402; found 402. 2

[Pd{C(O)Me}(1)]BAr94 (1e): 1H NMR (CDCl3): δ 5 7.70 (s,C52H26BF24N3Pd: calcd. C 49.34, H 2.07, N 3.32; found C 49.73;
Ar9 Hortho), 7.52 (s, Ar9 Hpara), 7.47 (s, 7-H), 4.13 (sept, J 5 6.6H 2.06, N 3.18.
Hz, CHMe2), 2.86 (t, J 5 6.6 Hz, 5-H), 2.75 (t, J 5 6.0 Hz, 3-H),[Pd(Me)(5)]BAr94 (5c): 1H NMR (CDCl3): δ 5 8.58 (d, J 5
2.63 [s, C(O)Me], 1.98 (m, 4 H, 4-H), 1.17 (d, J 5 6.6 Hz, CHMe2).5.4 Hz, 1-H), 8.00 (m, 4 H, 3-H and 4-H), 7.72 (m, 10 H, Ar9 Hortho
2 13C NMR (CDCl3): δ 5 171.8 (C-6), 161.4 (q, J 5 50 Hz, Ar9and 7-H), 7.59 (m, 2 H, 2-H), 7.51 (s, Ar9 Hpara), 2.60 (s, SMe),
Cipso), 145.6 (C-1), 141.9 (C-2), 139.2 (C-7), 134.5 (Ar9 Cortho), 128.70.94 (s, Pd2Me). 2 13C NMR (CDCl3): δ 5 161.5 (q, J 5 50 Hz,
(qq, J 5 31, 3 Hz, Ar9 Cmeta), 124.3 (q, J 5 273 Hz, Ar9 CF3),Ar9 Cipso), 158.8 (C-8), 157.6, 149.9 (C-5 and C-6), 151.4 (C-1),
117.3 (Ar9 Cpara), 54.8 (CHMe2), 34.5 [C(O)Me], 29.2, 26.6 (C-3140.1 (C-3), 134.6 (Ar9 Cortho), 128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta),
and C-5), 22.0 (CHMe2), 21.5 (C-4), signal of C(O)Me was not127.8 (C-2), 124.3 (q, J 5 273 Hz, Ar9 CF3), 123.3 (C-4), 117.2
observed. 2 IR (KBr): ν̃ 5 1689 cm21 (CO).(Ar9 Cpara), 117.1 (C-7), 14.0 (SMe), 7.0 (Pd2Me). 2 MS (FAB):

calcd. for [C17H16N3SPd]1 400; found 400. 2 C49H28BF24N3PdS: [Pd{C(O)Me}(2)]BAr94 (2e): 1H NMR (CDCl3): δ 5 8.83 (d,
calcd. C 46.56, H 2.23, N 3.32; found C 46.65, H 2.28, N 3.30. J 5 5.0 Hz, 1-H), 8.63 (d, J 5 5.2 Hz, 15-H), 8.51 (d, J 5 8.2 Hz,

3-H), 8.38 (d, J 5 8.6 Hz, 12-H), 8.06 (m, 3 H, 8-H, 9-H, and 13-[Pd(Me)(6)]BAr94 (6c): 1H NMR (CDCl3): δ 5 8.60 (d, J 5
H), 7.92 (d, J 5 9.0 Hz, 16-H or 17-H), 7.85 (d, J 5 9.0 Hz, 16-H5.1 Hz, 1-H), 8.08 (m, 2 H, 3-H), 7.97 (d, J 5 8.1 Hz, 4-H), 7.91
or 17-H), 7.89 (dd, J 5 8.2, 5.0 Hz, 2-H), 7.72 (s, Ar9 Hortho), 7.70(m, 1 H, 8-H), 7.85 (m, 2 H, 7-H), 7.73 (s, Ar9 Hortho), 7.64 (m, 2
(m, 1 H, 14-H), 7.47 (s, Ar9 Hpara), 2.74 [s, C(O)Me]. 2 13C NMRH, 2-H), 7.50 (s, Ar9 Hpara), 0.99 (s, Pd2Me). 2 13C NMR
(CDCl3): δ 5 161.5 (q, J 5 50 Hz, Ar9 Cipso), 134.5 (Ar9 Cortho),(CDCl3): δ 5 161.5 (q, J 5 50 Hz, Ar9 Cipso), 157.6, 150.9 (C-5
128.7 (qq, J 5 31, 3 Hz, Ar9 Cmeta), 124.2 (q, J 5 272 Hz, Ar9and C-6), 151.4 (C-1), 140.7 (C-8), 140.3 (C-3), 134.5 (Ar9 Cortho),
CF3), 117.3 (Ar9 Cpara), 154.8, 152.9, 152.3, 149.9, 147.4, 141.5,128.8 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 127.9 (C-2), 124.2 (q, J 5
140.8, 139.6, 139.4, 131.0, 129.0, 128.9, 128.3, 126.5, 123.8, 120.3273 Hz, Ar9 CF3), 123.6 (C-4), 122.1 (C-7), 117.2 (Ar9 Cpara), 8.1
(C-12C-17), 29.2 [C(O)Me], signal of C(O)Me was not observed.(Pd2Me). 2 MS (FAB): calcd. for [C16H14N3Pd]1, 354; found 354.
2 IR (KBr): ν̃ 5 1695 cm21 (CO).2 C48H26BF24N3Pd: C 47.34, H 2.15, N 3.45; found C 46.82, H

2.28, N 3.42. [Pd{C(O)Me}(3)]BAr94 (3e): 1H NMR (CDCl3): δ 5 8.84 (d,
J 5 5.1 Hz, 1-H), 8.46 (m, 2 H, 3-H and 15-H), 8.16 (s, 8-H), 7.85Acetylchloropalladium Complexes 1d25d: Carbon monoxide was
(m, 2 H, 16-H/17-H and 13-H), 7.78 (d, J 5 9.0 Hz, 16-H or 17-bubbled through a glass capillary into a solution of ca. 5 mg of the
H), 7.70 (s, Ar9 Hortho), 7.56 (dd, J 5 7.8, 5.4 Hz, 14-H), 7.46 (s,methylpalladium complexes 1a25a in 0.5 ml of solvent (1a, CDCl3,
Ar9 Hpara), 3.26 (m, 4 H, 18-H and 19-H), 2.71 [s, C(O)Me], signal2a25a, CD3OD). After 0.5 min, the products were identified by
of 2-H is overlapping with signals from BAr94

2. 2 13C NMR1H-NMR spectroscopy. Complexes 1d25d could not be isolated
(CDCl3): δ 5 161.5 (q, J 5 50 Hz, Ar9 Cipso), 134.5 (Ar9 Cortho),due to rapid decomposition.
128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 124.2 (q, J 5 272 Hz, Ar9

[Pd{C(O)Me}(1)]Cl (1d): 1H NMR (CDCl3, 235°C): δ 5 7.95 CF3), 117.3 (Ar9 Cpara), 152.2, 151.6, 150.7, 149.5, 147.0, 140.2,
(s, 7-H), 4.15 (sept, J 5 6.2 Hz, CHMe2), 3.03 (m, 8 H, 3-H and 139.4, 138.8, 137.1, 136.1, 134.4, 130.5, 130.3, 128.4, 126.3, 126.0
5-H), 2.67 [s, C(O)Me], 2.11 (m, 4 H, 4-H), 1.16 (d, J 5 6.2 Hz, (C-12C-17), 27.3 [C(O)Me], 26.0, 24.5 (C-18 and C-19), signal of
CHMe2). C(O)Me was not observed. 2 IR (KBr): ν̃ 5 1698 cm21 (CO).

[Pd{C(O)Me}(2)]Cl (2d): 1H NMR (CD3OD): δ 5 8.83 (1 H, [Pd{C(O)Me}(4)]BAr94 (4e): 1H NMR (CDCl3): δ 5 8.98 (d,
m), 8.66 (2 H, m), 8.47 (3 H, m), 8.20 (1 H, m), 8.03 (2 H, m), 7.95 J 5 5.1 Hz, 1-H), 8.87 (s, 8-H), 8.50 (d, J 5 8.1 Hz, 3-H), 7.99 (d,
(1 H, m), 7.70 (1 H, m), 2.72 [s, C(O)Me]. J 5 9.1 Hz, 16-H or 17-H), 7.90 (d, J 5 9.1 Hz, 16-H or 17-H),

7.95 (dd, J 5 8.1, 5.1 Hz, 2-H), 7.71 (s, Ar9 Hortho), 7.46 (s, Ar9[Pd{C(O)Me}(3)]Cl (3d): 1H NMR (CD3OD): δ 5 9.13 (d,
J 5 5.4 Hz, 1-H), 8.89 (s, 8-H), 8.84 (dd, J 5 8.1, 1.5 Hz, 3-H), Hpara), 2.81 [s, Pd2C(O)Me]. 2 13C NMR (CDCl3): δ 5 161.5 (q,

J 5 50 Hz, Ar9 Cipso), 152.1 (C-1), 147.1, 141.4 (C-5 and C-6),8.38 (d, J 5 8.9 Hz, 16-H or 17-H), 8.34 (d, J 5 8.9 Hz, 16-H or
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139.4 (C-3), 136.0 (C-8), 134.5 (Ar9 Cortho), 131.0, 128.3 (C-4 and J 5 7.8, 4.8 Hz, 14-H), 6.26 (dd, J 5 5.1, 3.0 Hz, 5CH), 6.20 (dd,

J 5 5.1, 3.0 Hz, 5CH), 3.26 (m, 2 H, 18-H or 19-H), 3.15 (m, 2C-7), 128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 128.1, 127.0, 126.8 (C-
2, C-16, and C-17), 124.2 (q, J 5 272 Hz, Ar9 CF3), 117.3 (Ar9 H, 18-H or 19-H), 3.08 (m, 2 H, 2 3 CHC5), 2.52 (dd, J 5 6.0,

2.1 Hz, PdCH), 2.46 [d, J 5 6.0 Hz, CHC(O)Me], 2.05 [s, C(O)Me],Cpara), 26.4 [C(O)Me], signal of C(O)Me was not observed. 2 IR
(KBr): ν̃ 5 1703 cm21 (CO). 1.98 (d, J 5 9.0 Hz, CH2), 1.58 (d, J 5 9.0 Hz, CH2). 2 13C NMR

(CDCl3): δ 5 233.0 [C(O)Me], 161.5 (q, J 5 50 Hz, Ar9 Cipso),[Pd{C(O)Me}(5)]BAr94 (5e): 1H NMR (CDCl3): δ 5 8.47 (d,
134.6 (Ar9 Cortho), 128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 124.3 (q,J 5 4.8 Hz, 1-H), 8.02 (m, 6 H, 3-H, 4-H, and 7-H) 7.72 (s, Ar9
J 5 272 Hz, Ar9 CF3), 117.2 (Ar9 Cpara), 153.4, 149.3, 149.1, 148.2,Hortho), 7.61 (m, 2 H, 2-H), 7.50 (s, Ar9 Hpara), 2.64 [s, C(O)Me],
147.4, 143.4, 138.7, 137.7, 136.4, 136.3, 136.0, 135.3, 134.0, 129.9,2.59 (s, SMe). 2 13C NMR (CDCl3): δ 5 231.8 [C(O)Me], 161.5
129.5, 127.1, 126.9, 125.2, 124.7 (C-12C-17 and 2 3 5CH), 62.2(q, J 5 50 Hz, Ar9 Cipso), 160.1 (C-8), 155.2, 149.9 (C-5 and C-6),
[CHC(O)Me], 48.2, 47.9, 46.7 (PdCH and 2 3 CHC5), 45.3 (CH2),152.5 (C-1), 140.5 (C-3), 134.5 (Ar9 Cortho), 128.7 (qq, J 5 32, 3
27.5, 26.8 (C-18 and C-19), 26.4 [C(O)Me]. 2 IR (KBr): ν̃ 5 1624Hz, Ar9 Cmeta), 128.0 (C-2), 124.3 (q, J 5 273 Hz, Ar9 CF3), 123.3
cm21 (CO). 2 MS (FAB): calcd. for [C28H24N3OPd]1 524.0954;(C-4), 117.2 (Ar9 Cpara), 30.7 [C(O)Me], 13.9 (SMe), signal of C-7
found 524.0921.is overlapping with signal of Ar9 Cpara. 2 IR (KBr): ν̃ 5 1685

cm21 (CO). [Pd{C7H8C(O)Me}(4)]BAr94 (4f): 1H NMR (CDCl3): δ 5 9.03
(s, 8-H), 8.92 (dd, J 5 4.8, 1.2 Hz, 1-H), 8.43 (dd, J 5 8.0, 1.2 Hz,[Pd{C(O)Me}(6)]BAr94 (6e): 1H NMR (CDCl3): δ 5 8.47 (d,
3-H), 8.05 (d, J 5 9.0 Hz, 16-H or 17-H), 7.92 (d, J 5 9.0 Hz, 16-J 5 4.3 Hz, 1-H), 8.05 (m, 2 H, 3-H), 7.96 (d, J 5 6.9 Hz, 4-H),
H or 17-H), 7.84 (dd, J 5 8.0, 4.8 Hz, 2-H), 7.74 (s, Ar9 Hortho),7.91 (m, 1 H, 8-H), 7.83 (m, 2 H, 7-H), 7.72 (s, Ar9 Hortho), 7.64
7.50 (s, Ar9 Hpara), 6.30 (dd, J 5 5.4, 3.0 Hz, 5CH), 6.26 (dd, J 5(m, 2 H, 2-H), 7.49 (s, Ar9 Hpara), 2.66 [s, C(O)Me]. 2 13C NMR
5.4, 3.0 Hz, 5CH), 3.23 (br., CHC5), 3.17 (br., CHC5), 2.58 (dd,(CDCl3): δ 5 161.5 (q, J 5 50 Hz, Ar9 Cipso), 156.7, 150.9 (C-5
J 5 6.0, 2.1 Hz, PdCH), 2.52 [d, J 5 6.0 Hz, CHC(O)Me], 2.22and C-6), 152.5 (C-1), 141.8 (C-8), 140.8 (C-3), 134.5 (Ar9 Cortho),
(d, J 5 9.0 Hz, CH2), 1.72 (d, J 5 9.0 Hz, CH2), 2.15 [s, C(O)Me].128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 128.1 (C-2), 124.2 (q, J 5
2 13C NMR (CDCl3): δ 5 231.2 [C(O)Me], 161.5 (q, J 5 50 Hz,273 Hz, Ar9 CF3), 123.5 (C-4), 122.0 (C-7), 117.3 (Ar9 Cpara), 30.8
Ar9 Cipso), 148.8 (C-1), 146.2, 144.8 (C-5 and C-6), 137.5, 135.2,[C(O)Me], signal of C(O)Me was not observed. 2 IR (KBr): ν̃ 5
134.3 (C-8 and 2 3 5CH), 137.4 (C-3), 134.6 (Ar9 Cortho), 130.6,1689 cm21 (CO).
128.9 (C-4 and C-7), 128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 127.7,

Alkylpalladium Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 126.7, 125.3 (C-2, C-16, and C-17), 124.3 (q, J 5 272 Hz, Ar9 CF3),
Complexes 2f26f: Norbornadiene (30 µl, 0.28 mmol) was added to 117.2 (Ar9 Cpara), 62.1 [CHC(O)Me], 48.3, 47.9, 46.4 (PdCH and 2
a solution of [Pd{C(O)Me}(2)]BAr94 (2e) (98.0 mg, 0.077 mmol) in 3 CHC5), 45.4 (CH2), 26.5 [C(O)Me]. 2 15N NMR (CDCl3,
20 ml of dichloromethane. The solution was stirred at 20°C and 260°C): δ 5 2130.1 (coordinated N1), signals of N2 and noncoor-
after 30 min concentrated to dryness. The product was washed with dinated N1 were not observed due to the absence of a hydrogen
hexane (2 3 20 ml) and dried in vacuo, yielding 2f as a yellow oil atom with a sufficiently large N-H coupling constant. 2 IR (KBr):
(91.3 mg, 86%). ν̃ 5 1624 cm21 (CO). 2 MS (FAB): calcd. for [C28H22N3OPd]1

522.0797; found 522.0781.By following the procedure for 2f, complexes 3f26f were synthe-
sized from complexes 3e26e in yields of 88291%. Since the com- [Pd{C7H8C(O)Me}(5)]BAr94 (5f): 1H NMR (CDCl3): δ 5 8.57
plexes 2f26f were isolated as oils, correct analytical data could not (d, J 5 4.5 Hz, 1-H), 8.00 (d, J 5 7.5 Hz, 4-H), 7.89 (m, 2 H, 3-
be obtained. H), 7.82 (s, 7-H), 7.71 (s, Ar9 Hortho), 7.52 (s, Ar9 Hpara), 7.48 (m,

2 H, 2-H), 6.14 (dd, J 5 5.5, 3.0 Hz, 5CH), 6.10 (dd, J 5 5.5, 3.0[Pd{C7H8C(O)Me}(2)]BAr94 (2f): 1H NMR (CDCl3): δ 5 8.78
Hz, 5CH), 2.95 (br., CHC5), 2.82 (br., CHC5), 2.65 (s, SMe),(m, 2 H, 1-H and 15-H), 8.61 (d, J 5 8.4 Hz, 8-H), 8.52 (dd, J 5
2.32 [d, J 5 6.1 Hz, CHC(O)Me], 2.28 (dd, J 5 6.1, 2.2 Hz, PdCH),8.1, 1.5 Hz, 3-H), 8.30 (d, J 5 8.4 Hz, 9-H), 8.02 (d, J 5 9.0 Hz,
1.87 [s, C(O)Me], 1.57 (d, J 5 9.6 Hz, CH2), 1.42 (d, J 5 9.6 Hz,16-H or 17-H), 7.92 (d, J 5 9.0 Hz, 16-H or 17-H), 7.84 (m, 3 H,
CH2). 2 13C NMR (CDCl3): δ 5 235.0 [C(O)Me], 161.5 (q, J 52-H, 12-H, and 13-H), 7.73 (s, Ar9 Hortho), 7.50 (s, Ar9 Hpara), 7.45
50 Hz, Ar9 Cipso), 157.6 (C-8), 155.9, 150.5 (C-5 and C-6), 149.5(dd, J 5 4.5, 1.2 Hz, 14-H), 6.22 (dd, J 5 5.5, 3.0 Hz, 5CH), 6.15
(C-1), 139.8 (C-3), 134.6 (Ar9 Cortho), 135.2 (5CH), 133.8 (5CH),(dd, J 5 5.5, 3.0 Hz, 5CH), 3.03 (br., CHC5), 2.97 (br., CHC5),
128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 125.6 (C-2), 124.3 (q, J 5 2722.52 (dd, J 5 6.0, 2.1 Hz, PdCH), 2.42 [d, J 5 6.0 Hz, CHC(O)Me],
Hz, Ar9 CF3), 123.6 (C-4), 117.2 (Ar9 Cpara), 62.1 [CHC(O)Me],1.96 [s, C(O)Me], 1.71 (d, J 5 9.3 Hz, CH2), 1.42 (d, J 5 9.3 Hz,
48.1, 48.0, 47.5 (PdCH and 23 CHC5), 45.2 (CH2), 26.1CH2). 2 13C NMR (CDCl3): δ 5 235.3 [C(O)Me], 161.5 (q, J 5
[C(O)Me], 13.9 (SMe), signal of C-7 is overlapping with signal of50 Hz, Ar9 Cipso), 134.6 (Ar9 Cortho), 128.7 (qq, J 5 32, 3 Hz, Ar9
Ar9 Cpara. 2 IR (KBr): ν̃ 5 1610 cm21 (CO). 2 MS (FAB): calcd.Cmeta), 124.3 (q, J 5 272 Hz, Ar9 CF3), 117.2 (Ar9 Cpara), 159.5,
for [C25H25N3OPdS]1 520.0675; found 520.0647.154.9, 149.7, 149.5, 147.4, 143.6, 139.3, 138.8, 136.3, 135.3, 133.9,

130.6, 129.1, 127.7, 127.1, 126.5, 125.2, 124.5, 124.3 (C-12C-17
[Pd{C7H8C(O)Me}(6)]BAr94 (6f): 1H NMR (CDCl3): δ 5 8.58

and 23 5CH), 62.2 [CHC(O)Me], 48.2, 47.9, 47.8 (PdCH and 2
(d, J 5 5.1 Hz, 1-H), 8.14 (m, 1 H, 8-H), 8.05 (m, 2 H, 7-H), 7.97

3 CHC5), 45.2 (CH2), 26.2 [C(O)Me]. 2 15N NMR (CDCl3,
(d, J 5 7.8 Hz, 4-H), 7.90 (m, 2 H, 3-H), 7.72 (s, Ar9 Hortho), 7.50

260°C): δ 5 268.0, 2158.4 (N1 and N3), signal of N2 was not
(s, Ar9 Hpara), 6.15 (dd, J 5 5.4, 3.0 Hz, 5CH), 6.11 (dd, J 5 5.4,

observed due to the absence of a hydrogen atom with a sufficiently
3.0 Hz, 5CH), 2.96 (br., CHC5), 2.85 (br., CHC5), 2.33 [m, 2 H,

large N-H coupling constant. 2 IR (KBr): ν̃ 5 1612 cm21 (CO). 2
CHC(O)Me and PdCH], 1.88 [s, C(O)Me], 1.60 (d, J 5 9.3 Hz,

MS (FAB): calcd. for [C26H22N3OPd]1 498.0798; found 498.0779.
CH2), 1.44 (d, J 5 9.3 Hz, CH2), signal of 2-H is overlapping with
signal of Ar9 Cpara. 2 13C NMR (CDCl3): δ 5 234.4 [C(O)Me],[Pd{C7H8C(O)Me}(3)]BAr94 (3f): 1H NMR (CDCl3): δ 5 8.79

(d, J 5 4.8 Hz, 1-H), 8.59 (d, J 5 4.8 Hz, 15-H), 8.47 (d, J 5 7.8 161.5 (q, J 5 50 Hz, Ar9 Cipso), 155.9 (C-5 or C-6), 149.6 (C-1),
140.2, 138.2 (C-3 and C-8), 135.3 (5CH), 133.9 (5CH), 134.5 (Ar9Hz, 3-H), 8.33 s (8-H), 7.89 (d, J 5 9.0 Hz, 16-H or 17-H), 7.85

(d, J 5 9.0 Hz, 16-H or 17-H), 7.82 (dd, J 5 7.8, 4.8 Hz, 2-H), Cortho), 128.7 (qq, J 5 32, 3 Hz, Ar9 Cmeta), 128.7, 126.1, 123.6 (C-
2, C-4, and C-7), 124.2 (q, J 5 272 Hz, Ar9 CF3), 117.2 (Ar9 Cpara),7.73 (m, 9 H, Ar9 Hortho and 13-H), 7.51 (s, Ar9 Hpara), 7.37 (dd,
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61.9 [CHC(O)Me], 48.1, 48.0, 47.5 (PdCH and 23 CHC5), 45.2 Table 5. Crystallographic data for 1b and 4c
(CH2), 26.2 [C(O)Me], signal of C-5 or C-6 is overlapping with
signal of Ar9 Cpara. 2 15N NMR (CDCl3, 260°C): δ 5 2155.0 Complex 1b 4c
(coordinated N1), signals of N2 and noncoordinated N1 were not
observed due to the absence of a hydrogen atom with a sufficiently Formula [C20H30N3Pd]1 [C20H14N3Pd]1

[CF3SO3]2 [C32H12BF24]2[a]large N-H coupling constant. 2 IR (KBr): ν̃ 5 1610 cm21 (CO). 2
Molecular weight 567.97 1265.99[a]

MS (FAB): calcd. for [C24H22N3OPd]1 474.0798; found 474.0801.
Crystal system monoclinic triclinic

Kinetics: The rates of the reactions of norbornadiene with com- Space group P21/c (No. 14) P1
¯

(No. 2)
a [A

˚
] 13.521(6) 12.3298(14)plexes 1e26e, resulting in complexes 1f26f, were followed spectro-

b [A
˚

] 8.791(6) 15.1874(19)photometrically by repetitive scanning of the spectrum at suitable c [A
˚

] 21.507(7) 15.443(3)
time intervals at a fixed wavelength, at which the difference between α [°] 2 66.060(12)
absorbance of educt and product was largest. The reactions were β [°] 115.13(3) 71.132(11)

γ [°] 2 84.576(9)started by addition of norbornadiene to a 1.9·1024  solution of
V [A

˚
3] 2314(2) 2498.8(7)the acetylpalladium complex in a quartz cell, which was placed in Dcalcd. [g · cm23] 1.630(1) 1.6826(5)[a]

the thermostated cell compartment of a Perkin-Elmer Lambda 5 Z 4 2
spectrophotometer, with a temperature accuracy of ± 0.5°C. The F(000) 1160 1252[a]

µ [Mo-Kα] [21] 9.4 5.0use of at least a 10-fold excess of norbornadiene over acetylpallad-
Crystal color yellow yellowium complex ensured pseudo-first-order kinetics in all runs. All Crystal size [mm] 0.0830.2330.53 0.430.430.5

reactions, except for the reaction of 3e with nbd, were clean and θmin, θmax [°] 1.05, 27.50 1.47, 27.50
quantitative, and in all cases isosbestic points were obtained. Fur- Total, unique data 14444, 5316 13732, 11429

Final R[b] 0.0634 0.0552thermore, the reactions obeyed a first-order rate law for at least
[3395 Fo > 4σ(Fo)] [9467 Fo > 4σ(Fo)]four half-lives of the reaction. The rate constants kobsd were calcu- Final wR2[c] 0.1628 0.1493

lated from the slopes of plots of ln{(At 2 A`)/(A0 2 A`)} vs time Goodness of fit 1.018 1.027
(A0 5 absorbance after mixing of the reagents, A` 5 absorbance Min. and max. re- 21.42, 1.23 21.63, 1.11

sidual density [e A
˚

23]at completion of the reaction). The activation parameters ∆S° and
∆H° were obtained from an Eyring plot.

[a] Without disordered solvent contribution. 2 [b] R 5 Σ||Fo 2 Fc /X-ray Structure Determinations of 1b and 4c [88]: Crystals suitable Σ Fo . 2 [c] wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]}1/2.

for X-ray structure determination were mounted on a Lindemann-
glass capillary and transferred to an Enraf-Nonius CAD4-Turbo
diffractometer on rotating anode. Accurate unit-cell parameters basis was based on the (18s,11p,9d)R[6s,5p,3d] basis of God-
and an orientation matrix were determined by least-squares fitting bout[98], but the (9d)R[3d] contraction was replaced by a
of the setting angles of a set of well-centered reflections (SET4).[89] (9d)R[4d] contraction by releasing the most diffuse d primitive of
Reduced-cell calculations did not indicate higher lattice sym- the middle d shell. In order to save computational time, ligand
metry. [90] Crystal data and some details on data collection are given HN5CHCH2N5CHCH5NH (7) was used as a model and solva-
in Table 5. Reflection data were collected at 150 K in ω-scan mode, tion and counter anions were left out. To simulate the enforced
using graphite-monochromated Mo-Kα radiation (λ 5 0.71073A

˚
). planarity of the rigid ligands used in the experimental study, the

Data were corrected for Lp effects and for the linear instability of structure of 7 was forced to keep a horizontal mirror plane (local
the reference reflections, but not for absorption. The structure of Cs symmetry). Apart from this restriction, all structures were fully
1b was solved by automated direct methods (SHELXS96)[91]; the optimized (in particular, the metal atom and remaining fragments
structure of 4c was solved by automated Patterson methods were allowed to move out of the ligand plane). All structures were
(SHELXS86)[92]. Refinement on F2 was carried out by full-matrix optimized at the restricted Hartree-Fock (RHF) level; improved
least-squares techniques (SHELXL-96); [93] no observance criterion single-point energies were then obtained from second-order Møller-
was applied during refinement. Hydrogen atoms were included in Plesset perturbation (MP2) calculations at the RHF optimized geo-
the refinement on calculated positions riding on their carrier atoms. metries. To enable comparison with bidentate systems, a similar set
In complex 4c two CF3 groups of the counterion displayed confor- of calculations was performed on ligand HN5CHCH2N5CH2 (8),
mational disorder. A two-site model was introduced to describe this which was again forced to have local Cs symmetry. All calculations
disorder. Severely disordered solvent molecules occupy two of the were carried out using the GAMESS[99] and Gaussian[100] pack-
crystallographic inversion centers of structure 4c. Since no discrete ages.
solvent model could be refined, this electron density was taken into
account using the SQUEEZE/BYPASS procedure[94], as im- [1] A. Yamamoto, Organotransition Metal Chemistry; Wiley, New
plemented in PLATON[95]. The two solvent areas were found to York, 1986.
have a volume of 100.5 and 80.5 A

˚
3, containing 38.9 and 24.7 e, [2] J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, Prin-

ciples and Applications of Organotransition Metal Chemistry,respectively. Non-hydrogen atoms were refined with anisotropic
University Science Books, Mill Valley, 1987.thermal parameters, with exception of the minor component of the [3] A. Sen, Chemtech 1986, 48.

disordered atoms. The hydrogen atoms were refined with a fixed [4] E. Drent, J. A. M. van Broekhoven, M. J. Doyle, J. Organomet.
isotropic displacement parameter related to the value of the equiva- Chem. 1991, 417, 235.

[5] A. Sen, Acc. Chem. Res. 1993, 26, 303.lent isotropic displacement parameter of their carrier atoms. Neu-
[6] E. Drent, P. H. M. Budzelaar, Chem. Rev. 1996, 96, 663.tral atom scattering factors and anomalous dispersion corrections [7] E. Drent, J. A. M. van Broekhoven, P. H. M. Budzelaar, Recl.

were taken from the International Tables for Crystallography[96]. Trav. Chim. Pays-Bas 1996, 115, 263.
Geometrical calculations and illustrations were performed with [8] G. P. C. M. Dekker, C. J. Elsevier, K. Vrieze, P. W. N. M. van

Leeuwen, Organometallics 1992, 11, 1598.PLATON[95].
[9] G. P. C. M. Dekker, C. J. Elsevier, K. Vrieze, P. W. N. M. van

Ab initio MO Calculations on the Insertion Reactions: The split- Leeuwen, C. F. Roobeek, J. Organomet. Chem. 1992, 430, 357.
[10] G. P. C. M. Dekker, A. Buijs, C. J. Elsevier, K. Vrieze, P. W. N.valence 3-21G basis was used for C, N, O, and H atoms.[97] The Pd
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A series of differently substituted 2-chloro-, 2-fluoro- and 2- with BF3·OEt2, BCl3, or BI3 in n-hexane. Compounds 3a, 5a,
and 5b are also available by sodium amalgam reduction ofiodo-2,3-dihydro-1H-1,3,2-diazaboroles have been prepared

by various methods. 1,3-Di-tert-butyl-2-fluoro-2,3-dihydro- the adduct (tBu)(BF3)N=CH–CH=N(BF3)(tBu) (2a), and the
borolium salts [RNa=CH–CH=Nb(R)BCl2]X (Na–B) (4a: R =1H-1,3,2-diazaborole (3a), 1,3-di-tert-butyl-2-chloro-2,3-

dihydro-1H-1,3,2-diazaborole (5a), 1,3-bis(2,6-dimethyl- tBu, X = BCl4 and 4b: R = 2,6-Me2C6H2, X = Cl) respectively.
The iodo derivative (2,6-Me2C6H2)–Na–CH=CH–Nb(2,6-phenyl)-2-chloro-2,3-dihydro-1H-1,3,2-diazaborole (5b), 2-

chloro-4,5-dimethyl-1,3-dineopentyl-2,3-dihydro-1H-1,3,2- Me2C6H2)BI (Na–B) (6b) was synthesized in a redox reaction
between the 1,4-diazabutadiene 1b and BI3. The noveldiazaborole (5c), and 1,3-di-tert-butyl-2-iodo-2,3-dihydro-

1H-1,3,2-diazaborole (6a) were formed from the compounds were characterized by 1H-, 11B- and 13C-NMR
spectroscopy, as well as by an X-ray structure analysis of 6b.corresponding lithiated Z-1,2-diaminoethenes, by treatment

The formal replacement of a C5C fragment in pyrrole I imidazol-2-ylidenes. The resulting salts such as V contain
the first borylated carbenium ions. [8]by a B2N unit affords 2,3-dihydro-1H-1,3,2-diazaboroles

II.

The first reports on heterocycles of the type II date back
to the early 1970s[1] [2]. Meanwhile, a series of papers con-
cerned with the synthesis, structure, and bonding of such
molecules has been published.[3] [4] Apart from the synthesis
of [Cr(CO)3] complexes with η5-1,3,2-diazaborole li-
gands[5] [6] and the cleavage of the N2Si bond in N-silylated
derivatives by metal amides or alcoholates to yield the cor-
responding alkali metal 1,3,2-diazaborolides, [7] the chemis-
try of heterocycles II has remained largely unexplored. The
lack of functional groups in the 2,3-dihydro-1H-1,3,2-diaza-
boroles examined to date may account for this situation. The intention of the work described herein is to provide

Recently we launched a program for the synthesis of 2- efficient syntheses for 2-fluoro-, 2-chloro- and 2-iodo-2,3-
halo-2,3-dihydro-1H-1,3,2-diazaboroles as precursors for a dihydro-1H-1,3,2-diazaboroles.
variety of chemical transformations. In a first account we

Results and Discussiondescribed the preparation of 2-bromo-2,3-dihydro-1H-
1,3,2-diazaboroles III and their reactions with water and For the preparation of 2-bromo-2,3-dihydro-1H-1,3,2-di-

azaboroles, as well as the corresponding fluoro, chloro and
Supporting information for this article is available on the iodo derivatives, two synthetic approaches are generallyWWW under http://www.wiley-vch.de/home/eurjic or from the
author. available. The first pathway [Scheme 1 (a)], involves the gen-
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eration of the bis(trifluoroborane) adduct 2a, by the combi- ane (tBu)N(BCl2)2CH5CH2N(BCl2)(tBu) (A) [10] which

subsequently disproportionated into 5a and BCl3 (Schemenation of 1,4-diazabutadiene 1a with two molar equivalents
of BF3·Et2O in n-hexane. 2). The synthesis of 5a can also be effected by the reaction

of the lithiated diazabutadiene with BCl3 [Scheme 2 (b)].
Scheme 1

Scheme 2

The adduct was obtained as a yellow amorphous solid in
74% yield. Its 11B{1H}-NMR spectrum in CD3CN shows
only one singlet (at δ 5 0.4) for the two chemically and
magnetically equivalent boron atoms. Similarly, only one
resonance was observed in the 19F{1H}-NMR spectrum of
2a (at δ 5 73.0) for the six fluorine atoms. The synthesis
of 2-fluoro-1,3,2-diazaborole (3a) was accomplished by the
reduction of 2a with an excess of sodium amalgam in an n-
hexane slurry (Scheme 1). After 36 h, the 11B-NMR spec-
trum only showed the resonance for 3a at δ11B 5 20.8. The
crude yellow 3a was purified by fractional condensation at
40°C and 0.01 Torr to give colorless crystals. At tempera-
tures above 40°C the 2-fluoro-1,3,2-diazaborole decom-
posed with liberation of 1a. Compound 3a is soluble in
common aprotic organic solvents. In solution complete de-
composition of the heterocycle occurred within 2 days.

A second approach to 3a [Scheme 1 (b)] made use of the
reduction of 1a by two equivalents of lithium in hexane,
prior to the condensation with BF3·Et2O.

In contrast to the symmetrical adduct 2a, the treatment
of 1a with two molar equivalents of BCl3 in n-hexane at
230°C afforded the colorless amorphous borolium tetra-
chloroborate 4a in 71% yield. Accordingly, the 11B-NMR The reaction of 1,4-diazabutadiene 1b with an equimolar

amount of BCl3 in a hexane/dichloromethane mixture, ledspectrum of the salt gave rise to two singlets for the BCl4
2

ion[9] and the boron atom of the ring at δ 5 1.6 and 7.7 to the violet borolium chloride 4b (38%) and the corre-
sponding black tetrachloroborate 4b9 (7%). The 11B-NMRrespectively. The analogous borolium chloride, described in

the literature, gave a boron resonance at δ 5 7.2 (in spectra of the salts displayed signals at δ 5 7.2 for 4b, and
at δ 5 7.7 and 1.5 for 4b9.CDCl3). [3] The reduction of 4a with sodium amalgam in n-

hexane led to the formation of 2-chloro-1,3,2-diazaborole Reduction of 4b by an excess of sodium amalgam in n-
hexane afforded the 2-chloro-1,3,2-diazaborole 5b (55%(5a) as a colorless solid after sublimation (40260°C, 0.01

Torr, 91%). The course of the reduction was followed by yield). Treatment of 1,4-diazabutadiene 1b with lithium
sand and condensation of the lithium derivative with BCl311B-NMR spectroscopy. After 5 h, the spectrum of the

supernatant solution showed signals at δ 5 32.3 and 21.0 gave 1,3,2-diazaborole 5b (53%) as the final product after 3
d. After 1 h, the 11B-NMR spectrum of the yellow solutionin a ratio of 2:1. A small resonance at δ 5 47.0 was assigned

to BCl3. After 14 h, the spectrum was dominated by two showed a resonance at δ 5 32.5 for an intermediate. Minor
resonances at δ 5 22.0 and 47.0 were attributed to 5b andintense singlets at δ 5 21.1 and 47.0, in addition to a weak

singlet at δ 5 31.8. This observation may be rationalized by BCl3, respectively. After 14 h, a spectrum of the same
sample displayed only the singlets of 5b and BCl3. In anthe initial formation of the intermediate acyclic aminobor-
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Scheme 3additional experiment, the reaction mixture was filtered

after 1 h of stirring at ambient temperature and the concen-
trated hexane solution was stored overnight at 280°C to
give a tan precipitate. The 11B-NMR spectrum of the tan
precipitate in CDCl3 showed a major resonance at δ 5 32.6
and an impurity of 5b at δ 5 21.8. The 1H-NMR spectrum
of the tan solid in C6D6 was dominated by singlets at δ 5
1.99 (s, 12 H, CH3), 6.40 (s, 2 H, N5CH), and 6.93 (m, 6
H, aryl-H), in addition to the resonances of 5b. A 2:1 ratio
of the intermediate to 5b was determined. Based on the
spectroscopic data and its good solubility in non-polar sol-
vents, we attributed the formula (Xyl)(Cl2B)N2CH5
CH2N(BCl2)(Xyl) to this intermediate (Scheme 2).

Lithium reduction of 1,4-diazabutadiene 1c for 10 d in n-
hexane, and the subsequent quenching of the lithium de-
rivative with BCl3 furnished 1,3,2-diazaborole 5c as a dark
brown oil, which slowly solidified to a tan wax (60%).

The synthesis of the 2-iodo-1,3,2-diazaborole (tBu)-
Na2CH5CH2Nb(tBu)BI(Na2B) (6a) was achieved by al-
lowing Li2[(tBu)NCH5CHN(tBu)] to react with an equim-
olar amount of BI3 to give a colorless, light-sensitive oil
(83%), which completely decomposed within 5 h at room
temperature. In contrast, 2-iodo-1,3,2-diazaborole 6b, ac-
cessible by the redox reaction between 1b and BI3, was sub-
limed at 380°C/0.01 Torr without significant decompo-
sition.

As previously shown, 2-bromo-2,3-dihydro-1H-1,3,2-di- was complete after 5 min (83%). The corresponding iso-
thiocyanato diazaborole 10a, resulted from the reaction ofazaborole (7a) can be brought to reaction with imidazolyl-

idenes to give borylated imidazolium salts (eq. 1). In the 5a or 7a with AgSCN under similar conditions. Again, the
reactivity of 7a exceeded that of 5a. Derivative 10b was syn-light of these data, an analogous synthesis of borylated ni-

trilium salts seemed possible, by reaction of compounds thesized from 6b, 5b, or (2,6-Me2C6H3)Na2CH5
CH2Nb(2,6-Me2C6H3)BBr(Na2B) (7b) (78293% yield).527 with organic isocyanides.

Treatment of 5a, 6a, and 7a with an equimolar amount The reactivity of the 2-halo-1,3,2-diazaboroles was found to
be: 7b > 5b > 6b.of tert-butyl isocyanide in n-hexane, led to the formation of

the 2-cyano-1,3,2-diazaborole (8a). The expected nitrilium It was not possible to unambiguously identify the B2X
stretching frequencies in the IR-spectra of the 2-halo-1,3,2-salt could not be detected spectroscopically. The formation

of tert-butylbromide as a byproduct was proven by 1H- diazaboroles 3, 5, 6, and 7. In the IR spectra (KBr) of 8a
and 8b, weak bands at ν̃ 5 2207 and 2218 cm21 are attri-NMR spectroscopy (δ 5 1.78) and by comparison with an

authentic sample. buted to the stretching frequency of the C;N group. In the
IR spectra of MeNa2CH22CH22Nb(Me)BCN(Na2B)[12]The corresponding reaction of 7a with cyclohexyl isocy-

anide afforded 8a in 38% yield after 5 days. No intermedi- and MeNa2Nb5Nc2Nd(Me)BCN(Na2B)[13] the ν(CN)
mode was observed as weak bands at 2225 and 2239 cm21,ates were observed spectroscopically. Similarly, 5b and 6b

were converted into 8b by tert-butyl isocyanide in 70% and respectively. A very intense band in the IR spectrum of 9a
at ν̃ 5 2317 cm21 was assigned to the asymmetric stretching55% yield, respectively (Scheme 3).

No reaction was observed between 2-halo-1,3,2-diaza- frequency of the isocyanato group, which is consistent with
the data for compounds (R2N)2B2N5C5O [νas(NCO) 5boroles 527 and 2,6-Me2C6H3N;C. The cyano compound

8a was also synthesized in high yield by treatment of the 2290 ± 15 cm21], [11c] and the IR spectrum of Me2B2N5
C5O [νas(NCO) 5 2285 cm21 vs]. [14] These frequenciesdiazaboroles 5a or 7a with a slight excess of silver cyanide

in acetonitrile at room temperature. The 2-bromo com- also underline the presence of an isocyanatoborane R2BN5
C5O, and disfavor the isomeric cyanatoborane structurepound was found to be more reactive than the 2-chloro ana-

logue. Similarly, compound 8b was obtained by treatment R2BOC;N. Similar arguments support an isothiocyanato-
borane structure in the 1,3,2-diazaboroles 10a and 10b,of 6b with AgCN over a period of 2 days (79%).

In line with the synthetic approach to isocyanatoboranes where very strong bands at 2121 and 2114 cm21, respec-
tively, are assigned to the νas(NCS) mode. Intense bandsand isothiocyanatoboranes devised by Lappert et al., [11] di-

azaborole 5a was converted by silver cyanate in acetonitrile at 871 and 856 cm21 are due to the symmetric stretching
frequency of the NCS group. The νas(NCS) of a series ofinto the isocyanato diazaborole 9a, which was isolated after

30 min as a colorless thermolabile oil in 78% yield. The isothiocyanatoboranes occurs in the range 2089 ± 31
cm21. [11]analogous reaction between 7a and AgOCN to afford 9a
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Figure 1. Crystal molecular structure of 6b[a]The 11B{1H}-NMR spectra of the halo- and pseudohalo-

diazaboroles display an increased shielding as follows: 3a ø
5a (δ 5 20.2) > 7a (16.2) > 9a ø 10a (14.7) > 8a (12.0) >
6a (6.5). Similarly, the 11B-NMR signals of 5b, 7b, 10b, 8b,
and 6b range from δ 5 21.1 to 11.8. The significant high-
field shift of 8a relative to the saturated analogue Me-
Na2CH2CH22Nb(Me)BCN(Na2B) (δ 5 21.0) [12] sustains
the heteroaromatic nature of the rings under discussion.
The ring protons in 3a and 5a210a are observed at δ 5
5.9926.40, whereas in the dixylyl-substituted derivatives
5b28b and 10b, singlets at δ 5 5.7125.99 are assigned to

[a] Selected bond lengths [A
˚

] and bond angles [°]: B(1)2I(1)these protons. In the 13C{1H}-NMR spectra of 3a and
2.119(5), B(1)2N(1) 1.418(4), N(1)2C(1) 1.401(4), C(1)2C(19)5a210a, singlets at δ 5 109.92114.6 were assigned to the 1.362(8), N(1)2C(2) 1.438(4); N(1)2B(1)-N(19) 106.9(4),

C5C group of the rings. The respective 13C-nuclei of N(1)2B(1)2I(1) 126.6(2), B(1)2N(1)2C(1) 107.5(3),
B(1)2N(1)2C(2) 130.0(3), C(1)2N(1)2C(2) 122.5(3),5b28b, and 10b gave rise to resonances at δ 5 117.22120.0.
N(1)2C(1)2C(19) 109.1(2). [B(1), N(1),C(1)2C(19)2N(19)2C(2),
C(3), C(4), C(5), C(6), C(7)] 85.6.

X-ray Structural Analysis of 6b

The molecular structure of 6b (Figure 1) features a planar Figure 2. View of the crystal structure of 6b along the c axis; de-
picted are two adjacent chains with three molecules each1,3,2-diazaborole ring with two nearly orthogonally ori-

ented ortho-xylyl substituents at the nitrogen atoms (in-
terplanar angle between the heterocycle and an arene ring
ψ 5 85.6°). A C2 axis bisects the molecule along the
B(1)2I(1) vector. The bond length B(1)2I(1) [2.119(5) A

˚
]

is close to the sum of the covalent radii of boron (0.81 A
˚

)
and iodine (1.33 A

˚
)[15] and compares well with the atomic

distance between the tricoordinate boron and an iodine
atom in the dimer of IBa2C(Et)5C(Et)2Bb(I)S(Ba2S)
[2.13(2) A

˚
] [16]. B2I bond lengths involving sp2-hybridized

boron atoms range from 2.10(4) A
˚

in BI3
[17] to 2.237(6) A

˚

in the triborane [(Me2N)(I)B]2BNMe2
[18]. Atomic distances

and valence angles within the diazaborole ring are in good
agreement with the respective data for EtNa2CH5
CH2Nb(Et)BMe(Na2B). [4] In 6b, the B2N bond length
[1.418(4) A

˚
] indicates multiple-bond character. In a series

of diazaboroles the B2N bond lengths range from 1.407(3)
to 1.450(2) A

˚
. The atomic distance C(1)2C(19) [1.362(8) A

˚
],

and the N2C(sp2) bond length [1.401(4) A
˚

] also indicate
multiple bonding. For the N(sp2)2C(sp2) single bond, the aromatic ring system of the adjacent chain. A chele-

tropic intermolecular interaction of iodine with two hydro-N(1)2C(2) bond lenghths of 1.438(4) A
˚

were measured.
The endocyclic angles in 6b: N(1)2B(1)2N(1)9 [106.9(4)°], gen atoms bonded to sp2-carbon atoms is expected to be

mostly electrostatic in nature, and seems to dominate theB(1)2N(1)2C(1) [107.5(3)°], and N(1)2C(1)2C(1)9
[109.1(2)°] resemble those in the borylimidazolium cation V molecular packing of 6b. An analysis of specific packing

motifs is possible with the help of a statistical approach[107.1(6), 105.9(4), and 110.5(3)°, respectively]. [1] This also
applies to the exocyclic angle N(1)2B(1)2I(1) [126.6(2)°] in which involves plots of intermolecular distances and angles

for groups of crystals structures that contain the motif un-6b, and the corresponding angle N(1)2B(1)2C(6) in V
[126.5(3)°]. der investigation (scatter-plots). The more frequent certain

short contacts with reasonable angles occur, the more likelyThe packing of 6b shows some interesting features. The
molecules are arranged in a pattern with the iodine atoms it is that this represents a “supramolecular synthon”.[19]

Therefore we performed a search in the CSD,[20] which re-pointing to the centers of the carbon2carbon double bonds
(distance from the iodine atom to the center of the bond vealed 5703 structures that possess: (1) a cis-1,2-dihydro

group, attached to a double or aromatic bond of two car-3.17 A
˚

), such that each iodine atom is in contact with two
hydrogen atoms (distance from iodine to hydrogen 3.093 A

˚
, bon atoms, and (2) an uncharged halogen (not fluorine)

atom with a single bond. Amongst these, 426 structures andwith a normalized 1.08 A
˚

distance for C2H). This linkage
produces chains of molecules with adjacent chains running 1079 fragments have an intermolecular distance from the

halogen atom to the hydrogen atoms of less than the sumin opposite directions, and with the phenyl groups inter-
locked (Figure 2). of van der Waals radii plus 1 A

˚
(H···Cl 3.95 A

˚
; H···Br 4.05

A
˚

; H···I 4.18 A
˚

). A characteristic cheletropic interaction isIn the layer depicted in Figure 2, one of the methyl
groups is oriented so that a hydrogen atom points towards evident from the polar scatter diagrams, given in Figures 3
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and 4. Figure 3 represents the positions of the halogen albeit not so pronounced, of halogen atoms in the plane of

the carbon and hydrogen atoms (at 0°) again demonstratesatoms relative to the aromatic carbon2carbon double
bond, with this bond at the equator, and the cis-oriented the cheletropic character of the interaction in 6b. The angles

used in Figures 3 and 4 were obtained from the *LP2hydrogen atoms situated in the northern hemisphere. An
accumulation of structures at a distance of 4 A

˚
from the method in Quest3D[21], where the positions of one hydrogen

atom, the nearest carbon atom, the center of the car-center of the aromatic C5C bond and perpendicular to this
bond axis demonstrates that the halogen atoms prefer to be bon2carbon bond, and the halogen atom were used as the

parameters. The scatter plot was produced by the distancelocated in the same manner as we found for 6b. In our case,
the intermolecular distance with iodine, and even with bro- between the halogen atom and the center of the car-

bon2carbon double bond. Equivalent scatter plots pro-mine, is amongst the smallest found for all the given frag-
ments. duced for iodine, bromine, and chlorine are available as sup-

porting information on the WWW or from the author.Figure 3. Polar scatter plot of the distance from the halogen to the
center of the carbon2carbon double bond, the angle between the This work was financially supported by the Fonds der Chemi-
carbon2carbon double bond, and the projection of the intermole- schen Industrie, Frankfurt/Main, and the Deutsche Forschungsge-cular vector to the plane for 1079 fragments in the Cambridge Data

meinschaft, Bonn, which are gratefully acknowledged.Base that contain the halogen···HC5CH motif as defined

Experimental Section
General: All manipulations were performed under dry argon.

Solvents were rigorously dried with an appropriate drying agent
and distilled before use. 2 The following compounds were prepared
as described in the literature: tBuN5CH2CH5NtBu (1a), [22] 2,6-
Me2C6H3N5CH2CH5NC6H3Me2-2,6 (1b), [23] tBuCH2N5

C(Me)2C(Me)5NCH2tBu (1c), [24] and BI3. [25] Boron trichloride,
boron trifluoride2diethyl ether, tBuNC, cyclohexyl isocyanide,
AgCN, AgOCN, and AgSCN were purchased. 2 IR spectra:
Bruker FTIR IFS66. 2 1H-, 11B-, 13C-, and 19F-NMR spectra:
Bruker AC 100 (1H, 100.13 MHz; 13C, 25.18 MHz), and Bruker
AM Avance DRX 500 (1H, 500.13 MHz; 11B, 160.46 MHz; 13C,
125.75 MHz; 19F, 470.60 MHz). References: SiMe4 (1H, 13C),
BF3·OEt2 (11B), CFCl3 (19F). 2 Mass spectra (EI): VG Autospec
sector-field mass spectrometer (Micromass) 70 eV.

(tBu)(BF3)N5CH2CH5N(tBu)(BF3) (2a): A solution of
tBuN5CH2CH5NtBu (1a) (10.0 g, 59.0 mmol) in 200 ml of n-
hexane, and an emulsion of BF3·OEt2 (18.6 g, 118.0 mmol) in 200Figure 4. Polar scatter plot of the distance from the halogen to the

center of the carbon2carbon double bond and the angle between ml of n-hexane were added separately, dropwise, into a flask filled
the molecular plane and the intermolecular vector (section perpen- with chilled n-hexane (1000 ml, 210°C). After 24 h of stirring at

dicular to Figure 3) room temp., a yellow solid was filtered off and washed with n-
hexane (4 3 30 ml). Drying at 0.01 Torr for 2 h gave 2a as a bright
yellow powder (13.2 g, 74%). 2 IR (KBr): ν̃ 5 3206cm21 w, 3102
w, 2984 vs, 2892 s, 2796 m, 2695 m, 2585 m, 2486 m, 2034 m, 1950
w, 1608 w, 1509 m, 1476 w, 1404 m, 1378 m, 1299 m, 1214 m, 1055
vs, br. [ν(BF)], 534 m, 522 m, 444 m, 419 w. 2 1H NMR (CD3CN):
δ 5 1.48 (s, 18 H, tBu), 8.90 (s, 2 H, CH). 2 13C{1H} NMR
(CD3CN): δ 5 28.5 [s, C(CH3)3], 66.3 [s, C(CH3)3], 163.2 (s, CH).
2 11B{1H} NMR (CD3CN): δ 5 0.4 (s). 2 19F{1H} NMR
(CD3CN): δ 5 73.0 (s). 2 C10H20B2F6N2 (303.86): calcd. C 39.52,
H 6.65, N 9.21; found C 39.40, H 6.83, N 9.23.

(tBu)Na2CH5CH2Nb(tBu)BF(Na2B) (3a). 2 Path (a): A
slurry of adduct 2a (5.0 g, 16.5 mmol) in n-hexane (100 ml) was
treated at 20°C with sodium amalgam prepared from 3.8 g (165.2
mmol) of sodium and 500 g of mercury. After 36 h of stirring, the
yellow hexane phase was decanted. Solvent and volatile compo-
nents were removed in vacuo (0.1 Torr, 10°C) to give a yellow solid
residue. Purification of crude 3a was achieved by fractional conden-
sation at 40°C and 0.01 Torr (yield 2.38 g, 73%).

The distribution of halogen positions below and above Path (b): 1.4-Diazabutadiene 1a (1.67 g, 10.0 mmol) was re-
the one in Figure 3 is shown in Figure 4. Here the equator duced with lithium sand (0.139 g, 20.0 mmol) in 70 ml of n-hexane
of the pole scatter diagram intercepts the center of the for 7 d at 20°C. The yellow slurry obtained was treated with 1.58
double (aromatic) C5C bond, with the hydrogen atoms be- g (10.0 mmol) of BF3·Et2O, and the mixture was stirred for 10 min.

The red solution was filtered, concentrated to ca. 10 ml, and storedlow and above the plane of the diagram. An accumulation,
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overnight at 278°C to afford 1.1 g (56%) of colorless crystalline in 30 ml of n-hexane was added dropwise to the chilled yellow

slurry (250°C). The mixture was allowed to warm up to room3a. 2 IR (nujol): ν̃ 5 1631cm21 w, 1489 sh, 1428 s, 1395 sh, 1366
s, 1293 m, 1273 w, 1244 s, 1224 m, 1211 m, 1136 s, 1062 w, 1028 temp., and stirring was continued overnight. Filtration and removal

of solvent from the filtrate in vacuo gave 1.74 g (55%) of 5a. 2 IRw, 951 w, 933 w, 879 w, 822 w, 746 w, 658 w, 623 s. 2 1H NMR
(C6D6): δ 5 1.26 (d, 5JFH 5 1.1 Hz, 18 H, tBu), 5.99 (d, 4JFH 5 (CsI, film): ν̃ 5 1515 cm21 w, 1464 m, 1399 s, 1367 s, 1347 sh, 1327

s, 1285 m, 1237 s, 1209 m, 1136 m, 1030 w, 987 m, 943 w, 893 w,2.3 Hz, 2 H, CH). 2 13C{1H} NMR (C6D6): δ 5 30.9 [s, C(CH3)3],
51.6 [s, C(CH3)3], 109.9 (s, CH). 2 11B{1H} NMR (C6D6): δ 5 822 w, 696 w, 662 m. 2 1H NMR (C6D6): δ 5 1.35 (s, 18 H, tBu),

6.19 (s, 2 H, CH). 2 13C{1H} NMR (C6D6: δ 5 30.9 [s, C(CH3)3],20.3 (s). 2 19F{1H} NMR (C6D6): δ 5 57.9 (s). 2 MS/EI (70 eV);
m/z: 199 [M1]. 2 C10H20BFN2 (198.09): calcd. C 60.63, H 10.18, 53.2 [s, C(CH3)3], 112.0 (s, CH). 2 11B{1H} NMR (C6D6): δ 5

20.2 (s). 2 MS/EI; m/z (%): 214 (20) [M1], 158 (8.5) [M1 2 C4H8],N 14.14; found C 60.44, H 10.59, N 14.17.
143 (13) [M1 2 C4H8 2 CH3], 102 (100) [M1 2 2 C4H8]. 2[tBuNa5CH2CH5Nb(tBu)BCl2]1BCl42(Na2B) (4a): A
C10H20BClN2 (214.55): calcd. C 55.99, H 9.39, N 13.05; found Cthree-necked 2-l flask was filled with 900 ml of n-hexane and cooled
55.11, H 9.42, N 12.85.to 230°C. Solutions of 1a (8.10 g, 48.0 mmol) in 200 ml of n-

2,6-Me2C6H3Na2CH5CH2Nb(2,6-Me2C6H3)BCl(Na2B)hexane and BCl3 (11.30 g, 96.0 mmol) in 200 ml of n-hexane were
(5b). 2 Path (a): A slurry of 4.00 g of 4b (10.5 mmol) in 150 mladded dropwise at a similar rate into the well-stirred n-hexane. The
of n-hexane was treated with sodium amalgam obtained from 1.38resulting mixture was stirred overnight. The colorless precipitate
g of Na (60.0 mmol) and 200 g of mercury. Stirring at ambientwas filtered off and washed with n-hexane (2 3 50 ml) and n-pen-
temp. was maintained for 5 d. The solution was decanted from thetane (2 3 50 ml) before drying in vacuo to give 13.7 g (71%) of 4a.
metal, and volatile components were removed in vacuo to yield2 IR (KBr): ν̃ 5 2985 cm21 m, 2360 w, 1580 m, 1465 s, br., 1405
1.80 g (55%) of 5b as a colorless solid.s, 1385 s, 1232 m, 1191 s, 1119 w, 1071 m, 1036 w, 920 w, 898 m,

821 s, 804 s, 711 m, 657 m, 547 w, 481 w. 2 1H NMR (CD3CN): Path (b): A solution of the 1,4-diazabutadiene 1b (4.00 g, 15.0
δ 5 1.70 (s, 18 H, tBu), 8.90 (s, br., 2 H, CH). 2 13C{1H} NMR mmol) in 80 ml of n-hexane was reduced by 0.21 g (30.0 mmol) of
(CD3CN): δ 5 30.0 [s, C(CH3)3], 67.3 [s, C(CH3)3], 162.7 (s, CH). lithium sand during 7 d at 20°C. The resulting brown slurry was
2 11B{1H} NMR (CH3CN): δ 5 1.6 (s, BCl4

2), 7.7 (s, N2BCl2). 2 chilled to 230°C and a solution of 1.76 g (15.0 mmol) of BCl3 in
C10H20B2Cl6N2 (402.62): calcd. C 29.83, H 5.01, N 6.96; found C 50 ml of n-hexane was added dropwise. Stirring at room temp. was
29.91, H 5.00, N 6.80. continued for 3 d. Filtration was followed by removing volatile

components in vacuo to afford a colorless solid. Recrystallization[2,6-Me2C6H3Na5CH2CH5Nb(2,6-Me2C6H3)BCl2]1Cl2-
from n-hexane gave 2.48 g (53%) of pure 5b. 2 1H NMR (C6D6):(Na2B) (4b) and [2,6-Me2C6H3Na5CH2CH5Nb(2,6-Me2C6H3)-
δ 5 2.17 (s, 12 H, CH3), 5.86 (s, 2 H, HC5N), 6.99 (m, 6 H, aryl-BCl2]1BCl42(Na2B) (4b9): A three-necked 2-l flask was charged
H). 2 13C{1H} NMR (C6D6): δ 5 18.1 (s, CH3), 117.7 (s, HC5with 1200 ml of n-hexane and chilled to 220°C. As described be-
N), 127.3 (s, p-C aryl), 135.8 (s, o-C aryl), 139.9 (i-C aryl). 2fore the solutions of BCl3 (5.90 g, 50.0 mmol) in 200 ml of n-hexane
11B{1H} NMR (C6D6): δ 5 21.1 (s). 2 MS/EI; m/z: 310 [M1]. 2and 1b (13.2 g, 50.0 mmol) in a mixture of n-hexane (150 ml) and
C18H20BClN2 (310.63): calcd. C 69.60, H 6.49, N 9.02; found CCH2Cl2 (50 ml) were added dropwise into the flask. After warming
68.78, H 6.45 N 8.87.up to ambient temp., a violet precipitate was filtered off, washed

with n-hexane (3 3 30 ml) and dried in vacuo to give 7.2 g (38%) (tBuCH2)Na2C(Me)5C(Me)2Nb(CH2tBu)BCl(Na2B) (5c):
of 4b. The mother liquor was concentrated to ca 500 ml and stored Lithium sand (0.32 g, 46.8 mmol) was added to a solution of 3.50
at 5°C overnight to yield 1.7 g (7%) of black crystalline 4b9. g (15.0 mmol) of 1,4-diazabutadiene (1c) in 100 ml of n-hexane.

After stirring the mixture for 10 d at room temp., the resulting4b: IR (KBr): ν̃ 5 2567 cm21 w, 1585 w, 1473 s, br., 1197 m,
green slurry was chilled to 230°C, and a solution of 1.76 g (15.01095 w, 884 w, 821 m, 775 m, 656 w, 548 w. 2 Due to the poor
mmol) of BCl3 in 50 ml of n-hexane was added dropwise. After 2solubility and due to decomposition no reliable 1H- and 13C-NMR
h of stirring, the slurry was filtered, and the solvent was removedspectra were available. 2 11B{1H} NMR (CDCl3): δ 5 7.2 (s). 2
in vacuo to afford 2.53 g (60%) of 5c as a dark brown oil, whichC18H20BCl3N2 (381.54): calcd. C 56.66, H 5.28, N 7.34; found C
solidified to a tan wax. 2 Due to the lability of the product no57.87, H 5.20, N 6.95.
reliable IR spectrum was available. 2 1H NMR (C6D6): δ 5 0.89

4b9: IR (KBr): ν̃ 5 2963 cm21 w, 2922 w, 1608 sh, 1535 sh, 1473
(s, 18 H, tBu), 1.77 (s, 6 H, CH3), 3.21 (s, 4 H, CH2). 2 13C{1H}

s, 1444 s, 1374 s, 1252 sh, 1227 m, 1094 s, 1000 s, 933 m, 908 w,
NMR (C6D6): δ 5 10.9 (s, 5C2CH3), 28.4 [s, C(CH3)3], 34.3 (s,

771 s, 722 w, 668w, 542 w. 2 11B{1H} NMR (CD3CN): δ 7.7 (s,
CH2), 53.7 [s, C(CH3)3], 118.9 (s, C5C). 2 11B{1H} NMR (C6D6):

BN2), 1.5 (s, BCl4
2). 2 C18H20B2Cl6N2 (498.71): calcd. C 43.35, H

δ 5 22.7 (s). 2 MS/EI; m/z: 270 [M1 in relation to 11B and 35Cl].
4.04, N 5.62; found C 38.6, H 4.31, N 4.77. 2 Repeated attempts

2 C14H28BClN2 (270.65): calcd. C 62.13, H 10.43, N 10.35; found
to purify the crude product by recrystallization failed.

C 62.02, H 10.56, N 10.31.
(tBu)Na2CH5CH2Nb(tBu)BCl(Na2B) (5a). 2 Path (a): A

(tBu)Na2CH5CH2Nb(tBu)BI(Na2B) (6a): A slurry of 2.50
sample of 4.46 g (11.0 mmol) of borolium salt 4a was stirred over-

g (14.8 mmol) of 1,4-diazabutadiene 1a in 100 ml of n-hexane was
night with 305.2 g of sodium amalgam (96.0 mmol sodium) in 120

allowed to react with lithium sand (0.21 g, 29.6 mmol) for 7 d at
ml of hexane. The reaction mixture was protected from light. The

20°C. A solution of 5.83 g (14.9 mmol) of BI3 in 50 ml of n-hexane
slightly yellow solution was decanted from a yellow precipitate. Fil-

was added dropwise to the chilled slurry (220°C). Stirring for 2 h
tration and removal of volatile components in vacuo afforded an

was followed by filtration. The filtrate was liberated from volatile
orange-yellow oil, which slowly solidified to give orange crystalline

components in vacuo to afford 3.78 g (83%) of 6a as a colorless
5a. The crude material was sublimed at 40260°C (0.01 Torr) to

oil. At room temp. the pure compound decomposed completely
yield 2.18 g (91%) of colorless product.

within 5 d, whereas in the dark at 230°C a n-hexane solution of
6a remained unaffected. 2 Due to decomposition a reliable IRPath (b): A sample of 1,4-diazabutadiene 1a (2.50 g, 14.8 mmol)

was stirred with lithium sand (0.21 g, 29.6 mmol) in 70 ml of n- spectrum was not available. 2 1H NMR (C6D6): δ 5 1.45 (s, 18 H,
tBu), 6.40 (s, 2 H, CH). 2 13C{1H} NMR (C6D6): δ 5 31.7 [s,hexane for 7 d at 20°C. A solution of 1.75 g (14.8 mmol) of BCl3
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C(CH3)3], 54.2 [s, C(CH3)3], 114.6 (s, C5C). 2 11B{1H} NMR mmol) of 6b was converted into 0.33 g of 8b by treatment with 0.17

g (2.0 mmol) of tert-butyl isocyanide.(C6D6): δ 5 6.5 (s). 2 MS /EI; m/z: 306 (27) [M1], 250 (11) [M1 2

C4H8], 194 (100) [M1 2 2 C4H8], 178 (3) [M1 2 I]. 2 C10H20BIN2 From AgCN: A mixture of 6b (0.80 g, 2.0 mmol) and AgCN
(305.99): calcd. C 39.21, H 6.59, N 9.15; found C 39.35, H 6.48, (0.32 g, 2.4 mmol) was stirred in 50 ml of CH3CN for 2 d at room
N 8.99. temp. Concentration to dryness, extraction with n-hexane, filtration

and removal of volatile components from the filtrate yielded 0.47(2,6-Me2C6H3)Na2CH5CH2Nb(2,6-Me2C6H3)BI(Na2B)
(6b): A mixture of CH2Cl2 (600 ml) and n-hexane (400 ml) was g (79%) of 8b. 2 IR (KBr): ν̃ 5 2218 cm21 w [ν(C;N)], 1949 w,

1868 w, 1791 w, 1647 w, 1594 w, 1541 w, 1479 s, 1441 m, 1399 m,cooled to 210°C and two separate solutions of 6.00 g (22.7 mmol)
of 1,4-diazabutadiene 1b in CH2Cl2 (250 ml) and 8.89 g (22.7 1368 w, 1282 m, 1207 m, 1109 m, 915 m, 775 s, 717 m, 658 m, 421

w. 2 1H NMR (C6D6): δ 5 2.06 (s, 12 H, CH3), 5.75 (s, 2 H, CH),mmol) of BI3 in n-hexane (200 ml) were added dropwise. The reac-
tion was filtered after warming up to room temp. and stirring for 6.95 (m, 6 H, H-aryl). 2 13C{1H} NMR (C6D6): δ 5 17.8 (s, CH3),

119.4 (s, C5C), 128.6 (s, pC-aryl). 2 11B{1H} NMR (C6D6): δ 55d. The filtrate was concentrated to dryness. The brown-black resi-
due was extracted with 150 ml of n-hexane, and the red n-hexane 13.5 (s). 2 MS/EI; m/z (%): 301 (100) [M1]. 2 C19H20BN3 (301.18):

calcd. C 75.70 , H 6.69, N 13.95; found C 75.30, H 7.25, N 13.61.solution was decanted from insoluble components. Storing the con-
centrated filtrate (ca 20 ml) at 24°C for 3 d afforded 2.43 g (26%) (tBu)Na2CH5CH2Nb(tBu)BNCO(Na2B) (9a): Analogously,
of colorless crystalline 6b. The compound was purified by subli- the treatment of 5a (0.43 g, 2.0 mmol) with AgOCN (0.53 g, 2.4
mation at 0.01 Torr and 380°C. 2 IR (KBr): ν̃ 5 1554 cm21 w, mmol) in 50 ml of CH3CN for 30 min at 20°C afforded 0.35 g
1551 w, 1475 vs, 1439 m, 1397 s, 1340 m, 1279 s, 1263 s, 1244 m, (78%) of 9a as a colorless viscous oil. Complete decomposition of
1197 m, 1162 w, 1105 s, 1032 w, 908 s, 772 vs, 688 s, 621 s, 569 w, 9a occurred within 2 d. Heterocycle 9a was also prepared from 7a
530 w. 2 1H NMR (C6D6): δ 5 2.16 (s, 6 H, CH3), 5.99 (s, 2 H, and AgOCN in CH3CN (50 ml) for 5 min (83% yield). 2 IR (CsI):
HC5N), 6.98 (m, 6 H, arylH). 2 13C{1H} NMR (C6D6): δ 5 18.3

ν̃ 5 2972 cm21 s, 2317 vs [νas(NCO)], 1699 m, 1684 m, 1527 w,
(s, CH3), 120.0 (s, HC5N), 126.2 (s, p-C-aryl), 135.7 (s, o-C-aryl), 1474 m, 1458 m, 1404 s, 1367 s, 1322 s, 1288 w, 1240 s, 1138 m,
140.7(s, i-C-aryl), 2 11B{1H} NMR (C6D6): δ 5 11.8 (s). 2 MS/ 1033 w, 1001 w, 822 w, 807 w, 632 m [νsym(NCO)], 596 w. 2 1H
EI; m/z: 402 (96) [M1], 275 (100) [M1 2 I]. 2 C18H20BIN2(402.08): NMR (C6D6): δ 5 1.21 (s, 18 H. tBu), 6.04 (s, 2 H, 5CH). 2
calcd. C 53.72, H 5.01, I 31.56, N 6.97; found C 53.56, H 5.16, I 11B{1H} NMR (C6D6): δ 5 14.7 (s). 2 13C{1H} NMR (C6D6): δ 5
31.44, N 6.99. 31.0 [s, C(CH3)3], 52.5 [s, C(CH3)3], 111.6 (s, 5CH), 123.9 (s, br.,

N5C5O). 2 MS/EI (70 eV); m/z (%): 221 (20) [M1]. 2 C11H20(tBu)Na2CH5CH2Nb(tBu)BCN(Na2B) (8a). 2 From Isocy-
anides: A solution of 5a (1.07 g, 5.00 mmol) in 50 ml of n-hexane BN3O (221.12): calcd. C 59.74, H 9.13, N 18.99; found C 59.30, H

9.33, N 18.63.was treated at room temp. with 0.43 g (5.0 mmol) of tert-butyl
isocyanide. After 4 h of stirring it was filtered, and the volatile (tBu)Na2CH5CH2Nb(tBu)BNCS(Na2B) (10a): Compound
components removed from the filtrate in vacuo (0.01 Torr) to give 10a was prepared analogously from 5a (0.43 g, 2.0 mmol) and
crude 8a as a colorless solid. Purification was achieved either by AgSCN (0.40 g, 2.4 mmol) in CH3CN (50 ml, 20°C, 1 h), yield:
recrystallization from n-hexane or by sublimation at 0.03 Torr and 0.42 g (74%). The corresponding reaction of 7a and AgSCN took
55°C, yield 0.61 g (60%). Similarly, 1.30 g (5.00 mmol) of place within 10 min to give a 76% yield of 10a. 2 IR (CsI): ν̃ 5
(tBu)Na2CH5CH2Nb(tBu)BBr(Na2B) (7a) was converted into 3133 cm21 w, 2975 s, 2936 sh, 2910 sh, 2875 sh, 2122 vs, br.
0.66 g (64%) of 8a. Starting from 6a (1.53 g, 5.0 mmol) 0.41 g of [νas(NCS)], 1475 m, 1406 s, 1375 s, 1291 m, 1241 s, 1205 m, 1141
8a (41%) was obtained analogously. The reaction of 0.78 g (3.0 s, 1029 w, 948 w, 871 s [νsym(NCS)], 822 w, 802 m, 683 w, 632 s. 2
mmol) of 7a with 0.33 g (3.0 mmol) of cyclohexyl isocyanide in 50 1H NMR (C6D6): δ 5 1.20 (s, 18 H, tBu), 5.99 (s, 2 H, 5CH);
ml of n-hexane at 20°C for 5 d also afforded 8a (0.23 g, 38%). (CDCl3): δ 5 1.42 (s, 18 H, tBu), 6.16 (s, 2 H, 5CH). 2 11B{1H}

NMR (C6D6): δ 14.7 (s). 2 13C{1H} NMR (CDCl3): δ 5 31.1 [s,From AgCN: A mixture of 5a (0.43 g, 2.0 mmol) and silver cyan-
ide (0.32 g, 2.4 mmol) was stirred in acetonitrile (50 ml) for 1 h at C(CH3)3], 53.0 [s, C(CH3)3], 111.8 (s, 5CH), 140.5 (s, NCS),

(C6D6): δ 5 31.0 [s, C(CH3)3], 52.9 [s, C(CH3)3], 112.1 (s, 5CH).room temp. After concentration to dryness, the residue was ex-
tracted with n-hexane (3 3 50 ml) and the combined extracts were 2 MS/EI (70 eV); m/z (%): 237 (70) [M1], 125 (100) [M1 2 2 tBu].

2 C11H20BN3S (237.17): calcd. C 55.71, H 8.50, N 17.72; found Cfiltered. Repeated concentration to dryness gave analytically pure
8a (0.35 g, 84%). The analogous reaction of 7a (0.52 g, 2.0 mmol) 54.89, H 8.78, N 17.24.
with AgCN (0.32 g, 2.4 mmol) in 50 ml of CH3CN for 20 min (2,6-Me2C6H3)Na2CH5CH2Nb(2 ,6-Me2C6H3)BNCS-
afforded 0.46 (89%) of 8a. 2 IR (KBr): ν̃ 5 2207 cm21 w (Na2B) (10b): A sample of solid AgSCN (0.41 g, 3.0 mmol) was
[ν(C;N)], 1501 w, 1467 m, 1405 s, 1368 s, 1344 m, 1295 m, 1261 added to a slurry of 6b (1.00 g, 2.5 mmol) in CH3CN (40 ml) and
m, 1234 s, 1207 m, 1147 s, 1100 w, 1032 w, 953 w, 824 s, 804 s, 694 stirred for 5 h at 20°C. The slurry was filtered, and the filtrate
s, 660 sh, 649 s, 500 m. 2 1H NMR (C6D6): δ 5 1.29 (s, 18 H, concentrated to dryness. The residue was extracted with n-hexane
tBu), 6.14 (s, 2 H, CH). 2 13C{1H} NMR (C6D6): δ 5 31.5 [s, (3 3 50 ml) and the combined extracts were filtered. The volatile
C(CH3)3], 53.7 [s, C(CH3)3], 114.6 (s, C5C). 2 11B{1H} NMR components were removed from the filtrate to give pure 10b (0.77
(C6D6): δ 5 12.0 (s). 2 MS/EI; m/z (%): 205 (27) [M1], 149 (10) g, 93%) as a waxy solid. Analogously, 5b was converted into 10b
[M1 2 C4H8], 93 (100) [M1 2 2 C4H8]. 2 C11H20BN3 (205.12): within 3 h in 78% yield. The corresponding bromide gave 10b after
calcd. C 64.40, H 9.85, N 20.48; found C 63.72, H 9.45, N 19.45. 1 h in 87% yield. 2 IR (KBr): ν̃ 5 2918 cm21 w, 2177 sh, 2114 vs

[νas(NCS)], 2038 sh, 1516 w, 1479 s, 1441 s, 1402 s, 1390 s, 1303 w,(2,6-Me2C6H3)Na2CH5CH2Nb(2,6-Me2C6H3)BCN(Na2B)
(8b). 2 From Isocyanides: Equimolar amounts of 5b (0.62 g, 2.0 1285 m, 1201 w, 1111 s, 1032 w, 992 w, 909 m, 856 s [νsym(NCS)],

768 s, 702 w, 656 w, 643 s. 2 1H NMR (C6D6): δ 5 2.10 (s, 12 H,mmol) and tert-butyl isocyanide (0.17 g, 2.0 mmol) were allowed
to react in 40 ml of n-hexane for 8 h at room temp. The solution CH3), 5.71 (s, 2 H, 5CHN), 6.97 (m, 6 H, aryl-H). 2 11B{1H}

NMR (C6D6): δ 5 14.5 (s). 213C{1H} NMR (C6D6): δ 5 17.9 (s,was filtered and the colorless filtrate was concentrated to dryness.
The remaining yellow solid was sublimed at 0.001 Torr and ca. CH3), 117.2 (s, 5CHN), 127.3 (s, p-aryl-C), 128.6 (s, m-aryl-C),

135.2 (s, o-aryl-C), 139.2 (s, i-aryl-C). 2 MS/EI (70 eV); m/z (%):400°C to give 0.42 g (70%) of 8b. Similarly, a sample of 0.80 g (2.0
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[8] L. Weber, E. Dobbert, H.-G. Stammler, B. Neumann, R. Boese,333 (100) [M1]. 2 C19H20BN3S (333.15): calcd. C 68.44, H 6.05,

D. Bläser, Chem. Ber. 1997, 130, 7052710.N 12.61; found C 68.38, H 6.30, N 12.38. [9] K. M. Harmon, F. E. Cummings, J. Am. Chem. Soc. 1962, 84,
1751.X-ray Structural Analysis of 6b: Colorless single crystals from n-

[10] [10a] In Cl2BNMe2 and Cl2BNEt2 chemical shifts δ11B 5 30.8hexane; 0.42 3 0.37 3 0.32 mm; T 5 293 K; Siemens P4 four-circle
and 30.6 were measured: A. J. Banister, N. N. Greenwood, B.diffractometer; Mo-Kα (graphite monochromator, λ 5 0.71073 A

˚
), P. Straughan, J. Walker, J. Chem. Soc. 1964, 99521000. 2 [10b]

empirical formula C18H20BIN2, monoclinic space group C2/c; unit H. Nöth, H. Vahrenkamp, Chem. Ber. 1966, 99, 104921067.
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˚
; [11] [11a] M. F. Lappert, H. Pyszora, J. Chem. Soc. 1963, 174421750.

2 [11b] M. F. Lappert, H. Pyszora, M. Rieber, J. Chem. Soc.β 5 114.360(6)°; V 5 1830.9(3) A
˚

3, dcalcd. 5 1.459 g cm23, Z 5 4;
1965, 425624264. 2 [11c] M. F. Lappert, H. Pyszora, J. Chem.µ(Mo-Kα) 5 1.747 mm21; range for data collection: 5.3° # 2Θ # Soc. A 1967, 8542860.

60.1°; ω-scan, index ranges: 220 # h # 0, 211 # k # 0, 221 # l [12] A. Meller, W. Maringgele, U. Sicker, J. Organomet. Chem. 1977,
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[13] B. Hessett, J. B. Leach, J. H. Morris, P. G. Perkins, J. Chem.tions 2675; parameters 102; absorption correction: empirical φ-
Soc., Dalton Trans. 1972, 1312134.scans, min/max transmission 0.94/0.79 [Rmerg(before/after) 5 [14] J. Goubeau, H. Gräbner, Chem. Ber. 1960, 93, 137921387.

0.0333/0.0136]. Program used: Siemens SHELXTL Ver. 5.03. Struc- [15] Holleman-Wiberg, Lehrbuch der Anorganischen Chemie, vol.
ture solution: Direct Methods; structure refinement: Full-matrix 912100, de Gruyter, Berlin 1985, p. 133.

[16] F. Zettler, H. Hess, W. Siebert, R. Full, Z. Anorg. Allg. Chem.least-squares on F2, R1 5 0.042, wR2 5 0.1043 based on 1884
1976, 420, 2852291.reflections with I > 2σ(I), wR2 (all data) 5 0.1189 with w 5 1/ [17] M. A. Ring, J. D. H. Donnay, W. S. Korski, Inorg. Chem. 1962,[σ2(Fo

2) 1 (0.0484P)2 1 3.11P], where P 5 (Fo
2 1 2Fc

2)/3; GOOF 1, 1092111.
(F2) 5 1.029, maximum residual electron density 0.922 eA

˚
23, hy- [18] G. Linti, D. Loderer, H. Nöth, K. Polborn, W. Rattay, Chem.

Ber. 1994, 127, 190921922.drogen atoms treated as riding groups with the 1.2-fold isotropic U
[19] G. R. Desiraju, Angew. Chem. 1995, 107, 254022558; Angew.value of the corresponding C atom and 1.5-fold for methyl
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6-Amino-6-methylfulvene (4) is cleanly N-acylated by formation of [(C5H4)C(=CH2)NCOCMe3]Zr(NEt2)2 (11) (70 %
isolated), and the reaction of 8b with (Et2N)2ZrCl2 yieldstreatment with pivaloylchloride/triethylamine to give the

fulvene (C5H4)=C(CH3)NHCOCMe3 (5c). Treatment of 4 with [(C5H4)C(=CH2)NSiMe3]Zr(NEt2)2 (12) (76 % isolated).
Treatment of complex 12 with an excess of methylalumoxanetrimethylchlorosilane similarly yields the mono-N-silylated

fulvene (C5H4)=C(CH3)NHSiMe3 (7). Both 5c and 7 are (MAO) in toluene solution results in the generation of an
active homogeneous Ziegler catalyst for the polymerizationcleanly doubly deprotonated e.g. by treatment with LDA to

give ligand systems [(C5H4)C(=CH2)NR]Li2 [8a (R = of ethene. A comparison with the usually employed
[(Me5C4)SiMe2NCMe3]ZrCl2/MAO “constrained-geometry”COCMe3) and 8b (R = SiMe3), respectively]. Their treatment

with MCl4 · 2 THF (M = Ti, Zr) yield the spiro-metallocenes Ziegler catalyst system reveals a similar catalyst activity and
performance of this novel type of a C1-bridged “constrained-[(C5H4)C(=CH2)NR]2M (9, 10). Complex 10a (M = Zr, R =

COCMe3) was characterized by X-ray diffraction. The geometry” catalyst as it is exemplified by the [(C5H4)C(=
CH2)NSiMe3]ZrX2 (12)/MAO combination.reaction of 8a with (Et2N)2ZrCl2 in THF gives rise to the

Introduction Scheme 1

Homogeneous Ziegler catalysts on the basis of group-4
bent metallocenes have become of enormous importance in
metal-catalyzed α-olefin polymerization and related pro-
cesses. [1] Variation of the ligand systems and the develop-
ment of novel types of catalyst precursors have been of
great interest recently in order to expand the scope of the
application of this general type of very active and at the
same time often extremely selective catalyst systems. [2] In
this context the “constrained-geometry catalysts” have re-
cently found a special attention. They are catalyst systems ganometallic systems for quite some time. The presence of

the silylene group prevents the elimination reaction to thethat are formally derived from the dimethylsilylene-bridged
ansa-metallocenes in which one of the Cp units is replaced corresponding fulvene system and additional fragmentation

reactions to occur at some intermediate stages of the syn-by an amido-nitrogen atom. The most frequently employed
ligand system was introduced by J. E. Bercaw et al. at a thesis, reaction alternatives that are very favourable and

have been observed in previous attempts to prepare the cor-group-3 metal complex. [3] It is comprized by a tetrameth-
ylcyclopentadienyl moiety that is connected with a tert-bu- responding C1-bridged constrained-geometry Ziegler sys-

tems. [5] These facile alternative reactions have probably fav-tylamido building block by means of a bridging Me2Si
group. The scandium complex 1a (MLn 5 Sc2Cl) is a typi- oured the design of hydrocarbyl-bridged Cp(CR2)n2NR9

systems with longer bridging chains (n > 1). [6] Practicallycal early example. The corresponding titanium and zir-
conium complexes (2b, c) were prepared consecutively and feasible synthetic pathways to C1-bridged constrained Zieg-

ler catalyst systems to the best of our knowledge appear notused as Ziegler catalyst precursors. These systems have
achieved a great interest with regard to the practical appli- to have been reported on so far with one potential excep-

tion. [7] We have now developed a simple synthetic entry tocation of ligand-controlled Ziegler catalysts in α-olefin
polymerization processes. [4] such organometallic complexes of the group-4 metals and

shown that homogeneous Ziegler catalysts can be derivedThe use of the silylene bridge for connecting the Cp and
amido subunits has appeared to be essential for these or- from examples of such [Cp2C1(R)2NR9]MLn systems that
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are of at least equal catalyst quality as compared to the three fulvenes exhibit the typical carbon2carbon bond

length alternation in their frameworks and a transoidal con-commonly employed [Cp*2SiR22NR9]MCl2 derived sys-
tems. nection of fulvene and carboxamide structural subunits

with conformer B being favoured over A (see Scheme 3).
Results and Discussion

Scheme 3
Starting material for our synthesis is 6-dimethylamino-6-

methylfulvene (3), which is readily available by treatment of
cyclopentadienide with O-methylated N,N-dimethylaceta-
mide. As also described by K. Hafner et al. [8] 3 was treated
with excess NH3 to give 6-amino-6-methylfulvene (4). We
have then acylated the aminofulvene system. Here the gen-
eral problem arises that in 4 two positions are amenable
to electrophilic attack, namely the amino group and the α-
carbon center (C-2) at the five-membered carbocyclic Table 1. Compilation of typical bond lengths, bond angles, and
ring. [9] torsional angles of the N-acylated fulvenes 5a2c

Scheme 2 5a 5b 5c[a]

C12C2 1.447(5) 1.447(3) 1.458(2)
C22C3 1.348(5) 1.345(3) 1.348(2)
C32C4 1.428(6) 1.435(4) 1.442(3)
C42C5 1.339(5) 1.352(4) 1.346(2)
C12C5 1.462(5) 1.456(3) 1.457(2)
C12C6 1.359(5) 1.354(3) 1.358(2)
C62C7 1.487(5) 1.489(3) 1.491(2)
C62N 1.395(5) 1.404(3) 1.399(2)
N2C8 1.380(5) 1.365(3) 1.370(2)
C82O 1.207(4) 1.228(2) 1.219(1)
C82C9 1.504(5) 1.483(3) 1.533(2)
C12C62N 118.6(3) 117.9(2) 118.5(1)
C62N2C8 127.9(3) 129.0(2) 128.4(1)
N2C82O 124.0(4) 123.4(2) 122.3(1)
N2C82C9 113.6(3) 115.0(2) 115.2(1)
C72C62N2H 171(3) 152(2) 154(1)
C72C62N2C8 12.3(6) 28.4(3) 25.9(2)Treatment of the aminofulvene 4 with acetyl chloride in- C62N2C82O 6.9(7) 7.2(4) 2.0(2)

deed furnished a mixture of the regioisomers 5a, resulting C62N2C82C9 2173.3(4) 2172.9(2) 177.5(1)
O2C82N2H 2170(3) 2173(2) 179(1)from N-acylation, and 6a, resulting from C-acylation at the

fulvene α-carbon center C-2, respectively. The isomers 5a
[a] Averaged absolute values of the three independent molecules in(major) and 6a (minor) were separated by column chroma- the unit cell of 5c.

tography and isolated in ca. 70 and 5% yield, respectively.
The spectral appearance of the two regioisomeric acety- The fulvenes 5 are not monomeric in the crystal but con-

nected by intermolecular hydrogen bonds, that link the car-lation products is quite different. The four fulvene CH
groups in the major product 5a are just marginally differen- bonyl and NH functionalities of the amide groups,[10] to

form oligomeric chain-type structures. In the resulting su-tiated [1H NMR (CDCl3): δ 5 6.5826.35 (m, 4 H); 13C
NMR: δ 5 129.2, 128.3, 122.2, 116.8], whereas a clearly pra-structure the core atoms of the individual amide groups

of 5a and 5b are oriented in a single plane, giving rise toseparated AMX system is characterized for the 1H NMR
fulvene section of 6a (δ 5 7.56, 7.27, 6.42; coupling con- elongated narrow sheet-like structures. The two-dimen-

sional arrangement of the self-assembled associate of 5a isstants: JHH 5 1.9, 3.2, 4.8 Hz). The situation is even less
favourable for the aroylation of 4 with p-methylbenzoyl depicted in Figure 1. It is probably due to the steric bulk of

the tert-butyl substituent that a related but spatially differ-chloride. In this case a mixture of products was obtained
from which the required N-aroylated product 5b was iso- ent supra-structure is found for 5c. Again a linear arrange-

ment of fulv2NHCO2R units is found, with the individuallated only in ca. 20% yield after chromatographic workup.
In contrast, the acylation reaction with the bulky pivaloyl carboxamide functionalities being connected via intermo-

lecular N2H···O5C2NHR hydrogen bonds, only in thischloride reagent was very clean and selectively resulted in
the formation of the N-pivaloylfulvene system 5c, which case are the individual 2NH2CO2 planes rotated sub-

stantially [angle between the planes O12C82N1/was obtained in 80% yield as a yellow crystalline material
after recrystallization from ether. O22C182N2: 8.8(2)°; O12C82N1/O32C282N3:

54.5(2)°; O22C182N2/O32C282N3: 58.8(2)°]. A projec-Single crystals were obtained from the three N-acylated
fulvenes 5a2c that allowed their characterization by X-ray tion of the resulting three-dimensional arrangement is given

in Figure 2.crystal structure analyses. As a typical example, a view of
the molecular structure of the N-acetylated fulvene 5a is Treatment of 4 with chlorotrimethylsilane in the presence

of excess triethylamine results in the selective N-silylationdepicted in Figure 1. It can be seen from Table 1 that all
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Figure 1. A view of the hydrogen-bonded associated structure of 5a (5b exhibits a similar two-dimensional supramolecular core structure

in the crystal)

Figure 2. The three-dimensional assembled supramolecular solid-state structure of the N-pivaloylfulvene 5c

of the aminofulvene. Only mono-silylation is achieved un- type ligands and the corresponding C1-bridged constrained-
geometry group-4 metal complex systems.der these conditions to give the product 7 which was iso-

lated in near-to-quantitative yield. Compound 7 shows a
Principally, fulvene systems can be converted to cyclo-very characteristic 13C-NMR spectrum with the electro-

pentadienides by either the addition of a suitable nucleo-philic fulvene carbon center C-6 (δ 5 154.7) being spectro-
phile to the electrophilic C-6 carbon center[12] or by a de-scopically clearly differentiated from the remaining sp2-car-
protonation reaction at the alkyl carbon atom directly ad-bon atoms of the ring system (C-1: δ 5 117.9; C22C5: δ 5
jacent to the C-6 fulvene center. [13] For this study we have124.6, 122.1, 119.7, 112.3).
briefly tested the former procedure. We found out that a

Scheme 4 sufficiently soft nucleophile can be added to the C-6 carbon
atom of the systems 5. Thus the reaction of 5c with two
molar equivalents of lithium dimethylcuprate[14] eventually
leads to the formation of the [Cp2CMe22N(COCMe3)]22

ligand system that can be transmetallated with
Cl2Zr(NEt2)2. However, the resulting ansa-metallocene-like
system was never obtained free of sizable amounts of as yetOur experiments had thus shown that 6-methyl-6-(piva-

loylamino)fulvene (5c) and 6-methyl-6-(trimethylsilylami- unidentified contaminants. For practical purposes it has
thus turned out to be advantageous to rely on the secondno)fulvene (7) among the investigated series of compounds

were the easiest and most selective to be synthesized on a alternative methode and deprotonate the fulvenes at the C6-
CH3 group (in addition to the kinetically rapid NH depro-preparative scale, [11] and we consequently have decided to

use these two compounds as the starting materials for the tonation) to generate the required C1-bridged ligand sys-
tem. This route has turned out to be very convenient andpreparation of the anticipated Cp2C(R)n2NR9 dianion-
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successful. It can easily be applied to all the N-monosubsti- strictly crystallographically, to be regarded as C2-symmetric

(see Figure 3).tuted fulvene systems described above. The outcome of the
reactions starting from 5c and 7 will be described in the

The C65C7 double bond of 10a [1.332(6) A
˚

; accordingly
following as very typical examples.

C262C27: 1.341(6) A
˚

] is oriented approximately coplanar
Treatment of 6-methyl-6-(pivaloylamino)fulvene (5c) with

with the adjacent cyclopentadienyl ring system. The di-
two molar equivalents of methyllithium or even better with

hedral angle θ C42C52C62C7 amounts to 231.9(7)°; the
the less nucleophilic bases lithium hexamethyldisilazide or

corresponding value of θ C212C252C262C27 is
lithium diisopropylamide cleanly furnished the correspond-

229.4(7)°. The adjacent nitrogen atom N8 is also oriented
ing ligand system [Cp2C(5CH2)2N(COCMe3)]22 as the

in this substituent plane [dihedral angles θ C12C52C62
dilithio compound 8a [1H/13C NMR ([D8]THF, 200.1

N8 219.2(6)°, and correspondingly C242C252C262N28
MHz): δ 5 5.82, 5.89/118.2 (ipso-C), 106.3, 103.2 (C5H4);

215.6(6)°]. The N82C9 bond is short [1.278(5) A
˚

;
4.47, 3.66 (2J 5 2.4 Hz)/155.4, 87.5 (C5CH2), 1.08/179.3,

N282C29 1.289(5) A
˚

] and must be regarded as an N5C
39.0, 29.5 (COCMe3)]. Analogously, treatment of 6-methyl-

double bond. Consequently, the C92O14 linkage is elon-
6-(trimethylsilylamino)fulvene (7) with these bases gave the

gated [1.338(5) A
˚

; C292O34 1.334(5) A
˚

]. Apparently the
corresponding ligand system [Cp2C(5CH2)2NSiMe3]22

ambidentate N-acylamido functional group is present as the
(obtained and isolated as the dilithio compound 8b).

imino tautomer in complex 10a. Coordination of this group
to the group-4 metal takes place exclusively by means of
the oxygen atom [O142Zr1 2.026(2) A

˚
; O342Zr1 2.038(3)Scheme 5

A
˚

] and not through the nitrogen center [the N8···Zr1 sepa-
ration is 3.682(4) A

˚
; N28···Zr1 3.666(4) A

˚
]. Consequently,

the individual ligand systems in 10a are not planar but the
two sections used for coordinating to the transition-metal
center are segregated by a strong rotation about the C62N8
vector [dihedral angles θ C52C62N82C9 252.1(5)°,
C252C262N282C29 252.9(5)°, C72C62N82C9
130.5(5)°, C272C262N282C29 129.6(4)°, C62N82C92
O14 25.4(6)°, C262N282C292O34 26.6(6)°] to allow for
the thermodynamically favourable coordination of the li-
gand system to the zirconium center through the carboxam-
ido oxygen atom. The bond angles at these oxygen atoms
are substantially enlarged at 136.5(3)° (C92O142Zr1) and

The reaction of 8b with zirconium tetrachloride results,
136.0(2)° (C292O342Zr1), respectively. This probably

under all reaction conditions tested by us, in a rapid substi-
indicates a tendency to form a stabilizing Zr2O π interac-

tution of all four halogen atoms[7b] [15] to yield the or-
tion, similar as it has been observed in a variety of Zr2O

ganometallic spiro-metallocene complex 10b. The product
linkages in metallacyclic systems of ring sizes of 6 and

10b was isolated in close to 80% yield. It shows typical 1H/
larger. [16] The remaining angles inside the metallacyclic13C-NMR spectra {in [D6]benzene: C5H4 resonances at δ 5
framework of 10a are in a normal and expected range

6.36, 6.00, 5.41, 5.36/118.4 (ipso-C), 116.3, 114.4, 112.6,
[C62N82C9 117.9(4)°, C262N282C29 118.3(3)°,

109.1; (C5CH2): δ 5 4.22, 4.18/144.7, 88.7; SiMe3: δ 5
N82C92O14 125.2(4)°, N282C292O34 124.8(4)°].

0.24/1.75}. The analogous reaction of the dilithio ligand
system 8b with TiCl4 gives the corresponding spiro-titano- We have then treated the dilithio compound 8a with the

dichlorobis(diethylamido)zirconium reagent, employed ascenebisamido complex 9b (isolated in 81% yield). Treatment
of the N-acylated ligand system employed as the dilithiated its bis(tetrahydrofuran) adduct. [17] This results in a clean

reaction that takes place by a selective displacement of thereagent 8a with TiCl4 or ZrCl4 proceeds quite analogously.
In these cases the corresponding chiral spiro-metallocene two chloride ligands by the [Cp2C(5CH2)2N(CMe3)O]22

ligand system. The Zr(NEt2)2 moiety is retained during thiscomplexes 9a (M 5 Ti, 58% yield) and 10a (M 5 Zr, iso-
lated in 74% yield) were obtained (see Scheme 6). transformation. [18] The resulting zirconium complex 11 was

obtained in 70% yield. The spectroscopic data of the newlyThe spiro-metallocene complex 10a was characterized by
an X-ray crystal structure analysis. Single crystals of 10a introduced [Cp2C5CH2)2N(CMe3)O] ligand in 11 are

quite similar as previously observed for the spiro complexessuitable for X-ray diffraction were obtained by crystalliza-
tion from pentane/toluene. The central zirconium atom in 9a and 10a {11: 1H/13C NMR in [D8]THF: δ 5 6.60, 5.95/

111.3, 110.5 (C5H4), 4.77, 4.72 (2JHH 5 1.8 Hz)/147.6, 102.4complex 10a is coordinated to two cyclopentadienyl units
and the acylamido groups of the pair of near-to-symmetry- (C5CH2), 171.4 (NCO)}. Therefore, we assume that the

[Cp2C(5CH2)N(CMe3)O] ligand system in 11 is coordi-equivalent [Cp2C(5CH2)2NC(CMe3)O] ligand systems in
an overall pseudotetrahedral coordination geometry nated by means of the Cp ring and the carboxamido oxy-

gen, and not the nitrogen center, just analogously as it was[D12Zr12D2 5 131.0° (D1 and D2 denote the centroids
of the Cp ring systems), O142Zr12O34 5 99.95(13)°]. previously observed for the spiro-metal complexes 9a and

10a (see above).Complex 10a is chiral; in the crystal it is chemically, but not
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Scheme 6

Figure 3. Molecular structure of 10a[a]
We have employed the [Cp2C(5CH2)2NSi-

Me3]Zr(NEt2)2 complex 12 as a starting material for gener-
ating a homogeneous Ziegler catalyst system and used it for
carrying out a small series of preliminary ethene polymeri-
zation experiments. These few and as yet unoptimized poly-
merization reactions have revealed that the Ziegler catalysts,
based on the C1-bridged constrained-geometry framework,
are at least comparable in activity and performance to the
commonly used and studied Si1-bridged “parent” system.
This lets us hope that future variations of our here de-
scribed [Cp2C(R*)NR9]MX2 complexes will indeed lead to
an even better catalyst performance and open ways to novel
and advanced catalytic applications.

For the series of catalytic experiments carried out in the
course of this study we have activated the zirconium com-
plex 12 by treatment with a large excess of methylalumox-
ane (employed as a standard toluene solution). [19] In a typi-
cal experiment a solution of 19.4 mg (47.0 µmol) of 12 was
activated by treatment with 10 ml of a 10% solution of[a] Selected bond lengths [A

˚
] and angles [°]: Zr12O14 2.026(2),

methylalumoxane in toluene (Al/Zr 5 340) at ambient tem-Zr12O34 2.038(3), Zr12N8 3.682(4), Zr12N28 3.666(4),
Zr12CCp 2.511(5), C52C6 1.474(6), C252C26 1.466(6), C62C7 perature under an initial ethene pressure of 37 bar. After a
1.332(6), C262C27 1.341(6), C62N8 1.418(5), C262N28 1.414(5), short induction period a rapid temperature increase tookN82C9 1.278(5), N282C29 1.289(5), C92O14 1.338(5), C292O34

place (up to 87°C) and the pressure dropped due to rapid1.334(5), C92C10 1.523(6), C292C30 1.524(6); O142Zr12O34
99.95(13), Zr12O142C9 136.5(3), Zr12O342C29 136.0(2), consumption of the monomer. Ethene pressure was reestab-
C52C62C7 122.2(4), C252C262C27 123.5(4), C52C62N8 lished and the monomer constantly fed into the reactor for116.5(4), C252C262N28 116.0(3), C72C62N8 121.3(4),

a time period of ca. 10 min. The reaction was stopped byC272C262N28 120.5(4), N82C92O14 125.2(4), N282C292O34
124.8(4), N82C92C10 120.8(4), N282C292C30 120.0(4), ceasing the monomer fed. Opening of the reactor revealed
O142C92C10 113.9(4), O342C292C30 115.2(3); see text for ad-

that the interior of the reaction vessel was almost filled withditional values.
an amorphous lump of polymer. Workup, as described in
the Experimental Section, gave 16.6 g of polyethylene (mpAs expected, the [Cp2C(5CH2)2NSiMe3]22 ligand, em-
129°C, DSC), which corresponds to an overall catalyst ac-ployed as the respective dilithio reagent 8b, reacts anal-
tivity of ca. 57 g polymer/mmol [Zr]·bar·h under these un-ogously with the (Et2N)2ZrCl2(THF)2 reagent very cleanly
optimized non-isothermal conditions. A number of similarand in good yield to give the C1-bridged constrained-ge-
experiments, which gave comparable results, are listed in theometry metal-complex system [Cp2C(5CH2)2NSi-
Experimental Section.Me3]Zr(NEt2)2 (12). Exclusive metathetical exchange of the

chloride ligands takes place, and the C1-bridged Cp/amido- For a direct comparison we have carried out a few ethene
polymerization experiments under analogous reaction con-zirconium complex 12 was isolated in 76% yield. It shows

very typical 1H/13C-NMR spectra {in [D6]benzene: δ 5 ditions using the Si1-bridged “Bercaw/Exxon/Dow” system
[Me4C52SiMe22NCMe3]ZrCl2 (1c, see Scheme 1)[4] as the6.03, 5.92/112.2 (ipso-C), 115.4, 111.3 (C5H4), 4.36, 4.34/

150.9, 87.9 (C5CH2), 0.39/0.8 (SiMe3), 3.13, 0.90/43.2, Ziegler catalyst precursor. In a typical experiment under
very similar conditions as described above a sample of 1c15.6 (NEt2)}.
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(8.6 mg, 20.9 µmol) was activated by treatment with methyl- catalysts as the commonly employed [Cp*2Si-

Me22NCMe3]ZrCl2 system.alumoxane (Al/Zr 5 1530) in toluene under ethene (40 bar)
in an autoclave. Rapid polymerization set in at once; the Our entry into the novel class of the [Cp2C(5CH2)2

NR9]ZrX2-type catalyst precursors should allow for thecontents of the autoclave increased its temperature up to
103°C. A yield of 14.4 g of polyethylene was obtained un- synthesis of a large number of easily accessible variations

of such systems. We are confident that this will lead to ader these conditions (mp 135°C, by DSC), corresponding
to an overall catalyst activity of ca. 52 g polymer/mmol significant extension and further development of the scope

of application of such interesting catalyst types in polymer-[Zr]·h·bar under these non-isothermal conditions.
We have also carried out the ethene polymerization reac- ization reactions and in organic synthesis. [20] The further

development of the C1-bridged “constrained-geometrytion in a thermostated glass autoclave employing the 12/
methylalumoxane system in toluene (Al/Zr 5 700) at 25°C catalysts” is, therefore, actively pursued in our laboratory.
and a constant pressure of 2.2 bar and obtained polyethyl- Financial support from the Fonds der Chemischen Industrie, the
ene (mp 137°C) with a slightly lower activity of a 5 23 g Bundesminister für Bildung, Wissenschaft, Forschung und Technolo-
polymer/mmol [Zr]·h·bar. gie (BMBF), and the Ministerium für Wissenschaft und Forschung

des Landes Nordrhein-Westfalen is gratefully acknowledged.

Conclusions Experimental Section
We had recently shown that the C1-bridged fluorenyl/am- General Information: All reactions with organometallic reagents

ido system [Flu2CH22NCMe3]22 (generated and studied or substrates were carried out under argon using Schlenk-type
glassware or in a glove-box. Solvents (including deuterated solventsas the corresponding lithiated compound) is kinetically and
used for NMR spectroscopy) were dried and distilled under argonthermodynamically rather stable, but, of course, difficult to
prior to use. 2 The following instruments were used for spectro-handle because of its high basicity. [5] Much more problem-
scopic and physical characterization of the compounds: Bruker ACatic seems to be a prediction of the chemistry of related
200P (1H: 200.13, 13C: 50.3 MHz), Bruker ARX 300, and Variansystems on the mono-anionic stage. For the examples
Unity Plus (1H: 599.2, 13C: 150.8 MHz) NMR spectrometers (spec-[Flu(H)2CH22NCMe3]2/[Flu2CH22NHCMe3]2 (Flu 5
tral assignments were usually secured by GCOSY, GHSQC and

fluorenylidene) we had in a detailed study been able to GHMBC experiments[21]); Nicolet 5 DXC FT-IR spectrometer;
characterize a number of readily available competing reac- melting points: DSC 2910 (Thermo Analysis/DuPont); elemental
tion pathways, involving e.g. fulvene formation and frag- analyses: Foss-Heraeus CHN-Rapid; X-ray crystal structure analy-
mentation pathways. [5] It appears, that similar multiple re- ses: Enraf-Nonius CAD4 and MACH3 diffractometers (programs

used: data reduction MolEN, structure solution SHELXS-86,action pathways are getting involved when such dianions
structure refinement SHELXL-93, graphics SCHAKAL-92). 2are treated with early transition-metal reagents that, due to
The reagent (Et2N)2ZrCl2(THF)2 was prepared according to a lit-the highly covalent character of e.g. the N2Zr or C2Zr
erature procedure. [17] The aminofulvenes were synthesized by varia-bonds, can lead to very reactive intermediates, that then are
tions of the procedures previously described by K. Hafner et al. [8]

prone to enter into the manifold of the competing pathways
Crystallographic data (excluding structure factors) for the struc-that are so typical for the respective [Cp2CR22NR9]2

tures reported in this paper have been deposited with the Cam-mono-anion systems. This effect does not generally pre-
bridge Crystallographic Data Centre as supplementary publicationclude the successful synthesis of such [Cp2CR22
no. CCDC-101213. Copies of the data can be obtained free ofNR9]MX2-type systems, [7] but will in very many cases lead
charge on application to CCDC, 12 Union Road, Cambridge CB2to complicated organometallic mixtures of products and
1EZ, UK [fax: int. code 1 44(1223)336-033, e-mail: deposit@-

will make the handling of such systems probably rather dif- ccdc.cam.ac.uk].
ficult. This is very likely to be the reason why reports on

6-Dimethylamino-6-methylfulvene (3): Dimethyl sulfate (49 ml, 62such C1-bridged constrained-geometry systems are ex-
g, 0.49 mol) was added dropwise with gentle heating in such a waytremely sparse, in contrast to their Si1- or their elongated
to 49 ml (43 g, 0.49 mol) of freshly distilled N,N-dimethylacetamide

Cn-bridged analogues. [3] [4] [6] [7] The system developed by us that the temperature was maintained at 50260°C. Then the solu-
and described with some first examples in this article seems tion was kept at 70280°C for 2 h. The viscous oil was added with
to provide a useful and generally easily accessible alterna- stirring to a solution of 44 g (0.50 mol) of sodium cyclopentadien-
tive. Introduction of the sp2-carbon center in the system ide in 300 ml of tetrahydrofuran with external cooling at a rate that

the reaction temperature was kept between 25 and 210°C. Theadjacent to the Cp-ring as a bridging atom between the
precipitated sodium methyl sulfate was filtered off and the solventC5H4 and N2R9 moieties appears very effectively to make
removed from the filtrate in vacuo. The dark brown oil was treatedall the usually encountered reactive alternatives and diver-
with 2 g of active charcoal in 400 ml of hot cyclohexane and fil-sions on the intermediate stages of the overall reaction se-
tered. The product 3 crystallizes upon cooling. The mother liquorquence to the final group-4 metal complexes sufficiently un-
was concentrated and treated again with charcoal to give a com-favourable to allow for a straightforward and easily per-
bined yield of 59.5 g (88%) of 3, mp 90°C. 2 C9H13N (135.2):

formed synthesis of the respective [Cp2C(5CH2)2 calcd. C 79.95, H 9.69, N 10.36; found C 79.81, H 9.90, N 10.18.
NR]MLn-type systems. Our preliminary ethene polymeriz- 2 1H NMR (200.1 MHz, [D1]chloroform): δ 5 6.8326.44 (m, 4
ation experiments have shown that the first examples of the H, C5H4), 3.48 (s, 6 H, NCH3), 2.62 (s, 3 H, 6-CH3). 2 13C NMR
thus derived C1-bridged constrained-geometry Ziegler cata- (50.3 MHz, [D1]chloroform): δ 5 158.5 (C-6), 121.4, 120.1, 118.5,

116.5 (Cp, C-225), 117.3 (C-1), 43.4 (NCH3), 20.5 (6-CH3).lysts are at least equally effective, very active polymerization
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6-Amino-6-methylfulvene (4): A 300-ml autoclave, containing an Ph), 131.3 (ipso-C, Ph), 130.2 (C-5), 129.7 (m-C, Ph), 128.9 (C-1),

128.7 (C-3), 127.1 (o-C, Ph), 121.8 (C-2), 113.9 (C-4), 21.5 (Ph-internal glass vessel, was charged with 59.7 g (400 mmol) of 3 and
ca. 150 ml condensed NH3 at 278°C. The closed system was left CH3), 18.6 (6-CH3). 2 IR (KBr): ν̃ 5 3335, 1662, 1622 cm21.
for 7 d at 40°C (at 10 bar pressure). The system was then cooled X-ray Crystal Structure Analysis of 5b: Formula C15H15NO, M 5
(< 233°C) and the autoclave opened. NH3 was allowed to evapor- 225.28, 0.50 3 0.30 3 0.10 mm, a 5 7.169(1), b 5 24.276(2), c 5
ate and the yellow product dried in vacuo to give 41.6 g (97%) of 7.289(1) A

˚
, β 5 97.99(1)°, V 5 1256.2(3) A

˚
3, ρcalcd. 5 1.191 g cm23,

4, mp. 85°C. 2 C7H9N (107.1): calcd. C 78.46, H 8.47, N 13.07; µ 5 5.84 cm21, no absorption correction, Z 5 4, monoclinic, space
found C 78.33, H 8.72, N 12.68. 2 1H NMR (200.1 MHz, [D1]chlo- group P21/n (No. 14), λ 5 1.54178 A

˚
, T 5 223 K, ω/2θ scans,

roform): δ 5 6.5626.27 (m, 4 H, C5H4), 5.13 (br., 2 H, NH2), 2.31 2743 reflections collected (±h, 2k, 1l), [(sinθ)/λ] 5 0.62 A
˚

21, 2547
(s, 3 H, 6-CH3). 2 13C NMR (50.3 MHz, [D1]chloroform): δ 5 independent and 1673 observed reflections [I $ 2 σ(I)], 160 refined
154.7 (C-6), 117.9 (C-1), 124.6, 122.1, 119.7, 112.3 (Cp, C-225), parameters, R 5 0.056, wR2 5 0.146, max. residual electron density
19.5 (6-CH3). 0.20 (20.20) e A

˚
23, hydrogen atom at N from difference Fourier,

others calculated and all refined as riding atoms.6-Acetylamino-6-methylfulvene (5a) and 2-Acetyl-6-amino-6-
methylfulvene (6a): A solution of acetyl chloride (314 mg, 4.03 6-Methyl-6-(pivaloylamino)fulvene (5c): Pivaloyl chloride (5.60 g,
mmol) in 15 ml of ether was added dropwise to a solution of 599 46.7 mmol) was added at 0°C to a solution of 5.00 g (46.7 mmol)
mg (4.00 mmol) of the fulvene 4 in 30 ml of ether containing 3 ml of 4 and 3 ml of triethylamine in 30 ml of tetrahydrofuran. After
of triethylamine at 0°C. The mixture was stirred overnight and was warming and stirring overnight at room temperature, the emulsion
then concentrated to one half of its volume in vacuo. Triethylam- was filtered. The solvent was removed in vacuo. The residue was
monium chloride was removed by filtration. The product was pre- taken up in ether, filtered and the product crystallized from the
cipitated by cooling to 220°C. The resulting crude product was clear ethereal solution at 230°C. Some of the thus obtained crys-
purified by column chromatography (silica gel, 60 mesh, diethyl tals were suitable for X-ray diffraction. Yield of 5c: 7.14 g (80%),
ether/triethylamine, 50:1). Compound 6a (30 mg, 5% yield) was mp 82°C (DSC). 2 C12H17NO (191.3): calcd. C 75.35, H 8.96, N
recovered from the first eluate, compound 5a (406 mg, 68%) was 7.32; found C 75.14, H 9.08, N 7.25. 2 1H NMR (200.1 MHz,
collected from the third fraction. 5a: mp 119°C (DSC). 2 [D1]chloroform): δ 5 8.17 (br., 1 H, NH), 6.6026.34 (m, 4 H,
C9H11NO (149.2): calcd. C 72.46, H 7.43, N 9.39; found C 70.98, C5H4), 2.70 (s, 3 H, 6-CH3), 1.29 [s, 9 H, C(CH3)3]. 2 13C NMR
H 7.38, N 8.75. 2 1H NMR (200.1 MHz, [D1]chloroform): δ 5 (50.3 MHz, [D1]chloroform): δ 5 176.5 (C5O), 146.3 (C-6), 128.3
7.78 (br., NH), 6.5826.35 (m, 4 H, C5H4), 2.68 (s, 3H), 2.17 (s, 3 (C-1), 130.1, 128.5, 121.8, 113.6 (Cp, C-225), 40.4 [C(CH3)3], 27.4
H, COCH3). 2 13C NMR (50.3 MHz, [D8]tetrahydrofuran): δ 5 [C(CH3)3], 18.6 (6-CH3). 2 IR (KBr): ν̃ 5 3342, 1683, 1620 cm21.
169.5 (C5O), 146.8 (C-6), 129.4 (C-1), 129.0, 128.3, 122.2, 116.8 2 HRMS (70eV); C12H17NO: calcd. 191.13101; found 191.13054;
(Cp, C-225), 24.3 (COCH3), 19.2 (C-7). m/z (%): 191 [M1] (38), 134 [M1 2 C4H9] (10), 107 [M1 2

COC4H8] (9), 57 [C4H9
1] (100).X-ray Crystal Structure Analysis of 5a: Formula C9H11NO, M 5

149.19, 0.25 3 0.20 3 0.10 mm, a 5 7.265(2), b 5 11.576(3), c 5 X-ray Crystal Structure Analyis of 5c: Formula C12H17NO, M 5
9.729(1) A

˚
, β 5 104.84(2)°, V 5 790.9(3) A

˚
3, ρcalcd. 5 1.253 g cm23, 191.27, 0.60 3 0.30 3 0.10 mm, a 5 14.076(1), b 5 8.474(1), c 5

µ 5 0.82 cm21, no absorption correction, Z 5 4, monoclinic, space 28.982(3) A
˚

, β 5 91.16(1)°, V 5 3456.3(6) A
˚

3, ρcalcd. 5 1.103 g
group P21/c (No. 14), λ 5 0.71073 A

˚
, T 5 223 K, ω/2θ scans, cm23, µ 5 5.44 cm21, empirical absorption correction with ψ scan

1721 reflections collected (2h, 1k, ±l), [(sinθ)/λ] 5 0.62 A
˚

21, 1596 data (0.945 # C # 0.999), Z 5 12, monoclinic, space group P21/c
independent and 733 observed reflections [I $ 2 σ(I)], 105 refined (No. 14), λ 5 1.54178 A

˚
, T 5 223 K, ω/2θ scans, 7207 reflections

parameters, R 5 0.063, wR2 5 0.158, max. residual electron density collected (±h, 1k, 2l), [(sinθ)/λ] 5 0.62 A
˚

21, 7057 independent
0.28 (20.33) e A

˚
23, hydrogen atom at N from difference Fourier, and 5847 observed reflections [I $ 2 σ(I)], 401 refined parameters,

others calculated and all refined as riding atoms. R 5 0.040, wR2 5 0.116, max. residual electron density 0.21
(20.15) e A

˚
23, hydrogen atom at N from difference Fourier, others6a: 1H NMR (200.1 MHz, [D1]chloroform): δ 5 14.6 (br., 2 H,

calculated and all refined as riding atoms.NH), 7.56 (1 H), 7.27 (1 H), and 6.42 (1 H, ABX, C5H3, JHH 5

1.9, 3.2, and 4.8 Hz), 2.87, 2.56 (s, each 3 H, CH3). 6-Methyl-6-[(trimethylsilyl)amino]fulvene (7): To a cold solution
(0°C) of 702 mg (6.55 mmol) of the aminofulvene 4 in 100 ml of6-Methyl-6-[(p-methylbenzoyl)amino]fulvene (5b): Triethylamine
ether, containing three molar equivalents of triethylamine (2.0 g)(7 ml) was added to a solution of 4.14 g (38.7 mmol) of the amino-
was slowly added with stirring 1.5 molar equivalents (1.25 ml, 1.07fulvene 4 in 150 ml of ether. p-Methylbenzoyl chloride (5.40 ml,
g, 9.83 mmol) of chlorotrimethylsilane. After 8 h at ambient tem-41.0 mmol) was very slowly added by syringe to the vigorously
perature, the mixture was filtered and the solvent removed in vacuostirred solution at 0°C. After 24 h, the mixture was concentrated
to give the product 7 as a viscous oil. Yield of 7: 1.15 g (98%), mpto half its volume in vacuo and the precipitated triethylammonium
12°C (DSC). 2 C10H17NSi (179.3): calcd. C 66.97, H 9.55, N 7.81;chloride removed by filtration. The remaining solvent was then re-
found C 66.83, H 9.50, N 8.03. 2 1H NMR (200.1 MHz, [D1]chlor-moved in vacuo. The resulting crude product (5.6 g, ca. 60%) was
oform): δ 5 6.5726.28 (m, 4 H, C5H4), 5.4 (br., 1 H, NH), 2.39purified by column chromatography at a deactivated (by treatment
(s, 3 H, 6-CH3), 0.35 (s, 9 H, SiCH3). 2 13C NMR (50.3 MHz,with 5% triethylamine in pentane/ether, 8:1) silica gel column (60
[D1]chloroform): δ 5 158.8 (C-6), 125.0, 122.4, 119.5, 111.9 (C-mesh). Elution with pentane/ether (8:1) gave the product 5b as the
225), 122.1 (C-1), 19.3 (6-CH3), 0.8 [Si(CH3)3]. 2 IR (NaCl): ν̃ 5third fraction, yield 1.8 g (21%). Single crystals suited for the X-
3353, 1616 cm21. 2 MS (70eV); m/z (%): 179 [M1] (84), 164 [M1

ray crystal structure analysis were obtained from ether at 0°C; mp
2 CH3] (100), 73 [SiMe3

1] (71).104°C (DSC). 2 C15H15NO (225.3): calcd. C 79.97, H 6.71, N
6.22; found C 78.62, H 7.05, N 6.10. 2 1H NMR (200.1 MHz, Lithium [1-(Lithio-N-pivaloylamido)ethenyl]cyclopentadienide

(8a): A solution of the fulvene 5c (380 mg, 1.99 mmol) in 30 ml of[D8]tetrahydrofuran): δ 5 9.32 (br., 1 H, NH), 7.83 (m, 2 H), 7.29
(m, 2 H, o,m-Ph), 6.6626.54 (m, 2 H), 6.3226.28 (m, 2 H, C5H4), ether was treated at 220°C with two molar equivalents of lithium

hexamethyldisilazide (675 mg, 4.04 mmol), dissolved in 20 ml of2.73 (s, 3 H, 6-CH3), 2.40 (s, 3 H, Ph-CH3). 2 13C NMR (150.8
MHz, [D1]chloroform): δ 5 165.1 (C5O), 145.9 (C-6), 143.4 (p-C, ether. The mixture was warmed to room temperature and stirred
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for 4 h. The resulting precipitate of 8a was collected by filtration, (C5CH2), 38.7, 28.4 (CMe3). 2 IR (KBr): ν̃ 5 1621, 1589, 1502

cm21.washed with ether (10 ml), then with pentane (20 ml), and dried in
vacuo to give 363 mg (81%) of 8a (· 0.3 Et2O). 2 1H NMR (200.1

X-ray Crystal Structure Analysis of 10a: Formula C24H30N2O2Zr,MHz, [D8]tetrahydrofuran): δ 5 5.82 (m, 2 H), 5.69 (m, 2 H, Cp),
M 5 469.72, 0.40 3 0.40 3 0.10 mm, a 5 13.301(1), b 5 14.968(1),4.47 (1 H), and 3.66 (1 H, AB system, 2JHH 5 2.3 Hz, C5CH2),
c 5 11.099(1) A

˚
, V 5 2209.7(3) A

˚
3, ρcalcd. 5 1.412 g cm23, µ 51.08 [s, 9 H, C(CH3)3]. 2 13C NMR (50.3 MHz, [D8]tetrahydrofu-

5.19 cm21, no absorption correction, Z 5 4, orthorhombic, spaceran): δ 5 179.3 (C5O), 155.4 (C5CH2), 118.2 (ipso-C, Cp), 106.3,
group Pna21 (No. 33), λ 5 0.71073 A

˚
, T 5 223 K, ω/2θ scans,103.2 (Cp), 87.5 (C5CH2), 39.0 [C(CH3)3], 29.5 [C(CH3)3].

2364 reflections collected (2h, 1k, 2l), [(sinθ)/λ] 5 0.62 A
˚

21, 2364
Lithium [1-(Lithio-N-trimethylsilylamido)ethenyl]cyclopentadi- independent and 1960 observed reflections [I $ 2 σ(I)], 268 refined

enide (8b): A solution of lithium diisopropylamide (LDA, 2.1 g, 20 parameters, R 5 0.025, wR2 5 0.061, Flack parameter 0.00(6),
mmol) in 5 ml of tetrahydrofuran was added to a solution of 1.81 max. residual electron density 0.27 (20.34) e A

˚
23, hydrogen atoms

g (10 mmol) of the fulvene 7 in 30 ml of ether at 0°C. The mixture calculated and refined as riding atoms.
was stirred for 20 h at ambient temperature, then the solvent was

Synthesis of Bis(η5:κ-N-{1-[(trimethylsilyl)amido]ethenyl}cyclo-removed in vacuo. The residue was suspended in pentane and the
pentadienyl)zirconium (10b): 362 mg (2.62 mmol) of the fulvene 7solid product collected by filtration, washed with pentane and dried
was doubly deprotonated by treatment with 566 mg (5.28 mmol)in vacuo to yield 3.10 g (89%) of 8b (· 1.5 THF). 2 1H NMR
of LDA in 50 ml of THF. This solution was then added dropwise(200.1 MHz, [D8]tetrahydrofuran): δ 5 5.81 (m, 2 H) and 5.66 (m,
at 220°C to a solution of 489 mg (1.30 mmol) of ZrCl4 · 2 THF2 H, Cp), 3.61 (1 H) and 3.17 (1 H, AB system, 2JHH 5 2.6 Hz,
in 40 ml of THF. The reaction mixture was warmed to room tem-C5CH2), 20.01 [s, 9 H, Si-CH3)3]. 2 13C NMR (50.3 MHz, [D8]te-
perature and stirred for 2 h. The solvent was then removed in vacuotrahydrofuran): δ 5 130.0 (C5CH2), 119.1 (ipso-C of Cp), 104.5,
and the product extracted from the residue with 100 ml of pentane101.3 (Cp), 73.3 (C5CH2), 2.4 [Si(CH3)3].
to yield 446 mg (77%) of 10b, mp 117°C (DSC, decomp.). 2

Reaction of 8a with Titanium Tetrachloride, Preparation of
C20H30N2Si2Zr (445.9): calcd. C 53.88, H 6.78, N 6.28, found C

Bis{η5:κ-O-[1-(pivaloylamido)ethenyl]cyclopentadienyl}titanium
53.42, H 7.35, N 6.18. 2 1H NMR ([D2]dichloromethane): δ 5

(9a): A suspension of the dilithium compound 8a, generated by
6.36 (m, 4 H), 6.20, 5.80 (m, each 2 H, Cp), 3.95, 3.90 (AB, each

treatment of 191 mg (1.00 mmol) of the fulvene 5c with 220 mg
2 H, 5CH2), 0.16 [s, 18 H, Si(CH3)3]. 2 13C NMR ([D2]dichloro-

(2.06 mmol) of LDA in 50 ml of THF at 220°C (24 h), was slowly
methane): δ 5 150.1 (C5CH2), 118.2 (ipso-C, Cp), 116.3, 114.7,

added at 220°C to a solution of 167 mg (502 µmol) TiCl4 · 2
122.9, 109.6 (Cp), 87.6 (5CH2), 1.6 (SiMe3). 2 IR (KBr): ν̃ 5

THF in 50 ml of THF. The dark red mixture was warmed to room
1591 cm21.

temperature and then stirred for 3 h. The solvent was removed in
vacuo and the residue extracted with 80 ml of pentane. Removal Synthesis of Bis(diethylamido){η5:κ-O-[1-(pivaloylamido)eth-
of the solvent in vacuo gave the product 9a as a red, microcrystal- enyl]cyclopentadienyl}zirconium (11): A suspension of the dilithium
line solid, yield 124 mg (58%), mp 123°C (DSC, decomp.), that reagent 8a, generated by treatment of the fulvene 5c (339 mg, 1.78
was characterized spectroscopically. 2 1H NMR ([D2]dichlorome- mmol) with 381 mg (3.56 mmol) of LDA in 50 ml of THF, was
thane): δ 5 6.21, 6.12, 6.07, 5.82 (m, each 2 H, Cp), 5.32, 4.89 (d, combined with a suspension of 794 mg (1.77 mmol) of
2J 5 0.96 Hz, each 1 H, C5CH2), 1.13 [s, 18 H, C(CH3)3]. 2 13C (Et2N)2ZrCl2 · 2 THF in 50 ml of THF at 0°C. After stirring for
NMR (CD2Cl2): δ 5 176.9 (NCO), 146.0 (C5CH2), 124.5 (ipso-C, 2 h at room temperature, the solvent was removed in vacuo and
Cp), 126.3, 117.3, 109.9, 107.3 (Cp), 105.3 (C5CH2), 39.1, 28.6 the product isolated from the residue by extraction with 50 ml of
[C(CH3)3]. 2 IR (KBr): ν̃ 5 1619, 1566, 1557 cm21. pentane. Yield of 11: 528 mg (70%) as a red viscous oil. 2

C20H35N3OZr (424.7): calcd. C 56.56, H 8.31, N 9.89, found CPreparation of Bis(η5:κ-N-{1-[(trimethylsilyl)amido]ethenyl}-
55.66, H 8.54, N 9.71. 2 1H NMR ([D6]benzene): δ 5 5.97, 5.90cyclopentadienyl)titanium (9b): Analogously as described above,
(m, each 2 H, Cp), 5.25, 5.00 (d, 2J 5 1.6 Hz, each 1 H, C5CH2),treatment of 688 mg (3.84 mmol) of the fulvene 7 with 822 mg
3.12 (q, 3J 5 7.4 Hz, 8 H, NCH2), 1.38 [s, 9 H, C(CH3)3], 0.88 (t,(7.68 mmol) of LDA followed by reaction with 641 mg (1.92 mmol)
3J 5 7.4 Hz, 12 H, NCH2CH3). 2 13C NMR ([D8]THF): δ 5 171.4of TiCl4 · 2 THF gave 9b, yield 626 mg (81%), mp 135°C (DSC,
(NCO), 147.6 (C5CH2), 125.3 (ipso-C, Cp), 111.3, 110.5 (Cp),decomp.). 2 1H NMR ([D6]benzene): δ 5 6.55, 6.91, 5.28, 5.11 (m,
102.4 (C5CH2), 44.3 (NCH2), 38.8, 28.6 (CMe3), 15.6each 2 H, Cp), 4.07, 3.95 (d, each 1 H, 5CH2), 0.27 [s, 18 H,
(NCH2CH3). 2 IR (NaCl): ν̃ 5 1590 cm21.Si(CH3)3]. 2 13C NMR ([D8]tetrahydrofuran): δ 5 151.3 (C5CH2),

122.3 (ipso-C, Cp), 117.7, 116.6, 115.4, 114.0 (Cp), 84.3 (C5CH2), Synthesis of Bis(diethylamido)(η5:κ-N-{1-[(trimethylsilyl)ami-
2.65 (SiMe3). 2 IR (KBr): ν̃ 5 1623 cm21. do]ethenyl}cyclopentadienyl)zirconium (12): Analogously as de-

scribed above, the fulvene 7 (100 mg, 55.9 mmol) was doubly depro-Synthesis of Bis{η5:κ-O-[1-(pivaloylamido)ethenyl]cyclopen-
tadienyl}zirconium (10a): 546 mg (2.86 mmol) of the fulvene 5c was tonated by treatment with 120 mg (112 mmol) of LDA in 50 ml of

THF. The resulting solution of 8b was then allowed to react withdoubly deprotonated by treatment with 614 mg (5.74 mmol) of
LDA in 50 ml of THF, analogously as described above. A solution a solution of 253 mg (561 µmol) of (Et2N)2ZrCl2 · 2 THF in 50

ml of THF. After workup of the mixture as described above andof ZrCl4 · 2 THF (539 mg, 1.43 mmol) in 50 ml of THF was added
at ambient temperature. After stirring for 20 h at room tempera- extraction with pentane, complex 12 was obtained as a dark col-

ored viscous oil, yield 176 mg (76%). 2 C18H35N3SiZr (412.8):ture, the solvent was removed in vacuo. Extraction with pentane
yielded 739 mg (74%) of the product 10a, mp 111°C (DSC, de- calcd. C 52.37, H 8.55, N 10.18; found C 52.39, H 7.98, N 9.85. 2

1H NMR ([D6]benzene): δ 5 6.03, 5.92 (m, each 2 H, Cp), 4.36,comp.). 2 C24H30N2O2Zr (469.8): calcd. C 61.37, H 6.44, N 5.96;
found C 59.84, H 6.63, N 5.96. 2 1H NMR ([D8]tetrahydrofuran, 4.34 (AB, each 1 H, 5CH2), 3.13 (q, 3J 5 6.9 Hz, 8 H, NCH2),

0.90 (t, 3J 5 6.9 Hz, 12 H, NCH2CH3), 0.39 [s, 9 H, Si(CH3)3]. 2600 MHz): δ 5 6.40, 6.35, 6.17, 5.82 (m, each 2 H, Cp), 4.80, 4.73
(d, 2J 5 1.4 Hz, each 2 H, 5CH2), 1.12 [s, 18 H, C(CH3)3]. 2 13C 13C NMR ([D6]benzene): δ 5 150.9 (C5CH2), 112.2 (ipso-C, Cp),

115.4, 111.3 (Cp), 87.9 (5CH2), 43.3 (NCH2), 15.6 (NCH2CH3),NMR ([D2]dichloromethane, 50 MHz): δ 5 174.1 (NCO), 145.9
(C5CH2), 125.8 (ipso-C, Cp), 120.9, 113.0, 108.3, 106.0 (Cp), 103.9 0.8 [Si(CH3)3]. 2 IR (NaCl): ν̃ 5 1626 cm21.
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Bercaw, J. Am. Chem. Soc. 1994, 116, 4623. W. E. Piers, P. J.Ethene Polymerization Reactions: For the high-pressure polymer-
Shapiro, E. E. Bunel, J. E. Bercaw, Synlett 1990, 2, 74. E. E.ization reactions [p(ethene) ø 40 bar] a steel autoclave was used Bunel, B. J. Burger, J. E. Bercaw, J. Am. Chem. Soc. 1988, 110,

that was equipped with a connected steel dropping funnel that 976. P. J. Shapiro, E. E. Bunel, W. P. Schaefer, J. E. Bercaw,
Organometallics 1990, 9, 867.could be kept under the same pressure. This 100-ml autoclave was

[4] [4a] J. C. Stevens, F. J. Timmers, D. R. Wilson, G. F. Schmidt,charged through the dropping funnel under argon with 20 ml of a
P. N. Nickias, R. K. Rosen, G. W. Knight, S. Lai, Eur. Patent10% methylalumoxane solution in toluene. The dropping funnel
Appl. EP 416815-A2, 1991 (Dow Chemical Co.) (Chem. Abstr.

was rinsed with 20 ml of toluene which was added to the contents 1991, 115, 93163m); J. M. Canich, Eur. Patent Appl. EP
of the autoclave. Ethene pressure (ca. 40 bar) was applied to the 420436-A1, 1991 (Exxon Chemical Co.) (Chem. Abstr. 1991,

115, 184145y); J. M. Canich, G. G. Hlatky, H. W. Turner, PCTreaction vessel, and the system was allowed to equilibrate for 0.5 h
Appl. WO 92-00333, 1992 (Chem. Abstr. 1992, 116, 174967z).with stirring. 10 ml of a toluene solution of the organometallic
2 [4b] J. Okuda, F. J. Schattenmann, S. Wocaldo, W. Massa,

catalyst precursor (12 or 1c, respectively) was added under pressure. Organometallics 1995, 14, 789. K. E. du Plooy, U. Rose, H.-C.
The temperature of the reaction mixture raised rapidly, in a specific Kang, J. Okuda, W. Massa, Chem. Ber. 1996, 129, 275. D. D.

Devore, F. J. Timmers, D. L. Hasha, R. K. Rosen, T. J. Marks,case (see Table 2, entry 2) to 141°C. After a typical reaction time
P. A. Deck, C. L. Stern, Organometallics 1995, 14, 3132. Y.-X.of e.g. 20 min the monomer feed was stopped which resulted in a
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J. L. Petersen, Organometallics 1996, 15, 1572. L. Kloppenburg,

ene and then washed 3 3 consecutively with half conc. HCl, H2O, J. L. Petersen, Organometallics 1996, 15, 7. 2 [4d] A. L.
and then with acetone. The resulting polyethylene samples were McKnight, Md. A. Masood, R. M. Waymouth, D. A. Straus,

Organometallics 1997, 16, 2879. Y.-X. Chen, T. J. Marks, Or-then dried for 24 h at 70°C. Details of the respective polymerization
ganometallics 1997, 16, 3649. F. Amor, T. P. Spaniol, J. Okuda,experiments carried out according to this general procedure are
Organometallics 1997, 16, 4765; and references cited in these ar-

compiled in Table 2. In a number of experiments (Table 2, entries ticles.
4, 5, and 7) the starting materials 12 and 1c were pretreated with [5] M. Könemann, G. Erker, R. Fröhlich, E.-U. Würthwein, J. Am.
trimethylaluminum in toluene before they were given into the reac- Chem. Soc. 1997, 119, 11155, and references cited therein.
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2 12 (11.0/26.7) 20 1200 42 25 141 15.2 145 32.5 Trends Poly. Sci. 1994, 2, 153; [7b] P. B. Hitchcock, J. Hu, M. F.
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lowed to proceed for 1.5 h. The system was then vented and its kamp, G. Erker, R. Fröhlich, Z. Naturforsch. 1996, 51b, 1649.
H. C. Strauch, G. Erker, R. Fröhlich, Chem. Ber. 1996, 129,contents quenched by treatment with aqueous HCl/CH3OH.
1029.Workup analogously as described above gave 3.6 g polyethylene
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The new pyridyl-substituted phosphaferrocene ligands 3 and phosphane complexes with monodentate P-coordinated
phospha-ferrocene ligands. Reaction of the ligand 6 with6 are prepared by addition of lithiated pyridine or α-picoline

to 2-formyl-3,4-dimethylphosphaferrocene (1). The ligands 3 [(C3H5)PdCl]2 and NH4PF6 gives the seven-membered
chelate complex [(C3H5)Pd·6]PF6 (13) which wasand 6 react with [Cp*RuCl]4 in THF to give the P,N-chelate

complexes [Cp*RuCl·3] (9) and [Cp*RuCl·6] (10) with high characterized by X-ray diffraction. The ligands 3 and 6 were
tested in the palladium-catalyzed asymmetric alkylation ofdiastereoselectivity. Addition of monodentate ligands like

CO or PPh3 to the complexes leads by displacement of the 1,3-diphenylallyl acetate.
Ru-bound pyridyl group to the respective carbonyl or

Scheme 1. Preparation of ligands 3 and 6[a]Chiral chelate ligands continue to be of interest in coordi-
nation chemistry and asymmetric catalysis. Recently, we re-
ported a new concept for chelate ligands with planar chiral-
ity based on substituted phosphaferrocenes. Meanwhile, we
have prepared a variety of P,P and P,N compounds com-
prising, inter alia, those with aminoalkyl, phosphanylalkyl
and phosphinite donor substituents attached to the phos-
phaferrocene nucleus. [1] [2] In this contribution we wish to
report the syntheses of pyridyl-substituted phosphaferro-
cenes as well as the coordination behaviour of the new li-
gands toward transition-metal fragments. Furthermore,
preliminary results obtained with the new ligands in the Pd-
catalyzed asymmetric alkylation of 1,3-diphenylallyl acetate
are reported.

Results

Ligand Synthesis [a] Reagents: i: 2-Lithiopyridine, Et2O, 55%. 2 ii: NaBH4,
CF3CO2H, CH2Cl2, 64%. 2 iii: 2-(lithiomethyl)pyridine, THF,As depicted in Scheme 1, the synthesis of the pyridyl li- 77%. 2 iv: Aqueous acidic conditions. 2 v, vi: NaBH4, CF3CO2H,

gands 3 and 6 can be carried out in one-pot procedures CH2Cl2, 80%.
starting from 2-formyl-3,4-dimethylphosphaferrocene (1)
which has already proven to be a versatile building block
for the synthesis of phosphaferrocene ligands before. [1] [2] ditions, the formation of the olefin 5 (as a mixture of E and

Z isomers) is observed by elimination of water. However,Treatment of the aldehyde 1 with 2-lithiopyridine 2 pre-
pared in situ from 2-bromopyridine and nBuLi 2 leads to the olefin can successfully be transformed into the desired

saturated ligand 6 by treatment with NaBH4 and trifluoro-the alcohol 2 (de 83%) which can be deoxygenated with
NaBH4 and trifluoroacetic acid to yield the pyridylmethyl acetic acid. The ligands 3 and 6 are obtained in good yield

in analytically pure form after chromatography on deacti-ligand 3 as a brown oil which crystallizes on standing. The
homologous pyridylethyl ligand 6 with a backbone ex- vated alumina and exhibit resonances in the 31P-NMR

spectra in the expected range [δ 5 277.1 (3) and 280.2 (6)].tended by one CH2 unit is obtained in an analogous reac-
tion sequence when 2-(lithiomethyl)pyridine 2 prepared Recently, Mathey and coworkers reported the synthesis of

the 2-(29-pyridyl)phosphaferrocene ligand 8 by combiningfrom 2-methylpyridine by deprotonation with nBuLi 2 is
employed as the nucleophilic reagent. the [1,5]-sigmatropic rearrangement of the P-pyridyl-substi-

tuted phosphole 7 with the complexation reaction withIf the work-up procedure of the preliminarily formed al-
cohol 4 (de 60%) is carried out under slightly acidic con- [CpFe(CO)2]2 in a one-pot procedure. [3]
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Scheme 2. Synthesis of complexes

However, since Mathey9s synthesis is carried out under
non-stereoselective conditions the racemate of ligand 8 was
obtained, whereas our approach allows the synthesis of the
enantiomerically pure ligands 3 and 6, starting from the
enantiomerically pure aldehyde 1 which is readily available
on a preparative scale. [4]

Complexation Experiments

Cp*Ru Complexes: Reaction of the ligands 3 and 6 with
appropriate metal fragments should lead to six- and seven-
membered chelate complexes, respectively. First, experi-
ments were carried out with [Cp*RuCl]4 as a source of Cp*

the reaction products are easily obtained from the inte-RuCl fragments with two vacant coordination sites. [1] [5] If
grated 31P-NMR spectra. Interestingly, the reactions withthe reactants are mixed in a metal-to-ligand ratio of 1:1 in
CO lead to almost complete epimerization at the Ru centreTHF the quantitative formation of the anticipated chelate
(dr < 60:40), whereas the additions of PPh3 proceed withcomplexes [Cp*RuCl·3] (9) and [Cp*RuCl·6] (10) is ob-
diastereoselectivities of dr 5 92:8 and 86:14; thus, theserved within a few moments by NMR spectroscopy. The
stereochemical integrity is at least partially preserved in thecomplexes 9 and 10 are isolated in analytically pure form
latter case. The carbonyl complex [Cp*RuCl(CO)·3] (11a)as yellow and orange microcrystalline solids in 95 and 93%
now exhibits a coupling constant of 2J(HP) 5 31 Hz in theyield, respectively. In the 31P-NMR spectra a characteristic
expected range and the resonance for the pyridyl 6-H at δ 5downfield shift of ca. 95 ppm is observed for the phospholyl
8.50 is characteristic for an uncoordinated pyridyl group.P atom on going from the free ligands to the complexes.
The carbonyl C signal appears as a doublet with 2J(CP) 5Whereas the typical reduction of the 2J(HP) coupling con-
36 Hz, comparable to the value reported by Kirchner et al.stant for the α-phospholyl proton from 36 Hz to 33 Hz is
for the complex [Cp*RuCl(CO)(Ph2PCH2CH2NMe2)]. [7] Inobserved for the complexation of ligand 3, an unpre-
the PPh3 complexes 11b and 12b the resonances of the Pcedented increase of that coupling constant to 40 Hz was
nuclei appear as doublets with 2J(PP) coupling constants inobserved for the transformation of the ligand 6 to the com-
the range of 55 to 68 Hz (see Experimental Section).plex 10. The N-coordination of the pyridyl group to the Ru

(Allyl)palladium Complexes: (Allyl)palladium complexescentre in that complex leads to a downfield shift for the
with P,N-chelate ligands have been intensively studied inpyridine 6-H from δ 5 8.47 to 9.70. As a result of the che-
view of their superior performance in catalytic asymmetriclate formation reaction with the Cp*Ru fragment the Ru
allylic substitutions. [8] The reaction of the ligands 3 and 6atom becomes a stereogenic centre in the complexes. Only
with [(C3H5)PdCl]2 in ethanol proceeds smoothely and isone set of signals is observed in the NMR spectra of the six-
accompanied by a color change from orange to deep red.membered chelate complex 9 indicating the stereoselective
The complexes were precipitated by addition of NH4PF6formation of only one diastereomer (dr > 99:1). The more
and isolated by filtration. The complex formed with ligandflexible seven-membered chelate complex 10 is also formed
3 turned out to be insoluble in common organic solventswith high, but significantly decreased selectivity (dr 5 95:5).
which precluded further characterization. We anticipate theThe high diastereoselectivity observed in the reaction of the
formation of a polymeric structure with the ligand 3 actingligands 3 and 6 with [Cp*RuCl]4 is in contrast to the find-
in a bridging rather than a chelating manner. In contrast,ings of Consiglio et al. who observed the formation of al-
the complex [(C3H5)Pd·6]PF6 (13) is soluble in polar sol-most 1:1 mixtures of diastereomers in the reaction of chiral
vents and can be recrystallized from ethanol to give orangebidentate P,P-chelate ligands with the tetrameric ru-
needles which were suited for X-ray diffraction analysis.thenium complex. [6]

Addition of monodentate ligands such as CO or PPh3 to
THF solutions of the chelate complexes 9 and 10 leads un-
der selective rupture of the Ru2N bond to the formation
of the respective carbonyl or PPh3 complexes 11 and 12 in
which the ligands 3 and 6 behave as monodentate P ligands
(Scheme 2). The reactions were monitored by IR and multi-
nuclear NMR spectroscopy. The diastereomeric ratios of
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A PLATON plot of the molecular structure of the cation sterically more demanding 1,3-diphenyl substitution on the

allyl ligand. In complex 13 the Pd2P1 vector is only slightlyof complex 13 is depicted in Figure 1, selected bond lenghts
and angles are compiled in Table 1. The structure features tilted out of the phospholyl mean plane away from the

CpFe fragment [tilt angle: 3.7(4)°]. The coordination planethe typical parameters for a Pd centre in a distorted square-
planar coordination geometry with a bite angle P12Pd2N about the Pd atom forms an angle with the allyl plane of

112.3(9)°.of 93.6(3)°.
The 31P-NMR spectrum of complex 13 shows one broadFigure 1. Molecular structure (PLATON) of the cation of complex

signal (δ 5 242.6) at room temperature. On cooling to13; hydrogen atoms have been omitted for clarity
220°C four baseline-separated signals are observed in the
range from δ 5 239 to 244 in the ratio of 15:16:39:30. We
assume, that these signals are due to the presence of two
isomers with exo and endo orientation of the allyl ligand,
which both exist in two different chelate ring confor-
mations. Such conformational isomers of seven-membered
(allyl)Pd-P,N-chelate complexes have been observed by
Togni et al. [9b]

Reaction of the pyridine ligand 6 with [(1,3-
Ph2C3H3)PdCl]2 under the same conditions as above leads
to the analogous chelate complex 14 with a (diphenylal-
lyl)palladium fragment which was recrystallized from
CH2Cl2/hexane. At room temperature 3 broad signals are
found in the 31P-NMR spectrum in CD2Cl2, which split
into 4 resonances at 220°C. Obviously, the activation en-
thalpy for the dynamic interconversion of the isomers isTable 1. Selected bond lengths [A

˚
] and angles [°] of complex 13

higher in the 1,3-diphenylallyl case.
Pd2P1 2.274(3) P12Pd2N 93.6(3) Preliminary experiments were carried out with ligands 3
Pd2N 2.13(1) P12Pd2C30 99.0(5) and 6 to test their applicability in asymmetric allylic substi-Pd2C30 2.12(1) P12Pd2C31 134.2(7)

tutions. 1,3-Diphenylallyl acetate was treated with sodiumPd2C31 2.09(1) N2Pd2C31 130.6(7)
Pd2C32 2.18(2) N2Pd2C32 99.1(6) malonate as C-nucleophile in the presence of [(C3H5)PdCl]2P12C2 1.75(1) Pd2P12C2 126.7(5)

and the enantiomerically pure ligands 3 or 6 (5 mol-%) inP12C5 1.71(1) Pd2P12C5 141.2(5)
C302C31 1.39(2) C22P12C5 91.4(7) THF. The substitution reaction is complete after 3 h at
C312C32 1.34(2) C102N2C14 120(1) room temperature and the product 15 was isolated inN2C10 1.33(2) Pd2C302C31 69.5(8)

65280% yield. However, the enantiomeric purity was onlyN2C14 1.34(2) Pd2C322C31 68(1)
C22C3 1.41(2) C302C312C32 123(2) 19 and 11%, respectively.
C42C5 1.39(2)

As is usually observed for palladium complexes with P,N
ligands the distance Pd2P1 [2.274(3) A

˚
] is significantly

longer than the corresponding bond to the nitrogen donor
[Pd2N: 2.13(1) A

˚
], although the differences tend to be

more pronounced for P,N ligands with phosphane donor We are currently modifying the ligands in order to obtain
groups. [9] [10] The high π-acceptor character of the phospho- higher selectivity in catalysis. Furthermore, we are looking
lyl P atom leads to the rather short Pd2P distance. This π for other catalytic reactions for which the ligand type de-
acidity has another consequence involving the Pd2C bond scribed here might be better suited.
lenghts: the distances Pd2C30 [2.12(1) A

˚
] and Pd2C32

Support of this work by the Deutsche Forschungsgemeinschaft[2.18(2) A
˚

] are not very different if compared to (allyl)Pd
(SFB 380) is greatfully acknowledged.complexes with softer P donors, where the Pd2C bond

trans to the phosphorus atom is often found to be roughly
Experimental Section10 pm longer than the Pd2C bond trans to the sp2 nitrogen

General: All manipulations were carried out under dry N2 indonor atom.[9] [10] The allyl ligand adopts an almost sym-
Schlenk glassware. Solvents were dried and purified by standardmetrical orientation with respect to the coordination plane
methods and were stored under N2. 2 NMR: Varian Unity 500of the palladium centre as is evident from the virtually
(499.843 MHz, 1 H, int. TMS; 125.639 MHz, 13C{1H}, APT, int.identical angles between the plane (P1,Pd,N) and the planes
TMS; 202.265 MHz, 31P{1H}, ext. 85% H3PO4). 2 MS: Finnigan

(Pd,C30,C31) (27.8°) and (Pd,C31,C32) (28.4°), respec- MAT 95. 2 Elemental analysis (C, H, N): Carlo-Erba elemental
tively. In contrast, a pronounced rotation of the 1,3-di- analyzer, Modell 1106. 2 IR: Perkin-Elmer 1720 X FTIR. 2
phenylallyl moiety about the (allyl)Pd axis by ca. 15220° 2-Formyl-3,4-dimethylphosphaferrocene (1), [11] [Cp*RuCl]4, [5]

was observed in complexes with ferrocene-derived P,N li- [(C3H5)PdCl]2 [12] and di-µ-chlorobis(1,3-diphenyl-π-allyl)dipalla-
dium[13] were prepared as described in the literature.gands. [9] This rotation seems to be the consequence of the
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(3,4-Dimethylphosphaferrocene-2-yl)(pyridin-2-yl)methanol (2): which was further purified by chomatography on alumina. Elution

with Et2O/THF (1:1) and evaporation of solvents gave 3 (1.32 g,2-Bromopyridine (0.83 ml, 8.71 mmol) was dissolved in 5 ml of
Et2O, cooled to 278°C and nBuLi (5.4 ml of a 1.6  solution in 3.73 mmol, 77%) as orange powder, de 60%. 2 1H NMR (CDCl3,

major isomer): δ 5 2.12 (s, 3 H, CH3), 2.19 (s, 3 H, CH3),hexane, 8.71 mmol) was added. After stirring for 30 min at 278°C,
a solution of 2-formyl-3,4-dimethylphosphaferrocene (1) (1.75 g, 2.8023.00 (m, 2 H, CH2), 3.70 (d, J 5 36.6 Hz, 1 H, α-CH), 4.19

(s, 5 H, Cp), 4.57 (s, 1 H, OH), 4.68 (m, 1 H, CHOH), 7.1027.606.3 mmol) in 10 ml Et2O was added, the cooling bath was removed
and the mixture was stirred for additional 3 h. The reaction was (m, 3 H, CH), 8.50 (d, J 5 4.9 Hz, 1 H, NCH). 2 13C NMR

(CDCl3, major isomer): δ 5.13.9 (s, 1 C, CH3), 16.6 (s, 1 C, CH3),quenched by 10 ml of H2O and the phases were seperated. The
aqueous phase was washed twice with Et2O, the combined organic 47.1 (s, 1 C, CH2), 71.6 (d, J 5 12,0 Hz, 1 C, CHOH), 72.0 (s, 5

C, Cp), 75.5 (d, J 5 60.0 Hz, 1 C, α-CH), 91.7 (s, 1 C, CCH3), 96.2phases were washed with H2O and brine and dried with Na2SO4.
Filtration and concentration gave the crude product as a brown oil (s, 1 C, CCH3), 105.5 (d, J 5 60.6 Hz,1 C, α-CCHOH), 121.7 (s, 1

C, CH), 124.2 (s, 1 C, CH), 136.4 (s, 1 C, CH), 148.4 (s, 1 C, NCH),which was further purified by chromatography on alumina (eluent:
THF). 2 was isolated as brown crystals (1.25 g, 3.5 mmol, 55%) 159.5 (s, 1 C, NCCH2). 2 31P NMR (CDCl3): δ 5 286.5 (major

isomer), 285.0 (minor isomer). 2 MS (70 eV); m/z (%): 353.1 (50)after removal of the solvent in vacuo, de 83%. 2 1H NMR (CDCl3,
major isomer): δ 5 2.21 (s, 3 H, CH3), 2.28 (s, 3 H, CH3), 3.77 (d, [M1], 335.2 (55) [(M 2 H2O)1], 232 (70) [(M 2

CHOHCH2C5H4N)1]. 2 C18H20FeNOP (353.2): calcd. C 61.21, H2JPH 5 36 Hz, 1 H, α-CH), 4.17 (s, 1 H, OH), 4.29 (s, 5 H, Cp),
5.43 (br. s, 1 H, CHOH), 7.3028.60 (4 H, pydidine H). 2 13C 5.71, N 3.96; found C 61.53, H 6.12, N 4.14.
NMR (CDCl3, major isomer): δ 5 14.4 (s, 1 C, CH3), 16.6 (s, 1 C,

2-[(3,4-Dimethylphosphaferrocene-2-yl)ethyl]pyridine (6): 4 (1.32CH3), 72.1 (s, 5 C, Cp), 73.2 (d, J 5 12.5 Hz, 1 C, CHOH), 76.4
g, 3.72 mmol) was treated as described above for the preparation(d, J 5 59.1 Hz, 1 C, α-CH), 92.6 (s, 1 C, CCH3), 96.3 (s, 1 C,
of 3. The product 6 (0.98 g, 2.91 mmol, 80%) was isolated as aCCH3), 104.9 (d, J 5 57.6 Hz, 1 C, α-CCHOH), 120.7 (s, 1 C,
brown oil. 2 1H NMR (CDCl3): δ 5 2.10 (s, 3 H, CH3), 2.18 (s, 3CH), 122.2 (s, 1 C, CH), 136.4 (s, 1 C, CH), 147.8 (s, 1 C, NCH),
H, CH3), 2.58 (m, 2 H, CH2), 2.87 (m, 2 H, CH2). 3.67 (d, J 5162.3 (s, 1 C, NCCHOH). 2 31P NMR (CDCl3): δ 5 286.1 (major
35.7 Hz, 1 H, α-CH), 4.07 (s, 5 H, Cp), 7.10 (m, 2 H, CH), 7.55isomer), 277.9 (minor isomer). 2 MS (70 eV); m/z (%): 339.0 (100)
(m 1 H, CH), 8.55 (s, 1 H, NCH). 2 13C NMR (CDCl3): δ 5 13.4[M1], 322.8 (10) [(M 2 O)1], 274.1 (45) [(M 2 Cp)1], 232.0 (20)
(s, 1 C, CH3), 16.8 (s, 1 C, CH3), 31.0 (s, 1 C, CH2), 41.2 (s, 1 C,[(M 2 CHOHC5H4N)1]. 2 C17H18

56FeNOP (339.3): calcd. C
CH2), 71.8 (s, 5 C, Cp), 75.3 (d, J 5 58.7 Hz, 1 C, α-CH), 93.0 (s,339.047539; found 339.047502 (HRMS).
1 C, CCH3), 95.4 (s, 1 C, CCH3), 99.1 (d, J 5 58.6 Hz, 1 C, α-

2-[(3,4-Dimethylphosphaferrocene-2-yl)methyl]pyridine (3): 5 ml CCH2), 121.0 (s, 1 C, CH), 123.0 (s, 1 C, CH), 136 (s, 1 C, CH),
of CF3COOH was cooled to 0°C and 1/2 of an NaBH4 tablet was 149.1 (s, 1 C, NCH), 161.5 (s, 1 C, NCCH2). 2 31P NMR (CDCl3):
added. A solution of 2 (0.52 g, 1.48 mmol) in 10 ml of CH2Cl2 was δ 5 280.2 . 2 MS (70 eV); m/z (%): 337.2 (100) [M1], 272.3 (60)
slowly added and the reaction mixture was stirred over night at [(M 2 Cp)1], 245.1 (20) [(M 2 CH2C5H4N)1]. 2 C18H20FeNP
room temp. Solvents were evaporated in vacuo and 10 ml of H2O (337.2): calcd. C 64.12, H 5.98, N 4.15; found C 63.46, H 5.87,
and 10 ml of CH2Cl2 were added. Phases were separated, the aque- N 4.01.
ous phase was washed twice with CH2Cl2, the combined organic

[Cp*RuCl·3] (9): 3 (38,0 mg, 0.12 mmol) was dissolved in 3 mllayers were washed with water and brine and dried with Na2SO4.
of THF and added to a suspension of [Cp*RuCl]4 (31.9 mg, 0.029Filtation and evaporation of the solvent gave the crude product.
mmol) in 2 ml of THF. The resulting clear red solution was stirredChromatography on alumina with hexane/Et2O (4:1) as eluent gave
for 30 min, filtered and the solvent was evaporated. The yellow3 (0.32 g, 0.95 mmol, 64%) as brown oil, which crystallized within
powder was washed with a small portion of hexane and dried in24 h. 2 1H NMR (CDCl3): δ 5 2.11 (s, 3 H, CH3), 2.18 (s, 3 H,
vacuo to give spectroscopically pure 9 (67.8 mg, 0.11 mmol, 95%),CH3), 3.70 (m, 2 H, CH2), 3.73 (d, J 5 36.0 Hz, 1 H, α-CH), 4.14
dr > 99:1. 2 1H NMR ([D8]THF): δ 5 1.53 (d, J 5 2.9 Hz, 15 H,(s, 5 H, Cp), 7.05 (m, 2 H, CH), 7.51(m, 1 H, CH), 8.47 (br. s, 1
Cp*), 2.20 (s, 3 H, CH3), 2.22 (s, 3 H, CH3), 3.38 (m, 2 H, CH2),H, NCH). 2 13C NMR (CDCl3): δ 5 13.7 (s, 1 C, CH3), 16.9 (s,
3.58 (d, J 5 40 Hz, 1 H, α-CH), 3.79 (s, 5 H, Cp), 7.10 (m, 1 H,1 C, CH3), 39.9 (d, J 5 6.0 Hz, 1 C, CH2), 72.1 (s, 5 C, Cp), 76.0
CH), 7.18 (m, 1 H, CH), 7.59 (m, 1 H, CH), 9.70 (d, J 5 4.9 Hz,(d, J 5 57.0 Hz, 1 C, α-CH), 93.7 (d, J 5 3.9 Hz, 1 C, CCH3),
1 H, NCH). 2 13C NMR ([D8]THF): δ 5 8.5 (s, 5 C, CH3-Cp*),95.8 (d, J 5 6.8 Hz, 1 C, CCH3), 96.3 (d, J 5 57.4 Hz, 1 C, α-
11.5 (s, 1 C, CH3), 14.9 (s, 1 C, CH3), 36.3 (d, J 5 13.8 Hz, 1 C,CCH2), 121.2 (s, 1 C, CH), 122.6 (s, 1 C, CH), 136.1 (s, 1 C, CH),
CH2), 65.1 (d, J 5 30 Hz, 1 C, α-CH), 71.0 (s, 5 C, Cp), 79.6 (s, 1148.7 (s, 1 C, NCH), 161.6 (s, 1 C, NCCH2). 2 31P NMR (CDCl3):
C, CCH3), 81.2 (d, J 5 3.1 Hz, 5 C, CCH3-Cp*), 87.5 (d, J 5 35δ 5 277.1 . 2 MS (70 eV); m/z (%): 322.9 (100) [M1], 258.0 (60)
Hz, 1 C, α-CCH2), 120.1 (s, 1 C, CH), 123.9 (s, 1 C, CH), 134.5 (s,[(M 2 Cp)1]. 2 C17H18FeNP (323.2): calcd. C 63.18, H 5.61, N
1 C, CH), 158.2 (s, 1 C, NCH), 162.1 (d, J 5 4.9 Hz, 1 C, NCCH2).4.33; found C 62.93, H 5.71, N 4.28.
2 31P NMR ([D8]THF): δ 5 14.9 . 2 SIMS (70 eV); m/z (%): 560.3

1-(3,4-Dimethylphosphaferrocene-2-yl)-2-(pyridin-2-yl)ethanol (100) [(M 2 Cl)1]. 2 C27H33ClFeNPRu (594.9): calcd. C 54.51, H
(4): To a solution of α-picoline (0.72 ml, 7.27 mmol) in 10 ml of 5.59, N 2.35; found C 54.57, H 5.74, N 2.36.
THF at 240°C was added a solution of nBuLi in hexane (4.5 ml,
1.6  solution of nBuLi, 1.51 mmol). After warming up to room [Cp*RuCl·6] (10): 6 (56.2 mg, 0.16 mmol) was dissolved in 3 ml

of THF and added to a suspension of [Cp*RuCl]4 (45.2 mg, 0.041temp. and stirring for 15 min, the orange solution was again cooled
to 240°C and 2-formyl-3,4-dimethylphosphaferrocene (1) (1.27 g, mmol) in 2 ml of THF. The resulting clear red solution was stirred

for 30 min, filtered and the solvent was evaporated. The orange4.85 mmol), dissolved in 10 ml of THF, was added. The reaction
mixture was stirred at room temp. for 3 h, then 10 ml of H2O powder was washed with a small portion of hexane and dried in

vacuo to give spectroscopically pure 10 (94.4 mg, 0.15 mmol, 93%).was added and the organic solvent was evaporated in vacuo. After
addition of 10 ml of CH2Cl2, the phases were separated, the aque- dr 5 95:5. 2 1H NMR ([D8]THF, major isomer): δ 5 1.56 (d, J 5

2.64 Hz, 15 H, Cp*), 2.09 (s, 3 H, CH3), 2.15 (s, 3 H, CH3), 2.90ous phase was extracted twice with CH2Cl2, the combined organic
phases were washed with water and brine and dried with Na2SO4. (m, 2 H, CH2), 3.10 (m, 2 H, CH2), 3.43 (d, J 5 33 Hz, 1 H, α-

CH), 3.62 (s, 5 C, Cp), 7.09 (m, 1 H, CH), 7.32 (m, 1 H, CH), 7.64Filtration and evaporation of the solvent yielded the crude product

Eur. J. Inorg. Chem. 1998, 1163211681166



New P,N-Chelate Ligands Based on Pyridyl-Substituted Phosphaferrocenes FULL PAPER
(m, 1 H, CH), 9.80 (d, J 5 5.18 Hz, 1 H, NCH). 2 13C NMR dissolved in 10 ml of EtOH, was added and the mixture was stirred

for 30 min. The clear orange-red solution was treated with NH4PF6([D8]THF, major isomer): δ 5 10.3 (s, 5 C, CH3-Cp*), 13.3 (d, J 5

3.0 Hz, 1 C, CH3), 16.8 (d, J 5 3.2 Hz, 1 C, CH3), 33.3 (d, J 5 (25.1 mg, 0.154 mmol) and cooled to 0°C until an orange precipi-
tate formed. The orange powder was filtered off, washed with12.4 Hz, 1 C, CH2), 39.3 (d, J 5 13.2 Hz, 1 C, CH2), 67.6 (d, J 5

22.0 Hz, 1C, α-CH), 73.9 (s, 5 C, Cp), 83.1 (d, J 5 3.0 Hz, 5 C, EtOH and dried in vacuo. Recrystallization from hot EtOH gave
pure 13 (85.3 mg, 88%) as orange needles. 2 1H NMR (CD2Cl2,CCH3-Cp*), 87.0 (d, J 5 11.2 Hz, 1 C, αC), 88.5 (s, 1 C, CCH3),

91.1 (s, 1 C, CCH3), 121.9 (s, 1 C, CH), 124.2 (s, 1 C, CH), 136.3 room temp.): δ 5 2.14 (s, 3 H, CH3), 2.20 (s, 3 H, CH3), 2.75 (m,
2 H, CH2), 3.1523.25 (m, 2 H, CH2), 3.40 (br. m, 1 H, allyl-H),(s, 1 C, CH), 158.2 (s, 1 C, NCH), 168.8 (s, 1 C, NCCH2). 2 31P

NMR ([D8]THF): δ 5 17.5 (major isomer), 21.8 (minor isomer). 3.86 (s, 5 H, Cp), 3.924.2 (br. m, 2 H, allyl-H), 5.08 (br. m, 1 H,
allyl-H), 6.05 (2 br. m, 1 H, 2-allyl-H), 7.45 (s, 1 H, CH), 7.61 (s,2 MS (70 eV); m/z (%): 609.6 (1) [M1], 544.3 (2) [(M 2 Cp)1],

337.3 (100) [51]. 2 C28H35ClFeNPRu (608.9): calcd. C 55.23, H 1 H, CH), 7.97 (s, 1 H, CH), 8.71 (s, 1 H, NCH). 2 13C NMR
(CD2Cl2, room temp.): δ 5 13.5 (s, 1 C, CH3), 16.5 (s, 1 C, CH3),5.79, N 2.30; found C 55.21, H 5.98, N 2.18.
32.0 (s, 1 C, CH2), 39.5 (s, 1 C, CH2), 56.7 (d, J 5 57.0 Hz, 1 C,NMR Experiments: For the substitution reaction of the pyridine
α-CH), 74.3 (s, 5 C, Cp), 83.0 (d, J 5 30.1 Hz, 1 C, allyl-C), 83.6moiety with CO about 30 mg of the complex [Cp*RuCl·3/6] was
(d, J 5 32.7 Hz, 1 C, allyl-C), 120.8 (d, J 5 19.7 Hz, 1 C, 2-allyl-prepared in situ by dissolving ligand 3 or 6 and [Cp*RuCl]4 in
C), 124.5 (s, 1 C, CH), 126.8 (s, 1 C, CH), 140.0 (s, 1 C, CH), 152.7[D8]THF. Purity was proven by NMR and 10 ml of CO was
(s, 1 C, NCH), 165.0 (s, 1 C, NCCH2). 2 31P NMR (CD2Cl2),bubbled through the solution by syringe. Then the NMR spectra
room temp.: δ 5 242.6 (br. s, cycl. P), 2144.7 (sept, J 5 708 Hz,were recorded. For the substitution with triphenylphosphane, the
PF6), 220°C: δ 5 243.6, 242.9, 240.6, 239.5 (30:39:16:15) (cycl.complexes 9 and 10 were prepared as described and the stoichio-
P). 2 SIMS (70 eV); m/z (%): 483.3 (5) [(M 2 PF6)1], 338.3 (100)metric amount of PPh3 was added. The resulting clear red solution
[(5 1 H)1]. 2 C21H25F6FeNP2Pd (629.6): calcd. C 40.03, H 3.97,was analyzed by NMR spectroscopy.
N 2.22; found C 39.67, H 3.87, N 2.24.

[Cp*RuCl(CO)·3] (11a): dr 5 50:50. 2 1H NMR ([D8]THF):
δ 5 1.64 (br. s, 15 H, Cp*), 2.20 (br. s, 6 H, CH3), 3.46 (d, J 5 [(C13H13)Pd·6][PF6] (14): The complex was prepared from

[(C13H13)PdCl]2 as described above for 13. Recrystallisation from30.5 Hz, 1 H, α-CH, isomer I), 3.70 (d, J 5 30.8 Hz, 1 H, α-CH,
isomer II), 3.84 (br. s, 2 H, CH2), 4.31 (s, 5 H, Cp), 7.07 (br. s, 2 CH2Cl2/hexane (1:1) afforded orange-red crystals in 54% yield. 2

1H NMR (CD2Cl2, 220°C): δ 5 1.93 (s, 3 H, CH3), 2.03 (s, 3 H,H, CH), 7.49 (br. s, 1 H, CH), 8.49 (s, 1 H, NCH). 2 13C NMR
([D8]THF): δ 5 9.7 (d, J 5 5.8 Hz, 5 C, CCH3-Cp*), 13.8 (s, 1 C, CH3), 2.3522.44 (m, 2 H, CH2), 2.7822.91 (m, 2 H, CH2),

3.3423.53 (m, 1 H, α-CH), 3.5024.25 (4 s, 5 H, Cp), 5.40 (2 d, 1CH3), 16.4 (s, 1 C, CH3), 37.5 (s, 1 C, CH2), 74.0 1 74.1 (s, 1 C,
Cp), 85.2 (s, 1 C, CCH3), 88.1 (s, 1 C, CCH3), 91.5 (d, J 5 47.8 H, 2-allyl-H), 5.8425.95 (m, 1 H, allylic H), 6.7927.07 (m, 1 H,

allylic H), 7.3027.80 (m, 14 H, aromatic H). 2 13C NMR (CD2Cl2,Hz, 1 C, α-CCH2), 96.1 (s, 5 C, CCH3-Cp*), 122.0 (br. s, 2 C, CH),
135.7 (br. s, 1 C, CH), 148.5 (br. s, 1 C, NCH), 162.0 (br. s, 1 C, 123°C): δ 5 13.4 (s, 1 C, CH3), 16.6 (s, 1 C, CH3), 32.2 (s, 1 C,

CH2), 38.7 (s, 1 C, CH2), 63.4 (br. m, 1 C, α-CH), 73.5276.7 (4 s,NCCH2), 203.7 (d, J 5 36 Hz, 1 C, CO). 2 31P NMR ([D8]THF):
δ 5 10.3 (isomer I), 22.0 (isomer II). 2 IR ([D8]THF): ν̃ 5 1940 5 C, Cp), 93.8 (m, 3 C, quat. phospholyl-C), 97.0 (d, J 5 26.3 Hz,

1 C, allylic C), 109.5 (d, J 5 7.2 Hz, 1 C, allylic C), 110.4 (br. s, 1cm21.
C, allylic C), 124.32130.2 (m, 13 C, aromatic C), 138.22139.4 (m,[Cp*RuCl(CO)·6] (12a): dr 5 60:40. 2 1H NMR ([D8]THF):
3 C, aromatic ipso-C), 150.4 (s, 1 C, NCH), 164.5 (s, 1 C, NCCH2).δ 5 1.81 (d, J 5 2.8 Hz, 15 H, Cp*), 2.0022.20 (br. s, 6 H, CH3),
2 31P NMR (CD2Cl2, 124°C): δ 5 219.7, 229.4, 237.1 (8:42:50),2.6023.00 (br. m, 4 H, CH2), 3.43 and 3.52 (d, J 5 32 Hz, 1 C, α-
(3 br. s, 1 P, cycl. P), 2144.6 (sept, J 5 708 Hz, 1 P, PF6), (CD2Cl2,CH), 4.18 and 4.25 (s, 5 H, Cp), 7.0027.60 (br. m, 3 H, CH), 8.46
220°C): δ 5 218.8, 228.8, 236.4, 238.0 (7:46:38:8), (4 s, 1 P,(br. s, 1 H, NCH). 2 13C NMR ([D8]THF): δ 5 10.0 (d, J 5 4.1
cycl. P), 144.6 (sept, J 5 708 Hz, PF6). 2 SIMS (70 eV); m/z (%):Hz, 5 C, CCH3-Cp*), 13.4 (s, 1 C, CH3), 16.5 (s, 1 C, CH3), 30.0
636.5 (4)[(M 2 PF6)1], 338.3 (100) [(5 1 H)1]. 2(d, J 5 14.8 Hz, 1 C, CH2), 41.5 (br. s, 1 C, CH2), 73.9 (s, 5 C,
C33H33F6FeNP2Pd ·0.5 CH2Cl2 (824.3): calcd. C 48.85, H 4.13, NCp), 91.2 (d, J 5 55 8 Hz, 1 C, CCH3) 96.2 (s, 5 C, CCH3-Cp*),
1.70; found C 48.80, H 4.24, N 1.77.121.0 (s, 1 C, CH), 123.5 (s, 1 C, CH), 136.4 (s, 1 C, CH), 148.5 (s,

1 C, NCH), 163.0 (s, 1 C, NCCH2), 204.0 (d, J 5 26 Hz, 1 C, General Procedure for the Catalytic Allylic Alkylation:
CO). 2 31P NMR ([D8]THF): δ 5 9.7 (major isomer), 18.8 (minor [(C3H5)PdCl]2 (0.012 mmol, 4.6 mg), the ligand (3 or 6, 0.025
isomer). 2 IR ([D8]THF): ν̃ 5 1940 cm21. mmol) and 1,3-diphenyl-2-propenyl acetate (126.1 mg, 0.5 mmol)

were dissolved in 5 ml of THF to give a clear orange solution. NaH[Cp*RuCl(PPh3)·3] (11b): dr 5 92:8. 2 1H NMR ([D8]THF,
major isomer): δ 5 1.22 (d/d, 15 H, Cp*), 2.16 (s, 3 H, CH3), 2.27 (24 mg, 1.0 mmol) and dimethyl malonate (132.1 mg, 1 mmol) were

dissolved in 5 ml of THF and added to the orange solution by(s, 3 H, CH3), 2.53 (br. s, 2H, CH2), 3.03 (d, J 5 29.6 Hz, 1 H, α-
CH), 3.46 (s, 5 H, Cp), 7.0027.80 (m, 18 H, aromatic H), 8.40 (br. syringe. The solution was stirred for 13219 h, then 1 ml of acetic

acid was added and the solvent was removed in vacuo. 10 ml ofs, 1 H, NCH). 2 31P NMR ([D8]THF): major isomer: δ 5 21.6 (d,
3J 5 65.9 Hz, cycl. P), 51.7 (d, J 5 65.9 Hz, PPh3); minor isomer: water was added to the mixture, followed by extraction with Et2O.

Then the organic layers were washed with water and brine, driedδ 5 28.0 (d, J 5 51.3 Hz, cycl. P), 48.6 (d, J 5 51.3 Hz, PPh3).
with Na2SO4 and the solvent was removed in vacuo. The resulting[Cp*RuCl(PPh3)·6] (12b): dr 5 86:14. 2 1H NMR ([D8]THF,
yellow oil was further purified by chromatography on silica gel withmajor isomer): δ 5 1.29 (d/d, 15 H, Cp*), 2.22 (s, 3 H, CH3), 2.25
hexane/ethyl acetate (5:1) to yield pure product 15. The enantio-(s, 3 H, CH3), 2.5023.20 (m, 4 H, CH2), 3.51 (s, 5 H, Cp),
meric excess of 15 was determined by polarimetry, the NMR data7.0028.00 (m, 18 H, aromatic H), 8.40 (d, 1 H, NCH). 2 31P NMR
are consistent with those reported in the literature. [14]

([D8]THF): major isomer: δ 5 18.5 (d, J 5 67.8 Hz, cycl. P), 51.8
(d, J 5 67.8 Hz, PPh3); minor isomer: δ 5 29.3 (d, J 5 55.0 Hz, X-ray Structural Analysis of 13: C21H25F6FeNP2Pd, M 5 629.63
cycl. P), 50.5 (d, J 5 55.0 Hz, PPh3). g mol21, orthorhombic space group Pna21 (no. 33), a 5 8.978(1),

b 5 29.010(4), c 5 9.102(2) A
˚

, V 5 2370(1) A
˚

3, Z 5 4, dcalcd. 5[(C3H5)Pd·6][PF6] (13): [(C3H5)PdCl]2 (28.2 mg, 0,077 mmol)
was suspended in 10 ml of EtOH and 6, (52.0 mg, 0.154 mmol) 1.76 g cm23, µ(Mo-Kα) 5 15.49 cm21, F(000) 5 1256. ENRAF-
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[6] [6a] F. Morandini, G. Consiglio, B. Straub, G. Ciani, A. Sironi,Nonius CAD4, ω-2θ scan, Mo-Kα radiation (0.71073 A

˚
), graphite
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˚
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˚
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sin, R. Salzmann, A. Togni, Organometallics 1996, 15,tained free of charge on application to CCDC, 12 Union Road,
349623503. 2 [9c] P. E. Blöchl, A. Togni, Organometallics 1996,Cambridge CB2 1EZ (Fax: int. code 1 1223/336-033; E-mail: 15, 412524132.
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Heterobimetallic [Ni(salen)Ln(hfa)3] species [H2salen and derivative, by means of thermal analyses, and mass
spectrometry using a Knudsen cell. The dissociation processHhfa being N,N9-ethylenebis(salicylideneimine) and hexa-

fluoroacetylacetone respectively], where Ni(salen) acts as a [Ni(salen)Y(hfa)3] = Ni(salen) + Y(hfa)3 has been
thermodynamically investigated. Information on the solid-neutral chelating ligand towards LnIII, form a series of

isostructural compounds for Ln = YIII and any lanthanideIII state intermolecular interactions in relation with volatility
was obtained through the crystal structure determination ofcation from La to Yb. They are also isostructural with some

of the [Cu(salen)Ln(hfa)3] compounds. They sublime without the gadolinium derivative. A comparative structural study of
[Ni(salen)Gd(hfa)3] and [Cu(saloph)Y(hfa)3], [H2saloph isdecomposition under vacuum which makes them potential

single-source precursors in MOCVD. Sublimation, thermal N,N9-o-phenylenebis(salicylideneimine)], allows to under-
stand why the latter is less volatile than the former despitebehaviour, pressure and composition of the vapour phase

versus temperature have been studied for the yttrium similar molecular and solid-state structures.

Introduction To make a volatile complex associating two elements hav-
ing different chemistries, such as a d and a s or a f element,
is somewhat challenging. Surprisingly, the first reportedMany materials for high technology applications are het-
volatile heterobimetallic complex was ionic Cs[Y(hfa)4],erometallic compounds in which at least two different metal
which Lippard sublimed without decomposition both in airelements are associated (BaTiO3, NaNbO3, YBa2Cu3O7,
and in vacuum[8]. More recently, Purdy et al. reported theAsGa, NiAl, ...). Their preparation as thin films using the
synthesis of heterometallic alkoxides among which NaCu-technique of CVD requires as much precursors as metal
(OCMe3)3 and Na2Cu[OCH(CF3)2]4 start to sublime with-elements to deposit. The idea of using single-source precur-
out decomposition in dynamic vacuum at temperatures assors is somewhat attractive since it allows a simplification
low as 70°C and 90°C respectively, and Ba[Cu(OCMe3)3]2of the reactor design and processing conditions, and a good
sublimes at 1332160°C with partial decomposition[9].control of the gas phase composition up to the deposition

zone[1]. It has initiated a quest for volatile heterometallic A strategy based on the use of alkoxides as bridging li-
gands and β-diketonates as terminal ligands allowed Hu-compounds which is by itself a chemical challenge. Pio-

neering works include the growth of AsGa films from com- bert-Pfalzgraf et al. to prepare YBa3(OtBu)6(thd)3 which
sublimes at 190°C/1023 torr[10], BaY2[OCH(CF3)2]4(thd)4,pounds such as R3As2GaR93

[2]. More recently, intermet-
allic films associating a p3 element (Ga, In) and a d element BaCu2[OCH(CF3)2]4(thd)2, and YCu[OCH(CF3)2]2(thd)3

which sublime without decomposition at 150°C/1023 torr,(Ni, Co, Pt) have been grown from complexes with non-
bridged[3] [4] [5] or bridged[6] [7] d2p3 bond. This approach 170°C/1023 torr, 160°C/1023 torr respectively[11]. A LaNb3

complex, [La{OC2H4)3N}2{Nb(OPri)4}3], which sublimeswas boosted up when the technique of CVD started to be
used to grow thin films of heterotrimetallic YBa2Cu3O7 for at about 1802250°C/1021 torr, was obtained using trie-

thanolamine as a bridging ligand and isopropoxide as a ter-which not only there are three metals to deposit, but also
arises a difficulty inherent to the CVD of barium. minal ligand[12].
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We present here a thourough study of a new kind of vol- (salen)Ln(hfa)3] for Ln going from La to Yb are isostructu-

ral (the Lu derivative was not investigated). They crystallizeatile heterobimetallic complexes made from two complexes,
Ni(salen) and Ln(hfa)3, which add to form [Ni(salen)- in the monoclinic system, space group P21/n, with the fol-

lowing unit-cell constants: a 5 17.2(1), b 5 22.41(6) A
˚

, c 5Ln(hfa)3] in which Ni(salen) acts as a bidentate ligand and
coordinatively saturates Ln(hfa)3 as confirmed by the crys- 19.7(3) A

˚
, β 5 90.4(9)° for La[14]; a 5 17.153(1), b 5

22.296(2), c 5 19.454(2) A
˚

, β 5 90.36(1)° for Gd; a 5tal structure determination of the gadolinium derivative.
This structure determination was part of an investigation 17.29(1), b 5 22.349(6), c 5 19.59(1) A

˚
, β 5 90.12(6)° for

Y; a 5 17.191(3), b 5 22.056(6), c 5 19.563(4) A
˚

, β 5of the magnetism of heterobimetallic compounds of general
formula [M(salen)Ln(hfa)3] and [M(saloph)Ln(hfa)3], M 90.18(2)° for Yb. They are isostructural with [Cu(sa-

len)Gd(hfa)3] whose structure has been described in ref. [14]being Ni or Cu[13]. We observed that [Ni(salen)Gd(hfa)3]
could be transported in the vapour phase at 180°C/1022 but was not published at the time of this study. Crystal and

molecular structures of [Ni(salen)Gd(hfa)3] have been de-torr, without decomposition as checked by infra-red and
powder X-ray diffraction analyses. We have also established termined as part of an investigation of the magnetic behav-

iour[13] and of the volatility (this study) of compounds ofthat yttrium and lanthanide derivatives are isostructural. As
a preliminary study for qualification as a precursor for the [M(salen)Ln(hfa)3] (M 5 Cu, Ni) series.
MOCVD, we decided to further investigate the thermal be- The asymmetric unit is made of two symmetrically inde-
haviour of the yttrium derivative, both in the solid state and pendent [Ni(salen)Gd(hfa)3] molecules, namely mol 1 and
in the vapour phase, through thermal analyses (TGA, DTG, mol 2, paired up into a pseudo-centrosymmetrical dimeric
DTA), and mass-spectrometry using single-cell and double- entity in which Ni(salen) moieties overlap, as shown in Fig-
cell Knudsen chambers. Thermodynamical parameters rela- ure 1. There are four such dimers per unit-cell. The
tive to sublimation and partial dissociation have been de- Ni 12Ni 2 distance is equal to 3.583(1) A

˚
, and the

rived. This presentation will be completed with a descrip- Gd2Ni distances are equal to 3.165(1) A
˚

in mol 1 and
tion of the intermolecular interactions in the solid state, and 3.225(1) A

˚
in mol 2. Ni(salen) chelates gadolinium

a brief comparative study with [Cu(saloph)Gd(hfa)3] which through its oxygen atoms. It is almost planar with atom-to-
proved less easy to sublime despite an alike solid-state struc- plane deviations ranging from 20.24 to 0.33 A

˚
in mol 1,

ture. and 20.40 to 0.24 A
˚

in mol 2. The folding angles of the
This work is part of an INTAS program on synthesis and NiO(1)O(2)Gd bridging parts about O(1)O(2) are 52.2(2)°

application of heterobimetallic complexes as precursors for in mol 1 and 47.4(2)° in mol 2. In both molecules, the
the preparation of thin film materials by the technique of gadolinium atom is bound to eight oxygen atoms forming
MOCVD. a pseudo square antiprism.

A screening of van der Waals contacts gave results shownResults and Discussion
in Table 1. The shortest contacts between fluorine atoms

Crystal and Molecular Structure of [Ni(salen)Gd(hfa)3] are larger than 2.8 A
˚

, that is more than twice their van der
Waals radius of 1.35 A

˚
[15]. Examination of H···H distancesFrom single crystal studies run for the Gd, Yb and Y

derivatives in this work, and the La derivative in a previous and C2H···H angles revealed no van der Waals contacts
between 2CH or 2CH2 groups. No π-interactions was no-work[14], it may be inferred that [Ni(salen)Y(hfa)3] and [Ni-

Figure 1. Pseudo-centrosymmetrical pairing of molecule 1 and molecule 2 in [Ni(salen)Gd(hfa)3] (letters a, b and c number hfa ligands
in either molecules)
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Table 1. Tentative comparison of van der Waals interactions in [Ni(salen)Gd(hfa)3] and [Cu(saloph)Y(hfa)3] (distances in A

˚
and angles

in deg.). Van der Waals radii are those of Pauling[15]: F, 1.35 A
˚

; H, 1.20 A
˚

; half-thickness of an aromatic molecule, 1.70 A
˚

[Ni(salen)Gd(hfa)3] [Cu(saloph)Y(hfa)3]

Distance between mean planes 3.354(9) 3.291(2) or 3.149(2)[a]

Angle between mean planes 1.1(1) 0
Shortest F···F contacts none less than 2.82 none less than 2.82
Shortest H···F contacts none less than 2.61 H19···F31a[i][b]: 2.57(2)

H3a···F31c[ii]: 2.55(3)
Shortest 2CH···HC2 contacts none less than 2.45 none less than 2.45
2CH···phenyl ring contacts, H42···C(8213)1 2.74 none
Contacts between π systems none C(14)···C(18)[i]: 3.55(1)
of ajacent M(sal*) entities C(17)···C(17)[i]: 3.58(1)

[a] See text. 2 [b] Code of symmetry operations: [i] 212x, 2y, 2z; [ii] 2x, 2y, 12z.

ticed between six-membered rings of ajacent molecules. The in the 2102510°C temperature range. The total loss of
weight is about 85% which is consistent with the formationmain significant interactions occur in the dimers between

overlaping Ni(salen) entities. The overlaping scheme of two of a 1:1 mixture of YF3 and NiO. Corresponding DTG-
curve showed a six-step process with the main effect oc-Ni(salen) entities in a dimer is shown in Figure 2. The mean

planes make an angle of 1.1(1)° and are 3.354(8) A
˚

apart. curing at 460°C. Figure 3 (b) shows the thermogravimetric
curve recorded under vacuum (0.01 torr). A single-steppedThis value is slightly less than twice the van der Waals half-

thickness of a planar cycle with delocalized π-electrons and quasi total (>99%) weight loss occurs in the
2202340°C range. The DTA curve showed a single endo-(1.70 A

˚
[15]).

thermic peak at about 300°C. This corresponds to subli-
Figure 2. Overlap scheme of two pseudo-centrosymmetrically re-

mation exclusively.lated Ni(salen) entities in [Ni(salen)Gd(hfa)3] (top), and of two cen-
trosymmetrically related Cu(saloph) entities in [Cu(saloph)Y(hfa)3]

(bottom) Figure 3. Thermal gravimetric analyses of [Ni(salen)Y(hfa)3] at
1 atm; (a) and under vacuum (b)

Several samples of [Ni(salen)Y(hfa)3] were submitted to
isothemal vacuum sublimation (0.01 torr). Freshly prepared
product could be totally sublimed at 240°C without de-
composition, and an X-ray powder diffraction analysis
showed that the sublimate was isostructural with the start-
ing material. A sublimed sample could be sublimed again
more than once in the 2402300°C temperature range with-
out decomposition. Air storing over 6 months proved not
to affect the sublimation process.

In order to determine whether [Ni(salen)Y(hfa)3] exists
in the vapour phase, or if the solid dissociates into gaseous
Y(hfa)3 and Ni(salen) which recombine in the cold part of

Thermal Analyses and Vacuum Sublimation the reactor, mass-spectrometry experiments were carried
out, not only for the heterobimetallic complex but also forThermogravimetric (TGA) curve recorded at 1 atmos-

phere under nitrogen [Figure 3 (a)] shows that [Ni(salen)- the component monometallic complexes Y(hfa)3 and Ni-
(salen).Y(hfa)3] is thermally stable up to 210°C, and decomposes
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Table 2. Intensities of main ion currents (relative units) in mass spectra of Y(hfa)3, Ni(salen), and [Ni(salen)Y(hfa)3] (U 5 80 eV)

Y(hfa)3 (341 K) Ni(salen) (515 K) [Ni(salen)Y(hfa)3] (450 K)

[Y(hfa) 2 CF]1 0.98 Ni(salen)1 1.00 [Y(hfa)3Ni(salen)]1 1.00
Y(hfa)O1 0.33 NiO(C6H4)CHNCH2

1 0.56 [Y(hfa)CONi(salen)]1 0.75
[Y(hfa) 2 3 F]1 0.17 NiO(C6H4)CH1 0.55 [Y(OH)2Ni(salen)]1 2.4
[Y(hfa)2 2 3 F]1 1.00 Ni(C6H4)1 0.34 [Y(hfa)3 2 3 F]1 1.4
Y(hfa)2

1 0.65 NiO(C6H4)NCH2
1 0.29 Y(hfa)3

1 0.18
[Y(hfa)3 2 3 F]1 0.30 NiO1 0.06 Ni(salen)1 19.9
Y(hfa)3

1 0.18 NiO(C6H4)CHNCH2
1 2.75

[Y2(hfa)3 2 3 F]1 0.08 [Y(hfa) 2 CF]1 0.52
[Y2(hfa)5 2 3 F]1 0.13 NiO(C6H4)CH1 2.6

Mass Spectrometry Study of [Ni(salen)Y(hfa)3], Y(hfa)3, and that monomeric species originate by dissociation of gase-
Ni(salen) ous [Ni(salen)Y(hfa)3].

The results are displayed in Table 2.
[Ni(salen)Y(hfa)3](s) v [Ni(salen)Y(hfa)3](g) (2)Y(hfa)3: The mass spectrum of Y(hfa)3 shows that the
[Ni(salen)Y(hfa)3](g) v Y(hfa)3 (g) 1 Ni(salen)](g) (3)

major species are three yttrium-containing ions with m/z of
446 ([Y(hfa)2 2 3 F]1), 265 ([Y(hfa) 2 CF]1), and 503 amu One notices that the intensities for monometallic Ni spe-
([Y(hfa)2]1). Therefore, the saturated vapour over anhy- cies are higher (relative intensity of 19.9 in Table 2) than
drous Y(hfa)3 mainly consists of monomeric molecules the ones for bimetallic species. In our opinion, such an un-
Y(hfa)3. Ions including two yttrium atoms are present as balanced distribution of relative intensities might result
minor species, thus indicating that the vapour phase con- from a dissociative mechanism during the ionization pro-
tains dimeric [Y(hfa)3]2 molecules too. At 341 K, the re- cess of [Ni(salen)Y(hfa)3] (under electron impact) with pre-
spective vapour pressures are 3.9·1023 torr (5.13·1026 atm) dominant formation of Ni-containing cationic species.
for Y(hfa)3, and 3.8·1024 torr (5.0·1027 atm) for [Y(hfa)3]2. Similar distributions of ion current intensities were ob-
The enthalpy of dissociation of [Y(hfa)3]2 in the gas phase served for volatile M[Ln(hfa)4] (M 5 alkaline element) [8]

according to the equation [Y(hfa)3]2 (g) 5 2 [Y(hfa)3](g) (1) and for complex halogenides of alkaline elements[16].
was determined in the 3122365 K temperature range: The temperature dependencies of ion current intensities
∆DH°T 5 78.0 kJ/mol. The enthalpy of sublimation of were studied for heterobimetallic and monometallic species
monomeric Y(hfa)3 was also calculated (Table 3). in the mass spectra of [Ni(salen)Y(hfa)3] in the 4202471 K

range. A two-temperature Knudsen chamber was used to
Table 3. Temperature dependence of saturated vapour pressures of study the composition of the unsaturated overheated vap-Y(hfa)3, Ni(salen), and [Ni(salen)Y(hfa)3]

our. It was found that the dissociation process 3 took place
in the top part of the chamber. Using these results and as-Complex A[a] B[a] T range [K] ∆sH°T [kJ/mol]
suming a congruent sublimation for [Ni(salen)Y(hfa)3] 2
(P[Ni(salen)Y(hfa)3] 1 PNi(salen) )/(P[Ni(salen)Y(hfa)3] 1 PY(hfa)3) 5

Y(hfa)3 4786±500 8.75±0.2 3122365 91.6±8.5 1 and PNi(salen) 5 PY(hfa)3 2 we calculated the enthalpies
Ni(salen) 7823±350 9.74±0.15 4592545 149.8±7

for processes 2 and 3: ∆sH°T 5 170.3 ± 21.0 kJ/mole for 2;[Ni(salen)- 8894±1000 13.4±0.2 4202471 170.3
Y(hfa)3] ∆DH°T 5 127.2 ± 9.0 kJ/mol for 3 (Table 3). A comparison

of the latter value with the enthalpy of process 1 shows that
[a] A and B are the coefficients of the equation logPatm 5 2A/T 1B. [Ni(salen)Y(hfa)3] is more stable than [Y(hfa)3]2.

The variation of the equilibrium constant versus tem-Ni(salen): Peaks assigned to monomeric species only
perature for process 3 was determined in the 4872581 Kwere detected in the mass spectrum of Ni(salen). At 501 K,
range:the vapour pressure of Ni(salen) is equal to 7.82·1024 torr

(1.03·1026 atm). The enthalpy of sublimation was calcu-
log Kpatm 5 2 (6643±500)/T 1 (6.33±0.3)

lated (Table 3).
[Ni(salen)Y(hfa)3]: The mass spectrum shows that the Table 4 shows partial pressures and vapour phase compo-

vapour phase over [Ni(salen)Y(hfa)3] contains the heterobi- sitions calculated at 420 and 520 K. In the working tem-
metallic ions [Y(hfa)3Ni(salen)]1, [Y(hfa)(CO)Ni(salen)]1,
[Y(OH)2Ni(salen)]1, thus indicating that molecules [Ni(sa- Table 4. Partial pressures [torr] and composition [%] of the vapour

phase of [Ni(salen)Y(hfa)3] at 420 and 520 Klen)Y(hfa)3] are present in the saturated vapour. However,
ion currents corresponding to monometallic species were

T [K] [Ni(salen)Y(hfa)3] Ni(salen) Y(hfa)3also detected. A LAMMA analysis of the solid residue after
sublimation of 50% of the starting material showed the Y/

420 78% 1.2·1025 11% 1.7·1026 11% 1.7·1026

Ni ratio to be still 1:1, from what it may be deduced that 520 54% 1.4·1021 23% 6.0·1022 23% 6.0·1022

[Ni(salen)Y(hfa)3] sublimes congruously. It may be inferred
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perature range of the present study (4202471 K), the vap- zation hence increase volatility. This is under current inves-

tigation. Complexes of formula [(Ni12yCuy)(salen)-our phase over solid [Ni(salen)Y(hfa)3] contains [Ni(salen)-
Y(hfa)3] molecules as its main species. However, the partial (Ln12xLn9x)(hfa)3], which would allow transportation of

more than two metal elements in the vapour phase, are be-pressures of the dissociation products, Y(hfa)3 and Ni-
(salen), increase rapidly with temperature. ing studied too.

Comparison with [Cu(saloph)Y(hfa)3]: The solid-state Financial support from INTAS (contract # 95-118) and the Rus-
structure of [Ni(salen)Ln(hfa)3] shows that part of intermo- sian Fundation for Basic Research (RFBR) is acknowledged.
lecular forces to be overcome for vaporization originates
with non bonded contacts between Ni(salen) moieties in the Experimental Section
pseudo dimers (Figure 1). To discuss this point, it is inter- Preparation and Characterization of the Complexes
esting to make a comparison with [Cu(saloph)Y(hfa)3]. [Ni(salen)Ln(hfa)3], [M 5 Y (1) and Gd (2)]: Ni(salen) was
This compound has a structure[13] closely related to the one prepared according to a literature method[18]. For Ln(hfa)3(H2O)2

of [Ni(salen)Gd(hfa)3], but proved less volatile [17]. The sal- (Ln 5 Y, Gd), a procedure adapted from the one described in
ref. [19] was used. Elemental analyses (C, H, N) were carried out byoph ligand possesses one more peripheral phenyl ring than
the Microanalytical Service of the Universidad Autónoma de Ma-salen. Like [Ni(salen)Gd(hfa)3], [Cu(saloph)Y(hfa)3] mol-
drid (Spain). IR spectra were taken on a Perkin-Elmer 1750 FTIRecules form dimers in which the Cu(saloph) entities overlap.
spectrophotometer for KBr disks in the 40002300 cm21 region.The presence of an extra phenyl ring results in a different
Magnetic susceptibility measurements of polycrystalline samples atoverlapping scheme as shown in Figure 2. The molecules
room temperature were performed with a pendulum-type suscepto-

are centrosymmetrically related so that the overlapping meter.
entities have their mean planes strictly parallel, which is not

Compounds 1 and 2 were synthesized by reaction of Ni(salen)the case for [Ni(salen)Gd(hfa)3]. The interplanar distance is
with Ln(hfa)3(H2O)2 in chloroform. A typical preparation is as fol-equal to 3.149(1) A

˚
, that is 0.20 A

˚
shorter than for the

lows: 0.5 mmol of Ln(hfa)3(H2O)2 dissolved in a minimum amount
Ni(salen). However, to be more correct it should be noticed of chloroform was slowly added under continuous stirring to a hot
that in [Ni(salen)Gd(hfa)3], the phenyl rings are involved in chloroform solution (50 ml) containing 0.5 mmol of Ni(salen). The
the overlapping scheme, which is not the case for [Cu(salo- orange solution was heated under reflux for 1 hr. Slow evaporation
ph)Y(hfa)3]. In this compound, only the three cycles com- of the resulting solution in a refrigerator yields orange single crys-

tals. 2 C31H17F18N2NiO8Y (1) (1035.1): calcd. C 35.93, H 1.65, Nprising the metal atom overlap while the peripheral phenyl
2.70; found C 36.10, H 1.51, N 2.69. 2 C31H17F18GdN2NiO8 (2)cycles do not. The plane-to-plane distance for the overlap-
(1103.4): calcd. C 33.59, H 1.54, N 2.53; found C 33.60, H 1.47,ping parts is equal to 3.291(1) A

˚
. This is still shorter (by

N 2.87.0.06 A
˚

) than for [Ni(salen)Gd(hfa)3]. This shortening most
Compound 1 was found diamagnetic whereas a CMT valuelikely results from slightly stronger intermolecular interac-

(XM 5 molar magnetic susceptibility) of 7.90 cm3mol21K wastions in the saloph derivative with respect to the salen one.
measured for compound 2 at room temperature. This is consistentThese interactions are all the more efficient that the planes
with the occurrence of diamagnetic Ni(salen) with a diamagneticare strictly parallel. They mainly account for the lesser vola-
YIII containing unit in 1 and a paramagnetic GdIII containing unittility of [Cu(saloph)Y(hfa)3]. Van der Waals contacts be-
in 2. IR data for 1 and 2 clearly support the coordination of Ni-

tween fluorine atoms are very similar in both compounds (salen) to Ln(hfa)3: shifting towards higher wavenumbers of the C5
(Table 1). N stretching vibration and out-of-plane aromatic C2H bend of the

salen ligand (1622 and 736 cm21 for Ni(salen) to be compared withConclusion
1630 and 760 cm21 for 1 and 2) as well as a splitting of the C5O

[Ni(salen)Ln(hfa)3], which results from the coordination stretching vibration of the hfa ligand (a strong sharp peak at 1647
cm21 for Ln(hfa)3(H2O)2, but two strong sharp peaks at 1663 andof Ni(salen) to Ln(hfa)3, has proved to sublime congruently.
1645 cm21 for 1 and 2).In the working temperature range of this study (4202471

K), the vapour phase contains [Ni(salen)Y(hfa)3] molecules X-ray Structure Studies: Gadolinium, ytterbium, and yttrium de-
as its main species. At higher temperature, dissociation of rivatives of the series [Ni(salen)Ln(hfa)3] were shown to be iso-

morphous by measuring unit-cell constants from single crystalsgaseous [Ni(salen)Y(hfa)3] into Y(hfa)3 and Ni(salen) in-
mounted on an Enraf-Nonius CAD4 diffractometer using Mo-Kαcreases rapidly with temperature. Therefore, dissociation
radiation. The structure of [Ni(salen)Gd(hfa)3] was determinedmight play a more or less important role in a MOCVD
from a single crystal mounted on a Stoe Imaging Plate Diffractionexperiment depending on substrate temperature. It could
System (IPDS). The structure of [Cu(saloph)Y(hfa)3] was deter-influence the process of deposition, and it has to be taken
mined from a single crystal mounted on an Enraf-Nonius CAD4

into account for a practical use of [Ni(salen)Y(hfa)3] and diffractometer. Experimental conditions and structure determi-
related complexes in a MOCVD process. nations are reported elsewhere[13].

MOCVD experiments are in progress. Since substitution
Thermal Analyses: Samples of [Ni(salen)Y(hfa)3] were submittedof copper for nickel and/or of one lanthanide for an other

to thermal analyses. Thermogravimetric and differential thermo-
one does not change the crystal structure, this kind of com- gravimetric analyses at the atmospheric pressure were performed in
plex is expected to be precursors of materials containing a nitrogen stream, at a heating rate of 5°/min, on a 1500-Q MOM
both Ni or Cu and Y or a lanthanide element. derivatograph. Thermogravimetric and differential thermal analy-

Examination of the crystal structure clearly suggests to ses under vacuum (0.01 torr) were carried out on a Sinuki-Riko
TGD-700 thermal analyzer, at a heating rate of 10°/min. Iso-modify the ligand around Ni in order to prevent dimeri-
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thermal dynamic sublimation experiments were run with samples CB2 1EZ, UK [Fax (internat): 144(0)1223/336-033; E-mail:

deposit@ccdc.cam.ac.uk].(100 mg) placed in glass test tubes for periods of 30 min. at a
pressure of 0.01 torr. Weight losses were determined by gravimetric
and complexometric analyses. [1] F. Maury, J. Phys. IV 1995, C5, 4492463.

[2] F. Maury, Adv. Mater. 1991, 3, 5422548.Mass Spectrometry and Study of the Vapour Phase: The mass
[3] R. A. Fischer, H. D. Kaesz, unpublished observations; R. A.spectra of [Ni(salen)Y(hfa)3], Y(hfa)3, and Ni(salen) were recorded Fischer, H. D. Kaesz, S. I. Khan, H.-J. Müller, Inorg. Chem.

on a MS 1301 spectrometer having a 5021500 amu mass range, 1990, 29, 160121602.
[4] F. Maury, L. Brandt, H. D. Kaesz, J. Organomet. Chem. 1993,and using 80 eV ionizing electrons. The complexes were vaporized

449, 1592165.from a Knudsen effusion cell. The ratio of surface of evaporation
[5] R. A. Fischer, E. Herdtweck, T. Priermeier, Inorg. Chem. 1994,to surface of the effusion hole was about 600. The cell temperature 33, 9342943, and references therein.

was measured with a Pt/Pt(Rh) thermocouple (±0.1 K). The experi- [6] Y. J. Chen, H. D. Kaesz, Y. K. Kim, H.-J. Müller, R. S. Willi-
ams, Z. Xue, Appl. Phys. Lett. 1989, 55, 276022761.ments were carried out in ranges 3122365 K for Y(hfa)3, 4592545

[7] B. Fraser, L. Brandt, W. K. Stovall, H. D. Kaesz, S. I. Khan,K for Ni(salen) and 4202471 K for [Ni(salen)Y(hfa)3]. The main
F. Maury, J. Organomet. Chem. 1994, 472, 3172328.molecular ion peaks in mass spectra of Y(hfa)3, Ni(salen), and [Ni- [8] S. J. Lippard, J. Am. Chem. Soc. 1966, 88, 430024301.

(salen)Y(hfa)3] are given in Table 2. [9] A. P. Purdy, C. F. George, J. F. Callahan, Inorg. Chem. 1991,
30, 281222819.Vapour pressures versus temperature were determined by means [10] F. Labrize, L. G. Hubert-Pfalzgraf, J. Vaissermann, C. B.

of isothermal vaporization experiments and use of the Herz- Knobler, Polyhedron 1996, 15, 5772589.
[11] F. Labrize, L. G. Hubert-Pfalzgraf, J.-C. Daran, S. Halut, P.Knudsen equation. Enthalpies of sublimation were calculated from

Tobaly, Polyhedron 1996, 15, 270722718.the temperature dependences of ion current intensities by using
[12] V. G. Kessler, LK. G. Hubert-Pfalzgraf, S. Halut, J.-C. Daran,Clausius-Clapeyron equation and a least-squares method. J. Chem. Soc., Chem. Commun. 1994, 7052706.
[13] J. L. Sanz, F. Lloret, M. Julve, A. Gleizes, to be published.A two-temperature Knudsen cell was used to determine the com-
[14] I. Ramade, O. Kahn, Y. Jeannin, F. Robert, Inorg. Chem. 1997,position of overheated unsaturated vapour of [Ni(salen)Y(hfa)3]. 36, 9302936.

The saturated vapour was passed from the lower part of a double [15] L. Pauling, Nature of the Chemical Bond, 3rd ed., Cornell Uni-
versity Press, Ithaca (NY), 1960.Knudsen cell to the top part. The temperature of the top part was

[16] K. A. Kingerich in Current Topics in Material Science (Ed.: E.varied from 487 to 581 K.
Kaldis), New-York, 1980, 6, p. 345.

[17] A. Gleizes, F. Senocq, unpublished observations.Crystallographic data (excluding the structure factor tables) for
[18] R. H. Bailes, M. Calvin, J. Am. Chem. Soc. 1947, 69,the structures reported in this paper have been deposited with the

188621893.Cambridge Crystallographic Data Centre as supplementary publi- [19] M. F. Richardson, W. F. Wagner, D. E. Dands, J. Inorg. Nucl.
cation CCDC-101159. Copies of the data can be obtained free Chem. 1968, 30, 127521289.

[98087]of charge on application to CCDC, 12 Union Road, Cambridge
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The lithiation of 2,5-di(tert-butyl)pyrrole (1) yields pyrrolide substituent, while the other bonds to the opposite
C–C bond. At 215 pm, the Zn–N bond is very long comparedbis(tetrahydrofuran)lithium 2,5-di(tert-butyl)pyrrolide (2),

which is monomeric in solution as well as in the solid state. to those in alkylzinc amides, whereas the Zn–C distances lie
in the range of Zn–C bond lengths found between zinc andDue to the coordination number of three for the lithium atom,

short Li–O and Li–N bond lengths of 193 pm are observed. η5-bonded cyclopentadienide ligands. The molecular
structures of 1 and of the low-melting THF adduct 1·thf showThe metathesis reaction of 2 with tris(trimethylsilyl)-

methylzinc chloride (3) gives colorless bis[tris(trimethyl- a similar 2,5-di(tert-butyl)pyrrole molecule, but in the latter
case a weak N–H···O bond is observed (N–H 97 pm, O···Hsilyl)methylzinc] chloride 2,5-di(tert-butyl)pyrrolide (4). The

pyrrolide ligand and the chlorine atom bridge the zinc atoms. 199 pm).
One of the zinc atoms is bonded to the nitrogen atom of the

The pyrrolide substituent [NC4H4]2 is isoelectronic with Here, we describe three different coordination modes of
the 2,5-di(tert-butyl)pyrrolide anion Pyr*2. This ligandthe cyclopentadienide anion, and since it possesses 6π elec-

trons can be regarded as a Hückel aromatic system. In con- forms Li2N σ bonds, but the reaction of LiPyr* with
InCl[5] yields the indium(I) derivative with a η5-bondedtrast to this (formal) analogy of these ligands, the substi-

tution of a cyclopentadienide ligand of the well-known fer- Pyr* anion. The unusual bridging mode is found to be ad-
opted in bis[tris(trimethylsilyl)methylzinc] chloride 2,5-di-rocene by a pyrrolide substituent to yield an azaferrocene

was first reported in 1963. [1] The significantly lower tend- (tert-butyl)pyrrolide. For the sake of comparison, the mole-
cular structures of 2,5-di(tert-butyl)pyrrole and of its tetra-ency of the NC4H4

2 anion to coordinate as a π ligand and
the enhanced tendency to form M2N σ bonds is a conse- hydrofuran complex are also included.
quence of the high electronegativity of the heteroatom. On

Resultsthe other hand, the bonding properties depend on the sub-
stitution pattern on the pyrrolide ring. In 2,29,5,59-tetra- Preparation
methyl-1,19-diazaplumbocene, η1 bonding to the 2,5-di- The starting material 2,5-di(tert-butyl)pyrrole[6]

methylpyrrolide is observed, [2] whereas the corresponding (H2Pyr*, 1), which crystallizes from a concentrated tetra-
2,5-di-tert-butyl-substituted pyrrolide crystallizes with an hydrofuran solution as a THF solvate (1·thf), has been well
η5-bonded ring. [3] In contrast to these findings, the group- known for more than 30 years. With n-butyllithium, 1 is
13 metals (boron group, triels) form derivatives of the type lithiated according to eq. 1 to give quantitatively bis(tetra-
Me2MIIINC4H42xRx with σ(M2N) bonds (η1 coordi- hydrofuran-O)lithium 2,5-di(tert-butyl)pyrrolide (2).
nation), although in the solid state the MIII metal centers

(1)are also bonded to the π-system of a pyrrolide ligand of a
neighboring molecule, thus forming π associates. [4]

Meanwhile, the reaction of lithium tris(trimethylsilyl)-
[°] X-ray structure analysis. methanide with anhydrous ZnCl2 yields [(thf)4Li][(Me3Si)3-
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CZn]2(µ-Cl)3. In order to obtain a product free from lith- lengths N(n)2H(n) fall in the narrow range from 83 to 91

pm.ium halide and THF, tris(trimethylsilyl)methylzinc chloride
(3) was purified by sublimation. Reactions of 3 with alkyl- The molecular structure of the tetrahydrofuran complex

1·thf is depicted in Figure 2. This adduct shows a crystallo-and phenyllithium compounds yield the heteroleptic com-
pounds (Me3Si)3C2Zn2R, which have in part been charac- graphically imposed C2v symmetry. The bond lengths in the

pyrrole ring are not affected by coordination of a tetra-terized by X-ray crystallography. [7] All these derivatives are
monomeric and contain solely σ(Zn2C) bonds. The meta- hydrofuran molecule to the N12H1 group. Even the

N12H1 distance of 97 pm differs only by 3 times the esd.thesis reaction of 3 with (thf)2LiPyr* (2) (eq. 2) yields bis-
[tris(trimethylsilyl)methylzinc] chloride 2,5-di(tert-butyl)- On the other hand, the O2···H1 contact of 199 pm is quite

long (cf. the O2H distances in ice, which vary between 99pyrrolide (4) as a colorless and moisture-sensitive solid with
a melting point of 74275°C. and 176 pm). This weak interaction explains the low melt-

ing point of 1·thf (below 0°C).
(2) The molecular structure of lithium 2,5-di(tert-butyl)pyr-

rolide (2) is shown in Figure 3. To date, only one related
molecule has been described in the literature, namely an N-

The stoichiometry of this metathesis reaction obeys a 2:1 lithiocarbazole dimer. Compound 2 crystallizes as a mono-
ratio, irrespective of the molar ratio of the reactants. Stir- mer due to the steric shielding of the lithium atom by the
ring or refluxing of a 1:1 mixture of the starting materials tert-butyl groups. The lithium atom is in a trigonal-planar
does not lead to the formation of a halogen-free derivative, coordination sphere, with a short Li2N bond length of 193
as is known for the metathesis reactions with lithium alkan- pm. The low coordination number of the alkali metal is
ides. [7] The cryoscopically determined molecular mass of 4 also the reason for the short Li2O distances of 193 pm. In
is consistent with the proposed structure shown in eq. 2. comparison to 1, the endocyclic C2C bond lengths in the
Dissociation into 3 and mononuclear, heteroleptic tris(tri- pyrrolide ligand of 2 are 138 and 140 pm for C12C2 and
methylsilyl)methylzinc 2,5-di(tert-butyl)pyrrolide does not C22C29, respectively, and are therefore very similar.
occur under these conditions. The molecular structure of 4 is depicted in Figure 4. The

Indium(I) chloride reacts with lithiated 2,5-dimethyl-, molecule contains a crystallographic mirror plane, although
2,3,4,5-tetramethyl- as well as 2,5-di-tert-butylpyrrole in this symmetry element does not indicate the molecular sym-
toluene, hexane, or tetrahydrofuran at low temperatures. metry, but rather leads to a two-site disorder of the 2,5-
However, the expected products of the methyl-substituted di(tert-butyl)pyrrolide ligand. However, only one orien-
species are not isolable, since decomposition occurs even at tation is shown in Figure 4. The atoms generated by the
temperatures of 290°C and 230°C, respectively, and pre- crystallographic mirror plane are marked with apostrophes.
cipitation of indium metal is observed. In contrast to this The two zinc atoms of the isomer shown in Figure 4 are in
instability, indium(I) 2,5-di(tert-butyl)pyrrolide InI[Pyr*] different environments; Zn has a coordination number of
(5), which forms in tetrahydrofuran at low temperatures ac- four, whereas Zn9 is threefold coordinated by the atoms
cording to eq. 3, can be isolated and purified by distillation C19, Cl and N2.
or sublimation in vacuo. During the melting of 5 at The chlorine atom bridges the two zinc atoms with
77278°C, the compound turns grey. The volatility of In- Zn2Cl bond lengths of 241 pm and a Zn2Cl2Zn9 bond
[Pyr*] (5) is comparable to that of hexameric (pentameth- angle of 110.3°. Terminal Zn2Cl bond lengths, as for ex-
ylcyclopentadienyl)indium [pentamethylindocene(I)]. [8] The ample in (bpy)ZnCl2[10] or (tmeda)Zn(Cl)R[11] are typically
sensitivities of these compounds towards oxygen are also around 225 pm, and similar values are observed for various
similar, since In[Pyr*] (5) decomposes immediately with zinc(II) chloride modifications. [12] The Zn2Cl distances in
precipitation of metallic indium. dimeric (Me2PhSi)3C2Zn2Cl[13] as well as in dimeric

F3C2CCl22Zn(OEt2)Cl[14] are distinctly shorter (average
(3)

233 pm) than those in 4. Moreover, the endocyclic
Zn2Cl2Zn angle is approximately 18° smaller than the
corresponding angle in 4. This distortion of the (RZn)2Cl
moiety is due to the 2,5-di-tert-butylpyrrolide ligand, which

Molecular Structures also bridges the two zinc atoms. The planes Cl/Zn/Zn9 and
N2/C21/C22/C23/C24 are oriented almost perpendicular toFor comparison purposes, the molecular structure of

HPyr* (1) is briefly described. Suitable single crystals form one another, with an angle between their normals of 93.5°.
Sterically uncrowded cyclopentadienyl complexes of zincduring the sublimation of 1 at 35°C in vacuo. The molecu-

lar structure is shown in Figure 1. The asymmetric unit con- tend to form polymers. Whereas methyl(cyclopentadienyl)-
zinc is monomeric in the gaseous phase, it polymerizes intains three crystallographically independent molecules,

which are distinguished by the first digit n 5 1, 2 and 3 the solid state to form a structure with bridging C5H5
2 li-

gands and the metal atoms on opposite sides of the aro-following the element symbol. The delocalization within the
five-membered ring is disturbed, as is evident from the matic rings. [15] Analogous behavior is observed for bis-

(cyclopentadienyl)zinc with a bridging and a terminal η1-bond lengths of 137 pm for C(n1)2C(n2) and C(n3)2C(n4),
and the value of 142 pm for C(n2)2C(n3). The bond bonded ligand.[16] In the gas phase, monomeric decamethyl-
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Figure 1. Molecular structure and numbering scheme of the asymmetric unit of HPyr* (1); the ellipsoids represent a probability of 40%;
the hydrogen atoms of the tert-butyl groups are omitted for clarity; those of the azacyclopentadiene unit are drawn with arbitrary radii[a]

[a] Selected bond lengths [pm]: N12H1 85(2), N12C11 137.2(3), N12C14 138.3(3), C112C12 136.4(3), C122C13 141.8(4), C132C14
137.1(3), N22H2 83(3), N22C21 137.5(3), N22C24 137.8(3), C212C22 136.5(3), C222C23 142.4(3), C232C24 136.3(3), N32H3 91(3),
N32C31 139.0(3), N32C34 136.3(3), C312C32 135.7(4), C322C33 141.8(4), C332C34 137.0(3).

Figure 2. Molecular structure and numbering scheme of 1·thf; the ellipsoids represent a probability of 40% and the H atoms are drawn
with arbitrary radii; the hydrogen bond is shown by a dotted line; symmetry-related atoms are marked with an apostrophe[a]

[a] Selected bond lengths [pm]: N12H1 97(3), N12C1 138.1(3), C12C2 137.1(3), C22C29 141.1(5), O22H1 199(3).

zincocene [bis(pentamethylcyclopentadienyl)zinc] has a length of 215 pm is very long compared to the values in
[tris(trimethylsilyl)methyl]zinc bis(trimethylsilyl)amide[11]structure of the type (η1-C5Me5)(η5-C5Me5)Zn.[17] The pyr-

rolide substituent in 3 is planar and shows a different coor- (185 pm), in monomeric zinc bis(amides) [18] (characteristic
value 182 pm), or even in bridging µ-bonded bis(trimethyl-dination behavior. Both the zinc atoms coordinate at the

same side of the ligand, but one zinc atom bonds via a silyl)amide substituents, where Zn2N distances of approxi-
mately 200 pm are found.[19] The Zn2N2 vector shows aσ(Zn2N2) bond whereas the other metal center shows an

η2 coordination to the C222C23 bond. The Zn2N2 bond deviation of 40.6° from an imaginary in-plane vector; the

Eur. J. Inorg. Chem. 1998, 117521182 1177



M. Westerhausen, J. Weidlein et al.FULL PAPER
Figure 3. Molecular structure and numbering scheme of (thf)2Li- Figure 4. Molecular structure and numbering scheme of [(Me3-

Si)3CZn]2(µ-Cl)(µ-Pyr*) (4); the ellipsoids represent a probabilityPyr* (2); the ellipsoids represent a probability of 40%; the hydrogen
atoms are drawn with arbitrary radii; symmetry-related atoms are of 40%; the disordering of the Pyr* ligand is not shown (see text);

all hydrogen atoms are omitted for clarity; symmetry-related atomsmarked with an apostrophe; agostic interactions between Li and
the methyl groups are indicated with dotted lines[a] are marked with an apostrophe[a]

[a] Selected bond lengths [pm] and bond angles [°]: Li2N 193.2(7),
Li2O2 192.6(4), N2C1 137.7(3), C12C2 138.4(4), C22C29

[a] Selected bond lengths [pm] and bond angles [°]: Zn2C1 201.3(4),140.4(5); N2Li2O2 127.4(2), O22Li2O29 105.3(3), Li2N2C1
Zn2Cl 241.0(1), Zn92N2 215.1(6), N22C21 126.1(7), N22C24127.0(1), C12N2C19 106.0(3).
127.5(8), Zn2C22 219.0(7), Zn2C23 219.4(7), C12Si11 188.6(4),
C12Si12 188.8(4), C12Si13 188.9(4); C12Zn2Cl 120.2(1),
C192Zn92N2 155.1(2), Cl2Zn92N2 84.7(2), Zn2Cl2Zn9N2-bonded zinc atom lies 143 pm above the calculated 110.32(6).

plane containing the atoms N2, C21, C22, C23, and C24.
The Zn2C22 and Zn2C23 distances of 219.0 and 219.4

Scheme 1. Selected bond lengths [pm] in tris(cyclopentadienyl)di-pm fall within the broad range of values found for multi- zinc µ-bis(trimethylsilyl)amide (A)
hapto-bonded cyclopentadienide ligands. The chain-like
zincocene[16] has Zn2C bond lengths between 204 and 241
pm, whereas in the zig-zag chain of methylzinc cyclopen-
tadienide[15] Zn2C distances of 222 to 241 pm are ob-
served. In both these molecules, the cyclopentadienide sub-
stituents bridge zinc atoms on opposite sides of the aro-
matic ring. Monomeric zincocenes such as decamethyl-,
1,19-diphenyl- and 1,19-bis(trimethylsilyl)zincocene[17] dis-
play one η1-bonded (Zn2C 2042209 pm) and one η5-coor-
dinated cyclopentadienide ligand (2172230 pm). A similar
bonding situation as in 4 is observed for dizinc tris(cyclo- polymer with a similar bridging pattern of the pyrrolide

substituent. [20d] Kuhn et al. [20c] linked two octamethyl-1,19-pentadienide) bis(trimethylsilyl)amide (A) [19b] (Scheme 1),
although the bridging ligand in this case is doubly η1-coor- diazaferrocene molecules via silver cations σ-bonded to the

nitrogen atoms.dinated; the third Zn2C distance of 250 pm is clearly too
long to be considered as a bond. The Zn2C1 bond length in 4 exceeds the Zn2C bond

lengths in [tris(trimethylsilyl)methyl]zinc derivatives (Me3-The bridging mode of the ligand Pyr* is not very com-
mon, however, there are some other examples. [20] To the σ- Si)3C2Zn2R with R as phenyl[7] (196 pm), bis(trimethylsi-

lyl)methyl [7] (197 pm), and tris(trimethylsilyl)methyl [7] [21]bonded nitrogen heterocycles of tricarbonyl(diphenylaceta-
to)manganese dipyrrolide a tricarbonylmanganese fragment (198 pm); Zn2C bond lengths of sterically unstrained mol-

ecules are even shorter. All these findings are indicative ofis bonded side-on.[20a] Dicarbonylrhodium 2,5-dimethylpyr-
rolide dimerizes via an unsymmetric heterocycle bridge. [20b] the steric strain within the molecule. The shielding of the

ClZn2 moiety by the bulky substituents, which is illustratedThe bridging mode of the pyrrolide anion in this molecule
is quite similar to the geometry observed for 4 since the in Figure 5, accounts for the fact that this molecule cannot

react with a further equivalent of lithium 2,5-di(tert-butyl)-rhodium atoms do not lie above the center of the NC5 cycle.
Solvent-free sodium tetramethylpyrrolide crystallizes as a pyrrolide (2).
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Figure 5. Space-filling model of 4 viewed from the chlorine atom, Me3Sn2Pyr*, the resonances of these nuclei are shifted to

showing the steric shielding of the Zn2Cl fragment higher field by approximately 20 ppm.

Considering the molecular structure of the zinc derivative
2, the magnetic equivalence of the tris(trimethylsilyl)methyl
groups was not expected. However, the long distances be-
tween the zinc atoms and the pyrrolide substituent and the
shape of the coordination gap allow a tilting motion, lead-
ing to a dynamic equilibrium through a Zn2N2Zn-bonded
intermediate, in which the pyrrolide is rotated through ap-
proximately 90°. This situation is depicted in eq. 4.

The mass spectrum of 4 shows the dissociation products
3 and [tris(trimethylsilyl)methyl]zinc 2,5-di(tert-butyl)pyrro-
lide if the sample is heated above the melting point. At 425
K, the mass peaks of these compounds are the signals of
highest intensity, besides that at m/z 179 for H2Pyr*. At
460 K, even fragments containing two zinc atoms and oneFigure 6 gives a stereoscopic view of the arrangement

of 4, together with the incorporated pentane. There are no chlorine atom are detected. Products of a dismutation reac-
tion such as Zn[C(SiMe3)3]2 or Cl2Zn2Pyr* were not ob-significant intermolecular contacts; the pentane molecules

lead to an additional separation of the molecules of 4. served.

Figure 6. Stereoscopic representation of the molecular packing of 4 in the unit cell; the atoms are drawn with arbitrary radii and H
atoms are omitted for clarity; the n-pentane molecules were refined with a fixed population factor of 0.67; the disordering of the 2,5-

di(tert-butyl)pyrrolide ligand is not shown

Spectroscopic Characterization Due to the insensitivity of the NMR parameters to the
hapticity of the Pyr* ligand, the characterization of the InI

The NMR parameters of the 2,5-di-tert-butylpyrrolide li- derivative 5 is limited. In this case, the most significant re-
sults were obtained from Raman spectroscopy, although thegands of 125 are compared in Table 1, along with data for

Me2Ga2Pyr*, [2] Me3Sn2Pyr*, [2] SnII[Pyr*]2, [22] and PbII- InI derivative 5 decomposes during laser irradiation. For
σ(M2N)- and σ(H2N)-bonded derivatives such as[Pyr*]2. [3] The coordination mode of Pyr* does not affect

the NMR parameters of the tert-butyl groups. The influ- H2Pyr*, Me2Ga2Pyr*, and Me3Sn2Pyr*, a characteristic
polarized high-intensity band at approximately 1560 cm21ence of the hapticity of the pyrrolide ligand on the chemical

shifts of the carbon atoms in the 2- and 5-positions is small, is observed. For the compounds InI[Pyr*] (5) and SnII

[Pyr*]2, this band is shifted to lower energies, appearing inalthough η5 coordination leads to a low-field shift of the
13C resonances. The δ values of the carbon atoms in the 3- the region 150021510 cm21. On the other hand, other vi-

brations of the ring at lower frequencies are shifted toand 4-positions show no dependency on the coordination
mode, except that in the case of the SnIV derivative higher values [for example, 1124 (η1) R 1165 (η5) cm21],
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Table 1. NMR parameters of the 2,5-di(tert-butyl)pyrrolide ligand in HPyr* (1), (thf)2LiPyr* (2), [(Me3Si)3CZn]2(µ-Cl)(µ-Pyr*) (4), and
InI{Pyr}* (5) compared with data for Sn{Pyr*}2

[22], Pb{Pyr*}2
[3], Me2Ga2Pyr*[2] and Me3Sn2Pyr*[2] (M{Pyr*} symbolizes an η5-

bonded, M2Pyr* a σN-bonded azacyclopentadienide moiety)

1 2 4 5 Me2Ga2Pyr* SnII{Pyr*}2 Me3Sn2Pyr* PbII{Pyr*}2

Solvent C6D6 [D8]THF C6D6 C6D6 C6D6 C6D6 C6D6 C6D
1H NMR CH3(M), 7.53 2 2 2 0.19 2 0.02 2

(H1-N)
CH3 (tBu) 1.17 1.22 1.40 1.40 1.24 1.39 1.26 1.39
H3,4 5.93 5.59 6.22 5.96 6.23 5.47 4.86 5.51
3J(H3,4, H1) 2.8 2 2 2 2 2 2 2

13C NMR C(M2Me) 2 2 2 2 0.95 2 25.86 2
1J(C,H) 2 2 2 2 124.3 2 129.8 2
CH3(tBu) 30.67 32.77 34.63 32.44 32.9 32.01 30.57 32.69
1J(C,H) 125.5 123.9 2 125.45 124.9 2 125.6 2
C(tBu) 31.24 33.47 [a] 32.73 32.5 33.78 34.59 33.31
2J(C,H) 3.75 3.71 3.85 3.8
C3,4 102.53 100.13 104.60 103.34 105.5 100.51 81.40 105.19
1J(C3,4,H) 166.47 157.03 167.0 163.8 157.8
2J(C3,4,H4,3) 7.0 5.49 6.2 2 2
3J(C3,4,H1) 7.05 2 2 2 2
C2,5 139.46 146.72 148.57 153.55 145.3 162.30 173.33 161.71

[a] Signal not detected.

Conclusion

The diverse coordination modes adopted by the 2,5-di-
(tert-butyl)pyrrolide ligand have been illustrated by an η5

coordination to an indium(I) atom as well as bridging be-
tween two zinc atoms. Whereas the properties of 2,5-di(tert-
butyl)azaindocene (5) are approximately as one would ex-
pect by analogy with pentamethylindocene, the zinc deriva-
tive 4 shows a unique structure as well as surprisingly low
reactivity. Not even treatment with excess lithium 2,5-di-
(tert-butyl)pyrrolide (2) leads to substitution of the chloride
ligand by a pyrrolide anion. The reason for this lack of(4)
reactivity is the steric shielding of the central ClZn2 moiety
by two tris(trimethylsilyl)methyl and two tert-butyl groups.
These demanding substituents also lead to an extension of
the Zn2Cl, Zn2N and Zn2C distances.

This work has been generously supported by the Deutsche For-
schungsgemeinschaft (DFG) and the Fonds der Chemischen Indu-
strie.

Experimental Section
General: All experiments and manipulations were carried out un-

der argon purified by passage through BTS catalyst and P4O10.
Reactions were performed in dried, thoroughly deoxygenated sol-
vents using standard Schlenk techniques. The starting materials
2,5-di(tert-butyl)pyrrole (1), [6] indium(I) chloride, [5] and [tris(tri-which has to be interpreted in terms of a change of the π-
methylsilyl)methyl]lithium[26] were prepared by literature pro-

system of the nitrogen heterocycle. Characteristic for the InI
cedures. The extreme sensitivity of 5 has thwarted all attempts to

derivative 5 is the vibration In Pyr* at 170 cm21, which is prove its purity by elemental analysis.
lower in energy by 60 cm21 compared to the In C5 mode

Bis(tetrahydrofuran-O)lithium 2,5-Di(tert-butyl)pyrrolide (2): Atof the simple, unsubstituted indocene. [23]

278°C, a solution of n-butyllithium (15% in hexane, 9.4 ml) wasFinally, it should be mentioned that theoretical investi-
added dropwise to a solution of 2,5-di(tert-butyl)pyrrole (2.70 g,

gations on a monomeric (hypothetical) 2,5-dimethylazain- 15.1 mmol) in 50 ml of n-hexane. On warming to room temp., a
docene InI(NC4H2Me2-2,5) predict a very short distance of colorless solid precipitated, which was collected. Washing with two
238 pm between the indium atom and the heterocycle. [24]

portions of n-hexane and subsequent drying in vacuo gave lithium
Such a bond length is only comparable with the values de- 2,5-di(tert-butyl)pyrrolide (2.65 g, 14.3 mmol, 95%, dec. at 197°C;

lithium analysis for C12H20NLi: calcd. 3.75; found 3.7). Carryingtermined for the permethylated indocenes InI(C5R5). [8] [25]
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out this reaction in a solvent mixture of diethyl ether and tetra- Bis[tris(trimethylsilyl)methyl]zinc Chloride 2,5-Di(tert-butyl)-

pyrrolide (4): At 0°C, a solution of n-butyllithium (2.5  in hexane)hydrofuran yielded colorless 2 after recrystallization from tetra-
hydrofuran at 230°C (4.71 g, 14.3 mmol, 95%). Loss of THF at was added dropwise to a solution of 1 (0.65 g, 3.62 mmol) in 20

ml diethyl ether, so as to give a colorless suspension of 2. Sublimed60°C, m.p. of the residue 348°C. 2 1H NMR ([D8]THF): δ 5 5.59
[CH(Pyr*)], 1.22 [CMe3(Pyr*)]. 2 13C NMR ([D8]THF): δ 5 3 (2.4 g, 7.2 mmol), dissolved in 20 ml of diethyl ether, was then

slowly added to this suspension. Once a clear solution had been146.72 [C-2,5(Pyr*)], 100.13 [dd, C-3,4(Pyr*), 1J(C3,4H) 5 157.03
Hz, 2J(C3,4H4,3) 5 5.5 Hz], 33.47 (CMe3), 32.77 (CMe3). 2 7Li obtained, all volatile materials were removed in vacuo. The residue

was redissolved in n-pentane and insoluble LiCl was filtered off. AtNMR ([D8]THF): δ 5 3.60. 2 IR (Nujol, CsBr): ν̃ 5 1584 cm21

w, 1560 w, 1487 m, 1459 m, 1450 sh, 1392 w, 1388 m, 1381 w, 1348 220°C, colorless 4 co-crystallized with a stoichiometric amount of
n-pentane (1.85 g, 2.1 mmol, 58%); dec. at 75°C. 2 1H NMRs, 1299 m, 1265 w, 1248 s, 1200 s, 1139 w, 1051 sh, 1040 vs, 983 m,

954 sh, 949 w, 910 m, 886 s, 848 w, 822 w, 764 w, 732 vs, 713 vs, (C6D6): δ 5 6.22 [CH(Pyr*)], 1.40 [CMe3(Pyr*)], 0.32 [SiMe3]. 2
13C NMR (C6D6): δ 5 148.57 [C-2,5(Pyr*)], 104.60 [C-3,4(Pyr*)],674 w, 622 w, 574 m, 519 s, 515 sh, 429 m, 405 w, 337 w. 2 MS

(70 eV, sample temp. 293 K); m/z (%): 185 (4) [LiPyr*1], 179 (15) 34.63 [CMe3], 7.13 [SiMe3]. 2 IR (Nujol, CsBr): ν̃ 5 1364 cm21

m, 1349 m, 1283 m, 1259 vs, 1248 vs, 1207 m, 1154 w, 1148 sh,[HPyr*1], 164 (83) [HPyr*1 2 Me], 149 (18) [HPyr*1 2 2Me], 115
(73), 72 (100) [thf1], 57 (21) [tBu1]. 1077 w, 1047 m, 1021 m, 982 w, 860 vs, 850 sh, 797 s, 782 s, 749

m, 723 m, 673 s, 660 s, 621 m, 550 w, 529 w, 471 m, 442 w, 362 w.[Tris(trimethylsilyl)methyl]zinc Chloride (3): Tris(trimethylsilyl)-
2 MS (70 eV, sample temp. 425 K, source temp. 460 K); m/z (%):methane (8.47 g, 36.4 mmol) was dissolved in a mixture of tetra-
611 (4.5) {[(Me3Si)3CZn]2Cl 2 CH2

1}, 473 (49.5) [(Me3Si)3-hydrofuran (45 ml) and diethyl ether (8.5 ml). At 0°C, a solution
CZnPyr*1], 458 (7.9) [(Me3Si)3CZnPyr*1 2 Me], 315 (54.9)of methyllithium in diethyl ether (27.7 ml, 1.6 , 44.3 mmol) was
[(Me3Si)3CZnCl1 2 Me], 295 (17.3) [(Me3Si)3CZn1], 216 (7.4)added. After stirring for 8 h at room temp., the solution was heated
[(Me3Si)3C1 2 Me], 201 (30.5) [(Me3Si)3C1 2 2Me], 179 (100)under reflux for an additional 6 h to destroy the remaining meth-
[HPyr*1]. 2 MS (70 eV, sample temp. 460 K, source temp. 460 K);yllithium. At room temp., anhydrous ZnCl2 (4.96 g) was added in
m/z (%): 626 (1.3) [M1 2 2SiMe3 2 2MeH], 611 (15.3)small portions and the mixture was stirred for 8 h. All volatile
{[(Me3Si)3CZn]2Cl 2 CH2

1}, 593 (100) [M1 2 Me 2 2SiMe3 2materials were then removed in vacuo and the residue was redis-
CH2], 315 (20.6) [(Me3Si)3CZnCl1 2 Me], 295 (98.1)solved in diethyl ether. The insoluble part of the residue (LiCl) was
[(Me3Si)3CZn1], 216 (8.7) [(Me3Si)3C1 2 Me], 201 (23.3)filtered off, and the ethereal solution was dried and concentrated.
[(Me3Si)3C1 2 2Me]. 2 C32H74ClNSi6Zn2: calcd. C 47.58, H 9.24,The solid material was sublimed at 110°C in vacuo to afford LiCl-
N 1.73; found C 47.65, H 9.23, N 1.44.free 3 (3.1 g, 9.3 mmol, 26%), m.p. 211°C. 2 1H NMR ([D8]THF):

δ 5 0.19. 2 13C NMR ([D8]THF): δ 5 6.38 [SiMe3, 1J(SiC) 5 49.8 Indium(I) 2,5-Di(tert-butyl)pyrrolide (5): As described above, a
suspension of LiPyr* was prepared from HPyr* (2.7 g, 15 mmol)Hz]. 2 29Si NMR ([D8]THF): δ 5 22.75. 2 IR: ν̃ 5 1462 cm21

m, 1377 m, 1262 s, 1250 s, 861 vs, 842 vs, 784 w, 725 w, 673 m, 661 and a stoichiometric amount of nBuLi in 50 ml of THF. At
2110°C, InICl powder (2.2 g, 14.6 mmol) was added. Duringm, 630 w, 614 w. 2 MS (70 eV, sample temp. 360 K, source temp.

470 K); m/z (%): 315 (12.8) [M1 2 Me], 201 (100) [C(SiMe3)3
1 2 warming to room temp., the orange color of InCl disappeared.

Thereafter, the reaction mixture was stirred for an additional 10 h.2Me], 73 (27) [SiMe3
1]. 2 C10H27ClSi3Zn: calcd. C 36.13, H 8.19;

found C 34.57, H 8.19. The solution was then concentrated to a volume of approximately

Table 2. Crystallographic data of 1, 1·thf, 2, and 4, as well as details of the structure solution and refinement procedures

Compound 1 1·thf 2 4·0.67pentane

Formula C12H21N C16H25NO C20H36LiNO2 C35.33H81.99ClNSi6Zn2
formula mass [g?mol21] 179.30 247.37 329.44 855.70
T [K] 163(2) 163(2) 193(2) 193(3)
Space group[28] P1

¯
(No. 2) P21/m (No. 11) Pnna (No. 52) Pnma (No. 62)

a [pm] 944.28(5) 642.55(2) 1001.3(1) 1793.0(3)
b [pm] 1333.07(8) 1603.21(5) 1759.8(2) 1780.8(3)
c [pm] 1494.61(9) 802.46(2) 1177.7(2) 1575.6(2)
α [°] 83.516(1) 90 90 90
β [°] 77.668(1) 98.194(2) 90 90
γ [°] 80.239(1) 90 90 90
V [nm3] 1.8056(2) 0.81821(4) 2.0752(5) 5.031(1)
Z 6 2 4 4
dcalcd. [g?cm3] 0.989 1.004 1.054 1.130
µ [mm21] 0.057 0.062 0.065 1.172
F(000) 600 272 728 1848
Scan range [°] 1.4 < θ < 25 6.8 < θ < 26.4 2.7 < θ < 24.0 1.7 < θ < 26.0
Measured data 9291 4471 14180 5118
Unique data (Rint) 4903 (0.025) 1357 1596 (0.055) 5118
Parameters 382 97 128 406
wR2[a] (all data) 0.1437 0.1842 0.2760 0.1773
R1[a] (all data) 0.0806 0.0883 0.1015 0.0843
Data [I > 2σ(I)] 3551 1075 1362 3867
R1

[a] [I > 2σ(I)] 0.0537 0.0703 0.0925 0.0599
Goof[b] on F2 1.021 1.090 1.125 1.084
Residual density [e?A

˚
23] 0.19/20.28 0.38/20.21 0.63/20.26 1.10/20.67

[a] Definition of the R values: R1 5 (Σ||Fo| 2 |Fc||)/Σ|Fo|; wR2 5 {Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]}1/2 with w21 5 σ2(Fo

2) 1 (aP)2. 2 [b] s 5
{Σ[w(Fo

2 2 Fc
2)2]/(No 2 Np)}1/2.
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[10] [10a] M. A. Khan, D. G. Tuck, Acta Crystallogr. 1984, C40, 60.20 ml and the precipitated LiCl was filtered off. All volatiles were

2 [10b] R. Gregorzik, H. Vahrenkamp, Chem. Ber. 1994, 127,then removed in vacuo. Subsequent sublimation at 80°C and 5 3 1857.
1023 Torr yielded a fraction of InPyr* still contaminated with [11] M. Westerhausen, M. Wieneke, W. Schwarz, J. Organomet.

Chem. 1996, 522, 137.traces of THF. A second sublimation gave colorless cuboids of In-
[12] Struct. Rep. 1960, 25, 283; ibid. 1961, 26, 319; ibid. 1978, 43a,Pyr* (4.5 mmol, 31%). These crystals were found to be composed

154.of very thin plates and proved unsuitable for an X-ray structure [13] S. S. Al-Juaid, C. Eaborn, A. Habtemariam, P. B. Hitchcock, J.
determination. For NMR data, see Table 1; for discussion of rel- D. Smith, K. Tavakkoli, A. D. Webb, J. Organomet. Chem. 1993,

462, 45. See also the review: C. Eaborn, J. D. Smith, Coord.evant IR/Raman data, see text. 2 C12H20NIn (293.12): calcd. In
Chem. Rev. 1996, 154, 125.39.17; found In 38.3 (complexometric titration), 38.9 (ICP).

[14] J. Behm, S. D. Lotz, W. A. Herrmann, Z. Anorg. Allg. Chem.
1993, 619, 849.X-ray Crystallographic Studies: [27] Suitable single crystals of 1,

[15] T. Aoyagi, H. M. M. Shearer, K. Wade, G. Whitehead, J. Or-1·thf, and 4 were covered with Nujol, mounted on a Siemens P4 ganomet. Chem. 1978, 146, C29.
diffractometer, and examined with graphite-monochromated Mo- [16] P. H. M. Budzelaar, J. Boersma, G. J. M. van der Kerk, A. L.
Kα radiation (λ 5 71.073 pm). For the collection of data sets for 1 Spek, A. J. M. Duisenberg, J. Organomet. Chem. 1985, 281, 123.

See also the review: J. Boersma in Comprehensive Organometal-and 1·thf, the diffractometer was equipped with a Siemens
lic Chemistry, vol. 2 (Eds.: G. Wilkinson, F. G. A. Stone, E. W.SMART-CCD area detector. Due to its low melting point, com- Abel), Pergamon, Oxford, 1982, chapter 16, p. 823.

pound 1·thf was kept at temperatures below 230°C during hand- [17] [17a] R. Blom, J. Boersma, P. H. M. Budzelaar, B. Fischer, A.
ling and mounting on the diffractometer. For the data collection Haaland, H. V. Volden, J. Weidlein, Acta Chem. Scand. 1986,

A40, 113. 2 [17b] B. Fischer, P. Wijkens, J. Boersma, G. vanof 2, a STOE-IPDS diffractometer was used. Crystallographic pa-
Koten, W. J. J. Smeets, A. L. Spek, P. H. M. Budzelaar, J. Or-rameters and details of the data collection are summarized in ganomet. Chem. 1989, 376, 223.
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The fullerides [M(NH3)6]C60 (M = Mn2+, Cd2+) have been An inspection of the fulleride dianions with respect to
geometric deformations in the title compounds and threesynthesized by ion exchange in liquid ammonia and

analyzed by X-ray single-crystal diffraction. With both further independent determinations has led to the conclusion
that no significant static Jahn-Teller distortion is present.complex cations the C60

2– units are in fixed orientations, and
their geometries have been determined with good accuracy.

Introduction or dynamic in nature, precise X-ray crystal structure data
are desirable.

Due to the high symmetry of icosahedral C60 its LUMO In our earlier work we have introduced bulky organic cat-
is triply degenerate (t1u). In accordance with the Jahn-Teller ions into the structure to stabilize fulleride anions in a fixed
theorem[1] partial filling of the LUMO with one to five elec- orientation[8] [9]. Other groups have used different organic
trons should remove this degeneracy and possibly cause a or organometallic cations, or cryptates of alkali met-
structural distortion in the carbon cage. The nature and the als [10] [11] [12] [13] [14]. Nevertheless, many of the structures still
degree of this distortion, however, are difficult to determine exhibit disorder in the anionic or cationic parts of the struc-
experimentally since in most cases structure determinations ture, thereby reducing the accuracy of the information
suffer from orientational disorder of the almost spheric ful- gained from structure determinations. By the synthesis of
lerides. Jahn-Teller distortion could reduce the symmetry to [Ba(NH3)7]C60 ·NH3

[15] we have demonstrated that complex
D5d, D3d, D2h, C2h, or Ci, all of which are subgroups of Ih. ammines are well suited to fix the orientation of the fuller-
From linear approximation D5d and D3d structures have ide cages. More recently we have exemplified with the prep-
been derived as possible minima, and the D2h structure as aration of [Ni(NH3)6]C60 ·6 NH3 that a broad variety of
a saddle point of the associated potential energy surface[2]. fulleride salts with different counterions is accessible by ion
For the monoanion C60

2 the relative energies of these con- exchange in liquid ammonia[16]. Here we present the syn-
figurations have been calculated as roughly equal[3]. Thus, thesis and characterization of two new fullerides,
rearrangement among different Jahn-Teller distorted struc- [M(NH3)6]C60 ·6 NH3 (M 5 Mn21, Cd21). Both com-
tures on the potential energy surface would be an easy pro- pounds are sufficiently well determined to allow for an in-
cess. Density functional calculations[4] have yielded D2h spection of geometrical distortions in the C60

22 cage. The
symmetry for the singlet and D3d symmetry for the triplet results are discussed with respect to the Jahn-Teller effect
ground state of the dianion C60

22. All theoretical ap- and compared to those obtained in the crystal-structure in-
proaches end up with the result that structural changes due vestigations of [Ba(NH3)7]C60 ·NH3, [Ni(NH3)6]C60 ·6 NH3to a Jahn-Teller splitting of the formerly degenerate t1u and (PPN)2C60 [PPN1 5 bis(triphenylphosphanyl)imin-
LUMO should be very small. Only modest static Jahn- ium cation] [12].
Teller energy gains of approximately 0.1 eV are predicted
which fall in the range of typical vibrational frequencies.

Results and DiscussionThus, C60
22 anions could well be subject to a dynamic ex-

change between several Jahn-Teller distorted struc- Like isostructural [Ni(NH3)6]C60 ·6 NH3 the title com-
pounds crystallize in a distorted rock salt type of structuretures[5] [6] [7]. In the superposition of, e.g., the six degenerate

D5d configurations the higher symmetry Ih would be re- (Figure 1). The fulleride dianions form a distorted fcc sub-
lattice where hexaammine complexes of the metal ions oc-stored. In order to be able to investigate the degree of dis-

tortion and to decide, whether those distortions are static cupy the octahedral sites.

Eur. J. Inorg. Chem. 1998, 118321186  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/080821183 $ 17.501.50/0 1183



K. Himmel, M. JansenFULL PAPER
Figure 1. Rock salt type arrangement of fulleride anions and transi- allow for an inspection of geometric distortions of C60

22,
tion metal ammine complexes e.g. of Jahn-Teller type. In an earlier investigation of

(PPN)2C60 [PPN1 5 bis(triphenylphosphanyl)iminium cat-
ion] [12] such distortions have been reported to be present.
The authors have observed a change in point symmetry of
the fullerene moiety from Ih to Ci and have interpreted this
distortion as due principally to the Jahn-Teller effect.

For an evaluation of the degree of ellipsoidal distortion
from the ideal sphere we have considered the longest and
shortest carbon-to-carbon diameters. In Table 1 such diam-
eters of the title compounds, of [Ni(NH3)6]C60 ·6 NH3,
[Ba(NH3)7]C60 ·NH3, (PPN)2C60, and of neutral C60 as de-
termined in two different investigations[18] [19] are given. The
variation in diameters is largest for (PPN)2C60 and very
small for [Ba(NH3)7]C60 ·NH3, while all other compounds
fall in between. Remarkably, even in the most reliable deter-
minations neutral C60 exhibits a small deviation from the
ideal shape of a sphere.

Each molecule of ammonia of solvation is coordinated In order to reveal any particular pattern in the arrange-
via a hydrogen bond to one of the ammonia molecules in ment of atoms with an elongated or shortened radial dis-
the ligand sphere of the ammine complex. This extended tance to the centre of the fullerene cage, the distances be-
coordination sphere (Figure 2) can change its shape flexibly tween the carbon atoms and the centre of the fulleride di-
to meet the needs of the octahedral site of the C60

22 sublat- anion have been calculated with the program package
tice, at the same time absorbing differences in the size of PARST97[20]. The calculations were based on the lattice
the cations [r(Ni21) 5 69 pm, r(Mn21) 5 83 pm (high spin), parameters, the atom coordinates and their respective
r(Cd21) 5 95 pm[17]] and fixing the orientation of the fuller- standard deviations as determined in the different crystal-
ide anion. structure analyses.

For each fulleride the individual distances (di) of the car-Figure 2. ORTEP plot[24] of the fulleride dianion in
[Mn(NH3)6]C60 ·6 NH3 (50% probability ellipsoids) bon atoms from the centre have been compared to the mean

radius r. All differences di 2 r that are larger than three
times the standard deviation of the individual radial dis-
tances have been treated as significant.

The results of the calculations are visualized in Figure 3.
For the fulleride moieties in the different crystal structure
analyses those atoms with a significantly elongated radial
distance to the centre are plotted with a crossed hatching,
those with a shortened radial distance are plotted with a
simple hatching.

Three of the triclinic structures {[Mn(NH3)6]C60 ·6 NH3,
[Ni(NH3)6]C60 ·6 NH3, and (PPN)2C60} seem to exhibit
similarities in the pattern. Elongated atoms form a closedThe obvious relationship between the structures pres-

ented here and the NaCl-type structure implies Coulomb pentagon, suggesting a symmetry reduction to D5d which
has been discussed previously[7] as the most probable dis-interactions mainly to determine the crystal structure. How-

ever, the deviation from cubic symmetry indicates the pres- tortion caused by the Jahn-Teller effect. However, the elon-
gations discussed here are as small as 0.01 A

˚
and in ad-ence of other forces which affect the structure at the same

time. Short distances of hydrogen atoms to the fulleride car- dition to experimental error might be caused by crystal
packing effects. As some of the dianions, e.g. inbon atoms suggest interactions between the Nδ22Hδ1 di-

poles and electron density on the surface of the dianion. [Ba(NH3)7]C60 ·NH3, are not significantly distorted at all,
the present experimental data give no conclusive evidenceThe hydrogen atoms are located above the centres of the

6:6 and 6:5 ring junctures where the majority of π-electron for an intrinsic distortion of C60
22 due to a static Jahn

Teller effect.density is located. Similar interactions between Cδ22Hδ1

dipoles and fullerides have been reported previously and are In order to check our approach, the deviation from ideal
Ih symmetry was determined using a procedure which hasassumed to be responsible for the stabilization of the di-

anion in a fixed orientation[12]. been described previously[4]: First, the dianion was oriented
in a fixed Cartesian frame, with x, y, and z directions co-In all fullerides of complex ammoniates thermal displace-

ment parameters of the carbon atoms are physically reason- inciding with C2 symmetry axes. For each atom, the Car-
tesian displacements from the icosahedral position (i.e.,able and do not indicate any static or rotational disorder.

Thus, the structures seem to be of sufficient accuracy to from the position of that atom in a C60 cage of Ih symmetry

Eur. J. Inorg. Chem. 1998, 1183211861184
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Figure 3. Geometry of fulleride anions as determined in different crystal structure analyses; atoms with an elongated distance to the
centre are plotted with a cross-hatched pattern, those with a shortened distance relative to the mean radius are plotted as hatched spheres

with the same average single and double bond lengths as as a result of experimental error, even at very favourable
experimental conditions.found for the anion) were calculated and the root mean

squares (r.m.s.) value for the distances between correspond- The considerations presented here have led us to the con-
clusion that at the present state of knowledge there is noing atoms was determined. To put these values into an ap-

propriate context we have applied the same formalism to experimental evidence for a static deviation from icosahed-
ral symmetry of the dianion C60

22. As an alternative a dy-neutral C60 and have included the results in Table 1.

Table 1. Geometry of the fullerides: largest and shortest carbon-to-carbon distances (Ømax., Ømin.) and their difference ∆Ø are given;
r.m.s values were calculated as described in the text

Compound Ømax. [A
˚

] Ømin. [A
˚

] ∆Ø [A
˚

] r.m.s. value [A
˚

]

[Ni(NH3)6]C60 ·6 NH3 7.1106 7.0408 0.0698 0.0118
(triclinic) (C132C139) (C162C169)
[Mn(NH3)6]C60 ·6 NH3 7.1132 7.0484 0.0648 0.0110
(triclinic) (C42C49) (C92C99)
[Cd(NH3)6]C60 ·6 NH3 7.1034 7.0286 0.0748 0.0144
(triclinic) (C142C149) (C132C139)
[Ba(NH3)7]C60 ·NH3 7.0923 7.0781 0.0142 0.0075
(trigonal) (C52C10) (C32C11)
[PPN]2C60 7.1264 7.0394 0.087 0.0155
(triclinic) (C152C159) (C92C99)
C60 7.0926 7.0678 0.0248 0.031
(cubic) [19] (C82C89) (C22C29)
C60 7.112 7.0824 0.0296 0.0171
(cubic) [18] (C82C89) (C42C49)

Again the dianion in [Ba(NH3)7]C60 ·NH3 shows the namic Jahn-Teller effect could be discussed. The related
“breathing” movement of the fullerene cage should lead tosmallest variation from ideal atom positions, while this time

the deviation from Ih is strongest for neutral C60. Even for enlarged thermal parameters of the carbon atoms in radial
direction with respect to the centre of the fulleride. How-(PPN)2C60, which has shown the greatest ellipsoidal distor-

tion, the deviation from icosahedral atom positions is mod- ever, the thermal displacement parameters as determined
reflect the rigid body librational motion of the fullerideest. Neutral C60 clearly can not be subject to a Jahn-Teller

distortion. Thus, the observed deviations can only reflect rather well and do not show any significant enlargement in
radial direction (Figure 2). Thus, the amplitudes of vi-experimental error and perhaps effects of crystal packing.

Since in a crystalline environment not all symmetry ele- brations caused by a dynamic Jahn-Teller effect must be
smaller than or equal to the thermal displacement param-ments of point group Ih can agree with a given site sym-

metry, small deviations from the ideal have to be expected eters in radial direction, as determined by X-ray crystal-
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nitrogen stream to 230 K, and picked up on the tip of a glasslography. Based on theoretical calculations only very small
capillary mounted on a goniometer head[21].deviations from an ideal icosahedron have been predicted

Structure Determination: Diffraction data were collected with anupon filling the formerly degenerate LUMO of neutral C60.
Enraf-Nonius CAD4 diffractometer with graphite-monochromatedIn this paper we present experimental evidence that in a
Mo-Kα radiation (λ 5 71.069 pm) at 113(2) K. The structures werecrystalline environment Ih symmetry of anionic C60

22 units
solved by the Patterson method[22] and refined on F2 using all inde-can be retained. Any deviation found is in the range of or
pendent reflections[23]. Hydrogen atoms of the ammonia molecules

smaller than the experimental error. were located by difference Fourier synthesis. Details of the crystal
structure determinations for [M(NH3)6]C60 · 6 NH3 (M 5 Mn, Cd)We are grateful to Hoechst AG, Frankfurt, for providing C60.
are given in Table 2.

Further details of the crystal structure investigations may be ob-Experimental Section
tained from the Fachinformationszentrum Karlsruhe, D-76344

[M(NH3)6]C60 ·6 NH3 (M 5 Mn21, Cd21) has been synthesized Eggenstein-Leopoldshafen, on quoting the depository numbers
by ion exchange in liquid ammonia. All reactions were carried out CSD-408601 (Mn) and -408602 (Cd).
under dry argon, either in all-glass reaction and handling vessels
that were dried in vacuo, or in a glove box. Liquid ammonia (Bayer ; Dedicated to Professor Heinrich Nöth on the occasion of his
AG, purity 2.8) was first distilled from sodium, then from potas- 70th birthday.
sium, and was stored as a potassium/ammonia solution at 195 K. [1] H. A. Jahn, E. Teller, Proc. R. Soc. London A 1937, 161,

2202235.Buckminsterfullerene C60 (Hoechst AG, gold grade) was dried be-
[2] A. Ceulemans, J. Chem. Phys. 1987, 87, 537425385.fore use for 12 h at 300°C in vacuo. A thoroughly dried exchange [3] N. Koga, K. Morokuma, Chem. Phys. Lett. 1992, 196,

resin (Amberlyst 15, Fluka) was loaded with M21 (M 5 Mn21, 1912196.
Cd21) and placed on one side of an H-type glass vessel equipped [4] W. H. Green, Jr., S. M. Gorun, G. Fitzgerald, P. W. Fowler, A.

Ceulemans, B. C. Titeca, J. Phys. Chem. 1996, 100,with a glass sieve (porosity 3). K2C60 was placed on the other side
14892214898.of the sieve. After cooling (ethanol/dry-ice slush) ammonia was [5] W. Z. Wang, C. L. Wang, A. R. Bishop, L. Yu, z. B. Su, Phys.

condensed into the vessel until the glass sieve was completely cov- Rev. B 1995, 51, 10209210212.
ered. The reaction mixture was stored at 230 K for about 3 weeks. [6] E. Tosatti, N. Manini, O. Gunnarsson, Phys. Rev. B 1996, 54,

17184217190.During this period K2C60 slowly diffused onto the ion-exchange
[7] W. Z. Wang, C. L. Wang, A. R. Bishop, L. Yu, z. B. Su, Synth.resin where [M(NH3)6]C60 ·6 NH3 precipitated as shiny black plate-

Met. 1997, 86, 236522368.
lets that are sensitive to air, moisture and elevated temperatures. [8] U. Bilow, M. Jansen, J. Chem. Soc., Chem. Commun. 1994,
Crystals were transferred from liquid ammonia into a mixture of 4032404.

[9] K. Himmel, M. Jansen, Z. Anorg. Allg. Chem. 1998, 624, 123.inert oils (1:1 Perfluorpolyether 216, Riedel-de Haën/Perfluorpoly-
[10] A. Pénicaud, A. Perez-Benitez, R. Gleason V., E. Muñoz P., R.ether Fomblin Y HVAC 40/11, Aldrich) which was cooled with a

Escudero, J. Am. Chem. Soc. 1993, 115, 10392210393.
[11] W. C. Wan, X. Liu, G. M. Sweeney, W. E. Broderick, J. Am.

Chem. Soc. 1995, 117, 958029581.
Table 2. Crystallographic data [12] P. Paul, Z. Xie, R. Bau, P. D. W. Boyd, C. A. Reed, J. Am.

Chem. Soc. 1994, 116, 414524146.
[13] C. Janiak, S. Mühle, H. Hemling, K. Köhler, Polyhedron 1996,[Mn(NH3)6]C60 · [Cd(NH3)6]C60 · 15, 1559215636 NH3 6 NH3 [14] T. F. Fässler, A. Spiekermann, M. E. Spahr, R. Nesper, Angew.

Chem. 1997, 109, 5022504; Angew. Chem. Int. Ed. Engl. 1997,
36, 4862488.Formula C60H36N12Mn C60H36N12Cd

Mr [g/mol] 938.72 1037.41 [15] K. Himmel, M. Jansen, Inorg. Chem., in press
[16] K. Himmel, M. Jansen, J. Chem. Soc., Chem. Commun., in pressCrystal system triclinic triclinic

Space group P1
¯

P1
¯

[17] R. D. Shannon, Acta Crystallogr., Sect. A 1976, 32, 7512767.
[18] W. I. F. David, R. M. Ibberson, J. C. Matthewman, K. Pras-a[pm] 996.7(1) 999.2(3)

b [pm] 1023.0(1) 1024.4(3) sides, T. J. S. Dennis, J. P. Hare, H. W. Kroto, R. Taylor, D. R.
M. Walton, Nature 1991, 353, 1472149.c [pm] 1055.4(1) 1055.5(2)

α [°] 77.60(1) 77.49(2) [19] H.-B. Bürgi, E. Blanc, D. Schwarzenbach, S. Liu, Y.-J. Lu, M.
M. Kappes, J. A. Ibers, Angew. Chem. 1992, 104, 6672669; An-β [°] 79.56(1) 79.34(3)

γ [°] 79.13(1) 78.96(3) gew. Chem. Int. Ed. Engl. 1992, 31, 6402642.
[20] M. Nardelli, PARST97, University of Parma, Italy, 1997; J.V [nm3] 1.0210(2) 1.0235(5)

Z 1 1 Appl. Crystallogr. 1995, 28, 6592660.
[21] T. Kottke, D. Stalke, J. Appl. Crystallogr. 1993, 26, 6152619;ρcalcd. [g cm23] 1.619 1.683

µ(Mo-Kα) [mm21] 0.55 0.599 the method was modified to the needs of the preparation in
liquid ammonia.Measured reflns. 6495 4715

Independent reflns. 3993 3598 [22] G. M. Sheldrick, SHELXS 86, Program for Crystal Structure
Determination, University of Göttingen, Germany, 1986Observed reflns. 3201 2904

[I > 2σ(I)] [23] G. M. Sheldrick, SHELXL 93, Program for the refinement of
Structures, University of Göttingen, Germany, 1993θmax [°] 26 25

Parameters 385 361 [24] C. K. Johnson, ORTEP, A Fortran Thermal Ellipsoids Program
for Structure Illustrations, Oak Ridge, Tennessee, 1965 (modi-R1 [F > 4σ(F)] 0.035 0.047

wR2 [F2, all data] 0.102 0.118 fied by R. Hundt, University of Bonn, 1970)
[98112]
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The synthesis and characterization of heterobimetallic and complexes are formed in nearly quantitative yields by
metathesis reactions from the respective homodimericmixed-valence complexes in which orthometalated

[(ppy)2MCl] (M = Rh, Ir; ppy = 2-phenylpyridine anion) and compounds. The structures of [(ppy)2Rh(µ-Cl)2Rh(cod)]
(cod = η4-1,5-cyclooctadiene) and [(ppy)2Rh(µ-Cl)2Pt(PBu3)-[(bzq)2RhCl] (bzq = benzo[h]quinoline anion) fragments are

linked via chloro-bridges with rhodium(I), iridium(I), Cl] were determined by X-ray structure analyses.
palladium(II), and platinum(II) fragments is reported. These

Introduction Dinuclear RhIII-RhI, RhIII-IrI, and IrIII-IrI Complexes

The dinuclear complexes 123 were obtained in nearlyDichloro-bridged complexes of rhodium and iridium play
quatitative yield when a suspension of [(ppy)2MCl]2 (M 5an important role as starting materials in organometallic
Rh, Ir) in dichloromethane was stirred with equivalentchemistry and catalysis. Subsequent functionalization of
amounts of [(cod)MCl]2 (M 5 Rh, Ir) (Scheme 1). Uponthese complexes is easily possible through bridge-splitting
completion of the reactions clear yellow solutions werereactions with various donor ligands. [1] Generally, the two
formed indicating a strongly enhanced solubility of the het-metal fragments are symmetrically linked by halide ligands.
erodimeric products with respect to the homodimeric RhIIIDinuclear complexes in which rhodium or iridium com-
and IrIII complexes. Yellow powders were obtained after re-plexes are asymmetrically joined with a different transition
moval of the solvent. Other RhIII-RhI complexes containingmetal fragment, on the other hand, are rare. [2] [3] [4] [5] [6] [7]

RhIII fragments with orthometalated ligands (e.g. the tri-Among the more prominent examples are the mixed-val-
dentate o,o9-(Me2NCH2)C6H3 ) were described by vanence hydrido complexes shown below. They are produced in
Koten[5], Bruce[6], and Mills. [7]catalytic hydrogenation[3] and dehydrogenation[4] reactions

with rhodium(I) phosphine complexes. At present there is
Scheme 1

no general methodology available for the synthesis of such
heterodimeric or mixed-valence complexes. Furthermore
the reactivity of these compounds is virtually unexplored.

The 1H and 13C NMR spectra (CDCl3) of racemic 123Here we describe the synthesis and characterization of
new dinuclear, chloro-bridged complexes containing RhIII are in accordance with the structures shown in Scheme 1.

For the two phenylpyridyl ligands one set of signals is ob-or IrIII fragments together with RhI, IrI, PdII, and PtII frag-
ments. They are obtained by metathesis reactions of served. The 1H NMR spectra of the cyclooctadiene ligand

reflect the reduced symmetry of 123 as compared to[(cod)MCl]2 (M 5 Rh, Ir) or [(R3P)MCl2]2 (M 5 Pd, Pt;
R 5 Et, n-Bu) with the orthometalated RhIII and IrIII com- [(cod)MCl]2: the vinylic proton signals appear as two well

separated groups at δ 3.8 and 4.0.plexes [(bzq)2RhCl]2 or [(ppy)2MCl]2 (M 5 Rh, Ir). The
latter compounds have found considerable attention since Minor amounts of starting material can be detected in

the 1H NMR spectra of 123 indicating a dynamic equilib-they are powerful photoreducing agents. [8] [9]
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rium between homo- and heterodimeric complexes (Keq > Rh, Ir) with the respective chloro-bridged palladium or

platinum phosphine complex (Scheme 2). The yields are100). Similar equilibria were observed in solutions of
[(R3P)PtCl2]2 together with [(R3P)PdCl2]2. [10] In these cases, quantitative for the platinum complexes 5, 7, and 8. 1H

NMR spectra (CDCl3) of the palladium complexes 4 and 6however, the amount of heterodinuclear Pd-Pt complexes
present in solution were close to what is expected for a sta- show very small amounts of homodimeric starting material

(Keq > 100). The dynamic nature of these metathesis reac-tistical distribution. Quantitative formation of heterodi-
meric complexes, on the other hand, was also observed in tions as well as the higher stability of RhIII-PtII complexes

in comparison to the corresponding RhIII-PdII complexesreactions of [(η3:η3-C10H16)RuCl2]2 with various chloro-
bridged complexes. [11] was confirmed by a direct competition experiment: if one

equivalent of [(ppy)2Rh(µ-Cl)2Pd(PBu3)Cl]2 (4) was mixedThe molecular structure of 1 was confirmed by single
crystal X-ray analysis (Figure 1). The RhIII center is coordi- with 0.5 equivalents of [(Bu3P)PtCl2]2 in dichloromethane

the immediate formation of [(ppy)2Rh(µ-Cl)2Pt(PBu3)Cl]2nated in a slightly distorted octahedral fashion with the two
N-donor groups adopting a trans configuration. The Rh(µ- (5) together with [(Bu3P)PdCl2]2 was observed by 31P NMR

spectroscopy. The ratio between 5 and 4, which was esti-Cl)2Rh unit is markedly non-planar with a dihedral angle
between the normals to the planes defined by Rh1, Cl1, Cl2 mated by integration of the respective 31P NMR signals,

was 3:1.and Rh2, Cl1, Cl2, of 24.14°. Folded Rh(µ-Cl)2Rh units
are also found for [(CO)2RhCl]2, [12] [(PMe2Ph)(CO)- Scheme 2
RhCl]2, [13] [(C6H10)2RhCl]2, [14] [(PhN5NC6H4)2(CO)2-
Rh2], [7] [(CO)2(cod)Rh2], [2a] and for 5 (Figure 2). According
to a recent theoretical and structural analysis of square-
planar complexes of the general formula [L2M(µ-Cl)2ML2]
the main driving force for bending are attractive metal2me-
tal interactions[15] but for 1 direct Rh2Rh interactions are
unlikely due to a Rh2Rh bond length of 3.60 A

˚
. The

Rh22Cl bond lengths are very close to that in the homodi-
meric complex [(cod)RhCl]2. [16] Significantly longer are the
Rh12Cl bond lengths (2.55 and 2.57 A

˚
), presumably due

to the strong σ-donor character of the coordinating carbons
in trans position.

Figure 1. Molecular structure of complex 1. Selected bond lengths
[A
˚

] and angles [°]: Rh22C26 2.104(4), Rh22C27 2.120(4), The 1H- and 13C-NMR spectra (CDCl3) of 426 are
Rh22Cl2 2.407(1), Rh22Cl1 2.410(2), Rh12C11 1.980(4), strongly temperature dependent. At temperatures below 250Rh12C22 1.982(4), Rh12N2 2.046(3), Rh12N1 2.043(4),

K the phenylpyridyl ligands show two distinct sets of sig-Rh12Cl1 2.553(1), Rh12Cl2 2.569(2), N12Rh12Cl1 95.56(11),
N12Rh12Cl2 86.42(11), Cl12Rh12Cl2 81.36(5), N12Rh12N2 nals in accordance with the structure depicted in Scheme 2.

174.66(14), Cl22Rh22Cl1 87.74(5) At room temperature, however, only one set of signals can
be observed (Figure 2).

Figure 2. Aromatic region of the 1H NMR spectra of complex 5 at
233 K (top) and at 328 K (bottom) in CDCl3

The fluctional process most probably consists of a “cis-
trans” isomerisation as shown in Scheme 3. Plausible inter-
mediates are solvent stabilized complexes with only one

Dinuclear RhIII-PdII, RhIII-PtII, and IrIII-PtII Complexes chloride bridge. From the coalescence temperature Tc and
the difference in chemical shift ∆ν of selected signals a ∆G#Similar as for 123 the heterobimetallic complexes 428

are obtained by metathesis reactions of [(ppy)2MCl]2 (M 5 value of 59 (±1) kJ mol21 was calculated for 5. [17] A similar
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dynamic behaviour was previously observed for mixtures of ration and the bond lengths of the octahedral RhIII frag-

ment are similar to that observed for 1.cis- and trans-[(Ph3P)(CO)RhCl]2. [18] In contrast to the rho-
dium complexes 426 the iridium complexes 7 and 8 exhibit Figure 3. Molecular structure of complex 5. Selected bond lengths

[A
˚

] and angles [°]: Pt12P1 2.216(3), Pt12Cl1 2.407(2), Pt12Cl2no fluxional behavior at room temperature. Coalescence ef-
2.313(2), Pt12Cl3 2.270(3), Rh12C11 1.975(9), Rh12C22fects are observed at temperatures above 325 K. For 7 a 1.995(11), Rh12N2 2.036(8), Rh12N1 2.038(8), Rh12Cl1

∆G# value of 69 (±1) kJ mol21 was calculated. 2.528(3), Rh12Cl2 2.540(2); N12Rh12Cl1 85.8(2),
N12Rh12Cl2 96.8(2), Cl12Rh12Cl2 80.52(8), N12Rh12N2When the 1H NMR spectra of 5 and 7 are recorded in

175.2(3), Cl12Pt12Cl2 87.85(8), Cl32Pt12Cl2 174.70(10)CDCl3 containing 20% CD3OD only minor changes in the
coalescence temperature can be observed. Interestingly this
more polar solvent mixture disfavors the formation of the
heterobimetallic complexes: significant amounts (Keq ø 10)
of the homodimeric starting materials are present in solu-
tion as judged by integration of selected 1H NMR signals.
NMR experiments in neat CD3OD were not performed due
to the very low solubility of the complexes in this solvent.
Other polar solvents like dimethyl sulfoxide or acetonitrile
were likewise omitted because they are known to react with
chloro-bridged complexes to yield the respective mono-
meric species.

Scheme 3

Conclusions

The present study establishes that heterobimetallic and
mixed-valence complexes containing orthometalated RhIII

and IrIII fragments can be obtained in nearly quantitativeIn analogy to 428 the RhIII-PdII complex 9 and the
yields by metathesis reactions of [(N2C)2MCl]2 (M 5 Rh,RhIII-PtII complex 10 containing two metalated benzo-
Ir) with various dichloro-bridged complexes of the latequinoline ligands were synthesized. Again, the NMR spec-
transition metals. It is conceivable that this synthetictra (CDCl3) exhibit dynamic behavior with a coalescence
scheme is not restricted to the cyclooctadiene and phos-temperature close to what was observed for the rhodium
phine complexes described here. Indeed, preliminary experi-complexes 426.
ments have shown that chloro-bridged, orthometalated PdII

and PtII complexes undergo similar disproportion reactions.
It remains to be seen, how general the concept of chloro-
bridge metathesis is appliciable for the synthesis of new, het-
erometallic complexes. Studies along these lines will be re-
ported shortly.

We thank Prof. Dr. W. Beck (LMU München) for his generous
support. Financial funding from the Bayerischer Habilitations-
Förderpreis is gratefully acknowledged.

Experimental Section
General: All solvents were of analytical grade quality, obtained

commercially and used without further purification. Reactions withThe structural assignments for 4210 are supported by a
[(cod)IrCl]2 were performed with degassed solvents under an inert

single crystal X-ray analysis of 5 (Figure 3). There are two atmosphere. The complexes [(R3P)MCl2]2 (M 5 Pd, Pt; R 5 Et, n-
independent molecules in the unit cell, the metric param- Bu), [18] [(ppy)2MCl]2 (M 5 Rh, Ir), [8b] [(bzq)2RhCl]2, [8b]

eters of which are very similar. As in 1, the two metal cen- [(cod)RhCl]2, [20] and [(cod)IrCl]2 [21] were prepared as described in
ters are bridged by a slightly bent dichloro-bridge with the the literature. 2 IR: Perkin-Elmer 841, Nicolet 520. 2 NMR:
dihedral angle of the folded Rh(µ-Cl)2Pt unit beeing 13.2°. JEOL EX 400,GSX 270. The NMR spectra were recorded at room

temperature 2 exceptions are indicated. Due to the low solubilityFurthermore, the dichloro bridge is highly asymmetric with
of 6 and 8 13C NMR spectra were not recorded.four distinct M2Cl bond lengths between 2.31 (Pt12Cl2)

and 2.54 A
˚

(Rh12Cl2). Metal-metal interactions are un- General Procedure for the Synthesis of 1210: 10 ml of dichloro-
methane were added to 0.1 mmol of [(ppy)2MCl]2 (M 5 Rh, Ir) orlikely due to a Rh2Pt bond length of 3.61 A

˚
. The configu-
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[(bzq)2RhCl]2 and 0.1 mmol of the respective chloro-bridged com- CDCl3): δ 5 0.90 (t, 3J 5 7.4 Hz, 9 H, CH3, PBu3), 1.3321.74 (m,

18 H, CH2, PBu3), 6.12 (d, 3J 5 7.7 Hz, 2 H, CH, ppy), 6.73 (t,plex [(cod)RhCl]2 (M 5 Rh, Ir) or [(R3P)MCl2]2 (M 5 Pd, Pt).
After 1 h clear yellow or orange solutions were observed. The prod- 3J 5 7.1 Hz, 2 H, CH, ppy), 6.89 (t, 3J 5 7.7 Hz, 2 H, CH, ppy),

7.39 (s, br, 2 H, CH, ppy), 7.52 (d, 3J 5 7.4 Hz, 2 H, CH, ppy),ucts were isolated after evaporation of the solvent under reduced
pressure and dried in vacuo at 50°C. 7.8527.94 (m, 4 H, CH, ppy), 9.75 (d, br, 2 H, NCH, ppy). 2 13C

NMR (101 MHz, CDCl3): δ 5 13.87 (CH3, PBu3), 21.50 (d, 1JPC 5[(ppy)2Rh(µ-Cl)2Rh(cod)] (1): Yellow powder. Crystals can be
39.6 Hz, PCH2), 24.05 (d, 2JPC 5 14.3 Hz, PCH2CH2), 25.72 (d,obtained by slow diffusion of diethyl ether in a solution of 1 in
3JPC 5 2.8 Hz, PCH2CH2CH2), 118.94, 122.42, 122.94, 123.87,chloroform. M. p. 2552258°C (dec.). 2 1H NMR (270 MHz,
129.47, 132.61, 137.60, 143.83, 151.80, 164.45 (CH, ppy), 164.51CDCl3): δ 5 1.6121.74 (m, 4 H, CH2, cod), 2.2722.53 (m, 4 H,
(d, 1JRhC 5 37.8 Hz, RhC). 2 31P NMR (162 MHz, CDCl3): δ 5CH2, cod), 3.9824.03 (m, 2 H, CH, cod), 4.1424.19 (m, 2 H, CH,
22.80 (1JPtP 5 3489 Hz). 2 C34H43Cl3N2PPtRh (915.06): calcd. Ccod), 6.14 (d, 3J 5 8.0 Hz, 2 H, CH, ppy), 6.72 (t, 3J 5 7.4 Hz, 2
44.63, H 4.74, N 3.06; found C 44.23, H 4.57, N 2.96.H, CH, ppy), 6.85 (t, 3J 5 7.4 Hz, 2 H, CH, ppy), 7.43 (t, 3J 5

7.4 Hz, 2 H, CH, ppy), 7.51 (d, 3J 5 7.7 Hz, 2 H, CH, ppy), [(ppy)2Rh(µ-Cl)2Pd(PEt3)Cl] (6): Yellow powder, m.p.
7.8327.94 (m, 4 H, CH, ppy), 9.94 (d, 3J 5 5.6 Hz, 2 H, NCH, 2882291°C (dec.). 2 1H NMR (400 MHz, CDCl3): δ 5 1.15 (dt,
ppy). 2 13C NMR (68 MHz, CDCl3): δ 5 30.81, 31.07 (CH2, cod), 3JHH 5 7.8 Hz, 3JPH 5 18.0 Hz, 9 H, CH3, PEt3), 1.7521.84 (m,
78.13, 78.33, 78.55, 78.75 (CH, cod), 118.83, 122.12, 122.62, 123.81, 6 H, CH2, PEt3), 6.14 (d, 3J 5 8.2 Hz, 2 H, CH, ppy), 6.73 (t, 3J 5
129.37, 132.65, 137.39, 143.73, 151.87, 164.71 (CH, ppy), 164.64 7.4 Hz, 2 H, CH, ppy), 6.87 (t, 3J 5 7.5 Hz, 2 H, CH, ppy), 7.40
(d, 1JRhC 5 37.4 Hz, RhC). 2 C30H28Cl2N2Rh2·CHCl3 (812.67): (s, br, 2 H, CH, ppy), 7.53 (d, 3J 5 6.7 Hz, 2 H, CH, ppy),
calcd. C 45.82, H 3.59, N 3.45; found C 45.16, H 3.82, N 3.14. 7.8527.94 (m, 4 H, CH, ppy), 9.81 (s, br, 2 H, NCH, ppy). 2

31P NMR (109 MHz, CH2Cl2): δ 5 40.43. 2 C28H31Cl3N2PPdRh[(ppy)2Rh(µ-Cl)2Ir(cod)] (2): Yellow powder, m.p. 2092213°C
(742.23): calcd. C 45.31, H 4.21, N 3.77; found C 45.31, H 3.86,(dec.). 2 1H NMR (270 MHz, CDCl3): δ 5 1.2221.35 (m, 4 H,
N 3.76.CH2, cod), 2.0222.24 (m, 4 H, CH2, cod), 3.7523.81 (m, 2 H, CH,

cod), 3.9023.96 (m, 2 H, CH, cod), 6.13 (d, 3J 5 8.0 Hz, 2 H, CH, [(ppy)2Ir(µ-Cl)2Pt(PBu3)Cl] (7): Yellow powder; m.p.
ppy), 6.72 (t, 3J 5 7.4 Hz, 2 H, CH, ppy), 6.87 (t, 3J 5 7.5 Hz, 2 2532255°C (dec.). 2 1H NMR (400 MHz, CDCl3): δ 5 0.90 (t,
H, CH, ppy), 7.39 (t, 3J 5 7.4 Hz, 2 H, CH, ppy), 7.51 (d, 3J 5 3J 5 6.7 Hz, 9 H, CH3, PBu3), 1.3421.72 (m, 18 H, CH2, PBu3),
7.7 Hz, 2 H, CH, ppy), 7.8227.94 (m, 4 H, CH, ppy), 9.77 (d, 3J 5 6.08 (d, 3J 5 7.3 Hz, 1 H, CH, ppy), 6.11 (d, 3J 5 8.0 Hz, 1 H,
5.6 Hz, 2 H, NCH, ppy). 2 13C NMR (68 MHz, CDCl3): δ 5 CH, ppy), 6.63 (t, 3J 5 7.2 Hz, 1 H, CH, ppy), 6.66 (t, 3J 5 7.5
31.62, 31.82 (CH2, cod), 61.35, 61.79 (CH, cod), 118.82, 122.18, Hz, 1 H, CH, ppy), 6.78 (t, 3J 5 7.3 Hz, 1 H, CH, ppy), 6.81 (t,
122.84, 123.87, 129.45, 132.67, 137.54, 143.73, 151.92, 164.48 (CH, 3J 5 7.5 Hz, 1 H, CH, ppy), 7.31 (t, 3J 5 6.4 Hz, 1 H, CH, ppy),
ppy), 163.99 (d, 1JRhC 5 37.7 Hz, RhC). 2 C30H28Cl2IrN2- 7.41 (t, 3J 5 5.5 Hz, 1 H, CH, ppy), 7.45 (d, 3J 5 8.2 Hz, 1 H,
Rh·CH2Cl2 (867.54): calcd. C 42.92, H 3.49, N 3.23; found C 43.25, CH, ppy), 7.49 (d, 3J 5 7.5 Hz, 1 H, CH, ppy), 7.7827.87 (m, 4
H 3.55, N 3.23. H, CH, ppy), 9.63 (d, 3J 5 5.5 Hz, 1 H, NCH, ppy), 10.05 (d, 3J 5

5.6 Hz, 1 H, NCH, ppy). 2 13C NMR (101 MHz, CDCl3): δ 5[(ppy)2Ir(µ-Cl)2Ir(cod)] (3): Orange powder, m.p. 1942197°C
13.84 (CH3, PBu3), 21.43 (d, 1JPC 5 39.3 Hz, PCH2), 24.03 (d,(dec.). 2 1H NMR (270 MHz, CD2Cl2): δ 5 1.2121.34 (m, 4 H,
2JPC 5 14.6 Hz, PCH2CH2), 25.68 (d, 3JPC 5 3.1 Hz,CH2, cod), 1.9922.23 (m, 4 H, CH2, cod), 3.6823.74 (m, 2 H, CH,
PCH2CH2CH2), 118.41, 118.75, 121.89, 122.29, 122.44, 123.85,cod), 3.8823.94 (m, 2 H, CH, cod), 6.06 (d, 3J 5 7.7 Hz, 2 H, CH,
129.42, 129.53, 131.34, 131.74, 137.43, 137.47, 143.12, 143.68,ppy), 6.62 (t, 3J 5 7.7 Hz, 2 H, CH, ppy), 6.79 (t, 3J 5 7.4 Hz, 2
143.95, 144.22, 150.61, 151.77, 167.65, 167.78 (CH, ppy). 2 31PH, CH, ppy), 7.3627.52 (m, 4 H, CH, ppy), 7.8327.90 (m, 4 H,
NMR (109 MHz, CH2Cl2): δ 5 21.49 (1JPtP 5 3602 Hz). 2CH, ppy), 9.76 (d, 3J 5 5.9 Hz, 2 H, NCH, ppy). 2 13C NMR (68
C34H43Cl3N2PPtIr (1004.37): calcd. C 40.66, H 4.32, N 2.79; foundMHz, CD2Cl2): δ 5 37.21, 37.55 (CH2, cod), 62.06, 62.35 (CH,
C 40.95, H 4.09, N 2.85.cod), 118.72, 121.86, 122.50, 123.93, 129.34, 131.45, 137.76, 142.79,

144.13, 151.37, 167.34 (CH, ppy). 2 C30H28Cl2Ir2N2·1/2 CH2Cl2 [(ppy)2Ir(µ-Cl)2Pt(PEt3)Cl] (8): Yellow powder, m.p.
(914.38): calcd. C 40.06, H 3.20, N 3.06; found C 39.58, H 2.86, 2752277°C (dec.). 2 1H NMR (270 MHz, CDCl3): δ 5 1.10 (dt,
N 2.96. 3JHH 5 7.7 Hz, 3JPH 5 17.5 Hz, 9 H, CH3, PEt3), 1.6421.80 (m,

6 H, CH2, PEt3), 6.09 (pt, 3J 5 5.7 Hz, 2 H, CH, ppy), 6.63 (pq,[(ppy)2Rh(µ-Cl)2Pd(PBu3)Cl] (4): Orange powder, m.p.
3J 5 6.9 Hz, 2 H, CH, ppy), 6.78 (pq, 3J 5 6.2 Hz, 2 H, CH, ppy),2652268°C (dec.). 2 1H NMR (270 MHz, CDCl3, 35°C): δ 5 0.90
7.2927.49 (m, 4 H, CH, ppy), 7.84 (m, 4 H, CH, ppy), 9.62 (d,(t, 3J 5 7.3 Hz, 9 H, CH3, PBu3), 1.3521.79 (m, 18 H, CH2, PBu3),
3J 5 5.7 Hz, 1 H, CH, ppy), 10.02 (d, 3J 5 5.2 Hz, 1 H, CH, ppy).6.13 (d, 3J 5 7.8 Hz, 2 H, CH, ppy), 6.72 (dt, 3J 5 7.4 Hz, 5J 5
2 31P NMR (109 MHz, CDCl3): δ 5 5.98 (1JPtP 5 3722 Hz). 21.3 Hz, 2 H, CH, ppy), 6.86 (dt, 3J 5 7.5 Hz, 5J 5 1.3 Hz, 2 H,
C28H31Cl3N2PPtIr (920.20): calcd. C 36.55, H 3.40, N 3.04; foundCH, ppy), 7.37 (t, br, 3J 5 5.6 Hz, 2 H, CH, ppy), 7.51 (dd, 3J 5
C 36.50, H 3.24, N 2.97.7.7 Hz, 5J 5 1.0 Hz, 2 H, CH, ppy), 7.8227.93 (m, 4 H, CH, ppy),

9.81 (s, br, 2 H, NCH, ppy). 2 13C NMR (68 MHz, CDCl3, 35°C): [(bzq)2Rh(µ-Cl)2Pd(PBu3)Cl] (9): Orange powder; m.p.
δ 5 13.72 (CH3, PBu3), 23.32 (d, 1JPC 5 32.0 Hz, PCH2), 24.11 2502253°C (dec.). 2 1H NMR (400 MHz, CDCl3, 35°C): δ 5 0.87
(d, 2JPC 5 14.8 Hz, PCH2CH2), 26.04 (d, 3JPC 5 2.8 Hz, (t, 3J 5 7.2 Hz, 9 H, CH3, PBu3), 1.3421.77 (m, 18 H, CH2, PBu3),
PCH2CH2CH2), 118.81, 122.23, 122.72, 123.74, 129.37, 132.64, 6.11 (d, 3J 5 7.4 Hz, 2 H, CH, bzq), 6.95 (t, 3J 5 7.8 Hz, 2 H,
137.56, 143.75, 151.68, 164.75 (CH, ppy), 164.77 (d, 1JRhC 5 37.0 CH, bzq), 7.30 (d, 3J 5 7.7 Hz, 2 H, CH, bzq), 7.6627.79 (m, 6
Hz, RhC). 2 31P NMR (109 MHz, CH2Cl2): δ 5 33.51. 2 H, CH, bzq), 8.41 (d, 3J 5 6.7 Hz, 2 H, CH, bzq), 10.10 (d, br, 2
C34H43Cl3N2PPdRh·1/3 CH2Cl2 (854.71): calcd. C 48.25, H 5.15, H, NCH, bzq). 2 13C NMR (101 MHz, CDCl3, 35°C): δ 5 13.68
N 3.28; found C 48.27, H 5.17, N 3.24. (CH3, PBu3), 23.33 (d, 1JPC 5 31.9 Hz, PCH2), 24.09 (d, 2JPC 5

14.4 Hz, PCH2CH2), 26.02 (d, 3JPC 5 2.5 Hz, PCH2CH2CH2),[(ppy)2Rh(µ-Cl)2Pt(PBu3)Cl] (5): Yellow powder. Crystals can
be obatined by slow diffusion of diethyl ether in a solution of 5 in 120.77, 121.62, 123.18, 126.85, 128.64, 129.30, 129.48, 133.55,

135.94, 140.07, 151.12, 154.77 (CH, bzq), RhC: not observed. 2dichloromethane. M.p. 2552257°C (dec.). 2 1H NMR (400 MHz,
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Table 1. Crystal data for complexes 1 and 5

1 5

Empirical formula C67H69Cl13N4Rh4 C34.5H44Cl4N2PPtRh
Molecular mass [g mol21] 1818.75 957.49
Crystal size 0.53 3 0.47 3 0.27 0.47 3 0.37 3 0.27
Crystal system monoclinic triclinic
Space group C2/c P-1
a [A

˚
] 23.100(9) 11.950(2)

b [A
˚

] 12.161(5) 17.517(3)
c [A

˚
] 26.498(9) 20.294(3)

α [°] 90.00(3) 66.40(2)
β [°] 104.81(3) 86.53(2)
γ [°] 90.00(3) 75.318(14)
Volume [A

˚
3] 7197(5) 3761.8(11)

Z 4 4
Density [g cm23] 1.679 1.691
Absorption coefficient [mm21] 1.428 4.506
Θ range [°] 2.33 to 23.98 2.56 to 23.97
Index ranges 226 R 0, 213 R 0, 229 R 30 213 R 13, 220 R 0, 223 R 21
Reflections collected 5772 12203
Independent reflections 5620 (Rint 5 0.0166) 11763 (Rint 5 0.0202)
Absorption correction semi-empirical semi-empirical
Max. and min. transmission 0.9999 and 0.6810 0.9999 and 0.6848
Weights w 5 1/(σ2(F0

2)1(0.0319 P)2 w 5 1/(σ2(F0
2)1(0.0376 P)2

123.5103P]; P 5 (F0
212Fc

2)/3 19.7166P]; P 5 (F0
212Fc

2)/3
Data / restraints / parameters 5620 / 12 / 418 11763 / 20 / 791
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Final R indices [I>2σ(I)] R1 5 0.0316, wR2 5 0.0726 R1 5 0.0463, wR2 5 0.0896
R indices (all data) R1 5 0.0403, wR2 5 0.0786 R1 5 0.0787, wR2 5 0.1043
Largest diff. peak/hole [eA

˚
23] 0.643/20.720 1.064/20.906
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Electrospray Ionization Mass Spectrometry (ESI-MS) obtained clearly indicate that the exchange reactions
between water and methanol molecules, within themeasurements and ab initio calculations on [OV(O2)(H2O)m-

(CH3OH)n]+ (m,n: 0–4) peroxo cations have been carried out. coordination sphere of monoperoxo-vanadium complexes, is
a conceivable and fast process.This experimental technique allowed the direct observation

of the above mentioned species for the first time. The results

Introduction Results and Discussion

Preliminary data, reported in Table 1, were obtained forThe peroxo species formed in aqueous acid solutions by
interaction of vanadates with hydrogen peroxide have been solutions containing weighted amounts of ammonium van-

adate in CH3OH/H2O (1:1; pH 5 1, HClO4). The electros-studied by several techniques, including heteronuclear
NMR[1] [2], Raman spectroscopy[3] and ab initio calcu- pray mass spectrum of this solution, obtained by direct in-

fusion into the ESI source, showed the occurrence of differ-lations. [4] [5] In spite of all these studies, however, a funda-
mental aspect of these systems, i.e. the nature of the first ent species [11] [12] [13] identified as monomeric homo ions

[OV(OH)3H]1 (m/z 119) and [OV(OCH3)3H]1 (m/z 161),coordination sphere of the peroxovanadium derivatives pre-
sent in solution, is still a matter of debate. [1] [2] As an ex- and mixed ions [OV(OH)2(OCH3)H]1 and [OV(OH)-

(OCH3)2H]1 (centered at m/z 133 and 147, respectively).ample recent ab initio calculations indicate that the oxo-
(monoperoxo)vanadium cation likely binds three H2O mol- The base peak of the spectrum is associated with the forma-

tion of the dimeric species[14] [OV2O2VO(OH)4H]1 atecules to form a species whose structure is a distorted octa-
hedron, [5] whereas in the solid state peroxovanadium m/z 219. Other significant peaks, related to dimeric com-

plexes and formally having the composition reported incomplexes prefer the pentagonal bipyramid geometry. [6] [7]

In order to obtain direct experimental information on the Table 1, were found at m/z 237, 247 and 279.
As expected, addition of an equimolar amount of H2O2solution structure of peroxovanadium species, we have

undertaken an electrospray ionization mass spectrometry to the vanadate solutions produces significant changes in
the electrospray mass spectrum. Besides the above-men-(ESI-MS)[8] [9] analysis of water/methanol acid solutions of

vanadates in the presence of hydrogen peroxide. The elec- tioned ions at m/z 147 and 161, new ionic monoperoxo
species at m/z 117, 131, 135, 181 and 195 were detected (seetrospray technique is a gentle ionization method of transfer-

ring ions from solution to the gas phase with no apparent Table 1). Signals corresponding to the tetraaquo complex
[OV(O2)(H2O)4]1 at m/z 171 and to the mixedfragmentation, and has been successfully applied to the

analysis of many inorganic and organometallic systems.[10] [OV(O2)(H2O)m(CH3OH)n]1 (m 1 n 5 4) cations at m/z 199
and 213 are also observed, although in low relative inten-In our case the direct observation of [OV(O2)-

(H2O)m(CH3OH)n]1 (m, n 5 024) peroxo cations has been sity.
Acid catalysis appears to play a fundamental role in theachieved for the first time. Ab initio calculations were also

carried out, whose results appear to rationalize most of the chemistry of peroxovanadium species, particularly when
they are involved in the catalytic cycle of bromoperoxidaseexperimental behaviors observed.
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Table 1. Percentage of ion abundances in Electrospray Ionization enzymes. [15] In that respect the knowledge of the pro-
Mass Spectra of vanadates and peroxovanadates in water methanol tonation site of peroxovanadium complexes is an important

acid solutions[a]

piece of information. In the present work, where cationic
peroxovanadium species are studied in acid solutions, weion m/z rel. abund. (%)
have addressed such a problem by carrying out ab initio
calculations on the oxoperoxo complexes [OV(O2)(H2O)]1vanadates

[OV(OH)3H]1 119 14 and [OV(O2)(CH3OH)]1. The calculations have been made
[OV(OH)2(OCH3)H]1 133 5 by using two different levels of theory, i.e. Hartree-Fock[OV(OH)(OCH3)2H]1 147 2
[OV(OCH3)3H]1 161 20 with a small all-electron basis set (HF/3-21G(*)) [16] and
[OV2O2VO(OH)4H]1 219 100 density functional theory (DFT) with effective core poten-
[OV2O2VO(H2O)(OH)4H]1 237 12

tials (B3LYP/LANL2DZ),[17] [18] and are shown in a pic-[OV2O2VO(OCH3)2(OH)2H]1 247 7
[OV2O2VO(OCH3)3(H2O)(OH)H]1 279 85 torial way in Figure 1. As it can be seen, the differences in

peroxo vanadates energies of the three possible protonation sites, i.e. the oxo
[OV(O2)]1 99 24 oxygen atom , the peroxo oxygen atom and solvent mol-
[OV(O2)(H2O)]1 117 100

ecule, for both peroxo complexes are rather small, thus sug-[OV(O2)(CH3OH)]1 131 60
[OV(O2)(H2O)2]1 135 18 gesting the occurrence of equilibria among them. Details on
[OV(O2)(H2O)(CH3OH)]1 149 25 the calculations are reported in the experimental section.[19]
[OV(O2)(H2O)3]1 153 10

Although in the case of vanadium derivatives a compari-[OV(O2)(CH3OH)2]1 163 [b]

[OV(O2)(H2O)4]1 171 2 son between the theoretically calculated and experimentally
[OV(O2)(H2O)(CH3OH)2]1 181 20

found isotopic cluster in ESI-MS spectra is hampered by[OV(O2)(CH3OH)3]1 195 25
[OV(O2)(H2O)2(CH3OH)2]1 199 [b] the lack of vanadium isotopes, further support to the identi-
[OV(O2)(H2O)(CH3OH)3]1 213 5 fication of the ions reported in Table 1 was obtained with

tandem (MS2) analysis and deuteration experiments.[a] NH4VO3 (0.0005 ), in CH3OH/H2O (1:1; pH 5 1, HClO4), and
The preferential decomposition patterns of the peroxidicNH4VO3 (0.0005 ), H2O2 (0.0005 ), in CH3OH/H2O (1:1; pH 5

1, HClO4). 2 [b] Relative peak intensity less than 2%. species, as obtained by MS2 experiments, are the loss of

Figure 1. Relative-energy diagrams for the gas-phase proton-migration reactions of species [OV(O2)(H2O)]1 (A) and [OV(O2)(CH3OH)]1
(B); energy values are given in kcal/mol
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Figure 2. MS/MS mass spectrum of [OV(O2)(H2O)(CH3OH) 2]1 Figure 3. MS/MS mass spectra of [OV(O2)(H2O)]1 using tickling

voltages of: 3 V (A), 1 V (B) and 15 mV (C), respectively(m/z 181) using 2 V tickling voltage

H2O and/or CH3OH molecules. As an example, at 2 V tic-
kling voltage, the mixed species [OV(O2)(H2O)(CH3OH)2]1

(m/z 181) fragments through expulsion of H2O and
CH3OH, affording the ions at m/z 163 and 149, respectively
(see Figure 2). On the other hand, the aquo(oxo)peroxo-
vanadium cation [OV(O2)(H2O)]1 (m/z 117) decomposes to
the “naked” ion [OV(O2)]1 (m/z 99) by using 3 V tickling
voltage (Figure 3A). Most noteworthy however, ionic spec-
ies at higher mass-over-charge values are detected upon iso-
lation of the ion under analysis. This is shown for ion
[OV(O2)(H2O)]1 (m/z 117), which has been isolated and
trapped within the ion-trap analyzer in the presence of rela-
tively small tickling voltages (10215 mV), for times of
about 0.1 ms. Under these conditions (Figure 3C) no frag-
mentation products, but formation of ions at m/z 131, 135,
149, 153 is observed. A likely explanation for such a result
is the reaction of the ion [OV(O2)(H2O)]1 with solvent mol-
ecules present in the ion trap (see Scheme 1), i.e. exchange
between H2O and CH3OH (eq. 1), coordination of water
[eq. 2 (n 5 1, 2)] or coordination of methanol (eq. 3). At
intermediate tickling voltage (1 V) formation of these ions
is reduced and collision-induced decomposition product
ions prevail (Figure 3B). An analogous behavior has been
recently reported for (allyl)PtII compounds. [20]

The same ion-molecule reactions have been observed
with the corresponding deuterated ion [OV(O2)(D2O)]1 (m/
z 119) and with other oxoperoxo species with different coor-
dination-sphere composition. Thus, after the isolation of
the ion [OV(O2)(H2O)2]1 (m/z 135), the ionic species at
m/z 167 (addition of methanol) and 185 (addition of water
and methanol) are formed, whereas the complex 024), likely suggest[20] the binding of water and/or meth-

anol to the vanadium center.[OV(O2)(H2O)(CH3OH)]1 (m/z 149) gives rise to ions at
m/z 163 (exchange water/methanol), 167 (addition of water) 51V-NMR studies in mixed H2O/CH3OH solvents, re-

vealed for oxo(monoperoxo)vanadium species the presenceand 181 (addition of methanol). Furthermore, the occur-
rence of these ion-molecule reactions upon trapping the of a single broad peak (δ ø 2540, ca. 1200 Hz at half

width), [1b] thus suggesting the occurrence of fast equilibria,selected ions in the ion trap and the high tickling voltages
that must be used (up to 3 V, see Figures 2 and 3C) to have on the 51V-NMR time scale, between water and methanol

molecules for complexation to the metal center. A directcomplete collision-induced decomposition of peroxovanad-
ium compounds [OV(O2)(H2O)m(CH3OH)n]1 (m, n 5 observation of the rapidly exchanging species by lowering

Eur. J. Inorg. Chem. 1998, 119321197 1195
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Scheme 1 Table 2. Calculated reaction energies for the addition of water and

methanol molecules to OV(O2)1 ion (1)[a]

Species RHF/3221G(*) B3LYP/
the temperature is hampered by the simultaneous increase LANL2DZ

Energy[a] ZPE[b] Energy[a]of the line width due to the increase of the correlation time.
The ESI-MS results here reported, however, show that the

H2O 275.585959 0.019391 276.4143166substitution of water molecules with methanol, and vice CH3OH 2114.398019 0.048494 2115.705434
versa, in the coordination sphere of monoperoxovanadium 1 21161.196492 0.009055 2296.581537

2 21236.925096 0.033333 2373.116073complexes, is a conceivable and detectable process which
3 21275.750310 0.060562 2412.423621leads to several peroxo complexes. The tandem use of ESI-

MS and low-temperature NMR spectroscopy in the investi- ∆E(2212H2O)
[c] 286.4 275.4

gation of rapidly exchanging organometallic systems has ∆E(3212CH3OH)
[c] 299.6 283.9

been recently reported. [21]

[a] Energies in atomic units (1 au 5 627.5 kcal/mol). 2 [b] Zero-In order to obtain further support to the occurrence of
point vibrational energy (ZPE) scaled by 0.89. 2 [c] Reaction ener-exchange process between water and methanol molecules gies in kcal/mol.

in the coordination sphere of oxo(monoperoxo)vanadium
complexes, ab initio calculations were also carried out. The experiments for measuring the relative affinities toward cat-
reactions taken into consideration are the addition to the ionic species has been recently reviewed.[22]

“naked” ion [OV(O2)]1 of either H2O or CH3OH molecule.
As in the calculations reported above, two different levels Conclusion
of theory were used[16] [17] [18] and the relevant results are

In conclusion the possibility to select and trap ions in acollected in Table 2.
defined region of space with relatively simple devicesThe binding of a methanol molecule to the “naked” oxo-
(ITMS), together with the development of electrospray ion-(peroxo) ion involves a larger degree of stabilization as com-
ization, has added interesting new perspectives to the studypared with that observed in the binding of a water molecule
of inorganic and organometallic compounds for the pos-[99.6 kcal/mol against 86.4 kcal/mol with RHF/3-21G(*)
sibility to perform collisional experiments and/or gas-phasecalculation]. Such a result, supported also by the good
ion-molecule reactions on the isolated ionic species. Fur-agreement with that obtained with the DFT level of theory
thermore, this technique is particularly useful in the analy-(see Table 2), may indeed substantiate the evidence that ex-
sis of highly labile and reactive intermediates, such as perox-change between water and methanol molecules in the coor-
idic species[23] and of rapidly exchanging systems. [21]

dination sphere of oxo(monoperoxo)vanadium complexes is
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General Remarks: The ESI-MS measurements were obtained
pulsion of a water molecule from [OV(O2)(H2O)- using a Finnigan MAT LCQ instrument (San Jose, CA). The
(CH3OH)2]1 (m/z 181), is higher than that of the ion at samples were introduced by direct injection of NH4VO3 (0.0005 ),
m/z 149, [OV(O2)(H2O)(CH3OH)]1, corresponding to the dissolved in CH3OH/H2O (1:1; pH 5 1, HClO4), in the absence
loss of methanol, despite of the statistical factor of 2 which or in the presence of an equimolar amount of H2O2. The same

experiments were also performed using perdeuterated solvents, inwould favor the latter process. The use of closely related
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The compound cis-[Ni(C6F5)2(PhCN)2] has been used as the between [(C6F5)2Ni(&µ-X)2Ni-(C6F5)2]2– and L. The treatment
of cis-[Ni(C6F5)2(PhCN)2] with [M(SAr)2(dppe)] leads to thestarting material for the preparation of the bimetallic

complexes [(C6F5)2Ni(µ-X)2Ni(C6F5)2]2– (X = SCN, OCN, N3), formation of the arylthiolate complexes [(C6F5)2Ni(µ-
SAr)2M(dppe)] (Ar = Ph, C6H4Me-p, C6H4NO2-p; M = Ni, Pd,[(C6F5)2Ni(µ-SCN)2Pd(C6F5)2]2–, [(C6F5)2Ni(µ-NCS)2Pd-

(dppe)] [dppe = 1,2-bis(diphenylphosphanyl)ethane], and the Pt). The X-ray diffraction study of [(C6F5)2Ni(µ-
SPh)2Pd(dppe)] shows that both metal atoms, Ni and Pd, aretrimetallic[(C6F5)2Ni(µ-NCS)2Pd(µ-SCN)2Ni(C6F5)2]2–. The

mononuclear compounds [(C6F5)2NiLX] (L = PPh3, coordinated in a slightly distorted square-planar geometry
and the µ-thiolato groups are in the syn conformation.P(C6H4MeO-p)3; X = SCN, OCN) are obtained by reaction

Introduction The above method has been extended to the preparation
of some bimetallic arylthiolate-bridged complexes of nickel.

Anionic complexes of the group-10 elements of the type The relevance of transition-metal complexes with aliphatic
[M2R4(µ-X)2]22 (M 5 Ni, R 5 C6F5, X 5 F or Cl; M 5 thiolate ligands as models of biologically redox-active met-
Pd or Pt, R 5 C6F5, X 5 Cl, Br, I or SCN; M 5 Pd, R 5 alloproteins[10] has stimulated interest in the chemistry of
C6F3H2-2,4,6, X 5 Cl, Br, I, SCN) have been re- metal thiolates[11]. Nickel(II) thiolates are generally square-
ported[1] [2] [3] [4]. Labile complexes such as [MR2(tht)2] (M 5 planar species with a strong tendency to form dimers and
Pd or Pt; R 5 C6F5)[5] and [PdR2(PhCN)2] (R 5 C6F5, oligomers[12] [13] [14] [15]. We have prepared a number of di-
C6F3H2-2,4,6) [6] have shown to be excellent precursors for and trinuclear nickel(II) complexes with bridging thiolate
the synthesis of asymmetric homo- and hetero-bimetallic groups by reaction of [(C6F5)2Ni(µOH)2Ni(C6F5)2]22 with
complexes with halide bridges. thiols [16]. Now we report the preparation of asymmetric bi-

Symmetric or antisymmetric binuclear complexes can be metallic complexes of the type [(C6F5)2Ni(µ-SAr)M(dppe)]
obtained by treating the labile complex R2ML2 with the [dppe 5 1,2-bis(diphenylphosphanyl)ethane] starting from
appropriate reagent [Eq. (1) and (2)]. The reaction rep- the precursor cis-[Ni(C6F5)2(PhCN)2].
resented by Eq. (1) was used for the preparation of bis(µ-
hydroxo) complexes of nickel [7] and palladium[8] Results and Discussion
[(C6F5)2M(µ-OH)2M(C6F5)2]22 from the reaction between

1. Pseudohalide Complexes
cis-[M(C6F5)2(PhCN)2] and OH2, but the platinum

The reaction (1:1 molar ratio) between [Ni(C6F5)2(PhCN)2]anologue[9] could not be prepared by this method because
and the pseudohalides SCN2, OCN2, and N3

2 gives thethe nucleophilic attack of coordinated PhCN by OH2 was
pseudohalide-bridged complexes 123 (Scheme 1) incompetitive. The process represented by Eq. (2) was used
60285% yields. The new complexes are air-stable solids andfor the preparation of bimetallic (Pd2Ni, Pd2Pd, or
their acetone solutions exhibit conductances in the rangePd2Pt) palladium complexes[6]. We report here the prep-
2072217 S cm2 mol21, corresponding to 2:1 electrolytes[17].aration and study of a number of new bimetallic pseudohal-
The infrared spectra of the complexes show bands attri-ide-bridged complexes derived from the Ni(C6F5)2 starting
buted to the C6F5 group[18] at ca. 1630 m, 1495 vs, 1460 vs,from the labile complex cis-[Ni(C6F5)2(PhCN)2].
1050 vs, 950 vs, and 780 br., s cm21. Complex 1 gives a
ν(CN) band at 2158 cm21 consistent with the presence of
bridged thiocyanate[19] and the 19F-NMR spectrum indi-2 R2ML2 1 2 X2 R R2M(µ-X)2M9R2 1 4 L (1)

R2ML2 1 X2M9L92 R R2M(µ-X)2M9L92 1 2 L (2) cates that there are two sorts of C6F5 rings, so the sym-
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metric structure Ni(SCN)(NCS)Ni is proposed for this complexes with cyanate and azide anions could not be ob-

tained. Complex 8 behaves as a 2:1 electrolyte in acetonecomplex. The infrared spectrum of the cyanate complex 2
shows a band at 2168 cm21 supporting the bridging charac- solution (molar conductance 224 S cm2 mol21) and the in-

frared band observed at 2112 cm21 indicates that the thio-ter of the cyanate group by means of the nitrogen atom[20].
The 19F-NMR spectrum is consistent with the presence of cyanate ligand is S-bonded[19]. The expected three signals

(4 Fo/2 Fp/4 Fm) of two equivalent C6F5 groups are ob-four equivalent pentafluophenyl groups. The IR[21] and
NMR data of complex 3 are consistent with a binuclear served in the 19F-NMR spectrum. In dichloromethane,

complex 8 reacts with the labile cis-[Pd(C6F5)2(PhCN)2] tostructure contaning two azide bridges. The electronic spec-
tra of complexes 123 show an absorption band which may give the binuclear heterobimetallic complex [(C6F5)2Ni(µ-

SCN)(µ-NCS)Pd(C6F5)2]22 (9). The IR spectrum shows abe assigned to the 1A1g R 1A2g transition in a square-
planar ligand field[22]. band at 2144 cm21 which is consistent with a bridging thio-

cyanate[19] and four signals observed in the 19F-NMR spec-
Scheme 1. Pseudohalide complexes (R 5 C6F5) trum for the pentafluorophenyl ortho-fluorine atoms indi-

cate that there are four different C6F5 rings, in accordance
with the structure proposed above.

The asymmetric binuclear complex 10 (Scheme 1) is pre-
pared by reaction between the labile nickel complex
[Ni(C6F5)2(PhCN)2] and the thiocyanate palladium com-
plex [Pd(SCN)2(dppe)]. The infrared absorption found at
2158 cm21 for complex 10 is consistent with the presence
of bridging thiocyanate[19] and the 19F-NMR spectrum ex-
hibits two signals in the ortho-fluorine region attributed to
the structure [(C6F5)2Ni(µ-SCN)(µ-NCS)Pd(dppe)], i.e.,
one C6F5 ring trans to N and one C6F5 ring trans to S.

The trinuclear complex 11 (Scheme 1) is obtained by re-
action of cis-[Ni(C6F5)2(PhCN)2] with the thiocyanate com-
plex [Pd(SCN)4]22. The absorption found at 2146 cm21 for
complex 11 indicates the presence of bridging thiocyan-
ate[27]. The 19F-NMR spectrum shows three signals (inten-
sity ratio of 2:1:2) corresponding to the ortho-, para-, and
meta-fluorine atoms of four equivalent C6F5 rings, in ac-
cord with the structure [(C6F5)2Ni(µ-NCS)2Pd(µ-SCN)2Ni
(C6F5)2]22.Complexes 1 and 2 react with triphenylphophane and

tris(p-methoxyphenyl)phosphane to give the mononuclear
complexes (PPh4)[Ni(C6F5)2XL] [X 5 SCN, OCN; L 5 2. Thiolate Complexes
PPh3, P(C6H4MeO-p)3] (4-7) (Scheme 1). However, similar In methanol, cis-[Ni(C6F5)2(PhCN)2] reacts with
reactions with pyridine or triethylphosphane give a mixture [M(SAr)2(dppe)] (M 5 Ni, Pd, Pt; Ar 5 Ph, C6H4Me-p,
of [Ni(C6F5)2(SCN)2]22 and [Ni(C6F5)2L2]. The azide- C6H4NO2-p) to give the corresponding asymmetric bi-
bridged complex 3 does not react with neutral ligands. The nuclear thiolate complexes shown in Scheme 2. They are
IR data of the mononuclear complexes 427 are consistent orange or red, air-stable solids which in acetone solution
with terminal S-thiocyanate or N-cyanate. The 19F-NMR behave as non-electrolytes.
spectra exhibit six signals corresponding to two inequiva-
lent C6F5 rings, one trans to the pseudohalide and the other
trans to the neutral ligand. Their acetone solutions show

Scheme 2. Arylthiolate complexes (R 5 C6F5)conductance values (83295 S cm2 mol21) corresponding to
1:1 electrolytes[17]. The elemental analyses of complexes
(PPh4)[Ni(C6F5)2XL] (427) showed no significant variation
when the crystals were twice recrystallized from acetone/
diethyl ether and the spectroscopic data also supported that
a mixture of [Ni(C6F5)2L2] and (PPh4)2[Ni(C6F5)2X2]22

should be discarded. For example,
(PPh4)[Ni(C6F5)2(SCN)(PPh3)] gives a single IR band for
the ν(CN) vibration (at 2102 cm21) while
(PPh4)2[Ni(C6F5)2(SCN)2] gives a split band for the same
vibrational mode (2112 and 2124 cm21).

The reaction between [Ni(C6F5)2(PhCN)2] and SCN2

(molar ratio 1:2) gives the corresponding mononuclear
complex (PPh4)2[Ni(C6F5)2(SCN)2] (8). However, similar

Eur. J. Inorg. Chem. 1998, 1199212041200
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Table 1. Selected intramolecular distances [A

˚
] and angles [°] for 13The infrared spectra of these gem derivatives show the

bands attributed to the C6F5 group[18] at ca. 1630 m, 1490
a) Distances b) Anglesvs, 1050 vs, and 950 vs cm21, as well as a broad or split
Pd2P(2) 2.2720(14) P(2)2Pd2P(1) 84.27(5)band at 780 cm21 for the so-called “X-sensitive” mode of
Pd2P(1) 2.2973(14) P(2)2Pd2S(2) 99.76(5)

C6F5 which is characteristic of the cis-M(C6F5)2 frag- Pd2S(2) 2.3564(13 P(1)2Pd2S(2) 171.10(4)
Pd2S(1) 2.3597(13) P(2)2Pd2S(1) 173.40(4)ment[23] [24]. The 1H-, 19F-, and 31P{1H}-NMR data for the
Pd···Ni 3.1157(10) P(1)2Pd2S(1) 101.73(5)binuclear complexes are in agreement with the formula Ni2C(10) 1.900(5) S(2)2Pd2S(1) 74.70(4)

[(C6F5)2Ni(µ-SAr)2M(dppe)]. As expected, the 31P-NMR Ni2C(16) 1.906(5) C(10)2Ni2C(16) 87.0(2)
Ni2S(2) 2.214(2) C(10)2Ni2S(2) 95.05(14)spectra show a single resonance and that of the platinum
Ni2S(1) 2.2509(14) C(16)2Ni2S(2) 177.82(14)complexes are flanked by the satellites by coupling to 195Pt, C(16)2Ni2S(2) 177.82(14)

C(10)2Ni2S(1) 169.3(2)the coupling constant being in the range 290023100 Hz.
C(16)2Ni2S(1) 98.46(14)The three signals observed in the 19F NMR correspond to
S(2)2Ni2S(1) 79.69(5)

the A2MX2 spin system of two equivalent pentafluorophe- C(10)2Ni2Pd 132.91(14)
nyl groups freely rotating around the Ni2C bond and with
the coupling constant JAX 5 0. The 1H-NMR data also
give evidence of free rotation of the thiolate aryl group

2.360(2) A
˚

giving a weighted mean distance of 2.358(2) A
˚

,around the C2S bond, although in complexes 18 and 19
significantly longer than distances with other ligands[27] [28].the resonance signals of the C6H4NO2-p substituent are

The Ni···Pd distance is 3.116(2) A
˚

, showing no significantoverlapped with the dppe phenyl resonances.
metal-metal interaction. The NiSPdS ring adopts a hinged

3. Crystal Structure of [(C6F5)2Ni(µ-SPh)2Pd(dppe)]·Me2CO square-planar geometry with a dihedral angle of 120.4°
along the S···S line.Figure 1 represents an ORTEP[25] projection of the molecu-

As expected, the two carbon atoms of the aliphatic chainlar structure with the atom numbering and Table 1 shows
of dppe ligand lie on each side of the PdP2 plane. Thus,some selected bond lengths and bond angles. Both metal
C(1) lies 0.067 to one side, while C(2) lies 0.640 A

˚
to theatoms, Ni and Pd, are coordinated in a slightly distorted

other side of the plane, the PdP2C2 chelate ring adopting asquare-planar geometry and the µ-thiolato groups are in
twist conformation. The non-planarity of the PdP2C2 ringthe syn conformation.
is a consequence of the tetrahedral geometry at the carbon

Figure 1. Molecular structure of compound 13 and phosphorus atoms and the square-planar coordination
of the metal center.

The two pentafluorophenyl rings are planar and rotated
83.5° with respect to each other. The rings present distor-
tions as indicated by the values of the C2C2C angles
which range from 112.5(4) to 125.5(5). This type of distor-
tion has already been observed in other fluorophenyl
rings[29].

This work was supported by the Dirección General de Investiga-
ción Cientı́fica y Técnica (project PB9421157), Spain. F. M. and J.
P. thank the Ministerio de Educación y Ciencia, Spain, for grants.

Experimental Section
General Methods: C, H, N, and S analyses were carried out with

a Carlo Erba instrument. 2 Infrared spectra were recorded with a
Perkin-Elmer 1430 spectrophotometer using Nujol mulls between
polyethylene sheets. 2 1H-, 19F-, and 31P-NMR spectra were re-
corded with a Bruker AC 200E or a Varian 300 spectrometer. 2

Conductance measurements were performed with a Crison 525
conductimeter (in acetone, c ø 5·1024 mol dm23). 2 Decompo-
sition temperatures were determined with a Reichert microscope.The main distortion of the square-planar coordination is
2 All solvents were dried by conventional methods. 2 The com-

a slight twist of de PdS2 plane relative to the PdP2 plane, by pounds [Ni(C6F5)2(PhCN)2] [7], (PPh4)SCN[30], KN3
[31],

9.4°. The Ni2C and Ni2S distances are similar to values Pd(dppe)(SCN)2
[32], (NBu4)2[Pd(SCN)4] [33], [Ni(SAr)2(dppe)] [34]

reported in the literature[16] [26]. The Ni2S and Pd2S dis- and [M(SAr)2(dppe)] (M 5 Pd, Pt) [35] were prepared as described
tances are also similar to values found in other homonu- elsewhere.
clear complexes[27] [28]. The distortion of the square-planar (PPh4)2[Ni2(C6F5)4(µ-SCN)2] (1) and (PPh4)2[Ni(C6F5)2-
coordination in the Ni atom is a slight twist of the NiS2 (SCN)2] (8): A solution of (PPh4)SCN (1.33 mmol for 1 and 2.66
plane relative to the NiC2 plane, by 9.6°. mmol for 8) in dichloromethane (10 ml) was added to a solution

The phosphane has a strong trans influence, lengthening of [Ni(C6F5)2(PhCN)2] (0.8 g, 1.33 mmol) in dichloromethane (15
ml) and the mixture was stirred (1) or boiled under reflux (8) forthe Pd2S bonds. So, the Pd2S distances are 2.356(2) and
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30 min. The solution was then concentrated under reduced pressure Fm), 2167.4 (m, 2 Fm). 2 31P NMR ([D6]acetone, H3PO4): δ 5

24.6, 23.1.to half the original volume. Addition of diethyl ether caused the
precipitation of a yellow solid which was filtered off, washed with 5: Yield 77%. 2 C58H41F10NNiO3P2S (1141.69): calcd. C 61.0,
diethyl ether and air-dried. H 3.6, N 1.2, S 2.8; found C 61.3, H 3.4, N 1.4, S 2.9. 2 M.p.

1: Yield 84%. 2 C74H40F20N2Ni2P2S2 (1580.58): calcd. C 56.2, 171°C (dec.). 2 ΛM 5 94 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2106
H 2.6, N 1.8, S 4.1; found C 56.7, H 2.3, N 1.8, S 3.7. 2 M.p. cm21 (CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 25.0
211°C (dec.). 2 ΛM 5 193 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2158 (931). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2115.6 (m, 2 Fo),
cm21 (CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 22.6 2116.9 (m, 2 Fo), 2165.8 (t, 1 Fp, Jpm 5 22.6 Hz), 2166.4 (m, 1
(1088). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2115.4 (m, 4 Fo), Fp 1 2 Fm), 2166.8 (m, 2 Fm). 2 31P NMR ([D6]acetone, H3PO4):
2116.9 (m, 4 Fo), 2165.2 (t, 2 Fp, Jpm 5 19.7), 2165.6 (t, 2 Fp, δ 5 24.6, 19.5.
Jpm 5 21.7 Hz), 2167.3 (m, 4 Fm), 2167.5 (m, 4 Fm). 2 31P NMR

6: Yield 75%. 2C55H35F10NNiOP2 (1036.51): calcd. C 63.7, H
([D6]acetone, H3PO4): δ 5 24.6.

3.4, N 1.4; found C 63.6, H 3.6, N 1.3. 2 M.p. 175°C (dec.). 2
8: Yield 58%. 2 C62H40F10N2NiP2S2 (1187.77): calcd. C 62.7, H ΛM 5 95 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2222 cm21 (CN str). 2

3.4, N 2.4, S 5.4; found C 62.6, H 3.6, N 2.5, S 5.3. 2 M.p. 189°C UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 24.2 (572). 2 19F
(dec.). 2 ΛM 5 224 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2112 cm21, NMR ([D6]acetone, CFCl3): δ 5 2115.6 (m, 2 Fo), 2117.1 (m, 2
2124 (sh) (CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 Fo), 2167.1 (m, 2 Fp 1 2 Fm), 2167.7 (m, 2 Fm). 2 31P NMR
23.4 (752). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2115.9 (d, 4 ([D6]acetone, H3PO4): δ 5 24.6, 22.7.
Fo, Jom 5 29.9 Hz), 2166.9 (t, 2 Fp, Jpm 5 20.3 Hz), 2167.9 (m,

7: Yield 65%. 2 C58H41F10NNiO4P2 (1126.59): calcd. C 61.8, H4 Fm). 2 31P NMR ([D6]acetone, H3PO4): δ 5 24.6.
3.7, N 1.2; found C 61.6, H 3.5, N 1.3. 2 M.p. 98°C (dec.). 2

(PPh4)2[Ni2(C6F5)4(µ-NCO)2]; X 5 NCO (2) or N3 (3): An ΛM 5 83 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2218 cm21 (CN str). 2
acetone (20 ml) solution containing [Ni(C6F5)2(PhCN)2] (100 mg, UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 24.5 (663). 2 19F
0.17 mmol) and KNCO or KN3 (0.17 mmol) was stirred at room NMR ([D6]acetone, CFCl3): δ 5 2115.6 (m, 2 Fo), 2116.9 (m, 2
temperature for 15 min and then a solution of (PPh4)Cl (62.6 mg, Fo), 2167.1 (m, 2 Fp), 2167.7 (m, 4 Fm). 2 31P NMR ([D6]acetone,
0.17 mmol) in hot acetone (15 ml) was added. The mixture was H3PO4): δ 5 24.6, 18.9.
stirred at room temperature for 30 min. The KCl formed during

(PPh4)2[(C6F5)2Ni(µ-SCN)2Pd(C6F5)2] (9): A solution of (8)the reaction was removed by filtration, and the resulting solution
(0.15 g, 0.126 mmol) and [Pd(C6F5)2(PhCN)2] (81.6 mg, 0.126was then concentrated under reduced pressure to ca. 10 ml. Ad-
mmol) in dichloromethane (15 ml) was stirred at room temperaturedition of diethyl ether (for 2) or hexane (for 3) resulted in the pre-
for 30 min. The resulting solution was concentrated under reducedcipitation of an orange solid. This was filtered off, washed with
pressure to half the original volume. Addition of hexane precipi-water and diethyl ether (2) or ethanol and hexane (3) and air-dried.
tated a yellow solid which was filtered off, washed with hexane andComplexes 2 and 3 were recrystallized from acetone/diethyl ether
air-dried. The compound was recrystallized from dichloromethane/and acetone/hexane respectively.
hexane. 2 Yield 84%. 2 C74H40F20N2NiP2PdS2 (1628.31): calcd.

2: Yield 61%. 2 C74H40F20N2Ni2O2P2 (1548.45): calcd. C 57.4, C 54.6, H 2.5, N 1.7, S 3.9; found C 54.3, H 2.2, N 1.7, S 3.8. 2
H 2.6, N 1.8; found C 57.5, H 2.7, N 1.8. 2 M.p. 187°C (dec.). 2 M.p. 221°C (dec.). 2 ΛM 5 197 S cm2 mol21. 2 IR (Nujol): ν̃ 5
ΛM 5 207 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2168 cm21 (CN str). 2144 cm21 (CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5
2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 21.6 (798). 2 19F 22.8 (731). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2113.2 (d, 2
NMR ([D6]acetone, CFCl3): δ 5 2115.4 (d, 8 Fo, Jom 29.1 Hz), Fo, Jom 5 29.6 Hz), 2114.4 (m, 2 Fo), 2114.8 (m, 2 Fo), 2116.3
2165.9 (t, 4 Fp, Jpm 20.0), 2167.7 (m, 4 Fm). 2 31P NMR ([D6]ace- (m, 2 Fo), 2164.2 (m, 2 Fp), 2164.7 (t, 1 Fp, Jpm 5 19.2 Hz), 2165.1
tone, H3PO4): δ 5 24.6. (t, 1 Fp, Jpm 5 19.7 Hz), 2165.7 (m, 1 Fm), 2166.2 (m, 1 Fm),

2166.7 (m, 1 Fm), 2167.0 (m, 1 Fm). 2 31P NMR ([D6]acetone,3: Yield 79%. 2 C72H40F20N6Ni2P2 (1548.45): calcd. C 55.9, H
H3PO4): δ 5 24.6.2.6, N 5.4; found C 55.9, H 2.9, N 5.5. 2 M.p. 196°C (dec.). 2

ΛM 5 217 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2063 cm21 (CN str). [(C6F5)2Ni(µ-SCN)2Pd(dppe)] (10): A solution of
2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 21.7 (1165). 2 19F [Pd(SCN)2(dppe)] (0.134 g, 0.21 mmol) and [Ni(C6F5)2(PhCN)2]
NMR ([D6]acetone, CFCl3): δ 5 2115.3 (d, 8 Fo, Jom 5 29.1), (0.129 g, 0.21 mmol) in dichloromethane (20 ml) was stirred at
2165.1 (t, 4 Fp, Jpm 5 19.2 Hz), 2167.2 (m, 8 Fm). 2 31P NMR room temperature for 20 min. The resulting solution was concen-
([D6]acetone, H3PO4): δ 5 24.6. trated under reduced pressure to half the original volume. Addition

of diethyl ether precipitated a yellow solid which was filtered off,(PPh4)[Ni(C6F5)2XL]; X 5 SCN, L 5 PPh3 (4) or
washed with diethyl ether and air-dried. The compound was recrys-P(C6H4CH3O-p)3 (5); X 5 NCO, L 5 PPh3 (6) or P(C6H4CH3-
tallized from dichloromethane/diethyl ether. 2 Yield 73%. 2O-p)3 (7): A solution of (PPh4)2[Ni2(C6F5)4(µ-X)2] (X 5 SCN or
C40H24F10N2NiP2PdS2 (1013.82): calcd. C 47.4, H 2.4, N 2.8, SNCO; 0.094 mmol) and the corresponding neutral ligand (PPh3 or
6.3; found C 47.1, H 2.5, N 2.9, S 6.2. 2 M.p. 177°C (dec.). 2P(C6H4CH3O-p)3; 0.22 mmol) in dichloromethane (15 ml) was
ΛM 5 6 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2158 cm21 (CN str). 2stirred at room temperature for 30 min. The resulting solution was
UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 29.7 (7564). 2 19Fconcentrated under reduced pressure to half the original volume.
NMR ([D6]acetone, CFCl3): δ 5 2116.2 (m, 2 Fo), 2117.6 (m, 2Addition of diethyl ether precipitated a yellow solid which was fil-
Fo), 2164.3 (t, 1 Fp, J 5 19.7 Hz), 2164.8 (t, 1 Fp, J 5 19.7 Hz),tered off, washed with diethyl ether and air-dried.
2167.0 (m, 4 Fm). 2 31P NMR ([D6]acetone, H3PO4): δ 5 71.54: Yield 79%. 2 C55H35F10NNiP2S (1052.58): calcd. C 62.8, H
(br.).

3.4, N 1.3, S 3.1; found C 62.9, H 3.4, N 1.5, S 3.2. 2 M.p. 190°C
(dec.). 2 ΛM 5 91 S cm2 mol21. 2 IR (Nujol): ν̃ 5 2102 cm21 [NBu4]2[(C6F5)2Ni(µ-SCN)2Pd(µ-SCN)2Ni(C6F5)2] (11): A

solution of [NBu4]2[Pd(SCN)4] (0.130 g, 0.15 mmol) and(CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 24.9 (868).
2 19F NMR ([D6]acetone, CFCl3): δ 5 2116.2 (m, 2 Fo), 2117.7 [Ni(C6F5)2(PhCN)2] (0.2 g, 0.33 mmol) (molar ratio 1:2.2) in ace-

tone (10 ml) was stirred at room temperature for 20 min. The re-(m, 2 Fo), 2166.2 (t, 1 Fp, Jpm 5 19.7 Hz), 2166.9 (m, 1 Fp 1 2
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sulting solution was concentrated under reduced pressure to half 2166.3 (m, 4 Fm). 2 31P NMR (CDCl3, H3PO4): δ 5 46.3

[J(PPt) 5 2899.2 Hz].the original volume. Addition of diethyl ether precipitated a red
solid which was filtered off, washed with diethyl ether and air-dried. 18: Yield 88%. 2 C50H32F10N2Ni2O4P2S2 (1158.27): calcd. C
The compound was recrystallized from dichloromethane/diethyl 51.9, H 2.8, N 2.4, S 5.5; found C 51.7, H 3.1, N 2.6, S 5.4. 2 M.p.
ether. 2 Yield 54%. 2 C60H72F20N6Ni2PdS4 (1609.31): calcd. C 184°C (dec.). 2 1H NMR (CDCl3, TMS): δ 5 2.1 (d, 4 H, dppe),
44.8, H 4.5, N 5.2, S 8.0; found C 45.1, H 4.7, N 5.4, S 7.7. 2 M.p. 7.4 (m, 20 H, dppe 1 C6H4NO2-p), 7.8 (m, 8 H, dppe). 2 19F
180°C (dec.). 2 ΛM 5 164 S cm2 mol21. 2 IR (Nujol): ν̃· 5 2146 NMR (CDCl3, CFCl3): δ 5 2116.9 (d, 4 Fo, Jom 5 27.6 Hz),
cm21 (CN str). 2 UV/Vis (acetone): λmax [cm21 3 1023] (ε) 5 29.7

2162.5 (t, 2 Fp, Jpm 5 19.7 Hz), 2165.0 (m, 4 Fm). 2 31P NMR
(10320). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2117.4 (m, 8 Fo), (CDCl3, H3PO4): δ 5 59.0.
2164.9 (m, 4 Fp), 2167.1 (m, 8 Fm).

19: Yield 70%. 2 C50H32F10N2NiO4P2PdS2 (1205.99): calcd. C
[(dppe)M(µ-SAr)2Ni(C6F5)2] (12220) (see Scheme 2): Com- 49.8, H 2.7, N 2.3, S 5.3; found C 49.9, H 2.5, N 2.4, S 5.1. 2 M.p.

plexes 12220 were obtained by treating cis-[Ni(C6F5)2(PhCN)2] 180°C (dec.). 2 1H NMR (CDCl3, TMS): δ 5 2.4 (d, 4 H, dppe),
with [M(SAr)2(dppe)] (molar ratio 1:1) in MeOH according to the 7.4 (m, 28 H, dppe 1 C6H4NO2-p). 2 19F NMR (CDCl3, CFCl3):
following general method. To a MeOH (10 ml) solution of the cis- δ 5 2117.1 (d, 4 Fo, Jom 5 27.3 Hz), 2162.7 (t, 2 Fp, Jpm 5 19.7
[Ni(C6F5)2(PhCN)2] (0.174 mmol) was added [M(SAr)2(dppe)] Hz), 2165.1 (m, 4 Fm). 2 31P NMR (CDCl3, H3PO4): δ 5 58.9.
(0.174 mmol), and the solution was stirred at room temperature for

20: Yield 70%. 2C50H32F10N2NiO4P2PtS2 (1294.65): calcd. C30 min. It was concentrated under reduced pressure to ca. one fifth
46.4, H 2.5, N 2.2, S 5.0; found C46.3, H 2.7, N 2.4, S 4.9. 2 M.p.of the initial volume obtaining an orange or red precipitate, which
207°C (dec.). 2 1H NMR (CDCl3, TMS): δ 5 2.4 (d, 4 H, dppe),was filtered off, washed with hexane and air-dried.
7.2 (d, 4 H, C6H4NO2-p), 7.3 (d, 4 H, C6H4NO2-p), 7.5 (m, 12 H,

12: Yield 75%. 2 C50H34F10Ni2P2S2 (1068.27): calcd. C 56.2, H dppe), 7.6 (m, 8 H, dppe). 2 19F NMR (CDCl3, CFCl3): δ 5
3.2, S 6.0; found C 55.9, H 3.1, S 5.8. 2 M.p. 215°C (dec.). 2 1H 2117.2 (d, 4 Fo, Jom 5 27.3 Hz), 2162.5 (t, 2 Fp, Jpm 5 19.6 Hz),
NMR ([D6]acetone, TMS): δ 5 2.5 (d, 4 H, dppe), 6.7 (t, 4 H, Ph), 2165.0 (m, 4 Fm). 2 31P NMR (CDCl3, H3PO4): δ 5 45.4 [J
6.9 (t, 2 H, Ph), 7.3 (d, 4 H, Ph), 7.5 (m, 12 H, dppe), 7.9 (m,8 H, (PPt) 5 3103.2 Hz].
dppe). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2115.2 (d, 4 Fo, Determination of the X-ray Crystal Structure of 13: A single crys-
Jom 5 28.8 Hz), 2165.3 (t, 2 Fp, Jpm 5 19.7 Hz), 2166.6 (m, 4

tal of complex 13 (approximate dimensions 0.42 3 0.35 3 0.20
Fm). 2 31P NMR ([D6]acetone, H3PO4): δ 5 58.7.

mm) was mounted on an Enraf-Nonius CAD4 diffractometer
equipped with a graphite monochromator for Mo-Kα radiation.13: Yield 68%. 2 C50H34F10NiP2PdS2 (1116): calcd. C 53.8, H
The crystallographic data are shown in Table 2. Accurate cell pa-3.1, S 5.8; found C 53.5, H 3.3, S 5.6. 2 M.p. 119°C (dec). 2 1H
rameters were determined by least-squares fitting of 25 high-angleNMR ([D6]acetone, TMS): δ 5 2.6 (d, 4 H, dppe), 6.7 (t, 4 H, Ph),
reflections. The scan method was ω-2Θ with the range of hkl (2166.9 (t, 2 H, Ph), 7.3 (d, 4 H, Ph), 7.5 (m, 12 H, dppe), 7.9 (m, 8 H,
# h # 16, 219 # k # 19, 0 # l # 22) corresponding to 2Θmax 5dppe). 219F NMR ([D6]acetone, CFCl3): δ 5 2115.3 (d, 4 Fo,
60.88°. Empirical ψ-scan mode absorption was made. The structureJom 5 28.3), 2165.6 (t, 2 Fp, Jpm 5 19.8), 2166.8 (m, 4 Fm). 2 31P
was solved by heavy-atom methods SHELXS-86[36] and refined byNMR ([D6]acetone, H3PO4): δ 5 58.6.
full-matrix least-squares techniques using anisotropic thermal par-

14: Yield 65%. 2 C50H34F10NiP2PtS2 (1204.66): calcd. C 49.9, ameters for non-H atoms. Hydrogen atoms were introduced in cal-
H 2.8, S 5.3; found C 49.8, H 3.0, S 5.2. 2 M.p. 235°C (dec.). 2 culated positions and were refined during the last stages of the1H NMR ([D6]acetone, TMS): δ 5 2.7 (d, H, dppe), 6.6 (t, 4 H, refinement. The final R factor was 0.0539 [Rw 5 0.0984, where w 5
Ph), 6.8 (t, 2 H, Ph), 7.2 (d, 4 H, Ph), 7.5 (m, 12 H, dppe), 7.8 (m, 1/σ2(Fo

2) 1 (0.0465 P)2 and P 5 (Fo
2 1 2 Fc

2)/3] over 5879 ob-
8 H, dppe). 2 19F NMR ([D6]acetone, CFCl3): δ 5 2116.9 (d, 4
Fo, Jom 5 24.5 Hz), 2164.4 (m, 2 Fp), 2166.2 (m, 2 Fm). 2 31P

Table 2. Crystal data and structure refinement for complex 13NMR ([D6]acetone, H3PO4): δ 5 43.3 [J(PPt) 5 3076.5 Hz].

15: Yield 73%. 2 C52H38F10Ni2P2S2 (1096.32): calcd. C 57.0, H Empirical formula C50H34F10NiP2 PdS2·C3H6O
Formula weight 1174.023.5, S 5.9; found C 56.7, H 3.4, S 5.7. 2 M.p. 213°C (dec.). 2 1H
Temperature 293(2) KNMR ([D6]acetone, TMS): δ 5 2.1 (s, 6 H, C6H4Me-p), 2.4 (d, 4
Wavelength (Mo-Kα) 0.71073 A

˚
H, dppe), 6.5 (d, 4 H, C6H4Me-p), 7.2 (d, 4 H, C6H4Me-p), 7.5 (m, Crystal system Triclinic
8 H, dppe). 219F NMR ([D6]acetone, CFCl3): δ 5 2115.4 (d, 4 Space group P1

¯

Unit cell dimensions a 5 11.803(2) A
˚

; α 5 95.86(3)°Fo, Jom 5 28.8 Hz), 2166.0 (t, 2 Fp, Jpm 5 19.7 Hz), 2167.1 (m,
b 5 13.541(3) A

˚
; β 5 93.86(3)°4 Fm). 2 31P NMR ([D6]acetone, H3PO4): δ 5 57.9.

c 5 15.739(3) A
˚

; γ 5 94.05(3)°
Volume, Z 2489.0(9) A

˚
3, 216: Yield 89%. 2 C52H38F10NiP2PdS2 (1144.05): calcd. C 54.6,

Density (calculated) 1.566 Mg/m3
H 3.4, S 5.6; found C 54.5, H 3.3, S 5.5. 2 M.p. 224°C (dec.). 2 Absorption coefficient 0.964 mm21
1H NMR (CDCl3, TMS): δ 5 2.1 (s, 6 H, C6H4Me-p), 2.3 (d, 4 H, F(000) 1184

h range for data collection 2.39230.44°dppe), 6.4 (d, 4 H, C6H4Me-p), 7.2 (d, 4 H, C6H4Me-p), 7.4 (m, 12
Limiting indices 216 # h # 16, 219 # k # 19, 0 #H, dppe), 7.6 (m, 8 H, dppe). 2 19F NMR (CDCl3, CFCl3): δ 5

l # 22
2115.6 (d, 4 Fo, Jom 5 28.8 Hz), 2166.2 (t, 2 Fp, Jpm 5 20.0 Hz), Reflections collected 15576
2167.3 (m, 4 Fm). 2 31P NMR (CDCl3, H3PO4): δ 5 57.8. Observed reflections 5879

Independent reflections 15074 (Rint 5 0.0681)
17: Yield 81%. 2 C52H38F10NiP2PtS2 (1232.71): calcd. C 50.7, Refinement method Full-matrix least squares on F2

Data/restraints/parameters 15074/0/635H 3.1, S 5.2; found C 50.8, H 3.3, S 5.1. 2 M.p. 205°C (dec.). 2
Goodness-of-fit on F2 0.8331H NMR (CDCl3, TMS): δ 5 1.5 (s, 6 H, C6H4Me-p), 2.2 (d, 4 H,
Final R indices [I > 2σ(I)] R1 5 0.0539, wR2 5 0.0984dppe), 6.4 (d, 4 H, C6H4Me-p), 7.1 (d, 4 H, C6H4Me-p), 7.4 (m, 12 R indices (all data) R1 5 0.2690, wR2 5 0.1231

H, dppe), 7.6 (m, 8 H, dppe). 2 19F NMR (CDCl3, CFCl3): δ 5 Largest diff. peak and hole 0.708 and 21.921 eA
˚

23

2116.9 (d, 4 Fo, Jom 5 29.1 Hz), 2164.6 (t, 2 Fp, Jpm 5 19.7 Hz),
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pounds, Wiley, New York, 1977, p. 437.[3] G. López, G. Garcı́a, M. D. Santana, G. Sánchez, J. Ruiz, J. A.
[25] C. K. Johnson, ORTEP, Report ORNL23794, Oak Ridge,Hermoso, A. Vegas, M. Martı́nez-Ripoll, J. Chem. Soc., Dalton

National Laboratory, TN, 1965.Trans. 1990, 1621.
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The new ligands 49-nitro-2,29:69,299-terpyridine and 49- prepared and the electrochemistry of the complexes has
been investigated.amino-2,29:69,299-terpyridine and their homoleptic and

heteroleptic iron(II) and ruthenium(II) complexes have been

2,29:69,299-Terpyridine (tpy) is a versatile ligand for com- (2) [7] in the presence of 1 mol-% of Pd(PPh3)4 to give O2N-
tpy (3) in 50% yield as a pale yellow microcrystalline solidplex formation with transition metals. Particular interest

rests in 49-substituted tpy ligands and many substituents (Scheme 1).
can be directly inserted by the Kröhnke methodology[1].

Scheme 1. a) 1 mol-% of Pd(PPh3)4, toluene, 110°C, 16 h, 50%Some of these substituents may then be further derivatised.
Some functionalised 2,29:69,299-terpyridines, such as 5,599-
dimethyl-49-hydroxy-2,29:69,299-terpyridine (Me2-HO-
tpy)[2], 49-hydroxy-2,29:69,299-terpyridine (HO-tpy)[3] and
49-chloro-2,29:69,299-terpyridine (Cl-tpy), [3] in which the
functional groups are directly linked to C-49, have also been
reported. The placing of electron-withdrawing or electron-
donating substituents in the 49-position of 2,29:69,299-terpy-
ridine alters the electronic properties of the whole ligand. This is the first example of a tpy with such a strong elec-
A nitro substituent is electron-withdrawing with respect to tron-withdrawing group directly linked to C-49. The with-
hydrogen, whilst the amino group is electron-donating. drawing effect of this group can be observed in the deshield-

ing of protons at C-39 in the 1H-NMR spectrum, and thisTo the best of my knowledge, only one synthesis of a
is consistent with the known σ values[8]. The shifts of thenitrogen substituent directly attached to C-49 of tpy, 49-di-
signals of protons at C-39 of this new tpy may be comparedmethylamino-2,29:69,299-terpyridine (Me2N-tpy), has been
with two related ligands with electron-withdrawing groupsreported[4]. Dimethylamine and Cl-tpy were allowed to re-
at C-49 (Table 1).act in the presence of iron(II) salts to give the iron(II) com-

plex of Me2N-tpy, which was then oxidised with hydrogen
Table 1. Shifts of protons at C-39 of tpy in CDCl3 solutionperoxide under basic conditions to yield the free ligand

Me2N-tpy. In this communication the synthesis of 49-nitro-
tpy σ δ ref.

2,29:69,299-terpyridine (O2N-tpy) and 49-amino-2,29:69,299-
terpyridine (H2N-tpy) is reported. These compounds are Cl-tpy 0.24 8.48 [3]

MeSO2-tpy 0.73 8.97 [9]precursors for new ligands and complexes.
O2N-tpy 0.81 9.16

Although electrophilic reactions on pyridine rings do not
normally occur, oxidation of the ring nitrogen atom to form

The homoleptic complex [Fe(O2N-tpy)2][PF6]2 (4) (95%)pyridine N-oxide facilitates electrophilic attack at C-4 of the
was obtained as a blue microcrystalline solid from the reac-pyridine ring. By utilising standard methods, commercially
tion of 3 with FeCl2 ·4 H2O in ethanol, followed by precipi-available 2,6-dibromopyridine was converted to 2,6-di-
tation with [NH4][PF6] (Scheme 2).bromopyridine N-oxide, which was then treated with nitric

All spectroscopic data (1H NMR, IR, UV, MS), as wellacid in sulphuric acid to give 2,6-dibromo-4-nitropyridine
as elemental analysis, confirmed the formation of thisN-oxide[5]. Subsequent deoxygenation with phosphorus tri-
homoleptic iron(II) complex. Complex 4 exhibits the ex-chloride in chloroform produced 2,6-dibromo-4-nitropyri-
pected MLCT absorption at 605 nm in the electronic spec-dine (1) in 43% overall yield.
trum and, as a consequence of the strong electron-with-
drawing effect of the nitro group, the compound appearsCompound 1 was then used in a Stille coupling reac-

tion[6] with 2 equivalents of tributyl(pyridin-2-yl)stannane blue.
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Scheme 2. a) FeCl2 ·4 H2O, ethanol, 25°C, 30 min, 95%. 2 b) Fe/HCl, ethanol, 78°C, 30 min, 96%. 2 c) 5, NaOH, H2O2, 25°C, 70%.

2 d) RuCl3 ·3 H2O, ethylene glycol, microwave, 30 min, 95%. 2 e) RuCl3 · 3 H2O, ethanol, 78°C, 1 h, 95%. 2 f) ethanol,
N-ethylmorpholine, 1 h; 7 R 10 (10%); 8 R 11 (20%). 2 g) as (e), 95%

When coordinated, ligand 3 may be reduced with metallic amino complex 9 can be prepared without any side reac-
tions, some reduction of the nitro groups of 3 was observediron and hydrochloric acid in ethanol. Reduction of the blue

iron(II) complex 4 gave the purple amino complex 5 in 96% in this protic solvent.
yield. All data are consistent with the assigned structure.

In the 1H-NMR spectra of ruthenium(II) complexes 9,
This complex exhibits an MLCT absorption at 566 nm in

10, and 11 in CD3CN solution, the chemical shifts of the
the electronic spectrum due to the presence of the electron-

39-H protons are of interest. These protons were observed
releasing group.

as a singlet [δ 5 7.91 (9), δ 5 9.47 (10)] in the homoleptic
The iron(II) complex 5 was cleaved with hydrogen per-

complexes. The protons of the amino groups in 9 were ob-
oxide under basic conditions to give H2N-tpy (6) as yellow

served as broad singlets at δ 5 5.84. The situation, however,
monoclinic crystals in 70% yield. All data are consistent

changed in the heteroleptic complex 11. While the signals
with the proposed structure of this free tpy ligand. Ligand

of the 39-H protons of the nitro-substituted ligand were
6 was also prepared directly, in 90% yield, by selective re-

shifted to higher field and observed at δ 5 9.40, those of
duction of the nitro group of 3 in refluxing ethanol over

the 39-H protons of the amino-substituted ligand were
palladium on charcoal in the presence of hydrazine hy-

shifted to lower field, appearing at δ 5 7.97. More dramati-
drate[10].

cally, the signals of the amino protons were shifted to lower
Ruthenium(II) complexes of tpy ligands have always been

field in this electron-donating/accepting complex and were
of interest to chemists due to their photochemical and pho-

observed at δ 5 6.06.
tophysical properties[11] [12]. The formation of kinetically in-
ert ruthenium(II) complexes of these ligands, i.e. [Ru(H2N- All five complexes are electrochemically active in aceto-

nitrile solution, exhibiting waves corresponding to thetpy)2][PF6]2 (9), [Ru(O2N-tpy)2][PF6]2 (10), and [(H2N-tpy)-
Ru(O2N-tpy)][PF6]2 (11), was also investigated. The syn- iron(II)/iron(III) or ruthenium(II)/ruthenium(III) processes.

As expected, the introduction of the electron-releasing am-thesis of the three ruthenium(II) complexes was carried out
in two stages to allow for the synthesis of heteroleptic spe- ino and the strongly electron-withdrawing nitro substituents

has a dramatic influence on these redox processes. Thecies [4].
Alternatively, the homoleptic complexes 9 and 10 could iron(II) complex 5 has a potential of 0.356 V (versus ferro-

cene/ferrocenium) while 4 exhibits a potential of 0.963 V,also be obtained by direct reaction of the ligands 3 and 6
with RuCl3 ·3 H2O in ethylene glycol in a microwave oven shifted by about 60 mV with respect to [Fe(MeSO2-

tpy)2][PF6]2 (E0 5 0.904 V). This effect is in accord withfor 10 min. The resulting ruthenium(II) complexes were
precipitated as their hexafluorophosphate salts. While the the strength of the electron-withdrawing nitro group (cf.
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(br. s, NH2, 2 H). 2 13C NMR (CDCl3): δ 5 156.52, 156.23,Table 1). This means that this ligand is the strongest elec-
154.55, 148.89, 136.76, 123.61, 121.30, 106.77. 2 MS (Maldi-TOF);tron-withdrawing tpy ligand yet synthesised. The potential
m/z: 248. 2 C15H12N4 (248.21): calcd. C 72.56, H 4.87, N 22.57;difference between the electron-acceptor and electron-do-
found C 72.01, H 4.93, N 22.55.nor iron complexes 4 and 5, respectively, is 0.607 V.

Synthesis of the Homoleptic Ruthenium(II) Complexes in a Mi-The homoleptic ruthenium(II) complex 9 showed a po-
crowave Oven. 2 General Procedure: A suspension of tpy 3 or 6 (1tential of 0.474 V, which is shifted by 32 mV with respect
mol) and RuCl3 · 3 H2O (0.5 mol) in ethylene glycol (5 ml) wasto [Ru(Me2N-tpy)2][PF6]2 [4]. This is consistent with the elec-
heated in a microwave oven at 600 W during 10 min. In each casetron-donating effect of the two methyl groups in the latter
the red solution was then poured into water (40 ml). Upon adding

complex. The potential of the homoleptic complex 10 was [NH4][PF6] the desired complexes were isolated and purified by
1.114 V in comparison to [Ru(MeSO2-tpy)2][PF6]2 (E0 5 chromatography on silica gel followed by recrystallisation by dif-
1.10 V)[4]. In the donor/acceptor complex 11 the potential fusion of diethyl ether into the acetonitrile solution.
was shifted by 266 mV and 374 mV with respect to the

9: 1H NMR (CD3CN): δ 5 9.47 (s, 39-H, 4 H), 8.73 (d, 3-H, J 5
ruthenium(II) complexes 9 and 10, respectively, and was ob- 7.80 Hz, 4 H), 7.98 (ddd, 4-H, J 5 8.30, 7.80, 1.95 Hz, 4 H), 7.37
served at 0.740 V. The potential difference between the elec- (d, 6-H, J 5 7.80 Hz, 4 H), 7.24 (ddd, 5-H, J 5 8.30, 7.80, 1.95
tron-donor and electron-acceptor complexes 9 and 10 is Hz, 4 H). 2 MS (Maldi-TOF); m/z: 657.
0.640 V.

10: 1H NMR (CD3CN): δ 5 8.24 (d, 3-H, J 5 7.80 Hz, 4 H),
In conclusion, a new method has been established for the 7.91 (s, 39-H, 4 H), 7.83 (ddd, 4-H, J 5 8.30, 7.80, 1.95 Hz, 4 H),

synthesis of novel 49-nitro-2,29:69,299-terpyridine and 49-am- 7.40 (d, 6-H, J 5 7.80 Hz, 4 H), 7.11 (ddd, 5-H, J 5 8.30, 7.80,
ino-2,29:69,299-terpyridine, which are precursors for new 1.95 Hz, 4 H), 5.84 (br. s, NH2, 4 H). 2 MS (Maldi-TOF); m/z: 627.
heterocycles and oligopyridines. These new tpy ligands may Synthesis of the Heteroleptic Ruthenium(II) Complex: Com-
be incorporated in metal complexes, which are under cur- pounds 3 and 6 (1 mol) were hated separately with RuCl3 ·3 H2O
rent investigation. (1 mol) in ethanol at reflux during 1 h. The insoluble dark solids

7 and 8 were filtered off in yields of 95%. These salts (1 mol) wereI would like to thank Prof. Edwin C. Constable for his generous
treated with 1 mol of tpy 6 and 3, respectively, in ethanol for 1 hsupport and Dr. Carol Pohl-Ferry for critical reading of the manu-
to yield complex 11. This compound was purified by the additionscript. I should also like to thank the Schweizerischer Nationalfonds
of water (50 ml) as described above.zur Förderung der wissenschaftlichen Forschung and the University

of Basel for support. Alternatively, the reaction of the salts 7 and 8 with tpy ligands
3 and 6, respectively, gave the homoleptic complexes 9 and 10 under
the same conditions.Experimental Section

11: 2 1H NMR (CD3CN): δ 5 9.40 (s, 3999-H, 4 H), 8.70 (d, 399-Palladium-Catalysed Coupling Reaction. 2 General Procedure:
H, J 5 7.80 Hz, 4 H), 8.27 (d, 3-H, J 5 7.80 Hz, 4 H), 7.99 (ddd,Compound 1 (1 mol) or 2 (2 mol) and Pd(PPh3)4 (1 mol-%) were
499-H, J 5 8.30, 7.80, 1.95 Hz, 4 H), 7.96 (s, 39-H, 4 H), 7.86 (ddd,heated under nitrogen in 50 ml of toluene for 16 h. Upon cooling
4-H, J 5 8.30, 7.80, 1.95 Hz, 4 H), 7.60 (d, 6-H, J 5 7.80 Hz, 4to room temperature 10 ml of saturated ammonium chloride was
H), 7.33 (ddd, 599-H, J 5 8.30, 7.80, 1.95 Hz, 4 H), 7.13 (d, 699-H,added and the organic phase separated. The aqueous phase was
J 5 7.80 Hz, 4 H), 7.03 (ddd, 5-H, J 5 8.30, 7.80, 1.95 Hz, 4 H),extracted with toluene (3 3 20 ml). The combined organic phases
6.06 (br. s, NH2, 2 H). 2 MS (Maldi-TOF); m/z: 597.were dried (MgSO4) and the solvent was removed. Concentrated

hydrochloric acid (30 ml) was added to the residue and this was
extracted with dichloromethane (3 3 30 ml). The aqueous phase [1] F. Kröhnke, Synthesis 1976, 1224.

[2] R.-A. Fallahpour, E. C. Constable, J. Chem. Soc., Perkin Trans.was cautiously neutralised by the addition of solid sodium hydrox-
1 1997, 226322264.ide. The ligand 3 was then filtered off and purified by chromatogra- [3] E. C. Constable, M. D. Ward, J. Chem. Soc., Dalton Trans.

phy on silica gel with dichloromethane to give 50% yield. 1990, 140521409.
[4] E. C. Constable, A. M. W. Cargill Thompson, D. A. Tocher,3: m.p. 177°C. 2 IR (KBr): ν̃ 5 1531, 1359 cm21. 2 UV

M. A. M. Daniels, New J. Chem. 1992, 16, 8552867.
(CH3CN): λmax 5 279, 345 nm; λmin 5 305 nm. 2 1H NMR [5] U. Neumann, F. Vögtle, Chem. Ber. 1989, 122, 5892891.
(CDCl3): δ 5 9.16 (s, 39-H, 2 H), 8.76 (d, 6-H, J 5 7.80 Hz, 2 H), [6] V. Farina, V. Krishnamurthy, W. J. Scott, Org. React. 1997, 50,

12652.8.64 (d, 3-H, J 5 7.80 Hz, 2 H), 7.91 (ddd, 4-H, J 5 8.30, 7.80,
[7] C. Bolm, M. Ewald, M. Felder, G. Schlingloff, Chem. Ber. 1992,1.95 Hz, 2 H), 7.42 (ddd, 5-H, J 5 8.30, 7.80, 1.95 Hz, 2 H). 2

125, 116921190.13C NMR (CDCl3): δ 5 158.44, 156.33, 154.05, 149.47, 136.97, [8] J. March in Advanced Organic Chemistry, Wiley, Chichester,
124.77, 121.33, 113.33. 2 MS (Maldi-TOF); m/z: 278. 2 1985, p. 244.

[9] K. Potts, Bull. Soc. Chim. Belg. 1990, 99, 7412767.C11H10N4O2 (278.273): calcd. C 64.74, H 3.62, N 20.13; found C
[10] D. S. C. Black, N. E. Rothnie, Aust. J. Chem. 1983, 36,64.51, H 3.58, N 20.09.

114121147.
[11] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni,6: m.p. 1792180°C. 2 IR (KBr): ν̃ 5 3226 cm21. 2 1H NMR

Chem. Rev. 1996, 96, 7592833.(CDCl3): δ 5 8.67 (d, 6-H, J 5 7.80 Hz, 2 H), 8.60 (d, 3-H, J 5 [12] J.-P. Collin, P. Gaviña, V. Heitz, J.-P. Sauvage, Eur. J. Inorg.
7.80 Hz, 2 H), 7.84 (ddd, 4-H, J 5 8.30, 7.80, 1.95 Hz, 2 H), 7.75 Chem. 1998, 1214.

[98069](s, 39-H, 2 H), 7.32 (ddd, 5-H, J 5 8.30, 7.80, 1.95 Hz, 2 H), 4.33
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The hydrolysis of beryllium(II) and its complexation by [Be3(OH)3]3+, [Be5(OH)6]4+, [Be6(OH)8]4+, and Be(OH)2.
Complex formation of beryllium(II) with the dicarboxylateoxalate, malonate, and succinate in 0.5 mol dm–3 NaClO4

aqueous solution at 298 K has been studied by means of ligands is invariably promoted by favourable entropic
contributions (∆S° . 0), while the enthalpic terms are alwayspotentiometric (pH-metric), microcalorimetric, and

multinuclear NMR-spectroscopic measurements. The unfavourable (∆H° . 0). Malonate forms by far the most
stable complexes owing to a more favourable (lessprotonation properties of the three ligands have also been

investigated by potentiometry and microcalorimetry under endothermic) enthalpic contribution. These data reflect the
fitting of the “bites” of the ligands with the stereochemicallythe same experimental conditions. Thermodynamic results

are consistent with a previously proposed chemical model for required tetrahedral coordination geometry about the metal
ion, as well as the ligand preorganization.beryllium(II) hydrolysis, involving the species [Be2OH]3+,

Introduction have been included in two recent chemical databases[4]. The
paucity of data is most likely attributable to the high tox-

Beryllium is the most toxic non-radioactive element[1] [2]. icity exhibited by the metal ion and its complexes. In several
However, in spite of its particular toxicity, which to a large cases, the results obtained appear to be inconsistent because
extent prevents the expansion of its applications, there is an of the different experimental conditions employed and,
increasing demand for beryllium, principally associated where considered, the disparate chemical models proposed
with the major use of this light metal in the nuclear, aero- for Be21 hydrolysis[4].
space, and electronics industries[1] [2] [3]. The most notable Recently, some of us commenced a re-examination of
biochemical effects resulting from beryllium contamination Be21 hydrolysis and Be21 interaction with naturally occur-
in mammalians include permanent cell modification, alter- ring ligands by means of pH-metric measurements and
ation of DNA replication, interference in enzymatic reac- NMR spectroscopy[5] [6] [7] [8]. In one of these studies, which
tions, and impairment of cell division[1] [2] [3]. Nevertheless, was concerned with the determination of equilibrium con-
there is not yet a clear rationalization of the relationships stants for the coordination of oxalate and malonate
between beryllium toxicity and the chemical species formed anions[8], a rational approach to the synthesis of beryllium
in biological and environmental systems, principally be- complexes in water was also developed, leading to the iso-
cause this depends very much on the particular tissue or lation of crystalline K3[Be3(OH)3(oxalate)3] · 3 H2O and
cell type exposed to contamination, and because the actual K3[Be3(OH)3(malonate)3] · 6 H2O and, furthermore, to the
speciation of the poisoned systems is still rather an ob- determination of the crystal structure of the latter com-
scure area. pound.

In the present paper, we complete a first set of thermo-The solution chemistry of Be21 coordination compounds
has been the subject of a limited number of studies, which dynamic data for the coordination chemistry of beryllium
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Scheme 1ion with dicarboxylate ligands in aqueous solution, inte-

grating the previously determined equilibrium constants for
oxalate and malonate complexes[8] with new stability data
for succinate and the enthalpy changes determined micro-
calorimetrically for the formation of beryllium complexes
with the three ligands. Naturally, the hydrolysis of Be21 and
the protonation of the ligands have also been the subject of
microcalorimetric investigations.

Results and Discussion

Be21 Hydrolysis The enthalpy changes determined in the present study
for [Be2OH]31, [Be3(OH)3]31, and [Be6(OH)8]41 are in goodThe microcalorimetric determination of the com-
agreement with those quoted in previous reports[14], whileplexation enthalpies of beryllium(II) in aqueous solution
no reference values could be found in the literature fornecessarily requires knowledge of the enthalpy changes as-
[Be5(OH)6]41 [4].sociated with formation of the species produced upon Be21

It is worthy to note that the formation of these species ishydrolysis. Hence, the complexation experiments were pre-
promoted by both favourable enthalpic and entropic contri-ceded by a calorimetric study of beryllium(II) hydrolysis.
butions. The thermodynamic data reported in Table 1 canThe [Be(H2O)4]21 cation exists only in very acidic solu-
be interpreted in terms of metal-to-OH2 bonding interac-tions. In less acidic media, several polynuclear hydrolytic
tions and solvation/desolvation equilibria. The reaction be-species are formed: in the most recent investigations (per-
tween Be21 and OH2-solvated ions gives rise to consider-formed in 3.0 mol dm23 NaClO4

[9] and in 0.5 mol dm23

able charge neutralization, resulting in the release of waterNaClO4
[6]) the species [Be(OH)2], [Be2OH]31,

molecules from the interacting species. This desolvation[Be3(OH)3]31, [Be5(OH)6]41, and [Be6(OH)8]41 were iden-
process is accompanied by an entropy gain, due to the in-tified, with the [Be3(OH)3]31 cation predominating over al-
creasing number of species, and by an enthalpy loss, owingmost all of the pH range up to the precipitation of
to the cleavage of Be212OH2 bonds. This entropy gainBe(OH)2, which takes place at pH > 5. In solution, tetraco-
seems to be the main contribution to the favourable en-ordination of Be21 is preserved by coordinated water mol-
tropic terms observed in the formation of the hydrolyticecules, and tetrahedral arrangements are also to be expected
species, while the favourable formation enthalpies are mostfor the species formed upon hydrolysis. Tentative structures
likely attributable to contributions deriving from strong co-for these polynuclear hydrolytic species have been suggested
valent bonding interactions between Be21 and OH2 ions,previously[9]; in particular, a cyclic structure for
which are only partly cancelled out by the desolvation en-[Be3(OH)3(H2O)6]31, already indicated by a 1H-NMR
thalpy loss.study[10], has been corroborated by a recent X-ray investi-

The balance of these opposing contributions leads to al-gation[11]. The cyclic arrangement of this trimeric unit,
most constant increments per OH2 group in the enthalpicwhere water molecules are replaced by bidentate ligands,
and entropic terms (2∆H° 5 31 ± 4 kJ mol21, ∆S° 5 97has also been found in some crystalline complexes[8] [12] [13].
± 10 J K21 mol21) for the formation of the hydrolytic spe-The equilibrium model and the values of the equilibrium
cies, which is reflected by the almost steady increase of theconstants for the hydrolysis of beryllium(II) were taken
species stability (2∆G°) with the number of bonded OH2from a previous work[6]. The species formed in appreciable
groups (Figure 1).amounts in 0.5 mol dm23 NaClO4 solution at 298 K and

the relevant thermodynamic data are listed in Table 1. In
spite of various experimental modifications, it was not pos-

Protonation of the Ligandssible to obtain appreciable formation of the soluble species
[Be(OH)2] in the microcalorimetric experiments. Therefore, Table 2 reports the thermodynamic functions for the pro-

tonation of the three ligands investigated. There is a goodthe corresponding formation enthalpy was not determined.

Table 1. Thermodynamic parameters for the formation of hydrolytic Be21 species, determined in 0.50 mol dm23 NaClO4 at 298.1 ±
0.1 K[a]

reaction log K[b] 2∆G°[b] 2∆H° ∆S°
[kJ mol21] [kJ mol21] [J K21 mol21]

2 Be21 1 OH2 R [Be2(OH)]31 10.49(1) 59.87(8) 27(2) 111(7)
3 Be21 1 3 OH2 R [Be3(OH)3]31 32.39(3) 184.9(2) 100.8(4) 282(1)
5 Be21 1 6 OH2 R [Be5(OH)6]41 63.83(5) 364.3(3) 208(3) 523(10)
6 Be21 1 8 OH2 R [Be6(OH)8]41 83.75(5) 478.0(3) 239(2) 802(7)
Be21 1 2 OH2 R Be(OH)2 15.70(6) 89.6(3) 2 2

[a] Values in parentheses are standard deviations in the last significant figure. 2 [b] Values taken from ref. [6].
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Complex FormationFigure 1. Thermodynamic functions for the formation of hydrolytic

species as a function of the number of hydroxide groups bonded to
Be21; the dashed lines are obtained by linear least-squares regres- The thermodynamic parameters for the complexation ofsion of the reported values, the correlation coefficients being > 0.99

Be21 by oxalate, malonate, and succinate are listed in
Table 3.

In a previous paper, dealing with the determination of
the stability constants of beryllium(II) complexes with oxa-
late and malonate[8] under the same experimental con-
ditions as in the present study, it was noted that malonate
complexes are significantly more stable than their oxalate
counterparts. This enhanced stability can be ascribed to the
formation of 6-membered chelate rings in the malonate
complexes, which, compared to the 5-membered chelate
rings formed by oxalate, produce less distortion in the pre-
ferred tetrahedral coordination geometry around the beryl-
lium ion. As a matter of fact, in the molecular structures of
the complexes [Be(malonate)2]22 [15], [Be3(OH)3(malon-
ate)3]32 [8], [Be(salicylate)2]22 [16], and [Be(acac)2] [17], which
all feature 6-membered chelate rings, the O2Be2O bite
angles imposed by the ligands range between 104.3(7) and
109.3(2)°, comparing well with the angles in an ideal tetra-
hedron (109.5°), while the corresponding bite angles in the
5-membered chelate rings formed by oxalate in the crystal
structure of [Be(oxalate)2]22 [99.6(2) and 99.7(2)°] [18] devi-
ate considerably from this value. More recently, it has been
shown that the bite angles [109.1(1), 110(1)°] in the unique
example of 7-membered chelate rings seen in the crystal
structure of [Be(o-phthalate)2]22 are also very similar to the
ideal tetrahedral angle, with the Be2O distances falling
within the range exhibited by related compounds, and the
phthalate anion not showing any structural anomalies[19].
Furthermore, in an earlier paper, it was noted that phtha-
late and oxalate have comparable abilities in forming [BeL]
and [BeL2]22 complexes[20]. On the other hand, the com-general agreement with previously reported values[4], in

spite of the rather different conditions of temperature and/ plexes formed by Be21 with succinate, which can in prin-
ciple involve 7-membered chelate rings, are largely lessor ionic strength used in the various investigations. The

well-known increase in basicity observed in the series oxa- stable than the corresponding species formed with malonate
and oxalate (Table 3), although the difference in stabilitylate < malonate < succinate, as a consequence of the in-

creasing length of the aliphatic chain, appears to be ac- between the [BeL] complexes of oxalate and succinate is not
as large as in the case of the [BeL2] and [Be3(OH)3L]1 spe-companied by a corresponding increase of the enthalpic

contribution, while the entropic terms do not show any par- cies. Probably as a result of this reduced stability, in the case
of succinate the [Be3(OH)3L3]32 (L 5 dicarboxylate ligand)ticularly evident trend.

Table 2. Thermodynamic parameters for the protonation of oxalate, malonate, and succinate, determined in 0.50 mol dm23 NaClO4 at
298.1 ± 0.1 K[a]

reaction log K 2∆G° 2∆H° ∆S°
[kJ mol21] [kJ mol21] [J K21 mol21]

L 5 oxalate
L22 1 H1 R HL2 3.64(1)[b] 20.76(6)[b] 24.7(1) 85.3(6)
HL2 1 H1 R H2L 1.00(1)[b] 5.7(6)[b] 24.6(1) 35(7)
L 5 malonate
L22 1 H1 R HL2 5.054(2)[b] 28.84(1)[b] 22.3(2) 104.5(6)
HL2 1 H1 R H2L 2.51(2)[b] 14.3(1)[b] 1.7(3) 42(2)
L 5 succinate
L22 1 H1 R HL2 5.041(3) 28.77(2) 1.5(8) 91(3)
HL2 1 H1 R H2L 3.908(3) 22.30(2) 6.2(8) 54(3)

[a] Values in parentheses are standard deviations in the last significant figure. 2 [b] Values taken from ref. [8].
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Table 3. Thermodynamic parameters for the complexation of Be21 by oxalate, malonate, and succinate anions, determined in 0.50 mol

dm23 NaClO4 at 298.1 ± 0.1 K[a]

reaction log K 2∆G° 2∆H° ∆S°
[kJ mol21] [kJ mol21] [J K21 mol21]

L 5 oxalate
Be21 1 L22 R [BeL] 3.47(2)[b] 19.8(1)[b] 219.5(3) 132(1)
[BeL] 1 L22 R [BeL2]22 1.77(7)[b] 10.1(4)[b] 231(1) 138(3)
Be21 1 2L22 R [BeL2]22 5.24(7)[b] 29.9(4)[b] 249(2) 263(6)
[Be3(OH)3]31 1 L22 R [Be3(OH)3L]1 3.78(7)[b] 21.7(4)[b] 210.9(8) 109(3)
[Be3(OH)3]31 1 3L22 R [Be3(OH)3L3]32 8.3(1)[b] 47.7(8)[b] 228(1) 254(6)
L 5 malonate
Be21 1 L22 R [BeL] 5.36(2)[b] 30.6(1)[b] 210.53(6) 138.0(5)
[BeL] 1 L22 R [BeL2]22 3.85(1)[b] 21.91(5)[b] 25.19(8) 91.2(4)
Be21 1 2L22 R [BeL2]22 9.21(2)[b] 52.50(8)[b] 215.82(8) 229.2(5)
[Be3(OH)3]31 1 L22 R [Be3(OH)3L]1 5.26(7)[b] 30.1(4)[b] 28.4(8) 129(3)
[Be3(OH)3]31 1 3L22 R [Be3(OH)3L3]32 12.84(6)[b] 73.3(3)[b] 218.8(8) 309(3)
L 5 succinate
Be21 1 L22 R [BeL] 3.04(1) 17.34(4) 221.1(1) 129(5)
[BeL] 1 L22 R [BeL2]22 1.0(2) 6(1) 215(1) 69(5)
Be21 1 2L22 R [BeL2]22 4.1(2) 23.1(1) 236(1) 198(5)
[Be3(OH)3]31 1 L22 R [Be3(OH)3L]1 2.03(6) 11.6(3) 242(1) 181(3)

[a] Values in parentheses are standard deviations in the last significant figure. 2 [b] Values taken from ref. [8].

complex is not formed in appreciable amounts, at least un- molar ratio of 1:2 in the pH range of 426, before the occur-
rence of Be(OH)2 precipitation, show a signal at δ 5 1.05der our experimental conditions, and its presence was not

detected by means of the techniques employed in this study. overlapping the broad resonance due to
[Be3(OH)3(H2O)6]31 at δ 5 0.7 (Figure 2). The new reso-Conversely, in a previous paper[21], the stability constant of

this species was reported, together with that for the forma- nance must be attributed to a succinate2beryllium com-
plex, probably the [Be(succinate)(H2O)2] species. Accord-tion of the complex [Be3(OH)3(HL)]21 (L 5 succinate),

containing the monoprotonated form of the ligand. In view ingly, the corresponding 13C{1H} spectrum shows in both
the CH2 and COO regions a signal due to the uncoordi-of this report, we performed some experimental work aimed

at identifying these two species in our systems, but no evi- nated ligand (these bands have been assigned by compari-
son with the spectra of free succinic acid under the samedence of their formation was obtained.

Considering the low stability of the Be21 complexes with pH conditions) and a less intense resonance attributable to
coordinated succinate (Figure 3).succinate, a doubt arose concerning the possible monoden-

tate coordination of the dicarboxylate anion. Nevertheless,
this type of coordination should, in principle, favour the Figure 2. 9Be{1H}-NMR spectrum of an aqueous solution contain-

ing 0.2 mol dm23 BeSO4 and 0.4 mol dm23 succinate at pH 5 5.90formation of complexes with the monoprotonated form of
the ligand, although as mentioned above, such complexes
were not detected in our experiments. In order to assess the
ability of dicarboxylate ligands to bind Be21 through a sin-
gle carboxylate group, we also investigated the Be21/acetate
system by both potentiometric and NMR techniques. The
results indicated that, at least under our experimental con-
ditions, the formation of acetate complexes is not appreci-
able. As a matter of fact, the 9Be-NMR spectra of aqueous
solutions of the system BeSO4/CH3COOH (molar ratio 1:4)
at various pH values fully resemble those of BeSO4

[22], indi-
cating that acetate does not significantly coordinate the
Be21 ion.

On the basis of this evidence, it seems reasonable to as- Therefore, assuming the bidentate coordination of succi-
nate, in the absence of direct structural information on Be21sume that, in accordance with the behaviour of oxalate and

malonate, succinate also acts as bidentate ligand towards derivatives with this ligand, it seems reasonable to assume
that no special strain is accumulated in the 7-memberedBe21, and consequently its complexes can be formulated as

Be(succinate)(H2O)2, [Be(succinate)2]22, and [Be3(OH)3- chelate rings of such complexes compared to the analogous
chelate rings in [Be(o-phthalate)2]22. The principal reason(succinate)(H2O)4]1, where water molecules preserve the

Be21 tetrahedral coordination geometry. for the lower stability of the succinate complexes might have
its origins in the greater flexibility of this rather long ligand,Evidence of a weak coordination of Be21 by succinate

comes from 9Be-NMR spectra. Indeed, the 9Be spectra of which necessitates a considerable organization to achieve
the coordinative conformation. Similar structural changesaqueous solutions containing BeSO4 and succinic acid in a
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Figure 4. Plot of the thermodynamic functions ∆G° (a), ∆H° (b),Figure 3. 13C{1H}-NMR spectrum of an aqueous solution contai-

ning 0.2 mol dm23 BeSO4 and 0.4 mol dm23 succinate at pH 5 and ∆S° (c) in relation to the cumulative formation of [BeL] and
[BeL2]22, where L 5 oxalate, malonate, and succinate5.90

are not necessary for the rigid and preorganized o-phtha-
late ligand.

Considering the thermodynamic results reported here,
different reasons can be advanced to account for the lower
stability of beryllium complexes with oxalate and succinate
compared to those with malonate: inadequate ligand-bind-
ing bite in the case of oxalate and considerable reorgani-
zation of ligand structure upon coordination of succinate.

As shown in Table 3, the stability of the Be21 complexes
with oxalate, malonate, and succinate is invariably deter-
mined by favourable entropic contributions, with the en-
thalpic terms always being unfavourable. This behaviour is
typical of reactions between oppositely charged partners,
in which charge neutralization and associated desolvation
effects are of major importance. Nevertheless, energetic ef-
fects due to non-optimal matching between the stereochem-
ical requirements of the ligand and metal ion and ligand
conformational changes required for coordination also have
to be taken into account. Considering the 2∆G° values ob-
tained for [BeL] and [BeL2]22, it appears that malonate

ate, succinate) complexes, it seems that the peculiar en-forms by far the most stable complexes, as depicted in Fig-
thalpic and entropic terms for the formation ofure 4a, as a consequence of the most favourable enthalpic
[Be3(OH)3(succinate)]1 are not attributable to a specialcontribution (less endothermic) shown in Figure 4b. The
binding mode of succinate, but most likely to a looseningentropic contributions are very similar for the three [BeL]
of the complex structure, which might originate from thecomplexes, while in the case of [BeL2]22 a greater ∆S° value
hindrance brought about by the bulkier ligand, producingfavours the formation of the bis(oxalate) complex (Figure
weakening of the binding interaction within the complex4c).
and increasing the disorder of its structure. As a matter ofIt is noteworthy that the equilibrium constants for the
fact, we did not observe the addition of more than one di-binding of oxalate to Be21 and [Be3(OH)3]31 are very simi-
carboxylate ligand in the case of succinate.lar, as is also the case for malonate. This is de facto due to

a compensation between the enthalpic and entropic terms
Conclusion(Table 3), the reaction of these ligands with the trinuclear

[Be3(OH)3]31 species being less endothermic than the anal- On the basis of the thermodynamic data obtained in this
work concerning the solution chemistry of Be21, includingogous reaction with Be21. The presence of OH2 anions in

[Be3(OH)3]31 produces a partial neutralization of charge on metal ion hydrolysis and coordination equilibria with oxa-
late, malonate, and succinate ligands, the following pointsthe metal ion, weakening the Be2OH2 bonds, and hence

the replacement of these coordinated water molecules by can be made:
1. Calorimetric data are consistent with a chemical modelthe ligands becomes less expensive from an enthalpic point

of view. On the other hand, similar features are not opera- for Be21 hydrolysis involving the species [Be2OH]31,
[Be3(OH)3]31, [Be5(OH)6]41, and [Be6(OH)8]41.tive in the succinate complexes, where a very unfavourable

enthalpic contribution reduces the stability of the 2. Considering a homogeneous series of chelating ligands
containing the same binding groups, such as that consti-[Be3(OH)3(succinate)]1 species, the formation of which is

accompanied by the largest entropic gain for this type of re- tuted by oxalate, malonate, and succinate as investigated
here, there is a distinct selectivity for the binding of Be21action.

Since no anomalies are observed in the thermodynamic species by those ligands capable of forming 6-membered
chelate rings.parameters for the formation of [BeL] (L 5 oxalate, malon-
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The enthalpies of reaction were determined in 0.5 mol dm23 Na-3. Chelation of Be21 ions is promoted by favourable en-

ClO4 solution by means of an automated system consisting of atropic terms (∆S° > 0), the unfavourable enthalpic contri-
Thermometric AB thermal activity monitor (model 2277) equippedbutions (∆H° > 0) reflecting the fitting of ligand binding
with perfusion-titration device and a Hamilton pump (model Mic-bites with the stereochemically required tetrahedral coordi-
rolab M) coupled with a 0.250-cm3 gas-tight Hamilton syringenation geometry about the metal ion, as well as ligand pre-
(model 1750 LT). The measuring vessel was housed in a 25-dm3

organization. thermostatted water bath, which was maintained at the chosen tem-
perature within ±2·1024 K. The microcalorimeter was checked byFinancial support from the EU (HCM program “Metals and En-

vironmental Problems” 199521998, Grant ERBCHRHX-CT94- determining the enthalpy of reaction of strong base (NaOH) with
strong acid (HCl) solutions. The value of 256.7(2) kJ mol21 ob-0632), the Ministero dell9Ambiente (Italy, Contract PR/1/C), and

MURST (Italy, quota 60%) is gratefully acknowledged. We are in- tained was in agreement with literature values[4]. The protonation
enthalpies of the ligands were determined as previously reporteddebted to Mr. Franco Cecconi for technical assistance.
for other compounds[25]. In a typical complexation experiment, a
solution containing the disodium salt of the ligand (0.08 mol dm23,
ionic strength adjusted to 0.5 mol dm23 by NaClO4) was added inExperimental Section
successive steps (15 µl) to acidic solutions of Be21 (0.02 mol dm23,

Caution: In view of the extreme toxicity of beryllium compounds
ionic strength adjusted to 0.50 mol dm23 by NaClO4, 1.5 cm3) until

all experimental work was carried out in a well-ventilated fume cup-
a 1:1 metal-to-ligand molar ratio was reached. The complexation

board used exclusively for this work. Established procedures for
experiments were set up in such a way so as to produce a change

handling dangerous materials were followed rigorously at all stages
of solution pH in the calculated range of ca. 3.725.0. Corrections

of the preparations and measurements.
for the heats of dilution were applied. At least three titrations

General Remarks: High-purity oxalic, malonic, and succinic ac- (about 110 data points) were performed for each system. The corre-
ids were purchased from Merck. Be21 stock solutions (0.02 mol sponding enthalpies of reaction were determined from the calori-
dm23) were prepared by reacting metallic Be (Aldrich, 99.99% pu- metric data by means of the AAAL program[26].
rity) with a slight excess of HClO4. Be21 and free acid concen-

9Be- and 13C-NMR spectra were recorded with a Bruker AC 200trations were checked periodically by means of standard methods.
spectrometer at 28.18 MHz and 50.32 MHz, respectively. Chemical

All potentiometric (pH-metric) measurements (pH 5 2log[H1]) shifts are quoted with respect to external 0.10 mol dm23 BeSO4 in
used for the determination of ligand protonation and metal ion H2O for 9Be and external TMS for 13C. All measurements were
complexation constants were performed in 0.5 mol dm23 NaClO4 carried out in aqueous solutions, in the pH range of 2.326.0, using
at 298.1 ± 0.1 K using the apparatus described previously[8]. The a coaxial inner tube containing D2O to provide a lock signal.
combined Ingold 405 S7/120 electrode was calibrated as a hydrogen
concentration probe by titrating known amounts of HCl with CO2-
free NaOH solutions and determining the equivalent point by [1] D. N. Skilleter, Chem. Br. 1990, 26, 26230.

[2] O. Kumberger, H. Schmidbaur, Chem.Unserer Zeit 1993, 6,Gran9s method[23]. This allows one to determine the standard po-
3102316.tential Eo and the ionic product of water [pKw 5 13.69(1) at 298 [3] C. Y. Wong, J. D. Woollins, Coord. Chem. Rev. 1994, 130,

K in 0.5 mol dm23 NaClO4]. In the complex formation experiments 2432273 and references therein.
care was taken to verify the attainment of equilibrium after each [4] K. J. Powell, L. D. Pettit, IUPAC Stability Constants Database

2 SC-Database, Academic Software, Otley (U.K.), 1997. 2 R.titrant addition: a few minutes were necessary to reach constant
M. Smith, A. E. Martell, NIST Critically Selected Stabilityemf readings. The potentiometric data were analysed using the
Constants of Metal Complexes Database, Version 4.0, U.S. De-

computer program HYPERQUAD[24]. Experimental details of the partment of Commerce, National Institute of Standards and
potentiometric measurements are given in Table 4. Technology, Gaithersburg, MD 20899 (U.S.A.), 1997.

[5] E. Chinea, S. Dominguez, A. Mederos, F. Brito, J. M. Arrieta,
A. Sánchez, G. Germain, Inorg. Chem. 1995, 34, 157921587.

[6] E. Chinea, S. Dominguez, A. Mederos, F. Brito, A. Sánchez, A.
Ienco, A. Vacca, Main Group Met. Chem. 1997, 20, 11217.Table 4. Summary of experimental conditions for the beryllium2 [7] A. Mederos, S. Dominguez, E. Chinea, F. Brito, S. Midollini,succinate system A. Vacca, Bull. Soc. Chil. Quı́m. 1997, 42, 2812295.

[8] P. Barbaro, F. Cecconi, C. A. Ghilardi, S. Midollini, A. Orlan-
dini, L. Alderighi, D. Peters, A. Vacca, E. Chinea, A. Mederos,Solution composition

[TL] range [mol dm23] 0.00320.010 Inorg. Chim. Acta 1997, 262, 1872194.
[9] J. Bruno, J. Chem. Soc., Dalton Trans. 1987, 243122437.[TM] range [mol dm23] 0.00320.004

I [mol dm23], electrolyte 0.50, NaClO4
[10] J. W. Akitt, R. H. Duncan, J. Chem. Soc., Faraday Trans. 1

1980, 76, 221222220.pH range 3.026.0
Experimental method pH titration, calibrated in [11] F. Cecconi, C. A. Ghilardi, S. Midollini, A. Orlandini, A. Me-

deros, Inorg. Chem. 1998, 37, 1462148.concentration
T [°C] 25 [12] P. R. Faure, F. Bertin, H. Loiseleur, T. D. Germaine, Acta Crys-

tallogr. 1974, B30, 4622467.Total number of data points
Protonation 103 (2 titrations) [13] Y. Sohrin, M. Matsui, Y. Hata, H. Hasegawa, H. Kokusen, In-

org. Chem. 1994, 33, 437624383.Beryllium complexation 387 (5 titrations)
Method of calculation HYPERQUAD[24] [14] B. Carell, A. Olin, Acta Chem. Scand. 1962, 16, 235722364. 2

R. E. Mesmer, C. F. Baes, Inorg. Chem. 1967, 6, 195121960.Protonation constants
(ligand 5 H2L, errors as σ) [15] G. Duc, R. Faure, H. Loiseleur, Acta Crystallogr. 1978, B34,

211522118.log β (HL) 5.041 ± 0.003
log β (H2L) 8.950 ± 0.003 [16] H. Schmidbaur, O. Kumberger, Chem. Ber. 1993, 126, 329.

[17] S. Onuma, S. Shibata, Acta Crystallogr. 1985, C41, 118121183.Stability constants
log β ([BeL]) 3.04 ± 0.01 [18] M. Jaber, R. Faure, H. Loiseleur, Acta Crystallogr. 1978, B34,

4292431.log β ([BeL2]22) 4.1 ± 0.2
log β ([Be3(OH)3L]1) 26.65 ± 0.06 [19] M. Schmidt, A. Bauer, H. Schmidbaur, Inorg. Chem. 1997, 36,

204022043.
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[20] H. J. De Bruin, D. Kairaitis, R. B. Temple, Aust. J. Chem. 1962, [25] A. Bianchi, B. Escuder, E. Garcia-España, S. V. Luis, V. Mar-

celino, J. F. Miravet, J. A. Ramı́rez, J. Chem. Soc., Perkin Trans.15, 4572466.
[21] G. Duc, F. Bertin, G. Thomas-David, Bull. Soc. Chim. Fr. 2 1994, 125321259. 2 R. Cini, G. Giorgi, D. Masi, A. Sabatini,

A. Vacca, J. Chem. Soc., Perkin Trans. 2 1991, 7652771.1977, 6452648.
[22] S. Midollini, unpublished results. [26] A. Vacca, AAAL program, University of Florence, 1996.
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The dimer [RhClL2]2 (1; L = PiPr3) reacts with 1,3,5- bis(alkyne)dirhodium complexes 6 and 7 and subsequently
the bis(vinylidene)dirhodium isomers 8 and 9. The reactionsC6H3(C;CH)3 to give in the initial step the

tris(alkyne)trirhodium compound 2, which rearranges in of 1,2-, 1,3-, and 1,4-C6H4(C;CSiMe3)2 with 1 take a similar
course and give the bis(alkyne) and bis(vinylidene)toluene at 60 °C to yield the isomeric tris(vinylidene) complex

3. Treatment of either 2 or 3 with pyridine affords the compounds 10–12 and 13–15, respectively. In the same way,
the dinuclear bis(alkyne) and bis(vinylidene) complexes 16trinuclear tris(alkynyl)trihydridorhodium(III) complex 4. The

trisilyl derivative 1,3,5-C6H3(C;CSiMe3)3 reacts with 1 to and 17 have been prepared from 1 and the naphthalene
derivative 1,5-C10H6(C;CH)2. The molecular structures of 17form the mononuclear compound 5, in which only one of the

C;C bonds is coordinated to Rh. The diynes 1,3- and 1,2- and of the dendrimer-like Rh3 compound 3 have been
determined by X-ray crystallography.C6H4(C;CH)2 behave analogously to 1,3,5-C6H3(C;CH)3

and upon treatment with 1 yield initially the

We have recently shown that terminal alkynes HC;CR to a rapid change of colour and, after warming to room
temperature and removal of the solvent, gives the triyneare easily converted to the isomeric vinylidenes :C5CHR in

the coordination sphere of rhodium(I).[1] [2] This process is complex 2 in ca. 80% yield. The yellow microcrystalline
solid is moderately air-sensitive and easily soluble in mostthermodynamically preferred,[3] and based on ab initio MO

studies its mechanism is quite well understood.[4] Besides organic solvents.
acetylene and monosubstituted derivatives HC;CR with

The proposed structure of 2 (see Scheme 1) is fully sup-R 5 alkyl, aryl, vinyl, SiR3 or CO2R, also butadiyne[5] and
ported by the spectroscopic data. The IR spectrum displays1,4-bis(ethynyl)benzene[6] have been used as substrates and,
only one strong C;C stretch at 1795 cm21 indicating thatin the presence of [RhCl(PiPr3)2] as the template, trans-
all three triple bonds are involved in the coordination to theformed to the isomeric bridge-forming bis(vinylidenes).
rhodium center. In agreement with this, the 1H-NMR spec-The present paper reports that likewise to 1,4-
trum of 2 shows one signal for the ;CH protons at δ 5 4.02,C6H4(C;CH)2 not only the 1,3- and 1,2-bis(ethynyl)ben-
which due to Rh-H coupling is split into a doublet. For thezene isomers but also the trisubstituted benzene derivative
CH3 protons of the PiPr3 units a doublet of virtual triplets1,3,5-C6H3(C;CH)3 forms alkyne- and vinylidenerho-
appears being consistent with the trans disposition of the twodium(I) complexes upon treatment with [RhClL2]2 (1; L 5
phosphane ligands at each metal center.[8]

PiPr3). An interesting facet of this work is that while the
disilylated compounds 1,3- and 1,2-C6H4(C;CSiMe3)2 be- Although 2 is stable both in the solid state and in solu-
have similarly to the parent diynes and yield dinuclear rho- tion at room temperature, on warming in toluene at 60°C
dium complexes, the trisilylated triyne 1,3,5- it slowly rearranges to the tris(vinylidene) complex 3. In
C6H3(C;CSiMe3)3 reacts with 1 to give a mononuclear al- contrast to 2, the isomer 3 is a dark green solid, the NMR
kynerhodium(I) compound, leaving two of the three triple spectra of which indicate a symmetrical structure as shown
bonds of 1,3,5-C6H3(C;CSiMe3)3 uncoordinated. in Scheme 1. There is only one resonance for the PiPr3

phosphorus atoms in the 31P-NMR and only one set of
Rhodium Complexes from 1,3,5-C6H3(C;CH)3 and the signals for the phosphanyl CH3 protons in the 1H-NMR
Trisilylated Derivative spectrum. The most characteristic feature in the 13C-NMR

spectrum of 3 is the position of the signal of the α-C atomTreatment of a solution of the reactive dimer 1 [7] with
of the vinylidene ligands which appears at δ 5 292.9 as a1,3,5-tris(ethynyl)benzene in pentane leads even at 260°C
doublet of triplets. Both the Rh-C and P-C couplings are
significantly larger than those of the resonance for the vi-[e] Part 45: J. Gil-Rubio, M. Laubender, H. Werner, Organometal-

lics 1989, 17, 120221207. nylidene β-C atom at δ 5 111.1.
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Scheme 1. L 5 PiPr3

The result of the X-ray crystal structure analysis of 3 is the initial step an intramolecular oxidative addition occurs
and a tris(alkynyl)trishydridotrirhodium complex is gener-shown in Figure 1. The coordination geometry around the

three rhodium centers is square-planar with bond angles ated. In the second step, this intermediate could rearrange
to the vinylidene isomer 3. The assumed stepwise mecha-(mean values) P2Rh2C of 89.9° and P2Rh2Cl of 90.3°.

The axes Cl2Rh2C and P2Rh2P are not exactly linear, nism is supported by the observation that on treatment of
2 with pyridine the trinuclear compound 4 containing threethe bond angles lying between 166.5° and 177.4° (for

Cl2Rh2C) and between 171.09° and 173.61° (for rhodium(III) centers is formed. The same product is also
obtained from 3 and excess pyridine. The 1H-NMR spec-P2Rh2P), respectively. The Rh2C and C2C distances of

the vinylidenemetal units are in the expected range, i.e., they trum of 4 displays in the high-field region a signal at δ 5
217.64 (with the intensity of 3 H) which is consistent withare almost identical to the corresponding bond lengths in

trans-[RhCl(5C5CHMe)(PiPr3)2] and trans-[RhCl(5C5 the proposed structure.
In contrast to 1,3,5-C6H3(C;CH)3, the trisilylated de-CHC(Me)5CH2)(PiPr3)2]. [9] [10] An unexpected result is

that the planes formed by each rhodium center, the α- and rivative 1,3,5-C6H3(C;CSiMe3)3 reacts with 1 to afford the
mononuclear alkyne complex 5 (Scheme 2). The IR spec-β-carbon atoms of the vinylidene ligand and the ipso-C

atom of the substituted benzene are not coplanar with the trum of the bright orange solid shows besides the expected
band at ca. 1800 cm21 for the C;C stretching frequency ofcentral six-membered ring; the respective dihedral angles

are between 10° and 15°. The plane of the C6 ring is not a metal-bonded alkyne, another absorption at 2140 cm21

which is typical for non-coordinated C;C bonds. In agree-exactly perpendicular to the three [Rh,P,P,Cl,α-C] planes, in
this case the dihedral angles being 81289°. The molecule ment with this result, the 13C-NMR spectrum of 5 displays

two signals at δ 5 103.7 and 95.9 for the carbon atoms ofof 3 as a whole can be described as a dendrimer-like species
(zero-order dendrimer) with three branched organometallic the uncoordinated and two signals at δ 5 86.4 and 82.2 for

those of the coordinated triple bonds. Owing to the Rh-Cmoieties around the planar C6 core.
The mechanism of the isomerization of 2 to 3 is not clear coupling, the latter resonances are split into doublets with

J(RhC) of 13.5 Hz.as yet. Due to theoretical studies[4] it is conceivable that in
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Figure 1. Molecular structure (ORTEP plot) of 3[a]; the methyl groups of the isopropyl units are omitted for clarity

[a] Selected bond lengths [Å] and angles [°]: Rh12Cl1 2.381(2), Rh12P1 2.348(2), Rh12P2 2.357(2), Rh12C1 1.790(6), C12C2 1.319(9),
C22C70 1.471(9), Rh22Cl2 2.394(2), Rh22P3 2.345(2), Rh22P4 2.346(2), Rh22C3 1.809(6), C32C4 1.323(9), C42C72 1.503(9),
Rh32Cl3 2.399(2), Rh32P5 2.362(2), Rh32P6 2.357(2), Rh32C5 1.820(6), C52C6 1.327(9), C62C74 1.483(8); P12Rh12P2 171.09(7),
Cl12Rh12C1 166.5(2), P12Rh12Cl1 91.10(6), P12Rh12C1 89.0(2), P22Rh12Cl1 92.15(7), P22Rh12C1 89.8(2), Rh12C12C2
172.1(6), C12C22C70 125.5(6), P32Rh22P4 171.97(6), Cl22Rh22C3 175.9(2), P32Rh22Cl2 90.20(6), P32Rh22C3 89.4(2),
P42Rh22Cl2 90.32(6), P42Rh22C3 89.5(2), Rh22C32C4 175.8(5), C32C42C72 129.2(6), P52Rh32P6 173.61(7), Cl32Rh32C5
177.4(2), P52Rh32Cl3 92.31(7), P52Rh32C5 87.9(2), P62Rh32Cl3 85.95(7), P62Rh32C5 93.6(2), Rh32C52C6 176.6(5),
C52C62C74 128.5(6).

Scheme 2. L 5 PiPr3 thus the proposed structure as shown in Scheme 3 seems to
be correct. When heated in toluene, compounds 6 and 7
behave analogously to 2 and afford by an intramolecular
rearrangement the isomeric bis(vinylidene) complexes 8 and
9 in excellent yield. Again the spectroscopic data of 8 and
9 are very similar to those of 3 and deserve no further com-
ments.
While 1,3,5-C6H3(C;CH)3 and 1,3,5-C6H3(C;CSiMe3)3

behave differently toward the starting material 1, the disilyl
derivatives 1,2-, 1,3-, and 1,4-C6H4(C;CSiMe3)2 react in
the same way as the parent diynes 1,2-, 1,3-, and 1,4-
C6H4(C;CH)2. In the presence of 1, they afford the di-
nuclear dirhodium compounds 10212, respectively. Since
the spectroscopic data of 6, 7, and [1,4-
C6H4(C;CH)2{RhCl(PiPr3)2}2] [6] on one hand and those
of 10212 on the other are quite similar, a related structure

Dinuclear Complexes from Bis(ethynyl)benzene and can be assumed (Scheme 4).
-naphthalene Derivatives In contrast to compound 5, which is rather inert, the di-

nuclear complexes 10212 smoothly rearrange to the vinyl-Likewise to 1,3,5-C6H3(C;CH)3, the isomers 1,3- and
1,2-C6H4(C;CH)2 also react with 1 at low temperatures to idenerhodium compounds 13215 (Scheme 4). The iso-

merization can be performed either thermally (in toluene atgive the bis(alkyne) complexes 6 and 7 as orange-yellow or
yellow microcrystalline solids. The position of the ν(C;C) 60°C) or photochemically and leads to the dark-red mois-

ture-sensitive solids in 60270% yield. Compounds 13215stretches in the IR and the chemical shift of the single res-
onance for the PiPr3 phosphorus nuclei in the 31P-NMR were identified by IR, NMR, and UV/Vis spectroscopy as

well as by satisfactory microanalyses. In analogy to the re-spectra of 6 and 7 are almost identical to those of 2 and
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Scheme 3. L 5 PiPr3

Scheme 4. A 5 C6H4(C;CSiMe3)2; L 5 PiPr3

arrangement of the mononuclear complexes trans- a concerted mechanism is most likely. [4] [12] Although there
might be some steric hinderance between the two bulky[RhCl(RC;CSiR93)(PiPr3)2] to trans-[RhCl{5C5

C(SiR93)R}(PiPr3)2], [11] there is no evidence that the iso- RhCl(alkyne)(PiPr3)2 units, particularly in compounds 10
and 11, the reaction of the bis(alkyne) to the bis(vinylidene)merization of 10212 to 13215 occurs stepwise and thus
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complexes proceeds very cleanly and is not accompanied by P12Rh2P2 and Cl2Rh2C1 that deviate slightly from lin-

earity. The distances Rh2C1 and C12C2 are almost thethe formation of oligomeric or polymeric by-products.
same as in the tris(vinylidene) complex 3 and agree with

Scheme 5. L 5 PiPr3 the cumulene-like arrangement. A characteristic structural
feature of 17 in the crystal is that the dihedral angle be-
tween the planes [Rh,P1,P2,Cl] and [C3,C4,C5,C6,C7] is
78.8(3)° and the torsional angle C12C22C32C4 is
137(1)°. In order to explain these unexpected values, we as-
sume that the non-perpendicular arrangement between the
coordination planes [ClRhP2C] and the naphthalene mini-
mizes the steric repulsion between the two space-filling
[RhCl(PiPr3)2] units.

This work was supported by the Deutsche Forschungsgemein-
schaft (SFB 347) and the Fonds der Chemischen Industrie. We are
grateful to Dr. B. Stempfle and Dr. C. Grünwald for NMR spectra,
to Mrs. R. Schedl and Mr. C. P. Kneis for performing the elemental
analyses and DTA measurements, and to the Degussa AG for the
gifts of chemicals.

Experimental SectionNot only 1,2-, 1,3-, and 1,4-bis(ethynyl)benzene but also
All operations were carried out under argon using Schlenk tech-1,5-bis(ethynyl)naphthalene reacts with the starting mate-

niques. The starting materials 1, [7a] the diynes 1,2-C6H4(C;CH)2,rial 1 in a stepwise manner to give initially the bis(alkyne)
1,3-C6H4(C;CH)2, and 1,5-C10H6(C;CH)2, the triyne 1,3,5-and then the bis(vinylidene) compounds 16 and 17, respec-
C6H3(C;CH)3, and the trimethylsilyl derivatives 1,2-tively (Scheme 5). Both have been isolated as red-violet or
C6H4(C;CSiMe3)2 and 1,3,5-C6H3(C;CSiMe3)3 were preparedviolet solids in good yield. Single crystals of 17 could be
analogously as described in the literature.[13] 1,3- and 1,4-

grown from toluene and the molecular structure was deter- C6H4(C;CSiMe3)2 were commercial products from ABCR. 2 IR:
mined by X-ray crystallography. As is shown in Figure 2, Perkin-Elmer 1420. 2 UV/Vis: Hewlett Packard 8452 A. 2 NMR:
the dinuclear complex contains a center of inversion which Bruker AC 200 and AMX 400 [dvt 5 doublet of virtual triplets;
is the midpoint of the C42C49 bond. Both rhodium atoms N 5 3J(PH) 1 5J(PH) or 2J(PC) 1 4J(PC), respectively]. 2 Melting

points determined by DTA.possess a square-planar coordination sphere with axes

Figure 2. Molecular structure (ORTEP plot) of 17[a]

[a] Selected bond lengths [Å] and angles [°]: Rh2Cl 2.374(2), Rh2P1 2.360(2), Rh2P2 2.359(2), Rh2C1 1.780(8), C12C2 1.30(1), C22C3
1.48(1), C32C4 1.42(1), C42C5 1.42(1), C62C7 1.41(1), C42C49 1.42(1); P12Rh2P2 172.30(8), Cl2Rh2C1 174.2(3), P12Rh2Cl
90.96(8), P12Rh2C1 89.3(2), P22Rh2Cl 90.28(8), P22Rh2C1 88.7(2), Rh2C12C2 173.1(7), C12C22C3 126.9(8).
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1. Preparation of [1,3,5-C6H3(C;CH)3{RhCl(PiPr3)2}3] (2): A 66°C (dec.). 2 IR (KBr): ν̃ 5 2140 cm21 (C;C)uncoord, 1795

(C;C)coord. 2 1H NMR (200 MHz, C6D6): δ 5 7.6827.38 (m, 3solution of 126 mg (0.14 mmol) of 1 in 20 ml of pentane was treated
dropwise at 260°C with a solution of 14 mg (0.09 mmol) of 1,3,5- H, C6H3), 2.28 (m, 6 H, PCHCH3), 1.29 [dvt, N 5 13.5, J(HH) 5

6.7 Hz, 18 H, PCHCH3], 1.01 [dvt, N 5 12.8, J(HH) 5 6.3 Hz, 18C6H3(C;CH)3 in 3 ml of pentane. A fairly rapid change of colour
from dark red to orange occurred. After the solution was warmed H, PCHCH3], 0.27 (s, 9 H, SiMe3), 0.17 (s, 18 H, SiMe3). 2 13C

NMR (100.6 MHz, C6D6): δ 5 135.3, 134.8, 125.6, 124.3 (all s,to room temperature, it was stirred for 10 min and then the solvent
was removed in vacuo. The yellow microcrystalline residue was re- C6H3), 103.7, 95.9 (both s, C;Cuncoord), 86.4, 82.2 [both d,

J(RhC) 5 13.5 Hz, C;Ccoord], 22.6 (vt, N 5 17.1 Hz, PCHCH3),peatedly washed with small portions (122 ml) of pentane (0°C)
and dried; yield 106 mg (77%); m. p. 125°C (dec.). 2 IR (KBr): 21.0, 19.5, (both s, PCHCH3], 1.0, 0.5 (both s, SiMe3). 2 31P NMR

(81.0 MHz, C6D6): δ 5 33.1 [d, J(RhP) 5 116.3 Hz].ν̃ 5 3070 cm21 (;CH), 1795 (C;C). 2 1H NMR (200 MHz,
C6D6): δ 5 8.70 (s, 3 H, C6H3), 4.02 [d, J(RhH) 5 2.4 Hz, 3 H,

5. Preparation of [1,3-C6H4(C;CH)2{RhCl(PiPr3)2}2] (6):;CH], 2.36 (m, 18 H, PCHCH3), 1.27 [dvt, N 5 12.8, J(HH) 5
Analogously as described for 2, by using 147 mg (0.16 mmol) of 16.1 Hz, 54 H, PCHCH3], 0.98 [dvt, N 5 13.9, J(HH) 5 7.0 Hz, 54
and 20 mg (0.16 mmol) of 1,3-C6H4(C;CH)2 as starting materials.H, PCHCH3]. 2 31P NMR (81.0 MHz, C6D6): δ 5 33.3 [d,
Orange-yellow solid; yield 128 mg (77%); m. p. 118°C (dec.). 2 IRJ(RhP) 5 117.0 Hz]. 2 C66H132Cl3P6Rh3 (1526.7): calcd. C 51.92,
(KBr): ν̃ 5 3070 cm21 (;CH), 1790 (C;C). 2 1H NMR (200H 8.71; found C 51.80, H 8.91.
MHz, C6D6): δ 5 7.0826.42 (m, 4 H, C6H4), 3.73 [d, J(RhH) 5

2. Preparation of [1,3,5-C6H3{CH5C5RhCl(PiPr3)2}3] (3): A 2.8 Hz, 2 H, ;CH], 2.06 (m, 12 H, PCHCH3), 1.03 [dvt, N 5 13.8,
solution of 106 mg (0.07 mmol) of 2 in 10 ml of toluene was stirred J(HH) 5 7.3 Hz, 36 H, PCHCH3], 0.87 [dvt, N 5 13.1, J(HH) 5
for 2 h at 60°C, which led to a change of colour from orange-yellow 7.3 Hz, 36 H, PCHCH3]. 2 31P NMR (81.0 MHz, C6D6): δ 5 33.8
to dark green. After cooling to room temperature, the solvent was [d, J(RhP) 5 116.3 Hz]. 2 C46H90Cl2P4Rh2 (1043.8): calcd. C
removed in vacuo. The residue was dissolved in ca. 2 ml of toluene, 52.93, H 8.69; found C 53.02, H 8.94.
and the solution was chromatographed on Al2O3 (neutral, activity

6. Preparation of [1,2-C6H4(C;CH)2{RhCl(PiPr3)2}2] (7):grade V, height of column 6 cm). With toluene, a blue-green frac-
Analogously as described for 2, by using 117 mg (0.13 mmol) of 1tion was eluted which was brought to dryness in vacuo. The re-
and 16 mg (0.13 mmol) of 1,2-C6H4(C;CH)2 as starting materials.maining green solid was washed twice with 2-ml portions of pen-
Yellow solid; yield 88 mg (65%); m. p. 135°C (dec.). 2 IR (KBr):tane (0°C) and dried; yield 78 mg (73%); m. p. 159°C (dec.). 2 IR
ν̃ 5 3070 cm21 (;CH), 1790 (C;C). 2 1H NMR (200 MHz,(CH2Cl2): ν̃ 5 1620 cm21 (C5C). 2 UV (hexane): λmax 5 580,
C6D6): δ 5 8.7327.29 (m, 4 H, C6H4), 4.53 [d, J(RhH) 5 2.2 Hz,438, 294, 242, 224 nm. 2 1H NMR (200 MHz, C6D6): δ 5 6.77 (s,
2 H, ;CH], 2.25 (m, 12 H, PCHCH3), 1.21 [dvt, N 5 13.1,3 H, C6H3), 2.74 (m, 18 H, PCHCH3), 1.31 [dvt, N 5 13.4,
J(HH) 5 6.9 Hz, 36 H, PCHCH3], 1.07 [dvt, N 5 12.6, J(HH) 5J(HH) 5 7.0 Hz, PCHCH3), signal of 5CH protons partially co-
6.4 Hz, 36 H, PCHCH3]. 2 13C NMR (100.6 MHz, C6D6): δ 5vered by signal of PCHCH3 protons. 2 13C NMR (50.3 MHz,
131.8, 127.4, 127.0 (all s, C6H4), 88.3, 85.2 [both d, J(RhC) 5 17.8C6D6): δ 5 292.9 [dt, J(RhC) 5 59.8, J(PC) 5 15.8 Hz, Rh5C],
Hz, C;C], 22.9 (vt, N 5 17.6 Hz, PCHCH3), 20.5, 20.3 (both s,133.2, 129.7 (both s, C6H3), 111.1 [dt, J(RhC) 5 15.2, J(PC) 5 6.3
PCHCH3). 2 31P NMR (81.0 MHz, C6D6): δ 5 34.0 [d, J(RhP) 5Hz, Rh5C5C], 23.8 (vt, N 5 20.2 Hz, PCHCH3), 20.2 (s,
116.3 Hz]. 2 C46H90Cl2P4Rh2 (1043.8): calcd. C 52.93, H 8.69;PCHCH3). 2 31P NMR (81.0 MHz, C6D6): δ 5 43.1 [d, J(RhP) 5
found C 53.13, H 8.63.135.1 Hz]. 2 C66H132Cl3P6Rh3 (1526.7): calcd. C 51.92, H 8.71;

found C 51.25, H 8.79.
7. Preparation of [1,3-C6H4{CH5C5RhCl(PiPr3)2}2] (8):

Analogously as described for 3, by using 134 mg (0.13 mmol) of 63. Reaction of Compounds 2 and 3 with Pyridine: a) A mixture
as starting material. Blue-green solid; yield 102 mg (75%), m. p.of 115 mg (0.08 mmol) of 2 and 0.1 ml (1.22 mmol) of pyridine
82°C (dec.). 2 IR (pentane): ν̃ 5 1620 cm21 (C5C). 2 UV (hex-was heated for 10 min at ca. 100°C, which led to a change of colour
ane): λmax 5 580, 446, 282, 240, 224, 210 nm. 2 1H NMR (200from yellow to off-white. After the reaction mixture was cooled to
MHz, C6D6): δ 5 7.2926.54 (m, 4 H, C6H4), 2.63 (m, 12 H,room temperature, 2 ml of pentane was added, and the solution
PCHCH3), 1.16 [dvt, N 5 13.7, J(HH) 5 6.7 Hz, PCHCH3], signalwas stored for 12 h at 278°C. A white solid precipitated which was
of 5CH protons partially covered by signal of PCHCH3 protons.separated from the mother liquor, washed twice with 2-ml portions
2 13C NMR (50.3 MHz, C6D6): δ 5 293.1 [dt, J(RhC) 5 60.0,of pentane (0°C) and dried; yield 82 mg (58%). Although the 1H-
J(PC) 5 15.9 Hz, Rh5C], 135.7, 132.2, 125.6, 122.5 (all s, C6H4),and 31P-NMR spectra confirmed that the isolated sample was pure,
111.3 [dt, J(RhC) 5 15.3, J(PC) 5 6.4 Hz, Rh5C5C], 23.7 (vt,no reliable elemental analysis of 4 could be obtained. 2 b) Anal-
N 5 20.3 Hz, PCHCH3), 20.1 (s, PCHCH3). 2 31P NMR (81.0ogously as described for a), by using 102 mg (0.07 mmol) of 3 and
MHz, C6D6): δ 5 43.2 [d, J(RhP) 5 133.9 Hz]. 2 C46H90Cl2P4Rh20.1 ml (1.22 mmol) of pyridine as the starting materials. White
(1043.8): calcd. C 52.93, H 8.69; found C 53.29, H 9.08.solid; yield 99 mg (80%). 2 IR (KBr): ν̃ 5 2150 cm21 (RhH), 2080

(C;C). 2 1H NMR (200 MHz, CDCl3): δ 5 9.51, 7.6826.50 (both
8. Preparation of [1,2-C6H4{CH5C5RhCl(PiPr3)2}2] (9):m, 18 H, C6H3 and NC5H5), 2.71 (m, 18 H, PCHCH3), 1.26 [dvt,

Analogously as described for 3, by using 121 mg (0.12 mmol) of 7N 5 13.0, J(HH) 5 6.2 Hz, 54 H, PCHCH3], 1.11 [dvt, N 5 13.2,
as starting material. Bright green solid; yield 84 mg (67%); m. p.J(HH) 5 6.3 Hz, 54 H, PCHCH3], 217.64 [dt, J(RhH) 5 13.8,
128°C (dec.). 2 IR (KBr): ν̃ 5 1620 cm21 (C5C). 2 UV (hexane):J(PH) 5 13.7 Hz, 3 H, RhH]. 2 31P NMR (81.0 MHz, CDCl3):
λmax 5 574, 436, 280, 240, 222 nm. 2 1H NMR (200 MHz, C6D6):δ 5 37.7 [d, J(RhP) 5 97.4 Hz].
δ 5 7.8026.48 (m, 4 H, C6H4), 2.70 (m, 12 H, PCHCH3), 2.25 [dt,
J(PH) 5 3.1, J(RhH) 5 1.0 Hz, 2 H, 5CH], 1.29 [dvt, N 5 13.0,4. Preparation of trans-[RhCl{η2-Me3SiC;CC6H3-3,5-

(C;CSiMe3)2}(PiPr3)2] (5): A solution of 200 mg (0.22 mmol) J(HH) 5 6.2 Hz, 72 H, PCHCH3]. 2 13C NMR (100.6 MHz,
C6D6): δ 5 292.2 [dt, J(RhC) 5 59.6, J(PC) 5 15.3 Hz, Rh5C],of 1 in 20 ml of pentane was treated dropwise at 260°C with a

solution of 144 mg ( 0.44 mmol) of 1,3,5-C6H3(C;CSiMe3)3 in 3 132.9, 128.9, 127.1 (all s, C6H4), 110.3 [dt, J(RhC) 5 15.5, J(PC) 5

5.7 Hz, Rh5C5C], 24.0 (vt, N 5 20.2 Hz, PCHCH3), 20.3 (s,ml of pentane. After the solution was worked up as described for
2 a bright orange solid was obtained; yield 222 mg (61%); m. p. PCHCH3). 2 31P NMR (81.0 MHz, C6D6): δ 5 43.6 [d, J(RhP) 5
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133.7 Hz]. 2 C46H90Cl2P4Rh2 (1043.8): calcd. C 52.93, H 8.69; J(PC) 5 15.9 Hz, Rh5C], 131.6, 126.7, 124.7 (all s, C6H4), 110.7

[dt, J(RhC) 5 10.5, J(PC) 5 3.8 Hz, Rh5C5C], 22.6 (vt, N 5found C 52.72, H 8.29.
20.1 Hz, PCHCH3), 21.3 (s, PCHCH3), 0.7 (s, SiMe3). 2 31P NMR9. Preparation of [1,2-C6H4(C;CSiMe3)2{RhCl(PiPr3)2}2]
(81.0 MHz, C6D6): δ 5 43.6 [d, J(RhP) 5 133.7 Hz]. 2(10): Analogously as described for 2, by using 157 mg (0.17 mmol)
C52H106Cl2P4Rh2Si2 (1188.2): calcd. C 52.56, H 8.99; found Cof 1 and 46 mg (0.17 mmol) of 1,2-C6H4(C;CSiMe3)2 as starting
52.11, H 8.96.materials. Light orange solid; yield 156 mg (77%); m. p. 112°C

(dec.). 2 IR (KBr): ν̃ 5 1810 cm21 (C;C). 2 1H NMR (400 MHz, 13. Preparation of [1,3-C6H4{C(SiMe3)5C5RhCl(PiPr3)2}2]
(14): a) A solution of 132 mg (0.11 mmol) of 11 in 10 ml of tolueneC6D6): δ 5 9.9326.64 (m, 4 H, C6H4), 2.98 (m, 12 H, PCHCH3),

1.33 [dvt, N 5 13.9, J(HH) 5 7.0 Hz, 36 H, PCHCH3], 1.08 [dvt, was stirred for 2.5 h at 60°C. A change of colour from orange-
red to dark brown occurred. After the solution was worked up asN 5 11.7, J(HH) 5 6.1 Hz, 36 H, PCHCH3], 0.6 (s, 18 H, SiMe3).

2 13C NMR (100.6 MHz, C6D6): δ 5 138.2, 132.2, 126.5 (all s, described for 13, a dark red solid was obtained; yield 85 mg (65%).
2 b) A solution of 118 mg (0.10 mmol) of 11 in 10 ml of benzeneC6H4), 109.2 [d, J(RhC) 5 18.8 Hz, C;C], 85.1 [d, J(RhC) 5 12.5

Hz, C;C], 22.9 (vt, N 5 15.6 Hz, PCHCH3), 21.3, 19.6 (both s, was irradiated for 2 h at room temperature with a UV lamp (500-
W mercury arc). The work-up procedure was the same as for 13.PCHCH3], 0.7 (s, SiMe3). 2 31P NMR (162.0 MHz, C6D6): δ 5

29.5 [d, J(RhP) 5 117.7 Hz]. 2 C52H106Cl2P4Rh2Si2 (1188.2): Dark red crystals; yield 72 mg (61%); m. p. 81°C (dec.). 2 IR
(KBr): ν̃ 5 1620 cm21 (C5C). 2 UV (hexane): λmax 5 502, 358,calcd. C 52.56, H 8.99; found C 52.84, H 9.02.
240, 222, 204 nm. 2 1H NMR (200 MHz, C6D6): δ 5 7.6726.7210. Preparation of [1,3-C6H4(C;CSiMe3)2{RhCl(PiPr3)2}2]
(m, 4 H, C6H4), 2.71 (m, 12 H, PCHCH3), 1.33 [dvt, N 5 13.4,(11): Analogously as described for 2, using 121 mg (0.13 mmol)
J(HH) 5 6.4 Hz, 36 H, PCHCH3], 0.86 [dvt, N 5 13.2, J(HH) 5of 1 and 36 mg (0.13 mmol) of 1,3-C6H4(C;CSiMe3)2 as starting
6.2 Hz, 36 H, PCHCH3], 0.27 (s, 18 H, SiMe3). 2 13C NMR (100.6materials. Light orange solid; yield 114 mg (74%); m. p. 106°C
MHz, C6D6): δ 5 291.3 [dt, J(RhC) 5 60.2, J(PC) 5 15.8 Hz, Rh5(dec.). 2 IR (KBr): ν̃ 5 1800 cm21 (C;C). 2 1H NMR (200 MHz,
C], 133.4, 130.2, 126.5, 125.0 (all s, C6H4), 110.2 [dt, J(RhC) 5 9.8,C6D6): δ 5 7.5426.75 (m, 4 H, C6H4), 2.40 (m, 12 H, PCHCH3),
J(PC) 5 3.7 Hz, Rh5C5C], 22.1 (vt, N 5 19.9 Hz, PCHCH3),1.37 [dvt, N 5 13.5, J(HH) 5 6.8 Hz, 36 H, PCHCH3], 1.10 [dvt,
21.1 (s, PCHCH3), 0.9 (s, SiMe3). 2 31P NMR (81.0 MHz, C6D6):N 5 12.4, J(HH) 5 6.2 Hz, 36 H, PCHCH3], 0.46 (s, 18 H, SiMe3).
δ 5 42.5 [d, J(RhP) 5 135.2 Hz]. 2 C52H106Cl2P4Rh2Si2 (1188.2):

2 13C NMR (100.6 MHz, C6D6): δ 5 134.2, 130.8, 126.3, 125.8
calcd. C 52.56, H 8.99, Rh 17.32; found C 52.09, H 8.94, Rh 17.15.(all s, C6H4), 105.8 [d, J(RhC) 5 19.8 Hz, C;C], 80.6 [d, J(RhC) 5

16.8 Hz, C;C], 22.5 (vt, N 5 16.0 Hz, PCHCH3), 21.3, 19.5 (both 14. Preparation of [1,4-C6H4{C(SiMe3)5C5RhCl(PiPr3)2}2]
(15): a) A solution of 137 mg (0.12 mmol) of 12 in 10 ml of toluenes, PCHCH3), 0.9 (s, SiMe3). 2 31P NMR (81.0 MHz, C6D6): δ 5

33.2 [d, J(RhP) 5 117.9 Hz]. 2 C52H106Cl2P4Rh2Si2 (1188.2): was stirred for 3 h at 60°C. A change of colour from orange-red
to dark brown occurred. After the solution was worked up as de-calcd. C 52.56, H 8.99; found C 52.75, H 8.93.
scribed for 13, a dark brown solid was obtained; yield 91 mg (64%).11. Preparation of [1,4-C6H4(C;CSiMe3)2{RhCl(PiPr3)2}2]
2 b) A solution of 121 mg (0.10 mmol) of 12 in 10 ml of benzene(12): Analogously as described for 2, by using 139 mg (0.15 mmol)
was irradiated for 2 h at room temperature with a UV lamp (500-of 1 and 41 mg (0.15 mmol) of 1,4-C6H4(C;CSiMe3)2 as starting
W mercury arc). After the solvent was removed, the remaining resi-materials. Yellow solid; yield 128 mg (72%); m. p. 108°C (dec.). 2
due was recrystallized from pentane (20°C to 260°C). Dark redIR (KBr): ν̃ 5 1790 cm21 (C;C). 2 1H NMR (200 MHz, C6D6):
crystals; yield 75 mg (63%); m. p. 60°C (dec.). 2 IR (KBr): ν̃ 5

δ 5 8.6526.51 (m, 4 H, C6H4), 2.40 (m, 12 H, PCHCH3), 1.38
1620 cm21 (C5C). 2 UV (hexane): λmax 5 536, 346, 248, 222, 202[dvt, N 5 13.6, J(HH) 5 6.9 Hz, 36 H, PCHCH3], 1.08 [dvt, N 5
nm. 2 1H NMR (400 MHz, C6D6): δ 5 7.6226.95 (m, 4 H, C6H4),12.8, J(HH) 5 6.2 Hz, 36 H, PCHCH3], 0.37 (s, 18 H, SiMe3). 2
2.75 (m, 12 H, PCHCH3), 1.31 [dvt, N 5 13.0, J(HH) 5 6.5 Hz,13C NMR (100.6 MHz, C6D6): δ 5 132.1, 122.3 (both s, C6H4),
36 H, PCHCH3], 0.85 [dvt, N 5 13.4, J(HH) 5 6.6 Hz, 36 H,106.4 [d, J(RhC) 5 18.7 Hz, C;C], 80.6 [d, J(RhC) 5 14.4 Hz,
PCHCH3], 0.28 (s, 18 H, SiMe3). 2 31P NMR (81.0 MHz, C6D6):C;C], 22.4 (vt, N 5 17.1 Hz, PCHCH3), 21.0, 19.4 (both s,
δ 5 43.2 [d, J(RhP) 5 135.1 Hz]. 2 C52H106Cl2P4Rh2Si2 (1188.2):PCHCH3), 0.8 (s, SiMe3). 2 31P NMR (81.0 MHz, C6D6): δ 5 33.1
calcd. C 52.56, H 8.99; found C 52.14, H 9.23.[d, J(RhP) 5 116.9 Hz]. 2 C52H106Cl2P4Rh2Si2 (1188.2): calcd. C

52.56, H 8.99; found C 52.14, H 8.68. 15. Preparation of [1,5-C10H6(C;CH)2{RhCl(PiPr3)2}2] (16):
Analogously as described for 2, by using 123 mg (0.13 mmol) of 112. Preparation of [1,2-C6H4{C(SiMe3)5C5RhCl(PiPr3)2}2]
and 23 mg (0.13 mmol) of 1,5-C10H6(C;CH)2 as starting materials.(13): a) A solution of 134 mg (0.11 mmol) of 10 in 10 ml of toluene
Red-violet solid; yield 95 mg (67%); m. p. 122°C (dec.). 2 IRwas stirred for 1.5 h at 60°C. A change of colour from orange-red
(KBr): ν̃ 5 3070 cm21 (;CH), 1795 (C;C). 2 1H NMR (400to dark brown occurred. After the solution was cooled to room
MHz, C6D6): δ 5 9.17 [d, J(HcHb) 5 6.8 Hz, 2 H, Hc and Hc9],temperature, it was concentrated to ca. 2 ml in vacuo and then 5
8.44 [d, J(HaHb) 5 8.4 Hz, 2 H, Ha and Ha9], 7.61 {dd, J(HbHa) 5ml of pentane was added. A redbrown solid precipitated which was
J(HbHc) 5 1/2 [J(HbHa) 1 J(HbHc)] 5 7.6 Hz, 2 H, Hb and Hb9},filtered, washed twice with 2-ml portions of pentane and dried;
4.37 [d, J(RhH) 5 2.4 Hz, 2 H, ;CH], 2.34 (m, 12 H, PCHCH3),yield 81 mg (62%). 2 b) A solution of 106 mg (0.09 mmol) of 10
1.29 [dvt, N 5 13.2, J(HH) 5 6.7 Hz, 36 H, PCHCH3], 1.28 [dvt,in 10 ml of benzene was irradiated for 2 h at room temperature
N 5 13.4, J(HH) 5 6.8 Hz, 36 H, PCHCH3]. 2 31P NMR (81.0with a UV lamp (500-W mercury arc). After the solvent was re-
MHz, C6D6): δ 5 33.9 [d, J(RhP) 5 117.7 Hz]. 2 C50H92Cl2P4Rh2moved, the remaining residue was recrystallized from pentane
(1093.9): calcd. C 54.90, H 8.48, Rh 18.82; found C 54.73, H 8.88,(20°C to 260°C). Dark red crystals; yield 69 mg (65%); m. p.
Rh 18.48.109°C (dec.). 2 IR (KBr): ν̃ 5 1610 cm21 (C5C). 2 UV (hexane):

λmax 5 568, 440, 280, 240, 222, 206 nm. 2 1H NMR (400 MHz, 16. Preparation of [1,5-C10H6{CH5C5RhCl(PiPr3)2}2] (17):
Analogously as described for 3, by using 132 mg (0.12 mmol) ofC6D6): δ 5 7.8226.48 (m, 4 H, C6H4), 2.71 (m, 12 H, PCHCH3),

1.27 [dvt, N 5 13.6, J(HH) 5 6.9 Hz, 36 H, PCHCH3], 0.87 [dvt, 16 as starting material. Violet solid; yield 96 mg (73%); m. p. 196°C
(dec.). 2 IR (KBr): ν̃ 5 1620 cm21 (C5C). 2 1H NMR (400 MHz,N 5 13.5, J(HH) 5 6.8 Hz, 36 H, PCHCH3], 0.25 (s, 18 H, SiMe3).

2 13C NMR (100.6 MHz, C6D6): δ 5 286.4 [dt, J(RhC) 5 60.3, C6D6): δ 5 7.82 [dd, J(HbHa) 5 J(HbHc) 5 7.6 Hz, 2 H, Hb and
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scan, max. 2θ 5 60°; 6930 reflections measured, 6500 independentFigure 3. Numbering scheme in 16 and 17 for NMR assignments
(Rint. 5 0.0243), 4675 with I > 2σ(I). Intensity data were corrected
for Lorentz and polarization effects. The structure was solved by
direct methods (SHELXS-86)[15]. Atomic coordinates and the an-
isotropic thermal parameters of non-hydrogen atoms were refined
by full-matrix least squares on F2 (SHELXL-93)[16]. The positions
of all hydrogen atoms were calculated according to ideal geometry
and were refined by using the riding method. One half of multi-
disordered toluene is present in the asymmetric unit. Though two
alternative positions were found and refined anisotropically (with
occupation factor of 0.5 each), bond lengths and angles within this
molecule could not be refined properly. Conventional R 5 0.0775Hb9], 7.11 [d, J(HHb) 5 7.6 Hz, 2 H, Ha or Hc], 7.01 [d, J(HHb) 5
[for 4675 reflections with I > 2σ(I)], and weighted wR2 5 0.4229 for7.6 Hz, 2 H, Ha or Hc], 2.72 (m, 12 H, PCHCH3), 2.27 [t, J(PH) 5
all 6500 located reflections; reflection/parameter ratio 16.2; residual3.2 Hz, 2 H, 5CH], 1.28 [dvt, N 5 13.6, J(HH) 5 6.9 Hz, 72 H,
electron density 11.473/20.860 eÅ23.PCHCH3]. 2 13C NMR (100.6 MHz, C6D6): δ 5 137.8 (s, C1 and

C5), 130.3 (s, C9 and C10), 129.3, 128.5, 125.6 (all s, C2 and C6, C3

and C7, C4 and C8), 107.6 [dt, J(RhC) 5 15.3, J(PC) 5 5.8 Hz,
; Dedicated to Professor Heinrich Nöth on the occasion of hisRh5C5C], 24.1 (dvt, N 5 20.0 Hz, PCHCH3), 20.4 (s, PCHCH3), 70th birthday.

signal of Rh5C could not be observed. 2 31P NMR (81.0 MHz, [1] [1a] J. Wolf, H. Werner, D. Serhadli, M. L. Ziegler, Angew. Chem.
1983, 95, 4282429; Angew. Chem. Int. Ed. Engl. 1983, 22,C6D6): δ 5 43.4 [d, J(RhP) 5 135.1 Hz]. 2 C50H92Cl2P4Rh2
4142416. 2 [1b] F. J. Garcia Alonso, A. Höhn, J. Wolf, H. Otto,(1093.9): calcd. C 54.90, H 8.48, Rh 18.82; found C 54.51, H 8.30,
H. Werner, Angew. Chem. 1985, 97, 4012402; Angew. Chem.Rh 19.17. Int. Ed. Engl. 1985, 24, 4062408.

[2] Summarizing articles: [2a] H. Werner, Nachr. Chem. Tech. Lab.17. Determination of the X-ray Crystal Structure of 3 [14]: Single
1992, 40, 4352444. 2 [2b] H. Werner, J. Organomet. Chem. 1994,crystals were grown upon cooling of a saturated solution of 3 in 475, 45255.

acetone from 50°C to 25°C. Crystal data (from 25 reflections, 10° [3] [3a] B. E. R. Schilling, R. Hoffmann, D. L. Lichtenberger, J. Am.
Chem. Soc. 1979, 101, 5852591. 2 [3b] N. M. Kostic, R. F.< Θ < 15°): monoclinic; space group P 21/c (No. 14); a 5 29.729(5),
Fenske, Organometallics 1982, 1, 9742982.b 5 11.2733(9), c 5 26.579(5) Å, β 5 114.406(8)°; V 5 8112(2) Å3,

[4] Y. Wakatsuki, N. Koga, H. Werner, K. Morokuma, J. Am.Z 5 4; dcalcd. 5 1.250 gcm23; µ(Mo-Kα) 5 0.853 mm21; crystal Chem. Soc. 1997, 119, 3602366.
size 0.72 3 0.44 3 0.40 mm; Enraf-Nonius CAD-4 diffractometer, [5] T. Rappert, O. Nürnberg, H. Werner, Organometallics 1993,

12, 135921364.Mo-Kα radiation (λ 5 0.71073 Å), graphite monochromator, zir-
[6] H. Werner, T. Rappert, J. Wolf, Isr. J. Chem. 1990, 30, 3772384.conium filter (factor 16.4); T 5 173(2) K; ω-2θ scan, max. 2θ 5
[7] [7a] Isolation: H. Werner, J. Wolf, A. Höhn, J. Organomet. Chem.48°; 13712 reflections measured, 12400 independent (Rint. 5 1985, 287, 3952407. 2 [7b] Molecular structure: P. Binger, J.

0.0395), 8211 with I > 2σ(I). Intensity data were corrected for Lor- Haas, G. Glaser, R. Goddard, C. Krüger; Chem. Ber. 1994,
127, 192721929.entz and polarization effects and an empirical absorption correc-

[8] R. K. Harris, Can. J. Chem. 1964, 42, 227522281.tion (Ψ scan method) was applied (min. transmission 82.49%). The
[9] H. Werner, F. J. Garcia Alonso, H. Otto, J. Wolf, Z. Natur-structure was solved by direct methods (SHELXS-86)[15]. Atomic forsch., B 1988, 43, 7222726.

coordinates and the anisotropic thermal parameters of non-hydro- [10] T. Rappert, O. Nürnberg, N. Mahr, J. Wolf, H. Werner, Or-
ganometallics 1992, 11, 415624164.gen atoms were refined by full-matrix least squares on F2

[11] [11a] D. Schneider, H. Werner, Angew. Chem. 1991, 103,(SHELXL-93)[16]. The positions of all hydrogen atoms except H(2),
7102712; Angew. Chem. Int. Ed. Engl. 1991, 30, 7002702. 2H(4), H(6), H(71), H(73), and H(75) were calculated according to [11b] H. Werner, M. Baum, D. Schneider, B. Windmüller, Or-

ideal geometry and were refined by using the riding method. The ganometallics 1994, 13, 108921097. 2 [11c] M. Baum, B.
Windmüller, H. Werner, Z. Naturforsch., B 1994, 49, 8592869.positions of H(2), H(4), H(6), H(71), H(73), and H(75) could be

[12] J. Silvestre, R. Hoffmann, Helv. Chim. Acta 1985, 68,located in a final difference Fourier synthesis and refined without
146121506.restrictions. Conventional R 5 0.0505 [for 8211 reflections with I > [13] [13a] R. Diercks, J. C. Armstrong, R. Boese, K. P. C. Vollhardt,

2σ(I)], and weighted wR2 5 0.1218 for all 12400 located reflections; Angew. Chem. 1986, 98, 2702271; Angew. Chem. Int. Ed. Engl.
1986, 25, 2682269. 2 [13b] B. C. Berris, G. H. Hovakeemian,reflection/parameter ratio 16.2; residual electron density 10.869/
Y.-H. Lai, H. Mestdagh, K. P. C. Vollhardt, J. Am. Chem. Soc.20.842 eÅ23.
1985, 107, 567025687.

[14] Crystallographic data (excluding structure factors) for the struc-18. Determination of the X-ray Crystal Structure of 17 [14]: Single
tures reported in this paper have been deposited with the Cam-crystals were grown upon cooling of a saturated solution of 17 in
bridge Crystallographic Data Centre as supplementary publi-toluene from 80°C to 25°C. Crystal data (from 25 reflections, 10° cation no. CCDC-101424. Copies of the data can be obtained

< Θ < 15°): triclinic; space group P1̄ (No. 2); a 5 8.843(2), b 5 free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (Fax: internat. 1 44-1223/336-033; E-12.093(3), c 5 15.496(3) Å, α 5 107.45(1), β 5 96.65(1), γ 5
mail: deposit@ccdc.cam.ac.uk).94.51(1)°; V 5 1559.1(6) Å3, Z 5 2; dcalcd. 5 1.267 gcm23; µ(Mo-

[15] G. M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467.Kα) 5 0.744 mm21; crystal size 0.2 3 0.3 3 0.45 mm; Enraf-Nonius [16] G. M. Sheldrick, A program for crystal structure refinement,
CAD-4 diffractometer, Mo-Kα radiation (λ 5 0.7093 Å), graphite University of Göttingen, 1993.

[98121]monochromator, zirconium filter (factor 15.4); T 5 293(2) K; ω-θ
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Pentacarbonyl(dimethylvinylidene)chromium, [(CO)5Cr=C= reactions of 4a with [nBu4N]F and nBu3SnNEt2 give the
trinuclear 2-C;CSnnBu3-substituted complex 12. CouplingCMe2] (1), reacts with the butadiynyl complexes

[Cp(CO)2FeC;CC;CR] [2; R = SiMe3 (a), nBu (b), Ph (c)] of 12 with C6H4I2-p yields the 2-C;CC6H4I-p-substituted
complex 13. Coupling of 7 with C6H4I2-p yields a mixtureand [Cp(CO)(PPh3)FeC;CC;CSiMe3] (3a) by regiospecific

cycloaddition of the Cα;Cβ bond of the butadiynyl of the mono-coupling product 14 and the tetranuclear C;C–
C6H4–C;C-bridged bis(cyclobutenylidene) complex 15.complexes to the C=C bond of 1 to form the 1,3-

heterobinuclear cyclobutenylidene complexes 4a–c and 5a Coupling of 7 with trans-[(Et3P)2MCl2] in the presence of
CuI/[Pd(PPh3)4] gives the trinuclear 2-C;C–M(PEt3)2X-with an alkynyl substituent at C-2 of the bridging ring.

Desilylation of the 2-C;CSiMe3 substituent in 4a and 5a with substituted complexes 16 (M = Pd, X = I) and 17 (M = Pt, X =
Cl). The spectroscopic data as well as the results of the X-tetrabutylammonium fluoride affords the 2-C;CH-

substituted complexes 6 and 7. Complex 4a reacts with ray-structural analysis of 5a indicate strong electronic
communication between the metal centers. In the solid state,HNMe2 and HN(CH2)5 by substitution of NR2 for the 3-

Fe(CO)2Cp fragment to form the corresponding 3- 5a exhibits a “butterfly” conformation.
aminocyclobutenylidene complexes 10 and 11. Sequential

Introduction Scheme 1

Electronic communication between the metal centers in
bi- and polynuclear transition-metal complexes containing
unsaturated carbon bridges should lead to unusual physical
and chemical properties[1]. For example, carbon-bridged
bimetallic π-conjugated complexes of the type
[LnMCmM9(L9)n9] have been proposed as a new class of one-
dimensional molecular wires[2]. Rigid-rod polymers like
[LnMC;CXC;C]m (X 5 aryl) can exhibit both liquid-crys- kynyl complexes to the Cα5Cβ bond of allenylidene(penta-
talline[3] and nonlinear optical properties[4] similar to cer- carbonyl)chromium and -tungsten complexes[6b]. The
tain metal acetylides[5]. Binuclear complexes with different properties of these 1,3-heterobinuclear complexes are
LnM end groups at a conjugated π system should exhibit strongly influenced by the substituents at both non-metal-
second-order nonlinear optical (NLO) properties. bonded ring atoms.

Transition-metal butadiynyl complexes,Related to linear Cn bridges are rigid cyclic bridges with
a delocalized π system. We recently reported on the syn- [LnMCα;CβCγ;CδR], are related to alkynyl complexes

[LnMC;CR]. In alkynyl complexes the HOMO is mainlytheses of 1,3-heterobinuclear complexes with a cyclic C4R3

bridging ligand (cyclobutenylidene complexes)[6]. By varia- localized at the terminal C atom. Therefore, electrophiles
add to this carbon atom. Spectroscopic investigations of bu-tion of the substituents at the bridging ligand a fine-tuning

of the magnetic, electronic, and spectroscopic properties of tadiynyl complexes indicate a strong communication be-
tween the metal center and the butadiynyl ligand[7] [8]. Insuch binuclear complexes should be possible. Until now,

1,3-heterobinuclear cyclobutenylidene complexes with alkyl contrast to alkynyl complexes, two pathways are conceiv-
able for the reactions of butadiynyl with vinylidene com-and aryl substituents as well as with functional groups at

the bridging ligand, and with various metal-ligand frag- plexes as electrophiles depending on whether initial electro-
philic attack of the vinylidene Cα atom in [LnM5Cα5ments in 1- and 3-position of the ring have been prepared

by reaction of suitable vinylidene complexes of chromium CβR1
2] is directed towards the Cβ or the Cδ atom of the

butadiynyl ligand. Attack at the Cβ atom and subsequentand tungsten, [(CO)5M5C5CR1
2], with alkynyl complexes,

[LnM9-C;CR2] (Scheme 1)[6a]. ring closure would lead to 1,3-heterobinuclear cyclobutenyl-
idene complexes with an alkynyl functionality at C-2 of theCyclobutenylidene complexes with an exocyclic C5C

bond were accessible by a regiospecific cycloaddition of al- ring (A; Scheme 2). Such complexes should constitute inter-
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esting starting compounds for further derivatization by viously published procedure[7a] by reaction of [Cp(CO)2FeI]

with Li[(C;C)2SiMe3], obtained by monodesilylation ofcoupling reactions. An attack at the butadiynyl Cδ atom
followed by ring closure would lead to complexes of type B 1,4-bis(trimethylsilyl)-1,3-butadiyne with MeLi?LiBr

(Scheme 4)[10]. The corresponding phenyl- and n-butyl-sub-(Scheme 2) thus extending the conjugated system between
the metal centers in cyclobutenylidene complexes. stituted butadiynyl complexes [2b (R 5 nBu) and 2c (R 5

Ph)] were accessible by coupling of [Cp(CO)2FeI] withScheme 2
nBu3Sn2C;CC;C2R (R 5 nBu, Ph) in THF with CuI/
[Pd(PPh3)4] as the catalyst (Scheme 4).

Scheme 4

In this paper we report on the syntheses of the first 1,3-
heterobinuclear cyclobutenylidene complexes with an alky-
nyl substituent at the bridging ring and on coupling reac-
tions of these complexes leading to new di-, tri-, and tetra-
metallic systems.

Results and Discussion
Thermal decarbonylation of 2a by refluxing in toluene in

The vinylidene complex [(CO)5Cr5C5CMe2] (1) [6a] was the presence of PPh3 yielded the monocarbonyl-butadiynyl
chosen as the starting compound. Complex 1 was generated complex [Cp(CO)(PPh3)FeC;CC;CSiMe3] (3a) [7a] albeit
by the reaction sequence shown in Scheme 3. in rather low yield (about 30%). Significantly higher yields
Scheme 3 were achieved by oxidative decarbonylation of 2a with tri-

methylamine N-oxide in the presence of PPh3 at room tem-
perature. By this procedure, complex 3a was obtained in
63% yield (Scheme 5). The lower yield in the former route
is presumably due to competition between formation and
decomposition of 3a at the temperature of boiling toluene.

Scheme 5

Reduction of Cr(CO)6 with potassium-graphite (C8K)
laminate in tetrahydrofuran at 0°C followed by reaction
with isobutyryl chloride afforded pentacarbonyl(isobutyryl)
chromate by a method described by M. F. Semmelhack et When solutions of the vinylidene complex 1 and the buta-

diynyl complexes 2a2c or 3a in CH2Cl2 were combined atal. [9]. Treatment of the chromate with trifluoroacetic anhy-
dride/DBU finally gave the vinylidene complex 1. Com- 260°C and then warmed to room temperature, the color of

the solutions changed within about 30 minutes from greenpound 1 is thermally very labile. Therefore, 1 was not iso-
lated and its solutions were immediately employed in the to red. Chromatographic workup of the reaction mixtures

afforded the novel 2-alkynyl-substituted 1,3-heterobinuclearsubsequent reactions with butadiynyl complexes.
The dicarbonyl-butadiynyl complex [Cp(CO)2- cyclobutenylidene complexes 4a2c and 5a (Scheme 6) in

45265% yield. Alternatively, complex 5a was also formedFeC;CC;CSiMe3] (2a) was prepared in analogy to a pre-
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when 4a was oxidatively decarbonylated with trimethyl- plex 9 by a formal substitution of “O” for [Cp(CO)2Fe]1

(Scheme 8)[11]. In contrast, 2-alkyl-substituted 1,3-hetero-amine N-oxide in the presence of PPh3.
binuclear cyclobutenylidene complexes are inert towardsScheme 6
amines.

Scheme 8

The dicarbonyl complex 4a reacted rapidly at room tem-
The addition of the butadiynyl complexes perature in THF with aqueous dimethylamine or with pi-

[LnM2Cα;Cβ2Cγ;Cδ2R] to the vinylidene ligand in 1 is peridine by substitution of NR2 for the 3-dicarbonyl(cyclo-
highly regioselective. In each case, only the product of pentadienyl)iron fragment to form the 3-aminocyclobuteny-
cycloaddition of the Cα;Cβ bond of the butadiynyl ligand lidene complexes 10 and 11 (Scheme 9).
to the C5C bond of the vinylidene ligand was obtained 3-Alkoxy-substituted cyclobutenylidene complexes of
(complex type A; Scheme 2). The formation of isomers de- chromium analogously react with secondary amines HNR2

rived from cycloaddition of the Cγ;Cδ bond to the C5C by displacement of OR by NR2 to form 3-aminocyclobut-
bond of the vinylidene ligand (complex type B; Scheme 2) enylidene complexes[12]. These substitution reactions are
was not detected. Likewise, 1,2-dimetallated cyclobutenylid- reminiscent of the aminolysis of alkoxycarbene com-
enes, derived from the inverse regiochemistry of the cyclo- plexes[13] and emphasize the close relationship of these
addition of either the Cα;Cβ or the Cγ;Cδ bond of the cyclobutenylidene complexes with π-donor-substituted car-
butadiynyl ligand to the C5C bond of the vinylidene li- bene complexes. Thus, cyclobutenylidene complexes can be
gand, were not observed. regarded as a novel type of vinylogous heteroatom-stabil-

Desilylation of 4a and 5a with tetrabutylammonium fluo- ized carbene complexes. However, the ready displacement
ride (TBAF) in THF afforded the 2-ethynylcyclobutenylid- of the substituent in 3-position of the cyclobutenylidene
ene complexes 6 and 7 after chromatographic workup in complex by amines excludes the use of primary and second-
67% and 57% yield, respectively (Scheme 7). The highest ary amines as solvents in coupling reactions with 4a and
yields were obtained when 0.4 equivalents of TBAF was 6. Therefore, palladium-catalyzed C2C coupling reactions
used instead of the stoichiometric amount. Similar obser- require the use of the corresponding C-stannylated com-
vations have been reported for the desilylation of other pound (Stille coupling)[14].
compounds with TBAF[7a]. The heterotrinuclear tributyltin-substituted compound 12

was obtained as a red oil by transformation of 4a withScheme 7
[nBu4N]F in THF into 6 and subsequent reaction of 6 with
nBu3SnNEt2 in toluene[15] (Scheme 9). The palladium-cata-
lyzed coupling of 12 with half an equivalent of 1,4-diiodo-
benzene in the presence of CuI[16] afforded only the mono-
coupling product 13 (Scheme 9). The formation of a tetra-
nuclear complex by coupling of two molecules of 12 with
one molecule of 1,4-diiodobenzene was not observed.

In contrast to 4a, the triphenylphosphane-substituted
cyclobutenylidene complex 5a did not react with amines to
give 3-aminocyclobutenylidene complexes but was inertThe complexes 4a, 5a, 6, and 7 should constitute con-

venient starting compounds for the synthesis of tri- and towards amines presumably due to the better back-bonding
properties of Cp(CO)(PPh3)Fe compared to Cp(CO)2Fetetranuclear complexes by coupling reactions. In coupling

reactions, often amines are employed as the solvent. There- and thus the reduced electrophilicity of 3-C in 5a. There-
fore, coupling reactions of 3-Cp(CO)(PPh3)Fe-substitutedfore, we investigated the reactivity of these 2-alkynyl-substi-

tuted cyclobutenylidene complexes towards amines with the cyclobutenylidene complexes in amines as the solvent
should be possible.example of 4a and 5a. In earlier experiments it was ob-

served that a cationic 1,3-homobinuclear cyclobutenylidene This was confirmed by the reaction of 7 with half an
equivalent of 1,4-diiodobenzene in HNEt2 and [Pd(PPh3)4]/complex 8 reacts with aqueous Et3N yielding the iron com-
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Scheme 9 by iodide from CuI. Presumably, the substitution took place

in the trinuclear complex initially formed from 7 and trans-
[(PEt3)2PdCl2]. The displacement of Cl2 for X2 in trans-
[(PEt3)2Pd(C;CR)Cl] complexes in the presence of NaX
(X 5 Br, I) has been observed several times[17]. Although a
threefold excess of 7 over trans-[(PEt3)2PdCl2] was used, the
formation of a pentanuclear complex by coupling of trans-
[(PEt3)2PdCl2] with two molecules of 7 was not detected.

The trimetallic trans-chloroplatinum complex 17 was ob-
tained by initial C-stannylation of 7 with nBu3SnNEt2 in
toluene followed by [Pd(PPh3)4]/CuI-catalyzed coupling of
the product with trans-[(PEt3)2PtCl2] in THF. A halide ex-
change was not observed in these reactions. Presumably,
free iodide was trapped as nBu3SnI (Scheme 11). A penta-
nuclear complex was likewise not detected.

Scheme 11

CuI as the catalyst. The mono-coupling product 14 as well
as the tetranuclear complex 15 were formed within several
hours (Scheme 10) and, after chromatographic workup, ob-
tained in 35% (14) and 10% (15) yield. Complex 15 was
isolated in form of a single diastereomer (meso or R/S).

Scheme 10

When 11 was stannylated in situ and the resulting deriva-
tive then coupled with iodobenzene under Stille conditions
complex 5c was obtained (see Scheme 6).

Spectroscopic Investigations and Molecular Structure of 5a

All new compounds were stable at room temperature and
fully characterized by spectroscopic means and by elemen-
tal analyses.

The ν̃(CO) absorptions of the pentacarbonyl chromium
moiety in 427 and 10217 are at rather low wave numbers
indicating considerable transfer of electron density from
C4R32FeCO(L)Cp to (CO)5Cr. The ν̃(CO) spectra are
similar to those of aminocarbene complexes (e. g.
[(CO)5Cr5C(NHMe)Me]) [18] and 3-amino-substituted
cyclobutenylidene complexes[19] as well as to those of the
previously described 1,3-heterobinuclear[6] cyclobutenylid-
ene complexes. The positions of the absorptions are
strongly influenced by the donor capacity of the substituentThe [Pd(PPh3)4]/CuI-catalyzed reaction of 7 with trans-

[(PEt3)2PdCl2] in HNEt2 afforded the mono-coupling prod- in 3-position and shift in the series Fe(CO)2Cp, NR2,
Fe(CO)(PPh3)Cp towards smaller wave numbers. In con-uct 16 in 23% yield (Scheme 11). In addition to the coupling

of both complexes, Pd-coordinated chloride was replaced trast, the influence of the substituent in 2-position (alkyl,
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C;C2R) is only small. With increasing donor capacity of plexes[19], (cyclobut-1-en-3-one)iron complexes[21a] [21c], free

cyclobut-1-en-3-ones[23], and 1,3-homobinuclear cyclobut-R the ν̃(C;C) absorption shifts towards smaller wave num-
bers [R 5 SiMe3: ν̃(C;C) 5 2141 cm21 (5a); R 5 trans- enylidene complexes[24] is nearly planar. As a consequence

of the puckering, the transannular distance C(6)2C(8) in(PEt3)2PdI: ν̃(C;C) 5 2092 cm21 (16)].
5a is small (1.986 Å) and the distance is well below theThe 13C resonances of both the chromium- (1-C) and the
sum of the van der Waals radii. Therefore, direct electroniciron-bound (3-C) ring carbon atoms appear at low field.
exchange cannot be excluded.The 1-C resonance is in the range usually observed for al-
Figure 1. Molecular structure of complex 5a in the crystal (hydro-koxycarbene complexes (δ 5 2902320)[20]. The resonance

gen atoms are omitted for clarity)[a]
of the 3-C atom is in the region characteristic for alkenyli-
ron complexes[21]. Increasing the ability of the alkynyl
group C;C2R at 2-C to donate electron density {R 5 Ph
(4c) R SiMe3 (5a) R trans-[(PEt3)2PdI] (16)} leads to an
upfield shift of the 1-C and 3-C resonances and to a down-
field shift of the 2-C resonance. These results are consistent
with earlier observations with 1,3-heterobinuclear cyclobut-
enylidene complexes[6].

In general, the UV/Vis spectra of these cyclobutenylidene
complexes are solvent-dependent. The UV/Vis absorption
at lowest energy is shifted to shorter wavelength when a
nonpolar solvent like pentane is replaced by a more polar

[a] Selected bond lengths [Å], bond angles, and torsion angles [°]:one (DMF). However, whereas the solvent dependence of
Cr(1)2C(6) 2.054(4), C(6)2C(9) 1.401(4), C(8)2C(9) 1.410(5),the 3-aminocyclobutenylidene complexes 10 and 11 is pro-
C(9)2C(10) 1.428(4), C(10)2C(11) 1.199(5), C(8)2Fe(1) 1.910(4);

nounced [∆ν̃ 5 1930 (10), 1820 cm21 (11)] that of the 3- C(6)2C(9)2C(8) 89.9(3), C(7)2C(6)2C(9) 91.3(3),
C(7)2C(8)2C(9) 91.0(3); C(7)2C(6)2C(9)2C(8) 22.7(2).Fe(CO)LCp-substituted complexes 5a, 7, 14, and 15 is

rather small [∆ν̃ 5 802300 cm21].
The structure of the complex 5a was additionally estab- Conclusion

lished by an X-ray-structural analysis (Table 1, Figure 1).
Our results demonstrate that an alkynyl functionality isThe C(6)2C(9) [1.401(4) Å] and the C(8)2C(9) distance

readily introduced into the 2-position of 1,3-heterobinuclear[1.410(5) Å] are almost equal in length indicating that the
cyclobutenylidene complexes by [212] cycloaddition ofresonance structures C and D (Scheme 12) contribute to
butadiynyl complexes to vinylidene complexes. These cyclo-almost the same extent to the overall bonding description.
butenylidene complexes offer an easy access to a wide rangeThe distances are in between the characteristic bond lengths
of di-, tri-, and tetranuclear cyclobutenylidene complexes byof a C(sp2)2C(sp2) single bond (1.46 Å) [22] and a C(sp2)5
derivatization of the alkynyl group and coupling reactions.C(sp2) double bond (1.32 Å) [22]. The Cr(1)2C(6) distance
In addition, the substituents in 4- and 3-position can be[2.054(4) Å] is typical for heteroatom-stabilized carbene
modified by use of other vinylidene complexes and by varia-complexes[13].
tion of the starting butadiynyl complexes.

Scheme 12 By substitution of amines for the Fe(CO)2Cp fragment in
5a a large variety of amines such as chiral amines can be
introduced into the 3-position which is crucial for the non-
linear optical properties of these compounds. Thus, the syn-
thesis of butadiynes R2C;CC;C2NR2

[25], which are
rather difficult to prepare, can be avoided.

The nonplanarity of the cyclobutenylidene ring in 5a de-
creases the symmetry of the molecule. Thus, taking into ac-
count the chirality of the iron center the existence of twoThe Fe2C(8) distance is comparable to that in cyclobut-

1-en-3-one complexes[21a] [21c]. The Fe2C(36) axis in 5a is diastereomers might be expected. However, only one isomer
of 5a could be isolated and the NMR spectra of 5a exhibitalmost coplanar with the plane formed by the atoms C(7),

C(8), C(9) [torsion angle C(9)2C(8)2Fe(1)2C(36) 5 only one set of signals. Obviously, in solution a rapid inver-
sion of the four-membered ring occurs. For the analogous170.9°]. This conformation allows for maximal FeRC(8)

backdonation. compound with an nBu substituent at 2-C and a
Cp(PEt3)Ni fragment at 3-C this dynamic process is stillThe most striking feature is the nonplanarity of the

bridging ligand in 5a. The puckering angle [angle between fast even at 280°C[6a].
The geometry of the complexes 7 and 15 is similarly flex-the planes formed by the atoms C(7), C(6), C(9) and C(7),

C(8), C(9)] is 148.2°. A similar puckering has been observed ible. However, for the diastereoselective coupling of 7 to 15
a second effect has to be considered. Probably due to thewith other 1,3-heterobinuclear cyclobutenylidene com-

plexes[6], however, usually the four-membered ring in 3-ami- steric demand of the bulky PPh3 substituent, only one iso-
mer of 15 (meso or R/S) was formed. A similar selectivityno- and 3-ethoxy-substituted cyclobutenylidene com-
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pounds. Therefore, a satisfactory elemental analysis could not behas been reported by Gladysz et al. for the formation of
obtained.comparable cyclobutenylidene complexes[24a].

Carbonyl(η5-cyclopentadienyl)(trimethylsilyl-1,3-diynyl)(tri-Support of this work by the Deutsche Forschungsgemeinschaft
phenylphosphane)iron (3a): A THF solution (50 ml) of 3.0 g (10.0and the Fonds der Chemischen Industrie is gratefully acknowledged.
mmol) of 2a, 0.8 g (10.0 mmol) of Me3NO, and 4.0 g (15.0 mmol)We also thank B. Weibert for collecting the data set for the X-ray-
of PPh3 was stirred at room temp. The reaction was monitored bystructural analysis.
IR spectroscopy. After ca. 2 h, the solvent was removed in vacuo,
the residue dissolved in 30 ml of CH2Cl2 and transferred to a col-Experimental Section
umn packed with silica gel. Gradient elution at 0°C with a mixture

General: All operations were performed under either nitrogen or of pentane/CH2Cl2 (ratio slowly decreasing from 1:0 to 3:7) yielded
argon by using standard Schlenk techniques. Solvents were dried the product as an orange band. After evaporation of the solvent in
by refluxing over CaH2 (CH2Cl2) or sodium/benzophenone ketyl vacuo, the product was obtained as an orange oil. Yield: 3.4 g
(pentane, Et2O, THF) and were freshly distilled prior to use. Silica (63%, based on 2a). The product was identified by comparison
gel (Fa. J. T. Baker; silica gel for flash chromatography) and alum- with literature data.[7a]

ina (Fa. Fluka) used for chromatography were nitrogen-saturated.
Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-4,4-Flash chromatography was performed at a nitrogen pressure of 1.4

dimethyl-2-(trimethylsilylethynyl)cyclobut-2-en-1-ylidene}chromiumbar. The complexes 1 [6a], 2a [7a], 3a [7a], [Cp(CO)2FeI] [26], and
(4a): At 260°C, a solution of 1.49 g (5.0 mmol) of 2a in 50 ml of[Pd(PPh3)4] [26] as well as R2C;C2C;C2SnnBu3 (R 5 nBu,
CH2Cl2 was added to a solution of 1 [6a]. The reaction mixture wasPh)[27] and nBu3SnNEt2

[28] were prepared according to literature
allowed to slowly warm up to room temp. Then, 50 ml of pentaneprocedures. 2 NMR: Bruker AC 250 (1H and 13C) and Jeol JNX
was added. The resulting suspension was filtered through a 2-cm400 (1H, 13C, and 31P); chemical shifts are reported relative to in-
layer of alumina and the alumina was eluted with CH2Cl2. Theternal TMS (1H and 13C) or external H3PO4 (31P). Unless men-
solvent was removed in vacuo and the residue was chromatog-tioned otherwise, NMR spectra were recorded in CDCl3 at room
raphed at 230°C on silica gel. Elution with pentane/CH2Cl2 (ratiotemperature. 2 IR: Biorad FTS 60. 2 MS: Finnigan MAT 312,
decreasing from 1:0 to 4:1) gave a red solution. The solvent wasmodified either for EI or FAB (NBOH or NBOE used as solvent
removed in vacuo and the residue recrystallized from 20 ml of pen-for FAB). 2 UV/Vis: Hewlett-Packard diode-array spectrophoto-
tane/CH2Cl2 (3:1). Red crystals of 4a. Yield: 1.79 g (65%, basedmeter 8452A. 2 Elemental analyses: Heraeus CHN-O-RAPID.
on [Cr(CO)6]), m.p. 84°C. 2 IR (CH2Cl2): ν̃(CO) 5 2053 cm21 s,

Dicarbonyl(η5-cyclopentadienyl)(octa-1,3-diynyl)iron (2b): 9.9 g
2034 s, 1990 s, 1939 vs; ν̃(C;C) 5 2148 cm21 vw. 2 UV/Vis (pen-

(25.0 mmol) of nBu3Sn2C;C2C;C2nBu, 0.3 g (2.0 mmol) of
tane): λmax (lg ε) 5 494 nm (4.212); (DMF): λmax (lg ε) 5 492 nm

CuI, and 2.5 g (2.0 mmol) of [Pd(PPh3)4] were added to a solution
(4.178). 2 1H NMR (250 MHz): δ 5 0.25 (s, 9 H, SiMe3), 1.33 (s,

of 6.1 g (20.0 mmol) of [Cp(CO)2FeI] in 150 ml of THF. The reac-
6 H, CH3), 5.25 (s, 5 H, C5H5). 2 13C NMR (CD2Cl2, 250 MHz):

tion mixture was stirred at room temp. for about 1 h. The solvent
δ 5 20.4 (SiMe3), 26.4 (CH3), 74.3 (4-C), 87.1 (C5H5), 100.2, 104.4

was evaporated in vacuo and the residue was chromatographed at
(C;C), 180.6 (2-C), 211.9 (Fe2CO), 217.9 (cis-CO), 229.2 (trans-

220°C first two times with pentane/CH2Cl2 (ratio decreasing from
CO), 251.5 (3-C), 313.3 (1-C). 2 C23H20CrFeO7Si (544.3): calcd.

1:0 to 4:1) on alumina and then two times with pentane/CH2Cl2 C 50.75, H 3.70; found C 50.52, H 3.88.
(ratio decreasing from 1:0 to 3:2) on silica gel. The solvent was

Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-4,4-evaporated in vacuo. The residue was recrystallized from 40 ml of
dimethyl-2-(hexa-1-ynyl)cyclobut-2-en-1-ylidene}chromium (4b):pentane/CH2Cl2 (3:2) to give 2b as a yellow powder. Yield: 2.3 g
The synthesis of 4b from 1 and 1.4 g (5.0 mmol) of 2b in 50 ml of(32%, based on [Cp(CO)2FeI]), m.p. 45°C. 2 IR (CH2Cl2):
CH2Cl2 at 260°C and the purification of the product with pentane/ν̃(CO) 5 2040 cm21 vs, 1997 vs; ν̃(C;C) 5 2203 cm21 vw. 2 1H
CH2Cl2 (ratio decreasing from 1:0 to 2:1) were carried out anal-NMR (250 MHz): δ 5 0.88 (t, 3JHH 5 7.0 Hz, 3 H, CH3),
ogously to that of 4a. Red oil. Yield: 1.19 g (45%, based on1.3221.51 (m, 4 H, CH2), 2.24 (t, 3JHH 5 6.7 Hz, 2 H, CH2), 5.06
[Cr(CO)6]). 2 IR (CH2Cl2): ν̃(CO) 5 2051 cm21 m, 2031 s, 1981(s, 5 H, C5H5). 2 13C NMR (250 MHz): δ 5 13.5 (CH3), 18.7,
vs, 1935 vs; ν̃(C;C) 5 2142 cm21 vw. 2 UV/Vis (solvent): λmax (lg21.9, 30.9 (CH2), 67.1, 67.9, 83.8 (C;C), 85.2 (C5H5), 97.4 (C;C),
ε) 5 (pentane) 490 nm (4.116), (DMF) 486 nm (4.161). 2 1H NMR211.4 (CO). 2 C15H14FeO2 ? CH2Cl2 (367.0): calcd. C 52.36, H
(CD2Cl2, 250 MHz): δ 5 0.86 (t, 3JHH 5 7.1 Hz, 3 H, CH3), 1.274.39; found C 51.86, H 3.97.
(s, 6 H, CH3), 1.3921.54 (m, 4 H, CH2), 2.41 (t, 3JHH 5 6.9 Hz, 2Dicarbonyl(η5-cyclopentadienyl)(phenylbuta-1,3-diynyl)iron (2c):
H, CH2), 5.14 (s, 5 H, C5H5). 2 13C NMR (CD2Cl2, 250 MHz):The synthesis of 2c from 6.1 g (20.0 mmol) of [Cp(CO)2FeI], 10.4
δ 5 13.8 (CH3), 19.8, 22.5 (CH2), 26.8 (CH3), 30.9 (CH2), 74.3g (25.0 mmol) of nBu3Sn2C;C2C;C2Ph, 0.3 g (2.0 mmol) of
(4-C), 75.9 (C;C), 86.9 (C5H5), 100.6 (C;C), 182.7 (2-C), 212.1CuI, and 2.5 g (2.0 mmol) of [Pd(PPh3)4] in 150 ml of THF and the
(Fe2CO), 218.3 (cis-CO), 228.9 (trans-CO), 245.3 (3-C), 304.8 (1-purification of the product by chromatography first with pentane/
C). 2 C24H20CrFeO7 (528.0): calcd. C 54.55, H 3.82; found CCH2Cl2 (ratio decreasing from 1:0 to 3:1) on alumina and then
54.29, H 4.11. 2 MS (FAB); m/z (%): 528 (22) [M1], 500 (14), 472with pentane/CH2Cl2 (ratio slowly decreasing from 1:0 to 1:1) on
(38), 444 (10), 416 (100), 388 (50), 360 (10), 332 (12) [M1 2 n CO;silica gel] were carried out similarly to that of 2b. Recrystallization
n 5 127].from 40 ml of pentane/CH2Cl2 (1:1) gave 2c. Yellow powder. Yield:

2.7 g (45%, based on [Cp(CO)2FeI]), m.p. 91°C. 2 IR (CH2Cl2): Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-4,4-
dimethyl-2-(phenylethynyl)cyclobut-2-en-1-ylidene}chromium (4c):ν̃(CO) 5 2042 cm21 vs, 1994 vs; ν̃(C;C) 5 2184 cm21 m. 2 1H

NMR (250 MHz): δ 5 5.06 (s, 5 H, C5H5), 7.24, 7.39 (m, br., 5 H, The synthesis of 4c from 1 and 1.5 g (5.0 mmol) of 2c and the
purification of the product were carried out analogously to 4b.C6H4). 2 13C NMR (250 MHz): δ 5 64.8, 77.3 (C;C), 85.4

(C5H5), 96.2, 97.3 (C;C), 123.6, 127.5, 128.1, 132.4 (C6H5), 211.1 Recrystallization from 20 ml of pentane/CH2Cl2 (3:1) gave red crys-
tals of 4c. Yield: 1.65 g (60%, based on [Cr(CO)6]), m.p. 84°C. 2(CO). 2 MS (EI, 70 eV); m/z (%): 302 (38) [M1], 274 (23), 246

(100) [M1 2 n CO; n 5 1, 2]. 2 Although the product was chroma- IR (CH2Cl2): ν̃(CO) 5 2052 cm21 m, 2033 m, 1989 m, 1937 vs;
ν̃(C;C) 5 2146 cm21 vw. 2 UV/Vis (pentane): λmax (lg ε) 5 494tographed several times, it still contained small amounts of tin com-
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nm (4.062); (DMF): λmax (lg ε) 5 492 nm (4.183). 2 1H NMR (s). 2 C43H31CrFeO6P ? 1/2 CH2Cl2 (824.6): calcd. C 63.35, H 3.91;

found C 63.51, H 4.40. 2 MS (FAB); m/z (%): 782 (16) [M1], 754(CD2Cl2, 250 MHz): δ 5 1.40 (s, 6 H, CH3), 5.29 (s, 5 H, C5H5),
7.3827.56 (m, 5 H, C6H5). 2 13C NMR (CD2Cl2, 250 MHz): δ 5 (2), 698 (2), 670 (16), 642 (30), 614 (46) [M1 2 n CO; n 5 1, 326].
26.6 (CH3), 74.8 (4-C), 84.8 (C;C), 87.0 (C5H5), 98.0 (C;C),

Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-4,4-123.3, 128.9, 131.5, 132.3 (C6H5), 180.7 (2-C), 211.9 (Fe2CO),
dimethyl-2-(ethynyl)cyclobut-2-en-1-ylidene}chromium (6): At218.1 (cis-CO), 229.0 (trans-CO), 250.6 (3-C), 311.5 (1-C). 2
290°C, 0.4 equiv. of tetrabutylammonium fluoride (1  solutionC26H16CrFeO7 (548.3): calcd. C 56.96, H 2.94; found C 57.12, H
in THF) was added to a solution of 4a (5.4 g, 10.0 mmol) in 1003.06. 2 MS (FAB); m/z (%): 548 (38) [M1], 520 (22), 492 (40), 464
ml of THF. The mixture was warmed to room temp. and stirred(10), 436 (100), 408 (52), 380 (10), 352 (30) [M1 2 n CO; n 5 127].
for ca. 3 h at room temp. The progress of the reaction was moni-

Pentacarbonyl{3-[carbonyl(η5-cyclopentadienyl)(triphenyl- tored by thin-layer chromatography. The solvent was removed in
phosphane)ferrio]-4,4-dimethyl-2-(trimethylsilylethynyl)cyclo- vacuo and the residue dissolved in 30 ml of CH2Cl2. Chromatogra-
but-2-en-1-ylidene}chromium (5a): The synthesis of 5a from 1 and phy at 240°C with pentane/CH2Cl2 (ratio decreasing from 1:0 to
2.7 g (5.0 mmol) of 3a in 50 ml of CH2Cl2 at 260°C, the purifi- 1:1) and recrystallization from 20 ml of pentane/CH2Cl2 (1:1) af-
cation, and the chromatography of the product were carried out forded red crystals of 6. Yield: 3.16 g (67%, based on 4a), m.p.
analogously to that of 4a. The red fraction was eluted with pentane/ 68°C. 2 IR (CH2Cl2): ν̃(CO) 5 2054 cm21 s, 2033 s, 1990 m, 1938
CH2Cl2 (ratio decreasing from 1:0 to 1:1). Recrystallization from vs; ν̃(C;C) 5 2139 cm21 vw, br. 2 UV/Vis (pentane): λmax (lg ε) 5
20 ml of pentane/CH2Cl2 (3:1) gave red crystals of 5a. Yield: 2.53 492 nm (4.206); (DMF): λmax (lg ε) 5 486 nm (4.238). 2 1H NMR
g (65%, based on [Cr(CO)6]), m.p. 152°C. 2 IR (CH2Cl2): ν̃(CO) 5 (CD2Cl2, 250 MHz): δ 5 1.35 (s, 6 H, CH3), 3.68 (s, 1 H, C;CH),
2043 cm21 m, 1950 sh, 1927 vs; ν̃(C;C) 5 2141 cm21 vw. 2 UV/ 5.25 (s, 5 H, C5H5). 2 13C NMR (CD2Cl2, 250 MHz): δ 5 26.3
Vis (pentane): λmax (lg ε) 5 520 nm (4.246); (DMF): λmax (lg ε) 5 (CH3), 74.2 (4-C), 79.0, 86.3 (C;C), 87.0 (C5H5), 179.5 (2-C),
512 nm (3.889). 2 1H NMR (CD2Cl2, 250 MHz): δ 5 0.26 (s, 9 211.8 (Fe2CO), 217.8 (cis-CO), 229.1 (trans-CO), 253.7 (3-C),
H, SiMe3), 0.49 (s, 3 H, CH3), 1.25 (s, 3 H, CH3), 4.82 (d, 3JPH 5 315.1 (1-C). 2 C20H12CrFeO7 (472.2): calcd. C 50.88, H 2.52;
1.5 Hz, 5 H, C5H5), 7.4127.56 (m, 15 H, Ph). 2 13C NMR found C 50.80, H 2.61.
(CD2Cl2, 250 MHz): δ 5 20.1 (SiMe3), 25.8, 27.9 (CH3), 76.2 (4-
C), 87.2 (C5H5), 102.9, 104.1 (C;C), 128.9, 129.0, 130.8, 130.9, Pe n t a c a r b o n y l { 3 - [ c a r b o n y l ( η 5 - cyc l o p e n t a d i e n y l ) -
133.7, 133.9, 135.2, 135.9 (C6H5), 183.2 (2-C), 218.4 (d, 2JPC 5 30 (tr iphenylphosphane)ferr io] -4,4 -dimethyl -2 -(ethynyl)-
Hz, Fe2CO), 219.1 (cis-CO), 228.6 (trans-CO), 276.5 (d, 2JPC 5 cyclobut-2-en-1-ylidene}chromium (7): The synthesis of 7 by reac-
19 Hz, 3-C), 288.5 (1-C). 2 C40H35CrFeO6PSi (778.6): calcd. C tion of 5a (7.8 g, 10.0 mmol) with 0.4 equiv of tetrabutylammonium
61.69, H 4.53; found C 61.91, H 4.63. fluoride and the purification were performed analogously to 6. Red

crystals of 7. Yield: 4.24 g (57%, based on 5a), m.p. 72°C. 2 IRDecarbonylation of 4a with Me3NO in the Presence of PPh3: A
(CH2Cl2): ν̃(CO) 5 2043 cm21 s, 1950 sh, 1927 vs, 1888 sh;solution of 1.6 g (3.0 mmol) of 4a, 0.3 g (3.0 mmol) of Me3NO,
ν̃(C;C) 5 2143 cm21 vw, br. 2 UV/Vis (pentane): λmax (lg ε) 5and 1.6 g (6.0 mmol) of PPh3 in 30 ml of THF was stirred at room
518 nm (4.030); (DMF): λmax (lg ε) 5 512 nm (4.166). 2 1H NMRtemp. The progress of the reaction was monitored by IR spec-
(CD2Cl2, 250 MHz): δ 5 0.62 (s, 3 H, CH3), 1.24 (s, 3 H, CH3),troscopy. After about 1 h, the solvent was removed in vacuo, the
3.58 (s, 1 H, C;C-H), 4.80 (d, 3JPH 5 1.5 Hz, 5 H, C5H5),residue dissolved in 15 ml of CH2Cl2, and the solution transferred
7.3927.54 (m, 15 H, Ph). 2 13C NMR (CD2Cl2, 250 MHz): δ 5to a chromatography column packed with silica gel. Gradient elu-
25.9, 27.4 (CH3), 76.3 (4-C), 81.3, 86.1 (C;C), 86.9 (C5H5), 128.4,tion at 220°C with pentane/CH2Cl2 (ratio slowly decreasing from
128.6, 129.0, 129.7, 130.9, 133.2, 133.7, 133.9, 135.1, 135.8 (C6H5),1:0 to 1:1) yielded 1.71 g (72%, based on 4a) of 5a.
181.8 (2-C), 218.1 (d, 2JPC 5 29 Hz, Fe2CO), 219.0 (cis-CO), 228.4

Pe n t a c a r b o n y l { 3 - [ c a r b o n y l ( η 5 - cyc l o p e n t a d i e n y l ) - (trans-CO), 280.7 (d, 2JPC 5 17 Hz, 3-C), 289.9 (1-C). 2 31P NMR:
(triphenylphosphane)ferrio]-4,4-dimethyl-2-(phenylethynyl)- δ 5 68.8 (s). 2 C37H27CrFeO6P ? 1/2 C5H12 (742.5): calcd. C 63.98,
cyclobut-2-en-1-ylidene}chromium (5c): A solution of 1.4 g (2.0 H 4.35; found C 63.95, H, 4.51. 2 MS (FAB); m/z (%): 706 (8)
mmol) of 7 in 5 ml of toluene was treated at room temp. with 0.5 [M1], 594 (15), 566 (20), 538 (35) [M1 2 n CO; n 5 4, 5, 6], 263
g (2.5 mmol) of Me3SnNMe2. The reaction was followed by thin- (100) [HPPh3

1].
layer chomatography. After 30 min, the solvent was removed in
vacuo. The remaining oil was dissolved in THF (30 ml) and 0.5 g Pentacarbonyl[3-dimethylamino-4,4-dimethyl-2-(trimethylsilyl-

ethynyl)cyclobut-2-en-1-ylidene]chromium (10): An aqueous solu-(2.5 mmol) of iodobenzene, 30 mg (0.2 mmol) of CuI, and 280 mg
(0.2 mmol) of [Pd(PPh3)4] were added. The reaction mixture was tion of HNMe2 (40%, 0.25 ml, 2.0 mmol) was added at room temp.

to a solution of 0.5 g (1.0 mmol) of 4a in 10 ml of THF. The colorstirred for 30 min at 40°C. The solvent was removed in vacuo, the
residue dissolved in 15 ml of CH2Cl2 and chromatographed at of the solution changed within a few minutes from red to yellow.

The solvent was removed in vacuo and the residue chromatog-230°C with pentane/CH2Cl2 (ratio decreasing from 1:0 to 3:2) on
silica gel. A red band was eluted. Recrystallization from 20 ml of raphed at 220°C on silica gel. With pentane/CH2Cl2 (ratio decreas-

ing from 1:0 to 1:1) a yellow band was eluted. Recrystallizationpentane/CH2Cl2 (1:1) gave red crystals of 5c. Yield: 1.25 g (76%,
based on 7), m.p. 95°C (dec.). 2 IR (CH2Cl2): ν̃(CO) 5 2043 cm21 from 5 ml of pentane/CH2Cl2 (3:1) gave yellow crystals of 10. Yield:

0.35 g (83%, based on 4a), m.p. 113°C. 2 IR (CH2Cl2): ν̃(CO) 5m, 1950 sh, 1925 vs, 1901 sh. 2 UV/Vis (pentane): λmax (lg ε) 5

522 nm (3.891); (DMF): λmax (lg ε) 5 516 nm (4.122). 2 1H NMR 2046 cm21 m, 1971 vw, 1929 vs, 1893 sh; ν̃(C;C) 5 2146 cm21 w.
2 UV/Vis (pentane): λmax (lg ε) 5 450 nm (4.383); (DMF): λmax(250 MHz): δ 5 0.56 (s, 3 H, CH3), 1.27 (s, 3 H, CH3), 4.80 (d,

3JPH 5 1.5 Hz, 5 H, C5H5), 7.2827.57 (m, 20 H, C6H5, PPh3). 2 (lg ε) 5 414 nm (4.290). 2 1H NMR (CD2Cl2, 250 MHz): δ 5

0.20 (s, 9 H, SiMe3), 1.41 (s, 6 H, CH3), 3.06, 3.42 (s, 6 H, NMe2).13C NMR (250 MHz): δ 5 25.5, 27.7 (CH3), 76.0 (4-C), 86.5
(C5H5), 97.5, 123.6 (C;C), 128.2, 128.4, 128.6, 129.5, 130.5, 131.1, 2 13C NMR (CD2Cl2, 250 MHz): δ 5 20.4 (SiMe3), 23.8 (CH3),

39.8, 49.9 (NMe2), 60.7 (4-C), 98.4, 102.0 (C;C), 134.2 (2-C),132.8, 133.2, 134.1, 134.4, 134.8, 135.5 (C6H5, PPh3), 182.0 (2-C),
217.8 (d, 2JPC 5 29 Hz, Fe2CO), 218.7 (cis-CO), 228.1 (trans-CO), 176.1 (3-C), 219.1 (cis-CO), 227.2 (trans-CO), 307.1 (1-C). 2

C18H21CrNO5Si ? 1/10 CH2Cl2 (420.0): calcd. C 51.82, H 5.08, N,275.8 (d, 2JPC 5 17 Hz, 3-C), 291.8 (1-C). 2 31P NMR: δ 5 68.8
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3.88; found C 51.78, H 5.09, N 3.34. 2 MS (EI, 70 eV); m/z (%): Pe n t a c a r b o n y l { 3 - [ c a r b o n y l ( η 5 - cyc l o p e n t a d i e n y l ) -

(triphenylphosphane)ferrio]-2-(p-iodophenyl)ethynyl-4,4-(di-411 (9) [M1], 355 (4), 299 (20), 271 (100) [M1 2 n CO; n 5 2, 4, 5].
methyl)cyclobut-2-en-1-ylidene}chromium (14) and 1,4-Bis({4-Pentacarbonyl[4,4-dimethyl-3-piperidino -2 -(trimethyl-
pentacarbonylchromium-2-[carbonyl(η5-cyclopentadienyl)-silylethynyl)cyclobut-2-en-1-ylidene]chromium (11): The synthesis
(triphenylphosphane)ferrio]-3,3-(dimethyl)cyclobut-1-en-4-yli-of 11 from 0.5 g (1.0 mmol) of 4a and 1.5 equiv. of piperidine in
dene}ethynyl)benzene (15): 0.2 g (0.5 mmol) of C6H4I2-p, 20 mg10 ml of THF and the purification of the product were carried out
(0.1 mmol) of CuI, and 120 mg (0.1 mmol) of [Pd(PPh3)4] weresimilarly to 10. On chromatography, pentane/CH2Cl2 (ratio
added to a solution of 0.7 g (1.0 mmol) of 7 in 30 ml of HNEt2.decreasing from 1:0 to 7:1) was used as the eluant. Recrystallization
The reaction mixture was stirred for 5 h at 40°C. The solvent wasfrom 5 ml of pentane/CH2Cl2 (6:1) afforded yellow crystals of 11.
removed in vacuo, the residue dissolved in 4 ml of CH2Cl2 and thenYield: 0.18 g (40%, based on 4a), m.p. 120°C. 2 IR (CH2Cl2):
chromatographed at 220°C with pentane/CH2Cl2 (ratio decreasingν̃(CO) 5 2046 cm21 m, 1970 w, 1926 vs, 1896 sh; ν̃(C;C) 5 2145
from 1:0 to 4:1) on silica gel. Two slightly different red bands werecm21 w. 2 UV/Vis (pentane): λmax (lg ε) 5 450 nm (4.325); (DMF):
eluted. The first band contained 14, the second one 15.λmax (lg ε) 5 416 nm (4.360). 2 1H NMR (CD2Cl2, 250 MHz):

δ 5 0.20 (s, 9 H, SiMe3), 1.40 (s, 6 H, CH3), 1.77, 3.40, 3.94 (m, 14: Yield: 0.18 g (38%, based on C6H4I2-p), m.p. 87°C. 2 IR
br., 10 H, N(CH2)5). 2 13C NMR (CD2Cl2, 250 MHz): δ 5 20.3 (CH2Cl2): ν̃(CO) 5 2042 cm21 m, 1948 sh, 1926 vs, 1901 sh. 2
(SiMe3), 23.6 (CH2), 23.8 (CH3), 26.3, 26.7, 49.0, 49.9 (CH2), 60.6 UV/Vis (pentane): λmax (lg ε) 5 522 nm (4.213); (DMF): λmax (lg
(4-C), 98.5, 102.1 (C;C), 133.3 (2-C), 173.6 (3-C), 219.2 (cis-CO), ε) 5 516 nm (4.216). 2 1H NMR (400 MHz): δ 5 0.58 (s, 3 H,
227.1 (trans-CO), 305.3 (1-C). 2 C21H25CrNO5Si (451.5): calcd. C CH3), 1.25 (s, 3 H, CH3), 4.79 (s, 5 H, C5H5), 7.1427.69 (m, 19 H,
55.86, H 5.58, N 3.10; found C 55.80, H 5.59, N 3.37. 2 MS (FAB); C6H4, C6H5). 2 13C NMR (400 MHz): δ 5 25.4, 27.8 (CH3), 86.5
m/z (%): 451 (45) [M1], 423 (8), 395 (42), 367 (18), 339 (100), 311 (C5H5), 88.9 (4-C), 94.0, 96.5 (C;C), 123.2, 128.1, 128.5, 128.6,
(82) [M1 2 n CO; n 5 125], 260 (50) [(C16H25NSi)1]. 128.8, 129.2, 130.5, 132.5, 133.0, 133.3, 133.5, 133.7, 134.9, 135.4,

Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-4,4-di- 137.6 (C6H4, C6H5), 181.5 (2-C), 217.7 (d, 2JPC 5 29 Hz, Fe2CO),
methyl-2-(tri-n-butylstannylethynyl)cyclobut-2-en-1-ylidene}- 218.6 (cis-CO), 228.1 (trans-CO), 277.3 (d, 2JPC 5 17 Hz, 3-C),
chromium (12): At room temp., 0.9 g (2.5 mmol) of nBu3SnNEt2 294.2 (1-C). 2 31P NMR: δ 5 68.5 (s). 2 C43H30CrFeIO6P ? 1/2
was added to a solution of 0.9 g (2.0 mmol) of 6 in 5 ml of toluene. C5H12 (944.1): calcd. C 57.88, H 3.84; found C 57.74, H 3.74. 2
The progress of the reaction was monitored by thin-layer choma- MS (FAB); m/z (%): 908 (6) [M1], 796 (12), 768 (26), 740 (52)
tography. After ca. 5 min, the solvent was removed in vacuo, the [M1 2 n CO; n 5 4, 5, 6], 478 (30) [M1 2 6 CO 2 PPh3], 383
residue dissolved in 10 ml of CH2Cl2, and chromatographed at (100) [(CpFePPh3)1].
220°C on silica gel with pentane/CH2Cl2 (ratio decreasing from

15: Yield: 0.07 g (10%, based on C6H4I2-p), m.p. 72°C. 2 IR1:0 to 1:1). Complex 12 was obtained as a red oil. Yield: 1.29 g
(CH2Cl2): ν̃(CO) 5 2043 cm21 s, 1947 sh, 1925 vs; ν̃(C;C ) 5 2067(85%, based on 6). 2 IR (pentane): ν̃(CO) 5 2054 cm21 m, 2033
cm21 vw. 2 UV/Vis (pentane): λmax (lg ε) 5 522 nm (3.890);s, 1990 s, 1951 vs, 1938 sh; ν̃(C;C) 5 2131 cm21 vw, br. 2 1H
(DMF): λmax (lg ε) 5 516 nm (4.348). 2 1H NMR (CD2Cl2, 250NMR (250 MHz): δ 5 0.91 (t, 3JHH 5 7.3 Hz, 9 H, CH3),
MHz): δ 5 0.61 (s, 6 H, CH3), 1.28 (s, 6 H, CH3), 4.86 (d, 3JPH 51.0321.09 (m, 6 H, CH2), 1.2921.43 (m, 6 H, CH2), 1.34 (s, 6 H,
1.2 Hz, 10 H, C5H5), 7.3027.57 (m, 34 H, C6H4, C6H5). 2 13CCH3), 1.5521.68 (m, 6 H, CH2), 5.24 (s, 5 H, C5H5). 2 13C NMR
NMR (CD2Cl2, 250 MHz): δ 5 25.9, 27.9 (CH3), 76.6 (4-C), 87.1(250 MHz): δ 5 11.1 (CH3), 13.6, 26.4, 27.0 (CH2), 28.9 (CH3),
(C5H5), 89.7, 97.6 (C;C), 123.7, 128.9, 129.1, 130.9, 131.4, 133.7,73.7 (4-C), 86.4 (C5H5), 104.2, 105.0 (C;C), 181.6 (2-C), 211.4
133.8, 135.2, 135.9 (C6H4, C6H5), 182.1 (2-C), 218.3 (d, 2JPC 5 29(Fe2CO), 217.5 (cis-CO), 228.6 (trans-CO), 243.9 (3-C), 308.1 (1-
Hz, Fe2CO), 219.2 (cis-CO), 228.6 (trans-CO), 280.0 (d, 2JPC 5C). 2It was not possible to completely remove small amounts of
18 Hz, 3-C), 291.1 (1-C). 2 31P NMR: δ 5 68.5 (s). 2tin compounds. Therefore, a satisfactory elemental analysis was
C80H56Cr2Fe2O12P2 (1487.0): calcd. C 64.62, H 3.80; found Cnot obtained.
64.90, H 4.52. 2 MS (FAB); m/z (%): 1487 (25) [M1], 1402 (4),

Pentacarbonyl{3-dicarbonyl(η5-cyclopentadienyl)ferrio]-2-(p- 1374 (15), 1347 (40), 1319 (88) [M1 2 n CO; n 5 326], 944 (38),
iodophenylethynyl)-4,4-(dimethyl)cyclobut-2-en-1-ylidene}- 916 (58), 888 (60) [M1 2 HPPh3 2 n CO; n 5 10212].
chromium (13): Compound 12 was generated in situ from 2.8 g (6.0
mmol) of 6 and 2.2 g (6.0 mmol) of nBu3SnNEt2 in 10 ml of toluene Pentacarbonyl{3-[carbonyl(η5-cyclopentadienyl)(triphenylphos-

phane)ferrio]-2-[trans-iodobis(triethylphosphane)palladio]-as described above. After changing the solvent to THF (100 ml),
1.0 g (3.0 mmol) of C6H4I2-p, 30 mg (0.2 mmol) of CuI, and 280 ethynyl-4,4-(dimethyl)cyclobut-2-en-1-ylidene}]chromium (16): 0.4

g (1.0 mmol) of trans-[(PEt3)2PdCl2], 60 mg (0.3 mmol) of CuI,mg (0.2 mmol) of [Pd(PPh3)4] were added. The reaction mixture
was stirred for 30 min at 40°C. The solvent was removed in vacuo, and 350 mg (0.3 mmol) of [Pd(PPh3)4] were added to a solution of

2.1 g (3.0 mmol) of 7 in 30 ml of HNEt2. The reaction mixture wasthe residue dissolved in 20 ml of CH2Cl2, and chromatographed at
230°C with pentane/CH2Cl2 (ratio decreasing from 1:0 to 2:1) on stirred for 1 d at 40°C. The solvent was removed in vacuo, the

residue dissolved in 15 ml of CH2Cl2, and chromatographed atsilica gel. A red band was eluted. Recrystallization from 20 ml of
pentane/CH2Cl2 (1:1) gave red crystals of 13. Yield: 0.41 g (20%, 220°C with pentane/CH2Cl2 (ratio decreasing from 1:0 to 1:1) on

alumina. An orange band was eluted which was then chromato-based on C6H5I2-p), m.p. 77°C. 2 IR (CH2Cl2): ν̃(CO) 5 2053
cm21 m, 2033 m, 1984 m, 1937 vs; ν̃(C;C) 5 2197 cm21 vw. 2 graphed two times at 220°C with pentane/CH2Cl2 (ratio decreas-

ing from 1:0 to 1:1) on silica gel. Recrystallization yielded 16 as anUV/Vis (pentane): λmax (lg ε) 5 494 nm (3.900); (DMF): λmax (lg
ε) 5 492 nm (4.187). 2 1H NMR (CD2Cl2, 400 MHz): δ 5 1.39 orange powder. Yield: 0.27 g (22%, based on trans-[(PEt3)2PdCl2]),

m.p. 82°C. 2 IR (CH2Cl2): ν̃(CO) 5 2042 cm21 m, 1965 sh, 1942(s, 6 H, CH3), 5.28 (s, 5 H, C5H5), 7.2627.28, 7.7227.74 (m, 4 H,
C6H4I). 2 13C NMR (CD2Cl2, 400 MHz): δ 5 26.2 (CH3), 74.6 sh, 1919 vs, 1888 sh; ν̃(C;C) 5 2092 cm21 vw. 2 1H NMR (250

MHz): δ 5 0.84 (s, 3 H, CH3), 1.29 (s, 3 H, CH3), 0.8821.29 (m,(4-C), 86.8 (C5H5), 94.6, 96.7 (C;C), 122.6, 132.7, 133.5, 137.8
(C6H4I), 179.8 (2-C), 211.5 (Fe2CO), 217.7 (cis-CO), 228.7 (trans- br., 18 H, CH2CH3), 2.0022.30 (m, br., 12 H, CH2), 4.63 (s, 5 H,

C5H5), 7.2127.56 (m, 15 H, C6H5). 2 13C NMR (250 MHz): δ 5CO), 251.6 (3-C), 313.2 (1-C). 2 C27H15CrFeIO7 (686.2): calcd. C
47.26, H 2.20; found C 47.36, H 2.29. 8.4 (PEt3), 17.5 (m, PEt3), 27.1, 30.7 (CH3), 78.2 (4-C), 86.3 (C5H5),
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; Dedicated to Professor Ernst Otto Fischer on the occasion of103.4 (t, 3JPC 5 5 Hz, C;C), 117.5 (t, 2JPC 5 14 Hz, C;C), 128.0,

his 80th birthday.128.4, 128.8, 129.4, 130.5, 130.8, 132.9, 133.2, 133.4, 133.6, 135.2, [1] For example: [1a] E. A. Maatta, D. D. Devore, Angew. Chem.
135.9 (C6H5), 192.2 (2-C), 218.7 (d, 2JPC 5 32 Hz, Fe2CO), 219.7 1988, 100, 5832585; Angew. Chem. Int. Ed. Engl. 1988, 27,
(cis-CO), 226.3 (trans-CO), 236.2 (d, 2JPC 5 18 Hz, 3-C), 241.4 (1- 5692571. 2 [1b] M. H. Chisholm, Angew. Chem. 1991, 103,

6902691; Angew. Chem. Int. Ed. Engl. 1991, 103, 6732674. 2C). 2 31P NMR: δ 5 72.8 (s, PPh3), 13.8 (s, PEt3). 2 C49H56CrFeI-
[1c] F. Diederich, Y. Rubin, Angew. Chem. 1992, 104,O6P3Pd ? C5H12 (1246.2): calcd. C 52.09, H 5.35; found C 52.20, 112321146; Angew. Chem. Int. Ed. Engl. 1992, 31, 110121123.

H 5.06. 2 MS (FAB); m/z (%): 1174 (28) [M1], 1062 (25), 1034 2 [1d] W. Beck, B. Niemer, M. Wieser, Angew. Chem. 1993, 105,
(10), 1006 (5) [M1 2 n CO; n 5 426], 916 (10), 888 (12) [M1 2 n 9692996; Angew. Chem. Int. Ed. Engl. 1993, 32, 9232949. 2

[1e] H. Lang, Angew. Chem. 1994, 106, 5692572; Angew. Chem.CO 2 PEt3; n 5 5, 6], 800 (10), 772 (15), 744 (15) [M1 2 PPh3 2
Int. Ed. Engl. 1994, 33, 5472550. 2 [1f] M. J. Irwin, G. Jia, N.n CO; n 5 426], 383 (100) [CpFePPh3

1]. C. Payne, R. J. Puddephatt, Organometallics 1996, 15, 51257. 2
[1g] U. H. F. Bunz, Angew. Chem. 1996, 108, 104721049; Angew.
Chem. Int. Ed. Engl. 1996, 35, 9682971. 2 [1h] W. Weng, T.
Bartik, J. A. Gladysz, Angew. Chem. 1994, 106, 226922272; An-Pentacarbonyl{3 -[carbonyl(η 5 -cyclopentadienyl)(tr i -
gew. Chem. Int. Ed. Engl. 1994, 33, 2199222021 and literaturephenylphosphane)ferrio]-2-[trans-chlorobis(triethylphosphane)-
cited therein.

platinio]ethynyl-4,4-(dimethyl)cyclobut-2-en -1 -ylidene}- [2] [2a] J. S. Schumm, D. L. Pearson, J. M. Tour, Angew. Chem.
chromium (17): 1.1 g (3.0 mmol) of nBu3SnNEt2 was added at room 1994, 106, 144521448; Angew. Chem. Int. Ed. Engl. 1994, 33,

136021363. 2 [2b] T. Bartik, B. Bartik, M. Brady, R. Dem-temp. to a solution of 2.1 g (3.0 mmol) of 7 in 5 ml of toluene. The
binski, J. A. Gladysz, Angew. Chem. 1996, 108, 4672469; An-progress of the reaction was followed by thin-layer chomatography.
gew. Chem. Int. Ed. Engl. 1996, 35, 4142417.After 30 min, the solvent was removed in vacuo and the remaining [3] A.-M. Giroud-Godquin, P. M. Maitlis, Angew. Chem. 1991,

oil dissolved in THF (50 ml). This solution was treated with 0.5 g 103, 3702398; Angew. Chem. Int. Ed. Engl. 1991, 30, 3752402.
(1.0 mmol) of trans-[(PEt3)2PtCl2], 57 mg (0.3 mmol) of CuI, and [4] See e.g.: [4a] Inorganic Materials (Eds.: D. W. Bruce, D. O9Hare),

Wiley, Chichester, 1992. 2 [4b] “Inorganic and Organometallic350 mg (0.3 mmol) of [Pd(PPh3)4]. The reaction mixture was stirred
Polymers II: Advanced Materials and Intermediates”, ACSfor 12 h at room temp. The solvent was removed in vacuo, the Symp. Ser. 572 (Eds.: P. Wisian-Neilson, H. R. Allcock, K. J.

residue dissolved in 15 ml of CH2Cl2 and chromatographed at Wynne), American Chemical Society, Washington, DC, 1994.
230°C with pentane/acetone (ratio decreasing from 1:0 to 7:3) on [5] H. B. Fyfe, M. Mlekuz, D. Zargarian, N. J. Taylor, T. B.

Marder, J. Chem. Soc., Chem. Commun. 1991, 1882190.silica gel. An orange fraction was eluted. Recrystallization from 20
[6] [6a] H. Fischer, F. Leroux, G. Roth, R. Stumpf, Organometallicsml of pentane/CH2Cl2 (1:1) yielded 17 as an orange powder. Yield:

1996, 15, 372323731. 2 [6b] H. Fischer, F. Leroux, R. Stumpf,
0.42 g (36%, based on trans-[(PEt3)2PtCl2]), m.p. 78°C. 2 IR G. Roth, Chem. Ber. 1996, 129, 147521482.
(CH2Cl2): ν̃(CO) 5 2041 cm21 m, 1963 sh, 1940 sh, 1918 vs , 1889 [7] [7a] A. Wong, P. C. W. Kang, C. D. Tagge, D. R. Leon, Or-

ganometallics 1990, 9, 199221994. 2 [7b] R. Crescenzi, C. Losh; ν̃(C;C) 5 2096 cm21 vw. 2 1H NMR (CD2Cl2, 400 MHz):
Sterzo, Organometallics 1992, 11, 430124305. 2 [7c] P. J. Stang,δ 5 0.80 (s, 3 H, CH3), 1.28 (s, 3 H, CH3), 1.0921.26 (m, br., 18
R. Tykwinski, J. Am. Chem. Soc. 1992, 114, 441124412. 2 [7d]

H, CH2CH3), 1.8522.10 (m, br., 12 H, CH2), 4.62 (s, 5 H, C5H5), Y. Sun, N. J. Taylor, A. J. Carty, Organometallics 1992, 11,
7.4227.59 (m, 15 H, C6H5). 2 13C NMR (400 MHz): δ 5 7.9 429324300. 2 [7e] P. J. Kim, H. Masai, K. Sonogashira, N.

Hagihara, Inorg. Nucl. Chem. Lett. 1970, 6, 1812185. 2 [7f] Y.(PEt3), 14.1214.6 (m, PEt3), 25.5, 26.8 (CH3), 77.6 (4-C), 86.3
Sun, N. J. Taylor, A. J. Carty, J. Organomet. Chem. 1992, 423,(C5H5), 99.9 (m, C;C), 128.5, 128.6, 130.3, 133.5, 133.6, 135.4,
C432C47. 2 [7g] A. Romero, D. Peron, P. H. Dixneuf, J. Chem.

135.8 (C6H5), 193.2 (2-C), 218.9 (d, 2JPC 5 32 Hz, Fe2CO), 219.8 Soc., Chem. Commun. 1990, 141021412. 2 [7h] L. D. Field, A.
(cis-CO), 226.4 (trans-CO), 233.9 (3-C), 239.9 (1-C). 2 31P NMR: V. George, E. Y. Malouf, I. H. M. Slip, T. W. Hambley, Or-

ganometallics 1991, 10, 384223848. 2 [7i] G. H. Worth, B. H.δ 5 72.9 (s, PPh3), 14.1 (s and d, 1JPtP 5 2371 Hz, PEt3). 2
Robinson, J. Simpson, Organometallics 1992, 11, 5012513.C49H56ClCrFeO6P3Pt (1172.3): calcd. C 50.20, H 4.81; found C [8] D. L. Lichtenberger, S. K. Renshaw, A. Wong, C. D. Tagge,50.00, H 5.06. 2 MS (FAB); m/z (%): 1172 (2) [M1], 1060 (16), Organometallics 1993, 12, 352223526.

1032 (38), 1004 (38) [M1 2 6 CO; n 5 426], 886 (34) [M1 2 6 [9] M. F. Semmelhack, G. R. Lee, Organometallics 1987, 6,
183921844.CO 2 PEt3], 769 (26) [M1 2 6 CO 2 2 PEt3 1 H], 742 (92) [M1

[10] [10a] A. B. Holmes, G. E. Jones, Tetrahedron Lett. 1980, 21,2 6 CO 2 PPh3], 624 (100) [M1 2 6 CO 2 PPh3 2 PEt3].
311123112. 2 [10b] A. B. Holmes, C. L. D. Jennings-White, A.
H. Schulthess, J. Chem. Soc., Chem. Commun. 1979, 8402842.

[11] [11a] Yu. L. Slovokhotov, A. I. Yanovskyi, V. G. Andrianov, Yu.
X-ray-Structural Analysis of 5a: C40H35CrFeO6PSi (778.6), crys- T. Struchkov, J. Organomet. Chem. 1980, 184, C572C60. 2 [11b]

N. E. Kolobova, T. V. Rozantseva, Yu. T. Struchkov, A. S. Bat-tal size 0.3 3 0.3 3 0.3 mm (obtained from pentane/CH2Cl2, 3:1),
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The dinuclear cyclopalladated compounds [Pd(µ-Cl)Ln]2 (2) acetato-thiolato bridged complexes [Pd2(µ-OAc)(µ-SRm)Ln2]
(4). In addition to their mesogenic behavior, the most[HLn = p-CnH2n+1OC6H4CH=NC6H4OCnH2n+1-p (n = 6, 8,

and 10)] react with silver thiolates AgSRm (Rm = CmH2m+1, interesting feature of these complexes is the cis disposition
of the palladium-imine moieties, that can be inferred fromm = 6, 8, 10, and 18) to give dinuclear derivatives with mixed

bridges [Pd2(µ-Cl)(µ-SRm)Ln2] (3). Treatment of derivatives 2 their 1H-NMR spectra. The cis structure as well as the
disposition of the bridges was confirmed by the X-raywith silver acetate (Pd/AgOAc = 2:1) or treatment of [Pd(µ-

OAc)Ln]2 (1) with thiols HSRm (Pd/thiol = 2:1) affords diffraction study of 3 (n = m = 4).

The synthesis of metal-containing liquid crystals is an widest mesophase ranges (compared to other derivatives
with azobenzene or azine as ligands)[5], although both thearea of research which has seen a fast development in the

last two decades[1]. Cyclometallated compounds of PdII melting and the clearing points are quite high, above 100
and 200°C respectively. In both structures the separationwith imines and related groups have received much atten-

tion due to: i) their thermal stability; ii) the variety of li- between the two imine fragments leaves a wide empty space
in the central part of the dimer, which could be filled usinggands useful for orthometallation leading either to calami-

tic or to discotic mesogens; and iii) the possibility of tuning bridges that contained long alkyl chains. This should have
a noticeable effect on the thermal properties of the material.the mesogenic properties not only by varying the nature or

the length of the chains, but also the nature of the bridges
Figure 1. Sketch of the different space-filling efficiencies for com-

in dinuclear complexes. The imine moiety provides the rigid plexes having bridges without or with long alkyl chains
core and flexible chains needed for liquid-crystal behavior,
and two of these moieties are fused together upon orthome-
tallation to give a X-bridged dinuclear complex (Figure 1).
We have reported in the last years several types of cyclopal-
ladated imine complexes and studied the structure-meso-
genic activity relationships[2] [3]. It seems from these studies
that the acetato-bridged derivatives [Pd(µ-OAc)Ln]2 (1) are
rigid non-planar dimers (“open book” or “butterfly”
shaped), both in the solid state and in solution. Because
of this unfavorable molecular shape the compounds do not
display mesogenic behavior (there are, however, a few excep-
tions: some chiral-carboxylate derivatives[3], as well as cer- In this paper we report on the attempt of replacing the

chloro or acetato groups by thiolates bearing long alkyltain carboxylate complexes using azine instead of imine as
ligand[4], are mesomorphic). Their NMR spectra show that chains. They were chosen taking advantage of the tendency

of such ligands to form very stable PdII- or PtII-bridgedthe acetato-bridged complexes are in fact a mixture of two
isomers, depending on the relative arrangement of the two complexes[6]. Furthermore, they could be expected to pro-

duce a basically planar dimer[7]. The results have shownimine moieties (ca. 96% trans versus 4% cis). On the con-
trary, planar (“H” shaped) chloro-bridged dimers [Pd(µ- that using silver thiolates only one of the chloro bridges is

displaced, leading to mixed-bridged derivatives.Cl)Ln]2 (2) contain only the trans isomer, and show the
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Scheme 1 chloro bridge yielding [Pd2(µ-OAc)(µ-SRm)Ln2] (4) was

achieved by treating derivatives 3 with silver acetate in
CH2Cl2 (Pd/acetate 5 2:1, method A). This kind of com-
plexes could also be obtained by displacement of one ace-
tato bridge in complexes 1 using the corresponding thiol
(Pd/thiol 5 2:1, method B). Yields were similar (64286%)
in both cases.

All the complexes gave satisfactory elemental analyses,
and were characterized by IR and 1H-NMR spectroscopy.
The latter is very informative, because both the iminic pro-
ton and H3 are very sensitive to changes in the molecular
structure, and the reactions can be monitored using these
signals. These 1H-NMR parameters are summarized in
Table 2 only for complexes 3 and 4 with n 5 m 5 6; the
rest of complexes show little variation, within ± 0.03 ppm
for the chemical shifts, and unnoticeable for the coupling
constants.

Characterization of Complexes 3

The 1H-NMR spectra of these complexes indicate that
there is only one thiolato group in the dinuclear molecule.
Three isomers are possible (Figure 2), but only one is
formed since only one set of signals is observed in the aro-
matic region.

Figure 2. Sketch of the three possible isomers in mixed-bridged
complexes 3 and 4Results and Discussion

Synthesis of the Complexes

Mixed-bridged chloro-thiolate or acetato-thiolate com-
plexes were prepared as shown in Scheme 1. The syntheses
of the precursors 1 and 2 have been recently described by
our group[3]. Treatment of [Pd(µ-Cl)Ln]2 (2) with the appro- The trans-I structure can be discounted since the different

environment of the two imines should give rise to two setspriate silver thiolate (AgSRm) in CH2Cl2 (Pd/thiolate 5
2:1.1) afforded [Pd2(µ-Cl)(µ-SRm)Ln2] (3) in good yields of signals. Thus, the disposition of the palladium-imine

moieties must be cis. The cis-II structure is favored because(73291%). It should be noted that, regardless of the reac-
tion conditions or the ratio Pd/AgSRm used, only mono- the antisymbiotic behavior of the palladium atom should

place the thiolate group cis to the metallated carbonsubstitution was obtained. The replacement of the second

Table 1. 1H-NMR parameters for complexes 3 and 4[a]

X H H3 H5 H6 H29,69[b] H39,59[b] O2CH2/O2CH92
[c] S-CH299[c] OTHERS[d]

Cl 7.93 s 7.39 d [2.3] 6.58 dd [8.2, 2.4] 7.28 d [8.3] 7.21 [8.9] 6.80 [8.9] 4.04 t/3.94 t 2.96 t 2
OAc 7.89 s 7.49 d [2.3] 6.48 dd [8.3, 2.3] 7.21 d [8.3] 7.19 [8.9] 6.81 [8.9] 4.00 m/3.88 t 2.46 t 1.62 s MeCO2

2

[a] In CDCl3 at 300.13 MHz; δ values and [J in Hz]; key: s, singlet; d, doublet; t, triplet; dd, doublet of doublets; m, multiplet. 2 [b]

Apparent AB system. 2 [c] Broad signals. 2 [d] Aliphatic proton signals (R, R9, and R99) appear in the range δ 5 2.020.8.
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Table 2. Selected bond lengths [Å] and angles [°] for complex 3atom[8]. In fact, this structure has been observed in com-

(n 5 m 5 4)plexes [M2(µ-Cl)(µ-SR)Cl2(PR3)2] (M 5 Pd or Pt) [9]: for
M 5 Pd only the cis isomer was obtained, whereas for M 5

M1 M2Pt a mixture of cis and trans isomers was found. On the
contrary, cycloplatinated complexes similar to 3 lead only Pd(1)2C(16) 2.03(2) Pd(4)2C(62) 1.98(2)
to the cis isomer[10]. Complexes 3 are expected to be basi- Pd(1)2N(1) 2.11(2) Pd(4)2N(3) 2.065(13)

Pd(1)2S(1) 2.300(6) Pd(4)2S(2) 2.307(5)cally planar both in solution and in the solid state and the
Pd(1)2Cl(1) 2.483(5) Pd(4)2Cl(2) 2.464(6)comparable sizes of the chloro- and sulfur-bridging atoms Pd(2)2C(37) 1.99(2) Pd(3)2C(83) 1.93(2)
Pd(2)2N(2) 2.142(14) Pd(3)2N(4) 2.13(2)should lead to an approximately parallel arrangement of
Pd(2)2S(1) 2.261(6) Pd(3)2S(2) 2.266(5)the two imines.
Pd(2)2Cl(1) 2.444(6) Pd(3)2Cl(2) 2.444(5)

Bridged dimers with orthopalladated ligands either have S(1)2C(1) 1.73(2) S(2)2C(47) 1.90(2)
trans structure, or are mixtures of cis/trans isomers (cis be-

C(16)2Pd(1)2N(1) 84.2(6) C(62)2Pd(4)2N(3) 83.1(6)ing the minor isomer). Thus, these complexes are interesting C(16)2Pd(1)2S(1) 90.3(5) C(62)2Pd(4)2S(2) 92.4(5)
for they afford isomerically pure cis-cyclopalladated deriva- C(16)2Pd(1)2Cl(1) 172.9(5) C(62)2Pd(4)2Cl(2) 174.8(5)

N(1)2Pd(1)2S(1) 174.1(4) N(3)2Pd(4)2S(2) 175.4(4)tives in high yields. The cis arrangement is particularly
N(1)2Pd(1)2Cl(1) 102.4(4) N(3)2Pd(4)2Cl(2) 100.6(4)interesting in view of possible application where a net di- S(1)2Pd(1)2Cl(1) 83.0(2) S(2)2Pd(4)2Cl(2) 83.8(2)
C(37)2Pd(2)2N(2) 79.3(8) C(83)2Pd(3)2N(4) 77.8(7)polar moment on the material is required. The proposed
C(37)2Pd(2)2S(1) 95.2(6) C(83)2Pd(3)2S(2) 96.2(5)structure was confirmed by the X-ray crystal analysis of the
C(37)2Pd(2)2Cl(1) 173.2(6) C(83)2Pd(3)2Cl(2) 177.3(6)

complex with n 5 m 5 4. This is one of the few X-ray N(2)2Pd(2)2S(1) 174.2(5) N(4)2Pd(3)2S(2) 173.8(5)
N(2)2Pd(2)2Cl(1) 100.6(4) N(4)2Pd(3)2Cl(2) 100.8(5)crystal structures of a cyclopalladated mesogen[11], prob-
S(1)2Pd(2)2Cl(1) 84.7(2) S(2)2Pd(3)2Cl(2) 85.1(2)ably due to the difficulty to obtain crystals suitable for X- Pd(1)2S(1)2Pd(2) 98.1(2) Pd(3)2S(2)2Pd(4) 97.5(2)

ray analysis when long aliphatic chains are present. This
complex displays an SA mesophase between 175 and 235°C
on heating. lengths in the two molecules are slightly different: 2.03(2)

and 1.99(2) Å in M1 and 1.93(2) and 1.98(2) Å in M2. TheyThe crystal structure consists of four molecules per unit
cell, grouped in pairs. There are two different molecules in are in good agreement with those described for [Pd2(µ-

Cl)2(imine)2] 1.97 Å[11]. The distances Pd2Cl and Pd2S areeach pair (labelled as M1 and M2) in a disposition perpen-
dicular to one another, and parallel to the molecules of the also quite similar to those found in complexes of the type

[Pd2(µ-Cl)(µ-SR)Cl2(PR93)2] (R 5 alkyl or aryl; R9 5 Me,other pair. A perspective ORTEP view of these independent
molecules is given in Figure 3. Selected bond lengths and Et, Ph)[12]. The small bite of the bidentate imine ligands

produces the deviation of the angles around the palladiumangles are listed in Table 2.
atoms from the ideal square disposition, 84.2(6) and

Figure 3. ORTEP view of the two independent molecules, M1 and
79.3(8)° in M1, and 77.8(7) and 83.1(6)° in M2. The angleM2, of complex 3 (n 5 m 5 4) showing the atom-labelling scheme
between the two palladium-imine moieties is small, 16.5(2)°
in M1 and 9.1(2)° in M2. The non-bonding Pd2Pd dis-
tances within each molecule are 3.443 Å in M1 and 3.437
Å in M2. Due to the tetrahedral coordination of the sulfur
atom the first methylene of the thiolate group lies out of
the mean Pd2S2Pd plane. The CH22S bond makes an
angle with this Pd2S2Pd plane of 106° in M1 and 105.2°
in M2. However, in both molecules the thiolato chains align
themselves in the direction of the long molecular axis.

Figure 4a shows the crystal packing viewed perpendicu-
lar to the long molecular axis. A layer structure can be
easily recognized where the molecular long axis is tilted re-
spect to the layer plane, reminiscent of the SC packing. The
molecular arrangement within the layers is better seen in
Figure 4b, which shows a view approximately along the mo-
lecular axis. It consists in arrays of pairs of molecules in
alternate (zig-zag) directions. The minimun Pd2Pd distance
between the antiparallel molecules making a pair is
Pd(2)2Pd(4) 5 4.024 Å. Some other non-bonding distances
between the palladium atom and the carbon atoms of the
other antiparallel molecule are quite short [e.g.
Pd(2)2C(62) 5 3.34 Å]. One of the rings linked to the ni-The coordination at each palladium atom is approxi-

mately square planar, with maximum deviations from the trogen atom lies close to the empty space between the cyclo-
palladated moieties (Figure 4c), thus filling this space. Themean plane of 0.019 (Pd1) and 0.053 (Pd2) Å on M1 and

0.017 (Pd3) and 0.028 (Pd4) Å on M2. The Pd2C bond angles between the free-to-rotate phenyl ring linked to the
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nitrogen atom and the cyclometallated ring are quite differ- expected for a planar complex, due to a fast inversion at

the sulfur atom[17]. Furthermore, the different size of theent 38.7(4)° and 47.2(5)° in M1 and 21.5(4)° and 57.6(5)°
in M2, indicating poor conjugation along the imine ligands. two bridges leads to a non-parallel arrangement of the long

axes of the imine ligands.
Figure 4. Crystal packing viewed (a) perpendicular to, and (b) ap-
proximately along the major molecular axis, (c) Chem3D view of
the closest perpendicular molecules; hydrogen atoms are omitted

Mesogenic Behaviorfor clarity

All the complexes display liquid-crystal behavior. Their
mesophases, nematic (N) and smectic A (SA), and/or smec-
tic C (SC) have been identified by their characteristic tex-
tures, noticeably more viscous than in organic mesogens[18].
The transition temperatures, as well as the corresponding
enthalpies were determined by differential scanning calo-
rimetry and are given in Tables 3 and 4 (in a few cases the
transitions could not be detected by DSC and microscope
data are given). Figure 5 shows this mesogenic behavior
compared to that of the parent dinuclear complexes 2 (for
complexes 3) or 1 (for complexes 4).

Table 3. Optical, thermal, and thermodynamic data for the com-
plexes 3[a]

n/m transition T [°C] ∆H [kJ mol21]

6/6 C-SC 129.0 8.0
SC-SA

[b] 164.0 2
SA-I 210.1[c] 7.3

6/8 C-SC 126.6 26.8
SC-SA

[b] 136.0 2
SA-I 189.4[c] 3.2

6/10 C-SC 102.9 24.3
SC-SA

[b] 132.0 2
SA-I 196.5[c] 1.5

6/18 C-SC 103.5 32.0
SC-SA

[b] 108.0 2
SA-I 192.7[c] 6.1

8/6 C-SC 115.7 17.7
SC-SA

[b] 129.0 2
SA-I 193.1[c] 1.9

8/8 C-SC 101.9 8.9
SC-SA

[b] 126.2 2
SA-I 192.4[c] 4.9

8/10 C-C9 66.5 212.7
C9-SC 94.5 2.9
SC-SA

[b] 129.0Characterization of Complexes 4
SA-I 192.4[c] 4.2

8/18 C-SA 111.8 35.5As for 3, there is only one set of signals in the aromatic SA-I 187.2[c] 6.2
region of the 1H-NMR spectra of complexes 4, indicating 10/6 C-SA 115.8 18.7

SA-I 196.2[c] 7.0the presence of only one isomer. It is assigned the structure
10/8 C-SA 118.4 19.9cis-II (Figure 2) for the same reasons discussed for com- SA-I 179.8[c] 8.8
10/10 C-SC 108.2 20.5plexes 3, and for the previously reported mixed-bridged

SC-SA
[b] 112.0 2thiolate-chiral carboxylate derivatives[13]. Both the signal of

SA
-I 184.2[c] 8.6

the first methylene group of the thiolate (δ 5 2.47) and the 10/18 C-SC 114.7 39.8
SC-SA

[b] 117.0methyl group of the acetato bridge (δ 5 1.60) appear up-
SA-I 181.8[c]

field with respect to their parent complexes 3 and 1, respec-
tively. The proposed disposition of the ligands is in agree- [a] C, C9 5 crystal; N 5 nematic; SA 5 smectic A; SC 5 smectic C.
ment with the X-ray structures of similar orthopalladated 2 [b] Optical microscopy data. 2 [c] Decomposition.
complexes [Pd2(µ-OAc)(µ-SR)(imine)2] [14] or [Pd2(µ-
CF3CO2)(µ-tBuS)(C-N)2] [15], (C-N 5 cyclopalladated 8- Complexes 3 show lower melting and clearing tempera-

tures than the chloro complexes 2. In all cases there is somemethylquinoline). According to these structures complexes
4 are not planar in the solid state, showing a folded struc- decomposition at the clearing point. In complexes 4 the im-

provement of the mesogenic properties is clear, since theture with an average angle of 98° between the two moieties
of the molecule in the acetate-thiolate complex above men- acetato complexes 1 are not mesogenic. Furthermore, com-

pared to 1 these complexes display nematic phases for shorttioned. In solution the NMR spectra observed are those
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Table 4. Optical, thermal, and thermodynamic data for the com- pears clearly. Planar complexes 3 display quite high tran-

plexes 4[a]
sition temperatures as a consequence of the strong intermo-
lecular interactions as well as a good packing of molecules

n/m transition T [°C] ∆H [kJ mol21] leading to ordered smectic mesophases (SA, SC). Changing
to the folded structure in complexes 4, a less efficient pack-6/6 C-SA 154.4 13.7
ing of molecules leads to lower molecular interactions, lessSA-N 168.9 2.5[b]

N-I 173.2 ordered mesophases (appearance of nematic phases), and
6/8 C-SA 130.8 16.5 lower transition temperatures. The stronger molecular inter-SA-N 158.0 2.8[b]

N-I 161.8 actions in complexes 3 can be also verified looking at the
6/10 C-SA 120.0 19.5 enthalpy figures of the same transition in both families: The

SA-I 161.3 3.2
crystal to smectic A mesophase gives a value of 21.4 and6/18 C-SA 96.7 13.8

SA-N 144.6 2.8[b] 18.7 kJ mol21 for the complexes 3 and 4 (n 5 10, m 5
N-I 146.4 6), respectively.8/6 C-SA 126.4 11.4
SA-I 172.1 3.8

8/8 C-SA 124.0 28.5
SA-I 156.9 3.3 Conclusions

8/10 C-SA 112.7 23.5
SA-I 146.9 3.0

i) Isomerically pure dinuclear complexes with mixed8/18 C-SA 81.0 6.4
SA-I 145.6 3.6 bridges leading to a cis structure can be easily prepared. ii)

10/6 C-SA 106.9 21.4 These complexes improve the mesogenic properties of theSA-I 163.4 4.2
starting materials, either by decreasing the transition tem-10/8 C-SA 114.1 28.2

SA-I 149.2 3.6 peratures or by generating new mesophases . iii) The meso-
10/10 C-SA 116.3 33.7 genic properties of this kind of compounds can be doublySA-I 141.7 3.5

tuned, either by varying the nature of the thiolato bridge, or10/18 C-SA 67.0 19.1
SA-I 136.9 3.7 by replacing the second bridge with other bridging groups.

We thank the Comisión Interministerial de Ciencia y Tecnologı́a[a] C 5 crystal; N 5 nematic; SA 5 smectic A. 2 [b] Combined en-
(project MAT96-0708), the Dirección General de Enseñanza Su-thalpies.
perior (project PB96-0556), and the Junta de Castilla y León (pro-
ject VA41/96) for financial support.

chains in the imines and the thiolate. This phase is not usual
in dinuclear cyclopalladated imine mesogens. It is also re-
markable that complexes 4 are able to display lyotropic be- Experimental Section
havior on mixing with linear alkanes or chiral solvents. The General Procedures and Measurements:. 1H-NMR spectra:
derivatives with n 5 m 5 6 display broad ranges of nematic Bruker AC-80 or AC-300 MHz spectrometers using CDCl3. 2 El-
(or chiral nematic) lyomesophases, which are maintained emental analyses: Perkin-Elmer 2400 microanalyzer. 2 IR spectra:
until room temperature[16]. Perkin-Elmer 843 spectrophotometer using KBr pellets, unless

otherwise noted. 2 The textures of the mesophases were studied
Figure 5. Thermotropic behavior of complexes 3 and 4; n and m with a Leitz Laborlux-D polarizing microscope, equipped with a
represent the number of carbon atoms in the imine and thiolate, Leitz 350 hot stage. 2 Transition temperatures and enthalpies wererespectively; the left bar on each group corresponds to the chloro-

measured by differential scanning calorimetry, with a Perkin-Elmerbrigded derivative in complexes 3, and to the acetato-brigded deri-
vative in complexes 4 DSC-7 operated at a scanning rate of 5°C min21 on heating, using

aluminium crucibles and N2 as inert gas. The apparatus was cali-
brated with indium (156.6°C, 28.5 J g21) as standard.

Materials: CH2Cl2 was distilled from CaH2. Literature pro-
cedures were used to synthesize the silver thiolates (AgSRm)[19],
[Pd(µ-OAc)Ln]2 (1) and [Pd(µ-Cl)Ln]2 (2) [3]. AgOAc and aliphatic
thiols (HSRm) were obtained from commercial sources and were
used without further purification.

Preparation of [Pd2(µ-Cl)(µ-SRm)Ln2] (3): A solution of 2 (0.2
mmol) in 25 ml of CH2Cl2 was treated with a slight excess of the
correspondig silver thiolate (Pd/AgSRm 5 1:1.1), and the mixture
was stirred in the dark for 5 h. The AgCl formed, as well as the
excess thiolate, were filtered off and ethanol was added to the solu-
tion. Evaporation of the CH2Cl2 gave complexes 3 as yellow crys-
talline solids, which were filtered, washed with ethanol and air-
dried. Yields were in the range 75292%. 2 IR (KBr): ν̃ 5 1603 s
(C5N), 1247 s 1028 m (C2O2C), 1574 s 829 m (Ar) cm21. 2

Analysis (%) for each n/m compound: 6/6: calcd. C, 59.70; H, 7.24;
Comparing the properties of compounds 3 and 4, the in- N, 2.49; found C, 59.64; H, 7.10; N, 2.53. 6/8: calcd. C, 60.33; H,

7.42; N, 2.43; found: C 60.07, H 7.28, N 2.64. 6/10: calcd. C 60.93,fluence of the structure on the liquid crystal behavior ap-
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H 7.58, N 2.37; found C 61.34, H 7.50, N 2.38. 6/18: calcd. C 63.07, Table 5. Crystal data and structure refinement for complex 3

(n 5 m 5 4)H 8.17, N 2.16; found C 63.13, H 8.11, N 2.09. 8/6: calcd. C 62.05,
H 7.89, N 2.26; found C 62.44, H 7.71, N 2.30. 8/8: calcd. C 62.57,

crystal dataH 8.03, N 2.21; found C 62.35, H 7.55, N 2.41. 8/10: calcd. C 63.07,
H 8.17, N 2.16; found C 62.86, H 8.11, N 2.12. 8/18: calcd. C 64.87,

formula C46H61ClN2O4Pd2SH 8.66, N 1.99; found C 64.66, H 8.37, N 1.92. 10/6: calcd. C 64.01,
mol weight 986.28H 8.43, N 2.07; found: C 64.11, H 8.19, N 2.09. 10/8: calcd. C
crystal system monoclinic

64.41, H 8.55, N 2.03; found C 64.58, H 8.35, N 1.92. 10/10: calcd. space group P21
C 64.87, H 8.66, N 1.99; found C 64.89, H 8.53, N 1.79. 10/18: a [Å] 10.275(5)

b [Å] 23.713(7)calcd. C 66.40, H 9.08, N 1.84; found C 65.97, H 8.79, N 1.94.
c [Å] 18.780(13)

Preparation of [Pd2(µ-OAc)(µ-SRm)Ln2] (4). 2 Method A: β [°] 93.52(5)
V [Å]3 4566(4)AgOAc (0.1 mmol) was added to a solution of 3 (0.1 mmol) in 25
Z 4ml of CH2Cl2 (Pd/AgOAc 5 2:1), and the mixture was stirred in
Dcalcd. [g cm23] 1.435

the dark for 1 h. After removal of the AgCl formed, ethanol was F(000) 2032
added to the solution and the CH2Cl2 was removed in vacuo, yield- µ [21] 0.934

crystal size [mm] 0.36 3 0.25 3 0.20ing complexes 4 as yellow crystalline solids, which were filtered,
washed with ethanol and air-dried. 2 Method B: To a red solution

data collection and refinementof 1 (0.1mmol) in 25 ml of CH2Cl2 was added the corresponding
amount of thiol (0.1 mmol, Pd/HSRm 5 2:1). The solution became

T [K] 293orange-yellow, and was stirred for 2 h. After addition of ethanol,
θmax [°] 25the solution was worked up as in method A. 2 Yields were in the

radiation, λ [Å] Mo-Kα >ft parenthesis-
range 65286%. 2 IR (KBr): ν̃ 5 1605 s (C5N), 1245 s 1028 m graphite), 0.71073
(C2O2C), 1574 s 829 m (Ar) cm21. 2 Analysis (%) for each n/m scan type ω-2θ

data set h 212:12, k 228:0, l 222:0compound: 6/6: calcd. C 60.57, H 7.36, N 2.43; found C 60.51, H
total no. of data 89157.22, N 2.48. 6/8: calcd. C 61.16, H 7.52, N 2.37; found C 60.99,
obsd. data [I > 2σ(I)] 8230

H 7.22, N 2.06. 6/10: calcd. C 61.73, H 7.68, N 2.32; found C 61.66, no. of refined parameters 775
H 7.53, N 2.25. 6/18: calcd. C 63.76, H 8.25, N 2.12; found C 63.70, weighting scheme w 5 1/[σ2 (Fo

2) 1
(0.0868·P)2]H 8.00, N 2.05. 8/6: calcd. C 62.79, H 7.98, N 2.22; found C 62.73,

final R, wR2 0.042, 0.115H 7.83, N 2.63. 8/8: calcd. C 63.29, H 8.12, N 2.17; found C 63.25,
min and max residual density [e Å23] 20.57, 0.71

H 7.91, N 2.25. 8/10: calcd. C 63.76, H 8.25, N 2.12; found C 63.07,
H 8.00, N 1.91. 8/18: calcd. C 65.48, H 8.73, N 1.95; found C 65.71,
H 8.54, N 1.81. 10/6: calcd. C 64.66, H 8.50, N 2.09; found C 64.61, a common thermal parameter. The final conventional agreement
H 8.01, N 2.37. 10/8: calcd. C 65.08, H 8.62, N 2.00; found C 65.32, factors were R 5 0.042 and wR2 5 0.115 for the 8230 “observed”
H 8.50, N 1.85. 10/10: calcd. C 65.48, H 8.73, N 1.96; found C reflections and 775 variables. The function minimized was Σw(Fo65.53, H 8.55, N 1.61. 10/18: calcd. C 66.95, H 9.14, N 1.81; found

2 Fc)2, w 5 1/[σ2(Fo
2) 1 0.0868·P)2] with σ(Fo) from counting

C 67.04, H 8.94, N 1.55. statistics and P 5 [max(Fo
2,0) 1 2·Fc

2]/3. The maximum shift/e.s.d.
ratio in the last full-matrix least-squares cycle was 0.019. AtomicCrystal-Structure Determination of 3 (n 5 m 5 4)[20]: Details

of the crystal and refinement data for the structure are given in scattering factors were taken from International Tables for X-ray
Crystallography[26]. Geometrical calculations were made withTable 5.

Suitable yellow single crystals were grown by slow diffusion of a PARST[27]. The figure showing the coordination and the atomic
numbering scheme was drawn by EUCLID package[28]. All calcu-CHCl3 solution of the complex into ethanol at room temperature.

All diffraction measurements were made with an Enraf-Nonius lations were made with VAX computers at the Scientific Computer
Center of the University of Oviedo.CAD-4 single-crystal diffractometer. The unit-cell dimensions were

determined from the angular settings of 25 reflections in the range
15° < θ < 22°. The intensity data of 8915 reflections were measured, [1] Reviews: A. M. Giroud-Godquin, P. M. Maitlis, Angew. Chem.
using the ω-2θ scan technique and a variable scan rate with a maxi- Int. Ed. Engl. 1991, 30, 375; P. Espinet, M. A. Esteruelas, L. A.

Oro, J. L. Serrano, E. Sola, Coord. Chem. Rev. 1992, 117, 215;mum scan time of 60 s per reflection. The intensity of the primary
Inorganic Materials (Eds.: D. Bruce, D. O9Hare), John Wileybeam was checked throughout the data collection by monitoring
and Sons, Chichester (England), 1992; S. A. Hudson, P. M.three standard reflections every 60 min. The final drift correction Maitlis, Chem. Rev. 1993, 93, 861; Metallomesogens, J. L. Ser-

factors were between 0.96 and 1.09. On all reflections profile analy- rano (Ed.), VCH, Weinheim, Germany, 1996.
[2] J. Barberá, P. Espinet, E. Lalinde, M. Marcos, J. L. Serrano,sis was performed[21] [22]. 8230 reflections were “observed” with I >

Liq. Cryst. 1987, 2, 833; M. A. Ciriano, P. Espinet, E. Lalinde,2σ(I). Lorentz and polarization corrections were applied and the
M. B. Ros, J. L. Serrano, J. Mol. Struct. 1989, 196, 327; M. J.data were reduced to Fo values. The structure was solved by Pat- Baena, P. Espinet, M. B. Ros, J. L. Serrano, Angew. Chem. Int.

terson methods using the program DIRDIF[23]. After isotropic Ed. Engl. 1991, 30, 711; M. J. Baena, P. Espinet, M. B. Ros, J.
L. Serrano, A. Ezcurra, Angew. Chem. Int. Ed. Engl. 1993, 32,least-squares refinement, using SHELXL93[24], an empirical ab-
1203; M. J. Baena, J. Barberá, P. Espinet, A. Ezcurra, M. B.sorption correction was applied using DIFABS[25]. The maximum
Ros, J. L. Serrano, J. Am. Chem. Soc. 1994, 116, 1899; M. J.and minimum absorption correction factors were 0.48 and 0.41, Baena, P. Espinet, M. B. Ros, J. L. Serrano, J. Mater. Chem.

respectively. During the final stages of the refinement on F2, the 1996, 6, 1291.
[3] J. Buey, P. Espinet, J. Organomet. Chem. 1996, 507, 137.positional parameters and the anisotropic thermal parameters of
[4] P. Espinet, J. Etxebarrı́a, M. Marcos, J. Pérez, A. Remón, J. L.the non-H atoms were refined, except the carbon atoms of the n-

Serrano, Angew. Chem. Int. Ed. Engl. 1989, 28, 1065; P. Espinet,butoxy groups, which were refined isotropically as a rigid group E. Lalinde, M. Marcos, J. L. Serrano, Organometallics 1990, 9,
with a common thermal parameter for each group. Hydrogen 555; P. Espinet, M. Marcos, J. Pérez, M. B. Ros, J. L. Serrano,

J. Barberá, A. M. Levelut, Organometallics 1990, 9, 2028.atoms were isotropically refined riding on their parent atoms with
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The syntheses, structures, and spectroscopic properties are According to the 1H- and 13C-NMR and resonance Raman
spectra the imine groups of the iPr-DAB ligand arereported for trans,cis and cis,cis isomers of

[Ru(I)(Me)(CO)2(α-diimine)] [α-diimine = N,N9-diisopropyl- inequivalent in the cis,cis isomer. The absorption spectra
vary with the α-diimine, not so much with the isomeric1,4-diazabutadiene (iPr-DAB), pyridine-2-carbaldehyde N-

isopropylimine (iPr-PyCa), 4,49-dimethyl-2,29-bipyridine structure of the complex. Both isomers possess two visible
absorption bands, which, according to the resonance Raman(dmb)] which differ in their photochemical behaviour. The

structures of trans,cis- and cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] spectra, belong to charge transfer transitions from mixed
metal-halide orbitals to the α-diimine. The resonance Ramanhave been determined by a single-crystal X-ray diffraction

study. The crystals of both isomers are monoclinic and belong spectra show that this charge transfer excitation is
accompanied, for both isomers, with an angular distortion ofto the same P21/n space group with Z = 4. Refinement

converged to R = 0.043 for the trans,cis isomer and to R = the methyl ligand. These spectral data show that the
difference in photochemical behaviour of the two isomers is0.065 for the cis,cis isomer. Both complexes have a distorted

octahedral geometry, in the cis,cis isomer the methyl ligand not due to a change in the excited state character.
is located in an equatorial, the iodide in an axial position.

Introduction occur from a reactive 3σπ* state in which σ represents the
high-lying σ-bonding orbital, and π* the lowest unoccupied

Many transition metal complexes having a lowest metal- orbital of the α-diimine ligand. Nearly all metal2metal-
to-ligand charge transfer (MLCT) excited state undergo ef- bonded complexes show at room temperature an efficient
ficient energy and electron transfer processes. Best studied homolysis reaction, whereas the reactivity of the metal2al-
in this respect are the complexes [Ru(bpy)3]21 [1] [2] [3] and kyl complexes strongly depends on the nature of the alkyl
[Re(L9)(CO)3(bpy)]n1 (n 5 0, 1; bpy 5 2,29-bipyridine; group. For instance, the complexes [Re(R)(CO)3(α-diimine)]
L9 5 halide, O- or N-donor ligand)[4] [5] [6] [7] [8], and their (R 5 Et, Bzl) photodecompose into radicals with high
derivatives. The [Re(L9)(CO)3(α-diimine)]n1 complexes have quantum yield (Φ > 0.8), whereas the quantum yield is only
the special property that variation of L9 not only influences 0.05 for the corresponding [Re(Me)(CO)3(iPr-DAB)] com-
the energy and character of the lowest excited state but may plex. [27] Similarly, in the case of [Ru(X)(R)(CO)2(iPr-DAB)]
also change its reactivity. For instance, the metal2metal- (X 5 halide; R 5 Me, Et, iPr, Bzl), the isopropyl and benzyl
bonded complexes [(LnM)Re(CO)3(α-diimine) [LnM 5 complexes show a high efficiency for their homolysis reac-
(CO)5Mn, (CO)5Re, (CO)4Co, Cp(CO)2Fe] show a homo- tion, whereas the methyl and ethyl complexes do not un-
lytic splitting of the Re2metal bond on irradiation with dergo such a reaction. [32] A preliminary study showed that
visible light. [4] [9] [10] [11] [12] [13] [14] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23]

the complex trans,cis-[Ru(I)(Me)(CO)2(dmb)] does not un-
Such homolysis reactions have also been observed for the dergo a homolysis reaction, but is yet photolabile. It photo-
Mn complexes [(CO)5Mn2Mn(CO)3(α-diimine)] [13] [18] and isomerises from its thermally stable trans(I,Me),cis(CO,CO)
the Ru compounds [(LnM)Ru(Me)(CO)2(α-diimine)] conformation into one of the two cis,cis isomeric forms.
[LnM 5 (CO)5Mn, (CO)5Re, (CO)4Co][24] [25] and This photoproduct is photostable but thermally regenerates
[Ru(SnPh3)2(CO)2(α-diimine). [25] [26] Similar photoreactions the parent trans,cis complex. In order to understand this
occur for the metal2alkyl (R) complexes [M(R)(CO)3(α-di- remarkable behaviour, we have undertaken a structural and
imine)] (M 5 Mn, Re)[27] [28] [29] [30] [31], [Ru(X)(R)(CO)2(α- spectroscopic study of the trans,cis and cis,cis isomers. The
diimine)] (X 5 halide) [31] [32], [Ir(R)(CO)(PAr3)2(mnt)] [33], results of this study are presented in this article.
[Pt(Me)4(α-diimine)] [34], and [Zn(R)2(α-diimine)] [35], and
even for the metal2halide complexes mer-[Mn(X)(CO)3(α- The syntheses and molecular structures of several of

these complexes have been first described by tom Dieck anddiimine)]. [36] [37] These homolysis reactions are assumed to
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co-workers[38] [39], while the complexes have been used for The iPr-DAB ligand is σ(N1)2σ(N2)-bonded to the ru-

thenium centre, just as in the case of [Ru(Me)(CO)2(iPr-an acylation reaction by Vrieze and co-workers.[40] [41] The
related complexes [Ru(Cl)2(CO)2(α-diimine)] are known to DAB)]1OTf2 [43], [Ru(I){C(O)Me}(CO)2(iPr-DAB)][43] and

[Ru(I)(Me)(iPr-DAB)(nbd)]. [44] The bite angle of 76.8(2)°,form selectively stereoisomers. [42] It will be shown that in
the case of the complexes under study only one of the pos- which causes the deviation from a regular octahedral struc-

ture, has also been found for these complexes. The Ru2Mesible four stereoisomers presented in Figure 1 [structure IIb]
is formed. bond length [2.183(9) Å] is comparable with those of the

Ru2C bonds in the complexes [Ru(Me)(CO)2(iPr-Figure 1. General molecular structures of the different isomers of
[Ru(I)(Me)(CO)2(α-diimine)] and of the α-diimine ligands used DAB)]1OTf2 [2.122(9) Å] [43], [Ru(Me)(Mn(CO)5)(CO)2-

(iPr-PyCa)] [2.148(5) Å] [45], [Ru(Me)(CO)2(iPr-DAB)]2
[2.152(5) Å] [39] and [Ru(I)(Me)(iPr-DAB)(nbd)] [2.222(13)
Å]. [44] The Ru2I bond length [2.7998(9) Å] is comparable
with that of the same bond in [Ru(I)(Si(Me)2Ph)(CO)2-
(NH2CH2C6H5)2] [2.848(1) Å] [46], [Ru(I){C(O)Me}(CO)2-
(iPr-DAB)] [2.811(9) Å] [43] and [Ru(I)(Me)(iPr-DAB)(nbd)]
[2.878(1) Å]. [44] It is somewhat larger than found for this
bond in [Ru(I)2(CO)2(iPr-DAB)] [2.711(8) Å] [32] and [Ru-
(I)2(CO)2(pTol-DAB)] [2.708(1) Å] [47] due to the much
larger trans influence of the methyl group compared to I2.
The Ru2CO bonds (ca. 1.870 Å) are slightly longer than
those of [Ru(Me)(CO)2(iPr-DAB)]1OTf2 [1.847(9) Å] [43],
but comparable in length with those of
[Ru(I){C(O)Me}(CO)2(iPr-DAB)] [1.874(7) Å]. [43]

Crystal Structure of cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]
Results and Discussion

The bond lengths and angles are collected in Table 2,
From the various trans,cis- and cis,cis-[Ru(I)- while the ORTEP drawing of the complex is presented in

(Me)(CO)2(α-diimine)] complexes which were synthesised, Figure 3.
two isomers are structurally characterised by X-ray diffrac- Figure 3 confirms the cis,cis conformation of the complex
tion, the others by spectroscopic means. After presentation with the methyl ligand in the equatorial plane and the iod-
of the X-ray data, attention will be paid to several aspects ide in an axial position. The structural data agree well with
of the synthesis procedure, in particular to the identity of those of the trans,cis isomer discussed above and with those
the intermediates 1 and 2 of this reaction. Finally, the spec- of the related complexes [Ru(I){C(O)Me}(CO)2(iPr-
troscopic data of the complexes will be reported and dis- DAB)] [43], [Ru(Me)(CO)2(iPr-DAB)]1OTf2 [43], [Ru(I)2-
cussed. (CO)2(pTol-DAB)][47], [Ru(I)2(CO)2(iPr-DAB)][32], and [Ru-

(I)(Me)(iPr-DAB)(nbd)]. [44] The complex has a distortedCrystal Structure of trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]
octahedral geometry [I2Ru2C(10) 176.8(7)°]. The iPr-Table 1 presents the bond lengths and bond angles of the
DAB ligand has a bite angle of 75.7(5)°, which is slightlynon-hydrogen atoms of the complex. The ORTEP drawing
smaller than found for the corresponding trans,cis complexof Figure 2 shows its trans,cis geometry.
[76.8(2)°]. Since the CO ligand has a smaller trans influence

Figure 2. Molecular structure and selected atom numbering of the than the methyl group, the Ru2I bond is shorter [2.754(2)
non-hydrogen atoms (ORTEP drawing at 50% probability) of Å] than in the case of trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]

trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]
[2.7998(9) Å]. The bond lengths given in Table 2 for
Ru2C(9) and Ru2C(11) are not very accurate. In the com-
plex O(9) is divided in such a way that the CO and Me
ligand are both equally distributed over the two possible
positions, resulting in the introduction of two half O posi-
tions [O(9) and O(11)].

Mechanism of the Complex Formation

The reactions leading to the formation of the two isomers
are presented in Scheme 1. The reaction of [Ru3(CO)12]
with MeI in acetonitrile (MeCN) results in the formation
of an unknown product 1a, which has ν(CO) vibrations at
2058(s), 1996(s), and 1637 cm21, and which is converted
thermally into a second species 2a having ν(CO) bands at
2041(s) and 1974(s) cm21. Both 1a and 2a react with an α-
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Table 1. Bond lengths and angles of the non-hydrogen atoms of trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] with standard deviations in parentheses

bond length [Å] bond length [Å] bond length [Å]

Ru2I 2.7998(9) C(1)2C(2) 1.48(1) C(6)2C(7) 1.50(2)
Ru2C(9) 1.870(8) C(1)2N(1) 1.25(1) C(6)2C(8) 1.52(2)
Ru2C(10) 2.183(9) C(2)2N(2) 1.26(1) C(6)2N(2) 1.49(1)
Ru2C(11) 1.869(9) C(3)2C(4) 1.52(2) C(9)2O(9) 1.12(1)
Ru2N(1) 2.111(6) C(3)2C(5) 1.37(2) C(11)2O(11) 1.14(1)
Ru2N(2) 2.105(6) C(3)2N(1) 1.51(1)

bonds angle [°] bonds angle [°] bonds angle [°]

I2Ru2C(9) 93.9(3) C(10)2Ru2N(2) 85.1(3) C(7)2C(6)2N(2) 109.2(8)
I2Ru2C(10) 175.4(2) C(11)2Ru2N(1) 97.7(3) C(8)2C(6)2N(2) 113.6(9)
I2Ru2C(11) 92.4(3) C(11)2Ru2N(2) 172.8(3) Ru2C(9)2O(9) 178.3(8)
I2Ru2N(1) 86.6(2) N(1)2Ru2N(2) 76.8(2) Ru2C(11)2O(11) 176.1(8)
C(9)2Ru2C(10) 89.9(4) C(2)2C(1)2N(1) 117.2(7) Ru2N(1)2C(1) 114.5(5)
C(9)2Ru2C(11) 88.5(4) C(1)2C(2)2N(2) 116.6(8) Ru2N(1)2C(3) 123.4(6)
C(9)2Ru2N(1) 173.8(3) C(4)2C(3)2C(5) 120(1) C(1)2N(1)2C(3) 122.0(7)
C(9)2Ru2N(2) 97.1(3) C(4)2C(3)2N(1) 109.7(9) Ru2N(2)2C(2) 114.9(5)
C(10)2Ru2C(11) 90.4(4) C(5)2C(3)2N(1) 116(1) Ru2N(2)2C(6) 123.9(5)
C(10)2Ru2N(1) 89.4(3) C(7)2C(6)2C(8) 111.9(9) C(2)2N(2)2C(6) 121.2(7)

Figure 3. Molecular structure and selected atom numbering of the these products by reaction of 1a with iPr-DAB it is tenta-
non-hydrogen atoms (ORTEP drawing at 50% probability) of cis,- tively concluded that 1a is the acyl derivative of 2a.

cis-[Ru(I)(Me)(CO)2(iPr-DAB)]

The structure of intermediate 2a could not be determined
by 1H-NMR spectroscopy because of its low solubility and
dynamic behaviour on the NMR time scale. Because of this,
[Ru3(CO)12] was allowed to react with benzyl bromide
(BzlBr) instead of with MeI. Intermediate 2b is then formed
as a major product with ν(CO) bands at 2042(s) and 1979(s)
cm21, very similar to those of product 2a. On addition of
one equivalent of iPr-DAB to 2b, cis,cis-[Ru(Br)(Bzl)(CO)2-
(iPr-DAB)] is formed, which in turn transforms within 30
min into the thermodynamically more stable trans,cis iso-
mer. As 2a and 2b selectively produce the cis,cis isomers,
these intermediates will neither represent trans,cis,cis-
[Ru(X)(R)(CO)2(MeCN)2], analogous to trans,cis,cis-
[Ru(Cl)2(CO)2(C6H5CN)2] [49] and trans,cis,cis-[Ru(Cl)2-
(CO)2(pyridine)2] [50], nor the thermodynamically unfavour-
able all-cis-[Ru(I)(Me)(CO)2(MeCN)2]. The 1H-NMR spec-
trum of 2b shows that the complex possesses one equivalentdiimine ligand. Thus, adding one equivalent of the α-diim-

ine to a solution of 2a results in the formation of cis,cis- of both the Bzl and acetonitrile (MeCN) ligands. Intermedi-
ates 2 are therefore proposed to be the dimeric species[Ru(I)(Me)(CO)2(α-diimine)], which has been structurally

characterised with X-ray diffraction for α-diimine 5 iPr- [Ru(X)(R)(CO)2(MeCN)]2 [X 5 I, R 5 Me (2a); X 5 Br,
R 5 Bzl (2b)]. Figure 4 presents four possible structures ofDAB (vide supra). The cis,cis isomers transform thermally

within 327 days into the trans,cis isomers. On reaction of this dimer. The 1H-NMR spectrum of 2b clearly shows a
diastereotopic effect on the CH2 group of the benzyl ligand.a cis,cis isomer with AgOTf, the halide (I2) is replaced by

OTf2. This OTf complex can easily be converted into the Since a similar effect is observed for cis,cis-
[Ru(Br)(Bzl)(CO)2(iPr-DAB)] it is concluded that structurestrans,cis isomer by adding an excess of (nBu)4NI.

In order to elucidate the structure of the first product in 2.II of Figure 4 are the most likely ones of 2. For, if 2 had
one of the 2.I structures, a single resonance would havethe reaction sequence, 1a, the reaction between [Ru3(CO)12]

and MeI was first brought to completion with formation of been observed for the CH2 group, just as in the case of
trans,cis-[Ru(Br)(Bzl)(CO)2(iPr-DAB)]. The formation ofproduct 2a. This solution was then put under 1 atm of CO

and after 2 h 2a was completely converted into 1a. On ad- the cis,cis-[Ru(X)(R)(CO)2(α-diimine)] complexes from the
dimeric intermediates [Ru(X)(R)(CO)2(MeCN)]2 (2) is thendition of one equivalent of iPr-DAB, 1a produced a mixture

of two complexes in a 4:1 ratio, which are assigned to cis, straightforward. The α-diimine substitutes MeCN (L) and
chelation of this ligand occurs after rupture of an Ru2Xcis- and trans,cis-[Ru(I){C(O)Me}(CO)2(iPr-DAB)], respec-

tively, with the use of their 1H-NMR spectra. [48] Attempts bond. As the weaker Ru2X bond trans to R will preferably
be broken, this celation reaction leads to the formation ofto separate the two isomers failed. From the formation of
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Table 2. Bond lengths and angles of the non-hydrogen atoms of cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] with standard deviations in parentheses

bond length [Å] bond length [Å] bond length [Å]

Ru2I 2.754(2) C(1)2N(1) 1.28(3) C(6)2N(2) 1.51(2)
Ru2C(9) 1.97(2) C(2)2N(2) 1.27(3) C(6)2C(8a) 1.46(8)
Ru2C(10) 1.88(2) C(3)2C(4) 1.50(4) C(6)2C(8b) 1.40(5)
Ru2C(11) 2.01(2) C(3)2N(1) 1.55(2) C(9)2O(9) 0.99(3)
Ru2N(1) 2.15(1) C(3)2C(5a) 1.29(8) C(10)2O(10) 1.03(3)
Ru2N(2) 2.15(1) C(3)2C(5b) 1.48(4) C(11)2O(11) 0.97(3)
C(1)2C(2) 1.45(3) C(6)2C(7) 1.50(4)

bonds angle [°] bonds angle [°] bonds angle [°]

I2Ru2C(9) 89.8(6) C(11)2Ru2N(2) 174.5(7) N(2) -C(6)2C(8a) 116(3)
I2Ru2C(10) 176.8(7) N(1)2Ru2N(2) 75.7(5) N(2)2C(6)2C(8b) 117(2)
I2Ru2C(11) 89.3(6) C(2)2C(1)2N(1) 118(2) C(8a)2C(6)2C(8b) 41(4)
I2Ru2N(1) 86.6(3) C(1)2C(2)2N(2) 118(2) Ru2C(9)2O(9) 175(2)
I2Ru2N(2) 88.3(4) C(4)2C(3)2N(1) 105(1) Ru2C(10)2O(10) 178(2)
C(9)2Ru2C(10) 88.1(8) C(4)2C(3)2C(5a) 135(4) Ru2C(11)2O(11) 169(2)
C(9)2Ru2C(11) 86.7(8) C(4)2C(3)2C(5b) 113(2) Ru2N(1)2C(1) 114(1)
C(9)2Ru2N(1) 173.0(7) N(1)2C(3)2C(5a) 120(4) Ru2N(1)2C(3) 124(1)
C(9)2Ru2N(2) 98.2(7) N(1)2C(3)2C(5b) 118(2) C(1)2N(1)2C(3) 121(1)
C(10)2Ru2C(11) 88.2(9) C(5a)2C(3)2C(5b) 54(4) Ru2N(2)2C(2) 115(1)
C(10)2Ru2N(1) 95.7(7) C(7)2C(6)2N(2) 107(2) Ru2N(2)2C(6) 125(1)
C(10)2Ru2N(2) 94.4(7) C(7)2C(6)2C(8a) 115(3) C(2)2N(2)2C(6) 119(2)
C(11)2Ru2N(1) 99.3(6) C(7)2C(6)2C(8b) 136(2)

1H- and 13C-NMR SpectraScheme 1. Proposed mechanism for the reaction of [Ru3(CO)12]
with RX and α-diimine

The structures of the cis,cis and trans,cis isomers of the
iPr-PyCa and dmb complexes were not determined by X-
ray diffraction but were instead deduced from their 1H- and
13C-NMR spectra. The trans,cis-[Ru(I)(Me)(CO)2(iPr-
DAB)] complex has Cs symmetry, and in agreement with
this a simple pattern for the 1H and 13C resonances is ob-
served. [40] The corresponding cis,cis complex has no sym-
metry anymore and two sets of proton and carbon signals
are therefore expected for the coordinated iPr-DAB ligand.
These sets are indeed observed (see Experimental Section).
However, due to the small difference in resonance frequen-
cies in both the 1H- and 13C-NMR spectra, the sets of sig-
nals can not be assigned separately to the two imine parts
of the iPr-DAB ligand positioned trans to the methyl and
CO ligand, respectively.

For the complex trans,cis-[Ru(I)(Me)(CO)2(dmb)] only
one set of signals is observed in the NMR spectra, just as
for trans,cis-[Ru(I)(Me)(CO)2(bpy)]. [51] The cis,cis isomer

a cis,cis isomer in which R occupies an equatorial position shows again two sets of resonances in the 1H- and 13C-
and the remaining halide an axial one. NMR spectra, with small shifts comparable to those ob-

served for the iPr-DAB complex. These 1H-NMR data ex-
clude the formation of the cis(I,Me),cis(CO,CO) complex,Figure 4. Relevant structures of [Ru(X)(R)(CO)2(MeCN)]2
with the iodide equatorial and the methyl group axial. The
1H-NMR spectrum of cis,cis-[Ru(Cl)2(CO)2(R-PyCa)], with
the chloride trans to the imine moiety, shows a resonance
for H6, which is shifted down field by approximately 0.5
ppm with respect to that of H6 in the trans,cis-
[Ru(Cl)2(CO)2(R-PyCa)] complex. [42] This shift is not found
for cis,cis-[Ru(I)(Me)(CO)2(dmb)], and these signals are ac-
cordingly assigned to the latter conformation, with the
methyl in an equatorial and the iodide in an axial position.

The complexes of the asymmetric ligand iPr-PyCa can in
principle form two diastereoisomers (Figure 5), both con-
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Figure 5. General molecular structures of the diastereoisomers of (dπ)2halide (pπ) bonding and anti-bonding character,

cis,cis-[Ru(I)(Me)(CO)2(iPr-PyCa)] respectively. In the case of the iodide complexes one of the
iodide pπ orbitals has the largest contribution to the
HOMO and the lowest-energy transition of trans,cis-[Ru(I)-
(Me)(CO)2(α-diimine)] has therefore predominant halide to
α-diimine (XLCT) character. The transitions of the higher
energy band have mainly MLCT character. [51]

Table 3. Absorption maxima [nm] and solvatochromism [∆ is
σmax(MeCN) 2 σmax(toluene) in cm21] of trans,cis- and cis,cis-[Ru-

sisting of two enantiomers. 1H- and 13C-NMR data reveal (I)(Me)(CO)2(α-diimine)]
that only one diastereoisomer of cis,cis-[Ru(I)(Me)(CO)2-
(iPr-PyCa)] is formed, since only one set of resonances is Compound λmax λmax λmax ∆

(MeCN) (THF) (toluene)observed for the pyridine and imine moieties of the iPr-
PyCa ligand. This diastereoisomer is proposed to have

cis,cis- 384; 344 405; 363 416; 374 2003; 2331structure a (see Figure 5) with a carbonyl ligand trans to [Ru(I)(Me)(CO)2(dmb)]
the strongly σ-donating and weakly π-accepting pyridine trans,cis- 372 397 410 2491

[Ru(I)(Me)(CO)2(dmb)]moiety and the methyl trans to the more weakly σ-donating
cis,cis- 420; 378 438; 394 470; 403 2533; 1641

and more strongly π-accepting imine part of the iPr-PyCa [Ru(I)(Me)(CO)2(iPr-
PyCa)]ligand. A similar structure had been found for cis,cis-
trans,cis- 427; 350[Ru(Cl)2(CO)2(R-PyCa)], which has the chloride in a trans [Ru(I)(Me)(CO)2(iPr-

position with respect to the imine moiety.[42] Based on the PyCa)][a]

cis,cis- 460; 383 478; 395 505; 416 1937; 20711H- and 13C-NMR data alone, it is not possible to assign
[Ru(I)(Me)(CO)2(iPr-the position of the halide ligand. In order to confirm this DAB)]

proposal and prove the structure, an NOE-difference trans,cis- 436; 360 463; 374 485; 386 2320; 1870
[Ru(I)(Me)(CO)2(iPr-experiment was performed. These spectra show that an in-
DAB)][a]

teraction exists between the methyl ligand and H6 of the
pyridine moiety. Thus, the methyl ligand coordinates selec- [a] From ref. [51].
tively trans with respect to the imine group, which confirms
that the complex has the structure (a) of Figure 5. Figure 6. Left: Electronic absorption spectra of cis,cis-[Ru-

It has been shown above that replacement of the methyl (I)(Me)(CO)2(α-diimine)] (dmb 5 ——, iPr-PyCa 5 ----- and iPr-
DAB 5 ········) in toluene; right: electronic absorption spectra ofligand by CO has hardly any influence on the NMR reso-
trans,cis- (-----) and cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] (——) in to-nances of the trans-positioned α-diimine ligand. In contrast luene

with this, changing the position of the methyl ligand from
axial (trans to I2) to equatorial (trans to the α-diimine) on
going from the trans,cis isomer to the cis,cis isomer, has a
pronounced effect on the NMR signals of the methyl group.
The methyl signals of the cis,cis complexes are observed in
the region δ 5 0.7820.93, and those of the trans,cis com-
plexes in the region δ 5 0.0820.10 (1H NMR).[40] [41] This
shift is most probably due to through-space interaction be-
tween the methyl and the iodide, when these ligands are in
a cis position. [42]

Electronic Absorption Spectra

The absorption spectral data of the complexes are col-
lected in Table 3. Figure 6 (left) presents the spectra of the
complexes cis,cis-[Ru(I)(Me)(CO)2(L)] (L 5 dmb, iPr-PyCa,
and iPr-DAB) in toluene. For comparison the spectra of A similar two-band system is observed in the spectra of

the complexes cis,cis-[Ru(Me)(I)(CO)2(α-diimine)]. Varyingboth trans,cis- and cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] in
toluene are depicted in Figure 6 (right). the α-diimine ligand from iPr-DAB to iPr-PyCa and dmb

causes a shift of both absorption bands to higher energyIn a previous article it was shown that the trans,cis-
[Ru(X)(Me)(CO)2(α-diimine)] (X 5 halide) complexes pos- (Figure 6). The shifts are closely related to the changes in

energy of the lowest π* orbital of the α-diimine li-sess two visible absorption bands, the relative intensities of
which depend on the halide used.[51] In accordance with a gand.[15] [52] In the case of the dmb complex these shifts are

so large, that the second absorption band has almost com-similar behaviour observed for the corresponding fac- and
mer-[Mn(X)(CO)3(bpy)] complexes[36], these two bands pletely disappeared under the much stronger absorptions at

higher energy. In agreement with its CT character, the low-were then assigned to charge transfer transitions to the α-
diimine ligand from two sets of orbitals having metal est-energy band is solvatochromic, shifting to lower energy
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by ca. 2000 cm21 on going from acetonitrile to toluene and 475 cm21. Replacement of CH3 by CD3 in the trans,cis

isomer causes a shift of the 1194 cm21 band to 909 cm21,(Table 3).
while the 806 cm21 band is both shifted and split, giving

Resonance Raman Spectra rise to two new bands at 615 and 599 cm21, respectively.
The positions of the other bands are not affected.Resonance Raman (rR) spectroscopy is a very valuable

technique for the assignment and characterisation of al-
Figure 7. Resonance Raman spectra of (A) trans,cis-[Ru(I)(CD3)-lowed electronic transitions.[53] [54] [55] [56] Since only those vi- (CO)2(iPr-DAB)], (B) trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)], (C) cis,
cis-[Ru(I)(Me)(CO)2(iPr-DAB)], (D) cis,cis-[Ru(I)(Me)(CO)2(iPr-brations are normally resonance-enhanced, which are vib-

PyCa)] in KNO3 at 80 K, λexc 5 488.0 nm (* 5 NO3
2)ronically coupled to the electronic transitions, these tran-

sitions can be characterised by the observed resonance ef-
fects. From the three cis,cis isomers rR spectra could only
be recorded for the cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] and
cis,cis-[Ru(I)(Me)(CO)2(iPr-PyCa)] complexes. The corre-
sponding dmb complex is too photolabile to provide re-
liable spectra. Spectra were obtained by excitation with the
488.0-nm line of an argon ion laser into the lowest-energy
absorption band of the complexes. The resonantly en-
hanced Raman bands of the complexes are collected in
Table 4. Figure 7 shows the rR spectra of trans,cis-[Ru(I)-
(R)(CO)2(iPr-DAB)] (R 5 CD3, CH3) and cis,cis-[Ru-
(I)(CH3)(CO)2(α-diimine)] (α-diimine 5 iPr-DAB, iPr-
PyCa), respectively. The spectra of trans,cis-[Ru(I)(R)(CO)2-

(iPr-DAB)] (R 5 CD3, CH3) show a strong rR effect for a
band at approximately 1555 cm21, which belongs to

In agreement with the vibrational spectra ofνs(CN), the symmetrical stretching mode of the imine
[M(CH3)(CO)5] and [M(CD3)(CO)5] (M 5 Mn, Re)[57], thegroups of the iPr-DAB ligand. This band is split in the rR
bands at 1194/909 cm21 are assigned to δs(CH3/CD3) andspectra of the cis,cis isomer, indicating that the two imine
those at 806/615;599 cm21 to ρ(CH3/CD3). The doubletgroups of the iPr-DAB ligand are inequivalent due to the
spacing of the ρ(CD3) band in [Ru(I)(CD3)(CO)2(iPr-different trans influences of the Me and CO groups. This
DAB)] (16 cm21) is rather small compared with that ob-effect is not evident from the X-ray structures, but is also
served for [Re(CH3)(CO)5] (44 cm21) [57] andobserved in the 1H- and 13C-NMR spectra (vide supra).
[Re(CD3)(CO)3(dmb)] (51 cm21). [58] The rR effect of theThe Raman spectrum of cis,cis-[Ru(I)(Me)(CO)2(iPr-PyCa)]
two methyl vibrations is clearly an electronic effect and notis very similar to that of its trans,cis isomer. [51]

the result of a coupling to other vibrations since the deute-
Table 4. Resonantly enhanced Raman bands of trans,cis- and cis, ration does not affect the frequencies of other Raman
cis-[Ru(I)(R)(CO)2(α-diimine)] (R 5 CH3, CD3; α-diimine 5 iPr-

bands. The observation of these CH3/CD3 bands impliesDAB, iPr-PyCa), measured at 80 K in KNO3 >ft parenthesisλexc 5
488.0 nm) that the charge transfer transition influences the bond

angles of these ligands, most probably as a result of a
Compound Raman shift [cm21] change of the hybridisation of the C atom of the CH3 ligand

due to a charge redistribution during the charge transfer
trans,cis-[Ru(I)(CD3)(CO)2- 1555, 1328, 1287, 1132, 909, 615, transition.(iPr-DAB)] 599, 475

The observation that deuteration of the methyl ligandtrans,cis-[Ru(I)(Me)(CO)2- 2010, 1553, 1328, 1287, 1194, 806,
(iPr-DAB)] 475 does not affect the frequency of any Raman bands below
cis,cis-[Ru(I)(Me)(CO)2- 2022, 1568, 1550, 1293, 1198, 806,

800 cm21, leads to the following conclusions. First of all,(iPr-DAB)] 486, 395
cis,cis-[Ru(I)(Me)(CO)2- 1620, 1560, 1471, 1291, 1254, 1230, the Raman band at approximately 500 cm21 does not be-
(iPr-PyCa)] 1194, 1151, 1021, 801, 500, 395 long to ν(Ru2CH3) and is assigned to νs(Ru2CO), ex-

pected in this frequency region. Secondly, the absence of a
rR effect for ν(Ru2CH3) implies that the electronic tran-The rather strong rR effect of νs(CN) confirms the charge

transfer character of the electronic transition in which exci- sition, in which the excitation takes place, does not influ-
ence the Ru2methyl σ bond, although it affects the bondtation takes place. For both isomers there is hardly any rR

effect for νs(CO). This means that their charge transfer angles of the methyl ligand. This result agrees with the pro-
posed XLCT character of the transition and excludes thetransitions do not originate from a central metal orbital

since this would involve a change of metal-to-CO π back- possibility that the lowest-energy absorption band belongs
to an allowed σ(Ru-methyl)Rπ*(α-diimine) transition in-bonding and invoke an rR effect for νs(CO). Instead, the

transition takes place from an orbital having mainly halide stead.
According to the rR spectra, the trans,cis and cis,cis iso-character just as for the trans,cis isomer. [51] In addition, the

rR spectra of trans,cis- and cis,cis-[Ru(I)(Me)(CO)2(iPr- mers of the [Ru(I)(Me)(CO)2(iPr-DAB)] complexes have
very similar low-energy transitions. The difference in photo-DAB)] show weaker rR effects for bands at 1328, 1194, 806,
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7.7 Hz, 1 H, py-H4), 7.85 (d, J 5 7.7 Hz, 1 H, py-H3), 7.61 (t, J 5chemistry between trans,cis- and cis,cis-[Ru(I)(Me)-
5.1 Hz, 1 H, py-H5), 4.20 [sept, 6.3 Hz, 1 H, CH(CH3)2], 1.64/1.52(CO)2(dmb)], viz. photoisomerization of the trans,cis into
[d , 6.3 Hz, 6 H, CH(CH3)2], 0.93 (s, 3 H, Ru-Me). 2 13C NMRthe cis,cis isomer and no apparent product formation of the
APT (CDCl3): δ 5 201.1 (Ru-COeq), 194.0 (Ru-COax), 160.2 (Him),cis,cis isomer, can therefore not be ascribed to a different
155.5 (py-C2), 149.7 (py-C6), 138.8 (py-C3), 127.7 (py-C5), 126.6character of the lowest excited state. This difference in pho-
(py-C4), 65.3 [CH(CH3)2], 24.6/23.7 [CH(CH3)2]. 213.4 (Ru-CH3).

tochemical behaviour is the subject of a detailed photo-
2 IR (CH2Cl2): ν(CO) 5 2027 (s), 1956 (s) cm21. 2 MS (FAB1):

chemical study of these complexes, the results of which will M(calcd.) 449.92, M(found) 449.92.
be published in a forthcoming article.

cis,cis-[Ru(I)(Me)(CO)2(dmb)]: 1H NMR (CDCl3): δ 5 8.85
Prof. A. Oskam is gratefully acknowledged for advice and for (d, J 5 5.6 Hz, 2 H, py-H6), 7.99/7.96 (s, 2 H, py-H3/py-H39), 7.38/

critical reading of the manuscript. Mr J. M. Ernsting is thanked for 7.27 (d, J 5 5.6 Hz, 1 H, py-H5/py-H59), 2.58/2.55 (s, 6 H, py-Me/
measuring the NOE-difference spectrum. Thanks are due to the py-Me9), 0.89 (s, 3 H, Ru-Me). 2 13C NMR APT (CDCl3): δ 5
Netherlands Foundation for Chemical Research (SON) and the Ne- 200.7 (Ru-COeq), 195.6 (Ru-COax), 156.0/153.5(py-C2/py-C29),
therlands Organisation for the Advancement of Pure Research 153.0/148.8 (py-C6/py-C69), 150.2/149.8 (py-C4/py-C49), 127.1/126.7
(NWO) for financial support. (py-C3/py-C39), 123.4/123.2 (py-C5/py-C59), 21.2 (py-CH3), 214.3

(Ru-CH3). 2 IR (CH2Cl2): ν(CO) 5 2025 (s), 1952 (s) cm21. 2MS
Experimental Section (FAB1): M(calcd.) 483.92, M(found) 483.92.

Synthesis of trans,cis-[Ru(I)(Me)(CO)2(L)] (L 5 iPr-DAB,Materials, Apparatus and Preparations: [Ru3(CO)12], MeI, BzlBr,
dmb): The complexes trans,cis-[Ru(I)(R)(CO)2(iPr-DAB)] (R 5silver triflate (AgOTf), (nBu)4NI, and 4,49-dimethyl-2,29-bipyridine
CH3, CD3), which were used for X-ray structure analysis and Ra-(dmb) were used without further purification. Silica gel for column
man spectroscopic measurements, were prepared by the procedurechromatography (Kieselgel 60, 702230 mesh, Merck) was activated
described by Kraakman et al. [40] The corresponding dmb complexby heating overnight in vacuo at 160°C. Solvents for synthetic pur-
was prepared from its cis,cis isomer according to the following pro-poses were of reagent grade and carefully dried over sodium wire
cedure. One equivalent of AgOTf was added to a solution of cis,cis-(THF, n-hexane, diethyl ether) or CaCl2 (CH2Cl2) and freshly dis-
[Ru(I)(Me)(CO)2(dmb)] in CH2Cl2, which was then stirred for 2 h.tilled under nitrogen prior to use. Acetonitrile was used without
The residue, AgI, was filtered off and 1 g (excess) of (nBu)4NI wasfurther purification. Solvents for spectroscopic measurements were
added while light was excluded to prevent photodecomposition.of analytical grade, dried over sodium and distilled under N2 before
This solution was stirred for 3 h. The excess of (nBu)4NI anduse. iPr-DAB and iPr-PyCa were synthesised according to literature
(nBu)4NOTf was filtered off and the solvent was evaporated. Theprocedures. [59] Electronic absorption spectra were measured with a
complex was purified by column chromatography on silica gelVarian Cary 4E spectrophotometer, infrared spectra with an FTS-
using gradient elution with CH2Cl2/THF. Yield 80290%.60A FTIR spectrometer equipped with a liquid-nitrogen-cooled

MCT detector. 2 The 1H-, NOE-difference, and 13C-NMR spectra trans,cis-[Ru(I)(Me)(CO)2(dmb)]: 1H NMR (CDCl3): δ 5
were recorded with a Bruker AMX 300 spectrometer (300.13, 75.46 8.83 (d, J 5 5.7 Hz, 2 H, py-H6), 7.96 (s, 2 H, py-H3), 7.30 (d, J 5
MHz, respectively) at 293K. Resonance Raman measurements were 5.7 Hz, 2 H, py-H5), 2.56 (s, 6 H, py-Me), 0.10 (s, 3 H, Ru-Me). 2
performed with a Dilor XY spectrometer, using an SP Model 2016 13C NMR APT (CDCl3): δ 5 202.2 (Ru-CO), 153.4 (py-C2), 151.6
argon ion laser as excitation source. To avoid photodecomposition (py-C6), 150.2 (py-C4), 127.2 (py-C3), 123.5 (py-C5), 21.3 (py-CH3),
the spectra of the complexes (dispersed in a KNO3 pellet) were 24.8 (Ru-CH3). 2 IR (CH2Cl2): ν(CO) 5 2030 (s), 1962 (s) cm21.
measured at 80K. Typical concentrations were 30 mg of complex

Synthesis of cis,cis-[Ru(I){C(O)Me}(CO)2(iPr-DAB)]: Ru3-and 150 mg of KNO3.
(CO)12 (300 mg, 0.46 mmol) and MeI (1.5 ml, excess) were refluxed

Synthesis of cis,cis-[Ru(I)(Me)(CO)2(L)] (L 5 iPr-DAB, iPr- in 20 ml of acetonitrile at 100°C. The reaction was completed after
PyCa, dmb): Ru3(CO)12 (300 mg, 0.46 mmol) and MeI (1.5 ml, ca. 1 h; a yellow solution was then obtained containing product 2a
excess) were refluxed in 20 ml of acetonitrile at 100°C. After 10 with ν(CO) frequencies of 2041(s) and 1974(s) cm21. The solution
min, a product with CO-stretching frequencies at 2058 (s), 1996 (s) was pressurised with CO (1 atm) and stirred for 2 h. Product 1a
and 1637 (w) was obtained. The reaction was brought to com- was obtained with ν(CO) of 2058(s) and 1996(s) cm21. After evap-
pletion within ca. 1 h; a yellow solution was then obtained which oration of the solvent, product 1a and 75 mg (0.5 mmol) of iPr-
contained product 2a with CO-stretching frequencies of 2041 (s) DAB were dissolved in 10 ml of diethyl ether. After stirring for 1
and 1974 (s) cm21. After evaporating the solvent, product 2a was h, the solution was filtered and the residue was washed with hexane
dissolved in 10 ml of diethyl ether together with 0.5 mmol of the (2 3 10 ml). The complex was purified by column chromatography
α-diimine ligand. After stirring for 1 h, the solution was filtered off on silica gel using gradient elution with CH2Cl2/THF. Total yield
and the residue was washed with hexane (2 3 10 ml). The complex 75% {the 1H-NMR spectrum shows that trans,cis-
was purified by column chromatography on silica gel using gradient [Ru(I){C(O)Me}(CO)2(iPr-DAB)] and cis,cis-
elution with CH2Cl2/THF. Yield 80290%. [Ru(I){C(O)Me}(CO)2(iPr-DAB)] are formed in a 1:4 ratio}.

cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]: 1H NMR (CDCl3): δ 5 trans,cis-[Ru(I){C(O)Me}(CO)2(iPr-DAB)]: 1H NMR
8.26/8.20 (s, 1 H, Him), 4.64/4.20 [sept, J 5 6.6 Hz, 1 H, (CDCl3): δ 5 8.20 (s, 2 H, Him), 4.24 [sept, J 5 6.6 Hz, 2 H,
CH(CH3)2], 1.63/1.55/1.49/1.40 [d, J 5 6.6 Hz, 3 H, CH(CH3)2], CH(CH3)2], 2.53 [s, 3 H, Ru-C(O)Me], 1.43/1.38 [d, J 5 6.6 Hz, 6
0.78 (s, 3 H, Ru2Me). 2 13C NMR APT (CDCl3): δ 5 200.8 (Ru- H, CH(CH3)2]. 2 IR (CH2Cl2): ν(CO) 5 2040 (s), 1974 (s), 1640
COeq), 193.3 (Ru-COax), 160.1/157.7 (CHim), 65.6/57.2 [CH(CH3)2], (w) cm21.
24.8/23.5/23.3/22.2 [CH(CH3)2], 214.7 (Ru-CH3). 2 IR (CH2Cl2): cis,cis-[Ru(I){C(O)Me}(CO)2(iPr-DAB)]: 1H NMR (CDCl3):
ν(CO) 5 2028 (s), 1958 (s) cm21. 2 MS (FAB1): M(calcd.) 439.95, δ 5 8.20/8.18 (1 H, s, Him), 5.15/4.17 [sept, J 5 6.6 Hz, 2 H,
M(found) 439.95. CH(CH3)2], 2.81 [s, 3 H, Ru-C(O)Me], 1.6921.38 [m, J 5 6.6 Hz,

12 H, CH(CH3)2]. 2 IR (CH2Cl2): ν(CO) 5 2040 (s), 1974 (s), 1640cis,cis-[Ru(I)(Me)(CO)2(iPr-PyCa)]: 1H NMR (CDCl3): δ 5

9.01 (d, J 5 5.1 Hz, 1 H, py-H6), 8.48 (s, 1 H, Him), 8.05 (t, J 5 (w) cm21.
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Synthesis of Product 2b: Ru3(CO)12 (300 mg, 0.46 mmol) and CO and CH3 were both equally distributed over the two possible

positions and thus resulting in the introduction of two half occu-BzlBr (0.5 ml, excess) were refluxed in 20 ml of acetonitrile at
100°C. After completion of the reaction (ca. 0.5 h), a yellow solu- pied O positions (O9 and O11). The disordered C atoms were kept

isotropic during refinement. No attempts were made to calculatetion was obtained with product 2b having ν(CO) frequencies of
2042(s) and 1976(s) cm21 and a product with ν(CO) bands at the H atoms for C5a, C5b, C8a and C8b and the H atoms for C3

and C6 were divided into separate positions and kept fixed entirely2077(s) and 2020(s), in a 2:1 ratio. After evaporation of the solvent,
the complex was washed with diethyl ether (2 3 10 ml). Yield 30%. at their calculated position. The experimental data for the crystal

structure determinations and refinements are listed in Table 5.Product 2b: 1H NMR (CDCl3): δ 5 7.2527.15 (m, 4 H, HPh),
7.01 (m, 1 H, HPh), 2.96/2.89 (d, 2J 5 8.5 Hz, 2 H, PhCH2), 2.29/ Table 5. Crystallographic data and details of the structure determi-

nations of trans,cis-[Ru(I)(Me)(CO)2(iPr-DAB)] (A) and cis,cis-[Ru-2.26 (s, 3 H, CH3CN). 2 IR (MeCN): ν(CO) 5 2042 (s), 1976
(I)(Me)(CO)2(iPr-DAB)] (B)(s) cm21.

Synthesis of cis,cis-[Ru(Br)(Bzl)(CO)2(iPr-DyAB)]: Product A B
2b was prepared in acetonitrile. After evaporation of the solvent,
complex 2b and 0.5 mmol of iPr-DAB were dissolved in 10 ml of Crystal data
diethyl ether. After stirring for 0.5 h, the solution was filtered off Chemical formula C11H19IN2O2Ru C11H19IN2O2Ru

Formula weight 439.3 439.3and the residue was washed with hexane (2 3 10 ml). Yield 50%.
Lattice type monoclinic monoclinic

cis,cis-[Ru(Br)(Bzl)(CO)2(iPr-DAB)]: 1H NMR (CDCl3): δ 5 Space group P21/n P21/n
Z 4 48.26/8.24 (s, 1 H, Him), 7.37 (d, J 5 7.5 Hz, 2 H, HPh), 7.17 (t, J 5
a [Å] 7.389(2) 7.409(1)7.5 Hz, 2 H, HPh), 6.95 (t, J 5 7.5 Hz, 1 H, HPh), 4.64/4.11 [sept, b [Å] 22.880(3) 22.434(8)

J 5 6.6 Hz, 1 H, CH(CH3)2], 3.57 (d, 2J 5 7.8 Hz, 1 H, PhCH2), c [Å] 10.540(2) 10.140(3)
2.98 (d, 2J 5 7.8 Hz, 1 H, PhCH2), 1.5621.41 [m, 12 H, β [°] 98.41(1) 99.31(2)

V [Å3] 1608.7(6) 1663.2(9)CH(CH3)2]. 2 IR (CH2Cl2): ν(CO) 5 2030 (s), 1962 (s) cm21.
Crystal size [mm] 0.20 3 0.30 3 0.40 0.15 3 0.20 3 0.60
Dx [g cm23] 1.81 1.75Synthesis of trans,cis-[Ru(Br)(Bzl)(CO)2(iPr-DAB)]: This
F(000) 848 848complex was prepared by the procedure of Kraakman et al. [40]

µ (Mo-Kα) [cm21] 28.5 27.57
Data collectiontrans,cis-[Ru(Br)(Bzl)(CO)2(iPr-DAB)]: 1H NMR (CDCl3):
T [K] 293 293δ 5 8.16 (s, 2 H, Him), 7.10 (t, J 5 7.6 Hz, 2 H, HPh), 7.02 (t, J 5
λ (Mo-Kα) [Å] 0.71069 0.71069

7.5 Hz, 1 H, HPh), 6.88 (d, J 5 7.5 Hz, 2 H, HPh), 4.22 [sept, J 5 θmin, θmax [°] 2.0, 29.9 1.8, 29.9
6.6 Hz, 2 H, CH(CH3)2], 2.36 (s, 2 H, PhCH2), 1.61/1.38 [d, 12 H, Monochromator graphite graphite

∆ω [°] 1.20 1 0.35tan θ 1.30 1 0.35tan θCH(CH3)2]. 2 IR (CH2Cl2): ν(CO) 5 2033 (s), 1969 (s) cm21.
Aperture [mm] 3.0 1 1.0tan θ 3.0 1 1.0tan θ

Crystal Structure Determination of trans,cis-[Ru(I)(Me)(CO)2- Exposure time [h] 65 60
Linear instability [%] 2 2(iPr-DAB)] and cis,cis-[Ru(I)(Me)(CO)2(iPr-DAB)]: Crystals
Reference reflections 121, 210 1̄61, 1̄22of both compounds were grown from a saturated CH2Cl2 solution Dataset 0/10, 0/29, 214/14 210/0, 0/31, 213/14

at 293 K. Crystals with approximate dimensions 0.20 3 0.30 3 Total unique data 4661 4819
0.40 mm (0.15 3 0.20 3 0.60 mm) were used for data collection Observed data 3168 (I > 2.5σI) 1931 (I > 2.5σI)

DIFABS 0.6821.22 0.4021.53with an Enraf-Nonius CAD-4 diffractometer with graphite-mon-
Refinementochromated Mo-Kα radiation and ω-2θ scan. Totals of 4661 (4819) R 0.043 0.065

unique reflections were measured. Of these, 3168 (1931) were above Rw 0.045 0.063
the significance level of 2.5 σ(I). The maximum value of (sinθ)/λ w21 6.0 1 0.012[σ(Fσ)]2 4.01 0.015[σ(Fσ)]2

(∆/σ)max 0.45 0.61was 0.70 Å21. Unit-cell parameters were refined by a least-squares
Min., max. resd. dens. 20.7, 0.7 21.2, 1.0fitting procedure using 23 reflections with 40° < 2θ < 41° (40° < [eÅ3]

2θ < 42°). Corrections for Lorentz and polarization effects were
applied. The structures were solved by the PATTY option of the
DIRDIF-94 program system.[60] Hydrogen atom positions were
calculated. Full-matrix least-squares refinement of F, anisotropic [1] K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 159.

[2] R. J. Watts, J. Chem. Educ. 1983, 60, 834.for the non-hydrogen atoms and isotropic for the hydrogen atoms,
[3] H. Riesen, Y. Gao, E. Krausz, Chem. Phys. Lett. 1994, 228, 610.with a fixed temperature factor of U 5 0.15 Å2 and restraining the
[4] D. J. Stufkens, Comments Inorg. Chem. 1992, 13, 359.latter in such a way that the distance to their carrier remained con- [5] T. A. Perkins, W. Humer, T. L. Netzel, K. S. Schanze, J. Phys.

stant at approximately 1.0 Å, converged to R 5 0.043 (0.065), Rw 5 Chem. 1990, 94, 2229.
[6] P. Chen, T. D. Westmoreland, E. Danielson, K. S. Schanze, D.0.045 (0.063), (∆.σ)max 5 0.45 (0.61), S 5 0.81 (1.49). An empirical

Anthon, P. E. Neveux, Jr., T. J. Meyer, Inorg. Chem. 1987, 26,absorption correction (DIFABS[61]) was applied, with coefficients
1116.in the range of 0.6821.22 (0.4021.53). A final difference Fourier [7] K. S. Schanze, D. B. MacQueen, T. A. Perkins, L. A. Cabana,

map revealed a residual electron density between 20.7 and 0.7 Coord. Chem. Rev. 1993, 122, 63.
[8] L. A. Worl, R. Duesing, P. Chen, L. D. Ciana, T. J. Meyer, J.eÅ23 (21.2 and 1.0 eÅ23) in the vicinity of the heavy atoms. Scat-

Chem. Soc., Dalton Trans. 1991, 849.tering factors were taken from Cromer and Mann.[62] [63] The anom-
[9] J. C. Luong, R. A. Faltynek, M. S. Wrighton, J. Am. Chem.alous scattering of Ru and I was taken into account. [64] All calcu- Soc. 1980, 102, 7892.

lations were performed with XTAL[65], unless stated otherwise. [10] J. C. Luong, R. A. Faltynek, M. S. Wrighton, J. Am. Chem.
Soc. 1979, 101, 1597.Both isomers were refined in the same way but after isotropic re-

[11] D. L. Morse, M. S. Wrighton, J. Am. Chem. Soc. 1976, 98, 3931.finement of the starting model of the cis,cis isomer some atoms had
[12] M. W. Kokkes, D. J. Stufkens, A. Oskam, Inorg. Chem. 1985,a rather high temperature factor (C5, C8 and O9). C5 and C8 could 24, 2934.
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Reactions of Cp2Ti(CO)2 (3) with two equivalents of α,β- depending on substituents and conditions. The X-ray crystal
structure of 5a, the first nine-membered bis(η5-unsaturated ketones 4 yield the novel titana-2,9-

dioxacyclonona-3,7-dienes 5. Cross-coupling of 3 with two cyclopentadienyl)-substituted titanaheterocycle containing
carbon, is presented. Ab initio calculations were performeddifferent ketones 4 and 6 to give 7 can be achieved under

certain reaction conditions. Hydrolysis of 5 or 7 may generate for 5a and for titana-2-oxacyclopentene 1, a conceivable
intermediate in the coupling reaction.diketones 9, cyclopentanols 10/11, or cyclopentenes 12/13,

Introduction on the title complexes 5 and on conceivable intermediates
like titana-2-oxacyclopent-3-enes 1, which are hitherto un-Titanaheterocycles are known with ring sizes ranging
known[16] in contrast to their zirconium analogues[17] andfrom three to ten and with different degrees of “unsatu-
their isomers, the titanacyclopent-4-enes 2. [9] [10]

ration”. Whereas most of the publications focussed on sys-
tems featuring four-[1], six- [2] [3] [4], eight- [4] [5] or ten-mem-

Results and Discussion
bered[5] rings, we were interested in the chemistry of the

Synthesis of “Symmetric” Titana-2,9-dioxacyclonona-3,7-dienes 5;odd-numbered chelate complexes, like titanaheterocyclo-
Scope and Limitspropanes, [3] titanaheterocyclopentanes and -pen-

tenes, [4] [5] [6] [7] [8] [9] [10] [11] or titana-2,7-dioxacyclohepta-3,5- We have recently shown that α,β-unsaturated arylketones
dienes. [6] [11] [12] Structurally characterized nine-membered (e.g. 4a) readily react under mild, non-basic conditions with
titanacycles are known as well, but most of them lack car- dicarbonyltitanocenes 3 [18] to furnish the corresponding
bon in their metallacycle, as for instance TiS8 systems.[4] [13] nine-membered bis-unsaturated metallacycles 5 right away
We reported[14] on the synthesis of “carbon-rich” bis(η5- without five-membered species of type 1 being detectable
cyclopentadienyl)titanadioxacyclononadienes 5 by a novel intermediates[14]. Oxidative addition of two ketone units,
coupling of two α,β-unsaturated ketones with Cp2Ti(CO)2, loss of two equivalents of CO and exclusive trans-β,β coup-
and recently Okuda[15] published the X-ray structures of ling are the features of this reaction, which at first seemed
nine-membered titanacycles built up from a 2,29-ethylene- to be restricted to bis(aryl)-substituted ketones, though.
bisphenol and simple TiR4 precursors. We now present the

Scheme 1structure and preparative use of the titanacycles 5, as well
as cross-coupling variants of our reaction with two different
ketones. We also took a closer look at the mechanism of
the coupling process and performed ab initio calculations

Figure 1. Unknown (1) and stable (2) 1-titana-2-oxacyclopentenes
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Scheme 3We now found, that the residues R2 may also be aliphatic

to give equally high yields of 5 (5b), whereas R1 adjacent
to the carbonyl function is more crucial to the course of
the reaction. Aryl groups, alkyl systems not bearing an α-
hydrogen atom, like tert-butyl (5c), or vinyl units are com-
patible as R1. Ketones 4 with methyl or saturated primary
or secondary alkyl groups next to the carbonyl function do
usually not give any metallacycles 5 on reaction with 3 in
isolable yields.

α,β;γ,δ-Bis(unsaturated) ketones (4d) do not give metalla-
cycles with larger rings but merely the corresponding vinyl-
substituted cyclononadienes (5d). Remarkably, reaction of
3 with the tris(unsaturated) ketone 4e yields exclusively the

Table 1. Symmetric titanadioxacyclononadienes 5 from 3 and keto-symmetric 5,6-diphenyl-substituted derivative 5e by a β,β-
nes 4[a]

C2C coupling at the “short ends” of the trienones. This
pathway may be preferred due to kinetic reasons or due to

5 R1 R2 Yield[b] m.p.[c]

the highest degree of olefinic conjugation of the product
compared with 11- or 13-membered metallacycles, which a Ph Ph 52 204
would result from β,δ-C2C and δ,δ-C2C coupling reac- b Ph Me 63 170

c tBu Ph 70 181tions, respectively. Reactions of 3 with carbocyclic ketones
d Ph PhCH5CH 85 125like 4f also give rise to the corresponding metallacycles like e PhCH5CHCH5CH Ph 55 135
f see Scheme 2 Ph 93 1255f without providing evidence for the intermediacy of 2
g Me see Scheme 3 12 170now bicyclic and thus in principle more stable 2 species of

type 1. 5f is also the first derivative carrying substituents at
[a] Conditions: 24 h, room temperature, 1 mmol of 3, 2 mmol of 4.each ring carbon atom. 2 [b] Isolated yield in [%] based on 4. 2 [c] M. p. in [°C].

Scheme 2

analysis could be obtained from a solution in toluene kept
in the dark at room temperature for twenty days. To our
knowledge, the structure obtained from these crystals is the
first one of an unsaturated nine-membered titanacycle ex-
cept for the non-cyclopentadienyl systems Ti[2,29-ethyl-
enebis(6-tert-butyl-4-methylphenolato)]X2

[15] [X 5 Br,
OiPr, CH2(SiMe3)2].

Figure 2. Molecular structure of 5a; hydrogen atoms are omitted[a]

The most attractive extension of this basic reaction would
be cross-coupling variants of 3 with two different unsatu-
rated carbonyl moieties. Intramolecular cross-coupling does
not take place, however, with ketones bearing a second un-
saturated keto or ester group at an appropriate distance.
Reaction of 3 with the keto ester 4g, for instance, proceeds
with 1:2 stoichiometry and with formation of titanacycle 5g
in low yield. Although bearing an α-hydrogen atom at a
saturated residue R1, complex 5g is as stable as more typical
derivatives of 5 bearing vinyl, aryl or tert-butyl residues at
C3 and C8. 5g is the only example of a titanacycle with this [a] Selected bond lengths [Å], angles [°] and dihedral angles [°]:
structural feature. Ti12O2 1.885, Ti12O9 1.892, O22C3 1.359, O92C8 1.356,

C32C4 1.344, C42C5 1.494, C52C6 1.587, C62C7 1.506, C72C8Table 1 shows a representative collection of new “sym-
1.346; Ti12O22C3 144.7, Ti12O92C8 143.1, O22Ti12O9 101.8,metric” titanadioxacyclononadienes prepared from 4 and 3 O22C32C4 121.0, O92C82C7 121.7, C32C42C5 124.3,

in a 2:1 stoichiometry. C42C52C6 110.8, C52C62C7 111.5, C62C72C8 123.1;
Ti12O22C32C4 267.9, Ti12O92C82C7 263.6, O22Ti12
O92C8 68.6, O22C32C42C5 5.0, O92Ti12O22C3 68.0,X-ray Crystal Structure of Complex 5a
C32C42C52C6 258.1, C32C42C52C15 174.2, C42C52
C62C7 150.8, C42C52C62C16 278.6, C52C62C72C8 262.0,So far, only a few titanaheterocycles with ring sizes larger
C52C62C162C26 290.9, C62C52C152C25 93.4, C62C72than six have been characterized by X-ray analysis[5] [13]. C82O9 2.9, C152C52C62C7 279.3, C152C52C62C16 51.3,
C162C62C72C8 167.9.Single crystals of 5a suitable for an X-ray crystal structure
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Scheme 4 6 of sufficiently different reactivity towards 3. In principle,

three distinct products could result from reactions of a mix-
ture of 3, 4, and 6. Formation of complex 8 from 3 and two
equivalents of the more reactive ketone 6 can be supressed
by dropwise addition of 6 to a mixture of 4 (lower reactiv-
ity) and 3. The ratio of chelate complexes 5 and 7 is strongly
influenced by the reaction temperature. The yields of the
cross-coupled products 7 increase markedly with increasing
temperature. Best results are obtained by preparing a mix-
ture of 3 and 4 at 50°C, followed immediately by dropwise
addition of 6. Only cases where 7 is formed exclusively are
of synthetic interest, as separation of mixtures of 5, 7, and
8 is cumbersome due to their lack of air-stability and to
similar chromatographic behaviour. Table 2 shows a couple

5a features roughly C2 symmetry about an axis through of such well-defined examples.
the titanium atom and the opposite ring bond between C5
and C6. All bonds of the chelate have lengths as expected,

Hydrolysis of Titanadioxacyclononadienes 5 and 7with only small differences for the pairs of corresponding
bonds. Only the C52C6 bond (1.59 Å) is slightly longer Acidic hydrolysis of the “symmetric” titanacycles 5 leads
than an average carbon2carbon single bond (1.55 Å).The to only one racemic pair of highly substituted cyclopenta-
adjoining bonds (C42C5 and C62C7) are both roughly nols 10, bearing four stereocentres, by a selective aldol reac-
1.50 Å long. The C5C bonds C32C4 and C72C8 have tion.[14] In most cases some diketone 9 and/or cyclopentene
lengths of 1.34 and 1.35 Å. Both C2O bonds have very 12 is formed as well but can be easily removed by column
similar lengths (1.36 Å), as have the Ti2O bonds (1.89 Å). chromatography. The trans orientation of the substituents
The cyclopentadienyl rings in 5a are staggered by an angle at C3 (B) and C4 (D) is defined in the course of the β-β
of 132°. In contrast, the few other published nine-mem- coupling leading to 5. The keto function at C2 then is ori-
bered Cp2Ti-chelates all show eclipsed Cp ligands.[13] The ented trans to B and the hydroxy group at C1 is finally
titanium atom is coordinated pseudo-tetrahedrally, with the formed cis to this keto group due to favourable hydrogen
angle O2Ti2O being 102°, which is in the typical range. bond interactions. The unambiguous assignment of the
The metallacyclic system is puckered about the C2 axis, the relative stereochemistry of 10 and proof of the absence of
angle between the O2Ti2O plane and the opposite C52C6 further diastereomers (or epimers) is based on NMR spec-
bond is roughly 90°, both C5C bonds are cis configured. tra. Table 3 shows some new examples for the formation of
In 5a, the angles Ti2O2C are 143° and 145°, which are cyclopentanols 10 from titanacycles 5 to illustrate the wid-
common values for unstrained cycles. All four dihedral ened scope and the limits of the method and the influence
angles including Ti2O segments are close to 70°, the di- of the solvent used for hydrolysis. As a rule of thumb, low
hedral angles C32C42C52C6 and C52C62C72C8 are temperatures and the use of ethereal instead of aqueous
ca. 60°, and the angle C42C52C62C7 is 151°. This results solutions of hydrogen chloride favour the formation of
in coplanarity of the phenyl groups at C5 and C6, which cyclopentanols 10 over that of diketones 9. Hydrolysis of
are oriented formally trans to each other. Crystals of 5a the unusual titanacycle 5f gives rise to the interesting spiro
pertinaciously contain half an equivalent of toluene per compound 10b (besides minor amounts of diketone 9b) fea-
molecule. turing five stereocentres about the central cyclopentane

core, although rather unselectively. All possible eight iso-
Synthesis of Cross-Coupled Nine-Membered Metallacycles 7 mers (plus enantiomers), when a trans orientation of the

phenyl groups is assumed, are found in rather arbitrary ra-“Unsymmetric” cross-coupled titanacycles 7 can be pre-
pared in special cases from two unsaturated ketones 4 and tios and can be separated by HPLC. Hydrolyses of the “un-

Table 2. Titanadioxacyclononadienes 7 from two different ketones 4/6[a]

7 R1 R2 R3 R4 Yield[b] m.p.[c] starting
compounds

a p-(MeO)C6H4 CH5CHPh Ph Ph 69 101 4h, 6a[e]

b p-(MeO)C6H4 CH5CHPh o,p-(MeO)2C6H3 Ph 60 115 4h, 6b
c p-(MeO)C6H4 CH5CHPh p-(MeO)C6H4 Ph 65 114 4h, 6c
d Ph CH5CHPh p-(MeO)C6H4 p-(MeO)C6H4 68 2 4e, 6d
e[d] Ph CH5CHPh o,p-(MeO)2C6H3 Ph 66 160 4e, 6b
f Ph CH5CHPh p-(MeO)C6H4 Ph 81 152 4e, 6c
g Ph CH5CHPh Ph Ph 65 79 4e, 6a[e]

[a] Conditions: 1 h, 50°C, 1 mmol of 3, 1 mmol of 4, 1 mmol of 6, dropwise addition of 6. 2 [b] Isolated yield in [%] based on 4 and 6.
2 [c] M.p. in [°C]. 2 [d] Additionally, 7% of 5d was obtained. 2 [e] Identical to 4a.
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Table 3. Hydrolysis of titanacycles 5 and 7 with ethereal (C) and aqueous (D) hydrogen chloride

9213 method[a] 9 10 11 12 13 starting
yield[b] yield[b] yield[b] yield[b] yield[b] compound

a D 89 9 [c] 5d
a C 35 42 [c] 5d
b C 13 80 [c] 5f
c D 45 [c] 5g
d D 56 10 7 7d
e D 55 11 8 7e
e C 35 25 7e
f C 38 27 7f

[a] Method C: excess HCl in Et2O, 3 h, 210°C; method D: excess HCl in H2O, 3 h, room temperature. 2 [b] Isolated yield in [%] based
on 4 and 6. 2 [c] 11 identical to 10.

Figure 3. MP2-optimized structures of titana-2-oxacyclopentenes 1Scheme 5. Hydrolysis of titanadioxacyclononadienes 5[a] and 7
(R1,2 5 H), left, and 2 (R1,2 5 H), right[a]

[a] Selected bond lengths [Å] and angles [°]: 1: Ti2O 1.9734, Ti2C3
2.4512, Ti2C4 2.5199, Ti2C5 2.2670, C32C4 1.3942, C42C5
1.4461; Ti2O2C3 93.8; 2: Ti2O 1.8280, Ti2C5 2.1638, C32C4

1.5031, C42C5 1.3524; Ti2O2C3 125.2.

ular C2C single and double bonds (bond lengths are 1.506
and 1.343 Å, respectively). The computed values agree well[a] If 5 is involved instead of 7, for all compounds applies R1 5 R3

and R2 5 R4; only one regioisomer of cyclopentanol (designated with those obtained in the crystal structure determination
10 in Table 3) or cyclopentene is possible.

of the diphenyl derivative, the main difference being a slight
folding of the five-membered ring in the experimental struc-

symmetric” titanacycles 7 are of little synthetic use, as lead- ture. [9] [10] In the computed structure of 1, however, the ring
ing merely to mixtures of alcohols 10/11 and of cyclopen- is strongly folded, with significant delocalization (C2C
tenes 12/13. Two typical examples are enclosed in Table 3. bond lengths are 1.446 and 1.394 Å for the formal single

and double bonds, respectively). As far as we know, no bis-
Ab Initio Calculations on Five- and Nine-Membered Metallacycles (cyclopentadienyl)-substituted five-membered titanacycles

with structures deviating significantly from planarity areAs mentioned above, all our attempts to obtain even
trace amounts of the expected intermediate titana-2-oxacy- published. Thus, instead of a titanacyclopentene with a

Ti2C σ bond, our calculations predict a strong interactionclopent-3-enes 1 instead of the exclusively formed corre-
sponding nine-membered titanacycles 5 were unsuccessful. of the titanium centre with the CH2 moiety and the C2C

double bond in a π-allylic fashion. While unusual in orga-On the other hand, stable examples of the isomeric titana-2-
oxacyclopent-4-ene 2 have been reported by several research notitanium compounds, π-allylic bonding is common for

the later transition metals. With 2.267 Å, the computedgroups. In order to understand this difference, we per-
formed ab initio (MP2) and hybrid density functional Ti2CH2 distance is roughly 0.1 Å longer than a regular

Ti2C single bond. The distances to the double bond car-(B3LYP) calculations on 1, 2, 5, and some related spe-
cies. [19] [20] [21] [22] [23] With one exception (see below), both bon atoms are 2.451 and 2.520 Å. Due to the short distance

between the metal centre and the double bond, an excep-methods yield essentially the same results. The calculated
geometries are in good agreement with available experimen- tionally small value of 94° results for the Ti2O2C angle.

Analysis of the electronic structure reveals a strong do-tal data. Figure 3 shows the MP2-optimized structures of 1
and 2. nation from the π-bond to the metal centre and an in-

creased polarity of the Ti2CH2 σ bond. Thus, 1 is bestTitana-2-oxacyclopent-3-ene 1 is computed to be 10 kcal/
mol more stable than its isomer 2. The five-membered ring described as a C-nucleophilic electron-rich (18 valence elec-

trons) allyl complex.in 2 is planar, with bond lengths and angles indicating reg-
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Schlenk-type glassware. Solvents were dried and distilled under ar-Two conformations are possible for 5, which differ in the
gon prior to use according to standard procedures. The startingorientation of the organic fragment with respect to the
complex 3 [18] as well as most of the unsaturated ketones were pre-Cp2TiO2 moiety. The geometric data of the experimental
pared as published [4b [24] by Wittig reaction, 4c2e [25], 4f [26], 4h [1-conformer are in good agreement with the X-ray structure.
(p-methoxyphenyl)-5-phenylpentadien-1-one][25], 6b2d [25] by aldolThe relative stability of the two conformers is predicted dif-
condensation]. Compound 4a (5 6a) is commercially available

ferently by the MP2 and B3LYP methods, although the ac- (Fluka). 2 Melting points are not corrected, boiling points quoted
tual difference is small. At MP2/TZ2p, the experimental for Kugelrohr distillations refer to the temperature of the air bath.
conformer is 1.2 kcal/mol more stable, whereas B3LYP/ 2 NMR: Jeol JNMX GX-400 and PMX-60; δ given in ppm; TMS
TZ2p predicts it to be less stable by 1.1 kcal/mol. as internal standard. 2 IR: Bruker IFS 48, Beckmann Acculab A1,

A3. 2 MS: Varian MAT CH-4B (EFO-4B-source), Varian MATA possible route to 5 involves addition of 1 to propenal.
311A (EI/FD source). 2 MA: Heraeus Mikromat C-H-N. 2This reaction is calculated to be 49 kcal/mol exothermic.
HPLC: Shimadzu LC-10 AT, SIL-10 A, CBM 10 A, SPD-10 MThe activation barrier appears to be very low: several at-
A, FCV-10 AL; column: Macherey-Nagel Nucleosil ET 200/4. 2tempts, with different starting geometries, were made to
Isomeric ratios were determined from the relative intensities of thecompute the structure of the initial complex for the ad-
pertaining 1H-NMR signals or by analytic HPLC.dition but in all cases, the structure collapsed to 5 during

the optimization. We believe the combination of the un- 1. Synthesis of Ketone 4g. 2 Synthesis of Methyl (o-Formyl-trans-
cinnamate): 2.24 g (16.7 mmol) of phthaldialdehyde were dissolvedusual bonding features in 1, in particular the lengthening
in 40 ml of THF and stirred at 60°C. A solution of 4.95 g (16.7and corresponding weakening of the Ti2CH2 bond, and
mmol) of (methoxycarbonylmethylene)triphenylphosphorane[27] inthe significant exothermicity of the reaction to be respon-
100 ml of THF was added dropwise over a period of 1 h and thesible for this behaviour.
mixture was then stirred overnight. The solvent was then removedWe probed alternative mechanisms via complexes of ti-
in vacuo and most of the PPh3O by repeated chromatography over

tanocene and two propenal moieties. These gave the same silica gel using neat CH2Cl2 as the eluent. GC analysis of the eluate
result as above (optimization leads to 5 without activation showed 58% of product, 17% of starting dialdehyde, 10% of
barrier), but in all cases, high-energy intermediates must be double-olefination product, and 8% of PPh3O. Final purification
involved. Hence, we consider these alternatives less prob- by Kugelrohr distillation (1102120°C, 0.5 mbar) gave 1.54 g (8.0

mmol; 48%) of the cinnamate as a bright yellow viscous oil. 2 1Hable than reaction via 1.
NMR (60 MHz, CDCl3): δ 5 3.8 (s, 3 H, CH3), 6.3 (d, 3J 5 16
Hz, 1 H, CH5CHC5O), 7.427.9 (m, 4 H, Har), 8.5 (d, 3J 5 16Conclusions
Hz, 1 H, CH5CHC5O), 10.2 (s, 1 H, CHO). 2 C11H10O3 (190.20):

By careful choice of conditions, novel nine-membered ti- calcd. C 69.47, H 5.30; found C 69.11, H 5.63. 2 Synthesis of
tanadioxacycles 5 and 7 can be prepared from α,β-unsatu- Methyl [(o-39-Oxobutenyl)-trans-cinnamate] (4g): 1.54 g (8.08
rated ketones with a broad variety of substituents. The X- mmol) of methyl (o-formyl-trans-cinnamate) was dissolved in 30 ml

of THF and stirred at 40°C. A solution of 2.37 g (8.08 mmol)ray analysis of the tetraphenyl derivative 5a revealed a C2-
of (2-oxopropylene)triphenylphosphorane[28] in 50 ml of THF wassymmetric puckered structure with two Z-configured C5C
added dropwise and the resulting mixture was stirred at 50°C over-bonds and a trans orientation of residues about the newly
night. The solvent was then removed to leave a crude product whichformed C2C bond. Acidic hydrolysis of these chelate com-
was purified by CC (silica gel; CH2Cl2): 1.15 g (4.99 mmol; 62%);plexes is synthetically useful in case of “symmetrically” sub-
pale solid; m.p. 46°C. 2 1H NMR (60 MHz, CDCl3): δ 5 2.4 (s,

stituted derivatives 5, where highly substituted cyclopen- 3 H, CH3CO), 3.8 (s, 3 H, OCH3), 6.30 (d, 3J 5 16 Hz, 1 H,
tanes 10 are obtained as one racemic pair of stereoisomers CH5CHCO2CH3), 6.55 (d, 3J 5 16 Hz, 1 H, CH5CHCOCH3),
out of eight possible ones, due to selectivity in the C2C 7.227.65 (m, 4 H, Har), 7.85 (d, 3J 5 16 Hz, 1 H, CH5
bond formation process and to steric restraints and prefer- CHCOCH3), 8.0 (d, 3J 5 16 Hz, 1 H, CH5CHCOOCH3) .2
ences. Ab initio calculations on the nine-membered rings 5 C14H14O3 (230.27): calcd. C 73.03, H 6.13; found C 73.14, H 5.90.
and on conceivable five-membered intermediates were per-

2. Synthesis of 5. 2 General Procedure (A): The respective α,β-
formed. For the expected intermediate complex 1 of our unsaturated ketone 4 (2 mmol) was added to a solution of 3 (234
coupling reaction, an unusual structure of high reactivity of mg; 1 mmol) in toluene (15 ml) and the resulting mixture stirred at
the Ti2C σ bond due to an interaction of the titanium 40°C for 3 h. Once the starting materials were completely con-
centre with the CH2 moiety and the C2C double bond in sumed, 5 ml of hexane was added to give a precipitate which was
a π-allylic fashion was calculated, thus providing an expla- collected on a sinter funnel, washed twice with hexane and dried

in vacuo. For analytical purposes samples of 5 were recrystallizednation for its elusive character. Further work is in progress
from CH2Cl2/hexane (2:1).now to prepare titanacycles with even larger rings by similar

C2C coupling reactions or by Cope rearrangement of aptly (±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3,5,6,8-
substituted nine-membered systems like 5d. tetraphenyl-1-titana-2,9-dioxacyclonona-3,7-diene (5a) [29]: 3.50 g

(5.89 mmol; 52%) from 2.65 g of 3 and 4.71 g of 4a; dark red air-Financial support from the Volkswagen-Stiftung and the Fonds
sensitive crystals from toluene; m.p. 204°C. 2 IR (KBr): ν̃ 5 3040der Chemischen Industrie e. V. is gratefully acknowledged.
cm21, 3030, 3020, 1600, 1490, 1450, 1330, 810, 750, 700. 2 1H
NMR (400 MHz, C6D6)[30]: δ 5 5.03 (d, 3J 5 5.50 Hz, 2 H, 5-H,

Experimental Section 6-H), 5.89 (d, 3J 5 5.50 Hz, 2 H, 4-H, 7-H), 5.95 (s, 10 H, Cp),
7.07 (m, 10 H, Har), 7.21 (t, 3J 5 7.15 Hz, 2 H, Har), 7.31 (t, 3J 5General Information: All reactions involving organometallic

compounds were carried out in an inert atmosphere (argon) using 7.15 Hz, 4 H, Har), 7.59 (d, 3J 5 7.15 Hz, 4 H, Har). 2 13C NMR

Eur. J. Inorg. Chem. 1998, 125321262 1257



F. Hampel, N. van Eikema Hommes, S. Hoops, F. Maaref, R. SchobertFULL PAPER
(100.4 MHz, C6D6): δ 5 48.1 (C-5, C-6), 106.8 (C-4, C-7), 116.2 (%): 542 (7), 348 (7), 382 (38), 234 (45), 105 (100). 2 C44H38O2Ti

(646.69): calcd. C 81.73, H 5.88; found C 81.87, H 6.02.(Cp), 125.0, 126.1, 127.4, 128.1, 128.7, 129.9 (CHar), 140.6, 143.2
(ipso-C), 163.8 (C-3, C-8). 2 MS (70 eV); m/z (%): 386 (6) [M1 2 (±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3,8-bis-δ-
PhCH5CHCOPh], 207 (96) [PhCOCH5CPh1], 178 (49) [Cp2Ti1], (phenyl-trans,trans-butadienyl)-1-titana-2,9-dioxa-5,6-diphenyl-
105 (61) [PhCO1], 77 (100) [Ph1]. 2 C40H34O2Ti (594.34): calcd. cyclonona-3,7-diene (5e): 384 mg (0.55 mmol; 55%) from 234 mg of
C 80.83, H 5.72; found C 80.68, H 5.78. 3 and 520 mg of 4e; dark red air-sensitive needles from toluene;

m.p. 135°C. 2 IR (KBr): ν̃ 5 306523024 cm21, 1580, 1565, 1490,X-ray Crystal Structure Analysis of 5a [31] [32]: Clear, dark red sin-
gle crystals of 5a 3 toluene were obtained directly from the reac- 785, 750. 2 1H NMR (400 MHz, C6D6)[30]: δ 5 4.92 (d, 3J 5 5.61

Hz, 2 H, 5-H, 6-H), 5.35 (d, 3J 5 5.61 Hz, 2 H, 4-H, 7-H), 5.98 (s,tion mixture upon standing 2 d in the dark. Formula C44H34O2Ti,
molar mass 642.61 g mol21, crystal size 0.5 3 0.3 3 0.1 mm, a 5 10 H, Cp), 6.2227.52 (m, 28 H, CH5CH-CH5CH and Har). 2

13C NMR (100.4 MHz, C6D6), δ 5 48.6 (C-5, C-6), 114.9 (C-4, C-15.924(3), b 5 8.347(2), c 5 24.558(5) Å, β 5 99.34(3)°, V 5

3221.1(11) Å3, T 5 173(2) K; dcalcd. 5 1.325 g cm23, µ 5 3.05 7), 115.8 (Cp), 125.6, 126.1, 126.6, 126.7 (CH5CHCH5CH),
129.1, 129.7, 129.8 (CHar), 138.2, 144.2 (ipso-C), 163.6 (C-3, C-8).cm21, Z 5 4, monoclinic, space group P2(1)/c, Nonius MACH3

diffractometer, λ 5 0.71037 Å, Θ range 2.58224.98°; ω/Θ scans, 2 MS (70 eV); m/z (%): 488 (15), 448 (35), 460 (65), 260 (100), 178
(76) [Cp2Ti1]. 2 C48H42O2Ti (698.77): calcd. C 82.52, H 6.01;index ranges 218 # h # 18, 29 # k # 0, 229 # l # 0, 5794

collected reflections, 2625 reflections [I > 2σ(I)], 428 refined param- found C 82.71, H 6.16.
eters, absorption correction with Ψ scans. Structure solution: direct (±)-(5,6-threo)-1,1-Bis(η5-cyclopentadienyl)-5,6-diphenylbis-
methods (SHELXS86); structure refinement: full-matrix least indeno[3,2-c;29,39-g]-1-titana-2,9-dioxa-cyclonona-3,7-diene (5f):
squares on F2 (SHELXL93), H atoms calculated and not included 380 mg (0.6 mmol; 93%) from 154 mg of 3 and 440 mg of 4f; dark
into least-squares refinement. In the unit cell two additional red air-sensitive needles from toluene; m.p. 125°C (decomp.). 2 IR
strongly disordered toluene molecules were found. R1 5 0.0746, (CDCl3): ν̃ 5 3068 cm21, 2961, 2878,1572, 1559. 2 1H NMR (400
wR2 5 0.2265 (all data), largest diff. peak and hole 0.552 and MHz, CDCl3) [30]: δ 5 3.11 (d, 2J 5 22.10 Hz, 2 H, CHH9), 3.24
20.747 eÅ23 with R1 5 ΣuFo 2 Fcu/ΣFo and wR2 5 {Σw(Fo

2 2 (d, 2J 5 22.10 Hz, 2 H, CHH9), 5.10 (s, 2 H, 5-H, 6-H), 6.47 (s, 10
Fc

2)2/Σ[w(Fo
2)2}0.5. H, Cp), 7.01 (m, 4 H, Har of C6H5), 7.04 (m, 2 H, Har of C6H5),

7.04 (dd, 3J 5 7.44, 7.44 Hz, 2 H, Har of C6H4), 7.08 (m, 4 H, Har(±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-5,6-di-
methyl-1-titana-2,9-dioxa-3,8-diphenylcyclonona-3,7-diene (5b): 296 of C6H5), 7.16 (d, 3J 5 7.44 Hz, 2 H, Har of C6H4), 7.23 (d, 3J 5

7.44 Hz, 2 H, Har of C6H4), 7.26 (dd, 3J 5 7.44, 7.44 Hz, 2 H, Harmg (0.63 mmol; 63%) from 234 mg of 3 and 444 mg of 4b; dark
red air-sensitive needles from toluene; m.p. 170°C. 2 IR (KBr): of C6H4). 2 13C NMR (100.4 MHz, CDCl3): δ 5 36.2 (4-C, 7-C),

49.7 (C-5, C-6), 116.7 (Cp), 117.0 (CHar), 119.7 (C-4, C-7), 123.7,ν̃ 5 3058 cm21, 2961, 1680, 1447, 1271, 803. 2 1H NMR (400
MHz, C6D6)[30]: δ 5 1.18 (d, 3J 5 7.14 Hz, 6 H, CH3), 3.36 (m, 2 123.8, 125.5, 125.7, 127.4, 129.8 (CHar), 142.0, 143.2, 143.7 (ipso-

C), 162.0 (C-3, C-8). 2 MS (70 eV); m/z (%): 406 (60) [M1 2H, 5-H, 6-H), 5.49 (d, 3J 5 5.50 Hz, 2 H, 4-H, 7-H), 5.90 (s, 10 H,
Cp), 7.1627.57 (m, 10 H, Har). 2 13C NMR (100.4 MHz, C6D6): Cp2Ti(OH)2], 333 (93), 219 (40), 66 (100) [CpH1]. 2 C42H34O2Ti

(618.64): calcd. C 81.55, H 5.50; found C 81.63, H 5.44.δ 5 15.7 (5-C, 6-C), 33.5 (C-5, C-6), 109.8 (C-4, C-7), 115.8 (Cp),
125.3, 126.1, 127.1 (CHar), 140.1 (3-C, 8-C), 163.8 (C-3, C-8). 2 (±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3,8-di-
MS (70 eV); m/z (%): 276 (10), 178 (65) [Cp2Ti], 171 (25), 105 (100) methyl-5,6-bis(o-methyl-trans-cinnamoyl)-1-titana-2,9-dioxa-
[C6H5CO1]. 2 C30H30O2Ti (470.47): calcd. C 76.59, H 6.38; found cyclonona-3,7-diene (5g): 95 mg (0.15 mmol; 12%) from 567 mg 3
C 76.20, H 5.97. and 460 mg 4g; dark red air-sensitive needles from toluene; m.p.

170°C (decomp.). 2 IR (CH2Cl2): ν̃ 5 1710 cm21, 1625, 1310,(±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3,8-di-tert-
butyl-1-titana-2,9-dioxa-5,6-diphenylcyclonona-3,7-diene (5c): 390 1165. 2 1H NMR (400 MHz, CDCl3) [30]: δ 5 1.82 (s, 6 H, CCH3),

3.82 (s, 6 H, OCH3), 4.31 (d, 3J 5 5.70 Hz, 2 H, 5-H, 6-H), 4.92mg (0.7 mmol; 70%) from 234 mg of 3 and 528 mg of 4c; dark red
air-sensitive needles from toluene; m.p. 181°C. 2 IR (KBr): ν̃ 5 (d, 3J 5 5.70 Hz, 2 H, 4-H, 7-H), 6.07 (d, 3J 5 8.10 Hz, 2 H, Har),

6.35 (d, 3J 5 15.70 Hz, 2 H, CH5CHCO), 6.40 (s, 10 H, Cp), 6.883058 cm21, 2952, 1604, 1452, 1306, 1079, 806. 2 1H NMR (400
MHz, C6D6)[30]: δ 5 1.21 (s, 18 H, CH3), 4.22 (d, 3J 5 6.05 Hz, 2 (dd, 3J 5 7.10, 8.10 Hz, 2 H, Har), 7.09 (dd, 3J 5 7.10, 8.10 Hz, 2

H, Har), 7.56 (d, 3J 5 8.10 Hz, 2 H, Har), 8.32 (d, 3J 5 15.70 Hz,H, 5-H, 6-H), 5.00 (d, 3J 5 6.05 Hz, 2 H, 4-H, 7-H), 6.01 (s, 10 H,
Cp), 7.8927.93 (m, 10 H, Har). 2 13C NMR (100.4 MHz, C6D6): 2 H, CH5CHCO). 2 13C NMR (100.4 MHz, CDCl3): δ 5 23.0

(3-C, 8-C), 42.2 (C-5, C-6), 51.4 (OCH3), 103.9 (C-4, C-7), 115.7δ 5 29.5 (CH3), 37.6 (3-C, 8-C), 47.8 (C-5, C-6), 101.7 (C-4, C-7),
116.3 (Cp), 127.8, 128.4, 128.9 (CHar), 145.2 (5-C, 6-C), 173.2 (C- (Cp), 117.9 (CH5CHCO), 125.8, 125.8, 128.4, 131.7 (CHar), 133.9

(CCH5CHCO), 143.0 (5-C, 6-C), 145.3 (CH5CHCO), 164.4 (C-3, C-8). 2 MS (70 eV); m/z (%): 378 (10), 321 (90), 278 (60), 189
(50), 131 (100). 2 C36H42O2Ti (554.63): calcd. C 77.97, H 7.58; 3, C-8), 167.7 (CO2CH3). 2 MS (70 eV); m/z (%): 638 (2) [M1],

408 (11) [M1 2 C14H14O3], 278 (16) [408 2 2 Cp], 219 (35)found C 78.22, H 7.40.
[Cp2TiOCCH1], 178 (87) [Cp2Ti1], 128 (99), 43 (100). 2(±)-(5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-5,6-bis-β-
C38H38O6Ti (638.62): calcd. C 71.47, H 6.00; found C 71.42, H(trans-phenyle thenyl)-1- t i tana-2 ,9-d ioxa-3 ,8-d iphenyl-
5.81.cyclonona-3,7-diene (5d): 549 mg (0.85 mmol; 85%) from 234 mg

of 3 and 468 mg of 4d; dark red air-sensitive needles from toluene; 3. Synthesis of 7. 2 General Procedure (B): The respective α,β-
unsaturated ketone 4 (1 mmol) was added at once to a solution ofm.p. 125°C. 2 IR (KBr): ν̃ 5 2850 cm21, 1600, 1100, 800. 2 1H

NMR (400MHz, C6D6)[30]: δ 5 4.46 (dd, 3J 5 4.94, 5.50 Hz, 2 H, 3 (234 mg; 1 mmol) in toluene (15 ml) at 50°C. Immediately there-
after, a solution of 1 mmol of the second ketone 6 in toluene (205-H, 6-H), 5.98 (d, 3J 5 5.50 Hz, 2 H, 4-H, 7-H), 6.06 (s, 10 H,

Cp), 6.80 (dd, 3J 5 4.98, 15.95 Hz, 2 H, CH5CHPh), 6.98 (d, 3J 5 ml) was added dropwise over a period of 30 min. Once the starting
materials were completely consumed (NMR monitoring, typically15.95 Hz, 2 H, CHPh), 7.1128.07 (m, 20 H, Har). 2 13C NMR

(100.4 MHz, C6D6): δ 5 45.1 (C-5, C-6), 92.1, 92.7 (CH5CHPh), 1 h), the solution was filtered at ambient temperature, 5 ml of hex-
ane was added and the resulting precipitate was collected on a sin-102.2 (C-4, C-7), 116.2 (Cp), 126.4, 126.7, 127.9, 128.6, 129.7, 130.1

(CHar), 145.2, 146.4 (ipso-C), 163.5 (C-3, C-8). 2 MS (70 eV); m/z ter funnel, washed twice with hexane and dried in vacuo. For ana-
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lytical purposes samples of 7 were recrystallized from CH2Cl2/hex- needles from toluene. 2 IR (KBr): ν̃ 5 300822800 cm21, 1595,

1480, 1245, 1070, 805. 2 1H NMR (400 MHz, C6D6)[30] [33]: δ 5ane (2:1).
3.03 (s, 3 H, CH3), 3.12 (s, 3 H, CH3), 4.16 (dd, 3J 5 5.62, 5.86(5,6-threo-3Z,7Z)-3-(p-Anisyl)-1,1-bis(η5-cyclopentadienyl)-6,8-
Hz, 1 H, 6-H), 4.70 (d, 3J 5 5.62 Hz, 1 H, 5-H), 5.33 (d, 3J 5 5.62diphenyl-5-(β-trans-phenylethenyl)-1-titana-2,9-dioxacyclonona-
Hz, 1 H, 7-H), 5.67 (s, 5 H, Cp), 5.70 (s, 5 H, Cp), 5.80 (d, 3J 53,7-diene (7a): 448 mg (0.69 mmol; 69%) from 234 mg of 3, 264
5.62 Hz, 1 H, 4-H), 5.90 (dd, 3J 5 5.86, 15.62 Hz, 1 H, CH5mg of 4h and 208 mg of 4a (as the more reactive component); dark
CHPh), 6.34 (d, 3J 5 15.62 Hz, 1 H, CH5CHPh), 6.3527.82 (m,red air-sensitive needles from toluene; m.p. 101°C. 2 IR (KBr):
18 H, Har). 2 13C NMR (100.4 MHz, C6D6): δ 5 45.2, 47.2 (C-5,

ν̃ 5 3025 cm21, 2834, 1598, 1506, 1284, 811. 2 1H NMR (400
C-6), 54.61, 54.67 (CH3), 112.2, 112.4 (C-4, C-7), 116.2 (Cp), 122.2,MHz, C6D6)[30] [33]: δ 5 3.42 (s, 3 H, CH3), 4.46 (dd, 3J 5 5.62,
123.1 (CH5CHPh), 125.8, 126.3, 127.1, 127.9, 132.8, 134.5, 135.3,5.86 Hz, 1 H, 5-H), 4.84 (d, 3J 5 5.86 Hz, 1 H, 6-H), 5.49 (d, 3J 5
136.8, 139.1, 139.9 (CHar), 142.1, 142.7 (ipso-C of C6H5), 150.2,5.62 Hz, 1 H, 4-H), 5.97 (s, 5 H, Cp), 6.02 (s, 5 H, Cp), 6.04 (d,
150.8 (ipso-C of C6H4OCH3), 159.4, 159.9 (COCH3), 163.0, 163.83J 5 5.86 Hz, 1 H, 7-H), 6.15 (dd, 3J 5 5.86, 15.63 Hz, 1 H, CH5
(C-3, C-8). 2 MS (70 eV); m/z (%): 444 (20), 324 (18), 178 (65)CHPh), 6.63 (d, 3J 5 15.63 Hz, 1 H, CH5CHPh), 6.9227.62 (m,
[Cp2Ti1],105 (100) [PhCO1]. 2 C44H40O4Ti (680.7): calcd. C19 H, Har). 2 13C NMR (100.4 MHz, C6D6): δ 5 45.2, 47.5 (C-5,
77.64, H 6.15; found C 77.62, H 5.98.C-6), 55.1 (CH3), 110.2, 112.9 (C-4, C-7), 116.1 (Cp), 125.1, 126.9

(CH5CHPh), 129.1, 129.7, 130.1, 130.7, 130.9, 134.1, 135.7, 137.2, (5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3-(o,p-dimeth-
138.5, 138.9 (CHar), 141.2, 143.8, 144.3, 144.8 (ipso-C), 159.1 oxyphenyl)-5,8-diphenyl-6-β-(trans-phenylethenyl)-1-titana-2,9-di-
(COCH3), 163.1, 163.9 (C-3, C-8). 2 MS (70 eV); m/z (%): 512 oxacyclonona-3,7-diene (7e): A mixture of 449 mg of 7e (0.66 mmol;
(10), 456 (60), 365 (22), 295 (25), 208 (18) [PhCH5CHCOPh1], 66%) and 5d (0.07 mmol; 7%) from 234 mg of 3, 234 mg of 4d,
105 (100). 2 C43H38O3Ti (650.68): calcd. C 79.38, H 5.38; found and 268 mg of 6b; ratio 7e/5d determined by NMR; 7e purified
C 79.52, H 5.48. by crystallization from CH2Cl2/hexane (2:1); dark red air-sensitive

needles from toluene, m.p. 160°C. 2 IR (KBr): ν̃ 5 303022820(5,6-threo-3Z,7Z)-8-(p-Anisyl)-1,1-bis(η5-cyclopentadienyl)-3-
cm21, 1600, 1430, 1240, 1020, 810. 2 1H NMR (400 MHz,(o,p-dimethoxyphenyl)-5-phenyl-6-β-(trans-phenylethenyl)-1-titana-
C6D6)[30] [33]: δ 5 3.36 (s, 3 H, CH3), 3.44 (s, 3 H, CH3), 4.56 (dd,2,9-dioxacyclonona-3,7-diene (7b): 426 mg (0.6 mmol; 60%) from
3J 5 5.71, 5.86 Hz, 1 H, 6-H), 4.86 (d, 3J 5 5.86 Hz, 1 H, 5-H),234 mg of 3, 264 mg of 4h and 268 mg of 6b; dark red air-sensitive
5.51 (d, 3J 5 5.71 Hz, 1 H, 7-H), 5.96 (d, 3J 5 5.86 Hz, 1 H, 4-needles from toluene; m.p. 115°C. 2 IR (KBr): ν̃ 5 3025 cm21,
H), 6.05 (s, 5 H, Cp), 6.06 (s, 5 H, Cp), 6.19 (dd, 3J 5 5.86, 15.622934, 2836, 1600, 1254, 808. 2 1H NMR (400 MHz, C6D6)[30] [33]:
Hz, 1 H, CH5CHPh), 6.67 (d, 3J 5 15.62 Hz, 1 H, CH5CHPh),δ 5 3.35 (s, 3 H, CH3), 3.43 (s, 6 H, CH3), 4.58 (dd, 3J 5 5.86,
6.7027.92 (m, 18 H, Har). 2 13C NMR (100.4 MHz, C6D6): δ 55.86 Hz, 1 H, 6-H), 4.89 (d, 3J 5 5.86 Hz, 1 H, 5-H), 5.53 (d, 3J 5
46.4, 48.1 (C-5, C-6), 55.3, 57.1 (CH3), 105.7, 107,2 (C-4, C-7),5.86 Hz, 1 H, 7-H), 6.03 (d, 3J 5 5.86 Hz, 1 H, 4-H), 6.07 (s, 5 H,
117.1 (Cp),122.2, 122.9 (CH5CHPh), 126.1, 128.4, 128.9, 129.2,Cp), 6.08 (s, 5 H, Cp), 6.18 (dd, 3J 5 5.86, 15.86 Hz, 1 H, CH5
130.1, 132.2, 133.1, 133.7, 134.1, 135.8, 137.1, 141.9 (CHar), 142.5,CHPh), 6.76 (d, 3J 5 15.86 Hz, 1 H, CH5CHPh), 6.9027.68 (m,
143.1, 143.9, 145.2 (ipso-C), 159.1, 160.1 (COCH3), 163.2, 165.117 H, Har). 2 13C NMR (100.4 MHz, C6D6): δ 5 46.0, 48.1 (C-5,
(C-3, C-8). 2 MS (70 eV); m/z (%): 405 (20), 377 (35), 342 (30),C-6), 54.7, 54.8, 54.9 (CH3), 113.9, 114.2 (C-4, C-7), 116.1 (Cp),
178 (55), 77 (100). 2 C44H40O4Ti (680.71): calcd. C 77.64, H 5.88;124.2, 126.7 (CH5CHPh), 126.2, 126.9, 127.3, 127.8, 129.4, 132.3,
found C 76.47, H 5.78.133.7, 134.5, 136.1, 137.8, 138.2 (CHar), 142.2, 142.9, 144.1, 144.8

(ipso-C), 158.5, 159.6, 160.6 (COCH3), 162.2, 162.9 (C-3, C-8). 2 (5,6-threo-3Z,7Z)-3-(p-Anisyl)-1,1-bis(η5-cyclopentadienyl)-5,8-
MS (70 eV); m/z (%): 486 (42), 460 (10), 395 (15), 351 (30), 264 diphenyl-6-β-(trans-phenylethenyl)-1-titana-2,9-dioxacyclonona-
(17) [C18H16O2

1], 238 (20). 2 C45H42O5Ti (710.73): calcd. C 76.05, 3,7-diene (7f): 527 mg (0.81 mmol; 81%) from 234 mg of 3, 234 mg
H 5.92; found C 75.94, H 5.88. of 4d and 238 mg of 6c; dark red air-sensitive needles from toluene;

m.p. 152°C. 2 IR (KBr): ν̃ 5 304022800 cm21, 1610, 1450, 1250,(5,6-threo-3Z,7Z)-3,8-Bis(p-anisyl)-1,1-bis(η5-cyclopenta-
1100, 1030, 800. 2 1H NMR (400 MHz, C6D6)[30] [33]: δ 5 3.42 (s,dienyl)-5-phenyl-6-β-(trans-phenylethenyl)-1-titana-2,9-dioxacyclo-
3 H, CH3), 4.48 (dd, 3J 5 5.62, 5.87 Hz, 1 H, 6-H), 4.84 (d, 3J 5nona-3,7-diene (7c): 442 mg (0.65 mmol; 65%) from 234 mg of 3,
5.62 Hz, 1 H, 5-H), 5.60 (d, 3J 5 5.62 Hz, 1 H, 7-H), 5.95 (d, 3J 5264 mg of 4h and 238 mg of 6c; dark red air-sensitive needles from
5.62 Hz, 1 H, 4-H), 6.01 (s, 5 H, Cp), 6.03 (s, 5 H, Cp), 6.17 (dd,toluene; m.p. 114°C.2 IR (KBr): ν̃ 5 3026 cm21, 2960, 1600, 1251,
3J 5 5.87, 15.62 Hz, 1 H, CH5CHPh), 6.64 (d, 3J 5 15.62 Hz, 1810. 2 1H NMR (400 MHz, C6D6)[30] [33]: δ 5 3.21 (s, 3 H, CH3),
H, CH5CHPh), 6.6827.82 (m, 19 H, Har). 2 13C NMR (100.43.23 (s, 3 H, CH3), 4.50 (dd, 3J 5 5.71, 5.71 Hz, 1 H, 6-H), 4.86
MHz, C6D6): δ 5 46.7, 48.1 (C-5, C-6), 55.2 (CH3), 105.7, 107.1(d, 3J 5 5.86 Hz, 1 H, 5-H), 5.51 (d, 3J 5 5.71 Hz, 1 H, 7-H), 5.96
(C-4, C-7), 117.2 (Cp), 120.1, 122.2 (CH5CHPh), 125.1, 125.7,(d, 3J 5 5.86 Hz, 1 H, 4-H), 6.02 (s, 5 H, Cp), 6.04 (s, 5 H, Cp),
126.4, 126.2, 131.6, 132.6, 134.1, 135.1, 135.8, 137.2, 138.1 (CHar),6.18 (dd, 3J 5 5.71, 15.86 Hz, 1 H, CH5CHPh), 6.53 (d, 3J 5
141.1, 142.1, 142.9, 145.4 (ipso-C), 159.7 (COCH3), 163.2, 163.315.86 Hz, 1 H, CH5CHPh), 6.7127.85 (m, 18 H, Har). 2 13C
(C-3, C-8). 2 MS (70 eV); m/z (%): 412 (9), 349 (22), 131 (55), 66NMR (100.4 MHz, C6D6): δ 5 46.5, 48.3 (C-5, C-6), 54.5, 54.8
(100). 2 C43H38O3Ti (650.68): calcd. C 79.38, H 5.84; found C(CH3), 113.5, 114.0 (C-4, C-7), 115.7 (Cp), 124.5, 127.2 (CH5CH),
78.49, H 6.05.126.4, 126.7, 127.3, 127.7, 129.5, 132.7, 134.7, 135.5, 136.5, 137.5,

138.1, 138.9 (CHar), 142.2, 142.5, 144.4, 145.2 (ipso-C), 156.5, 156.9 (5,6-threo-3Z,7Z)-1,1-Bis(η5-cyclopentadienyl)-3,5,8-triphenyl-
(COCH3), 163.1, 163.5 (C-3, C-8). 2 MS (70 eV); m/z (%): 516 6-β-(trans-phenylethenyl)-1-titana-2,9-dioxacyclonona-3,7-
(20), 381 (25), 264 (22) [C18H16O2

1], 165 (100). 2 C44H40O4Ti diene (7g): 403 mg (0.65 mmol; 65%) from 234 mg of 3, 234 mg of
(680.71): calcd. C 77.67, H 5.88; found C 76.50, H 5.75. 4d and 208 mg of 4a (as the more reactive component); dark red

air-sensitive needles from toluene; m.p. 79°C. 2 IR (KBr): ν̃ 5(5,6-threo-3Z,7Z)-3,5-Bis(p-anisyl)-1,1-bis(η5-cyclopenta-
dienyl)-8-phenyl-6-β-(trans-phenylethenyl)-1-titana-2,9-di- 306022800 cm21, 1579, 1448, 1261, 1020, 807. 2 1H NMR (400

MHz, C6D6)[30] [33]: δ 5 4.46 (dd, 3J 5 5.50, 5.50 Hz, 1 H, 6-H),oxacyclonona-3,7-diene (7d): 462 mg (0.68 mmol; 68%) from 234
mg of 3, 234 mg of 4d and 268 mg of 6d; dark red air-sensitive 4.84 (d, 3J 5 5.50 Hz, 1 H, 5-H), 5.59 (d, 3J 5 5.50 Hz, 1 H, 7-
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H), 5.94 (s, 5 H, Cp), 5.98 (s, 5 H, Cp), 6.03 (d, 3J 5 5.50 Hz, 1 149°C. 2 IR (film): ν̃ 5 309522790 cm21, 1680, 1590, 1510, 1250.

2 1H NMR (400 MHz, CDCl3): δ 5 2.90 (m, 1 H, 5-H), 3.12 (m,H, 4-H), 6.16 (dd, 3J 5 5.50, 15.40 Hz, 1 H, CH5CHPh), 6.50 (d,
3J 5 15.40 Hz, 1 H, CH5CHPh), 6.8127.98 (m, 20 H, Har). 2 1 H, 5-H9), 3.25 (m, 1 H, 4-H), 3.30 (m, 1 H, 2-H), 3.33 (m, 1 H,

2-H9), 3.67 (m, 1 H, 3-H), 3.79 (s, 3 H, CH3), 3.80 (s, 3 H, CH3),13C NMR (100.4 MHz, C6D6): δ 5 45.5, 45.6 (C-5, C-6), 106.1,
106.7 (C-4, C-7), 116.1, 116.2 (Cp), 125.2, 125,9 (CH5CHPh), 5.93 (dd, 3J 5 9.35, 15.40 Hz, 1 H, CH5CHPh), 6.36 (d, 3J 5

15.40 Hz, 1 H, CHPh), 6.8227.82 (m, 18 H, Har). 2 MS (70 eV);127.0, 127.9, 128.2, 128.9, 129.3, 130.1, 130.9, 132.1, 134.1, 137.2,
138.1, 139.1 (CHar), 141.1, 141.9, 143.9, 145.1 (ipso-C), 163.2, 164.0 m/z (%): 504 (30) [M1], 359 (45), 331 (55), 281 (100), 145 (70). 2

C34H32O4 (504.63): calcd. C 80.95, H 6.35; found C 80.75, H 6.47.(C-3, C-8). 2 MS (70 eV); m/z (%): 450 (10), 386 (15) [Cp2Ti-
OCPhCH5CHPh1], 221 (45), 178 (55) [Cp2Ti1], 77 (100). 2 1-(o,p-Dimethoxyphenyl)-3,6-diphenyl-4-β-(trans-phenyl-
C42H36O2Ti (620.65): calcd. C 81.28, H 5.80; found C 81.12, H ethenyl)hexan-1,6-dione (9e): According to general procedure D:
5.69. 282 mg (0.56 mmol; 55%) from 680 mg of 7e; yellow needles from

cloroform; m.p. 145°C. 2 IR (film): ν̃ 5 315022800 cm21, 1680,4. Synthesis of 9, 10, 11, 12, and 13. 2 General Procedure (C):
Complex 5 or 7 (1 mmol) was dissolved in CH2Cl2 (10 ml). 5 mmol 1600, 1255. 2 1H NMR (400 MHz, CDCl3): δ 5 2.92 (m, 1 H, 5-

H), 3.14 (m, 1 H, 5-H9), 3.25 (m, 1 H, 4-H), 3.30 (m, 1 H, 2-H),of HCl in 5 ml of diethyl ether was added at 210°C and the mix-
ture was then stirred for 5 h, whereupon the colour turned from 3.33 (m, 1 H, 2-H9), 3.68 (m, 1 H, 3-H), 3.78 (s, 3 H, CH3), 3.79

(s, 3 H, CH3), 5.93 (dd, 3J 5 9.35, 15.40 Hz, 1 H, CH5CHPh),dark red to bright red. The solvent and excess HCl were removed
at reduced pressure, Cp2TiCl2 was removed by CC on silica gel 6.36 (d, 3J 5 15.40 Hz, 1 H, CH5CHPh), 6.8227.82 (m, 18 H,

Har). 2 MS (70 eV); m/z (%): 504 (40) [M1], 390 (53), 354 (45),(CH2Cl2). The eluate was concentrated and the products 9213 were
separated by using preparative TLC (silica gel, CH2Cl2). Separation 135 (100). 2 C34H32O4 (504.63): calcd. C 80.95, H 6.34; found C

80.90, H 6.40.of the respective diastereomers was done by TLC (silica gel 60,
diethyl ether/petroleum ether, 1:2) or by HPLC (silica gel 60, hep- (±)-2-Benzoyl-1-hydroxy-1-phenyl-3,4-bis-β-(trans-phenyl-
tane/ethyl acetate, 9:1). For analytical purposes samples were ethenyl)cyclopentane (10a) [34]: According to general procedure C:
recrystallized from chloroform or CH2Cl2/hexane, 3:1. 2 General 197 mg (0.42 mmol: 42%) from 646 mg of 5d; white needles from
Procedure (D): Complex 7 or 5 (1 mmol) was dissolved in CH2Cl2 chloroform; m.p. 140°C. 2 IR (film): ν̃ 5 3090 cm21, 2780, 1675,
(10 ml). At ambient temperature 5 ml of aqueous HCl (6%) was 1590, 1515, 1250. 2 1H NMR (400 MHz, CDCl3): δ 5 2.17 (dd,
added. After stirring this mixture for 3 h, the layers were separated, 3J 5 5.50, 2J 5 14.30 Hz, 1 H, 5-H), 2.59 (dd, 3J 5 10.45 Hz, 2J 5
the aqueous one was washed twice with 5 ml of CH2Cl2 and the 14.30 Hz, 1 H, 5-H9), 2.92 (m, 1 H, 3-H or 4-H), 3.39 (m, 1 H, 4-
combined organic extracts thus obtained were dried with sodium H or 3-H), 4.18 (d, 3J 5 11.55 Hz, 1 H, 2-H), 5.04 (s, 1 H, OH),
sulphate. Separation of the products 9213 and Cp2TiCl2 was ac- 6.02 (dd, 3J 5 15.94 Hz and 8.79 Hz, 2 H, CH5CHPh), 6.48 (d,
complished as described in General Procedure (C). 3J 5 15.94 Hz, 2 H, CH5CHPh), 6.9127.68 (m, 20 H, Har). 2

MS (70 eV); m/z (%): 470 (10) [M1], 452 (20) [M1 2 H2O], 345 (20)1,6-Diphenyl-3,4-bis-β-(trans-phenylethenyl)hexan-1,6-dione
(9a): According to general procedure D: 418 mg (0.89 mmol; 89%) [M1 2 PhCO], 105 (100) [PhCO1]. 2 C34H30O2 (470.62): calcd. C

86.80, H 6.38; found C 86.81, H 6.35.from 646 mg of 5d; yellow needles from chloroform; m.p. 140°C.
2 IR (film): ν̃ 5 3050 cm21, 2980, 2960, 1680, 1650, 1490. 2 1H Spiroketone 10b: According to general procedure C: 538 mg (1.22
NMR (400 HMz, CDCl3): δ 5 3.0923.27 (m, 6 H, 2-H, 3-H, 4-H, mmol; 80%) from 944 mg of 5f as a 8:7:3:26:5:14:17:21 mixture of
5-H), 6.16 (dd, 3J 5 15.62/8.97 Hz, 2 H, CH5CHPh), 6.42 (d, 3J 5 8 stereoisomers; white needles from chloroform; separation of a
15.62 Hz, 2 H, CH5CHPh), 7.2127.93 (m, 20 H, Har). 2 13C sample of the major diastereomer (26%) for analytical purposes by
NMR (100.4 MHz, CDCl3): δ 5 42.2 (C-2, C-5), 43.0 (C-3, C-4), TLC; m.p. 199°C. 2 IR (KBr): ν̃ 5 3429 cm21, 1705, 1682, 1605.
124.0, 126.2 (CH5CHPh), 128.5, 128.9, 132.9, 132.1, 137.0, 137.2

2 1H NMR (400 MHz, CDCl3): δ 5 1.96 (s, 1 H, OH), 2.74 (d,
(CHar), 137.8, 138.2 (ipso-C), 198.8 (C-1, C-6). 2 MS (70 eV); m/z 3J 5 8.0 Hz, 2J not observed, 2 H, 9-H), 2.80 (d, 2J 5 16.5 Hz, 1
(%): 470 (7) [M1], 350 (80), 235 (92), 105 (100). 2 C34H30O2 H, 4-H), 3.26 (ddd, 3J 5 8.0, 8.0, 8.0 Hz, 1 H, 10-H), 3.98 (d, 2J 5
(470.62): calcd. C 86.80, H 6.38; found C 86.72, H 6.47. 16.5 Hz, 1 H, 4-H9), 4.27 (d, 3J 5 13.5 Hz, 1 H, 12-H), 4.38 (dd,

3J 5 8.0, 13.5 Hz, 1 H, 11-H), 6.64 (m, 1 H, Har), 7.03 (m, 2 H,1,2-Bis[29-(19-oxoindanyl)]-1,2-diphenylethane (9b): According
to general procedure C: 90 mg (0.2 mmol; 13%) from 944 mg of 5f Har), 7.07 (m, 2 H, Har), 7.11 (m, 2 H, Har), 7.14 (m, 1 H, Har),

7.16 (m, 2 H, Har), 7.22 (m, 2 H, Har), 7.32 (m, 2 H, Har), 7.39 (m,as a separable 22:55:24 mixture of diastereomers; yellow needles
from chloroform; a sample of the major isomer was separated by 1 H, Har), 7.50 (m, 1 H, Har), 7.52 (m, 1 H, Har), 7.68 (m, 1 H,

Har). 2 13C NMR (100.4 MHz, CDCl3): δ 5 31.4, 33.4 (C-4, C-TLC; m.p. 200°C. 2 IR (film): ν̃ 5 1963 cm21, 1714, 1694. 2 1H
NMR (400 MHz, CDCl3): δ 5 2.82 (dd, 2J 5 17.00, 3J 5 4.40 Hz, 9), 46.7 (C-11), 49.3 (C-10), 57.4 (C-12), 71.1 (C-5), 94.6 (C-6),

123.5, 124.4, 124.7, 125.9, 126.1, 126.4, 126.6, 127.0, 128.1, 128.2,2 H, CHH9), 3.45 (dd, 2J 5 17.00, 3J 5 8.00 Hz, 2 H, CHH9), 4.07
(m, 2 H, CHC5O), 4.28 (m, 2 H, 1-H, 2-H), 6.85 (t, 3J 5 7.70 Hz, 128.8, 129.0, 129.3, 134.7 (CHar), 137.8, 138.0, 139.6, 143.5, 144.7,

154.3 (C-2, C-3, C-7, C-8, 11-C, 12-C), 207.0 (C-1). 2 MS (70 eV);4 H, Har), 6.86 (t, 3J 5 7.70 Hz, 2 H, Har), 6.92 (d, 3J 5 7.70 Hz,
4 H, Har), 7.24 (d, 3J 5 7.70 Hz, 2 H, Har), 7.28 (t, 3J 5 7.70 Hz, m/z (%): 442 (10) [M1], 424 (2) [M1 2 H2O], 310 (15) [M1 2

C9H8O], 221 (100) [M/21]. 2 C32H26O2 (442.56): calcd. C 86.85,2 H, Har), 7.44 (t, 3J 5 7.70 Hz, 2 H, Har), 7.73 (d, 3J 5 7.70 Hz,
2 H, Har). 2 13C NMR (100.4 MHz, CDCl3): δ 5 31.7 (CH2), 48.3 H 5.92; found C 86.77, H 5.87.
(CHC5O), 51.0 (C-1, C-2), 123.2, 126.1, 126.3, 127.0, 127.7, 129.2, (±)-(3,4-threo)-2-Acetyl-1-hydroxy-1-methyl-3,4-bis-o-(methyl-
134.5 (CHar), 138.1, 140.5 (ipso-C), 154.3 [C(C5O)CH], 209.8 (C5 trans-cinnamoyl)cyclopentane (10c) [34]: According to general pro-
O). 2 MS (70 eV); m/z (%): 442 (6) [M1], 310 (68) [M1 2 C9H8O], cedure D: 31 mg (0.07 mmol; 45%) from 95 mg of 5g; white needles
221 (100) [M/21], 132 (20) [C9H8O1], 91 (48) [PhCH2

1]. 2 from chloroform; m.p. 101°C. 2 IR (CH2Cl2): ν̃ 5 1697 cm21,
C32H26O2 (442.56): calcd. C 86.85, H 5.92; found C 86.77, H 5.82. 1660, 1618, 1342, 1300, 1178, 1155. 2 1H NMR (400 MHz,

CDCl3): δ 5 1.58 (s, 3 H, 1-CH3), 1.76 (s, 1 H, OH), 1.93 [s, 3 H,1,3-Bis(p-anisyl)-6-phenyl-4-β-(trans-phenylethenyl)hexan-
1,6-dione (9d): According to general procedure D: 281 mg (0.56 (CO)CH3], 2.27 (dd, 2J 5 14.3, 3J 5 6.5 Hz, 1 H, 5-H), 2.43 (dd,

2J 5 14.3, 3J 5 11.0 Hz, 1 H, 5-H9), 3.59 (m, 1 H, 4-H), 3.71 (s, 3mmol; 56%) from 680 mg 7d; yellow needles from chloroform; m.p.

Eur. J. Inorg. Chem. 1998, 1253212621260



Novel Nine-Membered Titanaheterocycles FULL PAPER
H, OCH3), 3.72 (s, 3 H, OCH3), 3.72 (hidden, 1 H, 3-H), 4.00 (d, H, 2-H), 4.91 (s, 1 H, OH), 6.04 (dd, 3J 5 9.35, 15.95 Hz, 1 H,

CH5CHPh), 6.44 (d, 3J 5 15.95 Hz, 1 H, CH5CHPh), 6.9027.803J 5 11.50 Hz, 1 H, 2-H), 5.74 (d, 3J 5 15.00 Hz, 2 H, CH5

CHCO), 7.11 (m, 1 H, Har), 7.15 (m, 1 H, Har), 7.18 (m, 1 H, Har), (m, 18 H, Har). 2 MS (70 eV); m/z (%): 504 (6) [M1], 486 (10) [M1

2 H2O]. 2 C34H32O4 (504.63): calcld. C 80.93, H 6.39; found C7.35 (m, 1 H, Har), 7.38 (m, 1 H, Har), 7.43 (m, 1 H, Har), 7.55 (m,
1 H, Har), 7.60 (m, 1 H, Har), 7.87 (d, 3J 5 15.00 Hz, 1 H, CH5 80.78, H 6.29.
CHCO), 7.88 (d, 3J 5 15.00 Hz, 1 H, CH5CHCO). 2 13C NMR

1-Benzoyl-2-(o,p-dimethoxyphenyl)-4-phenyl-5-β-(trans-
(100.4 MHz, CDCl3): 28.1 [(CO)CH3], 33.1 (1-C), 47.8 (C-4), 48.2

phenylethenyl)cyclopent-1-ene (12e): According to general pro-
(C-5), 51.4, 51.5 (OCH3), 53.5 (C-3), 66.0 (C-2), 80.1 (C-1), 118.9,

cedure C: 170 mg (0.35 mmol; 35%) from 681 mg of 7e; white
119.9 (CH5CHCO), 126.2, 126.7, 127.3, 127.4, 127.8, 128.1, 130.3,

needles from chloroform. 2 IR (film): ν̃ 5 2962 cm21, 1721, 1677,
130.7 (8 C, CHar), 133.5, 134.5 (CCH5CHC5O), 134.9, 138.9 (3-

1604, 1450, 1261. 2 1H NMR (400 MHz, C6D6): δ 5 3.00 (m, 1
C, 4-C), 141.3, 142.1 (CH5CHCO), 166.5, 166.9 (COO), 212.1 (2-

H, 4-H), 3.62 (m, 2 H, 3-H), 3.63 (s, 3 H, CH3), 3.72 (s, 3 H, CH3),
C). 2 MS (70 eV); m/z (%): 462 (9) [M1], 369 (9), 337 (6), 277 (51),

4.26 (dd, 3J 5 6.10, 9.36 Hz, 1 H, 5-H), 6.12 (dd, 3J 5 9.36, 15.95
232 (19) [C14H16O3

1], 199 (68), 171 (75), 157 (99), 129 (94), 115
Hz, 1 H, CH5CHPh), 6.42 (d, 3J 5 15.95 Hz, 1 H, CH5CHPh),

(70), 43 (100). 2 C28H30O6 (462.54): calcd. C 72.71, H 6.54; found
7.0227.92 (m, 18 H, Har). 2 MS (70 eV); m/z (%): 486 (28) [M1],

C 72.82, H 6.59.
455 (15) [M1 2 OCH3], 381 (28) [M1 2 PhCO], 149 (100). 2

(±)-1,4-Bis(p-anisyl)-2-benzoyl-1-hydroxy-3-β-(trans-phen- C34H30O3 (486.62): calcd. C 83.92, H 6.21; found C 83.83, H 6.18.
ylethenyl)cyclopentane (10d) [34]: According to general procedure D:

2-(p-Anisyl)-1-benzoyl-4-phenyl-5-β-(trans-phenylethenyl)-
52 mg (0.1 mmol; 10%) from 680 mg of 7d; white needles from

cyclopent-1-ene (12f): According to general procedure C: 173 mg
chloroform. 2 IR (film): ν̃ 5 305922805 cm21, 1675, 1600, 1510,

(0.38 mmol; 38%) from 650 mg of 7f; white needles from cloroform.
1450, 1260. 2 1H NMR (400 MHz, CDCl3): δ 5 2.33 (dd, 3J 5

2 IR (film): ν̃ 5 309022800 cm21, 1660, 1600, 1510, 1450, 1260.
5.50 Hz, 2J 5 14.30 Hz, 1 H, 5-H), 2.77 (dd, 3J 5 11.00 Hz, 2J 5

2 1H NMR (400 MHz, CDCl3): δ 5 3.01 (m, 1 H, 4-H), 3.45 (s,
14.30 Hz, 1 H, 5-H9), 3.25 (m, 1 H, 3-H), 3.60 (m, 1 H, 4-H), 3.76

3 H, CH3), 3.63 (m, 2 H, 3-H), 4.24 (dd, 3J 5 6.05, 9.35 Hz, 1 H,
(s, 3 H, CH3), 3.80 (s, 3 H, CH3), 4.37 (d, 3J 5 12.09 Hz, 1 H, 2-

5-H), 6.03 (dd, 3J 5 9.35, 15.95 Hz, 1 H, CH5CHPh), 6.33 (d,
H), 4.93 (s, 1 H, OH), 5.96 (dd, 3J 5 9.35, 15.95 Hz, 1 H, CH5 3J 5 15.95 Hz, 1 H, CH5CHPh), 6.9127.79 (m, 19 H, Har). 2
CHPh), 6.20 (d, 3J 5 15.95 Hz, 1 H, CHPh), 6.4527.82 (m, 18 H,

MS (70 eV); m/z (%): 456 (72) [M1], 365 (20), 351 (100) [M 2
Har). 2 MS (70 eV); m/z (%): 504 (4) [M1], 486 (10) [M1 2 H2O],

C6H5CO], 105 (75). 2 C33H28O2 (456.59): calcd. C 86.40, H 6.14;
389 (40), 269 (100), 135 (20). 2 C34H32O4 (504.63): calcd. C 80.93,

found C 86.47, H 6.11.
H 6.39; found C 80.85, H 6.44.

1-(o,p-Dimethoxybenzoyl)-2,5-diphenyl-4-β-(trans-phenyl-
(±)-2-Benzoyl-1-(o,p-dimethoxyphenyl)-1-hydroxy-4-phenyl-3-β-

ethenyl)cyclopent-1-ene (13e): According to general procedure C:
(trans-phenylethenyl)cyclopentane (10e) [34]: According to general

122 mg (0.25 mmol; 25%) from 681 mg of 7e; white needles from
procedure D: 57 mg (0.11 mmol; 11%) from 680 mg of 7e; white

chloroform. 2 IR (film): ν̃ 5 2925 cm21, 2854, 1736, 1677, 1601,
needles from chloroform. 2 IR (film): ν̃ 5 305922850 cm21, 1676,

1450, 1261. 2 1H NMR (400 MHz, C6D6): δ 5 2.91 (m, 1 H, 4-
1598, 1512, 1450, 1260, 1027. 2 1H NMR (400 MHz, CDCl3): δ 5

H), 3.39 (s, 3 H, CH3), 3.47 (m, 2 H, 3-H), 3.75 (s, 3 H, CH3), 4.45
2.30 (dd, 3J 5 5.50, 2J 5 14.30 Hz, 1 H, 5-H), 2.75 (dd, 3J 5 11.10,

(d, 3J 5 7.82 Hz, 1 H, 5-H), 6.14 (dd, 3J 5 9.35, 15.95 Hz, 1 H,2J 5 14.30 Hz, 1 H, 5-H9), 3.26 (m, 1 H, 3-H), 3.52 (m, 1 H, 4-H),
CH5CHPh), 6.45 (d, 3J 5 15.95 Hz, 1 H, CH5CHPh), 7.0527.92

3.78 (s, 3 H, CH3), 3.80 (s, 3 H, CH3), 4.39 (d, 3J 5 12.11 Hz, 1
(m, 18 H, Har). 2 MS (70 eV); m/z (%): 486 (16) [M1], 322 (16)

H, 2-H), 4.90 (s, 1 H, OH), 6.04 (dd, 3J 5 9.35, 15.95 Hz,1 H,
[M1 2 C6H3(OCH3)2CO], 280 (45), 149 (100).2 C34H30O3CH5CHPh), 6.44 (d, 3J 5 15.95 Hz, 1 H, CH5CHPh), 6.9027.80
(486.62): calcd. C 83.92, H 6.21; found C 83.81, H 6.30.

(m, 18 H, Har). 2 MS (70 eV); m/z (%): 504 (6) [M1], 486 (10) [M1

Ab initio Calculations: The ab initio and density functional calcu-2 H2O], 381 (100), 135 (70). 2 C34H32O4 (504.63): calcd. C 80.93,
lations were performed with the Gaussian 94 suite of programs.[19]H 6.39; found C 80.87, H 6.40.
Structures were optimzed with no constraints other than symmetry

3-(p-Anisyl)-1-hydroxy-2-(p-methoxybenzoyl)-1-phenyl-4-β-
at the B3LYP/SVp level, i.e. using the B3LYP[20] density functional

(trans-phenylethenyl)cyclopentane (11d) [34]: According to general
and a split valence basis set [21], augmented with standard polariz-

procedure D: 35 mg (0.07 mmol; 7%) from 680 mg of 7d; white
ation functions on the non-hydrogen atoms.[22] Vibrational fre-

needles from chloroform. 2 IR (film): ν̃ 5 306022800 cm21, 1690,
quencies and zero-point energy corrections, scaled by 0.98[23], were

1510, 1500, 1450, 1260, 1100. 2 1H NMR (400 MHz, CDCl3): δ 5
computed at this level. Refinement of the structures was performed

2.30 (dd, 3J 5 5.50, 2J 5 14.30 Hz, 1 H, 5-H), 2.78 (dd, 3J 5 11.00,
at the MP2/SVp level. Energy calculations were done at MP2/TZ2p2J 5 14.30 Hz, 1 H, 5-H9), 2.96 (m, 1 H, 4-H), 3.63 (s, 3 H, CH3),
level (i.e., using a triple-zeta basis set [21] and split polarization func-

3.67 (s, 3 H, CH3), 3.80 (m, 1 H, 3-H), 4.32 (d, 3J 5 11.60 Hz, 1
tions).

H, 2-H), 4.95 (s, 1 H, OH), 5.96 (dd, 3J 5 9.35, 15.95 Hz, 1 H,
CH5CHPh), 6.20 (d, 3J 5 15.95 Hz, 1 H, CHPh), 6.4527.82 (m,
18 H, Har). 2 MS (70 eV); m/z (%): 504 (5) [M1], 486 (9) [M1 - [1] For 4-membered titanaheterocycles see: [1a] R. Beckhaus, J.

Chem. Soc., Dalton Trans. 1997, 199122001. 2 [1b] R. Beck-H2O], 360 (35), 269 (100). 2 C34H32O4 (504.63): calcd. C 80.93, H
haus, J. Oster, J. Sang, I. Strauß, T. Wagner, Synlett 19976.39; found C 80.85, H 6.34. 2412249. 2 [1c] S. C. Ho, S. Hentges, R. H. Grubbs, Organomet-
allics 1988, 7, 7802782. 2 [1d] R. Beckhaus, Angew. Chem. 1997,2-(o,p-Dimethoxybenzoyl)-1-hydroxy-1,3-diphenyl-4-β-(trans-
109, 6942722; Angew. Chem. Int. Ed. Engl. 1997, 36, 6862713.phenylethenyl)cyclopentane (11e) [34]: According to general pro-
2 [1e] K. M. Doxsee, J. J. J. Juliette, J. K. M. Mauser, K. Zien-

cedure D: 40 mg (0.08 mmol; 8%) from 680 mg of 7e; white needles tara, Organometallics 1993, 12, 474224744. 2 [1f] D. Seyferth,
T. Wang, W. M. Davis, Organometallics 1994, 13, 413424136.from chloroform. 2 IR (film): ν̃ 5 305922850 cm21, 2850, 1679,
2 [1g] R. Gómez, R. Duchateau, A. N. Chernega, J. H. Teuben,1598, 1512, 1450, 1260, 1027. 2 1H NMR (400 MHz, CDCl3): δ 5
F. T. Edelmann, M. L. H. Green, J. Organomet. Chem. 1995,2.27 (dd, 3J 5 5.50, 2J 5 14.30 Hz, 1 H, 5-H), 2.75 (dd, 3J 5 11.01, 491, 1532158.

2J 5 14.30 Hz, 1 H, 5-H9), 3.02 (m, 1 H, 4-H), 3.76 (s, 3 H, CH3), [2] For 6-membered titanaheterocycles see ref. [1d] and: [2a] R. Beck-
haus, T. Wagner, C. Zimmermann, E. Herdtweck, J. Organomet.3.78 (s, 3 H, CH3), 3.82 (m, 1 H, 3-H), 4.37 (d, 3J 5 12.11 Hz, 1

Eur. J. Inorg. Chem. 1998, 125321262 1261



F. Hampel, N. van Eikema Hommes, S. Hoops, F. Maaref, R. SchobertFULL PAPER
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Reaction between three equivalents of the silaborate MeSiB10H10)] (7) was synthesized in high yield from the
reaction of one equivalent of 2 and [Ru3(CO)12]. The cluster[NEt4][MeSiB10H12] (2) and one equivalent of [Ru3(CO)12]

resulted in almost quantitative formation of the mononuclear 7 reacts with two equivalents of PMe2Ph with substitution of
two carbonyl groups to give the substitution producttransition metal complex [NEt4][Ru(CO)3(η5-MeSiB10H10)]

(5), which was characterized by X-ray structure analysis. The [NEt4][Ru3(CO)6(PMe2Ph)2(η5-MeSiB10H10)] (8).
trinuclear ruthenium complex [NEt4][Ru3(CO)8(η5-

Figure 1. Syntheses of the tricarbonylruthenium dicarbollide com-The coordination chemistry of the dicarbollide ligand
plex[C2B9H11]22 has been investigated for almost 35 years. Met-

allocene-like complexes, mixed cyclopentadienyl dicarbol-
lide sandwich species, and carbonyl dicarbollide transition
metal complexes are described in the literature[1]. Many of
these metallacarboranes have compositions and structures
which are related to their cyclopentadienyl counterparts.
One of the most surprising properties of the dicarbollide
coordination products is their remarkable stability towards
air oxidation and hydrolysis. After 35 years of research in
the field of metallacarborane chemistry a dicarbollide coor-
dination product of almost every transition metal is known.
In 1969 Hawthorne described for the first time the synthesis
of a carbonyliron dicarbollide complex[2] and 20 years later
he developed an organometallic chemistry based on the di-
meric dicarbonyliron carborane [closo-3-CO-3,39-(µ-CO)- C2B9H11)] and trinuclear cluster [Ru3(CO)8(η5-7,8-Me2-7,8-
3,1,2-FeC2B9H11]2

22 [3]. In the case of ruthenium Siedle[4]
C2B9H11)]. [7] The trinuclear ruthenium and osmium clusters

reported for the first time on the successful preparation of [M3(CO)8(η5-7-NMe3-7-CB10H10] (M 5 Os[8] and Ru[9])
closo-3,3,3-(CO)3-3,1,2-RuC2B9H11 (1) (Figure 1). From the were synthesized from the reaction of the zwitterionic mo-
reaction between [Ru(CO)3Cl2]2 and [7,8-C2B9H11]2- in re- nocarborane 7-NR3-7-CB10H10 and the respective car-
fluxing THF 7% of 1 has been isolated. bonylmetal complexes. In both cases no mononuclear tran-

The yield of dicarbaruthena-closo-dodecaborane was im- sition metal complex is known.
proved nine years later by Hawthorne[5] to 65% by treating We have recently presented the first examples of tran-
[7,8-C2B9H11]22 with [Ru(CO)3Cl2(THF)] in THF at 0°C. sition metal complexes of the 7-sila-nido-undecaborate(12)
In 1995 Stone[6] published a further improvement of the (2) cluster. [10] In the reaction of the deprotonated silaborate
yield to 80% with [Ru3(CO)12] as a starting material. Reac- with iron(II) bromide we found with 3 (Figure 2) an unpre-
tion between [C2B9H13] and [Ru3(CO)12] results exclusively cedented structural motif for cluster coordination chemis-
in the formation of the mononuclear complex 1. Whereas try. [11] The coordination of the silaborate cluster trianion is
the carborane with methyl groups attached to the carbon realized in the series of the cyclopentadienyl complexes of
atoms produces in the corresponding reaction a 1:2 mixture cobalt, rhodium 4 (Figure 2) and iridium.[12]

of mononuclear complex [Ru(CO)3(η5-7,8-Me2-7,8- In this paper we report on the formation of silaborate
ruthenium complexes. These complexes can be either

[°] Present address: Institut für Anorganische Chemie II, Universi- mononuclear or trinuclear in dependency of the chosentät Karlsruhe, Engesserstrasse, Gebäude 30.45, D-76128 Karls-
ruhe, Germany. stoichiometry between [Ru3(CO)12] and [MeSiB10H12]2.
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Figure 2. Transition metal silaborate complexes opposite to the transition metal center, appears at lower

field (δ 5 14.1 to 20.1; M 5 Fe, Co, Rh, Ir) [12]. In the
presented complex for B9 a value of δ 5 12.2 was deter-
mined. This chemical shift represents the resonance at low-
est field in the series of the so far known metallasilaboranes.
It can be interpreted as an indicator for the electron-with-
drawing ability of the tricarbonylruthenium group.

The stretching frequencies for the terminal carbonyl sub-
stituents of 2075 and 2002 cm21 are smaller than the com-
parable values in 1 (2114, 2058 cm21). Obviously, π-back
bonding in MCO is not as much reduced in 5 as in 1, which
could be attributed to stronger σ-donation by the silabo-
rate ligand.

A perspective view of the anion of 5 is presented as the
result of the X-ray crystal structure analysis in Figure 4 andResults
selected interatomic distances are listed in the Table. The

Mononuclear Complexes structural study confirms the prediction of the spectro-
The mononuclear tricarbonylruthenium complex is read- scopic analyses, a closo structure for the ruthenasilaborate.

ily formed by heating a suspension of three equivalents of The Ru(CO)3 fragment is η5-coordinated at the silaborate
[NEt4][MeSiB10H12] with one equivalent of [Ru3(CO)12] in ligand. As a common structural motif for transition metal
heptane for 15 h at 110°C (Scheme 1). The resulting dark coordination on the silaborate ligand the distances to B7/
brown oil was recrystallized by slow diffusion of Et2O into 11 [2.292(6), 2.300(6) Å] are shorter than to B3/6 [2.372(6),
a CH2Cl2 solution of the reaction mixture to give colourless 2.377(6) Å] [11] [12].
crystals of [NEt4][Ru(CO)3(MeSiB10H10)] (5) in 92% yield. The short Ru2Si distance of 2.396(2) Å can be compared

with distances in silyl complexes[15]. The short Ru2B7/11
Scheme 1. Synthesis of 5 and Ru2Si distances indicate a major contribution to these

atoms of the pentagonal open face of the ligand for tran-
sition metal coordination. Tilley described in 1994 the syn-
thesis of (η5-C5Me5)Ru[η5-Me4C4SiSi(SiMe3)3] a stable sila-
cyclopentadienyl complex of ruthenium[16]. In the case of
the protonated derivative [Cp*Ru(H){η5-Me4C4SiSi-
(SiMe3)3}][BPh4] a Ru2Si distance of 2.441(3) Å was deter-
mined by X-ray structure analysis.

Based on the isolobal analogy the Ru(CO)3 fragment do-
nates two electrons to the cluster electron count. Sum-
mation over the complete skeleton gives a total of 26 elec-The metallasilaborate 5 was characterized by elemental

analyses, NMR spectroscopy, mass spectrometry, and single trons, which corresponds to 2n12 electrons for a closo clus-
ter with 12 edges.crystal X-ray structure analysis. Six signals in the 11B-NMR

spectrum for ten boron atoms with an intensity ratio of The degradation product of o-silaborane 2 reacts with the
trinuclear dodecacarbonyltriiron to give the tricarbonyliron1:2:2:1:2:2 are consistent with Cs symmetry of the cluster

anion of 5 in solution. In the two-dimensional 11B{1H}- silaborate cluster 6 in quantitative yield based on the 11B-
NMR spectra. The pattern in the two-dimensional11B{1H} COSY-NMR spectrum the cross peak between B3/

6 and B4/5 is missing due to bridging by the silicon atom. 11B{1H}-11B{1H} COSY-NMR spectrum (Figure 5) and
the 11B chemical shifts of the iron derivative are stronglyThe effect, that connections between boron atoms, which

are bridged by hetero atoms, are not visible in the two-di- related to the ruthenium complex 5.
6 was also characterized by mass spectrometry and IRmensional COSY 11B-NMR spectrum, is known from other

heteroboranes like carboranes[13]. spectroscopy. Unfortunately, the elemental analyses failed
due to carbonyliron impurities.The 11B-NMR chemical shifts in heteroborane clusters

are governed by the antipodal effect[14]. Substitution of a
Trinuclear Metallasilaboratesheteroatom in a borane cluster is equivalent to changes of

the electronic structure of the cage compound, with the The nido-silaborate 2 reacts with [Ru3(CO)12] in heptane
at reflux temperatures to give the trinuclear rutheniumsila-strongest variations at the antipodal atom. In the anion of

5 the two heteroatoms Ru and Si are opposite to the boron borate cluster 7 (Scheme 2). The cluster was obtained in
almost quantitative yield as yellow crystals by slow dif-atoms B9 and B12. As expected the chemical shift for B12

opposite to the silicon atom appears at high field (δ 5 fusion of Et2O into a CH2Cl2 solution of the reaction mix-
ture.29.7) in the range of values which are known from other

metallasilaboranes (δ 5 25.3 to 219.4) [11] [12] (Figure 3). In As with 5, 7 was characterized by elemental analyses,
mass spectrometry, IR spectroscopy, and NMR spec-comparison to B12 the resonance for B9, the boron atom

Eur. J. Inorg. Chem. 1998, 1263212681264
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Figure 3. 11B-NMR chemical shifts

troscopy. On the basis of these spectroscopical data the con-
Figure 4. Molecular structure for the anion of 5 stitution of 7 was unequivocally determined. The silaborate

ligand is η5-coordinated at one ruthenium atom replacing
two carbonyl substituents. Two BH units coordinate at the
other two ruthenium atoms of the Ru3 cluster, replacing
each one carbonyl substituent. Coordination of the BH
units of B7/11 is proven by the reduced coupling constant
of 1JBH 5 67 Hz, the shift to low field in the 11B-NMR
spectrum for the resonances of B7/11 (Figure 3), and the
cross peak in the two dimensional HMQC 1H{11B}-
11B{1H} NMR spectrum between the resonances for B7/11
and a broad quadruplet in the 1H-NMR spectrum at δ 5
210. Longer reaction times resulted in the decomposition
of 7 and the isolation of the mononuclear cluster 5 together
with the formation of a tetranuclear ruthenium cluster
anion [NEt4][(µ-H)3Ru4(CO)12] [17]. In contrast to the inert-
ness of 5 towards nucleophiles 7 reacts readily with phos-Table 1. Selected interatomic distances [Å] in 5
phanes (Scheme 2) to give the disubstituted derivative 8.

Ru2C1 1.919(7) B32B4 1.834(9) Carbonyl substitution at the ruthenium cluster skeleton is
Ru2C2 1.937(6) B32B7 1.815(8) known from the dicarbollide analogues. 7 reacts with twoRu2C3 1.901(7) B32B8 1.764(9)

equivalents of PMe2Ph under substitution of one carbonylRu2Si 2.396(2) B42B5 1.854(9)
Ru2B3 2.372(6) B42B8 1.765(9) group at each Ru(CO)3 unit. In contrast to the analogue
Ru2B6 2.377(6) B42B9 1.766(11) reaction of [Ru3(CO)8(C2B9H11)] leading to oxidative ad-Ru2B7 2.292(6) B52B6 1.822(10)

dition of one coordinated BH unit at a ruthenium centre inRu2B11 2.300(6) B52B9 1.763(10)
Si2C4 1.859(6) B52B10 1.750(10) the silaborane case the coordinated BH units of B7/11 re-
Si2B3 2.091(6) B62B10 1.751(10)

main unchanged. The constitution of 8 was deduced fromSi2B4 2.027(7) B62B11 1.793(9)
Si2B5 2.033(7) B72B8 1.791(9) the spectroscopical data together with elemental analysis
B72B12 1.781(9) B102B11 1.779(9) and mass spectrometry. As in 7 a reduced coupling constantB82B9 1.775(9) B102B12 1.765(9)

(1JBH 5 83 Hz) for the BH units of B7/11, a low-fieldB82B12 1.781(9) B112B12 1.782(9)
B92B10 1.758(10) B72B11 1.865(8) chemical shift in the 11B NMR for B7/11 and a cross peak
B92B12 1.764(9) Si2B6 2.104(7) in the HMQC 1H{11B}-11B{1H} between the resonances for

B7/11 and a signal at δ 5 210.6 indicates the coordination
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Scheme 2. Syntheses of 7 and 8Figure 5. 11B{1H}-11B{1H} COSY-NMR spectrum of the anion of

6

transition metal complexes with a silaborate ligand. In con-
trast to the syntheses of the carbonylruthenium dicarbollide
and monocarbollide complexes the formation of the
mononuclear or trinuclear ruthenium complex is deter-
mined by the stoichiometry of silaborate and carbonylru-
thenium.

Support of this work by the Deutsche Forschungsgemeinschaft
(Schwerpunktprogramm Polyeder, Heisenberg fellowship) and the
Fonds der Chemischen Industrie is gratefully acknowledged.

Experimental Section
General: All manipulations were carried out under dry N2 in

Schlenk glassware. Solvents were dried and purified by standard
methods and were stored under N2. 2 NMR: Varian Unity 500
(500 MHz, 1H, int. TMS; 126 MHz, 13C{1H}, int. TMS; 202 MHz,of these BH units at the ruthenium centres. The Cs sym-
31P, ext. H3PO4; 160 MHz, 11B, ext. BF3OEt2; 100 MHz, 29Si, ext.metry of the cluster anion in solution is proven by five sig-
TMS). 2 MS: Finnigan MAT 95. 2 Elemental analysis: Institutnals in the 11B NMR for ten boron atoms, the resonances
für Anorganische Chemie RWTH Aachen, Carlo-Erba elemental

for B3/6 and B9 are accidentily isochronic, and one 31P- analyzer, Modell 1106; Mikroanalytisches Labor Pascher, Re-
NMR resonance for the two phosphane ligands. 8 crys- magen.
tallizes with one equivalent of dichloromethane in the space

[NEt4][Ru(CO)3(η5-MeSiB10H10)] (5): Tetraethylammoniumgroup P21/a with a 5 13.881(3), b 5 12.773(7), c 5
dodecahydro-7-methyl-7-sila-nido-undecaborate(12) (2; 250 mg,27.2800(9) Å, and β 5 97.99(2)°. Due to an immediate loss
0.85 mmol) was suspended with 25 ml of heptane and dodecacar-

of cocrystallized CH2Cl2 after isolation from the solution, bonyltriruthenium (181 mg, 639.3 g/mol, 0.28 mmol). The mixture
no crystals of good quality could be obtained. Reflections was refluxed for 15 h and the solvent was evaporated in vacuum to
were broad and of relative low intensity. In addition the give a red oily residue. Recrystallization was carried out by slow
atoms of the CH2Cl2 show large displacement parameters. diffusion of diethyl ether into a solution of dichloromethane at
Therefore no geometric details of the structure will be dis- 230°C to give 376 mg (93% yield) of 5 as colourless crystals. 2

IR (KBr) ν̃ 5 2075 cm21 (CO), 2002 (CO). 2 1H{11B} NMRcussed but the constitution of 8 was confirmed.
(CD2Cl2): δ 5 3.67 (s, 1 H, H9), 2.14 (s, 2 H, H7/11), 2.00 (s, 2 H,
H3/6), 1.92 (s, 1 H, H12), 1.84 (s, 2 H, H4/5), 1.37 (s, 2 H, H8/10),Conclusion
0.84 (s, 3 H, SiCH3). 2 13C{1H} NMR (CD2Cl2): δ 5 196.4 (s, 3

The anionic degradation product of o-silaborane reacts C, CO), 24.8 (s, 1 C, SiCH3). 2 11B NMR (CD2Cl2): δ 5 12.2 (d,
1J 5 134 Hz, 1 B, B9), 0.7 (d, 1J 5 134 Hz, 2 B, B7/11), 26.2 (d,with dodecacarbonyltriruthenium to give the first carbonyl
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1J 5 134 Hz, 2 B, B3/6), 29.7 (d, 1J 5 134 Hz, 1 B, B12), 213.8 Hz, 2 B, B8/10), 211.3 (d, 1J 5 104 Hz, 2 B, B4/5). 2 29Si NMR

(CD2Cl2): δ 5 6.7 (s, MeSi). 2 MS (70 eV) SIMS; m/z (%): 690.6(d, 1J 5 158 Hz, 2 B, B8/10), 215.1 (d, 1J 5 146 Hz, 2 B, B4/5).
2 29Si NMR (CD2Cl2): δ 5 28.2 (s, MeSi). 2 MS (70 eV) SIMS; (18) [M2 2 2CO], 662.8 (64) [M2 2 CO], 634.8 (100) [M2 2

2CO]. 2 C17H31B10NO8Ru3Si (816.83): calcd. C 25.00, H 3.83, Nm/z (%): 347.2 (100) [M2]. 2 C12H33B10NO3RuSi (476.66): calcd.
C 30.24, H 6.98; found C 29.41, H 5.90. 1.72; found C 24.66, H 4.01, N 1.69.

X-ray Crystallographic Study of 5: C12H33B10NO3RuSi; formula [NEt4][Ru3(CO)6(PMe2Ph)2(η5-MeSiB10H10)] (8): 200 mg
mass 476.66 g mol21; monoclinic space group C2/c (no. 15); a 5 (M 5 818.8 g/mol, 0.24 mmol) of 7, dissolved in 20 ml of THF,
32.641(5), b 5 8.451(3), c 5 21.489(3) Å, β 5 125.73(2)°, V 5 was treated with 71 µl of PMe2Ph (M 5 138.2 g/mol, 0.50 mmol)
4812(2), Z 5 8, dcalcd. 5 1.316 g cm23; µlin. 5 0.714 mm21. Enraf- at room temperature. After heating for 2 h under reflux, the solu-
Nonius CAD4 diffractometer; Mo-Kα radiation (λ 5 0.71070 Å); tion was concentrated to dryness and the resulting orange solid was
graphite monochromator. Data collection at room temperature on recrystallized from 20 ml of CH2Cl2 by slow diffusion of hexane at
a crystal of about 1.1 3 0.2 3 0.2 mm using ω-scans (6° # 2θ # 230°C to give 233 mg (91% yield) of 8 as red crystals. 2 IR (diox-
60°) yielded 7093 reflections, which after merging the symmetry ane) ν̃ 5 2050 cm21 (CO), 1962 (CO). 2 1H{11B} NMR
equivalents gave 6983 independent reflections with 3888 obser- ([D8]THF): δ 5 7.4427.22 (m, 10 H, PPh), 2.62, 1.87, 1.78, 1.69
vations [I > 2σ(I)]. Intensity data were corrected for Lorentz and (s, br., BH), 1.71 (s, br., 12 H, PMe2), 0.69 (s, 3 H, SiCH3), 210.55
polarization effects, and a semi-empirical absorption correction (q, br., 2 H, BHRu). 2 13C{1H} NMR ([D8]THF): δ 5 211.1,
(using ψ-scans)[18] was applied with the program system MolEN.[19] 204.3, 201.2 (s, 2 C, CO), 142.4 (s, br., 2 C, PC), 129.2, 128.6, 128.3
After solving the structure by direct and Difference Fourier meth- (s, Ph), 52.9 (s, 4 C, NCH2CH3), 7.8 (s, 4 C, NCH2CH3), 24.0 (s,
ods[20], the structure was refined against F2 using SHELXL-93[21] 1 C, SiCH3). 2 11B NMR ([D8]THF): δ 5 26.0 (d, 1J 5 83 Hz, 2
with anisotropic parameters for the non hydrogen atoms. This re- B, B7/11), 23.0 (d, 1J 5 140 Hz, 3 B, B3/6/9), 210.2 (d, 1J 5 134
sulted in wR2 5 0.134 and R 5 0.061 (observed reflections only) Hz, 2 B, B4/5), 211.7 (d, 1J 5 109 Hz, 1 B, B12), 212.5 (d, 1J 5
for 289 variables (GOF 5 1.169). The hydrogen atoms attached to 141 Hz, 2 B, B8/10). 2 29Si NMR ([D8]THF): δ 5 229.8 (s, MeSi).
boron atoms were refined in their positions; the remaining hydogen 2 31P NMR ([D8]THF): δ 5 24.3 (s, 2 P, PMe2Ph). 2 MS (70 eV)
atoms were included into calculated positions. A final difference SIMS; m/z (%): 910.2 (100) [M2 2 10]. 2 C31H55B10NO6P2Ru3Si-
Fourier map gave min./max. residual electron densities of 0.940/ (CH2Cl2) (1124.06): calcd. C 34.19, H 5.11; found C 33.85, H 4.93.
21.361 eA23 [22].

[NEt4][Fe(CO)3(η5-MeSiB10H10)] (6): Tetraethylammonium
dodecahydro-7-methyl-7-sila-nido-undecaborate(12) (2; 250 mg
0.85 mmol) was suspended with 25 ml of heptane and dodecacar- ; Dedicated to Prof. Dr. Heinrich Nöth on the occasion of his
bonyltriruthenium (429 mg, 503.7 g/mol, 0.85 mmol). The mixture 70th birthday.
was refluxed for 15 h and the solvent was evaporated in vacuum to [1] [1a] M. F. Hawthorne, Acc. Chem. Res. 1968, 1, 2812288. 2 [1b]

A. K. Saxena, N. S. Hosmane, Chem. Rev. 1993, 93,give a red oily residue, which could not be purified by recrystalliza-
108121124.tion. 2 IR (KBr) ν̃ 5 2081 cm21 (CO), 2009 (CO). 2 1H{11B} [2] M. F. Hawthorne, H. W. Ruhle, Inorg. Chem. 1969, 8, 1762178.

NMR (CD2Cl2): δ 5 3.57 (s, 1 H, H9), 2.35 (s, 2 H, H7/11), 2.11 [3] [3a] S. S. Lee, C. B. Knobler, M. F. Hawthorne, Organometallics
(s, 1 H, H12), 1.94 (s, 4 H, H3/6, 4/5), 1.91 (s, 2 H, H8/10), 0.81 (s, 1991, 10, 6702677. 2 [3b] S. S. Lee, C. B. Knobler, M. F. Haw-

thorne, Organometallics 1991, 10, 105421062.3 H, SiCH3). 2 13C{1H} NMR (CD2Cl2): δ 5 208.6 (s, 3 C, CO),
[4] A. R. Siedle, J. Organomet. Chem. 1975, 90, 2492256.27.1 (s, 1 C, SiCH3). 2 11B NMR (CD2Cl2): δ 5 13.9 (d, 1J 5 [5] P. E. Behnken, M. F. Hawthorne, Inorg. Chem. 1984, 23,

134 Hz, 1 B, B9), 3.1 (d, 1J 5 122 Hz, 2 B, B7/11), 23.8 (d, 1J 5 342023423.
134 Hz, 2 B, B3/6), 28.4 (d, 1J 5 134 Hz, 1 B, B12), 210.6 (d, [6] S. Anderson, D. F. Mullica, E. L. Sappenfield, F. G. A. Stone,

Organometallics 1995, 14, 351623526.1J 5 134 Hz, 2 B, B8/10), 212.9 (d, 1J 5 146 Hz, 2B, B4/5). 2
[7] Y.-H. Liao, D. F. Mullica, E. L. Sappenfield, F. G. A. Stone,29Si NMR (CD2Cl2): δ 5 38.9 (s, MeSi). 2 MS (70 eV) SIMS;

Organometallics 1996, 15, 510225111.m/z (%): 301.2 (100) [M2], 272.3 (23, M2 2 CO), 245.1 (22, M2
[8] V. N. Lebedev, D. F. Mullica, E. L. Sappenfield, F. G. A. Stone,

2 2CO). J. Organomet. Chem. 1997, 5362537, 5372539.
[9] V. N. Lebedev, D. F. Mullica, E. L. Sappenfield, F. G. A. Stone,

Organometallics 1996, 15, 166921675.[NEt4][Ru3(CO)8(η5-MeSiB10H10)] (7): Tetraethylammonium
[10] L. Wesemann, U. Englert, D. Seyferth, Angew. Chem. 1995, 107,dodecahydro-7-methyl-7-sila-nido-undecaborate(12) (2, 250 mg

243522436; Angew. Chem. Int. Ed. Engl. 1995, 34, 223622238.
0.85 mmol) was suspended with 25 ml of heptane and dodecacar- [11] L. Wesemann, Y. Ramjoie, B. Ganter, B. Wrackmeyer, Angew.
bonyltriruthenium (544.4 mg, 639.3 g/mol, 0.85 mmol). The mix- Chem. 1997, 109, 9022904; Angew. Chem. Int. Ed. Engl. 1997,

36, 8882890.ture was refluxed for 15 h and the solvent was evaporated in vac-
[12] L. Wesemann, Y. Ramjoie, M. Trinkaus, B. Ganter, Inorg.uum to give a red oily residue. Recrystallization was carried out by

Chem. 1997, 36, 519225197.slow diffusion of diethyl ether into a solution of dichloromethane [13] T. L. Venable, W. C. Hutton, R. N. Grimes, J. Am. Chem. Soc.
at 230°C to give 697 mg (91% yield) of 7 as yellow crystals. 2 IR 1984, 106, 29237.
(KBr) ν̃ 5 2071 cm21 (CO), 2029 (CO), 1994 (CO), 1972 (CO). 2 [14] [14a] M. Bühl, P. v. R. Schleyer, Z. Havlas, D. Hynk, S. Herm-

anek, Inorg. Chem. 1991, 30, 310723111. 2 [14b] S. Hermanek,1H{11B} NMR (CD2Cl2): δ 5 2.83 (s, 1 H, H9), 2.18 (s, 1 H, H12),
Chem. Rev. 1992, 92, 3252362.1.97 (s, 4 H, H4/5/8/10), 1.86 (s, 2 H, H3/6), 0.83 (s, 3 H, SiCH3), [15] D. A. Straus, T. D. Tilley, A. L. Rheingold, S. J. Geib, J. Am.

210.25 (s, 2 H, H7/11). 2 13C{1H} NMR (CD2Cl2): δ 5 211.8 (s, Chem. Soc. 1987, 109, 587225873.
1 C, CO), 206.1 (s, 1 C, CO), 200.3 (s, 1 C, CO), 199.5 (s, 1 C, CO), [16] W. P. Freeman, T. D. Tilley, A. L. Rheingold, J. Am. Chem.

Soc. 1994, 116, 842828429.197.2 (s, 1 C, CO), 196.4 (s, 1 C, CO), 194.2 (s, 1 C, CO), 191.3 (s,
[17] J. W. Koepke, J. R. Johnson, S. A. R. Knox, H. D. Kaesz, J.1 C, CO), 53.6 (s, 4 C, NCH2CH3), 8.0 (s, 4 C, NCH2CH3) 24.5

Am. Chem. Soc. 1975, 97, 394723952.(s, 1 C, SiCH3). 2 11B NMR (CD2Cl2): δ 5 27.1 (d, 1J 5 67 Hz, [18] A. C. T. North, D. C. Phillips, F. C. Mathews, Acta Crystallogr.
2 B, B7/11), 20.9 (d, 1J 5 140 Hz, 1 B, B9), 28.1 (d, 1J 5 134 Hz, 1968, A24, 351.

[19] C. K. Fair, MolEN, An Interactive Structure Solution Procedure,2 B, B3/6), 29.8 (d, 1J 5 153 Hz, 1 B, B12), 210.8 (d, 1J 5 116
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Enraf-Nonius, Delft, The Netherlands, 1990. able on request from the Fachinformationszentrum Karlsruhe,

D-76344 Eggenstein-Leopoldshafen, on quoting the depository[20] G. M. Sheldrick, SHELXS-86, Acta Crystallogr. 1990, A46, 467.
[21] G. M. Sheldrick, Program for the refinement of Crystal Struc- number CSD-408509, the names of the authors, and the jour-

nal citation.tures, Universität Göttingen, 1993.
[22] Further details of the crystal structure investigations are avail- [98096]
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Iron(III) tetrasulfophthalocyanine (FePcS) was shown to sp2 carbon center of anthracene to form a σ adduct (this
inverse KIE being enhanced by stronger stackingcatalyze the oxidation of polycyclic aromatic hydrocarbons

by H2O2. Benzo[a]pyrene and anthracene were converted to interactions between the perdeuterated substrate with the
macrocyclic catalyst). Although the first oxidation step seemsthe corresponding quinones while biphenyl-2,29-dicarboxylic

acid was the main product of phenanthrene oxidation. The to be the same, different distribution of the oxidation
products of anthracene and very different 18O incorporationmechanism of the anthracene oxidation by H2O2 in the

presence of FePcS or by KHSO5 with iron(III) meso- into anthrone and anthraquinone in catalytic oxidations
performed in the presence of H2

18O suggested that differenttetrakis(3,5-disulfonatomesityl)porphyrin (FeTMPS) (see
Figure 1 for catalyst structures) has been investigated in active species should be responsible for anthracene oxidation

in both catalytic systems. All the results obtained aredetails by using kinetic isotope effects (KIEs) and 18O
labeling studies. KIEs measured on the substrate compatible with an involvement of TMPSFeV=O (or

TMPS+FeIV=O), having two redox equivalents above theconsumption in the competitive oxidation of [H10]anthracene
and [D10]anthracene by FePcS/H2O2 and FeTMPS/KHSO5 iron(III) state of the metalloporphyrin precursor, while

PcSFeIV=O (one redox equivalent above FeIII state of FePcS)were essentially the same, 0.75 ± 0.02 and 0.76 ± 0.06,
respectively. These inverse KIEs on the first oxidation step was proposed to be the active species in the

metallophthalocyanine-based system.can be explained by the sp2-to-sp3 hybridization change
during the addition of an electrophilic oxoiron complex to the

Introduction contamination process, along with photochemical oxidation
with dioxygen[6], microorganisms capable of rapidly and ef-
ficiently mineralizing recalcitrant and potentially carcino-Polycyclic aromatic hydrocarbons (PAH) belong to en-

vironmental pollutants because of their rather slow biodeg- genic PAHs needs to be found[1]. Chemical oxidation of
PAH[7] needs elevated temperatures and/or powerful oxi-radation. PAHs can be metabolized by bacteria, fungi or

algae. Three main degradation pathways have been ident- dants, e.g. chromium compounds which constitute environ-
mental problems. For example, phenanthrene has been oxi-ified for the microbial catabolism of polycyclic aromatic hy-

drocarbons[1]. Cytochrome P-450 monooxygenases catalyze dized to phenanthrenequinone by CrO3 at 55°C (yield
80%)[8], by the system CeIV/H2SO4/(NH4)2SO4 at 50°Cthe formation of arene oxides, which are then transformed

to phenol or epoxy-diol derivatives. Ligninases are capable (yield 42%)[9], by KMnO4/Al2O3/H5IO6 (yield 25%)[10]. Ar-
enes can be oxidized to quinones by H2O2/hexafluoroace-of oxidizing PAH to quinones followed by ring cleavage[2].

For example, benzo[a]pyrene was oxidized to a mixture of tone at 70°C[11]. In this latter case, biphenyl-2,29-dicar-
boxylic acid was the only isolated oxidation product of1,6-, 3,6- and 6,12-quinones[3], pyrene to 1,6- and 1,8-qui-

nones[4] and anthracene to 9,10-anthraquinone[2]. The third phenanthrene[11]. Obviously, there is a need for environ-
mental-friendly chemical catalysts to oxidize PAH. Anenzymatic degradation process involves dioxygenase en-

zymes to incorporate both atoms of molecular oxygen into alternative approach using biomimetic metalloporphyrin
catalysts[12] has been shown to be useful in the oxidation ofthe aromatic ring to form cis-dihydrodiols. After a dehydro-

genase-catalyzed rearomatization to produce catechols, a 2-methylnaphthalene[12a]. Phenanthrene and naphthalene
were oxidized by a porphyrinruthenium/2,6-dichloropyri-subsequent enzymatic cleavage by intradiol or extradiol di-

oxygenases gives cis,cis-muconic acid or 2-hydroxymuconic dine N-oxide system to give the corresponding quinones
with 40% and 29% yields, respectively[13]. Recently, the oxi-semialdehyde as products of aromatic cycle cleavage, respec-

tively[5]. Although biodegradation of PAHs is the major de- dation of naphthalene and methylnaphthalenes by peracetic
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Resultsacid catalyzed by octanitrophthalocyanine MnIII and FeII

complexes has been reported[14]. Products and Reactivity Order in PAH Oxidations by
We recently developed a new efficient catalytic system for FePcS/H2O2

the oxidative degradation of polychlorinated phenols based We checked the oxidations of benzo[a]pyrene, phen-
on the association of iron(III) or manganese(III) complexes anthrene and anthracene, performed in a MeCN/H2O mix-
of tetrasulfophthalocyanine (FePcS, MnPcS) and the rather ture (3:1, v/v) using KHSO5 and H2O2 as oxidants. The
inexpensive and “green” oxidant H2O2

[15] [16]. This biomi- final concentrations of oxidant and substrate were 5 m
metic system is able to cleave the aromatic cycle of 2,4,6- and 1 m, respectively. The catalyst concentrations were 10
trichlorophenol with the formation of chloromaleic acid as

µ, 37 µ and 100 µ corresponding to 1, 3.7 and 10%
the main product[15]. Besides FePcS and MnPcS, CoPcS is catalyst/substrate ratios, respectively. The data of Table 1
also highly efficient in the oxidation of catechols[17]. Having indicated that FePcS was also an efficient catalyst for the
on hands these efficient catalysts for the oxidation of recal- oxidation of these polyaromatic hydrocarbons. The oxi-
citrant pollutants such as chlorinated phenols, we decided dation of benzo[a]pyrene by FePcS/KHSO5 (run 1) and by
to investigate the activity of these catalysts in the oxidation FePcS/H2O2 (run 4) at pH 5 7 was complete within in a
of other poorly biodegradable molecules. Here we report few minutes leading to an orange material isolated by pre-
the catalytic oxidation of polycondensed aromatics (mainly cipitation with water. DCI-CH4 mass spectrometry analysis
anthracene, but also phenanthrene and benzo[a]pyrene) by gave peaks at 282 (M1, 100), 254 [(M 2 CO)1, 17.4], 226
hydrogen peroxide or potassium monopersulfate (KHSO5) [(M 2 2 CO)1, 17.4] indicating the final product was a
and FePcS as catalyst [FeTMPS, a water-soluble iron(III) quinone (or a mixture of quinone isomers) with a molecular
porphyrin, was also used for comparison]. Detailed mech- weight equal to 282. Three components were isolated by
anistic studies involving kinetic isotope effects (KIEs) and dry column chromatography (neutral Al2O3, benzene) after18O labeling experiments are also reported. oxidation of benzo[a]pyrene in conditions used for run 4 of

Table 1 and characterized by UV spectroscopy according to
Figure 1. Structures of iron(III) complexes of tetrasulfophthalocy- ref. [18] (Scheme 1). The UV/Vis spectra for all three qui-anine (FePcS) and meso-tetrakis(3,5-disulfonatomesityl)porphyrin

nones were in an excellent agreement with the data pre-
viously published[18]. Based on reported extinction coef-
ficients, the distribution of quinones was as follows: 6,12-
benzo[a]pyrenedione (32%, first eluted product from col-
umn), 1,6- benzo[a]pyrenedione (44%, second eluted prod-
uct) and 3,6- benzo[a]pyrenedione (24%, third eluted prod-
uct). The total yield for all three quinones was quantitative

Table 1. Oxidation of polyaromatic hydrocarbons PAH by H2O2
and KHSO5 catalyzed by sulfonated phthalocyanineiron(III)

FePcS[a]

Run Oxidant pH % Cat./Sub. Conversion [%]

1 min 5 min 60 min
Benzo[a]pyrene oxidation

1 KHSO5 2 1 50 97 100
2 KHSO5 7 1 14 41 70
3 H2O2 7 1 11 20 20
4 H2O2 7 3.7 43 100 100

Anthracene oxidation
5 H2O2 4.4 10 12 40 96
6 H2O2 7 10 100
7 H2O2 7 3.7 57 74 86
8 H2O2 7 1 15 28 32

Anthracene oxidation by FeTMPS/KHSO5
9 KHSO5 7 3.7 11 33 100

Phenanthrene oxidation
10 KHSO5 7 3.7 28 40 64
11 H2O2 5.3 3.7 10 24 35
12 H2O2 5.3 10 n.d. n.d. 66
13 H2O2 5.5 10 32 46 64
14 H2O2 5.9 10 n.d. 45 60
15 H2O2 4.4 10 n.d. 24 80

[a] n.d.: not determined.

The H2O2 oxidation of phenanthrene is pH-dependent.
Using a 10% catalyst/substrate ratio the highest conversion
of phenanthrene was obtained at pH 5 4.4 (conversion be-
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Scheme 1. Oxidation products of benzo[a]pyrene by FePcS/H2O2

ing rather low at pH 5 7) (Figure 2). But it should be noted Biphenyl-2,29-dicarboxylic acid (product of cleavage of
one aromatic cycle) was the main oxidation product ofthat anthracene was quickly and completely oxidized within

1 min at pH 5 7 (Table 1, run 6) while 1 hour was necessary phenanthrene, 9,10-phenanthrenequinone being the second
main product. Three other minor products of the oxidativeto reach 96% conversion at pH 5 4.4 (the pH optimum for

phenanthrene). At pH 5 7 the order of substrate reactivity degradation of phenanthrene were also identified by GC-
MS analysis: 2-formyl-29-hydroxybiphenyl, 2-carboxy-29-was in agreement with oxidation potentials: benzo[a]pyrene

> anthracene > phenanthrene (the ionization potentials be- hydroxybiphenyl and 2,29-biphenylcarbolactone (Scheme
3). So, the FePcS/H2O2 system is able to cleave the aromaticing 7.2, 7.4 and 8.1 eV, respectively[2]).
cycle of phenanthrene and to perform oxidative decar-

Figure 2. pH dependence of phenanthrene oxidation by FePcS/ boxylation.H2O2
[a]

Oxidation of Anthracene by FeTMPS/KHSO5

We also checked the oxidation of anthracene by
FeTMPS/KHSO5 performed in an MeCN/25 m phos-
phate buffer mixture (3:1, v/v) at pH 5 7. The concen-
trations of oxidant, substrate and catalyst were 5 m, 1 m
and 37 µ, respectively. The anthracene conversion was
complete after 60 min (run 9, Table 1). The yields of ox-
anthrone and anthraquinone were determined by HPLC.
Differing from the FePcS/H2O2 mediated oxidation, the
main product with FeTMPS/KHSO5 was oxanthrone (yield
by HPLC 5 60%), while only 3% of anthraquinone were
found. Isolation of reaction products from a large scale an-
thracene oxidation by FeTMPS/KHSO5 followed by NMR

[a] Reaction conditions: [catalyst] 5 0.1 m, [oxidant] 5 5 m, analysis gave 43% yield for oxanthrone, 16% yield for
[substrate] 5 1 m, acetonitrile/50 m phosphate buffer at pH 5 anthraquinone and 14% yield of non-identified compounds7 (3:1, v/v). Reaction time 60 min.

(probably coupling products). A partial oxidation of ox-
anthrone to anthraquinone might have occured during theThe FePcS-catalyzed oxidation of anthracene by H2O2

resulted in the formation of anthrone (tautomeric form of sample preparation for NMR analysis, explaining the dis-
crepancy with the HPLC analysis of the reaction mixture.9-hydroxyanthracene), oxanthrone (tautomeric form of

anthrahydroquinone) and anthraquinone (Scheme 2). The This rather unexpected result, oxanthrone, an easily oxidi-
zable compound, as main reaction product in the presenceyields of oxanthrone (5%) and anthraquinone (25%) were

determined after 1 h by HPLC using calibration curve and of strong oxidants, stimulated us for a detailed mechanistic
study of anthracene oxidation by both catalytic systems,molar extintion coefficients obtained with authentic

samples. FePcS/H2O2 and FeTMPS/KHSO5.

Scheme 2. Oxidation products of anthracene by FePcS/H2O2 or FeTMPS/KHSO5
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Scheme 3. Oxidation products of phenanthrene by FePcS/H2O2

Stability of Anthrone, Oxanthrone and Anthraquinone in the GC-MS analyses and substrate conversions were obtained
Presence of FePcS/H2O2 and FeTMPS/KHSO5 by HPLC analyses (see Experimental Section). Equations

to calculate KIEs depend on a reaction order in sub-In these experiments we used the same reaction con-
strate[19]. When the reaction is first order in substrate KIEsditions as those for anthracene oxidation: a MeCN/50 m
can be determined from equation (1) where aH

o, aD
o andphosphate buffer pH 5 7 reaction medium (3:1, v/v), [cata-

aH, aD denote initial and current substrate concentrationslyst] 5 37 µ, [oxidant] 5 5 m, [substrate] 5 1 m, except
of H-labeled and D-labeled substrates, respectively.for anthraquinone (its concentration was reduced to 0.5 m

because of its low solubility in the reaction mixture). Under
these reaction conditions the conversions of anthrone in the kH/kD 5 log (aH/aH

o) / log (aD/aD
o) (1)

presence of FePcS/H2O2 and FeTMPS/KHSO5 were 23%
and 38%, respectively, after 1 h, indicating that anthrone

Determination of the Reaction Order for the Substrate inoxidation was slightly faster with FePcS/KHSO5. Ox-
Anthracene Oxidation by FePcS/H2O2anthrone was easily oxidized to anthraquinone by FePcS/

H2O2: the conversion was 90% after only 5 min. Again, The reaction order in anthracene was determined with
oxanthrone was relatively stable with FeTMPS/KHSO5: the concentrations of H2O2, anthracene and FePcS being 5 m,
conversions were only 18 and 23% after 30 and 60 min, 1 m and 37 µ, respectively. The reactions were carried
respectively. Finally, we checked that anthraquinone was out in an MeCN/50 m phosphate buffer mixture at pH 5
stable in both catalytic systems. There was no observable 7 (3:1, v/v). Under these conditions the catalytic reaction
conversion after 60 min with FeTMPS/KHSO5 and only follows a first-order kinetic in substrate at least for 2 times
10% with FePcS/H2O2. These results on stability of prod- the reaction half-time and KIEs could be then determined
ucts of anthracene oxidation were in good agreement with according to equation (1).
the composition of the reaction products for both catalytic
systems.

KIEs in Anthracene and Phenanthrene Oxidation by FePcS/H2O2

and FeTMPS/KHSO5Method of Determination of Kinetic Isotope Effects

Kinetic isotope effects (KIEs) can be determined in intra- Analysis of the reaction mixture after 325 min of reac-
tion (conversions being 40260%) indicated a preferentialor intermolecular competitive experiments by the analysis

of the ratios of reaction products resulting from C2H ver- consumption of [D10]anthracene corresponding to an in-
verse isotope effect. The kinetic isotope effect in anthracenesus C2D bond transformations. Such analyses are reliable

when the oxidation products, different only in their isotopic oxidation by the FePcS/H2O2 system was determined to be
equal to 0.75 ± 0.02. Oxidation of anthracene by FeTMPS/substitution, are primary oxidation products and are stable

in the reaction conditions. Since this is not a case in PAH KHSO5 presented the same isotope effect of 0.76 ± 0.06
(Table 2). In contrast, oxidation of phenanthrene by bothoxidations by FePcS/H2O2 system we decided to determine

the KIE values by analyzing of the competitive consump- catalytic systems proceeds with no significant isotope effect:
0.96 ± 0.04 and 1.02 ± 0.01 for FePcS/H2O2 and FeTMPS/tion of the deuterated versus the non-deuterated substrate.

In this case intermolecular KIE values of the initial oxi- KHSO5, respectively (Table 2).
In order to find the origin of this inverse isotope effectsdation reaction can be obtained. In order to determine

these KIEs concentrations of labeled and unlabeled sub- we prepared 9,10-dideuterioanthracene and determined the
KIE value in the competitive oxidation of the mixture ofstrates should be determined before and after the oxidation

reaction by monitoring the isotopic composition of the in- 9,10-dideuterioanthracene and [H10]anthracene. In this lat-
ter case the KIE value were 0.90 ± 0.05 and 0.95 ± 0.01itial reaction mixture, the substrate conversion and the iso-

topic composition of the remaining substrate after reaction. with the FePcS/H2O2 and FeTMPS/KHSO5 systems,
respectively.Isotopic compositions of substrates were determined by
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Table 2. Kinetic isotope effect[a] in anthracene and phenanthrene eled water. In control experiments we checked that light

oxidation by FePcS/H2O2 and FeTMPS/KHSO5 at 20°C oxygen atoms of anthraquinone did not exchange with
heavy oxygen atoms of 18O-labeled water under the used

KIE in the competitive oxidation of reaction conditions, i.e. a mixture of acetonitrile/50m
Catalytic [H10]anthracene/ [H10]phenanthrene/

phosphate buffer (3:1, v/v) at pH 5 7. Also, KHSO5 itselfsystem [D10]anthracene[b] [D10]phenanthrene[c]

([H10]anthracene/9,10- does not exchange its oxygen atoms with water[20c]. FePcS-
[D2]anthracene) mediated oxidations of anthracene were performed under

standard conditions (run 7 of Table 1) either under air or
FePcS/H2O2 0.75 ± 0.02 (0.90 ± 0.05) 0.96 ± 0.04

under nitrogen, using a 50:50 mixture of [H10]anthraceneFeTMPS/ 0.76 ± 0.06 (0.95 ± 0.01) 1.02 ± 0.01
KHSO5 and [D10]anthracene. The oxygen atom distribution was

analyzed in both deuterated and non-deuterated products
[a] These data are the mean values obtained from 3 independent for each experiment. In all cases, the oxygen atom distri-
oxidation reactions. 2 [b] Reaction conditions: [catalyst] 5 37 µ,

bution for a defined product was exactly the same. For ex-[oxidant] 5 5 m, [substrate] 5 1 m, MeCN/50 m phosphate
buffer pH 5 7 (3:1, v/v). 2 [c] Reaction conditions: [catalyst] 5 100 ample, the 18O incorporation into anthraquinone was fol-
µ, [oxidant] 5 5 m, [substrate] 5 1 m, MeCN/33.3 m phos- lowed by determination of the molecular ion percentages atphate buffer pH 5 4.6 (1:1, v/v).

208/216 [M], 210/218 [M 1 2] and 212/220 [M 1 4] corre-
sponding to the incorporation of none, one or two 18O oxy-Analysis of Isotopic Composition of Products of Anthracene
gen atoms in [H8]anthraquinone and [D8]anthraquinone,Oxidation
respectively. In both cases, under air or under nitrogen,

Anthrone, oxanthrone and anthraquinone were identified anthrone, the primary oxidation product, contained only a
as oxidation products of anthracene by NMR and GC-MS light oxygen atom. This result indicates that this oxygen
techniques. GC-MS analysis of the reaction mixture indi- atom originated from H2O2, the non-labeled oxidant. In
cated that anthrone, the primary oxidation product, was en- contrast, both 16O and 18O atoms were incorporated into
riched in the deuterated derivative as expected from the in- anthraquinone. When the reaction was performed under air,
verse isotope effect on the first step of anthracene oxi- the molecular cluster consisted of M (68%) and M 1 2
dation. In contrast, anthraquinone, a second oxidation (32%) peaks, meaning that the 18O atom was unambigu-
product, was enriched in unlabeled product indicating a ously only located in one carbonyl group of this quinone. If
KIE value > 1 during the oxidation of anthrone to this 18O would occupied both carbonyl positions, the molecular
quinone. Oxanthrone was unstable under GC-MS analysis cluster would have consisted on three peaks: M, M 1 2 and
conditions and its isotopic composition could not be deter- M 1 4. So, anthraquinone contained 100% of 16O in one
mined. The molecular peak of deuterated anthrone formed carbonyl position, 36% of 16O and 64% of 18O in another
after 3 min of reaction was 202 corresponding to a [D8]- one (Figure 3). When the reaction was performed under
containing molecule, not a [D9]-molecule as expected for 9- nitrogen, again, only two peaks were found in the molecular
hydroxyanthracene. This result suggested that the equilib- cluster: M (56%) and M 1 2 (44%). Consequently, 16O in-
rium between the two tautomeric forms, anthrone and 9- corporation in one carbonyl position was complete, another
hydroxyanthracene, was rather fast (Scheme 4). Conse- carbonyl position was enriched with heavy oxygen: 12% of
quently, a putative σ adduct with a Fe2O2arene bond, 16O and 88% of 18O (Figure 3). This more significant incor-
which should stabilize the 9-hydroxyanthracene tautomer, poration of 18O at the second carbonyl position produced
could not be a long-lived intermediate as previously ob- in the absence of dioxygen suggests a possibility of O2 in-
served in the metalloporphyrin-catalyzed oxidation of 2- volvement into oxidation pathway from anthrone to anthra-
methylnapthalene[12a]. quinone.
18O-Labeling Experiments We also studied the 18O incorporation from labeled water

into the oxidation products of anthracene mediated byOxidations of organic substrates catalyzed by metallo-
porphyrin[12] [20] [21] and metallophthalocyanine[16] com- FeTMPS/KHSO5. In this latter case, the mass spectrum of

anthrone indicated the incorporation of 18O atom, unlikeplexes in the presence of 18O-labeled water or dioxygen pro-
vided valueable mechanistic information. In order to inves- with the FePcS/H2O2 oxidation. The percentage of 18O

found in anthrone was 63%, 16O incorporation being onlytigate the mechanism of these catalytic PAH oxidations we
performed the oxidation of anthracene by FePcS/H2O2 and 37% (Figure 3). The MS molecular cluster of anthraqui-

none consisted of 3 peaks: M (16%), M 1 2 (59%) and MFeTMPS/KHSO5 in reaction mixtures containing 18O-lab-

Scheme 4. Deuterium exchange during the formation of anthrone in aqueous medium
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Figure 3. 18O incorporation into anthrone and anthraquinone during the oxidation of anthracene by FePcS/H2O2 and FeTMPS/KHSO5

in the presence of H2
18O

1 4 (25%), indicating that 18O was incorporated in both anthracene (KIE 5 0.75 and 0.76, respectively) or phen-
anthrene (KIE 5 0.96 and 1.02, respectively) (Table 2).carbonyl groups of the quinone (the amount of 16O and

18O being 45 and 55%, respectively) (Figure 3). From these
Mechanistic Significance of Inverse Isotope Effectslabeled water experiments we concluded that active species

involved in the oxidation of anthracene by FePcS/H2O2 or The observation of a significant inverse isotope effect in
by FeTMPS/KHSO5 must be different. the anthracene oxidation by FePcS/H2O2 or FeTMPS/

KHSO5 indicated that these KIEs could not be interpreted
Discussion as primary KIEs involving a C2H(D) bond cleavage in the

rate determining step of the initial step of the oxidationWe found that FePcS associated with H2O2 can be useful
in oxidation of polycyclic aromatic compounds. Anthracene reaction. Consequently, these inverse KIEs precluded an

oxygen rebound mechanism which involves a hydrogenwas used as substrate to perform kinetic isotope studies and
oxygen labeling experiments. Then we compared the results atom abstraction from substrate by an electrophilic high-

valent oxoiron complex to give a short-life radical inter-of the catalytic oxidations of anthracene by FePcS/H2O2

with those obtained with FeTMPS/KHSO5 in order to gain mediate followed by rapid recombination step[23]. Inverse
KIEs are usually associated with secondary KIEs when noa more complete view on the mechanisms of these oxidation

reactions catalyzed by two related iron macrocyclic com- C2H(D) bond is cleaved or formed, but this bond should
modify some parameters in the transition state (TS). Thisplexes. High-valent oxometal complexes have been pro-

posed as active intermediates in hydrocarbon oxygenations is usually the case when a C2H(D) bond is located at the
reaction site itself, containing the leaving group (α second-(hydroxylations and epoxidations) using KHSO5, NaOCl or

mCPBA as oxidants and porphyriniron or -manganese ary KIE) or at the adjacent carbon atom (β secondary
KIE). In the case of the intermolecular [H10]anthracene/compounds as catalysts [20] [21] [22]. We recently proposed a

nucleophilic peroxoiron(III) complex of tetrasulfophthalo- [D10]anthracene competitive oxidation an α secondary KIE
is observed. Generally, the magnitude of an α-secondarycyanine, PcSFeIIIOOH, as active species responsible for the

oxidative cleavage of quinones generated during the oxi- KIE is determined by an inverse stretching and a normal
bending contribution to the KIE value[24] [25]. For example,dation of 2,4,6-trichlorophenol by FePcS/H2O2

[15] [16].
In the present work, several important differences must in SN2 reactions, a tighter TS, with short nucleophile α-

carbon and/or α-carbon leaving group bond lengths, thebe noted in anthracene oxidations performed by FePcS/
H2O2 or FeTMPS/KHSO5. These differences are (i) a dif- KIE values would be inverse or normal and small[24]. Based

on calculations with model systems, the α-secondary KIEsferent composition of oxidation products depending on the
oxidation system used (Scheme 2), (ii) a different reactivity have been interpreted as reflecting the changes in the out-

of-plane bending motion, i.e. hybridization changes or dif-of oxanthrone, which is relatively stable in the presence of
FeTMPS/KHSO5, but very quickly oxidized by FePcS/ ferences in the loose/tight character of the TS[26]. The acti-

vation energy for sp2 R sp3 change in hybridization is lowerH2O2, (iii) and very different 18O incorporations into
anthrone and anthraquinone in experiments performed in for the deuterated substrate compared to the non-deuter-

ated analogue, creating then an inverse KIE[27]. When thethe presence of H2
18O (Figure 3). On the other side, both

catalytic systems, FePcS/H2O2 and FeTMPS/KHSO5, TS of the reaction occurs very late along the reaction coor-
dinate, i.e. the TS exhibits essentially a fully sp3-hybridizedshowed essentially the same KIE values in the oxidation of

Eur. J. Inorg. Chem. 1998, 1269212811274



Polycyclic Aromatic Hydrocarbons Catalyzed by Iron Tetrasulfophthalocyanine FePcS FULL PAPER
carbon atom like in the reaction product, the kH/kD value weak agostic interactions between C2H bonds of the al-

kane and the metal center. p-Xylene can interact with thewill be more pronounced, the maximum KIE expected for
a sp2 R sp3 rehybridization will be 0.71[27]. Values of kH/ metal center of an porphyriniron(III), the smallest Fe2C

distance was 2.94 Å and the iron atom was drawn 0.07 ÅkD ranging from 0.8 to 0.9 correspond to TS geometries
somewhere between sp2 and sp3 and are more frequently out of the mean plane of the porphyrin core indicating a

possible weak agostic interaction[41].observed. Inverse secondary KIEs have been measured for
the addition of a variety of electrophilic reagents to olefins In the present case of the oxidation of anthracene cata-

lyzed by phthalocyanine- or porphyriniron complexes, an-and aromatics, e.g. for the reaction of 1-naphthylcarbene to
toluene (kH/kD 5 0.52)[28]. An other example of an inverse thracene, a polyaromatic substrate, should have a pro-

nounced tendency to form a stacking complex with FePcSα-secondary kH/kD equal to 0.83 has been recently observed
during of the [2 1 2] photocycloaddition of arylalkenes to or FeTMPS. A rather polar reaction medium (an aceto-

nitrile/water mixture) should favor stacking interactions be-C60
[29]. Inverse KIEs have been reported for styrene epoxi-

dations catalyzed by cytochrome P-450 (kH/kD 5 0.93) or tween two large planar hydrophobic molecules. Then a
question arises: can the difference in C2H/C2D substi-performed with m-chloroperbenzoic acid (kH/kD 5

0.82)[27a] or by hexacyanoferrate(III) in acid medium (kH/ tution on anthracene generate different stacking interac-
tions between [H10]anthracene or [D10]anthracene with thekD 5 0.80)[27b]. The cytochrome P-450 catalyzed oxidation

of isotopically labeled chlorobenzenes provides also an in- macrocyclic plane molecule of FePcS or FeTMPS? In other
words, are the observed KIEs only related to hydrophobicverse KIE (0.95)[30]. This result has been explained by an

initial attack of an activated triplet-like oxygen atom on the interactions between the aromatic substrate and the macro-
cyclic catalyst? The differences observed on inverseπ-system of substrate to generate a tetrahedral intermediate

followed by rearrangement to phenol directly or via epoxide KIEs during the [H10]anthracene/[D10]anthracene and
[H10]anthracene/[D2]anthracene competitive oxidationsor ketone intermediates[30]. The aromatic hydroxylation of

o- and p-xylene, catalyzed by cytochrome P-450, showed (Table 2) could be due to possible differences in stacking
interactions between [D10]anthracene and [D2]anthracenealso an inverse α-secondary isotope effects (0.8320.94)

which were consistent with an addition reaction of a with the macrocycle of the catalyst resulting from a slight
difference of the nature of C2H bonds compared to C2Doxoiron species onto an sp2-hybridized carbon atom[31].

The inverse nature of KIEs was anticipated for sp2-to-sp3 bonds. So, the stacking interactions should increased with
the deuterium content of anthracene. This is the case withrehybridization during the covalent modification of human

5α-reductases by finasteride (a specific inhibitor) by a nucle- both catalytic systems: the KIE is 0.90 for [D2]anthracene
and 0.75 with [D10]anthracene with FePcS/H2O2 (0.95 andophilic N addition to the double bond of this steroid-type

molecule[32]. The reaction of the nitroethane anion (the α- 0.76 with FeTMPS/KHSO5, respectively) (Table 2). Conse-
quently, the value of the inverse KIE due to the sp2-to-sp3carbon atom is sp2-hybridized) with -amino acid oxidase

proceeds with an inverse kH/kD 5 0.84 which was indicative hybridization change should be enhanced in a highly
stacked substrate-catalyst intermediate during the additionof significant sp2-to-sp3 rehybridization in the TS[33]. Apart

from the sp2-to-sp3 rehybridization, inverse isotope effects of an electrophilic oxoiron complex to the sp2-carbon atom
of anthracene to give a σ adduct. The data on 18O labelingcan be due to the difference in C2H and C2D distances,

C2D bond being slightly shorter than corresponding C2H experiments are also consistent with this proposal (see be-
low).bond (d 5 1.112 and 1.107 Å, respectively)[34]. The racemi-

zation of 2,29-dibromo-4,49-dicarboxybiphenyl[35] and 9,10- The quasi-absence of KIE observed in the phenanthrene
oxidation by FePcS/H2O2 or by FeTMPS/KHSO5 (0.96 anddihydro-4,5-dimethylphenanthrene[36] showed inverse KIEs

of 0.85 and 0.88, respectively. The origin of a large inverse 1.02, respectively) can be due to the reduction of stacking
interactions compared to anthracene and also to the differ-secondary KIE in the bromination of a sterically congested

olefin (0.3620.65) has been attributed to the fact that C2D ent nature of C92H and C102H bonds in phenanthrene.
The C92C10 bond of phenanthrene exhibits a relativelybonds are shorter and less sterically demanding[37]. Large

inverse equilibrium isotope effects have also been observed high bond order, indicating that it possesses a considerable
degree of double bond character (K region bonds of polyar-for the oxidative addition of H2 to trans-W(PMe3)4I2 (KH

eq/
KD

eq 5 0.63)[38a] and cyclohexane to CpRh(CO)2 (KH
eq/ omatics), while anthracene bonds show essentially an aro-

matic character (meso region bonds)[42]. As a result, theKD
eq 5 0.1, at 1632193 K)[38b]. Recently, a substantial in-

verse isotope effect of kH/kD 5 0.48 has also been published main product of phenanthrene oxidation was biphenyl-2,29-
dicarboxylic acid. A similar cleavage of the double bond ofin CoIII-catalyzed polymerization of ethylene[39] and ex-

plained by the presence of a β-agostic Co···H···C styrene was observed when oxidized by FePcS/H2O2
[16].

(Co···D···C) interaction, the inverse KIE being associated
Mechanistic Significance of 18O Labeling Experimentswith the release of the agostic bond. Related to this in-

terpretation of an inverse KIE, it must be noted that com- In aqueous media oxo(porphyrin)metal(V) complexes
have an axial hydroxo ligand. In order to explain the ob-plexation of n-heptane with double A-frame porphy-

riniron(III) has been recently observed in crystals[40]. An served 50% 18O incorporation from H2
18O in epoxides dur-

ing olefin epoxidations by a metalloporphyrin/KHSO5 sys-out-of-plane displacement of the iron center of 0.26 Å and
an Fe···C distance of 2.5 Å strongly suggest moderate to tem[20a] [21b] [21c], hydroxylation of DNA deoxyriboses[20b] or
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Scheme 5. Oxidation products of anthracene and tautomeric equ-C2H bond hydroxylation of 4-isopropylbenzoic acid[20c] it

ilibria for anthrone and oxanthronewas proposed that the active hydroxo(oxo)(porphyrin)met-
al(V) complex undergoes a “redox tautomerism” (Figure 4).
The 18O incorporation depends on the reaction con-
ditions[21b], primarily on relative kinetics of oxidation step
and ligand exchange processes between the hydroxo ligand
and bulk water and the nature of the catalyst. The rate of
the oxo-hydroxo interchange in the oxo(porphyrin)man-
ganese(V) complex was estimated to be about 103 s21 [21c].

Figure 4. Redox tautomerism in a hydroxo(oxo)metal(V) species
having a water-soluble porphyrin ligand (O 5 16O, black O 5 18O)

The large 18O incorporation into anthrone (63%) and
anthraquinone (55%) observed during FeTMPS/KHS16O5

anthracene oxidation in the presence of H2
18O is consistent

with the involvement of oxo(porphyrin)iron complex as ac-
tive species. By contrast, the absence of 18O incorporation
into anthrone, produced in the oxidation by FePcS/H2O2,
could be explained by the involvement of an active oxo-
metal species unable to undergo such an oxo-hydroxo equi- give a σ complex is probably the initial oxidation step (Fig-
librium (in particular if there is no hydroxo ligand in the ure 5). The inverse isotope effect, indicative of an sp2-to-
axial position trans to the oxo group). sp3 rehybridization in the TS containing both substrate and

catalyst stacked and the observed 18O incorporation into
Tautomeric Equilibria in Oxidation Products of Anthracene

anthrone, the first oxidation product, typical for oxoiron
The sequence of anthracene oxidation to anthraquinone complex mediated oxidation in aqueous medium strongly

and the relation between tautomeric forms of products are suggested the formation of a new carbon2oxygen bond to
depicted in Scheme 5. The first oxidation product, 9- form a σ complex A. This intermediate A can be trapped
hydroxyanthracene is in fast keto-enol equilibrium with by O2 to produce oxanthrone and anthraquinone via an
anthrone, which is the predominant form. The anthrone/9- intermediate radical B. An intramolecular electron transfer
hydroxyanthracene ratio determined by NMR in CDCl3 at in intermediate A can lead to an intermediate carbocation
25°C was estimated to be 80:20[43]. 9,10-Dihydroxyanthra- C, which can undergo either a proton elimination to give a
cene exists in solution in equilibrium with oxanthrone σ complex D or a nucleophilic attack of water to produce
(Keq 5 0.13) and is the major tautomer (89%)[44]. However, an intermediate E, providing a reaction pathway for ox-
the equilibrium is reached very slowly. The rate constants anthrone formation without intermediate formation of
for the 9,10-dihydroxyanthracene-oxanthrone interconver- anthrone. The hydrolysis of the FeIII2O2aromatic bond in
sion were determined to be k22 5 3 3 1026 s21 and k2 5 both intermediates D and E gave 9-hydroxyanthracene
4 3 1027 s21 [45]. It means that in 1 m solution only 1% (quickly tautomerized to anthrone) and 9,10-dihydro-9,10-
of oxanthrone will be transformed into 9,10-dihydroxyan- dihydroxyanthracene F. Then F can be further oxidized by
thracene after 1 h at room temperature. a 2e2 process with the release of 2H1, producing ox-

anthrone with an increased 18O content, or by oxidation of
Mechanism of Anthracene Oxidation by FeTMPS/KHSO5 a C2H bond by an oxygen rebound mechanism. The GC-

MS analysis of [H10]anthracene/[D10]anthracene oxidationThe oxidation of anthracene by FeTMPS/KHSO5 was
significantly faster than those of anthrone and oxanthrone. products after 6 min of reaction revealed that anthraqui-

none was enriched with nondeuterated material: 57% ofUnder the same conditions the conversions of anthracene,
anthrone and oxanthrone after 30 min were 100, 38 and [H8]anthraquinone and 43% of [D8]anthraquinone, indicat-

ing a KIE value > 1 on the anthrone-to-anthraquinone oxi-18%, respectively. These data indicated that there was an
oxidation pathway to give directly oxanthrone, the main dation step. The 18O content in anthraquinone (55%) was

not increased compared to that in anthrone (63%). Bothoxidation product, without intermediate formation of
anthrone. findings suggest that oxidation of intermediate F proceeds

by an oxygen rebound mechanism followed by H2O elimin-An electrophilic attack of a high-valent oxo(porphyrin)-
iron complex at a central sp2-carbon atom of anthracene to ation to generate oxanthrone. The fact that the metallopor-
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Figure 5. Proposed mechanism for anthracene oxidation by FeTMPS/KHSO5 (O 5 16O, black d 5 18O)

phyrin-catalyzed oxidation of anthracene gave oxanthrone, enes, e.g. the addition of alkyllithium reagents to anthra-
cene, has been published[46], such a peroxoiron(III) complexnot the more oxidizable 9,10-hydroxyanthracene tautomeric

form, explains the rather low yield of anthraquinone, since is probably not nucleophilic enough for a direct attack onto
an sp2-carbon atom of a PAH. Another possible activeoxanthrone is relatively stable under the reaction conditions

(oxanthrone conversion being only 23% after 60 min). metal-oxygen species could be a high-valent oxoiron com-
plex, having two redox equivalents above the FeIII state.
Several lines of evidence indicate that it is not the case forActive Species in FePcS/H2O2 Oxidations
the FePcS/H2O2 system[15b]. The fact that the oxygen atom
in anthrone originated from H2O2 (Figure 3) also indicatedIn the FePcS/H2O2 mediated oxidation of trichloro-

phenol[15] [17] a nucleophilic PcSFeIIIOO2 complex was pro- that an oxoiron(V) complex was not involved in anthracene
oxidation by FePcS/H2O2. With such an oxoiron(V) com-posed to be the active species, able to perform two key

steps: (i) a nucleophilic addition to the electron-deficient plex we could expect both 16O and 18O incorporations due
to redox tautomerism, as observed in anthracene oxidationdouble bond of intermediate quinones to provide epoxy

quinones and (ii) a nucleophilic attack on the carbonyl by FeTMPS/KHSO5. The other possible formulation of the
active species involved in PAH oxidations by FePcS/H2O2group of the different quinones, leading to their ring cleav-

age[16]. Although the addition of nucleophiles to polyar- is a PcSFeIV5O species[15b]. It can be formed by a 1e2 oxi-
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Figure 6. Generation of peroxoiron(III) and oxoiron(IV) species by absence of redox tautomerism for PcSFeIV5O explained the

activation of FePcS with hydrogen peroxide 100% incorporation of 16O into anthrone during the FePcS/
H2O2 oxidation of anthracene performed in heavy water.

Mechanism of Anthracene Oxidation by FePcS/H2O2

The first step of the FePcS/H2O2 mediated oxidation of
anthracene resembles that described in the FeTMPS/
KHSO5 oxidation (Figure 7). The nearly identical inverse
KIE (0.75) found for the first reaction step suggested also
the formation of a σ complex, intermediate A9 which can
be trapped by O2 to produce oxanthrone and anthraqui-dation of PcSFeIIIOH complex (Figure 6, pathway A) or by

the intermediate formation of a µ-peroxo dimer (pathway none via a radical intermediate B9. The significant 16O in-
corporation in anthraquinone when the oxidation was per-B). In the former case 18O from water should be found in

anthrone obtained in the presence of H218O. The absence formed under air compared to that obtained under nitrogen
(Figure 3) was strongly indicative of this pathway 1. Hy-of 18O incorporation into anthrone during the oxidation of

anthracene by FePcS/H2O2 in H2
18O eliminated this pos- drolysis of the FeIII2O2aromatic bond followed by proton

elimination and 1e2 oxidation generated 9-hydroxyanthra-sibility. Consequently, PcSFeIV5O should be formed by
pathway B by the homolytic cleavage of a µ-peroxo dimer cene which rapidly tautomerized to the thermodynamically

favored anthrone. Successive 1e2 oxidation and proton(we proposed the pathway A in ref. [15b] before having on
hands the data of these labeling studies). This PcSFeIV5O elimination steps gives rise to carbocation I9, which can re-

act with water (pathway 2) to produce oxanthrone andspecies is neutral and does not require the presence of an
anionic axial anion ligand (e.g. HO2) to compensate a anthraquinone. PcSFeIV5O complex is not such a strong

oxidant to perform the abstraction of an H atom of a ali-charge. Consequently, no redox tautomerism is possible in
the absence of HO2 ligand trans to the oxo entity. This phatic or aromatic C2H bond. However, PcSFeIV5O is

Figure 7. Proposed mechanism for anthracene oxidation by FePcS/H2O2 (O 5 16O, black d 5 18O)
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Materials: All chemicals used were of reagent grade. Potassiumprobably a sufficiently good 1e2 oxidant to perform 1e2

monopersulfate was a gift from Interox (CuroxR) and is the tripleoxidations of intermediate products or of oxanthrone by
salt 2KHSO5·KHSO4·K2SO4. Hydrogen peroxide was obtainedsuccessive 1e2 oxidations and proton eliminations to pro-
from Janssen Chimica as a 35% aqueous solution. H2

18O (98 atom-vide anthraquinone.
%) was supplied by Eurisotop (Gif-sur-Yvette, France). LithiumThe rather low yields of anthrone and anthraquinone
aluminum deuteride was purchased from Fluka (minimum 99

after 30 min (5 and 21%, respectively) might be due to rad- atom-% D). (Tetrasulfophthalocyanine)iron (FePcS) was prepared
ical intermediates capable of undergoing side reactions, e.g. according to the method of Weber and Busch.[47] The iron complex
coupling reactions. Accordingly, the presently proposed of octasodium meso-tetrakis(3,5-disulfonatomesityl)porphyrin
mechanism, the first oxygen atom incorporated into the dif- (TMPS) was synthesized according to ref. [48]. Anthracene (97%),

phenanthrene (98%), benzo[a]pyrene (98%), [D10]anthracene (> 98ferent products originates from PcSFeIV5O (16O in labeling
atom-% D), [D10]phenanthrene (97 atom-% D), anthrone (96%),experiments), and the value of 18O incorporation of the sec-
anthraquinone (97%), phenanthrenequinone (99%), 9,10-dibromo-ond oxygen atom of anthraquinone from H2

18O will depend
anthracene (98%) were purchased from Aldrich. Oxanthrone wason the relative rates of the different pathways indicated on
prepared from anthrone via 10-bromoanthrone according to ref. [45].Figure 7. Very significant 18O incorporation into the second
NMR (CD2Cl2): δ 5 2.47 (d, 1 H, J 5 9.5 Hz, OH), 5.78 (d, 1 H,oxygen position of anthraquinone under air (64%) and, es-
J 5 9.5 Hz, H10), 7.54 (td, 2 H, J 5 7.5 and 0.7 Hz, H3), 7.73 (td,

pecially under nitrogen (88%), strongly suggest that path- 2 H, J 5 7.5 and 1.5 Hz, H2), 7.90 (dd, 2 H, J 5 7.5 and 0.7 Hz,
way 2 is the major reaction pathway. H4), 8.25 (dd, 2 H, J 5 7.5 and 1.5 Hz, H1); (CD2Cl2 1 small

amount of D2O): the same signals, except doublet at δ 5 2.47 dis-
Conclusion appeared and the doublet at δ 5 5.78 became a singlet.

The (tetrasulfophthalocyanine)iron/hydrogen peroxide Preparation of 9,10-Dideuterioanthracene: The procedure was ad-
oxidation system, based on an easy-to-prepare catalyst and apted from ref. [49]. Dibromoanthracene (1.008 g, 3 mmol) and Li-
a “clean” oxidant, is capable of oxidizing polycyclic aro- AlD4 (504 mg, 12 mmol) were added under nitrogen to 15 ml of
matic hydrocarbons, like anthracene, phenanthrene and anhydrous dimethoxyethane. The reaction mixture, contained in a

50-ml round-bottom single-neck flask and maintained under nitro-benzo[a]pyrene. Data obtained from product distribution,
gen, was partly submerged in a ultrasonic laboratory cleaner Bran-kinetic isotope effects and 18O labeling studies, as well as
son 2200 (working frequency 47 kHz, 205 W) at 35240°C. Thea comparative study of anthracene oxidation by FeTMPS/
reaction was monitored by GC-MS. After 13 h, all dibromoanthra-KHSO5 allowed us to propose that an oxo(phthalocyani-
cene was reduced and the reaction mixture contained 9,10-dideut-ne)iron(IV) complex, is probably responsible of these PAH
erioanthracene accompanied by minor amount of 9-bromo[D1]-

oxidations. Consequently, taking in consideration the pre- anthracene.The reaction mixture was cooled at 240°C and 1 ml of
viously reported mechanistic studies on quinone cleavage D2O (99%) was slowly added. The temperature was allowed to re-
by the same FePcS/H2O2 system, two kinds of the active turn to 20°C and hydrolysis of the excess of LiAlD4 was performed
species can be generated from FePcS in the presence of for 30 min. Then the resulting mixture was pourred into 30 ml of
H2O2: (i) a nucleophilic peroxoiron complex PcSFeIIIOO2 water and extracted with diethyl ether (4 3 40 ml). The combined

organic extracts were washed with saturated NaCl solution, driedresponsible for double carbon2carbon bond cleavage in the
with Na2SO4 and concentrated. The white precipitate was sepa-deep oxidation of trichlorophenol[15] [16] and (ii) an electro-
rated by filtration and recrystallized from diethyl ether to give 148philic PcSFeIV5O complex capable of oxidizing aromatic
mg (27% yield) of the pure 9,10-dideuterioanthracene material. Thehydrocarbons by the formation of a σ adduct. This versa-
isotopic purity was determined by NMR and GC-MS methods.tility makes (tetrasulfophthalocyanine)iron in association
The material contained 72.8% of 9,10-dideuterioanthracene and

with hydrogen peroxide a suitable catalytic method for the 27.2% of 9-deuterioanthracene.
chemical degradation of different pollutants.

General Catalytic Procedure for PAH Oxidation: Oxidation ofA. S. is indebted to ELF-Atochem for a postdoctoral fellowship.
anthracene was carried out in a mixture of acetonitrile/50 m phos-The authors are grateful to Jean-Louis Séris (ELF-Atochem, Lacq)
phate buffer at pH 5 7 (3:1, v/v) at 20°C under aerobic conditions.and Prof. Jean Bernadou (LCC-CNRS) for fruitful discussions.
Oxidations of phenanthrene and benzo[a]pyrene were performed in
acetonitrile/33.3 m phosphate buffer at pH 5 4.6 (1:1, v/v). TheExperimental Section reaction mixture (2 ml) contained 2 µmol of substrate introduced
as a 4 m acetonitrile solution and 0.074 or 0.1 µmol of catalyst,Instrumentation: Gas chromatography-mass spectrometry (GC-

MS) was performed with a Hewlett-Packard 5890 instrument using introduced as a 1.28 m solution in water, and the required
amounts of acetonitrile and stock buffer solution to obtaine theelectron-impact ionization at 70 eV. The carrier gas for GC-MS

was He, and a 12 m 3 0.2 mm HL-1 (Crosslinked Methyl Silicone desired organic solvent/water ratios. Oxidations were started by ad-
dition of 10 µmol of oxidant (10 µl of 3.5% H2O2 solution or 3.1Gum) capillary column was used. 2 High performance liquid chro-

matography (HPLC) analyses were performed with a Waters-486 mg of potassium monopersulfate). The final concentrations of the
catalyst, substrate and oxidant were 37 (or 100) µ, 1 m and 5Liquid Chromatograph equipped with a µ-Bondapak C18 column,

eluent being a mixture of methanol and water (85:15, v/v) at a flow m, respectively. The reactions were followed by HPLC and GC-
MS techniques. Anthraquinone and anthrone were identified byrate of 1 ml min21, detection at 242 nm for anthracene, 252 nm for

phenanthrene and 280 nm for benzo[a]pyrene analyses. 2 UV/Vis comparison of its GC-MS behavior (retention time and mass spec-
trum) with those of an authentic sample. Oxanthrone was identifiedspectra were recorded with a Hewlett-Packard 8452A diode array

spectrophotometer. 2 1H NMR spectra were recorded with Bruker by comparison of its NMR spectrum with that of an authentic
sample.WM 250 spectrometer.
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A thorough investigation of the proton and oxygen-17 protons. This situation has been exploited to assess the
prototropic exchange rate from the coordinated water to therelaxation rates of water nuclei has been carried out for a

solution containing an amphiphilic, paramagnetic GdIII bulk, which is base-catalyzed. In fact, under these
experimental conditions, at basic pH, the proton transfer ischelate of potential interest as a contrast agent for MRI. It

has been found that at pH = 7, 298 K and 20 MHz (proton faster than the exchange of the whole water molecule, and
it becomes the factor determining the observed relaxationobservation frequency), the contribution to the overall

relaxation enhancement from the water molecule in the inner enhancement. The effect is further enhanced at low
temperature as a consequence of the concomitantcoordination sphere is dominated by the relaxation time (

TH
1M) of its protons. However, upon formation of a slowly lengthening of either τR (which causes a reduction of TH

1M)
and/or the exchange lifetime of the coordinated watertumbling adduct with β-cyclodextrin, the observed relaxation

enhancement is also affected by the exchange lifetime (τH
M) molecule.

of the coordinated water and by the transfer rate of its

Introduction inner coordination sphere of a GdIII chelate may be success-
fully pursued by quantitative analysis of the pH dependenceRecently, it has been shown that the exchange rate of the
of the water 1H-NMR longitudinal relaxivity, provided thatcoordinated water molecule in GdIII complexes of octa-
the exchange lifetime of the whole metal-bound water mole-dentate ligands may be markedly slower than in chelates
cule (τO

M) is longer than, or at least of the same order ofwith ligands of lower denticity. [1] The observed behaviour
magnitude as, the longitudinal relaxation time of its protonshas been accounted for in terms of the occurrence of a dis-
(TH

1M). [6] [7]
sociative exchange mechanism, the rate-determining step of

Until now, this behaviour has been observed only forwhich is determined by the energy difference between the
GdIII chelates endowed with a cationic or neutral residualnonacoordinated ground state and the octacoordinated ac-
charge. In the most commonly encountered anionic GdIII

tivated state. [2] The actual value of the exchange rate of the
complexes, τO

M is shorter than TH
1M at ambient temperature.water molecule coordinated at the paramagnetic metal site

Thus, in such systems, the assessment of the prototropicmay be accurately evaluated by measuring the temperature
exchange rate first requires a reduction of TH

1M.dependence of the transverse relaxation rate of the 17O-
In principle, one may envisage several ways of shorteningNMR water resonance of an aqueous solution containing

TH
1M, e.g. by increasing the molecular correlation timethe GdIII chelate. [3]

through the formation of reversible adducts between theCurrently, the main interest in water-soluble GdIII com-
GdIII chelate and a slowly tumbling substrate, or by lower-plexes stems from their use as contrast agents for MRI, ow-
ing the temperature. In the latter case, besides the reductioning to their remarkable ability to enhance the relaxation
of TH

1M, a further advantage may be obtained by the de-rate of water protons in the tissues in which they are distrib-
crease of τO

M as well.uted. [4] The contribution to the overall relaxation rate aris-
ing from the metal-bound water molecule in a GdIII chelate In this work, we deal with the assessment of the proto-

tropic exchange rate at the metal-bound water molecule inmay result either from the exchange of the whole water mol-
ecule or from the exchange of just its protons. At physio- a derivative of Gd(DTPA)22, in which one acetate proton is

replaced by a cyclohexyloxymethyl residue [Gd(COPTA)22;logical pH, the latter process is much slower than the for-
mer, [5] making the assessment of the prototropic exchange COPTA 5 4-carboxy-5,8,11-tris(carboxymethyl)-1-cyclo-

hexyl-2-oxa-5,8,11-triazatridecan-13-oic acid, Chart 1]. Onrate for the protons of the metal-bound water molecule
rather difficult. the basis of the data collected to date for polyaminocarbox-

ylate GdIII chelates, we would expect the exchange lifetimeRecently, we showed that the determination of the ex-
change rate for the protons of the water molecule in the at room temperature of the metal-bound water molecule in
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this anionic complex to be lower than TH

1M. However, the Here, S is the electronic spin quantum number [7/2 for
GdIII], A/" is the Gd-17O scalar coupling constant, and τEipresence of the hydrophobic tail should allow this chelate

to reversibly form an adduct with a slowly tumbling sub- (i 5 1,2) are the correlation times for the dynamic processes
modulating the scalar interaction. Both the longitudinalstrate such as β-cyclodextrin (β-CD). The consequent

lengthening of the reorientational correlation time, τR, of and the transverse electronic relaxation times (T1E and
T2E), as well as the exchange lifetime of the metal-boundthe complex should result in a decrease of TH

1M, allowing
the prototropic exchange rate to be determined through its water molecule, may modulate the scalar interaction. The

correlation time for this process is given by equation (4).effect on the overall water proton relaxation rate.

τ21
Ei 5 τO21

M 1 T21
iE (4)

The scalar coupling constant is related to the unpaired elec-
tron spin density at the 17O nucleus and it mainly depends
on the distance between the metal ion and the metal-bound
17O nucleus. Since for polyaminocarboxylate GdIII chelates
with a single inner-sphere water molecule this distance does
not seem to vary significantly, for the Gd(COPTA)22 com-
plex we used the same value as that reported for the closely
related Gd(DTPA)22 chelate (23.8 3 106 rad s21). [1]

Results and Discussion For GdIII complexes, TiE values are basically related to
the modulation of the transient zero-field splitting (ZFS) ofDetermination of the Water Proton Exchange Lifetime τH

M
the electronic spin states arising from the dynamic distor-

Analysis of the temperature dependence of the transverse tions of the ligand field caused by the solvent collision and,
relaxation rate for the 17O water nuclei is the most accurate according to the Bloembergen-Morgan and Rubinstein
method for evaluating the exchange lifetime of the water theory, [9] [10] they are expressed by equations (5) and (6)
molecule/s directly coordinated to the metal in a paramag-
netic GdIII chelate.

This approach allows assessment of the exchange lifetime T21
1E 5

1

25
∆2 [4S (S 1 1) 2 3] 3 τν

1 1 ω2
s τ2

ν

1
4τν

1 1 4ω2
s τ2

ν
4 (5)

of the metal-bound water oxygen nucleus which, at neutral
pH and in non-buffered solutions, corresponds to the ex-
change lifetime of the metal-bound water protons, i.e. τH

M 5
τO

M. T21
2E 5

1

50
∆2 [4S (S11)2 3] 33τν 1

5τν

11 ω2
s τ2

ν

1
2τν

114ω2
s τ2

ν
4 (6)

The paramagnetic contribution (RO
2p) to the observed

transverse relaxation rate of water 17O nuclei (RO
2obs) is given

by equation (1) where ∆2 is related to the square of the mean transient ZFS
energy, τv is the correlation time for the collision-relatedRO

2p 5 RO
2obs 2 RO

2d (1)
modulation of the ZFS hamiltonian, and ωs is the electronic
Larmor frequency.where RO

2d is the transverse relaxation rate measured in a
The temperature dependence of RO

2M is, therefore, ex-solution containing a diamagnetic chelate of the corre-
pressed by the temperature effect on τO

M, τv , and ∆ωO
M ac-sponding ligand at the same concentration.

cording to equations (7) and (8)According to the theory first proposed by Swift and Con-
nick[8], RO

2p depends on several parameters [equation (2)]

τ21
j 5

(τ21
j )298.15 T

298.15
exp 3 ∆Hj

R 1 1

298.15
2

1

T 24 (7)RO
2p 5 PM (τO

M)
RO2

2M 1 (τO
M)21 RO

2M 1 ∆ωO2

M

RO2

2M 1 (τO
M)21)2 1 ∆ωO2

M

(2)

such as the chemical shift difference between the metal-
bound and bulk water 17O nuclei ∆ωO

M, the molar fraction ∆ωO
M 5

ge µB S (S 1 1)B

3kB T

A

"
(8)

of the metal-bound water molecules PM, their intrinsic 17O
transverse relaxation rate RO

2M, and the exchange rate τO
M.

For quickly tumbling GdIII chelates and at relatively low
where the subscripts j refer to the two dynamic processes (j 5magnetic field strength (as used in this work), RO

2M is domi-
M, v), ∆Hj is their activation enthalpy, B is the magnetic fieldnated by the nucleus-electron scalar relaxation mechanism,
strength, kB is the Boltzmann constant, ge is the free-electronwhich may be evaluated using equation (3).
Landè factor (2.0023), and µB is the Bohr magneton.

In Figure 1, we present a comparison between the tempera-
RO

2M 5
1

3 1 A

" 22
S (S 1 1) 1τE1 1

τE2

1 1 ω2
s τE2

2 (3)
ture dependence of 17O-RO

2p for Gd(COPTA)22 and for the
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parent Gd(DTPA)22, both recorded at 2.1 T, pH 5 7 and at a This parameter is related to the dipolar interaction between

the unpaired electrons of the metal and the inner-sphere waterconcentration of 50 m.
proton nuclei through equation (11)

Figure 1. Temperature dependence of the transverse water 17O
relaxation rate at 2.1 T and pH 5 7 for 50 m solutions of

Gd(COPTA)22(j) and Gd(DTPA)22 (h) (T H
1M)21 5

2

15

γ2
I g2

e µ2
B S (S11)

r6
H

3 3τC1

11 ω2
I τ2

C1

1
7τC2

11ω2
S τ2

C2
4 (11)

where γI is the proton gyromagnetic ratio, rH is the mean dis-
tance between the metal and the inner-sphere water protons,
and ωI and ωS are the nuclear and electronic Larmor frequen-
cies, respectively.

The two correlation times (τci; i 5 1,2) associated with the
modulation of the proton-electron dipolar coupling are given
by equation (12)

τ21
ci 5 τ21

R 1 (τH
M)21 1 T21

iE (12)

where τR is the reorientational correlation time for the GdIII

chelate. Since the rotational motion of the whole complex is
assumed to be isotropic, τR may be simply related to its molec-The two profiles appear to be superimposable, both being
ular size and, for relatively small GdIII chelates, it usuallycharacterized by a relaxivity maximum centered at about
dominates τci at the magnetic field strengths routinely em-300 K. This means that the introduction of the hydrophobic
ployed for MRI applications (0.221.5 T).substituent on one acetate arm of the Gd(DTPA)22 chelate

On the contrary, the outer-sphere contribution, RHos
1p , is notdoes not significantly affect the exchange process of the

affected by the exchange process occurring at the metal site,metal-bound water molecule. An analogous observation has
since it basically depends, according to the model developed bybeen recently reported by Muller et al. for the related
Hwang and Freed,[13] on the distance of minimum approachGd(EOB-DTPA)22 complex [EOB-DTPA 5 3,6,9-triaza-
between the metal and the diffusing water molecules a, the3,6,9-tris(carboxymethyl)-4-(4-ethoxybenzyl)undecanedi-
relative diffusion coefficient D, and the electronic relaxationcarboxylic acid].[11] The fitting of the data afforded a τO

M value
times (TiE) [equation (13)]at 298 K for Gd(COPTA)22 of 290 ns, a value very close to

those obtained for Gd(DTPA)22 (320 ns) and Gd(EOB-
RHos

1p 5 C os 1 1

aD 2 [7J (ωs) 13J (ωI)] (13)DTPA)22 (201 ns)[11] chelates.

Determination of the Longitudinal Water Proton Relaxation Time of where Cos is equal to 5.8 3 10213 21 s22 for a 1 m concen-
the Coordinated Water Molecule τH

1M tration of the paramagnetic chelate and J(ωi) represents the
non-Lorentzian spectral density functions, including the de-In principle, the observed longitudinal relaxation rate of the
pendence of TiE, a and D.water protons (RH

1obs) of an aqueous solution containing a
The large number of parameters responsible for the waterparamagnetic GdIII chelate is given by the sum of three terms

proton relaxation enhancement in the presence of a paramag-[equation (9)]
netic chelate makes their simultaneous and precise evaluation

RH
1obs 5 RHis

1p 1 RHos
1p 1 RH

1d (9)
rather difficult. Nevertheless, this goal may be achieved by me-
asuring the water proton relaxation rate over an extendedwhere RHis

1p represents the paramagnetic contribution from the
range of magnetic field strengths.[14] The resulting plot ofmetal-bound water molecule,RHos

1p is the contribution from the
RH

1obs vs. the proton Larmor frequency, called the NMRD pro-water molecules that diffuse around the complex, and RH
1d

file (Nuclear Magnetic Relaxation Dispersion), is then fittedcorresponds, in analogy to the 17O approach, to the diamag-
through eqs. 9213 to obtain reliable values for the relaxationnetic contribution measured in the presence of an equimolar
parameters. The possibility of fixing the values of some of theamount of a diamagnetic analogue of the chelate.
parameters involved makes the determination of others moreThe paramagnetic contribution to the observed relaxation
accurate. The analysis of the NMRD profiles collected in re-rate (RHis

1p 1 RHos
1p ) for a 1 m solution of the paramagentic

cent years for a series of structurally similar GdIII polyamino-complex is called “relaxivity” and it is commonly indicated as
polycarboxylate chelates provided us with reliable estimatesr1p.
for some relaxation parameters. In particular, values of 2.96 Å,According to the established theory,[12] RHis

1p for a 1 m con-
3.6 Å and 2.6 3 1025 cm2 s21 (at 298 K) were obtained for rHacentration of a GdIII chelate with one exchanging metal-bound
and D, respectively, from the fitting of the NMRD data for thewater molecule is given by equation (10)
strictly analogous Gd(BOPTA)22 chelate.[15] On this basis, we

RHis
1p 5

1.8 · 1025

TH
1M 1 τH

M

(10) have assumed that these parameters do not change for the two
complexes and, with these constraints, along with the values of
q (1) and τH

M (290 ns as obtained from 17O data), we carried outwhere TH
1M is the longitudinal relaxation time of the exchange-

able metal-bound water protons. the fitting of the NMRD data for Gd(COPTA)22.
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In Figure 2, the NMRD profile (25°C and pH 5 7) of order mechanism, characterized by a rate constant ki

p, the val-
ues of which for pure water at 301 K were reported to be in theGd(COPTA)22 is presented, along with the outer-sphere con-

tribution to the relaxivity, while in Table 1 the best-fitting pa- range 4.127.1 3 109 21 s21 and 2.224.3 3 109 21 s21 for
the acidic (ka

p) and basic (kb
p) catalysis, respectively.[5]rameters are compared with those reported for

Gd(DTPA)22. [15] The prototropic exchange lifetime for the protons of a water
molecule coordinated to a paramagnetic GdIII chelate may be

Figure 2. 1/T1 NMRD profile of a 1 m aqueous solution of
determined by analyzing the pH dependence of the water pro-Gd(COPTA)22 at pH 5 7 and 298 K. The dotted curve represents

the outer-sphere contribution to the overall relaxivity ton relaxivity. As it is well-known that the GdIII chelates de-
rived from the DTPA ligand are not sufficiently stable under
very acidic conditions, we are forced, in the case of
Gd(COPTA)22, to deal only with the base-catalysis of the
prototropic exchange.

In order to account for the contribution arising from the
prototropic exchange rate 1, the relaxation data are fitted to a
modified version of equation 10, where τH

M is replaced by
[equation (14)]

τH
M 5 [(τO

M)21 1 (τHp
M )21]21 (14)

and [equation (15)]

τHp
M 5 1kb Kw

[H3O1] 2
21

(15)

Table 1. Relaxation parameters calculated from NMRD data
As it is reasonable to assume that the outer-sphere contri-for Gd(COPTA)22 and Gd(DTPA)22 complexes at pH 5 7 and

298 K[a] bution to the observed relaxivity is unaffected by the pH of the
solution, the reliability of the method is based on two main as-

Parameter Gd(DTPA)22[b] Gd(COPTA)22

sumptions: (i) TH
1M does not change over the investigated pH

range, and (ii) at neutral pH the observed relaxivity has to be
∆2 (/1019 s22) 5.3 (0.3) 4.0 (0.2)

affected by the water exchange lifetime, i.e the conditionτ298
V (ps) 19.0 (1.0) 25.0 (1.4)

τH
M (ns) 320[c] 290[c] TH

1M ø τH
M has to be fulfilled.

τ298
V (ps) 73.0 (2.0) 80.1 (4.1) The temperature dependence of the water 17O-R2p is par-

ticularly sensitive to changes of the coordination cage of the
[a] Numbers in parentheses represent standard deviations in mean

chelate, thus allowing assessment of whether the pH of theparameter estimates on 1000 simulated relaxation rate data sets ob-
tained by repeatedly introducing a random error of 1% into the solution causes either structural changes or variations in the
experimental data set and estimating best parameters. 2 [b] From exchange lifetime of the whole water molecule (τO

M). In Figureref. [15]. 2 [c] The value was obtained in this work from the 17O data
3, the temperature dependence 17O-R2p profiles forand it has been kept fixed in the fitting of the NMRD profiles.
Gd(COPTA)22 at pH 5 7 and pH 5 12 are shown.

The main differences between the two sets of parameters lie
Figure 3. Temperature dependence of the transverse water 17Oin the higher τR value and the smaller r value obtained for relaxation rate at 2.1 T and pH 5 7 for 50 m solution of

Gd(COPTA)22. A longer reorientational correlation time may Gd(COPTA)22at pH 5 7 (h) and pH 5 12 (j)
be easily accounted for in terms of a larger molecular size for
this chelate and very similar τR values at 298 K have been re-
ported for both Gd(BOPTA)22 (88.0 ps)[15] and Gd(EOB-
DTPA)22 (84.0 ps)[11] complexes.

Once the relaxation parameters for the metal-bound water
protons are known, it is possible to calculate theirTH

1M at 25°C.
We obtained a value (5.3 µs) an order of magnitude larger than
the water exchange lifetime (0.29 µs), indicating that for the
Gd(COPTA)22 complex at 0.47 T, 298 K and pH 5 7, the con-
dition TH

1M > τH
M is undoubtedly fulfilled.

Determination of the Prototropic Exchange Lifetime for the Metal-
Bound Water Proton τHp

M

The exchange lifetime of the protons of water molecules is
strongly pH-dependent, being very long at neutral pH (of the
order of ms) and significantly shorter (down to ns values) as The two profiles are rather similar, being the differences ob-

served in the best fitting parameters within experimental error.the pH is adjusted to values either side of 7. The prototropic
exchange process may be adequately treated as a pseudo-first- These findings support the view that the structure of this GdIII
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chelate, and consequently its TH

1M value, is not affected by the of the amphiphilic complex and its coordination cage should
remain unchanged.pH of the solution.

On the contrary, as emphasized in the previous paragraph, The increase of relaxivity resulting from this interaction
may be also exploited for evaluating the affinity of the chelatethe second condition is not valid for Gd(COPTA)22 at 298 K

and 0.47 T and, therefore, the water proton relaxivity is not af- for β-cyclodextrin. In fact, by measuring the longitudinal
water proton relaxation rates of a solution of Gd(COPTA)22fected by the pH of the solution (Figure 4, bottom). Thus, this

behaviour prevents the determination of the prototropic ex- in the presence of increasing amounts of β-CD, we obtained
the saturation profile shown in Figure 5, fitting of which allowschange rate for this chelate under these experimental con-

ditions. derivation of an association constant of (1.5 ± 0.1) 3 103 21

and a relaxivity for the bound complex of 9.2 ± 0.1 s21m21

Figure 4. pH dependence of the longitudinal water proton relaxi- (25°C and pH 5 7), i.e. 1.6 times larger compared to the un-
vity at 20 MHz and 298 K of Gd(COPTA)22 free (h) and bound bound chelate.to β-CD (j)

Figure 5. Longitudinal water proton relaxation enhancement of
a 0.11 m solution of Gd(COPTA)22 upon addition of β-CD
(20 MHz, pH 5 7, 298 K)

In order to meet the conditions under which the prototropic
contribution to the overall relaxation rate can be expressed, we
followed two different approaches: (i) formation of a paramag- As the interaction with the β-CD essentially causes a length-
netic adduct with a slowly tumbling substrate, such as β-cyclo- ening of the reorientational correlation time of the GdIII che-
dextrin, in order to reduce TH

1M, and (ii) decrease of the exper- late, the outer-sphere contribution to the overall relaxivity of
imental temperature in order to either reduce TH

1M or increase the bound complex is not expected to be significantly different
τH

M. compared to that of the unbound chelate. From the quantita-
tive analysis of the NMRD profile of Gd(COPTA)22 shown

Reduction of TH
1M Through Non-Covalent Interaction with in Figure 2, an RHos

1p value of 2.45 s21m21 at 20 MHz and
β-Cyclodextrin 25°C was obtained. Therefore, the inner-sphere contribution

for the Gd(COPTA)22/β-CD adduct is 6.75 s21m21 underThe increase of the relaxivity of a GdIII chelate caused by
the lengthening of its reorientational correlation time τR is a the same experimental conditions.

In order to calculate the value of TH
1M for the metal-boundwell-known phenomenon. In fact, it represents the most useful

approach to enhance the effectiveness of a CA for MRI appli- water protons in the paramagnetic inclusion compound, it is
also necessary to evaluate the value of their exchange lifetimescations.[16] Usually, the increase of τR is pursued through the

formation of adducts between the paramagnetic chelate and τH
M (equal to τO

M at neutral pH). The temperature dependence
of the 17O water transverse relaxation rate for theslowly tumbling substrates. For this purpose, it is necessary to

have a complex endowed with a suitable substituent able to in- Gd(COPTA)22 chelate bound to β-CD is almost superimpos-
able on the profile recorded for the unbound complex (Figureteract with the macromolecular substrate. The benzyloxyme-

thyl residue has been reported to be an excellent recognition 6), confirming thatτH
M does not vary appreciably upon interac-

tion.synthon that is able to interact with many substrates such asβ-
cyclodextrin, albumin and micelles.[17] [18] [19] As the interaction On this basis, a value of TH

1M of 2.4 µs for the metal-bound
water protons in the inclusion compound may be calculatedof this group is basically hydrophobic in origin, we expect that

the replacement of the phenyl group by cyclohexyl should not through eqs. 9210. This value is only 2.2 times lower than that
for the unbound chelate and the condition TH

1M ø τH
M is not yetsignificantly modify the interaction properties of the former

substituent. Furthermore, in the context of this work, we have met. Nevertheless, the pH dependence of the longitudinal
water proton relaxivity for the Gd(COPTA)22/β-CD adductto choose a macromolecular substrate, the chelate adduct of

which affects the exchange mechanism of the metal-coordi- measured at 298 K (Figure 4, top) is characterized by a slight
increase of relaxivity at pH > 11. As the binding with β-CDnated water molecule as little as possible. For this reason, β-

cyclodextrin is the best candidate, since in this case the non- basically occurs through van der Waals9 forces,[20] the affinity
of the GdIII chelate for the cyclic oligosaccharide should notcovalent interaction should involve only the hydrophobic tail
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Figure 6. Temperature dependence of the transverse water 17O rela- Figure 7. Temperature dependence of the water proton relaxivity

of Gd(COPTA)22 at 20 MHz and pH 5 7xation rate at 2.1 T and pH 5 7 for 50 m solution of
Gd(COPTA)22 free (j) and bound to β-CD (h)

ture, the elongation of τH
M and the simultaneous decrease of

RHos
1p causes a flattening of the profile. On the basis of these

depend on the pH of the solution. Moreover, from the close data, at a temperature lower than 288 K, the condition RH
1M ø

similarity between the 17O data for the free chelate and those τH
M can be expected to hold.

of the adduct with β-CD (either at neutral or basic pH), we can The pH dependence of the relaxivity of the Gd(COPTA)22

safely rule out the possibility that the relaxation enhancement complex recorded at 278 K is shown in Figure 8.
observed at basic pH is due to structural changes of the GdIII

Figure 8. pH dependence of the longitudinal water proton relaxi-complex. Therefore, the increase of relaxivity may be ascribed
vity at 20 MHz and 278 K of Gd(COPTA)22

to the occurrence of a fast base-catalyzed prototropic ex-
change of the metal-bound water protons, which results in a
reduction of τH

M at pH > 11. This hypothesis was further con-
firmed through a quantitative analysis of the data using equia-
tions 10, 14215. The best fitting parameters (TH

1M, τO
M and kb

p)
were in good agreement with the expected values at 298 K. In
fact, values of 2.3 ± 0.02 µs and 0.29 µs were obtained for
TH

1M and τO
M, respectively. As far as the base-catalyzed proto-

tropic exchange rate constant is concerned, we obtained a
value of (7.3 ± 2.6) 3 108 s21 21, which is lower than the
value measured in pure water and similar to the value deter-
mined for the Gd(DTPA-BBA) chelate.[7]

In conclusion, the reduction ofTH
1M caused by the formation

of an inclusion compound with β-CD allows detection of the
effect on the relaxivity arising from the prototropic exchange At this temperature, the relaxivity enhancement promoted
at the metal-bound water molecule of the GdIII chelate. Unfor- by the activation of the prototropic exchange appears to be
tunately, the effect of the interaction on RH

1M is not particularly much more pronounced compared to the effect observed at
marked owing to the small increase of τR for the chelate bound room temperature for the same system. Before carrying out a
to the β-CD. For this reason, the associated relaxivity en- quantitative analysis of the data reported in Figure 8, it was
hancement observed at basic pH is relatively small and the er- thought useful to gain more information about the relaxation
ror in the estimation of kb is consequently rather large (ca. parameters of the chelate at 278 K. In particular, by fixing a
36%). value of D of 1.1 3 1025 cm2 s21,[21] the fitting of the NMRD

data recorded at this temperature and at pH 5 7 afforded a
Reduction of TH

1M by Lowering the Temperature value of 4.4 s21 m21 for the outer-sphere contribution to the
relaxivity and values of 3.2 ± 0.2 µs and 2.4 ± 0.1 µs for TH

1MAnother possible approach to achieve the condition TH
1M #

τH
M is to exploit the opposite temperature dependence of these and τH

M (equal to τO
M at neutral pH), respectively. Interestingly,

we obtained very similar TH
1M and τH

M values (2.8 ± 0.1 µs andtwo parameters. In particular, at low temperature, one can ex-
pect a decrease of TH

1M (due to the increase of τR) and a simul- 2.4 ± 0.1 µs) from the fitting of the data shown in Figure 8.
Furthermore, it is noteworthy that the values obtained for thetaneous lengthening of τH

M. The temperature dependence of
the longitudinal water proton relaxivity for Gd(COPTA)22 water proton exchange lifetime at pH 5 7 (τH

M 5 τO
M) from the

analysis of both magnetic field and pH dependence of the 1Hcomplex is depicted in Figure 7.
The profile may be split in two regions: at temperatures relaxivity are in good agreement with the value calculated at

278 K from the 17O data (1.3 ± 0.1 µs). As expected, the valuehigher than 288 K, the relaxivity decreases pseudo-exponen-
tially owing to the increase of TH

1M, whereas at lower tempera- of the rate constant for the base-catalyzed prototropic ex-
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1.5 T (corresponding to 0.01250 MHz proton Larmor frequencies)change process is lower [(1.5 ± 0.3) 3 108 s21 21], but more
with a T1 uncertainty of ±1%.accurate (standard deviation ca. 20%), compared to the value

17O-NMR Measurements: The measurement of the 17O transverseobtained at room temperature in the case of the GdIII complex
relaxation rates was carried out with a JEOL EX-90 spectrometer op-incorporated into β-CD.
erating at 2.1 T (corresponding to a 17O Larmor frequency of 12.2
MHz) by using an external D2O lock. The temperature calibration wasConclusion
performed following the same procedure described for the Stelar
SpinMaster spectrometer.In this work, we have shown that NMR (1H and 17O) relax-

The value of the transverse relaxation rate was obtained by evaluat-ometric methods provide a powerful tool for assessing the ex-
ing the linewidth at half-height (∆ν1.2) of the water 17O signal (R2 5change rate of the coordinated water molecule, as well as the
π∆ν1/2). Solutions containing 2.6% of the 17O isotope were used. 17O-proton transfer rate, in a paramagnetic GdIII complex.
enriched (10.4%) water was purchased from Yeda (R. & D. Co., Reho-This has been possible through the decrease of the relax-
vot, Israel).ation time of the protons of the coordinated water (TH

1M) upon
formation of a paramagnetic adduct with the slowly tumbling [1] D. H. Powell, O. M. Ni Dhubhghaill, D. Pubanz, L. Helm, Y. S.
β-cyclodextrin substrate. Lebedev, W. Schlaepfer, A. E. Merbach, J. Am. Chem. Soc. 1996,

118, 933329346.When TH
1M becomes smaller than the exchange lifetime of

[2] D. Pubanz, G. Gonzàlez, D. H. Powell, A. E. Merbach, Inorg.the coordinated water, the prototropic contribution to the Chem. 1995, 34, 444724453.
overall proton relaxation enhancement may be evaluated, [3] A. E. Merbach, D. H. Powell, U. Frey, Dynamics of Solutions and

Fluid Mixtures by NMR (Ed.: J. J. Delpuech), John Wiley & Sons,since, at basic pH, the proton transfer rate becomes faster than
New York, 1997, ch. 6 (“Solvent Exchange on Metal Ions: Athe exchange of the whole water molecule. Variable Pressure NMR Approach”), p. 2632308.

[4] B. L. Engelstadt, G. L. Wolf, Magnetic Resonance Imaging (Eds.:
Support from MURST CNR is gratefully acknowledged. D. D. Stark, W. G. Bradley, Jr.), Mosby, St. Louis, 1988, ch. 9

(“Contrast Agents”), p. 161281.
[5] B. Halle, G. Karlström, J. Chem. Soc., Faraday Trans. 2 1983, 79,

103121046 and references therein.Experimental Section [6] S. Aime, A. Barge, M. Botta, D. Parker, A. S. De Sousa, J. Am.
Chem. Soc. 1997, 119, 476724768.Synthesis: The COPTA ligand and its GdIII chelate were prepared

[7] S. Aime, M. Botta, M. Fasano, S. Paoletti, E. Terreno, Chem. Eur.using a procedure analogous to that previously reported for the J. 1997, 3, 149921504.
BOPTA ligand[15] starting from diethylenetriamine and 2-bromo-3- [8] T. J. Swift, R. E. J. Connick, J. Chem. Phys. 1962, 37, 307.
(cyclohexylmethoxy)propanoic acid, followed by peralkylation of the [9] N. Bloembergen, L. O. Morgan, J. Chem. Phys. 1961, 34, 8422850.
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[13] L. P. Hwang, J. H. Freed, J. Chem. Phys. 1975, 63, 1182130.
1H-NMR Measurements: Longitudinal water proton relaxation [14] S. H. Koenig, R. D. Brown III, Prog. Nucl. Magn. Reson. Spec-

trosc. 1990, 22, 4872567.rates were measured at 25°C and 0.47 T with a Stelar Spinmaster spec-
[15] F. Uggeri, S. Aime, P. L. Anelli, M. Botta, M. Brochetta, C. detrometer [Stelar, Mede (PV), Italy] by using the inversion recovery

Haen, G. Ermondi, M. Grandi, P. Paoli, Inorg. Chem. 1995, 34,
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The influence of two threo-arranged methoxy or hydroxy structural analysis reveals that the oxygen atom of the
hydroxy group is by 0.9 Å closer to the metal center than thatgroups as hemilabile ligands in seven-membered

(diphosphane)RhI chelates upon the asymmetric of the methyl ether. 31P-NMR studies give evidence that the
dihydroxy diphosphane ligand binds at low temperaturehydrogenation is studied. In comparison to the parent

complex based on 1,4-bis(diphenylphosphanyl)butane exclusively in the η3-coordination mode, whereas for the
dimethoxy complex also an η2-coordinated isomer can be(DPPB) a lowering of the reaction rate is caused by the

hemilabile ligands. The catalyst bearing the hydroxy groups found. These differences in complexation could be
responsible for the superior enantioselectivities achievedgives significantly higher enantioselectivities than the

corresponding methoxy complex (by ca. 35 % ee). X-ray with this and other hydroxy catalysts.

Introduction bis(diphenylphosphanyl)butane (DPPB) which forms with
metals seven-membered chelate rings.(Alkoxyaryl and -alkyl)phosphanes have seen broad ap-

plication in asymmetric hydrogenations[1] as well as in nu- Scheme 1
merous other metal-catalyzed stereodifferentiating reac-
tions. [2] For example, (R,R)-DIPAMP [(R,R)-1,2-bis(o-anis-
ylphenylphosphanyl)ethane] was the first industrially ap-
plied ligand.[3] The unique role of the alkoxy and
preferentially that of the methoxy group is attributed to
their property to act as hemilabile ligands[4] or intramolecu-
lar solvent, [5] which may temporarily coordinate to the
metal center in the course of the catalytic cycle. [6] [7]

In general, Rh catalysts based on such large and highlyDespite this, much less information is available on the
flexible chelates are more active in asymmetric hydrogen-influence of the related hydroxy group,[8] although it de-
ations than rigid five-membered chelates e.g. (DIPAM-serves particular attention due to its potential to create sec-
P)RhI, but require additional stabilization in order to pro-ondary interactions with a suitable substrate and to en-
vide for appreciable enantioselectivity. Due to the absencehance the solubility of the catalyst in water. [9] [10]

of any other stabilizing groups in our model complexesIn recent investigations with a (diphosphane)rhodium
chosen catalytic effects can be clearly traced to the effect ofcomplex bearing a single methoxy group we could show
the oxy functionalities.that the replacement of the latter by the hydroxy group in-

creased the enantioselectivity of the hydrogenation in meth-
Results and Discussionanol. [11] Simultaneously, a conspicuous loss of reactivity

was observed. To date there is no explanation for this un- The RhI complexes were synthesized by reaction of the
C2-symmetric diphosphanes with [Rh(COD)2]BF4 [COD 5ique behaviour of this and other catalysts bearing hydroxy

groups. [12] (Z,Z)-cycloocta-1,5-diene] (Scheme 2). The COD complex
of 1-OH was converted into the better crystallizing complexHerein, we report on a study concerning the synthesis,

catalytic properties, and structure elaboration of cationic [Rh(NBD)(1-OH)]BF4 by treatment with norbornadiene
(NBD).[15]RhI complexes based on the ligands (R,R)-1,4-bis(diphenyl-

phosphanyl)butane-2,3-diol (1-OH) [13a] and its bis(methyl The complexes obtained catalyze the hydrogenation of it-
aconic acid (ItH2) and (Z)-2-N-acetylaminocinnamic acidether) 1-OMe [14] which may have important implications to

the aspects discussed above. Both ligands are related to 1,4- (AH) in methanol (Table 1). The Rh complex of DPPB is
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Scheme 2 groups is 157.3° which reveals a strong deviation from the

anti arrangement.

Figure 1. Structures of [Rh(NBD)(1-OH)]BF4 (Figure 1a) and
[Rh(COD)(1-OMe)]BF4 (Figure 1b) in the crystalline state; hydro-

gen atoms are omitted for clarity[a]

the most active catalyst in the series. It is remarkable that
the incorporation of the methoxy groups diminishes seri-
ously the rate of the reaction, however, the selectivity ob-
served is low. This gives a clear indication that the ether
groups are not able to stabilize certain conformations of the
highly flexible seven-membered chelate. The exchange of
the methoxy by the hydroxy groups gives rise to a further
loss of reactivity, however, affords a significant gain in selec-
tivity by approximately 35% ee.

Table 1. Asymmetric hydrogenation of prochiral olefins in metha-
nol[a]

[a] Selected atomic distances [Å] and torsional angles [°]:
[Rh(NBD)(1-OH)]BF4: Rh(1)2P(1) 2.283(2), Rh(1)2P(2) 2.377(2),

Precatalysts Substrate t/2 [min][b] ee [%] (config.) Rh(1)2O(2) 2.396, F(1)2O(1) 2.717; O(1)2C2C2O(2) 157.3;
[Rh(COD)(1-OMe)]BF4: Rh(1)2P(1) 2.320(2), Rh(1)2P(2)
2.333(2), Rh(1)2O(2) 3.282; O(1)2C2C2O(2) 169.1.[Rh(COD)(DPPB)]BF4 ItH2 <2 2

[Rh(COD)(1-OMe)]BF4 ItH2 3.7 22.4 (S)
[Rh(NBD)(1-OH)]BF4 ItH2 6.0 56.8 (S) For the structure of [Rh(COD)(1-OMe)]BF4 different
[Rh(COD)(DPPB)]BF4 AH <2 2

features are noted.[17b] Thus, both phosphorus atoms are[Rh(COD)(1-OMe)]BF4 AH 145 0.6 (S)
[Rh(NBD)(1-OH)]BF4 AH 190 36.3 (R) bound in approximately equal distances to the metal center.

Due to the absence of a hydrogen-bond donor the BF4
[a] Conditions: 0.01 mmol of precatalysts, 1.0 mmol of substrate in anion is located far away from the oxy groups. The most
15 ml of MeOH at 25°C and at 0.1 MPa H2 pressure. 2 [b] Corre-

important difference in comparison to the hydroxy com-sponds to that time, when 50% of substrate is converted.
pound is the distance between the rhodium and the oxygen
atom O(2) of the neighboured ether group (3.282 Å). ThisIn order to explain these differences, X-ray structural

analyses of the precatalysts were performed and their is a difference of more than 0.9 Å. The dihedral angle
O(1)CCO(2) is widened to 169.1°.31P{1H}-NMR spectra recorded. Suitable crystals of

[Rh(NBD)(1-OH)]BF4 and [Rh(COD)(1-OMe)]BF4 were In the 31P{1H}-NMR spectra in CD3OD also remarkable
differences exist (Figure 2). [Rh(NBD)(1-OH)]BF4 isobtained from methanol. The single-crystal X-ray struc-

tural analyses established the structures as shown in Figure characterized at 302 K by a doublet at δ 5 18.1. The de-
crease of the temperature caused the broadening of the sig-1a and 1b, respectively, along with selected bond lengths

and interbond angles. [17] The inspection of the data shows nal. At 222 K the initial resonance had disappeared and
two new signals could be observed at δ 5 40 and 0. Finally,some agreements but also striking differences.

In the complex [Rh(NBD)(1-OH)]BF4
[17a] both phos- the spectrum at 189 K displays two sets of well-separated

double doublets at δ 5 44.0 (JRh-P 5 141.5 Hz, JP-P 5 41.4phorus atoms are differently bound to the rhodium center;
the distances are 2.283 Å and 2.377 Å. One of the enantio- Hz) and δ 5 22.7 (JRh-P 5 129.1 Hz, JP-P 5 41.4 Hz)

produced by two nonequivalent phosphorus atoms. Thesetopic hydroxy groups interacts with the metal center (dis-
tance 2.396 Å) never before observed to such an extent in results are consistent with one oxygen atom being attached

to the metal center. The resonance at δ 5 44.0 has to berelated (methyl phosphanylaryl ether)rhodium[6c] or -pal-
ladium complexes[1e]. The BF4 anion binds via a hydrogen assigned to a phosphane which is involved in an O2P five-

membered chelate. [19] Compared to related seven-mem-bond to the second hydroxy group. In the IR spectrum
(KBr) appear two bands at 3508 and 3441 cm21 also clearly bered chelate complexes {e.g. [Rh(COD)(DPPB)]BF4} the

downfield shift observed is caused by the increased ringindicating two different hydroxy groups.[18] One important
force for the formation of the five-membered O2Rh2P strain in the newly formed five-membered ring. The fused

O2P six-membered ring is characterized by a considerablering is apparantly the pseudo-equatorial arrangement of the
hydroxy group in the fused six-membered ring being fixed shift of the concerned signal to higher field and the decrease

of the 103Rh-31P coupling. The coordination of the oxygenin a distorted chair conformation, since the interaction
could not be found in the corresponding monohydroxy atom causes the formation of the boat conformation (B)

(Figure 2c). The typical change of the band shapes withcomplex. [11] The dihedral angle formed by the two hydroxy

Eur. J. Inorg. Chem. 1998, 1291212951292



Coordinating Ligands in Chiral (Diphosphane)rhodium(I) Hydrogenation Catalysts FULL PAPER
decreasing temperature gives clear evidence that the doublet ylsilyl ether) 1-OSiPh3 (Scheme 1) recently published by Ta-

mao.[20] In contrast to the complexes considered herein,observed at room temperature characterizes a rapid ex-
change of the phosphane signals. This exchange caused by [Rh(COD)(1-OSiPh3)]SbF6 is fixed in the C2-symmetric

conformation A. [21] This feature is explained by repulsivethe alternate coordination of the two oxygen atoms is not
distinguishable on the NMR time scale at elevated tempera- interactions between the bulky silyl groups and the phenyl

rings of the phosphanyl moiety (Figure 2c). Clearly, thesetures.

Figure 2. 31P{1H}-NMR spectra of the complexes [Rh(NBD)(1-OH)]BF4 (Figure 2a; the small JP-P couplings of 41.4 Hz are not visible
in the presentation) and [Rh(COD)(1-OMe)]BF4 (Figure 2b) in CD3OD at different temperatures; the relevant equilibrium of conformers

is depicted in Figure 2c

The methoxy complex [Rh(COD)(1-OMe)]BF4 shows a interactions are also responsible for the fact that none of
the oxygen atoms approaches the rhodium center, as founddifferent behaviour with decreasing temperature. Thus, in

comparison to the hydroxy complex the coalescence tem- in [Rh(NBD)(1-OH)]BF4 and [Rh(COD)(1-OMe)]BF4.
Taking our and the results of Tamao into consideration theperature is 35 K lower. Even at 177 K the doublets of dou-

blets are less separated. Additionally, at δ 5 17.2 a doublet preference for the shift of the boat (B) into the twisted chair
conformation (A) is in the order Ph3Si > Me > H. In othercan be observed which corresponds in shift and coupling to

that of the Rh(DPPB) complex. The signal can be unambi- words, large groups at the oxygen atom prevent by interac-
tions with the phenylphosphanyl groups the ligand to bindgeously attributed to a C2-symmetric complex and gives

proof that at low temperatures [Rh(COD)(1-OMe)]BF4 ex- in the η3-coodination mode. The η2-coordination mode is
responsible for a high hydrogenation activity as seen for theists also in a conformation where the oxygen atoms do not

interact with the metal center (twisted chair conformation (DPPB)RhI complex. Apparently, the tripodal coordination
hinders the hydrogenation. However, only by this arrange-A).

Due to the temperature dependency of the coupling con- ment the highly flexible seven-membered chelate can be suf-
ficiently stabilized which is the precondition to achieve con-stants and the inaccessibility of the data of the twisted chair

conformation of Rh(NBD)(1-OH)]BF4 we were not able to spicuous enantioselectivity.[22] [23]

calculate the concentrations of the conformers at room tem-
Conclusionperature. However, taking the differences in the low-tem-

perature spectra and the coalescence temperatures into ac- The conformation of chiral, highly flexible rhodium di-
phosphane chelates can be stabilized by the incorporationcount considerable differences in the populations of the

conformers A and B of hydroxy und methoxy complex can of hemilabile oxy groups. Due to the additional interaction
of the ligand with the metal center a deceleration of the ratebe concluded.

The observation of these differences between hydroxy of the asymmetric hydrogenation results. With the hydroxy
group significant higher enantioselectivities were achievedand methoxy complex provoked the comparison with the

structure of a Rh complex based on the related bis(triphen- in comparison to the usually applied methoxy group. This
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[Rh(COD)(1-OH)]BF4: (R,R)-1,4-Bis(diphenylphosphanyl)bu-observation can be rationalized by the stronger preference

tane-2,3-diol (120 mg, 0.262 mmol) and [Rh(COD)2]BF4 (106 mg,of the hydroxy diphosphane ligand to bind in the η3-coordi-
0.262 mmol) were stirred in THF (2 ml) at ambient temperaturenation mode. In the precatalysts investigated herein the tri-
for 1.5 h. After the addition of diethyl ether (8 ml), a precipitatepodal coordination is forced by the interplay of two erythro-
formed which was filtered off and washed with a small quantity ofarranged functional groups. The interaction between the
diethyl ether to give 182 mg (92%) of the complex as a yellow-

hemilabile ligand and the rhodium center is counterbal- orange powder. 2 31P NMR (CDCl3, 297 K): δ 5 15.0 (d, J 5
anced by the repulsive interaction of the substituent at the 148.1 Hz). 2 13C NMR (CDCl3, 297 K): δ 5 133.92128.5 (Ar),
oxygen atom with one phenylphosphanyl unit, which is 95.9 (s, COD-CH), 95.5 (s, COD-CH), 71.7 (s, OCH), 33.0 (m,
stronger for the methyl group than for the proton of the PCH2), 28.7 (s, COD-CH2). 2 1H NMR (CDCl3, 297 K): δ 5

7.7027.34 (m, 20 H, Ar), 4.52 (m, 2 H, COD-CH), 4.17 (m, 2 H,hydroxy group.
COD-CH), 4.04 (m, 2 H, OCH), 2.84 (m, 2 H, Hb of PCH2),In extension of these conclusions we suggest that in the
2.6222.18 (m, 8 H, COD-CH2), 2.01 (m, 2 H, Ha of PCH2). 2 IRcatalytic cycle also other interactions between the hydroxy
(KBr): ν̃ 5 3548, 3463, 3053, 2946, 2919, 2882, 2835, 2361, 1894,group and the metal center become operative,[24] since a
1844, 1480 cm21. 2 FAB MS (3-nitrobenzyl alcohol matrix):significant gain of selectivity could be also noted in the
m/z 5 668.6 [M 2 BF4]1, 560.7 [M 2 BF4 2 COD]1. 2hydrogenation with complexes bearing only one hydroxy
C36H40BF4O2P2Rh (756.37): C 57.17, H 5.33; found C 56.78, H

group.[11] [12] In general, these results and preliminary in- 5.35.
vestigations with catalyst2substrate complexes clearly show

[Rh(NBD)(1-OH)]BF4: To a suspension of [Rh(COD)(1-that the main differences between hydroxy and methoxy
OH)]BF4 (151 mg, 0.2 mmol) in THF (45 ml) freshly distilled NBD

group are preserved during the asymmetric hydrogenation. (10 ml, 100 mmol) was added. Stirring over a period of 48 h yielded
In combination with other conformation-stabilizing fea- a dark orange solution. After the addition of diethyl ether (200 ml),
tures selectivities of $ 90% ee can be achieved.[8] [25] There- an orange powder precipitated, which was filtered off and dried to
fore, the assistance of hemilabile hydroxy groups should be give 133 mg (90%) of the desired NBD complex. 2 31P NMR
recommended also in other stereoselective reactions. (CD2Cl2, 297 K): δ 5 18.1 (d, J 5 146.2 Hz). 2 13C NMR

(CD2Cl2, 297 K): δ 5 134.32129.2 (Ar), 72.2 (m, CH), 71.7 (m,This work was supported by the BMBF (Förderkennzeichen
CH), 70.6 (m, CH), 66.2 (s, CH), 31.9 [t, 1J(P-C) 5 12.3 Hz, PCH2].03D0032D0) and the Fonds der Chemischen Industrie. We thank
2 1H NMR (CD2Cl2, 297 K): δ 5 7.3827.06 (m, 20 H, Ar), 3.97Mrs. G. Voß for skilled technical assistance. It is a pleasure to thank
(s, 2 H, CH), 3.85 (s, 2 H, CH), 3.76 (m, 2 H, CH), 3.62 (m, 2 H,Prof. Dr. K. Tamao (Kyoto), Prof. Dr. U. Rosenthal und Prof. Dr.
CH), 2.65 (m, 2 H, Ha of PCH2), 2.19 (m, 2 H, Hb of PCH2), 1.23R. Selke (Rostock) for fruitful discussions.
(s, 2 H, NBD-CH2). 2 IR (KBr): ν̃ 5 3508, 3441, 3056, 3003, 2952,
2920, 2848, 2681 cm21. 2 IR (CD2Cl2) ν̃ 5 3410, 3396 cm21. 2Experimental Section
FAB MS (3-nitrobenzyl alcohol matrix): m/z 5 652.7 [M 2 BF4]1.General: All reagents were obtained from Aldrich and Merck.
2 C35H36BF4O2P2Rh (740.33): C 56.78, H 4.90; found C 56.96,Solvents were dried and freshly distilled under argon before use.
H 4.93.Reactions were performed under argon by using standard Schlenk

[Rh(COD)(1-OMe)]BF4: (R,R)-1,4-Bis(diphenylphosphanyl)-techniques. (Z,Z)-Cycloocta-1,5-diene (COD) and norborna-2,5-
2,3-dimethoxybutane (290 mg, 0.6 mmol) and [Rh(COD)2]BF4diene (NBD) were dried with CaH2 and distilled under argon.
(243 mg, 0.6 mmol) were stirred in THF (2 ml) at ambient tempera-(R,R)-1,4-bis(diphenylphosphanyl)butane-2,3-diol (1-OH) was syn-
ture for 2 h. After the addition of diethyl ether (8 ml), a precipitatethesized by cleavage of the acetal group of (R,R)-3,4-bis(diphenyl-
formed which was filtered off and recrystallized from THF andphosphanylmethylene)-2,3-dimethyl-1,3-dioxolane (DIOP) accord-
diethyl ether to give 367 mg (78%) of the complex as a orangeing to an already published procedure.[13a] [13b] (R,R)-1,4-bis(di-
powder. 2 31P NMR (CDCl3, 297 K): δ 5 12.3 (d, J 5 144.0 Hz).phenylphosphanyl)-2,3-dimethoxybutane (1-OMe) was prepared
2 13C NMR (CDCl3, 297 K): δ 5 134.52128.9 (Ar), 99.4 (s, COD-starting from (R,R)-tartaric acid as described in ref. [14]. Commer-
CH), 95.0 (s, COD-CH), 78.0 (s, OCH), 58.5 (s, OCH3), 31.8 [t,cially available (Z)-2-(acetylamino)cinnamic acid (AH) and ita-
1J(P-C) 5 13.2 Hz, PCH2], 30.7 (s, COD-CH2). 2 1H NMRconic acid (ItH2) were recrystallized under argon. 2 NMR: Bruker
(CDCl3, 297 K): δ 5 7.8227.08 (m, 20 H, Ar), 4.38 (m, 2 H, CH),ARX 400 (400.13 MHz, 100.63 MHz, and 161.98 MHz for 1H,
4.25 (m, 2 H, CH), 3.46 (m, 2 H, CH), 3.27 (s, 6 H, OCH3),13C and 31P, respectively); for 1H and 13C NMR TMS as internal
2.8422.01 (m, 12 H, PCH2 and COD-CH2). 2 IR (KBr): ν̃ 5standard; for 31P NMR H3PO4 as external standard. 2 X-ray:
3047, 2951, 2920, 2882, 2837, 1480, 1433 cm21. 2 FAB-MS (3-STOE-IPDS diffractometer. 2 IR: Nicolet Magna 2 IR 550 instru-
nitrobenzyl alcohol matrix): m/z 5 696.6 [M 2 BF4]1, 588.6 [(Mment. 2 MS: AMD 402 (Firma Intectra) 2 Elemental analysis:
2 BF4) 2 COD]1. 2 C38H44BF4O2P2Rh (784.42): C 58.19, H 5.65;LECO CHNS-932. 2 The hydrogenation experiments were carried
found C 58.33, H 5.54.out under normal pressure and isobaric conditions with an auto-

matically registrating gas-measuring device (1.0 atm overall press-
ure over the solution). The experiments were carried out under ; Dedicated to Professor H. B. Kagan.

[1] [1a] H. Brunner in Applied Homogeneous Catalysis with Or-standard conditions with 0.01 mmol precatalyst, 1.0 mmol of pro-
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The stereochemistry of oxygen atom transfer mediated by bond of the indane ligand occurred. Using deuterium-
labelled copper complexes 2b and 5b, we found that, in bothcopper–oxygen species has been studied through a substrate

binding ligand approach. Copper(II) [(IndPY2)Cu](CF3SO3)2 cases, the oxygen atom transfer occurs with retention of
configuration. The high deuterium kinetic isotope effects (7.6(2a) and copper(I) [(IndPY2)Cu]PF6 (5a) complexes were

prepared and exposed to O2 in media of benzoin/NEt3/ and 11, respectively), determined by 13C-NMR spectroscopy,
strongly suggest the intermediacy of two different copper–CH2Cl2 and CH2Cl2, respectively. In both cases, highly regio-

and stereoselective oxygen atom transfer to the benzylicC–H oxygen reactive species.

Introduction selves[11b] and Itho9s group[12] have described hydroxylation
at the β-position of the tertiary amino group (Scheme 1).The mechanism of dioxygen activation by copper-con-
Herein, we describe the study of new RPY2 ligands intaining monooxygenases such as dopamine β-hydroxylase
which we chose to attach a 2-aminoindane group as the(DBH)[1], peptidylglycine α-hydroxylating monooxygenase
“substrate”. This substituent possesses two stereogenic(PHM)[2], and particulate methane monooxygenase
centres in benzylic positions, each bearing two hydrogen(pMMO)[3] is of current interest. [4] Given that these enzy-
atoms, and thus the stereochemistry of aminoindanols ob-matic processes involve the formation of highly reactive
tained after hydroxylation can be regarded as indicating thecopper/oxygen radical species, which are responsible for hy-
stereoselectivity of the oxygen atom transfer.drogen atom abstraction from the substrate, the Cu/O2

chemistry has been the subject of recent investigations.[5]

Scheme 1. Substrate binding ligand approachFrom these studies, it has become apparent that copper(I)
complexes derived from tridentate ligands {RPY2[5a] [6],
HB(3,5-iPr2pz)3

[5b] [7], P(2,4-iPr2im)3
[8], and iPr3tacn[9]}

lead to side-on [L2Cu2(µ-η2:η2-O2)]21 species upon reaction
with O2. In some cases, these side-on peroxo species are
capable of inserting an oxygen atom into a C2H bond of
the ligand.[10] In earlier papers, we described the substrate
binding ligand approach in the chemical modelling of the
copper-containing monooxygenase active site. [11] This ap-
proach involves the study of copper complexes derived from
RPY2-type ligands in which a “substrate” is covalently
bound to the tertiary amino group of the ligand such that Results and Discussion
an intramolecular oxygen atom transfer from copper to the

Syntheses
ligand is favoured. Using such complexes, both our-

Ligands 1a and 1b were obtained by Michael-type ad-
[e] For Part 1, see ref.[21]. dition of 2-aminoindane and cis-1-deutero-2-aminoin-
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dane[13], respectively, to freshly distilled vinylpyridine in a analysis of the green crystals of complex 3a obtained after

recrystallization from CH2Cl2/MeOH (Table 1, Figure 2).MeOH/AcOH mixture. [10a] The corresponding copper(II)
complexes 2a and 2b were quantitatively prepared by reac-

Scheme 2. Reactions with O2 involving copper complexes 2a and 5ation of 1a and 1b, respectively, with Cu(CF3SO3)2 in
MeOH. Crystallization of [(IndPY2)Cu](CF3SO3)2 (2a)
from CH2Cl2/Et2O gave blue crystals suitable for X-ray
analysis (Table 1, Figure 1).

Figure 1. Perspective view of copper(II) complex 2a displaying the
numbering scheme and selected bond distances and angles[a]

[a] Bond lengths in Å: Cu12O2 2.108(7), Cu12O4 2.210(7),
Cu12N1 2.019(7), Cu12N2 2.042(6), Cu12N3 1.977(8). Bond an-
gles in°: O22Cu12O4 97.5(3), O22Cu12N1 148.4(3),
O22Cu12N2 86.3(3), O22Cu12N3 85.0(3), O42Cu12N1
114.0(3), O42Cu12N2 88.7(3), O42Cu12N3 91.5(3),
N12Cu12N2 92.1(3), N12Cu12N3 95.9(3), N22Cu12N3
171.2(3). Numbers in parentheses denote the estimated standard
deviation in the least significant digits.

Since the first step in this reaction sequence is reduction
Reactions with Dioxygen

to a copper(I) complex, we examined the reaction of the
copper(I) complex [(IndPY2)Cu]Z (5a; Z 5 PF6 orWhen the copper(II) complex 2a was treated with 2 equiv.

of benzoin/NEt3 in CH2Cl2 at 25°C under Ar[14], reduction CF3SO3) with O2 in CH2Cl2. Complex 5a was either pre-
pared in situ by reaction of ligand 1a withto a copper(I) complex occurred in less than one hour. This

was clearly demonstrated by the complete disappearance of [(CH3CN)4Cu]PF6 in CH2Cl2, or by electrolysis of the cop-
per(II) complex 2a. The voltammetric behaviour of 2a isthe d-d absorption at 671 nm in the electronic spectrum,

which is characteristic for copper(II) complexes, and the sil- depicted in Figure 3, which shows a single quasi-reversible
process characteristic of the CuII/CuI transition. Upon elec-ent EPR spectrum of the reaction mixture obtained after

40 min. Upon exposure to O2 atmosphere, a new copper(II) trolysis of 2a under a constant potential of 0 V vs. SCE, the
solution turned from blue to pale-yellow after an equivalentcomplex 3a was obtained in quantitative yield. Demetal-

lation with 35% aqueous ammonia and analysis of the or- charge of 1 electron had been passed. As expected for a
reversible electron transfer, the cyclic voltammetry (CV)ganic products indicated that complete conversion to the

cis-2-amino-1-indanol derivative (4a) had occurred (Scheme curve relating to the CuII/CuI couple had not changed.
When copper(I) complex 5a (Z 5 PF6 or CF3SO3) was2). The stereochemistry of 4a was assigned by comparison

of its spectral data with those of an authentic sample pre- placed under an O2 atmosphere, the pale-yellow solution
rapidly turned green. A new copper(II) complex was quan-pared by Michael-type addition of cis-2-amino-1-in-

danol[15] to vinylpyridine, and was confirmed by X-ray titatively obtained. Demetallation with 35% aqueous am-
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Figure 3. Cyclic voltammograms of 2a after electrolysis at 0 V vs.Figure 2. Perspective view of copper(II) complex 3a displaying the

numbering scheme and selected bond distances and angles[a] SCE and reaction with O2 in CH2Cl2, nBu4NCF3SO3 0.1  at 50
mV s21: (solid line) 2a or 5a; (dotted line) 5a after 1 min. O2 bub-
bling and (bold line) 5a after 45 min. O2 bubbling (steady-state CV)

[a] Bond lengths in Å: Cu2O1 1.927(5), Cu2N1 2.057(7), Cu2N2
2.208(7), Cu2N3 1.984(7). Bond angles in°: O12Cu2N1 85.7(2),
O12Cu2N2 96.5(2), O12Cu2N3 165.0(3), N12Cu2N2 99.0(2),
N12Cu2N3 94.5(3), N22Cu2N3 98.3(3). Numbers in parenthe-
ses denote the estimated standard deviation in the least signifi-
cant digits.

monia and analysis of the organic products revealed that
52% of unchanged ligand 1a had been recovered, besides
48% of the cis-2-amino-1-indanol derivative 4a. The reac-
tion of 5a (Z 5 CF3SO3) with O2 was followed by CV. As
can be seen in Figure 3, consumption of 5a by O2 progress-
ively gives rise to a double-wave electrochemical signal. This
result, as well as the smaller value of the peak currents, is
consistent with either: (i) the formation of a dimeric com-
plex with two non-equivalent copper(II) ions such as A
(Scheme 5), or (ii) the formation of a mixture of symmetri-
cal dimeric complexes such as 3a and [(IndPY2)2Cu2(µ-
OH)2]21 B. This second hypothesis is supported by the fact were the case, we should observe inversion of configuration.
that two types of crystals (green and blue) are obtained In order to decide in favour of one of these mechanisms,
after crystallization of the copper(II) complex from we studied the reaction of deuterium-labelled copper com-
CH2Cl2/MeOH. Unfortunately, these crystals were not suit- plexes 2b and 5b. If the stereochemical course were to pro-
able for carrying out an X-ray structure analysis. ceed with inversion of configuration, we would expect the

formation of a mixture of deuterated compounds 4b and
Stereoselectivity of Oxygen Atom Insertion 4c. However, if the configuration was retained, we would

expect the formation of a mixture of non-deuterated 4a andThe aforementioned hydroxylations are highly stereose-
lective, and we propose, as is generally accepted, a process its deuterated analogue 4b.

Under standard conditions (benzoin, NEt3, CH2Cl2,involving oxygen atom insertion into the benzylic C2H
bond. The question then arises as to whether this insertion 25°C), the copper(II) complex {(cis-[D]-

IndPY2)Cu}(CF3SO3)2 2b (D content of 99 ± 0.1% deter-occurs with retention or inversion of configuration. Indeed,
the hydroxylation can be envisaged as being either the result mined by FAB-MS) was quantitatively transformed into

complex 3b (D content of 87.57 ± 0.16%). Demetallationof a concerted mechanism in which oxygen atom insertion
occurs at a cis C2H bond, or the result of a two-step pro- with 35% aqueous ammonia gave the deuterated hydroxy

ligand 4b as the main product of the reaction. This is clearlycess in which C2H bond scission and formation of the
C2O bond occur at the same face (cis with respect to the evident from the 1H-NMR spectrum, which shows a dou-

blet of doublets at δ 5 3.41 (3J2-H,3-Hcis 5 7 Hz andamino group). In both cases, the product would be formed
with retention of configuration at the benzylic carbon atom 3J2-H,1-Hcis 5 5 Hz) instead of the doublet of doublet of

doublets (3J2-H,3-Htrans 5 9 Hz, 3J2-H,3-Hcis 5 7 Hz and(Scheme 3). Another possibility is that the hydroxylation
takes place via a two-step process involving trans C2H 3J2-H,1-Hcis 5 5 Hz} observed for the non-deuterated

hydroxy ligand 4a. The 13C-NMR spectrum reveals thebond scission and cis formation of the C2O bond. If this
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Figure 4. Aliphatic region of 13C-NMR spectra of aminoindanolsScheme 3
4a, b: (a) reaction of 2a with benzoin/NEt3/O2 or 5a with O2 in
CH2Cl2; (b) reaction of 2b with benzoin/NEt3/O2 or 5b with O2 in

CH2Cl2

presence of a small amount of 4a (singlet at δ 5 34.14, C-
3; Figure 4a) in addition to 4b (triplet at δ 5 33.72, 1J13

C,D 5 21 Hz, C-3; Figure 4b), but no signals corresponding
to a hypothetical deuterated hydroxy ligand 4c, which might
have arisen from a mechanism involving inversion of con-
figuration, were observed. Moreover, the 13C-NMR spec-
trum shows a singlet at δ 5 66.64 attributable to C-2 of
compound 4b, in addition to the corresponding signal of 4a

Scheme 4.(δ 5 66.74). Integration of these signals after a DEPTCH
sequence led to a 4b/4a ratio of 7.6 ± 0.5. This ratio was
confirmed by mass spectrometry analysis (FAB-MS) of
complex 3b, for which an 87.57 ± 0.16% deuterium content
was found [4b/4a 5 87.57/(100 2 87.57) 5 7.04 ± 0.02].
Using the same methodology under standard conditions
(O2, CH2Cl2, 25°C), the deutero-copper(I) complex 5b was
quantitatively transformed into a copper(II) complex,
which, after demetallation with 35% aqueous ammonia,
also gave a mixture of 4b and 4a (4b/4a 5 11.0 ± 0.7).

In both reactions, ratios of non-deuterated 4a to the deut-
erated compound 4b are very large (7.6 and 11). These find-
ings can be explained if we assume that the copper/oxygen
species responsible for the observed hydroxylations exist as
two conformers, C1 and C2, which are in equilibrium
(Scheme 4). It is clear that conformer C2, which exposes a
deuterium atom to the copper2oxygen core, must react
with a lower rate than conformer C1, which exposes a hy-
drogen atom. Since conformers C1 and C2 are in rapid
equilibrium, the deuterium kinetic isotope effect (DKIE)

Dioxygen Adducts and Mechanistic Hypothesisexpressed by the kH/kD ratio is directly related to the 4b/
4a ratio. [16] The large DKIEs (7.6 vs. 11) indicate that the Finally, we turn to the question of the dioxygen adduct

that may be involved in these hydroxylations. At present,hydroxylations occur with retention of configuration in a
process in which the benzylic C2H bond is broken in the for the reaction of the copper(I) complex 5a with O2 in

CH2Cl2, it is difficult to obtain structural information con-rate-determining step. [17]
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Scheme 5. Proposed mechanism for the ligand hydroxylationcerning copper/oxygen species, because, even at 280°C,

such species are too reactive to be amenable to structural
analysis, e.g. by UV/vis or X-ray spectroscopy. However,
since copper(I) complexes derived from tridentate ligands
are known to lead to [L2Cu2(µ-η2:η2-O2)]21 species by reac-
tion with O2

[5a] [6], we can reasonably expect the formation
of this type of intermediate (C) upon reaction of 5a with
O2 (Scheme 5). Kitajima has observed that the {[HB(3,5-
Me2pz)3]2Cu2(µ-η2:η2-O2)} complex is capable of oxidising
cyclohexene to 2-cyclohexen-1-ol and 2-cyclohexen-1-
one. [18] To account for this finding, a mechanism was pro-
posed involving: (i) formation of the radical {[HB(3,5-
Me2pz)3]Cu2O•} by homolysis of the peroxo bond; (ii) ab-
straction of a hydrogen atom from cyclohexene, and (iii)
subsequent reaction of these intermediates with O2 to gen-
erate the observed products. Given that we did not observe
any formation of an indanone derivative, and that the oxy-
gen atom transfer proceeds with high DKIEs and high cis
stereoselectivity, we can rule out the possibility that the hy-
droxylated ligand is formed by a mechanism akin to that
postulated for Kitajima9s cyclohexene oxidation. More re-
cently, Tolman has reported that [CuII

2(µ-η2:η2-O2)]21 spe-
cies exist in equilibrium with a bis(µ-oxo)dicopper species
with a formal [CuIII

2(µ-O)2]21 oxidation state, and it was
demonstrated that these species behave like electrophilic
radicals. [19] Considering these findings and the fact that oxi-
dation of 5a by O2 results in stereospecific cis-hydroxylation
in yields not exceeding 50%, Scheme 5 illustrates possible
pathways whereby hydroxylation can occur via the
{[IndPY2]2CuIII

2(µ-O)2}21 species (D): (i) by a concerted
mechanism (pathway a), or (ii) by abstraction of a cis
benzylic hydrogen atom forming a benzylic radical and a
copper/oxygen radical species, which recombine at the same
face to give the observed copper(II) complex in an overall tion of the hydroperoxo species F or its subsequent (one-
mechanism with retention of configuration (pathway b). electron reduction) copper radical species G. Structural

Concerning the reaction of 2a with benzoin/NEt3, we studies of the copper/oxygen species involved in these hy-
have shown that under Ar the first step is the reduction to droxylations aimed at elucidating details of the reaction
the cuprous state. Upon exposure to O2, the next step could mechanism are currently in progress.
then be the formation of the peroxo complex C and/or its

Scheme 6. Possible copper/oxygen intermediates in the reaction ofsubsequent species D. As already described, this reaction
copper(II) complex 2a with O2/benzoin/NEt3sequence could lead to the observed compounds. As an ex-

planation for the quantitative yield of oxidised complex 3a,
we can assume that a 1:1 mixture of complexes 3a and B is
obtained, and that only B is reduced to the copper(I) com-
plex 2a by excess benzoin/NEt3 and is thus able to partici-
pate in the hydroxylation reaction once more (Scheme 6).
We can effectively demonstrate that complex 3a does not
react with benzoin/NEt3, even after several hours, but the
higher DKIE observed for the reaction of 2a/O2 compared
to that of 5a/benzoin/NEt3/O2 (11 vs. 7.6) suggests the inter-
mediacy of another reactive species, for which several struc-

Conclusiontures can be proposed. As previously assumed for the active
species in pMMO[3], a µ-oxo mixed-valence CuII/CuIII spe- Once again, we have shown that a conformationally-re-

stricted substrate approach can provide valuable infor-cies E derived from a one-electron reduction of species C or
D could be responsible for the present ligand hydroxylation. mation about the mechanism of oxygen atom transfer from

copper to a ligand. On the basis of deuterium-labellingHowever, as it is known that the reaction of copper salts
with O2 in the presence of a reducing agent leads to hydro- experiments, we have demonstrated that oxygen atom inser-

tion into a C2H bond of the ligand occurs at a benzylicperoxo species[20], another possibility could be the forma-
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CH-pyr), 126.32 (CH-ind), 126.35 (CH-ind), 124.49 (CH-ind),position with retention of configuration. This is an impor-
124.46 (CH-ind), 123.41 (2 CH-pyr), 121.11 (2 CH-pyr), 63.21 (C-tant approach, which is of interest because of the possibility
2), 51.55 (2 C-10), 36.96 (2 C-11), 36.62 (t, 1J13 C,D 5 21 Hz, C-1),of performing parallel enzymatic studies. For example, we
36.17 (C-3).have recently found that the DBH-catalysed hydroxylation

of 2-aminoindane produces exclusively trans-(1S,2S)-2- Complexes 2a and 2b: To a solution of Cu(CF3SO3)2 (362 mg, 1
mmol) in MeOH (15 ml), a solution of 1a (1b) (344 mg, 1 mmol)amino-1-indanol with 93% ee. Studies with stereospecif-
in MeOH (15 ml) was added dropwise and the mixture was stirredically deuterium-labelled 2-aminoindanes have further
for 30 min. The MeOH was then evaporated in vacuo and Et2Oshown that the formation of (1S)-aminoindanol is the result
(50 ml) was added. The resulting precipitate was filtered off,of stereospecific pro-(S) hydrogen abstraction followed by
washed with further Et2O, and dried in vacuo to give complex 2aoxygen binding, with overall retention of configuration.[21]

(2b) as a blue solid. 2 2a: Yield: 634 mg (0.9 mmol, 90%). Recrys-Nevertheless, for modelling reactivity of the order of that
tallization from CH2Cl2/Et2O gave blue crystals suitable for X-ray

of DBH, we have to admit that our approach needs to be analysis. 2 C25H25CuF6N3O6S2 (705.15): calcd. C 42.58, H 3.57,
improved and that we have to find a copper complex with N 5.96; found C 42.98, H 3.52, N 6.05. 2 MS (FAB); m/z (%): 344
catalytic properties towards an exogenous 2-aminoindane (100) [IndPY2 1 H]1, 345 (27) [p 1 1], 343 (2.6) [p 2 1]. 2 2b:
(oxygen atom transfer that does not involve the ligand). To Yield: 635 mg (0.9 mmol, 90%). 2 MS (FAB); m/z (%): 345 (100)

[d-IndPY2 1 H]1, 346 (26.54) [p 1 1], 344 (3.44) [p 2 1]; deuteriumachieve this goal, the problem of 2-aminoindane association
content 99 ± 0.1%.in the copper coordination sphere still has to be solved.

Complexes 3a and 3b: To a solution of 2a (2b) (70 mg, 0.1 mmol)This research was supported by the CNRS and the French Minis-
in degassed CH2Cl2 (6 ml) were added benzoin (42 mg, 0.2 mmol)try of Universities. The authors are grateful to Dr. A. Heumann for
and NEt3 (20 mg, 0.2 mmol). This mixture was stirred under Ara number of enlightening discussions.
for 2 h and then exposed to an O2 atmosphere for 24 h. The CH2Cl2
was subsequently evaporated in vacuo and Et2O (20 ml) was added.

Experimental Section The precipitate thus obtained was filtered off, washed with Et2O,
and dried in vacuo to give complex 3a (3b). 2 3a: Yield: 49 mgGeneral: Solvents were freshly distilled under Ar (MeOH/Mg,
(86 µmol, 86%). Recrystallization from CH2Cl2/MeOH gave greenEt2O/Na-benzophenone ketyl, CH3CN/CaH2, and CH2Cl2/P2O5).
crystals suitable for X-ray analysis. 2 C24H24CuF3N3O4S (571.08):Deoxygenation of solvents and solutions was carried out by 3 vac-
calcd. C 50.48, H 4.24, N 7.36; found C 50.55, H 4.27, N 7.56. 2uum/purge cycles. Preparation and handling of air-sensitive com-
MS (FAB); m/z (%): 360 (100) [IndOHPY2 1 H]1, 361 (27.7) [p 1pounds was carried out by using standard Schlenk techniques.
1], 359 (1.7) [p 2 1]. 2 3b: Yield: 48 mg (85 µmol, 85%). 2 MSCommercial starting materials were used without further purifi-
(FAB); m/z (%): 361 (100) [d-IndOHPY2 1 H]1, 362 (29.7) [p 1cation, except for 2-vinylpyridine, which was distilled prior to use;
1], 360 (14.0) [p 2 1]; deuterium content 87.57 ± 0.16%.cis-1-deutero-2-aminoindane was obtained by LiAlD4 reduction of

trans-2-azido-1-bromoindane.[13] 2 1H{13C}-NMR spectra were
In situ Preparation and Oxidation of Complexes 5a and 5b: To arecorded at 25°C on a Bruker AC-400 spectrometer. Chemical

solution of [CH3CN]4CuPF6 (37.3 mg, 0.1 mmol) in degassedshifts are reported in ppm as δ values downfield from an internal
CH2Cl2 (50 ml), a solution of 1a (1b) (34.4 mg, 0.1 mmol) instandard of TMS. 2 IR spectra were recorded on a Nicolet MX 5
CH2Cl2 (50 ml) was added dropwise. The mixture was stirred underspectrometer. 2 Elemental analyses were obtained with a CHN
Ar for 1 h, and then exposed to an O2 atmosphere for 24 h. TheTechnicon microanalyser. 2 FAB-MS were obtained by the LSIMS
CH2Cl2 was subsequently evaporated in vacuo, Et2O (50 ml) wasionization technique in thioglycerol (TG) or nitrobenzyl alcohol
added, and the precipitate thus obtained was filtered off, washed(NB) lattices.
with Et2O, and dried in vacuo to give a mixture of copper(II) com-
plexes. This mixture was redissolved in CH2Cl2 (20 ml), washedLigands 1a and 1b: To absolute MeOH (8 ml) were added 2-

vinylpyridine (3.785 g, 36 mmol), 2-aminoindane (798 mg, 6 mmol) with 35% NH4OH (5 ml) and brine (3 3 5 ml), and dried over
Na2SO4. Evaporation of the CH2Cl2 under reduced pressure (18and acetic acid (900 mg, 15 mmol). After refluxing for 5 days, the

MeOH was evaporated and 15% NaOH (10 ml) was added. The mmHg) gave the crude product. Flash chromatography (SiO2,
CH2Cl2/MeOH, 90:10) afforded ligands 1a (1b) and 4a (4b). 2 4a:product was extracted with CH2Cl2 (3 3 20 ml) and the combined

organic layers were dried over Na2SO4. Evaporation of the CH2Cl2 Yield: 17.3 mg (48 µmol, 48%). 2 1H NMR (CDCl3): δ 5 8.51
(ddd, J 5 4, 2 and 1 Hz, 2 H-pyr), 7.54 (td, J 5 8 and 2 Hz, 2 H-under reduced pressure (18 mmHg) left the crude product. Flash

chromatography (SiO2, CH2Cl2/MeOH, 90:10) afforded ligand 1a pyr), 7.43 (d, J 5 6 Hz, 1 H-ind), 7.4927.17 (m, 3 H-ind),
7.1127.06 (m, 4 H-pyr), 4.97 (d, J 5 5 Hz, 1-H), 3.41 (ddd, J 5(1b). 2 1a: Yield: 800 mg (2.3 mmol, 40%). 2 1H NMR (CDCl3):

δ 5 8.51 (ddd, J 5 5, 2 and 1 Hz, 2 CH-pyr), 7.55 (td, J 5 8 and 9, 7 and 5 Hz, 2-H), 3.2423.09 (m, 4 H), 3.0722.95 (m, 6 H). 2
13C NMR (CDCl3): δ 5 160.05 (2 C-pyr), 149.34 (2 CH-pyr),2 Hz, 2 CH-pyr), 7.1527.07 (m, 8 CH-aryl), 3.74 (qt, J 5 9 Hz, 2

2-H), 3.0722.95 (m, 10 H), 2.83 (dd, J 5 15 and 9 Hz, 2 1-Hcis). 143.28 (C-ind), 141.77 (C-ind), 136.50 (2 CH-pyr), 128.70 (CH-
ind), 126.95 (CH-ind), 125.52 (CH-ind), 124.81 (CH-ind), 123.572 13C NMR (CDCl3): δ 5 160.65 (2 C-pyr), 149.25 (2 CH-pyr),

141.75 (2 C-ind), 136.15 (2 CH-pyr), 126.26 (2 CH-ind), 124.42 (2 (2 CH-pyr), 121.39 (2 CH-pyr), 73.44 (C-1), 66.74 (C-2), 49.93 (2
C-10), 34.65 (2 C-11), 34.14 (C-3). 2 4b: Yield: 17.4 mg (48 µmol,CH-pyr), 123.36 (2 CH-pyr), 121.07 (2 CH-pyr), 63.25 (C-2), 51.50

(2 C-10), 36.93 (2 C-11), 36.11 (2 C-1). 2 IR (neat): ν̃ 5 1595 cm21 48%). 2 1H NMR (CDCl3): δ 5 8.50 (d, J 5 5 Hz, 2 H-pyr), 7.54
(td, J 5 8 and 2 Hz, 2 H-pyr), 7.44 (d, J 5 7 Hz, H-ind), 7.2427.17(C5N), ν̃ 5 1570, 1480, 1440 cm21 (C5C). 2 1b: Yield: 930 mg

(2.7 mmol, 45%). 2 1H NMR (CDCl3): δ 5 8.50 (ddd, J 5 5, 2 (m, 3 H-ind), 7.1127.06 (m, 4 H-pyr), 4.96 (d, J 5 5 Hz, 1-H),
3.41 (dd, J 5 7 and 5 Hz, 2-H), 3.2323.10 (m, 4 H), 3.0522.94and 1 Hz, 2 H), 7.53 (td, J 5 8 and 2 Hz, 2 H), 7.1527.05 (m, 8

H), 3.74 (q, J 5 9 Hz, 1 H), 3.0722.96 (m, 10 H), 2.85 (dd, J 5 (m, 5.28 H). 2 13C NMR (CDCl3): δ 5 160.05 (2 C-pyr), 149.26 (2
CH-pyr), 143.30 (C-ind), 141.65 (C-ind), 136.34 (2 CH-pyr), 128.5615 and 9 Hz, 1 H). 2 13C NMR (CDCl3): δ 5 160.70 (2 C-pyr),

149.30 (2 CH-pyr), 141.84 (2 CH-pyr), 141.75 (2 C-ind), 136.19 (2 (CH-ind), 126.84 (CH-ind), 125.40 (CH-ind), 124.72 (CH-ind),
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mel reference electrode, a platinum wire auxiliary electrode, and aTable 1. Crystallographic data for copper(II) complexes 2a and 3a
gold microelectrode (surface area: 7.8 3 1023 cm2) was used
throughout. Both the reference and auxiliary electrodes were con-

Complexes 2a 3a nected to the solution through porous bridges. Coulometric meas-
urements were made using an EG&G 379 coulometer. Electrolyses

Crystal data were performed using a gold grid (geometric surface: 7 cm2) under
formula C50H50Cu2F12N6O12S4 C24H24CuF3N3O4S a constant potential.
Mr 1410.30 571.08
crystal system triclinic orthorhombic
space group P1̄ Pbca
a [Å] 9.858(1) 13.787(3) [1] J. J. Villafranca, Metal Ions in Biology (Ed.: T. G. Spiro), Johnb [Å] 13.023(2) 15.083(3) Wiley and Sons, New York, 1981, Vol 3, pp. 2632290; L. C.c [Å] 27.465(3) 22.935(4) Stewart, J. P. Klinman, Ann. Rev. Biochem. 1988, 57, 5512592.α [°] 98.85(23) 90.00 [2] S. T. Pridge, A. S. Kolhenar, B. A. Eipper, R. E. Mains, L. M.β [°] 94.72(29) 90.00

Amzel, Science 1997, 278, 130021305.γ [°] 92.19(34) 90.00 [3] S. J. Eliot, M. Zhu, L. Tso, H.-H. T. Nguyen, J. H.-K. Yip, S.V [Å3] 3467.4 4769(3)
I. Chan, J. Am. Chem. Soc. 1997, 119, 994929955.Dcalc [g cm23] 1.35 1.59 [4] J. P. Klinman, Chem. Rev. 1996, 96, 254122561; W. Kaim, J.Z 2 8
Rall, Angew. Chem. 1996, 108, 47264; Angew. Chem. Int. Ed.F(000) [e] 1432 2344
Engl. 1996, 35, 43260.µ (Mo-Kα) [cm21] 8.13 10.60 [5] [5a] K. D. Karlin, S. Kaderli, A. D. Zuberbühler, Acc. Chem.Data collection
Res. 1997, 30, 1392147. 2 [5b] N. Kitajima, Y. Moro-Oka,T [K] 294 294
Chem. Rev. 1994, 94, 7372757.scan mode ω22θ ω22θ

[6] I. Sanyal, M. Mahroof-Tahir, S. Nasir, P. Ghosh, B. I. Cohen,scan width [°] 0.9 1 0.35 tanθ 0.8 1 0.35 tanθ
Y. Gultneh, R. Cruse, A. Farooq, K. D. Karlin, S. Liu, J. Zubi-2θmax [°] 48 48
eta, Inorg. Chem. 1992, 31, 432224332.measured refl. 10760 4193

[7] N. Kitajima, K. Fujisawa, Y. Moro-Oka, K. Toriumi, J. Am.unique refl. 6359 4051
Chem. Soc. 1989, 111, 897528976.refl. used for refinement 5660 1977

[8] T. N. Sorrel, W. E. Allen, P. S. White, Inorg. Chem. 1995, 34,absorption correction no no
9522960.extinction correction no isotropric[25]

[9] S. Mahapatra, J. A. Halfen, E. C. Wilkinson, L. Que Jr., W. B.extinction coefficient 2 4.19 3 1028

Tolman, J. Am. Chem. Soc. 1994, 116, 978529786.Structure refinement
[10] [10a] K. D. Karlin, J. C. Hayes, Y. Gultneh, R. W. Cruse, J. W.refined parameters 775 326

McKown, J. P. Hutchinson, J. Zubieta, J. Am. Chem. Soc. 1984,H atoms included, not refined
106, 212122128. 2 [10b] S. Mahapatra, J. A. Halfen, E. C. Wil-R 0.075 0.06
kinson, G. Pan, C. J. Cramer, L. Que Jr., W. B. Tolman, J. Am.Rw 0.104 0.073
Chem. Soc. 1995, 117, 886528866; J. A. Halfen, V. G. Youngw 4 F0

2/[σ2(F0
2) 1 4 F0

2/[σ2(F0
2) 1

Jr., W. B. Tolman, J. Am. Chem. Soc. 1996, 118, 10920210921.0.0025 F0
4] 0.0016 F0

4]
2 [10c] W. E. Allen, T. N. Sorrell, Inorg. Chem. 1997, 36,(shift/e.s.d.)max 0.11 0.62
173221734.goodness of fit 2.807 2.22

[11] [11a] M. Réglier, E. Amadéi, R. Tadayoni, B. Waegell, J. Chem.∆ρfin(max./min.) 0.61/0.54 0.606/0.452
Soc., Chem. Commun. 1989, 4472450. 2 [11b] E. Amadéi, E. H.[e Å23]
Alilou, F. Eydoux, M. Pierrot, M. Réglier, B. Waegell, J. Chem.
Soc., Chem. Commun. 1992, 178221784. 2 [11c] M. Réglier, E.
Amadéi, E. H. Alilou, F. Eydoux, M. Pierrot, B. Waegell, Bi-
oinorganic Chemistry of Copper (Eds.: K. D. Karlin, Z. Tieck-
lar), Chapman and Hall, 1993, 3482362.

123.42 (2 CH-pyr), 121.25 (2 CH-pyr), 73.38 (C-1), 66.64 (C-2), [12] S. Itho, T. Kondo, M. Komatsu, Y. Ohshiro, C. Li, N. Kanehisa,
49.96 (2 C-10), 34.75 (2 C-11), 33.72 (t, 1J13 C,D 5 21 Hz, C-3). Y. Kai, S. Fukuzumi, J. Am. Chem. Soc. 1995, 117, 471424715.

[13] A. A. Mitrochkine, I. Blain, C. Bit, C. Canlet, S. Pierre, J. Cour-
X-ray Structure Analysis: Crystals of complexes 2a and 3a of tieu, M. Réglier, J. Org. Chem. 1997, 62, 620426209.

[14] With 1 equivalent, only 50% of 4a was obtained besides 50% ofsuitable quality and size were mounted in glass capillaries and
recovered ligand 1a.examined on an Enraf-Nonius CAD4 diffractometer [Mo-Kα radi- [15] A. Mitrochkine, F. Eydoux, M. Martres, G. Gil, A. Heumann,ation, λ(Mo-Kα) 5 0.71073 Å]. During data collection, three stand- M. Réglier, Tetrahedron Asymmetry 1995, 6, 59262; A. Mi-

ard reflections were measured periodically as a general check of trochkine, G. Gil, M. Réglier, Tetrahedron Asymmetry 1995, 6,
153521538.crystal and instrument stability. The data reduction was performed

[16] The DKIEs are calculated on the basis of an equal concen-with Begin in SDP-Plus. [22] The structures were solved by the Pat-
tration of the two conformers C1 and C2 ignoring possible sec-terson method for 2a and by direct methods with MULTAN80[23]
ondary effects (steric and electronic) which are diffucult to

for 3a, and were refined with LSFM-Plus. The scattering factors evaluate.
were taken from the International Tables for X-ray Crystallogra- [17] J. T. Groves, Cytochrome P450 (Ed. P. R. Ortiz de Montellano),

Plenum Press, 1995, p. 11.phy.[24]
[18] N. Kitajima, T. Koda, Y. Iwata, Y. Moro-Oka, J. Am. Chem.

Soc. 1990, 112, 883328839.Crystallographic data for the structure(s) reported in this paper
[19] [19a] J. A. Halfen, S. Mahapatra, E. C. Wilkinson, S. Kaderli, V.have been deposited with the Cambridge Crystallographic Data

C. Young Jr., L. Que Jr., A. D. Zuberbühler, W. B. Tolman,
Centre as supplementary publication no. CCDC-101037. Copies of Science 1996, 271, 139721400. 2 [19b] S. Mahapatra, J. A.
the data can be obtained free of charge on application to The Di- Halfen, E. C. Wilkinson, G. Pan, X. Wang, V. G. Young Jr., C.

J. Cramer, L. Que Jr., W. B. Tolman, J. Am. Chem. Soc. 1996,rector, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: int.
118, 11555211574. 2 [19c] S. Mahapatra, J. A. Halfen, W. B.code 144(0)1223/ 336-033, e-mail: deposit@chemcrys.cam.ac. uk].
Tolman, J. Am. Chem. Soc. 1996, 118, 11575211586. 2 [19d] C.
J. Cramer, B. A. Smith, W. B. Tolman, J. Am. Chem. Soc. 1996,Electrochemical Measurements: Cyclic voltammetric (CV) experi-
118, 11283211287.

ments were carried out using an EG&G 263A potentiostat with [20] R. A. Sheldon, J. K. Kochi, Metal-Catalyzed Oxidations of Or-
EG&G M270 software. CV curves were obtained at a scan rate of ganic Compounds, Academic Press, 1981.

[21] A. A. Mitrochkine, F. Eydoux, G. Gil, M. Réglier, Eur. J. Org.50 mVs21. A three-electrode system consisting of a saturated calo-
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Chem. 1998, 117121176 from X-ray Diffraction Data, Universities of York (England)

and Louvain (Belgium), 1980.[22] B. A. Frenz, Enraf-Nonius SDP-Plus Structure Determination
Package, Version 3.0, Enraf-Nonius, Delft, The Netherlands, [24] International Tables for X-ray Crystallography (Eds.: J. Ibers, W.

C. Hamilton), Kynoch Press, Birmingham, 1974, vol. IV (Pres-1985.
[23] P. Main, S. J. Fiske, S. E. Hull, L. Lessiger, G. Germain, J. P. ent distributor: Kluwer Academic Publishers, Dordecht).

[25] W. H. Zachariasen, Acta Cryst. 1963, 16, 113921144.Declercq, M. M. Woolfson, MULTAN80, A System of Com-
puter Programs for the Automatic Solution of Crystal Structure [98080]
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O-bonded amide complexes of platinum(II), which are stable species due to the higher affinity of platinum for nitrogen
donors. In contrast O-bonded amides owe their stability toin acetone solution and which undergo solvolysis in neat

water with a rate constant as slow as 8.7·10–5 s–1, are their kinetic inertness, where a high pH is required for
deprotonation of the NH2 moiety, the leading step in thereported. The structure of a sample compound [Pt(Me5dien)-

{O-MeC(O)NH2}](CF3SO3)2 has been solved by X-ray isomerization process. In the case of the 2-pyridone complex,
the O-bonded form is unstable and isomerizes spontaneouslydiffraction allowing comparison with related N-bonded

(amide)platinum complexes. Isomerization from O-amide to to the N-bonded form, due to the higher acidity of the
protonated pyridine-like nitrogen atom. Two rotamers areN-amidate species takes place instantaneously under basic

conditions. Protonation of the amidate species leads to the N- present in both the N-pyridone and N-pyridonate species.
Hindered rotation stems from the steric rigidity of bothbonded amide. N-bonded amides, like the N-bonded

amidates, represent the thermodynamically preferred rotating moieties [(Me5dien)Pt and pyridone/pyridonate].

Introduction solution. The kinetically preferred O-bonded complex can
then undergo an intramolecular rearrangement to theAmides of carboxylic acids can be either O- or N-donor
thermodynamically more stable N-bonded iminol com-ligands[1]. In the case of N-coordination, they can adopt
plex[18].different tautomeric forms {oxo amine [RC(O)NH2] and

The [Pt(dien){O-RC(O)NH2}]21 complexes isomerize toiminol [RC(OH)NH]}[2].
the corresponding N-bonded form, as well as undergoingChanges in the metal center, the R group, or the solvent
displacement of the O-bonded amide by weak nucleophilessystem can influence the mode of coordination. For com-
such as water. This instability prevented their characteriz-plexes of metal ions which are considered to be “hard”
ation by X-ray crystallography. In this paper we present theLewis acids, such as [M(NH3)5(amide)31 (M 5 Co[3], Cr[4],
conditions for stabilization of such a species. It was foundRu[5], and Rh[6]), the O-bonded form was found to be
that using a substituted dien ligand, such as N,N,N9,N99,N99-thermodynamically as well as kinetically favored over the
pentamethylethylenediamine (Me5dien), O-bonded amideN-bonded form.
complexes, which are infinitely stable in acetone solutionThe “softer” platinum(II) species, on the other hand, usu-
and which undergo solvolysis in neat water with a rate con-ally exhibits only a weak affinity for O-donor ligands[7] and
stant as low as 8.7·1025 s21, can be prepared. The structuretherefore a thermodynamic preference for N-bonded amides
of the complex [Pt(Me5dien){O-MeC(O)NH2}](CF3SO3)2is expected. In accordance with this, all platinum com-
(4b) has been solved by X-ray diffraction allowing compari-pounds characterized by X-ray diffraction analysis[8] con-
son to N-bonded platinum amides. Furthermore this inves-tained the amide ligands in the N-coordinated tautomeric
tigation has allowed a deeper insight into the mechanism ofiminol form. They were prepared by direct reaction with
isomerization from O- to the N-bonded amides, and otherthe preformed amide[9] or by hydrolysis of a coordinated
conformational restraints within the coordination sphere.nitrile [10] [11] [12] [13] [14] [15]. However, since these ligands are

known to protonate the carbonyl oxygen atom rather than Results and Discussion
the nitrogen atom[16], there could also be a kinetic prefer-

Stereochemistry of the Me5dien Ligand in Solutionence for O-coordination in the case of platinum(II). This
possibility has recently been demonstrated in a study show- The 1H-NMR spectrum in D2O solution of the aqua

species [Pt(Me5dien)(H2O)](CF3SO3)2 (2) shows three sig-ing that acetamide can displace a weakly coordinated water
molecule from the [Pt(dien)(OH2)]21 species (dien 5 dieth- nals for the N-Me groups (relative intensities of 3:6:6) and

four signals for the protons of the ethylene chains linkingylenetriamine) acting as an oxygen donor ligand[17] [18] in

Eur. J. Inorg. Chem. 1998, 130521312  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/090921305 $ 17.501.50/0 1305



R. Cini, F. E. Intini, L. Maresca, C. Pacifico, G. NatileFULL PAPER
Table 1. 1H-NMR data (δ, downfield from SiMe4; [D6]acetone solvent) for complexes 127[a]

Me5dien[b] Amide
N(2)Me N(1,3)Me2 C(1,4)H2 C(2,3)H2 R NH(1,2) OH

(ax, eq) (ax, eq)

1 3.37 3.28, 3.11 3.82[d] 4.20[d]

2[c] 3.07 2.94, 2.77 3.51, 3.04 3.68, 2.96
3a 3.34 3.26, 3.07 3.84, 3.25 4.08, 3.15 1.65
3b 3.34 3.27, 3.08 3.82, 3.22 4.10, 3.15 2.87
3c 3.40 3.18, 3.38 3.90, 3.30 4.17, 3.20 8.23(o)

7.74(m)
7.95(p)

4a 3.24 3.09, 2.86 3.69, 3.21 4.04, 3.12 1.36 9.42, 8.92
4b 3.26 3.10, 2.91 3.69, 3.21 4.03, 3.13 2.40 9.35, 9.23
4c 3.31 3.16, 2.95 3.73, 3.28 4.11, 3.19 8.14(o) 9.74, 9.70

7.59(m)
7.74(p)

5a 3.23 3.07, 2.84 3.71, 3.15 3.93, 3.09 1.37 8.45 11.92
5b 3.26 3.09, 2.86 3.73, 3.17 3.98, 3.12 2.47 8.61 12.27
5c 3.32 3.19, 2.95 3.80, 3.21 4.04, 3.17 8.04(o) 9.28 12.60

7.57(m)
7.69(p)

6 3.31 3.10, 2.80 3.69[d] 4.06[d] 8.08(C6H) 13.20
7.08(C5H)
8.16(C4H)
7.86(C3H)

7 3.35 3.07, 2.72 3.85[d] 4.14[d] 9.04(C6H)
7.27(C5H)
8.06(C4H)
7.27(C3H)

79 3.36 2.98, 2.75 3.86[d] 4.04[d] 8.65(C6H)
7.23(C5H)
8.03(C4H)
7.23(C3H)

[a] 1 [Pt(Me5dien)I]2Pt2I6, 2 [Pt(Me5dien)(H2O)](CF3SO3)2, 3 [Pt(Me5dien)(N;CR)](CF3SO3)2 [R 5 tBu (a), Me (b), and Ph (c)], 4
[Pt(Me5dien){O-RC(O)NH2}](CF3SO3)2 [R 5 tBu (a), Me (b), and Ph (c)], 5 [Pt(Me5dien){N-RC(OH)NH}](CF3SO3)2 [R 5 tBu (a), Me
(b), and Ph (c)], 6 [Pt(Me5dien){O-HNC(O)C3HC4HC5HC6H}(N2C6)](CF3SO3)2, 7/79 [Pt(Me5dien){N-NC(OH)C3HC4HC5HC6H}-
(N2C6)](CF3SO3)2. 2 [b] Numbering scheme of the Me5dien ligand: Me2N(1)C(1)H2C(2)H2N(2)MeC(3)H2C(4)H2N(3)Me2. 2 [c] Solvent
D2O. 2 [d] The signal of the equatorial proton is obscured by overlap.

the central nitrogen atom with the terminal nitrogen atoms
(each signal integrating for two protons) (Table 1).

There is a geminal coupling (13 Hz) between the signals
at δ 5 3.68 and 2.96 and between the signals at δ 5 3.51
and 3.04, indicating that the two signals of each couple be-
long to the same methylene group. From the observation of
distinct signals for the two protons of a given methylene
group, it is possible to conclude that the two condensed
rings have a fixed puckering[19] [20]. Two vicinal protons (sig-

The N-Me signal at δ 5 2.77, which has NOE cross-nals at δ 5 3.68 and 3.51) are strongly coupled (ca. 13 Hz),
peaks with the axial protons of C1H2 and C4H2 methylenetherefore they are both axial (torsion angle of ca. 180°).
groups (δ 5 3.51), must belong to the terminal N-MeThe other two vicinal protons (δ 5 3.04 and 2.96) are
groups which are on the same side of the coordinationweakly coupled (3 Hz) and therefore they are both equa-
plane as the central methyl group. The N-Me signal at δ 5torial (forming a torsion angle of ca. 60°). It is also possible
2.94, having NOE cross-peaks with the axial protons of theto assign the signals at δ 5 3.51 and 3.04 to the methylene
C2H2 and C3H2 methylene groups (δ 5 3.68), must belonggroup adjacent to the terminal nitrogen atoms (correspond-
to the terminal N-Me groups which are on the opposite sideing to C1H2 and C4H2 in Scheme 1) because the axial pro-
of the coordination plane from the central methyl group.tons (δ 5 3.51) have NOE cross peaks with the central N-

Me group (δ 5 3.07) and two equivalent terminal N-Me
O-Amide Complexes Formed in the Reaction of the Aqua Species 2groups (δ 5 2.77). In contrast, the couple of signals at δ 5
with Free Amide3.68 and 2.96 can be assigned to the methylene groups ad-

jacent to the central nitrogen atoms (corresponding to Reaction of the aqua species 2 with free amide in acetone
solution leads to displacement of the coordinated waterC2H2 and C3H2 in Scheme 1) because the axial protons

(δ 5 3.68) have NOE cross-peaks only with terminal N-Me molecule by the free amide, and formation of the
[Pt(Me5dien){O-RC(O)NH2}]21 complex [4; R 5 tBu (a),groups (δ 5 2.94).
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Me (b), or Ph (d)]. The reaction is rather slow (kobs 5 lead to the formation of two rotamers, differing in the rela-

tive position of the amide aminic group and the Me5dien3.5·1025 s21 for 0.1  acetamide) and requires a slight ex-
cess of amide to go to completion. The isolated species, central N-Me group with respect to the platinum coordi-

nation plane (A and B in Scheme 2); (ii) ligand-coordi-however, can be dissolved in pure water, where they un-
dergo solvolysis at a very slow rate (kobs 5 8.7·1025 s21 for nation isomerism with the Pt atom either cis to NH2 or cis

to R with respect to the C5O double bond (C and D in4b). It has already been reported that the presence of N-
substituents can reduce the reactivity of dien complexes by Scheme 2). Observed similarities among the three com-

plexes with R 5 tBu (a), Me (b), or Ph (d) suggests that thea factor of 300[20] [21].
The 1H-NMR spectral features of the Me5dien ligand are first hypothesis is more correct.

very similar to those observed for the aqua species, indicat-
Conversion of O-Bonded to N-Bonded Amides by Base Catalysising a similar structure with fixed puckering of the two con-

densed chelate rings. The O-coordination of the amide is The O-bonded amide complexes 4a2c are stable for
weeks in acetone solution under neutral conditions. Treat-deduced from the presence of two close NH2

1H-NMR sig-
nals which are ca. 2 ppm downfield with respect to those of ment with bases, however, leads to instant formation of the

corresponding N-bonded amidate species. Alkaline basesthe free amide (in contrast, N-coordination is undoubtedly
accompanied by a switch to the iminol tautomer with can be used, but, since they are not soluble in acetone, they

must be added in powdered form and with concomitant ad-chemical shifts of the NH and OH protons ca. 2 and 4 ppm,
respectively, downfield with respect to the NH2 signals of dition of a few drops of water. Organic nitrogen bases (such

as triethylamine) can also be used but displacement of thethe free ligand). The two NH2 proton signals are rather
sharp at low temperature (ca. 280°C) and both undergo O-bonded amide by the amine can also take place. Treat-

ment of the amidate with an acid (such as triflic acid,broadening and a shift to higher field as the temperature is
raised (Figure 1). CF3SO3H) restores the amide, but to the N-bonded form

Figure 1. 1H-NMR spectrum (δ, downfield from SiMe4; [D6]acetone as solvent) of [Pt(Me5dien){O-MeC(O)NH2}](CF3SO3)2 (4b); assign-
ment of resonances as reported in Table 1; A: water moisture, B: [D6]acetone

The shift in field and the broadening are more pro- (compounds 5a2c). The identification of the N-bonded
amides was facilitated by the preparation of the same spec-nounced for one signal. The signal is found more downfield

at 280°C and more upfield at 150°C. A possible expla- ies by an alternative route, that is, by hydrolysis of the corre-
sponding nitrile complexes as already reported[11]. The N-nation for this behavior is that at low temperature there is

preference for a given isomer and that, as the temperature bonded amides invariably adopt the iminol form with two
downfield signals at δ ø 12 and 829 assigned to the OHis raised, a second isomer contributes to the stereochemistry

of the complex causing the observed spectral changes. and NH protons, respectively. The OH proton generally
gives a very broad signal because, being rather acidicThere are two possible causes for isomerism: (i) Restricted

rotation of the amide ligand about the Pt2O bond would (pKa ø 3.7), it exchanges rapidly with water. With time, the
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intensities of the OH and H2O peaks decrease and eventu- Me5dien ligand. At equilibrium, the two species are present
in comparable yields ([7]/[79] ø 40:60). It is most likely thatally disappear. However, the intensity of the partially deut-

erated acetone ([D5]acetone) peaks increases. Although this 7 and 79 are rotamers resulting from the non-C2 symmetry
of the Me5dien ligand. This hypothesis has been fully con-type of reaction is not new, in the present case it is excep-

tionally fast (kobs 5 1.0·1024 s21 at 24°C). firmed by an NOE experiment showing that the C6H sig-
nals of the two isomers have cross peaks with different co-

Spontaneous Isomerization of O-Bonded to N-Bonded 2-Pyridone uples of terminal N-Me groups: isomer 79 with the N-Me
2 Formation of N-Bonded Rotamers groups which are on the same side of the platinum coordi-

nation plane as the central N-Me group and isomer 7 withThe reaction of the aqua species 2 with pyridone leads
the N-Me groups which are on the opposite side of theinitially to product 6 which is not stable but isomerizes over
platinum coordination plane from the central N-Me group.time to a new species (7) (kobs 5 4.5·1025s21 for a pyridone
It is interesting to note that one of the two rotamers (7) isconcentration of 2.2 m at 24°C) (Scheme 3). The NMR
kinetically favored in the isomerization from O- to N-spectrum of 6 is in agreement with an O-bonded pyridone
bonded form, while at equilibrium the two rotamers arecomplex, analogous to the O-bonded species (4a2c) ob-
nearly equally abundant.tained with other amides. A broad signal at δ 5 13.2 was

identified as an N-bonded proton, the other signals at δ 5 Treatment with base also causes instant isomerization of
the O-bonded amide complex 6 to the N-bonded amidate8.07, 7.08, 8.16, and 7.86 were easily identified as C6H,

C5H, C4H, and C3H signals, respectively, on the basis of complex. Furthermore, the amidate species formed first,
like the N-amide formed first, also isomerizes to a newH,H coupling.

In the isomerization from 6 to 7, the signals assigned to species (presumably a rotamer). At equilibrium, the ratio of
the two rotamers is similar to that observed for the corre-C5H and C4H remain nearly unchanged (∆δ ø 0.2). In con-

trast, the signal of the C6H proton undergoes a downfield sponding N-amides (7 and 79). Obviously, starting from an
equilibrium mixture of 7 and 79, treatment with base leadsshift of ca. 1 ppm (δ 5 9.04) and couples to platinum (30

Hz), while the signal of the C3H proton undergoes an up- to the corresponding N-amidate in the equilibrium isomer
composition.field shift of ca. 0.6 ppm (δ 5 7.26). The changes in chemi-

cal shifts and the coupling with platinum are in agreement
Insight into the Mechanism of O- to N-Isomerization of Amideswith 7 being an N-bonded 2-hydroxypyridine complex (2-

pyridone and 2-hydroxypyridine are the equivalents of the The reason why the isomerization from the O- to the N-
bonded form takes place for the pyridone and not for theoxo amine and iminol tautomers of amides).

A peculiar feature of the N-bonded pyridone complex 7 other amide complexes under similar experimental con-
ditions (acetone solution, in the absence of added base),is its slow isomerization to a new species (79) (Scheme 3).

The rate of isomerization of 7 to 79 is much slower than deserves further discussion. It has been hypothesized that
O- to N-isomerization of coordinated amides takes placethe isomerization of 6 to 7, occurring over several days as

compared to a few hours. The new species (79) has spectral intramolecularly through a transition state in which both N
and O atoms of the amide are equally predisposed towardsfeatures which are also in agreement with an N-bonded pyr-

idone (C6H coupled to platinum, 30 Hz) and a tricoordinate nucleophilic attack on PtII [18]. It is impossible for the O-
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Table 2. Selected bond lengths [Å] and angles [°] of [Pt(Me5dien)-bonded amide ligand to adopt a conformation with lone
{O-MeC(O)NH2}](CF3SO3)2; standard deviations are in parenthe-pairs of electrons at the O and N atoms pointing towards

ses
the same metal center because of the π-electron delocali-
zation of the nitrogen lone pair of electrons. Therefore the Pt2N(1) 2.056(5) N(3)2C(4) 1.504(8)

Pt2N(2) 2.007(5) N(3)2C(8) 1.487(8)isomerization process ought to take place by deprotonation
Pt2N(3) 2.065(5) N(3)2C(9) 1.485(7)of the nitrogen atom and conversion of the amide to an
Pt2O(1) 2.038(4) O(1)2C(10) 1.262(7)

amidate species. The latter species can have convergent N(1)2C(1) 1.509(10) C(1)2C(2) 1.515(12)
N(1)2C(5) 1.493(10) C(3)2C(4) 1.498(10)lone-pairs of electrons at the O and N atoms and can pro-
N(1)2C(6) 1.488(9) C(10)2N(4) 1.303(9)mote a transition state in which both atoms donate a lone N(2)2C(2) 1.496(9) C(10)2C(11) 1.498(9)

pair of electrons to the platinum center. Protonation of the N(2)2C(3) 1.499(8) N(4)2H(a) 0.78(9)
N(2)2C(7) 1.482(8) N(4)2H(b) 0.96(9)amidate would revert it back to the amide, but in the iso-

merized N-bonded form. On this basis the slow isomeri-
N(1)2Pt2N(2) 86.3(2) N(2)2C(3)2C(4) 108.0(5)zation from O- to N-coordination of the pyridone, even in N(1)2Pt2N(3) 169.7(2) N(3)2C(4)2C(3) 110.8(5)

the absence of added base, can be explained in terms of the N(1)2Pt2O(1) 93.0(2) O(1)2C(10)2N(4) 123.4(6)
N(2)2Pt2N(3) 86.5(2) O(1)2C(10)2C(11) 117.4(6)higher acidity of the NH protons in 2-pyridone, as com-
N(2)2Pt2O(1) 175.4(2) C(1)2N(1)2C(5) 108.0(6)pared to that in acyclic amides. N(3)2Pt2O(1) 93.6(2) C(1)2N(1)2C(6) 109.7(6)
Pt2N(1)2C(1) 107.2(4) C(5)2N(1)2C(6) 108.4(6)
Pt2N(1)2C(5) 108.8(4) C(2)2N(2)2C(3) 112.7(5)X-ray Structure Analysis of the (O-Acetamide)platinum
Pt2N(1)2C(6) 114.7(4) C(2)2N(2)2C(7) 110.6(6)Complex 4b Pt2N(2)2C(2) 104.7(4) C(3)2N(2)2C(7) 111.0(6)
Pt2N(2)2C(3) 104.9(4) C(4)2N(3)2C(8) 108.7(5)An X-ray Structure analysis of complex 4b, for which the
Pt2N(2)2C(7) 113.6(4) C(4)2N(3)2C(9) 110.3(5)

O-coordination of the amide had already been established Pt2N(3)2C(4) 106.1(4) C(8)2N(3)2C(9) 108.0(5)
Pt2N(3)2C(8) 107.3(4) N(4)2C(10)2C(11) 119.2(6)by NMR experiments, has been carried out in order to
Pt2N(3)2C(9) 116.2(4) C(10)2N(4)2H(a) 119(7)compare structural features of the amide functionality in Pt2O(1)2C(10) 127.3(4) C(10)2N(4)2H(b) 116(6)

the O- and N-coordinated linkage isomerism. An ORTEP N(1)2C(1)2C(2) 109.9(6) H(a)2N(4)2H(b) 125(9)
N(2)2C(2)2C(1) 108.0(6)drawing of 4b is shown in Figure 2. Selected bond lengths

and angles are given in Table 2. The crystals of 4b consist of
the complex cation [Pt(Me5dien){O-MeC(O)NH2}]21 and

strain within the tridentate ligand appears to be responsibletriflate anions in a 1:2 molar ratio. The platinum atom has
for the observed deviation from planarity of the (Me5di-the usual square-planar ligand coordination sphere in
en)Pt moiety, where the platinum atom is displaced by 0.140which the three nitrogen atoms from Me5dien and the oxy-
Å above the plane of the three nitrogen donors)[23].gen atom from the acetamide act as donors.

The Pt2O bond length [2.038(4) Å] is in agreement with
Figure 2. ORTEP drawing of [Pt(Me5dien){O-MeC(O)NH2}]- the values of Pt2O lengths previously reported for N,O-2-
(CF3SO3)2 (4b) with the labelling scheme; the ellipsoids enclose pyridonate complexes [Pt2(en)2(C5H4NO)2]2

41 [2.049(6)30% probability
Å] [24] and [Pt2(NH3)4(C5H4NO)2]21 [2.024(5) Å] (where
C5H4NO 5 2-pyridonate)[25].

The acetamide molecule is strictly planar, with deviations
of the heavy atoms from the least-square plane of ca.
0.004(6) Å, and orthogonal to the coordination plane where
the dihedral angle between the planes is 89.4(3)°. The C2O
and C2N bond lengths within the acetamide ligand
[1.262(7) and 1.303(9) Å, respectively] are very similar to
those previously found for acetamide O-coordinated to
nickel [1.248(3) and 1.311(4) Å, respectively] [26] and for free
amides [1.23(1) and 1.32(1) Å, respectively] [27] and indicate
an extensive π-bond delocalization over the O…

2C…
2N func-

tionality. Compared to the N-coordinated (acetamide)plati-
num species, the trend in C2O and C2N bond lengths is
reversed [1.321(14) and 1.275(13) Å, for C2O and C2N,
respectively] [13]. This is in agreement with the different taut-The Pt2N(1) and Pt2N(3) bonds (terminal aminic

groups) have similar lengths [2.056(5) and 2.065(5) Å, omerism of the acetamide in the two cases (oxo amine in
the O-bonded and iminol in the N-bonded forms). The plat-respectively] and both are significantly longer than the

Pt2N(2) bond [2.007(5) Å] (central aminic group). The inum2donor distances are also comparable to O- and N-
bonded acetamide (within 0.01 Å).N(1)2Pt2N(2) and N(2)2Pt2N(3) angles of the two con-

densed chelate rings are significantly smaller than 90° The NH2 group of the amide ligand is cis to the platinum
center with respect to the C5O double bond and comes[86.3(2) and 86.5(2)°, respectively]. In contrast, the

N(1)2Pt2O(1) and N(3)2Pt2O(1) angles are significantly close to it. The intramolecular distance between the plati-
num atom and one proton of the amide [H(a)] is 2.86(9) Ålarger than 90° [93.0(2) and 93.6(2)°, respectively]. The
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(as compared to the sum of the van der Waals radii for Pt puckered ring, the methyl groups at the terminal nitrogen

atoms are held in fixed positions and strongly hinder theand H of 2.923.2 Å) [28] and the Pt···H(a)2N(4) angle is
114(7)°. These data indicate the existence of an attractive rotation of the amide. The steric hindrance is expected to

be particularly severe in the case of cyclic pyridone. In thisPt···H(a) interaction. Similarly, an interaction between the
hydroxy group and the platinum atom was observed in the case, we have convincing evidences for the presence of two

rotamers in both the N-amide and the N-amidate species.N-bonded acetamide [Pt···HO 5 2.56(2)Å, Pt···H2O 5
124(8)°] and was believed to be responsible for the stabili- Hindered rotation stems from the steric rigidity of both rot-

ating fragments, namely the (Me5dien)Pt moiety and thezation of the isomer with the OH group, instead of the iso-
mer with the Me group cis to the Pt center across the pyridone. Slow rotation (on the NMR time scale) of aryl[22],

pyrimidine, and purine rings in (Me5dien)Pd21 complexesC5N double bond. The same conclusion can be drawn in
the present case, although the Pt···HN interaction appears has already been reported[20]. This, however, is the first case

that such a rate has been measured and found to be excep-to be slightly weaker than the Pt···HO interaction.
The N(2)2Pt2O axis is slightly bent [175.4(2)°] in the tionally low.

Comparison of the X-ray structure analysis of O- and N-same direction as the N(1)2Pt2N(3) axis [169.6(2)°] and,
as a consequence, the coordination sphere of the platinum coordinated (acetamide)platinum complexes has confirmed

that because of the change in the ligand tautomerism (oxocenter assumes a pyramidal distortion, with the Pt atom
displaced by 0.104(1) Å above the average plane of the do- amine and iminol for O- and N-bonded amides, respec-

tively), the two isomeric amide functionalities are nearlynor atoms. This distortion contrasts with the tetrahedral
distortion observed in the related [Pt(Me5dien)I]1 com- superimposable.
plex[29]. This work was financially supported by the Ministero della Uni-

The triflate anions are kept in the vicinity of the metal versità e della Ricerca Scientifica e Tecnologica (MURST; Contri-
center by a hydrogen bond between a triflate oxygen atom bution 40%), the Consiglio Nazionale delle Ricerche (CNR), the

European Community (EC, Contract BMH4-CT97-2485 and COSTand the NH2 group of the amide. The hydrogen bonds have
Chemistry project D8/0012/97) and the University of Siena (Contri-geometrical parameters: O(2)2N(4) 2.837(9) Å, O(2)2H(b)
bution 60%). The data collections were carried out by Mr. A. Lau-2.02(9) Å, O(2)2H(b)2N(4) 175.9(9)°, and O(5)2N(4)
rita, Università della Basilicata.3.050(11) Å, O(5)2H(a) 2.35(9) Å, O(5)2H(a)2N(4)

149(9)° [22].
Experimental Section

Conclusions Starting Materials: Commercial reagent-grade chemicals were
used without further purification.In spite of the higher affinity of platinum(II) for N- over

Preparation of the Complexes: [Pt(Me5dien)I]2(Pt2I6) (1) was pre-O-donor ligands, suitable platinum substrates react prefer-
pared by direct reaction of K2[PtI4] with free amine. In a typicalentially with the oxygen terminus to give the O-bonded
experiment K2PtCl4 (0.5 g, 1.2 mmol) was dissolved in water (5 ml)amide complexes. Although the O-bonded species are very
and treated with excess KI (0.82 g, 4.9 mmol). After 5 min of stir-labile, since the amide can be displaced by water, they are
ring at 50°C, a stoichiometric amount of Me5dien (0.207 g, 1.2indefinitely stable in acetone solution under neutral con-
mmol) was added and the reaction mixture was kept stirring at

ditions. In contrast, isomerization from O- to N-bonded
50°C for 1 h. The yellow-green precipitate which formed was sepa-

species takes place instantly under basic conditions. There- rated, washed with water, and dried in dry air. Yield: 0.55 g, 67%.
fore, the deprotonation of the aminic group (pKa > 11) is 2 C18H46I8N6Pt4 (1; 2141.5): calcd. C 10.1, H 2.2, N 3.9; found C
accompanied by the shift of the metal center from the O- to 10.0, H 2.2, N 3.9.
the N-atom, leading to the formation of N-bonded amidate [Pt(Me5dien)(H2O)](CF3SO3)2 (2) was prepared from [Pt(Me5di-
species. The main factor leading to the isomerization is the en)I]2(Pt2I6) (1) (0.3 g, 0.14 mmol), suspended in water (20 ml) and
higher affinity of platinum to the nitrogen over the oxygen treated with silver triflate (0.15 g, 0.58 mmol). The reaction mixture
donor atom. was kept stirring for about 16 h at room temperature in the dark.

Protonation of the amidate species under acidic con- The solution was then filtered through Celite and concentrated to
dryness. The oily residue was triturated with diethyl ether to give aditions leads to the N-bonded amide. The N-bonded
white hygroscopic solid. Yield: 0.150 g, 40%. 2 C11H27F6N3O8PtS2amides, like the N-bonded amidates, represent the thermo-
(2; 702.1): calcd. C 18.8, H 3.9, N 6.0; found C 18.8, H 3.8, N 5.8.dynamically preferred species due to the higher affinity of

platinum to nitrogen donors. In contrast, O-bonded amides The complexes [Pt(Me5dien)(N;CR)](CF3SO3)2 (3) were pre-
pared by reaction of the aqua species [Pt(Me5dien)(H2O)]-owe their stability to their kinetic inertness, where a high
(CF3SO3)2 (2) with free nitrile. In a typical experiment, [Pt(Me5di-pH is required for deprotonation of the NH2 functionality.
en)(H2O)](CF3SO3)2 (2) was dissolved in the minimum amount ofIn the case of the pyridone complex, the O-bonded form is
the appropriate nitrile [N;CR, R 5 tBu (a), Me (b), and Ph (c)]unstable and isomerizes spontaneously to the N-bonded
(ca. 1 mmol of complex in about 10 ml of nitrile) and then keptform. The isomerization from the O- to the N-bonded spec-
stirring for 1 h at room temperature. In the case of tert-butyl

ies can take place in the absence of added base because of cyanide, the complex 3a precipitated from the reaction solution and
the higher acidity of the protonated pyridine-like nitrogen was recovered by filtration of the mother liquor. In the case of
atom. acetonitrile, the complex 3b was recovered after evaporation of the

Differently to dien, Me5dien adopts a fixed puckering of solvent and trituration of the oily residue with diethyl ether. Fi-
nally, in the case of benzonitrile, an excess of n-hexane was addedthe two condensed chelate rings. Due to the rigidity of the
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Table 3. Selected crystallographic data of [Pt(Me5dien){O-MeC(O)NH2}](CF3SO3)2

Empirical formula C13H28F6N4O7PtS2 dcalcd. [Mg m23] 1.940
Formula mass 725.58 µ(Cu-Kα), [cm21] 129.17
Space group P21/n Crystal size [mm] 0.4 3 0.15 3 0.15
a [Å] 11.631(2) θ range [°] 2 < 2Θ < 140

for data collection
b [Å] 12.4217(9) Independent reflections 4705

[Rint 5 0.0163]
c [Å] 17.314(2) Observed reflections [F > 4σ(F)] 4690

used for the final refinement
β [°] 96.002(9) Absorption correction DIFABS
V [Å3] 2487.8(4) Refinement method Full-matrix

least-squares on F2

Z 4 R1[a] 0.0378
Temperature [°C] 25 wR2[a] 0.0985
F(000) 1416 Parameters refined 311
Radiation (λ [Å]) 1.5418

[a] R1 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR2 5 [Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]]1/2; w 5 1/[ σ2(Fo

2) 1 (0.0631 3 P)2 1 21.74 3 P] where P 5 [Max
(Fo

2,0) 1 2 3 Fc
2]/3.

to the solution and the mixture kept in the refrigerator for 1 d. The acid, and then treated with diethyl ether to allow precipitation of a
white product which was recrystallized from acetone/diethyl ether.sticky precipitate which formed was washed three times with n-

hexane and then treated with diethyl ether to give a solid product Yields 70%. 2 C17H34F9KN4O10PtS3 (5a · KCF3SO3 · H2O; 955.1):
calcd. C 21.4, H 3.6, N 5.8; found C 21.3, H 3.8, N 5.7. 23c. In all cases the yields were above 75%. 2 C16H32F6N4O6PtS2

(3a; 749.1): calcd. C 25.6, H 4.3, N 7.5; found C 25.4, H 4.4, N C27H56F15KN8O17Pt2S5 (5b · KCF3SO3 · 2 H2O; 1638.1): calcd. C
19.8, H 3.4, N 6.8; found C 19.5, H 3.5, N 6.6. 27.4. 2 C13H26F6N4O6PtS2 (3b; 707.1): calcd. C 22.1, H 3.7, N 7.9;

found C 21.7, H 3.6, N 7.7. 2 C18H28F6N4O6PtS2 (3c; 769.1): C19H30F9KN4O10PtS3 (5c · KCF3SO3 · H2O; 975.0): calcd. C 23.4,
H 3.1, N 5.7; found C 23.3, H 3.5, N 5.6.calcd. C 28.1, H 3.7, N 7.3; found C 27.8, H 3.5, N 6.9.

The O-bonded amide complexes [Pt(Me5dien){O-RC(O)NH2}]- The reaction of the acqua species 2 with pyridone leading to a
(CF3SO3)2 (4) [R 5 tBu (a), Me (b), and Ph (c)] were prepared by first reaction product (O-coordinated pyridone; 6) which is not
reaction of the aqua species [Pt(Me5dien)(H2O)](CF3SO3)2 (2) with stable but isomerizes with time to a new species (N-coordinated
the free amide according to a slight modification of the method of pyridone; 7) which, in turn, gives rise to formation of an equilib-
Woon and Fairlie[18]. In a typical experiment, compound 2 (0.07 g, rium mixture of two rotamers (7 and 79) was performed in the
0.1 mmol) was dissolved in acetone (10 ml), treated with the free NMR tube and no attempt to isolate isomerically pure species
amide [RC(O)NH2, R 5 tBu (a), Me (b), and Ph (c)] (0.15 mmol) was made.
and then kept stirring for 16 h at room temperature. Addition of a

Physical Measurements: IR spectra in the range 40002400 cm21
large excess of diethyl ether induced complete precipitation of the

were recorded as KBr pellets; spectra in the range 4002200 cm21
compound. The white precipitate was collected and dried in a vac-

were recorded as polythene pellets with Perkin Elmer 283 and FTuum desiccator in the presence of KOH pellets as the drying agent,
1600 spectrophotometers. 1H-NMR spectra were obtained with awith the yields always above 90%. In the case of acetamide, suitable
Bruker AM 300 spectrometer and are collected in Table 1. Ratecrystals for X-ray diffraction were obtained by slow crystallization
constants were calculated from plots of ln(Ct 2 Cinf.) against timefrom an acetone solution layered under diethyl ether. 2
where Ct and Cinf. are concentrations at time t and after at least sixC16H34F6N4O7PtS2 (4a ·H2O; 767.1): calcd. C 25.0, H 4.5, N 7.3;
half-lives, respectively.found C 24.9, H 4.6, N 7.1. 2 C13H28F6N4O7PtS2 (4b ·H2O; 725.1):

calcd. C 21.5, H 3.9, N 7.7; found C 21.4, H 3.9, N 7.7. 2 X-ray Crystallographic Study [30]: Colorless crystals of [Pt-
C18H30F6N4O7PtS2 (4c ·H2O; 787.1): calcd. C 27.4, H 3.8, N 7.1; (Me5dien){O-RC(O)NH2}](CF3SO3)2 (4b) were obtained from ace-
found C 26.8, H 3.9, N 7.1. tone/diethyl ether solution. X-ray data were collected with an En-

raf-Nonius CAD4 single-crystal diffractometer by using graphite-The N-bonded amide complexes [Pt(Me5dien){N-RC(OH)NH}]-
(CF3SO3)2 (5) [R 5 tBu (a), Me (b), and Ph (c)] were prepared filtered Cu-Kα radiation (λ 5 1.5418 Å). The unit-cell dimensions

were refined by a least-squares algorithm using 25 automaticallyeither by hydrolysis of the corresponding nitriles (procedure 1) or
by isomerization of the O-bonded amides (procedure 2). 2 Pro- centered reflections. A total of 5101 reflections were collected in

the range 214 # h #14, 0# k #15, 0# l #21; 4705 independentcedure 1: In a typical experiment, the nitrile complex [Pt(Me5di-
en)(N;CR)] (CF3SO3)2 (0.1 mmol), dissolved in water (10 ml), was reflections. Four reflections were monitored during data collection,

no decay was observed. Crystallographic data are summarized intreated with a slight excess of KOH (0.12 mmol in 10 ml of water)
with stirring, in an ice bath. After 122 h reaction time, the resulting Table 3. The full data set was corrected for Lorentz and polari-

zation effects. A correction for absorption effects was applied usingsolution was brought to pH 5 223 with triflic acid, the solvent
was evaporated, and the sticky residue crystallized from acetone/ the DIFABS package[31] at the isotropic stage of refinement.

The structure was solved using Patterson and Fourier techniques,diethyl ether. The products 5a2c are hygroscopic and must be
stored under anhydrous conditions. Yields 70%. 2 Procedure 2: in the P21/n space group. The model was refined by full-matrix

least-squares methods. Anisotropic thermal parameters were ap-In a typical experiment, the O-bonded complex [Pt(Me5dien){O-
RC(O)NH2}](CF3SO3)2 (4) (0.1 mmol), was dissolved in acetone plied for all non-hydrogen atoms. The NH2 hydrogen atoms of the

amide were found in the final Fourier difference map, the other(25 ml) and treated with powdered KOH (0.7 mmol). A few drops
of water were added to the reaction mixture, which was kept stir- hydrogen atoms were placed at their geometrically calculated posi-

tions and included in the full-matrix least-square cycles with iso-ring for about 5 min. The solution was filtered, acidified with triflic
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Reaction of H2L (1) with potassium or strontium hydride, or generated from the reaction of H2L (1) with only iron(III)
chloride. The potassium metallacryptate 2a9 was formed fromlanthanum(III) chloride, followed by iron(III) chloride,

yielded the {2}-ironcryptates 2a–c. The mono-, di-, and the triple-helicate 2d by addition of potassium carbonate.
The new compounds 2b, 2c, and 2d were unequivocallytrivalent guest cations are endohedrally encapsulated. In

contrast, the dinuclear trispyridinium ironcryptand 2d was characterised by X-ray diffraction analyses.

Introduction peaks at m/z 1187 and 985, corresponding to the dication
[Sr,Fe2L3]21 of 2b, and the trication [La,Fe2L3]31 of 2c,The selective complexation of guest molecules and metal
indicating the formation of strontium- and lanthanum-con-cations is an essential prerequisite for the proper func-
taining bicyclic metallacryptates, respectively. Ruby-redtioning of enzymes and biological receptors. In order to
crystals of the strontium complex, suitable for X-ray analy-mimic the geometric and electronic requirements necessary
sis, were prepared by a slightly modified procedure. Stron-for selective complexation as observed in nature, many dif-
tium chloride was added to a solution of H2L (1; R 5 tBu)ferent model compounds with cavities of variable size and
and iron(III) chloride in THF, and the crude material waselectronic structure have been constructed[1]. Examples are
crystallised from dichloromethane by diffusion of a mixturethe well-known crown ethers, cryptands, spherands and
of diethyl ether and hexanes (1:5). The X-ray diffractiontheir inclusion complexes[1] [2], along with the corresponding
analysis of these crystals proved the formation of a stron-metallatopomers, which are easily accessible by self-
tium-containing bicyclic ironcryptate [(Sr·H2O),Fe2L3]-organisation[3] [4] [5]. Recently, the bicyclic metallacryptate
[FeCl4]2 (2b) with two ferric tetrachloride counterions (Fig-[K,Fe2L3][PF6] (2a) was synthesised and characterised by
ure 1).X-ray crystallographic analysis[6] [7] [8] (Scheme 1).

The encapsulated strontium dication does not lie per-
Results and Discussion fectly on the iron2iron axis (Fe2Sr2Fe 174.39°). Stron-

tium is deca-coordinated by six oxygen and three nitrogenHerein we describe the formation of the bicyclic
atoms of the three ligands, and one molecule of water. Inironcryptates 2b and 2c, with endohedrally encapsulated di-
addition, water forms a hydrogen bond to a molecule ofvalent alkaline earth or trivalent rare earth metal ions, and
diethyl ether solvent. The ligands are approximately octa-the cation-free trispyridinium {2}-ironcryptand 2d (Scheme
hedrally coordinated to the iron center in a helical fashion.1). Upon reaction of H2L (1) [9] in THF with strontium hy-
In the chiral complex of racemic 2b, both iron centers aredride or lanthanum(III) chloride, followed by iron(III) chlo-
identically coordinated. Therefore, 2b is either a (∆,∆)-fac-ride, and subsequent workup with dichloromethane, a dark-
or (Λ,Λ)-fac-{2}-metallacryptate. The crystals obtainedred solid was isolated. The FAB-MS spectra (FAB-MS 5
were composed of the homochiral {2}-metallacryptate 2b.Fast Atom Bombardment) of the solid materials showed
The iron2iron distance in 2b (715 pm) is identical to the
Fe2Fe distance observed in the potassium-containing

[e] Part 12: Ref.[5] ironcryptate 2a.
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Scheme 1. Reaction scheme for the formation of [M,Fe2L3]Yn [(La·THF·H2O),Fe2L3][FeCl4]3 (2c) of the same chirality

[2a: R 5 tBu, M 5 K1, Yn 5 PF6
2; 2a9: R 5 tBu, present in the asymmetric unit (Figure 2).

M 5 K1, Yn 5 FeCl4
2; 2b: R 5 tBu, M 5 (Sr21·H2O),

Yn 5 (FeCl4
2)2; 2c: R 5 Me, M 5 (La31·H2O·THF),

Figure 2. Molecular structure of the tricationYn 5 (FeCl4
2)3] and [Fe2(LHN)3]Yn [2d: Yn 5 (FeCl

[(La·H2O·THF),Fe2L3]31 of {2}-ironcryptate 2c; top: stereo view;
4
2)3]

bottom: view along the Fe2Fe axis (hydrogen atoms, counterions
and solvent molecules omitted for clarity; O atoms black, C atoms

shaded, N atoms net, La atoms segment, Fe atoms diagonal)

The two iron(III) cations (dFe2Fe 5 719 pm) in the mol-Figure 1. Molecular structure of the dication [(Sr·H2O),Fe2L3]21

ecule are each approximately octahedrally coordinated byof {2}-ironcryptate 2b (hydrogen atoms, counterions and solvent
molecules omitted for clarity; O atoms black, C atoms shaded, N six oxygen atoms of three ligands. They are located on the

atoms net, Sr atoms segment, Fe atoms diagonal)
idealised C3 axis of the D3h-symmetric molecule. The incor-
porated lanthanum(III) cation is eleven-coordinate. The six
internal oxygen atoms of the ligands form a trigonal pris-
matic coordination sphere around the lanthanum center.
The three nitrogen atoms of the ligands, a THF molecule,
and a water molecule coordinate the lanthanum center
equatorially in a near perfect plane. The lanthanum2iron
distances are similar within each molecule (d̄Fe2La 5 360
pm). The encapsulated lanthanum trication lies almost on
the Fe2Fe axis (Fe2La2Fe 176.93°). In contrast to the
aforementioned potassium-containing (∆,Λ)-fac (meso)
ironcryptate 2a, the lanthanum-containing analogue 2c
forms a racemic mixture of the homochiral (∆,∆)-fac and
(Λ,Λ)-fac stereoisomers.

Upon addition of iron(III) chloride to a solution of H2L
(1; R 5 tBu) in dry THF, followed by workup with di-
chloromethane, and crystallisation by diffusion of diethyl
ether into a dichloromethane solution of the crude solidSingle crystals suitable for an X-ray diffraction analysis

of the chiral racemic lanthanum-containing compound material, ruby crystals were obtained. The crystal structure
determination revealed the formation of bicyclic metallac-were obtained by diffusion of diethyl ether into a dichloro-

methane solution of 2c. There are two slightly different, in- ryptand [Fe2(LHN)3][FeCl4]3 (2d). In 2d the pyridine nitro-
gen atoms of the three ligands are protonated, and the re-dependent, homochiral ironcryptates (∆,∆)- or (Λ,Λ)-

Eur. J. Inorg. Chem. 1998, 1313213171314



Chelate Complexes, 13 FULL PAPER
Figure 3. Molecular structure of the trication [Fe2(LHN)3]31 of {2}- which was characterised by FAB-MS, microanalysis, and IR
ironcryptand 2d; top: stereo view; bottom: view along the Fe2Fe to be 2a9.
axis (pyridinium hydrogen atoms shown; counterions and solvent
molecules omitted for clarity; H atoms void, O atoms black, C

atoms shaded, N atoms net, Fe atoms diagonal) Conclusion

In summary, a series of bicyclic ironcryptates with encap-
sulated alkaline, alkaline earth, and rare earth metal cations
was synthesised, as was a bicyclic metallacryptand with pyr-
idinium units in the ligands. According to X-ray analyses,
the strontium- and lanthanum-containing ironcryptates and
the bicyclic pyridinium ironcryptand form helical struc-
tures, in contrast to the known meso-potassium ironcrypt-
ate. Future work will concentrate on possible interesting
physical and chemical properties of rare earth metallacryp-
tates and the potential use of the ironcryptates as selective
complexation agents for certain cations.

This work was supported by a NATO grant (SRG 951516), by a
NSF/DAAD grant, the Deutsche Forschungsgemeinschaft, the Volks-
wagen-Stiftung and the Fonds der Chemischen Industrie. V. S. thanks
the Freistaat Bayern and the Studienstiftung des Deutschen Volkes
for a postgraduate fellowship.

Experimental Section
General: The compounds H2L (1) [1,19-(2,6-pyridyl)bis-1,3-but-

anedione and 1,19-(2,6-pyridyl)bis-4,49-dimethyl-1,3-pentanedione]
were prepared according to a literature procedure[9]. 2 IR: Bruker
IFS 25. 2 FAB-MS: Micromass ZabSpec. 2 Microanalysis:
Heraeus CHN-Mikroautomat; 2a2d lose crystal solvent during
drying.

General Procedure for the Synthesis of the Dinuclear Iron(III)
Complexes 2b and 2c: To a solution of H2L (1) (2 mmol) in 75 ml
of dry THF, 359 mg (4 mmol) of strontium hydride, or 491 mg (4
mmol) of lanthanum(III) chloride was added. The mixture was
stirred for 15 min at 20°C. Iron(III) chloride (216 mg, 1.33 mmol)
was then added, and the dark red solution was stirred for 16 h
at 20°C. The solvent was removed in vacuo, and the residue wassulting charge of the complex is compensated by three FeCl
suspended in 50 ml of dichloromethane. After standing for 16 h at4

2 counterions. In addition to the two molecules of 2d in
20°C, the red solution was filtered, the solvent removed, and thethe asymmetric unit, there are four dichloromethane mo-
remaining crude product dried under vacuum (oil pump).lecules (Figure 3).

[(Sr·H2O),Fe2L3][FeCl4]2·CH2Cl2·Et2O (2b): Ruby-colouredThe mean Fe2Fe distance of 2d (642 pm) is much smaller
crystals were obtained according to the general procedure usingthan those in the metallacryptates 2a, b, and c (715 and
634 mg (4 mmol) of strontium chloride instead of strontium hy-719 pm). Inclusion of a cation in 2a, b, and c causes an
dride and diffusion of a mixture of diethyl ether and hexanes intoexpansion of the ligands of the metallacryptates, and an
a dichloromethane solution. Yield 676 mg (76%), m. p. > 250°Celongation of the iron2iron distances. The average N2N
(decomp.). 2 IR (CHBr3): ν̃ 5 1721 cm21 (C5O), 1553, 1515 (C5distance for 2d (539 pm) is considerably larger than that of
C). 2 FAB MS (3-nitrobenzyl alcohol matrix); m/z: 1222

the ironcryptate 2c (481 pm). In the chiral, racemic complex (Sr,Fe2L3·2H2O), 1187 (Sr,Fe2L3). 2 C63H85Cl12Fe4N3O14Sr
2d, both iron centers are identically coordinated to six oxy- (1844,77): calcd. C 41.02, H 4.64, N 2.28; found C 40.81, H 4.71,
gen atoms. Therefore, the {2}-metallacryptand 2d is either N 2.02.
a (∆,∆)-fac or (Λ,Λ)-fac dinuclear triple helicate. A racemic

[(La·THF·H2O),Fe2L3][FeCl4]3·2CH2Cl2 (2c): Ruby-coloured
mixture of complex 2d self-selectively sorts by chirality to tablets were obtained by diffusion of diethyl ether into a dichloro-
generate an enantiomerically pure crystal. As only one crys- methane solution. Yield 898 mg (80%), m. p. > 250°C (decomp.).
tal was analysed by X-ray, there possibly exists crystals of 2 IR (CHBr3): ν̃ 5 1736 cm21 (C5O), 1603, 1586 (C5C). 2 FAB
opposite chirality, forming a conglomerate. MS (3-nitrobenzyl alcohol matrix); m/z: 1020 (La,Fe2L3 ·2H2O),

The {2}-ironcryptand 2d can be converted into the po- 985 (La,Fe2L3), 757 (La,Fe2L2 · H2O). 2 C43H45Cl12Fe5-
LaN3O14 (1687.41): calcd. C 30.61, H 2.69, N 2.49; found C 30.71,tassium {2}-ironcryptate [K,Fe2L3][FeCl4] (2a9) on ad-
H 3.12, N 2.31.dition of an excess of potassium carbonate to a solution of

complex [Fe2(LHN)3][FeCl4]3 (2d) in THF. After stirring of [Fe2(LHN)3][FeCl4]3·2CH2Cl2 (2d): To a solution of 662 mg (2
the reaction mixture for one day at room temperature and mmol) of H2L (1) in 75 ml of dry THF, 216 mg (1.33 mmol) of

iron(III) chloride was added and the dark red solution was stirredworkup with dichloromethane, a red solid was obtained,
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for 16 h at 20°C. The solvent was removed in vacuo and the residue merged. The structure was solved by direct methods and was re-

fined on F using the teXsan crystallographic software package. Thewas suspended in 50 ml of dichloromethane. After standing for 16
h at 20°C, the red solution was filtered, the solvent removed and non-hydrogen atoms were refined anisotropically. Hydrogen atoms

were included but not refined.the remaining crude product dried under vacuum (oil pump).
Ruby-coloured crystals were obtained by diffusion of diethyl ether Crystal Structure Determination of Compound 2d:
into a dichloromethane solution. Yield 1094 mg (97%), m. p. > C59H76Cl16Fe5N3O12, M 5 1875.68, monoclinic, space group P21,
250°C (decomp.). 2 IR (CHBr3): ν̃ 5 3217 cm21 (N5H), 1587 a 5 1467.8(3), b 5 4000.1(8), c 5 1511.4(3) pm, β 5 111.20(3)°,
(C5O), 1494 (C5C). 2 FAB MS (3-nitrobenzyl alcohol matrix); V 5 8.27(1) nm3, Z 5 4, ρcalcd. 5 1.498 Mg/m3, F(000) 5 3796,
m/z: 1155 [Fe2(LHN)3·Fe], 1099 (Fe2L3), 771 (Fe2L2). 2 λ 5 71.073 pm, T 5 133 K, µ(Mo-Kα) 5 1.4251 mm21, min/max
C57H72Cl12Fe5N3O12 (1695.88): calcd. C 40.37, H 4.28, N 2.48; transmission: 0.467/0.675, crystal dimensions 0.63 3 0.40 3 0.30
found C 39.93, H 4.52, N 2.70. mm, 3.54° # 2Θ # 50.34°; 93692 measured reflections of which

23822 were independent (Rint 5 0.0381) and employed in the struc-[K,Fe2L3][FeCl4] (2a9): To a solution of 102 mg (0.06 mmol)
of [Fe2(LHN)3][FeCl4]3 (2d) in 50 ml of dry THF, 24 mg (0.18 ture refinement (1878 parameters, 1027 restraints). The R values

are R1 5 0.0518 [I > 2σ(I)] and wR2 5 0.1136 (all data); min/maxmmol) of potassium carbonate was added and the dark-red solu-
tion was stirred for 16 h at 20°C. The solvent was removed in residual electron density: 2752 e nm23/727 e nm23. Three tert-

butyl groups and one tetrachloroferrate anion are disordered overvacuo, and the residue was suspended in 25 ml of dichloromethane.
After standing for 16 h at 20°C, the red solution was filtered, the two sites. Crystallographic data for 2b and 2d were collected with a

Stoe-Siemens-Huber four-circle diffractometer with Siemens CCDsolvent removed, and the remaining crude product dried under
vacuum (oil pump). Ruby-coloured microcrystals of 2a9 were ob- area detector by using φ and ω scans on a shock-cooled crystal in

an oil drop[15]. Data integration was performed with the programtained by diffusion of diisopropyl ether into a dichloromethane
solution. Yield 67 mg (72%), m. p. > 250°C (decomp.). 2 IR SAINT. A semi-empirical absorption correction was applied. The

structures were solved by direct methods (SHELXS-97)[16]. Refine-(CHBr3): ν̃ 5 1723 cm21 (C5O), 1573, 1514 (C5C). 2 FAB MS
(3-nitrobenzyl alcohol matrix); m/z: 1138 ([K,Fe2L3]), 809 ment of F2 was accomplished by the least-squares method[17]. All

non-hydrogen atoms were refined anisotropically. For the hydrogen([K,Fe2L2]). 2 C69H93Cl5Fe3KN3O15 ([K,Fe2L3][FeCl4]·3THF;
1552.96): calcd. C 53.37, H 6.04, N 2.71; found C 53.44, H 5.99, atoms, the riding model was used. The hydrogen atoms attached to

the nitrogen atoms in 2d could be located in the difference FourierN 2.62.
synthesis. NH distances were restrained to a target value of 95 pm.Crystal Structure Determination of Compound 2b:
All disordered components were refined anisotropically with theC61H81Cl8Fe4N3O14Sr, M 5 1674.91, monoclinic, space group
assistance of distance and ADP restraints[18].P21/c, a 5 1735.6(4), b 5 1925.7(4), c 5 2299.6(5) pm, β 5

98.35(3)°, V 5 7.60(1) nm3, Z 5 4, ρcalcd. 5 1.463 Mg/m3, F(000) 5
[1] See for example: D. J. Cram, J. J. Cram, Container Molecules3432, λ 5 71.073 pm, T 5 133 K, µ(Mo-Kα) 5 1.781 mm21, min/

and Their Guests, in Monographs in Supramolecular Chemistry,max transmission: 0.470/0.776, crystal dimensions 0.50 3 0.28 3
The Royal Society of Chemistry, Cambridge, 1994; F. Vögtle,0.15 mm; 3.48° # 2Θ # 50.00°; 110590 measured reflections of Supramolecular Chemistry: An Introduction, J. Wiley and Sons,

which 13252 were independent (Rint 5 0.0672) and employed in the New York, 1993; Frontiers in Supramolecular Organic Chemistry
and Photochemistry (Eds.: H.-J. Schneider, H. Dürr), VCH,structure refinement (884 parameters, 492 restraints). The R values
Weinheim, 1991; J.-M. Lehn, Supramolecular Chemistry, VCH,are R1 5 Σ|Fo 2 Fc|/|Σ Fo 5 0.0465 [I > 2σ(I)] and wR2 5 [Σw(F
Weinheim, 1995; Comprehensive Supramolecular Chemistry

o
2 2 Fc

2)2/ΣwFo
4]1/2 5 0.0831 (all data); min/max residual electron (Eds.: J. L. Atwood, J. E. D. Davies, D. D. Macnicol, F. Vögtle,

density: 2599 e nm23/602 e nm23. Two tert-butyl groups show two J.-M. Lehn), especially vol. 1 (Ed.: G. W. Gokel), Molecular
Recognition: Receptors for Cationic Guests, vol. 9 (Eds.: J.-P.different rotameric conformations. One tetrachloroferrate anion is
Sauvage, M. W. Hosseini), Templating, Self-assembly and Self-disordered over two sites[18].
organization, 1st ed., Pergamon, Oxford, 1996; S. J. Lippard,
J. M. Berg, Bioanorganische Chemie, Spektrum AkademischerCrystal Structure Determination of Compound 2c:
Verlag, Heidelberg, 1995, chap. 5; C. Seel, F. Vögtle, Angew.C45H47Cl16Fe5LaN3O14, M 5 1839.27, triclinic, space group P1̄,
Chem. 1992, 104, 5422563; Angew. Chem. Int. Ed. Engl. 1992,a 5 1535.04(7), b 5 2131.21(9), c 5 2175.03(9) pm, α 5 102.948(1), 31, 5282549; C. Moore, B. C. Pressman, Biochem. Biophys. Res.

β 5 91.732(1), γ 5 97.320(1)°, V 5 6.8654(5) nm3, Z 5 2, ρcalcd. 5 Commun. 1964, 15, 562; S. M. Gorun, G. C. Papaefthmiou, R.
B. Frankel, S. J. Lippard, J. Am. Chem. Soc. 1987, 109,1.78 g/cm3, F(000) 5 3636.00, λ 5 71.069 pm, T 5 182 K, µ(Mo-
424424255; S. J. Lippard, Angew. Chem. 1988, 100, 3532371;Kα) 5 0.2312 mm21, min/max transmission: 0.899/0.670, crystal
Angew. Chem. Int. Ed. Engl. 1988, 27, 3442361; K. Wieghardt,dimensions 0.35 3 0.18 3 0.08 mm, 3.00° # 2Θ # 46.5°; 29795 K. Pohl, I. Jibril, G. Huttner, Angew. Chem. 1984, 96, 66267;

collected reflections of which 19097 were independent (Rint 5 Angew. Chem. Int. Ed. Engl. 1984, 23, 77278; C. M. Flynn, Jr.,
Chem. Rev. 1984, 84, 31241; and literature cited.0.046) and employed in the structure refinement (11762 parameters,

[2] G. W. Gokel, Crown Ethers and Cryptands, in Monographs in0 restraints). The R values are: R1 5 R 5 Σ Fo 2 Fc / Σ Fo 5
Supramolecular Chemistry (Ed.: J. Fraser Stoddart), The Royal0.057 [I > 3σ(I)] and wR2 5 Rw 5 [Σw( Fo 2 Fc )2 / ΣwFo

2]1/2 5 Society of Chemistry, Cambridge, 1991; C. J. Pedersen, J. Am.
0.065 (all data), where Chem. Soc. 1967, 89, 701727036; B. Dietrich, J.-M. Lehn, J.-P.

Sauvage, Tetrahedron Lett. 1969, 288522888; B. Dietrich, J.-M.
Lehn, J.-P. Sauvage, Tetrahedron Lett. 1969, 288922892; J.-M.
Lehn, Pure Appl. Chem. 1978, 50, 8712892; J.-M. Lehn, Pure
Appl. Chem. 1980, 52, 244222459;

[3] R. W. Saalfrank, A. Stark, K. Peters, H.-G. v. Schnering, An-
gew. Chem. 1988, 100, 8782880; Angew. Chem. Int. Ed. Engl.max/min residual electron density: 0.76 e2/Å3/20.86 e2/Å3.
1988, 27, 8512853; R. W. Saalfrank, R. Burak, A. Breit, D.
Stalke, R. Herbst-Irmer, J. Daub, M. Porsch, E. Bill, M.Crystal data were collected using a Siemens SMART dif-
Müther, A. X. Trautwein, Angew. Chem. 1994, 106, 169721699;fractometer equipped with a CCD area detector. Data were inte-
Angew. Chem. Int. Ed. Engl. 1994, 33, 162121623; R. W. Saalf-grated using SAINT and were corrected for Lorentz- and polari- rank, R. Burak, S. Reihs, N. Löw, F. Hampel, H.-D. Stachel, J.

zation effects. An empirical absorption correction was applied Lentmeier, K. Peters, E. M. Peters, H.-G. v. Schnering, Angew.
Chem. 1995, 107, 108521087; Angew. Chem. Int. Ed. Engl.using XPREP (ellipsoidal model); equivalent reflections were
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1995, 34, 9932995; R. W. Saalfrank, N. Löw, F. Hampel, H.-D Krebs, M. Winter, T. Weymüller, E. Bill. K. Wieghardt, P.

Chaudhuri, J. Chem. Soc., Chem. Commun. 1995, 191321915;Stachel, Angew. Chem. 1996, 108, 235322354; Angew. Chem.
Int. Ed. Engl. 1996, 35, 220922210; R. W. Saalfrank, N. Löw, P. Chaudhuri, M. Winter, P. Fleischhauer, W. Haase, U. Flörke,

H.-J. Haupt, J. Chem. Soc., Chem. Commun. 1990, 172821730;S. Kareth, V. Seitz, F. Hampel, D. Stalke, M. Teichert, Angew.
Chem. 1998, 110, 1822184; Angew. Chem. Int. Ed. Engl. 1998, P. Chaudhuri, M. Winter, B. P. C. Della Vedova, P. Fleisch-

bauer, W. Haase, U. Flörke, H.-J. Haupt, Inorg. Chem. 1991, 30,37, 1722174.
477724783; P. Chaudhuri, M. Winter, F. Birkelbach, P. Fleisch-[4] D. Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1243-1286;
bauer, W. Haase, U. Flörke, H.-J. Haupt, Inorg. Chem. 1991, 30,Angew. Chem. Int. Ed. Engl. 1996, 35, 1154-1196; J.-M. Lehn,
429124293; M. Albrecht, S. Kotila, Angew. Chem. 1996, 108,Angew. Chem. 1988, 100, 912116; Angew. Chem. Int. Ed. Engl.
129921300; Angew. Chem. Int. Ed. Engl. 1996, 35, 120821210.1988, 27, 892112; J.-M. Lehn, Angew. Chem. 1990, 102,
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led to the isolation of the complex [{η5:η2-
C5Me4CH2CH2N(Me)CN(C6H3Me2)}-TiCl2] (6) by insertionThe new organometallic binuclear complexes [{Cp*

Ti(NEt2)}2(µ-NEt)2] (1), [(Cp*Ti)2(NMe2)(NHMe2)(µ-NMe)(µ- of one isocyanide molecule into the titanium–nitrogen bond
in 5. The structure of 6 has been proved by an X-rayNCH2)] (2), and [(Cp*TiCl)2(µ-NMe)2] (3) have been obtained

by heating the dialkylamido derivatives [Cp*Ti(NR2)nCl3–n] diffraction study which showed the organic ligand,
C5Me4CH2CH2N(Me)CN(C6H3Me2), to be coordinated to the(R = Et, n = 3; R = Me, n = 2, 3) (Cp* = η5-C5Me5) in solution

and at different temperatures. The thermal decomposition of titanium atom via the cyclopentadienyl ring and a η2-
iminocarbamoyl fragment. Heating of the trinuclear oxo[Cp*Ti(NMe2)Cl2] at temperatures above 145 °C caused the

activation of the pentamethylcyclo-pentadienyl ligand to derivative [{Cp*Ti(NMe2)}3(µ-O)3] at 110 °C gave the
complex [{Cp*3Ti3(NMe2)(µ-η2-CH2NMe)}(µ-O)3] (4) wheregive the new, geometrically constrained, complex [{η5:η1-

C5Me4CH2CH2N(Me)}TiCl2] (5). Addition of the isocyanide an imine ligand bridges two of the three metallic centres.
2,6-Me2C6H3NC to the solution obtained in this last process

Studies on the decomposition of inorganic or organomet- tanium, [Cp*Ti(NR2)nCl32n] and [{Cp*Ti(NMe2)}3(µ-O)3]
in solution. [8]allic complexes and polymers is currently a fast emerging

area in chemistry. The preparation of ceramic materials
from precursor complexes is a fascinating challenge for in- Results and Discussion
organic or solid-state chemists involved in the design of

A toluene solution of the complex [Cp*Ti(NEt2)3] wasroutes to new or improved refractory metal oxides, carbides,
heated at 70°C for 20 d in a Carius tube (to guarantee theand nitrides. [1]

purity of the atmosphere); subsequent evacuation of the
For instance, titanium nitride possesses a number of use- volatiles under vacuum and crystallisation from hexane al-

ful properties, including extreme hardness, excellent chemi- lowed the isolation of [{Cp*Ti(NEt2)}2(µ-NEt)2] (1) as a
cal resistance, desirable optical properties, and good electri- pure complex (see Scheme 1).
cal conductivity. [2] The current trend to obtain this material The spectroscopic and analytical data (Experimental Sec-
in low-temperature processes necessitates the use of inor- tion) are consistent with a dimeric structure of 1, with two
ganic precursors, and in particular amido complexes bridging ethylimide ligands. According to the 1H-NMR
Ti(NR2)4 have been extensively used.[3] Their thermal de- data, this complex is characterised by a cis arrangement[9]

composition in vapour-phase CVD processes has been of both the terminal diethylamido and pentamethylcyclo-
shown to lead to the incorporation of carbon and hydrogen pentadienyl ligands with respect to the central Ti2(µ-NEt)2
in the desired nitride. [4] These impurities can be reduced core.
by reaction with ammonia[5] but in all cases, the carbon Complex [Cp*Ti(NMe2)3] decomposed between 120 and
percentage is significant, and attributed to the formation of 150°C with elimination of NHMe2 and formation of the
metallacycles, as has been described in solution. [6]

organometallic derivative {[Cp*Ti]2(NMe2)(NHMe2)(µ-
NMe)(µ-N5CH2)} (2) (see Scheme 1 and ExperimentalIn our research into the stability of mono(pentamethylcy-

clopentadienyl)titanium derivatives, we have recently re- Section). Complex 2 was isolated in a yield of 64% as a
dark-green crystalline solid. The 13C-NMR spectrum of 2ported on the formation of alkylidyne complexes by the

thermal decomposition of the alkyl precursors[7] and we shows one doublet of doublets at δ 5 100.8 (1J 5 154.1 Hz,
1J 5 159.6 Hz) while its 1H-NMR spectrum presents twowere interested in expanding these studies to other ligands

attached to the metal centre. Here we describe the synthesis signals at δ 5 3.79 (1 H) and 3.81 (1 H) (2J < 0.2 Hz),
corresponding to the existence of a bridging µ-N5CH2 li-and characterisation of several organometallic derivatives

obtained by heating the dialkylamido complexes of ti- gand.[10] Two broad signals for the methyl groups of the
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Scheme 1. Thermolyses of the complexes [Cp*Ti(NEt2)3], nor molecules, [14] and in their absence binuclear arrange-

[Cp*Ti(NMe2)3] and [Cp*Ti(NMe2)2Cl] ments with [Ti2(µ-NR)2] cores are usually found.[15]

The proposed azatitanacyclopropane intermediates were
not detected in the case of mononuclear precursors, but
fortunately we could isolate and characterise the complex
[Cp*3Ti3(NMe2)(µ-η2-CH2NMe)(µ-O)3] (4) with the imine
group bridging two titanium centres, as mentioned above
(see Scheme 2). This compound was obtained as a crystal-
line red solid (63% yield) by heating a toluene solution of
the trinuclear oxo derivative [Cp*3Ti3(NMe2)3(µ-O)3].

Scheme 2. Thermal evolution of the trinuclear oxo compound
[{Cp*Ti(NMe2)}3(µ-O)3]

The 1H- and 13C-NMR data of 4 show three resonances
for the Cp* ligands and one signal for the terminal NMe2

group, while the signal of the CH2 moiety of the bridging
imine fragment appears as a triplet of quadruplets (δ 5
87.9, 1J 5 149.5 Hz, 3J 5 3.7 Hz) in the 13C-NMR spec-
trum and as an AB spin system (δ 5 1.82, 2.86; JAB 5 5.9terminal NMe2 ligands were also observed in the spectra at
Hz) in the 1H-NMR spectrum. The formation of this kindroom temp., which collapsed together at 313 K (∆G# ø 63
of bridging imine groups from an amido ligand has beenkJ/mol). This spectral behaviour is based on the slow ro-
already reported by Chisholm et al. for the complextation around the Ti2N bond, indicating π-donation of the
[W2Cl3(NMe2)2L2(µ-CHCH2)(µ-CH2NMe)]. [6e]

nitrogen electron pair to the titanium centre. The value of
Different results than those described above were ob-the Gibbs free energy is similar to those reported for other

served when a [D6]benzene solution of the [Cp*Ti-dimethylamido complexes (462100 kJ/mol). [11] Finally the
(NMe2)Cl2] derivative was heated above 140°C. Not only1H-NMR spectrum exhibits two doublets at δ 5 1.6 (3J 5
did the activation of the amido group take place, but also6.0 Hz) and 1.7 (3J 5 6.0 Hz) for the diastereotopic methyl
the activation of the Cp* unit, yielding the compoundgroups, and one septuplet at δ 5 4.01 for the amine proton
[{η5:η1-C5Me4CH2CH2N(Me)}TiCl2] (5) (see Scheme 3).of the coordinated HNMe2 ligand. This ligand remains in

the complex after several hours under vacuum (1022 Torr)
Scheme 3. Thermal decomposition of the complex [Cp*Ti-or even in THF solution. The formation of complex 2 might

(NMe2)Cl2]be explained by the activation of one C2H bond in a meth-
ylimide group[12] from a “[{Cp*Ti(NMe2)}2(µ-NMe)2]” in-
termediate, similar to 1 (Scheme 1), and formation of one
equivalent of NHMe2 which is retained in the complex.

In an analogous procedure, heating a solution of
[Cp*Ti(NMe2)2Cl] in toluene at 1352200°C afforded the
compound [(Cp*TiCl)2(µ-NMe)2] (3) in a yield of 63%. The
analytical and spectroscopic data of 3 agree with a dimeric
formulation where the Cp* rings appear in a cis arrange- The 1H-NMR spectrum of 5 in CDCl3 shows two reso-

nances for the α- and β-methyl groups of the C5Me4 ringment, as proposed for 1 (Scheme 1).
In order to explain the formation of the complexes 123, [δ 5 2.11 (6 H), 2.17 (6 H)] and an AA9BB9K3 spin system

[δ 5 3.32 (2 H), 4.54 (2 H) and 3.55 (3 H)] assigned to thewe suggest that the thermal decomposition of the com-
pounds [Cp*Ti(NR2)nCl32n] (R 5 Et, n 5 3; R 5 Me, n 5 CH2CH2NMe moiety, supporting the hypothesis of C2H

activation giving rise to the chelating ligand2, 3) produces azatitanacyclopropane or imine intermedi-
ates similar to those described in the literature for other [C5Me4(CH2)2NMe]. This ligand is linked to the titanium

atom via the cyclopentadienyl ring and the amido group indialkylamido derivatives. [6] The evolution of these inter-
mediates at high temperatures would give rise to Ti5NR a similar fashion to those reported for the {[η5:η1-

C5H4(CH2)nNR]MX2} (M 5 Ti, Zr) complexes. [16]groups; processes which are well-documented for tantalum
complexes. [6b] [13] However, titanium derivatives with ter- The most important features of the 13C-NMR spectrum

(see Experimental Section) are the downfield shift (∆δ 5minal imido ligands are only known in the presence of do-
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Figure 2. ORTEP drawing of [{η5:η2-C5Me4CH2CH2N(Me)CN-11.3) of the CipsoCH2 resonance (δ 5 139.7) with respect to
(C6H3Me2)}TiCl2] (6); thermal ellipsoids at a 50% level are shownthe starting complex [Cp*Ti(NMe2)Cl2], and the obser-

vation of the CH2NMe signal at δ 5 79.4. These data are
best accounted for if a high contribution of the constrained
geometry resonance structure II depicted in Figure 1 is as-
sumed.

Figure 1. Resonance structures proposed for compound 5

The addition of excess of 2,6-dimethylphenyl isocyanide
to a solution of 5 causes the insertion of one molecule of
isocyanide into the Ti2N bond affording the imino-
carbamoyl derivative [{η5:η2-C5Me4CH2CH2N(Me)CN-
(C6H3Me2)}TiCl2] (6) (Scheme 4).

Scheme 4. Insertion reaction of isocyanide in complex 5
Table 1. Selected bond lengths [Å] and angles [°] for the compound
[{η5:η2-C5Me4CH2CH2N(Me)CN(C6H3Me2)}TiCl2] (6); Cp* and
E are the centroids of the cyclopentadienyl ring and the N(2)2C(1)

bond, respectively

Ti(1)2C(1) 2.000(8) N(2)2C(31) 1.421(10)
Ti(1)2N(2) 2.047(6) N(1)2C(1) 1.316(10)
Ti(1)2Cl(1) 2.349(3) N(1)2C(2) 1.457(11)
Ti(1)2Cl(2) 2.287(3) N(1)2C(3) 1.476(11)
Ti(1)2C(11) 2.333(8) C(3)2C(16) 1.513(14)
Ti(1)2C(12) 2.329(8) C(16)2C(11) 1.504(12)
Ti(1)2C(13) 2.392(8) C(11)2C(15) 1.399(11)
Ti(1)2C(14) 2.428(8) C(11)2C(12) 1.420(12)
Ti(1)2C(15) 2.365(8) C(12)2C(13) 1.403(13)
Ti(1)2Cp* 2.046 C(13)2C(14) 1.395(12)
Ti(1)2E 1.920 C(14)2C(15) 1.413(11)
N(2)2C(1) 1.284(9)

C(1)2Ti(1)2N(2) 37.0(3) N(2)2Ti(1)2Cl(1) 88.1(2)
C(1)2Ti(1)2Cl(2) 100.9(2) Ti(1)2N(2)2C(31) 158.4(5)
C(1)2Ti(1)2Cl(1) 123.3(2) Ti(1)2N(2)2C(1) 69.5(4)
Cl(1)2Ti(1)2Cl(2) 101.01(11) C(1)2N(2)2C(31) 132.0(7)
E2Ti(1)2Cl(1) 105.6 Ti(1)2C(1)2N(1) 150.7(6)
E2Ti(1)2Cl(2) 100.7 Ti(1)2C(1)2N(2) 73.5(5)The complex 6 was obtained as an orange solid, insoluble Cp*2Ti(1)2Cl(1) 112.7 N(2)2C(1)2N(1) 135.5(8)

in hexane, slightly soluble in benzene or toluene, and sol- Cp*2Ti(1)2Cl(2) 112.5 C(1)2N(1)2C(2) 126.2(7)
Cp*2Ti(1)2N(2) 136.5 C(1)2N(1)2C(3) 115.5(7)uble in chloroform or dichloromethane. The most promi-
Cp*2Ti(1)2C(1) 105.7 C(2)2N(1)2C(3) 118.3(7)nent band in the IR spectrum is the very intense νCN ab- Cp*2Ti(1)2E 121.8 N(1)2C(3)2C(16) 111.6(8)
N(2)2Ti(1)2Cl(2) 99.3(2) C(3)2C(16)2C(11) 117.3(8)sorption at 1668 cm21, in agreement with the insertion of

xylyl isocyanide.
In order to confirm the Cp* activation and assess its

structural consequences, the molecular structure of this
compound was determined by an X-ray diffraction study pentadienyl ring due to the side chain [N(1), C(3), C(16)];

this shows a zigzag disposition similar to those found in(see Figure 2). Selected bond lengths and angles of 6 can
be found in Table 1. The compound is a monomer with the the complexes [{η5:η1-C5Me4CH2CH2NMe2}CoI2], [17]

[{η5:η1-C5H4CH2CH2NMe2}Mo(CO)2I], [18] and [{η5:η2-ligand [C5Me4CH2CH2N(Me)CN(C6H3Me2)] linked to the
metal centre through the cyclopentadienyl ring (η5) and C5H4CH2CH2N(Me)CO]Re(CO)SePh]. [19] The carbon2

carbon bond lengths in the cyclopentadienyl ring are in theboth the carbon and the nitrogen atoms (η2) of the in-
serted isocyanide. normal range [1.395(12)21.420(12) Å]. The methyl groups

in the C5Me4 fragment are displaced with respect to theThe molecule exhibits a four-legged stool geometry for
the titanium atom [Cl(1), Cl(2), C(1), N(2)] where the N(2) metal centre, in particular C(16), which is placed 0.23 Å

above the cyclopentadienyl ring plane.atom lies down from, and C(1) is shifted up to, the cyclo-
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The inserted isocyanide has an N(2)2C(1) bond length of sation proposed for the iminocarbamoyl fragment (struc-

tures I and III in Figure 3).1.284(9) Å, which is consistent with a double bond,[20] while
Ti(1)2N(2) [2.047(6) Å] is in agreement with the Ti2N dis-

Conclusionstances found in η2-iminoacyltitanium complexes, [20b] [21]

and is very similar to those of [Cp*2TiIII(NMePh)] [2.054(2) In our exploration of the thermal decomposition of the
Å] [22] and [(CO5)W{C(NMe2)O}TiCp*(NMe2)2] (av. 2.058 titanium complexes [Cp*Ti(NR2)nCl32n] we have observed
Å) [23] where a single bond with absence of multiple bonding the formation of binuclear derivatives with [Ti2(µ-NEt)2]
is suggested. The Ti(1)2C(1) [2.000(8) Å] distance is not and [Ti(µ-NMe)(µ-N5CH2)Ti] cores, and a mononuclear
significantly different to that found in the comparable acyl compound with the interesting methyl activation of the
complex [Cp*Ti(η2-COMe)Cl2] [2.021(6) Å]. [24]

pentamethylcyclopentadienyl ligand. This last observation
On the other hand, N(1)(sp2) has a planar environment was definitely confirmed by the characterisation of the com-

and its bond length with C(1)(sp2) [1.316(10) Å] is only plex [{η5:η2-C5Me4CH2CH2N(Me)CN(C6H3Me2)}TiCl2],
slightly longer than the double bond N(2)(sp2)2C(1)(sp2) which is one of few examples known of isocyanide insertion
and 0.1 Å shorter than the single bond into metal2nitrogen bonds. The thermal evolution of the
N(2)(sp2)2C(31)(sp2) [1.421(10) Å]. All these data, together trinuclear oxo compound [{Cp*Ti(NMe2)}3(µ-O)3] seems
with the planarity of the C(3)C(2)N(1)C(1)N(2)C(31)Ti(1) to be facilitated by a cooperative effect between the metallic
system, are indicative of an extensive π delocalisation along centres to form a bridging imine group [2CH22N(Me)2]
the N(1)C(1)N(2) fragment, while the xylyl group is twisted supported on a TiO2-like arrangement.
80.5(4)° with respect to this fragment. Analogous structural

Financial support from the Spanish DGICYT (PB93-0476),features have been reported in the literature for other η2-
CAM (C198/91) and the Universidad de Alcalá (E001/97) is grate-iminocarbamoyl complexes, and are explained by the con-
fully acknowledged. C. Y. also thanks the CAM for a Predoctoral

tribution of the three resonance forms shown in Figure
Fellowship.

3. [25]

Experimental SectionFigure 3. Resonance forms for the η2-iminocarbamoyl group in
complex 6 All reactions were carried out under argon by Schlenk techniques

or in an M. Braun glovebox.[26] Hexane was refluxed over Na/K
amalgam, toluene over sodium, and both distilled under argon
prior to use. NMR solvents were dried with P2O5 (CDCl3) or Na/
K amalgam (C6D6) and vacuum-distilled from 4 Å molecular
sieves. Oven-dried glassware was repeatedly evacuated with a
pumping system (ca. 1 3 1023 Torr) and subsequently filled with
inert gas. 2,6-Me2C6H3NC (FLUKA) was used as received.
[Cp*Ti(NR2)nCl32n] and [{Cp*Ti(NMe2)}3(µ-O)3] were prepared
by known procedures. [8] 2 IR (KBr): Perkin-Elmer 883 spectro-
photometer. 2 1H and 13C NMR: Varian Unity-300 and/or 500-The 1H-NMR spectrum indicates two signals for methyl
Plus spectrometer, trace amounts of protonated solvents were usedgroups of the C5Me4 ring and an AA9BB9K3 spin system
as references, and chemical shifts are reported relative to TMS. 2for the CH2CH2NMe fragment. The Cs symmetry observed
EI MS: 70 eV with a Hewlett-Packard 5988 spectrometer. 2 El-in solution is due to a very fast exchange, on the NMR
emental analyses: Heraeus CHN-O-Rapid microanalyzer. 2 Ther-

time scale and even at low temperature, between the two molyses: Roth autoclave model III (300 ml), with heater model 30S
enantiomers present (Figure 4). (202300°C) and temperature regulator model DR 500.

Synthesis of [{Cp*Ti(NEt2)}2(µ-NEt)2] (1): A solution ofFigure 4. The two enantiomers of complex 6
[Cp*Ti(NEt2)3] (0.55 g, 1.38 mmol) in toluene (20 ml) was trans-
ferred via cannula into a Carius tube (40 ml capacity) ready to be
sealed by flame in vacuum. This solution was heated at 70°C for
20 d. The Carius tube was opened in a glovebox and the volatiles
were removed under vacuum. The oily red solid obtained was dis-
solved in 15 ml of hexane and cooled overnight at 240°C to afford
a red solid which, after several hours under vacuum, was character-
ised as the complex 1 (0.14 g, 37%). 2 IR (KBr): ν̃ 5 1439 cm21

s, 1372 s, 1322 m, 1142 m, 1118 s, 1000 s, 875 m, 787 s, 584 s, 508
s, 419 m. 2 1H NMR (C6D6, 20°C): δ 5 3.85 [q, 3J 5 7.2 Hz, 8In the 13C-NMR spectrum we observed a signal at δ 5
H, N(CH2CH3)2], 3.66 [q, 3J 5 7.2 Hz, 4 H, µ-N(CH2CH3)], 2.04197.2 associated with the (η2-iminocarbamoyl)Ti entity and
(s, 30 H, C5Me5), 1.15 [t, 12 H, N(CH2CH3)2], 1.11 [t, 6 H, µ-a considerable higher field displacement for the carbon res-
N(CH2CH3)]. 2 13C{1H} NMR (C6D6, 20°C): δ 5 118.3 (C5Me5),

onances of CipsoCH2 [δ 5 123.4, ∆δ 5 δ(5) 2 δ(6) 5 16.3], 55.6 [µ-N(CH2CH3)], 50.5 [N(CH2CH3)2], 20.3 [(µ-N(CH2CH3)],
NCH2 (δ 5 56.3, ∆δ 5 23.1) and CH2NCH3 (δ 5 35.9, 16.1 [N(CH2CH3)2], 12.3 (C5Me5). 2 EI MS (70 eV); m/z (%): 523
∆δ 5 9.8). This spectral behaviour is attributable to the (3) [M1 2 NHEt2], 448 (17) [M1 2 2NHEt2], 313 (7) [M1 2 2
isocyanide insertion into the titanium2nitrogen bond of 5, NHEt2 2 Cp*]. 2 C32H60N4Ti2 (596.65): calcd. C 64.42, H 10.14,

N 9.39; found: C 64.00, H 10.24, N 8.42.the consequent backbone expansion and the π delocali-
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Synthesis of [{Cp*Ti}2(NMe2)(NHMe2)(µ-NMe)(µ-N5 139.7, 133.9 and 125.6 (C5Me4), 79.4 (NCH2), 45.7 (NMe), 24.4

(C5Me4CH2), 12.9 and 12.6 (C5Me4).CH2)] (2): As for compound 1, a hexane solution (40 ml) of 1.00
g (3.17 mmol) of [Cp*Ti(NMe2)3] was heated in an autoclave at

Synthesis of [{η5:η2-C5Me4CH2CH2N(Me)CN(C6H3Me2)}-150°C for 8 d. The solution was cooled at 240°C for 1 d to yield
TiCl2] (6): 0.45 g (3.43 mmol) of 2,6-Me2C6H3NC was added todark-green crystals of 2. After washing with hexane (20 ml) and
the solution obtained in the thermal decomposition of 1.00 g (3.35drying under vacuum, 0.52 g (64%) of the complex 2 was isolated.
mmol) of [Cp*Ti(NMe2)Cl2] in 40 ml of toluene. Strong magnetic2 IR (KBr): ν̃ 5 1437 cm21s, 1373 s, 1304 m, 1233 m, 1131 s, 1023
stirring overnight at room temp., followed by slow deposition dur-m, 930 s, 902 m, 787 s, 638 m, 595 s, 518 s, 460 m, 350 m. 2 1H
ing 1 d, afforded an orange powder and a red solution. After fil-NMR (C6D6, 20°C): δ 5 4.54 (s, 3 H, µ-NMe), 4.01 (spt, 1 H,
tration, the orange solid was washed with hexane (2 3 20 ml) andNHMe2), 3.81 (s, 1 H, NCHH), 3.79 (s, 1 H, NCHH), 2.22 (br., 3
dried under vacuum to yield 0.40 g (28% with respect to the initialH, NMeMe), 2.05 (br., 3 H, NMeMe), 2.04 (s, 15 H, C5Me5), 1.94
[Cp*Ti(NMe2)Cl2]) of compound 6. 2 IR (KBr): ν̃ 5 3065 cm21(s, 15 H, C5Me5), 1.70 (d, 3J 5 6.0 Hz, 3 H, NHMeMe), 1.61 (d,
w, 2952 m, 2917 s, 1668 vs, 1587 m, 1467 s, 1422 s, 1378 s, 1326 m,3J 5 6.0 Hz, 3 H, NHMeMe). 2 13C{1H} NMR (C6D6, 20°C):
1238 m, 1206 m, 814 m, 771 s, 679 m, 447 m, 405 m, 379 m, 298δ 5 115.4 and 114.8 (C5Me5), 100.8 (N5CH2), 50.6 (µ-NMe), 44.6
m. 2 1H NMR (CDCl3, 20°C): δ 5 7.00 (m, 3 H, C6H3Me2), 3.82and 42.0 (br. s, NMe2), 39.0 and 38.9 (NHMe2), 11.5 and 11.3
(m, 2 H, NCH2), 3.05 (m, 2 H, C5Me4CH2), 2.85 (m, 3 H, NMe),(C5Me5). 2 EI MS (70 eV); m/z (%): 467 (51) [M1 2 NHMe2], 448
2.18 (s, 6 H, C5Me4), 2.04 (s, 6 H, C6H3Me2), 1.78 (s, 6 H, C5Me4).(29) [M1 2 2 NHMe2]. 2 C26H48N4Ti2 (512.49): calcd. C 60.94,
2 13C{1H} NMR (CDCl3, 20°C): δ 5 197.2 (CN), 142.9, 132.2,H 9.44, N 10.93; found C 61.18, H 9.34, N 10.87.
128.0 and 125.5 (C6H3Me2), 128.9, 125.4 and 123.4 (C5Me4), 56.3
(NCH2), 35.9 (NMe), 25.4 (C5Me4CH2), 19.5 (C6H3Me2), 13.0 andSynthesis of [{Cp*TiCl}2(µ-NMe)2] (3): After heating 1.06 g
12.4 (C5Me4). 2 EI MS (70 eV); m/z (%): 426 (4) [M1], 295 (17)(3.46 mmol) of [Cp*Ti(NMe2)2Cl] in toluene (25 ml) at 200°C for
[{(C5Me4CH2CH2NMe)TiCl2}1], 252 (100) [{(C5Me4CH2)-6 d, the resulting solution was left at room temp. affording a first
TiCl2}1], 216 (35) [{(C5Me3(CH2)2)TiCl}1].2 C21H28Cl2N2Tiportion of red crystals of 3, which were collected by filtration. A
(427.27): calcd. C 59.04, H 6.61, N 6.56; found C 59.20, H 6.37,second portion of crystals was obtained from the filtrate after cool-
N 6.93.ing at 240°C. The combined yield of the imido complex 3 was 0.54

g (63%). 2 IR (KBr): ν̃ 5 1488 cm21 m, 1427 s, 1377 s, 1107 vs,
X-ray Structure Determination of 6: An orange block of 6 crystal-

1024 m, 785 vs, 730 m, 581 vs, 521 m, 444 s, 407 m, 357 m, 314 m.
lised from hexane at room temp. and was mounted in a glass capil-

2 1H NMR (C6D6, 20°C): δ 5 3.41 (s, 6 H, µ-NMe), 1.98 (s, 30
lary in a random orientation on an automatic Enraf-Nonius Cad-

H, C5Me5). 2 13C{1H} NMR (C6D6, 20°C): δ 5 124.1 (C5Me5),
4 four-circle diffractometer with graphite-monochromated Mo-Kα48.6 (µ-NMe), 11.4 (C5Me5). 2 EI MS (70 eV); m/z (%): 495 (19)
radiation (λ 5 0.71073 Å). Crystallographic and experimental de-

[M1], 465 (100) [M1 2 2 Me], 360 (37) [M1 2 Cp*], 330 (52) [M1

tails of 6 are summarised in Table 2. Intensities were corrected for
2 2 Me 2 Cp*]. 2 C22H36Cl2N2Ti2 (495.25): calcd. C 53.36, H

Lorentz and polarisation effects in the usual manner. No absorp-
7.33, N 5.66; found C 53.10, H 7.42, N 5.71.

tion or extinction corrections were made. Intensity measurements
were performed by ω-2θ scans in the range 6° < 2θ < 50°.

Synthesis of [{Cp*3Ti3(NMe2)(µ-η2-CH2NMe)}(µ-O)3] (4): In
a similar procedure, 1.04 g (1.43 mmol) of [{Cp*Ti(NMe2)}3(µ-O)3]

Table 2. Crystal and X-ray structural analysis data for the com-in 70 ml of toluene was heated at 110°C for 17 d to give a dark
pound [{η5:η2-C5Me4CH2CH2N(Me)CN(C6H3Me2)}TiCl2] (6)solution. Red crystals of complex 4 were obtained when the solu-

tion was allowed to cool to room temp. Other fractions of the prod-
Empirical formula C21H28Cl2N2Tiuct were collected by concentration to half of the initial volume
Formula weight 427.25and cooling at 240°C for 5 d. The combined yield was 0.62 g Temperature 293(2) K

(63%). 2 IR (KBr): ν̃ 5 1438 cm21 s, 1372 s, 1235 s, 1172 m, 1074 Crystal system orthorhombic
Space group Pbcam, 956 s, 717 vs, 681 s, 645 s, 617 s, 567 m, 402 vs. 2 1H NMR
a, b, c [Å] 14.780(3), 16.059(3), 18.356(4)(C6D6, 20°C): δ 5 2.97 (s, 6 H, NMe2), 2.86 and 1.82 (AB spin
V [Å3], Z 4357(2), 8system, 2J 5 5.9 Hz, 2 H, CH2NMe), 2.71 (s, 3 H, CH2NMe), 2.01 Density (calculated) 1.303 g/cm3

(s, 15 H, C5Me5), 1.98 (s, 15 H, C5Me5), 1.91 (s, 15 H, C5Me5). 2 µ (Mo-Kα) 0.645 mm21

F(000) 179213C{1H} NMR (C6D6, 20°C): δ 5 120.1, 118.7 and 118.5 (C5Me5),
Crystal size 0.38 3 0.35 3 0.19 mm87.9 (CH2NMe), 48.5 (NMe2), 48.2 (CH2NMe), 11.7, 11.4 and 11.1
Index ranges 0 < h <17, 219 < k < 0, 0 < l < 21(C5Me5). 2 EI MS (70 eV); m/z (%): 639 (9) [M1 2 NHMe2], 625 Reflections collected 3904

(67) [M1 2 NMe3], 611 (90) [M1 2 NMe2 2 C2H5], 596 (76) [M1 Independent reflections 3834 (Rint 5 0.0228)
Observed reflections [I > 2σ(I)] 19242 NHMe2 2 NC2H5], 477 (84) [M1 2 NMe2 2 C2H4 2 Cp*],
Data/restraints/parameters 3827/0/235341 (63) [M1 2 NMe2 2 C2H4 2 2 Cp*], 206 (58) [M1 2 NMe2 Goodness-of-fit on F2 1.029

2 C2H4 2 3 Cp*]. 2 C34H56N2O3Ti3 (684.53): calcd. C 59.66, H Final R indices [I > 2σ(I)] R1 5 0.069, wR2 5 0.166
8.25, N 4.09; found C 58.83, H 8.19, N 4.09. R indices (all data) R1 5 0.200, wR2 5 0.260

Largest diff. peak and hole 0.382 and 20.377 eÅ23

Synthesis of [{η5:η1-C5Me4CH2CH2NMe}TiCl2] (5): Heating
for 15 d at 200°C 2.06 g (6.91 mmol) of [Cp*Ti(NMe2)Cl2] in 50 ml
of toluene afforded a dark-red solution. The volatiles were removed
under vacuum to give a dark red solid. All attempts to obtain a The structure was solved by direct methods (SHELXS-90)[27]

and refined by least squares against F2 (SHELXL-93). [28] Of thepure fraction of 5 failed and it could be characterised only by NMR
spectroscopy. 2 1H NMR (C6D6, 20°C): δ 5 3.88 (m, 2 H, NCH2), 3904 measured reflections, 3834 were independent; R1 5 0.069 and

wR2 5 0.166 [for 1924 reflections with F > 4σ(F)]. The values of R13.37 (m, 3 H, NMe), 2.66 (m, 2 H, C5Me4CH2), 1.97 (s, 6 H,
C5Me4), 1.82 (s, 6 H, C5Me4). 2 13C{1H} NMR (C6D6, 20°C): δ 5 and wR2 are defined as R1 5 ΣiFou 2 uFci/[ΣuFou]; wR2 5 {[Σw(Fo

2
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groups, but a bridging arrangement would shift this absorption2 Fc

2)2]/[Σw(Fo
2)2]}1/2, where w 5 1/[σ2(Fo

2) 1 (0.114P)2 1
to a lower frequency. [10a] B. F. G. Johnson, B. L. Haymore, J.15.092P], P 5 (Fo

2 1 2Fc
2)/3 and σ was obtained from counting R. Dilwoth, in Comprehensive Coordination Chemistry (Eds.: G.

statistics. All non-hydrogen atoms were refined anisotropically, and Wilkinson, R. D. Gillard, J. A. McCleverty), Pergamon, Ox-
ford, 1987, vol. 2, p. 1282129 and references therein. 2 [10b] I.the hydrogen atoms were introduced in the last cycle of refinement
A. Latham, G. J. Leigh, G. Huttner, I. Jibril, J. Chem. Soc.,from geometrical calculations and refined using a riding model
Dalton Trans. 1986, 3772383. 2 [10c] G. Erker, W. Frömberg,with thermal parameters fixed at U 5 0.08 Å2. C. Krüger, E. Raabe, J. Am. Chem. Soc. 1988, 110, 240022405.
2 [10d] C. Kreuder, R. F. Jordan, H. Zhang, Organometallics

Crystallographic data (excluding structure factors) for the struc- 1995, 14, 299323001. 2 [10e] C. Lefeber, P. Arndt, A. Tillack,
W. Baumann, R. Kempe, V. V. Burlakov, U. Rosenthal, Or-ture reported in this paper have been deposited with the Cambridge
ganometallics 1995, 14, 309023093. 2 [10f] P. A. Shapley, J. M.Crystallographic Data Centre as supplementary publication no.
Shusta, J. L. Hunt, Organometallics 1996, 15, 162221629.

CCDC-101283. Copies of the data can be obtained free of charge [11] [11a] M. H. Chisholm, I. P. Rothwell in Comprehensive Coordi-
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, nation Chemistry (Eds.: G. Wilkinson, R. D. Gillard, J. A.

McCleverty), Pergamon, Oxford, 1987, vol. 2, p. 1772178. 2UK [Fax: (internat.) 1 44(0)1223/336-033; E-mail: deposit@
[11b] W. E. Buhro, M. H. Chisholm, K. Folting, J. C. Huffman,ccdc.cam.ac.uk].
J. Am. Chem. Soc. 1987, 109, 9052906. 2 [11c] I. de Castro, M.
Galakhov, M. Gómez, P. Gómez-Sal, P. Royo, Organometallics
1996, 15, 136221368.

[12] Other examples see refs. [10f] and N. C. Mosch-Zanetti, R. R.
Schrock, W. M. Davis, K. Wanninger, S. W. Seidel, M. B.[1] [1a] R. M. Laine (Ed.), Transformation of Organometallics into O9Donoghue, J. Am. Chem. Soc. 1997, 119, 11037211048.

Common and Exotic Materials: Design and Activation, Nijhoff [13] M. Galakhov, M. Gómez, G. Jiménez, M. A. Pellinghelli, P.
Publishers, Dordrecht, Netherlands, 1988. 2 [1b] D. Segal, Royo, A. Tiripicchio, Organometallics 1995, 14, 190121910.
Chemical Synthesis of Advanced Ceramic Materials, Cambridge [14] For selected examples, see: 2 [14a] D. E. Wigley in Progress inUniversity Press, Cambridge, 1989. 2 [1c] B. I. Lee, E. J. A. Inorganic Chemistry (Ed.: K. D. Karlin), John Wiley and Sons,Pope, Chemical Processing of Ceramics, Marcel Dekker, 1994. New York, 1994, 42, 2392482. 2 [14b] K. M. Doxsee, L. C.
2 [1d] L. V. Interrante, L. A. Casper, A. B. Ellis (Eds.), Materials Garner, J. J. J. Juliette, J. K. M. Mouser, J. R. Weakley, H. Hope,Chemistry: An Emergent Discipline, American Chemical So- Tetrahedron 1995, 51, 432124332. 2 [14c] P. J. McKarns, G. P.ciety, Washington, DC, 1995. 2 [1e] H. P. Baldus, M. Jansen, A. Yap, A. L. Rheingold, C. H. Winter, Inorg. Chem. 1996, 35,Angew. Chem., Int. Ed. Engl. 1997, 36, 3282343; Angew. Chem. 596825969. 2 [14d] S. D. Gray, J. L. Thorman, L. M. Berreau,1997, 109, 3382354. L. K. Woo, Inorg. Chem. 1997, 36, 2782283. 2 [14e] J. L. Bennet,[2] L. E. Toth, Transition Metal Carbides and Nitrides, vol.7, Aca- P. T. Wolczanski, J. Am. Chem. Soc. 1997, 119, 10696210719.demic Press, New York, 1971. 2 [14f] P. E. Collier, A. J. Blake, P. Mountford, J. Chem. Soc.,[3] [3a] D. M. Hoffman, Polyhedron 1994, 13, 116921179. 2 [3b] L. Dalton Trans. 1997, 291122919. 2 [14g] E. Müller, J. Müller, F.H. Dubois, Polyhedron 1994, 13, 132921336. Olbrich, W. Brüser, W. Knapp, D. Abeln, F. T. Edelmann, Eur.[4] Often references to solution-chemistry studies are used to J. Inorg. Chem. 1998, 87291. 2 [14h] C. J. Carmalt, S. R.understand the intermediate stages and to explain the impurit- Whaley, P. S. Lall, A. H. Cowley, R. A. Jones, B. G. McBurnett,ies present in the ceramic materials. See: [4a] K. C. Jayaratne, G. J. G. Ekerdt, J. Chem. Soc., Dalton Trans. 1998, 5532557.P. A.Yap, B. S. Haggerty, A. L. Rheingold, C. H. Winter, Inorg. [15] [15a] C. C. Cummins, C. P. Schaller, G. D. Van Duyne, P. T.Chem. 1996, 35, 491024920. 2 [4b] J. Cheon, D. M. Rogers, G. Wolczanski, A. W. Edith Chan, R. Hoffmann, J. Am. Chem.S. Girolami, J. Am. Chem. Soc. 1997, 119, 680426813. 2 [4c] J. Soc. 1991, 113, 298522994. 2 [15b] Y. Bai, M. Noltemeyer, H.Cheon, L. H. Dubois, G. S. Girolami, J. Am. Chem. Soc. 1997, W. Roesky, Z. Naturforsch., B 1991, 46b, 135721363. 2 [15c] T.119, 681426820. S. Lewkebandara, P. H. Sheridan, M. J. Heeg, A. L. Rheingold,[5] [5a] J. A. Prybyla, C. M. Chiang, L. H. Dubois, J. Electrochem. C. H. Winter, Inorg. Chem. 1994, 33, 587925889. 2 [15d] J. L.Soc. 1993, 140, 269522702. 2 [5b] C. M. Truong, P. J. Chen, J. Bennett, P. T. Wolczanski, J. Am. Chem. Soc. 1994, 116,S. Corneille, W. S. Oh, D. W. Goodman, J. Phys. Chem. 1995, 217922180. 2 [15e] F. Q. Liu, A. Herzog, H. W. Roesky, I. Usón,99, 883128842. 2 [5c] G. Ruhl, R. Rehmet, M. Knizová, R. Inorg. Chem. 1996, 35, 7412744. 2 [15f] S. C. Dunn, P. Mount-Merica, S. Veprek, Chem. Mater. 1996, 8, 271222720. 2 [5d] B. ford, D. A. Robson, J. Chem. Soc., Dalton Trans. 1997,H. Weiller, J. Am. Chem. Soc. 1996, 118, 497524983. 2932304. 2 [15g] P. Mountford, Chem. Commun. 1998,[6] [6a] M. H. Chisholm, I. P. Rothwell in Comprehensive Coordi- 212722134.nation Chemistry (Eds.: G. Wilkinson, R. D. Gillard, J. A. [16] [16a] A. K. Hughes, A. Meetsma, J. H. Teuben, OrganometallicsMcCleverty), Pergamon, Oxford, 1987, vol. 2, p. 1612188. 2 1993, 12, 193621945. 2 [16b] A. K. Hughes, S. M. B. Marsh, J.[6b] Y. Takahashi, N. Onoyama, Y. Ishikawa, S. Motojima, K. A. K. Howard, P. D. Ford, J. Organomet. Chem. 1997, 528,Sugiyama, Chem. Lett. 1978, 5252528. 2 [6c] W. A. Nugent, D. 1952198. 2 [16c] P. J. Sinnema, L. van der Veen, A. L. Spek, N.W. Ovenall, S. J. Holmes, Organometallics 1983, 2, 1612162. 2 Veldman, J. H. Teuben, Organometallics 1997, 16, 424524247.[6d] J. M. Mayer, C. J. Curtis, J. E. Bercaw, J. Am. Chem. Soc. [17] P. Jutzi, M. O. Kristen, J. Dahlhaus, B. Neumann, H. G.1983, 105, 265122660. 2 [6e] K. J. Ahmed, M. H. Chisholm,
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Manipulable metal ratios are accessible in a series of distribution of terminal ligands at each of the metal centers.
One of the barium atoms possesses one –OtBu and oneheterometal Ba-Zr alkoxides by changing the size and the

charge of the ligands. The synthesis and characterisation of tBuOH as terminal ligands, while the terminal ligands on the
second barium atom are two THF molecules; the zirconiumfour mixed-metal Ba-Zr species [BaZr2(OtBu)10] (1),

[Ba2Zr(OtBu)8(tBuOH)(THF)2] (2), [BaZr(OtBu)6(THF)2] (3) center bears –OtBu groups as the terminal ligands.
Hydrolysis of compound 3 with one equivalent of water,and [BaZr(OH)(OiPr)5(iPrOH)3]2 (4), based on different Ba/Zr

stoichiometries, are reported. The molecular structures of 1, followed by alcoholysis (iPrOH) of the resulting product,
gave 4. The structure of 4 shows a planar tetrametallic Ba2Zr22, and 4 have been determined by single-crystal X-ray

diffraction studies. 1 exhibits a bow-tie structural motif in frame capped by two µ3-hydroxo ligands. The coordination
figure of the zirconium atoms resembles a distortedwhich a trigonally distorted six-coordinate barium atom is

chelated by two bipyramidal {Zr(OtBu)5}– units. 2 reveals a octahedron, whereas the geometry of the barium centers is
best described as capped trigonal prisms. Both 3 and 4 aretriangular “Ba2Zr(µ3-OtBu)2(µ2-OtBu)3” core structure

formed by the fusion of three octahedra built about two Ba excellent precursors to morphologically pure BaZrO3 ceramic
by the sol-gel process.atoms and a Zr atom. The structure is unique in terms of the

Interest in metal alkoxides is stimulated by their suit- tained from their partial hydrolysis reactions (oxo-alkox-
ides) as they are the real intermediates of a sol-gel processability as useful reagents for chemical synthesis of high-pu-

rity oxides and metal oxide/metal composites. [1] [2] The in- and can therefore reveal how a molecular compound begins
to form extended networks. A recent study on the solubilitysoluble and polymeric nature of simple alkoxides of alkaline

earth elements [M(OR)2] [3] limits their direct application in isotherms of Ba(OR)22Zr(OR)42ROH (R 5 Et, iPr) ter-
nary systems reports the formation of various heterobimet-sol-gel techniques, however, solubilisation can be achieved

by the addition of transition metal alkoxides [e.g., Ti(OR)4, allic alkoxides with different Ba/Zr ratios. An oxo-alkoxide
of composition BaZrO(OR)4 ·n(ROH) is reportedly formedZr(OR)4]. [4] Although this strategy of forming soluble het-

erometallic preceramic aggregates is advantageous, particu- in the equimolar alcoholic solution of barium and zir-
conium alkoxides. [2d] To the best of our knowledge, a syn-larly in view of the mixed-metal composition of most of the

advanced ceramics [e.g., YBa2Cu3O72δ, MM9O3 (MIV 5 Ti, thetic approach for a rational control over the Ba/Zr metal
stoichiometry has not been described so far.Zr, Sn; M9 5 Ca, Sr, Ba, Pb)], the nature (with regard to

the metal stoichiometry) of product(s) formed in such “het-
Results and Discussionerometal solutions” remains ambiguous or poorly charac-

terised. [5] Furthermore, the equilibrium among various het- Using [Ba(OtBu)2]n and Zr(OtBu)4 as building “bricks”,
we have synthesised a series of molecular alkoxides witherometal species existing in the solution, and the kinetics of

their formation, complicate the precursor chemistry. Since different (1:2, 2:1, 1:1) Ba/Zr stoichiometries. The manipu-
lation of metal ratios in well-defined molecular derivativesvarious heterometal combinations are possible due to the

structure potential (terminal, µ2 or µ3) of the alkoxo li- provides optimism when looking towards tailor-made mol-
ecules and demonstrates the governing role that ligands [al-gand,[6] the consequences (e.g., metal segregation, phase in-

homogeneity) are encountered during the processing of ce- koxo (OR), oxo (O22), or neutral (ROH, THF)] can play in
anchoring stable mixed-metal clusters. The Ba/Zr deriva-ramic material. [5] Of principal interest in this context are

heterometal molecules, tailored to the need of the targeted tives based on 1:1 stoichiometry of the metals have proved
to be excellent precursors for clean and selective synthesisceramic which in turn requires (i) the development of syn-

thetic and chemical approaches for a precise control over (sol-gel) of BaZrO3 ceramic at much lower sintering tem-
peratures than are usually required for the solid-state syn-the metal stoichiometry, and (ii) the unequivocal character-

isation of molecular precursors as well as the products ob- thesis. [7]
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The reaction (1:2 molar ratio) of [Ba(OtBu)2]n with [BaZr2(OiPr)10]2 [4b]; whereas 1 is monomeric and displays a

bow-tie structural motif with a slightly bent arrangementZr(OtBu)4 in refluxing toluene (Eq. 1) produces a clear pale
yellow solution which on cooling (0°C) offers of metal atoms, [BaZr2(OiPr)10]2 is dimeric and the metallic

elements form a closed triangular structure. The relativeBaZr2(OtBu)10 (1) as large transparent crystals (72% yield).
and total intensities of the signals in the 13C CP-MAS/

1/n [Ba(OtBu)2]n 1 2 Zr(OtBu)4 R BaZr2(OtBu)10 (1) NMR spectrum of 1 (Figure 1b) corroborates the observed
1 solid-state structure. A line deconvolution experiment

corresponds to the presence of 10 OtBu groups and the ob-
The analytical data are compatible with the formulation served spectral pattern arises from the accidental overlap-

of 1, and the molecule is found to be monomeric in benzene ping of some of the OtBu groups.
(cryoscopy). The NMR data are deceptively simple and
only a single set of ligand resonances is observed in the Figure 1a. Ball-and-stick representaion of the molecular structure

of 1 with selected atom labelling; hydrogen atoms of the tert-butylroom-temperature 1H- and 13C-NMR spectra in contrast to
moieties are omitted for clarity

the solid-state NMR spectrum (vide infra). The low-tem-
perature NMR studies ([D8]toluene) show 1 to be highly
fluxional and the intramolecular ligand rearrangements or
site exchange processes, causing equivalence (on an NMR
time scale) of all 10 OtBu groups could not be frozen out,
even at 280°C. 1 is stable up to 200°C/1022 Torr; at higher
temperatures (> 230°C) partial decomposition was ob-
served with Zr(OtBu)4 as the only volatile material.

The result of the single crystal X-ray diffraction analysis
of BaZr2(OtBu)10, including the numbering system, is
shown in Figure 1a, and the pertinent bond lengths and
angles are compiled in Table 1. The central barium atom,
encapsulated by six bridging (µ2-)OtBu groups of two tri-

Figure 1b. Solid-state 13C CP-MAS NMR spectrum of 1dentate monoanionic [Zr(OtBu)5]2 units, is present in a
trigonally distorted octahedral geometry. The crystallo-
graphically inequivalent Zr centers [Zr(1) and Zr(2)] are
present in distorted trigonal bipyramidal environments.
With respect to Ba2O distances (Table 1) in the molecule
(Figure 1a), the two [Zr(OtBu)5]2 units are coordinated to
Ba21 in an asymmetric fashion. The Ba2O distances
clearly fall in three ranges [Ba2O(1) 5 2.651(3),
Ba2O(6) 5 2.656(3); Ba2O(8) 5 2.768(3), Ba2O(3) 5
2.806(3); Ba2O(2) 5 2.947(3), Ba2O(7) 5 2.965(3) Å ] and
the barium coordination sphere can be precisely defined as
“2 1 2 1 2”. The Ba2O(1) and Ba2O(6) distances are
significantly shorter than the remaining four Ba2O con-
tacts, and in a “building block” approach, the architecture
of 1 can also be described as an interaction of two tetra-
hedral Zr(OtBu)4 moieties with a bent O(1)2Ba2O(6) unit.

Table 1. Selected bond lengths [Å] and angles [°] of compound 1The terminal (av. 1.951 Å) and bridging (av. 2.064 Å) Zr2O
distances are comparable with those observed in

Ba2O(1) 2.651(3) Ba2O(2) 2.947(3)[KZr(OtBu)5]2. [8] To our knowledge, 1 reveals a structural
Ba2O(3) 2.806(3) Ba2O(6) 2.656(3)type unprecedented among metal alkoxides, however, the Ba2O(7) 2.965(3) Ba2O(8) 2.768(3)
Zr2O(4) 1.952(3) Zr2O(1) 2.149(3)BaZr2O6 core in 1 is comparable with the molecular struc-
Zr2O(2) 2.020(3) Zr2O(3) 2.017(3)tures of [M(µ2-OtBu)3M9(µ2-OtBu)3M] (M 5 GeI, SnII,
O(1)2Ba2O(6) 144.25(9) O(8)2Ba2O(3) 95.10(8)PbII; M9 5 Mg, Ca, Sr, Ba or Pb) alkoxide derivatives.[9]

O(1)2Ba2O(3) 60.80(9) O(1)2Ba2O(2) 57.50(10)However, in contrast to the linear arrray of metallic ele-
O(3)2Ba2O(2) 63.50(8) O(4)2Zr(1)2O(2) 133.64(14)

ments in M9M2(OtBu)6 compounds, the Zr···Ba···Zr ar- O(4)2Zr(1)2O(3) 126.58(14) O(3)2Zr(1)2O(2) 97.28(13)
O(1)2Zr(1)2O(5) 175.96(12) Zr(1)2O(1)2Ba 93.78(10)rangement in 1 is bent (149.61°) due to the violation of the
Zr(1)2O(2)2Ba 88.21(10) Zr(1)2O(3)2Ba 92.30(10)three-fold symmetry of Zr(OtBu)5

2 units and as an effect
of the two different orientations of the ZrO5 bipyramids,
with respect to the central BaO6 unit. An interesting influ- In order to investigate the nature of product formed by

reversing the metal ratios in 1, two equivalents of [Ba(Ot-ence of the alkoxide steric profile on the structural type (re-
sulting from same metal stoichiometry) is observed on com- Bu)2]n, dissolved in a THF/tBuOH mixture were treated

with Zr(OtBu)4 (1 equiv.) to obtain Ba2Zr(OtBu)8(t-paring 1 with the corresponding isopropoxy derivative
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BuOH)(THF)2 (2) in a yield of 45% (Eq. 2). Compound 2 gen atoms [O(1), O(3), and O(5)]. Owing to the much larger

size of Ba21 (1.34 Å) compared to ZrIV, the triangularis readily soluble in benzene, toluene, and chloroform.
Ba2Zr core exhibits a long Ba···Ba [3.8617(15) Å] non-

2/n [Ba(OtBu)2]n 1 Zr(OtBu)4 1 tBuOH 1 2 THF R bonding contact; the Ba···Zr distances [3.7165(19) Å) and
Ba2Zr(OtBu)8(tBuOH)(THF)2 (2) 3.7109(18) Å] are almost symmetrical. In view of the pub-

2 lished data on other related compounds,[13] the terminal
Ba2O bond lengths clearly allow the distinction of metal2

The room-temperature 1H-NMR spectrum exhibits two ligand distances; the Ba2O(THF) distances (av. 2.831 Å)
resonances for tert-butyl protons in a 4:5 integration ratio. being significantly longer than the Ba2O(terminal) bond
The presence of the alcoholic proton is discerned from the lengths involving alkoxo or alcohol ligands (av. 2.565 Å).
NMR signal observed at δ 5 4.31 and a broad IR band at Among the triply bridging (µ3-)oxygen atoms, O(2) [O(2a)]
3160 cm21 (ν OH) indicating an R(M)2O···H2OR bond- binds strongly to Ba(2) center [2.687(8) Å] in comparison to
ing. [10] The THF chemical shifts are observed in the region Ba(1) [2.740(8) Å]. Although the hydroxylic hydrogen atom
typical for THF molecules coordinated to metal centers. To could not be located crystallographically, an intramolecular
probe the persistence of solid-state structure (Figure 2) in hydrogen bond is evident in the short O(4)···O(4a) (2.471
solution, low-temperature NMR studies were performed on Å) contact [cf. O(6)···O(6a) 5 3.589 Å; O(7)···O(7a) 5 2.989
a [D8]toluene solution of 2. The methyl signal intensities Å]. Furthermore, 2 shows no significant intermolecular
decoalesce on lowering the temperature and the best re- contacts of oxygen atoms to other oxygen or metal atoms
solved spectrum at 230°C displays four sharp resonances (> 4 Å) in the crystal as would be the case for intermolecu-
in an intensity ratio of 4:2:1:2. This spectral pattern is lar hydrogen bonding. The Zr2O distances (Table 2) follow
characteristically observed for heterometal systems contain- the trend: Zr2OR(terminal) (av. 5 1.998 Å) < Zr2µ2-(OR)
ing the triangulo-MM92(OR)9 unit, [4] [11] which in case of 2 (av. 5 2.105 Å) < Zr2µ3-(OR) (av. 5 2.245 Å). Curiously,
can be assigned to the “ZrBa2(OtBu)8(tBuOH)” substruc- the doubly bridging (µ2-)Ba2O bond lengths (av. 5 2.768
ture, if the tert-butyl resonances of the alcohol ligand over- Å) are longer than the triply bridging (µ3-)Ba2O distances
laps with the resonances of three terminal alkoxo ligands (av. 5 2.706 Å) which, in analogy to 1, could lead to the
present at Ba and Zr centers. These findings are supported conceptual fragmentation of 2 into neutral building units,
by the 13C-NMR spectrum (230°C) which exhibits four Zr(OtBu)4 and (tBuOH)(OtBu)Ba(µ2-OtBu)3Ba(THF)2.
resonances each for methyl and tertiary carbon atoms. Apparently, the coordinating solvents employed in the syn-

thesis of 2 effectively change the degree of aggregation ofFigure 2. Ball-and-stick drawing of the molecular structure of 2;
[Ba(OtBu)2]n which seems to alter its Lewis acid-base reac-hydrogen atoms are not drawn for clarity; the dotted line represents

the hydrogen bonding between O4 and O49 tion with Zr(OtBu)4 to form 2 (Figure 2). Interestingly, the
reaction (2:1 molar ratio) of Ba and Zr tert-butoxides in the
absence of donor solvents produces only BaZr2(OtBu)10 (1)
as the soluble species, leaving 1.5 equiv. of Ba alkoxide un-
reacted, which further supports the preceding argument.

Table 2. Selected interatomic distances [Å] and angles [°] of com-
pound 2

Ba(1)2O(3) 2.796(14) Ba(1)2O(2) 2.740(8)
Ba(1)2O(4) 2.565(9) Ba(1)2O(5) 2.611(15)
Ba(2)2O(1) 2.740(15) Ba(2)2O(2) 2.673(8)
Ba(2)2O(6) 2.831(11) Ba(2)2O(5) 2.487(14)
Zr2O(1) 2.123(13) Zr2O(2) 2.245(8)
Zr2O(3) 2.088(14) Zr2O(7) 1.998(9)
O(4)···O(4a) 2.471 O(7)···O(7a) 2.989
O(6)···O(6a) 3.589

O(4)2Ba(1)2O(4a) 57.7(5) O(6)2Ba(2)2O(6a) 79.0(6)The X-ray study established compound 2 to be Ba2Zr(Ot-
O(4)2Ba(1)2O(5) 110.9(5) O(4)2Ba(1)2O(2) 121.7(3)

Bu)8(tBuOH)(THF)2 as depicted in Figure 2. The structure O(4)2Ba(1)2O(2a) 173.0(4) O(5)2Ba(1)2O(2a) 76.0(3)
O(2)2Ba(1)2O(2a) 58.0(3) O(4)2Ba(1)2O(3) 110.9(5)is comprised of a trimetallic framework which, although
O(5)2Ba(1)2O(3) 131.9(3) O(3)2Ba(1)2O(2a) 62.4(3)common among MM92(OR)x alkoxides[12], is worthy of spe- O(5)2Ba(2)2O(2) 79.3(3) O(5)2Ba(2)2O(1) 135.3(5)

cial note due to the unique ligand (terminal) environments O(5)2Ba(2)2O(6) 106.4(4) O(1)2Ba(2)2O(6) 107.8(4)
O(2)2Ba(2)2O(6a) 167.8(4) O(2)2Ba(2)2O(1) 62.3(3)of the metal centers and the inequivalence of the two bar-
O(7)2Zr2O(7a) 96.6(6) O(3)2Zr2O(1) 158.3(6)ium atoms. One of the barium atoms [Ba(1)] achieves an O(7)2Zr2O(3) 97.8(4) O(7)2Zr2O(2) 95.4(4)
O(1)2Zr2O(2) 79.8(4) O(3)2Zr2O(2) 82.7(4)octahedral environment by adding an alcohol (tBuOH) li-
Ba(1)2O(5)2Ba(2) 98.5(4) Ba(1)2O(3)2Zr 97.8(5)gand, whereas the coordination sphere of Ba(2) is com-
Ba(1)2O(2)2Ba(2) 91.0(2) Ba(1)2O(2)2Zr 95.7(2)

pleted by two THF molecules. In contrast to 1, the zir-
conium atom in 2 is surrounded by six OtBu groups. The
molecule possesses a crystallographic mirror plane passing The successful switching of metal ratios from BaZr2 (1)

to Ba2Zr (2) prompted us to explore a molecule with a Ba/through the metal atoms and the three doubly bridging oxy-
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Figure 3. Ball-and-stick drawing of the molecular structure of 4;Zr stoichiometry of 1:1 which could act as a model precur-

hydrogen atoms are not drawn for claritysor to MM9O3 ceramics. A solution of Ba(OtBu)2 in THF
was treated with one equivalent of Zr(OtBu)4 and the reac-
tion mixture was heated. The clear solution was concen-
trated in vacuo and cooled (230°C) to obtain colorless
crystals of analytical composition BaZr(OtBu)6(THF)2 (3)
in 65% yield (Eq. 3a). The 1H-NMR spectrum of 3 displays
at room temperature a single resonance for the methyl pro-
tons of OtBu groups which integrates approximately 6:2
with the resonances corresponding to the two coordinated
THF molecules. The 13C-NMR spectrum also shows a sin-
gle ligand environment. Structurally diagnostic spectra
could not be obtained until 273°C. 3 rapidly looses the
crystallinity upon removal of the mother liquor, even under
a cold stream of nitrogen which precluded a single crystal
X-ray diffraction study.

1/n [Ba(OtBu)2]n 1 Zr(OtBu)4 1 2 THF R
Ba2Zr2O6 core is built up from two analogous seco-norcub-1/m [{BaZr(OtBu)6} ·2 THF]m (3a)
ane units fused along one face defined by two barium atoms3
and two oxygen atoms of the hydroxo groups. A similar

3 1 H2O 1 6iPrOH R face-capping arrangement of hydroxo ligand against a
[BaZr(OH)(OiPr)5(iPrOH)3]2 1 6 tBuOH 1 2 THF (3b)

planar tetrametallic (M4) frame has been observed in4
[Eu4(OC6H3iPr2-2,6)6(OH)2(NCMe)6] [16] and [Nd4(µ3-
OH)2(µ2,µ1-acac)6(acac)4]. [17] Whereas the doubly bridgingHeterometal aggregates supported by oxo- or hydroxo-
oxygen atoms [O(2) and O(3)] are nearly planar (sum ofassembling ligands are intermediates to oxide ceramics and
angles 5 av. 356.61°), the angles around O(1) sum totheir characterisation is likely to feature the inital steps of
316.64° (see Table 3) accounting for a tetrahedral geometrysol-gel chemistry. The hydrolysis of 3 with one equivalent
(sp3 hybridisation) that support the assignment of O(1)of water followed by alcoholysis with 2-propanol (see Ex-
[O(1a)] as a µ3-hydroxo ligand. The expected dispersion ofperimental Section) offered [BaZr(OH)(OiPr)5(iPrOH)3]2
metal2oxygen bond lengths [M2µ3-OR > M2µ2-OR >(4) in a high yield (70%) (Eq. 3b). The room-temperature
M2O(terminal)] is found in ZrO6 polyhedron with Zr2Ospectra (1H and 13C NMR) of 4 are too complex to be
(terminal) distances (av. 2.048 Å) being the smallest [cf.diagnostic. The 1H-NMR spectrum displays several closely
Zr2O (terminal) in Zr2(OiPr)8(iPrOH)2 5 1.984 Å]. [10b] Onassociated doublets for the gem-dimethyl protons; the meth-
the contrary, all the terminal Ba2O distances in 4, are ex-ine protons are observed as two multiplets formed by vari-
tremely large (av. 2.836 Å) which can be understood inous overlapping septuplets. A similar spectral pattern is ob-
terms of much reduced donor capacity of the alcoholserved in the 13C-NMR spectra (solution and solid-state CP
(ROH) in comparison to the alkoxo (RO2) ligand. Out ofMAS). The presence of hydroxylic groups in 4 is established
the three terminal alcohol ligands at barium [O(6), O(8),by the intense ν(OH) band (3340 cm21) observed in both
and O(9)], O(6) and O(8) are involved in an intramolecularthe solution (CDCl3) and the solid-state IR spectra and is
hydrogen bonding with the terminal alkoxo ligands [O(5)corroborated by the 1H-NMR observation (δ 5 4.65). The
and O(4)] of neighbouring Zr atoms (Figure 3). The shortspectral pattern of 4 remains complex even at low tempera-
O(5)···O(69) (2.664 Å) and O(4)···O(8) (2.614 Å) separ-ture (240°C), however, a downfield migration of 2OH
ations, together with the bent orientation (away from thechemical shift is observed on decreasing the temperature.
O···O vector) of 2iPr fragments, is in accord with the pro-Thus, the fate of compound 4 in solution can not be dis-
posed hydrogen bonding.cerned from the available data.

The authors gratefully acknowledge the continuing support ofThe solid-state structure of [BaZr(OH)(OiPr)5(iPrOH)3]2 the Deutsche Forschungsgemeinschaft under the framework of re-
(4) reveals a tetranuclear cluster (Figure 3) where the four search programme SFB-277. Authors also thank Dr. Michael
metal atoms are coplanar due to the requirements of the Zimmer for recording the solid-state 13C CP-MAS NMR spectra.
crystallographic inversion center. The gross structural fea- S. M. thanks the Alexander von Humboldt Foundation (Germany)
tures of the oxo-metalate framework in 4 are comparable for a research fellowship.
with other compounds adopting an M4O16 edge-shared oc-
tahedral arrangement [e.g., Ti4(OEt)16, [14] W4(OEt)16

[15]], Experimental Section
however, the solvating 2-propanol molecules in 4 provide General: All operations were carried out under a dry nitrogen
different coordination numbers to Ba and Zr centers. The with rigorous exclusion of oxygen and moisture. Tertiary butyl al-
Zr atoms are present at the center of slightly distorted oc- cohol was dried by distillation from potassium metal and alu-
tahedra, whereas Ba centers (being seven-coordinate) dis- minium tert-butoxide. All other solvents were distilled from Na/K

alloy or LiAlH4, prior to use. Ba(OtBu)2 was prepared by the reac-play a trigonal-prismatic face-capped geometry. The
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solution of Ba(OtBu)2 was refluxed (16 h) and cooled at 0°C forTable 3. Selected interatomic distances [Å] and angles [°] of com-

pound 4 24 h, whereupon colourless crystals of 1 were formed (4.36 g; 72%).
2 1H NMR (C7D8, 20°C): δ 5 1.51 (CH3). 2 13C NMR (C7D8,

Ba2O(1) 2.718(3) Ba2O(3) 2.671(3) 20°C): δ 5 32.88 (CH3); 73.12 (CMe3). 2 13C CP-MAS NMR:
Ba2O(8) 2.892(4) Ba2O(2) 2.679(3) δ 5 32.74, 33.32 33.50, 34.02 34.14, 34.49 (CH3); 71.51, 73.37,
Ba2O(6) 2.780(3) Ba2O(9) 2.836(4)

73.72, 73.89, 75.47 (CMe3). 2 MW: calcd. 1069; found 1051. 2Zr2O(19) 2.172(3) Zr2O(5) 2.092(3)
C40H90BaO10Zr2: calcd. C 45.71, H 8.29, Ba 13.06, Zr 17.36; foundZr2O(4) 2.103(3) Zr2O(7) 1.951(3)

Zr2O(3) 2.107(3) Zr2O(29) 2.107(3) C 45.37, H 8.29, Ba 12.95, Zr 17.05.

Synthesis of [Ba2Zr(OtBu)8(tBuOH)(THF)2] (2): To Ba(-O(1)2Ba2O(19) 74.13(9) O(2)2Ba2O(1) 63.59(8)
O(19)2Ba2O(3) 61.43(9) O(1)2Ba2O(9) 160.78(12) OtBu)2 (1.08 g; 3.80 mmol), dissolved in a mixture of tert-butyl
O(9)2Ba2O(6) 89.57(15) O(9)2Ba2O(8) 57.81(16) alcohol (5 ml) and THF (30 ml), was added Zr(OtBu)4 (0.74 g; 1.93O(3)2Ba2O(2) 149.26(9) O(3)2Ba2O(1) 87.65(9)

mmol) in 30 ml of hexane. The reaction mixture was stirred over-O(3)2Ba2O(6) 105.07(10) O(2)2Ba2O(6) 77.06(10)
night at 50°C. The clear pale yellow solution obtained was reducedO(19)2Ba2O(6) 143.38(9) O(1)2Ba2O(6) 71.31(9)

O(3)2Ba2O(9) 95.72(14) O(2)2Ba2O(9) 115.02(13) to one fourth and left at ambient temperature. Colourless cubes of
O(19)2Ba2O(9) 123.97(14) O(3)2Ba2O(8) 87.93(12) Ba2Zr(OtBu)8(tBuOH)(THF)2 (2) grew over a period of two weeks.O(2)2Ba2O(8) 107.37(11) O(1)2Ba2O(8) 141.37(10)

Yield: 0.98 g [45% based on Zr(OtBu)4]. 2 1H NMR (C7D8, 20°C):O(6)2Ba2O(8) 146.28(11) O(19)2Zr2O(7) 176.60(12)
δ 5 1.35 [HOC(CH3)3 1 CH3]; 1.56, 1.84 (CH3); 1.47 (OCH2CH2);O(7)2Zr2O(4) 94.07(14) O(7)2Zr2O(5) 98.27(13)

O(7)2Zr2O(3) 97.15(13) O(5)2Zr2O(4) 90.79(12) 3.57 (OCH2CH2); 3.35 (OH). 2 1H NMR (C7D8, 230°C): δ 5
O(5)2Zr2O(3) 164.43(12) O(4)2Zr2O(3) 90.25(12) 1.40, 1.66, 1.73, 1.75 (CH3); 1.42 (OCH2CH2); 3.52 (OCH2CH2).Zr2O(3)2Ba 108.68(12) Zr92O(1)2Ba9 106.03(10)

2 13C NMR (C7D8, 230°C): δ 5 25.74 (OCH2CH2); 33.20, 34.72,Ba2O(1)2Ba9 105.87(8) Zr92O(1)2Ba 104.74(10)
35.01, 35.57 (CH3); 67.94 (OCH2CH2); 69.19, 70.76, 71.89, 75.18O(4)2Zr2Ba 77.02(9) O(6)2Ba2Zr9 69.26(8)

O(8)2Ba2Zr 70.15(9) O(5)2Zr2Ba9 81.71(8) (CMe3). 2 C44H128Ba2O11Zr: calcd. C 45.39, H 11.07, Ba 23.59,
Zr 7.83; found C 45.08, H 10.85, Ba 23.18, Zr 7.70.

Synthesis of [BaZr(OtBu)6(THF)2] (3): To Ba(OtBu)2 (1.78 g;
tion of barium metal and alcohol in the presence of dry ammonia 6.27 mmol) in THF (40 ml) was added Zr(OtBu)4 (2.42 g; 6.30
following a published procedure[18] (C8H18BaO2: calcd. C 33.88, H mmol) and the resulting mixture was stirred at 50°C for 16 h. The
6.39, Ba 48.42; found C 33.01, H 6.43, Ba 48.52). Zr(OtBu)4 was sticky solid obtained after the removal of volatiles in vacuo was
obtained by the alcoholysis of Zr(NEt2)4 which was synthesised dissolved in a minimum amount of THF and cooled (230°C) to
following the literature method.[19] 2 1H and 13C{1H} NMR: yield BaZr(OtBu)6(THF)2 (3) as a crystalline material which turned
Bruker AC-200 spectrometer and chemical shifts referenced to re- into a waxy solid, on removing the mother liquor. Yield: 3.22 g
sidual solvent peaks. 2 13C CP-MAS NMR: Bruker MSL 200S [63% based on Zr(OtBu)4]. 2 1H NMR (C7D8, 20°C): δ 5 1.48
spectrometer. 2 IR: Bio-Rad FTS-165 spectrometer. 2 Elemental (CH3), 1.44 (OCH2CH2), 3.60 (OCH2CH2). 2 13C NMR (C7D8,
analyses: LECO CHN 900 elemental analyser. Established analyti- 20° C): δ 5 25.19 (OCH2CH2), 32.95 (CH3), 67.61 (OCH2CH2),
cal procedures were used to determine the metal contents in the 73.08 (CMe3). 2 C32H70BaO8Zr: calcd. Ba 16.92, Zr 11.24; found
new derivatives. Ba 16.47, Zr 11.30.

[BaZr(OtBu)6]n: Obtained by prolonged pumping of 3 in vacuoSynthesis of [BaZr2(OtBu)10] (1): Zr(OtBu)4 (4.45 g; 11.59
mmol) in toluene (15 ml) was added to a slurry of Ba(OtBu)2 (1.64 at 50°C. 2 1H NMR (C6D6, 20°C): δ 5 1.50 (CH3). 2 13C NMR

(C6D6, 20°C): δ 5 32.95 (CH3), 73.08 (CMe3).g; 5.78 mmol) in toluene. The clear solution obtained after the dis-

Table 4. Crystal data and data collection parameters for the derivatives 1, 2, and 4

1 2 4

Empirical C40H90BaO10Zr2 C44H128Ba2O11Zr C24H60BaO9Zr
formula
Crystal system Triclinic Orthorhombic Monoclinic
Space group P1̄ Cmc2(1) P2(1)/n
a [Å] 10.508(2) 17.159(3) 11.060(2)
b [Å] 10.631(2) 20.749(4) 15.625(3)
c [Å] 28.500(6) 17.934(4) 21.648(4)
α [°] 81.70(3) 90 90
β [°] 89.59(3) 90 98.76(3)
γ [°] 61.84(3) 90 90
V [Å3] 2770.7(9) 6385(2) 3697.4(12)
Z 2 4 4
Crystal size [mm] 0.45 3 0.30 3 0.26 0.30 3 0.25 3 0.10 0.40 3 0.30 3 0.25
Dc [Mgm23] 1.260 1.216 1.296
µ [mm21] 1.114 1.422 1.377
T [K] 293(2) 293(2) 293(2)
Independent reflections 7261 3018 5629
Observed reflections [with I > 2σ(I)] 6785 2661 4360
GOF on F2 1.140 1.119 1.012
R 0.0349 0.0538 0.0336
Rw 0.0377 0.0640 0.0473
Max. residual [eÅ23] 0.797 0.794 0.582
Min. residual [eÅ23] 20.817 20.730 20.342
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623, 1507. 2 [2d] E. P. Turevskaya, D. V. Berdyev, N. Ya. Turova,Synthesis of [BaZr(OH)(OiPr)5(iPrOH)3]2 (4): To a THF (50
J. Sol-Gel Sci. Tech. 1997, 8, 111. 2 [2e] L. G. Hubert-Pfalzgraf,ml) solution of 1.67 g (2.50 mmol) of [BaZr(OtBu)6]n, 2.5 mmol S. Daniele, J. M. Decans, J. Vaissermann, J. Sol-Gel Sci. Tech.

solution of water in THF (20 ml) was added dropwise. The workup 1997, 8, 49. 2 [2f] H. Herrig, R. Hempelmann, Mater. Lett.
1996, 27, 287.of the reaction mixture gave a pasty mass poorly soluble in non-

[3] D. C. Bradley, R. C. Mehrotra, D. P. Gaur, Metal Alkoxides,polar solvents even on heating and in the presence of tBuOH, how-
Academic Press, London, 1978.ever, it readily dissolved in hot 2-propanol to give a clear solution. [4] [4a] M. Veith, S. Mathur, V. Huch, Inorg. Chem. 1997, 36, 2391.

2-Propanol was pumped off and the resulting solid was redissolved 2 [4b] B. A. Vaarstra, J. C. Huffman, W. E. Streib, K. G. Caul-
in a minimum amount of iPrOH. Large colourless cubes of ton Inorg. Chem. 1991, 30, 3068.

[5] C. D. Chandler, R. Christopher, M. J. Hampden-Smith, Chem.[BaZr(OH)(OiPr)5(iPrOH)3]2 (4) were formed after 2 d. Yield: 1.26
Rev. 1993, 93, 1205.g {70%, based on the initial amount of [BaZr(OtBu)6]n}. 2 1H [6] [6a] R. C. Mehrotra, A. Singh, S. Sogani, Chem. Rev. 1994, 94,

NMR (CDCl3, 20°C): δ 5 1.16, 1.17, 1.24, 1.27, 1.29, 1.43, 1.50 1643. 2 [6b] R. C. Mehrotra, A. Singh, S. Sogani, Chem. Soc.
(CH3); 4.43, 4.74 (CH); 4.65 (OH). 2 13C NMR (CDCl3, 20°C): Revs. 1994, 215. 2 [6c] R. C. Mehrotra, A. Singh, U. M. Tripa-

thi, Chem. Rev. 1991, 91, 1287.δ 5 26.12, 27.10, 27.37, 27.49, 27.60, 27.75, 28.27, 28.38, 28.52
[7] M. Veith, S. Mathur, T. Decker, H. P. Beck, Manuscript in prep-(CH3); 66.66, 68.28, 68.78, 69.45, 70.03, 71.17, 71.33, 71.52, 71.76, aration.

71.97 (CH). 2 13C CP-MAS NMR: δ 5 27.22, 27.68, 28.15 (CH3); [8] D. J. Teff, J. C. Huffman, K. G. Caulton, Inorg. Chem. 1994,
63.37, 63.60, 67.44, 68.43, 69.19, 69.60, 70.00, 70.82 (CH). 2 33, 6289.

[9] [9a] M. Veith, Chem. Rev. 1990, 3, 1. 2 [9b] M. Veith, D. Kaefer,C24H60BaO9Zr: calcd.C 39.96, H 8.37, Ba 19.04, Zr 12.64; found
V. Huch, Angew. Chem. 1986, 98, 367; Angew. Chem. Int. Ed.C 39.22, H 8.13, Ba 18.79, Zr 12.40.
Engl. 1986, 25, 375. 2 [9c] M. Veith, J. Hans, L. Stahl, P. May,

Crystallography: Monocrystalline specimens were selected from V. Huch, Z. Naturforsch. 1991, 46b, 403.
[10] [10a] M. Veith, S. Mathur, C. Mathur, V. Huch, J. Chem. Soc.,the bulk samples of compounds 1, 2, and 4 and sealed in Lindem-

Dalton Trans. 1997, 2101. 2 [10b] B. A. Vaartstra, J. C. Huffman,ann capillaries of appropriate dimensions, under inert gas. Crystal P. S. Gradeff, L. G. Hubert-Pfalzgraf, J. C. Daran, S. Parraud,
data and structure refinement parameters are given in Table 4. Dif- K. Yunlu, K. G. Caulton, Inorg. Chem. 1990, 29, 3126.
fraction data were collected with Stoe AED 2 (1 and 2) and Stoe [11] [11a] M. Veith, S. Mathur, V. Huch, J. Am. Chem. Soc. 1996,

118, 903. 2 [11b] M. Veith, S. Mathur, V. Huch, Inorg. Chem.IPDS (4) diffractometers. The intensities were corrected for Lorentz
1996, 35, 7295. 2 [11c] M. Veith, S. Mathur, V. Huch, J. Chem.and polarisation factors, and a semi-empirical absorption correc- Soc., Chem. Commun. 1997, 2197.

tion (ψ scans) was applied for 1 and 2. The structures were solved [12] [12a] M. Veith, S. Mathur, C. Mathur, Polyhedron 1998, 17, 1005.
by direct methods (SHELXS-86)[20a] and refined by full-matrix le- 2 [12b] M. Veith, E. C. Yu, V. Huch, Eur. J. Chem. 1995, 1, 26.

2 [12c] B. Borup, W. E. Streib, K. G. Caulton, Chem. Ber. 1996,ast-squares procedures on all F2 values (SHELXS-97). [20b] All non-
129, 1003. 2 [12d] S. Sogani, A.Singh, R. Bohra, M. Noltemeyer,hydrogen atoms were refined anisotropically. The two hydroxylic
R. C. Mehrotra, J. Chem. Soc., Chem. Commun. 1991, 738. 2

protons in 4 were located by difference Fourier techniques and were [12e] W. J. Evans, M. A. Greci, M. A. Ansari, J. W. Ziller, J.
refined together with the geometrically fixed hydrogen atoms. Crys- Chem. Soc., Dalton Trans. 1997, 4503.

[13] [13a] B. Borup, J. A. Samuels, W. E. Streib, K. G. Caulton, Inorg.tallographic data for the structure(s) reported in this paper have
Chem. 1994, 33, 994. 2 [13b] K. G. Caulton, M. H. Chisholm,been deposited with the Cambridge Crystallographic Data Centre
S. R. Drake, W. E. Streib, Angew. Chem. 1990, 102, 1492; An-

as supplementary publication no CCDC-101435. Copies of gew. Chem. Int. Ed. Engl. 1990, 29, 1483.
the data can be obtained free of charge on application to [14] J. A. Ibers, Nature 1963, 197, 686.

[15] M. H. Chisholm, J. C. Huffman, K. C. Kirkpatrick, J. Leonelli,CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: int.
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[17] O. Poncelet, L. G. Hubert-Pfalzgraf, Polyhedron 1989, 8, 2183; Dedicated to Professor Heinrich Nöth on his 70th birthday.
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Reaction of tin(II) chloride with RNa(THF)2 (R = tBu3Si) in cluster compounds (RSnX)4 (10: X = Se; 11: X = Te). The X-
ray structure analyses of the isotypic compounds 10 and 11THF at –30 °C led to a complex reaction mixture, from which

the compounds R4Sn4(THF)2, R2SnSnR2 (5), R–R (7), and a revealed that the tin atoms occupy the corners of an
undistorted tetrahedron with weak tin–tin interactions. Thebrownish black compound 6 were isolated. In toluene as

solvent, the zwitterionic distannene 5 was obtained together chalcogen atoms form a plane which bisects the Sn4

tetrahedron.with 7 and 6 which upon treatment with Et3PX, furnished the

Lappert’s distannene 1 was the first molecule with a for- be deduced from this assumption, however, is not sup-
ported by the 119Sn CP-MAS NMR spectrum in which onlymal homonuclear double bond between the heavier ele-

ments of group 14 to be prepared.[2] [3] Although compound one signal at δiso 5 819 is observed.[6] Similar to 1, the
recently described heteroleptic distannene RR9Sn5SnRR91 was prepared in 1976 and characterized by X-ray crystal-

lography almost twenty years passed before the compounds [R 5 Si(SiMe3)3, R9 5 2,4,6-(CF3)3C6H2] exhibits a centro-
symmetric structure with an Sn2Sn bond length of 283.3(1)2 [4] and 3 [5] could be isolated as further examples of this

class of compound. pm and a fold angle of 41.5°. [7]

The distannenes 123 decompose in solution to the re-
spective stannylene molecules R2Sn:. We have now exam-
ined whether a distannene that is stable both in the solid
state and in solution can be obtained by use of other sub-
stituents R. Our first choice of substituent was the tri-tert-
butylsilyl group with its extremely high steric requirements
for which we reported a simple access more than 20 years
ago[8] and which in the mean time has been used success-

The three crystalline distannenes possess widely differing fully by Wiberg et al. in the syntheses of many interesting
structures. While the centrosymmetrical compound 1 exhib- compounds including the tetrahedral molecules (RSi)4 and
its an undistorted trans-bent arrangement of its substituents (RGe)4. [9]

with a fold angle of 41° 2 which closely approaches the We now report on a zwitterionic distannene as well as a
theoretically predicted fold angles of 46251° for the parent tin cluster compound for which, however, characterization
compound [Sn2H4] [3] [5] 2 the sterically overloaded com- was only possible on the basis of the products of sub-
pound 2 avoids interactions between its substituents by ad- sequent reactions.
opting a twist angle of 63.2° and a fold angle of 28.6°. [4]

The behavior of compound 3 is even more surprising. The
markedly lengthened tin2tin bond length and the differing
environments of the two tin atoms possibly suggest that
merely an interaction between the fully occupied 5s orbital
of one tin atom with the empty 5p orbital of the other tin
atom is operative. The zwitterionic structure of 3 that could

Reaction of tin(II) chloride with the tri-tert-butylsilylsod-
[e] Part 24: Ref. [1]. ium · THF adduct 4 [10] in toluene furnished a black-brown
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solution from which three products were isolated by frac- mol21 was in good agreement with the calculated value of

517.5 for the stannylene 9. The appearance of only one 1H-tional crystallization. First of all, a black-brown, finely
crystalline precipitate was obtained but its constitution NMR signal at δ 5 1.35 and of two 13C-NMR signals at

δ 5 27.74 (Cp) and 32.12 (Cq) is a further indication for thecould not be determined neither by analytical nor spectro-
scopic means, an account of its poor solubility and extreme equilibrium 5 q 2 9; 29Si-and 119Sn-NMR signals could

not be recorded from this dilute solution.sensitivity to air. Only the subsequent reactions described
below allowed conclusions to be drawn about the structure When the reaction of tin(II) chloride with 4 was per-

formed in THF instead of toluene a dark-blue, fine crystal-of this compound 6. Colorless needles of the known hexa-
tert-butyldisilane (7) [11] were obtained as a second fraction. line solid was isolated in addition to compounds 527. The

analytical and spectroscopic data of this solid are indicativeFinally, upon longer standing of the solution at 225°C,
dark brown, fibrous crystals separated, complete elemental of the THF adduct 8. However, the broad signals in the 1H-

NMR spectrum and the failure to observe 29Si- and 119Sn-analysis data of which are indicative of the distannene 5 or
the corresponding stannylene R2Sn:. NMR signals suggest that, like compounds 1, 2, and 3,

rapid exchange processes are in operation. Spectroscopic
measurements at lower temperatures did not furnish a dif-
ferent result.

Since we have not yet been able to obtain crystals of 5
suitable for X-ray diffraction analysis, its structural eluci-
dation is based on NMR examinations of all nuclei present
in 5 (C, H, Si, Sn). The presence of two singlet signals of

In order to obtain information about the structure of theequal intensity in the 1H-NMR spectrum as well as the
practically insoluble and highly sensitive compound 6 wepresence of two signals each for the primary and quaternary
attempted to convert it to better characterizable productscarbon atoms in the 13C-NMR spectrum clearly show that
by treatment with the heavier chalcogenes. Although notwo sorts of differently bonded tert-butyl groups are pres-
rections with selenium or tellurium were observed, treat-ent. This is supported by the observation of two signals
ment of 6 with triethylphosphane selenide or telluride fur-with different 1J(29Si,119Sn) coupling constants in the 29Si-
nished the compounds 10 or 11, respectively, in a smoothNMR spectrum. Unambiguous information about the
reaction. NMR data of these products indicate the existencestructure of 5 is provided by the 119Sn-NMR spectrum in
of highly symmetrical molecules.which two signals with chemical shifts of δ 5 2690 and

1413 and a coupling constant of 1J(119Sn,117Sn) 5 2135 Hz Figure 1. Molecular structure of 10 in the crystal (hydrogen atoms
omitted)[a]demonstrate the presence of two tin atoms bonded to each

other but having widely differing electronic environments.
It would seem that neither the stannylene 9 nor the cen-

trosymmetric distannene 5a exists in the solution. The data
rather support the zwitterionic structure 5b with the tin
atom producing the 119Sn signal shifted to low field acting
as an electron donor from its doubly occupied 5s orbital to
the unoccupied 5p orbital of the electron-accepting tin
atom giving rise to the 119Sn-NMR signal shifted to high
field. An adduct of tin(II) chloride and a four-coordinated
stannylene was recently reported;[12] the X-ray crystallo-
graphic analysis and 119Sn-NMR spectrum of this adduct
are, in spite of the different bonding partners and coordi-
nation numbers, suggestive of a bonding situation similar
to that in 5b.

The behavior of 5 as well as that of the SnCl2 adduct is
not self-evident since the distannenes 1, [13] 2, [4] and 3 [6] 2
which are stable in the solid state 2 do not give rise to any
119Sn-NMR signals in solution at room temperature. This

[a] Selected bond lengths [pm] and angles [°]: Sn2Se 255.2(2),is assumed to be due in all cases to the rapid equilibrium
Sn2Sn 301.8(3), Sn2Si 265.6(5); Sn2Se2Sn 94.8(1), Se2Sn2Sedistannene q stannylene. In order to determine whether
101.5(1), Se2Sn2Si 108.0(1), Se2Sn2Sn 100.2(1).

5 is also subject to a similar equilibrium the molecular mass
of 5 was determined in dilute solution (dilution from 4 g/ The X-ray crystallographic analysis of 10 (Figure 1) con-

firmed the deductions from the NMR data and additionally100 ml to 0.6 g/100 ml). The measured value of 520 g ·
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provided some noteworthy details. In the crystal the asym- the primary formation of the stannylene 9 which either di-

merizes to give the zwitterionic distannene 5 or reactsmetrical unit contains a quarter of the molecule. The equiv-
alent positions are designated by the letters a, b, and c in further with cleavage of tBu3Si radicals [9] to furnish 7 and

6 (or 8 in THF). Hexaarylcyclotristannanes also behavethe figure. Accordingly, the respective Sn2Se, Sn2Si, and
also Sn2Sn bond lengths are the same. The structure of 10 similarly: their pyrolyses furnish, by suitable choice of the

aryl groups, a wide variety of tin cluster compounds. [17]is not only unusual but also without precedent in the chem-
istry of tin chalcogenides. The four tin atoms form an un- Financial support of our work by the Deutsche Forschungsge-
distorted tetrahedron that is divided into two equal parts meinschaft and the Fonds der Chemischen Industrie is gratefully
by a quadratic layer of selenium atoms. The structure re- acknowledged.
sembles that of the arsenic sulfide mineral realgar in which
the arsenic and chalcogen atoms have a similar arrange- Experimental Section
ment. [14] The tin2tin separations of 301.8 pm markedly ex- All manipulations were performed by using standard Schlenk
ceed the normal value of 278 pm for the single bond in the techniques under dry argon. 2 1H and 13C NMR: Bruker AM
reference substance hexamethylditin. [15] The long tin2tin 300. 2 29Si and 119Sn NMR (inverse gated, 1H-decoupled, Me4Sn
bonds become reasonable upon simple electron counting. external): Bruker AMX 300. 2 MS: Varian MAT 212. 2 Elemental
Merely four electrons are available for a total of six Sn2Sn analyses: Analytische Laboratorien, D-51789 Lindlar, Germany.
bonds (one from each tin atom) within the tetrahedron so Reactions of Tin(II) Chloride with 4: A solution of anhydrous
that the existence of a delocalized electron system with tin(II) chloride (2.11 g, 11.8 mmol) in 25 ml of THF was added
bond orders of markedly less than one may be assumed. dropwise to a solution of 4 (7.70 g, 22.4 mmol) in 50 ml of toluene

at 230°C over a period of 3 h with stirring. The brownish blackFigure 2. Molecular structure of 11 in the crystal (hydrogen atoms
omitted)[a] reaction mixture was stirred for an additional 1 h at 220°C and

the insoluble compound 6 (0.38 g, 11% yield), m.p. 182°C, was
filtered off. The solvents were removed and the residue redissolved
in 30 ml of n-hexane. Precipitated NaCl was filtered off and the
solution cooled to 250°C. After 12 h at this temperature, colorless
crystals of 7 (1.0 g, 24% yield) were isolated and identified by com-
parison with literature data.[11] Concentration of the solution to a
volume of 20 ml and cooling at 224°C for 3 d yielded dark brown,
fibrous crystals of 5 (1.2 g, 21% yield).

Tetrakis(tri-tert-butylsilyl)distannene (5): M.p. 104°C. 2 1H
NMR (C6D6, 25°C): δ 5 1.40 [s, 54 H, 4J(1H,119Sn) 5 17.7 Hz],
1.51 [s, 54 H, 4J(1H,119Sn) 5 17.9 Hz]. 2 13C NMR (C6D6, 25°C):
δ 5 26.27 (Cq), 28.90 (Cq), 32.42 (Cp), 34.54 (Cp); Cp and Cq refer
to primary and quaternary carbon atoms. 2 29Si NMR (C6D6,
25°C): δ 5 24.99 [s, 1J(29Si,13C) 5 35 Hz, 1J(29Si,119Sn) 5 85.5
Hz], 54.49 [s, 1J(29Si,13C) 5 42.1 Hz, 1J(29Si,119Sn) 5 11.6 Hz]. 2
119Sn NMR (C6D6, 25°C): δ 5 412.6 [s, 1J(119Sn,117Sn) 5 2135
Hz], 2 689.9. 2 MS (CI, isobutane); m/z (%): 1037 (1) [MH1], 519
(16) [MH1 2 SnR2]. 2 C48H108Si4Sn2 (1035.1): calcd. C 55.70, H
10.52, Sn 22.93; found C 55.34, H 10.36, Sn 23.20.

[a] Selected bond lengths [pm] and angles [°]: Sn2Te 274.2(1),
Sn2Sn 328.1(2), Sn2Si 265.2(3); Sn2Te2Sn 95.1, Te2Sn2Te A similar reaction in which toluene was replaced by THF led to
101.8(1), Te2Sn2Si 109.1(1), Fe2Sn2Sn 100.3(1). the same products in comparable yields. However, in addition to

compounds 5, 6, and 7, 0.29 g of the dark blue, microcrystallineThese structural peculiarities are even more pronounced
compound 8, m.p. 76°C was isolated.in 11, which is isotypical with 10 and is shown in a different

(tBu3Si)4Sn4(THF)2 (8): 1H NMR ([D8]toluene, 243 K): δ 5perspective in Figure 2 in order to emphasize the unusual
1.31 (br. s, 54 H), 1.43 (br. s, 54 H), 1.89 (m, 8 H), 3.57 (m, 8 H).atomic arrangement. The tin2tin separation in 11 of
2 13C NMR ([D8]toluene, 243 K): δ 5 25.84 (Cq), 26.09 (Cq), 31.89328.1(2) pm is even larger than that in 10 and again sup-
(Cp), 33.16 (Cp). 2 The 29Si- and 119Sn-NMR signals could not beports a low bond order for the Sn2Sn bonds.
observed. 2 C56H124O2Si4Sn4 (1179.1): calcd. C 47.48, H 8.82;The isolation of compounds 10 and 11 allows the con-
found C 47.40, H 8.91.

clusion, albeit with some reservations, that compound 6
Formation of the Cluster Compound 10: A solution of triethyl-could be a representative of the long sought tetrahedro-

phosphane selenide (0.32 g, 1.62 mmol) in 10 ml of n-hexane wastetrastannane system and that chalcogen insertion into four
added dropwise to a suspension of 6 (0.51 g, 0.40 mmol) in 100 mlof the six Sn2Sn bonds has given rise to these unequivo-
of toluene at ambient temperature over a period of 30 min. Thecally characterized cage compounds. Wiberg et al. also ob-
reaction mixture was stirred for 3 d in the dark. All insoluble com-

tained a product from similar reactions that they held to be ponents were filtered off and the solvents removed. The residue
6 but which could not, on account of its above-mentioned was redissolved in 10 ml of DME. Cooling of the yellow, light-
properties, be characterized further. [9] [16]

sensitive solution to 224°C afforded 0.42 g (66% yield) of pale
The various products arising from the action of 4 on yellow, rectangular crystals of 10, m.p. 115°C. 2 1H NMR (C6D6,

25°C): δ 5 1.38 (s). 2 13 C NMR (C6D6, 25°C): δ 5 31.87 (Cq),tin(II) chloride can be most simply explained in terms of
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32.48 (Cp). 2 119Sn-NMR (C6D6, 25°C): δ 5 120.21. 2 MS (CI, structures were solved by direct phase determination using the

SHELXTL PLUS program system and refined by full-matrix least-isobutane); m/z (%): 1112 (8) [tBu3Sn3Se3]. 2 C48H108Se4Si4Sn4 · 2
DME (1768.6): calcd. C 38.03, H 7.29; found C 38.80, H 7.43. squares techniques. Hydrogen atoms were placed in the calculated

positions, and all other atoms were refined anisotropically.[18]
Formation of the Cluster Compound 11: A solution of triethyl-

phosphane telluride (0.98 g, 3.99 mmol) in 10 ml of n-hexane was
; Dedicated to Professor Bernt Krebs on the occasion of hisadded dropwise to a suspension of 6 (0.80 g, 0.63 mmol) in 60 ml

60th birthday.
of toluene over a period of 30 min. The reaction mixture was stirred [1] A. Schäfer, W. Saak, M. Weidenbruch, Z. Anorg. Allg. Chem.,
in the dark for 3 d at room temperature. The solvents were removed in press.

[2] D. E. Goldberg, D. H. Harris, M. F. Lappert, K. M. Thomas,and the residue was dissolved in 10 ml of n-hexane. All insoluble
J. Chem. Soc., Chem. Commun. 1976, 2612262.components were filtered off and the remaining red solution was [3] D. E. Goldberg, P. B. Hitchcock, M. F. Lappert, K. M. Thomas,

stored for 4 d at 4°C. Excess triethylphosphane telluride was fil- T. Fjeldberg,A. Haaland, B. E. R. Schilling, J. Chem. Soc., Dal-
tered off, the solvent removed and the residue redissolved in 8 ml ton Trans. 1986, 238722394.

[4] K. W. Klinkhammer, W. Schwarz, Angew. Chem. 1995, 107,of DME. Cooling to 224°C for 4 d furnished 0.64 g (57% yield)
144821450; Angew. Chem. Int. Ed. Engl. 1995, 34, 133421336.of air- and light-sensitive red crystals of 11, m.p. 183°C. 2 1H [5] G. Trinquier, J. P. Malrieu, J. Am. Chem. Soc. 1987, 109,

NMR (C6D6, 25°C): δ 5 1.37 (s). 2 13C NMR (C6D6, 25°C): δ 5 530325315. 2 G. Trinquier, J. Am. Chem. Soc. 1990, 112,
32.03 (Cq), 34.02 (Cp). 2 119Sn NMR (C6D6, 25°C): between δ 5 213022137. 2 T. L. Windus, M. S. Gordon, J. Am. Chem. Soc.

1992, 114, 955929568. 2 H. Jacobsen, T. Ziegler, J. Am. Chem.1300 and 2500 no signal could be observed. 2 C48H108Si4Sn4Te4
Soc. 1994, 116, 366723679.(1782.9): calcd. C 32.34, H 6.11; found C 33.43, H 6.62. [6] M. A. Della Bona, M. C. Cassani, J. M. Keates, G. A. Lawless,
M. F. Lappert, M. Stürmann, M. Weidenbruch, J. Chem. Soc.,X-ray Structure Analyses of 10 and 11: Crystal data and numeri-
Dalton Trans. 1998, 118721190.cal data of the structure determinations are given in Table 1. Crys- [7] K. W. Klinkhammer, T. F. Fässler, H. Grützmacher, Angew.

tals were obtained by cooling a solution of 10 in diethyl ether to Chem. 1998, 110, 1142116; Angew. Chem. Int. Ed. 1998, 27,
224°C (10) or by cooling a DME solution of 11 to 4°C. In each 1242126.

[8] M. Weidenbruch, W. Peter, Angew. Chem. 1975, 87, 6702671;case, the crystal was mounted in a thin-walled glas capillary. The
Angew. Chem. Int. Ed. Engl. 1975, 14, 6422643.

[9] Review: N. Wiberg, Coord. Chem. Rev. 1997, 163, 2172252.
Table 1. Crystallographic data of 10 and 11 [10] N. Wiberg, G. Fischer, P. Karampatses, Angew. Chem. 1984, 96,

58259; Angew. Chem. Int. Engl. 1984, 23, 59260.
[11] N. Wiberg, H. Schuster, A. Simon, K. Peters, Angew. Chem.10 11 1986, 98, 1002101; Angew. Chem. Int. Ed. Engl. 1986, 25,

79280.
[12] W.-P. Leung, W.-H. Kwok, F. Xue, T. C. W. Mak, J. Am. Chem.Formula C48H108Se4Si4Sn4 C48H108Si4Sn4Te4

Mol. mass 1588.32 1782.88 Soc. 1997, 119, 114521146.
[13] K. W. Zilm, G. A. Lawless, R. M. Merrill, J. M. Millar, G. G.Cryst. dimensions [mm] 0.45 3 0.55 3 0.30 0.4 3 0.45 3 1.35

Cryst. system tetragonal tetragonal Webb, J. Am. Chem. Soc. 1987, 109, 723627238.
[14] D. J. E. Mullen, W. Nowacki, Z. Kristallogr. 1972, 136, 48265.Space group I4̄2d I4̄2d

a [pm] 2371.1(1) 2388.0(3) [15] A. Haaland, A. Hammel, H. Thomassen, H. V. Volden, H. B.
Singh, P. K. Khanna, Z. Naturforsch. 1990, 45b, 114321146;c [pm] 1420.3(1) 1455.8(2)

V [3 106 pm3] 7958 8302 see also: N. Wiberg in Progress im Organosilicon Chemistry
(Eds.: B. Marciniec, J. Chojnowski), London and Breach, Basel,Z 16 16

dcalcd. [g cm23] 1.982 2.140 1995, p. 19239.
[16] N. Wiberg, personal communication; see also: N. Wiberg inDiffractometer Siemens P4 Siemens P4

Radiation (graphite- Mo-Kα Mo-Kα Progress in Organosilicon Chemistry (Eds.: B. Marciniec, J.
Chojnowski), Gordon and Breach, Basel, 1995, p. 19239.monochromated) [pm] 71.073 71.073

T [K] 296(2) 296(2) [17] Review: L. R. Sita, Acc. Chem. Res. 1994, 27, 1912197.
[18] Crystallographic data (excluding structure factors) for the struc-µ [mm21] 3.14 2.65

Scan method ω ω tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi-2θmax [°] 55 55

No. of unique reflections 2666 2767 cation no. CCDC-101345. Copies of the data can be obtained
free of charge on applications to CCDC, 12 Union Road, Cam-No. of observed reflections 1702 2133

Fo/parameter ratio 12.51 14.03 bridge CB2 1EZ, UK [Fax. (internat.) 1 44(0)1223/336-093;
E-mail: deposit@ccdc.cam.ac.uk].R (Rw) [F > 3σ (F)] 0.066 (0.060) 0.064 (0.065)

[98095]
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The ligand bis(2-benzimidazolyl)propane coordinates to NiII with a zero-field splitting parameter D (–14.3 cm–1) and a
ferromagnetic exchange between the Ni ions in the dinuclearwith chloride as an anion, thereby forming a dinuclear

compound with the formula: [NiCl2(tbz)2]2(C2H6O)2. This unit (J = +2.5 cm–1). The title compound appears to be the
second example for a five-coordinated ferromagneticcompound crystallizes in the space group P21/c. Each five-

coordinated NiII ion has a distorted trigonal bipyramidal dinuclear NiII compound of this type, and its magnetic
properties appear to correlate with the ligand structure. Withenvironment which consist of two asymmetrically bridging

Cl anions with distances of 2.3556(17) and 2.4275(16) Å, a the availability of an increasing number of examples of such
species it appears that antiferromagnetic exchange is foundterminal Cl anion with a distance of 2.3496(17) Å and two

nitrogen atoms of the ligand with distances of 2.022(4) and for all cases with the chromophore N2ClNiCl2NiClN2 where
the MN2 ring is 5-membered. In the case, where this ring is2.000(4) Å. The Ni–Ni distance is 3.5891(12) Å, while the Ni–

Cl–Ni angle is 97.23(6)°. The magnetic properties of the six-membered, the exchange is ferromagnetic.
compound, as studied in the range 5–280 K, have been fitted

During the last 2 decades only a few dichloro-bridged in one case[1] has ferromagnetic exchange been reported.
No correlations with any structural parameter (Ni2Cl2NiNiII dimers have been studied in detail both structurally

and magnetically[1] [6] [7] [8] [9]. Such compounds all contain a angle, Ni2Cl distances) could be found at the time, al-
though the more recently developed parameter[2] to de-sterically crowded didentate amine or imine ligand

(NN) resulting in the centrosymmetric chromophore scribe the degree of deviation from trigonal-bipyrimidal (τ)
gave a clue that an increased distortion towards square pyri-(NN)ClNiCl2NiCl(NN). The geometry of NiII in all cases

is trigonal bipyrimidal with varying degrees of distortion to midal could be the origin.
tetragonal pyramidal[1] [6] [7] [8] [9]. The NiCl2Ni rectangle has To investigate whether this hypothesis is useful, a new
Ni2Cl2Ni angles of 97.5 ± 0.9° and the Ni2Cl distances system had to be investigated. Bis(2-benzimidazoles) have
vary from 2.296 to 2.456 Å, Ni2Ni varies from 3.56 to been shown to be useful tools in the coordination chemistry
3.65 Å. of azoles which act as ligands in the context of mimicking

Magnetically these compounds are very interesting as biological systems[3]. The ligands bis(2-benzimidazolyl)pro-
both Ni ions interact, albeit weakly, through the Cl bridges. pane and bis(2-benzimidazolyl)butane form dinuclear al-
In fact, this only leaves the chelating ligand (NN) as a pos- koxo-bridged compounds[4] with CuII and less strong
sible synthetic variable. Most of the earlier antiferromag- anions, such as tetrafluoroborate, triflate, perchlorate, and
netically coupled systems have a rigid N2C2C2N struc- nitrate. With strong anions, such as the halides, mononu-
ture with a five-membered chelate ring. Only one system[1] clear CuII compounds are formed[5]. With NiII chloride,
has a flexible non-conjugated ligand with a six-membered bis(2-benzimidazolyl)propane (abbreviated as tbz) yields a
chelate ring. dinuclear chloride-bridged compound. As this compound

has the flexible ligand chelate ring, it was expected to yieldBy using parameters for both the zero-field splitting (D)
and the exchange J and zJ9 (the latter being a parameter a ferromagnetically coupled system, if our hypothesis were

true. Therefore the title compound was studied both struc-which describes lattice effects on the exchange), the low-T
magnetic data can be fitted accurately. So far most com- turally and magnetically in detail. The results which are de-

scribed below, show that they indeed agree with our hypo-pounds of this category [{Ni(NN)Cl2}2] have shown the
commonly observed antiferromagnetic exchange and only thesis.
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Results and Discussion The crystal packing is dictated by van der Waals contacts

and by a quite strong hydrogen bonding network withDescription of the Crystal Structure of [NiCl2(tbz)2]2(C2H6O)2
N···Oethanol [N(11)2H(11)···O(1) 2.722(8) Å] and

The dinuclear unit consists of two NiCl2(tbz) units, which Oethanol···Cl contacts [O(1) H(1)···Cl(2) 3.077(6) Å].
are related by the crystallographic center of symmetry. Each
unit consists of a five-coordinate NiII ion, surrounded by Ligand Field and Infrared Spectra
two N atoms of the ligand [Ni12N13 2.022(4), Ni12N23 The ligand field and far-infrared spectra of the con-
2.000(4) Å], a terminal Cl ion [Ni12Cl2 2.3496(17) Å], a sidered five-coordinated NiII compounds are given in Table
bridging Cl ion [Ni12Cl1 2.3556(17) Å], and a second 1. Comparing the ligand-field maxima of the present com-
bridging Cl ion [Ni12Cl1a 2.4275(16) Å], belonging to the pound with other five-coordinated NiII compounds, it is
other half of the dimer, resulting in a slightly asymmetric shown that the d-d transitions fall all in the same range,
bridge. with no significant differences between the various com-

The structure is depicted in Figure 1. The Ni2Ni dis- pounds (125).
tance is 3.5891(12) Å, while the Ni2Cl2Ni angle is As also shown in Table 1 the Ni2N far infrared vi-
97.23(6). The Ni2Cl distances and angles are comparable brations are found at ca. 290 cm21, all in the range found
with those distances known for such NiII species[1b] [6a] [7a], in the literature[13]. The Ni2Cl stretch vibrations are found
while the distances and angles of the ligand are comparable between 245 and 260 cm21 and the Ni2Cl bridging vi-
with other structures known for this ligand[4]. brations in the range 1982218 cm21, which is also in agree-

ment with the literature[13]. In fact, further evidence for this
Figure 1. ORTEP plot showing the structure [NiCl2(tbz)2]2 with

assignment is found with the NiII(bbdhp) compounds [inatom-labeling scheme; ethanol molecules are ommitted for clarity;
atoms marked with an “a” are generated by an inversion centre which bbdhp 5 1,7-bis(benzimidazol-2-yl)-2,6-dithiahep-

tane] [14]. The monomeric compound [Ni(bbdhp)Cl2] · 4 H2O
shows the Ni2Cl vibrations at 260 cm21 and the Ni2N
vibration at 320 cm21, while the dinuclear compound
[Ni2(bbdhp)2(µ-Cl2]Cl2 ·5 H2O·2 EtOH, which has only
bridging chloride ions, has the Ni-µ-Cl2Ni vibration at 220
cm21, with the Ni2N vibrations at 315 cm21.

Magnetic Properties

Magnetic susceptibility data in the range 52280 K were
collected. The molar susceptibility data (corrected for diam-
agnetism) is plotted in Figure 2. In this figure the µeff values
and the results of the fitting procedure are also included.
The values listed are normal, as is the small value for zJ9.

The magnetic moment µeff was found to be 3.5 B.M. at
140 K, slightly increasing to a maximum 3.6 B.M. at 30 K
and decreasing rapidly at lower temperatures, typical for a
weak ferromagnetic interaction between the Ni21 ions in
the dinuclear unit, with a zero-field effect dominating at

[a] Selected bond lengths [Å] and angles [°]: Ni(1)2Ni(1)a lower temperatures.
3.5891(12), Ni(1)2Cl(1) 2.3556(17), Ni(1)2Cl(2) 2.3496(17),

For the description of the susceptibility data the equationNi(1)2N(13) 2.022(4), Ni(1)2N(23) 2.000(4), Ni(1)2 Cl(1)a
2.4275(16); Cl(1)2Ni(1)2Cl(2) 88.45(6), Cl(1)2Ni(1)2N(13) obtained by Ginsberg et al [10] using the Hamiltonianin
150.00(14), Cl(1)2Ni(1)2N(23) 104.31(13), Cl(1)2Ni(1)2Cl(1)a
82.77(6), Cl(2)2Ni(1)2N(13) 91.01(13), Cl(2)2Ni(1)2N(23)
102.05(12), Cl(1<9a2Ni(1)2Cl(2) 162.85(7), N(13)2Ni(1)2N(23)
105.13(18), Cl(1)a2Ni(1)2N(13) 98.33(12), Cl(19a)2

which the symbols have their usual meanings[10], was em-Ni(1)2N(23) 94.40(12), Ni(1)2Cl(1)2Ni(1)a 97.23(6).
ployed.

The J value of 12.5 cm21 calculated from the best fitThe coordination around the Ni ion can be best de-
scribed as basically trigonal bipyramidal with a distortion indeed shows the ferromagnetic exchange hypothised above.

So far, such a ferromagnetic interaction has also beentowards square pyramidal. The two largest angles are
162.85(7)° and 150.00(14)°, yielding the structural param- known to occur in dimeric chloride-bridged NiII com-

pounds that have an octahedral geometry; in these case theeter τ 5 0.21 (τ describes the relative amount of trigonality;
τ 5 0 for square pyramid and τ 5 1 for trigonal bipyra- J values vary from 14.8 to 19 cm21 [1b] [8] [12]. To develop a

magneto-structure relationship we have concentrated on themid)[2].
When comparing the structural parameters to the other 5-coordinated cases.

As shown in Table 2 three chloride-bridged Ni com-four five-coordinated structures listed in Table 2, the τ value
is in fact closer to the structures 123 than to structure 4 pounds seem to have an antiferromagnetic behaviour (com-

pounds 123) with J values varying from 24.4 to 210.45from this table.
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Table 1. Ligand field and far-infrared data of five-coordinated dimeric chloro-bridged NiII units

Compound Ligand field [a] (103 cm21) FIR [cm21]
Ni2N Ni2Cl Ni2Cl(br)

1. [Ni(qnqn)Cl2]2 6.5 13.0 19.6(sh) 22.8 [d] 285 228 [d]

2. [Ni(dmp)Cl2]2 6.4 10.6(w) 13.8 19.8(sh) 23.3 [b] 294 260 198 [b]

3. [Ni(biq)Cl2]2 6.3 10.5(w) 13.8 19.8(sh) 23.4 [c] 298 275 203 [c]

4. [Ni(CH2(dmpz)2)Cl2]2 7.0 12.5 19.2(sh) 21.7 [e] 290 267 210 [e]

5. [Ni(tbz)Cl2]2(C2H6O)2 6.1 12.5(vbr) 19.6(sh) 22.0 289 245 218

[a] Abbreviations: sh 5 shoulder, w 5 weak, vbr 5 very broad. 2 [b] Synthesized according to ref. [9] and re-measured. 2 [c] Synthesized
according to ref. [7a] and re-measured, the bridging Ni2Cl vibration can be at 198 cm21 or at 203 cm21, as a ligand vibration occurs in
this area. 2 [d] Data from ref. [6b], assignement of the FIR vibrations is uncertain as the compound was measured in CsI to ca. 200 cm21.
This compound could not be synthesized to be re-measured. 2 [e] Data from ref. [1a] and[1c].

Table 2. Comparison between structural and magnetic data of five-coordinated dimeric chloro-bridged NiII units

Compound[a] Ni2Cl [Å] Ni2Ni [Å] Ni2Cl2Ni [°] Largest angles [°] J [cm21] D [cm21] g ref.
α ,β (τ)[b] (s 5 structure,

m 5 magnetism)

[Ni(qnqn)Cl2]2 (1) 2.408(2) 3.652(1) 98.23(5) 160.55(6), 158.00(7) 24.4 27.0 2.25 [8](m),[6a](s)
2.422(2) (τ 5 0.04)
2.296(2)

[Ni(dmp)Cl2]2 (2) 2.378(1) 3.600(1) 97.4(1) 168.5(1), 155.41(5) 25.1 28.8 2.20 [7a](s)[c], [8](m)
2.414(1) (τ 5 0.21)
2.307(1) 210.45 233.7 2.21 [7b](m)

[Ni(biq)Cl2]2 (3) 2.372(1) 3.563(1) 96.68(2) 164.03(2), 157.55(5) 27.74 218.43 2.31 [7a](s),[7b](m)
2.400(1) (τ 5 0.10)
2.306(1)

[Ni(CH2(dmpz)2)Cl2]2 (4) 2.319(1) 3.587(2) 97.36(4) 144.2(1), 173.8(3) 12.58 2.17 2.31 [1b](s, m)
2.318(1) (τ 5 0.49)
2.456(1)

[Ni(tbz)Cl2]2(C2H6O)2 (5) 2.3556(17) 3.5891(12) 97.23(6) 162.85(7), 150.00(14) 12.49 214.3 2.14 this work
2.3496(17) (τ 5 0.21)
2.4275(16)

[a] Ligand abbreviations: qnqn 5 trans-2(29-quinoly)methylene-3-quinuclidinone, dmp 5 2,9-dimethyl-1,10-phenantroline (neocuproine),
biq 5 2,29-biquinolyl, CH2(dmpz)2 5 bis(3,5-dimethylpyrazolyl)methane. 2 [b] See ref. [2], τ 5 defined as α 2 β/60. 2 [c] Another crystal
structure with this ligand was solved, i.e. [Ni(dmp)Cl2]2 · 2 CHCl3; [9] some distances slightly differ from those from the [Ni(dmp)Cl2]2 com-
pound.

Figure 2. Molar susceptibility (o) and effective magnetic moment in another compound [Ni(dae)Cl2]2 [11] {dae 5 N,N9-[2-(3,5-
per NiII ion (3) of [NiCl2(tbz)2]2(C2H6O)4 as a function of the dimethyl-1-pyrazolyl)ethyl]ethylamine}, but in this case, the
temperature; the full curves represent the theoretical curves for J 5

J value had not been reported.12.5 cm21, D 5 214.3 cm21, zJ9 5 20.36 cm21 and g 5 2.14 (see
text), with an R value of 3.20·1023 (in which R 5 Σ χobs 2 χcalc

2/ For di-µ-hydroxo-bridged copper compounds a well-Σ χobs
2)

known correlation holds between the J vs. the bridging
Cu2O2Cu angle and for a change of 1° a change of ap-
prox. 40 cm21 is expected in the J value[12] [15]. As seen
from Table 2, for di-µ-chloride-bridged NiII compounds a
quantitative correlation is not found. However, it appears
that antiferromagnetic exchange is found for all cases with
the chromophore N2ClNiCl2NiClN2 where the MN2 ring
is 5-membered. In the case, where this ring is six-mem-
bered, the exchange is ferromagnetic. In general the varia-
tion in the extreme values of the exchange parameter J
vary between 210 cm21 and 119 cm21, the geometries of
the NiII compounds are often difficult to compare, from
hexacoordinate octahedral to pentacoordinate trigonal bi-
pyramide intermediates. Different geometries usually re-
sult in different energies (and orientation) of the orbitals
of the unpaired electrons. This in contrary to the di-µ-
hydroxo-bridged copper compounds were the variation incm21. Compound 4, however, shows a ferromagnetic behav-

iour, as is also the case in the title compound 5. In fact, the J value vary from 1172 cm21 to 2509 cm21 [15] and
the geometries are mostly all square planar. It must alsosuch a weak ferromagnetic interaction was also observed
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Table 3. Crystal data and details of the structure determinationbe pointed out that the energy differences are very weak

(ca. 10 cm21) and the J value itself must be regarded as
Compound C34H32Cl4N8Ni2 · (C2H6O)2an estimate of the exchange interaction, since the J value
Mol. wt. 904.02can be affected slightly by other parameters [12] (see com- Crystal system monoclinic
Space group P21/c (No. 14)pound 2 in Table 2 in ref. [1b]).
a [Å] 13.0105(10)Although we did find, for the first time, a qualitative
b [Å] 8.3307(5)

structure-magnetism relation for 5-coordinated di-µ-chlo- c [Å] 19.6619(14)
β (°) 108.833(10)ronickel(II) species, a quantitative conclusion about the
V [Å3] 2017.0(3)magnetic behaviour in relation to the structural component Z 2

for such NiII compounds cannot be drawn at this moment. Dcalcd. [g cm23] 1.489
F[000] 936

This work was supported in part (W. J. J. S. and A. L. S.) by the µ [cm21] 12.4
Netherlands Foundation of Chemical Research (SON) with financial Crystal size [mm], colour 0.12 3 0.18 3 0.17,

red-orangeaid from the Netherlands Organization for Scientific Research
T [K] 150(NWO). The work described in the present paper has been sup-
θmax 25

ported by the Leiden University Study Group WFMO (Werkgroep ∆ω [°] 0.66 1 0.35 tan
Fundamenteel Materialen Onderzoek). The authors are indebted index ranges, h, k, l 215/16, 210/0, 225/14

Total data, total unique data 5347, 3562to the EU for a grant as Host Institute in the EU Programme Hu-
Observed data 2093 [I > 2 σ(I)]man Capital and Mobility (199421997). Use of the services and
No. of refined refl. and params. 3562, 249

facilities of the Dutch National NWO/SURF Expertise Center Final R1, wR2[a] 0.0612, 0.105
CAOS/CAMM, under grant numbers SON 326-052 and STW G.o.F.[b] 0.968

(∆/σ)av and (∆/σ)max in final cycle < 0.001, < 0.001NCH99.1751, is gratefully acknowledged.

[a] R1 5 ΣiFou2uFci/uFou; wR2 5 Σ[w(Fo
2 2 Fc

2)2]/[w(Fo
2)2]0.5. 2 [b]Experimental Section

G.o.F. 5 {Σ[w(Fo
2 2 Fc

2)2]/(n 2 p)}0.5.
General: C, H, N, and Ni determinations: Microanalytical Lab-

oratory of University College, Dublin, Ireland. 2 UV/Vis spectra:
Perkin-Elmer 330 spectrophotometer using the diffuse reflectance refinement cycle at calculated positions, riding on their carrier
technique, with MgO as a reference. 2 FTIR spectra: Bruker 113v atoms except for the one on the ethanol molecule that was located
infrared spectrophotometer, polyethylene mulls (6002100 cm21, from a difference map and its parameters refined.
mirror velocity 0.099 cm/s, resolution 2 cm21, Mylar 3.5 µ beam

Atomic positional and thermal parameters, lists of bond lengthssplitter). 2 Magnetic susceptibility: The title compound was meas-
and angles, and Fo/Fc values are available as supplementary mate-ured in the temperature range 4.22300 K with a fully automated
rial from one of the authors (A. L. S.). Crystallographic data (ex-Manics DSM-8 susceptometer equipped with a TBT continuous-
cluding structure factors) for the structure reported in this paperflow cryostate and a Drusch EAF 16 NC electromagnet, operating
have been deposited with the Cambridge Crystallographic Dataat ca. 1.4 T. Data were corrected for magnetization of the sample
Centre as supplementary publication no. CCDC-101365. Copies ofholder and for diamagnetic contributions, which were estimated
the data can be obtained free of charge on application to CCDC,from the Pascal constants[16]. Magnetic data were fitted to a theo-
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)retical expression minimizing the function R5 Σuχobs 2 χcalcu2/
1 44(1223)336-033, E-mail: deposit@ccdc.cam.ac.uk].Σuχobsu2.

Synthesis of the Compound: The synthesis of the ligand bis(2-
[1] [1a] J. Reedijk, J. Verbiest, Transition Met. Chem. 1978, 3,benzimidazolyl)propane has been described earlier[4c]. The nickel

51252. 2 [1b] J. C. Jansen, H. van Koningsveld, J. A. C. vancompound was prepared according to the following procedure: 1.2 Ooijen, J. Reedijk, Inorg. Chem. 1980, 19, 1702174. 2 [1c] J.
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8-Aminoquinoline reacts with (dimethylamino)trimethyl- determined by multinuclear magnetic resonance spectra in
solution, as well as by X-ray structure analysis. Characteristicstannane in a 2:1 molar ratio, undergoing transamination to

the distannylamine 1a. The 9-[bis(trimethylstannyl)amino]-9- features are the intramolecular adduct formation of the
quinoline ring nitrogen atom with one of the stannyl groupsborabicyclo[3.3.1]nonane (1b) is obtained by the stannazane

cleavage reaction of tris(trimethylstannyl)amine with 9- in 1a, as well as with the lithium cation in 2a, and the
surprisingly short bonds between the central nitrogen atomchloro-9-BBN. The cleavage of one Sn–N bond of the

distannylamines 1a and 1b with MeLi yields the first two and the adjacent elements [d(NSn): 2.02 Å, d(NB): 1.38 Å, d(NC):
1.34 Å, d(NLi): 1.95 Å] detected in the molecular structures ofmonomeric N-lithioaminostannanes, 2a and 2b, which can be

stored at ambient temperature without decomposition. The the lithium salts.
molecular structures of 1a, 1b, 2a, and 2b have been

Introduction Results and Discussion

8-[Bis(trimethylstannyl)amino]quinoline (1a) was ob-Distannylamines have been shown to be useful precursors
tained by a well-established transamination reaction[4]. Afor the synthesis of novel main-group element nitrogen
2:1 molar ratio of Me2N2SnMe3 and 8-aminoquinolinecompounds[1]. Stannazane cleavage reactions, proceeding
was heated at 80°C for 25 h, leading to reaction accordingunder mild conditions, may also serve for the preparation
to Eq. 1. No further purification was needed after removalof doubly metallated alkali metal imides, RNM2 (e.g. with
of the volatile components in vacuo, since the reaction pro-M 5 Li, Na, K). Their molecular structures in solution as
ceeded quantitatively. 1a was recrystallized from hexane inwell as in the solid state are scarcely known, with the excep-
good yield.tion of the complex structure of dilithiated α-naphthylam-

ine, which crystallizes as a cyclooligomeric aggregate con-
taining ten molecular units with intermolecular Li2N
bridging bonds[2]. Monometallated metal organostannyla-
mides of the type RN(SnMe3)M (2) which, in contrast to
some silylated homologues[3], have hitherto been unknown,
should be accessible as intermediates en route to doubly
metallated species.

Investigations of the stabilities, structures, and reactivities
of the metal amides of primary amines, bearing one N2Li
and one N2Sn bond instead of two N2H bonds, are of
potential importance with regard to the synthesis of new
main-group element nitrogen heterocycles, as well as of un-
saturated Sn2N compounds under kinetically controlled 9-[Bis(trimethylstannyl)amino]-9-borabicyclo[3.3.1]nonane
conditions. Moreover, the influence of the electropositive (1b) was formed in quantitative yield by mixing CH2Cl2
lithium atom on the electron densities of the nitrogen atom solutions of 9-chloro-9-BBN and N(SnMe3)3 at 240°C, ac-
and its adjacent bonds could be of particular interest. cording to Eq. 2. The distannylaminoborane 1b, purified

We describe here the syntheses, structures, and spectro- by crystallization from hexane at 220°C, is the only such
scopic properties of two distannylamines of the type compound yet to be characterized in the solid state.
R2N(SnMe3)2 (1) and of their N-lithiated derivatives 2. The spectroscopic data of compounds 1a and 1b are

listed in Table 1, and confirm the proposed structures. At
[°] X-ray structure analysis. room temperature, the 119Sn-NMR signal of 1a at δ 5 26.4
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indicates a remarkably better shielding of the tin nuclei rela-
tive to all known distannylamines. However, at 280°C, the
119Sn-NMR spectrum shows two different signals at δ 5
61.6 and 218.4, the latter falling in the range of pentacoor-
dinated tin atoms. This is possibly due to the interaction of
one tin atom with the lone-pair electrons of the quinoline
nitrogen atom. At 260°C, the two signals collapse and only
one fairly broad signal is observed. Furthermore, two res-
onance signals are detected in the 15N-NMR spectrum at
ambient temperature; the signal at δ 5 2318 can be as-
signed to the nitrogen atom of the exocyclic amino group,
and that at δ 5 289 to the nitrogen nucleus of the quino-
line ring.

Table 1. 7Li-, 11B-, 14/15N-, and 119Sn-NMR data of the distannyl-
amines 1, the lithioaminostannanes 2, and another compound for

comparison

1a 1b 2a 2b Me2BN-
(SnMe3)2

Treatment of this residue with Me3SiCl according to Eq.
δ7Li 3.12 2.86

5 gave a mixture of products, which did not unambiguouslyδ11B 56.2 48.6 53.4
δ(14)15N 2318.0[a] 2289.0 2214.2[a] 2228.0 (2272) confirm the presence of dilithioimides of type 3. The disila-

289.0[b] 296.4[b]

zane derivatives 4 could only be detected in trace amounts,δ119Sn 26.4 48.6 5.39 0.08 47.5
since silylstannylamines, Ar2N(SiMe3)SnMe3, are also
formed under the chosen reaction conditions. Details of[a] Exocyclic nitrogen nucleus. 2 [b] Endocyclic nitrogen nucleus.
these investigations will be discussed elsewhere[9].

In contrast, the treatment of 1a with LiMe·L (L 5
tmeda) in tert-butyl methyl ether (diveron) solution gave the
lithium aryl(trimethylstannyl)amide 2a in good yield under
mild conditions (230°C). This product is stabilized by com-
plexation of the lithium cation by one equivalent of the di-
amine tmeda. It is very soluble in diveron, and moderately
soluble in petroleum ether, benzene, and hexane. 2a can beThese findings are in good agreement with investigations

on compounds of type I [5], which have been proposed to recrystallized from a hexane/diveron mixture by storing the
solution at 220°C for 2 days. It can be stored for weeks atform an intramolecular Sn2N adduct. The NMR data and

the X-ray structure analysis of 1a (see below) also confirm ambient temperature under argon without decomposition.
The NMR spectra in diveron solution show a sharp res-this hypothesis. The 119Sn- and 15N-NMR data of the bory-

lated distannylamines 1b are in good agreement with the onance signal of the 7Li nuclei at δ 5 3.12 and a broad
signal of the 119Sn nuclei at δ 5 5.39. The 15N-NMR spec-data of known compounds[6]. However, the ring strain of

the bicyclic boryl group causes a deshielding of the boron trum shows two signals, one due to the amido nitrogen
atom at δ 5 2214.2 and another due to the ring nitrogennucleus (∆δ 5 5 ppm), as well as a modest upfield shift of

the nitrogen signal (∆δ 5 17 ppm) relative, for example, to atom at δ 5 296.4. Compared to the starting material 1a,
the substitution of the stannyl group for the lithium cationMe2BN(SnMe3)2 (see Table 1). However, the data still indi-

cate multiple bonding between the boron and the nitrogen causes a large downfield shift of the amido nitrogen signal
(∆δ 5 100 ppm) and a significant upfield shift of the ringatoms, in accordance with previous data[7].

The reaction of aryldistannylamines with R 5 C6H5 (1c), nitrogen signal (∆δ 5 27 ppm), due to the influence of the
electropositive lithium atom on the paramagnetic term of2,4,6-Me3C6H2 5 Mes (1d), and 2,6-iPr2C6H3 5 Dipp (1e),

in the presence of L 5 1,4,7-pentamethyldiethylenetriamine the 15N shielding[9]. In analogy to information obtained
from a low-temperature 119Sn-NMR study of the distanna-(pmdta), with organolithium compounds in a 1:1 molar ra-

tio led to a mixture of products according to Eq. 4[8]. The zane 1a the 15N-NMR data of 2a clearly indicate a coordi-
nation of the lone-pair electrons of the quinoline nitrogenmonolithium salts 2c to 2e, which form even at 250°C, de-

compose at ambient temperatures, probably under dismu- atom to the lithium cation, as well as high electron density
concentrated at the amido nitrogen atom. Single-crystaltation into the distannylamines 1c to 1e and the dilithioam-

ines 3 according to Eq. 4. The species 1c to 1e and the by- structure determinations of the species 1a and 2a confirm
the nature of the bonding, as deduced from the NMR dataproduct SnMe4 (see Eq. 3) can be detected by NMR, but

there is no spectroscopic evidence for the dilithioimines, in solution. Clearly, the chelation of the lithium atom is
responsible for the stability of the stannylated lithium am-which are thought to be the main components of the insol-

uble residue obtained. ide 2a.
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The function of the amidoquinoline group as a chelate gle bond is also indicated by the small but negative

1J(119Sn15N) coupling[1c]. Further conclusions can be drawnligand presumably prevents the dismutation postulated for
the derivatives 2c, 2d, and 2e according to Eq. 4. The de- from the molecular structures in the solid state (see below).
composition could probably proceed, with the formation of

Molecular Structuresa dimer as an intermediate, under partial displacement of
the chelate ligand pmdta by the amido nitrogen atom (Fig- The structures of the distannylamines and of the N-li-
ure 1). thiostannylamines were determined by X-ray crystallogra-

phy. Figures 2, 3, 4, and 5 show ORTEP plots of the mol-Figure 1. Postulated dimeric intermediate of RN(SnMe3)Li·L (2)
ecules 1a, 1b, 2a, and 2b, respectively. Selected bonding pa-
rameters are listed in the caption of each figure. Contrary
to the structural information implied by the NMR data in
solution at ambient temperatures, the characteristic features
of the molecular structure of 1a (Figure 2) in the solid state
are determined by an intramolecular donor2acceptor inter-
action between the quinoline nitrogen atom and the tin
atom of one of the trimethylstannyl groups. Compared to
the adduct Me3SnCl·py (dSnN: 2.26 Å) [12] and the distannyl-
amine pyridine adduct 5 (dSnN: 2.426 Å) [13], the Sn22N2

After the dismutation of 2, the products 1 and 3 (see Eq. bond of 2.531 Å is remarkably long, owing to the ring strain
4) can be formed by simultaneous 1,2-migration of a lith- arising from the formation of the intramolecular adduct.
ium atom and a stannyl group.

If the course of the dismutation reaction of compounds
of type 2 is dependent on the basicity of the central nitrogen
atom, then Lewis acidic substituents R that reduce the ba-
sicity of the nitrogen atom should be as significant as steri-
cally hindering or chelating groups in controlling the reac-
tion. Therefore, the introduction of dialkylboryl groups can
be expected to reduce the bridging tendency of the nitrogen

As a consequence of the relatively weak N22Sn2 interac-lone-pair electrons through π-bonding with boron.
tion, the trigonal-bipyramidal environment of the Sn2In fact, the synthesis of the monomeric N-lithiostannyl-
center is considerably distorted, as shown by the 12° devi-aminoborane 2b from distannylaminoborane 1b proceeds
ation of the angle N22Sn22C13 from 180°. Moreover, theunder mild conditions in the presence of pmdta, which sta-
sum of the angles of the trigonally coordinated ligands atbilizes the Li cation by complexation according to Eq. 3.
the tin center is only 348° rather than 360°.Product 2b can be stored indefinitely at ambient tempera-

tures and can even be warmed to 50°C in diveron solution
Figure 2. Molecular structure of QuinN[Sn(CH3)3]2 (1a) with an

without decomposition. ORTEP-type description; thermal ellipsoids represent a 25% pro-
bability; hydrogen atoms are omitted for the sake of clarity[a]In all probability, effective (pp) π interaction of the lone-

pair electrons at the nitrogen atom with the vacant p orbital
of the B atom reduces the donor ability of the nitrogen
atom, thereby preventing dimerization and subsequent de-
composition of the lithium amide 2b.

The metallation of the nitrogen atom leads to a large up-
field shift of the boron signal of about ∆δ 5 8 ppm com-
pared to that in the distannylamine 1b. One common expla-
nation would be a strengthening of the B2N π bond[10],
due to the high electron density concentrated at the nitro-
gen atom as a consequence of the polar Li2N bond. An
alternative explanation might be the decreased polarity and
increased s electron density of the B2N σ bond. However,
the unexpectedly large downfield shift of the 15N-NMR sig-
nal (δ 5 2228, recorded at 250°C to depress quadrupolar
relaxation with the boron nucleus) is supportive of the first

[a] Selected bond lengths [Å] and bond angles [°] (estimated stand-explanation. Surprisingly though, the 119Sn-NMR signal,
ard deviations are given in parentheses as units in the last digit):like the boron NMR signal, is shifted upfield by ∆δ ø 50 Sn12N1 2.064(3), Sn22N1 2.099(3), Sn22N2 2.531(3), N12C1

ppm (δ 5 0.08). This can only be due to a significant 1.381(4), Sn12C10 2.144(4), Sn12C12 2.142(4), Sn22C13
2.177(4), Sn22C14 2.146(4); Sn12N12Sn2 118.3(1), Sn12N12C1change in electron density in the Sn2N σ bond, since ab
121.8(2), Sn22N12C1 119.8(2), N12Sn22N2 71.3(1),initio calculations rule out any significant Sn2N π interac- N22Sn22C13 167.9(2), N12Sn22C13 98.2(1), C142Sn22C15
117.1(2), C142Sn22N1 116.6(1), C152Sn22N1 114.7.tion[11]. The increase of s electron density in the Sn2N sin-
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Figure 5. Molecular structure of 9-BBN2N(Li)Sn(CH3)3 (2b) withFigure 3. Molecular structure of 9-BBN2N[Sn(CH3)3]2 (1b) with

an ORTEP-type description; thermal ellipsoids represent a 25% an ORTEP-type description; thermal ellipsoids represent a 25%
probability; hydrogen atoms are omitted for the sake of clarity[a]probability; hydrogen atoms are omitted for the sake of clarity[a]

[a] Selected bond lengths [Å] and bond angles [°] (estimated stan- [a] Selected bond lengths [Å] and bond angles [°] (estimated stan-dard deviations are given in parentheses as units in the last digit): dard deviations are given in parentheses as units in the last digit):Sn12N1 2.071(6), Sn22N1 2.059(6), N12B1 1.42(1), C72B1 Sn12N1 2.020(3), B12N1 1.381(6), Li12N1 1.945(8), Li12N21.58(1), C112B1 1.66(1), Sn12C1 2.13(1), Sn12C2 2.15(1), 2.144(8), Li12N3 2.337(8), Li12N4 2.149(8), B12C1 1.623(6),Sn12C3 2.13(1), Sn22C4 2.150(9), Sn22C5 2.145(10), Sn22C6 B12C5 1.608(6), Sn12C9 2.159(5), Sn12C10 2.161(5), Sn12C112.14(1); Sn12N12Sn2 126.1(3), Sn12N12B1 117.0(5), 2.154(5); Sn12N12Li1 126.7(3), Sn12N12B1 117.7(3),Sn22N12B1 116.9(5), C72B12C11 107.8(7), N12Sn12C1 B12N12L1 115.6(3), N12Li12N2 111.4(4), N12Li12N3114.2(4), N12Sn22C4 111.0(3), N12B12C7 126.9(8), 147.7(4), N12Li12N4 112.1(4), C92Sn12C10 105.6(2),N12B12C11 125.3(8). C92Sn12N1 113.1(2), C112Sn12N1 112.8(2).

Surprisingly, the Sn2C bond lengths are rather insensi-
Figure 4. Molecular structure of QuinN(Li)Sn(CH3)3 (2a) with an tive to the different coordination numbers of Sn1 and Sn2.
ORTEP-type description; thermal ellipsoids represent a 25% pro- The ring strain may also be responsible for the largebability; hydrogen atoms are omitted shown for the sake of clarity[a]

N12Sn2 distance of 2.099(3) Å, which represents the
largest nitrogen2tin distance yet found in distannylam-
ines[14]. The N12Sn1 bond length of 2.064(3) Å is, however,
in good accord with those found for other Sn2N2Sn units.
The sum of the angles at the amino nitrogen atom of 360°
confirms this to be a planar unit, as is usually the case. The
fairly short N12C1 distance of 1.381(4) Å can be explained
by the strong σ-N2C bond, due to the large overlap of the
sp2-sp2 bond orbitals of each atom.

The distannylamine 1b (Figure 3), with a cyclic dialkyl-
boryl group attached to the nitrogen atom, also shows
planar coordination at the central nitrogen atom. It rep-
resents the first example of this class of compounds for
which the molecular structure has been determined in the
solid state. Characteristic features are the large Sn2N2Sn
angle of 126.1°, as also found in aryldistannylamines[15],[a] Selected bond lengths [Å] and bond angles [°] (estimated stan-
and the fairly small C2B2C angle of 107.8(7)° in the boryldard deviations are given in parentheses as units in the last digit):

Sn12N2 2.031(3), C82N2 1.351(5), Li12N2 1.968(7), Li12N1 group, probably due to the ring strain of the bicyclic sub-
2.035(8), Li12N5 2.116(8), Li12N6 2.115(8), Sn12C10 2.149(5), stituent. Compared to the quinoline group in 1a, the 9-Sn12C11 2.154(5), Sn12C12 2.147(5); Sn12N22Li1 130.0(3),
Sn12N22C8 119.5(3), C82N22Li1 110.1(3), N12Li12N2 borabicyclo[3.3.1]nonyl group is sterically less demanding.
85.9(3), N22Li12N5 133.7(4), N12Li12N5 119.1(3), This might account for the larger Sn2N2Sn angle in 1b
N12Li12N6 110.0(3), N52Li12N6 86.7(3), C102Sn12C11

(difference ca. 8°) compared to that in 1a. Moreover, the108.4(2), C102Sn12N2 105.0(2), C112Sn12N2 114.3(2); second
molecule: Sn22N4 2.028(3), C202N4 1.339(5), Li22N4 1.957(7), stannylaminoborane 1b shows a significant elongation of
Li22N3 2.088(7), Li22N7 2.160(7), Li22N8 2.147(8), Sn22C22 the Sn2N bonds [d(SnN) 5 2.07 Å] compared to those in2.143(5), Sn22C23 2.165(5), Sn22C24 2.147(5); Sn22N42Li2

other distannazanes with bulkier groups R attached to the122.8(2), Sn22N42C20 123.1(3), C202N42Li2 112.7(3),
N42L12N3 84.0(3), N42Li22N7 135.5(4), N42Li22N8 nitrogen atom [d(SnN) 5 2.05 Å] [15]. This is presumably due
124.1(4), N72Li22N8 86.0(3), C222Sn22C23 109.4(2), to the electron-withdrawing properties of the boryl groupC222Sn22C24 111.4(3), C222Sn22N4 99.9(2) C242Sn22N4
111.4(2). on the pair of electrons at the central nitrogen atom. There-
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fore, the 2J(Sn/Sn) coupling transmission, which has been Short B2N bonds in aminoboranes are usually explained

in terms of an enhancement of B2N π bonding. However,thought to be dependent on the Sn2N2Sn angle[16] and
on the Sn2N bond lengths[1c], seems to be particularly pre- short B2N bonds are also present in lithioaminoboranes,

such as tBu2B2N(Li)tBu·OEt2, although here there is adominated by the position of the lone-pair electrons at the
nitrogen atom (see NMR discussion). fairly large dihedral angle of 30.4° between the boron and

nitrogen planes[19]. Moreover, the B2N bond length of 1.40The effective (pp) π interaction of the lone-pair electrons
of the nitrogen atom with the vacant p orbital of the boron Å in the N-silylated lithioaminoborane 9-BBN2NLi2

SiMe3, which crystallizes as a trimer with pseudo-tetracoor-atom is indicated by the short B2N bond of 1.42(1) Å. The
small torsion angle Sn12N12B12C11 of about 2° ad- dinated nitrogen atoms, is indicative of B2N double

bonds[1a]. Therefore, the short bonds are more likely to beditionally underlines the double bond character of this
bond. attributable to the positive inductive effect of the lithium

atom, which strengthens the σ bonds. This is also the caseInstead of the associated structures usually found for
R2NLi compounds[17], the N-lithiostannylamines 2a and for the adjacent Sn2N bond, which is extremely short com-

pared to that in the starting material 1b. Taking into ac-2b, derivatives of the distannylamines 1a and 1b, crystallize
as monomeric molecular units (shown in Figures 4 and 5). count that, on the basis of ab initio calculations, any π-

bonding in Sn2N bonds is negligible, the electron-donatingThe unit cell in the crystal of compound 2a contains two
independent molecules, which show slightly different bond property of the lithium atom, as discussed above, is solely

responsible for the strengthening of the σ bonds.lengths and angles. Significant differences in bond lengths
are only detectable in case of the N2Li distances (ca. 0.04 We gratefully acknowledge the support of this research by the
Å). The characteristic features of both lithioamines are the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen Indu-
surprisingly short Sn2N bonds of 2.028(3) for 2a and strie, and the Chemetall GmbH. We also thank Prof. Dr. H. Nöth

for helpful discussions and comments, Prof. Dr. W. Wrackmeyer2.020(3) Å for 2b, respectively. The sum of the covalent radii
(low-temperature NMR measurements), and Mrs. C. Neumann (es-of the elements is 2.033 Å[18]. Moreover, the N22C8 dis-
sential support of synthetic work).tance of 1.339(5) Å in 2a is considerably shorter than that

in 1a (see above), indicating a significant enhancement of Experimental Section
the N2C double bond character. These findings can be ex-

General: All operations were performed under dry argon. Glass-plained in terms of the transfer of the high electron density,
ware was dried prior to use by heating in vacuo. 2 NMR spectraprimarily located at the nitrogen atom of the amino group
were recorded with Bruker AC P 200 (11B), Jeol GSX 270 (15N,(as a consequence of the polar and indeed essentially ionic 119Sn), and Jeol EX 400 (1H, 7Li, 13C) instruments; standards: TMS

character of the Li2N bond[17]), into the adjacent bonds.
(internal, 1H, 13C), ext. 1  LiCl solution (7Li), ext. BF3 ·Et2O

Support for this explanation comes from the NMR studies, (11B), ext. CH3NO2 (15N), tetramethyltin (external 119Sn). 15N-
which indicate a remarkable high-field shift of the 119Sn sig- NMR spectra were recorded by polarization transfer techniques:
nals of 2a and 2b relative to those of the distannylamines refocused INEPT pulse sequence based on the 2J(15N1H) and the
1a and 1b. The sum of the angles at the amine nitrogen 3J(15N1H) coupling constants of ca.12 Hz and ca.1.522 Hz, respec-

tively, (assumed values). The notation nJ(119/117SnmX) represents theatom, as well as at the quinoline nitrogen atom, is 360°,
coupling of both isotopomers with X if the coupling cannot beconfirming the sp2 hybridization of these centers. Therefore,
observed separately. Chemical shifts, δ, are given in ppm, couplingtwo different Li2N bond lengths have been found, taking
constants, J, in Hz. 2 Mass spectra: Varian CH7 instrument withthe lithium cation to be the center of a spirocyclic ring frag-
electron impact ionization at 70 eV. The masses found refer to thement. Short distances are present due to the typical sp2-
isotopes 1H, 7Li, 12C, 11B, 14N, 120Sn. 2 Elemental analyses: Micro-

hybridized nitrogen atoms of the chelating aminoquinoline
chemical Laboratory of the Institute. 2 X-ray: Siemens P4 dif-

group acting as a donor ligand [d(LiN): ca. 1.97/2.03 Å]. Two fractometer, CCD area detector with Siemens LT 2 device; Mo-Kα
long Li2N bonds are formed with the sp3-hybridized nitro- radiation, λ 5 0.71063 Å, graphite monochromator; single crystals,
gen atoms [d(LiN): ca. 2.11 Å] of the chelating diamine coated with perfluoro ether oil, were mounted on a glass fibre.
tmeda. The tetrahedral symmetry around the metal cation Crystal data were determined and intensity data recorded at

1732193 K (see Table 2); data reduction was performed with theis slightly distorted. There is no simple explanation for the
program SAINT, structure solution by Patterson method and re-deviation of the coordination of the lithium center from
finement using the SHELXTL system[20]; final refinement was per-tetrahedral symmetry other than packing effects.
formed using the SHELX-97 programs[21]. All atoms except theThe structure of the N-lithiated stannylaminoborane 2b
hydrogen atoms were described with anisotropic temperature fac-is the third example of a monomeric N-lithioaminobo-
tors; all hydrogen positions were geometrically placed [d(CH) 5

rane[10] [19], but it is the first one with essentially planar co-
0.96 Å] and refined by using the riding model and fixed Ui. Details

res of C2BN(Li)Sn atoms with only small dihedral angles of the crystal structure determinations are available on request
between the boron and nitrogen planes. The structure indi- from Cambridge Crystallographic Data Centre (CCDC), 12 Union
cates the influence that the electropositive metal cation at- Road, Cambridge CB2 1EZ, U.K. [Fax: (internat.) 1 44-1223/
tached to the nitrogen atom exerts on the adjacent B2N 336033; E-mail: deposit@ccdc.cam.ac.uk] on quoting the deposi-

tory numbers CSD-101616 (1a), -101617 (1b), -101618 (2a), -101619and Sn2N bonds. Compared to the distannylborylamine
(2b), the names of the authors, and the full journal citation.1b, the B2N bond of 2b [d(BN): 1.381(6) Å] is shortened by

about 0.04 Å, and represents one of the shortest B2N Starting Materials: N(SnMe3)3
[22] was prepared according to a

modified literature procedure[23] from NaNH2/NH3/OEt2/double bonds yet found[10].
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Me3SnCl; 9-chloro-BBN[24] and Me2NSnMe3

[25] were prepared ac- non-volatile residue in 50 ml of hexane, 9.1 g (82%) of 1b crys-
tallized after storing the mixture at 220°C for 10 d; m.p. 60262°C.cording to literature procedures. The MeLi solution (ca. 1.6  in

Et2O) was supplied by Chemetall, Frankfurt. The crystals were found to be suitable for X-ray analysis. 2 1H
NMR (C6D6): δ 5 0.24 [s, 2J(119/117Sn1H) 5 53.9 Hz, 18 H,

8-[Bis(trimethylstannyl)amino]quinoline (1a): A mixture of 8-
SnMe3], 1.21 (m, 4 H, BCCCH), 1.4221.46 (m, 2 H, BCH),

aminoquinoline (5.0 g, 35 mmol) and Me2NSnMe3 (20.8 g, 92
1.7821.86 (m, 8 H, BCCH). 2 13C NMR δ 5 22.07

mmol) was stirred at room temp. A slighty exothermic reaction
[1J(119/117Sn13C) 5 363.5 Hz, SnMe3], 23.7 (BCCCH ), 31.4 (BCH),

occurred, with evolution of Me2NH. After heating the reaction
34.2 (BCCH). 2 11B NMR: δ 5 56.2. 2 15N NMR: δ 5 2289.0

mixture at 80°C for 25 h, so as to complete the elimination of
[1J(117/119Sn15N) 5 31.9 Hz, SnNSn]. 2 119Sn NMR: δ 5 48.6. 2

Me2NH, the excess Me2NSnMe3 was condensed at 102 3 Torr into
C14H32BNSn2 (462.6): calcd. C 36.35, H 6.97, N 3.03; found C

a cold trap at 260°C. The residual orange, viscous liquid was dis-
36.24, H 6.73, N 2.96. 2 Mol. mass: 463 (MS).

solved in 40 ml of hexane and kept at 4°C for 4 d, yielding 14.1 g
(86%) of 1a as orange crystals suitable for X-ray analysis; m.p. ca.

(8-Aminoquinolyl)(lithio)(trimethylstannyl)amine·tmeda (2a):
12215°C. 2 1H NMR (C6D6): δ 5 0.38 [s, 2J(119/117Sn1H) 5 53.7

To 5 ml of an MeLi solution (1.6  in diethyl ether) at 25°C, tmeda
Hz, 18 H, SnMe3], 6.74 (dd, 1 H, 7-H), 6.82 (m, 2 H, 5-H/6-H),

(0.97 g, 8.33 mmol) was added dropwise, and then the solvent was
7.24 (dd, 1 H, 3-H), 7.61 (dd, 1 H, 4-H), 8.87 (dd, 1 H, 2-H). 2

removed in vacuo at 25°C/1021 Torr. The colourless solid residue13C NMR: δ 5 20.75 [1J(119/117Sn13C) 5 389.1 Hz, SnMe3], 117.5
was dissolved in 30 ml of tert-butyl methyl ether, and to this solu-

[3J(119/117Sn13C) 5 35.1 Hz, C-7], 120.7 (C-5), 129.5 (C-3), 136.2
tion 14.9 ml (8.33 mmol) of a solution of 1a (0.56  in tert-butyl

(C-10), 136.5 (C-6), 138.3 (C-9), 142.7 (C-4), 149.2 (C-8), 154.9 (C-
methyl ether) was added dropwise at 230°C, resulting in a deep-

2). 2 15N NMR: δ 5 2318.0 [1J(117/119Sn15N) 5 28.8 Hz, SnNSn],
red colouration. After stirring for 2.5 h, the reaction mixture was

289.0 [1J(117/119Sn15N) 5 35.0 Hz, CNC]. 2 119Sn NMR: δ 5 26.2
allowed to warm to ambient temp. Filtration of the slightly cloudy

[2J(119Sn117Sn) 5 46.7 Hz]. 2 C15H24N2Sn2 (469.8): calcd. C 38.35,
solution (G4), concentration of the filtrate to a volume of ca. 25

H 5.16, N 5.96; found C 40.10, H 5.15, N 6.74. 2 Mol. mass:
ml under reduced pressure, and storing the concentrate at 220°C

470 (MS).
for 20 d gave 2a as dark-red crystals, suitable for X-ray analysis:
yield 2.43 g (68%); m.p. 1342136°C. 2 1H NMR (C6D6): δ 59-[Bis(trimethylstannyl)amino]-9-borabicyclo[3.3.1]nonane (1b):

N(SnMe3)3 (12.1 g, 24 mmol) was dissolved in 20 ml of CH2Cl2. 20.69 [s, 2J(119/117Sn1H) 5 53.9 Hz, 9 H, SnMe3], 2.70 (s, 12 H,
NCH3), 2.89 (s, 4 H, NCH2-), 6.70 (m, 2 H, 5-H, 6-H), 7.41 (t, 1At 240°C, this solution was added dropwise with stirring to a solu-

tion of 9-chloro-9-borabicyclo[3.3.1]nonane (3.7 g, 24 mmol) in 10 H, 3-H), 7.52 (dd, 1 H, 7-H), 8.28 (dd, 1 H, 4-H), 8.61 (dd, 1 H, 2-
H). 2 13C NMR: δ 5 21.32 (SnMe3), 46.2 (NCH3 ), 58.2 (NCH2-),ml of CH2Cl2. After allowing the reaction mixture to slowly warm

to ambient temp. (15 h), all volatile components were removed in 114.2 [3J(119/117Sn13C) 5 77.6 Hz, C-7], 120.0 (C-5), 130.2 (C-3),
136.8 (C-10), 137.2 (C-6), 141.4 (C-4), 155.2 (C-9), 163.6 (C-8),vacuo (25280°C/1023 Torr). From a solution of the colourless

Table 2. X-ray structure analysis data of 1a, 1b, 2a, and 2b

Compound 1a 1b 2a 2b

Chem. formula C15H24N2Sn2 C28H64B2N2Sn4 C18H31LiN4Sn C20H46LiN4Sn
Formula weight 469.74 925.19 429.10 479.05
Cryst. size [mm] 0.2 3 0.3 3 0.4 0.1 3 0.2 3 0.3 0.3 3 0.3 3 0.4 0.2 3 0.2 3 0.3
Cryst. system monoclinic triclinic monoclinic monoclinic
Space group P2(1)/c P1̄ P2(1)/c P2(1)/c
a [Å] 14.528(4) 9.70820(10) 13.89870(10) 13.29350(10)
b [Å] 10.028(3) 14.92160(10) 11.07780(10) 10.2085(2)
c [Å] 12.350(4) 15.4379(2) 27.8251(2) 18.87590(10)
α [°] 90.00 66.548(1) 90.00 90.00
β [°] 96.783(7) 73.685(1) 95.980(1) 91.025(1)
γ [°] 90.00 71.99 90.00 90.00

V [Å3] 1786.8(9) 1918.94(3) 4260.83(6) 2561.18(6)
Z 4 2 8 4
ρ(calcd.) [Mg/m3] 1.746 1.601 1.338 1.242
µ [mm21] 2.786 2.590 1.205 1.008

F(000) 912 912 1760 1008
Index range 215 # h # 18 210 # h # 10 217 # h # 18 215 # h # 13

212 # k # 12 216 # k # 16 214 # k # 14 212 # k # 12
215 # l # 15 216 # l # 14 237 # l # 34 222 # l # 22

2θ [°] 57.58 46.50 58.62 49.42
Temp. [K] 183 183 193 173(2)
Refl. collected 9913 8234 23832 12138
Refl. unique 3208 4328 8435 3644
Refl. observed (4σ) 2955 3963 5239 3435
R (int.) 0.0402 0.0195 0.0390 0.0278
No. of variables 202 338 447 252
Weighting scheme x/y[a] 0.0151/1.9239 0.0204/17.3145 0.0000/12.3307 0.0000/7.8454
GooF 1.197 1.135 1.129 1.234
Final R (4σ) 0.0227 0.0414 0.0339 0.0361
Final wR2 0.0540 0.0963 0.0746 0.0847
Larg. res. peak [e/Å3] 0.553 0.873 2.173 0.905

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.
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G. Seidel, Angew. Chem. 1981, 93, 100921010; Angew. Chem.

296.4. 2 119Sn NMR: δ 5 5.18 (br.). 2 C18H31LiN4Sn (479.1): Int. Ed. Engl. 1981, 20, 9722973.
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The reactions of Cp2Zr(L)(η2-Me3SiC2SiMe3) (L = THF, Starting from rac-(ebthi)Zr(η2-Me3SiC2SiMe3) with ε-
caprolactone and ethylene carbonate under analogouspyridine) with ε-caprolactone, cyclohexanone and

cycloheptanone result in an insertion of the carbonyl group conditions more stable complexes (2, 5) were obtained.
Complexes 2 and 3 were characterized by X-ray crystal-into the zirconacyclopropene ring system of the alkyne

complexes to yield the five-membered metallacyclic spiro- structure analysis. Complexes 1 and 2 react with further ε-
caprolactone in a catalytic ring-opening polymerization. Thezirconadihydrofurane complexes 1, 3, 4. The product with ε-

caprolactone is not stable at room temperature and was polymerization reactions were monitored by NMR
spectroscopy.identified only by NMR spectra and chemical reactions.

Introduction formation of a coordination dimer. Benzophenone reacted
by apparent displacement of the alkyne by the ketone toGroup-4 transition-metal and lanthanide complexes con-
give the complex Cp2Zr(THF)(η2-O5CPh2).taining one or two cyclopentadienyl ligands (metallocenes)

have emerged as a new class of initiators of the polymeri- Results and Discussion
zation of various polar monomers including methacrylate,

ε-Caprolactone (CL) reacts with Cp2Zr(L)(η2-Me3SiC2-epoxides, lactones. [1] The polymerization of lactones is
SiMe3) (L 5 THF, pyridine) and forms, comparable to theknown to give polyesters, which are becoming an increas-
reaction with acetone[5a], in a single step, the five-mem-ingly important class of versatile biodegradable and bio-
bered metallacyclic spiroacetal 1 (Eq. 1).compatible polymeric materials. [2] Since ε-caprolactone is

rapidly polymerized by many metal complexes, little infor-
mation is available on the details of the first steps in metal-
mediated polymerization process. For example, only mer-
YCl3(ε-caprolactone)3, [2b] in which the caprolactone is co-
ordinated by a carbonyl oxygen atom, has been charac-
terized by an X-ray structure analysis. Recently, we de-
scribed how (alkyne)zirconocene and -titanocene complexes
are capable of polymerizing ε-caprolactone with living Complex 1 is an orange solid, which is not stable at room
characteristics and high yield. [3a] Lactams react with (alky- temperature and decomposes in toluene to poly-ε-caprolac-
ne)titanocene or -zirconocene complexes to yield different tone (PCL) and a mixture of as yet unidentified zir-
complexes, depending on the nature of the metal and the conocene complexes.
ring size. These complexes have been discussed as elemental The reaction of rac-(ebthi)Zr(η2-Me3SiC2SiMe3) with ε-
steps in the ring-opening polymerization. [3b]

caprolactone yields the analogous ansa-metallocene com-
Here we report on reactions of (alkyne)zirconocene com- pounds 2a and 2b (Eq. 2).

plexes with cyclic carbonyl compounds such as ε-caprolac-
tone, giving cyclic acetals, postulated as intermediates in the
well-established ring-opening polymerization reaction.

The reactions of (alkyne)zirconocene and olefin com-
plexes with carbonyl compounds have been well investi-
gated. [4] For the complexes Cp2Zr(L)(η2-Me3SiC2SiMe3)
(L 5 THF,[6] pyridine[7]) the reaction with acetone, formal-
dehyde or benzaldehyde[5] leads to insertion products of
the carbonyl unit into the zirconacyclopropene ring of
the alkyne complex giving zirconadihydrofuranes
[Cp2Zr{2C(SiMe3)5C(SiMe3)2CRR92O2}], which, in
the case of the aldehydes, were additionally stabilized by
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Complex 2a crystallizes as orange yellow prisms, which, In the reaction with cycloheptanone the analogous com-

plex 4 was obtained. Both complexes are orange solids (3:in contrast to complex 1, are stable at room temperature
under argon. It was therefore possible to obtain crystals m.p. 136°C; 4: 138°C), which were characterized using

NMR spectra (3, 4) and X-ray crystal-structure analysis (3).for an X-ray structure analysis. The enhanced stability of
complex 2 when compared to 1 seems to be a consequence In addition, the reaction of rac-(ebthi)Zr(η2-Me3SiC2-

SiMe3) with ethylene carbonate results in an insertion ofof the steric shielding of the ebthi ligand system that has
been found in other reactions, e.g., with substituted olef- the carbonyl compound into a Zr2C bond of the

zirconacyclopropene to yield the five-membered metalla-ins[8] and with ethylene carbonate (see below). In solution
complex 2 has C1 symmetry, and both diastereomers (2a, cyclic complex 5 (Eq. 4). Complex 5 is a yellow crystalline

substance (m.p. 120°C).2b) could be observed by NMR investigations. The ratio of
the diastereomers formed is strongly influenced by tempera-
ture: for the product of this reaction, conducted at 210°C,
we observed by NMR investigations at room temperature
the stereoselective formation of the major complex 2a (ratio
2a/2b 5 6:1), while running the same reaction at room tem-
perature the ratio of the diastereomers formed was 1:1.

In a similar reaction a cycloreversion of the metallacycle
formed was found by heating the coupling product of the
nonsymmetrically substituted alkyne tBuC;CSiMe3 with From reactions of Cp2Zr(L)(η2-Me3SiC2SiMe3) (L 5
acetone. The kinetically preferred zirconacycle with an THF, pyridine) with ethylene carbonate no defined product
SiMe3 group in the β position rearranges at higher tempera- could be isolated. The 1H-NMR spectra showed within a
ture to the thermodynamically more stable α-SiMe3 prod- mixture of products the formation of a small amount of
uct. [5b]

a metallacyclic complex analogous to 5 and free ethylene
Heating of pure complex 2a, up to 50°C, gave no inver- carbonate; no polymeric product was obtained.

sion of the configuration at the acetal C and thus no com-
plex 2b, rather only decomposition products. It seems Spectroscopic Characteristics
reasonable to assume that the ebthi ligand, in comparison The NMR spectra of complexes 125 are very similar to
to the sterically less demanding Cp ligand, prevents the those reported earlier for such metallacycles, obtained from
cycloreversion by allowing less space for the ring-opening reactions of (alkyne)zirconocene complexes with acyclic
process. It therefore seems that there is no equilibrium be- carbonyl compounds such as aldehydes, ketones and es-
tween the two diastereomers and that the kinetically fa- ters. [5] Table 1 lists the relevant NMR data in comparison
voured product should be 2a. The ratio of the formed dia- to the acetone metallacycle [Cp2Zr{2C(SiMe3)5
stereomers cannot be explained by the steric restriction C(SiMe3)2CMe22O2}] (6).
coming from the ebthi ligand. The formation of 2a as the
major isomer indicates that there is no steric repulsion be-
tween the ebthi ligand and the seven-membered ring in the Table 1. Selected NMR data of zirconacyclic complexes 1, 2a, 3, 4

and 6β position of the metallacycle due to the similarity of 2a
and 2b. Investigations concerning coupling reactions with

1 2a 3 4 6 [5a]
substituted olefins show the same stereochemical behav-
iour. [8]

1H NMR
Additionally, for comparison, other cyclic carbonyl com- Cp 6.07 6.32 6.11 6.12

6.16pounds with a different number of oxygen atoms in the
ring, such as ketones (no O atoms) and ethylene carbonate SiMe3 0.19 0.35 0.13 0.20 0.19

0.47 0.51 0.20 0.35 0.29(two O atoms) were also investigated.
The reaction of Cp2Zr(L)(η2-Me3SiC2SiMe3) (L 5 THF, 13C NMR

pyridine) with cyclohexanone yields, by an insertion of the Cα,Cβ (alkyne) 214.7 219.6 215.3 211.6 211.7
190.0 187.4 192.8 195.3 193.5carbonyl compound into a Zr2C bond, the metallacyclic

complex 3 (Eq. 3). C(CO) 106.8 105.5 93.0 95.2 89.0

These data allow a clear distinction between the C1- (1,
2) and the Cs-symmetric (3, 4, 6) complexes to be made.
While the coupling of Cp2Zr(L)(η2-Me3SiC2SiMe3) with
the prochiral carbonyl compound ε-caprolactone leads to a
C1-symmetric complex with two signals for the inequivalent
Cp ligands (1: 2 s, each 5 H, δ 5 6.07 and 6.16), the reaction
product formed by the coupling with symmetrically substi-
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Table 2. Selected bond lengths [Å] and angles [°] for compoundstuted carbonyl compounds is Cs-symmetric and exhibits

2a, 3 and 6one signal for the two Cp rings (3, 4, 6, cf. Table 1).
Starting from the C2-symmetric alkyne complex rac-

(ebthi)Zr(η2-Me3SiC2SiMe3) we obtained as coupling prod- 2a 3 6 [5a]

ucts with the prochiral ε-caprolactone a mixture of two dia-
stereomers (see above) for which each diastereomer shows
four doublets for the Cp9 protons. By coupling the C2v-
symmetric ethylene carbonate with rac-(ebthi)Zr(η2-
Me3SiC2SiMe3) the C1-symmetric complex 5 is formed Bond lengths [Å]

Zr2O 1.972(4) 1.922(3) 1.936(3)quantitatively, as shown by NMR investigations, and the
Zr2Cα 2.320(6) 2.324(5) 2.324(5)spectra exhibit four characteristic doublets in the Cp region. Cα2Cβ 1.367(8) 1.358(7) 1.371(7)
Cβ2CR2 1.549(8) 1.527(7) 1.544(7)

Structural Investigations O2CR2 1.402(7) 1.441(5) 1.426(6)
Bond angles [°]

Complexes 2a and 3 were investigated by an X-ray crystal O2Zr2Cα 77.7(2) 76.2(2) 76.4(2)
Si2Cα2Zr 125.8(2) 120.9(3) 121.6(2)structure analysis (Figure 1 and 2).
Si2Cα2Cβ 127.4(5) 129.0(4) 128.4(4)
Cα2Cβ2Si 126.6(5) 125.7(4) 125.6(4)Figure 1. Molecular structure of complex 2a, shown by an ORTEP
Si2Cβ2CR2 115.9(4) 115.3(4) 116.1(3)plot at the 30% probability level[a]

O2CR22Cβ 111.8(5) 108.2(4) 108.7(4)

Both structures correspond very well to that of the ace-
tone product 6 [5a] and show as a result of a coupling of the
alkyne with the carbonyl compound the metallacyclic ring
substituted by an intact lactone or cyclohexane ring system.
The Cα2Cβ bond lengths [2a: 1.367(8); 3: 1.358(7) Å] are
in the expected range for C2C double bonds and the C2O
distances [2a: 1.402(7); 3: 1.441(5) Å] are in the C2O single-
bond range. All bond lengths and angles of the five-mem-
bered zirconacycle in the three compounds compared are
very similar.

Stoichiometric Reactions

[a] Selected bond lengths [Å] and bond angles [°]: Zr12C9 2.320(6), The reaction behaviour of [Cp2Zr{2C(SiMe3)5
O12C7 1.402(7), Zr12O1 1.972(4), C72C8 1.549(8), C82C9 C(SiMe3)2CMe22O2}] (6) has been well studied. [5a] In
1.367(8), C92Zr2O1 77.7(2), C72O12Zr 120.0(4), C82C92Zr

solutions containing 6 and acetone an equilibrium with an106.7(4).
“opened form” [Cp2Zr(Me2CO)(η2-Me3SiC2SiMe3)] was
proposed, the latter paving the way to numerous ligand re-Figure 2. Molecular structure of complex 3, shown by an ORTEP

plot at the 30% probability level[a] placements. These reactions are reversible and degenerate,
and were studied by NMR methods. [5c] With another al-
kyne, e.g. tolan, complex 6 reacts with substitution of the
silylalkyne to yield the analogous thermodynamically more
stable phenyl-substituted metallacyclic complex.

In reactions of 1, 4 and 5 with carbonyl compounds simi-
lar behaviour was expected and the stability of the com-
plexes depending on different carbonyl compounds was in-
vestigated.

In the reaction of 1 with equimolar amounts of cyclohep-
tanone the ε-caprolactone (CL) part of the metallacycle is
substituted by cycloheptanone, and 4, as well as poly-ε-cap-
rolactone (PCL), are formed. It is reasonable to assume that
the substitution to give 4 is slow and the free CL can react
quickly with unchanged 1 to give PCL. This substitution[a] Selected bond lengths [Å] and bond angles [°]: Zr12C11
also proceeds very well with acetone to give the correspond-2.324(5), C112C12 1.358(7), C122C13 1.527(7), C132O4

1.441(5), Zr2O4 1.922(3); C112Zr12O4 76.2(2), C122C112Zr1 ing metallacycle 6.
110.1(4).

Complex 1 alone reacts with further CL under ring-open-
ing polymerization to PCL. 1 is thermally unstable, and de-The obtained data for the five-membered zirconacyclic

ring of complexes 2a and 3 are listed in Table 2 and com- composes at room temperature to form PCL. In contrast,
the cyloheptanone complex 4 is thermodynamically sopared with those of complex 6.
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Scheme 1 The differences in the reaction behaviour, which were ob-

served in spite of the accordance in structural parameters
of the metallacycles, can be explained on the basis of steric
and/or electronic factors of the substituents of the metalla-
cyclic ring.

NMR Investigations of the Catalytic Ring-Opening Polymerization

The (alkyne)zirconocene complexes with additional li-
gands Cp2Zr(L)(η2-Me3SiC2SiMe3) (L 5 THF, pyridine)
and the corresponding compound without stabilizing li-
gands rac-(ebthi)Zr(η2-Me3SiC2SiMe3) are active in cata-
lytic ring-opening polymerizations of ε-caprolactone. The
poly-ε-caprolactone (PCL) produced was shown to possess
a very high molecular weight (Mw 5 73 000) and a narrow
molecular weight distribution (Mw/Mn 5 1.4) by GPC
analysis. [3a] In order to learn about the polymerization
mechanism, the ring-opening process was monitored di-stable that it is unreactive toward ethylene carbonate (EC)

or ε-caprolactone (toluene, 75°C, 1 h). It could be handled rectly by NMR spectroscopy (Figure 3). Cp2Zr(L)(η2-Me3-

SiC2SiMe3) (L5 pyridine, THF) was treated with ε-capro-for a short time in air. The acetone complex 6 also forms
compound 4 with cycloheptanone. The comparison of sta- lactone (1210 equivalents) in an NMR tube. The 1H- and

13C-NMR spectra recorded immediately after the additionbilities and reactivities thus shows the following trend: 4 >
6 > 1. In this series, complex 4 is the most stable and com- of CL showed at the initial stage the resonances arising

from complex 1, which is rapidly formed and indicated byplex 1 the most reactive compound.

Figure 3. 13C-NMR spectra of Cp2Zr(py)(η2-Me3SiC2SiMe3) with 10 equivalents of ε-caprolactone in C6D6; (CL 5 ε-caprolactone,
PCL 5 poly-ε-caprolactone, complex 1)
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the shift of the CO signal from δ 5 174.8 (free CL) to 106.8 merization of lactones.[1] NMR studies showed that further

steps of the catalytic cycle such as propagation and chain(complex 1). With an excess of the substrate free CL was
also observed. NMR spectra taken 30 minutes after mixing termination are very fast on the NMR time-scale and could

not be detected.showed signals arising from complex 1, from free substrate
(CL) and from poly-ε-caprolactone (PCL). The signals of The reaction of (alkyne)zirconocene complexes with

other cyclic carbonyl compounds such as ketones or ethyl-monomeric ε-caprolactone (CL) disappeared within 1 h, the
solution becoming highly viscous. No other species and un- ene carbonate yields analogous metallacycles, but no poly-

merization was observed.fortunately no end-group signals could be detected.
By combining ε-caprolactone with ethylene carbonate, Work is in progress to expand the ring-opening capability

to other heterocyclic substrates and to utilize the chiral in-polymers containing parts of PCL as well as polyethyl-
enecarbonate (PEC) were indicated. The 13C-NMR spectra itiator for stereoselective ring openings.
of the copolymer exhibit, in addition to the carbonyl peaks We thank the Fonds der Chemischen Industrie and the Max-
of PCL (δ 5 172.8), one of PEC (δ 5 155.0). The amount Planck-Gesellschaft for financial support.
of ethylene carbonate in the copolymer can be calculated
from the ratio of the areas of these peaks and was in the
range of about 8 mol-%. In contrast to this observation, Experimental Section
ethylene carbonate is not homopolymerized in toluene or General: All operations were carried out under argon using
THF even at reflux (see above). Also Cp*2Sm(THF)2 sys- standard Schlenk techniques. Prior to use, solvents were freshly
tems, which could not polymerize ethylene carbonate, form distilled from sodium tetraethylaluminate and stored under argon.

Deuterated solvents were treated with sodium or sodium tetra-copolymers, derived from CL and EC.[9]

ethylaluminate, distilled and stored under argon. ε-CaprolactoneBased on the results discussed for the ring-opening poly-
(Aldrich) was dried over molecular sieves and degassed before use.merization of ε-caprolactone by Cp*2SmMe[1c] and
2 Mass spectra: AMD 402. 2 NMR spectra: Bruker ARX 400.Cp*2LnOMe(THF),[1c] as well as our results mentioned
Chemical shifts referenced to signals of the solvents used: [D6]ben-above, we propose that at an early stage an exchange of the
zene (δH 5 7.16; δC 5 128.0). The spectra were assigned with theligand L (L 5 THF or pyridine) takes place; ε-caprolactone
help of DEPT and COLOC experiments. 2 Melting points: sealed

approaches through the carbonyl oxygen atom. Examples capillaries, Büchi 535 apparatus. 2 Elemental analyses: Leco
of this interaction can be found in the crystallographically CHNS-932 elemental analyzer.
characterized complexes mer-YCl3(ε-caprolactone)3

[2b] and
Preparation of 1: To a solution of 377 mg (0.80 mmol) ofCp2Zr(Me3SiC2SiMe3)(Me-ε-caprolactam),[3b] or in the

Cp2Zr(py)(η2-Me3SiC2SiMe3) in 10 ml of diethyl ether was added1H-NMR-spectroscopically identified initiator complex at 210°C 92 µl (0.80 mmol) of ε-caprolactone. The mixture was
Cp*2Y(OMe)(ε-caprolactone). [1c] The next step is the inser- stirred for 30 min at this temperature and the colour changed to
tion of the carbonyl group of the lactone into the zircona- orange. After concentration to dryness, n-hexane was added. The
cyclopropene ring system to yield the five-membered metal- solution was filtered, and after 12 h at 278°C orange crystals

formed. The crystals were washed with cold n-hexane and dried inlacyclic complex 1. On the basis of 13C-NMR studies in the
vacuo to give 210 mg (51%) of 1. 2 1H NMR (C6D6): δ 5 0.19,initiation of the ring-opening polymerization of ε-caprolac-
0.47 (s, 2 3 9 H, SiMe3), 1.422.1 (m, 6 H, CH2), 3.523.6 (m, 2 H,tone and δ-valerolactone by Cp*2SmMe,[1c] the formation
CH2), 3.83 (m, 2 H, CH2), 6.07, 6.16 (s, 2 3 5 H, Cp). 2 13C{1H}of an acetal has also been discussed.
NMR (C6D6): δ 5 4.4, 4.8 (SiMe3), 21.9, 26.4, 29.7, 39.3, 62.3The results of the NMR studies are disappointing. All
(CH2), 106.8 (CO), 113.1, 114.3 (Cp), 190.0 (β-CSiMe3), 214.7(α-subsequent steps of the catalytic cycles such as propagation
CSiMe3). 2 MS (70 eV); m/z (%): 220 [Cp2Zr]1, 170

and chain termination are very fast on the NMR time scale, [Me3SiC2SiMe3]1, 114 [ε-caprolactone]1. 2 C24H38O2Si2Zr
and could not be detected. This is consistent with the results (505.96): calcd. C 56.97, H 7.57; found C 56.83, H 7.63.
obtained by other groups in monitoring lactone polymeri-

Preparation of 2a and 2b: To a solution of 140 mg (0.266 mmol)zation by NMR.[1] Furthermore, no end-group signals were
of rac-(ebthi)Zr(η2-Me3SiC2SiMe3) in 10 ml of n-hexane, 28.1 µl

found. This has also been explained in some other (0.266 mmol) of ε-caprolactone was added. The colour of the reac-
works, [1b] [1f] by the formation of a cyclic polymer as the tion mixture changed from green to red-orange after a few seconds.
termination step. After standing for two weeks at 278°C, red crystals separated

which were suitable for X-ray structure analysis (crystals were the
pure diastereomer 2a as checked by NMR). Evaporation of the

Conclusion solvent at room temperature yielded 73 mg (43%) of an orange
foam of 2a and 2b. 2 2a (major isomer): 1H NMR (C6D6): δ 5The present study demonstrated that in the reaction of
0.35 (s, 9 H, SiMe3), 0.51 (s, 9 H, SiMe3), 1.423.2 (m, 28 H, CH2),the (alkyne)zirconocene complexes Cp2Zr(L)(η2-Me3SiC2-
3.57 (1 H, OCH2), 3.90 (1 H, OCH2), 5.12 (d, J 5 2.8 Hz, 1 H,SiMe3) (L5 THF, pyridine) and rac-(ebthi)Zr(η2-Me3SiC2-
Cp9), 5.39 (d, J 5 3.0 Hz, 1 H, Cp9), 6.58 (d, J 5 3.0 Hz, 1 H,SiMe3) with ε-caprolactone the five-membered spirocyclic
Cp9), 6.85 (d, J 5 2.8 Hz, 1 H, Cp9). 2 13C{1H} NMR (C6D6):

zirconadihydrofuranes 1 and 2 are formed. Both complexes δ 5 4.6, 6.2 (SiMe3), 21.2, 22.6, 23.0, 23.0, 23.2, 23.3, 23.5, 24.0,
are intermediates in the catalytic ring-opening polymeri- 24.0, 24.6, 25.5, 28.0, 28.1, 28.9 (CH2), 44.0 [CH2C(O)], 60.8
zation of ε-caprolactone. Complex 2 is the first well-charac- (CH2O), 107.7, 109.5, 110.6, 114.7, 122.1, 122.9, 129.3, 129.4 (CH)
terized example for the formation of such an acetal, which 105.5 (CO), 187.4 (β-CSiMe3), 219.6 (α-CSiMe3). 2 C34H52O2Si2Zr

(640.2): calcd. C 63.79, H 8.19; found C 64.00, H 8.16. 2 2b (minorwas proposed as an elemental step of the ring-opening poly-
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NMR (C6D6): δ 5 0.19, 0.27 (s, 2 3 9 H, SiMe3), 1.123.4 (20 H,Table 3. Crystal data, data collection and structure refinement for

compounds 2a and 3 CH2), 3.51(2 H, OCH2), 3.59 (1 H, OCH2), 4.91 (1 H, Cp9), 5.20
(d, 1 H, Cp9), 6.65 (d, 1 H,Cp9), 6.70 (d, 1 H, Cp9). 2 13C{1H}

2a 3 NMR (C6D6): δ 5 3.3 (SiMe3), 5.6 (SiMe3), 22.3, 22.9, 23.0, 23.1,
23.1, 23.6, 23.9, 24.6, 27.3, 27.6 (CH2-ebthi), 62.3, 62.6 (CH2O),

cryst. colour orange yellow 108.4, 109.4, 111.0, 118.2 (CH-ebthi) 119.0, 122.9, 123.7, 128.7,
cryst. system triclinic monoclinic 129.5, 131.6 (Cq), 181.5 (β-CSiMe3), 227.7 (α-CSiMe3). 2
space group P1̄ P21/n

C31H46O3Si2Zr (614.10): calcd. C 60.63, H 7.55; found C 60.59,a [Å] 9.900(2) 9.7050(12)
H 7.47.b [Å] 14.214(3) 18.887(3)

c [Å] 15.897(3) 13.902(2)
Polymerization of ε-Caprolactone in an NMR Tube: In a 5-mmα[°] 99.38(2) 90

NMR tube the catalyst (20230 mg) was dissolved in C6D6 (0.6 ml).β [°] 107.07(2) 97.300(11)
γ [°] 95.01(2) 90 ε-Caprolactone (1210 equivalents) was placed at the upper end of
Z 2 4 the tube to prevent early mixing. The NMR tube was closed andF(000) [e] 747 1032

vigorously shaken just before running the spectra.µ [mm21] 0.348 0.547
T [K] 200(2) 293(2) X-ray-Crystallographic Study of Complexes 2 and 3: Diffractionno. of rflns. (indep.) 6284 4071

data were collected on a STOE-IPDS diffractometer using graph-no. of rflns. (obsd.) 4686 1819
no. of parameters 390 253 ite-monochromated Mo-Kα radiation. Crystal data, details of the
R1 [(I $ 2σ(I)]) 0.074 0.046 data collections and structure refinement are compiled in Table 3.
wR2 (all data) 0.226 0.095 The structures were solved by direct methods (SHELXS-86: G. M.

Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467) and refined by
full-matrix least-squares techniques against F2 (SHELXL-93: G.

isomer, could only be obtained in a mixture with 2a): 1H NMR M. Sheldrick, University of Göttingen, Germany, 1993). Further
(C6D6): δ 5 0.29 (s, 9 H, SiMe3), 0.34 (s, 9 H, SiMe3), 5.15 (d, J 5 details of the crystal-structure investigations are available on re-
2.7 Hz, 1 H, Cp9), 5.33 (d, J 5 3.2 Hz, 1 H, Cp9), 6.35 (d, J 5 3.2 quest from the Cambridge Crystallographic Data Centre, on quot-
Hz, 1 H, Cp9), 6.76 (d, J 5 2.7 Hz, 1 H, Cp9), further signals could ing the depository number CCDC-101309. Copies of the data can
not be assigned. 2 13C{1H} NMR (C6D6): δ 5 5.4, 6.2 (SiMe3), be obtained free of charge on application to CCDC, 12 Union
39.5 [CH2C(O)], 61.2 (CH2O), 106.7, 108.7, 112.1, 116.5, 123.1, Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44(0)1223/
123.5, 126.2, 127.3, 130.0, 130.6 (CH-ebthi), 105.0 (CO), 191.4 (β- 336033; E-mail: deposit@ccdc.cam.ac.uk].
CSiMe3), 216.6 (α-CSiMe3).

Preparation of 3: An amount of 250 mg (0.54 mmol) of
; Dedicated to Dr. habil. Erhard Kurras on the occasion of hisCp2Zr(THF)(η2-Me3SiC2SiMe3) was dissolved in 10 ml of THF,

70th birthday.and cyclohexanone (56 µl, 0.54 mmol) was added to the solution. [1a] J. Okuda, I. L. Rushkin, Macromolecules 1993, 26, 553025532.
The mixture was stirred, whereupon the colour changed from or- 2 [1b] J. Okuda, K. C. Hulitzsch, Macromol. Rapid Commun.

1997, 18, 8092815. 2 [1c] H. Yasuda, E. Ihara, Bull. Chem.ange to yellow. The solution was concentrated to dryness and the
Soc. Jpn. 1997, 70, 174521767 and references therein. 2 [1d] M.residue was dissolved in n-hexane. On standing at 278°C for 2 d,
Hayakawa, M. Mitani, T. Yamada, T. Mukaiyama, Macromol.orange crystals deposited which were dried in vacuo to give 210 Chem. Phys. 1997, 198, 130521317. 2 [1e] T. Mukaiyama, M.

mg (79%) of 3, m.p. 136°C. 2 1H NMR (C6D6): δ 5 0.13, 0.20 (s, Hayakawa, K. Oouchi, M. Mitani, T. Yamada, Chem. Lett.
1995, 7372738 and references therein. 2 [1f] K. C. Hultzsch, T.2 3 9 H, SiMe3), 0.9021.0 (m, 2 H, CH2), 1.3021.41 (m, 4 H,
P. Spaniol, J. Okuda, Organometallics 1997, 16, 484524856.CH2), 1.6121.70 (m, 4 H, CH2), 6.32 (s, 10 H, Cp). 2 13C{1H}

[2a] D. Seebach, H.-M. Müller, Angew. Chem. 1993, 105, 4832509;NMR (C6D6): δ 5 5.2, 5.4 (SiMe3), 22.7, 26.1, 35.4 (CH2), 93.0 Angew. Chem. Int. Ed. Engl. 1993, 32, 4572476. 2 [2b] W. J.
(CO), 113.9 (Cp), 192.8 (β-CSiMe3), 215.3 (α-CSiMe3). 2 MS(70 Evans, J. L. Shreeve, R. J. Doedens, Inorg. Chem. 1993, 32,

2452246.eV); m/z (%): 220 Cp2Zr1, 170 [Me3SiC2SiMe3]1, 98
[3a] P. Arndt, D. Thomas, U. Rosenthal, Tetrahedron Lett. 1997, 38,[cyclohexanone]1. 2 C24H38OSi2Zr (489.94): calcd. C 58.83, H

546725468. 2 [3b] P. Arndt, C. Lefeber, R. Kempe, U. Rosen-7.82; found: C 58.53, H 8.13. thal, Chem. Ber. 1996, 129, 128121285. 2
[4a] G. Erker, F. Rosenfeldt, J. Organomet. Chem. 1982, 224, 29242.Preparation of 4: The reaction was carried out in the same man-

2 [4b] G. Erker, U. Dorf, P. Czisch, J. Petersen, Organometallicsner as described for complex 3 with an amount of 420 mg (0.89 1986, 5, 6682676. 2 [4c] S. Buchwald, R. Nielsen, Chem. Rev.
mmol) of Cp2Zr(py)(η2-Me3SiC2SiMe3) and cycloheptanone (104 1988, 88, 104721058. 2 [4d] E. Negischi, T. Takahashi, Syn-

thesis 1988, 1219. 2 [4e] H. Yasuda, T. Okamoto, K. Matsuoka,µl, 0.89 mmol) to give 330 mg of 4 (74%), orange crystals, m.p.
Y. Nakamura, Y. Kai, N. Kanehisa, N. Kasai, Organometallics138°C. 2 1H NMR (C6D6): δ 5 0.20, 0.35 (s, 2 3 9 H, SiMe3),
1989, 8, 113921152. 2 [4f] G. Erker, Angew. Chem. 1989, 101,1.51 (m, 4 H, CH2), 1.66 (m, 4 H, CH2), 1.83 (m, 2 H, CH2), 2.03 4112426; Angew. Chem. Int. Ed. Engl. 1989, 28, 3972412. 2

(m, 2 H, CH2), 6.11 (s, 10 H, Cp). 2 13C{1H} NMR (C6D6): δ 5 [4g] H. Alt, C. Denner, J. Organomet. Chem. 1990, 390, 53260.
2 [4h] T. Takahashi, N. Suzuki, M. Hasegawa, Y. Nitto, K. Aoy-5.0, 5.2 (SiMe3), 22.8, 27.6, 38.4 (CH2), 95.2 (CO), 113.2 (Cp),
agi, M. Saburi, Chem. Lett. 1992, 3312334. 2 [4i] S. Buchwald,195.3 (β-CSiMe3), 211.6 (α-CSiMe3). 2 MS(70 eV); m/z (%): 220
R. Broene, Science 1993, 261, 169621701. 2 [4k] E. Negishi, T.Cp2Zr1, 170 [Me3SiC2SiMe3]1, 112 [cycloheptanone]1. 2 Takahashi, Acc. Chem. Res. 1994, 27, 1242130. 2 [4l] G. Erker,

C25H39OSi2Zr (489.94): calcd. C 59.70, H 7.82; found C 58.83, H L. Lopez, M. Berlekamp, D. Kowalski, Angew. Chem. 1994,
106, 116821170; Angew. Chem. Int. Ed. Engl. 1994, 33,8.11.
111421116. 2 [4m] G. Erker, M. Berlekamp, L. Lopez, M.

Preparation of 5: To a solution of 310 mg (0.589 mmol) of rac- Grehl, B. Schönecker, R. Krieg, Synthesis 1994, 2142222. 2
[4n] E. Hey-Hawkins, Chem. Rev. 1994, 94, 166121717. 2 [4o](ebthi)Zr(η2-Me3SiC2SiMe3) in 3 ml of diethyl ether, 52 mg (0.589
M. Hasegawa, Y. Nitto, M. Saburi, J. Organomet. Chem. 1994,mmol) of ethylene carbonate was added . The colour of the reaction
473, 1172128. 2 [4p] M. Maier, T. Oost, J. Organomet. Chem.mixture changed from green to red-orange after stirring for 5 min. 1995, 505, 952107.
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Staudinger reactions of the β-ferrocenylvinyl azide 1 with (triphos) and tris[2-(diphenylphosphanyl)ethyl]phosphane
(tetraphos). Reaction of these P,N-difunctional ferroceneseveral diphosphanes in a 1:1 molar ratio afford the

monoiminophosphorane derivatives 2–4, whereas with a 2:1 ligands with dichlorobis(benzonitrile)palladium(II) leads to
the PdII-metallacycle derivatives 13 and 14. The molecularstoichiometry these reactions afford the bis(imino-

phosphoranes) 5–7. Similar results are obtained for the structures of 5d and 13 have been established by X-ray
crystallography.reactions of 1 with tris(diphenylphosphanylmethyl)ethane

Ferrocene derivatives containing phosphane groups have end and a hard nitrogen center (amino, amido, imine or
pyridine ring) at the other, have been reported[8].proved to be very useful in coordination chemistry[1] and

have found application in enantioselective transition-metal- Following our work on the preparation of new ferrocene
derivatives by means of aza Wittig reactions[9], we now wishcatalyzed reactions[2]. In contrast to the large number of

ferrocene-derived phosphanes and their complexes in which to report on the efficient synthesis of P,N-heterodifunc-
tional ferrocene-based ligands. Our approach is based onthe phosphorus atom is directly bonded to a cyclopen-

tadienyl ring, ligands with a tether connecting the two func- the Staudinger imination[10] of trivalent phosphorus com-
pounds with azides to produce an iminophosphorane func-tionalities are less common[3], although chiral analogues

have been attracting interest owing to their catalytic ac- tion after nitrogen evolution. This method, which allows
the partial oxidation of diphosphanes using the β-ferrocen-tivity[4].

There is also a general interest in transition-metal com- ylvinyl azide 1, is applicable to diphosphanes of various al-
kene chain lengths, and even to tri- and tetraphosphanes.plexes with heterodifunctional ligands because of their po-

tential as catalysts[5] and their proven usefulness in the
Results and Discussionpreparation of heterobimetallic species[6]. Heterodifunc-

tional ligands provide versatile binding sites for metals, and Reaction of the starting β-ferrocenylvinyl azide 1 [9] with
thus effective catalysts may be generated from complexes of the appropriate diphosphane (1:1 molar ratio) in dry di-
bifunctional chelate ligands in which one arm of the chelate chloromethane for 15 h at room temperature provides the
is more loosely bound than the other, so that an equilibrium corresponding monoiminophosphorane 2, along with trace
opening a coordinate site and thus providing access to a amounts of the bis(iminophosphorane) 5. Compounds 2
reactive intermediate can be established. could be isolated in yields ranging from 33 to 66% after

purification by column chromatography and recrystalliza-
tion. Similarly, reactions of 1 with (E)-1,2-bis(diphenyl-
phosphanyl)ethene and 1,19-bis(diphenylphosphanyl)ferro-
cene afford the monoiminophosphoranes 3 (46%) and 4
(21%), respectively. However, when reactions of azide 1Since M2N π bonds are known to be more labile than

M2P π bonds in some complexes[7], the use of bidentate with diphosphanes (2:1 molar ratio) were carried out in di-
ethyl ether at 215°C, the major product is the correspond-ligands containing one phosphorus and one nitrogen donor

can be expected to improve the catalytic activity. In this ing bis(iminophosphorane) 5 (45289%), together with a
small amount of the monoiminophosphorane 2. Undercontext, the preparations and catalytic activities of a num-

ber of rhodium, iridium, palladium and platinum P,N com- these conditions, reaction with 1,19-bis(diphenylphosphan-
yl)ferrocene provides the bis(iminophosphorane) 6, whileplexes, which contain a soft phosphorus(III) center at one
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that with (E)-1,2-bis(diphenylphosphanyl)ethene afforded 7, spectrum of monoiminophosphorane 3 can be described as

an AMX system, the ethylenic carbon atom C2PIII signalalbeit in very low yield (9%) (Scheme 1).

Scheme 1

The 1H-NMR spectra of compounds 2 and 5 show appears at δ 5 148.41 as a doublet (1JP-C 5 23.4 Hz), while
the ethylenic C2PV signal appears at δ 5 134.73 as a dou-characteristic features: the ferrocenyl hydrogen atoms give

a singlet at δ 5 4.0124.12 for the unsubstituted cyclopen- blet of doublet (1JP-C 5 87.2 Hz, 2JP-C 5 10.5 Hz). In the
bis(iminophosphorane) 7, the two ferrocene subunits aretadienyl ring, and two pseudo triplets at δ 5 4.1724.59 and

δ 5 4.9025.06, corresponding to an AA9MM9 pattern for equivalent; the C5O carbon atom signals appear as an ap-
parent triplet and the ethylenic carbon atom signals C2PVthe monosubstituted ring, while the vinylic proton signal

appears as a doublet at δ 5 6.1426.53 due to PV coupling. appear at δ 5 141.16 as five-line multiplets. The 31P{1H}-
NMR spectrum of 3 features two doublets centered at δ 5The 13C{1H}-NMR spectra also exhibit the typical signals

for monosubstituted ferrocenes. NOE experiments per- 1.04 and δ 5 27.25, attributable to the pentavalent and
trivalent phosphorus atoms, respectively, whereas the spec-formed on compound 2b allowed us to assign the α- and β-

protons of the substituted cyclopentadienyl ring (Figure 1). trum of bis(iminophosphorane) 7 shows only one singlet at
δ 5 0.63. In the 1H- and 13C-NMR spectra of compounds 4Figure 1. Selected NOE correlations for compound 2b
and 6, the characteristic signals of mono- and disubstituted
ferrocenes are observed. In the 13C-NMR spectrum of com-
pound 4, the disubstituted ferrocene ring signals appear as
a set of six pairs of doublets, whereas in compound 6 it
gives rise to a set of three pairs of doublets, besides only
one set of signals for the two monosubstituted ferrocenes,
indicating that they are equivalent. The 31P-NMR spectrum
of compound 4 shows two singlets at δ 5 4.40 and δ 5

Some salient 13C{1H}- and 31P{1H}-NMR data for com- 219.04, assigned to the pentavalent and trivalent phos-
pounds 2 and 5 are compiled in Table 1. The 13C-NMR phorus atoms respectively, while that of compound 6 shows
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Table 1. 13C{1H}-NMR[a] and 31P{1H}-NMR[b] data of the diphosphane framework in compounds 2 and 5[c]

C-1 C-2 C-3 C-4 PV PIII

2a 31.68 (dd, 3.36 (d, 229.49
1JP(V) 5 59.5, 2JPP 5 53.8)
1JP(III) 5 30.5)

2b 26.88 (dd, 19.37 (dd, 8.15 (d, 212.93
1JP(V) 5 66.2, 1J 5 13.9, 3JPP 5 48.8)
2JP(III) 5 16.9) 2J 5 4.0)

2c 31.39 (dd, 18.52 (dd, 29.37 (dd, 6.91 218.87
1JP(V) 5 65.1, 2JP(V) 5 17.0, 1JP(III) 5 26.5,
3JP(III) 5 12.5) 2JP(III) 5 2.5) 3JP(V) 5 14.5)

2d 30.10 (d, 23.06 (dd, 27.54 (dd, 27.71 (d, 7.32 216.61
1JP(V) 5 66.6) 2JP(V) 5 15.5, 2JP(III) 5 1JP(III) 5 11.4)

3JP(III) 5 3.5) 3JP(V) 5 14.5)
5a 31.43 (quint, 22.64

1J11J 5 108.0)
5b 23.13 (quint, 8.60

1J12J 5 130.2)
5c 30.27 (dd, 15.22 (m) 6.73

1J 5 64.0,
3J 5 10.9)

5d 30.07 (d, 23.05 (dd, 7.36
1J 5 66.4) 2J 5 16.0,

3J 5 3.1)

[a] Chemical shift δ(13C) relative to TMS; coupling constants in Hz. 2 [b] Chemical shift δ(31P) relative to external 85% H3PO4; coupling
constants in Hz. 2 [c] Solvent CHCl3.

only one singlet at δ 5 5.34. The constitution of compound in dry dichloromethane at room temperature afforded a
mixture of the monoiminophosphorane 8 (21%) and the5d was further corroborated by a single-crystal X-ray dif-

fraction study. The molecular structure shows an inversion bis(iminophosphorane) 9 (7%), which were readily sepa-
rated by column chromatography. However, when the reac-centre in the C172C17a bond mid point. The P2N bond

lenght [1.566(2) Å] is within the expected values. An OR- tion was carried out in diethyl ether at 215°C in a 3:1 mo-
lar ratio, the corresponding tris(iminophosphorane) 10 wasTEP drawing of 5d is shown in Figure 2; selected bond

lengths and angles are given in the caption. obtained in good yield as the sole reaction product (77%)
(Scheme 2).Figure 2. ORTEP plot of compound 5d[a]

The 1H-NMR spectrum of the bis(iminophosphorane) 9
shows two sets of signals for the two ferrocene subunits,
indicating that they are non-equivalent. 1H-, 13C- and 31P-
NMR data of the triphos framework in compounds 8, 9 and
10 are compiled in Table 2.

Reaction of azide 1 with tris[2-(diphenylphosphanyl)-
ethyl]phosphane (tetraphos) in a 1:1 molar ratio in dichloro-
methane at room temperature afforded the monoimino-
phosphorane 11 in 31% yield. However, when the reaction
was carried out in a 4:1 molar ratio in diethyl ether at
215°C, the main product was found to be the
tetra(iminophosphorane) 12 (28%) (Scheme 3). The 1H-
and 13C-NMR spectra of compound 12, which bears four
ferrocene subunits, showed the non-equivalence of one fer-
rocene group.

At this point, it seemed interesting to assess the com-
plexation behavior of these heterodifunctional ferrocene de-[a] 50% probability ellipsoids; selected bond lengths [Å] and angles
rivatives 2 and 8 with palladium(II) (Scheme 4), as these[°]: P2N 1.566(2), N2C(12) 1.384(3), C(1)2C(11) 1.453(3),

C(11)2C(12) 1.350(3); C(12)2N2P 131.6(2), C(12)2C(11)2C(1) compounds possess a complex-forming diphenylphos-
127.5(2), C(11)2C(12)2N 122.8(2).

phanyl group and an iminophosphorane function, which
has also demonstrated its versatility in forming M2N σReaction of the β-ferrocenylvinyl azide 1 with tris(di-

phenylphosphanylmethyl)ethane (triphos) (1:1 molar ratio) bonds to transition metals[11].
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Scheme 2

The ferrocene derivative 2a was found to react cleanly
Scheme 3 with dichlorobis(benzonitrile)palladium(II) in toluene at

215°C affording the new P,N-chelate 13, the structure of
which has been determined by X-ray analysis (Figure 3).
The 31P-NMR spectrum of 13 features two doublets, with
the iminophosphorane unit resonating at lower field (δ 5
44.23) than the diphenylphosphanyl center (δ 5 14.16).

Complex 13 represents the first example of a ferrocene
derivative containing an iminophosphorane phosphane li-
gand. The palladium atom has a distorted square-planar
coordination geometry. The large Pd2Cl1 bond length
(2.3719 Å) compared to Pd2Cl2 (2.3133 Å) is consistent
with the larger trans influence of P compared to N. The
P2N bond length (1.628 Å) indicates that this bond is
slightly elongated due to the coordination, since free imino-
phosphoranes show shorter P2N bond lengths (1.567 Å).
The PV atom geometry corresponds to a distorted tetra-
hedron, with the N2P2C angle [102.3(1)°] being the smal-
lest. The distortion is probably due to the chelate ring stress.

The complexation behavior of 8 with PdII under the same
reaction conditions was found to be different from that of
2a and the P,P-chelate 14 was formed (Scheme 4). The 31P-
NMR spectrum showed this clearly, featuring only two sin-
glets at δ 5 0.1, characteristic of a non-coordinated imino-
phosphorane function, and at δ 5 15.60, attributable to the
coordinated diphenylphosphane groups.

The difference of 26.6 ppm between the chemical shifts
of the PIII and PV centers in 8 is reduced to 15.7 ppm in
14. The 13C-NMR spectrum of 14 shows two sets of signals
for the aromatic rings of the diphenylphosphanyl groups
and phosphorus-coupled resonances split into “a non 1:2:1
triplet”. Such a triplet could be observed due to a 13C nu-
cleus and two 31P nuclei forming an AXX9 spin system, as
characteristic splitting clearly indicates that the two chemi-
cally equivalent phosphorus atoms are bound to palladium
in a cis manner[12]. The differing complexation behavior of
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Table 2. NMR data of the triphos framework in componds 8, 9 and 10[c]

1H NMR[a] 13C NMR[a] 31P NMR[b]

CH3 CH2PV CH2PIII CH3 CH2PV CH2PIII CCH2

8 0.8820.85 (m) 3.00 (d, 2.62 (d, 28.08 (m) 40.90 (dt, 42.83 (dt, 39.50 (dt, 0.20 (s) 226.86 (s)
2JP(V) 5 11.4) 2JH 5 15.0), 1JP(V) 5 58.2, 1JP(III) 5 9.0, 2JP(III) 5 13.8,

2.42 (d, 3JP(III) 5 8.2) 3JP(V) 5 9.0) 2JP(V) 5 3.5)
2JH 5 15.0)

9 0.86 (m) 3.38 (dd, 2.58 (d, 26.76 (m) 41.00 (m) 42.77 (m) 40.10 (dt, 0.92 (s) 226.97 (s)
2JH 5 12.0, 2JP(III) 5 1.0) 2JP(III) 5 14.2,
2JHP(V) 5 11.8), 2JP(V) 5 3.8)
3.19 (dd,
2JH 5 12.0,
2JHP(V) 5 11.8)

10 0.70 (m) 3.20 (m) 40.16 (m) 1.89 (s)

[a] Chemical shift δ(1H and 13C) relative to TMS; coupling constants in Hz. 2 [b] Chemical shift δ(31P) relative to external 85% H3PO4.
2 [c] Solvent CHCl3.

Scheme 4

2a and 8 may be due to their structural features, since the
second diphenylphosphanyl group of 8 has stronger coordi-Figure 3. ORTEP plot of compound 13[a]

nation ability toward PdII that the iminophosphorane
group of 2a.

A final word about the conformation of the ligand 8 and
of its complex 14 is relevant. In triphos[13] the signal of the
CH3C protons exhibits a chemical shift of δ 5 0.95, while
in transition-metal complexes[14] these protons give rise to
a signal in the range δ 5 1.1222.09. In the 13C-NMR spec-
tra, the signal of the CH3C carbon atom appears at δ 5
29.5 in the free ligand, while in complexes it appears at δ 5
36240. In all these cases, the triphos fragment adopts a
“CH3-out” conformation. The 1H-NMR spectra of com-
pounds 8 and 14 show the signal of the CH3C protons at
δ 5 0.85 and δ 5 0.14, respectively, while in the 13C-NMR
spectra the signal of this methyl carbon atom appears at
δ 5 28.08 and δ 5 28.15, respectively. In view of the fact
that in cyclic compounds with bridgehead 1,1,1-trisubsti-[a] 50% probability ellipsoids; selected bond lengths [Å] and angles
tuted ethane fragments, the signal of the “CH3C-in” group[°]: Pd2N 2.062(3), Pd2P(1) 2.2259(11), Pd2Cl(2) 2.3133(9),

Pd2Cl(1) 2.3719(11), P(2)2N 1.628(2); N2Pd2P(1) 87.35(8), is shifted upfield relative to that of the “CH3-out” group[15],
P(1)2Pd2Cl(2) 88.71(4), N2Pd2Cl(1) 91.75(9), Cl(2)2Pd2Cl(1) the conformation of the triphos fragment in compounds 893.10(3), C(6)2P(1)2Pd 105.60(12), N2P(2)2C(6) 102.32(14),
P(2)2N2Pd 112.5(2), P(2)2C(6)2P(1) 108.8(2). and 14 seems likely to be another than the “CH3-out” one.
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We gratefully acknowledge the financial support of the Dirección C-4), 60.56 (CH2CH3), 26.88 (dd, 1JP(V) 5 66.2 Hz, 2JP(III) 5 16.9

Hz), 19.37 (dd, 1J 5 13.9 Hz, 2J 5 4.0 Hz), 14.13 (CH2CH3). 2General de Investigación Cientı́fica y Técnica, project number
PB95-1019. 31P{1H} NMR (CDCl3): δ 5 8.15 (d, PV), 212.93 (d, PIII), 3JPP 5

48.8 Hz. 2 MS (EI, 70 eV); m/z (%): 695 (100) [M1], 183 (55), 121
(34). 2 C41H39FeNO2P2 (695.56): calcd. C 70.80, H 5.65, N 2.01;Experimental Section
found C 70.55, H 5.80, N 2.12.

All experiments were carried out with the exclusion of air and
2c: 33%, red prisms, m.p. 49251°C, Rf 5 0.428. 2 IR (Nujol):moisture under nitrogen. Solvents were purified and dried accord-

ν 5 1693, 1585, 1415, 1211, 1110, 806 cm21. 2 1H NMR (CDCl3):ing to standard methods. Compound 1 was prepared according to
δ 5 7.8227.70 (m, 4 H), 7.4427.20 (m, 16 H), 6.44 (d, 1 H, 4J 5a literature procedure[9]. 2 NMR: Bruker AC200 or Varian Unity
7.5 Hz, CH5C), 4.91 (br. s, 2 H, 2-H/5-H), 4.18 (br. s, 2 H, 3-H/300. 2 MS: Fisons Autospec 5000 VG. 2 IR: Nicolet Impact 400.
4-H), 4.05 (s, 5 H, Cp), 3.94 (q, 2 H, 3J 5 7.2 Hz, CH2CH3),2 Elemental analyses: Perkin-Elmer 240c. 2 Melting points were
2.6222.45 (m, 2 H, CH2PV), 2.1021.95 (m, 2 H, CH2PIII),determined with a Kofler hot-plate and are uncorrected.
1.5821.42 (m, 2 H, CH2CH2PIII), 1.09 (t, 3 H, 3J 5 7.2 Hz,

Preparation of Monoiminophosphoranes 2 and 4. 2 General Pro-
CH2CH3). 2 13C{1H} NMR (CDCl3): δ 5 168.04 (d, 3J 5 7.0 Hz,

cedure: To a solution of the β-ferrocenylvinyl azide 1 (0.50 g, 1.53
CO), 138.32 (d, 1J 5 12.5 Hz, C-199), 134.12 (d, 2J 5 6.4 Hz, CH5

mmol) in 10 ml of dry CH2Cl2, an equimolar amount of the appro-
C), 134.13 (d, 1J 5 98.6 Hz, C-19), 132.58 (d, 2J 5 18.5 Hz, C-299),

priate diphosphane in 10 ml of dry CH2Cl2 was added at room
131.06 (d, 2J 5 9.0 Hz, C-29), 130.50 (d, 4J 5 2.5 Hz, C-49), 128.37

temperature. The reaction mixture was stirred for 15 h. The solvent
(C-49), 128.28 (d, 3J 5 7.0 Hz, C-399), 128.18 (d, 3J 5 11.4 Hz, C-

was then removed in vacuo and the remaining residue was chroma-
39), 115.97 (d, 3J 5 21.0 Hz, CH5C), 83.07 (C-1), 69.60 (C-2/C-

tographed on a silica gel column using ethyl acetate/n-hexane (1:3)
5), 68.88 (Cp), 68.18 (C-3/C-4), 60.50 (CH2CH3), 31.39 (dd,

as eluent. 1JP(V) 5 65.1 Hz, 3JP(III) 5 12.5 Hz, CH22PV), 29.37 (dd, 1JP(III) 5

26.5 Hz, 3JP(V) 5 14.5 Hz, CH2PIII), 18.52 (dd, 2JP(V) 5 17.0 Hz,
2JP(III) 5 2.5 Hz, CH2CH2PIII), 14.13 (CH2CH3). 2 31P NMR
(CDCl3): δ 5 6.91 (s, PV), 218.87 (s, PIII). 2 MS (EI, 70 eV); m/z
(%): 709 (100) [M1], 183 (25), 121 (31). 2 C42H41FeNO2P2

(709.59): calcd. C 71.09, H 5.82, N 1.97; found C 71.00, H 5.89,
N 1.85.

2d: 44%, orange prisms, m.p. 88290°C, Rf 5 0.40. 2 IR (Nujol):
ν 5 1695, 1595, 1415, 1216, 1114, 806 cm21. 2 1H NMR (CDCl3):
δ 5 7.8027.65 (m, 4 H), 7.4727.28 (m, 16 H), 6.41 (d, 1 H, 4J 5

2a: 66%, red prisms, m.p. 1432144°C, Rf 5 0.375. 2 IR (Nujol): 7.2 Hz, CH5C), 4.91 (s, 2 H, 2-H/5-H), 4.20 (s, 2 H, 3-H/4-H),
ν 5 1693, 1590, 1415, 1220, 1109, 806 cm21. 2 1H NMR (CDCl3): 4.08 (s, 5 H, Cp), 3.91 (q, 1.7 H, 3J 5 7.2 Hz, CH2CH3), 3.43 (q,
δ 5 7.8727.70 (m, 4 H), 7.4227.12 (m, 16 H), 6.37 (d, 1 H, 4JP 5 0.3 H, 3J 5 6.9 Hz, CH2CH3), 2.53 (br. s, 2 H, CH2PV), 2.02 (br.
8.2 Hz, CH5C), 4.96 (pseudo-t, 2 H, J 5 1.8 Hz, 2-H/5-H), 4.21 s, 2 H, CH2PIII), 1.57 (br. s, 4 H, CH2CH2CH2PIII), 1.20 (t, 0.4 H,
(pseudo-t, 2 H, J 5 1.8 Hz, 3-H/4-H), 4.12 (s, 5 H, Cp), 3.82 (q, 2 3J 5 6.9 Hz, CH2CH3), 1.07 (t, 2.6 H, 3J 5 7.2 Hz, CH2CH3). 2
H, 3J 5 7.1 Hz, CH2CH3), 3.55 (dd, 2 H, J 5 12.1, 1.0 Hz, CH2P), 13C{1H} NMR (CDCl3): δ 5 168.01 (d, 3J 5 6.5 Hz, CO), 138.74
1.09 (t, 3 H, 3J 5 7.1 Hz, CH2CH3). 2 13C{1H} NMR (CDCl3): (d, 1J 5 13.5 Hz, C-199), 134.30 (d, 2J 5 6.9 Hz, CH5C), 133.96
δ 5 167.95 (d, 3J 5 8.0 Hz, CO), 138.33 (dd, 1J 5 15.5 Hz, 3J 5 (d, 1J 5 98.6 Hz, C-19), 132.64 (d, 2J 5 18.5 Hz, C-299), 131.07 (d,
7.5 Hz, C-199), 134.90 (dd, 1J 5 104.1 Hz, 3J 5 1.0 Hz, C-19), 2J 5 9.0 Hz, C-29), 130.55 (d, 4J 5 2.4 Hz, C-49), 128.42 (C-49),
134.06 (d, 2J 5 7.5 Hz, CH5C), 132.92 (d, 2J 5 20.0 Hz, C-299), 128.32 (d, 3J 5 6.0 Hz, C-399), 128.21 (d, 3J 5 11.0 Hz, C-39),
131.15 (dd, 2J 5 9.0 Hz, 4J 5 1.5 Hz, C-29), 130.42 (d, 4J 5 2.4 115.79 (d, 3J 5 20.5 Hz, CH5C), 83.14 (C-1), 69.60 (C-2/C-5),
Hz, C-49), 128.40 (C-499), 128.20 (d, 3J 5 6.4 Hz, C-399), 128.07 (d, 68.90 (Cp), 68.26 (C-3/C-4), 60.50 (CH2CH3), 30.10 (d, 1JP(V) 5
3J 5 12.0 Hz, C-39), 115.65 (d, 3J 5 22.0 Hz, CH5C), 83.25 (C- 66.6 Hz, CH22PV), 27.71 (d, 1JP(III) 5 11.4 Hz, CH22PIII), 27.54
1), 69.69 (C-2/C-5), 68.95 (Cp), 68.14 (C-3/C-4), 60.53 (CH2CH3), (dd, 2JP(III) 5 3JP(V) 5 14.5 Hz, CH2CH2PIII), 23.06 (dd, 2JP(V) 5
31.68 (dd, 1JP(V) 5 59.5 Hz, 1JP(III) 5 30.5 Hz, CH2P), 14.14 15.5 Hz, 3JP(III) 5 3.5 Hz, CH2CH2PV), 14.13 (CH2CH3). 2 31P
(CH2CH3). 2 31P{1H} NMR (CDCl3): δ 5 3.36 (d, PV), 229.49 NMR (CDCl3): δ 5 7.32 (s, PV), 216.61 (s, PIII). 2 MS (EI, 70
(d, PIII), 2JPP 5 53.8 Hz. 2 MS (EI, 70 eV); m/z (%): 681 (98) eV); m/z (%): 723 (30) [M1], 606 (36), 241 (100), 183 (40), 121 (39).
[M1], 616 (81), 431 (35), 121 (100). 2 C40H37FeNO2P2 (681.54):

2 C43H43FeNO2P2 (723.62): calcd. C 71.37, H 5.99, N 1.94; found
calcd. C 70.49, H 5.47, N 2.06; found C 70.58, H 5.63, N 1.99. C 71.51, H 6.08, N 1.85.

2b: 35%, red prisms, m.p. 62264°C, Rf 5 0.393. 2 IR (Nujol):
ν 5 1695, 1590, 1416, 1210, 1109, 806 cm21. 2 1H NMR (CDCl3):
δ 5 7.7827.67 (m, 4 H, 299-H), 7.4527.39 (m, 6 H, 49-H, 39-H),
7.2727.24 (m, 10 H, 39-H, 399-H, 499-H), 6.48 (d, 1 H, 4J 5 7.3 Hz,
CH5C), 4.95 (pseudo-t, 2 H, J 5 1.7 Hz, 2-H/5-H), 4.22 (pseudo-t,
2 H, J 5 1.7 Hz, 3-H/4-H), 4.07 (s, 5 H, Cp), 3.90 (q, 2 H, 3J 5

7.1 Hz, CH2CH3), 2.7522.58 (m, 2 H, CH22PV), 2.2722.12 (m, 2
H, CH2PIII), 1.07 (t, 3 H, 3J 5 7.1 Hz, CH2CH3). 2 13C{1H} NMR
(CDCl3): δ 5 167.91 (d, 3J 5 6.9 Hz, CO), 137.62 (d, 1J 5 13.5
Hz, C-199), 134.05 (d, 2J 5 7.0 Hz, CH5C), 133.48 (d, 1J 5 98.9 4: 21%, orange prisms, m.p. 78280°C, Rf 5 0.464. 2 IR (Nujol):

ν 5 1693, 1591, 1413, 1213, 1108, 807 cm21. 2 1H NMR (CDCl3):Hz, C-19), 132.59 (d, 2J 5 18.4 Hz, C-299), 131.17 (d, 2J 5 8.8 Hz,
C-29), 130.68 (d, 4J 5 2.7 Hz, C-49), 128.65 (C-49), 128.44 (d, 3J 5 δ 5 7.64 (ddd, 4 H, 3JP 5 12.0 Hz, 3J 5 8.1 Hz, 4J 5 1.5 Hz),

7.4227.33 (m, 6 H), 7.2827.23 (m, 10 H), 6.43 (d, 1 H, 4J 5 7.86.5 Hz, C-399), 128.28 (d, 3J 5 10.7 Hz, C-39), 116.24 (d, 3J 5 20.6
Hz, CH5C), 82.99 (C-1), 69.66 (C-2/C-5), 68.90 (Cp), 68.28 (C-3/ Hz, CH5C), 5.06 (pseudo-t, 2 H, J 5 1.8 Hz, 2-H/5-H), 4.50
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(pseudo-t, 2 H, J 5 1.7 Hz, Cp9), 4.2924.26 (m, 4 H, Cp9), 4.24 air-dried, and chromatographed on a silica gel column using ethyl

acetate/n-hexane (1:3) as eluent.(pseudo-t, 2 H, J 5 1.8 Hz, 3-H/4-H), 4.11 (s, 5 H, Cp), 3.98 (dd,
2 H, J 5 3.0, 1.8 Hz, Cp9), 3.89 (q, 2 H, 3J 5 7.2 Hz, CH2CH3),
1.05 (t, 3 H, 3J 5 7.2 Hz, CH2CH3). 2 13C{1H} NMR (CDCl3):
δ 5 167.85 (d, 3J 5 7.9 Hz, CO), 138.65 (d, 1J 5 9.5 Hz, C-199),
134.37 (d, 1J 5 103.6 Hz, C-19), 134.25 (d, 2J 5 6.5 Hz, CH5C),
133.34 (d, 2J 5 19.5 Hz, C-299), 131.72 (d, 2J 5 9.5 Hz, C-29),
130.43 (d, 4J 5 3.0 Hz, C-49), 128.45 (C-499), 128.08 (d, 3J 5 6.5
Hz, C-399), 127.73 (d, 3J 5 12.0 Hz, C-39), 115.01 (d, 3J 5 22.0
Hz, CH5C), 83.43 (C-1), 77.14 (d, 1J 5 8.0 Hz, CPIII), 76.81 (d,
1J 5 115.6 Hz, CPV), 74.39 (d, J 5 12.0 Hz), 73.91 (d, 2J 5 14.5

5a: 45%, red prisms, m.p. 1802182°C, Rf 5 0.178. 2 IR (Nujol):Hz), 73.31 (d, 3J 5 3.6 Hz), 72.92 (dd, J 5 10.5 Hz, J 5 2.0 Hz),
ν 5 1690, 1597, 1413, 1213, 1110, 807 cm21. 2 1H NMR (CDCl3):69.61 (C-2/C-5), 68.96 (Cp), 68.10 (C-3/C-4), 60.46 (CH2CH3),
δ 5 7.70 (br. s, 8 H), 7.4027.15 (m, 12 H), 6.39 (d, 0.6 H, 4JP 514.18 (CH2CH3). 2 31P NMR (CDCl3): δ 5 4.40 (s, PV), 219.04
7.5 Hz, CH5C), 6.14 (d, 1.4 H, 4JP 5 7.7 Hz, CH5C), 4.92 (br. s,(s, PIII). 2 MS (EI, 70 eV); m/z (%): 851 (100) [M1], 602 (59), 305
4 H, 2-H/5-H), 4.54 (t, 2 H, 2J 5 13.9 Hz, CH2P), 4.29 (br. s, 4 H,(54), 121 (28). 2 C49H43Fe2NO2P2 (851.48): calcd. C 69.12, H 5.09,
3-H/4-H), 4.08 (s, 10 H, Cp), 3.8423.42 (m, 4 H, CH2CH3), 1.20N 1.64; found C 69.25, H 5.23, N 1.53.
(t, 2 H, 3J 5 7.0 Hz, CH2CH3), 1.05 (t, 4 H, 3J 5 6.9 Hz, CH2CH3).
2 13C{1H} NMR (CDCl3): δ 5 167.32 (t, 3J 1 5J 5 8.4 Hz, CO),
135.18 (d, 1J 5 110.6 Hz, C-19), 133.12 (d, 2J 5 7.5 Hz, CH5C),
131.22 (t, 2J 1 4J 5 9.8 Hz, C-29), 130.02 (s, C-49), 127.95 (t, 3J
1 5J 5 12.3 Hz, C-39), 116.30 (m, CH5C), 83.12 (C-1), 69.63 (C-
2/C-5), 68.83 (Cp), 68.17 (C-3/C-4), 60.22 (CH2CH3), 60.54
(CH2CH3), 31.43 (quint, 1J 1 1J 5 108.0 Hz, CH2P), 15.26
(CH2CH3), 14.06 (CH2CH3). 2 31P NMR (CDCl3): δ 5 22.64 (s,
PV). 2 MS (FAB); m/z (%): 979 (100) [M1 1 1], 978 (46) [M1],
224 (21). 2 C55H52Fe2N2O4P2 (978.68): calcd. C 67.50, H 5.36, N
2.86; found C 67.44, H 5.50, N 2.70.

Reaction of β-Ferrocenylvinyl Azide 1 with (E)-1,2-Bis(diphenyl- 5b: 75%, red prisms, m.p. 2282231°C, Rf 5 0.205. 2 IR (Nujol):
phosphanyl)ethene: To a cooled (215°C) solution of compound 1 ν 5 1685, 1595, 1411, 1211, 1105, 805 cm21. 2 1H NMR (CDCl3):
(0.50 g, 1.53 mmol) in 10 ml of dry diethyl ether, a solution of (E)- δ 5 7.71 (br. s, 4 H, 29-H), 7.38 (br. s, 6 H, 39-H/49-H), 6.46 (br. s,
1,2-bis(diphenylphosphanyl)ethene (0.61 g, 1.53 mmol) in 10 ml of 1 H, CH5C), 4.93 (s, 2 H, 2-H/5-H), 4.23 (s, 2 H, 3-H/4-H), 4.01
dry CH2Cl2 was added dropwise under nitrogen, and the reaction (s, 5 H, Cp), 3.78 (q, 1.6 H, 3J 5 6.9 Hz, CH2CH3), 3.47 (q, 0.4
mixture was stirred for 15 h at this temperature. The solvent was H, 3J 5 6.9 Hz, CH2CH3), 2.76 (s, 2 H, CH2P), 1.20 (t, 0.6 H, 3J 5
then removed in vacuo and the residue was chromatographed on a 6.9 Hz, CH2CH3), 0.99 (t, 2.4 H, 3J 5 6.9 Hz, CH2CH3). 2
silica gel column using ethyl acetate/n-hexane (1:5) as eluent to give 13C{1H} NMR (CDCl3): δ 5 167.66 (t, 3J 1 6J 5 6.3 Hz, CO),
3: 46%, red prisms, m.p. 55257°C, Rf 5 0.41. 2 IR (Nujol): ν 5 134.01 (t, 2J 1 5J 5 7.1 Hz, CH5C), 133.24 (quint, C-19), 131.12
1695, 1588, 1430, 1105, 805 cm21. 2 1H NMR (CDCl3): δ 5 7.73 (t, 2J 1 5J 5 9.0 Hz, C-29), 130.67 (s, C-49), 128.26 (t, 3J 1 6J 5
(ddd, 4 H, 3JP 5 11.7 Hz, 3J 5 8.1 Hz, J 5 2.1 Hz), 7.5127.30 11.5 Hz, C-39), 116.24 (t, 3J 1 6J 5 20.5 Hz, CH5C), 82.96 (C-
(m, 16 H), 7.10 (ddd, 1 H, JP 5 22.8 Hz, JP 5 21.3 Hz, 3J 5 18.6 1), 69.65 (C-2/C-5), 68.91 (Cp), 68.29 (C-3/C-4), 65.80 (CH2CH3),
Hz, 5CH2P), 6.81 (ddd, 1 H, JP 5 21.6 Hz, JP 5 11.1 Hz, 5 60.44 (CH2CH3), 23.13 (quint, 1J 1 2J 5 130.2 Hz, CH2P), 15.24
CH2P), 6.49 (d, 1 H, 4JP 5 7.5 Hz, CH5C2N), 4.90 (pseudo-t, (CH2CH3), 14.04 (CH2CH3). 2 31P NMR (CDCl3): δ 5 8.60 (s,
2 H, J 5 1.8 Hz, 2-H/5-H), 4.17 (pseudo-t, 2 H, J 5 1.8 Hz, 3-H/ PV). 2 MS (FAB); m/z (%): 993 (71) [M1 1 1], 992 (30) [M1], 510
4-H), 4.06 (s, 5 H, Cp), 3.87 (q, 2 H, 3J 5 6.9 Hz, CH2CH3), 1.02 (100), 307 (59). 2 C56H54Fe2N2O4P2 (992.71): calcd. C 67.76, H
(t, 3 H, 3J 5 6.9 Hz, CH2CH3). 2 13C NMR{1H} (CDCl3): δ 5 5.48, N 2.82; found C 67.60, H 5.45, N 2.57.
167.69 (d, 3J 5 7.5 Hz, CO), 148.41 (d, 1JP(III) 5 23.4 Hz, 5

5c: 89%, red prisms, m.p. 62265°C, Rf 5 0.100. 2 IR (Nujol):CHPIII), 135.53 (d, 1JP(III) 5 10.0 Hz, C-199), 134.73 (dd, 1JP(V) 5
ν 5 1697, 1593, 1417, 1216, 1105, 805 cm21. 2 1H NMR (CDCl3):87.0 Hz, 2JP(III) 5 10.5 Hz, 5CHPV), 133.70 (d, 2J 5 19.5 Hz, C-
δ 5 7.64 (ddd, 8 H, 3JP 5 11.1 Hz, 3J 5 6.9 Hz, 4J 5 1.2 Hz, 29-299), 133.37 (d, 1JP(V) 5 106.2 Hz, C-19), 131.52 (d, 2JP(V) 5 9.2,
H), 7.4227.24 (m, 12 H, 39-H/49-H), 6.46 (d, 2 H, 4JP 5 7.5 Hz,C-29), 130.79 (d, 4JP(V) 5 3.0 Hz, C-49), 129.27 (C-499), 128.68 (d,
CH5C), 4.90 (pseudo-t, 4 H, J 5 1.8 Hz, 2-H/5-H), 4.19 (pseudo-3JP(III) 5 7.5 Hz, C-399), 128.23 (d, 3JP(V) 5 12.0 Hz, C-39), 116.60
t, 4 H, J 5 1.8 Hz, 3-H/4-H), 4.04 (s, 10 H, Cp), 3.93 (q, 3.2 H,(d, 3JP(V) 5 21.5 Hz, CH5C2N), 82.93 (C-1), 69.72 (C-2/C-5),
3J 5 7.2 Hz, CH2CH3), 3.46 (q, 0.8 H, 3J 5 6.9 Hz, CH2CH3),68.94 (Cp), 68.34 (C-3/C-4), 60.57 (CH2CH3), 14.17 (CH2CH3),
2.73 (dd, 4 H, 2JP 5 18.0 Hz, 4JP 5 10.2 Hz, CH2P), 1.73 (m, 2CH5CN signal overlapped. 2 31P NMR{1H} (CDCl3): δ 5 1.04
H, CH2CH2P), 1.20 (t, 1.2 H, 3J 5 6.9 Hz, CH2CH3), 1.05 (t, 4.8(d, PV), 27.27 (d, PIII), 3JPP 5 20.0 Hz. 2 MS (EI, 70 eV); m/z
H, 3J 5 7.2 Hz, CH2CH3). 2 13C{1H} NMR (CDCl3): δ 5 168.06(%): 693 (100) [M1], 224 (35). 2 C41H37FeNO2P2 (693.55): calcd.
(d, 3J 5 6.8 Hz, CO), 134.06 (d, 2J 5 6.8 Hz, CH5C), 133.98 (d,C 71.00, H 5.38, N 2.02; found C 70.87, H 5.55, N 2.11.
1J 5 101.1 Hz, C-19), 130.97 (d, 2J 5 9.0 Hz, C-29), 130.40 (d, 4J 5

2.4 Hz, C-49), 128.23 (d, 3J 5 11.5 Hz, C-39), 116.10 (d, 3J 5 21.0Preparation of Bis(iminophosphoranes) 5 and 6. 2 General Pro-
cedure: To a cooled (215°C) solution of compound 1 (0.50 g, 1.53 Hz, CH5C), 83.10 (C-1), 69.67 (C-2/C-5), 68.90 (Cp), 68.20 (C-3/

C-4), 65.82 (CH2CH3), 60.53 (CH2CH3), 30.27 (dd, 1J 5 64.0 Hz,mmol) in 10 ml of dry diethyl ether, a solution of the appropriate
diphosphane (0.75 mmol) in 10 ml of dry diethyl ether was added 3J 5 10.9 Hz, CH2P), 15.22 (m, CH2CH2P), 14.04 (CH2CH3). 2

31P NMR (CDCl3): δ 5 6.73 (s, PV) 2 MS (FAB); m/z (%): 1006under nitrogen, and the reaction mixture was stirred for 15 h at
this temperature. The separated solid was collected by filtration, (100) [M1], 725 (38), 334 (25), 223 (64). 2 C57H56Fe2N2O4P2
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(1006.73): calcd. C 68.01, H 5.61, N 2.78; found C 68.13, H 5.70, Reaction of β-Ferrocenylvinyl Azide 1 with Tris(diphenyl-

phosphanylmethyl)ethane (triphos). 2 Procedure A: To a solutionN 2.55.
of compound 1 (0.50 g, 1.53 mmol) in 10 ml of dry CH2Cl2, a

5d: 79%, orange prisms, m.p. 1602163°C, Rf 5 0.071. 2 IR solution of triphos (0.96 g, 1.53 mmol) in 10 ml of the same solvent
(Nujol): ν 5 1693, 1595, 1417, 1216, 1107, 808 cm21. 2 1H NMR was added dropwise under nitrogen. The reaction mixture was
(CDCl3): δ 5 7.8027.65 (m, 4 H, 29-H), 7.4527.38 (m, 6 H, 39-H stirred at room temperature for 15 h. The solvent was then removed
1 49-H), 6.42 (d, 1 H, 4JP 5 7.2 Hz, CH5C), 4.91 (br. s, 2 H, 2- in vacuo and the residue was chromatographed on a silica gel col-
H/5-H), 4.20 (br. s, 2 H, 3-H/4-H), 4.08 (s, 5 H, Cp), 3.90 (q, 1.8 umn using ethyl acetate/n-hexane (1:3) as eluent.
H, 3J 5 7.1 Hz, CH2CH3), 3.46 (q, 0.2 H, 3J 5 7.0 Hz, CH2CH3),
2.53 (br. s, 2 H, CH2P), 1.57 (br. s, 2 H, CH2CH2P), 1.20 (t, 0.3 H, 8: 21%, red prisms, m.p. 79282°C, Rf 5 0.50. 2 IR (Nujol): ν 5

1690, 1589, 1435, 1410, 1213, 1106, 816 cm21. 2 1H NMR3J 5 7.0 Hz, CH2CH3), 1.05 (t, 2.7 H, 3J 5 7.1 Hz, CH2CH3). 2
13C{1H} NMR (CDCl3): δ 5 168.00 (d, 3J 5 7.1 Hz, CO), 134.26 (CDCl3): δ 5 7.6827.61 (m, 4 H), 7.3727.17 (m, 26 H), 6.48 (d, 1

H, 4JP 5 8.7 Hz, CH5C), 5.00 (pseudo-t, 2 H, J 5 1.6 Hz, 2-H/(d, 2J 5 7.1 Hz, CH5C), 133.92 (d, 1J 5 99.5 Hz, C-19), 131.05
(d, 2J 5 9.0 Hz, C-29), 130.54 (d, 4J 5 2.5 Hz, C-49), 128.31 (d, 5-H), 4.25 (pseudo-t, 2 H, J 5 1.6 Hz, 3-H/4-H), 4.10 (s, 5 H, Cp),

3.80 (q, 2 H, 3J 5 7.1 Hz, CH2CH3), 3.00 (d, 2 H, 2JP(V) 5 11.43J 5 11.6 Hz, C-39), 115.80 (d, 3J 5 20.8 Hz, CH5C), 83.11 (C-
1), 69.58 (C-2/C-5), 68.89 (Cp), 68.17 (C-3/C-4), 65.80 (CH2CH3), Hz, CH2PV), 2.62 (d, 2 H, 2JP(III) 5 15.0 Hz, CH2PIII), 2.42 (d, 2

H, 2JP(III) 5 15.0 Hz, CH2PIII), 0.98 (t, 3 H, 3J 5 7.1 Hz, CH2CH3),60.49 (CH2CH3), 30.07 (d, 1J 5 66.4 Hz, CH2P), 23.05 (dd, 2J 5

16.0 Hz, 3J 5 3.1 Hz, CH2CH2P), 14.13 (CH2CH3). 2 31P NMR 0.8820.85 (m, 3 H, CH3C). 2 13C{1H} NMR (CDCl3): δ 5 167.92
(d, 3J 5 8.4 Hz, CO), 139.83 (quint, 1JP 1 5JP 5 29.5 Hz, C-199),(CDCl3): δ 5 7.36 (s, PV). 2 MS (FAB); m/z (%): 1021 (100) [M1

1 1], 723 (15), 307 (18), 224 (30). 2 C58H58Fe2N2O4P2 (1020.76): 137.14 (d, 1J 5 103.3 Hz, C-19), 134.28 (d, 2J 5 6.8 Hz, CH5C),
133.08 (d, 2J 5 20.5 Hz, C-299)*, 132.95 (d, 2J 5 20.4 Hz, C-299)*calcd. C 68.25, H 5.73, N 2.74; found C 68.40, H 5.65, N 2.56.
, 130.40 (d, 2J 5 8.6 Hz, C-29), 129.90 (d, 4J 5 2.6 Hz, C-49),

6: 54%, orange prisms, m.p. 1032105°C, Rf 5 0.054. 2 IR (Nu- 128.33 (C-499)**, 128.31 (C-499)**, 128.20 (d, 3J 5 7.0 Hz, 2 3 C-
jol): ν 5 1700, 1590, 1410, 1213, 1105, 807 cm21. 2 1H NMR 399), 128.11 (d, 3J 5 11.5 Hz, C-39), 115.83 (d, 3J 5 21.3 Hz, CH5
(CDCl3): δ 5 7.7027.50 (m, 4 H, 29-H), 7.4027.24 (m, 6 H, 39-H C), 83.21 (C-1), 69.79 (C-2/C-5), 68.95 (Cp), 68.21 (C-3/C-4), 60.61
1 49-H), 6.43 (d, 1 H, 4J 5 7.7 Hz, CH5C), 5.04 (s, 2 H, 2-H/5- (CH2CH3), 42.83 (dt, 1JP(III) 5 9.0 Hz, 3JP(V) 5 9.0 Hz, 2 3
H), 4.59 (s, 2 H, 3-H/4-H), 4.23 (s, 4 H, Cp9), 4.11 (s, 5 H, Cp), CH2PIII), 40.90 (dt, 1JP(V) 5 58.2 Hz, 3JP(III) 5 8.2 Hz, CH2PV),
3.85 (q, 1.2 H, 3J 5 7.0 Hz, CH2CH3), 3.46 (q, 0.8 H, 3J 5 7.0 Hz, 39.50 (dt, 2JP(III) 5 13.8 Hz, 2JP(V) 5 3.5 Hz, CCH3), 28.08 (m,
CH2CH3), 1.20 (t, 1.2 H, 3J 5 7.0 Hz, CH2CH3), 1.01 (t, 1.8 H, CCH3), 14.12 (CH2CH3). 2 31P NMR (CDCl3): δ 5 0.20 (s, PV),
3J 5 7.0 Hz, CH2CH3). 2 13C{1H} NMR (CDCl3): δ 5 167.77 (d,

226.86 (s, PIII). 2 MS (FAB); m/z (%): 921 (100) [M1], 547 (13).
3J 5 7.8 Hz, CO), 134.41 (d, 1J 5 104.0, C-19), 134.14 (d, 2J 5 6.7

2 C56H54FeNO2P3 (921.83): calcd. C 72.97, H 5.90, N 1.52; found
Hz, CH5C), 131.64 (d, 2J 5 9.6 Hz, C-29), 130.45 (d, 4J 5 2.5 Hz, C 73.10, H 5.78, N 1.65.
C-49), 127.74 (d, 3J 5 12.0 Hz, C-39), 115.04 (d, 3J 5 22.3 Hz,
CH5C), 83.32 (C-1), 69.56 (C-2/C-5), 68.96 (Cp), 68.10 (C-3/C-4), 9: 7%, red prisms, m.p. 1012103°C, Rf 5 0.44. 2 IR (Nujol):

ν 5 1687, 1587, 1410, 1209, 1105, 806 cm21. 2 1H NMR (CDCl3):77.18 (d, 1J 5 115.9 Hz, CPV), 74.57 (d, 3J 5 12.4 Hz), 73.75 (d,
3J 5 10.2 Hz), 65.79 (CH2CH3), 60.44 (CH2CH3), 15.25 δ 5 7.7827.65 (m, 8 H), 7.3527.10 (m, 22 H), 6.58 (d, 2 H, 4JP 5

8.6 Hz, CH5C), 5.03 (br. s, 2 H, 2-H/5-H), 4.98 (br. s, 2 H, 2-H/(CH2CH3), 14.14 (CH2CH3). 2 31P NMR (CDCl3): δ 5 5.34 (s).
2 MS (FAB); m/z (%): 1149 (89) [M1 1 1], 602 (100), 305 (58). 2 5-H), 4.27 (br. s, 2 H, 3-H/4-H), 4.22 (br. s, 2 H, 3-H/4-H), 4.11 (s,

10 H, Cp), 3.9623.86 (m, 4 H, 2 3 CH2CH3), 3.38 (dd, 2JH 5 12.0C64H58Fe3N2O4P2 (1148.67): calcd. C 66.92, H 5.09, N 2.44; found
C 66.85, H 5.21, N 2.30. Hz, 2JP(V) 5 11.8 Hz, CH2PV), 3.19 (dd, 2JH 5 12.0 Hz, 2JP(V) 5

11.8 Hz, CH2PV), 2.58 (d, 2JP(III) 5 1.0 Hz, CH2PIII), 1.05 (t, 6 H,
(E)-1,2-Bis[(α-ethoxycarbonyl-β-ferrocenyl)vinylimino- 3J 5 7.0 Hz, 2 3 CH2CH3), 0.86 (m, 3 H, CH3C). 2 13C{1H}

diphenylphosphoranyl]ethene (7): To a cooled (215°C) solution of NMR (CDCl3): δ 5 167.95 (d, 3J 5 8.3 Hz, CO), 139.83 (d,
compound 1 (0.50 g, 1.53 mmol) in 10 ml of dry diethyl ether, 1JP(III) 5 11.4 Hz, C-199), 137.12 (d, 1J 5 102.0 Hz, C-19)*, 136.71
a solution of (E)-1,2-bis(diphenylphosphanyl)ethene (0.30 g, 0.77 (d, 1J 5 103.8 Hz, C-19)*, 134.25 (d, 2J 5 6.8 Hz, CH5C), 132.95
mmol) in 10 ml of dry CH2Cl2 was added dropwise under nitrogen, (d, 2J 5 19.9 Hz, C-299), 130.54 (d, 2J 5 8.9 Hz, C-29)**, 130.42
and the mixture was stirred for 15 h at this temperature. The sol- (d, 2J 5 8.8 Hz, C-29)**, 129.87 (d, 4J 5 2.3 Hz, 2 3 C-49), 128.38
vent was then removed in vacuo and the remaining solid was chro- (C-499), 128.31 (d, 3J 5 7.0 Hz, C-399), 116.43 (d, 3J 5 21.4 Hz,
matographed on a silica gel column using ethyl acetate/n-hexane CH5C), 83.21 (C-1), 69.93 (C-2/C-5), 68.95 (Cp), 68.26 (C-3/C-4),
(2:7) as eluent to give 7: 9%, red prisms, m.p. 1752178°C, Rf 5 60.70 (CH2CH3), 42.77 (m, CH2PIII), 41.00 (m, CH2PV), 40.10 (dt,
0.27. 2 IR (Nujol): ν 5 1682, 1594, 1409, 1209, 1110, 1041 cm21. 2JP(III) 5 14.2 Hz, 2JP(V) 5 3.8 Hz, C2CH3), 26.76 (m, C2CH3),
2 1H NMR (CDCl3): δ 5 7.8227.70 (m, 4 H), 7.5427.30 (m, 7 14.21 (CH2CH3), 2 3 C-39 signal overlapped. 2 31P NMR
H, aryl H 1 5CHP), 6.53 (quint, 1 H, J 5 3.6 Hz, CH5CN), 4.92 (CDCl3): δ 5 0.92 (s, PV), 226.97 (s, PIII). 2 MS (FAB); m/z (%):
(br. s, 2 H, 2-H/5-H), 4.21 (br. s, 2 H, 3-H/4-H), 4.08 (s, 5 H, Cp), 1218 (100) [M1], 722 (56), 423 (21). 2 C71H69Fe2N2O4P3 (1218.97):
3.88 (q, 2 H, 3J 5 6.9 Hz, CH2CH3), 1.03 (t, 3 H, 3J 5 6.9 Hz, calcd. C 69.96, H 5.71, N 2.30; found C 70.15, H 5.90, N 2.10.
CH2CH3). 2 13C{1H} NMR (CDCl3): δ 5 167.54 (t, 3JP 1 6JP 5

7.5 Hz, CO), 141.16 (quint, 1JP 1 2JP 5 131.1 Hz, 5CHPV), Procedure B: To a cooled (215°C) solution of compound 1 (0.50
g, 1.53 mmol) in 10 ml of dry diethyl ether, was added a solution132.64 (quint, 1JP 1 4JP 5 106.2 Hz, C-19), 131.58 (t, 2JP 1

5JP 5 9.5 Hz, C-29), 131.00 (br. s, C-49), 128.30 (t, 3JP 1 6JP 5 of triphos (0.32 g, 0.51 mmol) in 10 ml of the same solvent. The
reaction mixture was stirred at this temperature for 15 h. The pre-12.0 Hz, C-39), 116.93 (t, 3JP 1 6JP 5 21.6 Hz, CH5C), 82.62

(C-1), 69.70 (C-2/C-5), 68.91 (Cp), 68.37 (C-3/C-4), 60.60 cipitated solid was collected by filtration and chromatographed on
a silica gel column using ethyl acetate/n-hexane (1:3) as eluent to(CH2CH3), 14.09 (CH2CH3), CH5CN signal overlapped. 2 31P

NMR (CDCl3): δ 5 0.63 (s). 2 MS (FAB); m/z (%): 990 (40) [M1], give 10 (77%), red prisms, m.p. 1072109°C, Rf 5 0.375. 2 IR
(Nujol): ν 5 1690, 1590, 1415, 1205, 1105, 806 cm21. 2 1H NMR693 (55). 2 C56H52Fe2N2O4P2 (990.69): calcd. C 67.89, H 5.29, N

2.83; found C 68.00, H 5.15, N 2.90. (CDCl3): δ 5 8.0027.48 (m, 12 H), 7.3827.00 (m, 18 H), 6.70 (d,
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2 H, 4JP 5 8.4 Hz, 2 3 CH5C), 6.57 (d, 1 H, 4JP 5 8.4 Hz, CH5 2 3 PV), 3JPP 5 50.5 Hz. 2 MS (FAB); m/z (%): 1854 (35), 510

(100). 2 C102H102Fe4N4O8P4 (1859.14): calcd. C 65.89, H 5.53, NC), 5.56 (br. s, 6 H, 2-H/5-H), 4.48 (br. s, 6 H, 3-H/4-H), 4.15 (s,
15 H, Cp), 4.0423.96 (m, 6 H, 3 3 CH2CH3), 3.3023.10 (m, 6 H, 3.01; found C 66.05, H 5.39, N 3.13.
3 3 CHPV), 1.12 (t, 9 H, 3J 5 7.2 Hz, 3 3 CH2CH3), 0.70 (m, 3 Synthesis Complexes 13 and 14. 2 General Procedure: To a
H, CH3C). 2 13C{1H} NMR (CDCl3): δ 5 167.96 (d, 3J 5 7.9 Hz, cooled (215°C) solution of monoiminophosphorane 2a or 8 (0.367
CO), 134.57 (d, 2J 5 6.4 Hz, CH5C), 129.42 (C-49), 128.09 (d, mmol) in 15 ml of dry toluene, a solution of dichlorobis(benzonitri-3J 5 11.5 Hz, C-39), 116.54 (d, 3J 5 21.5 Hz, CH5C), 83.18 (C- le)palladium(II) (0.14 g, 0.367 mmol) in 10 ml of the same solvent
1), 70.01 (C-2/C-5), 68.99 (Cp), 68.22 (C-3/C-4), 60.72 (CH2CH3), was added dropwise. The resulting mixture was stirred at this tem-
40.16 (m, CH2PV), 14.13 (CH2CH3), some signals are overlapped perature for 10 h. The precipitated solid was collected by filtration
or absent. 2 31P NMR (CDCl3): δ 5 1.89 (s, PV). 2 MS (FAB); m/z and recrystallized from chloroform.
(%): 1517 (100) [M1 1 1]. 2 C86H84Fe3N3O6P3 (1516.01): calcd. C

13: 94%, red prisms, m.p. 1702172°C. 2 IR (Nujol): ν 5 1688,68.13, H 5.58, N 2.77; found C 68.25, H 5.49, N 2.65.
1613, 1412, 1259, 1149, 1034 cm21. 2 1H NMR (CD2Cl2): δ 5

Reaction of β-Ferrocenylvinyl Azide 1 with Tris[2-(diphenyl-
8.5028.10 (m, 4 H), 7.7526.88 (m, 16 H), 6.15 (d, 1 H, 4JP 5 8.2

phosphanyl)ethyl]phosphane (tetraphos). 2 Procedure A: To a
Hz, CH5C), 5.09 (br. s, 2 H, 2-H/5-H), 4.39 (s, 5 H, Cp), 4.18 (br.

solution of compound 1 (0.25 g, 0.77 mmol) in 10 ml of dry
s, 2 H, 3-H/4-H), 3.82 (q, 2 H, 3J 5 7.1 Hz, CH2CH3), 3.55 (br. s,

CH2Cl2, a solution of tetraphos (0.5 g, 0.77 mmol) in 10 ml of the
2 H, CH2P), 0.96 (t, 3 H, 3J 5 7.1 Hz, CH2CH3). 2 31P{1H} NMR

same solvent was added dropwise under nitrogen, and the reaction
(CD2Cl2): δ 5 44.23 (d), 14.16 (d), 2JPP 5 29.6 Hz. 2 MS (FAB);

mixture was stirred at room temperature for 20 h. The solution was
m/z (%): 822 (37) [M1 2 Cl], 787 (100) [M1 2 2 Cl], 681 (72), 666

then concentrated to dryness and the residue was chromatographed
(93). 2 C40H37Cl2FeNO2P2Pd (859.15): calcd. C 55.94, H 4.34, N

on a silica gel column using ethyl acetate/n-hexane (2:7) as eluent
1.63; found C 56.10, H 4.17, N 1.49.

to give 11 (31%), orange prisms, m.p. 1202122°C, Rf 5 0.48. 2
14: 58%, orange prisms, m.p. 2472250°C. 2 IR (Nujol): ν 5IR (Nujol): ν 5 1685, 1597, 1410, 1206, 1108, 1040, 810 cm21. 2

1683, 1590, 1415 cm21. 2 1H NMR (CDCl3): δ 5 8.0928.02 (m,1H NMR (CDCl3): δ 5 7.4227.20 (m, 30 H), 6.37 (d, 1 H, 4JP 5
4 H), 7.7727.67 (m, 4 H), 7.4827.31 (m, 22 H), 6.47 (d, 1 H, 4JP 57.2 Hz, CH5C), 4.80 (pseudo-t, 2 H, J 5 1.8 Hz, 2-H/5-H), 4.20
8.7 Hz, CH5C), 5.06 (pseudo-t, 2 H, J 5 1.6 Hz, 2-H/5-H), 4.96(pseudo-t, 2 H, J 5 1.8 Hz, 3-H/4-H), 4.04 (q, 2 H, 3J 5 6.8 Hz,
(pseudo-t, 2 H, J 5 1.6 Hz, 3-H/4-H), 4.16 (s, 5 H, Cp), 3.70 (q, 2CH2CH3), 3.94 (s, 5 H, Cp), 2.1021.93 (m, 12 H, PIIICH2CH2PV),
H, 3J 5 7.0 Hz, CH2CH3), 2.92 (d, 2 H, 2JP(V) 5 10.7 Hz, CH2PV),1.25 (t, 3 H, 3J 5 6.8 Hz, CH2CH3). 2 13C{1H} NMR (CDCl3):
2.49 (d, 4 H, 2JP 5 8.1 Hz, 2 3 CH2PPd), 2.42 (d, 2 H, 2JP(III) 5δ 5 168.33 (d, 3J 5 7.5 Hz, CO), 137.62 (d, 1JP(III) 5 13.0 Hz, C-
14.0 Hz, CH2PIII), 0.91 (t, 3 H, 3J 5 7.0 Hz, CH2CH3), 0.14 (s, 319), 134.10 (d, 2JP(V) 5 6.7 Hz, CH5C), 132.70 (d, 2JP(III) 5 18.5
H, CH3C). 2 13C{1H} NMR (CDCl3): δ 5 168.17 (d, 3J 5 8.3 Hz,Hz, C-29), 128.87 (C-49), 128.55 (d, 3JP(III) 5 7.0 Hz, C-39), 115.58
CO), 137.14 (d, 1J 5 103.3 Hz, C-19), 135.67 (t, 2J 1 4J 5 11.5(d, 3J 5 19.5 Hz, CH5C), 83.04 (C-1), 69.49 (C-2/C-5), 68.82 (Cp),
Hz, C-299)*, 132.97 (d, 2J 5 7.5 Hz, CH5C), 132.38 (t, 2J 1 4J 568.21 (C-3/C-4), 60.82 (CH2CH3), 24.28 (dd, 1JP(V) 5 61.5 Hz,
10.3 Hz, C-299)*, 130.22 (d, 2J 5 9.1 Hz, C-29), 130.50 (d, J 5 2.42JP(III) 5 16.5 Hz, 3 3 CH2PV), 20.49 (dd, 1JP(III) 5 14.4 Hz,
Hz, C-49), 131.88 (C-499), 128.75 (t, 2J 1 5J 5 11.1 Hz, C-399),2JP(V) 5 4.0 Hz, 3 3 CH2PIII), 14.44 (CH2CH3). 2 31P{1H} NMR
128.39 (t, 3J 5 11.7 Hz, C-39), 128.16 (t, 2J 1 5J 5 10.6 Hz, C-(CDCl3): δ 5 20.91 (q, PV), 212.96 (d, PIII), 3JPP 5 43.8 Hz. 2
399), 118.51 (d, 3J 5 21.4 Hz, CH5C), 82.33 (C-1), 69.92 (C-2/C-MS (FAB); m/z (%): 968 (30) [M1 1 1], 457 (22). 2
5), 68.99 (Cp), 68.21 (C-3/C-4), 60.81 (CH2CH3), 45.79 (dt, 1JP(V) 5C57H57FeNO2P4 (967.84): calcd. C 74.28, H 6.06, N 1.22; found C
57.6 Hz, 3J 1 5J 5 9.5 Hz, CH2PV), 37.24 (dt, 1J 1 3J 5 18.574.40, H 5.90, N 1.40.
Hz, 3JP(V) 5 9.0 Hz, 2 3 CH2P), 39.20 (d, 2JP(V) 5 3.6 Hz,Procedure B: To a cooled (215°C) solution of compound 1 (0.50
C2CH3), 28.15 (m, C2CH3), 13.72 (CH2CH3). 2 31P NMRg, 1.53 mmol) in 10 ml of dry diethyl ether, a solution of tetraphos
(CDCl3): δ 5 0.10 (s, PV), 15.60 (s, PPd). 2 MS (FAB); m/z (%):(0.25 g, 0.38 mmol) in 10 ml of the same solvent was added drop-
1099 (11) [M1], 1063 (43) [M1 2 Cl], 1027 (37), 906 (46). 2wise under nitrogen. The resulting mixture was stirred for 15 h at
C56H54Cl2FeNO2P3Pd (1099.43): calcd. C 61.19, H 4.95, N 1.27;this temperature. The precipitated solid was collected by filtration
found C 61.31, H 5.07, N 1.04.and chromatographed on a silica gel column using ethyl acetate/n-

hexane (1:3) as eluent to give 12 (28%), orange prisms, m.p. X-ray Crystallographic Studies: Crystal data are given in Table
3. Crystals of 5d suitable for X-ray diffraction were prepared by1032106°C, Rf 5 0.125. 2 IR (Nujol): ν 5 1682, 1599, 1410, 1210,

1112, 1039, 817 cm21. 2 1H NMR (CDCl3): δ 5 7.8527.75 (m, slow difussion of n-hexane in a dichloromethane solution. Slow
concentration of a solution of compound 13 in chlroform affords12 H), 7.5227.20 (m, 18 H), 6.45 (br. s, 3 H, 3 3 CH5C), 6.30

(br. s, 1 H, CH5C), 4.86 (br. s, 6 H, 3 3 2-H/5-H), 4.71 (br. s, 2 crystals suitable for X-ray diffraction studies. Crystals of 13 · 2
CHCl3 and 5d were mounted in inert oil on a glass fibre and trans-H, 2-H/5-H), 4.15 (br. s, 8 H, 3-H/4-H), 4.04 (s, 20 H, Cp), 3.74

(br. s, 8 H, CH2CH3), 2.66 (br. s, 6 H, CH2P), 2.1421.85 (m, 6 H, ferred to the diffractometer (Siemens P4 with LT2 low-temperature
attachment). Measurements were made at 2100°C using mono-CH2PV), 0.97 (br. s, 12 H, CH2CH3). 2 13C{1H} NMR (CDCl3):

δ 5 168.06 (d, 3J 5 6.4 Hz, CO), 167.99 (d, 3J 5 7.0 Hz, 2 3 CO), chromated Mo-Kα radiation (λ 5 0.71073 Å). Unit-cell parameters
were determined from a least-squares analysis of ca. 70 accurately167.67 (d, 3J 5 7.1 Hz, 199-CCCCO), 133.92 (d, 2J 5 6.8 Hz, C5

CH), 133.61 (d, 2J 5 8.7 Hz, 199-CH5C), 132.91 (d, 1J 5 103.5 centered reflections (10° < 2θ < 27°). Intensities were measured
using ω scans. Absorption corrections were based on ψ scans. TheHz, C-19), 131.39 (d, 2J 5 9.2 Hz, C-29), 130.73 (C-49), 128.25 (d,

3J 5 11.6 Hz, C-39), 117.09 (d, 3J 5 21.0 Hz, CH5C), 116.58 (d, structures were solved by direct methods (13 · 2 CHCl3) or by the
heavy-atom method (5d) and refined anisotropically on F2 (pro-3J 5 20.5 Hz, 2 3 CH5C), 115.21 (d, 3J 5 19.1 Hz, 199-CH5C),

83.02 (C-1), 82.85 (2 3 C-1), 82.67 (C-1), 69.65 (C-2/C-5), 69.38 gram SHELXL-93). [16] Hydrogen atoms were included using a rid-
ing model or as rigid methyl groups. Crystallographic data (exclud-(C-299/C-599), 68.93 (Cp), 68.78 (Cp99), 68.40 (C-399/C-499), 68.31

(C-3/C-4), 60.65 (C9H2CH3), 60.56 (CH2CH3), 23.92 (dm, 1JP(V) 5 ing structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre67.9 Hz, 3 3 CH2PV), 20.74 (dm, 1JP(V) 5 63.4 Hz, 3 3 CH2PV).

2 31P{1H} NMR (CDCl3): δ 5 21.61 (q, PV), 7.30 (d, PV), 6.62 (d, as supplementary publication no. CCDC-101187. Copies of the
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rick, M. McPartlin, J. Chem. Soc., Dalton Trans. 1984,Table 3. Crystal data for compounds 5d and 13 · 2 CHCl3 237722382. 2 [5d] M. C. Bonnet, B. Stitou, I. Tkatchenko, J.
Organomet. Chem. 1985, 279, C12C4. 2 [5e] H. Brunner, A. F.

5d 13 · 2 CHCl3 M. M. Rahman, Chem. Ber. 1984, 117, 7102724. 2 [5f] A.
Breque, C. C. Santini, F. Mathey, J. Fischer, A. Mitschler, Inorg.
Chem. 1984, 23, 346323467.empirical formula C58H58Fe2N2O4P2 C42H39Cl8Fe- [6] [6a] J. P. Farr, M. M. Olmstead, F. E. Wood, A. L. Balch, J. Am.NO2P2Pd
Chem. Soc. 1983, 105, 7922798. 2 [6b] J. P. Farr, M. M.Mr 1020.70 1097.53
Olmstead, A. L. Balch, Inorg. Chem. 1983, 22, 122921235. 2a [Å] 10.401(1) 12.480(1) [6c] A. L. Balch, Homogeneous Catalysis with Metal Phosphineb [Å] 11.327(2) 25.091(3)
Complexes (Ed: L. H. Pignolet), Plenum, New York, 1983. 2c [Å] 11.199(2) 14.288(2) [6e] R. J. McNair, L. H. Pignolet, Inorg. Chem. 1986, 25,α [°] 87.024(10) 90
471724723. 2 [6f] R. J. McNair, P. V. Nilsson, L. H. Pignolet,β [°] 76.015(10) 93.776(10)
Inorg. Chem. 1985, 24, 193521939. 2 [7] [7a] W. J. Knebel, R. J.γ [°] 75.246(10) 90
Angelici, Inorg. Chem. 1974, 13, 6272631 and 6322637. 2 [7b]

Z 1 4
W. J. Knebel, R. J. Angelici, O. A. Gansow, D. J. Darensbourg,D [Mg/m3] 1.369 1.633
J. Organomet. Chem. 1974, 66, C112C13. 2 [7c] T. B. Rauch-crystal system triclinic monoclinic
fuss, D. M. Roundhill, J. Am. Chem. Soc. 1974, 96, 309823105.space group P1̄ P21/n
2 [7d] E. Drent, P. Arnoldy, P. H. M. Budzelaar, J. Organomet.crystal size [mm] 0.66 3 0.18 3 0.10 0.60 3 0.20 3 0.06
Chem. 1993, 455, 2472253. 2 [7e] G. P. C. M. Dekker, A. Buijs,θ range [°] 3.12225.00 3.22225.00
C. J. Elsevier, K. Vrieze, P. W. N. M. van Leeuwen, W. J. J.reflections measured 5022 8805
Smeets, A. L. Spek, Y. F. Wang, C. H. Stam, Organometallicsindependent reflections 4333 4453
1992, 11, 193721948.µ [mm21] 0.701 1.316 [8] [8a] T. D. Appleton, W. R. Cullen, S. V. Evans, T.-J. Kim, J.max./min. transmission 0.746/0.793 0.792/0.699
Trotter, J. Organomet. Chem. 1985, 279, 5221. 2 [8b] S. Park,parameters 308 514
D. Hedden, A. L. Rheingold, D. M. Roundhill, OrganometallicsF(000) 534 2208
1986, 5, 130521311. 2 [8c] H.-H. Wang, A. L. Casalnuovo, B.max. ∆ρ [e Å23] 0.395 0.276
J. Johnson, A. M. Mueting, L. H. Pignolet, Inorg. Chem. 1988,R1[a] 0.0338 0.0248
27, 3252331. 2 [8d] M. P. Anderson, A. L. Casalnuovo, B. J.wR2[b] 0.0868 0.0462
Johnson, B. M. Mattson, A. M. Mueting, L. H. Pignolet, Inorg.
Chem. 1988, 27, 164921658. 2 [8e] K. V. Katti, R. G. Cavell,

[a] R1 5 ΣiFou 2 uFci/ΣuFou for reflections with I > 2σ(I). 2 [b] wR2 5 Organometallics 1989, 8, 214722153. 2 [8f] K. V. Katti, R. J.
[Σ[w(Fo

2 2 Fc
2)2]/Σ[w(Fo

2)2]]0.5 for all reflections; w21 5 σ2(F2) 1 Batchelor, F. W. B. Einstein, R. G. Cavell, Inorg. Chem. 1990,
(aP)2 1 bP, where P 5 (2Fc

2 1 Fo
2)/3 and a and b are constants 29, 8082814. 2 [8g] E. Shirakawa, Y. Murota, Y. Nakao, T.

set by the program. Hiyama, Synlett 1997, 114321144. 2 [8h] H. Brunner, I. Deml,
W. Dirnberger, B. Nuber, W. Reißer, Eur. J. Inorg. Chem. 1998,
43254. 2 [8i] E. K. van den Beuken, W. J. J. Smeets, A. L. Spek,data can be obtained free of charge on application to CCDC, 12 B. L. Feringa, J. Chem. Soc., Chem. Commun. 1998, 2232224.
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The metal-rich antimonide Zr2V6Sb9 has been prepared by interactions, whereas the Zr atoms do not form short metal–
metal bonds. Band structure calculations using the Extendedarc-melting of stoichiometric mixtures of Zr, V, and VSb2.

Zr2V6Sb9 is the first example of a ternary ordered (filled) Hückel approximation reveal Zr2V6Sb9 being metallic, in
agreement with the Pauli paramagnetism experimentallyvariant of the unusual V15Sb18 structure type. In addition to

strong metal–antimony bonding, the crystal structure is observed.
significantly stabilized by bonding V–V and Sb–Sb

Introduction the structure of the high-temperature form V11xSb (NiAs
structure type)[7]. That leaves ZrSb and the isostructural

Several different binary pnictides and chalcogenides of HfSb[8] as the only binary metal-rich antimonides with
the valence-electron-poor (“early”) transition elements with Sb2Sb bonds being stable in an inert atmosphere above
a metal/pnicogen ratio of ca. 1 or higher have been un- 1000°C with respect to disproportionation. This paper pres-
covered in the past[1]. Only very few antimonides and bis- ents the synthesis, structure and properties of the new anti-
muthides form structures with short contacts between the monide Zr2V6Sb9. Furthermore, attempts to replace zir-
pnicogen atoms Q, which are not found among the phos- conium by titanium, hafnium and vanadium are discussed.
phides and arsenides or the chalcogenides. The fact that

Experimental Detailsshort Q2Q distances occur only in case of metal-rich anti-
monides and bismuthides can be explained with the rela- The antimonides discussed below were prepared in a two-

step synthesis. To avoid substantial loss of antimony duringtively high electronegativities of phosphorus and arsenic,
compared to the early transition-metal atoms. Similarly, the the process of arc-melting, VSb2 was synthesized first in a

fused silica tube at 650°C, starting from the elements in theabsence of chalcogen2chalcogen bonds in metal-rich chal-
cogenides can be deduced from the large differences in the stoichiometric 1:2 ratio (V: ABCR, powder, 245 micron,

99.7%, first cleaned in a 10% HCl solution, then washedelectronegativities of the chalcogen atoms sulfur, selenium
and tellurium on one hand and of the valence-electron-poor with distilled water and acetone, finally dried under dy-

namic vacuum at approximately 500 K; Sb: MERCK, pow-transition metals on the other hand. Especially the occur-
rence of Q2Q bonds in metal-rich antimonides appears to dered, >99%). Second, stoichiometric mixtures of Zr, Ti, or

Hf [Ti: VENTRON, powder, 2325 mesh, 99%; Zr: ALFA,be somewhat special, because bismuth is classified as a me-
tal, whereas antimony is rather a metalloid or nonmetal. powder, 4220 mesh, 99.6%; Hf: STREM, powder, 99.6%

(including up to 2.2% Zr)], and V and VSb2 were pressedFrom this point of view, the antimonides are the only metal-
rich pnictides whose structures consist in part of nonmetal- into pellets using a force of 20 kN. The pellets were arc-

melted twice after inversion under a dynamic flow of Argon2nonmetal bonds and thus not completely reduced
Q(2III) species. (3 l/min) on a water-cooled copper hearth. The reactions of

the starting compositions “M2V6Sb9” (with M 5 Ti, Zr,The only known Bi-rich binary bismuthides of the early
transition metals containing Bi2Bi bonds are Ti82xBi9 and Hf) led to homogenous products, according to the powder

diagrams obtained with Cu-Kα1 radiation (λ 5 154.05 pm,Hf8Bi9[2] which crystallize in the V15Sb18 structure type[3].
As for the antimonides, ZrSb[4] and V3Sb2

[5] both occur in using silicon as internal standard). The lattice dimensions
as obtained from the powder diagrams are listed in Table 1.structures consisting in part of hexagonal antimony layers

with Sb2Sb distances between 320 pm and 325 pm. These In addition to the fact that here the V15Sb18 structure type
was found after the rapid cooling in the arc melter, the sig-distances are too short for van-der-Waals interactions, as a

comparison with the bonding Sb2Sb contacts in the el- nificant increase of the lattice dimensions in comparison to
V15Sb18 prove the incorporation of the larger atoms of theemental form of antimony (3 3 290.8 pm and 3 3 335.5

pm) reveals[6]. It is worthwhile to note that both vanadium titanium group.
Attempts to determine the phase range of Zr22xV61xSb9antimonides mentioned, i. e. V15Sb18 and V3Sb2, are low-

temperature phases, and that no Sb2Sb contacts occur in did not result in homogenous samples when x ? 0. The
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Table 1. Comparison of lattice dimensions

Starting composition Empirical formula[a] Side products[b] a/pm c/pm V/106pm3

1V, 1Sb (ref.[3])[a] V7.46(3)Sb9 ? 958.66(5) 704.74(5) 647.68
1.2V, 1Sb[a] V7.49(1)Sb9 V3Sb2 959.2(1) 705.46(7) 649.1

2Ti, 6V, 9Sb[b] 966.3(3) 709.9(3) 662.9

0.3 Zr, 7.7V, 9Sb[b] V11xSb 969.0(2) 713.2(3) 669.7

1Zr, 7V, 9Sb[b] V11xSb 973.6(4) 715.9(4) 678.6
1Zr, 7V, 9Sb[a] Zr1.61(6)V6.41Sb9

[c] 973.2(1) 716.66(8) 678.8

2Zr, 6V, 9Sb[b] 973.4(6) 716.8(4) 679.2
2Zr, 6V, 9Sb[a] Zr1.80(4)V6.20Sb9

[c] 973.7(2) 716.5(2) 679.3

3Zr, 5V, 9Sb[b] ZrSb 977.7(1) 717.9(1) 686.2
3Zr, 5V, 9Sb[a] Zr2V6Sb9 978.3(1) 719.5(1) 688.6

2Hf, 6V, 9Sb[b] 975.7(2) 721.7(3) 687.1

[a] Single crystal data. 2 [b] Powder data. 2 [c] Obtained with the postulation of mixed Zr/V but full occupation of the “Zr1” and
“Zr2” sites.

Zr-poor samples contained V11xSb, and the Zr-rich phases sets differed more than 2% from 100%. Since these sites are
completely filled in case of “Zr3V5Sb9”, corresponding toZrSb. EDX investigations of selected crystals showed only

a minor phase range of Zr22xV61xSb9, i. e. the Zr content the formula Zr2V6Sb9, they were refined as being statisti-
cally mixed occupied by Zr and V to 100% in cases ofvaried from 7 to 15 atom-%. These variations may in part

be due to different orientations of the crystals to the inci- “Zr1V7Sb9” and “Zr2V6Sb9”. This model led in both cases
to more uniform displacement parameters and lower re-dent beam. Indexing of the powder diagrams, however, led

to different lattice dimensions of the Zr22xV61xSb9 phases, sidual factors [R(F) 5 0.0295 for “Zr1V7Sb9” and R(F) 5
0.0210 for “Zr2V6Sb9”]. The formulas were finally refinedwhich increase with increasing x (see Table 1). This is a

consequence of the larger atomic radius of zirconium, com- to Zr1.61(6)V6.39Sb9, Zr1.80(4)V6.20Sb9, and Zr2V6Sb9, respec-
tively. More details about the structure determinations arepared to vanadium. However, based on the fact that the

V(1) site is not completely occupied in the structure of given in Table 2[10], and atomic parameters are listed in
Table 3. It should be noted, however, that two other models,V15Sb18, it may be possible that comparable voids occur in

the structures of the Zr22xV61xSb9 phases. based on the occurrence of voids, would also be in agree-
ment with these experimental data. First, the assumptionIn order to determine the site preferences of the Zr

atoms, plate-like single crystals were selected for structure of no incorporation of V on the Zr sites would result in the
formulas Zr1.85(2)V6Sb9 and Zr1.93(2)V6Sb9, and second, oneinvestigations of the phases of the starting compositions

“Zr1V7Sb9”, “Zr2V6Sb9” and “Zr3V5Sb9”. In all three cases, might also assume voids, V and Zr atoms on the two Zr
sites.the unit-cell dimensions obtained from the single-crystal

diffractometer were in good agreement with those calcu-
Results and Discussionlated from the powder diagrams of the corresponding bulk

samples. In all cases, numerical absorption corrections Zr2V6Sb9 is the first ternary ordered substitution variant
of the V15Sb18 structure type. For easier comparisons, thewere performed.

As a starting model, the atomic positions of the binary setting and the atomic labeling of V15Sb18 are used through-
out this article, but, of course, V(1) and V(2) of V15Sb18 areantimonide V15Sb18 were used. The V(1) and V(2) positions

were tentatively assigned to Zr sites, because of the higher replaced by Zr(1) and Zr(2). The structure of Zr2V6Sb9 is
shown in a projection along the crystallographic c axis inSb coordination numbers [eight for V(1) and V(2), and six

for V(3) and V(4)]. The refinements of the three different Figure 1.
The Zr2V6Sb9 structure contains chains of face-sharingdata sets (using SHELXL93[9]) converged smoothly to

reasonable residual factors, i. e. conventional R values of square Zr-centered Sb8 antiprisms, which are surrounded
by V layers, where the V atoms are situated in severely dis-R(F) 5 0.0316 for “Zr1V7Sb9”, R(F) 5 0.0216 for

“Zr2V6Sb9” and R(F) 5 0.0342 for “Zr3V5Sb9”. Since the torted Sb6 octahedra. The Zr(1) and Zr(2) atoms, alternat-
ing in each chain along [001], have different distances to thethermal displacement parameters of the Zr positions of the

first two data sets were significantly higher than those of the eight surrounding Sb atoms, i. e. 4 3 305.1(2) pm and 4 3
309.2(2) pm for Zr(1), and 4 3 293.2(2) pm and 4 3V sites, and at least some mixed occupancies were expected

because of the differences in the lattice dimensions, the oc- 293.4(1) pm for Zr(2). The latter distances correspond to
those found in the ternary ZrNiSb [TiNiSi-type, five Zr2Sbcupancy factors of all metal sites were refined in order to

check for deviations from the ideal stoichiometries. Only bonds per Zr atom between 291.44(7) pm and 296.65(6)
pm][11]. The differences in the averaged bond lengths occurthe occupancy factors of the Zr sites of the first two data
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Table 2. Crystallographic data for Zr22xV61xSb9

Empirical formula Zr1.61(6)V6.39Sb9
[a] Zr1.80(4)V6.20Sb9

[a] Zr2V6Sb9

Molar mass 1568.12 g/mol 1575.77 g/mol 1583.83
Temp. of data collection 295 K
Crystal size/mm 0.14 3 0.04 3 0.003 0.08 3 0.02 3 0.007 0.12 3 0.10 3 0.07
Space group P4/nmm (No. 129)
a/pm 973.2(1) 973.7(2) 978.3(1)
c/pm 716.66(8) 716.5(2) 719.5(1)
V/(106 pm3) 678.8(1) 679.3(2) 688.6(1)
Radiation Mo-Kα1, λ 5 71.609 pm
No. of formula units; F(000) 2; 1341 2; 1347 2; 1354
Calculated density 7.67 g/cm3 7.70 g/cm3 7.64 g/cm3

Absorption coefficient 228.7 cm21 228.7 cm21 225.8 cm21

Range of 2θ 3°260°
No. of independent reflections 609 (Rint 5 0.081) 593 (Rint 5 0.045) 616 (Rint 5 0.103)
No. of observed reflections [I > 2σ(I)] 457 453 434
No. of parameters 34 34 32
R(F), Rw(F2), GOF 0.030, 0.059, 1.05 0.021, 0.036, 1.07 0.034, 0.064, 1.02
Extinction coefficient 0.0007(2) 0.0007(1) 0.0011(2)
Max., min. peak in final diff. map 3.05 e2/(106 pm3), 1.43 e2/(106 pm3), 2.20 e2/(106 pm3),

21.99 e2/(106 pm3) 21.41 e2/(106 pm3) 21.81 e2/(106 pm3)

[a] See Table 1.

to a comparable extent in the structures of V15Sb18 andTable 3. Positional parameters and equivalent displacement factors
Ti82xBi9 (17.2 pm in both structures), also. The V(1) posi-for Zr2V6Sb9

tion, being the one which is occupied only to 50% in the
Atom site x y z Ueq/(104 pm2) structure of V15Sb18, shows very high displacement param-

eters. Similarly, the displacement parameters of that posi-
Zr(1) 2c 1/4 1/4 0.9164(3) 0.0102(5) tion in Zr2V6Sb9 and Ti82xBi9 are approximately between
Zr(2) 2c 1/4 1/4 0.4132(3) 0.0069(4)

50% and 100% higher than those of the other metal sites,V(3) 4d 0 0 0 0.0077(5)
V(4) 8i 3/4 0.3910(2) 0.1621(3) 0.0070(4) but the position is filled completely in both cases. The high
Sb(1) 2c 3/4 1/4 1/2 0.0127(4) displacement parameters can be understood as a conse-Sb(2) 8j 0.92206(5) 0.92206(5) 0.3488(1) 0.0102(2)

quence of the large metal2pnicogen distances, pointing toSb(3) 8i 3/4 0.99776(8) 0.81671(9) 0.0082(2)
a “rattling” in a large Sb8 (or Bi8) cage, which might result
in an unusually low thermal conductivity, as observed for
the antimonides LnM4Sb12 (M 5 Fe, Co,…)[12].

Figure 1. Projection of the structure of Zr2V6Sb9 along [001]; large, Each V atom in Zr2V6Sb9 is situated in a distorted Sb6white circles: Zr; small, black: V; medium, gray: Sb; metal2Sb
octahedron with V2Sb distances between 271.3(2) pm andbonds omitted for clarity
283.1(1) pm. The averaged distances are slightly enlarged
compared to the distances in V15Sb18 [between 272.3(4) pm
and 279.2(2) pm]. The shorter V2Sb distances, compared
to the Zr2Sb distances, most likely inhibit a significant in-
corporation of the larger Zr atoms on the V positions. The
V layers (Figure 2) contain V(4) tetrahedra, which are inter-
connected via common V(3) atoms capping four edges of
each V(4) tetrahedron.

The description based on V tetrahedra should not imply
the existence of localized bonds within the tetrahedral units.
In contrast, the V2V bonds between the tetrahedra and the
bridging V(3) atoms are shorter than the edges capped by
the V(3) atoms [291.2(1) pm vs. 304.2(3) pm]. The shortest
V2V bond [275.9(4) pm] is situated at the edge of the tetra-
hedron capped by an Sb(1) atom. The lengths of these
bonds are just between the two shortest distances observed
in the body-centered cubic (bcc) element V (262 pm and
303 pm)[13].

The Sb4 units of the ZrSb8 square antiprisms are exactly
planar squares with Sb2Sb distances of 336.65(9) pm in the
Sb(2)4 square and 342.76(8) pm in the Sb(3)4 plane. These
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Figure 3. Projection of the puckered Sb(1),Sb(3) layer along theFigure 2. Projection of the V layer along the slightly tilted c axis

slightly tilted c axis

Figure 4. Projection of the puckered Sb(2) layer along the slightly
tilted c axisdistances, being significantly larger than in the structure of

V15Sb18 [319.0(1) pm and 322.9(1) pm], may be compared
to the second shortest Sb2Sb bonds in elemental antimony
of 335.5 pm. The latter, connecting the layers in the ele-
ment, have to have bonding character because elemental
antimony does not exhibit two-dimensional physical
properties. The similar lengths in case of the structure of
Zr2V6Sb9 might occur with similar bond strengths, however,
the shorter contacts of ca. 320 pm in V15Sb18 correspond
most likely to stronger, but still somewhat weak, Sb2Sb
bonds. Three causes complement each other: first, the larger
size of Zr, compared to V, results in enlarged lattice param-
eters and therefore in longer Sb2Sb separations; second,
the higher amount of valence electrons of the Zr phase (4.22
vs. 4.17 per Sb atom) and third the lower electronegativity
of Zr, compared to V, both lead to higher negatively
charged Sb atoms in case of Zr2V6Sb9. As a consequence,
more antibonding Sb2Sb states are filled in case of
Zr2V6Sb9, compared to V15Sb18, leading to weaker net
bonding.

Additional Sb2Sb interactions between the Sb(1) and
Sb(3) atoms of comparable length [335.89(7) pm] connect
the Sb(3)4 planes to infinite puckered layers consisting of
planar Sb4 and Sb6 rings, as emphasized with dashed lines The Sb(2)2Sb(2) distance of 306.3(2) pm may be com-

pared to other intermediate Sb2Sb distances in rather Sb-in Figure 3. The latter rings were also observed in the struc-
ture of the low-temperature phase V3Sb2 with shorter rich phases without metal2metal bonding, such as

LaCrSb3 with distances between 305.81(5) pm and 317.5(2)Sb2Sb distances of 320 pm.
On the other hand, the Sb(2) squares are interconnected pm[14] and La3TiSb5 with a linear Sb chain consisting of

Sb2Sb separations of 314.00(5) pm[15]. In both cases, it wasvia the shortest Sb2Sb contacts in this structure [306.3(2)
pm] to puckered layers, which contain puckered eight-mem- concluded that all electrons from the metal atoms were

transferred to the Sb atoms, leading to the tentativebered Sb(2) rings in addition to the Sb(2)4 squares. The
short Sb2Sb bonds are shown as bold lines in Figure 4, ionic formulations (La31)(Cr31)(Sb2.52)2(Sb12) and

(La31)3(Ti41)(Sb32)3(Sb22)2. These assignments are inwhereas the longer distances of 336.65(9) pm correspond to
the dashed lines. agreement with a consideration of the above mentioned
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Table 4. Parameters used for EH calculations on Zr2V6Sb9Sb2Sb contacts as 1-electron-2-center bonds in a local

view. In case of Zr2V6Sb9, a comparable classification is less
Orbital Hii/eV ζ1 c1 ζ2 c2straightforward because of the different V2V bond lengths

and the occurrence of the longer Sb2Sb distances > 330
Zr, 5s 28.204 1.82pm. Neglecting the longer Sb2Sb distances and consider- Zr, 5p 24.593 1.78

ing the shortest Sb2Sb bond as a one-electron bond would Zr, 4d 28.117 3.84 0.6213 1.51 0.5798
V, 4s 27.894 1.30result in the formal ionic formulation (Zr41)2(V2.831)6-
V, 4p 24.304 1.30(Sb32)5(Sb2.52)4, if one also ignores in a zeroth approxi- V, 3d 28.510 4.75 0.4755 1.70 0.5798
Sb, 5s 218.80 2.32mation the large Zr2Zr and Zr2V distances (> 350 pm).
Sb, 5p 211.70 2.00The ionic formulation is not meant to imply ionic character

of Zr2V6Sb9, but it may be helpful in understanding the
bonding situation. According to this electron counting,

Figure 5. Calculated densities of states for Zr2V6Sb9; horizontal2.17/6 5 0.36 electrons remain available for V2V bonding line: Fermi level; solid line: total DOS; long dashes: Zr contribu-
per V atom, i. e. four V2V bonds per V(3) atom [291.2(1) tion; short dashes: V; dots: Sb
pm] and five V2V bonds per V(4) atom [between 275.9(4)
pm and 304.2(3) pm]. This very crude approximation gives
an explanation for the occurrence of fractional bond orders
of the V2V and Sb2Sb bonds. In case of V15Sb18, a similar
discussion would result in the electron counting scheme
(V51)3(V2.921)12(Sb32)10(Sb2.52)8, and therefore 0.35 elec-
trons for each V(3) and V(4) atom to form V2V bonds. In
the latter case, however, the Sb2Sb contacts of ca. 320 pm
should not be neglected.

Calculations of the electronic structure using the Ex-
tended Hückel approximation (EH)[16,17,18] were performed
in order to evaluate the bonding situation (and the physical
properties) of the structure of Zr2V6Sb9. Since the standard
values of the metal parameters are usually energetically
lower than the parameters in low-valent compounds, the
metal parameters were optimized by charge iteration of va-
nadium in V15Sb18 with constant Sb parameters[19], fol- states to the densities of states at the Fermi level. In ad-

dition, the occurrence of Zr states at the Fermi level andlowed by the optimization of zirconium in Zr2V6Sb9. The
parameters used are summarized in Table 4. The calculated the somewhat long Zr2Zr distances parallel to the c axis

might lead to metallic conductivity along the c direction,densities of states (Figure 5) show a significant number of
states at the Fermi level, which basically are centered at the also. However, since the antimony atoms, having holes in

the sp band, certainly contribute to the metallic properties,vanadium atoms. The Zr orbitals are much less filled than
the V orbitals, confirming the electron-counting scheme three-dimensional metallic properties are assumed. The

temperature-independent Pauli paramagnetism experimen-mentioned above. The p states of antimony are found in a
wide peak between 210 eV and 215.5 eV, with a tail going tally obtained from the Zr2V6Sb9 bulk sample (Figure 6)

shows the presence of itinerant electrons, and thus metallicup above the Fermi level. The latter is a hint to not com-
pletely reduced antimony ions, in agreement with the occur- properties, but it provides no information on the dimen-

sionality of the physical properties. Attempts to synthesizerence of rather small Sb2Sb distances. The fact that the
Sb(2) atoms have shorter Sb2Sb contacts, compared to crystals suitable for direction dependent measurements

were unsuccessful.Sb(1) and Sb(3), expresses itself in smaller Mulliken gross
populations calculated with the EH method [Sb(2): 5.23; A discussion of the total crystal orbital overlap popu-

lations of all Zr2Sb, V2Sb and V2V interactions is in-Sb(3): 5.35; Sb(1): 5.53 electrons], supporting the trend im-
plied but certainly overestimated by the electron-counting structive. These interactions are depicted in Figure 7,

whereas the Zr2Zr states are neglected because of theirscheme (Zr41)2(V2.831)6(Sb32)5(Sb2.52)4. The differences
between Sb(1) and Sb(3) also show the treatment of both small contributions. Mainly bonding interactions are found

between 215.5 eV and the Fermi level at 28.44 eV, whichatoms as SbIII as being a crude approximation. Further-
more, the covalent mixing of the Sb states with the V and are dominated by the V2Sb bonds. Only very few anti-

bonding V2Sb states are filled below the Fermi level. Al-Zr states, as can be seen from the contribution of the d
states of both different kinds of metal atoms to the Sb peak though the Zr2Sb peak area is roughly half as large as the

V2Sb peak area, the Zr2Sb interactions play a similar rolebelow 211 eV, imply Zr2V6Sb9 being a compound with co-
valent Zr2Sb and V2Sb interactions. per bond, because 2 3 8 5 16 Zr2Sb bonds and 6 3 6 5

36 V2Sb bonds exist per formula unit. The V2V bondsThe vanadium substructure with fractional V2V bonds
should occur with metallic properties in the a,b plane, es- are precisely optimized in the structure of Zr2V6Sb9, ac-

cording to the results of the EH calculations. Altogether,pecially under consideration of the huge contribution of V
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Figure 6. Temperature dependence of the magnetic susceptibility 0.048) also are found for the Sb2Sb interactions between

of Zr2V6Sb9 330 pm and 350 pm. The small positive net overlap popu-
lations are the result of the sum of bonding and antibond-
ing Sb2Sb states, as shown in the averaged Sb2Sb COOP
curves in Figure 8. The positive but small values point to
weak bonding character for these interactions. The overlap
population of 0.077 for the comparable Sb2Sb bond in el-
emental antimony (335.5 pm) is of the same magnitude.

Table 5. Selected interatomic distances and overlap populations of
Zr2V6Sb9

interaction length/pm MOP[a]

Zr(1)21 Zr(2) 357.4(3) 0.041
Zr(1)21 Zr(2) 362.1(3) 0.065
Zr(1)24 V(3) 351.06(5) 0.053
Zr(1)24 V(4) 355.7(2) 0.029
Zr(1)24 Sb(2) 305.1(2) 0.234
Zr(1)24 Sb(3) 309.2(2) 0.239
Zr(2)24 Sb(2) 293.2(2) 0.422the V2V interactions play a minor but still significant role
Zr(2)24 Sb(3) 293.4(1) 0.453

for the stability of Zr2V6Sb9, compared to the Zr2Sb and V(3)24 V(4) 291.2(1) 0.145
V(3)22 Sb(2) 273.2(1) 0.388V2Sb bonds. This can be taken from a rough optical esti-
V(3)24 Sb(3) 277.87(4) 0.302mation of the sizes of the different areas under the different V(4)21 V(4) 275.9(4) 0.184

COOP curves as shown in Figure 7, which reflect the differ- V(4)22 V(4) 304.2(3) 0.096
V(4)21 Sb(1) 279.5(2) 0.411ent sums of the overlap populations. This simplistic view
V(4)22 Sb(2) 282.5(2) 0.348should be regarded cautiously, because a Zr2Sb bond may V(4)21 Sb(3) 271.3(2) 0.382

be a much stronger bond than a V2V bond of a compar- V(4)22 Sb(3) 283.1(1) 0.245
Sb(1)24 Sb(3) 335.89(7) 0.048able overlap population.
Sb(2)21 Sb(2) 306.3(2) 0.339
Sb(2)22 Sb(2) 336.65(9) 0.042

Figure 7. Selected total COOP curves for Zr2V6Sb9; horizontal line: Sb(3)22 Sb(3) 342.76(8) 0.025
Fermi level; solid line: V2V interactions; long dashes: Zr2Sb;
short dashes: V2Sb; right part of the diagram: bonding interac-

[a] MOP 5 Mulliken Overlap Population [electrons per bond].tions (1); left: antibonding (2)

Figure 8. Selected averaged COOP curves for Zr2V6Sb9; horizontal
line: Fermi level; solid line: Sb2Sb interactions < 310 pm; dashed:
Sb2Sb interactions between 310 pm and 350 pm; right part of the

diagram: bonding interactions (1); left: antibonding (2)

The concrete Mulliken overlap populations (MOPs) of
selected interatomic interactions are listed in Table 5. The
V2V interactions have significant positive MOP values,
ranging from 0.184 and 0.096 within the tetrahedral units
to 0.145 for every V(3)2V(4) bond. This may be compared
to the values calculated for the shortest interaction of 262
pm (0.298) and for the longer ones of 303 pm (0.120) in Fewer antibonding states are filled in case of the shortest

Sb2Sb interaction in the structure of Zr2V6Sb9 [d 5elemental vanadium[20]. As proposed above, the Zr2Zr and
Zr2V interactions have only weak bonding character, if 306.3(2) pm, MOP 5 0.339]. The COOP curves also show

the presence of antibonding Sb2Sb states above the Fermiany, with overlap populations between 0.029 and 0.065 elec-
trons per bond. Similar values (i.e. between 0.025 and level, supporting the model of not completely reduced SbIII
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The electronic structure of the title compound 1 has been third highest occupied MO is mainly localized at the oxygen
atom (n0). All calculations indicate that the molecule has ainvestigated by UV photoelectron spectroscopy and quantum

chemical calculations. 1 has two nearly degenerate nN lone- twisted C2 conformation.
pair orbitals which form the two highest occupied MOs. The

Figure 1. PE spectrum of (CF3)2N2O2N(CF3)2 (1)We have recently reported a synthesis and gas-phase elec-
tron-diffraction structure analysis of perfluoro(2,4-di-
methyl-3-oxa-2,4-diazapentane), (CF3)2N2O2N(CF3)2

(1). [1] This compound consists of an N2O2N chain that
is substituted by four CF3 groups. The structure analysis
indicated that the molecule has C2v symmetry and an sp,sp
conformation in which both nitrogen electron lone-pairs are
synperiplanar to the vicinal N2O bond. The electronic
structure of this molecule is characterized by electron lone-
pairs on three neighbouring (directly bound) atoms which
makes it an ideal candidate to study the mutual interactions
of such orbitals. We have investigated the electronic struc-
ture of 1 by photoelectron (PE) spectroscopy and quantum
chemical calculations. The measured ionization potentials
are summarized in Table 1 together with the relevant results
of the calculations. The PE spectrum of 1 is depicted in them. For the first band beginning ionization correspond-

ing to the adiabatic ionization energy can be localized atFigure 1. In Figure 2 plots of the three highest occupied
molecular orbitals are shown. 11.0 eV while the vertical IP is at 12.15 eV. For the second

band the adiabatic value can be estimated to 12.7 eV.The PE spectrum consists of two broad bands with minor
intensities, centred at about 12.2 and 13.7 eV, and several For analysis of the electronic structure of 1 and the in-

terpretation of the PE spectrum quantum chemical calcu-broad bands with larger intensities between 15 and 21 eV.
Since the intensity of the first band is somewhat larger than lations on different levels of theory were performed. Semi-

empirical methods like AM1[2] and PM3[3] are known to bethat of the second, two ionization events contribute to it
although it is not possible to assign different IP values to superior to simple ab initio methods, in particular for the

Table 1. Ionization potentials IP [eV] and orbital energies ε [eV] of (CF3)2N2O2N(CF3)2 (1)

B3LYP/62311G* B3LYP/ HF/ AM1 PM3 Assignment
32211G* 62311G*

IPv exp. IPv IPa 2ε 2ε 2ε 2ε 2ε

12.15[a] 11.90 10.82 9.76 10.62 13.90 12.91 12.83 nN
1 (A)

9.74 10.79 14.26 12.99 12.92 nN
2 (B)

13.70[b] 11.13 12.24 16.16 13.95 14.57 nO (B)
16.2 12.35 13.02 17.82 14.78 15.87 σ (A)

[a] IPa 5 11.0 eV. 2 [b] IPa 5 12.7 eV.
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Figure 2. Plots of the three highest occupied MOs of molecule and the radical cation. By performing single-point

(CF3)2N2O2N(CF3)2 (1) (PM3 results) energy calculations for the radical cation on the molecule9s
geometry, i.e. without allowing for relaxation during ioni-
zation, the first vertical IP, IP1,v, is accessible. Total energies
from these calculations are given in Table 2; orbital energies
and calculated IP values are listed in Table 1.

All theoretical methods lead to a C2 structure as the most
stable conformer of 1 that is twisted from the C2v structure
by about 30° as measured from the C2N···N2C dihedral
angles. For the untwisted C2v structure higher energy values
of 1.025.8 kcal mol21 were obtained. These results indicate
that the molecule has a double minimum (W shaped) energy
potential for its deformation, both C2 minima are equally
populated, and transition between the conformers through
the C2v conformation is rapid. This makes it difficult to
distinguish experimentally between C2 and C2v symmetry.
In Table 3 the structure parameters of 1 as obtained from
electron diffraction,[1] from HF and from B3LYP calcu-
lations using the basis set 62311G* are compared. The
agreement between experimental and theoretical data is
generally not quite satisfactory. Deviations are smaller for
the B3LYP than for the HF results and for C2 than for C2v

symmetry. The latter observation may be considered as an
additional indication for a twisted conformation of 1.

The orbital energies given in Table 1 refer to the more
stable C2 conformer and correspond to the structure of
minimum energy found by the respective method. All calcu-
lations lead to the same interpretation of the spectrum: The
first two ionizations, which are nearly degenerate, are as-
signed to the two nN MOs, and the third ionization is as-
signed to the nO

p MO. The strong bands centred at about
16.0 and 17.5 eV are mainly composed of nF ionizations.
When only the first three MOs are considered, the energies
calculated for ε by the AM1 method show the best agree-
ment with the IP values, but there is only a minor difference
to the PM3 results, while 2 as expected 2 the orbital ener-
gies of the ab initio methods cannot be used equally well.
Deviations from the Koopmans theorem[4] of 0.320.8 eV
are found for the AM1 results, the PM3 values are more
uniformly wrong by 0.720.9 eV, and the deviations of the
ab initio methods range from 21.42(21.5) eV (B3LYP/
62311G*) to 1.822.5 eV (HF/62311G*). Although it has
to be admitted that caution is necessary, the AM1 and the
PM3 method can be praised for their performance in the
interpretation of the PE spectrum of 1. In comparing the
quality of the computational methods, not only the size of
the deviations but also their uniformty has to be considered

calculation of orbital energies εi which can be used to assign
and according to this aspect the B3LYP/62311G* results

ionization potentials (IPi) making use of the Koopmans
rank first.

theorem, IPi 5 2εi
SCF. [4] These methods are, however,

Leaving the limitations of the Koopmans theorem,[4] andoften of limited value for molecules like 1 with vicinal elec-
calculating the first adiabatic and vertical IP from the en-tron lone-pairs since their interaction is not correctly repro-
ergy difference of molecule and radical cation, the valuesduced which often leads to wrong conformations. Good re-
obtained on the B3LYP/62311G* level of theory are insults have been obtained for a variety of molecules with
quite satisfactory agreement with the experimental onesthe Becke3LYP (B3LYP) method,[5] a hybrid Hartree-Fock/
(Table 1).density functional theory (HF/DFT) method.[6] [7] This

method also leads to excellent values for the first adiabatic As is evident from Figure 2, there are coefficients on all
atoms of the N2O2N chain in the three highest occupiedionization potential, IP1,a, as the energy difference of the
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Table 2. Calculated total energy E [au] and enthalpy of formation ∆Hf [kcal mol21] of two conformers and the radical cation M1· of

(CF3)2N2O2N(CF3)2 (1)

E E ∆Hf ∆Hf
B3LYP/62311G* HF/62311G* AM1 PM3

sp,sp (C2) 21535.2127732 21528.4542501 2521.46 2598.23
sp,sp (C2v) 21535.2065303 21528.4450707 2520.51 2595.74
∆(C2v2C2) [a] 3.92 5.76 0.95 2.49
M1·[b] 21534.7755083
M1·[c] 21534.8149655

[a] kcal mol21. 2 [b] Single-point calculation on the molecule9s structure. 2 [c] Optimized structure.

Table 3. Structure parameters [pm,°] of (CF3)2N2O2N(CF3)2 (1) from electron diffraction (ED), ab initio HF and B3LYP calculations

ED[a] (C2v) B3LYP[b] (C2v) B3LYP[b] (C2) HF[b] (C2v) HF[b] (C2)

N2O 146.2(8) 143.8 142.4 139.2 138.1
N2C 143.5(4) 147.2 145.9, 146.1 145.2 144.0, 144.3
C2F 132.3(2) 132.92134.6 133.22135.0 130.02131.4 130.32131.7
N2O2N 105.2(2.6) 112.3 109.7 114.1 111.0
C2N2C 117.9(1.2) 114.9 117.2 115.0 117.3
O2N2C 109.3(8) 107.2 107.6, 109.2 107.6 108.0, 109.5
F2C2F 109.3(2) 108.12108.5 108.02109.2 108.22108.6 108.22109.2
C2N···N2C 0.0 0.0 30.8 0.0 32.8

[a] From ref. [1]. 2 [b] Basis set 62311G*.

MOs of 1 indicating mutual interaction of nN and nO or- its maximum value in the undistorted C2v conformation
(see below), whereas the torsion in the C2 form will reducebitals. The nearly degenerate energy levels of the two nN

MOs are closely related to the sp,sp conformation of 1 in the overlap of n1 and n2 and thus result in a smaller ∆nN.
The splitting is then obviously overcompensated by nN/nOwhich both nitrogen electron lone-pairs are synperiplanar

to the opposite N2O bonds; [1] nN
1 and nN

- are the sym- interactions. The nO
p orbital is geometrically orthogonal to

n1 and n2 in the C2v form so that there will be some interac-metric and antisymmetric linear combination of the two ni-
trogen lone-pair orbitals (n1 and n2), respectively, with ref- tion only in twisted C2 conformations. On the other hand,

the nO
s orbital overlaps effectively with n1 and n2. However,erence to the relevant symmetry operation. The MOs de-

picted in Figure 2, which correspond to the C2 structure only the linear combination nN
1 has the same symmetry as

nO
s so that this orbital is destabilized while nN

2 remainsobtained with the PM3 method (torsional angle 31.3°),
should be considered as qualitative illustrations, since the unaffected. This vicinal nN/nO interaction is also confor-

mation dependent having its maximum extent in the un-shape of the MOs varies with the structure and the method
used in the calculation. twisted C2v form. For this conformation the following MO

energies are calculated with the B3LYP/62311G* method:The energy difference ∆nN of nN
1 and nN

2 is attributed
to the interaction of n1 and n2 and is dependent on their 29.75 eV (nN

1, A1), 210.22 eV (nN
2, B2), 210.78 eV (nO,

B1). In this case the two nN MOs would no longer be nearlymutual geometrical orientation.[8] In 1,3-diamines ∆nN val-
ues between 0 and more than 1 eV have been observed by degenerate, and accordingly the first two IPs of the PE

spectrum should be sufficiently split in order to be detectedPE spectroscopy.[9] The PE spectrum of 1,3-diazaadaman-
tane[10] shows two well-separated nN ionization bands at separately. The actual PE spectrum is thus an indication of

the twisted C2 form. Here the nN/nO
s interaction is obvi-7.75 (nN

-) and 8.78 eV (nN
1). The orientation of the lone-

pairs in this compound corresponds to the ap,ap confor- ously approximately of the same magnitude as the 1,3-nN/
nN interaction which explains the observed orbital degener-mation of 1, [1] in which the nitrogen electron lone-pairs are

antiperiplanar to the vicinal N2O bonds, and the splitting acy nN
1 ø nN

2 of 1.
That the conformational properties of 1 are mainly deter-is dominated by through-space interaction. On the other

hand, 2-substituted 1,3-dimethylimidazolidines[11] have a mined by the mutual interactions of the electron lone-pairs
is also indicated by the large difference between adiabaticsingle broad band, and the energies of the two nN orbitals

are split by only 0.020.3 eV indicating little interaction, and vertical IP values of more than 1 eV for the first and
the third IP. The ionizations reduce the electrostatic repul-which is consistent with envelope conformations of the five-

membered ring and an axial-equatorial orientation of the sion of the electron pairs and lead to a less twisted, i.e. more
C2v like, conformation of the radical cation than in the neu-two N-methyl groups.

For the sp,sp conformation of 1 one would expect good tral molecule.
through-space interaction of the nitrogen lone-pair orbitals
n1 and n2 leading to a sizeable ∆nN value and an energy We thank the Fonds der Chemischen Industrie, Frankfurt am

Main, for financial support.sequence nN
2 > nN

1. However, this interaction would have
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Tridentate coordination of the potentially tetradentate ligand relevance of the tridentate coordination mode of the ligand
is discussed with respect to its intermediacy in the reactionN,N9-dimethyl-2,11-diaza[3.3](2,6)pyridinophane (L–N4Me2)

has been structurally established in the tricarbonylmolyb- mechanism for the formation of cis octahedral metal
complexes containing tetradentate 2,11-diaza[3.3](2,6)-denum(0) complex [Mo(L–N4Me2)(CO)3]. The fluxional

behavior of the coordinated tetraazamacrocyclic ligand is pyridinophane derivatives as ligands.
demonstrated by a variable-temperature 1H-NMR study. The

Introduction

The macrocyclic ligand 2,11-diaza[3.3](2,6)pyridino-
phane (L2N4R2) disposes of four potential nitrogen donor
atoms for the complexation of metal ions. Due to its small
ring size, the tetraazamacrocycle generally forms cis octa-
hedral coordination geometries (1) with all nitrogen donor
atoms bound to the metal ions. [1] [2] With iron(II), iron(III),
and cobalt(II) ions, eight-coordination has been observed
in complexes of the composition [M(L2N4H2)2]n1 (2), in
which both diazapyridinophane units act as tetradentate li-
gands. [3] [4] In contrast, the nickel(II) ion in the complex
[Ni(L2N4H2)2]21 (3) is coordinated to all nitrogen donor
atoms of one of the tetraazamacrocyclic ligands and to one
each of the pyridine and amine nitrogen atoms of the se-
cond ligand.[4] Thus, in octahedral metal complexes only
the tetra- and bidentate coordination modes have been
structurally established with 2,11-diaza[3.3](2,6)pyridino-
phane ligands. Because we are interested in the general co-
ordination chemistry of this type of ligand, we decided to
explore the possibility of a tridentate coordination of the
diazapyridinophane ligands in octahedral metal complexes.
It is known that tricarbonylmolybdenum(0) fragments can
sustain the tridentate coordination mode with the tetra- Results and Discussion
azamacrocycles 427 which possess 12-, 14-, 15-, and 16-
membered rings. [5] [6] In one instance a structure analysis The reaction of the ligand L2N4Me2 with an equivalent

amount of [Mo(CO)6] in refluxing toluene yields a dark redhas been reported. [5] Tridentate coordination may, however,
be more difficult to achieve with the macrocyclic ligand complex whose elemental analysis is consistent with its for-

mulation as [Mo(L2N4Me2)(CO)3] (8). The IR spectrum ofL2N4R2, since this type of ligand is, relative to the tetra-
azamacrocycles 427, significantly more rigid due to the the compound is dominated by a very intense, narrow

(∆ν1/2 5 30 cm21) band at 1893 cm21 and an equally in-presence of two pyridine units in the ring and therefore has
considerably fewer degrees of conformational freedom. The tense, rather broad (∆ν1/2 5 60 cm21) band at 1762 cm21;

these bands are assigned to the two CO stretching vi-initial results of a study directed towards the feasibility of
the tridentate coordination of 2,11-diaza[3.3](2,6)pyridino- brations (A1 and E) expected for a fac-Mo(CO)3 fragment

with a local C3v-symmetry. The v(CO) frequencies for thephane ligands are described here.
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ν(CO) frequencies, the Mo2C bond lengths of 1.933 and
1.943 Å indicate substantial Mo5C double bond charac-
ter. [9] These bond lengths fall into the general range ob-
served for Mo2CO bonds in complexes with an octahedral
MoC3N3 coordination sphere (1.89821.952 Å with the
mean at 1.923 Å). [5] [8] [9] [10]

Figure 1. Perspective view of the structure of [Mo(L2N4Me2)-
(CO)3] showing thermal ellipsoids at 50% probability and the
atom-numbering scheme; the primed and unprimed atoms are re-

lated by a mirror plane[a]

terminally bound carbonyl ligands lie in the same range as
those observed for other octahedral tricarbonylmolyb-
denum(0) complexes with C3N3 coordination environ-
ments. [6] [7] [8] The relatively low energy of these v(CO) fre-
quencies, indicating strong π-back bondings between the

[a] Selected bond lengths [Å] and angles [°]: Mo2N(1) 2.306(3),metal and the carbon atoms, is attributed to the presence
Mo2N(2) 2.342(2), Mo2C(10) 1.943(4), Mo2C(11) 1.933(3),of strong σ-only donors with no or rather weak π-acceptor
C(10)2O(1) 1.167(5), C(11)2O(2) 1.172(3); C(10)2Mo2C(11)

capabilities, such as amines and pyridines. 83.4(1), C(11)2Mo2C(119) 88.0(2), N(1)2Mo2N(2) 75.49(8),
N(1)2Mo2C(11) 94.3(1), N(1)2Mo2C(10) 176.7(1), N(2)2Mo2A perspective view of the structure of 8 is presented in
N(29) 68.7(1), N(2)2Mo2C(10) 107.2(1), N(2)2Mo2C(11)Figure 1. The molecule possesses crystallographically im- 100.9(1), N(2)2Mo2C(119) 166.79(9).

posed Cs symmetry. The most noteworthy structural aspect
of complex 8 is the finding that the potentially tetradentate In solution, fluxional behavior is observed for the coordi-

nated macrocyclic ligand by a variable-temperature 1H-ligand L2N4Me2 acts only as a tridentate ligand here.
Thus, the somewhat distorted octahedral coordination en- NMR study. Thus, at low temperatures (240 K), the methyl-

ene proton signals appear as two well separated AB systemsvironment around the molybdenum atom is composed of
three carbonyl ligands occupying one face of the octa- in the 1H-NMR spectrum (Figure 2). The first AB system

occurs at δ 5 4.02 and 5.51 with a coupling constant JAB 5hedron and three nitrogen donor atoms of the macrocyclic
ligand coordinated to the opposite face. By maintaining a 14 Hz and the second at δ 5 4.23 and 4.51 with JAB 5 15

Hz. Raising the temperature causes the two AB systems tosyn chair-boat conformation, L2N4Me2 is bound to the
metal ion only through the two pyridine and one of the be replaced by a new AB system at δ 5 4.1 and 5.1 with

JAB 5 15 Hz by coalescence of the signals at δ 5 4.02 andamine nitrogen atoms. In contrast to previously discussed
octahedral complexes where the tetraazamacrocyclic ligand 4.23 and those at δ 5 4.51 and 5.51. In a similar way, the

two signals corresponding to the protons of two methylis bound to a metal ion in a tetradentate fashion, [1] [2] here
the bond from the metal ion to the amine nitrogen atom groups which are found at δ 5 2.50 and 3.23 at low tem-

peratures coalesce to a singlet at δ 5 2.9. In analogy, the(Mo2Namine bond, 2.306 Å) is considerably shorter than
that to the pyridine nitrogen atoms (Mo2Npy bond, 2.342 slightly different signals attributed to the 3-pyridine and 5-

pyridine protons appear at higher temperatures as one sig-Å). Overall the lengths of the Mo02N bonds are similar to
those observed in other six-coordinate molybdenum com- nal. The dynamic NMR study clearly demonstrates that,

when the complex is dissolved, an intramolecular substi-plexes with the same ligand donor set (2.24222.407 Å with
the mean at 2.314 Å). [5] [8] [9] [10] Presumably due to steric in- tution reaction takes place in which, as depicted in Scheme

1, the uncoordinated amine nitrogen donor replaces theteractions between the methylene protons next to the unco-
ordinated amine nitrogen atom and the axial carbonyl li- bound one. Simulations of the NMR subspectra corre-

sponding to the methylene protons at different temperaturesgand [containing C(10) and O(1)], the coordination of the
macrocycle to the metal ion is considerably distorted, as yield the reaction velocities k for this process at each tem-

perature; at room temperature, k and the free activation en-demonstrated, for example, by the rather small N2Mo2N
angles of 68.7° and 75.5°. In agreement with the rather low ergy ∆G° were determined to be 286 s21 and 59.0 kJ mol21,
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respectively. From a plot of ln(k/T) vs 1/T, the free acti- sufficient to stabilize a molybdenum(0) atom if it is coordi-

nated to four relatively strong σ-donors, such as amines orvation parameters ∆H° 5 58.1 kJ mol21 and ∆S° 5 23.14
J K21 mol21 were obtained. Since the experimental error pyridines, with no or only rather weak π-acceptor capabili-

ties. Therefore, the molybdenum(0) atom prefers the coordi-in determining the value of the entropy of activation by
NMR spectroscopy is inherently quite large, this rather nation of three carbonyl ligands and forfeits ligation of one

of the four possible nitrogen donors of the macrocyclic li-small value for the entropy of activation prohibits its use in
a discussion of the possible mechanism of the reaction. The gands. However, it is interesting to point out that for all

diamagnetic cis octahedral metal complexes investigatedreaction mechanism is currently being investigated with a
series of tricarbonyl metal complexes [M(L2N4R2)(CO)3] thus far the NMR spectra demonstrate that the tetraazama-

crocycle, once coordinated as tetradentate ligand, stays(where M 5 Cr0, Mo0, or W0 and R 5 H, Me, or tBu).
Preliminary results of this kinetic study suggest that the re- bound to the metal ion through all its nitrogen donor

atoms.action proceeds either by an associative or an associative
interchange mechanism. The structures of the complexes 3 and 8 provide some

quite interesting insights into mechanistic aspects of the co-
Figure 2. 1H-NMR signals of the methylene protons of [Mo(L2N4- ordination of octahedral metal ions by diazapyridinophaneMe2)(CO)3] in deuterated dimethylformamide at different temper-

ligands. Thus, the bidentate and tridentate coordinationatures (360 MHz)
modes of the tetraazamacrocyclic ligands observed in these
complexes can be viewed as intermediates in the formation
of tetradentate chelation of the ligand. As uncoordinated
macrocycle the dialkyl-substituted diazapyridinophane is
present as syn chair-chair conformer. The reaction sequence
depicted in Figure 3 starts with the coordination of just one
nitrogen atom, most likely one of the amine nitrogen do-
nors since these can be approached by the metal ion more
easily because of steric considerations. Next, by changing
the chair-chair conformation of the ligand to a boat-chair
conformation, bidentate chelation over one amine and one
pyridine nitrogen atom occurs, similar to that found in 3.
The macrocyclic ring slides further over the metal ion, and
the second pyridine nitrogen atom forms a bond to the me-
tal ion, yielding a facial coordination of the ligand like that
observed in 8. By converting the chair-boat conformation
to a boat-boat conformation, the last amine nitrogen donor
atom is then able to interact with the metal ion and, thus,
tetradentate chelation of the ligand is completed.

Conclusion

Tridentate coordination has been structurally established
for the ligand L2N4Me2 in a tricarbonylmolybdenum(0)
complex. In solution, an intramolecular rearrangement ofScheme 1
the ligand occurs where the uncoordinated amine nitrogen
atom replaces the coordinated one at the molybdenum
atom. In general, 2,11-diaza[3.3](2,6)pyridinophanes dis-
play a decisive tendency to form preferentially cis octa-
hedral complexes; only in very specific cases, e.g. when the
other ligands in the complex are very strongly bound as in
[Mo(L2N4Me2)(CO)3] or when no further coordination
sites are available in the octahedral complex as in
[Ni(L2N4H2)2]21, do these ligands relinquish tetradentate
chelation and become tri- or bidentate chelators. Similar bi-
and tridentate coordination modes of the macrocyclic li-The tridentate coordination mode of the ligand
gand are proposed to occur in the intermediates in forma-L2N4Me2 has only been observed here because the tricar-
tion of cis octahedral complexes.bonylmolybdenum(0) fragment is quite stable. Since ad-

equate π-back-bonding from the metal ion to the carbonyl We thank the Deutsche Forschungsgemeinschaft for financial sup-
ligands is required to stabilize the molybdenum(0) atom, port.
the presence of only two carbonyl ligands is apparently not
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3 0.4 mm; crystal system monoclinic; space group P21/m (No. 11);Figure 3. Possible mechanism for the formation of octahedral metal

complexes by reaction of hydrated metal ions (L 5 H2O) with li- Z 5 2; cell dimensions: a 5 9.371(3), b 5 11.780(3), c 5 9.551(2)
gands of the type L2N4R2 Å, β 5 118.96(2)°; V 5 922.5(4) Å3; ρcalcd. 5 1.614 g cm23;

F(000) 5 456; graphite-monochromated Mo-Kα radiation (λ 5

0.71073 Å); µ 5 7.39 cm21; T 5 293 K; Hilger & Watts dif-
fractometer; ω-2Θ scans in the range 4.90° # 2Θ # 55.10°; 2167
unique reflections [1994 reflections with Fo > 4 σ(Fo)]; 136 vari-
ables; GooF on F2 [Fo > 4 σ(Fo)] 5 1.181; R [Fo > 4 σ(Fo)] 5 3.11%
with R 5 ΣiFou 2 uFci/ΣuFou; wR2 [Fo > 4 σ(Fo)] 5 7.05% with
wR2 5 {Σ[w(Fo

2 2 Fc
2)2]/Σ[w(Fo

2)2]}1/2; largest peak (hole) 5 0.58
(20.92) e Å23. The positions of the non-hydrogen atoms were de-
termined by SHELXS 86[12] and by Fourier difference maps using
the program SHELXL-93.[12] The structural parameters were re-
fined with the program SHELXL-93, using F2 of all symmetry-
independent reflections except those with very negative F2 values.
All non-hydrogen atoms were refined anisotropically. The complex
is bisected by a crystallographical mirror plane passing through the
molybdenum ion, one of the carbonyl ligands, the two amine nitro-
gen atoms, and the carbon atoms of the two methyl groups. Hydro-
gen atoms were assigned idealized locations and their isotropic
temperature factors were refined.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Center as supplementary publication
no. CCDC-101671. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: int. code 1 44-1223/336-033; E-mail: deposit@-
ccdc.cam.ac.uk).
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Oxametallacycles [Fe(C5Me5)(CO){C3(C6H4-o-Cl)(CO2Me)- [Fe(C5Me5)(CO){C3(C6H4-o-PMe3)(CO2Me)(OMe)Oa}(Fe–
Oa)][OTf] (3) is formed only for the bis(ester) derivative, via(R)Oa}(Fe–Oa)] (2, R = OMe; 4, R = Me) are accessible from

the chelate (chloroaryl)carbene complex [Fe(C5Me5)(CO)- Ar–Cl bond activation. No reaction occurs for 4, for which the
coordination of the acetyl group has been supported by an{C(OMe)C6H4-o-Cla}(Fe–Cla)][OTf] (1) upon treatment with

the appropriate carbanions. Their formation arises from the X-ray analysis.
lability of the chlorine atom. The related phosphonium salt

Scheme 1. Reagents and conditions: i) NaCH(CO2Me)2, THF,Aryl halides coordinating to metal centers are the focus
280°C; ii) PMe3of general interest especially for the functionalization of

aromatic rings. [1] Halogenoarenes can be activated towards
nucleophilic displacement by η6 complexation to electron-
deficient transition-metal centers. [2] We have previously re-
ported that Ar2Cl bond cleavage can be achieved by com-
plexation of the halide group.[3] Moreover, alkyl halide
complexes M(η1-XR) have been shown to undergo nucleo-
philic attack at the α-carbon atom in the presence of Lewis
bases. [4] [5] [6] This led us to investigate the reactivity of the
electrophilic chelate (chloroaryl)carbene complex[7] [Fe-
(C5Me5)(CO){C(OMe)C6H4-o-Cla}(Fe2Cla)][OTf] (1)
towards stabilized carbanions possessing coordinating car-
bonyl groups. Here, we report the access to new oxametalla-
cycles, the lability of the chelated group, Cl versus C5O,
involved in the formation of these species allows to induce
nucleophilic aromatic substitution.

Complex 1 reacts at 280°C (1 h) with a THF solution
of NaCH(CO2Me)2 affording the oxametallacycle [Fe-
(C5Me5)(CO){C3(C6H4-o-Cl)(CO2Me)(OMe)Oa}(Fe2Oa)]
(2) which is isolated after chromatography as a green pow-
der (Scheme 1). The complexation of the carbonyl group is
evidenced by the 13C-NMR spectrum (CDCl3); the most addition of PMe3 to the reaction mixture affords the corre-

sponding phosphonium salt [Fe(C5Me5)(CO){C3(C6H4-o-characteristic features are the signals at δ 5 262.4 (Fe2Cα),
124.9 [C(CO2Me)], and 177.3 (C2O) for the carbon atoms PMe3)(CO2Me)(OMe)Oa}(Fe2Oa)][OTf] (3). The presence

of the PMe3 group is clearly established by NMR spec-of the metallacycle. The low-field 13C shift of the Cα reson-
ance is intermediate between that of a carbene carbon atom troscopy; its resonance is located at δ 5 24.1 in the

31P{1H}-NMR spectrum (CDCl3). The 3J(P2HAr) andand that of an alkenyl group, in agreement with two pos-
sible mesomeric forms. We assume that the formation of 2 1J(P2CAr) coupling constants of 15.6 Hz and 89 Hz,

respectively, support the presence of the phosphorus atomresults from an α attack by the nucleophile to give the C2C
intermediate adduct, subsequent dissociation of the chlor- on the aromatic ring. We assume that the formation of such

species requires the activation of the Ar2Cl bond by theine atom by the coordinating carbonyl group leads to the
formation of a new five-membered ring (Scheme 2). Eventu- organo2iron fragment, the C5O group would be labile en-

ough to be in equilibrium with the corresponding chloro-ally, a spontaneous elimination of MeOH produces a more
stable conjugated ring, i.e. the final product. Subsequent chelated species.
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Scheme 2 not dissociate in such conditions, the phosphorus-substi-

tuted derivative is only formed for the bis(ester)-contain-
ing complex.

In summary, oxametallacycles 2 depending on the labile
character of the chelated group 2 allow Ar2Cl bond acti-
vation under mild conditions, a process which is mediated
by the organo2iron fragment acting as a Lewis acid.[10]

Studies on carbanions possessing other functional groups
with different labile properties are under progress.

Figure 1. Molecular structure (ORTEP drawing) of 4[a]

[a] Selected bond lengths [Å] and angles [°]: Fe2O1 1.951(3), O12C12 1.254(6), C122C13 1.429(6), C132C14 1.387(6), Fe2C14 1.920(5);
O12Fe2C14 81.4(2), C142Fe2C23 90.7(2), O12Fe2C23 98.1(2), Fe2O12C12 115.6(3), O12C122C13 116.9(4), C122C132C14
112.2(4), C132C142Fe 113.8(3).

We thank the Region Bretagne for a grant to G. P., the CNRSTreatment of 1 with NaCH(CO2Me)(COMe), in which
and the Université de Rennes 1 for financial support.two different coordinating functions are present, gives

[Fe(C5Me5)(CO){C3(C6H4-o-Cl)(CO2Me)(Me)Oa}(Fe2Oa)]
(4) in which the acetyl group is complexed to the iron

Experimental Sectioncenter. Green crystals are obtained in 50% yield after purifi-
cation by chromatography. The 13C resonances of the metal- A THF solution of 1 (520 mg, 1 mmol) was treated at 280°C

with a freshly prepared THF solution of 2 equiv. of NaCH(CO2-lacycle [δ 5 277.4 (Fe2Cα), 126.0 C(CO2Me), 207.6
Me)(COR) (R 5 OMe, Me). After stirring for 3 h, the solution was(C2O)] are similar to those of 2, the acetyl group giving
concentrated to dryness. Compounds 2 and 4 were extracted withrise to a lower field signal. The molecular structure[8] of
CH2Cl2 and chromatographed on alumina (eluent: pentane/Et2O).4 (Figure 1) confirms the proposed structure. The acetyl
Complex 2 (25%): 1H NMR (200 MHz, CDCl3): δ 5 7.48 (dd,fragment coordinated to the iron center displays bond
3JHH 5 7.8 Hz, 4JHH 5 1.7 Hz, 1 H, Ar), 7.34 (dd, 3JHH 5 8.8 Hz,lengths which are closely similar to those of the chelate 4JHH 5 1.3 Hz, 1 H, Ar), 7.29 (td, 3JHH 5 7.6 Hz, 4JHH 5 1.3 Hz,

complex [Fe(C5H5)(tBuNC)[C6F4-o-C(O)Me](Fe2Oa)]. [9]
1 H, Ar), 7.11 (td, 3JHH 5 7.5 Hz, 4JHH 5 1.7 Hz, 1 H, Ar), 3.89

The bond lengths of the five-membered ring are in agree- (s, 3 H, OMe), 3.49 (s, 3 H, OMe), 1.45 (s, 15 H, C5Me5). 2
ment with a delocalized system. 13C{1H} NMR (50.3 MHz, CDCl3): δ 5 262.4 (Fe2Cα), 218.2

By contrast, no reaction with PMe3 is observed in the (CO), 177.3 (C2O), 161.9 (C5O), 150.9 (Aripso), 128.7 (Ar), 127.1
(Ar), 126.9 (Ar), 126.5 (Ar), 126.3 (ArCl), 124.9 (CCO2Me), 92.6case of complex 4. This suggests that the acetyl group does

Eur. J. Inorg. Chem. 1998, 1387213891388
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(C5Me5), 54.1 (OMe), 51.4 (OMe), 9.3 (C5Me5). 2 IR (pentane, cm21): ν̃ 5 1930 (s, νCO), 1694 (m, νC5O). 2 C23H25ClFeO4: calcd.

C 60.48, H 5.52; found C 60.43, H 5.47.cm21): ν̃ 5 1934 (s, νCO), 1724.8 (m, νC5O). 2 HRMS for
C23H25ClFeO5; m/z: calcd. 472.0740 [M1]; found 472.0738. 2 It is
noteworthy that the disubstituted complex [Fe(C5Me5)(CO)- [1] V. V. Grushin, H. Alper, Chem. Rev. 1994, 94, 104721062 and

references therein.{C3(C6H4-o-CH(CO2Me)2)(CO2Me)(OMe)Oa}(Fe2Oa)], in which
[2] For a review, see: L. Balas, D. Jurrhy, L. Latxague, S. Grelier,the chloride has been replaced by the dimethylmalonate anion, is Y. Morel, M. Hamdani, N. Ardoin, D. Astruc, Bull. Soc. Chim.

detected from the crude reaction mixture by HRMS (FAB) for Fr. 1990, 127, 4012426.
C29H36FeNaO10; m/z: calcd. 623.1556; found 623.1543 [M1 1 Na]. [3] G. Poignant, S. Sinbandhit, L. Toupet, V. Guerchais, Angew.

Chem., Int. Ed. Engl. 1998, 37, 9632965.
[4] R. J. Kulawiec, R. H. Crabtree, Coord. Chem. Rev. 1990, 99,Complex 3 is obtained by addition of 3 ml of PMe3 (1  in

892115.toluene) at 280°C to the reaction mixture prepared as decribed [5] M. D. Butts, B. L. Scott, G. J. Kubas, J. Am. Chem. Soc. 1996,
above. Extraction with CH2Cl2 and crystallisation in CH2Cl2/Et2O 118, 11831211843.
gave green microcrystals (17%). 2 1H NMR (300 MHz, CDCl3): [6] T.-S. Peng, C. H. Winter, J. A. Gladysz, Inorg. Chem. 1994,

33, 253422542.δ 5 7.86 (dd, 3JPH 5 15.6 Hz, 3JHH 5 7.9 Hz, 1 H, Ar), 7.55 (m,
[7] G. Poignant, S. Nlate, V. Guerchais, A. J. Edwards, P. R.1 H, Ar), 7.45 (m, 2 H, Ar), 3.84 (s, 3 H, OMe), 3.49 (s, 3 H, OMe),

Raithby, Organometallics 1997, 16, 1242132.
2.28 (d, 2JPH 5 13.8 Hz, 9 H, PMe3), 1.42 (s, 15 H, C5Me5). 2 [8] Crystal structure of 4: Enraf-Nonius CAD4 diffractometer,
13C{1H} NMR (75.47 MHz, CDCl3): δ 5 261.5 (Fe2Cα), 218.3 Mo-Kα radiation, µ 5 8.16 cm21, F(000) 5 1904, T 5 294 K.

Monoclinic I2/a, a 5 16.071(8), b 5 14.745(6), c 5 19.558(9)(CO), 176.1 (C2O), 162.1 (C5O), 155.1 (d, 2JPC 5 8.7 Hz, Aripso),
Å, β 5 104.81(6)°, V 5 4481(6) Å23, Z 5 8, ρ 5 1.354 gcm23.132.5 (d, 4JPC 5 3 Hz, Ar), 131.2 (d, 2JPC 5 12 Hz, Ar), 127.1 (d,
4227 reflections, 2179 with I > 2σ(I) observed, ω/2θ 5 1, hkl:3JPC 5 13 Hz, Ar), 126.5 (CCO2Me), 126.4 (d, 3JPC 5 11 Hz, Ar), 226.26, 0.17, 0.23. Lorentz and polarisation corrections

115.6 (d, 1JPC 5 89 Hz, Ar), 92.0 (C5Me5), 54.1 (OMe), 51.5 (DEFLT 1990), R 5 0.041, Rw 5 0.043, w 5 1/σ(Fo)2 5 [σ2(I)
1 (0.04Fo

2)2]21/2, Sw 5 2.92 (residual ∆ρ < 0.48 eÅ23). Crystal-(OMe), 13.1 (d, 1JPC 5 56.7 Hz, PMe3), 9.4 (C5Me5). 2 31P {1H}
lographic data (excluding structure factors) for the structure re-NMR (121.5 MHz, CDCl3): δ 5 24.11 (s, PMe3). 2 IR (CH2Cl2,
ported in this paper have been deposited with the Cambridge

cm21): ν̃ 5 1938 (s, νCO), 1752 (m, νC5O). 2 C27H34FeF3O8PS: Crystallographic Data Centre as supplementary publication no
calcd. C 48.96, H 5.17; found C 48.95, H 5.27. CCDC-101876. Copies of the data can be obtained free of

charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: int. code 1 44(1223)366-033; E-mail: de-Complex 4 (50%). 2 1H NMR (200 MHz, CDCl3): δ 5 7.43
posit@ccdc.cam.ac.uk].(dd, 3JHH 5 7.7 Hz, 4JHH 5 1.8 Hz, 1 H, Ar), 7.36 (dd, 3JHH 5 8

[9] M. L. H. Green, J. Haggitt, C. P. Mehnert, J. Chem. Soc. Chem.Hz, 4JHH 5 1.3 Hz, 1 H, Ar), 7.29 (td, 3JHH 5 7.8 Hz, 4JHH 5 1.4 Commun. 1995, 185321854. A. N. Chernega, A. J. Graham, M.
Hz, 1 H, Ar), 7.12 (td, 3JHH 5 7.5 Hz, 4JHH 5 1.7 Hz, 1 H, Ar), L. H. Green, J. Haggitt, J. Lloyd, C. P. Mehnert, N. Metzler, J.

Souter, J. Chem. Soc., Dalton Trans 1997, 229322303.3.50 (s, 3 H, OMe), 2.55 (s, 3 H, Me), 1.48 (s, 15 H, C5Me5). 2
[10] The parent C5H5 complex was expected to be a better Lewis13C{1H} NMR (50.3 MHz, CDCl3): δ 5 277.4 (Fe2Cα), 217.3

acid, however, attempts to synthesize the chelate complex(CO), 207.6 (C2O), 163.7 (C5O), 151.9 (Aripso), 128.7 (Ar), 127.2 [Fe(C5H5)(CO){C(OMe)C6H4-o-Cla}(Fe2Cla)][OTf] was un-
(Ar), 126.9 (Ar), 126.6 (Ar), 126.5 (ArCl), 126.0 (CCO2Me), 94.3 successful: C. Schulz, V. Guerchais, unpublished results.

[98122](C5Me5), 51.3 (OMe), 27.8 (Me), 9.3 (C5Me5). 2 IR (CH2Cl2,
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The sandwich complexes bis(η6-triphenylene)chromium (12) minute metal slippage in the peripheral direction. The
triphenylene complex 12 features the electrochemicallyand bis(η6-fluoranthene)chromium (13) have been prepared

by means of metal atom/ligand vapor cocondensation. reversible redox couples 12 (+/0, metal-centered), 12 (0/–,
ligand-centered) and 12 (–/2–, ligand-centered), the latterWhereas for triphenylene exclusive coordination to the

peripheral rings is observed, the situation is more displaying a redox splitting of 300 mV. Conversely, for the
fluoranthene complex 13, secondary reduction 13 (–/2–) iscomplicated for fluoranthene. According to NMR evidence

initial metal coordination to the benzene (B) as well as to the irreversible. This finding is consistent with the larger redox
splitting of ca. 480 mV which indicates more extensivenaphthalene (N) section of the fluoranthene ligand occurs,

leading to the isomers 13(I) (η6-B, η6-B), 13(II) (η6-B, η6-N) interligand interaction in the dianion 132–, thereby favoring
metal–ligand cleavage. While the radical cations 12+· andand 13(III) (η6-N, η6-N). Since the substitutional lability of

the chromium–naphthalene bond largely exceeds that of the 13+· are amenable to EPR study, the radical anions 12–· and
13–· are too unstable. Instead, the radical anions of the freechromium–benzene bond, the isomer distribution depends

on the workup conditions; 13(I) is clearly the most stable ligands are observed by EPR upon electrochemical reduction.
In the case of 12, the temporary existence of the radical anionisomer. Crystal structure determinations performed for the

salts [12][BPh4] and [13][I] point to the preference for syn 12–· is indicated, however.
orientation of the polycyclic aromatic hydrocarbons and to a

Introduction An ubiquitous feature of the coordination chemistry of
polycyclic aromatic hydrocarbons is the ease of ligandPolycyclic aromatic hydrocarbons (PAHs)[2] have played
hydrogenation during the course of wet chemical synthesis.an important role as potential ligands in sandwich com-
Thus, early attempts to prepare bis(naphthalene)chromiumplexes from the onset of bis(arene)metal chemistry. Funda-
by means of the Fischer2Hafner synthesis afforded bis(te-mental questions deal with regioselectivity of coordination
tralene)chromium and the Nesmeyanov reaction was fre-and the possibility of preparing oligonuclear complexes or
quently accompanied by partial hydrogenation of the PAH.even polymers with novel properties. PAHs as π ligands are
Therefore, metal atom/ligand vapor cocondensation tech-encountered in a large number of carbonylmetal deriva-
niques were originally used. Recently, the reaction of con-tives [(PAH)metal(CO)m]n1, in [(PAH)metal(cyclopenta-
ventionally generated alkali metal naphthalenides withdienyl)]n1 cations, in [(PAH)metal(olefin)m]n1 cations and
MCl3(THF)3 (M 5 V, Cr, Mo) and MoCl4(THF)2 has beenin a few complexes of the type [(PAH)metal(phos-
introduced as a convenient method for the synthesis ofphane)n] [3]. Conversely, the number of sandwich complexes
bis(η6-naphthalene)metal complexes[12]. Here we report on(η6-PAH)2metal is very limited, the species 122 [4], 2 [5a], 3 [5],
the binary chromium complexes of triphenylene 9 and fluo-4 [6], 521 [7], 6 [8], 71 [9], 8 [10] being the only examples charac-
ranthene 10. These ligands are examples of the two typesterized to date. The dianion [(C10H8)3Zr]22 features bent
of condensation, triphenylene (9) representing the kata andnaphthalene ligands and η4 coordination[11]. The synthesis
fluoranthene (10) the peri principle. Furthermore, 9 is anof binary complexes of transition metals and polycyclic hy-
alternant and 10 a nonalternant PAH. 9 and 10 may alsodrocarbons is desirable since it is only in the absence of
be regarded as benzene rings with a biphenyl or a naphtha-auxiliary ligands that the basic questions addressed below
lene unit, respectively, fused to them.may be studied unequivocally.

Fundamental questions in PAH coordination chemistry
[e] Part 51: Ref. [1]. relate to site selectivity of bonding and to the possibility of
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Scheme 1 rapid interligand ET (delocalization) is conceivable. This di-

chotomy has previously been studied using EPR for ben-
zoyl derivatives of bis(benzene)chromium (112·) [13]. Finally,
interligand communication should also be apparent from
an eventual redox splitting δE1/2 exhibited by primary and
secondary reduction of the complexes (η6-PAH)2Cr.

Results and Discussion

As has been demonstrated in the past for PAHs, metal
atom/ligand vapor cocondensation techniques (CC) circum-
vent the problem of ligand hydrogenation and we therefore
applied this method to the synthesis of bis(η6-triphenyl-
ene)chromium (12) and bis(η6-fluoranthene)chromium (13)
(Scheme 3). The new complexes 12 and 13 were obtained in
low yield as, respectively, brown or dark-violet air-sensitive
solids which were only sparingly soluble in common organic
solvents. The isomers 13(II) and 13(III) will be dealt with
later. The separation of excess ligand from metal complex
is a common problem in the metal-vapor technique of syn-
thesis; it is particularly aggravating in the case of PAHs
since the solubilities of the ligands and of the neutral com-
plexes are often very similar. Conversion of the complex to
its radical cation and extraction with water is not generally
applicable since certain complex cations (η6-PAH)2Cr1 are
labile with respect to solvolysis (example: PAH 5 naphtha-
lene[5]). However, the radical cations 121· and 131· areScheme 2
moderately inert in aqueous solution if kept in the dark; the
photolability of 131· clearly exceeds that of 121·. Thus, the
redox cycle [12 (13) 2 e2 R 121· (131·); extraction; 121·

(131·) 1 e2 R 12 (13)] can be utilized to effect separation
of the complex from excess free ligand.

Single crystals suitable for X-ray diffraction could only
be obtained for the complex cations 121· and 131· with BPh
4
2 or I2 serving as the counterion. Views of the structures

are presented in Figures 1 and 2; bond lengths and bond
angles are collected in the captions. Structural discussions
of the class of compounds treated here should address the
conformation in the solid state, ring slippage and the modi-
fication of ligand geometry induced by metal coordination.
In 12, as well as in 13, chromium coordinates to the ring
with the highest index of local aromaticity (ILA)[14] i.e. the
ring which among the canonical forms most frequently ap-
pears with a Kekulé structure; this is a peripheral ring in
12 and the benzene (rather than the naphthalene) unit in
13. The same site preference is adopted by the Cr(CO)3

fragments in 14 [15] and 15 [16]. The complex cation in
[12][BPh4] adopts a conformation with regard to the sand-
wich axis which may be designated as synclinal, the tor-
sional angle being 23.6°. This differs from the exact synperi-
planar conformation which prevails in the related neutral
complexes 3 [5b] and 8 [10]. Conceivably, the twisted dispo-
sition of the two ligands in 121, which is reminiscent of the
graphite lattice, reduces interannular π-electron repulsion
and is favored by the less dense packing in the complex salthaptotropic shifts. Furthermore, in the case that in their η6-

coordinated state the ligands 9 and 10 maintain their ability [12][BPh4] compared to the neutral complexes 3 and 8.
For the salt [13][I], which contains the less bulky coun-to accept an additional electron forming radical anions, the

question as to the rate of intramolecular electron transfer terion I2, the conformation with regard to the sandwich
axis is synperiplanar. Interestingly, incorporation of solvent(ET) arises, since spin localization in one ligand as well as
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Scheme 3

molecules in the lattice, as well as the use of a larger coun- centers to the coordinate bond, is 144 pm. This value ex-
ceeds the respective number for the free ligand tripheny-terion, causes deviations of the conformation of 131· from

exact synperiplanarity; for specimens of [13][I] · 0.5 acetone lene[18] by 1 pm and reflects the usual finding that in bis(ar-
ene)metal coordination δ backbonding M-δRL is slightlyand [13][BPh4] torsional angles of 6.7° and 16.5° respec-

tively were determined using X-ray diffraction[17]. Obvi- more effective than σ, π donation Mrσ,π-L. Bond length
alternation in the central ring reflects the existence of threeously, for sandwich complexes of PAHs packing forces are

an important factor in the establishment of a certain ligand- largely independent 6-π-electron systems in the peripheral
rings and is, of course, also observed for the complex cat-2metal2ligand disposition, probably overriding electronic

factors. Ring slippage is minute in the structures of the cat- ion 121·.
A similar trend is exhibited by the C2C bond lengths inions 121· and 131·; it is directed toward the ligand peri-

phery and amounts to 3.9 pm (121·) and 5.2 pm (131·). (η6-fluoranthene)2Cr1· (131·); the geometry of the naphtha-
lene moiety is identical to that in the free ligand fluoran-A similar slippage has been reported for the half-sandwich

complex (η6-triphenylene)Cr(CO)3
[15]. Ring tilting is small thene[19] while the η6-benzene unit shows the typical in-

crease of 2 pm for the C2C distances. The bondsas well, in that the deviations of the PAH ligands from a
parallel disposition amount to 3.5° only for 121 and 131, C(5)2C(6), C(59)2C(69) and C(14)2C(15), C(149)2C(159)

which connect the benzene and naphthalene moieties pos-the larger interplanar distance being encountered in the
noncoordinated region; η6 coordination renders the three sess a mean length of 147 pm; thus, in the complex 13, as

well as in the free ligand 10, naphthalene is linked to ben-peripheral rings of triphenylene structurally inequivalent in
that the metal-bonded ring features significantly enlarged zene by single bonds.

The site of chromium coordination in 12 and 13 follows,C2C bond lengths. Although the weighted average bond
length of the free peripheral C rings amounts to 139 pm, inter alia, from the 1H-NMR spectra which in the case of

the triphenylene complex 12 unambiguously demonstratethat of the η6-arene is 141 pm. The average C2C bond
length for the central ring, which contributes two carbon η6 bonding to a peripheral ring. The relevant data are found
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Figure 2. Molecular structure of compound [13][I], SHELXTL/XPFigure 1. Molecular structure of compound [12][BPh4]; top:

SHELXTL/XP drawing with 50% probability ellipsoids; bottom: drawing viewed perpendicular and parallel to the sandwich axis;
C2H atoms omitted for clarity[a]SHELXTL/XP drawing showing the ligand2metal2ligand tor-

sion; C2H atoms omitted for clarity[a]

[a] Selected bond lengths [Å]: C12C2 1.401(5), C22C2A 1.407(7),
C12C15 1.393(5), C152C15A 1.457(7), Cr2C1 2.149(3), Cr2C2
2.135(4), Cr2C2A 2.135(4), Cr2C1A 2.149(3), Cr2C15A
2.179(3), Cr2C15 2.179(3); interplanar angle [Å]: tilt of best ligand
planes 3.70(8); torsional angle C12C22C192C29 0.2°; ring slip-
page [Å]: (Cr displacement toward ligand periphery) 0.036(6).

This probably reflects the temporary existence in solution
of rotamers, which place one ligand in the shielding region
(ring current) of the other. 13C NMR of 12 suffers from low
solubility; this calls for broad-band proton decoupling. A
compilation of the chemical shifts and their provisional
analysis is also given in Table 1. Whereas the differentiation
between metal-coordinated and free positions is trivial in
view of the large coordination shifts of the former, specific
assignments are less secure. They are based on intensity cri-[a] Selected bond lengths [Å]: C12C2 1.402(6), C22C3 1.394(6),
teria and on comparisons with the related complexes bis-C32C4 1.408(7), C42C5 1.423(6), C52C18 1.427(6), C12C18

1.426(7), C52C6 1.478(6), C62C7 1.397(6), C72C8 1.373(7), (naphthalene)chromium (3) [5c], bis(fluorene)chromium[20],
C82C9 1.381(6), C92C10 1.366(6), C102C11 1.413(7), C112C12 and bis(9,10-dihydroanthracene)chromium[9] for which un-1.470(6), C122C17 1.417(6), C122C13 1.402(6), C132C14
1.369(6), C142C15 1.388(7), C152C16 1.364(6), C162C17 equivocal analysis has been possible.
1.400(6), C172C18 1.464(6), Cr12C1 2.145(5), Cr12C2 2.147(4), While NMR study of the triphenylene complex 12 was
Cr12C3 2.140(5), Cr12C4 2.135(5), Cr12C5 2.182(6), Cr12C18

straightforward, essentially confirming the structural2.227(5); interplanar angle [°]: tilt of best ligand planes 3.50(7);
torsional angle [°]: C12C22C292C19 23.6; ring slippage [Å]: (Cr characteristics gleaned from X-ray diffraction, more com-
displacement toward ligand periphery) 0.037(2). plicated, albeit informative, NMR behavior is exhibited by

the fluoranthene complex 13. The complications arise from
isomerism for which the spectra provide evidence; the ad-in Table 1. The spectrum initially obtained is unaffected by

heating, therefore isomerization by haptotropic metal shifts ditional information concerns the occurrence of hapto-
tropic shifts which explain the spectral changes effected byis absent. Assignment of the chemical shifts δH(1, 4) and

δH(2, 3) is based on their coordination shifts and on line- modifying the workup conditions and upon thermal treat-
ment of solutions of neutral 13. As shown in Scheme 3,width considerations; unresolved inter-ring coupling broad-

ens the multiplet at lower field compared to that at higher complex 13 may exist as an achiral bis(η6-benzene) form
(I), a pair of enantiomers featuring (η6-benzene)(η6-naph-field. Differentiation between δH(7, 16) and δH(10, 13) is

achieved by means of selective homonuclear decoupling in thalene) coordination (II) and a bis(η6-naphthalene) variant
(III) which should generate a pair of enantiomers and athat irradiation at δH(7) 5 7.4 sharpens the signal δH(1,

4); differentiation between δH(8, 15) and δH(9, 14) follows meso form. Experimental evidence, [2] [3] [4] as well as local
aromaticity (ILA) considerations, [14] suggest that coordi-from the effect of irradiation at δH(10) 5 7.78 on the for-

mer two multiplets. It may be noted that apart from the nation to a benzene ring is favored over bonding to a naph-
thalene unit, rendering isomer I the thermodynamicallyusual, large coordination shifts ∆δH 5 23.1 experienced

by the protons H(124) which are directly bonded to an η- most stable product. Therefore, if the purification process,
which consists of separating the water-soluble cation 131C atom, the protons H(7210, 13216) on the noncoordi-

nated rings in 12 also display considerable upfield shifts. from excess ligand is carried out at leisure, i.e. exposing 131

Eur. J. Inorg. Chem. 1998, 1391214011394



Metal π Complexes of Benzene Derivatives, 52 SHORT COMMUNICATION
Table 3. 13C-NMR data for the ligand 10, the isomeric complexesto the aqueous medium for one hour or more, the isomers

13(I), 13(II), 13(III), and the complex 16featuring the labile (η6-naphthalene) coordination are sol-
volytically cleaved and pure 13(I) is isolated after reduction.

Position 10[a] 13(I)[a] 13(II)[a] 13(III)[a] 16[a]

The 1H-NMR pattern in the η6-arene region is depicted in
Figure 3a; spectral parameters are collected in Table 2. 1 (1, 19)[b] 121.91 76.27 (120.48, 77.05) 122.07 72.88
Thermal treatment of this probe does not cause spectral 2 (2, 29) 127.81 78.58 (127.66, 77.23) 124.58 74.26

3 (3, 39) 127.81 78.58 (124.24, 76.48) 126.24 74.26changes, thereby confirming that in fact, 13(I) is the most
4 (4, 49) 121.91 76.27 (121.74, 78.01) 120.79 72.88
7 (7, 79) 120.35 117.19 (118.04, 117.59) 73.56
8 (8, 89) 128.22 128.00 (128.11, 128.29) 78.01Table 1. 1H- and 13C-NMR data for the ligand 9 and the complex 9 (9, 99) 126.89 123.14 (132.89, 123.08) 73.3812 11 (11, 119) 126.89 123.14 (76.88, 123.04) 134.98
12 (12, 129) 128.22 128.00 (81.82, 127.91) 128.30
13 (13, 139) 120.35 117.19 (76.70, 117.47) 115.35Position 9[a] 12[a] ∆δ(9, 12)[a] 9[b] 12[b] ∆δ(9,
17 80.29[c]12)[b]

[a] δ13C in C6D6; for the numbering see Scheme 3. 2 [b] In 13(II).1, 4 8.42 5.39 23.03 123.71 72.40 251.31
2 [c] Triplet.2, 3 7.39 4.44 22.95 127.38 78.23 249.15

5, 18 130.35 84.41 245.94
6, 17 130.35 135.02 14.67
7, 16 8.42 7.40 21.02 123.71 122.87 20.84

giving rise to spectrum B failed; however, after repeated8, 15 7.39 7.00 20.39 127.38 125.26 22.12
9, 14 7.39 7.19 20.20 127.38 126.51 20.87 crystallization of the product mixture, species B could be
10, 13 8.42 7.78 20.64 123.71 123.22 20.49 enriched to a composition A/B 5 1:20 (Figure 3b). The 1H-11, 12 130.35 130.11 20.24

NMR spectrum of this sample was unchanged up to 80°C,
whilst heating to 100°C led to the gradual disappearance of[a] δ1H in C6D6 2 [b] δ13C in C6D6; coupling constants J(1H,1H)

[Hz]: 9: J(1,2; 3,4; 7,8; 10,9; 13,14; 15,16) 5 8.4, J(1,3; 2,4; 7,9; spectrum B and to the emergence of two new spectra C
8,10; 13,15; 14,16) 5 1.3, J(1,4; 7,10; 13,16) 5 0.5, J(2,3; 8,9; and D. During prolonged heating, spectrum D grew at the14,15) 5 6.8. 2 12: J(1,2; 3,4) 5 5.5, J(1,3; 2,4) 5 0.7, J(2,3) 5

expense of spectrum C (Figures 3c2e). During all these ma-5.2, J(7,8; 15,16) 5 7.5, J(7,9; 14,16) 5 1.3, J(8,9; 14,15) 5 7.3,
J( 8,10; 13,15) 5 1.2, J(9,10; 13,14) 5 7.9. nipulations the intensity of A remained approximately con-

stant.
In order to interpret this evolution we start from theTable 2. 1H-NMR data for the ligand 10, the isomeric complexes

13(I), 13(II), 13(III), and the complex 16 premise that the metal2ligand cocondensation process in-
itially yields a mixture of isomers stemming from statistical,

Position 10[a] 13(I)[a] 13(II)[a] 13(III)[a] 16[a]
unspecific coordination of chromium atoms to all of the
available benzenoid moieties. Extended exposure to an

1 (1, 19)[b] 7.73 4.86 (7.63, 5.13) 8.08 5.49
aqueous medium will lead to solvolytic cleavage of all of2 (2, 29) 7.24 4.45 (7.34, 4.75) 7.40 4.67

3 (3, 39) 7.24 4.45 (7.24, 4.52) 7.54 4.67 those species which contain either one or both sandwich
4 (4, 49) 7.73 4.86 (7.55, 4.71) 8.03 5.49 ligands in an η6-naphthalene coordination mode. Therefore,7 (7, 79) 7.64 6.83 (7.03, 6.75) 5.34

only 13(I) survives in which both fluoranthene ligands bind8 (8, 89) 7.37 7.08 (6.64, 7.20) 4.79
9 (9, 99) 7.61 7.35 (7.06, 7.44) 5.86 to chromium via their benzene section. It is well known that
11 (11, 119) 7.61 7.35 (5.42, 7.42) 7.98

in bis(naphthalene)chromium (3) the “first” naphthalene li-12 (12, 129) 7.37 7.08 (4.61, 7.37) 7.52
13 (13, 139) 7.64 6.83 (4.99, 7.05) 7.81 gand is substitutionally more labile than the “second”[6a].

3.76[c]
Thus, spectrum B, which is detected in addition to A after
fast workup, should belong to isomer 13(II). This sugges-[a] δ1H in C6D6; for the numbering see Scheme 3. 2 [b] In 13(II). 2
tion is borne out by the observation of seven inequivalent[c] 2H NMR in C6H6; coupling constants J(1H,1H) [Hz]: 10: J(7,8;

12,13) 5 6.9, J(7,9; 11,13) 5 0.5, J(8,9; 11,12) 5 8.2, J(1,2; 3,4) 5 proton signals, four doublets and three triplets, in the shift
7.6, J(1,3; 2,4) 5 1.0, J(1; 4) 5 0.7, J(2,3) 5 7.5. 2 13(I): J(7,8; range characteristic for η-arene protons. The assignment
12,13) 5 6.9, J(7,9; 11,13) 5 0.5, J(8,9; 11,12) 5 8.2, J(1,2; 3,4) 5

given in Table 2 is based on HH-COESY and NOESY5.3, J(1,3; 2,4) 5 0.7, J(1,4) 5 0.8, J(2,3) 5 5.2. 2 13(II): J(19,29;
39,49) 5 5.5, J(29,39) 5 5.2, J(11,12) 5 5.3, J(12,13) 5 5.5. 2 experiments. Spectrum C which dominates after thermal
13(III): J(7,8) 5 5.4, J(8,9) 5 5.2. 2 16: J(1,2; 3,4) 5 5.3, J(1,3; treatment points to isomer 13(III) in which both ligands2,4) 5 0.6, J(1,4) 5 0.6, J(3,2) 5 5.0.

engage in coordination to chromium via a benzenoid sys-
tem belonging to the naphthalene section. Apparentlystable isomer.

With the aim of identifying the less stable isomers, the 13(II) and 13(III) exist in thermal equilibrium, the less
stable isomer 13(III) being formed at higher temperature,redox procedure which effects the separation of unreacted

excess ligand which is soluble in benzene from the water- albeit at a small rate of interconversion. The room-tempera-
ture spectrum Figure 3d may therefore reflect a metastablesoluble complex cation 131· was performed expeditiously,

such that the mixture of primary cocondensation products state. Spectrum D which is also visible at this stage shows
a simple AA9XX9 pattern, thereby indicating the presencewas exposed to the aqueous medium for less than 10 min-

utes. After reduction to the neutral complex stage, 1H of only one coordination mode, namely η6 bonding via the
benzene moiety. Since the chemical shifts in spectrum DNMR indicated the presence of two species A and B in a

ratio of ca. 1:6. Attempts to isolate in pure form the species differ from those observed for 13(I) it must be assumed that
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Figure 3. 1H-NMR spectra (η6-arene shift range, C6D6, room tem- Scheme 4
perature) of the products from cocondensing fluoranthene vapor
with chromium atoms; (a) after workup with extended (90 min)
exposure to an aqueous medium; (b) after workup with short (#
10 min) exposure to an aqueous medium and repeated recrystalliza-
tion to enrich component B (A/B ø 1:20); (c) after subjecting probe
b to 100°C for 8d; (d) after 16 d at 100°C; (e) after 42 d at 100°C

the captions. The redox couples E1/2 (121/0) 5 20.62 V and
E1/2 (131/0) 5 20.64 V are reversible and deviations from
the peak current ratio pc/pa 5 1 are probably due to adsorp-
tion effects. The magnitudes of the potentials differ only
marginally, which is plausible in view of the fact that the
redox orbital is essentially metal centered[21]. Changes in
the ligand periphery therefore exert only an indirect influ-
ence. Conversely, the reduction processes as gauged by the
potentials E1/2 (120/2), E(122/22) and E(130/2), E(132/22),
respectively, mirror the differing electron affinities of tri-
phenylene and fluoranthene, again in accord with the elec-
tronic structure of bis(arene)chromium which assigns con-
siderable ligand participation to the LUMO. Thus, com-
pared to 12, electron transfer to 13 occurs at a somewhat
more positive potential. This gradation also applies to the
free ligands 10 and 9 [22]. Relative to the free ligands 9 and
10, reduction of the complexes 12 and 13 features cathodic
shifts; this accords with the ligand-dominated nature of the
LUMO in bis(arene)metal complexes and the fact that the
η6-arenes bear a negative partial charge[21b]. For the tri-
phenylene complex, a second reduction step can be ob-
served which, as judged from the peak separation, appears
to be reversible too. The peak current ratio is difficult toa second 1H-NMR-silent ligand completes the coordination

sphere. C6D6, the solvent molecule, could be a likely candi- assess at this negative potential near the cathodic limit im-
posed by the medium. It is worth mentioning that the cyclo-date, introduced by ligand substitution leading to (η6-fluor-

anthene)(η6-deuterobenzene)chromium (16). In order to voltammogram of 12 does not feature waves which indicate
the presence of free ligand. Therefore, bis(triphenylene)-test this hypothesis, thermal treatment of a mixture of 13(I)

and 13(II), dissolved in C6D6, was repeated and at various chromium must be fairly robust, at least in the oxidation
states 121,0,2, although the potential separation δE(0/2, 2/time intervals, after having recorded the 1H-NMR spec-

trum, the solvent C6D6 was removed in vacuo and replaced 22) 5 300 mV between primary and secondary reduction
demonstrates appreciable interligand interaction. For theby C6H6. The solutions thus obtained were subjected to 2H

NMR. It was found that build-up of the 1H-NMR spec- fluoranthene complex 13 this interaction seems to be even
more pronounced since δE(0/2, 2/22) 5 480 mV is larger.trum C correlates with the observation in 2H NMR of a

singlet at δ 5 3.76, the characteristic chemical shift for η6- Consequently, the second reduction step 132/22 is irrevers-
ible and the cyclovoltammogram contains weak wavesbenzene. This attests to ligand substitution of fluoranthene

by benzene. Based on the NMR observations, the course of which point to the presence of free fluoranthene, generated
through metal2ligand bond cleavage. Therefore, strictlyevents may therefore be sketched as shown in Scheme 4.

The redox behavior of the complexes 12 and 13, not sur- speaking, the value δE(130/2, 2/22) given above is only a
rough estimate.prisingly, reflects the properties of the bis(η6-arene)chro-

mium core and those of the ligands triphenylene 9 and fluo- The differing robustness of 12 and 13 against solvolytic
cleavage also emanates from the EPR spectra; these are de-ranthene 10. Cyclovoltammetric traces are depicted in Fig-

ures 4 and 5; the electrochemical parameters are given in picted in Figures 6 and 7, with the EPR parameters listed
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Figure 4. Cyclic voltammogram of complex 12 at 240°C in 1,2- eight equivalent protons, a(8 1H) 5 0.34 mT, the difference
dimethoxyethane/0.1  tetrabutylammonium perchlorate: working between the coupling constants a(4 1H 1, 4) and a(4 1H 2,
electrode, glassy carbon; reference electrode, SCE; v 5 100 mVs21.

3) not being resolved. Conversely, for 121· experiment andE1/2(12 1/0) 5 20.62 V, ∆Ep 5 44 mV, r 5 0.7; E1/2(12 0/2) 5
22.31 V, ∆Ep 5 90 mV, r 5 1.0; E1/2(12 2/22) 5 22.61 V, ∆Ep ø simulation yield the parameters a1(4 1H) 5 0.32 mT and

80 mV, r ø 0.5; Epa 5 0.85 V (irreversible secondary oxidation) a2(4 1H) 5 0.395 mT. Independent assignment of these
coupling constants to positions at the ring cannot be made
in the absence of specific deuteration. Thus, taking into
consideration the aggregate nature of the mechanism of
spin transfer from the central metal to ring protons in bis-
(arene)metal complexes[23], attempts to interpret in detail
the 20% difference in the two experimental proton coupling
constants for 121· would not be worthwhile. An aspect
which should be addressed here, however, is the isomerism
of the fluoranthene complex 13 which was discussed in the
NMR section and which would be expected to manifest it-
self in the EPR spectra of the corresponding radical cations
as well. As in the NMR study, we therefore varied the
workup protocol in order to search for spectral differences.
The results are depicted in Figure 7. A surprising obser-
vation is the detection of an EPR signal in the original co-
condensation before oxidation to the radical cation (Figure
7a). While the basic features of this spectrum are character-
istic of a bis(π-perimeter)chromium(d5) species, the hyper-
fine pattern is unexpected since it shows coupling to fourFigure 5. Cyclic voltammogram of complex 13 at 240°C in dime-

thoxyethane/0.1  tetrabutylammonium perchlorate: working elec- equivalent protons only. This can only be reconciled with a
trode, glassy carbon; reference electrode, SCE. v 5 100 mVs21; E1/ structure in which one of the fluoranthene ligands is η6-
2(13 1/0) 5 20.62 V, ∆Ep 5 60 mV, r 5 0.7; E1/2(13 0/2) 5 21.87

bonded via its benzene moiety, the remainder of the coordi-V, ∆Ep 5 86 mV, r ø 1.1 (cannot be measured accurately due to
overlap with free ligand reduction); Epc 5 22.39 V (irreversible nation sphere being EPR silent. A possibility would be that
secondary reduction); Epa 5 0.65 (irreversible secondary oxida-

the second fluoranthene ligand binds to chromium with thetion); the shoulders marked L, are caused by first and second re-
duction of the free ligand 10: E1/2(10 0/2) 5 21.73 V, ∆Ep 5 54 central, five-membered ring which is devoid of protons.
mV, r 5 0.76; Epc 5 22.21 V (irreversible secondary reduction); Interestingly, the EPR parameters observed for this speciesthese data agree with those obtained from a control experiment

[a(4 1H) 5 4.38, a(53Cr) 5 15.4 G], apart from proton hy-with pure 10
perfine multiplicity, differ significantly from the data typical
for a bis(η6-arene)Cr1· radical cation such as 131· [a(8
1H) 5 3.4, a(53Cr) 5 18.3 G]; they are very similar to the
coupling constants reported for (η5-C5H5)Cr(η6-C6H6) [a(5
1H) 5 2.35, a(6 1H) 5 4.65, a(53Cr) 5 14.68 G[24]], however,
thereby lending support to the proposal given above. On
the other hand, coordination of chromium to the central
five-membered ring is difficult to reconcile with the struc-
tural data of the ligand 9. For this ligand the lengths of the
bonds connecting the benzene and the naphthalene moieties
are close to those of single bonds[18]. Furthermore, the pres-
ence of Cr(d5), formally Cr11, would require a negatively
charged ligand in the species under consideration, assuming
that the latter is neutral. While in the parent complex (η6-
C6H6)CrI(η5-C5H5) the negative charge of the cyclopen-
tadienyl ligand results from deprotonation of C5H6, in the
case of the primary radical complex in the cocondensation
of chromium atoms with fluoranthene metalRligand sin-
gle-electron transfer could lead to an anionic ligand. This
would, however, generate a biradical for which EPR fails to
provide evidence. The nature of the species giving rise to
the primary EPR signal cannot, therefore, be determinedin the captions. The EPR spectra of the radical cations 121·

and 131·, generated either by air oxidation or electrochemi- definitively.
In the NMR study, the critical factor leading to differ-cally, differ in the extent to which chemically nonequivalent

proton sites are resolved in the hyperfine structure. For 131· ences in the product distribution was the duration of expo-
sure to an aqueous medium during the workup process.(Figure 7c) a pattern is observed which is consistent with
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Figure 7. EPR spectra of products from the cocondensation ofFigure 6. EPR spectra of (a) the radical cation 121·, (b) the radical

anion 122·and (c) the radical anion 92·of the free ligand, generated fluoranthene 10 with chromium atoms; (a) initial product mixture
extracted with toluene, exclusion of oxygen <g> 5 1.9892, a(4electrochemically in situ (gold cathode, DME, nBu4NPF6, 240°C);

the applied potential was gradually increased to 5 V; (d): 121· in 1H) 5 4.38 G, a(53Cr) 5 15.4 G, lower trace simulated; (b) spec-
trum observed after short exposure of the cocondensate to oxygen,CH3OH at 230°C, second derivative trace and simulation; 121·:

<g> 5 1.986, a1(4 1H) 5 3.2 G, a2(4 1H) 5 3.95 G, a(53Cr) 5 18.22 reduction and reoxidation in an aprotic medium (DME), <g> 5
1.9888, a(7 1H) 5 3.43 G, a(53Cr) 5 18.13 G; (c) spectrum observedG; 122·: <g> 5 1.991, hyperfine pattern irregularly spaced; 92·:

<g> 5 2.0037; 1 G 5 0.1 mT upon extraction of cocondensate with CH3OH, access of oxygen,
for 1 h, 240°C, <g> 5 1.9871, a(8 1H) 5 3.40 G, a(53Cr) 5 18.3
G; (d) spectral change caused by electrochemical intra muros re-
duction of probe b, applied potential 23.8 V; the well-resolved
spectrum at low field belongs to the free ligand radical anion 102·.

This parameter also governs the nature of the EPR spectra
obtained. The fast workup variant led to a sample which
gave rise to the 1H-NMR spectrum shown in Figure 3b,
which was assigned to isomer 13(II). When this sample was
oxidized in DME as a solvent to its radical cation, the EPR
spectrum depicted as Figure 7b was observed. The hyper-
fine pattern points to seven protons which are equivalent
within the resolution attained. The detection of an even
number of lines clearly demonstrates that one ligand must
coordinate to Cr(d5) via benzene and the other via a naph- to the free spin value (b). This is in accord with the spec-

trum expected for the radical anion 122· since the metalthalene π subsystem [isomer 13(II)1·]. If, alternatively, the
cocondensate is taken up in methanol and extensively oxi- contribution to the LUMO of bis(arene)chromium falls

short of that which is contained in the HOMO. Before re-dized with air, the spectrum shown in Figure 7c arises. This
spectrum is also obtained from analytically pure [13][BPh4]. aching the stage of reduction where 122· is the only species

present, line broadening sets in which presumably stemsThe well-resolved nonuplet is in accord with the coordi-
nation mode of isomer 13(I)1·. from self exchange either of the 12/122· or of the 122·/1222

type. Alternatively, line broadening could be caused byThe reversible nature of the redox couples 12 (0/2) and
13 (0/2) suggested that intra muros reduction in the cavity spin2spin interaction in a biradical dianion 1222·· gener-

ated in the second reduction step. This dianion is very labile,of an EPR instrument[25] should yield spectra of the radical
anions 122· and 132·. However, experiments were frustrated however, since concurrently a signal with g 5 2.0037 builds

up which, upon expansion, is identified as being caused byby metal2ligand cleavage, possibly at the dianion stage,
which could not be avoided due to insufficient control of 92·, the radical anion of the free ligand[26] (c). Unequivocal

analysis of the EPR spectrum of 122· is therefore preventedthe potential in the two-electrode set-up. A typical course
of events is shown in Figure 6. Upon applying a negative and the extent of electron delocalization cannot be deter-

mined. An analogous situation is encountered in the re-potential to the gold spiral in the electrochemical cell the
EPR spectrum due to 121· (a) becomes gradually superim- duction of 13; here, as demonstrated by the cyclovoltam-

metric results, the tendency toward metal2ligand cleavageposed by a new signal, shifted to a g factor which is closer
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Table 4. Crystallographic data for compounds [12][BPh4], [13][I] · acetone, and [13][I]

der Chemischen Industrie for support. This work is a part of cooper-of the anion is even more pronounced. As shown in Figure
ative project between Ch. E. and A. V. sponsored by the Volks-7d, the EPR spectrum of the free fluoranthene radical
wagen Stiftung which we gratefully acknowledge. We are indebtedanion 102· [27] appears at a stage where the radical cation
to Prof. M. Zander for a gift of triphenylene and for helpful com-131· is still present in large excess. While 102· would be
ments.expected to be removed instantaneously through electron

transfer to 131·, simultaneous observation of both para- Experimental Section
magnetic species may be traced to the cell construction[25].

General: All manipulations were carried out with exclusion of
A high local concentration of electrochemical reduction air under dinitrogen or argon (CV) unless stated otherwise. Physical
products is generated in a region where EPR sensitivity is measurements were performed with the equipment specified pre-
maximal, namely near the surface of the gold spiral which viously[28].
serves as the cathode. Bis[η(1,2,3,4,5,18)triphenylene]chromium (12): 5 g (22 mmol) of

triphenylene was evaporated from an electrically heated internalWe thank the Deutsche Forschungsgemeinschaft and the Fonds
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glass vessel held at 1024 Torr within a 6-l glass reactor which was instructions given for isomer I apart from a shorter (10 min) dur-

ation of air oxidation. 2 Yield 380 mg (0.83 mmol, 2.4%) of acooled with liquid N2. Simultaneously, 1.8 g (34.6 mmol) of chro-
mium, contained in a spiral of tungsten wire ([ 1 mm), was evapo- dark violet microcrystalline material. According to 1H NMR, this

product was a mixture of ca. 85% of 13(II) and 15% of 13(I), seerated by a heating current of 40 A at 8 V. The brownish black
cocondensate was warmed to room temperature and suspended in Tables 2 and 3. 2 C32H20Cr (456.41): calcd. C 84.21, H 4.39; found

C 84.87, H 4.93. 2 The mother liquor of the initial crystallisation100 ml of toluene. After the access of air, 200 ml of water was
added and the red aqueous phase washed with two portions (50 was enriched in the more soluble isomer 13(II). Repeated recrystal-

lisation of the contents of this solution led to a product with theml) of toluene and one portion of petroleum ether. The aqueous
phase was then layered with 150 ml of toluene, exclusion of air isomer distribution 13(II)/13(I) 5 95:5 as gleaned from 1H NMR

(see Figure 3 and Tables 2 and 3).provided for and ca. 10 g of Na2S2O4 and 10 g of KOH added.
Stirring was continued for about 2 h, the aqueous phase then
turned colorless and the organic phase brown. Toluene was re- X-ray Crystal Structure Analysis of [12][BPh4] and [13][I]: The
moved in vacuo and the residue kept at 1024 Torr for 6 h. 12 (280 crystal structures were solved by direct methods. Non-hydrogen
mg, 1.6% referred to Cr evaporated) was obtained as a dark brown atoms were refined anisotropically, hydrogen atoms on calculated
microcrystalline product. Recrystallization was effected by layering positions with isotropic temperature factors U(H) 5 1.2 Ueq(C). An
a solution of 12 in toluene with petroleum ether (boiling range inspection of the thermal parameters of [13][I] indicated unresolved
40260°C) and cooling to 220°C. 2 MS (EI, 70 eV); m/z (%): 508 disorder with respect to the crystallographic mirror symmetry. A
(3.2) [M1], 280 (4.3) [M1 2 C18H12], 228 (100) [C18H12

1], 52 (10.9) refinement in the space group Pna21 (without this mirror sym-
[Cr1]. 2 C36H24Cr (508.58): calcd. C 85.04, H 4.72; found C 84.77, metry) was not successful. Further details of the crystal structure
H 4.83. determinations are given in Table 4.

Bis[η(1,2,3,4,5,18)triphenylene]chromium Tetraphenylborate
([12][BPh4]): To the aqueous solution of 121· obtained from a co-
condensation of chromium (1.2 g, 23 mmol) and triphenylene (2 g,
8.7 mmol) performed as described above was added, under stirring, [1] Ch. Elschenbroich, E. Schmidt, R. Gondrum, B. Metz, O.
0.5 g (1.46 mmol) of NaBPh4. The reddish brown precipitate was Burghaus, W. Massa, S. Wocadlo, Organometallics 1997, 16,
washed with water and dried in vacuo. 2 Yield 530 mg (2.8% re- 4589.

[2] M. Zander, Polycyclische Aromaten, Teubner, Stuttgart, 1995.ferred to Cr evaporated). Crystals suitable for X-ray diffraction
[3] G. Wilkinson, F. G. A. Stone, E. W. Abel, Eds., Comprehensivewere obtained by layering of solution of [12][BPh4] (100 mg in 40

Organometallic Chemistry, Pergamon, Oxford, U.K., 1982,ml of acetone) with 120 ml of diethyl ether at 0°C. 2 C60H44BCr 1995.
(827.81): calcd. C 87.06, H 5.32; found C 85.67, H 5.41. [4] J. E. Ellis, D. W. Blackburn, P. Yuen, M. Jang, J. Am. Chem.

Soc. 1993, 115, 11616.Bis[η(1,2,3,4,5,15)fluoranthene]chromium (13, isomer I): Chro- [5] [5a] E. P. Kündig, P. L. Timms, J. Chem. Soc., Chem. Commun.
mium (2.1 g, 40.4 mmol) and fluoranthene (8 g, 39.6 mmol) were 1977, 912. 2 [5b] Ch. Elschenbroich, R. Möckel, Angew. Chem.
cocondensed during 2 h at 77 K as described for 12. The workup Int. Ed. Engl. 1977, 16, 870; Angew. Chem. 1977, 89, 908. 2

[5c] Ch. Elschenbroich, R. Möckel, W. Massa, M. Birkhan, U.procedure followed that given for 12; in order to generate the rad-
Zenneck, Chem. Ber. 1982, 115, 334.ical cation 131· a stream of air was applied for 1 h before phase [6] [6a] E. P. Kündig, C. Perret, S. Spichiger, G. Bernardinelli, J.

separation and reduction. 2 Yield: 110 mg (0.24 mmol, 0.6% based Organomet. Chem. 1985, 286, 183. 2 [6b] N. P. Do Thi, S.
on Cr evaporated) of 13 as a dark violet microcrystalline product. Spichiger, P. Paglia, G. Bernardinelli, E. P. Kündig, P. L. Timms,

Helv. Chim. Acta 1992, 75, 2593.2 1H- and 13C-NMR: Tables 2 and 3. 2 MS (EI, 70 eV); m/z (%):
[7] [7a] E. O. Fischer, Ch. Elschenbroich, J. Organomet. Chem. 1967,456 (2.0) [M1], 254 (5.1) [M1 2 C16H10], 202 (100) [C16H10

1], 52 7, 481. 2 [7b] Evidence for the possible existence of (η6-
(10.0) [Cr1]. 2 C32H20Cr (456.51): calcd. C 84.21, H 4.39; found C10H8)2Fe has been derived from matrix isolation studies: P. D.
C 84.95, H 5.18. Morand, C. G. Francis, Organometallics 1985, 4, 1653.

[8] Ch. Elschenbroich, E. Bilger, R. Möckel, Z. Naturforsch., B
Bis[η(1,2,3,4,5,15)fluoranthene]chromium Tetraphenylborate 1983, 38, 1357.

([13][BPh4], isomer I): The reaction mixture from a cocondensation [9] Ch. Elschenbroich, R. Möckel, Z. Naturforsch., B 1984, 39, 375.
[10] Ch. Elschenbroich, J. Schneider, W. Massa, G. Baum, H. Mel-of chromium (1.9 g, 36.5 mmol) and fluoranthene (8 g, 39.6 mmol)

linghoff, J. Organomet. Chem. 1988, 355, 163.was air-oxidized for 1 h. Subsequent manipulations and precipi-
[11] M. Jang, J. E. Ellis, Angew. Chem. Int. Ed. Engl. 1994, 33, 1973;tation of the salt [13][BPh4] followed the instructions given for Angew. Chem. 1994, 106, 2036.

[12][BPh4]. 2 Yield: 310 mg (0.40 mmol, 1.1%) of [13][BPh4] as [12] M. K. Pomije, C. J. Kurth, J. E. Ellis, M. V. Barybin, Organome-
dark red material. Crystals suitable for X-ray diffraction were tallics 1997, 16, 3582.

[13] Ch. Elschenbroich, J. Heck, F. Stohler, E. Bilger, Chem. Ber.grown by layering a solution of 140 mg of [13][BPh4] in 60 ml of
1984, 117, 23.acetone with 100 ml of diethyl ether at ambient temperature. [14] M. Randic, Tetrahedron 1975, 31, 1477.

[15] R. D. Rodgers, J. L. Atwood, T. A. Albright, W. A. Lee, M. D.Bis[η(1,2,3,4,5,15)fluoranthene]chromium Iodide ([13][I], isomer
Rausch, Organometallics 1984, 3, 263.I): Cocondensation of chromium (1.6 g, 30.7 mmol) with fluoran-

[16] B. Deubzer, E. O. Fischer, H. P. Fritz, C. G. Kreiter, N. Krie-thene (8 g, 39.6 mmol) and subsequent air oxidation (1 h) in the bitzsch, H. D. Simmons, Jr., B. R. Willeford, Jr., Chem. Ber.
two-phase system H2O/toluene led to an aqueous solution of 131

1967, 100, 3084.
from which dark red [13][I] was precipitated by addition of KI (1.0 [17] Apart from the torsional angle, the structural parameters of

[13][I]·0.5 acetone differ insignificantly from those of the sol-g, 6.0 mmol). The product was dried in vacuo. 2 Yield: 470 mg
vent-free sample. The crystal quality of [13][BPh4] was insuf-(0.8 mmol, 2.6%). Crystalline material for X-ray diffraction was ficient for refinement.

obtained by layering a solution of 200 mg of [13][I] in 80 ml of [18] F. R. Ahmed, J. Trotter, Acta Crystallogr. 1963, 16, 503.
acetone with 120 ml of diethyl ether. 2 C32H20CrI (583.41): calcd. [19] A. C. Hazell, D. W. Jones, J. M. Sowden, Acta Crystallogr. 1977,

B33, 1516.C 65.87, H 3.43; found C 66.28, H 3.81.
[20] F. G. N. Cloke, A. R. Dias, A. M. Galvão, J. L. Ferreira da

[η(19,29,39,49,59,159)fluoranthene][η(10,11,12,13,14,16)fluor- Silva, J. Organomet. Chem. 1997, 548, 177.
[21] [21a] Ch. Elschenbroich, E. Bilger, B. Metz, Organometallicsanthene]chromium (13, isomer II): The preparation followed the
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1991, 10, 2823 for further references. 2 [21b] H. Binder, Ch. El- [24] Ch. Elschenbroich, F. Gerson, J. Organomet. Chem. 1973, 49,

445.schenbroich, Angew. Chem. Int. Ed. Engl. 1973, 12, 659; Angew.
Chem. 1973, 85, 665. [25] R. D. Allendoerfer, G. A. Martinchek and S. Bruckenstein,

Anal. Chem. 1975, 47, 890.[22] E1/2(triphenylene0/2) 5 22.49 V; E1/2(fluoranthene0/2) 5 21.77
V: A. Streitwieser, Molecular Orbital Theory for Organic Chem- [26] M. T. Jones, R. H. Ahmed, J. Phys. Chem. 1980, 84, 2913.

[27] F. Gerson, Hochaufgelöste ESR-Spektroskopie, VCH,ists, Wiley, New York, 1961, p. 178.
[23] Ch. Elschenbroich, J. Koch, J. Schneider, B. Spangenberg, J. Weinheim, 1967, p. 108.

[28] Ch. Elschenbroich, P. Kühlkamp, A. Behrendt, K. Harms,Organomet. Chem. 1986, 317, 41; Ch. Elschenbroich, R.
Möckel, U. Zenneck, D. W. Clack, Ber. Bunsenges. Phys. Chem. Chem. Ber. 1996, 129, 859.

[98055]1979, 83, 1008 and papers cited therein.
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The reactions of Li[C5H4(CH2)2P(CH3)2] (1) with La(CF3SO3)3 BrY[C5H4(CH2)2P(CH3)2]2 (3). Both complexes 2 and 3 have
been characterized by X-ray structure analysis. In both casesand Y(CF3SO3)3 are described. Three equivalents of 1

reacted with La(CF3SO3)3 under formation of La[C5H4- an intramolecular coordination of the phosphanoethyl chain
is established in the solid state by X-ray crystallography as(CH2)2P(CH3)2]3 (2). Two equivalents of 1 with one

equivalent of Y(CF3SO3)3 in the presence of LiBr yielded well as in solution by NMR spectroscopy.

In general, neutral phosphane ligands do not form stable Na, K} best are prepared by reaction of the corresponding
phosphanide with spiro[2.4]hepta-4,6-diene[26] and anionicdonor complexes with rare earth metals. Only a few com-

plexes with neutral phosphane ligands are found in ligands with R 5 Ph, iPr, tBu are known[18]. The ligand
Li[C5H4(CH2)2P(CH3)2] (1) was newly synthesized usingthe literature: La[TeSi(SiMe3)3]3(Me2PCH2CH2PMe2)2

[1],
[(C5Me4SiMe2NtBu)Sc(PMe3)µ-H]2[2], [N(SiMe3)2]2Yb(- this method (Eq. 1).
Me2PCH2CH2PMe2)[3], (C5Me5)2YbCl(Me2PCH2PMe2)[4],
and (C5H4Me)3CePMe3

[5]. Stable complexes are known
with anionic phosphane ligands like phosphanides[6], phos-
phanomethanides[7], phosphanoalkoxides[8], and amido-
phosphanes[9]. Phosphanomethanides were found to stabil-
ize even high phosphane coordination numbers (up to 8 The reaction of three equivalents of Li[C5H4-
P2Ln bonds). (CH2)2P(CH3)2] with one equivalent of La(CF3SO3)3 led to

Continuing our investigations on phosphane compounds the homoleptic compound La[C5H4(CH2)2P(CH3)2]3 (2) in
of rare earth metals we now focus on phosphanoalkylcyclo- good yield (Eq. 2).
pentadienide ligands. The characteristic feature of this li-
gand system is the linkage of a cyclopentadienyl and a
phosphane moiety by means of an alkyl chain. Similar
cyclopentadienyl-based ligands with amino- or alkoxyalkyl
side chains coordinated to lanthanoide centers have been
described[10] [11] [12] [13] [14] [15]. However, the strong coordi-
nation of the heteroatom to the metal center normally is
irreversible in these cases.

The additional phosphane functionality, in contrast,
should provide a more labile and hence reversible coordi-
nation to the metal center which should enable enhanced Colorless crystals were obtained from a concentrated
reactivity and in particular is of great interest for catalytic solution of 2 in toluene. The complex is soluble in THF
reactions. and aromatic hydrocarbons. At 290°C the 31P{1H}-NMR

shows two signals at δ 5 239.91 and δ 5 251.24 of inten-Only a restricted number of phosphanylcyclopentadienyl
complexes have been reported so far and only a few are sity 2:1 which coalesce at 250°C, and at room temperature

only one broad singlet at δ 5 243.62 is observed. This ischaracterized by X-ray structure determina-
tions[16] [17] [18] [19] [20]. Several independent routes have been explained by a fast exchange of two coordinated and one

“dangling“ phosphano groups with the low-field signal be-applied for the synthesis of phosphanoalkyl-substituted
cyclopentadienyl ligands, depending on the length of the ing assigned to the coordinating phosphane ligands and the

signal at δ 5 251.24 being assigned to the noncoordinatingalkyl chain connecting the cyclopentadienyl and the phos-
phane functionality. [21] [22] [23] [24] [25]. Phosphanoethyl-substi- phosphorus nucleus. This latter chemical shift corresponds

to that of the neutral phosphane [C5H5(CH2)2P(CH3)2]tuted cyclopentadienides {M[C5H4(CH2)2PR2], M 5 Li,
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(δ 5 2 51.42; 251.54). Careful analysis of the spectra at The reaction of two equivalents of Li[C5H4-

(CH2)2P(CH3)2] with one equivalent of Y(CF3SO3)3 in thevarious temperatures led to the conclusion that two phos-
phano groups throughout remain coordinated to the metal presence of LiBr proceeds under formation of the disubsti-

tuted yttrium bromide derivative 3 (Eq. 3).center during the exchange process, i. e. a dissociative path-
way is unlikely. The 139La NMR (I 5 7/2, 99.1%) resonance
of 2 is observed at δ 5 2509.92 (cf.: Cp3LaNCCH3, δ 5
2578[27]) as a broad singlet. These spectroscopic findings
are also consistent with the result of an X-ray structure de-
termination (Figure 1).

Figure 1. Molecular structure of 2

The product is obtained as colorless solid, soluble in aro-
matic solvents. The stabilisation by intramolecular coordi-
nation of the two phosphano functionalities is a dominant
feature: this additional coordination prevents the dimeri-
sation of the system and also the coordination of donor
solvents, which otherwise are common features of bis(cyclo-
pentadienyl)lanthanoid halides[29]. The 31P{1H}-NMR
spectrum shows a doublet at δ 5 236.53 with a 1JPY coup-
ling constant of 72.8 Hz (89Y, I 5 1/2, 100%)[30] which re-
mains unchanged over a temperature range from 130 to
2100°C. This indicates that the system is not involved in
dynamic processes.

Single crystals for an X-ray study were grown by slowly
cooling a solution of 3 in toluene to low temperature. The
compound crystallizes with one molecule of toluene in the

Lanthanum is trigonal planar, surrounded by three cyclo- formular unit. Both phosphano groups are bonded to the
pentadienyl rings, as it is the case in other cyclopentadienyl- yttrium center (Figure 2) which confirms the spectroscopic
lanthanum compounds[28]. Additionally, two phosphorus findings. Similar to compound 2, the two phosphorus
atoms complete the coordination sphere to a trigonal bi- atoms occupy the apical positions of a slightly distorted
pyramid by occupying the axial positions. trigonal bipyramid. The Y2P bond lengths [2.960(1) and

The lanthanum2phosphorus bond lengths [La2P1 5 2.933(1) Å] are only slightly longer than in {Y[N-
3.211(5), La2P3 5 3.186(5) Å] are in the expected range (SiMe3CHPMe2)(SiMe2CH2PMe2)[N(SiMe2CH2PMe2)2]}
for a lanthanum interaction with a phosphorus atom of co- (2.817, 2.896, and 2.903 Å) [30]. Compound 3 represents the
valency 3[1] [7]. The molecular geometry and atom number- second hitherto known (and the first mononuclear) yttrium
ing scheme are shown in Figure 1, selected bond lengths [Å] bromide featuring a terminal Y2Br bond, which is slightly
and angles [°] are listed in Table 1. longer [2.7939(5) Å] than that in Y3(OCMe3)7Br2(THF)2

(Y2Br 5 2.782 Å) [31]. Together with two cyclopentadienyl
moieties of the CpCH2CH2PMe2 ligands, the bromine com-Table 1. Selected bond lengths [Å] and angles [°] of compounds 2
pletes the trigonal plane of the tbp molecular skeleton.and 3
With regard to the center of the Cp rings, the

1 2 Cp(1)2Y2Cp(2) angle amounts to 129.9°, which gives an
indication for the steric demand of the terminal bromine

La2X1a[a] 2.622(1) Y2X1a[b] 2.386(1) ligand. The average Y2Cp(center) distance (2.39 Å) agreesLa2X1b 2.621(1) Y2X1b 2.392(1)
well with that found in other YIII cyclopentadienyl com-La2X1c 2.621(1) Y2P1 2.960(1)

La2P1 3.211(5) Y2P2 2.933(1) plexes[32]. The molecular geometry and atom numbering
La2P3 3.186(5), Y2Br 2.7939(5) scheme are shown in Figure 2, selected bond lengths [Å]P12La2P3 176.17(1) X1a2Y2X1b 129.9(1)

and angles [°] are listed in Table 1.X1a2La2X1c 118.7(1) X1a2Y2Br 117.1(1)
X1b2La2X1a 121.6(1) X1b2Y2Br 113.0(1)
X1c2La2X1a 119.7(1) X1a2Y2P1 91.6(1)
X1a2La2P1 85.3(1) X1a2Y2P2 99.9(1)
X1a2La2P3 91.6(1) Experimental Section

All operations were performed under dry, oxygen free nitrogen[a] X1a, b, c: centroids of the Cp rings (C1 to C5, C6 to C10, C11
and with thoroughly dried solvents and glassware. Standard high-to C15). 2 [b] X1a, b: centroids of the Cp rings (C111 to C115 and

C211 to C215). vacuum-line techniques were used. 2 Elemental analyses were ob-
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Li[C5H4(CH2)2P(CH3)2] (1): To a solution of 0.024 mol (2.5Figure 2. Molecular structure of 3

g) of LiPMe2 ·0.5 Et2O in 50 ml of THF, 0.024 mol (2.19 g) of
spiro[2.4]hepta-4,6-diene in 20 ml of THF was added by pipette.
After stirring the reaction mixture for 12 h at room temperature,
the solvent was removed and the product was washed three times
with pentane. After drying the residue, 3.15 g (82%) of a colorless
solid was obtained. 2 1H NMR ([D8]dioxane, 293 K): 1.06 [d,
2JHP 5 1.24, 6 H, P(CH3)2], 1.75 [dt, 2JHP 5 1.95, 3JHH 5 7.32, 2
H, CpCH2CH2P(CH3)2], 2.75 [dt, 3JHP 5 12.21, 3JHH 5 7.32, 2 H,
CpCH2CH2P(CH3)2], 5.65 [A2B2: δA 5 5.68, δB 5 5.61, JAB 5

2.44, 4 H, C5H4CH2CH2]. 2 13C {1H} NMR ([D8]dioxane, 293 K):
δ 5 12.07 (d, 1JCP 5 2.59, CH3), 25.10 (d, 2JCP 5 11.92 CH2P),
39.32 (s, CpCH2), 101.62 (s, CH2CCH), 101.90 (s, CCHCH), 119.84
(d, 3JCP 5 9.33, C-ipso). 2 31P{1H} NMR ([D8]dioxane, 293 K):
δ 5 256.34 (s). 2 7Li NMR ([D8]dioxane, 293 K): δ 5 28.21 (s).
2 C9H14LiP (160.13): calcd. C 67.51, H 8.81, Li 4.33, P 19.35;
found C 65.67, H 8.74, Li 4.35, P 18.37.

La[C5H4(CH2)2P(CH3)2]3 (2): To a mixture of 6.2 mmol (1.0tained with a Vario EL CHN elemental analyzer of the microana-
lytical laboratory of the TU München. No attempts were made to g) of 1 and 2.05 mmol (1.2 g) of La(CF3SO3)3, 40 ml of THF was

added at 278°C. The reaction mixture was slowly warmed up tofurther ameliorate the analytical data, which were not satisfying in
all cases due to the high sensitivity of the compounds. 2 MS: room temperature and stirred for another 12 h. The solvent was

removed and the product was extracted with 40 ml of toluene. TheVarian MAT 70 eV, CI. 2 NMR: Jeol GX 270 (1H 270.17 MHz,
13C 67.94 MHz, 31P 109.4 MHz), Jeol GX 400 (1H 399.65 MHz, toluene extract was concentrated and 2 was isolated as colorless

crystals, 1.14 g, (92%), dec. 138°C. 2 1H NMR (C6D6, 293 K):31P 161.7 MHz, 13C 100.40 MHz, 139La 56.35 MHz), Jeol JNM
Lambda 400 (7Li 155.40 MHz). Chemical shifts (1H, 13C) refer to δ 5 0.92 [s, 18 H, P(CH3)2], 1.56 [“t”, N 5 14.29, 6 H, CpCH2-

CH2P(CH3)2], 2.60 [m, N 5 30.27, 6 H, CpCH2CH2P(CH3)2], 5.76TMS (δ 5 0) as internal standard. For 31P, 80% H3PO4, for 139La,
LaCl3 (0.1  in D2O, δ 5 0) and for 7Li, LiBr (20% in D2O, δ 5 [A2B2 spin system, uncompletely resolved, δA 5 5.72, δB 5 5.79,

12 H, C5H4CH2CH2]. 2 13C{1H} NMR (C6D6, 293 K): δ 5 12.990) as external standards. All chemical shifts are reported in ppm
and coupling constants J in Hz. In case of high-order spin systems, (s, CH3), 25.68 (s, CH2P), 35.05 (s, CpCH2), 109.03 (s, CH2CCH),

110.12 (s, CCHCH), 128.90 (s, C-ipso). 2 31P{1H} NMR (C6D6,the distance “N” [Hz] between the two outermost lines of the mul-
tiplet is given. All measurements were carried out at 25°C in C6D6 293 K): δ 5 243.62 (s, br). 2 31P{1H} NMR ([D8]toluene, 203 K):

δ 5 239.91 (s, br, 2P, La-PMe2), 251.24 [s, br 1P,as solvent. Temperature-dependent NMR spectra were recorded
with [D8]toluene as solvent. LiPMe2 ·0.5 Et2O[33], La(CF3SO3)3, C5H4(CH2)2PMe2]. 2 139La NMR (C6D6 293 K): δ 5 2509.92. 2

MS (70 eV); m/z (%): 445 (100) [M1 2 C5H4(CH2)2P(CH3)2], 384Y(CF3SO3)3
[34], and spiro[2.4]hepta-4,6-diene[26] were prepared ac-

cording to literature procedures. (50) [M1 2 C5H4(CH2)2P(CH3)2 2 P(CH3)2], 154 (13.9)

Table 2. Crystal data of compounds 2 and 3

Empirical formula C27H42LaP3 (2) C25H36BrP2Y (3)

Molecular mass 598.431 g/mol 567.301 g/mol
Crystal dimensions [mm] 0.11 3 0.45 3 0.5 0.5 3 0.4 3 0.3
Crystal System monoclinic monoclinic
Space group P21/n P21/n
a [Å] 8.555(1) 12.357(1)
b [Å] 25.003(1) 14.249(1)
c [Å] 13.080(1) 15.206(2)
β [°] 92.03(1) 101.48(1)
V [Å3] 2796.1(4) 2623.8(4)
Z 4 4
Diffractometer Enraf Nonius CAD4-Turbo Enraf Nonius CAD4-Turbo
Radiation Mo-Kα (λ 5 0.71073 Å) Mo-Kα (λ 5 0.71073 Å)
Density (calculated) [Mg/m3] 1.422 1.436
Absorption coefficient [mm-1] 1.712 3.877
F (000) 1224 1160
θ range for data collection [°] 3 to 27 3 to 27
Limiting indices 210 # h # 10, 0 # k # 31, 0 # l # 16 215 # h # 15, 0 # k # 18, 0 # l # 19
Reflexions collected 6048 5901
Independent reflexions 6047 5697
Absorption correction DIFABS[29] Empir.
Data/restraints/parameters 5348/0/280 4134/0/267
Goodness-of-fit on F2 1.054 1.007
Final R indices [Fo > 4 σ(Fo)] R1 5 0.0185, wR2 5 0.0439 R1 5 0.0356, wR2 5 0.0788
R indices (all data) R1 5 0.0258, wR2 5 0.0462 R1 5 0.0722, wR2 5 0.0906
Largest diff. peak and hole 0.370 and 20.463 e 3 Å23 0.681 and 20.422 e 3 Å23
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[8] P. B. Hitchcock, M. F. Lappert, J. A. Mckinnon, J. Chem. Soc.,[C5H5(CH2)2P(CH3)2]. 2 C27H42LaP3 (598.43): calcd. C 54.2, H

Chem. Commun. 1988, 1557.7.07; found C 51.56, H 7.13. [9] M. D. Fryzuk, T. S. Haddad, J. Am. Chem. Soc. 1988, 110,
8263.
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2 1H NMR (C6D6, 293 K): δ 5 0.91[s, 12 H, P(CH3)2], 1.65 [s, br, 1232.
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Neopentane-derived tripod ligands of the general type electrophiles will produce the corresponding ether
derivatives ROCH2C(CH2PPh2)(CH2Z)2 (3). Mesylation of 2HOCH2C(CH2PPh2)(CH2Y)(CH2Z) (1; Y, Z = PPh2, SR) are

notoriously resistant to ether formation at their hydroxy leads to MeSO2OCH2C(CH2PPh2)3·Mo(CO)3 (4), which
reacts with alkoxides to produce 3 in a sequence of reversedgroup. Two routes have been found, which allow the

transformation of 1 into ether functionalized tripod ligands polarity. Ligands 5 [ROCH2C(CH2PPh2)3] are liberated from
3 by UV irridation of their solutions in the presence ofROCH2C(CH2PPh2)(CH2Y)(CH2Z) (Y = Z = PPh2: 5, Y = Z =

SR: 8). One of these strategies relies upon the η3 coordination pyridine N-oxide. Direct etherification of 1 is also possible in
some cases after deprotonation of 1 by KOtBu andof 1 in 1·Mo(CO)3 (2). By this way the donor groups are

efficiently protected and the steric encumbrance of the subsequent reaction with an electrophile RX in the narrow
temperature range between –10 and +20 °C. By this way, ω-CH2OH group at the backbone of the ligands is greatly

reduced by fixing three arms of the neopentane scaffolding methyl polyglycol ether functions are easily introduced
resulting in H3C(OC2H4)nOCH2C(CH2PPh2)3 (5g, h).to the metal center. After deprotonation, reaction with

Introduction As a consequence a well-thought-of strategy for design-
ing a particular class of ligands will from the very beginningOne of the properties of a ligand which has not been

generally considered to be too important is its solubility in incorporate a functionality which may serve as a linker
group such as to allow for all the modifications eventuallydifferent solvents and the herewith introduced solubility of

its coordination compounds. On the other hand it has been needed. In a project concerned with the synthesis and appli-
cation of tripod ligands RCH2C(CH2X)(CH2Y)(CH2Z)shown how solubility properties may considerably improve

processes which rely on the catalytic activity of ligand-metal much work has been devoted to the problem of designing
a convergent strategy to introduce different donortemplates, one of the examples of even technical importance

being the Rhone-Poulenc process. [1] In this case hydrophilic groups[8a] [8b] [8c] [8d] [8e] [8f] [8g] [8h], even enantioselective pro-
cedures have been worked out.[9a] [9b] [9c] The problem of in-phosphane ligands are the reason for the advance. [2] Many

other catalytic processes do in principle allow for this kind troducing a linker group at the backbone has, however, not
yet been solved in a convergent way. Wherever syntheses ofof modification[3], given that the ligand can be appropri-

ately modified. Modifying ligands to enhance and specify ligands modified in this sense had been reported, the modi-
fied groups were incorporated from the very beginning ofsolubility is thus of basic interest. Modifying ligands by at-

taching auxiliary groups, such as to allow the attachment the syntheses. [8k] [8m] Even though with the synthesis of
HOCH2C(CH2X)(CH2Y)(CH2Z)[8k] the alcohol functionof ligand-metal templates to a surface is another reason for

putting more weight to the question of an appropriate func- appears to naturally lend itself to further functionalization,
the steric bulk of the neopentane system hitherto precludedtionalizability of a ligand.[3] Homogeneous processes may

be transferred to heterogenous ones using this approach the scope of this reaction. Only silylation and esterifi-
cation[8k] leading to R3Si2 and RCOO2 derivatives hadcombining the advantages of both homogeneous and het-

erogeneous catalyses. [4] Modifying ligands such as to induce been found to work. And even with these reactions the pro-
tection of donor functions X, Y, Z like PR2 was found toa self-assembly type of order in the phases derived from

their coordination compounds is yet another point of inter- be necessary. The functionalizations thus introduced
strongly limit the potential application of these ligands dueest in this topic. [5] The rapid development of chemical sen-

sors[6] as well as of non-linear optical materials [7] will to their sensitivity to hydrolysis. An ether functionality
would be far more superior. Despite continued efforts[8k] [8l]further increase the demand for ligands which do not only

have the appropriate coordinative capabilities but do at the to achieve etherification of the hydroxymethyl group of
these neopentane-based ligands definitive solutions of thissame time allow for easy-to-achieve modifications by ad-

ditional functionalities in order to imprint the specific problem have only now been found. We report here on
methods which allow for this type of modification of tripodproperties which are needed in each case to their coordi-

nation compounds. ligands and which are at the same time tolerant to a broad
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range of functionalities in the auxiliary group as well as in ordinating all three donor groups to one metal center. This

should protect the donor groups and should at the samethe donor set of the ligands.
time reduce the steric crowding around the CH2OH group
at the neopentane framework with this steric crowding be-

Results and Discussion ing the main reason for the reduced reactivity of neopen-
tane derivatives. [10] It is observed that the tricarbonylmo-Modification of Coordinated Ligands
lybdenum fragment serves as an efficient template in this
sense. Tripod tricarbonylmolybdenum complexes are easilyThere are two main reasons for the failure of the trans-
accesible and remarkably stable.[8i] [8k] [8l] Thus, ligands 1 areformation of the CH2OH group in HOCH2C(CH2X)-
transformed into their Mo(CO)3 derivatives 2 (Scheme 1)(CH2Y)(CH2Z) into an ether function: one of them being
with excellent yields (Experimental Section).the sluggish reactivity of the neopentane system[10] and the

other one being inherent in the sensitivity of the donor Their ν(CO) IR spectra (Experimental Section) are in ac-
groups to electrophilic attack.[8k] [8l] This second impedi- cord with the C3 symmetry of the Mo(CO)3 chromophore
ment may in part be overcome by appropriate protection of which is somewhat disturbed by the two different donor
the donor groups e.g. adduct formation of PR2 donors with functions in 2b so that the E band is split into two dis-
borane to give protected PR22BH3 entities which are less cernable components. The NMR data (Tables 1 and 2, Ex-
prone to electrophilic attack. A strategy which solves both perimental Section) are in full accord with the assigned con-
problems at the same time may be envisaged in η3-co- stitution. Compound 2a is deprotonated at the alcohol

function by KOtBu (Scheme 2). The potassium alkoxide
thus obtained reacts with various electrophiles to produceScheme 1
the corresponding ethers 3. The infrared and 31P-NMR
spectra (Experimental Section) as well as the 13C- and 1H-
NMR data (Tables 1 and 2) are in full accord with the
structures. Compounds 3 are obtained as analytically pure
pale yellow microcrystalline solids, the structures of 3a and
3b have been determined by X-ray crystallography.[16]

While the above procedure relies upon transforming the
CH2OH function of 2a into a nuleophilic group, a method

Table 1. 1H-NMR data of 1b, 2b, 7, 8a, 8b, 9a, and 9b

1H NMR[a] CH2P CH2SBzl CH2OR SCH2Ph R H aromat.

1b, R 5 H 2.35, d, 2 H, 4.4[b] 2.66, s, 4 H 3.52, s, 2 H 3.62, s, 4 H 2 7.5727.18, m, 20 H
2b, R 5 H 2.50, bs, 2 H 2.35, bs, 4 H 3.11, bs, 2 H 3.98 3.83, 2d, 4 H, 2 7.5727.18, m, 20 H

13.5[c]

7, R 5 CH2 2 2.93, s, 4 H 4.33, s, 2 H 3.73, s, 2 H 2 7.3627.30, m, 10 H
8a, R 5 Me 2.41, d, 2 H, 4.0[b] 2.81 2.74, 2d, 4 H, 3.25, s, 2 H 3.68, s, 4 H 3.03, s, 3 H 7.5327.25, m, 20 H

12.7[c]

8b, R 5 Et 2.44, d, 2 H, 3.8[b] 2.81, s, 4 H 3.35, s, 2 H 3.71, s, 4 H 3.22, q, 2 H, 6.9[d] 1.09, t, 3 H, 7.5827.27, m, 20 H
6.9[d]

9a, R 5 Me 2.43, d, 2 H, 7.4[b] 2.39, s, 4 H 2.98, d, 2 H, 1.0[e] 3.68, s, 4 H 3.27, s, 3 H 7.5327.25, m, 20 H
9b, R 5 Et 2.4622.40, m, 2 H 2.40, s, 4 H 3.03, s, 2 H 4.00 3.93, 2d, 4 H, 3.40, q, 2 H, 6.9[d] 1.17, t, 3 H, 7.9027.34, m, 20 H

15.0[c] 6.9[d]

[a] 1b, 7 and 8 in CDCl3, 2b in [D8]THF, 9 in CD2Cl2. 2 [b] 2JHP. 2 [c] 2JHH. 2 [d] 3JHH. 2 [e] 4JHP in Hz.

Table 2. 13C-NMR data of 1b, 2b, 7, 8a, 8b, 9a, and 9b

13C NMR[a] CH2P CH2SBzl CH2OR SCH2Ph CqCH2O R CO C aromat.

1b, R 5 H 34.1, d, 15.5[c] 38.0, d, 10.1[d] 66.6, d, 8.3[d] 37.4, s 43.8, d, 10.9[e] 2 2 137.92126.8, m
2b, R 5 H 31.5, d, 12.9[c] 36.5, d, 4.6[d] 73.5, d, 9.2[d] 48.8, d, 5.5[d] 43.5, d, 4.6[e] 2 223.4, d, 8.3[f], 139.62128.4, m

220.3, d, 34.9[g]

7, R 5 CH2 2 37.5237.3, 2s[b] 79.8, s 37.5237.3,2s[b] 43.6, s 2 2 137.92126.9, 4s
8a, R 5 Me 35.0, d, 17.0[c] 38.7, d, 10.3[d] 76.0, d, 8.4[d] 38.3, s 44.0, d, 13.4[e] 58.7, s 2 139.82127.4, m
8b, R 5 Et 35.0, d, 16.9[c] 38.7, d, 10.3[d] 73.6, d, 8.7[d] 38.3, s 44.0, d, 13.3[e] 66.6, s; 15.5, s 2 140.02127.3, m
9a, R 5 Me 31.5, d, 11.7[c] 35.9, d, 4.4[d] 82.1, d, 8.8[d] 48.3, d, 5.8[d] 42.1, d, 5.5[e] 59.5, s 223.4, m 138.12128.4, m
9b, R 5 Et 31.5, d, 12.0[c] 35.8, d, 4.2[d] 81.1, d, 9.2[d] 48.2, d, 5.8[d] 42.2, d, 5.2[e] 67.3, s; 15.1, s 223.3, d, 9.0[f], 138.12128.4, m

220.1, d, 35.0[g]

[a] 1b, 7 and 8 in CDCl3, 2b in [D8]THF, 9 in CD2Cl2. 2 [b] Assignment not unambigously possible. 2 [c] 1JCP. 2 [d] 3JCP. 2 [e] 2JCP. 2
[f] COcis-P. 2 [g] COtrans-P.
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Scheme 2 tity of which is evident from the 31P-NMR and analytical

data (Experimental Section) as well as from 1H- and 13C-
NMR results (Tables 4 and 5).

Modification of Free Ligands

It had been shown that ether formation from 1a is not
possible under standard Williamson conditions. [8k] Neither
change of the solvent nor change of the counter ion (Na1,
Li1) was found to be a remedy in this situation[8k], nor did
BH3 protection of the phosphane donors cause a positive
change. Lacking reactivity or quaternization at the phos-

Scheme 3

Scheme 4 phorus atoms were the seemingly unavoidable prob-
lems. [8k]11] We found now that 1a after deprotonation with
KOtBu in THF does react with various electrophiles at tem-
peratures below 20°C to give the corresponding ethers
(Scheme 5).

Scheme 5

inverting the polarity by mesylation of the hydroxy group
is also possible.

2a, when treated with an excess of mesyl chloride in the
presence of NEt3 (Scheme 3), gives the mesylate 4 which
after chromatography is obtained analytically pure as a pale

Table 3. Alkylation reagents RX and yields for the reaction of 1a
yellow microcrystalline solid (Experimental Section; Tables to 5a2h
4 and 5). The mesylate 4 reacts with LiOEt to give 3b albeit

R X Yield (%)in lower yields as compared to the yields obtained using the
above procedure based on an inverted polarity. The pro-

5a Me I 72cedure starting from 4 was therefore not further gen-
5b Et I 69eralized. It should be noted that the free ligand 5c CH3[CH2]9 OTs 33
5d CH3[CH2]21 OTs 44HOCH2C(CH2PPh2)(CH2Y)(CH2Z) can not be mesyl-
5e H2C5CH[CH2]9 OTs 38ated[11] and even a change of the reaction conditions as de-
5f Cl[CH2]6 OTs 52

scribed later did not work with mesyl chloride. 5g Me[OC2H4]3 OTs 53
5h Me[OC2H4]n, n 5 4213 OTs [a]In order to make the above procedure useful for the syn-

thesis of the corresponding free ligands decoordination of
[a] Yield cannot be determined due to separation problems of 5hthe Mo(CO)3 template in 3 is necessary. An especially useful
from the starting compounds.

approach for this purpose has been developed by H. A.
Mayer et al. [12], who found that tripod ligands containing The relative rates of ether formation or quaternization

at the phosphorus atoms are different enough under theseP-donor functions may be decoordinated from their
Mo(CO)3 complexes by irridating their CH2Cl2 solutions in conditions to impede the extensive formation of quaterni-

zation products. As minor side products the phosphoniumthe presence of pyridine N-oxide. With 3b as an example
this procedure was shown to work equally well for the class salts are separated by chromatography from the products 5

and the ligands 5 are obtained in fair yields by this pro-of tripod ligands which are of concern in this paper. 3b
liberates the tripod ligand 5b (Scheme 4). cedure. They are colorless viscous oils in general; only 5a

could be obtained as a microcrystalline solid by recrystalli-The ligand has to be purified by chromatography since
even under these specialized conditions oxidation at the zation from CH2Cl2. The compounds 5a25g are obtained

in an analytically pure state; the polyoxyethylene derivativephosphorus atoms is a minor side reaction. 5b is obtained
as an analytically pure colorless viscous material, the iden- 5h is not completely separated from the starting materials.
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Table 4. 1H-NMR data of 2, 3, 4, and 5

1H NMR [a] CH2P CH2OR R H aromat.

2a, R 5 H 2.30, br. s, 6H 3.56, br. s, 2 H 2 7.0027.40, m, 30 H
3a, R 5 Me 2.31, br. s, 6H 3.28, br. s, 2 H 3.48, s, 3H 7.4427.05, m, 30 H
3b, R 5 Et 2.35, br. s, 6H 3.36, br. s, 2 H 3.63, q, 2 H, 7.0[c]; 1.31, t, 3 H, 7.0[c] 7.4327.06, m, 30 H
3c, R 5 Bzl 2.37, br. s, 6H 3.45, br. s, 2 H 4.66, s, 2H 7.3727.05, m, 30 H
3d, R 5 4-stilbenyl 2.36, br. s, 6H 3.44, br. s, 2 H 4.66, s, 2H 7.6127.06, m, 41 H
3e, R 5 Br[CH2]6 2.32, br. s, 6H 3.32, br. s, 2 H 3.55, t, 6.3[c], CH2O; 3.42, t, 6.7[c], CH2Br; 7.3727.04, m, 30 H

1.8921.50, m, 8 H, CH2CH2CH2
4, R 5 CH3SO2 2.32, br. s, 6H 4.11, br. s, 2 H 3.11, s, 3H 7.3527.06, m, 30 H
5a, R 5 Me 2.61, d, 6 H, 2.6[b] 3.06, s, 2 H 2.51, s, 3H 7.2727.43, m, 30 H
5b, R 5 Et 2.52, d, 6 H, 2.4[b] 3.11, s, 2 H 0.7, t, 3 H, 6.9[c]; 2.62, q, 2 H, 7.0[c] 7.2627.40, m, 30 H
5c, R 5 CH3[CH2]9 2.68, d, 6 H, 2.5[b] 3.11, s, 2 H 1.0, t, 3 H, 5.6[c]; 1.121.5, m, 16 H 7.9027.34, m, 30 H
5d, R 5 CH3[CH2]21 2.55, d, 6 H, 2.4[b] 3.16, s, 2 H 0.9423.39, m, 45 H; 3.39, m, 2 H 7.2727.60, m, 30 H
5e, R 5 H2C5CH[CH2]9 2.63, d, 6 H, 2.3[b] 3.21, s, 2 H 1.121.6, m, 14 H; 2.11, m, 2H; 2.73, m, 2H; 7.2927.44, m, 30 H

5.04, m, 2 H; 5.92, m, 2 H
5f, R 5 Cl[CH2]6 2.59, d, 6 H, 2.6[b] 3.21, s, 2 H 121.5, m, 6H; 1.7, q, 2 H, 6.8[c]; 2.73, t, 2 H, 7.2827.45, m, 30 H

6.0[c]; 3.50, t, 2 H, 6.8[c]

5g, R 5 Me[OC2H4]3 2.55, d, 6 H, 2.5[b] 2.86, s, 2 H 2.86, m,2H; 3.18, m, 4 H; 3.37, s, 3H; 7.2527.37, m, 30 H
3.5123.56, m, 8 H

5i, R 5 NC[CH2]6 2.56, d, 6 H, 2.6[b] 3.21, s, 2 H 1.121.6, m, 10 H; 2.22, t, 2 H, 7.0[c]; 2.71, m, 7.2727.39, m, 30 H
2 H

5j, R 5 HOOC[CH2]6 2.57, d, 6 H, 2.4[b] 3.18, s, 2 H 1.121.5, m, 8 H; 2.32, m, 2H; 2.71, m, 2 H 7.2727.40, m, 30 H
5k, R 5 HOH2C[CH2]6 2.56, d, 6 H, 2.6[b] 3.21, s, 2 H 1.121.6, m, 10 H; 2.22, m, 2H; 2.70, m, 2 H 7.2727.39, m, 30 H

[a] 3 and 4 in CD2Cl2, 2 and 5 in CDCl3. 2 [b] 2JHP. 2 [c] 3JHH in Hz.

Table 5. 13C-NMR data of 3, 4, and 5

13C NMR[a] CH2P CH2OR CqCH2OR R C aromat. CO

3a, R 5 Me 32.9232.4, m 87.5, q, 9.8[b] 42.8, q, 6.4[c] 60.8, s 139.92129.6, m [e]

3b, R 5 Et 31.6231.1, m 84.1, q, 9.8[b] 41.6, q, 6.4[c] 67.4, s; 15.4, s 139.62128.4, m 221.72221.2,
m

3c, R 5 Bzl 31.5231.0, m 83.6, q, 9.5[b] 41.6, q, 6.4[c] 73.7, s 139.42127.9, m 221.62221.1,
m

3d, R 5 4-stilbenyl 31.5231.0, m 83.5, q, 9.5[b] 41.6, q, 6.6[c] 73.4, s 139.42126.8, m 221.62221.0,
m

3e, R 5 Br[CH2]6 31.5231.0, m 84.3, q, 9.6[b] 41.6, q, 6.5[c] 71.7, 34.5, 33.3, 30.0, 28.4, 139.52128.3, m 221.82221.1,
26.0, 6s m

4, R 5 CH3SO2 32,2231.7, m 80.8, q, 10.1[b] 42.4, q, 7.4[c] 39.5, s 139.82129.8, m [e]

5a, R 5 Me 37.8, d, 8.9[d] 78.36, s 42.4, m 57.3, s 139.72128.0, m 2
5b, R 5 Et 37.5, m, 8.0[d] 85.4, s 42.5, m 14.4, s; 65.3, s 138.92128.1, m 2
5c, R 5 CH3[CH2]9 38.5, m, 9.0[d] 71.1, s 43.1, m 14.7, s; 23.2232.4, m, 140.52128.7, m 2
5e, R 5 H2C5CH[CH2]9 38.5, d, 8.5[d] 71.0, s 43.2, m 26.5234.3, m; 77.2, m; 140.52128.6, m 2

114.6, s; 139.7, s
5f, R 5 Cl[CH2]6 35.3, m 66.1, s 40.1, m 21.0228.3, m; 65.7, s 138.82124.0, m 2
5g, R 5 Me[OC2H4]3 37.7, d, 8.8[d] 71.7, s 42.6, m 58.8, s; 69.6271.7, m 139.62128.0, m 2
5i, R 5 NC[CH2]6 38.3, m 18.0225.0, m 140.12128.7, m 2
5j, R 5 HOOC[CH2]6 38.4, d, 9[d] 70.8, s 43.2, m 25.1234.6, m, 179.8, s 140.6 2 128.7, m 2
5k, R 5 HOH2C[CH2]6 38.3, m 18.0225.0, m 140.12128.7, m

[a] 3 and 4 in CD2Cl2, 5 in CDCl3. 2 [b] 3JCP. 2 [c] 2JCP. 2 [d] 1JCP in Hz. 2 [e] Due to worse solubility not observed.

The presence of different chain lengths in the product 5h is MeI and also in EtI as the electrophilic components, it is
not apt for the introduction of components which containevident from the mass spectra (Experimental Section) as

well as from individual chromatographic bands for the longer chain alkyl constituents (5e25f). In these cases, pre-
sumably by the elimination of HI, no products 5 are ob-major congeners of the mixture of oligomers acting as the

auxiliary groups in 5h. All compounds 5 show their 31P res- tained. Using tosylate instead of iodide as the leaving group
allows for the introduction of long-chain residues (5c25f).onances as a singlett at δ ø 228 (Experimental Section) as

usual for the CH2PPh2 groups in tripod ligands. [8l] The 1H- These residues may well contain ω-olefinic functionalities
(e.g. 5f). The monomethylpolyoxyethylene function (5g, 5h)NMR spectra of 5a25g (Table 4) show the signals of all

the chemically different groups of 5 in the correct integral may as well be introduced, with the corresponding tosylates
which are themselves easily obtained from the commercialratio and with the expected JCP couplings. The 13C-NMR

data (Table 5) are equally conclusive as to the constitution alcohols. [13] With the tris(oxyethylene) building block,
which is commercially available as its analytically pure al-of the compounds.

It is observed that while iodide as a leaving group of the cohol derivative 5g, is formed correspondingly. The distri-
bution characterizing the polymer mixture Me(OC2H4)nOHelectrophile used to form the ether linkage works well in
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Scheme 8leads to a corresponding distribution of chain lengths in

the product. The spread of compounds 5a25h shows that
lipophilizing as well as hydrophilizing (5g, h) auxiliary
groups may equally well be introduced by the above pro-
cedure. Examples 5e, 5f show that ω functionalization of
alkyl chains is tolerated by the synthetic procedure, while
further functionalization of the terminal double bond in 5e
has not yet been analyzed. Substitution of the chlorine
function in 5f has been investigated: 5f in DMSO reacts
with an excess of KCN to give the nitrile derivative 5i which
lends itself to a variety of further transformations (Scheme
6).

equivocally characterized by their analytical and spectro-
Scheme 6 scopic data (Experimental Section; Tables 1 and 2).

Compounds 8 contain three different ligand functionali-
ties in principle (PPh2, SBzl, OR). If they undergo η3 coor-
dination, different possibilities with respect to the formation
of isomers exist in principle. It is observed that with the
“soft” template Mo(CO)3 only the P- and S-donor func-
tions coordinate.

Scheme 9

In order to test whether the reaction conditions just de-
scribed would also work when other donor groups besides
phosphanes are present in hydroxy-functionalized ligands
of type 1 the mixed-donor set ligand 1b was synthesized.

Upon reaction of 8 with (CH3CN)3Mo(CO)3
[14] the de-Scheme 7

rivatives 9 are formed which contain the ligand in an η3

coordination mediated by the two SBzl functions and the
PPh2 group (Scheme 9). Compounds 9 are microcrystalline
yellow solids which are fully characterized with their ana-
lytic and spectroscopic data (Experimental Section; Tables
1 and 2). In compounds 9 as in compound 2b two sets of
carbonyl groups are expected. The 13C-NMR resonancesThe functionalized oxetane 6 was transformed into 7 by

reaction with LiSBzl. In a consequent step the oxetane ring clearly distinguish between these two sets: the CO group
trans to the phosphorus donor shows a large 2JCP couplingin 6 was nucleophilically opened by LiPPh2 (Scheme 7).

After workup, 1b was obtained as a colorless oil of moder- constant: (2b: 34.9 Hz; 9b: 35.0 Hz) while the two carbonyl
groups cis to the phosphorus atom are characterized byate viscosity. The sequence of reactions used to form

1b from the functionalized oxetane 6 had already been suc- coupling constants of around 9 Hz (Table 2). The idealized
symmetry of the Mo(CO)3 entity is thus disturbed and ascessfully applied in several principally analogous

cases. [8a] [8b] [8c] [8d] [8l] It corresponds to an entry into the described for 2b the ν(CO)-IR E bands of 9a and 9b are
split into two distinct components (Experimental Section).chemistry of hydroxy-functionalized tripod ligands which is

of rather broad scope. While 6 has already been de- The diastereotopicity of some of the CH2 groups in 9 is
only occasionally resolved in their 1H-NMR (Table 1). Thescribed[8g] compounds 7 and 1b have been unknown and

have therefore been fully characterized by elemental analy- same statement applies for the diastereotopic differentation
of some of the CH2 groups in 8, 1b, and 2b (Table 1). Whilesis, mass spectrometry and 31P-NMR data where appropri-

ate (Experimental Section) as well as by 1H- and 13C-NMR with the selective coordination of P and S donors in 9 and
the consequent exclusion of the OR donor from coordi-data (Tables 1 and 2).

The hydroxy function in 1b is indeed transformed into an nation, no problems arise with respect to the formation of
a mixture of isomers it might well be that a template lessether functionality under the conditions which have been

found to be productive in the transformation of 1a25 soft than Mo(CO)3 might change the situation. To test this
hypothesis 5a containing three phosphorus and one oxygen(Scheme 8). Compounds 8 are colorless oils which are un-
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(516.7): calcd. C 72.07, H 6.44; found C 71.72, H 6.49. 2donors was treated with [Fe(CH3CN)6](BF4)2

[8l] [8m] [8n] [8o]

MS(FAB); m/z (%): 517 (18) [M1 1 1], 425 (100) [M1 2 C7H7]. 2(Scheme 10).
31P{1H} NMR (CDCl3): δ 5 226.0 (s). 2 For 1H- and 13C-NMR
data see Tables 1 and 2.Scheme 10

General Procedure for the Preparation of the Molybdenum Com-
plexes 2 and 9: The given tripod ligands (vide infra) were dissolved
in CH2Cl2 (30 ml), solid (CH3CN)3Mo(CO)3 was added (302 mg;
1 mmol) and the mixtures were stirred for 1 h at room temperature.
During the reactions the (CH3CN)3Mo(CO)3 slowly dissolved and
the colors of the solutions turned from light-yellow into yellow-
brown. The reaction mixtures were concentrated to 5 ml and slow
stepwise addition of 50 ml of petroleum ether (40/60) gave yellow to

The propensity of the starting material to form tris(ace- yellow-brownish, microcrystalline solids. The crude products were
tonitrile)iron cations had already been demonstrat- washed with petroleum ether (40/60) (2 3 50 ml) and diethyl ether

(2 3 50 ml) and dried in vacuo.ed. [8l] [8m] [8n] [8o] With 5 as the ligand compound 10 is ob-
Follwing the above procedure using 1b (517 mg; 1 mmol) as thetained as the only product. No signs of oxygen coordination

tripod ligand yielded 490 mg (70%) of 2b, m.p. 220°C (dec.). Withare thus observed even when the less soft metal center FeII

1a (640 mg; 1 mmol) as the tripod ligand 740 mg (90%) of 2aas compared to Mo0 in 9 is coordinated. 10 is fully charac-
were obtained, m.p. 225°C (dec.). Starting the procedure describedterized by the usual analytical and spectroscopic techniques
above with 8a (530 mg; 1 mmol) led to 600 mg (84%) of 9a, m.p.(Experimental Section).
210°C (dec.). Crystals suitable for an X-ray analysis were obtained
for 9a by slow diffusion of diethyl ether into a solution of 100 mg
of the microcystalline product in 5 ml of a mixture of CH2Cl2/

Experimental Section toluene (1:1) at room temperature after 2 d. 650 mg (90%) 9b, m.p.
205°C (dec.) was obtained if the starting compound for the aboveGeneral: All manipulations were carried out under argon by me-
procedure was 8b (545 mg; 1 mmol).ans of standard Schlenk techniques. All solvents were dried by

2a: C44H39MoO4P3 (820.7): 2 MS (EI); m/z (%): 822 (4) [M1],standard methods and destilled under argon. The CDCl3, CD2Cl2,
738 (60) [M1 2 3 CO], 523 (100) [M1 2 3 CO 2 C7H7]. 2 IRand [D8]THF used for the NMR-spectroscopic measurements were
(CH2Cl2): ν̃(CO) 5 1937 cm21 (s), 1845 (s, br.). 2 31P{1H} NMRdegassed by three successive “freeze-pump-thaw” cycles and dried
(CD2Cl2): δ 5 14.5 (s).over 4-Å molecular sieves. The silica gel (Kieselgel z.A. 0.0620.2

2b: C34H33MoO4PS2 (696.7): calcd. C 58.45, H 4.76, P 4.44, Smm, J. T. Baker Chemicals B.V.) used for chromatography was de-
9.16; found C 57.39, H 4.99, P 4.29, S 8.87. 2 MS (FAB); m/z (%):gassed at 1 mbar for 24 h and saturated with argon. 2 NMR:
698 (36) [M1], 614 (44) [M1 2 3 CO], 523 (100) [M1 2 3 CO 2Bruker Avance DPX 200 at 200.13 MHz (1H), 50.323 MHz
C7H7]. 2 IR (CH2Cl2): ν̃(CO) 5 1932 cm21 (s), 1829 (s, br.); 1817(13C{1H}), 81.015 MHz (31P{1H})); chemical shifts (δ) in ppm with
(vs, br.). 2 31P{1H} NMR ([D8]THF): δ 5 20.2 (s).respect to CDCl3 (1H: δ 5 7.27; 13C: δ 5 77.0), CD2Cl2 (1H: δ 5

5.32; 13C: δ 5 53.5) and [D8]THF (1H: δ 5 3.58; 13C: δ 5 67.7) as 9a: C35H35MoO4PS2 (710.7): calcd. C 59.15, H 4.96, P 4.36, S
internal standards, and chemical shifts (δ) in ppm with respect to 9.03; found C 57.66, H 5.06, P 4.16, S 8.80. 2 MS (FAB); m/z (%):
85% H3PO4 (31P: δ 5 0) as external standard. 2 IR: Bruker FT- 712 (14) [M1], 537 (4) [M1 2 3 CO 2 C7H7]. 2 IR (CH2Cl2):
IR IFS-66; CaF2 cells. 2 MS: Finnigan MAT 8400; FAB: Nibeol ν̃(CO) 5 1932 cm21 (s), 1829 (v, br.), 1815 (s, br.). 2 31P{1H}
(4-nitrobenzyl alcohol) or TEA (triethanol amine) matrices, respec- NMR ([D8]THF): δ 5 17.2 (s). 2 X-ray analysis see ref. [16].
tively; EI: 70 eV. 2 Elemental analyses: Microanalytical laboratory

9b: C36H37MoO4PS2 (724.7): calcd. C 59.66, H 5.15, P 4.27, S
of the Organisch-Chemisches Institut, Universität Heidelberg:

8.85; found C 58.94, H 4.99, P 4.21, S 8.86. 2 MS (FAB); m/z (%):
With the equipment used, carbon values tend to be systematically

726 (18) [M1], 642 (5) [M1 2 3 CO], 551 (20) [M1 2 3 CO 2
too low in the presence of molybdenum or/and boron. Some of the

C7H7]. 2 IR (CH2Cl2): ν̃(CO) 5 1932 cm21 (s), 1829 (s, br.), 1815
analytical data given have to be interpreted with this in mind. 2

(s, br.). 2 31P{1H} NMR (CD2Cl2): δ 5 16.1 (s).
Melting points: Gallenkamp MFB-595 010; melting points are not

For 1H- and 13C-NMR data see Tables 1 and 2.corrected. 2 The oxetane 6 was prepared according to ref. [8g].
[(CH3CN)3Mo(CO)3] was obtained as described in ref. [14]. All other General Procedure for the Preparation of the Molybdenum Com-
chemicals were commercially obtained and used without further plexes 3 by Alkylation of 2a: Compound 2a (815 mg; 1 mmol) was
purification. dissolved in THF (50 ml) and deprotonated with KOtBu (112 mg;

1 mmol). While stirring the mixture for 1 h a light-yellow precipi-Preparation of 1b: A solution of lithium diphenylphosphide in
tate of the potassium salt of 2a formed. The alkylation reagent asTHF (100 ml) was prepared by deprotonation of diphenylphos-
specified below was added. The mixture was stirred for 2 h duringphane (8.2 g; 44 mmol) with n-butyllithium (17.6 ml; 44 mmol; 2.5
which the precipitate formed in the deprotonation step slowly dis- in n-hexane) at 0°C. After stirring for 30 min, a solution of 7
solved again. The completion of the reaction was determined by(13.2 g; 40 mmol) in THF (100 ml) was added and the mixture
TLC control: CH2Cl2/petroleum ether (40/60), 3:1; 2a: Rf 5 0.35refluxed for 2 h. The solvent was removed, water (100 ml) and
(tailing); 3: Rf 5 0.6720.74 (no tailing). After removal of the sol-diethyl ether (100 ml) were added, and the mixture was neutralized
vent, the resulting residue was chromatographed on silica gel (10with 37% HCl. The aqueous phase was extracted with diethyl ether
cm, Ø 5 4 cm). The fractions eluted with a mixture of CH2Cl2/(2 3 100 ml) and the combined organic phases were dried and
petroleum ether (40/60), 3:1 (TLC control: Rf 5 0.6720.74) gaveconcentrated. The resulting residue was chromatographed on silica
pale-yellow microcrystalline solids.gel (20 cm, Ø 5 10 cm). The fraction eluted with a mixture of

petroleum ether (40/60)/diethyl ether (6:4; TLC control: Rf 5 0.48) Following the above procedure compounds 3 were obtained by
using as alkylation reagent CH3I (284 mg, 2 mmol) to prepare 3agave 15.5 g of 1b as a colorless oil in 75% yield. 2 C31H33OPS2
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(790 mg, 95%), triethyloxonium tetrafluoroborate (380 mg, 2 mmol) and the reaction mixture was irradiated in a “Duran 50”

(“Pyrex”) apparatus with a mercury lamp (TQ 150 Hanau) atmmol) to prepare 3b (510 mg, 60%), benzyl bromide (340 mg, 2
mmol) to prepare 3c (820 mg, 91%), 4-chloromethylstilbene (460 25°C for 1 h. After removal of the solvent the brownish residue

was chromatographed on silica gel. The fractions eluted with a mix-mg, 2 mmol) to prepare 3d (960 mg, 95%), and 6-bromo-n-hexyl
p-toluenesulfonate (670 mg, 2 mmol) to prepare 3e (360 mg, 37%). ture of petroleum ether (40/60)/diethyl ether (9:1; TCL control:

Rf 5 0.40) gave 401 mg (60%) of 5b as a colorless, viscous oil. 2Crystals suitable for X-ray analyses were obtained for 3a and for
3b by slow diffusion of diethyl ether into a solution of 100 mg of Analytical data: vide supra.
the microcystalline products in 5 ml of CH2Cl2 at room tempera- Preparation of 7: Compound 6 (13.0 g; 50 mmol) was dissolved
ture after 1 d. in THF (100 ml) and the solution cooled to 0°C. A solution of

lithium benzylthiolate (100 mmol in 300 ml of THF), obtained by3a: C45H41MoO4P3 (834.7): calcd. C 64.58, H 4.92, P 11.12;
deprotonation of 12.4 g (100 mmol) of benzylthiole with 40 ml offound C 63.90, H 5.24, P 10.89. 2 MS (EI); m/z (%): 836 (30) [M1],
n-butyllithium (2.5  in n-hexane) at 0°C, was slowly added and808 (36) [M1 2 CO], 780 (60) [M1 2 2 CO], 752 (100) [M1 2 3
the mixture stirred for 4 h at room temperature to give a volumin-CO]. 2 IR (CH2Cl2): ν̃(CO) 5 1932 cm21 (s), 1835 (s, br.). 2
ous white precipitate of lithium mesylate and lithium bromide. The31P{1H} NMR (CD2Cl2): δ 5 16.0 (s). 2 X-ray analysis see ref. [16].
solvent was removed in vacuo, water (200 ml) and diethyl ether3b: C46H43MoO4P3 (848.7): calcd. C 64.93, H 5.10, P 10.93;
(200 ml) were added and the mixture was neutralized with 37%found C 64.87, H 5.26, P 10.76. 2 MS (EI); m/z (%): 850 (20) [M1],
HCl. The aqueous phase was extracted with diethyl ether (2 3 150821 (30) [M1 2 CH2CH3], 793 (58) [M1 2 CO 2 CH2CH3], 766
ml) and the combined organic phases were dried and concentrated.(100) [M1 2 3 CO]. 2 IR (CH2Cl2): ν̃(CO) 5 1929 cm21 (s), 1833
Destillation of the residue (b.p. 2052210°C/1 mbar) yielded 14.9 g(s, br.). 2 31P{1H} NMR (CD2Cl2): δ 5 15.9 (s). 2 X-ray analysis
(90%) of 7 as a viscous, colorless oil. 2 C19H22OS2 (330.5): calcd.see ref. [16].
C 69.07, H 6.72, S 19.37; found C 68.81, H 6.50, S 18.68. 2 MS

3c, C51H45MoO4P3 (910.7): calcd. C 67.26, H 4.98, P 10.20; (FAB); m/z (%): 331 (72) [M1 1 1], 239 (100) [M1 2 C7H7]. 2 For
found C 66.78, H 5.18, P 10.06. 2 MS (FAB); m/z (%): 912 (46) 1H- and 13C-NMR data see Tables 1 and 2.
[M1], 884 (30) [M1 2 CO], 856 (34) [M1 2 2 CO], 828 (35) [M1

Preparation of 8a and 8b: For the synthesis of 8a a solution of2 3 CO]. 2 IR (CH2Cl2): ν̃(CO) 5 1929 cm21 (s), 1829 (s, br.). 2
1b (5.17 g; 10 mmol) in THF (100 ml) was deprotonated with31P{1H} NMR (CD2Cl2): δ 5 15.8 (s).
KOtBu (1.12 g; 10 mmol). The mixture was cooled to 215°C, then

3d: C59H51MoO4P3 (1012.9): calcd. C 69.96, H 5.54; found C CH3I (1,42 g; 10 mmol) was slowly added (temperature was held
69.40, H 5.54. 2 MS (FAB); m/z (%): 1014 (80) [M1], 986 (36) [M1

below 210°C) and a white precipitate of potassium iodide instan-
2 CO], 958 (64) [M1 2 2 CO], 930 (54) [M1 2 3 CO]. 2 IR taneously formed. The progress of the reaction was determined by
(CH2Cl2): ν̃(CO) 5 1937 cm21 (s), 1844 (s, br.). 2 31P{1H} NMR TLC [petroleum ether (40/60)/diethyl ether, 6:4; 1b: Rf 5 0.48; 8a:
(CD2Cl2): δ 5 15.7 (s). Rf 5 0.80].

3e: C50H50BrMoO4P3 (983.7): calcd. C 61.05, H 5.12; found C To synthesize 8b a slightly modified procedure was applied: A
62.18, H 5.51. 2 MS (FAB); m/z (%): 984 (80) [M1], 956 (50) [M1

solution of 1b (2.58 g, 5 mmol) in 50 ml of THF was deprotonated
2 CO], 928 (68) [M1 2 2 CO], 900 (100) [M1 2 3 CO]. 2 IR with KOtBu (560 mg, 5 mmol). The mixture was cooled to 0°C,
(CH2Cl2): ν̃(CO) 5 1937 cm21 (s), 1844 (s, br.). iodethane (780 mg, 5 mmol) was slowly added and a white precipi-

For 1H- and 13C-NMR data see Tables 3 and 4. tate of potassium iodide slowly formed. After 10 min, the progress
of the reaction was determined by TLC control [petroleum etherPreparation of 4: NEt3 (600 mg, 6 mmol) and methanesulfonyl
(40/60)/diethyl ether, 6:4; 1b: Rf 5 0.48; 8b: Rf 5 0.81]. After thechloride (570 mg, 5 mmol) were added to a solution of 2a (819 mg,
first “deprotonation-alkylation” sequence, the reaction was incom-1 mmol) in CH2Cl2 (50 ml). After stirring the light-yellow mixture
plete. For obtaining higher yields it was necessary to repeat thisfor 30 min, water was added (50 ml). After separation of the phases,
sequence five times. The isolation procedures for 8a and 8b werethe aqueous phase was extracted with CH2Cl2 (2 3 50 ml) and the
similar:residue of the dried (MgSO4) and concentrated organic phases was

chromatographed on silica gel (10 cm, Ø 5 4 cm). Concentrating After completion of the reaction, water was added (1 ml) and
the fractions eluted with a mixture of CH2Cl2/petroleum ether (40/ the mixture was allowed to warm to 20°C. The solvent was re-
60) (3:1; TLC control: Rf 5 0.50) gave 4 as a pale-yellow microcrys- moved, water (100 ml) and diethyl ether (100 ml) were added und
talline product (810 mg, 90%). 2 C45H41BrMoO6P3S (898.7): the mixture was neutralized with 37% HCl. The aqueous phase was
calcd. C 60.14, H 4.60; found C 58.71, H 4.73. 2 MS (EI); m/z extracted with diethyl ether (2 3 100 ml) and the combined organic
(%): 899 (20) [M1 2 1], 872 (26) [M1 2 CO], 844 (60) [M1 2 2 phases were dried and concentrated. The resulting residue was
CO], 816 (100) [M1 2 3 CO]. 2 IR (CH2Cl2): ν̃(CO) 5 1927 cm21 chromatographed on silica gel (15 cm, Ø 5 6 cm).
(s), 1844 (s), 1826 (s). 2 31P{1H} NMR (CD2Cl2): δ 5 14.0 (s). 2 8a: The fraction eluted with a mixture of petroleum ether (40/
For 1H- and 13C-NMR data see Tables 3 and 4. 60)/diethyl ether (6:4; TLC control: Rf 5 0.8) gave 3.45 g of 8a as

Preparation of 3b Starting from 4: To a solution of lithium ethox- a colorless oil in 65% yield. 2 C32H35OPS2 (530.7): calcd. C 72.42,
ide in THF (50 ml), prepared by deprotonation of ethanol (138 mg, H 6.65, P 5.84; found C 71.95, H 7.03, P 5.46. 2 MS (FAB); m/z
3 mmol) with 1.2 ml of n-butyllithium (2.5  in n-hexane) at 0°C, (%): 531 (34) [M1 1 1], 439 (100) [M1 2 C7H7]. 2 31P{1H} NMR
4 (450 mg, 0.5 mmol) was added. After stirring the yellow mixture (CDCl3): δ 5 226.4 (s).
for 4 h at 50°C, the solvent was removed and the residue chroma- 8b: The fraction eluted with a mixture of petroleum ether (40/
tographed on silica gel (10 cm, Ø 5 4 cm). Concentrating the frac- 60)/diethyl ether (9:1; TLC control: Rf 5 0.4) gave 1.91 g of 8b as
tions eluted with a mixture of CH2Cl2/petroleum ether (40/60) (3:1; a colorless oil in a 70% yield. 2 C33H37OPS2 (544.8): calcd. C
TLC control: Rf 5 0.73) gave 3b as a pale-yellow microcrystalline 72.75, H 6.85, P 5.59, S 11.77; found C 72.77, H 7.13, P 5.58, S
product (148 mg, 35%). 2 Analytical data: vide supra. 11.75. 2 MS (FAB); m/z (%): 545 (18) [M1 1 1], 453 (100) [M1 2

C7H7]. 2 31P{1H} NMR (CDCl3): δ 5 226.8 (s). 2For 1H- andLiberating 5b from 3b: Compound 3b (829 mg, 1 mmol) was dis-
solved in CH2Cl2 (200 ml), pyridine N-oxide was added (1.90 g, 20 13C-NMR data see Tables 1 and 2.
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General Procedure for the Preparation of Ethers 5 by Direct Alky- 2 31P{1H} NMR (CDCl3): δ 5 228.3 (s). 2 For 1H- and 13C-

NMR data see Tables 3 and 4.lation of 1a: Compound 1b (640 mg; 1 mmol) was dissolved in
THF (20 ml) and cooled to 25°C by means of an ice/salt bath. 1.5

Preparation of 5j: A solution of 5i (430 mg , 0.6 mmol) in a 1:1
equivalents of KOtBu were added to the colorless solution, which

mixture of ethanol/water (25 ml) and KOH (580 mg, 10.4 mmol)
immediately turned yellow. The mixture was stirred for 5 min and

was heated under reflux for 4 h. After cooling, the reaction mixture
the given alkyl iodides or toluenesulfonic esters (vide infra) were

was acidified with 37% hydrochloric acid. The water phase was
added. In case of the alkyl iodides the mixture immediately became

extracted with dichloromethane (3 3), the organic phase was dried
turbid white, in case of the toluenesulfonic esters the mixture was

with MgSO4, the solvent was removed in vacuo and the residue
slowly brought to room temperature and the mixture became tur-

was chromatographed on silica gel. The fractions eluted with di-
bid yellow-brown. The completion of the reaction was determined

ethyl ether at Rf 5 0.40 were collected to give 220 mg (48%) of 5j
by TLC control. Water (0.5 ml) was added and the solvent was

as a colorless oil after evaporation of the solvent. 2 C48H51O3P3removed in vacuo. The residue was dissolved in dichloromethane
(768.8): calcd. C 74.99, H 6.69; found C 74.42, H 6.82. 2 MS

and filtered through silica gel. The solvent was removed and the
(FAB); m/z (%): 768 (35) [M1], 691 (100) [M1 2 PPh2], 582 (21)

residue was chromatographed on silica gel (15225 cm, [ 5 4 cm).
[M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 228.2 (s). 2 IR
(Nujol): ν̃(COO) 5 1708 cm21 (m). 2 For 1H- and 13C-NMR dataFollowing the above procedure compounds 5 were obtained by

using as alkylation reagents iodomethane (982 mg, 6.91 mmol) to see Tables 3 and 4.
prepare 5a (470 mg, 72%), iodoethane (200 mg, 1.33 mmol) to

Preparation of 5k: A solution of 5j (50 mg, 0.07 mmol) in THF
prepare 5b (461 mg, 69%), n-decyl p-toluenesulfonate (667 mg, 2.14

(5 ml) was added to a stirred suspension of LiAlH4 (30 mg, 0.8
mmol) to prepare 5c (253 mg, 33%), n-docosanyl p-toluenesulfon-

mmol) in THF (5 ml). The mixture was heated under reflux for 2
ate (510 mg, 1.06 mmol) to prepare 5d (425 mg, 44%), undecenyl

h and after cooling to 20°C hydrolized with water. The products
p-toluenesulfonate (475 mg, 1.46 mmol) to prepare 5e (300 mg,

of hydrolysis were washed with dichloromethane, the combined or-
38%), 6-chloro-n-hexyl p-toluenesulfonate (347 mg, 1.2 mmol) to

ganic phases were dried (MgSO4) and the solvents were removed
prepare 5f (394 mg, 52%), triethyleneglycol monomethyl ether p-

in vacuo. The residue, a colorless oil, was investigated by mass spec-
toluenesulfonic ester (400 mg, 1.25 mmol) to prepare 5g (415 mg,

trometry and NMR spectroscopy. 2 C48H53O2P3 (755). 2 MS
53%).

(FAB); m/z (%): 755 (27) [M1], 678 (100) [M1 2 PPh2], 571 (18)
5a: C42H41OP3 (654.1): calcd. C 77.04, H 6.32; found C 76.79, [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 228.1 (s). 2 For

H 6.37. 2 MS (EI); m/z (%): 654 (11) [M1], 577 (100) [M1 2 Ph], 1H-and 13C-NMR data see Tables 3 and 4.
469 (16) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 228.4 (s).

Preparation of 10: Compound 5a (654 mg, 1 mmol) was dissolved
5b: C43H43OP3 (668.7): calcd. C 77.22, H 6.49; found C 75.51, in acetonitrile (20 ml) and 476 mg (1 mmol) of

H 6.63. 2 MS (EI); m/z (%): 668 (10) [M1], 591 (100) [M1 2 [Fe(CH3CN)6](BF4)2, dissolved in 10 ml of acetonitrile, was added.
PPh2], 485 (38) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 The mixture immediately turned red and was stirred at room tem-
228.3 (s). perature for 1 h. The solvent was removed and the residue was

washed with diethyl ether (3 3). After drying in vacuo, 930 mg5c: C51H59OP3 (780.5): calcd. C 78.48, H 7.56; found C 78.10, H
(92%) of 10 was obtained as a red powder. Crystals suitable for X-7.83. 2 MS (EI); m/z (%): 780 (9) [M1], 703 (100) [M1 2 PPh2],
ray analysis were obtained by diffusion of diethyl ether into a solu-595 (11) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 228.6 (s).
tion of 10 in CH2Cl2 within 1 d at room temperature. 2

5d: C63H83OP3 (949.3): calcd. C 79.71, H 8.81; found C 79.34, C48H50B2F8FeN3OP3 (1007.4): calcd. C 57.23, H 5.00, N 4.17;
H 10.01. 2 MS (EI); m/z (%): 949 (17) [M1], 872 (100) [M1 2 found C 54.04, H 6.83, N 4.18. 2 MS (FAB); m/z (%): 729 (100)
PPh2], 764 (20) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 [M1 2 3 MeCN 2 B2F7], 655 (73) [free ligand], 576 (52) [free
225.3 (s). ligand-Ph]. 2 1H NMR (CDCl3): δ 5 2.03 (br. s, 2 H, OCH2), 2.41

(br. s, 9 H, CH3CN), 2.58 (br. s, 6 H, CH2P), 3.61 (br. s, 3 H,5e: C52H59OP3 (792.5): calcd. C 78.75, H 7.50; found C 78.88, H
CH3O), 7.25-7.37 (br. m, 30 H, H arom.). 2 13C{1H} NMR7.75. 2 MS (EI); m/z (%): 792 (20) [M1], 715 (100) [M1 2 PPh2].
(CDCl3): δ 5 4.9 (s, CH3CN); 129.3, 130.8, 132.4, 142 (m, C

2 31P{1H} NMR (CDCl3): δ 5 228.2 (s).
arom.). 2 31P{1H} NMR (CDCl3): δ 5 131.7 (s). 2 IR (KBr):

5f: C47H50ClOP3 (759.3): calcd. C 74.35, H 6.58; found C 73.77, ν̃(CN) 5 2343 cm21 (w), 2287 (m).
H 7.10. 2 MS (EI); m/z (%): 758 (10) [M1], 681 (100) [M1 2 PPh2],
573 (10) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 225.1 (s).

; Dedicated to Prof. Dr. Achim Müller, Universität Bielefeld, on
5g: C48H53OP3 (786.9): calcd. C 73.27, H 6.79; found C 73.10, the occasion of his 60th birthday.

H 6.83. 2 MS(EI); m/z (%): 786 (9) [M1], 709 (100) [M1 2 PPh2], [1] E. Kuntz (Rhone-Poulenc Ind.), FR-75-19407, 1975; E. Kuntz
(Rhone-Poulenc Ind.), FR-76-22824, 1976; J. Junk (Rhone-601 (11) [M1 2 PPh2]. 2 31P{1H} NMR (CDCl3): δ 5 228.6 (s).
Poulenc Ind.) FR-79-26994, 1979.

For 1H- and 13C-NMR data see Tables 3 and 4. [2] P. Behrens, G. Stucky, Angew. Chem. 1993, 105, 7292732; An-
gew. Chem. Int. Ed. Engl. 1993, 32, 6962699.

Preparation of 5i: A solution of 5f (759 mg, 1 mmol) in DMSO [3] W. A. Herrmann, C. W. Kohlpaintner, Angew. Chem. 1993, 105,
158821609; Angew. Chem. Int. Ed. Engl. 1993, 32, 152421545.(3 ml) was slowly added to a stirred mixture of 1 g of KCN in 5

[4] B.Cornlis, Angew. Chem. 1997, 109, 107521095; Angew. Chem.ml of DMSO at 90°C. After the addition, the mixture was heated
Int. Ed. Engl. 1997, 36, 36256.to 140°C for 5 h. The solvent was removed and the residue was [5] C. Tanford (Ed.), The Hydrophobic Effect: Formation of Mi-

chromatographed on silica gel. The fractions eluted by a mixture celles and Biological Membranes, 2nd ed., Wiley, New York,
1980.of petroleum ether (40/60)/diethyl ether (3:1) at Rf 5 0.30 were

[6] A. Hulanicki, S. Glab, F. Ingman, Chemical Sensors: Defi-collected to give 300 mg (40%) of 5i as a colorless oil after evapo-
nitions and Classification, Pure Appl. Chem. 1991, 63, 1247.ration of the solvent. 2 C48H50NOP3 (749.8): calcd. C 76.89, H [7] Tobin J. Marks, Mark A. Ratner, Angew. Chem. 1995, 107,

6.72, N 1.87; found C 76.40, H 6.75, N 1.61. 2 MS (FAB); m/z 1672187; Angew. Chem. Int. Ed. Engl. 1995, 34, 1462166.
[8] [8a] S. T. Liu, H. E. Wang, M. C. Cheng, S. M. Peng, J. Or-(%): 750 (33) [M1], 672 (100) [M1 2 PPh2], 564 (16) [M1 2 PPh2].
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ganomet. Chem. 1989, 376, 333242. [8b] S. T. Liu, K. J. Liu, 48b, 1681. [9b]H. Heidel, G. Huttner, R.Vogel, G. Helmchen,

Chem. Ber. 1994, 127, 271. [9c]H. Heidel, G. Huttner, L. Zsolnai,Inorg. Chem. 1990, 29, 457624579. [8c] S. T. Liu, G. J. Liu, C.
H. Yieh, M. C. Cheng, S. M. Peng, J. Organomet. Chem. 1990, Z. Naturforsch. 1995, 50b, 7292734.

[10] C. K. Ingold, Structure and Mechanism in Organic Chemistry,387, 83284. [8d] S. T. Liu, J. Chinese Chem. Soc. 1992, 39,
6112616. [8e] S. T. Liu, H. E. Wang, C. Y. Liu, M. C. Cheng, 2nd ed., Cornell University Press, Ithaca, N. Y. 1969.

[11] Th. Seitz, G. Huttner, M. Büchner, Z. Naturforsch. 1994, 49b,S. M. Peng, Phosphorus Sulfur Silicon 1992, 69, 2012211. [8f] S.
Tsai, H. E. Wang, C. T. Huang, L. M. Yin, S. T. Liu, Chem. 181321817.

[12] P. Stössel, H. A. Mayer, C. Maichle-Mössmer, R. Fawzi, M.Ber. 1995, 128, 1512155. [8g] A. Muth, A. Asam, G. Huttner,
A. Barth, L. Zsolnai, Chem. Ber. 1994, 127, 3052317. [8h] G. Steinmann, Inorg. Chem. 1996, 35, 5860.

[13] F. Muth, Methoden Org. Chem. (Houben-Weyl) 1955, vol. IX,Reinhard, R. Soltek, A. Barth, O. Walter, L. Zsolnai, Chem.
Ber. 1996, 129, 972108. [8i] O. Walter, Th. Klein, G. Huttner, p. 6632682.

[14] D. P. Tate, W. R. Knipple, J. M. Augl, Inorg. Chem. 1962, 1, 433.L. Zsolnai, J. Organomet. Chem. 1993, 458, 63281. [8j] A. Ja-
cobi, G. Huttner, U. Winterhalter, Chem. Ber. 1997, 130, [15] B. J. Hathaway, D. G. Holah, A. E. Underhill, J. Chem. Soc.

1962, 244.127921294. [8k] Th. Seitz, A. Muth, G. Huttner, Th. Klein, O.
Walter, M. Fritz, L. Zsolnai, J. Organomet. Chem., 1994, 469, [16] Compounds 3a, 3b, 9a, 10 were characterized by single-crystal

X-ray analyses. The constitution as given above was corrobor-1552162. [8l] Th. Seitz, A. Asam, G. Huttner, O. Walter, l. Zsol-
nai, Z. Naturforsch. 1995, 50b, 128721306. [8m] B. Janssen, V. ated in each case. Distances and angles are in the range charac-

teristic of (tripod)Mo(CO)3
[8i] [8k] [8l] or [(tripod)Fe-Sernau, G. Huttner, A. Asam, O. Walter, M. Büchner, L. Zsol-

nai, Chem. Ber. 1995, 128, 63270. [8n] A. Asam, B. Janssen, (MeCN)3]21 [8l] [8m][8n][8o] [8p] compounds throughout. Further
details of the crystal-structure investigations may be obtainedG. Huttner, L. Zsolnai, O. Walter, Z. Naturforsch. 1993, 48b,

170721714. [8o] A. Asam, B. Janssen, G. Huttner, L. Zsolnai, from the Fachinformationszentrum Karlsruhe, D-76344 Egg-
enstein-Leopoldshafen (Germany), on quoting the depositoryChem. Ber. 1994, 127, 5012506. [8p]H. Heidel, J. Scherer, A.
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Tripod ligands RCH2C(CH2PPh2)(CH2X)(CH2Y) (1) with X, strongly coordinate in compounds such as [η3-
{CH3C(CH2PPh2)2(CH2S)}(CO)3Mo]– which are obtained asY = SAlkyl, SBzl selectively undergo reductive cleavage of

the SBzl function with Li/NH3/THF at –40 °C to produce their lithium and sodium salts 6. These highly reactive
species may be stabilized by encapsulating their alkaliRCH2C(CH2PPh2)(CH2X)(CH2Y) (2) (X, Y = SAlkyl, SH). In

these mixed donor set ligands the SH functions are the least counter ions in cryptands and the corresponding salts with
[2,1,1]cryptand (7a) and [2,2,2]cryptand (7b) are far easier tocoordinative ones such that [η2-{CH3C(CH2PPh2)(CH2SEt)-

(CH2SH)}(CO)4Mo] (5) is a stable compound with an handle than the cryptand-free progeners 6. Alkylation of the
coordinatively bound thiolate function in 6 leads to theuncoordinated SH function at the dangling arm of the ligand.

If the SH functions of a potential tripod ligand are corresponding thioether derivatives [η3-{CH3C(CH2PPh2)2-
(CH2SR)}(CO)3Mo] (8).deprotonated the resulting thiolate functions are found to

Introduction Results and Discussion

Preparation of the Ligands
The coordination chemistry of tripod ligands

CH3C(CH2PPh2)3 developed by L. Sacconi and his school There are two main pathways to obtain tripod ligands
has quite some unconventional features which show that containing thiole functions, one of them being the nucleo-
the η3 coordination of a neopentane-based tripod ligand is philic cleavage of thietanes by phosphides[15] [16] and the
able to induce a reactive potential at the metal center which other one relying upon the reductive cleavage of SBzl
is otherwise not accessible[1] [2]. The potential of this type of groups by lithium[15].
ligand should be greatly enhanced by an appropriate varia-
tion of the donor functions and in fact there is a promising
chemistry with ligands of type RC(CH2X)3 containing do-
nor functions X other than PPh2

[2] [3] [4]. A still broader
scope of this chemistry could be envisaged if it were pos-
sible to synthesize ligands CH3C(CH2X)(CH2Y)(CH2Z)
with up to three different phosphorus donor groups. The

1 R R9 2 R R9
difficulties characterizing the neopentane chemistry, which
is at the basis of such syntheses, had only recently been 1a H Et 2a H Et

1b H iPr 2b H iProvercome and neopentane-based tripod ligands with up to
1c H Bzl 2c H Hthree different phosphorus donors have been de-
1d CH3O Bzl 2d CH3O H

scribed[5] [6] [7] [8] [9] [10] [11] [12] [13] with even enantioselective
syntheses of such ligands having been reported[10]. The in-
troduction of sulfur and nitrogen donors instead of phos- This second method was used to transform compounds

1 [18] [19], containing at least one SBzl group into tripod li-phorus donor functions in this type of tripod ligand has by
now not yet found a general solution. Even though different gands containing thiole functions (2).

Starting from compounds 1 [18] [19] applying the “lithiumstrategies for introducing these types of donor functions
have been worked out for special cases[14] [15] [16] [17] [18]. It is reduction step”[15] to 1, followed by hydrolytic workup gives

the thiole tripod ligands 2. 2a and 2b, containing one thioleshown in this paper how tripod ligands containing one or
more thioether or thiolate donor functions may be obtained function, are obtainted as colorless oils while 2c and 2d,

bearing two thiole functions, are colorless microcrystallineand how these molecules behave as ligands in their
[(CO)3Mo] and [(CO)4Mo] derivatives. solids. Their identity is proven by NMR and mass spectra

Eur. J. Inorg. Chem. 1998, 141721424  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/101021417 $ 17.501.50/0 1417



R. Soltek, G. HuttnerFULL PAPER
Table 1. 1H-NMR data

1H NMR[x] CH2P CH2X CH2Y X Y CH3Cq or aromat. H cryptand
X,Y CH3OCH2

2a 2.36, d, 2.73, 2.7222.67, m, 2 H 2.50, q, 2 H, 7.3[b] 1.2921.24, 1.05, s, 7.5527.32, 2
SEt, SH 2 H, 3.7[a] s, 2 H 1.24, t, 3 H, 7.3[b] m, 1 H 3 H m, 10 H
2b 2.35, d, 2.70, 2.67, d, 2.80, spt, 1 H, 6.6[b] 1.2821.22, 1.03, s, 7.5527.32, 2
SiPr, SH 2 H, 3.3[a] s, 2 H 2 H, 10.2[b] 1.2821.22, m, 6H m, 1 H 3 H m, 10 H
2c 2.34, d, 2.70, d, 1.16, t, 1.04, s, 7.5127.28, 2
SH, SH 2 H, 3.7[a] 4 H, 8.8[b] 2 H, 9.0[b] 3H m, 10 H
2d 2.35, d, 2.75, d, 1.17, t, 3.27, s, 2H 7.5627.35, 2
SH, SH, 2 H, 3.8[a] 4 H, 9.0[b] 2 H, 9.0[b] 3.10, s, 3H m, 10 H
3 2.35, d, 2.67, d, 2 1.25, t, 2 1.10, s, 7.5727.39, 2
SH, 2 2 H, 3.2[a] 2 H, 8.8[b] 1 H, 8.8[b] 6H m, 10 H
5 2.59, d, 2.93, 2.76, 2.48, 2.29, 2dd, 2.86, q, 2 H, 7.3[b] 1.17, t, 0.93, bs, 7.6827.43, 2
SEt, SH 2 H, 7.6[a] 2d, 2 H, 7.3[b] 2 H, 13.9[c], 9.0[b] 1.45, t, 3 H, 7.3[b] 1 H, 9.0[b] 3H m, 10 H
6a 2.30, 2.05, 2dd, 2.14, s, 2 H 2 2 1.14, bs, 8.1027.28, 2
PPh2, S 4 H, 14.4[c], 7.4[a] 3H m, 20 H
6b 2.22, 1.94, 2dd, 2.05, s, 2 H 2 2 0.98, bs, 7.9527.00, 2
PPh2, S 4 H, 14.2[c], 6.6[a] 3H m, 20 H
6c 2.22, d, 2.35, 2.21, 2d, 2 2 2.78, s, 2H 8.1027.28, 2
S, S 2 H, 9.0[a] 4 H, 12.8[c] 2.13, s, 2 H 3.13, s, 3H m, 10 H
7a 2.39, 2.05, 2dd, 2 2 1.14, bs, 8.0927.21, 3.7223.60,

m, 20 H
PPh2, S 4 H, 14.4[c], 7.2[a] 1.77, s, 2 H 3H m, 20 H 2.9522.60,

m, 12 H
7b 2.05, 1.81, 2dd, 2 2 0.76, bs, 7.8626.88, 3.44, 3.39,

2s, 24 H
PPh2, S 4 H, 14.0[c], 7.0[a] 2.40, s, 2 H 3H m, 20 H 2.46, bs, 12

H
8a 2.35, d, 2 2.18, 1.33, t, 7.7727.12, 2
PPh2, SMe 2 H, 6.2[a] 2.46, s, 2 H s, 3H 3 H, 2.2[d] m, 20 H
8b 2.3922.32, 2 2.40, q, 2 H, 7.3[b] 1.33, t, 7.7627.05, 2
PPh2, SEt m, 4H 2.15, s, 2 H 1.18, t, 3 H, 7.3[b] 3 H, 2.5[d] m, 20 H
8c 2.37, 2.27, 2dd, 2 3.54, 1.23, t, 7.7627.01, 2
PPh2, SBzl 4 H, 15.3[c], 5.7[a] s, 2 H 3 H, 2.5[d] m, 25 H

[x] 2 and 3 in CDCl3, 5 and 8 in CD2Cl2, 6 in [D8]THF, 7 in CD3CN. 2 [a] 2JHP. 2 [b] 3JHH. 2 [c] 2JHH. 2 [d] 4JHP.

as well as by elemental analyses (Tables 1 and 2, Exper- a two-electron donor has been observed[21] the reaction of
RSH with coordinatively unsaturated ligand-metal entitiesimental Section). Judging from the variety of groups pre-

sent in the starting compounds 1 the scope and selectivity appears to be hampered with difficulties. It has been found
that the reaction of [Cp(CO)2MnTHF], which in itself is aof the applied method 2 i.e. generating thiole functions in

tripod ligands by the reductive cleavage of SBzl functions precursor of the 16-electron [Cp(CO)2Mn] fragment, with
RSH leads to the formation of the radical compunds2 are quite broad. A limitation is, however, met when an

SPh and an SBzl function are both present in 1. [Cp(CO)2MnSR] with a concommitant hydrogen abstrac-
tion of the thiole function[22]. It is not astonishing therefore
that the reaction of CH3C(CH2PPh2)2CH2SH (4) [15] with
[(MeCN)3(CO)3Mo] in CH2Cl2 does not result in isolabable
and well-charcterizable tripod compounds of the hypotheti-
cal formula [η3-{CH3C(CH2PPh2)2CH2S}(CO)3Mo]. In-

In this case the CH2SPh group is cleaved at the CH2S stead a yellow to brownish solution of what is obviously a
bond as is shown by the transformation of 1e to 3 (Exper- mixture of compounds is obtained. Trying to isolate a defi-
imental Section, Tables 1 and 2). nite compound from this mixture by transforming any SH

functions into thiolate groups by NaH or nBuLi leads to a
brownish product from which, however, no definite com-

Coordination Chemistry
pounds could be isolated even after addition of crown
ethers or cryptands as potential precipitating agents (see,The coordination chemistry of tripod ligands containing
however, the preparation of 7, below).The yellow to brown-thiole functions has not been worked out in much detail.
ish solutions which result from the deprotonation step (seeThere are some compounds derived from such ligands with
above) are highly sensitive to air. They immediately changemanganese[14] or nickel [15] as the coordinated metals; in
color at the first contact with a trace of oxygen to give deepeach of these cases, however, the thiole function had been
blue solutions.transformed into a thiolate functionality during the process

of coordination. The coordination of RSH functions them- While the deep color reminds of the radical compounds
[Cp(CO)2MnSR][22] no definite product could be isolatedselves is not too common even if they are not part of a

tripod ligand[20]. Although even the coordination of H2S as either and the blue powders which remain after evaporation
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Table 2. 13C-NMR data

13C NMR[x] CH2P CH2X CH2Y X Y CH3Cq orCH3Cq aromat. C CO/
X, Y CH3OCH2 cryptand

2a 38.2, d, 42.2, d, 34.7, d, 10.1[b] 27.5, s 2 24.8, d, 9.6[b] 39.0, d, 139.22128.1, m 2

SEt, SH 16.5[a] 9.6[b] 34.8, d, 14.8, s 13.8[c]

2b 38.4, d, 40.6, d, 9.7[b] 36.2, s 2 24.9, d, 9.2[b] 38.8, d, 139.12128.0, m 2
SiPr, SH 16.5[a] 9.6[b] 33.9, d, 11.0[b] 23.4, s 13.8[c]

2c 37.1, d, 30.0, d, 10.9[b] 2 2 24.0, d, 9.2[b] 38.7, d, 139.02128.3, m 2
SH, SH 16.5[a] 2 12.9[c]

2b 33.2, d, 48.2, d, 2 2 74.6, d, 8.7[b] 43.4, d, 142.32126.4, m 2
SH, SH 16.8[a] 6.0[b] 59.1, s 12.3[c]

3 40.9, d, 38.4, d, 10.4[b] 2 2 2 28.3, d, 9.1[b] 35.8, d, 140.32128.9, m 2
SH, 2 16.4[a] 37.7, d, 13.3[c]

5 38.7, d, 6.7[b] 2 38.6, d, 5.6[b] 2 27.4, d, 6.0[b] 39.1, d, 138.22128.8, m [d]

SEt, SH 13.1[a] 32.7, t, 13.7, s 2.5[c]

6a 36.5, pt, 8.5[a][b] 5.5[b] 2 2 35.9, t, 9.0[b] 39.1, t, 143.42127.3, m 223.7, t, 8.7[c];
PPh2, S 34.9, 4.4[c] 223.0, dd, 41.0[e],

14.0[f]

6b 38.5, pt, 8.5[a][b] bs 2 2 36.0, t, 8.4[b] 37.7, t, 143.52127.3, m 226.12224.9, m
PPh2, S 4.4[c]

7a 37.9234.8, m 2 2 37.9234.8, m 143.22127.7, m [d]; 68.96, 67.66,
65.92, 3s[g]

PPh2, S 43.9, t, 51.79, 50.51, 2s[h]

7b 37.9234.9, m 4.6[b] 2 2 37.9234.9, m 37.7, t, 143.22127.8, m [d]; 68.59, 67.71, 2s[g]

PPh2, S 41.6, t, 5.5[c] 52.62, s[h]

8a 36.0, pt, 7.4[a][b] 4.6[b] 2 27.7, t, 5.5[b] 37.7, t, 9.2[b] 38.22 139.92128.6, m 220.8, m
PPh2, SMe 38.3, t, 38.0, m
8b 36.8, pt, 8.5[a][b] 4.4[b] 38.2238.0, m 37.5, t, 8.7[b] 37.62 141.52128.4, m [d]

PPh2, SEt 13.7, s 6.3, m
8c 37.6236.3, m 47.2, t, 5.1[b] 35.1, t, 8.3[b] 139.82127.0, m 222.52219.0, m
PPh2, SBzl

[x] 2 and 3 in CDCl3, 5 and 8 in CD2Cl2, 6 in [D8]THF, 7 in CD3CN 2 [a] 1JCP. 2 [b] 3JCP. 2 [c] 2JCP. 2 [d] Due to worse solubility no
13CO resonances observed. 2 [e] 2JCPtrans. 2 [f] 2JCPcis. 2 [g] CH2O. 2 [h] CH2N.

Table 3. Infrared data of 528of the solvent give only very weak EPR signals and are not
highly paramagnetic as would be expected for radical spe-

Solvent ν̃CO [cm21]cies when analyzed on a magnetic balance. Chromatogra-
phy of the blue solutions on silica gel is of no help since the 5 CH2Cl2 2020 (s) 1901 (s, br.) 1870 (s)
blue phase rather rapidly desintegrates during the process 6a THF 1911 (s) 1816 (s) 1787 (s)

6b THF 1909 (s) 1815 (s) 1779 (s)of elution. The nature of the compounds and intermediates
6c THF 1885 (s) 1771 (s) 1718 (s)obtained from 4 by the above procedure does remain un- 7a MeCN 1905 (s) 1809 (s) 1778 (s)
7b MeCN 1909 (s) 1802 (s) 1763 (s)known (see, however, the transformation of 4 to 7, below).
8a CH2Cl2 1927 (s) 1830 (s) 1795 (s)In contrast to the reaction of 4 with [(MeCN)3(CO)3Mo]
8b CH2Cl2 1929 (s) 1837 (s) 1811 (s)

the ligand 2a reacts with the same reagent to produce the 8c CH2Cl2 1934 (s) 1844 (s, br.)
(CO)4Mo derivative 5 in fair yields.

referring to this group being a clear-cut triplet as expected
(Table 1). The CH2 protons of the dangling arm are dia-
stereotopic which, together with a coupling to the SH pro-
ton, results in a pattern of two doublets of doublets. 31PThe formation of (CO)4Mo derivatives from

[(MeCN)3(CO)3Mo] is not an uncommon observation[17]. decoupling substanciates the assignments. With correct
mass spectra and elemental analyses the identity of 5 asEven though no single crystals suitable for an X-ray analy-

sis could be obtained from 5 its constitution as given is clear shown is beyond doubt therefore.
The observation that in 5 the thiole function cannot com-from spectroscopic data.

The ν̃CO spectrum is characteristic for a [(CO)4Mo] en- pete with the donors present in the reaction solution sug-
gests a different strategy: if the thiole function of the ligandtity[23]. The coordination of the phosphorus function is evi-

dent from its 31P-NMR resonance which is found at δ 5 is deprotonated the thiolate function thus formed should
have better ligand capabilities such that tripodal coordi-20.0 in constrast to the chemical shift of the free ligand (δ 5

226.9). The coordination of the SEt group is evidenced by nation of the anionic ligands might ensue. If salts of these
derivatives could be isolated protonation of the coordinateda 3JCP coupling of 5.6 Hz to the α-carbon atom of the ethyl

group (Table 2). There is no such coupling to the proton of thiolate functions might well lead to coordinated SH func-
tions in tripodal metal compounds.the SH group of the dangling arm with the 1H-NMR signal
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The pattern of the 2JCP coupling constants (Table 2) is in
accord with an overall octahedral geometry of the com-
pound. One argument in favor of the η3 coordination of
the ligand in 6a comes from a comparison of the 13C-NMR
resonances observed for compounds which definitely con-
tain the ligands in η2 coordination (e.g. 5) and a series of
examples in ref. [18] where it was found that the relevant res-

R X 6 R X M n onances of 6a occur at different shift values which are much
closer to the values characterictic for compounds with η3

4 H PPh2 6a H PPh2 Li 1 coordination (8) and a series of compounds in ref. [18]. Yet2d CH3O SH 6b H PPh2 Na 1
a stronger argument comes from the observation that the6c CH3O S Na 2
solvent-free salt obtained from 6a by the addition of
[2,1,1]cryptand (7a, see below) have their NMR resonances
at approximately the same values as observed for 6a (TablesIf the ligand 4 is deprotonated by nBuLi in THF and the

resulting solution is treated with [(MeCN)3(CO)3Mo] the 1 and 2).
Observations very similar to the results reported for 6alithium salt 6a results, in which all three donor functions of

the tripod ligand are engaged in coordination. 6a is isolated are made for its sodium analogue 6b which results when
NaH is used as the deprotonating agent in the transforma-from the reaction solution as its adduct with two molecules

THF per unit by evaporating the solvent and washing the tion of 4 to 6 (Tables 123). With 2d as the starting material
6c is formed under these conditions. 6b as well as 6c, whenbrown oily residue with petroleum ether in an ultrasonic

bath. The product as isolated is very sensitive to oxygen and isolated as yellow powders following the workup procedure
described for the synthesis of 6a, are both found to containmoisture so that its yellow solutions turn first green and

finally blue under atmospheric conditions. Under unaerobic two THF molecules per formula unit. The chemical shifts
observed for the constitution of the compounds in the vari-conditions the solutions are stable enough to warrant de-

tailed analyses by NMR. The 1H-, 13C-, and 31P-NMR ous NMR spectra are close to the ones reported for 6a
(Tables 123). In contrast to the situation in 6a, instead ofspectra are in accord with the formula as given (Tables 1

and 2). The coordination of both phosphorus centers is ap- the protons at the CH2S group now the protons at the
CH2P entity are chemically equivalent with the remainingparent from the appearance of one single signal at δ 5 21.6.

The coordination of the sulfide function is not definitely two CH2S groups showing the phenomenon of diastereoto-
picity in the case of 6c. This symmetry property is clearlyestablished by 3JCP coupling constants between the phos-

phorus nucleus and the methylene carbon atom to which evident from the 1H-NMR spectrum (Table 1).
Compounds 6 are rather difficult to handle due to theirthe sulfur atom is bound, since 3JCP coupling through the

ligand framework gives rise to values of similar magni- high sensitivity to oxygen and moisture as well as to the
fact that the only solvent in which comparatively stabletude[15]. From the three CH2 groups of the chelate cage the

one linked to the sulfur atom has two chemically equivalent solutions are formed is THF while solvents with higher pro-
ton activity and/or oxidation power (e.g. CH3CN,hydrogen atoms and a singlet is observed for this group in

the 1H-NMR spectrum. The hydrogen atoms at the CH2 CH3NO2) lead to desintegration of the compounds.
groups linked to the phosphorus atoms are diastereotopic
and give rise to two doublets of doublets (Table 1). The
symmetry of 6a is thus clearly reflected by its 1H-NMR
spectrum. The tridentate binding mode of the ligand on the
other hand is not a necessary prerequisit to explain the
spectra. Since 6a contains two THF solvate molecules per
formula unit (the ratio of THF/6 is determined by inte-
gration of the [H8]THF signals apparent for solutions of

6 M 7 M Cryptandthe compounds in isotopically pure [D8]THF) it might be
argued that the ligand is only acting in the bidentate fashion

6a Li 7a Li [2,1,1]cryptandwith one THF molecule occupying the vacant coordination 6b Na 7b Na [2,2,2]cryptand
site at the metal. Even the observation of a ν̃CO IR pattern
which corresponds to a [(CO)3Mo] entity (Table 3) does not
differentiate between the two possibilities. An indication In the hope to increase the stability of the salt-like com-

pounds cation scavengers were used to transform the lith-that the constitution of 6 as shown might be correct may
be found in the values of the chemical shifts of the carbonyl ium salt 6a into its lithium [2,1,1]cryptand derivative 7a and

the sodium salt 6b into its sodium [2,2,2]cryptand analoguecarbon atoms of 6. The two different classes of carbonyl
groups (trans to P, trans to S) have their resonances in close 7b. When the cryptand ligands are added to THF solutions

of 6 the salts 7 form and precipitate from the solutions invicinity which is well expected if the sulfur and phosphorus
atoms act as the trans ligand but would not be easily ex- the form of light-yellow microcrystalline powders. With re-

spect to sensitivity and solubility compounds 7 differplained if THF and P were in the corresponding positions.
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strongly from compounds 6. Solutions of 7 in contrast to
solutions of 6 do not undergo a rapid color change when
exposed to the atmosphere even though a slow color change
from light-yellow to light-green is observed on prolonged
exposure to air. In constrast to compounds 6 which dis-
solves in THF, compounds 7 are only very sparingly soluble
in this solvent. They are soluble, however, in CH3CN or
CH3NO2 without desintegration. The salt of type 7 formed 8 R X
from 6c by the addition of [2,2,2]cryptand does not dissolve,
neither in THF, nor in CH3CN or CH3NO2, so that it could 8a Me I

8b Et Et2O·BF4not be characterized. The identity of the anions present in
8c Bzl Br7 is clear from the negative-ion FAB mass spectra which

show the peak for the molecule anion at m/z 5 653 for both
7a and 7b. The close similarity of the anionic parts of 6 and
7 is evident from the close similarity of the relevant NMR This is evidenced by 3JCP coupling constants of around 6

Hz between the coordinated phosphorus atom and the α-data (Tables 1, 2). Shifts as well as coupling constants show
only minor differences between the compounds 6 and 7. carbon atom bonded to the coordinated sulfur center. The

coupling constants should be zero if the SR entities wouldDue to the low solubility of compounds 7 and due to an
overlap of some of the signals arising from the cryptand not be coordinated. In the case of 8c the spectral data ob-

tained for the free ligand[14] show that no P-CαS couplingligands a detailed comparison is not possible for all of the
signals (Tables 1, 2). The ν̃CO IR spectra of compounds 6 is observed if not both phosphorus and sulfur atom are

coordinated to the same metal center. The presence or ab-and 7 are rather similar as well (Table 3). Taken together
the similarity of all the spectral data obtained for 6 and 7 sence of diastereotopicity of the protons at the CH2 groups

of the chelate cage (Table 1) does again reflect the symmetrycorroborates the structural assignments as elaborated for 6.
Comparing the spectral data obtained for 6a and 6b slight of the compounds as already discussed for 6. The local sym-

metry of the [(CO)3Mo] chromophore reflects the consti-differences in chemical shifts as well as in the ν̃CO IR data
are apparent, the most propable explanation for this obser- tutional Cs symmetry which is characteristic for all the com-

pounds 628 so that instead of a two-band pattern (A1, E)vation being that the counter ions are in some form associ-
ated with the complexes. It is astonishing to note that the as expected for C3v symmetry 3 ν̃CO IR bands are observed

in general. Only for 8c the splitting of the E band is not1H-NMR data of 7a and 7b (Tables 1, 2) as well as the IR
data (Table 3) of these compounds are slightly different as large enough to make the two components derived from it

decernible ( Table 3 ).well. It must be assumed that the compounds are at least
in part dissolved as ion pairs such that different properties A comparison of the IR data obtained for 628 is re-

warding: the anionic compounds 6 and 7 show their absorp-of the cations are reflected by these data. The identity of
the anionic part of 6 and 7 is as well documented by their tions at distinctly lower energy than the neutral compounds

8. Within each class of compounds the differences are onlycyclovoltammogrammes. Both the compounds 6a and 7a
show a quasi-reversible oxidation at 2410 mV vs. S.C.E. minor as expected. The dianionic species 6c has its absorp-

tions at by far the lowest energies. The observed trends areThe slight difference between the values observed for 7a
and 7b, if not due to experimental uncertainty, might again in accord with the well-established rule that the higher the

charge density at the metal center the lower the frequenciesindicate that ion pairs are still solvated even with the alkali
cation embedded in cryptands. The ratio of the anodic cur- of the corresponding ν̃CO absorptions. With respect to this

rule trends observed for compounds 628 are in full agree-rent to the cationic current is around 1.7 and the slope of
the anodic current versus the scan rate (502800 mV) is ment with their structural assignment derived by other

methods as discussed before.lower than the one predicted by the square root law[24] for
a reversible process. When comparing 7a and 7b it is found With the identity of 8 established beyond doubt it is clear

that the SR group is coordinated in each case. For the typethat the quasi-reversible oxidation occurs at almost the
same potential for both compounds (7b: 2420 mV vs. of ligand as present in 6a and 6b it had been shown for the

neutral complex [η3-{CH3C(CH2PPh2)2CH2S}(CO)3Mn]S.C.E.).
To further corroborate the identity of 6 compound 6a that alkylation at the sulfur atom may well lead to decoordi-

nation with the vacant coordination site being occupied bywas treated with alkylating reagents which, based on the
constitution assigned to 6, should lead to the corresponding the nucleofugic group of the alkylation reagent used (e.g.

I2 with MeI as the reagent)[16]. This type of reaction is notthioether-functionalized species. In fact 6a reacts with a
variety of electrophilic reagents to produce compounds 8. observed when 6a is treated with alkylation reagents inde-

pendent of whether the nucleofugic group is I2 (MeI), Et2OMass spectra of 8 (FAB or EI) show the molecular ion
peak in each case and elemental analyses correspond to the (Et3O·BF4) or Br2 (BzlBr) even though the neutral manga-

nese compound and the anionic molybdenum compoundassigned constitution. The NMR data (Tables 1, 2) are as
well in accord with their constitution; specifically, they are isoelectronic ([(CO)3Mn]1 to [(CO)3Mo]). The coordi-

nation of the nucleofugic group of the anionic part of theshow that the tripod ligand coordinates in a tridentate way.
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solutions of the compounds: 1023  in 0.1  Bu4NPF6 in CH2Cl2.electrophile to the metal center can well compete with the
2 1a2c and e were prepared accordingto ref. [18], 1d was preparedcoordination of the neutral SR function in the presence
according to ref. [19]. 4 can be obtained according to ref. [14].of the cationic metal center in [η3-{CH3C(CH2-
[(CH3CN)3(CO)3Mo] was synthesized as described in ref. [25] andPPh2)2CH2SR}(CO)3Mn]1 while with the neutral com-
was always freshly prepared (using always fresh batches);pounds [η3-{CH3C(CH2PPh2)2CH2SR}(CO)3Mo] (8) the
[2,1,1]cryptand and [2,2,2]cryptand are abbreviations for 4,7,13,18-

anionic nucleophile is not competitive. tetraoxa-1,10-diazabicyclo[8.5.5]eicosane and 4,7,13,16,21,24-hexa-
oxa-1,10-diazabicyclo[8.8.8]hexacosane, respectively. The latter
ones and all other chemicals are commercially obtained and used

Conclusion without further purification.

Preparation of 2: The given amount (vide infra) of 1 was dis-Taken together the observations described in this paper
solved in THF (50 ml), the solution was cooled to 250°C andallow for the following statements:
liquid NH3 was added (50 ml). After stirring for 10 min, the given

2 Neopentane-based tripod ligands CH3C(CH2X)- amount (vide infra) of lithium was added. During the reaction the
(CH2Y)(CH2Z) (X, Y, Z 5 PR2, SR, S2) are accessible by color of the mixture turned from deep blue to red. The reaction
a convergent set of reactions. The reductive cleavage of SBzl was finished when all lithium was consumed (4 h). Then water was
functions in tripod ligands (some of the groups X, Y, Z 5 added (5 ml) and the NH3 was cautiously removed by letting the
SBzl) [15] [17] [18] [19] by lithium under spezialized conditions reaction mixture slowly warm up to 20°C. Finally, the THF was

removed in vacuo. To the crude product water (50 ml) and diethylhas a broad scope of application in this context.
ether (50 ml) were added and the mixture was neutralized with2 Tripod ligands containing thiolate functions (some of
HCl. The phases were separated and the aqueous phase was ex-the groups X, Y, Z 5 S2) form anionic [(CO)3Mo] deriva-
tracted with diethyl ether (2 3 50 ml). The residue of the combined,tives which contain the ligands in a tridentate binding
dried and concentrated organic phases was purified by chromatog-mode. The coordinatively bound thiolate functions are
raphy on silica gel in case of 2a, 2b, and 2e (15 cm, Ø 5 6 cm).

transformed into coordinated thioether functions upon re- Concentrating the fractions eluted by a mixture of petroleum ether
action of the anions with alkylating reagents. (40/60)/diethyl ether (17:1; TLC control: Rf 5 0.4 for 2a and 2b/

29:1; TLC control: Rf 5 0.45 for 2e) gave the pure products 2a, 2bThe financial support by the Deutsche Forschungsgemeinschaft
and 2e. 2c and 2d were purified by recrystallization from petroleum(SFB 247) and the Fonds der Chemischen Industrie is gratefully
ether (40/60) (20 ml). Completion of the crystallization wasacknowledged. We are grateful to D. Günauer (cyclovoltammetry),
achieved by cooling the mixture down to 240°C for 1 h.to R. Rupp (ESR) and to P. Schober (magnetic balance) for various

help. One of us is indepted to the Graduierten Kolleg Selektivität 1a (1.6 g, 3.6 mmol) and Li (50 mg, 7.2 mmol) yielded 1.2 g
und Reaktivität in der organischen Synthese for a fellowship. (95%) of 2a as a pasty, colorless oil. 2 C19H25PS2 (348.5): calcd.

C 65.48, H 7.23; P 8.89; S 18.40; found C 65.77, H 7.30, P 8.89, S
17.68. 2 MS (EI); m/z (%): 349 (50) [M1 1 1], 319 (100) [M1 2

C2H5]. 2 31P{1H} NMR (CDCl3): δ 5 226.9 (s).Experimental Section
1b (2.3 g, 5.0 mmol) and Li (69 mg, 10.0 mmol) yielded 1.7 gGeneral: All manipulations are carried out under argon by means

(93%) of 2b as a pasty, colorless oil (even after prolonged drying,of standard Schlenk techniques. All solvents are dried by standard
2b tenaciously withheld some solvent resulting in somewhat to highmethods and destilled under argon. Water was degassed by five
carbon values). 2 C20H27PS2 (362.5): calcd. C 66.26, H 7.51; found“pump-thaw” cycles and stored under argon. The CDCl3, CD2Cl2
C 67.11, H 7.48. 2 MS (FAB); m/z (%): 363 (70) [M1 1 1], 319and [D8]THF used for the NMR spectroscopic measurements were
(100) [M1 2 C3H7]. 2 31P{1H} NMR (CDCl3): δ 5 226.8 (s).degassed by three successive “freeze-pump-thaw” cycles and dried

over 4-Å molecular sieves. The silica gel (Kieselgel z.A. 0.0620.2 1c (2.5 g, 5.0 mmol) and Li (138 mg, 10 mmol) yielded 1.4 g
mm, J. T. Baker Chemicals B.V.) used for chromatography was de- (85%) of 2c as a colorless microcrsystalline solid. 2 MS (EI); m/z
gassed at 1 mbar for 24 h and saturated with argon. 2 NMR: (%): 319 (100) [M1 2 1]. 2 31P{1H} NMR (CDCl3): δ 5 227.3 (s).
Bruker Avance DPX 200 at 200.13 MHz (1H), 50.323 MHz

1d (2.6 g, 5.0 mmol) and Li (138 mg, 20.0 mmol) yielded 1.6 g(13C{1H}), 81.015 MHz (31P{1H}), 77.779 MHz (7Li); chemical
(90%) of 2d as a colorless microcrystalline solid. 2 C18H23OPS2shifts (δ) in ppm with respect to CDCl3 (1H: δ 5 7.27; 13C: δ 5
(350.5): calcd. C 61.69, H 6.61, P 8.84, S 18.30; found C 61.63, H77.0), CD2Cl2 (1H: δ 5 5.32; 13C: δ 5 53.5) and [D8]THF (1H: δ 5
6.77, P 8.84 S 18.58. 2 MS (FAB); m/z (%): 349 (100) [M1]. 23.58; 13C: δ 5 67.7) as internal standards, and chemical shifts (δ) 31P{1H} NMR (CDCl3): δ 5 226.8 (s).in ppm with respect to 85% H3PO4 (31P: δ 5 0) and 1  LiCl in

D2O (7Li: δ 5 0) as external standards. 2 IR: Bruker FT-IR IFS- 1e (1.9 g, 4.0 mmol) and Li (112 mg, 16.0 mmol) yielded 980 mg
66; CaF2 cells. 2 MS: Finnigan MAT 8400; FAB: Nibeol (4-nitro- (85%) of 3 as a colorless, microcrystalline solid. 2 C17H21PS
benzyl alcohol) or TEA (triethanol amine) matrices, respectively; (288.4): calcd. C 70.80, H 7.34; found C 71.26, H 7.64. 2 MS
EI: 70 eV. Mass spectra are referenced relative to the most abun- (FAB); m/z (%): 287 (100) [M1 2 1]. 2 31P{1H} NMR (CDCl3):
dant Mo isotop (98

42Mo). Elemental analyses: Microanalytical lab- δ 5 223.2 (s).
oratory of the Organisch-Chemisches Institut, Universität Heidel-

For 1H- and 13C-NMR data see Tables 1 and 2.
berg. With the procedures used carbon contents tend to be found
too low in the presence of molybdenum. Some of the analytical Preparation of 5: Compound 2a (349 mg, 1 mmol) was dissolved

in CH2Cl2 (30 ml), solid [(MeCN)3(CO)3Mo] was added (302 mg;data have to be interpreted with this in mind. 2 Melting points:
Gallenkamp MFB-595 010; melting points are not corrected. 2 1 mmol) and the mixture was stirred for 1 h at room temperature.

During the reaction the [(MeCN)3(CO)3Mo] slowly dissolved andCyclovoltammetry: EG&G Princeton Applied Research model 273;
potentials in mV versus S.C.E at a glassy carbon electrode at 25°C; the color of the solution turned from light-yellow to yellow-brown.
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The solvent was removed and the brown residue was chroma- 8b were obtained solvent-free, 8c crystallized with 0.5 equivalents

of CH2Cl2 per formula unit. The obtained yields were: 8a: 488 mggraphed on silica gel (15 cm, Ø 5 6 cm). Concentrating the frac-
tions eluted by a mixture of petroleum ether (40/60)/CH2Cl2 (1:3; (73%), m.p. 195°C (dec.); 8b: 409 mg (60%), m.p. 188°C (dec.); 7c:

493 mg (70%), m.p. 205°C (dec.).TLC control: Rf 5 0.75) gave 250 mg (45%) of 5 as a yellow micro-
crystalline solid, m.p. 150°C (dec.). 2 C23H35MoO4PS2 (556.5):

8a: MeI (426 mg, 3 mmol). 2 C33H32MoO3P2S (666.6): calcd. C
calcd. C 49.64, H 4.53, P 5.57, found C 49.88, H 4.85, P 5.55. 2

59.28, H 4.83, P 9.27; found C 58.31, H 4.87, P 9.09. 2 MS (EI);
MS (EI); m/z (%): 558 (8) [M1], 530 (14) [M1 2 CO], 501 (10)

m/z (%): 668 (28) [M1], 640 (40) [M1 2 CO], 612 (30) [M1 2 2
[M1 2 CO 2 C2H5], 473 (6) [M1 2 2 CO 2 C2H5], 444 (16) [M1

CO], 584 (100) [M1 2 3 CO]. 2 31P{1H} NMR (CD2Cl2): δ 5
2 3 CO 2 C2H5 2 H]. 2 31P{1H} NMR (CDCl3): δ 5 20.0 (s).

218.1 (s).
For IR -, 1H- and 13C-NMR data see Tables 123.

8b: Et3O·BF4 (513 mg, 3 mmol). 2 C34H34MoO3P2S (680.6):
Preparation of 6: 1 mmol of 2d or 4 (vide infra) was dissolved in calcd. C 59.82, H 5.02, P 9.08; found C 59.12, H 5.30, P 8.97. 2

30 ml of THF, the solution was cooled to 0°C and treated with MS (EI); m/z (%):682 (32) [M1], 654 (46) [M1 2 CO], 626 (20)
NaH or n-butyllithium (vide infra). After stirring for 30 min, solid [M1 2 2 CO], 596 (100) [M1 2 3 CO]. 2 31P{1H} NMR
[(MeCN)3(CO)3Mo] (302 mg, 1 mmol) was added. During the reac- ([D8]THF): δ 5 222.5 (s).
tion the color of the mixture turned light-brown. After stirring for

8c: BzlBr (380 mg, 3 mmol). 2 C39H36MoO3P2S · 0.5 CH2Cl2another 30 min, the reaction mixture was concentrated to 325 ml
(785.2): calcd. C 60.42, H 4.75; found C 60.01, H 4.62. 2 MSand 30 ml of petroleum ether (40/60) was added. If oily products
(FAB); m/z (%): 744 (28) [M1], 660 (46) [M1 2 3 CO], 569 (14)were obtained the mixtures were treated twice with 30 ml of petro-
[M1 2 3 CO 2 Bzl], 471 (5) [M1 2 3 CO 2 Bzl 2 Mo]. 2 31P{1H}leum ether (40/60) in an ultrasonic bath. The pure yellow micro-
NMR (CH2Cl2): δ 5 218.0 (s).crystalline products were obtained in quantitative yields by remov-

ing the solvent in vacuo. In all cases the products contained two For IR, 1H- and 13C-NMR data see Tables 123.
molecules of THF per formula unit. When compounds 6 were pre-
pared for a consecutive reaction the purification step did not need

; Dedicated to Prof. H. P. Latscha on the occasion of his 60thto be applied e.g. preparation of 7 or 8.
birthday.

[1] See, e.g.: [1a] L. Sacconi, S. Midollini, J. Chem. Soc., Dalton4 (472 mg, 1 mmol) and n-butyllithium (2.5 , 0.4 ml, 1 mmol)
Trans. 1972, 1213. 2 [1b] P. Dapporto, G. Fallani, S. Midollini,yielded 800 mg of 6a · 2 THF. 2 C32H29LiMoO3P2S · 2 C4H8O
L. Sacconi, J. Am. Chem. Soc. 1973, 95, 2021. 2 [1c] M. Di

(800.5): calcd. C 59.85, H 5.65, P 7.72; found C 58.51, H 6.13, P Vaira, L. Sacconi, Angew. Chem. 1982, 94, 338; Angew. Chem.
7.30. 2 31P{1H} NMR ([D8]THF): δ 5 21.6 (s). 2 7Li NMR Int. Ed. Engl. 1982, 21, 330. 2 [1d] P. Dapporto, S. Midollini,

A. Orlandini, L. Sacconi, Inorg. Chem. 1976, 15, 2678. 2 [1e] C.([D8]THF): δ 5 20.33.
Mealli, S. Midollini, L. Sacconi, Inorg. Chem. 1978, 17, 632. 2

4 (472 mg, 1 mmol) and NaH (24 mg, 1 mmol) yielded 820 mg [1f] C. Mealli, L. Sacconi, Inorg. Chem. 1983, 22, 2786.
[2] [2a] C. Bianchini, C. Ghilardi, A. Meli, S. Midollini, A. Orland-of 6b · 2 THF. 2 31P{1H} NMR ([D8]THF): δ 5 19.8 (s).

ini, J. Organomet. Chem. 1983, 248, C13. 2 [2b] C. Bianchini,
2d (350 mg, 1 mmol) and NaH (48 mg, 2 mmol) yielded 720 mg A. Meli, A. Orlandini, L. Sacconi, Angew. Chem. 1980, 92,

1055; Angew. Chem. Int. Ed. Engl. 1980, 19, 1021. 2 [2c] C.of 6c · 2 THF. 2 31P{1H} NMR ([D8]THF): δ 5 14.9 (s).
Bianchini, A. Meli, A. Orlandini, L. Sacconi, J. Organomet.
Chem. 1981, 218, 81. 2 [2d] J. Ott, M. Venanzi, C. A. Ghilardi,For IR, 1H- and 13C-NMR data see Tables 123.
S. Midollini, A. Orlandini, J. Organomet. Chem. 1985, 291, 89.

Preparation of 7: To a solution of 1 mmol of 6a · 2 THF or 6b · [3] [3a] M. J. Burk, R. L. Harlow, Angew. Chem. 1990, 102, 1511;
Angew. Chem. Int. Ed. Engl. 1990, 29, 1467. 2 [3b] M. J. Burk, J.2 THF (vide infra) in THF (30 ml) the given cryptand (vide infra)
E. Feaster, R. L. Harlow, Tetrahedron: Asymmetry 1991, 2, 569.was added. While stirring the mixtures for 30 min, yellow precipi- [4] [4a] T. G. Gardner, G. S. Girolami, Organometallics 1987, 6,tates formed. The precipitates were separated from the solvent and 2551. 2 [4b] J.-P. Charland, E. J. Gabe, J. M. McCall, J. R. Mor-

washed with petroleum ether (40/60). Drying in vacuo gave the pure ton, K. F. Preston, Acta Crystallogr., C 1987, 43, 48.
[5] O. Walter, T. Klein, G. Huttner, L. Zsolnai, J. Organomet.yellow microcrystalline products in quantitative yields.

Chem. 1993, 458, 63.
6a · 2 THF (800 mg, 1 mmol) and [2,1,1]cryptand (288 mg, 1 [6] H. Heidel, G. Huttner, G. Helmchen, Z. Naturforsch. 1993,

48b, 1681.mmol) yielded 946 mg of 7a. 2 C46H57LiMoN2O7P2S (946.9):
[7] H. Heidel, G. Huttner, R. Vogel, G. Helmchen, Chem. Ber.calcd. C 58.35, H 6.07, N 2.96, P 6.54; found C 58.04, H 6.43, N

1994, 127, 271.
2.76, P 6.32. 2 MS (FAB negative); m/z (%): 653 (100) [M2]. 2 [8] A. Muth, G. Reinhard, G. Huttner, T. Seitz, T. Klein, L. Zsol-
31P{1H} NMR (CD3NO2): δ 5 220.4 (s). 2 7Li NMR ([D8]THF): nai, Z. Naturforsch. 1994, 49b, 889.

[9] T. Seitz, A. Muth, G. Huttner, Chem. Ber. 1994, 127, 1837.δ 5 21.37.
[10] [10a] H. Heidel, G. Huttner, R. Vogel, G. Helmchen, Chem. Ber.

6b · 2 THF (820 mg, 1 mmol) and [2,2,2]cryptand (376 mg, 1 1994, 127, 271. 2 [10b] H. Heidel, G. Huttner, L. Zsolnai, Z.
Naturforsch. 1995, 50b, 729.mmol) yielded 1050 mg of 7b. 2 C50H65MoN2NaO9PS2 (1049.9):

[11] T. Seitz, A. Muth, G. Huttner, Z. Naturforsch. 1995, 50b, 1045.calcd. C 57.19, H 6.24, N 2.67; found C 58.51, H 6.31, N 2.48. [12] J. Scherer, G. Huttner, M. Büchner, J. Bakos, J. Organomet.
2 MS (FAB negative); m/z (%): 653 (60) [M2]. 2 31P{1H} NMR Chem. 1996, 520, 45.
([D8]THF): δ 5 219.8 (s). [13] J. Scherer, G. Huttner, M. Büchner, Chem. Ber. 1996, 129, 697.

[14] [14a] S.-T. Liu, H.-E. Eang, M.C. Cheng, S.-M. Peng, J. Or-
For IR, 1H- and 13C-NMR data see Tables 123. ganomet. Chem. 1989, 376, 333. 2 [14b] S.-T. Liu, K.-J. Liu, In-

org. Chem. 1990, 29, 4576. 2 [14c] S.-T. Liu, C.-L. Tsao, M.-C.Preparation of 8: To a solution of 6a · 2 THF (800 mg, 1 mmol) Cheng, S.-M. Peng, Polyhedron 1990, 9, 2579. 2 [14d] S.-T. Liu,
in THF (30 ml) the given alkylation reagent (vide infra) was added C.-H. Yieh, H.-P. Dai, Proc. Natl. Sci. Counc. 1995, 19, 1. 2

[14e] S.-T. Liu, D.-R. Hou, T.-C. Lin, M.-C. Cheng, S.-M. Peng,and the mixture was stirred for 2 h. The solvent was removed and
Organometallics 1995, 14, 1529. 2 [14f] S.-T. Liu, C.-H. Yieh,the brown residue was chromagraphed on silica gel (15 cm, Ø 5 6
H.-J. Lu, Phosphorus Sulfur Silicon 1989, 44, 261. 2 [14g] S.-T.cm). Concentrating the fractions eluted by a mixture of petroleum Liu, J. Chin. Chem. Soc. 1992, 39, 611. 2 [14h] H.-E. Wang, C.-

ether (40/60)/CH2Cl2 (1:3; TLC control: Rf 5 0.7120.75) gave the Y. Liu, M.-C. Cheng, S.-M. Peng, S. -T. Liu, Phosphorus Sulfur
Silicon 1992, 69, 201.pure compounds 8 as yellow microcrystalline solids. While 8a and

Eur. J. Inorg. Chem. 1998, 141721424 1423



R. Soltek, G. HuttnerFULL PAPER
[15] G. Reinhard, R. Soltek, G. Huttner, A. Barth, O. Walter, Chem. Cordes, J. Crystallogr. Spectrosc. Res. 1993, 23, 629. 2 [20e] C.

H. Winter, T. S. Lewkebandara, J. W. Proscia, A. L. Rheingold,Ber. 1996, 129, 97.
Inorg. Chem. 1993, 32, 3807. 2 [20f] G. X. Jin, M. Herberhold,[16] S.-C. Tsai, H.-E- Wang, S.-T. Huang, L.-M- Yiin, S.-T. Liu,
Conf. Coord. Chem. 1993, 14, 67.Chem. Ber. 1995, 128, 151.

[21] D. Sellmann, P. Lechner, F. Knoch, M. Moll, J. Am. Chem. Soc.[17] A. Jakobi, G. Huttner, U. Winterhalter, Chem. Ber. 1997, 130,
1992, 114, 922.1279-1294. [22] P. Lau, H. Braunwarth, G. Huttner, D. Günauer, K. Evertz,[18] R. Soltek, G. Huttner, L. Zsolnai, A. Driess, Inorg. Chim. Acta, W. Imhof, C. Emmerich, L. Zsolnai, Organometallics 1991, 10,

accepted for publication. 3861-3873.
[19] P. Schober, R. Soltek, G. Huttner, L. Zsolnai, K. Heinze, A. [23] [23a] J. Weidlein, U. Müller, K. Dehnicke, Schwingungsspektros-

Driess, Eur. J. Inorg. Chem., accepted for publication. kopie, Georg Thieme Verlag, Stuttgart, 1989. 2 [23b] F. A. Cot-
ton, C. S. Kraihanzel, J. Am. Chem. Soc. 1962, 84, 4432. 2 [23c][20] e.g.: [20a] H. Park, D. Minick, M. Draganjac, J. W. Crump, A.

W. Cordes, E. M. Holt, Proc. Arkansas Acad. Sci. 1993, 47, 142. C. S. Kreihanzel, F. A. Cotton, Inorg. Chem. 1963, 2, 533.
[24] [24a] B. Speiser, Chem. Unserer Zeit 1981, 15, 62. 2 [24b] J.2 [20b] H. Park, D. Minick, M. Draganjac, A. W. Cordes,R. L.

Hallford, G. Eggleton, Inorg. Chim. Acta 1993, 204, 195. 2 [20c] Heinze, Angew. Chem. 1984, 96, 823; Angew. Chem. Int. Ed.
Engl. 1984, 23, 831.M. Y. Darensbourg, E. M. Longridge, V. Payne, J. Reibenspies,

C. G. Riordan, J. J. Springs, J. C. Calabrese, Inorg. Chem. 1990, [25] D. P. Tate, W. R. Knipple, J. M. Augl, Inorg. Chem. 1962, 1, 433,
[98064]29, 2721. 2 [20d] D. Minick, M. Draganjac, J. W. Crump, A. W.

Eur. J. Inorg. Chem. 1998, 1417214241424



FULL PAPER

Complex Catalysis, LIV[e]

Synthesis and Characterization of Organorhodium(I) Complexes with the
Tridentate Ligand 2,6-Bis(diphenylphosphanylmethyl)pyridine [Rh(PNP)R]
(R 5 CH3, C6H5) and Their Reactivity toward Ethylene and Protic Acids

Christine Hahna, Michael Spieglerb, Eberhardt Herdtweckb, and Rudolf Taube*b

Institut für Anorganische Chemie, Universität Würzburga,
Am Hubland, D-97074 Würzburg, Germany
E-mail: christine.hahn@mail.uni-wuerzburg.de

Anorganisch-Chemisches Institut, Technische Universität Münchenb,
Lichtenbergstraße 4, D-85747 Garching, Germany
Fax: (internat.) 1 49(0)89/289-13473

Received April 27, 1998

Keywords: Organorhodium(I) complexes / Tridentate ligand / Protolysis / Reductive elimination / C–H coupling

The organorhodium(I) complexes [Rh(PNP)R] [PNP = 2,6- stable monohydridorhodium(III) complex [Rh(PNP)ClH-
(CH3CN)]SO3CF3 (7) was obtained by the reaction ofbis(diphenylphosphanylmethyl)pyridine, R = CH3 (3a), C6H5

(3b)] were synthesized from [Rh(PNP)(C2H4)]BF4 (1a) and LiR [Rh(PNP)Cl] with HSO3CF3 in a solution of THF/acetonitrile
and characterized by X-ray crystallography. In a THFand characterized by 31P-, 1H-, and 13C-NMR spectroscopy

and EI mass spectrometry. In a THF solution saturated with solution the organorhodium(I) complexes 3a, b react upon
the addition of either HSO3CF3 or HNMe3Cl with theethylene 3a and 3b form the five-coordinate ethylene

organorhodium(I) complexes [Rh(PNP)R(C2H4)] (5a, b). The immediate release of the respective hydrocarbon HR.

Scheme 1The hydroamination of ethylene was first achieved at
room temp. and normal pressure by a cationic ethylenerho-
dium(I) complex [Rh(PPh3)2(Me2CO)(C2H4)]PF6

[1]. How-
ever, the low productivity of this rhodium complex catalyst
could not be improved by variation of the ligand sphere[2].
Therefore we started upon a series of model studies to in-
vestigate the reaction mechanism of the rhodium complex
catalyzed hydroamination of olefins, trying to trace system-
atically those reaction steps considered crucial for the cata-
lytic cycle by the use of the [2,6-bis(diphenylphosphanyl-
methyl)pyridine]rhodium(I) complex fragment [Rh(PNP)]1

as a stable structural moiety for the respective model com-
pounds. The hypothetical reaction mechanism of the cata-
lyses is formulated in Scheme 1.

It was recently found that model complexes of the type
A [Rh(PNP)(olefin)]X (olefin 5 ethylene, styrene; X 5 BF4,
PF6, SO3CF3) are only in a thermodynamic equilibrium
with the corresponding amine complex E. In this case no

BF4 (R9 5 H, Ph) is so stable that it can not be cleavedindication of a nucleophilic attack of the secondary amine
protolytically under the reaction conditions[4].at the C2C double bond could be detected[3]. On the other

It is known from other rhodium-catalyzed reactions, suchhand the nucleophilic attack of secondary amines (HNR2)
as the hydrogenation of olefins[5] [6], that the cleavage of thewas succesful with related dicationic olefin palladium(II)
Rh2C σ-bond and the formation of the C2H bond can becomplexes [Pd(PNP)(olefin)]BF4 (olefin 5 ethylene, styr-
realized by intramolecular reductive elimination, which isene), however the Pd2C σ-bond in the formed (β-amino-
proposed as the product-forming step, cf. the formation ofethyl)palladium(II) complexes [Pd(PNP)(CHR9CH2NR2)]-
the ethylamine, shown as the step CRD in Scheme 1.

In this paper we report on the synthesis of related orga-
norhodium(I) model complexes [Rh(PNP)R] (R 5 CH3,[e] Part LIII: R. Taube, H. Windisch, H. Hemling, H. Schumann,

J. Organomet. Chem. 1998, 555, 2012210. C6H5) which were used to characterize the stability of the
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Rh2C σ-bond. For this purpose their reactivities toward plexes which are obtained in good yields are reddish/brown

air-sensitive solids which are soluble in THF and toluene,ethylene and protic acids were investigated, and these re-
sults are presented here. moderately soluble in ethanol, and insoluble in diethyl

ether. In contrast to the structurally analogous organorhod-
ium(I) complexes [Rh(PPh3)3R], which form spontaneously

Results and Discussion the ortho-metallated product [Rh(o-C6H4PPh2)(PPh3)2] by
release of the respective hydrocarbon HR[7], the complexesSynthesis and Characterization of [Rh(PNP)R]
3a, b are quite stable as solid compounds under an inert
gas, as well as in solution at room temp.The organorhodium(I) complexes [Rh(PNP)R] [R 5

CH3 (3a), C6H5 (3b)] were synthesized from the cationic However, only a few stable square-planar alkyl- and ar-
ethylenerhodium(I) complex [Rh(PNP)(C2H4)]BF4 (1a) [3] ylrhodium(I) complexes of the type [Rh{R9P(CH2CH2-
with slightly more than three equiv. of the corresponding CH2PPh2)2}R] (R9 5 tBu, Ph) are known[8]. The ortho-met-
organyllithium compound, cf. Eq. 1. allation of a PPh group in these complexes as well as in 3a,

b is obviously prevented by the chelating structure of the
tridentate ligand.

The complexes 3a, b were characterized by 31P-, 1H-, and
13C-NMR spectroscopy and by EI mass spectrometry. In
the 31P-NMR spectra a doublet was found at δ 5 28.9
(JP2Rh 5 177 Hz) for 3a, and at δ 5 20.6 (JP2Rh 5 180 Hz)
for 3b. These signals are shifted upfield and have a larger
phosphorus-rhodium coupling constant compared to those
of the related cationic (PNP)rhodium(I) complexes
[Rh(PNP)L]X (L 5 HNR2, py, CH3CN, DMSO, olefin;
X 5 BF4, PF6, SO3CF3) which are found in the region of
δ 5 31241 with coupling constants of 1262157 Hz[3] [9].

The 1H-NMR signal for the methyl group of 3a at δ 5
0.19 (JH2P 5 6.2 Hz; JH2Rh 5 1.7 Hz), as well as the corre-
sponding 13C-NMR signal at δ 5 220.8 (JC2P 5 11.7 Hz;
JC2Rh 5 24.6 Hz), is shifted upfield in comparison to that
found for the intermediate 2a. The characteristic virtual
triplet for the methylene group of the PNP ligand appears

The intermediates 2a, b formed were characterized in situ at δ 5 3.88 in the 1H-NMR spectrum, and at δ 5 46.8 in
by NMR spectroscopy. The 31P-NMR spectrum of the reac- the 13C-NMR spectrum.
tion solution of 1a with 3.1 equiv. of LiCH3 in [D8]THF

The 1H-NMR signals for the phenyl moiety of 3b are
shows one doublet at δ 5 17.2 (JP2Rh 5 148 Hz) which is

found at δ 5 6.45, 6.57, and 7.36, and in the 13C-NMR
shifted upfield by about 11 ppm compared to the starting

spectrum the corresponding signals are observed at δ 5
complex 1a. In the 1H-NMR spectrum of this solution a

119.0, 125.2, 140.9. While in the 1H-NMR spectrum of 3b
signal is found at δ 5 0.30 (td, JH2P 5 4.9 Hz, JH2Rh ø 1

the characteristic virtual triplet for the methylene group at
Hz, CH3) for the methyl group coordinated at the rhodium

δ 5 4.02 is shifted slightly downfield compared to that of
centre. The corresponding 13C signal for the methyl group

3a, the corresponding 13C-NMR signal appears at the same
appears at δ 5 215.4 (dt, JC2P 5 10.3 Hz, JC2Rh 5 27.5

chemical shift (δ 5 46.8) as is found for 3a.
Hz).

In the EI mass spectra of 3a and 3b the respective peaksA virtual triplet in the 1H-NMR spectrum at δ 5 3.34
[M]1 and [M 2 R]1 could be observed.has an intensity of 2 H, consistent with deprotonated meth-

A further piece of evidence for the formation of the two-ylene groups of the PNP ligand in 2a, while the correspond-
fold deprotonated intermediate 2a is given by the reactioning 13C signal is observed at δ 5 58.0 (vt, N 5 24.6 Hz),
of 3a with two equiv. of CH3Li, cf. Eq. 2.which is shifted downfield in comparison to that of 1a (δ 5

By the reaction of 2a with D2O the corresponding two-43.9, vt, N 5 10.9 Hz). Thus, the NMR data suggests the
fold deuterated methyl complex 4 is obtained and charac-formation of 2a.
terized by 1H-NMR spectroscopy, where the signal for theThe formation of the analogous phenyl compound 2b is
methylene group is observed at δ 5 3.87 with half the inten-suggested by the 31P-NMR-spectroscopic investigation of a
sity found in the spectrum of 3a. Accordingly, in the massreaction solution of 1a and 3.2 equiv. of LiC6H5 in THF,
spectrum of 4, the peaks for [M]1 and [M 2 CH3]1 appearwhere again one doublet is observed, at δ 5 16.7, showing
at the corresponding m/z values which are higher by twothe same phosphorus-rhodium coupling constant (JP2Rh 5
units than those found for 3a.148 Hz) as that found for 2a.

Upon reprotonation with ethanol or water these inter- This deprotonation reaction was also described for the
structurally related [2,6-bis(diphenylphosphanylmethyl)-mediates 2a, b are converted into the neutral organorhodi-

um(I) complexes 3a, b. The methyl and the phenyl com- phenyl](methyl)platinum(II) complex, where an analogous
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flected by the decreased phosphorus-rhodium coupling
constants.

The behaviour of the solution of 3b (under ethylene in
[D8]THF and during the cooling) was monitored by a dy-
namic proton-NMR experiment. The chemical shifts of the
spectra run in the temperature range room temp. to 280°C
are summarized in Table 1.

By cooling the sample the average signal for the ethylene
becomes very broad. The coalescence temp. lies between
220°C and 240°C. At 260°C a broad signal at δ 5 5.36
for the free ethylene, and two broad signals at δ 5 2.48 and
1.85 for the coordinated ethylene, are visible and the signal
for the methylene protons of the PNP ligand at δ ø 4.1
begins to split into two signals. By cooling to 280°C the
signals for free and coordinated ethylene become sharper,
which indicates a slow exchange relative to the NMR time

twofold deprotonated complex is obtained by the reaction scale. At this temperature the five-coordinate complex 5b
with two equiv. of CH3Li[10]

. has a relatively stable coordination geometry which is no
longer of C2v symmetry, consequently the signals for the
methylene protons become inequivalent and there is a split

Reactivity of [Rh(PNP)R] toward Ethylene into two doublets at δ 5 4.16 and 4.06 (JH2H 5 14.8 Hz).
When the solvent was removed under vacuum from aSince the possibility of an insertion of an ethylene mol-

solution of 5a or 5b a red solid remained, identified as 3aecule into the Rh2C bond (cf. Scheme 1: e.g. in B) has to
or 3b, respectively. This indicates a weak coordination ofbe taken into consideration as a side reaction during the
the ethylene at the organorhodium(I) complexes. No indi-hydroamination of ethylene, the investigation of the reactiv-
cation of an insertion of the ethylene into the Rh2C σ-ity of the organorhodium(I) complexes 3a, b toward ethyl-
bond could be observed, under these conditions, for eitherene was included in the model studies.
3a or 3b.When a solution of 3a or 3b in THF saturated with ethyl-

ene was cooled down its colour changed reversibly from red
(at room temp.) to orange-red (at 278°C). The formation

Synthesis and Structure of [Rh(PNP)ClH(CH3CN)]SO3CF3of the corresponding five-coordinate ethylene organorhodi-
um(I) complexes 5a, b (cf. Eq. 3) is suggested by 1H-NMR

In the proposed catalytic cycle of the hydroamination ofspectroscopy at room temp.: In addition to the slightly
ethylene (cf. Scheme 1) the liberation of the ethylamineshifted signals for the coordinated PNP ligand and the or-
from the (β-ammonioethyl)rhodium(I) complex B is as-gano moiety (see Experimental Section), relatively broad
sumed to be achieved by oxidative addition of the protonaverage signals at δ 5 5.08 and δ 5 4.36 are found for
of the β-ammonio group at the rhodium centre, forming thethe methyl and phenyl complexes respectively, indicating an
(β-aminoethyl)(hydrido)rhodium(III) complex C fromexchange between free and coordinated ethylene (the chemi-
which the product is reductively eliminated in an irrevers-cal shift of the average signal depends on the concentration
ible reaction step.of free ethylene).

As is known (monohydrido)rhodium(III) complexes can
be obtained by the oxidative addition of protic acids to rho-
dium(I) complexes[11] [12], which is demonstrated here by the
reaction of [Rh(PNP)Cl] (6) [13] with HSO3CF3, cf. Eq. 4.

The (chloro)(hydrido)rhodium(III) complex [Rh(PNP)-
ClH(CH3CN)]SO3CF3 (7) obtained was isolated as an air-
stable pale yellow solid and characterized by IR and 1H-
NMR spectroscopy. In the IR spectrum the band at 2138
cm21 is assigned to the Rh2H vibration, the two bands at
2293 and 2366 cm21 are observed for the end-on coordi-
nated acetonitrile [14], and the corresponding bands for theIn the 31P-NMR spectra of these solutions the doublets

at δ 5 39.0 (JP2Rh 5 152 Hz) and 27.5 (JP2Rh 5 171 Hz) triflate anion (see Experimental Section) suggest its non-
coordination[15]. The 1H-NMR signal of the hydrido ligandare observed at room temp. for the methyl and phenyl com-

plexes 5a, b respectively; these are show a remarkable down- appears at δ 5 215.99 as a broad triplet, while for the coor-
dinated acetonitrile a singlet is observed at δ 5 1.48. Forfield shift compared to those found for 3a, b. These features

are in agreement with the coordination of an ethylene mol- the inequivalent methylene protons of the PNP ligand the
corresponding two doublets of virtual triplets appear at δ 5ecule. As a consequence of the increased coordination num-

ber the phosphorus2rhodium bond becomes weaker, as re- 4.22 and 4.83.
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Table 1. Dynamic 1H-NMR experiment of the solution of [Rh(PNP)(C6H5)] (3a) in [D8]THF under ethylene (500 MHz)

T [°C] py-4 PPh, Ph Ph CH2 C2H4
(t) (m) (m) free coord.

23 7.52 7.0827.34 6.4826.57 4.05 vt 4.20 br.
0 7.52 7.0227.26 6.5026.57 4.07 br. 3.96 br.

220 7.52 7.0027.28 6.5026.58 4.09 br. 3.9 br.
240 7.54 6.9927.30 6.5126.58 4.10 br. 5.3 br. 2.5 br.
260 7.56 6.9927.31 6.5426.59 4.12 br. 5.36 br. 2.50 br., 1.86 br.

4.09 br.
270 7.57 6.9927.36 6.5226.59 4.15 d 5.40 br. 2.48 br., 1.85 br.

4.07 d
JH2H 5 14.8 Hz

280 7.58 6.9927.36 6.5226.60 4.16 d 5.41 br. 2.48 d, 1.84 d
4.06 d JH2H 5 14.8 Hz
JH2H 5 14.8 Hz

Figure 1. Platon[16] drawing of the complex cation [Rh(PNP)ClH-
(CH3CN)]1 of 7

Single crystals of complex 7 were obtained from the
mother liquor (THF/CH3CN/diethyl ether) which stood
three days at room temp. The molecular structure of the
complex cation [Rh(PNP)ClH(CH3CN)]1 is shown in Fig-
ure 1. The Rh2Cl distance [2.3480(7) Å] is identical with
that found for the chlororhodium(I) complex [Rh(PNP)Cl]
[2.344(2) Å], while the Rh2N(1) distance [2.1451(19) Å] is
significantly longer than the corresponding Rh2N bond
length [1.984(3) Å] found in the (acetonitrile)rhodium(I) First HSO3CF3 was added to a solution of 3a or 3b in
complex [Rh(PNP)(CH3CN)]BF4

[9] due to the strong trans THF. In the case of the methyl complex 3a the release of
influence of the hydrido ligand. The RhIII(PNP) fragment the methane was observed immediately, visible as an evol-
in 7 exhibits practically the same features of the bonding ution of gas, whereas from the phenyl complex 3b the corre-
parameters as found in the RhI(PNP) fragment in 6 and in sponding benzene was detected by gas chromatography of
other RhI(PNP) complexes[3] [9]. the reaction solution. However, no defined RhI complex

could be isolated from the reaction solution. Obviously, the
remaining [Rh(PNP)]1 fragment (analogous to D, SchemeReactivity of [Rh(PNP)R] toward Protic Acids
1) cannot be stabilized either by the solvent (THF) or by
the triflate anion. Decomposition of the reaction solutionAnalogous to the formation of the hydridorhodium(III)

complex 7, the reaction of the organorhodium(I) complexes occurred and the formation of the dinuclear complex
[Rh2(PNP)3](SO3CF3)2 (8) [3] was detected by 31P NMR.3a, b with protic acids can be used as a simplified reaction

model for the product-forming steps (B R C R D in However, when some acetonitrile was added to the reac-
tion solution after the protolysis the corresponding cationicScheme 1). It is of interest to investigate the protolysis of

[Rh(PNP)R], in one case in the presence of a weak coordi- acetonitrile complex 9 [9] could be isolated, cf. Eq. 5.
According to the last step of the catalytic cycle (D R A,nating anion X2 such as CF3SO3

2, and in another case
with a stronger coordinating anion such as Cl2. Thus, the Scheme 1) the remaining [Rh(PNP)]1 fragment can also be

trapped with ethylene by formation of the cationic ethyleneproposed hydrido organorhodium(III) intermediates, either
five-coordinate I or six-coordinate II (cf. Scheme 2), might complex 1b [3], cf. Eq. 6.

When cyclooctadiene was added after the protolyses ofshow different reactivities concerning the reductive elimi-
nation of the hydrocarbon HR (discussed in detail by 3b a dinuclear COD complex 10 was obtained, cf. Eq. 7,

which was fully characterized by 31P-, 1H-, and 13C-NMRMilstein[6]).
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Table 2. Selected bond lengths [Å] and angles [°] for [Rh(PNP)ClH(CH3CN)]SO3CF3 (7)

Rh2Cl(1) 2.3480(7) Rh2P(1) 2.3013(7) Rh2P(2) 2.2863(6)
Rh2N(1) 2.1451(19) Rh2N(2) 2.0656(17) P(1)2C(1) 1.841(3)
P(2)2C(7) 1.828(2)
P(1)2Rh2P(2) 166.90(2) Cl2Rh2P(1) 96.77(2) Cl2Rh2P(2) 93.42(2)
Cl2Rh2N(1) 91.95(5) Cl2Rh2N(2) 175.06(5) P(1)2Rh2N(1) 91.02(5)
P(1)2Rh2N(2) 84.53(6) P(2)2Rh2N(1) 96.85(5) P(2)2Rh2N(2) 84.82(5)
N(1)2Rh2N(2) 92.83(7)

Scheme 2 ing the protolysis reaction described above might be postu-
lated. Furthermore, the reductive elimination step from this
complex seems to proceed without any kinetic inhibition,
independent of the coordinating ability of the anion in the
Brönsted acid used for protolysis.

Conclusions

The synthesis of the new organorhodium(I) complexes
[Rh(PNP)R] (R 5 CH3, C6H5) succeeded by the reaction
of the cationic ethylene complex [Rh(PNP)(C2H4)]BF4 with
three equiv. of LiR. Organorhodium complexes containing
deprotonated methylene groups of the PNP ligand occur
as intermediates, which can be reprotonated with ethanol
or water.

The square-planar coordination geometry of the organo-
rhodium complexes is stabilized by the chelating structure
of the tridentate PNP ligand, which avoids the release of
the hydrocarbon HR by ortho-metallation of a PPh moiety.spectroscopy (see Experimental Section). Thus, it is shown

The organorhodium(I) complexes [Rh(PNP)R] react withthat the regeneration of the cationic olefin complex is pos-
ethylene by the formation of five-coordinate complexessible after the elimination of the hydrocarbon, which is of
[Rh(PNP)R(C2H4)] in which the ethylene is weakly coordi-great importance for the catalysis.
nated and can be removed under vacuum. No indication of
an insertion of the ethylene in the Rh2C σ-bond could be
observed, which may be important to exclude the oligomer-
ization of ethylene as a side reaction of the hydroamination.

As was shown a stable (monohydrido)rhodium(III) com-
plex [Rh(PNP)ClH(CH3CN)]SO3CF3 can be obtained by
oxidative addition of HSO3CF3 to the chlororhodium(I)
complex [Rh(PNP)Cl]. Upon protolysis with HSO3CF3 of
the organorhodium(I) complexes [Rh(PNP)R] the hydro-
carbons RH are liberated, and it is possible to trap the re-
maining RhI complex fragment with olefins, so the cationic
olefin complex can be regenerated, which is as expected for

In another experiment trimethylammonium chloride was the starting complex in the catalytic cycle of the hydroami-
added to a solution of 3a or 3b. In both cases the respective nation of olefins.
hydrocarbon was also released immediately while the chlo- Independently, if a protic acid with a weakly coordinating
rorhodium(I) complex 6 formed, which is poorly soluble in (HSO3CF3) or a stronger coordinating anion (HNMe3Cl)
THF, began to precipitate and was filtered off after 4 h with is used, the protolytic reaction of the organorhodium(I)
a yield of 80290%, cf. Eq. 8. complexes [RhPNP)R] [proceeding by intermediate forma-

tion of corresponding hydrido-organorhodium(III) com-
plex] leads immediately in each case to the reductive elimi-
nation of the hydrocarbon HR. These results also suggest
that the reductive elimination of the ethylamine (cf. Scheme
1) may proceed irreversibly and without kinetic inhibition,Since a (hydrido)(phenyl)rhodium(III) complex [Rh-

(PMe3)2(CO)(C6H5)HCl] could be detected upon the reac- which is essential for a product-forming step closing the
catalytic cycle. The proposed reaction mechanism for thetion of [Rh(PMe3)2(CO)(C6H5)] with HCl, although only in

solution at 240°C by NMR spectroscopy[17], the formation hydroamination of olefins finds strong chemical support
from these model reactions.of a hydrido organo-PNP2rhodium(III) intermediate dur-
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We thank Dr. A. Porzel of the Institut für Pflanzenbiochemie of and dried under vacuum. The crude product was recrystallized in

hot THF giving 2.1 g of 3b (3.2 mmol, 75%), reddish/brown solid,the University of Halle for the measurement of the dynamic pro-
ton-resonance experiment and the Deutsche Forschungsgemein- temp. of decomposition 2152220°C. 2 31P NMR ([D8]THF): δ 5

20.6 (d, JP2Rh 5 180 Hz). 2 1H NMR ([D8]THF): δ 5 4.02 (vt,schaft (Sonderforschungsbereich 347 of the University of Würzburg)
for financial support. NH2P 5 3.8 Hz, 4 H, CH2), 6.45 (t, JH2H 5 7.0 Hz, 1 H, Hpara),

6.57 (t, JH2H 5 7.2 Hz, 2 H, Hmeta), 7.21 (m, 14 H, PPh, 3,5-py),
7.36 (d, JH2H 5 7.3 Hz, 2 H, Hortho), 7.50 (m, 8 H, PPh), 7.60 (t,
JH2H 5 7.6 Hz, 1 H, 4-py). 2 13C NMR ([D8]THF): δ 5 46.8 (vt,Experimental Section
NC2P 5 9.9 Hz, CH2), 119.0 (s, Cpara), 120.9 (vt, NC2P 5 5.2 Hz,

General: All reactions were carried out under dry and oxygen- C3,5-py), 125.24 (s, Cmeta), 128.5 (vt, NC2P 5 4.6 Hz, PCmeta), 129.3
free argon or ethylene. Ethanol, acetone, CDCl3 and [D6]acetone (s, PCpara), 133.5 (s, C4-py), 133.6 (vt, NC2P 5 6.9 Hz, PCortho),
were refluxed over 4-Å molecular sieves and made oxygen-free by 137.9 (vt, NC2P 5 16.1 Hz, PCipso), 140.9 (vt, NC2P 5 3.8 Hz,
bubbling argon through the liquid. THF and diethyl ether were Cortho), 160.9 (vt, NC2P < 3 Hz, C2,6-py). 2 EI MS; m/z (100): 655
refluxed in the presence of Na/benzophenone and [D8]THF in the (6.7) [M]1, 578 (0.1) [M 2 C6H5]1. 2 C37H32NP2Rh (655.52):
presence of K/Na alloy. Acetonitrile and DMSO were dried over calcd. C 67.79, H 4.92, N 2.14, Rh 15.70; found C 63.92 (premature
4-Å molecular sieves and distilled before use. HSO3CF3, LiCH3 decomposition of the sample), H 5.03, N 1.91, Rh 15.58.
and LiC6H5 were obtained from Fluka. 2 IR: KBr pellets with a

Alternatively the complexes could be obtained by reprotonationPerkin-Elmer FT-IR 16 spectrometer. 2 1H, 13C{1H}, and 31P{1H}
with 5 equiv. of H2O which were added directly to the red reactionNMR: Varian Gemini 300 NMR spectrometer (300, 75, and 121
solution (2a or 2b). The crude products 3a, b precipitated after aMHz respectively), 1H- and 13C-NMR shifts were referenced to the
few minutes from the THF solution and were isolated in yields ofresonance of the residual protons of the solvents, the 31P-NMR
about 65%.shifts were referenced to external 85% H3PO4. 2 Dynamic proton

NMR: Varian Unity 500 NMR spectrometer (500 MHz). 2 EI
NMR-Spectroscopic Characterization of [Rh{2,6-(Ph2PCHLi)2-MS: AMD 402 spectrometer (AMD Intectra) at 70 eV. 2 (C, H,
(NC5H3)}(R)] [R 5 CH3 (2a), C6H5 (2b)]and N): LECO CHN 932 analyzer. Rh elemental analysis was de-

termined using a photometric method[18]. The Chrompack gas- 2a: (a) [Rh(PNP)(C2H4)]BF4 (148 mg, 0.21 mmol, 1a) was dis-
chromatograph CP 9000 was used for the identification of liquid solved in 1 ml of [D8]THF and 3.1 equiv. of solid LiCH3 (0.66
organic compounds. mmol, obtained from 0.41 ml of a 1.6  Et2O solution by removing

the solvent) were added at 278°C and warmed up to room temp.Syntheses: [Rh(PNP)(C2H4)]BF4 (1a) was prepared according to
The NMR spectra, which were measured instantly from the redthe procedure described in ref. [3].
solution obtained are consistent with 2a. 2 31P NMR ([D8]THF):

[Rh(PNP)(CH3)] (3a): 10.5 ml of a 1.6  LiCH3 solution in δ 5 17.2 (d, JP2Rh 5 148 Hz). 2 1H NMR ([D8]THF): δ 5 0.30
diethyl ether (3.2 equiv.) was added slowly at 278°C to a suspen- (td, 3JH2P 5 4.9 Hz, JH2Rh ø 1 Hz, 3 H, CH3), 3.34 (vt, NH2P 5
sion of 3.6 g (5.2 mmol) of [Rh(PNP)(C2H4)]BF4 (1a) in 20 ml of 3.8 Hz, 2 H, CH), 5.10 (d, JH2H 5 7.6 Hz, 2 H, 3,5-py), 6.06 (t,
THF. The mixture was warmed up to room temp. and stirred for JH2H 5 7.6 Hz, 1 H, 4-py), 6.9227.05 (m, 12 H, PPh), 7.72 (m, 8
a further 10 min to give a red solution. The solvent was removed H, PPh). 2 13C NMR ([D8]THF): δ 5 215.4 (dt, 2JC2P 5 10.3
under reduced pressure. 20 ml of ethanol was added dropwise Hz, JC2Rh 5 27.5 Hz, CH3), 58.0 (vt, NC2P 5 24.6 Hz, CH), 92.3
slowly at 278°C to the remaining red crystalline solid with rigor- (vt, NC2P 5 8.0 Hz, C3,5-py), 126.1 (s, PCpara), 127.2 (vt, NC2P 5
ous stirring. After stirring for another 20 min at room temp., the 4.2 Hz, PCmeta), 131.0 (s, C4-py), 132.5 (vt, NC2P 5 6.6 Hz, PCortho),
reddish/brown solid was filtered off, washed with ethanol (2 3), 148.6 (vt, NC2P 5 14.4 Hz, PCipso), 171.6 (vt, NC2P < 3 Hz,
then with diethyl ether and dried under vacuum. After recrystalli- C2,6-py).
zation of the crude product in hot THF, 2.2 g of 3a (3.7 mmol,

(b) [Rh(PNP)(CH3)] (197 mg, 0.33 mmol, 3a) was dissolved in 171%), reddish/brown solid was isolated, temp. of decomposition
ml of [D8]THF and 2.2 equiv. of solid CH3Li (0.73 mmol, obtained2202230°C. 2 31P NMR ([D8]THF): δ 5 28.89 (d, JP2Rh 5 177
from 0.46 ml of a 1.6  Et2O solution by removing the solvent)Hz). 2 1H NMR([D8]THF): δ 5 0.19 (td, 3JH2P 5 6.2 Hz,
were added at 278°C and warmed up to room temp. The obtainedJH2Rh 5 1.7 Hz, 3 H, CH3), 3.88 (vt, NH2P 5 3.9 Hz, 4 H, CH2),
red solution was instantly characterized by NMR spectroscopy.7.07 (d, JH2H 5 7.6 Hz, 2 H, 3,5-py), 7.30 (m, 12 H, PPh), 7.49 (t,
The 31P-, 1H-, and 13C-NMR spectra are identical with those foundJH2H 5 7.6 Hz, 1 H, 4-py), 7.78 (m, 8 H, PPh). 2 13C
for the reaction solution of 1a and 3.1 equiv. of CH3Li describedNMR([D8]THF): δ 5 220.8 (dt, 2JC2P 5 11.7 Hz, JC2Rh 5 24.6
in (a).Hz, CH3), 46.8 (vt, NC2P 5 9.7 Hz, CH2), 120.8 (vt, NC2P 5 5.1

Hz, C3,5-py), 128.6 (vt, NC2P 5 4.4 Hz, PCmeta), 129.3 (s, PCpara), 2b: The reaction solution of 1a and 3.2 equiv. of C6H5Li (1.8 
131.4 (s, C4-py), 133.6 (vt, NC2P 5 7.5 Hz, PCortho), 138.3 (vt, solution in Et2O/cyclohexane) in THF prepared in the same man-
NC2P 5 14.9 Hz, PCipso), 159.9 (vt, NC2P < 3 Hz, C2,6-py). 2 EI ner as described for 2a was characterized by 31P NMR (with exter-
MS; m/z (%): 593 (100) [M]1, 578 (62) [M 2 CH3]1. 2 nal ref. C6D6): δ 5 16.7 (d, JP2Rh 5 148 Hz).
C32H30NP2Rh (593.45): calcd. C 64.77, H 5.10, N 2.36, Rh 17.34; Reaction of 2a with D2O: 5 equiv. of D2O were added to a solu-
found C 64.26, H 5.04, N 2.63, Rh 17.88. tion of 2a in THF, which was prepared from 3a and 2.2 equiv. of

CH3Li as described above. The reddish/brown crystalline solid[Rh(PNP)(C6H5)] (3b): The complex 3b was prepared in the
same manner as described for 3a from 3 g (4.3 mmol) of 1a in 20 which was precipitated was filtered off washed with ethanol and

diethyl ether and dried under vacuum. The 1H-NMR spectrum ofml of THF and 7.5 ml of a ca. 1.8  Et2O/cyclohexane solution of
LiC6H5 (13.4 mmol, 3.1 equiv.). When the solvent was removed the solid is consistent with [Rh{2,6-(Ph2PCHD)2(NC5H3)}(CH3)]

(4). For the deuterated methylene group a multiplet at δ 5 3.87from the red solution, a red oil remained which was treated with
20 ml of ethanol at 278°C by rigorously stirring, giving a reddish/ was found with an intensity of 2 H. All other signals of 4 agree

with those of 3a. 2 EI MS of 4; m/z (%): 595 [M]1 (81), 580 [Mbrown suspension. After stirring for another 20 min, the solid was
filtered off washed with ethanol (3 3)and then with diethyl ether 2 CH3]1 (53).
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Reaction of 3a, b with Ethylene: The complexes 3a, b were dis- of THF. After 5 min, 1.6 ml (12.6 mmol) of cyclooctadiene (COD)

was added and stirred for 30 min while an orange yellow solidsolved in [D8]THF. The solutions were saturated with ethylene at
278°C. The five-coordinate complexes [Rh(PNP)R(C2H4)] [R 5 crystallized slowly from the solution. The solid was filtered off the

next day. For recrystallization the solid was dissolved in acetoneCH3 (5a), C6H5 (5b)] were identified by 31P- and 1H-NMR spec-
troscopy. and precipitated after addition of diethyl ether to the solution. The

crystalline solid was filtered off, washed with diethyl ether and5a: 31P NMR ([D8]THF): δ 5 39.0 (d, JP2Rh 5 152 Hz). 2 1H
dried under vacuum. The solid was characterized asNMR ([D8]THF): δ 5 20.54 (td, 3JH2P 5 7.3 Hz, JH2Rh 5 1.5
[Rh2(PNP)2(COD)](SO3CF3)2 (10) which was isolated in a yield ofHz, 3 H, CH3), 4.04 (vt, NH2P 5 3.0 Hz, 4 H, CH2), 5.08 (br.,
520 mg (0.66 mmol, 53%), temp. of decomposition 232°C. 2 31Paverage signal for free and coord. C2H4), 7.1227.62 (m, 23 H,
NMR ([D6]acetone): δ 5 41.2 (d, JP2Rh 5 142 Hz). 2 1H NMRPPh, py).
([D6]acetone): δ 5 1.18 (m, 4 H, COD), 2.25 (m, 4 H, COD), 4.09

5b: 31P NMR ([D8]THF): δ 5 27.5 (d, JP2Rh 5 171 Hz). 2 1H
(m, 4 H, COD), 4.36 (vt, NH2P 5 3.6 Hz, 4 H, CH2), 7.3727.81

NMR ([D8]THF): δ 5 4.05 (vt, NH2P 5 3.0 Hz, 4 H, CH2), 4.36
(m, 23 H, PPh, py). 2 13C NMR ([D6]acetone): δ 5 44.7 (vt,

(br., average signal for free and coord. C2H4), 6.45 (t, JH2H 5 7.3
NC2P 5 11.5 Hz, CH2), 77.8 (d, JC2Rh 5 12 Hz), 122.7 (vt, NC2PHz, 1 H, Hpara), 6.55 (t, JH2H 5 7.3 Hz, 2 H, Hmeta), 7.0727.40
< 3 Hz, C3,5-py), 129.9 (vt, NC2P 5 4.2 Hz, PCmeta), 131.0 (vt,

(m, 23 H, PPh, 3,5-py, Hortho), 7.54 (t, JH2H 5 7.9 Hz, 1 H, 4-py).
NC2P 5 15.8 Hz, PCipso), 132.2 (s, PCpara), 134.5 (vt, NC2P 5 6.6

[Rh(PNP)ClH(CH3CN)]SO3CF3 (7): 0.2 ml of HSO3CF3 was Hz, PCortho), 141.7 (s, C4-py), 161.9 (vt, NC2P < 3 Hz, C2,6-py). 2
added to a suspension of 345 mg (0.56 mmol) of [Rh(PNP)Cl] [9] [13]

C72H66F6N2O6P4Rh2S2 (1563.15): calcd. C 55.31, H 4.26, N 1.79,
in 5 ml of THF and 1 ml of acetonitrile. The mixture changed its Rh 13.17; found C 54.91, H 4.26, N 1.65, Rh 13.07.
colour to pale yellow. After filtration of the solution, diethyl ether

Reactivity of 3a, b toward HNMe3Cl: 48 mg (0.5 mmol) ofwas added dropwise and a yellow/brown oil precipitated which
HNMe3Cl, dissolved in 2 ml of THF, was added to a solution ofcrystallized to a pale yellow solid. The crude product was filtered
0.5 mmol of 3a or 3b, dissolved in 8 ml of THF. A red crystallineoff, washed with diethyl ether (2 3), and recrystallized in acetone/
solid precipitated and, in the case of the methyl complex 3a, andiethyl ether to give 290 mg of 7 (0.38 mmol, 67%), temp. of de-
evolution of gas was observed immediately. In the reaction solutioncomposition 1602170°C. 2 IR (KBr): ν̃ 5 2366 cm21, 2293
of 3b benzene was detected by gas chromatography. After 4 h, the(CH3CN); 2138 (Rh2H); 1602, 1568 (py); 1261, 1223, 1159, 1030,
red solid was filtered off, washed with THF and diethyl ether and638, 572 (SO3CF3). 2 1H NMR (CDCl3): δ 5 215.9 (t, 2JH2P 5
dried under vacuum. The solid was identified in each case as9.5 Hz, 1 H, RhH), 1.49 (s, 3 H, NCH3) 4.22 (dvt, JHa2Hb 5 17.8
[Rh(PNP)Cl] [9] [13] (6) by 31P-NMR and IR spectroscopy (yield:Hz, NH2P 5 4.6 Hz, 2 H, CHa), 4.83 (dvt, JHa2Hb 5 17.8 Hz,
80290%).NH2P 5 4.6 Hz, 2 H, CHb), 7.4127.94 (m, 23 H, PPh, py).

Crystal-Structure Determination of 7: A single crystal of approxi-Reactivity of 3a, b toward HSO3CF3: (a) 1 equiv. of HSO3CF3
mate dimensions 0.64 3 0.28 3 0.08 mm was mounted inside awas added to a solution of 1 mmol of 3a or 3b in 8 ml of THF.
Lindemann glass capillary. Crystal data and structure refinementIn the case of the reaction with 3a the evolution of methane was
details are given in Table 3.immediately visible. In the reaction solution of 3b benzene was cor-

respondingly detected by gas chromatography. By addition of di-
Table 3. Crystal data and structure refinement for 7

ethyl ether to the respective reaction solutions dark red oil precipi-
tated giving reddish/brown solids upon removal of the solvent in

Formula C34H31ClF3N2O3P2RhS
vacuum. The solids obtained from both reaction solutions contain Molecular mass 805.00
the dinuclear complex [Rh2(PNP)3](SO3CF3)2 (8) among decompo- Crystal system triclinic

Space group P1̄ (I. T. No. 2)sition products; detected by 31P-NMR spectroscopy (δ 5 43.9 dd,
a [Å] 9.2052(5)JP(a)2Rh 5 139 Hz, JP(a)2P(b) 5 39 Hz; δ 5 26.4, dt JP(b)2Rh 5
b [Å] 12.6582(8)

169 Hz)[3]. c [Å 15.7936(10)
α [°] 79.231(7)(b) In presence of CH3CN: After the protolysis of 3a or 3b with
β [°] 74.202(6)HSO3CF3 (see above), 1 ml of acetonitrile was added to the reac-
γ [°] 77.905(6)

tion solution and stirred for 20 min at room temp. Upon dropwise V [Å3] 1714.9(2)
addition of diethyl ether an orange/brown oil precipitated which Z 2

D(calcd.) [g cm23] 1.559crystallized after 1 d to give a brown/yellow solid which was filtered
µ (Mo-Kα) [cm21] 7.8off washed with diethyl ether and dried under vacuum. In each F(000) 816

case the solid was analyzed by 1H-NMR spectroscopy as the pure Θ range [°] 2.28225.60
acetonitrile complex [Rh(PNP)(CH3CN)]SO3CF3 (9) when com- T [K] 193

Reflections, collected 10392pared to the spectrum of an authentic sample prepared according
Independent reflections 5972to the procedure in the literature[9] (yield: 50260%). Data/restraints/parameters 5972/0/548
Goodness-of-fit on F2 0.948(c) In presence of ethylene: After the protolysis of 3a or 3b with
Final R indices [I > 2σ(I)] R1 5 0.0249, wR2 5 0.0571HSO3CF3 (see above), the reaction solution was stirred for 20 min
R indices (all data) R1 5 0.0337, wR2 5 0.0588under ethylene at 278°C. The mixture was warmed up to room Largest diff peak and hole [e Å23] 10.53; 20.62

temp. Upon addition of diethyl ether to the solution an orange
yellow crystalline solid precipitated which was filtered off, washed
with diethyl ether and dried under vacuum. The solid was identified The data were measured with a STOE IPDS[18] using graphite-
as the pure ethylene complex [Rh(PNP)(C2H4)]SO3CF3 (1b) by 1H- monochromated Mo-Kα radiation (λ 5 0.71073 Å). A decay correc-
NMR spectroscopy when compared to an authentic sample[3]

tion using the program DECAY[19] was applied. The structure was
(yield: 60280%). solved by direct methods[20], completed by subsequent difference

Fourier syntheses, and refined by full-matrix least-squares pro-(d) In the presence of COD: 114 µl of HSO3CF3 was added to a
solution of 830 mg (1.26 mmol) of [Rh(PNP)(C6H5)] (3b) in 8 ml cedures[21]. Final cycles of refinement converged at R1 5 Σ(iFou 2
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Time-of-flight mass-spectrometric investigations show that The latter results in the formation of clusters of 11 (Ge), 15
(Sn), and 13 (Pb) E atoms. Under similar conditions cationslaser desorption leads to anionic, large clusters of the

elements (E) Ge, Sn, and Pb without special gas-phase are observed at much lower intensities and the maximum
cluster size is 6. For E = Ge anions containing two differentclustering conditions and additional ionization processes. Ion

formation strongly depends on the nature of the starting kinds of atoms KGen
– are observed with relatively high

abundance for n = 5, 9, and 10; KGe11
– and KGe13

– are alsomaterials used during desorption experiments. Cluster
anions from pure elements E were observed with a maximum detected. The results are compared to the formation of

clusters in binary alloys. Analogies to structurallyof 6 atoms and their relative intensities decreased
exponentially with increasing cluster size. Larger clusters are characterized Zintl ions En

x– (x = 2, 3, 4) are given. The
enhanced formation of cluster anions during the laserobserved if alkali metals (K, Rb, and Cs) are present. Binary

phases of nominal composition K4E9, ethylenediamine desorption process in the presence of electropositive metals
indicates a more general application for anion formation insolutions of these phases, and crystalline compounds

containing well-defined cluster anions as in [K([2.2.2]- the gas phase.
crypt)]3E9 are used as sources for desorption experiments.

Introduction Figure 1. Structurally characterized homoatomic deltahedra En
with n 5 4, 5, 6, 9, 10 vertices; nine-atom clusters occur with differ-
ent electron counts and structures between the closo and nido type;

The relationship between the stability of gas-phase clus- octahedral clusters are only known with stabilizing organometallic
ligands (for further details see text)ters and Zintl ions is of considerable interest[1] [2]. The re-

markable feature of anions of group-14 elements E (E 5
Ge, Sn, Pb) is their distinct tendency towards cluster forma-
tion in the solid state, in solution, and in the gas phase. The
earliest studies on soluble En clusters were reported more
than 100 years ago[3]. The systematic work of Kraus,
Smyth, and Zintl [4] [5] proved the existence of polyanions,
such as Pb9

42 and Pb7
42. Since then, several homoatomic

cluster anions 2 so-called Zintl ions 2 have been structur-
ally characterized, most of them as their [K([2.2.2]crypt)]1

and [Na([2.2.2]crypt)]1 salts [6]: E5
22, E9

x2 (x 5 3, 4), and
Ge10

22. Sn9
42 and Pb9

42 clusters stabilized by Cr(CO)3

have also been isolated (Figure 1)[7]. Interestingly, there is
only one structural report of an octahedral group-14 species Several homoatomic clusters of the heavier group-14 ele-

ments were characterized by mass spectrometry. Under[SnCr(CO)5]6
22 characterized as [K([2.2.2]crypt)]1 salt [8].

The enhanced stability of these anions can be understood equilibrium conditions in Knudsen cell effusion, the abun-
dance of tetrameric molecules is independent of the compo-using Wade9s electron counting rules for clusters[9].

Deltahedral n-vertex clusters are stable with 2 n 1 2, 2 n 1 4 sition of the condensed starting material. Such precursors
include binary to quaternary systems of group-14 to -16and 2 n 1 6 skeletal electrons and form closo-, nido-, and

arachno-type clusters, respectively. As a result, En
x2 clusters elements, some of which also contain alkali metals [11]. The

stability of these molecules correlates with their electronwhich are build up from group-14 elements should be es-
pecially favored independent of cluster size with the same numbers (20 and 22 electrons) and hence with their possible

structures (planar and tetrahedral) [12]. Cooling hot metalrelatively low charges of 22, 24, and 26. Deltahedral closo
structures were predicted for n # 24[10] and are known for vapors using different techniques enables the production of

larger cluster species and ultrasmall particles[1] [13] [14] [15]. Inboranes and caboranes for 4 # n # 12.
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Pure Elements E 5 Ge, Pbmany cases electron bombardment or laser ionization gen-

erates positive cluster ions from neutral cluster beams. Posi-
A typical spectrum of negatively charged Ge clusters gen-tively and negatively charged cluster ions can be obtained

erated by laser desorption from elemental germanium isby laser desorption[13] or injecting electrons from a biased
shown in Figure 3a. All ion signals have the expected massfilament[16]. Several mass-spectrometric investigations of
distribution due to the abundance of the different isotopeslarger group-13 to -16 clusters use the corresponding ele-
of Ge. The largest detected ion is a six-atom cluster. Thements as ion sources. Gas-phase reaction and gas-aggre-
relative intensities of the ion signals decrease exponentiallygation techniques used for the binary systems Cs/Sn and
with increasing cluster size. The relative intensities differCs/Pb show intensity maxima for the molecules Cs3Sn5

1,
clearly from those recorded using vapor-phase conden-Cs3Sn9

1, Cs5Sn9
1, and Cs3Pb5

1. Sn10
1 is observed at low

sation techniques. In these experiments cluster-size “magicintensity. Larger clusters were not observed due to the limi-
numbers”[15] [16] [18] appear and a dependency of the clustertation of the mass spectrometer[1].
size distribution on the gas-aggregation technique is ob-The facile synthesis and isolation of molecular paramag-
served[14] [19]. The size distribution for Ge and Pb cationsnetic clusters E9

32 in good yields[17] prompted us to investi-
are very similar, however, in the case of Pb also oxide for-gate the gas-phase ion formation from samples that contain
mation Pb3Oy with y 5 124 is found.discrete cluster units. Here we report our time-of-flight

(TOF) mass-spectrometric studies of En
1/2 ions (E 5 Ge,

Sn, and Pb) generated by laser desorption in a commercially
Mixtures of K and E 5 Ge, Pbavailable TOF mass spectrometer. The generation of large,

anionic clusters is achieved by laser desorption without gas- If potassium is present during the laser evaporation pro-
phase aggregation techniques. cess, the formation of larger anionic clusters occurs. The

In order to evaluate the dependency of the gas-phase mass spectrum in Figure 3b reveals an exponential decay of
cluster-ion formation on the ability of electron transfer and the anion intensities from n 5 1 to 6 for Ge. After a drop
thus ion formation in the precursors, we investigated the of relative intensity, larger clusters (n 5 7210) appear with
following series of samples: pure elements (Ge, Pb); mix- similar intensities. An analogous spectrum is obtained with
tures of the elements K and E 5 Ge, Pb; binary phases E 5 Pb (not shown). No mixed atom clusters KEn

2 are
K4E9 (E 5 Ge, Sn, and Pb); ethylenediamine solutions of present. For E 5 Ge and Pb several oxide-containing
A4E9 (A 5 alkali metal, E 5 Ge, Sn, and Pb); anions are observed: Ge2O2, Ge2O2

2, Ge2O3
2, Ge3O2,

[K([2.2.2]crypt)]3E9 salts containing isolated Zintl ions Ge3O2
2, Ge3O3

2, Ge4O2
2 and the series PbnOn11

2 as well
E9

32 (E 5 Ge, Sn, and Pb). as KPbnOn11
2 (n 5 226) are predominant. The enhanced

formation of oxides is probably caused by oxygen impurities
in elemental potassium or partial oxidation of the surface
of the samples during sample transfer to the mass spec-Results
trometer. Certainly, the alkali metal acts as an electron do-
nor, and thus promotes the anion cluster formation in theThe resolution of the TOF spectrometer allows the
plasma. Lead cation abundance using the mixture as sourceidentification of the isotopic distribution in the clusters up
is similar to the mass distributions from pure metal sources.to a maximum cluster size of six atoms. As an example, the

observed and simulated spectrum of Ge4 is shown in Figure
2a, left where the five most abundant isotopes are used for

Binary Phases of Nominal Composition “K4E9” (E 5 Ge, Sn, andthe calculation (isotope mass, relative abundance: 69.9,
Pb)0.56; 71.9, 0.75; 72.9 ,0.21; 73.9, 1.00; 75.9, 0.21). Larger

clusters appear as broader signals (Figure 2b, right). Typical Recently, binary A/E 5 4:9 phases have been structurally
mass spectra of the investigations are shown in Figures characterized for E 5 Ge and Sn and A 5 K, Rb, Cs[20].
325. The inserts show the mass spectra of delayed extrac- They contain discrete E9

42 cluster ions. In the case of E 5
tion. In Figures 3c and 4a higher mass regions are shown Pb the existence of a 4:9 phase was discussed earlier[5]. The
on enlarged intensity scales. results of the desorption experiments are shown in Figure

3c for E 5 Ge. Clusters with maximum size n 5 13 are
observed. The ion signals of the homoatomic clusters Gen

2

show a decay in intensity up to cluster size n 5 8. The nine-Figure 2. Comparison of the measured and simulated (lines) mass
and ten-atom clusters occur with similar intensities as thespectra of Ge4 and Ge10

eight-atom cluster. Species containing 11 to 13 atoms are
detected at lower relative intensities. The formation of
mixed metal clusters KGen

2 for n 5 5, 9, and 10 is favored,
accompained by ions with n 5 8, 11, and 13 at lower inten-
sities.

In the case of E 5 Sn and Pb, the anionic clusters occur
with a stronger decay in relative intensity in the higher mass
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Figure 3. Mass spectra of Gen

2 clusters obtained from a) elemental Ge, b) mixture of K and Ge, c) K4Ge9, d) ethylenediamine extract
of K4Ge9, and e) [K([2.2.2]crypt)]3Ge9, containing discrete Ge9

32 clusters; inserts show spectra optimized for the higher mass regions
(delayed extractions)

region and reach a maximum cluster size of 10 atoms. (x 5 027) can be isolated after slow evaporation of the
solvent[21]. Using K instead of Na leads to products withMixed metal clusters KSnn

2 or KPbn
2 are absent but the

anions KSn2O3
2, KSn3O4

2, KPb9O2, and KPb10O2 are similar compositions. The mass spectra of residues of en
solutions of K4Ge9, K4Sn9, and K4Pb9 are shown in Fig-present.
ures 3d, 4a, and 5a, respectively. The spectra of the en solu-
tions of Na4Ge9 (not shown), K4Ge9, Rb4Ge9 (not shown),

Ethylenediamine (en) Solutions of Phases of Nominal Composition and K4Pb9 reveal very similar mass distributions and rela-
“A4E9” (E 5 Ge, A 5 Na, K, Rb; E 5 Sn, Pb, A 5 K) tive intensities. En

2 clusters are observed with an ex-
ponential decay of their intensities with increasing mass forIf phases of nominal composition Na4E9 (E 5 Ge, Sn)
n # 10. NaGe5

2, KGe5
2, KGe6

2, RbGe5
2, and RbGe10

2
are dissolved in en, the crystalline product [Na4 ·x en] E9

are also observed. In the lead system several oxides as dis-
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Compounds Containing E9

32 Zintl Ions Separated by K-cussed earlier are present. In K4Sn9 the occurrence of ion
[2.2.2]crypt Units (E 5 Ge, Sn, Pb)pairs Snn

2 and Snn
2 1 56 (±1) amu, corresponding to the

mass of Snn and KSnnO, respectively, is prominent. These
On use of the alkali-metal-sequestering reagentpeaks are present for 7 # n # 12 (Figure 4a). Notice the

[2.2.2]crypt[6] crystalline compounds [K-[2.2.2]crypt)]3E9high abundance of the KSn11O2 anion. For larger n the
containing discrete polyanions can be isolated from the enternary ions show higher abundance than Snn

2 anions.
solutions of the A4E9 alloys[7] [17]. Photodesorption and
photoionization of these Ge, Sn, and Pb compounds leads
to the formation of ions of size 1 # n # 11 (Figure 3e), 1
# n # 15 (Figure 4b), and 1 # n # 13 (Figure 5b), respec-
tively. An exceptional increase of abundance with respect toFigure 4. Mass spectra of Snn

2 clusters obtained from a) ethylene-
diamine extract of a solidified melt of nominal composition K4Sn9, smaller clusters of cluster size 8 # n # 10 is observed. The
and b) [K([2.2.2]crypt)]3Sn9, containing discrete Sn9

32 clusters; for intriguing difference to the other experiments is the occur-insert cf. caption of Figure 3
rence of larger clusters. For E 5 Ge the spectrum is very
similar to that of “K4Ge9” (Figure 3c); however, mixed me-
tal anions are less frequent. The same holds for E 5 Sn,
where a very high abundance of E10 and the occurrence of
a cluster series with 11 # n # 15 at lower intensities is
visible (Figure 4b). Desorption of the lead compound leads
to a series of clusters 1 # n # 10 with exponential decay of
intensity (Figure 5b). The maximum size of Pbn clusters is
limited to n 5 13. The higher mass region shows predomi-
nant peaks of ion pairs [Pbn 1 56 (±1) amu] as found in
the case of Sn (Figure 4a), corresponding to the series
KPbnO2 with n 5 10214.

Discussion

We found that the relative abundance of ions depends
strongly on the nature of the starting material used for the
desorption process. The desorption conditions used in this
investigation generate cluster anions from pure elements E
with a maximum size of 6 atoms and display an exponential
and monotone decrease of their relative intensities with in-
creasing cluster size. In the case of E 5 Sn the results are
consistent with a recent investigation using direct laser ab-
lation of tin metal in an ICR cell [22]. We observe largerFigure 5. Mass spectra of Pbn

2 clusters obtained from a) ethylene-
anionic clusters in the presence of alkali metals, e.g. fromdiamine extract of a solidified melt of nominal composition K4Pb9,

and b) [K([2.2.2]crypt)]3Pb9, containing discrete Pb9
32 clusters; for mixtures of the elements K/E, from phases of nominal com-

inserts cf. caption of Figure 3
position K4E9, and from residues of ethylenediamine solu-
tions of these phases. Clusters En with maximum size of 13,
12, and 10 atoms are found for E 5 Ge, Sn, and Pb, respec-
tively. On use of compounds containing preformed E9

32

clusters separated by large counterions (K-[2.2.2]crypt)1,
gas phase species with maximum sizes up to 15 E atoms are
found (KGe11

2, Sn15
2, and KOPb14

2). The general feature
of the spectra is a decay of intensity as the number of con-
stituent cluster atoms increases from one to seven and a
minimum in intensity for clusters of eight atoms. Nine- and
ten-atom clusters are found with similar or increased inten-
sity relative to the abundance of eight-atom clusters. The
increase of intensity of clusters with n 5 9 and 10 are most
pronounced in [K-([2.2.2]crypt)]3E9 as source. The maxi-
mum cluster size for cations is 6 atoms, however, much
smaller intensities are measured.

The ion distributions do not correlate to photoelectron
threshold energies and thus electron affinities of the En clus-
ters, generated by other techniques. Higher values are ob-
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served for n 5 5 and 9 for Ge[23], 5 and 8 for Sn, and 5, 10, ment cluster 2 the doubly charged and according to Wades

rules electron-precise Gen
22 Zintl ions result.and 11 for Pb[18]. This is in contrast to the relative intensi-

ties observed in our experiments, where exponential decays The exceptional occurrence of KGe13
2 and Sn15

2 anions
attests to the possible existence of large Zintl ions. Remark-with increasing size or intensity minima for n 5 8 are found.

Also, if electron affinity would dominate the occurrence of able is the fact that the counterion [K-[2.2.2]crypt]1 is cap-
able of good crystal packing also with very large anionsspecific mass peaks in the spectra, a similar abundance of

clusters should be found, independent of the sample used such as C60
22 [28]. However, large n-vertex polyhedra with n

> 10 of the elements Ge and Sn are known only as struc-as starting material.
tural units in three-dimensional anionic networks of Zintl
phases. Pentagonal dodecahedra E20 which are centered by
A atoms are found as linked building blocks in the Zintl
phases A4E22

[29] and A61xE25
[30].Conclusions and Comparison to Solid-State Analogues

In summary, we see a tendency for the formation of
larger clusters, especially if preformed cluster units or elec-Naked polyatomic ions of the type En

x2 belong to the
class of Zintl ions. Many of these ions cannot be described tropositive elements are already present in the precursor.

The latter point indicates a more general application forusing classical electron counting rules such as the octet rule;
thus, bonding models with electron delocalization (e.g. mo- anion formation in plasmas. Owing to the possible variable

electron counts of polyhedral clusters, the gas-phaselecular orbital theory and related electron counting rules
for clusters) are used for their electronic description. Ac- monoanionic Zintl ions are in close relation to polyanions

found in solution and in the solid state. Therefore these re-cording to electron-counting rules for deltahedral clusters
an n-vertex closo-deltahedron is stable if n 1 1 skeletal or- sults suggest the possibility that large, discrete main-group

clusters of Ge, Sn, and Pb may also exist in solution or inbitals are filled. As cluster size increases, a deviation from
the expected number of electrons (or structures) is possible. the solid state.
Variable electron counts are especially observed for clusters The authors like to thank Dr. W. Amrein for the use of the TOF
of the heavier elements E, which have smaller HOMO- mass spectrometer and the Eidgenössische Technische Hochschule
LUMO gaps[24]. Interestingly, ligand-free polyhedral clus- Zürich for financial support.
ters E9 occur more frequently with additional electrons.
E9

32 and E9
42 clusters with 21 and 22 skeletal electrons,

respectively, possess deltahedral structures, albeit distorted
Experimental Sectionand a compromise between tricapped trigonal prismatic

(closo) and monocapped quadratic antiprismatic (nido) [7]. The elements Ge, Sn, Pb, and K, Na, Rb were purchased from
The En

2 anions investigated here in the gas phase might Fluka and Aldrich and used without further purification. The
correspond to 2 n 1 1 skeletal electron clusters and might syntheses of the binary phases, the ethylenediamine solutions of

the latter, and the compounds [K-[2.2.2]crypt]3E9 are describedtherefore also adopt to deltahedral structures. In other
elsewhere[17]. The mixtures of the elements K/E were prepared inwords the single-charged gas-phase anions might be re-
an argon-filled dry-box by stirring the corresponding group-14 ele-garded as closo-type clusters with a deficiency of one elec-
ment with a slight excess (by weight) of molten alkali metal attron. Indeed, density functional studies on anionic Snn

2

200°C. The solid samples were pressed in a recess of a stainlessclusters confirm that the species adopt closo structures at
steel target of 3 mm in diameter. The ethylenediamine solutions of

the optimized minimum energies for n 5 5, 6, and 7[22].
the binary A4E9 phases, as well as the acetonitrile solutions of [K-

It has been pointed out earlier that clusters with one [2.2.2]crypt]E9 salts were transferred to the target in an argon-filled
negative charge (e.g. En

2 ) are probably not stable in the dry-box and the solvent was subsequently removed under vacuum.
solid state due to an inherent insufficient cation presence During the transfer of the targets into the mass spectrometer, the
for anion separation[25]. Although no E9

2 species has been samples were briefly exposed to air (approx. 5210 s).
hitherto isolated from solution, the variability of electron The mass analysis was carried out with a reflector time-of-flight
numbers for these clusters makes the existence of singly (RETOF) mass spectrometer (Bruker ReflexTM). Desorption and
charged ions with deltahedral structures more likely. Recent ionization of the clusters were achieved in a single step with a
electrochemical investigations show that Ge9

32 undergoes pulsed N2 laser (337 nm, 3.7 eV, pulse duration: 3 ns; pulse fre-
quency: 325 Hz) operating at a maximum pulse energy of 0.1 mJ.two pseudo reversible oxidative electron processes and
The spectra shown here are accumulations of 20250 laser shots attherefore Ge9

2 might be a stable cluster. Oxidation of Sn
acceleration voltages ranging from 7215 kV in the negative ion

9
32 and Pb9

32 in solution is possible, but is accompanied
mode. For each accumulation the laser power is adjusted slightlyby an adsorption process making the interpretation more
above the threshold level for detection of ion signals by the use ofdifficult [26]. Even more intriguing is the high abundance of
a variable attenuator. In order to enhance the intensity and resolu-KEn

2 ions. The formation of the mixed element clusters
tion of ions with masses greater than 600 amu, ions of lower

KGen
2 for n 5 5, 9, and 10 is predominant beside n 5 8, masses, i.e. shorter flight times, are ejected by applying an electric

11, and 13 at lower intensities. Applying the Zintl-Klemm- field between the two deflection plates by a rectangular signal trig-
Busmann [27] concept applicable to binary phases also to the gered by the pulsed laser (delayed extraction). We like to emphasize
KGen

2 ions[1] 2 in other words transferring the valence that no special clustering conditions (e.g. gas expansion) are used
for the generation of the clusters.electron from the more electropositive K atom to the ele-
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Hydrotalcite-like anionic clays of general formula [M(II)1–x- BET-surface area. In addition, the crystal structure of
Mg0.67Al0.33(OH)2 (CO3)0.165 · 0.4 H2O has been refined by X-M(III)x(OH)2]x+[CO3

2–
'x/2]x– · m H2O with M(III) = Al and

M(II) = Mg, Ni, Zn have been prepared by precipitation of the ray diffraction powder methods. The carbonate form has been
converted into the chloride form by letting gaseous HCl flowhydroxycarbonates from the “homogeneous” solution after

the thermally induced hydrolysis of urea. The effect of the over the hydrotalcite-like compounds, heated at 150 °C. The
exchange of Cl– anions with some alkoxide anions in thetemperature of precipitation, of the total metal cations

concentration, of the molar fraction M(III)/M(III) + M(II) and presence of the respective alkanols has been investigated.
The exchange reaction was driven by the segregation of NaClof the molar fraction urea/M(II) + M(III) in solution on the

composition and on the crystallinity degree of the samples has crystals poorly soluble in alkanols and led to the co-
intercalation of the alkoxide ions together with the alkanolbeen investigated. The optimum conditions are reported to

obtain micro-crystalline powders with a narrow distribution of with the formation of a bi-layer of extended alkyl chain in the
interlayer region of the Mg-Al hydrotalcite. The intercalationparticle size in a short time with a simple procedure. The

compounds obtained have been characterised for chemical compound, washed with water, produces a hydrotalcite with
Cl– and OH– as balancing anions.composition, thermal behaviour, particle-size distribution and

Hydrotalcite-like compounds (HTlc) form, at present, a mula weight of compound. The number of mols x of M(III)
cation per formula weight of compound, generally rangeslarge class of inorganic materials, extensively studied as

catalysts, precursors and supports of catalysts, anionic ex- between 0.2 and 0.33, and its value determines the charge
density of the layer[3] [4].changers, sorbents, additives[1] [2] [3] [4] [5]. Furthermore, the

HTlc are, practically, the only known family of layered Most of the synthetic HTlc are prepared by co-precipi-
tation of the chosen M(II) and M(III) hydroxides with di-solids with positively charged layers and interlayered charge

balancing anions that may be replaced by ion-exchange luted NaOH and/or NaHCO3 or Na2CO3 solutions. Poorly
crystalline samples are generally obtained, unless a low de-processes. The structure of HTlc originates from the pack-

ing of layers built up in a manner similar to that found in gree of supersaturation and a relatively high temperature
are maintained during precipitation. However, to obtainbrucite, the naturally occurring Mg(OH)2. In this mineral,

the Mg atoms are octahedrally co-ordinated by six oxygen well-crystallised samples a hydrothermal treatment, i.e. di-
gestion of the gel at 1802200°C under pressure, is oftenatoms belonging to six OH groups; each OH group is, in

turn, shared by three octahedral cations and points to the required[1] [4]. In an attempt to prepare HTlc with a good
degree of crystallinity using simpler methods, we turned ourinterlayer space[6]. When some of the Mg(II) cations are

isomorphously replaced by Al(III) cations, carbonate attention to methods known as precipitation from “homo-
geneous” solutions and found that the hydrolysis of urea inanions are inserted between the metal hydroxide sheets to

maintain the electroneutrality and the mineral hydrotalcite, the presence of a mixture of M(II) and M(III) salts leads
to the formation of HTlc with good crystallinity degree andwith ideal formula Mg6Al2(OH)16CO3 ·4H2O, is ob-

tained[7]. Hydrotalcite and hydrotalcite-like minerals are a narrow distribution of particle size. This result is rather
surprising since research papers and quantitative analysisrare in nature but it is relatively simple and cheap to prepare

these compounds on a laboratory scale. textbooks[8] [9] recommend the urea method for precipitat-
ing aluminium in the presence of magnesium.The general formula of synthetic HTlc is often written as

[M(II)12xM(III)x(OH)2]x1[An2
x/n]x2 ·m S, where M(II) may This paper describes the preparative conditions of some

HTlc anionic clays by the urea method, the physico-chemi-be Mg, Zn, Co, Ni, Mn, etc.; M(III) may be Al, Cr, Fe, V,
Co, etc.; An2 is the charged compensating anion (CO3

22, cal characterisation of the products thereby obtained, and
the preparation of some intercalation compounds with al-SO4

22, Cl2, NO3
2, organic anions, etc.); m the number of

mols of co-intercalated solvent (S), generally water, per for- koxides. In addition, a novel method to convert the carbon-
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Table 1. Effect of the temperature and time of precipitation on theate form of HTlc into the chloride form, by gas-solid reac-
crystallinity degree of the indicated HTlc9s; conditions of precipita-tion is reported.
tion: total metal ion concentration: 0.5 mol/dm3; molar fraction
M(III)/M(II) 1 M(III) 5 0.33; molar fraction urea/M(II) 1

Results M(III) 5 3.3

Preparation of the Hydrotalcite-Like Compounds
Precipitation Crystallinity degree of the indicated

HTlc[a]Urea has a number of properties that makes its use as an
agent for precipitation from “homogeneous” solution very

T [°C] t [h] Al-Mg Al-Zn Al-Niattractive and it has long been used in gravimetric analysis
60 360 vl vl l

to precipitate several metal ions as hydroxides or as insol- 75 72 l l g
90 48 vg vg guble salts when in the presence of a suitable anion[9]. Urea
100 36 g g gis a very weak Brønsted base (pKb 5 13.8), highly soluble

in water, and its hydrolysis rate may be easily controlled by [a] g 5 good; l 5 low; v 5 very.
controlling the temperature of the reaction. According to
Shaw and Bordeaux[10] the mechanism of hydrolysis con-
sists of the formation of ammonium cyanate, as the rate- Figure 1. XRPD patterns of the Zn-Al-HTlc precipitated by urea

hydrolysis at (a) 60°C, (b) 75°C, (c) 90°C, and (d) 100°C; the timedetermining step, and the fast hydrolysis of the cyanate to
of digestion is reported in Table 1ammoniun carbonate, i.e.:

CO(NH2)2 R NH4CNO
NH4CNO 1 2H2O R (NH4)2CO3

The rate constant increases by about 200 times when the
temperature is increased from 60 to 100°C. The hydrolysis
of ammonium to ammonia and carbonate to hydrogen car-
bonate gives a pH of about 9, depending on the tempera-
ture. This pH is suitable for precipitating a large number of
metal hydroxides.

After some preliminary positive tests, a wider investi-
gation was undertaken to find the optimal conditions to
produce, with a simple procedure, HTlc microcrystals of
uniform size, well crystallised, and with the required stoichi-
ometry. The following couples of cations, as chlorides, were
considered: Mg(II)-Al(III); Zn(II)-Al(III); Ni(II)-Al(III). In
the case of Zn(II), a weighed amount of ZnO was dissolved
in a stoichiometric amount of 6 mol/dm3 HCl solution. total concentration of the cations, of their molar fraction in

solution and of the urea/Al(III) 1 Mg(II) molar fraction.Solid urea was added to 0.5 mol/dm3 metal chloride solu-
tions, having molar fraction M(III)/M(III) 1 M(II) equal The data of Table 2 show that the variation of the indicated

parameters does not markedly affect the crystallinity degreeto 0.33, until the molar ratio urea/M(II) 1 M(III) reached
the value 3.3. The clear solutions were heated, under stir- of the samples, even though the most crystalline samples

were obtained at values of the urea/Al(III) 1 Mg(II) frac-ring, at temperatures between 60 and 100°C. As expected,
longer precipitation times were observed for the lower tem- tion close to 4 and at a value of the total metal ion concen-

tration of 0.5 mol/dm3. Temperature seems to be the mostperatures. However, all the materials showed XRPD pat-
terns typical of hydrotalcite-like compounds. A preliminary important parameter to control in order to produce well

crystallised samples.rough analysis of the variation of the crystallinity degree as
a function of the precipitation temperature was made on It is interesting to note that the molar fraction Al(III)/

Al(III) 1 Mg(II) of the solids reaches values near to 0.32the basis of the quality of the X-ray diffraction patterns of
the samples, that is the number of reflections, their intensity even when the corresponding values in solution are as low

as 0.2. As already discussed, the precipitation of the HTlcand width at half-height. The results shown in Table 1 (see
also Figure 1) indicate that hydrotalcite-like compounds occurs at pH values of 8.529.0 (the hydrolysis pH of am-

monium carbonate) and at these pH values the solubility ofwith a good crystallinity degree were obtained in the
902100°C temperature range after 24236 h of precipi- magnesium hydroxide is much higher than that of alu-

minium hydroxide. Therefore almost all the alluminium istation.
Further characterisation was performed taking into ac- co-precipitated with the magnesium ions to obtain a solid

with the stoichiometry of two Mg(II) for each Al(III). Thiscount the preparation of the Mg-Al HTlc, maintaining the
temperature at 100°C and the precipitation time at 36 h. corresponds to an ideal disposition in the brucite-like sheet

of each aluminium atom surrounded by six magnesiumTable 2 reports the composition, expressed as a molar frac-
tion in the solid, Xsol 5 Al(III)/Al(III) 1 Mg(II), and the atoms. In general, the Al(III) molar fraction in the solid is

higher than that in solution and it is possible to reach val-crystallinity degree of several samples, as a function of the

Eur. J. Inorg. Chem. 1998, 1439214461440
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Table 2. Effect of the total metal ion concentration, of the molar fractions Al(III)/Al(III) 1 Mg(II) and urea/Al(III) 1 Mg(II) on the

crystallinity degree and of the composition of Mg-Al-HTlc; temperature and precipitation time were 100°C and 36 h, respectively

Solution Solid
Metal ion conc. Molar fraction Molar fraction Molar fraction Molar ratio Crystallinity
[mol/dm3] Al(III)/Al(III)1Mg(II) urea/Al(III)1Mg(II) Al(III)/Al(III)1Mg(II) CO3

22/Al(III) degree[a]

0.1 0.33 3.3 0.36 2 l
0.5 0.20 4 0.32 2 fg
0.5 0.25 2 0.41 2 g
0.5 0.25 3.3 0.32 0.5 vg
0.5 0.25 4 0.34 0.49 m
0.5 0.33 2 0.38 2 g
0.5 0.33 3.3 0.34 0.5 vg
0.5 0.33 4 0.35 0.5 vg
0.5 0.33 6 0.36 0.5 m
0.5 0.40 4 0.40 0.48 vg
1 0.33 3.3 0.36 2

[a] g 5 good; m 5 medium; l 5 low; f 5 fairly; v 5 very.

ues near to 0.44 value, indicated by Pausch et al. [11] as the lar ratio M(III)/M(II) 1 M(III) equal to 0.33 M(III) 5 Al;
M(II) 5 Mg or Ni or Zn], to reach urea/metal ions molarmaximum for a pure HTlc.

However, in order to prove the absence of co-precipitated ratio of 3.3. The clear solution is maintained at 100°C, or
even at the refluxing temperature, for 36 h. If the digestionAl(OH)3 in the samples, the molar ratio CO3

22/Al31 in the
solid was determined. In all cases the molar ratio CO3

22/ time is prolonged, the crystallinity degree of the samples is
slightly improved. The solids, separated from the solution,Al31 in the solid was found to be near to 0.5 (see Table 2),

as expected for pure HTlc and we may exclude the presence are washed with distilled water up to a negative test for
chloride ions. Finally, they are air-dried and stored in a des-of co-precipitated aluminium hydroxide.

Therefore, the urea-method is not indicated for the prep- iccator with P4O10 at room temperature.
aration of Mg-Al HTlc with low charge density but allows

Physico-Chemical and Structural Characterisationthe preparation of compounds with high charge density not
easily obtainable with the other proposed procedures[4]. Empirical formula and water content were determined by
However, if the M(II) hydroxide is much more insoluble thermoanalytical methods. Specific surface-area and par-
than the Mg(OH)2, the HTlc obtained has a composition ticle-size distributions of selected samples were also meas-
very near to that predicted from the composition of the ured. The crystallographic parameters of a well-crystallised
solution. This is the case, for example, for the Zn-Al and Al-Mg HTlc were obtained from X-ray powder diffraction
Ni-Al systems. As may be seen from the data of Table 3 the patterns.
Al molar ratio in the solid was found to be very near to Table 4 collects the data of composition, interlayer dis-
that of the precipitating solutions. tance and B.E.T. specific surface area. The XRPD patterns

of these samples are reported in Figure 2.
Table 3. Effect of the metal ion concentration on the crystallinity
degree and on the composition of Zn-Al-HTlc and Ni-Al-HTlc;

Table 4. Composition, interlayer distance and B.E.T. specific sur-conditions of precipitation: total metal ion concentration 0.5 mol/
face area for HTlc obtained by urea hydrolysis; conditions of preci-dm3, molar fraction urea/M(II) 1 Al(III) 5 3.3, temperature and
pitation: total metal ion concentration 0.5 mol/dm3, molar ratiotime 100°C and 36 h
urea/M(II) 1 Al(III) 5 3.3, temperature and time 100°C and

36 h
Molar fraction in Molar fraction Crystallinity
solution in the solid degree[a]

M(II)-M(III)- Composition d [Å] SurfaceAl(III)/Al(III) 1 M(II) Al(III)/Al(III) 1 M(II)
HTlc area [m2/g]

M(II) 5 Zn
Mg-Al [Mg0.67Al0.33(OH)2](CO3)0.165 · 7.57 24.10.20 0.23 g

0.48 H2O0.25 0.28 g
Zn-Al [Zn0.65Al0.35(OH)2](CO3)0.175 · 7.55 24.90.33 0.35 vg

0.48 H2O0.40 0.37 g
Ni-Al [Ni0.69Al0.31(OH)2](CO3)0.155 · 7.98 47.4M(II) 5 Ni

0.76 H2O0.25 0.27 g
0.33 0.31 g

Figure 3 shows the coupled TG-DTA curves of the Al-[a] g 5 good; v 5 very.
Mg and Al-Ni HTlc. The shape of the curves reflects the
good crystallinity degree of the samples and, in both cases,At the end of this investigation, we suggest the following

simple procedure to obtain HTlc with a good crystallinity the curves may be divided into two well-differentiated main
regions. In the first one, ranging from 80 to 250°C there isdegree in a relatively short time. Solid urea is dissolved in

a solution 0.5 mol/dm3 in the chosen metal chlorides, [mo- a broad endothermic peak related to the dehydration of the
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Figure 3. TG (solid line) and DTA (dashed line) curves of (a) Al-Figure 2. XRPD patterns of the HTlc obtained by urea hydrolysis:

(a) [Ni0.69Al0.31(OH)2](CO3)0.155 · 0.76 H2O; (b) [Zn0.65Al0.35- Mg-HTlc and (b) Al-Ni-HTlc previously equilibrated over P4O10;
heating rate 5°C/min, air-flow 30 ml/min(OH)2](CO3)0.175 · 0.48 H2O; (c) [Mg0.66Al0.34(OH)2](CO3)0.17 · 0.48

H2O; conditions of precipitation: total metal ion concentration 0.5
mol/dm3, molar ratio urea/M(II) 1 Al(III) 5 3.3, temperature and

time 100°C and 36 h

Figure 4. Population distribution as a function of equivalent sphe-samples. The second region, corresponds to the weight loss
rical diameter for microcrystals of Al-Mg-HTlcdue to the dehydroxylation and de-carbonation reactions,

that, as discussed by Rey et al., overlap in this temperature
range[12]. The XRD patterns of the samples heated at
1000°C show the typical reflections of MgO (or NiO) and
of the MgAlO2 (or NiAlO2).

Figure 4 shows the cumulative particle-size distribution
of the Mg-Al HTlc. It shows that more than 90% of par-
ticles have a diameter between 10 and 0.5 µm. The micro-
crystals are well formed and appear as hexagonal platelets,
as shown in the SEM photograph (Figure 5).

Having at our disposition microcrystalline powders of
good crystallinity degree, attempts were done to use the
Rietveld method to refine the Al-Mg HTlc structure. Accu-
rate positions of XRPD maxima were first determined by
a peak-fitting procedure, using a pseudo Voigt function for
the peak-profile description. The pattern was then indexed
by the TREOR program[13] using the first 18 peaks. The
parameters of the hexagonal cell found were a 5 3.044 Å, the preferred orientations. No corrections were made for

absorption effects. The 003 reflection was not included inc 5 22.703 Å [M(18) 5 35] in good agreement with those
already known[6]. All the reflection indexes followed the 2h the refinement because of its strong asymmetry. When the

refinement was stopped, the shifts in all the refined param-1 k 1 l 5 3n rule, in agreement with the expected R-3m
space group. The Rietveld refinement was then carried out eters were less than their estimated standard deviations, and

the following residual values were reached: wRp 5 8.7%;by the GSAS program[14] using, as starting model, the
structural parameters reported in ref. [7]. The refinement in- Rp 5 6.6%; RF 5 4.4%. A difference Fourier map calcu-

lated at this stage, did not reveal any peak larger than 0.5cluded a 5-terms Fourier cosine series function for the
background and a modified pseudo Voigt peak-profile electron density units. The Rietveld plot is shown in Figure

6. The atomic parameters and main geometrical data ob-function. March-Dollase correction was employed to model
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Chemical ReactivityFigure 5. SEM micrograph of Al-Mg-HTlc microcrystals

A large research program, involving the ion-exchange
properties, the interlayer reactivity, the storage in the inter-
layer region and subsequent release of species of pharmaco-
logical and biological interest has been undertaken to study
the chemical reactivity of the HTlc, prepared by the urea
method. Here we report new methods to convert the HTlc
in the Cl2 and OH2 forms. These exchanged forms are
commonly considered[4] the best precursors to intercalate
other charged and neutral species even of large dimensions.

The carbonate anions fit well in the hexagonal arrange-
ment of the hydroxy ions of the brucite-like sheets, and this
accounts for their high affinity for HTlc[1]. The exchange
of carbonate for others anions (Cl2, NO3

2, SO4
22) is then

performed by treating the solid with diluted solutions of
the corresponding mineral acid[15]. The exchange reaction
is driven by the release of gaseous CO2, but a concomitant
slight dissolution of the solid can take place. To avoid thesetained for Mg0.67Al0.33(OH)2 (CO3)0.165 ·0.4 H2O are re-
effects we used the gas-solid exchange reactions already em-ported in Tables 5, 6, and 7. They are in good agreement
ployed to convert layered zirconium phosphate into somewith those already published[7].
salt forms[16]. We passed a stream of water vapour and ga-
seous HCl through Mg-Al-CO3 HTlc maintained at

Figure 6. Experimental (1), calculated (2) and difference (lower) 1402160°C in a glass tube. At these temperatures Mg-Al-
profiles for the [Mg0.67Al0.33(OH)2](CO3)0.165 · 0.4 H2O micro- CO3 HTlc has a very small CO2 vapour pressure[17] andcrystals

in the presence of hydrochloric acid the following reaction
takes place:

Mg0.67Al0.33(OH)2(CO3)0.165 1 0.33 HCl R
Mg0.67Al0.33(OH)2Cl0.33 1 0.165 CO2 1 0.165 H2O

After preliminary positive tests, the procedure was op-
timised as follows: 1 g of Mg-Al CO3 HTlc was heated at
150°C in a glass tube for one hour. A stream of N2, passed
through a 6 mol/dm3 HCl solution at a flux of about 40 ml/
min, was allowed to flow over the sample for 8 h. From
time to time the presence of CO2 was monitored by bub-
bling the escaping gas in barite solution. When the Ba(OH)2

solution was clear, the heating was stopped and the sample
recovered. Ion-chromatography analysis showed that the
conversion was completed and the XRPD patterns (see Fig-
ure 7) showed that the material maintained a good crystal-
linity degree.

It is well known that Mg-Al HTlc may be obtained in
the OH2 form taking advantage of the so-called “memoryTable 5. Crystallographic data for [Mg0.67Al0.33(OH)2](CO3)0.165 ·

0.48 H2O effect”[12]. According to this method, hydrotalcite in car-
bonate form is first heated to 4002450°C, the mixture of

Formula Mg0.67Al0.33O2.975C0.165H2.96 metal oxides thus obtained is then dispersed in water andFormula weight 234.7
reconstruction of the layered structure occurs, the positiveCrystal system trigonal

Space group R-3m charges being balanced by the OH2. Alternatively, the chlo-
a [Å] 3.04535(9) ride ions of Mg-Al-Cl HTlc may be replaced by hydroxideb [Å] 3.04535(9)

ions by equilibrating the solid with a diluted NaOH solu-c [Å] 22.7010(13)
α [°] 90 tion. A slight dissolution of the solid may also occur. How-
β [°] 90

ever, in both cases a loss in crystallinity degree of theγ [°] 120
V [Å3] 182.327(13) samples is observed.
Z 3 Searching for methods that would lead to hydrotalcitesdcalcd. [g/cm3] 2.137

in hydroxy form, in the cases in which they do not showRwp 0.1037
Rp 0.0798 the “memory effect” or when it is difficult to perform the
RF 0.0556 ion exchange process in water, we considered the exchangeχ 3.51

of Cl2 for alkoxide ion in alkanol media. The alkoxide
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Table 6. Positional and thermal parameters for [Mg0.67Al0.33(OH)2](CO3)0.165 · 0.48 H2O

Name x/a y/b z/c 100 Uiso [Å2][a] Occupancy

Mg 0.0 0.0 0.0 1.37(6) 2/3
Al 0.0 0.0 0.0 1.37(6) 1/3
O(1) 0.0 0.0 0.37631(10) 2.66(9) 1
O(2) 0.1075(10) 20.1075(10) 0.50034(48) 1.98(22) 1/6
C 1/3 2/3 0.5003(5) 5.3(11) 1/12
H(1) 0.0 0.0 0.4220(17) 8.2(13) 1
H(2) 1/3 2/3 0.5006(5) 8.2(13) 1/2

[a] Uiso 5 mean square displacement, Biso 5 8π2 Uiso.

Table 7. Selected interatomic distances and angles for [Mg0.67Al0.33- treated with sodium butoxide in n-butanol. Two sharp re-
(OH)2](CO3)0.165 · 0.48 H2O flections at 2Θ 5 27.25° and 31.47°, typical of cubic NaCl,

are present. The exchange Cl2/RO2 has indeed occurred,
Distances [Å] driven by the segregation of NaCl crystals, insoluble in al-Mg,Al2O(1) 2.0107(11)
O(1)2O(1) across the layer 2.6264(34) kanols.
O(1)2O(2) 2.857(11)
C2O(2) 1.191(5) Figure 8. XRPD patterns of the Mg-Al-Cl-HTlc equilibrated with
Angles [°] 0.1 mol/dm3 sodium butoxide in n-butanol; the peaks of NaCl mi-
O(1)2Mg,Al2O(1) 98.45(7) crocrystals are marked by an asterisk
O(1)2Mg,Al2O(1) 81.55(7)
O(2)2C2O(2) 119.980(27)

Figure 7. XRPD patterns of Mg-Al-Cl-HTlc obtained by streaming
gaseous HCl through Mg-Al-CO3-HTlc (a); the pattern of the

parent compound is reported for comparison (b)

Figure 9 shows the interlayer distance of the alkoxide-
exchanged HTlc as a function of the number of carbon
atoms in the alkyl chain. Note that the intercept is close to
the value of the interlayer distance of the compound in OH
form, while the increment of the interlayer distance for each
additional carbon atom, 2.3 Å/carbon atom, is consistent
with the presence of a bi-layer of alkyl chain in the inter-
layer region. Since the cross-sectional area of a trans-trans-form, treated with water, would immediately give rise to the

hydroxide form. Furthermore, it was of interest to see alkyl chains is estimated to be 18.6 Å[18] and the free area
surrounding each positive charge on one side of the layer iswhether bases stronger than the OH2, would be stabilised

in the interlayer region of the hydrotalcites. 48 Å2, the interpenetration of the alkyl chain of the alkox-
ide ions interacting with the two facing sides of the lamellaeOne gram of Mg0.67Al0.33(OH)2Cl0.33, prepared as above,

and dehydrated at 150°C, was equilibrated in 100 cm3 of was expected to produce a monolayer similar to that de-
picted in Figure 10 and found in the intercalation of n-alkylROH containing 0.1 mol/dm3 of RONa (R 5 nC3H7,

nC4H9, nC5H11, nC6H13) for two days at room temperature. carboxylate anions[2]. The formation of the bi-layer may be
explained by the fact that the Cl2/RO2 exchange occurs inThe solid was separated from the solution by centrifuging

under N2. The equilibrating solution did not contain an ROH media and that the alkanol molecules are co-interca-
lated to produce a bi-layer similar to the one shown in Fig-appreciable amount of Cl2 ions as though the ion exchange

process had not taken place. The XRPD patterns of the ure 11. Treating the alkoxide-exchanged HTlc with water,
we observed a partial washing of the NaCl crystals and asolid samples, still wet with the alkanol solution, showed

indeed a large shift of the first diffraction maxima towards sudden increase of the pH of the washing solution. In the
presence of water, the RO2 is readily transformed into thelow angles, indicating that an intercalation process had oc-

curred. Figure 8 shows the XRPD patterns of the sample corresponding ROH and the OH2 assumes the role of bal-
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Conclusionancing charge. No variation of the pH of the solution

should occur. In the presence of Cl2 ions, however, some At present we do not know whether the urea method, pro-
Cl2/OH2 exchange takes place and the pH increases. posed in this paper, to prepare HTlc has general applica-

bility. Preliminary results indicate that the method also
Figure 9. Interlayer distance of Mg-Al-HTlc exchanged with alkox- works well for the Mg-Fe-CO3 and for the Al-Li-CO3 HTlc.
ide ions in the presence of the corresponding n-alkanols as a func- Some difficulties arise in the presence of cations such astion of the number of carbon atoms in the n-alkyl chain

Cr(III) or Cu(II). In such cases the method will require
some modification and improvement. This is not surprising,
if we agree with the concept already expressed by Riechle[1],
that each layered double hydroxide requires its own pro-
cedure to be obtained in the best way. However, Mg-Al, Ni-
Al and Zn-Al hydrotalcites have been obtained with the
urea procedure and the materials have a high crystallinity
degree and a narrow distribution of particle size. The high
crystallinity degree has allowed the refinement of the struc-
ture with the Rietveld method.

A novel method to convert the carbonate into the chlo-
ride form, based on a gas-solid reaction has been proposed.
Bases as strong as alkoxides were successfully intercalated.
Further study is in progress to obtain the pure OH2 form,
starting from alkoxide derivatives.

This work was supported by M.U.R.S.T. and C.N.R.

Figure 10. Schematic representation of a Mg-Al-HTlc intercalated
with an interdigitate mono-layer of pentoxide anions Experimental Section

Materials: All the reagents used were of analytical grade (C.
Erba RPE-ACS). Alkoxides were prepared by a reaction of metallic
sodium and the corresponding alkanol, previously dehydrated
over CaO.

Analytical Procedures: To obtain the chemical composition of
the HTlc, weighed amounts of the samples (ca. 100 mg) were dis-
solved in a few drops of concentrated HCl and diluted with water
to 50 ml. The metal ion content of the latter solution was deter-
mined with standard EDTA titrations [Mg(II), Al(III), Ni(II),
Zn(II)] and atomic absorption spectroscopy [Mg(II), Ni(II),
Zn(II)]. The carbonate anion content of HTlc was obtained both
with C elemental analysis and thermogravimetry. Anions, unlike
carbonate, were determined by ion chromatography (DIONEX
2000 I/SP), after elution of the anion with 1 mol/dm3 sodium car-
bonate solution. The water content was obtained by thermogravi-
metry.Figure 11. Schematic representation of a Mg-Al-HTlc intercalated

with a bi-layer of pentoxide anions and pentanol molecules
Instrumentation: Coupled TG-DTG-DTA thermogravimetric

curves were obtained with a Stanton-Redcroft STA 780 Analyzer
at a heating rate of 5°C/min, under an air flow. 2 X-ray powder
diffraction (XRPD) patterns were taken with a computer-con-
trolled PW 1710 Philips diffractometer operating at 40 kV, 30 mA,
using a PW 1820 goniometer, supplied with a bent graphite mono-
chromator in the diffracted beam, and Cu-Kα radiation. XRPD
patterns for indexing and structure refinement were taken with the
step-scanning technique. The samples were prepared using the side-
loading procedure in order to minimize preferred orientations. Dif-
fractograms were collected from 2Θ 5 6 to 120° using steps of 0.01°
and a counting time of 20 s per step. 2 N2 adsorption-desorption
isotherms were taken by Sorptomatic 1800 supplied with an out-
gassing unit (C. Erba Strumentazione). 2 Particle-size distribution
was obtained by means of an AccuSizerTM 770 Optical Particle
Sizer, Santa Barbara, CA 93117, USA. 2 The scanning electron
microscopy (SEM) photographs of the microcrystals were taken
with a Philips XL30 apparatus.
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A layered derivative of α-zirconium phosphate containing l- reaction, with the formation of the amino derivative
Zr(NH2CH2CH2OPO3)2, while the second is associated with(+)-serine covalently attached to the inorganic layer has been

prepared by allowing Zr fluoro complexes to decompose in pyrolysis of the organic moiety, leading to ZrP2O7. Despite
the presence of the amino acid function in the interlayerthe presence of l-(+)-phosphoserine. On the basis of

thermogravimetric weight loss and C,H,N elemental region, the compound does not show intercalation ability
towards cations or anions or polar species. However,analyses, the layered compound obtained has been

formulated as Zr[HOOCCH(NH2)CH2OPO3]2. The X-ray compounds with a certain degree of microporosity and
possessing ion-exchange and adsorption properties havepowder diffraction pattern has been indexed with a

monoclinic cell (a = 5.3737 Å, b = 9.3231 Å, c = 14.510 Å, β = been obtained by replacing some of the phosphoserine
groups of the compound by HPO4 groups, to produce the96.99°, Z = 2). FT-IR absorption spectra show that the serine

groups attached to the inorganic layers are present as mixed layered derivatives Zr[HOOCCH(NH2)CH2OPO3]2–x-
(HPO4)x.zwitterions. Thermal decomposition commences at ca. 250 °C

and occurs in two steps: the first is due to a decarboxylation

In 1978, Alberti and co-workers showed that it is possible and in view of its ability to coordinatively bind transition
metal ions.to anchor organic functions to the layers of α-zirconium

phosphate [α-Zr(HOPO3)2] by allowing fluorozirconium We report herein on the results of an investigation of the
layered compounds obtained by precipitating ZrIV with -complexes to decompose in the presence of organophos-

phoric or -phosphonic acids[1]. As the complexing agent is (1)-phosphoserine or with a mixture of -(1)-phosphose-
rine and phosphoric acid. The aim of the work was not onlyslowly removed (i.e. as HF), layered zirconium organophos-

phates or -phosphonates of the general formulae to prepare new derivatives incorporating the amino acid
function but also to obtain new stationary phases for chiralZr(ROPO3)2 or Zr(RPO3)2 (where R is the organic moiety)

with structures similar to that of the inorganic analogue are recognition, by anchoring chiral groups to a stable and in-
soluble inorganic backbone.obtained. This method has attracted the attention of many

researchers since a large number of layered compounds with
Resultsdifferent properties and functionalities can be obtained sim-

ply by changing the nature of the R groups[2]. The sole limi- Preparation and Characterization of a-Zirconium
tation to synthesis is that only groups with a cross-section L-(1)-Serinephosphate
equal to or less than 24 Å2 can be used, which corresponds Figure 1 shows a computer-generated model of the phos-
to the free area around each POH group present on the phoserine molecule. The cross-section, evaluated at the level
surface of the layers of the parent α-Zr(HOPO3)2

[3]. How- of the amino acid group, is very near to 24 Å2, the maxi-
ever, more voluminous groups may be attached to the α- mum permissible value for the preparation of stoichio-
layers if their dimensions are compensated for by introduc- metric zirconium organophosphates. However, before start-
ing small groups R9 (e.g. H, OH, CH3) so as to obtain com- ing the synthetic procedures, experiments were carried out
pounds of the formula Zr(RPO3)22x(R9PO3)x

[4]. to assess the stability of the ester bond of phosphoserine in
acidic media at 60°C, by recording 31P-NMR spectra ofTo date, many organic derivatives bearing different func-

tional groups (alkyl, aryl, carboxylic acid, aldehydic, amino, such solutions at regular intervals. The hydrolysis of phos-
phoserine (0.2 ) in HCl (0.4 ) at this temperature wasetc.) and even macrocyclic ligands have been prepared and

investigated[5] [6] [7] [8] [9]. However, only a few papers on lay- found to be a very slow process, the amount of phosphates
in solution after 3 days accounting for less than 3% of theered derivatives bearing the amino acid function can be

found in the literature[10] [11], despite the fact this functional total phosphorus content (Figure 2). This result indicates
that phosphoserine is sufficiently stable to be employed un-group is of interest with regard to its amphoteric character
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Figure 2. 31P-NMR spectra of a sample of 0.2  phosphoserine inder the synthesis conditions. Nevertheless, precipitates ob-
0.4  HCl, using D2O as solvent, maintained at 60°C for 30 mintained following the procedure described in the experimen-
(spectrum a) and 3 d (spectrum b); peak labels are expressed in Hz

tal section, collected after 123 days, were found to contain
increasing amounts of phosphates (from 5 to 10% of the
total phosphorus content). In order to reduce the presence
of phosphates in the precipitate, the rate of precipitation
was increased by bubbling wet nitrogen into the reaction
vessel. Under these conditions, the solid collected after 12
h did not contain appreciable amounts of phosphates. The
X-ray powder diffraction (XRPD) pattern of the wet
sample was almost identical to that of a sample dried over
phosphorus pentoxide and further characterization was
performed on the latter sample.

Figure 1. Ball-and-stick model of -(1)-phosphoserine

Figure 3. TG (solid line) and DTA (dotted line) curves of zirconium
Figure 3 shows the thermogravimetric (TG) and differen- -(1)-serinephosphate previously equilibrated over P4O10; heating

rate 5°C/min, O2 flow 30 ml/mintial thermal analysis (DTA) curves obtained at a heating
rate of 5°C/min under oxygen. No appreciable loss is seen
up to about 250°C, suggesting the absence of water of crys-
tallization. Thermal decomposition starts at about 250°C
and occurs in two steps. The first is very sharp and corre-
sponds to the loss of 20% of the initial weight, while the
second occurs over a much broader temperature range and
leads to the formation of cubic ZrP2O7, as shown by the
XRPD spectrum of a sample heated at 900°C. The total
weight loss amounts to 42.1%, which is almost identical to
that calculated (42.2%) for the following thermal decompo-
sition:

Zr[HOOC2CH(NH2)CH2OPO3]2 1 5 O2 R
ZrP2O7 1 2 NH3 1 3 H2O 1 6 CO2

Results of C,H,N elemental analyses were consistent to
within 5% of the stoichiometry derived from TG data. Per- the presence of two formula weights in the unit cell volume

(V 5 721.5 Å3), the calculated density (2.10 g cm23) is verycentage weights calculated on the basis of the above for-
mula and found values were: C 15.7, H 2.6, N 6.1, and C near to the measured density (2.11 g cm23).

The XRPD pattern of the zirconium serinephosphate is15.2, H 2.8, N 5.8, respectively.
Figure 4 depicts the XRPD pattern obtained using the typical of that of layered zirconium phosphate or phos-

phonates, with a strong first reflection (see Figure 4) corre-stepwise scanning procedure. The pattern was indexed,
using the TREOR program[12], on the basis of a monoclinic sponding to an interlayer distance (d) of 14.40 Å. Infor-

mation about the type of layered structure can be obtainedcell with parameters a 5 5.3737 Å, b 5 9.3231 Å, c 5
14.510 Å, β 5 96.99°, M(18) 5 23, F(18) 5 30. Assuming by determining the number (n) of moles of compound per
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Figure 5. FT-IR absorption spectra of (a) -(1)-phosphoserine, (b)Figure 4. XRPD patterns of zirconium -(1)-serinephosphate

zirconium -(1)-serinephosphate

unit area of layer. This number is calculated from the ratio spectrum shows a complex system of bands attributable to
density 3 interlayer distance/formula weight, and is charac- the phosphate groups.
teristic of the type of layer structure, being 6.8·10210 and In conclusion, the data collected indicate that zirconium
9.3·10210 mol cm22 for the α- and γ-type compounds, -(1)-serinephosphate has a layered structure of the α-type,
respectively[13]. The n parameter of zirconium serinephos- similar to that shown in Figure 6. This model represen-
phate, calculated from the density of 2.11 g/cm3, the inter- tation was obtained by applying the Hyperchem MM1
layer distance of 14.40 Å, and the formula weight of 457.2 force field (a modified version of the Allinger9s original
Da (from TG data), is 6.6·10210 mol cm22. This result is data set [15]) to a set of -(1)-phosphoserine molecules to
indicative of an α-type layer structure, where each layer con- obtain a monolayer that fits the phosphate site distribution
sists of a planar arrangement of zirconium atoms bridged on each side of the inorganic matrix, which is assumed to
by the oxygen atoms of the phosphate groups, which are be almost identical to that in α-Zr(HOPO3)2. It is interest-
located alternatively above and below the zirconium plane. ing to note that when the layers are brought together, a
The a and b axes of the monoclinic cell lie in a plane paral- hydrogen atom of the ammonium groups resides at such a
lel to the Zr atom plane and the area a 3 b/2 corresponds distance from the oxygen atom of the carboxylic groups (2.6
to the free area around each phosphorus atom. This free Å) that allows the formation of hydrogen bonds. The layer
area amounts to 25.1 Å2, a value slightly higher than the 2layer interactions are dominated by ionic and hydrogen
24 Å2 typical for α-Zr(HPO4)2

[3], probably because of the bonds and the interlayer distance obtained from the model
presence of the serine group bonded to the phosphate. is similar to that measured from XRPD patterns.

Further structural information was derived from a com-
Figure 6. Computer-generated model showing the packing of twoparison of the IR absorption spectra of solid phosphoserine
layers of zirconium -(1)-serinephosphate; the possible hydrogen

and zirconium serinephosphate (see Figure 5, spectra a and bonds are indicated
b, respectively). Both spectra show the typical bands of the
protonated amino group and of the ionized carboxyl group.
The region 180021300 cm21 is particularly significant. The
phosphoserine spectrum shows the typical amino acid I and
II bands due to NH3

1 deformations at 1640 and 1620
cm21, and the asymmetric stretching of the COO2 group
at 1548 cm21. Furthermore, the absorption of the undis-
sociated COOH group at 1717 cm21 indicates that not all
phosphoserine molecules are present as zwitterions. This
absorption is absent in the zirconium serinephosphate spec-
trum (Figure 5, spectrum b). In addition, the I and II bands
attributable to NH3

1 deformation are split and shifted to
lower wavenumbers (1628 and 1590 cm21), probably due to
the hydrogen bonds being weaker in the layered compound.
A similar shift is observed for the asymmetric stretching of
the COO2 group (1501 cm21) [14]. At higher wavenumbers
(370023500 cm21), the zirconium serinephosphate spec-
trum shows a broad band, probably due to some water ad- Once the empirical formula and the structural model had

been established, it seemed of interest to reconsider thesorbed on the surface microcrystals. Indeed, TG data do
not show any bulk water loss. At lower wavenumbers, in thermal decomposition process, since the TG data (see Fig-

ure 3) showed that, at about 250°C, the first sharp weightthe region 13002800 cm21, the zirconium serinephosphate
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loss (20% of the initial weight) was near to that (19.3%) molecules. Unfortunately, despite the numerous attempts

made, the compound was found to be incapable of intercal-calculated for the following process:
ating neutral species (alkanols, ethyleneglycol, propylamine,

Zr[HOOCCH(NH2)CH2OPO3]2 R glycine), nor could it be titrated with NaOH or HCl solu-
Zr(NH2CH2CH2OPO3)2 1 2 CO2 tions.

The lack of intercalation is probably due to the strongFurther evidence for this reaction was gained by col-
layer2layer interactions arising from the long-range ioniclecting XRPD spectra of zirconium serinephosphate main-
bonds between the zwitterions anchored to the surface oftained at different temperatures (see Figure 7), and by per-
the layers, as well as from the network of interlamellar hy-forming evolution gas analysis (EGA) on a sample heated
drogen bonds. The layer separation necessary for the inser-to 900°C (see Figure 8). Both these experiments gave clear
tion of the guest species seems to require a very high acti-evidence that a clean decarboxylation reaction occurs. It
vation energy. However, it was observed that precipitatescan be seen from Figure 7 that the d value does not change
obtained after 3 days of precipitation time, which containedup to about 200°C, but decreases from 14.4 Å to 12.1 Å at
a small number of hydrogen phosphate groups, showed250°C. At higher temperatures, the XRPD patterns become
some exchange properties toward sodium ions. Therefore,more and more disordered. It is interesting to note that the
zirconium serinephosphates in which some of the phospho-phase at 250°C has an interlayer distance similar to that of
serine groups are replaced by phosphate groups were pre-zirconium 2-aminoethylphosphonate (11.3 Å) [16]. Further-
pared, and their ion-exchange behaviour was investigated.more, the EGA profile (see Figure 8) shows a marked in-

crease of the CO2 partial pressure in the 2502300°C tem- Preparation and Characterization of Zirconium
perature range. L-(1)-Serinephosphate Phosphates

Several samples of zirconium serinephosphate phosphate,
Figure 7. XRPD patterns of zirconium -(1)-serinephosphate containing increasing amounts of phosphate groups, weremaintained at the indicated temperature

prepared using the HF procedure[17] (see Experimental Sec-
tion) starting from solutions with increasing mole fraction
Xph 5 phosphoric acid/phosphoserine 1 phosphoric acid.
The general trend shown by the system is summarized in
Figure 9, where the approximate percentage composition of
the phases obtained, identified by their interlayer distances,
is plotted against the Xph in the precipitating solution. The
percentage of a given phase was estimated from the inten-
sity of the relevant first reflection in the XRPD powder
pattern, which is assumed to be roughly proportional to the
amount of that phase.

Figure 9. Percentage of the phases obtained in the system Zr(IV)/
-(1)-serinephosphate/phosphoric acid as a function of the molar

fraction Xph (see text) in the precipitating solutionFigure 8. CO2 partial pressure as a function of temperature in evo-
lution gas analysis of zirconium -(1)-serinephosphate

The system is discontinuous: initially, up to Xph ø 0.1,
some phosphates replace an equivalent amount of serine-
phosphate groups in zirconium serinephosphate (14.4 Å)Considering the proposed structure, this new layered

compound might be expected to behave as an amphoteric with slight modification of the XRPD patterns. When the
maximum solubility of O3POH groups in this latter phaseion-exchange material, capable of taking up cations, anions

and even neutral salts from solutions. Moreover, it could is reached (the solid contains an average of one phosphate
in every five groups), formation of a new phase with analso be expected to act as an intercalating agent of polar
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interlayer distance of 13.2 Å begins and the phase transition to be accommodated without an increase of the interlayer

distance. In this context, it was of interest to examine the14.4 R 13.2 Å is completed at Xph ø 0.3. The solids pre-
cipitated in the range 0.3 # Xph # 0.8 maintain about the surface properties of the mixed compounds in comparison

with those of the original zirconium serinephosphate.same interlayer distance. Concomitantly, their phosphate
content increases from one phosphate in every three groups

Figure 10. Percent weight loss as a function of the temperature ofto the idealized composition of two phosphates in every the indicated samples previously equilibrated at 75% relative humi-
three groups. dity at room temp. Heating rate 5°C/min, air flow; the C,N elemen-

tal analysis (percent by weight) of the same samples is reported inA further increase in Xph produces another immiscible
the insetphase with a higher phosphate content and an interlayer

distance of 10.3 Å, together with pure α-Zr(HOPO3)2

(interlayer distance 7.6 Å). It proved impossible to isolate
the 10.3 Å phase in pure form. However, the spacing of
10.3 Å would be that expected for a mixed compound[18],
in which a layer of serinephosphate containing phosphate
groups regularly alternates with a layer containing only
phosphates, i.e. (13.2 Å 1 7.6 Å)/2 5 10.4 Å.

Some representative samples of the mixed compounds
obtained by varying the Xph in solution (those marked with
a capital letter in Figure 9) were characterized by thermal
analysis, as well as by C, N elemental analysis in order to
establish their empirical formulae. Figure 10 shows the
weight-loss curves of the samples, previously conditioned at
room temp. and 75% relative humidity, and the results of

Figure 11. XRPD patterns of samples A and C (see text)C, N elemental analyses. When heated at 1000°C, all
samples show the typical XRPD pattern of cubic ZrP2O7.
Assuming that all the zirconium and phosphorus present
was transformed into zirconium pyrophosphate, and taking
into account the experimental percentage weight loss, the
formula weights were calculated at room temp. Further-
more, the results of C,N elemental analyses allow the deter-
mination of the number of moles of phosphoserine per for-
mula weight, while the percentage weight losses at 150°C
allow determination of the number of moles of water of
hydration. The empirical formula of the mixed compounds
can be written as Zr[HOOCCH(NH2)CH2OPO3]22x-
[HOPO3]x ·n H2O. Table 1 shows the values of x and n for
the samples examined, together with the interlayer distance
taken from the XRPD patterns depicted in Figure 11. In
addition, Table 1 includes the no. of mmol of exchangeable Table 1. Composition, interlayer distance, and calculated ion-ex-

change capacity of the two ionogenic groups of zirconium serine-protons bound to the carboxylic and phosphate groups per
phosphate phosphates, obtained at the indicated values of molegram of compound, calculated on the basis of the empirical fraction of phosphoric acid in solution (Xph)

formula. To assess their ion-exchange capacity, the samples
were titrated with an NaOH solution in the presence of ad- Zr[HOOCCH(NH2)CH2OPO3]22x(HPO4)x · n H2O

Sample Xph x n d [Å] mmol H1 mmol H1ded NaCl. The potentiometric titration curves, shown in
[2COOH]/g [2POH]/gFigure 12, give experimental ion-exchange capacities very

near to those that would be expected if only the protons A 0.1 0.36 0.65 14.4 3.75 0.823
of the P2OH groups were replaced by the sodium ions. B 0.25 0.60 1.14 13.2 3.29 1.41

C 0.5 1.1 2.05 13.2 2.26 2.76Furthermore, the titration curves do not show any well-de-
D 0.8 1.4 2.62 13.2 1.57 3.66fined ion-exchange plateau, as though the Na1 uptake pro-

cess occurs without the phase transitions usually associated
with ion-exchange processes in layered metal(IV) phos- N2 adsorption isotherms of zirconium serinephosphate

and of samples A and C were recorded. B.E.T. analysis ofphates[19]. The XRPD patterns of the samples obtained
after titration indicate that the uptake process occurs with- the isotherms gives specific surface areas of 5.5, 10.6, and

54.5 m2/g, respectively. It seems that the replacement of ser-out appreciable alteration of the interlayer distance. It
seems that the serinephosphate groups act as pillars, de- inephosphate groups by phosphates produces an increase in

the specific surface area of the solids and the high surfacetermining the interlayer distance, and that the ionogenic
phosphate groups are randomly inserted between these pil- area of sample C may be attributed to the presence of some

microporosity in the interlayer region.lars. Hence, the incoming sodium ions find sufficient space
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saturated NaCl solution (relative humidity ca. 75%) or over phos-Figure 12. Potentiometric titration curves of the indicated samples

with a 0.1  NaOH solution in the presence of 0.1  NaCl as added phorus pentoxide.
salt Instrumentation: The X-ray powder diffraction (XRPD) patterns

of the samples were recorded by the stepwise scanning procedure
(increment: 2Θ 5 0.02°, time per step: 5 s) with a computer-con-
trolled Philips PW 1710 diffractometer, using Ni-filtered Cu-Kα

radiation. The XRPD patterns at different temperatures were ob-
tained with an A. Paar HTK diffraction camera. 2 TG and DTA
analyses were performed with a Stanton Redcroft thermal analyser
(STA 781), with a heating rate of 5°C/min under an air or O2 flow.
This apparatus coupled with a Fisons mass spectrometer was used
to obtain EGA curves. 2 N2 adsorption and desorption isotherms
were recorded with a Carlo Erba Sorptomatic 1800 apparatus. 2

C,H,N, elemental analyses were carried out with a Carlo Erba Mo-
del 1106 Analyser. Densities were determined pycnometrically at
20°C, using CCl4 as the displacement liquid. 2 The molar ratios
phosphate/serinephosphate in the products investigated were also
estimated by liquid-state 31P-NMR analysis with a Bruker AC 200
instrument, after dissolving 0.05 g of the sample in a small volume
of conc. HF (ca. 0.5 ml) and D2O as solvent. 2 The ion-exchangeConclusion
experiments were performed with a Mettler DK automatic titrator

As noted by Clearfield in a recent monograph[7], one of operating in equilibrium-point mode, by titrating 200 mg of the
the most exciting aspects of the chemistry of metal(IV) sample, suspended in 40 ml of 0.1  NaCl solution, with 0.1 
phosphates and phosphonates is the possibility of manipul- NaOH solution under an N2 stream.
ating the inorganic layered backbone by “soft chemistry”
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[10] E. Jaimez, G. B. Hix, R. C. T. Slade, J. Mater. Chem. 1997,gratefully acknowledged. 7, 475.
[11] D. M. Poojary, B. Zhang, A. Clearfield, Angew. Chem. 1994,

106, 2420; Angew. Chem. Int. Ed. Engl. 1994, 33, 2324.Experimental Section
[12] P. E. Werner, L. Eriksson, M. Westdhal, J. Appl. Crystallogr.

1985, 18, 367.Materials: -(1)-Phosphoserine (2-amino-3-phosphatylpro-
[13] G. Alberti, U. Costantino, M. L. Luciani Giovagnotti, J. Inorg.panoic acid) was purchased from Sigma and used as received.

Nucl. Chem. 1979, 41, 643.ZrOCl2 ·8 H2O was a Merck product; all other chemicals were [14] F. S. Parker, Applications of Infrared Spectroscopy in Biochemis-
Carlo Erba RP-ACS reagents. 2 Zirconium serinephosphate and try, Biology, and Medicine, Plenum Press, New York, 1971,

chapter 9.zirconium serinephosphate phosphates were prepared using the
[15] N. L. Allinger, J. Am. Chem. Soc. 1977, 99, 8127.method of slow decomposition of zirconium fluoro complexes[3]
[16] M. Casciola, U. Costantino, A. Peraio, T. Rega, Solid Statein the presence of an aqueous solution of phosphoric acid and/or Ionics 1995, 77, 229.

phosphoserine. The preparation conditions were as follows: molar [17] G. Alberti, E. Torracca, J. Inorg. Nucl. Chem. 1968, 30, 317.
[18] G. Alberti, U. Costantino, G. Perego, J. Solid State Chem. 1986,ratio ZrIV/HF 5 6, molar ratio P/ZrIV 5 3, phosphoserine and/or

63, 455.phosphoric acid concentration 0.2 , temperature of precipitation
[19] G. Alberti, Acc. Chem. Res. 1978, 11, 163.60°C, time of precipitation 124 d. After precipitation, the micro- [20] G. Cao, M. E. Garcia, M. Alcalà, L. F. Burgess, T. E. Mallouk,
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Compared to parent ferrocene, the redox potential of the with 2 equiv. of 1. 1·bipy·1 has been structurally
characterized by X-ray crystallography. The compoundFeII/FeIII transition is shifted to much more cathodic values

in B–N adducts 1·Do and 2·(Do)2 of borylated ferrocenes tolerates loss of two electrons at the ferrocene groups, as well
as two one-electron reductions at the bipy linker. DarkFcBMe2 (1) and 1,19-fc(BMe2)2 (2) with pyridine bases Do [Fc:

(C5H5)Fe(C5H4); fc: (C5H4)Fe(C5H4); Do: γ-picoline, 4- purple coloured coordination polymers [2·bipy]n are
accessible from bipy and 1 equiv. of the diborylated(dimethylamino)pyridine, N-(n-propyl)-4-(49-pyridyl)pyri-

dinium hexafluorophosphate]. Electron donation by one derivative 2. The intense colours of 1·bipy·1 and [2·bipy]n are
indicative of charge-transfer interactions between thesingle BMe2·Do substituent at the cyclopentadienyl ligand is

approximately equal to the positive inductive effect of the electron-rich ferrocene fragments and the viologen-like R3B–
bipy–BR3 acceptor. Neat, solid [2·bipy]n is thermally stablefive methyl groups in a C5Me5 (cp*) moiety. Using the

bidentate nitrogen ligand 4,49-bipyridine (bipy), the dark- up to 240 °C, but in the presence of toluene, polymerization
is fully reversible at about 85 °C.purple dimetallic complex 1·bipy·1 is obtained upon reaction

Introduction Figure 1. Poly(ferrocenes) A and bipy-bridged coordination poly-
mers B

Multimolecular arrays in which metal complexes are
joined by rigid (electroactive) bridges represent a highly
promising class of compounds, due to the potential proper-
ties of these materials such as electrical conductivity, [1] mag-
netism[2] and liquid-crystalline behaviour. [3] Two main lines
of research that are particularly relevant in the context of
this paper, concern: (a) Poly(ferrocenes) A derived from
strained, ring-tilted ansa-ferrocenes by thermal[4] [5] or cata-
lytic [6] ring-opening polymerization (Figure 1). (b) Low-di-
mensional solids B comprised of coordinatively unsaturated
metal complex fragments and bridging dihapto ligands.
Among the latter, 4,49-bipyridine (bipy) and 1,2-bis(4-pyri-
dyl)ethane (pyetpy) are particularly prominent (B, Figure synthesis; electron-accepting properties of the bipy unit). It

will be shown in this paper that, starting from readily avail-1). [7]

Our group is currently developing a novel synthetic ap- able borylated ferrocenes,[12] [13] [14] [15] [16] the addition of
4,49-bipyridine or 1,2-bis(4-pyridyl)ethane gives dimetallicproach to oligonuclear complexes and organometallic

polymers, which is based on the facile formation of complexes and polymeric materials by B2N adduct forma-
tion (Schemes 1 and 2).boron2nitrogen bonds and thus provides a convenient

means of connecting mononuclear metal-containing build- A variety of intriguing properties can be expected to re-
sult from the combination of ferrocene and pyridine bases,ing blocks. [8] [9] [10] [11] This concept appeared to us to be

well-suited for the generation of molecular materials com- and the following points will be addressed:
(1) The ligand 4,49-bipyridine has two coordination sites,bining the advantages of poly(ferrocenes) (e.g. thermal and

chemical inertness of the ferrocene backbone; reversible re- which may influence each other by the delocalized π-elec-
tron system. The question then arises as to what extentdox processes) and bipy coordination polymers (e.g. facile
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Figure 2. B2N adducts C as structural and electrochemical analo-NRB σ bonding at one nitrogen centre lowers the Lewis

gues of the two-step redox system viologen D21
basicity of the remaining free N atom, i.e. whether the for-
mation of R3B·bipy·BR3 involves stable and isolable
R3B·bipy intermediates.

(2) Closely related to the aforementioned question is the
problem as to whether a bipy spacer allows electronic com-
munication between two pendant ferrocenylborane units
(1·bipy·1; Scheme 1).

Scheme 1

systems in polar aprotic solvents such as acetonitrile and
dimethylformamide (Figure 2). [19]

Consequently, derivatives of D21 have found widespread
use as electron acceptors[20] [21] and electron carriers, [22] and
it is in the latter context that the incorporation of viologens
into polymers has been thorougly investigated.[23] [24] [25] [26]

To a large extent, these polymeric materials retain the
chemical and electrochemical properties of the monomeric
species D21, although the first reduction (E1) of polyviolog-
ens usually occurs at a more anodic, and the second (E2) at
a more cathodic potential, compared to the corresponding
monomers. Thus, in polymeric viologens, the difference ∆E
between the two potential values was found to be about
twice as large as that in the monomers, and this effect is
observable even in oligomers with only 2 or 3 repeating
units. [25] This behaviour is indicative of a certain degree of
electronic communication between the electroactive sites,
which has been attributed to intramolecular interactions

Reagents: (i) 1·pic/1·DMAP: 1 1 1 pic/DMAP; toluene, ambient among neighbouring pendant viologen cation radicals.
temp. 2·(pic)2/2·(DMAP)2: 2 1 2 pic/DMAP; toluene, ambient

Given this background, it will be interesting to see how thetemp. (ii) 1·bipy-Pr: 1 1 1 bipy-Pr; acetonitrile, ambient temp.
2·(bipy-Pr)2: 2 1 2 bipy-Pr; acetonitrile, ambient temp. electronic behaviour of polymeric viologens changes when

the highly flexible backbones used to date are substituted
for the more rigid 1,19-ferrocenediyl spacer [cf. 2·(bipy-Pr)2;Moreover, comparison of the electrochemical data of the

Lewis acid/base complexes 1·pic, 1·DMAP, 2·(pic)2 and Scheme 1]. For a general discussion of LnM·bipy·MLn ad-
ducts (MLn: main-group Lewis acid) and the respective rad-2·(DMAP)2 (Scheme 1), featuring the moderately strong

electron donor γ-picoline (pic; pKa 5 6.02; in water, icals formed upon one-electron reduction, the reader is re-
ferred to the work of Kaim et al. [27] [28] [29] [30]25°C)[17] on the one hand, and the more basic 4-(dimeth-

ylamino)pyridine (DMAP; pKa 5 9.71; in water, 20°C)[18] (4) The synthesis of aggregates composed of electron-do-
nating ferrocene units and electron-accepting viologenon the other, will yield information on the influence of

tetracoordinate boron substituents on the redox potential bridges may lead to charge-transfer (CT) processes between
the two components. This assumption is based on the ob-of the ferrocene fragment.

(3) 4,49-Bipyridine-1,19-diyldiboranes C are analogues of servation of pronounced CT interactions between the ferro-
cene backbone and its pendant 2,29-bipyridylboronium sub-the bis-quaternary salts of 4,49-bipyridine (D21, “violo-

gens”), which behave as perfectly reversible two-step redox stituents in the case of related systems F (Figure 3). [31] [32]
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Figure 3. View of the charge-transfer complex F tals of [2·bipy]n grew within 24 h, and it was shown that

coordinated pic may be substituted for bipy, even though
the former is a much stronger base [pic: pKa 5 6.02; [17]

bipy: pKa(1) 5 4.82, pKa(2) 5 3.17; [33] in water, 25°C]. A
driving force for this reaction clearly lies in the precipitation
of [2·bipy]n, which is thus continuously removed from the
reaction mixture, thereby shifting the equilibrium towards
polymer formation. Polymerization can be reversed by
treating purple [2·bipy]n with excess picoline. From the re-
sulting orange solutions, uncomplexed bipy and 2·(pic)2 can
be recovered quantitatively. A polymeric product is also ob-
tained from 2 or 2·(pic)2 upon reaction with one equiv. of
1,2-bis(4-pyridyl)ethane (pyetpy). Like the dinuclear speciesResults and Discussion
1·pyetpy·1, and unlike 1·bipy·1 and [2·bipy]n, [2·pyetpy]n ex-

In the following, the numbers 1 and 2 are used to denote hibits the orange colour usually observed for ferrocenes
derivatives of mono- and diborylated ferrocenes, respec- bearing tetracoordinate boron substituents.
tively. These numbers are followed by a specification of the

Scheme 2. Preparation of the coordination polymers [2·bipy]ncoordinating pyridine, i.e. pic, DMAP, bipy, pyetpy and and [2·pyetpy]n
bipy-Pr [N-(n-propyl)-4-(49-pyridyl)pyridinium hexafluoro-
phosphate[26]]. The term “Do” stands for all these cited
pyridine donors in general.

Synthesis

1·pic, 1·DMAP and 2·(pic)2, 2·(DMAP)2 were prepared
by mixing toluene solutions of the appropriate nitrogen
base and 1 (molar ratio 1:1) or 2 (molar ratio 2:1) at ambi-
ent temperature (Scheme 1). Orange crystalline solids were
obtained in almost quantitative yields. Even in solution, the
compounds show only moderate sensitivity towards mois-
ture, but 2·(pic)2 and 2·(DMAP)2 are rapidly oxidized on
exposure to air (see below). The syntheses of the ionic ad-
ducts 1·bipy-Pr and 2·(bipy-Pr)2 were performed in aceto-
nitrile (Scheme 1). From the dark, purple-red reaction mix-
tures, the compounds were isolated as almost black crystals.
The dinuclear complex 1·bipy·1, which was obtained from
toluene solutions of 1 and bipy (molar ratio 2:1), also forms
dark-purple crystals and gives intensely red-coloured solu-
tions in toluene as well as in chloroform. In contrast, the
related compound 1·pyetpy·1 is orange, both in solution
and in the solid state, and thus resembles the pic and
DMAP adducts described above.

While alkyl bipyridinium systems E1 (R 5 alkyl; R9 5
electron lone pair; n 5 1) are readily accessible (Figure
2), [26] we have not been able to isolate a stable 1:1 adduct
of bipy with 1, even though this species is likely to be abun-
dant in an equimolar solution of the two components.
Communication of both nitrogen termini in bipy seems to
be observable only when electrophiles of very high Lewis
acidity are used for nitrogen coordination, and this con-
dition is apparently not met with 1.

NMR SpectroscopyWhen diborylated ferrocene 2 in CHCl3 is layered with
one equiv. of bipy in CH2Cl2, polymeric [2·bipy]n is ob- It is a characteristic feature of B2N donor2acceptor

compounds that a dynamic equilibrium exists in solutiontained as a purple microcrystalline solid, which is insoluble
in all common non-coordinating solvents. In an attempt to involving the four-coordinate species and the respective free

acids and bases. The chemical shifts observed in the NMRgrow single crystals suitable for X-ray crystallography, we
tried to slow down the reaction rate by replacing the highly spectra are thus a weighted average between those of the

adducts and those of the uncomplexed components. Obvi-Lewis acidic 2 with its corresponding picoline adduct
2·(pic)2 (Scheme 2). Using this method, black rhombic crys- ously, the relative amount of an adduct increases when the

Eur. J. Inorg. Chem. 1998, 145321465 1455



M. Fontani, F. Peters, W. Scherer, W. Wachter, M. Wagner, P. ZanelloFULL PAPER
solution becomes more concentrated. Therefore, we have In the 1H- and 13C-NMR spectra, one observes only

minor changes of the chemical shifts of the pyridine basesused saturated solutions for all NMR spectroscopic meas-
urements to ensure full reproducibility of the data and to upon B2N adduct formation. This finding is in contrast to

what was expected, since in the case of e.g. compounds C,obtain chemical shift values as close as possible to the res-
onances of 1·Do and 2·(Do)2. Since the B2N adducts un- a pronounced dependence of the bipy proton 1H signals on

the nature of the coordinated borane has been reported, e.g.der investigation possess different solubilities in the chosen
solvents (CDCl3, CD3CN), a quantitative comparison, par- R, R9 5 BF3: δ(1H) 5 8.63, 9.54; R, R9 5 1-boraadaman-

tane: δ(1H) 5 8.31, 8.84 ([D6]DMSO).[36] For most deriva-ticularly of their 11B-NMR data, is problematic. We have
therefore restricted the discussion of NMR spectra to a tives of C, these values are intermediate between those of

free bipy [δ(1H) 5 7.79, 8.63] and those of the bis-quater-qualitative level.
Compared to the 11B-NMR spectra of 1 [δ(11B) 5 70.5] nary D21 [R, R9 5 CH3: δ(1H) 5 8.68, 9.21]. [36] It has thus

been argued that coordination of a highly Lewis acidic bor-and 2 [δ(11B) 5 72.1], the resonances of 1·Do and 2·(Do)2

show large upfield shifts upon addition of the pyridine ane is mirrored by a pronounced deshielding of the bipy
protons in the 1H-NMR spectrum.[36] Even though thisbases [δ(11B) 5 23.0 to 15.0], giving good evidence for

B2N adduct structures with four-coordinate boron correlation may serve as a useful rule of thumb, a quantita-
tive interpretation requires more detailed scrutiny, andcentres. [34] The relative base strengths of the different pyri-

dines are nicely reflected in the 11B chemical shift values of other factors, such as magnetic anisotropy effects, also have
to be taken into account. For example, the reasons why thethe B2N complexes, with stronger donors leading to a bet-

ter shielding of the boron centre: δ(11B) 5 23.0 (1·DMAP), bipy protons in the BF3 adduct experience a large down-
field shift, even though BF3 is a rather weak electroph-0.4 (1·pic), 7.5 (1·bipy-Pr); 6.2 (1·pyetpy·1), 15.1 (1·bipy·1).

A similar correlation holds for the adducts of diborylated ile, [37] [38] still remain obscure.
The 1H-NMR resonances of the FcBMe2 moiety are2, but the 11B-NMR signals of the diadducts generally ap-

pear at lower field compared to those of the corresponding more informative, showing characteristic upfield shifts
upon treatment with pyridine bases: (a) The signal of themonoadducts, e.g. δ(11B) 5 0.4 (1·pic), 15.0 [2·(pic)2]. When

a large excess (0.5 ml) of pic is added to a solution of BMe2 fragment, which appears at δ(1H) 5 0.82 in uncom-
plexed 1, is found in the corresponding B2N adducts at2·(pic)2 in CDCl3, the boron resonance closely approaches

that of 1·pic [2·(pic)2 and excess of pic: δ(11B) 5 0.0]. This δ(1H) 5 0.30 (1·bipy-Pr), 0.27 (1·pic), 0.16 (1·DMAP) and
at δ(1H) 5 0.40 (1·bipy·1), 0.29 (1·pyetpy·1). (b) The pro-finding is in good agreement with the assumption of a dis-

sociation equilibrium, which is shifted towards adduct for- tons of the C5H4 ring bearing the boryl substituent resonate
at δ(1H) 5 4.37, 4.59 in the case of 1, but are significantlymation in the presence of free base. To gain a deeper insight

into this phenomenon, we have investigated the dynamic more shielded in 1·bipy-Pr [δ(1H) 5 4.08, 4.19], 1·pic
[δ(1H) 5 4.03, 4.16], 1·DMAP [δ>ft parenthesis1H) 5 3.97,behaviour of equimolar mixtures of 2 with pic and DMAP

in [D8]toluene at various temperatures by 11B-NMR spec- 4.09] and in 1·bipy·1 [δ(1H) 5 4.13, 4.27] and 1·pyetpy·1
[δ(1H) 5 4.04, 4.18]. These data clearly indicate that nottroscopy. In the case of pic, only one extremely broad reso-

nance is detected at ambient temperature [δ(11B) ø 33]. only the 11B-NMR spectra, but also the cited proton shifts
can be taken as a measure of the pKa values of the coordin-Upon warming, the signal sharpens considerably, but no

significant change of its chemical shift is observed [160°C: ating pyridines. Similar effects as described for 1 are operat-
ive in the case of diborylated derivatives, cf. 2: δ(1H) 5 0.84δ(11B) 5 35.0; h1/2 5 720 Hz]. The signal vanishes upon

cooling to 115°C. At 210°C, two very broad humps be- (BCH3), 4.31, 4.44 (C5H4); 2·(pic)2: δ(1H) 5 0.34 (BCH3),
3.99, 4.13 (C5H4).come visible at δ(11B) 5 70 and 0, while at 250°C the res-

onances appear at δ(11B) 5 73.6 (h1/2 5 1780 Hz) and 20.6 The 13C-NMR data of 1, 2 on the one hand, and of 1·Do,
2·(Do)2 on the other, show similar changes and therefore(h1/2 5 720 Hz). In the DMAP case, two 11B-NMR signals

are observed even at ambient temperature [δ(11B) 5 71.0 do not merit further discussion.
(h1/2 5 320 Hz), 22.8 (h1/2 5 640 Hz)]. Coalescence of these

Infrared Spectroscopysignals occurs in the temperature range between 180 and
190°C, and at 1110°C only one resonance is seen at The infrared spectrum of a pyridine base is modified

when the non-bonding pair of electrons on the nitrogenδ(11B) 5 35 (h1/2 5 1360 Hz). These data suggest that at
ambient temperature, and when the N donor is of moderate atom is donated into a vacant orbital of an electron ac-

ceptor. Consequently, a comparison of the IR data (KBrbasicity (pic), the base rapidly fluctuates between the two
boron atoms of 2. The observed 11B-chemical shift is thus disc) of 1, 2 and of the free donors Do with 1·Do and

2·(Do)2 reveals a number of alterations characteristic oftime-averaged. In contrast, the stronger donor DMAP
comes to a rest at one of the BMe2 centres under these B2N adduct formation, which will be described here in de-

tail for the oligometallic complexes 1·bipy·1 and [2·bipy]nconditions, and the 11B-NMR spectrum is indicative of the
presence of one tri- and one tetracoordinate boron atom. only (Table 1).

B2N Vibration: The values of the B2N stretching modesThe free activation enthalpies ∆G° of the dynamic pro-
cesses can be estimated as 45 ± 2 kJ mol21 (pic) and 58 ± are of particular importance in obtaining information

about the stability of the Lewis acid/base pairs under inves-2 kJ mol21 {DMAP; ∆G° 5 19.14 Tc [10.32 1
log(Tckc

21]; kc 5 2.22·∆ν}[35]. tigation. The B2N frequencies of solid (KBr disc)
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BCl3·pyridine and BF3·pyridine have been reported to oc- dissociation in solution on a very fast time scale, and (b)

the molecular structure of solid [2·bipy]n.cur at ν̃ 5 1113 cm21 [39] and ν̃ 5 1112 cm21 [40], respec-
tively. For a series of complexes BX3·pyridine (X: H, F, Cl, (a) All infrared frequencies exhibited by solid 1·bipy·1

(KBr disc) are also found in CH2Cl2 solution. The solutionBr) in CHCl3 solution, the corresponding bands are found
in the 110221090 cm21 interval. They are shifted to lower spectrum, however, reveals two additional weak bands (ν̃ 5

1597 cm21, 1517 cm21) in the characteristic region betweenvalues when pyridines bearing electron-withdrawing sub-
stituents at the 4-position are used (e.g. BCl3·4-chloropyrid- ν̃ 5 1650 cm21 and 1450 cm21, thereby indicating the pres-

ence of a second species that is not found in the solid state.ine: 1076 cm21). [41]

Since the additional absorptions do not match those of free
Table 1. Infrared bands [cm21] of selected compounds 1·Do and

bipy in CH2Cl2 (ν̃ 5 1592 cm21, 1535 cm21, 1485 cm21),2·(Do)2 (KBr disc) in the characteristic regions 165021450 cm21

(C5C and C5N stretch) and 110021050 cm21 (B2N vibration) they are most likely caused by the monoadduct 1·bipy. This
molecule may be formed in a dynamic equilibrium by the

1·pic 1·DMAP 2·(pic)2 2·(DMAP)2 1·bipy·1 [2·bipy]n dissociation of a small proportion of 1·bipy·1, as has al-
ready been suggested from an inspection of the 11B-NMR

1628 1636 1628 1638 1622 1622 spectra.2 1544 2 1552 1540 1540
(b) An intense band at ν̃ 5 1622 cm21 and the absence1507 2 1508 2 1493 1493

1104 1104 2 2 1100 2 of an absorption at ν̃ 5 1590 cm21 in the infrared spectrum
1068 1076 1066 1077 1075 1075

of [2·bipy]n provides strong evidence in favour of the pro-1058 1058 1047 1060 1058 1061
posed adduct structure. The amount of any free bipy that
might have co-crystallized with [2·bipy]n is beyond the de-1·pic 1·DMAP 2·(pic)2 2·(DMAP)2 1·bipy·1 [2·bipy]n tection limit of the IR spectrometer. The question then re-
mains as to whether [2·bipy]n consists mainly of short olig-1606 1603 1590 1645

1563 1537 1531 1569 omeric fragments, or whether it is a well-organized coordi-
1497 1519 1487 1509 nation polymer. One way of distinguishing between these

two structural motifs is to evaluate the amount of uncom-[a] N,N9-Bis(n-propyl)-4,49-bipyridinium hexafluorophosphate.
plexed BMe2 substituents or of terminal bipy units with one
coordinating and one uncomplexed nitrogen atom. The two1·bipy·1 exhibits three bands in the region of interest (ν̃ 5

1100 cm21, 1075 cm21, 1058 cm21), while [2·bipy]n shows types of chain end should be equally abundant in [2·bipy]n,
but we will focus our attention on the latter, which is easieronly two such absorptions at ν̃ 5 1075 cm21 and 1061 cm21

(Table 1). It can thus be concluded that the band at ν̃ 5 to detect by IR spectroscopy. Terminal bipy ligands have a
less symmetrical environment than bridging bipy, which1100 cm21 is probably not caused by a B2N vibration. The

band at ν̃ 5 1075 cm21 appears not only in 1·bipy·1 and leads to the appearance of additional infrared lines. For ex-
ample, monosubstituted [bipy-Pr]PF6 exhibits (among[2·bipy]n, but also in the IR spectra of the free Lewis acids

1 and 2. Moreover, it does not show the isotope doublet others) four well-resolved C5C/C5N stretching frequenc-
ies at ν̃ 5 1597 cm21, 1548 cm21, 1526 cm21 and 1496structure (10B/11B) that would be expected for a vibration

involving the motion of a boron atom. Given this back- cm21, whereas the bis-quaternary salt [Pr2bipy2Pr](PF6)2

shows only two lines in this spectral range with intermediateground, the band at ν̃ 5 1058 cm21 (1061 cm21) is tenta-
tively assigned to the B2N stretching mode of 1·bipy·1 values of ν̃ 5 1569 cm21 and 1509 cm21. In the character-

istic region, the frequency pattern of [2·bipy]n closely re-([2·bipy]n). It has to be concluded that the B2N bonds in
1·Do and 2·(Do)2 are not very strong, which is in accord sembles that of [Pr2bipy2Pr](PF6)2 and is absolutely ident-

ical with the IR spectrum of 1·bipy·1. These findings sug-with the thermal behaviour of these compounds in solution,
as well as with the NMR spectroscopic results outlined gest that there are far less terminal than internal bipy li-

gands present in [2·bipy]n and are thus consistent with theabove.
C5C/C5N Vibration: The region between ν̃ 5 1650 proposed polymeric structure. It should be noted, however,

that on the basis of the infrared data discussed, the presencecm21 and ν̃ 5 1450 cm21, showing three bands at 1622
cm21, 1540 cm21 and 1493 cm21 both for 1·bipy·1, and for of cyclic structures cyclo-[2·bipy]n cannot be ruled out.
[2·bipy]n, also merits further discussion (Table 1). Neither 1

Solid-State Structure of 1·bipy·1nor 2 exhibits significant absorptions in this region of the
spectrum, and thus we may safely assume that these bands Dark-purple crystals of 1·bipy·1 (Figure 4, Table 2) were

grown from toluene/hexane (1:1) in the triclinic space groupare due to C5N and C5C stretching modes of the bipy
fragments. Compared to the free base, which shows bands P1̄ with two crystallographically independent molecules in

the asymmetric unit (1·bipy·1A, 1·bipy·1B; 0.5 equiv. of dis-at ν̃ 5 1590 cm21, 1531 cm21 and 1487 cm21 (KBr disc),
the adduct absorptions are shifted by 32 cm21, 9 cm21 and ordered toluene in the crystal lattice). Selected bond

lengths, angles and dihedral angles of both molecules are6 cm21 towards higher wavenumbers. Similar changes have
previously been reported for other complexes of pyridines given in Table 3. The complete set of structural data of

1·bipy·1A and 1·bipy·1B is available on request. [42]with main-group Lewis acids. [39] [41] The pronounced shift
of the highest energy band may therefore be used as a valu- Since both molecules 1·bipy·1A and 1·bipy·1B possess

rather similar structures within experimental error, onlyable diagnostic tool to investigate (a) the degree of 1·bipy·1
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Figure 4. Molecular structure of 1·bipy·1A; the thermal ellipsoids are drawn at a 50% probability level

Table 3. Selected bond lengths [Å], angles and torsion angles [°] ofTable 2. Summary of crystallographic data of 1·bipy·1
1·bipy·1A and 1·bipy·1B

Formula C34H38B2Fe2N2
Form. wt. 608.00 1·bipy·1A 1·bipy·1B
Cryst. dimen. [mm] 0.20 3 0.13 3 0.13
Cryst. syst. triclinic B(1)2N(1) 1.682(5) 1.689(4)Space group P1̄ (No. 2) B(1)2C(11) 1.617(4) 1.604(5)T [K] 293 N(1)2C(31) 1.334(3) 1.339(4)a [Å] 8.7143(5) N(1)2C(35) 1.339(4) 1.323(4)b [Å] 13.8257(10) C(31)2C(32) 1.359(4) 1.366(5)c [Å] 15.8214(12) C(32)2C(33) 1.389(4) 1.378(5)α [°] 65.820(7) C(33)2C(34) 1.380(3) 1.381(4)β [°] 86.337(7) C(34)2C(35) 1.355(4) 1.370(4)γ [°] 75.376(7) C(33)2C(33a) 1.480(4) 1.479(4)V [Å3] 1680.9(2) C(1)2B(1)2N(1) 107.5(3) 104.8(2)Dcalcd. [g.cm23] 1.201 C(2)2B(1)2N(1) 103.9(3) 104.5(2)Z 2 C(11)2B(1)2N(1) 103.7(3) 104.1(3)Radiation Mo-Kα, 0.71073 Å C(1)2B(1)2C(2) 113.5(3) 114.6(3)Total reflns. 19554 C(1)2B(1)2C(11) 112.9(3) 113.1(3)No. of uniq. reflns. 5965 C(2)2B(1)2C(11) 114.2(3) 114.2(3)No. of obsd. reflns. 4982 [all data] B(1)2N(1)2C(31) 122.9(2) 120.4(3)No. of parameters 361 B(1)2N(1)2C(35) 121.0(2) 123.6(2)µ [cm21] 8.9 C(12)2C(11)2B(1)2N(1) 90.5(4) 88.6(3)Final R1[a] 0.0319 [I > 2σ(I)] C(11)2B(1)2N(1)2C(35) 42.9(4) 4.3(3)Final wR2[b] 0.0558 [all data] C(34)2C(33)2C(33a)2C(34a) 180.0(7) 180.0(2)GooF[c] 0.72

[a] R1 5 Σ(iFou 2 uFci)/ΣuFou. 2 [b] wR2 5 [Σw (Fo
2 2 Fc

2)2/Σw
(Fo

2)2 ]1/2. 2 [c] GooF 5 [Σw (Fo
2 2 Fc

2)2/( NO 2 NV)]1/2. plane of the bipy bridge in 1·bipy·1A shows a dihedral angle
C(11)2B(1)2N(1)2C(35) of 42.9(4)° with respect to the
B(1)2C(11) bond [1·bipy·1B shows a significantly different1·bipy·1A is discussed here in detail. As has already been
value of 4.3(3)°]. In summary, crystalline 1·bipy·1 featuresdeduced from the NMR data, the compound consists of
the desired molecular architecture: Two electropositivetwo ferrocenylborane moieties bridged by a doubly coordi-
ferrocenyl fragments are held in close proximity to a rigidnating bipy ligand. An inversion centre is located between
electroactive linker by means of simple B2N adduct forma-C(33) and C(33a), and the bipy unit adopts the planar con-
tion.formation required for an effective viologen-like electron

acceptor. This finding is somewhat peculiar, because 4,49-
Electrochemistrybipyridines, as well as biphenyls, tend to be twisted about

their central C2C bond so as to minimize non-bonding in- The potential values are referred to the Saturated Calo-
mel Electrode (S.C.E.); where necessary, literature data usedteractions between adjacent hydrogen atoms.[43]

Compared to pyridine (py) complexes of boron Lewis ac- for comparison have been recalculated for S.C.E. as refer-
ence. All the ferrocene adducts studied here display the typi-ids, [43] the boron2nitrogen bonds of 1·bipy·1A are rather

long [B(1)2N(1) 5 1.682(5) Å; cf. BF3·py: B2N 5 1.603(5) cal ferrocene-centred oxidation, showing features of chemi-
cal reversibility on the cyclic voltammetric time scale. How-Å, BCl3·py: B2N 5 1.592(3) Å]. [38] [44] Nevertheless, the bo-

ron centres are fully pyramidalized with the relevant angles ever, the electrochemical behaviour of most of the present
complexes was found to be dependent on the concen-C(1)2B(1)2C(2) 5 113.5(3)°, C(1)2B(1)2C(11) 5

112.9(3)° and C(2)2B(1)2C(11) 5 114.2(3)° being only trations employed. This is illustrated in Figure 5, which
shows the cyclic voltammetric responses of 1·bipy-Pr inslightly larger than the value expected for an sp3-hybridized

boron atom with ideal tetrahedral geometry (109.5°). The DMF at concentrations of 2.3 3 1023 mol·dm23 (Figure
5a) and 0.2 3 1023 mol·dm23 (Figure 5b).B2N vectors of 1·bipy·1A are almost orthogonal to the

C5H4 rings of the pendant ferrocenyl substituents with a Following the main oxidation step, a minor but signifi-
cant reversible peak system appears in the more dilutetorsion angle C(12)2C(11)2B(1)2N(1) of 90.5(4)°. The
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Figure 5. Cyclic voltammetric responses recorded at a platinumsample at about 10.5 V, which vanishes almost completely
electrode of DMF solutions containing [NEt4]PF6 (0.1 mol·dm23)when the concentration of 1·bipy-Pr is increased by one or-
and 1·bipy-Pr: (a) 2.3 3 1023 mol·dm23; (b) 0.2 3 1023 mol·dm23;

der of magnitude. This picture is qualitatively independent scan rate 0.2 Vs21

of the scan rate (0.02 Vs21 to 2.00 Vs21). 1·bipy-Pr, as well
as most other bipy adducts under investigation here, also
exhibits two sequential reversible reduction processes,
which are most likely centred at the bipy ligand (E°9 5
20.80 V, 21.33 V; Table 4). Again, a concentration-depen-
dent chemical complication is readily detectable. The corre-
sponding potential value (E°9 ø 20.9 V) is intermediate
between the formal electrode potentials of the first redox
transition of bipy (E°9 5 21.84 V; Table 4) and that of
paraquat D21 (E°9 5 20.36 V; Table 4). Moreover, the fea-
ture occurs at a more negative electrode potential than is
observed in the case of 1·bipy-Pr and may thus be assigned
to the reduction of uncomplexed [bipy-Pr]1. This assump-
tion was confirmed by investigating an authentic sample of
[bipy-Pr]PF6, which possesses redox potentials of E°9 5
20.95 V and 21.66 V. Our attempts to obtain cyclic vol-
tammograms of 1 suffered from poor reproducibility due to
severe decomposition processes that accompanied the one-
electron removal. The minor reversible oxidation wave at
E°9 ø 10.5 V is thus probably not attributable to a 1/11

transition, but may be tentatively assigned to the oxidation
of parent ferrocene, formed by rapid decomposition of free
1 under the experimental conditions employed. It may be
concluded, therefore, that the chemical complications ob-
served at low concentrations of 1·Do are indicative of a
dynamic equilibrium between the B2N adducts and their
constituent components, as has already been deduced from
NMR and IR data. ferrocenyl units present in each molecule [i.e. 1·bipy·1: 2:1;

2·(bipy-Pr)2: 1:2]. In passing, we note that the appearanceControlled potential coulometric tests performed on con-
centrated DMF solutions of 1·bipy-Pr (Ew 5 10.4 V) con- of a single two-electron oxidation in the biferrocenyl com-

plexes 1·bipy·1 and 1·pyetpy·1 suggests that no electronicsume one electron per molecule. The colour of the solution
turns to pale-green and the typical absorption (λmax 5 635 communication between the outer ferrocenyl fragments

takes place.nm) of ferricinium derivatives is observed. Moreover, in
confirmation of the chemical reversibility of the 1·bipy-Pr/ The presence of four-coordinate boron substituents in

1·Do and 2·(Do)2 considerably lowers the oxidation poten-[1·bipy-Pr]1 oxidation, cyclic voltammetry on the exhaus-
tively oxidized solution gives a voltammetric profile quite tial of the central iron atoms. The effect is apparently addi-

tive, as can be seen from the E°9 values of the parent ferro-complementary to that shown in Figure 5a.
Analysis [45] of the cyclic voltammetric anodic response cene (10.49 V), 1·pic (10.20 V) and 2·(pic)2 (20.01 V) in

DMF solution (Table 4). Oxidation generally occurs atwith scan rates varying from 0.02 Vs21 to 1.00 Vs21 shows
that (a) the current ratio ipc/ipa is equal to 1 throughout; (b) somewhat more cathodic values in CH2Cl2. Most impor-

tantly, the oxidation potentials of 1·pic (E°9 5 10.20 Vthe current function ipa/v1/2 remains constant; (c) the peak-
to-peak separation does not depart appreciably from the [DMF], 10.11 V [CH2Cl2]) and 2·(pic)2 (E°9 5 20.01 V

[DMF], 20.12 V [CH2Cl2]) are very close to those of Cp*value of 59 mV theoretically expected for an electrochemi-
cally reversible one-electron process. The same diagnostic FeCp (E°9 5 10.12 [CH3CN])[46] and Cp*FeCp* (E°9 5

20.12 [CH3CN]), [46] respectively. When pic is substitutedcriteria essentially hold for both reduction steps. The elec-
trochemical reversibility of these processes indicates that no by the more nucleophilic DMAP, a cathodic shift of the

FeII/FeIII transition is observed: ∆E°9(1·DMAP 2 1·pic) 5significant structural reorganizations are involved. The rel-
evant redox potentials are compiled in Table 4, together 20.05 V [CH2Cl2], ∆E°9[2·(DMAP)2 2 2·(pic)2] 5 20.08

V [CH2Cl2]. We may therefore conclude that the electron-with the electrochemical characteristics of all other com-
plexes under consideration. donating ability of a BMe2·Do substituent attached to the

Cp ligand is approximately equal to the positive inductiveIn confirmation of the assumption that the oxidation
process is centred on the ferrocene moiety and that the effect of the five methyl groups in (pentamethyl)cyclopen-

tadienyl (Cp*). In addition, some fine-tuning of the FeII/sequential reductions are centred on the bipy fragment, the
relative peak heights of the cathodic vs. the anodic steps FeIII redox potential is possible by choosing pyridine bases

of different pKa values for boron coordination.exactly reflect the ratio between the number of bipy and
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Table 4. Electrochemical and spectroscopic data characterizing the redox changes exhibited by the B2N adducts under study; formal
electrode potentials E°9 in V, vs. S.C.E.; peak-to-peak separations ∆Ep in mV, at 0.2 Vs21; wavelengths λmax in nm for the oxidized

ferricinium species

E°9ox (∆Ep) λmax
[a] E°9red1 (∆Ep) E°9red2 (∆Ep) Solvent

1·pic 10.20 (72) [b] 2 2 DMF
10.11 (132) [b] 2 2 CH2Cl2

1·DMAP 10.18 (72) [c] 2 2 DMF
10.06 (83) 648 2 2 CH2Cl2

1·bipy-Pr 10.14 (76) 635 20.80 (80) 21.33 (62) DMF
10.19 (96) [b] 20.78 (63) 21.40 (71) CH2Cl2

2·(pic)2 20.01 (73) [c] 2 2 DMF
20.12 (121) 640 2 2 CH2Cl2

2·(DMAP)2 20.10 (73) [c] 2 2 DMF
20.20 (86) 641 2 2 CH2Cl2

2·(bipy-Pr)2 10.02 (114) [b] 20.74 (89) 21.30 (65) DMF
[d] 2 [d] [d] CH2Cl2

1·bipy·1 10.17 (66) [c] 21.20 (72) 21.75 (60) DMF
10.15 (80) 627 21.37 (128) 21.91[e] CH2Cl2

1·pyetpy·1 10.21 (71) [c] 2 2 DMF
10.11 (79) 630 2 2 CH2Cl2

bipy[f] 2 2 21.84 22.38 DMF
D21[f] 2 2 20.36 20.80 DMF
FcH 10.49 (72) 2 2 2 DMF

10.44 (90) 620 2 2 CH2Cl2

[a] Referred to the oxidized species. 2 [b] Not measured because of slow decomposition. 2 [c] Not measured. 2 [d] Not interpretable. 2
[e] Peak potential value. 2 [f] Ref. [6].

As expected, B2N adduct formation shifts the two re- ditions are more likely to be met in the solid state rather
than in dilute solution. (b) As has been shown by X-rayduction potentials of the bipy moiety by more than 0.6 V

(DMF) towards more anodic values in the dimetallic com- crystallography, the bipy bridge of 1·bipy·1 adopts a planar
conformation in the crystal lattice. In solution, however, ro-plex 1·bipy·1 (bipy: E°9 5 21.84 V, 22.38 V;[36] 1·bipy·1:

E°9 5 21.20 V, 21.75 V). This effect is somewhat less pro- tation about the central C(33)2C(33a) bond is to be ex-
pected, leading to a weakening of the electron acceptor duenounced than in the 9-boraadamantane adduct C [Figure

2; E°9 5 21.10 V, 21.68 V (DMSO)], [36] which may be to the continuous perturbation of the π-electron system. (c)
The Lambert-Beer law is only valid for highly dilute solu-explained by the lower Lewis acidity of 1 bearing a strongly

electron-donating ferrocenyl substituent. Like the Fc frag- tions. Since dilution favours dissociation of 1·bipy·1 and
1·pyetpy·1, the UV spectra recorded under these conditionsments in 1·bipy·1, the two bipy-Pr substituents in 2·(bipy-

Pr)2 do not show any significant degree of electronic com- are not representative of the adduct complexes, but are
most likely dominated by the bands of free 1, bipy andmunication.
pyetpy.

UV/Vis Spectroscopy
Thermal AnalysisIn the solid state, all bipy complexes 1·bipy·1, 1·bipy-Pr,

2·(bipy-Pr)2 and [2·bipy]n exhibit an intense blue to purple To investigate the stability of solid 1·bipy·1 and [2·bipy]n
more closely, differential thermal scans (DSC)[47] and ther-colour, and single crystals of these compounds are almost

black. We consider that these additional electronic absorp- mogravimetric measurements (TG-MS)[48] were performed
[heating rate: 10 K·min21; inert gas flow (He): 16 sccmtions, which cannot be attributed to internal transitions of

bipy or the ferrocenylboranes 1 and 2, are due to charge- (DSC); 60 sccm (TGA)]. For comparison, the model com-
pounds 1·pic, 1·DMAP and 2·(pic)2, 2·(DMAP)2 were in-transfer interactions between the electron-rich ferrocene do-

nors and the electron-poor bipy diadducts. When the ex- cluded in this study.
All complexes show a sharp endothermic feature, fol-tended π-electron system of bipy is disrupted by inserting

an ethylene spacer into its central C2C bond, the viologen- lowed by a broad, sometimes ill-defined, endothermic event
at higher temperatures. With the exception of 2·(pic)2, thelike electron acceptor is destroyed, and consequently the

colour of the respective complexes changes to yellow (cf. position of the first signal is independent of whether the
thermal scans are run at constant pressure or at constant1·pyetpy·1, [2·pyetpy]n).

Somewhat surprisingly, the UV/Vis spectra of 1·bipy·1 volume. In contrast, the second endothermic transition is
markedly influenced by pressure and its onset temperatureand 1·pyetpy·1 are rather similar in solution (toluene,

CH2Cl2) [λmax 5 447 nm (1·bipy·1); 447 nm (1·pyetpy·1)]. is generally shifted to higher values in a closed system (V 5
const.; Table 5).Several possible explanations for this phenomenon can be

envisaged: (a) The Fc-to-bipy charge transfer may occur in- These findings suggest that the first signal in each DSC
plot is due to crystal melting, and this was confirmed bytermolecularly and thus require close contacts with specific

spatial orientation of the individual complexes. These con- independent melting-point determinations, during which
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Table 5. Results of DSC measurements

1·pic 1·DMAP 2·(pic)2 2·(DMAP)2 1·bipy·1 [2·bipy]n

T(1)on
[a] 127[c]/128[d] 156[c]/156[d] 165[c]/198[d] 244[c]/250[d] 180[c]/180[d] 240[c]/240[d]

T(1)p
[b] 130[c]/132[d] 160[c]/163[d] 182[c]/202[d] 254[c]/256[d] 182[c]/184[d] 245[c]/247[d]

T(2)on
[a] 2[c]/2[d] 2[c]/290[d] 2[c]/2[d] 2[c]/296[d] 2[c]/284[d] 2[c]/2[d]

T(2)p
[b] 195[c]/240[d] 290[c]/320[d] 2[c]/250[d] 280[c]/310[d] 240[c]/305[d] 260[c]/2[d]

[a] Onset temperature. 2 [b] Peak temperature of the first (1) and second (2) endothermic events. 2 [c] p 5 constant. 2 [d] V 5 constant.

the samples were viewed under a microscope. The much seems to have little influence on the Lewis acidity of the
second boron centre.broader, less regular line shape recorded in most cases for

the second endotherm, as well as its pressure dependence, The dimetallic complex 1·bipy·1 and the coordination
polymer [2·bipy]n possess high thermal stability in the solidindicates the occurrence of chemical transformations in the

respective temperature range. At this stage, B2Cp and state (Table 5). This finding is in contrast to the ready dis-
sociation of [2·bipy]n, even at moderate temperatures inB2N bond rupture takes place, generating more volatile

components such as the free pyridine bases, ferrocene, and toluene: As outlined above, [2·bipy]n is virtually insoluble in
all common solvents at 20°C. At elevated temperature (T >the (C5H5)Fe fragment (cf. [2·bipy]n; Figure 6). The melting

process of some adducts is thus accompanied by chemical 85°C), however, a slurry of [2·bipy]n in toluene is turned
into a clear, orange-red solution, from which purple den-decomposition. In these cases, it is not possible to accu-

rately determine the onset temperatures T(2)on and there- dritic crystals are re-formed upon cooling (T < 70°C). This
process may be repeated several times without significantfore only the peak values T(2)p are given in Table 5. The

melting points of 1·pic to 2·(DMAP)2 show the expected decomposition of the material. The thermal behaviour of
[2·bipy]n in the presence of a low-polarity solvent indicatesinfluence of base strength, dipole moment, and molecular

weight of the individual compounds. On going from pic to that a reversible rupture of the oligomer backbone can be
induced. Thermolysis of a slurry of [2·bipy]n in anhydrousthe more basic DMAP, the decomposition temperatures in-

crease, which provides additional support for the assump- and deaerated [D8]toluene was also monitored by means
of 1H-NMR spectroscopy. Initially (20°C), the colourlesstion that the B2N bonds are the weakest parts in the mo-

lecular frameworks. No significant differences are found for supernatant shows no signals other than those of incom-
pletely deuterated solvent. Upon heating to 80°C, however,the decomposition temperatures T(2)p of 1·pic, 2·(pic)2 on

the one hand, and of 1·DMAP, 2·(DMAP)2 on the other. resonances attributable to the mononuclear building blocks
2 [δ(1H) 5 0.84, 4.31, 4.44] and bipy [(δ(1H) 5 7.51, 8.72]Hence, B2N adduct formation at one BMe2 substituent

Figure 6. DSC, TG/DTG plots of [2·bipy]n and mass spectrometric analysis of thermolysis products
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are detected in a molar ratio of 1:1. Some reversibility of 1,19-fc(BMe2)2, 2, 4,49-bipyridine, and 1,2-bis(4-pyridyl)-

ethane, respectively. Neat [2·bipy]n is stable up to 240°C inthe thermal transformation of [2·bipy]n is also maintained
in the solid state (Figure 6). the solid state. In the presence of toluene, however, the poly-

mer is reversibly split into its constituent monomers uponWhen heating of the sample is stopped at 250°C under
isochoric conditions and then the sample is cooled down warming to 85°C.

Apart from its role in establishing the polymer backbone,again, an exothermic event is observed with an onset tem-
perature T(2)on 5 207°C and a peak temperature T(2)p 5 B2N adduct formation substantially changes the charge

distribution of the ferrocene fragments and of the bipy200°C. A second heating scan again reveals an endothermic
transition [T(2)p 5 220°C] of lower intensity compared to bridges, as is evident from an investigation of the model

complexes 1·Do, 2·(Do)2 [Do: γ-picoline, 4-(dimethyl-the first scan.
amino)pyridine, N-(n-propyl)-4-(49-pyridyl)pyridinium
hexafluorophosphate], and 1·Do·1 [Do: 4,49-bipyridine, 1,2-Polymer Analysis
bis(4-pyridyl)ethane]: The donor strength of one BMe2·Do

IR spectroscopy, DSC measurements and elemental
substituent at ferrocene is equal to the electron-releasing

analysis of neat [2·bipy]n suggest that this material consists
effect of five methyl groups and consequently leads to a

of B2N coordination polymers. A solid-state 13C-NMR
large cathodic shift of the FeII/FeIII redox transition {e.g.

spectrum of [2·bipy]n reveals that the compound crystallizes
E°9 5 10.44 V [CpFeCp, CH2Cl2]; 10.11 V [1·pic,

together with a small proportion of toluene. Otherwise,
CH2Cl2], 10.12 V [Cp*FeCp, CH3CN]; 20.12 V [2·(pic)2,

only the signals expected for well-defined polymeric
CH2Cl2], 20.12 V [Cp*FeCp*, CH3CN]}. For this reason,

[2·bipy]n are observed [δ(13C) 5 13.7 (BMe), 71.5 (Fc), 90.3
base adducts of ferrocenylboranes are an alternative to the

(Fc-ipso), 121.7, 143.9 (bipy), 147.2 (bipy-ipso)].
widely used decamethylferrocene as electron donors in or-

When a slurry of purple [2·bipy]n in CH2Cl2 is treated
ganometallic redox chemistry. In contrast to Cp*FeCp*,

with excess pic, a clear orange solution is obtained (cf.
there are still four CH groups at each Cp ring of 1·Do and

Scheme 2), from which 2·(pic)2 and free bipy can be reco-
2·(Do)2 available for further functionalization, and the FeII/

vered in almost quantitative yield. This finding clearly dem-
FeIII redox potential is, moreover, tunable by selecting the

onstrates that the integrities of the molecular frameworks
appropriate pyridine base.

of 2 and bipy are maintained in [2·bipy]n, and that its for-
The electrochemical behaviour of the bipy linker is also

mation is not accompanied by unwanted side reactions.
sensitive to its coordination state, since each of the two one-

Moreover, it is evident that the copolymerization of 2 and
electron reductions of parent 4,49-bipyridine (E°9 5 21.84

bipy can not only be reversed by thermally induced B2N
V, 22.38 V; DMF) is shifted by about 0.6 V towards less

bond cleavage (see above), but also with the help of Lewis
negative values as a result of FcBMe2 binding (E°9 5 21.20

basic additives.
V, 21.75 V [1·bipy·1; DMF]).

We have attempted to gather more detailed structural in-
Destabilization of the ferrocene HOMO parallel to the

formation on [2·bipy]n by X-ray crystallography. Unfortu-
stabilization of the bipy LUMO facilitates charge-transfer

nately, we have not yet been able to obtain single crystals of
interactions between the two orbitals in 1·bipy·1, 1·bipy-Pr,

sufficiently good quality to allow a full structure refinement
2·(bipy-Pr)2 and [2·bipy]n, as indicated by the deep-purple

(polysynthetic twins), although the polymeric nature of
colour of these compounds. In contrast, the ferrocene-free

[2·bipy]n has been proven by a preliminary crystal struc-
B2N adducts C (Figure 2), as well as the metal-containing

ture solution.
complexes 1·pyetpy·1 and [2·pyetpy]n with two separated
pyridine rings, exhibit the yellow colour usually observed

Conclusion for ferrocene derivatives bearing tetracoordinate boron sub-
stituents. The question as to whether charge-transfer in e.g.A boron2nitrogen donor2acceptor bond is highly direc-

tional and is of a reversible nature. It can be very strong [2·bipy]n occurs within the polymeric rod or between two
adjacent polymer chains will be subject of future investi-(H3B2NH3: 31 kcal·mol21), but the energy required for

heterolytic dissociation may also be tuned over a wide range gations. Also attendant on the investigation of [2·bipy]n is
the screening of a variety of bidentate Lewis bases otherby judicious choice of appropriate substituents at the boron

and nitrogen atoms. We therefore suggest consideration of than bipy in order to increase the extent of charge delocali-
zation in ferrocenylborane-containing coordination poly-B2N Lewis acid/base pairing as an alternative to hydrogen

bonding for the generation of reversible polymer systems. mers. Promising results have already been obtained with
pyrazine, which (a) brings adjacent ferrocene units intoSince an individual hydrogen bond is rather weak (327

kcal·mol21), only the cooperative action of many of them closer proximity, (b) is more rigid than bipy, and (c) forms
bis-quaternary salts that are able to accept an electron atprovides a linker that is sufficiently stable to build well-de-

fined supramolecular aggregates. [49] The efficient control of considerably more anodic potential values compared to
N,N9-dialkylbipyridinium acceptors. [50] [51]cooperative phenomena requires very careful positioning of

every single binding site, and this difficult task can be cir- We are grateful to Prof. Dr. W. A. Herrmann (Technische Univer-
cumvented by employing B2N bonds instead. sität München) for his generous support, to H. Heise for recording

On the basis of this B2N concept, organometallic poly- the solid-state 13C-NMR spectra, and to W. Hieringer for helpful
discussions. Financial funding by the Deutsche Forschungsgemein-mers [2·bipy]n and [2·pyetpy]n have been synthesized from
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schaft (DFG) and the Fonds der Chemischen Industrie is acknowl- phosphate (0.17 g, 0.49 mmol) in CH3CN (2 ml) at ambient tem-

perature. The reaction mixture, which instantaneously took on aedged.
purple colour, was stirred for 1 h and then concentrated to a vol-

Experimental Section ume of 1 ml. Toluene (15 ml) was added, whereupon 1·bipy-Pr
precipitated quantitatively as a dark-purple microcrystalline solid,All reactions and manipulations were carried out in dry, oxygen-
which was triturated with toluene (3 3 5 ml) and hexane (2 3 5free Ar using standard Schlenk glassware or in an Ar-filled dry-
ml) and dried in vacuo overnight. Yield 0.25 g (90%). 2 IR (KBr,box. Solvents were freshly distilled under N2 from Na/K alloy/
cm21): ν̃ 5 1646 (vs), 1627 (vs), 1552 (m), 1501 (m) (bipy-C2C,benzophenone (hexane, toluene, THF) or from CaH2 (CH2Cl2,
C2N), 1102 (m), 1079 (m), 1061 (m) (B2N). 2 11B NMR (128.3CH3Cl, CH3CN) prior to use. 2 UV/Vis: Hewlett-Packard 8452 A.
MHz, CD3CN): δ 5 7.5 (h1/2 5 350 Hz). 2 1H NMR (400 MHz,2 IR: Perkin-Elmer 1650 FT-IR. 2 NMR: Jeol JMN-GX 400 and
CD3CN): δ 5 0.30 (s, 6 H, BCH3), 0.97 (t, 3 H, J 5 7.5 Hz, CH3),Bruker DPX 400 [abbreviations: s: singlet, d: doublet, t: triplet, vt:
2.01 (m, 2 H, CH2CH3), 4.06 (s, 5 H, C5H5), 4.08, 4.19 (n.r., 2 3virtual triplet, br: broad, n.r.: multiplet expected but not resolved;
2 H, C5H4), 4.53 (t, 2 H, J 5 7.6 Hz, NCH2), 7.91, 8.29, 8.80, 8.87pic: γ-picoline, DMAP: 4-(dimethylamino)pyridine, bipy: 4,49-bi-
(4 3 d, 4 3 2 H, J 5 6.5 Hz, bipy). 2 13C NMR (100.5 MHz,pyridine, pyetpy: 1,2-bis(4-pyridyl)ethane, bipy-Pr: N-(n-propyl)-4-
CD3CN): δ 5 10.5 (CH3), 11.0 (br, BCH3), 25.3 (CH2CH3), 64.0(49-pyridyl)pyridinium hexafluorophosphate]. 2 11B-NMR spectra
(NCH2), 69.2 (C5H5), 70.0, 72.5 (2 3 br, C5H4), n.o. (C5H4-ipso),were referenced to external BF3·Et2O. 2 MS (FAB/CI mode): Fin-
124.4, 127.7, 144.6, 146.1, 148.5, 153.5 (bipy). 2 C25H30BF6FeN2Pnigan MAT 90. 2 Thermal analyses: Netzsch DSC 404 high-tem-
(570.15): calcd. C 52.67, H 5.30, N 4.91; found C 52.33, H 5.25,perature furnace, thermocouple Pt/Rh, Perkin-Elmer TGA 7 ther-
N 4.92.mobalance equipped with a Balzers QMG 420 mass spectrometer.

2 Elemental analyses: Microanalytical laboratory of the Techni- Preparation of 1·bipy·1: At ambient temperature, a colourless
sche Universität München. 2 The compounds 1, 2 [15] and bipy- solution of 4,49-bipyridine (0.25 g, 1.60 mmol) in toluene (10 ml)
Pr[26] were synthesized according to literature procedures. was added dropwise to an orange-red solution of 1 (0.73 g, 3.23

mmol) in toluene (10 ml). The reaction mixture, which instan-Preparation of 1·pic: To a solution of 1 (0.25 g, 1.11 mmol) in
taneously took on a dark-brown colour, was stirred for 3 h, where-toluene (10 ml) at ambient temperature, was added γ-picoline (0.10
upon a purple microcrystalline solid gradually precipitated. All in-g, 1.07 mmol) in toluene (5 ml) by means of a cannula. The resul-
solubles were collected on a frit (G3), triturated with toluene (5 ml)tant clear orange solution was stirred for 3 h and then concentrated
and hexane (5 ml), and dried in vacuo. The filtrate was kept atto half of its original volume in vacuo, whereupon 1·pic gradually
230°C overnight to yield a second crop. Yield 0.91 g (94%). X-rayprecipitated as an orange crystalline solid. The precipitate was col-
quality crystals were obtained from toluene/hexane (1:1) at 230°C.lected on a frit (G3), treated with cold hexane (230°C) and dried
2 IR (KBr, cm21): ν̃ 5 1622 (vs), 1540 (m), 1493 (m) (bipy-C2C,in vacuo. The mother liquor was kept in a refrigerator (230°C) for
C2N), 1100 (s), 1075 (s), 1058 (s) (B2N); IR (CH2Cl2, cm21): ν̃ 512 h to yield a second crop. Yield 0.32 g (93%). 2 IR (KBr, cm21):
1622 (vs), 1597 (w), 1538 (w), 1517 (vw), 1489 (m) (bipy-C2C,ν̃ 5 1628 (vs), 1507 (m) (pic-C2C, C2N), 1104 (m), 1068 (m),
C2N), 1104 (s), 1076 (s), 1058 (s) (B2N). 2 UV (CH2Cl2): λ 51058 (m) (B2N). 2 11B NMR (128.3 MHz, CDCl3): δ 5 0.4
239, 447 nm. 2 11B NMR (128.3 MHz, CDCl3): δ 5 15.1 (h1/2 5(h1/2 5 300 Hz). 2 1H NMR (400 MHz, CDCl3): δ 5 0.27 (s, 6 H,
700 Hz). 2 1H NMR (400 MHz, CDCl3): δ 5 0.40 (s, 12 H, BCH3),BCH3), 2.35 (s, 3 H, pic-CH3), 4.03 (vt, 2 H, J 5 1.7 Hz, C5H4),
4.08 (s, 10 H, C5H5), 4.13, 4.27 (2 3 n.r., 2 3 4 H, C5H4), 7.53 (d,4.06 (s, 5 H, C5H5), 4.16 (vt, 2 H, J 5 1.7 Hz, C5H4), 7.16 (d, 2
4 H, J 5 5.5 Hz, bipy-3-H, -5-H), 8.72 (d, 4 H, J 5 5.5 Hz, bipy-H, J 5 6.6 Hz, pic-3-H, -5-H), 8.41 (d, 2 H, J 5 6.6 Hz, pic-2-H, -
2-H, -6-H). 2 13C NMR (100.5 MHz, CDCl3): δ 5 10.8 (br,6-H). 2 13C NMR (100.5 MHz, CDCl3): δ 5 11.1 (br, BCH3), 21.0
BCH3), 68.5 (C5H5), 70.3, 72.8 (C5H4), n.o. (C5H4-ipso), 122.2(pic-CH3), 67.9 (C5H5), 68.4, 71.7 (C5H4), n.o. (C5H4-ipso), 125.4
(bipy-C-3, -C-5), 145.9 (bipy-C-4), 147.4 (bipy-C-2, -C-6). 2(pic-C-3, -C-5), 144.5 (pic-C-2, -C-6), 150.7 (pic-C-4). 2
C34H38B2Fe2N2 (608.00): calcd. C 67.17, H 6.30, N 4.61; found CC18H22BFeN (319.04): calcd. C 67.77, H 6.95, N 4.39; found C
66.81, H 6.54, N 4.41.67.86, H 6.92, N 4.31.

Preparation of 1·pyetpy·1: 1 (0.72 g, 3.19 mmol) in toluene (20Preparation of 1·DMAP: 1 (0.34 g, 1.51 mmol) in toluene (10 ml)
ml) was treated dropwise with 1,2-bis(4-pyridyl)ethane (0.29 g, 1.57was treated with 4-(dimethylamino)pyridine (0.18 g, 1.47 mmol) in
mmol) in toluene (10 ml) at ambient temperature. A yellow micro-toluene (5 ml) at ambient temperature. The cloudy orange mixture
crystalline solid precipitated from the orange reaction mixture. Thewas stirred for 1 h and then concentrated to half of its original
slurry was stirred for 3 h and the solid material was isolated byvolume in vacuo, whereupon an orange precipitate gradually
filtration. After trituration with toluene (5 ml) and hexane (5 ml),formed. The precipitate was removed by filtration (G3 frit), tritu-
the product was dried in vacuo. Yield 0.96 g (84%). 2 IR (KBr,rated with hexane, and dried in vacuo. A second crop was obtained
cm21): ν̃ 5 1623 (s), 1560 (w), 1506 (m), 1496 (m) (pyetpy-C2C,from the mother liquor upon storage at 230°C for 12 h. Yield 0.46
C2N), 1102 (m), 1069 (s), 1061 (m) (B2N). 2 UV (CH2Cl2): λ 5g (90%). 2 IR (KBr, cm21): ν̃ 5 1636 (vs), 1544 (m) (DMAP-
239, 447 nm. 2 11B NMR (128.3 MHz, CDCl3): δ 5 6.2 (h1/2 5C2C, C2N), 1104 (m), 1076 (m), 1058 (m) (B2N). 2 11B NMR
900 Hz). 2 1H NMR (400 MHz, CDCl3): δ 5 0.29 (s, 12 H, BCH3),(128.3 MHz, CDCl3): δ 5 23.0 (h1/2 5 300 Hz). 2 1H NMR (400
2.94 (s, 4 H, -CH2-), 4.04 (vt, 4 H, J 5 1.5 Hz, C5H4), 4.06 (s, 10MHz, CDCl3): δ 5 0.16 (s, 6 H, BCH3), 3.02 (s, 6 H, NCH3), 3.97
H, C5H5), 4.18 (vt, 4 H, J 5 1.5 Hz, C5H4), 7.14 (d, 4 H, J 5 6.0(vt, 2 H, J 5 1.5 Hz, C5H4), 4.05 (s, 5 H, C5H5), 4.09 (vt, 2 H, J 5
Hz, pyetpy-3-H, -5-H), 8.48 (d, 4 H, J 5 6.0 Hz, pyetpy-2-H, -6-1.5 Hz, C5H4), 6.41 (d, 2 H, J 5 6.6 Hz, DMAP-3-H, -5-H), 8.09
H). 2 13C NMR (100.5 MHz, CDCl3): δ 5 10.9 (br, BCH3), 34.8(d, 2 H, J 5 6.6 Hz, DMAP-2-H, -6-H). 2 13C NMR (100.5 MHz,
(2CH22), 68.1 (C5H5), 69.2, 72.1 (C5H4), n.o. (C5H4-ipso), 124.4CDCl3): δ 5 10.9 (br, BCH3), 39.2 (NCH3), 67.8 (C5H5), 68.0, 71.5
(pyetpy-C-3, -C-5), 145.8 (pyetpy-C-2, -C-6), 151.8 (pyetpy-C-4). 2(C5H4), n.o. (C5H4-ipso), 106.0 (DMAP-C-3, -C-5), 144.2 (DMAP-
C36H42B2Fe2N2 (636.07) ·C7H8 (92.14): calcd. C 70.92, H 6.92, NC-2, -C-6), 154.4 (DMAP-C-4). 2 C19H25BFeN2 (348.08): calcd. C
3.85; found C 70.97, H 6.67, N 3.79.65.56, H 7.24, N 8.05; found C 65.28, H 7.16, N 7.96.

Preparation of 1·bipy-Pr: 1 (0.11 g, 0.49 mmol) in CH3CN (3 ml) Preparation of 2·(pic)2: 2 (0.43 g, 1.62 mmol) in toluene (10 ml)
was treated with a solution of γ-picoline (0.33 g, 3.54 mmol) inwas treated with N-(n-propyl)-4-(49-pyridyl)pyridinium hexafluoro-
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toluene (5 ml) at ambient temperature. The resultant orange slurry X-ray Crystal Structure Analysis of 1·bipy·1: [42] A selected purple

crystal of 1·bipy·1 was placed in perfluorinated oil and mounted inwas stirred for 1 h. Insoluble material was collected on a frit (G3),
triturated with hexane (5 ml), and dried in vacuo. Yield 0.59 g a glass capillary on an Image Plate Diffraction System (IPDS,

STOE). Final lattice parameters were obtained by least-squares re-(81%). 2 IR (KBr, cm21): ν̃ 5 1628 (s), 1508 (m) (pic-C2C, C2N),
1066 (s), 1047 (s) (B2N). 2 11B NMR (128.3 MHz, CDCl3): δ 5 finement of 2988 reflections (graphite monochromator, λ 5 0.71073

Å, Mo-Kα). Empirical formula C34H38B2Fe2N2, formula weight 515.0 (h1/2 5 300 Hz). 2 1H NMR (400 MHz, CDCl3): δ 5 0.34 (s,
12 H, BCH3), 2.37 (s, 6 H, pic-CH3), 3.99, 4.13 (2 3 n.r., 2 3 4 H, 608.00, triclinic system, space group P1̄ (I.T. no.: 2); a 5 8.7143(5)

Å, b 5 13.8257(10) Å, c 5 15.8214(12) Å, α 5 65.820(7), β 5C5H4), 7.15 (d, 4 H, J 5 6.0 Hz, pic-3-H, -5-H), 8.44 (d, 4 H, J 5

6.0 Hz, pic-2-H, -6-H). 2 13C NMR (100.5 MHz, CDCl3): δ 5 86.337(7), γ 5 75.376(7), V 5 1680.9(2) Å3, crystal size 0.20 3 0.13
3 0.13 mm, Z 5 2, F(000) 5 636. Data were collected at 293 K,10.9 (br, BCH3), 21.1 (pic-CH3), 71.0, 72.6 (C5H4), n.o. (C5H4-

ipso), 125.2 (pic-C-3, -C-5), 145.6 (pic-C-2, -C-6), 149.8 (pic-C-4). distance from crystal to image plate 70 mm (10.2° < Θ < 24.7°),
300 images collected, 0° < φ < 300°, ∆φ 5 1°, exposure time 5 min.2 C26H34B2FeN2 (452.04): calcd. C 69.08, H 7.58, N 6.20; found

C 68.58, H 7.38, N 6.10. Data were corrected for Lorentz and polarization terms.[52] A decay
and absorption correction (µ 5 8.9 cm21) was performed using

Preparation of 2·(DMAP)2: The compound was synthesized simi- the program DECAY;[52] 19554 data measured, 4982 independent
larly to 2·(pic)2 using 2 (0.18 g, 0.68 mmol) and 4-(dimethylamino)- reflections used for refinement. The structure was solved by direct
pyridine (0.17 g, 1.39 mmol). Yield 0.28 g (81%). 2 IR (KBr, methods and refined with standard difference Fourier tech-
cm21): ν̃ 5 1638 (vs), 1552 (s) (DMAP-C2C, C2N), 1077 (m), niques. [53] All hydrogen atoms of 1·bipy·1 were calculated in ideal
1060 (m) (B2N). 2 11B NMR (128.3 MHz, CDCl3): δ 5 22.3 positions (riding model). 1·bipy·1 crystallizes together with 0.5
(h1/2 5 500 Hz). 2 1H NMR (400 MHz, CDCl3, 55°C): δ 5 0.39 equiv. of toluene (NMR spectroscopy; elemental analysis). Severe
(s, 12 H, BCH3), 3.01 (s, 12 H, NCH3), 4.01, 4.16 (2 3 n.r., 2 3 4 disorder of the toluene molecules precluded their structural refine-
H, C5H4), 6.42 (d, 4 H, J 5 6.6 Hz, DMAP-3-H, -5-H), 8.12 (d, 4 ment to any satisfactory level. We have therefore applied the
H, J 5 6.6 Hz, DMAP-2-H, -6-H). 2 13C NMR (100.5 MHz, “squeeze” routine[54] to remedy this disordered solvent problem
CDCl3, 55°C): δ 5 10.6 (br, BCH3), 39.2 (NCH3), 71.8, 73.1 (potential solvent accessible area: 293 Å3). Number of parameters
(C5H4), n.o. (C5H4-ipso), 106.1 (DMAP-C-3, -C-5), 144.4 (DMAP- refined: 361, 13.8 data per parameter, weighting scheme w 5 1/
C-2, -C-6), 154.7 (DMAP-C-4). 2 C28H40B2FeN4 (510.13): calcd. [σ2(Fo

2) 1 (0.0176·P)2] where P 5 (Fo
2 1 2·Fc

2)/3, shift/error <
C 65.93, H 7.90, N 10.98; found C 65.44, H 7.77, N 10.74. 0.001 in the last cycle of refinement, residual electron density 10.15

eÅ23, 20.18 eÅ23, R1 5 0.0319 [I > 2σ(I)], wR2 5 0.0558 (allPreparation of 2·(bipy-Pr)2: The compound was synthesized simi-
data), the minimized function was Σw(Fo

2 2 Fc
2)2. Neutral atomlarly to 1·bipy-Pr from 2 (0.19 g, 0.71 mmol) and N-(n-propyl)-4-

scattering factors for all atoms and anomalous dispersion correc-(49-pyridyl)pyridinium hexafluorophosphate (0.49 g, 1.42 mmol).
tions for the non-hydrogen atoms were taken from the InternationalYield 0.42 g (60%). 2 IR (KBr, cm21): ν̃ 5 1645 (vs), 1624 (s),
Tables for X-ray Crystallography. [55] All calculations were per-1550 (m), 1496 (m), 1470 (m) (bipy-C2C, C2N), 1072 (w), 1062
formed with a DEC 3000 AXP workstation with the STRUX-V(m) (B2N). 2 11B NMR (128.3 MHz, CD3CN): δ 5 15.1 (h1/2 5
system,[56] incorporating the programs PLATON-92,[57] PLUTON-500 Hz). 2 1H NMR (400 MHz, CD3CN): δ 5 0.42 (br, 12 H,
92,[57] SHELXS-86, [58] SIR-92, [53] and SHELXL-93.[59]

BCH3), 0.97 (t, 6 H, J 5 7.5 Hz, CH3), 2.01 (m, 4 H, CH2CH3),
4.05, 4.18 (2 3 n.r., 2 3 4 H, C5H4), 4.52 (t, 4 H, J 5 7.6 Hz, Electrochemical Measurements: Cyclic voltammetry and con-
NCH2), 7.88, 8.30, 8.76, 8.88 (4 3 d, 4 3 4 H, J 5 6.5 Hz, bipy). trolled potential coulometry were performed in deaerated dimeth-
2 13C NMR (100.5 MHz, CD3CN): δ 5 10.5 (CH3), 11.0 (br, ylformamide (DMF) and CH2Cl2 solutions containing [NEt4][PF6]
BCH3), 25.3 (CH2CH3), 64.0 (NCH2), 73.0, 74.0 (2 3 br, C5H4), (0.1 mol·dm23) and [NBu4][ClO4] (0.2 mol·dm23), respectively, as
n.o. (C5H4-ipso), 124.1, 127.4, 144.1, 146.0, 149.2, 153.9 (bipy). 2 supporting electrolytes. All potential values are referred to the
C40H50B2F12FeN4P2 (954.27) ·0.4 C7H8 (92.14): calcd. C 51.87, H Saturated Calomel Electrode (S.C.E.). The apparatus for electro-
5.41, N 5.65, Fe 5.63; found C 51.92, H 5.45, N 5.68, Fe 5.23. chemistry measurements is described in ref. [60].

Preparation of [2·bipy]n: A red solution of 2 (0.13 g, 0.49 mmol)
in CHCl3 (15 ml) was layered firstly with neat CH2Cl2 (15 ml) and ; Dedicated to Professor Heinrich Nöth with gratitude on the oc-
secondly with a solution of 4,49-bipyridine (0.08 g, 0.51 mmol) in casion of his 70th birthday.
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The complex {[(CH3)2Sn]2[(CH3)2SnO](OCH3)(HONZO)- coordination mode leads to one seven-coordinate and two
five-coordinate tin centers that are linked by a µ3-oxo(ONZO)} (3) [ONZOH is the oximate residue, o-(–ON=CH–

C6H4–OH), HONZO the corresponding phenolate residue, o- function. The coordination geometries are distorted
pentagonal bipyramidal and trigonal bipyramidal,(HON=CH–C6H4–O–), and ONZO the dibasic species o-(–

ON=CH–C6H4–O–), all derived from salicylaldoxime, o- respectively. The two low-coordinate tin atoms are linked by
the alkoxide ion. The corresponding chiral (S)-2-methyl-1-(HON=CH–C6H4–OH)] reacts with an excess of racemic (d,l)-

2-methyl-1-butanol to afford the µ2-substitution product 5a butanol reacts analogously to yield 5b. By contrast, reaction
of 3 with chiral secondary alcohols (2-butanol or 1-phenyl-1-{[(CH3)2Sn]2[(CH3)2SnO][OCH2CH(CH3)CH2CH3](HONZO)-

(ONZO)]}. Crystallographic characterisation of the trinuclear ethanol), in various molar ratios, failed to provide the
corresponding µ2-alkoxy complex. Instead, pure crystals ofmicrocluster 5a shows the presence of the monobasic

HONZO ligand in a tridentate µ2-O,N mode and of the {[(CH3)2Sn]2[(CH3)2SnO](OH)(HONZO)(ONZO)} (2a) were
isolated.dibasic ONZO ligand in a tridentate O,N,O mode. This

Introduction contrast, ligand B is dramatically twisted since the atom
N18 is 0.3 Å away from the mean plane of the aromaticReaction of salicylaldoxime, o-(HON5CH2C6H42OH),
ring with which it is associated[1a] [1b] [2]. As a consequence,and diorganotin(IV) oxide, R2SnO (R 5 Me, n-Bu), yields
these derivatives have a chiral skeleton in the solid state.small clusters represented as [(R2Sn)2(R2SnO)(ON-

In order to assess whether this skeleton chirality could beZOH)(HONZO)(ONZO)] (1b: R 5 n-Bu; 2b: R 5 Me),
detected in solution, we prepared dimethyltin salicylaldoxi-where ONZOH is the oximate residue o-(2ON5
mate derivatives containing a ligand with a chiral centerCH2C6H42OH), HONZO is the phenolate o-(HON5
bridging the Sn(2) and Sn(3) tin atoms. Provided the chiral-CH2C6H42O2), and ONZO is the dibasic species o-
ity of the cluster skeleton would be maintained in solution,(2ON5CH2C6H42O2), associated with salicylaldox-
it should indeed be observable through the formation of theime[1]. Their general structure is displayed in Figure 1[1].
diastereoisomers necessarily obtained[4].Attempts to crystallize crude 1b or 2b with hydroxylated

This paper presents solid-state and solution characteri-solvents usually lead to substitution compounds like the µ2-
zation by X-ray diffraction and 1D- and 2D-NMR spec-hydroxy-bridged compound 1a (R 5 n-Bu)[1a], or a µ2-al-
troscopy, mainly gradient assisted[5] 1H-13C HMQC[6a] andkoxy-bridged compound (R 5 Me)[1b], as e.g. 3, the µ2-
HMBC[6b] [6c] and 1H-119Sn HMQC[7], of compounds de-bridged ONZOH unit being eliminated as salicylaldoxime
rived from the reaction of 3 with chiral alcohols. The first(HONZOH).
tris(dimethyltin) disalicylaldoximate with a chiral µ2-

Such compounds undergo facile reversible µ2-nucleo- bridged alkoxy ligand is reported.
philic substitutions with protonated nucleophiles, according
to Scheme 1[2] [3].

Results and DiscussionX-ray data on several such compounds reveal that ligand
A is planar, with Sn(1), Sn(2) and Sn(3) being coplanar. By

Synthesis
[°] Present address: Laboratoire de Chimie Structurale Organique, Reaction of 3 with an excess of racemic (d,l)-2-methyl-1-Université de Paris-Sud, Bât. 410, ICMO, CNRS URA no.

1384, F-91405 Orsay Cedex, France. butanol provides, after recrystallization from dichlorometh-
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Figure 1. General structure, with atom labelling, of compounds cohol than from a secondary one, probably due to steric
from several condensation reactions between di-n-butyl or dime- hindrance of the latter.
thyltin(IV) oxide and salicylaldoxime (HONZOH); HOZNO repre-
sents the salicylaldoximate residue bound to O40 by the oxygen
atom of its oximate moiety[1] [2] [3]; Nu stands for a nucleophile µ2-

bridging the five-coordinate tin atoms Sn2 and Sn3 X-ray Diffraction Analysis of Compound 5a

The molecular structure of 5a resembles closely those
found for related systems[1] [2] [3] and hence, only a brief de-
scription of 5a is given (Figure 2).

Figure 2. Molecular structure and crystallographic numbering
scheme employed for 5a

There are two distinct coordination geometries about the
tin atoms in the trinuclear structure. The Sn(1) atom is

Scheme 1 seven-coordinate, existing in a distorted pentagonal bipy-
ramidal geometry with the methyl substituents occupying
axial positions, C2Sn2C is 167.4(3)°. The equatorial plane
is defined by the phenoxide O(10) and O(20) atoms, the
oxime N(8) and N(18) atoms and an oxo O(30) atom. In
this description, the Sn(1) atom lies 0.0012(4) Å out of theane/hexane (1:1), pure crystals of µ2-(d,l)-2-methylbutoxydi-

methyltin salicylaldoximate (5a) (Figure 1). Similarly, crys- plane in the direction of the C(21) atom. The remaining tin
atom geometries are based on trigonal bipyramidal geo-tals of µ2-(S)-2-methylbutoxydimethyltin salicylaldoximate

(5b) were obtained starting from (S)-(2)-2-methyl-1-buta- metries defined by the oxo O(30) atom, the alkoxide O(40)
atom, two methyl substituents and for Sn(2) the phenoxidenol.

By contrast, reaction of 3 with chiral secondary alcohols O(10) atom and for Sn(3) the oxime O(19) atom. The Sn(2)
atom lies 0.0932(4) Å above the C2O(30) trigonal plane in(2-butanol or 1-phenyl-1-ethanol), in various molar ratios,

failed to provide the corresponding crystalline µ2-alkoxy the direction of the O(10) atom and the deviation of the
Sn(3) atom from the C2O(30) plane is 0.0324(4) Å, in thecomplex. Instead, pure crystals of 2a were isolated; the

compound 2a was observed so far only as a transi- direction of the O(19) atom. The geometric parameters
describing 5a (Table 1) are in essential agreement with thoseent[1b] [2] [3], where the µ2-methoxy moiety of 3 is substituted

for a µ2-hydroxy one. found in the analogous T 5 Me, Et, nPr and iPr struc-
tures[1b]. Notable features in the structure include the pres-NMR analysis of the crude product obtained by reaction

of 3 with secondary alcohols revealed the presence of the ence of the tri-coordinate O(30) atom, the symmetric alkox-
ide bridge [Sn(2)2O(40) is 2.164(4) Å and Sn(3)2O(40) isdesired µ2-(sec)-alkoxy compound in small fractions, de-

pending on the starting alcohol, in addition to 3 and 2b. 2.174(4) Å], and an intramolecular hydrogen bond formed
between the O(9)H and O(20) atoms such thatMonitoring the reaction of 3 with (d,l)-2-butanol by 1H,

13C and 119Sn NMR reveals an equilibrium mixture with O(9)H...O(20) is 1.59 Å and O(9)2H...O(20) is 166°. The
crystal structure of 5a is comprised of equal amounts of thethe µ2-1-methylpropoxy compound as a minor species, even

when the secondary alcohol is used in large excess. This R and S forms of the chiral alcohol, i.e. is racemic.
An investigation of the structure of the chiral S form ofresult implies that a µ2-alkoxy moiety bridging Sn(2) and

Sn(3) is more stable when it originates from a primary al- the compound, i.e. 5b, was also undertaken[8]. The crystal
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Table 1. Selected bond lengths [Å] and angles [°] for 5a

Sn(1)2O(10) 2.634(4) Sn(1)2O(20) 2.193(4)
Sn(1)2O(30) 2.171(4) Sn(1)2N(8) 2.543(6)
Sn(1)2N(18) 2.291(5) Sn(1)2C(21) 2.091(7)
Sn(1)2C(22) 2.103(7) Sn(2)2O(10) 2.149(4)
Sn(2)2O(30) 2.001(4) Sn(2)2O(40) 2.164(4)
Sn(2)2C(23) 2.104(7) Sn(2)2C(24) 2.102(7)
Sn(3)2O(19) 2.115(5) Sn(3)2O(30) 1.999(4)
Sn(3)2O(40) 2.174(4) Sn(3)2C(25) 2.097(8)
Sn(3)2C(26) 2.077(9) O(9)2N(8) 1.425(7)
O(10)2C(2) 1.349(7) O(19)2N(18) 1.368(7)
O(20)2C(12) 1.333(7) N(8)2C(7) 1.284(8)
N(18)2C(17) 1.276(8)

O(10)2Sn(1)2O(20) 142.5(1) O(10)2Sn(1)2O(30) 65.2(1)
O(10)2Sn(1)2N(8) 67.6(2) O(10)2Sn(1)2N(18) 142.2(2)
O(10)2Sn(1)2C(21) 88.4(2) O(10)2Sn(1)2C(22) 81.8(2)
O(20)2Sn(1)2O(30) 152.3(1) O(20)2Sn(1)2N(8) 75.1(2)
O(20)2Sn(1)2N(18) 75.1(2) O(20)2Sn(1)2C(21) 89.9(2)
O(20)2Sn(1)2C(22) 93.2(2) O(30)2Sn(1)2N(8) 132.4(2)
O(30)2Sn(1)2N(18) 77.4(2) O(30)2Sn(1)2C(21) 90.7(2)
O(30)2Sn(1)2C(22) 92.2(2) N(8)2Sn(1)2N(18) 150.2(2)
N(8)2Sn(1)2C(21) 82.0(2) N(8)2Sn(1)2C(22) 87.0(2)
N(18)2Sn(1)2C(21) 97.7(2) N(18)2Sn(1)2C(22) 94.8(2)
C(21)2Sn(1)2C(22) 167.4(3) O(10)2Sn(2)2O(30) 78.2(2)
O(10)2Sn(2)2O(40) 151.7(2) O(10)2Sn(2)2C(23) 100.1(2)
O(10)2Sn(2)2C(24) 97.4(2) O(30)2Sn(2)2O(40) 73.6(2)
O(30)2Sn(2)2C(23) 115.0(2) O(30)2Sn(2)2C(24) 116.5(3)
O(40)2Sn(2)2C(23) 93.1(2) O(40)2Sn(2)2C(24) 93.8(2)
C(23)2Sn(2)2C(24) 127.9(3) O(19)2Sn(3)2O(30) 85.3(2)
O(19)2Sn(3)2O(40) 158.2(2) O(19)2Sn(3)2C(25) 95.3(3)
O(19)2Sn(3)2C(26) 91.4(3) O(30)2Sn(3)2O(40) 73.4(2)
O(30)2Sn(3)2C(25) 111.1(3) O(30)2Sn(3)2C(26) 119.0(4)
O(40)2Sn(3)2C(25) 96.6(3) O(40)2Sn(3)2C(26) 94.9(3)
C(25)2Sn(3)2C(26) 129.8(4) Sn(1)2O(10)2Sn(2) 97.1(1)
Sn(1)2O(10)2C(2) 138.7(4) Sn(2)2O(10)2C(2) 124.2(4)
Sn(3)2O(19)2N(18) 116.1(4) Sn(1)2O(20)2C(12) 122.2(4)
Sn(1)2O(30)2Sn(2) 119.3(2) Sn(1)2O(30)2Sn(3) 128.0(2)
Sn(2)2O(30)2Sn(3) 112.7(2) Sn(2)2O(40)2Sn(3) 100.3(2)
Sn(1)2N(8)2O(9) 109.8(4) Sn(1)2N(8)2C(7) 139.1(5)
Sn(1)2N(18)2O(19) 119.6(4) Sn(1)2N(18)2C(17) 125.0(5)

structure obtained for a crystal chosen from the recrystalli- cipitation in the NMR tube. This observation is accounted
for by the reaction of Scheme 2.sation of 5b shows the presence of both the S form as well

as a small amount of the R form. The asymmetric unit con- Scheme 2
tains two pseudo-centrosymmetrically related molecules.
One site contains 100% of the S form, while the other site
contains 58.6% of the R form, giving a 1.414(22):0.586 ratio
of the two forms in the crystal investigated. A number of
crystals were examined and similar results were obtained
each time, including under conditions of low temperature The structures of m92, and of its resulting dimer, m2, pro-
(200 K). Presumably, the centrosymmetric structure pack- posed from comparable observations[1a] on the correspond-
ing (P21/c) is thermodynamically favoured implying that the ing di-n-butyltin compound 1a, are shown in Figure 3.
better grown crystals have a higher percentage of the minor Further evidence to the reaction of Scheme 2 is the obser-
component[8]. The geometric features determined for 5b are vation of the oximic 1H resonance of free salicylaldoxime.
as described for the racemic species. In CDCl3, the transient fractions remain low. Lowering

the temperature increases the fraction of 2a in the mixture,
enabling its full NMR characterization at 270 K.Solution-State Structure

Table 2 presents an overview of the 1H, 13C, and 119Sn
chemical shifts and coupling constants associated with theDissolving dimethyltin salicylaldoximates usually gives

rise to minor species involved in a complex equilibrium, dimethyltin moieties. The 1H,13C and 119Sn resonances of 5
and 2a were assigned with exactly the same strategy as re-among which 2b and the dimethyl analogue of m2

[1a]. In
benzene solution, 5 remains the major species. By contrast, ported previously for 2b, 3 and 4, using 2D gradient-en-

hanced 1H-13C HMQC and HMBC spectroscopy[5] [6] [7] andwhen 2a is dissolved in C6D6, it remains only as a minor
species, the transient signals of m2 dominating the 119Sn 1H-119Sn HMQC spectroscopy[1] [2] [3] [6], evidencing the

same basic tritin cluster structure for 5 and 2a as for 2b andNMR spectrum. This is accompanied by an important pre-
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Figure 3. Transients generated from dissolving compound 2a in of Sn(1), probably because the latter are too remote from

C6D6 (see text) the chiral center.

NMR spectra of 5 do not show any evidence of skeletal
chirality in dimethyltin salicylaldoximate in addition to that
arising from the chiral alkoxide moiety. Indeed, additional
skeletal chirality observable on the NMR time scale should
have provided two racemic diastereoisomers resulting in
further unequal duplication of the 119Sn resonances of all
three Sn(1), Sn(2) and Sn(3) atoms. This expectation re-
mained unfulfilled in spite of the very high sensitivity to the
electronic environment of the 119Sn nucleus evidenced by its
wide chemical shift range (3000 ppm)[4] [9]. Hence, it can be
concluded that the observed splitting of equal intensity in
the 1H and 13C resonances for 5 is due to a pairwise ani-
sochrony of the two methyl groups within each of the five-
coordinate tin atoms generated by their vicinity to the
stereogenic carbon centre of the chiral alkoxy ligand.

Conclusion

This paper has addressed several issues unsolved so far
in the chemistry of tris(dimethyltin) disalicylaldoximates.
First, a chiral group could be incorporated for the first time

Table 2. 119Sn-, 13C- and 1H-NMR data for the dimethyltin moieties of compounds 5 and 2a[a]

Compd. Moiety δ(119Sn) nJ(119Sn-119/117Sn)[b] δ(13C) 1J(13C-119/117Sn) δ(1H) 2J(1H-119Sn)

5[c] Me2Sn(1) 2458.0 356; /[d] 14.82 1107/1058 1.103 114
Me2Sn(2) 2141.8 102; 64 2.56/2.51 637/603 0.517/0.511 75
Me2Sn(3) 2130.6 351; 104 20.16/20.27 661/636 0.493/0.491 75

2a[e] Me2Sn(1) 2458.5 /;/[d] 14.04 1104/1062 0.813 111
Me2Sn(2) 2142.6 66; 66 4.44 677/648 0.793 76
Me2Sn(3) 2130.9 339; 72 1.89 669/640 0.623 76

[a] Chemical-shift data in ppm and coupling constants in Hz. 2 [b] Averaged values from unresolved nJ(119Sn-119Sn) and nJ(119Sn-117Sn)
coupling satellites in 119Sn spectrum. 2 [c] Spectrum recorded from a C6D6 solution of 5 at 303 K. 2 [d] Invisible satellites because of
broad 119Sn(1) resonance feet. 2 [e] Spectrum recorded from a CDCl3 solution of 2a at 270 K.

3 (Figure 1). The 1H-119Sn HMQC cross peaks of 5 and 2a into such a complex. Second, the limits of the reactivity of
these complexes towards alcohols have clearly been defined.reviewed in Table 3, similar to those of 1a, 1b, 2b and 3,

support this conclusion, as do all the 1J(13C-119/117Sn), Thus, while primary alcohols smoothly react towards the
corresponding µ2-alkoxy-substituted complex, even whennJ(119SN2O-119/117Sn), and 2J(1H-119/117Sn) coupling data.

Characteristically, the 1H-119Sn HMQC spectrum of 5 the substituent on the CH2OH moiety is rather bulky, sec-
ondary alcohols, apart from 2-propanol[1b], fail to yield theshows a cross peak between the two diastereotopic protons,

H(41A) and H(41B) of the 2-methylbutoxy group, and both corresponding µ2-substitution products. A steric effect from
a moderately bulky group is responsible for this. Third, theSn(2) and Sn(3) atoms. In the case of 2a, a correlation is

observed between the hydroxy proton, H(40), and both first clear evidence of chirality-related anisochrony of the
two methyl groups on the dimethyltin moieties demon-Sn(2) and Sn(3) tin atoms. These correlations are in agree-

ment with the binding site of the entering nucleophile be- strates that their diastereotopism can be induced on the
NMR time scale only by the introduction of a µ2-bridgedtween Sn(2) and Sn(3).

The 1H and 13C methyl resonances of Sn(2) and Sn(3) in chiral group into the complex. Accordingly, this rules out
that the skeletal chirality displayed by these microclusterscompound 5 are duplicated (Table 2). This is in agreement

with the pairwise diastereotopism of the Sn(2) and Sn(3) in the crystalline state remains observable in solution on the
119Sn-NMR time scale, no anisochrony being visible with-methyl groups due to the presence of the chiral carbon atom

C(42) (see below). These features are observed both in 5a, out chiral substituent. This suggests a fast inversion of the
skeletal chirality on this time scale. Last, albeit unexpected,obtained from racemic (R,S)-2-methyl-1-butanol, and 5b

from enantiomerically enriched (S)-2-methyl-1-butanol. the µ2-hydroxy-bridged complex could be fully isolated,
having been observed only as a transient so far[1] [2]. Actu-Such an anisochrony is not observed for the methyl groups
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were recorded at 270 K in CDCl3. 1H-, 13C- and 119Sn-NMR spec-Table 3. 1H-119Sn correlation data as obtained from 2D 1H-119Sn

HMQC spectra of 5 and 2a[a][b] tra were recorded with a Bruker AMX500 spectrometer equipped
with a digital lock and operating at 500.13, 125.77 and 186.50

Compd. Tin atom δ(119Sn) Oximic protons Other protons MHz, respectively. Chemical shifts are in ppm, coupling constants
in Hz. The 119Sn reference frequency was calculated from the abso-

5[c] Sn(1) 2460.0 H(17): 8.226, 3J < 2 H(9): 13.881, 3J < 2 lute frequency of Me4Sn, Ξ 5 37.290 665 MHz[10]. 13C and 1H
H(7): 8.143, 3J < 2 CH3

[d]: 1.103, 2J 5 chemical shifts were respectively referenced to the 13C resonance of
114

the solvent at δ 5 128.0 (C6D6) or 77.0 (CDCl3) and to the residualSn(2) 2141.8 H(17): 8.226, 5J < 2 H(3): 6.244, 4J < 2
1H solvent resonance at δ 5 7.15 (C6D5H) or 7.24 (CHCl3); multi-H(41A): 3.074, 3J 5

12 plicity patterns in 1H spectra are: d: doublet; dd: doublet of dou-
H(41B): 2.955, 3J 5 blets; ddd: doublet of doublets of doublets; s: singlet; m: complex
11

pattern; nr: non resolved. nJ(1H-1H) coupling constants are givenCH32Sn(1): 1.103, 4J
between parentheses. nJ(1H-119Sn), 1J(13C-119/117Sn), and 2J(119Sn-< 2

CH3
[d]: 0.517/0.511, 119/117Sn) coupling constants are given in Table 2 and not repeated

2J 5 75 here. Broad-band 1H-decoupled 13C and 119Sn spectra were re-
Sn(3) 2130.6 H(17): 8.226, 4J < 2 H(41A): 3.074, 3J 5

corded using Bruker standard pulse sequences. All heteronuclear13
correlation-spectroscopy experiments consisted of gradient-en-H(41B): 2.955, 3J 5

14 hanced versions of the standard 1H-119Sn HMQC and 1H-13C
CH32Sn(1): 1.103, 4J HMQC or HMBC pulse sequences, implemented in exactly the
< 2

same way as explained elsewhere and processed in the magnitudeCH3
[d]: 0.493/0.491,

mode[1b].2J 5 75
2a[e] Sn(1) 2458.5 H(17): 8.133, 3J < 2 H(9): 13.536, 3J < 2

X-ray Diffraction Studies: Intensity data for a colourless crystalH(7): 8.006, 3J < 2 CH3
[d]: 0.813, 2J 5

of 5a were collected at 200 K with a Rigaku AFC6R diffractometer111
CH32Sn(2): 0.793, 4J employing Mo-Kα radiation (λ 5 0.71073 Å) and the ω-2θ scan
< 2 technique to 2θmax 5 50.0°. The data set was corrected for Lorentz

Sn(2) 2142.6 H(17): 8.133, 5J < 2 H(3): 6.366, 4J < 2
and polarisation effects[11] as well as for absorption employing anH(40): 2.406, 2J < 2
empirical procedure (range of transmisison factors: 0.756 to 1)[12].CH3

[d]: 0.793, 2J 5 76
CH32Sn(3): 0.623, 4J Data that satisfied the I $ 3.0σ(I) criterion of observability were
< 2 used in the subsequent analysis. Crystal data and refinement details

Sn(3) 2130.9 H(17): 8.133, 4J <2 H(40): 2.406, 2J < 2
are given in Table 4.CH32Sn(1): 0.813, 4J

< 2
Table 4. Crystallographic data for 5aCH3

[d]: 0.623, 2J 5 76

Formula C25H40N2O6Sn3[a] 1H chemical shift and nJ(1H-119Sn) are given for each proton that
Formula weight 820.7correlates with a 119Sn resonance (see Figure 1 for labelling). 2 [b]

Crystal system monoclinicChemical shifts are given in ppm and coupling constants in Hz. 2
Space group P21/c[c] Spectrum recorded from a C6D6 solution of 5 at 303 K. 2 [d]

a [Å] 8.865(5)Methyl group bound to the considered tin atom. 2 [e] Spectrum
b [Å] 17.64(1)recorded from a CDCl3 solution of 2a at 270 K.
c [Å] 19.52(1)
β [°] 92.49(6)
V [Å3] 3048(3)
Z 4ally, this complex appears to be the only one that can be
Crystal dimensions [mm] 0.11 3 0.37 3 0.47generated from the reaction mixture when the synthesis of
ρcalcd. [g cm23] 1.788

complexes involving chiral µ2-bridged secondary alkoxy F(000) 1608
No. of data collected 5970groups is attempted. Noteworthy is that the resulting com-
No. of unique data 5591plex reaction mixture smoothly evolves by crystallization to No. of reflections with I $ 3.0σ(I) 4144

the single µ2-hydroxy complex, just by taking up water pre- No. of refined parameters 325
R 0.035sent in the medium, either in the solvent and/or in the at-
Rw 0.041mosphere. Residual ρmax [e Å23] 0.73

The financial support of the Fund for Scientific Research 2 Flan-
ders (Belgium) (FKFO, grant no. 2.0094.94) and of the Belgian

The structure was solved by direct methods[13] and refined by a
Nationale Loterij (grant no. 9.0006.93) is gratefully acknowledged

full-matrix least-squares procedure based on F [11]. Non-hydrogen
(R. W., M. B.). A post-doctoral grant of the Fund for Scientific

atoms were refined with anisotropic displacement parameters and
Research 2 Flanders (Belgium) (grant V10/6-AB-D12073) is grate-

hydrogen atoms were included in the model at their calculated posi-
fully acknowledged (A. M.). We thank Mrs I. Verbruggen for re-

tions (C2H 0.95 Å). The refinement was continued until conver-
cording routine NMR spectra. The authors also thank the Aus-

gence employing sigma weights, i.e. 1/σ2(F). Selected interatomic
tralian Research Council for support of this work (E. R. T. T.).

parameters are collected in Table 1 and the crystallographic num-
bering scheme employed is shown in Figure 2 which was drawn
with ORTEP[14] at 50% probability ellipsoids. Crystallographic

Experimental Section data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge CrystallographicGeneral: The samples were prepared by dissolving ca. 40 mg of

product in 0.5 ml of solvent. NMR spectra of compounds 5a and Data Centre as supplementary publication no. CCDC-101351.
Copies of the data can be obtained free of charge on application5b were recorded at 303 K in C6D6 and those of compound 2a
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to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: 1 44- Sn(1)2CH3], 0.793 [s, Sn(2)2CH3], 0.623 [s, Sn(3)2CH3]. 2 13C

NMR (CDCl3, 125.76 MHz): δ 5 161.4 (C-29), 160.4 (C-2), 154.11223-3362033; E-mail: deposit@ccdc.cam.ac.uk].
(C-17), 149.6 (C-7), 134.9 (C-6), 131.9 (C-49), 131.7 (C-69), 131.1

Compound 3: Compound 3 was synthesized as previously de- (C-4), 120.3 (C-39), 119.4 (C-1), 118.7 (C-19), 117.5 (C-3), 116.9 (C-
scribed[1b]. 59), 116.5 (C-5), 14.0 [Sn(1)2CH3], 4.4 [Sn(2)2CH3], 1.9

[Sn(3)2CH3]. 2 119Sn NMR (CDCl3, 186.50 MHz): δ 5 2130.9Compound 5a: To a solution of 1.000 g (1.31 mmol) of 3 in 10
[Sn(3)], 2142.6 [Sn(2)], 2458.5 [Sn(1)].ml of dichloromethane was added a solution of 0.598 g (6.8 mmol,

5.2 equiv.) of (d,l)-2-methyl-1-butanol in 10 ml of dichloromethane.
[1] [1a] F. Kayser, M. Biesemans, M. Bouâlam, E. R. T. Tiekink,The mixture was stirred for 5 min and the solvent was evaporated

A. El Khloufi, J. Meunier-Piret, A. Bouhdid, K. Jurkschat, M.under vacuum. Recrystallization in dichloromethane/hexane (1:1) Gielen, R. Willem, Organometallics 1994, 13, 109821113 and
of the precipitate obtained provided 0.942 g of pure 5a crystals 4126. 2 [1b] R. Willem, A. Bouhdid, F. Kayser, A. Delmotte,
suitable for X-ray analysis (yield: 88%). The compound starts melt- M. Gielen, J. C. Martins, M. Biesemans, B. Mahieu, E. R. T.

Tiekink, Organometallics 1996, 15, 192021929.ing under decomposition at 116°C. 2 C25H40N2O6Sn3 (820.67):
[2] R. Willem, A. Bouhdid, A. Meddour, C. Camacho-Camacho,calcd. C 36.6, H 4.9, N 3.4; found C 36.6, H 5.2, N 3.4. 2 1H F. Mercier, M. Gielen, M. Biesemans, F. Ribot, C. Sanchez, E.

NMR (C6D6, 500.13 MHz; for complex patterns, the centre of 1H- R. T. Tiekink, Organometallics 1997, 16, 437724385.
13C HMQC cross peaks is given): δ 5 13.88 [s, OH(9)], 8.23 (s, 17- [3] A. Meddour, F. Mercier, J. C. Martins, M. Gielen, M. Biesem-

ans, R. Willem, Inorg. Chem. 1997, 36, 571225715.H), 8.14 (s, 7-H), 7.07 (mnr, 39-H), 7.06 (mnr, 49-H), 7.04 (mnr, 4-
[4] E. L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry of Or-H), 6.847 (dd, J 5 7.7, 1.9 Hz, 6-H), 6.823 (dd, J 5 7.6, 1.1 Hz, ganic Compounds, Wiley-Interscience, 1994.

69-H), 6.605 (ddd, J 5 7.4, 7.4, 0.8 Hz, 5-H), 6.570 (ddd, J 5 7.6, [5] [5a] J. Keeler, R. T. Clowes, A. L. Davis, E. D. Laue, Meth. En-
6.5, 1.8 Hz, 59-H), 6.244 (d, J 5 8.2 Hz, 3-H), 3.074 (dd, J 5 10.9, zymol. 1994, 239, 1452207. 2 [5b] J.-M. Tyburn, I. M. Bereton,

D. M. Doddrell, J. Magn. Reson. 1992, 97, 3052312. 2 [5c] J.6.5 Hz, 41A-H), 2.955 (dd, J 5 10.9, 7.0 Hz, 41B-H), 1.30 (mnr,
Ruiz-Cabello, G. W. Vuister, C. T. W. Moonen, P. Van Gelderen,43A-H), 1.103 [s, CH3 (Sn-1)]; 1.06 (mnr, 42-H), 0.81 (mnr, 43B- J. S. Cohen, P. C. M. Van Zijl, J. Magn. Reson. 1992, 100,

H), 0.78 (mnr, 44-H), 0.684 (d, J 5 6.6 Hz, 45-H), 0.517 [s, 2822302. 2 [5d] G. W. Vuister, R. Boelens, R. Kaptein, R. E.
Sn(2)2CH3], 0.511 [s, Sn(2)2CH3], 0.493 [s, Sn(3)2CH3], 0.491 [s, Hurd, B. K. John, P. C. M. Van Zijl, J. Am. Chem. Soc. 1991,

113, 968829690.Sn(3)2CH3]. 2 13C NMR (C6D6, 125.76 MHz): δ 5 162.6 (C-29),
[6] [6a] A. Bax, R. H. Griffey, B. L. Hawkins, J. Magn. Reson. 1983,161.0 (C-2), 154.6 (C-17), 149.9 (C-7), 135.6 (C-6), 132.4 (C-49), 55, 3012315. 2 [6b] A. Bax, M. F. Summers, J. Am. Chem. Soc.

132.1 (C-69), 131.0 (C-4), 120.9 (C-39), 120.7 (C-1), 119.4 (C-19), 1986, 108, 209322094. 2 [6c] A. Bax, M. F. Summers, J. Magn.
117.9 (C-3), 117.2 (C-59), 117.1 (C-5), 68.5 (C-41), 38.8 (C-42), 26.3 Reson. 1986, 67, 5652569.

[7] [7a] F. Kayser, M. Biesemans, M. Gielen, R. Willem, J. Magn.(C-43), 16.5 (C-45), 14.8 [C2Sn(1)], 11.4 (C-44), 2.56 [C2Sn(2)],
Reson. 1993, A102, 2492252. 2 [7b] J. C. Martins, P. Verheyden,2.51 [C2Sn(2)], 20.16 [C2Sn(3)], 20.27 [C2Sn(3)]. 2 119Sn NMR F. Kayser, M. Gielen, R. Willem, M. Biesemans, J. Magn. Re-

(C6D6, 186.50 MHz): 2130.6 Sn(3), 2141.8 Sn(2), 2458.0 Sn(1). son. 1997, 124, 2182222. 2 [7c] F. Kayser, M. Biesemans, M.
Gielen, R. Willem, Advanced Applications of NMR to Or-

Compound 5b: Synthesis is the same as for 5a, using 0.592 g of ganometallic Chemistry (Eds.: M. Gielen, R. Willem, B. Wrack-
(S)-(2)-2-methyl-1-butanol; yield 53%. The compound starts melt- meyer), Wiley, Chichester, 1996, chapter 3, p. 45286.

[8] A. D. Rae, E. R. T. Tiekink, unpublished results.ing under decomposition at 109°C. 2 C25H40O6N2Sn3 (820.67):
[9] B. Wrackmeyer, Annu. Rep. NMR Spectrosc. 1985, 16, 732184.calcd. C 36.6, H 4.9, N 3.4; found C 36.1, H 5.0, N 3.4. 2 NMR [10] [10a] A. G. Davies, P. G. Harrison, J. D. Kennedy, R. J. Pudde-

spectra of 5b are identical to those of 5a. phatt, T. N. Mitchell, W. McFarlane, J. Chem. Soc. A 1969,
113621141. 2 [10b] J. Mason, Multinuclear NMR, Plenum Press,

Compound 2a: Same procedure as for 5a, using 1.000 g of 3 and New York, 1987, p. 6252629.
[11] TEXSAN, Structure Analysis Package, Molecular Structure0.492 g (6.6 mmol, 5.1 equiv.) of (d,l)-2-butanol; recrystallization

Corporation, TX, 1992.from dichloromethane/hexane (1:4); yield 59%. The compound
[12] N. Walker, D. Stuart, Acta Crystallogr., Sect. A 1983, 39,starts melting under decomposition at 99°C. 2 C20H30O6N2Sn3 1582166.

(750.54): calcd. C 32.0, H 4.0, N 3.7; found C 32.1, H 4.1, N 3.6. [13] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S.
Garcı́a-Granda, J. M. M. Smits, C Smykalla, The DIRDIF pro-2 1H NMR (CDCl3, 500.13 MHz): δ 5 13.536 [s, OH(9)], 8.133
gram system, Technical Report of the Crystallography Labora-(s, 17-H), 8.006 (s, 7-H), 7.227 (ddd, J 5 8.6, 7.2, 1.8 Hz, 49-H),
tory, University of Nijmegen, The Netherlands, 1992.7.17 (mnr, 4-H), 7.15 (mnr, 6-H), 7.104 (dd, J 5 7.7, 1.7 Hz, 69- [14] C. K. Johnson, ORTEP-II, Report ORNL-5138, Oak Ridge

H), 6,824 (d, J 5 8.0 Hz, 39-H), 6.746 (t, J 5 7.4 Hz, 5-H and 59- National Laboratory, Oak Ridge, TN, 1976.
[98100]H), 6.366 (d, J 5 8.1 Hz, 3-H), 2.406 (s, 40-H), 0.813 [s,
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The electrochemical behaviour of the [Co2(CO)6]2(µ-R–C;C– through-space and through-bond interactions are operating
with different relative weight depending on the spacer L.L–C;C–R) and [Co2(CO)4(dppm)]2(µ-R–C;C–L–C;C–R)

series is reported. Qualitative evidence suggests that both

Introduction ible 1e oxidation[24] only when n 5 3, 4 and R 5 OMe.
Similar behaviour has recently been observed for Co2-Organometallic polymers with unsaturated bridging units
(CO)4(dppm)(µ-alkyne) derivatives[32].are currently the subject of much research because of their

potential as non-linear optical (NLO) materials [1] [2], liquid
Results and Discussioncrystals [3] [4], and quasi-one-dimensional conductors[5]. The

properties of such materials can be tuned by varying the Complexes [Co2(CO)6]2(µ-diyne) have been synthesised
organic link or by adjusting the metal itself. Poly-yne seg- by reaction of Co2(CO)8 with the appropriate ligand[33]

ments are recognised to allow long-distance electronic inter- (Figure 1).
actions through π-delocalization[6] [7] [8] [9] [10] [11] [12]. Several The subsequent CO substitution was achieved by ther-
studies have been performed on organometallic “rigid rod” mal reaction of the [Co2(CO)6]2(µ-diyne) with dppm
polymers, Lapinte[13] and Gladysz[14] have demonstrated [bis(diphenylphosphanyl)methane, Ph2P2CH22PPh2] [34]

that conjugated C2 to C20 σ-acetylide bridges constitute the (Scheme 1).
most efficient link between organometallic redox-active ter-

Scheme 1mini. Recently, we have investigated the electronic com-
munication between redox-active clusters joined with diynes 2 Co2(CO)8 1 R2C;C2L2C;C2R R
in a σ/π fashion[15] [16] [17], although this kind of interaction [Co2(CO)6]2(R2C;C2L2C;C2R) 1 4 CO
is suspected to reduce the π-conjugation. [Co2(CO)6]2(R2C;C2L2C;C2R) 1 2 Ph2P2CH22PPh2 R

Electrochemistry represents a simple tool to evaluate the [Co2(CO)4(Ph2P2CH22PPh2)]2(R2C;C2L2C;C2R) 1 4 CO
extent of the electronic interaction between two redox

In most cases, in order to increase the yields of the de-centres[18] [19] [20] [21]. When there is no electronic interaction
sired compounds, Co2(CO)6(dppm) was employed as start-between two redox cores, the E°9 values differ only by a
ing reagent[35].small statistical factor[22] (ca. 36 mV at 298 K) and in pola-

rography/CV a single wave/peak is observed. On the other
Scheme 2hand, when there is charge delocalization over the two
Co2(CO)8 1 Ph2P2CH22PPh2 Rcentres, the E°9 values for the redox processes differ up to

Co2(CO)6(Ph2P2CH22PPh2) 1 2 COabout 700 mV[23], giving two, more or less resolved,
2 Co2(CO)6(Ph2P2CH22PPh2) 1 (R2C;C2L2C;C2R) Rwaves/peaks.
[Co2(CO)4(Ph2P2CH22PPh2)]2(R2C;C2L2C;C2R) 1 4 COIn this paper, we study a large series of complexes where

the redox centres are either “Co2(CO)6” or “Co2-
Some substituted complexes were not stable enough to(CO)4(dppm)” moieties and the bidentate ligand is a µ-

be isolated from both the pathways, namely [Co2-R2C;C2L2C;C2R chain[15] [16] [24]. The “Co2-alkyne”
(CO)4(dppm)]2(H2C;C2CH22CH22C;C2H), [Co2-electrochemical reduction is reasonably well under-
(CO)4(dppm)]2(H3C2C;C2C;C2CH3), and [Co2(CO)4-stood[24] [25], although fast ECE processes complicate its be-
(dppm)]2[Me3Si2C;C2C;C2SiMe3].haviour. Phosphane ligand substitution in Co2(CO)6(µ-al-

kyne) has been extensively studied mainly by Robinson et At room temperature, all diyne complexes 1210 undergo
an apparently single two-electron reduction process in theal. [26] [27] [28] [29] [30] [31] The Co2(CO)62n(PR3)n(alkyne) series

exhibits a further electrochemically and chemically revers- relative CV responses. However, as the temperature is low-
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Figure 1. Sketch of structures of complexes 1219; CO ligands are processes become electrochemically quasi-reversible, as test-

omitted for clarity ified by the increased ∆Ep values.

Figure 2. Electrochemical response of a THF solution of 12 (1·1023

) on a GC electrode at room temperature: SWV at 30 Hz (top)
and CV at 0.2 V s21(bottom)

Certainly, the presence of dppm, which allows reversible
oxidations to be observed at room temperature, facilitates
the experimental work and, furthermore, permits the evalu-
ation of the electronic communication for compounds such
as 19, where the aromatic 9,10-bis(phenylethynyl)anthra-
cene gives reduction processes which overlap with those of
the redox centres under study. In fact, no indication of elec-
tronic interaction could be obtained for 11 [17].

For complexes 7210 and 15219, where the aromatic
spacer is interpolated between the “Co2C2” moieties, the
E°9 values cannot be immediately evaluated from the CV
responses at low temperature since the peaks are partially
overlapped. We successfully employed a computer-assisted
technique for peak resolution enhancement called semi-ered and/or the scan rate is increased, the chemical compli-
derivative voltammetry [36] [37], where the CV data are firstcations involving the primary radical anions are quenched
semi-integrated and then differentiated with respect to timeso that two peak couples, corresponding to subsequent 1e
(Figure 3). Alternatively, we used the Square Wave Voltam-reductions and showing full chemical reversibility, are ob-
metry (SWV) technique[38] to resolve this overlapping. Theserved[16] [17].
relevant E°9 values obtained from the above described tech-For complexes 126, two distinct peak couples are clearly
niques are in agreement (±10 mV) and are reported inobserved in CV, at 230°C, allowing the calculation of the
Table 1.relevant formal electrode potentials E°9 as (Ep

c 1 Ep
a)/2

For all compounds 1219 the ∆E°9 values suggest a low(Table 1). Generally speaking, the external substituents R
to moderate electronic communication between the two bi-of the diyne affect the half-life of the electrogenerated
metallic cores (formally corresponding to class-II mixed-monoanion; hydrogen substituents, in particular, give faster
valence systems in the Hush-Robin-Day formulation)[39] [40].decomposition: in every case such complications can be

eliminated by further raising the scan rate.
Through-Bond and Through-Space Electronic InteractionThe complexes [Co2(CO)4(dppm)]2(R2C;C2L2

C;C2R) (12219) are interesting molecules as they have A large amount of data have been published on the met-
al2metal interactions in binuclear complexes M2L2M9two identical redox centres which can undergo both re-

duction and oxidation processes. At ambient temperature, evaluated by electrochemistry. However, there are only rare
attempts to rationalise this collection of potentials by usingthe cathodic scans mirror those of the parent compounds,

albeit with a higher degree of chemical reversibility; the the distinction between through-space and through-bond
interaction. Although both represent approximations, theystudy of their ∆E°9 values requires low temperature. In con-

trast, two peak couples corresponding to Nernstian and can be distinguished via specially designed models.
Through-space is the solvent-dependent coulombic interac-chemically reversible 1e oxidation processes are always ob-

served in the anodic region (Figure 2). It is worth men- tion within the molecule and through-bond is both the so-
called inductive (by successive polarisation of the bonds)tioning that at low temperature (230°C) such oxidation

Eur. J. Inorg. Chem. 1998, 1473214771474
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Figure 3. Cyclic voltammograms (top) and corresponding semideri- 90, and 50 mV, respectively. Although ion pairing effects
vative voltammograms (bottom) of a THF solution of 16 on a GC

play a role especially in the presence of supporting electro-electrode at 0.2 V s21; the cathodic scan is recorded at 230°C,
the anodic scan at room temperature; Fc* 5 decamethylferrocene, lyte in high concentration (0.1  [NBu4][PF6]), the trend is

added as an internal standard consistent with this view[*]. The general tendency for the
remaining 2210 complexes is as follows: (i) compounds
226 (having a direct C2C bond between the two subunits)
show a weaker dependence of ∆E°9 values on the solvent,
suggesting that a residual through-space electronic interac-
tion is still operative; (ii) compounds 7210 (having large
π-delocalised spacer) show negligible dependence of ∆E°9
values on the solvent indicating that the through-bond elec-
tronic coupling is dominant.

Complexes 7 and 9 (as well as 15 and 17) are two substi-
tutional isomers, para and meta respectively. Their ∆E°9 ex-
perimental values are very similar. In contrast, in a purely
through-bond model, the para isomer is expected to show
stronger electronic interaction than the meta isomer, due to
a higher degree of mixing between aryl and acetylenic or-
bitals.

Table 1. Electrochemical data for complexes 1211, evaluated in A closer inspection of the available solid-state structuresTHF containing [Bu4N][PF6] (0.1 ) at 230°C, GC working elec-
indicates that the “Co2Co” centres (a naive attempttrode
of localisation of the redox cores) are not so far apart;

Complex E°9(0,0/0,12) E°9(0,12/12,12) ∆E°9 i.e. the distance is about 4.43 Å in [Co2-
[V vs. SCE] [V vs. SCE] [mV] (CO)6]2(PhC;C2C;CPh)[46] and 4.36 Å in [Co2-

(CO)4(dppm)]2(PhC;C2C;CPh)[32], so that the substi-1 20.96 21.11 150
tution of CO groups by dppm does not alter substantially2 20.81 21.27 460

3 20.80 21.20 400 the aforementioned distance. Only in [Co2-
4 20.83 21.16 330 (CO)6]2(HC;C2C6H42C;CH)[47] such a distance in-5 20.79 21.20 410

creases up to 8.60 Å and in [Co2(CO)6]2(Me3-6 20.80 21.28 480
7 20.91 21.02 110 SiC;C2C6H42C6H42C;CSiMe3)[47] is 12.8 Å.
8 20.87 21.01 140

For complexes 12219 we obtained slightly different val-9 20.93 21.07 140
10 20.93 21.01 80 ues for ∆E°9red (measured at 230°C, when complete chemi-
11 [a] [a] [a]

cal reversibility is achieved for both reductions) and ∆E°9ox

(measured at the same temperature for comparison pur-[a] Not evaluated because of overlapping of the reduction of the
pose) (Table 2), although the trend is clearly the same. If9,10-bis(phenylethynyl)anthracene.
the electronic communication were purely through-space
one should foresee identical ∆E°9 values for oxidation and

and mesomeric (delocalised) effects [41]. It seems to be gener- reduction. On the contrary, for extensive π-delocalization
ally true that extensive intervening π-bond systems facilitate the ∆E°9 values depend on the character of both HOMO
electron communication while σ-bond networks help less. (depopulated by oxidation) and LUMO (populated by re-
However, a σ-bond system is strongly preferable to trans- duction) and should be, in principle, different. These or-
mission across free space. bitals have been postulated to be essentially Co2Co in

Complex 1, having a 2CH22CH22 spacer (a region of character (bonding and antibonding, respectively) by sim-
saturation), shows a ∆E°9 value about three times lower ple EHT calculations on the model derivative Co2-
than those of complexes 226 but similar to those of com- (CO)6(H2C;C2C;C2H)[48]. EHT calculations (CACAO
plexes 729 where a phenylene spacer is present (Table 1). package)[49] on the model complex Co2-
This comparison suggests that through-space interaction (CO)4(H2P2CH22PH2)(H2C;C2C;C2H)[**] confirm
may be operative in complex 1, especially if one considers that the HOMO9s composition is mainly metal2metal
that the 2CH22CH22 chain is flexible enough to allow the bonding in character (ca. 57%) with small contributions of
two redox “Co2C2” centres to be in close contact.

In a simple electrostatic model the dependence of com- [*] In the electrochemical context, ∆E°9 seems to be a good param-
proportionation constant Kc on the distance between the eter to compare electronic interactions between redox centres

in different solvents because it should be free of liquid junctionredox centres has been discussed by Reimers and Hush[42];
potential errors, which effect each E°9 equally.ln Kc, and hence ∆E°9 [22] [43] [44] [45], is found to be inversely [**] The geometry of the model complex Co2(CO)4-

related to both the distance between the redox centres and (H2P2CH22PH2)(H2C;C2C;C2H) was build up from
the known structure of Co2(CO)4(Ph2P2CH22PPh2)-the dielectric constant (ε) of the solvent. On passing from
(Ph2C;C2C;C2Ph)[32] by formal removal of the phenylTHF (ε 5 7.5) to acetone (ε 5 21.0) to acetonitrile (ε 5 groups and substitution with hydrogen atoms (imposing a
C2H distance of 1.10 Å and a P2H distance of 1.34 Å).36.6), ∆E°9 of compound 1 has decreasing values of 150,
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Table 2: Electrochemical data for complexes 12219, evaluated in THF containing [Bu4N][PF6] (0.1 ), GC working electrode

Complex E°(0,0/0,12)[b] E°(0,12/12,12)[b] ∆E°9red
[b] E°(0,0/0,11)[b] E°(0,11/11,11)[b] ∆E°9ox

[b] ∆E°9ox
[c]

12 21.67 22.07 400 10.61 10.95 340 390
13 21.66 21.93 270 10.57 10.85 280 250
14 21.56 22.02 460 10.61 10.92 310 260
15 21.62 21.70 80 10.66 10.77 110 110
16 21.57 21.64 70 10.74 10.89 150 150
17 21.66 21.74 80 10.68 10.78 100 100
18 21.60 21.67 70 10.73 10.81 80 90
19 [a] [a] [a] 10.75 10.84 90 100

[a] Not evaluated because of overlapping of the reduction of the 9,10-bis(phenylethynyl)anthracene. 2 [b] At 230°C. 2 [c] At 20°C.

220°C. Yields 70280%. Since the spectroscopic characteristics ofthe butadiyne π-orbitals (ca. 5%) and of diphosphane
similar complexes have been previously discussed[52], the IR, 1H-(ca. 4%). Similarly, the LUMO9s composition is mainly
and 31P-NMR spectroscopic data and elemental analyses of eachmetal2metal antibonding in character (ca. 49%) with par-
new compound are simply reported as follows:tial contribution of the diyne (ca. 11%) and negligible con-

tribution of diphosphane. This similar but not identical 1: C18H6Co4O12: calcd. C 33.26, H 0.93; found C 33.20, H 0.90.
2 IR (CH2Cl2); νCO: 2091m, 2056vs, 2026vs cm21. 2 1H NMRcomposition does not allow any firm conclusion on the nat-
(CDCl3): δ 5 6.09 (s, 2 H, ;CH), 3.16 (s, 4 H, 2CH22).ure of interactions.

The bulk of results suggests that for all the compounds 2: C18H6Co4O12: calcd. C 33.26, H 0.93; found C 33.00, H 0.92.
under investigation through-space interaction is always op- 2 IR (CH2Cl2); νCO: 2100m, 2080s, 2057vs, 2029s, 2021s cm21. 2
erative with different weight depending on the nature of the 1H NMR (CDCl3): δ 5 2.74 (s, 6 H, 2CH3).
spacer L. The ∆E°9 values (80290 mV) evaluated for com- 4: C18H6Co4O14: calcd. C 31.70, H 0.89; found C 31.50, H 0.90.
plexes 10 and 18, having the larger aromatic spacer em- 2 IR (CH2Cl2); νCO: 2103m, 2083s, 2061vs, 2034sh, 2028s cm21.
ployed for the series, represent the limit of “purely” 2 1H NMR (CDCl3): δ 5 6.09 (d, 4 H, 3JHH 5 5.6 Hz, 2CH22),
through-bond interactions. 2.87 (t, 2 H, 3JHH 5 5.6 Hz, 2OH),

We thank the Ministero dell9Università e della Ricerca Scientifica 5: C30H14Co4O14: calcd. C 43.20, H 1.69; found: C 43.15, H 1.72.
e Tecnologica (MURST, Rome), the Centro Nazionale delle Ricer- 2 IR (CH2Cl2); νCO: 2105m, 2085s, 2063vs, 2034s, 2029s cm21.
che (CNR, Rome), and the European Union (EU, Brussells) (COST 2 1H NMR (CDCl3): δ 5 7.3626.99 (m, 10 H, Ph), 5.24 (s, 4
Chemistry Action D5/0008/93) for financial support. We are in- H, 2CH22).
debted to Professors C. Amatore (Ecole Normale Superieure, Paris)

6: C22H18Co4O12Si2: calcd. C 34.48, H 2.37; found C 34.40, Hand C. Mealli (CNR, Florence) for useful discussions.
2.30. 2 IR (CH2Cl2); νCO: 2099m, 2078s, 2059vs, 2032s, 2020s
cm21. 2 1H NMR (CDCl3): δ 5 0.42 (s, 18 H, 2CH3).Experimental Section

9: C22H6Co4O12: C 37.86, H 0.87; found: C 37.70, H 0.85. 2 IRElectrochemical Methods and Instrumentation: Electrochemical
(CH2Cl2); νCO: 2092m, 2060vs, 2028vs cm21. 2 1H NMR (CDCl3):measurements were performed using EG&G PAR 273 or EG&G
δ 5 7.7027.30 (m, 4 H, C6H4), 6.39 (s, 2 H, ;CH).PAR 263 electrochemical analysers interfaced to personal com-

puters employing PAR M270 Electrochemical Software. A stand- 10: C28H10Co4O12: calcd. C 43.44, H 1.30; found C 43.39, H
ard three-electrode cell was constructed so that it allowed the tip 1.32. 2 IR (CH2Cl2); νCO: 2093m, 2057vs, 2028vs cm21. 2 1H
of the reference system to approach the working electrode closely. NMR (CDCl3): δ 5 7.60 (s, 8 H, Ph), 6.43 (s, 2 H, ;CH).
An aqueous saturated calomel electrode (SCE) (separated from the

Preparation of [Co2(CO)4(dppm)]2-Diyne Complexes 12219:cell solution with a Luggin probe) was the operational reference
Stoichiometric amounts of the appropriate alkyne and Co2-electrode at room temperature and all potentials are referred to
(CO)6(dppm), prepared according to a literature procedure[35], wereSCE. A silver wire was used as a pseudo-reference for the low tem-
heated at reflux in benzene for 2 h, under nitrogen. The hot reac-perature measurements. The stability of the pseudo-reference elec-
tion mixture was filtered through silica gel to remove any insolubletrode was verified by adding decamethylferrocene as an internal
impurities and the filtrate taken to dryness in vacuum. The complexstandard; the Fc*(0/11) potential was evaluated in the same exper-
was then purified by recrystallisation from hexane/CH2Cl2 atimental conditions to be 10.11 V vs. SCE in THF[50] [51]. The
220°C. Yields 60270%. Noteworthy, the co-ordination of twoworking electrode was a glassy carbon (GC) disk (diameter 5 0.1
dppm ligands to the available Co2Co units is inferred by the pres-cm) sealed in inert resin. The voltammetric responses were recorded
ence of two complex multiplets in the region δ 5 4.323.2, as ex-in THF 1·1023  in electroactive material and 0.1  in supporting
pected for an ABX2 pattern (X 5 31P) in the 1H-NMR spectra[53]electrolyte, [Bu4N][PF6].
and by a single resonance in the region δ 5 36243 in the 31P-

Preparation of [Co2(CO)6]2-Diyne Complexes 1211: In a typi-
NMR spectra.

cal preparation stoichiometric amounts of the appropriate alkyne
and Co2(CO)8 were allowed to react at room temperature, for 1 h 13: C64H50Co4O10P4: calcd. C 57.42, H 3.76; found C 57.382, H

3.7. 2 IR (CH2Cl2); νCO: 2033 (w), 2002vs, 1968m cm21. 2 1Hin CH2Cl2 (35 ml/mmol) in a Schlenk tube under nitrogen. The
reaction mixture was filtered through silica gel to remove any insol- NMR (CDCl3): δ 5 7.5627.04 (m, 40 H, Ph), 5.31 (s, br., 4 H,

2CH22), 4.17, 3.22 (m, 4 H, P2CH22P), 2.20 (s, br., 2 H, 2OH).uble impurities and the filtrate taken to dryness in vacuum. The
complex was then purified by recrystallisation from hexane at 2 31P NMR (CDCl3): δ 5 39.8 (s).
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[18] G. H. Worth, B. H. Robinson, J. Simpson, Appl. Organomet.14: C76H58Co4O10P4: calcd. C 61.23, H 3.92; found C 61.19, H

Chem. 1990, 4, 4812491.3.89. 2 IR (CH2Cl2); νCO: 2034 (w), 2005vs, 1971m cm21. 2 1H [19] G. H. Worth, B. H. Robinson, J. Simpson, Organometallics
NMR (CDCl3): δ 5 7.5026.40 (m, 50 H, Ph), 5.63 (s, 4 H, 1992, 11, 386323874.

[20] B. H. Robinson, J. Simpson, Paramagnetic Organometallic Spec-2CH22), 4.30, 3.26 (m, 4 H, P2CH22P). 2 31P NMR (CDCl3):
ies in Activation, Selectivity and Catalysis, Reidel, Dordrecht,δ 5 39.5 (s).
The Netherlands, 1987, pp 18.

15: C68H50Co4O8P4: calcd. C 60.29, H 3.72; found: C 60.25, H [21] J. W. Merkert, W. E. Geiger, M. N. Paddon-Row, A. M. Oliver,
A. L. Rheingold, Organometallics 1992, 11, 410924116.3.70. 2 IR (CH2Cl2); νCO: 2021s, 1995vs, 1970s cm21. 2 1H NMR

[22] F. A. Ammar, J. M. Savéant, J. Electroanal.Chem. 1973, 47,(CDCl3): δ 5 7.7826.92 (m, 44 H, Ph and C6H4), 5.82 (t, 3JHP 5 1152125.
3.1 Hz, 2 H, ;CH), 4.31, 3.20 (m, 4 H, P2CH22P). 2 31P NMR [23] It is interesting to note that the electron-transfer sequence in
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The photochemistry of M3(CO)12 [M = Ru (1a), Os (1b)] with HOs3(CO)10(C3H3N2) (2b). Photolysis of 1a and 1b with 3,5-
dimethylpyrazole yields HRu3(CO)10(C3HMe2N2) (4a) andpyrazole, 3,5-dimethylpyrazole, and 3,5-diphenylpyrazole is

documented. With 1a, photolysis with pyrazole leads to the HOs3(CO)10(C3HMe2N2) (4b), respectively. The molecular
structure of 4b has been determined by X-raysubstitution product HRu3(CO)10(C3H3N2) (2a). In the case of

1b, the initial product is the ortho-metallated species crystallography. There is no reaction on photolysis of 1a and
1b with 3,5-diphenylpyrazole.HOs3(CO)10(C3H3N2) (3b), heating of which yields

The reaction chemistry of cluster carbonyl complexes bonyl complexes containing nitrogen heterocycles as ligands
since these compounds may well have the ability to act aswith nitrogen-heterocyclic ligands has received little atten-

tion as compared to that of other ligands such as phos- efficient catalysts for key industrial synthetic transfor-
mations[10].phanes[1].This may be attributed in part to the harsh con-

ditions frequently required to prepare N-heterocycle com-
Results and Discussionplexes, reactions often resulting in cluster degradation or

the formation of complex products[2]. Our research has led The results from the investigations are summarised in
us to investigate the photochemistry of ruthenium and os- Scheme 1 and all spectroscopic data are shown in Table 1.
mium complexes with a number of ligand systems[3] [4].
Photochemistry offers a simple, and often highly selective, Photoreactions with Pyrazole
route to organometallic compounds, overcoming large en- Broad-band UV photolysis of an ethyl acetate solution
thalpy barriers. As a consequence, it is often possible to of 1a in the presence of an excess of pyrazole leads, within
prepare complexes that are otherwise inaccessible by con- 30 min, to the formation of the substitution product HRu3-
ventional thermochemical routes[3] [4] [5]. (CO)10(µN:µN-C3H3N2) (2a). The 1H-NMR spectrum of 2a

The trinuclear cluster Ru3(CO)12 (1a) serves as a proto- shows a symmetrical arrangement of the pyrazolide group
type for the photoreactivity of more complex examples. Our and, in the IR spectrum, the complex does not show any
studies have shown that, by broad-band UV irradiation of bands assignable to µ-CO groups.
a dichloromethane solution of 1a in the presence of a two- The formation of 2a from 1a is a relatively inefficient pro-
electron donor ligand, high yields of photofragmentation cess, the photoreactions taking some considerable time. To
products can be obtained[6]. This opens a route to substi- explain this, the mechanism for photosubstitution needs to
tuted mononuclear ruthenium and osmium complexes. Al- be considered. By using matrix-isolation and flash-photoly-
though there has been much work on the synthetic potential sis techniques key intermediates involved in the photosub-
of the reactive intermediates generated by photofragment- stitution pathway of 1a have been generated[11]. The pri-
ation of 1a, the corresponding photosubstitution pathway mary photoreaction is the dissociation of CO to form the
is still relatively unexplored[7]. Our research has shown that, coordinatively unsaturated fragment [Ru3(CO)11]. This frag-
simply by changing the solvent from dichloromethane to ment is highly selective in its chemistry, reaction with pho-
ethyl acetate, ether, or acetonitrile, it is possible to prepare toejected CO is eight times faster than with added PPh3

[11].
photosubstitution products from 1a this enabling the syn- Therefore, in the case of an added ligand, L, photosubstitu-
thesis of substituted cluster products[8]. tion of CO by L is in competition with recombination of the

unsaturated triruthenium fragment with photoejected CO.A range of trinuclear complexes can be formed on pho-
tolysis of 1a and its osmium analogue Os3(CO)12 (1b) with Due to the increased stability of trinuclear osmium com-

plexes over their ruthenium analogues, different productspyridine and bipyridine[9]. The work documented here fo-
cuses on the photochemistry of 1a and 1b with pyrazole are often formed. Broad-band UV photolysis of an ethyl

acetate solution of 1b in the presence of an excess of pyra-and its substituted derivatives. The aim of the investigation
was to prepare photochemically a number of trinuclear car- zole leads, within 45 min, to the relatively insoluble ortho-
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Table 1. Spectroscopic data for the complexes prepared in this study

Compound[a] IR Spectrum[b] 1H-NMR Spectrum[c] Mass Spectrum[d]

Ru3(CO)12 (1a) 2059(vs), 2027(s), 2007(m) 2 2
Os3(CO)12 (1b) 2068(s), 2035(s), 2014(m), 2002(m) 2 2
HRu3(CO)10(C3H3N2) (2a) 2107(m), 2072(s), 2066(vs), 2030(s), 2016(vs), 7.5 (d, 2 H), 6.2 (t, 1 H), 213.45 653 (653 calcd.)

1999(m), 1984(w) (s)
HOs3(CO)10(C3H3N2) (2b) 2109(m), 2070(s), 2061(vs), 2024(s), 2003(vs), 7.15 (d, 2 H), 5.89 (t, 1 H), 923 (924 calcd.)

1994(s), 1979(w) 213.49 (s)
HOs3(CO)10(C3H3N2) (3b) 2103(m), 2060(s), 2052(vs), 2024(s), 2013(vs), 8.9 (br., 1 H), 7.15 (d, 1 H), 6.22 924 (924 calcd.)

1999(s), 1979(w), 1956(w) (d, 1 H), 215.12 (s, 1 H)
HRu3(CO)10(C3HMe2N2) (4a) 2108(w), 2074(s), 2064(vs), 2032(m), 2019(s), 5.72 (s, 1 H), 2.04 (s, 6 H), 213.24 680 (681 calcd.)

1997(m), 1985(w), 1967(w) (s, 1 H)
HOs3(CO)10(C3HMe2N2) (4b) 2107(w), 2067(vs), 2060(vs), 2034(m), 5.29 (s, 1 H), 1.89 (s, 6 H), 213.22 952 (952 calcd.)

2019(s), 1998(m), 1976(w) (s, 1 H)

[a] Compound numbers refer to text. 2 [b] In CH2Cl2unless stated otherwise. 2 [c] In CDCl3 unless stated otherwise. 2 [d] Based on
192Os, 101Ru.

Scheme 1. A summary of the results reported product being 2b [12]. This shows clearly one of the benefits
of photochemistry over conventional thermolytic routes;
the reaction conditions being mild and less stable complexes
often being formed. This has also been shown in the reac-
tion of 1a and 1b with pyridine, photolysis leading initially
to the relatively unstable complex Os3(CO)11(C5H5N) be-
fore orthometallating to form the more stable HOs3-
(CO)10(C5H4N), the latter being the only thermolytic prod-
uct[9].

Of note is that there is no evidence for the formation
of the ortho-metallated analogue of 3b, HRu3(CO)10(µC:µN-
C3H3N2) (3a) in the photochemical reaction of 1a with
pyrazole or in the case of reaction of Ru3(CO)10(MeCN)
with the heterocycle, both routes leading to 2a.

Photolysis of 2b and 3b over a longer time period 122 h
results in the formation of a black precipitate, this being
uncharacterised at present. It is, however, proposed that the
black products are charged in nature, due to their insolu-
bility in common organic solvents. This is not wholly unex-
pected since the photochemistry of Ru(CO)5 with polyden-
tate heterocycles has been show to result in RuIII complexes
as a result of a proposed photooxidation process[13]. This
occurs regardless of the temperature at which the photolysis
is undertaken.

Photoreactions with 3,5-Dimethylpyrazole

With 3,5-dimethylpyrazole, there is no scope for the for-
mation of orthometallated products. Photolysis leads to the
µN:µN substitution products HRu3(CO)10(µN:µN-
C3HMe2N2) (4a) and HOs3(CO)10(µN:µN-C3HMe2N2) (4b)
in the cases of 1a and 1b, respectively. Again, prolonged
photolysis of the reaction products leads to decompositionmetallated complex HOs3(CO)10(µC:µN-C3H3N2) (3b). Re-
and photooxidation.tention of the N2H bond is evident from the spectral data

and, because of this and the solubility problem, separation
Photoreactions with 3,5-Diphenylpyrazoleby chromatography is difficult since the acidic amine group

interacts with the silica gel surface. Heating 3b in boiling When ethyl acetate solutions of 1a and 1b containing 3,5-
diphenylpyrazole are irradiated, no net photoreaction is ob-xylene in the absence of light yields the osmium analogue of

2a, HOs3(CO)10(µN:µN-C3H3N2) (2b). The ortho-metallated served. This is attributed to the considerable steric shielding
of the nitrogen atom of the pyrazole ring in 3,5-di-complex 3b, has been reported previously, as a minor prod-

uct in the reaction of the lightly ligated complex Os3(CO)10- phenylpyrazole and the concomitant steric hindrance to
formation of complexes with the clusters.(MeCN)2 with pyrazole under reflux in benzene, the major

Eur. J. Inorg. Chem. 1998, 1479214831480
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The Molecular Structure of HOs3(CO)10(µN:µN-C3HMe2N2) (4b) unit, which is inclined at an angle of 102.4° to the Os3

plane, coordinates with one nitrogen atom axially bondedThe molecular structure of HOs3(CO)10(µN:µN-
to Os(1) and one nitrogen atom axially bonded to Os(2)C3HMe2N2) (4b) has been determined by single-crystal X-
[Os(1)2N(1) 5 2.116(11) Å; Os(1)2N(5) 5 2.114(10) Å].ray diffraction studies and is shown in Figure 1. Selected
The complex possesses a similar molecular architecture tobond lengths and angles are reported in Table 2.
that of the related complexes HOs3(CO)10[µ2-2,3-η2-
NNN(O)C6H4][16] (5b) and HOs3(CO)10(µ-η2-N5NPh)[17]

Figure 1. The molecular structure of HOs3(CO)10(µN:µN- (6b) prepared from the reactions of Os3(CO)10(MeCN)2 andC3HMe2N2) (4b)
1-hydroxybenzotriazole and phenyldiazonium tetrafluoro-
borate, respectively. In both 5b and 6b, there is extension of
the Os2Os bond bridged by the heterocycle and hydride
ligand, as in 4b. The heterocyclic unit is inclined at an angle
of 102.5° in 5b and at 103.25° in 6b. In all three structures, a
survey of the cis-diequatorial angles around the triosmium
framework shows that the angles are larger than the re-
maining cis-diequatorial OC2Os2Os angles [for 4b:
C(23)2Os(2)2Os(1) 5 116.1(4), C(13)2Os(1)2Os(2) 5
117.2(5), C(34)2Os(3)2Os(1) 5 97.9(5), C(32)2O-
s(3)2Os(2) 5 98.6(5)]. Compared to the free pyrazole li-
gand, coordination to 4b has remarkable little effect, the
bond lengths being almost unchanged within the remit of
statistical significance[18].

Conclusions

The photolysis of ethyl acetate solutions of M3(CO)12

[M 5 Ru (1a), Os (1b)] with pyrazole and 3,5-dimethylpyra-
zole leads to photosubstitution products. With pyrazole, 1a
forms the substitution product HRu3(CO)10(µN:µN-
C3H3N2) (2a) but, in the case of osmium, the ortho-metal-
lated complex HOs3(CO)10(µC:µN-C3H3N2) (3b) can be iso-
lated. Heating 3b yields the osmium analogue of 2a, HOs3-
(CO)10(µN:µN-C3H3N2) (2b). Photolysis of 1a and 1b with
3,5-dimethylpyrazole yields the substitution products
HRu3(CO)10(µN:µN-C3HMe2N2) (4a) and HOs3(-Table 2. Selected bond lengths [Å] and angles [°] for 4b
CO)10(µN:µN-C3HMe2N2) (4b), respectively. With 2,6-di-

Os(1)2Os(3) 2.8704(9) N(1)2C(2) 1.35(2) phenylpyrazole no net photoreaction is observed.
Os(1)2Os(2) 2.9243(13) N(1)2N(5) 1.38(2)

Girton College Cambridge is thanked for a Research Fellowship.Os(2)2Os(3) 2.8652(10) C(2)2C(3) 1.41(2)
Os(1)2N(1) 2.116(11) C(3)2C(4) 1.38(2) This work was funded in part by the UK Engineering and Physical
Os(2)2N(5) 2.114(10) C(4)2N(5) 1.34(2) Sciences Research Council and Johnson-Matthey plc is acknowl-

edged for the generous loan of ruthenium chloride. Advice andOs(3)2Os(1)2Os(2) 59.26(2) C(22)2Os(2)2Os(3) 85.1(5)
assistance from G.P. Shields is greatly appreciated.Os(3)2Os(2)2Os(1) 59.43(3) C(23)2Os(2)2Os(3) 175.3(4)

Os(2)2Os(3)2Os(1) 61.31(3) C(22)2Os(2)2Os(1) 139.4(5)
N(1)2Os(1)2Os(3) 87.3(3) C(23)2Os(2)2Os(1) 116.1(4)
N(1)2Os(1)2Os(2) 68.6(3) C(32)2Os(3)2Os(2) 98.6(5)

Experimental SectionN(5)2Os(2)2Os(3) 88.0(3) C(34)2Os(3)2Os(1) 97.9(5)
N(5)2Os(2)2Os(1) 68.6(3) N(5)2N(1)2Os(1) 111.3(8)

General Experimental: Unless stated otherwise, all syntheses wereC(12)2Os(1)2Os(3) 85.9(4) N(1)2N(5)2Os(2) 111.5(8)
performed under dry nitrogen using standard Schlenk techniques.C(13)2Os(1)2Os(3) 175.9(5) C(2)2N(1)2N(5) 108.4(11)

C(12)2Os(1)2Os(2) 141.0(4) C(4)2N(5)2N(1) 108.8(11) All photochemical reactions were performed in a specially designed
C(13)2Os(1)2Os(2) 117.2(5) glass reaction vessel fitted with a nitrogen bubbler, reflux condenser

and dry-ice cooling finger. A 125-W mercury arc broad-band UV
lamp was used as the irradiation source and reflectors placedThe solid-state structure of 4b is consistent with that in
around the reaction vessel to maximise efficiency. All reagents weresolution, the heterocyclic unit bridging one of the Os2Os
purchased from commercial sources and used as received unlessbonds. The two unbridged Os2Os bond lengths (mean
noted otherwise. Literature methods were used to prepare the start-

2.875 Å) in 4b are very similar to those in Os3(CO)12 1b ing material compounds Ru3(CO)12 (1a) [19] and Os3(CO)12 (1b) [20].
(mean 2.867 Å) [14]. The bridged Os2Os bond is signifi- Purification of the reaction products was by thin layer chromatog-
cantly longer at 2.9243 Å. The hydride was not located di- raphy (laboratory prepared glass plates coated to a thickness of
rectly in the Fourier difference map but its position was 1.0 mm with Merck Kieselgel 60 F254) using light petroleum ether

as eluent.determined using the program HYDEX[15]. The pyrazolate
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Physical Measurements: Infrared (IR) spectra were recorded in 4994 reflections collected, 3681 independent (Rint 5 0.0454) (219

# h # 19, 28 # k # 9, 222 # l # 22; 5.5° # 2θ # 50°). Semi-NaCl solution cells (path length 0.5 mm) using a Perkin-Elmer PE
1710 Fourier transform infrared spectrometer. All values quoted empirical absorption correction based on ψ-scan data was applied

(minimum and maximum transmission factors 0.153 and 0.288,are in wavenumbers (cm21). 2 The 1H-NMR spectra were recorded
using a Bruker AM400, WM250, or WP80SY Fourier transform respectively)[22].
NMR spectrometer and data reported using the chemical shift scale Structure Solution and Refinement: The osmium atom positions
in units of ppm relative to the solvent resonance. 2 Fast atom were determined by direct methods (SHELXTL-PLUS)[23] and all
bombardment (FAB) mass spectra were recorded using a KRATOS non-hydrogen atoms located by subsequent Fourier difference
MS-50 spectrometer, with either 3-nitrobenzyl alcohol or thiogly- syntheses. Full-matrix least-squares refinement on F2 (SHELXL-
cerol as a matrix and CsI as calibrant. 2 IR, NMR, and mass 93)[24] was performed with anisotropic displacement parameters for
spectral data are collected in Table 1. all non-hydrogen atoms. Hydrogen atoms were placed in idealised

positions and allowed to ride on the relevant carbon atom. The
Photolyses hydride ligand was located using the program HYDEX. In the final

cycles of refinement, a weighting scheme of the form w21 5An Ethyl Acetate Solution of Ru3(CO)12 (1a) with Pyrazole: An
[σ(Fo

2) 1 0.053P2 1 10.46P] [where P 5 (Fo
2 1 2Fc

2)/3] was intro-ethyl acetate solution of 1a (30 mg in 150 ml) containing excess
duced which produced a flat analysis of variance. At final conver-pyrazole (9.6 g) was irradiated using the broad-band UV source.
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The final difference synthesis showed no ∆ρ above 2.882 or belowture data it was proposed that the yellow-orange cluster formed
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[4] [4a] N.E. Leadbeater, J. Chem. Soc., Dalton Trans. 1995, 2923.h) led to decomposition.
2 [4b] N. E. Leadbeater, J. Lewis, P. R. Raithby, J. Organomet.
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[6] A. J. Edwards, N. E. Leadbeater, J. Lewis, P. R. Raithby, J.Os3(CO)12 (1b) (40 mg in 150 ml) and 24 mg of the heterocycle. The Organomet. Chem. 1995, 503, 15.
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(Mono-β-diiminato)titanium(III) and -vanadium(III) dichlo- The corresponding dialkyltitanium(III) compounds are less
stable; only the dimethyl derivatives could be obtained inrides LMCl2 [L = ArNC(R)CHC(R)NAr–] are easily accessible

from the metal trichlorides and LLi in THF. The crystal pure form (from LTiCl2 and MeMgI), and only for ligands
bearing 2,6-disubstituted aryl groups. The structure ofstructures of LVCl2 (Ar = 2,6-iPr2C6H3, R = Me) and LTiCl2

(Ar = 2,4,6-Me3C6H2, R = Me and Ar = 2,4,6-Me3C6H2, R = LTiMe2 (Ar = 2,4,6-Me3C6H2, R = Me) is also similar to that
of the dichloride. Reaction of LTiMe2 with B(C6F5)3 producestBu) reveal tetrahedral metal environments. Treatment of

LVCl2 with alkyllithium reagents affords surprisingly stable a catalyst for α-olefin polymerization, but the corresponding
VIII derivatives are inactive.dialkylvanadium(III) compounds; the structure of LV(nBu)2

(Ar = 2,6-iPr2C6H3, R = Me) is similar to that of the dichloride.

Introduction shows the ligands studied and the abbreviations used here).
We have concentrated on the L1 and L2 ligands, because the

The development of metallocene catalysis has led to in- Ti and V dichloride and dimethyl derivatives were found to
tense interest in the generation and reactivity of early tran- crystallize well, and only examined the use of the other li-
sition alkylmetal compounds. Neutral dialkylmetal com- gands in selected cases. [4]

pounds, in particular, are of great importance as precursors
of catalytically active cationic monoalkyl species. Most of
the work in this area has concentrated on diamagnetic d0

complexes of group-III and -IV metals. It is still unclear
whether d1 or d2 complexes can be as efficient in olefin poly-
merization as their d0 analogues, and this lack of insight is

Ligand Synthesesat least partly due to the unavailability of suitable catalyst
precursors. However, work by Theopold on d3 chromium

The two main routes for the synthesis of β-diimines aresystems demonstrates that well-defined paramagnetic
summarized in Scheme 1. The most convenient route (A) ishomogeneous polymerization catalysts are certainly pos-
condensation of a β-diketone with an (aromatic) amine.[5]

sible. [1]

The second route (B) is especially useful for very bulky di-We report herein on the preparation of TiIII (d1) and VIII

imines, [6] where the route A condensation is very sluggish.(d2) complexes containing a β-diiminato ancillary ligand.
Route B is also applicable to the synthesis of asymmetri-The β-diimine ligand has not been widely used in or-
cally substituted diimines (different Ar groups). The ligandsganometallic chemistry. Some PdII and NiII complexes have
used in the present work were all prepared by one of thesebeen prepared recently; in comparison with related α-diim-
two methods. Lappert has reported a more exotic synthesisine complexes they showed a much lower activity in Brook-
of silyl-substituted diiminates from bis(trimethylsilyl)meth-hart-type olefin polymerization. [2] Collins has recently re-
yllithium and nitriles. [7]

ported the synthesis of several ZrIV complexes of β-diim-
ines. [3]

One advantage of β-diimines is that ligand variation, in
Dichloride Complexesboth the ligand backbone and the substituent at the nitro-

gen atom, is relatively easy. This has allowed us to probe the Complexes LMCl2 (M 5 TiIII, VIII ; L ° L4 or L6) are
consequences of steric effects in the present study (Scheme 1 conveniently prepared by reaction in THF of MCl3(THF)3

with the lithium salt of the β-diimine (prepared in situ from
[°] Present address: Department of Inorganic Chemistry, Univer- the free diimine and nBuLi). After evaporation of the sol-sity of Nijmegen, Toernooiveld 1, NL-6525 ED Nijmegen, The

Netherlands; E-mail: budz@sci.kun.nl vent, the complex is extracted with toluene and purified by
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Scheme 1. β-Diimine ligand syntheses

crystallization from toluene or hexane. In several instances, NPh]GdBr2(THF)2
[9] have essentially planar skeletons. The

neutral β-diimine complex (HL2)NiBr2 and the C-metal-we initially observed formation of a THF complex; repeated
distillation of toluene (at 1 bar) from a solution of the com- lated [Pd(NCMe)3][µ-C:N,N9-L2][Pd(NCMe)2]31 also have

non-planar diimine skeletons. [2] The strongly non-planarplex was found to be a convenient method for removal of
this THF. structure recently reported for (L4)(indenyl)ZrCl2 by Col-

lins was described as partially η5; [3] the nonplanarity of ourThe L4 complexes tenaciously retain 2 molecules of com-
plexed THF. Treatment of VCl3(THF)3 with L4Li in THF L2VCl2 complex is clearly not pronounced enough to war-

rant such a description.results in precipitation of dark-green needles of poorly sol-
uble L4VCl2(THF)2. Most of the coordinated THF can be Figure 1. X-ray structure of L2VCl2

[a]

removed by the above-mentioned toluene distillation, but
the resulting product is an ill-defined black substance.
L4TiCl2(THF)2 is poorly soluble even in hot THF or tolu-
ene/THF mixtures; small amounts can be crystallized from
THF as dark-brown needles. Reaction of the THF complex
with Me3SiI [8] removes the coordinated THF but also ex-
changes the chlorides for iodides, giving dark-red L4TiI2,
which is fairly soluble in toluene and diethyl ether.

All the dichlorides are stable at room temperature, but
are highly sensitive to air and moisture. They are paramag-
netic and exhibit strongly broadened NMR spectra that
could not be fully interpreted. Complexes L2VCl2 (Figure
1), L1TiCl2 (Figure 2), and L5TiCl2 (Figure 3) were charac-
terized by X-ray diffraction. They are monomeric and show
the expected distorted tetrahedral surrounding of the metal [a] Selected structure data: V2N1 1.940(2), V2N2 1.963(2), V2Cl1

2.242(1), V2Cl2 2.234(1) Å; N12V2N2 94.0(1), Cl12V2Cl2center. In the case of the bulky L2 ligand, the metal atom
114.3(1)°.

has moved out of the NCCCN plane of the ligand. This
allows the aryl groups at the nitrogen atoms to tilt, thus Surprisingly, we were unable to prepare transition metal

complexes of the bulkiest ligand (L6). Neither the lithiumrelieving steric repulsion between the chlorides and the iso-
propyl substituents. Movement of the metal atom out of salt nor the potassium salt reacted with TiCl3 in refluxing

THF, despite the fact that in the less hindered systems li-the NCCCN plane has also been observed in the sterically
hindered zirconium complex [Me3SiNC(tBu)CHC(tBu)N- gand transfer occurs even at room temperature. With VCl3,

some kind of reaction took place, but no vanadium diimi-SiMe3]ZrCl3[7] and in the tin derivative [Me3-
SiNC(tBu)CHC(tBu)NSiMe3]SnMe2Cl, [7] whereas the un- nate was formed. It occurred to us that the steric repulsion

between the backbone tBu groups and the substituents athindered tin complex [HNC(tBu)CHC(tBu)NH]SnMe2Cl[7]

and the lanthanide complex [PhNC(Me)CHC(Me)- the nitrogen atoms might destabilize the geometry needed
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Figure 4. X-ray structure of L6Li(THF)[a]Figure 2. X-ray structure of L1TiCl2

[a]

[a] Selected structure data: Li2N1 1.927(6), Li2N2 1.927(6), Li2O[a] Selected structure data: Ti2N1 1.983(3), Ti2N2 1.964(3),
1.910(6) Å; N12Li2N2 100.2(3), N12Li2O 130.9(3), N22Li2OTi2Cl1 2.294(1), Ti2Cl2 2.295(1) Å; N12Ti2N2 84.2(1),
128.8(3)°.Cl12Ti2Cl2 106.34(5)°.

Figure 3. X-ray structure of L5TiCl2
[a]

which is formally a 10-e complex (or at most a 14-e com-
plex, if π-donation from both nitrogen atoms is included
in the count) and contains 4 β-hydrogen atomss, could be
crystallized from warm (50°C) hexane without significant
decomposition. The X-ray structure of this complex (Figure
5) shows a tetrahedral environment of the metal centre,
similar to that in the dichloride. There is some disorder in
one of the n-butyl groups, but the structure is otherwise
unremarkable. There is no evidence for significant agostic
interactions or short intermolecular contacts.

Not many dialkylvanadium(III) compounds are known.
Two examples bearing tridentate amido ligands have been
reported: Edwards obtained a compound formulated as[a] Selected structure data: Ti2N1 1.986(1), Ti2Cl1 2.2966(6) Å;

N12Ti2N1a 83.88(8), Cl12Ti2Cl1a 104.57(3)°. [(Me2PCH2CH2)2N]VMe2 as an oil from the reaction of the
dichloride with MeLi; [10] he also obtained the crystalline
complex [(Et2NCH2CH2)2N]VMe2 in a similar manner. [11]for chelation, for example by enforcing a trans arrangement

of the tBu and diisopropylphenyl groups around the C5N CpVMe2(PMe3)2
[12] and CpVR2(PMe3) (R 5 CH2CMe3,

CH2CMe2Ph, CH2SiMe3)[13] have been reported by thebonds. However, the X-ray structure of the salt L6Li(THF)
(Figure 4) shows a normal chelate structure. The most likely group of Teuben. None of these complexes have been

characterized by X-ray diffraction, but the crystal structureexplanation for the failure to form Ti and V complexes is
still a steric one. The tBu groups enforce a larger C2N2C of the metallated alkyl-aryl complex CpV(CH2CMe2-o-

C6H4)(PMe3)2 has been determined and shows a ratherangle [compare the values of 119 and 120° in L2VCl2 and
121 and 122° in L1TiCl2 to 128° in L5TiCl2 and 127 and long V2C(alkyl) distance of 2.194(3) Å. [13] The trialkyl

complex [(Me3CCH2)3V]2(µ-N2) has much shorter V2C129° in L6Li(THF)], thus restricting the amount of space in
the open “wedge” between the aryl groups. Also, the pos- bonds [2.026(2) Å]; [14] those in our complex L2V(nBu)2 are

intermediate [2.062(5) Å].sibility of strain relief by aryl group tilting as found in
L2VCl2 is probably limited by the tBu groups. Thus, there
is still enough space in the center of the open wedge for the

Dialkyltitanium(III) Compoundssingle THF molecule in L6Li(THF), but the isopropyl
groups might cause severe repulsion at the two tetrahedral The related dialkyltitanium(III) compounds were found
positions of the chlorides in a hypothetical L6MCl2 mol- to be less stable. For ligands bearing 2,6-disubstituted aryl
ecule. groups, LTiMe2 complexes are best prepared from LTiCl2

and MeMgI in diethyl ether. Addition of 1 equiv. of di-
oxane, evaporation of the solvent, and extraction with hex-Dialkylvanadium(III) Compounds
ane gave an impure product, which could be purified
further by crystallization from hexane. The LTiMe2 com-Treatment of complexes LVCl2 with alkyllithium com-

pounds (MeLi, nBuLi) in diethyl ether affords easy access plexes all have an intense dark-blue colour. The structure
of L1TiMe2 (Figure 6) shows the expected tetrahedral en-to dialkylmetal compounds LVR2. These complexes were

found to be unexpectedly stable. For example, L2V(nBu)2, vironment of the metal centre and is very similar to that of
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Figure 6. X-ray structure of L1TiMe2

[a]Figure 5. X-ray structure of L2V(nBu)2
[a]

[a] Selected structure data: Ti2N1 1.989(2), Ti2N2 1.989(2),[a] Selected structure data: V2N1 1.997(4), V2N2 1.991(4), V2C30
Ti2C24 2.131(3), Ti2C25 2.123(3) Å; N12Ti2N2 85.33(7),2.062(5), V2C34 2.062(5) Å; N12V2N2 94.5(2), C302V2C34
C242Ti2C25 104.5(1)°.109.6(2)°; the apparent near-eclipsed confirmation of the C342C37

butyl chain is caused by a disorder in the positions of C35 and
C36, probably between two possible gauche conformations.

Higher alkyl derivatives are less stable than the methyl
complexes. A few large, dark-blue crystals of what appeared
to be L1TiEt2 were obtained by rapid work-up of the reac-

the dichloride. Paramagnetic alkyltitanium compounds are tion product from L1TiCl2 and EtMgBr in Et2O, but even
relatively rare, and only a few examples not bearing cyclo- during crystallization at 220°C the initially blue hexane
pentadienyl substituents have been described. Arnold has solution turned green, indicating partial decomposition.
reported the synthesis of a monomethyltitanium(III) benza- The crystals themselves were fully decomposed after 1 night
midinate complex, [PhC(NSiMe3)2]2TiMe,[15] and suggested at room temperature. No further attempts were made to
that the unusually short Ti2C bond in this complex, prepare higher alkyl compounds.
2.120(5) Å, was due to the low coordination number (5) of
the Ti atom. The coordination number of Ti in L1TiMe2 is
even lower (4), but the Ti2C bond lengths [2.123(3) and Polymerization Experiments
2.131(3) Å] are not shorter than those in the benzamidinate
compound. However, the benzamidinato ligand should be Even though they are coordinatively unsaturated, the di-

alkylmetal compounds themselves were found to be unreac-“harder” than the diiminato ligand, and this is reflected in
much longer Ti2N bonds [2.104(3), 2.164(3), 2.095(3), and tive towards olefins. Treatment with MAO or EtAlCl2 re-

sulted in transfer of the β-diimine ligand to Al, and no sig-2.160(3) Å, vs. 1.989(2) Å in L1TiMe2], which might com-
pensate for the difference in coordination number. Cum- nificant polymerization activity was observed. The reaction

of LVMe2 complexes with 1 equiv. of B(C6F5)3 produced amins has reported the X-ray structure of [η1-(tBu)-
(Ar)N][η3-(tBu)(Ar)N]TiCH(SiMe3)2 (Ar 5 3,5-Me2C6H3), brown solution, possibly containing the ionic species, but

no polymerization activity was observed with propene, andwhich has a Ti2C distance of 2.137(7) Å. [16] Edwards has
reported the preparation of [(Et2NCH2CH2)2N]TiMe2, only a very low activity with ethene.

The corresponding Ti complexes proved to be signifi-which was characterized by elemental analysis and ESR; no
further details of its stability and reactivity were given.[11] cantly more active. Reaction of L1TiMe2 with B(C6F5)3 in

benzene produced a red-brown solution, possibly contain-Gambarotta has prepared several anionic dialkylti-
tanium(III) compounds (R2N)2Ti(µ-R9)2Li(TMEDA) and ing L1TiMe1MeB(C6F5)3

2. This solution was found to be
active in the polymerization of propene and 1-hexene, pro-[(R2N)2Ti(R9)2]2[Li(TMEDA)2]1. [17]

The presence of sufficient steric shielding appears to be ducing atactic materials, although activities in propene
polymerization (see Table 1) are not very high compared toessential for the stability of the product. Whereas LTiMe2

complexes bearing 2,6-disubstituted aryl groupss were found those of metallocene catalysts. The molecular weight distri-
bution is rather narrow (Mw/Mn ø 1.5821.78) indicatingto be reasonably stable at room temperature, the bis(o-tolyl)

(L3) derivative decomposes within 1 h (an impure product relatively slow chain transfer. The polymerization is not
“living”, since propene absorption almost stopped after 15could be obtained by carrying out the reaction and iso-

lation at 210°C). The diphenyl (L4) derivative was initially min. The stoichiometry of the reaction indicates the forma-
tion of ca. 1 chain per metal atom. NMR analysis of theformed upon addition of MeMgI to LTiCl2 (as indicated by

the deep-blue colour), but within ca. 10 seconds the colour product did not reveal any unsaturated end groups. These
facts suggest that the polymerization does not terminate byhad changed to green-brown, indicating rapid decompo-

sition. We could not find any conditions under which the β-elimination, but by a different mechanism which prevents
initiation of a new chain. One possibility is reaction withrate of formation was sufficiently high and the decompo-

sition slow enough to allow isolation of L4TiMe2. impurities in the feed (since there is no scavenger present
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Table 1. Propene polymerization experiments[a]

Entry Cat. Co-cat. Solvent Time [min] Activity[b][c] Remarks

1 L1TiMe2 B(C6F5)3 benzene 30 62000/96000
2 B(C6F5)3 benzene 120 25000 0.05 mmol cat, co-cat.
3 B(C6F5)3 benzene 30 14000/33000 50°C; exotherm
4 B(C6F5)3 toluene 10 2
5 B(C6F5)3 bromobenzene 10 2
6 Ph3C1B(C6F5)4

2 benzene 30 2
7 PhMe2NH1 B(C6F5)4

2 benzene 30 53000/101000
8 PhMe2NH1 B(C6F5)4

2 benzene 30 2000/8100 0.05 mmol cat, co-cat.
9 L5TiMe2 B(C6F5)3 benzene 30 0/2000/10000

10 L2TiMe2 B(C6F5)3 benzene 30 2000

[a] 0.1 mmol of cat. and co-cat., 25 ml of solvent, 526 bar propene, room temperature. 2 [b] (g olefin)/(mol Ti)·h. 2 [c] Multiple entries
are results from separate experiments.

in this system), but alkyl transfer to the ligand cannot be but catalysts generated from LTiMe2 and B(C6F5)3 show
activity in α-olefin polymerization. The reasons for theseexcluded: Floriani observed transfer of alkyl groups from

ZrIV to the imine carbon atoms of the macrocyclic bis(di- differences are unclear and point out the need for a more
detailed understanding of the reactivity of paramagneticiminato) ligand tmtaa. [18] Reproducibility of the activities

is poor (see the different activities given for entries 1, 3, 7, non-d0 systems
8, 9 in the table). We found that the time taken to prepare
the catalyst mixture and the laboratory temperature had a

Experimental Sectionsignificant influence, indicating that the catalyst is not
very stable. General: All manipulations involving lithium, potassium, and

Curiously, polymerization activity is virtually zero if tolu- transition metal compounds were performed in standard Schlenk
glassware under an inert atmosphere. Reagents were used as re-ene is used as the solvent instead of benzene (entries 1 and
ceived. Solvents were dried by distillation from sodium under argon3). Inhibition of polymerization by toluene has been noted
prior to use. 2 1H- and 13C-NMR spectra were recorded usingfor a closely related TiIV diamide catalyst by McConville, [19]

Varian XL-200 and Varian VXR-300 instruments, respectively. 2but he did not report on the effect of benzene in the same
The metal chlorides TiCl3(THF)3 and VCl3(THF)3

[20], the ligandssystem. McConville attributed the effect of toluene to the
L2H[2] and L4H[5] and the borane B(C6F5)3

[21] were prepared ac-
formation of a toluene complex. Our observed difference

cording to literature methods. For some syntheses of vanadium
between benzene and toluene might have a similar cause, compounds, VCl3(THF)3 was prepared in situ by refluxing anhy-
since toluene is a somewhat stronger donor than benzene. drous VCl3 in THF prior to reaction with a lithium β-diiminate.
However, we do not consider this very likely since some

L2Li: 76 g of L2H was dissolved in 200 ml of THF. To a cooledactivity was observed when the reaction was carried out at
solution of 10.2 g of nBuLi in 250 ml of hexane was added 25 ml of

a lower temperature in toluene. Chemical reaction with diisopropylamine, and this solution was slowly added to the cooled
toluene (e.g. benzylic C2H activation) could be an alterna- solution of L2H. The mixture was warmed to room temperature
tive explanation. and the solvents were removed in vacuo. The crude product was

The catalyst system used here allows only a limited crystallized from hexane (165°C/220°C) to give light-yellow crys-
tals of the composition L2Li(THF) (by NMR) (ca. 70 g, 80%). 2amount of “tuning”. Increasing the steric hindrance at the
1H NMR (C6D6): δ 5 7.28 (m-H), 7.20 (p-H), 5.14 (CHC5N), 2.03metal centre was found to have a deleterious effect on ac-
(CH3C5N), 1.30, 1.40, 3.55 (iPr), 1.02, 2.83 (THF). 2 13C NMRtivity (compare entries 1 and 10). Reduction of steric hin-
([D8]THF): δ 5 150.3 (i-C), 141.4 (o-C), 123.4 (m-C), 123.1 (p-C),drance was not possible since the required LTiMe2 precur-
163.4 (C5N), 92.7 (CHC5N), 28.4 (CH3C5N), 24.8, 24.0sors are unstable (see above). Use of the less coordinating
(CH3CH), 23.3 (CHCH3).anion B(C6F5)4

2 also decreased activity (entries 1 and 6),
L1H was prepared by a similar route to that used for L2H:[2] Apossibly because of faster catalyst decomposition. Activity

mixture of 25.03 g of acetylacetone (0.25 mol), 67.6 g of 2,4,6-is also lower at higher temperature (entries 1 and 3), again
trimethylaniline (0.5 mol), and 20.8 ml of 12  hydrochloric acidindicating catalyst decomposition. Thus, the scope of this
(0.25 mol) was heated to 120°C for 4 h. Water was allowed to distilTiIII catalyst appears to be rather limited.
from the reaction mixture and heating was continued at 140°C
overnight. Thereafter, the solids produced were crystallized from
refluxing ethanol. Two fractions were collected, the second fraction

Conclusions after treatment with diethyl ether. Yield of crude L1H·HCl: 87.6 g
(94%). 2 1H NMR (CDCl3): δ 5 2.65 (1-H), 4.29 (3-H), 6.74 (m-

β-Diimine complexes LMCl2 of TiIII and VIII are easily H), 1.94 (αo-H), 2.23 (αp-H), 4.88 (NH). 2 13C NMR (CDCl3):
prepared. The corresponding dialkylmetal compounds are δ 5 21.1 (C-1), 171.5 (C-2), 90.5 (C-3), 139.7 (i-C), 135.5 (o-C),
unexpectedly stable when M 5 V, but they do not seem to 130.0 (m-C), 132.7 (p-C), 17.5 (αo-C), 21.2 (αp-C). A mixture of
give rise to active polymerization catalysts. The correspond- 60.2 g of crude L1H·HCl (162 mmol), 30 ml of triethylamine (218

mmol), 200 ml of dichloromethane, and 100 ml of water was stirreding dialkyltitanium(III) compounds are much less stable,
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for 1 h until all solids had dissolved and a clear separation of the tained below reflux temperature with water-bath cooling. After the

addition was completed, the mixture was refluxed for 1 h. Then,two layers had occurred. The organic phase was removed, dried
with magnesium sulfate, filtered, and the solvent was removed in 100 ml of water and 100 ml of diethyl ether were added and the

product was extracted. The aqueous layer was extracted once withvacuo. The resulting thick oil was dried in vacuo at 100°C for 4
h (to remove small amounts of 2,4,6-trimethylaniline). The crude 100 ml of diethyl ether. The combined organic fractions were dried

with magnesium sulfate, filtered, and the solvent was evaporated inproduct L1H was isolated as a brown solid, yield 46.2 g (85%), and
was used as such, without further purification, for reaction with vacuo. The product was crystallized from refluxing ethanol. Yield:

15.88 g (76%). The NMR spectra show separate peaks due to thetransition metal chlorides. 2 1H NMR (CDCl3): δ 5 1.68 (1-H),
4.85 (3-H), 6.85 (m-H), 2.25 (αo-H), 2.11 (αp-H). 2 13C NMR imine-enamine and bis(imine) (minor component) forms. 2 1H

NMR (CDCl3) of imine-enamine form: δ 5 1.14 (1-H), 5.43 (4-H),(CDCl3): δ 5 20.3 (C-1), 160.9 (C-2), 93.3 (C-3), 141.1 (i-C), 131.8
(o-C), 128.4 (m-C), 133.4 (p-C), 18.2 (αo-C), 20.8 (αp-C). 6.71 (m-H), 2.20 (αo-H), 2.14 (αp-H), 13 (NH); of bis(imine) form

(all peaks broad): δ 5 0.821.4 (1-H), 3.2 (4-H), 1.9 (αo-H), 2.23L5H was prepared by procedures similar to those used by Knorr
(αp-H), 6.75 (m-H). 2 13C NMR (CDCl3) of imine-enamine form:and Weiss for bulky diimines.[6] 2 (a) To a mixture of 67.6 g of
δ 5 30.4 (C-1), 40.3 (C-2), 170 (C-3), 91 (C-4), 143 (i-C), 131.3 (o-2,4,6-trimethylaniline (0.5 mol) and 50.6 g of triethylamine (0.5
C), 128.7 (m-C), 132.7 (p-C), 19.2 (αo-C), 20.9 (αp-C).mol) in 800 ml of dichloromethane was slowly added a solution of

60.3 g of pivaloyl chloride (0.5 mol) in 200 ml of dichloromethane. L6H was prepared by a route similar to that used for L5H. 2 (a)
To a mixture of 44.3 g of 2,6-diisopropylaniline (0.25 mol) and 25.3After the addition was completed, the reaction mixture was re-

fluxed for 1 h and then extracted with 2 3 250 ml water. The or- g of triethylamine (0.25 mol) in 400 ml of dichloromethane was
slowly added a solution of 30.145 g of pivaloyl chloride (0.25 mol)ganic fraction was dried with magnesium sulfate, filtered, and the

solvent was removed in vacuo. The resulting yellow oil was treated in 100 ml of dichloromethane. After the addition was completed,
the reaction mixture was refluxed for 1.5 h. It was then diluted withwith diethyl ether, yielding a white, microcrystalline powder. This

powder was filtered off and dried. Yield: 96 g (88%) of crude 2,2- 500 ml of dichloromethane and extracted with water (3 3 100 ml).
The organic fraction was dried with magnesium sulfate, filtered,dimethyl-N-(2,4,6-trimethylphenyl)propionamide. 2 1H NMR

(CDCl3): δ 5 1.32 (3-H), 6.86 (m-H), 2.14 (αo-H), 2.25 (αp-H). 2 and the solvent was removed in vacuo. The resulting yellow oil was
treated with diethyl ether to yield a white microcrystalline powder.13C NMR (CDCl3): δ 5 176.5 (C-1), 39.2 (C-2), 27.8 (C-3), 136.6

(i-C), 135.1 (o-C), 128.8 (m-C), 131.3 (p-C), 18.1 (αo-C), 20.9 (αp- This powder was filtered off and dried. Yield: 65.5 g (100%) of
crude N-(2,6-diisopropylphenyl)-2,2-dimethylpropionamide. 2 1HC).
NMR (CDCl3): δ 5 1.36 (3-H), 7.1527.25 (m-, p-H), 3.00 (α-H),(b) To a slurry of 96 g (438 mmol) of the crude amide in 1 l of
1.19 (β-H), 6.8 (NH). 2 13C NMR (CDCl3): δ 5 177.1 (C-1), 39.2toluene, 91.15 g of phosphorus pentachloride (438 mmol) was ad-
(C-2), 28.7 (C-3), 131.4 (i-C), 146.1 (o-C), 123.3 (m-C), 128.0 (p-ded in small portions. During the course of the addition, HCl gas
C), 23.5 (α-C), 27.8 (β-C).was liberated and the reaction mixture became a clear yellow solu-

tion. After the addition was completed, the reaction mixture was (b) To a slurry of 65.5 g of N-(2,6-diisopropylphenyl)-2,2-di-
methylpropionamide (0.25 mol) in 500 ml of benzene, 52 g of phos-stirred overnight. The solvent was distilled off, first toluene fol-

lowed by the formed POCl3. Finally, the product was distilled at phorus pentachloride (0.25 mol) was added in small portions. Dur-
ing the course of the addition, HCl gas was liberated and the reac-85°C (4 mbar oil pump). Yield: 88.8 g (85%) of 1-chloro-2,2-di-

methyl-1-(2,4,6-trimethylphenylimino)propane. 2 1H NMR tion mixture became a clear yellow solution. After the addition was
completed, the reaction mixture was stirred for 1 h. The solvent(CDCl3): δ 5 1.43 (3-H), 6.88 (m-H), 2.03 (αo-H), 2.29 (αp-H). 2

13C NMR (CDCl3): δ 5 155.3 (C-1), 43.8 (C-2), 28.5 (C-3), 143.1 was then distilled off, first benzene followed by the formed POCl3.
Finally, the product was distilled at 85°C (4 mbar oil pump). Yield:(i-C), 125.9 (o-C), 128.4 (m-C), 133.1 (p-C), 17.5 (αo-C), 20.8 (αp-

C). 54.4 g (78%) of 1-chloro-1-(2,6-diisopropylphenylimino)-2,2-di-
methylpropane.[22] 2 1H NMR (CDCl3): δ 5 1.44 (3-H), 7.14(c) To 32.5 g of 1-chloro-2,2-dimethyl-1-(2,4,6-trimethylphe-
(m-, p-H), 2.75 (α-H), 1.2 (β-H). 2 13C NMR (CDCl3): δ 5 154.6nylimino)propane (137 mmol) in 200 ml of diethyl ether was added
(C-1), 43.9 (C-2), 28.4 (C-3), 143.1 (i-C), 136.4 (o-C), 122.9 (m-C),170 ml of 1.6  methyllithium in diethyl ether (274 mmol). The
124.4 (p-C), 23 (α-, β-C).solution became warm and methane gas was evolved. The reaction

mixture was stirred for 1 h at room temperature. After careful hy- (c) To 32.76 g of 1-chloro-1-(2,6-diisopropylphenylimino)-2,2-di-
methylpropane (117 mmol) in 100 ml of diethyl ether was added adrolysis with water and subsequent extraction, the organic fraction

was dried with magnesium sulfate, filtered, and distilled at large excess of 200 ml of 1.6  methyllithium in diethyl ether (320
mmol). The solution became warm and methane gas was evolved.1062108°C (3 mbar oil pump). Yield: 27.6 g (93%) of 3,3-di-

methyl-2-(2,4,6-trimethylphenylimino)butane. 2 1H NMR The reaction mixture was stirred for 3 h at room temperature and
then carefully (!) hydrolysed with water. After extraction, the or-(CDCl3): δ 5 1.61 (1-H), 1.27 (4-H), 6.81 (m-H), 1.93 (αo-H), 2.25

(αp-H). 2 13C NMR (CDCl3): δ 5 15.2 (C-1), 177.0 (C-2), 40.3 ganic fraction was dried with magnesium sulfate, filtered, and dis-
tilled at 75°C (2 mbar oil pump). Yield: 27.9 g (92%) of 2-(2,6-(C-3), 28.0 (C-4), 146.3 (i-C), 125.1 (o-C), 128.4 (m-C), 131.2 (p-

C), 17.5 (αo-C), 20.7 (αp-C). diisopropylphenylimino)-3,3-dimethylbutane. 2 1H NMR
(CDCl3): δ 5 1.7 (1-H), 1.3 (4-H), 7.027.3 (m-, p-H), 2.71 (α-H),(d) To a cooled (278°C) mixture of 10.85 g of 3,3-dimethyl-2-
1.15, 1.18 (β-H). 2 13C NMR (CDCl3): δ 5 15.9 (C-1), 176.4 (C-(2,4,6-trimethylphenylimino)butane (50 mmol) and 5.8 g of
2), 40.4 (C-3), 28.0 (C-4), 146.6 (i-C), 135.7 (o-C), 122.7 (m-C),N,N,N9N9-tetramethylethylenediamine (TMEDA) (50 mmol) in 100
122.6 (p-C), 27.8 (α-C), 22.8, 23.0 (β-C).ml of hexane was added 31.25 ml of 1.6  n-butyllithium in hexane

(50 mmol). The reaction mixture was allowed to warm to room (d) To a cooled (278°C) mixture of 27.9 g 2-(2,6-diisopropyl-
phenylimino)-3,3-dimethylbutane (107.5 mmol) and 12.5 g oftemperature and was then stirred overnight, resulting in a cloudy,

slightly yellow slurry. To this was added dropwise 11.875 g of 1- N,N,N9N9-tetramethylethylenediamine TMEDA (107.5 mmol) in
100 ml of hexane was added 67.5 ml of 1.6  n-butyllithium inchloro-2,2-dimethyl-1-(2,4,6-trimethylphenylimino)propane (50

mmol) in 75 ml of hexane. The reaction temperature was main- hexane (107.5 mmol). The reaction mixture was allowed to warm
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to room temperature and then stirred overnight. A sticky white 2 13C NMR (CD3OD): δ 5 22.0 (CH3C5N), 171.5 (CH3C5N),

92.4 (CH), 136.5 (arom. C-1), 135.6 (arom. C-2), 132.2 (arom. C-slurry was obtained, which was treated dropwise with 30.1 g of 1-
chloro-1-(2,6-diisopropylphenylimino)-2,2-dimethylpropane (107.5 3), 127.7 (arom. C-4), 129.8 (arom. C-5), 128.2 (arom. C-6), 17.4

(o-CH3).mmol) in 75 ml of hexane. The reaction temperature was main-
tained below reflux temperature with water-bath cooling. After the (c) A mixture of 7.87 g of 2,4-di-o-tolyliminopentane·HCl (25
addition was completed, the mixture was refluxed for 1 h. Then, mmol), 7 ml of triethylamine (50 mmol), 100 ml of dichlorometh-
100 ml of water and 100 ml of diethyl ether were added and the ane, and 100 ml of water was stirred for 1 h until all solids had
product was extracted. The aqueous layer was extracted once with dissolved and a clear separation of the two layers had occurred.
100 ml of diethyl ether. The combined organic fractions were dried The organic phase was removed, dried with magnesium sulfate, fil-
with magnesium sulfate, filtered, and the solvent was evaporated in tered, and the solvent was removed in vacuo. The resulting thick
vacuo. The product was crystallized from refluxing hexane. Two yellow oil was dried in vacuo for 16 h. The product was isolated as
fractions of white crystals (35.86 and 7.47 g) were collected; com- a yellow oil (6.36 g, 91%). 2 1H NMR (CDCl3): δ 5 1.97 (CH3C5
bined yield 43.33 g (80%) of L6H. The NMR spectra show separate N), 2.27 (o-CH3), 4.98 (CH), 12.6 (NH), 6.927.3 (Ar-H). 2 13C
peaks due to the imine-enamine and bis(imine) (minor component) NMR (CDCl3): δ 5 20.7 (CH3C5N), 159.8 (CH3C5N), 96.5
forms. 2 1H NMR (CDCl3) of imine-enamine form: δ 5 1.08 (1- (CH), 144.6 (arom. C-1), 130.7 (arom. C-2), 130.2 (arom. C-3),
H), 5.42 (4-H), 6.94 (m-, p-H), 3.26 (α-H), 1.02, 1.22 (β-H), 4.9 123.6 (arom. C-4), 126.1 (arom. C-5), 123.0 (arom. C-6), 16.3 (o-
(NH); of bis(imine) (all peaks broad): δ 5 0.821.4 (1-H, β-H), CH3).
2.422.8 (α-H), 6.927.2 (m-, p-H). 2 13C NMR (CDCl3) of imine-

L1VCl2: Vanadium trichloride (7.865 g, 50 mmol) was refluxedenamine form: δ 5 31.3 (C-1), 41.3 (C-2), 169.3 (C-3), 94.7 (C-4),
for 3 h in 100 ml of THF to form VCl3(THF)3. A solution of 16.725142.7 (i-C), 141.3 (o-C), 123.1 (m-C), 122.9 (p-C), 28.9 (α-C), 22.5,
g (50 mmol) of L1H in 100 ml of THF was cooled to 278°C. To25.8 (β-C).
this was added 31.4 ml (50 mmol) of 1.6  n-butyllithium in hexane,

L6Li: To a cooled (278°C) mixture of 1.0 g of L6H (2 mmol) and the mixture was allowed to warm to room temperature. The
and 202 mg of diisopropylamine in 15 ml of THF was added 1.25 orange/yellow solution thus obtained was added to the pink/red
ml 1.6 of  nBuLi in hexane. The reaction mixture was allowed to slurry of VCl3(THF)3 resulting in an immediate colour change to
warm to room temperature and then refluxed for a short time (10 an intense dark brown-red. The reaction mixture was refluxed for
min). The solvent was evaporated in vacuo and the product was an additional 1 h. The solvent was then removed in vacuo, and the
crystallized from refluxing hexane, yielding beautiful yellow crys- residue was dried at 80°C in vacuo. It was then washed with 50 ml
tals of L6Li·THF. 2 1H NMR (C7D8): δ 5 1.26 (1-H), 5.11 (4-H), of hexane, dried, and extracted with 200 ml of toluene. The product
6.827.0 (m-, p-H), 3.36 (α-H), 1.03, 1.29 (β-H). 2 13C NMR was crystallized from toluene as red crystals. Two fractions were
(C7D8): δ 5 33.3 (C-1), 44.1 (C-2), 170.1 (C-3), 92.2 (C-4), 150.9 obtained (7.425 g and 5.4 g). Yield: 12.825 g (56%). 2
(i-C), 139.5 (o-C), 122.9 (m-C), 121.6 (p-C), 27.9 (α-C), 23.1, 25.3 C23H29Cl2N2V (455.34): calcd. C 60.67, H 6.42, Cl 15.57, N 6.15,
(β-C). V 11.19; found C 60.39, H 6.26, Cl 15.45, N 6.00, V 10.95.

L6K: To a stirred suspension of 0.16 g (4 mmol) of KH (disper- L1VMe2: To a suspension of 9.3 g of L1VCl2 (20.4 mmol) in 150
sion in mineral oil, washed with hexane to remove the oil) in 25 ml ml of diethyl ether, cooled to 278°C, was slowly added 25.65 ml
of THF, 1.0 g (2 mmol) of L6H was added in small portions. The of a solution of methyllithium in diethyl ether (1.6 , 40.8 mmol).
yellowish solution was stirred at 65°C for 1 h and then filtered. The mixture was allowed to warm to room temperature and the
The THF was removed in vacuo, and the product was washed with solvent was removed in vacuo. Crystallization from hexane
hexane to give off-white L6K (0.9 g, 90%). 2 1H NMR ([D8]THF): (140°C/220°C) gave dark-brown crystals. Yield: 5.42 g (64%). 2
δ 5 1.1621.19 (1-H, β-H), 3.85 (4-H), 6.84 (m-H), 6.51 (p-H), 3.35 C25H35N2V (414.51): calcd. C 72.44, H 8.51, N 6.76, V 12.29; found
(α-H). 2 13C NMR ([D8]THF): δ 5 31.4 (C-1), 42.2 (C-2), 168 C 72.18, H 8.33, N 6.71, V 12.10, Cl < 0.1.
(br., C-3), 88.4 (C-4), 153.7 (i-C), 137.8 (o-C), 122.3 (m-C), 117.0

L1TiCl2: To a solution of 6.69 g of L1H (20 mmol) in 50 ml of(p-C), 28.1 (α-C), 23.8, 25.4 (β-C).
THF, cooled to 278°C, was added 6.3 ml (20 mmol) 1.6 of  nBuLi

L3H: (a) A mixture of 46.9 g of o-toluidine (438 mmol) and 48.2 in hexane, and the mixture was allowed to warm to room tempera-
g of acetylacetone (481 mmol) in 500 ml of toluene, plus a few ture. Then, 3.7 g of solid TiCl3(THF)3 (20 mmol) was added and
drops of H2SO4, was heated under reflux in a Dean-Stark appa- the reaction mixture was refluxed overnight. A colour change from
ratus for the azeotropic removal of water. After 16 h, the reaction green to dark brown took place. The solvent was then removed in
mixture was cooled to room temperature and the solvent was re- vacuo and 100 ml of toluene was added. The resulting solution was
moved in vacuo. The product was distilled at 118°C (5 mbar) to reduced in volume by 20 ml by distillation of toluene along with
give 4-o-tolylamino-3-penten-2-one as a light-yellow oil (75.3 g, residual THF and/or hexane. The warm, deep-red solution was fil-
91%). 2 1H NMR (CDCl3): δ 5 1.86 (CH3C5N), 2.10 (CH3C5 tered and the filtrate was concentrated, at reflux temperature, until
O), 2.27 (o-CH3), 5.19 (CH), 7.027.3 (Ar-H), 12.3 (NH). 2 13C crystals appeared. After leaving the solution to stand overnight,
NMR (CDCl3): δ 5 29.0 (CH3C5O), 196.0 (CH3C5O), 97.0 deep-red crystals were collected. Yield: 7.32 g (81%). 2
(CH), 161.1 (CH3C5N), 19.5 (CH3C5N), 137.4 (arom. C-1), 133.8 C23H29Cl2N2Ti (452.30): calcd. C 61.08, H 6.46, Cl 15.68, N 6.19,
(arom. C-2), 130.7 (arom. C-3), 126.2 (arom. C-4), 126.3 (arom. C- Ti 10.59; found C 60.90, H 6.62, Cl 15.76, N 6.03, Ti 10.45.
5). 126.2 (arom. C-6), 18.0 (o-CH3). L1TiMe2: 1. Using MeLi: To a stirred suspension of 1.0 g (2.2

mmol) of L1TiCl2 in 20 ml of diethyl ether, cooled to 280°C, was(b) A mixture of 47.3 g of 4-o-tolylamino-3-penten-2-one (250
mmol) and 35.9 g of o-toluidine hydrochloride (250 mmol) was slowly added 2.8 ml (4.4 mmol) of a 1.6  solution of MeLi in

diethyl ether. The mixture was allowed to warm to 0°C, whereuponrefluxed in the minimum volume of ethanol for dissolution of both
components. Cooling the reaction mixture to room temperature a deep-blue colour appeared. The solvent was then removed in

vacuo, and the residue was quickly extracted with two 15-ml por-yielded yellow crystals of the monohydrochloride of 2,4-di-o-tolyl-
iminopentane (63.1 g, 80%). 2 1H NMR (CD3OD): δ 5 2.68 tions of hexane. The combined hexane fractions were concentrated

in vacuo to a volume of ca. 2.5 ml and after storage overnight at(CH3C5N), 2.06 (o-CH3), 4.64 (CH), 4.89 (NH), 6.827.3 (Ar-H).
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220°C, a dark-blue crystalline solid was isolated. The yield of this L2TiMe2: This was prepared in the same manner as L1TiMe2

(Grignard route). The residue after the reaction was sticky, andsynthesis was rather variable, but was usually in the range 10250%.
The isolated product was found to be stable at room temperature, extraction with hexane was far from complete; from 1.0 g of

L2TiCl2, we obtained only 0.09 g (10%) of L2TiMe2 as dark-blueboth in solution and in the solid state. Crystals for X-ray diffraction
were obtained by recrystallization from pentane (125°C/220°C). needles from hexane.

2. Using MeMgI: To a stirred suspension of 1.0 g (2.2 mmol) of L5VCl2: Vanadium trichloride (1.57 g, 10 mmol) was refluxed
L1TiCl2 in 20 ml of diethyl ether was slowly added a solution of for 2 h in 25 ml of THF to form VCl3(THF)3. A solution of 4.19
1.06 g (4.4 mmol) of MeMgI(Et2O) in 15 ml of diethyl ether. The g (10 mmol) of L5H in 25 ml of hexane was cooled to 278°C. To
mixture immediately turned deep-blue. The solvent was removed in this was added 6.25 ml (10 mmol) of 1.6  n-butyllithium solution
vacuo, and the residue was extracted with two 15-ml portions of in hexane and the mixture was allowed to warm to room tempera-
hexane. Concentration of the solution and cooling to 220°C gave ture. The reaction mixture slurry was stirred overnight and then a
dark-blue crystals of the product (0.64 g, 70%). small amount of THF was added until a clear yellow solution was

obtained. This yellow solution was added to the pink/red slurry ofAttempted Synthesis of L1TiEt2: To a stirred suspension of 1.0 g
VCl3(THF)3 and the mixture was refluxed for 1 d. The solvent was(2.2 mmol) of L1TiCl2 in 20 ml of diethyl ether, cooled to 220°C,
then removed in vacuo and the residue was crystallized from tolu-was slowly added a solution of 0.92 g (4.4 mmol) of EtMgBr(Et2O)
ene (30 ml) to afford dark-red crystals. Yield: 2.07 g (38%). 2in 15 ml of diethyl ether. The mixture immediately turned deep-
C29H41Cl2N2V (539.50): calcd. C 64.56, H 7.66, Cl 13.14, N 5.19,blue. It was allowed to warm to 5°C and then cooled once more
V 9.44; found C 64.81, H 7.72, Cl 12.93, N 5.18, V 9.55.to 220°C. The solvent was then removed in vacuo, and the residue

was quickly extracted with two 15-ml portions of hexane. Concen- L5TiCl2: To a mixture of 5.66 g of L5H (13.5 mmol) in 30 ml of
tration of the combined extracts at 220°C and storage at this tem- hexane was added 8.5 ml (13.5 mmol) of 1.6  nBuLi in hexane.
perature overnight gave a few very large, dark-blue crystals of the The reaction mixture was allowed to warm to room temperature
product. These decomposed within a day at room temperature, and then stirred overnight. The initially clear yellow solution be-
both in solution and in the solid state, leading to unidentified came a yellow slurry. To this, 5.0 g of TiCl3(THF)3 (13.5 mmol)
brown products with liberation of ethane. and 30 ml of THF were added and the mixture was refluxed over-

night. The solvent was then removed in vacuo and 75 ml of tolueneL2VCl2: Vanadium trichloride (7.865 g, 50 mmol) was refluxed
was added. The resulting solution was reduced in volume by 10 mlfor 2 h in 150 ml of THF to form VCl3(THF)3. To this was added
by distillation of toluene along with residual THF and/or hexane.a solution of 24.84 g of L2Li(THF) (50 mmol) in 50 ml of THF
The warm, deep-red solution was filtered and the filtrate was con-and the reaction mixture was refluxed for 30 min resulting in a deep
centrated, at reflux temperature, until crystals appeared. After stor-brown-red colouration. The solvent was then removed in vacuo and
age overnight, deep-red crystals separated. Yield: 4.36 g (74%). 2the residue was dried at 100°C, whereupon it slowly turned dark
C29H41Cl2N2Ti (536.46): calcd. C 64.93, H 7.70, Cl 13.22, N 5.22,green. It was then washed with 25 ml hexane, dried, and crys-
Ti 8.93; found C 64.89, H 7.56, Cl 13.32, N 5.18, Ti 8.79.tallized from toluene as very dark-green crystals. Yield: 22.15 g

(82%). 2 C29H41Cl2N2V (539.50): calcd. C 64.56, H 7.66, Cl 13.14, L5TiMe2: This was prepared in the same manner as L1TiMe2
N 5.19, V 9.44; found C 64.30, H 7.52, Cl 13.00, N 5.03, V 9.55. (MeLi route) but crystallized more easily and was typically ob-

tained in 70% yield as dark-blue crystals.L2VMe2: To a solution of 2.7 g of L2VCl2 (5 mmol) in 25 ml
of diethyl ether, cooled to 280°C, was slowly added 6.28 ml of Attempted Synthesis of L3TiMe2: L3TiCl2 was prepared in the
methyllithium in diethyl ether (1.6 , 10 mmol). The stirred mixture same manner as L1TiCl2. However, the compound did not crys-
was allowed to warm to room temperature and then refluxed for tallize well from toluene, and so an excess of hexane was added to
1.5 h. The resulting solution was filtered through a fine frit and the the dark-brown toluene solution to precipitate the product as a
solvent was removed in vacuo. Crystallization from hexane gave brown-green powder. To a stirred suspension of 1.0 g (2.5 mmol)
dark-brown crystals. Yield: 1.12 g, second crop 0.4 g, total yield: of crude L3TiCl2 in 20 ml of diethyl ether, cooled to 210°C, was
1.52 g (61%). slowly added a cooled solution of 1.21 g (5.1 mmol) of MeMgI-

(Et2O) in 15 ml of diethyl ether. The solution turned deep-blue.L2V(nBu)2: To a suspension of 1.0 g of L2VCl2 (1.7 mmol) in
After 1 min, 0.43 ml of 1,4-dioxane was added, the solvent was10 ml of toluene, cooled to 280°C, was slowly added 2.1 ml of a
removed in vacuo, and the residue was extracted with two coldsolution of nBuLi (1.6  in hexane). The stirred mixture was al-
(210°C) 15-ml portions of hexane. Evaporation of the solvent leftlowed to warm to room temperature. The solvents were then re-
a dark-blue solid, which upon hydrolysis produced variablemoved in vacuo, and the product was extracted with a small
amounts of methane (but always less than 2 equivalents based onamount of warm hexane. After leaving the resulting solution to
L3TiMe2). All attempts at purification or crystallization resulted instand for 1 week at 220°C, large, dark-brown crystals were de-
the disappearance of the blue color, indicating decomposition.posited.

L2TiCl2: A solution of 4.967 g of L2Li(THF) (20 mmol) and 3.7 L4VCl2(THF)2: Vanadium trichloride (7.9 g, 50 mmol) was re-
fluxed for 3 h in 100 ml of THF to form VCl3(THF)3. A slurry ofg of TiCl3(THF)3 in 50 ml of THF was refluxed overnight. The

colour of the reaction mixture changed from light green to dark 14.3 g (50 mmol) of L4H · HCl in 100 ml of THF was cooled to
278°C. To this was added 63 ml (100 mmol) of 1.6  n-butyllith-green. The solvent was then removed in vacuo and 75 ml of toluene

was added. The resulting solution was reduced in volume by 20 ml ium in hexane, and the mixture was allowed to warm to room tem-
perature. The resulting orange/yellow solution was added to theby distillation of toluene along with residual THF and/or hexane.

A further 20 ml of fresh toluene was added and distilled off once cooled, pink/red slurry of VCl3(THF)3. An immediate colour
change to very dark green was observed and small crystals weremore. The warm, deep-red/brown solution was filtered and the fil-

trate was concentrated, at reflux temperature, until crystals ap- formed. After leaving the mixture to stand overnight, the super-
natant was decanted, the crystals were washed with 50 ml of THF,peared. After storage overnight, deep-red/brown crystals were de-

posited. Yield: 2.85 g (53%). and dried in vacuo. Yield: 20.8 g (81%). 2 C25H33N2VO2Cl2
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(515.40): calcd. C 58.26, H 6.45, Cl 13.76, N 5.44, V 9.88; found hexane, and crystallized from toluene/hexane to give red-purple

crystals of L4TiI2 (0.43 g, 80%).C 57.93, H 6.23, Cl 14.01, N 5.60, V 10.10.

L4VMe2: To a slurry of 1.03 g (2 mmol) of L4VCl2(THF)2 in 30 Polymerization Experiments: Under argon, a glass Büchi min-
ml of THF, cooled to 278°C, was added 2.5 ml (4 mmol) of 1.6  iclave was charged with benzene (21 ml) followed by 41 mg of tris-
methyllithium in diethyl ether. The reaction mixture was allowed (pentafluorophenyl)borane (0.1 mmol) in 2 ml of benzene. The sol-
to warm to room temperature, whereupon the colour changed from vent was then saturated with propene and the dimethyltitanium
dark green/blue to dark red. The solvent was then removed in compound (0.1 mmol) in 2 ml of benzene was introduced. The
vacuo, and the product was redissolved in diethyl ether. Filtration dark blue/green colour of the diminatodimethyltitanium compound
of the resulting solution and evaporation of the solvent yielded the immediately disappeared and a clear, red solution was formed. The
product as a solid foam. Because of its high solubility, we were propene pressure was maintained at 526 bar for 30 min. The pro-
unable to purify the product further; the number of methyl groups pene pressure was then released and the solution was poured into
still present in the complex was determined by controlled hydroly- 200 ml of methanol. The polymer produced was filtered off and
sis. A 430-mg (1.3 mmol) portion of the solid foam was dissolved dried in vacuo at 100°C.
in the minimum volume of dichloromethane and the complex was

X-ray Structure Determinations: All crystals were mounted indeliberately decomposed with 1 ml of methanol. The volume of
thin-walled glass capillaries under N2 and held in place with sili-evolved gas was measured as 58 cm3 (2.6 mmol).
cone grease. Diffraction measurements were made with a Siemens

L4TiCl2(THF)2: To a solution of nBuLi (2.6 ml of a 1.6  solu-
P3m diffractometer fitted with an LT-1 crystal cooling device, using

tion in hexane; 4.2 mmol) in 15 ml of THF, cooled to 240°C, was
graphite-monochromated Mo-Kα radiation (λ 5 0.71073 Å). Unit

added 0.7 ml (4.8 mmol) of diisopropylamine. The resulting mix-
cell dimensions were determined from carefully centered reflections

ture was added to a solution of 1.0 g (4.0 mmol) of L4H in 15 ml
in the range 15.0° < 2θ < 40.0°. Diffracted intensities were meas-

of THF and the solvent was removed in vacuo (50°C, 1 h). The
ured in a unique volume of reciprocal space for 4.0° < 2θ < 50.0°

residue was taken up in 10 ml of THF, and the resulting solution
by Wyckoff ω scans. Three check reflections were measured again

was slowly added to a suspension of 1.48 g (4.0 mmol) of
after every 100 ordinary data over the period of data collection in

TiCl3(THF)3 in 25 ml of THF. The mixture was heated to 50°C
order to monitor and correct for crystal decay and long term inten-

and after 10 min the solvent was removed in vacuo. The residue
sity fluctuations. Duplicate and equivalent measurements were

was quickly[23] extracted with two 25-ml portions of toluene. After
averaged and systematic absences were deleted. Absorption correc-

the addition of 1 ml of THF to the combined extracts and leaving
tions were applied based on azimuthal scan data and Lorentz and

the solution to stand, brown crystals of L4TiCl2(THF)2 were de-
polarization corrections were applied. The structures were solved

posited (1.4 g, 70%). The product could be recrystallized from tolu-
by Patterson and Fourier methods. All non-hydrogen atoms were

ene/THF mixtures, but its solubility is low even in hot solvent mix-
assigned anisotropic displacement parameters and all hydrogen

tures.
atoms were given fixed isotropic displacement parameters and con-
strained to idealized geometries (C2H 0.96 Å, methyl H2C2HL4TiI2: To a suspension of L4TiCl2(THF)2 (0.5 g, 1 mmol) in 25

ml of benzene was added 0.78 g (0.56 mmol) of Me3SiI. The mix- 109.5°). Full-matrix least-squares refinements were against Fo or
Fo

2. Weights, w, were adjusted to minimize the variation in S as ature was stirred for 4 h at 70°C, during which it turned violet. The
solvent was then removed in vacuo, the residue was washed with function of Fo . Final difference electron density maps showed no

Table 2. Details of X-ray structure determinations

Compound L2VCl2 L1TiCl2 L5TiCl2 L6Li(THF) L2V(nBu)2 L1TiMe2

Formula C29H41Cl2N2V C23H29Cl2N2Ti C29H41Cl2Ti C39H61LiN2O C37H59N2V C25H35N2Ti
Mass 539.5 452.3 536.4 580.8 582.8 411.5
T [K] 200 213 200 200 200 200
Crystal size [mm] 0.25 3 0.65 3 0.7 0.3 3 0.6 3 0.6 0.6 3 0.55 3 0.45 0.4 3 0.5 3 0.6 0.4 3 0.4 3 0.65 0.45 3 0.45 3 0.75
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group[25] P21/c (No. 14) P1̄ (No. 2) C2/c P21/n (No. 14) P21/c (No. 14) P21/n (No. 14)
a [Å] 17.177(5) 8.198(3) 14.592(3) 9.541(3) 12.903(3) 8.233(3)
b [Å] 13.170(4) 8.719(3) 9.096(2) 17.911(6) 13.042(4) 23.097(7)
c [Å] 13.842(4) 17.859(6) 21.727(5) 21.711(7) 21.489(7) 12.598(3)
α [°] 90 90.68(3) 90 90 90 90
β [°] 109.11(2) 93.43(3) 95.43(2) 95.44(2) 92.85(2) 94.60(3)
γ [°] 90 113.91(3) 90 90 90 90

V [Å3] 2958.8(15) 1163.9(7) 2870.9(11) 3694(2) 3612(2) 2387.9(13)
Z 4 2 4 4 4 4
dcalcd. [g cm23] 1.21 1.29 1.24 1.05 1.07 1.14
Transmission 0.755/0.917 0.722/0.921 0.574/0.618 (no correction, 0.737/0.808 0.733/0.821
(min./max.) µ 5 0.61 cm21)
F(000) 1144 474 1140 1280 1272 884
Measured 5703 4076 2614 7197 6913 4555
Unique 5225 4067 2520 6495 6310 4186
Used 4119, I > 2σ(I) 4056, I > 23σ(I) 2519, I > 23σ(I) 3607, I > 2σ(I) 3859, I > 2σ(I) 4184, I > 23σ(I)
Parameters 337 253 161 388 361 295
R 0.041 0.048 [3611 data with 0.033 [2266 data with 0.063 0.070 0.038 [3562 data with

I > 2σ(I)] I > 2σ(I)] I > 2σ(I)]
wR 0.049 0.142 (all data) 0.038 (all data) 0.065 0.071 0.108 (all data)
S 1.42 1.16 1.52 1.45 1.59 1.13
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The reaction of [meso-(ebthi)TiCl2] [ebthi = 1,2-ethylene- 6a. In the analogous reactions of the complexes [(thi)2Ti(η2-
PhC2SiMe3)] (thi = η5-tetrahydroindenyl), [rac-(ebthi)Ti(η2-1,19-bis(η5-tetrahydroindenyl)] with magnesium in the

presence of the alkynes Me3SiC;CSiMe3 and PhC;CSiMe3 PhC2SiMe3)], and [Cp*2Ti(η2-PhC2SiMe3)] with carbon
dioxide typical regioselectivity (insertion into the M–CSiresulted in the formation of the complexes [meso-

(ebthi)Ti(η2-Me3SiC2SiMe3)] (1) and [meso-(ebthi)Ti(η2- bond of the titanacyclopropene) was observed, yielding the
β-silyl-substituted titanafuranones 7, 8a, and 9. These resultsPhC2SiMe3)] (2a and 2b), which were isolated and then

characterized by their NMR spectra. Due to incomplete show that insertion of carbon dioxide into the M–C bond of
the titanacyclopropene structure of the alkynemetallocenereduction the TiIII complex [meso-(ebthi)Ti(THF)Cl] (3) was

also obtained as a by-product of these reactions. By insertion complexes is governed by the substitution pattern of the
alkyne and the steric enviroment around the metal center.into the Ti–CPh bond carbon dioxide reacted with the

titanacyclopropene structure of the alkyne complex [meso- The complexes 3, 6a, and 7 were investigated by X-ray
crystal structure analysis.(ebthi)Ti(η2-PhC2SiMe3)] (2a), with untypical regioselectivity

to yield the α-silyl-substituted meso-(ebthi)titanafuranone

A large number of reviews concerning the cooordination CO2 occurs, and not the direct coupling of all the alkyne to
metallafuranones. Other complexes of this type IV and Vchemistry, the stoichiometric reactions, and the catalytic ac-

tivation of carbon dioxide have been published.[1] In this were also described.[5]

series of publications little has been reported concerning The chemoselectivity for coupling of the alkyne and CO2,
insertion reactions of carbon dioxide into the metallacyclo- as well as the structures of the products obtained, depends
propene structure of alkynetitanocene and -zirconocene strongly on the substituents of the Cp ligands and the
complexes, although the nature of the observed products alkynes. In the reaction of CO2 with the permethyltitano-
shows a strong dependence on the different Cp substituents, cene complex [Cp*2Ti(η2-Me3SiC2SiMe3)] the alkyne is not
the alkynes, and the metals used. To the best of our knowl- coupled and the carbonate-bridged complex XII [6a] [6b] was
edge Scheme 1 summarizes all the different types of reac- obtained. When [Cp*2Ti(Me)Ph] was thermolyzed in the
tion products previously described. presence of CO2 the benzyne complex [Cp*2Ti(η2-o-C6H4)]

was trapped, and the complex VII formed.[6c] In the reac-The first results of this chemistry came from Vol9pin et
tion of [Cp2Ti(η2-Me3SiC2tBu)] and CO2

[4d] the productsal. [2] who trapped the benzyne complex [Cp2Ti(η2-o-C6H4)]
obtained are another carbonate-bridged complex XIII, theduring the thermal decomposition of Cp2TiPh2 by a reac-
carbon monoxide complex [Cp2Ti(CO)2], and the free al-tion with CO2 to give the titanabenzofuranone complex I.
kyne.The titanafuranone VI as well as the dimeric carboxylate

In the reaction of the alkynezirconocene complexcomplex XI (not isolated or characterized) were said to be
[Cp2Zr(THF)(η2-Me3SiC2SiMe3)] with CO2 only the zir-the result of the interaction of a solution of [CpCp*Ti(η2-
conafuranone XIV was obtained, which has a dimeric struc-PhC2CPh)] with CO2.[3] Recently, we have shown that di-
ture. [7]meric compounds such as VIII and X are the primary prod-

ucts in the reactions of alkynetitanocene complexes Whereas, e.g. for nickel(0) complexes with unsymmetri-
cally substituted alkynes, the regioselectivity of the carbon[Cp2Ti(η2-RC2R)] (R 5 Ph, Me3Si) with CO2

[4] and that
only after subsequent interaction with oxygen the titana- dioxide coupling reaction was studied both theoretically[1r]

and experimentally[1s] [1t], fewer results have been reportedfuranone complexes II and III [4] are formed. In the first
step a coupling of only half the amount of the alkynes with on the regioselectivity of these reactions with titanocene
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Scheme 1

and zirconocene complexes. Using the unsymmetrically di- As a consequence of the meso-ebthi ligand we obtained
the complex 2 as a mixture (3:1) of the two diastereomericsubstituted alkynes PhC;CSiMe3 and tBuC;CSiMe3, an

insertion of carbon dioxide at the silicon-substituted carbon products 2a (major isomer) and 2b (minor isomer), which
could not be seperated by crystallization. The ratio in whichatom is typical for titanocene as well as zirconocene, yield-

ing the (vinylcarboxylato)titanium complex IX [4d] and the the two diastereomers are formed can be explained if one
considers the different steric requirements of the alkynedimeric zirconocene compound XV, [8] respectively (see ex-

planation below). substituents. In the major isomer the bulky trimethylsilyl
group could be located at the less hindered side of the mol-Here we report on a strategy to change the regioselectiv-

ity of the insertion of carbon dioxide into titanocene com- ecule, while the flat phenyl group could be situated between
the two saturated rings. This assumption was proven by 1H-plexes, using PhC;CSiMe3, by the use of different ligand

systems. NOESY NMR investigations (see below).
One by-product in the reaction of [meso-(ebthi)TiCl2]

with magnesium in THF in the presence of Me3-
Results SiC;CSiMe3 is the TiIII complex 3, as the result of an in-

complete reduction (Eq. 2).Complex Syntheses

Starting Materials: The preparation of the complexes
[Cp2Ti(η2-PhC2SiMe3)], [4c] [11] [(thi)2Ti(η2-PhC2SiMe3)]
(thi 5 tetrahydroindenyl), [12] and [rac-(ebthi)Ti(η2-Me3Si-
C2SiMe3)] [13] has been described recently. In order to inves-
tigate the influence of the ligand system on the regiochemis-
try of insertion reactions we prepared the alkyne complexes
[meso-(ebthi)Ti(η2-Me3SiC2SiMe3)] (1) and [meso-(eb-
thi)Ti(η2-PhC2SiMe3)] (2) by the same procedure (Eq. 1). Regioselectivity: Three general questions must be kept in

mind when determining the regioselectivity of the coupling
of carbon dioxide with phenyl(trimethylsilyl)acetylene:

(i) What is the overall regioselectivity in the raw material
(before the workup)?

(ii) Is the regioisomer identified by the X-ray crystal
structure determination identical with the bulk product, as
determined by NMR investigations?

(iii) Is there any cycloreversion of one regioisomer lead-
ing to the “opposite” product?
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Complex 1 with the symmetrically substituted bis(tri- [Cp*2Ti(η2-Me3SiC2Ph)] [4c] with carbon dioxide, which

gives the complex 9 as the sole product (Eq. 6).methylsilyl)acetylene reacts with CO2 to give the titanafur-
anone 5, where the bulky Me3Si groups are located at the
sterically less hindered side of the complex, while the CO2

is situated between the two saturated rings, as verified by
NOE experiments. For 2a an unusual insertion reaction was
observed at the phenyl-substituted carbon atom and the
complex 6a was isolated in a high yield of 87% (Eq. 3). No
other isomers were detected by NMR investigation of the
raw material. The structure of the unexpected product 6a,
with the Me3Si group in α-position, was proven by NMR

NMR and Structural Investigations: The regio- andinvestigations (NOE experiments) and confirmed by an X-
stereochemistry of the reactions were investigated by 1H-ray crystal structure analysis (see below).
and 13C-NMR methods. The 1H-NOESY spectra of the iso-
mer 2a feature NOE cross peaks from the CH protons of
ebthi (1H: δ 5 4.88, d, 3J 5 3.0 Hz, 2 H, CH ebthi; δ 5
7.28, d, 3J 5 3.0 Hz, 2 H, CH ebthi) to the trimethylsilyl
group. This clearly indicates that the Me3Si group is located
at the sterically less hindered side of the complex. For the
minor isomer 2b the analogous NOE signals could not be
observed. Similarly, a strong NOE is found at the cyclopen-
tadienyl doublets for titanafuranone 6a upon irradiation of
the SiMe3 protons, proving a close proximity, and hence
silyl substitution, at Cα relative to Ti.

The position of the silyl group at the metallafuranone (αThe opposite regioselectivity was observed in the reaction
or β) can also be determined from proton-coupled 13C-of the corresponding alkyne complex [(thi)2Ti(η2-
NMR spectra, where characteristic and clearly distinguish-PhC2SiMe3)] with CO2. The titanafuranone 7 was formed
able patterns occur for the trimethylsilyl- and phenyl-substi-by insertion of CO2 at the silicon-substituted carbon atom
tuted carbon atoms. The Cα signal appears at very low field(Eq. 4). A by-product, detected by NMR and in a very low
(δ > 230); the Cβ and the carbonyl signals are found at δ øyield (5%), is presumed to be the titanafuranone resulting
160 (see Experimental Section). Surprisingly, there is nofrom CO2 insertion at the Ti2CPh bond.
clear influence of the substituents on the chemical shifts,
and the Cα signal of the product with the “opposite” regio-
chemistry (6a) exhibits a very similar shift compared to that
of the other titanafuranones (6a: Cα-SiMe3: δ 5 237.4; 7:
Cα-Ph: δ 5 239.2; 8a: Cα-Ph: δ 5 236.2), and the same
observation is made for the shifts of Cβ. This is not under-
stood because Me3Si groups very often give a more ex-
tended low-field shift for signals of C atoms in the β posi-
tion to the silicon atom (see also complex 5: Cα: δ 5
264.9). [8] Complex 3 was investigated by X-ray crystal-

The opposite regioselectivity, compared to the reaction structure analysis (see Figure 1). To clarify the regioselectiv-
course from complex 2a to 6a, was also found in the reac- ity and to understand it from the perspective of the struc-
tion of the bridged alkyne complex [rac-(ebthi)Ti(η2-Me3- tures of the products obtained, the complexes 6a and 7 were
SiC2Ph)] 4 with carbon dioxide to yield the complex 8a investigated by X-ray crystal-structure analysis (see Figures
(Eq. 5). 2 and 3).

Discussion

Preparation of Starting Complexes

The complex [rac-(ebthi)Ti(η2-Me3SiC2SiMe3)] was re-
cently prepared in high yield by the reduction of [rac-
(ebthi)TiCl2] with magnesium in THF at room temp. in the
presence of bis(trimethylsilyl)acetylene. [13] Using the same
procedure to prepare [meso-(ebthi)Ti(η2-Me3SiC2SiMe3)]
(1), the titanium(III) complex 3 is obtained as a by-product.This regioselectivity is identical to that obtained in the

reaction of the (alkyne)permethyltitanocene complex The incomplete reduction seems to be the consequence of
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Figure 1. Molecular structure of 3[a] the steric situation in the meso-ebthi isomer, where the li-

gand shields one face of the molecule. Detailed investi-
gations concerning the reduction of [Cp2TiCl2] by mag-
nesium in THF without the alkyne had shown the chlorine-
bridged Ti2(µ-Cl)22Mg species to be formed in one of the
first steps of the reactions. [14] It seems reasonable to assume
that steric reasons influence the reaction pathway and lead
to the formation of TiIII complexes such as 3. A similar
complex [Cp*2Ti(THF)Cl] was also indicated as a by-prod-
uct during the preparation of [Cp*2Ti(η2-Me3SiC2SiMe3)].
The reaction of the mother liquor with CO2 gave not only
XII but also XVI (see Scheme 1), apparently formed due to
the presence of incompletely reduced TiIII complex in the
solution. [6b] Interestingly, 3 is a monomer and coordinates
a THF ligand. In a series of well-known complexes
[(C5H52nMen)TiX] (n 5 0, 1, 325; X 5 Cl, Br, I) it was[a] Selected distances [Å] and angles [°]: Ti12Cl1 2.447(1), Ti12O1

2.257(3); Cl12Ti12O1 83.10(8), Cp92Ti12Cp9 130.8(1). shown that an increase in n in the range n 5 325 is connec-
ted with an increasing tendency to monomerize and to co-
ordinate THF. This was explained primarily by considering
the electron-donating properties of the Me groups.[15] Ad-

Figure 2. Molecular structure of 6a[a] ditionally, in 3 the threefold substituted Cp ligand is fixed
in such a position that a dimerization seems to be unfavour-
able. The complexes with an unsymmetrically substituted
alkyne, [meso-(ebthi)Ti(η2-PhSiC2SiMe3)] (2), and the cor-
responding racemic compound 4 were prepared by the
same procedure.

Regioselectivity

All titanocene and zirconocene complexes with unsym-
metrically disubstituted alkynes of the type [Cp2Ti(η2-
RC2SiMe3)] or [Cp2Zr(thf)(η2-RC2SiMe3)] are charac-
terized by longer M2CSi than M2CR distances. [4d] [8] This
is explained electronically by assuming a (d-p)-π interaction[a] Selected distances [Å] and angles [°]: Ti12O1 1.950(2), Ti12C17

2.184(3), C12C17 1.348(4), C12C2 1.499(4); O12Ti12C17 of silyl groups, which reduces the electron density from the
80.2(1), C12C172Si1 122.7(2), C172C12C21 127.0(3), alkyne resulting in a positive charge on the CR group andCp92Ti12Cp9 130.9(1).

a shorter M2CR bond, or by steric reasons resulting from
the bulky SiMe3 groups. The result of these effects is a kine-
tically favored reaction at the M2CSi bond to give the β-
silyl-substituted metallacycles. In some cases a subsequentFigure 3. Molecular structure of 7[a]

cycloreversion in solution to the thermodynamically more
stable α-silyl product[4d] [8] was observed.

The regioselectivity of the CO2 insertion, influenced by
the alkyne substituents, is characterized by insertions into
the M2CSi bond (e.g as found. in IX and XV). For these
complexes no cycloreversion could be observed. In this re-
spect, the regioselectivity found in 6a is unexpected and op-
posite: insertion into the M2CPh bond.

Regarding the stereochemical possibilities for the CO2 in-
sertion into the metallacyclopropene structure of the dia-
stereomers 2a and 2b, in total four reaction products were
expected, as indicated in Scheme 2.

For the major complex 2a the attack of CO2 occurs at
the M2C2Ph bond to give the complex 6a, and the other

[a] Selected distances [Å] and angles [°]: Ti2C3 2.190(3), Ti2O1 regioisomer, 6b, was not found. There are three different
1.938(2), C22C3 1.362(4), C12C2 1.490(4); O12Ti2C3 77.96(9), explanations for the observed regioselectivity shown by theC222C32C2 121.7(3), Si2C22C3 128.6(2), Cp92Ti2Cp9
134.5(1). product obtained:
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Scheme 2

(i) In the starting complex [meso-(ebthi)Ti(η2- the bulky Me3Si group and the tetramethylene unit should
lead to a uniform reaction and only one product (6c). SoPhC2SiMe3)] the larger SiMe3 groups are preferentially lo-

cated at the nonsubstituted sides of the Cp9s, whereas the far the separation and unambiguous characterization of the
insertion products formed has failed and a stereochemicalflat phenyl groups are between the cyclohexanediyl sub-

stituents (a similar situation is verified in complex 3 with statement is not possible.
the smaller chlorine atom and larger THF molecule). The

Compared to this “unusual” regioselectivity, the “nor-
insertion of CO2 occurs in the M2CPh bond in order to

mal” insertion of carbon dioxide into the complexes
minimize the steric restrictions between the saturated ring

[(thi)2Ti(η2-PhC2SiMe3)], [rac-(ebthi)Ti(η2-Me3SiC2Ph)],
units and the phenyl group.

and [Cp*2Ti(η2-Me3SiC2Ph)] follows the rules discussed
(ii) The Me3Si group comes into the α position to the

above, with insertions at the M2CSi bond to the β-silyl-
metal center which is in many metallacycles thermo-

substituted metallacycles.
dynamically favoured (after cycloreversion) as shown by a
number of coupling reactions of silylalkynes. [4d] [8] The reaction product 9 of the (alkyne)permethyltitano-

cene complex [Cp*2Ti(η2-Me3SiC2Ph)] with carbon dioxide,(iii) It seems possible that in the starting complex 2a the
M2CPh distances become nearly identical or longer, com- differs from the dinuclear complex IX [4c] [4d] [4e] (Scheme 1)

which was observed in the reaction of the correspondingpared to the M2CSi bonds, due to the steric interactions
of the phenyl groups and the cyclohexanediyl substituents. titanocene complex [Cp2Ti(η2-Me3SiC2Ph)] with carbon di-

oxide. Interestingly, in the reaction of the correspondingThis could be the reason for the other regioselectivity, since
all Cp complexes show longer M2CSi than M2CPh bonds. permethylzirconocene complex [Cp*2Zr(η2-Me3SiC2Ph)] [16]

with carbon dioxide a 1:1 mixture of the two possible re-Complex 2b seems to form two insertion products, 6c and
6d. This is surprising because the steric repulsion between gioisomers was obtained.[17]
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Conclusion was a mixture (3:1) of the diastereomeric products 2a (major) and

2b (minor). Yield: 0.21 g of 2a and 2b (45%). 2 1H NMR ([D6]ben-
zene) of major isomer 2a: δ 5 20.02 (s, 9 H, SiMe3), 4.88 (d, 3J 5The regioselectivity of the carbon dioxide insertion into
3.0 Hz, 2 H, CH ebthi), 6.627.5 (m, 5 H, Ph), 7.29 (d, 3J 5 3.0titanocene complexes with unsymmetrically disubstituted
Hz, 2 H, CH ebthi). 2 1H NMR ([D6]benzene) of minor isomeralkynes of the type [L2Ti(η2-PhC2SiMe3)] is influenced by
2b: δ 5 0.19 (s, 9 H, SiMe3), 4.38 (d, 3J 5 3.0 Hz, 2 H, CH ebthi),the nature of the ligands L used. With L2 5 Cp2, Cp*2, thi2
6.627.5 (m, 5 H, Ph), 7.44 (d, 3J 5 3.0 Hz, 2 H, CH ebthi). 2 13Cor rac-ebthi the “normal” reaction at the M2CSi bond to
NMR ([D6]benzene) of major isomer 2a: δ 5 0.6 (SiMe3), 23.4,

give the β-silyl-substituted titanafuranones was observed.
23.4, 23.7, 25.5, 27.3 (CH2 ebthi), 112.1, 114.5 (CH ebthi), 122.5,

With L2 5 meso-ebthi the opposite regioselectivity gives, 123.5, 125.2 (C ebthi), 127.6, 131.2 (CH Ph, para not found), 139.7
after insertion into the M2CPh bond, the α-silyl-substi- (C Ph), 220.1, 224.9 C(alkyne). 2 13C NMR([D6]benzene) of minor
tuted titanacycle. isomer 2b: δ 5 3.9 (SiMe3), 23.4, 23.8, 24.3, 25.9, 27.2 (CH2 ebthi),

In all reactions investigated, the regioselectivity identified 112.5, 113.2 (CH ebthi), 145.7 (C Ph, further ebthi and Ph signals
not unambiguously identified), 210.3, 227.9 C(alkyne). 2by X-ray crystal structure determination is consistent with
C31H38SiTi (486.6): calcd. C 76.52, H 7.87; found C 76.04; H 7.72.the results of NMR investigations. In most reactions only

one regioisomer was obtained. There are no hints of any Preparation of [meso-(ebthi)Ti(THF)Cl] (3): The method used
cycloreversion leading to the “opposite” regioisomeric ti- was as described above for 1 {starting with 0.31 g of [meso-
tanafuranone, as e.g. found in corresponding metallacyclic (ebthi)TiCl2]} but after the reaction a second extraction of the

brown solid with 20 ml of THF yielded a dark blue solution, whichcompounds. [4d] [8]

was reduced to ca. 5 ml and stored at 230°C. After 72 h at 230°C,Steric interactions seem to be the reason for the different
blue crystals (57 mg, 17%) formed, which were washed with coldregioselectivity and, after these considerations, the fixation
n-hexane and isolated by filtration. M.p. decomposition, loss ofof the tetrahydroindenyl units in a certain position by the
THF in vacuo. 2 C24H32ClOTi (419.9): calcd.C 68.66, H 7.68;ansa bridge is the most important feature in understanding
found: C 68.02; H 7.63.

the unusual regioselectivity for carbon dioxide insertion.
Preparation of [rac-(ebthi)Ti(η2-Me3SiC2Ph)] (4): The method

used was as described above for 1. 0.32 g (0.84 mmol) of [rac-
(ebthi)TiCl2], 21 mg (0.86 mmol) of magnesium cuttings, and 0.17Experimental Section ml (0.86 mmol) of phenyl(trimethylsilyl)acetylene yielded the alky-

General Remarks: All operations were carried out under argon nemetallocene complex 4, which was isolated as a black oil. After
with standard Schlenk techniques. Prior to use, solvents were standing for one week, the oil solidified as black crystals (0.29 g,
freshly distilled from sodium tetraethylaluminate under argon. 90%), which were washed with cold n-hexane (230°C) to obtain
Deuterated solvents were treated with sodium or sodium tetra- analytical pure material, m.p. 156°C. 2 1H NMR ([D6]benzene):
ethylaluminate, distilled and stored under argon. 2 NMR: Bruker δ 5 0.15 (s, 9 H, SiMe3), 4.23 (d, 3J 5 3.0 Hz, 1 H, CH ebthi),
ARX 400 at 9.4 T (chemical shifts given in ppm relative to TMS; 4.54 (d, 3J 5 3.2 Hz, 1 H, CH ebthi), 6.66 (2 H, Ph ortho), 6.92 (1
the signals of the aliphatic ebthi protons have not been analyzed). H, Ph para), 7.07 (2 H, Ph meta), 8.10 (d, 3J 5 3.2 Hz, 1 H, CH
2 Melting points: Sealed capillaries with a Büchi 535 apparatus. ebthi), 8.50 (d, J 5 3.0 Hz, 1 H, CH ebthi). 2 13C NMR ([D6]ben-
2 Elemental analyses: Leco CHNS-932 elemental analyzer. zene): δ 5 2.1 (SiMe3), 22.9, 23.2, 23.4, 23.7, 23.7, 23.9, 25.3, 25.3,

26.5, 26.6 (CH2 ebthi), 111.7, 112.8, 113.8, 114.0 (CH ebthi), 128.0,Preparation of [meso-(ebthi)Ti(η2-Me3SiC2SiMe3)] (1): 0.03 g
130.2 (CH Ph, para not found), 124.6, 124.8, 124.8, 126.0, 126.1,(1.5 mmol) of magnesium cuttings and 0.34 ml (1.5 mmol) of bis-
127.5 (C ebthi), 141.2 (C Ph), 213.8, 220.8 C(alkyne). 2 C31H38SiTi(trimethylsilyl)acetylene were added to a suspension of 0.53 g (1.4
(486.6): calcd. C 76.52, H 7.87; found C 75.97, H 7.81. 2 IR (Nu-mmol) of [meso-(ebthi)TiCl2] in 15 ml of THF. The mixture was
jol): ν̃ 5 1638 cm21.stirred at 45°C until the color changed from red to black/brown.

After that, the solution was stirred at room temp. for 2 h, the sol- Preparation of 5: 0.48 g (1.0 mmol) of [meso-(ebthi)Ti(η2-Me3Si-
vent removed in vacuo and the brown solid residue dissolved in 15 C2SiMe3)] was dissolved in a mixture of THF/n-hexane (3:1) (ca.
ml of n-hexane. After filtration and repeated removal of the solvent, 10 ml) which was exposed to CO2. The color of the solution
brown/yellow needles of 1 crystallized from the oil at 278°C. The changed from red/brown to orange. After standing 24 h at 278°C,
crystals were collected by filtration after washing with n-hexane at 0.37g (0.70 mmol, 70%) of red needles of complex 5 precipitated
278°C. Yield: 0.42 g (62%); m.p. 1422145°C. 2 1H NMR from the solution; m.p. > 240°C. 2 1H NMR ([D8]THF): δ 5 0.05
([D6]benzene): δ 5 20.20 (s, 9 H, SiMe3), 0.09 (s, 9 H, SiMe3), 4.32 (s, 9 H, α-SiMe3), 0.17 (s, 9 H, β-SiMe3), 5.83 (d, 3J 5 3.1 Hz, 2
(d, 3J 5 3.0 Hz, 2 H, CH ebthi), 7.83 (d, 3J 5 3.0 Hz, 2 H, CH H, CH ebthi), 6.54 (d, 3J 5 3.1 Hz, 2 H, CH ebthi). 2 13C NMR
ebthi). 2 13C NMR ([D6]benzene): δ 5 1.1, 4.4 (SiMe3), 23.5, 23.6, ([D8]THF): δ 5 3.0, 3.6 (SiMe3), 22.1, 22.9, 23.6, 24.7, 29.3 (CH2

24.4, 26.3, 26.7 (CH2 ebthi), 113.8, 114.3 (CH ebthi), 122.7, 126.0, ebthi), 113.0, 115.3 (CH ebthi), 129.9, 132.5, 133.8 (C ebthi), 161.5,
129.0 (C ebthi), 242.1, 254.3 (C alkyne). 2 C28H42Si2Ti (482.7): 171.7 (Cβ titanacycle), 264.9 (Cα titanacycle). 2 C29H42O2Si2Ti
calcd. C 69.67, H 8.77; found C 68.69, H 8.56. 2 IR (Nujol): ν̃ 5 (526.7): calcd. C 66.13, H 8.03. found C 66.32, H 7.98. 2 IR (Nu-
1589 cm21. jol): ν̃ 5 1610 cm21.

Preparation of 6a: 200 mg (0.41 mmol) of [meso-(ebthi)Ti(η2-Preparation of the Complexes [meso-(ebthi)Ti(η2-Me3SiC2Ph)]
(2a and 2b): As described above for 1, 0.37 g (0.96 mmol) of [meso- Me3SiC2Ph)] was dissolved in 10 ml of a mixture of THF/n-hexane

(3:1) which was exposed to CO2. The color of the solution changed(ebthi)TiCl2], 24 mg (1.0 mmol) of magnesium cuttings, and 0.20
ml (1.0 mmol) of phenyl(trimethylsilyl)acetylene yielded the red/ from red/brown to orange. After standing 36 h at 230°C, light red

crystals of 6a crystallized from the solution which were then iso-brown alkynemetallocene complexes 2a and 2b, as indicated by
both NMR and IR. The product was isolated in the same manner lated by filtration to yield 137 mg (63%); m.p. >240°C. 2 1H NMR

([D8]THF): δ 5 20.25 (s, 9 H, SiMe3), 5.86 (d, 3J 5 3.0 Hz, 2 H,as described for 1, but only a red brown oil was obtained which
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CH ebthi), 6.66 (d, 3J 5 3.0 Hz, 2 H, CH ebthi), 7.08 (2 H, Ph MENS Analytical X-ray Instruments, Inc.) was used for structure

representations. Further details of the crystal-structure investi-ortho), 7.15 (3 H, Ph meta/para). 2 13C NMR ([D8]THF): δ 5 2.4
(SiMe3), 22.1, 22.8, 23.8, 24.6, 29.4 (CH2 ebthi), 112.8, 115.7 (CH gations are available on request from the Cambridge Crystallo-

graphic Data Centre, on quoting the depository number CCDC-ebthi), 130.0, 132.3, 133.4 (C ebthi), 126.5 (p-Ph), 127.3, 130.5 (CH
Ph), 144.4 (i-Ph), 158.1 (C-Ph), 162.6 (CO), 237.4 (C-SiMe3). 2 101470.
C32H38O2TiSi (530.62): calcd. C 72.43, H 7.22. found C 71.95, H Table 1. Crystallographic data of 3, 6a, and 7
7.29. 2 IR (Nujol): ν̃ 5 1240 cm21.

3 6a 7Preparation of 7: 200 mg (0.43 mmol) of [(thi)2Ti(η2-Me3Si-
C2Ph)] [12] was dissolved in 5 ml of a mixture of THF/n-hexane (3:1)

cryst. color, habit green, prism red-orange, prism red, prismwhich was exposed to CO2. The color of the solution changed from
cryst. system monoclinic monoclinic orthorhombicdark red to orange. After standing 24 h at 0°C, light red crystals
space group P21/c P21/n Pbcacrystallized from the solution. Filtration yielded 188 mg of 7 (87%); lattice constants

m.p. 185°C. 2 1H NMR ([D8]THF): δ 5 20.16 (s, 9 H, SiMe3), a [Å] 8.161(1) 11.482(2) 15.027(3)
b [Å] 16.512(2) 16.295(2) 17.111(3)1.58 (m, 4 H, thi), 1.74 (m, 2 H, thi), 1.88 (m, 2 H, thi), 1.98 (ddd,
c [Å] 15.114(2) 14.874(2) 20.612(4)2J 5 16 Hz, 3J 5 5 and 7 Hz, 2 H, α-CH2 thi), 2.47 (dt, 2J 5 16
β [°] 97.370(11) 92.700(11)Hz, 3J 5 6 Hz, 2 H, α-CH2 thi), 2.77 (dt, 2J 5 17 Hz, 3J 5 6 Hz, Z 4 4 8

2 H, α-CH2 thi), 2.92 (dt, 2J 5 17 Hz, 3J 5 6 Hz, 2 H, α-CH2 thi), T [K] 200(2) 293(2) 293(2)
µ(Mo-Kα) [mm21] 0.568 0.378 0.3935.20 (t, J 5 3 Hz, 2 H, β-CH thi), 6.44 (dd, J 5 2 and 3 Hz, 2 H,
θ range [°] 1.83224.34 1.85224.33 1.98224.33α-CH thi), 6.57 (dd, J 5 2 and 3 Hz, 2 H, α-CH thi), 6.92 (2 H,
no. of rflns. (measd.) 5942 8187 12238Ph ortho), 6.97 (1 H, Ph para), 7.16 (2 H; Ph meta). 2 13C NMR no. of rflns. (indep.) 3235 4388 3564

([D8]THF): δ 5 1.0 (SiMe3) 22.8, 22.8, 25.3, 25.4 (CH2 thi), 110.2, no. of rflns. (obsd.) 2139 3272 2809
no. of parameters 244 325 307111.8, 119.9 (CH thi), 124.9 (o-Ph), 125.5 (p-Ph), 128.2 (m-Ph),
R1 [I > 2σ(I)] 0.056 0.047 0.041131.4, 134.7 (C thi), 150.5 (i-Ph) 155.5 (C-SiMe3), 164.8 (CO),
wR2 (all data) 0.165 0.128 0.119239.2 (C-Ph). 2 MS (70eV); m/z (%): 504.6 [M1], 286 [(thi)2Ti1].

C30H36O2SiTi (504.6): calcd. C 71.41, H 7.19; found C 71.45, H
7.04.

[1] Selected examples: [1a] R. Eisenberg, D. E. Hendriksen, Adv.Preparation of 8a: As described above for 6a, 143 mg [rac-(eb-
Catal. 1979, 28, 119. 2 [1b] D. J. Darensbourg, R. A. Kudaroski,thi)2Ti(η2-Me3SiC2Ph)] yielded, after exposure to CO2 and recrys-
Adv. Organomet. Chem. 1983, 22, 129. 2 [1c] D. R. Palmer, R.

tallization from THF/n-hexane (1:1) (ca. 3 ml), 112 mg (72%) of van Eldik, Chem. Rev. 1983, 83, 651. 2 [1d] D. Walther, Coord.
8a as orange needles, m.p. 268°C (decomposition). 2 1H NMR Chem. Rev. 1987, 79, 135. 2 [1e] A. Behr, Angew. Chem. 1988,

100, 681; Angew. Int. Ed. Engl. 1988, 27, 129. 2 [1f] A. Behr,([D8]THF) δ 5 20.10 (s, 9 H, SiMe3), 5.35 (d, 3J 5 2.8 Hz, 1 H,
Aspects Hom. Catal. 1988, 6, 59. 2 [1g] P. Braunstein, D. Matt,CH ebthi), 5.57 (d, 3J 5 3.2 Hz, 1 H, CH ebthi), 6.40 (d, 3J 5 3.2
D. Nobel, Chem. Rev. 1988, 88, 747. 2 [1h] I. S. Kolomnikov, T.

Hz, 1 H, CH ebthi), 6.89 (2 H, Ph ortho), 7.07 (1 H, Ph para), 7.18 V. Lysak, Russ. Chem. Rev. (Engl. Tranl.) 1990, 59, 344. 2 [1i]

(2 H, Ph meta), 7.55 (d, 3J 5 2.8 Hz, 1 H, CH ebthi). 2 13C NMR D. Walther, Nachr. Chem. Tech. Lab. 1992, 40, 1214. 2 [1j] M.
Aresta, E. Quaranta, I. Tommasi, New J. Chem. 1994, 18, 133.([D8]THF): δ 5 1.8 (SiMe3), 21.6, 22.2, 22.3, 22.7, 23.9, 24.3, 24.3,
2 [1k] W. Leitner, Angew. Chem. 1995, 107, 2391; Angew. Chem.24.6, 28.7, 28.9 (CH2 ebthi), 111.4, 114.7, 117.0, 123.3 (CH ebthi),
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The mononuclear complexes [Re(CO)3(Hpz)2Br] (1) and [Re(CO)3(py)(Hpz)(pz)] species (6). The analogues of 4 and 6
with Hdmpz, i.e. [Re(CO)3(Hdmpz)2(dmpz)] (7) and[Re(CO)3(Hdmpz)2Br] (2) were obtained by treating

[Re(CO)5Br] with pyrazole (Hpz) or 3,5-dimethylpyrazole [Re(CO)3(py)(Hdmpz)(dmpz)] (8) were also synthesized. All
species were characterized in solution by 1H-NMR(Hdmpz). Complex 1 reacted with triethylamine affording a

mixture of the ionic dinuclear derivative (Et3NH)[Re2- spectroscopy, while the crystal structures of complexes 1, 3,
4 and 6 were determined by single-crystal X-ray diffraction(CO)6(pz)2Br] (3) and of the mononuclear species [Re(CO)3-

(Hpz)2(pz)] (4). Complex 4 was obtained in a pure form by analysis. The [(CO)3Re(µ-pz)2(µ-Br)Re(CO)3]– anion repre-
sents the first structurally characterized species containingcarrying out the reaction in the presence of excess free

pyrazole. Treatment of 4 with pyridine afforded the rhenium(I) atoms bridged by µ-pyrazolate ligands.

Introduction [Re(CO)5Br] with pyrazole (Hpz) and 3,5-dimethylpyra-
zole (Hdmpz).

The rapid development of the coordination and or-
ganometallic chemistry of the pyrazolate anion and its de-

Results and Discussionrivatives has been witnessed in recent years[1]. Thanks to
the possibility of modifying the steric and electronic proper- The reaction of [Re(CO)5Br] with pyrazole in toluene at
ties of the pyrazole ligand by the action of the substituents 80°C afforded quantitatively a white product, revealed by
of the heterocyclic ring, pyrazolates, which possess two ad- analysis as [Re(CO)3(Hpz)2Br] (1), produced by the substi-
jacent nucleophilic sites, give rise to a versatile and varied tution of two carbonyl groups with two pyrazole molecules
chemistry. For example, it is well known that pyrazolates (i) (eq. 1).
can act as monodentate, exo- or even endo-bidentate
anionic ligands[1], (ii) can afford, for the same stoichi- [Re(CO)5Br] 1 2 Hpz R [Re(CO)3(Hpz)2Br] (1) 1 2 CO (1)
ometry, oligomers of different nuclearities (and polymers)
depending on the synthetic methods used[2] and (iii) have The IR spectrum of 1, recorded in toluene, shows three

strong ν̃(CO) bands at 2031, 1929 and 1897 cm21 typicalbeen shown to possess a rather wide conformational varia-
bility, [2c] [3] despite possessing a stiff heterocyclic ring. for a fac structure [the spectrum of the alternative mer ge-

ometry would show two strong and one weak ν̃(CO)In the recent past we have been active in the field of metal
pyrazolates and have reported extensively on copper, silver bands][5]. Evidence for a similar geometry, the most plaus-

ible taking in account the trans effect of the carbonyland palladium species, demonstrating the structural versa-
tility caused by the pyrazolate ligand and the catalytic ac- groups, was also found in earlier substitution studies on

[Re(CO)5Br] with nitrogen[6] or phosphorous[7] ligands. Antivity of some of its complexes[2c] [4]. Our continual interest
in evaluating the coordination properties of this class of li- X-ray crystal-structure determination provided an unam-

biguous confirmation of the assigned geometry (see later).gands led us to explore the synthesis and reactivity of rhe-
nium(I) pyrazolate derivatives, a field so far scarcely investi- It is noteworthy that the monosubstituted product, i.e.

[Re(CO)4(Hpz)Br], could not be isolated (even by carryinggated.
The easily accessible mononuclear carbonylrhenium(I) out the reaction with a Hpz/Re ratio < 2 and employing a

decarbonylating agent such as Me3NO), nor did the IRcomplex [Re(CO)5Br] was found to be an excellent starting
material for the synthesis of pyrazole- and pyrazolatorheni- spectra of the reaction mixture show any indication of a

spectroscopically detectable monosubstituted intermediate.um(I) derivatives. In this paper we report the synthesis,
spectroscopic and structural characterization of a series On the contrary, in earlier studies on the substitution of CO

with PPh3 in [Re(CO)5Br], the intermediate formation ofof rhenium(I) species derived by direct reaction of
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monosubstitution derivatives was proved by means of IR observed for [Ir(CO)(PPh3)(dmpz)] disappears upon pro-

tonation to the corresponding Hdmpz derivative[9a]. Thespectroscopy[7a].
The 1H-NMR spectrum of 1 recorded in CD2Cl2 at 20°C NMR characterization of various pyrazole complexes re-

vealed both static[10] and dynamic[11] behaviour. On lower-shows three sharp signals at δ 5 6.29 [C(4)2H], 7.53
[C(3)2H] and 7.66 [C(5)2H] [8], and a broader signal at δ 5 ing the temperature to 280°C, all signals split as a result

of the coupling C(3)2H/C(4)2H, C(5)2H/C(4)2H and of11.7 assignable to N2H protons. The presence of only one
set of signals for each pyrazole hydrogen atom reveals the N2H with the three heterocyclic C2H protons, leading to

a very complex spectrum because of partial overlapping ofequivalence of the two pyrazole molecules coordinated to
the rhenium centre. The scrambling process which equalizes the signals. N2H irradiation allows a simplification of the

1H-NMR spectrum of 1 to three resonances, a doublet [δ 5the 3 and 5 sites, frequently found in complexes containing
anionic monodentate pyrazolate ligands[9], is in this case ab- 7.65, J5,4 5 2.2 Hz, C(5)2H], a second doublet [δ 5 7.53,

J3,4 5 1.8 Hz, C(3)2H] and a pseudotriplet centred at δ 5sent. Indeed, in complexes containing neutral pyrazoles, the
interchange of the nitrogen sites requires simultaneous pro- 6.29 [C(4)2H]. Similar features were previously reported

for the pyrazoleplatinum(II) derivative [(C6Cl5)2Pt-ton transfer and metal hopping, and is, therefore, expected
to be more difficult. Accordingly, the dynamic behaviour (Hpz)2] [10a].

Table 1. IR (toluene) and 1H-NMR (CD2Cl2, 198 K) data for complexes 128

Complex IR [cm21] 1H NMR
δ J3,4 [Hz] J5,4 [Hz]

ν̃(CO) C(4)2H[a] C(3)2H[b] C(5)2H[b] N2H

1 [Re(CO)3(Hpz)2Br] 2031, 1929, 1897 6.29 7.53 7.65 11.2 1.80 2.20
2 [Re(CO)3(Hdmpz)2Br] 2028, 1925, 1893 5.96 2.20[c] 2.27[c] 10.7 2 2
3 [Re2(CO)6(pz)2Br](Et3NH) 2008, 1899 (br.) 6.11 7.77 7.77 1.73[d] 2.05 2.05

6.17 7.80 7.80 1.99 1.99
4 [Re(CO)3(Hpz)2(pz)] 2024, 1916, 1902 6.35 7.67 7.80 14.6 1.75 2.37
6 [Re(CO)3(Hpz)(pz)(py)] 2023, 1915, 1898 6.28 7.55 7.85 18.2 1.95 2.15
7 [Re(CO)3(Hdmpz)2(dmpz)] 2018, 1907, 1893 5.79 2.02[c] 2.13[c] 13.1 2 2
8 [Re(CO)3(Hdmpz)(dmpz)(py)] 2017, 1906, 1893 5.76 2.04[c] 2.15[c] 17.8 2 2

[a] Triplets or pseudo-triplets 2 [b] Doublets 2 [c] CH3 signals 2 [d] Et3NH1, other signals at 1.22 (t, CH2) and 3.04 (d, CH3).

Scheme 1
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When [Re(CO)5Br] was treated with Hdmpz, the [Re- form as the unique reaction product. On the basis of ele-

mental analysis and spectroscopic data, it was formulated(CO)3(Hdmpz)2Br] species (2) was similarly obtained. Its
IR spectrum (toluene solution) shows three strong ν̃(CO) as monomeric [Re(CO)3(Hpz)2(pz)] species (4) (eq. 3).
bands at 2028, 1925, and 1893 cm21. On the basis of a

[Re(CO)3(Hpz)2Br] 1 Et3N 1 Hpz Rcomparison between the IR and 1H-NMR spectra of 1 and
[Re(CO)3(Hpz)2(pz)] (4) 1 (Et3NH)Br (3)2 (see Table 1) we assign to the latter species a structure

identical to 1. Note, however, the significant red-shift of all The IR spectrum of 4, recorded in toluene, shows three
resonances, ca. 4 cm21, caused by the higher basicity of strong ν̃(CO) bands at 2024, 1916, and 1902 cm21, suggest-
Hdmpz compared to Hpz. ing a fac geometry in this case too. An additional broad

A closely related rhenium(I) species, [Re- band centred at about 2850 cm21 (nujol mull) indicates the
(CO)3(Hdmpz)2Cl], derived by the breakdown of the triden- presence of hydrogen bonds between the pyrazole and pyra-
tate pyrazolylborate ligand into pyrazole fragments, was zolate groups. The proposed formulation was confirmed by
fortuitously obtained by reaction of [Re(CO)4Cl]2 with an X-ray diffraction study (see later).
K[HB(dmpz)3] [12]. The simultaneous formation of complexes 3 and 4 in re-

action 2 can therefore be rationalized by taking into ac-
count the stoichiometries of formation of 3 and 4 (eq. 4aReaction of 1 with Triethylamine
and b).

When monitoring the treatment of [Re(CO)3(Hpz)2Br]
2 [Re(CO)3(Hpz)2Br] 1 2 Et3N Rwith Et3N in toluene at 60°C using IR spectroscopy, the

(Et3NH)[Re2(CO)6(pz)2Br] (3) 1 2 Hpz 1 (Et3NH)Br (4a)ν̃(CO) absorptions of the starting complex were observed
to disappear along with the simultaneous appearance of a

[Re(CO)3(Hpz)2Br] 1 Hpz 1 Et3N Rcomplex pattern of CO bands. The changes in the IR spec-
[Re(CO)3(Hpz)2(pz)] (4) 1 (Et3NH)Br (4b)

trum were accompanied by the formation of a white pre-
cipitate. The work-up of the reaction mixture (see Exper- The pyrazole released in eq. 4a, as a result of the presence
imental Section) led to the isolation of two rhenium(I) com- of Et3N, is deprotonated to the pyrazolate anion, which is
plexes, both exhibiting ν̃(CO) bands in their IR spectra
(eq. 2).

Scheme 2

[Re(CO)3(Hpz)2Br] 1 Et3N R 3 1 4 1 (Et3NH)Br (2)

Complex 3, sparingly soluble in toluene, was isolated in
an analytically pure form, whereas the second species, 4,
soluble in the reaction medium, was always recovered con-
taminated by variable amounts of 3; only by employing an
alternative synthetic route was it possible to isolate 4 in a
pure form (see later).

Complex 3 shows two strong bands at 2008 and 1899
cm21, the latter, broader, is probably due to the super-
position of two different bands. Additionally, a broad ab-
sorption attributable to the ν̃(N2H) of the triethylammon-
ium cation is also observed. On the basis of elemental
analysis and spectroscopic data, the ionic dinuclear formu-
lation (Et3NH)[Re2(CO)6(pz)2Br] was assigned to complex
3. As later shown by an X-ray crystal structure analysis, the
two rhenium centres are held together by one bromide and
two pyrazolate bridges.

Care must be paid in order to exclude moisture from the
reaction medium because the presence of adventitious water
in solvents or reactants caused the formation of the
hydroxo-bridged (Et3NH)[Re2(CO)6(pz)2(OH)] species (5),
formally derived by hydrolysis of the bromide bridge in
complex 3, and characterized by an ancillary X-ray diffrac-
tion study[13].

Reaction of 1 with Triethylamine in the Presence of Pyrazole

When reaction 2 was carried out in the presence of excess
pyrazole, complex 4 could be obtained in analytically pure
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responsible for the nucleophilic substitution of the bromide carbon protons of the heterocyclic rings, see Table 1), stabi-

lizing the complex and hampering, in our opinion, the sub-anion on the starting [Re(CO)3(Hpz)2Br] derivative. In the
light of these observations, it is reasonable to exclude the stitution of the second pyrazole molecule, even when reac-

tion 5 is performed with excess pyridine.intermediacy of 3 in the formation of complex 4 in eq. 3,
the more probable reaction pathway being a direct substi- Intramolecular hydrogen bonds between pyrazole and py-

razolate ligands have been previously observed by 1H-NMRtution of the terminal bromide anion by the pyrazolate
anion generated in situ in the reaction medium. spectroscopy in rhenium(V)[16], iridium(III) [17], pal-

ladium(II) [10] and platinum(II)[10] derivatives, and con-The 1H-NMR spectrum of 4, recorded in CD2Cl2 at 298
K, shows three resonances: a doublet centred at δ 5 7.80 firmed by means of X-ray crystallography[10] [17], but in no

case was the chemical shift of the N2H protons found so(J4,5 5 2.37 Hz), a second doublet centred at δ 5 7.67
(J3,4 5 1.75 Hz) and a pseudotriplet (due to partial overlap- downfield shifted as in 6.

Employing 3,5-dimethylpyrazole in place of pyrazole, theping of two doublets) at δ 5 6.35. In addition, a broad peak
at δ ø 13, due to N2H, is found. The spectral features do related [Re(CO)3(Hdmpz)2(dmpz)] (7) and [Re(CO)3-

(py)(Hdmpz)(dmpz)] (8) derivatives have been obtained. Asnot change appreciably on lowering the temperature down
to 198 K. The first two doublets can easily be assigned to revealed by 1H-NMR spectroscopy (see Table 1), the solu-

tion behaviour of complexes 7 and 8 is quite similar to thatthe 3,5 protons of the heterocyclic ring, and, taking into
account that J4,5 is usually larger than J3,4

[14], the doublet of the related derivatives 4 and 6, indicating that the steric
hindrance of the methyl substituents on the pyrazole ringdownfield can likely be assigned to the C(5)2H protons.

The pseudotriplet is due to the C(4)2H coupled to the 3 plays a minor role. A different situation was found for the
iridium(III) couple [(Cp*)Ir(Hpz)(pz)2] and [(Cp*)Ir-and 5 protons. As a matter of fact, the 1H-NMR spectrum

of 4 clearly shows that both (neutral) pyrazoles and the pyr- (Hdmpz)(dmpz)2], where the presence of the more sterically
demanding Hdmpz ligand prevented the formation of a (dy-azolate ligand appear identical on the NMR time scale. Al-

though a static conformation with the two pyrazole N-hy- namic) bifurcated hydrogen bond, such as that observed in
the Hpz analogue[17a]. The larger ionic radius is probablydrogen atoms sharing the same uncoordinated pyrazolate

nitrogen atom cannot be completely ruled out, an (N)2H responsible for these differences.
A synopsis of the spectroscopic data for complexes 128intramolecular exchange, producing a dynamic hydrogen

bonding between the three pyrazole/pyrazolate ligands is is collected in Table 1, and Scheme 2 summarizes the reac-
tions discussed above.probably more realistic. Indeed, of the three conformations

which can be envisaged for a (CO)3Re(Hpz)2(pz) molecule
(see Scheme 1), only a dynamic proton exchange as depicted
in C is in full agreement with our spectroscopic obser-

Crystal Structures of 1, 4 and 6vations. It is useful to compare the chemical shift of the
N2H protons for complex 4 [δ 5 12.8 (298 K); 14.6 (198
K)] to that found in the palladium(II) derivative All these compounds are mononuclear species, packed in

space by normal van der Waals contacts. Their ORTEP[Pd(dmpz)2(Hdmpz)2]2 [15] (δ 5 18.1, 198 K). In the latter,
the presence of very strong hydrogen bonds, shown also by drawings are shown in Figures 123, together with a partial

labelling scheme.IR bands at 2400 and 1900 cm21, caused the dramatic
downfield shift of the N2H signals [free Hdmpz: δ 5 13.1 Table 2 reports the significant bond lengths and angles for

1, 4 and 6. These three compounds belong to the class of(CD2Cl2, 0.5 )], and the total rigidity of the molecular
framework. In contrast, the chemical shift of the N2H pro- octahedral rhenium(I) species, bearing three carbonyl ligands

in a fac disposition. The remaining coordination sites aretons in 4 is close to that of free pyrazole [δ 5 12.6 (CD2Cl2,
0.5 )], thus suggesting a rather flexible (Hpz)2(pz) system occupied by one negatively charged ligand (pyrazolate or

bromide) and two neutral fragments, such as pyrazole and/with dynamic exchange of the H atoms.
When complex 4 is treated with pyridine, the substitution or pyridine. Despite this formal distinction, when both Hpz

and pz fragments are present in the same molecule, such asof only one pyrazole molecule takes place, giving the
mononuclear [Re(CO)3(py)(Hpz)(pz)] (6) derivative, (eq. 5). in 4 and 6, one might suspect that assignment of the Hpz/pz

nature could be dubious. This is indeed the case for the hy-
drogen-bonded ligands of 6, which, sharing a common H[Re(CO)3(Hpz)2(pz)] 1 py R

[Re(CO)3(Hpz)(pz)(py)] (6) 1 Hpz (5) atom [N22H 1.36(5) and N42H 1.28(4) Å], show a very
short N···N distance of 2.561(8) Å {in agreement with the
1H-NMR spectrum and with other pyrazole/pyrazolato com-The IR spectrum of 6 shows, in the carbonyl region, three

strong bands at 2023, 1915 and 1898 cm21. Furthermore, a plexes such as [M(C6F5)(Hpz)(pz)], (M 5 Pd, Pt)[10a],
[Zn2(Hdmpz)2(dmpz)4][18], [Co(Hdmpz)2(dmpz)4][19], [(η5-broad band in the region 330023400 cm21, attributable to

hydrogen bonds, is also observed. Significantly, the 1H- C5Me5)Ir(dmpz)2(Hdmpz)][17a] and [(η6-p-cymene)Ru-
(Hpz)2(pz)]1 [20]}.NMR spectrum of 6 (toluene, 298 K) shows the N2H res-

onance as a very sharp peak at δ 5 18.2, indicating the In contrast, the situation in 4 is much clearer: Two H
atoms are bound to two (different) neutral ligands, with bothpresence of a strong hydrogen bond equalizing the pyrazole

and pyrazolate ligands (as revealed by the signals of the N2H vectors pointing toward the bare nitrogen atom of the
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Figure 1. ORTEP drawing of the [Re(CO)3(Hpz)2Br] species with partial labelling scheme; thermal ellipsoids drawn at the 30% probability

level; hydrogen atoms are omitted for clarity; primed atoms are generated by the 2x, y, 2z 2 1/2 symmetry operation

Figure 3. ORTEP drawing of the [Re(CO)3(Hpz)(pz)(py)] speciesFigure 2. ORTEP drawing of the [Re(CO)3(Hpz)2(pz)] species with
partial labelling scheme; thermal ellipsoids drawn at the 30% prob- with partial labelling scheme; thermal ellipsoids drawn at the 30%

probability level; hydrogen atoms connected to carbon atoms areability level; hydrogen atoms connected to carbon vatoms are
omitted for clarity; at the drawing resolution, the other independ- omitted for clarity

ent molecule looks similar

remaining pz fragment [four N2H···N interactions in the ure of this interaction. Therefore, in the solid state, molecules
of 4 and 7 are better represented by the static picture B (seerange 2.749(7)22.883(6) Å]. This is indeed observed in both

crystallographically independent molecules and confirmed Scheme 1). When no pyrazolates are present, such as in 1,
the nitrogen atoms of the neutral Hpz ligands in A are foundby an ancillary successful crystal-structure determination of

7 [21], with a (crystallographically unique) N2H···N contact to lie far apart from each other (ca. 5.27 Å). However, a
short N2H···Br intermolecular hydrogen bond is present inof 2.751 Å, clearly demonstrating the N2H···N···H2N nat-
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Table 2. Selected bond lengths [Å] and angles [°] for 1, 4 and 6; the solid state, with an estimated length of 2.645(8) Å for

e.s.d.9s in parentheses H2···Br.
In the absence of strained cyclic rings, such as that ob-1 4[a] 6

served in Re(CO)3Cl(died) (died 5 N,N9-diisopropylethy-
Re2C avg. 1.94 1.913 1.888 lenediimine), where the N2Re2N angle is as low asRe2C1 1.94(4) 1.924(5) 1.882(6)

72.72° [22], the cis octahedral angles about the rhenium atomsRe2C2 1.921(9) 1.915(4) 1.881(6)
Re2C3 1.913(5) 1.902(6) are fairly regular and range from 83.4(2) to 95.7(3)°. Anal-
Re22C13 1.902(5) ogously, the digonal geometry of the CO carbon atoms isRe22C14 1.913(5)
Re22C15 1.910(5) also maintained [Re2C2O in the range 176.4(4)2179.0(5)°].
C2O avg. 1.13 1.152 1.171 In all three compounds the Re2C distances are similar
C12O1 1.12(4) 1.152(5) 1.184(6) [1.881(6)21.94(4) Å] and fall close to the mean value ob-
C22O2 1.132(10) 1.156(5) 1.171(6)

served for the 28 ReC3N2X structures (X 5 F, Cl, Br) de-C32O3 1.139(5) 1.157(5)
C132O13 1.161(5) posited in the CCDC file (1.907 Å). If a minor chemical
C142O14 1.150(5) effect is sought, one can envisage that the presence of a moreC152O15 1.152(5)

basic[23] ligand (py) in 6 than in 4 (Hpz) slightly shortens theRe2C12O1 178(2) 176.4(4) 177.9(5)
Re2C interactions [from 1.913 (4) to 1.888 Å (6), typicalRe2C22O2 178.5(8) 178.5(4) 179.0(5)

Re2C32O3 178.7(5) 177.6(5) e.s.d.9s of 0.005 Å]; this effect, i.e. the presence of a stronger
Re22C132O13 176.2(4)

π back-donation in 6 than in 4, can also be seen in the C2ORe22C142O14 179.1(5)
Re22C152O15 178.4(4) values [1.152 (4) vs. 1.171 Å in 6]. Re2N bond lengths lie in
Re2N1 2.187(6) 2.187(3) 2.183(4) the range 2.183(4)22.227(4) Å (CCDC avg. value, 2.208 Å).
Re2N3 2.211(3) 2.191(4)
Re2N5 2.195(3) 2.227(4)
Re22N7 2.188(3)

Crystal Structure of 3Re22N9 2.199(3)
Re22N11 2.190(3)
Re2Br 2.641(5) Crystals of 3 contain anionic, dinuclear [(CO)3Re(µ-
N···H···N 2.877(5) 2.561(8) pz)2(µ-Br)Re(CO)3]2 species and triethylammonium cations,

2.755(4) packed in space by Coulombic forces and weak(er) van der2.883(6)
Waals contacts. An ORTEP drawing of the anion is shown2.749(7)
in Figure 4, together with a partial labelling scheme and a list

[a] Two independent molecules in the asymmetric unit. of chemically relevant bond lengths and angles. The rhenium
atoms in 3 exhibit an octahedral geometry, with fac-carbonyl
ligands, and fulfil the 18-electron rule without the need for a

Figure 4. ORTEP drawing of the [Re2(CO)6(pz)2(Br)]2 anion with partial labelling scheme; thermal ellipsoids drawn at the 30% probability
level[a]

[a] Selected bond lengths [Å] and angles [°]: Re···Re 3.825(1), Re(1)2Br 2.654(1), Re(2)2Br 2.641(1), Re2C avg. 1.895, C2O avg. 1.16;
Re(1)2Br2Re(2) 92.51(4), Re2C2O 177(1)2180(1); hydrogen atoms are omitted for clarity.
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direct metal2metal bond. The [(CO)3Re(µ-pz)2(µ-Br)Re- C5Me5)Ir(pz)3]2, [(η6-p-cymene)Ru(pz)3]2 and [(η6-mesityl-

ene)Ru(pz)3]2, have been shown to behave in some respect(CO)3]2 anion represents the first structurally characterized
species containing rhenium(I) atoms bridged by µ-pyrazol- as the tris(pyrazolyl)borate anion, acting as organometallic

ligands toward a variety of metal ions[29] [30].ate ligands.
A similar rhenium(V) species [ReO{η2-B(pz)4}(µ-pz)]2(µ- Accordingly, preliminary results[31] with group-7 and -11

metals show that, in the presence of appropriate deprotonat-O), has been recently reported[16], and showed a nonbonding
Re···Re interaction of 3.425 Å. In addition, the synthesis and ing agents, complex 4 results in the dianionic species [Re-

(CO)3(pz)3]22, capable of coordination through the lonespectroscopic properties of an oxorhenium(VII) species,
possibly a dimer containing two pz bridges, [ReO3(µ-pz)]2, pairs of the three monodentate pyrazolate groups on a single

or on two different metal centres, leading to bi- and trimetal-have long been known[24], but, in the absence of single crys-
tals of suitable quality, this species could not be characterized lic species. In this way, an analogy with the Kläui tripod-

like metallorganic ligands such as [(η5-C5H5)M{P(O)R2}3]2any further. Therefore, the observed nonbonding Re2Re
separation, 3.825(1) Å, cannot usefully be compared to other (M 5 Co, Rh) can be drawn[32]. Finally, the use of complexes

4 and 6 in the synthesis of bimetallic derivatives with poten-cases. However, it appears, among pyrazolato-bridged com-
plexes, to be rather long, even though rare examples with tial catalytic applications is currently under investigation and

will be the subject of a forthcoming paper.exceptionally distant metals (up to 4.56 Å) have been re-
ported for polydentate complex pyrazolates[25]. In spite of This work was supported by the Ministero dell9Università e della
the presence of a triple (pz, pz, Br) bridge which, avoiding Ricerca Scientifica e Tecnologica (MURST) and by the Italian Consi-
overcrowding of ligands at the metal centres, should shorten glio Nazionale delle Ricerche (CNR). The technical support of Mr.
the Re···Re distance, such a long Re···Re contact is certainly Gianni Mezza is also acknowledged.
determined by the simultaneous presence of large metals
(leading to Re2N distances of about 2.17 Å) and a rather
bulky bridging anion, the bromide, with Re2Br interactions Experimental Section
of about 2.65 Å. The above observations agree well with the

General: Solvents were dried and purified by standard methods.
coordination versatility of pz groups (which are known to Pyrazole and 3,5-dimethylpyrazole (Aldrich Chemical Co.) were
form single- to quadruple-bridged[26] systems), capable of used as supplied. [Re(CO)5Br] was prepared according to literature
bridging metal atoms which are as close as 2.353 Å or even procedures[33]. 2 Infrared spectra were taken with a BIO RAD
acting as endobidentate η2 ligands[9b] [27]. Also in this case, FTIR 7 instrument. 2 1H-NMR spectra were acquired with a
intermolecular hydrogen bonds are found. Indeed, if the ni- Bruker AC-200 FT spectrometer operating at 200.13 MHz. 2 El-

emental analyses (C, H, N) were performed at the Microanalyticaltrogen-bonded proton is added to the triethylammonium cat-
Laboratory of this University. All reactions were carried out underion in the ideal position, one can devise an N2H···Br con-
dry nitrogen using standard Schlenk techniques.tact with a Br···H distance of, say, 2.90 Å. During our studies

of the crystal structure of 3, a crystal which eventually was [Re(CO)3(Hpz)2Br] (1): [Re(CO)5Br] (400 mg, 0.98 mmol) was
dissolved in 10 ml of toluene and solid pyrazole (200 mg, 2.94 mmol)characterized as the product of bromine hydrolysis, contain-
was added under stirring. The solution was kept at 80°C until noing hydroxo, rather than bromide, bridges[13] came fortu-
change in the IR spectrum was observed (about 4 h) and then con-itously to our attention. In order to maintain the hydrogen-
centrated to dryness. The white residue was treated with 3 ml ofbond network, which properly stabilizes the crystal, an extra
water, filtered off and dried under vacuum (414 mg, 87%). 2water molecule was found in its asymmetric unit, leading to
C9H8BrN4O3Re (486): calcd. C 22.23, H 1.66, N 11.53; found Ca µ-OH···(H2O)···H2N(Et)3 fragment replacing the
22.22, H 1.67, N 11.52. 2 Crystals suitable for X-ray structure analy-

Br···H2N(Et)3 contact of 3. In 5, as expected, replacement sis were obtained by slow diffusion of n-hexane into a dichlorometh-
of Br by a smaller hydroxo group lowers the intermetallic ane solution of 1.
distance to 3.659(1) Å.

[Re(CO)3(Hdmpz)2Br] (2): Prepared in a similar way, employing
3,5-dimethylpyrazole in place of pyrazole (yield 85% ). 2

C13H16BrN4O3Re (542): calcd. C 28.78, H 2.98, N 10.33; found C
Conclusion 28.85, H 2.84, N 10.34.

(Et3NH)[Re2(CO)6(pz)2(Br)] (3): To a toluene solution of 1The synthesis and structural properties of a series of
(400 mg, 0.823 mmol) maintained at 50°C, triethylamine (0.5 ml)mononuclear and dinuclear pyrazolate complexes of rhe-
was added under stirring. In a few minutes a white precipitate

nium(I) have been described. In particular, we foresee that formed. After 6 h, the solid was separated by filtration, washed with
the mononuclear derivatives [Re(CO)3(Hpz)2(pz)] (4) and water (2 ml), and dried under vacuum (yield about 30%). 2
[Re(CO)3(Hdmpz)2(dmpz)] (6) may act as useful synthetic C18H22BrN5O6Re2 (857): calcd. C 25.20, H 2.59, N 8.17; found C
precursors in building heteropolynuclear metal complexes. 25.28, H 2.65, N 8.21. 2 The mother liquors were concentrated to

In fact, 4 and 6 belong to a limited class of complexes dryness and the residue treated with water. A mixture of variable
amounts of 3 and 4 (on the basis of the IR spectrum) was alwaysthat, from a coordination point of view, are comparable to
obtained (see text).the protonated tris(pyrazolyl)borate molecules[28]. The other

members of this class, [(η5-C5Me5)Ir(Hpz)(pz)2][17a], [(η6-p- [Re(CO)3(Hpz)2(pz)] (4): [Re(CO)5Br] (1.03 g, 2.54 mmol) was
cymene)Ru(Hpz)(pz)2][20] and [(η6-mesitylene)Ru(Hpz)- added to a solution of pyrazole (0.920 g, 13.5 mmol) in toluene (20

ml) containing 0.5 ml of triethylamine. The solution was maintained(pz)2][29] when deprotonated to the anionic fragments [(η5-
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Table 3. Summary of X-ray single-crystal data and structure-refinement parameters

Compound 1 3 4 6

Formula C9H8BrN4O3Re C18H22BrN5O6Re2 C12H11N6O3Re C14H12N5O3Re
Formula weight 486.30 856.72 473.47 484.49
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c P21/n P21/n P21/n
a [Å] 7.247(3) 8.189(2) 15.699(3) 9.049(4)
b [Å] 14.258(4) 16.190(4) 13.173(4) 12.356(4)
c [Å] 13.029(3) 18.983(4) 16.376(4) 14.427(4)
β [°] 91.31(4) 99.53(2) 115.13(2) 93.17(2)
V [Å3] 1345.9(7) 2482.1(10) 3066.0(13) 1610.6(10)
Z 4 4 8 4
F(000) 896 1592 1792 920
D(calcd.) [g cm23] 2.400 2.293 2.051 1.998
Temperature [K] 293(2) 293(2) 293(2) 293(2)
Diffractometer CAD4 SMART SMART SMART
Radiation [Å] 0.71069 0.71069 0.71069 0.71069
Absorption coeff [mm21] 12.002 11.396 7.948 7.566
Crystal size [mm] 400 3 80 3 50 200 3 100 3 100 200 3 80 3 20 40 3 40 3 40
Scan method ω ω ω ω
Scan interval [°] 1.0 1 0.35 tan θ 0.30[a] 0.30[a] 0.30[a]

Max time per refl. [s] 50 30[a] 40[a] 60[a]

θ range [°] 3.13224.97 1.66226.90 1.51226.84 2.17226.97
Index ranges 28 # h # 8, 0 # k # 16,210 # h # 6, 216 # k # 219 # h # 19, 216 # k #210 # h # 11, 215 # k

0 # l # 15 19, 222 # l # 23 12, 211 # l # 23 # 12, 212 # l # 18
Reflections collected 1185 12734 15039 8202
Independent reflections 1185 [R(int) 5 0.0000] 4786 [R(int) 5 0.0324] 5892 [R(int) 5 0.0208] 3093 [R(int) 5 0.0391]
Crystal decay none none none none
Min. transmission factor 0.294 0.637 0.621 0.804
Refinement method *Full-matrix least-squares

on Fo
2

Obsd. reflection criterion > 2σ(I) > 2σ(I) > 2σ(I) > 2σ(I)
Data/restraints/parameters 1185/0/96 4786/6/254 5892/0/397 3093/2/212
Goodness-of-fit[b] on Fo

2 1.386 1.022 0.929 0.921
R indices[c] [Fo > 4σ(Fo)] 0.0230, 0.0924 0.0414, 0.0904 0.0199, 0.0434 0.0286, 0.0362
R1, wR2
R indices (all data) R1, wR2 0.0252, 0.0939 0.0720, 0.1005 0.0291, 0.0444 0.0605, 0.0396
Largest diff. peak and hole 1.017 and 21.036 1.220 and 21.249 0.327 and 21.272 0.495 and 20.513
[e Å23]
Weighting scheme[d] a 0.0587 0.0494 0.0188 0.0085

[a] Frame width and exposure time per frame 2 [b] GOF 5 [Σw(Fo
2 2 Fc

2)2/(n 2 p)]1/2 (where n is the number of reflections and p is the
number of refined parameters) 2 [c] R1 5 ΣiFou 2 uFci / ΣuFou, wR2 5 [Σw(Fo

2 2 Fc
2)2 / ΣwFo

4]1/2. 2 [d] w 5 1/[σ(Fo
2) 1 (a P)2] where

P 5 (Fo
2 1 2Fc

2)/3.

under stirring at 80°C for 6 h, the formation of (Et3NH)Br, insoluble [Re(CO)3(Hdmpz)(dmpz)(py)] (8): Obtained similarly starting
from complex 7 (yield 80%). 2 C18H20N6O3Re (555): calcd. C 38.91,in the reaction medium, being observed. The solvent was then evapo-

rated to dryness and the residue dissolved in the minimum amount H 3.63, N 15.14; found C 39.40, H 3.57, N 15.53.
of ethanol (2 ml). The addition of water caused the precipitation of

Crystallography [34]: Crystals of 1, 3, 4 and 6 were studied by con-4 as a white product. The product was filtered, washed with water
ventional single-crystal X-ray methods; an overview of the method-and dried under vacuum (yield 1.08 g, 90%). 2 C12H11N6O3Re
ology used can be found in ref.[35]. A list of crystal data, refinement(474): calcd. C 30.38, H 2.34, N 17.72; found C 30.50, H 2.24, N
parameters and final agreement factors is reported in Table 3.17.34.

[Re(CO)3(Hdmpz)2(dmpz)] (7): Obtained in a similar way em-
[1] [1a] S. Trofimenko, Chem. Rev. 1972, 72, 4972509. 2 [1b] S. Trofi-ploying Hdmpz (yield 90%). 2 C18H23N6O3Re (558): calcd. C 38.70,

menko, Prog. Inorg. Chem. 1986, 34, 1152210. 2 [1c] G. La Mon-H 4.15, N 15.05; found C 38.52, H 4.01, N 14.91. 2 Crystals suitable ica, G.A. Ardizzoia, Prog. Inorg. Chem. 1997, 46, 1512238. 2 [1d]

for X-ray structure analysis were obtained by slow concentration of J. E. Cosgriff, G. B. Deacon, Angew. Chem. 1998, 110, 2982299;
Angew. Chem. Int. Ed. 1998, 37, 2862287.toluene solutions of 4 or 7.

[2] [2a] N. Masciocchi, M. Moret, P. Cairati, A. Sironi, G.A. Ardiz-
[Re(CO)3(py)(Hpz)(pz)] (6): Pyridine (1 ml) was added to a zoia, G. La Monica, J. Am. Chem. Soc. 1994, 116, 766827676.

2 [2b] M. K. Ehlert, S. J. Rettig, A. Storr, R. C. Thompson, J.solution of 4 (300 mg, 0.634 mmol) in toluene. The clear solution
Trotter, Can. J. Chem. 1990, 68, 144421449. 2 [2c] G. A. Ardiz-was maintained under stirring at 50°C for 3 h. The solvent was then
zoia, S. Cenini, G. La Monica, N. Masciocchi, M. Moret, Inorg.evaporated to dryness and the residue was dissolved in ethanol Chem. 1994, 33, 145821463. 2 [2d] H. H. Murray, R. G. Raptis,

(1 ml). Addition of water caused the precipitation of 6 as a white J. P. Fackler, Jr. Inorg. Chem. 1988, 27, 26233. 2 [2e] R. G.
Raptis, J. P. Fackler, Jr. Inorg. Chem. 1988, 27, 417924182.product. The complex was filtered, washed with water and dried

[3] [3a] G. A. Ardizzoia, M. Angaroni, G. La Monica, N. Masciocchi,under vacuum (yield 240 mg, 78%). 2 C14H12N5O3Re (485): calcd.
M. Moret, J. Chem. Soc., Dalton Trans. 1990, 227722281. 2 [3b]

C 34.64, H 2.49, N 14.43; found C 34.64, H 2.52, N 14.37. 2Crystals G. A. Ardizzoia, E. M. Beccalli, G. La Monica, N. Masciocchi,
suitable for X-ray structure analysis were obtained from an n-hexane M. Moret, Inorg. Chem. 1992, 31, 270622711. 2 [3c] M. Anga-

roni, G. A. Ardizzoia, G. La Monica, E. M. Beccalli, N. Masci-solution of complex 6 kept at 225°C.
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occhi, M. Moret, J. Chem. Soc., Dalton Trans. 1992, 271522721. F. H. Cano, J. Elguero, M. L. Jimeno, J. Chem. Soc., Dalton

Trans. 1990, 146321476.[4] G. A. Ardizzoia, M. Angaroni, G. La Monica, F. Cariati, S. Cen-
[21] Crystal data for [(CO)3Re(Hdmpz)2(dmpz)]: C18H23N6O3Re, for-ini, M. Moret, N. Masciocchi, Inorg. Chem. 1991, 30,

mula weight 557.62 gmol21; monoclinic, P21/m; a 5 8.135(1),434724353.
b 5 14.119(3), c 5 9.464(1) Å, β 5 97.93(1)°; V 5 1076.6(3) Å3,[5] R. J. Angelici, F. Basolo, A. J. Poe, J. Am. Chem. Soc. 1963,
µ 5 56.7 cm21; Z 5 2; ρcalcd. 5 1.720 g cm23; R1 5 0.02285, 221522219.
and wR2 5 0.061 for 1806 observed data [I > 4σ(I)] and 147[6] [6a] A. M. Sladkov, N. A. Vasneva, A. A. Johansson, V. V. Deru-
refined parameters.nov, Inorg. Chim. Acta 1977, 25, L972L99. 2 [6b] J. R. Wagner, [22] A. J. Graham, D. Arkigg, B. Sheldrick, B. Cryst. Struct. Com-D. G. Hendricker, J. Inorg. Nucl. Chem. 1975, 37, 137521379.
mun. 1977, 6, 5772586.[7] [7a] D. A. Brown, R. T. Sane, J. Chem. Soc. A 1971, 208822090. [23] J. Reedijk in Comprehensive Coordination Chemistry (Eds.: G.2 [7b] E. W. Abel, G. Wilkinson, J. Chem. Soc. 1959, 150121505. Wilkinson, R. D. Gillard, J. A. McCleverty), Pergamon Press,[8] The numbering scheme of pyrazole and derivatives usually con- Oxford, 1987, vol. 2, p. 73.sider the heterocyclic ring as a 1H-azole coordinated to the metal [24] I. A. Degnan, W. A. Hermann, E. Herdtwek, Chem. Ber. 1990,centre through the N-2 lone pair. 123, 134721349.[9] [9a] A. L. Bandini, G. Banditelli, F. Bonati, G. Minghetti, F. De [25] N. Sakagami, M. Nakahanada, K. Ino, A. Hioki, S. Kaizaki,

Martin, M. Manassero, M. J. Organomet. Chem. 1984, 269, Inorg. Chem. 1996, 35, 6832688.
912105. 2 [9b] D. Röttger, G. Erker, M. Grehl, R.Fröhlich, R. [26] A. R. Barron, G. Wilkinson, M. Motevalli, H. B. Hursthouse,
Organometallics 1994, 13, 389723902. Polyhedron 1985, 4, 113121134.

[10] [10a] G. Lopez, J. Ruiz, C. Vicente, J. M. Martı̀, G. Garcia, P. A. [27] [27a] C. W. Eigenbrot, Jr., K. N. Raymond, Inorg. Chem. 1981,
Chaloner, P. B. Hitchcock, R. M. Harrison, Organometallics 20, 155321556. 2 [27b] C. W. Eigenbrot, Jr., K. N. Raymond,
1992, 11, 409024096. 2 [10b] H. Daamen, A. Oskam, D. J. Stuf- Inorg. Chem. 1982, 21, 265322660. 2 [27c] I. A. Guzei, G. A.
kens, H. W. Waaijers, Inorg. Chim. Acta 1979, 34, 2532260. Baboul, G. P. A. Yap, A. L. Rheingold, H. B. Schegel, C. H.

[11] G. W. Bushnell, K. R. Dixon, D. T. Eadie, S. R. Stobart, Inorg. Winter, J. Am. Chem. Soc. 1997, 119, 338723388. 2 [27d] I. A.
Chem. 1981, 20, 154521552. Guzei, G. P. A. Yap , C. H. Winter, Inorg. Chem. 1997, 36,

173821739.[12] J. A. McCleverty, I. Wolochowicz, J. Organomet. Chem. 1979,
[28] S. Trofimenko, Chem. Rev. 1993, 93, 9432980.169, 2892291.
[29] D. Carmona, F. J. Lahoz, R. Atencio, A. J. Edwards, L. A. Oro,[13] Crystal data for (Et3NH)[(CO)3Re(µ-pz)2(µ-OH)Re(CO)3]·H2O:

M. P. Lamata, M. Esteban, S. Trofimenko, Inorg. Chem. 1996,C18H25N5O8Re2, formula weight 811.83 gmol21; monoclinic, Cc;
35, 254922557.a 5 13.875(4), b 5 13.573(2), c 5 13.771(2) Å, β 5 101.96(1)°;

[30] [30a] D. Carmona, F. J. Lahoz, L. A. Oro, M. P. Lamata, S. Buz-V 5 2537.1(9) Å3, µ 5 95.8 cm21; Z 5 4; ρcalcd. 5 2.125 g cm23;
arra, S. Organometallics 1991, 10, 312323131. 2 [30b] D. Car-R1 5 0.020 and wR2 5 0.039 for 4802 observed data [I > 4σ(I)]
mona, L. A. Oro, M. P. Lamata, M. L. Jimeno, J. Elguero, A.and 258 refined parameters.
Belguise, P. Lux, Inorg. Chem. 1994, 33, 219622203. 2 [30c] D.[14] A. R. Katritzky, in Comprehensive Heterocyclic Chemistry (Eds.:
Carmona, J. Ferrer, R. Atencio, F. Lahoz, L. A. Oro, M. P. Lam-A. R. Katritzky, C. W. Rees), Pergamon Press, Oxford, 1984, vol.
ata, Organometallics 1995, 14, 205722065.5, p. 182.

[31] G. A. Ardizzoia, G. La Monica, A. Maspero, N. Masciocchi,[15] G. A. Ardizzoia, G. La Monica, S. Cenini, M. Moret, N. Masci-
M. Moret, 25th Italian Chemical Society Meeting 2 Inorganicocchi, J. Chem. Soc., Dalton Trans. 1996, 135121357.
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A systematic ab initio investigation of the complexes rationalized in terms of the electrostatic fields generated by
the interacting molcules. Higher binding energies have beenbenzene/halogen molecules is presented. For the whole

halogen series, the T-shaped geometry is clearly favored calculated on going from /F2 to /I2 molecular complexes.
relative to the sandwich geometry. This preference is

Introduction styrene based samples, [3] are absorbed both into amorphous
and crystalline phases of syndiotactic polystyrene

Van der Waals interactions of aromatic systems are of samples. [6] [7] [8] [9] Furthermore, it is remarkable that at low
considerable interest because they often play an important activities these small molecules are preferentially (or exclu-
structure-determining role. These interactions control such sively) absorbed as guests in the crystalline phase to form
diverse phenomena as porphyrin aggregation, the packing clathrates. [9] This suggests that the host-guest interactions
of aromatic molecules, and the base-base interactions in in clathrate structures are similar to the interactions be-
DNA. For this reason, a large number of experimental as tween the polymer and small molecules in the amorphous
well as theoretical papers have been devoted to the study phase.
of the weak interactions in prototype systems of the type

X-ray diffraction[10] [11] and FT-IR-spectroscopic[9] stud-benzene/benzene, benzene/H2O, benzene/NH3, benzene/N2,
ies on these clathrate samples can give detailed experimentalbenzene/alkane, and benzene/hydrogen halide. [1] [2]

information regarding the molecular interactions that occurAnother phenomenon of considerable interest that is
between the guest molecules and the host polymer in theoften controlled by these interactions is the sorption of
crystalline cavities. In particular, the number and distancessmall molecules in polymers, [3] [4] the economic importance
of the intermolecular interactions, the preferred relativeof which, e.g. in the packaging industry and in the field of
orientations of the guest and host, as well as possible pref-membrane separation processes, is well known. For in-
erential guest conformations can be established. Finally, itstance, systematic studies of the sorption of various mol-
is worth noting that the study of host-guest interactions inecules in amorphous polymeric materials based on atactic
these polymeric clathrates is also relevant due to the poten-polystyrene have allowed correlations to be made between
tial applications of nanoporous materials based on syndio-the structures of the small molecules and the relevant sorp-
tactic polystyrene for water and air purification and, moretion parameters. [3] Moreover, studies of the sorption of hal-
generally, for chemical separations.[6]

ogenated aliphatic molecules have led to molecular models
of absorption that involve interactions of the halogen atoms The clathrate structure of syndiotactic polystyrene in-

corporating two I2 molecules per cavity has been wellwith the phenyl groups of the polymeric absorbents. [5]

However, experimental and theoretical studies of the molec- characterized by X-ray diffraction study.[7] The I2 molecule
interacts significantly with only two phenyl rings, and theular interactions responsible for the sorption phenomena

are made difficult by the dynamic intramolecular and inter- I2 molecular axis is almost perpendicular to the planes of
the phenyl rings. Moreover, X-ray studies of the benzene/molecular disorder that is characteristic of the swollen poly-

meric phases. Cl2 [12] and benzene/Br2
[13] systems have shown that a T-

shaped geometry (see Figure 1), with the halogen moleculeRecently, semicrystalline polymeric materials based on
syndiotactic polystyrene that are able to absorb small mol- almost aligned along the C6v symmetry axis of the benzene,

is preferred. Furthermore, IR-spectroscopic studies indicateecules, not only in the amorphous phase but also in the
cavities of suitable crystalline phases, have been de- that an axial or slightly bent structure is also adopted in

nitrogen matrices. [14] [15] However, despite the great interestscribed. [6] [7] [8] [9] It has also been found that the same classes
of molecules that are suitable for sorption into atactic poly- in these complexes, a systematic theoretical description of
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the benzene/X2 (X 5 F, Cl, Br, I) series is still lacking. To particular the quadrupole moment, Qzz, be reproduced with

good accuracy.the best of our knowledge, of this series only the benzene/
I2 complex has been studied in detail from a theoretical Table 1 shows the Hartree-Fock quadrupole moments of

the molecules considered in the present study. As reportedpoint of view.[16] [17] [18] For this reason, we have carried out
a systematic study of the interactions occurring in the previously,[1] for the benzene molecule the 6-31G basis set,

even augmented by two polarization functions on the car-ground state of the model systems benzene/X2 (X 5 F, Cl,
Br, I) using the second-order Møller-Plesset (MP2) theory. bon atoms, underestimates the quadrupole moment. On the

other hand, with the DZ basis set reasonable values for the
quadrupole moment are obtained, even in the absence of
polarization functions.Methods

Table 1. Quadrupole moments of the benzene and halogen molecu-The interaction energy, ∆E, of the complexes was evalu-
les at the Hartree-Fock level

ated as the sum of the self-consistent field interaction en-
ergy, ∆ESCF, [19] and the correlation interaction energy, Molecule Basis set Polarization Qzz [a.u.]
∆ECOR,[19] where ∆ECOR was calculated using MP2 the- exponents
ory. [19] We applied the supermolecule approach.[1] Thus, the

C6H6 6-31G 26.59interaction energy was obtained as the difference between
6-31G d, p C: 0.80, H: 1.10 26.52the energy of the complex and the energies of the free ben- 6-31G 2d C: 1.60, 0.40 26.36

zene and halogen molecules. All the calculated interaction DZ 27.19
DZ 2d C:1.5, 0.375 27.38energies were basis set superposition error (BSSE) free.[19]
DZ 2d, 2p C:1.5, 0.375; 27.20

For the BSSE evaluation, the counterpoise method of Boys H: 2.0, 0.5
SBK d C: 0.80 26.30and Bernardi was used.[20] All the calculations were per-
Experimental[a] 27.4formed using the GAMESS package. [21]

F2 SBK 20.09
The geometries of the benzene (RC2C 5 1.406 and SBK d 0.80 10.40

SBK 2d 1.60, 0.40 10.48RC2H 5 1.08 Å) and halogen molecules (RF2F 5 1.34,
Extended basis set[b] 10.41RCl2Cl 5 1.99, RBr2Br 5 2.28, RI2I 5 2.68 Å) were kept Extended basis set[c] 10.56

rigid, and only the distance between the centres of mass of Experimental[d] 10.65
Cl2 SBK 10.78the benzene and halogen molecules, R, was varied. To lo-

SBK d 0.750 11.97
cate the BSSE-free minimum energy geometries, the poten- SBK 2d 1.500, 0.375 12.73

DZ 10.95tial energy surface was scanned simply by varying the dis-
DZ 2d 1.500, 0.375 12.74tance R. To save computer time, we used the 6-31G basis Extended basis set[b] 12.51

set for the C and H atoms,[22] augmented with single d and Extended basis set[e] 12.26
Experimental[f] 12.40p polarization functions, [22] respectively, and the SBK effec-

Br2 SBK 11.88tive core potential (ECP) and valence basis set, augmented SBK d 0.389 13.85
with a d polarization function, for the halogens.[23] To as- SBK 2d 0.778, 0.195 14.24

Extended basis set[b] 13.55sess the dependence of the interaction energy on the par-
I2 SBK 13.08

ticular basis set used, single-point energy calculations were SBK d 0.266 16.06
SBK 2d 0.532, 0.133 16.21performed on the minimum energy geometries obtained
Extended basis set[b] 14.17from the potential energy surface scan. In these cases, a Extended basis set[g] 14.49

double-ζ basis set, DZ, augmented with two d polarization
functions on the C atoms, was adopted for the benzene.[24] [a] J. Vrbancich, G. L. D. Ritchie, J. Chem. Soc., Faraday Trans. 2

1980, 76, 648. 2 [b] P. A. Straub, A. D. McLean, Theo. Chim. ActaFinally, test calculations were performed using the SBK
1974, 32, 227. 2 [c] G. Maroulis, A. J. Thakkar, J. Chem. Phys.ECP basis set on the C atoms of the benzene as well. Due 1989, 90, 366. 2 [d] G. H. Cheeseman, A. J. T. Finney, Theo. Chim.

to the fact that envisaged extensions of this work will focus Acta 1970, 15, 33. 2 [e] G. Maroulis, Chem. Phys. Lett. 1992, 199,
244. 2 [f] A. D. Buckingham, L. Graham, J. H. Williams, Mol.on systems of considerably larger size (polymer cavities con-
Phys. 1983, 49, 703. 2 [g] G. Maroulis, A. J. Thakkar, Mol. Phys.taining guest molecules), we decided to use basis sets of 1991, 73, 1235.

moderate size only.
On the contrary, for the halogen molecules, both with

DZ (for F2 and Cl2) and ECP (for the whole series) basis
sets, the quadrupole moments are clearly underestimated inResults
the absence of polarization functions. For F2 and Cl2, the
DZ and ECP basis sets augmented with two polarizationAs already suggested by other authors, [1] for benzene-

containing molecular complexes the total interaction energy functions provide reasonable values of Qzz, whereas for the
heavier Br2 and I2 halogen molecules Qzz is overestimated.is mainly determined by the electrostatic (quadrupole-quad-

rupole) interaction, essentially included in the ∆ESCF con- Table 2 shows the calculated minimum energy distances,
BSSE-free, and the interaction energy contributions for thetribution, and by the dispersion energy, essentially included

in the ∆ECOR contribution. For this reason, the selection of benzene/X2 molecular complexes. Clearly, the T-shaped ge-
ometry is preferred for each of the halogens. This result is insuitable basis sets requires that one-electron properties, in
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Table 2. Energy contributions to the total interaction energy, BSSE-free, for the benzene/X2 molecular complexes in the T-shaped and

sandwich geometries

/X2 Geometry C6H6 Halogen R[a] ∆ESCF ∆ECOR ∆ETOT
Basis Set Basis Set [Å] [kcal/mol] [kcal/mol] [kcal/mol]

/F2 T-shaped 6-31G d,p SBK d 3.9 10.33 21.00 20.67
T-shaped DZ 2d SBK 2d 10.36 21.38 21.02
T-shaped SBK d SBK d 10.55 20.98 20.43
Sandwich 6-31G d,p SBK d 3.8 10.27 20.48 20.21
Sandwich DZ 2d SBK 2d 10.30 20.77 20.47
Sandwich SBK d SBK d 10.30 20.52 20.22

/Cl2 T-shaped 6-31G d,p SBK d 4.6 20.01 21.10 21.11
T-shaped DZ 2d SBK 2d 20.27 21.99 22.26
T-shaped DZ 2d DZ 2d 20.20 22.00 22.20
T-shaped SBK d SBK d 10.21 21.12 20.91
Sandwich 6-31G d,p SBK d 4.4 10.38 20.58 20.20
Sandwich DZ 2d SBK 2d 10.46 21.10 20.64
Sandwich DZ 2d DZ 2d 10.48 21.16 20.68
Sandwich SBK d SBK d 10.35 20.62 20.27

/Br2 T-shaped 6-31G d,p SBK d 4.7 20.20 21.88 22.08
T-shaped DZ 2d SBK 2d 20.36 23.06 23.42
T-shaped SBK d SBK d 10.18 21.95 21.77
Sandwich 6-31G d,p SBK d 4.4 10.71 21.03 20.32
Sandwich DZ 2d SBK 2d 10.64 21.79 21.15
Sandwich SBK d SBK d 10.62 21.19 20.57

/I2 T-shaped 6-31G d,p SBK d 4.9 10.17 22.71 22.54
T-shaped DZ 2d SBK 2d 10.05 24.28 24.23
T-shaped SBK d SBK d 10.84 22.81 21.97
Sandwich 6-31G d,p SBK d 4.6 10.86 21.29 20.43
Sandwich DZ 2d SBK 2d 10.73 22.06 21.33
Sandwich SBK d SBK d 10.71 21.40 20.69

[a] Optimized intermolecular distance, BSSE-free.

Figure 1. Schematic representation of the T-shaped and sandwichagreement with X-ray structural investigations of benzene/
geometries for the benzene/I2 complex; the distance R between theCl2[12] and benzene/Br2

[13] complexes, which have shown
centres of mass of the two molecules, which was varied during the

that the T-shaped geometry is the most probable. The mini- potential energy surface scan, is indicated; the electrostatic fields
generated by the two molecules are also indicated; starting frommum energy distances R, between the centres of mass of
the 0.0 contours (dotted lines), positive and negative contours ofthe benzene and halogen molecules for the T-shaped struc- the electrostatic field (continuous and dashed lines, respectively) are

tures are 3.9, 4.6, 4.7, and 4.9 Å for F2, Cl2, Br2, and I2, shown; the isopotential curves are spaced by 1 kcal/mol
respectively. The calculated values of R are overestimated
by roughly 0.3 Å (4.27 and 4.34 Å in the crystalline struc-
tures of the benzene/Cl2 and benzene/Br2 complexes, respec-
tively). The T-shaped geometry for the benzene/X2 com-
plexes is also in agreement with the structures indicated by
infrared absorption spectra of the Cl2, Br2 and I2 complexes
with benzene in nitrogen matrices, [14] [15] and with previous
ab initio studies on the benzene/I2 complex. [16] [17] [18]

As already outlined,[1] the rationalization of the preferred
geometry in molecular complexes with benzene is essen-
tially related to the electrostatic interaction (quadrupole-
quadrupole) between the two molecules. In order to ration-
alize the preferred geometry in terms of electrostatic inter-
actions, the electrostatic fields generated by the two inter-
acting molecules are depicted in Figure 1. In the T-shaped
geometry, negative and positive regions of the electrostatic
potential of the benzene and halogen molecules face each
other, whereas in the sandwich geometry regions of electro-
static potential of the same sign face each other. As a conse-
quence, the electrostatic interactions clearly favour the T-
shaped geometry relative to the sandwich geometry.

Our analysis is in agreement with the previously reported
rationalization based on the quadrupole-quadrupole elec- the two molecules that form the molecular complex, either

T-shaped (benzene/benzene and benzene/I2) or sandwichtrostatic interaction. In order to optimize this interaction,
and depending on the sign of the quadrupole moment of (benzene/N2) geometries are adopted. Considering that all

Eur. J. Inorg. Chem. 1998, 151321517 1515



G. Milano, G. Guerra, L. CavalloFULL PAPER
the halogen molecules have quadrupole moments of the complexes. It is clear that the T-shaped geometries of the

two complexes represent only shallow minima, and thatsame sign, it is reasonable to assume that the T-shaped
structure is the preferred geometry throughout the benzene/ large oscillations might easily be achieved. In fact, α defor-

mations of 20230° require less than 0.5 kcal/mol. Our re-X2 series.
This rationalization is also supported by the fact that the sults support the hypothesis that in photoexcitation experi-

ments the excitation process occurs in bent conformations,∆ESCF contribution always favours the T-shaped geometry.
Moreover, the repulsive electrostatic interaction in the sand- i.e. the conformations with the largest transition mo-

ment. [18]wich geometry pushes the two molecules far apart, and this
reduces the strength of the attractive dispersion interac-

Figure 2. MP2 BSSE-free interaction energy as a function of α fortions. As a consequence, the ∆ECOR energy contribution the benzene/Cl2 and benzene/I2 complexes; the 6-31G d,p and ECP
also favours the T-shaped geometry. SBK 2d basis sets were used for the benzene and halogen molecu-

les, respectivelyAs regards the total binding energy, more stable com-
plexes are observed on going from the very weakly bound
F2 to I2, both for T-shaped and sandwich geometries. The
calculated value for the T-shaped benzene/I2 complex, 2.54
kcal/mol, is in fair agreement with the heat of formation of
this complex in the gas phase, as determined by spectro-
metric methods (2.022.6 kcal/mol). [25] Previous ab initio
calculations led to binding energies of 1.91[16] and 2.07[18]

kcal/mol. By using the DZ basis set for benzene and the
SBK ECP set for the halogens, and augmenting these basis
sets with two standard polarization functions on the C and
halogen atoms, the same trend is observed, i.e. higher bind-
ing energies on going from F2 to I2. With this basis set,
which should be of better quality, the binding energies are
probably overestimated. In fact, for the T-shaped benzene/
I2 complex this basis set gives a binding energy of 4.23 kcal/
mol. Finally, by using the SBK ECP basis set for the C
atoms of benzene as well, results fairly similar to those ob-
tained using the 6-31G basis set are obtained. However, Conclusions
there is a decrease in the energy difference between the
sandwich and the more stable T-shaped geometry [∆E(sand- A systematic investigation of benzene/halogen molecule
wich 2 T-shaped) 5 0.46, 0.89, 1.76, and 2.11 kcal/mol complexes in the ground state has indicated that the T-
using the 6-31G basis set for the benzene, and 0.21, 0.52, shaped geometry is preferred relative to the sandwich ge-
1.20, and 1.28 kcal/mol using the SBK ECP basis set for ometry for each of the halogens. The calculated minimum
the benzene, for F2, Cl2, Br2, and I2, respectively]. energy distances for the benzene/Cl2 and benzene/Br2 com-

The results shown in Table 2 clearly indicate that the plexes (for which X-ray structures are available) over-
∆ESCF contribution is virtually independent of the basis set estimate the experimental values by roughly 0.3 Å. More-
used, and that the increase in the binding energy is essen- over, irrespective of the particular basis set used, higher
tially due to the dispersion term, ∆ECOR. It is also apparent binding energies have been calculated on going from ben-
that the ∆ECOR contribution is not yet converged. Due to zene/F2 to benzene/I2 molecular complexes. The relative
the fact that we have mixed a DZ basis set with a split- stability of the T-shaped and sandwich geometries is essen-
valence ECP basis set, we checked the reasonability of this tially determined by the electrostatic quadrupole-quadru-
mixing by using, for the Cl2 complex only, a DZ all-electron pole interaction. This can clearly be visualized in terms of
basis set. The results obtained with the ECP were in very the electrostatic potential generated by the interacting mol-
good agreement with the all-electron results. Thus, we be- ecules. Finally, we note that the T-shaped geometry rep-
lieve that the basis set mixing that we have used represents resents only a shallow minimum, and that environmental
a reasonable approximation. effects (i.e. crystal packing or inert matrices) can reasonably

In the last part of our study, we investigated the feasibil- force the adoption of oblique geometries.
ity of oblique structures. In Figure 2, the BSSE-free interac- We thank Prof. V. Barone of the University of Naples and Dr.
tion energies of the oblique geometries of the benzene/Cl2 A. Peluso of the University of Salerno for useful discussions. The
and benzene/I2 complexes are plotted as a function of the financial support of the Ministero dell9 Università e della Ricerca
angle α between the halogen2halogen bond and the C6v Scientifica e Tecnologica and of the Consiglio Nazionale delle Ricer-

che of Italy is gratefully acknowledged.symmetry axis of the benzene. Since in the bent structures
the distance R is not re-optimized, we confined our analysis
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An efficient route to B,B9-dihalo-B,B9-dimesityldiboranes(4) observed in mes2B2I2, indicating that the iodide is the
strongest Lewis acid in the reported series of mes2B2Y2is reported, as well as the conversion of these and of B,B9-

dimesityl-B,B9-dimethoxydiborane(4) into other B,B9- compounds. This is also reflected in short B–C bonds.
Moreover, the two mes(Y)B units also approach orthogonalitydimesityldiboranes B2mes2X2 (X = OR, SR, NR2, NHR). The

substituents X influence the shielding of the 11B nucleus in in these diborane(4) compounds, and thus enforce this as a
typical structural feature of diborane(4) derivatives. For thisthe expected manner. Hindered rotation about the B–N bond

is observed for X = pyrrolyl, while in solution there is free reason, the planar C(N)B–B(N)C unit of B,B9-
di(benzylamino)-B,B9-dimesityldiborane(4) is regarded asrotation about the B–C bond. However, X-ray structural

results reveal that the mesityl group is almost orthogonal to exceptional for aminodiboranes(4).
the B(B)CY plane in the solid state. The shortest B–B bond is

Introduction of the aryl ligand can interact with the empty p-orbital of
the boron atom. This has been documented in several ex-Although B2Cl4, the first diborane(4) compound, was
amples[9] [10]. Therefore, aryl-substituted diborane(4) deriva-synthesized as long ago as 1925[2], the intensive study of
tives might be expected to show an enhanced stability indiborane(4) derivatives only began in the early 1960s, when
comparison with their alkyl counterparts due to B2C π-an easy access to B2(NMe2)4 was found[3] [4]. Because
bonding in B2R4. Indeed, some aryl-substituted diborane(4)B2(NMe2)4 can be converted into B2(NMe2)3X or sym-
derivatives such as mes2B2B(mes)Ph and mes2B2B(mes)-B2(NMe2)2X2 (X 5 Cl, Br) by reaction with BX3, a very
CH2SiMe3 are thermally stable, although little evidence foruseful synthon for the synthesis of amino-substituted dibor-
π-bonding or hyperconjugation was found[11].ane(4) derivatives was available on a preparative scale[4]. It

We now report on the synthesis and crystallographicwas soon recognized that the stability of diborane(4) com-
characterization of a variety of mesityl-substituted dibor-pounds B2X4 could be enhanced by increasing the elec-
ane(4) derivatives. These studies were undertaken in ordertronic and steric shielding at the boron centers, so as to
to gain further insight into the stabilities, electronic proper-suppress decomposition into BX3 and (BX)n

[5]. Thus,
ties, and conformations of such species.B2(NMe2)4 is the most stable derivative due to N2B π-

bonding in addition to the steric effect of the Me2N groups,
Synthesiswhile B2Me4 remains unknown. Nevertheless, the first

stable tetraorganyldiborane(4) derivatives, such as As mentioned above, B2(NMe2)4 and B2(NMe2)2X2 (X 5
(tBu)2B2B(tBu)Me[6] and (tBu)2B2B(tBu)(CH2tBu)[7], Cl, Br) are key species in diborane(4) chemistry. The reac-
were reported in 1980, demonstrating that only steric hin- tion of bis(dimethylamino)diborane(4) dichloride with mes-
drance is required for the stabilization of diborane(4) spe- ityllithium, mesLi, for example, leads to mes2B2-
cies of this type. Although the tert-butyl groups are able to (NMe2)2

[12] [13] (Eq. 1a), which can be converted into mes2-
prevent redox disproportionation of these tetraalkyldibor- B2(OMe)2 in very good yield according to Eq. 1b[11] [13].
ane(4) derivatives, the halogenated species tBu2B2X2 (X 5
Cl, Br) decompose readily[8].

While in alkyl-substituted diborane(4) derivatives the bo-
ron2carbon bonds can be described purely as σ-bonds, a
B2C π-interaction can be expected in cases where aryl sub-
stituents are attached at the boron atoms, as the π-electrons

[e] For Part 242, see ref. [1].
[°] Crystal structure determination.
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As shown in Eqs. 2 and 3, mes2B2(OMe)2 itself can be order to gain further structural insight into the confor-

mation of dialkoxydimesityldiborane(4) derivatives and tofurther used as a starting material for the synthesis of vari-
ous mesityl-substituted diboranes(4), e.g. the dihalides compare them with the structure of mes2B2(OMe)2 (7) [11]

(see Eq. 1b), we synthesized mes2B2(OtBu)2 (8) (Eq. 6), asmes2B2X2. In particular, the iodide 1c is readily available
under mild conditions and is obtained in good yield. Ad- well as several mercapto derivatives mes2B2(SR)2. The latter

were prepared from mes2B2Cl2 with either a mixture of theditionally, several diaminodimesityldiboranes(4) 226 were
synthesized by allowing mes2B2(OMe)2 to react with respective thiol and Et3N as auxiliary base, or with lithium

mercaptides, as shown in Eqs. 7a, 7b, and 7c. The best re-LiNHtBu or mes2B2Cl2 to react with amines or lithium am-
ides (Eqs. 3, 4a, and 4b). sults were obtained using the latter method.

Although all these reactions provided the diaminodimesi-
tyldiboranes(4) in yields > 70%, better results were ob-
tained when lithium amides were allowed to react with
mes2B2Cl2 rather than mes2B2(OMe)2. This is due to the

Efforts were also made to synthesize phosphanyl-substi-enhanced reactivity of the halogenated species. Moreover,
tuted dimesityldiborane(4) derivatives. However, the reac-the reactions can be carried out at lower temperatures and
tions of mes2B2Cl2 and LiPHtBu in a 1:1 and in a 1:2 stoi-in less time. Furthermore, compared to the preparation of
chiometry, as well as the reaction with one equivalent ofdi(benzylamino)dimesityldiborane(4) (3) by the amine
Li2PtBu, led only to ill-defined, multicomponent mixtures,route, where a voluminous precipitate of benzylammonium
as was evident from the many signals in the 11B-NMR spec-chloride is formed, the by-product LiCl precipitates as a
tra, which ranged from δ 5 90 to 225. On the other hand,fine powder, and the reaction mixture can be stirred more
when mes2B2Cl2 was allowed to react with lithiated 1,2-bis-readily. On the other hand, the method using amines as
(isopropylphosphanyl)benzene, a planar heteroaromaticauxiliary bases can be advantageous when gaseous amines
B2P2C cyclic product was formed in quantitative yield[14].such as MeNH2 are employed. mes2B2(NHtBu)2 is also ob-

tained in good yield by ligand exchange from mes2-
NMR SpectraB2(OMe)2 according to Eq. 3, but not by dehalogenation of

The 11B-NMR shifts of the amino derivatives 226 arehaloboranes to diboranes(4), as shown in Eq. 5. The latter
found in the range δ 5 45260, which is typical for diamino-method fails when bulky substituents are attached to the
diorganyldiboranes(4)[15]. The signals for B2mes2(NHR)2boron atom.
compounds (R 5 Me, iPr, tBu) are shifted to higher field
compared to those of (Me2N)mesB2Bmes(NMe2) [δ11B
(CDCl3) 5 55]. The magnitude of the shift difference in-
creases in the order NHMe < NHBz < NHiPr < NHtBu
(δ11B 5 48.3, 47.9, 46.3, and 45.3, respectively) as theEarlier attempts to synthesize dialkyldialkoxydibor-

anes(4) as well as dialkyldialkylthiodiboranes(4) were un- branching of R at the nitrogen atom increases. On the con-
trary, the 11B resonance shows a deshielding (δ 5 60.5 forsuccessful, and compounds of the type R2B2X2 (X 5 OR,

SR) were regarded as unstable as only borane(III) deriva- 5) when an aromatic amine ligand is attached to the boron
atoms, because the electrons of the pz orbital at the nitrogentives could be isolated[5]. Thus, only a few dialkyldibor-

ane(4) derivatives with elements of the sixth main group are atom contribute to the aromaticity of the pyrrole heterocy-
cle. Consequently, the B2N bonds possess less π-bondknown[8]. In order to avoid redox disproportionation of

these derivatives into R2BX and “BX”, one tBu group was character. Nevertheless, the 1H- and 13C-NMR spectra
show a discrete signal for each H and C atom of the pyrroleattached at each boron atom in order to stabilize the dibor-

ane(4) compounds. However, most of these dialkyldibor- ligand, indicating hindered rotation of this subunit at ambi-
ent temperature, and therefore N2B back bonding (vide in-ane(4) compounds are liquids and structural characteri-

zation by X-ray diffraction has as yet been impossible[8]. In fra).
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In analogy to borane(3) derivatives, the replacement of significantly longer [1.434(4) and 1.438(4) Å] compared to

those in the non-aromatic analogues mes2B2(NMe2)2
[12]an amino group by an alkoxy group leads to a deshielding

of the 11B nucleus due to the higher electronegativity of and mes2B2(NHtBu)2 6.
the substituent. The resonance signals of the two alkoxy

As expected, the boron atoms reside in planar environ-compounds 7 and 8 are found at δ11B ø 60 (±5) depending
ments (sum of bond angles 5 360°). Nevertheless, althoughon the solvent. In the 13C-NMR spectra, the signals of the
the NBCmes bond angles of the bis(dimethylamino)- as welloxygen-bonded carbon atoms of the alkoxy ligands are
as the dimesityldipyrrolyldiborane(4) are all 120 ± 2.5°, inshifted to lower field by about 527 ppm compared to those
compound 6 this angle is widened to 126.7° due to the stericof the free alcohol[16]. This effect can be explained in terms
repulsion between the mesityl and tert-butylamino groups.of an O2B π-back donation, reducing the electron de-
Consequently, the B2B2N bond angle in 6 is reduced toficiency at the boron atom, leading to a deshielding of the
114.9°. It is quite interesting that compounds 3 and 6 exhi-respective C atom.
bit point group symmetry Ci in the solid state and thusWithin the dimercaptodimesityldiborane(4) series, the
possess planar C2B2N2 skeletons. Normally, diborane(4) de-11B-NMR signals span a range from δ 5 69281. The thio-
rivatives show a dihedral angle between the two planes atphenolate derivative 9 shows the least shielded boron atom
the boron atoms in the range 60280°. It seems that only(δ11B 5 80.6), while those of the cyclic dithiadiborinane 11
packing effects are responsible for the conformation in the(δ11B 5 69.4) are the best shielded among these com-
solid state, because no intermolecular interactions betweenpounds. Furthermore, the signal of the latter compound
the molecules other than van der Waals contacts are detect-shows a relatively narrow half-width of ca. 210 Hz, while
able.the signals of the acyclic derivatives exhibit half-widths of

100021550 Hz. In analogy to the alkoxydiboranes(4) 7 and A comparison of the crystal structures of mes2B2(OMe)2
8, the signals of the sulfur-bonded carbon atoms of the mer- (7) [11] and mes2B2(OtBu)2 (8) reveals no significant differ-
capto ligands are shifted to lower field compared with those ences in the B2B, B2O, and B2C bond lengths. The B2B
of the free thiol [16], indicating partial π-character of the bonds are only marginally longer than in the tetraalkoxy-
S2B bond (vide infra). The magnitude of shift difference is substituted diborane(4) 14 [1.711(6) Å] [19], but are signifi-
about 428 ppm, as is observed for the alkoxy analogues. cantly longer compared to those in compounds 15a and

15b, where the B2B bond lengths are 1.687(3) and 1.684(3),
Molecular Structures respectively[20]. The B2O bonds of 8 [1.348(6) and 1.366(7)

Å] are intermediate between single and double bond lengthsIn order to obtain information on the preferred confor-
mations, and to gain further insight into steric and/or elec- (1.46 and 1.26 Å) [21], indicating partial B2O π-bond-

ing[22] [23]. In comparison, the B2O bonds in mes2B(OMe)tronic effects of the ligands in the solid state of dimesityldi-
boranes(4), X-ray structure determinations of some rep- (1.352 Å) [23] and compound 16 (average 1.367 Å) [24] are

equally long, while in the triborane(5) derivative 17 a valueresentative derivatives were carried out.
Table 1 shows that the B2B bond lengths span a range of 1.396(5) Å is observed[25]. Due to enhanced steric repul-

sion between the tert-butyloxy group and the mesityl li-from 1.709(5) Å in 5 to 1.735(7) Å in 8. These can be com-
pared with the B2B bond lengths in tetraaminodibor- gand, the OBCmes angles in 8 are widened to 128° com-

pared with the corresponding bond angles in the methoxyanes(4) 12 [17] and 13 [18] [1.693(9) Å and 1.750(8) Å, respec-
tively]. Within the amino-substituted dimesityldiborane(4) derivative 7 [121.9(5)° and 123.2(5)°] [11]. B2B2O and

B2B2Cmes bond angles are smaller (114.82116.9°) as theseries, compounds 6 and 3 show B2N bond lengths be-
tween 1.388(5) Å and 1.394(2) Å. These are slightly shorter sum of the bond angles around each boron atom is 360°.

Most probably as a result of the aforementioned steric re-than those in 12 and 13 (average of 1.415 and 1.426
Å) [17] [18] and correspond, within the limits of significance, pulsion, the B2O2CtBu angles in 8 are even wider (131°)

than the B2O2CMe angles in 7 (121° and 123.4°) and mes-to the values determined for mes(Me2N)B2B(NMe2)mes
(1.40 Å) [12]. It is interesting to note that the B2N bond (OMe)B2Bmes2 [125.0(9)°] [11], but are very similar to that

in compound 17 [130.7(4)°] [25].lengths to the aromatic pyrrole ligands in compound 5 are

Table 1. Selected bond lengths [Å] and angles [°] for compounds 3, 5, 6, 8, and 10

Compound 5 3 6 8 10

Formula C26H30B2N2 C32H38B2N2 C26H42B2N2 C26H40B2O2 C26H40B2S2
dBB 1.709(5) 1.717(4) 1.732(8) 1.735(7) 1.712(6)
dB(1)X(1)

[a] 1.434(4) 1.394(2) 1.388(5) 1.348(6) 1.771(4)
dB(2)X(2)

[a] 1.438(4) 1.394(2) 1.388(5) 1.366(7) 1.771(4)
dB(1)C(1)

[a] 1.576(5) 1.590(2) 1.578(5) 1.595(7) 1.576(5)
dB(1)C(10)

[a] 1.578(4) 1.590(2) 1.578(5) 1.578(8) 1.572(5)
angle betw. planes at B(1) and B(2) 1.0 58.8 180 (“trans”) 110.9 115.2
angle betw. planes at B(1) and C(1) 86.4 79.5 83.6 88.5
angle betw. planes at B(2) and C(10) 86.4 79.5 94.0 92.1

[a] X is either N, O or S.
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Figure 2. ORTEP representation of the molecular structure of 6;Figure 1. ORTEP representation of the molecular structure of 3;
esd9s in parentheses; thermal ellipsoids are represented at a 25% esd9s in parentheses; thermal ellipsoids are represented at a 25%

probability levelprobability level

The mercaptodiborane(4) mes(tBuS)B2B(StBu)mes (10) ino-substituted B2S heterocycles 18 [1.72(1) Å] and 19
[1.66(1) and 1.69(1) Å] [26]. The B2S distance in 10 wasexhibits a B2B bond length of 1.712(6) Å, which is inter-

mediate between the corresponding bond lengths of the am- found to be 1.771(4) Å, which is intermediate between a
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Figure 5. ORTEP representation of the molecular structure of 10;Figure 3. ORTEP representation of the molecular structure of 5;

esd9s in parentheses; thermal ellipsoids are represented at a 25% esd9s in parentheses; thermal ellipsoids are represented at a 25%
probability level[a]probability level

[a] Selected bond angles [°]: C12B12B2 118.0(3), C12B12S1
127.6(3), B22B12S1 114.4(3), C102B22B1 115.5(3),
C102B22S2 129.4(3), B12B22S2 115.1(3), B12S12C19
114.0(2), B22S22C23 114.1(2).Figure 4. ORTEP representation of the molecular structure of 8;

esd9s in parentheses; thermal ellipsoids are represented at a 25%
probability level[a]

but the B2B2S and B2B2Cmes angles are smaller (114.4°
and 118.0°, respectively). Owing to the steric repulsion be-
tween the mesityl ligand and the tert-butyl group, the
B2S2CtBu angles in 10 are larger (114°) than those in
mes2B(SMe) (109.8°) [23] or in the derivatives 20223, where
B2S2R angles in the range 104.82107.3° were meas-
ured[25] [29] [30].

The mesityl rings adopt an orientation almost perpen-
dicular to the plane around the boron centers. This is a
common feature of all the newly studied compounds.

Table 2. Selected bond lengths [Å] and interplanar angles [°] for
compounds 1a, 1b, and 1c

1a 1b 1c

Formula C18H22B2Cl2 C18H22B2Br2 C18H22B2I2
dBB 1.680(6) 1.673(6) 1.664(9)[a] Selected bond angles [°]: O12B12C1 128.1(4), O12B12B2
dB(1)Hal(1) 1.770(5) 1.928(4) 2.165(6)116.9(4), C12B12B2 114.9(4), O22B22C10 128.2(4),
dB(2)Hal(2) 1.774(4) 1.932(4) 2.158(7)O22B22B1 114.8(5), C102B22B1 116.9(4), B12O12C19
dB(1)C(1) 1.551(5) 1.557(5) 1.558(8)130.7(3), B22O22C23 131.0(4).
dB(1)C(10) 1.558(6) 1.560(5) 1.548(8)
dihedr. angle 73.4 71.6 71.5
HalB2BHalB2S single bond (1.89 Å) and a B2S double bond (1.69
angle betw. planes at 88.5 87.5 88.5

Å) [21]. Similar B2S bond lengths were observed in the tri- B(1) and C(1)
angle betw. planes at 85.8 88.6 85.9thiadiborolanes (MeB)2S3 (1.803 Å) [27a] and (ClB)2S3 (1.794
B(2) and C(10)Å) [27b], as well as in the tris(methylthio)borane B(SMe)3

(1.805 Å) [28], where partial S2B π-bonding is discussed.
Furthermore, the B2S bond length in 10 matches very well The crystal structures of the dihalogenodimesityldibor-

ane(4) compounds reveal some interesting characteristics.those found in the acyclic derivatives mes2BSMe [1.787(6)
Å] [23] and mes2BSPh [1.790(6) Å] [29], as well as in com- Among all studied diborane(4) compounds, they exhibit the

shortest B2B bonds. With an average of 1.67 Å, they are atpounds 20 [1.799(6) and 1.802(6) Å] [30] and 21 (average 1.80
Å) [30]. In molecules with less B2S π-bond character, such the lower end of the range for B2B single bonds and, within

the series, an interesting trend is observed (Table 2). Surpris-as the triborane(5) 22, the B2S bonds are noticeably longer
[1.864(2) and 1.849(2) Å] [25]. ingly, the bond lengths vary in a manner opposite to what

might have been expected. As the covalent radius of the hal-The S2B2Cmes angles are on average 128.5° and are thus
of the same order as those in the tert-butyloxy analogue 8, ogen atom increases on going from chlorine to iodine, the
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Figure 6. ORTEP representation of the molecular structure of 1a; the Lewis acidity scale of the boron halides. We regard this
esd9s in parentheses; thermal ellipsoids are represented at a 25% as further experimental evidence that π-bonding at boron

probability level
halides decreases on ascending the series F > Cl > Br > I,
with the consequence that in most cases the iodides are the
most Lewis acidic compounds among such species. More-
over, electron diffraction experiments on the tetrahalodibor-
anes(4) B2Cl4[31] and B2Br4

[32] show the same trend and
lengths 1.70(7) Å and 1.69(2) Å], although these distances
have large standard errors associated with them and do not
differ significantly. At 1.68(2) Å[12], the B2B bond length in
(Me2N)2B2Br2 fits very well into this series. The B2Cl bond
lengths in 1a (see Table 2) are significantly shorter than those
observed for compounds 23 [33] [1.790(4) Å, 1.805(4) Å] and
24 [33] [1.814(5) Å]. This implies partial π-bond character. In
comparison, the B2Cl bond lengths in the tetraborane(6)
derivative 25 [25] are 1.809(5) Å for the terminal boron atom
of the tetraborane chain and 1.870(4) Å for the di(amino-
boryl) subunit. The same trend, i.e. a short B2Hal bondFigure 7. ORTEP representation of the molecular structure of 1b;

esd9s in parentheses; thermal ellipsoids are represented at a 25% length, is also observed in B2Br4. The B2Br bond lengths in
probability level 1b [1.928(4) Å, 1.932(4) Å] are obviously short, since a single

bond would be expected to have a length of 1.99 Å [atomic
radii of boron (0.85 Å) and bromine (1.14 Å) [21]], as ob-
served in (Me2N)2B2Br2

[12] [1.97(1) Å and 1.99(1) Å] and in
compound 26 [25] [1.99(1) Å and 2.00(1) Å]. Even mes2B2I2

exhibits a B2I bond length (average 2.16 Å) that is slightly
smaller than the sum of the atomic radii[21] (0.85 Å and 1.33
Å, giving 2.18 Å). In this respect, it is interesting to note that
the diiodotriborane(5) derivative 27 has longer B2I bonds
[2.224(6) and 2.237(6) Å][25], which seems to be due to the
presence of the amino groups.

However, all the halogen derivatives 1a21c show the
common feature of shorter B2Cmes bonds compared to the
compounds listed in Table 1. In all cases, the mesityl rings
are almost orthogonally orientated with respect to the plane
at the boron atom. Furthermore, irrespective of the nature
of the halogen atom, compounds 1a21c exhibit an
X2B2B2X dihedral angle of 71°.

Figure 8. ORTEP representation of the molecular structure of 1c;
esd9s in parentheses; thermal ellipsoids are represented at a 25% Conclusions

probability level
A comparison of the chemistry of B,B9-di-tert-butyldi-

boranes(4) with that of B,B9-dimesityldiboranes(4) reveals
the higher stability of the latter compounds. This is particu-
larly evident for the dihalides mes2B2X2 (X 5 Cl, Br, I) and
tBu2B2X2. Because there is no significant electronic contri-
bution to stabilize the B2B bond by decreasing the electron
deficiency at the boron atoms by X by B2C π-bonding, it
is evident that the stability of R2B2Y2 compounds with re-
spect to dismutation into BI and BIII species is kinetically
but not thermodynamically controlled. This is also sup-
ported by the geometry of the structure of B,B9-dimesityldi-
borane(4) in the solid state, because possible π-overlap as
in 1,4-butadienes is prevented by an almost orthogonal ar-
rangement of the CB(B)Y planes and the C3B plane to the
B(C)B(Y) plane. All the structural and chemical evidence
collected for diborane(4) derivatives indicates that the B2B
bond lengths are primarily determined by the character of
the group Y. Thus, it appears that kinetically stable tetraor-B2B distances decrease. This shrinkage is contrary to expec-

tation in terms of the 2I effect of the halogen atoms, but fits ganyldiboranes B2R4 can be prepared with bulky groups R,
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ane, resulting in the immediate precipitation of methylammoniumas verified for B2(tBu)3SiMe3

[6] and similar compounds.
chloride. The reaction mixture was allowed to warm to ambientThe former may be used to generate B2H2(tBu)SiMe3, an
temp. while stirring overnight. After separation of the solid (0.88unstable molecule that may be used to determine whether
g, 119% “[MeNH3]Cl”), the solvent and all volatile materials werehydroboration or diboration prevails in kinetic experiments.
removed in vacuo. The residue was treated with 50 ml of hexane,

We are grateful to the Fonds der Chemischen Industrie and the and insoluble material was removed by centrifugation for 10 min
Chemetall GmbH for support of our research, and to the technical (1200 rpm). The clear solution was then stored at 278°C, where-
staff at the Institute of Inorganic Chemistry for recording NMR, IR upon 2 precipitated as a white solid. Yield: 1.55 g (4.84 mmol,
and mass spectra, as well as for performing elemental analyses. 89%). Within 2 d, 2 crystallized in the form of colorless cubes in

an NMR tube, m.p. 190°C. 2 NMR (CDCl3): δ1H 5 2.17 (s, 12
H, o-CH3), 2.30 (s, 6 H, p-CH3), 2.49 (d, 6 H, NMe, 3JHH 5 8 Hz),
4.7 (br., 2 H, NH), 6.81 (s, 4 H, m-H). 2 δ11B 5 48.3. 2 δ13C 5Experimental Section
21.2 (p-CH3), 21.7 (o-CH3), 31.4 (NMe), 127.0 (m-C), 135.7 (p-C),Schlenk techniques were used in all experiments with nitrogen
138.4 (o-C), ipso-C signal not obsd. 2 C20H30B2N2 (320.10): calcd.gas as a blanket. Solvents were dried by standard procedures. Com-
C 75.05, H 9.45, N 8.75; found C 74.66, H 9.31, N 8.22.mercial chemicals were purified before use as necessary. Literature

procedures were employed for the preparation of B2(NMe2)4
[3] [4], B,B9-Di(benzylamino)-B,B9-dimesityldiborane(4) (3): mes2B2Cl2

(Me2N)2B2Cl2[4], mes2B2(NMe2)2
[13], mes2B2(OMe)2

[13], and (1.77 g, 5.35 mmol) was dissolved in 60 ml of pentane and the flask
mes2B2Cl2[13]. 2 NMR: Bruker AC-P 200 (11B), Jeol GSX 270 was placed in an ice bath. Under stirring, benzylamine (2.50 ml,
(1H, 13C); standards: int. TMS, ext. BF3·OEt2. 2 IR: Perkin-Elmer 2.46 g, 22.9 mmol) was added, resulting in the immediate precipi-
325. 2 MS: Varian CH7 (70 eV). 2 X-ray analyses: Siemens P4 tation of benzylammonium chloride. The suspension was allowed
and Nicolet R3m diffractometer, Mo-Kα radiation, graphite mono- to warm to ambient temp., and then stirring was continued for a
chromator. further 4 h. The insoluble material was then removed by filtration

(1.98 g), and the filtrate was concentrated to dryness in vacuo.B,B9-Dibromo-B,B9-dimesityldiborane(4) (1b): To a stirred sus-
Since the residue was found to be moderately soluble in pentanepension of mes2B2(OMe)2 (510 mg, 1.6 mmol) in 60 ml of hexane at
and hexane, it was treated with a few mls of pentane and the solid230°C was added BBr3 (1.00 g, 3.99 mmol, 0.38 ml). The reaction
was recovered by filtration. After drying in vacuo, 3 was obtainedmixture was allowed to warm to 0°C and was kept at this tempera-
as a white powder (1.20 g, 2.54 mmol, 47%), essentially pure onture for at least 1 h. A clear, light-yellow solution resulted. The
the basis of its NMR spectra. Recrystallization from 5 ml of diethylsolution was stored at 220°C overnight, and then concentrated to
ether gave colorless crystals, suitable for X-ray diffraction; m.p.a volume of about 20 ml. At 220°C, yellow crystals of mes2B2Br2
1152117°C. 2 NMR (CDCl3): δ1H 5 2.26 (s, 12 H, o-CH3), 2.30(1b) separated (450 mg, 1.1 mmol). A second crop of 1b was iso-
(s, 6 H, p-CH3), 4.08 (d, 4 H, CH2, 3JHH 5 7.3 Hz), 5.16 (t, 2 H,lated by reducing the volume of the solution still further. Total
NH), 6.82 (s, 4 H, m-H), 7.1427.27 (m, 10 H, Ph). 2 δ11B 5 47.9yield: 0.53 g (80%); m.p. 982101°C. 1b can be stored under an
(h1/2 ø 980 Hz). 2 δ13C 5 21.1 (p-CH3), 22.0 (o-CH3), 49.0 (CH2),inert atmosphere at low temperatures (< 220°C) for several
126.5 (m-mes), 126.8 (p-Ph), 127.0 (o-Ph), 128.2 (m-Ph), 135.7 (p-months without decomposition. Even in solution at 220°C, 1b is
mes), 138.2 (o-mes), 141.2 (ipso-Ph), ipso-mes signal not obsd. 2stable for weeks, while at ambient temperature it decomposes read-
C32H38B2N2 (472.29): calcd. C 81.38, H 8.11, N 5.93; found Cily into mesBBr2 (δ11B 5 62.8) and other boron-containing com-
80.98, H 8.00, N 5.84.pounds [δ11B 5 42.5, 30 (br.), 26]. 2 NMR (C6D6): δ1H 5 2.05

(s, 6 H, p-CH3), 2.18 (s, 12 H, o-CH3), 6.58 (s, 4 H, m-H). 2 δ11B 5 B,B9-Di(isopropylamino)-B,B9-dimesityldiborane(4) (4): mes2B2-
86 (h1/2 ø 1000 Hz). 2 δ13C 5 21.1 (p-CH3), 22.3 (o-CH3), 127.8 Cl2 (1.37 g, 4.14 mmol) was dissolved in 30 ml of hexane and the
(m-C), 135.7 (o-C), 139.3 (p-C), ipso-C signal not obsd. 2 solution was cooled to 235°C. To the stirred solution, a suspension
C18H22B2Br2 (419.80): calcd. C 51.50, H 5.28; found C 51.20, H of iPr2NLi (0.54 g, 8.27 mmol) in 20 ml of hexane was added. After
5.13. allowing the mixture to warm to ambient temp. overnight, the in-

soluble material (LiCl) was removed by filtration. The filtrate wasB,B9-Diiodo-B,B9-dimesityldiborane(4) (1c): To a stirred solution
then concentrated in vacuo to a volume of about 20 ml. Compoundof mes2B2(OMe)2 (1.21 g, 3.76 mmol) in 40 ml of hexane, a solution
4 separated as a white solid at 250°C. Yield: 1.34 g (3.56 mmol,of BI3 (3.51 g, 8.94 mmol, 19% excess) in hexane (60 ml) was added
86%); m.p. 185°C. 2 NMR (CDCl3): δ1H 5 0.91 (d, 12 H, CHMe,at 0°C with the exclusion of light. After stirring for 2 h at this
3JHH 5 8 Hz), 2.18 (s, 12 H, o-CH3), 2.31 (s, 6 H, p-CH3), 3.12temperature, an 11B-NMR spectrum showed the signals of excess
(sept, 2 H, CHMe), 4.55 (d, 2 H, NH), 6.80 (s, 4 H, m-H). 2 δ11B 5BI3 (δ11B 5 27.5), of (MeO)BI2 (δ11B 5 6.5), and of mes2B2I2
46.3. 2 δ13C 5 21.2 (p-CH3), 22.0 (o-CH3), 25.5 (CHMe), 46.1(δ11B 5 89). Insoluble material was then removed by filtration and
(CHMe), 126.8 (m-C), 135.2 (p-C), 138.4 (o-C), 141.0 (ipso-C, lowthe filtrate was stored at 220°C overnight. A small amount of
intensity). 2 C24H38B2N2 (376.20): calcd. C 76.63, H 10.18, N 7.45;mes2B2I2 (1c) was obtained in the form of yellow crystals, suitable
found C 76.77, H 10.50, N 7.23.for X-ray diffraction. Fractional crystallization by reducing the vol-

ume of the solution in a stepwise manner to about 30 ml, provided B,B9-Dimesityl-B,B9-dipyrrolyldiborane(4) (5): To a solution of
additional 1c. Yield: 1.32 g (2.57 mmol, 68%); m.p. ca. 89°C (de- mes2B2(OMe)2 (2.04 g, 6.17 mmol) in 50 ml of toluene at 0°C, was
comp.). 2 NMR (C6D6): δ1H 5 2.08 (s, 6 H, p-CH3), 2.21 (s, 12 added a suspension of pyrLi (0.90 g, 12.3 mmol) in 20 ml of hexane.
H, o-CH3), 6.59 (s, 4 H, m-H). 2 δ11B 5 89. 2 δ13C 5 21.1 (p- The reaction mixture was stirred overnight at ambient temp. All
CH3), 23.0 (o-CH3), 128.5 (m-C), 134.1 (o-C), 139.3 (p-C), ipso-C solid material was then removed by filtration (0.58 g), the filtrate
signal not obsd. 2 C18H22B2I2 (513.78): calcd. C 42.08, H 4.32; was concentrated to a volume of 15 ml in vacuo, and cooled to
found C 40.20, H 4.36.

220°C. Colorless crystals, suitable for X-ray diffraction were ob-
tained after recrystallization from n-hexane. Yield: 5.1 g, (2.0B,B9-Dimesityl-B,B9-bis(methylamino)diborane(4) (2): At

230°C, methylamine (3.0 ml, 68 mmol) was condensed into a mmol, (82%); m.p. 1482150°C. 2 NMR (CDCl3): δ1H 5 1.90 (s,
12 H, o-CH3), 2.30 (s, 6 H, p-CH3), 6.41, 6.53 (each m, 4 H, H2,3-stirred solution of mes2B2Cl2 (1.80 g, 5.44 mmol) in 50 ml of hex-
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Table 3. Crystal data and parameters related to data collection and structure solution of the mesityl-substituted diboranes(4); all crystals were

monoclinic

Compound 5 3 6 8 10 1a 1b 1c

Formula C26H30B2N2 C32H38B2N2 C26H42B2N2 C26H40B2O2 C26H40B2S2 C18H22B2Cl2 C18H22B2Br2 C18H22B2I2
Formula weight 392.14 472.26 404.24 406.20 438.32 330.88 419.80 513.78
Cryst. size [mm] 0.3 3 0.2 3 0.5 3 0.4 3 0.35 3 0.25 3 0.65 3 0.6 3 0.6 3 0.5 3 0.4 3 0.2 3 0.25 3 0.2 3 0.2 3 0.2 3

0.2 0.4 0.2 0.4 0.4 0.2 0.2 0.1
Space group P21/c P21/n P21/c P21/c P21/n P21/c P21/c P21/c
a [Å] 17.931(7) 10.8233(2) 10.051(4) 18.656(4) 8.941(4) 8.169(3) 8.2064(2) 8.2702(2)
b [Å] 8.610(3) 10.5265(1) 16.029(8) 12.180(2) 24.264(10) 29.805(11) 29.7746(4) 29.8558(9)
c [Å] 15.077(4) 13.4730(1) 8.722(3) 11.936(2) 12.589(7) 7.592(2) 7.6856(2) 7.9733(2)
β [°] 99.10(1) 112.483(1) 106.98(2) 107.28(3) 93.54(4) 98.321(2) 98.070(1) 97.335(1)
V [Å3] 2298(1) 1418.33(3) 1344(1) 2589.8(8) 2725.9(22) 1829(1) 1859.32(7) 1952.60(9)
Z 4 2 2 4 4 4 4 4
dcalcd. [Mg/m3] 1.133 1.106 0.999 1.042 1.068 1.202 1.500 1.748
µ [mm21] 0.064 0.063 0.056 0.062 0.206 0.348 4.353 3.215
F (000) 840 508 444 888 952 696 840 984
T [K] 183(3) 193(2) 183(3) 298 298 193(3) 193(2) 193(2)
2θ [°] 4249.4 4249.4 4.2257.8 2.28244.00 3.36244.10 13.62249.42 2.74259.06 2.72258.62
Index range 221 < h < 21 211 < h < 12 212 < h < 12 219 < h < 19 0 < h < 9 29 < h < 9 210 < h < 10 210 < h < 9

210 < k < 10 212 < k < 12 220 < k < 20 212 < k < 0 0 < k < 25 235 < k < 34 238 < k < 38 239 < k < 38
217 < l < 13 215 < l < 15 211 < l < 8 21 < l < 8 213 < l < 13 28 < l < 8 29 < l < 9 210 < l < 10

Refl. coll. 10651 6617 7546 3109 3614 8504 10780 11501
Refl. indep. 3453 2021 2512 2569 3361 2480 3686 3853
Refl. obsd. [> 2780 1758 1239 2147 2945 2937
4σ(F)]
Absorp. corr. none none none none none none Sadabs Sadabs
R 7.95 4.6 8.31 7.24 5.11 6.79 4.14 4.69
wR2 5.19 11.5 16.88 13.41 10.05 12.66
GooF 0.220 1.063 1.208 1.544 1.011 1.222 1.069 1.168
diff. peak [e/Å3] 0.212 0.196 0.374 0.244 0.263 0.781 1.524

pyr), 6.74 (s, 4 H, m-H), 6.81, 7.25 (each m, 4 H, H1,4-pyr). 2 δ11B 5 δ11B 5 57.0. 2 δ13C 5 21.1 (p-CH3), 22.1 (o-CH3), 30.8 (OCMe3),
77.4 (OCMe3), 126.8 (m-C), 135.6 (p-C), 136.8 (o-C), ipso-C signal60 (h1/2 ø 1500 Hz). 2 δ13C 5 21.1 (o-CH3), 21.7 (p-CH3), 114.8,

115.6 (pyr-C-3, -C-4), 126.9, 127.1 (pyr-C-2, -C-5), 129.6 (m-Cmes), not obsd. 2 MS (70 eV); m/z (%): 406 (2) [M•1], 349 (100) [M•1

2 tBu], 333 (27) [M•1 2 OtBu], 173 (90) [M•1 2 tBu 2 C4H8 2137.2 (o-Cmes), 137.6 (p-Cmes), 138.2 (ipso-Cmes, br. low intensity).
2 C26H30B2N2 (392.16): calcd. C 79.63, H 7.71, N 7.14; found C mesH], 147 (85) [M•1 2 tBu 2 C4H8 2 OBmes]. 2 C26H40B2O2

(406.23): calcd. C 76.88, H 9.93; found C 75.06, H 9.52.79.39, H 7.68, N 7.00.

B,B9-Di(tert-butylamino)-B,B9-dimesityldiborane(4) (6): mes2B2- B,B9-Dimesityl-B,B9-di(phenylthio)diborane(4) (9): (a) To a
stirred solution of mes2B2Cl2 (1.20 g, 3.66 mmol) in 35 ml of hex-(OMe)2 (0.86 g, 2.7 mmol) was dissolved in 25 ml of hexane and

15 ml of diethyl ether. A suspension of tBuNHLi (0.42 g, 5.3 mmol) ane at 230°C, was added a mixture of thiophenol (0.81 g, 7.3
mmol) and triethylamine (0.74 g, 7.3 mmol, 1.01 ml), dissolved inwas added at 0°C, and the resulting mixture was stirred at ambient

temp. for 2 d. The reaction was completed by heating the suspen- 10 ml of hexane. A voluminous white precipitate of [Et3N·HCl]
formed immediately. To allow better stirring, the reaction mixturesion for 4 h. The insoluble material (0.25 g) was removed by fil-

tration and the filtrate was concentrated to a volume of 25230 ml. was quickly warmed to 0°C and 20 ml of benzene was added. After
stirring overnight, the solid was removed by filtration (0.96 g, 95%After 5 d, colorless crystals separated. A second crop of 6 was

isolated after storage of the mother liquor at 220°C for 2 weeks. [Et3NH]Cl), and the filtrate was concentrated to dryness in vacuo.
After adding 20 ml of hexane to the residue, insoluble material wasTotal yield: 0.75 g (1.9 mmol, 70%); m.p. 1942195°C. 2 NMR

(C6D6): δ1H 5 0.91 (s, 18 H, CMe3), 2.25 (s, 6 H, p-CH3), 2.40 (s, removed by filtration. Cooling the clear filtrate to 220°C yielded
0.70 g of 9 (1.46 mmol, 40%).12 H, o-CH3), 4.99 (s, 2 H, NH), 6.88 (s, 4 H, m-H). 2 δ11B

(CDCl3) 5 45.3. 2 δ13C (C6D6) 5 21.3 (o-CH3), 22.9 (p-CH3), 31.6 (b) To a stirred solution of mes2B2Cl2 (0.89g, 2.96 mmol) in 30
(CMe3), 52.9 (CMe3), 127.7 (m-C), 135.4 (p-C), 137.3 (o-C), ipso- ml of hexane at 235°C was added a suspension of LiSPh (0.69 g,
C signal not obsd. 2 C26H42B2N2 (404.26): calcd. C 77.25, H 10.47, 5.9 mmol) in 20 ml of hexane. The reaction mixture was allowed
N 6.93; found C 77.08, H 10.40, N 6.92. to warm to ambient temp. and then stirred overnight. The white

precipitate (0.30 g, 120% “LiCl”) was removed by filtration andB,B9-Di(tert-butyloxy)-B,B9-dimesityldiborane(4) (8): Dichloro-
dimesityldiborane(4) (0.90 g, 2.7 mmol) was dissolved in 40 ml of the filtrate was concentrated to a volume of approximately 30 ml.

Storing this solution at 250°C yielded a colorless crystalline masshexane. At 235°C, a suspension of NaOtBu (0.52 g, 5.4 mmol) in
30 ml hexane was added to the stirred solution. Stirring was con- within 3 d, which was collected and dried in vacuo. The crystals

turned slightly yellowish, but no decomposition was detectable.tinued overnight, while the mixture was allowed to reach ambient
temp. The insoluble material (0.34 g) was removed by filtration and Yield 0.96 g (2.01 mmol, 68%); m.p. 58262°C. 2 NMR (CDCl3):

δ1H 5 1.95 (s, 12 H, o-CH3), 2.13 (s, 6 H, p-CH3), 6.54 (s, 4 H, m-the filtrate was kept at 220°C, resulting in the deposition of 0.83
g of 8 (2.05 mmol, 75%) in the form of cubic crystals within 1 d; H), 7.027.12 (m, 10 H, Ph). 2 δ11B 5 80.6. 2 δ13C 5 21.0 (p-

CH3), 22.0 (o-CH3), 126.9 (m-Cmes), 127.3 (p-CPh), 128.3 (o-CPh),m.p. 1582162°C. 2 NMR (C6D6): δ1H 5 1.27 (s, 18 H, OCMe3),
2.00 (s, 12 H, o-CH3), 2.23 (s, 6 H, p-CH3), 6.63 (s, 4 H, m-H). 2 131.2 (m-CPh), 134.0 (i-CPh), 135.6 (o-Cmes), 136.6 (p-Cmes), 137.8
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; Dedicated to Prof. Dr. Dr. h. c. Hans Bock on the occasion of(i-Cmes). 2 C30H32B2S2 (478.34): calcd. C 75.33, H 6.74, S 13.41;

his 70th birthday.found C 75.04, H 6.74, S 13.45. [1] J. Knizek, I. Krossing, H. Nöth, W. Ponikwar, Eur. J. Inorg.
Chem. 1998, 5052509.B,B9-Di(tert-butylthio)-B,B9-dimesityldiborane(4) (10): To a [2] A. Stock, A. Brandt, H. Fischer, Ber. Dtsch. Chem. Ges. 1925,solution of mes2B2Cl2 (1.62 g, 4.89 mmol) in 70 ml of hexane at 58, 6532655.

240°C was added a suspension of LiStBu (0.94 g, 9.8 mmol) in 30 [3] R. J. Brotherton, A. L. McClosky, L. L. Petterson, H. J. Stein-
berg, J. Am. Chem. Soc. 1960, 82, 624226245.ml of hexane. The reaction mixture was stirred overnight while it

[4] H. Nöth, W. Meister, Chem. Ber. 1961, 94, 5092514.warmed to ambient temp. The insoluble material (0.49 g, 118% [5] H. Nöth, P. Fritz, Z. Anorg. Allg. Chem. 1963, 324, 1292145.“LiCl”) was filtered off, and the light-yellow filtrate was stored at [6] W. Biffar, H. Nöth, H. Pommerening, Angew. Chem. 1980, 92,
220°C. Colorless, rectangular crystals of 10 separated. On concen- 63; Angew. Chem. Int. Ed. Engl. 1980, 19, 56.

[7] K. Schlüter, A. Berndt, Angew. Chem. 1980, 92, 64; Angew.trating the solution still further to less than half of its original
Chem. Int. Ed. Engl. 1980, 19, 57.volume, a second crop of 10 was obtained. Total yield: 1.80 g [8] H. Pommerening, Ph. D. Thesis, University of Munich, 1979.(84%); m.p. 1832185°C. 2 NMR (CDCl3): δ1H 5 1.24 (s, 18 H, [9] J. D. Odom, in Comprehensive Organometallic Chemistry (Eds.:

CMe3), 1.91 (s, 12 H, o-CH3), 2.23 (s, 6 H, p-CH3), 6.65 (s, 4 H, G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon Press,
Oxford, 1984, vol. 1, chapter 5.m-H). 2 δ11B 5 77.0. 2 δ13C 5 21.0 (p-CH3), 22.3 (o-CH3), 32.0

[10] [10a] R. Hunold, J. Allwohn, G. Baum, W. Massa, A. Berndt,(CMe3), 49.2 (CMe3), 127.1 (m-C), 135.7 (o-C), 136.3 (p-C), ipso-
Angew. Chem. 1988, 100, 9612963; Angew. Chem. Int. Ed. Engl.C signal not obsd. 2 MS (70 eV); m/z (%): 438 (11) [M•1], 381 1988, 27, 9612963. 2 [10b] R. A. Bartlett, P. P. Power, Or-

(26) [M•1 2 tBu], 324 (100) [M•1 2 2 tBu], 219 (10) [mesBStBu1], ganometallics 1986, 5, 191621917.
[11] A. Moezzi, M. M. Olmstead, R. A. Bartlett, P. P. Power, Or-162 (100) [mesBS•1]. 2 C26H40B2S2 (438.36): calcd. C 71.24, H

ganometallics 1992, 11, 238322388.9.42, S 14.63; found C 71.08, H 8.92, S 13.70. [12] A. Moezzi, M. M. Olmstead, P. P. Power, J. Chem. Soc., Dalton
Trans. 1992, 242922434.2,3-Dimesityl-1,4,2,3-dithiadiborinane (11): To a solution of

[13] R. Hunold, Ph. D. Thesis, University of Marburg, 1988.mes2B2Cl2 (1.00 g, 3.02 mmol) in 40 ml of hexane at 235°C was [14] B. Kaufmann, R. Jetzfellner, E. Leissring, K. Issleib, H. Nöth,added a suspension of dilithium ethanedithiolate (0.32 g, 3.0 mmol) Chem. Ber. 1997, 130, 167721692.
in 30 ml of hexane. The reaction mixture was allowed to warm [15] H. Nöth, B. Wrackmeyer, NMR Spectroscopy of Boron Com-

pounds, vol. 14, NMR Basic Principles and Applications (Eds.:to ambient temp. and stirring was continued overnight. The white
P. Diehl, E. Fluck, R. Kosfeld), Springer Publ., Heidelberg,precipitate (0.28 g, 109% “LiCl”) was separated, and the filtrate
Berlin, New York, 1978.was concentrated to dryness in vacuo. The yellow residue was [16] H. O. Kalinowsky, S. Berger, S. Braun, 13C-NMR-Spektrosko-

treated with 30 ml of hexane, centrifuged for 10 min (1200 rpm), pie, G. Thieme Publ., Stuttgart, New York, 1984.
[17] H. Fußstetter, J. C. Huffman, H. Nöth, H. Schaefer, Z. Natur-and the clear solution was stored at 220°C. Within 3 d, a yellow

forsch., B 1976, 31, 144121445.crystalline mass had formed, which was separated and dried in [18] D. Loderer, H. Nöth, H. Pommerening, W. Rattay, H. Schick,vacuo. Yield: 0.43 g of 11 (1.2 mmol, 40%), m.p. 1152118 °C. 2 Chem. Ber. 1994, 127, 160521611.
NMR (CDCl3): δ1H 5 2.17 (s, 6 H, p-CH3), 2.20 (s, 12 H, o-CH3), [19] H. Nöth, Z. Naturforsch., B 1984, 39, 146321466.

[20] P. Nguyen, G. Lesley, N. J. Taylor, T. B. Marder, N. L. Pickett,2.55 (s, 4 H, CH2), 6.71 (s, 4 H, m-H). 2 δ11B 5 69.4. 2 δ13C 5
W. Clegg, M. R. J. Elsegood, N. C. Norman, Inorg. Chem. 1994,21.1 (p-CH3), 22.5 (o-CH3), 30.5 (CH2), 127.8 (m-C), 136.6 (p-C),
33, 462324624.137.0 (o-C), ipso-C signal not obsd. 2 C20H26B2S2 (352.18): calcd. [21] A. F. Holleman, E. Wiberg, Lehrbuch der Anorganischen

C 68.21, H 7.44, S 18.21; found C 68.33, H 7.78, S 17.26. Chemie, 912100th ed., Walter de Gruyter Publ., Berlin, New
York, 1985.

X-ray Structure Determinations: Single crystals were either sealed [22] P. Finocchiaro, D. Gust, K. Mislow, J. Am. Chem. Soc. 1973,
in glass capillaries under argon or were covered and mounted with 95, 702927036.

[23] M. T. Ashby, N. A. Sheshtawy, Organometallics 1994, 13,perfluoroether oil on glass fibres. The setting angles of 15220 well-
2362243.centered reflections were used for the determination of the dimen- [24] W. Maringgele, H. Knop, D. Bromm, A. Meller, S. Dielkus, R.

sions of the unit cells (Siemens P4) or the data on 60 frames col- Herbst-Irmer, G. M. Sheldrick, Chem. Ber. 1992, 125,
lected with a Siemens P4 instrument equipped with a CCD detec- 180721813.

[25] G. Linti, D. Loderer, H. Nöth, K. Polborn, W. Rattay, Chem.tor. Data collection was performed by using a graphite mono-
Ber. 1994, 127, 190921922.chromator and Mo-Kα radiation, either in the ω/2θ scan mode with [26] H. Nöth, H. Fußstetter, H. Pommerening, T. Taeger, Chem. Ber.

variable scan speed, or in the hemisphere mode with 10 s exposures 1980, 113, 3422357. [27a] H. M. Seip, R. Seip, W. Siebert, Acta
per frame and ∆ω 5 0.3. Data reduction was performed by apply- Chem. Scand. 1973, 27, 15220. 2 [27b] A. Almenningen, H. M.

Seip, P. Vassbotn, Acta Chem. Scand. 1973, 27, 21225.ing Lorentz and polarization corrections or with the SAINT rou-
[28] R. Johansen, E. Wisloff-Nilssen, H. M. Seip, W. Siebert, Actatine. The structures were solved by direct methods; non-hydrogen

Chem. Scand. 1973, 27, 301523020.
atoms were refined anisotropically and, unless stated otherwise, H [29] R. Wehmschulte, K. Ruhlandt-Senge, M. M. Olmstead, M. A.
atoms were refined in calculated positions using a riding model. Petrie, P. P. Power, J. Chem. Soc., Dalton Trans. 1994,

211322117.Programs used: SHELXTL-PC plus[34] and SHELXL-93/97[35]. A
[30] H. Nöth, R. Staudigl, W. Storch, Chem. Ber. 1981, 114,summary of the data is given in Table 3. Crystallographic data have

302423043.been deposited with the Cambridge Crystallographic Data Centre [31] R. R. Ryan, K. Hedberg, J. Chem. Phys. 1969, 50, 4986.
as supplementary publication no. CCDC-102212 (5), -102213 (6), [32] D. D. Danielson, K. Hedberg, J. Am. Chem. Soc. 1979, 101,

319923203.-102214 (3), -102211 (8), -102210 (10), -102209 (1a), -102208 (1b),
[33] H. Hommer, H. Nöth, H. Sachdev, H. Schmidt, H. Schwenk,-102207 (1c). Copies of the data can be obtained free of charge on

Chem. Ber. 1995, 128, 118721194.application to CCCD, 12 Union Road, Cambridge CB2 1EZ, U.K. [34] SHELXTL-PC plus, Siemens Analytical Instruments.
[Fax: (internat.) 144-1223/336033; E-mail: deposit@ccdc.cam. [35] G. M. Sheldrick, SHELXL-97, University of Göttingen, 1997.

[98143]ac.uk].
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Mass-spectrometric experiments were combined with ab 49.5 kcal mol–1 and 64.2 kcal mol–1, respectively. Adiabatic
ionization of 2 (IEa = 9.15 eV) yields 2•+, which is 21.4 kcalinitio calculations to explore the cationic and neutral

[H3,N,O]•+/0 potential energy surfaces and relevant anionic mol–1 more stable than 1•+ and 36.4 kcal mol–1 more stable
than 3•+. The barriers associated with the isomerizations ofspecies. The calculations predict the existence of three stable

cationic and neutral [H3,N,O]•+/0 isomers, i.e. ammonia oxide the cations are 58.6 kcal mol–1 for 2•+ R 1•+ and 71.4 kcal
mol–1 for 2•+ R 3•+. Collisional activation (CA) andH3NO•+/0 (1•+/0), hydroxylamine H2NOH•+/0 (2•+/0) and the

imine-water complex HNOH2
•+/0 (3•+/0). Hydroxylamine 2 unimolecular decomposition (MI) experiments allow for a

clear distinction of 1•+ from 2•+. Besides, neutralization/represents the most stable isomer on the neutral surface
(Erel = 0), and the metastable isomers 1 (Erel = 24.8 kcal mol–1) reionization (NR) experiments strongly support the gas-

phase existence of the long-sought neutral ammonia oxide.and 3 (Erel = 61.4 kcal mol–1) are separated by barriers of

Introduction Nowadays, theoretical calculations of small systems, like
[H3,N,O], can achieve an accuracy such that they do comp-The generation of ammonia oxide (1) represents a major
lement the experimental results. Therefore, we have per-challenge to experimentalists working in the field of elusive
formed a series of mass-spectrometric experiments and cal-molecules, as there is a striking discrepancy between the
culated all relevant structures of the cationic and neutralnumerous quantum chemical studies, [1] which predict a dis-
[H3,N,O] surfaces with a G2-like ab initio method; also thetinct stability of the molecule, and the still scarce exper-
anionic species are briefly discussed (see below). The neu-imental evidence. [2] Moreover, it has recently been stated
tral surface was reexamined using the same level of theory,that “the possible characterization of two metastable iso-
as previous theoretical studies did not include the relevantmers of hydroxylamine ... would be a significant step for-
exit channels. For the sake of simplicity and readability, theward towards the understanding of important aspects of N/
potential energy surfaces (PES) of the different chargeO/H chemistry.”[2a]

states are calibrated to the respective global minima, whichThe fact that homologs of 1 like trialkylamine oxides are
are set to zero (Erel 5 0). As all the experiments start fromwell-known, storable compounds indicates that the atom
cationic states, the cationic PES will be discussed first.connectivity R3N2O is not inherently unstable. Therefore,

for R 5 H the main problem is to prevent the isomerization
of 1 to the more stable hydroxylamine (2). This can occur Theoretical Results
in two ways, i.e. either a unimolecular [1,2]-H shift or a
bi- or termolecular acid/base-catalyzed path, of which we The relative energies of all relevant species of the
presume the latter to be energetically favorable. Such an [H3,N,O]•1 surface are displayed in Table 1. Ionized hy-
acid/base-catalyzed isomerization can be circumvented by droxylamine (2•1) represents the global minimum (Erel 5
generating the species of interest in the diluted gas phase of 0) and possesses a planar structure. Mulliken analysis re-
a mass spectrometer. The generation and characterization veals that the spin density is distributed between the nitro-
of several elusive ionic and neutral molecules has been gen (0.80) and the oxygen atom (0.20). This indicates that
achieved during the last decade by combining advanced the unpaired electron is mainly located on the nitrogen
mass-spectrometric techniques, like collisional activation atom, but that there is also exchange with the adjacent oxy-
(CA) and neutralization/reionization (NR), with appropri- gen lone pairs. As a consequence, the N2O bond length is
ate theoretical means. [3] [4] significantly shortened compared to neutral hydroxylamine

(128 pm vs. 144 pm, see below). A [1,2]-H shift from the
[°] Present address: The Skaggs Institute for Chemical Biology, The nitrogen to the oxygen atom requires an energy of 58.6 kcalScripps Research Institute, 10550 North Torrey Pines Road, La

Jolla, CA, 92037, USA. mol21 and leads to the ammonia oxide cation (1•1), which
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Table 1. Total energies E in Hartree for [H3, N, O]•1/0 species; E 5is a minimum with Erel 5 21.4 kcal mol21. Thus, the calcu-
E[CCSD(T)/6-311G(d,p)] 1 E[MP2/6-3111G(3df,2p)] 2 E[MP2/lations suggest that the ammonia oxide cation (1•1) is

6-311G(d,p)] 1 ZPVE
trapped in a potential well which may be deep enough to
capture 1•1 without facile isomerization to 2•1 or dis- Species Total energy in Hartree
sociation. With respect to the lowest lying direct exit chan-
nel for the dissociation of [H3,N,O]•1, i.e. loss of H• (Erel 5 NH3O (1) 2131.453218

3NH3O (31) 2131.40345369.7 kcal mol21), unimolecular isomerization 1•1
v 2•1 is,

NH3O, with geometry of 1•1 2131.451865however, conceivable. The ammonia oxide cation (1•1) has NH2OH (2) 2131.492710
3NH2OH (32) 2131.399248Cs symmetry due to a small Jahn-Teller distortion of the
NH2OH, gauche,gauche conf. 2131.486162C3v-symmetric molecule. The unpaired electron is located
NH2OH, with geometry of 2•1 2131.444508

on the oxygen atom (spin density 5 1.05). In contrast to NHOH2 (3) 2131.394834
MECP 1NH3O/3NH3O 2131.387307hydroxylamine, the N2O bond is not shortened, but
TS 1/2 2131.413806slightly elongated upon ionization of the neutral 1 (138 pm TS 2/3 2131.390428

vs. 135 pm, see below); this can be explained in terms of a TS 2/6 2131.314067
TS 2/7 2131.351575diminished electrostatic interaction compared to the neutral
TS 1/6 2131.375234H3N12O2 zwitterion. Another minimum structure of NH3O•1 (1•1) 2131.119145
NH3O•1, with geometry of 1 2131.118677[H3,N,O]•1 is obtained by a [1,2]-H shift from the nitrogen
NH2OH•1 (2•1) 2131.156460to the oxygen atom starting from hydroxylamine. The re-
NH2OH•1, with geometry of 2 2131.098877

sulting distonic ion 3•1 (Erel 5 36.4 kcal mol21) can be NHH2O•1 (3•1) 2131.098450
TS 1•1/2•1 2131.063322regarded as an ion-dipole complex between the imine frag-
TS 2•1/6•1 2131.001773ment (IE 5 13.49 eV) and the water cation (IE 5 12.612 TS 1•1/6•1 2131.013807

eV). [5] The barrier associated with this [1,2]-H shift (Erel 5 TS 2•1/6•1 2131.042749
TS 2•1/7•1 2131.00934671.4 kcal mol21) implies that the NH2OH•1/NHOH2

•1

TS 51/6•1 2131.001773isomerization is disfavored compared to the NH2OH•1/ TS 41/6•1 2131.015157
NH3O•1 equilibrium. Moreover, the exit channel for loss of
H• to yield H2NO1 41 is lower in energy (Erel 5 69.7 kcal
mol21) and has much smaller entropical restrictions than correspond to an attack of a hydrogen atom at H2NO1 (41)

and at HNOH1 (51), respectively, to yield HNO•1 (6•1)the rearrangement 2•1 R 3•1. Therefore, we expect that
NHOH2

•1 (3•1), can hardly be generated by isomerization and H2. Although the barriers associated with these tran-
sition structures are comparable to those for TS 1•1/6•1starting from 1•1 and 2•1 when the [H3,N,O]•1 surface is

accessed experimentally. A further proton shift from the ni- and TS 2•1/7•1, it is hard to imagine that TS 41/6•1 or TS
51/6•1 can be reached, because instead of a long-range Htrogen to the oxygen atom and consecutive fragmentation

yields H3O1 and N (4S) as the lowest lying exit channel of migration starting from 1•1 or 2•1, an irreversible loss of
the migrating hydrogen atom appears to be favored. There-the cationic PES (Erel 5 49.3 kcal mol21). However, as

H3O1 and N (4S) can only be produced after spin crossing fore, it is suggested that the only ways to produce HNO•1/
H2 from [H3,N,O]•1 proceed by 1,1-eliminations (TS 1•1/and extensive isomerization, severe kinetic restrictions are

imposed on this otherwise thermochemically favorable exit 6•1 and TS 2•1/7•1). Two different pathways of NO1 gen-
eration from [H3,N,O]•1 are conceivable: Either H2 elimin-channel.

Cleavage of one of the N2H bonds in ionized hy- ation to yield [H,N,O]•1 precedes H• abstraction, or H• is
lost first to yield 41 and/or 51, which can subsequently bedroxylamine (2•1) gives H• and cis- or trans-HNOH1 (51)

with Erel 5 87.0 kcal mol21 (trans) and 93.6 kcal mol21 dehydrogenated to NO1. The calculations predict that the
initial H2 eliminations either from 1•1 or from 2•1 are(cis), respectively (Table 2). [6] Further exit channels of

[H3,N,O]•1 yield HNO•1 (6•1) and H2 (Erel 5 58.4 kcal strongly favored by at least 66.1 kcal mol21 compared to
the dehydrogenations of 41 and 51 (Figure 1). Therefore, itmol21), NOH•1 (7•1) and H2 (Erel 5 73.2 kcal mol21), or

NO1, 81, H2, and H• (Erel 5 77 kcal mol21). Although can be concluded that only the pathway involving loss of
H2 followed by loss of H• is relevant for NO1 productionthese exit channels are low in energy, they are associated

with significant activation barriers. Thus, the transition in the present context.
Losses of one or several hydrogen atoms do not revealstate TS 1•1/6•1 for 1,1-elimination of H2 from 1•1 has a

relative energy of 89.5 kcal mol21, and the transition state information about the connectivity of the [H3,N,O]•1 pre-
cursors. For a structural elucidation, fragments arising fromTS 2•1/7•1 for the analogous 1,1-elimination of H2 from

2•1 has a relative energy of 92.3 kcal mol21. Despite an cleavage of the N2O bond are decisive: Cleavage of N2O
in 2•1 into NH2

1 (3B1) and OH• has an energy demand ofintensive search from several starting geometries, a tran-
sition state for a formal 1,2-elimination from 2•1 could not Erel 5 104.0 kcal mol21, whereas the N2O cleavage of 1•1

to yield O (3P) and NH3
•1 requires Erel 5 79.4 kcal mol21.be located. Instead, optimization leads to two transition

structures TS 51/6•1 and TS 41/6•1, which are featured For 2•1, the calculations predict a competition of two pro-
cesses: The direct bond cleavage into NH2

1 (3B1) and OH•by linear O2H2H (TS 51/6•1) and N2H2H (TS 41/6•1)
arrangements. An analysis of the internal reaction coordi- is energetically disfavored, but has probably no kinetic re-

striction. In contrast, while the production of NH3
•1 1 Onate (IRC) reveals that the respective reaction pathways
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Table 2. Total energies E in Hartree for [H3,N,O]•1/0 fragmentation and NH3

•1 is favored due to thermochemical and kinetic
products; E 5 E[CCSD(T)/6-311G(d,p)) 1 E(MP2/6-3111G- reasons.

(3df,2p)] 2 E[MP2/6-311G(d,p)] 1 ZPVE

The profile of the neutral [H3,N,O] surface resembles its
Species Total energy in Hartree cationic counterpart as far as the hydroxylamine/ammonia

oxide region is concerned. Hydroxylamine (2) again rep-
H2NO• (4•) 2130.871158

resents the global minimum and has two Cs-symmetricaltrans-HNOH• (5•) 2130.860474
cis-HNOH• (5•) 2130.852498 conformers which differ in energy by 4.1 kcal mol21 (Erel 5
HNO (6) 2130.282162 0 for θHNOH 5 125.1°, Erel 5 4.1 kcal mol21 for θHNOH 53NOH (7) 2130.237766

57.4°). Hydroxylamine (2) can isomerize to ammonia oxideNO• (8•) 2129.701610
NH3 256.435131 (1) by a [1,2]-H shift with an energy barrier of 49.5 kcal
3O 274.966971 mol21. 1 lies 24.8 kcal mol21 higher in energy than 2, butOH• 275.625497
H2N• 255.770735 may be captured as a metastable molecule due to the reverse
H2 21.160442 barrier of 24.7 kcal mol21 towards isomerization to 2 and
H 20.499810

a barrier of 48.9 kcal mol21 associated with fragmentation4N 254.510044
3NH 255.126862 into HNO and H2. The N2O bond in 1 is significantly
1NH 255.060045 shorter than in 2 (135 pm vs. 144 pm), which can be ratio-H2O 276.308577

nalized with an electrostatic attraction of the zwitterionic 1NH2O1 (41) 2130.545642
trans-NHOH1 (51) 2130.517986 and the repulsion of lone pairs in 2. The two molecules are
cis-NHOH1 (51) 2130.507510 predicted to differ also in other physical properties such asNHO•1 (6•1) 2129.902885
NOH•1 (7•1) 2129.879370 dipole moments[7] (µ 5 5.63 D for 1 and 0.788 D for 2) or
NO1 (81) 2129.373546 vertical ionization energies[8] [9] (IEv 5 9.1 eV for 1 and
TS 41/81 2130.404296

10.72 eV for 2). Two factors are mainly responsible for theTS 51/81 2130.383696
NH3

•1 256.062959 fact that vertically ionized hydroxylamine is 36.1 kcal mol21
1NH2

1 255.316852 above the minimum geometry of the cation. First, the mini-3NH2
1 255.365182

mum-energy conformation of 2•1 is planar, while Cs-sym-H2O•1 275.847343
NH•1 254.636206 metrical, neutral 2 has a dihedral HNOH angle of 125°.
H3O1 276.56788 Secondly, the N2O bond lengths in 2 and 2•1 differ signifi-

cantly (Figures 3 and 4). In contrast, the geometry changes
upon adiabatic ionization of 1 are negligible, and IEa and

Figure 1. Potential energy surface of cationic [H3,N,O]•1; zero-point corrected energies given in kcal mol21 relative to H2NOH•1 (2•1)

is lower in energy, it is kinetically hampered due to the en- IEv differ by no more than 0.29 kcal mol21. As a result, the
vertical ionization energies of hydroxylamine (IEv 5 10.72tropic restrictions associated with TS 1•1/2•1. For ionized

ammonia oxide, however, the direct fragmentation into O eV) and ammonia oxide (IEv 5 9.1 eV) differ by as much
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Figure 2. Potential energy surface of neutral [H3,N,O]; zero-point corrected energies given in kcal mol21 relative to H2NOH (2)

as 1.6 eV, although IEa is comparable for both isomers.[8] [9]

A similar difference can be discerned for the recombination
Figure 3. Calculated bond lengths in pm and angles in degrees ofprocesses of an electron with the cations to the neutral mol-
relevant cationic [H3,N,O]•1 species; for geometries of [H2,N,O]1ecules. In fact, these pronounced differences in physical species pertinent to the present work, see ref. [6]

properties may enable an experimental distinction of these
two isomers.

The stability of the third neutral isomer, the imine-water
complex 3, has very much decreased compared to the cat-
ionic surface. The minimum structure is hardly more stable
than the transition state of the [1,2]-H shift TS 2/3, and a
further internal energy of 16.5 kcal mol21 is sufficient to
dissociate the molecule into 1NH and H2O. Dissociation
into 3NH and H2O is exothermic by 25.5 kcal mol21, but a
spin-forbidden process for 13.

The relative heights of the exit channels are also different
from the cationic surface, especially as far as the structure-
indicative channels involving N2O bond cleavage are con-
cerned. In this respect, dissociation of [H3,N,O] into H2N•

and OH• represents the lowest lying, barrier-free exit chan-
nel with a relative energy of 60.5 kcal mol21, whereas the
spin-allowed dissociation into O (1D) and NH3 becomes
quite unfavorable with a relative energy of 102.2 kcal
mol21. Therefore, the dissociation behaviour of the neutral
isomers is expected to be quite different from that of the
cations, in that for [H3,N,O] formation of H2N• and OH•

should be more pronounced than NH2
1 1 OH• for

[H3,N,O]•1. The relative stability of the closed-shell pair
HNO 1 H2 (31.4 kcal mol21) is much higher than H• losses
to yield the open-shell pairs H2NO• 1 H• (76.4 kcal
mol21), trans-HNOH• 1 H• (83.1 kcal mol21) and cis-
HNOH• 1 H• (89.6 kcal mol21). However, HNO 1 H2

formation is again hampered by significant activation bar-
riers of 73.7 kcal mol21 for 1,1-elimination from H3NO and
of 112.1 kcal mol21 for 1,2-elimination from H2NOH. Be-
sides, NOH (3A99) and H2 (Erel 5 59.3 kcal mol21) are ob-
tained by 1,1-elimination of H2 from H2NOH, which is as-
sociated with a barrier of 88.6 kcal mol21.
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Figure 4. Calculated bond lengths in pm and angles in degrees of As far as [H3,N,O]•2 anions are concerned, three mini-

relevant neutral [H3,N,O] species mum structures could be located that all correspond to
weakly bound ion-dipole complexes.[4] [11] The respective
relative energies are Erel 5 0 for HNH•···OH2, Erel 5 3.1
kcal mol21 for HOH···NH•2 and Erel 5 7.7 kcal mol21 for
H2NH···O•2. None of the complexes possesses an intact
N2O bond, and dissociations into H2N• and OH2 (Erel 5
15.3 kcal mol21), NH3 and O•2 (Erel 5 23.3 kcal mol21) or
into HN•2 and H2O (Erel 5 27.3 kcal mol21) can occur
easily. We would like to point out that both neutral isomers
1 and 2 possess negative vertical electron affinities, i.e.
EAv 5 222.8 kcal mol21 for 1 and EAv 5 247.4 kcal mol21

for 2. Thus, theory strongly suggests that a distinction of
neutral 1 and 2 by electron attachment experiments, which
have been applied successfully to the generation and identi-
fication of the neutral singlet water oxide molecule, [4] [11] is
not feasible for the [H3,N,O] system.

In conclusion, the quantum chemical calculations predict
the existence of three [H3,N,O]•1/0 isomers. Whereas the
shapes of the neutral and cationic PES are similar concern-
ing the hydroxylamine/ammonia oxide tautomerism, dis-
tinct differences exist with respect to the energetics of the
fragmentation channels.

Experimental Results

The analysis of the hydroxylamine/ammonia oxide sys-
tem based on dissociation products is hampered by an ana-
lytical problem, because the structure-indicative cleavages
of the N2O bonds lead to fragments of equal masses, i.e.
NH2

• and O (both 16 amu) as well as NH3 and OH• (both
17 amu). Therefore, we decided to carry out additional
experiments with the fully deuterated analogs [D3,N,O],
such that the combination of the two sets of data allows forThe NH3 1 O (3P) exit channel has a comparatively low

relative energy of 56.8 kcal mol21, but cannot be entered a deconvolution of the overlapping fragments, i.e. ND2 and
OD (both 18 amu) as well as ND3 and D2O (both 20 amu).from the singlet surface in a spin-allowed manner. However,

two processes that eventually yield 3O 1 NH3 should be In order to produce the three different isomers 1•1, 2•1,
and 3•1, the following precursors were chosen. (i) A mix-mentioned briefly: (i) The dissociation of 3H3NO (31),

which has an energy of 56 kcal mol21 relative to 2 and 31.2 ture of NH3 and N2O was subjected to chemical ionization
in which one may envision N2O as a donor for atomic oxy-kcal mol21 relative to 1NH3O (11), is spin-allowed. How-

ever, the N2O distance in geometry-optimized 31 is 296 gen to afford ammonia oxide cation 1•1. (ii) Pure hy-
droxylamine was ionized to (predominantly) yield 2•1. (iii)pm, revealing that the structure actually corresponds to a

3O···NH3 van der Waals complex with a binding energy of Surprisingly, electron ionization of an aqueous N3H solu-
tion also yields reasonable amounts of [H3,N,O]•1, andonly 0.8 kcal mol21. A triplet structure for H2NOH could

not be located, but a second minimum on the triplet surface high mass-resolution and labeling experiments assured that
the selected beam actually had the desired elemental com-corresponding to H2N•···H2O• with rN2H 5 200 pm was

found with an energy of 58.7 kcal mol21 relative to 12, only position. The mechanism of [H3,N,O]•1 formation could
not be established and seems particularly obscure for N3H/1.9 kcal mol21 below the separated species H2N• and HO•.

(ii) In addition, the NH3 1 O (3P) exit channel might be H2O. Although we cannot exclude rigorously ion-molecule
reactions, the fact that the highest yields of [H3,N,O]•1 areaccessed by spin crossing of 11 en route to oxygen dis-

sociation. The highest spin crossing probability is achieved obtained under electron ionization conditions suggests that
a volatile, hitherto uncharacterized N,H,O compound is lib-at geometries where both spin states possess the same en-

ergy. Therefore, the minimum energy crossing point erated from an aqueous mixture of NaN3 and H2SO4.
Methods (i) and (iii) gave similar spectra (Table 3), but the(MECP) for the H3N2O dissociation was located with a

recently developed method.[10] Most efficient crossing is ex- [H3,N,O]•1 intensities obtained from N3H/H2O were much
higher than those from NH3/N2O. Thus, in the followingpected at N2O distances of 192 pm, where the molecule

has an energy of 66.1 kcal mol21 relative to 1. discussion, the fragmentation patterns obtained for ionized
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NH2OH are compared with those for N3H/H2O and their mentations. In addition, a fraction of “hot” molecules pos-

sesses lifetimes long enough to allow for extensive re-deuterated analogues.

Table 3. Relative intensities of fragments generated from different [H3,N,O] and [D3,N,O] precursors

[H3,N,O] Fragment mass in amu
Experiment Precursors 33 32 31 30 19 18 17 16 15 14

NH2OH 100 20 2 0.4 0.5
MI NH3/N2O 100 5 2

HN3/H2O 100 6 1 4

NH2OH 100 18 27 0.4 1 3 4 0.6 0.2
CA NH3/N2O 100 12 16 0.4 1 5 3 1 0.2

HN3/H2O 100 14 19 1 2 11 4 1 0.2

NH2OH 100 71 12 20 1 11 16 3 1
NR NH3/N2O 100 48 14 17 15 19 1

HN3/H2O 100 62 16 21 1 2 17 22 7 2

NR-CA NH2OH 100 24 38 2 9 13 2 2
HN3/H2O 100 30 40 30 20

[D3,N,O] Fragment mass in amu
Experiment Precursors 36 34 32 30 22 20 18 16 14

ND2OD 100 2 1 0.5 0.6
MI ND3/N2O 100 4

DN3/D2O 100 1 12

ND2OD 100 15 18 1 7 10 1 0.5
CA ND3/N2O 100 10 13 1 14 9 2 1

DN3/D2O 100 15 14 1 15 8 1 0.2

ND2OD 100 56 9 10 7 27 5 1
NR ND3/N2O 100 31 5 10 6 15 2

DN3/D2O 100 56 17 18 15 51 17 2

NR-CA ND2OD 100 26 34 18 25 4

The intensities of the metastable ion (MI) spectra are low, arrangements preceding decomposition, which is indicated
by fragments like H2O•1 and H3O1 (or D2O•1 and D3O1,consistent with the fact that [H3,N,O] has only few degrees

of freedom for the storage of internal energy. In all spectra, respectively). Nonetheless, collisional activation with ions
having keV energies promotes characteristic direct bondthe by far dominant process corresponds to H• loss to yield

[H2,N,O]1, which is the lowest lying barrier-free exit chan- cleavages which are valuable for a structural characteri-
zation.nel of the system. However, as already mentioned neither

this nor the other hydrogen loss channels are indicative as Due to collision-induced isomerization, the differences in
the CA spectra of the two precursors are less pronouncedfar as structural aspects are concerned. Thus, the following

discussion is primarily based on the structurally indicative compared to the metastable ion decay patterns. However,
whereas ionized hydroxylamine shows an m/z 16/17 ratio ofsignals due to N2O bond cleavage. Unimolecular dis-

sociation of ionized hydroxylamine yields fragments of 1.3:1, this ratio amounts to 1:2.7 for the ion observed from
the HN3/H2O mixture (Figures 5a and 5b). Analogous re-masses 16 and 17 in a 1.3:1 ratio, while only mass 17 is

observed in the MI experiment using the HN3/H2O mixture sults are obtained with the deuterated compounds, in that
the 18/20 ratio for ND2OD is 1.4:1, as compared to 1:1.9as precursor. Accordingly, the MI spectrum of [D3,N,O]•1

obtained from DN3/D2O gives rise to a single signal at mass for the DN3/D2O mixture. In order to probe whether an
alteration of the ion internal energy has any effect, CA20, which demonstrates that exclusively ND3

•1 is formed.
In comparison, the MI spectrum of ND2OD•1 is featured spectra of 2•1 were also recorded at various ionization ener-

gies ranging from 10 to 100 V under EI conditions; in ad-by two peaks at m 5 18 and m 5 20 in a 1.2:1 ratio, indicat-
ing that ND2

1 as well as ND3
•1 are produced with ND2

1 dition, 2 was ionized under CI conditions at higher source
pressures. Except for the HNO•1/NO1 ratio (see below),slightly dominating. Further, the combined analysis of the

results obtained for the unlabeled and the labeled ions sug- both variations, however, did not lead to significant changes
of fragmentation patterns, suggesting that internal energygests that contributions of oxygen-containing fragments are

minor in the MI mass spectra. This is consistent with the effects can be neglected to a first approximation.
The differences in the MI and CA spectra of the twoorder of the IEs of the complementary fragments arising

from [H3,N,O], i.e. IE(NH2) 5 11.4 eV vs. IE(OH) 5 13.0 precursors prove that the ion beam produced via HN3/H2O
cannot consist of 2•1 alone. In fact, the absence of the sig-eV and IE(NH3) 5 10.2 eV vs. IE(O) 5 13.6 eV.[5]

An increase of the internal energy of the molecules by nal at 16 amu in the MI spectra suggests that rather a pure
beam of ammonia oxide (1•1) is produced. The dominantcollisional activation leads to much more abundant frag-
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Figure 5. Mass spectra of [H3,N,O]•1 ions generated from HN3/ generated [H,N,O]•1 1 H2 unit has an internal excess en-
H2O and NH2OH, respectively, as neutral precursors; CA spectra ergy of at least 19.1 kcal mol21. This excess energy is suf-
for HN3/H2O (a) and NH2OH (b),1NR1 spectra for HN3/H2O (c)

ficient to convert a considerable fraction of [H,N,O]•1 im-and NH2OH (d), and 1NR1/CA spectra for HN3/H2O (e) and
NH2OH (f) mediately to NO1 and H•. It was found that the NO1/

[H,N,O]•1 ratio varies easily with experimental conditions,
pointing to a high sensitivity of this particular ratio towards
the internal energy. Unimolecular decomposition of both
precursors yields, next to dominant H• loss, small amounts
of [H,N,O]•1 and NO1, the [H,N,O]•1 signal being higher
in each case. In contrast to that, unimolecular decompo-
sition of 41 and 51 produces mainly NO1 and only minor
amounts of HNO•1 cation.[6] Therefore, it can be con-
cluded that at least in the low-energy regime, [H,N,O]•1 and
NO1 fragments in [H3,N,O]•1 are not generated via
[H2,N,O]1 as an intermediate, but produced on a different
way, probably by H2 elimination; this conjecture is com-
pletely in line with the theoretical predictions. Finally, it
should be noted that signals due to H3O1 ions are minor
in CA spectra and not observed at all in MI spectra of both
precursors, although fragmentation into H3O1 and N (4S)
is predicted to be the thermodynamically most favorable
exit channel of [H3,N,O]•1. Obviously, access to this frag-
mentation is severely hampered by the kinetic restrictions
associated with extensive isomerization and spin crossing.

After having shown that two different cationic
[H3,N,O]•1 precursors can be distinguished, an experimen-
tal differentiation of the corresponding neutral counterparts
1 and 2 is attempted. One approach to neutral ammonia
oxide is based on the strategy shown in Scheme 1. Thus, a
precursor molecule H2N2OR is protonated with a suitablesignal corresponds to NH3

•1, which is in line with an
NH32O connectivity, whereas the dominant fragment of CI gas. If the preferred protonation site is nitrogen, and if

the group R can form a stable cation, metastable ion decaythe NH2OH precursor is NH2
1, as expected for the

NH22OH connectivity. In both MI and CA experiments, of H3N12O2R may lead to R1 and neutral ammonia ox-
ide (H3NO). This route can be followed by performingthe HN3/H2O couple gives rise to a much more distinct and

characteristic 16/17 ratio compared to NH2OH. An expla- CIDI (collision induced dissociative ionization) experiments
in which after deflection of all charged species from thenation can be derived from the cationic potential energy

surface. The NH3
•1 1 O (3P) exit channel is much lower beam, the neutrals are subsequently reionized and de-

tected. [12] CIDI experiments were performed with H2NO-in energy compared to NH2
1 1 OH• (58 kcal mol21 vs.

104 kcal mol21). Starting from 2•1, two decomposition SiMe3 (9), H2NOSiMe2Ph, and H2NOSitBuPh2 as precur-
sors. [13] Although the stabilities of the cationic leavingpaths compete. Compared to the direct bond cleavage to

yield NH2
1 1 OH, the NH3

•1 1 O exit channel is energeti- groups should increase in the order SiMe3
1 < SiMe2Ph1 <

SitBuPh2
1, meaningful CIDI spectra could only be ob-cally favored, but entropically severely disfavored due to the

necessity of a hydrogen migration. Especially in the MI tained for 9. This is probably a consequence of the fact
that the effective kinetic energies of the neutral [H3,N,O]experiment, the ions can store only a relatively low amount

of internal energy; therefore, a fraction of molecules does fragments decrease with increasing size of the precursor,
which lowers the reionization yields of [H3,N,O]. The MInot possess enough energy to access direct bond cleavage,

but undergoes isomerization instead. Another indication for spectrum of H3NOSiMe3
1, which was generated by pro-

tonation of 9 with methane as CI gas, [14] is featured bythe formation of 1•1 from HN3/H2O is the fact that the
intensity of the N2O cleavage relative to the base peak is losses of 15 amu (30%), 16 amu (100%), and 33 amu (50%),

demonstrating that the heaviest neutral fragment lost is ac-much smaller for NH2OH compared to HN3/N2O. A com-
mon feature of the CA spectra of both precursors is that tually [H3,N,O]. The most important feature of the CIDI

spectrum is that reionized neutral [H3,N,O] constitutes theNO1 formation is more pronounced than [H,N,O]•1 for-
mation, although the NO1/H2/H• exit channel is 18.6 kcal base peak in the spectrum. According to the MI spectrum,

no peaks with masses higher than 33 should be present inmol21 higher in energy than HNO•1/H2 and 3.8 kcal mol21

higher than NOH•1/H2. The theoretical results show that a pure CIDI spectrum. Small signals between 40 and 47
amu indicate, however, that few NR processes occur due tofor [H,N,O]•1 production, barriers of 89.5 kcal mol21 for

1,1-elimination from 1•1 and of 92.3 kcal mol21 for 1,1- diffusion of the reionization gas through the deflector re-
gion of the mass spectrometer. [12] The key issue is, however,elimination from 2•1 have to be overcome. Therefore, every
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whether the peak at m/z 33 can be assigned unambiguously in the structurally indicative region again resembles the ob-

served CA pattern for the ammonia oxide cation ratherto reionized ammonia oxide. Mainly two concerns discard
the CIDI experiment as a proof. Although theory predicts than that of ionized NH2OH (Fig. 5e and 5f). Thus, at least

a complete isomerization 1 R 2 at the neutral stage seemsthat N-protonation of 9 is favored over O-protonation by
16 kcal mol21, it cannot be excluded that a fraction of mol- improbable. Further, the intense survivor ion in NR spectra

indicates favorable Franck-Condon factors for single-elec-ecules is protonated at the oxygen atom, because the pro-
tonation with methane as CI gas is strongly exothermic at tron reduction to neutral 1, being in line with the fact that

the geometries of neutral and cationic ammonia oxide areeither side, i. e. 86.4 kcal mol21 and 70.4 kcal mol21, respec-
tively. [15] Thus, one might argue that the observed reionized very similar. The NH2

1/NH3
•1 ratio in the NR/CA spec-

trum of 2•1 (Figure 5f) also implies that hydroxylamine[H3,N,O] stems from the O-protonated species, which pro-
duces hydroxylamine concomitantly with the generation of does not isomerize during the NR experiment, in spite of

the much less favorable Franck-Condon overlap of cationSiMe3
1. Moreover, even if exclusive initial N-protonation

is assumed, one cannot rule out a possible [1,2]-H shift and neutral.
In conclusion, relevant points of the cationic and neutralfrom the nitrogen to the oxygen atom prior to or concerted

with SiMe3
1 loss. Both objectives would be disprovable if [H3,N,O]•1/0 surface have been calculated on a high theo-

retical level, predicting the existence of three differentit was possible to examine N-protonated Me3SiNHOH, but
this compound has not been synthesized yet. Due to the [H3,N,O] isomers. Information obtained from the experi-

ments, combined with the theoretical results, show that twoconcerns mentioned, for the time being the CIDI experi-
ments should be regarded as an experimental hint for neu- cationic [H3,N,O]•1 species can be distinguished in the gas

phase. Furthermore, the experiments strongly suggest thetral ammonia oxide rather than a proof.
existence of neutral ammonia oxide, although a definitive
proof cannot be provided yet. This ambiguity is probablyScheme 1
due to (i) the fact that the differences of the NR spectra of
1•1 and 2•1 are minor suggesting a compensation of
Franck-Condon effects in conjunction with the different
fragmentation channels accessible and (ii) the failure to per-
form 2CR1 and/or 2NR1 experiments as far as meaningful
information about connectivity is concerned. Nonetheless,
the NR/CA experiments presented here are very much in
favor of the generation of 1•1 upon ionization of HN3/H2O
as well as the generation of neutral ammonia oxide 1.In a different approach to generate the neutral [H3,N,O]

molecule, the cationic beam was neutralized with xenon, We are grateful to the Deutsche Forschungsgemeinschaft, the
and after removal of all ionic species from the beam, the Fonds der Chemischen Industrie, and the Volkswagen-Stiftung for
neutrals were reionized with oxygen, subsequently mass-an- financial support. M. B. and I. K. acknowledge the Stiftung Sti-

pendien-Fonds des Verbandes der Chemischen Industrie for Ph. D.alyzed and detected. [3] The base peak of all neutralization-
scholarships. We thank Dr. J. N. Harvey for helpful discussionsreionization spectra belongs to intact [H3,N,O], which dem-
concerning the quantum chemical calculations.onstrates the distinct stability of neutral [H3,N,O] (Figures

5c and 5d). As low-mass fragments represent a super-
position of decompositions of the projectile ion, the neutral
transient, and the reionized species, structural information Experimental Section
of the neutrals is difficult to achieve from fragment ion

The experiments were performed with a modified VG/ZAB/HF/analysis. However, we note that the most intense peak in
AMD four-sector mass spectrometer of BEBE configuration (Bthe lower mass region corresponds to NH2

• (ND2
•) for

stands for magnetic and E for electric sector), which has been de-
both precursors, in line with the theoretical predictions for scribed in detail elsewhere.[16] NH2OH and N3H/H2O were ionized
this exit channel. by a beam of electrons (100 eV) in an electron ionization source

The mere observation of an NR survivor ion arising from (repeller voltage ca. 30 V). NH3/N2O mixtures were ionized under
cationic ammonia oxide does, however, not prove the exist- chemical ionization conditions. The ions of interest were acceler-

ated to 8 keV and mass-selected by means of B(1)/E(1) at a resolu-ence of neutral ammonia oxide, as the structural integrity
tion of m/∆m $ 3000; isobaric impurities, i.e. O2H1 and N2H5

1might have been lost by isomerization at the neutral stage.
for [H3,N,O] or N2D4

•1 and D2O2
•1 for [D3,N,O] were either ab-Therefore, the structure of reionized [H3,N,O] survivor ions

sent or baseline-resolved. Unimolecular fragmentations occurringwas examined by a collisional activation experiment (Fig-
in the field-free region preceding the second magnet are referred toures 5e and 5f). For H2NOH and its deuterated analog, CA
as metastable ion spectra. For collisional activation experiments,and NR/CA spectra are practically indistinguishable, which
helium (80% transmission, T) was admitted to a collision cell lo-

proves that no significant isomerization occurs at the neu- cated between E(1) and B(2). In these MI and CA experiments, the
tral stage. The corresponding NR/CA experiment with the ionic fragments were recorded by scanning B(2). For comparison
ammonia oxide precursor was conducted close to the detec- with the NR/CA spectra (see below), MI and CA experiments were
tion limit of the instrument. Although the signal-to-noise also performed with B(1)/E(1)/B(2)-mass-selected ions, scanning

products with E(2). For NR experiments, cations were neutralizedratio is poor, it can be seen that the fragmentation pattern
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Bis(diisopropylamino)(trimethylstannyl)phosphane (2) reacts the enamine 8 (92 % yield), while addition of sodium
methoxide followed by thermolysis of the resultingwith the (chloromethylene)diisopropylammonium salt 1

affording the C-phosphanyl-substituted iminium salt 3 (67 % hemiaminal 9 (90 % yield) gives rise to the azaphosphetane
10 (85 % yield), by intramolecular CH insertion of theyield), which features a short C–N (1.284 Å) and a long P–C

bond (1.850 Å), a planar iminium nitrogen atom and a transiently formed (amino)(phosphanyl)carbene 6.
pyramidalized phosphorus atom. Deprotonation of 3 leads to

Introduction substituents bonded to the phosphorus atom, while two sig-
nals are detected for the two CH groups of the amino group

The genuine carbene nature of stable phosphanylcarbenes directly bonded to the carbon atom. Thus, in solution, de-
A [1] and diaminocarbenes B [2] is still a debatable topic. [3]

rivative 3 has to be regarded as C-phosphanyl-substituted
Part of the debate relates to the role of the heteroatom sub- iminium salt 3a. Single crystals of 3 suitable for an X-ray
stituents. Indeed, in the ground state, both A and B feature diffraction study were grown from a dichloromethane/ether
a heteroatom2carbon multiple-bond character. [4] In a re- solution at 220°C. The molecular structure of 3 along with
cent paper, Schleyer et al [5] mentioned that “the inherent p pertinent geometric parameters are shown on Figure 1. The
donor capabilities of the heavier elements are as large as or C(1) and N(1) atoms are planar (sum of the angles: 359.9
larger than their second row counterparts” but add that and 359.8°, respectively) while the phosphorus atom is
“the superior ability of nitrogen compared to phosphorus strongly pyramidalized (sum of the angles: 308.48°). The
to act as a p donor is due to the ease in achieving the opti- C(1)2P (1.850 Å) and the C(1)2N(1) (1.284 Å) bond
mum planar configurations with sp2 hybridization”. Here lengths are in the range expected for C2P single and C5N
we report our preliminary results concerning the synthesis double bonds, respectively. Therefore, in solution and in the
of an “(amino)(phosphanyl)carbenium salt”, [6] [7] and the solid state, derivative 3 has to be regarded as C-phosphanyl-
generation of an (amino)(phosphanyl)carbene. substituted iminium salt 3a, and not as (C-aminomethyl-

ene)phosphonium salt 3b, [10] clearly demonstrating the su-
perior p donor ability of the nitrogen compared to the
phosphorus atom toward carbenium centers.

Scheme 1

Results and Discussion

The “[bis(diisopropylamino)phosphanyl](diisopropyl-
amino)carbenium salt” 3 was obtained in 67% yield, along
with chlorotrimethylstannane, on reaction of the (chloro- Recently, the bis(diisopropylamino)carbene 5 has been

obtained by a reaction of the corresponding formamidi-methylene)ammonium salt 1 [8a] with the stannylphosphane
2 [9] (Scheme 1). Only one signal is observed in the 1H- and nium chloride 4 with LDA.[8a] However, this synthetic

method appeared inappropriate to generate the (amino)-13C-NMR spectra for the four CH groups of the amino
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Scheme 2Figure 1. Molecular structure of 3[a]

[a] Selected bond lengths [Å] and angles [°]: C(1)2N(1) 1.284(4),
C(1)2P(1) 1.850(3), C(1)2H(1) 0.99(4); N(2)2P(1)2N(3)
113.90(12), N(3)2P(1)2C(1) 97.93(13), N(2)2P(1)2C(1)
96.65(13), N(1)2C(1)2P(1) 124.6(2), N(1)2C(1)2H(1) 115.6(2.2),
P(1)2C(1)2H(1) 119.7(2.2), C(1)2N(1)2C(2) 121.3(3),
C(1)2N(1)2C(5) 120.2(7), C(2)2N(1)2C(5) 118.3(7),
N(1)2C(2)2C(3) 110.3(3), N(1)2C(2)2C(4) 110.3(3).

(phosphanyl)carbene 6. Indeed, LDA reacts with 3, but
leads to the enamine 8 (92% yield), probably through the
transient formation of the azomethine ylide 7, followed by
a prototropic rearrangement (Scheme 2).

reported in the literature, it seems clear that the stabilizationIn order to generate the (amino)(phosphanyl)carbene 6,
of singlet [14] carbenes can at least be achieved by two strongthe synthetic method developed by Enders et al. was
p-donor substituents which can easily adopt a planar con-used. [11] Compound 3 was first treated with sodium meth-
figuration, and by the combination of a weak p donor withoxide affording the hemiaminal 9 in 90% yield, which was
a p-acceptor substituent, [15] such as in A.subsequently thermolyzed at 160°C under vacuum. Instead

of the desired carbene 6, the azaphosphetane 10 was ob- We thank the CNRS for financial support of this work, and the
tained in 85% yield. The formation of heterocycle 10 clearly Alexander von Humboldt Foundation for a grant to H. G.
results from a regio- and stereoselective intramolecular in-
sertion of the transient carbene 6 into a methine C2H bond
of an isopropylamino group bonded to P. The same regio- Experimental Section
and stereoselectivity have already been observed with the

General: All experiments were performed under dry argon. Melt-
diphosphanylcarbene 11. [12] Note that CH insertions are ing points are uncorrected. 1H-, 13C-, and 31P-NMR spectra were
typical reactions for transient singlet carbenes, but have recorded with Brucker AC80, AC200, WM250, or AMX400 spec-
never been observed with diaminocarbenes[13] (Scheme 3). trometers. 1H- and 13C-chemical shifts are reported in ppm relative

to Me4Si as external standard. 31P-NMR downfield chemical shifts
are expressed with a positive sign, in ppm, relative to external 85%

Conclusion H3PO4. Mass spectra were obtained with a Ribermag R10 10E
instrument. Conventional glassware was used.

For cationic species, the experimental results reported
3: To a CH2Cl2 solution (5 ml) of (chloromethylene)ammoniumhere clearly corroborate the theory:[5] an amino substituent

salt 1 (0.28 g, 1 mmol) was added at 278°C one equivalent ofhas a better p-donor ability than a phosphanyl substituent.
[bis(diisopropylamino)]trimethylstannylphosphane (2) (0.39 g, 1

For carbenes with comparable steric hindrance, it was al- mmol). The solution was allowed to warm to room temperature
ready known that the diaminocarbenes are stable,[8b] while (r.t.) and stirred for a further 30 min. After evaporation of the
the diphosphanylcarbenes are only transient intermedi- solvent under vacuum, the residue was dissolved in a minimum of
ates; [12] the (amino)(phosphanyl)carbenes seem also to be CH2Cl2. Compound 3 was precipitated as a yellow solid (0.32 g,

67%) by adding Et2O. M.p. 153°C. 2 31P NMR (32 MHz, CDCl3):unstable. Therefore, from these results and those previously

Scheme 3
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δ 5 32.3 (N2P), 210.3 (PO2). 2 1H NMR (200 MHz, CDCl3): δ 5 the solvent, compound 9 was obtained as a yellow powder (0.34 g,

90%). M.p. 1892190°C. 2 31P NMR (32 MHz, CDCl3): δ 5 60.6.9.78 (s, 1 H; CH), 5.22 [sept, 3J(H,H) 5 6.6 Hz, 1 H, CNCH], 4.21
[sept d, 3J(H,H) 5 6.7 Hz, 4J(P,H) 5 2.3 Hz, 1 H, CNCH], 3.80 2 1H NMR (250 MHz, C6D6): δ 5 4.38 [d, 2J(P,H) 5 3.5 Hz, 1

H, P-CH],3.56 (m, 6 H, NCH), 3.23 (s, 3 H, OCH3), 1.24-1.11 (m,[sept d, 3J(H,H) 5 6.6 Hz, 3J(P,H) 5 5.9 Hz, 4 H, PNCH], 1.61
[d, 3J(H,H) 5 6.6 Hz, 6 H, CNCHCH3], 1.46 [d, 3J(H,H) 5 6.7 36 H, CH3). 2 13C NMR (100 MHz, CDCl3): δ 5 94.8 [d,

1J(P,C) 5 7.5 Hz, P-CH], 54.7 (s, OCH3), 48.5 [d, 2J(P,C) 5 11.9Hz, 6 H, CNCHCH3], 1.28 [d, 3J(H,H) 5 6.6 Hz, 12 H,
PNCHCH3], 1.16 [d, 3J(H,H) 5 6.6 Hz, 12 H, PNCHCH3]. 2 13C Hz, PNCH], 48.0 [d, 2J(P,C) 5 8.8 Hz, PNCH], 45.3 [d, 3J(P,C) 5

3.6 Hz, NCH], 24.6, 24.5, 24.4, 23.4 (s, CH3). 2 C20H46N3OPNMR (50 MHz, CDCl3): δ 5 183.6 [d, 1J(P,C) 5 21.7 Hz, P-C],
59.6 [d, 3J(P,C) 5 32.9 Hz, CNCH], 54.9 (s, CNCH), 49.0 [d, (375.3): calcd C 63.96, H 12.34, N 11.19; found C 62.98, H 12.95,

N 10.68.2J(P,C) 5 12.3 Hz, PNCH], 25.0 [d, 3J(P,C) 5 6.2 Hz, PNCCH3],
23.6 [d, 3J(P,C) 5 6.6 Hz, PNCCH3], 23.0 (s, CNCCH3), 19.1 (s, 10: 0.1 g (0.27 mmol) of neat hemiaminal 9 was heated at 160°C
CNCCH3). 2 C19H43Cl2N3O2P2 (477.2): calcd. C 47.70, H 9.06, N in vacuo. During this process, methanol was evolved and com-
8.78; found C 47.41, H 9.50, N 8.57. pound 10, a yellow oil, was obtained as the distillate (0.09 g, 85%)

and characterized by 31P-NMR spectroscopy (32 MHz, C6D6):Crystal-Structure Determination of 3: C19H43Cl2N3O2P2, M 5
δ 5 111.3.478.40, monoclinic, P21/c, a 5 15.205(2) Å, b 5 10.3700(10) Å,

c 5 17.201(3) Å, β 5 90.91(2)°, V 5 2711.8(6) Å3, Z 5 4, ρc 5 109: A THF solution of 10 (0.08 g) was stirred for 3 h at r.t. with
1.172 Mg m23, F(000) 5 1032, λ 5 0.71073 Å, T 5 173(2) K, an excess of elemental sulfur. After filtration and evaporation of
µ(Mo-Kα) 5 0.375 mm21, crystal size 0.6 3 0.4 3 0.3 mm, 2.29° the solvent, 109 (0.09 g, 95%) was isolated by column chromatogra-
< θ < 23.26°, 17995 reflections (3686 independent, Rint 5 0.0425, phy on silica gel (hexane/ether, 98:2, RF 5 0.4). M.p. 79280°C. 2
completness 88.7%) were collected with a STOE-IPDS dif- 31P NMR (162 MHz, CDCl3): δ 5 86.1. 2 1H NMR (400 MHz,
fractometer. The structure was solved by direct methods CDCl3): δ 5 3.87 (m, 3 H, CHNP), 3.49 [sept, 3J(H,H) 5 6.7 Hz,
(SHELXS-97)[16] and 381 parameters were refined with 191 re- 2 H, CHNCP], 3.48 [d, J(P,H) 5 20.3 Hz, 1 H, CHring], 1.43 (s, 3
straints using the least-squares method on F2. [17] Largest electron H, CH3ring), 1.40 [d, 3J(H,H) 5 7.3 Hz, 6 H, CH3CHNP], 1.38 [d,
density residue: 0.635 e Å23, R1 [for F > 2σ(F)] 5 0.0432 and 3J(H,H) 5 8.6 Hz, 6 H, CH3CHNP], 1.36 [d, 3J(H,H) 5 6.8 Hz, 3
wR2 5 0.1174 (all data) with R1 5 Σ Fo 2 Fc /Σ Fo and wR2 5 H, CH3CHNC], 1.25 [d, J(P,H) 5 1.1 Hz, 3 H, CH3ring], 1.21 [d,
[Σw(Fo

2 2 Fc
2)2/Σw(Fo

2)2]0.5. A disorder of the anion was refined 3J(H,H) 5 6.4 Hz, 3 H, CH3CHN], 1.10 [d, 3J(H,H) 5 6.4 Hz, 6
anisotropically on two positions with the occupancy 0.85/0.15, and H, CH3CHNC], 1.01 [d, 3J(H,H) 5 6.4 Hz, 6 H, CH3CHNC]. 2
a disorder of the two isopropyl groups was also refined aniso- 13C NMR (100 MHz, CDCl3): δ 5 70.7 [d, J(P,C) 5 62.9 Hz,
tropically on two positions with the occupancies 0.61/0.39 and 0.59/ CHring], 62.7 [d, J(P,C) 5 19.3 Hz, Cring], 46.9 [d, 2J(P,C) 5 1.0
0.41 using ADP and distance restraints. Crystallographic data (ex- Hz, PNCH], 45.8 (s broad, PNCH), 45.1 (s, NCH), 31.1 [d,
cluding structure factors) have been deposited with the Cambridge J(P,C) 5 27.6 Hz, CH3], 24.3 [d, J(P,C) 5 6.5 Hz, CH3CHNP],
Crystallographic Data Center as supplementary publication No. 23.9 (s, CH3CHN), 23.7 [d, J(P,C) 5 2.9 Hz, CH3CHNP], 23.4 (s,
CCDC-101971. Copies of the data can be obtained free of charge CH3CHN), 23.2 [d, J(P,C) 5 5.5 Hz, CH3CHN], 21.6 (s,
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, CH3CHN). 2 C19H42N3PS (375.3): calcd. C 60.76, H 11.27, N
UK (Fax: int. code 1 44-1223/336-033; E-mail: deposit@ccdc.cam. 11.19; found C 60.32, H 10.94, N 10.62. 2 The relative configura-
ac.uk). tion of the chiral phosphorus and carbon atoms has been estab-

lished by comparison of the NMR data of 109 with those of the8: To a THF solution (5 ml) of the C-phosphanyl-substituted
thioxo derivative 119. [12]

iminium salt 3 (0.48 g, 1 mmol) was added one equivalent of LDA
(0.11 g, 1 mmol) in THF solution (4 ml) at 278°C. The reaction
mixture was allowed to warm to r.t. and stirred for a further 30 [1] G. Bertrand, R. Reed, Coord. Chem. Rev. 1994, 137, 323.

[2] [2a] A. J. Arduengo III, R. Krafczyk, Chemie Unserer Zeit 1998,min. After evaporation of the solvent in vacuo, the residue was
32, 6. 2 [2b] W. A. Herrmann, C. Köcher, Angew. Chem. 1997,extracted with pentane (10 ml). After filtration and evaporation of
109, 2256; Angew. Chem. Int. Ed. Engl. 1997, 36, 2162.pentane, compound 8 was obtained as a yellow oil (0.31 g, 92%). [3] [3a] R. Dagani, Chem. Eng. News 1991, 69, 19. 2 [3b] M. Regitz,

2 31P NMR (32 MHz, CDCl3): δ 5 45.8. 2 1H NMR (400 MHz, Angew. Chem. 1991, 103, 691; Angew. Chem. Int. Ed. Engl. 1991,
30, 674. 2 [3c] R. Dagani, Chem. Eng. News 1994, 72, 20. 2 [3d]CDCl3): δ 5 4.57 [d, 5J(P,H) 5 2.4 Hz, 1 H, 5CH2], 4.55 [dd,
M. Regitz, Angew. Chem. 1996, 108, 791; Angew. Chem. Int. Ed.2J(P,H) 5 0.8 Hz, 5J(P,H) 5 0.8 Hz, 1 H, 5CH2], 3.71 [sept,
Engl. 1996, 35, 725.3J(H,H) 5 6.7 Hz, 1 H, CNCH], 3.40 [sept d, 3J(H,H) 5 6.6 Hz, [4] For theoretical studies see: [4a] M. T. Nguyen, M. A. McGinn,

3J(P,H) 5 10.2 Hz, 4 H, PNCH], 3.26 [d, 2J(P,H) 5 10.3 Hz, 2 H, A. F. Hegarty, Inorg. Chem. 1986, 25, 2185. 2 [4b] D. A. Dixon,
K. D. Dobbs, A. J. Arduengo III, G. Bertrand, J. Am. Chem.PCH2], 1.94 [m, 4J(H,H) 5 0.7 Hz, 5J(P,H) 5 1.0 Hz, 3 H,
Soc. 1991, 113, 8782. 2 [4c] M. Soleilhavoup, A. Baceiredo, O.CH3C5], 1.34 [d, 3J(H,H) 5 6.6 Hz, 12 H, PNCHCH3], 1.31 [d,
Treutler, R. Ahlrichs, M. Nieger, G. Bertrand, J. Am. Chem.3J(H,H) 5 6.6 Hz, 12 H, PNCHCH3], 1.17 [d, 3J(H,H) 5 6.7 Hz, Soc. 1992, 114, 10959. 2 [4d] Boehme, C., Frenking, G. J. Am.

6 H, NCHCH3]. 2 13C NMR (100 MHz, CDCl3): δ 5 149.2 [d, Chem. Soc. 1996, 118, 2039. 2 [4e] C. Heinemann, T. Müller, Y.
Apeloig, H. Schwarz, J. Am. Chem. Soc. 1996, 118, 2023. 2 [4f]3J(P,C) 5 2.6 Hz, >C5], 94.8 [d, 4J(P,C) 5 13.5 Hz, 5CH2], 49.9
G. Raabe, K. Breuer, D. Enders, J. H. Teles, Z. Naturforsch.[d, 3J(P,C) 5 5.1 Hz, CNCH], 47.6 [d, 2J(P,C) 5 10.9 Hz, PNCH],
1996, 51A, 95.44.5 (s, P-CH2), 25.4 [d, 3J(P,C) 5 6.8 Hz, PNCCH3], 24.7 [d, [5] J. Kapp, C. Schade, A. M. El-Nahasa, P. von R. Schleyer, An-

3J(P,C) 5 6.8 Hz, PNCCH3], 23.0 (s, CH3C5), 19.5 (s, NCCH3). gew. Chem. 1996, 108, 2373; Angew. Chem. Int. Ed. Engl. 1996,
35, 2236 and references therein.2 MS (NH3, CI); m/z: 344 [M 1 1].

[6] A cyclic compound of this type, not allowing the synthesis of
the corresponding carbene has been reported: N. Burford, J. A.9: To a THF solution (15 ml) of the C-phosphanyl-substituted
C. Clyburn, S. V. Sereda, T. S. Cameron, J. A. Pincock, M.iminium salt 3 (0.48 g, 1 mmol) was added at r.t. one equivalent of
Lumsden, Organometallics 1995, 14, 3762.MeONa (0.05 g, 1 mmol). The reaction mixture was stirred for 30 [7] For a review on heteroatom stabilized carbenium ions see: H.

min. After evaporation of the solvent in vacuo, the residue was Grützmacher, C. M. Marchand, Coord. Chem. Rev. 1997, 163,
287.extracted with pentane (20 ml). After filtration and evaporation of

Eur. J. Inorg. Chem. 1998, 153921542 1541



S. Goumri, Y. Leriche, H. Gornitzka, A. Baceiredo, G. BertrandFULL PAPER
[8] [8a] R. W. Alder, P. R. Allen, M. Murray, A. G. Orpen, Angew. 1960s involve the corresponding olefin, as demonstrated later.

See ref. [8b] and references therein.Chem. 1996, 108, 1211; Angew. Chem. Int. Ed. Engl. 1996, 35,
1121. 2 [8b] R. W. Alder, M. E. Blake, J. Chem. Soc., Chem. [14] For persistent triplet carbenes, see: H. Tomioka, Acc. Chem.

Res. 1997, 30, 315.Commun. 1997, 1513.
[9] H. R. G. Bender, E. Niecke, M. Nieger, H. Westermann, Z. [15] To date, there are no examples of stable carbenes featuring the

combination of p-donor and σ-attracting substituents, althoughAnorg. Allg. Chem. 1994, 620, 1194.
[10] [10a] O. Guerret, G. Bertrand, Acc. Chem. Res. 1997, 30, 486. 2 CF3CSF3 and F5SCSF3 might be considered as representatives

of this category: K. Seppelt, Angew. Chem. 1991, 103, 399; An-[10b] M. Driess, H. Grützmacher, Angew. Chem. 1996, 108, 900;
Angew. Chem. Int. Ed. Engl. 1996, 35, 829. gew. Chem. Int. Ed. Engl. 1991, 30, 361.

[16] G. M. Sheldrick, Acta Crystallogr. 1990, A46, 467.[11] D. Enders, K. Breuer, G. Raabe, J. Runsink, J. H. Teles, J. P.
Melder, K. Ebel, S. Brode, Angew. Chem. 1995, 107, 1119; An- [17] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure

Refinement, University of Göttingen, 1997.gew. Chem. Int. Ed. Engl. 1995, 34, 1021.
[12] M. J. Menu, Y. Dartiguenave, M. Dartiguenave, A. Baceiredo, [98152]

G. Bertrand, Phosphorus Sulfur Silicon 1990, 47, 327.
[13] Carbene CH insertion reactions reported by Wanzlick in the
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The tripodal ligand tris[4-(2-hydroxy-3-methoxyphenyl)-3- compound has been characterized by chemical analysis and
mass spectrometry (FAB+). Its magnetic properties have beenaza-3-buten]amine (H3vantren) offers two coordination sites,

an inner N4O3 one and an outer O6 one. Therefore, it can investigated and show that the (Fe,Gd) pair (2) exhibits a
ferromagnetic interaction of low intensity [J = 0.50(5) cm–1].successively encapsulate two different metal ions, a 3d(III)

ion in the N4O3 site, and a 4f(III) ion in the O6 site. This The resulting S = 12/2 ground state is, most probably, the
highest spin ground state that can be expected for ageneral route to homo- and heterodinuclear complexes has

been exploited for the preparation of the vantrenFeGd(NO3)3 dinuclear complex.
· 2 H2O complex (2), featuring a high-spin iron centre. This

Introduction a structural determination nor magnetic properties were re-
ported. [24]

Figure 1. Schematic representation of the H3vantren ligandIn recent years, there has been increasing interest in the
magnetic properties of dinuclear complexes composed of
either 4f and 3d ions or of identical 4f ions. [1] [2] [3] [4] [5] [6] [7]

This interest has been largely focused on the Cu2Gd
couple, but one of our aims is to extend this work to
other M2Gd couples (M being a 3d cation such as
Ni21, [8] Co21, [9] or VO21 [10]). As for the strategies used
to prepare these polynuclear complexes, tripodal ligands Results and Discussion
derived from tris(2-aminoethyl)amine have so far been
employed as hosts for 3d or 4f ions, leading to mono- The tripodal H3saltren ligand, obtained by reaction of

salicylaldehyde with tris(2-aminoethyl)amine (tren), and itsnuclear (3d or 4f) and homodinuclear (4f, 4f) com-
plexes. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 5-chloro- (H35-Clsaltren) and 3-methoxy-substituted

(H3vantren) analogues, react with 3d(III) ions and particu-Very recently, it has been shown that a mononuclear (4f)
complex prepared from a novel tripodal ligand can be de- larly with FeIII to yield neutral complexes formulated as

saltrenFe.[18] [19] [20] [24] The iron centre in 5-ClsaltrenFe[19]protonated to incorporate an Ni21 ion. [28] Also relevant to
the present paper is the use of 3d-block tripods in obtaining resides in an N3O3 environment, with the bridgehead nitro-

gen atom not being involved in coordination. A similarself-assembled triple-stranded heterodinuclear (3d, 4f) com-
plexes. [29] [30] The structural determination of an FeII2LaIII situation is found in vantrenMn.[20] [24]

H3vantren is a potentially decadentate tripodal ligandcomplex has been carried out. [30]

We have also demonstrated the effectiveness of the poten- with two different complexation sites: an inner N4O3 site
and an outer O6 site. These differ in their size and nature,tially decadentate tripodal Schiff base H3vantren[31] {tris[4-

(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]amine} in gen- thus making easier the stepwise complexation of different
metal ions. The marked preference of iron(III) for the innererating hetero- (4f, 4f9) as well as homo-dimetallic (4f, 4f)

species. A schematic representation of the ligand H3vantren site has been clearly demonstrated,[18] [19] but we have re-
cently shown that 4f metal ions can also be complexed inis given in Figure 1. The aim of the present contribution is

to demonstrate the ability of this tripodal ligand to succes- this deprotonated coordination site. [31] The bridgehead ni-
trogen atom that caps the structure is “tucked in”, with itssively incorporate 3d and 4f ions, thereby affording van-

trenFe (1) and vantrenFeGd(NO3)3 ·2 H2O (2), and to re- lone pair of electrons directed towards the Yb31 ion. [31] The
same disposition has been observed in mononuclear (Gd,port the magnetic properties of these complexes. At this

point we should mention an FeIII2La complex prepared Dy, or Yb) complexes of tripodal ligands.[12] [32] [33] How-
ever, in our case, the bonding interaction is expected to bewith a compartmental Schiff base ligand, for which neither
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weak, as indicated by the N(2)2Yb separation of 2.626(4) the experimental data may be fitted to the following ex-

pression:Å, which is significantly larger than the related distances
involving the imino nitrogen atoms [2.448(5) to 2.494(4)
Å]. [31] Furthermore, the difference in ionic radii between
3d(III) and 4f(III) centres induces a large difference in bond
lengths between the Fe2N(imine), Fe2O(phenolato) and
the Ln2N(imine), Ln2O(phenolato) bonds, respectively, In the 52300 K temperature range, a satisfactory fit [R 5
[Fe2N: 2.185(7) Å; Yb2N: 2.448(5)22.494(4) Å and Σ(χobs.T 2 χcalcd.T)2/Σ(χobs.T)2 5 2.4·1024] is obtained for
Fe2O: 1.953(6) Å; Yb2O: 2.259(3)22.329(3) Å]. This large the following set of parameters: gFe 5 1.96, gGd 5 2.00,
difference is not expected to be a stabilizing factor for the J 5 0.50(5) cm21. In order to account for the decrease of
desired 3d(III)24f(III) pairs. the product below 5 K, a θ parameter has been introduced

to gauge second-order effects. Then, the best fit over theInfrared spectra of vantrenFe (1) and
22300 K temperature range yields gFe 5 1.96, gGd 5 2.00,vantrenFeGd(NO3)3 ·2 H2O (2) mainly serve to reveal the
J 5 0.66(5) cm21 and θ 5 20.46 K, with R 5 1.0·1024.presence of water and nitrate ions in 2. Bands attributable

to bidentate nitrates are observed at 1462 and 1335 cm21. Figure 2. Thermal dependence of χMT for LFeGd(NO3)3 ·2 H2O 2
A splitting of the 1620 cm21 band for 1 into two bands at at 0.05 T; the solid line corresponds to the best data fit
1615 and 1641 cm21 for 2 is also observed.

In addition to the analytical results, important infor-
mation is provided by positive-ion FAB mass spectrometry.
The main peak appears at m/z 5 602 (100%) for the van-
trenFe compound. This value together with the isotopic fea-
ture is attributable to the [vantrenFe 1 1]1 ion. In the case
of vantrenFeGd(NO3)3 ·2 H2O, the signal corresponding to
[vantrenFeGd(NO3)2]1 is not observed. However, a signal
appears at m/z 5 821. This corresponds to the
[vantrenFeGd(NO3)]1 ion, suggesting a change in the oxi-
dation state of a metal centre (Fe or Gd). A similar obser-
vation has been made in previous reports. [1] [3] [8] [9] [10] The
existence of a species such as [vantrenFeGd-
(NO3)2]2 ·Gd(NO3)5 is ruled out by the analytical results
and the absence of a signal attributable to the [Gd(NO3)5]2

anion in the FAB2 spectrum.[31]
The sign of the magnetic interaction between the Fe31

and Gd31 ions is definitively supported by the field depen-The temperature dependence of the magnetic suscepti-
bility over the range 52300 K for vantrenFeGd(NO3)3 ·2 dence of the magnetization M at 5 K. In Figure 3, the ex-

perimental values of M have been fitted to the BrillouinH2O is shown in Figure 2 in the χMT vs.T form, the applied
magnetic field being equal to 0.05 T. At 300 K, χMT is function, yielding g 5 1.94 and S 5 5.6 with R 5 Σ[Mcalcd.

2 Mobsd.]2/Σ[Mobsd.]2 5 2.5·1023. The S value differs littleequal to 12.17 cm3 K mol21, which roughly corresponds to
the value expected for two uncoupled metal ions (12.25 cm3 from the value (S 5 12/2) expected for a ferromagnetic

ground state. Although the agreement cannot be consideredK mol21). On lowering the temperature, χMT remains prac-
tically constant until 80 K and then increases, reaching a as perfect, we can state that the experimental magnetization

is larger than that for isolated GdIII and FeIII metal ions.maximum of 16.55 cm3 K mol21 at 5 K. The behaviour
observed in the 30025 K range is indicative of a ferromag- In spite of the lack of a structural determination, the ferro-

magnetic behaviour confirms the existence of a genuinenetic interaction between the GdIII and FeIII ions. The
maximum value of 16.55 is lower than the value of 21 cm3 strictly dinuclear Fe2Gd complex.

Based on the structural determination ofK mol21 that would be expected for the spin state S 5 6
resulting from ferromagnetic coupling between GdIII (S 5 [vantrenYbLa(NO3)2]1, [31] a possible structure for 2 has

been obtained using CAChe molecular modelling software.7/2) and FeIII (S 5 5/2), both ions having g values of 2.0.
The decrease of χMT observed below 5 K is most likely It is shown in Figure 4. This view indicates that the bridge-

head nitrogen atom is not involved in coordination to theattributable to saturation effects or to zero-field splitting.
In this instance, the experimental results obtained between iron centre, in full agreement with structural determinations

of complexes of 3dIII elements with H3vantren[24] or simi-5 and 300 K can be analysed on the basis of a spin-only
Hamiltonian for isotropic exchange H 5 2JSFe·SGd. The lar ligands. [19] [20] [22]

Finally, the main purpose of this paper is to report thesix low-lying spin levels, E(6) 5 0, E(5) 5 6J, E(4) 5 11J,
E(3) 5 15J, E(2) 5 18J and E(1) 5 20J are characterized first example of a discrete heterodinuclear FeIII2GdIII com-

plex that displays ferromagnetic behaviour. In this respect,by different g values[34], g6 5 (7gGd 1 5gFe)/12, g5 5 (37gGd

1 23gFe)/60, g4 5 (27gGd 1 13gFe)/40, g3 5 (19gGd 1 5gFe)/ the Fe312Gd31 pair resembles the Cu212Gd31, [1] [3]

Ni212Gd31, [8] Co212Gd31, [9] and VO212Gd31 [10] pairs24, g2 5 (13gGd 2 gFe)/12, g1 5 (9gGd 2 5gFe)/4. Finally,
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tal analyses were carried out by the Service de Microanalyse duFigure 3. Field dependence of the magnetization; the solid line cor-

responds to the best data fit (cf. text) Laboratoire de Chimie de Coordination, Toulouse (C, H, N). Mag-
netic susceptibility data were collected from a powdered sample of
the compound using a SQUID-based sample magnetometer with
a QUANTUM Design Model MPMS instrument. All data were
corrected for diamagnetism of the ligand, as estimated from Pas-
cal9s constants[38] (2381·1026 emu mol21 for 2). Positive-ion FAB
mass spectra were recorded in DMF as solvent with 3-nitrobenzyl
alcohol as the matrix with a Nermag R10-10 spectrometer.

Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]amine: This
ligand was obtained as described previously. [37]

Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]aminato-
(32)iron(III) (1): To a mixture of H3vantren (0.55 g, 1 mmol) and
anhydrous FeCl3 (0.16 g, 1 mmol) in methanol (25 ml) was added
triethylamine (0.3 g, 3 mmol). The mixture was heated under stir-
ring for 20 min and, after cooling, the black precipitate produced
was filtered off and washed with methanol and diethyl ether. Yield:

Figure 4. Possible structure of 2 based on CAChe molecular model- 0.5 g (85%). 2 C30H33FeN4O6 (601.4): calcd. C 59.9, H 5.5, N 9.3;ling software; the H atoms are not shown
found C 59.6, H 5.3, N 9.1. 2 MS (FAB1, 3-nitrobenzyl alcohol
matrix): m/z 5 602 [LFe 1 1]1.

Tris[4-(2-hydroxy-3-methoxyphenyl)-3-aza-3-buten]aminato-
(32)iron(III)gadolinium(III) · 2 H2O (2): A mixture of vantrenFe
(0.5 g, 8.3·1024 mol) and Gd(NO3)3 · 6 H2O (0.37 g, 8.3·1024 mol)
in acetone (20 ml) was heated under stirring for 15 min. After cool-
ing, the resulting precipitate was filtered off and washed with ace-
tone and diethyl ether. Yield: 0.8 g (97%). 2 C30H37FeGdN7O17

(980.7): calcd. C 36.7, H 3.8, Fe 5.7, Gd 16.0, N 10.0; found C
36.4, H 3.6, Fe 5.6, Gd 15.2, N 9.7. 2 MS (FAB1, 3-nitrobenzyl
alcohol matrix): m/z 5 821 [LFeGd(NO3)]1.
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The preparation and characterization of five new (5), and 4,4,8,8-tetraethyl-1,5-dimethylimidazabole (6). The
structures of compounds 2–6 as dimeric carbene–boraneimidazabole derivatives is reported: 1,5-dibenzyl-4,4,8,8-

tetrahydroimidazabole (2), 4,4,8,8-tetrafluoro-1,5-dimeth- adducts rather than dimeric N-borane adducts are discussed
on the basis of NMR (2–6) and X-ray diffraction data (2, 3, 5ylimidazabole (3), 4,4-difluoro-8,8-dihydro-1,5-dimethyl-

imidazabole (4), 4,4,8,8-tetrachloro-1,5-dimethylimidazabole and 6).

Introduction Scheme 1

Heterocyclic boron hydrides have found broad application
in catalysis [1]. Examples of an important class of these com-
pounds named pyrazaboles were first synthesized in 1966
and since then they have been exhaustively studied[2]. This
class of compounds features two 2BR22 moieties bridging
two pyrazole rings through their nitrogen atoms. Recently,
two series of related compounds have been synthesized, one
incorporating pyridine derivatives[3] and the other five-
membered azole rings with an N2C2X moiety (X 5 N,
S)[4]. The common, distinguishing feature of both series is
that the 2BR22 moiety links the two heterocyclic rings via
nitrogen and carbon atoms that are both highly nucleo- Results and Discussion
philic, and hence the question arises as to whether they

Synthesisshould be considered as aza- or carbene2borane adducts.
The former compounds may be compared with pyridine de-

We have previously reported the synthesis of 4,4,8,8-rivatives[5], which are very stable, but there have been vir-
tetrahydroimidazabole (1) from its N-methylimidazole2N-tually no studies on the azole derivatives. In this paper, the
borane adduct[4]. The imidazabole 2 has been preparedsynthesis of five new imidazabole derivatives 226 is re-
from the 1-benzylimidazole2N-borane adduct in an anal-ported with a view to delineating factors that might allow
ogous manner (Scheme 2). In order to examine the chemicala distinction to be made between C2B and N2B donation.
stability and the molecular structures of imidazabolesThe molecular structures of these compounds based
(N2B2C fragment) and to compare them with pyrazaboleson NMR and X-ray diffraction data are strongly indi-
(N2B2N fragment), some derivatives of the parent imidaz-cative that compounds 126 are dimers of carbene2
abole 1 have been synthesized (Scheme 3).borane adducts rather than dimers of N-borane adducts

The chemical stabilities and reactivities of imidazaboles(Scheme 1)[*].
have been found to be very similar to those of pyraza-
boles[2b] [6]. Compounds 126 are very stable, even under the

[*] Note added in proof (July 30, 1998): Other examples of car- strongly acidic and oxidizing conditions of the reaction me-
bene2boranes derived from imidazole have been recently re- dium. Fluorination of 1 was performed with BF3 ·OEt2; for-ported: A. Wacker, H. Pritzkow, W. Siebert, Eur. J. Inorg. Chem.
1998, 8432849. mation of 4,4,8,8-tetrafluoro-1,5-dimethylimidazabole (3)
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Molecular StructuresScheme 2

The molecular structures of compounds 126 can be
viewed as dimers of imidazole N-borane adducts with a
simple NRB dative bond (structure A) or as dimers of a 2-
ylidene2borane adduct (carbene adduct) with a C2B
dative bond (structure B) (Scheme 1), similar to that de-
scribed by Arduengo[8]. In order to establish the structures
of the imidazaboles 226, comparisons were made with the
reported stable monomeric carbene2borane adducts 2-bor-
ane21,2,3,4-tetramethylimidazoline (7) and 2-trifluorobor-
ane21,2,3,4-tetramethylimidazoline (8) [9], as well as with

Scheme 3 the NRB adducts N-borane21-methylimidazole (9) [10] and
indolylborane2N-methylimidazole (10) [11] (Scheme 5).

Scheme 5

and of the mixed compound 4,4-difluoro-8,8-dihydro-1,5-
dimethylimidazabole (4) reveals that the reaction proceeds
with opening of the central C2B2N2 ring in a similar man-
ner as in pyrazaboles[7]. Chlorination of 1 with molecular
chlorine gave compound 5, whereas bromination with Br2

(Scheme 4) proceeded with central ring rupture via the NMR Studies
4,4,8,8-tetrabromo-1,5-dimethylimidazabole (observed by
NMR) to give the 1-methylimidazole2tribromoborane ad- Compounds 226 have been characterized by their 1H-,
duct (δ11B 5 22.2) by HBr addition. Reaction of com- 11B- and 13C-NMR data (Table 1). The 11B chemical-shift
pound 5 with MgEtBr in diethyl ether afforded 6 in good values are at lower frequencies relative to those of the pyra-
yield. The aforementioned reactions demonstrate the simi- zabole analogues [δ11B(H2B-µpz-BH2) 5 28.8, δ11B(F2B-
lar reactivity and stability of imidazabole compounds com- µpz-BF2) 5 0.2, δ11B(Cl2B-µpz-BCl2) 5 2.1, δ11B(Et2B-
pared to pyrazabole compounds. µpz-BEt2) 5 2.2, pz 5 pyrazabole] [7a] [12], in accordance

with the change from the NBN to the NBC fragment. How-
ever, 11B chemical shifts do not allow a distinction to be

Scheme 4 made between NRB coordination A and N2B covalent
bonding B in tetracoordinated compounds (Scheme 1). If
δ11B values of similar NRB coordinated adducts and of
N2B covalently-bonded borates are compared
{δ11B(Me2HNRBH3) 5 213.5 vs. δ11B(Me2N2BH3

2) 5
214.7; δ11B(H3NRBMe3) 5 28.7 vs. δ11B(H2N2
BEt3

2) 5 29.8; and δ11B[(N-methylimidazole)RBH22pyr-
role] 5 27.8 vs. δ11B(pz22BH2

2) 5 27.4}[11] [12], no signifi-
cant differences are apparent. On the other hand, coupling
constants 1J(B2X, X 5 F, C) appear to be more character-
istic and do allow a distinction between NRB adducts and
N2B covalently-bonded compounds. Coupling constants
1J(B2F) for 3 and 4 are larger (43 and 54 Hz, respectively)
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Table 1. δ11B, δ13C and δ1H in ppm, [1J(B2X)], [1J(C2H)] and [3J(H2H)]] in Hz of imidazabole derivatives 226[a], 2-borane21,2,3,4-

tetramethylimidazoline (7), 2-trifluoroborane21,2,3,4-tetramethylimidazoline (8) and N-borane21-methylimidazole (9)

Compd. δ11B, [1J(B2X)] δ13C(8a) δ13C(2) δ13C(3) δ13C(R) δ1H(2) δ1H(3) δ1H(R)
X 5 H, F, C

2[b] 218.6, h1/2 5 265 164.0 (br.) 124.3 119.1 50.7 6.96 [1.9] 6.78 [1.9] 5.11
3 0.5 [43] [c] 123.7 [197] 119.7 [197] 34.2 7.47 [1.7] 7.34 [1.7] 3.96
4[d] 0.9 [54] (BF2) [c] 123.1 (C2) 118.7 (C3) 34.4 (N1) 7.43 [1.8] 7.41 [1.8] 3.83 (N1)

218.3 [101] (BH2) 123.6 (C6) 122.5 (C7) 33.5 (N3a) 7.44 [1.5] 7.17 [1.5] 3.60 (N3a)
5 21.6 [c] 121.4 [199] 126.5 [203] 35.4 7.78 [1.8] 7.67 [1.8] 4.02
6[e] 26.3 [54] 164.0 (br.) 121.1 [190] 120.4 [192] 34.3 6.88 [1.7] 6.08 [1.7] 3.12
7[f] 234.9 [86] 167.3 (C2) [51.5] 122.9 (C5) 122.9 (C4) 32.1 3.50
8[g] 1.48 [38] [c] 125.7 (C5) 125.7 (C4) 32.8 3.71
9[h] 218.4 [98] 136.9 (C2) 121.5 (C5) 127.1 (C4) 34.9 6.95 6.97 3.75

[a] 224 and 5 in CDCl3 and 6 in C6D6. 2 [b] Phenyl protons as a multiplet at δ 5 7.28; δ13C 5 128.8 (o-C), 127.9 (m-C), 128.0 (p-C) and
136.4 (i-C). 2 [c] Not observed. 2 [d] Mixed with signal of 3. 2 [e] Ethyl: CH2: δ13C 5 17.9 (br.), δ1H 5 0.95 (m); CH3: δ13C 5 11.4,
δ1H 5 0.80 [7.3]. 2 [f] CD2Cl2[9]. 2 [g] CD2Cl2[9]. 2 [h] CDCl3[11].

Figure 1. Molecular structure of imidazabole 1[a]than in the pyrazabole analogues (23 and 22 Hz)[7a] and are
intermediate between that in the adduct Me3NRBEtF2 (65
Hz)[7a] and the reported value (37.6 Hz) for the carbene
adduct 2-trifluoroborane21,2,3,4-tetramethylimidazoline
(8) [9]. Moreover, the value of the coupling constant
1J(B2C) found for 6 (54 Hz) is close to that of the 2-ylidene
adduct 2-borane21,2,3,4-tetramethylimidazoline (7) (51.5
Hz)[9].

13C chemical-shift values have proved to be a useful tool
in establishing the nature of the NRB coordinative bond
and to distinguish it from N2B covalent bonding[10]. The
13C signal of C4 of 1-methyl imidazole (δ 5 129.2) is shifted
upon coordination to δ 5 127.1 in the NRBH3 adduct 9
and to δ 5 122.4 in the 1,3-dimethylimidazolium cation[10].
The 13C signal of C3 (C4 in imidazoles) in compounds 226

[a] Selected bond lengths [pm] and angles [°]: B(6)2N(4) 155.4(4),is shifted to lower frequencies (∆δ ø 7210 ppm), which is
B(6A)2C(5) 159.0(4), N(1)2C(2) 136.7(4), C(2)2C(3) 133.3(4),clearly indicative of N2B covalent bond formation. δ13C C(3)2N(4) 138.5(3), N(4)2C(5) 134.6(3), C(5)2N(1) 135.5(3),
N(1)2C(7) 145.2(3); B(6A)2C(5)2N(4) 127.7(2), N(4)2B(6)2values for C3 of 226 are in agreement with δ13C values
C(5A) 106.8(2), B(6)2N(4)2C(5) 125.5(2), N(1)2C(5)2B(6A)reported for C4 and C5 of the carbene adducts 7 and 8.
125.8(2), C(3)2N(4)2B(6) 125.6(2), N(1)2C(2)2C(3) 107.5(3),

δ13C signals for C8a of 226 are either extremely broad or C(2)2C(3)2N(4) 107.5(3), C(3)2N(4)2C(5) 108.9(2), N(1)2
C(5)2N(4) 106.4(2), C(2)2N(1)2C(5) 109.6(2), C(2)2N(1)2C(7)are not observed at all as a result of the partially relaxed
126.1(2), C(5)2N(1)2C(7) 124.4(3).scalar 13C211B spin-spin coupling[12]. When present, these

are found in the range reported for 7. On the other hand,
1J(13C,1H) values of C2 and C3 lie in the typical range for tures of the imidazaboles 2, 3, 5 and 6 are shown in Figures
a neutral imidazole ring[10], in spite of the development of 225 and selected bond lengths and angles are summarized
a positive charge delocalized over the whole ring. The C2H in Table 2 (those pertaining to the central ring C2B2N2) and
coupling pattern helped to unequivocally assign the 13C sig- Table 3 (those of the imidazole ring). Compounds 123, 5
nals for C2 and C3 in 3, 5 and 6. The signal for C2 appears and 6 have a crystallographic centre of inversion. Thus, only
as a double multiplet due to coupling with the 2-H, 3-H one half of the “dimeric” molecule occupies the asymmet-
and CH3 hydrogen atoms. These findings confirm that the ric unit.
canonical form with N2B covalent bonding makes the The geometry around the boron atoms in 123 and 5 is of
principal contribution to the structures of compounds 226. a slightly distorted tetrahedron (92% tetrahedron character,

THC)[13], whereas in compound 6 it is a highly distorted
tetrahedron (41% THC), probably due to steric effects. TheX-ray Structure Analysis
central C2B2N2 ring is almost planar, in contrast with the
pyrazabole analogues, which are observed in chair, boat orThe molecular structure of the imidazabole 1 found by

X-ray diffraction analysis was previously reported to have planar conformations. The mean B2N(4) length in com-
pounds 123 and 5 is intermediate between that of a coordi-the space group P21 (monoclinic) [4]. However, the structure

has since been resolved in space group P21/n and this re- nate bond N(sp2)2B(sp3) [157.8(8) pm][11] and a covalent
bond N(sp2)2B(sp3) [151.3(2) pm][11]. This bond is signifi-sulted in better parameters. The corrected molecular struc-

ture of imidazabole 1 is shown in Figure 1. Molecular struc- cantly elongated [158.6(5) pm] in 6, probably due to steric

Eur. J. Inorg. Chem. 1998, 154721553 1549



I. I. Padilla-Martı́nez et al.FULL PAPER
Figure 3. Molecular structure of imidazabole 3[a]Figure 2. Molecular structure of imidazabole 2[a]

[a] Selected bond lengths [pm] and angles [°]: (B6)2N(4) 155.2(4),
B(6A)2C(5) 161.1(5), N(1)2C(2) 137.1(5), C(2)2C(3) 133.0(5),
C(3)2N(4) 137.9(4), N(4)2C(5) 134.3(4), C(5)2N(1) 133.8(4),[a] Selected bond lengths [pm] and angles [°]: B(1)2N(4) 155.5(2),
N(1)2C(7) 146.7(4), B(6)2F(6) 137.9(3), B(6)2F(6B) 137.9(3);B(1A)2C(5) 158.6(2), N(1)2C(2) 137.3(2), C(2)2C(3) 133.7(2),
B(6A)2C(5)2N(4) 126.1(3), N(4)2B(6)2C(5A) 108.2(2),C(3)2N(4) 137.8(2), N(4)2C(5) 133.7(2), C(5)2N(1) 134.9(2),
B(6)2N(4)2C(5) 125.7(3), N(1)2C(5)2B(6A) 126.6(3), C(3)2N(1)2C(6) 146.0(2); B(1A)2C(5)2N(4) 126.7(1), N(4)2B(1)2
N(4)2B(6) 126.0(3), N(1)2C(2)2C(3) 107.3(3), C(2)2C(3)2N(4)C(5A) 107.4(1), B(1)2N(4)2C(5) 125.9(1), N(1)2C(5)2B(1A)
107.8(3), C(3)2N(4)2C(5) 108.3(3), N(1)2C(5)2N(4) 107.3(3),126.4(1), C(3)2N(4)2B(1) 125.3(1), N(1)2C(2)2C(3) 106.6(2),
C(2)2N(1)2C(5) 109.2(3), C(2)2N(1)2C(7) 125.8(3), C(5)2C(2)2C(3)2N(4) 108.1(2), C(3)2N(4)2C(5) 108.8(1), N(1)2
N(1)2C(7) 125.0(3), F(6B)2B(6)2F(6) 109.4(3), F(6)2B(6)2N(4)C(5)2N(4) 106.9(1), C(2)2N(1)2C(5) 109.7(1), C(2)2N(1)2C(6)
108.7(2), F(6)2B(6)2C(5A) 110.9(2).124.9(1), C(5)2N(1)2C(6) 125.4(1).

Figure 4. Molecular structure of imidazabole 5[a]

[a] Selected bond lengths [pm] and angles [°]: (B1)2N(2) 153.4(8), B(1)2C(3) 159.3(9), N(1)2C(1) 137.0(8), C(1)2C(2) 133.3(9),
C(2)2N(2) 139.8(8), N(2)2C(3) 134.0(7), C(3)2N(1) 134.6(7), N(1)2C(4) 147.3(8), B(1)2Cl(1) 184.6(4); B(1)2C(3)2N(2) 125.3(5),
N(2)2B(1)2C(3) 108.4(5), B(1)2N(2)2C(3) 126.3(5), N(1)2C(3)2B(1) 126.7(5), C(2)2N(2)2B(1) 125.4(5), N(1)2C(1)2C(2) 108.6(5),
C(1)2C(2)2N(2) 106.7(6), C(2)2N(2)2C(3) 108.3(5), N(1)2C(3)2N(2) 107.9(5), C(1)2N(1)2C(3) 108.4(5), C(1)2N(1)2C(4) 126.3(5),
C(3)2N(1)2C(4) 125.3(5), Cl(1)2B(1)2Cl(2) 111.1(4), Cl(1)2B(1)2N(2) 108.6(3), Cl(1)2B(1)2C(3) 110.0(3).
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effects, but it is shorter than that in the analogous pyraza- The most categorical evidence for this conclusion comes

from a comparison of the molecular structures of 123 andbole [167(6)2172(6) pm][14]. The B2C(5) bonds lie in the
typical range for a B(sp3)2C(Ar) linkage of 160.3(8) pm[15]. 5 with that of 4,4,8,8-tetramesityl-1,5-dimethylimidazabole

11 [16], the latter being characteristic of an imidazole N-bor-The B2C(5) bond length in 3 [161.1(5) pm] is slightly
longer than in 2-trifluoroborane21,2,3,4-tetramethylimida- ane adduct dimer. This compound exhibits a boat confor-

mation of the central C2B2N2 ring, with an angle betweenzoline (8) [160.3(3) pm]. These figures suggest that the mo-
lecular structures of imidazaboles 126 should be con- the two imidazole rings of 128°, in contrast with the fully

planar structure found in imidazaboles 126. The B2Nsidered as carbene2borane dimers.
bond length [163.8(4) pm] is larger than the corresponding
bond lengths in imidazaboles 123, 5 and 6, which lie inFigure 5. Molecular structure of imidazabole 6[a]

the typical range for weak NRB adducts[17]. The marked
contrast between these structures confirms that compounds
126 have to be considered as 2-ylidene2borane adducts
(carbene2boranes).

The geometry of the imidazole ring is strongly modified
when 2-ylidene adducts are formed. Table 3 shows bond
lengths and angles related to the imidazole ring for com-
pounds 123, 5 and 6, 2-trifluoroborane21,3,4,5-tetrameth-
ylimidazoline (C2B coordination) (8) [9], and indolylbor-
ane2N-methylimidazole adduct (NRB coordination)
(10) [11]. The main difference between the latter two lies in
the N2C2N fragment. The bond length N(4)2C(5)
[130.1(5) pm] is shorter than C(5)2N(1) [132.0(6) pm] in
the NRB adduct 10, whereas both have the same large
value [135.2 (2) pm] in the C2B adduct 8. These bonds in
123, 5 and 6 are practically equivalent and have the same
value as that in the C2B adduct 8. The angle
N(1)2C(5)2N(4) is wider in the C2B adduct 8 [104.7(1)°]

[a] Selected bond lengths [pm] and angles [°]: B(1)2N(4) 158.6(5), than in the N2B adduct 10 [111.2(4)°]. In the opposite
B(1A)2C(5) 161.4(5), N(1)2C(2) 136.0(5), C(2)2C(3) 131.9(5),

sense, the angles C(3)2N(4)2C(5) and C(2)2N(1)2C(5)C(3)2N(4) 138.3(4), N(4)2C(5) 133.7(4), C(5)2N(1) 135.9(4),
N(1)2C(10) 145.7(5), B(1)2C(6) 162.8(5), B(1)2C(7) 162.6(5); become equal and are wider in the C2B adduct 8
B(1A)2C(5)2N(4) 127.2(3), N(4)2B(1)2C(5A) 104.2(2), [111.2(1)°] than in the N2B adduct 10 [106.2(4)° and
B(1)2N(4)2C(5) 128.5(3), N(1)2C(5)2B(1A) 126.5(3), C(3)2

106.3(4)°, respectively]. Both these angles in 123, 5 and 6N(4)2B(1) 122.9(3), N(1)2C(2)2C(3) 107.4(3), C(2)2C(3)2N(4)
108.2(3), C(3)2N(4)2C(5) 108.6(3), N(1)2C(5)2N(4) 106.3(3), have a value intermediate between those found in the N2B
C(2)2N(1)2C(5) 109.5(3), C(2)2N(1)2C(10) 123.8(3), and C2B adducts. These findings and the planarity foundC(5)2N(1)2C(10) 126.6(3), C(6)2B(1)2C(7) 109.3(3), C(6)2

for all the structures reported here strongly support a sig-B(1)2N(4) 109.3(3), C(6)2B(1)2C(5A) 111.3(3), C(6)2B(1)2N(4)
109.3(3), C(6)2B(1)2C(5A) 111.3(3). nificant contribution from the C2B adduct to the reso-

nance structure and indicate that the positive charge is delo-
calized over the fragment N2C2N according to structureTable 2. Selected bond lengths [pm] and angles [°] of the central

C2B2N2 ring of imidazaboles 123, 5 and 6 C, instead of over the fully delocalized resonance structure
D (Scheme 6).

It follows from the aforementioned changes that as the
groups attached to boron become bulkier, the resulting
structure resembles more the NRB adduct. On the other
hand, the B2C(5) length becomes longer (Table 2) as the
electronegativity of the boron substituent increases (Pauling
values: H 2.20, C 2.55, Cl 3.16, F 3.98)[18]. These obser-

1 2 3 5[a] 6 vations demonstrate that both steric and electronic effects
on the boron atom determine the degree of carbene2bor-

B2R 137.9(3) 184.6(4) 162.8(5), ane or N-borane dimer character of the structure.
162.6(5)

B2N(4) 155.4(4) 155.5(2) 155.2(4) 153.4(8) 158.6(5)
B2C(5) 159.0(4) 158.6(2) 161.1(5) 159.3(9) 161.4(5)

ConclusionR2B2R 109.4(3) 111.1(4) 109.3(3)
N(4)2B2C(5) 106.8(2) 107.4(1) 108.2(2) 108.4(5) 104.2(2)
B2N(4)2C(5) 125.5(2) 125.9(1) 125.7(3) 126.3(5) 128.5(3) NMR and X-ray diffraction experiments confirm that com-
B2C(5)2N(4) 127.7(2) 126.7(1) 126.1(3) 125.3(5) 127.2(3)

pounds 126 are dimers of carbene2borane adducts rather
than N-borane adducts. The main differences between these[a] The numbering scheme is as that used for imidazaboles 123

and 6. structures are most clearly apparent in the imidazole
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Table 3. Selected bond lengths [pm] and bond angles [°] of the imidazole ring in imidazaboles 123, 5 and 6, 2-trifluoroborane21,2,3,4-
tetramethylimidazoline (8) (C2B adduct) [9], and pyrrolylborane2N-methylimidazole adduct (10) (N2B adduct) [11]; the numbering

scheme is as that used in Table 2

8[a] 1 2 3 5 6 10[a]

N(1)2C(2) 139.2(2) 136.7(4) 137.3(2) 137.1(5) 137.4(4) 136.0(5) 135.4(7)
C(2)2C(3) 135.0(2) 133.3(4) 133.7(2) 133.0(5) 133.7(4) 131.9(5) 132.0(8)
C(3)2N(4) 139.3(2) 138.5(3) 137.8(2) 137.9(4) 136.9(4) 138.3(4) 135.7(6)
N(4)2C(5) 135.2(2) 134.6(3) 133.7(2) 134.3(4) 134.0(3) 133.7(4) 130.1(5)
C(5)2N(1) 135.2(2) 135.5(3) 134.9(2) 133.8(4) 133.8(4) 135.9(4) 132.0(6)

N(1)2C(5)2N(4) 104.7(1) 106.4(2) 106.8(1) 107.3(3) 107.3(2) 106.3(3) 111.2(4)
C(3)2N(4)2C(5) 111.2(1) 108.9(2) 108.8(1) 108.3(3) 108.7(2) 108.6(3) 106.2(4)
C(2)2N(1)2C(5) 111.1(1) 109.6(2) 109.7(1) 109.2(3) 108.4(5) 109.5(3) 106.3(4)

[a] For comparison purposes, the numbering scheme has been changed to the ring numbering followed in imidazaboles.

Scheme 6 Experimental Section

General Remarks: All solvents were freshly distilled and dried
before use according to established procedures. N-Methylimidazole,
BF3 ·OEt2, Cl2, Br2 and Mg (granules) were commercial products.
BH3 ·THF solution was prepared according to reported meth-
ods[19]. 2 Melting points (uncorrected): Gallenkamp apparatus. 2

IR (KBr): Perkin-Elmer 16F, PC spectrometer. 2 1H/13C NMR:
Jeol GXS 270 (270.67/67.94 MHz), TMS as external standard. 2
11B NMR: Jeol GXS 270 (86.84 MHz), Et2O· BF3 as externalN2C2N fragment bond lengths and angles and in the
standard (Ξ11B 5 32.083971 MHz). 2 Elemental analyses wereN2B bond lengths. The C2B2N2 ring in compounds 126 is
performed by Oneida Research Services, Whitesboro, N.Y. 2 The

quite stable, even under the strongly acidic and oxidizing X-ray diffraction studies were performed with an Enraf-Nonius
conditions used for the synthesis of such species. Imidaza- CAD4 diffractometer [λ(Mo-Kα) 5 71.069 pm, monochromator:
bole compounds 126 are the first examples of cyclic dimers graphite, T 5 293 K, ω-2θ scan]. Cell parameters were determined
of carbene2borane adducts to be reported. by least-squares refinement on diffractometer angles for 24 auto-

matically centered reflections. Absorption corrections were not
We thank Professor M. J. Rosalez-Hoz, Mr. F. Roberts and Mr.

necessary; corrections were made for Lorentz and polarization ef-
M. A. Leyva-Ramı́rez for performing the X-ray diffraction studies

fects. Solution and refinement: direct methods (SHELXS-86) for

Table 4. Crystallographic data for imidazaboles 123, 5 and 6

1[a] 2[a] 3[a] 5[b] 6[a]

formula C8H14B2N4 C20H22B2N4 C4H7BF2N2 C8H10B2Cl4N4 C16H30B2N4
molecular mass [g/mol] 187.85 340.04 131.93 325.62 300.06
crystal system monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/n P1̄ I2/m C2/m P21/n
a [pm] 867.2(2) 644.90(10) 752.0(2) 1230.5(9) 788.2(2)
b [pm] 632.50(10) 791.6(2) 693.60(10) 711.5(4) 1031.0(2)
c [pm] 978.0(2) 698.8(2) 1125.6(2) 817.4(4) 1127.7(2)
α [°] 90.00 108.85(3) 90.00 90.00 90.00
β [°] 100.70(3) 101.33(3) 109.37 (3) 108.38(6) 93.47(3)
γ [°] 90.00 93.47(3) 90.00 90.00 90.00

V 103 [nm3] 527.1(2) 464.2(2) 553.9(2) 679.1(7) 914.7(3)
Z 2 1 4 2 2
dcalcd. [g cm23] 1.184 1.216 1.582 1.59 1.089
2θ range [°] 6.96249.92 4.48251.92 5.76252.58 5.36251.94
reflections measured 984 1916 1237 702 1884
unique reflections 927 1806 618 655 1795
reflns. used with (Fo)2 > 4σ(Fo)2 709 1356 548 548 (Fo)2 > 3σ(Fo)2 1047
R (int) 0.0338 0.0176 0.0674 0.024 0.0191
no. of variables 64 127 52 52 100
final R indices [F > 4σ(F)] 0.0618 0.0417 0.0685 0.045 [F > 3σ(F)] 0.0722
Rw 0.1808 0.1210 0.2217 0.047 w 5 1/σ2 0.2368
goodness of fit 1.114 0.992 1.156 5.4 1.093
min. res. density [1026 e/pm23] 20.317 20.175 20.645 20.38 20.386
max. res. density [1026 e/pm23] 0.340 0.200 0.351 0.47 0.406

[a] Program for structure solution and refinement: SHELXL-93[20]. 2 [b] Program for structure solution and refinement: CRYSTALS[21].
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structure solution. The SHELXL[20] and CRYSTALS (version 9, mmol) of 5 in 100 ml of diethyl ether. The resulting mixture was

refluxed under nitrogen for 4 h. After cooling overnight, 295 mg1994) [21] software packages were used for refinement and data out-
put. All hydrogen atoms in structures 1, 3, 5 and 6 were refined as (96%) of crystals suitable for X-ray structure analysis were ob-

tained; m.p. 200 °C. 2 IR (KBr): υmax 5 1684 cm21 (C5N), 1074riding atoms. Experimental parameters are listed in Table 4. Crys-
tallographic data (excluding structure factors) for the structures re- (B2N). 2 C16H30N4B2 (300.06): calcd. C 64.05, H 10.08, N 18.67;

found C 64.64, H 9.72, N 18.83.ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
101913 (1), -101909 (2), -101910 (3), -101912 (5), -101911 (6). Cop-

[1] K. Burgess, M. Ohlmeyer, Chem. Rev. 1991, 91, 117921191.ies of the data can be obtained free of charge on application to [2] [2a] S. Trofimenko, J. Am. Chem Soc. 1966, 88, 184221844. 2
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: int. code [2b] S. Trofimenko, J. Am. Chem. Soc. 1967, 89, 494824952. 2

[2c] S. Trofimenko, J. Am. Chem. Soc. 1967, 89, 317023177. 2144(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].
[2d] S. Trofimenko, Inorg. Chem. 1969, 171421716. 2 [2e] S. Trof-

1,5-Dibenzyl-4,4,8,8-tetrahydroimidazabole (2): 2.00 g (11.6 imenko, Acc. Chem. Res. 1971, 4, 17222. 2 [2f] S. Trofimenko,
mmol) of 2-borane21-benzylimidazole, prepared as described pre- Chem. Rev. 1972, 72, 4972509. 2 [2g] K. Niedenzu, K. R.

Woodrum, Inorg. Chem. 1989, 28, 402224026.viously[11], was left to stand overnight at 0 °C in the presence of a
[3] T. G. Hodgkins, Inorg. Chem. 1993, 32, 611526116.solution of one small I2 crystal in 1 ml of dry benzene. The mixture [4] I. I. Padilla-Martı́nez, M. J. Rosalez-Hoz, R. Contreras, S.

was then heated in a sand bath at 290 °C until hydrogen evolution Kerschl, B. Wrackmeyer, Chem. Ber. 1994, 127, 3432346.
had ceased. Crystallization from a saturated solution in toluene at [5] T. G. Hodgkins, D. R. Powell, Inorg. Chem. 1996, 35,

214022148.220 °C gave 0.637 g of 2 (32%) as a white, crystalline powder, m.p.
[6] [6a] K. Niedenzu, H. Nöth, Chem. Ber. 1983, 116, 113221153.2042205 °C. Crystals suitable for X-ray structure analysis were ob-

2 [6b] E. Hanecker, T. G. Hodgkins, K. Niedenzu, H. Nöth,
tained from a CH2Cl2 solution at 217 °C. 2 IR (KBr): ν̃max 5 Inorg. Chem. 1985, 24, 4592462. 2 [6c] W. J. Layton, K. Nied-
2354 cm21 (B2H), 1636 (C5N), 1206 (B2N). 2 C20H22N4B2 enzu, P. M. Niedenzu, S. Trofimenko, Inorg. Chem. 1985, 24,

145421460.(340.04): calcd. C 70.64, H 6.52, N 16.49; found C 70.92, H 6.88,
[7] [7a] C. M. Clarke, M. K. Das, E. Hanecker, K. Niedenzu, P. M.N 16.67. Niedenzu, H. Nöth, R. Warner, Inorg. Chem. 1987. 26,

231022317. 2 [7b] M. K. Das, A. L. DeGraffenreid, K. D. Ed-4,4,8,8-Tetrafluoro-1,5-dimethylimidazabole (3) and 4,4-Difluoro-
wards, L. Komorowski. J. F. Mariategui, B. W. Miller, M. T.8,8-dihydro-1,5-dimethylimidazabole (4): To 10 ml of BF3 ·OEt2 was
Mojesky, K. Niedenzu, Inorg. Chem. 1988, 27, 308523089.

added 1.0 g of 1 and the mixture was stirred for a week. Excess [8] [8a] A. J. Arduengo, III, H. V. R. Dias, R. L. Harlow, M. Kline,
BF3 ·OEt2 was then distilled off in vacuo, and the residual solid J. Am. Chem. Soc. 1992, 114, 553025534. 2 [8b] A. J. Arduengo,

III, H. V. R. Dias, J. C. Calabrese, F. Davidson, J. Am. Chem.was washed with CH2Cl2 and then with THF to give 262 mg of a
Soc. 1992, 114, 972429725.white solid composed of 95 parts of 3 (36% overall yield) and 5 [9] N. Kuhn, G. Henkel, T. Kratz, J. Kreutzberg, R. Boese, A. H.

parts of 4 (2.2% overall yield). Suitable crystals of 3 for X-ray Maulitz, Chem. Ber. 1993, 126, 204122045.
structure analysis were obtained from acetone solution; m.p. 277 [10] I. I. Padilla-Martı́nez, A. Ariza-Castolo, R. Contreras, Magn.

Reson. Chem. 1993, 31, 1892193.°C. 2 IR (KBr): ν̃max 5 1684 cm21 (C5N), 1162 (B2N), 842
[11] I. I. Padilla-Martı́nez, M. J. Rosalez-Hoz, H. Tlahuext, C. Cam-(B2F). 2 C8H10N4B2F4 (259.81): calcd. C 36.98, H 3.88, N 21.56;

acho-Camacho, A. Ariza-Castolo, R. Contreras, Chem. Ber.
found C 37.69, H 4.13, N 21.39. 2 The THF solution was found 1996, 129, 4412449.
to contain a 1:1 mixture of 3 and 4, from which the NMR spectra [12] B. Wrackmeyer, Ann. Rep. NMR Spectrosc. 1988, 20, 612203.

[13] S. Toyota, M. Oki, Bull. Chem. Soc. Jpn. 1992, 65, 183221840.of 4 were obtained.
[14] E. M. Holt, S. L. Tebben, S. L. Holt, K. J. Watson, Acta Crys-

4,4,8,8-Tetrachloro-1,5-dimethylimidazabole (5): 2.00 g (10.6 tallogr. 1977, B33, 198621988.
[15] F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, G. Orpen,mmol) of imidazabole 1 was dissolved in 30 ml of CH2Cl2. Molecu-

R. Taylor, J. Chem. Soc., Perkin Trans 2 1987, S1.lar chlorine was bubbled through this solution until a yellow-green [16] K. Okada, R.Suzuki, M. Oda, J. Chem. Soc., Chem. Commun.color persisted. After stirring for 1 h, the product formed was fil- 1995, 206922070.
tered off to afford 2.8 g (81%) of 5 as a white, crystalline solid, m.p. [17] M. A. Dvorak, R. S. Ford, R. D. Suenram, F. J. Lovas, K. R.

Leopold, J. Am. Chem. Soc. 1992, 114, 1082115.> 310 °C. 2 IR (KBr): ν̃max 5 1628 cm21 (C5N), 1096 (B2N), 770
[18] A. L. Allred, J. Inorg. Nucl. Chem. 1961, 17, 2152221.(B2Cl). 2 C8H10N4B2Cl4 (325.63): calcd. C 29.51, H 3.10, N [19] H. C. Brown, Organic Synthesis via Boranes, Wiley Interscience,17.21; found C 29.41, H 3.15, N 17.32. New York, 1975.
[20] G. W. Sheldrick, SHELXTL-93, University of Göttingen, 1993.4,4,8,8-Tetraethyl-1,5-dimethylimidazabole (6): A suspension of
[21] D. J. Watkin, J. R. Carruthers, P. W. Betteridge, CRYSTALS,124 mg of magnesium and a small amount of iodine in 10 ml of An Advanced Crystallographic Program System, Chemical Crys-

diethyl ether was stirred for 2 h. Then, 0.40 ml (5.1 mmol) of ethyl tallography Laboratory, University of Oxford, Oxford, 1988.
[98187]bromide was added and, after 1 h, a solution of 331 mg (1.02
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Cadmium(II) complexes of two Schiff bases, 1,3-di(pyridine- spontaneous resolution. Solution studies of 1 in CHCl3/
DMSO (10:1) and pure DMSO were performed using 1H-,2-carboxaldimino)propane (C15H16N4, L1)[1] and tris[4-(29-

pyridyl)-3-aza-3-butenyl]amine (C24H27N7, L2)[2] are 13C-, 113Cd-NMR and 1H,15N z-GS HMBC spectroscopy and
they suggest a reorientation of 1 into the more symmetricaldescribed. An efficient route utilising molecular sieves for the

synthesis of Schiff bases is presented. The ligands L1 and L2 4-coordinate complex due to the flexible nature of L1. The
preorganised, potentially tetra-, hexa- or heptadentate,can be described as linear and three-armed podands,

respectively, L1 being conformationally flexible and L2 three-armed podand L2 and its in situ complexation with the
Cd2+ cation were investigated by 1H-, 13C-, 113Cd-NMR andpreorganised. Cadmium perchlorate in methanol with L1

yields a crystalline complex [Cd(L1)2](ClO4)2 (1), the 1H,15N z-GS HMBC spectroscopy. The results support the
formation of a highly symmetrical helical 6-coordinatestructure of which was determined by X-ray structure

analysis. The complex 1 has an unusual nonsymmetrical 8- podate [CdL2](NO3)2 (2). The structure of 2 has also been
verified by ab initio HF-MO calculations using a standard 3-coordinated helical structure and crystallizes in an acentric

space group (Cc, no. 9) as a pure enantiomer due to 21G* basis set (Lan2DZ for Cd).

There is a growing interest in finding alternative ap- sition-metal ion. As an alternative approach to prepare
Schiff-base compounds we used activated molecular sievesproaches for the design of new inexpensive and easy-to-pre-

pare ligand/podand systems. Hannon and coworkers have to increase yields in the nontemplated synthesis for a known
podand L2 [2]. L2 offers a chemically similar complexationdescribed a simple and inexpensive way to prepare imine-

based rigid ligands that can form a triple-helicate structure site, but now preorganised for endohedral 4-, 6- or 7-coordi-
nation. We selected the Cd21 ion as a probe for a study ofwith proper metal ions. [3a] Schiff-base complexes are con-

sidered to be among the most important stereochemical the solution complexation, since it has very versatile coordi-
nation behaviour and 113Cd NMR has proved to be an ex-models in main-group and transition-metal coordination

chemistry due to their preparative accessibility and struc- ellent tool to monitor complex formation.[6] In this work we
report the preparation of CdII complex from L1 (Scheme 1)tural variety. [4] The Schiff-base ligands and podands are not

so well studied as their macrocyclic and macrobicyclic and the definitive characterization of the complex in the
solid state by X-ray diffraction together with the synthesiscounterparts. In particular, the macrocyclic Schiff bases

have been synthesized, as their metal complexes, through of three-armed podand L2 derived from tris(2-aminoethyl)-
amine (TREN) and 2-pyridylcarbaldehyde and its in situthe [111] or [212] condensation of proper bis-amines and

bis-aldehydes, using metal ions as templates. [5] In the ab- complexation with Cd21 (Scheme 2). The CdII complexes 1
and 2 were investigated by 1H-, 13C-, 113Cd-NMR and 2-Dsence of templating metal ions the reactions give poor yields

and oligomeric/polymeric products. On the other hand, by (two-dimensional) 1H,15N z-GS HMBC (z-gradient selected
heteronuclear multiple-bond coherence) spectroscopy andusing metal ions, it is often very difficult or impossible to

remove the template from the macrocycle. Schiff-base heli- the complex 2 also by an ab initio HF-MO calculation.
cal structures are still rare[3a] and only a few examples exist

Results and Discussionfor similar Schiff-base cryptates[3b]. Earlier we reported the
synthesis and some metal complexes of the podand L1 [1]. Although L1 itself is a liquid its complexation with CdII

perchlorate in methanol produced crystals suitable for X-L1 has a short flexible spacer between the two metal-bind-
ing sites, thus giving a tweezer-like bite to a single tran- ray diffraction study (Table 1 in Experimental Section). The
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Scheme 1

Scheme 2

molecular structure of CdII complex 1 is displayed in Figure approximately 64° between the lower and upper ligand
(Figure 2).1. The complex 1 is formed by coordination of two L1 pod-

ands into a single cadmium ion. Due to its flexible nature The four N atoms in a single L1 ligand form a nearly
symmetrical square plane (torsion angles for N1a2N2-L1 acts as a pseudo-macrocyclic tetradentate ligand, thus

resulting in a sandwich-type of 8-coordinated 1:2 complex. a2N3a2N4a and N1b2N2b2N3b2N4b are 24.63 and
23.69°, respectively) with almost equal nonbonded contactSimilar 8-coordination for CdII has been observed in

some macrocyclic complexes. [7] The observed bond lengths distances between the N atoms (N1a···N2a 5 270.9 pm,
N2a···N3a 5 287.2 pm, N3a···N4a 5 272.4 pm andand angles are consistent with the literature. [8] [9] Selected

bond lengths and angles for complex 1 of the Cd21 ion N1a···N4a 5 324.2 pm; N1b···N2b 5 277.4 pm,
N2b···N3b 5 280.3 pm, N3b···N4b 5 273.6 andare presented in Figure 1. To our great surprise complex 1

crystallized in an acentric space group and a detailed in- N1b···N4b 5 328.2 pm). The conformation of L1 in the
complex 1 is very close to an aza-crown conformation withspection of the structure revealed a helical arrangement of

L1 [in pseudo-macrocyclic conformation, the nonbonded all N atom lone pairs pointing in the same direction. The
least-squares planes for the pyridine2imine (N1, C22C7,intramolecular contact distances between the ortho-H

atoms (H2, H16) are 223 pm (L1A) and 246 pm (L1B)] N2 and N3, C112C16, N4) parts show that they are nearly
planar and the angles between the planes within the coordi-around the CdII ion. In some cases crystallization from a

racemic solution of helical molecules can induce spon- nated L1 are quite similar: (N1a R N2a) and (N3a R N4a)
86.02°; (N1b R N2b) and (N3b R N4b) 75.80° The pack-taneous resolution of the enantiomers and a mixture of en-

antiomerically pure crystals can be obtained[10]. The helical ing of the molecules in the unit cell along the b axis is
shown in Figure 3. The weak π-stacking interactions be-arrangement of the ligands results from the sterical factors

around the CdII ion. The covalent radius of CdII ion is too tween the two adjacent and co-planar pyridine rings along
the c axis stabilise the packing. The distance between thesmall to bind all eight spatially neighbouring N atoms in

a symmetrical cubic coordination, thus creating a twist of co-planar pyridine rings is 416 pm.
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Table 1. Crystal data, data collection and structure refinement forFigure 1. The molecular structure of compound 1 [DIAMOND

drawing with 20% (size reduced to improve clarity) probability el- compound 1
lipsoids (all non-hydrogen atoms), the uncoordinated perchlorate

anions have been omitted for clarity][a]
Crystal data
Formula C30H32CdCl2N8O8
Mr 815.94
Crystal system Monoclinic
Space group Cc (No. 9)
Wavelength, Mo-Kα [Å] 0.71073
Crystal size [mm] 0.4 3 0.4 3 0.3
a [pm] 1809.3(4)
b [pm] 1065.7(3)
c [pm] 1753.1(5)
β [°] 95.85(2)

V [nm3] 3.3627(2)
Dc [g cm21] 1.612
Z 4
F(000) 1656
µ (Mo-Kα) [mm21] 0.870

Data collection
T [K] 293(2)
Scan mode ω/2θ
hkl range h 0 R 21

k 0 R 12
l 220 R 20

θmin/max [°] 2.22/24.97
Measured reflections 3068[a] Selected bond lengths [pm] and angles [°]: Cd12N1a (2N1b)
Unique reflections 3068256.3(14) [251.8(18)], Cd12N2a (2N2b) 247.7(17) [251.8(14)],
Refls. used for refinement 2570Cd12N3a (2N3b) 250.9(20) [250.9(20)], Cd12N4a (2N4b)
Absorption correction ψ scans246.9(15) [259.5(19)]; N4a2Cd12N3b 71.6(6), N4a2Cd12N1b
Tmin/Tmax 0.84/0.99169.0(2), N3b2Cd12N2a 161.6(3), N4a2Cd12N3a 65.9(6),

N3b2Cd12N3a 95.7(6), N2a2Cd12N3a 70.3(6), N3b2Cd12 Refinement
N1b 109.8(5), N3a2Cd12N1b 124.0(6), N4a2Cd12N2b 122.5(5), Refinement method on F2 Full-matrix least-squares on F2

N1b2Cd12N2b 66.9(5), N1b2Cd12N1a 91.5(5), N3b2Cd12 Data/restraints/parameters 3068/44/392
N1a 32.0(6), N1a2Cd12N4b 77.6(2), N2b2Cd12N1a 156.0(5), H atoms (found/calcd.) 0/32
N2a2Cd12N4b 131.4(6), N4a2Cd12N1a 80.2(5), N4a2Cd12 Final R values [I > 2σ(I)]
N4b 91.2(5). R1[a] 0.0475

wR2[b] 0.1285
(shift/error)max < 0.001
Goodness-of-fit on F2 (S) 1.079

In order to obtain some information about the structure ρfin(max/min) [e Å23] 0.673/21.224
of the metal complex 1 in solution we also carried out
113Cd-NMR and 2-D 1H,15N z-GS HMBC measurements [a] R1 5 Σ||Fo| 2 |Fc||/Σ|Fo|. 2 [b]wR2 5 {Σ[w(Fo

2 2 Fc
2)2]/

[Σ[w(Fo
2)]}1/2; w 5 1/[δ2(Fo

2) 1 (ap)2 1 bp]; p 5 (Fo
2 12Fc

2)/3; a 5in [D6]DMSO. The metal complex shows only one strong
0.0946; b 5 8.58. 2 S 5 [Σ[w(Fo

2 2 Fc
2)2]/(n 2 p)]1/2.113Cd signal at δ 5 84.4 measured from external 0.1  aque-

ous Cd(ClO4)2 (δ 5 0.0). This result can be regarded as
good evidence for the reorientation of the unsymmetrical
complex 1 into a more symmetrical tetracoordinate com-

Figure 2. A view of the coordination sphere showing the twist be-plex. This result is also in good agreement with the value
tween the lower and upper ligand (the coordinating bonds are pres-

for the tetracoordinate Cd21 complex (δ 5 95) reported by ented as dotted bars and the non-bonded intramolecular distances
as thick solid bars)Munataka et al. [6b]

The 15N chemical shift of the imine nitrogen atoms
changes from δ 5 235.8 for the free ligand to δ 5 262.2
for the cadmium complex 1. The signal of the pyridine ni-
trogen atoms at δ 5 262.6 of the free ligand, is not visible
in the 1H,15N z-GS HMBC correlation map of the cad-
mium complex of L1 in solution, although the delay for
evolution of long-range couplings was increased to 200 ms.
The 15N-NMR chemical shifts of the ligand itself are in
agreement with those reported for (Z)-N-benzylidenecy-
clohexylamine (δ 5 236.4[11]) and 2-methylpyridine (δ 5
262.6[12]). The absence of the 1H,15N z-GS HMBC corre-
lation can be due to (i) too small a scalar coupling constant
J(1H,15N) to allow magnetization transfer between proton
and 15N or (ii) a dynamic process taking place inside the
complex at room temperature.

We have also investigated the complexation properties of
tris[4-(29-pyridyl)-3-aza-3-butenyl]amine (L2) in solution
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Figure 3. The packing of the molecules in the unit cell along the b only one 113Cd signal is observed it can be concluded that

axis the potentially heptadentate Schiff-base ligand L2 provides
a highly symmetrical time-averaged complexation site for
the Cd21 cation. Furthermore, the more deshielded chemi-
cal shift value of 2 in comparison with 1 suggests that the
coordination number must be larger in 2 than in 1, as
shown by Munataka et al. [6b]

A comparison of the 1H,15N z-GS HMBC correlation
map of the free ligand L2 with that of the cadmium com-
plex 2 reveals that both pyridyl- and Schiff-base nitrogen
atoms coordinate towards the cadmium cation. Due to the
interaction with the metal centre the 15N-NMR chemical
shifts are moved upfield by approximately 50 ppm for each
N atom compared with the free ligand L2. In [D6]DMSO
the 15N-NMR chemical shift of the Schiff-base nitrogen
atoms changes from δ 5 238.9 of L2 to δ 5 290.0 in 2.
The pyridine nitrogen atoms show a shift from δ 5 262.2
to δ 5 2113.0, respectively. The 1H,15N z-GS HMBC cor-
relation map does not show any cross peak at room tem-
perature due to the tertiary nitrogen atom NA.

From the X-ray studies of related tris[4-(29-pyridyl)-3-with Cd21 using 1H-, 13C-, 113Cd-NMR and 2-D 1H,15N z-
GS HMBC spectroscopy. The measurements show that aza-3-butenyl]aminemetal complexes[2] it is already known

that the bridging tertiary nitrogen atom NA should also beCd21 [added as Cd(NO3)2·4 H2O] is efficiently complexed
with the ligand L2 forming tris[4-(29-pyridyl)-3-aza-3-but- coordinating. This assumption is further supported by the

present ab initio calculation carried out on tris[4-(29-pyri-enyl]aminecadmium(II) (2).
The metal complex 2 exhibits a strong 113Cd signal at dyl)-3-aza-3-butenyl]aminecadmium(II) (2) with a full ge-

ometry optimization at the HF/3-21G* (using Lan2DZδ 5 188.1 in CDCl3/[D6]DMSO (10:1). From the fact that

Table 2. Calculated Cartesian atomic coordinates of the optimized standard orientation for the cation [CdL2]21 in [CdL2](NO3)2 (2)

Atom x y z Atom x y z

Cd(1) 0.327679 0.115479 20.116882 H(1AA) 4.242137 20.409747 0.616059
N(A) 2.989909 0.359778 20.871631 H(1BA) 4.594015 1.252063 0.215507
N(BA) 1.767749 0.124783 1.705724 H(1AB) 4.422504 21.106293 21.487278
N(BB) 1.114459 21.706196 21.320791 H(1BB) 3.172969 20.741547 22.652850
N(BC) 0.907513 2.353453 20.654099 H(1AC) 2.433796 1.235742 22.673551
N(CA) 20.456477 21.470165 1.649774 H(1BC) 3.965292 1.838415 22.064705
N(CB) 21.380929 20.683573 21.744201 H(2AA) 3.578743 0.914095 2.483553
N(CC) 21.419530 1.666177 0.660750 H(2BA) 2.612870 1.997155 1.495694
C(1A) 3.788146 0.540514 0.370504 H(2AB) 2.676744 22.254262 20.064183
C(1B) 3.367161 20.884064 21.599658 H(2BB) 2.789114 22.967091 21.674338
C(1C) 2.961904 1.532508 21.778203 H(2AC) 2.147590 3.507315 21.936604
C(2A) 2.959017 0.981227 1.595700 H(2BC) 2.816624 3.153870 20.359261
C(2B) 2.526131 22.074039 21.118607 H(4A) 2.151676 20.617145 3.580905
C(2C) 2.244584 2.739249 21.178054 H(4B) 0.685271 23.135606 22.729425
C(4A) 1.518982 20.590757 2.707267 H(4C) 0.223119 4.287073 20.616247
C(4B) 0.369533 22.281908 22.150254 H(39A) 22.103666 22.257197 0.720052
C(4C) 0.054743 3.243325 20.399196 H(39B) 22.852297 0.710329 21.444561
C(19A) 0.331912 21.472820 2.731171 H(39C) 22.626556 0.344378 1.657186
C(19B) 20.996225 21.782350 22.408261 H(49A) 22.684997 23.765472 2.593520
C(19C) 21.218263 2.932485 0.278310 H(49B) 24.420500 20.296887 23.062499
C(39A) 21.509052 22.281728 1.608649 H(49C) 24.339934 2.030504 2.229239
C(39B) 22.584515 20.170967 21.983798 H(59A) 21.246286 23.759834 4.613101
C(39C) 22.515077 1.360925 1.350639 H(59B) 23.725300 22.343116 24.278651
C(49A) 21.830568 23.125481 2.660123 H(59C) 23.997017 4.372728 1.489814
C(49B) 23.462284 20.740765 22.892955 H(69A) 0.724458 22.261354 4.669779
C(49C) 23.472215 2.310958 1.670299 H(69B) 21.475936 23.284162 23.837361
C(59A) 21.026964 23.121522 3.782083 H(69C) 21.936577 4.936403 0.235822
C(59B) 23.072291 21.877534 23.569435
C(59C) 23.277275 3.614069 1.260539
C(69A) 0.077533 22.280765 3.817006
C(69B) 21.812595 22.407909 23.322603
C(69C) 22.124876 3.931822 0.554219
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Table 3. Selected bond lengths [Å] and bond angles [°] and some TAP structural parameters for the cation [CdL2]21 in [CdL2](NO3)2 (2)

Cd(1)2N(A) 2.778 C(2B)2N(BB) 1.473 C(39A)2C(49A) 1.386
Cd(1)2N(BA) 2.323 C(2C)2N(BC) 1.487 C(39B)2C(49B) 1.386
Cd(1)2N(BB) 2.321 N(BA)2C(4A) 1.256 C(39C)2C(49C) 1.386
Cd(1)2N(BC) 2.373 N(BB)2C(4B) 1.255 C(49A)2C(59A) 1.380
Cd(1)2N(CA) 2.500 N(BC)2C(4C) 1.259 C(49B)2C(59B) 1.379
Cd(1)2N(CB) 2.491 C(4A)2C(19A) 1.479 C(49C)2C(59C) 1.380
Cd(1)2N(CC) 2.462 C(4B)2C(19B) 1.477 C(59A)2C(69A) 1.389
N(A)2C(1A) 1.488 C(4C)2C(19C) 1.475 C(59B)2C(69B) 1.389
N(A)2C(1B) 1.490 C(19A)2N(CA) 1.338 C(59C)2C(69C) 1.388
N(A)2C(1C) 1.483 C(19B)2N(CB) 1.340 C(59C)2C(69C) 1.388
C(1A)2C(2A) 1.544 C(19C)2N(CC) 1.338 C(69A)2C(19A) 1.377
C(1B)2C(2B) 1.535 N(CA)2C(39A) 1.330 C(69B)2C(19B) 1.376
C(1C)2C(2C) 1.527 N(CB)2C(39B) 1.330 C(69C)2C(19C) 1.377
C(2A)2N(BA) 1.471 N(CC)2C(39C) 1.330

N(BA)2Cd(1)2N(BB) 101.5 C(4A)2N(BA)2Cd(1) 120.0
N(BA)2Cd(1)2N(BC) 91.28 C(4B)2N(BB)2Cd(1) 120.1
N(BA)2Cd(1)2N(CA) 69.05 C(4C)2N(BC)2Cd(1) 117.1
N(BA)2Cd(1)2N(CB) 159.9 C(19A)2N(CA)2Cd(1) 112.8
N(BA)2Cd(1)2N(CC) 100.9 C(19B)2N(CB)2Cd(1) 112.9
N(BB)2Cd(1)2N(BC) 122.7 C(19C)2N(CC)2Cd(1) 113.5
N(BB)2Cd(1)2N(CA) 88.57 C(39A)2N(CA)2Cd(1) 127.8
N(BB)2Cd(1)2N(CB) 69.02 C(39B)2N(CB)2Cd(1) 127.9
N(BB)2Cd(1)2N(CC) 154.0 C(39C)2N(CC)2Cd(1) 127.1
N(BC)2Cd(1)2N(CA) 146.6 C(1A)2C(2A)2N(BA) 109.2
N(BC)2Cd(1)2N(CB) 108.8 C(1B)2C(2B)2N(BB) 106.8
N(BB)2Cd(1)2N(CC) 69.57 C(1C)2C(2C)2N(BC) 110.8
N(CA)2Cd(1)2N(CB) 92.47 C(1A)2N(A)2C(1B) 111.9
N(CA)2Cd(1)2N(CC) 87.35 C(1A)2N(A)2C(1C) 115.1
N(CB)2Cd(1)2N(CC) 85.50 C(1B)2N(A)2C(1C) 111.5
C(2A)2N(BA)2Cd(1) 116.5 N(A)2C(1A)2C(2A) 114.2
C(2B)2N(BB)2Cd(1) 116.8 N(A)2C(1B)2C(2B) 110.8
N(2C)2N(BC)2Cd(1) 123.0 N(A)2C(1C)2C(2C) 113.2

Coordination polyhedron model values[a] [CdL2]21 (this work) [ZnL2]21 in [ZnL2](BF4)2
[b]

twist angle f [°] 47 45.9
M2NA [pm] 277.8 301.3
M2N6 [pm] 2.344 2.180
a 3.36 3.29
c 3.29 3.14
a/c 1.02 1.05
“bite” b 2.79 2.64

[a] For the definition of the model, see ref. [2a]. 2 [b] See ref. [2a].

basis set for Cd) level of theory. Calculated Cartesian Cd (141 pm) and the van der Waals radius of N (154
pm),[13] indicating a moderate non-bonding interaction. Itatomic coordinates of 2 are collected in Table 2.

The calculated Cd21 (4d10) complex 2 and the analogous is also clearly shorter than found in the Zn analogue, see
Table 3. Consequently, the calculated structure of 2 allowsZn21 (3d10) complex[2a] have a similar distorted trigonal

antiprism (TAP) 6-coordinated structure, as might be ex- more flexibility in that part of complex where NA is located
than for the other nitrogen atoms coordinated to Cd21.pected. Selected bond lengths and bond angles of 2, to-

gether with some TAP structural model parameters, [2a] are These results also can explain the fact that in 1H,15N z-GS
HMBC experiments, nitrogen atom NA did not give anygiven in Table 3.

The six Cd2N distances are calculated to be between 232 cross peak. An ab initio optimized structure of the cation
[CdL2]21 is shown in Figure 4.pm and 250 pm as shown in Table 3 and are in agreement

with the experimental range from 246.9 pm to 259.5 pm Such an indicated dynamic process, involving the protons
at C2 close to the bridgehead nitrogen atom NA is indeedfound for complex 1 (see Figure 1). The size of the coordi-

nation polyhedron in 2, given by M2N6 (the weighted observed and can easily be studied by 1H NMR.
At 303 K the 1H-NMR spectrum of 2 in CDCl3/mean of all M2N bond length, M2NA not included)[2a] is

calculated to be 241.2 pm (weighted by δ 5 2.0 pm for each [D6]DMSO (10:1) shows one broad singlet for the methyl-
ene protons of C2 at δ 5 3.51. This signal broadens evenbond length). The model parameters are in fair agreement

when the larger size of CdII ion compared to ZnII ion is further when the sample is cooled down to 287 K. Further
cooling leads to a splitting of this singlet into two separatetaken into account. The distance between the bridgehead

nitrogen atom NA and the metal centre is calculated as 278 signals with a multiplet splitting. At 253 K the dynamics
of the diastereotopic protons 2-H and 29-H are frozen outpm. This distance is long for an actual bond but is clearly

less than 295 pm which is the sum of the covalent radius of completely and then their separation is 86.6 Hz. Using now
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Bruker Avance DRX 500 or a Bruker Avance DPX 250 FT NMRFigure 4. An ab initio optimized structure and a van der Waals

representation of the cation [CdL2]21 spectrometer. The 113Cd-NMR chemical shift scale was fixed to the
signal of a 1-mm diameter capillary tube containing 0.1  aqueous
or ethanolic (in low temperature runs) solutions of Cd(ClO4)2 in-
serted coaxially inside the 5-mm NMR tube as an external standard
(δ 5 0.0). External neat nitromethane was used for the calibration
in the case of 15N-NMR experiments. The mass spectrum of L1
was run with a VG AutoSpec HRMS spectrometer and the HRMS
measurement of L2 was recorded at 70 eV with a MAT 312 Finni-
gan mass spectrometer. IR spectra of L2 were recorded with a Ni-
colet 5DXC FT-IR spectrometer, using KBr pellets.

Crystal-Structure Determinations: A specimen of suitable quality
and size of compound 1 was mounted on top of a glass fibre and
used for measurements of precise cell constants and intensity data
collection with an Enraf Nonius CAD4 diffractometer [Mo-Kα

radiation, λ(Mo-Kα) 5 0.71073 Å]. During data collection three
standard reflections were measured periodically as a general check
of crystal and instrument stability. No significant changes were ob-
served for compound 1, where the data was corrected for decay
(21.4%). Lp correction was applied and intensity data were cor-
rected for absorption effects (max T 5 0.99, min T 5 0.84). The
atomic scattering factors and anomalous dispersion factors were
taken from the International Tables for X-ray Crystallography.[16]

The structure was solved by direct methods (SHELXS-86[17]) and
completed by full-matrix least-squares techniques against F2

(SHELXL-93[18]). All non-hydrogen atoms were refined aniso-
tropically. Geometrical restraints were used to prevent anomalous
bond lengths for the perchlorate anions. Calculations were per-
formed with the hydrogen atoms in their idealized calculated posi-
tions (C2H distance 0.93 Å for aromatic CH and 0.97 Å for CH2)
and allowed to ride on their corresponding carbon atoms with fixed
isotropic temperature factors (Uiso(fix) 5 1.2 3 Ueq of the attached
C atom). Further information on crystal data, data collection and
structure refinement are summarized in Table 1. Selected in-
teratomic distances and angles are shown in the caption to Figure
1. The plots were generated with the program DIAMOND[19] andthe Guttowsky2Holm equation[14] modified by Green[15]
SCHAKAL92[20]. Crystallographic data (excluding structure fac-

the activation barrier of the proton topomerization can be tors) for the structure reported in this paper have been deposited
calculated as ∆G?(287 K) 5 56.1 ± 2.1 kJ/mol. In contrast with the Cambridge Crystallographic Data Centre as supplemen-
to above, the 1H-NMR signals of the aromatic protons do tary publication no. CCDC-101258. Copies of the data can be ob-
not show significant temperature dependency. This finding tained free of charge on application to CCDC, 12 Union Road,

Cambridge CB2 1EZ, UK [Fax: int. code 144(1223)336033; E-also points to a well-defined geometry of the complexation
mail: deposit@ccdc.cam.ac.uk].site with strong binding interactions between the

Cd21cation and the pyridine and Schiff-base nitrogen Ab Initio Molecular-Orbital Calculations: A full optimization of
atoms. the structure of tris[4-(29-pyridyl)-3-aza-3-butenyl]aminecadmium-

(II) (2) was performed at the ab initio HF level of theory usingThis work was carried out with the financial support of The
gradient techniques with the Gaussian 94 set of programs.[21] TheFinnish Academy (E. K.), The Ministry of the Education of Finland
effective core potential (ECP) standard basis set Lan2DZ[22] was(A. J.) and Deutsche Akademische Austauschdienst (M. W.). Part of
utilized for cadmium. The full-electron standard basis set 3-21G*this work was done in the Organisch-Chemisches Institut, Westfäli-
[23] was used for all other atoms. A starting MM1 structure for thesche Wilhelms-Universität Münster, Germany, for which the finan-
ab initio calculations was optimized using the HyperChem 4.5 pro-cial support of The Finnish Academy (A. J.) is gratefully acknowl-
gram.[24]edged. Mr. Reijo Kauppinen is thanked for his help with NMR

measurements.
1,3-Bis(pyridine-2-carboxaldimino)propane (L1): We have earlier

reported the synthesis of L1. [1] The structure of L1 was further
characterized by elemental analysis, 1H/13C NMR, 1H,13C HMQC

Experimental Section and 1H,X (X 5 13C,15N) HMBC as well as mass spectrometry. All
attempts to crystallize L1 failed. 2 1H NMR (CD3OD, 250.13General: Metal salts, 2-pyridylcarbaldehyde and 1,3-diaminopro-

pane were purchased from Merck, tris(2-aminoethyl)amine from MHz, 303 K): δ 5 2.15 (m, 9-H), 3.80 (m, 8-H, 10-H), 7.46 (t, 3-
H), 7.88 (d, 4-H), 8.00 (m, 5-H), 8.41 (s, 7-H, 11-H), 8.59 (m, 2-Aldrich, powdered molecular sieves (3 Å) from Acros and used as

received without further purification. Condensation reactions with H). 2 13C NMR (CD3OD, 62.90 MHz, 303 K): δ 5 32.5 (C-9),
59.8 (C-8, C-10), 122.8 (C-5), 126.6 (C-3), 138.6 (C-4), 150.2 (C-2),molecular sieves were carried out under N2, using a modified

Schlenk technique. NMR spectra were recorded with either a 155.1 (C-6), 163.5 (C-7, C-11). 2 1H,15N z-GS HMBC
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([D6]DMSO, 250.13 MHz/25.35 MHz, 303 K): δ 5 235.8/7.46 (N- H), 242.0/8.30 (NB/4-H), 266.8/7.22 (NC/49-H), 2347.0/3.75 (NA/

2-H). 2 1H,15N z-GS HMBC ([D6]DMSO, 25.35 MHz/250.134/3-H), 262.6/8.41 (N-3/7-H and 11-H). 2 MS (75 eV); m/z (%):
252 [M1]. 2 C15H16N4 (252.32): calcd. C 71.40, H 6.39, N 22.20; MHz, 303 K): δ 5 238.9/2.88 (NB/1-H), 238.9/8.30 (NB/4-H),

262.2/7.36 (NC/49-H), 262.2/7.73 (NC/59-H), 262.2/8.56 (NC/39-found C 68.82, H 6.32, N 21.49. Owing to the difficulties in pu-
rifying L1, satisfactory elemental analysis could not be obtained. H), 2347.1/3.69 (NA/2-H). 2 HR MS (75 eV) (C24H27N7): calcd.

413.23279, found 413.23191.
Bis{1,3-bis(pyridine-2-carboxaldimino)propane}cadmium(II)

In Situ Preparation of Tris[4-(29-pyridyl)-3-aza-3-butenyl]ami-Perchlorate {[Cd(L12)](ClO4)2 (1)}: To 2.00 mmol of L1 in 10 ml
necadmium(II) Nitrate {[CdL2](NO3)2 (2)}: 31 mg (74.5 µmol) ofof methanol was added dropwise methanolic Cd(ClO4)2·6 H2O
tris[4-(29-pyridyl)-3-aza-3-butenyl]amine (L2) was dissolved in 0.5(1.00 mmol in 10 ml of MeOH) until precipitation was observed.
ml of CDCl3. The solution was mixed with a portion of 8.0 mgThe solution was allowed to stand overnight during which time
(25.9 µmol) of Cd(NO3)2·4H2O. To this mixture [D6]DMSO wasyellowish crystals of the complex formed. Yield 54%. The crystals
added dropwise until the precipitate was dissolved. The 1H-NMRwere separated by filtration and washed with acetone and a suitable
chemical-shift changes unambiguously revealing the complex for-crystal was selected for the X-ray diffraction study.2 1H NMR
mation between Cd21cation and L2, the molar ratio 2/L2 being 1:3([D6]DMSO, 250.13 MHz, 303 K): δ 5 1.86 (m, 9-H), 3.73 (m, 8-
at this stage. After another addition of 15.0 mg (48.6 µmol) of theH, 10-H), 7.68 (m, 3-H), 7.91 (m, 5-H), 8.11 (m, 4-H), 8.57 (s, 7-
Cd salt the Schiff base 2 was completely complexed with Cd21 cat-H, 11-H), 8.75 (m, 2-H). 2 13C NMR ([D6]DMSO, 125.75 MHz,
ion. The same procedure was also carried out in pure [D6]DMSO.303 K): δ 5 31.8 (C-9), 57.8 (C-8, C-10), 125.6 (C-5), 127.4 (C-3),
2 1H NMR (CDCl3/[D6]DMSO 5 10:1, 500.13 MHz, 303 K): δ 5139.4 (C-4), 149.5 (C-6), 149.9 (C-2), 161.2 (C-7, C-11). 2 1 H,13C
2.70 (m, 6 H, 1-H), 2.79 (br. s, 8 H, H2O), 3.51 (br. s, 6 H, 2-Hz-GS HMQC ([D6]DMSO, 250.13 MHz/62.90 MHz, 303 K): δ 5
and 2-H9), 7.29 (m, 6 H, 39-H and 49-H), 7.68 (m, 3 H, 69-H), 7.80125.6/7.91 (C-5, 5-H), 127.4/7.68 (C-3, 3-H), 139.4/7.91 (C-4, 5-H),
(m, 3 H, 59-H), 8.58 (s, 3 H, 4-H). 2 1H NMR (CDCl3/139.4/8.11 (C-4, 4-H), 149.9/8.75 (C-2, 2-H), 161.2/8.57 (C-7, C-11,
[D6]DMSO 5 10:1, 500.13 MHz, 253 K): δ 5 2.65 (m, 6 H, 1-H),7-H, 11-H). 2 1H,15N z-GS HMBC ([D6]DMSO, 250.13 MHz/
3.27 (br. s, 8 H, H2O), 3.38 (m, 3 H, 2-H or 2-H9), 3.55 (m, 3 H,25.35 MHz, 303 K): δ 5 262.2/8.57 (N-3/7-H and 11-H). 2 113Cd
2-H9 or 2-H), 7.25 (m, 6 H, 39-H and 49-H), 7.67 (m, 3 H, 69-H),NMR {[D6]DMSO, 110.94 MHz, 348 K, calibration with 0.1 
7.79 (m, 3 H, 59-H), 8.56 (s, 3 H, 4-H). 2 1H NMR([D6]DMSO,aqueous Cd(ClO4)2}: δ 5 84.4.
250.13 MHz, 303 K): δ 5 3.01 (br. s, 6 H, 1-H), 3.77 (br. s, 8 H,
H2O), 3.83 (br. s, 6 H, 2-H), 7.72 (m, 6 H, 39-H and 49-H), 8.08Tris[4-(29-pyridyl)-3-aza-3-butenyl]amine (L2): 10.0 g of molec-

ular sieves (3 Å, powdered) was thoroughly activated at 500°C in (m, 3 H, 69-H), 8.28 (m, 3 H, 59-H), 8.94 (s, 3 H, 4-H) . 2 Variable-
temperature 1H NMR: ∆G?(TC) 5 R·TC ln [(R·TC·21/2)/vacuo (oil pump). After addition of 90 ml of toluene, 0.51 ml (500

mg, 3.42 mmol) of tris(2-aminoethyl)amine and 0.98 ml (1.10 g, (2π·NA·h·∆v)], ∆G?(287 K) 5 56.1 kJ mol21 ± 2.1 kJ mol21, TC 5

287 K (coalescense temperature), ∆v (253 K) 5 86.6 Hz [difference10.3 mmol) of 2-pyridylcarbaldehyde, the resulting suspension was
stirred under nitrogen at room temperature (23°C) for 12 h. The of the baseline-separated signals of the observed protons (dynamics

frozen out)], R 5 8.3144 J K21 mol21 (gas constant), NA 5 6.0220molecular sieves were then removed by filtration. After evaporation
of the solvent, the slightly yellowish oil was dried under vacuum 3 1023 mol21 (Avogadro9s number), h 5 6.6262 3 10234 J s

(Planck constant). 2 13C NMR (CDCl3/[D6]DMSO 5 10:1, 125.75(oil pump). The yield of L2 was 1.23 g (87%). 2 IR (NaCl): ν̃ 5

3053 (m) cm21, 3007 (m), 2940 (vs), 2906 (vs), 2886 (vs), 2850 (vs), MHz, 303 K): δ 5 53.9 (C-1), 54.2 (C-2), 128.5 (C-39 or C-49),
129.0 (C-69), 140.4 (C-59), 146.3 (C-19), 148.3 (C-49 or C-39), 162.21648 (vs), 1587 (vs), 1567 (vs), 1468 (vs), 1436 (vs), 1352 (m), 1292

(m), 1146 (m), 1066 (s), 1045 (s), 992 (s), 773 (vs), 754 (s), 617 (m). (C-4). 2 13C NMR (CDCl3/[D6]DMSO 5 10:1, 125.75 MHz, 253
K): δ 5 53.3 (C-1), 53.9 (C-2), 128.0 (C-39 or C-49), 128.4 (C-69),2 1H NMR (CDCl3, 500.13 MHz, 303 K): δ 5 2.97 (t, 3J 5 6.8

Hz, 6 H, 1-H), 3.75 (t, 3J 5 6.8 Hz, 6 H, 2-H), 7.22 (m, 3 H, 49- 140.3 (C-59), 145.8 (C-19), 148.0 (C-49 or C-39), 161.8 (C-4). 2
1H,13C HMQC (CDCl3/[D6]DMSO 5 10:1, 500.13 MHz/H), 7.64 (m, 3 H, 59-H), 7.87 (m, 3 H, 69-H), 8.30 (s, 3 H, 4-H),

8.56 (m, 3 H, 39-H). 2 1H NMR(CD3CN, 500.13 MHz, 303 K): 125.75MHz, 303 K): δ 5 53.9/2.70 (C-1/1-H), 54.2/3.51 (C-2/2-H),
128.5/7.29 (C-49andC-39/49-H and 39-H), 129.0/7.68 (C-69/69-H),δ 5 2.93 (t, 3J 5 6.5 Hz, 6 H, 1-H), 3.72 (dt, 3J 5 6.5 Hz, 4J 5

1.3 Hz, 6 H, 2-H), 7.32 (m, 3 H, 49-H), 7.72 (m, 3 H, 59-H), 7.89 140.4/7.80 (C-59/59-H), 148.3/7.29 (C-39 and C-49/39-H and 49-H),
162.2/8.58 (C-4/4-H). 2 1H,13C z-GS HMBC (CDCl3/(m, 3 H, 69-H), 8.28 (s, 3 H, 4-H), 8.56 (m, 3 H, 39-H). 2 1H NMR

([D6]DMSO, 250.13 MHz, 303 K): δ 5 2.88 (t, 3J 5 6.3 Hz, 6 H, [D6]DMSO 5 10:1, 250.13 MHz/62.90MHz, 303 K): δ 5 54.2/8.58
(C-2/4-H), 128.5/7.29 (C-39 and C-49/49-H and 39-H), 128.5/7.681-H), 3.69 (t, 3J 5 6.3 Hz, 6 H, 2-H), 7.36 (m, 3 H, 49-H), 7.73 (m,

3 H, 59-H), 7.86 (m, 3 H, 69-H), 8.30 (s, 3 H, 4-H), 8.56 (m, 3 H, (C-39 and C-49/69-H), 128.5/7.80 (C-39 and C-49/59-H), 129.0/8.58
(C-69/4-H), 140.4/7.29 (C-59/39-H and 49-H), 146.3/7.29 (C-19/39-H39-H) . 2 13C NMR (CDCl3, 125.75 MHz, 303 K): δ 5 55.3 (C-

1), 59.8 (C-2), 121.2 (C-69), 124.5 (C-49), 136.4 (C-59), 149.3 (C-39), and 49-H), 146.3/7.68 (C-19/69-H), 146.3/7.80 (C-19/59-H), 146.3/
8.58 (C-19/4-H), 148.3/7.80 (C-39/59-H), 162.2/7.68 (C-4/69-H). 2154.5 (C-19), 162.2 (C-4). 2 13C NMR (CD3CN, 125.75 MHz, 303

K): δ 5 56.1 (C-1), 60.5 (C-2), 121.4 (C-69), 125.6 (C-49), 137.5 1H,15N z-GS HMBC (CDCl3/[D6]DMSO 5 10:1, 250.13 MHz/
25.35 MHz, 303 K): δ 5 291.6/2.70 (NB/1-H), 291.6/8.58 (NB/4-(C-59), 150.3 (C-39), 155.8 (C-19), 163.5 (C-4) . 2 1H,13C HMQC

(CD3CN, 500.13/125.75 MHz, 303 K): δ 5 56.1/2.93 (C-1, 1-H), H), 2113.7/7.29 (NC/39-H and 49-H),-113.7/7.68 (NC/69-H),
2113.7/7.80 (NC/59-H), 2113.7/8.58 (NC/4-H). Cross peaks for the60.5/3.72 (C-2, 2-H), 121.4/7.89 (C-69, 69-H), 125.6/7.32 (C-49, 49-

H), 137.5/7.72 (C-59, 59-H), 150.3/8.56 (C-39, 39-H), 163.5/8.28 (C- nitrogen atom NA could not be detected at 303 K. 2 1H,15N z-GS
HMBC ([D6]DMSO, 25.35 MHz/250.13 MHz, 303 K): δ 5 290.0/4, 4-H). 2 1H,13C HMBC (CDCl3, 500.13 MHz/125.75MHz, 303

K): δ 5 55.3/3.75 (C-1/2-H), 59.8/2.97 (C-2/1-H), 59.8/8.30 (C-2/4- 8.94 (NB/4-H), 2113.0/7.72 (NC/39-H and 49-H), 2113.0/8.94 (NC/
4-H). Cross peaks for the nitrogen atom NA could not be detectedH), 121.2/7.22 (C-69/49-H), 121.2/8.30 (C-69/4-H), 124.5/7.87 (C-49/

69-H), 136.4/8.56 (C-59/39-H), 149.3/7.22 (C-39/49-H), 149.3/7.64 at 303 K. 2 113Cd NMR {CDCl3/[D6]DMSO 5 10:1, 110.94 MHz,
303 K, calibration with ethanolic 0.1  Cd(ClO4)2}: δ 5 227.0.(C-39/59-H), 154.5/7.64 (C-19/59-H), 154.5/8.30 (C-19/4-H), 154.5/

8.56 (C-19/39-H), 162.2/3.75 (C-4/2-H). 2 1H,15N z-GS HMBC 2 113Cd NMR {CDCl3/[D6]DMSO 5 10:1, 110.94 MHz, 303 K,
calibration with aqueous 0.1  Cd(ClO4)2}: δ 5 188.1.(CDCl3, 25.35 MHz/250.13 MHz, 303 K): δ 5 242.0/2.97 (NB/1-
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In the presence of stoichiometric amounts of bis(ace- 19,39-diylpyridine-κN:κ3C-chloropalladium(II) in the case of 2
and 3 respectively. The latter were quantitativelytonitrile)dichloropalladium(II) the ortho-alkenylpyridines 2-

but-39-en-19-ylpyridine (1), 2-pent-59-en-19-ylpyridine (2), 2- demetallated in the presence of an excess of triphenyl-
phosphane to yield tris(triphenylphosphane)palladium(0), 2-hex-59-en-19-ylpyridine (3), 2-hept-69-en-19-ylpyridine (4)

and 2-methyl-6-pent-49-en-19-ylpyridine (5) led to a mixture vinyl-2,3-dihydroindolizinium chloride and 2-prop-19-en-19-
yl-2,3-dihydroindolizinium chloride, respectively, by aof coordination compounds such as 2-alken-19-ylpyridine-

κN:κ2C-dichloropalladium(II) and bis(2-alken-19-ylpyridine- regioselective addition of the pyridine unit onto the more
congested terminal carbon atom of the allyl fragment.κN)-dichloropalladium(II) together with 2-pent-4-ene-19,39-

diylpyridine-κN:κ3C-chloropalladium(II) and 2-hex-4-en-

Introduction Scheme 1. ortho-Alkenyl pyridines (o-AlkPy)

The formation of an intramolecular C2N bond between
an amine and an olefin activated in the presence of pal-
ladium complexes, has been extensively studied. Indeed,
Hegedus and co-workers[1] have shown that for primary and
secondary amines this amine-olefin coupling reaction,
yielding a new C2N bond, results mainly from the addition
of the amine to the alkene which has been activated towards
nucleophilic addition through coordination to the pal- rated by a chain of carbon atoms of variable length, in the
ladium center. Moreover, recent studies from our group re- ortho position of the pyridine (Scheme 1).
vealed that tertiary amines could also be used as nucleo- We report herein the reactivity of the pyridine derivatives
philes in a different type of C2N coupling reaction to af- 125 (they are called o-AlkPy from now on) in the presence
ford cationic and neutral heterocyclic compounds[2]. Here of a palladium(II) complex and base, and we compare this
the key step is the formation of an (η3-allyl)PdII intermedi- to the reactions observed previously for tertiary amines. We
ate by a palladium-assisted C2H activation process. We de- will also describe the interactions between the nitrogen
emed it of great importance to check whether this coupling atom and/or the alkene unit and the PdII center, define un-
reaction could be extended to other nitrogen-containing der which structural conditions an allylic C2H activation
systems such as those containing an sp2-hybridised nitrogen can take place, and, finally study the depalladation of the
atom. We were especially interested in nitrogen nucleophiles thus formed organopalladium species affording the antici-
in pyridinic systems in these heterocyclisation reactions. It pated heterocyclic compounds.
is noteworthy that prior to the work described herein the
intramolecular C2N coupling of a nitrogen atom at an al-
lylic position was limited mainly to primary or secondary Results
amines as nitrogen-containing nucleophiles[3]. We can note
that heterocycles obtained in this novel way [i.e. by intra- Synthesis of the ortho-Alkenylpyridines
molecular addition of a pyridine unit onto a (allyl)Pd de-
rivative] would furnish N-bridgehead heterocycles, many of The o-AlkPy ligands 125 are synthesised according to a

known procedure[5]. It is based principally on a C2C coup-which display interesting biological properties[4].
The substrates we have chosen for this study are ortho- ling reaction between a 2-methylpyridyllithium derivative

(prepared in situ) and an alkenyl bromide (Scheme 2).alkenylpyridine derivatives bearing a terminal olefin sepa-
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Scheme 2. Synthesis of ortho-alkenylpyridines In order to check whether it would be possible to gener-

ate an (η3-allyl)PdII complex by deprotonation at the allylic
position, as it was observed in the case of tertiary am-
ines[2a] [2b], the chelate adduct 2a was treated with a base.
Indeed, the corresponding (η3-allyl)PdII analogue was
formed. Nevertheless, its poor yield (less than 10%) due to
the formation of a secondary product of the type PdCl2(2)2

(see below), incited us to investigate optimum conditions to
generate the (allyl)Pd complex.

Ligand-PdII-Base Interaction: Formation of (η3-Allyl)PdIILigand-PdII Interaction
Complexes

The reaction of the ortho-alkenylpyridines 125 with stoi-
The products of the one-pot reaction of the o-AlkPy li-chiometric amounts of PdCl2(MeCN)2 (1:1) leads to the

gands 125 with one equivalent of PdCl2(MeCN)2 and aformation of new coordination chelate complexes (Scheme
base were studied. The reaction conditions and the prod-3). The stability of these compounds (1a, 2a and 5a) en-
ucts formed are indicated in Table 1 below. Several impor-abled their characterisation both in the solid state and in
tant remarks can be made concerning these results. Firstly,solution. This is in marked contrast to the corresponding
the nature of the final products seems to depend not onlyderivatives obtained previously with ortho-alkenylaniline
on the number of carbon atoms (n) between the nitrogenor -benzylamine which were only characterised in solution
atom and the terminal olefin but also on the nature of Ras they were too unstable to be isolated in the solid state.[2a]

(R 5 Me, H). In fact, the formation of an (η3-allyl)pal-The structure of compound 2a was determined by 1H-
ladium(II) complex, analogous to that obtained in the caseNMR and IR spectroscopy, microanalysis and mass spec-
of tertiary amines, is limited to the cases where R 5 Htrometry while compounds 1a and 5a were identified by
and n 5 4, 5. In other terms, no allylpalladium complex iscomparison of their 1H-NMR spectra with that of 2a and
observed for n larger than 5: the same observation wasconfirmed by their combustion analyses.
made in the case of tertiary amines where a different reac-The downfield shift of the ortho proton of the pyridine
tivity was noticed for the same length of the carbon chainring in the proton-NMR spectrum of 2a indicates that the
separating the terminal olefin and the sp3-hybridised nitro-nitrogen atom is coordinated to the Pd atom. The coordi-
gen atom[2a] [2b]. Given that the number of carbon atomsnation of the olefinic double bond is evidenced by the
between the nitrogen atom and the allylic fragment in theseshielding of all the protons in the lateral chain. Moreover,
two (η3-allyl)PdII complexes (2d and 3d in Table 1) is thethis is confirmed by the fact that when the chelate com-
same, we are inclined to believe that in the case of pyridino-plexes are treated with one equivalent of PPh3 or NEt3,
olefins, the formation of the allyl complex is under thermo-used to displace the alkene-Pd interaction, the chemical
dynamic control. However, the formation, in all cases andshifts of the latter protons are indeed almost identical to
whatever the reaction conditions, of an important quantitythe values observed for the free ligand. In addition, the el-
of a secondary product (existing as two isomers except foremental analysis of 2a gave a ratio of 1:2:1 with respect
5c) consisting of two o-AlkPy ligands and two chlorineto palladium, chlorine and the o-AlkPy ligand 2; the mass
atoms coordinated to the same palladium center, limits thespectrum is in agreement with a monomeric species which
yield of the allyl complex for n 5 4, 5 and R 5 H. Thewas expected due to its solubility. Finally, two absorptions
latter organopalladium compounds 2d and 3d are indeedwith mean intensities corresponding to the frequencies of
the minor products obtained during this reaction. All at-two Pd2Cl vibrations are seen in the far-IR spectrum: the
tempts (use of different reaction conditions, solvents orhigher value is assigned to the vibration frequency of the
bases) to optimise its yield were unsuccessful: 18% was thePd2Cl bond trans to N, and the lower one, to the Pd2Cl
maximum yield obtained for 2d [the PdCl2(2)2 adduct re-bond trans to the olefin[6] [7].
mained the major product of the reaction] when heating a
mixture of 2, 1 equivalent of PdCl2(MeCN)2 and 2.5 equiv-

Scheme 3. Chelate-type interaction between the o-AlkPy ligands alents of NaOAc in MeCN at 65°C for 3 h.
and PdII

It is worth noting that the stability of these PdCl2(li-
gand)2 adducts depends on the value of n. For n < 4 (i.e for
1), this adduct was not stable and was not isolated although
a proton-NMR spectrum of the reaction mixture revealed
unambiguously its presence in solution. When n increases,
a higher yield of the adducts reflects an increase in their
stability. A plausible explanation, based on observations
from L. D. Pettit9s group[5], is the increase in the basicity of
the nitrogen atom as it moves further away from the olefinic
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double bond with a negative inductive effect. Consequently, As shown in Scheme 4, ligand 2 is metallated by the pal-

ladium salt PdCl2(MeCN)2 in the presence of 2 equivalentsthe donor ability of the nitrogen atom, via its lone pair of
electrons, increases. This is confirmed by the chemioselec- of K2CO3 in MeCN to afford the (η3-allyl)PdII complex 2d

and the two isomers 2b and 2c of the adduct PdCl2(2)2 astive formation of this adduct in the case n 5 6 (compounds
4b and 4c). In addition, for longer aliphatic chains (n 5 5 the main products, along with some palladium black and

traces of unidentified products. After Celite filtration, 2dand 6) this adduct is obtained with an isomerisation of the
double bond in the lateral carbon chain of the pyridino- (15%) and a mixture of isomers 2b and 2c (30%) were iso-

lated by column chromatography on silica gel using ethylolefin ligand. The latter reaction is rationalised by a classi-
cal 1,3-hydrogen shift as described by Sen[8] and others[9]. acetate as eluant.

The (η3-allyl)PdII complex 2d was structurally character-Finally, the simplicity of the 1H- and 13C-NMR spectra
(compared to those obtained for a mixture of the two iso- ised by microanalysis and 1H- and 13C-NMR spectroscopy.

The 1H-NMR spectrum shows the presence of the expectedmers) suggests the formation of only one isomer of the
PdCl2(o-AlkPy)2 adduct for ligand 5. An increase in the signals for an η3-allyl fragment: a multiplet at δ ø 5.5 corre-

sponding to Hb, coupled to Ha, Hc and Hd (Scheme 4); thesteric bulk around the nitrogen atom resulting from the
presence of a methyl group in the second ortho position of terminal CH2 group with the characteristic syn (3JHbHc 5

6.68 Hz), anti (3JHbHd 5 11.87 Hz) and gem (2JHcHd 5 1.1the pyridine ring would most probably favour the formation
of the anti isomer 5c rather than the syn isomer. Hz) couplings. The intramolecular coordination of the ni-

Table 1. Ligand-PdII-base interaction

[a] Yield of the pure products after a column chromatography on silica gel. 2 [b] Unstable product, not isolated but characterised in
solution by 1H NMR.
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Scheme 4 has the syn configuration. The presence of the methyl group

is confirmed by a doublet integrating for three protons at
δ 5 1.55 and with a coupling constant 3JHHc of 6.3 Hz.
Finally, evidence for the intramolecular coordination of the
nitrogen atom comes from the shielding of the ortho proton
(δ 5 9.41 compared to 8.47 for the free ligand). The struc-
ture of the syn-(η3-allyl)PdII complex 3d was confimed by
13C-DEPT NMR.

Scheme 5

trogen atom is evidenced by the deshielding of the ortho
proton (δ 5 9.4 compared to 8.4 for the free ligand). The
1H-NMR spectrum of 2d indicates the presence of only one
isomer in which the coupling constant between Hb and Ha

is characteristic for two protons in an anti position
(3JHaHb 5 11.5 Hz) suggesting that the carbon chain is in
a syn position to Hb.

The PdCl2(2)2 adduct results from the higher affinity of
a palladium(II) center for an sp2-nitrogen atom. This com- The aspect of the 1H-NMR spectrum of the mixture 3b
pound was characterised by 1H and 13C NMR, elemental and 3c is also markedly different from that observed for the
analysis and IR. The 1H-NMR spectrum shows two distinct mixture of isomers 2b and 2c: the integration of the mul-
doublets of doublets in a 1:1 ratio at δ ø 9. In the presence tiplets in the olefinic region indicates the presence of fewer
of a drop of deuterated pyridine this spectrum remained olefinic protons (8 instead of 12). On the other hand, we
unchanged but with a larger excess, the free o-AlkPy ligand noticed the appearence of a new multiplet integrating for
2 and the yellow adduct PdCl2(pyr-D5)2 were formed. All 12 protons at δ 5 1.7 and corresponding to the methyl
these observations seem to indicate that the terminal olefin groups. In addition, the 13C-DEPT NMR spectrum shows
of the lateral chain is not coordinated and that a simple a signal for methyl groups, thereby confirming the isomeri-
adduct is formed by the coordination of o-AlkPy ligand 2 sation of the olefinic double bond in ligand 3 during the
on the palladium(II) center. The combustion analysis is in course of the reaction and prior to the allylic deprotonation
agreement with the presence of two chlorine atoms and two leading to the allyl complex. The same isomerisation pro-
ligands around one atom of palladium. The far-IR spec- cess was observed in the case of ligand 4 and the analogous
trum of this compound shows only one large and intense mixture of isomers 4b and 4c was isolated and characterised
band at 347 cm21: this vibration frequency is characteristic (see Table 1).
of a Pd2Cl bond trans to a chlorine atom[6] [7]. Thus these
data indicate that the PdCl2(2)2 adduct is a mixture of two
isomers, in a 1:1 ratio. For one of these isomers, the two Formation of Cationic N-Bridgehead Heterocycles
lateral carbon chains are on the same side of the coordi-
nation plane of the palladium center (syn isomer) and in The (η3-allyl)PdII complexes 2d and 3d are stable in air

and in solution. However, in the presence of an excessthe other isomer, they are opposite each other with respect
to this plane (anti isomer). The (η3-allyl)PdII complex 3d (3.524 equivalents) of triphenylphosphane in MeOH or

MeCN at room temperature, they can be easily demetal-and the mixture of isomers 3b and 3c (Scheme 5) were iso-
lated in an analogous way to that described for 2d, 2b and lated[10]. An orange-yellow solution was obtained together

with the precipitation of a pale yellow solid. A proton2c. Their structures were determined mainly by 1H and 13C
NMR. The proton NMR of 3d shows the presence of only NMR of the reaction mixture indicated the presence of only

one organic compound and the characteristic signals of theone compound where the multiplet at δ 5 5.5 characteristic
of Hb, the central proton of the allylic unit is no longer phosphane ligands in a Pd0 complex, Pd(PPh3)n. After fil-

tration through Celite and anion exchange using KPF6 inobserved. Instead a triplet at δ 5 5.3 was found, indicating
that Hb is coupled with Ha and Hc, two magnetically equiv- MeOH, the cationic N-heterocycles 2f and 3f (Scheme 6)

were obtained as pure beige solids. These heterocyclic com-alent protons. This suggests that the (η3-allyl)PdII complex
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pounds are indolizinium derivatives incorporating an sp2- has only been observed for two ligands and (ii) that both

compounds do have the same geometry around the (Py-hybridised nitrogen atom shared between a pyridine ring
and a 5-membered ring. allyl)Pd unit: in both cases a CH22CH2 chain is found be-

tween the pyridine ring and one extremity of the allylic unit.
Scheme 6 This is due to the stabilisation of the π-allyl fragment by an

intramolecular coordination of the pyridine, thereby con-
fering an ideal coordination geometry for the palladium
atom in an analogous manner to that observed for a
Pd(benzylamine-allyl) derivative[2a].

Moreover, for ligand 3 a prior C2H migration is essential
in order to obtain the same type of stabilised (Py-allyl)Pd
compound observed for ligand 2 (see Table 1). However,
this C2H migration occurs only once since for ligand 4, we
observed only the formation of the bis(ortho-alkenylpyridi-
ne)palladium adduct. This behaviour is in marked contrast

The structures of compounds 2f and 3f were deduced to that of the corresponding ligands bearing an sp3-hybrid-
from 1H and 13C NMR, mass spectrometry and combus- ised tertiary amine unit [2a] [2b], for which the formation of
tion analysis. The proton-NMR spectrum of 2f is rather the (η3-allyl)Pd moiety was always possible (although it
simple and shows not only that all the protons are different could not be isolated in each case studied) regardless of the
but also that the protons of the lateral carbon chain res- number of carbon atoms between the olefin and the N
onate at lower frequencies compared to those observed for atom. We interpret this as a consequence of the strong coor-
compound 2d: this general shielding is best explained by the dination of the sp2-hybridised nitrogen atom of the pyridine
presence of a positive charge on the nitrogen atom. The moiety to the Pd center prior to the C2H activation at the
diastereotopicity of the protons of both CH2 groups in 2f allylic position by this metal, whereas for the tertiary amine
is due to the presence of a stereogenic center α to the nitro- alkene derivatives the interaction of the alkene to the pal-
gen atom. The structure of compound 3f was deduced by ladium center seems to be the key step of the metallation
comparaison of its 1H- and 13C-NMR spectra with those process, yielding the (π-allyl)Pd derivatives in a quantitat-
of 2f. ive way.

Although the corresponding (η3-allyl)PdII complexes
have been observed for pyridine derivatives, their yields areDiscussion
low (less than 20%) compared to those for tertiary amine
analogues. These compounds are most likely formed by theThis study was aimed at defining the reactivity of ortho-

alkenylpyridine ligands with a PdII center in the presence intermediacy of the monomeric chelate adduct where both
the nitrogen atom and the olefin are coordinated to the pal-of a base. We intended to extend the scope of the unusual

reactions that were observed for the related ortho-alkenylan- ladium atom (its presence in solution was unambiguously
identified by 1H NMR of the reaction mixture at the begin-ilines or -benzylamines under similar conditions, i.e. the

palladium-mediated heterocyclisation of these ligands ning of the reaction). However, the C2H activation process
takes place only partially since the compounds with twowhich occured via the formation of C2N bonds at the al-

lylic position[2]. ligands per palladium, PdCl2(o-AlkPy)2, are the major
products of the reaction. Nevertheless, once they areWe have noticed one major similarity between tertiary

amines and pyridine derivatives concerning the above-men- formed no reverse reaction could be envisaged to transfer
one species into the other; this result seems to indicatetioned heterocyclisation process: the addition of the nucleo-

phile (amine or pyridine) always takes place at an allylic clearly the absence of any type of equilibrium between these
two PdII compounds. One may anticipate, from our failedterminal (i.e. after an allylic deprotonation in the presence

of a base) instead of a direct nucleophilic addition on the attempts to increase the yields of the allylic compounds
starting from 2a for instance, that the formations of theseactivated olefin due to its coordination to a PdII center, as

observed in the case of primary and secondary amines[1]. two classes of compounds are in competition with each
other; however, in the absence of any reliable kinetic dataIndeed, the results we have obtained clearly demonstrate

that there is very little similarity between these types of ni- we cannot conclude about this important mechanistic
point.trogen ligands and the corresponding pyridine derivatives,

since in the present work we have mainly observed the for- It is, however, interesting to note the ease with which the
allylic compounds can be demetallated to yield quantitat-mation of stable pyridine2palladium adducts. This result is

not surprising as it is well known that PdII has a much ively heterocyclic compounds with a stable C2N bond even
in the presence of Pd0 formed. Indeed, even if some rarelarger affinity to a pyridine nitrogen atom as compared to

an sp3-hybridised tertiary amine nitrogen atom[11]. examples of (allyl)PdII complexes analogous to that ob-
served for the pyridino-olefins are known for quinoline de-However, in two cases we could observe the formation of

some (η3-allyl)Pd-containing complexes by a C2H acti- rivatives[12], the cyclisation reaction by the addition of an
sp2-nitrogen atom on an allylic fragment has never beenvation reaction. It is interesting to note that (i) this moiety
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studied until now. One of the reasons is, most probably, a Moreover, in the case of substrate 3d, the exocyclisation

should be even more favorable owing to the steric effect ofreversible reaction implying a C2N bond rupture, between
the pyridinium ion formed and the simultaneous obtention the methyl group at the external (Cγ) allylic carbon atom.

Consequently, the nucleophilic attack at this position be-of Pd0 during the demetallation reaction. Indeed, allylpyri-
dinium moities synthesised by other methods are used to comes more difficult [17].
generate in the presence of Pd0 an (η3-allyl)PdII complex
and a trisubstituted pyridine (playing the role of a neutral

Conclusionleaving group) by an oxidative addition of the C2N bond
on the PdII center[13]. Moreover, another reason which may

The present study shows that even if there is a remarkablejustify that hitherto only few studies have been carried out
difference in affinity to a palladium(II) center between aconcerning pyridine-allyl coupling reactions yielding new
pyridinic sp2-nitrogen and a tertiary amino sp3-nitrogenC2N bonds, is the result of the recent study carried out on
atom, it is possible to generate the (η3-allyl)PdII analoguethe reversible intermolecular addition of a pyridine on an
of the pyridino-olefin derivative. The demetallation of theallylic unit [14]. Thus, this reversibility reflects the instability
latter complex yields, regioselectively and in mild con-of the C2N1 bond formed during this study.
ditions, a stable cationic N-heterocycle by the intramolecu-The demetallation of the (η3-allyl)PdII compounds is in-
lar formation of a C2N bond between the pyridinic nitro-duced by an intramolecular attack of the sp2-hybridised ni-
gen atom and the allylic C3 unit. Nevertheless, the low yieldtrogen atom on the allylic fragment and this can occur
of the allylpalladium complex associated with the fact thateither as an endo- or exocyclisation yielding different cyclic
it is observed in only a few cases, considerably limits theproducts. In the case of substrate 2d or 3d, only one hetero-
scope of this elegant cyclisation reaction for the formationcycle is obtained by the formation of a new C2N bond
of cationic N-bridgehead heterocycles. Consequently, newbetween the sp2-nitrogen and the more substituted carbon
methods to generate selectively and quantitatively the keyatom Cα to give a 5-membered heterocycle (Scheme 7). We
(η3-allyl)PdII intermediate are under investigation.have, therefore, a remarkably high regioselectivity when tak-

J. C. thanks the Ministère de la Recherche et de l’Enseignementing into account the two possible electrophilic centers on
Supérieur for partial financial support of this work.the allylic fragment.

Scheme 7

Experimental Section
General: All the reactions described herein were carried out with-

out any particular precaution unless otherwise stated. All the sol-
vents used were dried beforehand and distilled under nitrogen. The
other commercial starting materials were utilised without further
purification. Filtrations to remove the black deposit of metallic pal-
ladium formed during the depalladation reactions, were performed
using Celite pads. Column chromatography was carried out either
on silica gel (Geduran SI 60; 0.06320.200 mm) or on alumina 90
(Activity II2III mesh; 0.06320.200 mm) from Merck. 1H- (300.13
or 200.13 MHz), 13C- (75.47 or 50.32 MHz) and 31P-NMR spectra
(81 MHz) were recorded with AC 300 and AC 200 Bruker instru-
ments and externally referenced to TMS. Coupling constants (J)According to Baldwin rules governing the formation of
are given in Hertz. All deuterated solvants were dried with molecu-cyclic products[15], both the formation of the 5-membered
lar sieves (4 Å) and stored under nitrogen. Combustion analysesheterocycle and that of the 7-membered one are favoured
were performed by the Service Central de Microanalyses du CNRS,processes. It is, however, accepted that the formation of 5-
Université Louis Pasteur, Strasbourg, France or by that of Vernai-membered rings is more frequent than that of 7-membered
son, France. All Mass spectra were performed by the Laboratoire

derivatives[16]. An important observation is the fact that in de Spectroscopie de Masse de l9Université Louis Pasteur, Stras-
the case of tertiary amines, for the closely related (π-allyl)Pd bourg. IR spectra were recorded with an IRFT Bruker instrument
compounds (i.e. those having 3 carbon atoms between the and the absorption bands are given in cm21.
N atom and the allylic fragment) the endocyclisation pro-

Ligands Synthesis: Ligands 1 and 2 were prepared according tocess was exclusively observed[2a]. This highlights the differ-
published procedures[5]. Ligands 3, 4 and 5 were synthesised in an

ence of the strength of the N2Pd bond in the latter case as analogous manner. The analytical data for these ligands are listed
compared to the pyridine compounds: the endocyclisation below.
could only take place via an intermediate in which the NR2 Ligand 1: Yellow oil (83%). 2 1H NMR (CDCl3): δ 5 8.4528.43unit was not coordinated to the palladium atom. On the

(m, 1 H, Ho), 7.48 (td, 1 H, Hm, 3J 5 8.4 Hz, 4J 5 1.9 Hz), 7.09
other hand, for the pyridine-containing compounds the ex- (d, 1 H, Hm, 3J 5 19.2 Hz), 7.0426.97 (m, 1 H, Ar, Hp), 5.8625.73
ocyclisation could be achieved without dissociation of the (m, 1 H, HC5C), 5.0124.87 (m, 2 H, C5CH2, 3Jtrans 5 17.1 Hz,
Py2Pd bond by a cis migration of the N atom to the more 3Jcis 5 10.2 Hz), 2.8322.78 (m, 2 H, Ar-CH2), 2.4722.39 (m, 2 H,
substituted allylic carbon atom; however, this assumption CH2). 2 13C NMR (CDCl3): δ 5 161.4, 149.2, 137.7, 136.2, 123.0,

121.0, 115.1 (aromatic and olefinic), 37.7, 33.7 (CH2).merits a more substantial mechanistic study.
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Ligand 2: Pale yellow oil (78%). 2 The indices allocated to cer- 7.4027.26 (m, 2 H, Hp 1 Hm), 6.9126.78 (m, 1 H, C5CH), 5.85

(d, 1 H, C5CH2, 3Jcis 5 8.2 Hz), 4.41 (d, 1 H, C5CH2, 3Jtrans 5tain protons are given in Figure 1. 2 1H-NMR (CDCl3): δ 5 8.45
(d, 1 H, Ha,

3JHaHb 5 3.4 Hz), 7.52 (m, 1 H, Hc), 7.03 (m, 2 H, Hb 14.1 Hz), 3.92 (td, 1 H, CH2, 3J 5 12.6 Hz), 3.3423.27, 2.8022.77,
1.7021.54 (3 m, 3 H, CH2). 2 C9H11Cl2NPd (310.5): calcd. C1 Hd), 5.80 (m, 1 H, Hk, 3JHkHm 5 18.8 Hz, 3JHkHl 5 9.3 Hz),

4.92 (m, 2 H, Hl 1 Hm, 2JHlHm 5 1.8 Hz), 2.74 (t, 2 H, Ar-CH2), 34.79, H 3.54, N 4.51; found C 34.65, H 3.36, N 4.71.
2.06 (m, 2 H, CH22CH5), 1.80 (m, 2 H, CH2-CH2-CH5). Compound 5a: Orange yellow solid (92%). 2 1H NMR (CDCl3):

δ 5 7.71 (t, 1 H, Ar, 3J 5 7.5 Hz), 7.24 (d, 1 H, Ar, 3J 5 8.3 Hz),Figure 1. Numbering scheme for the protons of ligand 2
7.17 (d, 1 H, Ar, 3J 5 7.7 Hz), 6.5526.35 (m, 1 H, C5CH), 5.65
(d, 1 H, C5CH2, 3J 5 7.1 Hz), 5.1825.07 (m, 1 H, CH2), 4.57 (d,
1 H, C5CH2, 3J 5 14.5 Hz), 3.4023.32 (m, 1 H, CH2), 3.28 (s, 3
H, CH3), 2.6322.43, 2.2522.10, 2.0521.85, 1.0520.82 (4 m, 4 H,
CH2). 2 C11.6H16.4Cl2NPd (5a 1 0.1 C6H14) (the solvent was de-
tected in the 1H-NMR spectrum) (347.2): calcd. C 40.11, H 4.70,
N 4.03; found C 40.14, H 4.45, N 4.11.

Ligand 3: Orange yellow oil (94%). 2 1H NMR (CDCl3): δ 5
Synthesis of the (η3-Allyl)palladium Complex 2d and of the Mix-8.47 (d, 1 H, Ho, 3J 5 4.8 Hz); 7.54 (td, 1 H, Hm, 3J 5 7.7, Hz,

ture 2b 1 2c: A suspension containing ligand 2 (1.3 g, 8.8 mmol),4J 5 1.8 Hz), 7.10 (d, 1 H, Hm, 3J 5 7.8 Hz); 7.0727.02 (m, 1 H,
PdCl2(MeCN)2 (2.3 g, 8.8 mmol) and 2 equiv. of NaOAc (1.45 g,Hp), 5.8225.71 (m, 1 H, HC5C), 5.0124.88 (m, 2 H, H2C5C),
17.6 mmol) in acetonitrile (50 ml) was heated at 65°C for 3 h. A2.76 (t, 2 H, Ar-CH2, 3J 5 7.7 Hz), 2.1122.03, 1.7821.67,
red solution with a considerable deposit of metallic palladium was1.4921.38 (3 m, 6 H, CH2). 2 13C NMR (CDCl3): δ 5 162.3,
thus obtained. After filtration of the Pd0 so formed through Celite,149.2, 138.8, 136.3, 122.7, 120.9 (aromatic and olefinic), 38.3, 33.6,
the clear solution was concentrated to dryness. The brown oily resi-29.4, 28.7 (CH2). 2 MS; m/z: 162 (M1 1 H), 120 (M1 2 C3H5),
due was then extracted with CH2Cl2 (ca. 5 ml). A column chroma-106 (M1 2 C4H7), 93 (M1 2 C5H8).
tography using silica gel and ethyl acetate as eluant allowed the

Ligand 4: Yellow oil (93%). 2 1H NMR (CDCl3): δ 5 8.5228.50
migration of a first yellow band corresponding to the mixture 2b

(m, 1 H, Ar, Ho), 7.56 (td, 1 H, Ar, 3J 5 7.7 Hz, 4J 5 1.9 Hz), 7.12
1 2c. After solvent evaporation, a yellow solid was obtained (1.25

(d, 1 H, Ar, 3J 5 7.8 Hz), 7.0927.05 (m, 1 H, Ar), 5.8625.72 (m,
g; yield 30%). Then a second yellow fraction containing compound

1 H, HC5C), 5.0124.89 (m, 2 H, C5CH2), 2.77 (t, 2 H, Ar2CH2,
2d was collected (0.412 g; yield 16%).3J 5 7.6 Hz), 2.0922.01, 1.7821.68, 1.4821.32 (3 m, 8 H, CH2).

Compound 2d: Figure 2 indicates the indices attributed to cer-2 13C NMR (CDCl3): δ 5 162.3, 149.1, 138.9, 136.1, 122.6, 120.8
tain protons.(aromatic and olefinic CH), 114.2 (olefinic CH2), 38.3, 33.6, 29.7,

28.8, 28.7 (CH2).
Figure 2. Numbering scheme for the protons of ligand 2d

Ligand 5: Pale yellow oil (80%). 2 1H NMR (CDCl3): δ 5 7.45
(t, 1 H, Ar, 3J 5 7.7 Hz), 6.9426.90 (m, 2 H, Ar), 5.8725.75 (m,
1 H, HC5C), 5.0424.92 (m, 2 H, C5CH2), 2.74 (t, 2 H, Ar-CH2,
3J 5 7.7), 2.51 (s, 3 H, CH3), 2.1422.07, 1.8421.74 (2 m, 4 H,
CH2). 2 13C NMR (CDCl3): δ 5 161.5, 157.7, 138.5, 136.4, 120.4,
119.5, 114.8 (aromatic and olefinic), 37.9, 33.5, 29.3 (CH2), 24.6
(CH3). 2 MS; m/z: 161 (M1), 160 (M1 2 H), 120 (M1 2 C3H5),
107 (M1 2 C4H6). 1H NMR (CDCl3): δ 5 9.36 (d, 1 H, Ha, 3JHaH 5 5.2 Hz), 7.73,

7.30 (2 m, 3 H, meta and para protons), 5.45 (m, 1 H, Hf, 3JHfHh 5
Synthesis of the Chelate Adducts 11.87 Hz, 3JHfHg 5 6.68 Hz, 3JHfHe 5 11.5 Hz), 3.94 (d, 1 H, Hg),

3.72 (m, 1 H, He, 3JHeHc 5 5.6 Hz), 3.12 (m, 2 H, Hb, 3JHbHc 5Compound 2a: To a suspension of PdCl2(MeCN)2 (0.93 g; 3.6
6.74 Hz, 3JHbHd 5 3.15 Hz), 2.88 (d, 1 H, Hh), 2.05 (m, 1 H, Hc),mmol) in acetonitrile (40 ml) was added dropwise a solution of
1.85 (m, 1 H, Hd). 2 13C NMR (CDCl3): δ 5 158.2, 152.2, 138.7,ligand 2 (0.525 g; 3.6 mmol). The yellow suspension became gradu-
124.9, 122.9 (aromatic), 111.7, 81.4, 55.9 (allylic), 41.6, 26.4 (CH2).ally homogeneous with increasing amounts of the ligand. The reac-
2 C12H16ClNOPd (2d 1 0.5 C4H8O2) (the solvent was detected intion mixture was stirred for 10 min at room temperature. After
the 1H-NMR spectrum) (332.1): calcd. C 43.37, H 4.82, N 4.22;removal of the solvent by evaporation, drying, washing with ether
found C 43.74, H 4.81, N 4.42.(2 3 40 ml), compound 2a was obtained as a fine, orange-coloured

powder (0.985 g; yield 85%). 2 1H NMR (CDCl3): δ 5 8.63 (d, 1 Compounds 2b 1 2c: 1H NMR (CDCl3): δ 5 9.02 (d, 2 H, Ho,
H, Hortho, 3J 5 5.5 Hz), 7.83 (t, 1 H, Hpara, 3J 5 7.7 Hz), 7.3827.34 3J 5 5.0 Hz), 8.90 (d, 2 H, Ho, 3J 5 4.9 Hz), 7.68 (td, 4 H, Hm, 3J 5
(m, 2 H, Hmeta), 6.4326.31 (m, 1 H, CH25CH), 5.78 (dd , 1 H, 7.5 Hz, 4J 5 1.6 Hz), 7.3027.18 (m, 8 H, Hm 1 Hp), 6.0525.93 (m,
CH25CH, 3J 5 7.7 Hz, 2J 5 2.1 Hz), 4.9524.83 (m, 1 H, 4 H, C5CH), 5.2925.05 (m, 8 H, C5CH2), 3.9623.92 (m, 8 H,
Ar2CH2), 4.68 (d, 1 H, CH25CH, 3J 5 14.7 Hz), 3.3923.32 (m, CH2), 2.4222.18 (m, 16 H, CH2). 2 13C NMR (CDCl3): δ 5 164.0,
1 H, Ar2CH2), 2.6122.48, 2.3422.16, 2.0721.89, 0.9520.88 (4 m, 152.7, 152.2, 138.2, 138.0, 125.4, 124.5, 122.6 (aromatic carbon
4 H, CH2). 2 IR (polyethylene pellet): 341 (br, m, νPd2Cl trans atoms and olefinic CH), 115.7 (olefinic CH2), 39.5, 38.9, 33.8, 33.4,
to N); 308 (br, m, νPd2Cl trans to the olefin). 2 MS (FAB); m/z: 28.2 (CH2). 2 IR (polyethylene pellet): 347 (br, s, νPd2Cl trans to
328 (M1 1 3H), 254 [M1 2 2 Cl)]. 2 C10H13Cl2NPd (324.5): calcd. Cl). 2 C20H26Cl2N2Pd (471.7): calcd. C 50.91, H 5.52, N 5.94;
C 37.01, H 4.04, N 4.32; found C 37.10, H 4.12, N 4.38. found C 51.62, H 5.52, N 5.63.

Compounds 1a and 5a were synthesised in the same way as de- Synthesis of Indolizinium Derivatives 2e and 2f: The reaction of
scribed for compound 2a above. the allylpalladium complex 2d (220 mg, 0.76 mmol) with 3.5 equiv-

alents of triphenylphosphane (700 mg, 2.66 mmol) in methanol (20Compound 1a: Dark yellow solid (93%). 2 1H NMR (CDCl3):
δ 5 8.93 (d, 1 H, Ho, 3J 5 5.6 Hz), 7.85 (t, 1 H, Hm, 3J 5 7.5 Hz), ml), at room temperature and under nitrogen, gave an orange solu-
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tion together with a yellow solid that precipitated after only a few Ar, Hp),, 5.7525.40 (m, 8 H, C5CH), 3.90 (br s, 8 H, H2C2C5),

2.6022.03 (m, 16 H, CH2), 1.8521.58 (m, 12 H, CH3). 2 13Cminutes of reaction. The reaction mixture was allowed to stir for 1
h. Then after filtration of the fine yellow solid, the filtrate was NMR (CDCl3): δ 5 164.3, 160.6, 152.5, 152.1, 138.2, 130.4, 126.3,

126.1, 125.3, 122.4, 121.4 (aromatic and olefinic), 39.6, 39.1, 32.6,concentrated to dryness to give an orange oily residue. Column
chromatography on alumina using a mixture of ether and methanol 28.9, 26.6, 23.0, 22.5 (CH2), 18.1,14.1 (CH3). 2

C22.6H31.2Cl3.2N2Pd (3b, 3c 1 0.6 CH2Cl2) (the solvent was de-(80:20) as eluant, enabled the migration of a yellow band corre-
sponding to the cationic heterocycle 2e (100 mg, crude yield 72%). tected in the 1H-NMR spectrum) (550.8): calcd. C 49.27, H 5.67,

N 5.09; found C 49.18, H 5.35, N 5.28.Compound 2f (PF6
2 as conter anion) was obtained pure as a beige

solid by treating 2e with KPF6 in methanol (112 mg, yield 51%). Synthesis of the Indolizinium Derivatives 3e and 3f : Compound
The indices attributed to the different protons in compounds 2e 3e was prepared by a similar procedure to that described for 2e,
and 2f are indicated in Figure 3. starting from 3d (70 mg; 0.23 mmol) and yielding 3e (36 mg). Com-

pound 3f, with PF6
2 as counterion instead of Cl2, was obtained

Figure 3. Numbering scheme for the protons of ligand 2e pure as a pale yellow solid (38 mg; yield 54%), by treating a meth-
anol solution of 3e with KPF6, followed by a column chromatogra-
phy on alumina using the same system of eluant as for 2e.

Compound 3e: 1H NMR (CDCl3): δ 5 8.95 (d, 1 H, Ho, 3J 5 6.1
Hz), 8.37 (td, 1 H, Hm, 3J 5 6.5 Hz, 4J 5 2.0 Hz), 7.99 (d, 1 H,
Hm, 3J 5 7.9 Hz), 7.93 (t, 1 H, Hp, 3J 5 6.8 Hz), 6.4926.37 (m, 1
H, C5CHMe, 3J 5 6.5 Hz), 6.23 (dd, 1 H, N2CH, 3J 5 8.4, 16.6
Hz), 5.5925.50 (m, 1 H, HC5C), 3.8723.73, 3.6123.51,
2.9222.82, 2.3322.20 (4 m, 4 H, CH2), 1.85 (dd, 3 H, CH3, 3J 5

6.6 Hz, 4J 5 1.6 Hz). 2 MS (without Cl2); m/z: 160 (M1), 132Compound 2e: 1H NMR (CDCl3): δ 5 8.97 (d, 1 H, Ha, 3J 5
(M1 2 C2H4), 106 (M1 2 C4H6), 95 (M1 2 C5H7).5.9 Hz), 8.42 (t, 1 H, Hc, 3J 5 7.7 Hz), 8.09 (d, 1 H, Hd, 3J 5 7.9

Compound 3f: 1H NMR ([D6]acetone): δ 5 8.86 (d, 1 H, Ho,Hz), 7.93 (t, 1 H, Hb, 3J 5 6.7 Hz), 6.13 (dd, 1 H, Hl, 3J 5 15.2,
3J 5 6.2 Hz), 8.60 (t, 1 H, Hm, 3J 5 7.7 Hz), 8.19 (d, 1 H, Hm,7.6 Hz), 6.0025.88 (m, 1 H, Hk), 5.68 (d, 1 H, Hi, 3Jtrans 5 16.8
3J 5 7.7 Hz), 8.06 (t, 1 H, Hp, 3J 5 6.6 Hz), 6.3726.26 (m, 1 H,Hz), 5.54 (d, 1 H, Hj, 3Jcis 5 10.0 Hz), 3.7023.59, 2.8322.77,
C5CHMe), 5.8625.77 (m, 1 H, HC5C), 5.69 (dd, 1 H, N2CH,2.3122.24 (4 m, 4 H, He 1 Hf 1 Hg 1 Hh). 2 13C NMR (CDCl3):
3J 5 8.1, 16.3 Hz), 3.7823.61, 2.9522.70, 2.5122.38 (3 m, 4 H,δ 5 158.1, 145.7, 140.7, 132.8, 126.3, 125.3 (aromatic and olefinic
CH2),1.87 (dd, 3 H, CH3, 3J 5 6.6 Hz, 4J 5 1.6 Hz). 2 13C NMRCH), 124.6 (olefinic CH2), 73.4 (N2CH), 31.6, 28.6 (CH2). 2 MS
(CD3OD): δ 5 160.5, 146.5, 141.0, 138.9, 127.4, 127.0 (aromatic(without Cl2); m/z: 146 (M1), 117 [M1 2 (vinyl 1 2H)].
and olefinic CH), 126.0 (CH2 olefinic), 75.2 (N2CH), 32.1, 30.0Compound 2f: 1H NMR ([D6]acetone): δ 5 8.89 (d, 1 H, Ha,
(CH2), 18.1 (CH3). 2 C11H14F6NP (305.2): calcd. C 43.28, H 4.59,3J 5 6.4 Hz), 8.64 (t, 1 H, Hc, 3J 5 8.6 Hz), 8.24 (d, 1 H, Hd, 3J 5
N 4.59; found: C 43.02, H 4.41, N 4.37.7.8 Hz), 8.11 (t, 1 H, Hb, 3J 5 6.8 Hz), 6.2826.17 (m, 1 H, Hk),

Synthesis of the Mixture of Isomers 4b and 4c: To a solution5.8125.68 (m, 1 H, Hl), 5.75 (d, 1 H, Hi, 3Jtrans 5 17.0 Hz), 5.69
containing PdCl2(MeCN)2 (0.78 g, 3.0 mmol) and ligand 4 (0.528(d, 1 H, Hj, 3Jcis 5 10.2 Hz), 3.8323.58, 3.0522.85, 2.6222.42 (3
g, 3.0 mmol) in acetonitrile (40 ml) were added 1.5 equiv. ofm, 4 H, He 1 Hf 1 Hg 1 Hh). 2 C10H12F6NP (291.2): calcd. C
NaOAC (0.37 g, 4.5 mmol). The reaction mixture was heated at41.24, H 4.12, N 4.81; found C 40.76, H 4.01, N 4.58.
65°C overnight. The black deposit of palladium(0) thereby formed

Synthesis of the (η3-Allyl)palladium Complex 3d and of the Mix-
was filtered off using a Celite pad. Then, after evaporation of the

ture 3b 1 3c: To a mixture containing ligand 3 (0.76 g, 4.7 mmol)
solvent, the brown oily residue obtained was extracted using a mini-

and PdCl2(MeCN)2 (1.22 g, 4.7 mmol) in acetonitrile (50 ml) were
mum of CH2Cl2. Column chromatography on silica gel with ethyl

added 2 equiv. of NaOAc (0.77 g, 9.4 mmol). The reaction mixture
acetate as eluant allowed the migration of a yellow band containing

was stirred overnight at room temperature. A red solution along
the mixture 4b 1 4c (0.335 g, yield 42%). 2 1H NMR (CDCl3):

with a deposit of black metallic palladium was obtained. After fil-
δ 5 9.00 (d, 2 H, Ho, 3J 5 4.5 Hz), 8.89 (d, 2 H, Ho, 3J 5 5.0 Hz),

tration through Celite and concentration of the filtrate to dryness,
7.67 (t, 4 H, Ar, 3J 5 3.7 Hz), 7.26 (br t, 4 H, Ar), 7.19 (t, 4 H,

the brown oily residue was extracted with a minimum amount of
Ar, 3J 5 6.5 Hz), 5.4025.60 (m, 8 H, HC5CH), 3.92 (t, 8 H,

CH2Cl2. Column chromatography on silica gel using a mixture of
H2C2C5, 3J 5 7.6 Hz), 2.4321.95 (m, 24 H, CH2), 1.8021.55

ether and acetone (85:15) as eluant, allowed the migration of a first
(m, 12 H, CH3). 2 13C NMR (CDCl3): δ 5 159.5, 147.7, 147.3,

yellow band containing a mixture of isomers 3b 1 3c (0.473 g,
133.2, 126.2, 126.1, 120.5, 120.1, 117.6 (aromatic and olefinic),

yield 34%), followed by the migration of a second yellow fraction
35.2, 34.6, 27.6, 24.9,24.7, 24.0, 23.4 (CH2), 13.1 (CH3). 2

corresponding to the allylpalladium complex 3d (0.142 g, yield
C24H34Cl2N2Pd (527.9): calcd. C 54.61, H 6.45, N 5.31; found C

10%).
53.58, H 5.97, N 4.76.

Compound 3d: 1H NMR (CDCl3): δ 5 9.41 (d, 1 H, Ar, Ho, 3J 5 Synthesis of Compound 5c: A mixture containing ligand 5 (0.72
5.3 Hz), 7.73 (td, 1 H, Ar, 3J 5 7.7 Hz, 4J 5 1.8 Hz), 7.3427.27 g, 4.5 mmol), PdCl2(MeCN)2 (1.17 g, 4.5 mmol) and 1.5 equiv. of
(m, 2 H, Ar), 5.30 (t, 1 H, Hcentral allylic, 3J 5 10.8 Hz), 3.8323.65 NaOAc (0.55 g, 6.8 mmol) in 50 ml of acetonitrile was heated at
(m, 1 H, Hallylic), 3.5323.43 (m, 1 H, Hallylic), 3.1923.01 (m, 2 H, 65°C for 3 h. An orange solution containing some black palladium
CH2), 2.1321.98 (m, 1 H, CH2), 1.9121.71 (m, 1 H, CH2), 1,55 was observed. After filtration through a Celite pad, the solvent was
(d, 3 H, CH3, 3J 5 6.3 Hz). 2 13C NMR (CDCl3): δ 5 158.4, 152.7, evaporated and the brown oily residue formed was extracted using
138.5, 124.9, 122.8 (aromatic), 112.6, 76.9, 73.7 (allylic), 41.3, 26.4 a minimum of CH2Cl2. Column chromatography on silica gel with
(CH2), 17.9 (CH3). a mixture of CH2Cl2 and hexane (90:10) as eluant allowed the mi-

gration of a yellow band. After evaporation of the solvents, com-Compounds 3b 1 3c: 1H NMR (CDCl3): δ 5 9.1328.80 (m, 4
H, Ar, Ho), 7.67 (t, 4 H, Ar, Hm, 3J 5 6.4 Hz), 7.4027.08 (m, 8 H, pound 5c was obtained as a beige solid (0.93 g, yield 41%). 2 1H
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The Bis[N-(diphenylphosphanylselenoyl)-P,P-diphenylphos- spectrometry and elemental analysis. The molecular
structure was determined using single-crystal X-rayphanylselenoic amidato-Se,Se9]selenium(II) (1) was prepared

by treating [K{N(SePPh2)2}] with [Se{S2P(O-iPr)2}2] in THF. diffraction. The Se(Se4) core exhibited a quasi perfect square
planar geometry. Two selenide ligands are coordinatedThe title compound was characterized by means of IR and

31P-NMR spectroscopy and positive-ion FAB mass symmetrically to the central atom forming a spiro complex.

Introduction tetraphenyldithiodiphosphinate anion as a chelating ligand
with a very large bite, in order to synthesis true squareThe extraordinary ability of the anions
planar complexes (class V) with TeII and SeII. They ob-[R2P(X)NP(X)R2]2 (R 5 Me, Ph; X 5 O, S, Se) to form
tained [Te{N(SPPh2)2-S,S9}2] [3] which was a true squarevery unusual carbon-free chelate complexes is well known.
planar TeII compound (a class-V complex), while the struc-Some examples are the tetrahedral [M{N(SPMe2)2-S,S9}2]
ture of the selenium analogous compound, [Se{N(SPPh2)2-(M 5 Ni, Fe)[1], the six-coordinated lanthanide complexes
S,S9}2], was intermediate between class I and class II, yet[Ln{N(OPPh2)2-O,O9}2] [2], the true square planar tel-
much closer to a class-II complex[6].lurium(II) complex [Te{N(SPPh2)2-S,S9}2] [3] and recently

The number of compounds where the selenium atom isthe square planar tin(II) complex [Sn{N(SePPh2)2-
surrounded by four selenium atoms [Se(Se4) core] are quiteSe,Se9}2] [4] with the first example of such a geometry for
scarce. The bis(N,N-diethyldiselenocarbamate)SeII is aSnII. The great flexibility of these chelate rings with wide
class-I trapezoid planar complex[7]. The bis(diethyldiseleno-variations in the ring angles (P2N2P, M2X2P, X2P2N)
phosphinate)SeII is a class-II complex[8]. The low-tempera-and large bites X···X enables the central atom to “reveal”
ture 77Se-NMR solution data of the analogous bis(diisobu-its preference for a particular geometry, since there is no
tildiselenocarbamate) of SeII suggests a four-coordinatedrestrictions imposed by the presence of rigid organic rings,
structure[9]. Another example with bidentate ligands corre-e. g. the β-diketonates, or small rings, with great stereo-
sponds to the dianionic complex [(Bu4N)2{Se[Se2C5chemical restrictions, like the dithiophosphates or dithio-
C(CN)2]2}], with intrachelating Se2Se2Se angles of 75°phosphinates.
and an SeSe4E2 (E 5 lone pair) distorted octahedral ge-Twenty years ago, Husebye et al. classified five types of
ometry[10]. Several examples of polyselenide derivativesgeometries for divalent sulphur, selenium and tellurium
containing the anion [Se{Se5}2]22 are known. This anioncomplexes with bidentate dithio and related ligands[5].
exhibits a geometry close to the square planar one[11]. TheComplexes of class I are trapezoid planar tetracoordinated
square planar Se5 moiety with monodentate ligands was ob-with all intramolecular ligand bonds. Class-II compounds
served in tetrakis[N-methylbenzothiazole)-3H-selenone]se-are also trapezoid planar, however two of the ligand bonds
lenium(II) tetrafluoroborate (class-IV complex)[12]. How-are intramolecular and the other two intermolecular. Class-
ever, there are no examples of neutral true square planarIII compounds are mainly represented by the bis(4-mor-
neutral complexes containing the Se(Se4) core and bidentatepholinethiocarbonyl) trisulfide with a “zigzag” framework;
ligands (a class-V complexes) in the literature.trans square planar complexes with monodentate ligands

correspond to class IV and bidentate square planar mo- We decided to synthesise the compound [Se{N(SePPh2)2-
Se,Se9}2] to determine whether it is a class-V complex, orlecules to class V. In 1982, Husebye et al. used the imido-
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isotructural with [Se{N(SPPh2)2-S,S9}2] (a class-II com- its a low-intensity signal for the corresponding molecular

ion, but rather intense peaks resulting from the expectedpound).
first fragmentations. The most intense peak containing

Results and Discussion selenium corresponds to [Se(PPh2)2N1]. Since the FAB
mass spectrum was obtained in solution, it also showsTreatment of [K{N(SePPh2)2}] with [Se{S2P(O-iPr)2}2] in
some fragments due to a decomposition product, e.g.THF at room temperature, yielded [Se{N(SePPh2)2-
[{Ph2P(Se)NP(Ph2)}2O; m/z: 944 and 864]. All the observedSe,Se9}2] (1). The compound was purified by thin layer
signals exhibit the expected isotopic pattern.chromatography. Attempts of purification by normal

recrystallization methods were unsuccessful because the
Description of the Structurecompound tends to decompose giving red selenium, free li-

gand, and other compounds. Derivative 1 was characterized The structure is built of discrete neutral [Se{N(SePPh2)2-
on the basis of its elemental analysis and its 31P-NMR, IR Se,Se9}2] molecules, the central selenium atom is coordi-
and positive-ion FAB MS data and by X-ray crystallogra- nated to four other selenium atoms, forming two six-mem-
phy. It is a yellow-orange, air-stable solid, that tends to de- bered carbon-free chelate rings, in a typical spiro arrange-
compose in solution, soluble in polar organic solvents such ment. There are two crystallographically independent mol-
as CHCl3, yet insoluble in ethanol or hexane. ecules in the cell (1a and 1b). According to the cell param-

eters, 1 is isomorphic with the yellow [Sn{N(SePPh2)2-
Se,Se9}2] [a 5 10.124(5), b 5 13.085(4), c 5 18.260 Å, α 5
89.42(2), β 5 82.75(2) , γ 5 77.62(2)° ] [4] and
[Te{N(SPPh2)2-S,S9}2] [a 5 10.187(1), b 5 12.929(5), c 5
18.282(3) Å, α 5 89.04(2) , β 5 82.98(1) , γ 5 77.40(2)° ] [3].
Figure 1 presents the inner coordination sphere, with angles
and distances for molecules 1a and 1b, whereas Figure 2

31P-NMR spectra show that all phosphorus atoms are
equivalent. As with other main-group complexes with this

Figure 1. The inner coordination sphere in 1a and 1bligand, in the IR spectrum the assignments of the phos-
phazene bands were relatively easy, after identification of
the usual phenyl group bands common to the [(PPh2X)2N]-

ligands[13] . Individual assignments of the ν(PSe) bands is
not fully possible because of the overlap with the corre-
sponding PNP vibrations.

To date, few P2Se vibrations have been clearly as-
signed[14]. The FAB mass spectrum of the compound exhib-

Figure 2. ORTEP plot of 1a and 1b, independent molecules of [Se{N(SePPh2)2-Se,Se9}2]
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First Neutral Spiro Selenium(II) Complex Containing a True Square Planar Se(Se4) Core FULL PAPER
chromatographic separated portion). Crystals suitable for X-rayshows the molecular structures and atomic labelling scheme
crystallography were obtained by solvent diffusion in a chloroform/of compound 1.
n-hexane mixture at room temperature. 2 31P NMR (CDCl3): δ 5The most remarkable feature of the structure is the
34.35 (s). 2 IR (KBr): ν̃ 5 3053 cm21 w [νCH)], 1211 s [νP2N)],square planar character of the selenium coordination
1177 s [ν(P2N)/δ(CH)], 744 m [ν(P2N)], 689 vs [f(CC), Ph], 532sphere. The SeSe4 core is coplanar [Σ{Se2Se2Se} 5 360° ]
vs [γ(PNP)/ν(P2Se)]. 2 MS (FAB1, CHCl3, for 80Se); m/z: 1164

with trans-Se2Se2Se angles of 180.0(1)°. There is a slight [M1], 1087 [M 2 Ph1], 622 [Se{N(SePPh2)2}1], 544 [(SePPh2)2-
asymmetry in the Se2Se bond lengths in both molecules N 1], 464 [Se(PPh2)2N1], 384 [(PPh2)2N1], 307 [(Ph2PNPPh1]. 2
[long ones of 2.678(1) and 2.663(1) Å and short ones of C48H40N2P4Se5 (1163.5): calcd. C 49.55, H 3.46; found C 49.11, H
2.646(1) and 2.643(1) for 1a and 1b, respectively]. These val- 3.36. 2 Mol. mass 1164 (FAB MS; CH3Cl for 80Se).
ues are similar with those found in polyselenide anions[14].

Crystal-Structure Analysis: Data collection was performed atThe Se···Se bite of 3.708(2) Å is intermediate between the
room temperature with a Siemens P4 four-circle diffractometer byvalues of 3.667(4) and 3.771(3) Å found in [Te{N(SPPh2)2-
using graphite-monochromated Mo-Kα radiation (( 5 0.71073 Å).

S,S9}2]. As in [Sn{N(SePPh2)2-Se,Se9}2], the main differ- Crystal Data: C48H40N2P4Se5, M 5 1163.5, orange prisms, 0.24 3
ence between molecules 1a and 1b lies in the Se2Se2P an- 0.20 3 0.12 mm; triclinic, space group P1̄ (No. 2), a 5 10.158(2),
gle [96.3(1) and 88.7(1)° for 1a, and 97.1(1) and 96.9(1)° for b 5 13.090(2), c 5 18.239(5) Å, α 5 89.42(2), β 5 82.56(2), γ 5
1b]. The values of the P2N2P angles for 1a and 1b, 77.72(2)°, V 5 2349.4(1) Å3, Z 5 2, Dx 5 1.645 Mg m23, µ(Mo-
[139.5(5) and 136.4(5)° ] are also extraordinary large 2 Kα) 5 4.070 mm21, T 5 293 K, F(000) 5 1144, number of reflec-

tions: 8742 (8231 independent, Rint 5 0.048), R(F) 5 0.041,larger than that found in the free ligand [132.3(2)°] [14]. Since
wR(F) 5 0.034 (536 parameters). Structure Solution and Refine-it is expected that the coordination of the donor atoms
ment: The structure was solved by direct methods and refined byshould contract the angle, the opening is indicative of the
full-matrix least-squares calculations using the program systemhigh flexibility of the P2N2P system and explains the
SHELXTL-Plus (PC-version)[18]. Absorption effects were cor-ability of this ligand to form unusual structures. The endo-
rected by face-index numerical methods. H atoms were refined

cyclic Se2Se2Se angles [88.31(4) and 88.67(3)°] are smaller using a riding model (U 5 0.06), while non-hydrogen atoms were
than the corresponding exocyciclic ones [91.69(4) and refined anisotropically. The crystal structure data (excluding struc-
90.46(3)°]. ture factors) have been deposited with the Cambridge Crystallo-

The existence of this new neutral square planar structure graphic Data Centre as supplementary publication no. CCDC-
for a SeII compounds, demonstrates the ability of the 101279. Copies of the data can be obtained free of charge on appli-

cation to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:[Ph2P(Se)NP(Se)Ph2]2 anion to fulfill the preferences im-
int code 1 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].posed by the central atom, in function of the great flexi-

bility of the phosphazenic system and the soft character of
the donor atoms.
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[5] N. J. Brøndmo, J. Esperås, S. Husebye, Acta Chem. Scand. Atassium salt by the reaction with KOtBu according to a previously

1975, 29, 93. 2 H. Graver, S. Husebye, Acta Chem. Scand. Adescribed procedure[16]. 2 31P NMR: Varian VXS 300S (121 MHz,
1975, 29, 14.external standard 85% H3PO4). 2 FAB MS (3-nitrobenzyl alcohol [6] S. Husebye, K. Maartmann-Moe, Acta Chem. Scand. A 1983,

support): Jeol JMS-SX102A, positive-ion mode. 2 IR (KBr): Per- 37, 219.
[7] R. O. Gould, C. L. Jones, E. J. Savage, T. A. Stephenson, J.kin-Elmer 283B. 2 Elemental analysis : Galbraith Laboratories.

Chem. Soc., Dalton Trans. 1976, 908.
[8] S. Husebye, G. Helland-Madsen, Acta Chem. Scand. A 1969,

Bis(imidotetraphenyldiselenodiphosphanyl-Se,Se9)selenium(II) 23, 1398.
[9] Y. Masaki, K. Kobayashi, Tetrahedron Lett. 1989, 30, 2813.(1): A solution of 3.0 g (5.1 mmol) of [K{N(SePPh2)2}], in 50 ml
[10] H. U. Hummel, E. Fischer, T. Fischer, D. Gruss, A. Franke, W.of THF was added to a stirred solution of bis(diisopropyldithi-

Dietzsch, Chem. Ber. 1992, 125, 1565.ophosphato)selenium(II) (1.30 g, 2.5 mmol) in 50 ml of THF. An [11] M. G. Kanatzidis, S. P. Huang, Coord. Chem. Rev. 1994, 130,
orange solution was formed, the solvent was evaporated at low 509.

[12] C. Adamo, F. Demartin, P. Deplano, F. A. Devillanova, F. Isaia,pressure and the obtained solid was washed with ethanol and fil-
F. Lelj, V. Lippolis, P. Lukes, M. L. Mercuri, J. Chem. Soc.,tered. 10% of the solid was subjected to a thin layer chromato-
Chem. Comm. 1996, 873.graphic separation using hexane/ethyl acetate as eluent (90:10). The [13] R. Cea-Olivares, V. Garcı́a-Montyalvo, J. Novosad, J. D.

less polar layer was separated and extracted with CH2Cl2 to obtain Woolllins, R. A. Toscano, G. Espinosa-Pérez,. Chem. Ber. 1996,
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A novel chelating ligand, synthesized in situ within the 3-methylpyridine). The geometry around the copper atom is
square pyramidal and the Cu–Cu distance within thecoordination sphere of CuII from 2-amino-3-methylpyridine,

MeOH, and dioxygen from the air, is found to form a strongly dinuclear unit is 3.011(2) Å with an Cu–O–Cu angle of
103.13(8)°. Synthesis, X-ray crystal structure, and magnetismcoupled, dinuclear methoxo-bridged CuII compound with the

formula [Cu(L)(CH3O)(NO3)]2 (L = 2-methoxymethylamino- are reported.

In situ ligand formations in the presence of metal ions Scheme 1. Proposed reaction scheme (R 5 3-methylpyridin-2-yl)
are not uncommon[1] [2] [3], and several cases are known of
such reactions, like Schiff-base couplings and the formation
of phthalocyanins[1] [2] [3]. The metal ion in these cases acts
as a template, to facilitate the ring closure or the addition.
Cases where a multi-step ligand reaction occurs are rela-
tively rare. Our recent studies towards the formation of for-
mamidines[4] have prompted us to further investigations of
such reactions with aminopyridine ligands. We now wish to
report a most unusual case of a three-step reaction (see
Scheme 1) in which 2-amino-3-methylpyridine first forms a atoms of the bridging methoxo molecules and an oxygen
Schiff base with formaldehyde 2 in situ formed gradually atom of the coordinating nitrate anion. The Cu2N distance
by MeOH oxidation 2 which subsequently reacts with Cu- and the Cu2O distances are in the normal range of ca.
coordinated methanol to a 2-methoxymethylamino-3-meth- 2.00 Å[7]. The angles of the basal plane are almost linear
ylpyridine chelating ligand. Copper(II) is known to be a [O1a2Cu12O11 168.71(6), O12Cu12N11 170.61(7)°].
catalyst for the air oxidation of methanol to formal- The apical site is occupied by the ether oxygen atom (O20)
dehyde[5]. The Schiff-base reaction is followed by the third of the ligand with a distance of 2.318(2) Å and with the
step in which a methanol molecule inserts into the imine angle O202Cu12N11 of 93.09(9)°. The most striking fea-
double bond[6a], resulting in the dinuclear compound: ture of the structure is the presence of the newly synthesized
[Cu(L)(CH3O)(NO3)]2 (in which L 5 2-methoxymethylam- ligand 2-methoxymethylamino-3-methylpyridine. Synthesis
ino-3-methylpyridine). The first oxidation must originate of methoxomethylamino compounds is known[6], however,
from dioxygen from the air, as the reaction does not occur in some cases they are unstable[6c]. In fact the present ligand
under argon. In fact deliberate addition of CH2O acceller- might quite well be stabilized by the Cu chelation.
ates the reaction. Under argon only a methoxo-bridged di- The Cu2Cu distance within the dinuclear unit is 3.011(2)
nuclear CuII compound with the starting ligand, 2-amino- Å with an Cu2O2Cu angle of 103.13(8)°. These distances
3-methyl-pyridine, is formed (see Experimental Section). and angles can be compared with some methoxo-bridged

Structural analysis of the title compound reveals a di- CuII dinuclear compounds which have also distances of ca.
nuclear methoxo-bridged dinuclear unit with a centre of 3.0 Å and an angle of about 103° [8]. The lattice structure is
symmetry located between two copper ions (see Figure 1). stabilized by stacking between the pyridine rings of differ-
The Cu atom has a square-pyramidal geometry with a basal ent units (ring2ring distance of 3.613 Å) and by a relatively
plane formed by a nitrogen atom of the ligand, two oxygen strong hydrogen-bonding of an amino-nitrogen atom and

an oxygen atom of the nitrate anion [N17···O13 5[°] On leave from Chemistry Department, Arak University, Arak,
Iran. 2.939(9) Å].

Eur. J. Inorg. Chem. 1998, 157721579  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/111121577 $ 17.501.50/0 1577



S. Amani Komaei, G. A. van Albada, I. Mutikainen, U. Turpeinen, J. ReedijkSHORT COMMUNICATION
The work described in the present paper has been supported byFigure 1. Plot of the structure with atom-labelling scheme; H atoms

are omitted for clarity[a] the Leiden University Study group WFMO (Werkgroep Fundamen-
teel Materialen Onderzoek). Use of the services and facilities of
the Dutch National NWO/SURF Expertise Center CAOS/CAMM,
under grant numbers SON 326-052 and STW NCH99.1751, is
gratefully acknowledged. Dr. J. G. Haasnoot and Dr. W. L. Driessen
are thanked for their helpful suggestions.

Experimental Section
General: Ligand-field spectra were recorded with a Perkin-Elmer

Lambda 900 spectrophotometer using the diffuse-reflectance tech-
nique, with MgO as a reference. X-band powder EPR spectra were
obtained with a Jeol RE2x electron spin resonance spectrometer
using DPPH (g 5 2.0036) as a standard. Magnetic susceptibilities
were measured in the temperature range 52300 K with a Manics
DSM-8 susceptometer. Data were corrected for magnetization of
the sample holder and for diamagnetic contributions, which were

[a] Selected bond lengths [Å] and angles [°]: Cu12O1 1.917(2), estimated from the Pascal constants[11].
Cu12O1a 1.9270(17), Cu12N11 1.998(2), Cu12O11 2.0267(18),
Cu12O20 2.318(2), Cu12Cu1a 3.011(2); O12Cu12O1a 76.87(8), Synthesis: 2-Amino-3-methylpyridine was obtained from Acros
O12Cu12N11 170.61(7), O1a2Cu12N11 94.22(8), O12 Organics; 0.6 mmol of Cu(NO3)2 · 3 H2O and 1.2 mmol of 2-amino-
Cu12O11 96.50(8), O1a2Cu12O11 168.71(6), N112Cu12O11 3-methylpyridine were each dissolved in ca. 10 ml of methanol.91.81(8), O12Cu12O20 91.85(9), O1a2Cu12O20 103.27(9),

The copper solution was added carefully to the ligand solution andN112Cu12O20 93.09(9), O112Cu12O20 85.91(8), Cu12O12
Cu1a 103.13(8) (a 5 2x, 2y, 2z). filtered to remove any undissolved material. The blue solution was

kept at room temp., and after a few days blue crystalline material
was obtained from the solution which turned green. The product

The ligand-field spectrum reveals a broad band with a was filtered and air-dried. Adding a little sodium hydroxide or heat-
centre around 14.6·103 cm21, which is common for a square ing the solution yields the same blue compound. Yield ca. 80%. 2
pyramidal geometry[9]. A typical infrared vibration is found C18H30Cu2N6O10 (617.56): calcd. C 35.01, H 4.90, Cu 20.50, N
at 3349 cm21 as a strong sharp peak, attributed to the 13.61; found 35.07 C, 5.12 H, 20.12 Cu, 13.85 N.
N2H vibration. The anion vibrations of the nitrate are

Using a higher L/M ratio (L/M 5 4:1 or 6:1) a violet methoxo-found at 1453 and 1299 cm21 (a splitting of 154 cm21)
bridged dinuclear CuII compound with the formula [Cu2(2-amino-

which is in the range for didentate coordinating nitrate[10]. 3-methylpyridine)4(CH3O)2](NO3)2 was obtained. This structure is
In the present case one of the oxygen atoms of the nitrate confirmed by elemental and X-ray crystal structure analysis [13]. The
anion has a strong bonding to the CuII ion and the second same compound is derived when the present reaction (L/M ratio
oxygen atom (O13) is involved in a strong intermolecular 2:1) is carried out under argon.
hydrogen bonding (see above).

X-ray Crystal Structure Analysis: Crystal data forThe powder EPR spectrum at 77 K only shows a very
[Cu(C8H12N2O)(CH3O)(NO3)]2: C18H30Cu2N6O10, M 5 617.56,

weak signal with a g> of 2.06, a resolved g|| of 2.32, with triclinic, space group P1̄ (no.2), a 5 8.336(5), b 5 8.734(5), c 5
A|| of 14.2 mT, typical for a CuNO3(O) chromophore[9]. 10.357(5) Å, α 5 109.24(5), β 5 91.99(5) , γ 5 113.13(4)°, V 5
Given the dinuclear nature, this weak signal must originate 642.9(6) Å3, Z 5 1, Dc 5 1.595 g cm23, T 5 193 K, µ(Mo-Kα) 5
from a mononuclear impurity. Even a nitrogen superhyper- 1.715 mm21, F(000) 5 318, R1 5 0.0299, wR2 5 0.0804 with I >
fine structure is observed with 3 lines, which also agrees 2σ(I), S 5 1.084, 3982 data collected, 2627 data used, 163 param-

eters. A blue crystal with dimensions of 0.48 3 0.45 3 0.27 mm waswith one nitrogen donor atom per Cu. In frozen solution
selected, mounted to the glass fiber using the oil-drop method[12a].(DMF) at 77 K a similar spectrum is obtained, indicative
Rigaku AFC-7S diffractometer, graphite-monochromated Mo-Kαof monomerisation in solution. Low-temperature solid-state
radiation (λ 5 0.71073 Å), ω-2θ scans. Data reduction using thepowder magnetic susceptibility recorded in the region
TEXSAN[12b] package. The intensity data were corrected for Lor-25025 K, shows an almost diamagnetic species below 200
entz and polarization effects and for absorption and extinction. All

K. A preliminary fit with g 5 2.10 results in a 22J value non-H atoms were refined anisotropically. H atoms were situated
over 500 cm21. from difference Fourier map and refined isotropically. The struc-

Summarizing, it is concluded that an MeOH oxidation ture was solved using direct methods (SHELXS-86)[12c]. The
reaction occurs initiated by the CuII ion. However, other weighting scheme w 5 1/[σ2(Fo

2) 1 (0.0457·P)2 1 0.3867·P], where
factors, like the strength of the anion, must contribute as P 5 (Fo

2 1 2·Fc
2)/3 was adopted. Full-matrix least-squares refine-

ment method on F2 was applied, using the SHELXL-93[12d] pack-well, since weaker coordinating anions like perchlorate and
age.triflate under identical conditions, do not yield such a reac-

tion product. Crystallographic data (excluding structure factors) for the struc-
Further work will deal with related ligands yielding this ture in this paper have been deposited with the Cambridge Crystal-

structure and with oxidation reaction studies to obtain lographic Data Centre as supplementary publication no. CCDC-
102597. Copies of the data can be obtained free of charge on appli-more information about the reaction process.
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Equilibrium data on the interaction of DTMA [(DTMA = coordinated water oxygen atom in the axial position. In
solution [Gd(DTMA)]3+ is not very stable [logKML = 12.8(1)]DOTA tetrakis(methylammide)] with Gd3+ in aqueous

solution, properties of the complexes formed in the pH range and gives rise to the formation of [Gd(DTMA)OH]2+ [pKa =
7.9(1)] and [Gd(HDTMA)]4+ [logK(ML+H) = 3.4(1)]. The proton0.6–11.8, water proton relaxation rate enhancement, and the

crystal structure analysis of the [Gd(DTMA)H2O]3+ complex solvent relaxivity of aqueous complex solutions assumes a
constant value in the pH range 3–8, increasing at higher andare reported. In the crystal structure the metal ion is bound

to the nitrogen atoms of the tetraazamacrocyclic moiety, to lower pH. For pH . 3 the data are in good agreement with
a previous study on the same compound. For pH , 3 a newthe amidic oxygen atoms, and to an oxygen atom of a water

molecule. The nine donors are located at the vertices of a interpretation is presented, based on the formation of
[Gd(HDTMA)]4+ and the release of Gd3+.distorted square antiprism, which is capped by the

A recent communication by Aime et al. [1] reported the
interesting observations of the enhancement of the nuclear
relaxation rate of water protons brought about by the
[Gd(DTMA)]31 complex [(DTMA 5 DOTA tetrakis-
(methylammide)] in aqueous solution. This presented for
the first time a distinct evaluation of the water and proto-
tropic exchange rates for a Gd31-coordinated solvent mol-
ecule. The uncharged DTMA ligand was selected in order
to assess the contribution of prototropic exchange to the
overall water exchange between the complex and the bulk 11212 and R1p ø 5.4 m21s21 at pH 5 0.5). In the pH

range 228 the low relaxivity values are consistent with asolvent, as it had been observed that the exchange lifetime
of Gd31-coordinated water molecules increases with purely outer-sphere contribution[3]. 19F-NMR measure-

ments performed in this pH range were indicative of strongdecreasing negative charge of the Gd31 complex. Actually,
the nuclear transverse relaxation rate of 17O nuclei of the ion pairing between the complex [Gd(DTMA)]31 and the

counterions CF3SO3
2 [1]. The increase in relaxivity for pHsolvent observed for the [Gd(DTMA)]31 complex is the

slowest water exchange rate so far reported for a lantha- > 8 was attributed to the additional contribution to 1H-R1p

deriving from a prototropic exchange caused by the pres-nide(III) complex[1].
Aqueous solutions containing the triflate salt of ence of the hydroxo species [Gd(DTMA)OH]21, while the

increase in relaxivity in very acidic solutions was attributed[Gd(DTMA)]31 revealed a peculiar pH dependence of the
longitudinal solvent relaxivity[2] (R1p): R1p assumes a con- to the acid-catalyzed dissociation of the ion pairs formed

by [Gd(DTMA)]31 with the counterions[1]. The interpre-stant value (ca. 2.6 m21s21) in the pH range 228, increas-
ing at higher and lower pH (R1p ø 5.8 m21s21 at pH 5 tation of the relaxivity behavior in acidic solutions was
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based on the assumption that the complex [Gd(DTMA)]31 The nine donors are located at the vertices of a distorted

square antiprism, capped by the coordinated water oxygenis the only species present in such media, as suggested by
the 1H- and 13C-NMR spectra of the analogous atom in the axial position. Similar coordination spheres

were found for other Gd31 complexes with analogous li-[Eu(DTMA)]31 complex.
gands derived from the 1,4,7,10-tetraazacyclododecane
macrocycle[12]. The four nitrogen atoms supplied by the
macrocyclic ligand are in a well-defined plane, while theResults and Discussion
maximum deviation from the mean plane formed by the
four amidic oxygen atoms is 0.025(5) Å. The oxygen atomA parallel but independent study performed in our
of the water molecule is ca. 1.7 Å away from the meanlaboratories on the same compound led to the determi-
O12O22O32O4 plane, with the Gd2O5 bond directionnation of the crystal structure[4] [5] [6] [7] [8] of the
almost perpendicular to this plane (87°). The metal ion is[Gd(DTMA)H2O]31 cation, to the identification of the
significantly shifted towards the mean plane of the oxygenGd31 complexes formed in solution by DTMA in the pH
donors with respect to the plane described by the four nitro-range 2.5210, and to the determination of equilibrium con-
gen atoms (0.74 vs. 1.59 Å, respectively). The Gd2N bondstants of these complexes[9]. This elucidated some aspects
lengths [2.621(5)22.649(6) Å], the Gd2O amidic bondof the system and completed the picture outlined by the
lengths [2.351(5)22.455(5) Å], as well as the Gd2O waterprevious work[1].
distance [2.461(5) Å, see Figure 1] compare well with thoseDTMA actually acts as an octadentate ligand toward
previously reported for analogous gadolinium(III) com-Gd31, forming a tight structure where a water molecule is
plexes[12]. Concerning the ligand, the tetraaza ring adoptsaccommodated in the ninth position. Crystals of
the [3333] C corners conformation[13], with the four side[Gd(DTMA)H2O](ClO4)3 · NaClO4 · 3 H2O[10] are com-
arms, which are folded towards the macrocyclic cavity, in aposed of [Gd(DTMA)H2O]31 cations, sodium ions, per-
head-to-tail arrangement. The four amidic nitrogen atomschlorate counterions and water of crystallization. The metal
have a significant sp2 character, thus the usual π conju-ion is bound to the nitrogen atoms of the tetraazamacro-
gation takes place in each amidic functional group enhanc-cyclic moiety and to the amidic oxygen atoms provided by
ing the donor capability of the carbonylic oxygen atoms.the four side arms, and finally to an oxygen atom of a water

The molecular packing reveals a large number of H-bondmolecule (Figure 1).
contacts (< 3.0 Å) involving the water of crystallization, the
oxygen atoms of the perchlorate anions and various hydro-

Figure 1. Molecular structure (ORTEP[11] draw) of the gen and nitrogen atoms of the ligand, while the sodium ion
[Gd(DTMA)H2O]31 cation[a]

is six-coordinated [Na2O bond lengths range from 2.413(9)
to 2.80(1) Å] by four perchlorate oxygen atoms and two
water molecules of crystallization. It is worth noting that
the oxygen atom O5 of the Gd31-coordinated water mol-
ecule is very close [2.92(1) Å] to an oxygen atom of a per-
chlorate ion. This suggests the presence of a strong hydro-
gen bond between [Gd(DTMA)H2O]31 and a counterion,
offering a model for the ion pairing occurring in solution[1]

between the complex and CF3SO3
2.

Gd31 complexation by DTMA is very slow; solutions
containing the metal ion and the ligand in the pH range
2.528 require several days to equilibrate at 298.1 K. For

[a] Selected interatomic distances [Å] and angles [°]: Gd(1)2O(2) this reason the speciation of the system was performed by
2.351(5), Gd(1)2O(3) 2.351(4), Gd(1)2O(4) 2.393(5), Gd(1)2O(1)

using an out-of-cell batch technique in which 40 solutions2.455(5), Gd(1)2O(5) 2.461(5), Gd(1)2N(4) 2.621(6), Gd(1)2N(1)
2.626(5), Gd(1)2N(3) 2.648(5), Gd(1)2N(2) 2.649(5); corresponding to different points in a conventional
O(2)2Gd(1)2O(3) 84.1(2), O(5)2Gd(1)2N(1) 123.1(2), potentiometric titration were allowed to equilibrate at 298.1O(2)2Gd(1)2O(4) 142.3(2), N(4)2Gd(1)2N(1) 69.2(2),

K[9]. The same procedure was adopted to study the Eu31/O(3)2Gd(1)2O(4) 83.7(2), O(2)2Gd(1)2N(3) 74.9(2),
O(2)2Gd(1)2O(1) 81.8(2), O(3)2Gd(1)2N(3) 66.1(2), DTMA system. The formation constants[9] determined for
O(3)2Gd(1)2O(1) 145.1(2), O(4)2Gd(1)2N(3) 130.4(2), the complexes formed at equilibrium (0.1 mol dm23
O(4)2Gd(1)2O(1) 88.3(2), O(1)2Gd(1)2N(3) 138.3(2),
O(2)2Gd(1)2O(5) 73.4(2), O(5)2Gd(1)2N(3) 130.9(2), Me4NNO3, 298.1 ± 0.1 K) are listed in Table 1, which also
O(3)2Gd(1)2O(5) 74.1(2), N(4)2Gd(1)2N(3) 68.5(2), contains the ligand protonation constants determined un-
O(4)2Gd(1)2O(5) 69.0(2), N(1)2Gd(1)2N(3) 106.0(2),

der the same experimental conditions.O(1)2Gd(1)2O(5) 71.3(2), O(2)2Gd(1)2N(2) 66.7(2),
O(2)2Gd(1)2N(4) 142.5(2), O(3)2Gd(1)2N(2) 130.7(2), The [Gd(DTMA)]31 complex is not very stable [log K 5
O(3)2Gd(1)2N(4) 74.0(2), O(4)2Gd(1)2N(2) 142.6(2), 12.8(1)] if compared with the analogous complex withO(4)2Gd(1)2N(4) 65.7(2), O(1)2Gd(1)2N(2) 70.9(2),

DOTA (log K 5 24.67)[14] , demonstrating the lower coordi-O(1)2Gd(1)2N(4) 132.3(2), O(5)2Gd(1)2N(2) 127.8(2),
O(5)2Gd(1)2N(4) 126.5(2), N(4)2Gd(1)2N(2) 105.6(2), nating ability toward Gd31 of amidic groups with respect to
O(2)2Gd(1)2N(1) 131.1(2), N(1)2Gd(1)2N(2) 68.6(2), carboxylate groups[15]. Starting from neutral pH the metal-O(3)2Gd(1)2N(1) 142.4(2), N(3)2Gd(1)2N(2) 68.3(2),
O(4)2Gd(1)2N(1) 74.5(2), O(1)2Gd(1)2N(1) 65.4(2). bound water molecules in [Gd(DTMA)H2O]31 dissociate
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Table 1. Logarithms of the equilibrium constants of the Gd31 and pH more rapidly than previously reported[1] for measure-
Eu31 complexation reactions with DTMA, determined in 0.1 mol ments performed shortly after solution acidification. The

dm23 Me4NNO3 at 298.1 ± 0.1 K[a]

equilibrium data obtained for the Gd31/DTMA system
(Table 1) confirm the role played by [Gd(DTMA)]31 andreaction log K
[Gd(DTMA)OH]21 in determining the relaxivity properties
of solutions at pH > 3 containing the complex, offering aDTMA 1 H1

v HDTMA1 9.27(1)
HDTMA1 1 H1

v H2DTMA21 5.55(2) new interpretation of the relaxivity behavior observed at pH
H2DTMA21 1 H1

v H3DTMA31 1.56(7) < 3. Actually, in acidic solutions at equilibrium the relaxiv-
Gd31 1 DTMA v [Gd(DTMA)]31 12.8(1) ity increases with increasing concentration of free Gd31 (re-
[Gd(DTMA)]31 1 H1

v [Gd(HDTMA)]41 3.4(1) leased by the complex upon acid-catalyzed dissociation),
[Gd(DTMA)]31 1 OH2

v[Gd(DTMA)OH]21 5.8(1)
and at pH ø 0.5, where complete complex dissociation oc-

Eu31 1 DTMA v [Eu(DTMA)]31 13.17(4) curs (Figure 2), approaches the value expected (ca. 11
[Eu(DTMA)]31 1 OH2

v [Eu(DTMA)OH]21 6.83(5) m21s21) at such pH for a solution of Gd31 in the ionic
medium employed.[a] Values in parentheses are standard deviations on the last signifi-

On the other hand, potentiometric measurements per-cant figure
formed on [Gd(DTMA)]31 in acidic solutions indicate that
the monoprotonated complex is formed after rather short

[pKa 5 7.9(1)] giving rise to the hydroxo complex equilibration times (223 h), while complex dissociation is
[Gd(DTMA)OH]21, while for pH < 5 [Gd(DTMA)]31 un- expected[1] to produce significant concentrations of uncoor-
dergoes protonation to produce the species dinated Gd31 only after many hours.
[Gd(HDTMA)]41. Due to the reduced coordinating ability Complex protonation produces a more open structure
of DTMA toward Gd31, the uncoordinated metal ion is around Gd31, which means either an increase in the metal-
present in acidic media at pH < 4 (Figure 2). ion hydration number or a wider diffusion of water mol-

ecules in proximity of the paramagnetic centre; both
Figure 2. Distribution diagram of the complexed species formed by

phenomena are expected[3] to imply an enhancement of theDTMA with Gd31 as a function of pH in 0.1 mol dm23 Me4NNO3
solution at 298.1 K; [DTMA] 5 [Gd31] 5 1 3 1023 mol dm23 relaxation rate of water protons.

Therefore, the Gd31/DTMA system gives different re-
laxivity responses in acidic media, depending on the equili-
bration times of the complex; relaxivity increases with
decreasing pH due to: i) the formation of the monoproton-
ated [Gd(HDTMA)]41 complex, after short equilibration
times, ii) the presence of uncoordinated Gd31 ion after long
equilibration times. Both effects can be present simul-
taneously.

We believe that the relaxation properties of
[Gd(DTMA)]31 observed by Aime et al. in acidic solutions
are principally connected with the first factor.

Indeed, the results on the Gd31/DTMA system have a
direct impact in the research about paramagnetic contrast
agents for magnetic resonance imaging, suggesting that
modulation of water proton relaxivity can be achieved by

As can be seen in Table 1, DTMA displays almost the tuning the solution pH under kinetic control of the Gd31/
same tendency to bind Gd31 and Eu31, but ligand complexation reaction. Furthermore, the results de-
[Eu(DTMA)H2O]31 demonstrates a higher propensity than scribed here demonstrate the necessity to be very prudent
[Gd(DTMA)H2O]31 to form the hydroxylated complex in the use of Eu31 complexes as models for the correspond-
[pKa 5 7.0(1)], and does not form protonated species. ing Gd31 systems.

Hence, the use of the Eu31 complex with DTMA as a
We are grateful to Mr. Massimo Foresti, Dr. Palma Mariani, Mrs.model for the Gd31/DTMA system led Aime et al. to ignore

Lucia Monti, and Dr. Stefano Seniori Costantini for technical assist-the formation of [Gd(HDTMA)]41 in their interpretation
ance

of the relaxivity properties in acidic media.
Measurement of water relaxation times in the presence

of the gadolinium complex, performed with 0.1 mol dm23 [1] S. Aime, A. Barge, M. Botta, D. Parker, A. S. De Sousa, J. Am.
Chem. Soc. 1997, 119, 476724768.Me4NNO3 solutions after equilibration in the pH range

[2] Relaxivity is defined as the nuclear magnetic relaxation rate in-0.6211.8, confirmed the pH dependence of relaxivity found crease of water nuclei per unit concentration of the paramag-
by Aime et al. [1] in the presence of CF3SO3

2 at pH > 3. netic complex.
[3] R. B. Lauffer, Chem. Rev. 1987, 87, 9012927.This accounts for similar properties of NO3

2 and CF3SO
[4] Crystal data: [Gd(DTMA)H2O](ClO4)3 · NaClO4 · 3 H2O, tri-

3
2 in the formation of ion pairs with the complex. However clinic, P1̄, a 5 11.558(6), b 5 13.251(9), c 5 14.713(9) Å, α 5

94.29(9), β 5 109.65(8), γ 5 102.97(6)°, V 5 2040(4) Å3, Z 5for pH values < 3 the relaxivity increases with decreasing
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2, Dcalcd. 5 1.80 g cm23, T 5 298 K, graphite-monochromated Under such conditions pKw 5 13.83(1). Out-of-cell experiments

were performed by employing individual solutions equilibratedMo-Kα radiation, λ 5 0.71069 Å, µ 5 19.9 cm21; data collec-
tion with an Enraf Nonius CAD4 automatic diffractometer, at 298.1 ± 0.1 K. The pH of these solution was recorded at

intervals until no further pH drift was observed. E.m.f. dataθ22θ scan, 2θ # 50°, 7622 reflections, 6377 observed [I > 2
σ(I)] data, absorption correction by DIFABS[5]. The structure, were processed by using the HYPERQUAD program (P. Gans,

A. Sabatini, A. Vacca, Talanta 1996, 43, 173921753).solved by direct methods of SIR92[6] and refined[7] by full-ma-
trix least squares against F2 (non-H atoms anisotropic, the hy- [10] Crystals of [Gd(DTMA)H2O](ClO4)3 ·NaClO4 · 3 H2O were ob-

tained by slow concentration at room temp. of aqueous solu-drogen atoms of the macrocyclic ligand were placed in calcu-
lated positions and treated with an overall temperature factor tions containing equimolar quantities of DTMA and GdCl3 in

the presence of a tenfold excess of NaClO4. Satisfactory elemen-refined to 0.053 Å2, 528 variables/7111 data) to wR2 5 0.139,
goodness-of-fit 1.06, R(F, obs. data) 5 0.050. The Fourier dif- tal analyses were obtained for the various samples prepared.

[11] C. K Johnson, ORTEPII, Report-5138, Oak Ridge Nationalference map did not allow us to localize the hydrogen atoms
of the Gd-coordinated water molecule. Geometrical parameters Laboratory, Tennessee, USA, 1973.

[12] S. Aime, P. L. Anelli, M. Botta, F. Fedeli, M. Grandi, P. Paoli,were obtained by using PARST93[8]. Further information on
the crystal-structure determination has been deposited with the F. Uggeri, Inorg. Chem. 1992, 31, 2422; K. Kumar, C. A. Chang,

L. C. Francesconi, D. D. Dischino, M. F. Malley, J. Z. Goug-Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-101378 and may be obtained from outas, M. F. Tweedle, Inorg. Chem. 1994, 33, 356723575; S.

I. Kang, R. S. Ranganathan, J. E.Emswiler, K. Kumar, J. Z.CCDB, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (in-
ternat.) 1 44-1223/336033; e-mail: deposit@ccdc.cam.ac.uk] Gougoutas, M. F. Malley, M. F. Tweedle, Inorg. Chem. 1993,

32, 291222918.[5] N. Walker, D. D. Stuart, Acta Crystallogr., Sect. A 1983, 39,
1582166. [13] Stereochemical and Stereophysical Behaviour of Macrocycles

(Ed.: I. Bernal), Elsevier, Amsterdam, 1987, p 34245.[6] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M.
C. Burla, G. Polidori M. Camalli, J. Appl. Crystallogr. 1994, [14] A. Bianchi, L. Calabi, L. Ferrini, P. Losi, F. Uggeri, B Valtan-

coli, Inorg. Chim. Acta 1996, 249, 13215.27, 435.
[7] G. M. Sheldrick, SHELXL93 2 Program for the Refinement of [15] H. Maumela, R. D. Hancock, L. Carlton, J. H. Reibenspies, K.

P. Wainwright, J. Am. Chem. Soc. 1995, 117, 669826707.Crystal Structures, University of Göttingen, Germany, 1993.
[8] M. Nardelli, Comput. Chem. 1983, 7, 95298. [98101]
[9] Equilibrium constants were obtained by means of potentio-

metric titrations in 0.1 mol dm23 Me4NNO3 at 298.1 ± 0.1 K.
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Reaction of the ferriodisilanes C5R5(OC)2Fe–Si2H5 [R = H C5H5(OC)2Fe–Si2Cl5 (4a) and C5Me5(OC)2Ru–Si2Cl5 (4b)
with water results in regiospecific hydroxylation of the β-(1a), Me (1b)] with dimethyldioxirane leads to selective

insertion of oxygen into the α-Si–H bonds to yield the silicon atom to generate metallodisilanetriols C5R5(OC)2M–
SiCl2–Si(OH)3 [M = Fe, R = H (5a); M = Ru, R = Me (5b)].ferriodihydroxydisilanes C5R5(OC)2Fe–Si(OH)2–SiH3 [R = H

(2a), Me (2b)]. Another access to yield 2a is opened by Controlled condensation of 5b with Me2Si(H)Cl leads to the
novel rutheniosiloxane C5Me5(OC)2Ru–SiCl2–Si(OSiMe2H)3hydrolysis of the dichloro(ferrio)disilane Cp(OC)2Fe–SiCl2–

SiH3 (3a). Treatment of the pentachloro(metallo)disilanes (6).

Introduction Results and Discussion

Due to their important role as intermediates in the tech-
Treatment of the ferriodisilanes 1a2b with a solution ofnical synthesis of silicones[1] organosilanoles have been the

dimethyldioxirane in acetone at 278°C results in the forma-subject of extensive studies over several decades[2]. Recently,
tion of the ferriodihydroxydisilanes 2a, b, the first com-in context with our studies on the reactivity of func-
plexes with an H3Si2Si(OH)2 ligand (Eq. 1).tionalized silicon transition metal complexes we have estab-

lished a new type of silanol containing an Si-bonded tran-
sition metal fragment. Access to these metallosilanols is
opened by the hydrolysis of halo(metallo)silanes[3] and by
the oxygenation of metallosilanes with dimethyldioxirane[4].

(1)Especially the second approach which even allows trans-
formation of metal-bound SiH3 groups to Si(OH)3 moieties
is favored by the strong electron donor capacity of the tran-
sition metal fragment which in addition guarantees high
stability with respect to condensation. We now focused our

The dihydroxydisilanes 2a, b are isolated as pale yellowinterest on metallodisilanes and pentachloro(metallo)disil-
solids in excellent yields [89% (2a), 83% (2b)] within hoursanes LnM2SiX22SiX3 (X 5 H, Cl) where two extremely
and are barely soluble in aliphatic or aromatic solvents. Thedifferent types of Si2X units are present and which can be
solubility in THF or acetone is reasonable but light-inducedregarded as attractive model compounds for the demon-
decomposition occurs in these solutions within 12216 h.stration of the directing effect of transition metal fragments.
However, unlimited storage under nitrogen at 220°C isWe have examined this possibility using the metallodisilanes
possible. Further hydroxylation of 2a, b with a large excessof the iron group [LnM 5 C5R5(OC)2Fe/Ru (R 5 H, Me)]
of dimethyldioxirane does not lead to the expected metallo-accessible by simple routes[5]. We now report that the tran-
pentahydroxydisilane due to extensive decomposition.sition metal effect can create novel types of disilanyl ligands

Another approach to 2a, b starting from the ferriodisil-in which either the α- or the β-silicon atom is fully substi-
anes applies in the first step the regiospecific transformationtuted by hydroxy groups.
of 1a, b into the corresponding dichloro(ferrio)disilanes 3a,

[e] Part 43: Ref. [5a]. b by H/Cl exchange with CCl4 as described recently[6], fol-
[ee] Part 16: S. Möller, H. Jehle, W. Malisch, W. Seelbach in: Orga- lowed by treatment with water. Hydrolysis of 3a, b in thenosilicon Chemistry III: From Molecules to Materials (Eds.: N.

Auner, J. Weis), VCH, Weinheim 1998, p. 2672270. presence of Et3N as an auxiliary base takes place only in
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We gratefully acknowledge financial support from the Deutschethe case of 3a (Eq. 2). Generated 2a is isolated after 14

Forschungsgemeinschaft (SFB 347: “Selective Reaktionen Metall-hours in 81% yield.
aktivierter Moleküle”; Schwerpunktprogramm “Spezifische Phäno-
mene in der Siliciumchemie”) as well as from the the Fonds der
Chemische Industrie.

(2)

Experimental Section
All operations were performed under purified and dried nitrogen

The dichloro(ferrio)disilane 3b does not show an anal- with the Schlenk-type technique. Solvents were dried according to
ogous tendency for Cl/OH exchange according to Eq. (2), conventional procedures, distilled, and saturated with N2 prior to

use. 2 NMR: Bruker AMX 400 (400.1 MHz, 100.6 MHz, and 79.5indicating that the electron-releasing capability of the Cp*
MHz for 1H, 13C, and 29Si, respectively). [D6]Benzene as a solvent(OC)2Fe fragment, which exceeds that of the Cp(OC)2Fe
(unless otherwise stated): δH 5 7.15, δC 5 128.0; [D6]acetone: δH 5fragment, too strongly reduces the electrophilicity of the α-
2.04, δC 5 206, 29.8; for 29Si 2H-lock internal, rel. to TMS external.silicon atom.
2 IR: Perkin-Elmer 283. 2 Melting points: Du Pont 9000 ThermalIn contrast to the reactions of Eq. (1) in which the metal
Analysis System. 2 Starting materials: C5R5(OC)2Fe2SiH22SiH3fragment activates the α-silicon atom with respect to elec- (R 5 H, Me)[5], C5Me5(OC)2Ru2SiH22SiH3

[5].
trophilic attack, nucleophilic exchange activity of this sili-

1. 1-[Dicarbonyl(η5-cyclopentadienyl)ferrio]-1,1-dihydroxydisil-con atom is extremely reduced. This fact allows regiospe-
ane (2a)cific hydroxylation in the β-position of the pentachloro(me-

A) Dimethyldioxirane Route: A solution of 150 mg (0.62 mmol)tallo)disilanes 4a, b by base-assisted hydrolysis. Cl/OH ex-
of Cp(OC)2Fe2Si2H5 (1a) in 5 ml of toluene was combined withchange is complete within 12 hours at room temperature
16.5 ml (1.24 mmol) of a 1.4  solution of dimethyldioxirane inyielding the dichloro(metallo)trihydroxydisilanes 5a, b as
acetone at 278°C leading to a rapid change of colour from yellowbeige, rather air-stable solids (Eq. 3).
to orange. The reaction mixture was warmed up to room tempera-
ture within 50 min, unsoluble material separated, and volatiles were
removed in vacuo. Remaining 2a was washed with pentane and
dried in vacuo. 2 Yield 146 mg (89%).

B) Hydrolysis Route: A solution of 537 mg (1.70 mmol) of
Cp(OC)2Fe2SiCl22SiH3 (3a) in 15 ml of Et2O was combined with(3)
63 mg (3.5 mmol) of H2O and 353 mg (3.4 mmol) of Et3N at 0°C
and the reaction mixture stirred for 10 h in the dark. Following the
work-up procedure of A) 2a was obtained in 81% yield. 2 Yellow
microcrystalline powder. 2 M.p. 66°C (decomp.). 2 C7H10FeO4Si2
(264.92): calcd. C 27.32, H 2.49; found C 27.38, H 2.63. 2 1H
NMR: δ 5 3.95 (s, H5C5), 3.88 (s, br., 2 H, HO), 3.76 [s, 1J(SiH) 5Remarkable is the stability of the metallodisilanetrioles
196.0 Hz, 3 H, H3Si]. 2 13C NMR: δ 5 214.6 (s, CO), 85.07 (s,5a, b with respect to self-condensation. Apparently, the
C5H5). 2 29Si NMR: δ 5 99.88 (s, α-Si), 2100.1 (s, β-Si). 2 IRSi2OH group stabilization by the “transition metal effect”
(toluene): ν̃ 5 3372 cm21 [m, br., ν(OH)]; 2135 [m, ν(SiH)]; 2000

is working even at the β-silicon atom. This property renders (vs), 1953 (vs) [ν(CO)].
5a, b useful as precursors for selective formation of unusual

2. 1-[Dicarbonyl(η5-pentamethylcyclopentadienyl)ferrio]-1,1-dihy-siloxane arrangements at the β-silicon atom. A first ex-
droxydisilane (2b): According to 1. A) from 130 mg (0.42 mmol) ofample is realized by base-assisted condensation of 5b with
1b and 11 ml (0.84 mmol) of a 1.3  solution of dimethyldioxirane

chlorodimethylsilane to give the novel (ruthenio- in acetone after 80 min. 2 Yield: 98 mg (89%). 2 Yellow, microcry-
silyl)(siloxy)trisiloxane 6 as a deep yellow solid after recrys- stalline powder. 2 M.p. 65°C (decomp.). 2 C12H20FeO4Si2
tallization from n-pentane at 278°C (yield: 74%) (Eq. 4). (340.31): calcd. C 42.35, H 5.92; found C 42.26, H 6.01. 2 1H

NMR: δ 5 3.57 [s, 1J(SiH) 5 182.0 Hz, 3 H, H3Si], 2.28 (s, br., 2
H, HO), 1.58 [s, 15 H, (H3C)5C5]. 2 13C NMR: δ 5 215.9 (s, CO),
95.70 [s, C5(CH3)5], 9.69 [s, (CH3)5C5]. 2 29Si NMR: δ 5 96.70 [s,
Si(OH)2], 295.26 (s, SiH3). 2 IR (toluene): ν̃ 5 3479 cm21 [m, br.,(4)
ν(OH)]; 2107 [m, ν(SiH)], 1986 (vs), 1931 (vs) [ν(CO)].

3. 1,1-Dichloro-1-dicarbonyl(η5-cyclopentadienyl)ferrio]-2,2,2-tri-
hydroxydisilane (5a): A solution of 1.01 g (2.46 mmol) of Cp(OC)2Fe2

Si2Cl5 (4a) in 50 ml of Et2O was combined with 132 mg (7.38The ruthenio complex 6 is characterized by a high num-
mmol) of H2O and 747 mg (7.38 mmol) of Et3N. The reactionber of Si functionalities which can be used for further
mixture was stirred for 12 h at room temperature, followed by sep-

hydroxylation or introduction of transition metal fragments aration of insoluble material. After removal of volatiles, the re-
by oxidative addition. maining residue was washed with 15 ml of n-pentane, filtered, and

In forthcoming publications we will report on these dried in vacuo. 2 Yield: 740 mg (84%). 2 Pale yellow, microcrys-
transformations and further regiospecific reactions of met- talline powder. 2 M.p. 64°C (decomp.). 2 C7H8Cl2FeO5Si2

(355.06): calcd. C 23.68, H 2.27; found C 23.81, H 2.39. 2 1Hallodisilanes using the “transition metal effect”.
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NMR: δ 5 4.48 (s, 5 H, H5C5), 3.96 (s, br, 3 H, HO). 2 13C NMR: (s, CH3). 2 29Si NMR: δ 5 210.14 (s, β-Si), 227.00 (s, δ-Si) [α-

silicon signal was not observed]. 2 IR (toluene): ν̃ 5 2117 cm21δ 5 212.9 (s, CO), 84.51 (s, C5H5). 2 IR (THF): ν̃ 5 3481 cm21

[s, br., ν(OH)]; 2000 (vs), 1946 (vs) [ν(CO)]. [s, ν(SiH)]; 1995 (vs), 1936 (vs) [ν(CO)].

4. 1,1-Dichloro-1-dicarbonyl(η5-pentamethylcyclopentadienyl)ru- [1] W. Noll, Chemistry and Technology of Silicones, VCH,
thenio]-2,2,2-trihydroxydisilane (5b): According to 3. from 260 mg Weinheim, 1968.

[2] H. J. Holdt, G. Schott, E. Popowski, H. Kelling, Z. Chem. 1983,(0.49 mmol) of 4b, 26.5 mg (1.47 mmol) of H2O and 150 mg (1.47
23, 252. 2 L. Fabry, Rev. Silicon, Germanium, Tin, Lead Compd.mmol) of Et3N in 50 ml of Et2O after stirring for 12 h. 2 Yield: 110
1985, 4, 349. 2 J. Ackermann, V. Demrath, Chem. Unserer Zeit

mg (47%). 2 Pale yellow, microcrystalline powder. 2 M.p. 57°C 1989, 23, 86299. 2 R. Murugawel, A. Voigt, M. G. Walawal-
(decomp.). 2 C12H18Cl2O5RuSi2 (470.42): calcd. C 30.69, H 3.87; kar, H. W. Roesky, Chem. Rev. 1996, 96, 220522236. 2 R. Mu-

rugawel, V. Chandraheskar, H. W. Roesky, Acc. Chem. Res.found C 30.64, H 3.86. 2 1H NMR ([D6]acetone): δ 5 2.20 (s, 3
1996, 29, 1832189. 2 P. D. Lickiss, Adv. Inorg. Chem. 1995,H, HO), 1.92 [s, 15 H, (H3C)5C5]. 2 13C NMR ([D6]acetone): δ 5
42, 1472262.

204.47 (s, CO), 100.58 [s, C5(CH3)5], 10.64 [s, (CH3)5C5]. 2 IR [3] W. Ries, T. Albright, J. Silvestre, I. Bernal, W. Malisch, Inorg.
(Et2O): ν̃ 5 3473 cm21 [s, br., ν(OH)]; 2001 (vs), 1944 (vs) [ν(CO)]. Chim. Acta 1986, 111, 1192128.

[4] W. Adam, U. Azzena, F. Prechtl, K. Hindahl, W. Malisch,
Chem. Ber. 1992, 125, 140921411. 2 S. Möller, O. Fey, W. Mal-5. 3-{[Dicarbonyl(η5-pentamethylcyclopentadienyl)ruthenio]-di-
isch, W. Seelbach, J. Organomet. Chem. 1996, 507, 2392244. 2chlorosilyl}-3-(dimethylsiloxy)-1,1,5,5-tetramethyltrisiloxane (6):
W. Malisch, R. Lankat, S. Schmitzer, J. Reising; Inorg. Chem.321 mg (3.40 mmol) of Me2Si(H)Cl and 343 mg (3.39 mmol) of 1995, 34, 570125702. 2 W. Adam, R. Mello, R. Curci, Angew.

Et3N in 20 ml of Et2O were added dropwise to a solution of 402 Chem. 1990, 102, 9162917; Angew. Chem. Int. Ed. Engl. 1990,
29, 8902891. 2 W. Adam, A. K. Smerz, Bull. Soc. Chim. Belg.mg (1.13 mmol) of C5Me5(OC)2Ru2SiCl22Si(OH)3 (5b) in 10 ml
1996, 105, 5812599.of Et2O. After stirring for 8 h, volatiles were removed in vacuo. The

[5] [5a] W. Malisch, H. Jehle, S. Möller, G. Thum, J. Reising, A.residue was extracted with 15 ml of n-pentane and 6 crystallized at Gbureck, V. Nagel, C. Fickert, W. Kiefer, Eur. J. Inorg. Chem.,
278°C. 2 Yield: 113 mg (74%). 2 Yellow waxy solid. 2 M.p.: submitted ((I98123)). 2 [5b] B. Stadelmann, P. Lassacher, H.

Stüger, E. Hengge, J. Organomet. Chem. 1994, 482, 2012206.77°C (decomp.). 2 C18H36Cl2O5Si5Ru (644.85): calcd. C 33.52, H
[6] R. B. King, K. H. Pannell, C. R. Bennett, M. Ishaq, J. Or-5.63; found C 33.21, H 5.50. 2 1H NMR: δ 5 5.19 [sept,

ganomet. Chem. 1969, 19, 327. 2 W. Malisch, M. Kuhn, Chem.3J(HSiCH) 5 2.8 Hz, 1J(HSi) 5 202.5 Hz, 3 H, HSi], 1.86 [s, 15 Ber. 1974, 107, 283522851. 2 W. Malisch, W. Ries, Chem. Ber.
H, (H3C)5C5], 0.51 [d, 3J(HSiCH) 5 2.8 Hz, 18 H, (H3C)Si]. 2 13C 1979, 112, 130421315.

[98125]NMR: δ 5 203.3 (s, CO), 99.7 [s, C5(CH3)5] 10.2 [s, (CH3)5C5], 1.4
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Treatment of the cationic secondary (phosphane)iron complexes [(R9C5H4)(OC)2Fe–P(R)H2]BF4 [R = tBu, Ph, Mes;
R9 = H, neomenthyl (NM)] (4a–e) with 2 affords the complexcomplexes [Cp(OC)2Fe–P(Ph)(R)H]BF4 (R = Ph, Me) (1a, b)

with diazoacetic ester (2) yields the novel complex salts salts {(R9C5H4)(OC)2Fe–P(R)(H)[N(H)–N=C(H)CO2Et]}BF4

(5a–d) or {(R9C5H4)(OC)2Fe–P(R)[N(H)–N=C(H)CO2Et]2}BF4{Cp(OC)2Fe–P(Ph)(R)[N(H)–N=C(H)CO2Et]}BF4 (R = Ph, Me)
(3a, b) by insertion of the terminal nitrogen atom of 2 into the (6a–d), depending on the molar ratio. The structures of 5c

and 6b are proved by X-ray analysis.P–H bond of 1a, b. Reaction of the primary (phosphane)iron

Introduction Reaction of 1a, b with diazoacetic ester (2) in dichloro-
methane at room temperature yields the insertion products

Our investigations into the reactivity of primary phos- 3a, b after 24 h which are obtained as yellow, microcrystal-
phane-substituted iron complexes of the type [Cp(OC)2- line powders in high yields (87%) after precipitation with
Fe2P(R)H2]BF4 (R 5 alkyl, aryl) towards organoisothio- ether [Eq. (1)].
cyanates have revealed that in the presence of Et3N the cor- The cation of 3a, b bears a functional phosphane ligand
responding ferriophosphanes Cp(CO)2Fe2P(H)R are characterized by a hydrazone unit formed by insertion of
formed as intermediates. This will subsequently lead to the the terminal nitrogen atom of 2 into the P2H bond of 1a,
product of a P2H insertion[2] or a combination of P2H b. The constitution of 3a, b is deduced from the NMR spec-
insertion and [213] cycloaddition[1]. This result clearly con- troscopic data that show a doublet resonance for the N2H
trasts with the reactivity of ferriodiorganophosphanes proton [δ 5 8.61 (3a)/8.43 (3b); 2J(PNH) 5 16.7 (3a)/22.0
Cp(OC)2Fe2PR2 which in all cases were found to form the Hz (3b)] and a singlet resonance for the CH(5N) proton
[213] cycloadducts Cp(OC)Fe2PR22C(S)2N(R9)2 [δ 5 7.35 (3a)/7.31 (3b)] in the 1H-NMR spectra. The inser-
Ca(5O)(Fe2Ca) [3a] with the heterocumulenes. A compar- tion of 2 causes a significant low-field shift of the 31P-NMR
able reaction was observed with electron-deficient alkynes[-

resonance from δ 5 31.8/10.8 for the secondary phosphane3b] [3c] [3d] [3e]. in the starting material 1a, b to δ 5 114.1/108.0 for the
Now we have utilized this synthetic strategy for func- phosphanylhydrazone in the product 3a, b. The IR spectra

tionalization of phosphane ligands by transformation of show the expected ν(CO)sym and ν(CO)asym absorptions at
metal-coordinated primary and secondary phosphanes with approximately 2050 and 2020 cm21.
diazoacetic ester.

In contrast to the insertion reaction of the metal-coordi-
nated secondary phosphanes {Cp(OC)2Fe2PR2H}1 (R 5
alkyl, aryl) with isothiocyanates which requires a base (e.g.Results
Et3N)[3a] the insertion of diazoacetic ester according to Eq.
(1) proceeds without an auxiliary base. Since metallodior-Preferentially, the complex salts {Cp(OC)2[H(R)(R9)P]-
ganophosphanes, formed by deprotonation of secondaryFe}BF4 (R 5 H, Me, Ph; R9 5 tBu, Ph, Mes) were used,
cationic phosphane complexes, have been shown to be es-which feature a simple structure and are easily accessible
sential intermediates for the insertion process, diazoaceticby thermal carbon monoxide/phosphane exchange from the
ester itself must act as the base. In accordance with thiscation [Cp(OC)3Fe]1.
experience a reaction sequence for the formation of 3a, b

[e] Part LXI: Ref. [1]. appears reasonable in which primarily the cation of 1a, b is
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deprotonated by diazoacetic ester to generate the phos- cant shift of about 120 ppm to lower field in relation to the
starting materials 4a2d. Relative to the secondary phos-phido species A followed by coupling between the terminal

nitrogen atom and the phosphido phosphorus atom leading phane in 5a2c, the tertiary phosphane in 6a2c displays an
additional shift of about 50 ppm (5/6a) or 80 ppm (5/6b, c).to intermediate B (Scheme 1). Protonation at the P-bound

nitrogen atom gives 3a, b under release of diazoacetic ester. The structures of the insertion products 5a2d/6a2d de-
duced from the spectroscopic data are confirmed by X-rayAn insertion into one or both of the P2H bonds can

be expected in the reaction of 2 with coordinated primary analysis of 5c und 6b, demonstrating an exclusive formation
of the (E) isomer at to the C5N double bond.phosphanes. Especially the monoinsertion is of interest as

it generates a stereogenic functionalized phosphorus atom.
From this point of view it appears attractive to study the
possibility of its asymmetrically induced formation using a Molecular Structures of 5c and 6b
chirally modified Cp ligand. In a first approach we intro-
duced the easily accessible neomenthyl cyclopentadienyl The complex salts 5c (Figure 1) and 6b (Figure 2) have

an octahedral arrangement of the ligands CO, Cp, andunit [4] [5].
Reaction of the primary (phosphane)iron complexes P(H)(Mes)[N(H)2N5C(H)2C(O)OEt] or P(Ph)[N(H)2

N5C(H)2C(O)OEt]2, respectively, indicated by the bond4a2d with 2 in acetonitrile at room temperature in a molar
ratio of 1:1 yields the phosphanylhydrazone complexes angles of C12Fe2C2 92.0(5)° (5c)/93.4(3)° (6b), C12Fe2P

93.9(5)° (5c)/91.4(2)° (6b), and C22Fe2P 95.0(8)° (5c)/5a2d within 2 d [Eq. (2a)]. The analogous reaction of
4a2c, e with two equivalents of 2 leads to the formation of 95.0(2)° (6b). The Fe2C(O) distances of 1.757(12) Å

(Fe2C1)/1.769(11) Å (Fe2C2) (5c), 1.753(7) Å (Fe2C1)/the metallophosphanyldihydrazone species 6a2d by inser-
tion of 2 into both the P2H bonds [Eq. (2b)]. Complexes 1.785(6) Å (Fe2C2) (6b) as well as the Fe2P distances

[d(Fe2P) 5 2.208(17) Å (5c)/2.1909(15) Å (6b)] are in good5a2d and 6a2d are obtained in good yields as yellow, mic-
rocrystalline powders after precipitation with ether from the agreement with known values[1] [2]. The substituents at the

phosphorus atom show a nearly perfectly staggered confor-concentrated reaction mixture.
The monoinsertion products 5a2d are of particular inter- mation of ligands at the iron atom. In 5c the bulky mesityl

unit adopts the anti position to the Cp ligandest, since they do not only contain a chiral phosphorus
atom but also offer the possibility of further derivatization [Cp(Z)2Fe2P2C10 173.47°], while in compound 6b this

position is occupied by a hydrazone unit [Cp(Z)2Fe2of the R2P2H moiety. The NMC5H4 substituted com-
pound 5d is obtained as a 1:1 mixture of two epimers, which P2N1 167.64°]. As a consequence the other two substitu-

ents in both molecules are oriented trans to the CO ligandsmeans that the chiral ring ligand has no effect on the stereo-
chemical course of the coupling process[6]. Compound 5d, [5c: H2P2Fe2C2 165.0(8)°, N12P2Fe2C12173.1(5)°;

6b: C102P2Fe2C2 175.7(3)°, N32P2Fe2C1however, should offer the possibility of separating the
stereoisomers with (R) and (S) configuration at the phos- 2159.4(3)°].

The phosphorus atoms exhibit a distorted tetrahedralphorus atom by chromatography[6] [7].
In accordance with the postulated constitution the 1H- conformation with the largest bond angles including the

metal center [5c: N12P2Fe 112.2(3)°, H2P2FeNMR spectra of 5a2d/6a2d show the resonances of the
NH and CH protons in the typical ranges of δ 5 8.2028.98 116.3(35)°, C102P2Fe 118.7(2)°; 6b N32P2Fe 112.9(2)°,

N12P2Fe 113.8(2)°, C102P2Fe 115.5(2)°]. The P2H dis-(N2H) and 7.0228.47 (C2H). The resonance of the P-
bonded hydrogen atom in 5a2d at δ 5 7.6828.59 shows a tance of 1.39(8) Å is in good agreement with the expected

values {[Cp(OC)(Me3P)Fe2P(H)(tBu)Me]I: 1.40(5) Å[8];doublet splitting with a P2H coupling constant of about
400 Hz. The 31P-NMR resonances of the secondary phos- PH3: 1.439 Å[9]}. The hydrazone units are characterized by

N2N single bonds for N12N2[10] [1.374(9) Å (5c)/1.368(6)phane ligands in 5a2d at δ 5 64.92113.8 exhibit a signifi-
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Figure 2. ORTEP plot of {Cp(OC)2Fe2P(Ph)[N(H)2N5Figure 1. ORTEP plot of Cp(OC)2Fe2P(H)(Mes)[N(H)2N5
C(H)2CO2Et]BF4 (5c)[a] C(H)2CO2Et]2}BF4 (6b)[a]

[a] Selected bond lengths [Å], bond and torsion angles [°]: Fe2C1
1.753(7), Fe2C2 1.785(6), Fe2P 2.1909(15), P2N3 1.667(4),
P2N1 1.670(5), P2C10 1.796(5), N12N2 1.368(6), N22C20
1.263(6), N32N4 1.367(5), N42C30 1.256(6); C12Fe2C2 93.4(3),[a] Selected bond lengths [Å], bond and torsion angles [°]: Fe2P
C12Fe2P 91.4(2), C22Fe2P 95.0(2), N32P2N1 108.9(2),2.208(17), Fe2C1 1.757(12), Fe2C2 1.769(11), P2N1 1.647(8),
N32P2Fe 112.9(2), N12P2Fe 113.8(2), C102P2Fe 115.5(2),P2C10 1.807(8), N12N2 1.374(9), N22C8 1.254(11), P2H
C202N22N1 117.8(4), N42N32P 118.0(4), C302N42N31.39(8), N12H1 0.85(8); C12Fe2C2 92.0(5), C12Fe2P 93.9(5),
118.5(4); N32P2N12N2 96.1(4), C102P2N12N2 2155.4(4),C22Fe2P 95.0(8), N12P2C10 109.8(4), N12P2Fe 112.2(3),
P2N12N22C20 180.0(4), N12P2N32N4 296.5(4),N22N12P 120.4(6), C82N22N1 117.2(7), N22C82C9 121.6(9),
C102P2N32N4 156.2(4), P2N32N42C30 173.9(4),N22C82H8 119.2(5), C92C82H8 119.2(6), N12P2H 99.9(34),
N22C202C212O22 163.5(5), N42C302C312O32 2170.2(6).Fe2P2H 116.3(35), N22N12H1 117.6(59), P2N12H1

120.8(58); C12Fe2P2N1 2173.1(5), C22Fe2P2N1 280.8(5),
N22C82C92O3 177.8(9), N12P2C102C15 2137.5,
Fe2P2C102C15 91.3(6). nitrogen atoms N1 (5c, 6b) and N3 (6b) as well as the sp2-

hybridized C5N carbon atoms C8 (5c) and C20, C30 (6c)
show nearly ideal planarity (sum of angles: 358.8°2360.0°).Å (6b)] and N32N4 (6b) [1.367(5) Å], and values typical

of a C5N double bond[11] for N22C8 (5c) [1.254(11) Å], We have demonstrated that diazoacetic ester is a reagent
which easily inserts into P2H bonds of metal-coordinatedN22C20 (6b) [1.263(6) Å] and N42C30 (6b) [1.256(6) Å].

The structural units N(H)2N5C(H)C2(O)OEt are nearly primary and secondary phosphanes. This procedure can be
used to build up novel phosphane ligands at the metalplanar [N2N2C2C: 2178.5(8)° (5c), 2174.5(4)° and

176.7(5)° (6b)] and exhibit (E) configuration; the P-bound center. Controlled monoinsertion in the case of primary
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3.4. 2 IR (acetonitrile): ν(PH) 5 2390 (w); ν(CO) 5 2057 (vs);phosphanes leads to chiral secondary phosphane ligands
2009 (vs) cm21. 2 C11H16BF4FeO2P (353.87): calcd. C 37.33, Hwhich possess a high synthetic potential because of the
4.56; found C 37.41, H 4.57.P2H moiety which is useful for further derivatization.

4b: 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 7.7127.52 (m,Support of this research by the Deutsche Forschungsgemeinschaft
5 H, H5C6); 6.16 [d, 1J(PH) 5 407.8 Hz, 2 H, H2P]; 5.42 [d,(Sonderforschungsbereich 347, “Selektive Reaktionen Metall-akti-
3J(PFeCH) 5 2.1 Hz, 5 H, H5C5]. 2 13C NMR ([D3]acetonitrile,vierter Moleküle”) and the Fonds der Chemischen Industrie is grate-
100.6 MHz): δ 5 209.0 [d, 2J(PFeC) 5 24.9 Hz, C5O]; 133.5 [d,fully acknowledged.
2J(PCC) 5 10.1 Hz, C-2/6]; 132.1 [d, 4J(PCCCC) 5 2.9 Hz, C-4];
130.3 [d, 3J(PCCC) 5 11.5 Hz, C-3/5]; 124.0 [d, 1J(PC) 5 57.2 Hz,
C-1]; 88.5 (s, C5H5). 2 31P NMR ([D3]acetonitrile, 162.0 MHz):

Experimental Section δ 5 229.5. 2 IR (acetonitrile): ν(PH) 5 2398 (w); ν(CO) 5 2060
(vs); 2015 (vs) cm21. 2 C13H12BF4FeO2P (373.86): calcd. C 41.76,General: All manipulations were performed under purified nitro-
H 3.24; found C 41.53, H 2.93.gen with standard Schlenk techniques. Solvents were rigorously

dried with an appropiate drying agent and distilled under nitrogen
4c: 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 7.04 (s, 2 H,prior to use. 2 1H-, 13C-, and 31P-NMR spectra were obtained with

H2C); 6.09 [d, 1J(PH) 5 400.4 Hz, 2 H, H2P]; 5.49 [d,a Bruker AMX 400 spectrometer. 2 Infrared spectra were recorded
3J(PFeCH) 5 2.3 Hz, 5 H, H5C5]; 2.43 (s, 6 H, 2-H3C); 2.27 (s, 3in solution with a Perkin-Elmer 283 grating spectrometer in NaCl
H, 4-H3C). 2 13C NMR ([D3]acetonitrile, 100.6 MHz): δ 5 209.3cells with 0.1 mm path lengths. 2 Melting points were determined
[d, 2J(PFeC) 5 24.1 Hz, C5O]; 143.3 [d, 4J(PCCCC) 5 1.5 Hz, C-by Differential Thermo Analysis (DTA) with a Du Pont Thermal
4]; 141.6 [d, 2J(PCC) 5 8.0 Hz, C-2/6]; 141.6 [d, 3J(PCCC) 5 9.0Analysis System 9000. 2 Elemental analyses were performed in the
Hz, C-3/5]; 126.4 [d, 1J(PC) 5 58.4 Hz, C-1]; 88.4 (s, C5H5); 21.6laboratories of the Institut für Anorganische Chemie. 2 [Cp(OC)3-
[d, 3J(PCCC) 5 9.7 Hz, 2/6-CH3]; 20.9 (s, 4-CH3).231P NMRFe]BF4

[12] and [(NMC5H4)(OC)3Fe]BF4
[6] were prepared according

([D3]acetonitrile, 162.0 MHz): δ 5 261.2. 2 19F NMR ([D3]ace-to literature procedures. N2C(H)CO2Et was obtained commercially
tonitrile, 376.5 MHz): δ 5 2150.2. 2 IR (acetonitrile): ν(PH) 5and used without further purification.
2397 (w); ν(CO) 5 2058 (vs), 2015 (vs) cm21. 2 C16H18BF4FeO2P

1) General Procedure for the Preparation of {Cp(OC)2[H(R)- (415.94): calcd. C 46.20, H 4.36; found C 46.28, H 4.18.
(Ph)P]Fe}BF4 [R 5 Ph, Me (1a, b)], {Cp(OC)2[H2(R)P]Fe}BF4

4d: 1H NMR (400.1 MHz, CDCl3): δ 5 6.90 [s, 2 H, H2C]; 6.22[R 5 tBu, Ph, Mes (4a2c)] and {(NMC5H4)(OC)2[H2(R)P]Fe}-
[s, 1J(HP) 5 407.5 Hz, 1 H, H2P]; 6.20 [s, 1J(HP) 5 405.8 Hz, 1BF4 [R 5 Mes, Ph (4d, e)]: A cooled (0°C) solution of 3.50 mmol
H, H2P]; 5.63/5.54/5.48/5.44 (s, 4 H, H4C5); 2.87 (s, 1 H, 6-H,of [Cp(OC)3Fe]BF4 or [(NMC5H4)(OC)3Fe]BF4 in 20 ml of aceto-
H19C10); 2.40 (s, 6 H, o-H3C); 2.24 (s, 3 H, p-H3C); 0.90 (d,nitrile was combined with an equimolar amount of the appropriate
3J(HCCH) 5 5.8 Hz, 3 H, H3C); 0.85 [d, 3J(HCCH) 5 5.9 Hz, 3phosphanes R(Ph)PH (R 5 Me, Ph) or RPH2 (R 5 tBu, Ph, Mes).
H, H3C]: 0.74 [d, 3J(HCCH) 5 5.9 Hz, 3 H, H3C]; 1.8620.73 (m,The mixture was stirred for 10 h at 60°C and then reduced in vacuo
9 H, H11C10). 2 13C NMR (100.6 MHz, CDCl3): δ 5 209.13 [d,to a volume of 8 ml. Precipitation of the product was achieved by
2J(CFeP) 5 23.7 Hz, CO]; 142.23 [d, 3J(CCCP) 5 2.1 Hz, C-4,addition of 10 ml of ether. The product was separated by filtration,
C6H2(CH3)3]; 140.69 [d, 3J(CCCP) 5 8.6 Hz, C-3, C-5,washed with 10 ml of ether and dried in vacuo. 2 Yield > 85%. 2
C6H2(CH3)3]; 130.12 [d, 2J(CCP) 5 9.00 Hz, C-2, C-6,Yellow to orange microcrystalline powders. 2 M.p.: 1a: 123°C; 1b:
C6H2(CH3)3]; 117.39 [d, 1J(CP) 5 58.2 Hz, C-1, C6H2(CH3)3];143°C; 4a: 1772179°C (dec.); 4b: 178°C (dec.); 4c: 137°C (dec.);
111.89 (s, C-1, C5H4); 90.44/90.17/88.10/84.56 (s, C-2, C-3, C-4, C-4d: 76°C; 4e: 78°C.
5, C5H4); 47.88 (s, C-6, C10H19); 43.72 (s, C-11, C10H19); 35.41 (s,

1a: 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.0227.62 (m, C-7, C10H19); 34.78 (s, C-9, C10H19); 29.46 (s, C-10, C10H19); 27.91
10 H, H5C6); 7.45 [d, 1J(PH) 5 418 Hz, 1 H, H2P]; 5.50 [d, (s, C-12, C10H19); 24.15 (s, C-8, C10H19); 22.27/21.80/21.70/21.60/
3J(PFeCH) 5 2.0 Hz, 5 H, H5C5]. 2 13C NMR ([D3]acetonitrile, 21.13/20.51 (s, C-13, C-14, C-15, C10H19, o-CH3, p-CH3). 2 31P
100.6 MHz): δ 5 209.8 [d, 2J(PFeC) 5 24.4 Hz, C5O]; 133.3 (s, NMR (162.0 MHz, CDCl3): δ 5 260.24. 2 IR (acetonitrile): ν
C-4); 133.2 [d, 2J(PCC) 5 10.7 Hz, C-2/6]; 130.8 [d, 3J(PCCC) 5 (CO) 5 2049 (s), 2005 (s) cm21. 2 C26H36BF4FeO2P (554.20):
11.3 Hz, C-3/5]; 129.9 [d, 1J(PC) 5 54.1 Hz, C-1]; 89.1 (s, C5H5). calcd. C 56.35, H 6.55; found C 56.51, H 6.74.
2 31P NMR ([D3]acetonitrile, 162.0 MHz): δ 5 31.8. 2 IR (aceto-
nitrile): ν(PH) 5 2302 (w); ν(CO) 5 2054 (s); 2016 (s) cm21. 2 4e: 1H NMR (400.1 MHz, CD3CN): δ 5 7.8027.62 (m, 5 H,

H5C6); 6.25 [d, 1J(HP) 5 404.00 Hz, 2 H, H2P]; 5.79/5.49/5.33/5.22C19H16BF4FeO2P (449.96): calcd. C 50.72, H 3.58; found C 50.56,
H 3.38. (s, 4 H, H4C5NM); 2.98 (s, 1 H, 6-H, H19C10); 0.95 [d, 3J(HCCH) 5

6.4 Hz, 3 H, H3C]; 0.91 [d, 3J(HCCH) 5 6.2 Hz, 3 H, H3C]; 0.81
1b: 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 7.8027.55 (m,

[d, 3J(HCCH) 5 6.5 Hz, 3 H, H3C]; 1.9420.84 (m, 9 H, H9C7). 2
5 H, H5C6); 6.50 [dq, 1J(PH) 5 372 Hz, 3J(HPCH) 5 6.18 Hz, 1 13C NMR (100.6 MHz, CD3CN): δ 5 208.93 [d, 2J(CFeP) 5 24.7
H, H2P]; 5.45 [d, 3J(PFeCH) 5 2.1 Hz, 5 H, H5C5]; 2.11 [dd,

Hz, CO]; 208.90 [d, 2J(CFeP) 5 24.7 Hz, CO]; 123.27 [d, 2J(CP) 52J(HCP) 5 12.1 Hz, 3J(HCPH) 5 6.2 Hz, 3 H, H3CP]. 2 31P NMR
57.2 Hz, C-1, CP]; 132.78 [d, 2J(CCP) 5 10.5 Hz, C-2, C6H5P];

([D3]acetonitrile, 162.0 MHz): δ 5 10.8. 2 IR (acetonitrile):
132.39 [d, 3J(CCCP) 5 3.3 Hz, C-3, C-6, C6H5P]; 129.97 [d,

ν(CO) 5 2054 (s); 2010 (s) cm21. 2 C14H14BF4FeO2P (387.89): 2J(CCP) 5 12.1 Hz, C-6, C6H5P]; 112.97 (s, C-1, C5H4); 90.85/
calcd. C 43.35, H 3.64; found C 43.90, H 3.71.

90.76/96.67/84.11 (s, C-2, C-3, C-4, C-5, C6H4); 47.83 (s, C-6,
C10H19); 43.34 (s, C-11, C10H19); 35.27 (s, C-7, C10H19); 34.89 (s,4a: 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 5.78 (s, 5 H,

H5C5); 5.12 [d, 1J(PH) 5 384.0 Hz, 2 H, H2P]; 1.27 [d, C-9, C10H19); 29.54 (s, C-10, C10H19); 27.76 (s, C-12, C10H19); 24.13
(s, C-8, C10H19); 21.82/21.40/20.10 (s, C-13, C-14, C-15, CH3). 23J(PCCH) 5 21.3 Hz, 9 H, (H3C)3C]. 2 13C NMR ([D3]acetoni-

trile, 100.6 MHz): δ 5 209.5 [d, 2J(PFeC) 5 24.1 Hz, C5O]; 88.1 31P NMR (162.0 MHz, CD3CN): δ 5 228.87. 2 IR (acetonitrile):
ν(CO) 5 2052 (s), 2007 (s) cm21. 2 C23H30BF4FeO2P (512.11):(s, C5H5); 31.7 [d, 1J(PC) 5 31.5 Hz, C(CH3)3]; 29.4 [d, 2J(PCC) 5

3.7 Hz, C(CH3)3]. 2 31P NMR ([D3]acetonitrile, 162.0 MHz): δ 5 calcd. C 53.94, H 5.90; found C 54.06, H 6.03.
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2) Dicarbonyl(η5-cyclopentadienyl)[(ethoxycarbonylmethylene- Prepared as described for 5a from 200 mg (0.53 mmol) of

{Cp(OC)2[H2(Ph)P]Fe}BF4 (4b) and 57 mg (0.50 mmol) ofhydrazino)diphenylphosphane]iron(II) Tetrafluoroborate (3a): 99
mg (0.87 mmol) of N2C(H)CO2Et (2) was added to a solution of N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 191 mg (74%).

2 Yellow microcrystalline powder. 2 M.p. 106°C (dec.). 2 1H300 mg (0.67 mmol) of {Cp(OC)2[H(Ph)2P]Fe}BF4 (1a) in 11 ml
of dichloromethane. After stirring for 24 h at room temperature, NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.59 [d, 1J(PH) 5 404.0

Hz, 1 H, HP], 8.47 [d, 2J(PNH) 5 24.4 Hz, 1 H, HN], 7.7527.22the reaction mixture was reduced in vacuo to a volume of 2 ml.
Addition of 20 ml of ether afforded precipitation of 3a which was (m, 5 H, H5C6), 7.19 (s, 1 H, CH), 5.27 [d, 3J(PFeCH) 5 1.3 Hz,

5 H, H5C5], 4.20 [q, 3J(HCCH) 5 7.2 Hz, 2 H, H2C], 1.27 [t,separated by filtration, washed with three portions of 5 ml of ether,
and dried in vacuo. 2 Yield 327 mg (87%). 2 Yellow microcrystal- 3J(HCCH) 5 7.2 Hz, 3 H, H3C]. 2 13C{1H} NMR ([D3]acetoni-

trile, 100.6 MHz): δ 5 209.3 [d, 2J(PFeC) 5 29.6 Hz, CO], 208.7line powder. 2 M.p. 170°C (dec.). 2 1H NMR ([D3]acetonitrile,
400.1 MHz): δ 5 8.61 [d, 2J(PNH) 5 16.7 Hz, 1 H, HN], 7.6227.46 [d, 2J(PFeC) 5 29.7 Hz, CO], 163.5 (s, CO2), 137.5 [d, 3J(PNNC) 5

17.1 Hz, C5N], 133.5 [d, 2J(PCC) 5 10.1 Hz, C-2/6], 133.1 [d,(m, 10 H, H5C6), 7.35 (s, 1 H, HC), 5.25 [d, 3J(PFeCH) 5 1.4
Hz, 5 H, H5C5], 4.14 [q, 3J(HCCH) 5 7.1 Hz, 2 H, H2C], 1.19 [t, 4J(PCCCC) 5 2.1 Hz, C-4], 131.6 [d, 3J(PCCC) 5 11.1 Hz, C-3/

5], 129.4 [d, 1J(PC) 5 52.3 Hz, C-1], 88.6 (s, C5H5), 62.1 (s, CH2),3J(HCCH) 5 7.1 Hz, 3 H, H3C]. 2 13C{1H} NMR ([D3]acetonitr-
ile, 100.6 MHz): δ 5 208.4 [d, 2J(PFeC) 5 26.6 Hz, CO], 162.2 (s, 14.4 (s, CH3). 2 31P{1H} NMR ([D3]acetonitrile, 162.0 MHz): δ 5

86.6 (s). 2 19F NMR ([D3]acetonitrile, 376.5 MHz): δ 5 2150.7.CO2), 136.02129.2 (m, C6H5, C5N), 88.3 (s, C5H5), 60.8 (s, CH2),
13.1 (s, CH3). 2 31P{1H} NMR ([D3]acetonitrile, 162.0 MHz): δ 5 2 IR (acetonitrile): ν(CO) 5 2058 (s), 2016 (s); ν(C5O) 5 1716

(m) cm21. 2 C17H18BF4FeN2O4P (487.97): calcd. C 41.84, H 3.72,114.1 (s). 2 IR (acetonitrile): ν(CO) 5 2055 (s), 2009 (s); ν(C5

O) 5 1740 (s) cm21. 2 C23H22BF4FeN2O4P (564.06): calcd. C N 5.74; found C 41.92, H 3.79, N 5.81.
48.98, H 3.93, N 4.97; found C 48.60, H 3.70, N 4.61. 6) Dicarbonyl(η5-cyclopentadienyl){[(E)-ethoxycarbonylmeth-

3) Dicarbonyl(η5-cyclopentadienyl)[(ethoxycarbonylmethylene- ylenehydrazino](2,4,6-trimethylphenyl)phosphane}iron(II) Tetra-
hydrazino)(methyl)(phenyl)phosphane]iron(II) Tetrafluoroborate fluoroborate (5c): Prepared as described for 5a from 200 mg (0.48
(3b): Prepared as described for 3a from 250 mg (0.65 mmol) of mmol) of {Cp(OC)2[H2(Mes)P]Fe}BF4 (4c) and 55 mg (0.47 mmol)
{Cp(OC)2[H(Me)(Ph)P]Fe}BF4 (1b) and 109 mg (0.96 mmol) of of N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 201 mg
N2C(H)CO2Et (2) in 10 ml of dichloromethane. 2 Yield 282 mg (79%). 2 Yellow microcrystalline powder. 2 M.p. 135°C (dec.). 2
(87%). 2 Yellow microcrystalline powder. 2 M.p. 98°C (dec.). 2 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.20 [d, 2J(PNH) 5
1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.43 [d, 2J(PNH) 5 24.0 Hz, 1 H, HN], 8.19 [d, 1J(PH) 5 407.2 Hz, 1 H, HP], 7.26 (s,
22.0 Hz, 1 H, HN], 7.5227.39 (m, 5 H, H5C6), 7.31 (s, 1 H, HC), 1 H, HC), 7.03 [d, 4J(PCCCH) 5 4.4 Hz, 2 H, meta-H], 5.45 [d,
5.28 [d, 3J(PFeCH) 5 1.3 Hz, 5 H, H5C5], 4.14 [q, 3J(HCCH) 5 3J(PFeCH) 5 2.0 Hz, 5 H, H5C5], 4.20 [q, 3J(HCCH) 5 7.2 Hz, 2
7.2 Hz, 2 H, H2C], 2.20 [d, 2J(PCH) 5 10.1 Hz, 3 H, H3CP], 1.19 H, H2C], 2.41 (s, 6 H, 2/6-H3C), 2.29 (s, 3 H, 4-H3C), 1.25 [t,
[t, 3J(HCCH) 5 7.2 Hz, 3 H, H3C]. 2 13C{1H} NMR ([D3]ace- 3J(HCCH) 5 7.2 Hz, 3 H, H3C]. 2 13C{1H] NMR ([D3]acetoni-
tonitrile, 100.6 MHz): δ 5 208.1 (d, 2J(PFeC) 5 27.6 Hz, CO), trile, 100.6 MHz): δ 5 209.3 [d, 2J(PFeC) 5 25.2 Hz, CO], 208.4
162.2 (s, CO2), 136.22128.7 (m, C6H5, C5N), 87.7 (s, C5H5), 60.7 [d, 2J(PFeC) 5 23.1 Hz, CO], 163.0 (s, CO2), 144.1 [d,
(s, CH2), 19.2 [d, 1J(PC) 5 39.2 Hz, CH3P], 13.1 (s, CH3). 2 4J(PCCCC) 5 1.1 Hz, C-4], 135.6 [d, 3J(PNNC) 5 16.1 Hz, C5
31P{1H} NMR ([D3]acetonitrile, 162.0 MHz): δ 5 108.0 (s). 2 IR N], 134.8 (s, C-3/5), 130.6 (s, C-2/6), 123.7 [d, 1J(PC) 5 59.4 Hz,
(acetonitrile): ν(CO) 5 2045 (s), 2000 (vs); ν(C5O) 5 1713 (s) C-1], 90.6 (s, C5H5), 61.6 (s, CH2), 21.4 [d, 3J(PCCC) 5 8.8 Hz, 2/
cm21. 2 C18H20BF4FeN2O4P (501.99): calcd. C 43.06, H 4.02, N 6-CH3], 20.7 (s, 4-CH3), 13.9 (s, CH3).231P{1H} NMR ([D3]ace-
5.58; found C 42.83, H 3.88, N 4.22. tonitrile, 162.0 MHz): δ 5 64.9 (s). 2 19F NMR ([D3]acetonitrile,

376.5 MHz): δ 5 2151.1. 2 IR (acetonitrile): ν(CO) 5 2059 (s),4) {tert-Butyl[(E)-ethoxycarbonylmethylenehydrazino]phos-
2017 (s); ν(C5O) 5 1736 (m) cm21. 2 C20H24BF4FeN2O4Pphane}dicarbonyl(η5-cyclopentadienyl)iron(II) Tetrafluoroborate
(530.05): calcd. C 45.32, H 4.56, N 5.29; found C 45.57, H 4.71,(5a): 60 mg (0.53 mmol) of N2C(H)CO2Et (2) was added to a solu-
N 5.45.tion of 200 mg (0.57 mmol) of {Cp(OC)2[H2(tBu)P]Fe}BF4 (4a) in

10 ml of acetonitrile. After stirring for 48 h at room temperature, 7) Dicarbonyl{[(E)-ethoxycarbonylmethylenehydrazino](2,4,6-
the solution was reduced in vacuo to a volume of 1 ml. Addition trimethylphenyl)phosphane}[η5-(c-2-isopropyl-t-5-methylcyclo-
of 3 ml of ether afforded precipitation of 5a, which was separated hexan-r-1-yl)cyclopentadienyl]iron(II)} Tetrafluoroborate (5d): Pre-
by filtration, washed with three portions of 5 ml of ether and dried pared as described for 5a from 150 mg (0.27 mmol) of {(NMC5H4)-
in vacuo. 2 Yield 198 mg (74%). 2 Beige microcrystalline powder. (OC)2[H2(Mes)P]Fe}BF4 (4d) and 30 mg (0.27 mmol) of
2 M.p. 113°C (dec.). 2 1H NMR ([D3]acetonitrile, 400.1 MHz): N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 150 mg (83%).
δ 5 7.68 [d, 2J(PNH) 5 19.8 Hz, 1 H, HN], 7.15 (s, 1 H, CH), 2 Yellow microcrystalline powder. 2 M.p. 93°C (dec.). 2 1H NMR
6.76 [d, 1J(PH) 5 411.0 Hz, 1 H, HP], 5.51 [d, 3J(PFeCH) 5 1.9 (400.1 MHz, [D3]acetonitrile): δ 5 8.35 [dd, 1J(PH) 5 434.2 Hz,
Hz, 5 H, H5C5], 4.2624.17 (m, 2 H, H2C), 1.39 [d, 3J(PCCH) 5 3J(HPNH) 5 4.4 Hz, 1 H, HP], 8.34 [dd, 1J(PH) 5 434.0 Hz,
18.4 Hz, 9 H, (H3C)3C], 1.31 (m, 3 H, H3C). 2 13C{1H} NMR 3J(HPNH) 5 4.4 Hz, 1 H, HP], 8.21 [d, 2J(PNH) 5 24.8 Hz, 2 H,
([D3]acetonitrile, 100.6 MHz): δ 5 208.4 [d, 2J(PFeC) 5 24.1 Hz, HN], 7.30 (s, 2 H, HC), 7.08 [d, 4J(PCCCH) 5 4.00 Hz, 4 H, meta-
CO], 207.9 [d, 2J(PFeC) 5 23.1 Hz, CO], 162.3 (s, CO2), 134.4 [d, H], 5.80 (m, 1 H, H4C5), 5.75 (m, 1 H, H4C5), 5.55 (m, 1 H, H4C5),
3J(PNNC) 5 14.1 Hz, C5N], 86.1 (s, C5H5), 60.3 (s, CH2), 38.2 5.49 (m, 1 H, H4C5), 5.28 (m, 2 H, H4C5), 5.24 (m, 1 H, H4C5),
[d, 1J(PC) 5 27.2 Hz, CP], 28.7 [d, 2J(PCC) 5 3.0 Hz, (CH3)3C], 5.20 (m, 1 H, H4C5), 4.25 [q, 2J(HCCH) 5 7.2 Hz, 2 H, H2C2O],
12.9 (s, CH3). 2 31P{1H} NMR ([D3]acetonitrile, 162.0 MHz): δ 5 4.24 [q, 2J(HCCH) 5 7.2 Hz, 2 H, H2C2O], 3.04 (m, 1 H, 6-H,
113.8 (s). 2 19F NMR ([D3]acetonitrile, 376.5 MHz): δ 5 2149.9. NMH4C5), 3.01 (m, 1 H, 6-H, NMH4C5), 2.47 [s, 12 H, 2-CH3, 6-
2 IR (acetonitrile): ν(CO) 5 2055 (s), 2013 (s); ν(C5O) 5 1713 CH3, (H3C)3C6H2], 2.34 [s, 6 H, 4-CH3, (H3C)3C6H2], 1.8621.84
(m) cm21. 2 C15H22BF4FeN2O4P (467.97): calcd. C 38.50, H 4.74, (m, 2 H, 9/99-H, NMH4C5), 1.8421.82 (m, 2 H, 11/119-H,
N 5.99; found C 39.01, H 4.92, N 6.21. NMH4C5), 1.7321.71 (m, 2 H, 8/89-H, NMH4C5), 1.6921.66 (m,

2 H, 12-H, NMH4C5), 1.5721.50 (m, 2 H, 11/119-H, NMH4C5),5) Dicarbonyl(η5-cyclopentadienyl){[(E)-ethoxycarbonylmeth-
ylenehydrazino](phenyl)phosphane}iron(II) Tetrafluoroborate (5b): 1.3921.32 (m, 2 H, 7-H, NMH4C5), 1.3221.29 (m, 2 H, 10-H,
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NMH4C5), 1.30 [t, 2J(HCCH) 5 7.2 Hz, 6 H, OCH2CH3], 3.7 Hz, (CH3)3C], 13.6 (s, CH3). 2 31P{1H} NMR ([D3]acetonitrile,

162.0 MHz): δ 5 166.8 (s). 2 19F NMR ([D3]acetonitrile, 376.51.1521.10 (m, 2 H, 8/89-H, NMH4C5), 1.1020.94 (m, 2 H, 9/99-H,
NMH4C5), 0.97 [d, 3J(HCCH) 5 6.0 Hz, 3 H, 13-H, NMH4C5], MHz): δ 5 2148.5. 2 IR (acetonitrile): ν(CO) 5 2058 (s), 2019

(s); ν(C5O) 5 1732 (m) cm21. 2 C19H28BF4FeN4O6P (582.08):0.96 [d, 3J(HCCH) 5 6.4 Hz, 3 H, 13-H, NMH4C5), 0.93 [d,
3J(HCCH) 5 6.4 Hz, 3 H, 15-H, NMH4C5], 0.92 [d, 3J(HCCH) 5 calcd. C 39.21, H 4.85, N 9.63; found C 39.41, H 4.93, N 9.78.
6.4 Hz, 3 H, 15-H, NMH4C5], 0.82 [d, 3J(HCCH) 5 6.8 Hz, 3 H,

9) Dicarbonyl(η5-cyclopentadienyl){bis[(E)-ethoxycarbonyl-14-H, NMH4C5], 0.81 [d, 3J(HCCH) 5 6.4 Hz, 3 H, 14-H,
methylenehydrazino](phenyl)phosphane}iron(II) TetrafluoroborateNMH4C5]. 2 13C{1H} NMR (100.6 MHz, [D3]acetonitrile): δ 5
(6b): Prepared as described for 5a from 200 mg (0.53 mmol) of210.32 [d, 2J(CFeP) 5 26.16 Hz, CO], 209.44 [d, 2J(CFeP) 5 22.14
{Cp(OC)2[H2(Ph)P]Fe}BF4 (4b) and 114 mg (1.00 mmol) ofHz, CO], 209.38 [d, 2J(CFeP) 5 23.14 Hz, CO], 163.28 (s, CO2),
N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 220 mg (75%).144.24 [s, C-4, C6H2(CH3)3], 135.96 [s, CHC(O)OEt], 135.81 [s,
2 Light yellow microcrystalline powder. 2 M.p. 176°C (dec.). 2CHC(O)OEt], 135.88 [m, C-2, C-6, C6H2(CH3)3], 131.77 [m, C-3,
1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.86 (s, 2 H, HN),C-5, C6H2(CH3)3], 124.22 [d, 1J(CP) 5 58.36 Hz, C-1,
7.7327.37 (m, 5 H, H5C6), 7.02 [d, 4J(PNNCH) 5 1.2 Hz, 2 H,C6H2(CH3)3], 124.13 [d, 1J(CP) 5 59.36 Hz, C-1, C6H2(CH3)3],
HC], 5.27 [d, 3J(PFeCH) 5 1.5 Hz, 5 H, H5C5], 4.21 [q,114.00 (s, C-1, C5H4), 113.78 (s, C-1, C5H4), 91.84 (s, C-2, C-3, C-
3J(HCCH) 5 7.2 Hz, 4 H, H2C], 1.27 [t, 3J(HCCH) 5 7.2 Hz, 64, C-5, C5H4), 91.30 (s, C-2, C-3, C-4, C-5, C5H4), 91.06 (s, C-2,
H, H3C]. 2 13C{1H} NMR ([D3]acetonitrile, 100.6 MHz): δ 5C-3, C-4, C-5, C5H4), 90.99 (s, C-2, C-3, C-4, C-5, C5H4), 88.77 (s,
208.7 [d, 2J(PFeC) 5 29.2 Hz, CO], 163.4 (s, CO2), 137.3 [d,C-2, C-3, C-4, C-5, C5H4), 88.72 (s, C-2, C-3, C-4, C-5, C5H4),
3J(PNNC) 5 17.1 Hz, C5N], 134.1 [d, 4J(PCCCC) 5 1.7 Hz, C-85.47 (s, C-2, C-3, C-4, C-5, C5H4), 84.55 (s, C-2, C-3, C-4, C-5,
4], 133.1 [d, 1J(PC) 5 82.5 Hz, C-1], 131.6 [d, 2J(PCC) 5 11.1 Hz,C5H4), 61.79 (s, OCH2CH3), 48.55 (s, C-7, NMC5H4), 48.43 (s, C-
C-2/6], 130.5 [d, 3J(PCCC) 5 12.1 Hz, C-3/5], 89.1 (s, C5H5), 62.07, NMC5H4), 43.73 (s, C-11, NMC5H4), 43.43 (s, C-11, NMC5H4),
(s, CH2), 14.3 (s, CH3). 2 31P{1H} NMR ([D3]acetonitrile, 162.035.94 (s, C-6, NMC5H4), 35.84 (s, C-6, NMC5H4), 35.39 (s, C-9,
MHz): δ 5 132.3 (s). 2 19F NMR ([D3]acetonitrile, 376.5 MHz):NMC5H4), 30.07 (s, C-10, NMC5H4), 29.96 (s, C-10, NMC5H4),
δ 5 2151.1. 2 IR (acetonitrile): ν(CO) 5 2059 (s), 2018 (s); ν(C528.35 (s, C-12, NMC5H4), 24.64 (s, C-8, NMC5H4), 22.35 (s, C-15,
O) 5 1738 (m) cm21. 2 C21H24BF4FeN4O6P (602.05): calcd. CNMC5H4), 22.29 (s, C-15, NMC5H4), 21.93 (s, C-13, NMC5H4),
42.03, H 3.70, N 9.34; found C 41.85, H 3.90, N 9.11.21.91 (s, C-13, NMC5H4), 21.76 (s, 2-CH3, 6-CH3, (CH3)3C6H2),

21.71 [s, 2-CH3, 6-CH3, (CH3)3C6H2], 21.67 [s, 2-CH3, 6-CH3, 10) Dicarbonyl(η5-cyclopentadienyl){bis[(E)-ethoxycarbonyl-
(CH3)3C6H2], 21.62 [s, 2-CH3, 6-CH3, (CH3)3C6H2], 20.94 [s, 4- methylenehydrazino](2,4,6-trimethylphenyl)phosphane}iron(II)
CH3, (CH3)3C6H2], 20.62 (s, C-14, NMC5H4), 20.59 (s, C-14, Tetrafluoroborate (6c): Prepared as described for 5a from 200 mg
NMC5H4), 14.24 (s, OCH2CH3), 14.23 (s, OCH2CH3). 2 31P{1H} (0.48 mmol) of {Cp(OC)2[H2(Mes)P]Fe}BF4 (4c) and 112 mg (0.98
NMR (162.0 MHz, [D3]acetonitrile): δ 5 65.48 (s), 65.03 (s). 2 19F mmol) of N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 218
NMR (376.5 MHz, [D3]acetonitrile): δ 5 2151.4. 2 IR (aceto- mg (69%). 2 Yellow microcrystalline powder. 2 M.p. 184°C (dec.).
nitrile): ν(CO) 5 2049 (s), 2008 (s) cm21. 2 C30H42BF4FeN2O4P 2 1H NMR ([D3]acetonitrile, 400.1 MHz): δ 5 8.72 (s, 2 H, HN),
(668.30): calcd. C 53.92, H 6.33, N 4.19; found C 54.34, H 6.17, 7.16 (s, 2 H, HC), 6.88 [d, 4J(PNNCH) 5 4.0 Hz, 2 H, meta-H],
N 4.09. 5.17 (s, 5 H, H5C5), 4.03 [q, 3J(HCCH) 5 6.8 Hz, 4 H, H2C], 2.26

[d, 4J(PCCCH) 5 1.0 Hz, 6 H, 2-H3C], 2.13 (s, 3 H, 4-H3C), 1.09
Figure 3. Atom labeling in the neomenthylcyclopentadienyl ligand [t, 3J(HCCH) 5 6.8 Hz, 6 H, H3C]. 2 13C{1H} NMR ([D3]acetoni-

trile, 100.6 MHz): δ 5 202.3 [d, 2J(PFeC) 5 36.2 Hz, CO], 156.2
(s, CO2), 137.3 [d, 4J(PCCCC) 5 3.0 Hz, C-4], 135.1 [d,
3J(PNNC) 5 20.0 Hz, C5N], 128.8 [d, 2J(PCC) 5 17.1 Hz, C-2/
6], 126.3 [d, 3J(PCCC) 5 10.1 Hz, C-3/5], 120.5 [d, 1J(PC) 5 66.4
Hz, C-1], 82.2 (s, C5H5), 54.9 (s, CH2), 17.4 [d, 3J(PCCC) 5 3.9
Hz, 2-CH3], 13.9 (s, 4-CH3), 7.4 (s, CH3). 2 31P{1H} NMR ([D3]-
acetonitrile, 162.0 MHz): δ 5 139.14 (s). 2 19F NMR ([D3]aceto-
nitrile, 376.5 MHz): δ 5 2149.0. 2 IR (acetonitrile): ν(CO) 5 2056
(s), 2013 (s); ν(C5O) 5 1730 (m) cm21. 2 C24H30BF4FeN4O6P
(644.15): calcd. C 44.75, H 4.69, N 8.70; found C 44.57, H 4.71,
N 8.53.

11) Dicarbonyl{bis[(E)-ethoxycarbonylmethylenehydrazino]-
(phenyl)phosphane}[η5-(c-2-isopropyl-t-5-methylcyclohexan-r-1-yl)-
cyclopentadienyl]iron(II)} Tetrafluoroborate (6d): Prepared as de-8) {(tert-Butyl)bis[(E)-ethoxycarbonylmethylenehydrazino]-

phosphane}dicarbonyl(η5-cyclopentadienyl)iron(II)} Tetrafluorobor- scribed for 5a from 200 mg (0.36 mmol) of {NMC5H4(OC)2-
[H2(Ph)P]Fe}BF4 (4e) and 117 mg (1.03 mmol) of N2C(H)CO2Etate (6a): Prepared as described for 5a from 200 mg (0.57 mmol)

of {Cp(OC)2[H2(tBu)P]Fe}BF4 (4a) and 112 mg (0.98 mmol) of (2) in 10 ml of acetonitrile. 2 Yield 246 mg (81%). 2 Yellow mic-
rocrystalline powder. 2 M.p. 179°C (dec.). 2 1H NMR ([D3]ace-N2C(H)CO2Et (2) in 10 ml of acetonitrile. 2 Yield 212 mg (77%).

2 Beige microcrystalline powder. 2 M.p. 145°C (dec.). 2 1H NMR tonitrile, 400.1 MHz): δ 5 8.98 (s, 2 H, HN), 7.7827.61 (m, 5 H,
H5C6), 7.40 (s, 2 H, HC), 5.58 (s, 1 H, H4C5), 5.30 (s, 1 H, H4C5),([D3]acetonitrile, 400.1 MHz): δ 5 8.51 [d, 2J(PNH) 5 13.2 Hz, 2

H, HN], 7.32 (s, 2 H, HC), 5.44 (s, 5 H, H5C5), 4.2124.09 (m, 4 5.07 (s, 1 H, H4C5), 4.93 (s, 1 H, H4C5), 4.22 [q, 3J(HCCH) 5 7.2
Hz, 2 H, H2C2O], 4.14 [q, 3J(HCCH) 5 7.2 Hz, 2 H, H2C2O],H, H2C), 1.31 [d, 3J(PCCH) 5 16.8 Hz, 9 H, (H3C)3C], 1.27 [t,

3J(HCCH) 5 6.8 Hz, 6 H, H3C]. 2 13C{1H} NMR ([D3]acetoni- 2.63 (s, 1 H, 6-H, NMH4C5], 1.87 (s, 1 H , 12-H, NMH4C5), 1.81
(m, 2 H, 9/99-H, NMH4C5), 1.73 (m, 2 H, 11/119-H, NMH4C5),trile, 100.6 MHz): δ 5 208.9 [d, 2J(PFeC) 5 27.1 Hz, CO], 166.0

(s, CO2), 135.3 [d, 3J(PNNC) 5 16.1 Hz, C5N], 85.6 (s, C5H5), 1.63 (m, 2 H, 8/89-H, NMH4C5), 1.32 (s, 1 H, 7-H, NMH4C5), 1.27
[t, 3J(HCCH) 5 7.2 Hz, 6 H, H3C], 0.86 [d, 3J(HCCH) 5 6.0 Hz,62.5 (s, CH2), 40.9 [d, 1J(PC) 5 39.9 Hz, CP], 25.7 [d, 2J(PCC) 5

Eur. J. Inorg. Chem. 1998, 1589215951594



Transition Metal Substituted Phosphanes, Arsanes, and Stibanes, LXII FULL PAPER
6 H, 13/14-H, NMH4C5], 0.72 [d, 3J(HCCH) 5 6.4 Hz, 3 H, 15- ficient: µ 5 0.688 mm21, semi-empirical absorption correction[13]

(Tmin/Tmax: 0.9564/0.9995), structure solution: SHELXS-86[14] withH, NMH4C5]. 2 13C{1H} NMR ([D3]acetonitrile, 100.6 MHz): δ 5

205.8 [d, 2J(PFeC) 5 26.7 Hz, CO], 167.5 (s, CO2), 133.4 [d, Patterson methods, structure refinement: SHELXL-93[15] (439 par-
ameters), R1 5 0.0489, wR2 5 0.1099[16].3J(PNNC) 5 16.1 Hz, C5N], 130.1 [d, 4J(PCCCC) 5 2.0 Hz, C-

4], 129.2 [d, 1J(PC) 5 82.0 Hz, C-1], 127.8 [d, 3J(PCCC) 5 11.0
Hz, C-3/5], 126.6 [d, 2J(PCC) 5 12.0 Hz, C-2/6], 112.1 (s, C-1, [1] W. Malisch, K. Thirase, J. Reising, J. Organomet. Chem., sub-

mitted.C5H4), 87.9 (s, C-2, C5H4), 87.2 (s, C-3, C5H4), 84.5 (s, C-4, C5H4),
[2] W. Malisch, K. Thirase, J. Reising, Z. Naturforsch., submitted.82.5 (s, C-5, C5H4), 58.1 (s, CH2-O), 57.8 (s, CH2-O), 44.7 (s, C-7, [3] [3a] W. Malisch, A. Spörl, K. Thirase, O. Fey, J. Organomet.

NMC5H4), 39.8 (s, C-11, NMC5H4), 38.1 (s, C-6, NMC5H4), 31.8 Chem., submitted. 2 [3b] W. F. McNamara, E. N. Duesler, R.
(s, C-9, NMC5H4), 26.1 (s, C-10, NMC5H4), 24.6 (s, C-12, T. Paine, Organometallics 1986, 5, 174721749. 2 [3c] M. T.

Ashby, J. H. Enemark, Organometallics 1987, 6, 131821323.NMC5H4), 20.8 (s, C-8, NMC5H4), 18.7 (s, C-15, NMC5H4), 18.2
2 [3d] M. T. Ashby, J. H. Enemark, Organometallics 1987, 6,(s, C-14, NMC5H4), 16.8 (s, C-13, NMC5H4), 10.5 (s, CH3). 2 132321327. 2 [3e] M. T. Ashby, J. H. Enemark, D. L. Lichten-31P{1H} NMR ([D3]acetonitrile, 162.0 MHz): δ 5 132.5 (s). 2 19F berger, Inorg. Chem. 1988, 27, 1912197.

NMR ([D3]acetonitrile, 376.5 MHz): δ 5 2150.8. 2 IR (aceto- [4] [4a] S. G. Davies, Tetrahedron Lett. 1986, 27, 378723790. 2 [4b]

S. G. Davies, Aldrichim. Acta 1990, 23, 31237. 2 [4c] H.nitrile): ν(CO) 5 2062 (s), 2021 (s); ν(C5O) 5 1740 (m) cm21. 2
Brunner, Angew. Chem. 1991, 103, A-3102A-313. 2 [4d] H.C31H42BF4FeN4O6P (740.32): calcd. C 50.29, H 5.72, N 7.57; Brunner, Adv. Organomet. Chem. 1980, 18, 1512201.

found C 50.27, H 5.45, N 7.19. [5] G. Consiglio, F. Morandini, Chem. Rev. 1987, 87, 7612778.
[6] W. Malisch, N. Gunzelmann, K. Thirase, M. Neumayer, unpub-

12) X-ray Analysis of 5c and 6b: Yellow crystals suitable for X- lished.
ray analysis were obtained by slow diffusion of diethyl ether into a [7] E. Cesarotti, H. B. Kagan, R. Goddard, C. Krüger, J. Or-

ganomet. Chem. 1978, 162, 2972309.saturated solution of {Cp(OC)2Fe2P(H)(Mes)[N(H)2N5C(H)2
[8] [Cp(OC)(Me3P)Fe2P(H)(tBu)Me]I: Yellow powder. 2 M.p.CO2Et]}BF4 (5c) or {Cp(OC)2Fe2P(Ph)[N(H)2N5C(H)2CO2-

181°C (decomp.). 2 31P NMR ([D3]acetonitrile, 162.0 MHz):
Et]2}BF4 (6b), in acetonitrile at room temperature. δ 5 51.2/49.6 [d, 2J(PFeP) 5 55.7/56.7 Hz, PH]; 31.2/30.8 [d,

2J(PFeP) 5 55.7/56.7 Hz, P(CH3)3]. 2 Monoclinic, space5c: C20H24BF4FeN2O4P, Mr 5 530.05, monoclinic, space group group: P21/c (No. 14), a 5 12.960(2), b 5 11.5569(15), c 5
P21/n (No. 14), a 5 9.490(3), b 5 22.433(5), c 5 11.483(7) Å, β 5 13.077(7) Å, β 5 104.52(2)°. 2 Manuscript in preparation.

[9] T. Ohishi, Y. Shiotani, M. Yamashita, Organometallics 1994,103.71(1)°, V 5 2375(2) Å3, Z 5 4, Dcalcd. 5 1.482 g·cm23, CAD4
13, 464124642.diffractometer (Enraf-Nonius), radiation type: Mo-Kα, wavelength: [10] CRC, Handbook of Chemistry and Physics, 59th ed. (Ed.: R. C.

λ 5 0.71073 Å, graphite monochromator, crystal size: 0.20 3 0.20 Weast ), CRC, Boca Raton 1978, F-215.
3 0.15 mm, temperature: 293(2) K, scale range: 1.81° < Θ < 24.96°, [11] G. Häfelinger, Chem. Ber. 1970, 103, 290222921.

[12] [12a] B. D. Dombek, R. J. Angelici, Inorg. Chim. Acta 1973, 7,F(000): 1088, total reflections: 5723, observed reflections: 2542 with
3452347. 2 [12b] W. E. Williams, F. J. Lalor, J. Chem. Soc.,[I > 2.0 σ(I)], absorption coefficient: µ 5 0.764 mm21, semi-empiri-
Dalton Trans. 1973, 132921332.cal absorption correction[13] (Tmin/Tmax: 0.5586/0.9988), structure [13] Enraf-Nonius, Structure Determination Package, Enraf-Nonius,

solution: SHELXS-86[14] with Patterson methods, structure refine- Delft, The Netherlands 1984.
[14] G. M. Sheldrick, SHELXS-86 in: G. M. Sheldrick, C. Krüger,ment: SHELXL-93[15] (392 parameters), R1 5 0.1001, wR2 5

R. Goddard (Eds.), Crystallographic Computing 3, Oxford Uni-0.3413[16].
versity Press, 1985, p. 175.

[15] G. M. Sheldrick, SHELXL-93, Program for structure refine-6b: C21H24BF4FeN4O6P, Mr 5 602.05, triclinic, space group P1̄
ment, Göttingen, 1993.(No. 2), a 5 7.643(2), b 5 12.590(2), c 5 14.694(1) Å, α 5 75.77(1), [16] Crystallographic data (excluding structure factors) for the struc-

β 5 82.61(2), γ 5 82.88(2)°, V 5 1352.9(4) Å3, Z 5 2, Dcalcd. 5 tures reported in this paper have been deposited at the Cam-
bridge Crystallographic Data Centre as supplementary publi-1.478 g·cm23, CAD4 diffractometer (Enraf-Nonius), radiation
cation no. CCDC-101577 (5c) and -101578 (6b). Copies of thetype: Mo-Kα, wavelength: λ 5 0.71073 Å, graphite monochroma-
data can be obtained free of charge on application to CCDC,tor, crystal size 0.25 3 0.20 3 0.15 mm, temperature: 293(2) K, 12 Union Road, Cambridge CB2 1EZ (Fax: 1 44-1223/336-033;

scale range: 1.67° < Θ < 23.92°, F(000): 616, total reflections: 4048, E-mail: deposit@ccdc.cam.ac.uk).
[I98141]observed reflections: 2623 with [I > 2.0 σ(I)], absorption coef-
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When trialkylaluminum reagents 2 bearing sterically complexes (R 6a,b), as illustrated by the reactions of 5a with
nonacarbonyldiiron or the pentacarbonyltungsten tetra-demanding substituents are allowed to react with

phosphaalkynes 1 a highly selective phosphaalkyne hydrofuran complex. When triethylgallium (7) is allowed to
react with phosphaalkynes 1, tricyclic phosphorus-carbon-cyclotrimerization with incorporation of one organometal

unit occurs (R 5a–d). The resulting triphosphaalatricyclo- gallium compounds are generated (R 8a,b).
heptenes 5 are able to function as ligands in transition metal

Introduction Scheme 1

Phosphorus-carbon cage compounds have attained in-
creasing importance in the chemistry of low-coordinated
phosphorus over the past few years. Even complicated poly-
cyclic systems can be obtained specifically by means of vari-
ous synthetic strategies[2]. One versatile concept involves the
initiation of a phosphaalkyne cyclooligomerization with the
help of a Lewis acid[3]. Thus, for example, the tetracyclic
product 3 is obtained in high selectivity from the reaction
of tert-butylphosphaalkyne (1a) with triethylaluminum
(2a) [4] [5]. A phosphaalkyne cyclooligomerization with in-
corporation of the Lewis acid 2a is also observed when di-
ethyl ether is used in place of pentane as solvent; however,
in this case the cyclooligomerization process of 1a with 2a
ends at the stage of the polycyclic betaine 4 [4] [6].

The results described here represent an extension of the Results and Discussion
investigations on the preparation of the cage compounds 3

Generation of the Triphosphaalatricycloheptenes (1 R 5)and 4 and concern the use of triorganoaluminum reagents
bearing sterically demanding substituents as well as trior-

Neither the cage compound 3 nor the polycyclic systemganogallium reagents as reaction partners for the phos-
4 are formed in the reactions of the phosphaalkynes 1a2cphaalkynes 1. Furthermore, the reaction behavior of a selec-
with the triorganoaluminum reagents 2b,c bearing volumin-ted phosphorus-carbon-aluminum cage compound towards
ous substituents. Instead a cyclotrimerization of the orga-transition metal carbonyl complexes is discussed.
nophosphorus compounds 1 with incorporation of one tri-
alkylaluminum unit occurs[7]. The triphosphaalatricy-

[°] Present address: Fachbereich Chemie der Universität Kaisers- cloheptenes 5a2d formed in this way can be isolated bylautern, Erwin-Schrödinger-Straße, D-67663 Kaiserslautern,
Germany; Fax: (internat.) 1 49(0)631/205-3921. bulb-to-bulb distillation or recrystallization from non-polar

Eur. J. Inorg. Chem. 1998, 159721603  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/111121597 $ 17.501.50/0 1597
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solvents and are obtained in moderate to good yields into a double doublet by two C,P couplings (24.6 and 10.5

Hz)[10].(36282%) as yellow oils (5a2c) or a yellow solid (5d).
A conclusive mechanism for the formation of the poly-

Scheme 2
cyclic system 5 cannot be given at present since it has not
been possible to isolate or even to detect any of the occur-
ring intermediates by NMR spectroscopy. Even so it is
plausible to assume that the first step in the sequence is
an attack of the Lewis acid 2 at the carbon atom of the
phosphaalkyne 1.

Metalation Reaction of the Triphosphaalatricycloheptene (5 R 6)

It has been shown elsewhere that phosphorus-carbon-
aluminum cage compounds are able to act as ligands in
transition metal complexes[5] [6]. Complexation of the tri-
phosphaalatricycloheptene 5a with a carbonylmetal frag-

Elemental analyses and mass-spectrometric data clearly
ment can be realized in an analogous manner. Thus, reac-

show that the polycyclic compounds 5 have the consti-
tions of compound 5a with nonacarbonyldiiron[11] or the in

tutions of 3:1 adducts of the respective phosphaalkyne 1
situ generated pentacarbonyltungsten tetrahydrofuran com-

with the triorganoaluminum reagent 2. The NMR spectra
plex[12] proceed at room temperature to furnish the tran-

of products 5 also provide valuable diagnostic information
sition metal complexes 6a,b in practically quantitative yields

which is discussed in detail below for the example of prod-
(31P-NMR monitoring). After recrystallization from appro-

uct 5a (R 5 tBu; R9 5 iBu).
priate solvents, compound 6a is obtained as a dark-red solid

Relevant information about the degree of oligomerization
(84% yield) and compound 6b as an orange solid (76%

is provided by the 31P-NMR spectrum which contains three
yield).

signals which must result from a single molecule on account
of the observed ABX spin system. The signal at low field Scheme 3
(δ 5 223.3) may unequivocally be assigned to the λ3σ2

phosphorus atom P-3[8] and its large 1JP,P coupling constant
of 299.2 Hz confirms the adjacency to the onium phos-
phorus atom P-2 (δ 5 53.9). The remaining signal at δ 5
36.5 (P-5) is split into a double doublet by two 2JP,P coup-
lings (32.2 and 19.0 Hz).

The 1H-NMR spectrum of compound 5a shows two sig-
nals for the tert-butyl groups (integration ratio 2:1) and a
total of nine signals for the three, chemically non-equivalent
isobutyl groups. A two-dimensional NMR spectrum was
needed to clarify the spatial relationships between the pro-
tons (1H,1H-COSY-45 experiment). The signal at lowest The success of the metalation reaction is immediately ap-

parent from the IR spectra of the reaction products 6a,b.field (δ 5 2.36) is assigned to the protons of the α-methyl-
ene group at the onium phosphorus atom P-2. It is split by Three carbonyl bands appear in each spectrum in the ex-

pected wavenumber ranges (6a: ν̃ 5 2064, 1992, 1970 cm21;one H,H and two H,P couplings (7.3 and 2.0 Hz). The
methyl hydrogen atoms of the isobutyl group at P-2 furnish 6b: ν̃ 5 2076, 1960, 1948 cm21). The mass spectra of the

compounds 6a,b show that in both cases only one 16-va-the signal at δ 5 0.96; the methine hydrogen signal occurs
at δ 5 2.0822.22. The signal group at δ 5 0.46, 2.0822.22 lence-electron fragment has been coordinated to the poly-

cyclic system of 5a. The λ3σ2-phosphorus atom of the P2Cand 1.24 as well as that at δ 5 0.64, 2.2222.32 and 1.25
can each be assigned to one of the two isobutyl groups at double bond functions as two-electron donor to the metal

center as is confirmed by the 31P-NMR spectra. Accor-the aluminum atom. However, a distinction between these
two alkyl groups is not possible. dingly, the chemical shift of the phosphorus atom P-3 is

only marginally influenced by addition of the metal frag-The 13C-NMR-spectral data are also in harmony with
the proposed structure for the polycyclic product 5a. The ment (5a: δ 5 223.3; 6a: δ 5 232.2; 6b: δ 5 191.0); however,

the P-2/P-3 coupling constant is markedly reduced by al-signal of the phosphaalkene carbon atom C-4 is especially
characteristic: it appears at relatively high field (δ 5 104.4) most 100 Hz. Furthermore, in the case of the polycyclic

compound 6b the signal at lowest field exhibits a character-and is split into a double doublet (50.2 and 13.4 Hz)[9]. A
signal with a chemical shift of δ 5 44.7 is observed for the istic 1JP,W coupling constant of 234.1 Hz[13].

Both the 1H- and the 13C-NMR spectra are in accordtwo skeletal sp3-carbon atoms C-1 and C-6. The signal for
the methylene carbon atom at the λ4σ4-phosphorus atom with the proposed structures: they confirm retention of the

tricyclic skeleton in the course of the transformations 5a(P-2) appears at relatively low field (δ 5 47.2) and is split
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R 6a,b. In addition, the 13C-NMR spectra proved relevant Elemental analytical data confirm that compound 8 is

composed of three molecules of phosphaalkyne 1 and twoinformation about the hapticity of the polycyclic ligands. In
the cases of 6a,b the signals of the double-bond carbon molecules of triethylgallium (7). The molecular ion peak is

not present in the mass spectra of 8 although the fragmentatom C-4 experience only slight shifts to higher field in
comparison to that of C-4 in the uncomplexed tricyclic ions (M1 2 Et3Ga) are observed in each case.
compound 5a. This finding supports the formulation of the The NMR spectra provide diagnostic information about
transition metal complexes 6a,b as end-on complexes and the constitutions of compounds 8. In the case of 8a the
eliminates the possibility of the existence of a metallophos- degree of oligomerization is apparent from the three signals
phacyclopropane structural unit [14]. appearing in the 31P-NMR spectrum as an ABX spin sys-

Although the simple complexation of the tricyclic com- tem. The signal with the chemical shift δ 5 253.6 is assigned
pound 5a can easily be achieved under mild reaction con- to the λ3σ2-phosphorus atom[8]; the onium phosphorus
ditions, it was not possible to effect complexation of a sec- atom P-2 produces the signal at δ 5 41.6. The direct con-
ond 16-valence-electron species. Even in the presence of a nection between these two phosphorus atoms is reflected in
large excess of the complexing reagent, the phosphorus the coupling constant of 336.8 Hz. The signal at δ 5 38.2
atom P-5 remained unchanged. It is probable that the λ3σ3- (P-7) is less characteristic and is split into a double doublet
phosphorus atom is sterically so strongly shielded by the by two JP,P couplings (40.2 Hz and 25.0 Hz).
three neighboring tert-butyl groups and by one of the iso- Information on the constitution of 8a is also provided by
butyl groups on the aluminum atom that an attack of the the 1H-NMR spectrum. The signals were assigned with the
electrophilic carbonylmetal is not possible. help of a two-dimensional NMR spectrum (1H,1H-COSY-

45 experiment). In addition to two signals for the tert-butyl
groups (integration ratio 2:1) there is a total of eight signals

Generation of the Triphosphagallatricycloheptenes (1 R 8) resulting from the six ethyl substituents. The two multiplets
at low field (δ 5 2.3022.37 and δ 5 2.0522.10) are as-

In many cases the chemistry of triorganogallium reagents signed to the α-methylene groups at the phosphorus atoms
7 resembles that of the corresponding aluminum com- P-2 and P-7. Furthermore, the ethyl groups of the exocyclic
pounds 2 [15]. The Lewis acid 7 should thus also be able to triethylgallium unit give rise to a triplet at δ 5 1.52 and a
initiate a phosphaalkyne cyclooligomerization. Indeed, quadruplet at δ 5 0.80 in the 1H-NMR spectrum.
when a mixture of a phosphaalkyne 1 and triethylgallium The 13C-NMR spectrum is also in accord with the pro-
(7) in diethyl ether is stirred at room temperature for several posed structure for the polycyclic compound 8a. The signal
days its color changes from colorless to orange-brown. for the phosphaalkene carbon atom C-4 appears at rela-
Monitoring of the course of reaction by 31P-NMR spec- tively high field (δ 5 79.0) while the two sp3-skeletal carbon
troscopy is indicative of a cyclotrimerization of the organo- atoms C-1 and C-6 give rise to a double doublet (J 5 23.2
phosphorus compound 1. After removal of volatile materi- and 16.7 Hz) at δ 5 46.5.
als under vacuum, recrystallization of the residue from a

The constitutions of the cyclooligomerization products
non-polar solvent furnishes the compounds 8a,b in the

were finally confirmed by an X-ray crystallographic analy-
sis of 8a. Crystals of the tricyclic compound 8a are mono-

Scheme 4
clinic, space group P21/n (no. 14). A plot of the crystal
structure is shown in Figure 1.

The central structural element of compound 8a is a tricy-
clo[3.2.0.02,6]hept-3-ene system bearing an exocyclic tri-
ethylgallium unit. The double-bond carbon atom, all phos-
phorus atoms as well as the gallium atoms lie in the same
plane. The sp3-carbon atoms C-1 and C-2 are arranged in
mirror symmetry around this plane.

The bond lengths and angles for compound 8a are all of
the expected magnitude; this holds especially for the P-
22P-3 linkage [2.203(2) Å; ref. [16]: 2.249 Å] and the P2C
double bond [1.682(5) Å; ref. [17]: 1.670 Å]. A further
characteristic feature, already observed in the structures ofform of yellow crystals in yields of 49 and 43%, respectively.

The structural relationships between the polycyclic com- the polycyclic compounds 3 and 4, is the shortening of the
P2C single bonds to a λ4σ4-phosphorus atom [P-22C-1:pounds 8 and 5 are clear: both cage compounds have a

tricyclo[3.2.0.02,6]hept-3-ene skeleton. In the case of 8 how- 1.818(4) Å; P-22C-2: 1.811(5) Å; ref. [16]: 1.80 Å]. In con-
trast, the distances between the neighboring carbon atomsever, an additional, exocyclic triethylgallium unit is coordi-

nated at a phosphorus atom of the polycyclic system. In and the phosphorus atom P-1 are in the typical range for
λ3σ3-P2C bonds [P-12C-1: 1.869(4) Å; P-12C-2: 1.879(4)addition, the positions of a phosphorus atom and a gallium

atom are exchanged in comparison to the polycyclic skel- Å; ref. [16]: 1.86 Å]. These observations, together with the P-
12Ga-2-separation of 2.581(1) Å [ref. [18]: 2.553(2)], supporteton of 5.

Eur. J. Inorg. Chem. 1998, 159721603 1599



A. Hoffmann, A. Mack, R. Goddard, P. Binger, M. RegitzFULL PAPER
66% yield, yellow oil. 2 IR (pentane, cm21): ν̃ 5 1210 (s), 1200Figure 1. Molecular structure of 8a[a]

(s), 1090 (s), 810 (s), 790 (s), 680 (s). 2 31P NMR (C6D6): δ 5 36.5
(dd, 2JP,P 5 32.2 Hz, 2JP,P 5 19.0 Hz, P-5), 53.9 (dd, 1JP,P 5 299.2
Hz, 2JP,P 5 32.2 Hz, P-2), 223.3 (dd, 1JP,P 5 299.2 Hz, 2JP,P 5 19.0
Hz, P-3). 2 1H NMR (C6D6): δ 5 0.46 [d, 3JH,H 5 7.2 Hz, 2 H,
AlCH2CH(CH3)2], 0.64 [dd, 4JH,P 5 2.3 Hz, 3JH,H 5 7.1 Hz, 2 H,
AlCH2CH(CH3)2], 0.96 [d, 3JH,H 5 6.7 Hz, 6 H, P-2-
CH2CH(CH3)2], 1.05 [s, 18 H, 2 C(CH3)3], 1.24 [d, 3JH,H 5 6.5 Hz,
6 H, AlCH2CH(CH3)2], 1.25 [d, 3JH,H 5 6.5 Hz, 6 H,
AlCH2CH(CH3)2], 1.37 [s, 9 H, C(CH3)3], 2.0822.22 [m, 2 H,
AlCH2CH(CH3)2 and P-2-CH2CH(CH3)2], 2.2222.32 [m, 1 H,
AlCH2CH(CH3)2], 2.36 [d-pseudo-t, 2JH,P 5 7.3 Hz, JH,P 5 2.0
Hz, 3JH,H 5 7.3 Hz, 2 H, P-2-CH2CH(CH3)2]. 2 13C NMR (C6D6):
δ 5 24.7 [pseudo-t, JC,P 5 4.9 Hz, JC,P 5 4.9 Hz, P-2-
CH2CH(CH3)2], 26.3 [s, broad, 2 AlCH2CH(CH3)2], 26.8 [s, broad,
CH2CH(CH3)2], 27.8 [d, JC,P 5 3.1 Hz, CH2CH(CH3)2], 27.9 [s,
CH2CH(CH3)2], 29.1 [s, AlCH2CH(CH3)2], 29.3 [s,[a] Selected bond lengths [Å] and angles [°]: P12C1 1.869(4),
AlCH2CH(CH3)2], 32.1 [pseudo-t, JC,P 5 9.0 Hz, JC,P 5 9.0 Hz,P12C2 1.879(4), P22C1 1.818(4), P22C2 1.811(5), C22Ga1
C-4-C(CH3)3], 34.6 [dd, JC,P 5 7.5 Hz, JC,P 5 5.5 Hz, C-1/6-2.145(4), C12Ga1 2.180(4), P22P3 2.203(2), P32C3 1.682(5),

C32Ga1 2.037(5), P12P2 2.544(2), P12Ga1 2.872(1), P22Ga1 C(CH3)3], 35.8 [s, broad, 3C(CH3)3], 44.7 (d-pseudo-t, 1JC,P 5 20.8
2.584(1), P12Ga2 2.581(1); C32Ga12C1 101.6(2), C22P12C1 Hz, JC,P 5 10.4 Hz, JC,P 5 10.4 Hz, C-1/6), 47.2 [dd, 1JC,P 5 24.678.6(2), C32Ga12C2 102.6(2), C22Ga12C1 66.6(2), C22P22C1

Hz, JC,P 5 10.5 Hz, P-2-CH2CH(CH3)2], 104.4 (dd, 1JC,P 5 50.281.7(2), C22P22P3 113.7(2), C12P22P3 113.9(2), C32P32P2
Hz, 1JC,P 5 13.4 Hz, C-4). 2 MS (CI, 120 eV); m/z (%): 500 (5)92.1(2), P22C12P1 87.3(2), P32C32Ga1 113.1(3), P12C22Ga1

90.8(2), P22C22Ga1 81.1(2), P22C22P1 87.2(2). [M1 1 2 H], 499 (17) [M1 1 H], 442 (24) [M1 2 C4H8], 441 (100)
[M1 2 C4H9], 341 (4) [M1 2 C4H9 2 PC5H9]. 2 C27H54AlP3

(498.63): calcd. C 65.04, H 10.92; found C 63.5, H 11.2.the existence of a donor-acceptor bond between the ex-
ocyclic triethylgallium unit and the polycyclic skeleton. 1,4,6-Tris(1,1-dimethylpropyl)-2,7,7-triisobutyl-3,5-diphospha-2-

Again in this case of a cyclooligomerization of a kine- phosphonia-7-aluminatotricyclo[3.2.0.02,6]hept-3-ene (5b): To a
tically stabilized phosphaalkyne 1 with triethylgallium (7), magnetically stirred solution of 0.20 g (1.00 mmol) of triisobutylal-

uminum (2b) in diethyl ether (10 ml) was added 0.40 g (3.50 mmol)the question of the mechanism of formation of the poly-
of phosphaalkyne 1b (32 mol-% solution in hexamethyldisiloxane).cyclic system 8 cannot be answered unambiguously. How-
After the reaction mixture had been heated to 100°C for 6 h in aever, it is still reasonable to assume that the first step also
Schlenk pressure tube, all volatile components were removed atinvolves an attack of the Lewis acid 7 at the carbon atom
25°C/1023 mbar. The remaining crude product was purified byof the phosphaalkyne 1.
bulb-to-bulb distillation (200°C/1023 mbar): 0.25 g, 46% yield, yel-

We thank the Fonds der Chemischen Industrie for generous finan- low oil. 2 IR (pentane, cm21): ν̃ 5 1380 (s), 1362 (m), 1166 (m),
cial support and for post-graduate grants (to A. H. and A. M.). 1100 (m), 1060 (m), 1014 (m), 796 (m), 670 (s). 2 31P NMR (C6D6):

δ 5 36.7 (dd, 2JP,P 5 32.8 Hz, 2JP,P 5 18.7 Hz, P-5), 52.7 (dd,
1JP,P 5 299.1 Hz, 2JP,P 5 32.8 Hz, P-2), 228.7 (dd, 1JP,P 5 299.1
Hz, 2JP,P 5 18.7 Hz, P-3). 2 1H NMR (C6D6): δ 5 0.56 [d, 3JH,H 5Experimental Section
7.2 Hz, 2 H, AlCH2CH(CH3)2], 0.76 [dd, JH,P 5 2.3 Hz, 3JH,H 5

General Remarks: The reactions were carried out under argon 7.1 Hz, 2 H, AlCH2CH(CH3)2], 0.82 [t, 3JH,H 5 7.5 Hz, 6 H, 2
(purity > 99.998%) in a previously oven-dried and evacuated ap- C(CH3)2CH2CH3], 0.87 [t, 3JH,H 5 7.5 Hz, 3 H, C(CH3)2CH2CH3],
paratus (Schlenk techniques). The solvents were dried by standard 0.96 [d, 3JH,H 5 6.6 Hz, 6 H, CH2CH(CH3)2], 1.01 [s, broad, 6 H,
procedures (n-pentane, diethyl ether and THF: Na/K alloy), dis- C(CH3)2CH2CH3], 1.04 [s, broad, 6 H, C(CH3)2CH2CH3], 1.31 [d,
tilled and stored under argon. Melting points: Mettler FP 61 (heat- 3JH,H 5 6.5 Hz, 6 H, CH2CH(CH3)2], 1.33 [d, 3JH,H 5 6.5 Hz, 6
ing rate: 3°C/min). 2 FT-IR spectra: Perkin-Elmer infrared spec- H, CH2CH(CH3)2], 1.33 [s, broad, 6 H, C(CH3)2CH2CH3],
trometer 16PC. 2 Mass spectra: Finnigan MAT 90 spectrometer. 1.4521.55 [m, 4 H, 2 C(CH3)2CH2CH3], 1.79 [q, 2 H, 3JH,H 5 7.5
2 NMR spectra: Bruker AMX 400 (1H: 400 MHz, 13C: 101 MHz, Hz, C(CH3)2CH2CH3], 2.1222.23 [m, 1 H, CH2CH(CH3)2],31P: 162 MHz) and Bruker AC 200 (31P: 81 MHz) spectrometers, 2.2222.31 [m, 1 H, CH2CH(CH3)2], 2.3022.41 [m, 1 H,
solvent as internal standard (1H and 13C); the chemical shifts for CH2CH(CH3)2], 2.45 [pseudo-t, broad, 2JH,P 5 6.2 Hz, 3JH,H 5 6.231P are relative to external 85% orthophosphoric acid. Compounds Hz, 2 H, P-2-CH2CH(CH3)2]. 2 13C NMR (C6D6): δ 5 9.2 [s,
1a [19], 1b [20], 1c [19], 2c [15] were prepared by published methods. C(CH3)2CH2CH3], 9.3 [s, 2 C(CH3)2CH2CH3], 24.7 [pseudo-t,
Compounds 2b, 7 were purchased from Aldrich and used without JC,P 5 5.0 Hz, JC,P 5 5.0 Hz, P-2-CH2CH(CH3)2], 27.0 [s, broad,
further purification. CH2CH(CH3)2], 27.8 [d, JC,P 5 3.0 Hz, CH2CH(CH3)2], 27.9 [s,

CH2CH(CH3)2], 29.1 [s, AlCH2CH(CH3)2], 29.3 [s,1,4,6-Tri-tert-butyl-2,7,7-triisobutyl-3,5-diphospha-2-phosphonia-
7-aluminatotricyclo[3.2.0.02,6]hept-3-ene (5a): To a magnetically AlCH2CH(CH3)2], 30.1 [pseudo-t, broad, JC,P 5 6.3 Hz, JC,P 5 6.3

Hz, 2 C(CH3)2CH2CH3], 30.9 [pseudo-t, JC,P 5 6.1 Hz, JC,P 5 6.1stirred solution of 0.94 g (4.75 mmol) of triisobutylaluminum (2b)
in diethyl ether (10 ml) was added 1.67 g (16.68 mmol) of phos- Hz, C(CH3)2CH2CH3], 38.5 [pseudo-t, JC,P 5 2.2 Hz, JC,P 5 2.2

Hz, 2 C(CH3)2CH2CH3], 39.1 [dd, JC,P 5 8.5 Hz, JC,P 5 5.8 Hz,phaalkyne 1a. After the reaction mixture had been heated to 100°C
for 10 h in a Schlenk pressure tube, all volatile components were C-4-C(CH3)2CH2CH3], 40.1 [m, C(CH3)2CH2CH3], 47.3 [m, C1/6

and P-2-CH2CH(CH3)2], 105.3 (dd, 1JC,P 5 51.5 Hz, 1JC,P 5 14.0removed at 25°C/1023 mbar. The remaining crude product was
purified by bulb-to-bulb distillation (150°C/1023 mbar): 1.56 g, Hz, C-4)[21]. 2 MS (EI, 70 eV); m/z (%): 540 (1) [M1], 484 (14)
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[M1 2 C4H8], 483 (48) [M1 2 C4H9], 427 (41) [M1 2 C4H9 2 broad), 39.3 (s, broad), 44.3244.8 (m, 4 C-1/6), 46.2246.9 [m, 4 P-

2-CH2CH(Ph)CH3], 104.4 (d, broad, 1JC,P 5 50.3 Hz, 4 C-4), 125.5C4H8], 369 (100) [M1 2 3 C4H9]. 2 MS (CI, 120 eV); m/z (%): 541
(17) [M1 1 H], 483 (37) [M1 2 C4H9], 345 (100) [M1 2 3 C4H8 (s, broad), 125.6 (s, broad), 126.8 (m), 127.2 (s, broad), 127.3 (s,

broad), 127.4 (s, broad), 128.6 (s, broad), 128.7 (m), 129.3 (m),2 Al]. 2 HR MS (EI): calcd. 540.3723; found 540.3755. 2

C30H60AlP3 (540.70). 145.1 (s, broad), 153.4 (d, JC,P 5 14.4 Hz), 153.5 (s). 2 MS (EI,
70 eV); m/z (%): 684 (1) [M1], 683 (2) [M1 2 H], 564 (100) [M1

1,4,6-Triadamant-1-yl-2,7,7-triisobutyl-3,5-diphospha-2-
2 H 2 C9H11], 465 (60) [M1 2 C9H11 2 PC5H9], 365 (59) [M1 2phosphonia-7-aluminatotricyclo[3.2.0.02,6]hept-3-ene (5c): To a
C9H11 2 2 PC5H9], 265 (74) [M1 2 C9H11 2 3 PC5H9], 119 (31)magnetically stirred solution of 0.15 g (0.76 mmol) of triisobutylal-
[C9H11

1]. 2 C42H60AlP3 (684.85).uminum (2b) in diethyl ether (10 ml) was added 0.47 g (2.66 mmol)
of phosphaalkyne 1c. After the reaction mixture had been stirred Tetracarbonyl{(3-η)-1,4,6-tri-tert-butyl-2,7,7-triisobutyl-3,5-

diphospha-2-phosphonia-7-aluminatotricyclo[3.2.0.02,6]hept-3-at room temperature for 3 weeks, all volatile components were re-
moved at 120°C/1023 mbar. The remaining crude product was ene}iron (6a): Nonacarbonyldiiron (0.54 g, 1.50 mmol) was added

to a solution of triphosphaalatricycloheptene 5a (0.25 g, 0.50taken up in pentane and purified by recrystallization at low tem-
peratures: 0.20 g, 36% yield, yellow oil. 2 31P NMR (C6D6): δ 5 mmol) in pentane (15 ml) at 25°C. The reaction mixture was al-

lowed to stir for 2 d, followed by a filtration to remove all insoluble26.5 (dd, 2JP,P 5 33.2 Hz, 2JP,P 5 16.3 Hz, P-5), 51.7 (dd, 1JP,P 5

299.4 Hz, 2JP,P 5 33.2 Hz, P-2), 227.3 (dd, 1JP,P 5 299.4 Hz, 2JP,P 5 components. Recrystallization of the crude product from the re-
maining solution at 278°C provided 0.28 g of 6a (84%), red crys-16.3 Hz, P-3). 2 1H NMR (C6D6): δ 5 0.54 [d, 3JH,H 5 7.3 Hz, 2

H, AlCH2CH(CH3)2], 0.72 [d, broad, 3JH,H 5 7.3, 2 H, tals, m.p. 108 2 110°C. 2 IR (pentane, cm21): ν̃ 5 2064 (s, CO),
1992 (s, CO), 1970 (s, CO), 1260 (w), 1100 (w), 1020 (w), 812 (w),AlCH2CH(CH3)2], 1.05 [d, 3JH,H 5 6.6 Hz, 6 H, CH2CH(CH3)2],

1.30 [d, 3JH,H 5 6.4 Hz, 6 H, CH2CH(CH3)2], 1.30 [d, 3JH,H 5 6.5 670 (m), 634 (m). 2 31P NMR (C6D6): δ 5 39.4 (dd, 2JP,P 5 50.1
Hz, 2JP,P 5 19.0 Hz, P-5), 48.2 (dd, 1JP,P 5 206.0 Hz, 2JP,P 5 50.1Hz, 6 H, CH2CH(CH3)2], 1.5822.16 (m, 45 H, Ad-H), 2.1922.33

[m, 3 H, 3 CH2CH(CH3)2], 2.50 [pseudo-t, broad, 2JH,P 5 6.8 Hz, Hz, P-2), 232.2 (dd, 1JP,P 5 206.0 Hz, 2JP,P 5 19.0 Hz, P-3). 2 1H
NMR (C6D6): δ 5 0.43 [d, 3JH,H 5 7.2 Hz, 2 H, AlCH2CH(CH3)2],3JH,H 5 6.8 Hz, 2 H, P-2-CH2CH(CH3)2]. 2 13C NMR (C6D6):

δ 5 24.8 [s, broad, P-2-CH2CH(CH3)2], 26.7 [s, broad, 2 0.69 [d, broad, 3JH,H 5 5.7 Hz, 2 H, AlCH2CH(CH3)2], 1.02 [s,
broad, 6 H, CH2CH(CH3)2], 1.10 [s, 18 H, 2 C(CH3)3], 1.25 [d,AlCH2CH(CH3)2], 27.3 [s, broad, CH2CH(CH3)2], 28.0 [s,

CH2CH(CH3)2], 28.1 [s, CH2CH(CH3)2], 29.1 (s), 29.3 (s), 29.4 (s), 3JH,H 5 6.3 Hz, 6 H, CH2CH(CH3)2], 1.28 [d, 3JH,H 5 6.6 Hz, 6
H, CH2CH(CH3)2], 1.35 [s, 9 H, C(CH3)3], 2.1422.25 [m, 1 H,29.5 (s, 6 Ad-C), 36.8 (s, 3 Ad-C), 37.1 (s, 6 Ad-C), 38.3 (s, 2 Ad-

C), 44.1 (s, Ad-C), 45.1 (s, broad, 3 Ad-C), 47.3 [m, C-1/6 and P- CH2CH(CH3)2], 2.2622.32 [m, 1 H, CH2CH(CH3)2], 2.3522.46
[m, 3 H, CH2CH(CH3)2 and P-2-CH2CH(CH3)2]. 2 13C NMR2-CH2CH(CH3)2], 48.1 [pseudo-t, JC,P 5 6.0 Hz, JC,P 5 6.0 Hz, 6

Ad-C], 105.7 (dd, 1JC,P 5 50.8 Hz, 1JC,P 5 13.4 Hz, C-4). 2 MS (C6D6): δ 5 24.8 [d, 3JC,P 5 7.0 Hz, P-2-CH2CH(CH3)2], 25.3 [d,
JC,P 5 4.8 Hz, CH2CH(CH3)2], 25.7 [s, broad, 2 AlCH2CH(CH3)2],(EI, 70 eV); m/z (%): 732 (1) [M1], 675 (2) [M1 2 C4H9], 591 (5)

[M1 2 Al(C4H9)2], 325 (34) [M1 2 2 H 2 3 C10H15], 135 (100) 27.8 [s, broad, 2 CH2CH(CH3)2], 29.0 [s, AlCH2CH(CH3)2], 29.1
[s, AlCH2CH(CH3)2], 31.7 [pseudo-t, JC,P 5 10.1 Hz, JC,P 5 10.1[C10H15

1]. 2 C45H72AlP3 (732.97).
Hz, C-4-C(CH3)3], 34.2 [pseudo-t, JC,P 5 6.5 Hz, JC,P 5 6.5 Hz,1,4,6-Tri-tert-butyl-2,7,7-tris(2-phenylpropyl)-3,5-diphospha-2-
C-1/6-C(CH3)3], 35.4 [s, broad, C-1/6-C(CH3)3 and C-4-C(CH3)3],phosphonia-7-aluminatotricyclo[3.2.0.02,6]hept-3-ene (5d): To a
44.3 [m, P-2-CH2CH(CH3)2 and C-1/6], 101.3 (dd, 1JC,P 5 51.0 Hz,magnetically stirred solution of 0.31 g (0.80 mmol) of triorganoalu-
1JC,P 5 15.9 Hz, C-4), 215.1 (d, 2JC,P 5 12.0 Hz, 4 CO). 2 MSminum 2c in pentane (8 ml) was added 0.28 g (2.80 mmol) of phos-
(CI, 120 eV); m/z (%): 667 (14) [M1 1 H], 609 (19) [M1 2 2 COphaalkyne 1a at 278°C. After the reaction mixture had been al-
2 H], 499 (49) [M1 1 H 2 Fe(CO)4], 442 (24) [M1 2 Fe(CO)4 2lowed to warm to room temperature and stirred for 3 d, all volatile
C4H8], 441 (100) [M1 2 Fe(CO)4 2 C4H9]. 2 C31H54AlFeO4P3components were removed at 25°C/1023 mbar. Recrystallization
(666.51).from pentane at 14°C gave pure 5d as a mixture of four dia-

stereomers (A2D): 0.45 g, 82% yield, yellow crystals, m.p. Pentacarbonyl{(3-η)-1,4,6-tri-tert-butyl-2,7,7-triisobutyl-3,5-
diphospha-2-phosphonia-7-aluminatotricyclo[3.2.0.02,6]hept-3-1282130°C. 2 IR (KBr, cm21): ν̃ 5 3024 (w, C5CH), 2956 (s,

CH), 2862 (s, CH), 1600 (w), 1492 (m), 1452 (m), 1386 (w), 1360 ene}tungsten (6b): A solution of hexacarbonyltungsten (0.35 g, 1.00
mmol) in THF (50 ml) was irradiated at 0°C. After 0.5 h triphos-(m), 1028 (m), 806 (m), 760 (s), 700 (s). 2 31P NMR (C7D8, 105°C):

5dA: δ 5 43.8 (dd, 2JP,P 5 34.9 Hz, 2JP,P 5 17.6 Hz, P-5), 60.0 (dd, phaalatricycloheptene 5a (0.20 g, 0.40 mmol) in THF (5 ml) was
added at 25°C and the reaction mixture was allowed to stir for 141JP,P 5 299.9 Hz, 2JP,P 5 34.9 Hz, P-2), 230.0 (dd, 1JP,P 5 299.9

Hz, 2JP,P 5 17.6 Hz, P-3). 2 5dB: δ 5 43.8 (dd, 2JP,P 5 34.9 Hz, h, followed by evaporation of all volatile components (25°C/1023

mbar). The residue was extracted with pentane (10 ml) and filtered.2JP,P 5 15.6 Hz, P-5), 60.0 (dd, 1JP,P 5 299.9 Hz, 2JP,P 5 34.9 Hz,
P-2), 229.9 (dd, 1JP,P 5 299.9 Hz, 2JP,P 5 15.6 Hz, P-3). 2 5dC: Recrystallization at 278°C from the same solvent provided 0.25 g

of 6b (76%), orange crystals. 2 IR (pentane, cm21): ν̃ 5 2076 (m,δ 5 42.0 (dd, 2JP,P 5 35.2 Hz, 2JP,P 5 18.8 Hz, P-5), 57.7 (dd,
1JP,P 5 306.7 Hz, 2JP,P 5 35.2 Hz, P-2), 229.0 (dd, 1JP,P 5 306.7 CO), 1960 (s, CO), 1948 (s, CO), 1260 (m), 1100 (m), 1018 (m), 806

(m). 2 31P NMR (C6D6): δ 5 40.0 (dd, 2JP,P 5 52.7 Hz, 2JP,P 5Hz, 2JP,P 5 18.8 Hz, P-3). 2 5dD: δ 5 42.0 (dd, 2JP,P 5 35.2 Hz,
2JP,P 5 18.8 Hz, P-5), 57.6 (dd, 1JP,P 5 306.4 Hz, 2JP,P 5 35.2 Hz, 15.6 Hz, P-5), 59.6 (dd, 2JP,W 5 24.4 Hz, 1JP,P 5 199.0 Hz, 2JP,P 5

52.7 Hz, P-2), 191.0 (dd, 1JP,W 5 234.1 Hz, 1JP,P 5 199.0 Hz,P-2), 228.8 (dd, 1JP,P 5 306.4 Hz, 2JP,P 5 18.8 Hz, P-3). 2 1H
NMR (C6D6): δ 5 0.86 (s, broad, 24 H), 0.91 (s, broad, 12 H), 0.96 2JP,P 5 15.6 Hz, P-3). 2 1H NMR (C6D6): δ 5 0.47 [d, 3JH,H 5

7.3 Hz, 2 H, AlCH2CH(CH3)2], 0.72 [dd, JP,H 5 2.6 Hz, 3JH,H 5(s, broad, 24 H), 1.01 (s, broad, 12 H), 1.19-1.24 (m, 16 H), 1.30
(s, broad, 36 H), 1.5921.69 (m, 36 H), 2.6722.87 (m, 4 H), 7.3 Hz, 2 H, AlCH2CH(CH3)2], 1.05 [d, 3JH,H 5 6.4 Hz, 6 H,

CH2CH(CH3)2], 1.10 [s, 18 H, 2 C(CH3)3], 1.26 [d, 3JH,H 5 6.5 Hz,2.8923.00 (m, 4 H), 3.2223.38 (m, 8 H), 3.4323.50 (m, 4 H),
6.9927.19 (m, 28 H), 7.2227.28 (m, 16 H), 7.3327.42 (m, 8 H), 6 H, CH2CH(CH3)2], 1.29 [d, 3JH,H 5 6.5 Hz, 6 H, CH2CH(CH3)2],

1.41 [s, 9 H, C(CH3)3], 2.1422.25 [m, 1 H, CH2CH(CH3)2],7.4827.52 (m, 8 H). 2 13C NMR (C6D6): δ 5 24.1 (s), 25.6 (m),
26.8 (s, broad), 27.9 (s), 28.0 (s), 28.1 (s), 28.3 (s), 28.8 (s), 29.1 (s), 2.2522.33 [m, 1 H, CH2CH(CH3)2], 2.4622.59 [m, 3 H,

CH2CH(CH3)2 and P-2-CH2CH(CH3)2]. 2 13C NMR (C6D6): δ 532.0 (m), 34.5 (m), 35.4 (m), 35.6 (m), 38.2 (s, broad), 39.2 (s,
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25.2 [d, JC,P 5 7.0 Hz, P-2-CH2CH(CH3)2], 25.4 [d, JC,P 5 4.9 (100) [M1 2 Ga(C2H5)3 2 C2H6 2 3 C10H15]. 2 C45H75Ga2P3

(848.44).Hz, CH2CH(CH3)2], 26.5 [s, broad, 2 AlCH2CH(CH3)2], 27.7 [s,
CH2CH(CH3)2], 27.8 [s, CH2CH(CH3)2], 29.0 [s, AlCH2-

Crystal Structure Analysis of 8a [22]: Enraf-Nonius CAD4 dif-CH(CH3)2], 29.1 [s, AlCH2CH(CH3)2], 32.4 [pseudo-t, JC,P 5 10.3
fractometer, graphite monochromator, Mo-Kα radiation, structureHz, JC,P 5 10.3 Hz, C-4-C(CH3)3], 34.2 [pseudo-t, JC,P 5 6.8 Hz,
solution by heavy-atom method (SHELXS-97[23]) and structure re-JC,P 5 6.8 Hz, C-1/6-C(CH3)3], 35.5 [s, broad, C-1/6-C(CH3)3 and
finement by SHELXL-97[24]; monoclinic, space group P21/n; latticeC-4-C(CH3)3], 44.4 [dd, 1JC,P 5 23.2 Hz, JC,P 5 8.6 Hz, P-2-
constants a 5 11.191(2), b 5 20.303(3); c 5 15.156(2) Å, β 5CH2CH(CH3)2], 45.9 (m, C-1/6), 101.3 (dd, 1JC,P 5 50.5 Hz,
107.95(1)°, V 5 3276.0(7) Å3, Z 5 4, µ(Mo-Kα) 5 1.804 mm21,1JC,P 5 15.0 Hz, C-4), 195.9 (d, 2JC,P 5 8.1 Hz, 1JC,W 5 130.4 Hz,
crystal size 0.25 3 0.35 3 0.39 mm; θmax 5 27.4°; 7470 independent4 cis-CO), 198.4 (d, 2JC,P 5 31.8 Hz, trans-CO). 2 MS (CI, 120
reflections (Rint 5 0.0453) measured of which 3670 were consideredeV); m/z (%): 823 (1) [M1 1 H], 767 (3) [M1 1 H 2 2 CO], 683
observed with I > 2σ(I); analytical absorption correction: max./(2) [M1 1 H 2 5 CO], 499 (21) [M1 1 H 2 W(CO)5], 441 (100)
min. transmission 0.5061/0.6588; max./min. residual electronic den-[M1 1 H 2 W(CO)5 2 C4H10]. 2 C32H54AlO5P3W (822.53).
sity 0.351 and 20.475 e/Å3. 289 parameters [C, Ga and P aniso-
tropic, the positions of the H atoms were calculated for idealizedTriethyl{(7-η)-1,4,6-tri-tert-butyl-2,5,7-triethyl-3,7-diphospha-2-
positions (dC-H 5 0.980 Å)]; R1 5 0.0462; wR2 5 0.1009.phosphonia-5-gallatotricyclo-[3.2.0.02,6]hept-3-ene}gallium (8a): To

a magnetically stirred solution of 0.25 g (1.60 mmol) of triethylgal-
lium (7) in diethyl ether (10 ml) was added 0.48 g (4.80 mmol) of [1] M. Schmitz, S. Leininger, U. Bergsträßer, M. Regitz, Het-
phosphaalkyne 1a. After the reaction mixture had been stirred at eroatom Chem., in press.

[2] See for example: [2a] M. Regitz, T. Wettling, B. Breit, M. Birkel,room temperature for 48 h, all volatile components were removed
B. Geißler, U. Bergsträßer, S. Barth, P. Binger, Phosphorus Sul-at 25°C/1023 mbar. The remaining crude product was taken up in
fur 1993, 76, 124. 2 [2b] R. Streubel, Angew. Chem. 1995, 107,

pentane and purified by recrystallization at 14°C: 0.48 g, 49% 4782480; Angew. Chem. Int. Ed. Engl. 1995, 34, 4362438. 2 [2c]

yield, yellow crystals, m.p. 45248°C. 2 IR (pentane, cm21): ν̃ 5 M. Regitz, A. Hoffmann, U. Bergsträßer, in Modern Acetylene
Chemistry (Eds.: F. Diederich, P. Stang), VCH, New York 1995,1360 (s), 1260 (s), 1238 (m), 1100 (s), 1020 (s), 806 (s), 692 (m), 656
p. 173. 2 [2d] M. Regitz, T. Wettling, R. Fäßler, B. Breit, B.(m). 2 31P NMR (C6D6): δ 5 38.2 (dd, 2JP,P 5 40.2 Hz, 2JP,P 5
Geißler, M. Julino, A. Hoffmann, U. Bergsträßer, Phosphorus

25.0 Hz, P-7), 41.6 (dd, 1JP,P 5 336.8 Hz, 2JP,P 5 40.2 Hz, P-2), Sulfur 1996, 109/110, 4252428. 2 [2e] A. Mack, M. Regitz,
253.6 (dd, 1JP,P 5 336.8 Hz, 2JP,P 5 25.0 Hz, P-3). 2 1H NMR Chem. Ber. 1997, 130, 8232834.

[3] [3a] G. Becker, W. Becker, R. Knebl, H. Schmidt, U. Hilden-(C6D6): δ 5 0.80 [q, 3JH,H 5 8.1 Hz, 6 H, Ga(CH2CH3)3], 0.94 (q,
brand, M. Westerhausen, Phosphorus Sulfur 1987, 30, 3492352.3JH,H 5 8.0 Hz, 2 H, GaCH2CH3), 1.03 [s, 18 H, 2 C-1/6-C(CH3)3],
2 [3b] B. Breit, U. Bergsträßer, G. Maas, M. Regitz, Angew.

1.3021.35 (m, 6 H, 2 PCH2CH3), 1.31 [d, JP,H 5 1.5 Hz, 9 H, C- Chem. 1992, 104, 104321046; Angew. Chem. Int. Ed. Engl.
4-C(CH3)3], 1.36 (t, 3JH,H 5 8.0 Hz, 3 H, GaCH2CH3), 1.52 (t, 1992, 31, 105521058. 2 [3c] B. Breit, M. Regitz, Chem. Ber.

1996, 129, 4892494.3JH,H 5 8.1 Hz, 9 H, 3 GaCH2CH3), 2.0522.10 (m, 2 H,
[4] B. Breit, A. Hoffmann, U. Bergsträßer, L. Ricard, F. Mathey,PCH2CH3), 2.3022.37 (m, 2 H, PCH2CH3). 2 13C NMR (C6D6):

M. Regitz, Angew. Chem. 1994, 106, 154121543; Angew. Chem.
δ 5 7.1 (s, broad, CH2CH3), 10.8 (s, CH2CH3), 10.9 (d, JC,P 5 4.9 Int. Ed. Engl. 1994, 33, 149121493.
Hz, CH2CH3), 11.0 (d, JC,P 5 4.8 Hz, CH2CH3), 11.8 (d, JC,P 5 [5] A. Hoffmann, B. Breit, M. Regitz, Chem. Ber. 1997, 130,

2552259.13.2 Hz, CH2CH3), 12.0 (s, CH2CH3), 14.1 (d, JC,P 5 14.6 Hz,
[6] A. Hoffmann, S. Leininger, M. Regitz, J. Organomet. Chem.CH2CH3), 18.8 (s, broad, CH2CH3), 29.2 [pseudo-t, JC,P 5 26.8

1997, 539, 61266.
Hz, JC,P 5 26.8 Hz, C-4-C(CH3)3], 31.6 [d, JC,P 5 13.6 Hz, C-4- [7] A similar Lewis acid induced cyclotrimerization takes place,
C(CH3)3], 34.4 [dd, JC,P 5 7.5 Hz, JC,P 5 4.9 Hz, C-1/6-C(CH3)3], when tantalum pentachloride is allowed to react with phos-

phaalkyne 1a [3a].35.1 [dd, JC,P 5 4.9 Hz, JC,P 5 1.6 Hz, C-1/6-C(CH3)3], 46.5 (dd,
[8] For the 31P-NMR absorptions see, for example: J. C. Tebby,1JC,P 5 23.2 Hz, 1JC,P 5 16.7 Hz, C-1/6), 79.0 (d, broad, 1JC,P 5

Handbook of Phosphorus-31 Nuclear Magnetic Resonance Data,
15.0 Hz, C-4). 2 MS (EI, 70 eV); m/z (%): 457 (34) [M1 1 H 2 CRC Press, Boca Raton, 1991, p. 29.
Ga(C2H5)3], 428 (100) [M1 2 Ga(C2H5)3 2 C2H4], 328 (76) [M1 [9] See, for example: J. G. Verkade, L. D. Quin, Phosphorus-31-

NMR-Spectroscopy in Stereochemical Analysis, VCH, Deerfield2 Ga(C2H5)3 2 C2H4 2 PC5H9], 227 (93) [M1 2 Ga(C2H5)3 2
Beach, 1987, p. 446.C2H5 2 2 PC5H9]. 2 HR MS (EI, 70 eV); [M1 2 Ga(C2H5)3]: [10] The structure of the cyclotrimerization product 5d is confirmed

calcd. 456.1755; found 456.1761. 2 C27H57Ga2P3 (614.10): calcd. by an X-ray structure analysis. Due to the unsatisfactory quality
C 52.81, H 9.36; found C 50.28, H 9.00. of the data, the bond lengths and bond angles are not discussed.

[11] P. S. Braterman, W. J. Wallace, J. Organomet. Chem. 1971, 30,
C172C18.Triethyl{(7-η)-1,4,6-triadamant-1-yl-2,5,7-triethyl-3,7-diphospha-

[12] W. Strohmeier, F.-J. Müller, Chem. Ber. 1969, 102, 360823612.2-phosphonia-5-gallatotricyclo[3.2.0.02,6]hept-3-ene}gallium (8b): [13] Ref. [9], p. 430.
To a magnetically stirred solution of 0.13 g (0.83 mmol) of triethyl- [14] [14a] R. H. Neilson, R. J. Thoma, I. Vickovic, W. H. Watson,

Organometallics 1984, 3, 113221133. 2 [14b] R. Appel, C.gallium (7) in diethyl ether (10 ml) was added 0.44 g (2.50 mmol)
Casser, Tetrahedron Lett. 1984, 25, 410924112.of phosphaalkyne 1c. After the reaction mixture had been stirred

[15] G. Bähr, P. Burba, H. Lehmkuhl, K. Ziegler, in Houben-Weyl:at room temperature for 72 h, all volatile components were re- Methoden der Organischen Chemie (Ed.: E. Müller), vol. 13/4
moved at 25°C/1023 mbar. The remaining crude product was taken (“Metallorganische Verbindungen Al, Ga, In, Tl”), 4th ed.,

1970, p. 315.up in pentane and purified by recrystallization at 14°C: 0.30 g,
[16] D. R. Lide, CRC Handbook of Chemistry and Physics, 73rd ed.,43% yield, yellow crystals. 2 IR (pentane, cm21): ν̃ 5 1260 (s),

CRC Press, Boca Raton, 1992, chapter 921.1100 (s), 1020 (s), 806 (s). 2 31P NMR (C6D6): δ 5 36.1 (dd, 1JP,P 5 [17] R. Appel, in Multiple Bonds and Low Coordination in Phos-
333.8 Hz, 2JP,P 5 58.6 Hz, P-2), 40.3 (dd, 2JP,P 5 58.6 Hz, 2JP,P 5 phorus Chemistry (Eds.: M. Regitz, O. J. Scherer), Thieme,

Stuttgart, 1990, p. 160.27.2 Hz, P-7), 257.0 (dd, 1JP,P 5 333.8 Hz, 2JP,P 5 27.2 Hz, P-3).
[18] G. Müller, J. Lachmann, Z. Naturforsch., B: Chem. Sci. 1993,2 1H NMR (C6D6): δ 5 1.22 (q, 3JH,H 5 7.9 Hz, 2 H, CH2CH3),

48, 154421554.1.3522.20 (m, 71 H, CH2CH3 and Ad-H), 2.3522.45 (m, 2 H, [19] W. Rösch, T. Allspach, U. Bergsträßer, M. Regitz in Synthetic
PCH2CH3). 2 MS (CI, 120 eV); m/z (%): 661 (1) [M1 2 Ga(C2H5)3 Methods of Organometallic and Inorganic Chemistry, vol. 3 (Ed.:

H. H. Karsch), Thieme, Weinheim, 1996, pp. 11.2 C2H5], 495 (25) [M1 2 Ga(C2H5)3 2 2 C2H6 2 C10H15], 255

Eur. J. Inorg. Chem. 1998, 1597216031602
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[20] W. Rösch, U. Vogelbacher, T. Allspach, M. Regitz, J. Or- free of charge on application to CCDC, 12 Union Road, Cam-

bridge CB2 1EZ, UK [fax: int. code 1 44(1223)336-033; e-mail:ganomet. Chem. 1986, 306, 39253.
[21] Note: the signals of AlCH2CH(CH3)2 and C(CH3)2CH2CH3 deposit@ccdc.cam.ac.uk].

[23] G. M. Sheldrick, SHELXS-97, Program for Crystal Structurecannot be reported since they are obscured by other signals.
[22] Crystallographic data (excluding structure factors) for the struc- Solution, Universität Göttingen, 1997.

[24] G. M. Sheldrick, SHELXL-97, Program for Crystal Structureture reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi- Refinement, Universität Göttingen, 1997.

[98161]cation no. CCDC-101440. Copies of the data can be obtained
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The acetoxymethyl rhodium compounds [(η5- the formaldehyde compounds [(η5-C5R5)Rh(η2-CH2O)(L)]
(24–27). The related thioformaldehyde complexes [(η5-C5R5)Rh(CH2OAc)(L)I] (4, 13–16) which were prepared from

the chloromethyl derivatives [(η5-C5R5)Rh(CH2Cl)(L)I] and C5Me5)Rh(η2-CH2S)(L)] (46, 47) and [(η5-C5H5)Rh(η2-
CH2S)(PMe3)] (50) were obtained on a similar route. Studiessodium acetate in benzene/acetic acid as solvent, reacted

with AgPF6 to give the chelate complexes [(η5-C5R5)Rh{κ2- on the reactivity of the formaldehyde derivatives revealed
that the Rh–CH2O bond is rather labile and the CH2O ligandC,O-CH2OC(Me)O}(L)]PF6 (19–23) in excellent yields.

Treatment of these complexes with KOH in methanol led to easily converted to a CO group.
the elimination of the acetyl group and to the formation of

ResultsIn a series of papers we have recently shown[1] that cobalt
and rhodium half-sandwich type complexes, which contain

Preparation of RhCH2OAc PrecursorsMI(CH2I) as a molecular unit, can be transformed to the
corresponding thio-, seleno-, and telluroformaldehyde The carbenoide rhodium complex 1, which can easily be
metal derivatives upon treatment with SH2, SeH2, and prepared from [C5Me5Rh(CO)2] and CH2I2, [4] reacts quite
TeH2, respectively (see Scheme 1). Due to the lone electron smoothly in polar solvents with sodium acetate. While in
pairs at the chalcogen atom of the CH2E ligand, these com- acetone a mixture of products is formed, the reaction of 1
pounds behave as Lewis bases and react with in situ gener- with excess NaOAc in methanol leads to the meth-
ated 16-electron fragments such as [W(CO)5] or [(η5- oxymethyl compound 2 in good yield. In contrast, the start-
C5H5)Mn(CO)2] to give dinuclear hetero-metallic com- ing material 1 and NaOAc react in ethanol to give two
plexes with the aldehyde CH2E in a bridging position. [1d] [2]

products 3 and 4 (see Scheme 2), which could be separated
First attempts to complete the series of compounds [(η5- by chromatographic techniques. Although the desired ace-
C5R5)M(η2-CH2E)(L)] by those with E 5 O failed. The re- toxy derivative 4 is the dominating species provided that an
action of the respective precursor [(η5-C5R5)M(L)(L9)] with excess of sodium acetate is used, the separation of the two
monomeric formaldehyde was rather slow and in most cases compounds on Al2O3 results in the partial conversion of 4
led to a mixture of products among which the carbonyl
complexes [(η5-C5R5)M(CO)(L)] were the dominating spe-

Scheme 2. [Ac 5 CH3CO]cies. Therefore, we had to develop a different synthetic
route. The present paper describes that for M 5 Rh the
key to success was the preparation of metalated acetic acid
derivatives [Rh]CH2OC(O)CH3 as intermediates which
could be converted in two steps to the coordinated formal-
dehyde ligand. Some related results to this work were al-
ready reported.[3]

Scheme 1
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Scheme 3. [Ac 5 CH3CO]

Figure 1. Conformations of compounds [(η5-C5R5)Rh(CH2X)(L)I]to the dinuclear complex [{(η5-C5Me5)Rh(µ-CO)}2]. There-
(X 5 Cl, OAc) viewed along the Rh2C axis. Due to the formallyfore, the isolated yield is rather low.
octahedral geometry the bond angle P2Rh2I is assumed to be 90°

The method of choice for the preparation of 4 is the reac- (see also ref. [8])
tion of 7 with excess NaOAc in a mixture of benzene and
glacial acetic acid as the solvent. Under these conditions,
not only 4 but also the half-sandwich type Rh2CH2OAc
complexes 13216 (Scheme 3) have been obtained in
80285% yield. The synthesis of the formerly unknown
chloromethyl rhodium(III) precursors 7 and 8 was achieved
by oxidative addition (followed by elimination of CO or
C2H4) of CH2ClI to [(η5-C5Me5)Rh(CO){P(OMe)3}] and

using different nucleophiles failed.[9] Whereas treatment of[(η5-C5H5)Rh(C2H4){P(OMe)3}], respectively. We note that
4 with NaOMe in methanol/benzene or with nBuLi in ben-the rate of formation of 15 from 11 is significantly higher
zene led mainly to decomposition (and to the formation ofthan from [(η5-C5Me5)Rh(CH2I)(PMe3)I] [4] which can be
small amounts of [{(η5-C5Me5)Rh(µ-CO)}2]), the reactionunderstood by the HSAB concept: Substitution of the hard
of 15 with NaOMe in methanol or with NaOH in water/chloride by the hard nucleophile OAc2 is favoured com-
benzene in the presence of [PhCH2NEt3]Cl (TEBA) aspared to the displacement of the soft iodide by acetate. [5]

phase-transfer catalyst gave mainly the mononuclear com-The acetoxymethyl derivatives 4 and 13216 are yellow to
pound [(η5-C5Me5)Rh(CO)(PMe3)]. [10] Although the 1H-red-brown microcrystalline solids, which are air-stable and
NMR spectrum of the reaction mixture formed from 15soluble in common organic solvents. The most typical fea-
and NaOMe in CD3OD showed that besides the carbonylture of the 1H-NMR spectra of 4 and 13216 is the appear-
complex [(η5-C5Me5)Rh(CO)(PMe3)] the correspondingance of two distinct signals for the methylene protons of
formaldehyde compound 26 (see Scheme 5) is probablythe CH2OAc group which due to Rh-H, H-H, and in some
formed, the attempts to separate the two C5Me5Rh speciescases P-H coupling are split into doublets of doublets or
by chromatographic techniques failed. One noteworthy re-appear as doublets of doublets of doublets. Since the size
sult is that from the mixture of products obtained uponof 3J(PH), which depends on the mutual orientation of the
treatment of the trimethylphosphite complex 14 with twophosphorus and the hydrogen atoms of the PRhCH2 unit, [6]

equiv of nBuLi in benzene/hexane the half-sandwich typediffers considerably (e.g. between 0 Hz and 8.8 Hz for 15),
rhodium(III) derivatives 17 and 18 (Scheme 4) could be iso-we assume that the rotation around the Rh2CH2O axis is
lated in low yield. The 1H NMR data as well as the masspartially hindered and the conformations A or B (Figure 1)
spectra and (in the case of 17) the elemental analysis re-are preferred. A similar observation has already been made
vealed that both in 17 and 18 a Rh2C6H5 bond is present,for compounds such as 12 and [(η5-C5H5)Rh(CH2X)-
the phenyl group originating either from benzene or from(PMe3)X] (X 5 Br, I) [7] as well as for related cyclopen-
in situ generated LiPh, respectively.tadienyliron derivatives [(η5-C5H5)Fe(CH2R)(CO)(PR93)]

The methodology for the successful preparation of the(R 5 Ph, SiMe3). [8]

formaldehyde rhodium complexes 24227 is outlined in
Scheme 5. Instead of an attack of a nucleophile to the car-Conversion of RhCH2OAc to Rh(η2-CH2O) Complexes
bon atom of the acetoxy unit of 4 and 13216 the first step
involves the cleavage of the Rh2I linkage by AgPF6. ThisAttempts to convert the acetoxymethyl compounds 4 and

13216 to the corresponding formaldehyde complexes by is followed by the formation of a five-membered chelate
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Scheme 4. [Ac 5 CH3CO] with the rhodium center. The distance C22O1 [1.240(8) Å]

indicates significant double bond character which is in
agreement with the bonding pattern shown for 19223 in
Scheme 5. The corresponding C5O bond length in the va-
nadium complex [(η5-C5H5)2V{κ2-C,O-CH2OC(Me)O}]1 is
1.236(4) Å [12] and thus almost identical to that in 22. Com-
pared with C22O1, the distance C22O3 [1.307(8) Å] is
considerably longer and quite similar to the C2O(W) dis-
tance found in [(η5-C5H5)W(CO)3(OAc)]. [13] The Rh2C4
bond length [2.067(6) Å] is somewhat shorter than in re-
lated cationic cyclopentadienylrhodium compounds such as
[(η5-C5H5)Rh(CH2NC5H5)(PMe3)I]1 [14] and [(η5-C5H5)-
RhCH3(CO)(PPh2R)]1 [R 5 NHCH(Me)Ph][15] which
could be due to the electronic effect caused by the OAc

ring. Since the coordination of the carbonyl oxygen atom group. The Rh2C42O3 bond angle is 109.7(4)° which is
to the metal increases the δ1 charge at the C5O carbon consistent with the sp3 hybridization of the CH2 carbon
atom, a subsequent nucleophilic attack at this carbon is pre- atom. The distances between rhodium and the carbon
ferred. Finally, the products 24227 are obtained in moder- atoms of the C5Me5 ring are in the usual range for com-
ate yield. It should be emphasized that even treatment of plexes containing the C5Me5Rh(PMe3) unit. [16] However, as
the highly reactive bis(trimethylphosphane) compounds has previously been observed for those half-sandwich type
[(η5-C5H5)Rh(PMe3)2] and [(η5-C5Me5)Rh(PMe3)2] [11] with compounds with π-donating ligand,[7] [17] the metal2carbon
formaldehyde does not lead to 26 and 27 but instead gives bond lengths [Rh2C5 and Rh2C6] trans to this ligand are
the carbonyl derivatives [(η5-C5H5)Rh(CO)(PMe3)] and shorter than the other Rh2C(ring) distances.
[(η5-C5Me5)Rh(CO)(PMe3)].

Figure 2. Molecular structure of 22[a] (thermal elipsoids with 50%Scheme 5 probability)

The chelate complexes 19223 are yellow to orange-yel-
low air-stable solids which in nitromethane display the con-
ductivity expected for 1:1 electrolytes. The spectroscopic
data of 19223 and of the non-ionic precursors 4 and 13216 [a] Selected bond lengths [Å] and angles [°]: Rh2P1 2.300(2),

Rh2O1 2.112(4), Rh2C4 2.067(6), Rh2C5 2.170(6), Rh2C6differ insofar, as in the 13C NMR spectra of 19223 the
2.179(6), Rh2C7 2.254(6), Rh2C8 2.230(7), Rh2C9 2.198(6),

signal of the C5O carbon atom is shifted significantly O12C2 1.240(8), C22O3 1.307(8), C22C20 1.501(9), O32C4
1.471(7); P12Rh2O1 91.3(1), P12Rh2C4 87.7(2), O12Rh2C4(16220 ppm) to lower field due to the interaction of the
77.9(2), Rh2O12C2 113.9(4), O12C22O3 122.2(6),acetyl moiety with the metal. In the IR spectra of the che- O12C22C20 122.6(6), O32C22C20 115.2(6), C22O32C4

late compounds the C5O stretching frequency is also re- 116.0(5), Rh2C42O3 109.7(4).
duced and appears at 160021610 cm21 compared with
170021720 cm21 for 4 and 13216, respectively. For the di- The second step of the synthesis of compounds 24227

(see Scheme 5) proved to be difficult. Treatment of the ace-cyclopentadienylvanadium complexes [(η5-C5H5)2V{η1-
CH2OC(O)R}Cl] and [(η5-C5H5)2V{κ2-C,O-CH2OC(R)- toxymethyl complexes 20223 with NaOMe or KOH in

methanol at room temperature gave in each case a mixtureO}]BPh4 an almost identical trend has been observed.[12]

The result of the X-ray crystal structure analysis of 22 is of products with the carbonyl and the formaldehyde com-
pounds [(η5-C5R5)Rh(CO)(L)] and [(η5-C5R5)Rh(η2-shown in Figure 2. The acetoxymethyl unit acts as a biden-

tate ligand and forms a nearly planar five-membered ring CH2O)(L)] as the dominating species. Attempts to separate
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Scheme 6these mixtures by chromatographic techniques led mainly

to the isolation of the Rh2CO complexes. However, the
rate of the decomposition of the formaldehyde derivatives
to [(η5-C5R5)Rh(CO)(L)] could be considerably reduced if
the reaction of 20223 with base was carried out at low
temperature. After the reaction mixture was worked up at
0°C, oily products were obtained which could partly be
converted to yellow-brown microcrystalline solids. Since the
formaldehyde compounds 24227 are not only labile (and
air-sensitive) but also readily soluble in pentane, the yield
of the isolated solids did not exceed 30%.

Even more labile than the trimethylphosphite and tri-
methylphosphane complexes 24227 is the corresponding
carbonyl derivative [(η5-C5Me5)Rh(η2-CH2O)(CO)]. Ad-
dition of excess NaOMe to a solution of 19 in methanol at
278°C led initially to the formation of a clear yellow solu-
tion which rapidly turned blue if the same work-up pro-

experiments aimed to find out whether during the de-cedure was used as applied for 24227. The isolated product
composition besides the carbonyl derivatives other com-consisted of both [(η5-C5Me5)Rh(CO)2] and the dinuclear
pounds are formed too. If the course of the thermal de-compound [{(η5-C5Me5)Rh(µ-CO)}2]. However, the 1H-
composition of 24, 26, and 27 in C6D6 is studied in anNMR spectrum of the reaction mixture in CD3OD at
NMR tube at room temperature, the complexes [(η5-240°C displayed two doublets of doublets at δ 5.67
C5R5)Rh(CO)(L)] indeed are the most dominating species[J(RhH) 5 4.4, J(HH) 5 6.1 Hz] and 5.46 [J(RhH) 5 0.6,
among the observed products. After completion of the reac-J(HH) 5 6.1 Hz] and one doublet at δ 1.66 [J(RhH) 5 0.4
tion the spectroscopically determined yield of the carbonylHz] which can be assigned to the CH2 and C5Me5 protons
compounds is 80290%. Hydrido complexes such as [(η5-of [(η5-C5Me5)Rh(η2-CH2O)(CO)], respectively.
C5Me5)RhH2(PMe3)] [21] could not be detected. The mostWith regard to the spectroscopic data of the isolated for-
surprising discovery was that in contrast to the thermolysismaldehyde complexes, we note that at least in the case of
of 24 which gave almost quantitatively [(η5-25, 26, and 27 for the methylene protons of the coordinated
C5Me5)Rh(CO){P(OMe)3}], [22] the corresponding reactionCH2O ligand two distinct signals (both doublets of doublets
of 25 led to a mixture of 31 and 32 (Scheme 7) in the ratioof doublets) have been observed. The 2J(HH) coupling of
of ca. 70:30 under the same conditions (benzene, 25°C). If18.2221.5 Hz lies between that of free formaldehyde (42.2
a somewhat higher concentration of 25 is used, the relativeHz) and ethylenoxide (5.5 Hz)[18] and indicates some double
amount of the dinuclear complex increases and, after frac-bond character for the C2O bond. The H-H coupling con-
tional crystallization, the isolated yield of 31 (which is astant of 25227 is quite similar to that of the cationic rhe-
green moderately air-sensitive solid) is about 40%.nium compound [(η5-C5H5)Re(η2-CH2O)(NO)(PPh3)]1

(16.6 Hz)[19] for which according to the structural data also Scheme 7
a partial C2O double bond character has been postulated.
We note that a three-membered MCO ring as shown in
Scheme 6 dominates the structural chemistry of formal-
dehyde complexes containing the Zr(C5H5)2 unit which is
probably due to the higher oxophilicity of electron-poor
transition-metal centres. [12] [20]

To find out whether complexes that are structurally re-
lated to 19223 are also suitable starting materials for the
generation of formaldehyde rhodium derivatives, com-
pounds 28 and 29 (Scheme 6) have been prepared. Both
were obtained via the same route as 16 and 23 and charac-
terized by elemental analysis and spectroscopic means.
However, treatment of 29 with various bases led to a mix-
ture of products among which 27 could not be exactly
identified.

The structural proposal for 31 is mainly supported by the
mass spectrum and the NMR spectroscopic data. In the
mass spectrum peaks for M1, M1 2 P(OMe)3, and M/21Reactions of Rh(η2-CH2O) Complexes
are observed, which is in agreement with the presence of a
dinuclear framework. The 1H-NMR spectrum displays twoThe striking lability of the formaldehyde rhodium com-

plexes [(η5-C5R5)Rh(η2-CH2O)(L)] initiated a series of signals for the protons of the C5H5 and P(OMe)3 ligands,
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Scheme 8while the 31P-NMR spectrum displays only a single reso-

nance, its splitting being consistent with a spectrum of an
AA9XX9 type (A,A9 5 31P; X, X9 5 103Rh). Since com-
pound 31 is formally an analogue of the well-known car-
bonyl complex [{(η5-C5Me5)Rh(µ-CO)}2] (the structural
data of which indicate the presence of a metal2metal
double bond), [23] we tentatively assign a similar bonding
pattern also to 31. The spectroscopic data are of course
not conclusive as to the cis or trans disposition of the two
cyclopentadienyl (and equally the two phosphite) ligands.

The question of why compound 25 but not the related
complexes 24, 26, and 27 decomposes by loss of formal-
dehyde and formation of a dinuclear product can not be

The formaldehyde complexes 26 and 27 react withanswered definitively. It should be noted, however, that only
CF3SO3H in a less straightforward manner and afford ain the mass spectra of 24, 26, and 27 the peak of the mole-
mixture of products. Among those the cations [(η5-cular ion M1 appears, while the corresponding peak (m/z 5
C5R5)RhH(CO)(PMe3)]1 could be identified by 1H-NMR322) is missing in the mass spectrum of 25. On the other
spectroscopy.[10] [27] Treatment of 26 and 27 with CH2I2hand, only in the latter the ion CH2O1 is observed with
leads to the fast displacement of CH2O (detected by 1Hrelatively high intensity. A plausible explanation of these
NMR) and to the formation of [(η5-C5Me5)Rh(CH2I)(P-results is that due to the less pronounced donor character
Me3)I] [4] and [(η5-C5H5)Rh(CH2I)(PMe3)I], [7] respectively.of C5H5 compared to C5Me5 and of P(OMe)3 compared to
Compounds 26 and 27 behave thus analogously to the car-PMe3, the metal-to-formaldehyde bond of compound 25 is
bonyl and ethene derivatives [(η5-C5Me5)Rh(CO)(PMe3)]the weaker and can be cleaved more easily than in the
and [(η5-C5H5)Rh(C2H4)(PMe3)]. The noteworthy differ-C5Me5Rh and Rh(PMe3) counterparts. The loss of formal-
ence is, however, that the reactions of 26 and 27 with CH2I2dehyde from 25 would generate the 16-electron species [(η5-
proceed much faster than those of the corresponding car-C5H5)Rh{P(OMe)3}] which dimerizes preferentially and
bonyl and ethene complexes which is probably due to thedoes not react with CH2O or benzene. The carbonyl com-
weaker Rh2CH2O compared to the Rh2CO andplexes [(η5-C5R5)Rh(CO)(L)] as the preferred products of
Rh2C2H4 bond.the thermal decomposition of 24, 26, and 27 (and in part

also of 25) are probably formed via the formyl(hydrido)me-
tal intermediates [(η5-C5R5)RhH(CHO)(L)] which elimi-

Thioacetate2 and Thioformaldehyde2Rhodium Complexesnate H2 to give the final products. There is ample evidence
for this pathway, particular due to the work by Thorn[24]

The methodology used for the preparation of [(η5-
and Roper et al. [25]

C5R5)Rh(η2-CH2O)(L)] (24227) could also be applied for
the synthesis of the corresponding thioformaldehyde com-The reactions of 24, 26, and 27 with methyltriflate follow

an unexpected course. In contrast to several other formal- plexes [(η5-C5R5)Rh(η2-CH2S)(L)]. The investigations,
which were carried out to obtain the respective precursors,dehyde metal complexes which react with HX or RX by

attack of the electrophile to the CH2O oxygen are summarized in Schemes 9 and 10. Reaction of the start-
ing material 36 with excess CH3COSK in benzene/atom,[12] [25b] [26] on treatment of 24, 26, or 27 with

CF3SO3CH3 no RhCH2OCH3 species could be detected. thioacetic acid led not only to cleavage of the CH22I but
also to that of the Rh2I and Rh2C bonds and gave theInstead the triflates of the cationic complexes 33235 were

formed. While the isolated yield of 33 and 34 was high, that bis(thioacetato)rhodium(III) compound 37 in nearly 80%
yield. In contrast, treatment of 36 with one equiv ofof 35 was rather low which could be due to the lability of

the Rh2CO bond in the rhodium(III) species. The PF6 salts CH3COSK in benzene/ethanol afforded a mixture of 38 and
the known ethoxymethyl complex 39, [3] which could beof the cations [(η5-C5R5)Rh(CH3)(CO)(PMe3)]1 (R 5 H,

Me) were previously prepared in our laboratory either from separated by fractional crystallization from pentane. The
isolated yield of 38 was about 60%. If the separation ofthe acyl derivative [(η5-C5Me5)Rh{C(O)CH3}(PMe3)I] and

AgPF6
[10] or by salt metathesis from [(η5-C5H5)Rh- 38 and 39 was attempted by column chromatography using

deactivated Al2O3, loss of the CH2 fragment of the CH2SAc(CH3)(CO)(PMe3)]I and NH4PF6
[27]. We assume that com-

pounds 33235 are formed via the carbonyl complexes [(η5- ligand of 38 occurred and the half-sandwich rhodium(III)
compound 40 was obtained. Both 37 and 38 as well as 40C5R5)Rh(CO)(L)] and that the electrophile CF3SO3CH3

strongly facilitates the conversion of 24, 26, and 27 to were characterized by elemental analyses, mass spectra and
IR and NMR spectroscopic techniques.[(η5-C5R5)RhH(CHO)(L)] and subsequently to [(η5-

C5R5)Rh(CO)(L)]. This mechanistic proposal is supported The preparation of the pentamethylcyclopentadienyl
complexes 43 and 44 from the RhCH2I precursors 41 andby the observation that upon addition of methyltriflate to

solutions of the starting material a rapid evolution of gas 42 and CH3COSK in benzene/ethanol proceeded in a clear
manner and gave the expected products almost quantita-(H2) is observed.
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Scheme 9. [Ac 5 CH3CO] ceeded then analogously as described for the Rh(η2-

CH2O) counterparts.

Scheme 11. [Ac 5 CH3CO]

tively. In this case, no byproducts such as [(η5-
C5Me5)Rh(CH2OEt)(L)I] [L 5 P(OMe)3, PMe3] were ob-
served. The reaction of 42 with an excess of potassium
thioacetate led both to the cleavage of the CH22I and the

However, in contrast to 24227 the Rh(η2-CH2S) com-Rh2I bond and produced the thioacetatorhodium(III) de-
plexes 46 and 47 can also be prepared directly from 43 andrivative 45. The same compound was obtained from 44 and
44 upon treatment with nBuLi in benzene/hexane. After thean equimolar amount of CH3COSK. The 1H-NMR spectra
reaction mixture was worked up by column chromatogra-of complexes 38, 43, and 44, each containing a RhCH2SAc
phy using Al2O3, the isolated yield of 46 and 47 was 75%.unit, display two distinct signals for the diastereotopic CH2
The (η5-C5H5)Rh derivative 50, which had previously beenprotons which are well separated (by 0.2 to 0.7 ppm) and
prepared from 36 and two molar equivalents of Na-due to Rh-H, P-H, and H-H coupling appear as doublets
SH,[1a] [1d] was obtained on the same route. In this contextof doublets of doublets.
it should be reminded that treatment of 14 (a related species
to 38 with a RhCH2OAc linkage) did not yield the corre-
sponding formaldehyde complex 25, probably due to the

Scheme 10. [Ac 5 CH3CO] lability of the Rh2CH2O bond toward the organolithium
reagent. We note that the 1 H-, 13C-, and 31P-NMR spectra
of 46 and 47 are quite similar to those of the cyclopen-
tadienyl complexes [(η5-C5H5)Rh(η2-CH2E)(L)] (E 5 S, Se,
Te; L 5 PMe3, PMe2Ph, PiPr3) [1d] and thus deserve no
further comment.

Discussion

The present investigation has shown that carbenoide rho-
dium compounds containing Rh(CH2X)I as a molecular
fragment are not only useful starting materials for the syn-
thesis of thio-, seleno-, and telluroformaldehyde com-
plexes[1] but also open up a preparative route to corre-
sponding formaldehyde metal derivatives. Although severalThe thioformaldehyde complexes 46 and 47 can be pre-

pared in two different ways (see Scheme 11) using either the examples are known which prove that compounds of the
general composition [M(η2-CH2O)Ln] can be obtainedneutral derivatives 43 and 44 or the cationic compounds 48

and 49 as starting materials. The latter were prepared simi- from an appropriate precursor and free formal-
dehyde, [12] [25] [28] this method of synthesis failed for com-lar to the above mentioned chelate complexes 19223 from

43 or 44 and AgPF6 in acetone. The conversion of 48 and plexes such as [(η5-C5R5)Rh(η2-CH2O)(L)]. The main rea-
son for this is the lability of the Rh2CH2O bond which is49 to the thioformaldehyde compounds 46 and 47 pro-

Eur. J. Inorg. Chem. 1998, 1605216171610



A Novel Route to Formaldehyde and Thioformaldehyde Rhodium Complexes FULL PAPER
3; yield 68 mg (60%). Subsequently with benzene, first a deep blueillustrated by our studies concerned to the reactivity of the
fraction containing [(η5-C5Me5Rh)2(µ-CO)2] and then a yellowisolated compounds 24227. The preferred pathway of de-
fraction was eluted. The latter was brought to dryness in vacuo,composition seems to be the conversion of [Rh](CH2O) to
the residue was washed with pentane (0°C) and dried. A yellow[Rh](CO) and H2 ([Rh] 5 [(η5-C5R5)Rh(L)]) which is note-
solid of 4 was obtained; yield 19 mg (16%). 2 3: m. p. 96°C (dec.).worthy insofar as the reverse reaction, i.e. the formation of
2 IR (C6H6): ν̃ 5 2010 cm21 [ν(CO)]. 2 1H NMR (200 MHz,

[M](CH2O) from [M](CO) and hydrogen, is described as an CDCl3): δ 5 5.26 [dd, J(RhH) 5 2.0, J(HH) 5 3.7 Hz, 1 H, one
important step in the metal-assisted hydrogenation of car- H of CH2OEt], 5.06 [dd, J(RhH) 5 5.0, J(HH) 5 3.7 Hz, 1 H, one
bon monoxide. [29] Presently the state of the art is that elec- H of CH2OEt], 3.44, 3.22, 1.20 [ABX3 spin system, J(HAHX) 5
tron-poor transition metal centers are more suitable to sta- 7.2, J(HBHX) 5 27.2, J(HAHB) 5 9.5 Hz, 5 H, OCHAHBC(HX)3],

1.96 [d, J(RhH) 5 0.5 Hz, 15 H, C5Me5]. 2 MS (70 eV); m/z (%) 5bilize the M2CH2O bond than electron-rich counterparts
452 (10) [M1], 393 (9) [M1 2 CH2OEt], 365 (100) [C5Me5RhI1],which is probably due to the well-known oxophilicity of do-
266 (3) [C5Me5Rh(CO)1], 238 (14) [C5Me5Rh1]. 2 C14H22IO2Rhd4 systems.[30] Electron-rich transition metal centers prefer
(452.1): calcd. C 37.19, H 4.90; found C 37.45, H 5.03.to coordinate thio- and selenoformaldehyde instead of

CH2O, which has first been shown by Roper et al. [31] and 3. Preparation of [(η5-C5Me5)Rh(CH2OAc)(CO)I] (4): A solu-
has also been confirmed by this work as well as by previous tion of 152.3 mg (0.34 mmol) of 10 in 2 ml of benzene was treated

with a solution of 258 mg (3.16 mmol) of CH3CO2Na in 2 ml ofstudies from our laboratory.[1]

acetic acid (100%) and stirred for 3 h at 50°C. After cooling toWe acknowledge the support for this work by the Deutsche For-
room temp., the solvent was removed, the oily residue was extractedschungsgemeinschaft and the Fonds der Chemischen Industrie. More-
with 15 ml of benzene and the extract was brought to dryness inover, we are also grateful to Mrs. R. Schedl and Mr. C. P. Kneis for
vacuo. A yellow solid was obtained which was washed with smallelemental analyses and DTA measurements as well as to Mrs. M.
portions of pentane (0°C) and dried; yield 103 mg (65%); m. p.L. Schäfer and Dr. W. Buchner for recording the NMR spectra.
116°C (dec.). 2 IR (KBr): ν̃ 5 2020 cm21 [ν(CO)], 1715 cm21

[ν(C5O)]. 2 1H NMR (200 MHz, C6D6): δ 5 6.20 [dd, J(RhH) 5

J(HH) 5 2.2 Hz, 1 H, one H of CH2OAc], 4.93 [dd, J(RhH) 5
Experimental Section 4.4, J(HH) 5 2.2 Hz, 1 H, one H of CH2OAc], 1.70 (s, 3 H, OCH3),

1.53 [d, J(RhH) 5 0.5 Hz, 15 H, C5Me5]. 2 13C NMR (22.5 MHz,All operations were carried out in an inert gas atmosphere with
CDCl3): δ 5 188.7 [d, J(RhC) 5 78.0 Hz, Rh(CO)], 170.3 [s,the Schlenk technique. The starting materials 1, [4] 5, [22] 6, [32]

C(O)CH3], 104.5 [d, J(RhC) 5 4.4 Hz, C5Me5], 55.6 [d, J(RhC) 510212, [4] [7] 36, [32] and 41, 42 [4] were prepared as described in the
22.8 Hz, RhCH2], 21.3 [s, C(O)CH3], 10.1 [br. s, C5(CH3)5]. 2literature. CH3COSK (KSAc) was prepared as a white microcrys-
C14H20IO3Rh (465.1): calcd. C 36.06, H 4.32, Rh 22.09; found Ctalline solid from equimolar amounts of KOH and thioacetic acid
36.01, H 4.24, Rh 21.80.in ethanol and used without further purification. 2 MS: Varian

MAT CH7. 2 IR: Perkin-Elmer 397. 2 NMR: Varian EM 360 L, 4. Preparation of [(η5-C5Me5)Rh(CH2Cl){P(OMe)3}I] (7): A
Bruker WH 90, AC 200, and WM 400. 2 Melting points: DTA. solution of 236.1 mg (0.61 mmol) of 5 in 8 ml of ether was treated
2 Conductivity measurements (in CH3NO2) with conductometer under continuous stirring dropwise with 80 µl (1.10 mmol) of
Schott CG 851; Λ in cm2Ω21mol21. CH2ClI. Evolution of gas (CO) was observed. The solution was

stirred for 2 h at room temp. and then concentrated to ca. 2 ml in1. Preparation of [(η5-C5Me5)Rh(CH2OMe)(CO)I] (2): A sus-
vacuo. After pentane (ca. 5 ml) was added, the solution was storedpension of 85.1 mg (0.16 mmol) of 1 in 5 ml of methanol was
for 12 h at 278°C. Orange-red crystals precipitated which weretreated with 13.5 mg (0.25 mmol) of CH3CO2Na and stirred for 3
filtered, washed with small quantities of pentane (220°C) andh at room temp. The solvent was removed and the residue was
dried; yield 203 mg (62%); m. p. 106°C (dec.). 2 1H NMR (200extracted with 10 ml of ether. The extract was brought to dryness
MHz, C6D6): δ 5 5.17 [ddd, J(RhH) 5 8.0, J(PH) 5 1.9, J(HH) 5in vacuo and the residue was dissolved in 1 ml of pentane. After
6.0 Hz, 1 H, one H of CH2OAc], 4.49 [ddd, J(RhH) 5 1.6, J(PH) 5the solution was stored for 12 h at 278°C, a red-brown microcrys-
4.4, J(HH) 5 6.0 Hz, 1 H, one H of CH2OAc], 3.64 [d, J(PH) 5talline solid precipitated which was filtered, washed with small por-
11.5 Hz, 9 H, P(OMe)3], 1.79 [dd, J(RhH) 5 0.3, J(PH) 5 4.3 Hz,tions of pentane (220°C) and dried; yield 45 mg (64%); m. p. 77°C
15 H, C5Me5]. 2 13C NMR (22.5 MHz, C6D6): δ 5 101.5 [dd,(dec.). 2 IR (C6H6): ν̃ 5 2007 cm21 [ν(CO)]. 2 1H NMR (200
J(RhC) 5 J(PC) 5 4.4 Hz, C5Me5], 54.2 [d, J(PC) 5 6.6 Hz,MHz, C6D6): δ 5 5.30 [dd, J(RhH) 5 2.0, J(HH) 5 3.8 Hz, 1 H,
P(OMe)3], 35.5 [dd, J(RhC) 5 30.2, J(PC) 5 19.1 Hz, RhCH2], 9.6one H of CH2OMe], 5.15 [dd, J(RhH) 5 5.1, J(HH) 5 3.8 Hz, 1
[d, J(RhC) 5 2.2 Hz, C5(CH3)5]. 2 31P NMR (36.2 MHz, C6D6):H, one H of CH2OMe], 3.03 (s, 3 H, OCH3), 1.68 [d, J(RhH) 5
δ 5 133.1 [d, J(RhP) 5 253.1 Hz]. 2 MS (70 eV); m/z (%) 5 5380.5 Hz, 15 H, C5Me5]. MS (70 eV); m/z (%) 5 438 (10) [M1], 393
(2) [M1], 489 (66) [M1 2 CH2Cl], 365 (100) [C5Me5RhI1], 362 (2)(10) [M1 2 CH2OMe], 365 (100) [C5Me5RhI1], 266 (2)
[C5Me5RhP(OMe)3

1], 238 (8) [C5Me5Rh1]. 2 C14H26ClIO3PRh[C5Me5Rh(CO)1], 238 (10) [C5Me5Rh1]. 2 C13H20IO2Rh (438.1):
(538.6): calcd. C 31.22, H 4.87; found C 31.21, H 4.92.calcd. C 35.64, H 4.60; found C 34.97, H 4.88.

2. Reaction of 1 with CH3CO2Na in Ethanol: A solution of 135.3 5. Preparation of [(η5-C5H5)Rh(CH2Cl){P(OMe)3}I] (8) and
[(η5-C5H5)Rh{P(OMe)3}I2] (9): A solution of 219.5 mg (0.69mg (0.25 mmol) of 1 in 5 ml of ethanol was treated with 20.9 mg

(0.26 mmol) of CH3CO2Na and stirred for 15 h at room temp. The mmol) of 6 in 3 ml of benzene was treated dropwise with 85 µl
(1.17 mmol) of CH2ClI and stirred for 28 h at room temp. A red-solvent was removed, the residue was extracted with 10 ml of ben-

zene and after the extract was concentrated to ca. 2 ml in vacuo, it violet solid 9 precipitated. After addition of 10 ml of benzene to
the reaction mixture, the solid was separated from the motherwas chromatographed on Al2O3 (neutral, activity grade IV, height

of column 5 cm). With benzene/pentane (1:1), a brown-yellow frac- liquor, washed with acetone and ether, and dried; yield 38 mg
(10%). The mother liquor was concentrated to 223 ml in vacuotion was eluted which after removal of the solvent and recrystalliza-

tion of the residue from ether/pentane gave red-brown crystals of and treated dropwise with 15 ml of pentane. A red-brown solid 8
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was formed which was filtered, repeatedly washed with small por- J(RhP) 5 248.6 Hz]. 2 MS (70 eV); m/z (%) 5 492 (1) [M1], 419

(100) [M1 2 CH2OAc], 365 (50) [M1 2 I], 295 (70) [C5H5RhI1],tions of ether (0°C), and dried; yield 188 mg (58%).
292 (18) [C5H5RhP(OMe)3

1], 168 (58) [C5H5Rh1]. 2 C11H19I-8: m. p. 89°C (dec.). 2 1H NMR (200 MHz, C6D6): δ 5 5.47
O5PRh (492.1): calcd. C 26.85, H 3.89, Rh 20.92; found C 27.06,[ddd, J(RhH) 5 4.0, J(PH) 5 1.4, J(HH) 5 5.6 Hz, 1 H, one H
H 3.98, Rh 21.35.of CH2Cl], 5.27 [dd, J(RhH) 5 0.3, J(PH) 5 3.2 Hz, 5 H, C5H5],

4.73 [ddd, J(RhH) 5 1.8, J(PH) 5 9.8, J(HH) 5 5.6 Hz, 1 H, one 8. Preparation of [(η5-C5Me5)Rh(CH2OAc)(PMe3)I] (15):
H of CH2Cl], 3.53 [d, J(PH) 5 11.8 Hz, 9 H, P(OMe)3]. 2 13C Compound 15 was prepared analogously to 4 by using 321.3 mg
NMR (22.5 MHz, C6D6): δ 5 92.4 [dd, J(RhC) 5 J(PC) 5 3.7 Hz, (0.47 mmol) of 11 (in 5 ml of benzene) and 308.3 mg (3.76 mmol)
C5H5], 54.0 [d, J(PC) 5 5.9 Hz, P(OMe)3], 27.3 [dd, J(RhC) 5 of CH3CO2Na (in 5 ml of 100% acetic acid) as starting materials;
26.5, J(PC) 5 17.2 Hz, RhCH2]. 2 31P NMR (36.2 MHz, C6D6): time of reaction 5 h at 25°C. An orange-yellow oil was obtained
δ 5 133.4 [d, J(RhP) 5 245.6 Hz]. 2 MS (70 eV); m/z (%) 5 468 which upon addition of 0.5 ml of pentane gave an orange-yellow
(2) [M1], 419 (31) [M1 2 CH2Cl], 341 (8) [M1 2 I], 295 (26) microcystalline solid; yield 190 mg (78%); m. p. 83°C (dec.). 2 IR
[C5H5RhI1], 292 (9) [C5H5RhP(OMe)3

1], 168 (28) [C5H5Rh1]. 2 (KBr): ν̃ 5 1708 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, C6D6):
C9H16ClIO3PRh (468.5): calcd. C 23.08, H 3.44, Rh 21.97; found δ 5 5.57 [ddd, J(RhH) 5 2.1, J(PH) 5 8.8, J(HH) 5 6.5 Hz, 1 H,
C 23.33, H 3.57, Rh 22.15. one H of CH2OAc], 5.23 [dd, J(RhH) 5 5.1, J(HH) 5 6.5 Hz, 1

H, one H of CH2OAc], 1.70 (s, 3 H, OCH3), 1.59 [dd, J(RhH) 59: m. p. 96°C (dec.). 2 1H NMR (60 MHz, CD3NO2): δ 5 5.97
0.3, J(PH) 5 2.7 Hz, 15 H, C5Me5], 1.35 [dd, J(RhH) 5 0.7,[dd, J(RhH) 5 0.4, J(PH) 5 1.3 Hz, 5 H, C5H5], 4.34 [d, J(PH) 5
J(PH) 5 10.3 Hz, 9 H, PMe3]. 2 13C NMR (22.5 MHz, C6D6):10.8 Hz, 9 H, P(OMe)3]. 2 31P NMR (36.2 MHz, CDCl3): δ 5
δ 5 170.3 [s, C(O)CH3], 99.3 [dd, J(RhC) 5 4.4, J(PC) 5 2.9 Hz,116.0 [d, J(RhP) 5 211.4 Hz]. 2 MS (70 eV); m/z (%) 5 546 (21)
C5Me5], 60.1 [dd, J(RhC) 5 30.2, Hz, J(PC) 5 15.4, RhCH2], 21.1[M1], 419 (100) [M1 2 I], 295 (83) [C5H5RhI1], 168 (60)
[s, C(O)CH3], 17.4 [d, J(PC) 5 32.4 Hz, PMe3], 10.0 [br. s,[C5H5Rh1]. 2 C8H14I2O3PRh (545.9): calcd. C 17.60, H 2.58;
C5(CH3)5]. 2 31P NMR (36.2 MHz, C6D6): δ 5 4.8 [d, J(RhP) 5found C 17.82, H 2.62.
157.8 Hz]. 2 MS (70 eV); m/z (%) 5 514 (6) [M1], 441 (100) [M1

6. Preparation of [(η5-C5Me5)Rh(CH2OAc){P(OMe)3}I] (13): 2 CH2OAc], 365 (83) [C5Me5RhI1], 314 (2) [C5Me5Rh(PMe3)1],
A solution of 165.5 mg (0.31 mmol) of 7 in 6 ml of benzene was 238 (5) [C5Me5Rh1]. 2 C16H29IO2PRh (514.2): calcd. C 37.37, H
treated with a solution of 194.9 mg (1.60 mmol) of CH3CO2Na in 5.70; found C 37.28, H 6.07.
4 ml of acetic acid (100%) and stirred for 6 h at room temp. The

9. Preparation of [(η5-C5H5)Rh(CH2OAc)(PMe3)I] (16): Com-solvent was removed, the residue was extracted with 20 ml of ether,
pound 16 was prepared analogously to 4 by using 140.1 mg (0.33and after the extract was filtered, the filtrate was concentrated to
mmol) of 12 (in 2 ml of benzene) and 270 mg (3.30 mmol) ofca. 5 ml in vacuo. Pentane (ca. 5 ml) was added and the solution
CH3CO2Na (in 1 ml of 100% acetic acid) as starting materials; timewas stored for 12 h at 278°C. Orange-red crystals precipitated
of reaction 6 h at 25°C. After recrystallization from ether (25°C towhich were separated from the mother liquor, washed twice with 2
278°C) orange-red crystals were obtained; yield 125 mg (85%); m.ml portions of pentane (220°C) and dried; yield 134 mg (77%); m.
p. 106°C (dec.). 2 IR (KBr): ν̃ 5 1720 cm21 [ν(C5O)]. 2 1H NMRp. 70°C (dec.). 2 IR (KBr): ν̃ 5 1712 cm21 [ν(C5O)]. 2 1H NMR
(200 MHz, CDCl3): δ 5 6.60 [dd, J(RhH) 5 4.9, J(HH) 5 5.7 Hz,(200 MHz, C6D6): δ 5 5.92 [ddd, J(RhH) 5 8.2, J(PH) 5 2.2,
1 H, one H of CH2OAc], 5.42 [dd, J(RhH) 5 0.4, J(PH) 5 1.4 Hz,J(HH) 5 6.0 Hz, 1 H, one H of CH2OAc], 5.10 [ddd, J(RhH) 5
5 H, C5H5], 4.97 [ddd, J(RhH) 5 2.6, J(PH) 5 8.3, J(HH) 5 5.70.7, J(PH) 5 4.4, J(HH) 5 6.0 Hz, 1 H, one H of CH2OAc], 3.53
Hz, 1 H, one H of CH2OAc], 1.78 [dd, J(RhH) 5 0.8, J(PH) 5[d, J(PH) 5 10.5 Hz, 9 H, P(OMe)3], 1.78 (s, 3 H, OCH3), 1.70
11.1 Hz, 9 H, PMe3], 1.70 (s, 3 H, OCH3). 2 13C NMR (22.5 MHz,[dd, J(RhH) 5 0.4, J(PH) 5 4.2 Hz, 15 H, C5Me5]. 2 13C NMR
C6D6): δ 5 169.5 [s, C(O)CH3], 89.9 [dd, J(RhC) 5 J(PC) 5 3.7(22.5 MHz, C6D6): δ 5 170.4 [s, C(O)CH3], 101.4 [dd, J(RhC) 5
Hz, C5H5], 51.5 [dd, J(RhC) 5 27.2, J(PC) 5 13.4, RhCH2], 19.6J(PC) 5 4.4 Hz, C5Me5], 57.2 [dd, J(RhC) 5 27.2, J(PC) 5 17.7
[d, J(PC) 5 33.8 Hz, PMe3], 18.9 [s, C(O)CH3]. 2 31P NMR (36.2Hz, RhCH2], 54.0 [d, J(PC) 5 5.9 Hz, P(OMe)3], 21.2 [s,
MHz, C6D6): δ 5 10.3 [d, J(RhP) 5 160.0 Hz]. 2 MS (70 eV); m/C(O)CH3], 9.7 [d, J(RhC) 5 1.5 Hz, C5(CH3)5]. 2 31P NMR (36.2
z (%) 5 444 (3) [M1], 371 (100) [M1 2 CH2OAc], 295 (23)MHz, C6D6): δ 5 136.4 [d, J(RhP) 5 256.1 Hz]. 2 MS (70 eV);
[C5H5RhI1], 244 (73) [C5H5Rh(PMe3)1], 168 (35) [C5H5Rh1]. 2m/z (%) 5 562 (1) [M1], 489 (58) [M1 2 CH2OAc], 365 (100)
C11H19IO2PRh (444.0): calcd. C 29.75, H 4.31, Rh 23.18; found C[C5Me5RhI1], 362 (1) [C5Me5RhP(OMe)3

1], 238 (9) [C5Me5Rh1].
30.01, H 4.40, Rh 23.53.2 C16H29IO5PRh (562.2): calcd. C 34.18, H 5.20, Rh 18.31; found

C 34.48, H 5.39, Rh 18.13. 10. Reaction of Compound 14 nBuLi: A solution of 276.5 mg
(0.56 mmol) of 14 in 20 ml of benzene was treated under continu-7. Preparation of [(η5-C5H5)Rh(CH2OAc){P(OMe)3}I] (14):

Compound 14 was prepared analogously to 13 by using 210.2 mg ous stirring with 0.8 ml of a 1.41  solution (1.12 mmol) of nBuLi
in hexane at room temp. After the reaction mixture was stirred for(0.45 mmol) of 8 (in 6 ml of benzene) and 250 mg (3.05 mmol) of

CH3CO2Na (in 2 ml of 100% acetic acid) as starting materials; time 1 h, the solvent was removed and the residue was extracted with
20 ml of ether. The extract was brought to dryness in vacuo, theof reaction 90 min at 25°C. Red-brown microcrystalline solid; yield

173 mg (78%); m. p. 76°C (dec.). 2 IR (KBr): ν̃ 5 1700 cm21 oily residue was dissolved in 2 ml of benzene and the solution was
chromatographed on Al2O3 (neutral, activity grade IV, height of[ν(C5O)]. 2 1H NMR (200 MHz, C6D6): δ 5 6.70 [ddd, J(RhH) 5

J(HH) 5 4.8, J(PH) 5 1.4 Hz, 1 H, one H of CH2OAc], 5.83 [ddd, column 5 cm). With hexane, a yellow fraction was eluted from
which upon evaporation of the solvent a light yellow oil 18 wasJ(RhH) 5 2.4, J(PH) 5 8.5, J(HH) 5 4.8 Hz, 1 H, one H of

CH2OAc], 5.23 [dd, J(RhH) 5 0.5, J(PH) 5 3.1 Hz, 5 H, C5H5], obtained; yield 8 mg (3%). Further elution with benzene gave a red
fraction which was brought to dryness in vacuo. The residue was3.47 [d, J(PH) 5 10.5 Hz, 9 H, P(OMe)3], 1.72 (s, 3 H, OCH3). 2

13C NMR (22.5 MHz, C6D6): δ 5 169.9 [s, C(O)CH3], 91.0 [dd, dissolved in 10 ml of ether, the extract was concentrated to ca. 1
ml and then stored for 12 h at 220°C. A red-brown microcrystal-J(RhC) 5 J(PC) 5 4.2 Hz, C5H5], 53.9 [d, J(PC) 5 5.9 Hz,

P(OMe)3], 49.3 [dd, J(RhC) 5 25.0, J(PC) 5 15.4 Hz, RhCH2], line solid 17 precipitated which was washed with small portions of
pentane and dried; yield 21 mg (8%).21.6 [s, C(O)CH3]. 2 31P NMR (36.2 MHz, C6D6): δ 5 135.8 [d,
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17: 1H NMR (60 MHz, CDCl3): δ 5 8.20, 7.07 (both m, 5 H, C11H19F6O5P2Rh (510.1): calcd. C 25.90, H 3.75, Rh 20.17; found

C 25.81, H 3.91, Rh 19.78.C6H5), 5.03 [dd, J(RhH) 5 0.5, J(PH) 5 3.2, 5 H, C5H5], 3.32 [d,
J(PH) 5 11.7 Hz, 9 H, P(OMe)3]. 2 MS (70 eV); m/z (%) 5 496 14. Preparation of [(η5-C5Me5)Rh{κ2-C,O-CH2OC(Me)O}-
(7) [M1], 419 (11) [M1 2 C6H5], 292 (100) [C5H5RhP(OMe)3

1], (PMe3)]PF6 (22): Compound 22 was prepared analogously to 19
168 (69) [C5H5Rh1]. 2 C14H19IO3PRh (496.1): calcd. C 33.90, H by using 67.0 mg (0.13 mmol) of 15 and 36.1 mg (0.14 mmol) of
3.86; found C 33.56, H 3.98. AgPF6 as starting materials. Orange-yellow microcrystalline solid;

yield 59 mg (85%); dec. temp. 60°C. 2 Λ 5 84 cm2Ω21mol21. 218: 1H NMR (60 MHz, C6D6): δ 5 7.64, 7.37 (both m, 5 H,
C6H5), 5.17 [dd, J(RhH) 5 0.4, J(PH) 5 2.2 Hz, 5 H, C5H5], 3.28 IR (nujol): ν̃ 5 1608 cm21 [ν(C5O)]. 2 1H NMR (200 MHz,

CD3NO2): δ 5 5.86 [ddd, J(RhH) 5 4.0, J(PH) 5 0.3, J(HH) 5[d, J(PH) 5 11.4 Hz, 9 H, P(OMe)3] 1.1 (br. m, 9 H, C4H9). 2 MS
(70 eV); m/z (%) 5 462 (2) [M1], 292 (100) [C5H5RhP(OMe)3

1], 7.4 Hz, 1 H, one H of RhCH2], 5.55 [ddd, J(RhH) 5 J(HH) 5

7.4, J(PH) 5 27.7 Hz, 1 H, one H of RhCH2], 2.16 (s, 3 H, CH3),168 (56) [C5H5Rh1].
1.73 [dd, J(RhH) 5 0.3, J(PH) 5 2.6 Hz, 15 H, C5Me5], 1.48 [dd,11. Preparation of [(η5-C5Me5)Rh{κ2-C,O-CH2OC(Me)O}-
J(RhH) 5 0.8, J(PH) 5 10.4 Hz, 9 H, PMe3]. 2 13C NMR (50.3(CO)]PF6 (19): A solution of 81.2 mg (0.17 mmol) of 4 in 5 ml of
MHz, CD3NO2): δ 5 186.1 (s, C5O), 101.4 [dd, J(RhC) 5acetone was treated under continuous stirring with a solution of
J(PC) 5 3.0 Hz, C5Me5], 84.6 [dd, J(RhC) 5 28.5 Hz, RhCH2],42.9 mg (0.17 mmol) of AgPF6 in 2 ml of acetone at room temp.
18.8 [s, C(O)CH3], 13.8 [d, J(PC) 5 31.0 Hz, PMe3], 9.5 [br. s,A pale yellow precipitate of AgI was rapidly formed. After the reac-
C5(CH3)5]. 2 31P NMR (36.2 MHz, CD3NO2): δ 5 2.3 [d,tion mixture was stirred for 20 min, it was filtered and the filtrate
J(RhP) 5 159.3 Hz]. 2 C16H29F6O2P2Rh (532.3): calcd. C 36.11,was concentrated to ca. 2 ml in vacuo. Upon addition of 20 ml of
H 5.49, Rh 19.34; found C 36.05, H 5.31, Rh 19.70.ether, the solution was rigorously stirred until a yellow microcrys-

talline solid precipitated. This was filtered, washed twice with 5 ml 15. Preparation of [(η5-C5H5)Rh{κ2-C,O-CH2OC(Me)O}-
(PMe3)]PF6 (23): Compound 23 was prepared analogously to 19portions of ether and dried; yield 69 mg (83%); dec. temp. 109°C.

2 Λ 5 66 cm2Ω21mol21. 2 IR (nujol): ν̃ 5 2030 cm21 [ν(CO)], by using 96.2 mg (0.22 mmol) of 16 and 58.0 mg (0.23 mmol) of
AgPF6 as starting materials. Orange-yellow microcrystalline solid;1605 [ν(C5O)]. 2 1H NMR (200 MHz, CD3NO2): δ 5 6.23 [dd,

J(RhH) 5 0.5, J(HH) 5 6.0 Hz, 1 H, one H of RhCH2], 5.63 [dd, yield 83 mg (81%); dec. temp. 68°C. 2 Λ 5 78 cm2Ω21mol21. 2

IR (nujol): ν̃ 5 1605 cm21 [ν(C5O)]. 2 1H NMR (200 MHz,J(RhH) 5 4.0, J(HH) 5 6.0 Hz, 1 H, one H of RhCH2], 2.23 (s,
3 H, CH3), 1.92 [d, J(RhH) 5 0.4 Hz, 15 H, C5Me5]. 2 13C NMR CD3NO2): δ 5 7.37 [ddd, J(RhH) 5 4.2, J(PH) 5 0.8, J(HH) 5

6.8 Hz, 1 H, one H of RhCH2], 5.60 [ddd, J(RhH) 5 0.3, J(PH) 5(22.5 MHz, CD3NO2): δ 5 190.7 [d, J(RhC) 5 70.5 Hz, Rh(CO)],
187.9 (s, C5O), 107.6 [d, J(RhC) 5 5.2 Hz, C5Me5], 81.0 [d, 19.7, J(HH) 5 6.8 Hz, 1 H, one H of RhCH2], 5.57 [dd, J(RhH) 5

0.6, J(PH) 5 1.3 Hz, 5 H, C5H5], 2.18 (s, 3 H, CH3), 1.63 [dd,J(RhC) 5 23.5 Hz, RhCH2], 18.6 [s, C(O)CH3], 9.3 [br. s,
C5(CH3)5]. 2 C14H20F6O3PRh (484.2): calcd. C 37.74, H 4.17; J(RhH) 5 0.8, J(PH) 5 11.5 Hz, 9 H, PMe3]. 2 13C NMR (22.5

MHz, CD3NO2): δ 5 187.5 (s, C5O), 90.6 [dd, J(RhC) 5 5.2,found C 37.44, H 4.31.
J(PC) 5 2.9 Hz, C5H5], 75.4 [dd, J(RhC) 5 25.7, J(PC) 5 14.712. Preparation of [(η5-C5Me5)Rh{κ2-C,O-CH2OC(Me)O}-
Hz, RhCH2], 17.0 [s, C(O)CH3], 16.2 [d, J(PC) 5 33.1 Hz, PMe3].{P(OMe)3}]PF6 (20): Compound 20 was prepared analogously to
2 31P NMR (36.2 MHz, CD3NO2): δ 5 12.5 [d, J(RhP) 5 150.319 by using 131.7 mg (0.24 mmol) of 13 and 59.9 mg (0.24 mmol)
Hz]. 2 C11H19F6O2P2Rh (462.1): calcd. C 28.59, H 4.15, Rh 22.27;of AgPF6 as starting materials. Yellow microcrystalline solid; yield
found C 28.42, H 4.11, Rh 22.00.131 mg (94%); dec. temp. 66°C. 2 Λ 5 80 cm2Ω21mol21. 2 IR

(nujol): ν̃ 5 1600 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, 16. Preparation of [(η5-C5Me5)Rh(η2-CH2O){P(OMe)3}] (24):
A suspension of 89.7 mg (0.15 mmol) of 20 in 5 ml of methanolCD3NO2): δ 5 5.91, 5.77 [both part of an ABPX spin system; from

1H{31P}: J(RhH) 5 0.3 and 4.2, J(HH) 5 6.4 Hz, 1H each, was treated at 0°C under continuous stirring with 98.1 mg (1.40
mmol) of KOH. A yellow-brown solution was formed of whichRhCH2], 3.77 [d, J(PH) 5 11.8 Hz, 9 H, P(OMe)3], 2.14 (s, 3 H,

CH3), 1.76 [dd, J(RhH) 5 0.4, J(PH) 5 4.4 Hz, 15 H, C5Me5]. 2 after it was stirred for 10 min at 0°C, the solvent was removed in
vacuo. The residue was extracted twice with 5 ml of cold ether13C NMR (50.3 MHz, CD3NO2): δ 5 186.3 (s, C5O), 103.2 [dd,

J(RhC) 5 5.3, J(PC) 5 3.4 Hz, C5Me5], 82.1 [dd, J(RhC) 5 25.9, (0°C) and the combined extracts were brought by cooling with an
ice bath to dryness in vacuo. The remaining yellow-brown oil wasJ(PC) 5 23.1 Hz, RhCH2], 53.8 [d, J(PC) 5 4.7 Hz, P(OMe)3],

18.5 [s, C(O)CH3], 9.2 [br. s, C5(CH3)5]. 2 31P NMR (36.2 MHz, dissolved in 2 ml of pentane (0°C) and the solution was stored for
10 h at 278°C. A yellow-brown microcrystalline solid precipitatedCD3NO2): δ 5 129.4 [d, J(RhP) 5 256.1 Hz]. 2 C16H29F6O5P2Rh

(580.3): calcd. C 33.12, H 5.04; found C 33.38, H 5.26. which was filtered, washed twice with small quantities of pentane
(220°C) and dried; yield of oily product 38 mg (62%), yield of13. Preparation of [(η5-C5H5)Rh{κ2-C,O-CH2OC(Me)O}-
solid material 15 mg (26%); m. p. 36°C (dec.). 2 IR (C6H6): ν̃ 5{P(OMe)3}]PF6 (21): Compound 21 was prepared analogously to
2805 cm21 [ν(CH2)], 1220 [ν(C2O)]. 2 1H NMR (200 MHz,19 by using 90.2 mg (0.18 mmol) of 14 and 45.4 mg (0.18 mmol)
C6D6): δ 5 4.62 (m, 2 H, CH2O), 3.52 [d, J(PH) 5 12.2 Hz, 9 H,of AgPF6 as starting materials. Yellow microcrystalline solid; yield
P(OMe)3], 1.89 [dd, J(RhH) 5 0.5, J(PH) 5 3.4 Hz, 15 H, C5Me5].87 mg (94%); dec. temp. 112° C. 2 Λ 5 65 cm2Ω21mol21. 2 IR
2 13C NMR (50.3 MHz, C6D6): δ 5 97.6 [dd, J(RhC) 5 J(PC) 5(nujol): ν̃ 5 1600 cm21 [ν(C5O)]. 2 1H NMR (200 MHz,
4.4 Hz, C5Me5], 78.1 [dd, J(RhC) 5 12.0, J(PC) 5 5.9 Hz, CH2O],CD3NO2): δ 5 7.37 [ddd, J(RhH) 5 4.5, J(PH) 5 1.4, J(HH) 5
51.1 [br. s, P(OMe)3], 10.0 [s, C5(CH3)5]. 2 31P NMR (36.2 MHz,6.2 Hz, 1 H, one H of RhCH2], 5.88 [ddd, J(RhH) 5 0.3, J(PH) 5
C6D6): δ 5 149.2 [d, J(RhP) 5 311.1 Hz]. 2 MS (70 eV); m/z28.3, J(HH) 5 6.2 Hz, 1 H, one H of RhCH2], 5.85 [dd, J(RhH) 5
(%) 5 392 (2) [M1], 390 (32) [M1 2 2 H], 362 (100) [M1 2 CH2O],0.6, J(PH) 5 2.8 Hz, 5 H, C5H5], 3.80 [d, J(PH) 5 12.0 Hz, 9 H,
238 (49) [C5Me5Rh1], 30 (2) [CH2O1]. 2 C14H26O4PRh (392.2):P(OMe)3], 2.17 (s, 3 H, CH3). 2 13C NMR (22.5 MHz, CD3NO2):
calcd. C 42.87, H 6.68; found C 42.59, H 6.70.

δ 5 188.1 (s, C5O), 91.4 [dd, J(RhC) 5 J(PC) 5 4.4 Hz, C5H5],
73.0 [dd, J(RhC) 5 23.5, J(PC) 5 20.6 Hz, RhCH2], 54.3[d, 17. Preparation of [(η5-C5H5)Rh(η2-CH2O){P(OMe)3}] (25):

Compound 25 was prepared analogously to 24 by using 95.3 mgJ(PC) 5 4.4 Hz, P(OMe)3], 17.9 [s, C(O)CH3]. 2 31P NMR (36.2
MHz, CD3NO2): δ 5 128.2 [d, J(RhP) 5 242.7 Hz]. 2 (0.19 mmol) of 21 and 88.7 mg (1.26 mmol) of KOH as starting
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materials. Yellow-brown solid; yield of oily product 43 mg (71%), 2 31P NMR (36.2 MHz, C6D6): δ 5 10.0 [d, J(RhP) 5 153.3 Hz].

2 C16H21IO2PRh (506.1): calcd. C 37.97, H 4.18; found C 37.67,yield of solid material 13 mg (22%); m. p. 43°C (dec.). 2 IR (C6H6):
ν̃ 5 2825 cm21 [ν(CH2)], 1232 [ν(C2O)]. 2 1H NMR (200 MHz, H 4.61.
C6D6): δ 5 5.56 [ddd, J(RhH) 5 2.5, J(PH) 5 0.5, J(HH) 5 21.5 21. Preparation of [(η5-C5H5)Rh{κ2-C,O-CH2OC(Ph)O}-
Hz, 1 H, one H of CH2O], 5.29 [dd, J(RhH) 5 0.8, J(PH) 5 2.6 (PMe3)]PF6 (29): A solution of 60.7 mg (0.12 mmol) of 28 in 3
Hz, 5 H, C5H5], 4.60 [ddd, J(RhH) 5 2.0, J(PH) 5 5.1, J(HH) 5 ml of acetone was treated dropwise with a solution of 30.4 mg (0.12
21.5 Hz, 1 H, one H of CH2O], 3.80 [d, J(PH) 5 12.4 Hz, 9 H, mmol) of AgPF6 in 2 ml of acetone. The reaction mixture was
P(OMe)3]. 2 13C NMR (100.6 MHz, C6D6): δ 5 86.1 [dd, stirred for 10 min at room temp. and then filtered. The filtrate was
J(RhC) 5 J(PC) 5 3.1 Hz, C5H5], 72.6 [dd, J(RhC) 5 13.6, concentrated to ca. 2 ml in vacuo and under vigorous stirring 15
J(PC) 5 4.9 Hz, CH2O], 51.6 [br. s, P(OMe)3]. 2 31P NMR (36.2 ml of ether was added. An orange-yellow precipitate was formed
MHz, C6D6): δ 5 150.1 [d, J(RhP) 5 299.2 Hz]. 2 C9H16O4PRh which was separated from the mother liquor, washed twice with
(322.1): calcd. C 33.56, H 5.01; found C 33.54, H 4.81. ether and dried; yield 52 mg (83%); dec. temp. 75°C. 2 IR (nujol):

ν̃ 5 1602 cm21 [ν(C5O)]. 2 1H NMR (60 MHz, (CD3)2CO): δ 518. Preparation of [(η5-C5Me5)Rh(η2-CH2O)(PMe3)] (26):
8.1, 7.7 (both m, 5 H, C6H5), 6.17 (m, 1 H, one H of RhCH2), 5.80Compound 26 was prepared analogously to 24 by using 105.6 mg
[dd, J(RhH) 5 0.6, J(PH) 5 1.2 Hz, 5 H, C5H5], 1.73 [dd,(0.20 mmol) of 22 and 85.9 mg (1.22 mmol) of KOH as starting
J(RhH) 5 0.8, J(PH) 5 11.8 Hz, 9 H, PMe3], signal of one H ofmaterials. Brownish microcrystalline solid; yield of oily product 39
RhCH2 partly covered by signal of C5H5. 2 31P NMR (36.2 MHz,mg (56%), yield of solid material 20 mg (29%); m. p. 25°C (dec.).
CD3NO2): δ 5 12.8 [d, J(RhP) 5 150.4 Hz]. 2 C16H21F6O2P2Rh2 IR (C6H6): ν̃ 5 2800 cm21 [ν(CH2)], 1210 [ν(C2O)]. 2 1H NMR
(524.2): calcd. C 36.66, H 4.04; found C 36.73, H 4.29.(200 MHz, C6D6): δ 5 4.48 [ddd, J(RhH) 5 3.0, J(PH) 5 0.6,

J(HH) 5 18.2 Hz, 1 H, one H of CH2O], 4.15 [ddd, J(RhH) 5 2.4, 22. Thermal Decomposition of 24: A solution of 36.4 mg (0.09
mmol) of 24 in 0.5 ml of benzene was stored for 5 h at room temp.J(PH) 5 6.1, J(HH) 5 18.2 Hz, 1 H, one H of CH2O], 1.87 [dd,

J(RhH) 5 0.4, J(PH) 5 2.2 Hz, 15 H, C5Me5], 0.99 [dd, J(RhH) 5 The reaction was controlled by measuring the 1H-NMR spectrum
in time intervals of ca. 20 min. After 5 h, the signals of 24 disap-0.9, J(PH) 5 8.9 Hz, 9 H, PMe3]. 2 13C NMR (50.3 MHz, C6D6):

δ 5 96.5 [dd, J(RhC) 5 J(PC) 5 3.3 Hz, C5Me5], 74.4 [dd, peared and new signals corresponding to 30 [22] were observed; yield
ca 85%.J(RhC) 5 14.0, J(PC) 5 6.6 Hz, CH2O], 15.8 [d, J(PC) 5 25.7 Hz,

PMe3], 10.7 [s, C5(CH3)5]. 2 31P NMR (36.2 MHz, C6D6): δ 5 2.8 23. Thermal Decomposition of 25: A solution of 50.6 mg (0.16
[d, J(RhP) 5 190.3 Hz]. 2 MS (70 eV); m/z (%) 5 344 (2) [M1], mmol) of 25 in 0.5 ml of benzene was stored for 6 d at room temp.
342 (23) [M1 2 2 H], 314 (100) [M1 2 CH2O], 238 (25) The reaction was controlled by measuring the 1H-NMR spectrum
[C5Me5Rh1], 30 (2) [CH2O1]. 2 C14H26OPRh (344.3): calcd. C in time intervals of ca. 223 h. After 6 d, the signals of 25 disap-
48.85, H 7.61 Rh 29.83; found C 48.34, H 7.55, Rh 29.50. peared and new signals corresponding to 31 and 32 [33] were ob-

served; yield almost quantitative; ratio 31/32 5 70:30.19. Preparation of [(η5-C5H5)Rh(η2-CH2O)(PMe3)] (27):
Compound 27 was prepared analogously to 24 by using 98.7 mg 24. Preparation of [{(η5-C5H5)RhP(OMe)3}2] (31): A solution

of 88.2 mg (0.27 mmol) of 25 in 0.6 ml of benzene was stored for(0.21 mmol) of 23 and 103.6 mg (1.48 mmol) of KOH as starting
materials. Brownish microcrystalline solid; yield of oily product 39 7 d at room temp. A characteristic change of color from yellow-

brown to deep green occurred. The solvent was removed, the resi-mg (56%), yield of solid material 20 mg (29%); m. p. 39°C (dec.).
2 IR (C6H6): ν̃ 5 2790 cm21 [ν(CH2)], 1215 [ν(C2O)]. 2 1H NMR due was washed twice with 2 ml portions of pentane and then ex-

tracted with 10 ml of ether . The extract was concentrated to ca. 1(60 MHz, C6D6): δ 5 5.70 [ddd, J(RhH) 5 2.8, J(PH) 5 0.5,
J(HH) 5 19.8 Hz, 1 H, one H of CH2O], 5.07 [dd, J(RhH) 5 0.3, ml in vacuo and stored for 12 h at 278°C. A green microcrystalline

solid precipitated which was repeatedly washed with small quanti-J(PH) 5 1.2 Hz, 5 H, C5H5], 4.03 [ddd, J(RhH) 5 2.1, J(PH) 5

5.0, J(HH) 5 19.8 Hz, 1 H, one H of CH2O], 0.90 [dd, J(RhH) 5 ties of pentane and dried; yield 30.5 mg (39%). 2 1H NMR (60
MHz, C6D6): δ 5 5.57 [dd, J(RhH) 5 0.6, J(PH) 5 2.2 Hz, 5 H,0.8, J(PH) 5 10.4 Hz, 9 H, PMe3]. 2 13C NMR (100.6 MHz,

C6D6): δ 5 85.0 [br. s, C5H5], 67.9 [m, CH2O], 17.7 [d, J(PC) 5 C5H5], 3.57 [d, J(PH) 5 13.1 Hz, 9 H, P(OMe)3]. 2 31P NMR
(36.2 MHz, C6D6): δ 5 161.8 [pseudo-quartet, spectrum of28.4 Hz, PMe3]. 2 31P NMR (36.2 MHz, C6D6): δ 5 8.0 [d,

J(RhP) 5 193.5 Hz]. 2 MS (70 eV); m/z (%) 5 274 (4) [M1], 272 AA9XX9 type, N 5 J(AX) 1 J(AX9) 5 277.6 Hz]. 2 MS (70 eV);
m/z (%) 5 584 (8) [M1], 460 (6) [M1 2 P(OMe)3], 292 (88) [M/21],(30) [M1 2 2 H], 244 (100) [M1 2 CH2O], 168 (50) [C5H5Rh1],

30 (4) [CH2O1]. 2 C9H16OPRh (274.1): calcd. C 39.44, H 5.88, 233 (100) [(C5H5)2Rh1], 168 (67) [C5H5Rh1]. 2 C16H28O6P2Rh2

(584.2): calcd. C 32.90, H 4.83; found C 32.96, H 4.82.Rh 37.54; found C 39.73, H 6.16, Rh 38.09.

25. Preparation of [(η5-C5Me5)Rh(CH3)(CO){P(OMe)3}]-20. Preparation of [(η5-C5H5)Rh{CH2OC(O)Ph}(PMe3)I]
CF3SO3 (33): A solution of 47.1 mg (0.12 mmol) of 24 in 3 ml of(28): A solution of 87.1 mg (0.21 mmol) of 12 in 4 ml acetone/
ether was treated dropwise with 14 µl (0.12 mmol) of CF3SO3CH3benzene (1:1) was treated with 79.3 mg (0.49 mmol) of PhCO2K
at 0°C. Evolution of gas was observed and a pale yellow solid pre-and stirred for 20 h at 50260°C. After the reaction mixture was
cipitated. After the cooling vessel was removed, the solid was sepa-cooled to room temp., the solvent was removed and the residue was
rated from the mother liquor, repeatedly washed with ether andextracted with 15 ml of ether. The extract was concentrated to ca.
dried; yield 37 mg (55%). 2 IR (CH2Cl2): ν̃ 5 2060 cm21 [ν(CO)].3 ml in vacuo and upon storing for 6 h at 278°C gave orange-red
2 1H NMR (60 MHz, CD2Cl2): δ 5 3.78 [d, J(PH) 5 11.8 Hz, 9crystals. The crystals were separated from the mother liquor,
H, P(OMe)3], 1.86 [dd, J(RhH) 5 0.4, J(PH) 5 5.0 Hz, 15 H,washed twice with pentane (0°C) and dried; yield 59 mg (56%); m.
C5Me5], 0.75 [dd, J(RhH) 5 2.2, J(PH) 5 6.1 Hz, 3 H, RhCH3].p. 142°C (dec.). 2 IR (KBr): ν̃ 5 1712 cm21 [ν(C5O)]. 2 1H NMR
2 31P NMR (36.2 MHz, CDCl3): δ 5 120.2 [d, J(RhP) 5 218.8(200 MHz, C6D6): δ 5 8.1, 7.2 (both m, 5 H, C6H5), 7.00 [ddd,
Hz]. 2 C16H27F3O7PRhS (554.3): calcd. C 34.67, H 4.91; found CJ(RhH) 5 4.8, J(PH) 5 0.3, J(HH) 5 5.6 Hz, 1 H, one H of
34.31, H 5.00.RhCH2], 5.33 [ddd, J(RhH) 5 1.4, J(PH) 5 8.4, J(HH) 5 5.6 Hz,

1 H, one H RhCH2], 5.05 [dd, J(RhH) 5 0.6, J(PH) 5 1.4 Hz, 5 26. Preparation of [(η5-C5Me5)Rh(CH3)(CO)(PMe3)]CF3SO3

(34): Compound 34 was prepared analogously to 33 by using 44.6H, C5H5], 1.37 [dd, J(RhH) 5 0.8, J(PH) 5 11.2 Hz, 9 H, PMe3].
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mg (0.13 mmol) of 26 and 15 µl (0.13 mmol) of CF3SO3CH3 as PMe3]. 2 31P NMR (36.2 MHz, C6D6): δ 5 7.3 [d, J(RhP) 5 150.0

Hz]. 2 MS (70 eV); m/z (%) 5 371 (95) [M1 2 CH2SAc], 333 (88)starting materials. Pale yellow solid; yield 45 mg (69%). 2 IR
(CH2Cl2): ν̃ 5 2045 cm21 [ν(CO)]. 2 1H NMR (200 MHz, [M1 2 I], 295 (27) [C5H5RhI1], 244 (100) [C5H5Rh(PMe3)1], 168

(57) [C5H5Rh1]. 2 C11H19IOPRhS (460.1): calcd. C 28.71, H 4.16;CD2Cl2): δ 5 1.85 [dd, J(RhH) 5 0.3, J(PH) 5 3.1 Hz, 15 H,
C5Me5], 1.55 [dd, J(RhH) 5 0.8, J(PH) 5 11.0 Hz, 9 H, PMe3], found C 28.48, H 3.84.
0.51 [dd, J(RhH) 5 2.2, J(PH) 5 5.7 Hz, 3 H, RhCH3]. 2 31P

30. Preparation of [(η5-C5H5)Rh(PMe3)(SAc)I] (40): a) ANMR (36.2 MHz, CDCl3): δ 5 4.8 [d, J(RhP) 5 126.5 Hz]. 2
solution of 50.3 mg (0.11 mmol) of 38 in 1.5 ml of benzene wasC16H27F3O4PRhS (506.3): calcd. C 37.95 H 5.38; found C 37.56,
chromatographed on Al2O3 (neutral, activity grade IV, height ofH 5.23.
column 4 cm). With benzene, an orange-yellow fraction was eluted
from which the solvent was removed in vacuo. To the oily residue27. Preparation of [(η5-C5H5)Rh(CH3)(CO)(PMe3)]CF3SO3

(35): Compound 35 was prepared analogously to 33 by using 60.3 1 ml of pentane was added and after the mixture was stirred for 1
h an orange solid was obtained; yield 45 mg (91%). 2 b) A solutionmg (0.22 mmol) of 27 and 25 µl (0.22 mmol) of CF3SO3CH3 as

starting materials. The crude product (dark oil) was dissolved in 8 of 131.8 mg (0.25 mmol) of 36 in 1.5 ml of benzene and 3 ml of
thioacetic acid was treated with 30.1 mg (0.26 mmol) of KSAc andml of CH2Cl2, the solution was filtered and the filtrate was brought

to dryness in vacuo. The residue was dissolved in 1 ml of methanol stirred for 2 h at room temp. The solvent was removed, the residue
was extracted with 10 ml of benzene and the extract was concen-and the solution was layered with 10 ml of ether. Light brown crys-

tals precipitated which were separated from the mother liquor, trated to ca. 2 ml in vacuo. The 1H-NMR spectrum of the solution
revealed that the major component of the crude product was 38.washed with ether and dried; yield 16 mg (16%). 2 IR (CH2Cl2):

ν̃ 5 2055 cm21 [ν(CO)]. 2 1H NMR (200 MHz, CD3NO2): δ 5 The solution was chromatographed on Al2O3 (neutral, activity
grade IV, height of column 4 cm) and with benzene two fractions5.73 [dd, J(RhH) 5 0.3, J(PH) 5 1.4 Hz, 5 H, C5H5], 1.85 [dd,

J(RhH) 5 0.9, J(PH) 5 10.8 Hz, 9 H, PMe3], 1.03 [dd, J(RhH) 5 were eluted. The first fraction contained a mixture of products
among which 37 could be detected. The second fraction was2.3, J(PH) 5 5.2 Hz, 3 H, RhCH3]. 2 31P NMR (36.2 MHz,

(CD3)2CO): δ 5 12.8 [d, J(RhP) 5 125.1 Hz]. 2 C11H17F3O4PRhS worked up analogously as described for a) to give an orange mi-
crocrystalline solid; yield 80 mg (72%); m. p. 118°C (dec.). 2 IR(436.2): calcd. C 30.29 H 3.91; found C 29.80, H 4.08.
(C6H6): ν̃ 5 1620 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, C6D6):

28. Preparation of [(η5-C5H5)Rh(PMe3)(SAc)2] (37): A solu- δ 5 5.20 [dd, J(RhH) 5 0.3, J(PH) 5 1.9 Hz, 5 H, C5H5], 2.57 (s,
tion of 146 mg (0.35 mmol) of 36 in 1 ml of benzene and 2 ml of 3 H, SCCH3), 1.50 [dd, J(RhH) 5 0.7, J(PH) 5 11.9, 9 H, PMe3].
thioacetic acid was treated with 302.9 mg (2.65 mmol) of KSAc at

2 MS (70 eV); m/z (%) 5 446 (1) [M1], 371 (50) [M1 2 SAc], 319
room temp. After the reaction mixture was stirred for 1 h, the sol- (17) [M1 2 I], 295 (16) [C5H5RhI1], 244 (60) [C5H5Rh(PMe3)1],
vent was removed and the residue was extracted with 10 ml of 168 (36) [C5H5Rh1]. 2 C10H17IOPRhS (446.1): calcd. C 26.93, H
benzene. The extract was brought to drynesss in vacuo and upon 3.84; found C 27.24, H 3.81.
addition of 1 ml of ether and 1 ml of pentane the oily residue was
crystallized to give an orange solid; yield 105 mg (76%); m. p. 31. Preparation of [(η5-C5Me5)Rh(CH2SAc){P(OMe)3}I] (43):

A solution of 87.9 mg (0.14 mmol) of 41 in 3 ml of benzene was150°C (dec.). 2 IR (C6H6): ν̃ 5 1625 cm21 [ν(C5O)]. 2 1H NMR
(60 MHz, C6D6): δ 5 5.40 [dd, J(RhH) 5 0.4, J(PH) 5 2.0 Hz, 5 treated under stirring with a solution of 16.0 mg (0.14 mmol) of

KSAc in 1.5 ml of ethanol. After the reaction mixture was continu-H, C5H5], 2.57 (s, 6 H, SCCH3), 1.32 [dd, J(RhH) 5 0.9, J(PH) 5

11.7 Hz, 9 H, PMe3]. 2 31P NMR (36.2 MHz, C6D6): δ 5 12.2 [d, ously stirred for 1 h at room temp., the solvent was removed and
the residue was extracted with 10 ml of ether. The extract wasJ(RhP) 5 120.0 Hz]. 2 MS (70 eV); m/z (%) 5 394 (7) [M1], 319

(100) [M1 2 SAc], 244 (65) [C5H5Rh(PMe3)1], 168 (16) brought to dryness in vacuo, the oily residue was washed with 0.5
ml of ethanol and 3 ml of pentane was added. Upon storing for 12[C5H5Rh1]. 2 C12H20O2PRhS2 (394.3): calcd. C 36.58, H 5.11;

found C 36.18, H 5.09. h at 278°C an orange-red solid precipitated which was washed
twice with pentane and dried; yield 61 mg (75%). 2 IR (C6H6):

29. Preparation of [(η5-C5H5)Rh(CH2SAc)(PMe3)I] (38): A ν̃ 5 1670 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, CDCl3): δ 5
solution of 104.2 mg (0.25 mmol) of 36 in 4 ml C6H6/EtOH (1:1) 3.77 [d, J(PH) 5 11.2 Hz, 9 H, P(OMe)3], 3.20 [ddd, J(RhH) 5
was treated with 28.3 mg (0.25 mmol) of KSAc and stirred for 1 h 5.2, J(PH) 5 2.6, J(HH) 5 8.4 Hz, 1 H, one H of RhCH2], 2.99
at room temp. The solvent was removed, the residue was extracted [ddd, J(RhH) 5 3.2, J(PH) 5 5.0, J(HH) 5 8.4 Hz, 1 H, one H
with 10 ml of benzene and the extract was brought to dryness in of RhCH2], 2.23 (s, 3 H, SCCH3), 1.87 [dd, J(RhH) 5 0.3, J(PH) 5
vacuo. The residue was now extracted with 5 ml of pentane and 4.5 Hz, 15 H, C5Me5]. 2 13C NMR (22.5 MHz, C6D6): δ 5 198.9
the dark red extract was worked up as described below. The re- (s, C5O), 101.0 [dd, J(RhC) 5 J(PC) 5 4.4 Hz, C5Me5], 54.2 [d,
maining solid was dissolved in 2 ml of ether and then 2 ml of J(PC) 5 6.6 Hz, P(OMe)3], 29.7 (s, SCCH3), 9.6 [d, J(RhC) 5 1.5
pentane was added. After the solution was stored for 12 h at Hz, C5(CH3)5], 5.3 [dd, J(RhC) 5 27.2, J(PC) 5 19.1 Hz, RhCH2].
278°C orange-red crystals of 38 were formed which were separated

2 31P NMR (36.2 MHz, C6D6): δ 5 133.6 [d, J(RhP) 5 248.6 Hz].
from the mother liquor, washed twice with pentane and dried; yield

2 MS (70 eV); m/z (%) 5 489 (24) [M1 2 CH2SAc], 365 (41)
67 mg. The pentane extract was also brought to dryness in vacuo, [C5Me5RhI1], 362 (100) [M1 2 CH2SAc 2 I], 238 (46)
the residue was dissolved in 1 ml of benzene and the solution was [C5Me5Rh1]. 2 C16H29IO4PRhS (578.3): calcd. C 33.23, H 5.06;
chromatographed on Al2O3 (neutral, activity grade IV, height of found C 33.47, H 5.18.
column 4 cm). With benzene, a red fraction was eluted which upon
work up gave red-brown needles of 39 [3]; yield 23 mg (21%). 2 38: 32. Preparation of [(η5-C5Me5)Rh(CH2SAc)(PMe)3I] (44):

Compound 44 was prepared analogously to 43 by using 87.1 mgm. p. 142°C (dec.). 2 IR (C6H6): ν̃ 5 1670 cm21 [ν(C5O)]. 2 1H
NMR (200 MHz, C6D6): δ 5 4.87 [dd, J(RhH) 5 0.5, J(PH) 5 (0.15 mmol) of 42 and 17.1 mg (0.15 mmol) of KSAc as starting

materials. The ether extract was concentrated to ca. 1 ml in vacuo1.6 Hz, 5 H, C5H5], 4.10 [ddd, J(RhH) 5 4.8, J(PH) 5 3.8,
J(HH) 5 9.2 Hz, 1 H, one H of RhCH2], 3.44 [ddd, J(RhH) 5 and then stored for 12 h at 278°C. Orange microcrystalline solid;

yield 58 mg (73%); m. p. 137°C (dec.) 2 IR (C6H6): ν̃ 5 1665 cm212.2, J(PH) 5 6.9, J(HH) 5 9.2 Hz, 1 H, one H of RhCH2], 2.14
(s, 3 H, SCCH3), 1.34 [dd, J(RhH) 5 0.7, J(PH) 5 11.1 Hz, 9 H, [ν(C5O)]. 2 1H NMR (200 MHz, C6D6): δ 5 3.60 [ddd, J(RhH) 5
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2.4, J(PH) 5 5.0, J(HH) 5 8.2 Hz, 1 H, one H of RhCH2], 3.17 408 (52) [M1], 362 (100) [M1 2 CH2S], 238 (40) [C5Me5Rh1].

2 C14H26O3PRhS (408.3): calcd. C 41.18, H 6.42; found C 41.50,[ddd, J(RhH) 5 J(PH) 5 4.1 Hz, J(HH) 5 8.2 Hz, 1 H, one H of
RhCH2], 2.19 (s, 3 H, SCCH3), 1.72 [dd, J(RhH) 5 0.3, J(PH) 5 H 6.55.
2.8 Hz, 15 H, C5Me5], 1.30 [dd, J(RhH) 5 0.9, J(PH) 5 10.1 Hz, 35. Preparation of [(η5-C5Me5)Rh(η2-CH2S)(PMe3)] (47):
9 H, PMe3]. 2 13C NMR (22.5 MHz, C6D6): δ 5 198.7 (s, C5O), Compound 47 was prepared analogously to 46 either by using 68.1
98.8 [dd, J(RhC) 5 5.2, J(PC) 5 3.7 Hz, C5Me5], 29.6 (s, SCCH3), mg (0.15 mmol) of 44 and 90 µl of a 1.6  solution (0.15 mmol)
17.4 [d, J(PC) 5 32.4 Hz, PMe3], 10.0 [br. s, C5(CH3)5], 5.9 [dd, of nBuLi in hexane or 78.4 mg (0.14 mmol) of 49 and ca. 50 mg
J(RhC) 5 28.7, J(PC) 5 15.4, RhCH2]. 2 31P NMR (36.2 MHz, of NaOCH3 as starting materials. Orange-brown microcrystalline
C6D6): δ 5 2.1 [d, J(RhP) 5 140.1 Hz]. 2 MS (70 eV); m/z (%) 5 solid; yield 41 mg (76%) from 44 and 34 mg (68%) from 49 as
441 (93) [M1 2 CH2SAc], 365 (100) [C5Me5RhI1], 314 (7) [M1 2 starting material; m. p. 81°C (dec.). 2 1H NMR (200 MHz, C6D6):
CH2SAc 2 I], 238 (8) [C5Me5Rh1]. 2 C16H29IOPRhS (530.3): δ 5 3.87 (m, 2 H, CH2S), 1.87 [dd, J(RhH) 5 0.5, J(PH) 5 2.4
calcd. C 36.24, H 5.51; found C 35.83, H 5.53. Hz, 15 H, C5Me5], 1.07 [dd, J(RhH) 5 0.9, J(PH) 5 9.0 Hz, 9 H,

PMe3]. 2 13C NMR (50.3 MHz, C6D6): δ 5 96.6 [dd, J(RhC) 533. Preparation of [(η5-C5Me5)Rh(CH2SAc)(PMe3)SAc] (45):
J(PC) 5 4.4 Hz, C5Me5], 46.6 [dd, J(RhC) 5 19.9, J(PC) 5 5.5a) A solution of 131.2 mg (0.25 mmol) of 42 in 2 ml of benzene
Hz, CH2S], 15.9 [d, J(PC) 5 28.5 Hz, PMe3], 10.1 [s, C5(CH3)5]. 2was treated with a solution of 98.5 mg (0.86 mmol) of KSAc in 1
31P NMR (36.2 MHz, C6D6): δ 5 4.9 [d, J(RhP) 5 184.6 Hz]. 2ml of ethanol and stirred for 30 min at room temp. The solvent
MS (70 eV); m/z (%) 5 360 (55) [M1], 314 (100) [M1 2 CH2S],was removed, the residue was extracted with 10 ml of ether and the
238 (21) [C5Me5Rh1]. 2 C14H26PRhS (360.3): calcd. C 46.67, Hextract was concentrated to ca. 1 ml in vacuo. Upon addition of 2
7.27; found C 46.48, H 7.52.ml of pentane, the solution was stored for 12 h at 278°C. Yellow

crystals precipitated which were separated from the mother liquor 36. Preparation of [(η5-C5Me5)Rh{κ2-C,O-CH2SC(Me)O}-
and dried; yield 80 mg (67%). 2 b) A solution of 56.6 mg (0.10 {P(OMe)3}]PF6 (48): Compound 48 was prepared analogously to
mmol) of 44 in 1 ml of benzene was treated with a solution of 12.2 19 by using 130.0 mg (0.22 mmol) of 43 and 56.5 mg (0.22 mmol)
mg (0.11 mmol) of KSAc in 0.5 ml of ethanol. After the reaction of AgPF6 as starting materials. Orange-yellow solid; yield 117 mg
mixture was worked up as described for a), a yellow solid was ob- (89%); dec. temp. 69°C. 2 Λ 5 82 cm2Ω21mol21. 2 IR (nujol):
tained; yield 28 mg (58%); m. p. 163°C (dec.). 2 IR (C6H6): ν̃ 5 ν̃ 5 1565 cm21 [ν(C5O)]. 2 1H NMR (60 MHz, (CD3)2CO): δ 5
1660, 1609 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, C6D6): δ 5 3.83 [d, J(PH) 5 11.6 Hz, 9 H, P(OMe)3], 3.37 (m, 2 H, RhCH2),
2.70 [ddd, J(RhH) 5 2.5, J(PH) 5 7.2, J(HH) 5 8.5 Hz, 1 H, one 2.40 (s, 3 H, SCCH3), 1.77 [dd, J(RhH) 5 0.3, J(PH) 5 4.5 Hz, 15
H of RhCH2], 2.55, 2.15 (both s, 3 H each, SCCH3), 1.63 [dd, H, C5Me5]. 2 13C NMR (22.5 MHz, CD3NO2): δ 5 226.4 (s, C5
J(RhH) 5 0.3, J(PH) 5 2.9 Hz, 15 H, C5Me5], 1.24 [dd, J(RhH) 5 O), 103.0 [dd, J(RhC) 5 5.9, J(PC) 5 4.2 Hz, C5Me5], 54.0 [d,
0.9, J(PH) 5 10.2 Hz, 9 H, PMe3], signal of one H of RhCH2 not J(PC) 5 5.9 Hz, P(OMe)3], 27.1 [s, C(O)CH3], 21.5 [dd, J(RhC) 5
exactly located. 2 31P NMR (36.2 MHz, C6D6): δ 5 2.2 [d, 27.9, J(PC) 5 22.8 Hz, RhCH2], 9.2 [d, J(RhC) 5 2.2 Hz,
J(RhP) 5 140.0 Hz]. 2 MS (70 eV); m/z (%) 5 478 (0.1) [M1], C5(CH3)5]. 2 31P NMR (36.2 MHz, CD3NO2): δ 5 126.7 [d,
389 (44) [M1 2 CH2SAc], 313 (88) [C5Me5Rh(SAc)1], 314 (22) J(RhP) 5 251.6 Hz]. 2 C16H29F6O4P2RhS (596.3): calcd. C 32.23,
[C5Me5Rh(PMe3)1], 238 (13) [C5Me5Rh1]. 2 C18H32O2PRhS2 H 4.90; found C 32.10, H 5.11.
(478.5): calcd. C 45.19, H 6.74; found C 45.35, H 6.46.

37. Preparation of [(η5-C5Me5)Rh{κ2-C,O-CH2SC(Me)O}-
34. Preparation of [(η5-C5Me5)Rh(η2-CH2S){P(OMe)3}] (46): (PMe3)]PF6 (49): Compound 49 was prepared analogously to 19

a) A solution of 81.7 mg (0.14 mmol) of 43 in 8 ml of benzene was by using 159.4 mg (0.30 mmol) of 44 and 78.2 mg (0.31 mmol) of
treated with 85 µl of a 1.6  solution (0.14 mmol) of nBuLi in AgPF6 as starting materials. Orange-yellow solid; yield 54 mg
hexane and stirred for 10 min at room temp. The solvent was re- (96%); dec. temp. 96°C. 2 Λ 5 73 cm2Ω21mol21. 2 IR (nujol):
moved and the residue was extracted with 10 ml of pentane. The ν̃ 5 1552 cm21 [ν(C5O)]. 2 1H NMR (200 MHz, (CD3)2CO): δ 5
extract was brought to dryness in vacuo, the oily residue was dis- 3.29 [ddd, J(RhH) 5 2.9, J(PH) 5 0.3, J(HH) 5 9.5 Hz, 1 H, one
solved in 2 ml of benzene and the solution was chromatographed H of RhCH2], 3.07 [ddd, J(RhH) 5 9.5, J(PH) 5 18.9 J(HH) 5
on Al2O3 (neutral, activity grade IV, height of column 5 cm). With 9.5 Hz, 1 H, on H of RhCH2], 2.36 (s, 3 H, SCCH3), 1.71 [dd,
benzene, an orange fraction was eluted from which the solvent was J(RhH) 5 0.3, J(PH) 5 2.7 Hz, 15 H, C5Me5], 1.52 [dd, J(RhH) 5
removed. The oily residue was dissolved in 8 ml of pentane, the 0.7, J(PH) 5 10.5 Hz, 9 H, PMe3]. 2 13C NMR (22.5 MHz,
solution was filtered, the filtrate was concentrated to ca. 2 ml and CD3NO2): δ 5 226.1 (s, C5O), 100.8 [dd, J(RhC) 5 5.9, J(PC) 5
then stored for 12 h at 278°C. Orange-yellow crystals precipitated 2.9 Hz, C5Me5], 27.3 [s, C(O)CH3], 21.7 [dd, J(RhC) 5 30.2,
which were separated from the mother liquor and dried; yield 42 J(PC) 5 15.4 Hz, RhCH2], 13.6 [d, J(RhC) 5 30.9 Hz, PMe3], 9.3
mg (75%). 2 b) A solution of 85.7 mg (0.14 mmol) of 48 in 5 ml [br. s, C5(CH3)5]. 2 31P NMR (36.2 MHz, CD3NO2): δ 5 4.0 [d,
of methanol was treated at room temp. with an excess (ca. 50 mg) J(RhP) 5 156.3 Hz]. 2 C16H29F6OP2RhS (548.3): calcd. C 35.05,
of NaOCH3. After the reaction mixture was stirred for 10 min, the H 5.33; found C 34.66, H 5.45.
solvent was removed and the residue was extracted with 15 ml of

38. Preparation of [(η5-C5H5)Rh(η2-CH2S)(PMe3)] (50): Com-pentane. The extract was concentrated to ca. 2 ml in vacuo and
pound 50 was prepared analogously to 46 by using 68.1 mg (0.15then stored for 12 h at 278°C. Orange-yellow crystals; yield 42 mg
mmol) of 38 and 90 µl of a 1.6  solution (0.15 mmol) of nBuLi(73%); m. p. 76°C (dec.). 2 1H NMR (90 MHz, C6D6): δ 5 3.91
in hexane as starting materials. The yellow microcrystalline solid[ddd, J(RhH) 5 2.7, J(PH) 5 0.9, J(HH) 5 8.6 Hz, 1 H, one H
50 was identified by comparison of the NMR spectroscopic dataof CH2S], 3.34 [d, J(PH) 5 12.0 Hz, 9 H, P(OMe)3], 1.77 [dd,
with those of an authentic sample; [1d] yield 34 mg (79%).J(RhH) 5 0.7, J(PH) 5 3.9 Hz, 15 H, C5Me5], signal of one H of

CH2S partly covered by signal of P(OMe)3. 2 13C NMR (50.3 39. X-ray Structure Determination of Compound 27 [34]: Single
crystals of 27 were grown by slow diffusion of ether to a solutionMHz, C6D6): δ 5 98.5 [dd, J(RhC) 5 J(PC) 5 4.5 Hz, C5Me5],

51.5 [d, J(PC) 5 6.3 Hz, P(OMe)3], 49.5 [dd, J(RhC) 5 18.9, of 27 in nitromethane at room temp. Crystal data: orthorhombic,
space group Pbca, a 5 16.857(5), b 5 23.538(6), c 5 11.048(3) Å,J(PC) 5 7.4 Hz, CH2S], 9.7 [s, C5(CH3)5]. 2 31P NMR (36.2 MHz,

C6D6): δ 5 143.4 [d, J(RhP) 5 290.3 Hz]. 2 MS (70 eV); m/z (%) 5 Z 5 8, dcalcd. 5 1.613 g cm23, µ(Mo-Kα) 5 0.98 mm21; crystal size
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The structure of 2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene bond lengths amount to 1.727 (± 0.008) Å. The PE spectra
were interpreted by comparison with the results of ab initio(1) as well as the He(I) photoelectron spectra of 1 and 2,4-di-

tert-butyl-1,3-diphosphabenzene (2) have been investigated. calculations (RHF/ 6-31G*). They reveal a splitting of the
lone pairs on P in 2 of 0.7 eV.It was found that 1 is planar with average C–P–C angles of

109.3° (±0.3°) and P–C–P angles of 130.7° (± 0.4°). All P–C

With the synthesis of 2,4,6-tri-tert-butyl-1,3,5-triphos- derivative 1 is completely planar. However, in contrast to
benzene or pyridine, but in accordance with phosphinines[4]phabenzene (2,4,6-tri-tert-butyl-1λ3,3λ3,5λ3-triphosphinine)

(1) [1] and of 2,4-di-tert-butyl-1,3-diphosphabenzene (2,4-di- 1,3,5-triphosphinine 1 is far from being regular hexagonal.
The average C2P2C angles are 109.3° (±0.3°) (C2C2Ctert-butyl-1λ3,3λ3-diphosphinine) (2) [2] the family of phos-

phorus-containing heterobenzenes is now nearly complete. angle in benzene 120°, C2N2C angle in pyridine 117°,
C2P2C angle in phosphine 1012103°C). In order to ac-Earlier investigations led to the synthesis of λ3-phosphinine

4 [3], numerous substituted λ3-phosphinines[4] and also of commodate this angular change the P2C2P angles have to
exceed 120°. In triphosphabenzene 1 the average P2C2Pone example of a 1λ3,4λ3-diphosphinine 3. [5] The latter

compound, 2,3,5,6-tetrakis(trifluormethyl)-1λ3,4λ3-diphos- angles are 130.7° (±0.4°) (P2C2C and C2C2C angles in
phosphinines 1222120° [4]). All P2C bond lengths of thephinine, is stable only in solution. According to their NMR-

spectroscopic data (31P, 1H, 13C) mono-, di- and triphosphi- P3C3 ring are equal with average bond lengths of 1.727
(±0.008) Å, and are in the range of those found for phos-nines can be conceived as 6π heteroarenes and therefore

their trivial names as phosphabenzenes are justified. phinines (1.7321.75 Å), [4] considerably longer than P5C
bond lengths in phosphaalkenes (1.6621.68 Å). [6] All these
results point towards a delocalization of the six π-electrons
of the triphosphabenzene 1. Our calculations (C3 symmetry,
RHF/6-31G*) reveal geometrical parameters for 1 which
are close to the experiment (C5P: calcd. 1.730 Å, found
1.727 Å; C2P2C: calcd. 110.6°, found 109.6°; P2C2P:
calcd. 129.4°, found 130.3°). [7]

The He(I) photoelectron (PE) spectra of 1 and 2 areIn order to gain more information about the electronic
shown in Figure 2. The vertical ionization energies, Iv,j, arestructure of the two recently prepared diphospha- and tri-
collected in Table 1. The PE spectrum of 1 shows one broadphosphabenzenes 2 and 1 [1] [2], we investigated their PE
band centered at 8.2 eV separated by 1.8 eV from the nextspectra and interpreted the results on the basis of Hartree-
one at 10.0 eV. The PE spectrum of 2 shows also a broadFock ab initio calculations adopting a 6-31G* basis. Fur-
peak at 8.6 eV and a smaller one at 9.5 eV. The ratio be-thermore, we present the results of a single-crystal structure
tween the areas below both peaks in 2 is approximately 3:1.analysis of the triphosphabenzene 1 in this paper.

Suitable crystals of compound 1 for an X-ray analysis To assign the PE spectra of 1 and 2 to various ionization
processes we assume the validity of Koopmans9 theorem[8]were obtained as little yellow plates from a pentane solution

of 1 at 230°C. As shown in Figure 1 the triphosphabenzene which allows us to correlate the recorded vertical ionization
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Figure 2. He(I) photoelectron spectra of 1 and 2Figure 1. Molecular structure of 1[a]

[a] Selected bond lengths [Å] and angles [°]: P12C1 1.725(5),
P12C3 1.729(5), P22C1 1.724(5), P22C2 1.719(4), P32C2
1.727(4), P32C3 1.718(4), C32C12 1.558(6), C12C4 1.551(7);
P12C12P2 130.3(3), P22C22P3 130.8(3), P12C32P3 130.9(3),
C12P12C3 109.3(2), C12P22C2 109.6(2), C22P32C3 109.0(2).

energies, Iv,j, with the calculated orbital energies, 2εj. To
derive the orbital energies we use the Hartree-Fock ab initio
method adopting a 6-31G* basis. [9] The results of our cal-
culations are based on the optimized geometries of 1 and 2
and are listed in Table 1.

The calculations predict for 2 three relatively close-lying
occupied molecular orbitals (MOs) at 8.38, 8.93 and 9.29
eV, well separated from a fourth one at 10.76 eV.

We assume that the ionizations from these four MOs give
rise to two peaks; the first one is due to the overlap of three
close-lying bands. The calculations predict that the two
highest occupied MOs are of π type followed by linear com-
binations of the phosphorus lone pairs. All four are shown
schematically in Figure 3.

Table 1. Vertical ionization energies, Iv,j, and calculated orbitalThe plausibility of this assignment can be checked by
energies, 2εj, of 1 and 2

comparing the PE spectrum of 2 with that of phosphaben-
zene (4) [10] and 1,3,5-tri-tert-butylphosphabenzene (5). [11]

band Iv,j [eV] assignment 2εj [eV]
The ionization energy of the phosphorous lone pair of 4
was found at 10.0 eV and of 5 at 8.6 eV. These values allow 1 61 8.2 27 e (π) 8.51us to estimate the inductive effect of one tert-butyl group

2to 0.47 eV. This leads to the center of gravity of the two 3 6 8.3 26e (n) 9.16lone pairs in 2 at 9.1 eV. This value agrees very well with
4that found for bands 3 and 4 in the PE spectrum of 2. A
5 10.0 27a (π) 11.46

comparison between the energy difference of band 3 and 4
1 8.5 61a (π) 8.38in the PE spectrum of 2 and the values for the correspond-

2 2 8.6 60a (π) 8.93ing orbital energies show that the calculated energy splitting 3 8.8 59a (n-) 9.29
of the lone pairs is twice as large as the measured one. The 4 9.5 58a (n1) 10.76
splitting of the bands assigned to the lone pairs in 2 (0.7
eV) is half the value found in the PE spectrum of pyrim-
idine. [12] We ascribe this to the higher p character of the HF-SCF calculation and the PE experiment. This compari-

son suggests to assign the first peak in the PE spectrum oflone pairs in pyrimidine (73%) as compared to 2,4-di-tert-
butyl-1,3-diphosphabenzene 2 (41%). 1 to four strongly overlapping bands corresponding to the

transition from 27e(π) and 26e(n). The shoulder at 10 eV isOur assignment of the first bands of the PE spectrum of
1 is also based on the comparison between the results of a assigned to 27a(π). All four MOs are shown in Figure 3.
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0.860/0.999, max. residual electronic density 0.54 e/Å3. 157 param-Figure 3. Schematic representation of the highest occupied mole-

cular orbitals of 1and 2 eters C and P anisotropic (except the disordered atoms at C4 and
C8), the positions of the H atoms were calculated for idealized
positions (dC2H 5 0.980 Å), Rl 5 0.0909, wR2 5 0.2438.
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The He(I) PE spectra of 1 and 2 were recorded with a PS18 Pittsburgh, PA, 1995.
spectrometer (Perkin Elmer). The recording temperatures were [10] C. Batich, E. Heilbronner, V. Hornung, A. J. Ashe III, D. T.

Clark, K. T. Bobley, D. Kilcast, I. Scanlan, J. Am. Chem. Soc.80°C for 1 and 25°C for 2. The calibration was performed with Ar
1973, 95, 928.and Xe. A resolution of 20 meV on the P3/2 Ar line was obtained. [11] H. Oehling, W. Schäfer, A. Schweig, Angew. Chem. 1971, 83,

The MO calculations on 1 and 2 were carried out with the Gaus- 723; Angew. Chem. Int. Ed. Engl. 1971, 10, 656.
sian 94 program.[9] The orbital energies are based on the optimized [12] R. Gleiter, E. Heilbronner, V. Hornung, Helv. Chim. Acta 1972,

55, 255.geometries of 1 and 2.
[13] Crystallographic data (excluding structure factors) for the struc-

ture reported in this paper have been deposited with the Cam-Crystal Structure Analysis of 1 [13]: Enraf-Nonius CAD4 dif-
bridge Crystallographic Data Centre as supplementary publi-fractometer (Cu-Kα radiation), T 5 293 K; structure solution by
cation no. CCDC-101646. Copies of the data can be obtainedheavy atom method (SHELXS-86[14]) and structure refinement by free of charge on application to CCDC, 12 Union Road, Cam-

SHELXL-93[15]; monoclinic, space group C2/c, lattice constants bridge CB2 1EZ, UK [fax: int. code 144(1223)336-033, e-mail:
deposit@ccdc.cam.ac.uk].a 5 31.281(3), b 5 6.047(1), c 5 19.458(1) Å, β 5 93.96(3)°, V 5

[14] G. M. Sheldrick, SHELXS-86, Program for Crystal Structure3672.0(6) Å3, Z 5 8, µ(Mo-Kα) 5 2.876 mm21, crystal size 0.25 3
Solution, Universität Göttingen, 1986.0.24 3 0.11 mm, Θmax 5 33.16°, 4206 measured reflections (Rint 5 [15] G. M. Sheldrick, SHELXL-93, Program for Crystal Structure

0.04), 3756 independent of which 2262 were considered observed Refinement, Universität Göttingen, 1993.
[98188]with l > 2σ(l), ψscan absorption correction; min./max, transmission
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Reaction of the [(1-alkynyl)carbene]tungsten complex carbon atom into an NC–H bond). Cross-conjugated
azametallatrienes 6 and pentacarbonyltungsten complexes 7(CO)5W=C(OEt)C;CPh (1a) with non-enolizable imines, e.g.

9-fluorenone imines 2 [NR = N(iPr), N(c-C6H11)], affords of the dihydropyrroles 4 have been identified to be
precursors to compound 4. Compounds 3b, 4a, and 6a havenovel mesoionic pyrrolium carbonyltungstates 3 (by [3+2]

cycloaddition) together with dihydropyrroles 4 (by dichotomy been characterized by X-ray crystal structure analyses.
of the C=N bond and subsequent insertion of the carbene

Reactions of imines with group-VI heteroatom-stabilized hydropyridinyl)carbene complexes (in an overall [412]
cycloaddition initiated by 4-addition) and mesoionic 1-carbene complexes of the Fischer-type are varied and have

provided some useful synthetic applications. Depending on azonia-5H-cycloheptatrien-3-yl carbonylmetalates (in an
overall [413] cycloaddition initiated by 2-addition), [6] [7] al-the type of carbene complex and the imine, nucleophilic

substitution at the carbene carbon atom,[2] condensation at kenyl N(alkyl)-imidates, e.g. RCH5CH2C(OEt)NR1 (R,
R1 5 aryl, alkyl) were found to afford binuclear compoundsthe α-carbon atom (under thermal conditions) or formation

of β-lactams[3] (under the influence of sun light) is achieved. as the only products, resulting from a domino [412] and
[212] cycloaddition of two equivalents of compound 1. [8]The latter type of reaction has been extensively studied by

Hegedus et al., and many N-substituted imines have been Thus, with respect to the addition of α,β-unsaturated imines
to (1-alkynyl)carbene complexes 1, it should be noted thatconverted into β-lactams. Reactions of imines with α,β-un-

saturated carbene complexes are channeled by competing 4- open-chain adducts as well as four- and five-membered N-
heterocyclic rings are obtained from N-unsubstituted alk-addition of the nitrogen atom to a C5C (or C;C) bond,

and by 2-addition to the M5C, respectively. For example, enyl imidates, whilst bicyclic systems are generated from N-
substituted alkenyl imidates, and six- and seven-memberedreactions of NH-ketimines R2C5NH (R 5 alkyl, aryl) with

the [(1-alkynyl)carbene]chromium complex (CO)5Cr5C(O- rings are generated from N-substituted alkenylimines (but
supposedly not from N-unsubstituted alkenylimines).Et)C;CPh (1b) were shown to afford mainly 5-aza-1-

chroma-1,3,5-hexatrienes (CO)5Cr5C(OEt)CH5C(Ph)N5
CR2 by 4-addition.[4] Alkenyl NH-imidates R2CH5
CR12C(OEt)5NH (R1, R2 5 Ph, Me, H) and (1-alkynyl)-

Reaction of (1-Alkynyl)carbene Complex 1a with Non-carbene complexes 1a, b (M 5 W, Cr) were found to pro-
enolizable Imines 2duce 5-aza-1-metalla-1,3,5,7-octatetraenes (CO)5M5C(O-

Et)2CR5CR2N5C(OEt)2CR15CHR2 (R 5 alkyl, aryl)
by 4-addition, but also 2,5-diethoxy-2H-pyrrole and 2,4-di- The investigation of fundamental reaction paths of im-

ines and imidates with (1-alkynyl)carbene complexes 1 wasethoxy-2H-dihydroazete complexes, both of which by 2-ad-
dition (in an overall [312] and [212] cycloaddition, respec- extended to aliphatic compounds. It was found that enoliz-

able imidates, e.g., O-alkyl lactims ,(CH2)n2N5C(OR),tively). [5] Furthermore, reactions of both alkenyl N(alkyl)-
imines, and -imidates, respectively, involve participation of (n 5 326) and (1-alkynyl)carbene complexes 1a, b gave 1-

azacycloalkene derivatives as the main products, involvingthe alkenyl unit, but lead to different types of products with
(1-alkynyl)carbene complexes 1a, b. Whilst the alkenyl the transfer of an α-hydrogen atom.[1] Focusing more

strongly on the reactivity of the C5N bonds in aliphaticN(alkyl)-imines, e.g. PhCH5CH2CH5N(iPr) yield (di-
systems, it was envisaged that non-enolizable imines might
yield pyrrolium (5 azoniacyclopentadiene) complexes by[e] Part XCVI: Ref. [1].

[°] On leave of absence from Dalian Institute of Chemical Physics, [312] cycloaddition of a C3 unit of compounds 1 to the C5
Chinese Academy of Sciences, P. O. Box 110, 116023 Dalian, N bond (Scheme 1). This reaction mode was anticipated asChina.

[°°] X-ray structure analyses. an extension of the recently described access to cyclopen-
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tadienes by [312] cycloaddition of (1-alkynyl)carbene com- similar to that found for iminium carbonylmetalates[10] de-

rived from vinylogous seven-membered N-heterocyclic li-plexes to HC5C(N) bonds. [9]

gands[7] (W2C: δ 5 181.9). [6c] Furthermore, the signal of
Scheme 1. [312] Cycloaddition of [(1-alkynyl)carbene]tungsten C5N1 is appreciably shifted downfield (3a: δ 5 198.2; 3b:

complex 1a to olefines and imines, respectively
δ 5 197.3) if compared to a normal C5N bond. Com-
pounds 3 are first representatives of a (supposedly) large
group of mesoionic pyrrolium complexes, which, like syd-
nones and related species, [11] can not be satisfactorily de-
scribed by Lewis formulas excluding charge separation. In
line with expectation, compounds 3 were found to undergo
hydrolysis of the enol ether unit with formation of a spiro
compound 5 as the only detectable product, in addition to
W(CO)6 (Scheme 3).

Scheme 3. Hydrolysis of zwitterionic pyrrolium complexes 3

Reaction of the (1-alkynyl)carbene complex 1a with non-
enolizable imines, like fluorenone imines 2a, b at 90°C, 2 h,
molar ratio 1:1, affords two types of compounds in a clean
reaction: (a) novel pyrrolium complexes 3a, b as minor and
(b) dihydropyrroles 4a, b as major products (Scheme 2).
Compounds 3 and 4 were isolated by chromatography on
silica gel and characterized spectroscopically as well as by Structural details of spiro compounds 3 are based on a
X-ray crystal structure analyses. Whilst it is quite obvious crystal structure analysis of compound 3b (Figure 1, Table
that compounds 3 are generated in an overall [312] cyclo- 1). The distance W2C4 [2.276(4)] Å is longer than in
addition as outlined above (Scheme 1), formation of com- non-heteroatom (carbene)tungsten complexes, such as
pounds 4 seems to involve a more complicated reaction se- (CO)5W5CPh2 [2.15(1)] [12] and even longer than in pyryl-
quence (v.s.). ium pentacarbonyltungstates, e.g. 2.193(5). [13] In line with

the mesoionic character of compound 3b is the pattern of
Scheme 2. Two different routes to pyrrole derivatives from non-

alternating bond lengths found in the N-heterocyclic ringenolizable imines 2 and (1-alkynyl)carbene complex 1a
[N2C2 1.474(5), C22C3 1.517(5), C32C4 1.357(5),
C42C5 1.434(6), C52N 1.324(5) Å] and an essentially
planar arrangement of the bonds to the nitrogen atom (sum
of valence angles is 360.0°). The plane defined by the five-
membered heterocycle bisects the angle between two
neighboring carbonyltungsten groups, C32C42W2C41
237.5 (4)°, and is arranged almost perpendicular to the
phenyl group, C42C52C502C51 97.6 (5)°.

Figure 1. Molecular structure of the mesoionic pyrrolium complex 3b

224 R,R [3] 1 [4] [3]/[4]

a Me,Me 93% 1:8
b 2[CH2]42 89% 2:7

Spectroscopy and Structure Determinations

The mesoionic character of the novel pyrrolium com-
pounds 3 is indicated in its 13C-NMR spectrum by a
characteristic upfield shift of the signal W2C(ring) (3a: δ 5 The structure of the dihydropyrroles 4a, b is based on

the 1J-, 2J-, and 3J(13C,1H) coupling constants in the NMR187.9; 3b: δ 5 187.3), which now is observed in a range
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Reaction CourseTable 1. Selected bond lengths [Å] and angles [°] for pyrrolium

compound 3b
Since there is ample precedence for reactions of (1-alkyn-

yl)carbene complex (CO)5W5C(OEt)C;CPh (1a) with ni-N(1)2C(5) 1.324(5) N(1)2C(2)2C(3) 100.5(3)
N(1)2C(2) 1.474(5) N(1)2C(2)2C(20) 112.8(3) trogen bases N (and also phosphanes) to form zwitterionic
N(1)2C(10) 1.485(5) C(3)2C(2)2C(20) 117.0(3) adducts 2(OC)5W2C(OEt)5C5C(Ph)N1 as initial prod-C(2)2C(3) 1.517(5) N(1)2C(2)2C(30) 112.7(3)

ucts, [14] it is suggested for the present case that an inter-C(2)2C(20) 1.521(6) C(3)2C(2)2C(30) 112.4(3)
C(2)2C(30) 1.535(6) C(20)2C(2)2C(30) 102.0(3) mediate A might be generated from addition of an imine 2
C(3)2O(3) 1.331(5) O(3)2C(3)2C(4) 121.9(4)

to the (1-alkynyl)carbene complex 1a. A zwitterionic speciesC(3)2C(4) 1.357(5) O(3)2C(3)2C(2) 125.1(3)
C(4)2C(5) 1.434(6) C(4)2C(3)2C(2) 112.8(3) A might act as precursor to both a five-membered cycload-
C(4)2W 2.276(4) C(3)2C(4)2C(5) 103.3(3) duct 3 and a four-membered dihydroazete derivative BC(5)2C(50) 1.488(5) C(3)2C(4)2W 123.7(3)

(Scheme 4).O(3)2C(310) 1.434(5) C(5)2C(4)2W 132.1(3)
C(310)2C(311) 1.496(7) N(1)2C(5)2C(4) 114.6(3)

Scheme 4. Competing [312] and [212] cycloadditions of (1-alky-N(1)2C(5)2C(50) 122.6(4)
nyl)carbene complex 1a to the C5N bond of non-enoli-C(5)2N(1)2C(2) 108.7(3) C(4)2C(5)2C(50) 122.7(4)
zable imines 2C(5)2N(1)2C(10) 132.5(3) C(3)2O(3)2C(310) 123.7(4)

C(2)2N(1)2C(10) 118.8(3) O(3)2C(310)2C(311) 107.0(4)
N(1)2C(2)2C(3) 100.5(3)

spectra, as well as on a crystal structure analysis of com-
pound 4a (Figure 2, Table 2). The N-heterocyclic ring exhi-
bits the expected pattern of bond lengths [C12C2 1.514(3),
C22C3 1.554(4), C32N4 1.489(3), N42C5 1.291(3),
C12C5 1.481(3) Å] and is slightly twisted against the fluor-
enylidene unit, C52C12C62C7 18.0 (4)°.

Figure 2. Molecular structure of the dihydropyrrol 4a

It is suggested that dihydroazetes B would be key inter-
mediates en route to dihydropyrroles 4. This assumption is
supported by the fact that organometallic intermediates 6
and 7 could be isolated and characterized.

Organometallic Reaction Intermediates

Reaction of (1-alkynyl)carbene complex 1a with fluor-
enone imines 2 at 20°C (instead of 90°C, as it has been
applied for the reaction given in Scheme 2), affords two
colored compounds 6 and 7, which were isolated by column
chromatography on silica gel (Scheme 5). It could be easily
demonstrated that the azametallatriene unit of compounds
6 in solution undergoes a thermally induced ring closure to
give dihydropyrroles 7, from which finally pyrroles 4 and
W(CO)6 are obtained as the only products.Table 2. Selected bond lengths [Å] and angles [°] for dihydropyrrole

4a
Scheme 5. Organometallic intermediates en route to dihydropyrro-

les 4
C(1)2C(6) 1.352(3) O(2)2C(2)2C(1) 115.5(2)
C(1)2C(5) 1.481(3) O(2)2C(2)2C(3) 114.6(2)
C(1)2C(2) 1.514(3) C(1)2C(2)2C(3) 100.4(2)
C(2)2O(2) 1.428(3) C(21)2O(2)2C(2) 115.5(2)
C(2)2C(3) 1.554(4) O(2)2C(21)2C(22) 109.4(2)
O(2)2C(21) 1.428(3) N(4)2C(3)2C(31) 110.7(2)
C(21)2C(22) 1.503(4) N(4)2C(3)2C(32) 108.3(2)
C(3)2N(4) 1.489(3) C(31)2C(3)2C(32) 110.0(2)
C(3)2C(31) 1.522(4) N(4)2C(3)2C(2) 104.0(2)
C(3)2C(32) 1.528(4) C(31)2C(3)2C(2) 113.9(2)
N(4)2C(5) 1.291(3) C(32)2C(3)2C(2) 109.8(2)

yield [%] yield [%]C(5)2C(51) 1.477(3) C(5)2N(4)2C(3) 108.9(2)
N(4)2C(5)2C(51) 119.9(2)

C(6)2C(1)2C(5) 131.0(2) N(4)2C(5)2C(1) 113.2(2) 3a 11 3b 20
4a 48 4b 35C(6)2C(1)2C(2) 124.8(2) C(51)2C(5)2C(1) 126.0(2)

C(5)2C(1)2C(2) 103.5(2) 6a 30 6b 13
7a 2 7b 4
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Cross-Conjugated Azametallatrienes 6 Structural characterization of compound 7b is based on

NMR spectra. The sets of 13C- and 1H-NMR signals of
Since the signal of the W5C group in the 13C-NMR dihydropyrrole 4b and its pentacarbonyltungsten derivative

spectra of compounds 6 (6a: δ 5 321.8; 6b: δ 5 321.2) is 7b are quite similar. Characteristic downfield shifts are ob-
observed in a range typical of non-conjugated (carbene)- served for the signals C5N (4b: δ 5 170.2; 7b: δ 5 179.2)
tungsten complexes, e.g. (CO)5W5C(OEt)Me (δ 5 319.6), and C2N (4b: δ 5 77.1; 7b: δ 5 83.3).
little or no π-conjugation is expected within the W5C2C5

This work was supported by the Volkswagen-Stiftung and theC moiety. Furthermore, π-conjugation is not expected to be
Fonds der Chemischen Industrie. Experimental assistance by Bar-effective within the C5C2C5N group, since the C5N sig-
bara Hildmann is gratefully acknowledged.

nal (6a: δ 5 157.9; 6b: δ 5 157.8) appears in the normal
range. Strong distortion from planarity of the W5C2C5
C as well as of the C5C2C5N unit [W2C12C22C3 Experimental Section
2109.0(3), N282C212C22C3 294.0(4)°] is confirmed by

All operations were performed under argon. Dried solvents werean X-ray structure analysis of compound 6a (Figure 3,
used in all experiments. 2 Melting points are not corrected. 2 In-

Table 3). It should be noted that the structural features of strumentation: 1H- and 13C-NMR spectra were obtained with
the M5C2C(5C)2C5N backbone in compound 6a are Bruker WM 300, WP 360 and Varian U 600 spectrometers (multi-
unique and different from that of other cross-conjugated plicities were determined by DEPT. Chemical shifts refer to δTMS 5
azametallatrienes, e.g. (CO)5W5C(OEt)2C(5 0.00. 13C shifts were assigned on the basis of 1J(CH) and 2,3J(CH)
CHNC4H8)2C(Ph)5NPh,[15] in which partial planaris- correlation experiments). Low-temperature NMR measurements

were carried out with Bruker AM 360 instrument. 2 Other analy-ation of the (CO)5W5C2C5C(N) portion of the ligand is
ses: IR Diglab FTS 45; MS Finnigan MAT 312; elemental analysis,achieved by π-electron delocalization. Rapid equilibration
Perkin-Elmer 240 elemental analyzer; TLC, Merck DC-Alufolienof diastereomers by rotation about the C12C2 bond of 6a
Kieselgel 60 F254. Rf values refer to TLC tests. 2 Column-chroma-is indicated by dynamic line-broadening of the 1H-NMR
tographic purifications were made on Merck Kieselgel 100.signals of the diastereotopic OCH2 group at 20°C.

(Fluoren-9-ylidene)alkylamine (2) was obtained in high yields by
condensation of 9-fluorenone (1.80 g, 10 mmol) with the corre-
sponding amine (10 mmol) in 30 ml of pentane and 15 g of molecu-Figure 3. Molecular structure of the cross-conjugated azametalla-

triene 6a lar sieves (Acros, 4 Å) at 20°C, 24 h, and were purified by distil-
lation prior to use.

Pentacarbonyl[5-(2,29-biphenylene)-4-ethoxy-1-isopropyl-2-
phenyl-1-azoniacyclopenta-1,3-dien-3-yl]tungstate (3a), 3-Ethoxy-4-
(fluoren-9-ylidene)-2,2-dimethyl-5-phenyl-3,4-dihydro-2H-pyrrole
(4a), Pentacarbonyl[1-ethoxy-2-(fluoren-9-ylidene)-3-(isopropyl-
imino)-3-phenylprop-1-ylidene]tungsten (6a): To pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)tungsten (1a) (482 mg 1.00
mmol) in a 3-ml screw-top vessel is added (fluoren-9-ylidene)isop-
ropylamine (2a) (221 mg, 1.00 mmol) in 3 ml of toluene. The mix-
ture is shaken until homogeneity (ca. 3 min). After ca. 5 min at
20°C, a dark oil begins to precipitate which consists of compound
3a and W(CO)6. After compound 1a is consumed completely (ca.
2 d at 20°C according to TLC), the supernatant is decanted and
the solid washed with n-pentane (3 3 1 ml). The solution is sepa-
rated by chromatography on silica gel. Elution with pentane/di-
chloromethane (2:1) affords a brown fraction with compound 6a
(Rf 5 0.4 in pentane/dichloromethane, 2:1, 215 mg, 30%, brown
crystals from pentane at 240°C, mp 102°C). Elution with diethyl

Table 3. Selected bond lengths [Å] and angles [°] for cross-conju- ether affords a yellow fraction of compound 4a (180 mg, 48%, Rf 5gated azametallatriene 6a
0.8 in diethyl ether, yellow crystals from cyclohexane/dichlorometh-
ane (4:1) at 278°C, mp 106°C). The solid residue of the reactionW2C(1) 2.180(3) O(16)2C(1)2W 130.0(2)
mixture (ca. 240 mg) is dissolved in dichloromethane (ca. 3 ml).C(1)2O(16) 1.309(4) C(2)2C(1)2W 125.3(2)
W(CO)6 is removed by crystalization at 215°C and compound 3aC(1)2C(2) 1.504(4) C(3)2C(2)2C(1) 123.2(2)

C(2)2C(3) 1.351(4) C(3)2C(2)2C(21) 123.0(2) is obtained from the mother liquor at 20°C after addition of pen-
C(2)2C(21) 1.520(4) C(1)2C(2)2C(21) 113.7(2) tane (2 ml) (ca. 78 mg, 11%, amber-colored crystals). If 1a (52 mg,C(21)2N(28) 1.270(4) N(28)2C(21)2C(22) 117.7(2)

0.11 mmol) and 2a (22 mg, 0.10 mmol) in 1 ml of C6D6 are heatedC(21)2C(22) 1.493(4) N(28)2C(21)2C(2) 124.0(2)
to 90°C for 2 h the 1H-NMR spectrum of the solution shows sig-N(28)2C(29) 1.474(4) C(22)2C(21)2C(2) 118.3(2)

C(29)2C(31) 1.519(6) C(21)2N(28)2C(29) 122.5(3) nals of compounds 4a and 3a in a molar ratio of 8:1 as the only
C(29)2C(30) 1.521(5) N(28)2C(29)2C(31) 108.3(3) products. Removal of the solvent gives a residue of 39 mg, whichO(16)2C(17) 1.459(4) N(28)2C(29)2C(30) 107.1(3)

corresponds to 82% of compound 4a and 11% of compound 3a.C(17)2C(18B) 1.43(2) C(31)2C(29)2C(30) 112.6(4)
C(17)2C(18A) 1.45(2) C(1)2O(16)2C(17) 123.3(3) 3a: 1H NMR (C6D6, 600 MHz): δ 5 7.33, 7.26 and 7.18 (2:2:1C(18B)2C(17)2O(16) 111.4(12)

H; “d”, “t”, “t”; Ph), 7.30 (2 H, d, 49-H and 59-H), 7.10 (2 H, t,O(16)2C(1)2C(2) 104.7(2) C(18A)2C(17)2O(16) 106.5(11)
39-H and 69-H), 7.05 (2 H, d, 19-H and 89-H), 6.95 (2 H, t, 29-H
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and 79-H), 3.29 and 0.70 (2:3 H; q and t, OCH2CH3), 2.73 (1 H, 6a: 1H NMR (C6D6): δ 5 8.40 (2 H, s broad, o-H Ph); 7.71,

7.56, 7.39 and 7.29 (1 H each, “d” each; 19-H, 49-H, 59-H and 89-quint, NCH), 0.18 [6 H, d, CH(CH3)2]. 2 13C NMR (C6D6): δ 5

204.8 and 201.8 [1:4, Cq each, cis- and trans-CO W(CO)5], 198.2 H); 7.16, 7.10, 6.89 and 6.59 (1 H each, “t” each; 29-H, 39-H, 69-H
and 79-H), 7.00 (3 H, m broad, m- and p-H Ph), 4.81 (1 H, sept,(Cq, C2), 187.9 (Cq, C3), 142.8 (2 Cq, C8a9 and C9a9), 137.3 (2 Cq,

C4a9 and C4aa9), 136.0 (Cq, i-C Ph), 135.8 (Cq, C4), 130.9 (2 CH, NCH), 4.78 and 4.26 (1 H each, m broad each, OCH2), 1.19 and
1.17 [6 H, d, C(CH3)2], 1.03 (3 H, t, OCH2CH3). 2 13C NMRC29 and C79), 130.3 (p-CH Ph), 129.8 (2 CH, C39 and C69), 128.1

(2 m-CH Ph), 127.8 (2 o-CH Ph), 124.5 (2 CH, C19 and C89), 121.6 (C6D6): δ 5 321.8 (Cq, W5C), 203.4 and 196.8 [1:4, Cq each, trans-
and cis-CO, W(CO)5], 157.9 (Cq, C5N, C3), 152.2 (Cq, C99); 144.6,(2 CH, C49 and C59), 84.2 (Cq, C5 ; C99), 65.9 (OCH2), 50.8

(NCH), 22.4 [C(CH3)2], 14.8 (OCH2CH3). 2 IR (diffuse reflec- 142.3, 141.8, 137.7, 137.0, and 134.7 (Cq each, C2, C4a9, C4aa9,
C8a9, C9a9, and i-C Ph); 130.8, 129.9 (2 C), 129.7, 129.5, 128.7 (2tion): ν̃ [cm21 (%)] 5 2048.5 (30), 1975.0 (10), 1950.4 (20), 1895.2

(100), 1858.5 (80) [ν(C;O)]. 2 C32H25NO6W (703.4): calcd. C C), 127.8, 127.3, 127.0, 126.9, 120.5, and 120.1 (CH each, fluorene
and Ph), 81.2 (OCH2), 53.8 (NCH), 25.5 and 24.1 [C(CH3)2], 13.654.64, H 3.58, N 1.99; found C 54.61, H 3.69, N 2.05.
(OCH2CH3). 2 IR (hexane): ν̃ [cm21 (%)] 5 2072.0 (35), 1994.7
(10), 1964.8 (60), 1945.0 (100) [ν(C;O)]. 2 MS (70 eV); m/z 184W
(%): 703 (1) [M1], 647 (1) [M1 2 2 CO], 619 (3) [M1 2 3 CO],
563 (2) [M1 2 5 CO], 504 (2), 463 (2), 379 (100) [M1 2 W(CO)5],
350 (35), 322 (6), 265 (65), 180 (10), 165 (25), 111 (15), 104 (75),
83 (35), 71 (55), 57 (80). 2 C32H25NO6W (703.4): calcd. C 54.64,
H 3.58, N 1.99; found C 54.63, H 3.70, N 2.00.

4a: 1H NMR (C6D6, 600 MHz): δ 5 8.49 (1 H, d, 3J 5 7.7 Hz,
89-H), 7.85 and 7.04 (2:3 H, broad each, Ph), 7.45 (1 H, d, 3J 5

7.4 Hz, 19-H), 7.35 (1 H, d, 3J 5 7.5 Hz, 59-H), 6.87 (1 H, d, 3J 5

7.9 Hz, 49-H); 7.24, 7.18, 7.08, and 6.90 (1 H each, t each, 29-H,
39-H, 69-H and 79-H), 5.07 (1 H, s, 3-H), 3.52 and 3.34 (1:1 H, m
each, OCH2), 1.68 and 1.12 [3:3 H, s each, C(CH3)2], 1.02 (3 H, t,

X-ray Crystal Structure Analysis of 6a: [16] FormulaOCH2CH3). 2 13C NMR (C6D6): δ 5 170.2 (Cq, C5N, C5), 141.9
C32H25NO6W, M 5 703.38, 0.30 3 0.30 3 0.10 mm, a 5 9.962(2),and 141.8 (Cq each, C4 and C99), 140.4 (Cq, C8a9), 140.1 (Cq,
b 5 12.281(2), c 5 12.929(2) Å, α 5 88.20(1), β 5 85.64(2), γ 5C9a9), 138.4 (Cq, C4aa9), 136.6 (Cq, C4a9), 136.3 (Cq, i-C Ph); 130.1
66.31(1)°, V 5 1444.3(4) Å3, ρcalcd. 5 1.617 g cm23, µ 5 40.43(2 C), 129.7, 129.2, 128.9, 128.8 (2 C, broad), 128.1 (2 C), 126.64,
cm21, empirical absorption correction with φ-scan data (0.788 #126.63, 119.9 and 119.6 (CH each, fluorene and Ph), 90.6 (CH,
C # 0.999), Z 5 2, triclinic, space group P1̄ (No. 2), λ 5 0.71073C3), 74.4 (Cq, C2), 62.3 (OCH2), 27.8 and 22.9 [C(CH3)2], 15.8
Å, T 5 293 K, ω/2θ scans, 6134 reflections collected (±h, ±k, 1l),(OCH2CH3). 2 MS (70 eV); m/z (%): 379 (100) [M1], 350 (30) [M1

[(sinθ)/λ] 5 0.62 Å21, 5861 independent and 5338 observed reflec-2 Et], 332 (5), 322 (5), 265 (70) [M1 2 NCMe2 2 HCOEt], 215
tions [I $ 2 σ(I)], 375 refined parameters, R 5 0.020, wR2 5 0.052,(5), 165 (10) [fluorenyl], 146 (10), 104 (50), 58 (15). 2 C27H25NO
max. residual electron density 1.02 (20.90) e Å23, C18 refined as(379.5): calcd. C 85.45, H 6.64, N 3.69; found C 85.53, H 6.55,
splitted atom, hydrogen atoms calculated and refined as ridingN 3.85.
atoms.[17]

Pentacarbonyl[5-(2,29-biphenylene)-1-cyclohexyl-4-ethoxy-2-
phenyl-1-azoniacyclopenta-1,3-dien-3-yl]tungstate (3b), 3-Ethoxy-4-
(fluoren-9-ylidene)-2-pentamethylene-5-phenyl-3,4-dihydro-2H-
pyrrole (4b), Pentacarbonyl[1-ethoxy-3-cyclohexylimino-2-(fluoren-
9-ylidene)-3-phenylprop-1-ylidene]tungsten (6b), Pentacarbonyl[3-
ethoxy-4-(fluoren-9-ylidene)-2-pentamethylene-5-phenyl-3,4-di-
hydro-2H-pyrrole]tungsten (7b): To pentacarbonyl(1-ethoxy-3-phe-
nyl-2-propyn-1-ylidene)tungsten (1a) (482 mg, 1.00 mmol) in a 3-
ml screw-top vessel is added fluoren-9-ylidenecyclohexylamine (2b)
(260 mg, 1.00 mmol) in 2.5 ml of pentane. The mixture is shaken
until it becomes homogeneous. After ca. 122 h at 20°C, a dark
precipitate begins to form consisting of compound 3b and W(CO)6.X-ray Crystal Structure Analysis of 4a: [16] Formula C27H25NO,

M 5 379.48, 0.30 3 0.20 3 0.20 mm, a 5 14.371(4), b 5 8.989(1), After ca. 223 d at 20°C (TLC), the reaction is almost complete.
The supernatant is decanted and the solid residue washed withc 5 16.259(4) Å, β 5 92.12(2)°, V 5 2098.9(8) Å3, ρcalcd. 5 1.201

g cm23, µ 5 0.72 cm21, empirical absorption correction with φ- toluene (3 3 1 ml). Pentane and toluene extracts are combined,
brought to dryness (20°C, 10 Torr) and separated by chromatogra-scan data (0.975 # C # 0.999), Z 5 4, monoclinic, space group

P21/c (No. 14), λ 5 0.71073 Å, T 5 293 K, ω/2θ scans, 4422 reflec- phy on silica gel with pentane/dichloromethane (2:1) to give suc-
cessively a small amount of red compound 7b (Rf 5 0.6 in pentane/tions collected (1h, 2k, ±l), [(sinθ)/λ] 5 0.62 Å21, 4248 indepen-

dent and 1858 observed reflections [I $ 2 σ(I)], 265 refined param- dichloromethane, 2:1, 30 mg, 4%), the brown compound 6b (Rf 5

0.4 in pentane/dichloromethane 2:1, 100 mg, 13%, brown crystalseters, R 5 0.048, wR2 5 0.093, max. residual electron density 0.19
(20.23) e Å23, hydrogen atoms calculated and refined as riding from pentane at 240°C). Elution with diethyl ether affords yellow

product 4b (131 mg, 35%, Rf 5 0.3 in pentane/diethyl ether (10:1),atoms.[17]
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yellow crystals from toluene/pentane 1:1 at 215°C, mp 172°C). 7b: 1H NMR (C6D6, 600 MHz): δ 5 8.70 (1 H, d, 3J 5 7.4 Hz,

89-H), 7.98 and 7.15 (2:3 H, broad each, Ph), 7.22 (1 H, d, 59-H),The solid residue of the reaction mixture (ca. 260 mg) is dissolved
in dichloromethane (ca. 3 ml). W(CO)6 is removed by crystalization 7.12 (1 H, d, 19-H), 7.08 (1 H, dd, 69-H), 7.05 (1 H, dd, 79-H), 6.84

(1 H, dd, 29-H), 6.46 (1 H, dd, 39-H), 6.16 (1 H, d, 49-H), 5.46 (1at 215°C and compound 3b is obtained from the mother liquor at
20°C after addition of pentane (2 ml) (ca. 150 mg, 20%, amber- H, s, 3-H), 3.46 and 3.37 (1:1 H, m each, OCH2); 2.78, 2.47, 1.84,

1.80, 1.56, 1.44, 1.42, 1.24, 1.15, 1.10, and 1.02 (1 H each, m each,colored crystals). If 1a (52 mg, 0.11 mmol) and 2b (26 mg, 0.10
mmol) in 1 ml of C6D6 are heated to 90°C for 2 h the 1H-NMR cyclohexyl), 1.03 (3 H, t, OCH2CH3). 2 13C NMR (C6D6): δ 5

201.8 and 198.8 [Cq each, cis- and trans-CO W(CO)5], 179.2 (Cq,spectrum of the solution shows signals of compounds 4b and 3b in
a molar ratio of ca. 3.5:1 as the only detectable products. Removal C5N, C5), 147.3 and 142.3 (Cq each, C4 and C99), 142,2 (Cq,

C9a9), 140.0 (Cq, C8a9), 108.7 (Cq, C4aa9), 137.6 (Cq, C4a9), 136.0of the solvent and of W(CO)6 leaves a residue of 44 mg, which
corresponds to 69% of the pyrrol derivative 4b and 20% of com- (Cq, i-C Ph); 131.5, 131.0, 130.1, 128.2, 128.5, 128.3, 127.7, 126.8,

120.0 (CH each, fluorene); 129.8, 129.0 and 128.3 (CH each broad,pound 3b.
Ph), 83.2 (Cq, C2), 82.7 (CH, C3), 61.1 (OCH2); 36.6, 35.4, 25.3,3b: 1H NMR (C6D6, 600 MHz): δ 5 7.38, 7.30, and 7.22 (2:2:1
24.4, 24.2 (CH2 each, cyclohexyl), 15.5 (OCH2CH3). 2 IR (hex-H; d, t, t; Ph), 7.36 (2 H, d, 49-H and 59-H), 6.99 (2 H, t, 39-H and
ane): ν̃ [cm21 (%)] 5 2063.7 (30), 1982.6 (10), 1928.2 (100), 1914.269-H), 7.15 (2 H, t, 29-H and 79-H), 7.10 (2 H, d, 19-H and 89-H),
(60) [ν(C;O)]. 2 MS (70 eV); m/z 184W (%): 743 (10) [M1], 7153.30 and 0.70 (2:3 H; q and t, OCH2CH3), 2.50 (1 H, m, NCH);
(40) [M1 2 CO], 659 (50) [M1 2 3 CO], 603 (40) [M1 2 5 CO],0.98, 0.90, 0.80, 0.75, and 0.11 (2 H each, CH2 cyclohexyl). 2 13C
543 (100), 419 (80) [M1 2 W(CO)5], 390 (60), 265 (60).NMR (C6D6): δ 5 204.8 and 201.0 [1:4, Cq each, cis- and trans-

CO W(CO)5], 197.3 (Cq, C2), 187.1 (Cq, C3), 142.1 (2 Cq, C8a9 and
X-ray Crystal Structure Analysis of 3b: [16] FormulaC9a9), 136.5 (2 Cq, C4a9 and C4aa9), 135.6 (Cq, i-C Ph), 134.3 (Cq,

C35H29NO6W, M 5 743.47, 0.50 3 0.30 3 0.10 mm, a 5 9.626(2),C4), 130.5 (2 CH, C29 and C79), 129.7 (p-CH Ph), 129.0 (2 CH,
b 5 16.259(3), c 5 19.291(3) Å, β 5 91.51(1)°, V 5 3018.2(10)C39 and C69), 127.9 (2 m-CH Ph), 127.2 (2 o-CH Ph), 124.0 (2 CH,
Å3, ρcalcd. 5 1.636 g cm23, µ 5 38.75 cm21, empirical absorptionC19 and C89), 121.1 (2 CH, C49 and C59), 83.6 (Cq, C5 ; C99),
correction via φ-scan data (0.684 # C # 0.999), Z 5 4, monoclinic,65.2 (OCH2), 59.6 (NCH); 32.9, 25.7, 24.2 (2:2:1, CH2 each, cyclo-
space group P21/c (No. 14), λ 5 0.71073 Å, T 5 223 K, ω/2θ scans,hexyl), 14.3 (OCH2CH3). 2 IR (diffuse reflection): ν̃ [cm21 (%)] 5
6296 reflections collected (±h, 2k, 2l), [(sinθ)/λ] 5 0.62 Å21, 61102048.3 (30), 1975.1 (10), 1950.7 (20), 1895.3 (100), 1858.9 (80)
independent and 5305 observed reflections [I $ 2 σ(I)], 389 refined[ν(C;O)]. 2 MS (70 eV); m/z 184W (%): 743 (1) [M1], 687 (1) [M1

parameters, R 5 0.031, wR2 5 0.083, max. residual electron density2 2 CO], 659 (3) [M1 2 3 CO], 603 (2) [M1 2 5 CO], 391 (60),
1.54 (22.24) e Å23 close to tungsten, hydrogen atoms calculated308 (100). 2 C35H29NO6W (743.5): calcd. C 56.54, H 3.93, N 1.88;
and refined as riding atoms.[17]

found C 56.33, H 3.71, N 1.97.

4b: 1H NMR (C6D6, 600 MHz): δ 5 8.56 (1 H, d, 3J 5 7.4 Hz, 3-(2,29-Biphenylene)-1-isopropyl-5-phenyl-1,2-dihydropyrrol-3-
89-H), 7.90 and 7.10 (2:3 H, broad each, Ph), 7.45 (1 H, d, 19-H), one (5a): Pentacarbonyl[1-isopropyl-4-ethoxy-2-phenyl-1-azoniacy-
7.35 (1 H, d, 59-H); 7.25, 7.16, 7.04, and 6.90 (1 H each, t each, 29- clopenta-1,3-dien-3-yl]tungstate (3a) (70 mg, 0.10 mmol) in CHCl3
H, 39-H, 69-H, and 79-H), 6.63 (1 H, d, 3J 5 7.9 Hz, 49-H), 5.29 (1 (1 ml) is treated with water (1.8 mg, 0.01 mmol) for 6 h at 20°C.
H, s, 3-H), 3.52 and 3.38 (1:1 H, m each, OCH2); 2.15, 1.72, 1.50, Evaporation of the solvent leaves compound 5a together with
1.31 (2:2:2:2, CH2 each, cyclohexyl), 1.03 (3 H, t, OCH2CH3). 2 W(CO)6. 2 1H NMR (C6D6): δ 5 7.46 (2 H, d, 49-H and 59-H),
13C NMR (C6D6): δ 5 170.2 (Cq, C5N, C5), 141.9 and 141.8 (Cq 7.35 (2 H, d, 19-H and 89-H), 7.26 (2 H, “t”, m-H Ph), 7.17 and
each, C4 and C99), 140.7 (Cq, C8a9), 140.3 (Cq, C9a9), 138.3 (Cq, 7.08 (2 H each, dd each; 29-H, 39-H, 69-H, and 79-H), 7.09 (3 H,
C4aa9), 136.8 (Cq, C4a9), 136.2 (Cq, i-C Ph); 130.0, 129.7, 129.2, o- and p-H Ph), 5.40 (1 H, s, 4-H), 3.41 (1 H, m, NCH), 0.50 [6 H,
128.9 (2 C), 128.8 (2 C, broad), 128.1 (2 C), 126.6, 126.5, 119.9, d, CH(CH3)2]. 2 13C NMR (C6D6): δ 5 195.5 (Cq, C5O), 179.3
and 119.6 (CH each, fluorene and Ph), 88.9 (CH, C3), 77.1 (Cq, (Cq, C5), 143.9 (2 Cq, C8a9 and C9a9), 142.5 (2 Cq, C4a9 and
C2), 62.1 (OCH2); 37.4, 32.2, 26.3, 24.4, 23.4 (CH2 each, cyclo- C4aa9), 133.6 (Cq, i-C Ph); 129.6, 128.9, and 128.6 (CH each, 1:2:2,
hexyl), 15.9 (OCH2CH3). 2 MS (70 eV); m/z (%): 419 (100) [M1], Ph), 124.2 (2 CH, C29 and C79), 120.8 (2 CH, C39 and C69), 101.1
390 (30) [M1 2 Et], 265 (70), 165 (10) [fluorenyl], 146 (10), 104 (CH, C4), 82.3 (Cq, C2 ; C99), 49.7 (NCH), 23.1 [C(CH3)2]. 2 IR
(30). 2 C30H29NO (419.6): calcd. C 85.88, H 6.97, N 3.34; found (diffuse reflection): ν̃ [cm21 (%)] 5 1675.5 (100) [ν(C5O)].
C 85.59, H 6.85, N 3.45.

6b: 1H NMR (C6D6): δ 5 8.40 (2 H, s broad, o-H Ph); 7.70, 3-(2,29-Biphenylene)-1-cyclohexyl-5-phenyl-1,2-dihydropyrrol-3-
one (5b): Pentacarbonyl[1-cyclohexyl-4-ethoxy-2-phenyl-1-azonia-7.52, 7.40, and 7.26 (1 H each, “d” each; 19-H, 49-H, 59-H, and 89-

H); 7.13, 7.10, 6.80, and 6.54 (1 H each, “t” each; 29-H, 39-H, 69- cyclopenta-1,3-dien-3-yl]tungstate (3b) (74 mg, 0.10 mmol) in
CHCl3 (1 ml) is treated with water (1.8 mg, 0.10 mmol) for 6 h atH, and 79-H), 7.05 (3 H, m broad, m- and p-H Ph), 4.82 (1 H, “t”,

NCH), 4.78 and 3.95 (1 H each, m broad each, OCH2), 1.80 and 20°C. Evaporation of the solvent leaves compound 5b together with
W(CO)6. 2 1H NMR (C6D6): δ 5 7.52 (2 H, d, 49-H and 59-H),1.20 (5 H each, m each broad, cyclohexyl), 0.87 (3 H, t,

OCH2CH3). 2 13C NMR (C6D6): δ 5 321.2 (Cq, W5C), 202.2 and 7.40 (2 H, d, 19-H and 89-H), 7.31 (2 H, “d”, o-H Ph), 7.19 and
7.09 (2 H each, dd each; 29-H, 39-H, 69-H and 79-H), 7.15 and 7.12196.9 [1:4, Cq each, trans- and cis-CO, W(CO)5], 157.8 (Cq, C5N,

C3), 152.5 (Cq, C99); 141.9, 141.5, 137.7, 137.1, 136.3, and 132.4 (2:1 H, m- and p-H Ph), 5.41 (1 H, s, 4-H), 3.29 (1 H, m, NCH);
1.40, 1.00, 0.85, 0.42, and 0.21 (3:3:2:1:1, CH2 cyclohexyl). 2 13C(Cq each, C2, C4a9, C4aa9, C8a9, C9a9, and i-C Ph); 130.8, 129.9

(2 C), 129.7, 129.5, 128.7 (2 C), 127.8, 127.3, 127.0, 126.9, 120.5, NMR (C6D6): δ 5 195.5 (Cq, C5O), 179.4 (Cq, C5), 144.1 (2 Cq,
C8a9 and C9a9), 142.4 (2 Cq, C4a9 and C4aa9), 133.6 (Cq, i-C Ph);and 120.1 (CH each, fluorene and Ph), 80.6 (OCH2), 61.9 (NCH);

33.9, 26.1, 24.5, 24.3, and 22.7 (CH2 each, cyclohexyl), 13.9 129.6, 128.9, and 128.6 (CH each, 1:2:2, Ph), 124.4 (2 CH, C29 and
C79), 120.9 (2 CH, C39 and C69), 100.6 (CH, C4), 82.2 (Cq, C2 ;(OCH2CH3). 2 IR (hexane): ν̃ [cm21 (%)] 5 2071.9 (30), 1994.4

(10), 1964.7 (60), 1945.3 (100) [ν(C;O)]. 2 MS (70 eV); m/z 184W C99), 58.9 (NCH); 34.2, 26.2, and 25.0 (CH2 each, 2:2:1, cyclo-
hexyl). 2 IR (diffuse reflection): ν̃ [cm21 (%)] 5 1676.1 (100)(%): 743 (1) [M1], 715 (1) [M1 2 CO], 659 (1) [M1 2 3 CO], 603

(1) [M1 2 5 CO], 419 (100) [M1 2 W(CO)5], 390 (60), 265 (60). [ν(C5O)].
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Novel metal complexes (R4N)[Ni(ddds)2] (R = Me, Et and entities form [Ni(ddds)2]2 dimers which are arranged face-to-
face and rotated by about 90° with respect to each other. ThenBu, ddds = 5,6-dihydro-1,4-dithiin-2,3-diselenolate) have

been prepared and their crystal structures determined. The electrochemical behavior of (nBu4N)[Ni(ddds)2] indicates the
possible formation of cation-radical species. The roomintraligand Se–Se distance is longer than that between the

inner sulfur atoms of the five-member ring of the M(dddt)2
– temperature magnetic susceptibility measurements showed

that the (R4N)[Ni(ddds)2] complexes are paramagnetic withsulfur analogue and is almost equal to the S–S distance in
the six-member ring. Consequently, two-dimensional µeff = 1.77–1.83 µB, corresponding to one unpaired electron

per molecular formula. The temperature dependence of theintermolecular close contacts are expected, and observed in
Ni(ddds)2 complexes. The neutral Ni(ddds)2 species was magnetic susceptibility of (Et4N)[Ni(ddds)2] is indicative of

weak long-range antiferromagnetic ordering below 9 K. Theobtained by electrochemical oxidation from the monoanionic
(nBu4N)[Ni(ddds)2] complex. X-Ray crystal structure dimerization in [Ni(ddds)2]2 results in a strong

antiferromagnetic spin coupling within the dimer, andanalyses of this neutral species show that two Ni(ddds)2 are
connected by the two Ni–Se bonds. Thus, the Ni(ddds)2 explain the non magnetic state observed for this compound.

Introduction α-(EDT-TTF)[Ni(dmit)2]2,
[9] and, most recently, β9-(Et2-

Me2P)[Pd(dmit)2]2.
[10]

Among the many chemical modifications of M(dmit)2The development of new organic conductors has made
great strides over the last two decades since the discovery systems subsequently studied, metal complexes of 5,6-di-

hydro-1,4-dithiin-2,3-dithiolate [M(dddt)2] were synthesizedin 1973 of the first synthetic metal, i.e., tetrathiafulva-
lene2tetracyano-p-quinodimethane(TTF·TCNQ).[1] [2] [3] [4] for the first time about ten years ago.[11] [12] They have a

planar structure remarkably similar to that of BEDT-TTFAlong this line, bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) has taken a leading role, and a large number in which the central C5C bond of BEDT-TTF is substi-

tuted by a metal ion. The neutral M(dddt)2 complexesof new organic superconductors have been derived from
this molecule. [5] On the other hand, the study of transition- (M 5 Ni, Pd, Pt, and Au) may be used as donor compo-

nents in the preparation of partially-oxidized conductingmetal bis(dithiolene) complexes has an even longer his-
tory[6] [7] than that of the TTF-based systems and has been cation-radical salts (as for BEDT-TTF), some of them exhi-

biting metallic temperature dependence down to low tem-an area of great interest because the salts of these complexes
show various crystal structures and conducting properties perature.[13] In this context, the development of selenium

analogue compounds of M(dddt)2 has attracted our interestdepending on the nature of the central metal atom and
counter ion, and the oxidation state. [8] These salts show a because the expected increase of the dimensionality re-

sulting from enhanced transverse chalcogen2chalcogen in-tendency to form one-dimensional structure and, conse-
quently, most of those that exhibit high metal-like conduc- teraction obtained through selenium substitution. This in-

crease of the dimensionality is known to stabilize the me-tivity at ambient pressure become insulator at low tempera-
ture. However, no less than eight superconductors have tallic state by suppressing low-dimensional instabilities

(such as the Peierls transition[14]) at low temperature. Forbeen discovered within the series of M(dmit)2-based com-
plexes (dmit 5 2-thioxo-1,3-dithiole-4,5-dithiolate), namely, example, such a strong stabilization of metallic state has

been observed in salts derived from BETS (BETS 5 bis(e-(TTF)[Ni(dmit)2]2, α- and α9-(TTF)[Pd(dmit)2]2, (Me4N)-
[Ni(dmit)2]2, β-(Me4N)[Pd(dmit)2]2, (Et2Me2N)[Pd(dmit)2]2, thylenedithio)tetraselenafulvalene), [15] the selenium ana-
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logue of BEDT-TTF, and new BETS-based organic super- ferent phases (needles and blocks) of the neutral complex

were obtained. Finally, the Ni(ddds)2 neutral complex canconductors have been recently discovered.[16] Thus, sel-
enium substitution has been applied to Ni(dddt)2 com- be also obtained as black powder by chemical oxidation by

iodine of (nBu4N)[Ni(ddds)2]. However, these powder mate-pounds and we report herein on the synthesis, structure and
physical properties of new selenium containing metal com- rial being extremely insoluble, the compound could not be

recrystallized to obtain pure single crystal samples.plexes (R4N)[Ni(ddds)2] (ddds 5 5,6-dihydro-1,4-dithiin-
2,3-diselenolate; R 5 Me, Et, nBu[17]) and of the neutral As previously reported,[17] the cyclic voltammogram of
[Ni(ddds)2]2 complex. (nBu4N)[Ni(ddds)2] shows two pairs of reversible redox

waves corresponding to the [Ni(ddds)2]22/[Ni(ddds)2]2 and
[Ni(ddds)2]2/[Ni(ddds)2] couples. The potentials of the first
and second waves (20.60 V and 10.16 V vs Ag/AgCl,
respectively) are about 0.1 V higher than those of the
(nBu4N)[Ni(dddt)2] sulfur analogue (20.71 and 10.03
V[11] [12]), suggesting that selenium substitution results in a
decrease of the electron-donating ability. The redox poten-
tial of the [Ni(ddds)2]22/[Ni(ddds)2]2 couple (20.60 V) is
very low, especially when compared to that of the corre-
sponding [Ni(dmit)2]22/[Ni(dmit)2]2 couple (20.18 V[9a])
and this accounts for the spontaneous air-oxidation of the
expected dianionic (R4N)2[Ni(ddds)2] salts observed duringResults and Discussion
the synthesis. Moreover, the cyclic voltammogram of
(nBu4N)[Ni(ddds)2] also shows an irreversible oxidationThe synthesis of tetraalkylammonium salts of
wave at 10.71 V, reminiscent to that observed for (nBu4N)-[Ni(ddds)2]2 1 was performed as follows: the disodium di-
[Ni(dddt)2] (10.99 V[11] [12]), indicating the possible forma-selenolate ligand, Na2(ddds) 3, was generated as a reddish
tion of cation-radical salts. Up to date, however, because oforange solution by the hydrolytic cleavage of 4,5-ethylenedi-
the low solubility of neutral Ni(ddds)2, or the low stabilitythio-1,3-diselenol-2-one 2 with 20% sodium ethoxide in dry
of derived positively charged species, all attempts to growTHF at 0°C.[15b] Nickel complexes were obtained as the
crystals of such cation-radical salts failed.tetramethylammomium, tetraethylammonium and tetra-n-

butylammonium salts, respectively, by successive treatment Crystal structure analyses were performed for the
with an ethanol solution of nickel dichloride hexahydrate monoanionic (R4N)[Ni(ddds)2] and neutral [Ni(ddds)2]
and the corresponding tetraalkylammonium bromide. The complexes. The crystal and experimental data are summar-
resulting precipitates were collected and washed with meth- ized in Table 4.
anol and recrystallized in acetone or acetone/isopropanol The molecular structure of the [Ni(ddds)2]2 anions and
(1:1) to afford dark green and air stable crystals. All the the atomic numbering schemes of the three studied
complexes were found by X-ray crystal analysis and elemen- (R4N)[Ni(ddds)2] complexes are shown in Figure 1. Selected
tal analysis to have a 1:1 cation/anion stoichiometry, indi- bond lengths and angles are gathered in Tables 1 and 2.
cating that the expected dianionic nickel complexes are eas- Very similar bond lengths are observed in the three cases.
ily air-oxidized to their monoanionic species in the course The average C5C double bond length in the [Ni(ddds)2]2
of preparation. anions, 1.357 Å, is almost the same as in [Ni(dddt)2]2

anions, 1.363 Å, [11a] [11d] [11c] indicating a similar electronic
state. The mean Ni2Se distance in the [Ni(ddds)2]2 anion,
2.27 Å, is longer than that of the corresponding Ni2S dis-
tance in the [Ni(dddt)2]2 anion, 2.132(9) Å, [11c] but the dif-
ference of both values (0.14 Å) is in fact almost equal to
that between the atomic covalent radius of sulfur and se-The neutral Ni(ddds)2 species can be prepared by electro-
lenium. The intramolecular Se2Se distances,chemical oxidation of the monoanionic (nBu4N)[Ni(ddds)2]
Se(1)2Se(2) 5 3.268(3) and Se(3)2Se(4) 5 3.267(3) Å, arecomplex in the presence of tetra-n-butylammonium per-
longer than that between the corresponding sulfur atoms ofchlorate in acetonitrile. Needle-shaped black single crystals
the inner five-member ring of [Ni(dddt)2]2, 3.068(3) Å, [11a]

grew on the anode within about 223 weeks. In the course
and are closer to the S2S distances in the outer six-memberof research aiming at coupling [Ni(ddds)2]2 with nonlinear
ring, S(1)2S(2) 5 3.451(8) and S(3)2S(4) 5 3.461(7) Å.optical or magnetic cations,[18] the neutral Ni(ddds)2 com-
This suggests that the expansion of the electron clouds ofpound has been also unexpectedly obtained by electro-
the chalcogen atoms is nearly uniform towards the trans-chemical oxidation of (nBu4N)[Ni(ddds)2] in the presence
verse direction over the whole [Ni(ddds)2]2 anion, which isof (DAMP)I (4-dimethylamino-1-methylpyridinium iodide),
in contrast with the case of [Ni(dddt)2]2 (see below).(HPMS)(PF6) {49-[2(hydroxymethyl)pyrrolidinyl]-1-methyl-

stilbazolium hexafluorophosphate} and [Cu(bpy)2](PF6)2 The overall structural arrangements of the three
monoanionic (R4N)[Ni(ddds)2] complexes are also different(bpy 5 2,29-bipyridine). In the last case, two apparently dif-
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Table 1. Selected bond lengths [Å] for Ni(ddds)2 complexesFigure 1. ORTEP drawings and atomic numbering schemes of the

anion moieties (a) (Me4N)[Ni(ddds)2], (b) (Et4N)[Ni(ddds)2], and
(c) (nBu4N)[Ni(ddds)2] (Me4N)- (Et4N)- (nBu4N)- [Ni(ddds)2]2

[Ni(ddds)2] [Ni(ddds)2] [Ni(ddds)2]

Ni(1)2Se(1) 2.2672(8) 2.284(3) 2.263(3) 2.332(1)
Ni(1)2Se(2) 2.259(2) 2.270(3) 2.311(1)
Ni(1)2Se(3) 2.267(3) 2.280(1)
Ni(1)2Se(4) 2.268(3) 2.284(1)
Se(1)2C(1) 1.885(6) 1.88(2)
Se(2)2C(2) 1.88(2)
Se(1)2C(3) 1.84(2) 1.881(8)
Se(2)2C(4) 1.91(2) 1.895(7)
Se(3)2C(5) 1.89(2) 1.871(7)
Se(4)2C(6) 1.86(2) 1.858(8)
C(1)2C(1)* 1.35(1)
C(1)2C(2) 1.35(2)
C(3)2C(4) 1.37(2) 1.368(10)
C(5)2C(6) 1.36(2) 1.384(10)
C(1)2S(1) 1.746(6)
C(3)2S(1) 1.80(2) 1.79(2) 1.718(8)
C(4)2S(2) 1.78(3) 1.74(2) 1.734(8)
C(5)2S(3) 1.75(2) 1.748(7)
C(6)2S(4) 1.75(2) 1.740(8)
S(1)2C(2) 1.753(8)
S(1)2C(1) 1.77(2) 1.78(3) 1.75(1)
S(2)2C(2) 1.75(2) 1.76(2) 1.77(1)
S(3)2C(7) 1.80(2) 1.79(1)
S(4)2C(8) 1.81(2) 1.76(1)
C(2)2C(2)* 1.34(2)
C(3)2C(4) 1.52(3)
C(1)2C(2) 1.35(3) 1.34(1)
C(7)2C(8) 1.37(2) 1.23(1)

anion has a slightly chair-like structural arrangement with
a dihedral angle of 11.01° and exhibits a completely planar
coordination around the central nickel atom. The terminal
C(2)2C(2)* bond length has a very short value, 1.34(2) Å,
compared to the C2C single bond lengths (about 1.51 Å)
usually observed in analog compounds.[11] [12] The C(2) car-
bon atom has a large temperature factor [Beq 5 10.7(4)],
indicating a conformational flexibility of the ethylene
bridge.

2 (Et4N)[Ni(ddds)2]: The Ni atom of [Ni(ddds)2]2 is lo-
cated on the center of inversion and the [Ni(ddds)2]2 anion
moiety is almost planar except for the slightly staggered eth-
ylene bridge. The N(1) atom of the tetraethylammonium
cation is also located on the center of inversion and two
carbon atoms connected to the nitrogen atom are dis-from those of the corresponding R4N[Ni(dddt)2] (R 5 Me,

Et, nBu) sulfur analogues: [11a] [11d] [11c] ordered on two positions [C(5) and C(9), C(8) and C(10)]
with occupancy factor of 0.5. The anions form a one-di-2 (Me4N)[Ni(ddds)2]: One tetramethylammonium cation

and one [Ni(ddds)2]2 anion are crystallographically inde- mensional array along the a-axis and there are several inter-
molecular Se···Se or Se···S contacts between the adjacentpendent. The Ni atom of [Ni(ddds)2]2 and the N(1) atom

of the tetramethylammonium cation are located in the mir- anions, indicating strong side-by-side interaction along the
a axis (Figure 3a). On the other hand, each donor array isror plane (ab plane) and on the center of inversion. The

C(4) atom of the tetramethylammonium cation is in the completely separated by a layer containing the tetra-
ethylammonium cations and there is no interaction betweenmirror ab plane. Therefore, the tetramethylammonium cat-

ion is octahedrally disordered. As shown in Figure 2a, the the anion layers (Figure 3b).
2 (nBu4N)[Ni(ddds)2]: The unit cell contains one crystal-cations and anions are stacked alternately along the b axis

and form a layered structure in the ab plane. Only the ter- lographically independent tetrabutylammonium cation and
one [Ni(ddds)2]2 anion. Figure 4 shows the projection ontominal ethylenedithio bridges are slightly overlapping each

other. On the other hand, the [Ni(ddds)2]2 anions are ar- the bc plane. Neither a stacking, nor a columnar structural
arrangement of the anions is observed. Only one S···S con-ranged in a zigzag manner along the c axis and there is

one short intermolecular Se(1)···S(1) contact [3.781(2) Å] tact [3.542(10) Å] between anions is found (dotted lines in
Figure 4). Each anion is surrounded by a counter tetrabu-between adjacent layers (Figure 2b). The [Ni(ddds)2]2
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Table 2. Bond angles [°] involving the nickel atom in Ni(ddds)2 complexes

(Me4N)[Ni(ddds)2] (Et4N)[Ni(ddds)2] (nBu4N)[Ni(ddds)2] [Ni(ddds)2]2

Se(1)2Ni(1)2Se(1) 92.23(4)
Se(1)2Ni(1)2Se(2) 88.28(8) 92.2(1) 90.80(5)
Se(2)2Ni(1)2Se(4) 89.2(1) 85.29(5)
Se(3)2Ni(1)2Se(4) 92.2(1) 91.39(5)
Se(1)2Ni(1)2Se(3) 88.3(1) 90.13(5)
Se(1)2Ni(1)2Se(2)* 90.43(5)
Se(2)2Ni(1)2Se(2)* 97.33(4)
Se(3)2Ni(1)2Se(2)* 89.83(4)
Se(4)2Ni(1)2Se(2)* 109.69(5)
Ni(1)2Se(1)2C(1) 102.7(2) 103.3(7)
Ni(1)2Se(2)2C(2) 103.7(5)
Ni(1)2Se(1)2C(3) 102.6(5) 102.0(2)
Ni(1)2Se(2)2C(4) 103.2(6) 102.7(2)
Ni(1)2Se(3)2C(5) 102.6(5) 103.4(2)
Ni(1)2Se(4)2C(6) 103.6(5) 103.1(2)

Figure 2. Crystal structures of (Me4N)[Ni(ddds)2] projected onto Figure 3. Crystal structures of (Et4N)[Ni(ddds)2] projected onto the
the (a) ab-plane and (b) ac-plane. 2 The intermolecular contact (a) ab-plane and (b) bc-plane. 2 The intermolecular contacts are

Se(1)2S(1) (21/2 1 x, 3/2 2 y, 1/2 2 z) is 3.781(2) Å Se(1)2S(2) (1 1 x, y, z) 5 3.750(7), Se(2)2S(2) (2x, 1 2 y, 2z) 5
3.766(8), and Se(2)2Se(2) (2x, 1 2 y, 2z) 5 3.975(5) Å. Two dis-

ordered carbons of cation moiety are omitted for clarity

Figure 4. Crystal structure of (nBu4N)[Ni(ddds)2] projected onto
the bc-plane. 2 The intermolecular contact S(4)2S(4) (1 2 x, 2y,

2z) is 3.542(10) Å

tylammonium cations. The nickel atom is coordinated to
the four selenium atoms in a slightly distorted square planar
geometry with a dihedral angle of 15.7° between the two
five-member rings. This situation is different from that ob-
served in the case of the other complexes with R 5 Me, Et,
in which the coordination geometry around the nickel atom
is strictly planar for symmetry reason. This is probably due
to the steric hindrance of the bulky tetrabutylammonium
cation. Each of the two chelating ligands is almost planar
except for the ethylene bridge.

A stated above (see also Experimental Section), two, ap-
parently different phases of the neutral Ni(ddds)2 complex
have been obtained, a needle-shaped one and a block-
shaped one. The structures of these two phases have been
independently determined and are in fact identical. [19] Two
Ni(ddds)2 units related by a center of inversion (symmetry
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Figure 5. (a) ORTEP drawing and atomic numbering scheme ofoperation 1 2 x, 1 2 y, 2 2 z) are strongly dimerized and
the neutral [Ni(ddds)2]2 complex and (b) the side view. The secondconnected by the two Ni2Se(2) [2.496(1) Å] bonds to each
molecule is generated by symmetry operation 1 2 x, 1 2 y, 2 2 z

other [the Ni(1)2Ni(1) distance is 3.178(2) Å]. Conse-
quently, the neutral Ni(ddds)2 complex should be more ap-
propriately described as a dimer, [Ni(ddds)2]2 (Figure 5).
The square coordination around nickel is distorted with a
dihedral angle of 21.3°. Within each Ni(ddds)2 entity of the
dimer, the nickel atom is displaced by about 0.27 Å from
the optimal plane of the four selenium atoms towards the
axial selenium atom of the other Ni(ddds)2 entity of the
dimer. The large thermal ellipsoids of C(1), C(7) and C(8)
and the small C(1)2C(2) and C(7)2C(8) distance indicate
a conformational disorder of ethylene bridges. This disorder
has been treated in the case of the block phase,[19] but no
essential change in the description of the structure results
from this treatment. The two ligand parts are heavily
crooked and adopt a butterfly-wing shape conformation,
probably caused by the steric hindrance introduced by the
very short interplanar distance (2.84 Å for the NiSe4 core
of Ni(ddds)2 entity). This structure is quite different from
that reported for the neutral Ni(dddt)2 analogue complex
in which the Ni(dddt)2 entities form uniform stacks and do
not connect to each other[12], and rather resembles the di- Figure 6. Crystal structure of neutral [Ni(ddds)2]2 projected onto

the bc-planeanion structure of (Bu4N)2[Co(dddt)2]2. [20] In [Ni(ddds)2]2,
the Ni(ddds)2 entities form real face-to-face dimers rotated
by about 90° with respect to each other (Figure 6). This
crystal structure is reminiscent of those reported for neutral
BEDT-TTF,[21] or BETS,[15c], though in these compounds
there are no actual chemical bonds between the two entities
forming the so called “dimer”. The [Ni(ddds)2]2 complexes
are arranged side-by-side along the a-axis and produce a
one-dimensional array. There are several Se(S)···Se(S) con-
tacts between adjacent dimers as indicated by the dotted
lines in Figure 7a. This is consistent with the value of the
shape ratio C {0.98 for the Ni(ddds)2 entity in [Ni(ddds)2]2}
which had been proposed to evaluate the possible extent of
the transversal intermolecular interaction in such chal-
cogen-based compounds. [15c] This C 5 0.98 value is very ligand to nickel and change the electron configuration of

the resulting neutral complex.close to that calculated for a rectangular shape (C 5 1),
which is predicted as the most favorable one for high inter- The room temperature magnetic susceptibilities of

monoanionic (R4N)[Ni(ddds)2] and neutral [Ni(ddds)2]2molecular interaction.
complexes were measured by SQUID magnetometer at 1
Tesla. As shown in Table 3, all the monoanionic complexesThe bond lengths of the ddds ligands in [Ni(ddds)2]2 are

nearly identical, within standard deviations, to those ob- show paramagnetism with µeff 5 1.77 2 1.83 µB corre-
sponding to one unpaired electron per molecular formulaserved for the monoanionic (R4N)[Ni(ddds)2] complexes.

Especially the C5C double bond length does not change {1.73 µB for s 5 1/2, g 5 2 spins from the equation of µeff/
µB 5 g[s(s 1 1)]1/2}. On the other hand, no magnetic mo-upon oxidation to the neutral species. These results indicate

that the decrease of electron density does not occur within ment was detected for the neutral [Ni(ddds)2]2 complex.
This non-magnetic state can be explained by the stabili-the ddds ligands, but it is the central nickel atom which is

oxidized. This oxidation of nickel may explain the forma- zation of a singlet ground state in the Ni(ddds)2 moiety, but
more probably, as the X-ray results show that the Ni(ddds)2tion of a pentahedral intradimer coordination bond and the

[Ni(ddds)2]2 dimer structure. Such a situation is quite differ- entities are structurally strongly dimerized in the neutral
species, by a strong antiferromagnetic spin coupling withinent from that observed for the Ni(dddt)2 sulfur analogue

system. It was inferred from Raman spectra of Ni(dddt)2 the dimer.
The temperature dependence of static magnetic suscepti-that nickel could be unambiguously described as a d8 ion

and that the dddt ligands were involved in oxidation and bility was measured for the monoanionic complexes. The
tetramethylammonium salt showed a Curie-Weiss tempera-reduction. [22] Thus, substitution of selenium for sulfur

atoms in the dddt ligand seems to affect coordination of the ture dependence with a small positive Weiss temperature
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Figure 8. Temperature dependence of magnetic susceptibility andFigure 7. Dimer array of neutral [Ni(ddds)2]2 (a) viewed along the

molecular long axis and (b) projected onto the molecular plane. 2 magnetic moment of (Et4N)[Ni(ddds)2] measured at 1 Tesla
The interdimer contacts are Se(1)2Se(4) (1 1 x, y, z) 5 3.993(1),
Se(3)2S(4) (1 1 x, y, z) 5 3.663(3), Se(3)2Se(4) (1 1 x, y, z) 5
3.807(2), S(3)2S(4) (1 1 x, y, z) 5 3.639(4), and Se(2)2Se(4) (2x,

1 2 y, 2 2 z) 5 3.897(2) Å

Conclusions

The selenium substitution of inner sulfur atoms in
Ni(dddt)2 complexes was expected to increase the transverse
intermolecular interaction and therefore to stabilize met-
allic state. Indeed, in the resulting Ni(ddds)2 complexes
studied in this work, the intraligand Se2Se distance is
longer than that of the corresponding inner sulfur atoms in
the M(dddt)2 complexes and is almost equal to the S2S
distance in the outer six-member ring. Thus, two-dimen-
sional intermolecular close contacts were expected and ob-Table 3. Magnetic Properties of (R4N)[Ni(ddds)2] at 1 Tesla.
served in the Ni(ddds)2 complexes. This intermolecular in-
teraction accounts for the strong antiferromagnetic interac-Magnetic susceptibility/ Weiss temperature/

µB at room temperature K[a] tion and weak long-range antiferromagnetic ordering ob-
served for (Et4N)[Ni(ddds)2]. The neutral Ni(ddds)2 species

(Me4N)[Ni(ddds)2] 1.81 11.0 was obtained by electrochemical oxidation from the
(Et4N)[Ni(ddds)2] 1.77 218.0

monoanionic (nBu4N)[Ni(ddds)2] complex. X-Ray crystal(nBu4N)[Ni(ddds)2] 1.83 24.0
structure analyses revealed that in this neutral species inter-
molecular Ni2Se bonds are formed, resulting in a[a] Weiss temperature was obtained from the Curie-Weiss law.
[Ni(ddds)2]2 dimer compound. Given the promising CV
data indicating the possible formation of cation2radical

(θ 5 11.0 K), indicating a slight short-range ferromagnetic salts, several attempts, using various electrochemical pro-
interaction between anions. The tetrabutylammonium salt cedures, were made to prepare such cation2radical salts
also obeyed a Curie-Weiss law, but the Weiss temperature is starting from the neutral [Ni(ddds)2]2 molecule, but they all
24.0 K indicative of a weak antiferromagnetic interaction. failed. This is probably due to the low solubility of
However, both these salts did not show any phase tran- [Ni(ddds)2]2 in common solvents. However, changing the
sitions down to 2 K. nature of the metal may alleviate this difficulty and we are

By contrast, the magnetic moment of the tetraethylam- now engaged in the preparation of other M(ddds)2 com-
monium complex decreases as temperature decreases and a plexes such as those with M 5 Au.
strong antiferromagnetic interaction is observed, as indi-
cated by a large Weiss temperature of θ 5 218 K in the
high temperature region (Figure 8). Furthermore, the tem- Experimental Section
perature dependence suddenly changes around 10 K, and General: Microanalyses were performed by the Organic Elemen-
below 9 K the magnetic susceptibility indicates a slight field tal Analysis Center, Department of Chemistry, School of Science,
dependence under magnetic fields below 100 Gauss, sug- the University of Tokyo, and by the Microanalyses Service at the
gesting the occurrence of a weak long-range antiferromag- LCC-CNRS, Toulouse. 2 1H NMR: JEOL FT-NMR EX-270N

(270 MHz for 1H ), [D6]acetone as solvent, TMS as internal stand-netic ordering. This phenomenon seems to be derived from
ard. 2 IR: PERKIN-ELMER FTIR-1600.the side-by-side strong interaction along the one-dimen-

sional array of anions of (Et4N)[Ni(ddds)2] (vide supra). A 4,5-Ethylenedithio-1,3-diselenol-2-one was synthesized by litera-
similar situation has been reported for the tetraethylam- ture methods. [15b] THF was distilled over sodium and benzo-

phenone and acetonitrile was distilled over calcium hydride undermonium salt of Ni(dddt)2. [11a]
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Table 4. Crystallographic data for Ni(ddds)2 complexes

(Me4N)[Ni(ddds)2] (Et4N)[Ni(ddds)2] (Bu4N)[Ni(ddds)2] [Ni(ddds)2]2 [19]

formula C3H5N0.25Ni0.25SSe C8H14N0.5Ni0.5S2Se2 C24H44NNiS4Se4 C8H8NiS4Se4
crystal color, habit black, needle black, plate black, plate black, needle
crystal system orthorhombic monoclinic monoclinic monoclinic
formula weight 170.27 368.59 849.40 606.93
a/Å 9.464(3) 8.022(1) 9.668(5) 6.589(3)
b/Å 10.052(4) 18.350(2) 19.260(3) 14.722(2)
c/Å 11.166(2) 8.733(2) 18.099(2) 15.366(1)
β/° 107.90(2) 97.87(2) 90.86(2)

V/Å3 1062.2(9) 1223.3(4) 3338(1) 1490.5(6)
space group Pnnm P21/n P21/c P21/n
Z, formula units 8 4 4 4
Dcalc/g·cm23 2.129 2.001 1.690 2.705
dimensions, mm 0.40 3 0.10 3 0.10 0.40 3 0.15 3 0.03 0.60 3 0.20 3 0.05 0.40 3 0.10 3 0.10
µ/cm21 81.56 70.90 52.08 116.05
2θmax/° 59.9 50.0 55.0 60.0
total reflections 1797 2235 7698 4520
reflections used 635 (I>3.0σ(I)) 815 (I>3.0σ(I)) 2359 (I>3.0σ(I)) 2318 (I>3.0σ(I))
parameters/Fo 10.58 5.86 7.66 15.05
scan width 1.1510.50 tanθ 1.2610.50 tanθ 0.9410.50 tanθ 1.3710.50 tanθ
ω scan speed 8.0° min21 8.0° min21 8.0° min21 8.0° min21

R [a], Rw
[b] 0.039, 0.029 0.059, 0.057 0.065, 0.054 0.040, 0.033

GOF 1.57 1.63 2.65 1.54
Max/min transmission 1.00/0.90 1.00/0.52 1.00/0.47 1.00/0.79
T/K 296 296 296 296

[a]R5ΣiFou 2 uFci/ΣuFou. 2 [b] Rw 5 [Σw(uFou 2 uFcu)2/ΣwuFou2]1/2.

nitrogen and stored in the refrigerator until use. Tetra-n-butylam- Synthesis of (nBu4N)[Ni(ddds)2]: Obtained from 4,5-ethylene-
dithio-1,3-diselenol-2-one (0.308 g; 1.02 mmol), a 20% ethanolmonium perchlorate was recrystallized from ethyl acetate, and

dried in vacuo. All other reagents were used without purification. solution of sodium ethoxide (1.41 g; 4.13 mmol), a solution of
nickel (II) chloride hexahydrate (0.120 g; 0.505 mmol) in ethanolSynthesis of (Me4N)[Ni(ddds)2]: 4,5-Ethylenedithio-1,3-di-
(30.0 ml) and a solution of tetrabutylammonium bromide (0.172 g;selenol-2-one (0.302 g; 1.00 mmol) was hydrolyzed with a 20% etha-
0.534 mmol) in ethanol (10.0 ml), as air-stable plate-shaped darknol solution of sodium ethoxide (1.50 g; 4.40 mmol) in dry THF
green crystals in 84% yield (0.362 g, 0.426 mmol). 2(10.0 ml), at 0°C and under nitrogen. The color of the solution
C24H44NNiS4Se4 (849.40): calcd. C 33.94, H 5.22, N 1.65, S 15.10;changed from yellow to reddish-orange as the reaction proceeded.
found C 33.67, H 5.20, N 1.61, S 15.08. 2 ν̃ (KBr) 5 2954 cm21,The solution was stirred for 2 hours and a reddish-pink precipitate
2923, 2866, 1408, 1377, 1282, 687, 682. 2 1H NMR δ 5 3.39 (m,formed. A solution of nickel(II) chloride hexahydrate (0.128 g;
8 H, SCH2CH2S), 1.87 (m, 8 H, NCH2), 1.82 (m, 8 H, NCH2CH2),0.538 mmol) in ethanol (30.0 ml) was added dropwise to the reac-
1.50 (m, 8 H, NCH2CH2CH2), 1.03 (m, 12 H, CH3).tion mixture and the resulting solution was stirred for 2 hours at

Electrochemical Synthesis of [Ni(ddds)2]20°C. The obtained dark brown solution was treated with a solution
of tetramethylammonium bromide (0.172 g; 1.12 mmol) in ethanol Method A: (nBu4N)[Ni(ddds)2] (10 mg) and tetra-n-butylam-
(10.0 ml), for 1 hour at 0°C, and warmed to room temperature. monium perchlorate (51 mg) were dissolved in 15 ml of acetonitrile
The resulting dark green precipitate was collected by filtering, under nitrogen. Electrochemical oxidation of this solution was car-
washed with methanol and recrystallized from acetone to afford ried out with a constant current of 1.0 µA at room temperature.
0.240 g (0.352 mmol) of air-stable needle-shaped dark green crys- Needle-shaped black single crystals grew on the anode within about
tals in 71% yield. 2 C12H20NNiS4Se4 (681.08): calcd. C 21.16, H 223 weeks.
2.96, N 2.06, S 18.83, Se 46.37; found C 21.30, H 2.85, N 2.17, S Method B: A solution of (nBu4N)[Ni(ddds)2] (15 mg) in aceto-
18.56, Se 46.79. 2 ν̃ (KBr) 5 2904 cm21, 1472, 1397, 1278, 1164, nitrile (11 ml) was prepared under nitrogen and placed in the an-
943, 678. odic compartment of a U-shaped electrochemical cell. A solution

of Cu(bpy)2(PF6)2 (14 mg) in acetonitrile was prepared under nitro-The other (R4N)[Ni(ddds)2] complexes with R 5 Et and nBu
gen and placed in the cathodic compartment of the cell. Electro-were obtained by a procedure similar to that described above for
chemical oxidation was carried out with a constant current of 0.25(Me4N)[Ni(ddds)2]:
µA at room temperature. Needle-shaped black and block-shaped

Synthesis of (Et4N)[Ni(ddds)2]: Obtained from 4,5-ethylenedi-
black single crystals grew on the anode and on the low porosity

thio-1,3-diselenol-2-one (0.303 g; 1.00 mmol), a 20% ethanol solu-
glass frit between the anodic and cathodic compartments within

tion of sodium ethoxide (1.47 g; 4.31 mmol), a solution of nickel
about ten days.

(II) chloride hexahydrate (0.126 g; 0.531 mmol) in ethanol (20.0
In both cases, the obtained crystals were filtered, washed withml) and a solution of tetraethylammonium bromide (0.219 g; 1.04

ethanol, and air-dried at room temperature. 2 C16H16Ni2S8Se8mmol) in ethanol (20.0 ml), as air-stable plate-shaped dark green
(1213.86): calcd. C 15.83, H 1.35; found C 16.30, H 1.35. 2 ν̃crystals in 82% yield (0.301 g, 0.408 mmol) 2 C16H28NNiS4Se4
(KBr) 5 2945 cm21, 2906, 2866, 1365, 1324, 1272, 679, 668.(737.18): calcd. C 26.07, H 3.83, N 1.90, S 17.40; found C 26.12,

H 3.74, N 2.18, S 17.35. 2 ν̃ (KBr) 5 2968 cm21, 2912, 1474, 1398, Electrochemical Measurements: Cyclic voltammetry data were
obtained using a BAS 100B/W electrochemical workstation. The1280, 1172, 999, 870, 780.
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K. D. Carlson, J. M. Williams, W. K. Kwok, K. G. Vandervoort,measurements were performed at 20°C in benzonitrile containing
J. E. Thompson, D. L. Stupuka, D. Jung, M.-H. Whangbo, In-0.1  tetra-n-butylammonium hexafluorophosphate as supporting org. Chem. 1990, 29, 255522557. 2 [5d] J. M. Williams, A. M.

electrolyte with platinum working- and counter-electrode, and a Kini, H. H. Wang, K. D. Carlson, U. Geiser, L. K. Montgom-
ery, G. J. Pyrka, D. M. Watkins, J. M. Kommers, S. J. Borys-BAS RE-1B Ag/AgCl reference electrode (scan rate: 200 mV s21).
chuk, A. V. Strieby-Crouch, W. K. Kwok, J. E. Schirber, D.

Magnetic Susceptibility Measurements: Magnetic susceptibility L. Overmyer, D. Jung, M. -H. Whangbo, Inorg. Chem. 1990,
measurements of (R4N)[Ni(ddds)2] (R 5 Me, Et, nBu) and 29, 327223274.

[6] [6a] G. N. Schrauzer, V. P. Mayweg, J. Am. Chem. Soc. 1962, 84,[Ni(ddds)2]2 were performed on Quantum Design MPMS2 and
3221. 2 [6b] H. B. Gray, R. Williams, I. Bernal, E. Billing, J.MPMS7 magnetometers in the temperature range from 2 K to 300
Am. Chem. Soc. 1962, 84, 359623597.

K. The samples were wrapped with a clean aluminum foil whose [7] [7a] J. A. McCleverty, Prog. Inorg. Chem. 1968, 10, 49. 2 [7b] H.
magnetic susceptibility was separately measured and subtracted. B. Gray, Transition Met. Chem. 1965, 1, 2392287. 2 [7c] G. N.

Schrauzer, Transition Met. Chem. 1968, 4, 2992335. 2 [7d] R.The diamagnetic contribution was calculated from the Pascal’s con-
Eisenberg, Prog. Inorg. Chem. 1970, 12, 2952369. 2 [7e] R. P.stants.
Burns, C. A. McAuliffe, Adv. Inorg. Chem. Radiochem. 1986,
22, 3032348.X-Ray Crystallographic Studies: Data collection for the

[8] P. Cassoux, L. Valade, H. Kobayashi, A. Kobayashi, R. A.(R4N)[Ni(ddds)2] and needle-shaped crystals of [Ni(ddds)2]2 was
Clark, A. E. Underhill, Coord. Chem. Rev. 1991, 110, 1152160.performed on a Rigaku AFC-5R diffractometer with graphite [9] [9a] P. Cassoux, L. Valade, in Inorganic materials, 2nd edn (Eds.:

monochromated Mo-Kα radiation (λ 5 0.71069 Å) and a rotating D. W. Bruce, D. O9Hare) J. Wiley & Sons, Chichester, 1996,
anode generator. Intensities were collected by the ω-2θ scan tech- 1264. 2 [9b] P. Cassoux, J. S. Miller, in Chemistry of Advanced

Materials, (Eds.: L. V. Interrante, M. J. Hampden-Smith)nique. Lorentz-polarization (Lp) correction and empirical absorp-
Wiley2VCH, New York, 1998, 19272.tion correction based on azimuthal scans of several reflections were [10] R. Kato, Y. Kashimura, S. Aonuma, N. Hanasaki, H. Tajima,

applied. The experimental details and crystal data are listed in Solid State Commun. 1998, in the press.
Table 4. The structure was solved by direct method (MUL- [11] [11a] C. T. Vance, R. D. Bereman, J. Bordner, W. E. Hatfield, J.

H. Helms, Inorg. Chem. 1985, 24, 290522910. 2 [11b] R. Kato,TAN88[23] for neutral [Ni(ddds)2]2 and SHELXS86[24] for other
H. Kobayashi, A. Kobayashi, Y. Sasaki, Bull. Chem. Soc. Jpn.complexes). The atomic scattering factors were taken from the In-
1986, 59, 6272630. 2 [11c] A. J. Schultz, H. H. Wang, L. C.ternational Tables for X-ray Crystallography.[25] The non-hydrogen Soderholm, T. L. Sifter, J. M. Williams, K. Bechgaard, M.-H.

atoms were anisotropically refined by full-matrix least-squares Whangbo, Inorg. Chem. 1987, 26, 375723761. 2 [11d] J. H.
Welch, R. D. Bereman, P. Singh, D. Haase, W. Hatfield, M. L.method. Hydrogen atoms were included but not refined. All calcu-
Kirk, Inorganica Chimica Acta 1989, 162, 89296.lations were performed using the teXsan crystallographic software

[12] H. Kim, A. Kobayashi, Y. Sasaki, R. Kato, H. Kobayashi, Bull.package of Molecular Structure Cooperation[26]. Data collection Chem. Soc. Jpn. 1988, 61, 5792581.
for the block-shaped crystals of [Ni(ddds)2]2 was performed on a [13] [13a] E. B. Yagubskii, A. I. Kotov, A. G. Khomenko, L. I. Bura-
STOE IPDS (imaging plate diffraction system) using monochro- vov, A. I. Schegolev, R. P. Shibaeva, Synth. Met. 1992, 46,

2552259. 2 [13b] E. B. Yagubskii, L. A. Kushch, V. V. Grit-matic Mo-Kα radiation (λ 5 0.71013 Å), The structure was solved
senko, O. A. Dyachenko, L. I. Buravov, A. G. Khomenko,by direct methods (SHELXS-86[24]). Crystal data are given in Synth. Met. 1995, 70, 103921041. 2 [13c] L. A. Kushch, V. V.

ref. [19]. Experimental details, atomic coordinates, bond lengths and Gritsenko, L. I. Buravov, A. G. Khomenko, G. V. Shilov, O. A.
angles can be found in the Supporting Information section. Crys- Dyachenko, V. A. Merzhanov, E. B. Yagubskii, R. Rousseau,

E. Canadell, J. Mater. Chem. 1995, 5, 163321638. 2 [13d] L. A.tallographic data (excluding structure factors) for the structures re-
Kushch, S. V. Konovalikhin, L. I. Buravov, A. G. Khomenko,ported in this manuscript have been deposited with the Cambridge G. V. Shilov, K. Van, O. A. Dyachenko, E. B. Yagubskii, C.

Crystallographic Data Centre. The deposition numbers are CCDC- Rovira, E. Canadell, J. Phys. I France 1996, 6, 155521565.
101694, -101695, and -101696 for the (R4N)[Ni(ddds)2] (R 5 Me, Et, [14] R. E. Peierls, in Quantum Theory of Solids, Oxford University

Press, 1955, p. 108.nBu) compounds, respectively, 101697 for the needle-shaped
[15] [15a] R. R. Schumaker, V. Y. Lee, E. M. Engler, IBM Research[Ni(ddds)2]2, and 101556 for the block-shaped [Ni(ddds)2]2. Copies of

Report 1983. 2 [15b] R. Kato, H. Kobayashi, A. Kobayashi,
the data can be obtained free of charge on application to The Direc- Synth. Met. 1991, 41243, 209322096. 2 [15c] T. Courcet, I.
tor, CCDC, 12 Union Road, GB-Cambridge CB12 1EZ [Fax: Malfant, K. Pokhodnia, P. Cassoux, New J. Chem. 1998,

5852589.(internat.) 1 44(0)1223/3362033, E-mail: deposit@ccdc.cam.ac.uk].
[16] [16a] H. Kobayashi, T. Udagawa, H. Tomita, K. Bun, T. Naito,

A. Kobayashi, Chem. Lett. 1993, 155921562. 2 [16b] H. Kobay-
ashi, H. Tomita, T. Naito, H. Tanaka, A. Kobayashi, T. Saito,
J. Chem. Soc., Chem. Commun. 1995, 122521226. 2 [16c] L. K.[1] J. Ferraris, D. O. Cowan, V. Walatka, Jr., J. H. Perlstein, J. Am.
Montgomery, T. Burgin, T. Miebach, D. Dunham, J. C. Huff-Chem. Soc. 1973, 95, 9482949.
man, J. E. Schirber, Mol. Cryst. Liq. Cryst. 1996, 284, 73284.[2] Reviews: [2a] K. Bechgaard, D. Jérome, Sci. Am. 1982, 247,
2 [16d] H. Tanaka, A. Kobayashi, T. Saito, K. Kawano, T.50259. 2 [2b] J. M. Williams, A. J. Schultz, U. Geiser, K. D.
Naito, H. Kobayashi, Adv. Mater. 1996, 8, 8122815. 2 [16e] H.Carlson, A. M. Kini, H. H. Wang, W. K. Kwok, M.-H.
Kobayashi, H. Tomita, T. Naito, A. Kobayashi, F. Sakai, T.Whangbo, J. E. Schirber, Science 1991, 252, 150121508. 2 [2c]

Watanabe, P. Cassoux, J. Am. Chem. Soc. 1996, 118, 3682377.G. Saito, Phosphorus, Sulfur, and Silicon 1992, 67, 3452360.
[17] Part of these results has been reported in a preliminary com-[3] [3a] Organic Superconductors (Eds.: T. Ishiguro, K. Yamaji),

munication, H. Fujiwara, E. Arai, H. Kobayashi, J. Chem. Soc.,Springer-Verlag Berlin, Heidelberg, 1990. 2 [3b] The Physics and
Chem. Commun. 1997, 8372838.Chemistry of Organic Superconductors (Eds.: G. Saito, S. Kago-

[18] I. Malfant, unpublished results. Such a coupling of DAMP cat-shima), Springer-Verlag Berlin, Heidelberg, 1990. 2 [3c] J. M.
ions has been achieved with [Ni(dmit)2], I. Malfant, R. Andreu,Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson, U. Geiser,
P. G. Lacroix, C. Faulmann, P. Cassoux, Inorg. Chem. 1998,H. H. Wang, A. M. Kini, M.-H. Whangbo, Organic Supercon-
37, 336123370.ductors, Prentice Hall, New Jersey, 1992.

[4] Recent Proceedings of International Conferences: [4a] Synth. [19] Crystal Data: black block, C8H8Se4S4Ni, M 5 607.0, mono-
clinic, space group P21/n, unit cell at 160K: a 5 6.539(1), b 5Met. 1995, 69271 (Eds.: Y. W. Park, H. Lee). 2 [4b] Synth. Met.

1997, 84286 (Eds.: Z. V. Vardeny, A. J. Epstein). 14.639(2), c 5 15.324(2) Å, β 5 90.62(2)°, V 5 1466.8 Å3, Dc 5
2.75 g/cm3 for Z 5 4. µc 5 116.8 cm21 corrections from absorp-[5] [5a] A. Kobayashi, R. Kato, H. Kobayashi, S. Moriyama, Y. Ni-

shio, K. Kajita, W. Sasaki, Chem. Lett. 1987, 4592462. 2 [5b] tion effects. 2218 independent reflections with I > 0 σ(I). The
non-hydrogen atoms were refined anisotropically. Disorder hasH. Urayama, H. Yamochi, G. Saito, K. Nozawa, T. Sugano, M.

Kinoshita, S. Sato, K. Oshima, A. Kawamoto, J. Tanaka, Chem. been treated on two carbons C(7), C(8) of one terminal ethylene
group. Hydrogens atoms were included but not refined. TheLett. 1988, 55258. 2 [5c] A. M. Kini, U. Geiser, H. H. Wang,
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NMR-NOE analysis of the three compounds (RRS/SSR)- observed and calculated NOE distances is highly satisfactory
in each case (rms = 0.2 Å to 0.3 Å). By a statistical analysis itCH3C(CH2PPhBz)3Mo(CO)3 (1), (RRR/SSS)-CH3C(CH2-

PPhBz)3Mo(CO)3 (2), and (RRR/SSS)-CH3C[CH2P(m-Xyl)- is shown that the predictions made by applying this
Boltzmann weighted force field approach are highlyBz]3Mo(CO)3 (3), leads to experimental values for a number

of intramolecular H···H contacts in each case. By the very significant. There is only a chance of 3 in 100 000 that this
quality of prediction might be obtained by chance. This isnature of the NOE method, and with the type of molecules

studied here, these values have to be understood as a taken as a validation, albeit indirect, of the energy scale
reproduced by the force field parameters as developed. TheBoltzmann weighted average over all the conformations

accessible to the molecules in solution. – A Boltzmann methods described give a detailed insight into the
conformational flexibility of molecules of the type studied.weighted force field approach is used to predict these values

on the basis of sets of force field parameters derived earlier Solid state structures of the molecules are also correctly
modelled by the force field used.for this class of compounds. The agreement between

Introduction formation about the conformational behaviour of coordi-
nation compounds in solution is clearly necessary.

It has long been known that the Nuclear Overhauser Ef-When force field methods are used to predict possible
fect (NOE) allows the determination of H···H distances ofstructural arrangements of coordination compounds, the
molecules in solution.[2] The application of this type of dis-parameters describing the interactions involving the metal
tance measurement in solution has for decades been theatom are generally deduced from solid-state structures of a
preserve of the specialist. Only in recent years have NMRseries of similar compounds. An optimisation method based
techniques, both methods and equipment, been developedon Genetic Algorithms has been proposed as an unbiased
to a state where this kind of measurement might even be-method to derive such parameters from a set of solid-state
come a routine tool. Indeed, NMR analysis of proteinmolecular structures. [1] The success of this novel method-
structures[3] has made enormous progress in the last fewology has been demonstrated by correctly predicting gen-
years. [4]eral trends as well as specific conformations in the chemis-

try of tripodMo(CO)3 compounds [tripod 5 CH3C(CH2X)- In the chemistry of small molecules including the sub-
class of coordination compounds considered here, NOE(CH2Y)(CH2Z), X, Y, Z 5 PRR9]. It remains an open ques-

tion as to whether force field approaches developed on the measurements are routine only in their qualitative form, i.e.
to find out whether two protons in a given molecule arebasis of solid-state molecular structures might have some

bearing on the behaviour of molecules in solution. Since close together or far away from each other. In a quantitative
way the method is not used too often in this context. Onemost reactions in coordination chemistry, including those

mediating homogeneous catalysis, in fact take place in solu- reason for this is evident: it is rather easy to obtain a crystal
structure determination once a compound has been crystal-tion, this is a serious question. Only if it can be shown that

the conformational properties of coordination compounds lised. A second reason is more intricate: the number of
H···H distances accessible to NOE measurements in smallin solution are appropriately modelled by these methods,

can these methods be of help to the preparative chemist in molecules is generally too low to uniquely define a struc-
ture. There is kind of a paradox: if a molecule increases inthe design and optimisation of ligand-metal-templates with

predefined properties. In order to address this problem, in- size, the number of NOE distances increases and, even
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Figure 2. Projection of the structure of 1 onto the plane defined bythough a larger molecule will have more degrees of freedom
the phosphorus atoms of CH3C(CH2PPhBzl)3Mo(CO)3. The num-in conformational space, the increased number of measur-
bering scheme used throughout is indicated as is the configuration

able distances may well counterbalance this increase so that at the phosphorus centers for the (RRS) enantiomer of the racemic
pair of 1 studiedproteins with (depending on the kind and degree of label-

ling) 200 or more amino acids may be fully structurally
characterised by this method, while simple structures such
as the ones considered in this paper still pose severe prob-
lems. Nevertheless NOE data represent the most valuable
and easy way to access information about an ensemble of
conformations of molecules in solution.

It is the purpose of this paper to analyse the appropriate-
ness of the force field description[1] of tripodMo(CO)3 com-
pounds[5] [6] by comparing the NOE distances measured for
a specific molecule with those predicted by the straightfor-
ward application of the force field model. This type of
analysis is performed for the three coordination compounds
123 (Figure 1).

Figure 1. Schematic representation of compounds 1 to 3. The con-
figuration at the phosphorus centers of the racemates to which the

paper refers is indicated by the (R/S) nomenclature

Table 1. Proton-proton distances in 1 as determined by NOE analy-
sis (solution) and X-ray analysis (single crystal) in comparison with

these distances as calculated from the force field approach

proton 1 proton 2 dNOE dX-ray dBoltzmann [Å][a]

[Å] [Å] mm2f mm2t

Results Bz1A/B Bz1o 2.30(10) 2.37(1) 2.42 2.43
Bz2A Bz2o 2.60(15) 2.35(1) 2.45 2.44

Compound 1 Bz2B Bz2o 2.50(15) 2.56(1) 2.46 2.47
Bz3A Bz3o 2.60(10) 2.57(1) 2.46 2.46
Bz3B Bz3o 2.40(15) 2.37(2) 2.47 2.45Three compounds of the type tripodMo(CO)3

[5] [6] (123,
Me1/3A Bz1o 2.50(10) 2.57(2) 2.45 2.41

Figure 1) have been selected for this analysis in the hope Me1/3B Bz1o 2.80(10) 2.49(1) 2.91 2.76
Me2A/B Bz2o 2.70(15) 4.57(0) 2.44 2.42that the number of short and hence detectable H···H con-
Me3A Bz3o 2.60(15) 3.44(2) 3.17 3.16tacts might be sufficient to warrant a detailed comparison Me1/3B Bz3o 2.80(10) 2.46(1) 2.35 2.34

of measured and calculated H···H distances. All three com- Me1A Ph1o 2.20(10) 2.90(3) 2.75 2.74
Me3A Ph3o 2.00(15) 2.04(2) 2.06 2.08pounds are chiral and the NMR analysis has been per-
Me2A/B Ph2o 2.10(15) 1.84(1) 2.05 2.09formed on the racemate in each case. In addition, com- Me3A Bz2o 2.60(15) 6.29(2) 3.09 2.78
Bz2A Ph2o 2.60(10) 4.40(1) 2.91 2.84pounds 1 and 2 are diastereomers. It was expected that the
Bz3A Ph3o 2.60(15) 2.47(1) 2.61 2.72reduced symmetry of 1 relative to 2, together with the bulki-
Bz3o Ph3o 2.80(15) 3.19(0) 2.99 3.08

ness of the substituents, would strongly differentiate the Bz2o Ph3o 2.20(15) 3.66(0) 3.06 3.34
Bz3o Bz1o 2.90(20) 2.78(0) 3.06 3.24conformational behaviour of these two isomers so that a
rms [Å] 2 1.16 0.34 0.38maximum of information would result from their analysis.

Compound 1 was a member of the data base used to [a] mm2f and mm2t refer to different sets of force field parameters. [1]

derive the force field approach and its solid state structure[5]
Column header dBoltzmann refers to the Boltzmann weighted average
of the relevant distances in each case. 2 [b] rms deviation betweenis neatly reproduced[1] by the force field as developed. [1] A
the experimental NOE distances and the distances derived by theprojection of the structure of 1 as determined by X-ray methods given in the respective column headers.

analysis is given in Figure 2 (the plane of projection is de-
fined by the three P atoms). The designators of the hydro-
gen atoms that are involved in NOE contacts, as shown in agree with the distances observed in the crystal structure.

This is not an unexpected result since 1, especially given itsFigure 2, refer to the contacts given in Table 1.
The NOE distances elaborated for 1 in solution in benzylic constituents, is expected to have a high degree of

flexibility (Figure 2).CD2Cl2 at 275 K (see Experimental Section) do not fully
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A flexible molecule like 1 might adopt a number of differ- τ, φ, ψ and ω (Figure 3) as given in Table 2. This leads to

11 664 (5 2·33·33·23) starting geometries.ent conformations in solution and a distance extracted from
NOE measurements is some kind of weighted average of all

Figure 3. Schematic drawing corresponding to Figure 2 with thethese individual distances between a specific pair of H
definition of the conformational variables φ, ψ, ω, and τ shown.

atoms. Due to the fact that the NOE decreases with the The definition illustrated here is also adopted for 2 and 3
inverse sixth power of the distance, there is an experimental
limit to H···H contacts leading to NOE signals, which in
the present analysis is around 3 Å. Even if only a narrow
range of H···H contacts somewhere between 2 and 3 Å has
been accessible by NMR for 1, these distances are quite
restrictive as far as the range of possible conformations is
concerned. A number of different approaches have been
used in the literature to transform the limited information
available from a few NOE distances into structural models
that are not excluded by the measurements. [7] [8] All of these
approaches use the constraints set by the measured NOE
distances in one way or another to find acceptable confor-
mations. [9]

A different approach is taken in the work described here.
Table 2. Grid values for generating the starting geometries of 123[a]Be it assumed for the moment that a force field approach

exists that correctly describes the energy hypersurface per-
τ [°] φ [°] ψ [°] ω [°] combinations C3 symmetric startingtaining to a molecule, and that all the energy minima at this

geometries
hypersurface are hence correctly placed in both position
and in energy (relative to the energy of the global mini- 20 60 120 90
mum). In this case the Boltzmann weighted average of the 1 220 0 0 0 11664 2 11664

260 2120NOE-relevant geometric functions should reproduce the av-
20 60 120 90

erage of this function as observed. The function itself is, 2,3 220 0 0 0 11664 2·3·3·2 5 36 3912
260 2120according to the physics of NOE, proportional to the in-

verse of the sixth power of the distance between a pair of
[a] There are 11 664 combinations in each case. Due to the constitu-hydrogen atoms. The NOE distances, as determined by
tional C3 symmetry of 2 and 3 the number of geometrically inde-

measurement, thus present a criterion to evaluate and pos- pendent starting geometries is reduced to 3912 in these cases.
sibly validate a specific force field description.[10] Since mol-
ecules like 123 are still small enough for a complete and In a sterically crowded molecule like 1 this a priori setting

of conformations may lead to unforeseeable entangling ofsystematic search to be performed on the energy hypersur-
face defined by the force field they allow these lines of inves- the individual constituents of the molecule and so the rub-

berband protocol[12] was applied during refinement: thetigation to be followed.
To effectively scan all of the relevant conformational bonds radiating from the phosphorus atoms to the phenyl

and benzyl groups were elongated to a distance of 4 Å ini-space[11] defined by the three rotations of phenyl groups
(φ, Figure 3), the six rotational parameters describing the tially, moving these groups away from the core of the mol-

ecule to begin with. During refinement these distances wereorientations of the benzyl groups (ψ, ω, Figure 3), and the
three parameters describing the skew of the chelate cage (τ, then allowed to relax in a stepwise manner back to the nor-

mal. Entangling of the groups is elegantly[12] avoided byFigure 3), the following simplifications were introduced to
generate an appropriate set of starting conformations. The this procedure.

The starting conformations as defined were then allowedskew of the scaffolding was represented by just one torsion
τ, thus effectively imposing C3 symmetry on the torsional to adapt to the force field by an energy minimisation pro-

cedure. Depending on the force field implementation used,arrangement of this cage to start with. This simplification
is well warranted given the observations made on 82 tripod 191 (mm2f [1]) or 165 (mm2t [1]) conformations correspond-

ing to local energy minima on the hypersurface were finallymetal compounds whose conformation had been statisti-
cally analysed[11] as well as by the observations made on found. To illustrate the part of conformational space occu-

pied by these conformations they were clustered accordinga sample of tripodMo(CO)3 compounds. [1] Of course this
constraint imposed on the starting conformations does not to the distance separating them in the 10-dimensional con-

formational space as defined by φ, ψ, ω, and τ. The lowestexclude the fact that during the conformational search any
type of deviation from this C3 symmetry will occur. The energy conformation in each cluster was used to represent

its conformational characteristics. An overlay of these con-conformational space that has to be analysed is 10-dimen-
sional, i.e. 3 3 PPh- (φ) plus 6 3 PBzl-rotations (ψ, ω) plus formations is shown in Figure 4 arranged according to the

sense of the torsion of the chelate cage.1 cage twist (τ). A complete grid search was performed. The
resolution for producing the starting conformations was de- It is evident that there is a smaller spread in the orien-

tation of the phenyl groups as compared to that of thefined by any combination of the values of the torsion angles
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Figure 4. Graphical representation of the section of conformational space occupied by the local minima on the mm2f hypersurface of 1

[a] The conformation adopted by 1 in the solid state is shown in blue. On the left hand side conformations with τ > 5 0° are shown; the
right hand side represents conformations with τ < 0°. In order to make the diagram clearer the conformations were clustered with respect
to their distance in conformational space so that each conformation shown represents the properties within each cluster. Note that the
sense of numbering is opposite to the one given in Figure 2 due to the opposing directions of view taken in Figures 2 and 4.

benzyl residues. The conformation as determined by X-ray rotational potential as expected. The different type of
neighbourhood of benzyl group 2 in comparison to benzylanalysis is also indicated in Figure 4.

An alternative view of the diversity of possible orien- groups 1 and 3, i.e. benzyl group 2 having two phenyl neigh-
bours (Figure 2) and benzyl groups 1 and 3 having onetations of the individual groups is presented by the histo-

graphic analyses of the φ-, ω-, ψ-, and τ-values adopted by phenyl and one benzyl neighbour (Figure 2), is mirrored by
a difference in the appearance of the corresponding histo-the minimum energy conformations (Figure 5).

It is seen that the torsion around the P2C-bonds of the grams (compare the percentage values given in Figure 5).
The histogram referring to the phenyl rotations φ (Figurebenzylic substituents ω basically conforms to the threefold

Figure 5. Histographic representation of the variance of the conformational parameters characterising the geometry of 1

Eur. J. Inorg. Chem. 1998, 1641216531644



How to Predict Conformations Accessible to a Molecule in Solution FULL PAPER
5) shows considerable spread while the histogram referring ments by the corresponding rms value. This experiment was

repeated with 10 000 sets of random weights generated into the rotation ψ of the phenyl groups at the benzylic posi-
tions shows a marked preference at ±90°. The reason for this way. The result of this computer experiment is shown

in Figure 6 (1) in histographic form.this is that these phenyl groups are by and large outside the
sterically crowded part of the molecule and can thus adopt

Figure 6. Computer experiments relevant to the significance of thethe optimal orientation with respect to the neighbouring approach used to predict NOE distances
CH2 groups, while the phosphorus-bound phenyl groups
have to respond to the steric strain within the core of the
molecule. As shown by the histogram, the space accessible
to the torsion of the chelate cage (τ) is densely populated
not only at the values of ±20° as set for the starting confor-
mations but also at larger and smaller values. Since the
analysis was done for the RRS enantiomer of the racemic
pair 1, the asymmetry in the distribution of τ values (Figure
5) is not at all unexpected (two (R)-configured PRR9 groups
opposing only one (S)-configured group of this type).

The spread of the conformations, which correspond to
local minima on the hypersurface as depicted in Figure 4
and Figure 5, makes no reference to their relative energy.
The conformation as found in the crystal structure is at a
computed energy of 5 kJ·mol21 (mm2f) or 9 kJ·mol21

(mm2t) above the global minimum, which differs from it by
a 120° rotation around ω2. As this amount of energy may
easily be compensated for by the energy of the crystal lattice
this result is not disturbing. With respect to the observation
that the NOE distances are not consistent with the crystal
structure, it is even a favourable observation. Indeed, none
of the conformations, independent of their energy, is able
to reproduce the observed NOE distances with an rms of
less then 0.57 Å. If it is assumed that just two confor-
mations would be sufficient to reproduce these distances,
then all possible pairwise combinations of conformations
should be analysed with their relative percentage of contri-
bution being evaluated by a least squares procedure. By
testing this hypothesis it was found that the best solution
still has an rms deviation of 0.47 Å from the NOE dis-
tances. Analysing all possible combinations of three and
even four conformations (combinatorial explosion does
practically impede the analysis for higher multiples!) does
not improve the agreement dramatically (3 conformations:
rms 5 0.43 Å; 4 conformations: rms 5 0.43 Å). A favour-
able agreement between observed and calculated distances [a] 10 000 computer experiments were performed in each case. All
is, however, obtained when a Boltzmann weighted average conformations corresponding to local minima on the mm2f hyper-

surfaces were taken into account. NOE distances were calculated(referring to d26) is taken over the complete set of minimum
as a Boltzmann type average over all these conformations with the

energy conformations. The rms deviation between observed Boltzmann weights set at random in each experiment. For each
experiment the rms deviation between the observed and the calcu-and calculated average distances over all observable H···H
lated NOE distances was derived. The spread of these rms valuespairs amounts to 0.34 Å for the mm2f force field and 0.38 is shown in the diagrams and it is seen that the agreement obtained

Å for the mm2t approach (Table 1). when the weights are derived by the force field (calc) is rather good.
It is highly improbable that this quality of agreement could be for-In order to develop a feeling for the relevance of this type
tuitous. The probability of the hypothesis that the results repre-of agreement and hence for the relevance of the Boltzmann sented by the bars designated with “calc” might be fortuitous is

weighting scheme employed, the following computer experi- below 7% for each individual compound. The probability that the
quality of fit obtained by the approach taken might be fortuitousment was performed: for each conformation the relative en-
for all three compounds is in fact less than 3 in 100 000.

ergy was set at random in the range between 0.0 and 100
kJ/mol. This randomly generated energy was used to weight It is clear that the 10 000 rms numbers thus generated are

not at all exhaustive with respect to the number of possibleeach conformation according to the Boltzmann scheme.
The weighted average of the relevant distances was calcu- combinations of conformations and the weights attributed

to them. In principle, an exhaustive solution would only belated and the calculated distances were compared with the
measured ones so as to characterise each of these experi- obtained after an infinite number of experiments of this
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type; even if a discrete approximation were taken in order between the calculated and the observed conformations as

far as the precise orientation of two of the benzyl groups isto allow as many different weights as there are confor-
mations, the total number of combinations between confor- concerned (Figure 7a).
mations and weights would be n! for a given number n of

Figure 7. Comparison of calculated (blue) and observed conforma-conformations! The histograms obtained will nevertheless tions of 2; (a) free molecule; (b) molecule embedded in the crystal
approximate the distribution of possible solutions. It is ob-
served that an rms value as good as that obtained by the
Boltzmann weighting scheme as applied is highly unlikely
to occur by chance. The probability of obtaining a solution
with an rms value of 0.34 Å or lower by chance is only
around 3% (Figure 6). The hypothesis that the quality of fit
as obtained by using the energies derived from the force
field in the Boltzmann weighting approach might be fortu-
itous may therefore be denied ata high level of significance.

The approach taken here to reproduce the observed NOE
contacts by a force field approach was equally applied to
compounds 2 and 3 (see below). The histograms reproduc-

Assuming that this discrepancy might be caused by theing the distribution of rms values as obtained from 10 000
environment of 2 in the crystal, a force field refinement ofcomputer experiments are also given in Figure 6. It is seen
the structure in its solid state environment was performed.that the probability of obtaining the quality of fit (Figure
Contributions from all the atoms that are at a maximum6, calc) derived from using the energies calculated by the
distance of 8 Å from any atom of the molecule to be refinedforce field approach fortitiously is less than 10 (2) and 5 (3)
were taken into account. The atoms in this crystal environ-percent for these compounds. The probability of achieving
ment were held at fixed positions during refinement. A viewthe degree of approximation as obtained by applying the
of the crystal environment as generated by the nineteenBoltzmann weighting scheme on the basis of the force field
neighbouring molecules that meet the above criterion isenergies for all three compounds fortitiously is less than 3
given in Figure 8.in 100 000 as judged from the product of the probabilities

given for each compound in Figure 6. Figure 8. Crystal environment of 2 (blue: specified molecule, yel-
low: crystal surrounding)

Compound 2

As indicated above the type of analysis as described for
1 was repeated with two additional compounds.The confor-
mational space of 2 was defined by the same set of torsional
parameters as already described for 1 (Figure 3). The grid
spacing used to populate this space with starting confor-
mations was numerically equal to the one used in the analy-
sis of 1. From the 11 664 starting conformations thus gener-
ated only a subset is symmetrically independent: those con-
formations that correspond to a C3 symmetric arrangement
occur only once each. The number of such conformations
amounts to 2·3·3·2 5 36 in accordance with the number of
values allowed for τ, φ, ω, and ψ. All the others will be
represented at three symmetry related points in confor-
mational space as three isoenergetic conformations. Each of
these triplets corresponds to just one symmetrically inde-
pendent conformation. The total number of independent
conformations is thus 36 1 (11664 2 36)/3 5 3912 (Table
2). Force field refinement starting from these 3912 points The result of this refinement is shown in Figure 7b

(mm2f). The agreement between the calculated and the ob-in conformational space leads to 68 (mm2f) or 50 (mm2t)
minimum energy conformations of which nine (mm2f) or served structures is significantly increased and the rms dif-

ference between the observed and the calculated structureseight (mm2t) have C3-symmetry. Independent of the param-
eter set used (mm2t, mm2f), the conformation observed for decreases from 0.53 Å to 0.26 Å when the crystal environ-

ment is taken into account.2 in the crystal closely corresponds to the global minimum
in each case. This is a satisfactory result in that compound If the ensemble of conformations obtained by the mini-

misation process is systematically analysed, it is observed2 had not been incorporated in the data base used to derive
the force field approach. [1] There is some slight discrepancy that the main difference between the individual confor-
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mations may be traced back to the relative orientations that tween the observed and the calculated NOE distances of

0.24 Å. In summing up the individual terms, appropriatethe benzyl groups occupy as characterised by ω. Three indi-
vidually favourable conformations are possible for each care was taken to correctly handle symmetry: while C1 sym-

metric conformations will appear at three different pointssuch group, corresponding to the threefold potential gov-
erning this rotation (Figure 5). With reference to the coordi- in conformational space, reflecting the constitutional sym-

metry of the problem, C3 symmetric conformations will oc-nation polyhedron, these three positions may be described
in the following way: the benzyl group may point backward cur just once. For instance, if φ2, φ3, and φ5 [or ω1, ω2, and

ω3 etc. (Figure 3)] each have different values, their cyclicaway from the carbonyl groups with its phenyl residue ori-
ented such that it is close to the phenyl group that is directly permutation will project itself into conformational space

onto three different points; if on the other hand the valuesbound to the phosphorus atom that supports both groups.
Referring to Figure 9 this type of orientation is designated for φ1, φ3, φ5 etc. are equal, any cyclic permutation will

project itself onto one and the same point in this space.as x.
The weight accounting for C3 symmetric conformations is

Figure 9. Relative orientation of the benzyl groups in 2 and letter therefore only one third of those showing C1 symmetry. Ap-codes used to specify them
plication of the same procedure to the conformations ob-
tained by the mm2t parameter set likewise gave an rms of
0.33 Å. The result obtained by considering just the minimal
energy conformation (rms 5 0.25 Å) and that obtained by
a Boltzmann weighted average over all conformations are
not significantly different (Figure 6, 2). It is observed that
other single conformations, as well as pairwise combi-

[a] The plots refer to a plane of projection and direction of view as nations of conformations, numerically give an even betterused in Figure 7.
agreement of 0.19 Å (mm2f, single conformation: Erel above
global minimum: 5.9 kJ·mol) and 0.13 Å [mm2f, 2 confor-On the other hand, the benzyl group still pointing back-

ward may be oriented such that its phenyl residue is close mations: Erel 5 5.9 (64%) and 21.1 kJ·mol21 (36%)] respec-
tively. With respect to the computer experimental distri-to the phenyl residue sustended by the neighbouring phos-

phorus atom (z, Figure 9). A third type of orientation (de- bution of rms values (Figure 6) these results are not totally
unexpected. There are obviously weighted combinations ofsignated as y, Figure 9) results when the benzyl group is

oriented towards the side of the carbonyl ligands with its conformations in each case analysed (Figure 6) that lead to
an rms value lower than that obtained by using the relativephenyl part close to the phenyl residue supported by the

same phosphorus atom. It is observed that there is an ener- energies as the weighting criterion (bars designated with
“calc” in Figure 6). This Boltzmann weighted average, how-getic preference for the orientations termed x. The sequence

of orientations xxx < xxy, xxz < xyy < xyz, xzy < yyy, xzz ever, is an a priori prediction of what the NOE distances
should be. These predictions are not left to chance but a< yyz < zzy < zzz (e.g. xxy: ω1 5 x, ω2 5 x, ω3 5 y; x, y,

z: Figure 9) is found by ranking the orientations according definitive formula is used to make these predictions and it
is seen from Figure 6 that, by using this predictor, reliableto the energy at which they are observed for the first time

amongst the manifold obtained from the conformational predictions are made for completely independent sets of
experiments (123). With the predictor being based onsearch procedure. This energetic ordering is also apparent

by the selection of conformations shown in Figure 10 where sound physical grounds this result is especially satisfying
and, by its very methodology, is far superior to any methodthe relative energies of some prototypic conformations are

indicated. involving a posteriori fitting of the weights of individual
conformations to achieve optimal agreement.An NOE analysis of 2 resulted in a number of NOE dis-

tances (Table 3). The protons involved in these NOE con- A caveat is in place here: as shown in the histograms (Fig-
ure 6) and in the paragraph above, there are alwaystacts and the designators used for them are shown in Fig-

ure 11. weighted linear combinations of conformations that neatly
reproduce the NOE values with rms values that are evenIt is seen from Table 3 that the conformation as found in

the crystal already reproduces the NOE distances with an below the ones obtained with the Boltzmann predictor
(Figure 6), and there are even single conformations (seerms of only 0.28 Å. It might therefore appear that the con-

formation adopted by 2 in solution is close to that observed above) that meet this criterion. These conformations would,
of course, be found as the appropriate solutions by applyingin the crystal, which itself is very close to the conformation

calculated as the global minimum (see above). a distance geometry approach[8] and would naturally be
considered to be very important because of the excellentOn the other hand, based on the assumption that the

force field approach correctly reproduces the energy hyper- agreement. In the light of the Boltzmann predictor it ap-
pears that these solutions, even though numerically excel-surfaces, a Boltzmann weighted average of the relevant geo-

metric parameters should give an unbiased estimate of the lent, might well be far from reality. Only if the energy of
the relevant conformations is appropriately taken into ac-NOE distances. Application of this procedure to the 68 con-

formations corresponding to the 68 energy minima ob- count, as in the case of the Boltzmann predicting scheme,
will a somewhat more realistic view be gained. We feel thattained (mm2f, see above) leads to an rms discrepancy be-
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Figure 10. Conformations of 2 ranked according to increasing energy

[a] From the complete set of minimum energy conformations as obtained by an exhaustive conformational search applying the parameter
set mm2f those members are selected for which a specific arrangement (x, y, z, see Figure 8) of a benzyl group is first observed when
scanning through these conformations in the direction of increasing energy.

Figure 11. Projection of the structure of 2 onto the plane definedTable 3. Proton-proton distances in 2 as determined by NOE analy-
sis (solution) and X-ray analysis (single crystal) in comparison with by the three phosphorus atoms. The numbering scheme used

throughout is indicated, as is the configuration at the phosphorusthese distances as calculated from the force field approach. Me-
aning of abbreviations see Figure 11 and legend to Table 1 centers for the (RRR) enantiomer of the racemic pair of 2 studied

proton 1 proton 2 dNOE dX-ray dBoltzmann [Å]
[Å] [Å] mm2f mm2t

Pho Bzo 3.16(7) 2.91(0) 3.21 3.48
Pho BzB 2.73(5) 2.60(1) 2.89 3.11
Pho MeB 2.18(6) 1.95(1) 2.23 2.38
Pho MeA 2.41(5) 2.23(1) 2.44 2.58
Bzo BzB 2.63(5) 2.53(1) 2.73 2.84
Bzo BzA 2.53(5) 2.23(2) 2.73 2.83
Bzo MeB 2.60(8) 3.16(1) 3.20 3.19
Bzo MeA 2.62(3) 2.55(1) 2.50 2.63
BzA MeA 2.89(4) 2.67(1) 3.01 3.12
rms [Å] 2 0.28 0.24 0.33

the approach taken here, while taking away the simple and
aesthetically appealing picture of just one dominating con-
formation, is perhaps more relevant in a physical sense.

Force field based approaches to evaluate NOE distances
of conformationally flexible coordination compounds had
of course already been used. In this context C. R. Landis
has described a very thorough attempt to derive the confor-
mational flexibility of a series of catalytically relevant rho-
dium complexes containing chiral biphosphines[12] as well
as of other coordination compounds. [13] His use of the force tractable number of average conformations. It was ob-

served, as it is in this paper, that linear combinations offield approach is, however, restricted to an a posteriori fit
of observed NOE distances to weighted averages of force the conformations may be found that neatly reproduce the

observed NOE9s. In such an approach any informationfield derived conformations. These conformations are in
turn obtained by clustering individual conformations to a about the relative energies of the conformations is com-
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Table 4. Proton-proton distances in 3 as determined by NOE analy-pletely neglected. No attempt to incorporate these force
sis (solution) and X-ray analysis (single crystal) in comparison withfield derived energies is made. In contrast, in the present
these distances as calculated from the force field approach. Me-

paper an a priori prediction of the expected NOE distances aning of abbreviations see Figure 12 and legend to Table 1
is made using all the conformations as well as their energies

proton 1 proton 2 dNOE dX-ray dBoltzmann [Å]as given by the force field. With the above caveat in mind
[Å] [Å] mm2f mm2tthe physical relevance of these two approaches might be

quite different.
Xyo MeA 2.36(9) 2.51(1) 2.25 2.26
Xyo MeB 2.00(7) 2.06(1) 2.07 2.16
Xyo BzA 2.94(11) 3.24(1) 2.83 3.45
Xyo BzB 2.54(9) 2.68(1) 2.68 2.74

Compound 3 Xyo Bzo 2.82(12) 3.12(0) 2.95 3.12
Bzo BzB 2.42(9) 2.43(1) 2.58 2.64
Bzo MeA 2.63(10) 2.54(1) 2.35 2.39Having been made curious by the results obtained so far,
Bzo MeB 2.64(10) 2.87(2) 2.98 3.18

a third molecule (3) was analysed by the same type of pro- Bzo BzA 2.43(9) 2.32(2) 2.56 2.58
Bzo XyMe 2.96(11) 2.52(0) 2.60 2.72cedure. Compound 3 is an analogue of 2: it is a chiral com-
MeA XyMe 3.29(14) 3.83(1) 3.73 3.93pound, the racemate of which has been analysed. The con-
BzA MeA 2.83(13) 2.63(4) 2.83 2.85

figuration at each of the three chiral phosphorus centers in rms [Å] 2 0.27 0.24 0.34
3 is the same (the situation is analogous to the one in 2).
The phenyl substituents at the phosphorus centers in 2 are
replaced by 3,5-Me2C6H3 residues in 3. A complete confor-
mational search applying the procedures as already de-

mation, an rms agreement of 0.27 Å is observed (Figure 12,scribed (see Table 2) reduced the set of 3912 starting confor-
Table 4).mations to 158 (mm2f) or 104 (mm2t) conformations corre-

A Boltzmann-weighted average taken over the whole con-sponding to minimum energy positions on the hypersurface.
formational ensemble leads to rms values of 0.24 Å (mm2f)The conformation of 3 as observed in the solid state is re-
and 0.34 Å (mm2t). The hypothesis that it is the ensembleproduced by these calculations as the global minimum with
of conformations and not just the one global minimum con-an rms difference of only 0.46 Å (mm2f). The parameter set
formation that gives rise to the observed NOE distances ismm2t gives an equally good agreement (rms 5 0.46 Å). The
therefore acceptable. The distribution of rms values givendifference between the two estimates (mm2f / mm2t) is only
in Figure 6 (3) shows that the solution obtained by applying0.09 Å.
the Boltzmann weighting scheme (calc) has a high level ofIf the NOE data are compared with the appropriate
significance. It is interesting to note that in the case of 3, inH···H distances characterising the global minimum confor-
a similar way to the findings made for 2, there are pairs of
conformations that, irrespective of their relative energy, are
able to reproduce the experimental findings when used inFigure 12. Projection of the structure of 3 onto the plane defined

by the three phosphorus atoms. The numbering scheme used appropriately weighted combinations. The best pair of such
throughout is indicated, as is the configuration at the phosphorus

combinations leads to an rms value of only 0.14 Å (mm2f)centers for the (RRR) enantiomer of the racemic pair of 3 studied
even though the relative energies of the two contributing
conformations are computed well above the global mini-
mum (conformation 1: 42%, Erel 5 0.0 kJ/mol; confor-
mation 2: 58%, Erel 5 24.8 kJ/mol). The best single confor-
mation still gives an rms of 0.24 Å (Erel 5 7.5 kJ/mol). This
may again be taken as a warning against the application
of a merely distance based search procedure that does not
appropriately account for the energetic distribution. This
warning of course applies to the analysis of highly flexible
molecules that are neither thermodynamically nor kine-
tically trapped in just one single conformation. When this
happens, as is usually observed for proteins, the dimen-
sionality of the problem is reduced and a distance based
approach will generally lead to one statically correct solu-
tion as soon as there are enough NOE data points available
to uniquely define the topology. [4]

For flexible small molecules the approach taken here ap-
pears to be a more reliable one as compared to mere dis-
tance geometry calculations. However, a prerequisite for
this approach to work is a force field approximation that
reproduces the molecular conformations on an energy hyp-
ersurface that is not distorted too far from reality.
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Assessment of the Force Fields place the conformations in space as well as in energy on the

molecular hypersurface. It is also evident, however, that
Two sets of parameters describing the interactions involv- more stringent analyses with a more direct experimental ac-

ing the molybdenum heavy atom were applied in the work cess to energy differences have to be performed in order to
described in this paper. Both of these sets had been derived independently justify the use of the approach reported.
by an optimisation procedure involving Genetic Algor-

We gratefully acknowledge financial support from the Deutscheithms[1] on the basis of a large number of solid state confor-
Forschungsgemeinschaft, the Fonds der Chemischen Industrie, andmations. It had already been argued[1] that the parameter
the Hermann-Schlosser-Foundation.

set mm2t which, as an extension of the mm2f set, includes
a number of torsional parameters might not be too reliable
in view of the insufficient variance of the data basis with Experimental Section
respect to these variables. [1] It is now found that in the

NMR Analysis: Compounds 123 were obtained as previouslyanalysis of 123 there is a tendency (Tables 1, 3, 4) for the
described.[5] [6] All measurements were carried out with a Bruker

mm2f set to better reproduce the experiments. While the DPX200 (200.130 MHz, 50.323 MHz, and 81.014 MHz for 1H,
static structures, i.e. individual conformations, are closely 13C, and 31P, respectively). For 1H- and 13C-NMR spectra CD2Cl2
equivalent when calculated with the two sets of parameters, was used as solvent (δH 5 5.31, δC 5 53.8), TMS as external stand-
the dynamic situation analysed in this paper is better repro- ard, for 31P NMR 85% H3PO4 (δ 5 0) as external standard. For
duced by the mm2f parameter set. This means that the en- NMR analysis almost completely saturated solutions of the com-

pounds in CD2Cl2 sealed in nmr tubes under argon were used.ergy scales produced by the two sets are different and the
Unequivocal assignment of all the 1H, 13C, and 31P resonances wasone implied by mm2f is the more realistic one.
performed by a combination of 1D and 2D experiments[14] ({1H-The quality of fit obtained in modelling NOE distances
13C}-HMQC,[15] {1H-13C}-HMBC,[16] DQF-COSY,[17]

suggests that the relative energies according to which the
TOCSY[18]). Experimental conditions are listed in Table 5. Assign-conformations are sorted by the force field are somehow on
ment and shifts of the 1H-NMR signals of compounds 123 are

scale to reality. Otherwise an agreement such as that ob- given in Table 6.
served would not be expected. A more rigorous validation Two dimensional NOE measurements[19] were performed for
of the statement that the force field correctly assigns relative each compound at a number of different mixing times. As an ex-
energies would of course consist in directly comparing en- ample the spectrum obtained for 3 with a mixing time of 200 ms
ergy differences accessible to measurement with their force is shown in Figure 13.
field derived counterparts. The result of such a test will be

Figure 13. NOESY spectrum of 3 with 200 ms mixing time. Thedescribed in a forthcoming paper. section referring to the arene protons is shown in the inlay in a
magnified form. The numbers given in the diagram also refer to

Table 7. Black: negative signals; grey: positive signals
Conclusion

With the force field approach used minimum energy con-
formations are correctly reproduced. It is found that the
solid state structures of 2 and 3 correspond to confor-
mations at globally minimal energy. The rms deviation of
observed (X-ray) and calculated structures is less than 0.5
Å in each case.

It is observed that the average distances as determined
for molecules 123 by NOE techniques are well reproduced
by the force field model. While it is always possible to find
weighted linear combinations of conformations that will re-
produce the NOE distances, and while even one single con-
formation irrespective of its energy might give a good fit to
the NOE data by an a posteriori analysis, the method re-
ported here makes use of an a priori predictor: a Boltzmann
weighted average taken over all conformations that corre-
spond to minima on the relevant hypersurfaces will predict
NOE distances with a highly satisfactory agreement. By a
statistical analysis of the results obtained it is shown that
the agreement achieved is far better than might be expected
if it were a chance result. In fact the quality of the results
obtained by applying the Boltzmann weighting scheme is In general, the two integral values[20] thus obtained for each cor-
estimated to have a statistical probability of below 3 in relation were found to be in good agreement. In some cases the
100000, lending considerable significance to the predictor value of the integral taken from below the main diagonal was found
as applied. The fact that this is so is in favour of the state- to be definitely smaller than the one taken from above it. This

discrepancy is a systematic one and indicates that, in those casesment that the force field approach as applied does correctly
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where it appeared, the relaxation time was insufficient to allow for were analysed by three different approaches and the results of these

are given in Table 7.a complete relaxation. This will always lead to integrals that are
smaller than the maximum obtainable by one NOE effect and it is

In one approach all the slopes were transformed into distances
therefore good practice to take the above diagonal value as the

using the Bzm-Bzo reference (Table 7, aromatic reference). Trans-
more appropriate data. The initial slope of integral value versus

formation of the same data using the BzA-BzB distance for all
mixing time was evaluated in each case. Correlation coefficients

data led to a slightly different set of distances (Table 7, aliphatic
were generally better than 95% (Figure 14) but occasionally coef-

reference). In yet another approach the reference distance taken
ficients as low as 70% were obtained.

from the arene protons was applied to contacts between aromatic
protons. The CH2 reference distance was applied to contacts be-Figure 14. Evolution of NOE cross polarisation with mixing time.

The Figure refers to 3 with the pairs Xyo-MeB (upper trace) and tween aliphatic protons. Distances between aliphatic and aromatic
Xyo-MeA (lower trace) as two examples protons were evaluated by applying the mean between the con-

stants derived from the arene and from the methylene references
(Table 7, individual reference). The spread of distances thus calcu-
lated (Table 7) from three different systematic approaches is a kind
of a measure of the systematic error introduced by the systemati-
cally different procedures of evaluation. It is seen that for individual
distances the maximum deviation between the three estimates
amounts to around 0.3 Å. The average deviation between the three
estimates is only σ 5 0.1 Å in the mean. This is in agreement with
the estimate of the reliability of the NOE distances determined for
123 as inferred from the calculus of error propagation. By what-
ever means an estimate for the reliability of the NOE derived dis-

Table 5. Setup of NMR experiments

2D-Experiment {13C-1H}-HMQC [15] {13C-1H}-HMBC [16] DQF-COSY [17] TOCSY [18] NOESY [19]

Pulse Program[a] invbtp inv4lplrnd cosydftp mlevtp noesytp
Spectral Width F2 [Hz] 1302 1302 1302 1302 1302
Time Domain F2 [Word] 2 K 2 K 2 K 2 K 2 K
Size F2 [Word] 1 K 1 K 2 K 1 K 1 K
Spectral Width F1 [Hz] 6039 6039 1302 1302 1302
Time Domain F1 [Word] 512 512 512 256 256
Size F1 [Word] 1 K 1 K 1 K 512 512
Scans 44 44 32 32 32
Mixing Time [ms] 250 60 2 125 1021400
Relaxation Delay [s] 2 2 1.5 1.0 2

[a] The acronyms in this row refer to pulse sequences supplied under these names for the  series of instruments.

tances is made, this estimate is around 0.1 Å on average. Since thereAs far as the distances pertinent to the slopes in each case are
concerned, this uncertainty is not dramatic because the physics of is no a priori argument as to which of the three approaches applied

to evaluate the data should be preferred, the mean of the threethe NOE process are such that the distances are proportional to
the sixth root of the slopes. Application of the laws of error propa- estimates [21] was considered throughout (Table 7, average) when

experimental and modelled distances had to be compared. The datagation to the data sets obtained shows that the maximum error
inferred from the uncertainty in the slopes is less than 0.1 Å in are thus good enough to allow for the assessment of the force field

approach as described.every case. Reference distances are needed in order to transform
the values obtained for the slopes into estimates of proton-proton Force Field Calculations: The commercial program set Macro-
distances. There are up to three possible choices for such distances Model[22] was used for the calculations throughout. Starting con-
for the compounds 123: as a standard tool of the absolute assess- formations were generated using a program, written in C, for this
ment of distances, the distance between two vicinal methylene pro- purpose. [1] The torsion angles used to define these conformations
tons at a CH2 group is often used. This type of reference distance have the following meanings (see Figure 3):
is available for all three compounds (CH2 in the chelate cage, CH2

φ: torsion angle Du2P2Cipso2Cortho with the position of theof the benzyl groups, standard value: 1.75 Å). Another standard
Dummy atom Du generated and defined as given[1]

tool which is often used as an absolute reference is the distance
between the protons at o- and m-positions of a six membered arene τ: torsion angle Mo2P2Cmethylene(cage)2C
ring (accepted standard value: 2.45 Å). The data for compound 1

ω: torsion angle Du2P2Cmethylene(benzyl)2Cipsowere evaluated using: Bz2A-Bz2B, Bz3A-Bz3B, Bz1o-Bz1m, Bz2o-
Bz2m, Bz3o-Bz3m. The NOE distances of compound 2 were evalu- ψ: torsion angle P2Cmethylene(benzyl)2Cipso2Cortho.
ated on the basis of the methylene distance BzA-BzB (Figure 11) To avoid entangling of individual groups in the starting confor-
as well as on the basis of the Bzo-Bzm distance. mations as well as during refinement, a rubberband protocol was

used.[12] The P2C bonds radiating to the phenyl and benzyl sub-For compound 3 the same type of two different reference dis-
tances was used. In order to develop a feel for the reliability of the stituents respectively were stretched to an initial value of 4 Å with

the direction of these bonds unchanged. For the purpose of refine-distances obtained by the different ways of evaluation, the data
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Table 6. 1H-NMR data for compounds 123

Molecule 1 Molecule 2 Molecule 3
Nucleus Group 1[a] Group 2[a] Group 3[a]

Me }}}}}}}} 1.32 (bs, 3 H, [2.1])[f] }}}}}}}} 1.24 (bs, 3 H) 1.23 (bs, 3 H)
MeA 1.8322.10 (m, 4 H, 1.4221.58 (m, 2 H, 1.8322.10 (m, 4 H, 1.57 (d, 3 H, 2JHH 1.46 (d, 3 H, 2JHH

2JHH 16.0)[b], [e] 2JHH 16.0)[b] 2JHH 16.0)[b], [e] 13.0) 15.0)
MeB 1.76 (d, 3 H, 2JHH 1.64 (d, 3 H, 2JHH

13.0) 15.0)
BzA 3.46 (dd, 1 H, 2JHH 2.88 (dd, 1 H, 2JHH 3.58 (dd, 1 H, 2JHH 2.38 (d, 3 H, 2JHH 2.32 (d,3 H, 2JHH

14.0, [3.9])[c] 14.6, [2.9])[c] 14.4, [3.8])[c] 14.0) 14.0)
BzB 3.31 (dd, 1 H, 2JHH 2.38 (d, 1 H, 2JHH 3.19 (d, 1 H, 2JHH 3.13 (d, 3 H, 2JHH 3.11 (d, 3 H, 2JHH

14.0, [2.4])[c] 14.6) 14.4) 14.0) 14.0)
Pho/Xyo 7.1827.22 (m, 2 H)[g] 6.9527.03 (m, 8 H)[e], 7.6327.78 (m, 2 H)[g] 7.61 (bs, 6 H)[g] 7.28 (bs, 6 H) [Xyo][g]

[g]

Phm/XyMe 6.9527.03 (m, 6.9527.03 (m, 7.4527.55 (m, 7.4127.58 (m, 2.39 (s, 18 H)
8 H)[d], [e], [g] 8 H)[d], [e], [g] 3 H)[d], [g] 9 H)[d], [g] [XyMe][g]

Php/Xyp 7.27 (s, 3 H) [Xyp][g]

Bzo 6.65 (d, 2 H, 3JHH 5.97 (d, 2 H, 3JHH 6.46 (d, 2 H, 3JHH 5.95 (d, 6 H, 3JHH 5.97 (d, 6 H, 3JHH 7)
4.0) 7.0) 5.4) 7.2)

Bzm, Bzp 7.0527.12 (m, 9 H)[d] 6.8326.93 (m, 9 H)[d] 7.1227.18 (m, 9 H)[d] 6.8927.12 (m, 9 H)[d] 6.9127.15 (m, 9 H)[d]

[a] The three CH2P(Ph)(Bzl) groups of 1 are chemically different. Refering to the designators given in Figure 2, data given in row “nucleus
xyz” and column “group i” refer to proton xyiz, e.g. the data in the line MeA and the column “group 1” refer to the Me1A. For 2 and
3 these groups are chemically equivalent. 2 [b] Higher order multiplets, 2JHH coupling constants were determined by DQF-COSY experi-
ments. 2 [c] The 2JPH coupling-value is given in square brackets. 2 [d] Higher order multiplets, see for example Bzm, Bzp, Figure 13. The
NOE9s observed in this spectral range are by virtue of the geometry of the compounds (Figures 1, 11, 12) due to the dipolar interactions
with the meta-protons in each case. 2 [e] Signals of individual groups overlap. 2 [f] The 4JPH coupling-value is given in square brackets.
2 [g] The value is given for the phenyl-protons Pho, Phm, or Php respectively; the xylyl-protons are marked by “xyz” in square brackets

Table 7. Dependence of the NOE distances of 3 on relevant reference distances[a]

crosspeak slope distance estimates [Å]
No. interaction aromatic aliphatic individual average

interaction reference reference reference

1 Xyo/MeA 0.073(2) 2.46(3) 2.25(5) 2.37(3) 2.36(9)
2 Xyo/Meb 0.193(3) 2.09(3) 1.91(5) 2.01(3) 2.00(7)
3 Xyo/BzA 0.020(1) 3.06(3) 2.80(5) 2.95(3) 2.94(11)
4 Xyo/XyMe 0.048(2) 2.64(3) 2.41(5) 2.54(3) 2.53(9)
5 Xyo/BzB 0.047(5) 2.65(3) 2.42(5) 2.55(3) 2.54(9)
6 Xyo/Bzo 0.027(2) 2.90(3) 2.65(5) 2.90(3) 2.82(12)
2 Xyp/XyMe 0.049(1) 2.63(3) 2.40(5) 2.53(3) 2.52(9)
7 Bzo/MeA 0.038(7) 2.75(4) 2.51(6) 2.64(4) 2.63(10)
8 Bzo/MeB 0.037(11) 2.76(6) 2.52(7) 2.65(5) 2.64(10)
9 Bzo/BzA 0.061(5) 2.53(3) 2.31(5) 2.44(3) 2.43(9)
10 Bzo/XyMe 0.019(3) 3.09(4) 2.83(5) 2.97(4) 2.96(11)
11 Bzo/BzB 0.063(9) 2.52(3) 2.31(5) 2.43(3) 2.42(9)
12 Bzo/Bzm 0.075(11) 2.45(4) 2.24(5) 2.45(4) 2.38(10)
13 BzA/MeA 0.022(3) 3.00(4) 2.74(5) 2.74(3) 2.83(13)
14 BzA/BzB 0.328(74) 1.91(5) 1.75(6) 1.75(5) 1.80(8)
15 MeA/XyMe 0.009(3) 3.49(6) 3.19(7) 3.19(6) 3.29(14)

[a] Crosspeak refers to the numbering scheme shown in Figure 12; the numbers refer to the numbers assigned to individual crosspeaks
(Figure 13). Slope derived from measurements at different mixing times; the numbers in brackets refer to the standard deviation in terms
of the least significant digit given in each case. Aromatic reference: The Bzm-Bzo distance (Figure 12) is used throughout. Aliphatic
reference: The BzA-BzB distance (Figure 12) is used throughout. Individual reference: The reference distances BzA-BzB (aliphatic) and
Bzm-Bzo (aromatic) are used where appropriate. For contacts between aromatic and aliphatic protons the mean between the two estimates
is taken. The integrals of the crosspeaks were interpreted with reference to the mean of the two estimates. The numbers given in brackets
for these three columns refer to the standard deviations inferred from the standard deviations of the slopes. Average designates the mean
derived from the three values in the three columns at left; the numbers in brackets are the root mean square deviations from the mean.

ment these artificial restraints were reduced in a stepwise manner: The Polak Ribiere Conjugate Gradient algorithm was used for
energy minimisation.[23]reducing the distance after every hundred iterations to values of 3

Å, 2.5 Å, and 2.1 Å. The force constants referring to the artificially
elongated bonds were set at 100.0, 175.18, 583.4, 1166.7 kJ/Å2 mol In each case the refinement resulted in a largely reduced number

of different conformations, each of which corresponding to at leastin the sequence given. In the last step, now applying the original
P2C equilibrium bond length and the original force constants a local minimum (for exact numbers: see text). Once all the confor-

mations were known, the following procedure was applied: for eachusing the mm2f / mm2* force field (1166.7 kJ/mol 5 2.91 mdyn/Å),
refinement was performed without constraints (convergence cri- of the conformations the NOE relevant distances were extracted in

the following way: whenever a pair of protons to which the NOEteria: maximum number of iterations 5 99 999, convergence gradi-
ent: 0.01 Å/iteration). measurement refers could be uniquely assigned, the distances rel-
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evant to such pairs were calculated. In those cases where the nmr on two Silicon Graphics Indigo2 MIPS R4400 workstations, 200

MHz, 128 MB RAM, operating under IRIX 5.3.experiments could not differentiate between constitutionally equiv-
alent sets of protons, as for instance in the case of the confor-
mationally diastereotopic pair of ortho-protons at a phenyl residue ; Dedicated to Professor Hans Bock on the occation of his 70th

birthday.or, in some cases, for the configurationally diastereotopic protons
[1] J. Hunger, S. Beyreuther, G. Huttner, U. Radelof, K. Allinger,at a methylene position, the shortest contact amongst the set of Europ. J. Inorg. Chem. 1998, 6932702.

experimentally indiscernible contacts of this type was used. When- [2] F. Anet, A. Bourn, J. Am. Chem. Soc. 1965, 87, 525025251.
ever configurationally equivalent, but conformationally different [3] K. Wüthrich, Acta Cryst. D 1995, 51, 2492270.

[4] The volumes of nature structural biology demonstrate the con-groups were analysed, e.g. PBzPh in 2, all the contacts relevant to
tinously increasing number of protein structures which havethese groups were calculated and again the shortest one was taken been solved by NMR techniques.

as the representative. This means that contacts involving the methyl [5] O. Walter, T. Klein, G. Huttner, L. Zsolnai, J. Organomet.
groups of the 3,5-xylyl groups in 3 were extracted by calculating Chem. 1993, 63281.

[6] M. Büchner, G. Huttner, U. Winterhalter, A. Frick, Chem. Ber.up to 72 individual distances. This number results from the fact
1997, 130, 137921392.that three methyl protons have to be considered for each individual [7] A. E. Torda, W. F. v. Gunsteren, in K. B. Lipkowitz, D. B.

methyl group; there are six such groups representing a total of 18 Boyd (Eds.): Reviews in Computational Chemistry, Vol. 3, VCH
different methyl proton positions. If these protons are involved in Publishers, Inc., New York 1992, p. 1432172.

[8] J. M. Blaney, J. S. Dixon, in K. B. Lipkowitz, D. B. Boyd (Eds.):contacts to ortho-hydrogens of the benzyl groups, two positions of
Reviews in Computational Chemistry, Vol. 5, VCH Publishers,these protons at the left hand side as well as on the right hand side Inc., New York 1994, p. 2992335.

are potential candidates thus multiplying the number of possible [9] For a recent application of distance geometry methods see H.
origins of the protons which may be at three different fixed posi- Steinhagen, M. Reggelin, G. Helmchen, Angew. Chem. 1997,

109, 219922202. For molecular dynamics simulations whichtions, to a total of 18 3 4 5 72.
make use of distance constraints as well as of constraints de-
rived from a Boltzmann weighting scheme see: J. Fennen, A. E.

The diastereotopic protons at the CH2 constituents of the chelate Torda and W. F. van Gunsteren, Journal of Biomol. NMR, 1995,
6, 1632170.cages, as well as of the CH2 phenyl substituents, had been uniquely

[10] The underlying assumption is of course that the system is in itsassigned in the nmr experiments with the exception of the protons
thermodynamic equilibrium. For the compounds studied this

Bz1A/B (Figure 2) and Me2A/B (Figure 2) for compound 1. Inde- means that none of the rotations of either phenyl or benzyl
pendent of this assignment, which had been possible in most cases, groups is slowed down to such an extent that this assumption

would not be valid. For the present case complete dynamicthe analysis of contacts involving these groups was done without
equilibration of the conformers is observed on the NMR timeincorporating this specification. All possible combinations corre-
scale.

sponding to a specific assignment referring to these groups were [11] S. Beyreuther, J. Hunger, G. Huttner, S. Mann, L. Zsolnai,
evaluated in each case. The quality of the assignment was judged Chem. Ber. 1996, 129, 7452757.

[12] J. S. Giovannetti, C. M. Kelly, C. R. Landis, J. Am. Chem. Soc.by calculating a Boltzmann weighted average over all confor-
1993, 115, 404024057.mations with this specific assignment and comparing the predicted [13] [13a] C. P. Casey, S. L. Hallenbeck, J. Monty Wright and C. R.

distances with the observed ones. For compounds 2 and 3 the as- Landis, J. Am. Chem. Soc. 1997, 119, 968029690. 2 [13b] C.
signment as originally deduced from nmr analysis was reproduced Landis, V. Allured, J. Am. Chem. Soc. 1991, 113, 949329499.

[14] [14a] T. Dierks, Diplomarbeit, Heidelberg 1995. 2 [14b] S.by this procedure. With compound 1 the situation is more difficult
Cunskis, Diplomarbeit, Heidelberg 1996.due to its low symmetry. The best fit was obtained with the assign- [15] A. Bax, R. H. Griffey, B. L. Hawkins, J. Magn. Reson. 1983,

ment shown in Figure 2. To evaluate the sums of states a tempera- 55, 3012315.
ture of T 5 300 K was used throughout in accordance with the [16] A. Bax, M. F. Summers, J. Am. Chem. Soc. 1986, 108,

209322094.measuring temperature of the NOE experiments.
[17] M. Rance, O. W. Sørensen, G. Bodenhausen, G. Wagner, R.

R. Ernst, K. Wüthrich, Biochem. Biophys. Res. Commun. 1983,
In order to answer the question of how well the NOE distances 117, 4792485.

[18] L. Braunschweiler, R. R. Ernst, J. Magn. Reson. 1983, 53,might be reproduced on the basis of a combination of just a few
5212528.conformations, a program was written to find the best linear com- [19] [19a] J. Jeener, B. H. Meier, P. Bachmann, R. R. Ernst, J. Chem.bination of the weights with which these conformations will con- Phys. 1979, 69, 454624553. 2 [19b] D. Neuhaus, M. Williamson,

tribute. The constraint that the sum of the weights has to add up The Nuclear Overhauser Effect in Structural and Conformational
Analysis, VCH, New York, 1989.to one has been incorporated in terms of a Lagrangean multip-

[20] XWIN-NMR 1.3, Bruker, 1995.lier. [24] [25]
[21] “Medio tutissimus ibis”, Ovid, Metamorphoses, II, 137.
[22] The mm2 force field as implemented in Macromodel 5.0 (mm2*)

has been used throughout (see F. Mohamadi, N. G. J. Richards,In order to optimise the structure of compound 2 in its crystal
W. C. Guida, R. Liskamp, M. Lipton, C. Caufield, G. Chang, T.environment, the complete set of those 19 molecules in its neigh-
Hendrickson, W. C. Still, J. Comp. Chem. 1990, 11, 4402467).bourhood was selected for which at least one contact to the given [23] E. Polak, G. Ribiere, Revue Francaise Informat. Recherche Oper-

molecule is shorter than 8 Å (Figure 8). This environment was fixed ationelle 1969, 16, 35.
[24] P. S. Shenkin, D. L. Yarmush, R. M. Fine, H. Wang, C. Levin-to the coordinate values found in the crystal structure and the selec-

thal, Biopolymers 1987, 26, 2053.ted molecule that is embedded by this crystal surrounding was re-
[25] R. Courant, Vorlesungen über Differential- und Integralrechnung.fined. The crystal environment was generated by using the appro- Zweiter Band. Funktionen mehrerer Veränderlicher, 3rd ed.,

priate feature in the MSI program package, refinement was per- Springer Heidelberg, 1955.
[I98175]formed by using MacroModel. The calculations were carried out
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The platina-β-diketone [Pt2{(COMe)2H}2(µ-Cl)2] (1) reacts characterized by microanalysis, and by 1H-NMR and IR
spectroscopy. X-ray structure analyses reveal that in the solidwith aliphatic amines [nBuNH2, (iPr)2NH, NEt3], N-

methylaniline, and N,N-dimethylaniline, as well as with state the complexes 3a · 0.5 CH2Cl2 and 3g · 2 CH2Cl2 consist
of tetranuclear dianions with zigzag Pt4 chains [Pt–Pt–Ptstrong bases, such as a proton sponge or [NMe4]OH, in an

equimolar ratio to give the anionic platina-β-diketonato angle: 122.92(3)° (3a), 119.30(6)° (3g)]. The central Pt···Pt
distances [3a: 3.171(1) Å, 3g: 3.176(1) Å] give evidence forcomplexes of platina-β-diketones [BH]2[{Cl2Pt(µ-

COMe)2Pt[(COMe)2H]}2] (3) {B = nBuNH2 (3a), (iPr)2NH (3b), closed shell d8-d8 interactions. Thus, these bis(acyl)-bridged
complexes can be regarded as organometallic analogues ofNEt3 (3c), PhNHMe (3d), PhNMe2 (3e), C10H6(NMe2)2 [1,8-

bis(dimethylamino)naphthalene] (3f) and [NMe4]2[{Cl2Pt(µ- platinum blue complexes.
COMe)2Pt[(COMe)2H]}2] (3g)}. All complexes were

Scheme 1. (i) RNH2; (ii) 2 H1; (iii) [L9xM9]1; (iv) 2 RNH2The dinuclear platina-β-diketone [Pt2{(COMe)2H}2(µ-
(2 [RNH3]Cl)Cl)2] (1), prepared by the reaction of hexachloroplatinic(IV)

acid with silyl-substituted acetylenes in n-butanol, proved
to be an electronically unsaturated complex with a kine-
tically labile ligand sphere[1]. When compared to Lukehart9s
mononuclear metalla-β-diketones [LxM{(COR)2H}] (A) [2]

(L 5 CO, Cp; M 5 Mo, W, Mn, Re, Fe, Os), which are
electronically saturated and kinetically stable complexes, the
complex 1 exhibits a fundamentally different reactivity.
These complexes A were shown to react with primary
amines to give the corresponding metalla-β-ketoimines B [3]

[Scheme 1(i)] and, after deprotonation (A9), with metal salts
to give the metalla-β-diketonato metal complexes C
[Scheme 1(ii) and (iii)] [4]. Recently, we reported that the
platina-β-diketone 1 reacts with aniline or p-toluidine to
yield platina-β-diketonato complexes of platina-β-diketones
[{(RNH2)ClPt(µ-COMe)2Pt[(COMe)2H]}2] (R 5 Ph 2a,
pMeC6H4 2b) [Scheme 1(iv)] [5]. These complexes are neutral
complexes containing tetranuclear zigzag Pt4 chains in the
solid state. Results and Discussion

Treatment of [Pt2{(COMe)2H}2(µ-Cl)2] (1) with oneHere we report on the reaction of the platina-β-diketone
1 with primary, secondary, and tertiary aliphatic amines, equiv. of n-butylamine (nBuNH2), diisopropylamine

[(iPr)2NH], triethylamine (NEt3), N-methylanilineand with N-methyl- and N,N-dimethylaniline as well as with
strong bases such as a proton sponge and [NMe4]OH, to (PhNHMe), N,N-dimethylaniline (PhNMe2), or the pro-

ton sponge 1,8-bis(dimethylamino)naphthalene [C10H6-give anionic platina-β-diketonato complexes of platina-β-
diketones. (NMe2)2] in dichloromethane at ambient temperature af-
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fords, in moderate to good yield (56282%), the anionic chemically inequivalent carbonyl carbon atoms (Figure 1)

can be extracted and are found to be in in the range δ 5platina-β-diketonato complexes of platina-β-diketones
[BH]2[{Cl2Pt(µ-COMe)2Pt[(COMe)2H]}2] [B 5 nBuNH2 233.22248.8.
(3a), (iPr)2NH (3b), NEt3 (3c), PhNHMe (3d), PhNMe2

Figure 1. HMBC spectrum of 3g showing the range of the carbonyl(3e), C10H6(NMe2)2 (3f)] [Scheme 2(i)]. An analogous reac-
carbon resonancestion carried out with tetramethylammonium hydroxide

forms the complex [NMe4]2[{Cl2Pt(µ-COMe)2Pt-
[(COMe)2H]}2] (3g) in a yield of 60% [Scheme 2(ii)]. No
well defined products could be obtained with an excess of
amines or [NMe4]OH.

Scheme 2. (i) nBuNH2, (iPr)2NH, NEt3, PhNHMe, PhNMe2 or
C10H6(NMe2)2 (1:1); (ii) [NMe4]OH (1:1; 2 H2O)

Complex 3a was obtained as orange crystals and the
The temperature dependence of the 1H-NMR spectracomplexes 3b, 3c, and 3f were obtained as yellow, micro-

points to a dynamic process at room temp. and to the exist-crystalline solids. The complexes 3d and 3e were isolated as
ence of two isomers at temperatures below 220°C. Takingorange rubberlike solids. After drying briefly, the complex
into account the fact that the neutral complex 2b is di-3g ·CH2Cl2 was obtained as orange crystals. All anionic
nuclear in chloroform solution at room temp.[5], one isomerplatina-β-diketonato complexes of platina-β-diketones 3 are
should be the dinuclear species 39 (Scheme 3). 39 could beair-sensitive and decompose between 79 and 110°C. Thus,
in equilibrium with either the tetranuclear complex 399 (astheir thermal stability is similar to that of the neutral plat-
was found in the solid state) or with the deprotonated start-ina-β-diketonates of platina-β-diketones 2 [m.p. (dec) 5
ing complex 19 (Scheme 3).90293°C][5], but smaller than that of the starting complex

The proton resonances of the hydrogen-bonded hydrogen1 [m.p. (dec) 5 183 C][1]. In solution (CH2Cl2) complexes
atoms in all anionic platina-β-diketonato complexes of plat-of 3 decompose at room temp. within less than 1 h, whereas
ina-β-diketones 3 appear as a broad signal at δ ø 20, indi-at low temperatures (< 250°C) the solutions are stable over
cating a downfield shift of about 4 ppm with respect to thea period of one week.
platina-β-diketone 1 (δ ø 16).

Two strong bands in the carbonyl region are found in the
Spectroscopic Investigations IR spectra of the complexes 3: ν̃ 5 152421534 cm21 for

the bridging µ-acyl groups in the platina-β-diketonato unit
At room temp. the 1H-NMR spectra of the anionic com- and ν̃ 5 155221556 cm21 for the platina-β-diketone unit.

plexes 3 show only one broad signal for the methyl protons In the neutral complexes 2, there were two bands observed
(δ ø 2.4). With the exception of the complex 3d, four at 1514 cm21 and 1535 cm21 for the bridging µ-acyl unit
methyl resonances are found at low temperatures (the splitting is due to the unsymmetric coordination of the
(< 220°C). These methyl resonances form two pairs, the platinum centre) and one band at 1545 cm21 (2a) and 1553
signals within each pair having the same intensity; and the cm21 (2b), for the platina-β-diketone unit. The C2O
ratio of intensities between the two pairs of signals being stretching vibration in the platina-β-diketone 1 also appears
ca. 70:30 in all cases. Because all of the complexes are only in this region (ν̃ 5 1548 cm21).
slightly soluble in CD2Cl2 at 225°C, and due to the re-
stricted thermal stability of these solutions, the carbonyl
carbon atoms could not be detected by conventional 13C- Crystal Structures
NMR spectroscopy. However, from the 1H,13C shift-corre-
lation 2D-NMR spectra of 3g via one (HMQC) and three The crystal structures of 3a · 0.5 CH2Cl2 and 3g · 2

CH2Cl2 were obtained by X-ray diffraction analyses. Thebonds (HMBC), recorded at 225°C, the 13C-chemical
shifts of the four methyl groups and the corresponding four ORTEP diagram of the anion in 3g · 2 CH2Cl2 is shown in
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Scheme 3. Possible isomers of the anion [Cl2Pt(µ-COMe)2Pt{(COMe)2H}]2 (3) in solution

Figure 2. ORTEP-III plot[14] of the anion in 3g · 2 CH2Cl2
[a], ecular O???H???O bonds [3a: 2.40(2) Å, 3g: 2.397(8) Å] are

showing atom numbering (displacement ellipsoids at 30% probabi- essentially the same as those in the complexes 1 and 2
lity); only the H atom in the hydrogen bridge is shown

[2.28(4)22.37(2) Å].
As for the complexes 2 [5], complexes 3a · 0.5 CH2Cl2 and

3g · 2 CH2Cl2 are “head-to-head” dimers forming Pt4 “zig-
zag” chains. Analogous Pt4 units are found in platinum blue
complexes that were first prepared (1908) by treating an
aqueous solution of [PtCl2(MeCN)2] with silver nitrate[6]

and were structurally characterized (1977) as amidato
bridged complexes especially by Lippard[7].

The conformations of the zigzag Pt4 chains are very simi-
lar in all four complexes 2 and 3. The Pt···Pt distances be-
tween the two central platinum atoms [3a: 3.171(1)/3g:
3.176(1) Å] indicate relatively strong closed shell d8-d8 inter-
actions[8]. Similar values are observed in the “classical”
platinum blue complexes with platinum in the average oxi-
dation state of 2.0 [d(Pt···Pt) 5 2.8723.24 Å] [9], and in[a] Selected interatomic distances [Å] and angles [°]; values concern-

ing 3a · 0.5 CH2Cl2 are given in square brackets: Pt(1)2Cl(1) platinum(II) complexes with columnar structures
2.412(2) [2.417(4)], Pt(1)2Cl(2) 2.408(2) [2.424(4)], Pt(1)2C(1)

[d(Pt···Pt) 5 3.0923.60 Å] [10].1.940(8) [1.91(1)], Pt(1)2C(3) 1.941(8) [1.96(1)], Pt(2)2C(5) 1.94(1)
[1.90(2)], Pt(2)2C(7) 1.939(8) [1.93(1)], Pt(2)2O(1) 2.148(5) In complexes 2 and 3 the coordination planes of Pt(1)
[2.139(7)], Pt(2)2O(2) 2.138(5) [2.129(8)], C(1)2O(1) 1.25(1) and Pt(2) are inclined at angles of 76.4(4)°289.6(4)° [11]. In[1.26(1)], C(3)2O(2) 1.27(1) [1.26(2)], C(5)2O(3) 1.25(1) [1.27(2)],

the classical platinum blue complexes these angles areC(7)2O(4) 1.26(1) [1.25(2)], O(3)···O(4) 2.397(8) [2.40(2)],
Pt(1)···Pt(2) 3.358(1) [3.336(1)], Pt(2)···Pt(29) 3.176(1) [3.171(1)]; markedly smaller (18240°) [7] [9] [12]. This may be due to the
Pt(1)2Pt(2)2Pt(29) 119.30(6) [122.92(3)], [Pt(1)Cl(1)Cl(2) different numbers of bridging atoms (two in complexes 2C(1)C(3)]/[Pt(2)O(1)O(2)C(5)C(7)] 89.1(2) [89.6(3)].

and 3 vs. three in the platinum blue complexes). In accord-
ance with this, the Pt(1)2Pt(2)2Pt(29) angles in complexes

Figure 2. The representation of the anion in 3a · 0.5 CH2Cl2 2 and 3 are distinctly smaller than in the platinum blues
is not shown due to the close similarities to 3g · 2 CH2Cl2. [119.30(6)2127.52(3)° vs. 1582170°] [7] [9] [12]. Furthermore,
Both complexes exhibit crystallographically imposed inver- in all complexes 2 and 3, the central Pt···Pt distances {mean
sion symmetry. Bond lengths and bond angles of complexes value d[Pt(2)···Pt(29)] 5 3.171 Å} are shorter than the dis-
3a · 0.5 CH2Cl2 and 3g · 2 CH2Cl2 do not differ significantly. tances between the ligand-bridged platinum atoms {mean
Minor differences were found in the Pt(1)···Pt(2) distance value d[Pt(1)···Pt(2)] 5 3.284 Å}. The reverse order is ob-
[3a: 3.336(1) Å, 3b: 3.358(1) Å] and in the Pt(1)2Pt(2)2 served in the classical platinum blue complexes[7] [9] [12].
Pt(29) angle [3a: 122.92(3)°, 3b: 119.30(6)°]. The comparison made between the platina-β-diketonato

Platinum is square-planar coordinated by two Cl and two complexes of platina-β-diketones 2 and 3 and the classical
C atoms, and by two O and two C atoms, respectively. The platinum blue complexes reveals many structural similarit-
Pt2C bond lengths [1.90(1)21.96(1) Å] and the C2O bond ies. Thus, the bis(acyl)-bridged complexes 2 and 3 can be
lengths [1.25(1)21.27(2) Å] are in each case equivalent to regarded as organometallic analogues of platinum blue
within 3σ, and do not differ significantly from those in the complexes. The investigations show that stable organomet-
platina-β-diketone 1 and in the neutral platina-β-diketonato allics with Pt4 chains can appear as neutral complexes 2 [5]

complexes of platina-β-diketones 2 [d(Pt2C) 5 or as anionic complexes 3. Investigations are in progress to
1.95(1)22.00(2) Å; d(C2O) 5 1.21(3)21.26(1) Å] [1] [5]. The synthesize analogous cationic complexes.
Pt2O distances [2.129(8)22.148(5) Å] and the Pt2Cl dis- Financial support by the Deutsche Forschungsgemeinschaft and
tances [2.408(2)22.424(4) Å] are in the range of those ob- by the Fonds der Chemischen Industrie, as well as gifts of chemicals
served in 2 [d(Pt2O) 5 2.15(1)22.18(1) Å; d(Pt2Cl) 5 by the companies Degussa (Hanau) and Merck (Darmstadt), are

gratefully acknowledged.2.409(6)/2.390(4) Å]. The O···O distances in the intramol-
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(248 K, CDCl3): δ 5 2.222.5 (m, 12 H, COCH3), 3.09 (s, 3 H,Experimental Section
NCH3), 7.42 (m, 3 H, m,p-CH), 7.60 (m, 2 H, o-CH), 10.55 (s, 2

All reactions were performed under an Ar atmosphere using
H, NH2), 20.03 [s(br), 1 H, OHO]. 2 C15H23Cl2NO4Pt2 (742.41):

standard Schlenk techniques. The solvents were dried and distilled
calcd. C 24.27, H 3.12, Cl 9.55, N 1.89; found C 24.88, H 3.43, Cl

prior to use. 2 IR: Galaxy Mattson 5000 FT-IR spectrometer using
10.36, N 2.05.

CsBr pellets. 2 NMR: Varian Gemini 200, VXR 400, and Unity
(B 5 PhNMe2) (3e): Orange rubberlike solid. Yield: 148 mg500 spectrometers. Chemical shifts are relative to CHDCl2 (δH 5

(62%). 2 IR: ν̃ 5 1554 cm21 (sh, CO), 1530 (s, CO), 274 (w, PtCl),5.32), CD2Cl2 (δC 5 53.8), CHCl3 (δH 5 7.24), and CDCl3 (δC 5
251 (w, PtCl). 2 1H NMR (293 K, CDCl3): δ 5 2.322.6 (m, 1277.0) as internal references. 2 Microanalyses (C, H, N, Cl): Univer-
H, COCH3), 3.12 (d, 6 H, NCH3, 3JNH,H 5 1.2 Hz), 7.37 (m, 5 H,sity of Halle microanalytical laboratory using CHNS-932 (LECO)
CH), ca 10.8 [s(br), 1 H, NH], resonance for OHO not observed.and Vario EL (elementar Analysensysteme) elemental analyzers. 2
2 1H NMR (248 K, CDCl3): δ 5 2.21 (s, 4.6 H, COCH3), 2.39 (s,The complex [Pt2{(COMe)2H}2(µ-Cl)2] (1) was prepared according
1.4 H, COCH3), 2.44 (s, 1.4 H, COCH3), 2.52 (s, 4.6 H, COCH3),to the literature method[1]. Other chemicals were commercial mate-
3.25 (s, 6 H, NCH3), 7.36 (t, 1 H, p-CH), 7.47 (m, 2 H, m-CH),rials used after distillation or without further purification.
7.57 (d, 2 H, o-CH), 11.8 (s, 1 H, NH), 20.03 [s(br), 1 H, OHO].

General Procedure for the Synthesis of [BH]2[{Cl2Pt(µ-
2 C16H25Cl2NO4Pt2 (756.44): calcd. C 25.41, H 3.33, Cl 9.37, N

COMe)2Pt[(COMe)2H]}2] (3): The amine [nBuNH2; (iPr)2NH;
1.85; found C 25.13, H 3.67, Cl 10.25, N 1.94.

NEt3; PhNHMe; PhNMe2; C10H6(NMe2)2] (0.32 mmol) was added
[B 5 C10H6(NMe2)2] (3f): Yellow microcrystals. 2 M.p. (dec)to a stirred suspension of [Pt2{(COMe)2H}2(µ-Cl)2] (1) (200 mg,

1082110°C. 2 Yield: 182 mg (68%). 2 IR: ν̃ 5 1552 cm21 (sh,0.32 mmol) in dichloro methane (3 ml) at ambient temp., producing
CO), 1529 (s, CO), 271 (w, PtCl), 248 (w, PtCl). 2 1H NMR (293a yellow/orange solution within 1 min. Diethyl ether (5 ml) was
K, CDCl3): δ 5 2.322.5 [s(br), 12 H, COCH3], 3.27 (d, 12 H,added and a precipitate was formed within 2 d at 240°C which was
NCH3, 3JH,H 5 2.8 Hz), [7.69 (t, 2 H, 3JH,H 5 7.7 Hz), 7.80 (dd,filtered off, washed with diethyl ether, and dried briefly in vacuo.
2 H, 3JH,H 5 7.7 Hz, 4JH,H 5 1.1 Hz), 7.99 (dd, 2 H, 3JH,H 5 8.4

(B 5 nBuNH2) (3a): Orange crystals. 2 M.p. (dec) 84286°C.
Hz, 4JH,H 5 0.7 Hz)], 18.85 (s, 1 H, NHN), resonance for OHO

2 Yield: 169 mg (76%). 2 IR: ν̃ 5 1556 cm21 (sh, CO), 1531 (s,
not observed. 2 1H NMR (233 K, CD2Cl2): δ 5 2.27 (s, 4.4 H,

CO), 274 (w, PtCl), 249 (w, PtCl). 2 1H NMR (293 K, CDCl3):
COCH3), 2.35 (s, 1.6 H, COCH3), 2.45 (s, 1.6 H, COCH3), 2.48 (s,

δ 5 0.92 [t, 3 H, N(CH2)3CH3], 1.42 [sext, 2 H, N(CH2)2CH2], 1.77
4.4 H, COCH3), 3.21 (d, 12 H, NCH3, 3JH,H 5 2.8 Hz), [7.69 (t, 2

(quin, 2 H, NCH2CH2), 2.36 [s(br), 6 H, COCH3], 2.38 [s(br), 6 H,
H, 3JH,H 5 7.8 Hz), 7.80 (dd, 2 H, 3JH,H 5 7.5 Hz, 4JH,H 5 0.8

COCH3], 3.10 (t, 2 H, NCH2), 7.53 [s(br), 3 H, NH3], ca 19.5 [s(br),
Hz), 7.97 (dd, 2 H, 3JH,H 5 8.4 Hz, 4JH,H 5 0.7 Hz)], 19.15 (s, 1

1 H, OHO]. 2 1H NMR (248 K, CDCl3): δ 5 0.92 [t, 3 H,
H, NHN), 20.1 [s(br), 1 H, OHO], Resonances of the aromatic H

N(CH2)3CH3], 1.39 [sext, 2 H, N(CH2)2CH2], 1.77 (quin, 2 H,
atoms are given in brackets. 2 C22H32Cl2N2O4Pt2 (849.56): calcd.

NCH2CH2), 2.31 (s, 1.8 H, COCH3), 2.33 (s, 4.2 H, COCH3), 2.36
C 31.10, H 3.80, Cl 8.35, N 3.30; found C 30.47, H 3.97, Cl 9.16,

(s, 1.8 H, COCH3), 2.46 (s, 4.2 H, COCH3), 3.09 (sext, 2 H, NCH2),
N 3.10.

7.54 (s, 3 H, NH3), 20.10 (s, 1 H, OHO). 2 C12H25Cl2NO4Pt2

Synthesis of [NMe4]2[{Cl2Pt(µ-COMe)2Pt[(COMe)2H]}2](708.40): calcd. C 20.35, H 3.56, Cl 10.01, N 1.98; found C 20.13,
(3g · CH2Cl2): A 2.2  solution of [NMe4]OH in methanol (142 µl,H 3.49, Cl 10.20, N 1.85.
0.32 mmol) was added to a stirred suspension of

[B 5 (iPr)2NH] (3b): Yellow crystals. 2 M.p. (dec) 95297°C. 2
[Pt2{(COMe)2H}2(µ-Cl)2] (1) (200 mg, 0.32 mmol) in dichloro-

Yield: 190 mg (82%). 2 IR: ν̃ 5 1556 cm21 (sh, CO), 1534 (s, CO),
methane (3 ml) at ambient temp., immediately producing an orange

275 (w, PtCl), 250 (w, PtCl). 2 1H NMR (293 K, CDCl3): δ 5 1.45
solution. On standing overnight (240°C), orange crystals precipi-

(d, 12 H, NCHCH3), 2.322.5 (m, 12 H, COCH3), 3.38 (sept, 2 H,
tated from solution, which were filtered off at 278°C, washed with

NCHCH3), 8.33 [s(br), 2 H, NH2], resonance for OHO not ob-
diethyl ether, and dried briefly in vacuo. 2 M.p. (dec) 79281°C. 2

served. 2 1H NMR (248 K, CDCl3): δ 5 1.44 (d, 12 H, NCHCH3),
Yield: 142 mg (60%). 2 IR: ν̃ 5 1553 cm21 (sh, CO), 1524 (s, CO),

2.31 (s, 4.2 H, COCH3), 2.36 (s, 1.8 H, COCH3), 2.48 (s, 1.8 H,
271 (w, PtCl), 256 (w, PtCl). 2 1H NMR (293 K, CD2Cl2): δ 5

COCH3), 2.51 (s, 4.2 H, COCH3), 3.38 (sept, 2 H, NCHCH3), 8.24
2.222.5 [s(br), 12 H, COCH3], 3.39 (s, 12 H, NCH3), resonance

(s, 2 H, NH2), 20.02 [s(br), 1 H, OHO]. 2 C14H29Cl2NO4Pt2 for OHO not observed. 2 1H NMR (248 K, CD2Cl2): δ 5 2.28 (s,
(736.45): calcd. C 22.83, H 3.97, Cl 9.63, N 1.90; found C 22.47,

4.0 H, COCH3), 2.36 (s, 2.0 H, COCH3), 2.41 (s, 2.0 H, COCH3),
H 3.83, Cl 10.36, N 1.99.

2.44 (s, 4.0 H, COCH3), 3.33 (s, 12 H, NCH3), ca 20.0 [s(br), 1 H,
(B 5 NEt3) (3c): Yellow microcrystals. 2 M.p. (dec) 90292°C. OHO]. 2 C24H50Cl4N2O8Pt4·CH2Cl2 (1501.72): calcd. C 19.99, H

2 Yield: 139 mg (60%). 2 IR: ν̃ 5 1553 cm21 (sh, CO), 1530 (s, 3.49, Cl 14.16, N 1.86; found C 20.00, H 3.63, Cl 14.51, N 1.96.
CO), 280 (w, PtCl), 257 (w, PtCl). 2 1H NMR (293 K, CDCl3): HMQC (248 K, CD2Cl2): δ(1H/13C) 5 2.28/37.6 (CH3), 2.36/41.4
δ 5 1.37 (t, 9 H, NCH2CH3), 2.322.5 (m, 12 H, COCH3), 3.21 (CH3), 2.41/40.6 (CH3), 2.44/42.6 (CH3), 3.33/53.8 (NCH3). 2

(dq, 6 H, NCH2CH3, 3JNH,H 5 5.1 Hz), 9.08 [s(br), 1 H, NH], HMBC (248 K, CD2Cl2): δ(1H/13C) 5 2.28/233.2 (CH3, CO), 2.36/
resonance for OHO not observed. 2 1H NMR (248 K, CDCl3): 242.1 (CH3, CO), 2.41/237.6 (CH3, CO), 2.44/248.8 (CH3, CO).
δ 5 1.34 (t, 9 H, NCH2CH3), 2.31 (s, 4.4 H, COCH3), 2.35 (s, 1.6

Crystal Structure Determination of Complexes 3a · 0.5 CH2Cl2H, COCH3), 2.42 (s, 1.6 H, COCH3), 2.51 (s, 4.4 H, COCH3), 3.19 and 3g · 2 CH2Cl2: Crystals were taken directly from the solution
(dq, 6 H, NCH2CH3, 3JNH,H 5 5.3 Hz), 8.71 (s, 1 H, NH), 20.06 and selected under perfluoro ether. A suitable crystal was quickly
(s, 1 H, OHO). 2 C14H29Cl2NO4Pt2 (736.45): calcd. C 22.83, H mounted on a glass fiber. Intensity data were collected on a Stoe
3.97, Cl 9.63, N 1.90; found C 22.56, H 3.86, Cl 10.04, N 1.94. IPDS diffractometer with Mo-Kα radiation (0.71073 Å, graphite

monochromator). A summary of the crystallographic data, the data(B 5 PhNHMe) (3d): Orange rubberlike solid. 2 Yield: 131 mg
(56%). 2 IR: ν̃ 5 1556 cm21 (sh, CO), 1531 (s, CO), 274 (w, PtCl), collection parameters and the refinement parameters is given in

Table 1. Absorption corrections were carried out numerically. The249 (w, PtCl). 2 1H NMR (293 K, CDCl3): δ 5 2.222.6 (m, 12
H, COCH3), 3.01 (s, 3 H, NCH3), 7.127.4 (m, 5 H, CH), 11.61 structures were solved by direct methods using SHELXS-86[13] and

refined with full matrix least squares routines against F2 using[s(br), 2 H, NH2], resonance for OHO not observed. 2 1H NMR
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Tetrakis[bis(trimethylsilyl)methyl]digallane(4) 1 reacts with are connected in each compound by two spacers
(dimethylbenzene, cyclohexane, hexane, or butane) to formdicarboxylic acids like 1,4-benzenedi(methylcarboxylic) acid,

1,4-cyclohexanedicarboxylic acid, 1,6-hexanedicarboxylic macrocyclic compounds with up to 22 atoms in the resultant
heteroatomic rings. The dimeric form is also observed inacid, and 1,4-butanedicarboxylic acid (adipinic acid) by the

release of two equivalents of bis(trimethylsilyl)methane and solution. For comparison, the synthesis and structure of the
product of the reaction of 1 with 1-adamantanecarboxylicthe retention of the Ga–Ga bond. Products are formed, in

which the very short Ga–Ga bonds (237.7 pm on average) acid is included, which also has the Ga–Ga bond (239.1 pm)
bridged by two carboxylato groups.are bridged by two carboxylato groups. Two of these moieties

Scheme 1Recently we published the reactions of tetrakis[bis(trime-
thylsilyl)methyl]digallane(4) 1 [1] with aromatic carboxylic
acids. Remarkably, these reactions did not lead to the ex-
pected cleavage of the Ga2Ga bond of 1 as observed for
the corresponding dialuminium or diindium derivatives[2],
but two alkyl substituents were replaced by two carboxylato
groups, and two equivalents of bis(trimethylsilyl)methane
were released in an almost quantitative yield[3]. As shown in
Scheme 1, the bidentate carboxylato ligands of the products
occupy bridging positions across the Ga2Ga bond, which
is significantly shortened to 238.5(2) pm compared with
that of the starting compound 1 [254.1(1) pm][1]. In con-
trast, a terminal coordination of chelating diphenyltriazen-

boxylato ligand might be bound to only one digallium frag-ido ligands was observed in a digallium compound ob-
ment in a chelating manner. But from molecular models ittained by the reaction of 1 with diphenyltriazene[4]. Also,
can be deduced that such an intramolecular coordination isthe product of the reaction with dibenzoylmethane showed
not easy to achieve and requires long carbon chains toa terminal arrangement of the chelating groups[5], which
avoid considerable steric stress in the molecule. (ii) The di-have, however, two atoms more in the resulting heterocycle.
carboxylato ligands could bridge two digallium units by anThe reason for the different coordination is not well under-
intermolecular coordination to form dimeric or oligomericstood; it may depend on the distance between the coordi-
species. The oligomerization of the products would open annating atoms (bite), and we hope to clarify this problem by
easy route to the synthesis of interesting new macrocyclicthe synthesis of some derivatives by systematically changing
compounds. The reactions of some dicarboxylic acids withthe size of the chelating groups. In this context, we report
1 and the complete characterization of the products is de-here on the structural characterization of the first example
scribed in this article.of a digallium compound with aliphatic carboxylato ligands

in order to exclude an electronic influence of the aromatic
groups on the coordination mode. Reaction of Digallane(4) 1 with 1-Adamantanecarboxylic Acid

The reactions of 1 with carboxylic acids yielded the pro-
ducts almost quantitatively without any NMR spectro- Two equivalents of 1-adamantanecarboxylic acid reacted

rapidly with 1 in n-pentane at low temperature, and the yel-scopically detectable by-products[3]. Therefore, we were
interested in the behavior of bifunctional dicarboxyclic ac- low color of the digallium(4) compound disappeared al-

ready at 215°C. As shown by a NMR spectrum of the reac-ids, which could give two different products: (i) The dicar-
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tion mixture, exactly two equivalents of bis(trimethylsilyl)-
methane were released per formula unit of 1 (Eq. 1). The
colorless, crystalline product (2) was isolated after evapor-
ation and recrystallization from pentane in a yield of 79%.
Product 2 is readily soluble in hydrocarbons. It is a mono-
mer in benzene solution, as shown by the cryoscopical mo-
lar mass determination. The NMR resonances of the meth-
ine hydrogen and carbon atoms of the CH(SiMe3)2 sub-
stituents bound to gallium (1H: δ 5 20.30; 13C: δ 5 4.0)
show a significant high-field shift relative to those of the
starting compound 1 (1H: δ 5 1.11; 13C: δ 5 25.9[1]), which
is very characteristic of an enhancement of the coordination
number of the Ga atoms from 3 to 4[3] [4] [5] [6]. The stretching
vibration of the CO2 group with a delocalized electronic π
bond is observed in the IR spectrum at 1530 cm21.

the 1H-NMR spectra clearly reveals one dicarboxylato li-
gand each Ga2R2 formula unit. In the IR spectra of 3 to 6,
the most characteristic absorptions are those of the CO2

stretching vibrations in a quite narrow range between 1539
and 1549 cm21. All products are dimeric in benzene solu-
tion as shown by the cryoscopical molar mass determi-
nation, so that compounds were formed, which contain two
Ga2R2 moieties bridged by two dicarboxylato bridges.

Crystal Structures of 2, 3, and 4

The molecular structure of compound 2 is depicted in
Figure 1. It is quite similar to the structure of the recently
published p-bromobenzoate derivative[3] and has the
Ga2Ga bond bridged by two adamantyl carboxylatoReactions of 1 with Dicarboxylic Acids
groups. The Ga2Ga bond [239.1(1) pm] is shorter than that
of the tetraalkyl compound 1 [254.1(1) pm][1], which mayThe reactions of dicarboxylic acids with 1 were much

slower than those with the monocarboxylic acids and re- be caused by the carboxylato bridges with a short distance
between the coordinating atoms of 223.2 pm on average.quired reaction times of several days in n-pentane at room

temperature or some hours in boiling solvents. While, as Both Ga2Ga distances lie within the broad range of known
bond lengths between Ga atoms[7]. Two five-membered het-expected, two equivalents of bis(trimethylsilyl)methane with

respect to 1 were released in all reactions, only four acids erocycles are formed by the chelating coordination of the
Ga2Ga bond, which are almost ideally planar and show areacted successfully to gave isolable products in high purity

(Eq. 2): 1,4-benzenedi(methylcarboxylic) acid (product 3), maximum deviation of an atom from the plane of 1.8 and
2.5 pm. Remarkably, these heterocycles arrange perpendicu-1,4-cyclohexanedicarboxylic acid (product 4), 1,6-hexane-

dicarboxylic acid (product 5), and 1,4-butanedicarboxylic lar to one another, and the angle between both chelating
groups is 89.3°. The C2Ga2Ga2C center of the moleculeacid (adipinic acid) (product 6). In contrast, other acids like

maleic acid, 1,2- and 1,4-benzenedicarboxylic acid, 4,49- is almost linear with large mean C2Ga2Ga angles of
158.7°. Thus, the coordination of the carboxylato groupsoxydibenzoic acid and 2,2-dimethylpropane-1,3-dicar-

boxylic acid (glutaric acid) yielded only oily residues with seems to be based mainly on an interaction with two p or-
bitals of each Ga atom.mixtures of many unknown products, from which no com-

pound could be isolated in a pure form. The products 3 to Compounds 3 and 4 contain macrocycles (Figures 2 and
3), and two digallium dicarboxylato units are bridged by6 were isolated after recrystallization in excellent yields of

more than 80%. hydrocarbon groups. The structure around the Ga2Ga
bond of both molecules 3 and 4 is quite similar to thatThe spectroscopic properties of the compounds 3 to 6 are

very similar to those described above for 2 with the mono- observed in compound 2. Each Ga2Ga bond is bridged by
two carboxylato groups, which results in short Ga2Gacarboxylato ligand. The NMR resonances of the methine

groups bound to gallium are shifted to high field (1H: δ 5 bond lengths of 237.85 pm on average (3) and 237.46(4)
pm (4). The C2Ga2Ga2C moieties are almost linear with20.31 to 20.47; 13C: δ 5 4.2 to 4.5) relative to those of

digallane(4) 1, as expected for the enhancement of the coor- C2Ga2Ga angles of 156.6° (3) and 155.8° (4). As in 2, the
Ga2O2C heterocycles are perpendicular to each other, anddination number at the Ga atoms to 4. The integration of
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Figure 2. Molecular structure and numbering scheme of compoundFigure 1. Molecular structure and numbering scheme of compound

2; the thermal ellipsoids are drawn at the 40% probability level; the 3; the thermal ellipsoids are drawn at the 40% probability level;
methyl groups are omitted for clarity[a]carbon atoms of one of the disordered adamantyl groups are drawn

with an arbitrary radius[a]

[a] Selected bond lengths [pm] and angles [°]: Ga12Ga2 238.29(8),
Ga32Ga4 237.41(9), Ga12O1 199.6(3), Ga12O11 200.2(3),
Ga12C1 194.9(5), Ga22O2 201.1(3), Ga22O21 201.5(3),
Ga22C2 194.6(4), Ga32O3 200.7(3), Ga32O31 200.3(3),
Ga32C3 195.4(4), Ga42O4 201.0(3), Ga42O41 201.0(4),

[a] Selected bond lengths [pm] and angles [°]: Ga12Ga2 239.1(1), Ga42C4 195.0(5), mean values: Ga2Ga2O 88.0, O2Ga2O 91.8,
Ga12O1 200.2(2), Ga12O3 200.4(2), Ga12C1 195.4(3), Ga22O2 Ga2Ga2C 156.6.
200.6(2), Ga22O4 201.6(2), Ga22C2 195.8(3), O12Ga12O3
91.1(1), O22Ga22O4 91.5(1), Ga22Ga12O1 87.67(8), Ga22
Ga12O3 88.16(8), Ga12Ga22O2 87.80(8), Ga12Ga22O4 Figure 3. Molecular structure and numbering scheme of compound
87.25(8), Ga22Ga12C1 158.4(1), Ga12Ga22C2 159.0(1). 4; the thermal ellipsoids are drawn at the 40% probability level;

methyl groups are omitted for clarity[a]

the angles between the chelating ligands show values of
88.5° and 87.3° in 3 and 88.2° in 4.

These digallium dicarboxylato groups are bridged by a
dimethylbenzene group in compound 3 to form a macrocy-
cle containing 22 atoms. The aromatic rings do not, how-
ever, adopt the parallel arrangement, which is often ob-
served in phenyl compounds and is caused by weak interac-
tions between the delocalized π electrons, but the rings are
perpendicular to one another with an angle between the
normals of the planes of 93.1°. The reason is the very long
distance between the aromatic rings (C7012C711 583 pm)
forced by the geometry of the coordination of the Ga
atoms. This distance is much longer than detected or calcu-
lated for compounds with a bonding interaction between
phenyl groups, in which the separation between the carbon

[a] Selected bond lengths [pm] and angles [°]: Ga12Ga2 237.46(4),atoms of the phenyl rings is below 400 pm[8]. As can be
Ga12O1 202.9(2), Ga12O3 199.7(2), Ga12C1 195.2(2), Ga22O2

seen from Figure 2 a quite unsymmetric molecular structure 199.8(2), Ga22O4 201.1(2), Ga22C2 195.8(2), O12Ga12O3
91.30(8), O22Ga22O4 92.19(7), Ga22Ga12O1 87.83(5), Ga22results in the solid state with the Ga2Ga bonds not ar-
Ga12O3 87.40(5), Ga12Ga22O2 88.16(5), Ga12Ga22O4ranged parallel, but their vectors subtend an angle of 94.4°. 88.48(5), Ga22Ga12C1 155.22(7), Ga12Ga22C2 156.37(7).

In contrast, 4, which has bridging cyclohexane groups, is
a highly symmetric compound (Figure 3). 4 is located on a

We are grateful to the Deutsche Forschungsgemeinschaft and the
crystallographic center of symmetry, and the Ga2Ga bonds Fonds der Chemischen Industrie for generous financial support.
adopt a parallel arrangement. The cyclohexane rings have
a chair conformation, and one bond to a carbonyl group
occupies an axial position (C52C51), while the other one Experimental Section
(C542C69) is in an equatorial position. From this confor-

General: All procedures were carried out under purified argon in
mation, an almost rectangular cage results in the center of dried solvents (diisopropyl ether and toluene with Na/benzo-
the molecule. phenone, n-pentane with LiAlH4). Compound 1 was synthesized as

The results described here clearly confirm that the reac- described in ref.[1], commercially available 1-adamantanecarboxylic
tion of digallane(4) 1 with dicarboxylic acids is a powerful acid, 1,4-benzenedi(methylcarboxylic) acid, and 1,4-butanedicar-

boxylic acid were sublimed in vacuo before use, and 1,6-hexane-method for the synthesis of large macrocycles. It is of par-
dicarboxylic acid and 1,4-cyclohexanedicarboxylic acid were usedticular interest now to synthesize corresponding macro-
without further purification.cyclic compounds that contain heteroatoms like N or S and

could possibly act as ligands for the complexation of cat- Reaction of 1 with 1-Adamantanecarboxylic Acid, Synthesis of 2:
Solid 1-adamantanecarboxylic acid (0.207 g, 1.15 mmol) was addedions.
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Table 1. Crystal data and data-collection parameters for 2, 3, and 4

2 3 4

Formula C36H68O4Ga2Si4 C48H92Ga4O8Si8 C44H96Ga4O8Si8
Crystal system triclinic triclinic triclinic
Space group P21; No. 2 [9] P21; No. 2 [9] P21; No. 2 [9]
Z 2 2 1
T [K] 293(2) 293(2) 213(2)
dcalcd. [g/cm3] 1.231 1.241 1.283
a [pm] 1270.3(3) 1361.0(1) 1099.7(1)
b [pm] 1306.2(3) 1403.2(1) 1203.6(1)
c [pm] 1499.9(3) 1926.8(2) 1368.1(1)
α [°] 102.06(3) 72.940(9) 64.19(1)
β [°] 112.35(3) 84.33(1) 86.78(1)
γ [°] 96.08(3) 82.49(1) 89.69(1)
V [10230 m3] 2203.2(8) 3480.5(5) 1627.2(2)
µ [mm21] 1.364 1.709[a] 1.826[a]

Crystal size [mm] 0.30 3 0.30 3 0.76 0.23 3 0.30 3 0.38 0.45 3 0.50 3 0.80
Diffractometer AED 2 AED 2 IPDS
Radiation Mo-Kα; graphite monochromator
Range 3 # 2Θ # 48° 3° # 2Θ # 46° 4.8° # 2Θ # 52°
Reciprocal space 214 # h # 13 214 # h # 14 213 # h # 13

214 # k # 14 214 # k # 15 214 # k # 14
0 # l # 17 0 # l # 21 216 # l # 16

Scan mode ω22Θ ω22Θ 157 exposures; ∆φ 1.4°
Independent reflections 6892 9624 5892
Number of reflections with F > 4 σ(F) 5603 6907 4949
Parameters 546 637 301
R 5 ΣiFou 2 uFci/ΣuFou [F > 4 σ (F)] 0.0438 0.0534 0.0301
wR2 5 {Σw( Fo

22 Fc
2)2/Σw (Fo

2)2}1/2 0.0782 0.0792 0.0588
(all data)
Max./min. residual [1030 e/m3] 0.724/20.283 0.472/20.279 0.590/20.482

[a] Empirical absorption correction. 2 [b] Program: SHELXTL, SHELXL-93[10]; solutions by direct methods; full matrix refinement with
all independent structure factors.

to a cooled (250°C) solution of yellow digallane(4) 1 (0.445 g, remove CH2(SiMe3)2. The residues were recrystallized from differ-
ent solvents (20/230°C): 4 from toluene, 5 from diisopropyl ether0.574 mmol) in 25 ml of n-pentane. The mixture was stirred and

slowly warmed to room temperature. The color changed from yel- and 6 from n-pentane.
low to colorless at a temperature of 215°C. The solvent was dis-
tilled off in vacuo, the residue was thoroughly dried in vacuo and Characterization of 3: Yield: 83%, colorless crystals. 2 M. p. (ar-
recrystallized from n-pentane (20/230°C). Yield: 0.370 g (79%), gon, sealed capillary): 140°C (dec.). 2 1H NMR (C6D6, 300 MHz):
colorless crystals. 2 M. p. (argon, sealed capillary): 174°C. 2 1H δ 5 6.88 (8 H, phenyl), 3.37 (8 H, CH2), 0.27 (72 H, SiMe3), 20.31
NMR (C6D6, 300 MHz): δ 5 2.02 (12 H, CH2 of adamantyl), 1.85 (4 H, GaCHSi2). 2 13C NMR (C6D6, 75.5 MHz): δ 5 184.3 (CO2),
(6 H, CH of adamantyl), 1.54 (12 H, CH2 of adamantyl), 0.35 (36 133.2 (ipso-C of phenyl), 129.2 (2,3,5,6-C of phenyl), 42.9 (CH2),
H, SiMe3), 20.30 (2 H, GaCHSi2). 2 13C NMR (C6D6, 75.5 MHz): 4.5 (GaCSi2), 3.3 (SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1549 s cm21

δ 5 190.1 (CO2), 41.9 (ipso-C of adamantyl, 39.7, 36.7, and 28.4 νCO2; 1462 vs, 1377 vs paraffin; 1292 m, 1262 sh, 1246 s δCH3;
(adamantyl), 4.0 (GaCSi2), 3.5 (SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1204 w, 1181 vw, 1165 vw, 1117 vw, 1078 vw νCC; 1013 s δCH;
1580 vw, 1530 s cm21 νCO2; 1462 vs, 1377 vs paraffin; 1310 s, 1256 930 m, 868 s, 843 vs, 787 m, 775 m, 758 s, 727 s ρCH3(Si); 687 m,
s, 1242 s δCH3; 1186 vw, 1181 vw, 1169 vw, 1113 w, 1105 w, 1090 669 s νasSiC; 638 w, 625 m, 611 w νsSiC; 563 vw, 523 m, 463 w,
w νCC; 1015 vs δCH; 976 m, 949 s, 907 w, 843 vs, 797 s, 775 s, 758 422 w νGaC, νGaO; 378 vw, 353 vw, 334 vw δSiC. 2 MS (CI,
s, 723 m ρCH3(Si); 679 s, 671 s νasSiC; 627 w, 613 w νsSiC; 515 s, three most intensive peaks): 1299.0, 1301.0, 1302.6 (all M1 1 H)
500 s, 465 w, 422 m νGaC, νGaO; 370 vw, 355 vw, 339 vw δSiC. corresponding with a calculated isotope pattern. 2 C48H92O8-
2 MS (CI, three most intensive peaks): 815.1, 817.1, 818.1 (all M1

Si8Ga4 (1300.8): calcd. Ga 21.4, found Ga 21.0. 2 Mol. mass: 1262
1 H) corresponding with a calculated isotope pattern. 2 C36H68- (cryoscopically in benzene).
O4Si4Ga2 (816.7): calcd. Ga 17.1, found Ga 16.9. 2 Mol. mass:
769 (cryoscopically in benzene). Characterization of 4: Yield: 85%, colorless crystals. 2 M. p. (ar-

gon, sealed capillary): 192°C (dec.). 2 1H NMR (C6D6, 300 MHz):Reaction of 1 with Ddicarboxylic Acids, General Procedure for the
Syntheses of the Compounds 3 to 6: The solid dicarboxylic acids δ 5 2.2 to 1.2 (very broad, 20 H, cyclohexyl), 0.30 (72 H, SiMe3),

20.47 (4 H, GaCHSi2). 2 13C NMR (C6D6, 75.5 MHz): δ 5 186.7were added to a cooled (250°C) solution of an equimolar quantity
of yellow digallane(4) 1 (about 0.5 g) in 25 ml of n-pentane. The (CO2), 41.7 (ipso-C of cyclohexyl), 26.8 (2,3,5,6-C of cyclohexyl),

4.2 (GaCSi2), 3.4 (SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1603 vw,mixtures were warmed to room temperature and stirred for 2 d (4)
or heated under reflux for 1.5 h (5 and 6) or 14 h (3). The color 1539 w cm21 νCO2; 1462 vs, 1377 vs paraffin; 1304 w, 1258 sh,

1248 w δCH3; 1204 vw, 1145 w, 1113 m, 1082 s, 1040 s νCC; 1013changed in each reaction from yellow to colorless. A small quantity
of an unknown solid precipitated during the synthesis of 3, which s δCH; 918 w, 845 m, 791 w, 777 w, 758 w, 721 m ρCH3(Si); 687

vw, 673 w, 669 w νasSiC; 627 w νsSiC; 517 s, 461 s νGaC, νGaO;was filtered off. The filtrate was concentrated and cooled to 250°C
to obtain colorless crystals of 3. The other reaction mixtures were 382 vw, 345 vw δSiC. 2 C44H96O8Si8Ga4 (1256.8): calcd. Ga 22.2,

found Ga 22.1. 2 Mol. mass: 1205 (cryoscopically in benzene).evaporated to dryness and thoroughly dried in vacuo to completely
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[5] W. Uhl, R. Graupner, I. Hahn, T. Spies, W. Frank, Eur. J. Inorg.Characterization of 5: Yield: 86%, colorless crystals. 2 M. p. (ar-

Chem. 1998, 3552360.gon, sealed capillary): 130°C (dec.). 2 1H NMR (C6D6, 300 MHz): [6] W. Uhl, I. Hahn, M. Koch, M. Layh, Inorg. Chim. Acta 1996,
δ 5 2.18 (t, 8 H, CH2CO2), 1.48 and 1.06 (each m, 8 H, CH2CH2), 249, 33239; W. Uhl, R. Graupner, I. Hahn, Z. Anorg. Allg.
0.32 (72 H, SiMe3), 20.32 (4 H, GaCHSi2). 2 13C NMR (C6D6, Chem. 1997, 623, 5652572; W. Uhl, R. Gerding, F. Hanne-

mann, ibid. 1998, 624, 9372944.75.5 MHz): δ 5 186.2 (CO2), 36.5, 28.9 and 25.7 (CH2), 4.3
[7] X. He, R. A. Bartlett, M. M. Olmstead, K. Ruhlandt-Senge, B.(GaCSi2), 3.4 (SiMe3). 2 IR (CsBr, paraffin): ν̃ 5 1611 w, 1543 s

E. Sturgeon, P. P. Power, Angew. Chem. 1993, 105, 7612762;cm21 νCO2; 1464 vs, 1377 vs paraffin; 1307 m, 1302 w, 1258 sh, Angew. Chem. Int. Ed. Engl. 1993, 32, 7172718; D. Loos, H.
1248 s δCH3; 1167 w, 1140 w, 1098 w, 1080 w νCC; 1015 s δCH; Schnöckel, D. Fenske, Angew. Chem. 1993, 105, 112421125;

Angew. Chem. Int. Ed. Engl. 1993, 32, 105921060; W. Hönle,939 m, 934 m, 843 vs, 785 m, 777 m, 758 m, 721 m ρCH3(Si); 673
G. Gerlach, W. Weppner, A. Simon, J. Solid State Chem. 1986,m νasSiC; 625 w, 613 w νsSiC; 525 vw, 515 w, 463 vw, 422 vw νGaC,
61, 1712180; G. Linti, W. Köstler, Angew. Chem. 1996, 108,

νGaO; 388 vw, 338 vw δSiC. 2 C44H100O8Si8Ga4 (1260.1): calcd. 5932595; Angew. Chem. Int. Ed. Engl. 1996, 35, 5502552; G.
Ga 22.1, found Ga 22.3. 2 Mol. mass: 1135 (cryoscopically in ben- Linti, R. Frey, M. Schmidt, Z. Naturforsch., B. Chem. Sci. 1994,

49, 9582962; M. Julien-Pouzol, S. Jaulmes, M. Guittard, F. Al-zene).
apini, Acta Crystallogr. B 1979, 35, 284822851; A. Kuhn, A.

Characterization of 6: Yield: 85%, colorless crystals. 2 M. p. (ar- Chevy, R. Chevalier, Acta Crystallogr. B 1976, 32, 9832984; S.
gon, sealed capillary): 125°C (dec.). 2 1H NMR (C6D6, 300 MHz): Paashaus, R. Kniep, Z. Naturforsch., B. Chem. Sci. 1990, 45,

6672678; D. S. Brown, A. Decken, A. H. Cowley, J. Am. Chem.δ 5 2.10 (m, 8 H, CH2CO2), 1.41 (m, 8 H, CH2CH2), 0.30 (72 H,
Soc. 1995, 117, 542125422; A. K. Saxena, H. Zhang, J. A. Ma-SiMe3), 20.33 (4 H, GaCHSi2). 2 13C NMR (C6D6, 75.5 MHz):
guire, N. S. Hosmane, A. H. Cowley, Angew. Chem. 1995, 107,

δ 5 185.7 (CO2), 36.2 and 25.1 (CH2), 4.3 (GaCSi2), 3.3 (SiMe3). 3782380; Angew. Chem. Int. Ed. Engl. 1995, 34, 3322334; X.-
2 IR (CsBr, paraffin): ν̃ 5 1545 m cm21 νCO2; 1458 vs, 1377 vs W. Li, W. T. Pennington, G. H. Robinson, J. Am. Chem. Soc.

1995, 117, 757827579; X.-W. Li, Y. Xie, P. R. Schreiner, K. D.paraffin; 1331 w, 1312 m, 1248 s δCH3; 1196 vw, 1150 w, 1113 w,
Gripper, R. C. Crittendon, C. F. Campana, H. F. Schaefer, G.1082 w νCC; 1013 s δCH; 947 m, 932 m, 843 vs, 775 w, 758 m, 721
H. Robinson, Organometallics 1996, 15, 379823803; B. Beagley,

m ρCH3(Si); 673 m νasSiC; 625 m, 613 w νsSiC; 523 w, 515 w, 463 S. M. Godfrey, K. J. Kelly, S. Kungwankunakorn, C. M. McAu-
w, 428 w, 401 vw νGaC, νGaO; 353 vw, 345 vw δSiC. 2 C40H92O8- liffe, R. G. Pritchard, J. Chem. Soc., Chem. Commun. 1996,

217922180; M. C. Kuchta, J. B. Bonanno, G. Parkin, J. Am.Si8Ga4 (1204.7): calcd. Ga 23.1, found Ga 22.9. 2 Mol. mass: 1143
Chem. Soc. 1996, 118, 10914210915; A. H. Cowley, A. Decken,(cryoscopically in benzene).
C. A. Olazabal, J. Organomet. Chem. 1996, 524, 2712273.

Crystal Structure Determinations: Single crystals of the com- [8] G. D. Smith, R. L. Jaffe, J. Phys. Chem. 1996, 100, 962429630.
W. Uhl, F. Hannemann, R. Wartchow. Organometallics 1998,pounds 2, 3, and 4 were obtained by recrystallization from cyclo-
in press.pentane, diisopropyl ether, and toluene, respectively. Crystal data [9] T. Hahn (Ed.), International Tables for Crystallography, Spaceand structure refinement parameters are given in Table 1[11]. The Group Symmetry, Kluwer Academic Publishers, Dordrecht-Bos-

adamantyl groups in 2 are rotationally disordered, and the carbon ton-London, 1989, vol. A.
atoms with the exception of those attached to the carbonyl groups [10] SHELXTL-Plus REL. 4.1, Siemens Analytical X-RAY Instru-

ments Inc., Madison, USA, 1990; G. M. Sheldrick SHELXL-(C51 and C61) were refined in two positions with occupancy fac-
93, Program for the Refinement of Structures, Universitättors of 0.5. 4 is located on a crystallographic inversion center. Göttingen, 1993.

[11] The crystallographic data of 2, 3 and 4 (excluding structure fac-
tors) were deposited with the Cambridge Crystallographic Data[1] W. Uhl, M. Layh, T. Hildenbrand, J. Organomet. Chem. 1989,
Centre as supplementary publication no. CCDC-102026 (2), -364, 2892300.
102027 (3), and -102028 (4). Copies of the data can be obtained[2] W. Uhl, R. Graupner, S. Pohl, W. Saak, W. Hiller, M. Neu-
free of charge on application to The Director, CCDC, 12 Unionmayer, Z. Anorg. Allg. Chem. 1997, 623, 8832891.
Road, GB-Cambridge CB2 1EZ, UK [Fax: Int. Code1(1223)[3] W. Uhl, I. Hahn, H. Reuter, Chem. Ber. 1996, 129, 142521428.
3362033; E-mail: deposit@chemcrys.cam.ac.uk].[4] W. Uhl, I. Hahn, R. Wartchow, Chem. Ber./Recueil 1997, 130,

4172420. [98203]

Eur. J. Inorg. Chem. 1998, 166121665 1665



FULL PAPER

Head-to-Head versus Head-to-Tail Dimerizations of Transient Silenes – The
Solvent-Dependent Regiospecifity of the Dimerization of 2-(2-Methoxyphenyl)-
1,1-bis(trimethylsilyl)silene

Kathleen Schmohla, Matthias Blacha, Helmut Reinkea, Rhett Kempeb, and Hartmut Oehme*a

Fachbereich Chemie der Universität Rostocka,
D-18051 Rostock, Germany
Fax: (internat.) 149(0)381/498-1763

Institut für Organische Katalyseforschung an der Universität Rostock e.V.b,
D-18055 Rostock, Germany

Received July 22, 1998

Keywords: Silicon / Silenes / 1,2-Disilacyclobutanes / 1,3-Disilacyclobutanes / Eliminations

The regiospecifity of the dimerization of the transient 2-(2- cyclobutane (13) was obtained. 1,1-Bis(trimethylsilyl)-2-
(2,4,6-trimethoxyphenyl)silene (18), similarly made by amethoxyphenyl)-1,1-bis(trimethylsilyl)silene (6), synthesized

by base-initiated trimethylsilanolate elimination from (2- modified Peterson reaction, under the same conditions
reacted with the eliminated trimethylsilanolate withmethoxyphenyl)[tris(trimethylsilyl)silyl]methanol (5) ac-

cording to a modified Peterson mechanism, decisively readdition at the polar Si=C bond to give, after hydrolysis,2-
(2,4,6-trimethoxybenzyl)-1,1,1,3,3,3-hexamethyl-2-(trimeth-depends on the donating ability of the solvent in which the

silene is generated. In ether, 6 undergoes a formal [2 + 2] ylsiloxy)trisilane (19). A possible mechanism explaining the
solvent-dependent regiospecificity of the dimerization of 6 isdimerization to afford 3,4-bis(2-methoxyphenyl)-1,1,2,2-

tetrakis(trimethylsilyl)-1,2-disilacyclobutane (12), whereas in discussed. The structures of 12 and 13 were determined on
the basis of NMR and MS data as well as X-ray structuraltoluene the head-to-tail [2 + 2] cyclodimer, 2,4-bis-(2-

methoxyphenyl)-1,1,3,3-tetrakis(trimethylsilyl)-1,3-disila- analyses.

In the absence of trapping agents, sterically congested tran-
sient silenes undergo rapid dimerizations, in which head-to-
head as well as head-to-tail reactions are observed[1]. The
factors influencing the mode of dimerization are not clear,
but, obviously, increasing polarity of the Si5C bond favors
a head-to-tail coupling. Transient 1,1-bis(trimethylsilyl)si-
lenes, made by the photolysis of acyl-tris(trimethylsilyl)si-
lanes[2] or by a modified Peterson reaction[2] [3] [4], generally
dimerize in a head-to-head mode. The reaction is supposed
to proceed through radical intermediates[5]. After Si2Si
bond formation the resulting diradicals stabilize with the
formation of products, the structures of which depend on
the nature of the substituents at the silene carbon atom (Eq.
1). 1,2-disilacyclobutanes 1 are usually obtained as the for-
mal head-to-head [2 1 2] cyclodimers of the transient 1,1-
bis(trimethylsilyl)silenes. When at least one of the silene C
substituents is an aryl group, moderately stable tetrahydro-
2,3-disilanaphthalenes 2 [6] are in some cases isolated as the
kinetically preferred formal [2 1 4] silene dimers, which on
thermal treatment gradually isomerize to give 1. Silenes
containing α hydrogen in the substituent at the silene C
atom (“allylic” hydrogen) stabilize preferentially under hy- stituent, causing an intermolecular interaction with the

electrophilic silene silicon atom of a neighboring silaethenedrogen transfer to give linear dimers 3 [2] [3a] [5] [7].
Recently we found that 2-(2-dimethylaminophenyl)-1,1- molecule. This donor2acceptor interaction finally leads to

a head-to-tail dimerization following a mechanism, whichbis(trimethylsilyl)silene (4) dimerizes exclusively in a head-
to-tail reaction affording the respective 1,3-disilacyclobu- is discussed later in this text. In this paper we describe the

synthesis and dimerization behavior of 2-(2-methoxyphe-tane[4]. This unusual regiospecificity was discussed as being
effected by the 2-dimethylamino group of the aromatic sub- nyl)-1,1-bis(trimethylsilyl)silene, i.e. the dimethylamino do-
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nor group in the above-mentioned silaethene is replaced by
a methoxy group, to examine the proposed cyclodimeriza-
tion mechanism.

The Generation and Cyclodimerization Behavior of the Transient 2-
(2-Methoxyphenyl)-1,1-bis(trimethylsilyl)silene (6)

2-(2-Methoxyphenyl)-1,1-bis(trimethylsilyl)silene (6) was
generated by the base-induced elimination of trimethyl-
silanol from (2-methoxyphenyl)-[tris(trimethylsilyl)silyl]-
methanol (5) according to a modified Peterson mechanism.
The alcohol 5 was obtained by the standard method[7] from
tris(trimethylsilyl)silylmagnesium bromide and 2-methoxy-
benzaldehyde (Eq. 2).

Interestingly, the outcome of the deprotonation reaction
of 5 with organolithium reagents markedly depended on the
solvent in which the reaction was carried out, and on the
reaction conditions applied. Thus, the reaction of 5 with
excess phenyllithium in ether led to the trisilane 8 (Eq. 3).
This experiment is generally our standard method to check
the clean trimethylsilanolate elimination from the starting
1-hydroxyalkyl-tris(trimethylsilyl)silane and the formation
of the respective silene[7]. 8 was formed by immediate ad-
dition of excess phenyllithium to the Si5C bond of gener-
ated 6, affording after hydrolysis the trisilane 8 . The high
yield, in which 8 was obtained (84%), indicates a straight-
forward silene formation according to the modified Peter-
son mechanism.

The deprotonation of 5 with stoichiometric quantities of
phenyllithium in ether at low temperature (starting at
278°C and allowing the solution to warm up to room tem-
perature) led to a complex mixture of components, from generated silene will always meet an effective excess of phe-

nyllithium, which initiates this side reaction. The molecularwhich only small quantities of a resultant silene product 11
could be separated in a pure form. On the basis of IR, structure of 11 is illustrated in Figure 1. The significant de-

viations from standard values of the bond distances andNMR, and MS data, and particularly by means of an X-
ray structural analysis it was identified as the silane 11 (Eq. angles given characterize 11 as a considerably congested

compound.3). Its formation is interpreted as the result of the addition
of phenyllithium at the polar Si5C bond of 6 giving an The clean generation of 6 by deprotonation of 5 with

PhLi, indicated by the formation of 8 in high yield, led toorganolithium derivative 7 which attacks a further silene
molecule. The resulting organolithium intermediate 9 un- the assumption that the mixture of unidentified compounds

obtained by the reaction of 5 with stoichiometric quantitiesdergoes a rapid rearrangement, a 1,4-Si,C-trimethylsilyl mi-
gration, with formation of the lithium silanide 10, which is of PhLi in ether may probably consist of the various iso-

mers of the formal [2 1 4] head-to-head cycloadducts 2 ofhydrolyzed during the aqueous workup affording 11. Such
trimethylsilyl migrations are not unusual; some years ago the silene 6 (see Eq. 1). These products are known to un-

dergo an isomerization on thermal treatment to give thewe observed a similar 1,3-Si,C shift [9], and the isomeriza-
tion 9R10 is easily understood in terms of the particular thermodynamically stable 1,2-disilacyclobutane. This was

the reason for changing the procedure of the reaction of 5stabilization of the silaanion by the phenyl and trimethyl-
silyl substituents. As we noticed, the deprotonation step of with equimolar quantities of PhLi in ether in such a way

that after warming-up of the mixture to room temperature5 proceeds comparatively slowly. Assuming that the elimi-
nation of lithium trimethylsilanolate is a fast process, the and subsequent removal of the solvent the residue was dis-
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Figure 2. Molecular structure of E-12 in the crystal [H atoms (ex-Figure 1. Molecular structure of 11 in the crystal [H atoms (except

Si4-H and C1-H) omitted, ORTEP, 30% probability level][a] cept the ring-CH) omitted, ORTEP, 30% probability level][a]

[a] Selected bond lengths [Å] and angles [°]: C12C1A 1.549(5),[a] Selected bond lengths [Å] and angles [°]: C12Si2 1.912(5),
C12Si4 1.891(5), Si12Si2 2.491(3), Si22Si3 2.379(2), Si42Si5 C12Si1 1.953(2), Si12Si1A 1.3477(13), C12C2 1.507(3), Si12Si2

2.3589(10), Si12Si3 2.3585(10); C12Si12Si1A 76.05(7), C12C1A-2.351(2), Si22C9 1.873(6), C92Si6 1.885(6); C12Si22C9 103.6(7),
C92Si22Si3 118.7(2), C12Si22Si3 107.7(2), C12Si22Si1 2Si1A 98.57(9), C12Si12Si2 107.52(8), C12Si12Si3 124.79(8), Si-

22Si12Si3 109.51(4).113.3(2), Si12Si22Si3 107.02(9), C12Si42Si5 117.1(2).

solved in toluene and heated under reflux for 4 h. Aqueous As mentioned above, the outcome of the reaction of 5
workup actually afforded 42% of (E/Z)-3,4-di(2-meth- with organolithium reagents decisively depends on the sol-
oxyphenyl)-1,1,2,2-tetrakis(trimethylsilyl)-1,2-disilacyclo- vent used. A number of products were identified when 5
butane (12). Repeated recrystallization from acetone gave was deprotonated with equimolar quantities of methyllith-
pure (E)-12. ium or n-butyllithium in toluene at low temperature and the

mixture stirred after warming up to room temperature for
4 days. Besides unreacted 5, traces of 16 and large quantities
of a polymeric material a solid compound was isolated,
which was unambiguously identified as the 1,3-disilacyclo-
butane 13, the formal head-to-tail cyclodimer of the silene
6. The structure elucidation of 13 was performed by NMR
and MS investigations as well as by an X-ray structural
analysis. As seen in Figure 3, the compound isolated in a
yield of 27% is the (E)-isomer of the 1,3-disilacyclobutane
13. The ring is planar. Apart from slightly elongated ring
Si2C distances, which are considered as being due to steric
congestion, the bond parameters are in the expected range.
The reaction of 5 with organolithium reagents in pentane
under the same conditions afforded (E)-13 in 16% yield.

The byproduct 16 is the result of a 1,3-migration of one
trimethylsilyl group from the central silicon atom to the al-
koxid oxygen atom of deprotonated 5, followed by hydroly-
sis of the silanide formed (Eq. 5). The same H-silane 16 is
obtained in high yield by treatment of 5 with sodium hy-
dride in ether. Such Si,O migrations were observed for theCompound 12 is the expected formal head-to-head [2 1

2] cyclodimer of the silene 6. Its structure was elucidated first time by Brook et al. [8] and appear to be typical of the
behavior of 1-hydroxyalkylpolysilanes towards base[7].by a full spectral analysis and an X-ray structural analysis

characterizing the compound investigated as the C2 sym- Whereas the silene 6, generated in ether, dimerizes to give
the “normal” head-to-head product, a change of the solventmetrical (E)-isomer (Figure 2). The four-membered ring is

folded, the torsional angle Si12Si12C12C1 being 24.7°. causes a complete reversal of the dimerization regiospecific-
ity. Actually, the yield of 13 was not very high, but it shouldThe C12Si1 distances are slightly elongated, but most

structural parameters are within the expected range. be emphasized that in the product mixture of the reaction
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Figure 3. Molecular structure of E-13 in the crystal [H atoms (ex- the polarity of the silene double bond, thus facilitating a

cept the ring-CH) omitted, ORTEP, 30% probability level][a]
head-to-tail dimerization, is rather unlikely for steric rea-
sons. We assume that the head-to-tail dimerization of 4 is
achieved by an intermolecular donor2acceptor interaction,
the ortho-dimethylamino group acting as some kind of
anchor. Its interaction with the electrophilic silene silicon
atom of a neighboring molecule and the attack of the acti-
vated nucleophilic silene carbon atom at the Si5C group
of the first silene molecule possibly initiate a head-to-tail
dimerization through a cyclic seven-membered transition
state. This picture, outlined in eq. 6, can directly be trans-
ferred to the dimerization of 6 in toluene.

[a] Selected bond lengths [Å] and angles [°]: C12Si1 1.923(2),
Si12Si2 2.3682(11), Si12Si3 2.3668(11); C12Si12C1A 91.14(10),
Si12C12Si1A 88.86(10).

Of course, the donating ability of the dialkylamino group
of 4 is much stronger than that of the methoxy group in 6.
Therefore the dimerization mode of 4 is solvent independ-
ent. On the other hand, in case of the generation of the
silene 6 in ether, the donor solvent competes successfully
with the weakly donating o-methoxy group, interrupting the
intermolecular interaction. Thus, when ether is used as the
solvent, the dimerization of 6 follows the usual reaction pat-
tern providing the head-to-head product 12.

The Reaction of (2,4,6-Trimethoxyphenyl)[tris(trimethylsilyl)-
silyl]methanol (17) with Potassium tert-Butoxide

1,1-Bis(trimethylsilyl)-2-(2,4,6-trimethoxyphenyl)silene
(18), generated through the modified Peterson mechanism
from (2,4,6-trimethoxyphenyl)[tris(trimethylsilyl)silyl]meth-
anol (17) offers the same structural requirements for follow-
ing a dimerization pattern comparable to that of 6 andof 5 with methyllithium in toluene no silene head-to-head

dimer 12 could be detected. Similarly, no trace of the head- was therefore included in our studies. Unexpectedly, the re-
action of 17 with MeLi or PhLi in ether as well as in tolu-to-tail dimer 13 was observed after the reaction of 5 with

MeLi in ether. ene proceeded very slowly. Better results were obtained
when potassium tert-butoxide was used as the deprotonat-This solvent-dependent behavior of the silene 6 is fully

consistent with the model proposed for the dimerization of ing base. However, the reaction of 17 with tBuOK in both
solvents gave no silene dimer, and we obtained a color-2-(2-dimethylaminophenyl)-1,1-bis(trimethylsilyl)silene (4),

affording (in this case also in ether) exclusively the head-to- less oil, which was identified as 2-(2,4,6-trimethoxyphen-
yl)-1,1,1,3,3,3-hexamethyl-2-(trimethylsiloxy)trisilane (19)tail dimer. The deviation of 4 from the usual dimerization

pattern of 1,1-bis(trimethylsilyl)silenes was discussed as a (Eq. 7).
The siloxane 19 is formed by readdition of the silanolate,consequence of a strong donor2acceptor interaction of the

dialkylamino group with the electrophilic silene silicon just eliminated from 17, at the Si5C bond of the silene 18.
This behavior is typical for highly congested silenes gener-atom[4]. An effective intramolecular donor2acceptor inter-

action, which actually is expected to lead to an increase in ated by the Peterson process[3b] [10]. Obviously, the increase

Eur. J. Inorg. Chem. 1998, 1667216721670



Head-to-Head versus Head-to-Tail Dimerizations of Transient Silenes FULL PAPER
was purified by chromatography (silica gel, heptane/ethyl acetate,
20:1) to give 0.4 g (84%) 8. 2 1H NMR ([D6]benzene): δ 5 0.16
(s, SiCH3, 18 H), 2.75 (s, CH2, 2 H), 3.27 (s, OCH3, 3 H), 6.4927.61
(m, ArH, 9 H). 2 13C NMR ([D6]benzene): δ 5 20.2 (SiCH3),
13.9 (CH2), 54.3 (OCH3), 110.2, 120.7, 125.9, 128.0, 128.2, 130.3,
135.6 (aromat. CH), 130.0, 137.9, 156.7 (aromat. quart. C). 2 MS:
m/z (%) 5 357 (8.5) [M1 2 CH3], 299 (100) [M1 2 CSiMe3]. 2

C20H32OSi3 (372.73): calcd. C 64.45, H 8.65; found C 64.56, H
8.74.

2,4-Bis(2-methoxyphenyl)-1-phenyl-1,3,3,4-tetrakis(trimeth-
ylsilyl)-1,3-disilabutane (11): An equimolar quantity of phenyllith-
ium was added to a solution of 0.5 g (1.3 mmol) of 5 in ether at
278°C and stirred for 2 h. After warming of the mixture to room
temperature, diluted HCl was added, the organic layer separated,
dried with MgSO4, and evaporated. Chromatographic separation
of the residue (silica gel, heptane) and recrystallization of the prod-
uct from acetone gave 0.04 g (9.2%) of 11. Colorless crystals, m.p.
255°C. 2 IR (KBr): ν̃ 5 2094 cm21 (SiH). 2 1H NMR ([D6]ben-
zene): δ 5 2 0.18, 0.13, 0.20, 0.28 (4s, SiCH3, 4 3 9 H), 2.87 (s,of the bulkiness of the substituent at the silene carbon atom
CH, 1H), 3.28 and 3.58 (2s, OCH3, 2 3 3 H), 3.44 and 5.06 (2d,diminishes the dimerization tendency making the silanolate
3J 5 5.4 Hz for both, SiH and PhSiCH, 3 3 1 H), 6.4827.92 (m,addition the dominating process.
ArH, 13 H). 2 13C NMR ([D6]benzene): δ 5 21.5, 0.5, 2.8, 3.4

We gratefully acknowledge the support of our research by the (SiCH3), 9.4, 15.6 (CH), 54.2, 54.4 (OCH3), 110.0, 110.3, 119.8,
Deutsche Forschungsgemeinschaft and the Fonds der Chemischen In- 120.9, 121.9, 125.4, 125.6, 125.7, 128.8, 132.3, 132.4, 133.3, 135.9,
dustrie. We thank Dr. M. Michalik, Dr. W. Baumann and Prof. N. 138.3, 138.4, 155.7 (aromat.C). 2 29Si NMR ([D6]benzene): δ 5 2
Stoll for recording the NMR and MS spectra. 22.3 Si(SiMe3)2, 216.7, 216.3, 215.2 (SiSiMe3, SiH), 1.6

(CSiMe3). 2 MS: m/z (%) 622 (2) [M1], 651 (7) [M1 2 CCH3],
593 (100) [M1 2 CSiMe3]. 2 C34H58O2Si6 (667.34): calcd. C 61.19,

Experimental Section H 8.76; found C 61.33, H 8.72.

General: All reactions involving organometallic reagents were (E)-3,4-Bis(2-methoxyphenyl)-1,1,2,2-tetrakis(trimethylsilyl)-
carried out under purified argon. 2 NMR: Bruker AC 250 or 1,2-disilacyclobutane (12): An equimolar quantity of PhLi was
Bruker ARX 300, tetramethylsilane as internal standard. 2 IR: given to a stirred solution of 0.5 g (1.3 mmol) of 5 in 25 ml of ether.
Nicolet 205 FT-IR. 2 MS: Intectra AMD 402, chemical ionization After warming up to room temperature, the solvent was removed in
with isobutane as the reactant gas. 2 (Me3Si)3SiLi · 3 THF[11] and vacuo, 20 ml of toluene were added and the solution was refluxed
17 [12] were prepared as reported in the literature. for 4 h. After addition of diluted HCl the organic phase was sepa-

rated, dried with MgSO4, and evaporated. The oily residue crys-(2-Methoxyphenyl)[tris(trimethylsilyl)silyl]methanol (5): As de-
tallized after addition of a few ml of n-heptane to give 0.16 g (42%)scribed previously[7], 14.7 g (0.03 mol) of (Me3Si)3SiLi · 3 THF were
of (E/Z)-12, repeated recrystallization from acetone afforded pureconverted in ether with an equimolar quantity of MgBr2 into (Me3-
(E)-12, m.p. 175°C. 2 1H NMR ([D6]benzene): δ 5 0.17, 0.44 (2s,Si)3SiMgBr and to this suspension 4.1 g (0.03 mol) of 2-methoxy-
SiCH3, 2 3 18 H), 3.45 (s, OCH3, 6 H), 4.18 (s, ring CH, 2 H),benzaldehyde were added at 278°C. After stirring for 2 h the mix-
6.5127.12 (m, ArH, 8 H). 2 13C NMR ([D6]benzene): δ 5 1.9, 2.0ture was allowed to warm up to room temperature, diluted HCl
(SiCH3), 29.8 (ring C), 54.7 (OCH3), 109.4, 120.8, 125.0, 126.5was added, the organic layer was separated, dried with MgSO4,
(arom. CH), 133.4, 156.2 (arom. quart. C). 2 29Si NMR ([D6]ben-and evaporated. The residue was purified by Kugelrohr distillation
zene): δ 5 249.9 (ring Si), 214.0, 211.3 (SiMe3). 2 MS: m/z (%):(150°C / 0.03 Torr). Yield 8.7 g (75%) pale yellow crystals, m.p.
589 (22) [M1 1 H], 573 (12) [M1 2 CCH3], 515 (19) [M1 248°C. 5 is rather unstable and should be kept in the cold. At room
CSiMe3], 348 (100) [M1 2 C(Me3Si)2SiSi(SiMe3)2]. 2 C28H52O2Si6temperature the solid gradually decomposes to an oily product of
(589.24): calcd. C 57.08, H 8.90; found C 57.30, H 8.79.unidentified structure. Attempts to recrystallize 5 were therefore

also unsuccessful. 2 IR (cap.): ν̃ 5 3523 cm21 (OH free), 3439 (OH (E)-2,4-Bis(2-methoxyphenyl)-1,1,3,3-tetrakis(trimethylsilyl)-
ass.). 2 1H NMR ([D6]benzene): δ 5 0.28 (s, SiCH3, 27 H), 1.30 1,3-disilacyclobutane (13): To 0.6 g (1.6 mmol) of 5, dissolved in 25
(d, 3J 5 4.0 Hz, OH, 1 H), 3.27 (s, OCH3, 3 H), 5.38 (d, 3J 5 4.0 ml of toluene, an equimolar quantity of nBuLi was added under
Hz, CH, 1 H), 6.4227.49 (m, ArH, 4 H). 2 13C NMR ([D6]ben- stirring at 278°C. The solution was allowed to warm up to room
zene): δ 5 1.8 (SiCH3), 54.2 (OCH3), 62.6 (COH), 109.8, 121.0, temperature within 2 h and afterwards it was refluxed for 4 h. After
126.8, 127.2 (arom. CH), 136.3, 154.5 (arom. quart. C). 2 29Si hydrolysis the organic layer was separated, dried with MgSO4 and
NMR ([D6]benzene): δ 5 212.8 (SiMe3)3, 2 68.8 (SiSiMe3). 2 evaporated to give an oily residue which crystallized on addition of
MS: m/z (%): 383 (6) [M1 2 H], 367 (100) [M1 2 OH]. 2 some heptane. Repeated recrystallization from heptane afforded
C17H36O2Si4 (384.82): calcd. C 53.06, H 9.43; found C 52.58, H 0.06 g (13%) of colorless crystals of (E)-13, m.p. 235°C. 2 1H
8.85). NMR ([D6]benzene): δ 5 0.28 (s, SiCH3, 36 H), 3.37 (s, OCH3, 6

H), 3.87 (s, ring CH, 2 H), 6.4727.67 (m, ArH, 8 H). 2 13C NMR(2-Methoxybenzyl)-1,1,1,3,3,3-hexamethyl-2-phenyltrisilane (8):
To a solution of 0.5 g (1.3 mmol) of 5 in 20 ml of ether a fivefold ([D6]benzene): δ 5 0.6 (SiCH3), 7.6 (ring C), 54.9 (OCH3), 110.2,

120.3, 124.4, 130.5 (arom. CH), 133.5, 156.6 (arom. quart. C). 2molar excess of PhLi was added at room temperature. After stirring
for 2 h diluted HCl was added, the ethereal phase separated and 29Si NMR ([D6]benzene): δ 5 213.4 (ring Si), 213.9 (SiMe3). 2

MS: m/z (%): 589 (3) [M1 1 H], 573 (6) [M1 2 CCH3], 515 (100)dried with MgSO4. The oily product obtained after evaporation
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a colorless oil, which was purified by chromatography (silica gel,Table 1. Crystal and structure solution data of 11, 12, and 13
heptane/ethyl acetate, 20:1), yield 0.23 g (59%). 2 IR (cap.): ν̃ 5

1062 cm21 (SiOSi). 2 1H NMR ([D6]benzene): δ 5 0.18 (s, OS-11 12 13
iCH3, 9 H), 0.21 (s, SiSiCH3, 18 H), 2.72 (s, CH2, 2 H), 3.39 (s,
OCH3, 6 H), 3.42 (s, OCH3, 3 H), 6.12 (s, ArH, 2 H). 2 13C NMRFormula C34H58O2Si6 C28H52O2Si6 C28H52O2Si6

M [g?mol21] 667.34 589.24 589.24 ([D6]benzene): δ 5 21.3 (SiSiCH3), 2.3 (OSiCH3), 12.9 (CH2), 54.8
a [Å] 17.429(2) 17.138(3) 21.324(4) (o-OCH3), 54.9 (p-OCH3), 90.6 (arom. CH), 109.1, 157.9, 158.7
b [Å] 12.104(2) 10.323(2) 10.130(2)

(arom. quart. C). 2 29Si NMR ([D6]benzene): δ 5 219.6 (SiS-c [Å] 19.984(2) 21.022(3) 17.056(3)
iMe3), 0.9 (SiSiMe3), 6.3 (OSiMe3). 2 MS: m/z (%): 445 (1)β [°] 94.630(10) 105.59(4) 99.06(3)

V [Å3] 4202.1(9) 3582.2(11) 3638.3(12) [M11H], 429 (10) [M1 2 CCH3], 371 (100) [M1 2 CSiMe3], 355
ρcalcd. [g?cm23] 1.055 1.093 1.076 (12) [M1 2 COSiMe3]. 2 C19H40O4Si4 (444.87): calcd. C 51.30, H
Z 4 4 4

9.06; found C 51.23, H 9.03.Crystal system Monoclinic Monoclinic Monoclinic
Space group P21 /c C2/c C2/c Crystal-Structure Determination of 11, 12, and 13: The crystal-
F(000) [e] 1448 1280 1280 structure determinations were performed on a SIEMENS P4 four-µ (Mo-Kα) [mm21] 0.224 0.255 0.251

circle diffractometer with graphite monochromator in the case ofRadiation λ [Å] 0.71073 0.71073 0.71073
Diffractometer Siemens P4 Siemens P4 Stoe-IPDS compounds 11 and 12 and on a STOE IPDS system with graphite
Crystal size 0.94 3 0.62 3 0.88 3 0.60 3 0.6 3 0.5 3 monochromator for 13. The structures were solved by direct meth-

0.56 0.38 0.4 ods (Siemens SHELXTL, 1990, Siemens Analytical X-ray Inst. Inc.Temperature [°C ] 293 293 293
for 11 and 12 and SHELXS-86[13] for 13) and refined by the full-Data collection omega scan omega scan laser-scanned

Mode imaging plate matrix least-squares method of Siemens SHELXTL, Ver. 5.03 (11,
Scan range (2θ) [°] 3.94242.00 4.02244.00 3.86248.62 12) and SHELXL-93[14] (13). All non-hydrogen atoms were refined
hkl range 21/18 21/18 224/24 anisotropically. The hydrogen atoms were put into theoretical posi-21/13 211/1 211/11

tions and refined using the riding model.21/18 21/18 224/24
Measured refl. 5703 2806 9445 Crystallographic data (excluding structure factors) for the struc-Unique refl. 4519 2198 2914

tures reported in this paper have been deposited with the Cam-Observed refl. 3573 1984 2139
bridge Crystallographic Data Centre as supplementary publicationI $ 2σ (I) 2σ (I) 2σ (I) 2σ (I)

Refined param. 380 163 189 no. CCDC-102330 (11), CCDC-102331 (12), and CCDC-102332
R1 0.0768 0.0444 0.038 (13). Copies of the data can be obtained free of charge on appli-wR2 for all 0.2158 0.1238 0.109

cation to The Director, CCDC, 12 Union Road, Cambridge CB2GoF for all 1.027 1.088 1.047
1EZ, UK [Fax: (internat.) 144(1223) 336-033; e-mail: deposit@-
ccdc.cam.ac.uk].

[M1 2 CSiMe3]. 2 C28H52O2Si6 (589.24): calc. C 57.08, H 8.90;
[1] G. Raabe, J. Michl in The Chemistry of Organic Silicon Com-found C 57.14, H 8.91.

pounds (Eds. S. Patai, Z. Rappoport), Wiley, New York, 1989,
p. 1100.(2-Methoxyphenyl)bis(trimethylsilyl)silyltrimethylsiloxymethane

[2] D. Bravo-Zhivotovskii, V. Braude, A. Stanger, M. Kapon, Y.(16): To a stirred solution of 0.6 g (1.6 mmol) of 5 in 35 ml of ether
Apeloig, Organometallics 1992, 11, 232622328.a catalytic amount of sodium hydride was added at 278°C. After [3] [3a] J. Ohshita, Y. Masaoka, M. Ishikawa, Organometallics 1992,

warming up to room temperature water was added, the organic 10, 377523776. 2 [3b] J. Ohshita, Y. Masaoka, M. Ishikawa, T.
Takeuchi, Organometallics 1993, 12, 8762879.layer separated and dried with MgSO4. Evaporation gave a color-

[4] C. Krempner, D. Hoffmann, R. Kempe, H. Oehme, Organomet-less oil, which was purified by chromatography (silica gel, heptane/
allics 1997, 16, 182821832 and literature cited therein.ethyl acetate, 30:1). 2 IR (cap.): ν̃ 5 2074 cm21 (SiH). 2 1H NMR [5] A. G. Brook, J. W. Harris, J. Lennon, M. ElSheikh, J. Am.

([D6]benzene): δ 5 0.09 (s, OSiCH3, 9 H), 0.25 (s, SiSiCH3, 18 H), Chem. Soc. 1979, 101, 83295; A. G. Brook, K. M. Baines, Adv.
Organomet. Chem. 1986, 25, 1238; K. M. Baines, A. G. Brook,3.37 (s, OCH3, 3 H), 3.68 (d, 3J 5 2.45 Hz, SiH, 1 H), 5.67 (d,
Organometallics 1987, 6, 6922696.3J 5 2.52 Hz, CH, 1 H), 6.5027.67 (m, ArH, 4 H). 2 13C NMR

[6] C. Krempner, H. Reinke, H. Oehme, Chem. Ber. 1995, 128,([D6]benzene): δ 5 0.3, 0.6, 0.8 (SiCH3), 54.6 (OCH3), 61.2 (CH), 108321088; D. Hoffmann, H. Reinke, H. Oehme, Z. Natur-
109.9, 120.9, 126.7, 127.2 (arom. CH), 135.6, 154.2 (arom. quart. forsch. 1996, 51b, 3702376.

[7] C. Krempner, H. Reinke, H. Oehme, Chem. Ber. 1995, 128,C). 2 29Si NMR ([D6]benzene): δ 5 252.9 (SiSiMe3), 215.0,
1432149.215.3 (SiSiMe3), 17.7 (OSiMe3). 2 MS: m/z (%): 384 (3) [M1], 311

[8] A. G. Brook, J. J. Crusciel, Organometallics 1984, 3, 131721318.(90) [M1 2 CSiMe3], 209 (100) [M1 2 CHSi(SiMe3)2]. 2 [9] H. Oehme, R. Wustrack, A. Heine, G. M. Sheldrick, D. Stalke,
C17H36O2Si4 (384.82): calcd. C 53.06, H 9.43; found C 52.88, H J. Organomet. Chem. 1993, 452, 33239.

[10] A. G. Brook, P. Chiu, J. McClenaghnan, A. J. Lough, Or-9.39.
ganometallics 1991, 10, 329223301; F. Luderer, H. Reinke, H.

2-(2,4,6-Trimethoxbenzyl)-1,1,1,3,3,3-hexamethyl-2-(trimeth- Oehme, J. Organomet. Chem. 1996, 510, 1812188.
[11] G. Gutekunst, A. G. Brook, J. Organomet. Chem. 1982, 225,ylsiloxy)trisilane (19): To a solution of 0.55 g (1.2 mmol) of 17 in

123.30 ml of toluene the equimolar quantity of tBuOK was added at
[12] K. Sternberg, H. Oehme, Eur. J. Inorg. Chem. 1998, 1772181.

278°C. The mixture was allowed to warm up gradually to room [13] G. M. Sheldrick, SHELXS-86, Universität Göttingen, 1986.
temperature and was then heated under reflux for 4 h. Hydrolysis, [14] G. M. Sheldrick, SHELXL-93, Universität Göttingen, 1993.

[98244]separation and drying of the organic phase and evaporation gave
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The oxidation of allylic and benzylic alcohols to aldehydes oxygen, in the presence of the bifunctional ruthenium-
copper system (nPr4N)(RuO4)–CuCl acting as the catalyst.can be carried out at room temperature with molecular

The oxidation of alcohols to aldehydes and ketones is a species [RuCl2(PPh3)3] [6], RuO2 ·xH2O[7], the binuclear
[Ru2O6(C5H5N)4] · 3.5H2O[8], the bimetallic systemfundamental reaction in organic synthesis, and numerous

oxidizing reagents are available to effect this key transfor- RuCl32Co(OAc)2
[9] and the triple catalytic system [Ru-

Cl(OAc)(PPh3)3]2hydroquinone2[Co(salophen)(PPh3)] [10]mation.[1] In most instances, these reagents are used in stoi-
chiometric amounts and are very often toxic such as the where H2salophen 5 N,N9-bis(salicylidene)-O-phenylenedi-

amine. However, these catalysts are rarely selective and arechromium oxidants used in vast amounts in both the labo-
ratory and industry. [1] However, with the ever-growing en- often limited as rather high reaction temperatures and high

pressures of molecular oxygen are required and low turn-vironmental and economic concerns the development of
catalytic processes for alcohol oxidation is becoming in- over numbers are observed.

Recently, during the preparation of our manuscriptcreasingly important.
A particularly noteworthy process has been described by Ley[11] and Markó[12] have communicated the use of tetra-

n-propylammonium perruthenate, (nPr4N)(RuO4), in theGriffith et al. [2] who reported the use of the high oxidation
state oxoruthenium compound tetra-n-propylammonium presence of molecular oxygen, as a catalytic oxidant of both

primary and secondary alcohols. Markó[12] has also ob-perruthenate (nPr4N)(RuO4), TPAP, as a mild catalyst for
the oxidation of alcohols with N-methylmorpholine N-ox- served that the presence of CuCl ·phenanthroline (5 mol-%)

and K2CO3 (200 mol-%) produced a retarding effect in theide, NMO, as the secondary oxidizing source. More re-
cently, we reported the catalytic oxidation of primary al- oxidation of 4-chlorobenzyl alcohol. We wish to communi-

cate some of our recent results on a similar (nPr4N)(RuO4)cohols to aldehydes with cis-dioxymolybdenum(VI) com-
plexes and sulfoxides as the co-oxidant.[3] Although both of 2CuCl bimetallic system which is a selective and efficient

catalytic system for the oxidation of alcohols with molecu-the above function well as catalytic systems, unpleasant and
harmful by-products, amine and sulfide respectively, are lar oxygen under mild conditions (25°C), producing water

as the only stoichiometric by-product, Scheme 1.produced. This limits the use of these catalysts on an indus-
trial scale. The quest for catalytic systems that use inexpen- The catalytic oxidation of various alcohols takes place

smoothly at 25°C with (nPr4N)(RuO4) (1 mol-%), CuCl (1sive, nontoxic, molecular oxygen in the air as the secondary
oxidant remains a particularly important goal for the devel- mol-%), and 2-aminopyridine (5 mol-%) in the presence of

1 atm of molecular oxygen in toluene, dichloromethane, oropment of a “green method” for converting alcohols to car-
bonyl products on an industrial scale. [4] acetonitrile. The results are presented in Table 1. The ad-

dition of powdered 4-Å molecular sieves results in slightlyRelatively few ruthenium-based catalytic systems using
air or molecular oxygen have been reported for the dehydro- increased rates, as previously observed in oxidations with

(nPr4N)(RuO4) and NMO.[2] This may be because the watergenation of alcohols. These include the trinuclear ru-
thenium carboxylates [Ru3O(O2CR)6L3]n (R 5 CH3 or formed as a by-product in the reaction degrades the cata-

lyst. Allylic and benzylic alcohols are oxidized with nearlyC2H5; L 5 H2O or PPh3; n 5 0, 11)[5], the ruthenium(II)

Scheme 1
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Table 1. Oxidation of alcohols to carbonyl compounds catalysed by a ruthenium2copper bifunctional system[a]

Entry Substrate t [h] Product Yield[b] (%) Selectivity (%)

1 4-MeOC6H4CH2OH[c][d] 24 4-MeOC6H4CHO 5[e] 56
2 4-MeOC6H4CH2OH[c] 17 4-MeOC6H4CHO 100 100
3 4-MeOC6H4CH2OH[c][f] 27 4-MeOC6H4CHO 50 100
4 4-MeOC6H4CH2OH[g] 25 4-MeOC6H4CHO 71 100
5 4-MeOC6H4CH2OH[h] 24 4-MeOC6H4CHO 61 100
6 4-MeOC6H4CH2OH 23 4-MeOC6H4CHO 52 100
7 4-ClC6H4CH2OH 26 4-ClC6H4CHO 40 100
8 4-CF3C6H4CH2OH 26 4-CF3C6H4CHO 41 100
9 2,4-Cl2C6H3CH2OH 25 2,4-Cl2C6H3CHO 51 100

10 2,6-Cl2C6H3CH2OH 25 2,6-Cl2C6H3CHO 12 100
11 cinnamyl alcohol[c] 26 cinnamaldehyde 94 100
12 cinnamyl alcohol 29 cinnamaldehyde 47 100
13 C6H5CH2OH 21 C6H5CHO 61 100
14 C6H5CH2OH[i] 2 C6H5CHO 90 100
15 C6H5CD2OH[i] 2 C6H5CDO 41 100
16 2-buten-1-ol 17 2-buten-1-al 53 100
17 2-methyl-2-propen-1-ol 24 2-methyl-2-propen-1-al 32 100
18 1-butanol 43 1-butanal 9 100
19 1-hexanol[c] 24 1-hexanal 1 100
20 1-decanol 50 1-decanal 6 100
21 1-decanol[c] 24 1-decanal 1 100
22 2-butanol 72 2-butanone 1 100
23 -menthol 72 -menthone 1 100
24 cyclobutanol[i] 43 cyclobutanone[j] 44 100
25 cyclohexanol 39 cyclohexanone 6 100
26 cyclohexanol[c] 27 cyclohexanone 1 100

[a] General reaction conditions: (nPr4N)(RuO4) (1 mol-%), CuCl (1 mol-%), 2-aminopyridine (5 mol-%), 0.5 g of powdered 4-Å molecular
sieves, 6 ml of dichloromethane, 1 atm of molecular oxygen, and temperature 25°C. 2 [b] GC determination. 2 [c] Toluene (6 ml), 100°C.
2 [d] In the absence of (nPr4N)(RuO4). 2 [e] 4% conversion to the corresponding acid. 2 [f] In the absence of a nitrogen donor ligand.
2 [g] Acetonitrile (6 ml), 50°C. 2 [h] Acetonitrile (6 ml), 25°C. 2 [i] 20 equivalents of substrate. 2 [j] Determined by 1H-NMR spectroscopy.

total selectivity to aldehydes with no further oxidation to intermediacy of ruthenate esters. The selectivity of the ru-
thenium-copper catalyst is significantly different to that ofthe corresponding acids observed. Slightly improved rates

can be observed in toluene at 100°C (WARNING: At- the Griffith (nPr4N)(RuO4)/NMO system[2] and the
(nPr4N)(RuO4)/O2 system of Ley[11] and Markó[12], wheretempted oxidation of 1-butanol in toluene at 100°C resulted

in an explosion) and acetonitrile at 50°C. The bifunctional benzylic, allylic and aliphatic primary alcohols and second-
ary alcohols are all readily oxidized. As with the Griffith,(nPr4N)(RuO4)2CuCl catalyst was found to be very selec-

tive, with only benzylic and allylic alcohols undergoing any Ley, and Markó systems, functional groups such as double
bonds remain intact during the oxidations.significant oxidation. Aliphatic primary alcohols such as 1-

butanol (entry 18) and 1-decanol (entry 20) remain effec- The role of the copper compound is unclear. Varying the
copper complex used in the system from CuCl to Cu(OC-tively unchanged under the same conditions at 25°C in di-

chloromethane or acetonitrile, and increasing the tempera- OCH3)2, CuO, or [Cu(MeCN)4][PF6] has little effect on the
rate of oxidation; CuCl shows marginally improved initialture to 100°C with toluene as the solvent has little effect

(entry 21). Similarly, secondary alcohols were found to un- rates. The concentration of the copper complex seems to be
significant as the addition of 10 equivalents results only indergo very little oxidation (cyclohexanol, entry 25 and 26)

or not at all (2-butanol, entry 22 and -menthol, entry 23), stoichiometric oxidation. The addition of the nitrogen do-
nor ligand (2-aminopyridine) causes a marked improvementa notable exception being cyclobutanol (entry 24) which

was slowly oxidised in dichloromethane. We believe that the on the rate of oxidation (compare entry 2 and 3). This may
be as a result of complexation to the copper complex re-dehydrogenation of cyclobutanol results from it being less

sterically encumbered than other more common secondary sulting in a more soluble species which is more efficient in
activating or binding the molecular oxygen.[13] UV/Visalcohols. The oxidation reactions, therefore, appear to be

sensitive to steric factors near the alcohol functional group. spectroscopy and electrospray mass spectrometry preclude
any involvement of the nitrogen donor ligand withThis is further supported by the increase in rate of oxi-

dation of 2,4-dichlorobenzyl alcohol (entry 9) compared (nPr4N)(RuO4). Similar conlusions have been reached for
RuO4 which, unlike OsO4, is unable to form simple adductswith 2,6-dichlorobenzyl alcohol (entry 10). This has been

observed in the (nPr4N)(RuO4)/NMO system[2] but it would with nitrogen donor ligands.[8] [14]Varying the nitrogen do-
nor ligand from 2-aminopyridine to pyridine, 4-dimeth-seem to a lesser degree, as a range of secondary alcohols

readily undergo oxidation with this system. This suggests ylaminopyridine, or 2,6-lutidine has little effect on the rate
of oxidation. However, addition of a bidentate nitrogen do-that as with the (nPr4N)(RuO4)/NMO system, the bifunc-

tional (nPr4N)(RuO4)2CuCl reagent is sterically de- nor ligand, e.g. 2,29-bipyridyl results in a decrease in cata-
lytic activity as also noted by Markó. [12]manding, with oxidation presumably occurring through the
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chased from Aldrich Chemicals or Lancaster Synthesis. The analy-The observation that cyclobutanol is oxidized to cyclobu-
ses of the catalytic reactions were carried out with a Hewlett Pack-tanone with total selectivity (entry 24) by this bifunctional
ard 5890 Series II Gas Chromatograph equipped with a flame ion-catalyst would suggest one-electron processes are not in-
isation detector (FID) and a methyl silicone gum column of lengthvolved in the oxidation process. [15] Similarly, studies on the
10 m, diameter 0.53 mm and 2.65 µm film thickness. 1H-NMRoxidation of a series of para-substituted benzyl alcohols
spectra were recorded with a Bruker AC300 spectrometer and refer-

RC6H4CH2OH [R 5 OMe (entry 6), Cl (entry 7), CF3 (en- enced internally to TMS.
try 8), and H (entry 13)] show no correlation with Hammett

General Procedure for the Oxidation of Alcohols: In a typical oxi-σ parameters. Hence, benzyl radicals would appear not to
dation experiment the alcohol (100 mol-%) and 2-aminopyridine (5be involved in the catalytic process, a conclusion which is
mol-%) were dissolved in dichloromethane (6 ml), and powdered

further supported by the observation that radical traps, 4-Å molecular sieves added. After stirring the mixture for 10 min
such as 2,4,6-tri-tert-butylphenol, have no effect on the rate at 25°C under an atmosphere of molecular oxygen the copper com-
of oxidation. In kinetic isotope effect experiments, the over- plex (1 mol-%) was added followed by (nPr4N)(RuO4) (1 mol-%).
all rate of the catalytic oxidation of C6H5CH2OH (entry 14) The reaction was monitored by GC, with each sample taken from

the reaction first filtered through a small plug of silica gel andand C6H5CD2OH (entry 15) in parallel experiments yields
washed with diethyl ether to remove any metal compounds.the value of kH/kD 5 2.2, indicating that C2H cleavage is

involved in the rate-determining step. The nature of the ac-
tion of the bifunctional ruthenium2copper catalyst is un- [1] B. M. Trost, I. Fleming (Eds.), Comprehensive Organic Syn-

thesis, 1991, vol. 7 (“Oxidation”), Pergamon Press, UK; W. J.clear and is currently under further investigation.
Mijs, C. R. H. I. De Jonge (Eds.), Organic Synthesis by Oxi-Finally, we have found that both the simple dation with Metal Compounds, Plenum Press, New York, 1986.

[2] W. P. Griffith, S. V. Ley, G. P. Whitcombe, A. D. White, J. Chem.(nPr4N)(RuO4)/O2 and (nPr4N)(RuO4)/Cu/O2 systems give
Soc., Chem. Commun. 1987, 162521627; W. P. Griffith, S. V.very dark heterogeneous solutions during catalysis. Prelimi-
Ley, S. P. Marsden, J. Norman, Synthesis 1994, 6392666.

nary experiments seem to indicate the formation of col- [3] C. Y. Lorber, J. A. Osborn, I. Pauls, Bull. Soc. Chim. Fr. 1996,
133, 7552758.loidal material in these reactions. We have used different

[4] S. M. Brown, P. R. Giles, I. E. Markó, M. Tsukazaki, C. J.separation methods (e.g. centrifuging and membrane fil- Urch, Science 1996, 274, 204422046.
tration) to remove the major part of the solid material [5] C. Bilgrien, S. Davies, R. S. Drago, J. Am. Chem. Soc. 1987,

109, 378623787.formed. However, the residual solution contains particulate
[6] S. Ito, M. Matsumoto, J. Chem. Soc., Chem. Commun. 1981,matter (ca. 200 nm, determined by photo correlation spec- 9072908.
[7] M. Matsumoto, N. Watanabe, J. Org. Chem. 1984, 49,troscopy) and, interestingly, is still catalytically active.

343523436.Therefore, whether the catalysis occurs heterogeneously or [8] A. C. Dengel, A. M. El-Hendawy, W. P. Griffith, C. A. O9Ma-
homogeneously remains unknown. Studies on more stable honey, D. J. Williams, J. Chem. Soc., Dalton Trans. 1990,

7372742.bifunctional systems are underway to clarify this point.
[9] N. Hirai, S.-I. Murahashi, T. Naota, J. Org. Chem. 1993, 58,

We gratefully acknowledge the support of this work by the Cen- 731827319.
[10] J.-E. Backvall, R. L. Chowdhury, U. Karlsson, J. Chem. Soc.,tre National de la Recherche Scientifique. K. S. C. also wishes to

Chem. Commun. 1991, 4732475.thank the European Commission for a Marie Curie Research Fellow- [11] R. Lenz, S. V. Ley, J. Chem. Soc. Perkin Trans 1 1997,
ship (ERBFMBICT971873). 329123292.

[12] S. M. Brown, I. Chellé-Regnaut, P. R. Giles, I. E. Markó, M.
Tsukazaki, C. J. Urch, J. Am. Chem. Soc. 1997, 119,
12661212662.Experimental Section [13] G. Davies, M. A. El Sayed, R. E. Fasano, Inorg. Chim. Acta
1983, 71, 95299.General: Most of the reagents were used without further purifi-

[14] M. El-Hendawy, W. P. Griffith, M. N. Moussa, F. I. Taha, J.cation except for the solvents, dichloromethane, acetonitrile, and Chem. Soc., Dalton Trans. 1989, 9012906.
toluene, which were dried and distilled prior to use. The catalyst [15] W. P. Griffith, Chem. Soc. Rev. 1992, 21, 1792185.

[I98019](nPr4N)(RuO4) and all the substrates described in Table 1 were pur-
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A range of chiral building blocks of the type ∆- or Λ- by CD studies, and the X-ray structural analyses of ∆-(–)-
[Ru(Me2bpy)3]{(–)-O,O9-dibenzoyl-l-tartrate} and Λ-(+)-[Ru(pp)2(CO)2]2+ {pp = bidentate ligands bpy (2,29-bi-

pyridine), phen (1,10-phenanthroline) and Me2bpy (4,49- [Ru(phen)3]{(+)-O,O9-di-4-toluoyl-d-tartrate}. Resolution is
also reported for the analogous species containing threedimethyl-2,29-bipyridine)} have been synthesized, and their

enantiomeric purity and absolute configurations determined potential bridging ligands, [Ru(bpm)3]2+ and [Ru(HAT)3]2+

(bpm = 2,29-bipyrimidine; HAT = 1,4,5,8,9,12-hexaaza-by CD and NMR studies. Decarbonylation using trimeth-
ylamine oxide in the presence of the respective pp ligand at triphenylene). The versatility of the chromatographic

procedure was demonstrated by the resolution of a series ofroom temperature produced the corresponding tris-
(bidentate) species [Ru(pp)3]2+ with retention of bis-heteroleptic complexes [Ru(pp)2(pp9)]2+ {pp9 = dpq

(dipyrido[3,2-d:2,39-f]quinoxaline), dpqc (dipyrido[3,2-a:2,3-configuration at the ruthenium(II) centre. A general
chromatographic technique for resolution of tris-homoleptic d]-6,7,8,9-tetrahydrophenazine), and dppz {dipyrido[3,2-

a:2,39-d]phenazine)}.complexes of the type [Ru(pp)3]2+ was investigated, with the
absolute configurations of the resolved complexes confirmed

Introduction interactions, it is required that they be available in optically
pure form and have known absolute configurations. Gener-

Ruthenium(II) complexes of polypyridyl ligands have re- ally, the chiral resolutions of bis(bidentate)- and tris(biden-
ceived considerable attention as potential chromophoric tate)ruthenium(II) complexes of polypyridyl ligands have
components in photochemical molecular devices, [1] largely been achieved by diastereoisomeric salt forma-
as a consequence of their synthetic versatility, and favour- tion, [8] [10] [15] [19] [20] [21] [22] [23] [24] or chromatographic tech-
able photophysical and redox properties. [2] [3] [4]

niques. [15] [16] [25] [26] [27] [28] [29] [30] [31] The absolute configura-
For polynuclear assemblies based on such octahedral me- tion of a number of these enantiomeric forms have been

tal centres, stereoisomerism may occur by virtue of chirality assigned by exciton analysis of their circular dichroism
or geometrical isomerism in the individual components, (CD) spectra, [19] [32] [31] [32] [33] [34] [35] [36] although more re-
particularly when bidentate ligands are involved.[5] [6] [7]

cently X-ray analyses have unambiguously confirmed the
Since the initial chiral resolution of [Ru(bpy)3]21 (bpy 5 absolute configurations of Λ-[Ru(bpy)2(py)2]21 [37] and Λ-
2,29-bipyridine), [8] [9] [10] increasing attention has been drawn [Ru(phen)3]21. [38]

to the stereochemistry of this species and its analogues as a
result of the differential interactions of the enantiomeric We recently communicated details of the chiral resolution

of a series of dicarbonyl complexes of the typeforms {e.g. of ∆- and Λ-[Ru(phen)3]21 (phen 5 1,10-
phenanthroline)} with certain biological molecules such as [Ru(pp)2(CO)2]21 {where pp 5 bpy, phen, and Me2bpy (5

4,49-dimethyl-2,29-bipyridine)} and demonstrated their po-DNA or oligonucleotides. [11] [12] [13] [14] Additionally, the chi-
ral resolution of [Ru(pp)2(BL)]21, [15] [Ru(pp)(pp9)- tential as chiral building blocks in the stereoselective syn-

thesis of oligonuclear assemblies with predetermined stereo-(BL)]21, [16] {pp 5 bidentate polypyridyl ligand and BL 5
bridging ligand}, [Ru(pp)2(X)2]n1 {X 5 py, CO, Cl2, and chemistry. [15] We now report in detail the chiral resolution

procedures and assignment of their absolute configurations,CN2}, [15] [17] [18] [19] [20] and [Ru(pp)(pp9)(py)2]n1 [16] species
have also been investigated in terms of their potential use an NMR method of determining their optical purity, and

the stereochemical consequences of their decarbonylationas chiral building blocks for oligonuclear assemblies with
predetermined stereochemistry. [6] [7] reactions. Also discussed is the development of a general

chromatographic resolution technique for a variety of tris-In the utilization of these species as chiral building blocks
in stereoselective syntheses, or in the investigation of chiral (bidentate)ruthenium(II) species and the factors which in-
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fluence this resolution procedure. X-ray structural analyses tions: a non-polar solvent such as [D2]dichloromethane is

preferable in such studies, [40] but for solubility reasonsof ∆-(2)-[Ru(Me2bpy)3]{(2)-O,O9-dibenzoyl--tartrate}
and Λ-(1)-[Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate} [D3]acetonitrile was required for the former two complexes.

For all three dicarbonyl complexes, chemical shift discrimi-were used in combination with CD studies to confirm the
absolute configurations of the tris(bidentate) species. nations between the enantiomeric forms were observed

upon the addition of tris[3-(trifluoromethylhydroxymethyl-
ene)-d-camphorato]europium(III), Eu(tfc)3, with the largest

Results and Discussion and most pronounced effects occurring for [Ru(Me2bpy)2-
(CO)2]Cl2 measured in [D2]dichloromethane solution.

Dicarbonyl Species The effect of the sequential addition of Eu(tfc)3 on the
1H-NMR spectrum of [Ru(bpy)2(CO)2]Cl2 is shown in Fig-Stereochemistry
ure 2, where all the protons exhibited an induced downfield

Chiral resolutions of the cations [Ru(bpy)2(CO)2]21, chemical shift of a magnitude influenced by their environ-
[Ru(phen)2(CO)2]21, and [Ru(Me2bpy)2(CO)2]21 were ment. The distinction between the enantiomers can be seen
achieved by conventional diastereoisomeric salt formation most clearly by comparison of the H39 and H59 proton res-
as the antimonyl-(1)- or -(2)-tartrate salts. The CD spectra onances in Figures 2d and 2e (the racemate and a sample
of the Λ-(1)- and ∆-(2)-[Ru(phen)2(CO)2](PF6)2 and Λ- enriched in the Λ-(1) form, respectively, under similar con-
(1)- and ∆-(2)-[Ru(bpy)2(CO)2](PF6)2 are shown in Figure ditions).
1; assignments of the absolute configurations of the three
cations are discussed below.

Figure 1. CD spectra of the enantiomeric forms of
[Ru(bpy)2(CO)2]21; ∆ (}]) and Λ (······), and [Ru(phen)2(CO)2]21;

∆ (------) and Λ (-··-··-··)

The complexes [Ru(phen)2(CO)2]Cl2 and [Ru(Me2bpy)2-
(CO)2]Cl2 also showed an induced downfield chemical shift
and chiral descrimination. Intersection of initial and final
slopes in plots of the induced perturbation in chemical shift
as a function of added [Eu(tfc)3] for [Ru(phen)2(CO)2]Cl2
and [Ru(bpy)2(CO)2]Cl2 indicated a ca. 1:1 adduct with the
shift reagent. For the complex [Ru(Me2bpy)2(CO)2]Cl2, the
ratio of shift reagent to complex exceeded unity.

Figure 2. The effect of [Eu(tfc)3] on the 1H-NMR (300 MHz;Cation-exchange chromatography utilizing a chiral eluent CD3CN) spectrum of [Ru(bpy)2(CO)2]Cl2; {a 5 no Eu(tfc)3; b 5
0.25 equiv.; c 5 0.6 equiv.; d 5 1 equiv.; e ø 1 equiv.; sample{e.g. sodium (2)-O,O9-dibenzoyl--tartrate}[15] was at-

enriched in Λ isomer}; 1H labelling scheme shown in text}tempted as a resolution procedure but was found to be ex-
perimentally difficult due to the colourless character of
these dicarbonyl complexes.

Chiral Lanthanide-Shift Reagent Studies
1H-NMR techniques have provided an accurate and de-

finitive method for the determination of enantiomeric pu-
rity of a variety of ruthenium(II) complexes of polypyridyl
ligands. Such studies involve the addition to the complex of
a chiral lanthanide-induced shift reagent[15] [20] [39] [40] [41] [42]

or tartrate derivative,[28] which causes a discrimination in
the chemical shifts between the two enantiomeric forms. In
the present work, the lanthanide-shift reagent studies of
[Ru(pp)2(CO)2]Cl2 (pp 5 bpy, phen, and Me2bpy) were per-
formed in [D3]acetonitrile or [D2]dichloromethane solu-
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Stereochemical Consequences of the Decarbonylation Reac- idyl ligands occurred at 25°C, but isomerization took place

at elevated temperatures.[44]tion

The stereochemical consequences of the decarbonylation
Absolute Configuration Determinationsreaction with trimethylamine N-oxide (TMNO) were inves-

tigated by treating the enantiomerically pure Λ-(1)- Assignment of the absolute configurations of (1)- and
(2)-[Ru(phen)2(CO)2]21 and (1)- and (2)-[Ru(bpy)2-[Ru(phen)2(CO)2]21, ∆-(2)-[Ru(bpy)2(CO)2]21 and Λ-(1)-

[Ru(Me2bpy)2(CO)2]21 species (see below for absolute con- (CO)2]21 was achieved by their reaction with a third biden-
tate ligand to yield a tris(bidentate) product of known chir-figuration assignments) with the ligands phen, bpy, and

Me2bpy under a variety of conditions, as given in Table 1. ality. To ensure the decarbonylation reactions occurred with
complete retention of configuration, the reactions were per-The [Ru(pp)3]21 products from the reactions were isolated

and the corresponding [α]D values compared with those of formed at room temperature and in subdued light (see
above). The decarbonylation of (2)-[Ru(bpy)2(CO)2]21 withthe independently fully resolved products, allowing an as-

sessment of the enantiomeric excess (ee) of the products TMNO in 2-methoxyethanol in the presence of a 10-fold
excess of bpy yielded the product ∆-(2)-[Ru(bpy)3]21 [36]formed under the various decarbonylation conditions. 1H-

NMR techniques utilizing the chiral shift reagent [Eu(tfc)3] with [α]D 5 2816 (compared with the literature value of
2819[9]). This observation established a ∆ configuration forwere also used to confirm these ee determinations.

Previous studies[15] [43] of the decarbonylation reactions of (2)-[Ru(bpy)2(CO)2]21 and confirmed complete retention
of configuration under those decarbonylation reaction con-enantiomerically-enriched [Ru(bpy)2(CO)2]21 indicated that

the three parameters which most significantly influenced ditions.
The absolute configuration of Λ-(1)-[Ru(phen)3]21 hasthe degree of stereoretention were temperature, solvent and

ligand concentration. In order to maintain chiral integrity been assigned by CD[36] and X-ray crystallographic stud-
ies [38] and confirmed in the present work. It was formed byduring the decarbonylation process, reaction conditions in-

volved use of the solvent 2-methoxyethanol, ligand concen- decarbonylation of (1)-[Ru(phen)2(CO)2]21 in the presence
of phen, but otherwise under identical conditions to thosetrations of ca. 10-fold or higher excess and low reaction

temperatures. Photoracemization was not observed, but described above for the formation of ∆-(2)-[Ru(bpy)3]21,
thus indicating the Λ configuration for (1)-[Ru(phen)2-light was excluded in this study as a precaution.[15] [43]

Table 1. Stereochemical consequences of the decarbonylation reactions of ∆- or Λ-[Ru(pp)2(CO)2]21 {where pp 5 phen, bpy, or Me2bpy}

[Ru(pp)2(CO)2]21 Reaction [Ru(pp)3]21 Column resolution Literature[b] Enantiomeric
precursor conditions[a] product [α]D [α]D [α]D excess (ee)

Λ-(1)-[pp 5 phen] 25°C 11395 11400 11340 > 0.99
45°C 11330 0.95
60°C 11134 0.82

120°C 1980 0.74
200°C[c] 1938 0.70

∆-(2)-[pp 5 bpy] 25°C 2816 2823 2819 > 0.99
120°C 2254 0.50
120°C[d] 2300 0.53

Λ-(1)-[pp 5 Me2bpy] 25°C 11000[e] 11045[e] 0.96
120°C 1920[e] 0.88

[a] All reactions were performed in subdued light using 2-methoxyethanol as solvent, with 10-fold excess of pp and 3-fold excess of TMNO
unless otherwise specified. 2 [b] Optical rotations measured in water as Cl2 or I2 salt for phen and bpy, respectively. 2 [c] Reaction
conditions of ethylene glycol as solvent and heating under microwave conditions. 2 [d] Reaction conditions of 30-fold excess of bpy, 20-
fold excess of TMNO and 2-methoxyethanol as solvent. 2 [e] Optical rotations measured as PF6

2 salts in CH3CN as solvent at λ 5
546 nm.

All reactions were observed to proceed with complete or (CO)2]21 (see above). The product showed [α]D 5 11395
compared with the literature value of 11340. [10]near-complete retention of configuration at room tempera-

ture, whereas racemization occurred to varying degrees for The decarbonylation of (1)-[Ru(Me2bpy)2(CO)2]21 un-
der the same conditions described above but in the presenceall complexes at elevated temperatures. The most likely

stage at which racemization might occur is subsequent to of Me2bpy yielded the Λ-(1)-[Ru(Me2bpy)3]21 product
(configuration determined by X-ray structural determi-the removal of one carbonyl group, when competition for

the “free” (or solvated) coordination site may occur be- nation, Figure 4). The synthesized Λ-(1)-[Ru(Me2bpy)3]21

showed [α]546 5 11000 compared to the independently re-tween the uncoordinated nitrogen of an incoming mono-
dentate pp ligand and a rearrangement involving one of the solved (1)-[Ru(Me2bpy)3]21 complex (see below) where

[α]546 5 11045, which may suggest that minor racemizationcoordinated bidentate pp ligands. The extent of racemiz-
ation during the decarbonylation reaction agrees with work (< 4%) occurs under the above reaction conditions.

The electronic spectrum of [Ru(phen)2(CO)2]21 exhibitedpreviously completed by the authors, which demonstrated
that retention of geometric integrity of an analogous dicar- a strong absorption band at ca. 275 nm which is assigned

to an intraligand πRπ* transition, while the weak bands atbonyl complex incorporating two non-symmetrical polypyr-
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340 and 350 nm are most likely to be dπRπ* tran- termination of the absolute configuration of ∆-(2)-

[Ru(Me2bpy)3]21 is discussed below). The Cotton effects ofsitions. [45] [46] The intense circular dichroism band at ca. 280
nm (phen long-axis polarization transition) for (1)- the three complexes [Ru(pp)3]21 (pp 5 bpy, Me2bpy, and

Me4bpy) were near identical, as expected because of their[Ru(phen)2(CO)2]21 is strongly positive and the circular
dichroism band at higher energy (ca. 260 nm) negative (Fig- electronic and structural similarity.
ure 1), confirming the (1) isomer as having the Λ abso-

Figure 3. CD spectra of the enantiomeric forms oflute configuration.[33]
[Ru(Me2bpy)3]21; ∆ (······) and Λ (}]), and [Ru(Me4bpy)3]21;

∆ (-··-··-··) and Λ (------)The electronic spectrum of [Ru(bpy)2(CO)2]21 was domi-
nated by πRπ* transitions in the region of ca. 2002300
nm.[45] [46] The long-axis polarized transitions of bpy occur
at ca. 300 nm:[33] the CD band at 315 nm for the (1)-en-
antiomer is strongly positive and the high energy band at
300 nm is negative (Figure 1), confirming the assignment
as Λ-(1)-[Ru(bpy)2(CO)2]21. For the complexes [Ru-
(bpy)2(CO)2]21 and [Ru(phen)2(CO)2]21, the lower energy
long-axis polarized transitions were red-shifted relative to
those reported for the [Ru(pp)2(py)2]21 analogues, [19] [33]

presumably due to the electron-withdrawing carbonyl li-
gands. Accordingly, the two methods used to determine the
absolute configurations of the chirally resolved dicarbonyl
complexes (i.e. stereoselective syntheses and CD studies)
were in agreement.

Tris(bidentate) Complexes
Chromatographic Resolutions of Tris-homoleptic

Stereochemistry Tris(bidentate) Species

In the chromatographic resolutions, large variations in ef-During the course of this study, a chromatographic tech-
nique was developed for the resolution of tris(bidentate)ru- ficiencies were observed between the different eluents for

the same complex and between different complexes for thethenium(II) complexes. The technique is based on a cation-
exchange mechanism (SP Sephadex C-25 support) with the same eluent {where a decreased distance for column resolu-

tion (“effective column length”, ECL) indicates a more ef-mode of resolution significantly influenced by the differen-
tial association of the chiral anions of the eluent with the ficient resolution}, as shown in Table 2. 1H-NMR studies

have suggested that there is a differential association be-enantiomeric forms of the complex. [30] [31] As Sephadex has
a dextran base and is itself chiral, it believed to significantly tween the above complexes and the anions in the eluent

solutions which involves π-stacking and hydrophobic inter-influence the resolution procedure, as demonstrated by the
chiral resolution of [{Ru(Me2bpy)2}2(µ-bpm)]41 [30] and actions. [30] [31] This is further supported by the X-ray

structure of Λ-[Ru(bpy)2(py)2]{(1)-O,O9-dibenzoyl--tart-[Ru(bpq)3]21 {bpq 5 2,3-bis(2-pyridyl)quinoxaline} with
the achiral eluent sodium toluene-4-sulfonate. [47] rate}[37] ∆-[Ru(Me2bpy)3]{(2)-O,O9-dibenzoyl--tartrate}

and Λ-(1)-[Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate};The resolutions of a number of ruthenium(II) complexes
involving α,α9-diimine ligands have recently been reported the latter two are reported herein. The associations leading

to the chromatographic resolution are believed to involveusing CM and SP Sephadex C-25 and (1 or 2)-SbOtart
salts as eluents. [25] [27] [28] Generally, these resolution pro- three-way interaction between the complex, the chiral elu-

ent and the Sephadex support. [31]cedures have required the collection of a series of fractions
to obtain the resolved complex. The procedure reported be- Chromatographic resolution using aqueous sodium (2)-

O,O9-dibenzoyl--tartrate as the eluent is significantly morelow resulted in the clear separation into two bands (i.e. the
two enantiomeric forms) of every mononuclear complex efficient in complexes containing methyl-substituted ligands

{[Ru(bpy)3]21 (ECL 5 55 cm) > [Ru(Me2bpy)3]21 (ECL 5examined.
The study was based primarily on the resolution of the 30 cm) > [Ru(Me4bpy)3]21 (ECL 5 20 cm) or

[Ru(Me4bpy)2(bpm)]21 (ECL 5 25 cm) > [Ru(Me4bpy)3]21four tris-homoleptic tris(bidentate) complexes [Ru(pp)3]21

(pp 5 bpy, phen, Me2bpy, and Me4bpy), although a num- (ECL 5 20 cm)}. For these complexes in which there is an
increase in resolution efficiency, it is also noted that thereber bis-heteroleptic complexes [Ru(pp)2(pp9)]21 were exam-

ined to demonstrate the generality of the resolution pro- is an enhanced rate-of-travel down the column.
While sodium (2)-O,O9-di-4-toluoyl--tartrate is morecedure. The CD spectra of ∆- and Λ-[Ru(bpy)3]21 and ∆-

and Λ-[Ru(phen)3]21 resolved by the technique were in ex- efficient than sodium (1)-O,O9-di-4-toluoyl--tartrate solu-
tion as an eluent in the resolution of [Ru(bpy)3]21 (ECL 5cellent agreement with the spectra reported previously. [35]

The CD spectra of ∆-(2)- and Λ-(1)-[Ru(Me2bpy)3]21 and 30 cm and 55 cm, respectively), the opposite is true for
[Ru(Me2bpy)3]21 (ECL 5 80 cm and 30 cm, respectively)∆- and Λ-[Ru(Me4bpy)3]21 are shown in Figure 3 (the de-
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Table 2. Chromatographic resolution efficiency for a range of polypyridyl complexes of ruthenium(II)

Effective column length (ECL)[a]

Complex sodium (2)-O,O9-di- sodium (1)-O,O9-di- sodium (2)-O,O9-di- sodium (1)-O,O9-di-
benzoyl--tartrate[b] benzoyl--tartrate[b] p-toluoyl--tartrate[b] p-toluoyl--tartrate[b]

[Ru(bpy)3]21 55 30 120
[Ru(bpy)2(Me2bpy)]21 65
[Ru(Me2bpy)2(bpy)]21 70
[Ru(Me2bpy)3]21 30 > 120 80 22
[Ru(phen)3]21 70 24 80 25
[Ru(Me4bpy)3]21 20 40 > 120
[Ru(Me4bpy)2(bpm)]21 [15] 25
[Ru(bpm)3]21 60
[Ru(Me4bpy)(phen)(bpm)]21 [16] 45
[Ru(HAT)3]21 50
[Ru(bpy)2(HAT)]21 [48] > 400 ca. 300
[Ru(phen)2(HAT)]21 [48] 200

[a] ECL given in cm; error ± 2.5 cm. 2 [b] Eluent concentrations at 0.075 .

and [Ru(Me4bpy)3]21 (ECL 5 40 cm and 20 cm, respec- dent of the eluent or its chirality. This is presumably a result
of the increased hydrophobic interactions between the Se-tively). The apparent anomaly may arise from increased

steric interactions between the toluoyl substituent in the phadex support and the methyl-substituted ligands, leading
to the chirality of the Sephadex dominating the elution or-anion and the methyl substituents on the ligands, which

diminish the association between the eluent anion and the der of the enantiomeric forms. For the elution order of the
enantiomers of [Ru(bpy)3]21 and [Ru(phen)3]21 to be de-substrate cation and thus reduce the degree of chiral dis-

crimination. pendent on the chirality of the eluent, the interaction be-
tween the complex and the eluent must be significantlyChromatographic resolution using sodium (1)-O,O9-di-

4-toluoyl--tartrate solution as the eluent is also more ef- greater than the interaction of the enantiomeric forms with
the Sephadex support. The involvement of the support inficient for resolution of complexes with increased numbers

of methyl-substituted ligands, although not with the same the chromatographic resolution of dinuclear complexes has
also been reported previously. [30] These simultaneous inter-predicability as in the case above {e.g. [Ru(bpy)3]21 (ECL 5

120 cm) > [Ru(bpy)2(Me2bpy)]21 (ECL 5 65 cm) ø actions of the target cation with the support itself and the
chiral anion of the eluent may be cooperative or in oppo-[Ru(bpy)(Me2bpy)2]21 (ECL 5 70 cm) compared with

[Ru(Me4bpy)3]21 (ECL > 120 cm)}. The apparent anomaly sition, with the consequence that the two enantiomeric
forms of the eluent have unequal efficiencies in achievingin the resolution efficiency of [Ru(Me4bpy)3]21 may also

have its origins in competing steric interactions, as de- the resolution of a particular substrate.
The study demonstrates the effectiveness of the techniquescribed above.

The degree of aromaticity of the polypyridyl ligand also for the chiral resolution of tris(bidentate) polypyridyl com-
plexes of ruthenium, and provides an appreciation of thehas a significant influence in the resolution efficiency. For

example, the resolution of [Ru(phen)3]21 was significantly factors involved for efficient chiral resolution in terms of
the nature of the interactions between the complex, Se-more efficient than [Ru(bpy)3]21 using both the (1)-tartrate

salts as eluents. phadex support and the chiral eluent.
The order of elution of the two enantiomeric forms was

X-ray Structural Studiesalso observed to be significantly influenced by the chirality
of the eluent. For example, elution of the complex The X-ray crystal structures of (2)-[Ru(Me2bpy)3]{(2)-

O,O9-dibenzoyl--tartrate} ·6 H2O (1; Figure 4) and (1)-[Ru(bpy)3]21 with sodium (2)-O,O9-di-4-toluoyl--tartrate
solution or sodium (2)-O,O9-dibenzoyl--tartrate solutions [Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate} ·8 H2O (2;

Figure 5) are reported. The incorporation of an anion ofresulted in resolution with the first eluted band (Band 1) as
the ∆-(2) enantiomer and the second eluted band (Band 2) known chirality allowed ready and unambiguous assign-

ment of the absolute configuration of the respective cationsas Λ-(1) enantiomer. This elution order is reversed when
eluting with aqueous sodium (1)-O,O9-di-4-toluoyl--tar- as ∆ and Λ. Such assignments are significant: while there

have been a number of structural determinations of tris(bid-trate and sodium (1)-O,O9-dibenzoyl--tartrate (Table 3).
This observation suggests the ∆ enantiomer of the complex entate)ruthenium(II) complexes containing polypyridyl li-

gands, a vast majority have involved racemic samples. Therehas a higher degree of association with the (2) forms of the
two anions, reducing its effective charge (relative to the Λ are in fact very few structural confirmations of chirality

within complexes of this genre, and in view of recent inter-enantiomer), and thus leading to the resolution.
However, this “band switching” was not observed in the est in the control of the stereochemistry of polymetallic as-

semblies incorporating such centres as components, [6] [7] [49]complexes containing ligands with one or more methyl-sub-
stituents (e.g. [Ru(bpy)2(Me2bpy)]21 and [Ru(Me2bpy)3]21); such confirmations are timely. In this case, the determi-

nation of the chirality of the (1)-[Ru(phen)3]21 cation as Λin those cases the (2)-enantiomer was eluted first indepen-
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Table 3. Chromatographic elution order for the enantiomeric forms of [Ru(pp)2(pp9)]21 and [Ru(pp)3]21 with various resolving agents as

eluents

Elution order of the enatiomeric forms
Complex Elution band sodium (2)-O,O9- sodium (1)-O,O9- sodium (2)-O,O- sodium (1)-O,O-

(Band 1 eluted dibenzoyl-- dibenzoyl-- di-p-toluoyl-- di-p-toluoyl--
first) tartrate[a] tartrate[a] tartrate[a] tartrate[a]

[Ru(bpy)3]21 Band 1 ∆-(2) ∆-(2) Λ-(1)
Band 2 Λ-(1) Λ-(1) ∆-(2)

[Ru(bpy)2(Me2bpy)]21 Band 1 ∆-(2)
Band 2 Λ-(1)

[Ru(Me2bpy)2(bpy)]21 Band 1 ∆-(2)
Band 2 Λ-(1)

[Ru(Me2bpy)3]21 Band 1 ∆-(2) ∆-(2) ∆-(2) ∆-(2)
Band 2 Λ-(1) Λ-(1) Λ-(1) Λ-(1)

[Ru(phen)3]21 Band 1 ∆-(2) Λ-(1) ∆-(2) Λ-(1)
Band 2 Λ-(1) ∆-(2) Λ-(1) ∆-(2)

[Ru(Me4bpy)3]21 Band 1 ∆-(2) ∆-(2) ∆-(2)
Band 2 Λ-(1) Λ-(1) Λ-(1)

[a] Eluent concentration 0.075 .

Figure 5. X-ray structure of the Λ-(1)-[Ru(phen)3]21 cation inconfirms earlier CD analyses based on exciton the-
complex Λ-(1)-[Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate} ·8ory, [32] [33] [34] [35] [36] and the recent structural determination

H2O (2); hydrogen atoms have been omitted for clarity
by Maloney and MacDonnell, [38] which utilised the tech-
nique of fractal analysis in the assignment. Bond lengths
and angles are typical for such complexes. [38] [50] [51] [52] [53]

Figure 4. X-ray structure of one of the unique ∆-(2)-
[Ru(Me2bpy)3]21 cations in compound (2)-[Ru(Me2bpy)3]{(2)-
O,O9-dibenzoyl--tartrate} (1) which resides on a two-fold rotation

axis; hydrogen atoms have been omitted for clarity

line rings varies in the range 3.423.9 Å, which is consistent
with π-stacking, for which a spacing of ca. 3.5 Å is con-
sidered normal. [54] While this present observation is made
in the solid state, the interaction supports our proposal for
the mode of association of anions with such complexes in
solution (based on 1H-NMR evidence), [30] [31] which we as-The packing diagram for the structure of 2 is shown in
sert is a major contributing factor to the mechanism of sep-Figure 6, and attention is draw to a particular feature. The
aration of complexes (and their stereoisomers) in cation-[Ru(phen)3]21 cations form layers which alternate with lay-
exchange chromatographic techniques involving the organicers containing water molecules. The (1)-O,O9-di-4-toluoyl-
counter-anions in the eluents.-tartrate anions are positioned such that the tartrate back-

bone (containing the two carboxylate functionalities) reside
Chiral Resolutions of Heteroleptic Tris(bidentate) Speciesin the water layer (hydrophilic), while the toluoyl rings pen-

etrate into a virtually hydrophobic region in the complex To demonstrate the versatility of the chromatographic
techniques and stereoretentive synthetic procedures, a rangecations where they essentially π-stack with the phenanthro-

line rings. The distance between the toluoyl and phenantho- of bis-heteroleptic complexes [Ru(pp)2(pp9)]21 were also re-
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Figure 6. Packing diagram for Λ-(1)-[Ru(phen)3]{(1)-O,O9-di-4- at the assessment of their potential as photoprobes in sequ-
toluoyl--tartrate} ·8 H2O (2) showing penetration of the toluoyl encing and in cleavage reactions of DNA.[12] [13] [14]
residues of the anion into the hydrophobic cationic layer; the carbo-

Analogous bis-heteroleptic complexes [Ru(Me2bpy)2-xylate groups reside in the hydrophilic layer; water molecules have
been omitted for clarity (bpy)]21, [Ru(Me2bpy)(bpy)2]21, [Ru(Me2bpy)2(phen)]21,

and [Ru(bpy)(phen)2]21 were also resolved chromatograph-
ically {aqueous sodium (1)-O,O9-dibenzoyl--tartrate solu-
tion eluent}. It is also noted that we have previously re-
ported the chromatographic resolution of a tris-heteroleptic
species, [Ru(phen)(Me4bpy)(bpm)]21, using aqueous so-
dium (2)-O,O9-dibenzoyl--tartrate solution as eluent. [16]

The incorporation of potential bridging ligands such as
2,29-bipyrimidine (bpm) or 1,4,5,8,9,12-hexaazatripheny-
lene (HAT) in such chiral tris(bidentate) metal centres pro-
vides the potential basis of stereochemical control in the
construction of polymetallic ligand-bridged assemblies. [6] [7]

In such a context, we also chromatographically resolved the
tris-homoleptic complexes [Ru(bpm)3]21 and [Ru(HAT)3]21

by these techniques using 0.1  sodium (2)-O,O9-diben-
zoyl--tartrate solution as eluent.

Summary

The chiral building blocks ∆- and Λ-[Ru(pp)2(CO)2]21

(where pp 5 bpy, phen, and Me2bpy) were obtained by dia-
stereoisomeric salt formation, and their enantiomeric purity
established by 1H-NMR spectroscopy using the chiral lan-

solved. Each of the complexes [Ru(bpy)2(pp9)]21 and thanide-shift reagent [Eu(tfc)3]. These species were demon-
[Ru(Me2bpy)2(pp9)]21 {pp9 5 phen (1,10-phenanthroline), strated to undergo decarbonylation to form tris(bidentate)
dpq (dipyrido[3,2-d:2,39-f]quinoxaline), dpqc (dipyrido[3,2- complexes with retention of stereochemical integrity under
a:2,3-d]-6,7,8,9-tetrahydrophenazine), and dppz {dipy- certain reaction conditions. Their absolute configurations
rido[3,2-a:2,39-d]phenazine)}, and [Ru(phen)2(pp99)]21 were established by comparison of the configuration of the
(pp99 5 dpq, dpqc, and dppz) were resolved by the cation- products with the the X-ray crystal structure determi-
exchange chromatographic procedure on SP Sephadex C-25 nations of the diastereoisomeric salts ∆-(2)-
support using sodium (2)-O,O9-dibenzoyl--tartrate solu- [Ru(Me2bpy)3]{(2)-O,O9-dibenzoyl--tartrate} and Λ-(1)-
tion as eluent. Aqueous K (1)-SbOtart solution was also [Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate}, and com-
used as eluent for the resolution of [Ru(phen)2(dpqc)]21 parison of CD spectra with compounds whose configura-
and [Ru(phen)2(dppz)]21. Additionally, [Ru(bpy)2(dpqc)]21 tion has previously assigned by exciton analysis.
and [Ru(bpy)2(dppz)]21 were also obtained in specific en- The development of a cation-exchange chromatographic
antiomeric forms by the reaction of the respective ligands resolution procedure provided an efficient means of ob-
with resolved [Ru(bpy)2(py)2]21. [19] taining a wide range of enantiomerically-pure tris(biden-

tate)ruthenium(II) complexes containing polypyridyl li-
gands, which have application as chiral building blocks for
oligomeric assemblies, or as chiral probes for biological
molecules (e.g. polynucleotides, DNA).

This work was supported by the Australian Research Council,
and Research Grants Schemes with both James Cook University
and the University of Western Sydney. We thank Professor R. S.
Vagg for access to the CD facilities at Macquarie University, and
Ms. Sue Butler for measurement of the CD spectra at the Univer-
sity of Wollongong. We are grateful to Dr. Nick Fletcher and Dr.
Brett Yeomans for useful comments on the manuscript.

Experimental Section
Materials, Instrumentation, and Techniques: The following chemi-

This general method for chiral resolution is significant as cals were used without further purification: 2,29-bipyridine (bpy,
there have been a number of studies of the nature of the 991%; Aldrich), 1,10-phenanthroline (phen, 991% anhydrous; Al-

drich), 4,49-dimethyl-2,29-bipyridine (Me2bpy, 99%; Aldrich),interaction of such complexes with polynucleotides, aimed
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tris[3-(trifluoromethylhydroxymethylene)-d-camphorato]europium- X-Ray Crystal Structure Determinations: Crystals of (2)-

[Ru(Me2bpy)3]{(2)-O,O9-dibenzoyl--tartrate} (1) and (1)-(III) {Eu(tfc)3, 97%; Fluka}, ruthenium(III) chloride hydrate
(RuCl3, 99.9%; Strem), potassium hexafluorophoshate (KPF6, [Ru(phen)3]{(1)-O,O9-di-4-toluoyl--tartrate} (2) were grown by

slow concentration of aqueous solutions of the respective salts. Un-98%; Aldrich), 2,3-bis(2-pyridyl)pyrazine (dpp, 98%; Aldrich),
2,29-bipyrimidine (bpm, 981%; Lancaster), sodium hydroxide ique room-temperature diffractometer data sets (T ø 295 K; mono-

chromatic Mo-Kα radiation, λ 5 0.71073 Å; 2θ/θ scan mode;(BDH), sodium chloride (BDH), sodium toluene-4-sulfonate (95%;
Aldrich), potassium antimonyl (1)-tartrate hydrate {K(1)-SbOt- 2250°) were measured on an Enraf-Nonius CAD4 diffractometer,

yielding No independent reflections, No with I > 3σ(I) being con-art, 991%, [α]D 5 1141; Aldrich}, (2)-O,O9-di-4-toluoyl--tar-
taric acid (981%, [α]D 5 2139; Fluka), (1)-O,O9-di-4-toluoyl-- sidered “observed” and used in the large-block least-squares refine-

ments.tartaric acid (97%, [α]D 5 1139; Aldrich), (1)-O,O9-dibenzoyl--
tartaric acid (99%, [α]D 5 1117; Fluka), (2)-O,O9-dibenzoyl-- For both compounds, anisotropic thermal parameters were re-
tartaric acid (991%, [α]D 5 2117; Fluka), tetra-n-butylammonium fined for all non-hydrogen atoms, except the oxygen atoms of the
bromide (TBABr, 99%; Aldrich), tetra-n-butylammonium iodide hydration water molecules (due to high thermal motion and dis-
(TBAI, 981%; BDH) and tetraethylammonium chloride (TEACl, order, see below). Hydrogen atoms were placed in calculated posi-
> 98%; Fluka). tions and were not refined. Two oxygen atoms in compound 1 were

disordered and were successfully modelled with half occupanciesThe ligands dpq,[55] dpqc, [56] and dppz[57] were prepared as re-
{O(5w), O(6w), O(7w) and O(8w)}. Likewise in compound 2 twoported previously.
water molecules were also disordered and were modelled with half

[Ru(pp)2Cl2], [58] [Ru(CO)2Cl2]n, [Ru(pp)(CO)2Cl2], and [Ru(pp)2- occupancies {O(1w), O(4w), O(5w) and O(7w)}. Conventional re-
(CO)2](PF6)2 pp 5 Me2bpy, phen, and bpy), [59] [Ru(OH2)6](tol- siduals R, Rw on F are quoted, statistical weights derivatives of
uene-4-sulfonate)2, [60] and [Ru(DMSO)4Cl2] (DMSO 5 dimethyl σ2(I) 5 σ2(Idiff) 1 0.0004σ4(Idiff) being used. Neutral atom complex
sulfoxide)[61] were prepared as reported previously. [Ru(b- scattering factors were employed, and computation was by the
py)3](PF6)2, [Ru(Me2bpy)3](PF6)2, [Ru(bpy)2(Me2bpy)](PF6)2 [Ru(- XTAL 3.4 program system, implemented by S. R. Hall. [67] A sum-
Me2bpy)2(bpy)](PF6)2, [Ru(Me4bpy)3](PF6)2 and [Ru(phen)3](PF6)2 mary of crystal data and data collection is compiled in Table 4
were synthesized in a manner similar to the literature methods,[62]

and structures are shown in Figures 4 and 5; material deposited
except that they were isolated as the PF6

2 salts by addition of comprises all atomic coordinates and thermal parameters, complete
KPF6. Their 1H-NMR and electronic spectra were in agreement bond lengths and angles and full non-hydrogen atom geometries.
with those reported previously.[4] [63] [64] ∆- and Λ-[Ru(bpy)2(py)2]21

were obtained by diastereoisomeric salt fomation with the chiral Synthetic and Stereochemical Studies
anion O,O9-dibenzoyltartrate, as described previously.[18] [19]

Homoleptic Dicarbonyl Ruthenium(II) Complexes: The [Ru-
(phen)2(CO)2](PF6)2 species was converted to the bromide salt byTrifluoromethanesulfonic acid (3 ) was distilled under vacuum
metathesis with TBABr in acetone. For 1H-NMR, UV/Vis, andprior to use. Trimethylamine N-oxide hydrate (TMNO, Aldrich)
ORD measurements, the bromide salt was converted to the chloridewas sublimed under vacuum at 120°C and stored under argon.
by anion-exchange chromatography. [Ru(Me2bpy)2(CO)2](PF6)24,49,5,59-Tetramethyl-2,29-bipyridine (Me4bpy) was kindly supplied
and [Ru(bpy)2(CO)2](PF6)2 were converted to the respective bro-by Michael Quagliotto and was prepared according to a literature
mide salts by metathesis with TBABr in 2-butanone. The chloridemethod.[16] [65] Silver antimonyl (2)-tartrate {Ag (2)-SbOtart} and
salts were obtained as described above.silver antimonyl (1)-tartrate {Ag (1)-SbOtart} were prepared ac-

cording to a literature method.[66]
1H NMR ([D3]acetonitrile): [Ru(phen)2(CO)2]Cl2: δ 5 7.63 [m,

4 H], 8.25 [d, 2 H, J 5 9 Hz], 8.29 [dd, 2 H, J 5 5.5, 8 Hz], 8.36Electronic spectra, elemental analyses, and optical rotations were
[d, 2 H, J 5 9 Hz], 8.71 [dd, 2 H, J 5 5.5, 1.5 Hz], 9.10 [d, 2 H,recorded as described previously.[48] CD (circular dichroism) spec-
J 5 8 Hz], 9.60 [d, 2 H, J 5 5 Hz]. [Ru(bpy)2(CO)2]Cl2: δ 5 7.42tra were measured using either a Jobin Yvon Dichrograph 6 or a
[d, 2 H, J 5 5 Hz], 7.51 [ddd, 2 H, J 5 8, 6, 1 Hz], 7.94 [ddd, 2JASCO-500C spectropolarimeter. Mass spectra were recorded with
H, J 5 8, 6, 1 Hz], 8.22 [td, 2 H, J 5 8, 1 Hz], 8.48 [td, 2 H, J 5a Fisons/VG Biotech Quattra (Altrinchem, U.K.) instrument which
8, 1 Hz], 8.82 [d, 2 H, J 5 8 Hz], 8.96 [d, 2 H, J 5 8 Hz], 9.14 [d,is a tandem mass spectrometer with quadrupoles for MS1 and
2 H, J 5 5 Hz]. 2 1H NMR ([D2]dichloromethane): [Ru(Me2-MS2, each with a mass range of 4000 amu for single-charged ions,
bpy)2(CO)2]Cl2: δ 5 2.57 [s, 6 H], 2.61 [s, 6 H], 7.37 [m, 4 H],a hexapole collision cell and photomultiplier detectors. The
7.78 [d, 2 H, J 5 5.5 Hz], 9.04 [d, 2 H, J 5 5.5 Hz], 9.11 [s, 2 H],samples were dissolved in acetonitrile (502100 pmol/µl).
9.28 [s, 2 H]. UV/Vis [λ (ε), H2O]: [Ru(phen)2(CO)2]Cl2: 226 nm

Chromatographic procedures were carried out using SP Se- (57900), 274 (52100), 305 (15000). [Ru(bpy)2(CO)2]Cl2: 210 nm
phadex C-25 cation exchanger as the support and aqueous sodium (35600), 250 (26200), 306 (24800). [Ru(Me2bpy)2(CO)2]Cl2: 214
chloride, sodium toluene-4-sulfonate, sodium (2)-O,O9-dibenzoyl- nm (43800), 252 (26900), 302 (23300), 312 (22900).
-tartrate, sodium (1)-O,O9-dibenzoyl--tartrate, sodium (2)-

Λ-[Ru(phen)2(CO)2]{(1)-SbOtart}2 · 3 H2O: [Ru(phen)2-O,O9-di-4-toluoyl--tartrate or sodium (1)-O,O9-di-4-toluoyl--
(CO)2]Br2 (1.369 g, 2.019 mmol) was stirred in the minimum oftartrate solutions as eluents. The tartrate salts were prepared by the
distilled water for dissolution, and Ag(1)-SbOtart (1.589 g, 4.038neutralization of the respective acids with sodium hydroxide. The
mmol) added. The mixture was stirred over glass balls for ca. 30support was contained in a column approximately 100 cm long 3
min in subdued light, then filtered through Celite to remove AgBr,2 cm diameter and the flow rate was controlled at ca. 1.5 ml/min.
and the filtrate concentrated to dryness. Yield 2.00 g, 90%. 2When necessary, the column was sealed enabling the complex to be
C33H26N4O17RuSb2: calcd. C 36.2, H 2.39, N 5.1%; found: C 36.2,recycled several times down its length with the aid of a peristaltic
H 2.25, N 5.0%.pump: in these cases, an “effective column length” (ECL) for the

separation represents the length of support travelled by the sample (1)-[Ru(phen)2(CO)2]{(1)-SbOtart}2 was dissolved in a mini-
mum volume of hot water and methanol added dropwise until thefor visual band separation. All chromatography was carried out in

subdued light. appearance of a faint cloudiness. The mixture was stored at 4°C
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Table 4. Crystal data and summary of data collection for complexes 1 and 2

Compound (2)-[Ru(Me2bpy)3]{(2)-O,O9-dibenzoyl-- (1)-[Ru(phen)3]{(1)-O,O9-di-4-toluoyl--
tartrate} ·6 H2O (1) tartrate} ·8 H2O (2)

Molecular formula C54H60N6O14Ru C56H56N6O16Ru
Molecular weight 1118.2 1170.2
Crystal system Monoclinic Monoclinic
Space group C2 (no. 5) P21 (no. 4)
F(000) 2328 1212
Cell constants
a [Å] 16.520(5) 10.597(2)
b [Å] 26.279(2) 24.921(2)
c [Å] 15.073(3) 11.634(2)
α [deg] 90 90
β [deg] 115.47(2) 99.78(1)
γ [deg] 90 90
V [Å3] 5908(4) 3028.2(8)
Molecules/unit cell (Z) 4 2
Dc [g cm23] 1.257 1.265
µ [cm21] 3.3 3.3

A* min., max. 1.107, 1.138 1.125, 1.144
Crystal dimensions [mm] 0.62 3 0.40 3 0.36 0.42 3 0.42 3 0.38
σ cutoff 3σ 2σ
No. reflcections collected (N) 5326 5456
No. observed reflections (No) 4128 3512
No. parameters varied 655 680
R 0.058 0.064
Rw 0.067 0.071

overnight, the product collected and the precipitation procedure 37.1, H 2.83, N 5.3; found C 37.4, H 2.72, N 5.3. 2 The disas-
teroisomer was recrystallized twice from methanol. The productrepeated a further two times. The precipitate was collected and

either converted to the Cl2 salt by anion exchange or precipitated was stirred with boiling methanol (ca. 20 ml) and collected by fil-
tration while hot. The precipitate was washed with methanol, ether,by the addition of KPF6 to yield [Ru(phen)2(CO)2]Cl2 or [Ru-

(phen)2(CO)2](PF6)2, respectively. Λ-(1)-[Ru(phen)2(CO)2]Cl2: and air-dried. The product was then converted to the chloride and
hexafluorophosphate salts as described above. (1)-[Ru(Me2bpy)2-[α]365 (water) 5 12320, [M]365 (water) 5 113640. Λ-(1)-[Ru-

(phen)2(CO)2](PF6)2: CD [λ (∆ε), CH3CN] 5 211 nm (255), 236 (CO)2]Cl2: [α]365 (water) 5 1840 and [M]365 (water) 5 15006.
(240), 262(267), 278 (1315), 316 (217).

Decarbonylation Reactions of ∆- or Λ-[Ru(pp)2(CO)2]21

The enantiomeric form was obtained in an analogous manner,
Λ-(1)-[Ru(phen)3]Cl2: (1)-[Ru(phen)2(CO)2](PF6)2 (20 mg,using Ag(2)-SbOtart.

0.0247 mmol) was dissolved in 2-methoxyethanol (10 ml) and the
∆-(2)-[Ru(phen)2(CO)2]Cl2: [α]365 (water) 5 22330 and [M]365 solution purged with N2 for 20 min prior to the addition of phen

(water) 5 213710. ∆-(2)-[Ru(phen)2(CO)2](PF6)2: CD [λ (∆ε),
(44 mg, 0.247 mmol). TMNO (12 mg, 0.116 mmol) was then added

CH3CN] 5 211 nm (154), 236(141), 262 (170), 278 (2322), 316
and the reaction mixture stirred at room temperature in subdued

(119).
light for 72 h. The reaction mixture was diluted with water and the

∆-[Ru(bpy)2(CO)2]{(1)-SbOtart}2 ·2 H2O: [Ru(bpy)2(CO)2]- product purified by cation exchange chromatography (SP Sephadex
{(1)-SbOtart}2 ·2 H2O was prepared in an identical manner to that C25, eluent 0.2  NaCl). The orange band was collected and pre-
described above, using [Ru(bpy)2(CO)2]Br2 in place of [Ru(phen)2- cipitated as the PF6

2 salt by the addition of a saturated solution
(CO)2]Br2. 2 C29H24N4O16RuSb2: calcd. C 33.8, H 2.35, N 5.3; of KPF6, which was collected by filtration and washed with water,
found C 33.8, H 2.31, N 5.3. 2 The diastereoisomer was recrys- ether, and air dried. Yield: 8 mg, 40%. NMR spectra were in agree-
tallized four times from methanol, the collected product being ment with those published previously for [Ru(phen)3]21. [63] [68] Λ-
washed with cold methanol, ether, and air-dried. The product was (1)-[Ru(phen)3](PF6)2: [α]546 (CH3CN) 5 12000. The complex was
then converted to the chloride and hexafluorophosphate salts as converted to the chloride salt by metathesis from acetone solution
described above. ∆-(2)-[Ru(bpy)2(CO)2]Cl2: [α]365 (water) 5 21020 using TEACl. [α]D (water) 5 11385; ref. [10] [35] 11340.
and [M]365 (water) 5 25570. ∆-(2)-[Ru(bpy)2(CO)2](PF6)2: CD [λ The above reaction was repeated at a series of temperatures and
(∆ε), CH3CN] 5 231 nm (213), 244 (111), 258 (246), 278 (231), reaction times, with all other conditions remaining identical, and
301 (122), 319 (247), 327 (19). [α]D values measured as the chloride salts in water: 45°C for 24 h;

The enantiomeric form was obtained in an analogous manner, yield 48%, [α]D 5 11330; 60°C for 6 h; yield 62%, [α]D 5 11134;
using Ag(2)-SbOtart. Λ-(1)-[Ru(bpy)2(CO)2]Cl2: [α]365 (water) 5 120°C for 3 h; yield 75%, [α]D 5 1980. Microwave (low power)
11025 and [M]365 (water) 5 15545. Λ-(1)-[Ru(bpy)2(CO)2](PF6)2: using ethylene glycol/10% water for 40 s; yield 78%, [α]D 5 1938.
CD [λ (∆ε), CH3CN] 5 231 nm (113), 244 (210), 258 (143), 278 ∆-(-)-[Ru(bpy)3]I2: Bpy (30 mg, 0.197 mmol) was dissolved in
(131), 301 (218), 319 (145), 327 (28). 2-methoxyethanol (5 ml) and the solution purged with N2 for 20

min. (2)-[Ru(bpy)2(CO)2](PF6)2 (15 mg, 0.0197 mmol) and TMNO(1)-[Ru(Me2bpy)2(CO)2]{(1)-SbOtart}2 ·H2O: [Ru-
(Me2bpy)2(CO)2]{(1)-SbOtart}2 ·H2O was prepared in an identical (10 mg, 0.133 mmol) were added and the mixture stirred at room

temperature for 72 h in subdued light, and after addition of watermanner to that described above using [Ru(Me2bpy)2(CO)2]Br2 in
place of [Ru(phen)2(CO)2]Br2. 2 C33H30N4O15RuSb2: calcd. C purification was achieved as described for Λ-(1)-[Ru(phen)3]Cl2.
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Yield: 9 mg, 58%. The NMR spectrum was in agreement with the ECL ø 120 (Band 1 positive rotation). 2 CD [λ (∆ε), CH3CN]: ∆-

(2): 240 nm (24), 257 (212), 278 (149), 292 (2331), 323 (21), 358literature.[63] [68] The complex was converted to the iodide salt by
metathesis with TBAI in 2-butanone solution. [α]D and [M]D (12), 418 (23), 469 (218); Λ-(1): 240 (223), 257 (12), 278 (2147),

292 (347), 323 (220), 358 (212), 418 (222), 469 (18).(water) 5 2816 and 26740 respectively; ref. [9] [35] [α]D and [M]D 5

2819and 26750, respectively. Λ-(1)/∆-(2)-[Ru(Me2bpy)3]21: Chromatographic resolution
was achieved for [Ru(Me2bpy)3]21 using aqueous sodium (2)-The above reaction was repeated at 120°C for 3 h with all other
O,O9-dibenzoyl--tartrate solution at ECL ø 30 cm, [α]546 andconditions identical; yield 81%, [α]D 5 2254.
[M]546 (CH3CN; PF6

2): Band 1 5 21060 and 210027 respectively
The above reaction was repeated at 120°C for 3 h with a 30-fold and Band 2 5 11045 and 19845, respectively; sodium (2)-O,O9-

excess of bpy and 20-fold excess of TMNO with all other con- di-4-toluoyl--tartrate at ECL ø 80 cm (Band 1 negative rotation);
ditions identical; yield 85%, [α]D 5 2300. and sodium (1)-O,O9-di-4-toluoyl--tartrate at ECL ø 22 cm

(Band 1 negative). 2 CD [λ (∆ε), CH3CN]: ∆-(2): 231 (54), 260Λ-(1)-[Ru(Me2bpy)3]Cl2: (1)-[Ru(Me2bpy)3]Cl2 was formed
(27), 277 (142), 292 (2351), 328 (18), 367 (11), 424 (21), 477 (217);by the decarbonylation of (1)-[Ru(Me2bpy)2(CO)2](PF6)2 in the
Λ-(1): 231 (255), 260 (4), 277 (2141), 292 (357), 328 (218), 367presence of an excess of Me2bpy, but otherwise under identical con-
(211), 424 (221), 477 (19).ditions to those described for Λ-(1)-[Ru(phen)3]Cl2; yield 40%.

The NMR spectrum was in agreement with that described pre- Λ-(1)/∆-(2)-[Ru(Me4bpy)3]21: Chromatographic resolution
viously. [63] Λ-(1)-[Ru(Me2bpy)3](PF6)2 [α]546 (CH3CN) 5 1972 was achieved for [Ru(Me4bpy)3]21 using aqueous sodium (2)-
and [M]546 5 19164. Chromatographically resolved Λ-(1)-[Ru- O,O9-dibenzoyl--tartrate solution at ECL ø 20 cm, [α]546 and
(Me2bpy)3](PF6)2 (see below): [α]546 5 11045 and [M]546 5 19845. [M]546 (CH3CN; PF6

2): Band 1 5 2831 and 28530 respectively
(See above for X-ray structural determination of absolute configu- and Band 2 5 839 and 18631 respectively, and for sodium (2)-
ration.) O,O9-di-4-toluoyl--tartrate eluent at ECL ø 40 cm (Band 1 nega-

tive rotation), sodium(1)-O,O9-di-4-toluoyl--tartrate eluent atThe above reaction was repeated at 120°C for 3 h with all other
ECL > 120 cm (Band 1 negative). 2 CD [λ (∆ε), CH3CN]: ∆-(2):conditions identical; yield 84%, [α]D 5 1920.
234 nm (49), 283 (180), 299 (2361), 329 (19), 366 (12), 418 (22),

Chromatographic Resolutions: The chromatographic resolutions 468 (217); Λ-(1): 234 (248), 283 (2178), 299 (357), 329 (219),
of the mononuclear complexes were all achieved by cation-ex- 366 (212), 418 (222), 468 (17).
change chromatography (SP Sephadex C-25) using 0.075  solu-

(1)/(2)-[Ru(Me2bpy)2(bpy)]21 and [Ru(Me2bpy)(bpy)2]21:tions of the eluent specified in the text. The impact of the enantio-
Chromatographic resolution was observed for [Ru(Me2bpy)2-meric identity of the eluent anion on the efficiency of the chromato-
(bpy)]21 and [Ru(Me2bpy)(bpy)2]21 using aqueous sodium (1)-graphic resolution procedure {quoted as ECL for the chiral resolu-
O,O9-di-4-toluoyl--tartrate solution as eluent, where ECL ø 65tion (cm)}, and on the order of elution of the chiral forms of the
and 70 cm, respectively (Band 1 negative rotation).cation (sign of optical rotation quoted at 589 nm, or the sign of ∆ε

from the CD spectra at the MLCT absorption maximum at ca. 450 [Ru(pp)2(pp9)](PF6)2 {pp 5 bpy or Me2bpy; pp9 5 phen, dpq,
nm), was investigated by separately examining the resolution of dpqc, or dppz} and [Ru(phen)2(pp99)](PF6)2 {pp99 5 dpq, dpqc, or
complex {30 mg} with the eluents sodium (1)- and (2)-O,O9-di- dppz} were synthesized by a literature procedure.[69] The respective
benzoyltartrate and sodium (1)- and (2)-O,O9-di-4-toluoyltartrate. [Ru(pp)2Cl2] precursor in 50% aqueous ethanol was refluxed in the

presence of a slight excess of the third bidentate ligand for 2 h.∆.Λ-[Ru(phen)3]21: Chromatographic resolution was achieved
Ethanol was evaporated from the solution, which was filtered be-using aqueous sodium (2)-O-O9-dibenzoyl--tartrate solution as
fore the dropwise addition of a saturated solution of KPF6 to givethe eluent (ECL ø 60 cm). The two bands were collected and the
an orange precipitate which was collected by filtration, washed withproducts isolated as the PF6

2 salts by addition of a saturated aque-
ice/water, and dried at 100°C. The complexes were purified by chro-ous solution of KPF6. The two products were converted to the
matography on alumina (acetonitrile eluent). the major band col-chloride salts by anion exchange. By comparisons with the litera-
lected and concentrated to dryness. Yields were typically in theture, [35] [38] Band 1 (eluted first) was assigned as ∆-(2)-
range 60280%. Mass spectra m/z observed for all species were[Ru(phen)3]21 and Band 2 (eluted second) as Λ-(1)-[Ru(phen)3]21

within 0.5 amu of the values calculated for [Ru(pp)2(pp9)](PF6]1.with [α]D (water) 5 21310 and 11400 respectively (literature val-
1H-NMR spectra were consistent with the complex formulations.ues of 21330 and 11340). [10] 2 CD [λ (∆ε), CH3CN]: ∆-(2): 227
Visible spectra [λmax (MLCT) (ε), CH3CN]: [Ru(bpy)2(phen)]21 452nm (219), 234 (33), 259 (437), 268 (2602), 296 (272), 385 (17),
(14900); [Ru(bpy)2(dpq)]21 449 (14500); [Ru(bpy)2(dpqc)]21 451419 (15), 464 (222); Λ-(1): 227 (10), 234 (233), 259 (2430), 268
(16200); [Ru(bpy)2(dppz)]21 448 (16400); [Ru(Me2bpy)2(phen)]21

(582), 296 (87), 385 (27), 419 (215), 464 (23).
456 (14100); [Ru(Me2bpy)2(dpq)]21 439 (13900); [Ru(Me2bpy)2-

Elution with sodium (2)-O,O9-dibenzoyl--tartrate, sodium (1)- (dpqc)]21 452 (15200); [Ru(Me2bpy)2(dppz)]21 443 (16100);
O,O9-dibenzoyl--tartrate, sodium (2)-O,O9-di-4-toluoyl--tartrate [Ru(phen)2(dpq)]21 446 (17300); [Ru(phen)2(dpqc)]21 448 (14300);
and sodium (1)-O,O9-di-4-toluoyl--tartrate solutions demon- [Ru(phen)2(dppz)]21 439 (16100).
strated resolution at ECL ø 70 cm (Band 1 having a negative and

Chiral Resolution of [Ru(pp)2(pp9)]21 Cations: All cations were
Band 2 a positive rotation), ECL ø 30 cm (Band 1 positive),

chromatographically resolved on SP Sephadex C-25 support using
ECL ø 80 cm (Band 1 negative) and ECL ø 25 cm (Band 1 posi-

as eluent aqueous 0.1  sodium (2)-O,O9-dibenzoyl--tartrate solu-
tive) respectively.

tion containing 5% acetone to maintain complex solubility. In all
cases, two distinct enantiomer bands were observable within∆.Λ-[Ru(bpy)3]21: Chromatographic resolution was achieved

for [Ru(bpy)3]21 using aqueous sodium (2)-O,O9-dibenzoyl--tar- ECL ø 1.522 m, and the separated bands were collected after 3
m of passage down the column. The enantiomer with a negativetrate solution at ECL ø 55 cm {[α]546 (water; I2 salt) 2 Band 1 5

2824 and Band 2 5 1817} (literature values of 2819[9] [35]), so- ∆ε in the CD spectrum at the absorption maximum (ca. 450 nm)
was invariably eluted first; by comparison with the CD character-dium (2)-O,O9-di-4-toluoyl--tartrate at ECL ø 30 cm (Band 1

negative rotation) and sodium (1)-O,O9-di-4-toluoyl--tartrate at istics of similar complexes (see above), these were assigned the ∆
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absolute configuration. CD [λ (∆ε), CH3CN]: [Ru(bpy)2(phen)]21 zoyl--tartrate solution as the eluent (ECL ø 80 cm). The two

bands were collected and precipitated by the addition of a saturated∆ 380 nm (58), 457 (256) and Λ 380 (259), 457 (55);
[Ru(bpy)2(dpq)]21 ∆ 400 (79), 461 (267) and Λ 400 (281), 461 solution of KPF6, reprecipitated twice from acetone/water solution

by the addition of KPF6, collected, washed with cold water, and(66); [Ru(bpy)2(dpqc)]21 ∆ 412 (62), 468 (254) and Λ 412 (264),
468 (54); [Ru(bpy)2(dppz)]21 ∆ 395 (64), 461 (258) and Λ 395 diethyl ether. Comparisons with similar compounds,[15] [19] [35] Λ-

(1)-[Ru(HAT)3]21 (Band 1) [α]546 5 1974 and [α]589 5 1623, CD(270), 461 (58); [Ru(Me2bpy)2(phen)]21 ∆ 400 (53), 465 (254) and
Λ 400 (259), 457 (56.5); [Ru(Me2bpy)2(dpq)]21 ∆ 415 (53.6), 476 [λ (∆ε), CH3CN]: 232 (18), 250 (215), 262 (14), 282 (26), 314

(148), 406 (213), 462 (112) and ∆-(2)-[Ru(HAT)3]21 (Band 2)(238.8) and Λ 415 (254), 476 (40); [Ru(Me2bpy)2(dpqc)]21 ∆ 386
(51), 464 (246) and Λ 386 (260), 464 (46); [Ru(Me2bpy)2(dppz)]21 [α]546 5 2940 and [α]589 5 2618, CD (λ nm (∆ε), CH3CN): 232

(28), 250 (115), 262 (22), 282 (17), 314 (245), 406 (114), 462∆ 390 (63), 467 (251) and Λ 390 (270), 467
(51);[Ru(phen)2(dpq)]21 ∆ 396 (30), 456 (252) and Λ 396 (233), (211).
456 (51); [Ru(phen)2(dpqc)]21 ∆ 407 (40), 467 (254) and Λ 407 Chiral Lanthanide Shift Reagent Studies: All complexes were
(243), 467 (58); [Ru(phen)2(dppz)]21 ∆ 405 (41), 458 (249) and Λ converted to the Cl2 salts for the chiral-lanthanide shift reagent
405 (255), 458 (61) {incomplete separation}. (CLSR) studies, which were performed on rac- and ∆- or Λ-[Ru(b-

py)2(CO)2]Cl2, [Ru(phen)2(CO)2]Cl2, [Ru(Me2bpy)2(CO)2]Cl2 andThe complexes [Ru(phen)2(dpqc)]21 and [Ru(phen)2(dppz)]21

[Ru(Me4bpy)2(CO)2]Cl2 in [D3]acetonitrile for the former two andcould also be separated using aqueous 0.1  potassium antimonyl
[D2]dichloromethane for the latter two complexes. Mol ratios of(1)-tartrate solution (containing 10% acetone) as eluent (ECL ø
[Complex]/[CLSR] varied from 0 to 2, depending on solvent and3 m).
complex. Shift reagent studies were also performed on [Ru(Me2-

The enantiomers of the complexes [Ru(bpy)2(dpqc)]21 and bpy)3]Cl2 in [D2]dichloromethane and [Ru(Me4bpy)3]Cl2 in
[Ru(bpy)2(dppz)]21 were also obtained by the stereoretentive reac- [D2]dichloromethane and [D3]acetonitrile. Complexes were dis-
tions of ∆- or Λ-[Ru(bpy)2(py)2]21 with dpqc or dppz, in an anal- solved in the solvent at concentrations between 3 ·1022  and
ogous manner to that described previously.[18] [19]

3 · 1023 .
Synthesis of [Ru(bpm)3](PF6)2: [Ru(H2O)6](toluene-4-sulfon-

ate)2
[60] (100 mg, 0.079 mmol) and bpm (62 mg, 0.394 mmol) were [1] V. Balzani, F. Scandola, Supramolecular Photochemistry, Ellis

Horwood, Chichester, 1991.added to ethylene glycol (30 ml) and heated in a microwave oven
[2] K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 1592244.(medium high) for 45 s. The reaction mixture was diluted with dis- [3] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni,

tilled water and purified by cation-exchange chromatography (SP Chem. Rev. 1996, 96, 7592833.
Sephadex C-25, 0.2  NaCl). The product was precipitated from [4] A. Juris, S. Barigelletti, S. Campagna, V. Balzani, P. Belser, A.

von Zelewsky, Coord. Chem. Rev. 1988, 84, 852277.the orange band by addition of KPF6, collected and washed with
[5] A. von Zelewsky, Stereochemistry of Coordination Compounds,water and diethylether. Yield 5 140 mg, 62%. 2 Wiley, Chichester, 1995.

C24H18F12N12P2Ru: calcd. C 33.3, H 2.09, N 19.4; found: C 33.2, [6] F. R. Keene, Coord. Chem. Rev. 1997, 166, 1222159.
H 2.08, N 19.4. 2 UV/Vis data was in agreement with the litera- [7] F. R. Keene, Chem. Soc. Rev. 1998, 27, 1852193.

[8] F. H. Burstall, J. Chem. Soc. 1936, 1732175.ture. [70] 2 1H NMR ([D3]acetonitrile): δ 5 9.12 (dd, 6 H, J 5 5, 2
[9] F. P. Dwyer, E. C. Gyarfas, J. Proc. Roy. Chem. Soc. N.S.W.Hz], 8.15 (dd, 6 H, J 5 5, 2 Hz], 7.59 (t, 6 H, J 5 5.5 Hz]. 1949, 83, 1742176.
[10] F. P. Dwyer, E. C. Gyarfas, J. Proc. Roy. Chem. Soc. N.S.W.Resolution of [Ru(bpm)3]21: Resolution was achieved by cation-

1949, 83, 1702173.exchange chromatography using 0.1  sodium (2)-O,O9-dibenzoyl- [11] A. Shulman, F. P. Dwyer, Chelating Agents and Metal Chelates
-tartrate as the eluent (ECL ø 150 cm). The two bands were col- (Eds.: F. P. Dwyer, D. P. Mellor), Academic Press, New York,

1964, pp. 3832439.lected and the enantiomers precipitated by the addition of a satu-
[12] A. M. Pyle, J. K. Barton, Prog. Inorg. Chem. 1990, 38, 4132475.rated solution of KPF6, reprecipitated twice from acetone/water [13] A. Kirsch-De Mesmaeker, J.-P. Lecomte, J. M. Kelly, Top. Curr.solution by the addition of KPF6, collected, washed with cold Chem. 1996, 177, 25276.

water and diethyl ether. Comparisons with similar com- [14] R. E. Holmlin, P. J. Dandliker, J. K. Barton, Angew. Chem.
1997, 109, 283022848; Angew. Chem. Int. Ed. Engl. 1997, 36,pounds,[15] [19] [35] enabled the assignment of ∆-(2)-[Ru(bpm)3]21

271522730.(Band 1) [α]546 5 2909 and [α]D 5 2454, CD [λ (∆ε), CH3CN]: [15] T. J. Rutherford, M. G. Quagliotto, F. R. Keene, Inorg. Chem.235 nm (151), 254 (145), 268 (2210), 320 (219), 411 (122), 468 1995, 34, 385723858.
(214) and Λ-(1)-[Ru(bpm)3]21 (Band 2) [α]546 5 1890 and [α]D 5 [16] B. T. Patterson, F. R. Keene, Inorg. Chem. 1998, 37, 6452650.

[17] A. Yamagishi, K. Naing, Y. Goto, M. Taniguchi, M. Takahashi,1451, CD [λ (∆ε), CH3CN]: 235 nm (248), 254 (240), 268 (1200),
J. Chem. Soc., Dalton Trans. 1994, 208522089.320 (119), 411 (221), 468 (114). [18] X. Hua, A. von Zelewsky, Inorg. Chem. 1991, 30, 379623798.

[19] X. Hua, A. von Zelewsky, Inorg. Chem. 1995, 34, 579125797.Synthesis of [Ru(HAT)3](PF6)2: [Ru(HAT)3]21 was synthesiszd
[20] R. T. Watson, J. L. Jackson, J. D. Harper, K. A. Kane-Maguire,in a similar manner to that described by Kirsch-De Mesmaeker et

L. A. P. Kane-Maguire, N. A. P. Kane-Maguire, Inorg. Chim.
al. [71] [Ru(DMSO)4Cl2] (65 mg, 0.2 mmol) was dissolved in distilled Acta 1996, 249, 527.
water (60 ml) and degassed with N2 for 20 min. HAT (233 mg, 0.99 [21] F. P. Dwyer, E. C. Gyarfas, Proc. Roy. Soc. N.S.W. 1949, 83,

2632265.mmol) was added and the mixture refluxed for 48 h. The reaction
[22] B. Bosnich, F. P. Dwyer, Aust. J. Chem. 1966, 19, 222922233.mixture was allowed to cool, then filtered to remove unreacted [23] J. A. A. Sagues, R. D. Gillard, D. H. Smalley, P. A. Williams,

HAT. The orange product was purified by cation-exchange chroma- Inorg. Chim. Acta 1980, 43, 2112216.
tography (SP Sephadex C-25, 0.2  NaCl) and collected as de- [24] C. Hiort, P. Lincoln, B. Norden, J. Am. Chem. Soc. 1993, 115,

344823454.scribed above. Yield 140 mg, 64%. 2 UV/Vis [λ (ε), CH3CN]: 212
[25] K. Naing, M. Takahashi, M. Taniguchi, A. Yamagishi, Bull.(63800), 274 (64300), 414 (sh), 436 (14180). [71] [72] 2 1H NMR

Chem. Soc. Jpn. 1994, 67, 242422429.
([D3]acetonitrile): δ 5 9.40 (s, 6 H), 9.14 (d, 6 H, J 5 2.5 Hz), 8.43 [26] J. R. Aldrich-Wright, I. Greguric, R. S. Vagg, K. Vickery, P. A.
(d, 6 H, J 5 2.5 Hz). Williams, J. Chromatogr. A 1995, 718, 4362443.

[27] C. M. Dupureur, J. K. Barton, Inorg. Chem. 1997, 36, 33243.
Resolution of [Ru(HAT)3]21: Resolution was achieved by cat- [28] I. Greguric, J. R. Aldrich-Wright, J. G. Collins, J. Am. Chem.

Soc. 1997, 119, 362123622.ion-exchange chromatography using 0.1  sodium (2)-O,O9-diben-
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[29] C. M. Shelton, K. E. Seaver, J. F. Wheeler, N. A. P. Kane- [53] J. M. Harrowfield, A. N. Sobolev, Aust. J. Chem. 1994, 47,

7632767.Maguire, Inorg. Chem. 1997, 36, 153221533.
[54] J. M. Harrowfield, J. Chem. Soc., Dalton Trans. 1996,[30] N. C. Fletcher, P. C. Junk, D. A. Reitsma, F. R. Keene, J. Chem.

316523171.Soc., Dalton Trans. 1998, 1332138.
[55] J. Aldrich-Wright, PhD Thesis, Macquarie University, 1993.[31] N. C. Fletcher, F. R. Keene, Chem. Eur. J, submitted.
[56] I. Greguric, Honours Dissertation, University of Western Syd-[32] B. Bosnich, Inorg. Chem. 1968, 7, 237922386.

ney (Macarthur), 1994.[33] B. Bosnich, Inorg. Chem. 1968, 7, 1782180.
[57] E. Amouyal, A. Homsi, J.-C. Chambron, J.-P. Sauvage, J. Chem.[34] A. J. McCaffery, S. F. Mason, Proc. Chem. Soc. 1963, 2112212.

Soc., Dalton Trans. 1990, 184121845.[35] A. J. McCaffery, S. F. Mason, B. J. Norman, J. Chem. Soc. A
[58] B. P. Sullivan, D. J. Salmon, T. J. Meyer, Inorg. Chem. 1978,1969, 142821441.

17, 333423341.[36] S. F. Mason, B. J. Norman, J. Chem. Soc. A 1969, 144221447.
[59] P. A. Anderson, G. B. Deacon, K. H. Haarmann, F. R. Keene,[37] B. Kolp, H. Viebrock, A. von Zelewsky, D. Abeln, unpub-

T. J. Meyer, D. A. Reitsma, B. W. Skelton, G. F. Strouse, N.lished work.
C. Thomas, J. A. Treadway, A. H. White, Inorg. Chem. 1995,[38] D. J. Maloney, F. M. MacDonell, Acta Crystallogr., C: Cryst.
34, 614526157.Str. 1997, 53, 7052707. [60] P. Bernhard, M. Biner, A. Ludi, Polyhedron 1990, 9,[39] G. R. Sullivan, Top. Stereochem. 1978, 10, 2872329.
109521097.[40] J. K. Barton, J. S. Nowick, J. Chem. Soc., Chem. Commun. [61] I. P. Evans, A. Spencer, G. Wilkinson, J. Chem. Soc., Dalton1984, 165021652.
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New neutral pentacoordinate nickel(II) complexes of the type have been synthesized and characterized both in the solid
state and in solution. Interesting X-ray structural data have[NiCl2(PR3)(P>N)] [PR3 = PMe3, PMe2Ph, PMePh2; P>N = 2-

(diphenylphosphanyl)aniline (P>NH2), N-methyl-2-(diphen- been collected for each class of compounds, which show,
inter alia, that the pentacoordinate neutral complexes can beylphosphanyl)aniline (P>NHMe), N,N-dimethyl-2-(diphenyl-

phosphanyl)aniline (P>NMe2)], as well as cationic tetra- isolated in two different molecular forms, namely square-
pyramidal or bipyramidal-trigonal.coordinate nickel(II) complexes of the type [NiCl(PR3)(P>N)]+

Introduction tetradentate phosphanyl-amine behaves both as a ligand
and as a reducing agent towards [MO4]2 (M 5 Tc, Re)

The synthesis of metal complexes stabilized by P∩N li- to give hexacoordinate neutral oxo-MV phosphanyl-amido
gands and particularly phosphanyl-amines has attracted complexes of the general formula [MO(dppd)X], X 5 Cl,
considerable attention in recent years[1]. The ligands 2-(di- OH, OMe, OEt, O2CCF3.
phenylphosphanyl)pyridine and 2-(diphenylphosphanyl)an- Similarly, P2N2 ligands such as N,N9-bis[2-(diphenylphos-
iline give rise to interesting examples. The first is known phanyl)phenyl]ethane-1,2-diamine and N,N9-bis[2-(diphen-
to exhibit a very versatile coordination behavior towards ylphosphanyl)phenyl]propane-1,3-diamine have been em-
numerous transition metal centers[2], both in mono- and ployed as efficient ligands for preparing unprecedented and
polynuclear complexes. Remarkably, in these complexes it previously elusive copper(II) phosphane complexes[14].
acts as either a monodentate, a bidentate chelating, or a These were subjected to X-ray structural analyses and were
bidentate bridging ligand. In its monodentate mode, the found to be characterized by authentic thermodynamic sta-
phosphane ligating site normally exhibits the strongest bility that was not attributable to kinetic inertness[15]. The
bonding ability towards metal centers such as nickel(II)[3], finely balanced soft-hard character of the {P2N2} ligating
cobalt(I) [3], ruthenium(II) [4] [5], rhodium(I) [4] [6], and pal- set has been proposed to play a major role in underlying
ladium(II) [4] [7] [8]. Conversely, the coordination chemistry of this important result.
2-(diphenylphosphanyl)aniline[9] has been widely investi- The various properties of phosphanyl-amino ligands
gated because of its ability to behave as a bidentate chelat- prompted us to undertake a systematic study aimed at pre-
ing amino[10], amido[11], or imido[12] ligand. This behavior paring both neutral and cationic nickel(II) complexes of the
has been further developed in the synthesis of new macro- type shown in Scheme 1 and to evaluate the potential of
cyclic chelate compounds such as P2N2 ligands, which have the cationic species as “SHOP”-type catalysts[16].
previously been tested in these laboratories[13]. In particu-
lar, the reactivity of the tetradentate ligand N,N9-bis[2-(di-

Scheme 1phenylphosphanyl)phenyl]propane-1,3-diamine, H2dppd,
toward technetium and rhenium has been investigated. This

[°] Humboldt Stipendiat 2 on leave of absence from Dipartimento
di Chimica Ingegneria Chimica e Materiali, Via Vetoio Coppito
Due, I-67010 L9Aquila, Italy and from Centro di Studio sulla
Stabilità e Reattività dei Composti di Coordinazione, CNR, c/o
Dipartimento di Chimica Inorganica Metallorganica e Anali- In this paper, we report on the detailed development of
tica, Università di Padova, via Marzolo 1, I-35131 Padova, Italy. this project. Some of the results reported herein were antici-Supporting information for this article is available on the WWW
under http://www.wiley-vch.de/home/eurjic or from the author. pated in a preliminary report[17].
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Results and Discussion phanyl)aniline, P∩NHMe, and N,N-dimethyl-2-(diphenyl-

phosphanyl)aniline, P∩NMe2 (hereafter referred to as
A general overview of the scope of the synthetic results P∩N), usually in MeCN solution, to give pentacoordinate

is given in Scheme 2. The compounds are obtained upon species of the type [NiCl2(PR3)(P∩N)] (Table 1).
substitution of one monodentate phosphane by the biden-

The same reaction, carried out in CH2Cl2 in the pres-tate one, which chelates the metal through both the P and
ence of KPF6 as a scavenger of one Cl2 ligand per NiN atoms.
atom, successfully leads to tetracoordinated species of the

Scheme 2 type [NiCl(PR3)(P∩N)]1 (Table 1), except in the case of
P∩NH2. The action of this tertiary phosphanyl-primary
amine on [NiCl2(PR3)2] (PR3 5 PMe2Ph and PMePh2)
leads to the bis-bidentate species [Ni(P∩NH2)2]21 [18], and/
or to the mononuclear phosphorane-imino complex
[NiCl(PMe3)(P∩NP)]1 [19], [P∩NP 5 N-(trimethylphos-
phoranyl)-2-(diphenylphosphanyl)aniline], when PMe3 is
incorporated into the starting material as a mono-ter-
tiary phosphane.

The formation of the pentacoordinate [NiCl2(PR3)(P∩N)]
complexes is achieved under stoichiometric conditions in a
homogeneous phase after a few hours of reaction time at
room temperature. The products can be isolated as analyti-
cally pure species either upon spontaneous precipitation or
after the addition of Et2O. All these compounds are rather
unstable in solution when exposed to air. Nevertheless, they
can be recrystallized from e.g. CH2Cl2 (see Experimental
Section) and their MeCN solutions provide conductivity
measurements consistent with non-conducting species[NiCl2(PR3)2] complexes react readily with 2-(diphenyl-

phosphanyl)aniline, P∩NH2, N-methyl-2-(diphenylphos- (Table 1).

Table 1. Selected synthetic and physicochemical data of [NiCl2(PR3)(P∩N)] and [NiCl(PR3)(P∩N)]1[a] complexes

Complex Color Crystal µeff [BM] ΛM
[c] [Ω21 νN2H δN2H

1H NMR δ[e] P{1H } NMR δ[e] λmax
[f] [nm] in λmax

[d] [nm] in
structure[b] cm2mol21] [cm21][d] solution the solid state

2 Blue n.d. 1.3 n.c.[g] Paramagnetic solu- 485, 570, 725 380, 600, 800
tions, signals from
118.0 to 22.0

3 Blue spy Diam. [h] n.c.[g] νas
[i] 3236 m, νs

[l] 1.78 (s, 6 H), 2.67 25.2 (br s, 1P), 475, 610 sh 490 sh, 620
3134 m, δ 1602 m (m, 2 H), 38.6

6.3328.38 (br s, 1P)
(m, 19 H)

4 · 0.5 Blue n.d. 0.7 n.c.[g] 3241 s Paramagnetic solu- 475, 630 sh 550, 690 sh
MeCN tions, signals from

118.0 to 22.0
6 · C6H6 Green tb 3.4 n.c.[g] 3262 s Paramagnetic solu- 430, 610 sh, 1055 400 sh, 620,

tions, signals from 1050
118.0 to 21.0

9 Yellow sp Diam.[h] 180 3191 m 1.23 (s, 9 H), 2.87 2144 (sept,1 P), 265 (4.49), 290 430
(d, 3 H), 4.85 (m, 29.8 (dd, 1 P), sh, 430 (2.89)
1 H), 7.2027.95 42.5 (d, 1 P)
(m, 14 H)

10 Yellow n.d. Diam.[h] 190 1.26 (d, 9 H), 3.19 2144 (sept, 1 P), 240 (4.16), 270 445
(s, 6 H), 29.51 (d, 1 P), sh, 435 (2.76)
7.1228.15 (m, 14 38.1 (d, 1 P)
H)

11 Red- n.d Diam.[h] 158 3229 m 1.64 (s, 6 H), 2.04 2144 (sept, 1 P), 295 (4.06), 322 450
orange (d, 3 H), 4.94 (m, 1.30 (m, 1 P), (4.05), 430 (2.76)

1 H), 7.1228.15 48.0 (m, 1 P)
(m, 19 H)

13 · C6H6 Yellow sp Diam.[h] 171 3251 m 2.01 (d, 3 H), 2.33 2146 (sept, 1 P), 275 (4.08), 310 445
(s, 3 H), 6.91 (d, 1 P), 37.6 (4.02), 435 (2.81)
7.1027.84 (m, 24 (d, 1 P)
H)

[a] PF6
2 salts. 2 [b] X-ray authenticated: n.d. 5 not determined; spy 5 square-pyramidal; tb 5 trigonal-bipyramidal; sp 5 square-pla-

nar. 2 [c] In MeCN. 2 [d] KBr plates. 2 [e] CDCl3 for 2, 3, 4 · 0.5 MeCN, and 6 · C6H6; CD2Cl2 for 9, 10, 11, and 13 · C6H6. 2 [f] The
data refer to solutions in CH2Cl2, ca. 1022  for 2, 3, 4 · 0.5 MeCN, and 6 · C6H6 and 102321025  for 9, 10, 11, and 13·C6H6; lg ε va-
lues in parentheses. 2 [g] n.c. 5 non-conducting. 2 [h] Diam. 5 diamagnetic. 2 [i] νas 5 ν asymmetric. 2 [l] νs 5 ν symmetric.
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The formation of the tetracoordinate [NiCl(PR3)(P∩N)]1 netic species are subject to fluxional behavior at room tem-

perature in CDCl3 solution, since the 31P{1H} spectra exhi-complexes can also be readily achieved under essentially
stoichiometric conditions, by removal of KCl, concen- bit broad signals that lack the multiplicity that would be

expected given the presence of two magnetically non-equiv-tration of the reaction solution, and addition of Et2O. Cat-
ionic complexes [NiCl(PR3)(P∩N)]1 can be readily recrys- alent phosphorus donors in the coordination sphere.

On the other hand, the 31P{1H} spectra of square-planartallized from suitable solvent mixtures, such as CH2Cl2/
EtOH/Et2O or CH2Cl2/EtOH/C6H6. cationic complexes indicate the existence of two types of

phosphorus donors; in fact, a double doublet pattern isThe ability of nickel(II) to give charged and neutral
usually observed, the position of which is primarily deter-pentacoordinate complexes is well-documented in the litera-
mined by the nature of the mono-tertiary phosphane. Inture[20]. Thus, numerous high-spin distorted trigonal-bipy-
addition, a septuplet centred at δ 5 2144 establishes theramidal and square-pyramidal complexes are known, which
presence of the hexafluorophosphate counterion. Theusually contain hard donor sites. Quite a few low-spin dis-
methyl groups incorporated at the phosphorus and/or nitro-torted trigonal-bipyramidal complexes have also been de-
gen donors are distinguishable on the basis of their chemi-scribed and, conversely, they typically exhibit an overall soft
cal shifts and relative integrals in the proton spectra, which,coordination sphere. To the best of our knowledge, only
where appropriate, also show the coordinated amine pro-four examples of pentacoordinate complexes with an
tons at δ 5 4.90.{NP2Cl2} donor set have been reported in the litera-

ture[17] [21] [22]; the data presented herein allow the possibility
of analyzing this coordination sphere, which is otherwise
only poorly documented. The geometry of complex 3 (vide X-ray Structure Analysis
infra) is intermediate between square-pyramidal and trig-

In the neutral complexes 3 (Figure 1) and 6 ·CH2Cl2 (Fig-onal-bipyramidal and this complex is diamagnetic. On the
ure 2), the coordination around the NiII center is distortedother hand, complexes 5, 6·CH2Cl2, and 7 are trigonal-bi-
trigonal-bipyramidal with the two axial positions occupiedpyramidal and paramagnetic. Ligand sets high in the spec-
by the phosphorus atom of the monodentate phosphanetrochemical series are predicted[20] to give diamagnetic trig-
and by the nitrogen atom of the bidentate ligand (P∩NH2onal-bipyramidal complexes, but in our case the situation
in 3 and P∩NHMe in 6 ·CH2Cl2). The equatorial sites ac-is reversed. Apparently, the ligand field exerted by our li-
commodate the remaining phosphorus of the phosphanyla-gand set is not large enough to produce a singlet funda-
mine and the two Cl donors. The Ni atom is displaced frommental electronic state. Moreover, complexes 2 and 4 are
the equatorial plane in the direction of P(2), by 0.13 Å in 3characterized by magnetic moment values formally corre-
and by 0.18 Å in 6 ·CH2Cl2. The P∩N ligand mean planesponding to less than two unpaired electrons (Table 1),
of 3 makes a dihedral angle of 94.6° with the equatorialwhich have previously been observed and discussed[23] in
plane, while the corresponding angle in 6 ·CH2Cl2 is 67.5°.terms of a thermally controlled equilibrium between singlet
The five-membered chelate ring, roughly planar in 3 (maxi-and triplet states. However, the data collected prevent us
mum deviation of 0.05 Å by the nitrogen atom; torsionfrom invoking such an equilibrium as the sole factor re-
angles between 26.8° and 19.3°), assumes an envelope (Cs)sponsible for the magnetic behavior of complexes 2 and 3.
conformation in 6 ·CH2Cl2, as shown by the deviation (0.29The {NP2Cl} chromophore invariably produces square-
Å) of the nitrogen atom and the torsion angle values (fromplanar nickel(II) complexes for all the PR3 and P∩N ligands
230.5° to 135.0°). Moreover, superposition of the twoemployed, the structures of which have been validated by
structures (Figure 3) gives a high r.m.s. value (0.56 Å) whensingle-crystal X-ray analyses. The spectra in the visible
the fitting is performed on the 12 atoms labelled in the per-range and the diamagnetism of all the complexes 9, 10, 11,
tinent figure. Based on these differences, the geometry of 3and 13·C6H6 are in accordance with this structure[20]. The
could alternatively be described as distorted square-pyrami-position of the d-d band at 4302450 nm (Table 1) indicates
dal (Figure 4). In this description, the base could be re-that the {NP2Cl} chromophore is appreciably lower in the
garded as comprising the P,N donors of the ligand, the P(2)spectrochemical series than e.g. {P2(CN)2}[24], for which
atom of the monodentate phosphane, and Cl(1). The Nithis band appears at ca. 350 nm. These bands are also ob-
atom is displaced from the base by 10.27 Å in the directionserved in solution (lg ε values are also reasonable) and the
of Cl(2), but the deviations of the other donors are alsoconductivity figures are consistent with classical behavior
dramatic [P(1) 20.31 Å, N(1) 10.35 Å, Cl(1) 20.32 Å andof these square-planar nickel complexes.
P(2) 10.28 Å]. Moreover, the trans angle P(1)2Ni2Cl(1) is
only 148.29(6)°, while the cis angle P(1)2Ni2Cl(2) is wid-Proton NMR spectra of the paramagnetic pentacoordi-

nate complexes in CDCl3 show signals spread over the ened to 110.82(6)°. In conclusion, the coordination ge-
ometry of 3 is intermediate between trigonal-bipyramidalrange from δ 5 120 to 214. Conversely, complexes 1 and

3, which retain the unsubstituted phosphanyl-amine and square-pyramidal and, accordingly, application of the
τ index[25] gives a value of 0.46 (1.0 for trigonal-bipyrami-P∩NH2, are diamagnetic; their spectra allow the assignment

of the coordinated phosphanyl-amine protons at δ 5 2.60 dal; 0.0 for square-pyramidal).
In the cationic complexes 9 (Figure 5) and 13 ·MeOHand of the methyl groups of the mono-tertiary phosphanes

at δ 5 1.26 and 1.78 for 1 and 3, respectively. These diamag- (Figure 6), the coordination geometry around NiII can be
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Figure 3. Superposition of geometries of 3 (—) and 6 · CH2Cl2 (---Figure 1. ORTEP view of complex 3; hydrogen atoms are omitted

for clarity; the thermal ellipsoids are drawn at 40% probability )

Figure 4. ORTEP view of complex 3 showing the square-pyramidal
geometry; hydrogen atoms are omitted for clarity; the thermal ellip-

Figure 2. ORTEP view of complex 6 ·CH2Cl2; hydrogen atoms and soids are drawn at 40% probability
the CH2Cl2 molecule are omitted for clarity; the thermal ellipsoids

are drawn at 40% probability

MeOH. The conformation of the five-membered NiPCCN
chelate ring results in a twist-envelope (C2) form (torsiondescribed as square-planar, with the two phosphorus do-

nors located in a mutual cis arrangement and the remaining angles between 214.2° and 13.2° in 9 and between 224.2°
and 19.4° in 13·MeOH) and superposition of the two struc-two positions occupied by the secondary amine nitrogen of

the bidentate P∩NHMe ligand and by the Cl donor. The tures (Figure 7) reveals only minor differences in the relative
orientations of the phenyl rings, the r.m.s. value being 0.13nickel coordination spheres are distorted (Table 2) and the

four donor atoms deviate from the mean coordination Å when the fitting is performed on the 11 atoms labelled in
the pertinent figure.plane by ±0.17 Å in 9 and by ±0.10 Å in 13·MeOH. The

P∩N ligand mean plane makes a dihedral angle with the For each of the four complexes, the packing does not give
rise to intermolecular contacts shorter than the sum of themean coordination plane of 18.8° in 9 and of 23.9° in 13 ·

Eur. J. Inorg. Chem. 1998, 1689216971692
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Figure 7. Superposition of geometries of 9 (—) and 13 ·MeOHFigure 5. ORTEP view of complex 9; hydrogen atoms and the

PF6
2 anion are omitted for clarity; the thermal ellipsoids are drawn (- - -)

at 40% probability

Figure 6. ORTEP view of complex 13 ·MeOH; hydrogen atoms, the Table 2. Selected bond lengths [Å] and angles [°] for 3, 6 · CH2Cl2,PF6
2 anion and the MeOH molecule are omitted for clarity; the 9, and 13 · MeOHthermal ellipsoids are drawn at 40% probability

3 6 · CH2Cl2

Ni2Cl(1) 2.249(2) 2.307(2)
Ni2Cl(2) 2.565(2) 2.298(2)
Ni2P(1) 2.170(2) 2.330(2)
Ni2P(2) 2.189(2) 2.380(2)
Ni2N(1) 1.963(4) 2.212(4)
Cl(1)2Ni2Cl(2) 99.78(6) 144.59(6)
Cl(1)2Ni2P(1) 148.29(6) 109.17(6)
Cl(1)2Ni2N(1) 87.5(1) 84.8(1)
Cl(2)2Ni2P(2) 90.65(6) 92.24(6)
Cl(2)2Ni2P(1) 110.82(6) 104.09(6)
P(2)2Ni2N(1) 175.6(1) 177.6(1)

9 13 ·MeOH

Ni2Cl 2.200(2) 2.177(2)
Ni2P(1) 2.137(1) 2.156(2)
Ni2P(2) 2.195(2) 2.204(2)
Ni2N(1) 1.987(4) 1.998(6)
Cl2Ni2P(1) 165.91(6) 171.36(9)
Cl2Ni2P(2) 89.53(6) 88.68(9)
Cl(1)2Ni2N(1) 88.7(1) 87.9(1)
P(1)2Ni2P(2) 95.87(6) 98.05(8)
P(1)2Ni2P(2) 87.0(1) 85.8(2)
P(2)2Ni2N(1) 174.8(1) 174.0(2)

erence” values retrieved from the Cambridge Structural Da-van der Waals radii and there are no possibilities for hydro-
gen bonding. The Ni(II)2donor atom bond lengths in the tabase (CSD)[26] reveals the following features. (i) The

NiII2Cl distances (mean value of 2.196 Å when c.n. 5 4,[NiCl2(PR3)(P∩N)] and [NiCl(PR3)(P∩N)]1 complexes
merit some comment. Thus, the spread of their values and of 2.288 Å with c.n. 5 5) are slightly shorter than the

corresponding CSD values [2.22 (219 obs.) and 2.34 Å (88(Table 3) might seem unexpectedly large (Ni2Cl in the
range 2.17722.567 Å; Ni2P 2.13922.400 Å and Ni2N obs.), respectively], but they confirm the finding that on go-

ing from c.n. 4 to 5 the distance increases. This trend also1.96322.353 Å), but this can be rationalized on the basis
of coordination number, c.n., and/or geometry arguments. holds for the Ni2P and Ni2N distances. The Ni2Cl(2)

distance in 3 [2.567(2) Å] represents an exception, being theIn fact, comparison of the distances with the pertinent “ref-
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Table 3. Selected structural data for [NiCl2(PR3)(P∩N)] and [NiCl(PR3)(P∩N)]PF6 complexes

Geometry[a] Ni2Cl [Å] Ni2PR3 [Å] Ni2P [Å] Ni2N [Å] P∩Nbite [°] Ni2N2Cchelate Ref.[b]

[°]

[NiCl2(PMe2Ph)(P∩NMe2)] tb 2.276(2) 2.372(2) 2.290(2) 2.353(4) 77.9(1) 109.2(5) 5
2.284(2)

[NiCl2(PMePh2)(P∩NHMe)]·CH2Cl2 tb 2.298(2) 2.380(2) 2.330(2) 2.212(4) 79.9(1) 112.3(3) 6 · CH2Cl2
2.307(2)

[NiCl2(PMePh2)(P∩NMe2)]·0.5CH2Cl2 tb 2.288(3) 2.400(5) 2.310(3) 2.325(8) 78.7(2) 108.5(5) 7
2.272(3)

[NiCl2(PMe2Ph)(P∩NH2)] tb/spy 2.249(2) 2.189(2) 2.170(2) 1.963(4) 86.3(2) 119.8(3) 3
2.567(2)

[NiCl(PMe3)(P∩NP)]PF6
[c] sp 2.217(2) 2.192(2) 2.159(3) 2.011(7) 83.1(2) 113.8(5) 8

[NiCl(PMe3)(P∩NHMe)]PF6 sp 2.200(2) 2.195(2) 2.137(1) 1.987(4) 87.0(1) 116.7(3) 9
[NiCl(PMePh2)(P∩NHMe)]PF6·MeOH sp 2.177(2) 2.177(2) 2.156(2) 1.998(6) 85.8(2) 115.2(5) 13 · MeOH
[NiCl(PMePh2)(P∩NMe2)]PF6 sp 2.189(5) 2.207(5) 2.139(5) 2.056(8) 86.8(2) 114.9(6) 14

[a] tb 5 trigonal-bipyramidal; spy 5 square-pyramidal; sp 5 square-planar. 2 [b] 3, 6 · CH2Cl2, 9, 13 ·MeOH in present work; 5 in ref. [21];
7 and 14 in ref. [17]; 8 in ref. [19]. 2 [c] P∩NP 5 N-(trimethylphosphoranyl)-2-(diphenylphosphanyl)aniline.

second longest distance ever reported in the literature[27]. donor set {NP2Cl2} and of their crystal structures. While
it is possible to assign a trigonal-bipyramidal structure toIn the square-pyramidal description (Figure 4), this axial

elongation can be correlated with the electron density in the complex 6, in analogy to related compounds such as
[NiCl2(PMe2Ph)(P∩NMe2)] [21] and [NiCl2(PMePh2)-dz2 orbital for the d8 ion, leading to a pronounced metal2-

halide electron-electron repulsion. (ii) The geometry seems (P∩NMe2)] · 0.5 CH2Cl2[17], complex 3 has a structure inter-
mediate between trigonal-bipyramidal and square-pyrami-to govern the Ni2P bond lengths. The corresponding mean

values in the trigonal-bipyramidal complexes average 2.310 dal, which accounts for the very long Ni2Cl distance.
The cationic tetracoordinate species [NiCl(PR3)(P∩N)]1Å and 2.384 Å for the chelating phosphane ligand and the

unidentate ligand axially bonded to NiII, respectively. The can be derived from the corresponding [NiCl2(PR3)2] pre-
cursor only by the addition of KPF6 in order to removemagnitude of this “axial effect” (ca. 0.07 Å) is consistent

with similar values encountered in the CSD file. In square- one Cl2 ligand per Ni atom. NMR spectra and crystal
structures indicate that these complexes consist of the cis-planar complexes, the corresponding mean values are 2.148

Å and 2.193 Å and a parallel situation is presented by 3, P,P isomer. Comparison of some structural features such as
the Ni2N, Ni2Cl, and Ni2P bond lengths confirms thesince values of 2.189 Å and 2.170 Å are observed. (iii) The

NiII2N distances in cationic complexes with c.n. 5 4 (mean finding that on going from c.n. 5 4 to 5 the distances in-
crease. In particular, Ni2N is dramatically shorter than thevalue 2.01 Å) are dramatically shorter than those in the

neutral complexes with c.n. 5 5 (mean value 2.30 Å), but CSD reference value, but the paucity of literature data pre-
vents us from making firm conclusions from this obser-the paucity of literature data prevents us from making a

reliable comparison. In any case, the Ni2N(Csp2)H2 value vation.
of 3 (1.963 Å) conforms to those of the square-planar com- Benedetto Corain is grateful to the Alexander von Humboldt
plexes. Similarly, the P2Ni2N bite angle (86.3°) of 3 Foundation for supporting his activities at TU München.
closely approaches the mean value (85.6°) found in the four
analogous complexes with c.n. 4, while it is compressed to

Experimental Section78.8° in those with c.n. 5 5. Finally, the Ni2N2C angle
of the five-membered chelate ring averages 115.2° in com- General: All chemicals and solvents were of analytical grade and

were used as received unless otherwise stated. The startingplexes with c.n. 5 4, while it is compressed to 110.0° when
[NiCl2(PR3)2] (PR3 5 PMe3, PMe2Ph, PMePh2) complexes werethe c.n. becomes 5.
prepared according to the literature[28] [29], as were the ligands
P∩NH2

[9], P∩NHMe[9], and P∩NMe2
[30]. 2 IR: Mattson 3030

Fourier-transform spectrometer. 2 UV/Vis in the solid state: CaryConclusions
5-E spectrophotometer (12002220 nm), diffuse reflectance method.
2 UV/Vis in solution: Cary 17D spectrophotometer (12002220Phosphanyl-amines P∩NH2, P∩NHMe, P∩NMe2 exhibit
nm), ca. 1022  solutions in CH2Cl2 for the pentacoordinate com-good coordination properties towards the nickel(II) center,
plexes in 0.1-cm cells and 102321025  solutions in CH2Cl2 foraffording stable neutral pentacoordinate [NiCl2(PR3)(P∩N)]
square-planar and cationic complexes in 1-cm cells. 2 NMR:and cationic tetracoordinate [NiCl(PR3)(P∩N)]1 complexes
Bruker AC-200 (200 MHz for 1H and 31P). For 1H NMR, CDCl3starting from the corresponding [NiCl2(PR3)2] precursor.
or CD2Cl2 as solvent, TMS as internal standard; for 31P{1H}

The neutral pentacoordinate species [NiCl2(PR3)(P∩N)] NMR, CDCl3 or CD2Cl2 as solvent, 85% aqueous H3PO4 as exter-
feature a rather unusual {NP2Cl2} donor set. Their be- nal standard. 2 Conductivity measurements: Amel conductimeter
havior can be satisfactorily accounted for considering the Mod. 131, ca. 1023  solutions in MeCN at 25°C. 2 Magnetic
data collected in the course of this study. The range of mag- susceptibility measurements: Cahn 2000 microbalance. 2 Elemen-

tal analyses (C, H, N): Fisons EA 1108 elemental analyzer.netic moments they exhibit is unexpected in view of the
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[NiCl2(PMe3)(P∩NMe2)] (2): To a solution of 0.196 g of Yield: 0.195 g (70%). Crystals suitable for X-ray analysis were

grown by slow evaporation of the solvent from CH2Cl2 solutions.[NiCl2(PMe3)2] (0.68 mmol) in 10 ml of MeCN was added 0.209 g
of P∩NH2 (0.68 mmol). The blood-red solution immediately dark- 2 IR (KBr): ν̃ 5 3191 cm21 m, 1583 m, 1462 m, 1104 w, 838 vs

(P2F), 557 s. 2 1H NMR (CD2Cl2): δ 5 1.23 [s, 9 H, P(CH3)3],ened and was stirred under dinitrogen at room temperature for 3
h. The solution was then concentrated to a volume of 3 ml under 2.87 (d, 3JHH 5 6 Hz, 3 H, NCH3), 4.85 (m, 1 H, NH), 7.2027.95

(m, 14 arom. H). 2 31P{1H} NMR (CD2Cl2): δ 5 2144 (sept.,a flow of dinitrogen. A dark-blue powder precipitated, which was
collected by filtration, washed with 5 ml of Et2O, 5 ml of n-hexane JPF 5 711 Hz, 1 P, PF6

2), 27.80 (m, 1 P, PMe3), 42.5 (m, 1 P,
P∩NHMe). 2 C22H27ClF6NNiP3 (606.56): C 43.56, H 4.50, Nand 0.5 ml of EtOH, and dried in vacuo. Yield: 0.140 g (40%). 2

IR (KBr): ν̃ 5 3047 cm21 s, 1580 m, 1481 m, 1437 s, 1094 s, 959 2.31; found C 43.42, H 4.16, N 2.16.
vs, 753 m, 514 m. 2 1H NMR (CDCl3): Several signals in the [NiCl(PMe3)(P∩NMe2)]PF6 (10): To a mixture of 0.082 g of
region δ 5 118.0 to 22.0. 2 C23H29Cl2NNiP2 (483.01): calcd. C [NiCl2(PMe3)2] (0.29 mmol) and 0.074 g of KPF6 (0.40 mmol) in
54.05, H 5.73, N 2.74; found C 54.64, H 5.67, N 2.43. 10 ml of CH2Cl2 was added 0.089 g of P∩NH2 (0.25 mmol) and

the mixture was stirred at room temperature. The blood-red solu-[NiCl2(PMe2Ph)(P∩NH2)] (3): To a solution of 0.108 g of
tion immediately turned orange-red. After 3 h, the mixture was[NiCl2(PMe2Ph)2] (0.27 mmol) in 10 ml of MeCN was added 0.075
filtered and concentrated to a volume of 4 ml under a flow ofg of P∩NH2 (0.27 mmol) and the mixture was stirred under dinitro-
dinitrogen. Addition of 12 ml of Et2O caused the precipitation ofgen at room temperature. The blood-red solution immediately
a yellow-orange solid, which was collected by filtration, washedturned dark. After 5 min, a blue compound precipitated and after
with H2O, and dried in vacuo. The solid was recrystallized from15 min the solid was collected by filtration, washed several times
CH2Cl2/EtOH/C6H6 (10:1:19) (20 ml). Yield: 0.121 g (67%). 2 IRwith MeCN, and dried in vacuo. Yield: 0.111 g (85%). Crystals
(KBr): ν̃ 5 3070 cm21 w, 1580 m, 1483 m, 1436 s, 1097 m, 836 vswere grown by slow evaporation of the solvent from CH2Cl2 solu-
(P2F), 558 s. 2 1H NMR (CD2Cl2): δ 5 1.26 [d, 9 H, 2JHP 5 12.5tions. 2 IR (KBr): ν̃ 5 3236 cm21 m, 3179 m, 3093 s, 1555 m, 1478
Hz, P(CH3)3], 3.19 [s, 6 H, N(CH3)2], 7.1228.15 (m, 14 H, aro-m, 1433 s, 1095 m, 914 vs, 698 m, 512 m. 2 1H NMR (CDCl3): δ 5
matic). 2 31P{1H} NMR (CD2Cl2): δ 5 2144 (sept, 1 P, JPF 51.78 [s, 6 H, P(CH3)2], 2.67 (m, 2 H, NH2), 6.3328.38 (m, 19 H,
713 Hz, PF6

2), 29.51 (d, 1 P, 2JPP 5 107 Hz, PMe3), 38.1 (d, 1 P,aromatic). 2 31P{1H} NMR (CDCl3): δ 5 25.2 (br. s, 1 P, PMe2),
2JPP 5 107 Hz, P∩NMe2). 2 C23H29ClF6NNiP3 (620.59): calcd. C38.6 (br., 1 P, P∩NH2). 2 C26H27Cl2NNiP2 (545.08): calcd. C
44.51, H 4.71, N 2.26; found C 44.41, H 4.56, N 2.26.57.29, H 5.00, N 2.57; found C 57.17, H 5.37, N 2.57.

[NiCl(PMe2Ph)(P∩NHMe)]PF6 (11): To a mixture of 0.155 g[NiCl2(PMe2Ph)(P∩NHMe)] (4): To a solution of 0.100 g of
of [NiCl2(PMe2Ph)2] (0.38 mmol) and 0.138 g of KPF6 (0.75 mmol)[NiCl2(PMe2Ph)2] (0.25 mmol) in 5 ml of MeCN was added 0.073
in 1 ml of CH2Cl2 was added 0.111 g of P∩NHMe (0.38 mmol)g of P∩NHMe (0.25 mmol) and the mixture was stirred under dini-
and the mixture was stirred at room temperature. The blood-redtrogen at room temperature. After 30 min, a blue compound pre-
mixture slowly turned red-orange. After 3 h, the solution was fil-cipitated and after 3 h the solid was collected by filtration, washed
tered and concentrated to a volume of 5 ml under a flow of dinitro-twice with 6 ml of n-hexane, and dried in vacuo. Yield: 0.065 g
gen. Addition of 15 ml of Et2O caused the precipitation of an or-(44%). 2 IR (KBr): ν̃ 5 3246 cm21 w, 3051 s, 2247 w, 1580 m,
ange solid, which was collected by filtration, washed with H2O, and1481 m, 1435 s, 1098 s, 913 s, 742 m, 487 s. 2 1H NMR (CDCl3):
dried in vacuo. The solid was recrystallized from CH2Cl2/EtOH/Several signals in the region δ 5 118.0 to 22.0. 2
C6H6 (7:1.5:19) (27.5 ml). Yield: 0.153 g (60%). 2 IR (KBr): ν̃ 5C27H29Cl2NNiP2 ·0.5 CH3CN (579.64): calcd. C 58.02, H 5.31, N
3229 cm21 m, 1584 m, 1506 m, 1437 s, 1102 m, 837 vs (P2F), 557.3.62; found C 57.75, H 5.06, N 3.64.
2 1H NMR (CD2Cl2): δ 5 1.64 [s, 6 H, P(CH3)2], 2.96 (d, 3 H,

[NiCl2(PMePh2)(P∩NHMe)] (6): To a blood-red solution of 3JHH 5 6 Hz, NCH3), 4.94 (m, 1 H, NH), 6.9028.04 (m, 19 H,
0.101 g of [NiCl2(PMePh2)2] (0.19 mmol) in 10 ml of MeCN and aromatic). 2 31P{1H} NMR (CD2Cl2): δ 5 2144 (sept, 1 P, JPF 5
0.5 ml of CH2Cl2 was added 0.055 g of P∩NHMe (0.19 mmol). The 713 Hz, PF6

2), 1.30 (m, 1 P, PMe2Ph), 48.0 (m, 1 P, P∩NHMe).
red solution immediately turned brown. After stirring under dini- 2 C27H29ClF6NNiP3 (668.63): calcd. C 48.55, H 4.38, N 2.10;
trogen at room temperature for 3 h, the solution was concentrated found C 48.71, H 4.38, N 2.03.
to dryness under reduced pressure. The residue was washed with [NiCl(PMePh2)(P∩NHMe)]PF6 (13): To a mixture of 0.132 g
0.4 ml of MeCN and 0.4 ml of CH2Cl2, and then redissolved in 10 of [NiCl2(PMePh2)2] (0.25 mmol) and 0.092 g of KPF6 (0.50 mmol)
ml of CH2Cl2 and 1.5 ml of C6H6. Addition of 23 ml of Et2O in 10 ml of CH2Cl2 was added 0.073 g of P∩NHMe (0.25 mmol)
caused the precipitation of a green solid, which was collected by and the mixture was stirred at room temperature. The blood-red
filtration, washed with 5 ml of Et2O, and dried in vacuo. Yield: mixture immediately turned red-orange. After 3 h, the solution was
0.080 g (60%). Crystals were grown by slow evaporation of the filtered and concentrated to a volume of 4 ml under a flow of dini-
solvent from CH2Cl2 solutions. 2 IR (KBr): ν̃ 5 3262 cm21 w, trogen. Addition of 16 ml of Et2O caused the formation of a red-
1580 m, 1471 s, 1434 s, 1099 m, 885 s, 685 vs, 502 s. 2 1H NMR orange oil, which was separated by decantation. After dissolution
(CDCl3): Several signals in the region δ 5 118.0 to 21.0. 2 of the oil in 7 ml of CH2Cl2, 18 ml of C6H6 was added and upon
C32H31Cl2NNiP2 ·C6H6 (699.3): calcd. C 65.26, H 5.34, N 2.00; stirring an orange-yellow solid precipitated. This solid was col-
found C 65.38, H 5.44, N 1.74. lected by filtration, washed with H2O, dried in vacuo, and recrys-

tallized from CH2Cl2/EtOH/C6H6 (6:1.5:17) (24.5 ml). Yield: 0.112[NiCl(PMe3)(P∩NHMe)]PF6 (9): To a mixture of 0.131 g of
[NiCl2(PMe3)2] (0.46 mmol) and 0.117 g of KPF6 (0.64 mmol) in g (60%). Crystals were grown from CH2Cl2/MeOH/C6H6/Et2O

solutions. 2 IR (KBr): ν̃ 5 3251 cm21 m, 1581 m, 1436 s, 1099 w,10 ml of CH2Cl2 was added 0.134 g of P∩NHMe (0.46 mmol) un-
der stirring. The blood-red mixture immediately turned dark-red. 840 vs (P2F), 557 s. 2 1H NMR (CDCl3): δ 5 2.01 (d, 3 H, 3JHP 5

13 Hz, PCH3), 2.33 (s, 3 H, NCH3), 7.1027.84 (m, 26 H, aromatic).After 3 h, a yellow solid had been deposited, which was filtered
off, washed with 2 ml of H2O, recrystallized from a 1:2 MeCN/ 2 31P{1H} NMR (CDCl3): δ 5 2146 (sept., 1 P, JPF 5 713 Hz,

PF6
2), 6.91 (d, 1 P, 2JPP 5 83 Hz, PMe2Ph), 37.6 (d, 1 P, 2JPP 5Et2O solution (30 ml), and dried in vacuo. The filtrate was concen-

trated to dryness under reduced pressure and the residue was 83 Hz, P∩NHMe). 2 C32H31ClF6NNiP3 · C6H6 (808.82): calcd. C
56.08, H 4.59, N 1.72; found C 56.99, H 4.55, N 1.65.recrystallized as above, giving a second crop of the yellow solid.
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X-ray Crystal Structure Determinations: Many of the details of partially occupied sites with occupancies of ca. 0.7, 0.2, and 0.1,

but efforts to refine these values were not successful and hence thisthe structure analyses carried out on complexes 3, 6 ·CH2Cl2, 9,
and 13 ·MeOH are listed in Table 4. matter was not pursued further. The PF6

2 anion of 9 was modelled

Table 4. Crystallographic details for complexes 3, 6 · CH2Cl2, 9, and 13 ·MeOH

3 6·CH2Cl2 9 13·MeOH

formula C26H27Cl2NNiP2 C33H33Cl4NNiP2 C22H27ClF6NNiP3 C33H35ClF6NNiOP3
cryst. system monoclinic triclinic monoclinic triclinic
space group P21/n, (No.14) P1̄ (No.2) P21/n, (No.14) P1̄ (No.2)
a [Å] 11.937(5) 9.763(4) 11.856(3) 10.008(1)
b [Å] 13.348(4) 10.002(3) 13.669(4) 13.395(2)
c [Å] 15.575(4) 18.115(9) 16.575(5) 14.598(2)
α [°] 90 77.89(3) 90 101.50(1)
β [°] 92.37(3) 77.85(3) 96.54(2) 105.02(1)
γ [°] 90 87.36(3) 90 104.56(1)
V [Å3] 2479(1) 1691(1) 2669(1) 1745.5(3)
Z 4 2 4 2
Dcalcd [Mg/m3] 1.460 1.251 1.510 1.444
µ [mm21] 1.142 1.008 1.061 0.825
F(000) 1128 728 1240 784
cryst. size [mm] 0.20 3 0.30 3 0.20 0.15 3 0.10 3 0.20 0.25 3 0.25 3 0.25 0.15 3 0.15 3 0.15
Θ range [°] 2.3225.0 2.6222.5 2.5222.5 2.2221.5
indep. refl. 4387 4429 3500 4013
refl. with I > 2σ(I) 2633 3295 2956 2798
no. of parameters 215 385 289 414
R1[a], wR2 [b] [I > 2σ(I)] 0.043, 0.106 0.041, 0.112 0.045, 0.158 0.055, 0.139
R1, wR2 (all data) 0.082, 0.121 0.062, 0.123 0.054, 0.163 0.094, 0.165
GooF on F2 0.745 0.987 1.509 1.182
max/min. resid. dens. [eÅ23] 0.90, 20.48 0.53, 20.49 0.87, 20.84 0.69, 20.46
extinction coeff. Fc*[ c] 0.0000(6) 2 0.0039(11) 0.0000(11)

[a] R 5 ΣiFou 2 uFci/ΣuFou. 2 [b] wR2 5 [Σw(Fo
2 2 Fc

2)2/Σ(wuFou2)]1/2. 2 [c] Fc* 5 kFc[1 1 (0.001 3 Fc
2λ3/sin2Θ)]21/4.

using partial F atom occupancies, such that the central P atom hadCrystallographic measurements were made at 293 K with a Sie-
two 100%, four 66% and four 33% occupied F atoms around it.mens Nicolet R3m/V four-circle diffractometer using graphite-
This model still gave rather high thermal parameters (ca. 0.10 Å2

monochromated Mo-Kα radiation (λ 5 0.71073 Å) (ω22Θ scan
for all atoms), but resulted in an overall improvement in the struc-technique). The unit cell was determined by the automatic indexing
ture. Finally, the MeOH molecule of 13 ·MeOH was located in aof 50 centered reflections at 2Θ > 21°. The rather poor quality of
disordered position and was included at half occupancy.crystals of 13 ·MeOH was manifested in broad scan-widths during

initial search routines with the diffractometer and the diffracting Selected bond lengths and angles are listed in Table 2.
ability of the sample dropped with increasing Bragg angle; much

Further details of the crystal structure determination can be or-of the higher angle data collected were deemed to be weak. As a
dered from the Fachinformationszentrum Karlsruhe, D-76344 Egg-consequence, the data collection for 13 ·MeOH was restricted to
enstein-Leopoldshafen, Germany, on quoting the depository num-2Θ 5 43°. Corrections for Lorentz polarization effects and extinc-
bers CSD-408520 (3), -408521 (6 · CH2Cl2), -408522 (9), -408523tion were applied in all cases, while an empirical absorption correc-
(13 ·MeOH).tion, based on ψ scans for six reflections at χ ø 90°, was applied

only for compounds 3 and 13·MeOH (minimum and maximum
transmission factors 0.6320.87 and 0.4920.68 for 3 and 13·MeOH, [1] [1a] C. A. McAuliffe, W. Levason, Studies in Inorganic Chemistry
respectively). In fact, for 6 ·CH2Cl2 and 9, azimuthal scan data pro- 1: Phosphine, Arsine and Stibine Complexes of the Transition

Elements, Elsevier, Amsterdam, 1979, pp. 27228. 2 [1b] S. Park,ved such correction to be unnecessary. The structures were solved
M. P. Johnson, D. M. Roundhill, Organometallics 1989, 8,by Patterson methods and refined by full-matrix least-squares
170021707. 2 [1c] E. Farnetti, G. Nardin, M. Graziani, J.methods on F2 using the SHELXTL/PC[31] and SHELXL-93[32]
Chem. Soc., Chem. Commun. 1988, 126421265. 2 [1d] D.

suites of programs. Atomic scattering factors and anomalous dis- Hedden, D. M. Roundhill, Inorg. Chem. 1986, 25, 9215.
[2] Z.-Z. Zhang, H. Cheng, Coord. Chem. Rev. 1996, 147, 1239.persion parameters were taken from ref.[33]. Non-hydrogen atoms
[3] X. Guan, W. Zhao, S. Zhang, Y. Fang, X. Yun, D. Kon, Y. Li,were assigned anisotropic thermal parameters, with the exception

Fenzi Cuihua 1992, 6, 3032307.of the disordered atoms of 6 ·CH2Cl2, 9, and 13 ·MeOH. The hy- [4] G. Bruno, C. G. Arena, D. Drommi, F. Faraone, F. Nicolò, J.
drogen atoms were constrained to ride on the atom to which they Organomet. Chem. 1995, 485, 1152121.

[5] N. Lugan, G. Lavigne, J. J. Bonnet, Inorg. Chem. 1987, 26,were attached. The isotropic thermal parameters for the methyl H
5852590.atoms were refined with 1.5 times, and for all phenyl H atoms with

[6] J. P. Farr, M. M. Olmstead, A. L. Balch, Inorg. Chem. 1983,1.2 times the Ueq value of the corresponding atom. On the contrary, 22, 122921235.
the hydrogen atoms attached to nitrogen atoms were located in the [7] W. Zhao, X. Guan, S. Zhang, Y. Fang, H. Wang, R. Wang,

Huaxue Xuebao 1992, 50, 3002305.final difference maps, but were not included in the refinement. Dur-
[8] G. De Munno, G. Bruno, C. G. Arena, D. Drommi, F. Faraone,ing the refinement procedure it became apparent that the CH2Cl2

J. Organomet. Chem. 1993, 450, 2632267.molecule in 6 ·CH2Cl2, the PF6
2 anion in 9, and the MeOH mol- [9] M. K. Cooper, J. M. Downes, P. A. Duckworth, E. R. T. Tiek-

ecule in 13 ·MeOH were disordered. The CH2Cl2 molecule of ink, Aust. J. Chem. 1992, 45, 5952609 and refs. therein.
[10] [10a] M. K. Cooper, J. M. Downes, J. Chem. Soc., Chem. Com-6 ·CH2Cl2 was found to be severely disordered into a number of
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mun. 1981, 3812382. 2 [10b] M. K. Cooper, J. M. Downes, In- [20] L. Sacconi, F. Mani, A. Bencini, in Comprehensive Coordination

Chemistry (Eds.: G. Wilkinson, R. D. Gillard, J. A. McClev-org. Chem. 1978, 17, 8802884.
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Ga, Tl, Sn, Pb, As, Sb, Bi, Cd, and Hg chlorides react with metathetical exchange reactions for the preparation of other,
highly active intermetallics and alloys; EXAFS investigationmagnesium anthracene · 3 THF (MgA), anthracene-activated

magnesium, or “active magnesium” (Mg*) in THF, gene- of X-ray amorphous Cu–Sn and Pd–Pb solids thus prepared
(Eqs. 13 and 14) shows that they are true bimetallic alloysrating the respective Mg intermetallics in a nanocrystalline

or amorphous state (Eqs. 1–3). Mg intermetallics accessible (solid solutions).
through the wet-chemical route can be exploited by

Introduction

In recent publications[1] we have reported the preparation
of a series of so-called inorganic Grignard reagents from
transition-metal chlorides and organomagnesium com-
pounds or “active magnesium” (Mg*). These soluble sys-
tems can be used as reagents for the synthesis of intermet-
allics and alloys in a finely divided, usually nanoparticulate,
state[1]. In contrast to transition-metal chlorides, it was
found[1b] that chlorides of heavier group 12215 metals
(MCln) in THF react with magnesium anthracene ·3 THF[2]

(MgA), Mg*, or ordinary magnesium powder in the pres-
ence of catalytic amounts of MgA[3], with formation of Results
magnesium intermetallics (MgqM), also in a finely divided, Mg2Ga and Mg2Tl Intermetallics
highly active state[4]; the reactions can be described by eqs.

The Ga-rich Zintl phase Mg2Ga5
[6] has previously been pre-123. When MgA is used as the reducing agent (Eq. 1), the

pared in bulk form by melting stoichiometric mixtures ofreaction progress can be monitored by measuring the in-
high-purity Mg and Ga metal sealed in Ta[6a] or pyrex cru-crease in anthracene (A) concentration in the reaction solu-
cibles[6c]. The preparation of Mg2Ga5 in a finely divided,tion with time. In some cases, it is advantageous to run the
highly reactive crystalline form can now be achieved via areaction shown in Eq. 1 in two steps. In the first step, MCln
two-step reaction. In the first step (Eq. 4) GaCl3 is reducedis reduced to the metallic state in a highly active form
with MgA at low temperature to give a highly active gal-(M*, Eq. 1a); subsequently, M* with additional MgA is
lium (Ga*) suspension in THF. After separating the activetransformed into MgqM (Eq. 1b). In the following, we give
metal from MgCl2 and anthracene, Ga* can be converted,an account of the preparation, characterization, and pos-
with additional MgA, into Mg2Ga5 (Eq. 5). Mg2Ga5 is ob-sible application of magnesium intermetallics obtained via
tained as a black pyrophoric powder contaminated withthese routes[1b] [4] [5].
MgCl2, A, and THF (Table 3; Expt. 1).

[e] Part 9: R. Benn, B. Bogdanović, M. Brüning, H. Grondey, W.
Herrmann, H.-G. Kinzelmann, K. Seevogel, Chem. Ber. 1993,
126, 225
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Mg2Sn and Mg2Pb IntermetallicsThe XRD pattern of the Mg2Ga5 thus prepared (Figure

1) is in accordance with that reported in the literature[7].
Mg forms Zintl phases of the type Mg2E, E 5 Ge, Sn,

Pb[8] with group 14 metals which crystallize in CaF2 anti-
Figure 1. X-ray powder diffraction patterns of Mg2Ga5, prepared isomorphous structures. Their high melting points reflect

from GaCl3 and MgA; o, diffraction line of Ga the heteropolar character of the bonds between the respec-
tive elements. The preparation of Mg2E in bulk form has
been carried out by melting the components in an inert at-
mosphere in sealed iron or corundum crucibles[8] [12].

The reaction of SnCl2 with MgA in THF, as a method
for the preparation of Sn or Mg2Sn, both in a finely divided
state, has been investigated in some detail (Table 4). If the
reaction is conducted in the 1:1 molar ratio at room or low
temperature (Expts. 4.1 and 4.2), a highly reactive, pyro-
phoric, black form of metallic Sn of 97298% purity (Sn*,
Eq. 7) is obtained. Sn* prepared at low temperature (Expt.
4.2) shows only diffuse Sn and no Mg2Sn diffraction lines
in the XRD spectrum. The high reactivity of Sn* prepared
according to Eq. 7 is demonstrated by, amongst other
things, its reaction with MgA in THF leading to Mg2Sn
(see below Eq. 10; Expt. 4.6); commercial Sn powder does
not react with MgA under such conditions.The Mg2Tl Zintl phase MgTl[8] [9] can now be prepared

in a microcrystalline (nanocrystalline?) form by treating
TlCl with an excess of MgA in THF (Eq. 6; Expt. 3.2).
MgTl was obtained as a silvery shining powder with the
composition Mg0.88TlCl0.01(CH2)0.2. A DSC analysis of the Reaction of SnCl2 with MgA in the molar ratio of 1:2
powder showed a weak endothermic peak at 202.7°C (onset gives a mixture of Sn* and Mg2Sn (Expt. 4.3), which, with
temperature; MgTl 1 Tl eutectic; ref. [10], 202°C) and an additional SnCl2 can again be converted into Sn* (Eq. 8).
intense endothermic peak at 351.3°C (onset temperature)
corresponding to the melting point of MgTl (ref. [10],
358°C).

This result, together with the Mg/Tl ratio of 0.88:1 found
through elemental analysis, reveals the presence of Tl in the In order to produce Mg2Sn free of Sn*, it is necessary to
MgTl thus prepared. However, the XRD powder pattern of react SnCl2 with MgA in an excess amount with respect to
this material (Figure 2) exhibited only the diffraction lines Eq. 9 (e.g. in the molar ratio 1:4, Expt. 4.4). The Mg2Sn
of MgTl[11]. The Tl particles if present are, therefore, most obtained is free of Sn or of the Sn2Mg2Sn eutectic, accord-
likely X-ray amorphous. ing to DSC analysis. The TEM photograph of the Mg2Sn

thus prepared (Figure 3) reveals aggregates of nonuniform
nanocrystals of 10250-nm size.Figure 2. X-ray powder diffraction pattern of MgTl, prepared from

TlCl and MgA

On the basis of the widening of the strongest diffraction
line in the XRD of this material, an average particle size
of 40 ± 4 nm has been estimated, in agreement with the
TEM result.

The progress of the reaction of Sn halides with MgA in
the molar ration of 1:4.1 at 0°C is represented in Figure 4.
Under these conditions (Expt. 4.5) SnCl2 and SnBr2 yielded
Mg2Sn with specific surface areas of 70 and 130 m2g21,
respectively. X-ray powder diffraction showed sharp Mg2Sn
diffraction lines only. SnI2 (Figure 4) under the same con-
ditions did not react completely, while hardly any reaction
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Figure 3. High-resolution TEM photograph of Mg2Sn prepared 3A/Mg2Sn is, in both cases, only reached after ca. 50 h. The

from SnCl2 and MgA reaction is further slowed down when Sn* is separated from
MgCl2 and A prior to the reaction with additional MgA
(2r2). Since the reduction of SnCl2 by MgA to Sn* (Eq.
7) is apparently much more rapid than the conversion of
Sn* with MgA in Mg2Sn, it is reasonable to assume that
Sn* also acts as an intermediate in the direct formation of
Mg2Sn from SnCl2 and MgA (Eq. 10). The X-ray diffrac-
tion pattern of Mg2Sn prepared according to the two-step
reaction (Expt. 4.6) is shown in Figure 5.

The preparation of Mg2Pb by the wet-chemical method
can be carried out by using either stoichiometric amounts
of MgA (Eq. 11) or commercial Mg powder with MgA act-
ing as a “phase transfer catalyst”[1f] [13] (Eq. 12). Reaction
of PbCl2 with MgA in the molar ratio of 1:3.7 in THF
(Expt. 5.1) yielded microcrystalline pyrophoric intermetallic
Mg2Pb which, according to its elemental composition
(Mg1.84Pb) and X-ray diffractogram, contained minute
amounts of Pb. On the other hand, Mg2Pb which wasat all was observed with SnF2, probably due to the insolu-

bility of SnF2 and MgF2 in THF. shown using XRD to contain only traces of Pb (Figure 6)

Figure 4. Progress of the formation reaction of Mg2Sn from Sn halides (SnX2) and MgA (1:4.1; [SnX2] 5 0.06 mol/l) in THF at 0°C;
2j2, SnCl2, one-step reaction; 2 2, SnCl2, two-step-reaction; 2r2, SnCl2, two-step reaction, Sn* separated from MgCl2 and A;

2m2, SnBr2; 2 2, SnI2; 232, SnF2

The preparation of Mg2Sn with a high specific surface was obtained by reacting PbCl2 with Mg powder and 10
mol-% of MgA at 0°C (Expt. 5.2).area (85 m2g21) and free of Sn* is also possible via the two-

step reaction. Accordingly, SnCl2 is first reacted with MgA
in the molar ratio of 1:1 at room temperature, thus generat-
ing Sn*, and then at 0°C with 3 additional equivalents of Cu(Mg)2Sn and Pd2Pb Alloys from Mg2Sn and Mg2Pb and the
MgA, giving Mg2Sn (Expt. 4.6). Respective Metal Halides

As can further be seen in Figure 4, the rate of the two-
step reaction (Expt. 4.6; 2 2) is somewhat slower than According to preliminary investigations, the highly reac-

tive Mg intermetallics accessible by the wet-chemical routethat of the direct reaction (2j2); but the final ratio of ca.

Eur. J. Inorg. Chem. 1998, 169921710 1701
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Figure 5. X-ray powder diffraction pattern of Mg2Sn prepared and for the hydrodechlorination of chlorofluorocarbons

from SnCl2 and MgA in the two-step reaction (CFCs)[18].
In order to provide starting materials with a high disper-

sion and reactivity, Mg2Sn and Mg2Pb utilized for the reac-
tions with metal halides were prepared at low temperatures
(Expts. 4.8 and 5.1). Mg2Sn prepared at low temperatures
(Expt. 4.7) is, indeed, highly dispersed, as demonstrated by
its broad but weak diffraction lines in XRD.

Reactions of Mg2Sn with CuCl2 and of Mg2Pb with
PdCl2 in the molar ratio of 1:2 (THF, room temperature)
gave in quantitative yields solids of the compositions ca.
Cu1.6Mg0.2Sn(MgCl2)0.1(CH2)0.4 (Expt. 6.1) and ca.
Pd1.9Pb(MgCl2)0.1Cl0.1(CH2)0.9 (Expt. 6.2), respectively.
From the compositions of the solids and the amount of
Mg21 analyzed in THF solutions, it can be concluded that
exchange reactions have taken place in the sense of Eqs. 13
and 14. In the first case (Eq. 13), however, these reactions
amount only to roughly 80%.

According to the Cu2Sn[14] and Pd2Pb[15] phase dia-
grams, intermetallic compounds of the compositions Cu2Sn

Figure 6. X-ray powder diffraction pattern of Pb2Sn prepared from
and Pd2Pb are not known. The X-ray diffractogram forPbCl2 and Mg powder in the presence of 10 mol-% of MgA; o,

diffraction lines of Pb wet-chemically prepared Cu(Mg)2Sn alloy showed weak
diffuse reflections (Cu?, Sn) only. After heating a sample to
145 or 400°C, weak diffraction lines for Cu6Sn5

[19] ap-
peared in the X-ray powder pattern. XRD of the wet-
chemically prepared Pd2Pb alloy showed the presence of
Pb, but upon programmed heating to 300 or 400°C (in steps
of 50°C), the spectrum showed weak diffraction lines for
Pd3Pb[20].

In order to gain more information about their structure,
both nonannealed X-ray amorphous alloys were investi-
gated using extended X-ray absorption fine structure (EX-
AFS) spectroscopy.

Structural Characterization of the Wet-Chemically Prepared
Cu(Mg)2Sn and Pd2Pb Alloys Using EXAFS

The Fourier transforms of the k3χ(k) functions at the Cu-
and Sn-K absorption edges of the Cu(Mg)2Sn alloy are(Eqs. 123) can be exploited for the preparation of other

intermetallics and alloys in a highly active state. As demon- dominated by a single peak which at the Cu-K edge (Figure
7) is markedly split. An adaption of the Fourier-filteredstrated in the following, wet-chemically prepared Mg2Sn

and Mg2Pb react with Cu and Pd chlorides, respectively in k3χ(k) functions requires, for the Sn central atom, a single
coordination shell of Cu atoms. For the Cu central atom, aTHF with exchange of Mg by the metal in question. The

reactions can thus be envisaged as a route for the prep- fit with only a single coordination shell is not possible. Two
coordination shells consisting of Cu and Sn backscatterersaration of intermetallics and alloys complementary to that

of applying “inorganic Grignard reagents”[1] (see Introduc- are needed to reproduce the Cu-K EXAFS spectrum. Al-
though only a limited k range (3210 Å21) is available, ation).

Cu2Sn[14] and Pd2Pb alloys[15] are accessible via metal- clear distinction between Cu and Sn backscatterers is pos-
sible. Using only Cu backscatterers, no fit is possible. Thelurgical methods. A colloidal Pd2Pb alloy has recently

been prepared by Bönnemann et al. [16] by means of co-re- structural parameters of the Cu(Mg)2Sn alloy as deter-
mined by EXAFS spectroscopy are summarized in Table 1.duction of the corresponding metal salts. Pd2Pb metal

combinations can be used as catalysts for the cis-selective The agreement between the values for the Cu2Sn dis-
tance (2.68 Å) and for the EXAFS Debye-Waller factor σhydrogenation of alkynes to alkenes (Lindlar catalyst)[16] [17]

Eur. J. Inorg. Chem. 1998, 1699217101702
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Figure 7. Unfiltered experimental (solid line) and fitted (broken line) k3χ(k) functions and their Fourier transforms of the Cu(Mg)2Sn

alloy at the Cu- (A) and Sn-K (B) absorption edges

Table 1. Structural parameters of the Cu(Mg)2Sn alloy before an- using Cu-K EXAFS spectroscopy, demonstrating that a
nealing determined by EXAFS spectroscopy pure Cu phase is present.

The Fourier transforms of the experimental k3χ(k) func-
absorber backscatterer r [Å] N σ [Å] tions at the Pd-K and Pb-LIII absorption edges of the

Pb(Mg)Pd alloy also show one single peak with a smallSn Cu 2.68 6.5 0.113
shoulder at low r values. The nonfiltered, experimental andCu Sn 2.68 2.6 0.114

Cu 2.56[a] 2.9 0.098 fitted k3χ(k) functions and their Fourier transforms are
shown in Figure 8. The curve-fitting procedure shows that

[a] The Cu2Cu distance corresponds to that of the bulk metal. the experimental k3χ(k) functions at both the Pd-K and at
the Pb-LIII absorption edge are dominated by the contri-
bution of Pd backscatterers. Therefore, from the analysis of(0.113 and 0.114) obtained by analysis of the Cu and Sn
the Pb-LIII absorption spectrum, it can be concluded thatdata shows the structural parameters to be reliable. Al-
the Pb atoms are mostly alloyed to Pd. Variations of thethough no further-reaching model can be proposed, the
structural parameters of the Pd backscatterers influence thestructural data (Table 1) allow the following conclusions to
agreement between nonfiltered, experimental and fittedbe made: (1) for the Sn central atom only Cu backscatterer
k3χ(k) functions much more than variations of the struc-atoms are observed; the neat Sn phase can therefore only
tural parameters of the Pb backscatterers.be present to a very low extent, the greatest part of Sn being

Both k3χ(k) functions can be reproduced by inclusion ofalloyed with Cu; (2) structural models which postulate the
only two coordination shells of Pb and Pd atoms. For themajority of Sn atoms to be on the surface of Cu particles
final fits, the EXAFS Debye-Waller factors σPb2Pd andcan be excluded because for the Sn central atom ca. 6.5 Cu

backscatter atoms are found; (3) the low number of atoms
in the coordination shells is characteristic of extremely

Table 2. Structural parameters of the Pd2Pb alloy before annealingsmall metal particles having a large proportion of surface
determined by EXAFS spectroscopyatoms and consisting of no more than a few dozen metal

atoms. Coordination numbers determined by EXAFS spec-
absorber backscatterer r [Å] N σ [Å]

troscopy are influenced by the quality of samples, thus for
more accurate determination of coordination numbers Pb Pd 2.8 4.2 0.103[a]

Pb 3.6 1.9 0.144further experiments are necessary. This is also especially
Pd Pb 2.8 2.6 0.103[a]

true for EXAFS investigations of the annealed sample,
Pd 2.8 4.6 0.091

which exhibit diffractometrically detectable phases and
which point to higher coordination numbers; (4) Cu back- [a] For the final fits, the EXAFS Debye2Waller factors σPb2Pd and

σPd2Pb were constrained to the same value.scatterers at a distance of 2.56 Å are shown to be present

Eur. J. Inorg. Chem. 1998, 169921710 1703
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σPd2Pb were constrained to the same value. The results of corresponding Zintl phases Mg3M2* in a finely divided,

highly active, pyrophoric state (Eq. 16).the curve fitting procedures are listed in Table 2.
The agreement between the values for the Pb2Pd dis- Mg3As2 (Expt. 7.1) is obtained by this method as a deep-

brown, X-ray amorphous powder, with a specific surfacetance (2.80 Å) derived from both k3χ(k) functions confirms
the reliability of these structural parameters too. area of 167.7 m2g21. After annealing (400°C), the presence

Figure 8. Unfiltered experimental (solid line) and fitted (broken line) k3χ(k) functions and their Fourier transforms for the Pb2Pd alloy
at the Pt-LIII (A) and the Pd-K (B) absorption edges

The data allow the following conclusions to be made: (1)
only Pd backscatterers can be seen in the first coordination
shell of the Pb atoms, suggesting that Pb is predominantly
alloyed with Pd and at most a small fraction of Pb atoms
exist as a pure Pb phase; (2) Pb atoms contribute signifi-
cantly to the Pd-K EXAFS spectrum; a considerable part
of the Pd atoms are therefore alloyed to Pb atoms; (3) be-
cause Pd atoms can also be seen in the first coordination of Mg3As2 was proved by X-ray diffraction[24] (Figure 9).
shell of Pd atoms, and the determined Pd2Pd distance of BiCl3 reacted with Mg* in THF (Expt. 7.2) to give a black
2.8 Pd Å is close to the Pd2Pd distance in bulk Pd (2.75 pyrophoric powder with the composition Mg1.45Bi-
Å), a considerable fraction of Pd atoms seem additionally (MgCl2)0.06(CH2)0.8, whose X-ray diffractogram (without
to be present in the form of bulk Pd. annealing; Figure 10) exhibited strong diffraction lines for

Mg3Bi2[25] and weak ones for Bi.
Reaction of SbCl3 with MgA in THF (Eq. 17; Expt. 7.3)

yielded a highly pyrophoric powder with the composition
Mg2As, Mg2Sb and Mg2Bi Intermetallics

Mg1.49Sb(MgCl2)0.03(CH2)1.4. The carbon in the solid was
shown to be present in the form of THF and anthracene.

As, Sb and Bi (M) together with Mg form Zintl phases An X-ray powder pattern of the sample (Figure 11) after
of the formula Mg3M2

[8]. Mg3As2 has been prepared by annealing (400°C) demonstrated, however, the presence of
Zintl and Huseman[21] from As vapour and Mg at elevated a mixture of Mg3Sb2

[26] and Sb.
temperatures under hydrogen. Mg3Sb2 and Mg3Bi2 have
been obtained in bulk form by melting stoichiometric mix-
tures of pure metals in sealed steel crucibles. [8] [21] [22]

A highly reactive, pyrophoric form of magnesium (Mg*)
with specific surface areas of 13236 m2g21 can be gener- Mg2Cd and Mg2Hg Intermetallics
ated by decomposing MgA in an organic solvent, such as
toluene (Eq. 15). [23] By reacting AsCl3, or BiCl3 in THF CdCl2 reacted with commercial Mg powder (molar ratio

1:2.2) in THF in the presence of catalytic amounts MgAwith the Mg* thus obtained, it is possible to prepare the

Eur. J. Inorg. Chem. 1998, 1699217101704
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Figure 9. X-ray powder diffraction pattern of Mg3As2, prepared and the presence of ca. 30% of Cd in the reaction solution,

from AsCl3 and Mg* (after annealing, 400°C) probably indicate a more complex reaction course than that
given by Eq. 18.

The reaction of HgCl2 with MgA (molar ratio 1:3.8) in
THF takes place with a rapid liberation of 2.0 mol anthra-
cene/mol HgCl2 and formation of a finely divided solid hav-
ing the composition Mg1.32Hg (Expt. 8.2); the X-ray pow-
der pattern of the solid exhibited only sharp diffraction
lines for MgHg[28] (Figure 13; Eq. 19).

Figure 12. X-ray powder diffraction pattern of MgCd (o, MgCd3),
prepared from CdCl2 and Mg in the presence of 10 mol-% of MgA

Figure 10. X-ray powder diffraction pattern of Mg3Bi2, prepared
from BiCl3 and Mg*; o, diffraction lines of Bi

Figure 13. X-ray powder diffraction pattern of MgHg, prepared
from HgCl2 and MgA

Figure 11. X-ray powder diffraction pattern of Mg3Sb2 (1 Sb),
prepared from SbCl3 and MgA; o, diffraction lines of Sb (after

annealing, 400°C)

Conclusion

Magnesium intermetallics with heavier group 12215 met-to give a solid of composition Mg1.28Cd(MgCl2)0.02(CH2)1.9

(Expt. 8.1) which exhibited strong X-ray powder diffraction als, which were previously known only in bulk form[8], can
now be prepared in a highly active, nanocrystalline orlines for MgCd and a weak reflection for MgCd3

[27] (Figure
12). The formation of a mixture of Mg2Cd intermetallics amorphous state using a wet-chemical method (Eqs. 123).

Eur. J. Inorg. Chem. 1998, 169921710 1705
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up to room temperature over a period of 18 h to give a black sus-They have, through metathetical exchange reactions (Eqs.
pension. The Ga* was allowed to settle on the bottom of the flask13 and 14), a synthetic potential as reagents for inorganic
and the green- or yellow-coloured supernatant liquid was removed.and organometallic chemistry, especially for the preparation
The solid was washed with several portions of fresh THF until theof bimetallic noble metal2main-group metal heterogeneous
supernatant liquid was colourless. The metal could also be isolatedcatalysts[16] [17] [18] [29] [30]. In this sense, they represent main-
by separating the reaction slurry using a centrifuge and, after wash-

group metal counterparts of inorganic Grignard reagents[1]
ing, transferring the solid suspended in fresh THF, into a Schlenk

(see Introduction). In addition, the low-temperature, kine- flask.
tically controlled processes, such as for example in Eqs. 13

Mg2Ga5 from Ga* and MgA: 3.67 g (8.7 mmol) of MgA wasand 14, may be suitable for the preparation of as yet un-
transferred at room temperature to the Ga* suspension (see above)

known metastable systems. in 100 ml of THF. The reaction mixture immediately turned green
(reaction of MgA with residual MgCl2 to form the radical anionThe authors thank Prof. Dr. C. Krüger, Dr. C. Lehmann, Dr. B.
complex Mg2Cl3(THF)6

1 A2 • [34]). After stirring at room tempera-Tesche, and their coworkers (Max-Planck-Institut für Kohlenfor-
ture for 24 h, the product was allowed to settle from the suspensionschung) for conducting and discussing the XRD, DSC, TEM, and
(now dark grey- or black-coloured), washed with several portionsEDX analyses, and Dr. J. S. Bradley for useful comments. Financial
of THF, and dried under high vacuum. 1.53 g (83%) of Mg2Ga5support by the Fonds der Chemischen Industrie is gratefully
was obtained as a crystalline, black pyrophoric powder. Only dif-acknowledged.
fraction lines corresponding to Mg2Ga5

[7] were noted in the X-ray
powder diffraction pattern (Figure 1).

MgTl from TlCl and MgA (Expt. 3.2): Solid TlCl (1.18 g, 4.92Experimental Section
mmol) was added in small portions to a stirred suspension of MgAInstruments: X-ray diffraction patterns: STOE, STAD/2/PL pow-
(15.0 mmol) in THF (100 ml) at room temperature. From time toder diffractometer, Cu-Kα1 radiation; the samples were filled into
time 1.0-ml samples were taken from the stirred suspension,glass capillaries. HREM images: field emission TEM, Hitachi HF
quenched with 3.0 ml of a toluene/CH3OH mixture (25:1 vol./vol.)2000, 200 keV. DSC: DuPont 9900; four points temperature and
containing a known amount of n-C16H34 as an internal standardheat calibration method; heating rate, 10°C/min; Al crucible. EX-
and the content of A in quenched samples determined by GC. De-AFS[31] spectra were recorded at station 9.2 at the SRS, Daresbury
pendence of the concentration of A in solution (mol A/mol Tl)using a Si(220) double-crystal monochromator (storage-ring con-
from the reaction time (h): 0.21(0.17), 0.43(1.0), 1.29(8), 1.37(24),ditions: ca. 2.0 GeV, 1502200 mA). In all cases, data were collected
1.52(120).in transmission mode. For the measurements, the material was

mixed with PE and pressed to form self-supporting wafers. During After 170 h, the black suspension was filtered, the precipitate
the experiments the samples were kept under argon. To eliminate washed several times with THF (until the washing liquids become
higher harmonics the second monochromator crystal was detuned, colourless) and dried in vacuum. MgTl (0.95 g, 81%) was obtained
reducing the intensity of the X-ray beam to 65% (Pd-K and Sn-K as a silvery shining powder. For the discussion of the DSC analysis
absorption edges) or 50% (Pb-LIII, Cu-K absorption edges) of its of MgTl, see the general section. The X-ray diffractogram of MgTl
maximum value. During the experiments, the energy calibration of is shown in Figure 2.
the monochromator was checked with metal foils. Photoelectron

Sn* from SnCl2 and MgA at Room Temperature (Expt. 4.1): To
threshold energies of 24350 eV, 29202 eV, 13055eV, and 8981 eV

a cooled and stirred suspension of 6.45 g (15.4 mmol) of MgA in
were chosen for the Pd-K, Sn-K, Pb-LIII and Cu-K absorption

50 ml of THF was added, in one portion, a solution of 3.21 g (16.9
edges, respectively. Data evaluation was performed in k space using

mmol) of anh. SnCl2 in 50 ml of THF; the temperature of the
the program package[32] and amplitude and phase data calculated

reaction mixture rose from 13 to 25°C and a black solid precipi-
with the program FEFF6[33]. The usable k ranges were 2.9210.2

tated. During the subsequent stirring of the reaction mixture at
Å21 at the Cu-K edge, 2.4214.3 Å21 at the Sn-K edge, 2.8212.2

room temperature, samples (2 ml) of the solution were taken, and
Å21 at the Pb-LIII edge and 2.4212.3 Å21 at the Pd-K edge.

by complexometric titration it was determined that the deposition
Analyses: Elemental analyses and AAS measurements: Dornis of tin had already been completed after about 3 min. After this

and Kolbe, Mülheim an der Ruhr, Germany. time, upon the hydrolysis of an aliquot of the solution, a molar
ratio of A/9,10-dihydroanthracene (DHA) of 30:1 was determined

Materials: Magnesium anthracene ·3 THF (MgA).[2] Mg powder
by GC. The suspension was filtered, the precipitate was washed(270 mesh, PK-31), purchased from the Eckart-Werke, Fürth, Ger-
with THF and dried under vacuum. 1.34 g of a black powder wasmany, was used in all experiments unless otherwise stated. THF
obtained which had the composition and the specific surface areawas boiled for several hours over MgA[2] and subsequently distilled
as given in Table 4.under argon. All experiments and manipulations with air-sensitive

materials were performed under dry argon. Vacuum 5 0.120.2 Sn* from SnCl2 and MgA at Low Temperatures (Expt. 4.2): A
mbar; high vacuum 5 1023 mbar. cooled (ca. 230°C) solution of SnCl2 in THF was added to a

stirred suspension of MgA in THF which had been cooled to
Two-Step Preparation of Mg2Ga5. 2 Active Gallium (Ga*) from

270°C. The suspension was allowed to warm up to room tempera-
GaCl3 and MgA (Expt. 3.1): 13.0 g (31 mmol) of MgA was sus-

ture (24 h) and thereafter stirred at room temperature for another
pended in 50 ml of THF. 50 ml of a 0.45  solution of GaCl3 in

24 h. A small part of Sn* was isolated by filtration, washing with
THF (22.5 mmol; GaCl3 solutions in THF must be stored at #

THF and drying under vacuum. The Sn* thus obtained exhibited
220°C, because at room temperature the solution eventually solidi-

in XRD only broad, diffuse diffraction lines for Sn.
fies due to cationic polymerisation of THF) was added over a per-
iod of 0.5 h into the stirred MgA suspension previously cooled to Preparation of the Sn*/Mg2Sn 5 1:1 Mixture from SnCl2 and

MgA and the Subsequent Reaction of the Mixture with SnCl2 to give278°C. The colour of the suspension changed from orange to a
dark brownish black. The stirred suspension was allowed to warm Sn* (Expt. 4.3): To a stirred solution/suspension of 6.94 g (16.6

Eur. J. Inorg. Chem. 1998, 1699217101706



Magnesium Anthracene Systems, 10 FULL PAPER
Table 3. Mg2Ga5 and MgTl from MCln (M 5 Ga, Tl) and MgA

MCln MgA MCln/MgA THF react. temp. [°C]/ solid elem. composition [%] yield[a] DSC XRD
[g] molar react. time [h] Mg M Cl C H

expt. (mmol) [mmol] ratio [g] empirical formula [%]

1 GaCl3 31.0 1:1.38 100 278/0.5
3.96 278 R r. t./18 not isolated
(22.5)

8.7 0:0.39 r. t./24 1.53 13.7 85.1 0.17 0.61 0.30 83 n.d. Mg2Ga5
Mg2.31Ga5Cl0.02C0.2H1.2 (Figure 1)

2 TlCl 15.0 1:3 100 r. t./170 0.95 9.0 85.8 0.15 0.91 0.19 81 see MgTl
1.18 Mg0.88TlCl0.01C0.2H0.5 text (Figure 2)
(4.92)

[a] Based on M.

mmol) of MgA in 50 ml of THF was added dropwise a solution of The TEM photograph of Mg2Sn taken from the experiment is
reproduced in Figure 3; point-by-point EDX analyses of the nano-1.56 g (8.2 mmol) of anhydrous SnCl2 dissolved in 50 ml of THF

at room temperature over a period of 1 h, whereupon a black sus- crystals gave Mg/Sn ratios ranging between 1.7 and 2.7, the ma-
jority of analyses giving a value of 2.0. Traces of Cl but no free Mgpension formed. After stirring at room temperature for 1 h, a 2-ml

sample of the suspension was protolyzed with 2 ml of a mixture of or Sn could be identified by EDX. The results confirm the forma-
tion of the intermetallic Mg2Sn.toluene/CH3OH, 25:1, (using n-C16H34 as an internal standard) and

analyzed by GC, whereafter the batch contained 15.4 mmol of an- Monitoring of the Reaction SnCl2 and MgA to form Mg2Sn at
thracene and 0.3 mmol of 9,10-dihydroanthracene. Analysis of the 0°C (Expt. 4.5): 32.1 mmol of MgA was suspended in 125 ml of
deep-blue THF solution by complexometry showed 9.4 mmol of THF, the suspension was cooled to 0°C and kept at that tempera-
Mg21 and 0.01 mmol of Sn. The suspension was filtered, and the ture throughout the experiment by means of a cryostat. To the
solid was washed with THF until the washing liquid was colourless. stirred suspension were added 1.48 g (7.8 mmol) of solid SnCl2. 2.0
After drying under vacuum, 1.17 g of black pyrophoric solid was ml samples were taken periodically (see Figure 4) from the stirred
obtained which had the composition Mg 12.4, Sn 60.5, C 1.9, H suspension, quenched with a standard solution (see Expt. 3.2) and
0.3% (Mg/Sn 5 1:1). After hydrolysis (H2O 1 5  H2SO4, 1:1) of the content of A and DHA in the hydrolyzed samples with respect
a sample of the solid and GC analysis of the organic portion, the to the standard were determined by GC analysis. Analogous experi-
solid contained 0.03% of anthracene. According to the X-ray pow- ments were also carried out with equimolar amounts of SnF2,
der analysis the solid was a mixture of Mg2Sn with elemental Sn. SnBr2, and SnI2, and the same amounts of MgA and solvent. The

results are graphically represented in Figure 4.The preparation of the 1:1 mixture of Mg2Sn 1 Sn* was repeated
in the same manner as described above and was confirmed by X- The Two-step Preparation of Mg2Sn from SnCl2 and MgA (Expt.
ray powder analysis of an isolated small sample of the solid. The 4.6): A solution of 7.7 mmol of SnCl2 in 30 ml of THF was added
moist solid left after filtration was suspended in 50 ml of THF, the dropwise to a stirred suspension of 7.7 mmol of MgA in 100 ml of
stirred suspension was mixed with a solution of 8.2 mmol of SnCl2 THF. The black suspension of Sn* was stirred at room temperature
in 47 ml of THF, and the mixture was stirred at room temperature for 1 h. The suspension was then cooled down to 0°C and an ad-
for 7 h. The suspension was filtered and the solid was washed with ditional 24.5 mmol of MgA added. The progress of the stirred-
THF and dried under vacuum. According to the X-ray diffractog- batch reaction at 0°C was monitored as described in Expt. 4.5 and
ram, only Sn, with no Mg2Sn, was present in the solid. is represented graphically in Figure 4. The Mg2Sn thus prepared

was isolated and analyzed as described for Expt. 4.4; X-ray dif-Mg2Sn from SnCl2 and MgA (Expt. 4.4): 35 ml of a 0.217 
fractogram, see Figure 5.solution of SnCl2 in THF (7.6 mmol) was added dropwise within

15 min to a stirred suspension of 12.82 g (30.6 mmol) of MgA in Mg2Sn from SnCl2 and MgA at Low Temperature (Expts. 4.7 and
100 ml of THF. (Solutions of SnCl2 in THF are stable at room 4.8): The experiments were conducted in an analogous manner to
temperature for only ca. 15 min, but can be stored for long periods Expt. 4.4, except that SnCl2 was added to MgA each time at 270°C
of time at 220°C.) The colour of the suspension changed from and, thereafter, the temperature of the reaction mixtures slowly
orange to olive green-black during the slightly exothermic reaction. raised from 270°C to room temperature (see Table 4). The Mg2Sn
After stirring for 3 h, the suspension was filtered (D4 sinter) and thus prepared (Expt. 4.7) exhibited in the X-ray diffractogram only
the solid washed with ca. 100-ml aliquots of THF. The filtrate was broad diffuse reflections characteristic of the intermetallic and Sn.
yellow-green (unreacted MgA) and at the final washing colourless. The Mg2Sn prepared in Expt. 4.8 was used for the reaction with
GC analysis of the combined filtrate showed 25.5 mmol of A and CuCl2 to form a Cu2Sn alloy (see Expt. 6.1).
3.4 mmol of DHA to be present. The black solid was dried under

Mg2Pb from PbCl2 and MgA at Low Temperatures (Expt. 5.1):vacuum. Mg2Sn (1.39 g, 87%) was obtained as a crystalline, black
The experiment was conducted in the same manner as Expts. 4.7pyrophoric powder with the composition and the specific surface
and 4.8. The XRD powder pattern of the reaction product wasarea as given in Table 4. A DSC analysis of a sample of Mg2Sn
consistent with Mg2Pb, except for very weak reflections for Pb;thus prepared showed no endothermic peak up to 300°C (con-
Mg2Pb thus prepared was used for the reaction with PdCl2 to formfirming the absence of Sn, m.p. 231.97°C, or of a Sn2Mg2Sn eutec-
a Pd2Pb alloy (Expt. 6.2).tic, m.p. 203.5°C), but a weakly exothermic peak at 219°C. An X-

ray diffractogram of a sample of Mg2Sn was in accordance with Mg2Pb from PbCl2, Mg Powder and 10 mol-% of MgA (Expt.
5.2): A suspension of 1.69 g (6.1 mmol) of PbCl2, 19.1 mmol ofthe line diagram of Mg2Sn from ref. [35].
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Table 4. Sn* and Mg2Sn from SnCl2 and MgA

SnCl2 MgA SnCl2/MgA THF react. temp. [°C]/ solid elem. composition [%] yield[a] sp. surf. XRD
[g] molar react. time [h] Mg Sn Cl C H area

expt. (mmol) [mmol] ratio [g] empirical formula [%] [m2g21]

1 3.21 15.4 1:0.9 100 r. t./2 1.34 1.2 96.8 0.35 nd 65 16.2 nd
(16.9) Mg0.06SnCl0.01

2 8.20 40.0 1:0.92 280 270 R r. t./24 0.94[b] 0.57 97.9 0.74 0.44 0.1 nd nd Sn
(43.3) r. t. / 24 Mg0.03SnCl0.02C0.04H0.1

3 1.56 16.6 1:2 100 r. t./1 1.17 12.4 60.5 nd 1.9 0.3 73 nd Mg2Sn[c]

(8.2) MgSnCl0.3H0.6 1 Sn

4 1.44 30.6 1:4 135 r. t./3 1.39 26.8 61.8 1.3 8.8 1.1 87 72.8 Mg2Sn[d]

(7.6) Mg2.1SnCl0.07C1.4H2.0

5 1.48 32.1 1:4.1 125 0/48 1.21 25.4 62.0 1.5 9.4 1.4 81 70.3 Mg2Sn[e]

(7.8) Mg2SnCl0.08C1.5H2.7 (1 Sn)

6 1.44 7.7 1:1 130 r. t./1
(7.6)

24.5 0:3.2 0/122 1.21 27.8 63.6 0.75 2.3 0.6 81 85.5 Mg2Sn[e][f]

Mg2.13SnCl0.04C0.4H1.0

7 5.31 97.3 1:3.5 300 270 R 240/2 5.32 22.4 59.1 2.1 9.3 1.4 95 54.8
(28.0) 240 R r. t./22 Mg1.85SnCl0.1C1.6H2.8

8 2.49 45.4 1:3.5 220 270 R r. t./6 [g]

(13.1) r. t./96

[a] Based on Sn. 2 [b] Only a small fraction of the solid was isolated. 2 [c] Reaction with SnCl2 to give Sn, see text. 2 [d] TEM photograph,
see Figure 3. 2 [e] Progession of the reaction with time, see Figure 4. 2 [f] XRD in Figure 5. 2 [g] Not isolated; used for the reaction
with CuCl2 (Expt. 6.1).

Mg powder and 1.9 mmol of MgA in 200 ml of THF was stirred A Cu(Mg)Sn Alloy from Mg2Sn and CuCl2 (Expt. 6.1): The
Mg2Sn suspension in THF (Expt. 4.8) was allowed to settle, thefor 10 days at 0°C. During the first 24 h of reaction the total

amount of Mg21 analyzed in the THF solution increased to 7.3 green supernatant solution was syphoned off, 50 ml of THF was
added to the Mg2Sn, the resulting suspension was stirred for 30mmol and, thereafter, remained constant. Hydrolysis of an aliquot

of the THF solution gave 1.5 mmol of n-butanol, expressed in min, and the solution was again syphoned off. This operation was
repeated two more times. Then, Mg2Sn was suspended in 100 mlterms of the whole solution (GC analysis) 2 the product of THF

cleavage by Mg[23a]. Mg2Pb was isolated from the THF solution in of fresh THF, the suspension was mixed with 3.48 g (25.9 mmol)
of anhydrous CuCl2 and was stirred at room temperature for 65 h.the same way as described in Expt. 4.4. XRD powder pattern in

Figure 6. The black suspension was filtered, the solid was washed 4 or 5

Table 5. Mg2Pb from PbCl2 and MgA or Mg powder and 10 mol-% of MgA

PbCl2 MgA or Pb/Mg THF react. temp. [°C]/ solid elem. composition [%] yield[a] sp. surf. XRD
[g] Mg 1 MgA ratio react. time [h] Mg Pb Cl C H area

expt. (mmol) [mmol] [g] empirical formula [%] [m2g21]

1 4.84 MgA 1:3.7 300 278 R r. t./24 4.70 15.3 70.7 1.0 4.5 0.6 92 10.7 Mg2Pb[b]

(17.4) 64.7 r. t./72 Mg1.84PbCl0.08C1.1H1.8 (1 Pb)

2 1.69 Mg 19.1 1:3.5 200 0/260[c] 1.56 15.6 71.6 0.98 3.3 0.5 90 nd Mg2Pb[d]

(6.1) 1 MgA 1.9 Mg1.86PbCl0.08C0.8H1.4 (1 Pb)

[a] Based on Pb. 2 [b] Used for the reaction with PdCl2 (Expt. 6.2). 2 [c] According to the amount of Mg21 in the THF solution, the
reaction was complete after ca. 20 h. 2 [d] XRD powder pattern in Figure 6.

Table 6. Cu2Sn and Pd2Pb alloys from Mg2Sn, Mg2Pb and the respective metal chlorides (M9Cl2)

Mg2M M9Cl2 Mg2M: THF react. time[a] solid elem. composition [%] yield[b] sp. surf. XRD
[g] M9Cl2 M9 Mg M Cl C H area

expt. (mmol) (mmol) molar ratio [ml] [h] [g] empirical formula [%] [m2g21]

1 Mg2Sn CuCl2 1:2 150 65 3.23 41.5 2.4 47.6 1.9 3.6 0.5 99 31.2 Cu6Sn5
(13.1) (25.9) Cu1.64Mg0.25SnCl0.13C0.4H1.2 1 Cu3Sn[c]

2 Mg2Pb PdCl2 1:2.2 30 170 0.99 44.4 0.6 45.4 2.4 1.4 0.3 100 18.9 Pd3Pb
(2.14) (4.8) Pd1.90Mg0.12PbCl0.31C0.9H1.4 1Pd3Pb2

[c]

[a] Room temperature. 2 [b] Based on M. 2 [c] After heating the sample to 400°C.
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times with THF and was dried under high vacuum, yielding 3.23 Mg3Bi2 from BiCl3 and Mg* (Expt. 7.2): The experiment was

conducted in the same manner as in Expt. 7.1. XRD powder pat-g of an Mg-containing Cu2Sn alloy which had the composition
shown in Table 6. The EXAFS spectra of the Cu(Mg)Sn alloy are tern in Figure 10.
shown in Figure 7 and discussed in the text. In the filtrate of the (Mg3Sb2 1 Sb) from SbCl3 and MgA (Expt. 7.3): SbCl3 was
batch were found 20.6 mmol of Mg21 by way of an analysis (79%). added to the stirred suspension of MgA in THF. The reaction mix-

ture was stirred for several days at room temperature. The solidA Pd(Mg)Pb Alloy from Mg2Pb and PdCl2 (Expt. 6.2): 0.85 g
(4.8 mmol) of anhydrous PdCl2 was added to a stirred suspension was isolated in the same manner as described in Expt. 7.1. After a

hydrolytic work-up of the solid, THF and anthracene were ident-of 0.63 g of Mg2Pb from Expt. 5.1 (2.14 mmoles Pb) in 30 ml of
THF. The suspension was stirred for 7 d at room temperature, fil- ified in the organic phase by mass spectrometry.
tered and the resulting solid washed with THF and dried under MgCd(1 MgCd3) from CdCl2, Mg Powder and a Catalytic
high vacuum. Yield: 0.99 g of a black powder of the composition Amount of MgA (Expt. 8.1): A mixture of 1.33 g (7.24 mmol) of
as given in Table 6. The EXAFS spectra of the Pd(Mg)Pb alloy are anhydrous CdCl2 and 0.38 g (15.8 mmol) of Mg powder in 100 ml
shown in Figure 8 and discussed in the text. Mg21 content of the of THF was stirred at room temperature for 72 h; during this time,
filtrate: 4.1 mmol. no reaction took place between CdCl2 and Mg, as shown by the

absence of any MgCl2 in the THF solution. After addition of 1.0Mg3As2 from AsCl3 and Mg* (Expt. 7.1): 9.21 g (22.2 mmoles)
of MgA was suspended in 400 ml of toluene and stirred at room mmol of MgA, the mixture was stirred for an additional 48 h, after

which 11.0 mmol of Mg in the form of MgCl2 (65.4% of the totaltemperature for 24 h yielding a fine grey suspension of Mg*. Most
of the solvent toluene was removed by decanting leaving ca. 40 ml amount of Mg used) was determined by complexometry in the

solution (Cd12 ions were masked by addition of KCN). Afterof toluene with Mg*. After adding 100 ml of THF and 1.30 g (7.15
mmol) of AsCl3 to Mg*/THF suspension, the reaction mixture was further stirring for several days, the concentration of MgCl2 in the

THF solution remained almost unchanged. Filtration, washingstirred for 5 d at room temperature. After filtration, washing with
THF and pentane, and drying under vacuum, 0.95 g of Mg3As2 with THF and drying under high vacuum yielded 0.91 g of a grey

powder with the composition given in Table 8. The X-ray patternwas obtained as a deep brown pyrophoric powder. XRD powder
pattern in Figure 9. of the powder (Figure 12) exhibited, in addition to one weak signal

Table 7. Mg3M2 (M 5 As, Sb, Bi) Zintl phases from MCl3 and Mg*, Mg powder or MgA

MCl3 M*(Mg) MCl3/Mg THF reaction[a] solid elem. composition [%] yield[b] sp. surf. XRD
[g] or MgA molar time Mg M Cl C H area

expt. (mmol) [mmol] ratio [ml] [h] [g] empirical formula [%] [m2g21]

1 AsCl3 Mg* 1:3.1 100 120 0.95 27.2 55.3 3.3 6.7 1.3 98 167.7 Mg3As2
[c][d]

1.30 22.2 Mg1.51AsCl0.12C0.8H1.8 (1 MgO)
(7.15)

1a AsCl3 Mg 1:3.2 50 72 0.66 29.7 60.8 2.3 1.6 0.4 55.3 Mg3As2
19.8 Mg1.50AsCl0.08C0.2H0.5 (1 Mg 1

As)[e]

2 BiCl3 Mg* 1:3.1 100 48 1.80 14.1 80.2 1.5 3.5 0.6 97 67.9 Mg3Bi2
2.25 Mg1.51BiCl0.11C0.8H1.5 (1 Bi)[f]

(7.14) 22.3

3 SbCl3 MgA 1:3.2 160 290 1.29 19.4 64.3 1.2 8.9 1.5 100 153.9 Mg3Sb2
1.55 Mg1.51SbCl0.06C1.4H2.8 1 Sb[g]

(6.78) 21.7

[a] Room temperature. 2 [b] With respect to M. 2 [c] After 24 h at 400°C. 2 [d] XRD in Figure 9. 2 [e] After heating the sample to 400°C
for 24 h, X-ray diffractogram shows only Mg3As2. 2 [f] Untempered sample; XRD in Figure 10. 2 [g] After the sample had been heated
to 400°C for 24 h; XRD in Figure 11.

Table 8. Mg2Cd and Mg2Hg intermetallics from the corresponding metal chlorides and Mg powder in the presence of MgA, or MgA

MCl2 Mg 1 MgA MCl2/Mg THF react. time[a] solid elem. composition [%] yield[b] sp. surf. XRD
[g] or MgA molar ratio Mg M Cl C H area

Expt. (mmol) (mmol) [ml] [h] [g] empirical formula [%] [m2g21]

1 CdCl2 Mg (15.8) 1:2.2 100 72 0.91 17.4 62.4 0.5 12.9 2.3 70 nd MgCd[c]

(1.33) 1MgA (1.0) Mg1.29CdCl0.03C1.94H1.19 (1
MgCd3)

(7.24) (Figure
12)

2 HgCl2 MgA 1:3.8 40 120 0.82 12.1 75.8 0.1 6.0 0.6 79 12.1 MgHg[c]

1.06 (14.9) Mg1.32HgCl0.01C1.32H1.65 (Figure
13)

(3.9)

[a] At room temperature. 2 [b] With respect to M. 2 [c] Untempered sample.
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The possibility of grafting a series of alkyl polyacrylates and trimethylsilyloxyethyl methacrylate)] to be electrografted
onto Ni. This observation is consistent with a competitionpolymethacrylates onto a nickel cathode by electropoly-

merization of the parent monomers has been investigated process between the monomer and the solvent for being
adsorbed on the cathode and amassing in its very closeand has emphasized the critical importance of the solvent

used. Indeed, the intensity of the inhibition peak, which is vicinity. The outcome of this competition is controlled by the
relative polarity (in case of low donicity) and the relativethe electrochemical mark of the cathode passivation as result

of the polymer grafting, clearly depends on both the polarity donor-acceptor properties (when the difference is high
enough) of the monomer/solvent pair, and by the monomerand the donor-acceptor properties of the solvent. The

Gutmann concept is used to account for these experimental concentration (in case of weak competition). A semi-
quantitative relationship has also been observed betweenresults. An increase in the donicity of the solvent used for the

electrochemical medium has allowed, for the very first time, the monomer ability to be electrografted and the electron-
accepting character of the vinyl β-carbon atom as measuredseveral polyacrylates and polymethacrylates [such as

poly(ethyl acrylate), poly(methyl methacrylate), and poly(2- by 13C NMR.

Introduction highly stable interaction between PAN and the metal in the
potential range of peak I. When this potential is increased

Although electrochemistry is a well-known technique for further (Figure 1, peak II), the originally “grafted” PAN is
coating various conducting substrates by an organic poly- debonded and dissolved in DMF and the polymerization
mer, the achievement of a stable polymer-metal association occurs in solution[7] [8].
is usually a challenge, since a poor and short-lived interfa-
cial adhesion is the rule[1] [2].

According to the pioneering work by Lécayon et al. [3] [4], Figure 1. Voltammetry of AN on nickel in a 0.05  TEAP solution
in DMF; [AN] 0.5 ; v 5 20 mVs21we have confirmed in a previous paper[5] that polyacrylo-

nitrile (PAN) could be cathodically electrografted onto sev-
eral transition metals (Ni, Cu, Fe), and made clear that
peak I, observed by voltammetry (Figure 1) is the mark of
the grafting reaction. The term grafting, which implies a
chemical bonding of the polymer to the metal, has been
used by these authors on the basis of X-ray emission spec-
troscopy (EXES) analysis [6]. This quite unusual and pro-
mising reaction, originally reported in acetonitrile (ACN),
which is a nonsolvent for the polymer (PAN), has been con-
firmed in a good solvent such as dimethylformamide
(DMF)[5]. This observation is a convincing evidence for a
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Until now, only very few monomers are known for their nitrile group and vinyl end, whereas it does not interact

strongly with zinc[22]. These authors have also shown thatcapability of being grafted onto a metallic cathode. In ad-
dition to polyacrylonitrile that has been most extensively formation of a σ complex between the β-carbon atom of

the acrylonitrile C2C double bond and the metal atom isstudied, grafting of poly(p-chlorostyrene) has been reported
some years ago by Deniau et al. [9]. This conclusion might, favorable in a moderate electric field, the nitrile substituent

of the monomer being aligned along the field[8]. All thesehowever, be distorted by the parasitic loss of the chlorine
atom simultaneously observed. A cross-linking reaction[10] results emphasize the importance of the monomer adsorp-

tion. The voltammetric curves also suggest that an ad-gives a better account for the intrinsic insolubility of that
polymer in the solvent used (ACN) and thus for the pres- sorbed species is involved in the charge-transfer step[23].

The important role played by the solvent in interfacial ad-ence of the deposited film. The case of polymethacryloni-
trile, recently reported by Tanguy et al. [11] [12], is less am- sorption processes has been known for a long time in elec-

trochemical experiments[24]. Displacement of solvent mol-biguous, since this polymer is known to be soluble in the
reaction medium (ACN). Furthermore, according to these ecules by an electroactive molecule is the rule[25] and com-

petitive adsorption of different species is a phenomenonauthors, infrared spectra did not show any structural modi-
fication indicating cross-linking[11]. Nevertheless, they commonly observed in these experiments[26]. Consistently,

we have recently reported on the influence of the solventnoted that the electrografting of polymethacrylonitrile in
acetonitrile strongly depended on the monomer concen- polarity on the acrylonitrile electrografting, in particular on

the monomer concentration in the electrical double layer oftration, without giving a satisfactory explanation for this
experimental observation. the electrode[7]. In this paper, we will discuss the problem

of the competitive monomer/solvent adsorption for a seriesIt is clear from the “state of the art” that the actual weak-
ness of the electrografting reaction is the severe restriction of solvent/monomer pairs, in reference to the well-known

Gutmann donor2acceptor concept[27] [28], which is a widelyon the choice of the polymer to be grafted. Discovery of
new monomers prone to electrografting and able to make a accepted criterion in electrochemical processes[29] [30]. It will

be shown, that the adequate choice of the solvent donor2stable organic coating reactive is highly desirable for specific
technological applications (adhesion in composite materi- acceptor properties with respect to the monomer, is a very

powerful tool for qualitatively predicting the electrograftingals, ...). The purpose of this paper is to search for exper-
imental conditions under which the electrografting reaction of a series of polymers widely used for technological appli-

cations [such as poly(ethyl acrylate), poly(methyl metha-known for acrylonitrile and methacrylonitrile could be ex-
tended to a large set of vinyl monomers. There is indeed a crylate) and poly(2-trimethylsilyloxyethyl methacrylate)]

(Scheme 1), and known as “ungraftable” until now. A se-complete lack of information that could serve as a guideline
for increasing the range of electrografted organic coating. miquantitative criterion will be proposed to evaluate the

grafting capacity of new monomers and which solventIt is interesting to note that the problem of polymer ad-
hesion on various surfaces in different solvents has been would be most appropriate to this purpose.
discussed in terms of acid-base interactions between poly-
mer and solid, polymer and solvent, and solvent and solid,
in order to explain polymer deposition in a particular me- Results and Discussion
dium[13] [14]. The problem is, however, more complex when
the polymer is formed in situ by electropolymerization, It has been observed for the first time that an acrylate

other than acrylonitrile, i.e. ethyl acrylate, could be graftedsince an additional partner has to be considered, i.e. the
monomer. Furthermore, at the very first step of the process, onto nickel, just by substituting DMF for the commonly

used ACN solvent. This observation has led to the detailedonly monomer and solvent may compete for adsorption on
the metal, which is actually the electrode where electropoly- analysis reported in this paper.

For the sake of completeness, it must be noted that themerization is initiated. Once a polymer is formed, sites orig-
inally available to polymerization initiation would be pro- widely described behavior of acrylonitrile will serve as a

reference to establish whether the grafting of the monomersgressively occupied until the complete passivation of the
electrode. Nevertheless, during the whole process, a com- considered in this work, occurs or not. Numerous criteria

have thus to be considered and have been systematicallypetitive monomer/solvent adsorption on sites left unoccu-
pied has to be operative and to control the electrochemical checked for each monomer considered in this study. Since

the aim of this paper is to report on the critical effect of thereaction. It is therefore of prime importance to focus on the
monomer adsorption on the cathode, a prerequisite step for solvent on the electrografting course, this systematic part of

the work is not detailed here, but summarized as fol-the polymer grafting according to the early works by Lé-
cayon et al. [15]. In line with these considerations, the ad- lows[5].(i) Both passivation (peak I) and diffusion (peak II)

peaks can be observed in the recorded voltammograms (seesorption of acrylonitrile (CH25CH32CN, the most widely
studied monomer) from gas phase and liquid phase has Figure 1 as an example). (ii) When electrolysis is carried out

in the potential range of peak I (Ep1), a thin polymer filmbeen experimentally studied in case of metal substrates, i.e.
copper[16], gold[17], platinum[18], silver[19], and nickel [20]. is formed on the cathode, even in a good solvent for the

polymer. No cross-linking reaction may account for this in-According to theoretical models, acrylonitrile interacts with
the surface of copper, nickel, and iron[8] [21] through both solubility. When a second forward scan is carried out in this
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Figure 2. Voltammetry of EA on nickel in a 0.05  TEAP solutionpotential range, the current intensity cannot be recovered
in: a) ACN, [EA] 5 5·1022 ; b) DMF, [EA] 5 2 ; v 5 20 mVs21

as a consequence of the cathode passivation. Except when
mentioned in the discussion, no unbound polymer is
formed in the potential range of peak I, as attested by a
lack of polymer precipitation when the electrochemical bath
is poured into a nonsolvent for this polymer. The intensity
of peak I (ip1) decreases when the monomer concentration
is increased as result of a more rapid formation of an insul-
ating film. No linear relationship between ip1 and v1/2 can
be found (v is the potential scanning rate). (iii) ip2 increases
with the monomer concentration and a linear relationship
between ip2 and v1/2 confirms the diffusion-controlled ori-
gin of peak II. Chain propagation then occurs indepen-
dently of the cathode (as confirmed by precipitation of the
polymer from the electrochemical bath).

Ethyl Acrylate (EA) Reduction in Acetonitrile (ACN) and in
Dimethylformamide (DMF)

Cathodic scans have been carried out in an extended
range of EA concentration (5·1022 to 2 ) in ACN, and
only one reduction peak of high intensity is observed (Fig-
ure 2a). This unique peak has been previously identified
as a diffusion peak, since the peak intensity (ip2) linearly
increases with the square root of the potential scanning
rate[5]. ip2 is also observed to increase upon increasing EA
concentration, while its potential (Ep2) becomes more ca-
thodic. Polymerization then occurs in the electrochemical
solution.

The experiments have been repeated in DMF. Starting
from the lowest concentration (1022 ), as in ACN, the dif-
fusion peak alone was noticed. Above 0.5  EA concen-
tration, this unique peak splits in two resolved components
of highly different intensity, as shown by voltammetry on
nickel in Figure 2b. Actually, the resolution of the two
peaks (thus the distance they are apart from each other)
increases and the intensity of peak I (ip1) decreases, when
the monomer concentration is increased (Table 1). As pre-
viously concluded from the AN electrografting[5], the vol- Table 1. Intensities of peak I (ip1) for various EA concentrations
tammogram strongly depends on the monomer concen- in DMF; v 5 20mVs21

tration and on the polymerization kinetics. When the EA
Solvent [EA] 5 0.1  [EA] 5 0.5  [EA] 5 1  [EA] 5 2 concentration is increased, the time required for the forma-

tion of an insulating film onto the cathode decreases, and
DMF [a] 500 µA 400 µA 300 µAso does ip1 since the inhibition occurs faster. When elec-

trolysis is carried out in the potential range of peak I, the [a] Peak I superimposed to peak II.
current drops down to zero and only a residual current is
observed when the potential scan is repeated. Even though
the experiment was conducted in DMF, a good solvent for explained by a competition between the solvent and the

monomer. Depending on this competition, the actualpoly(ethyl acrylate) (PEA), a film is clearly bound on the
nickel electrode and is responsible for the cathodic passiva- monomer concentration at the cathode will be or will not

be high enough for observing the cathode passivation. Sincetion. Infrared spectroscopy carried out ex situ confirms the
deposition of a PEA film (Figure 3a), since the IR spectrum ACN and DMF have a very comparable polarity

[ε(ACN) 5 38.0; ε(DMF) 5 36.1], this parameter cannotis identical to the one recorded for a reference PEA film
prepared by free-radical polymerization (Figure 3b). The explain why EA is not electrografted to the cathode in

ACN, although it is in DMF above a defined concentration,four main bands at 2983, 1740, 1456 and 1183 cm21 have
been assigned to νas(CH2), ν(C5O), δ(CH2), and ν(C2O). all the other conditions being the same. The Gutmann do-

nor-acceptor approach[27] [28] could however be a betterAs discussed in a previous paper[7], the solvent polarity
has a critical effect on the electrografting and this has been basis for the qualitative comparison of the solvent and the
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Figure 3. Infrared spectrum of a) a PEA film deposited on Ni from been used as a standard for both acceptor number and do-
a solution of [EA] 5 2  in DMF at potential of peak I; b) a free- nor number, in order to emphasize the relationship between

radically prepared PEA casted onto a Ni plate
acceptor properties and their conjugate donicity. Table 2
lists the donor number, the acceptor number and dielectric
constant for the solvents which are used in this study. It is
interesting to note that the acceptor number decreases from
ACN to HMPA, thus in the reverse order to that of the
donor number, although this observation is not the rule
within the Gutmann scale. Under these specific conditions,
the tendency of the solvents (used in this study) to be ad-
sorbed may be discussed in terms of either donor numbers
or acceptor numbers. Since the donor number of these sol-
vents (Table 2) extend over ca. half the donor number scale
(0238.8) whereas the acceptor number (Table 2) cover a
very short range of the acceptor number scale (02129), the
main discussion will refer to the donor number of the sol-
vent without losing sense. DMF is clearly a stronger donor
and a poorer acceptor than ACN. When AN and EA are
compared (Scheme 1), the ester substituent of the poly-
merizable C2C double bond in EA is less efficient than the
nitrile substituent in AN in triggering an electron delocali-
zation. In the chemisorption model proposed by Lécayonmonomer and their possible competition for the occupancy
et al. [15], AN would be properly oriented in the electric fieldof the cathode surface. The donor number is characteristic
at the cathode, as a result of the strong electron-with-of the solvation, coordination, and adsorption properties of
drawing nitrile substituent. The acidic extremity (i.e. the β-the solvent. It is defined for each solvent as the numerical
carbon atom) of AN would accordingly be in an ideal posi-value of the enthalpic variation that occurs when the donor
tion with respect to the reactive sites on the cathode (con-is added to the reference acceptor. Quantitative measure-
sidered as a Lewis base). The β-carbon atom of EA has aments have been carried out by Gutmann et al. [33], in case
lower acceptor capability than AN, which may be a keyof a number of O- and certain N-containing solvent mol-
issue, since adsorption in electrochemistry (here on theecules added to antimony(V) chloride as the reference ac-
cathode) is always a competitive process[24] between the ad-ceptor in 1,2-dichloroethane (the donor number of which
sorbate (the monomer in this case) and the solvent. Indeed,has been assigned to 0). The acceptor number[28] is defined
for an adsorbate molecule to occupy a surface site, a num-as a dimensionless number related to the relative chemical
ber of solvent molecules have to be displaced. It is thereforeshift of 31P in Et3PO dissolved in the particular solvent.
quite reasonable to assume that the electrografting of aHexane and Et3PO2SbCl5 in 1,2-dichloroethane are the
monomer can only occur in a solvent which has a lowerreferences, to which the acceptor numbers 0 and 100,
tendency to be adsorbed onto the cathode site, i.e. a solventrespectively, have been assigned. Antimony(V) chloride has
which is a poorer acceptor and/or a better donor.

Scheme 1
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Figure 4. Voltammetry of EA on nickel (v 5 20 mVs21) in a DMFTable 2. Donor number, acceptor number, and dielectric constant

of different solvents solution, [EA] 5 1 , Ip1 dependence on the addition of ACN: a)
without ACN; b) 1 3% of the volume; c) 1 12% of the volume

Solvents Donor Acceptor Dielectric
number[28] number[28] constant[28]

ACN 14.1 19.3 38.0
PC 15.1 18.3 65.0

DMF 26.6 16.0 36.1
PY 33.1 14.2 12.3

HMPA 38.8 10.6 30.0

Several series of experiments are proposed in this paper
to support this hypothesis. In a first step, the EA/DMF
solution has been added with ACN in order to check the
extent to which the electrochemical mark of the electro-
grafting is perturbed.

In a second step, the electropolymerization of AN will be
compared in four solvents: ACN, PC, PY, and HMPA, that
are all nonsolvents for PAN. ACN and PC have a low and
similar donicity, but highly different polarity. The donicity
of PY and HMPA is high and quite comparable, whereas can occur at a more cathodic potential, as confirmed by the
the polarity is very different (Table 2). The same cathode polymer formation in solution.
(Ni) and the same conducting salt (Et4NClO4, 5·1022 )

Scheme 2will be used in all the experiments.
Finally, three methacrylic monomers: methyl methacry-

late (MMA), 2-dimethylaminoethyl methacrylate (DMA-
EMA), and 2-trimethylsilyloxyethyl methacrylate (TMSO-
EMA) will be studied for investigating the possible effect of
the monomer structure on their ability to be grafted onto
the cathode.

Ethyl Acrylate (EA) Reduction in a Mixture of DMF and ACN

Figure 4 compares the voltammetric cathodic scans of a
1 EA solution in DMF modified by an increasing percent-
age of ACN. The monomer concentration is kept un-
changed in all the experiments. When EA is electrografted
in DMF, the intensity of the inhibition peak is ca. 2400µA
(Figure 4a). When the relative amount of ACN in the EA/
DMF solution is increased, the intensity of peak I increases,
whereas the resolution between peak I and peak II de- Comparative Reduction of Acrylonitrile (AN) in ACN and PC, in
creases (Figure 4 b, c). The dependence of ip1 on the ACN PY and HMPA
percentage in the EA/DMF solution is such that the cath-
ode is more slowly inhibited, in agreement with a lower EA Table 3 shows that the intensity of peak I (ip1) increases

when PC is substituted for ACN at constant monomerconcentration at the cathode. This observation suggests that
the co-solvent (ACN in this case) competes with the mono- (AN) concentration, thus when polarity is increased in case

of solvents of low donicity. Figure 5 shows voltammogramsmer for adsorption on the cathode. Since ACN and DMF
have the same polarity and are both good solvents for PEA, of AN in PY. The intensity of peak I is much lower than in

ACN and PC for the same monomer concentration (Tableonly a significant difference in the donor-acceptor proper-
ties can explain the experimental observations in Figure 4. 3). As a rule, the cathode inhibition is controlled by the

monomer concentration and ip1 systematically decreases asScheme 2 illustrates this extreme situation where the
monomer (e.g. EA) is a poorer acceptor than the solvent the AN concentration is increased[5]. So, the small ip1 value

in PY might be explained by a high local AN concentration(e.g. ACN) and is so far unable to displace the solvent mol-
ecules in order to be adsorbed on the cathode sites. No in the electrical double layer and a more rapid formation of

an insulating film. As previously discussed the low polarityinhibition peak is observed on the voltammogram but only
a diffusion peak: this indicates that the monomer reduction may account for the experimental observations[6], but the
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effect of the solvent donicity may not be ignored. In order ties, the adsorption on the cathode is controlled by their

relative polarity, the more polar compound being preferablyto appreciate the relative importance of solvent polarity and
solvent donicity, hexamethylphosphoramide (HMPA) adsorbed. (iii) If the solvent is a better donor and a poor

acceptor (compared to the monomer), its tendency to ad-which has a high and comparable donicity as PY, but which
is 2.5 times more polar has been used. Table 3 shows that sorption is low, and any difference in polarity has no re-

markable effect on the inhibition peak. The propensity ofthere is no significant difference in the voltammograms in
PY and HMPA since ip1 remains almost unchanged when the monomer to be electrografted will be enhanced by in-

creasing its electron acceptor capability compared to theHMPA is substituted for PY, all the other conditions being
the same. From Table 3, we can draw the conclusion that solvent. Then the inhibition could be so fast that peak I is

no longer observed because of an extremely low intensity.the solvent polarity has a decisive effect on the AN electro-
grafting only when the solvent is a good enough acceptor The only way to observe it, would be to decrease the mono-

mer concentration.and a poor donor (see ACN/PC pair). When the solvent is
a poor acceptor and a good enough donor (PY/HMPA
pair), the polarity has no longer a significant influence, Methyl Methacrylate (MMA) Reduction in ACN and in DMF
since that solvent has a small tendency to be adsorbed onto
the cathode. Although neglected until now, the relative do- Although donor and acceptor numbers are available for

a series of traditional solvents, no pertinent information hasnor-acceptor properties of the monomer/solvent pair must
be considered when the monomer electrografting is con- been reported in case of monomers, at least to our best

knowledge. This situation has prompted us to comparecerned.
three methacrylate monomers, different by the substituent

Table 3. Intensity of peak I (ip1) for various AN concentrations in in the ester group and accordingly by the acceptor proper-ACN, PC, PY, HMPA; v 5 20 mVs21

ties of the β-carbon of the polymerizable double bond
(Scheme 1). The monomers have also been selected on theSolvents [AN] 5 5·1022  [AN] 5 0.1  [AN] 5 0.5  [AN] 5 2 

basis of the “reactivity” of the ester group in order to pro-
ACN [a] 370 µA 30 µA 25 µA vide the final organic coating with adhesive properties
PC [a] 650 µA 90 µA 60 µA towards a polymeric matrix, e.g. for producing composite
PY 25230 µA 15220 µA [b] [b]

materials. Methyl methacrylate (MMA), the most widelyHMPA 30235 µA 15217 µA [b] [b]

used methacrylate, 2-hydroxyethyl methacrylate (HEMA),
[a] Peak I superimposed to peak II. 2 [b] Peak I intensity to weak and 2-dimethylaminoethyl acrylate (DMAEMA) have been
to be detected. considered in this study (Scheme 1).

Electroreduction of MMA has been first studied in ACN,
Figure 5. Voltammetry of AN on nickel in a 0.05  TEAP solution and only one diffusion peak has been observed, indicating
in PY: a) [AN] 5 2·1022 ; b) [AN] 5 5·1022 ; c) [AN] 5 0.1 ; that the solvent is preferably adsorbed onto the cathode

v 5 20 mVs21

within a monomer concentration range of 0.1  to 3 .
In reference to Scheme 2, DMF, i.e. a solvent of a higher

donicity than ACN (Table 2) was substituted for ACN, in
order to increase the probability for the monomer to be
preferably adsorbed on the cathode. At MMA concen-
trations smaller than 2 , only one reduction peak (dif-
fusion peak) is observed. Beyond 2 , this unique peak
splits into two steadily resolved components. Figure 6
shows the voltammogram when the MMA concentration is
3 . Undoubtedly when MMA concentration is increased,
the intensity of the less cathodic peak rapidly decreases
(Table 4) and the resolution between the two peaks in-
creases. This behavior is typical of the inhibition peak ob-
served in experiments conducted with AN and EA. The
main difference with respect to these monomers, has to be
found in the high concentration required to evidence the
MMA electrografting. This observation indicates that
MMA can only successfully compete for adsorption onto
the cathode when its relative abundance with respect toScheme 2 summarizes the main experimental obser-

vations, that lead to the following conclusions: (i) As pre- DMF is high enough. The same experimental observations
have been reported for methacrylonitrile[11], which is a po-viously pointed out, no electrografting occurs when the sol-

vent is a better acceptor than the monomer, to the point orer acceptor than acrylonitrile due to the electron donat-
ing effect of the α-methyl substituent.where the solvent is preferably adsorbed on the cathode to

the exclusion of the monomer. (ii) When the monomer and Figure 7 shows the cathodic response of a 2  MMA
solution in DMF when the cathodic scan of the potentialthe solvent have quite comparable donor-acceptor proper-
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Figure 6. Voltammetry of MMA on nickel in a 0.05  TEAP solu- ness measured ex situ by ellipsometry does not change when

tion in DMF, [MMA] 5 3 ; v 5 20 mVs21
the cathodic scans are repeated in the potential range of
peak I[34]. The IR spectrum of the polymer coating (dried
in vacuo but not rinsed with solvent) (Figure 8a) confirms
the PMMA deposition, the main absorption bands at 3006,
1739, and 1151 cm21 being assigned to νas(CH2), νC5O),
and νC2O), respectively. However, the intensity of the ab-
sorption bands decreases if the electrode is previously
washed with THF, i.e. a good solvent for PMMA, (com-
parison of Figures 8a and 8b). Since only the polymer
chains strongly bound to the electrode remain on it after
the washing step, one may suppose that unbound polymer
chains are produced simultaneously to grafted ones, which
may lead to unreliable film thickness. Consistently, PMMA
is formed in solution as demonstrated by PMMA precipi-
tation from the electrochemical bath in methanol (nonsol-
vent for PMMA, solvent for Et4NClO4). This observation
is very similar to that one reported by Tanguy et al. for the
electrografting of methacrylonitrile (MAN)[11]. Measure-
ments performed with a quartz crystal microbalance[12]

Table 4. Intensity of peak I (ip1) for various MMA concentrations have shown that unbound polymethacrylonitrile chains are
in DMF; v 5 20 mVs21

embedded in a thin layer of grafted ones. On the basis of
that observation valid for one monomer (MAN), the au-

[MMA] 5 0.5  [MMA] 5 1  [MMA] 5 2  [MMA] 5 3  thors have proposed a mechanism of “oligomer grafting”
instead of the “monomer grafting” they claimed until[a] [a] 160 µA 90 µA
now[15]. This revision of the grafting mechanism, which is
not essential for the purpose of this paper, might, however,[a] Peak I superimposed to peak II.
be hasty, since unbound polymers in the potential range of

range of peak I followed by a 20-s voltage hold is repeated. peak I (at which the grafting occurs) have never been ob-
In contrast to what happens when this experiment is con- served in case of acrylic monomers (such as AN or EA).
ducted with acrylic monomers such as AN or EA, the cath- This observation is actually confined to the electrografting
ode is not fully passivated after one scan. Indeed, ip1 de- of methacrylates, i.e. methacrylonitrile and MMA, and is
creases slowly upon repeated cathodic scans. A film is certainly not a general behavior. Although the high concen-
clearly seen by the naked eye on the cathode when it is tration of methacrylonitrile and MMA which is required
withdrawn from the electrochemical cell after one scan. for electrografting is in a qualitative agreement with the
When the number of scans is increased, the PMMA coating competitive solvent/monomer adsorption concept, it is not
is seen as a thick gel-like layer poorly adhering to the metal. clear yet why unbound methacrylate chains are observed in
This result is quite surprising and in contrast with pre-
viously published data for PAN. Indeed the PAN film thick-

Figure 8. Infrared spectrum of a PMMA film deposited on Ni from
Figure 7. Voltammetry of MMA on nickel in a 0.05 M TEAP solu- a solution of [MMA] 5 3  in DMF at potential of peak I: a)
tion in DMF carried out in the potential range of peak I, before rinsing with THF; b) after rinsing with THF

[MMA] 5 2 ; v 5 20 mVs21: a) first scan; b) second scan
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the potential range of peak I. This problem will be dis- ficiency of the β-carbon atom double bond. In case of rad-

ical copolymerization, the monomer reactivity can be pre-cussed in a forthcoming paper.
dicted by the Alfrey-Price Q2e scheme[37]. According to
these authors, the electrostatic factor e is representative of

TMSOEMA and DMAEMA Reduction in ACN and DMF the monomer polarity and thus of the electron-donor (or -
acceptor) character of the vinyl substituent. A linear re-Nowadays an increasing interest is paid to 2-hydroxyethyl
lationship[38] has been found between the 13C-NMR chemi-methacrylate (HEMA)[35] and the parent poly(HEMA),
cal shifts of the β-carbon atom of the double bond [δ(C-β)]which are suitable biomaterials for implants because of
and the corresponding e values[39] [40]. By analogy the 13C-their lack of toxicity and their high resistance to degra-
NMR spectra of the monomers considered in this paperdation[36]. Furthermore, hydroxy groups are reactive
have been recorded in mixed DMF/CDCl3 solutions. Thetowards various topcoats (paint, varnish) that could be used
experimental δ(C-β) values agree with the previously re-for imparting specific properties to the metal substrate.
ported data when plotted against e (Figure 10) and they areHEMA may, however, not be used as such, because of the
consistent with an electrografting propensity that decreasesinterference of the hydroxy proton reduction. It is the rea-
when the vinyl β-carbon atom is more shielded, thus lessson why HEMA has to be protected by a trimethylsilyl
inclined to accept electrons. AN has clearly the less shieldedgroup, which is easily removed after polymerization. Elec-
β-carbon atom and is thus the best competitor towards thetrochemical experiments have been conducted with the pro-
solvents, since vinyl chloride and vinyl acetate have thetected monomer (TMSOEMA) in ACN. Within the 0.1  to
more shielded β-carbon atom and have no chance to be2  concentration range, only a diffusion peak is observed.
adsorbed onto the cathode and to be electrografted as con-Nevertheless, the classical grafting “signature” has been ob-
firmed experimentally. According to the electrochemicalserved in DMF (poorer acceptor and better donor than
experiments reported in this paper, EA is more competitiveACN) beyond a 0.1  concentration (Figure 9). It must be
than MMA towards DMF in agreement with the inductivenoted that in agreement with what happens for MMA and
effect of the α-methyl group in MMA that counterbalancesMAN, unbound PTMSOEMA is also embedded in the thin
the electron-withdrawing effect of the ester group so thatlayer of grafted chains when the electropolymerization is
the electron delocalization of the MMA double bond is lessconducted in the potential range of peak I.
pronounced than in EA. This conclusion agrees with theFinally, the grafting of the third methacrylate, DMA-
relation of δ(C-β) shown in Figure 10 for EA and MMA.EMA, remained impossible in ACN and in DMF, suggest-
This qualitative consistency is, however, no longer observeding so that this monomer cannot compete with these sol-
when TMSOEMA and DMAEMA are concerned. In avents for adsorption onto the cathode.
similar way, Figure 10 cannot explain why DMAEMA is

Figure 9. Voltammetry of TMSOEMA on nickel in a 0.05  TEAP not electrografted in DMF. This behavior also remains un-
solution in DMF: a) [TMSOEMA] 5 0.1 ; b) [TMSOEMA] 5 explained when inductive or mesomeric effects are con-0.2 ; c) [TMSOEMA] 5 0.5 ; v 5 20 mVs21

sidered. It could, however, be explained by the presence of
the silicon group in TMSOEMA and of amino group in
DMAEMA. The silicon atom (electron acceptor) can con-
tribute to the monomer adsorption and thus to the electro-

Figure 10. 13C-NMR chemical shifts [δ(C-β)] of monomers vs the
corresponding e values: a) AN; b) EA; c) TMSOEMA; d) MMA;

e) DMAEMA; f) vinyl chloride; g) vinyl acetate

Tentative Prediction of the Cathodic Monomer Grafting

From the experimental results reported in this paper, it
appears that the ability of vinyl monomers to be electro-
grafted onto a metal, strongly depends on the electron de-
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grafting, whereas the amino group (electron donor) can pre- Experimental Section
vent this adsorption from occurring. These assumptions Acrylonitrile (AN: Aldrich, > 99%), ethyl acrylate (EA: Acros,
will be supported by theoretical calculations in a forth- 99.5%), methyl methacrylate (MMA: Acros, 99%), 2-(dimethylami-
coming paper. no)ethyl methacrylate (DMAEMA: Acros, 98%), and acetonitrile

(ACN: Acros, p.a.) were dried over calcium hydride (Acros: 93%)
and distilled under reduced pressure. Dimethylformamide (DMF:

Concluding Remarks Acros, p.a.) was dried over phosphorus pentoxide (Acros 98%) and
distilled at 70°C under reduced pressure. Propylene carbonate (PC:The important potentiality of grafting monomers other
Acros, 99%) and 2-hydroxyethyl methacrylate (HEMA: Acros,

than AN has been demonstrated in this paper. We have in- 96%) were dried over molecular sieves 4 Å for 24 h and distilled at
deed observed that under suitable conditions, ethyl acrylate 85°C and 50°C, respectively, under reduced pressure. Pyridine (PY:
(EA), and some methacrylates can be electrografted on e.g. Acros, 99.5%) was dried over potassium hydroxide (Acros: 98%)
nickel, thus with creation of a stable polymer2metal in- for 2 h at 120°C and distilled at 40°C under reduced pressure.
terface, although the reaction is carried out in a good sol- Hexamethylphosphoramide (HMPA: Aldrich 99%) was dried over

calcium hydride for 24 h and distilled at 80°C under reduced press-vent for the polymer. It is now clear that the choice of the
ure. Tetraethylammonium perchlorate (TEAP: Fluka, > 99%) wassolvent for the cathodic grafting of vinyl monomers has a
heated in vacuum at 80°C for 12 h prior to use.decisive effect on the issue of the electrochemical reaction

2-Trimethylsilyloxyethyl methacrylate (TMSOEMA) was synthe-by deciding whether a strong chemisorption of the electro-
sized by adding dropwise chlorotrimethylsilane (ClTMS: Acros,polymerized material occurs or not.
98%) to a mixture of previously dried HEMA and triethylamineThe explanation for this solvent effect has to be found in
(Acros, 99%) in tetrahydrofuran (THF: Acros, p.a.)[31]. The reac-a competition between the solvent and the monomer for the
tion was carried out in THF at 0°C, under an inert and dry atmos-localization at the electrode. The issue of this competition
phere and stirring for 12 h. Triethylamine hydrochloride was fil-

strongly depends on the relative donor-acceptor properties tered off, and THF distilled off under reduced pressure. The residue
and polarity of the solvent with respect to the monomer as was purified just before use by distillation under reduced pressure
confirmed by a great effect on the potential and intensity at 50°C. The product was then identified as TMSOEMA by 1H-
of the inhibition peak. The polarity of the solvent is more NMR spectroscopy [i. e. presence of the trimethylsilyl 2Si(CH3)3

important as this solvent is a better electron-acceptor (and resonance at δ 5 0.1 and absence of the hydroxy 2OH resonance
at δ 5 3.3]. The purity was ascertained to be higher than 99.5%a poorer donor) than the monomer and has thus higher
by gas chromatography.probability to be adsorbed onto the cathode. Conversely,

Voltammetry (CV) experiments were carried out with eachthe effect of the solvent polarity decreases when the solvent
monomer (1022 to 2 ), dissolved in an appropriate solvent con-is a poor acceptor (and a good donor), thus when this sol-
taining tetraethylammonium perchlorate (TEAP) as a conductingvent has less chance to be in the electrical double layer.
salt (5 ·1022 ).If solvent and monomer have a comparable liability to be

The water content was measured by the Karl-Fischer methodadsorbed at the cathode, then the monomer concentration
(Tacussel aqua processor) and ascertained to be lower than 5 ppm.has a decisive effect on the grafting issue.
All the experiments were carried out in a glove-box at room tem-One important criterion for the cathodic electrografting
perature under an inert (lower than 10 ppm in oxygen) and dry at-of a monomer is the choice of a solvent with a weaker ac-
mosphere.

ceptor character and higher donicity than the monomer,
The potentiostat used for the voltammetry experiments was aprovided that this solvent is not electroactive in the poten-

PAR-E. G&G model 273A. The electrochemical cells are describedtial range of interest. As a consequence of this rule, the
elsewhere[5]. Potentials were measured against a Pt pseudo-refer-

more the substituent of the polymerizable double bond de- ence electrode. The nickel working electrodes of 2 cm2 area, were
creases the acceptor capacity of the monomer, the smaller mechanically polished with an alumina suspension in water, washed
the ability of this monomer to be electrografted. The meas- with heptane and acetone, and finally treated overnight in vacuum
urement of the 13C-NMR chemical shifts for the β-carbon at 150°C. The residual nickel oxide on the electrode surface was

then electrochemically reduced in an ACN/TEAP solution in theatom of the vinyl double bond could accordingly serve as a
glove-box just prior to electropolymerization. The oxide layer waspreliminary semiquantitative tool for predicting the grafting
completely removed as assessed by a reduction current droppingability of new monomers. However, some problems can
down to zero after several potential scans. The rapid transfer of thearise when the monomer substituent contains atoms or
cathode from one solution to the other within the glove box ensuresgroups of atoms that do not influence too much the β-car-
the absence of oxide at the metal substrate, which is a prerequisitebon atom although they can contribute to the cathode ad-
for polymer grafting[32].

sorption by their electron acceptor or donor capacity.
A reference poly(ethyl acrylate) sample (PEA) was prepared byA theoretical model accounting for the competitive ad-

free radical polymerization of EA in DMF (0.5  solution) initiated
sorption of monomer/solvent pairs is currently studied and by 2,29-azobis(2-methylpropionitrile) (AIBN: Acros, 98%) at 60°C
will be the topic of a forthcoming paper. for 6 h. The polymer was precipitated in methanol, washed several

times with methanol in order to remove the unreacted monomerThe authors are grateful to the Services Fédéraux des Affaires
Scientifiques, Techniques et Culturelles in the frame of the “Pôles and AIBN, and dried in vacuo at 40°C for 24 h. A PEA film was

solvent-casted (DMF) onto nickel plates, such that infrared spectrad’Attraction Interuniversitaires: Chimie and Catalyse Supramolécu-
laire”. They thank the R & D groupe Cockerill Sambre for continu- could be recorded by the same technique as for the electrografted

films.ous interest and M. Micheels for her technical assistance.
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[17] A. Bewick, C. Gibilaro, M. Razaq, J. W. Russel, J. ElectronExcept for specific treatment mentioned in the discussion all the

Spectrosc. Relat. Phenom. 1983, 30, 191.electrografted films were carefully rinsed with a good solvent for [18] P. Parent, G. Laffon, G. Tourillon, A. Cassuto, J. Phys. Chem.
the polymer in order to remove any ungrafted chains and con- 1995, 99, 5058.

[19] G. Xue, J. Dong, J. Zhang, Y. Sun, Polymer 1994, 35, 723.ducting salt, and dried in vacuo for 2 h before characterization.
[20] J. Perreau, C. Reynaud, C. Boiziau, Surf. Sci. 1985, 162, 776.
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[8] M. Mertens, C. Calberg, N. Baute, R. Jérôme, L. Martinot, J. Drugs Delivery System (Eds.: L. Dunn, R. M. Ottenbrite), ACS
Electroanal. Chem. 1998, 441, 2372244. Symp. Book Ser., vol. 469, Am. Chem. Soc., Washington, D.

[8] V. Geskin, R. Lazzaroni, M. Mertens, R. Jérôme, J. L. Brédas, C., 1991, p. 2032212.
J .Chem. Phys. 1996, 105, 3278. [32] Y. Bouizem, F. Chao, M. Costa, A. Tadjeddine, G. Lécayon, J.

[9] G. Deniau, G. Lécayon, P. Viel, G. Zalczer, C. Boiziau, G. Hen- Electroanal. Chem. 1984, 172, 1012121.
nico, J. Delhalle, J. Chem. Soc., Perkin Trans. 2 1990, 1433. [33] V. Gutmann, A. Steininger, E. Wychera, Monatsh. Chem. 1966,

[10] J. Levisalles, B. Castro, M. Jozefowicz, Chimie Organique, Flam- 97, 460.
marion Sciences 1973, 2, 92. [34] C. Calberg, M. Mertens, R. Jérôme, X. Arys, A. M. Jonas, R.
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New alkyl and allyl complexes 1–3 {1: [Cp92Sm(C3H5)]n, structure of this coordinatively unsaturated complex: this fact
was established by the formation of the carbene adductCp9 = Me3CC5H4; 2: [Me4C2(C5H4)2]Sm(C3H5)2Li(dme),

dme = (CH3OCH2CH2OCH3); 3: Cp92SmMe2Li(dioxane)} Cp92Sm(C3H5)[C(NiPr)2(CMe)2] (19). Crystals of 19 were
isolated but this new compound undergoes a partialwere synthesized from (Cp92SmCl)2 and from the magnesium

derivative [Me4C2(C5H4)2]SmCl · MgCl2(THF)4 (4). The ansa rearrangement into a tris-Cp9 species in solution. Similar
behaviour is observed for the analogous complexanionic complex 2 exhibited good activity for the

stereospecific 1,4-trans polymerization of isoprene, whereas Cp92SmCl[C(NiPr)2(CMe)2] (199). The X-ray crystal structure
revealed the formation of the adduct, as a toluene solvate,the neutral derivative 1 was inactive. In the same way, the

anionic complex [Cp92SmMe2]Li(dioxane) (3) was found to be which exists in benzene solution in equilibrium with Cp93Sm
and Cp9SmCl2[C(NiPr)2(CMe)2]2. The catalytic behaviour ofan ethylene polymerization catalyst of very short lifetime.

The lack of reactivity of 1 is related to the associated 2 is compared with that of other early lanthanide derivatives.

Introduction Results and Discussion

Synthesis of tert-Butylcyclopentadienyl Complexes
Isoprene polymerization, in relation to the chemistry of

elastomers and adhesives, is of current interest [1]. Hydr- The methyl derivative (Cp92SmMe)2
[5] had been synthe-

ido- or alkylmetallocenes of lanthanides are efficient cata- sized from (Cp92SmCl)2
[9] by addition of MeLi. The neutral

lysts for ethylene polymerization in the absence of the allylic derivative [Cp92Sm(C3H5)]n (1) was obtained in a
methyl aluminoxane reagent MAO[2] [3]. However, the com- similar way using the dioxane adduct of allyl lithium[10]

pounds Cp2*LnH or Cp*2LnR, Cp* 5 C5Me5 or related (Scheme 1).
bridged systems, are almost completely unreactive for the
polymerization of α-olefins or dienes [4]. We were interested

Scheme 1in the determination of the limits of stability of less hin-
dered metallocene hydrides [5] of the early lanthanides and
established that the hydride [Cp92SmH]2, Cp9 5
Me3CC5H4, can be observed in solution, whereas the anal-
ogous neodymium hydride is only a transient species [6] [7].
In this Cp9 series, or preferably in an analogous ansa
cyclopentadienyl series [to avoid the easy redistribution
leading to tris(cyclopentadienyl) derivatives], it was there-
fore necessary to synthesize alkyl or allyl derivatives that
would be stable compounds capable of catalyzing the diene Compound 1 was isolated in an analytically pure state as

a red oil. Due to the fact that no ether ligand remained(and especially isoprene) polymerization without addition
of a co-catalyst. The microstructure of a polymer is, to a coordinated, it was inferred that this compound was di-

meric or polymeric. Attempts to obtain a monomeric sol-large extent, controlled by the mode of coordination of the
monomer to the catalyst: in a Cp92SmR moiety, even when vated form by crystallization in the presence of oxygenated

solvents were unsuccessful. However, crystals could be ob-R is a non-bulky alkyl or allyl ligand, only one vacant site
will be readily accessible and, consequently, a stereospec- tained in the presence of another Lewis base, i.e. the stable

carbene 1,3-diisopropylimidazoline-2-ylidene C(NiPr)2-ific 1,4-trans polymerization is expected[8].
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(CMe)2

[11], which has recently been used as a ligand in lan- 1:3 ratio. The percentage of the carbene adduct 10 was a
function of the concentration and it was found to be higherthanide compounds[12]. The nitrogen analysis of these thin

red plates was consistent with the formula of a mono ad- (nearly 80%) in dilute solution. This equilibrium (Scheme
2) is slow in the NMR timescale and Spin Saturation Trans-duct Cp92Sm(C3H5)[C(NiPr)2(CMe)2] (19). The crystals

were not suitable for X-ray structural analysis because the fer (SST) experiments could not be performed.
melting point was just above ambient temperature and,

Scheme 2
consequently, crystals melted in the sealed capillary. Sur-
prisingly, the 1H-NMR spectrum (C6D6 solution) of these
monocrystals showed the known signals of Cp93Sm (ca.
10%) in addition to the set of signals due to the adduct
(90%). A partial redistribution of the ligands could be in-
volved, although no signals corresponding to the concomi-
tant formation of a mono Cp9 derivative were detected. Synthesis of Ansacyclopentadienyl Complexes

Although we could not establish unambiguously the be-
haviour of Cp92Sm(C3H5)[C(NiPr)2(CMe)2] (19) in solution, An ansa compound was synthesized from SmCl3(THF)3

and the Grignard reagent [Me4C2(C5H4MgCl)2](THF)4
[13].this was possible in the case of another carbene adduct.

Addition of one equivalent of the carbene C(NiPr)2(CMe)2 The X-ray crystal structure of two related samarium com-
plexes [{Me4C2(C5H4)2}SmCl(THF)MgCl2(THF)3] andto a toluene solution of (Cp92SmCl)2 allowed the isolation

of yellow crystals [see ORTEP view (Figure 1) and Exper- [{Me4C2(C5H4)2}SmCl(THF)]2 have been described else-
where[14] [15]. The reasons for the formation of one or otherimental Section] of an analytically pure toluene solvate of

the adduct Cp92SmCl[C(NiPr)2(CMe)2] (10). of these complexes were not clear given that the starting

Figure 1. ORTEP view of the solid-state structure of (Cp92SmCl[C(NiPr)2(CMe)2] (10); for reasons of clarity, ellipsoids are set to the 30%
probabity level and the toluene solvate molecule is not represented[a]

[a] Selected bond lengths [Å] and angles [°]: Sm2C(1) 2.62(2), Sm2Cl 2.648(4), Sm2Ct(1) 2.45(1), Sm2Ct(2) 2.44(1); Ct(1)2Sm2Ct(2)
128.6(14), Ct(1)2Sm2C(1) 106.3(9), Ct(1)2Sm2Cl 107.9(7), Ct(2)2Sm2C(1) 101.8(9), Ct(2)2Sm2Cl 105.6(6), C(1)2Sm2Cl 104.2(3).

After dissolution of these crystals in C6D6, the NMR materials and the experimental procedures were quite simi-
lar. NMR data were not mentioned and, consequently, itspectrum showed the presence of three compounds: 10, a

second adduct identified as Cp9SmCl2[C(NiPr)2(CMe)2]2 on was not established wether the two complexes could be dis-
tinguished in solution. The formation of a related mono-the basis of the NMR data, and the unavoidable Cp93Sm.

The integral values for the Cp signals of Cp9Sm- meric complex, [Me4C2(C5H4)2]SmCl(THF), had also been
reported, and this involved the oxidative addition of tert-Cl2[C(NiPr)2(CMe)2]2 and Cp93Sm were, as expected, in a
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Table 1. 1H-NMR data of complexes 124 [C6D6, δ vs. TMS, 298 K]

Complex C5H4 CMe3 or allyl or carbene
(CMe2)2 alkyl C(NiPr)2(CMe)2

[Cp92Sm(C3H5)]n 13.21 (4 H) 22.81 (18 H) 16.79 (1 H) 2
1 9.21 (4 H) 9.56 (2 H)

6.43 (2 H)
Cp92Sm(C3H5),C(NiPr)2(CMe)2 12.72 (4 H) 22.51 (18 H) 15.97 (1 H) 3.91 (m, 2 H);
19 9.21 (4 H) 8.10 (4 H) 1.72 (6 H);

1.47 (d, 12 H)
Cp92SmCl,C(NiPr)2(CMe)2 11.38; 10.45 1.18 (18 H) 2 3.95 (m, 2 H);
199 8.15; 7.94 0.91 (6 H);

(2 H each) 0.57 (12 H)
Cp9SmCl2,[C(NiPr)2(CMe)2]2 10.72 (2 H) 20.5 (br 9 H) 2 1.51 (d, 24 H);
1999 11.57 (2 H) 0.01 (s, 12 H);

H signal not located
[Me4C2(C5H4)2]Sm(C3H5)2 7.94 (4 H) 1.70 (12 H) 9.53 (m, 2 H) 3.35 (dme, 4 H)
Li(dme), 2[a] 5.77 (4 H) 8.61 (br., 4 H) 3.19 (dme, 6 H)

7.07 (br., 4 H)
Cp92SmMe2Li(dioxane) 9.77 (4 H) 20.05 (18 H) 25.12 (s, 6 H) 4.15 (dioxane, 8 H)
3 9.07 (4 H)
[Me4C2(C5H4)2]SmCl(THF) 15.31 (4 H) 1.25 (12 H) 2 3.73 (THF, 16 H)
MgCl2(THF)3, 4 8.05 (4 H) 1.34 (THF, 16 H)

[a] In C4D8O.

butyl chloride to the SmII compound [Me4C2(C5H4)2]Sm. THF 1 2 dioxane). At 70°C the NMR spectrum showed
a two-allyl signal pattern {2 H and 8 H perIn this case NMR data were obtained[16].

Initially we tried to investigate the reaction on an NMR- [Me4C2(C5H4)2]Sm moiety}, revealing a dynamic exchange
process. The poor solubility, along with these integral val-scale preparation. By mixing stoichiometric amounts of

SmCl3(THF)3 and [Me4C2(C5H4MgCl)2](THF)4 in C6D6, a ues, indicated that the new complex was an anionic bis(al-
lylic) complex. At ambient temperature the allylic signalsyellow solution and a white precipitate of salts were ob-

tained. The solution was transferred into another tube and coalesced and only the signals due to the ansa ligand could
be detected. This could be interpreted as evidence for thethe solvent removed under reduced pressure to remove the

excess THF originating from the Grignard reagent. After partial dissociation of allyl ligands.
The synthesis was then performed on a bulk scale, inredissolution in C6D6, the NMR spectrum showed the pres-

ence of four remaining THF molecules per [Me4- toluene, with two equivalents of C3H5Li · dioxane. The
crude compound contained THF and dioxane, which wereC2(C5H4)2]Sm moiety and no further loss of THF was ob-

served when the same process was repeated. This was inter- exchanged by dissolution in DME. The red expanded oil
obtained after removal of the solvents was washed withpreted in terms of the formation of the mixed samarium-

magnesium compound, [{Me4C2(C5H4)2}SmCl(THF)- ether and finally gave a red powder of analytically pure 2,
[Me4C2(C5H4)2]Sm(C3H5)2Li(DME). This new compoundMgCl2(THF)3] (4).

The synthesis was then performed on a larger scale, in was not soluble in either toluene or benzene: its NMR
spectrum was recorded in [D8]THF and the allyl ligandsTHF, as described in the literature[15]. After the usual work-

up, the NMR spectrum of the crude orange-yellow solid exhibited a typical η3 three-signal (1 H, 2 H, and 2 H)
pattern.was very different from the one recorded in the previous

synthesis (directly in the NMR tube) and could not be in- The dianionic ansa cyclopentadienyl ligand
[Me4C2(C5H4)2]22 was chosen in order to avoid the dispro-terpreted in terms of the formation of a well-defined pure

compound. Further attempts were made using toluene as portionation of the bis(cyclopentadienyl) derivatives of the
lighter lanthanides[17] [18]. Moreover, the stereoelectronicthe solvent, but similar results were obtained. It was con-

cluded that if evidence for the quantitative formation of a properties of a [Me4C2(C5H4)2]Sm moiety should be similar
to those of a (Me3CC5H4)2Sm unit, except that the angleunique complex was provided by NMR experiments, then

the handling of the mixture, leading to undefined materials, between the metal center and the centroids of the rings
would be slightly smaller in the case of an ethylenewas not recommended.

The one-pot synthesis of an allylic derivative was there- bridge[19] (the ring-centroid2Yb2ring-centroid angle is
121° and 121.3° in [Me4C2(C5H4)2]YbCl2,Mg2Cl3 ·7fore undertaken, initially on an NMR scale, by adding a

stoichiometric amount of C3H5Li(dioxane) to the crude de- THF[17] and (Me3CC5H4)2YbCl ·THF[20], respectively). In
addition, in the ansa ligand the rotation of the Cputerated benzene solution obtained, as described previously,

by mixing SmCl3(THF)3 and the Grignard reagent rings[21] [22] is not possible and the effective size of the ligand
is therefore smaller. The saturation of the coordination[Me4C2(C5H4MgCl)2](THF)4. A reaction occurred immedi-

ately and a pink-red precipitate deposited, which was par- sphere of the metal atom therefore occurs in a different
manner: in the Cp9 series, Cp92YbCl ·THF[20] is neutraltially soluble in the presence of the oxygenated solvents (7
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whereas the homologous ansa complex [Me4C2- The neutral complex 1 was found to be inactive and its

carbene adduct 19 was found to be almost inactive. This(C5H4)2]YbCl2 ·Mg2Cl3 ·7 THF[17] is anionic.
In a similar manner, the reaction of an equimolar implies that the [Cp92Sm(C3H5)]n compound remains

strongly associated and isoprene does not possess a suffic-amount of C3H5Li with (Cp92SmCl)2 leads to a dimer (or
a polymer, although the high solubility of 1 in pentane sug- iently strong ligand ability [unlike, for example, the nucleo-

philic carbene C(NiPr)2(CMe)2] to dissociate the startinggests an oligomeric structure), showing that a neutral spe-
cies is preferred. In the case of the ansa compound, a material. Attempts to create a more accessible metallic

center by addition of 1 equivalent of yttrium chloride as amonomeric anionic complex 2 is formed.
In the presence of an excess of allyl ligand, no anionic Lewis acid led to a system of very low activity (yield of

polyisoprene 2%).compound was formed in the Cp9 series: a redistribution
leading to a mixture of Cp93Sm[9] and Sm(C3H5)4Li(diox- In contrast, the dissociation of an allylic ligand in the

anionic compound 2 is easy and allows the coordination ofane)[23] was observed (Scheme 3).
the diene. The precedent for this ligand dissociation wasScheme 3
postulated for other anionic allyllanthanide compounds[8]

tested in the polymerization of butadiene.
The tetraallylneodymium complex Nd(C3H5)4Li(diox-

ane)1.5 had been previously found to be a specific (86% of
Nevertheless, on using the small monohapto methyl li- trans-1,4-polybutadiene) catalyst for butadiene polymeri-

gand, a bis(alkyl)-anionic complex was obtained in the Cp9 zation[10]. We found that for the polymerization of isoprene,
series: treatment of (Cp92SmMe)2 or (Cp92SmCl)2 with one tetraallyllanthanide complexes are less specific (31% and
or two equivalents of MeLi, respectively, led to the same 28% of trans-1,4-polyisoprene for neodymium and sama-
compound Cp92SmMe2Li. After addition of one molar rium, respectively). This reaction was thus very dependent
equivalent of (Cp92SmCl)2 the neutral dimer could be reco- on the steric hindrance of the monomer.
vered. In the same way, C3H5Li(dioxane) leads to a high (ca.

53%) percentage of cis 1-4 polyisoprene; the participation
of this species could be invoked for the polymerization ob-Scheme 4
tained from the tetraallylic compounds and this has been
discussed previously[8]. However, for the anionic bisallylic
complexes (or systems) its role appears negligible becauseThe anionic bis(methyl) compound was isolated in an
those systems led to an almost pure 1,4-trans polymer.analytically pure form (pale yellow microcrystals) as a diox-

ane adduct: Cp92SmMe2Li ·dioxane.
Scheme 5

Catalysis

Allylic lanthanide derivatives are known to catalyse the
polymerization of dienes[24] and the new complexes 1 and
2 were tested in the polymerization of isoprene.

The anionic complex 2 was found to be efficient (the
turn-over number amounts to ca. 260 mol of isoprene per The performances of other allylic systems towards iso-

prene polymerization are presented in Table 2 (A, the neo-mol of lanthanide catalyst per hour) and very stereospecific
(95%) for 1,4-trans polymerization (see Table 2). Molecular dymium analogue of 2, and B, an alkoxide derivative, tris-

tert-butyloxy 2 “tritox” 2). The catalysts are prepared inweights are in the expected range for this type of polymeri-
zation test[1]. situ and may contain salts and an excess of oxygenated sol-

Table 2. Polymerization of isoprene (50°C, ratio isoprene/catalyst 5 1500)

Catalyst Yield M̄w trans-1,4 cis-1,4 3,4 Reaction T.O.[a]

(%) (%) (%) (%) time [h] [h21]

[Cp92Sm(C3H5)]n 0
1
[Me4C2(C5H4)2]Sm(C3H5)2Li(dme), 62 8000 95 1 4 12 260
2
(C3H5)Li(dioxane) 100 2 27 53 20 2.5 110
Sm(C3H5)4Li(dioxane) 55 24000 28 45 27 3 200
Nd(C3H5)4Li(dioxane)1.5

[b] 75 1500 31 39 30 4 150
system A 30 37000 97 0 3 6 50
system B 30 46000 91 0 9 21 50

[a] T.O. 5 mol of monomer transformed/mol of catalyst/h. 2 [b] Was found to be inactive in the presence of 4 THF per Nd atom.
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graph equipped with two detectors (a UV and a refractive indexvents as ligands, which could modify the process of dis-
detector) connected in series. The calibration was carried out withsociation of the allylic ligand. Indeed, we found this to be
PL-Lab polystyrene standards (EasiCal PS-1, range M̄w 5the case for the tetraallylneodymium complex Nd-
58028.5 3 106). Each measurement was performed at 25°C in tolu-(C3H5)4Li(dioxane)1.5, in which the activity decreases in the
ene as eluent, with a 1 ml/min flow rate. Two connected PL-Labpresence of 1 THF per molecule, and it becomes inactive
5µ mixed-C 300 3 7.5 mm columns were used. The calculations for

with 4 THF per molecule. The turn-over values (Table 2) Ip and M̄n were performed using GPC-Plus software. Structural
are lower than for 2, nevertheless, the catalytic activity is analysis of polyisoprene was conducted by 13C- and 1H-NMR spec-
well in evidence: in each case the same stereocontrol is ob- troscopy and compared to commercially available samples. The iso-
served, with predominant formation of 1,4-trans-polyisop- meric purity was first evaluated by 13C{1H} sequences and then

confirmed on the basis of 1H-NMR data. 2 SmCl3(THF)3 andrene.
NdCl3(THF)3

[26], (Cp92SmCl)2 and (Cp92SmMe)2
[5] C3H5Li(diox-The ansa and the tritox complexes possess more bulky

ane)[10], 1,3-diisopropylimidazoline-2-ylidene C(NiPr)2(CMe)2
[11],ligands than the tetraallyl complexes. The isolated com-

tritoxLi[27], (C3H5)4NdLi(dioxane)1.5
[10], and [Me4C2-plexes are tetracoordinated, and in solution it also seems

(C5H4MgCl)2](THF)4
[13] were prepared as described. (C3H5)4-that no more than four coordination sites are accessible.

SmLi(dioxane) was synthesized following the procedure describedAfter the decoordination of the allyl ligand, only one site
for its neodymium homologue and its NMR data were in accord-

will be vacant for the coordination of the monomer. As a ance with the original synthesis [23]. Ethereal solutions of MeLi were
consequence, a very high stereoselectivity (89 to 95% of 1,4- purchased from Aldrich. The diene (isoprene 99%) was dried over
trans polymer) is observed. molecular sieves and distilled twice to remove the stabiliser. El-

The anionic complex 3, Cp92SmMe2Li(dioxane), was emental analyses were performed with a Fisons EA 1108 CHONS
apparatus.found to be very active (T.O. 5 25000 mol of ethylene trans-

formed/mol of catalyst/h) towards the polymerization of [Cp92Sm(C3H5)]n (1): A solution of (Cp92SmCl)2 (0.39 g, 0.91
ethylene in the absence of MAO, but only within five mi- mmol) was added at 278°C to a slurry of C3H5Li(dioxane) (0.13
nutes[25]. The rapid loss of activity was attributed to the g, 0.91 mmol) in toluene (20 ml). The mixture was stirred at 278°C
ease of rearrangement leading to the inactive tris derivative. for 30 min, and then warmed to room temperature for another 30

min. The solution turned red and LiCl was deposited. After fil-The neutral dimer (Cp92SmMe)2 had already been found
tration, the solvent was removed under reduced pressure and theto be very poorly active towards hydrogenolysis. This lack
residue extracted with pentane (3 3 30 ml). After evaporation ofof reactivity was related to its dimeric structure[5].
the pentane, a deep red oil was obtained (0.27 g, yield 68%). 2

C21H31Sm (433.88): calcd. C 58.14, H 7.20; found C 58.27, H 7.33.
2 1H NMR (C6D6): δ 5 16.79 (s, 1 H), 13.21 (s, 4 H), 9.56 (s, 2Conclusion
H), 9.21 (s, 4 H), 6.43 (s, 2 H), 22.81 (s, 18 H).

New organometallic complexes of samarium have been A mixture of 10 mg (23 µmol) of 1 and 3 mg (22 µmol) of
synthesized, [Cp92Sm(C3H5)]n and its carbene adduct C3H5Li(dioxane) in C6D6 was stirred by sonification, and Cp93Sm
Cp92Sm(C3H5)[C(NiPr)2(CMe)2], [Me4C2(C5H4)2]Sm- and (C3H5)4SmLi slowly precipitated from the mixtute and these
(C3H5)2Li(dme), and Cp92SmMe2Li(dioxane). The struc- compounds were detected by NMR.
tures of these complexes are strongly dependent on steric Cp92Sm(C3H5), C(NiPr)2(CMe)2 (19): A mixture of 1 (0.247 g,
factors: neutral monoallylic and anionic bis(allylic) com- 0.57 mmol) and 1 equiv. (0.103 g) of C(NiPr)2(CMe)2 in 20 ml of
plexes were characterized. Related complexes were prepared toluene was stirred at room temperature for 12 h. The solvent was
in situ. An X-ray structure analysis could be obtained for evaporated and the residue extracted with pentane (3 3 20 ml).

After filtration and concentration, a dark red solid was obtainedCp92SmCl[C(NiPr)2(CMe)2], which undergoes rearrange-
(0.273 g, yield 78%). The NMR analysis revealed the presence ofment in solution. The catalytic behaviour of all these new
the adduct 19: 1H NMR (C6D6): δ 5 15.97 (s, 1 H), 12.72 (s, 4 H),complexes towards polymerization was investigated.
9.21 (s, 4 H), 8.10 (s, 4 H), 3.91 (m, 2 H), 1.72 (s, 6 H), 1.47 (d, 12Anionic complexes are active: Cp92SmMe2Li(dioxane) is an
H), 22.51 (s, 18 H). This compound was accompanied by 10% ofethylene polymerization catalyst with a short lifetime and
Cp93Sm. To remove the yellow contaminant Cp93Sm, the solid wasthe ansa bis(allylic) complex is a stereospecific 1,4-trans-
washed with cold pentane. Red/black crystals were obtained by a

polymerization catalyst. further dissolution in pentane (15 ml), followed by filtration and
slow concentration to a volume of ca. 3 ml. These crystals seemedThe authors wish to thank G. De Demo, BTS Chimie Chalon/-

Saône (France), for S.E.C. analysis of the polymers. suitable for X-ray analysis and one was mounted in a capillary
tube. However, the crystal had melted after only a few minutes of
exposure. After dissolution in deuterated benzene, NMR showed
the invariable presence of 10% of Cp93Sm. 2 C32H51N2SmExperimental Section
(614.18): calcd. N 4.56; found N 4.58.All manipulations were carried out under purified nitrogen in a

Jacomex glove box or under argon using standard vacuum tech- Cp92SmCl, C(NiPr)2(CMe)2 (10): To a mixture of (Cp92SmCl)2

(0.36 g, 0.84 mmol) and C(NiPr)2(CMe)2 (0.255 g, 1.41 mmol) wasniques. Solvents were distilled from the appropriate drying agent,
stored over Na/benzophenone and vacuum-transferred to reaction added 30 ml of toluene. The mixture was stirred at room tempera-

ture overnight and then filtered. The yellow solution was concen-vessels. 1H- and 13C-NMR spectra were recorded with AC 200 and
DRX 500 Bruker spectrometers (297 K). 2 Polymer Analysis: Mo- trated slowly to ca. 5 ml. Yellow crystals were collected 12 h later.

The crystals were washed with pentane (10 ml) and dried underlecular weights and polydispersities were obtained by Steric Ex-
clusion Chromatography (S.E.C.) on a Spectra-Physics chromato- vacuum. Total yield: 0.235 g, 40%. A crystal was found that was
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suitable for X-ray structure analysis (see below for further details), (s, 18 H), 24.08 (s, 6 H). 2 The solid was dissolved in 30 ml of

toluene, a slight excess of dioxane (50 µl) was added and the solu-which revealed the presence of one toluene molecule per samarium
atom. 2 Toluene adduct C36H54ClN2Sm (700.70): calcd. C 61.71, tion was stirred for 1 h at ambient temperature. Slow evaporation

of the solvent under reduced pressure gave pale yellow crystals. 2H 7.71, N 4.00; found C 61.24, H 7.93, N 4.37.
1H NMR (C6D6): δ 5 9.77 (s, 4 H), 9.07 (s, 4 H), 4.15 (s, 8 H),1H-NMR analysis of the dissolved crystals revealed the presence
20.05 (s, 18 H), 25.12 (s, 6 H). 2 C24H40SmLiO2 (517.92): calcd.of three compounds in solution (C6D6): 10: δ 5 11.38 (s, 2 H),
C 55.66, H 7.79; found C 55.29, H 7.85.10.45 (s, 2 H), 8.15 (s, 2 H), 7.94 (s, 2 H), 3.95 (m, 2 H), 1.18 (s,

18 H), 0.91 (s, 6 H), 0.57 (d, 12 H); Cp3Sm and Crystal Data for Cp92ClSm·C(NiPr)2(CMe)2:
C29H46ClN2Sm · C7H8, M 5 700.6, monoclinic, space group P21/c,Cp9SmCl2[C(NiPr)2(CMe)2]2; 1999: δ 5 10.72 (s, 2 H), 11.57 (s, 2

H), 1.51 (d, 24 H), 0.01 (s, 12 H), 20.5 (br., 9 H). a 5 13.351(2), b 5 17.005(3), c 5 16.443(2) Å, β 5 101.011(12)°,
V 5 3664(1) Å3, Z 5 4, Dc 5 1.27 gcm23, µ(Mo-Kα) 5 1.7 mm21.[Me4C2(C5H4)2]Sm(C3H5)2Li(dme) (2): (a) In an NMR tube
A yellow crystal was mounted on a capillary on an Enraf-Noniusa mixture of 9.17 mg (19.3 µmol) of SmCl3(THF)3 and 12 mg (19.3
CAD4 diffractometer at 20°C. Unfortunately, the crystal under-

µmol) of [Me4C2(C5H4MgCl)2](THF)4 was stirred by sonification
went rapid decomposition under X-ray exposure and only the firstin 0.4 ml of C6D6 and then the mixture was warmed at 60°C. First
shell of data with 17.90° < θ < 20.58° was used to solve and refinea pale yellow, and then an orange yellow colour developed, and
the structure (decay 5 82%). The solution was obtained by in-after 20 min the reaction was complete; the 1H-NMR spectrum
terpretation of the Patterson map[28] and refined on F2 using allrecorded was consistent with [Me4C2(C5H4)2]SmClMgCl2(THF)n.
the 1228 independent reflections collected[29]. Due to the lack of

2 NMR (C6D6) δ 5 15.51 (s, 4 H), 8.16 (s, 4 H), 1.51 (s, 18 H). 2
data, only the samarium and chlorine atoms were anisotropicallyAfter evaporation of the solvents, C6D6 (0.4 ml) was added. NMR
refined. Hydrogen atoms were included, when possible, at their cal-analysis revealed the presence of [Me4C2(C5H4)2]SmCl-
culated positions. The Cp rings were constrained to a regular pen-(THF)MgCl2(THF)3 (4) as the unique product. 2 NMR (C6D6):
tagon and the toluene ring to a regular hexagon. The methyl group

δ 5 15.31 (s, 4 H), 8.05 (s, 4 H), 3.73 (s, 16 H), 1.34 (s, 16 H), 1.25
of the toluene solvate was not located. The final agreement indices(s, 12 H). 2 2 equivalents (5.28 mg) of C5H3Li(C4H8O2) were ad-
are Rw(F2) 5 0.124 and R(F) 5 0.102 for all data (1228 independentded, the solution became pink/red and a reddish precipitate was
reflections) and 135 parameters; R(F) 5 0.047 for 822 data with Ideposited that was partially soluble in the presence of the oxygen-
> 2σ(I); goodness of fit 5 0.94 and ∆ρ 5 0.344 and 20.260 e A23.ated solvents (7 THF 1 2 dioxane molecules per Sm atom). 2 2:
Crystallographic data (excluding structure factors) for the structure1H NMR (C6D6; 298 K): δ 5 8.09 (s, 4 H), 5.97 (s, 4 H), 3.34
reported in this paper have been deposited with the Cambridge(dioxane 1 THF), 1.89 (s, 12 H), 1.25 (THF), the allylic signals
Crystallographic Data Centre as supplementary publicationcould not be detected; (343 K): δ 5 8.54 (s, 4 H), 7.99 (br., 2 H),
No. CCDC-101393. Copies of the data can be obtained free of6.62 (s, 4 H), 5.76 (br., 8 H), 3.36 (dioxane 1 THF), 1.81 (s, 12 H),
charge on application to CCDC, 12 Union Road, Cambridge1.32 (THF).
CB21EZ, UK [Fax: internat. 144-1223/336-033; E-mail:

(b) A toluene solution of [Me4C2(C5H4)2]SmCl- deposit@ccdc.cam.ac.uk].
(THF) ·MgCl2(THF)2 (4) was prepared following the published

In situ Preparation of Catalytic Systems. 2 System A: In anprocedure[14] from 0.5 g (1.06 mol) of SmCl3(THF)3 and 0.66 g
NMR tube was placed 12 mg of [Me4C2(C5H4MgCl)2](THF)4, 9(1.06 mol) of [Me4C2(C5H4MgCl)2](THF)4 in 20 ml of toluene (in-
mg of NdCl3(THF)3, and 5.3 mg of C3H5Li(dioxane). 0.5 ml ofstead of THF). Salts were removed by filtration and, at 230°C and
C6D6 was added and the mixture was stirred by sonification untilwith vigourous stirring, 0.29 g (2.12 mmol) of C3H5Li(C4H8O2)
the signals of the starting materials totally disappeared: a brightwas added to the bright orange solution. The mixture turned pink
green colour developed and white salts precipitated. The benzenewithin a few minutes and the temperature was allowed to rise to
(and the excess THF and dioxane) was evaporated and the residue20°C. Salts were removed by filtration and the solvent was evapo-
dissolved in toluene. The toluene solution was transferred into arated under reduced pressure to give a red paste. This paste was
flask and the solvents were evaporated. The green solid was useddissolved in dimethoxyethane (20 ml) and the solvent was evapo-
for polymerization.rated. The crude product was an expanded oil which was washed

with ether (3 3 15 ml) to finally give a brick-red powder (yield System B: To a C6D6 solution of 8 mg of tris-tert-butylmethanol
2 “tritoxH” 2 (dried over molecular sieves), was added 10.3 mg60%). 2 1H NMR (C4D8O): δ 5 9.53 (m, 2 H), 8.61 (br., 4 H),

7.94 (s, 4 H), 7.07 (br., 4 H), 5.77 (s, 4 H), 3.35 (dme, 4 H), 3.19 of (C3H5)4NdLi(dioxane)1.5. The tube was heated (60°C) and the
mixture stirred by sonification, which led to a green, sparingly sol-(dme, 6 H), 1.70 (s, 12 H). 2 Crystals could be obtained as thin

plates in a 75225% mixture of dimethoxyethane and diethyl ether. uble material; very large allylic signals with paramagnetic shifts in
the range δ 5 210 to 250 and a paramagnetic tert-butyl signal at2 C26H40LiO2Sm (541.95): calcd. C 57.62, H 7.44; found C 57.20,

H 7.29. δ 5 10 were observed in the 1H-NMR spectrum. The solvent was
partially evaporated, THF was added and the solvents partiallyCp92SmMe2Li(dioxane) (3): To a stirred solution of (Cp92SmCl)2 evaporated once again. The green solid was then soluble in benzene(0.39 g, 0.91 mmol) in toluene (30 ml) was slowly added, at 278°C,
and the solution was transferred into the polymerization flask. Thea 1  ethereal solution of MeLi (2.0 µl, 2.0 mmol). The mixture
solvents were evaporated before isoprene was added.was stirred for 2 h and then warmed to room temperature and

stirred for a further 30 min. The mixture turned pale yellow and Polymerization Experiments: (1) Diene polymerization: The cata-
lyst (10 mg) was introduced into a flask connected to a vacuumLiCl was deposited. The solution was filtered and the solvent eva-

porated. The residue was extracted with toluene (2 3 10 ml). The line. The diene (3 ml) was then condensed on to it and the stirred
solution was heated at 50°C during 5 h. Depending on the activityclear solution was concentrated and microcrystals were formed.

After evaporation of the toluene, the powder was washed with pen- of the catalyst, the mixture can become highly viscous; the flask
was opened to the air and the contents dissolved in the requiredtane (2 3 10 ml) and dried in vacuo; a pale yellow solid was ob-

tained (0.25 g, yield 64%) that was sparingly soluble in aromatic volume (5215 ml) of toluene. The toluene solution was poured into
200 ml of ethanol and the polymer precipitated. The liquors weresolvents. 2 1H NMR (C6D6): δ 5 9.16 (s, 4 H), 8.86 (s, 4 H), 20.01
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The reactivity of the cationic amido-bridged binuclear transformed into the asymmetric isomer 7b under thermal
conditions (70 °C, 10 h) or under acid catalysis ([HOEt2][BF4],ruthenium carbonyl complex [Ru2(µ-dan)(µ-H)(CO)6]+

(H2dan = 1,8-diaminonaphthalene) (2) with some anionic and 18 °C, 1 min). Such isomerization reactions can be prevented
by adding an excess of triphenylphoshane to the solutions.neutral nucleophilic reagents has been investigated. The

reaction of 2 with halide anions gives neutral products, The complexes 7a and 7b can also be prepared by treating
the neutral complex [Ru2(µ-dan)(PPh3)2(CO)4] with[Ru2X(µ-dan)(µ-H)(CO)5] [X = Cl (3), Br (4), I (5)], which

result from the regiospecific substitution of the halide anion [HOEt2][BF4] in the presence (for 7a) or in the absence (for
7b) of triphenylphoshane. In addition, compound 3 reactsfor one of the CO ligands trans to the bridging hydride.

Compound 3 is more conveniently prepared by treatment of with triphenylphoshane at room temperature to give the
symmetric cationic complex 7a , whereas the reaction ofthe neutral complex [Ru2(µ-dan)(CO)6] with gaseous

hydrogen chloride. The reaction of 2 with tri- complex 5 with triphenylphoshane requires higher
temperature and gives the asymmetric isomer 7b.phenylphosphane affords the disubstituted product of C2v

symmetry [Ru2(µ-dan)(µ-H)(PPh3)2(CO)4]+ (7a), which can be

Introduction studies with trinuclear carbonylruthenium clusters have
been reported[7].

The interest in the synthesis and reactivity of late-tran-
sition-metal amido complexes has grown considerably[1].
This research activity has been carried out in parallel to Results and Discussion
investigations on binuclear carbonylruthenium(I) com-
plexes[2]. In connection with these two research fields, we Reactions with Halide Anions
have previously reported the synthesis of the binuclear am-
ido-bridged carbonylruthenium(I) complex [Ru2(µ-dan)- Treatment of the ionic compound [Ru2(µ-dan)(µ-H)-

(CO)6][BF4] (2[BF4]) with dichloromethane solutions of(CO)6] (H2dan 5 1,8-diaminonaphthalene) (1) [3] [4]. Reactiv-
ity studies on compound 1 have shown that it can be pro- [PPN]X (X 5 Cl, Br, I) or [Et4N]Br led to the instantaneous

formation of the neutral derivatives [Ru2X(µ-dan)(µ-H)-tonated at the metal atoms to give the cationic derivative
[Ru2(µ-dan)(µ-H)(CO)6]1 (2) and that it readily undergoes (CO)5] [X 5 Cl (3), Br (4), I (5)] in quantitative spectro-

scopic (IR) yields. However, this synthetic method did notcarbonyl substitution reactions with phosphane ligands to
give disubstituted derivatives such as [Ru2(µ-dan)(PPh3)2- lead to analytically pure products because the complexes

could not be efficiently separated from the ionic tetrafluoro-(CO)4] [4]. The basicity and the cis-labilizing character of the
bridging amido ligand have been suggested as the factors borate byproducts Q[BF4] (Q 5 PPN, Et4N) by either frac-

tional crystallization (similar solubility in organic solvents)responsible for the observed reactivity. However, compound
1 does not react with hard ligands, such as the halide or chromatographic methods (the complexes did not elute

on silica and alumina). In addition, treatment of 2[BF4]anions[5].
As cationic complexes should be more prone than their with an excess of solid KX (X 5 Cl, Br, I) in dichlorometh-

ane also gave compounds 325, but the reactions were slow.neutral precursors to undergo reactions with basic re-
agents[6] [7], and as the protonation of neutral complexes The bromo and iodo complexes 4 and 5 were efficiently

prepared in pure form by this method, requiring reactionshould increase the hard character of the metal atoms, we
thought it would be interesting to study the substitution times of 40 and 20 h, respectively. The reaction of 2[BF4]

with KCl was very slow, being incomplete (ca. 70% conver-chemistry of the cationic compound 2 and to compare it
with that of its neutral precursor 1. No such a comparative sion) after one week. It should be noted that KCl is nearly

insoluble in chlorinated solvents, and that 2[BF4] undergoesstudy is known for binuclear complexes, although related
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Table 1. Comparative 1H- and 31P{1H}-NMR data for compoundsdeprotonation in basic solvents such as acetone, THF, or

227[a]
water, thus preventing the use of such solvents in the reac-
tions. The most convenient method to prepare the chloro

Comp. δH(µ-H) δH(dan) δP(PPh3)complex 2 in pure form turned out to be the treatment of
2[b][c] 210.95 (s) 7.82 (d) [7.7], 7.60 (d) [7.7],the neutral hexacarbonyl complex 1 with a dichlorometh-

7.43 (t) [7.7], 7.56 (s, br.)ane solution of HCl.
3 215.30 (s) 7.62 (dd) [7.6, 1.1], 7.25 (t)

[7.6], 7.16 (dd) [7.6, 1.1], 5.14
Scheme 1 (s, br.)

4 214.37 (s) 7.65 (dd) [7.6, 1.1], 7.29 (t)
[7.6], 7.35 (dd) [7.6, 1.1], 5.05
(s, br.)

5 212.56 (s) 7.60 (dd) [7.6, 1.0], 7.28 (t)
[7.6], 7.14 (dd) [7.6, 1.1], 4.85
(s, br.)

6[b] 6.83 (d) [7.8], 6.39 (t) [7.8], 27.7 (s)
5.98 (d) [7.8], 4.23 (s, br.)

7a 29.63 (t) 6.73 (d) [7.9], 6.54 (d) [7.9], 37.6 (s)
{41.4} 6.29 (t) [7.9], 5.24 (s, br.)

7b 210.10 (dd) 7.45 (d) [7.7], 6.85 (t) [7.5], 49.4 (s),
{43.5, 7.4} 6.67 (t) [7.7], 5.87 (d) [7.5], 38.9 (s)

2.26 (s, br.)[d]

[a] Spectra recorded in CDCl3; multiplicities are given in parenthe-
ses; coupling constants (Hz) are given in square brackets [JH-H] or
braces {JH-P}. 2 [b] Data taken from ref. [4]. 2 [c] Spectrum recorded
in (CD3)2CO containing 10% [HOEt2][BF4]. 2 [d] Other resonances
of the dan ligand are obscured by those of the PPh3 ligand.

the anionic binuclear osmium(I) complexes [PPN][Os2X(µ-
O2CMe)2(CO)5] (X 5 Cl, I) can be prepared by treatment

The structure proposed for compounds 325 in Scheme 1 of the solvated complex [Os2(µ-O2CMe)2(CO)5(thf)] with
is based on their analytical and spectroscopic data. Their [PPN]X[11]. Unfortunately, all attempts to prepare any sol-
IR spectra are nearly identical, suggesting a common struc- vated derivative of complex 1 were unsuccessful.
ture for the three compounds, showing the ν(CO) absorp-
tions at lower wavenumbers (211521985 cm21) than those
of the cationic starting complex 2 (213621991 cm21) [4]. Reactions with Triphenylphosphane
Their 1H-NMR spectra (Table 1) show one hydride reso-
nance and four resonances for the dan ligand (three aro- Complex 2 reacted instantaneously with triphenylphos-

phane at room temperature to give the disubstituted deriva-matic and one NH), indicating the presence of a mirror
plane that divides the dan ligand into two identical halves. tive [Ru2(µ-dan)(µ-H)(PPh3)2(CO)4]1 (7a), regardless of the

ratio of the reactants. The use of a phosphane/complex ra-The 13C{1H}-NMR sprectrum of compound 5 (taken as a
representative example) shows three carbonyl resonances in tio smaller than two resulted in a mixture of 7a and unre-

acted 2. The symmetric (C2v) structure shown for the cationa 2:2:1 ratio (relaxation delay 2 s), confirming the presence
of five CO ligands. Interestingly, only the smallest carbonyl 7a in Scheme 2 is based on spectroscopic data. The

31P{1H}- and 1H-NMR spectra (Table 1) are consistentsignal is split into a doublet in the proton-coupled 13C-
NMR spectrum, indicating that only one CO ligand is in a with the existence of two mirror planes, since they only

show one singlet in the 31P{1H} spectrum and five reson-trans position to the hydride. Thus, these data confirm the
structure shown in Scheme 1 and rule out an alternative ances in the 1H spectrum (four for the dan ligand and one

for the hydride). In particular, the hydride resonance is astructure which would have the hydride and halide ligands
in terminal and bridging positions, respectively. triplet with a large J(H-P) coupling constant (41.4 Hz). It

is generally accepted that large (> 20 Hz) 2J(H-P) couplingIt seems that the acidic (and not merely the cationic)
character of complex 2 might be responsible for the ob- constants are indicantive of a trans arrangement of hydride

and phosphane ligands on a metal carbonyl complex[7], al-served reactivity. In fact, complex 2 could reversibly pro-
tonate the halide anions to give the corresponding hydrogen though some exceptions to this rule have been reported for

pentacoordinated iron complexes[12].halides which would then react in a concerted way with the
conjugated base 1 to give the substituted products 123. In an attempt to make 7a[BF4] by an alternative route, we

treated a dichloromethane solution of the symmetric (C2v)As halide anions are worse π-acceptor ligands than car-
bon monoxide, the substitution of halide anions for car- neutral disubstituted compound [Ru2(µ-dan)(PPh3)2(CO)4]

(6) with an excess of [HOEt2][BF4] in diethyl ether. The re-bonyl ligands in ruthenium complexes has been previously
observed only on a few occasions on neutral [8] [9] and cat- action was instantaneous but, to our surpise, the product

was not 7a but the asymmetric isomer 7b (Scheme 2), asionic[6b] [6c] [10] carbonyl cluster compounds. As mentioned
in the Introduction, the neutral compound 1 does not react inferred from its 31P{1H} spectrum, which consists of two

singlet resonances, and from its 1H spectrum, which showswith halide anions[5]. Curiously, it has been reported that
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Scheme 2 and that 7b is the thermodynamic isomer, and that the iso-

merization takes place through a dissociative mechanism
which requires the decoordination of triphenylphosphane in
the activation step.

To our knowledge, no previous isomerization reactions of
phosphane-substituted ligand-bridged binuclear ruthenium
complexes have been described, but a few examples of such
reactions have been reported for trinuclear clusters[7].

Further work on the reactivity of binuclear cationic car-
bonylruthenium complexes, extending the reactions to other
P-donor ligands, such as phosphites, diphosphanes, etc., is
in progress.

Financial support from the Dirección General de Enseñanza Su-
perior (Project PB9521042) is gratefully acknowledged.

Experimental Section
General: IR: Perkin-Elmer FT 1720-X. 2 NMR: Bruker AC-200

and AC2300, 20°C, internal TMS (for 1H and 13C) or external
85% H3PO4 (for 31P) as standards. 2 Microanalyses: Perkin Elmer
2400. 2 Solvents were dried with sodium diphenyl ketyl (diethyl
ether, hydrocarbons) or CaH2 (dichloromethane, 1,2-dichloro-
ethane) and distilled under nitrogen prior to use. The reactions
were carried out under nitrogen with Schlenk vacuum-line tech-
niques, and were routinely monitored by solution IR spectroscopy
(carbonyl stretching region). Compounds 1, 2, and 6 were prepared
as described previously[4]. A saturated solution of HCl in dichloro-
methane was prepared by bubbling gaseous HCl (formed by ad-
dition of 98% sulfuric acid to solid NaCl) through the solvent.
All the other reagents were purchased from Aldrich and were used

the hydride resonance as a doublet of doublets with J(H-P) as received.
coupling constants (43.5 and 7.4 Hz) in agreement with a

[Ru2Cl(µ-dan)(µ-H)(CO)5] (3): A saturated solution of HCl instructural assignment in which the hydride is trans to a
dichloromethane (2 ml) was added to a solution of compound 1phosphorus atom and cis to the other[7].
(100 mg, 0.190 mmol) in the same solvent (10 ml). The originalThe reactions of the halide derivatives 3 and 5 with tri-
pale yellow colour slightly darkened and the IR spectrum of the

phenylphosphane were also studied. The chloro complex 3 resulting solution revealed the complete transformation of 1 into a
reacted slowly (6 h) with two equivalents triphenylphos- new compound. The solvent was removed under reduced pressure
phane in 1,2-dichloroethane at room temperature to give and the residue was washed with hexane (2 3 10 ml) and dried to
the symmetric cationic derivative 7a. No monosubstituted give complex 3 as a yellow solid (83 mg, 82%). 2 C15H9ClN2O5Ru2

(534.86): calcd. C 33.68, H 1.70, N 5.24; found C 33.21, H 1.46,derivatives were detected when the reaction was monitored
N, 4.91. 2 IR (CH2Cl2): ν̃ 5 2115 cm21 (m), 2053 (s), 1985 (m).by IR or 31P{1H} NMR. Curiously, no reaction was ob-

served with the iodo derivative 5 under the same conditions, [Ru2Br(µ-dan)(µ-H)(CO)5] (4): Solid KBr (96 mg, 0.807
but it gave the asymmetric cationic derivative 7b within 30 mmol) was added to a solution of 2[BF4] (50 mg, 0.081 mmol) in
min when the reaction was carried out at reflux. dichloromethane (10 ml). The resulting suspension was stirred for

40 h, when the IR spectrum of the solution revealed the absenceThe above results prompted us to try to establish whether
of the starting material. The suspension was filtered through a Ce-the transformations of 7a into 7b or of 7b into 7a were
lite filter and the resulting yellow solution was concentrated to dry-possible. We found that (a) complex 7a can be quantitat-
ness. The solid residue was washed with hexane (2 3 5 ml) andively transformed into 7b under thermal conditions (1,2-
dried to give complex 4 as a yellow solid (35 mg, 75%). 2dichloroethane, reflux temperature) and that the rate of the
C15H9BrN2O5Ru2 (579.31): calcd. C 31.10, H 1.57, N 4.84; found

cation isomerization depends on the accompanying anion, C 30.91, H 1.66, N 4.65. 2 IR (CH2Cl2): ν̃ 5 2115 cm21 (m), 2052
being faster for chloride (30 min) than for tetrafluoroborate (s), 1987 (m).
(10 h), (b) the isomerization reaction is catalysed by acids,

[Ru2I(µ-dan)(µ-H)(CO)5] (5): Solid KI (132 mg, 0.795 mmol)since the addition of [HOEt2][BF4] to a dichloromethane
was added to a solution of 2[BF4] (50 mg, 0.081 mmol) in dichloro-solution of 7a at room temperature resulted in its instan-
methane (10 ml). The resulting suspension was stirred for 20 h,

taneous transformation into 7b, (c) this isomerization pro- when the IR spectrum of the solution revealed the absence of the
cess is inhibited by the presence of free triphenylphosphane, starting material. The suspension was filtered through a Celite filter
regardless of the presence of acid in the solution, and (d) and the resulting solution was concentrated to dryness. The solid
by no means could the transformation of 7b into 7a be residue was washed with hexane (2 3 5 ml) and dried to give com-

plex 5 as a yellow-orange solid (34 mg, 67%). 2 C15H9IN2O5Ru2achieved. Therefore, it is clear that 7a is the kinetic isomer
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(626.31): calcd. C 28.77, H 1.45, N 4.47; found C 28.51, H 1.58, N perature for 1 h, but no reaction was observed (IR). The solution

was then heated to reflux temperature. After 30 min, the IR spec-4.09. 2 IR (CH2Cl2): ν̃ 5 2114 cm21 (m), 2051 (s), 1986 (m). 2
13C{1H} NMR (CD2Cl2): δ 5 196.9 (2 CO), 190.2 (2 CO), 181.9 trum showed the complete transformation of 5 into the asymmetric

cationic derivative 7b.(1 CO), 148.7 (2 C), 135.4 (1 C), 126.1 (2 C), 125.3 (1 C), 124.5 (2
C), 114.7 (2 C) (all singlets); the resonances at δ 5 181.9, 126.1, Thermal Isomerization of 7a to 7b: A solution of 7a[BF4] (50
124.5, and 114.7 are split into doublets in the proton-coupled spec- mg, 0.046 mmol) in 1,2-dichloroethane (20 ml) was stirred at reflux
trum. temperarure. The reaction was monitored by IR spectroscopy,

[Ru2(µ-dan)(µ-H)(PPh3)2(CO)4][BF4] (7a[BF4], symmetric which showed the complete transformation of 7a into 7b after 10 h.
isomer): Solid 2[BF4] (25 mg, 0.041 mmol) was added to a stirred When the chloride salt 7a[Cl] was used as starting material, under
solution of PPh3 (22 mg, 0.084 mmol) in dichloromethane (10 ml). analogous conditions, the transformation of 7a into 7b took only
The reaction was instantaneous (IR). No changes were observed in 30 min.
the IR spectrum of this solution after 20 h. The solvent was re-

Acid-Catalysed Isomerization of 7a to 7b: [HOEt2][BF4] (0.2 ml,moved under reduced pressure and the residue was washed with
60% solution in diethyl ether) was added to a solution of 7a[BF4]hexane (2 3 5 ml) and dried to give 7a[BF4] as a yellow solid (36
(50 mg, 0.046 mmol) in dichloromethane (20 ml). The IR spectrummg, 80%). 2 C50H39BF4N2O4P2Ru2 (1082.79): calcd. C 55.46, H
of the resulting solution showed the complete transformation of 7a3.63, N 2.59; found C 54.92, H 3.94, N 2.30. 2 IR (CH2Cl2): ν̃ 5
into 7b.2063 cm21 (s), 2047 (m), 1998 (s).

[Ru2(µ-dan)(µ-H)(PPh3)2(CO)4][BF4] (7b[BF4], asymmetric
[1] For reviews on late-transition-metal amido complexes, see: [1a]

isomer): An excess of [HOEt2][BF4] (0.2 ml, 60% solution in diethyl
M. D. Fryzuk, C. D. Montgomery, Coord. Chem. Rev. 1989, 95,

ether) was added to a solution of complex 6 (100 mg, 0.100 mmol) 1240. 2 [1b] H. E. Bryndza, Chem. Rev. 1988, 88, 116321188.
in dichloromethane (10 ml). The reaction was instantaneous (IR).- [2] For a review on binuclear ruthenium(I) complexes containing

N-donor ligands, see: J. A. Cabeza, J. M. Fernández-Colinas,The solvent was removed under reduced pressure and the oily resi-
Coord. Chem. Rev. 1993, 126, 3192336.due was washed with diethyl ether (3 3 5 ml) and dried to give [3] J. A. Cabeza, V. Riera, M. A. Pellinghelli, A. Tiripicchio, J.

7b[BF4] as a yellow solid (87 mg, 80%). 2 C50H39BF4N2O4P2Ru2 Organomet. Chem. 1989, 376, C23-C25.
(1082.79): calcd. C 55.46, H 3.63, N 2.59; found C 55.42, H 3.83, [4] J. A. Cabeza, J. M. Fernández-Colinas, V. Riera, M. A. Pel-

linghelli, A. Tiripicchio, J. Chem. Soc., Dalton Trans. 1991,N 2.39. 2 IR (CH2Cl2): ν̃ 5 2063 cm21 (m), 2051 (s), 2000 (s). 2
3712377.13C{1H} NMR (CDCl3): δ 5 196.5 (d, J 5 11.1 Hz, 1 CO), 196.4 [5] J. A. Cabeza, J. M. Fernández-Colinas, unpublished results.

(d, J 5 12.6 Hz, 1 CO), 194.7 (d, J 5 12.9 Hz, 1 CO), 190.4 (t, [6] [6a] J. A. Cabeza, I. del Rı́o, V. Riera, F. Grepioni, Organometal-
J 5 10.9 Hz, 1 CO), 150.3 (1 C), 147.4 (1 C), 1352112 (complex lics 1995, 14, 312423126. 2 [6b] J. A. Cabeza, I. del Rı́o, V.

Riera, F. Grepioni, Organometallics 1997, 16, 8122815. 2 [6c] J.mixture of signals).
A. Cabeza, I. del Rı́o, V. Riera, S. Garcı́a-Granda, S. B. Sanni,

Protonation of Complex 6 in the Presence of Triphenylphosphane: Organometallics 1997, 16, 174321748.
[7] [7a] P. L. Andreu, J. A. Cabeza, V. Riera, C. Bois, Y. Jeannin, J.An excess of [HOEt2][BF4] (0.2 ml, 60% solution in diethyl ether)

Chem. Soc., Dalton Trans. 1990, 334723353. 2 [7b] P. L. An-was added to a solution of PPh3 (105 mg, 0.400 mmol) and com-
dreu, J. A. Cabeza, M. A. Pellinghelli, V. Riera, A. Tiripicchio,

plex 6 (100 mg, 0.100 mmol) in dichloromethane (10 ml). After 3 Inorg. Chem. 1991, 30, 461124616. 2 [7c] P. L. Andreu, J. A.
min, the IR spectrum of the resulting solution showed only the Cabeza, J. L. Cuyás, V. Riera, J. Organomet. Chem. 1992, 427,

3632368. 2 [7d] P. L. Andreu, J. A. Cabeza, V. Riera, Inorg.presence of the symmetric complex 7a, remaining unchanged after
Chim. Acta 1991, 186, 2252230.12 h. The solvent was removed under reduced pressure and the [8] See, for example: [8a] G. Lavigne, H. D. Kaesz, J. Am. Chem.

residue was washed with diethyl ether (3 3 5 ml) and dried to give Soc. 1984, 106, 464724648. 2 [8b] N. Lugan, G. Lavigne, J. M.
pure 7a[BF4] (IR, 31P NMR) (75 mg, 69%). Soulie, S. Fabre, P. Kalck, J. Y. Saillard, J. F. Halet, Organomet-

allics 1995, 14, 171221731 and references therein.Reaction of Complex 3 with Triphenylphosphane: A solution of [9] See, for example: [9a] S. H. Han, G. L. Geoffroy, B. D. Dombek,
complex 3 (100 mg, 0.187 mmol) and triphenylphosphane (98 mg, A. L. Rheingold, Inorg. Chem. 1988, 27, 435524361. 2 [9b] T.

Chin-Choy, W. T. Harrison, G. D. Stucky, N. Keder, P. C. Ford,0.375 mmol) in 1,2-dichloroethane (10 ml) was stirred at room tem-
Inorg. Chem. 1989, 28, 202822029 and references therein.perature for 6 h, when the IR spectrum of the solution showed the [10] J. A. Cabeza, F. J. Lahoz, A. Martı́n, Organometallics 1992,complete transformation of 3 into the symmetric cationic deriva- 11, 275422756.

tive 7a. [11] A. J. Deeming, N. P. Randle, M. B. Hursthouse, R. L. Short, J.
Chem. Soc., Dalton Trans. 1987, 247322477.Reaction of Complex 5 with Triphenylphosphane: A solution of [12] C. E. Ash, M. Y. Darensbourg, M. B. Dahl, J. Am. Chem. Soc.

complex 5 (35 mg, 0.056 mmol) and triphenylphosphane (30 mg, 1987, 109, 417324180.
[98118]0.113 mmol) in 1,2-dichloroethane (10 ml) was stirred at room tem-
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Symmetrically 4,16-disubstituted (3a–c) and bridged (6a, b) bis(trimethylsilyl)[2.2]paracyclophane (3a) we also examined
the Grignard reaction, and as a result the first successful useorganometallic paracyclophane derivatives have been

synthesized for use as monomeric precursors of or- of a 4,16-bis Grignard reagent is described. According to the
spectral data, the bridged compounds 6a, c are formed asganometallic poly-p-xylylenes. Both types of compounds

were obtained by lithiation of the appropriately substituted diastereomeric mixtures of a meso- and a d,l form. The
diastereomers were separated by fractional recrystallizationparacyclophane bromides (1 or 4) and subsequent quenching

of the resulting lithioparacyclophane derivatives with and characterized.
organometallic electrophiles. For the synthesis of 4,16-

Although numerous functional groups have been intro- (A or B in Scheme 1) is first produced by pyrolytic polymer-
ization of the corresponding disubstituted or bridged para-duced into the [2.2]paracyclophane nucleus[1], relatively

little is known about these bridged aromatic compounds cyclophane monomers.
when they bear metal-containing substituents. To date, only

Scheme 1. PPX films containing silyl, germyl and stannyl functionsmono(trimethylstannyl)- [2], 4,16-bis(triphenylphosphane-
gold)- [3], and several trimethylsilyl-substituted paracyclo-
phane derivatives[4] have been synthesized, among them the
meso and d,l diastereomers of dimethylbis([2.2]paracyclo-
phan-4-yl)silane[5].

In principle, these derivatives could find wide application.
They are not only of interest because of their stereochem-
ical properties 2 any monosubstituted [2.2]paracyclophane
is chiral, regardless of the position of the substituent in the
system 2 but they could serve as ligands for new metal Further annealing of the polymers A and B leads to

cleavage of the M2C bonds and the formation of metalcomplexes and be used as monomeric precursors of novel,
metal-containing polymers. The parent hydrocarbon is an nanocrystals in a polymer matrix. In contrast to the pre-

viously reported methods[9], we were able to obtain polymerimportant monomer in polymer chemistry 2 the poly-p-
xylylene (PPX) polymer derived from it is called parylene. coatings of uniform thickness that contained evenly distrib-

uted metal particles. Preliminary investigations on Ge-con-Recently, we succeeded in preparing PPX films containing
nanosize metal particles [6] [7], which could be used as sensor taining nanocomposites have shown these systems to be

very promising sensor materials for air humidity[8].devices for the detection of gaseous compounds in air[8]. In
our methodology, developed for the preparation of poly- In this paper we report on the synthesis of new disubsti-

tuted (3a2c, M 5 Si, Ge, Sn) and bridged (6a, b, M 5 Ge,mer2metal nanocomposites, an organometallic PPX film
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Sn; for Si compound see ref. [5]) paracyclophane monomers, One of the most striking properties of [2.2]paracyclo-

phanes is their planar chirality, which appears as soon aswhich we plan to employ as monomers for the aforemen-
tioned polymer synthesis. one hydrogen atom of the parent molecule is replaced by

another substituent, with the substituents being introduced
into the aromatic nuclei in most cases. Since compounds 6a,
b are constructed from two chiral elements, they could inResults and Discussion
principle be obtained as a mixture of diastereomers, a chiral

Dibromide 1 was obtained according to ref. [10] and lithi- d,l enantiomeric pair and an achiral meso form (Scheme 4).
ated with excess n-butyllithium in diethyl ether[11]. The re-
sulting intermediate dilithio derivative 2 was then treated In both cases, the reaction mixtures were analyzed by

HPLC (RP-18, methanol or methanol/water) and 1H-NMRwith trimethylsilyl chloride, trimethylgermanium bromide
or trimethyltin chloride to yield the derivatives 3a2c spectroscopy. The title compounds were indeed shown to

have been formed as a diastereomeric mixture. According(Scheme 2).

Scheme 2. The preparation of dimetallated [2.2]paracyclophanes

It is known that aromatic silylation can also be per-
Scheme 4. The d,l and meso form of a metal-bridged [2.2]paracyclo-formed via organomagnesium reagents[12]. In the paracy-

phaneclophane series, the mono Grignard reagent has been pre-
pared and used for the synthesis of [2.2]paracyclophane-4-
carboxylic acid[13]. Also, the coupling reaction of 4-bromo-
[2.2]paracyclophane has been carried out via an organo-
magnesium intermediate[14]. To study the applicability of
the organomagnesium route for the preparation of 3a, we
used the Barbier procedure[15], which has been applied pre-
viously for the synthesis of polysilylated benzenes[16]. In this
approach, the aryl halide, magnesium and trimethylsilyl
chloride are refluxed together in hexamethyl phosphoric tri-
amide (HMPT) in a one-pot reaction. Compared with the
lithation of 1, this required more severe conditions (HMPT,
heating, longer reaction time) and produced 3a in substan-
tially lower yield. Nevertheless, this metallation/quenching to their 1H-NMR data, the diastereomers 6a, b are formed

in a d,l/meso ratio of about 2:1. The diastereomers could beis the first example of the successful application of a disub-
stituted organomagnesium paracyclophane derivative in separated by fractional recrystallization, with the meso form

usually precipitating from the mixture. The separation of 6bsynthesis.
The bridged paracyclophane derivatives 6a, b were syn- from the reaction mixture is difficult, since this compound

is not stable on silica gel. Fractional recrystallization of thethesized from the monobromide 4 [17] via the monolithiated
cyclophane 5 [18] (Scheme 3). reaction mixture in this case only leads to the meso dia-

Scheme 3. The preparation of metal-bridged [2.2]paracyclophanes
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stereomer in pure form. Full spectral characterization of the Experimental Section
diastereomers obtained was performed (see Experimental General: 1H and 13C NMR: Bruker AM-400 (400.13 and 100.6
Section). MHz, for 1H and 13C, respectively), CDCl3 as solvent, TMS as

The chiral enantiomeric and the meso stereoisomers of internal standard. 2 MS: Varian CH5, EI (70 eV). 2 IR: Nicolet
320 FT-IR spectrometer. 2 UV/Vis: Hewlett-Packard 8452A. 2both compounds 6a, b could also be distinguished directly.
Column chromatography: Kieselgel 60, 702230 mesh (Merck,Thus, the protons of CH3 groups in the chiral isomer are
Darmstadt). 2 Diastereomer compositions were determined byrelated by a C2 axis, so that they are homotopic and give
analytical HPLC (Milton-Roy HPLC system, methanol/water, 19:1,rise to a single singlet. The corresponding protons in the
reversed-phase (S5 octadecylsilane, SiC18 Spherisorb). 2 Et2O wasmeso form are surrounded by different chiral paracyclo-
distilled from benzophenone ketyl under argon immediately prior

phane moieties and are therefore diastereotopic. The signals to use. Dichloromethane was distilled from P2O5. Hexamethylphos-
of these groups are detected as two singlets with a shift phortriamide (HMPT) was distilled from CaH2 in vacuo and stored
difference of 0.2 ppm. It is noteworthy that although the under nitrogen. (CH3)3SiCl, (CH3)3GeBr, (CH3)2GeCl2 were dis-
meso forms of 6a, b can be unambiguously characterized tilled from CaH2. Other reagents were purchased from Aldrich and
by 1H-NMR spectroscopy, in the 13C-NMR spectra of these were used without purification.
compounds the signals of the methyl C atoms are not re- 4,16-Bis(trimethylsilyl)[2.2]paracyclophane (3a) via Organoli-
solved. thium Compound 2: To a stirred suspension of 1.0 g (2.73 mmol) of

Furthermore, crystals suitable for an X-ray structural de- 1 in 60 ml of dry diethyl ether under nitrogen, was added 9.76 ml
of a 1.64  nBuLi solution in hexane (16 mmol). The reaction mix-termination could be obtained in the case of d,l-6a99. Ac-
ture was stirred for 3 h, and then 2.03 ml (16 mmol) of (CH3)3SiClcording to X-ray data, the [2.2]paracyclophanyl units of this
was added by means of a syringe over a period of 15 min. Thederivative are very similar to one another and display the
reaction mixture was stirred overnight, heated for an additional 1typical [2.2]paracyclophane geometry (Figure 1).
h, and then quenched with saturated NH4Cl solution. The organic
layer was washed several times with water, and dried with Na2SO4.

Figure 1. The structure of d,l-6a99 in the crystal; radii are arbitrary The solvent was evaporated under reduced pressure. Column chro-
matography of the residue (pentane/dichloromethane, 8:1) gave
0.64 g (67%) of 3a, m.p. 156°C. 2 IR (KBr): ν̃ 5 2930 cm21 (m),
2880 (w), 1240 (s), 1105 (m), 905 (m), 860 (s), 842 (s), 832 (s), 755
(m), 720 (m). 2 UV/Vis (CH3CN): λmax (lg ε) 5 230 nm (3.95),
255 (3.27), 266 (3.06). 2 1H NMR (CDCl3): δ 5 0.4 (s, 18 H, CH3),
2.9623.35 (m, 8 H, CH2CH2), 6.29 (d, J 5 7.8 Hz, 2 H, 8-, 12-H),
6.37 (dd, J 5 7.8, J 5 1.9 Hz, 2 H, 7-, 13-H), 6.82 (d, J 5 1.9 Hz,
2 H, 5-, 15-H). 2 13C NMR (CDCl3): δ 5 1.00 (s, CH3), 35.67,
35.82 (s, C-1, -2, -9, -10), 133.47, 134.37, 137.15, 137.9, 138.76,
146.2 (s, all C-Ar). 2 MS (70 eV); m/z (%): 352 (10) [M1], 337 (13),
176 (100), 160 (85), 145 (15). 2 C22H32Si2 (352.67): calcd. C 74.93,
H 9.15; found C 74.80, H 8.74.

4,16-Bis(trimethylsilyl)[2.2]paracyclophane (3a) via an Organo-
magnesium Derivative: Under nitrogen, 0.36 g (14.9 mmol) of mag-
nesium and 2.0 g (5.46 mmol) of 1 in dry HMPT (8 ml) were placed
in a two-necked round-bottomed flask equipped with a dropping
funnel and a condenser, and the mixture was stirred for 10 min.
Then, 2.52 ml (19.86 mmol) of (CH3)3SiCl was added, the mixture

The aromatic rings are puckered into a boat form, with was heated to 50°C, and reaction was initiated by adding a few
drops of 1,2-dibromomethane (frothing and temperature increase).the bridgehead carbon atoms displaced out of the plane
The reaction mixture was refluxed at 60°C for 40 h and, after cool-formed by the remaining four carbon atoms of the rings by
ing to room temp., was hydrolyzed by pouring it into a 0.5% so-0.15320.163 Å for the unsubstituted, and by 0.16820.175
dium hydrogen carbonate solution, while the neutrality of the solu-Å for the substituted rings. The C(sp3)2C(sp3) bond
tion was tested at regular intervals. The resulting mixture was ex-lengths of the ethano bridges range from 1.554 to 1.568 Å,
tracted with hexane, and the organic phase was washed several

i.e. they are slightly shorter than that in the parent [2.2]- times with water and dried with Na2SO4. The solvent was evapo-
paracyclophane molecule[5]. The lengths of the ger- rated under reduced pressure, and column chromatography of the
manium2carbon bonds (such as Ge2C15) to the paracy- residue on silica gel (pentane/dichloromethane, 8:1) gave 0.8 g
clophanyl groups range from 1.955 to 1.962 Å, consistent (42%) of 3a.
with what is normally observed for Ge2Ar bonds[19].

4,16-Bis(trimethylgermanyl)[2.2]paracyclophane (3b): 4,16-Dili-
The use of these new [2.2]paracyclophanes as monomers thio[2.2]paracyclophane (2) was obtained as described above from

for novel metal-containing polymers is under active investi- 1.0 g (2.73 mmol) of 1 and 9.76 ml (16 mmol) of nBuLi (1.64 
gation, and we hope to report on these studies shortly. solution in hexane). Subsequent reaction of 2 with 2.05 ml (16

mmol) of (CH3)3GeBr and work-up of the reaction mixture were
performed as in the case of 3a. Column chromatography on silicaThis work was supported by the Fonds der Chemischen Industrie

and the Russian Funds for Fundamental Investigations (project 96- gel of the resulting solid (heptane/benzene, 6:1) afforded 0.39 g
(32%) of 3b, m.p. 1582159°C. 2 IR (KBr): ν̃ 5 2925 cm21 (m),03-33620).
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2900 (w), 1225 (m), 1105 (w), 905 (m), 855 (s), 840 (s), 822 (s), 750 (m), 1237 (m), 902 (m), 833 (m), 805 (s), 718 (s), 580 (w). 2 UV/

Vis (CH3CN): λmax (lg ε) 5 228 nm (4.28), 256 (3.76), 266 (3.60).(w), 720 (m). 2 UV/Vis (CH3CN): λmax (lg ε) 5 230 nm (4.03),
255 (3.30), 266 (3.10). 2 1H NMR (CDCl3): δ 5 0.48 (s, 18 H, 2 1H NMR (CDCl3): δ 5 0.89 (s, 3 H, CH3), 2.8023.27 (m, 16 H,

CH2CH2), 6.07 (dd, J1 5 7.9, J2 5 1.7 Hz, 2 H), 6.33 (dd, J1 5CH3), 2.9423.33 (m, 8 H, CH2CH2), 6.30 (br. s, 4 H, 7-, 8-, 12-,
13-H), 6.72 (br. s, 2 H, 5-, 15-H). 2 13C NMR (CDCl3): δ 5 1.14 7.9, J2 5 1.7 Hz, 2 H), 6.3726.49 (m, 4 H), 6.5126.62 (m, 4 H),

6.76 (d, J 5 1.9 Hz, 2 H). 2 13C NMR (CDCl3): δ 5 20.67 (s,(s, CH3), 34.22, 34.38 (s, C-1, -2, -9, -10), 131.92, 132.38, 134.85,
136.70, 140.32, 143.70 (s, all C-Ar). 2 MS (70 eV); m/z (%): 444 CH3), 34.15, 34.21, 34.36, 34.68 (C-1, -19,-2, -29, -9, -99, -10, -109),

131.10 (2 C), 131.41, 131.78, 131.71 (2 C), 135.49, 136.96, 137.98,(29) [M1], 429 (25), 310 (24), 222 (100), 207 (78), 177 (30), 118 (46).
2 C22H32Ge2 (441.72): calcd. C 59.83, H 7.30, Ge 32.87; found C 138.24, 139.34, 143.85 (s, all C-Ar).
59.73, H 7.24.

Dimethylbis([2.2]paracyclophane-4-yl)stannane (6b): Monolith-
4,16-Bis(trimethylstannyl)[2.2]paracyclophane (3c): 10 ml of a io[2.2]paracyclophane 5 was obtained as described above from 1.0

3.0  nBuLi solution in hexane (30 mmol) was added to a stirred g (3.49 mmol) of 4 and 2.5 ml (4.1 mmol) of nBuLi (1.64  solution
suspension of 0.50 g (1.37 mmol) of 1 in 50 ml of dry diethyl ether in hexane). Subsequent reaction of 4 with 0.387 g (1.75 mmol) of
under argon. The reaction mixture was stirred for 5 h, and then a (CH3)2SnCl2 and work-up of the reaction mixture were performed
solution of 5.98 g (30 mmol) of (CH3)3SnCl in dry diethyl ether as in the case of 6a. Since this compound is not stable on silica gel,
was added dropwise over a period of 30 min. The reaction mixture the mixture of diastereomers could not be separated by column
was left overnight, and was then quenched with saturated NH4Cl chromatography. Recrystallization (three times) from 2-propanol/
solution. The organic layer was washed several times with water dichloromethane (4:1, v/v) yielded 0.85 g (43%) of dimethyl-meso-
and dried with Na2SO4. The solvent was evaporated under reduced bis([2.2]paracyclophane-4-yl)stannane (6b9): M.p. 208°C. 2 IR
pressure to give 0.45 g (62%) of 3c, m.p. 1622164°C. 2 IR (KBr): (KBr): ν̃ 5 2926 cm21 (s), 2890 (m), 2851 (s), 1410 (w), 1181 (w),
ν̃ 5 2922 cm21 (m), 2886 (w), 1170 (s), 1100 (s), 1050 (s), 920 (w), 1092 (m), 898 (w), 742 (m), 720 (s), 520 (m), 510 (m). 2 UV/Vis
868 (s), 860 (s), 845 (s), 762 (s), 722 (w). 2 UV/Vis (CH3CN): λmax (CH3CN): λmax (lg ε) 5 228 nm (4.51), 256 (3.85), 266 (3.62). 2
(lg ε) 5 230 nm (4.20), 2.55 (3.39), 266 (3.18). 2 1H NMR 1H NMR (CDCl3): δ 5 0.61 [dt, 3 H, J(117Sn-H) 5 51.6 Hz,
(CDCl3): δ 5 0.35 [dt, 18 H, J(117Sn-H) 5 51.6 Hz, J(119Sn-H) 5 J(119Sn-H) 5 53.6 Hz, CH3], 0.77 [dt, 3 H, J(117Sn-H) 5 51.6 Hz,
53.6 Hz, CH3], 2.9423.16 (m, 4 H, CH2CH2), 3.2423.34 (m, 4 H, J(119Sn-H) 5 53.6 Hz, CH3], 2.7123.29 (m, 16 H, CH2CH2), 6.21
CH2CH2), 6.26 (dd, J1 5 7.8, J2 5 1.9 Hz, 2 H, 7-, 13-H), 6.37 (d, (br d, 2 H), 6.36 (br d, 2 H), 6.4026.59 (m, 8 H), 6.76 (br s, 2 H).
J 5 7.8 Hz, 2 H, 8-, 12-H), 6.71 (d, J 5 1.9 Hz, 2 H, 5-, 15-H). 2 2 13C NMR (CDCl3): δ 5 35.73, 35.75, 35.80, 38.16 (s, C-1, -2, -
13C NMR (CDCl3): δ 5 29.36 (s, CH3), 34.36, 36.48 (s, C-1, -2, - 9, -10), 132.72, 132.87, 133.05, 133.20, 133.61, 134.21, 138.84,
9, -10), 131.13, 132.67, 136.61, 137.31, 142.85, 145.34 (s, all C-Ar). 139.25, 139.34, 139.90, 143.81, 146.90 (s, all C-Ar). 2 MS (70 eV);
2 MS (70 eV); m/z (%): 534 (2.5) [M1], 519 (10) [M1 2 CH3], 253 m/z (%): 564 (100) [M1], 549 (98), 445 (74), 413 (16), 309 (32), 205
(100), 223 (34), 185 (64), 165 (62), 104 (84). 2 C22H32Sn2 (533.88): (84), 191 (58), 135 (18), 104 (36). 2 C34H36Sn (563.35): calcd. C
calcd. C 49.50, H 6.04, Sn 44.46; found C 49.87, H 5.91, Sn 44.20. 72.49, H 6.44; found C 71.95, H 6.07.

Dimethylbis([2.2]paracyclophane-4-yl)germane (6a): To a stirred X-ray Crystallographic Study of Dimethyl-d,l-bis([2.2]paracyclo-
solution of 1.0 g (3.49 mmol) of 4 in dry diethyl ether (80 ml) under phan-4-yl)germane (d,l-6a99): Crystal data: C34H36Ge, 517.25 g
dry nitrogen, was added 2.5 ml of a 1.64  nBuLi solution in hex- mol21, a 5 14.001(3), b 5 17.814(4), c 5 10.554(2) Å, β 5 93.09
ane (4.1 mmol). After 3 h, 0.2 ml (1.75 mmol) of Ge(CH3)2Cl2 was (3)°, V 5 2628.5 (10) Å3, Z 5 4, d 5 1.307 mg/m3, monoclinic
slowly added by means of a syringe, the reaction mixture was crystals, space group P2(1)/c. Data collection: A colorless prism of
stirred for 2 h, and left to stand overnight. Saturated aqueous dimensions 0.45 3 0.30 3 0.28 mm was mounted in inert oil. Data
NH4Cl solution was then added, the organic layer was washed were collected to 2θmax 5 50° [I > 2σ(I)] with an Enraf-Nonius
twice with water, and dried with Na2SO4. The solvent was removed CAD-4 diffractometer, Mo-Kα radiation (λ 5 0.71073 Å), β-filter
in vacuo, and the residue was separated by column chromatography monochromator. Of 1965 measured data, 1844 were unique (Rint 5
on silica gel using CCl4 as eluent, to afford a diastereomeric mix- 0.0155). µ 5 1.186 mm21, T 5 20°C. The structure was solved by
ture of 6a (1.28 g, 71%). 2 MS (70 eV); m/z (%): 518 (68) [M1], direct methods and refined anisotropically on F2 (program
503 (95), 414 (36), 399 (56), 309 (42), 205 (100), 191 (78), 104 (36). SHELXL-93, G. M. Sheldrick, Univ. Göttingen). Hydrogen atoms
2 C34H36Ge (517.25): calcd. C 78.95, H 7.02, Ge 14.03; found C were refined in isotropic approximation. The final wR2(F2) was
78.98, H 7.08. 2 The diastereomeric mixture was recrystallized 0.0553 for 461 parameters. Conventional R(F) 5 0.022, S 5 1.086;
from 2-propanol/dichloromethane (5:1, v/v). The precipitated solid max ∆/σ < 0.001; max ∆ρ 0.332 eÅ23. Crystallographic data (ex-
was removed by filtration: 0.71 g (40%) of dimethyl-meso-bis- cluding structure factors) for the structure d,l-6a99 reported in this
([2.2]paracyclophane-4-yl)germane (6a9): M.p. 244°C. 2 IR (KBr): paper have been deposited with the Cambridge Crystallographic
ν̃ 5 2923 cm21 (s), 2891 (m), 2850 (m), 1410 (w), 1237 (w), 902 Data Centre as supplementary publication no. CCDC-101369.
(m), 833 (m), 798 (s), 720 (s), 576 (m). 2 UV/Vis (CH3CN): λmax Copies of the data can be obtained free of charge on application
(lg ε) 5 228 nm (4.54), 256 (3.86), 266 (3.64). 2 1H NMR (CDCl3): to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (int.
δ 5 0.72 (s, 3 H, CH3), 0.92 (s, 3 H, CH3), 2.6723.27 (m, 16 H, code) 1 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk; World
CH2CH2), 6.20 (dd, J1 5 7.8, J2 5 1.3 Hz, 2 H), 6.30 (dd, J1 5 Wide Web: http://www.ccdc.cam.ac.uk].
7.8, J2 5 1.3 Hz, 2 H), 6.38 (d, J 5 7.8 Hz, 2 H, 8-, 89-H), 6.44
(dd, J1 5 7.8, J2 5 1.6 Hz, 2 H, 7-, 79-H), 6.55 (m, 4 H), 6.73 (d,
J 5 1.6 Hz, 2 H, 5-, 59-H). 2 13C NMR (CDCl3): δ 5 35.65 (s, 6 ; Dedicated to Professor Heinrich Nöth on the occasion of his
C), 36.35 (s, 2 C) (C-1, -19, -2, -29, -9, -99, -10, -109), 132.51, 132.56, 70th birthday.

[1] F. Vögtle, Cyclophane Chemistry, John Wiley & Sons, Chiches-132.94, 133.40, 134.16, 134.29, 137.00, 138.77, 139.41, 139.78,
ter, 1993.140.40, 145.65 (s, all C-Ar). 2 The filtrate, after concentration and

[2] V. A. Nikanorov, V. I. Rozenberg, V. G. Kharitonov, E. V. Yat-recrystallization of the residue from hexane, yielded 0.18 g (10%) senko, V. V. Mikulshina, N. A. Bumagin, I. P. Belezkaya, V. N.
of dimethyl-d,l-bis([2.2]paracyclophane-4-yl)germane (6a99): M.p. Guryshev, V. I. Yur9ev, O. A. Reutov, Organomet. Chem. USSR

1991, 4, 3382341.163°C. 2 IR (KBr): ν̃ 5 2923 cm21 (s), 2891 (m), 2850 (m), 1410

Eur. J. Inorg. Chem. 1998, 1733217371736



Silyl-, Germyl- and Stannyl[2.2]paracyclophane Derivatives FULL PAPER
[3] V. I. Rozenberg, V. G. Kharitonov, E. V. Yatsenko, E. V. Smys- [10] V. A. Nikanorov, V. G. Kharitonov, E. V. Yatsenko, D. P.

Krut9ko, M. V. Galakhov, S. O. Yakushin, V. V. Milulshina, V.lova, K. I. Grandberg, M. V. Galakhov, V. V. Mikulshina, V. A.
Nikanorov, V. N. Guryshev, V. I. Yur9ev, O. A. Reutov, Or- I. Rozenberg, V. N. Guryshev, V. P. Yur9ev, O. A. Reutov, Bull.

Acad. Sci. USSR, Div. Chem. Sci. 1991, 41, 143021434.ganomet. Chem. USSR 1991, 4, 3362338.
[4] M. Stobbe, O. Reiser, T. Thiemann, R. G. Daniels, A. de Mei- [11] A. Izuoka, S. Murata, T. Sugawara, H. Iwamura, J. Am. Chem.

Soc. 1987, 109, 263122639.jere, Tetrahedron Lett. 1986, 27, 235322356.
[5] P. G. Jones, L. Ernst, I. Dix, L. Wittkowski, Acta Crystallogr. [12] D. Habich, F. Effenberger, Synthesis 1979, 8412876.

[13] J. L. Marshall, L. Hall, Tetrahedron 1981, 37, 127121275.1997, C53, 6122615.
[6] V. V. Zagorski, M. A. Petrukhina, G. B. Sergeev, V. I. Rozen- [14] P. Kuz, Pol. J. Chem. 1994, 68, 198321988.

[15] C. Blomberg, F. A. Hartog, Synthesis 1977, 18230.berg, V. G. Kharitonov Pat. 2, 017, 547 (Cl. B05D1/38), 15 Aug
1994, Appl. 5, 060, 992, 2 Jul 1992 (Russ). [16] P. Bourgeois, R. Calas, E. Jausseaume, J. Gerval, J. Organomet.

Chem. 1975, 84, 1652175.[7] G. N. Gerasimov, E. L. Popova, E. V. Nikolaeva, S. N. Chvalun,
E. I. Grigoriev, L. I. Trakhtenberg, V. I. Rozenberg, H. Hopf. [17] H. J. Reich, D. J. Cram, J. Am. Chem. Soc. 1969, 91,

353423543.Macromol. Chem. Phys., in press.
[8] H. Hopf, G. N. Gerasimov, E. I. Grigoriev, S. N. Chvalun, V. [18] K. Krohn, H. Rieger, H. Hopf, D. Barett, P. G. Jones, Chem.

Ber. 1990, B123, 172921732.I. Rozenberg, E. L. Popova, E. V. Nikolaeva, S. V. Zavialov,
L. I. Trakhtenberg, Adv. Mater., Chem. Vapor Deposition 1997, [19] A. Karipides, D. A. Haller, Acta Crystallogr. 1972, B28,

288922894.3, 1972200.
[9] M. P. Andrews, G. A. Ozin, Chem. Mater. 1989, 1, 174 2187. [98134]

Eur. J. Inorg. Chem. 1998, 173321737 1737



FULL PAPER

Homogeneous and Biphasic Nickel-Catalyzed Isomerization of Allylic Alcohols
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The nickel-catalyzed isomerization of geraniol and prenol in roacetic acid combination. Catalyst deactivation occurs in the
course of the reaction owing to coordination of the formedhomogeneous and two-phase systems has been investigated.

The best results in terms of activity and selectivity have been aldehyde group to the nickel species or as a result of
protonolysis of hydrido- or (π-allyl)nickel complexes.obtained in homogeneous systems with a bis(cycloocta-1,5-

diene)nickel(0)/1,4-bis(diphenylphosphanyl)butane/trifluo-

Introduction Ni(dppb)2, which is easily generated in situ from Ni(COD)2

and two equiv. of dppb[6]. Preliminary experiments aimedThe ability of homogeneous nickel complexes to promote
at evaluating the efficiencies of the added Brønsted acidsdouble-bond positional isomerization of simple alkenes and
were first conducted using geraniol (1) as the substrate. Be-polyenes as well as skeletal isomerization of some dienes is
sides the expected isomerization product, citronellal (2),well documented[1]. While the reactions of unfunctionalized
several compounds were formed in variable amounts de-alkenes have been quite extensively studied, the case of al-
pending on the reaction conditions (Scheme 1). Thus, somekenes bearing polar functional groups has received less at-
of the 2 present was converted into the diastereomeric al-tention. Thus, there have been only two reports on the
cohols isopulegol (3) and neoisopulegol (4) as a result ofnickel-catalyzed isomerization of allylic alcohols[2] [3] [4]. The
a proton-catalyzed cyclization process[7]. Two further side-first describes the selective transformation of allyl alcohol
products 5 and 6 were generated due to esterification ofinto propanal in the presence of a catalytic amount of the
the starting substrate by the carboxylic acid added as a co-NiI complex Ni2(CN)2(dppb)3 [dppb 5 1,4-bis(diphenyl-
catalyst, and acetalization of 2 by 1, respectively. The resultsphosphanyl)butane], which is either preformed or generated
are summarized in Table 1.in situ from Ni(dppb)2 and HCN[2]. The second describes

The isomerization of 1 did not proceed when 1.5 mol-%a sluggish catalytic system consisting of ethylene(tri-o-tolyl
of Ni(dppb)2 was used at 80°C in the absence of a co-cata-phosphite)nickel(0) and hydrogen chloride for the isomeri-
lyst (entry 1) or in the presence of methanol (entry 2). Inzation of various allylic alcohols[3]. Surprisingly, although
these cases, only small amounts of the dehydration productsthe catalytic isomerization of terpenic alcohols and related
of 1, i.e. myrcene (8) and ocimene (9) were formed, mostcompounds could be of great industrial interest[4h], no at-
probably by oxidative addition of 1 followed by a β-H elimi-tention has been directed towards these substrates in the
nation process as these products were not observed in theprevious studies.
absence of the nickel catalyst (Schemes 2 and 6).Our continuing interest in the reactivity of zerovalent

The addition of 4 equiv. of acetic acid (with respect tonickel2phosphane catalysts towards allylic substrates[5] has
Ni) allowed the selective, but sluggish formation of 2 (entryled us to explore the catalytic activity of various homo-
3). An increase in the amount of acetic acid up to 50 equiv.geneous Ni0/diphosphane/acid systems in the isomerization
improved the catalytic activity, but the selectivity signifi-of geraniol and prenol. We report herein that nickel ef-
cantly decreased with time because of the formation of theficiently catalyzes this process and point out how the cata-
ester 5 as a side-product (entry 4). Use of TFA as the co-lyst is deactivated in the course of the reaction. An alterna-
catalyst proved much more advantageous. With 1 equiv., antive water-soluble catalytic system has also been developed
almost total selectivity for 2 could be observed, althoughand evaluated.
the reaction stopped after 2 h, reaching a maximum of 30%
conversion of 1. Increasing the amount of TFA up to 2 orResults and Discussion
4 equiv. led to a slight improvement of the catalytic activity
in the initial stages of the reaction, but the limitation ofIn the light of literature reports and of our own work[5],

we decided to use as catalyst precursor the complex termination of the reaction after ca. 50% conversion was

Eur. J. Inorg. Chem. 1998, 173921744  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/111121739 $ 17.501.50/0 1739



H. Bricout, E. Monflier, J.-F. Carpentier, A. MortreuxFULL PAPER
Scheme 1. Isomerization of geraniol (1) into citronellal (2) and reaction side-products

Table 1. Nickel-catalyzed isomerization of geraniol[a]

Entry Acid Time Conv. 1[c] Yield 2 Sel. 2[c] Sel. Sel. 5[c] Sel. 6[c] Sel. 7[c]

(equiv.)[b] [h] [mol-%] [mol-%] [mol-%] 3 1 4[c][d] [mol-%] [mol-%] [mol-%]
[mol-%]

1 2 16 2[e] 0 0 0 0 0 < 1
2 MeOH (50) 18 3[e] 0 0 0 0 0 < 1
3 AcOH (4) 2 2 2 > 99 < 1 < 1 < 1 < 1
4 AcOH (50) 0.5 19 18 98 < 1 2 < 1 < 1

2 25 23 92 < 1 6 2 < 1
16 41 29 71 4 20 5 < 1

5 TFA (1) 0.5 25 25 > 99 < 1 < 1 < 1 < 1
2 30 30 > 99 < 1 < 1 < 1 < 1

16 30 30 > 99 < 1 < 1 < 1 < 1
6 TFA (2) 0.5 31 31 > 99 < 1 < 1 < 1 < 1

2 46 45 97 < 1 < 1 3 < 1
16 54 49 90 5 < 1 5 < 1

7 TFA (4) 0.5 33 30 91 5 4 < 1 < 1
2 46 38 82 10 3 5 < 1

16 58 47 80 10 1 9 < 1
8[f] TFA (4) 0.5 10 1 10 0 0 0 90

2 34 1 3 0 0 0 97
16 65 3 5 0 0 0 95

9[g] TFA (4) 0.5 10 8 80 4 0 0 16
2 15 13 86 4 0 0 10

16 19 14 74 11 0 0 15
10[g] HCl (4) 0.5 9 8 88 1 0 0 11

2 15 13 86 4 0 0 10
16 19 14 74 12 0 14

11[h] TFA (4)[h] 0.5 20 8(19)[i] 40(96)[j] 4 < 1 < 1 < 1
2 31 5(30)[i] 17(96)[j] 4 < 1 < 1 < 1

16 72 8(69)[i] 11(95)[j] 5 < 1 < 1 < 1

[a] Reaction conditions: Ni(COD)2 0.13 mmol, dppb 0.26 mmol, geraniol (1) 9.1 mmol, toluene 5 ml, T 5 80°C. 2 [b] mol equivalent of
protic co-reagent with respect to Ni. 2 [c] Selectivity 5 (mmol of product)/(mmol of converted geraniol) 3 100; conversion of 1 and
selectivities of the formed products were determined by quantitative GLC analysis. 2 [d] The 3/4 ratio was always 60:40. 2 [e] Myrcene
and ocimene account for the conversion. 2 [f] Two-phase system: Ni(COD)2 0.13 mmol, dppbts 0.26 mmol, geraniol (1) 9.1 mmol, toluene
5 ml, water 10 g, T 5 110°C. 2 [g] Same conditions as in footnote [f] except water 5 g and dimethylformamide 5 g. 2 [h] Reaction
conducted in the presence of butane-1,2-diol (13.7 mmol, 1.5 equiv. with respect to 1). 2 [i] The first value indicates the yield of free
citronellal (2) and the value in brackets the total yield including free and acetalized citronellal (2 1 15). 2 [j] The first value indicates the
selectivity for free citronellal (2) and the value in brackets the total selectivity including free and acetalized citronellal (2 1 15).

still observed (entries 6, 7). Moreover, the presence of an isomerization of the double bond in the carbon backbone,
was also formed in small amounts. The results are summar-excess of acid with respect to nickel catalyst promoted the

cyclization and acetalization, and to a lesser extent the es- ized in Table 2.
With 1 equiv. of TFA with respect to Ni(dppb)2, iso-terification (entry 7).

Similar results were also obtained for the isomerization merization rapidly ceased, thus allowing the attainment of
modest yields only (Table 2, entry 13). On the other hand,of prenol (10) into isovaleraldehyde (11) using the

Ni(dppb)2/TFA (1:2) catalyst system (Scheme 3). Besides excess TFA proved to be detrimental to the selectivity due
to acetalization of 11 to give 13 (Table 2, entry 15). A TFA/11, the isomeric 3-methyl-3-buten-1-ol (12), resulting from
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Scheme 2. Suggested formation of myrcene (8) and ocimene (9) In order to gain further insight into the aforementioned

from geraniol (1) limitation to the extent of conversion, an experiment was
conducted with the Ni(dppb)2/TFA (1:2) catalytic system,
in which the temperature was varied during the course of
the reaction. The experiment was started at room tempera-
ture and the temperature was increased when the progress
of the reaction was seen to falter (Figure 1).

It was found that the limit to the degree of conversion of
1 into 2 increased with temperature, i.e. 5% at 20°C, 13% at
50°C, and ca. 50% at 80°C. As the isomerization of allylic
alcohols is a non-reversible process[8], the above data can-
not stem from a thermodynamic control of the reaction and
are much more likely to be attributable to catalyst deacti-
vation. In fact, we assume that the aldehydes 2 or 11 reversi-
bly coordinate to Ni[9] to form an inactive species, the sta-
bility of which would decrease with temperature (Scheme
4).

Scheme 3. Isomerization of prenol (10) into isovaleraldehyde (11) and reaction side-products

Table 2. Nickel-catalyzed isomerization of prenol[a]

Entry TFA Time Conv. Yield 11 Sel. 11[c] Sel. 12[c] Sel. 13[c] Sel. 11[d] Sel. 14[d]

(equiv.)[b] [h] 10[c] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%] [mol-%]
[mol-%]

12 0 18 25[e] 0 0 0 0 0 0
13 1 0.5 28 26 92 7 1 93 0

2 34 31 91 7 2 93 0
16 35 31 89 8 3 93 0

14 2 0.5 40 34 85 6 9 94 0
2 55 45 82 5 13 95 0

16 65 47 72 5 23 95 0
15 4 0.5 46 30 66 3 31 97 0

2 67 37 55 2 43 98 0
16 82 43 52 3 45 97 0

16[f] 4[f] 0.5 23 11 47 0 0 47 53
2 32 12 38 0 0 38 62

16 55 12 22 0 0 22 78
17[g] 4[g] 0.5 36 10(32)[h] 26(89)[i] 2 9 98 0

2 47 5(44)[h] 10(94)[i] 2 4 98 0
4 59 5(57)[h] 8(96)[i] 2 2 98 0

16 92 5(90)[h] 5(98)[i] 2 0 98 0

[a][b] See Table 1. 2 [c] Selectivity 5 (mmol of product)/(mmol of converted prenol) 3 100; conversion of 10 and selectivities of the formed
products were determined by quantitative GLC analysis. 2 [d] Calculated selectivity for attainable isovaleraldehyde after hydrolysis. 2 [e]

Isoprene accounts for the conversion. 2 [f] Two-phase system: Ni(COD)2 0.13 mmol, dppbts 0.26 mmol, prenol (10) 9.1 mmol, toluene
5 ml, water 5 g, dimethylformamide 5 g, T 5 110°C. 2 [g] Reaction conducted in the presence of butane-1,2-diol (13.7 mmol, 1.5 equiv.
with respect to 11). 2 [h] The first value indicates the yield of free isovaleraldehyde (11) and the value in brackets the total yield including
free and acetalized isovaleraldehyde (11 1 16). 2 [i] The first value indicates the selectivity for free isovaleraldehyde (11) and the value in
brackets the total selectivity including free and acetalized isovaleraldehyde (11 1 16).

Ni ratio of 2 appeared to be a good compromise (Table 2, To check this hypothesis, two approaches were con-
sidered:entry 14) but, as in the case of geraniol, a rapid decrease in

the catalytic activity after 2 h of reaction and a limit to the (i) The first of these involved the use of an aqueous/or-
ganic two-phase system where the organic compounds, i.e.degree of conversion was observed.
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Figure 1. Influence of the temperature on the isomerization of gera- (ii) The second approach involved trapping of the alde-
niol (1) into citronellal (2); experimental conditions: Ni(COD)2: hyde by acetalization, by including an excess of butane-1,2-
0.13 mmol, dppb: 0.26 mmol, 1: 9.1 mmol, toluene: 5 ml, TFA:

diol in the reaction mixture (Scheme 5). Butane-1,2-diol0.52 mmol
was preferred to ethane-1,2-diol for trapping of the alde-

Scheme 5. Acetalization of citronellal (2) and isovaleraldehyde (11)
by butane-1,2-diol

hydes because of its total solubility in the reaction mixture.Scheme 4. Reversible coordination of the aldehyde to the nickel
center Under these conditions, higher final yields of aldehyde

derivatives and higher conversions of 1 and 10 compared to
the runs conducted without butane-1,2-diol were obtained.
For instance, for the isomerization of 1, the amounts of by-
products 326 were significantly decreased in favour of 2
and the corresponding dioxolane 15 (entry 11). In the case
of 10, aldehyde 11 was produced in essentially 90% yield in
16 h (compared with 47% yield in the absence of butane-
1,2-diol; Table 2, entry 17). These results are clearly fully
supportive of the aforementioned hypothesis of a competi-the allylic alcohol and the aldehyde, were in a different
tive coordination between the double bond of the alcoholphase from that containing the catalytic system. In such a
and the aldehyde function to the Ni.system, the coordination of the aldehyde group should be

However, even in the presence of butane-1,2-diol, sub-less favorable. Unfortunately, the performance of the corre-
strates 1 and 10 could not be completely converted and asponding water-soluble catalytic system, i.e. a nickel com-
limit to the degree of conversion was still observed. As theplex of tetrasulfonated 1,4-bis(diphenylphosphanyl)butane
coordination of the aldehyde group leads to unreactive butin an acidic aqueous solution[10], turned out to be rather
stable species (Figure 1, vide supra), the progressive loss ofdisappointing (entries 8210). Indeed, in a genuine two-
activity in the course of the reaction cannot be attributedphase system, i.e. without a co-solvent, the isomerization of

1 into linalool (7) was the major reaction (Scheme 1) and 2
was obtained only in very poor yield (3%, entry 8). Experi- Figure 2. Isomerization of geraniol (1) into citronellal (2) as a func-

tion of time and initial mixture composition; test e: Ni(COD)2:ments conducted in the absence of a nickel catalyst proved
0.13 mmol, dppb: 0.26 mmol, 1: 9.1 mmol, toluene: 5 ml, TFA:unequivocally that 7 is formed by a proton-assisted pro- 0.26 mmol, test 1: Ni(COD)2: 0.13 mmol, dppb: 0.26 mmol, 1: 4.5

cess[11]. Such a process did not occur in homogeneous me- mmol, 2: 4.5 mmol, toluene: 5 ml, TFA: 0.26 mmol
dia, probably because of the lower stability of the inter-
mediate allylic carbocation in non-polar organic media.
Interestingly, the use of a co-solvent such as dimethylforma-
mide (DMF) reduces the polarity of the aqueous layer and
consequently suppresses this undesirable reaction. Indeed,
although this catalytic system gave 2 in poor yields irrespec-
tive of the acid used, the selectivity for the desired aldehyde
reached 86%, compared to 3% without DMF (entries 9,
10). Owing to the high solubility of prenol in water, it is
noteworthy that DMF does not suppress the proton-cata-
lyzed side reaction (Table 2, entry 16). Furthermore, in all
biphasic reactions, a rapid colour change of the aqueous
layer from orange to pale-green was observed, thus indicat-
ing an irreversible catalyst decay.
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Scheme 6. Suggested catalytic cycle for isomerization of allylic alcohols and irreversible deactivation pathways of the catalyst

to this phenomenon, but rather to a slow and irreversible aldehydes can be attained using a homogeneous system.
Further experiments aimed at increasing the stability of thecatalyst decay. The latter was confirmed by carrying out

two further separate experiments under the same reaction catalytic system and with a view to performing asymmetric
isomerization are currently under way in our laboratories.conditions, i.e. the isomerization of pure 1 and of a 50:50

mixture of 1 and 2 (Figure 2).
In the first case, the conversion reached 50%, i.e. the

Experimental Sectionsame composition as the starting mixture of the second
experiment, while in the second case 40% of the 1 initially General: Bis(cycloocta-1,5-diene)nickel, 1,4-bis(diphenylphos-
present was isomerized. This clearly indicates that the 2/Ni phanyl)butane (dppb), trifluoroacetic acid (TFA), geraniol (1), and
ratio is not the sole parameter affecting the catalytic ac- prenol (8) were purchased from Strem Chemicals or Aldrich

Chemical Co. in the highest available purity and used withouttivity. A further experimental indication of the catalyst de-
further purification. The sodium salt of tetrasulfonated 1,4-bis(di-cay came from the aforementioned progressive colour
phenylphosphanyl)butane (dppbts) was synthesized according to achange of the homogeneous and biphasic solutions in the
literature procedure[13]. All catalytic reactions were performed un-course of the reactions. Possible mechanistic pathways for
der nitrogen using standard Schlenk techniques. All solvents andthis catalyst deactivation are the well-known protonolysis
liquid reagents were degassed by two freeze-thaw cycles prior to

of the active hydride2nickel species[12] or of a π-allyl2 or use.
alkyl2nickel species resulting from allylic alcohol insertion

General Procedure for Isomerization Reactions of Allylic Alcohols:into the hydride2nickel bond during the isomerization
In a typical experiment (Table 1, entry 6), to Ni(COD)2 (36 mg,catalytic cycle (pathways 1, 2, and 3 in Scheme 6).
0.13 mmol) in a 50-ml glass reactor fitted with a Teflon cap was
added a degassed solution of dppb (111 mg, 0.26 mmol) in toluene
(5 ml). The solution rapidly turned orange. After 15 min of mag-Conclusion
netic stirring, geraniol (1) (1.4 g, 9.1 mmol), decane (0.5 g, GLC
internal standard) and finally a toluene solution of TFA (0.6 m,Although catalyst deactivation appears to be a non-negli-
0.85 ml, 0.51 mmol) were added. The solution immediately becamegible reaction, this study proves that the Ni0/1,4-bis(diphen-
deep-red-orange. Quantitative GLC analysis of this solutionylphosphanyl)butane/trifluoroacetic acid combination is ef-
(Chrompack, CP Sil 5-CB column, 25 m 3 0.32 mm) indicated that

ficient for the isomerization of the trisubstituted car- 5 mol-% of 1 had been converted into citronellal (2). The solution
bon2carbon double bond in terpenic alcohols and related was stirred at 80°C and the reaction was monitored by removing
compounds. Thus, provided that the reaction is conducted aliquots and subjecting them to GLC analysis. A progressive colour
in the presence of butane-1,2-diol, a turnover number of 60 change deep-red-orange to yellow was observed. Reactions in the

presence of butane-1,2-diol were conducted in a similar manner.and a selectivity of 98% for the free and acetalized isovaler-
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The square-planar complexes [MR2L2] (M = Pd, Pt; R = 3,5- different ortho-fluorine signals and can be used to study the
dynamic behavior of the mentioned complexes such as: a)C6Cl2F3) [L2 = OPPyPh2 (Py = 2-pyridyl); SPPyPh2; OPPy2Ph;

DMBI (3,39-dimethyl-2,29-biindazole); OPPyPh(NHTol-p); p- Rotation of the R group in either Pd or Pt complexes, at the
same or at different rates for each R groups depending onTolNPPy2Ph] have been prepared by treating cis-

[MR2(THF)2] (THF = tetrahydrofuran) with the appropriate the neutral ligand; and b) exchange of the coordination sites
of the chelating ligand, either by Berry or by turnstilechelate ligands. The 19F-NMR spectra of these complexes

show the presence of intramolecular through-space F-F mechanisms. The activation parameters for some of the
processes are given.couplings between ortho-fluorine atoms of nonequivalent R

groups, which provide information for the assignment of the

Introduction study of these J(F-F) has been carried out for the different
atropisomers of [Pd(2-C6BrF4)2L2] and [Pd(3-C6BrF4)2L2]Fluoroaryl ligands have been profusely used in or-
(L2 5 OPPy2Ph, 2 tht, etc.), establishing that through-spaceganometallic chemistry because of the stability of their
interactions contribute importantly to them[5]. This studycomplexes, which enables the isolation of compounds not
revealed that the magnitude of the coupling between ortho-easily obtained with nonfluorinated analogs[1]. The thermal
fluorine atoms at the same side of the coordination planestability of the complexes obtained is such that it allows not
(syn) in cis-bis(polyfluorophenyl) complexes is larger thanonly their use as models in mechanistic studies, but also
that for ortho-fluorine atoms at different sides (anti) (Figurethe synthesis of some thermotropic metal-containing liquid
1). Hence, even if the 19F-NMR spectra show well-sepa-crystals [2]. Another advantage of fluoroaryl ligands is the
rated chemical shifts and well-resolved signals for each in-simplicity of their 19F-NMR spectra relative to the usually
equivalent nucleus (which is a quite common case), in com-blurred 1H-NMR aromatic region. Although higher field
plexes with two or more fluoroaryl rings coordinated to theNMR instruments have decreased the importance of this
same metallic center the presence of through-space F-Fsecond advantage, for detailed mechanistic and dynamic
couplings prevents easy simulation of the spin system,studies fluoroaryl ligands, particularly the pentafluorophe-
measurement of J(F-F) values, and the use of line-shapenyl group, are still preferred[3].
analysis (LSA) for quantitative measurement of dynamicHowever, the simplicity of the 19F-NMR spectra of C6F5
processes when pentafluorophenyl or tetrafluorophenylderivatives is often deceptive. In the course of our work on
groups are used.asymmetric cis-bis(pentafluorophenyl) derivatives of pal-

ladium and platinum we have used systematically 19F-19F
Figure 1. F-F coupling constants measured in [Pd(2-C6BrF4)2L2]COSY-NMR experiments to help with the assignment of complexes

the two sets of 19F signals of the two nonequivalent C6F5

rings. This methodology permits to observe the presence
of scalar coupling cross-peaks between the ortho-fluorine
signals of different C6F5 groups, although clear observation
of the splitting pattern due to these couplings is possible
only for few complexes, by selective-decoupling experiments
on the Fmeta nuclei when these have almost coincident
chemical shifts. The observation of through-space coupling In order to minimize this undesired complication we have

started to use 3,5-dichlorotrifluorophenyl instead of theis not uncommon in 19F-NMR spectroscopy, and it has
been reported that the magnitude of the coupling depends pentafluorophenyl[6]. In this group the spin system is very

simple: The coupling between the fluorine atoms in positionon the distance between the interacting nuclei [4]. A detailed

Eur. J. Inorg. Chem. 1998, 174521753  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/111121745 $ 17.501.50/0 1745



M. A. Alonso, J. A. Casares, P. Espinet, J. Martı́nez-Ilarduya, C. Pérez-BrisoFULL PAPER
2 and 4, and between those in 4 and 6, is usually less than although in some cases they overlap with Ph peaks. The

analysis of the Py first-order subspectra is trivial [10]. Thethe half-height band width; then any multiplicity observed
in the signals in the 19F-NMR spectra is due only to intra- H6 (the atom on C6 in the Py groups) signal corresponds

to a multiplet slightly broadened by the quadrupolar effectring or inter-ring coupling of nuclei in the ortho position to
the metal center (Fortho). We will show here that this allows of the 14N nucleus. Its chemical shift is very sensitive to

coordination of the group and, when coordinated, to themore stereochemical and dynamic information to be ob-
tained than with the pentafluorophenyl rings, since the cis ligand[9] [11]. For a coordinated Py group in these com-

plexes H6 has a negative coordination-induced shift value,changes in the spin system due to the maintenance or not
of the through-space coupling is an additional source of indicating its close proximity to the shielding zone of the

adjacent R ring. The same effect is observed in the 1H-information. Another important advantage is that the
longitudinal relaxation times T1 for the F nuclei of 3,5- NMR spectrum of 4, where the H7 (and H79) signal of the

coordinated DMBI shows a clear upfield shift relative toC6Cl2F3 (1.5 to more than 3 s) are much longer than for
C6F5, thus increasing the range of validity of the magneti- the free ligand[12].

The complexes studied here have different symmetry ele-zation-transfer (MT) experiments for low exchange rates[7].
ments giving rise to different chemical or magnetic equival-
ence situations in the 19F-NMR spectra in a static situation.

Results Moreover, they undergo some dynamic processes. Altog-
ether they constitute good models of the possible static andThe complexes [MR2L2] (M 5 Pd, a or Pt, b; R 5 3,5-
dynamic circumstances that can occur in square-planar co-C6Cl2F3) [L2 5 OPPyPh2 (Py 5 2-pyridyl), 1; SPPyPh2, 2;
ordination, and illustrate how the 3,5-C6Cl2F3 groups be-OPPy2Ph, 3; DMBI (3,39-dimethyl-2,29-biindazole), 4; OP-
have, or how they reflect these circumstances. Each situ-PyPh(NHTol-p), 5; p-TolNPPy2Ph, 6] were obtained by
ation is discussed in turn in the following. A schematic rep-substitution of tetrahydrofuran in cis-[MR2(THF)2] under
resentation of the group, as shown in Figure 3, is used ingentle conditions (Figure 2).
the figures.

Figure 2. Ligands used to prepare complexes 126
Figure 3. Schematic representation of the 3,5-C6Cl2F3 group

Complexes of Type I: [MR2(OPPyPh2)] (1) and
[MR2(SPPyPh2)] (2)

These complexes have been studied both in CDCl3 and
[D6]acetone solutions. The ligands OPPyPh2 and SPPyPh2

are coordinated through the pyridine nitrogen and the oxy-
gen (in 1) or the sulfur atom (in 2) in an almost planar
chelate ring. We have shown previously that there is a fast
envelope-shift movement of the chelating ring, with a very
low activation energy, which allows us to consider the five-The solid-state IR spectra for all the isolated complexes

show the characteristic infrared absorptions of the R group, membered metallacycle as planar for the rest of the dis-
cussion[9]. Thus, in a static situation the complexes have aand the presence of a split band in the region 7102670

cm21 is in accordance with the presence of a cis-MR2 ar- Cs symmetry and the four Fortho should give rise to an
AA9BB9 spin system (Figure 4). The rotation of the Rrangement[6a]. The shift to lower wavenumbers observed for

ν(P5E) [E 5 O, S, N(C6H4Me-p)] for complexes 1, 2, 5, groups around the Pd2C bond in these complexes would
produce exchange of chemically equivalent but magneticallyand 6 relative to those of the free ligands[8] [9] (see Exper-

imental Section) suggests that, at least in the solid state, inequivalent Fortho nuclei.
Variable-temperature studies of 1a and 1b in CDCl3 re-they are acting as E,N(Py) chelates. This is confirmed for

their solutions by molecular-mass determinations with a veal that at room temperature the rotation of at least one
of the R groups (most probably that cis to the oxygen atom,vapor-pressure osmometer, which indicate monomeric spec-

ies, and by the 31P{1H}-NMR spectra which show the pres- Ra, according to the results obtained for the related com-
plexes 5; see later) is fast, but on cooling the rotation isence of only one isomer. However, the OPPy2Ph ligand be-

haves as N,N chelate in complexes 3, as found for the arrested. Thus, the appearance of the Fortho signals changes
from multiplets at low temperature, corresponding to anC6F5 analogues[9b].

In the 300-MHz 1H-NMR spectra of complexes 1, 2, 3, 5, AA9BB9 spin system with J(AA9) and J(BB9) ø 0, to trip-
lets (A2B2 system) as a result of the rotation of Ra whichand 6 the resonances due to the Py groups can be detected,

Eur. J. Inorg. Chem. 1998, 1745217531746



The 3,5-Dichlorotrifluorophenyl Ligand FULL PAPER
Figure 4. Static structure of complexes of type I, and interconver- For 1b we could not obtain numerical values of ∆G°, but

sion of the Fortho as a result of the rotation of Ra
the change in the appearance of the Fortho signals shows
that it is probably in the same order of magnitude.

The room temperature 19F-NMR spectra of 2a and 2b in
CDCl3 and [D6]acetone show that their Fortho signals give
rise to an AA9BB9 spin system indicating a rigid structure
for these complex in which the R groups are not rotating
around the Pd2C bond. However, on raising the tempera-
ture from 293 K to 332 K the appearance of the ortho-
fluorine signals undergoes changes characteristic of the ro-
tation of at least one of the R groups (Figure 5). These
changes are more evident for 2b in a shorter temperature
interval, showing the smaller difference between J(AB) and
J(AB9) (Table 1) which average their values in the fast ex-
change limit. The values of ∆G° calculated for 2a ([D6]ace-
tone) and 2b (CDCl3) at 324.7 K are in accordance withinterconverts the ortho-fluorine atoms as shown in Figure 4.
the higher steric hindrance imposed by the bulkier S atomIt is possible to obtain kinetic data for the rotation of R
(or the Py group) compared to the O atom[9b].by LSA provided that the different J values can be esti-

mated by simulation of the static spectrum (Table 1). How- Another possible process in compounds of type I is that
N and O (in 1) or S (in 2) exchange their sites. In the fast-ever, the variation of the coupling constants with tempera-

ture observed, and the short range of temperatures in which exchange limit all the Fortho signals of both R groups should
average, and also their Fpara signals. In practice, this limit isthe line-shape changes are detectable [which is related to

J(AB) 2 J(AB9)] prevent accurate calculation of activation not reached for any of the complexes, but above 282 K this
exchange is easily detected for 1a in [D6]acetone by theparameters other than ∆G°. With these limitations, only

the spectra of 1a in CDCl3 and [D6]acetone at 235.2 K have broadening of all the signals. The temperature dependence
of the exchange rate, measured by MT experiments andbeen simulated, yielding similar values of ∆G° (Table 2).

Table 1. 19F-NMR data for the ortho-fluorine region of selected complexes

δ19F (JFPt [Hz]) JFF [Hz]
Complex Fa, Fb Jab, Jac, Jad
Solvent, T [K] Fc, Fd Jbc, Jbd, Jcd

[PdR2(OPPyPh2)] (1a) 291.21, 291.21 0.0, 8.3, 3.8
CDCl3, 208.4 289.71, 289.71 3.8, 8.3, 0.0

[PtR2(OPPyPh2)] (1b) 294.16 (423), 294.16 (423) Jac1 Jad 5 8.3
CDCl3, 208.4 293.19 (504), 293.19 (504) Jbc1 Jbd 5 8.3[a]

[PdR2(SPPyPh2)] (2a) 286.95, 286.95 0.0[b], 9.1, 3.2
[D6]acetone, 293 287.88, 287.88 3.2, 9.1, 1.7[b]

[PtR2(SPPyPh2)] (2b) 291.70 (420), 291.70 (420) 0.0[b], 5.3, 3.2
CDCl3, 293 292.55 (427), 292.55 (427) 3.2, 5.3, 0.5[b]

[PdR2(OPPy2Ph)] (3a) 288.36, 291.48 0.7, Jac
[c], 1.6

CDCl3, 208.4 288.36, 291.48 1.6, Jbd
[c], 0.7

[PtR2(OPPy2Ph)] (3b) 290.56 (390), 293.81 (399) 0.7, Jac
[c], 1.6

CDCl3, 208.4 290.56 (390), 293.81 (399) 1.6, Jbd
[c], 0.7

[PdR2(DMBI)] (4a) 286.79, 291.05 21.8, 8.2, 0.6[d]

CDCl3, 293 291.05, 286.79 4.8[d], 8.2, 21.8

[PdR2{OPPyPh(NHTol-p)}] (5a) 289.42, 288.48 0.0, 6.4, 3.8
[D6]acetone, 208.4 287.80, 288.04 3.8, 7.0, 0.0

[PtR2{OPPyPh(NHTol-p)}] (5b) 292.11, 290.92 [a]

[D6]acetone, 208.4 290.96, 291.13[e]

[PdR2(p-TolNPPy2Ph)] (6a) 288.44, 287.33 0.0, 11.1, 2.8
[D6]acetone, 293 286.72, 287.27 2.8, 14.8, 0.0

[PtR2(p-TolNPPy2Ph)] (6b) 290.50 (431), 289.10 (421) 2.4, 8.3, 2.4
[D6]acetone, 293 289.32 (465), 289.88 (428) 2.4, 14.2, 2.4

[a] It is not possible to estimate all the coupling constants. 2 [b] The spectrum is unaffected if these coupling constants are interchanged.
2 [c] The magnitude of these coupling constants does not affect significatively the appearance of the spectrum. 2 [d] The spectrum is
unaffected by the interchange of these coupling constants and their values reflect probably some distortions. 2 [e] Two broad satellites.
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Table 2. Activation parameters for the different processes observed for complexes 126 (standard deviations in parentheses)

Complex Process Method ∆G298
° ∆H° ∆S°

[kJ mol21][a] [kJ mol21] [J K21 mol21]

1a[b] rotation Ra LSA 53.6 (0.3)[d]

1a[b] exchange Ra
v Rb MT 1 LSA 65.5 (0.5) 53.1 (0.4) 241.5 (1.3)

1a[c] rotation Ra LSA 54.4 (0.5)[d]

1a[c] exchange Ra
v Rb MT 77.9 (0.8)[e]

2a[b] rotation Ra LSA 75.1 (0.5)[f]

2a[b] exchange Ra
v Rb MT 79.42 (0.12)[e]

2b[c] rotation Ra LSA 74.9 (0.5)[f]

3a[c] rotation R MT and LSA 60.8 (0.7) 57.6 (0.5) 210.7 (1.6)
3b[c] rotation R MT and LSA 60.2 (0.2) 56.3 (0.1) 213.4 (0.5)
4[c] rotation R MT 85.92 (0.07)[g]

5a[b] rotation Ra MT and LSA 55.1 (0.7) 45.4 (0.4) 232.6 (1.8)
5a[b] exchange Ra

v Rb MT and LSA 68.3 (0.6) 54.0 (0.4) 248.1 (1.4)
5b[b] rotation Ra LSA 52.4 (1.3) 42.9 (0.8) 232 (3)
6a[b] exchange Ra

v Rb MT 75.95 (0.04)[e]

6b[b] rotation Ra LSA 69 (2) 59.4 (1.7) 232 (6)

[a] Unless otherwise stated. 2 [b] In [D6]acetone. 2 [c] In CDCl3. 2 [d] Measured only at 235.2 K. 2 [e] Measured only at 298 K. 2 [f]

Measured only at 324.7 K. 2 [g] Measured only at 329.1 K.

Figure 5. Temperature dependence of the AA9 part in the range the platinum complexes, 1b and 2b, the exchange is not ob-
2902332 K for 2a ([D6]acetone) and 2b (CDCl3) served by MT.

The most plausible interpretation of this dependence on
both the solvent and the metal center is a double substi-
tution mechanism in which the solvent substitutes the
weaker end of the chelating ligand (the oxygen atom in 1
or the sulfur or the Py nitrogen atom in 2) at a rate measur-
able only in the kinetically labile PdII complexes, followed
by the intramolecular substitution of the Py by the O or S
atom, or by a reorganization in a pentacoordinate inter-
mediate and the extrusion of the solvent molecule. How-
ever, the data available do not unequivocally support this
hypothesis.

Complexes of Type II: [MR2(OPPy2Ph)] (3)

A detailed study of the related complexes [M(C6F5)2(OP-
Py2Ph)] has been recently published[9b]. The complexes
[MR2(OPPy2Ph)] (3) have a Cs symmetry. In the slow-ex-
change limit the spin system of the Fortho nuclei is AA9BB9
although the signals appear as broad singlets (approxi-
mately 4 Hz band width at half-height). The exchange, pro-
duced indistinctly by R rotation or by N,N exchange, ren-
ders equivalent the two sides above and below the coordi-
nation plane. Thus, in the fast-exchange limit the spin sys-
tem becomes A4 (Figure 6). In the case of 3, the exchange
is due to R rotation in the square-planar species without
dissociation, which was measured and quantified by MT
experiments or by LSA (Table 2).

Complexes of Type III: [PdR2(DMBI)] (4a)
LSA on the Fpara signals, allows us to calculate the acti-
vation parameters collected in Table 2. The exchange is sol- These complexes have a C2 symmetry, common in enan-

tiomerically pure ligands. With the ligand DMBI only thevent-dependent, and in CDCl3 it is clearly much slower. The
behavior of 2a in [D6]acetone is similar but with a lower palladium compound has been studied, since with platinum

an insoluble product was formed. The spin system of therate; although the signals do not become broad it has been
possible to measure kexch at 298 K by MT experiments. In Fortho nuclei is again AA9BB9, but now the stereochemically
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Figure 7. Static structure of complexes type III, and the AA9 partFigure 6. Interconversion of the Fortho as a result of the rotation of

R or by N,N exchange, and variable temperature 19F-NMR spectra of the AA9BB9 spin system of the Fortho for 4a (CDCl3, 293 K)
of [PdR2(OPPy2Ph)] (3a) in the Fortho region

rise to an ABCD spin system in the low-exchange limit. The
rotation of each group can be studied separately and also
the stereochemistry of the exchange of the coordination
sites of the chelated ligand.

As we have already mentioned, IR and 1H- and 31P{1H}-
NMR data indicate that the ligand OPPyPh(NHTol-p) is
acting as O,N(Py) chelate in complexes 5, like OPPyPh2 in
complexes 1. In addition, only one stereoisomer is detected
in solution for both complexes 5, due to a rapid amine in-
version process. Accordingly, four signals are expected in
their 19F-NMR spectra for the nonequivalent Fortho nuclei.
However, their 19F-NMR spectra in [D6]acetone at 293 K
show only three signals in the Fortho region, two of them
with some splitting and the other very broad, in an intensity
ratio of 1:1:2. This indicates that the two complexes behave
similarly with one of the R groups (Ra) rotating fast atinequivalent nuclei are at the same side of the coordination
room temperature around the M2C bond, and the otherplane (Figure 7). The origin of the nonplanarity of the co-
apparently static. This is illustrated in Figure 8. The ex-ordinated DMBI is the methyl-methyl interaction. The twist
change interconverts the ortho-fluorine atoms according toof both indazole moieties about the N2N bond brings the
the scheme ABCD v BACD, and F4 and F49 remain unaf-protons H7 and H79 close to the upfield Fortho nuclei, which
fected.show some unresolved coupling (it can be removed by 1H

Irradiation at room temperature of the broad signals as-irradiation).
signed to Ra in 5a and 5b (Fa and Fb in Figure 8) led toIn this type of complexes the rotation of the aryl group
the following results: For 5a a simplification of the signalsshould produce the equivalence of the ortho-fluorine nuclei
corresponding to Rb (the nonrotating group) from triplets(A4). On the other hand, the two R groups (or their Fpara)
to singlets is observed, which shows that for Rb J(Fc-F49)are equivalent by symmetry, so any exchange between the
and J(Fd-F49) are smaller than the half-height band width.N coordination sites will not produce any observable effect,
If the irradiation is used to presaturate the signal, a remark-unless it occurs with concurrent R rotation. The latter
able loss of intensity is observed in the others, confirmingshould be the case if the exchange of coordination sites in-
that a slow exchange is occurring between Ra and Rb. Thisvolved ligand dissociation, since R rotation becomes faster
last process will be further analyzed below considering thein a three-coordinate intermediate. The very slow exchange
para-fluorine signals. For 5b a simplification in Rb signalsof the ortho-fluorine nuclei detected by MT at 329.1 K
also occurs. Irradiation gives rise to two doublets from(Table 2) indicates a quite hindered rotation of the R groups
which it is possible to measure J(Fc-Fd) 5 2.8 Hz.in the tetracoordinate species.

At low temperature the rotation of the Ra group is ar-
rested leading to inequivalence of its two Fortho nuclei. The
coalescence temperatures for 5a and 5b are 281 and 269Complexes of Type IV: [MR2{OPPyPh(NHTol-p)}] (5) and
K, respectively.[MR2(p-TolNPPy2Ph)] (6)

For 5a at temperatures below 258 K there is a change in
the appearance of the signals; the ortho-fluorine atoms ofComplexes of type IV have the lowest symmetry, and in

all the fluorine atoms are chemically inequivalent, giving Rb change from triplets in system A2CD, with J(CD) 5 0
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Hz] to doublets of doublets [ABCD with J(AB) 5 J(CD) 5 plex confirm the assignment of Ra and Rb made in

5a [6a] [9b] [13].0 Hz]. Thus, in the slow-exchange limit the spectrum of the
palladium complex 5a consists of four doublets of doublets The room-temperature 1H-NMR spectra of 6a and 6b in

[D6]acetone display the signals expected for two nonequiva-(Table 1, Figure 8). The signal assignment of the fluorine
atoms on the same side of the coordination plane is lent Py groups, one of them coordinated, and the 19F-NMR

spectra reveal four distinct fluorine environments associatedstraightforward considering the relative magnitudes of their
coupling constants. Unfortunately, 1H-19F NOE experi- with the Fortho of the two nonequivalent R groups, which

corresponds to a static structure for both complexes. Thus,ments do not give clear results and it is not possible to tell
Fa and Fc from Fb and Fd. their room-temperature spectra resemble the low-tempera-

ture spectra of 5a and 5b but with larger through-spaceThe activation parameters for the rotation of Ra in 5a
(Table 2) were determined by MT experiments and LSA in coupling constants. When the temperature was increased 6a

and 6b behaved differently. For 6b a noticeable broadeningthe range 2002282 K. The exchange between the N and O
coordination sites in 5a is also observable (Figure 8), and it of two Fortho signals was observed and although the fast-

exchange limit was not reached, this feature corresponds tohas been possible to perform kinetic studies by MT experi-
ments and LSA in the range 2752330 K in the Fpara region, the rotation of one of the R groups (Ra). Accordingly, the

fine structure of the Fortho signals of the nonrotating groupto determine the corresponding activation parameters.
(Rb) modified its appearance due to averaging of the coup-
lings with the Fortho of the rotating ring, in agreement withFigure 8. Illustration of the rotation of Ra and the exchange bet-

ween the N and O coordination sites for complexes 5, and variable- the simulated spectra. A good set of simulated band shapes
temperature 19F-NMR spectra of [PdR2{OPPyPh(NHTol-p)}] (5a) was obtained for the spectra recorded, and the activationin the Fortho region

parameters derived are given in Table 2. Neither exchange
between Ra and Rb, nor between the nonequivalent Py
groups was detected for 6b up to 325 K.

For 6a only a slight broadening of the Fortho signals was
observed at 325 K, being the aryl rotation slow in the J
time scale. MT experiments on 1H Py signals and on 19F
F4 signals of 6a at 298 K confirm the slow exchanges be-
tween Ra and Rb [kexch(Ra R Rb) 5 0.30 ± 0.01] and be-
tween the nonequivalent Py groups [kexch(Pyfree R Py-
coord) 5 0.38 ± 0.06]. The similarity of both kexch values
(identical within the error limit) suggests that the two ex-
changes are produced by the same mechanism. The MT
experiments on the ortho-fluorine nuclei at 298 K show a
multi-step transfer (Figure 9). After the selective inversion
of Fa, the intensity of the Fb signal decreased 30% after 0.6
s due to the rotation of the R group. There is also MT to
Fc, which decreased 10% after 0.8 s, and to a smaller extent
to Fd, which decreased 5% after 0.8 s (using the same num-
bering scheme as for complexes 5 in Figure 8). This experi-
ment shows that the rotation of Ra is faster than the ex-
change between the N and N9 sites, and that the N,N9 ex-
change is stereoselective, since the magnetization is trans-
ferred from Fa preferentially to Fc. When the same
experiment was performed by inversion of Fc there was si-
multaneous transfer to Fd and Fa, which decreased 10%
after 1 s, while the transfer to Fb was slower and the signal
decreased 7% after 1.4 s. Then the rotation of Rb has a rate
comparable to the N,N9 exchange. The very low transfer of
magnetization from Fa to Fd in the first experiment, or from
Fc to Fb in the second, seems to be due to the fact that
there is no transfer form the selectively inverted signal, but
from the others when the MT has affected them. This se-
lectivity supports a faster rotation for one of the aryl groups
than for the other, as observed for 6b and also for com-
plexes 5. It also suggests that the exchange between arylFor the platinum complex 5b LSA was performed in the

temperature range in which the Fortho signals are broad. groups takes place by a turnstile mechanism, with coordi-
nation of the free Py group to produce a square-pyramidalThere is no detectable exchange between Ra and Rb in this

complex. The values of 3J(195Pt-19F) measured in this com- intermediate, supporting our previous observation that
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Figure 9. Top: evolution of the signals of Fd (n), Fc (s) and Fb arm of the chelating ligand with a small bite angle (as for
(1) after the selective inversion of Fa (.) in complex 6a ([D6]ace- 6a), the turnstile mechanism seems to be preferred[14].
tone, 298 K); bottom: the same experiment by selective inversion

of Fc We are very grateful to Dr. A. L. Casado for helpful discussions.
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Experimental Section
General Considerations: All reactions were performed under ni-

trogen in deoxygenated solvents, although subsequent manipu-
lations were carried out in air, except where otherwise stated. Sol-
vents were dried by standard methods and freshly distilled under
nitrogen prior to use[16]. 2 C,H,N analyses were obtained with a
Perkin-Elmer 2400B microanalyzer. 2 Molecular-mass determi-
nations were carried out with a Knauer vapour-pressure os-
mometer, in CHCl2CHCl2 at 303 K (the solubility of 3b, 4a, and
5b was too low to carry out this determination). 2 IR spectra were
recorded (in the range 40002200 cm21) with a Perkin-Elmer 883
spectrophotometer using samples mulled in Nujol between poly-
ethylene films. 2 1H-, 19F-, and 31P{1H}-NMR spectra were re-
corded with a Bruker ARX 300 spectrometer (300.13, 282.35, and
121.44 MHz, respectively) equipped with a VT-100 variable-tem-
perature unit. Temperature calibration was performed before meas-
urements using the temperature-dependent chemical shift differ-
ences of the 1H resonances of methanol (1752313 K) or ethylene
glycol (3102410 K)[17]. Chemical shifts are relative to TMS (1H),
CFCl3 at 293 K (19F), or external 85% H3PO4 (31P), with downfield
values reported as positive. In some of the kinetic studies the mag-turnstile mechanisms are preferred to Berry mechanism for
netization transfer from a selective inverted peak was observed asligands favoring square-pyramidal geometry[14].
a function of time. The selective excitation was executed using the
known 1-1 sequence or with a Gaussian-shaped soft pulse, and the
data analysis was carried out as described in the literature[18]. The

Conclusions computer simulation of the variable-temperature NMR spectra was
carried out by line-shape analysis using the standard DNMR 6

The compounds described in this paper allow the study program[19]. 2 The following starting materials were prepared ac-
of the inter-ring F-F coupling constants in cis-bis(3,5-di- cording to published procedures: OPPyPh2

[20], SPPyPh2
[21], OP-

chlorotrifluorophenyl)palladium and -platinum units. In Py2Ph[20], DMBI[22], cis-[MR2(THF)2] [6a]. The monophosphazene
addition, they show that the use of this partially fluorinated (p-MeC6H4)NPPy2Ph was synthesized by reaction of equimolar

amounts of PPy2Ph (made as reported for PPy3
[23], but startingligand greatly facilitates their characterization and the study

from PPhCl2) and the organic azide[24] in toluene. Hydrolysis inof their behavior in solution, which reveals the occurrence
chloroform of this monophosphazene produced the ligandof the following processes: (a) fluoroaryl rotation, and (b)
OPPyPh{NH(C6H4Me-p)}.exchange between the coordination sites of the chelating li-

Preparation of the Complexes [MR2L2]: To a solution of cis-gand. The ∆G° values associated with the aryl rotation pro-
[MR2(THF)2] (0.2 mmol) in 20 ml of CHCl3 was added 0.2 mmolcesses (Table 2) reinforce our previous ideas suggesting that
of the ligand (OPPyPh2: 56 mg; SPPyPh2: 60 mg; OPPy2Ph: 56 mg;the rate of aryl rotation in square-planar complexes de-
DMBI: 53 mg; OPPyPh(NHTol-p): 62 mg; p-TolNPPy2Ph: 74 mg).pends mainly on the steric hindrance by the atoms (or
The solution was stirred for 1 h and then concentrated to ca. 5 mlgroups of atoms) coordinated to the metal center cis to the
and stored at 243 K. Yellow or white crystals precipitated which

aryl ligand[9b]. were filtered off, washed with diethyl ether, and vacuum-dried.
Conversely, the patterns observed for the fluorine signals

[PdR2(OPPyPh2)] (1a): Yield: 132 mg (84%). 2 IR (cm21): ν̃ 5can be used to assign the coordination mode of the neutral
1134 (P5O) (free ligand 1203), 706, 692 (R). 2 1H NMR (CDCl3,

ligands, or to detect some dynamic processes they might be 293 K): δ 5 7.99 (m, 1 H, H6 Py), 7.95 (m, 1 H, H4 Py), 7.9027.45
undergoing. Thus, exchange between the coordination sites (12 H). 2 19F NMR (CDCl3, 293 K): δ 5 288.91 (t, J 5 7 Hz, 2
of the chelating ligand has been observed for the palladium F, Fortho), 290.68 (t, J 5 7 Hz, 2 F, Fortho), 2118.68 (s, 1 F, Fpara),
complexes 1a, 2a, 5a, and 6a, and the low values of ∆S°

2119.68 (s, 1 F, Fpara). 2 31P{1H} NMR (CDCl3, 293 K): δ 5 49.8
for 1a and 5a suggest an associative mechanism by a penta- (free ligand 21.5). 2 C29H14Cl4F6NOPPd (785.61): calcd. C 44.34,

H 1.80, N 1.78; found C 44.49, H 1.90, N 1.76. 2 Molecular mass:coordinate mechanism. An incoming solvent does not im-
calcd. 786; found 808.pose any geometric restriction in the pentacoordinate inter-

mediate, so a Berry mechanism seems most probable[15], but [PtR2(OPPyPh2)] (1b): Yield: 149 mg (85%). 2 IR (cm21): ν̃ 5

1134 (P5O) (free ligand 1203), 708, 695 (R). 2 1H NMR (CDCl3,when the pentacoordination is achieved with the aid of one
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293 K): δ 5 8.30 (m, JHPt 5 23 Hz, 1 H, H6 Py), 8.06 (m, 1 H, H4 F, Fortho), 2119.49 (s, 1 F, Fpara), 2120.03 (s, 1 F, Fpara). 2 31P{1H}

NMR ([D6]acetone, 293 K): δ 5 37.7 (free ligand 11.6). 2Py), 7.77 (m, 1 H, H5 Py), 7.7127.59 (10 H, Ph), 7.53 (m, 1 H, H3

Py). 2 19F NMR (CDCl3, 293 K): δ 5 292.33 (t, J 5 4.4 Hz, C30H17Cl4F6N2OPPd (814.65): calcd. C 44.23, H 2.10, N 3.44;
found C 43.88, H 2.24, N 3.25. 2 Molecular mass: calcd. 815;JFPt 5 505 Hz, 2 F, Fortho), 293.44 (t, J 5 4.4 Hz, JFPt 5 427 Hz,

2 F, Fortho), 2120.16 (s, 1 F, Fpara), 2120.67 (s, 1 F, Fpara). 2 found 779.
31P{1H} NMR (CDCl3, 293 K): δ 5 55.2 (JPPt 5 37 Hz) (free [PtR2{OPPyPh(NHTol-p)}] (5b): Yield: 128 mg (71%). 2 IR
ligand 21.5). 2 C29H14Cl4F6NOPPt (874.30): calcd. C 39.84, H (cm21): ν̃ 5 3342 (N2H), 1139 (P5O) (free ligand 1202), 705, 689
1.61, N 1.60; found C 40.06, H 2.13, N 1.53. 2 Molecular mass: (R). 2 1H NMR ([D6]acetone, 293 K): δ 5 8.76 (d, JHP 5 13 Hz,
calcd. 874; found 887. 1 H, NH), 8.4028.20 (5 H), 7.8827.65 (4 H), 7.4027.06 (m, 4 H,

C6H4), 2.23 (s, 3 H, Me). 2 19F NMR ([D6]acetone, 293 K): δ 5[PdR2(SPPyPh2)] (2a): Yield: 135 mg (84%). 2 IR (cm21): ν̃ 5
290.40 (m, JFPt 5 508 Hz, 1 F, Fortho), 290.71 (m, JFPt 5 512 Hz,701, 686 (R), 631 (P5S) (free ligand 645). 2 1H NMR (CDCl3,
1 F, Fortho), 291.26 (br., JFPt 5 424 Hz, 2 F, Fortho), 2121.32 (s, 1293 K): δ 5 8.20 (m, 1 H, H6 Py), 7.90 (m, 1 H, H4 Py), 7.8527.60
F, Fpara), 2121.37 (s, 1 F, Fpara). 2 31P{1H} NMR ([D6]acetone,(10 H, Ph), 7.46 (m, 1 H, H5 Py), 7.36 (m, 1 H, H3 Py). 2 19F
293 K): δ 5 44.6 (broad satellites) (free ligand 11.6). 2NMR (CDCl3, 293 K): δ 5 289.31 (m, 2 F, Fortho), 289.44 (m, 2
C30H17Cl4F6N2OPPt (903.34): calcd. C 39.89, H 1.90, N 3.10;F, Fortho), 2118.75 (s, 1 F, Fpara), 2120.30 (s, 1 F, Fpara). 2 31P{1H}
found C 39.91, H 1.96, N 3.21.NMR (CDCl3, 293 K): δ 5 47.9 (free ligand 38.1). 2

C29H14Cl4F6NPPdS (801.67): calcd. C 43.45, H 1.76, N 1.75; found [PdR2(p-TolNPPy2Ph)] · CHCl3 (6a ·CHCl3): Yield: 119 mg
C 43.79, H 1.93, N 1.84. 2 Molecular mass: calcd. 802; found 818. (60%). 2 IR (cm21): ν̃ 5 1270 (P5N) (free ligand 1316), 699, 689

(R). 2 1H NMR ([D6]acetone, 293 K): δ 5 8.95 (m, 1 H, H6 Pyfree),[PtR2(SPPyPh2)] (2b): Yield: 103 mg (58%). 2 IR (cm21): ν̃ 5
8.67 (m, 1 H, H3 Pyfree), 8.3028.15 (3 H), 8.1028.00 (m, 2 H, Ph),698, 687 (R), 629 (P5S) (free ligand 645). 2 1H NMR (CDCl3,
8.02 (s, 1 H, CHCl3), 7.97 (m, 1 H, H3 Pycoord), 7.8327.70 (3 H),293 K): δ 5 8.48 (m, JHPt 5 28 Hz, 1 H, H6 Py), 8.00 (m, 1 H, H4

7.6727.58 (m, 2 H, Ph), 6.7326.52 (m, 4 H, C6H4), 1.97 (s, 3 H,Py), 7.8527.55 (10 H, Ph), 7.45 (m, 1 H, H5 Py), 7.34 (m, 1 H, H3

Me). 2 19F NMR ([D6]acetone, 293 K): δ 5 286.72 (dd, J 5 11.1Py). 2 19F NMR (CDCl3, 293 K): δ 5 291.70 (m, JFPt 5 419 Hz,
and 2.8 Hz, 1 F, Fortho), 287.27 (m, J 5 14.8 and 2.8 Hz, 1 F,2 F, Fortho), 292.55 (m, JFPt 5 427 Hz, 2 F, Fortho), 2119.85 (s, 1
Fortho), 287.33 (m, J 5 14.8 and 2.8 Hz, 1 F, Fortho), 288.44 (dd,F, Fpara), 2121.37 (s, 1 F, Fpara). 2 31P{1H} NMR (CDCl3, 293 K):
J 5 11.1 and 2.8 Hz, 1 F, Fortho), 2119.95 (s, 1 F, Fpara), 2121.93δ 5 47.2 (JPPt 5 82 Hz) (free ligand 38.1). 2 C29H14Cl4F6NPPtS
(s, 1 F, Fpara). 2 31P{1H} NMR ([D6]acetone, 293 K): δ 5 27.7(890.36): calcd. C 39.12, H 1.59, N 1.57; found C 38.94, H 1.83, N
(free ligand 26.1). 2 C35H20Cl4F6N3PPd·CHCl3 (995.12): calcd.1.33. 2 Molecular mass: calcd. 890; found 865.
C 43.45, H 2.13, N 4.22; found C 43.79, H 2.22, N 4.04. 2 Molecu-

[PdR2(OPPy2Ph)] (3a): Yield: 134 mg (85%). 2 IR (cm21): ν̃ 5 lar mass: calcd. 876; found 850.
1216 (P5O) (free ligand 1207), 703, 688 (R). 2 1H NMR (CDCl3,

[PtR2(p-TolNPPy2Ph)] ·0.5 CHCl3 (6b · .0.5 CHCl3): Yield: 124293 K): δ 5 8.7628.62 (4 H, H6 1 H3 Py), 8.13 (m, 2 H, H4 Py),
mg (61%). 2 IR (cm21): ν̃ 5 1273 (P5N) (free ligand 1316), 711,7.8427.59 (m, 5 H, Ph), 7.55 (m, 2 H, H5 Py). 2 19F NMR (CDCl3,
701 (R). 2 1H NMR ([D6]acetone, 293 K): δ 5 8.96 (m, 1 H, H6

293 K): δ 5 287.75 (br., 2 F, Fortho), 290.79 (br., 2 F, Fortho),
Pyfree), 8.73 (m, 1 H, H3 Pyfree), 8.55 (m, JHPt 5 29 Hz, 1 H, H6

2118.49 (s, 2 F, Fpara). 2 31P{1H} NMR (CDCl3, 293 K): δ 5 20.7
Pycoord), 8.30 (m, 1 H, H4 Pycoord), 8.25 (m, 1 H, H4 Pyfree),(free ligand 17.7). 2 C28H13Cl4F6N2OPPd (786.60): calcd. C 42.76,
8.1027.98 (m, 2 H, Ph), 8.02 (s, 0.5 H, CHCl3), 7.93 (m, 1 H, H3

H 1.67, N 3.56; found C 42.72, H 1.99, N 3.40. 2 Molecular mass:
Pycoord), 7.81 (m, 1 H, H5 Pyfree), 7.7827.68 (2 H), 7.6527.57 (m,calcd. 787; found 773.
2 H, Ph), 6.8426.54 (m, 4 H, C6H4), 1.98 (s, 3 H, Me). 2 19F

[PtR2(OPPy2Ph)] (3b): Yield: 145 mg (83%). 2 IR (cm21): ν̃ 5 NMR ([D6]acetone, 293 K): δ 5 289.10 (dt, J 5 14.2 and 2.4 Hz,
1217 (P5O) (free ligand 1207), 708, 689 (R). 2 1H NMR (CDCl3, JFPt 5 428 Hz, 1 F, Fortho), 289.32 (dt, J 5 8.3 and 2.4 Hz, JFPt 5
293 K): δ 5 8.87 (m, JHPt 5 33 Hz, 2 H, H6 Py), 8.71 (m, 2 H, H3 458 Hz, 1 F, Fortho), 289.88 (dt, J 5 14.2 and 2.4 Hz, JFPt 5 430
Py), 8.17 (m, 2 H, H4 Py), 7.8028.50 (7 H). 2 19F NMR (CDCl3, Hz, 1 F, Fortho), 290.50 (dt, J 5 8.3 and 2.4 Hz, JFPt 5 434 Hz, 1
293 K): δ 5 290.06 (br., JFPt 5 386 Hz, 2 F, Fortho), 293.07 (br., F, Fortho), 2121.53 (s, 1 F, Fpara), 2123.11 (s, 1 F, Fpara). 2 31P{1H}
JFPt 5 394 Hz, 2 F, Fortho), 2119.32 (s, 2 F, Fpara). 2 31P{1H} NMR ([D6]acetone, 293 K): δ 5 31.2 (JPPt 5 67 Hz) (free ligand
NMR (CDCl3, 293 K): δ 5 22.3 (JPPt 5 166 Hz) (free ligand 17.7). 26.1). 2 C35H20Cl4F6N3PPt ·0.5 CHCl3 (1024.12): calcd. C 41.64,
2 C28H13Cl4F6N2OPPt (875.29): calcd. C 38.42, H 1.50, N 3.20; H 2.02, N 4.10; found C 41.48, H 2.06, N 4.10. 2 Molecular mass:
found C 38.51, H 1.70, N 3.26. calcd. 964; found 949.

[PdR2(DMBI)] (4a): Yield: 138 mg (90%). 2 IR (cm21): ν̃ 5
[1] [1a] A. J. Canty in Comprehensive Organometallic Chemistry700, 693 (R). 2 1H NMR (CDCl3, 293 K): δ 5 7.56 (d, J 5 8.6

(Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson), PergamonHz, 2 H, H4,49 DMBI), 6.84 (dd, J 5 8.6 and 6.6 Hz, 2 H, H5,59

Press, Oxford, 1995, vol. 9, chapter 5. 2 [1b] P. M. Maitlis, P.
DMBI), 6.50 (dd, J 5 8.8 and 6.6 Hz, 2 H, H6,69 DMBI), 5.53 (d, Espinet, M. J. H. Russell. in Comprehensive Organometallic
J 5 8.8 Hz, 2 H, H7,79 DMBI), 3.12 (s, 6 H, Me DMBI). 2 19F Chemistry (Eds.: E. W. Abel, F. G. A. Stone, G. Wilkinson),

Pergamon Press, Oxford, 1982, vol. 6, chapter 38.4. 2 [1c] R.NMR (CDCl3, 293 K): δ 5 286.79 (m, 2 F, Fortho), 291.05 (m, 2
Usón, J. Forniés, Adv. Organomet. Chem. 1988, 28, 2192297.F, Fortho), 2118.31 (s, 2 F, Fpara). 2 C28H14Cl4F6N4Pd (768.65): [2] R. Bayón, S. Coco, P. Espinet, C. Fernández-Mayordomo, J. M.

calcd. C 43.75, H 1.84, N 7.29; found C 43.81, H 1.91, N 7.15. Martı́n-Alvarez, Inorg. Chem. 1997, 36, 232922334.
[3] For recent examples see: [3a] A. L. Casado, J. A. Casares, P.[PdR2{OPPyPh(NHTol-p)}] (5a): Yield: 114 mg (70%). 2 IR Espinet, Organometallics 1997, 16, 573025736. 2 [3b] K. G. Or-

(cm21): ν̃ 5 3341 (N2H), 1143 (P5O) (free ligand 1202), 704, 693 rell, A. G. Osborne, V. Sik, M. V. da Silva, J. Organomet. Chem.
1997, 530, 2352246. 2 [3c] A. Gelling, M. D. Olsen, K. G. Or-(R). 2 1H NMR ([D6]acetone, 293 K): δ 5 8.53 (d, JHP 5 12.4
rell, A. G. Osborne, V. Sik, Chem. Commun. 1997, 5872588. 2Hz, 1 H, NH), 8.3828.27 (3 H), 8.18 (m, 1 H, H4 Py), 8.08 (m, 1
[3d] E. W. Abel, A. Gelling, K. G. Orrell, A. G. Osborne, V.H, H6 Py), 7.8727.65 (4 H), 7.4027.08 (m, 4 H, C6H4), 2.24 (s, 3 Sik, Chem. Commun. 1996, 232922330. 2 [3e] A. C. Albéniz, P.

H, Me). 2 19F NMR ([D6]acetone, 293 K): δ 5 287.27 (t, J 5 6.2 Espinet, Y.-S. Lin, J. Am. Chem. Soc. 1996, 118, 714527152
and references therein.Hz, 1 F, Fortho), 287.64 (t, J 5 6.4 Hz, 1 F, Fortho), 288.72 (vbr., 2
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[4] L. Ernst, K. Ibrom, Angew. Chem. 1995, 107, 201022012; An- [13] [13a] R. Usón, J. Forniés, M. Tomás, B. Menjón, C. Fortuño, A.

J. Welch, D. E. Smith, J. Chem. Soc., Dalton Trans. 1993,gew. Chem. Int. Ed. Engl. 1995, 34, 188121882.
[5] A. C. Albéniz, A. L. Casado, P. Espinet, Organometallics 1997, 2752280. 2 [13b] R. Usón, J. Forniés, M. A. Usón, S. Herrero,
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56262.Casado, M. A. Alonso, J. Organomet. Chem. 1998, 551, 9220.
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Reactions of the sterically encumbered silylenes R2Si: (R = respectively. The reactions of these silylenes with 1-
adamantyl azide seem to proceed through the silanimines2,4,6-Me3C6H2, 2,4,6-iPr3C6H2) with azobenzene are thought

to proceed via the [2+1] cycloaddition products, followed by and 4-azahomoadamantene intermediates which, by [2+2]
cycloadditions, afford the 1,3-diaza-2-silacyclobutaneinsertion of the N–N single bond into the ortho-C–H bond of

one of the phenyl rings or into the C–HMe2 bond of one of derivatives 11 and 12. The structures of 4, 5, 11, and 12 were
determined by X-ray crystallography.the ortho-isopropyl groups to furnish the 1,3-diaza-2-

silaindan (4) or 1-aza-2-silaindan (5) derivatives,

Introduction Results and Discussion

The addition of silylenes, R2Si:, to homo- and heteronu- Irradiation of a solution of the trisilane 1, which results
clear multiple bonds is now an established method for the in the silylene R2Si: (R 5 2,4,6-Me3C6H2) together with
preparation of three-membered ring systems containing hexamethyldisilane, in the presence of azobenzene fur-
silicon atoms. The reactions are particularly facilitated by nished, after separation of a brown oil, colorless crystals for
the presence of bulky alkyl or aryl groups which hinder which the analytical and mass-spectral data were in agree-
subsequent rearrangements of the primarily formed three- ment with reported values[2] [5] suggestive of a 1:1 adduct of
membered rings. [2] [3] However, the course of silylene ad- type 3. However, the NMR- and IR-spectral data were not
dition to nitrogen2nitrogen double bonds is still some- concordant with this proposal because they demonstrated,
what ambiguous. Even though the first 2 and as yet only for example, the presence of an N2H bond in the molecule.
2 diazasilirane of the type 3 was prepared in 1982 by a The structure of this addition product was elucidated by X-
different route, [4] a structural characterization of this ray crystallography which revealed that the bicyclic system
three-membered ring system has not yet been achieved. 4 with a 1,3-diaza-2-silaindan skeleton (Figure 1) had been
Recently, Ando et al. [5] reported on the photolysis of hexa- formed instead of the expected three-membered ring com-
mesitylcyclotrisilane, which is known to decompose into pound 3.
dimesitylsilylene and tetramesityldisilene on exposure to The reaction of dimesitylsilylene with azobenzene pre-
light, [6] in the presence of azobenzene. Although the [212] sumably proceeds through an addition of the electron-sextet
cycloaddition product of the disilene to the N5N double species to the N5N double bond to furnish 3 as an inter-
bond was completely characterized, the putative [211] mediate. The well-known weakness of the N2N single
cycloaddition product of the silylene was only obtained bond[7] which in this case will experience a further lowering
in the form of a hydrolysis product of the diazasilirane of the bond dissociation energy by its incorporation into a
ring system. strained three-membered ring probably provides the driving

We now describe the reactions of two diarylsilylenes force for the cleavage of this bond with the simultaneous
bearing sterically demanding substituents with azobenzene formation of one N2H and one N2C bond. The result is
and with 1-adamantyl azide (6) and the unusual addition the more or less strain-free five-membered ring part of the
and rearrangement products isolated thereby. bicyclic compound 4. Surprisingly, this simple bicyclic com-

pound apparently represents the first example of a novel
[e] Part 67: See ref. [1]. ring system. A search of the Cambridge Crystallographic
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Scheme 1 bered ring as a part of a bicyclic system, the product is not

formed by insertion of the nitrogen atom into the ortho-
C2H bond of the phenyl ring but rather by insertion into
a methine C2H bond of one of the ortho-isopropyl groups.
Assuming the siladiazirane 3 as an intermediate, the sub-
sequent preferred reaction course apparently depends on
the bulk of the substituents at the silicon atom and leads to
the product with the least ring strain.

With regard to the relatively low yields of 4 (33%) and 5
(17%) it is obvious that several competitive reactions occur
which, however, could not be elucidated.

Figure. 2. Molecular structure of 5 in the crystal (hydrogen atoms
omitted)[a]

Figure 1. Molecular structure of 4 in the crystal (hydrogen atoms
omitted)[a]

[a] Selected bond lengths [pm] and angles [°]: Si2C(1) 186.1(4),
Si2C(16) 194.6(4), Si2N(1) 172.0(6), Si2N(2) 173.4(6);
N(1)2Si2N(2) 116.8(3), C(1)2Si2C(16) 124.1(2).

A different form of nitrogen2nitrogen multiple bond is
present in the covalent azides and can be described by the
two mesomeric forms R2N5N15N2 ↔ R2N25N1;N.
Which of the two forms dominates depends strongly on the[a] Selected bond lengths [pm] and angles [°]: Si2C(1) 191.7(5),
nature of the substituent R.[9] A few years ago we investi-Si2C(10) 192.5(5), Si2N(1) 174.9(8), Si2N(2) 173.1(7);

N(1)2Si2N(2) 90.8(4). gated the reactions of the sterically overcrowded tri-tert-bu-
tylsilyl azide with silylenes bearing voluminous substituents.
These reaction were assumed to proceed through cleavageData File revealed only one novel silylene with a similar

atomic arrangement. [8] of molecular nitrogen to the nitrene tBu3Si2N and reaction
of this species with the silylenes to furnish the silaniminesIn order to determine whether this reaction behavior is

applicable to other silylenes, we allowed the trisilane 2, pho- tBu3Si2N5SiR2. Most of these products, however, proved
to be unstable and underwent various subsequent reactions.tolysis of which furnishes hexamethyldisilane and the steri-

cally highly overcrowded bis(2,4,6-triisopropylphenyl)sily- Thus, for example, the product obtained from dimesitylsily-
lene undergoes [1,5]-hydrogen shift followed by a conrota-lene, to react with azobenzene under otherwise identical

conditions. We isolated a light yellow crystalline product tory electrocyclic ring closure to afford a silacyclobutene
derivative.[10] The reactions of 1-adamantyl azide (6) withwhose elemental analysis and mass-spectral data were again

indicative of a 1:1 adduct of the starting materials. How- the trisilanes 1 and 2 described in the present paper follow
a completely different and previously unobserved course.ever, similarly to compound 4, the spectroscopic data did

not support the formation of an azadisilirane 3 as reaction Cophotolysis of 6 and the trisilane 1 affords, through
cleavage of nitrogen and hexamethyldisilane, colorless crys-product. The first assumption of a product analogous to 4

was not confirmed by the X-ray-crystallographic analysis tals of a compound shown by elemental analytical and spec-
troscopic data to be a 2:1 adduct of the nitrene 7 and dimes-(Figure 2). Although product 5 also contains a five-mem-
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Scheme 2 The differing reaction behaviors of 1 and 2 in cophotoly-

sis with azobenzene prompted us to allow the silylene bear-
ing sterically more demanding substituents generated from
2 to react with the azide 6. Irradiation of a mixture of the
two components furnished colorless crystals consisting,
similarly to the case of 11, of a 2:1 adduct of the nitrene 7
and the silylene. Once again, the complicated NMR spectra
did not furnish diagnostic information about the structure
of the isolated compound. However, X-ray crystallography
did indeed reveal that the structure of the product 12 was
analogous to that of 11 so that a separate view of the struc-
ture is not necessary. [12] Compound 12 is also presumed to
be the result of an analogous reaction sequence while the

itylsilylene. The constitution of the isolated, crystalline somewhat higher yield (12: 38%; 11: 25%) is attributed to
product was elucidated by X-ray crystallography (Figure 3) the higher stability of the silanimine 10.
and unexpectedly found to be that of the 1,3-diaza-2-silacy-

Financial support of our work by the Deutsche Forschungsge-
clobutane derivative 11 in which one of the nitrogen atoms meinschaft and the Fonds der Chemischen Industrie is gratefully
is incorporated into a 4-homoazaadamantane unit. acknowledged.

Figure. 3. Molecular structure of 11 in the crystal (hydrogen atoms
omitted)[a] Experimental Section

All manipulations were performed under dry nitrogen or argon
by using Schlenk techniques. Solvents were purified, dried, and dis-
tilled under argon. 2 1H, 13C, and 29Si NMR: Bruker AM 300 or
Bruker AMX 300. 2 MS: Varian MAT 212. 2 IR: Bio-Rad FTS-7.
2 Elemental analyses: Analytische Laboratorien, D-51779 Lindlar,
Germany. 2 Photolyses were carried out by using a high-pressure
mercury immersion lamp (Heraeus TQ 150).

3-Phenyl-2,2-bis(2,4,6-trimethylphenyl)-1,3-diaza-2-silaindan (4):
At room temp., a solution of 1 (0.41 g, 1.0 mmol) and azobenzene
(0.19 g, 1.0 mmol) in 80 ml of n-pentane was irradiated for 6 h.
After this time, the volatile compounds were distilled off and the
residue redissolved in a minimum amount of n-pentane. Cooling to
250°C provided a brown oil which was separated by decantation.
Cooling of the remaining solution at 230°C furnished 0.150 g
(33% yield) of colorless, air-sensitive crystals of 4, m.p. 171°C. 2
1H NMR (C6D6): δ 5 2.03 (s, 6 H), 2.25 (s, 12 H), 3.6 (s, 1 H,
NH), 6.4527.39 (m, 9 H), 6.63 (s, 4 H). 2 13C NMR (C6D6): δ 5

21.01, 24.11, 111.21, 112.08, 118.17, 119.77, 124.67, 127.34, 129.23,
129.76, 134.07, 138.96, 139.61, 140.19, 143.12, 143.27. 2 MS (CI,
isobutane); m/z (%): 449 (100) [MH1]. 2 IR (nujol): ν̃ [cm21] 5

3418 (w, NH). 2 C30H32N2Si (448.67): calcd. C 80.30, H 7.18;
[a] Selected bond lengths [pm] and angles [°] for 11 and 12: For 11: found C 80.16, H 7.13.
Si2N(1) 173.6(5), Si2N(2) 173.3(4), N(1)2C(8) 147.7(7),
N(2)2C(8) 150.0(7); N(1)2Si2N(2) 77.6(2), Si2N(1)2C(8) [5,7-Diisopropyl-3,3-dimethyl-2-phenyl-1-(2,4,6-triisopro-
94.4(3), N(1)2C(8)2N(2) 93.8(4), Si2N(2)2C(8) 93.7(3). For 12: pylphenyl)-2-aza-1-sila-1-indanyl]phenylamine (5): A solution of 2Si2N(1) 172.7(4), Si2N(2) 172.5(4), N(1)2C(8) 148.7(5),

(0.58 g, 1.0 mmol) and azobenzene (0.19 g, 1.0 mmol) in 80 ml ofN(2)2C(8) 151.1(5); N(1)2Si2N(2) 78.8(2), Si2N(1)2C(8)
n-pentane was irradiated for 7 h at room temp. All volatile com-93.5(2), N(1)2C(8)2N(2) 93.9(3), Si2N(2)2C(8) 92.7(2).
pounds were distilled off and the residue was redissolved in a mini-
mum amount of n-hexane. Cooling at 230°C afforded 0.110 gIn order to explain the formation of 11 it must be as-
(17% yield) of pale yellow crystals of 5, m.p. 158°C. 2 1H NMRsumed that two parallel reactions with similar reaction rates
(C6D6): δ 5 1.00 (d, 6 H, 3JH,H 5 6.35 Hz), 1.17 (d, 6 H, 3JH,H 5occur. Firstly, the azide 6 is transformed via the nitrene 7
7.0 Hz), 1.22 (d, 6 H, 3JH,H 5 7.0 Hz), 1.24 (d, 6 H, 3JH,H 5 7.0to the 4-azahomoadamantan-3-ene (8). The occurence of
Hz), 1.33 (d, 6 H, 3JH,H 5 6.35 Hz), 1.55 (s, 3 H), 1.60 (s, 3 H),the latter intermediate upon photolysis of 6 has been con-
2.72 (sept, 1 H), 2.84 (sept, 1 H), 3.21 (sept, 1 H), 3.60 (br., 2 H),firmed by numerous trapping reactions.[11] Concomitantly,
4.45 (s, 1 H, NH), 6.6327.10 (m, 10 H), 7.15 (s, 2 H), 7.22 (s, 1

the silylene generated from the trisilane reacts with another H), 7.24 (s, 1 H). 2 13C NMR (C6D6): δ 5 23.30, 23.87, 23.96,
molecule of nitrene 7 to furnish the silanimine 9. A [212] 26.02, 29.09, 31.60, 34.18, 34.48, 34.83, 35.89, 65.26 (Cq, ring),
cycloaddition of the two intermediates 8 and 9 would then 117.69, 118.89, 119.89, 122.14, 125.94, 129.03, 129.41, 129.56,
provide a plausible rationale for construction of the novel 131.88, 133.86, 143.51, 146.91, 150.60, 151.86, 154.04, 156.99. 2

29Si NMR (C6D6): δ 5 226.82. 2 MS (CI, isobutane); m/z (%): 618polycyclic ring system 11.
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Table 1. Crystallographic data of 4, 5, 11, and 12

4 5 11 12

formula C30H32N2Si C42H56N2Si C98H52N2Si · C5H12 C50H76N2Si · 1/2 C5H12
mol. mass 448.67 616.98 637.05 769.92
cryst. dimension [mm] 0.38 3 0.34 3 0.27 0.63 3 0.29 3 0.11 0.68 3 0.49 3 0.38 0.61 3 0.49 3 0.30
cryst. system orthorhombic monoclinic triclinic orthorhombic
space group P212121 P21/c P1̄ Pccn
a [pm] 925.1(2) 2093.8(4) 1149.0(1) 1647.6(1)
b [pm] 971.0(2) 912.8(2) 1172.1(1) 3762.3(3)
c [pm] 2837(1) 1990.2(4) 1543.6(2) 1521.5(1)
α [°] 90 90 74.74(1) 90
β [°] 90 98.48(3) 83.50(1) 90
γ [°] 90 90 70.73(1) 90
V [3 106 pm3] 2549(1) 3762(1) 1892.6(3) 9431.4(1)
Z 4 4 2 8
dcalcd. [g cm23] 1.169 1.089 1.118 1.084
µ [mm21] 0.112 0.092 0.093 0.085
scan method ω ω-2θ ω-2θ ω
2θ(max) [°] 48 42 48 46
no. of unique reflections 2306 4593 5940 6538
no. of observed reflections 1604 2648 4664 3971
parameters 250 349 378 471
R [I > 2 σ(I)] 0.081 0.095 0.097 0.085
wR2 0.185 0.210 0.263 0.175

(60) [MH1]. 2 IR (KBr): ν̃ [cm21] 5 3422 (m, NH). 2 C42H56N2Si X-ray Structural Analyses of Compounds 4, 5, 11, and 12: Crystal
and numerical data of the structure determinations are given in(616.98): calcd. C 81.70, H 9.14, N 4.54; found C 79.86, H 9.16,

N 4.25. Table 1.[12] In each case, the crystal was mounted in a thin-walled
glass capillary. Data collection was performed at room temp. withFormation of Compound 11: A solution of 1 (0.41 g, 1.0 mmol)
a Siemens Stoe AED 2 diffractometer using graphite-monochrom-and 6 (0.36 g, 2.0 mmol) in 80 ml of n-pentane was irradiated for
ated Mo-Kα radiation. The structures were solved by direct-phase7 h at room temp. All volatile compounds were removed by vacuum
determination using the Siemens SHELXTL PLUS and SHELXdistillation and the residue was redissolved in a minimum amount
93[13] program systems and refined by full-matrix least-squaresof DME. Cooling at 4°C yielded 0.150 g (25% yield) of colorless
techniques. Hydrogen atoms were placed in the calculated posi-crystals of 11, m.p. 211°C. 2 1H NMR (C6D6): δ 5 1.3321.81
tions, and all other atoms were refined anisotropically.(accumulation of signals, 15 H), 1.85 (s, 6 H), 1.9523.13 (accumu-

lation of signals, 27 H), 6.65 (s, 2 H), 6.83 (s, 1 H), 6.88 (s, 1 H).
2 13C NMR (C6D6): δ 5 21.09, 29.57, 30.07, 30.46, 32.92, 34.29, ; Dedicated to Professor Walter Jansen on the occasion of his34.40, 35.50, 36.94, 40.60, 44.93, 47.14, 49.46, 51.25, 53.24, 88.45, 60th birthday.
128.30, 128.92, 129.88, 130.14, 136.55, 136.75, 137.55, 139.01, [1] M. Weidenbruch, A. Grybat, W. Saak, E.-M. Peters, K. Peters,

Monatsh. Chem., in press.140.88, 141.32, 143.21, 144.35. 2 29Si NMR: δ 5 210.52. 2 MS
[2] Review: Y. Kabe, W. Ando, Adv. Strain Org. Chem. 1993, 3,(CI, isobutane); m/z (%): 565 (100) [MH1]. 2 C38H52N2Si (564.86):

592136.calcd. C 80.80, H 9.28, N 4.96; found C 78.20, H 9.81, N 4.56. [3] Review: M. Weidenbruch, Coord. Chem. Rev. 1994, 130,
2752300.Formation of Compound 12: At room temp., a solution of 2 (0.52

[4] J. Hluchy, U. Klingebiel, Angew. Chem. 1982, 94, 292; Angew.g, 1.0 mmol) and 6 (0.36 g, 2.0 mmol) in 80 ml of n-pentane was Chem. Int. Ed. Engl. 1982, 21, 301.
irradiated for 8 h, after which the reaction was shown to be com- [5] A. Sakakibara, Y. Kabe, T. Shimizu, W. Ando, J. Chem. Soc.,

Chem. Commun. 1991, 43244.plete by the dissappearance of 2 (TLC monitoring). All volatile
[6] Review: M. Weidenbruch, Chem. Rev. 1995, 95, 147921493.compounds were distilled off and the residue redissolved in a mini-
[7] J. Emsley, Die Elemente, Walter de Gruyter, Berlin, 1994, p. 178.mum amount of n-pentane. Cooling at 4°C afforded 0.280 g (38% [8] B. Gehrhus, M. F. Lappert, J. Heinicke, R. Boese, D. Blaser, J.

yield) of colorless crystals of 12, m.p. 242°C. 2 1H NMR (C6D6): Chem. Soc., Chem. Commun. 1995, 193121932.
[9] S. S. Zigler, K. J. Haller, R. West, M. S. Gordon, Organometal-δ 5 0.30 (d, br., 6 H), 1.2121.31 (accumulation of signals, 21 H),

lics 1989, 8, 165621660 and references cited therein.1.3121.72 (accumulation of signals, 24 H), 1.9022.90 (accumu-
[10] M. Weidenbruch, B. Brand-Roth, S. Pohl, W. Saak, J. Or-lation of signals, 15 H), 2.75 (sept, 2 H), 3.09 (sept, 1 H), 3.23 (sept, ganomet. Chem. 1989, 379, 2172222.

1 H), 5.13 (sept, 1 H), 5.68 (sept, 1 H), 6.95 (s, 1 H), 6.96 (s, 1 H), [11] T. Sasaki, S. Eguchi, T. Okano, J. Org. Chem. 1981, 41,
447424477.7.21 (s, 2 H). 2 13C NMR (C6D6): δ 5 23.02, 23.07, 23.10, 24.11,

[12] Crystallographic data (excluding structure factors) for the struc-24.63, 24.92, 25.14, 25.15, 25.52, 26.18, 26.69, 29.18, 29.57, 30.26,
tures reported in this paper have been deposited with the Cam-30.50, 30.65, 33.05, 34.47, 34.50, 34.59, 35.10, 35.48, 36.59, 36.83, bridge Crystallographic Data Center as supplementary publi-

40.84, 45.87, 47.38, 50.27, 52.97, 53.29, 87.76, 121.63, 122.47, cation no. CCDC-101486. Copies of the data can be obtained
free of charge on application to the Director, CCDC, 12 Union122.73, 122.85, 136.34, 136.71, 149.51, 150.50, 152.86, 153.19,
Road, Cambridge CB21EZ, U.K. [fax: int. code 1 (1223)336-154.10, 155.43. 2 29Si NMR (C6D6): δ 5 210.87. 2 MS (CI, iso-
023. e-mail: deposit@ccdc.cam.ac.uk].butane); m/z (%): 733 (100) [MH1]. 2 C50H76N2Si (733.24): calcd. [13] G. M. Sheldrick, SHELXL 93, Universität Göttingen, Ger-

for 12 · 1/2 pentane C 79.96, H 10.11, N 3.72; found C 79.84, H many, 1993.
[I98158]10.81, N 3.57.
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Attachment of 2-pyridylmethyl units to cysteine amide and zinc perchlorate MBPA forms the ionic compound [L · Zn]
ClO4, presumed to be a thiolate bridged dimer. Structure2-mercaptobenzylamine leads to the new tripodal N3S

ligands Nα-(4-methylbenzoyl)-L-cysteine-bis(2-pyridylmeth- determinations of MBPA · ZnHal (Hal = Cl, Br) have con-
firmed the tripodal nature of the ligand in the trigonal-bipy-yl)amide (CBPA-H) and 2-mercaptobenzyl-bis(2-pyridyl-

methyl)amine (MBPA-H). Their treatment with zinc halides ramidal complexes.
yields the neutral complexes L · ZnHal (Hal = Cl, Br, I). With

Metal ions in biological systems are coordinated by the am- chemistry (their tetradentate nature) may be overcome by
their versatility.inoacids9 side chain donor functions (O of aspartate and

glutamate, N of histidine, S of cysteine). In terms of model-
ling their structural and functional properties this asks for
the design of ligands with an arrangement of the donor
atoms similar to that in the protein. As a result modern
model ligands are polydentate and chelating.

In the field of zinc model complexes N4 ligands like AFor complexes modelling zinc enzymes the requirements
have been used mostly so far[15], followed by N3O ligandson the suitability of the polydentate ligands are especially
like B [16]. We have contributed variations of A [17] [18] [19] andpronounced, because the zinc ion profits neither from pre-
complexes of N3O ligands with caboxylate and phenolateferred coordination numbers or geometries nor from ligand
functions including a chiral variant[20] [21] [22]. In this paperfield effects. Typically, all attempts to model the tetrahedral
we wish to present two thiolate-containing ligands of typeZnNS2O coordination in the enzyme alcohol dehydrogen-
B. CBPA-H is a derivative of cysteine, MBPA-H one of 2-ase[1] using amine-bisthiols as tridentate NS2 ligands have
mercaptobenzylamine. To our knowledge no such thiolateresulted in thiolate-bridgted oligonuclear zinc complexes so
ligands with a N3S donor set have been reported sofar[2] [3] [4] [5]. The high tendency for thiolate bridging has
far[23] [24]. Some simple zinc complexes of the two ligandsprevented the formation of the desired complexes, and simi-
have been prepared to establish an entry to the modellinglarly the highly preferred tetrahedral ZnN2S2 coordination
of zinc enzymes in which the metal is anchored, amonghas rendered futile many efforts invested in the synthesis of
others, by one thiolate function to the protein.N2S or N3S ligands[6] [7] [8].

The ligands of choice for zinc complex model chemistry
seem to be the tripodal ones, especially when they serve the
further need of encapsulating the zinc ion by suitably at-
tached substituents. The best results so far have been
achieved here with the pyrazolylborates[9] [10] [11]. The py-
razolylborates, however, are confined for synthetic reasons
to be N3 ligands, and only recently have ways been found
to modify them in the form of N2S[12] or NS2

[13] ligands. It
is this limitation of the pyrazolylborates that has directed Ligand Synthesis
the attention of other researchers and ourselves to the class
of tetradentate tripodal ligands derived from ammonia, for Both new ligands are derived from amine thiols, deriva-

tized to contain two additional pyridyl donor functions. Forwhich tripicolylamine (A) is the prototype. Ligands of this
class can be synthesized step by step from ammonia or am- the syntheses this meant that the thiol functions had to be

protected until the last synthetic step. We found the use ofines, and in the mono- and difunctionalized variants B and
C all kinds of donor functions can be incorporated[14]. the corresponding disulfides to be the only approach to do

that. Schemes 1 and 2 show the reaction sequences.Thereby the disadvantage of these ligands in zinc model
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Scheme 2. Synthesis of MBPA-HScheme 1. Synthesis of CBPA-H. Abbreviations: CAIBE 5 isobu-

tylchloroformate, NMM 5 N-methylmorpholine, TFA 5 trifluo-
roacetic acid, MBC 5 4-methylbenzoylchloride, DTE 5 dithioery-
thritol

on the spectra, their EI mass spectra showing the parent
peak, and the full characterization of their zinc complexes.

Zinc Complexes

Reactions of CBPA-H with the zinc halides in acetonitrile
in the presence of triethylamine produced complexes 1a2c
in good yields. 1a2c precipitate from the reaction solutions
and are soluble only in very polar solvents like water,
DMSO or DMF. In addition to the spectra (see below) a
EI mass spectrum of 1c has verified the identity and mono-
meric nature of the complexes.

Ligand CBPA-H was obtained from cystine (in the tBoc
protected form) by the standard procedures of activation,
coupling, and deprotection. Ligand MBPA-H resulted from
bis[(2-bromomethyl)phenyl] disulfide[25] in two reaction It was possible to prepare the zinc halide complexes of

ligand MBPA-H the same way. 2a2c could, however, besteps. The two pyridyl donor functions were introduced in
the form of dipicolylamine in both cases. The sluggish reac- obtained in a more convenient way when after the last syn-

thetic step in the formation of MBPA-H, i.e. the disulfidetions of the voluminous molecules allowed only mediocre
overall yields. After the reductive cleavage of the disulfide cleavage with NaBH4, the corresponding hydrohalic acid

was used for acidification and the corresponding zinc halideprecursors the thiol ligands had to be purified by HPLC.
Thereby CBPA-H and MBPA-H were obtained pure, as evi- was added in excess. After neutralization 2a2c were precipi-

tated in a crystalline form. 2a2c are of equally low solu-denced by 1H-NMR spectroscopy, but containing variable
amounts of trifluoroacetic acid. Their identification rests bility as 1a2c in nonpolar solvents. This time in addition
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Table 2. Characteristic 1H-NMR data (DMSO, 50°C, δ [ppm]/to the spectra the structure determinations (see below)

J [Hz]) of the free ligand L 5 MBPA-H and its zinc complexesascertained the constitution of the complexes.
When HClO4 was used as before for acidifying and zinc

L 2a 2b 2c 3perchlorate was added, complex 3 was precipitated. 3 could
not be obtained in the form of X-ray quality crystals, nor N-CH2-Ph 3.68 3.78 3.81 3.93 3.82
were informative MS data obtained from it. Its 1H-NMR N-CH2-Py1 3.82/s 3.94/15.9 3.97/16.1 3.98/16.1 4.21/br

N-CH2-Py2 2 4.05/15.9 4.08/16.1 4.09/16.1 2spectrum is, however quite similar to that of the zinc per-
Py-HA 8.69/6.2 9.15/4.4 9.13/5.2 8.79/4.7 7.48chlorate derivative of the analogous phenolate containing

ligand which was characterized by a structure determi-
nation[22]. We therefore feel safe in assigning the given con-
stitution to 3. In contrast to the molecular complexes 1 and Confirmation of the tetradentate nature of the tripodal
2 the ionic complex 3 has a reasonable solubility not only ligands and the molecular nature of the halide complexes
in water, but also in methanol. It is therefore conceivable was obtained by the structure determinations of 2a and b.
that a derivative chemistry of [MBBA·Zn]1 species may The two compounds are isostructural and share the prop-
start with 3. erty that the asymmetric unit contains two independent

molecules. Hence only 2a is discussed here. Figure 1 shows
one of the two molecules. The geometrical differences be-
tween the two molecules are significant, becoming most vis-
ible for the axial and equatorial intraligand angles.

Figure 1. Molecular structure of complex 2a. Pertinent bond
lengths and angles: molecule 1: Zn2Cl 2.371(1), Zn2S 2.289(1),
Zn2N1 2.091(2), Zn2N2 2.096(2), Zn2N3 2.304(2) Å;
N32Zn2Cl 170.52(4), N12Zn2N2 107.00(7), N12Zn2S
121.58(6), N22Zn2S 126.75(6)°. Molecule 2: Zn2Cl 2.335(1),
Zn2S 2.302(1), Zn2N1 2.092(2), Zn2N2 2.100(2), Zn2N3
2.325(2); N32Zn2Cl 163.79(5), N12Zn2N2 124.23(7),

N12Zn2S 108.49(5), N22Zn2S 120.27(6)°

Product Identification

The free ligands are characterized by their 1H-NMR
spectra (see Experimental). In their IR spectra they show
the SH band and their typical double bond bands. The per-
tinent 1H-NMR data of the zinc halide complexes are listed
in Tables 1 and 2 in comparison to those of the free ligands.
Typical coordination shifts are observed for the pyridyl HA

and for the NCH2 signals. In the IR spectra of the zinc
halide complexes (see Experimental Section) the SH band
is missing as expected, and the intense pyridine band
around 1600 cm21 is shifted to lower wavenumbers. As a

The coordination geometry of the complexes is severelyrule, the IR and 1H-NMR spectra of complexes 2 are very
distorted trigonal bipyramidal. The distortion cannot be re-similar to those of the zinc complexes of the ligand which
lated to the binding preferences of the tripodal ligand, asis the phenolate analogue of MBPA [22]. This holds also for
the two independent molecules are distorted in quite differ-complex 3 whose IR and NMR data (see Table 2) are no-
ent ways. Furthermore the complex whose molecular shapeticeably different from those of complexes 2.
is most similar to that of 2a, i.e. the one with oxygen in
place of sulfur[22], shows yet another kind of distortion and
does not crystallize with two independent molecules. This isTable 1. Characteristic 1H-NMR data (DMSO, 50°C, δ [ppm]/J

[Hz]) of the free ligand L 5 CBPA-H and its zinc complexes a good demonstration of the fact that the transitions be-
tween trigonal bipyramidal and square pyramidal geo-

L 1a 1b 1c metries are “soft” in the coordination chemistry of zinc.
The bond lengths at zinc are in the normal range. For the

CH3 2.31 2.35 2.35 2.36 axial ligands the Zn2Cl bond length is at the upper end ofSCH2 2.70/m 2.77/m 2.78/m 2.81/m
NCH2

[a] 4.3824.61 4.6725.11 4.7125.22 4.6725.28 the range observed for axial Zn2Cl bonds[22] [26] [27] [28] [29],
Py-HA

1 8.25/5.7 8.66/5.7 8.69/5.7 8.71/5.7 and correspondingly the Zn2N3 bond length is at the lower
Py-HA

2 8.63/5.7 8.99/br 8.96/br 8.91/5.7
end of its range[15] [16] [17] [18] [20] [21] [22] [26] [27] [28] [29]. To our
knowledge no other zinc complexes with a ZnN3SHal li-[a] Multiplets due to the inequivalence of the CH protons and due

to superposition by the Cys-CHα signal. gand set have been described yet.
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Conclusions to dryness. The remaining brownish oil was dissolved in 80 ml of

water and the solution washed four times with 30 ml of ether. After
This paper has shown that tripodal ligands offering a freeze-drying 6.83 g of the raw product remained as a yellowish oil.

This was purified by HPLC using a reversed phase column (MerckN3S donor set for trigonal bipyramidal metal complexes
LiChrosorb RP 18, 7 µm) eluting first for 45 min with acetonitrile/with equatorial N2S coordination are accessible, though
water/TFA (20:80:0.1) and then 20 min with acetonitrile/water/TFAwith some synthetic effort. As a first step in exploiting their
(60:40:0.1). After freeze-drying 2.23 g (20%) of Nα-4-methylben-zinc complex chemistry the compounds L·ZnHal have been
zoyl--cysteinebis(2-pyridylmethyl)amide (CBPA-H) were obtainedprepared which may serve as a starting point for obtaining
as a pale yellow, very hygroscopic powder. The product containsfunctional species L ·Zn2X. In the complexes L·Zn2Hal
approx. 2.5 mole equivalents of TFA as determined by potentio-

the tendency of the thiolate sulfur to bridge two zinc ions metric titration.
is suppressed. It seems to be operative, however, in the cat-

C23H24N4O2S ·2.5 CF3COOH (420.5 1 285.1), calcd.: C 47.66,ionic species [(MBPA)Zn]1 resulting in its existence as a
H 3.79, N 7.94; found: C 47.47, H 3.91, N 8.07. 2 IR (KBr): ν̃ 5

sulfur-bridged dimer. 3306 s (NH), 2516 w (SH), 1675 s (carboxylate), 1537 m (amide).
This work was supported by the Deutsche Forschungsgemein- 21H NMR (D2O): 2.18 [s, 3 H, CH3], 2.84 [dd, J 5 6.7, 14.1 Hz,

schaft. We thank A. Trösch and M. Tesmer for help with the spectra 2 H, Cys-CbH], 4.98 2 5.51 [m, 5 H, NCH2 and Cys-CaH], 7.09
and the structure determinations. [d, J 5 8.0 Hz, 2 H, Ph (3,5)], 7.27 [d, J 5 8.0 Hz, 2 H, Ph (2,6)],

7.55 [t, J 5 6.7 Hz, 1 H, Py-HB], 7.78 [d, J 5 7.3 Hz, 1 H, Py-HD],
7.87 [t, J 5 6.7 Hz, 1 H, Py-HB9], 8.19 [d, J 5 7.3 Hz, 1 H, Py-
HD9], 8.28 [dt, J 5 7.3, 1.3 Hz, 1 H, Py-HC], 8.39 [dt, J 5 7.3, 1.3Experimental Section
Hz, 1 H, Py-HC9], 8.45 [d, J 5 6.7 Hz, 1 H, Py-HA], 8.59 [d, J 5General experimental methods and measuring techniques: see
6.7 Hz, 1 H, Py-HA9].ref. [30]. All reactions were carried out in a nitrogen atmosphere.

MBPA-H: Step 1: 3.20 g (7.92 mmol) of bis[(2-bromometh-Starting materials were obtained commercially or prepared accord-
yl)phenyl]disulfide were dissolved in 50 ml of dioxane. A mixtureing to the given references. The complete 1H-NMR data are given
of 3.15 g (15.84 mmol) of bis(2-pyridylmethyl)amine and 2.21 mlhere for the two ligands only. Those of the complexes are very simi-
(1.60 g, 15.84 mmol) of triethylamine in 50 ml of dioxane was ad-lar except for the resonances given in Tables 1 and 2.
ded dropwise with stirring. The resulting red mixture was stirred

Ligand Syntheses
overnight, filtered, and the filtrate evaporated to dryness. The re-

CBPA-H: Step 1: 5.00 g (11.35 mmol) of bis(tert-butyloxycar- maining red oil was picked up in 200 ml of dichloromethane,
bonyl)-,-cystine in 100 ml of THF at 215°C were stirred and washed three times with 20 ml of a 4% NaHCO3 solution and then
treated with 2.49 ml (2.29 g, 22.70 mmol) of NMM and 2.94 ml five times with 50 ml of water. After drying with Na2SO4 the solu-
(3.09 g, 22.70 mmol) of CAIBE. After 15 min 4.51 g (22.70 mmol) tion was evaporated to dryness, the remaining red oil was dissolved
of bis(2-pyridylmethyl)amine were added. Within 24 h of stirring in cyclohexane/ethylacetate (1/1) and chromatographed with neu-
the temperature was raised to ambient. After filtration and evapo- tral Al2O3, activity V, to yield 2.98 g (63%) of bis[{2-bis(2-
ration to dryness the residue was picked up in 200 ml of ethylacet- pyridylmethyl)aminomethyl}phenyl] disulfide as an orange oil.
ate. The solution was extracted three times with 70 ml of water,

Step 2: 212 mg (0.331 mmol) of the product obtained before were
three times with 70 ml of a 4% NaHCO3 solution, and five times

dissolved in 30 ml of methanol. 50 mg (1.32 mmol) of NaBH4 were
with 100 ml of water. After drying with Na2SO4, filtration, and

added with stirring, resulting in a colour change of the solution
evaporation to dryness 8.25 g (91%) of bis(tert-butoxycarbonyl)-

from orange to yellow. After stirring overnight the mixture was
,-cystinebis[bis(2-pyridylmethyl)amide] remained as a colourless

evaporated to dryness. The residue was picked up in 10 ml of dou-
solid.

bly distilled water and acidified to pH 6 with TFA. The solution
Step 2: The material obtained in the preceding step (8.25 g, 10.28 was extracted three times with 20 ml of dichloromethane. The com-

mmol) was treated with 50 ml of TFA and stirred for 2 h. Then bined extracts were evaporated to dryness. Purification by HPLC
the mixture was evaporated to dryness and the remaining brownish as above using water/acetonitrile/TFA (80:20:0.1) as eluent yielded
oil washed three times with 20 ml of ether. 13.22 g of a colourless 191 mg (47%) of [N,N-bis(2-pyridylmethyl)-N-(2-mercaptobenzyl)]-
powder remained which corresponds to a quantitative formation amine (MBPA-H) as a yellow oil. The product contains approx. 2.5
of ,-cystinebis[bis(2-pyridylmethyl)amide] as the TFA adduct. mole equivalents of TFA as determined by potentiometric titration.

Step 3: The product obtained (13.22 g, 10.27 mmol) was dis- C19H19N3S ·2.5 CF3COOH (321.4 1 285.1), calcd.: C 47.53, H
solved in 100 ml of THF and treated at 0°C with 12.43 ml (11.43 3.57, N 6.93; found: C 47.88, H 3.55, N 7.17. 2 IR (KBr): 5 ν̃ 5
g, 112.8 mmol) of NMM and then 3.42 ml (3.96 g, 25.67 mmol) 4- 2498w (SH), 1684s (carboxylate), 1620s, 1588m (pyridine). 1H
methylbenzoylchloride. After stirring for 24 h at room temp. the NMR (CDCl3): 3.79 [s, 2 H, NCH2Ph], 4.25 [s, 1 H, SH], 4.32 [s,
mixture was filtered and evaporated to dryness. After dissolving 4 H, NCH2Py], 6.9527.35 [m, 4 H, Ph], 7.6227.73 [m, 2 H, Py-
the residue in 300 ml of ethylacetate the yellow solution was washed HB], 7.90 [d, J 5 7.8 Hz, 2 H, Py-HD], 8.1328.24 [m, 2 H, Py-HC],
three times with 60 ml of a 4% NaHCO3 solution and then five 8.83 [d, J 5 5.6 Hz, 2 H, Py-HA], 13.27 [s, 3 H, Py-NH1].
times with 100 ml of water. After drying with Na2SO4 the solution Complex 1a: To 134 mg (0.19 mmol) of CBPA-H · 2.5 TFA in 30
was evaporated to dryness leaving behind 6.73 g (78%) of bis(4- ml of acetonitrile were added with stirring 0.09 ml (67 mg, 0.67
methylbenzoyl)-,-cystinebis[bis(2-pyridylmethyl)amide] as a mmol) of triethylamine and 26 mg (0.19 mmol) of ZnCl2 in 5 ml
brownish oil. of acetonitrile. After reducing the volume to 10 ml in vacuo the

solution was allowed to stand, slowly precipitating the product.Step 4: The brownish oil (6.73 g, 8.02 mmol) was dissolved in 70
ml of methanol and treated with 1.61 g (10.43 mmol) of DTE in Filtration, washing with a few ml of cold acetonitrile and drying

in vacuo yielded 55 mg (56%) of colourless 1a of m.p. 252°C. 210 ml of methanol and then 12 ml of 0.2  NaOH. After stirring
for 4 h, 5 ml of TFA were added and then the mixture evaporated C23H23ClN4O2SZn (520.4), calcd.: C 53.09, H 4.45, N 10.77, Zn
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48.25, H 3.81, N 8.77. 2 IR (KBr): ν̃ 5 1606 s, 1572 m (pyridineTable 3. Crystallographic details
bands).

2a 2b 2c: Like 2a from 150 mg (0.23 mmol) of BAPD, 35 mg (0.92
mmol) of NaBH4, 294 mg (0.92 mmol) of ZnI2, and 1 ml of conc.

formula C19H18ClN3SZn C19H18BrN3SZn HI. Yield 92 mg (39%) of pale-yellow 2c, m.p. 274°C (dec.). 2mol. mass 421.3 465.7
C19H18IN3SZn (512.7), calcd.: C 44.51, H 3.54, N 8.20; found: Ccryst. from methanol methanol/water
43.90, H 3.40, N 7.89. 2 IR (KBr): ν̃ 5 16.05 s, 1570 m (pyri-crystal size [mm] 1.0 3 0.9 3 0.9 0.4 3 0.5 3 0.4

space group P-1 P-1 dine bands).
Z 4 4

3: Like 2a from 150 mg (0.23 mmol) of BAPD, 35 mg (0.92a [Å] 10.378(2) 10.361(1)
b [Å] 13.191(3) 13.244(1) mmol) of NaBH4, 343 mg (0.92 mmol) of Zn(ClO4)2 · 6 H2O, and
c [Å] 14.361(3) 14.423(1) 1 ml of conc. HClO4. Yield 156 mg (35%) of colourless 3, m.p.α [°] 107.84(3) 107.92(1)

181°C. 2 C19H18ClN3O4SZn (485.3), calcd.: C 47.03, H 3.74, Nβ [°] 105.92(3) 105.75(1)
8.66, Zn 13.47; found: C 48.11, H 3.75, N 8.59, Zn 13.10. 2 IRγ [°] 94.52(3) 93.95(1)

V [Å3] 1771.0(6) 1787.1(2) (KBr): ν̃ 5 1606s, 1574 m (pyridine bands), 1092 vs (ClO4).
d (calc.) [g·cm23] 1.58 1.73
temp. [K] 200 183 Structure Determinations [31]: Crystals were obtained from the re-
µ (Mo-Kα) [mm21] 1.66 3.73 action solutions. Diffraction data were recorded with the ω/2θ tech-
Θ range [°] 2.9226.0 2.6226.0 nique on a Nonius CAD4 diffractometer fitted with a molybdenumhkl range h: 212 to 0 h: 212 to 0

tube (Kα, λ 5 0.7107 Å) and a graphite monochromator. No ab-k: 216 to 16 k: 216 to 16
l: 217 to 17 l: 217 to 17 sorption corrections were applied. The structures were solved with

refl. measd. 7342 7424 direct methods and refined anisotropically with the SHELX pro-
indep. refl. 6936 7011 gram suite[32]. Hydrogen atoms were included with fixed distancesobs. refl. [I>2σ(I)] 6520 6017

and isotropic temperature factors 1.2 times those of their attachedparameters 451 451
refl. refined 6936 7008 atoms. Parameters were refined against F2. The R values are de-
R1 (obs. refl.) 0.029 0.041 fined as R1 5 Σ Fo 2 Fc /ΣFo and wR2 5 [Σ[w(Fo

2 2 Fc
2)2/

wR2 (all refl.) 0.087 0.130 Σ[w(Fo
2)2]]1/2. Drawings were produced with SCHAKAL[33]. Tableresidual el. density 10.8 11.0

3 lists the crystallographic data.e/Å3 20.6 22.1

; Dedicated to Prof. Bernt Krebs on the occasion of his 60th
birthday.12.57; found: C 51.95, H 4.41, N 10.70, Zn 12.97. 2 IR (KBr): ν̃ 5
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A protometric study on the speciation of zirconium(IV) was computed and refined, by the program PROTAF, for each
ionic strength. The solubility product Ks of Zr(OH)4 wasperformed in an aqueous solution at 25 °C in KNO3 and four

ionic strengths (0.2, 0.5, 1, and 2 mol·dm–3). This study calculated by taking these βmlh constants into account. The
thermodynamic values were determined by extrapolation atindicates the formation of the soluble species Zr(OH)3

+,
Zr2(OH)7

+, and Zr(OH)4 in the pH range 1.5–3.5. The use of zero ionic strength (Specific ion Interaction Theory method):
log β°10–3 = –0.52 (0.01); logβ°20–7 = 22.22(0.07); logβ°1024 =an appropriate titration technique allows the precipitation of

the zirconium hydroxide to be limited. The overall stability 24.52 (0.07); logKs° = 255.26(0.08).
constants βmlh of these three hydroxo complexes were

For about fifty years zirconium has been a strategic met- [Zr(OH)2
21 through to Zr(OH)5

2] are only rough estimates
[for instance log K # 21.8 for the equilibrium ZrOH31 1al. Its importance in the military and industrial nuclear fi-

elds is due to its mechanical and thermal properties and its H2O v Zr(OH)2
21 1 H1]. Increasing zirconium concen-

tration induces the formation of polynuclear speciesoutstanding resistance to corrosion, as well as to a low neu-
tron capture cross-section. It is an essential constituent of Zrm(OH)h

(4m2h)1. In accordance with studies from Zielen
and Connick[2], Johnson and Kraus[11], and Angstadt andthe core of the nuclear power station and for confining fis-

sile materials. Tyree[12], Baes and Mesmer conclude that the existence of
a trimer, Zr3(OH)4

81 or Zr3(OH)5
71, and of the tetramerThe running of nuclear installations relies on the pro-

Zr4(OH)8
81 is probable.cessing of nuclear fuels and fission by-products, but also on

the long-term storage, in protected sites, of confined materi- Aja et al. [13] also published a review concerning the aque-
als which have acquired an appreciable radioactivity. ous chemistry of zirconium(IV). They principally take into

In the long-term one may expect the possibility of cor- account the results obtained by Russian scientists [5] [6] [8] [14].
rosion and fissuring of the confining containers leading to They consider that the values of the formation constants of
a contamination of soils and waters. the mononuclear hydroxide complexes depend little on the

ionic strength and the nature of the supporting electrolyte.Modelling programs which take into account the whole
For these constants, they have retained average values whichlocal physical parameters as well as the physicochemical
are very different from those given by Baes and Mesmer.data allow the quantification of these contamination risks.

The values used for these simulations, especially those relat- More recently, Adair et al. [15] published an article entitled
ing to zirconium, have to be as reliable as possible in order “A review of the aqueous chemistry of the zirconium-water
to yield realistic estimations. system” in which they simply give the same values of con-

The chemistry of zirconium(IV) in aqueous media is stants that Baes and Mesmer indicated for the mono- and
dominated by the complexation of Zr41 with OH2. The polynuclear zirconium hydroxide complexes at 25°C.
data currently available on zirconium hydroxide complexes

In short, numerous studies deal with the formation ofcomes from studies carried out (essentially) before
zirconium-hydrolysed complexes in aqueous solution but1975[1] [2] [3] [4] [5] [6] [7] [8] [9]. The advanced species formulae
many discrepancies exist from one author to another con-and, above all, the values of the corresponding com-
cerning the major species formed and the values of the cor-plexation constants, seem questionable.
responding constants of formation. It must be pointed that

Baes and Mesmer[10] have reviewed bibliographical re- in these studies the stoichiometry of the soluble species have
sults concerning zirconium hydrolysis in aqueous solution. not been experimentally determined.
When the zirconium concentration is low (< 1024

The purposes of the present work are:mol·dm23), they conclude that there is formation of
mononuclear complexes Zr(OH)h

(42h)1 where h 5 125. 2 The study of the complexation reactions between zir-
conium(IV) and hydroxy ions in aqueous solution. The stoi-According to these two authors, only the stability of the

ZrOH31 species has been determined with a reasonable chiometry of soluble species are determined from the posi-
tion of the equivalent points on the titration curves andaccuracy: log β1021 5 0.3 ± 0.05 at zero ionic strength[9].

The hydrolysis constants of the more hydrolysed complexes from the initial pH of the zirconium oxychloride solutions.
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2 The determination of the thermodynamical constants Precipitation occured after pH 5 3.5 when the complex

Zr2(OH)7
1 was still predominant. This means that the solidcorresponding to the formation of the complex species by

using the Specific ion Interaction Theory (SIT method). phase has a composition close to the composition of a ionic
salt in which Zr2(OH)7

1 is associated with a counter anion,
either nitrate or chloride.

To refine the composition of the solid phase severalResults
analyses were made. The precipitate was separated from the

Stoichiometry of Complexes Formed solution by centrifugation and filtration and washed with
KNO3. The solid was then dispersed in a KNO3 solution

At the beginning of the titrations (pH < 2), the initial which was titrated with KOH (0.1 mol dm23). The titration
concentration of protons in ZrOCl2 solutions corresponds curve obtained shows that hydrolysis still occcurs at pH >
to the liberation of one equivalent of proton per zirconium 3.5, because we obtain one equivalent point at pH 5 8.5
atom and to the formation of Zr(OH)3

1 according to: for 0.5 equiv. of OH2 added. This point corresponds to
the formation of the polymeric species [Zr(OH)4]n which

Zr(OH)2
21 1 2 H2O R Zr(OH)3

1 1 H3O1

confirms the previous formation of an insoluble salt at
pH 5 3.5. Chloride ions were titrated in the supernatant by

Figure 1 shows that the potentiometric titration curve of
potentiometry. The result indicates that all the chloride ions

the system ZrOCl2/HNO3 (curve b) is displaced to the right
are present in solution and, consequently, that the solid

relative to the curve of nitric acid alone (curve a). In order
phase does not contain any chloride. Infrared spectra of the

to facilitate the interpretation of the results, the pH value
solid phase were recorded and shows a band at 1380 nm

is given versus the number (m) of OH2 equivalents per zir-
which confirms the presence of nitrate anion.

conium mol, calculated after the neutralisation of nitric
A similar trend is observed in perchlorate medium; pre-

acid. The derivative curve c shows two equivalent points at
cipitation occurs at pH 5 3.5, the titration curves show two

pH 5 4 and pH 5 8 which correspond to 1.5 and 2 equiv.
inflexion points at pH 5 4.4 for 1.75 equiv. of OH2 and

of OH2 added, respectively. Both equivalent points corre-
pH 5 8.5 for 2 equiv. of OH2. These points correspond to

spond to the formation of species which contain 3.5 and 4
the formation of species having the stoichiometry

OH2 per zirconium atom according to:
Zr3(OH)11

1 and [Zr(OH)4]n, respectively.

Zr(OH)3
1 1 H3O1 1 1.5 OH2 R Zr(OH)3.5

0.51 1 2 H2O
and Zr(OH)3

1 1 H3O1 1 2 OH2 R Zr(OH)4 1 2 H2O
Determination of Stability Constants

For the species “Zr(OH)3.5
0.51”, computation led us to The overall stability constants are related to the general

envisage the formation of the dimer Zr2(OH)7
1. As for the equilibrium:

species “Zr(OH)4”, they are very likely to be polymeric
species in which the ratio [OH2]/[Zr] is equal to four. For m Zr41 1 2h H2O v Zrm(OH)h

(4m2h)1 1 h H3O1

simplicity, these polymeric species are denoted as
[Zr(OH)4]n. βc

m02h 5
[Zrm(OH)(4m2h)1

h ][H3O1]h

[Zr41]m

The neutralisation curves were computed taking into ac-Figure 1. Titration curves for (a) nitric acid (4·1022 mol·dm23), (b)
zirconium oxychloride (8·1023 mol·dm23) in the presence of nitric count the species Zr(OH)3

1, and Zr2(OH)7
1 and also the

acid (4·1022 mol·dm23), (c) derivative curve of (b); the pH is given soluble monomeric species Zr(OH)4. The concentrationversus the number (m) of OH2 equivalents per zirconium, calcu-
range of zirconium used in the calculation varies from 1023lated after neutralisation of nitric acid
to 8 3 1023 mol·dm23. The validity of the hypothesis was
checked for lower concentrations up to 8 3 1025 mol·dm23

of ZrIV. For the calculation of stability constants, data ob-
tained in the heterogeneous phase was removed. However,
further simulations were made over the whole pH range to
confirm the stoichiometry of the insoluble species. Calcu-
lated curves were in good agreement with experiment over
the whole pH range studied. We have included in our hy-
pothesis the formation of polynuclear species cited in the
literature[1] [2] [7] [11] [12]. After calculation, polynuclear species
were not selected, and improved least square refinements
were found considering only the three species previously
proposed.

The precision on some log β1024 values is weak because
in the homogeneous phase Zr(OH)4 can be considered as a
very minor species. The species distribution curve shows
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Table 1. Overall stability constants of Zr(OH)3

1, Zr(OH)4, and used for the comparison of data at different ionic strengths
Zr2(OH)7

1[a] (KNO3 medium, 25 ± 0.1°C) and also for the calculation of the thermodynamic forma-
tion constants corresponding to the standard state.

I [mol·dm23] log βc
1023 logβc

2027 logβc
1024 The activity coefficient of a cation i of charge z is calcu-

lated from the following expression:0.2 22.02 (0.01) 25.26 (0.04) 26.09 (0.03)
0.5 22.18 (0.01) 25.39 (0.04) 26.7 (0.2)

log γi 5 2zi
2 D 1 Σj ε(i, j) 3 mj1 22.27 (0.01) 25.48 (0.04) 26.71 (0.04)

1b 22.29 (0.05) 25.56 (0.11) 26.51 (0.08)
2 21.77 (0.03) 24.35 (0.05) 26.9 (0.3)

where D 5
0.5091!Im

111.5!Im

is the Debye-Hückel term (for
[a] Values in parentheses represent 1 σ standard deviation. 2 [b]

NaClO4 medium, 25 ± 0.1°C. long-range electrostatic interactions); ε(i, j) is the specific
interaction coefficient between the cation i of charge z and

that its proportion in solution is lower than 10% at pH 5 the others ions j of opposite charge in the solution and mj
4.0. It is also interesting to note that for I 5 1 mol·dm23, is the molality of the ions j.
the values of the stability constants were similar in nitrate In our study, the concentration of the nitrate ions of the
and perchlorate media, which seems to indicate that there supporting electrolyte KNO3 is much larger than these of
is no complexation between zirconium and nitrate ions. the other ionic species. Consequently, it is the main con-

tributor to the value of log γi:

Determination of Solubility Products log γi 5 2zi
2 D 1 ε(i, NO3

2) 3 Im

The values of the solubility product of zirconium hydrox- with Im ionic strength equal to the molal concentration
ide Zr(OH)4 proposed in the literature[3] [4] vary between of the supporting electrolyte.
10252 and 10254, but it is worth pointing out that most of For the general formation reaction,
the authors do not take into account the stability constants
of soluble species in their calculations. m Zr41 1 2 h H2O v Zrm(OH)h

(4m2h)1 1 h H3O1

In our experiments, the solubility product is determined
from the pH value and the free concentration of Zr41 calcu-
lated for each solution from the stability constants of the

βc
m02h 5

[Zrm(OH)(4m2h)1
h ][H3O1]h

[Zr41]msoluble species Zr(OH)3
1 and Zr2(OH)7

1, using the follow-
ing expression where [Zr(t)] is the total concentration of zir-

The apparent stability constant βc
m02h is calculated fromconium:

the molar concentrations of the reacting species. This value
is then converted to molality units (βm

m02h value) according
to the conversion factors determined by Baes and
Mesmer[10]. Finally, the thermodynamical stability constant
β°m02h is determined from the experimental constantsThe solubility product is then calculated using the usual
βm

m02h, by using a weighted linear extrapolation to zeroexpression Ks 5 [Zr41][OH2]4.
ionic strength.The mean values of the logarithms of the solubility prod-

ucts are reported in Table 2 for the four different ionic
strengths. βo

m02h 5
aZrm(OH)(4m2h)1

h
ah

H3O1

am
Zr41 a2h

H2O

Table 2. Solubility products of Zr(OH)4; (KNO3 medium, 25 ±
The expression of the logarithm of the thermodynamical0.1°C)

stability constant may be written as:
I [mol·dm2]3 log Ks [a]

logβo
m02h 5 logβm

m02h 1 logγZrm(OH)(4m2h)1
h

1 h · logγH3O1

0.2 252.71 (0.05)
2 m · logγZr41 2 2h · log aH2O0.5 252.49 (0.06)

1 252.72 (0.06)
2 253.49 (0.03) with the logarithms activity coefficients:

[a] Values in parentheses represent 1 σ standard deviation. logγZrm(OH)(4m2h)1
h

5 2(4m2h)2 · D1ε(Zrm(OH)4m2h)1
h , NO2

3 ) · Im

logγH3O1 5 2D1ε(H3O1, NO2
3 ) · Im

logγZr41 5 216 D 1 ε(Zr41, NO2
3 ) · Im

Determination of the Thermodynamical Formation Constants
Consequently:

The constants of formation have been determined in
solution containing KNO3 as supporting electrolyte (0.222 log βm

m02h 1 D [16m 2 h 2 (4m 2 h)2] 2 2h log aH2O 5

log βo
m02h 2 ∆ε · Immol·dm23). The specific interaction theory[20] [21] [22] [23] is
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Figure 3. Variation of the logarithm of the experimental formationwhere ∆ε is the summation of the specific interaction
constant of complex Zr(OH)3

1 as a function of ionic strength (mo-terms:
lality)

∆ε 5 ε[Zrm(OH)h
(4m2h)1, NO3

2] 1 hε[H3O1, NO3
2] 2 mε[Zr41,

NO3
2]

Since the solvent is a chemically reacting species, its ac-
tivity must be calculated and incorporated into the ex-
pression for the thermodynamic constant.

logaH2O ø
22 ·Φ · Im

55.51 · ln(10)
(Im 5 mK1 5 mNO3

2)

Φ is the osmotic coefficient which can be calculated from
Stockes[24] equation.

Figure 2. Extrapolation of the logarithm of the thermodynamical
formation constant of Zr(OH)3

1 by weighted linear regression

Table 3. Thermodynamic values of the logarithms of the formation
constants of soluble complexes and of the solubility product of
Zr(OH)4; values in parentheses represent 1 σ standard deviation

Zr(OH)3
1 log β°1023 20.52 (0.01)

Zr2(OH)7
1 log β°2027 22.22 (0.07)

Zr(OH)4 log β°1024 24.52 (0.07)
Zr(OH)4 log Ks° 255.26 (0.08)

In order to verify that pH measurements realised with
KOH of 0.1 mol·dm23 were not influenced by kinetic
phenomena, we have also used KOH of 2.5·1022 mol·dm23.
With the same rate of KOH addition (0.5 µl per 5 s) a pro-The value of log β°m02h is obtained using a weighted lin-
tometric titration lasted for about one week. The pH meas-ear regression of the quantity Y as a function of the ionic
urements lead to stability constants values identical withstrength[25].
those obtained with KOH of 0.1 mol·dm23.

Y 5 log βm
m02h 1 D[16m 2 h 2 (4m 2 h)2] 2 2h log aH2O 5 The stability constants values of Zr hydrolysed com-

log β°m02h 2 ∆ε · Im plexes, reported by Baes and Mesmer[10] and Aja et al. [13],
have been estimated from results contained in several publi-

This procedure has been applied for the determination of cations. Different methods have been used in these works
log β°1023, log β°2027, log β°1024, and log K°s solubility for studying Zr hydrolysis (e.g.: solvent extraction, spec-
product of Zr(OH)4. For the determination of log β°1023 troscopy, complexometry, solubility measurements). It must
see, for example, Figures 2 and 3. All the results are re- be noted that the values of Aja et al. take no account of the
ported in Table 3. ionic strength variation. For calculating the thermodynamic

constants values, Baes and Mesmer admit that the ionic
strength dependence of βmlh is similar to that found in theDiscussion
case of other cations, e.g. U41.

In this work, the protometric titrations of zirconiumThe hydrolysis reactions of zirconium(IV) have been
monitored by protometry, using a specific titration pro- oxychloride solutions by KOH allow verification of the con-

sistency between our obtained values and those reported bycedure which consist of adding the titrant very slowly (0.5
µl per 5 s) with vigorous stirring. This procedure avoids the Baes and Mesmer and Aja et al. In the pH range where the

solutions are homogeneous (pH # 3.5), the experimentalprecipitation of insoluble hydroxide at the tip of the burette
and errors on the measurement of pH values. pH values were compared to those calculated from the sta-
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bility constants. For example, in the Figure 4 the exper- defined: Zr2(OH)7

1 in nitrate medium and Zr3(OH)11
1 in

perchlorate medium.imental titration curve of zirconium oxychloride solution
(4·1023 mol·dm23) in the presence of nitric acid (2·1022 2 The existence of Zr2(OH)7

1 is confirmed by the pre-
cipitation of the ionic salt [Zr2(OH)7]NO3 at pH ø 3.5.mol·dm23) is represented. The calculated curves obtained

by using Baes and Mesmer or Aja et al. constants are re- In short, at the beginning of the titrations, one may ex-
pect the formation of the Zr(OH)3

1 species. The hydrolysispresented by dashed lines. The stability constants given at
zero ionic strength by Baes and Mesmer were calculated for of this species leads to the formation of soluble Zr(OH)4

which is always a very minor species in solution because,I 5 1 by using the relation between βmlh and I they indicate
in their paper[10] (log β1021 5 20.6 ; log β1022 5 22.3 ; log when its concentration increases, Zr(OH)4 bonds to

Zr(OH)3
1 by hydroxo bridges leading to Zr2(OH)7

1. Then,β1023 5 26.3 ; log β1024 5 211.0 ; log β1025 5 217.1 ; log
β3024 5 4.5 or log β3025 5 5.2 ; log β4028 5 8.0). in KNO3 medium, at pH > 3.5, there is a precipitation and

the probable formation of polymeric species such as
Zr3(OH)11

1 [Zr2(OH)7
1 1 Zr(OH)4] or Zr4(OH)15

1

Figure 4. Titration curves of zirconium oxychloride solution [Zr3(OH)11
1 1 Zr(OH)4]. When the acidity of the solution(4·1023 mol·dm23) in the presence of nitric acid (2·1022 mol·dm23);

decreases the existence of the Zr4(OH)15
1 species has alsoionic strength 5 1; KOH 5 1 mol·dm23; m experimental curve,

(}) calculated curve with our results, (-----) calculated curves with been suggested by Gimblett and Massey[26]. Then, accord-
results of Baes and Mesmer[10] or Aja et al. [13]

ing to these authors, the complex ion Zr4(OH)15
1 hydro-

lyses to a neutral tetrameric hydroxide which polymerises
slowly to form colloidal particles and ultimately a solid hy-
droxide precipitate. Finally, at the second equivalence point
of the titration curves (pH ø 6), the precipitated species is
very likely to be a polymer of the formula [Zr(OH)4]n be-
cause this precipitate does not dissolve in solution, even in
very acidic medium.

Conclusion

The aqueous chemistry of zirconium(IV) can be ex-
plained by the formation of the soluble species Zr(OH)3

1,
Zr2(OH)7

1, and Zr(OH)4 in KNO3 media, in the pH rangeThere is a large discrepancy between the experimental
of 1.523.5 and for zirconium concentrations varying fromcurve and the two calculated curves. By using the results of
8·1025 to 8·1023 mol·dm23.Baes and Mesmer, the plot of the distribution curves of the

The formation constants of the species Zr(OH)3
1,different mono- and polynuclear hydroxo complexes shows

Zr2(OH)7
1, and Zr(OH)4 as well as the solubility productthat Zr4(OH)8

81 is practically the only species formed. This
of zirconium hydroxide have been determined in KNO3 me-tetrameric ion is that encountered in the solid zirconium
dia at four ionic strengths. The values of these βmlh con-oxychloride, so the dissolution of this solid compound
stants were extrapolated to the standard state in order toshould not modify the pH solution, which disagrees with
determine the thermodynamic constants β°mlh. The β°mlhour observations and with those of Larsen and Gammill [1].
constants were determined at zero ionic strength by puttingOn the other hand, the constants values reported by Aja et
the Specific ion Interaction Theory (SIT method) into prac-al. lead to the predominance of Zr(OH)4 at pH 5 1.523.5.
tice.Under these conditions, the studied solutions would not be

We have also obtained some results in heterogeneous me-homogeneous because of the precipitation of [Zr(OH)4]n.
dium, at pH > 10, which lead us to consider the formationFor all these reasons, we have envisaged the existence of
of the Zr(OH)5

2 species. Unfortunately, these results can-other soluble species under our experimental conditions
not be used in this case to determine the formation constant(1.5 # pH # 3.5, and 8·1025 mol·dm23 # [Zr] # 8·1023

of Zr(OH)5
2. A useful evaluation of the solubility of zir-mol·dm23). Our hypotheses are based on the following ex-

conium(IV) in aqueous medium is obtained by plotting theperimental results:
total zirconium concentration (on a logarithmic scale) as a2 The pH value at the beginning of the titrations corres-
function of pH (Figure 5).ponds to the liberation of one equivalent of proton per zir-

Such a plot shows that the insoluble species Zr(OH)4 isconium and therefore to the formation of the Zr(OH)3
1

predominant between pH 5 5 and pH 5 12. This speciesspecies.
distribution diagram was established at pH > 8 by using2 The positions of the equivalent points of the titration
the result of Sheka et al. [3] for the formation constant ofcurves at 1.5 (in nitrate medium), 1.75 (in perchlorate me-
Zr(OH)5

2 (log β°1025 ø 219.3).dium) and 2 equiv. of OH2 per zirconium. These positions
are independent of the zirconium concentration which indi- We thank the Agence Nationale pour la gestion des Déchets

Radioactifs (ANDRA) for financial support.cates that the stoichiometry of the formed species is well
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mol·dm23) up to pH 5 12. Further titrations with a less concen-Figure 5. Speciation of hydroxy zirconium complexes in equili-

brium with solid Zr(OH)4 (25°C, I 5 0); the thick line represents trated reagent (KOH of 0.04 mol·dm23) were performed to ensure
the total zirconium concentration in solution; Zr41 (]--]); Zr(OH)4 that the equilibrium is effectively reached throughout the experi-

(1 1); Zr2(OH)7
1 (222); Zr(OH)3

1 (a); Zr(OH)5
2 (b)

ments. The results were similar in both cases and so validate the
titration procedure.

Solubility Measurements: The solubility of zirconium hydroxide
Zr(OH)4 was measured as a function of pH at four ionic strengths
in order to evaluate its solubility product. Zirconium hydroxide was
prepared by the precipitation of zirconyl chloride with ammonia.
An amount of solid was introduced in zirconyl chloride solutions
of variable concentration and ionic strength. After the equilibrium
was reached (up to 15 d), the solutions were centrifuged and filtered
using a Sartorius filter (pore size 0.45 µm). The pH value and the
total concentration of zirconium for the supernatant were deter-
mined. The pH ranged from 1 to 3.5 and the zirconium concen-
tration varied from 0.1 to 0.001 mol dm23. For each ionic strength
a series of ten solutions was prepared.

Computations: The protometric data were processed by the com-
puter program Protaf[19] in order to obtain the best-fit chemical
model and refined stability constants βmlh (βmlh refers to the species
MmLlHh; a negative h value refers to the hydroxy ion). The program
Protaf, which is based on the weighted least squares of the residues
of the experimental variables (volume of titrant, pH), allows a sim-
ultaneous processing of ten titrations, each including 150 pairs of
data (volume, pH).

Experimental Section
Reagents: All chemicals used were of analytical grade. Zirconium [1] E. M. Larsen, A. M. Gammill, J. Am. Chem. Soc. 1950, 72,

3615.oxychloride and potassium nitrate were purchased from Fluka. Ni-
[2] A. J. Zielen, R. E. Connick, J. Am. Chem. Soc. 1956, 78, 5785.tric acid and potassium hydroxide were purchased from Merck.
[3] I. A. Sheka, T. V. Pevzner, Russ. J. Inorg. Chem. 1960, 5, 1119.Solutions of zirconium oxychloride were prepared with an excess [4] P. N. Kovalenko, K. N. Bagdasarov, Russ. J. Inorg. Chem. 1961,

of nitric acid ([H3O1]/[Zr] 5 5) to prevent the formation of less 6, 272.
[5] V. M. Peshkova, N. V. Mel9chakova, S. G. Zhemchuzhin, Russ.reactive polymers[16]. These solutions were standardised by edta

J. Inorg. Chem. 1961, 6, 630.titration using an excess of FeIII ions, and salicylic acid as an indi-
[6] A. S. Solovkin, A. I. Ivantsov, Russ. J. Inorg. Chem. 1966, 11,cator following the procedure described by Kragten et al. [16] and 1013.

Milner et al. [17]. Potassium nitrate stock solutions were filtered on [7] H. Bilinski, M. Branica, L. G. Sillen, Acta Chem. Scand. 1966,
20, 853.Millipore filters (pore size 1.2 µm) before use and storage.

[8] V. A. Nazarenko, O. V. Mandzhgaladze, Russ. J. Inorg. Chem.
Protometric Measurements: All measurements were performed at 1969, 14, 639.

[9] N. Noren, Acta Chem. Scand. 1973, 27, 1369.25 ± 0.1°C. Experiments were made at different ionic strengths
[10] C. F. J. Baes, R. E. Mesmer, in The Hydrolysis of Cations,(I 5 0.2, 0.5, 1, and 2 mol·dm23) and adjusted with potassium

Wiley & Sons, New York, 1976.nitrate. A few experiments were carried out in sodium perchlorate [11] J. S. Johnson, K. A. Kraus, J. Am. Chem. Soc. 1956, 78, 3937.
medium to ensure that there is no complexation reaction with ni- [12] R. L. Angstadt, S. Y. Tyree, J. Inorg. Nuclear Chem. 1962, 24,

913.trate ions.
[13] S. U. Aja, S. A. Wood, A. E. William-Jones, Applied Geochem.

The protometric measurements were carried out in a thermoreg- 1995, 10, 603.
[14] A. S. Solovkin, S. V. Tsvetkova, Russ. Chem. Rev. 1962, 31, 655.ularized cell with a nitrogen stream over the solution to avoid dis-
[15] J. H. Adair, H. G. Krarup, S. Venigalla, T. Tsukada, Mat. Res.solution of carbon dioxide. The glass electrode Metrohm type “U”

Soc. Symp. Proc. 1997, 432, 101.has a very low alkaline error. The reference element Hg/Hg2Cl2 was [16] J. Kragten, A. Parczewski, Talanta 1981, 28, 149.
in contact with a solution containing KCl of a concentration of 0.1 [17] G. W. C. Milner, P. J. Phennah, Analyst 1981, 79, 475.

[18] M. Aplincourt, C. Gerard, R. P. Hugel, J. C. Pierrard, J. Rim-mol·dm23 and a variable concentration of KNO3 to adjust ionic
bault, A. Bertrandie, B. Magny, P. J. Siret, Polyhedron 1992,strength to the required value. The procedures and apparatus used
11, 1161.for protometric measurements have been previously described[18]. [19] R. Fournaise, C. Petitfaux, Talanta 1987, 34, 385.

For pH values below 2, a polynomial correction was used. [20] J. M. Brønsted, J. Am. Chem. Soc. 1922, 44, 938.
[21] J. M. Brønsted, J. Am. Chem. Soc. 1922, 44, 877.Because of the slow kinetics of the hydrolysis reactions, and also [22] G. Scatchard, Chem. Rev. 1936, 19, 309.

because of the formation of local precipitate as a consequence of [23] H. E. A. Guggenheim, in Applications of Statistical Mechanics,
Clarenden, Oxford, 1966.the addition of the alkaline reagent, experimental procedures have

[24] R. H. Stockes, “Thermodynamics of Solution” in Activity Coef-been refined in order to obtain accurate and reproducible pH meas-
ficients in Electrolyte Solutions, vol. I, CRC Press, Boca Raton,urements. Titrations were made under the conditions of vigorous Florida, 1979.

stirring and very slow addition of the titrant (0.5 µl per 5 s), so for [25] H. Wanner, I. Grenthe, in Guidelines for the Extrapolation to
Zero Ionic Strength, TDB-2 (revision 2), OECD Nuclear En-high concentrations of zirconium, a titration can last several days.
ergy Agency, France, 1992.

Solutions of zirconium oxychloride in the concentration range [26] F. G. R. Gimblett, B. H. Massey, Inorg. Chem. 1979, 9, 2038.
[98162]of 8·1025 to 8·1023 mol·dm23 were titrated by KOH (0.1
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1,2-Diphenyl-1,2-bis(trimethylsilyl)ethene (5) undergoes a determined by NMR spectroscopy (1H, 13C, 6Li, 7Li NMR and
6Li,1H-HOESY). It is shown that the phenyl rings have a highsmooth reductive metallation with metallic lithium to yield

the corresponding dilithioethane derivative (Li2·5). The quinoid character and that the lithium cations are relatively
mobile.structure of this new compound in [D8]THF solution was

Introduction show that within this molecule the metal cations are
highly mobile.

It has been known since 1928 that stilbene (1, R 5 H)
and related aryl-substituted ethene derivatives (1, R 5
alkyl, aryl) react readily with alkali metals to afford π-delo- Results and Discussion
calized benzylic carbanions[1] [2]. Similar reductive metalla-
tions can be achieved with ethenylsilanes 2a2c [3], in which Recently, McMurry-type coupling reactions have been
the negative charges are stabilized by the adjacent silyl sub- extended to substrates other than aldehydes and ketones[7].
stituents. In compounds such as 3a2c, both stabilizing ef- We found that aromatic acylsilanes react reasonably well
fects are present[4]. with low-valent titanium [Ti] to afford the corresponding

1,2-disilylethene derivatives as the major products.

Scheme 1

These metallations proceed in a stepwise fashion: a first
single electron transfer (s.e.t.) leads to short-lived radical Specifically, treatment of benzoyltrimethylsilane 4 with

[Ti] formed from TiCl3 and “high surface sodium” (Na/anions which rapidly undergo a second s.e.t. to afford the
corresponding dianions[5]. The latter have attracted con- Al2O3)[8] as the preferred coupling agent provides com-

pound 5 in 66% yield as colorless crystals[9]. This productsiderable attention in recent years as stabilized analogues of
the still elusive 1,2-dilithioethane[6]. Several in-depth studies undergoes a smooth reductive metallation on exposure to

an excess of lithium metal in thoroughly dried and degassedemploying X-ray crystallography or NMR have provided a
detailed 2 but rather static 2 picture of the bonding situa- THF, leading to a dark-red solution of the corresponding

dianion Li2·5. This derivative is thermally stable for pro-tion in such dimetallic compounds[1] [2] [3] [4]. In the following
we describe not only the solution structure of a further longed periods of time and can be isolated as a dark-red

solid upon removal of the THF. However, Li2·5 is extremelymissing congener of this series, i. e. the dilithio derivative
of 1,2-diphenyl-1,2-bis(trimethylsilyl)ethene (Li2

.5), but also sensitive in solution as well as in the solid state towards
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traces of air which immediately re-convert it into the start- by 20.6 and by 10.4 ppm. These observations and the high

barrier to rotation indicate that the phenyl substituents haveing disilylethene 5.
Although various conditions have been used to crystallize a strong quinoid character, a conclusion which is in accord-

ance with previous studies on related ethylene anions[3] [4].the compound, no crystals of Li2 ·5 suitable for an X-ray
analysis have been obtained. Therefore the structure of this Further structural information was gained from the lith-

ium-NMR spectra. Both the 7Li-NMR spectra of the natu-compound was studied by NMR spectroscopy. A complete
and unambiguous assignment of the 1H and 13C spectra ral abundance compound and 6Li spectra of a 6Li-enriched

sample were measured. Surprisingly, the temperature de-(Table 1) was achieved using 2D-NMR techniques.

Table 1. 1H- and 13C-NMR data for 5 and Li2·5 in [D8]THF at 303 K; arbitrary numbering as shown

Position 13C NMR 1H NMR
5 Li2·5 ∆δ[a] 1J(C,H) 5 Li2·5 ∆δ[a]

1 159.1 69.4 289.7
2 145.8 153.1 7.3
3 128.0 107.4 220.6 159.3 7.04 5.89 21.15
4 127.6 127.0 20.6 159.9 7.27 6.05 21.22
5 125.6 97.9 227.7 160.0 7.18 4.93 22.25
6 127.6 130.5 2.9 159.9 7.27 6.27 21.00
7 128.0 117.6 210.4 159.3 7.04 6.18 20.86
8 0.2 2.3 2.1 120.0 20.36 0.00 0.36

[a] ∆δn 5 [δn(Li2·5) 2 δn(5)].

As can be seen from Table 1, five proton and six 13C pendence of the 6Li- and 7Li-NMR spectra contrasts
strongly with that observed for the 1H- and 13C-NMR spec-signals are observed at 303 K for the phenyl groups. De-

tailed analysis of these spectra and further experiments in- tra. At 293 K a single, broadened signal is observed in the
6Li spectrum (88.3 MHz) at δLi 5 22.4 (linewidth 500 Hz),cluding COSY revealed that the two arene groups are

equivalent but that within each group all the carbon atoms which on lowering the temperature splits into two well-re-
solved lines at δLi 5 20.8 and 23.8 (Figure 1). The sepa-and protons are different. The number of signals in the 1H-

and 13C-NMR spectra is unchanged when the sample is ration of these signals (3.0 ppm) is large as compared to the
usual range of lithium chemical shifts [10], suggesting thatcooled to 193 K and no broadening of any of these signals

is observed (cf. Experimental Section). Thus, the phenyl the environments of the lithium cations are rather different.
This result is in contrast to previous investigations on di-groups remain equivalent on the NMR time scale over the

range 300 K to 193 K. lithioethane derivatives, in which the Li signals either co-
incide or resonate within a narrow shift range[3] [4].The inequivalence of the ortho positions (3 and 7) and of

the meta positions (4 and 6) within each phenyl group indi-
Figure 1. 7Li-NMR (233.3 MHz) spectrum (top) and 6Li-NMR

cates that the barrier to rotation about the C-1,C-2 bond in (88.3 MHz) spectrum (bottom) of Li2·5 recorded at 193 K
Li2·5 must be high. No exchange cross peaks could be de-
tected in a 13C 2D-EXSY spectrum recorded at 303 K. Tak-
ing into account the relatively high signal-to-noise ratio of
this 2D spectrum and that the cross peaks due to exchange
were not larger than the peak-to-peak noise, the barrier to
rotation of the arene ring is estimated to be at least 90 kJ/
mol.

The resonance of C-1 is observed at δ 5 69.4, i. e. an up-
field shift of 89.7 ppm relative to the olefin 5 (δ 5 159.1).
Moreover, the 13C data indicate that the negative charges
are also delocalized to a large extent over the arene rings.
Specifically, the para-13C signal of C-5 resonates at δ 5 The 6Li-enriched samples were prepared to obtain ad-

ditional information on the location of the cations using97.9, corresponding to a low-frequency shift of ca. 27.7
ppm by comparison with the signal of 5. Similarly, the ortho 6Li,1H heteronuclear Overhauser effects, which were meas-

ured using the 2D HOESY (HOESY 5 heteronuclear Over-signals (δ 5 107.4 and 117.6) are shifted to lower frequency
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hauser effect spectroscopy) technique[10] [11]. The HOESY of the arenes. Note also that the non-planar scaffold of

Li2·5 implies an axially chiral environment. A schematicspectrum reveals strong cross peaks between the lithium sig-
nal at δLi 5 23.8 and the TMS group, the ortho proton representation of the structure and bonding situation in

Li2·5 is given in Figure 3.at δH 5 5.89 (3-H) and the adjacent meta proton (4-H).
Additional, but weaker, cross peaks are found to the para

Figure 3. Schematic representation of the structure and bondingproton (5-H) and the other ortho proton (7-H). The situation in Li2·5
HOESY cross peaks of the second lithium signal at δLi 5
20.8 are weaker and correlate with the TMS group and
both ortho protons (Figure 2). Since 6Li,1H heteronuclear
Overhauser effects can only be detected over short dis-
tances[10], these results show that both lithium cations must
be close to the organic anion and that in Li2

.5 tight ion
contacts are present. 6Li- and 7Li-NMR spectra recorded
in the presence of excess TMEDA support this conclusion:
although TMEDA usually dissects oligomeric organo-
lithium compounds in solution, the lithium chemical shifts
of Li2·5 are hardly affected even when 2.5 equivalents of
TMEDA are added.

Figure 2. 6Li,1H-HOESY-NMR spectrum (contour plot) of Li2·5 There is evidence that additional fast exchange processes
recorded in [D8]THF at 193 K

are occurring. In both, the 6Li and 7Li spectra, the Li signal
at δ 5 20.8 becomes narrower when the temperature is
reduced to below 250 K but the Li signal at δ 5 23.8 re-
mains somewhat broadened. This is apparently caused by
additional exchange phenomena involving this lithium
atom alone which remain fast on the NMR time scale. It is
possible that the lithium cation jumps between different
sites on the phenyl groups and the observed broadening
may be due to a slowing of this rate of exchange. However,
we have no corroborating evidence for this from the 1H- or
13C-NMR spectra and this interpretation remains speculat-
ive. When TMEDA is added to the sample, this phenom-
enon becomes much more marked. Not only does the high-
field 6Li signal below 200 K split into two signals of inten-
sities ca. 2:1 but in this case the phenyl ortho proton signal
also shows similar behaviour.

In summary, the NMR data are consistent with the pres-
ence of contact ionic interactions in Li2·5 with the anion
having a C2-symmetrical twisted, axially chiral confor-
mation with a torsional angle of about 90°. As a result of

Table 1 also documents the large differences between the their high quinoid character, the phenyl rings cannot rotate.
chemical shifts of the ortho carbon atoms C-3 and C-7 in On time average the two lithium cations are found on the
Li2

.5 (10.2 ppm). The signal shifted more strongly to high plane orthogonal to the central C2C bond and passing
field arises from the ortho carbon atom on side of the ring through its midpoint. At room temperature the lithium cat-
having the stronger interaction with Li. Similarly, signifi- ions exchange locations with one another rapidly but at 193
cant shift differences are found between the meta carbon K this exchange is slow on the NMR time scale. One of the
atoms C-4/C-6 (3.5 ppm), as well as the ortho protons H-3/ lithium cations lies between the phenyl rings and interacts
H-7 (0.29 ppm) and the meta protons H-4/H-6 (0.22 ppm). strongly with the ortho positions.
We interpret these data and the HOESY spectra described We thank the Fonds der Chemischen Industrie, Frankfurt, for gen-
above as showing that the lithium cation giving rise to the erous financial support.
resonance at δ 5 23.8 interacts with the phenyl groups,
particularly with the sides of these groups towards the in-
side of the molecule (Figure 3). If the lithium atom interacts Experimental Section
with both phenyl rings simultaneously, then the dianion General: All reactions as well as the sample preparations for
cannot be planar: the torsional angle about the C-1, C-19 NMR were carried out under Ar using Schlenk techniques. All
bond must be reduced to ca. 90°. This is also consistent glassware was thoroughly flame-dried in vacuo. Natural abundant
with 1H-NOE data, since strong cross peaks are observed Li and 6Li powder (Aldrich, 95% 6Li, dispersion in mineral oil)

were repeatedly washed with pentane and dried in vacuo prior tobetween the trimethylsilyl protons and both ortho protons
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N. Setzer, P. v. R. Schleyer, Adv. Organomet. Chem. 1985, 24,use. [D8]THF was dried by distillation from Na/K alloy and trans-
3532451.ferred under Ar. Substrate 5 was prepared by a McMurry-type [3] [3a] A. Sekiguchi, T. Nakanishi, C. Kabuto, H. Sakurai, J. Am.

coupling reaction as previously described[9a]. Chem. Soc. 1989, 111, 374823750. 2 [3b] A. Sekiguchi, M. Ichi-
nohe, C. Kabuto, H. Sakurai, Bull. Chem. Soc. Jpn. 1995, 68,

NMR Spectroscopy: All the NMR spectra were measured with a 298122988. 2 [3c] A. Sekiguchi, M. Ishinohe, M. Takahashi, C.
Bruker DMX-600 NMR spectrometer: 1H (600.2 MHz), 6Li (88.3 Kabuto, H. Sakurai, Angew. Chem. 1997, 109, 157721579; An-

gew. Chem. Int. Ed. Engl. 1997, 36, 153321534.MHz), 7Li (233.3 MHz), and 13C (150.9 MHz). The chemical shifts
[4] [4a] B. Böhler, D. Hüls, H. Günther, Tetrahedron Lett. 1996, 37,were determined relative to the β-methylene signals of the solvent

871928722. 2 [4b] A. Sekiguchi, M. Ichinohe, T. Nakanishi, C.
and converted to the TMS scale (1H, β-CH2, δH 5 1.78; 13C, β- Kabuto, H. Sakurai, Bull. Chem. Soc. Jpn. 1995, 68,
CH2, δC 5 25.2). The sequence of proton signals 3-H to 6-H was 321523220.

[5] For electrochemical studies on the reduction of aryl-substituteddetermined in the COSY spectrum and confirmed by NOESY.
ethene derivatives see: [5a] J. L. Muzyka, M. A. Fox, J. Org.These assignments were transferred to 13C using data from the
Chem. 1991, 56, 454924552. 2 [5b] M. O. Wolf, H. H. Fox,1H,13C correlation. The strongest 6Li,1H cross-peaks in the M. A. Fox, J. Org. Chem. 1996, 61, 2872294 and references

HOESY spectrum were to the protons at 5.89 (ortho) and 6.27 cited therein.
[6] See the following for leading references: [6a] A. J. Kos, E. D.(adjacent meta), allowing the “outer” and “inner” sides of the phe-

Jemmis, P. v. R. Schleyer, R. Gleiter, U. Fischbach, J. A. Pople,nyl ring to be identified. The lithium chemical shifts are given rela-
J. Am. Chem. Soc. 1981, 103, 499625002. 2 [6b] L. Manceron,

tive to external 0.1  LiBr in THF solution (0 ppm). The HOESY L. Andrews, J. Phys. Chem. 1986, 90, 451524528. 2 [6c] V. Rau-
experiments were recorded using the experiment hoesytp from the tenstrauch, Angew. Chem. 1975, 87, 2542255; Angew. Chem.

Int. Ed. Engl. 1975, 14, 2592260. 2 [6d] B. Bogdanovic, B. Wer-standard Bruker pulse library using a mixing time of 1.8 s (256
meckes, Angew. Chem. 1981, 93, 6912693; Angew. Chem. Int.experiments each of 64 scans, 1 K in f2, magnitude calculation in
Ed. Engl. 1981, 20, 6842686. 2 [6e] A. Maercker, B. Grebe, J.

f1, exponential multiplication in both dimensions using lb 5 2). Organomet. Chem. 1987, 334, C212C23. 2 [6f] N. J. R. van E.
Hommes, F. Bickelhaupt, G. W. Klumpp, Angew. Chem. 1988,Preparation of Diphenyl-1,2-bis(trimethylsilyl)ethanediyldilithium 100, 110021107; Angew. Chem. Int. Ed. Engl. 1988, 27,

(Li2·5). To a stirred suspension of lithium powder (35 mg, 5.04 108321084.
[7] Review: A. Fürstner, B. Bogdanovic, Angew. Chem. 1996, 108,mmol) in 5 ml of [D8]THF was added a solution of alkene 5 (144

258322609; Angew. Chem. Int. Ed. Engl. 1996, 35, 244222469.mg, 0.44 mmol)[9a] in 5 ml of [D8]THF. The reaction mixture [8] Reviews: [8a] A. Fürstner (Ed.), Active Metals. Preparation,turned dark-red within a few minutes and stirring was continued Characterization, Applications, VCH, Weinheim, 1996, p.
overnight. An aliquot of the supernatant dark-red liquid was trans- 3812426. 2 [8b] A. Fürstner, in Encyclopedia of Reagents for

Organic Synthesis (Ed.: L. A. Paquette), Wiley, New York,ferred via cannula into a thoroughly dried NMR tube, the rest was
1995, p. 418024181.filtered off and concentrated to afford a dark-red amorphous solid. [9] [9a] A. Fürstner, G. Seidel, B. Gabor, C. Kopiske, C. Krüger,

2 7Li NMR ([D8]THF, 303 K) δ 5 22.2, ∆ν1/2 5 265 Hz. 2 7Li R. Mynott, Tetrahedron 1995, 51, 887528888. 2 [9b] For the
NMR ([D8]THF, 193 K) δ 5 20.78, 23.82. 2 1H NMR ([D8]THF, development of low-valent titanium on alumina and related re-

agents see: A. Fürstner, G. Seidel, Synthesis 1995, 63268.193 K): δ 5 6.25, 6.10, 6.02, 5.92, 4.91, 20.03. 2 13C NMR
[10] For a review see: W. Bauer, in Lithium Chemistry, A Theoretical([D8]THF, 193 K) δ 5 153.0, 130.6, 127.0, 117.0, 107.4, 97.9, 68.2.

and Experimental Overview (Eds.: A.-M. Sapse, P. v. R. Schley-
2 After addition of TMEDA: 1H NMR ([D8]THF, 303 K): δ 5 er), Wiley, New York, 1995, p. 1252172.
6.27, 6.19, 6.03, 5.90, 4.95, 0.02. 2 1H NMR ([D8]THF, 193 K): [11] See the following for leading references on 1H6(7)Li HOESY

spectroscopy: [11a] W. Bauer, P. v. R. Schleyer, Magn. Res. Chem.δ 5 6.25, 6.17, 5.98, 5.87, 4.90, 20.02. 2 7Li NMR ([D8]THF, 193
1988, 26, 8272833. 2 [11b] W. Bauer, G. Müller, R. Pi, P. v. R.K): δ 5 22.2, ∆ν1/2 5 350 Hz. 2 7Li NMR ([D8]THF, 193 K):
Schleyer, Angew. Chem. 1986, 98, 113021132. 2 [11c] W. Bauer,δ 5 20.75, 23.68 (br.). 2 For the assignment and additional data L. Lochmann, J. Am. Chem. Soc. 1992, 114, 748227489. 2 [11d]

see Table 1. W. Bauer, T. Clark, P. v. R. Schleyer, J. Am. Chem. Soc. 1987,
109, 9702977. 2 [11e] W. Bauer, P. v. R. Schleyer, J. Am. Chem.
Soc. 1989, 111, 719127198. 2 [11f] D. Hoffmann, W. Bauer, P.
v. R. Schleyer, Chem. Commun. 1990, 2082211. 2 [11g] W.[1] [1a] W. Schlenk, E. Bergmann, Justus Liebigs Ann. Chem. 1928,

463, 1062125. 2 See the following for leading references: [1b] Bauer, F. Hampel, Chem. Commun. 1992, 9032905. 2 [11h] L.
D. Field, M. G. Gardiner, B. A. Messerle, C. L. Raston, Or-H. Bock, T. Hauck, C. Näther, Organometallics 1996, 15,

152721529. 2 [1c] H. Bock, K. Ruppert, D. Fenske, Angew. ganometallics 1992, 11, 356623570. 2 [11i] L. A. Paquette, M.
R. Sivik, W. Bauer, P. v. R. Schleyer, Organometallics 1994, 13,Chem. 1989, 101, 171721719; Angew. Chem. Int. Ed. Engl.

1989, 28, 168521688. 2 [1d] Y. Yokoyama, T. Koizumi, O. Kiku- 491924927. 2 [11j] G. Hilmersson, O. Davidsson, Organometall-
ics 1995, 14, 9122918. 2 [11k] S. Berger, F. Müller, Chem. Ber.chi, Chem. Lett. 1991, 220522208. 2 [1e] M. Walczak, G. D.

Stucky, J. Am. Chem. Soc. 1976, 98, 553125539. 2 [1f] M. Wal- 1995, 128, 7992802. 2 [11l] T. Roelle, R. W. Hoffmann, J. Chem.
Soc., Perkin Trans. 2 1995, 195321954. 2 [11m] M. Wenzel, D.czak, G. D. Stucky, J. Organomet. Chem. 1975, 97, 3132323. 2

[1g] J. G. Smith, E. Oliver, T. J. Boettger, Organometallics 1983, Lindauer, R. Beckert, R. Boese, E. Anders, Chem. Ber. 1996,
129, 39244. 2 [11n] J. M. Saa, G. Martorell, A. Frontera, J.2, 157721582. 2 [1h] J. E. Gano, E. J. Jacob, P. Sekher, G. Sub-

ramaniam, L. A. Ericksson, D. Lenoir, J. Org. Chem. 1996, 61, Org. Chem. 1996, 61, 519425195. 2 [11o] L. Glendenning, N.
Bampos, L. D. Field, Bull. Chem. Soc. Jpn. 1996, 69,673926743. 2 [1i] J. F. Garst, J. Am. Chem. Soc. 1971, 93,

631226313. 2 [1j] P. Schade, T. Schäfer, K. Müllen, D. Bender, 202522029. 2 [11p] G. Hilmersson, P. I. Arvidsson, O. Davids-
son, M. Haakansson, Organometallics 1997, 16, 335223362. 2K. Knoll, K. Bronstert, Chem. Ber. 1991, 124, 283322841.

[2] [2a] For a timely review see: A. Maercker in Lithium Chemistry. [11q] M. R. Sivik, W. Bauer, P. v. R. Schleyer, L. A. Paquette,
Organometallics 1996, 15, 520225208.A Theoretical and Experimental Overview (Eds.: A.-M. Sapse, P.

v. R. Schleyer), Wiley, New York, 1995, p. 4772577. 2 [2b] W. [I98174]
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The 3,4-bis(isopropylidene)-2,5-dichloro-1,2,5-thiadiboro- refined X-ray structural data of 2d support the proposed
skeletal structure. In addition to 2a, larger thiacarboraneslane (5b), obtained from 3,4-bis(dichloroboryl)-2,5-dimethyl-

2,4-hexadiene (4) and (Me3Si)2S, reacts with Li[RBH3] (R = were detected by GC/MS and 11B NMR. The structure of the
nine-vertex cluster 6a could be identified by applying theH, C6H5, C6Me4H) to yield the corresponding derivatives of

the nido-4,5-diisopropyl-2,4,5-thiadicarbahexaboranes 2. ab initio/IGLO/NMR method. Geometry optimizations at the
MP2(fc)/6–31G* level rule out the Cs nido-SC2B6H8 isomer 7.Replacements of the chlorine atoms in 5b with two hydrido,

or with one hydrido and one aryl (phenyl or duryl) group, The C2v structure of 6 consists of a nine-vertex cluster with
two elongated B–B distances. As this 22e cluster 6 representsfollowed by the hydroboration of the isopropylidene

substituents with RBH2 (R = H, C6H5, C6Me4H) lead to four an exception to the Wade rules, the nature of the bonding of
nine-vertex clusters with different electron counts isnido-2,4,5-thiadicarbahexaboranes (2a–d) in low yields.

Their composition follows from MS and NMR data; not discussed.

The thiacarboranes and thiadicarboranes with nine to fur atom to give 3. The cluster 3 differs from 2 by the
(BH)5 belt.eleven skeletal atoms, arachno-SCB7H11

[1] [2], arachno-
SCB8H12

[2], nido-SCB9H11
[2], arachno-SC2B6H10

[3], nido- We now present our results on the designed synthesis of
derivatives of 2, obtained from the hydroboration substi-SC2B8H10, [4] [5] [6] have been obtained from the reactions of

neutral carboranes or their anions with sulfur or sulfur tution reactions of the unsaturated 1,2,5-thiadiborolane de-
rivative 5b. Other products are formed as well. Of these, thecompounds. Among the smaller but still unknown thiacar-

boranes, the nido-SC2B3H5 cluster (2) is of particular inter- thiadicarbanonaborane 6a could be identified by GC-MS,
11B-NMR spectra, and by applying the ab initio/IGLO/est to us, since it could be isoelectronic with 2,3,5-tricarba-

hexaborane(7) (1) [7]. Formal replacement of the CH2 group NMR method.
in 1 by sulfur leads to 2. The axial hydrogen in 1 bends and
is involved to some extent in a 3c,2e CHB bonding.[7] [8]

The reaction of the C2B10H13
2 anion with KHSO3 in acid

Scheme 1degrades the carborane and incorporates a sulfur atom to
yield arachno-8,6-SCH2B7H9

[5]. The analogous reaction of
1 or its anion C3B3H6

2 with KHSO3 does not seem feasible,
because no BH groups should be eliminated. Such BH units
are needed to abstract the oxygen atoms of KHSO3 (as is
the case with C2B10H13

2). The structurally and elec-
tronically related nido-SC2B8H10 (3) is obtained in aqueous
solution from the reaction of K2S2O5 with K[7,8-C2B9H12].
One BH group and a hydrogen atom are replaced by a sul-
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Results and Discussion 7 is a ni-9<V> cluster with a pentagonal open face. The

MP2(fc)/6231G* optimized structure of 7 is shown in Fig-
The reaction of 3,4-bis(dichloroboryl)-2,5-dimethyl-2,4- ure 1 together with the computed IGLO 11B-NMR chemi-

hexadiene (4) [9] with hexamethyldisilathiane leads to elimin- cal shifts for 2 and 6. The experimental 2:1 11B intensity
ation of chlorotrimethylsilane to give 3,4-bis(isopropyli- pattern would be in line with structure 7 only if the S atom
dene)-2,5-dichloro-1,2,5-thiadiborolane (5b) in 86% yield fluctuated from one BBB capping position to the other.
(Scheme 1). Compound 5b is isolated as a slightly yellow However, the averaged theoretical shifts (4.3, 26.4) which
liquid[10] by distillation in vacuum. It is extremely air- and might result from such fluctuation are in gross disagreement
moisture-sensitive due to the high reactivity conferred by with the experimental values (228.2, 233.8). Hence, struc-
the B2Cl and B2S bonds. The composition of 5b follows ture 7 can be discarded from consideration. While the sulfur
from NMR and MS data, whereas the assignment of the atom is at the vertex of lowest connectivity (k 5 3), the
1H- and 13C-NMR signals for the exo- and endo-methyl carbon atoms in 7 are placed at k 5 5 and not at the more

favorable k 5 4x positions. For alternatives with carbons in
the open face (at k 5 4 positions), more than the observed
two signals in the 11B NMR spectrum are expected.

Figure 1. Computed geometries and 11B chemical shifts of
SC2B3H5(2), Cs isomer SC2B6H8 (7), and C2v isomer SC2B6H8 (6)

substituents of the isopropylidene groups was not possible.
The reactions of 5b with lithium borates, Li[RBH3] (R 5

H, C6H5, C6Me4H), yield several products. We presume that
the first step involves substitution of the chlorine atoms in
5b by hydrogen from LiBH4 to give 5a, but it was not iso-
lated. In the next step, BH3, formed in situ, hydroborates A C2v starting geometry, where the S resides above a

BBBB rectangular face, would be optimized to structure 6;the double bonds of 5b. The bicyclic organothiaborane 2a9
is an isomer of the product 2 whose existence as an inter- it is 66.3 kcal mol21 lower in energy than 7. Since the

chemical shifts computed for 6 are very close to the valuesmediate may be supposed, but was not proven.With the for-
mation of the nido-thiacarborane 2a the coordination num- measured for 6a, both have the same basic structure. The

framework of 6 can be regarded as a triply capped trigonalbers increase from three to six for the apex boron atom and
from three to four for the basal boron atoms. In addition to prism and all hetero atoms are at the capping k 5 4 posi-

tions. There are two large BB separations (2.23 Å) which2a, other products are formed which could not be separated
completely by distillation. The 11B-NMR spectrum shows suggest that the cluster should be considered as a ni-

9<IV1IV> cluster with two tetragonal faces[12]. Such alow-field signals for organoboranes and organothiaboranes
as well as high-field signals. Unexpectedly, the GC-MS cluster would be consistent with the nido electron count

provided the S atom contributes four to a total of 22 ske-spectrum of the reaction mixture exhibits the molar peak
for the thiadicarbanonaborane(8) derivative 6a at m/z 5 213 letal electrons. For clarification we applied the NBO locali-

zation scheme.[13] Only one lone pair orbital on sulfur withwith the correct isotopic pattern for six boron atoms. In the
{1H}11B-NMR spectrum three sets of signals at δ 5 1.3/2.2 an occupancy close to 2 (1.966) was found. This implies

that the remaining four valence electrons are involved in(intensity ratio ca. 2:1), 220.1/220.7 (ca. 1:2) and at 228.2/
233.8 (ca. 1:2) are observed, the latter signals are assigned cluster bonding which results in a nido electron count for

SC2B6H8, 6 (22 skeletal electrons).to 6a.
If S were to contribute four bonding electrons, the prod- The parent nine-vertex cluster anion closo-[B9H9]22is un-

usual in having non-degenerate frontier orbitals: HOMO-1,uct S(CR)2(BH)6 would have a 22 skeletal electron
count[11]; this suggests a nine-vertex nido cluster. Structure HOMO, and LUMO (A19, A29, and A299, respectively). This
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implies that addition of two or removal of two or even four In order to study the steric influence of the aryl group

on the formation of isomers, 5b was reacted with lithiumskeletal electrons need not cause symmetry reduction and
disruption of the basic D3h cluster structure. However, re- durylborate. Surprisingly this reaction leads to derivative 2d

with the duryl group in a basal position (Figure 2). Thisduction or oxidation of [B9H9]22 changes the cluster B2B
separations depending on the bonding and antibonding result may be interpreted in terms of the different reactivi-

ties of the lithium borates.character of the occupied MOs. Both addition and removal
of two electrons from [B9H9]22 elongate the B1-B19 and
shorten the B12B1 distance (for numbering the atoms com-
pare Table 2). The same effects are observed if all three Spectra and Structural Characterization
capping HB vertices in [B9H9]22 are replaced by isolobal

The 11B-NMR data support the assigned structures ofHC1 groups to give the isoelectronic [C3B6H9] species:
the compounds 2a2d. Their substitution patterns follow“hypo-closo”, “closo”, or “nido” (Table 2). With capping
from the 1H- coupled 11B-NMR spectra, which clearly showsulfur atoms (S21 is isolobal to HC1), adding two electrons
doublets for 2a, c, d at high field (δ 5 239 to 241). Theto closo-[S3B6H6]41 also results in shortening of B12B1
absence of this signal for 2b indicates that the phenyl groupand elongation of B12B19. However, the B12B19 bonds
is in the apex position. Both 2a and 2b have Cs symmetry,are larger in [S3B6H6]41 and [S3B6H6]21 than in the other
whereas 2c and 2d have C1 symmetry and show three differ-cases. Hence, the large B12B19 separation (2.231 Å) involv-
ent 11B-NMR signals in a 1:1:1 ratio. The 1H-NMR spectraing the S cap in 6 turns out to be normal for a nido electron
of 2c and 2d exhibit two sets of signals for the isopropylcount in the nine-vertex cluster. This is in agreement with
group, in agreement with C1 symmetry. The 13C-NMR datastructural data of the unusual silicid compound Rb12 Si17,
also support the proposed constitutions. Since a mixture ofwhich contains four crystallographically different Si9

42

compounds was present, it was not possible to assign theclusters besides Si4
42 tetrahedra. Three of them (B, C, and

1H- and 13C-NMR signals to 6a.D) are described as tricapped trigonal prisms elongated
Despite numerous crystallisation attempts, only 2dalong the threefold axes. The cluster B has two long edges

yielded single crystals. A structure analysis was carried out(3.09) and one short edge (2.63 Å). [14] In the Zintl phase
on a crystal belonging to the orthorhombic space groupK4Pb9 two different clusters, a monocapped square anti-
Pn21a with a 5 7.518 (5), b 5 20.12 (2), c 5 12.86 (1) Å,prism and an elongated tricapped trigonal prism with two
V 5 1946 Å3, Z 5 4. The bad quality of the crystals yieldedlong edges (3.90) and one short edge (3.45 Å) are pre-
only a very limited data set, which allowed the solution ofsent. [15]

the structure but not a reliable refinement. However, the
analysis supports the proposed connectivity of the atoms inScheme 2
a nido arrangement. Due to the large uncertainty in bond
distances and angles these details are not discussed here.
The computed geometry parameters of 2 (see Figure 1)
should be reliable and closely resemble the geometric fea-
tures of 2a as suggested by the close agreement between
experimental 11B-NMR chemical shifts for 2a and values
computed for 2. The open five-membered face is essentially
planar (the angle between the BCCB and the BSB plane is
176.1°) and the bond lengths S2B 5 1.857, B2C 5 1.497,
C2C 5 1.460 Å are shorter than in the analogous nido-
thiadicarbaundecaborane(10) 3 (S2B 5 1.915, B2C 5
1.597, C2C 5 1.542 Å). [16]

Computational Details

Geometries of 2, 6, and 7 have been optimized at HF/
6231G* and MP2(fc)/6231G* levels of theory using the
Gaussian 94 program.[17] The structures correspond to local
minima on the SCF potential energy surface as shown byThe analogous reaction of 5b with lithium phenylborate

yields the isomers 2b and 2c which could not be separated. analytical frequency calculations (absence of imaginary fre-
quencies). Chemical shifts have been computed with theAccording to the NMR data, the isomers are formed in a

5:1 molar ratio, the isomer with the phenyl group in the IGLO program[18] applying Huzinaga9s basis set [19] of DZ
or II9 quality in the recommended contraction scheme[18c].apex position being favored. This finding indicates that the

chlorine atoms in 5b are predominantly substituted by hy- A gas phase chemical shift of 16.6 ppm[20] for B2H6 and
shielding constants of 115.6 (DZ) and 103.0 (II9) have beendrogen atoms (leading to 2b) rather than by the phenyl

group (2c). used as reference to the experimental standard, BF3 ·OEt2.
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Experimental Section
All reactions and manipulations were performed in dry glassware

under argon by using standard Schlenk techniques. Solvents were
distilled from appropriate drying agents under argon before use. 2

Et2O · BF3 was used as the external standard for 11B NMR. As
internal standards for 1H-and 13C-NMR spectra the signals of the
deutero solvents were used and calculated for TMS. NMR: CDCl3
solutions, Bruker AC 200. 2 MS: Varian MAT CH7 and GCMS
HP 5971. 2 The following starting materials were prepared by
methods described in literature: 3,4-bis(dichloroboryl)-2,5-di-
methyl-2,4-hexadiene (4) [9], lithium phenylborate[9], lithium duryl-
borate[23]. Hexamethyldisilathiane and lithium borate were com-
mercially obtained.

2,5-Dichloro-3,4-bis(isopropylidene)-1,2,5-thiadiborolane (5b):
6.84 g (38.4 mmol) of hexamethyldisilathiane were added dropwise

Model compounds listed in Table 2 have been optimized to a solution of 10.44 g (38.4 mmol) of 4 in 150 ml of n-hexane at
by the B3LYP DFT (density functional theory) method 0° C. After 4 h heating to reflux, the solvent was removed under
using the three parameter exchange parameter by Becke vacuum. Distillation yielded 7.68 g (33.0 mmol, 86%) of slightly

yellow 5b, b.p. 61° C/ 8 · 1023 Torr. 2 1H NMR (CDCl3, 200 MHz):(B3)[21] and the correlation functional by Lee, Yang, and
δ 5 1.74, 2.21 (2 s, 236 H, CCH3 exo or endo). 2 11B NMRParr (LYP),[22] including both local and non-local terms, as
(CDCl3, 64 MHz): δ 5 62. 2 13C NMR (CDCl3, 50 MHz): δ 5implemented in Gaussian 94. [17]

23.1, 26.6 (2 s, CCH3 endo or exo), 142 [s, br, BCC(CH3)2], 149.7 [s,
C(CH3)2]. 2 MS(EI), m/z (%) 5 232 [M1] (42.0), 217 [M1 2 CH3]Table 1. Computed chemical shifts[a] for 2, 6, and 7 in comparison
(39.4), 190 [M1 2 C3H6] (17.8), 41 (C3H5

1, 78.7).to experimental values

nido-4,5-Diisopropyl-2,4,5-thiadicarbahexaborane(5) (2a): 215
2, Cs DZ 245.7 (B1) 120.1 (B2,5) mg (9.87 mmol) of lithium borate were suspended in 20 ml of hex-Exp. 2a 243.5 (1 B) 116.5 (2 B)

ane and 880 mg (3.78 mmol) of 5b in 5 ml of hexane were added7, Cs DZ 31.0 (B1), 222.5 (B8) 26.0 (B2,5),
at 278° C. After 1 h at this temp. the mixture was stirred 12 h at26.8 (B6,8)

7, Cs av. DZ 14.3 (B1,8) 26.4 (B2,5,6,8) room temp.. The suspension was filtered and the solvent was re-
6, C2v DZ 232.5 (B1,3) 225.6 (B5,6,7,8) moved under vacuum. Distillation yielded 70 mg (0.39 mmol, 10%)6, C2v II9 233.7 (B1,3) 227.4 (B5,6,7,8)

of colorless impure 2a, b.p. 70° C/1.5 Torr, which could not beExp. 6a 233.8 (2 B) 228.1 (4 B)
separated from 6a and other by-products. 2 1H-NMR data of 2a
(CDCl3, 200 MHz): δ 5 1.17, 1.27 [2 d, 236 H, HC(CH3)2, 3JH,H 5[a] δ11B.
6,8 Hz endo or exo], 2.45 [sept, 2 H, HC(CH3)2, 3JH,H 5 6.8 Hz],
(HB not detected). 2 11B-NMR data of 2a (CDCl3, 64 MHz): δ 5Table 2. Computed distances[a] in nine-vertex clusters having tricap-
243.5 (d, 1 B, 1JB,H 5 208 Hz), 16.5 (d, 2 B, 1JB,H 5 167 Hz).ped trigonal prism structures (D3h- or D3h-like) and different num-

bers of skeletal electrons MS(EI) data of 2a : m/z (%) 5 178 [M1 ] (40.9), 163 [M1 2 CH3]
(17.5), 135 [M1 2 C3H7] (19.1), 41 [C3H5

1] (100). 2 11B-NMR
[B9H9]q B12B1[b] B12B19[c] B12B2[d] data of 6a (CDCl3, 64 MHz): δ 5 228.1 (d, 2 B, 1JB,H 5 179 Hz),

233.8 (d, 1 B, 1JB,H 5 173 Hz). 2 MS(EI) data of 6a: m/z (%) 5
q 5 21 1.947 2.133 1.772 213 [M1] (100), 198 [M1 2 CH3] (33.0), 170 [M1 2 C3H7] (29.6),
q 5 0 1.795 2.022 1.751 “hypo-closo” 41 [C3H5

1] (15.5).q 5 22 1.987 1.792 1.712 “closo”
q 5 42 1.803 2.157 1.791 “nido” Mixture of nido-4,5-Diisopropyl-1-phenyl-2,4,5-thiadicarbahexa-

borane(5) (2b) and nido-4,5-Diisopropyl-3-phenyl-2,4,5-thiadicar-[B6H6(CH)3]q B12B1 B12B19 B12C
q 5 31 1.904 2.148 1.704 “hypo-closo” bahexaborane(5) (2c): 780 mg (8.0 mmol) of lithium phenylborate
q 5 11 2.021 1.796 1.611 “closo” were suspended in 50 ml of hexane and 930 mg (4.0 mmol) of 5b
q 5 12 1.761 2.036 1.651 “nido” solved in 20 ml of hexane were added under reflux conditions. After
[B6H6(S)3]q B12B1 B12B19 B12S 2 h at this temp. the mixture was stirred 12 h at room temp.. The
q 5 41 2.122 2.091 1.978 “closo ” suspension was filtered and the solvent was removed under vac-
q 5 21 1.782 2.345 1.999 “nido ” uum. Distillation yielded 180 mg (0.7 mmol, 18%) of colorless 2b,
[B6H6(CH)2S] B12B1 B12B19 B12X c, b.p. 60275° C/ 5 · 1022 Torr. 2 NMR data of 2b: 1H NMR
at CH cap: 1.759 1.827 1.652 “nido”[c]

(CDCl3, 200 MHz): δ 5 1.27, 1.32 [2d, 2x6 H, HC(CH3)2 endo or
at S cap: 1.780 2.231 2.027 exo, 3JH,H 5 6,8 Hz], 2.75 [sept, 2 H, HC(CH3)2, 3JH,H 5 6,8 Hz],

7.1227.67 (m, 5 H, C6H5). 2 11B NMR (CDCl3, 64 MHz): δ 5
[a] //B3LYP/6231G* geometries. 2 [b] Distance in the (B1)3 deltahe-

231.8 (s, 1 B), 20.0 (d, 2 B, 1JB,H 5 155 Hz). 2 13C NMR (CDCl3,dral base. 2 [c] Distance between the deltahedral bases (B1)3 and
50 MHz): δ 5 24.4, 25.6 (2 s, CCH3 endo or exo), 27.8 [s,(B19)3. 2 [d] Distance between B1 and the capping atom B2, CH,

or S. 2 [e] //RMP2(fc)/6231G*. HC(CH3)2], 127.4, 127.6 (2 s, ortho- or meta-C), 138.6 (s, para-C),
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[4] V. A. Brattsev, S. P. Knyazev, G. N. Danilova, V. I. Stanko, Zh.(CB not detected). NMR data of 2c: 1H NMR (CDCl3, 200 MHz):

Obshch. Khim. 1975, 45, 139321394.δ 5 1.00, 1.13, 1.25, 1.34 [4d, 433 H, HC(CH3)2, 3JH,H 5 6.8 Hz], [5] J. Plesek, S. Hermanek, Z. Janousek, Coll. Czech. Chem. Com-
2.53 [sept, 2 H, HC(CH3)2, 3JH,H 5 6,8 Hz], 7.1227.67 (m, 5 H, mun. 1977 , 42, 7852792

[6] Z. Janousek, J. Plesek, Z. Plzak, Coll. Czech. Chem. Commun.C6H5). 2 11B NMR (CDCl3, 64 MHz): δ 5 241.4 (d, 1 B, 1JB,H 5
1979, 44, 290422907.206 Hz), 15.3 (d, 1 B, 1JB,H 5 172 Hz), 27.5 (s, 1B). 2 13C NMR
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1] (93.8). [10] V. Beez, Dissertation, Universität Heidelberg (1997).
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Reaction of tetracarbonyl[2-{(η6-phenyl)tricarbonylchro- quinoline, 2b and 2c, with PhLi and subsequently with
MeOSO2CF3 affords deep purple crystalline products 4b andmium-κC29}pyridine-κN]manganese(I), 2a, with phenyl-

lithium quantitatively affords an acylmanganese anion 3a 4c that have been structurally characterized by X-ray
diffraction analyses. The molecular structures of 4b and 4cthat can be isolated and spectroscopically characterized. In-

situ O-alkylation of the latter anion by means of MeOSO2CF3 display, among other features, an overall helical shape with
a pronounced π-stacking of the aromatic groups and a weakat low temperature, yields a new neutral syn-facial

heterobimetallic analog 4a of (η5-cyclohexadienyl)- interaction between the chromium and the manganese
centered units.benzylidene complexes. The treatment of bimetallic carbonyl

complexes of 3-methyl, 2-phenyl-pyridine and 2-phenyl-

Introduction rived from (η6-arene)tricarbonylchromium complexes[4].
We[4a] [4b] and other authors[4c] did previously report that
such bimetallic complexes can be readily synthesized in pre-We recently reported that cyclomanganated 2-phenylpyri-
parative scale. Some examples have been used in the stereo-dine derivatives undergo a nucleophilic attack at a coordi-
selective insertion reactions of alkynes leading to π-coordi-nated carbonyl ligand upon treatment with aryllithium re-
nated indenol complexes[4c]. Herein, we report that the ad-agents[1]. 13C-NMR and IR spectroscopic measurements
dition of phenyllithium to cyclomanganated 2-[(η6-phenyl)-have revealed the formation of anionic acylmetalate inter-
tricarbonylchromium]pyridine yields an air- andmediates which were shown to be prone either to decompo-
temperature-sensitive acylmanganate intermediate. Furthersition by a reductive elimination process when kept in a
alkylations of this and other analogous anionic intermedi-solution at ambient temperature or to conversion into new
ates afford novel neutral chelated syn-facial heterobimetallicchelated η3-benzylic manganese complexes upon alkylation
(η5-cyclohexadienyl)benzylidene complexes in which thewith MeOSO2CF3. These results demonstrated that che-
two metallic centers, e.g. chromium and manganese, are in-lated octahedral (tetracarbonyl)manganese(I) complexes
volved in a weak metal2metal interaction that resembles adisplay a reactivity toward organolithium reagents similar
metal2metal dative bond[5].to that of the widely studied hexacarbonylmetal complexes

of the chromium triade[2]. To our knowledge, this consti-
tuted the first report for a non-oxidative chemical trans- Results and Discussion
formation producing a new class of organomanganese com-

1. Synthesis of Chelated Bimetallicpounds from cyclomanganated substrates[3]. In our con-
(η5-Cyclohexadienyl)benzylidene Complexes 4a2c

tinuing efforts to find new reactivity patterns for cyclo-
manganated aromatics we were naturally lead to study the The reaction of an orange solution of complex 2a with 1

equiv. of phenyllithium in DME[6] at 250°C yielded withinbehaviour of the peculiar class of chelated complexes de-
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2. Molecular Structures of Complexes 4b and 4cseconds a dark brown solution containing the acylmanga-

nate 3a-Li (Scheme 1). In order to properly characterize this
reaction product we isolated the latter and exchanged the Crystallization of compounds 4b (Figure 1) and 4c (Fig-

ure 2) from mixtures of dichloromethane and hexane atlithium cation for the more bulky PPN1 counter cation.
The 13C{1H}-NMR analysis of the resulting compound, 218°C afforded crystals suitable for X-ray crystal structure

analysis. Details of data collection and refinement are sum-e.g. 3a-PPN, confirmed the presence of only one product.
In the carbonyl ligand resonance region we detected singlets marized in Table 3. Selected interatomic distances, bond

angles and torsion angles are given in Table 1 for compoundat δ 5 219.7, 222.9, and 231.1 that we assigned to the 13C
resonances of the Mn(CO)3 group, an intense signal at δ 5 4b and in Table 2 for compound 4c.

The two molecules represented in Figures 1 and 2 reveal237.5 produced by the carbonyl ligands of the Cr(CO)3

moiety and a downfield singlet at δ 5 289.5 attributed to a quite compact intramolecular arrangement. Both metal-
carbonyl fragments are coordinated to the same face of thethe acyl carbon of the benzoyl group located on the manga-

nese center. From this spectrum it was clear that the nucleo- organic ligand and the carbonyl ligands occupy positions
that minimize steric interactions. The average Cr2Mn dis-philic attack did not take place at a carbonyl ligand of the

Cr(CO)3 moiety but rather selectively at a CO ligand lo- tance of 3.03 Å indicates interaction between what may be
considered a formally closed shell 18 electron chromium(0)cated on the manganese center. Similar chemical shifts for

the carbonyl ligands of the Mn(CO)3 group were previously center and an electron-deficient 16 electron manganese(I)
center. Obviously, the electron bookkeeping for each metalobtained for lithium (benzoyl)(tricarbonyl)[2-(phenyl-κC29),

pyridine-κN]manganate(I) [1]. and the transcription of the relevant formulae rise several
questions. At first glance, resonance forms depicted forThe infrared spectrum of 3a-PPN in CH2Cl2 displays

three intense absorption bands at 1972, 1930, and 1847 4a2c in Scheme 1 have different chemical meanings[8]. The
formula denoted as A includes a dative bond between thecm21, a shoulder at 1878 cm21 and a weak band at 1560

cm21 that may be assigned to as the C2O streching vi- two metals whereas B, includes a single covalent bond. A
choice between these two formulations must rely at least onbration of the benzoyl group. The former set of three in-

tense signals can be considered reasonably as the result of thorough theoretical investigations that are not available so
far for the type of bridging ligand described here. To ourthe overlap of the two sets of A11E vibration modes related

to the fac-L3Cr(CO)3 group and to a fac-L3Mn(CO)3 moi- knowledge, only a few theoretical studies are available on
donor-acceptor or dative transition metal-metal interac-ety. A mer-L3Mn(CO)3 moiety resulting from a nucleophilic

attack at an equatorial CO ligand would have given three tions involving[9] or not[10] bridging ligands. This ambiguity
was already addressed for other bimetallic compounds thatdistinct absorption bands, e.g. 2A11B2, with the two A1

vibration modes showing up at the higher frequencies[7]. fit neither of the two aforementioned metal to metal inter-
action types[11]. At this stage of our study, we chose an in-Analogous anionic intermediates can be prepared start-

ing from 2b and 2c by reaction with PhLi under experimen- termediate “dashed bond” formulation for the molecular
structures of 4a2c which emcompasses the main structuraltal conditions similar to those used for the formation of 3a-

Li. In situ alkylation of the anionic adducts originating informations extracted from the two available molecular
structures (vide infra). In this formulation, the dashed linesfrom 2a2c at 220°C with MeOSO2CF3 gave rise to a dra-

matic change in colour of the reaction mixture from dark indicate interactions of uncertain nature.
A close analysis of the metal-centered bond angles forbrown to dark red. Isolation of the corresponding reaction

products afforded after chromatographic purification, the the chelated Mn(CO)3 fragment indicates that in both 4b
and 4c the manganese atom is located in a slightly distortedcomplexes 4a, 4b, and 4c in 67, 70 and 45% yield respec-

tively (based on the starting bimetallic substrates). octahedral coordination geometry (Tables 1 and 2). In this

Scheme 1
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Table 1. Selected bond lengths, angles, and torsion angles for 4bFigure 1. ORTEP diagram and atom numbering scheme of the mo-

lecular structure of 4b. Ellipsoids are scaled to enclose 30% of the
electronic density Bond lengths [Å] Bond angles [deg]

Mn(1)2C(3Mn) 1.769(2) C(1)2Mn(1)2Cr(1) 86.20(5)
Mn(1)2C(2Mn) 1.8129(19) C(2)2Mn(1)2Cr(1) 49.76(4)
Mn(1)2C(1Mn) 1.8249(19) C(7)2Mn(1)2Cr(1) 44.00(3)
Mn(1)2C(1) 2.1493(17) N(13)2Mn(1)2Cr(1) 85.03(4)
Mn(1)2C(2) 2.4034(18) C(1Mn)2Mn(1)2Cr(1) 90.86(6)
Mn(1)2C(7) 2.9401(18) C(2Mn)2Mn(1)2Cr(1) 92.65(6)
Mn(1)2Cr(1) 3.0336(4) C(3Mn)2Mn(1)2Cr(1) 178.06(6)
Cr(1)2C(3Cr) 1.8394(19) C(1)2Mn(1)2C(2) 36.67(6)
Cr(1)2C(1Cr) 1.8595(19) O(15)2C(1)2C(17) 109.64(13)
Cr(1)2C(2Cr) 1.870(2) C(1Cr)2Cr(1)2C(3Cr) 82.59(8)
Cr(1)2C(5) 2.1891(18) C(3Cr)2Cr(1)2C(2Cr) 82.76(9)
Cr(1)2C(4) 2.2112(18) C(1Cr)2Cr(1)2C(2Cr) 97.52(8)
Cr(1)2C(6) 2.2125(17)
Cr(1)2C(3) 2.2308(17) Torsion angles [deg]
Cr(1)2C(7) 2.2396(16) C(1)2C(2)2C(7)2C(8) 216.4(2)
Cr(1)2C(2) 2.3576(17) C(6)2C(7)2C(8)2C(9) 247.1(2)
C(1)2O(15) 1.429(2) C(2)2C(7)2C(8)2N(13) 242.9(2)
C(1)2C(2) 1.452(2)
C(1)2C(17) 1.522(2)
C(2)2C(3) 1.437(2)
C(2)2C(7) 1.454(2)
C(3)2C(4) 1.392(2)
C(4)2C(5) 1.410(3)
C(5)2C(6) 1.414(3)
C(6)2C(7) 1.405(2)
C(7)2C(8) 1.490(2)
C(1Cr)2O(1Cr) 1.153(2)
C(2Cr)2O(2Cr) 1.146(2)
C(3Cr)2O(3Cr) 1.154(2)
C(16)2O(15) 1.424(2)

configuration the chromium atom, the pyridyl or quinolinyl
Figure 2. ORTEP diagram and atom numbering scheme of the mo-group, and two carbonyl ligands occupy four equatorial po-
lecular structure of 4c. Ellipsoids are scaled to enclose 30% of the

sitions, the two axial positions being held by the pseudo- electronic density
benzylic carbon C(1) and by the third carbonyl ligand. The
pseudo-benzylic and heterocyclic rings connected through
C(7)2C(8) are twisted around this axis by about 45° [tor-
sion angle C(2)2C(7)2C(8)2N(13) for 4b: 242.9(2)°, for
4c: 137.38(19)°] which is about 5° more than that observed
for the mononuclear analog 5 [1].

The geometry of the Cr(CO)3 moiety does not change
dramatically from that commonly observed in (η6-arene)-
tricarbonylchromium complexes. The two chromium-bound
CO ligands that are oriented towards the manganese center
form a OC2Cr2CO bond angle of approximately 96°
which may be considered intermediate between the average
value of 89° generally observed in common (η6-arene)tricar-
bonylchromium complexes[12] and the value of 105° for
neutral tricarbonyl(η5-cyclohexadienyl)(triphenyltin)chro-
mium(Cr-Sn) complexes[13]. This relatively wide angle re-
flects not only a steric hindrance but also some peculiar
bonding interactions between the chromium center and its
surrounding ligands[14].

We reported previously[1] that in complex 5 the manga- In 4b and 4c the corresponding average Mn(1)2C(7)
bond distance of 2.91 Å is beyond the range of generallynese center was more likely bound to the benzylic ligand

through a η1:η2 bonding mode rather than via an ideal accepted C2Mn bond lengths of either σ- or π-coordinated
carbon atoms[15]. The Mn(1)2C(2) (2.40 Å and 2.36 Å) andsymmetric η3 allylic-like mode. This conclusion was based

on the analysis of the metal-to-carbon atom distances. The Mn(1)2C(1) (2.15 Å) are consistent with an altered π-type
coordination between Mn(1), C(1), and C(2) even thoughshortest distance of 2.104(4) Å was obtained for the

pseudo-benzylic carbon-to-Mn bond, C12Mn (Scheme 2), the C(1)2C(2) bond distance of 1.45 Å in 4b and 4c is
longer than that of a typical metal-coordinated C5C bond.and the longest distance of 2.438(4) Å for the ipso-aromatic

carbon-to-Mn bond C72Mn (Scheme 2). This is supported by the fact that amongst all the aromatic
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Table 2. Selected bond lengths, angles, and torsion angles for 4c

Bond lengths [Å] Bond angles [deg]

Mn(1)2C(3Mn) 1.8339(16) C(1)2Mn(1)2Cr(1) 87.81(4)
Mn(1)2C(2Mn) 1.8000(16) C(2)2Mn(1)2Cr(1) 50.71(3)
Mn(1)2C(1Mn) 1.7759(16) C(7)2Mn(1)2Cr(1) 44.09(3)
Mn(1)2C(1) 2.1494(15) N(13)2Mn(1)2Cr(1) 85.78(3)
Mn(1)2C(2) 2.3619(14) C(1Mn)2Mn(1)2N(13) 98.52(6)
Mn(1)2C(7) 2.8908(15) C(2Mn)2Mn(1)2Cr(1) 91.07(6)
Mn(1)2Cr(1) 3.0444(3) C(3Mn)2Mn(1)2Cr(1) 85.89(5)
Cr(1)2C(3Cr) 1.8713(17) C(1)2Mn(1)2C(2) 37.29(6)
Cr(1)2C(1Cr) 1.8637(16) C(20)2C(1)2O(18) 111.68(11)
Cr(1)2C(2Cr) 1.8479(16) C(2Cr)2Cr(1)2C(1Cr) 84.26(7)
Cr(1)2C(5) 2.1972(15) C(2Cr)2Cr(1)2C(3Cr) 81.90(6)
Cr(1)2C(4) 2.2203(15) C(1Cr)2Cr(1)2C(3Cr) 94.96(7)
Cr(1)2C(6) 2.2180(15)
Cr(1)2C(3) 2.2460(15) Torsion angles [deg]
Cr(1)2C(7) 2.2323(14) C(1)2C(2)2C(7)2C(8) 216.3(2)
Cr(1)2C(2) 2.3957(14) C(9)2C(8)2C(7)2C(2) 245.5(2)
C(1)2O(18) 1.4263(18) C(6)2C(7)2C(8)2C(9) 245.5(2)
C(1)2C(2) 1.456(2) C(3)2C(2)2C(7)2C(6) 213.7(2)
C(1)2C(20) 1.517(2) C(2Mn)2Mn(1)2Cr(1)2C(3Cr) 33.40(7)
C(2)2C(3) 1.437(2) C(3Mn)2Mn(1)2Cr(1)2C(3Cr) 256.83(7)
C(2)2C(7) 1.446(2) C(3Mn)2Mn(1)2Cr(1)2C(1Cr) 41.57(7)
C(3)2C(4) 1.394(2) C(2)2C(7)2C(8)2N(13) 137.38(19)
C(4)2C(5) 1.415(3)
C(5)2C(6) 1.411(3)
C(6)2C(7) 1.409(2)
C(7)2C(8) 1.481(2)
C(1Cr)2O(1Cr) 1.1472(19)
C(2Cr)2O(2Cr) 1.1527(19)
C(3Cr)2O(3Cr) 1.151(2)
C(19)2O(18) 1.4202(19)

Scheme 2carbon atoms bound to the chromium, C(2) is the farthest
with an average Cr(1)2C(2) bond distance for 4b and 4c of
2.38 Å as compared to the remainder average Cr(1)2CAr

bond distance of 2.22 Å. A reasonable compromise to de-
scribe the coordination mode of atom C(2) is to present it
as a part of a multicenter bonding system (Scheme 1).

The asymmetric bonding mode of the arene can be well
characterized by the angle θ defined as the angle formed
between the mean planes C(3)2C(2)2C(7) and
C(3)2C(4)2C(5)2C(6)2C(7) in complexes 4b2c. The cal- 3. Spectroscopic Properties of Complexes 4a2c
culation of the least square planes indicated no major devi-
ation from the plane for C(5). The calculated values of θ The infrared spectra of compounds 4a2c present four

different signals at approximate frequencies of 2010 (sharpwere 8.3° for 4b and 11.0° for 4c. In other terms the struc-
tural features of the coordinated arene rather confirm a and strong), 1960 (strong), 1924 (medium and broad), and

1890 (medium and broad) cm21 in CH2Cl2. This pattern isquasi η5-coordination to the Cr(CO)3 group[16].
As previously underlined for complex 5 (Scheme 2), com- consistent with the overlap of two A11E vibration modes

patterns of the fac-Cr(CO)3 (1960 and 1890 cm21) and fac-pounds 4b and 4c possess a marked helicity characterized
by the overlying of the aromatic rings originating from the Mn(CO)3 (2010 and 1924 cm21) fragments, respectively.

A rough comparison of the frequency of the E mode ab-N-heterocycles and the phenyl group attached to C(1). In
the compounds described herein, the spacial arrangement sorption band produced by the chromium tripod in 4a2c

with that of the simple monometallic complexes 1a2cof the aromatic rings implies relevant geometric distortions
of the coordinated arene. Indeed, atoms C(1) and C(8) are (Scheme 2) informs about the magnitude of the electron

density exchange between the manganese and the chro-forced in opposite directions with respect to the mean plane
of the chromium-coordinated arene ring [C(1) towards the mium atoms. For instance, if we consider both complexes

1a (Scheme 2) and 4a, the absorption band arising fromuncomplexed arene ring and C(8) towards manganese]. This
distortion is evident in both complexes as the torsion angle the E vibration mode of the Cr(CO)3 fragment undergoes

a relative bathochromic shift ∆νE (∆νE 5 νE1a 2 νE4a) uponC(1)2C(2)2C(7)2C(8) amounts 16°.

Eur. J. Inorg. Chem. 1998, 1781217901784



Neutral Chelated syn-Facial Bimetallic (η5-Cyclohexadienyl)benzylidene Complexes FULL PAPER
intimate interaction with the L2Mn(CO)3 moiety of about triplet integrating also one proton. A combination of two

dimensional NMR experiments 2 e.g. COSY, NOESY and10 cm21 suggesting an electron density transfer from the
manganese to the chromium center. Similar values can be 1H-13C heteronuclear correlation 2 and the careful analysis

of the multiplicities allowed the exact assignment of thecalculated for the couples 1b/4b and 1c/4c. It must be
pointed out that the value of DnE is only a rough estimation proton resonances of the coordinated arene of compound

4a. For instance, we assigned the signals at δ 5 4.28 (d, 1since the coordinated arenes in 1a/4a are slightly different
in nature. H), 4.39 (d, 1 H), 5.23 (t, 1 H), and 6.32 (m, 2 H) to respec-

tively H6, H3, H4, and H5; the latter overlaps with a signalA more reliable comparative study can be based on the
carbonyl ligand absorptions of complexes 4a and 5 that dif- of the pyridyl group. This wide outspreading of the 1H res-

onances of the coordinated arene over a range of 2 ppm isfer by the absence of the Cr(CO)3 moiety in the latter com-
pound[1]. One may consider the A1 absorption bands of the reminiscent of that observed in tricarbonyl(η5-cyclohexadi-

enyl)chromium complexes[17]. It suggests that the arene co-Mn(CO)3 fragment that are detected at 2000 cm21 in
CH2Cl2 for 5 and at 2010 cm21 in CH2Cl2 for 4a. A new ordinated to the chromium center in 4a as well as in 4b

and 4c has a much more pronounced η5-cyclohexadienylbathochromic shift value can be defined as
character than that suspected in reported cases of anionic∆νCr 5 νMn2Cr 2 νMn,
(η5-cyclohexadienyl)benzylidenetricarbonylchromium com-

with νMn defining the frequency of the A1 mode band in plexes[18]. Indeed, in known structurally characterized ex-
the η3-benzyl manganese complex 5 and νMn2Cr designing amples of tricarbonyl(η5-cyclohexadienyl)chromium com-
the corresponding A1 mode band in the syn-facial heterobi- plexes the protons at the 2-, 3-, and 4-positions with respect
metallic compound 4a. The difference of 10 cm21 obtained to the sp3 carbon atom resonate at δ 5 2.4, 3.7, and 6.0,
for 5 and 4a confirms a loss of electron density on the Mn- respectively. The analogy made here lies on the assumption
centered fragment as a consequence of the concomittant that at least H3, H4, and H5 in complex 4a are not submit-
interaction with the Cr(CO)3 moiety and structural re- ted to some peculiar intramolecular magnetic anisotropy.
arrangements of the molecule. A similar effect of 8 cm21

Proton H6 that resonates at a much lower frequency than
for ∆νCr is obtained for compound 4c and its monometallic H4 may have underwent a slight shielding produced by the
η3-benzylic analog[1]. vicinal twisted pyridyl group. The significant geometrical

The 1H-NMR spectra of compounds 4a2c recorded at distortions observed in the molecular structures of 4b and
room temperature display very similar features. In all three 4c support a “partial” η5-bonding mode for the coordi-
cases the protons of the arene coordinated to the Cr(CO)3 nated arene group.
tripod resonate at ca. δ 5 4.325.3 as two doublets and one Similarly to the observations made for complex 5 [1], the
triplet each integrating one proton and at ca. δ 5 6.3 as a proton resonances of the phenyl group attached to the

Figure 3. Temperature dependence of the 1H NMR spectrum of 4a in CDCl3 in the so-called aromatic region. Asterisks designate the
signals originating from the “slowly” rotating phenyl group
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Figure 4. Temperature dependence of the 13C-NMR resonances of the Cr(CO)3 carbonyl ligands of 4a in [D8]THF. The asteriks indicate

the signals that are involved in a dynamic process

pseudo-benzylic carbon of complexes 4a and 4c display a The steric bulk encountered in both molecular structures
of 4b and 4c implies an underlying fluxional behavior ofclear temperature dependence. At 293 K in [D6]acetone, the

signals of the phenyl group of 4a appear as broad signals the Cr(CO)3 rotor. Consequently, the 13C-NMR spectra of
4a2c performed at 298 K show a broad signal at about δ 5at δ 5 7.10, 7.30, and 8.10 (Figure 3).

Cooling the sample to 253 K induces the decoalescence 233 accounting for the rotating Cr(CO)3 moiety and three
sharp signals at δ 5 229, 228, and 218 that can be assignedof these broad peaks, and leads to a consecutive sharpening

of the signals and an increased resolution (Figure 3). Hence undoubtedly to the carbonyl resonances of the chelated
static Mn(CO)3 fragment. Variable-temperature NMRat that temperature, one may detect three distinct signals, a

doublet at δ 5 8.08 (ortho proton), a doublet at δ 5 7.26 experiments were carried out with [D8]THF solutions of
compound 4a (Figure 4).(ortho proton) and a triplet at δ 5 7.18. The other signals

produced by the phenyl fragment, two triplets for instance, At 233 K, complete decoalescence already took place and
the resulting spectrum reveals, apart from the resonances ofremain mostly hidden behind several intense multiplets at-

tributed to the protons of the pyridyl group approximately the manganese-coordinated carbonyl ligands at δ 5 229.7,
227.3, and 218.6, three other low field sharp singlets at δ 5at δ 5 7.05 and 6.85. Due to the large separation in fre-

quency between two exchanging protons the coalescence 235.6, 233.7, and 230.2 consistent with a Cr(CO)3 moiety
which rotates relatively slowly in an asymmetric environ-temperature of the two-site-exchange systems composed of

two related doublets and two related triplets is not readily ment[20] (Figure 4). Further experiments are underway with
13CO enriched samples that should yield the main thermo-detectable. Heating the sample even up to 313 K did not

provide a clear localization of the fast exchange signals dynamical factors related to the hindered rotation of
Cr(CO)3.(Figure 3).

Complex 4b behaves in a slightly different way since at
room temperature the signals of the phenyl group reflect,
in the NMR time scale, a pattern consistent with a slow 4. Discussion
two site exchange[19]. Among the seven signals that can be
readily observed at 298 K in deuterated acetone in the range The facile cyclomanganation of (η6-arene)tricarbonyl-

chromium complexes bearing nitrogen based chelating li-from 6.7 to 8.5 ppm two resolved signals produced by the
phenyl group are clearly separated from the rest of the spec- gands has offered us an interesting starting point for the

further exploration of possible applications of chelatedtrum and are detected at δ 5 7.88 (d, 1 H) and 7.21 (t, 1
H). The integration of the overall area of the spectrum in Mn(CO)4 complexes. In a recent paper we addressed the

reactivity of 2-phenylpyridine2Mn(CO)4 complexes towardthe δ 5 6.728.5 range confirms the presence of eight aro-
matic protons. organolithium reagents. This study indicated that the reac-
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tivity of these metallacycles, that may also be formulated as ments done with 4a indicate that Cr(CO)3 still behaves as a

rotor and that the Mn2Cr interaction must be quite weak.cis-L2Mn(CO)4, toward organolithium reagents, RLi, corre-
sponds to that of the intensively studied M(CO)6 complexes Indeed, each complete rotation of the Cr(CO)3 tripod must

correspond to at least three single metal-metal bond disrup-(M 5 Cr, Mo, W). The main difference between these two
systems is the fact that addition of RLi in the reaction in- tions.

In a very recent study Ceccon and co-workers have re-volving Mn(CO)4 chelates takes place exclusively at an axial
carbonyl ligand. The trapping of the anionic acyl intermedi- ported the preparation and the structural chacterization of

syn-facial heterobimetallic complexes syn-[Cr(CO)3-µ,η:η-ates and subsequent NMR analyses never provided evi-
dence for the formation of more than one anionic isomer. indenyl2ML] (M 5 Rh[23], L 5 COD, (CO)2, NBD; M 5

Ir [24], L 5 COD). In most of these cases a weak non-coval-A study carried out with an analogous Re(CO)4 complex
allowed us to isolate and characterize an acetylrhenate com- ent chromium-metal interaction, Cr2M, is invoked to ex-

plain the stability of the complexes. Similar to our two ex-plex that bears the CH3CO2 fragment at an axial position,
trans to a CO ligand[21]. The addition of PhLi to the bimet- amples the Cr(CO)3 tripod is shifted away from its common

η6 bonding mode to rather pronounced η5 and η4 haptici-allic starting materials selectively takes place at one car-
bonyl ligand of the Mn(CO)4 moiety. Given the steric bulk ties. In general, a relevant distortion of the indenyl ligand

accompanies these peculiar metal2metal interactions. Al-of the Cr(CO)3 tripod the exo axial CO ligand of the
Mn(CO)4 fragment is preferred to undergo a facile nucleo- though a hindered rotation of the Cr(CO)3 tripod is very

likely it is not mentioned. The latter Cr2M interactionsphilic addition leading to a benzoylmanganate intermediate.
The resulting anionic intermediate is greatly stabilized by a are even suspected by the authors to thermodynamically

stabilize the syn-facial isomers whereas the analogous translarge delocalisation of the negative charge throughout the
molecule. Three limit formulae may account reasonably for bimetallic complexes offer a much different reactivity. De-

pending on the steric bulk and the electronic nature of thethe charge redistribution as it is shown in Scheme 1 for
3a2c. ligand coordinating either Rh or Ir in these cases the Cr2M

(M 5 Rh, Ir) distances vary from typically 3.07 Å (M 5 Ir,We proposed in our early studies[1] that the treatment of
the anionic acyl manganates by a hard alkylating agent such L 5 COD) to 3.3 Å (M 5 Rh, L 5 NBD). Similar signifi-

cant differences for the Cr2Mn interatomic distance areas MeOTf may yield a transient electrophilic alkoxyalkyl-
idene complex[22 ]. A similar proposal can be made here not observed for 4b and 4c. However, we definitively may

assess that metal-metal electronic interactions play a role.(Scheme 3).
Ceccon9s syn-facial heterobimetallic complexes are synthe-

Scheme 3 sized by a ligand exchange reaction between
(CH3CN)3Cr(CO)3 and a η3 coordinated indenyl iridium
or rhodium complex in THF. A similar synthetic pathway
applied to complex 5 did not yield compound 4a even when
the ligand-exchange reaction was done at 80°C in DME.

The main common trend that exists between the three
crystallographically characterized complexes 5, 4b, and 4c
is the overlaying of the phenyl, pyridyl, and quinolinyl
groups. This is well illustrated by the overlap diagrams gro-
uped in the upper part of Figure 5 which outlines that in
the more sterically hindered complexes 4b-c the overlay of
the phenyl and the N-heterocyclic ring is larger. In the lower
part of Figure 5 the dashed lines indicate those interatomic
distances between the two stacked rings that are inferior or
equal to 3.5 ±0.1 Å, a value generally ascertained for opti-
mal stabilizing π-stacking interactions in polyaromatic mol-
ecules or in crystal lattices of aromatic compounds[25]. The
values of the interplanar angles between the phenyl group
and the vicinal N-heterocycle in 4b2c are 34.9° and 25.0°.We speculate that such a species may undergo a cis-mi-

gration of the Cr(CO)3-coordinated phenyl group to the It is well established that the nature of the inter- or intra-
molecular π-stacking interactions is determined by five dif-manganese bound alkylidene carbon atom resulting in a

syn-arrangement of the two tricarbonylmetal fragments ferent categories of effects: the Van der Waals and electro-
static interactions, the induction energy, the charge-transfer(Scheme 3). We already reported that in the process leading

to 5 the manganese atom must coordinate in part to the and the desolvation of each molecule/fragment before inter-
action. Each of these effects depends directly on the naturevicinal aromatic ligand to meet the 18 valence electrons re-

quirement. In the new compounds presented here, this elec- of the aromatics that are involved and contributes in vari-
ous orders of magnitude in a given interaction[25b].tronic requirement seems to be met through a dative or a

donor-acceptor interaction with the saturated chromium It is noteworthy that the process which leads to the syn-
facial bimetallic complexes afford solely the eclipsed stereo-atom. The results of the low temperature 13C-NMR experi-
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State University, U.S.A. Elemental analyses were done in presenceFigure 5. π-Stacking of phenyl and N-heterocyclic groups in com-

pounds 5, 4b, 4c. The adjacent aromatic ring has been omitted for of a combustion aid (V2O5) at the “Service de Microanalyse de
clarity. a) top views and overlap diagrams. b) side views of the stak- l9Institut de Chimie”, Strasbourg, France. Subambient temperature
king interactions: the dashed bonds indicate interatomic distances

NMR experiments were done at the Analytical Center of thethat are shorter than 3.5 ± 0.1 Å
Chemical Institutes, University of Bonn, Germany. 2 IR: Perkin-
Elmer FT. 2 NMR: Bruker AC 300, DRX 500 (300 MHz and 500
MHz for 1H, 75 MHz and 125 MHz for 13C). 13C NMR spectra
reported herein were all done with proton decoupling. The atom
numbering used in the systematic nomenclature of the undermen-
tioned compounds does not follow necessarily the one used for
convenience throughout the results and discussion parts.

2-[(η6-Phenyl)tricarbonylchromium]quinoline (1c): In a mixture
of 8 ml of THF and 80 ml of di-n-butyl ether were dissolved 2-
phenylquinoline (0.94 g, 4.58 mmol) and hexacarbonylchromium
(1.51 g, 6.87 mmol). The resulting mixture was brought to refluxed
for 51 hours under an atmosphere of nitrogen until signs of de-
composition appeared in the reaction medium. The solution was
cooled to room temperature and filtred over Celite, and both the
solvents and the unreacted Cr(CO)6 were removed under reducedisomers in which the phenyl group eclipses the N-heterocy-
pressure. The crude oily residue was then redissolved in dry diethylcle as in 5 and 4b2c. The other possible staggered product,
ether and the solution mixed with silica gel. The solvent was re-which was not detected, would place the methoxy group
moved under reduced pressure, and the resulting coated silica gelabove the heterocycle. At this point one might propose that
was loaded on the top of a silica gel column packed in dry and

the apparent selectivity of the reaction leading to 5 and degassed hexane. The unreacted arene ligand was eluted first with
4a2c from the alkylation of the corresponding acylman- CH2Cl2/hexane (4:6). The 2-[(η6-phenyl)tricarbonylchromium]-
ganate species stems from a thermodynamic control that quinoline complex, 1c, was then eluted with CH2Cl2/hexane (8:2).
favors the eclipsed isomer through an intramolecular π-π The solvents were evaporated under reduced pressure. Recrystalli-

zation from dry hexane gave 1.17 g of 1c (75%) as orange crystals,interaction. Further experiments are underway to verify
m.p. 130°C. 2 IR (CH2Cl2): ν̃ 5 1971 (CO), 1897 cm21 (CO). 2this hypothesis.
1H NMR (CDCl3): δ 5 5.52 (m, 3 H, HArCr), 6.37 (d, J 5 5.4 Hz,In conclusion, the reaction of cyclomanganated (η6-
2 H, HArCr), 7.56 (t, J 5 7.1 Hz, 1 H, HAr), 7.65 (d, J 5 8.8 Hz, 1arene)tricarbonylchromium complexes with PhLi and sub-
H, HAr), 7.74 (t, J 5 7.6 Hz, 1 H, HAr), 7.83 (d, J 5 8.3 Hz, 1 H,sequent treatment with MeOTf yields new syn-facial hetero-
HAr), 8.10 (d, J 5 8.5 Hz, 1 H, HAr), 8.22 (d, J 5 8.3 Hz, 1 H,bimetallic cyclohexadienylbenzylidene complexes in which
HAr). 2 13C NMR (CDCl3): δ 5 91.8 (CArCr), 92.6 (CArCr), 92.7

the manganese atom interacts directly with the metal centre (CArCr), 105.2 (CArCr), 117.6, 127.0, 127.5, 127.7, 129.6, 130.1,
of the Cr(CO)3 tripod. Although the exact nature of this 137.0, 147.7, 153.4, 232.4 (Cr-CO). 2 C18H11CrNO3 (341.3): calcd.
interaction is not yet established it ressembles a donor-ac- C 63.29, H 3.22, N 4.10; found C 63.51, H 3.16, N 4.10.
ceptor metal-metal bond. In this paper we have described

[2-[(η6-Phenyl-κC1 9)tricarbonylchromium](quinol ine-
a new methodology for the synthesis of syn-facial organo- κN)]tetracarbonylmanganese (2c): A solid mixture of complex 1c
bimetallic complexes and we have found a novel application (275 mg, 0.806 mmol) and PhCH22Mn(CO)5 (253 mg, 0.887
of cyclometallated (η6-arene)tricarbonylchromium com- mmol) was dissolved in a minimum volume (10 ml) of dry heptane
plexes. We intend to further investigate the mechanistic as- and gently stirred at the boiling temperature of the solvent. After

4 hours, the reaction mixture was cooled to room temperature, andpects of their formation as well as the theoretical underly-
evaporated under reduced pressure. The residue was redissolved ining issues.
CH2Cl2 and mixed with silica gel. The solvent was removed under

We gratefully acknowledge the financial support provided by the
reduced pressure, and the resulting coated silica gel loaded on the

Centre National de la Recherche Scientifique, the Deutsche For-
top of a silica gel column packed with dry and degassed hexane.

schungsgemeinschaft and the Fonds der Chemischen Industrie. We
[2-{(η6-Phenyl-κC19)tricarbonylchromium}(quinoline-κN)]-

thank Ms. Ulrike Weynand (Kékulé Institute of Organic Chemistry
tetracarbonylmanganese, 2c, was eluted with CH2Cl2/hexane (4:6).

and Biochemistry 2 University of Bonn) for performing the low
The solvents were then evaporated under reduced pressure and

temperature NMR experiments and Dr. Kamel Harrata for HR-
recrystallization of the resulting solid from dry hexane gave 267

MS measurements.
mg of 2c (65%), red crystals, m.p. 190°C (decomposition). 2 IR
(CH2Cl2): ν̃ 5 2086, 2007, 1985, 1955, 1944, 1884 cm21. 2 1H
NMR (CDCl3): δ 5 5.47 (t, J 5 6.2 Hz, 1 H, HArCr), 5.58 (t, J 5

Experimental Section 6.4 Hz, 1 H, HArCr), 5.92 (d, J 5 6.1 Hz, 1 H, HArCr), 6.24 (d, J 5

6.3 Hz, 1 H, HArCr), 7.6327.71 (m, 2 H, HAr), 7.85 (m, 2 H, HAr),General: All reactions were carried out under a dry nitrogen at-
mosphere. (η6-Arene)tricarbonylchromium complexes were pre- 8.32 (d, J 5 8.5 Hz, 1 H, HAr), 8.62 (d, J 5 9.3 Hz, 1 H, HAr). 2

13C NMR (CDCl3): δ 5 90.05 (CArCr), 92.72 (CArCr), 92.86 (CArCr),pared using the procedure of Pauson and co-workers[26]. Benzyl-
pentacarbonylmanganese[27] and complexes 1a, 2a, 1b, and 2b were 104.69 (CArCr), 112.83 (CArCr), 116.93 (CArCr), 127.5, 127.9, 128.4,

129.1, 131.7 139.7 140.1, 149.8, 167.3 210.2 (Mn-CO), 211.1 (Mn-prepared by following literature procedures[4b]. The reaction prod-
ucts were separated by flash chromatography on silica gel (Merck, CO), 212.5 (Mn-CO), 220.1 (s, Mn-CO), 234.5 (s, Cr-CO). 2

C22H10CrMnNO7 (507.3): calcd. C 52.09, H 1.99, N 2.76; found C60 µm) under a dry nitrogen atmosphere. High-resolution mass
spectra were recorded at the Mass Spectrometry Service of the Iowa 52.23, H 1.99, N 2.72.
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General Procedure for the Synthesis of Complexes 4a2c: Bime- Table 3. Details of data collection and refinement for compounds

4b and 4ctallic complexes 2a-c were separately dissolved in DME and the
solution was cooled to 250°C. A solution of phenyllithium (1.8 

Compound 4b 4cin cyclohexane/ether, Aldrich Chemicals) was then added and the
temperature of the reaction mixture was allowed to reach 220°C.

Formula C26H18NO7CrMn · C29H18NO7CrMnAfter 10 min at 220°C, the reaction mixture was cooled to 240°C.
CH2Cl2Methyltrifluoromethanesulfonate was added and the reaction mix-

Mr 648.3 599.4
ture slowly warmed to room temperature. The solvent was removed Crystal system monoclinic triclinic
in vaccuo and the residue dissolved in CH2Cl2 and mixed with Space group P21/n (No.14) P-1 (No.2)

a [Å] 9.5000(2) 8.8643(2)silica gel, the solvent removed under reduced pressure. The re-
b [Å] 13.6195(2) 9.8096(2)sulting coated silica gel was loaded on the top of a silica gel column
c [Å] 20.9739(2) 15.6363(3)

that was packed in dry and degassed hexane and eluted with mix- α [deg] 90 76.387(1)
tures of CH2Cl2 and hexane. β [deg] 101.175(1) 74.656(1)

γ [deg] 90 72.519(1)
2-{29,39,49,59,69-η5-[19(α-methoxybenzylidene-κCα)cyclo- V [Å3] 2662.26(7) 1232.55(4)

Z 4 2hexadienyl-κC19]tricarbonylchromium}(pyridine-κN)tricarbonyl-
crystal size [mm3] 0.40 3 0.20 3 0.15 0.35 3 0.30 3 0.10manganese(Cr-Mn) (4a): Complex 2a (413 mg, 0.90 mmol), PhLi
ρcalc [g·cm23] 1.62 1.62

(0.55 ml, 0.99 mmol), MeOTf (0.14 ml, 1.26 mmol). Chromatogra- µ [mm21] 1.131 1.005
phy on SiO2 with CH2Cl2/hexane (7:3). Evaporation of the solvents F(000) 1312 608

Diffractometer Nonius Kappa-CCD Nonius Kappa-CCDgave 331 mg of 4a (67%), as a red amorphous powder, m.p.
Radiation Mo-K Mo-Kα2002210°C (decomposition). 2 IR (CH2Cl2): ν̃ 5 2010.0, 1962.1,
λ [Å] 0.71013 0.71013

1929.1, 1885.8 cm21. 2 1H NMR (C3D6O): δ 5 3.29 (s, 3 H, OMe), T [K] 123(2) 123(2)
4.47 (d, J 5 7.5 Hz, 1 H, HArCr), 4.82 (d, J 5 6.3 Hz, 1 H, HArCr), max 2θ, [deg] 56.6 56.6

index range 212 < h < 12 211 < h < 115.5625.61 (m, 1 H, HArCr), 6.6826.80 (m, 3 H), 7.01 (d, J 5 7.0
217 < k < 17 213 < k < 12Hz, 1 H), 7.09 (broad, 2 H, HAr), 7.25 (t, J 5 7.9 Hz, 2 H), 7.93
223 < l < 23 220 < l < 20

(d, J 5 5.5 Hz, 1 H), 8.08 (broad, 1 H). 2 1H NMR (CD2Cl2): No. of data 32570 19147
δ 5 3.33 (s, 3 H, OMe), 4.28 (d, 1 H, HArCr), 4.39 (d, 1 H, HArCr), No. of unique data 5498 4557

Rint 0.024 0.0195.23 (t, 1 H, HArCr), 6.32 (m, 2 H), 6.57 (m, 1 H), 6.9727.04 (m, 2
No. of data with 4805 4193H, HAr), 7.10 (broad), 7.20 (broad), 7.84 (d, 1 H, HAr), 8.10
I>2σ(I)

(broad). 2 13C NMR (CD2Cl2): δ 5 55.2 ( Me), 80.3 (CArCr), 82.9 Parameters/Restraints 353/16 353/0
(CArCr), 85.9 (CArCr), 88.7 (1 C, CArCr), 91.5 (CArCr), 91.6 (CArCr), R(F) for I>2σ(I) 0.032 0.026

wR2(F2) for all data 0.090 0.07496.6, 118.8, 123.4, 127.0, 128.1, 131.3 (broad, 1 C), 134.5 (broad,
goodness of fit on F2 1.09 1.061 C), 138.0, 142.5, 152.9 , 159.0 , 220.3 (1 C, Mn-CO), 229.3 (1
largest diff. peak 0.816/20.840 0.271/20.456

C, Mn-CO), 231.0 (1 C, Mn-CO), 234.1 (broad, 3 C, Cr-CO). 2 and hole [e·Å23]
C25H16CrMnNO7 (549.34): calcd. C 54.66, H 2.94, N 2.55; found
C 54.82, H 2.92, N 2.51.

[2-{29,39,49,59,69-η5-[19(α-methoxy-benzylidene-κCα)cyclohexa- sition). 2 MS (EI): m/z 599.0 [M]1, 542.9 [M 2 2 CO]1, 433.1 [M
dienyl-κC19]tricarbonylchromium},3-methylpyridine-κN]tricarbon- 2 3 CO 2 Cr]1, 372.9, 344.9, 293.2. 2 IR (CH2Cl2): ν̃ 5 2009,
ylmanganese(Cr2Mn) (4b): Complex 2b (387 mg, 0.82 mmol) in 1960, 1927, 1885 cm21. 2 1H NMR (CD2Cl2): δ 5 3.34 (s, 3 H,
10 ml of DME at 250°C. Addition of PhLi (0.50 ml, 0.90 mmol), OMe), 4.25 (dd, 3J 5 6.1 Hz 4J 5 1.4 Hz, 1 H, HArCr), 4.37 (dd,
MeOTf (0.12 ml, 1.08 mmol). Chromatography on SiO2 with 3J 5 7.5 Hz 4J 5 0.9 Hz, 1 H, HArCr), 5.2325.26 (m, 1 H, HArCr),
CH2Cl2/hexane (7:3). Evaporation of the solvents gave 323 mg of 6.36 (d, J 5 8.5 Hz, 1 H, HAr), 6.40 (td, 3J 5 6.1 Hz 4J 5 0.9 Hz,
4b (70%) as red crystals, m.p. 210°C (decomposition). 2 IR 1 H, HArCr), 6.57 (broad, 1 H, HAr), 6.8526.87 (m, 1 H, HAr), 7.06
(CH2Cl2): ν̃ 5 2009, 1960, 1927, 1884 cm21. 2 MS (EI): m/z 5 (broad, 1 H, HAr), 7.32 (broad, 1 H, HAr), 7.43 (broad, 1 H, HAr),
562.9 [M]1, 507.0 [M 2 2 CO]1, 479.1 [M 2 3 CO]1, 395.1 [M 2 7.4827.51 (m, 3 H), 7.8727.91 (m, 1 H), 8.4628.48 (m, 1 H). 2
4 CO 2 Mn]1, 340.1, 310.1, 257.2. 2 1H NMR (C3D6O): δ 5 1.86 13C NMR (CD2Cl2): δ 5 55.4 (OMe), 81.2, 81.9, 85.1, 88.3, 90.9,
(s, 3 H, Me), 3.33 (s, 3 H, OMe), 4.43 (dd, 3J 5 7.4 Hz 4J 5 1.1 91.7, 96.9, 116.7, 127.42129.0 (m, 8 C), 132.6, 134.2, 139.6, 142.1,
Hz, 1 H, HArCr), 4.74 (dd, 3J 5 6.2 Hz 4J 5 1.2 Hz, 1 H, HArCr), 147.8, 160.6, 221.0 (1 C, Mn-CO), 231.8 (2 C, Mn-CO), 234.9
5.4925.54 (m, 1 H, HArCr), 6.6026.70 (m, 2 H), 6.9827.05 (m, 3 (broad, 3 C, Cr-CO). 2 C29H18CrMnNO7 (599.40): calcd. C 58.11,
H), 7.21 (broad, 1 H, HAr), 7.37 (broad, 1 H), 7.85 (broad, 1 H), H 3.03, N 2.34; found C 58.31, H 2.92, N 2.28. 2 High-resolution
7.88 (d, J 5 5.5 Hz, 1 H). 2 13C NMR (CD2Cl2): δ 5 21.2 (Me), MS (EI) for C29H18CrMnNO7: calcd. 598.986921; found (devi-
56.7 (OMe), 82.0 (CArCr), 85.5 (CArCr), 87.0 (CArCr), 90.9 (CArCr), ation) 598.98786 (1.4 ppm).
91.2 (CArCr), 93.0 (CArCr), 100.4 124.3, 128.8, 129.6, 130.0 132.5,

Isolation and Spectroscopic Characterization of Complex 3a-PPN:133.8, 135.0, 141.9, 144.3, 152.2, 157.7, 222.0 (1 C, Mn-CO), 231.4
A THF solution of complex 2a was combined with a solution of(1 C, Mn-CO), 232.6 (1 C, Mn-CO), 236.5 (broad, 3 C, Cr-CO). 2
phenyllithium in hexane at 250°C. The resulting dark orange solu-C26H18CrMnNO7 (563.36): calcd. C 55.43, H 3.22, N 2.49; found
tion was warmed to 220°C after 40 min and evaporated. The re-C 56.71, H 2.83, N 2.45.
sulting oily residue was triturated with hexane. The supernatant
was removed and the air and temperature sensitive solid residue[2-{29,39,49,59,69-η5-[19(α-methoxybenzylidene-κCα)cyclohexa-

dienyl-κC19]tricarbonylchromium}quinoline-κN]tricarbonyl- dried under vacuum and added with PPN1Cl2. The solid mixture
was dissolved in a minimum amount of dichloromethane. A fewmanganese(Cr-Mn) (4c): Complex 2c (226 mg, 0.44 mmol), PhLi

(0.27 ml, 0.49 mmol), MeOTf (0.10 ml, 0.90 mmol). Chromatogra- drops of diethyl ether were added to the solution in order to induce
the precipitation of LiCl and the mixture filtered through celite.phy on SiO2 with CH2Cl2/hexane (5:5). Evaporation of the solvents

gave 119 mg of 4c (45%) as red crystals, m.p. 190°C (decompo- The filtrate was then evaporated under vacuum and the oily redish
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The palladium-mediated coupling of p-ethynylphen- complexes of the types Ph3PAu-C;C–R and (Et3P)2Pt-
(C;CR)2. The benzene-bridged di-, tri-, tetra- and hexa-p-ylalanine (p-epa) with different halogenated benzenes

yielded alkyne-bridged α-amino acids. A series of cationic ethynylphenylalanine methyl esters form Schiff bases with
ferrocene aldehyde and a tripodal ligand was obtained frommono- to hexanuclear (Ph3P)2Pt complexes with the anions

of p-ethynylphenylalanine and alkynyl- or benzene-bridged Ph2PCH2CH2CH2NH2 and the benzene-bridged tri-
ethynylphenyl-alanine. The structure of (Ph3P)2Pt[NH2C(H)-di-, tri-, tetra- and hexa-ethynyl phenylalanines as N,O-

chelate ligands was prepared. N-t-Boc-p-ethynylphenyl- (CH2C6H4C;CH)CO2]+ BF4
– was determined by X-ray

diffraction.alanine methyl ester was metal-substituted to give

Results and DiscussionNon-proteinogenic amino acids influence the biological
properties of peptides and are useful for the synthesis of

Chloro-bridged metal complexes have proven to be idealpeptidomimetics [3]. The synthesis of unnatural amino acids
starting materials for the synthesis of N,O-α-aminocarbox-is based either on electrophilic [4] or nucleophilic [5] equiva-
ylate metal compounds[16]. We have chosen the chloro-lents. A valuable building block for the derivatization of
bridged complexes [(Ph3P)2Pt(µ-Cl)2Pt(PPh3)2]21, (Et3P)-phenylalanines has been developed by Schwabacher et al. [6].
(Cl)Pd(µ-Cl)Pd(Cl)(PEt3) and Cp*(Cl)Rh(µ-Cl)2Rh(Cl)Cp*p-Iodophenylalanine was used as starting material to build,
from which N,O-chelates with natural α-amino acids haveunder palladium catalysis, amino acids which are bridged
been obtained in our group.[16] [17] [18] [19]

by a heteroatom[6] or the iodo substituent was replaced by
sulfur-containing fragments or trimethyltin[7]. The pal- The reaction of the chloro-bridged cationic complex

{[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 with the anion of p-ethynyl-ladium-mediated coupling of terminal acetylides with p-
iodophenylalanine afforded fluorescent marker mol- phenylalanine yielded the cationic N,O-chelate 1.
ecules [8a], which find growing attention in organometallic
chemistry[8b-e]. Undheim et al. and Savi et al. reported the
Pd-catalyzed synthesis of a series of α,α9-hydrocarbon
bis(α-amino acids), including α,α9-alkynyl-bridged bis(gly-
cines) and of alkyne2bridged oxazolidines[9].

By means of the Heck[10], especially the Sonogashira re-
action[11], we were able to synthesize various acetylide-
bridged phenylalanines[12a]. p-Ethynylphenylalanine was
proven to be a potent inhibitor of the enzyme tryptophan- Suitable crystals for structure determination by X-ray dif-
hydroxylase[13]; therefore structural details of this com- fraction of 1 were obtained by liquid-liquid diffusion of di-
pound appear of interest. The bis-, tris-, tetra- and hexa- ethyl ether into an methanolic solution of 1 at room tem-
podal[12b] amino acids should be useful starting compounds perature. By this means the structure of the new non-pro-
in peptide chemistry, for the synthesis of organic as well as teinogenic amino acid p-ethynylphenylalanine (p-epa)[12a]

metallo-dendrimers[14], and for linearly-bridged metal com- has been established. The Pt2ligand atom distances are
plexes with unusual optical or electrical properties[15]. The close to those of similar complexes, e.g. (nBu3P)(Cl)-
scope of organometallic complexes of α-amino acids and Pt(O2CCH2N5C(H)NMe2)[20a], (dppe)Pt[N(COMe)CH2-
peptides has been recently reviewed[16]. CO2] [20b] and (Ph3P(Cl)Pt(NH2CMe2CO2)[20c].

In this paper we wish to present the coordination chemis- The bond angle C112C102C7 is not exactly linear.
try of the new amino acid derivatives. The analogous reactions of bis-, tris-, tetra- and hexa-

ethynylphenylalanine derivatives gave the cationic com-
[e] For part CVII see ref. [1]. plexes 227.
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Figure 1. Structure of complex 1[a]

[a] Selected bond lengths [pm] and angles [°]: Pt2P1 225.3 (2), Pt2P2 225.8 (2), Pt2N1 209.5 (8), Pt2O1 207.1 (7), C102C11 117.2 (17);
N12Pt2P2 165.9 (2), N12Pt2P1 95.0 (2), O12Pt2N1 81.0 (3), O12Pt2P2 85.18 (19), C72C102C11 173.1 (16).

The IR spectra of the compounds 227 exhibit character- blets due to the different ligands trans to the P atoms with
corresponding platinum satellites (195Pt- 31P coupling).istic absorptions for η2-coordinated α-amino carboxylates

at ν ø 1675 cm21 next to the ν(C;C) vibrations at ν ø Terminal acetylide functions in organic molecules have
successfully been used to build metal acetylide complexes2205 cm21. The high symmetry of 227 is manifested in

the 1H- and 13C-NMR spectra. Only one set of signals is which are also of interest for nonlinear optics. On the other
hand the metal atom of bis(acetylide) complexes can func-observed. The 31P-NMR spectra show a set of double dou-

Eur. J. Inorg. Chem. 1998, 1791217981792
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tion as a linker and support the conjugation of biological ν(C;C) absorption is found at 2103 cm21. The other spec-
troscopic data could be compared to similar known com-molecules [21]. Following known procedures[22] p-epa was

treated with Ph3PAuCl and trans-(Ph3P)2PtCl2 to yield the pounds[22].
Ferrocenyl Schiff base complexes of amino acids find ap-compounds 8 and 9.

Complexes 8 and 9 were characterized by IR-, 1H-, 13C- plication as lipophilic and chromophoric groups for mask-
ing of peptide bonds[23a]. Also interactions of the redoxac-and 31P-NMR spectroscopy. For 9 the characteristic

Eur. J. Inorg. Chem. 1998, 179121798 1793
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tive ferrocenyl unit and redoxactive enzymes are objects of Experimental Section
investigations[23b]. The condensation between General: All reactions were carried out in dry solvents under argon.
ferrocenecarbaldehyde and the corresponding phenylala- 2 NMR: Jeol GSX 270 (1H 270.0; 13C 67.9; 31P 109.3 MHz). Tetra-
nine esters afforded the orange Schiff base complexes methylsilane as internal standard; H3PO4 (85%) as external stand-

ard. 2 IR: 5ZDX FT-IR. 2 ClAu(PPh3)[26], trans-Pt(PEt3)2Cl210213. For recent examples of star-shaped metal complexes
[27a], {[(Ph3P)2Pt(µ-Cl)]2}{BF4}2

[28], [(Et3P)PdCl(µ-Cl)]2 [27b], [Cp*derived from 1,3,5-triethynylbenzene as in 5 and 11 see
RhCl(µ-Cl)]2 [29], 3-diphenylphosphanyl-n-propylamine[30] and theref. [24].
acetylide-substituted phenylalanines were prepared according toThe successful formation of the Schiff base is proven by
literature procedures[12]. Formylferrocene was purchased fromthe intense ν(C5N) IR absorption band at 1636 cm21 and
Fluka and stored in the dark under argon.by the imine proton signal ( δ ø 7.90 ) in the 1H-NMR

{(Ph3P)2Pt[(NH2)(O2C)CHCH2C6H4C;CH]}BF4 (1): To aspectrum. The 1H-NMR signal of the H atom at α-C was
solution of 34 mg (0.15 mmol) of p-ethynylphenylalanine hydro-not observed. A correlated 1H/1H-NMR experiment
chloride in 10 ml of methanol was added 0.30 mmol of NaOMeshowed that the α-proton has the same chemical shift as the
and the mixture was stirred for 5 min. at room temperature. AfterOCH3 group of the methyl ester.
addition of a solution of 120 mg (0.075mmol) of {[(Ph3P)2Pt(µ-

Using common methods of peptide chemistry the tri- Cl)]2}{BF4}2 in 10 ml of dichloromethane, the mixture was stirred
podal tris amino acid was derivatized and treated with 3- for additional 3 h. The volatiles were evaporated, the residue was
diphenylphosphanyl-n-propylamine to give the tripodal washed two times with 5 ml of water and dried at 50°C in vacuo.
phosphane ligand 14 which may function as a tridentate The resulting powder was finally recrystallized several times from
chelate ligand. The reaction of 14 with 0.5 equivalents of dichloromethane/diethyl ether. Yield 121 mg (81%), colorless pow-

der, m.p. 250°C (decomp.). 2 IR (KBr): ν̃ 5 3295 cm21 m (NH2),[Rh(COD)Cl]2 (COD 5 1,5-cyclooctadiene) gave no de-
1654 s (CO2), 1084 s (BF4). 2 1H NMR (CDCl3): δ 5 2.85 (dd,fined compound, probably because the phosphane groups
2J 5 14.6 Hz, 3J 5 3.4 Hz, 1 H, CH9H), 3.13 (dd, 2J 5 14.6 Hz,are not pre-organized. On the other hand the reactions of
3J 5 7.5 Hz, 1 H, CHH9), 3.16 (s, 1 H, CH), 3.1923.30 (m, 1 H,14 with 1,5 equivalents of [(Et3P)PdCl(µ-Cl)]2 or [Cp*
CH), 3.9824.12 (m, 2 H, NH2), 6.95 (d, 3J 5 8.1 Hz, 2 H, C6H4),RhCl(µ-Cl)]2 (Cp* 5 pentamethylcyclopentadienyl) yielded
7.1527.50 (m, 32 H, C6H4, PPh3). 2 13C NMR (CDCl3): δ 5 38.90

the three core complexes 15 and 16. (CH2), 56.58 (CH), 77.76 (C;CH), 83.41 (C;CH), 120.85, 125.33
(d, 1J 5 84.1 Hz, i-PPh3), 126.38 (d, 1J 5 83.5 Hz, i-PPh3), 128.61
(d, 3J 5 11.4 Hz, m-PPh3), 129.17 (d, 3J 5 11.5 Hz, m-PPh3),
129.60, 131.66 (d, 4J 5 2.3 Hz, p-PPh3), 132.21 (d, 4J 5 2.2 Hz, p-
PPh3), 132.66, 133.91 (d, 2J 5 10.8 Hz, o-PPh3), 134.59 (d, 2J 5

10.6 Hz, o-PPh3), 136.91, 182.94 (CO2). 2 31P NMR (CDCl3): δ 5

7.70 (d, 2J 5 24.3 Hz, 1J 5 3586 Hz), 8.54 (d, 2J 5 24.3 Hz, 1J 5

3484 Hz). 2 C47H40BF4NO2P2Pt (994.7): calcd. C 56.75, H 4.05,
N 1.41; found C 56.80, H 4.05, N 1.15.

{(Ph3P)2Pt[(NH2)(CO2)CHCH2C6H4C;CC6H4CH2CH(CO2)-
(NH2)]Pt(PPh3)2}{BF4}2 (2): The reaction was carried out as de-
scribed for 1 with 43 mg (0.10 mmol) of the ligand of 2 as dihydro-
chloride, 0.40 mmol of NaOMe, 160 mg (0.10 mmol) of
{[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 for 16 h. Yield 178 mg (91%), colorless
powder, m.p. 220°C (decomp.). 2 IR (KBr): ν̃ 5 3303 cm21 m
(NH2), 1676 s (CO2), 1084 s (BF4). 2 1H NMR (CDCl31CD3OD):
δ 5 2.99 (dd, 2J 5 14.9 Hz, 3J 5 4.9 Hz, 2 H, CH9H), 3.11 (dd,
2J 5 14.9 Hz, 3J 5 7.6 Hz, 2 H, CHH9), 3.9724.08 (m, 2 H, CH),
6.99 (d, 3J 5 8.3 Hz, 4 H, C6H4), 7.1027.47 (m, 64 H, C6H4, PPh3).
2 13C NMR (CDCl31CD3OD): δ 5 38.69 (CH2), 56.48 (CH),
89.33 (C;C), 121.75, 124.94 (d, 1J 5 77.0 Hz, i-PPh3), 125.85 (d,
1J 5 74.9 Hz, i-PPh3), 128.40 (d, 3J 5 11.4 Hz, m-PPh3), 128.97
(d, 3J 5 11.3 Hz, m-PPh3), 129.26, 131.64, 132.01 (p-PPh3), 132.17
(p-PPh3), 133.53 (d, 2J 5 10.3 Hz, o-PPh3), 134.21 (d, 2J 5 10.5
Hz, o-PPh3), 135.94, 183.71 (CO2). 2 31P NMRThe 31P-NMR spectrum of 15 shows several signal sets
(CDCl31CD3OD): δ 5 7.54 (d, 2J 5 24.1 Hz, 1J 5 3610 Hz), 8.29

due to cis and trans isomers with the most intensive one (d, 2J 5 24.1 Hz, 1J 5 3466 Hz). 2 C92H78B2F8N2O4P4Pt2having a coupling constant of 538 Hz. This coupling con- (1963.3): calcd. C 56.28, H 4.01, N 1.43; found C 55.72, H 4.08,
stant is typical for trans-situated phosphanes[25]. In con- N 1.34.
trast, compound 16 is formed as one isomer with a doublet

{(Ph3P)2Pt[(NH2)(CO2)CHCH2C6H4C;CC;CC6H4CH2CH-in the 31P-NMR spectrum due to the 1JRh-P coupling of
(CO2)(NH2)]Pt(PPh3)2}{BF4}2 (3): The reaction was carried out

143 Hz. as described for 1 with 45 mg (0.10 mmol) of the ligand of 3 as
dihydrochloride, 0.40 mmol of NaOMe, 160 mg (0.10 mmol) ofGenerous support by Deutsche Forschungsgemeinschaft, Fonds

der Chemischen Industrie and Wacker Chemie, München, is grate- {[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 for 16 h. Yield 184 mg (93%), colorless
powder, m.p. 235°C (decomp.). 2 IR (KBr): ν̃ 5 3303, 3223 cm21fully acknowledged. We thank Degussa AG, Hanau, for gifts of

chemicals. m (NH2), 1679 s (CO2), 1084 s (BF4). 2 1H NMR
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(CDCl31CD3OD): δ 5 2.9023.04 (m, 4 H, CH2), 3.9524.03 (m, 39.04 (CH2), 56.68 (CH), 87.74, 95.49 (C;C), 121.05, 125.05 (d,

1J 5 89.7 Hz, i-PPh3), 125.25, 126.03 (d, 1J 5 88.9 Hz, i-PPh3),2 H, CH), 6.97 (d, 3J 5 7.8 Hz, 4 H, C6H4), 7.1627.46 (m, 64 H,
C6H4, PPh3). 2 13C NMR (CDCl31CD3OD): δ 5 38.86 (CH2), 128.38 (d, 3J 5 11.6 Hz, m-PPh3), 128.89 (d, 3J 5 10.9 Hz, m-

PPh3), 129.23, 131.57 (p-PPh3), 131.95, 132.04 (p-PPh3), 133.56 (d,56.66 (CH), 74.22, 81.34 (C;C), 120.28, 125.05 (d, 1J 5 79.8 Hz,
i-PPh3), 126.03 (d, 1J 5 78.1 Hz, i-PPh3), 128.53 (d, 3J 5 11.4 Hz, 2J 5 10.6 Hz, o-PPh3), 134.02, 134.33 (d, 2J 5 10.5 Hz, o-PPh3),

136.89, 183.46 (CO2). 2 31P NMR (CDCl31CD3OD): δ 5 7.40 (d,m-PPh3), 129.09 (d, 3J 5 11.2 Hz, m-PPh3), 129.44, 131.74 (p-
PPh3), 132.25 (p-PPh3), 132.96, 133.65 (d, 2J 5 11.1 Hz, o-PPh3), 2J 5 23.9 Hz, 1J 5 3622 Hz), 8.47 (d, 2J 5 23.9 Hz, 1J 5 3440 Hz).

2 C194H158B4F16N4O8P8Pt4 3 CH2Cl2 (4133.7): calcd. C 56.65, H134.38 (d, 2J 5 10.3 Hz, o-PPh3), 137.34, 183.43 (d, 3J 5 5.2 Hz,
CO2). 2 31P NMR (CDCl31CD3OD): δ 5 7.43 (d, 2J 5 24.4 Hz, 3.90, N 1.35; found C 56.10, H 3.99, N 1.15.
1J 5 3506 Hz), 8.47 (d, 2J 5 24.4 Hz, 1J 5 3445 Hz). 2

C94H78B2F8N2O4P4Pt2 3 CH2Cl2 (2072.3): calcd. C 55.06, H 3.89, {1,2,3,4,5,6-C6[C;CC6H4CH2CH(CO2)(NH2) Pt(PPh3)2]6}-
N 1.35; found C 54.60, H 3.92, N 1.30. {BF4}6 (7): The reaction was carried out as described for 1 with 71

mg (0.05 mmol) of the ligand of 7 as hexahydrochloride, 0.60 mmol{1,4-C6H4[C;CC6H4CH2CH(CO2)(NH2) Pt(PPh3)2]2}-
of NaOMe, 240 mg (0.15 mmol) of {[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 for{BF4}2 (4): The reaction was carried out as described for 1 with 53
16 h. Yield 244 mg (81%), brown powder, m.p. 300°C (decomp.).mg (0.10 mmol) of the ligand of 4 as dihydrochloride, 0.40 mmol
2 IR (KBr): ν̃ 5 3304, 3231 cm21 m (NH2), 2198 (C;C), 1675 sof NaOMe, 160 mg (0.10 mmol) of {[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 for
(CO2), 1084 s (BF4). 2 1H NMR (CDCl31CD3OD): δ 5 2.82 (pt,16 h. Yield 184 mg (89%), colorless powder, m.p. 260°C (decomp.).
J 5 11.9 Hz, 6 H, CH9H), 3.19 (pt, J 5 10.7 Hz, 6 H, CHH9), 4.292 IR (KBr): ν̃ 5 3299, 3223 cm21 m (NH2), 2213 (C;C), 1666 s
(pt, 3J 5 14.7 Hz, 6 H, CH), 7.0927.51 (m, 204 H, C6H4, PPh3).(CO2), 1084 s (BF4). 2 1H NMR (CDCl3): δ 5 2.89 (dd, 2J 5 13.6
2 13C NMR (CDCl31CD3OD): δ 5 39.18 (CH2), 56.47 (CH),Hz, 3J 5 4.3 Hz, 2 H, CH9H), 3.13 (dd, 2J 5 13.6 Hz, 3J 5 7.2
87.23, 99.70 (C;C), 120.92, 125.32 (d, 1J 5 110.8 Hz, i-PPh3),Hz, 2 H, CHH9), 3.3223.47 (m, 2 H, CH), 3.9824.19 (m, 4 H,
126.29 (d, 1J 5 108.1 Hz, i-PPh3), 127.82, 128.56 (d, 3J 5 10.7 Hz,NH2), 7.01 (d, 3J 5 8.3 Hz, 4 H, C6H4), 7.1227.49 (m, 64 H, C6H4,
m-PPh3), 129.02 (d, 3J 5 12.8 Hz, m-PPh3), 129.72, 131.59 (p-PPh3), 7.59 (s, 4 H, C6H4). 2 13C NMR (CDCl3): δ 5 38.70 (CH2),
PPh3), 132.12 (p-PPh3), 132.18, 133.74 (d, 2J 5 10.0 Hz, o-PPh3),56.50 (CH), 89.50, 90.75 (C;C), 121.81, 122.88, 125.01 (d, 1J 5
134.61 (d, 2J 5 8.9 Hz, o-PPh3), 137.63, 183.14 (CO2). 2 31P NMR78.9 Hz, i-PPh3), 125.90 (d, 1J 5 76.4 Hz, i-PPh3), 128.49 (d, 3J 5
(CDCl31CD3OD): δ 5 7.32 (d, 2J 5 23.6 Hz, 1J 5 3623 Hz), 8.7911.2 Hz, m-PPh3), 129.05 (d, 3J 5 11.1 Hz, m-PPh3), 129.28,
(d, 2J 5 23.6 Hz, 1J 5 3477 Hz). 2 C288H234B6F24N6O12P12Pt6 3131.44, 131.71, 132.08 (p-PPh3), 132.26 (p-PPh3), 133.57 (d, 2J 5
2 CH2Cl2 (6203.9): calcd. C 56.14, H 3.86, N 1.35; found C 55.53,10.6 Hz, o-PPh3), 134.27 (d, 2J 5 10.8 Hz, o-PPh3), 135.97, 183.75
H 4.09, N 1.18.(d, 3J 5 4.0 Hz, CO2). 2 31P NMR (CDCl3): δ 5 7.71 (d, 2J 5

24.2 Hz, 1J 5 3595 Hz), 8.55 (d, 2J 5 24.2 Hz, 1J 5 3446 Hz). 2 General Procedure for the Preparation of the σ-Acetylide Metal
C100H82B2F8N2O4P4Pt2 3 1/2 CH2Cl2 (2105.9): calcd. C 57.48, H Complexes 8 and 9: To a solution of 99 mg (0.20 mmol) of
3.98, N 1.33; found C 57.29, H 4.23, N 1.25. ClAu(PPh3) or 100 mg (0.20 mmol) of trans-Pt(PEt3)2Cl2 in 10 ml

of diethylamine were added 67 mg (0.22 mmol) or 133 mg (0.44{1,3,5-C6H3[C;CC6H4CH2CH(CO2)(NH2) Pt(PPh3)2]3}-
mmol) of N-t-Boc-4-ethynyl--phenylalanine methyl ester and a{BF4}3 (5): The reaction was carried out as described for 1 with 75
catalytic amount of CuI. The solutions were stirred at room temp.mg (0.10 mmol) of the ligand of 5 as trihydrochloride, 0.60 mmol
for 3 h in the dark and the volatiles were evaporated. The residuesof NaOMe, 240 mg (0.15 mmol) of {[(Ph3P)2Pt(µ-Cl)]2}{BF4}2 for
were each extracted with a mixture of dichloromethane/diethyl16 h. Yield 256 mg (84%), colorless powder, m.p. 270°C (decomp.).
ether (1/3; 5 ml) and the solvent was evaporated. The resulting pre-2 IR (KBr): ν̃ 5 3300, 3225 cm21 m (NH2), 2208 (C;C), 1674 s
cipitates were washed with pentane (2 3 10 ml) and dried in vacuo.(CO2), 1085 s (BF4). 2 1H NMR (CDCl31CD3OD): δ 5

2.8923.15 (m, 6 H, CH2), 4.03 (pt, 3J 5 6.4 Hz, 3 H, CH), 6.98 (PPh3)Au{C;CC6H4CH2CH[NHCO2C(CH3)3](CO2Me)}
(d, 3J 5 8.0 Hz, 6 H, C6H4), 7.1027.46 (m, 96 H, C6H4, PPh3), (8): Yield 131 mg (86%), colorless powder, m.p. 99°C (decomp.).
7.69 (s, 3 H, C6H3). 2 13C NMR (CDCl31CD3OD): δ 5 38.73 2 IR (KBr): ν̃ 5 3439 cm21 (NH), 1743 m, 1713 s (CO2, CON).
(CH2), 56.58 (CH), 87.95, 90.17 (C;C), 121.27, 123.87, 124.99 (d, 2 1H NMR (CDCl3): δ 5 1.39 (s, 9 H, CH3), 2.9323.09 (m, 2 H,
1J 5 79.0 Hz, i-PPh3), 125.95 (d, 1J 5 77.4 Hz, i-PPh3), 128.45 (d, CH2), 3.65 (s, 3 H, CH3), 4.53 (pq, 3J 5 6.1 Hz, 1 H, CH), 4.92
3J 5 11.3 Hz, m-PPh3), 129.02 (d, 3J 5 11.4 Hz, m-PPh3), 131.67 (d, 3J 5 8.4 Hz, 1 H, NH), 6.99 (d, 3J 5 8.1 Hz, 2 H, C6H4),
(p-PPh3), 132.11 (p-PPh3), 132.18, 133.89 (d, 2J 5 10.6 Hz, o-PPh3), 7.3927.56 (m, 17 H, PPh3, C6H4). 2 13C NMR (CDCl3): δ 5 28.36
133.89, 134.25 (d, 2J 5 10.6 Hz, o-PPh3), 136.41, 183.56 (CO2). 2 [C(CH3)3], 38.32 (CH2), 52.55 (CH3), 54.39 (CH), 79.94 [C(CH3)3],
31P NMR (CDCl31CD3OD): δ 5 7.56 (d, 2J 5 24.0 Hz, 1J 5 3623 83.35, 105.09 (C;C), 123.62, 128.99, 129.21 (d, 3J 5 11.4 Hz, m-
Hz), 8.53 (d, 2J 5 24.0 Hz, 1J 5 3440 Hz). 2 PPh3), 131.67, 131.80 (d, 1J 5 8.9 Hz, i-PPh3), 132.57, 134.35 (d,
C147H120B3F12N3O6P6Pt3 3 CH2Cl2 (3141.1): calcd. C 56.59, H 2J 5 13.7 Hz, o-PPh3), 134.70 (24 C, C6H4, PPh3), 155.14 (CON),
3.91, N 1.34; found C 56.49, H 4.00, N 1.17. 172.40 (CO2). 2 31P NMR (CDCl3): δ 5 42.84. 2 C35H35NO4PAu

3 1/2 CH2Cl2 (804.1): calcd. C 53.02, H 4.51, N 1.74; found C{1,2,4,5-C6H2[C;CC6H4CH2CH(CO2)(NH2) Pt(PPh3)2]4}-
52.54, H 4.13, N 1.46.{BF4}4 (6): The reaction was carried out as described for 1 with 73

mg (0.075 mmol) of the ligand of 6 as tetrahydrochloride, 0.60 trans-(PEt3)2Pt{C;CC6H4CH2CH[NHCO2C(CH3)3]-
(CO2Me)}2 (9): Yield 182 mg (88%), yellow powder, m.p. 135°Cmmol of NaOMe, 240 mg (0.15 mmol) of {[(Ph3P)2Pt(µ-

Cl)]2}{BF4}2 for 16 h. Yield 261 mg (86%), brown powder, m.p. (decomp.). 2 IR (KBr): ν̃ 5 3443 cm21 (NH), 2102 s (C;C), 1745
m, 1715 s (CO2, CON). 2 1H NMR (CDCl3): δ 5 1.46 (dt, 3J 5276°C (decomp.). 2 IR (KBr): ν̃ 5 3299, 3225 cm21 m (NH2),

2198 (C;C), 1674 s (CO2), 1084 s (BF4). 2 1H NMR 8.3 Hz, 3J 5 7.8 Hz, 18 H, CH3), 1.35 (s, 18 H, CH3), 2.10 (tq,
2J 5 7.4 Hz, 3J 5 7.8 Hz, 12 H, CH2), 2.8823.02 (m, 4 H, CH2),(CDCl31CD3OD): δ 5 2.82 (dd, 2J 5 14.1 Hz, 3J 5 11.2 Hz, 4

H, CH9H), 3.0823.20 (m, 4 H, CHH9), 4.0324.17 (m, 4 H, CH), 3.65 (s, 6 H, CH3), 4.48 (pq, 3J 5 7.2 Hz, 2 H, CH), 4.87 (d, 3J 5

8.3 Hz, 2 H, NH), 6.89 (d, 3J 5 8.0 Hz, 4 H, C6H4), 7.13 (d, 3J 56.99 (d, 3J 5 7.7 Hz, 8 H, C6H4), 7.0927.45 (m, 128 H, C6H4,
PPh3), 7.76 (s, 2 H, C6H2). 2 13C NMR (CDCl31CD3OD): δ 5 8.0 Hz, 4 H, C6H4). 2 13C NMR (CDCl3): δ 5 8.22 (t, 2J 5 12.2
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Hz, CH3), 16.16 (t, 1J 5 17.9 Hz, CH2), 28.18 [C(CH3)3], 37.95 1,2,3,4,5,6-C6[-C;C-C6H4-CH2-CH(CO2CH3)(N5C -Fc)]

(13): The reaction was carried out as described for 10 with 75 mg(CH2), 52.15 (CH3), 54.23 (CΗ), 79.87 [C(CH3)3], 109.00, 128.99,
131.09, 132.62 (12 C, C6H4), 155.23 (CON), 172.55 (CO2). 2 31P (0.05 mmol) of the ligand of 7 as hexahydrochloride hexamethyl

ester, 45.7 µl (0.33 mmol) of triethylamine and 70 mg (0.33 mmol)NMR (CDCl3): δ 5 11.50 (1J 5 2371 Hz). 2 C46H70N2O8P2Pt
(1036.1): calcd. C 53.33, H 6.81, N 2.70; found C 52.71, H 6.67, of ferrocenealdehyde. Yield 96 mg (78%), orange powder, m.p.

131°C (decomp.). 2 IR (KBr): ν̃ 5 2206 cm21 w (C;C), 1739 sN 2.69.
(CO2), 1636 s (C5N). 2 1H NMR (CDCl3): δ 5 3.15 (dd, 2J 51,4-C6H4[-C;CC6H4CH2CH(CO2CH3)(N5C-Fc)] (10): To a
13.6 Hz, 3J 5 9.2 Hz, 6 H, CH9H), 3.36 (dd, 2J 5 13.6 Hz, 3J 5solution of 112 mg (0.20 mmol) of the ligand of 4 as dihydrochlo-
5.2 Hz, 6 H, CHH9), 3.75 (s, 18 H, CH3), 4.06 (s, 36 H, CH, C5H5),ride dimethyl ester in 20 ml of dichloromethane were added 61.8
4.37 (s, 12 H, C5H5), 4.58 (s, 6 H, C5H5), 4.68 (s, 6 H, C5H5), 7.16µl (0.44 mmol) of triethylamine. The solution was stirred at room
(d, 3J 5 8.2 Hz, 12 H, C6H4), 7.44 (d, 3J 5 8.2 Hz, 12 H, C6H4),temperature for 15 min, 96 mg (0.44 mmol) of ferrocenealdehyde
7.95 (s, 6 H, CH). 2 13C NMR (CDCl3): δ 5 39.34 (CH2), 52.33and 150 mg of MgSO4 were added and stirring was continued for
(CH3), 68.75, 68.96, 69.15, 70.84 (C5H5), 74.65 (CH), 79.30 (C5H5),24 h in the dark. The precipitate was separated by centrifugation,
87.23, 99.13 (C;C), 121.25, 127.22, 129.74, 131.73, 139.05 (42 C,the volatiles were evaporated from the supernatant solution, and
C6H4, C6), 164.73 (C5N), 171.78 (CO2). 2 C144H120N6O12Fe6 3the residue was extracted with a mixture of diethyl ether/tetra-
2 CH2Cl2 (2631.3): calcd. C 66.63, H 4.75, N 3.19; found C 66.23,hydrofuran (3/1; 2 3 15 ml). The solvent was evaporated, the re-
H 4.89, N 3.14.sulting precipitate was washed with pentane (3 3 10 ml) and dried

in vacuo. Yield 138 mg (79%), orange powder, m.p. 108°C (de- 1,3,5-C6H3{C;CC6H4CH2CH[NHCO2C(CH3)3][CO2-
comp.). 2 IR (KBr): ν̃ 5 2216 cm21 w (C;C), 1737 s (CO2), 1635 (CH2)3PPh2]}3 (14): To a solution of 94 mg (0.10 mmol) of the
s (C5N). 2 1H NMR (CDCl3): δ 5 3.16 (dd, 2J 5 14.1 Hz, 3J 5 ligand of 5 as N-Boc-protected triacid in 5 ml of tetrahydrofuran
8.8 Hz, 2 H, CH9H), 3.34 (dd, 2J 5 14.1 Hz, 3J 5 5.1 Hz, 2 H, was added a solution of 98 mg (0.40 mmol) of 3-diphenylphos-
CHH9), 3.73 (s, 6 H, CH3), 4.02 (s, 12 H, CH, C5H5), 4.36 (s, 4 H, phanyl-n-propylamine in 5 ml of tetrahydrofuran and 38.0 µl (0.30
C5H5), 4.60 (s, 2 H, C5H5), 4.65 (s, 2 H, C5H5), 7.19 (d, 3J 5 8.1 mmol) of N-ethylmorpholine. The solution was cooled to 0°C and
Hz, 4 H, C6H4), 7.42 (d, 3J 5 8.1 Hz, 4 H, C6H4), 7.47 (s, 4 H, 81 mg (0.60 mmol) of 1-hydroxybenzotriazole and 96 mg (0.50
C6H4), 7.93 (s, 2 H, CH). 2 13C NMR (CDCl3): δ 5 39.30 (CH2), mmol) of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
52.08 (CH3), 68.70, 68.92, 69.09, 70.79 (C5H5), 74.72 (CH), 79.34 chloride were added. After stirring for 24 h, evaporation of the
(C5H5), 88.99, 91.04 (C;C), 121.21, 123.06, 129.66, 131.45, 137.87, solvent gave a colorless residue from which the product was isolated
138.55 (18 C, C6H4), 164.71 (C5N), 171.81 (CO2). 2 by flash chromatography (silica gel, 30 cm, CH2Cl2/methanol 30:1).
C52H44N2O4Fe2 (872.6): calcd. C 71.57, H 5.08, N 3.21; found C Yield 123 mg (76%), colorless powder, m.p. 185°C. 2 IR (KBr):
71.57, H 5.22, N 3.84. ν̃ 5 3322 cm21 m (NH), 2211 w (C;C), 1706 s, 1684 s, 1651 s

1,3,5-C6H3[-C;C-C6H4-CH2-CH(CO2CH3)(N5C-Fc)] (11): (CO2, CON). 2 1H NMR (CDCl3): δ 5 1.37 (s, 27 H, CH3),
The reaction was carried out as described for 10 with 70 mg (0.10 1.4621.60 (m, 6 H, CH2), 1.93 (pt, 3J 5 7.9 Hz, 6 H, CH2), 3.03
mmol) of the ligand of 5 as trihydrochloride trimethyl ester, 45.7 (pd, 3J 5 5.3 Hz, 6 H, CH9H, CH2), 3.24 (dd, 2J 5 13.1 Hz , 3J 5
µl (0.33 mmol) of triethylamine and 70 mg (0.33 mmol) of ferro- 7.0 Hz, 6 H, CHH9, CH2), 4.23 (pq, 3J 5 7.2 Hz, 3 H, CH), 5.00
cenealdehyde. Yield 107 mg (84%), orange powder, m.p. 123°C (de- (m, 3 H, NH), 5.79 (t, 3J 5 6.2 Hz, 3 H, NH), 7.16 (d, 3J 5 8.1
comp.). 2 IR (KBr): ν̃ 5 2211 cm21 w (C;C), 1740 s (CO2), 1636 Hz, 6 H, C6H4), 7.2627.42 (m, 36 H, C6H4, PPh2), 7.58 (s, 3 H,
s (C5N). 2 1H NMR (CDCl3): δ 5 3.15 (dd, 2J 5 14.0 Hz, 3J 5 C6H3). 2 13C NMR (CDCl3): δ 5 24.97 (d, 2J 5 10.4 Hz, CH2),
9.0 Hz, 3 H, CH9H), 3.34 (dd, 2J 5 14.0 Hz, 3J 5 4.6 Hz, 3 H, 25.74 (d, 1J 5 18.4 Hz, CH2), 28.16 [C(CH3)3], 38.53 (CH2), 40.33
CHH9), 3.73 (s, 9 H, CH3), 4.05 (s, 18 H, CH, C5H5), 4.36 (s, 6 H, (d, 3J 5 14.9 Hz, CH2), 55.73 (CH), 80.28 [C(CH3)3], 87.99, 90.27
C5H5), 4.58 (s, 3 H, C5H5), 4.63 (s, 3 H, C5H5), 7.20 (d, 3J 5 8.1 (C;C), 121.42, 124.02, 128.50, 128.69 (d, 3J 5 10.3 Hz, m-PPh2),
Hz, 6 H, C6H4), 7.41 (d, 3J 5 8.1 Hz, 6 H, C6H4), 7.52 (s, 3 H, 129.52, 131.99, 132.79 (d, 2J 5 18.5 Hz, o-PPh2), 134.00, 137.65,
C6H3), 7.93 (s, 3 H, CH). 2 13C NMR (CDCl3): δ 5 39.30 (CH2), 138.30 (d, 1J 5 13.9 Hz, i-PPh2, 60 C, C6H4, C6H3, PPh2), 155.42,
52.30 (CH3), 68.68, 68.92, 69.10, 70.74, 70.79 (C5H5), 74.76 (CH), 171.01 (CON). 2 31P NMR (CDCl3): δ 5 216.14. 2
79.39 (C5H5), 87.70, 90.32 (C;C), 120.96, 123.93, 129.65, 131.66, C99H105N6O9P3 3 2 H2O(1654.9): calcd. C 71.98, H 6.65, N 5.08;
133.83, 138.69 (24 C, C6H4, C6H3), 164.69 (C5N), 171.82 (CO2). found C 71.77, H 6.26, N 4.77.
2 C75H63N3O6Fe3 3 1/2 CH2Cl2 (1312.3): calcd. C 69.09, H 4.92,

General Procedure for the Preparation of the Complexes 15 andN 3.20; found C 68.98, H 4.60, N 3.23.
16: To a solution of 81 mg (0.05 mmol) of ligand 14 in 10 ml of

1,2,4,5-C6H2[-C;C-C6H4-CH2-CH(CO2CH3)(N5C-Fc)] (12): dichloromethane were added 45 mg of [(Et3P)PdCl(µ-Cl)]2 or 46
The reaction was carried out as described for 10 with 51 mg (0.05 mg of [Cp*RhCl(µ-Cl)]2 (0.075 mmol each). The solutions were
mmol) of the ligand of 6 as tetrahydrochloride tetramethyl ester, stirred at room temp. for 16 h, concentrated in vacuo and the resi-
30.5 µl (0.22 mmol) of triethylamine and 47 mg (0.22 mmol) of dues were washed with 10 ml of diethyl ether and 30 ml of pentane.
ferrocenealdehyde. Yield 67 mg (80%), orange powder, m.p. 132°C
(decomp.). 2 IR (KBr): ν̃ 5 2204 cm21 w (C;C), 1739 s (CO2), 1,3,5-C6H3{C;CC6H4CH2CH[NHCO2C(CH3)3][CO2-

(CH2)3PPh2]Pd(PEt3)(Cl)2}3 (15): Yield 123 mg (98%), yellow1636 s (C5N). 2 1H NMR (CDCl3): δ 5 3.0623.22 (m, 4 H,
CH9H), 3.2723.38 (m, 4 H, CHH9), 3.72 (s, 12 H, CH3), 4.04 (s, powder, m.p. 183°C (decomp.). 2 IR (KBr): ν̃ 5 3428 cm21 m

(NH), 2213 (C;C), 1713, 1677 s (CON), 354, 329 w (Pd2Cl). 224 H, CH, C5H5), 4.34 (s, 8 H, C5H5), 4.57 (s, 4 H, C5H5), 4.64 (s,
4 H, C5H5), 7.1127.23 (m, 8 H, C6H4), 7.3927.48 (m, 8 H, C6H4), 1H NMR (CDCl3): δ 5 0.93 (dt, 3JPH 5 17.8 Hz, 3JHH 5 7.7 Hz,

27 H, CH3, B), 1.16 (dt, 3JPH 5 16.5 Hz, 3JHH 5 7.5 Hz, 27 H,7.62 (s, 2 H, C6H2), 7.92 (s, 4 H, CH). 2 13C NMR (CDCl3): δ 5

39.41 (CH2), 52.42 (CH3), 68.81, 68.91, 69.15, 70.85, 70.88 (C5H5), CH3, A), 1.37 (s, 18 H, CH3, A1B), 1.5121.65 (m, 6 H, CH2,
A1B), 1.8121.95 (m, 18 H, CH2, A1B), 2.1422.32 (m, 6 H, CH2,74.65 (CH), 79.32 (C5H5), 87.54, 95.32 (C;C), 121.20, 125.13,

129.80, 131.77, 134.90, 138.91 (30 C, C6H4, C6H2), 164.83 (C5N), A1B), 2.8923.41 (m, 12 H, CH2, A1B), 4.2524.40 (m, 3 H, CH,
A1B), 5.09 (d, 3J 5 6.8 Hz, 3 H, NH, A1B), 6.52 (t, 3J 5 5.0 Hz,171.87 (CO2). 2 C98H82N4O8Fe4 3 CH2Cl2 (1752.1): calcd. C

67.86, H 4.83, N 3.20; found C 67.00, H 4.73, N 3.30. 3 H, NH, A1B), 7.19 (d, 3J 5 8.2 Hz, 4 H, C6H4), 7.2927.84 (m,
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Giannis, T. Kolter, Angew. Chem. 1993, 105, 130321326; An-39 H, C6H4, C6H3, PPh2). 2 13C NMR (CDCl3): δ 5 8.23, 8.60
gew. Chem. Int. Ed. Engl. 1993, 32, 1244.(d, 2J 5 1.5 Hz; 3.2 Hz, CH3, A1B), 14.33 (dd, 1J 5 25.7 Hz, 3J 5 [4] [4a] R. M. Williams, J. A. Hendrix, J. Org. Chem. 1990, 55,

3.1 Hz, CH2, A), 16.70 (d, 1J 5 30.4 Hz, CH2, B), 21.99 (d, 1J 5 372323828. 2 [4b] D. Ben-Ishai, J. Altman, Z. Bernstein, N.
27.8 Hz, CH2, A1B), 24.00 (CH2, A1B), 28.26 [C(CH3)3, A1B], Peled, Tetrahedron 1978, 34, 4672473. 2 [4c] S. Jaroch, T.

Schwarz, W. Steglich, P. Zistler, Angew. Chem. 1993, 105,39.20 (CH2, A1B), 39.74 (d, 2J 5 14.4 Hz, CH2, A1B), 55.64 (CH,
180321805; Angew. Chem. Int. Ed. Engl. 1993, 32, 1771. 2 [4d]

A1B), 79.83 [C(CH3)3, A1B], 87.77, 90.55 (C;C, A1B), 121.07, V. A. Burgess, C. J. Easton, M. P. Hay, P. J. Steel, Aust. J. Chem.
124.02, 128.392133.69 (m, 6 C, C6H4, C6H3, PPh2, A1B), 133.95, 1988, 41, 7012710. 2 [4e] G. Apitz, M. Jäger, S. Jaroch, M.
137.93, 155.12 (CON, A1B), 170.93 (CON, A1B). 2 31P NMR Kratzel, L. Schäffeler, W. Steglich, Tetrahedron 1993, 49,

822328232. 2 [4f] Th. Bretschneider, W. Miltz, P. Münster, W.(CDCl3): δ 5 11.37 (d, 2Jtrans 5 538 Hz), 14.85 (d, 2Jcis 5 234 Hz),
Steglich, Tetrahedron 1988, 44, 540325414. 2 [4g] P. Münster,25.09 (d, 2Jtrans 5 538 Hz), 30.15 (d, 2Jcis 5 234 Hz). 2 W. Steglich, Synthesis 1987, 2232225.

C117H150Cl6N6O9P6Pd3 (2502.3): calcd. C 56.16, H 6.04, N 3.36; [5] [5a] M. J. O’Donnell, R. L. Polt, J. Org. Chem. 1982, 47,
found C 56.51, H 5.95, N 3.34. 266322666. 2 [5b] U. Schöllkopf, U. Groth, C. Deng, Angew.

Chem. 1981, 93, 7932795; Angew. Chem. Int. Ed. Engl. 1981,
1,3,5-C6H3{C;CC6H4CH2CH[NHCO2C(CH3)3][CO2- 20, 798. 2 [5c] S. Blank, D. Seebach, Angew. Chem. 1993, 105,

178021781; Angew. Chem. Int. Ed. Engl. 1993, 32, 1765.(CH2)3PPh2]Rh(Cp*)(Cl)2}3 (16): Yield 123 mg (97%), orange
[6] H. Lei, M. S. Stoakes, K. P. B. Herath, J. Lee, A. W. Schwa-powder, m.p. 209°C (decomp.). 2 IR (KBr): ν̃ 5 3341 cm21 m

bacher, J. Org. Chem. 1994, 59, 420624210.(NH), 2213 (C;C), 1713, 1674 s (CON). 2 1H NMR (CDCl3): [7] [7a] S. Rajagopalan, G. Radke, M. Evans, J. M. Tomich Synth.
δ 5 1.29 (s, 18 H, CH3), 1.31 (s, 15 H, CH3), 1.4221.58 (m, 6 H, Commun. 1996, 26, 143121440. 2 [7b] S. A. Metwally, H. H.
CH2), 2.4723.19 (m, 18 H, CH2), 4.29 (pq, 3J 5 6.7 Hz, CH), Coenen, G. Stöcklin, Bull. Chem. Soc. Jpn. 1987, 60,

443724440. 2 [7c] E. Morera, G. Ortar, Synlett 1997,5.1325.37 (m, 3 H, NH), 6.2426.46 (m, 3 H, NH), 7.18 (d, 3J 5
140321405.7.6 Hz, 6 H, C6H4), 7.32 (d, 3J 5 7.6 Hz, 6 H, C6H4), 7.3827.52 [8] [8a] G. T. Crisp, J. Gore, Tetrahedron 1997, 53, 152321544. 2

(m, 18 H, PPh2), 7.58 (s, 3 H, C6H3), 7.6927.86 (m, 12 H, PPh2). [8b] G. Jaouen, A. Vessières, I. S. Butler, Acc. Chem. Res. 1993,
2 13C NMR (CDCl3): δ 5 8.62 (Cp*), 23.48 (CH2), 26.74 (d, 1J 5 26, 3612369. 2 [8c] A. Gorfti, M. Salmain, G. Jaouen, M. J.

McGlinchey, A. Bennouna, A. Mousser, Organometallics 1996,28.7 Hz, CH2), 28.20 [C(CH3)3], 38.68 (CH2), 39.86 (d, 2J 5 13.4
15, 1422151. 2 [8d] A. Varenne, A. Vessières, M. Salmain, S.Hz, CH2), 55.34 (CH), 79.57 [C(CH3)3], 87.51, 90.69 (C;C), 98.69
Durand, P. Brossier, G. Jaouen, Anal. Biochem. 1996, 242,

(dd, JPC 5 6.7 Hz, JRhC 5 2.4 Hz, cp*), 120.72, 124.11, 128.35 (dd, 1722179. 2 [8e] B. Kayser, K. Polborn, W. Steglich, W. Beck,
JPC 5 9.8 Hz, JRhC 5 3.9 Hz, PPh2), 129.62, 130.89 (d, JPC 5 12.3 Chem. Ber. 1997, 130, 1712177.

[9] [9a] M. Lange, K. Undheim, Tetrahedron 1998, 54, 533725344.Hz, PPh2), 131.53, 133.28 (d, JPC 5 9.6 Hz, PPh2), 133.67, 133.92
2 [9b] S. Rødbotten, T. Benneche, K. Undheim, Acta Chem.(d, JPC 5 9.0 Hz, PPh2), 138.38, 155.19 (CON,), 170.01 (CON). 2
Scand. 1997, 51, 8732880 and references therein. 2 [9c] G. T.31P NMR (CDCl3): δ 5 27.34 (d, JRhP 5 143 Hz). 2 Crisp, Y.-L. Jiang, P. J. Pullman, Ch. De Savi, Tetrahedron 1997,

C129H150Cl6N6O9P3Rh3 3 CH2Cl2 (2627.9): calcd. C 59.42, H 5.83, 53, 17489217500.
[10] [10a] A. de Meijere, F. E. Meyer, Angew. Chem. 1994, 106,N 3.19; found C 59.59, H 6.08, N 3.10.

247322506; Angew. Chem. Int. Ed. Engl. 1994, 33, 2379. 2 [10b]

X-ray-Structural Determination of 1: C47H40BF4NO2P2Pt, R. F. Heck, Org. React. 1982, 27, 3452390.
[11] [11a] C. E. Castro, E. J. Gaughan, D. C. Owsley, J. Org. Chem.MW 5 994.64, crystal size 0.15 3 0.15 3 0.1mm3. The slightly

1966, 31, 407124078. 2 [11b] K. Sonogashira, Y. Tohda, N.yellow prism was covered with perfluoropolyether oil, mounted on
Hagihara, Tetrahedron Lett. 1975, 446724470.

a glass fiber and centered at 183(2) K. All reflections in the range [12] [12a] B. Kayser, J. Altman, W. Beck, Tetrahedron 1997, 53,
2 θ 5 13.7249.4° (index ranges 233 < h < 33, 233 < k < 33, 247522484. 2 [12b] The synthesis of hexakis(p-

ethynylphenylalanine)benzene will be reported elsewhere.210 < l< 17) were measured by using a Siemens P4 diffractometer
[13] A. H. Stokes, Y. Xu, H. Tamir, M. D. Gershon, PO. Butkerait,equipped with a CCD area detector. Hexagonal, space group R3,

B. Kayser, J. Altman, W. Beck, K. Vrana, Molecular Pharma-a 5 28.708(5), b 5 28.708(5), c 5 14.458(3) Å, V 5 10320(4) Å3, cology, submitted.
Z 5 9, d(calcd.) 5 1.440 Mg/m3, 5 3.182 mm21, F(000) 5 4446, [14] [14a] G. R. Newhome, C. N. Moorefield, F. Vögtle, Dendritic

Molecules, VCH Verlagsgesellschaft, Weinheim, 1996. 2 [14b] M.independent reflections 6091 [R(int) 5 0.0534], 5890 observed with
T. Reetz, G. Lohmer, R. Schwickardi, Angew. Chem. 1997, 109,I > 4 σ(I); at semiempirical absorption correction, max./min. trans-
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The synthesis and characterisation of a series of novel arrangement of co-ordinating nitrogen atoms surrounding
the metal centre. All of the catalysts were found to bebis(imine)copper(I) complexes and their use in atom-transfer

polymerisation of methyl methacrylate is described. Several effective atom-transfer polymerisation catalysts for the
polymerisation of MMA in hydrocarbon solution. However, itN-alkyl-(2-pyridyl)methanimines (alkyl = n-butyl, isobutyl,

sec-butyl, n-propyl) and N-(n-propyl)-1-(2-pyridyl)eth- was discovered that the performance of the catalysts
containing n-alkyl substituents was superior to thoseanimine as ligands have been fully characterised. Three

bis[N-alkyl-(2-pyridyl)methanimine]copper(I) complexes, containing branched alkyl substituents. The presence of
branching in the alkyl substituent results in a reduction of[Cu{(C5H4N)CH=N(iBu)}2][BF4], [Cu{(C5H4N)C(CH3)=N-

(nPr)}2][PF6], and [Cu{(C5H4N)CH=N(sBu)}2][BF4] have been reaction rate and a corresponding broadening of the
polydispersity index.structurally characterised; all having a distorted tetrahedral

Introduction high concentration of free radicals. At high free-radical con-
centration termination occurs by radical2radical combi-

Copper complexes containing chelating bis(imine) li- nation and/or disproportionation, which results in a lack of
gands are used increasingly as catalysts for a wide range of control over the polymerisation and results in polymer hav-
synthetic organic reactions. [1] Chiral ligands, in particular, ing an increased polydispersity index, PDI, and ultimately
are finding use in asymmetric organic catalysis, [2] such li- loss of the linear relationship between the number-average
gands being simply prepared from commercially available, molecular mass, Mn, and the ratio of monomer to initiator
and enantiomerically pure, primary amines. Atom-transfer which is observed for living polymerisation. Conversely, if
addition, ATA, a technique used to effect organic trans- the metal complex is unable to increase its oxidation num-
formation reactions, utilises transition-metal complexes[3]

ber then the equilibria will lie far to the left and the rate of
to promote carbon2carbon bond formation.[4] Transition- polymerisation reaction will be too slow to lead to useful
metal complexes able to function as halogen carriers with products on a sensible time-scale. Propagation of the po-
an available n11 oxidation state, e.g. CuI/CuII are typical lymerisation takes place from, an as yet, undetermined ac-
catalysts for ATA. tive centre. The active centre is either a carbon-centred free

Recently, this chemistry has been extended and modified radical or a metal-complexed radical, or insertion at the
for use in polymerisation reactions. The groups of Ma- metal centre takes place. At present a free-radical process
tyjaszewski [5a] [5b] [5c] [5d] and Sawamoto,[5e] [5f] [5g] [5h] working is preferred by most authors but the exact mechanism is
independently from each other have reported the use of proving very difficult to determine unequivocally.
transition-metal-mediated polymerisation derived from the

Scheme 1ATA reaction. It is believed that the mechanism of atom-
transfer polymerisation depends upon the formation of a Rn2X 1 [LmCu(I)X9] v [Rn…X…CuLmX9] v Rn

• 1 [XCuLmX9]
favourable equilibrium, shown in Scheme 1, where: Rn2X
represents both the initiator and dormant polymer chain, The ligand choice is considered crucial in controlling the

position of the equilibrium either by acting as electron do-X and X9 halogen atoms, Lm an unspecified, m, number of
donor ligands and R• represents both the initiating species nors, or acceptors, to the metal centre. In systems where

copper(I) halides are used the ligand also serves to solubil-and the propagating polymeric radical. The position of the
equilibrium is pivotal to the control of the polymerisation ise the particularly insoluble copper salt, and perhaps more

importantly, the low-lying LUMO π* orbital, present in thereaction; easily oxidised complexes, i.e. catalysts having a
too stable n11 oxidation state, cause a movement to the conjugated π system (N5C-C5N) of the ligand, is able to

accept electron density from the metal centre, which isright of the equilibria, ultimately resulting in a relatively
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Scheme 2thought to be central to the action of these particular atom-

transfer polymerisation catalysts.
Recently, we have reported on the use of a series of N-

alkyl-(2-pyridyl)methanimine ligands which, when com-
plexed with copper halides, give rise to highly effective
atom-transfer polymerisation catalysts. [6] We have been
interested in examining the structure of atom-transfer cata-
lysts with a view to further understanding the mechanism
of the reaction. Ultimately, we believe this to help in the
optimisation of the ligands/catalysts for each monomer sys-
tem thus giving greater control over this rapidly emerging
polymerisation chemistry. The mode of co-ordination of
this type of Schiff base ligand to metal centres in both the

Figure 1. 1H-NMR spectrum of (a) the free ligand L1 and (b) thesolution and solid state has been reported to vary de- complex C1 in [D6]DMSO; (c) peak assignments
pending upon many variables. Indeed in the case of cop-
per(I) complexes, a simple change in the counter-ion can
dramatically alter the nature of the predominant species[7].
Thus, structural determinations may play an important role
in elucidating the mechanism of atom-transfer polymeri-
sation. The results presented in this paper show how in-
creasing the steric hindrance in the alkyl group of the imine
ligand affects the kinetics of the polymerisation and the
dramatic effects these apparently small changes in ligand
have on the molecular mass control and molar mass distri-
bution of the resulting poly(methyl methacrylate). Three of
the catalysts used in this work have been fully characterised
by single-crystal X-ray diffraction. Similar “living”
polymerisation systems mediated by transition-metal com-
plexes have been reported by a range of other research
groups[8].

Results and Discussion

The N-alkyl-(2-pyridyl)methanimine ligands, L12L5 (see
Scheme 2), were prepared from the condensation of 2-pyri-
dinecarboxaldehyde (or 2-acetylpyridine in the case of L5)
with the respective primary amine. Figure 1(a) shows the
1H-NMR spectrum of L1, and Figure 1(b) shows the spec-
trum of the complex between L1 and CuBr, C1 (see Scheme

Scheme 33)[9]. The assignments were made using NOE difference
experiments by irradiating at H6 so as to determine H4

long2range COSY and 1H-13C heteronuclear correlation.
The remaining ring protons were assigned by further de-
coupling experiments. In solution the ligand can exist in the
trans conformation; however, on complexation to copper(I)
we observe changes in the spectrum associated with the li-
gand adopting a cis conformation. The signal of the imine

C1: R 5 nBu, R9 5 H; C2: iBu, R9 5 H; C3: R 5 sBu, R9 5 H;proton H6 shifts approximately 0.6 ppm downfield on com-
C4: R 5 iPr, R9 5 H; C5: R 5 nPr; R9 5 Me.

plexation. Figures 2(a) and 2(b) show the 13C{1H}-NMR
spectrum of L1 and C1, respectively. The assignments were

Polymerisation of Methyl Methacrylate Using C1 to C5 as Atom-made using heteronuclear shift-correlated 2D-NMR experi-
Transfer Polymerisation Catalystsments. The pair C5/C1 changes its relative position whilst

C6 remains at highest field. These proton and carbon ring Methyl methacrylate was polymerised in xylene solution
at 90°C using ethyl 2-bromoisobutyrate as initiator in theassignments are applicable to all ligands used in this study.
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Figure 2. 13C{1H}-NMR spectrum of (a) the free ligand L1 and (b) The effectiveness of the catalysts C12C5 for promoting
the complex C1 in [D6]DMSO; the assignments were made using controlled atom-transfer polymerisation was determined in
heteronuclear shift-correlated 2D-NMR experiments; for peak as-

three ways: (1) the relationship between the number-averagesignments see Figure 1(c)
molecular weight (Mn) and conversion to polymer. Living
polymerisation processes lead to a linear increase in Mn

with conversion.[6b] (2) The polydispersity index, PDI, of
the polymer, free-radical polymerisation of methyl meth-
acrylate has a PDI larger than 1.5. (3) The appearance of a
first-order rate plot. For a living polymerisation a plot of
ln [M]0/[M] against time gives a linear plot with the gradient
equal to the pseudo first-order rate coefficient, kapp, which
gives an indication of the rate of reaction. kapp is defined by
Equation 1, where [M] is the monomer concentration, [M]0
is the initial monomer concentration, kp is the propagation
rate coefficient, [R•] is the concentration of active species,
and t is time.

ln [M]0/[M] 5 kp[R•]t 5 kappt (1)

Figure 3 shows the dependence of the number-average
molecular weight (Mn) on polymer conversion for the cata-
lysts C12C5. In all cases, Mn increases approximately lin-
early with conversion, as is expected for a living polymeri-
sation. The actual values of Mn are slightly higher than the
theoretical line, which suggests that the initiator efficiency
is less than unity i.e. the initiator is involved in secondary,
as yet undetermined reactions such as coupling of carbon-
centred radicals in the initial stages of the reaction. The

Table 1. Conversion and molecular-weight data for polymerisations using C12C5

Catalyst Time [min] Conversion Mn
[a] Mw

[b] PDI[c] Mn,theo
[d] Initiator[e] kapp [s21][f]

efficiency

C1 60 0.195 2250 5000 2.22 1950 0.87 1.00 ·1024

120 0.536 6740 10000 1.49 5370 0.80
180 0.629 8200 12300 1.5 6300 0.77
240 0.782 10400 13800 1.33 7830 0.75

C2 60 0.055 1250 1950 1.56 550 0.44 1.15 ·1025

120 0.061 1520 2450 1.61 610 0.40
180 0.118 1950 2930 1.5 1180 0.60
240 0.157 2100 3300 1.57 1570 0.75

C3 60 0.007 530 689 1.3 70 0.13 3.67 ·1026

120 0.024 590 714 1.21 240 0.41
180 0.043 690 876 1.27 430 0.62
240 0.051 890 1230 1.38 510 0.57

C4 60 0.19 3390 4510 1.33 1900 0.56 7.15 ·1025

120 0.35 4900 6320 1.29 3500 0.71
180 0.54 7100 8870 1.25 5400 0.76
240 0.66 9200 10900 1.19 6610 0.72

C5 60 0.18 3290 4570 1.39 1800 0.55 7.85 ·1025

120 0.43 5340 7580 1.42 4300 0.81
180 0.58 6030 9280 1.54 5810 0.96
240 0.68 6850 10900 1.59 6810 0.99

[a] Number-average molecular weight.2 [b] Weight-average molecular weight. 2 [c] Polydispersity index 5 Mw/Mn. 2 [d] Mn,theo 5 Conver-
sion · [Monomer]/[Initiator]. 2 [e] Initiator efficiency 5 Mn,theo/Mn. 2 [f] Pseudo first-order rate coefficient determined from the slope of
the line of best fit in Figure 4.

presence of C12C5 catalysts (see Scheme 3). The catalysts PDIs (Table 1) are narrower for polymer produced using
catalysts C1, C3, and C4, than catalysts C2 and C5, whichwere prepared in situ by the addition of ligands L12L5,

respectively, to CuBr in the xylene reaction solution. Poly- are quite broad for a living polymerisation (> 1.5). In gen-
eral the PDI becomes narrower during the course of the re-mer conversion and molecular weight data are listed in

Table 1. action.
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Figure 3. Dependence of the number-average molecular weight, lyst in this series, yielding both a low rate of reaction and

Mn, on conversion for polymerisations using catalysts C12C5 broad PDI.

Single-Crystal X-ray Structural Study of Copper Complexes with
L2, L3, and L5

X-ray structural studies were carried out for the com-
pounds Cu[BF4] · (L2)2, Cu[BF4] · (L3)2, and Cu[PF6] · (L5)2

which were isolated as crystalline salts from slowly cooled
(5°C) solutions in methanol. Compounds formed from the
reaction of Cu(CH3CN)4[BF4] with the ligands L1 and L4,
however, could not be isolated as crystals of suitable quality
for X-ray analysis.

The compounds Cu[BF4] · (L2)2, Cu[BF4] · (L3)2, and
Cu[PF6] · (L5)2 all have the same basic distorted tetrahedral
arrangement of co-ordinating nitrogen atoms which sur-

Figure 5. The crystal structure of Cu[BF4] · (L2)2 (BF4 counter ion
not shown for clarity)

The first-order rate plots are shown in Figure 4. The lines
through the data represent the best fit and correspond to
the pseudo first-order rate coefficient, kapp. These plots are
characteristic of living polymerisation;[6b] in all cases the
plots are linear, indicating that the number of active species
is constant and effects from termination of growing poly-
mer chains by combination/disproportionation or chain
transfer are not significant. It is immediately obvious, from
Figure 4 and Table 1, that the catalysts C2 and C3 give a
significantly lower rate of polymerisation (approximately
one order of magnitude) than when C1, C4, and C5 are
used as catalysts . Thus, the catalysts using branched sub-
stituents at either the α or β positions in the ligand give
significantly lower rates of polymerisation.

Figure 4. First-order log plots for polymerisations using catalysts
C12C5

Figure 6. The crystal structure of Cu[BF4] · (L3)2 (BF4 counter ion
not shown for clarity)

Overall, C1 and C4 show the best performance as atom-
transfer polymerisation catalysts, giving both narrow PDI
polymer and acceptable rates of reaction. Catalyst C3 gives
reasonable PDI but has a very low rate of reaction, C5 gives
good rate but broad PDI and C2 is the least effective cata-
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Figure 7. The crystal structure of Cu[PF6] · (L5)2 (PF6 counter ion what shorter than those seen for Cu[BF4] · (L2)2 and

not shown for clarity) Cu[BF4] · (L3)2, with Cu2N(1) 5 2.028(2) Å, Cu2N(2) 5
2.011(3) Å, Cu2N(3) 5 2.034(3) Å, and Cu2N(4) 5
2.001(2) Å. From Table 2 it can be seen that the average
Cu2N bond lengths for Cu[BF4] · (L2)2 and Cu[BF4] · (L3)2

lie within the values measured for other [CuL2]1-type com-
plexes, the average Cu2N distance for Cu[PF6] · (L5)2 fall-
ing slightly below the other measured values. The
N2Cu2N angles for Cu[BF4] · (L2)2, Cu[BF4] · (L3)2, and
Cu[PF6] · (L5)2 are similar and differ by only 0.37° at most,
these values being comfortably within the estimated stand-
ard deviations.

Conclusion

A series of N-alkyl-(2-pyridyl)methanimines have been
fully characterised. The bis[N-alkyl-(2-pyridyl)methanimi-
ne]copper(I) complexes characterised exhibit a distorted
tetrahedral arrangement of co-ordinating nitrogen atoms
surrounding the metal centre in the solid state. All of the
catalysts tested were found to polymerise MMA effectivelyround the metal centre. Table 2 compares angles and aver-
in hydrocarbon solution by an atom-transfer polymeris-age bond lengths to other similar published structures. The
ation process. Catalysts which contain n-alkyl substituentsinterligand dihedral angle between the mean planes defined
are more efficacious than those containing branched alkylby the central copper ion and each pair of chelating nitro-
substituents in the imine group. The presence of branchinggen atoms is 86.8° for Cu[BF4] · (L2)2, 86.5° for
in the alkyl substituent results in a loss of control over theCu[BF4] · (L3)2, and 85.3° for Cu[PF6] · (L5)2 these values
polymerisation manifested by a slowing of the reaction ratefall between 68° for the tetramethylbipyridine complex (en-
and a broadening of the polydispersity index. The cause oftry 8) and 89.7° for the N-(α-methylbenzyl)-(2-pyridyl)me-
these efffects of branching at the α-carbon atom of the im-thanimine complex (entry 4). The Cu2N bond lengths for
ine on the final polymer properties is currently not knownCu[BF4] · (L2)2 are in the range of Cu(1)2N(1) 5 2.080(3)
and is under further investigation in our laboratory.Å, Cu(1)2N(2) 5 2.005(2) Å, Cu(1)2N(3) 5 2.047(3) Å,

and Cu(1)2N(4) 5 2.013(3) Å, for Cu[BF4] · (L3)2 the We wish to thank the EPSRC (GR/K90364, MCC, DK; GR/
Cu2N bond lengths are similar, with Cu(1)2N(1) 5 L10314, DJD, SAFB; AMH, AJS studentships) for funding and
2.092(2) Å and Cu(1)2N(2) 5 2.008(2) Å. The Cu2N dis- Courtaulds and Zeneca Specialties for support of this work. We also

thank Dr. Adam Clarke for help with the NMR analysis.tances for Cu[PF6] · (L5)2, tend to be, in most cases, some-

Table 2. Comparison of average bond-length and -angle data for [CuI(L)2]1 complexes

Ligand Counter C2Nacyclic C2Ncyclic C2C Cu2N N2Cu2N Dihedral Ref.
ion bond length [Å] angle [°] angle [°]

L2 BF4
2 1.277(4) 1.357(4) 1.457(5) 2.009 81.20(10) 86.8 This

1.278(4) 1.344(4) 1.460(5) 2.064 80.97(10) work
L3 BF4

2 1.273(3) 1.654(3) 1.463(3) 2.08(2) 81.12(8) 86.2 This
2.092(2) work

L5 PF6
2 1.279(4) 1.351(4) 1.479(5) 2.006 80.86(10) 85.3 This

1.280(4) 1.353(4) 1.489(4) 2.031 80.64(11) work
N-(α-methylbenzyl)-(2- BF4

2 1.282 1.341 1.457 2.040 81.8 89.7 [10]

pyridyl)methanimine[a][b] 1.273 1.370 1.456 2.030 82.3 85.1
N-(tert-Butyl)-(2- BF4

2 1.270(4) 1.349(4) 1.467(5) 2.035 81.89(10) 81.9 [11]

pyridyl)methanimine
1,4-Di-(tert-butyl)-1,4-diaza-1,3- Br2 1.263(4) 1.352(4) 1.470(4) 2.035 81.84(10)
butadiene
2,29-Bipyridine ClO4

2 1.268(7) 1.290(7) [c] 1.453(8) 2.025(4) 82.2(2) 89.5 [11]

4,49,6,69-Tetramethyl-2,29- Cl2 1.325(14) 1.385(15) 1.440(15) 2.021(11) 81.5(4) 75.2 [12]

bipyridine[b]

1,10-Phenanthroline[b] CuBr2
2 1.347 1.360 1.488 2.040 81.35 68 [13]

2,9-Dimethyl-1,10- NO3
2 1.366 1.352 1.428 2.039 82.2 76.8 [14]

phenanthroline[b] 1.360 1.361 1.450 2.063 83.4 85.7 [15]

[a] There are two molecules in the asymmetric unit. 2 [b] Lengths are averaged for cyclic C2N (no estimated standard deviations for
averaged data). 2 [c] Second acyclic bond.
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L4: B.p. 50° at 0.2 Torr. 2 IR: ν̃ 5 1650 cm21 (C5N). 2 1HExperimental Section

NMR (250 MHz, 298 K, CDCl3): δ 5 8.44 (d, J 5 4.24 Hz, 1 H),
General Remarks: The reagents 2-pyridinecarboxaldehyde (Avo-

8.20 (s, 1 H), 7.80 (d, J 5 7.72 Hz, 1 H), 7.57 (t, J 5 7.72 Hz, 1
cado, 99%), 2-acetylpyridine (Avocado, 98%), n-butylamine (Acros,

H), 7.10 (t, J 5 4.92 Hz, 1 H), 3.45 (t, J 5 7.00 Hz, 2 H), 1.56
99.5%), isobutylamine (Avocado, 99%), sec-butylamine (Avocado,

(sext, J 5 7.00 Hz, 2 H), 0.77 (t, J 5 7.36 Hz, 3 H). 2 13C{1H}
99%), n-propylamine (Avocado, 99%), ethyl 2-bromoisobutyrate

NMR (250 MHz, 298 K, CDCl3): δ 5 161.53, 154.50, 149.21,
(Aldrich, 98% ), xylene (Fisons, 99.8%), diethyl ether (BDH, 98%),

136.29, 124.37, 120.97, 63.11, 23.58,11.65. 2 MS (1EI); m/z: 149
and magnesium sulfate (Philip Harris) were used as received. Cop-

[M1 1 1], 133 [M1 2 Me].
per(I) bromide (Aldrich, 98%) was purified according to the
method of Keller and Wycoff[10]. Methyl methacrylate (Aldrich, N-(n-Propyl)-1-(2-pyridyl)ethanimine (L5): A solution of 2-ace-
99%) was purified by passing through a column of activated basic tylpyridine (10 g, 0.0825 mol) in 60 ml of diethyl ether was placed
alumina to remove the inhibitor 4-methoxy phenol. All manipu- in a 250-ml flask under dry nitrogen, together with 223 g of
lations were performed using standard Schlenk line and syringe MgSO4. The flask was cooled gently in iced water whilst n-propyl-
techniques under nitrogen. amine (8 ml, 0.0973 mol) was added dropwise with stirring. After

addition of the amine, the reaction was allowed to warm up toNMR spectra were recorded using a Bruker WH 400 spec-
room temperature and the solution stirred overnight. After thistrometer. X-ray crystallographic data was collected with a Siemens
time, the solvent was removed by rotary evaporation and the re-R3m diffractometer.
sidual oil purified further by vacuum distillation. 2 B.p. 60°C at

Polymer conversions were determined by gravimetry and molecu- 0.4 Torr. 2 IR: ν̃ 5 1639 cm21 (C5N). 2 1H NMR (250 MHz,
lar-weight distributions were measured using size-exclusion chro- 298 K, [D6]DMSO): δ 5 8.64 (d, J 5 4.88 Hz, 1 H), 8.00 (d, J 5
matography (SEC), with a system equipped with a guard column, 4.88 Hz, 1 H), 7.59 (m, J 5 8.28, 7.33 Hz, 1 H), 7.16 (m, J 5 7.33,
one 30-cm mixed E column (Polymer Laboratories) and a differen- 8.23 Hz, 1 H), 3.40 (t, J 5 7.03 Hz, 2 H), 2.27 (s, 2 H), 1.70 (m,
tial refractive-index detector, using tetrahydrofuran at 1 ml min21 J 5 7.33, 7.03 Hz, 2 H), 0.94 (t, J 5 7.33 Hz, 2 H). 2 13C{1H}
as the eluent. Poly(methyl methacrylate) standards in the range NMR (250 MHz, 298°C, CDCl3): δ 5 166.51, 158.32, 148.48,
(6 ·104 to 200 g mol21, Polymer laboratories) were used to calibrate 136.68, 124.28, 121.10, 54.58, 24.39,12.52, 14.21. 2 MS (1EI); m/z:
the SEC. 163 [M1 1 1], 106 [M1 2 Et].

N-Alkyl-(2-pyridyl)methanimine Ligands L12L4: A solution of Bis[N-(isobutyl)-(2-pyridyl)methanimine]copper(I) Tetrafluoro-
2-pyridinecarboxaldehyde (15 g, 0.140 mol) in 100 ml of diethyl borate (Cu[BF4] · (L2)2; [Cu{(C5H4N)CH5N(iBu)}2][BF4]): To a
ether was placed into a 250-ml flask under dry nitrogen together slurry of [Cu(CH3CN)4][BF4] [9b] (1.0 g, 3.22 mmol) in degassed
with 223 g of anhydrous MgSO4. The appropriate amount of am- methanol (30 ml) was added L2 (1.008 g, 6.22 mmol) under nitro-
ine was added dropwise to this solution. (L1 nBuNH2, L2 iBuNH2, gen. The solution was stirred at room temperature overnight, fil-
L3 sBuNH2: 10.22 g, 0.140 mol; L4 nPrNH2: 8.26 g, 0.140 mol), tered, and concentrated to ca. 10 ml. Slow cooling to 5°C resulted
with gentle cooling of the flask with iced water. After the addition in the formation of red crystalline Cu[BF4] · (L2)2 (75%). 2 IR: ν̃ 5
of amine was complete, the reaction was stirred for ca. 3 h, after 1622 cm21 [ν(C5N)]. 2 1H NMR (250 MHz, 298 K CDCl3): δ 5
which time the solvent was removed by rotary evaporation and the 8.63 (s, 1 H), 8.39 (d, 1 H), 8.05 (t, 1 H), 7.92 (d, 1 H), 7.61 (m, 1
residual oil further purified by vacuum distillation (L1, L2, L3, H), 3.63 (d, 2 H), 2.00 (m, 1 H), 0.87 (d, 6 H). 2 13C{1H} NMR
L4). The products were isolated as pale yellow liquids, yields were (250 MHz, 298 K, CDCl3) δ 5 161.32, 150.66, 149.28, 138.93,
typically 94%. 128.71, 127.42, 67.62, 30.20, 20.28. 2 MS (1EI) m/z : 387 [M1],

225 [M1 2 L2].L1: B.p. 1052106°C at 1.2 Torr. 2 IR: ν̃ 5 1649 cm21 (C5N).
2 1H NMR (250 MHz, 298 K, CDCl3): δ 5 8.50 (d, J 5 4.92 Hz, Bis[N-sec-butyl)-(2-pyridyl)methanimine]copper(I) Tetrafluoro-
1 H), 8.26 (s, 1 H), 7.86 (d, J 5 7.72 Hz, 1H), 7.57 (t, J 5 8.08 borate (Cu[BF4] · (L3)2; [Cu{(C5H4N)CH5N(sBu)}2][BF4]): An
Hz, 1 H), 7.14 (m, J 5 6.32 Hz, 1 H), 3.17 (t, J 5 7.00 Hz, 2 H), identical procedure to that used for Cu[BF4] · (L2)2, using L3, was
1.50 (quint, J 5 7.00 Hz, 2 H), 1.13 (sext, J 5 7.36 Hz, 2 H), followed yielding red crystals of Cu[BF4] · (L3)2 (70%). 2 IR: ν̃ 5
0.72 (t, J 5 7.36 Hz, 3 H). 213C{1H} NMR (250 MHz, 298 K, 1620 cm21 [ν(C5N)]. 2 1H NMR (250 MHz, 298 K, CDCl3): δ 5
[D6]DMSO): δ 5 161.57, 154.62, 149.29, 136.39, 124.47, 121.07, 8.72 (s, 1 H), 8.30 (d, 1 H), 7.96 (m, 2 H), 7.54 (m, 1 H), 3.71 (m,
61.15, 32.70, 20.34, 13.79. 2 MS (1EI); m/z: 163 [M1]. 1 H), 1.44 (br., 2 H), 1.13 (br., 3 H), 0.77 (t, 3 H). 213C{1H} NMR

(250 MHz, 298 K, CDCl3): δ 5 159.68, 150.67, 148.39, 138.41,L2: B.p. 179°C at 5.0 Torr. 2 IR: ν̃ 5 1636 cm21 (C5N). 2 1H
127.79, 126.91, 66.65, 30.81, 22.50, 10.83. 2 MS (1EI); m/z: 387NMR (250 MHz, 298 K CDCl3): δ 5 8.53 (d, J 5 4.53 Hz, 1 H),
[M1], 225 [M1 2 L3].8.25 (s, 1 H), 7.90 (d, J 5 7.72 Hz, 1 H), 7.61 (t, J 5 7.68 Hz, 1

H), 7.18 (m, J 5 4.92 Hz, 1 H), 3.39 (d, J 5 6.32 Hz, 2 H), 1.95
Bis[N-(n-propyl)-1-(2-pyridyl)ethanimine}]copper(I) Hexafluo-(sept, J 5 6.68 Hz, 1 H), 0.87 (d, J 5 6.68 Hz, 6 H). 2 13C{1H}

rophosphate (Cu[PF6] · (L5)2; [Cu{(C5H4N)C(CH3)5N(nPr)}2]-NMR (250 MHz, 298 K, CDCl3): δ 5 159.51, 154.56, 149.13,
[PF6]): To a slurry of [Cu(CH3CN)4][PF6] [9b] (1.5 g, 4.839 mmol)136.22, 124.28, 121.13, 67.84, 30.30, 21.95. 2 MS (1EI): m/z: 163
in degassed methanol (40 ml) was added L5 (1.568 g, 9.678 mmol)[M1].
under nitrogen. The resulting red solution was stirred at room tem-
perature overnight, filtered and concentrated to ca. 15 ml. SlowL3: B.p. 74°C at 5.0 Torr. 2 IR: ν̃ 5 1630 cm21 (C5N). 2 1H

NMR (250 MHz, 298 K, CDCl3), δ 5 8.50 (d, J 5 4.56 Hz, 1 H), cooling to 5°C resulted in the formation of red crystalline
Cu[PF6]·(L5)2 (65%). 2 IR: ν̃ 5 1591 cm21 [ν(C5N)]. 2 1H NMR8.24 (s, 1 H), 7.86 (d, J 5 7.68 Hz, 1 H), 7.57 (t, J 5 7.36 Hz, 1H),

7.14 (dd, J 5 4.92, 6.32 Hz, 1 H), 3.17 (sext, J 5 6.32 Hz, 1 H), (250 MHz, 298 K, CDCl3): δ 5 8.37 (s, 1 H), 8.00 (br., 2 H), 7.55
(m, 1 H), 3.55 (br., 2 H), 2.42 (s, 3 H), 1.50 (m, 2 H), 0.74 (m, 3 H).1.50 (m, J 5 7.72 Hz, 2H), 1.13 (d, J 5 6.28 Hz, 3 H), 0.72 (t, J 5

7.36 Hz, 3 H). 213C{1H} NMR (250 MHz, 298 K, CDCl3): δ 5 2 13C{1H} NMR (250 MHz, 298 K, CDCl3): δ 5 164.5, 151.63,
147.60,137.41, 126.69, 123.59, 54.34, 23.34, 23.66, 14.26, 10.94. 2161.60, 154.49, 149.16, 136.29, 124.38, 120.96, 69.36, 29.27,

22.50.10.90. 2 MS (1EI); m/z: 163 [M1]. MS (1EI); m/z: 387 [M1], 225 [M1 2 L5].
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Table 3. Summarized crystallographic data

(a) Crystal parameters Cu[BF4] · (L2)2 Cu[BF4] · (L3)2 Cu[PF6] · (L5)2

Formula C20H28BCuF4N4 C20H28BCuF4N4 C20H28PCuF6N4
M 474.81 474.81 532.97
Crystal system Monoclinic Monoclinic Monoclinic
spyace group P21/c P2/n P21/c
a [Å] 8.850(2) 11.8712(6) 16.600(3)
b [Å] 23.609(5) 7.5742(4) 8.3920(2)
c [Å] 11.889(2) 12.4059(6) 17.300(4)
β [°] 107.02(3) 90.1050(10) 111.20(3)
V [Å3] 2375.3(8) 1115.47(10) 2388.3(8)
Z 4 2 4
Crystal dimensions [mm] 0.4 3 0.30 3 0.20 0.50 3 0.40 3 0.30 0.30 3 0.20 3 0.20
Colour Red Red Red
Dc [g · cm23] 1.328 1.414 1.482
µ(Mo-Kα) [mm21] 0.963 1.025 1.043
T [K] 200(2) 200(2) 200(2)

(b) Data collection[a]

Data collected h 29 to 11 215 to 13 221 to 21
(index ranges) k 218 to 30 29 to 10 211 to 11

l 210 to 11 215 to 16 29 to 22
Reflections collected 6291 6654 14624
Independent reflections 3484 2614 5612
Independent observed 2547 2182 4067
reflections [Fo# 4σ(Fo)]
θ range [°] 1.73 to 26.49 2.37 to 28.59 1.32 to 28.59
F(000) 984 492 1096
Decay , 1% , 1% , 1%

(c) Refinement

R[b] 0.0387 0.0440 0.0543
wR2[c] 0.1007 0.1144 0.1491
Absorption correction SADABS SADABS SADABS
S 0.994 1.079 1.090
∆ [e · Å23] (max, min)[d] 0.524, 20.420 0.475, 20.489 0.450, 20.417
Transmission max, min 1.000, 0.862 1.000, 0.1575 0.8552, 0.8464
Weighting scheme a, b [e] 0.0544, 0.000 0.0431, 0.7160 0.0588, 2.1880

[a] X-ray data collected with a Siemens 3-circle diffractometer equipped with a SMART CCD area detector; graphite-monochromated
radiation Mo-Kα radiation (λ 5 0.71073 Å). Anisotropic thermal parameters were used for all non-H atoms. Hydrogen atoms were
inserted at calculated positions and fixed, with isotropic thermal parameters U 5 0.08 Å3. 2 [b] R 5 ΣuFo 2 Fcu/ΣFo [for Fo $ 4σ(Fo)].
2 [c] wR2 5 {Σ[w(Fo

2 2 Fc
2)2]/Σ[w(Fo

2)2]}1/2 for all data. 2 [d] Peaks of unsassigned residual electron density. 2 [e] w21 5 σ2(Fo
2) 1 aP

1 bP, where P 5 [max(Fo
2,0) 1 2Fc

2]/3, where max(Fo
2,0) indicates that the larger of Fo

2 or 0 is taken, a and b are values set by
the program.

Polymerisation Reactions: 0.134 g of CuBr (9.35 ·1024 mol) was on the supporting atom. The structure solutions were carried out
using SHELXTL[16a] version 5 software with a Silicon Graphicsplaced in a Schlenk tube, containing a magnetic stirring bead, and

pumped/filled three times with nitrogen to remove air from the ap- Indy workstation, refinements were carried out using SHELX
96[16b] software, minimising on the weighted R factor wR2. 2 Crys-paratus. Deoxygenated MMA (10 ml, 0.0935 mol) and deoxygen-

ated xylene (20 ml) were added via syringe to the Schlenk tube tallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridgeat room temperature, followed by the appropriate ligand (2 molar

equivalents on CuBr, 1.87 ·1023 mol). The Schlenk tube was then Crystallographic Data Centre as supplementary publication no.
CCDC-101884, -101885, -101886. Copies of the data can be ob-placed into an oil bath at 90°C with stirring, followed by the ad-

dition of the initiator, ethyl 2-bromoisobutyrate (0.137 ml, tained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: int. code 1 44(1223)336-033;9.35 ·1024 mol). Periodically, 122-ml samples were removed for

conversion and molecular-weight analysis. E-mail: deposit@ccdc.cam.ac.uk].

Crystal-Structure Determinations: Crystallographic data for com-
[1] [1a] A. Togni, L. M. Venanzi, Angew. Chem. Int. Ed. Engl. 1994,plexes Cu[BF4] · (2)2, Cu[BF4] · (3)2, and Cu[PF6] · (5)2 are summar-

33, 497; Angew. Chem. 1994, 106, 517. 2 [1b] D. A. Evans, K.ised in Table 3. The corresponding molecular structures are shown A. Woerpel, M. J. Scott, Angew. Chem. Int. Ed. Engl. 1992, 31,
in Figures 527. Suitable crystals were quickly glued to quartz 430; Angew. Chem. 1992, 104, 439. 2 [1c] F. O. H. Pirrung, H.

Hiemstra, W. N. Speckamp, B. Kaptein, H. Schoemaker, Tetra-fibres, coated with dry nujol, and cooled in the cold nitrogen gas
hedron Lett. 1994, 50, 12415.stream of the diffractometer. The structures were solved by direct

[2] [2a] I. W. Davies, C. H. Senanayake, R. D. Carsen, T. R. Verho-methods. Anisotropic thermal parameters were used for all non-H even, P. J. Reider, Tetrahedron Lett. 1996, 37, 1725. 2 [2b] R.
atoms, whilst hydrogen atoms were inserted at calculated positions Lowenthal, S. Masamune, Tetrahedron Lett. 1991, 32, 7373. 2

[2c] Y. Nishibayashi, K. Ohe, S. Uemura, J. Chem. Soc., Chem.and fixed, with isotropic thermal parameters (U 5 0.08 Å3), riding
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High-vacuum thermolyses of the intramolecularly coor- quencies of these hydrides matches well the calculated
harmonic frequencies at the MP2(fc)/6–311G+(2d, p) anddinated alanes Me2N(CH2)3AlX2 with X = Cl, Br (1, 2) were

investigated with matrix isolation techniques. Among the B3LYP/6–311G+(2d, p) level of theory. Beside the monomeric
HAlX2, the argon matrices of the thermolysis experimentsproducts, which were identified with IR spectroscopy, ab

initio calculations, and known literature data, are monomeric contained CH4, HCN, H2C=CH2, H2C=NMe, [H2CCHCH2]•,
H2C=CHCH3, and AlXn (n = 1–3; X = Cl or Br).HAlCl2 and HAlBr2. The experimental vibrational fre-

Introduction Results and Discussion

The two alanes 1 and 2 are volatile and moisture-sensitive
compounds, which can be purified by sublimation in highThe group-13 nitrides are promising materials for ad-
vacuum. While the dichloro compound was published invanced microelectronic and optoelectronic devices. [1] [2]

1991[6], no data on the bromide 2 has appeared in the litera-Suitable single-source precursors for the chemical vapor de-
ture. [7] As expected, compound 2 could readily be synthe-position of AlN[3], GaN[4], and InN[5] are intramolecularly
sized from aluminum bromide and Li(CH2)3NMe2

[8]. Thecoordinated group-13 metal azides containing the 3-(di-
crystal structures of 1 and 2 are unknown, but the 27Al-methylamino)propyl ligand. Recently, we started to investi-
NMR shift of δ 5 139 for 1 and 2 clearly reveals the ex-gate these deposition reactions with the matrix isolation
pected tetra-coordination of aluminum in solution.[3b] [9]technique. We intend to trap reactive intermediates pro-

We carried out a series of high-vacuum thermolyses ofduced by the fragmentation of a single-source precursor on
1 and 2, respectively (see Experimental Section). Betweenits pathway to the resulting nitride film. By the characteri-
ambient temperature and oven temperatures of ca. 750°Czation of these molecules we expect to get insights into the
the IR spectra of the matrix isolated alanes 1 and 2, respec-reaction mechanisms of these CVD processes (e.g., Eq. 1),
tively, were unchanged. Around ca. 850°C new IR bandswhich so far are unknown.
appeared, indicating the beginning of fragmentation; above
ca. 950°C the typical IR absorptions of the precursors 1 or
2 could no longer be detected in the argon matrices.

Figure 1 shows a typical IR spectrum recorded after a
thermolysis of the alane 2 at ca. 1000°C. The strongest ab-
sorption appears at 634.5 cm21 followed by intensive bands
at 476.0 and 1952.5 cm21. The latter lies in the character-In order to get first results on the fragmentation pattern
istic region of aluminum2hydrogen stretching vibrations,of intramolecularly coordinated molecules, we chose model
which suggests the formation of a molecule with an AlHcompounds to begin with. In this article we report on gas-
bond. Beside the experimental spectrum Figure 1 exhibits aphase thermolysis experiments with the chloro- and the
theoretical IR spectrum of HAlBr2 calculated at thebromoalane, 1 and 2, respectively.
B3LYP/6-311G1(2d, p) level of theory. Evidently, there is
a good agreement between the major IR absorptions of the
experimental spectrum and the theoretical one. In the case
of the dichloro compound 1, the AlH-stretching mode ab-Scheme 1
sorbs at 1966.0 cm21. Even without any calculation, there
is no doubt that monomeric HAlCl2 was formed in the
pyrolysis of the alane 1. This species has been synthesized
photochemically in argon matrices before (Eq. 2) and was
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Table 2. Calculated bond length (Å) and angles (deg) of HAlCl2Figure 1. Experimental and calculated IR spectra: X-axis,

25022100 cm21; Y-axis, Absorbance (dimensionless). Spectrum A: and HAlBr2
[a]

products of the thermolysis of compound 2 at ca. 1000°C trapped
in argon at 15 K (assignment ν12ν6 see Table 1); a: H2C5NMe[17]

X 5 Cl X 5 Br(2900.5[a], 2854.5[a], 1469.5, 1221.0, 1026.5 cm21), b: H2C5
CH2

[14a] [16] (1440.0, 947.0 cm21), c: CH4
[14] (1305.0 cm21), d:

[H2CCHCH2]• [18] (801.0 cm21), e: H2C5CHCH3
[19] (909.0 cm21), AlH 1.552 (1.557) 1.554 (1.559)

AlX 2.093 (2.096) 2.259 (2.260)f: HCN[15] (3305.0[a], 721.0 cm21), g: AlBr3
[20] (508.5 cm21), h:

AlBr[20] (357.5 cm21). The signal of AlBr2
[20] at 458.0 cm21 is too XAlX 118.16 (118.47) 118.65 (119.37)

weak to be seen in this spectrum. The strongest among the unassi-
gned bands was found at 763.5 cm21[b] (see also text). Spectrum B: [a] MP2(fc)/62311G1(2d, p) and B3LYP/62311G1(2d, p); re-HAlBr2 calculated at the B3LYP/623111G(2d, p) level (half band sults of the B3LYP calculations in parentheses.width of 2 cm21)

For reliable assignments of the IR bands we chose the
MP2 and B3LYP methods with the 6-311G1(2d, p) basis
set to calculate the harmonic frequencies. As known from
the literature[11] MP2 results in higher wavenumbers com-
pared with B3LYP, which is also valid for all of the calcu-
lated frequencies in Table 1. Usually, calculated wave-
numbers are too large in comparison with the real values,
but B3LYP often results in frequencies which are too small
for the low energy modes.[12] From that point of view, the
two alanes are illustrative examples: the AlH stretch ν1, the
only mode at high energy, is described slightly better by the
B3LYP than by the MP2 calculations, while all other de-
tected modes are below 655.0 cm21 (ν2, ν4, ν5, and ν6) with
mean observed/calculated frequency ratios of 0.995[a] Out of the depicted range; [b] For HAlCl2 an unassigned signal

was found at 770.0 cm21 (HAlCl2) and 1.002 (HAlBr2) for the MP2 calculations,
whereas the respective ratios are 1.020 and 1.029 for the
B3LYP method.unequivocally characterized by IR spectroscopy and nor-

mal coordinate analysis. [10] Within experimental error, the All experimental IR bands of HAlCl2 are found at higher
wavenumbers than those of HAlBr2. This is mainly due toIR frequencies match with the published IR data of HAlCl2

(Table 1, figures in braces). the higher molecular mass of bromine compared with
chlorine; thus, the effect is strongly pronounced for the twoIn Table 1 the experimental and calculated vibrational

data of HAlCl2 and HAlBr2 are compiled. The ab initio AlX-stretching modes with differences between the chloro
and the bromo derivative of 115.5 for ν2 and 103.5 cm21calculations predict C2v-symmetrical equilibrium geo-

metries for these aluminum hydrides (Table 2); thus, one for ν5.
The dihaloalanes are most likely formed by β-hydrogenexpects six normal modes belonging to the irreducible rep-

resentations A1 (3), B1 (2), and B2 (1). In accordance with eliminations (Eq. 3).
There is evidence in the literature that the intramolecu-the calculations (Table 1) only five of the six modes were

measured; the calculated frequencies of the XAlX-defor- larly coordinated 3-(dimethylamino)propyl ligand can be
split off by a β-hydrogen elimination pathway;[6a] and, in-mation vibration ν3 are out of our detectable range of

24024000 cm21. deed, allyldimethylamine was detected by NMR spec-

Table 1. Experimental and calculated vibrational data for HAlCl2 and HAlBr2. Experimental IR frequencies (cm21) and observed/
calculated frequency ratios (in parentheses for MP2; in square brackets for B3LYP); harmonic frequencies (cm21) and intensities (in

parentheses, km mol21) calculated at the MP2(fc)/62311G1(2d, p) and the B3LYP/62311G1(2d, p) level

HAlCl2 HAlBr2
experimental [a] MP2 B3LYP experimental MP2 B3LYP

A1: ν1 ν(AlH) 1966.0 (0.9415) 2088.1 (110.2) 2031.6 (100.9) 1952.5 (0.9391) 2079.1 (116.2) 2020.9 (108.4)
[0.9677] {1967.6} [0.9662]

ν2 νs(AlX2) 481.5 (0.9955) 483.7 (45.6) 470.3 (44.0) 366.0 (1.0186) 359.3 (29.7) 349.5 (27.6)
[1.0238] {481.3}[b] [1.0472]

ν3 δ(AlX2) 161.9 (10.6) 159.1 (9.4) 107.7 (2.9) 107.2 (2.4)
B1: ν4 δ(XAlH) 654.5 (0.9801) 667.8 (334.0) 658.0 (288.7) 634.5 (0.9768) 649.6 (286.0) 642.0 (250.9)

[0.9947] {654.5} [0.9883]
ν5 νas(AlX2) 579.5 (0.9872) 587.0 (43.5) 573.7 (58.7) 476.0 (0.9996) 476.2 (90.6) 464.8 (91.6)

[1.0101] {578.9}[b] [1.0241]
B2: ν6 γ(H) 472.5 (1.0166) 464.8 (122.2) 449.5 (102.7) 453.5 (1.0125) 447.9 (92.0) 429.3 (76.3)

[1.0512] {471.8} [1.0564]

[a] Wavenumbers in parentheses were taken from reference[10]. 2 [b] Listed are the wavenumbers concerning the main isotopomers.
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introduction, 1 and 2 were chosen as model compounds for
intramolecularly coordinated group-13 metal azides in or-
der to get first insights into the fragmentation mechanism
of these types of substances. The results reported here dem-
onstrate that the fragmentation of the compounds 1 and 2
are not as simple as it seems at first glance. Further investi-
gations are in progress and we will report on this outcometroscopy in the exhaust gases of the CVD process as shown
shortly.by Eq. 1. [4b] The reverse reaction, the hydroalumination, is

well known in organic and organometallic syntheses; the We are grateful to the Deutsche Forschungsgemeinschaft for gen-
synthesis of 3-(dimethylamino)propylalane is given as an erous financial support and to the Rechenzentrum der RWTH
example (Eq. 4). [6b] Aachen for providing generous computer time. Especially, we would

like to thank T. Eifert and J. Risch for their support, P. Pilgram
for the synthesis of 2, and P. Geisler for the construction of the
thermolysis oven.

However, in none of the thermolysis experiments of com- Experimental Section
pound 1 or 2 did we detect allyldimethylamine in argon

General Remarks: All procedures for syntheses were carried outmatrices. [13] Beside the two dihaloalanes, we identified
under a dry nitrogen atmosphere with standard Schlenk techniques.

CH4,[14] HCN,[15] H2C5CH2,[14a] [16] H2C5NMe,[17]
Solvents were dried by standard procedures, distilled, and stored

[H2CCHCH2]•, [18] and H2C5CHCH3
[19] (see Figure 1). under nitrogen and molecular sieves (4 Å). The reagents Me2N-

One might believe that allyldimethylamine is produced by (CH2)3AlCl2 (1) [6b] and Li(CH2)3NMe2
[8] were prepared according

the thermolyses according to Eq. 3, and because the tem- to the literature procedures. 2 NMR: Varian Unity 500 (ambient
peratures are so high that it is further pyrolyzed. In order temp.; 499.843, 130.195, and 125.639 MHz for 1H, 27Al, and 13C,

respectively); calibrated against residual protons of the deuteratedto prove this speculation, we conducted thermolysis experi-
solvents. 1H- and 13C-chemical shift are reported relative to TMSments with amine/argon mixtures (1:500). The fragmen-
and 27Al-NMR values relative to the external standard [Al(acac)3]tation of the amine begins around 800°C, and at ca. 1150°C
in C6D6. As a result of the electric quadrupole moment of the 27Alwe could not detect any allyldimethylamine in argon ma-
nucleus the carbon atoms bound to aluminum could not be de-trices. All the mentioned above molecules were found, but
tected in the 13C-NMR measurement. 2 Elemental analyses (C, H,

they were produced in different ratios than for the ther- N): Carlo-Erba elemental analyzer, Model 1106. 2 MS: Finnigan
molysis experiments of compound 1 and 2, respectively. MAT 95.
Furthermore, there were new, unidentified IR bands, which

Dibromo[3-(dimethylamino)propyl]aluminum (2): 2.60 g (27.95we have not identified so far. As mentioned before, allyldi-
mmol) of Li(CH2)3NMe2 were added to a solution of 7.45 g of

methylamine was detected in the exhaust gases of the depo- AlBr3 (27.95 mmol) in 50 ml of toluene, and the reaction mixture
sition reaction Eq. 1, and with increasing deposition tem- was stirred overnight. The suspension was filtered, and the solid
peratures increasing amounts of H2C5CH2 and NMe3 were was washed with two 10-ml portions of toluene. After removal of
found; however, we did not find NMe3 amoung the thermo- the solvent in high vacuum, sublimation (50275°C, 1023 mbar)
lyses products of compound 1 and 2. gave 5.51 g of 2 (72%) as a colorless solid, m.p. 982101°C. 2 1H

NMR (C6D6): δ 5 0.35 (t, 3J 5 7.78 Hz, 2 H, AlCH2), 1.16 (pseudoAmong the pyrolysis products, the aluminum halide spe-
quintet, 3J 5 6.71 Hz, 2 H, AlCH2CH2), 1.68 (t, 3J 5 6.41 Hz, 2cies AlX [X 5 Cl: 455.0 (Al35Cl) and 450.0 (Al37Cl) cm21;
H, NCH2), 1.70 (s, 6 H, CH3). 2 13C{1H} NMR (C6D6): δ 5 20.02X 5 Br: 357.5 cm21], AlX2 [X 5 Cl: 564.0 (Al35Cl2) and
(AlCH2CH2), 45.51 (CH3), 62.12 (NCH2). 2 27Al NMR (C6D6):561.5 (Al35Cl37Cl) cm21; X 5 Br: 458.0 cm21], and AlX3
δ 5 139 (h1/2 5 750 Hz). 2 MS (70 eV), m/z (%): 273 (100) [M1],[X 5 Cl: 619.0 (Al35Cl3) and 615.0 (Al35Cl237Cl) cm21; X 5
245 (45) [M1 2 C2H4], 230 (76) [M1 2 C2H5N], 192 [M1 2 Br],

Br: 508.5 cm21] could be unequivocally identified by com- 187 (41) [M1 2 (CH2)3N(CH3)2]. 2 C5H12AlBr2N (272.95): calcd.
parison with known literature data.[20] At this point we will C 22.00, H 4.43, N 5.13; found C 21.66, H 4.50, N 5.11.
not suggest various reaction pathways which explain the

Matrix Isolation: The matrix apparatus consists of a vacuum lineAlXn species, because they would be purely speculative; ob-
(Leybold Turbovac 151; Leybold Trivac D4B) and a Displex CSWviously, further experiments are necessary.
202 cryogenic closed-cycle system (APD Cryogenics Inc.) fitted
with CsI windows. In a typical experiment the starting compound
was kept in a small metal container in high vacuum at constantConclusion
temperature (1026 to 1027 mbar; compound 1: 35250°C; com-
pound 2: 50260°C), while a flow of argon was conducted over theUp to date, only two monomeric aluminum hydrides of
sample (Linde 6.0; flow 5 1.0 sccm; MKS mass flow controllerthe type HnAlX32n (n 5 123) have been characterized, i.e.,
type 1179). Subsequently, this gaseous mixture was passed through

AlH3
[21] and HAlCl2[10]; with HAlBr2 we examined a third an Al2O3 tube (inner diameter of 1 mm; heated by tungsten wire

example. However, it is surprising that the hydrides HAlX2 coiled around the last 10 mm). The hot end of the pyrolysis tube
withstand the rather harsh thermolyses conditions. We hope was just 25 mm away from the cooled CsI window to assure that a
to expand the method described in this paper to get access maximum amount of volatile fragments emerging from the oven

were trapped in the matrix. For the temperature determination ofto new, reactive group-13 molecules. As mentioned in the
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124, c 111321119. 2 [6b] U. Dümichen, K.-H. Thiele, T. Gel-the pyrolysis oven a current-to-temperature relation was measured
brich, J. Sieler, J. Organomet. Chem. 1995, 495, 71275.with a thermocouple (Thermocoax: NiCr/NiAl) inside of the [7] Compound 2 is mentioned in: R. A. Fischer, T. Priermeier, Or-

Al2O3 tube. ganometallics, 1994, 13, 430624314.
[8] K.-H. Thiele, E. Langguth, G. E. Müller, Z. Anorg. Allg. Chem.The concentrations of the samples in the matrices are unknown. 1980, 462, 1522158.
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76, 576725773.2 HAlCl2: 21162.046298 (26.64) for MP2(fc)/623111G(2d, p); [17] [17a] J. Hinze, R. F. Curl, Jr., J. Am. Chem. Soc. 1964, 86,

21163.649857 (25.97) for B3LYP/623111G(2d, p). 2 HAlBr2: 506825070. 2 [17b] I. Stolkin, T.-K. Ha, Hs. H. Günthard,
25387.697127 (24.64) for MP2(fc)/623111G(2d, p); Chem. Phys. 1977, 21, 3272347.

[18] [18a] G. Maier, H. P. Reisenauer, B. Rohde, K. Dehnicke, Chem.25391.474382 (24.01) for B3LYP/623111G(2d, p).
Ber. 1983, 116, 7322740. 2 [18b] J. W. Huang, W. R. M. Gra-
ham, J. Phys, Chem. 1990, 93, 158321596.

[19] L. Andrews, G. L. Johnson, B. J. Kelsall, J. Am. Chem. Soc.[1] D. A. Neumayer, J. G. Ekerdt, Chem. Mater. 1996, 8, 9225,
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New neutral organometallic palladium(II) complexes, obtained upon treating complexes of the type [PdRX(P>N)]
with PPh3 and AgCF3SO3 and consist predominantly of the[PdPhI(PNMe2)] (1), [PdPhI(PC=NMe)] (2), [PdPhI(PC=NEt)]

(3), and [PdMeCl(PNMe2)] (4), {PNMe2 means N,N-dimethyl- trans-P,P isomer in CDCl3 solution, as shown by NMR
spectroscopic studies. The cationic η3-allyl complex [Pd(η3-2-(diphenylphosphanyl)aniline; PC=NMe means N-[2-(di-

phenylphosphanyl)benzylidene]-N-methylamine; PC=NEt all)(PNMe2)]PF6 has also been prepared and characterized,
both in solution and in the solid state. Compoundsmeans N-[2-(diphenylphosphanyl)benzylidene]-N-ethylami-

ne} have been synthesized by oxidative addition of PhI to [PdPhI(PNMe2)] (P21/n), [PdPhI(PC=NMe)] (P1̄), [PdPhI(PC=
NEt)] (P1̄), and [Pd(η3-all)(PNMe2)]PF6 (P1̄) have been[Pd(dba)2] in the presence of the P>N ligand (1–3), or by

substitution reaction on [PdMeCl(COD)] with PNMe2 (4). authenticated by X-ray analysis
Cationic σ-organometallic species [PdR(PPh3)(P>N)]+ are

Introduction ene[7], and the telomerization of butadiene[8]), prompted us
to extend our investigations to this metal center[*].

We have recently synthesized a number of nickel(II) com-
plexes featuring mixed soft-hard coordination spheres[1] [2] [3] Scheme 1
of the types {P2NCl2} and {P2NCl}. The ultimate aim of
this work was the evaluation of these species as potential
catalysts in the oligomerization of olefins (Shell Higher Ole-
fin Process, SHOP[4]). Although the catalytic results turned
out to be unsatisfactory, P>N ligands of the type depicted
in Scheme 1 are expected to exhibit hemilabile behavior

The P>N ligands employed in this work can be expectedwhen coordinated to a soft metal center such like pal-
to exhibit rather different coordinating behavior. While theladium(II) [5]. This feature, coupled with the known ability
PNMe2 ligand clearly contains hard (N) and soft (P) donorof palladium(II) complexes to promote catalytically a series
atoms and forms five-membered metal chelates[9], the iminoof important C2C bond-forming reactions (such as the oli-
nitrogen in PC5NR can be expected to possess appreciablegomerization of olefins[6], copolymerization of CO/ethyl-
soft character (π-acceptor properties) and the ligands
clearly afford six-membered rings upon metal coordination.[°] Corresponding author for crystallographic section.
In this context, it is remarkable that the coordinating ability[°°] Humboldt Stipendiat 2 On leave of absence from Diparti-

mento di Chimica, Ingegneria Chimica e Materiali, Via Vetoio
Coppito Due, I-67010 L9Aquila, Italy, and from Centro di
Studio sulla Stabilità e Reattività dei Composti di Coordina- [*] Preliminary catalytic results indicate that the new complexes re-

ported in this paper, [PdMe(PPh3)(PNMe2)]CF3SO3·C6H6, andzione, CNR, c/o Dipartimento di Chimica Inorganica Metal-
lorganica e Analitica, Università di Padova, Via Marzolo 1, I- [Pd(η3-all)(PNMe2)]PF6, are efficient catalysts in the telomeri-

zation of butadiene with MeOH.35131 Padova, Italy.
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of these imino ligands remains largely unexplored, with the [PdMeCl(COD)][18] (see Eq. 2) (COD 5 1,5 cyclooc-

tadiene), similar to that employed with related P>N li-exception of their behavior towards rhodium(I)[10].
The importance of ligands based on a P,N set of donor gands[11].

atoms is well illustrated by other results obtained, e.g. by
Vrieze with 1-(dimethylamino)-8-(diphenylphosphanyl)- [PdMeCl(COD)] 1 PNMe2 }}}}}R

r.t.

N2, C6H6, 24 h
(2)

naphthalene and 1-(dimethylamino)-3-(diphenylphos-
phanyl)propane[11], and by Venanzi with 2-(2-pyridyl)-4,5- [PdMeCl(PNMe2)] · 0.5 C6H4 1 COD
dimethylphosphinine[12].

Some IR and NMR spectroscopic data of the complexes
[PdRX(P>N)] and of the corresponding free ligands are re-Results and Discussion
ported in Table 1.

The investigated P>N ligands form neutral and cationic Direct evidence for the coordination modes of the ligands
η3-allyl and σ organometallic complexes, characterized as PNMe2, PC5NMe, PC5NEt has been obtained from X-
(i) neutral complexes: [PdPhI(PNMe2)] (1), [PdPhI(PC5 ray analyses of complexes 1, 2, and 3 (see below). The coor-
NMe)] (2), [PdPhI(PC5NEt)] (3), [PdMeCl(PNMe2)] · 0.5 dination of the P>N ligands through both the P and N
C6H6 (4), and (ii) cationic complexes: [PdMe(PPh3)- atoms has also been deduced in solution on the basis of
(PNMe2)]CF3SO3 ·C6H6 (5), [PdPh(PPh3)(PNMe2)]CF3- NMR data, where the resonances of the 31P nucleus and of
SO3 ·0.5 C6H6 (6), [PdPh(PPh3)(PC5NMe)]CF3SO3 · the protons of the amino or imino alkyl groups are shifted
0.5 C6H6 (7), [PdPh(PPh3)(PC5NEt)]CF3SO3 ·0.5 C6H6 towards lower fields than the corresponding resonances of
(8), [Pd(η3-all)(PNMe2)]PF6 (9), where PNMe2 means N,N- the free ligand. NMR data also give useful information
dimethyl-2-(diphenylphosphanyl)aniline, PC5NMe stands about the composition of the reaction product mixtures in
for N-[2-(diphenylphosphanyl)benzylidene]-N-methylamine, CDCl3 solutions. In fact, both reactions 1 and 2 produce
and PC5NEt for N-[2-(diphenylphosphanyl)benzylidene]- only one isomer of complexes 224, while [PdPhI(PNMe2)]
N-ethylamine. (1) is obtained as a mixture of trans P,I and cis P,I isomers

While the phosphanylamine PNMe2 is well-known as a in a 3:1 ratio (Table 1). IR data are less helpful in dis-
ligand from the literature[9] and its reactivity with many me- tinguishing the type of coordination; in fact, the typical C5
tal centers [1] [2] [3][ [13], including palladium(II) [9], has been N stretching bands (at 1637 cm21) of the phosphanyl-im-
widely investigated, only a few rhodium(I)[10], molyb- ines PC5NMe and PC5NEt in the spectra of 2 and 3 are
denum(0)[14], and iridium(I)[15] complexes with PC5NR practically unchanged relative to those of the free ligands.
(R 5 Me, Et) have been produced, and generally speaking, However, at the same time, coordination of the ligand
the coordination chemistry of ligands of this type has yet slightly affects the aromatic C5C stretching values.
to be fully explored. The available data are not helpful in unambiguously es-

tablishing the geometries of [PdPhI(PC5NMe)] and
[PdPhI(PC5NEt)], which are present as single isomers in

Synthesis and Characterization of the Neutral σ Organometallic
solution. As a matter of fact, upon crystallization, the trans-Complexes [PdRX(P>N)]
P,I isomer is obtained. In contrast to these cases, the assign-
ment of the molecular structure as trans-P,Cl in solution isTwo routes have been followed for the synthesis of com-
possible for [PdMeCl(PNMe2)] · 0.5 C6H6 by virtue of theplexes [PdPhI(PNMe2)] (1), [PdPhI(PC5NMe)] (2),
3JPH coupling constant value[11].[PdPhI(PC5NEt)] (3), and [PdMeCl(PNMe2)] · 0.5 C6H6

(4), depending on the type of organic group. The phenyl
complexes [PdPhI(P>N)] were prepared by oxidative ad-
dition of iodobenzene to the palladium(0) complex

Synthesis and Characterization of the Cationic Palladium(II)
[Pd(dba)2] [16] (dba 5 dibenzylideneacetone) in the presence Complexes
of the P>N ligand (see Eq. 1)[17].

The cationic complexes of the type [PdR(PPh3)(P>N)]1
[Pd(dba)2] 1 PhI 1 P>N }}}}}R

50°C, 45 min

N2, THF
(1)

(with CF3SO3
2 as the counterion), [PdMe(PPh3)(PN-

Me2)]1 ·C6H6 (5), [PdPh(PPh3)(PNMe2)]1 · 0.5 C6H6 (6),[PdPhI(P>N)] 1 2 dba
[PdPh(PPh3)(PC5NMe)]1 · 0.5 C6H6 (7), [PdPh-
(PPh3)(PC5NEt)]1 · 0.5 C6H6 (8), were synthesized by ad-The complexes [PdPhI(P>N)] were obtained as colored

powders (yellow or pink-yellow) after filtration of the reac- ding an AgCF3SO3/PPh3 solution in Me2CO to a CH2Cl2
solution of the corresponding neutral precursortion mixture through Celite to eliminate metallic Pd, con-

centration of the filtrate to dryness, and repeated washing [PdRX(P>N)] at 0°C (see Eq. 3). Removal of the silver salt
by filtration and recrystallization of the product fromwith Et2O. No further recrystallization was necessary and

crystals suitable for X-ray analysis could be grown by slow CH2Cl2, C6H6, and Et2O afforded the pure products as
white or off-white powders. Complexes 528 are stable inevaporation of the solvent from Me2CO/MeOH solutions.

The methyl complex [PdMeCl(PNMe2)]·0.5C6H6 (4) was the solid state, but they tend to decompose slowly in solu-
tion (over a period of days).prepared by a substitution reaction on the complex
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Table 1. Selected IR and NMR absorptions of complexes [PdRX(P>N)] and of the corresponding free ligands

ν[a] (cm21) δ[b] (ppm), J (Hz)
C5C C5N CH2 CH3 Harom HC5N 31P{1H}

Complex 1 1574 3.40 (s)[c], 3.66 (s) 6.6326.72 (m), 24.3(s)[c],
6.8826.99 (m), 37.3 (s)
7.2227.89 (m)

PNMe2 1570 2.58 (s) 6.5027.50 (m) 216.2 (s)
Complex 2 1562 1637 4.00 (s) 6.3826.68 (m), 8.00 (bs) 23.6 (s)

7.0427.68 (m)
PC5NMe 1582 1640 3.38 (d) 3JHH 5 1.8 6.8026.97 (m), 8.8528.95 (m) 214.0 (s)

7.1327.48 (m), 4JPH 5 4.8
7.8928.05 (m)

Complex 3 1561 1637 4.42 (q) 3JHH 5 1.22 (t) 3JHH 5 7.3 6.4026.68 (m), 8.00 (bs) 21.6 (s)
7.3 6.9927.70 (m)

PC5NEt 1583 1637 3.49 (qd) 4JHH 5 1.10 (t) 3JHH 5 4.4 6.7526.95 (m), 8.8428.93 (m) 213.3 (s)
1.5, 3JHH 5 4.4 7.1327.56 (m), 4JPH 5 4.8

7.9128.03 (m)
Complex 4 1583 0.78 (d, Pd2CH3) 3JHP 5 2.9; 7.1327.81 (m) 35.6 (s)

3.15 [s, N(CH3)2]

[a] In KBr: C5C refers to the aromatic C5C stretching, while C5N refers to the C5N stretching. 2 [b] In CDCl3. 2 [c] More abun-
dant isomer.

In the 31P{1H} spectrum of complex 6 (Figure 2), the AB[PdRX(P>N)] 1 AgCF3SO3 1 PPh3 }}}}}R
0°C, 45 min

CH2Cl2, Me2CO
(3)

system (2JPP 5 372 Hz) is associated with the trans species,
while the AX system (2JPP 5 24 Hz) is associated with the[PdR(PPh3)(P>N)]CF3SO3 1 AgX
cis species.

The more stable allyl complex [Pd(η3-all)(PNMe2)]PF6

(9) was obtained as a cream-coloured powder following a Figure 2. 31P{1H}-NMR spectrum of the mixture of isomers of
complex 6different synthetic procedure, employing [Pd(η3-all)Cl]2 [19],

two equivalents of the ligand PNMe2, and a large excess of
KPF6 (see Eq. 4).

[Pd(η3-all)Cl]2 1 PNMe2 1 2 KPF6 }}}}}R
r.t.

CH2Cl2, 3 h
(4)

2 [Pd(η3-all)(PNMe3)]PF6 1 2 KCl

All the cationic complexes have been characterized by
means of the usual physicochemical techniques. Molar con-
ductivity values of 152 ohm21cm2mol21 (see Experimental
Section) confirm that they are uni-univalent electrolytes[20]

and the presence of the anions CF3SO3
2 and PF6

2 is con-
firmed by very sharp, intense bands in their solid-state IR
spectra at 1265 cm21 [ν(S2O)] and 834 cm21 [ν(P2F)],
respectively[21].

In the case of complexes [PdR(PPh3)(P>N)]1, the pres-
ence of two nonequivalent 31P nuclei and the value of their
coupling constants[22] (Table 2) permits the assignment of On the basis of these findings, and the values reported in

Table 2, it can be stated that the phosphanyl-imino com-their molecular structures in CDCl3 solution. This is fortu-
nate, since no crystal structure could be determined. Thus, plexes 7 and 8 exhibit only the trans configuration.

The methyl σ organometallic cationic complex [PdMe-the 31P{1H} spectrum of [PdPh(PPh3)(PNMe2)]1 is very in-
formative and the complex is found to consist of a mixture (PPh3)(PNMe2)]1 (5) gives rise to an interesting 1H-NMR

spectrum, which indicates the presence of the two expectedof isomers (Figure 1), the trans isomer being prevalent
(82%) (the terms cis and trans refer here to the mutual P po- isomers; while the cis species is stereochemically rigid at

room temperature [the signal of the methyl group bound tositions).
palladium(II) of this isomer appears as a doublet of dou-

Figure 1. The trans and cis isomers of complex 6 blets at δ 5 0.67 with 3JHP 5 2.2 and 6.6 Hz] (Figure 3a),
the trans species is stereochemically nonrigid. Broad signals
at δ 5 0.53 (Figure 3a) and δ 5 2.87 can be attributed to
the protons of the methyl group bound to palladium(II)
and of the methyl groups of the dimethylamino ligand,
respectively. This isomer is the prevalent species, as deduced
from integration of the signals. In the 31P{1H} spectrum,
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Table 2. NMR absorptions of the palladium(II) cationic complexes

δ (ppm)[a], J (Hz)
Complex CH2 CH3 Harom CH 31P{1H}

5 0.53 (bs, Pd2CH3 trans), 0.67 6.9027.97 (m) 23.8 (d, cis) 2JPP 5 26,
(dd, Pd2CH3 cis) 3JHP 5 2.2, 40.1 (d, cis) 2JPP 5 26
6.6; 2.87 [bs, N(CH3)2 trans];
3.25 [s, N(CH3)2 cis]

6 2.76 (bs), 2.94 (s) 6.1626.67 (m), 18.4 (d, trans) 2JPP 5 372,
6.9127.97 (m) 24.4 (d, trans) 2JPP 5 372;

20.5 (d, cis) 2JPP 5 24,
27.7 (d, cis) 2JPP 5 24

7 2.87 (s) 6.3026.49 (m), 8.21 (bs) 20.1 (d, trans) 2JPP 5 376,
6.6526.79 (m), 21.6 (d, trans) 2JPP 5 376
6.8828.05 (m)

8 3.03 (q) 0.54 (t) 3JHH 5 7.3 6.3226.53 (m), 8.33 (bs) 17.8 (d, trans) 2JPP 5 389,
3JHH 5 7.3 6.6926.80 (m), 22.2 (d, trans) 2JPP 5 389

7.0027.92 (m)
9 3.45 (s) 6.4026.68 (m), 2.9023.80 (m, H3,,H39)[b], 2141[c] (sept, JPF 5 708)

6.9927.70 (m) 4.17 (dd, H1) 3JHP 5 9.5, 33.6 (s)
3JHH 5 13.9, 4.95 (dd, H19)
3JHP 5 5.3, 3JHH 5 7.7,
5.8026.15 (m, H2)

[a] In CDCl3. 2 [b] H19H1C1C2H2C3H39H3, where C1 is trans to P. 2 [c] In CD3CN.

Figure 3. (a) 1H-NMR signals of the methyl groups bound to palla- group bound to palladium(II) (Figure 3b) becomes a triplet
dium(II) of the mixture of isomers of complex 5 at 25°C; (b) 1H- at δ 5 0.30 with 3JHP 5 6.5 Hz, this value being of the
NMR signals of the methyl groups bound to palladium(II) of the

same order as the corresponding value of 5 Hz observed inmixture of isomers of complex 5 at 220°C
the 1H-NMR spectrum of trans-[PdMeI(PPh3)2] [23].

We speculate that at low temperature (220°C) the trans
species is undissociated. When the temperature is increased,
a fast dissociation process takes place so that the triplet,
arising from the coupling of the protons of the methyl
bound to palladium(II) with the two 31P nuclei, merges into
one very broad singlet. Considering the high trans effect of
the phosphane group and the stabilization of the P>N li-
gand due to the chelate effect, we postulate that this dis-
sociation process involves the PPh3 ligand, leading to a T-
shaped intermediate (Figure 4).

Figure 4. Dissociation of the PPh3 group and formation of a T-
shaped intermediate in the case of trans-[PdMe(PPh3)(PNMe2)]1

The complex [Pd(η3-all)(PNMe2)]PF6 is also stereochem-
ically nonrigid in CDCl3 as a consequence of a selective
syn-anti interchange of the allyl protons trans to the NMe2

group through the usual η32η12η3 interconversion process
(Scheme 2).

This fluxional phenomenon has been observed pre-
viously[24]. The PPh2 group weakens the trans Pd2CH2

bond, thus promoting the opening of the allyl ring and, by
rotation about the σ bonds, the interchange of the syn-antionly the cis isomer gives rise to well-defined, sharp signals

(2JPP 5 26 Hz). H3 and H39 protons.
The relevant signal is not discernible in the 1H-NMRLowering of the temperature blocks the stereochemical

nonrigidity of the trans species and at 220°C the AB sys- spectrum owing to its partial overlap with that of the
N(CH3)2 group (Figure 5) and only a broad absorption cantem of the stereoisomer eventually appears (δ 5 27.0 and

δ 5 31.7 with 2JPP 5 375 Hz). The signal of the methyl be observed. On the contrary, the signals of the other three
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Scheme 2

protons (Figure 6) are well defined: the multiplet between
Figure 6. Signals of protons H1, H19, and H2 in the 1H-NMR spec-

δ 5 5.80 and δ 5 6.15 is due to the central allyl proton H2, trum of complex 9 in CDCl3
while the two doublets of doublets at δ 5 4.95 (3JHH 5 7.7
Hz and 3JHP 5 5.3 Hz) and at δ 5 4.17 (3JHH 5 13.9 Hz
and 3JHP 5 9.5 Hz) can be assigned to H1 (anti in relation
to H2) and H19 (syn in relation to H2), respectively, on the
basis of the magnitudes of the coupling constants[25].

Figure 5. Overlapping of the signals of the protons of the N(CH3)2
group and of the protons H3 and H39 in the 1H-NMR spectrum of

complex 9 in CDCl3

X-ray Structure

The unique portion of the unit cells is different in com- Figure 7. Molecular structure of 1. H atoms have been omitted for
pounds 1, 2, 3 · 3/2 H2O, and 9. In 1, the asymmetric unit clarity. Thermal ellipsoids are shown at the 40% probability level
consists of a single molecule of the neutral complex
[PdPhI(PNMe2)] (Figure 7), while two molecules of
[PdPhI(PC5NMe)] are present in 2 (Figure 8). In 3 · 3/2
H2O, the unique portion comprises two molecules of
[PdPhI(PC5NEt)], along with three molecules of water
(Figure 9), and in 9 two molecules of the salt [Pd(η3-
C3H5)(PNMe2)]PF6 are likewise present (Figure 10). In 2,
3 · 3/2 H2O, and 9, the geometries shown by the two such
independent and chemically well-separated molecules are
practically superimposable (Figure 11), the differences be-
ing restricted to minor features only. This is also confirmed
by the fact that no bond distance differs by more than two
standard deviations in any of these molecule pairs. Hence,
in the present discussion, all geometrical parameters refer
to the mean values.

In 1 and 9, the bidentate P>N ligand coordinates to pal-
ladium(II) forming a five-membered chelate ring, which ad-
opts a somewhat envelope-like (Cs) conformation (pertinent
torsion angles in the range from 216.1° to 116.1°). The
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Figure 8. The asymmetric unit of 2. H atoms have been omitted for clarity. Thermal ellipsoids are shown at the 40% probability level

Figure 9. The asymmetric unit of 3 · 3/2 H2O. H atoms have been omitted for clarity. The C(99) atom obscures N(19).

Figure 10. The asymmetric unit of 9. H atoms have been omitted for clarity
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Figure 11. Superimposition of the two independent moieties of 2, roughly orthogonal to the mean coordination plane (di-
3 · 3/2 H2O, and 9. Weighted root mean square deviation of 0.02, hedral angle of 82.1°).
0.05, and 0.03 Å, respectively, when fitting is performed on the

In 2 and 3 · 3/2 H2O, the P>N ligand forms a six-mem-labelled atoms
bered chelate ring with the palladium(II) center. In this ar-
rangement, the Pd and N(1) atoms in 2 deviate by 11.56 Å
and 10.49 Å from the mean plane defined by the eight
atoms P(1), C(1)2(7). The corresponding values in 3 · 3/2
H2O are 11.41 and 10.32 Å. The latter plane forms di-
hedral angles (“elbow angles”) of 55.8° and 53.9° with the
coordination plane in 2 and 3 · 3/2 H2O, respectively. In
turn, the Ph ligand forms a dihedral angle with the coordi-
nation plane of 72.0° (in 2) and of 75.3° (in 3 · 3/2 H2O).
The “bite” distances and angles match those found in 1 and
9 [2.95(1) Å, 84.0(2)° in 2 and 3.00(1) Å, 85.8(2)° in 3 · 3/
2 H2O].

The donor atoms deviate from the mean coordination
plane by ±0.04 Å in 1, ±0.07 Å in 2, ±0.04 Å in 3 · 3/2 H2O,
and ±0.06 Å in 9, with the palladium(II) correspondingly
out by 0.02, 0.02, 0.04, and 0.09 Å. In all the complexes,
the major departure from the ideal square-planar geometry
is manifested in the “bite” angle. From comparison of the
distances with reference values obtained from the Cam-
bridge Structural Database[26], the following comments can
be made: (i) The PdII2I distance (mean 2.654 Å) is consist-
ent with both the reference value (2.639 Å) derived from
164 observations and the sum of the covalent radii (1.33
1 1.31 Å) [27]; (ii) the PdII2P distance in the three neutral
complexes (mean 2.228 Å), which is slightly shorter than
that in the allyl cationic complex (2.260 Å), is remarkably
shorter than the PdII2PPh3 bond reference value (2.302 Å)
encountered in 248 entries, and falls at the short end of a
wide range (2.2122.46 Å); (iii) the PdII2CPh distance
(mean 2.015 Å) matches the reference value (2.013 Å) de-
rived from 34 observations, and (iv) the PdII2N distance in
1 (2.252 Å) is considerably longer than the corresponding
distances in 2 and 3 · 3/2 H2O (mean 2.17 Å), which may
be ascribed to the different environment of the nitrogen.
Accordingly, on going from a five- to a six-membered che-
late ring, the Pd2N(sp3)2C angle (113.6°) widens to the
mean value of 125.5° observed for Pd2N(sp2)5C.

The packing observed for the four complexes does not
show intermolecular contacts shorter than the sum of the
van der Waals9 radii, the shortest I2H approach being 3.1
Å. The opportunity for hydrogen bonding seems to be re-
stricted to that between the water molecules of 3 · 3/2 H2O,
which show O2O separations of 2.8 Å.

coordination sphere of 1 is completed by an iodide and a
phenyl ligand, whereas the remaining coordination posi- Conclusions
tions in 9 are occupied by the η3-allyl ligand. In the latter
compound, the coordination plane can be defined by the The phosphanyl-amine PNMe2 and the phosphanyl-im-

ines PC5NMe and PC5NEt are able to stabilize or-P,N donor atoms and by the terminal carbon atoms of the
allyl group, the central carbon atom residing 0.50 Å above ganometallic neutral and cationic palladium(II) complexes,

acting as chelating bidentate ligands via their P and N do-this plane. The mean plane defined by the eight atoms P(1),
C(1)2(6), N(1) forms dihedral angles of 5.4° and 5.1° with nor atoms, forming five- or six-membered rings with the

metal center in the expected manner.the mean coordination plane in 1 and 9, respectively. The
P2N “bite” distance and the P2Pd2N angle are 3.00(1) Å The neutral complexes [PdRX(P>N)] are stable species,

both in solution and in the solid state. The phenyl com-and 85.1(3)° in both complexes. The Ph ligand in 1 is
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under N2. After 15 min, a white solid began to precipitate. Afterplexes [PdPhI(P>N)] and [PdMeCl(PNMe2)] exist as the
24 h, the pale-yellow mixture was filtered and the white solid wastrans-P,I isomer in the solid state, as indicated by X-ray
collected, washed with C6H6 and Et2O, and dried in vacuo. Theanalysis, as well as trans-P,Cl isomer in solution, as deduced
filtrate was concentrated under a flow of N2 and upon addition offrom the 1H-NMR spectrum in CDCl3.
Et2O a precipitate was formed. This was filtered off, washed withThe σ organometallic cationic complexes [PdR(PPh3)-
Et2O and a small volume of THF, and dried in vacuo.

(P>N)]1 can be obtained by the reaction of the neutral pre-
Synthesis of 528 2 General Procedure: To a solution of the neu-cursor with PPh3 and AgCF3SO3 and exist in solution

tral complex [PdRX(P>N)] (0.41 mmol) in 5 ml of CH2Cl2 at 0°Cmainly as trans-P,P species. In particular, a fluxional be-
under N2, a solution containing 0.108 g of PPh3 (0.41 mmol) andhavior is observed for trans-[PdMe(PPh3)(PNMe2)]1, prob-
0.106 g of AgCF3SO3 (0.41 mmol) in 3 ml of Me2CO was added

ably due to the dissociation of a PPh3 molecule. The η3- dropwise, resulting in immediate silver halide precipitation. After
allyl complex [Pd(η3-all)(PNMe2)]PF6, obtained from the 45 min., the mixture was concentrated under a flow of N2 and
dimer [Pd(η3-all)Cl]2 and a stoichiometric amount of filtered, and the solvent was removed from the filtrate in vacuo.
PNMe2 in the presence of excess KPF6, also exhibits The residue was redissolved in CH2Cl2 and upon addition of Et2O
fluxional behavior in CDCl3 solution, owing to the selective a precipitate was deposited, which was separated from the solution

by decantation of the supernatant and redissolved in a smallinterchange of the protons of the CH2 group trans to the
amount of CH2Cl2. Addition of C6H6 and Et2O under vigorousphosphorus of the diphenylphosphanyl group.
stirring caused the formation of a solid, which was filtered off,Comparison of the crystal structure of [Pd(η3-
washed with C6H6 and Et2O, and dried in vacuo.all)(PNMe2)]PF6 with those of the neutral complexes con-

Synthesis of 9: To a solution of 0.130 g of [Pd(η3-all)Cl]2 (0.36taining the phosphanyl-imines PC5NMe and PC5NEt re-
mmol) in 10 ml of CH2Cl2 was added 0.265 g of KPF6 (1.44 mmol)veals moderate differences relating to the size of the chelate
followed by 0.282 g of the ligand PNMe2 (0.40 mmol), and thering in terms of bond lengths and the “bite” angle
yellow mixture was stirred at room temperature. After 3 h, the col-P2Pd2N.
orless mixture was filtered and the filtrate was concentrated under

This work was partially supported by Progetto Strategico “Tec- reduced pressure. Addition of Et2O caused the formation of a white
nologie Chimiche Innovative”, Consiglio Nazionale delle Ricerche. precipitate, which was filtered off, washed with Et2O, and dried in
Benedetto Corain is grateful to the Alexander von Humboldt Foun- vacuo. The solid was recrystallized from MeCN and Et2O and
dation for supporting his activities at the TU München. dried in vacuo. Crystals suitable for X-ray analysis were grown

by slow evaporation of the solvent from CH2Cl2/EtOH/Et2O
solutions.

Experimental Section
[PdPhI(PNMe2)] (1): Yield 0.574 g (85%). 2 IR (KBr): ν̃ 5

General: All chemicals and solvents were of analytical grade and 3055 m cm21, 1574 m, 1469 s, 1433 s, 743 vs, 691 s, 500 vs. 2
were used as received unless otherwise stated. Anhydrous Et2O and C26H25INPPd (615.79): calcd. C 50.71, H 4.10, N 2.28; found C
C6H6 were distilled from potassium/benzophenone under N2; anhy- 49.03, H 4.03, N 2.02.
drous THF was freshly distilled from potassium/benzophenone un-

[PdPhI(PC5NMe)] (2): Yield: 0.637 g (94%). 2 IR (KBr): ν̃ 5der N2. The complexes [Pd(dba)2] [16], [PdMeCl(COD)][18], [Pd(η3-
3050 m cm21, 1637 m (C5N), 1562 m, 1478 m, 1434 s, 739 s, 688all)Cl]2 [19] and the ligands PNMe2

[9], PC5NR (R 5 Me, Et)[10]

s. 2 C26H23INPPd (613.79): calcd. C 50.88, H 3.78, N 2.28; foundwere synthesized according to literature procedures. 2 IR: Mattson
C 50.73, H 4.01, N 2.13.3030 Fourier transform spectrometer. 2 1H and 31P{1H} NMR:

Bruker AC-200 (200 MHz for 1H and 80.9 MHz for 31P). Typical [PdPhI(PC5NEt)] (3): Yield: 0.421 g (61%). 2 IR (KBr): ν̃ 5
NMR samples were prepared by dissolving the complexes (20 mg) 3043 m cm21, 1637 m (C5N), 1561 m, 1467 m, 1434 s, 727 vs, 691
in 0.4 ml of the deuterated solvent. For 1H NMR, CDCl3 as sol- vs. 2 C27H25INPPd (627.82): calcd. C 51.65, H 4.02, N 2.23; found
vent, TMS as internal standard; for 31P{1H} NMR, CDCl3 as sol- C 51.00, H 3.99, N 2.03.
vent, 85% aqueous H3PO4 as external standard. 2 Conductivity

[PdMeCl(PNMe2)] ·0.5 C6H6 (4): Yield: 0.074 g (78%). 2 IR
measurements: Amel conductimeter Model 131, ca. 1023  solu-

(KBr): ν̃ 5 3049 w cm21, 1583 w, 1480 s, 1436 s, 748 s, 694 s, 502
tions in MeCN at 25°C. 2 Elemental analyses (C, H, N): Fisons

s. 2 C21H23ClNPPd·0.5 C6H6 (501.33): calcd. C 57.50, H 5.24, N
EA 1108 elemental analyzer.

2.79; found C 55.32, H 5.15, N 2.69.
Synthesis of 123 2 General Procedure: To a blood-red solution

[PdMe(PPh3)(PNMe2)]CF3SO3 · C6H6 (5): Yield: 0.252 g
of 0.633 g of [Pd(dba)2] (1.1 mmol) in 90 ml of dry THF at 50°C

(67%). 2 IR (KBr): ν̃ 5 3053 w cm21, 1593 w, 1502 m, 1435 m,
under N2, a stoichiometric amount of the P>N ligand and 520 µl

1273 vs (S2O), 693 s, 636 s. 2 ΛM (MeCN): 150 ohm21cm2mol21.
of PhI (4.4 mmol, d 5 1.73 g/ml) were added, and the mixture was

2 C40H38F3NO3P2PdS · C6H6 (916.31): calcd. C 60.29, H 4.85, N
stirred under N2 at the same temperature. After 45 min, the yellow-

1.53, S 3.50; found C 60.93, H 5.56, N 1.63, S, 3.36.
green mixture was concentrated under a flow of N2 and filtered

[PdPh(PPh3)(PNMe2)]CF3SO3 · 0.5 C6H6 (6): Yield: 0.362 gthrough Celite. The solvent was removed from the filtrate under
(94%). 2 IR (KBr): ν̃ 5 3056 m cm21, 1564 m, 1473 m, 1437 s,reduced pressure and the residue was washed several times with
1263 vs (S2O), 691 s, 637 s. 2 ΛM (MeCN): 152 ohm21cm2mol21.Et2O until the washings were colorless. The residual solid was then
2 C45H40F3NO3P2PdS ·0.5 C6H6 (939.32): calcd. C 61.37, H 4.62,dried in vacuo. Crystals suitable for X-ray analysis were grown by
N 1.48, S 3.41; found C 61.70, H 5.25, N 1.60, S 3.38.slow evaporation of the solvent from Me2CO/MeOH solutions

(Crystals of complex 3 from Me2CO/MeOH/H2O solutions). [PdPh(PPh3)(PC5NMe)]CF3SO3 · 0.5 C6H6 (7): Yield: 0.361
g (94%). 2 IR (KBr): ν̃ 5 3052 m cm21, 1641 m (C5N), 1564Synthesis of 4: To a solution of 0.508 g of [PdMeCl(COD)] (0.19

mmol) in 60 ml of dry C6H6 under N2, was added 0.058 g of the m, 1482 m, 1435 s, 1261 vs (S2O), 693 s. 2 ΛM (MeCN): 152
ohm21cm2mol21. 2 C45H38F3NO3P2PdS ·0.5 C6H6 (937.3): calcd.phosphanyl-amine PNMe2 (0.19 mmol) and the mixture was stirred
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Table 3. Crystal data and summary of data collection and refinement for [PdPhI(PNMe2)] (1), [PdPhI(PC5NMe)] (2), [PdPhI(PC5

NEt)] · 3/2 H2O (3 · 3/2 H2O), and [Pd(η3-C3H5)(PNMe2)]PF6 (9)

1 2 3 · 3/2 H2O 9

Empirical formula C26H25INPPd C26H23INPPd C27H28INO1.5PPd C23H25F6NP2Pd
Form. weight 615.74 613.72 654.77 597.78
Crystal system monoclinic triclinic triclinic triclinic
Space group P21/n P1̄ P1̄ P1
a [Å] 9.283(2) 9.200(6) 11.972(4) 9.042(2)
b [Å] 16.645(4) 16.067(10) 15.356(5) 10.980(3)
c [Å] 15.542(4) 16.147(9) 15.874(6) 14.408(3)
α [°] 90 92.86(5) 105.03(3) 72.11(2)
β [°] 94.06(2) 90.95(5) 90.03(3) 71.86(2)

γ [°] 90 96.27(5) 96.63(3) 65.75(2)
V [Å3] 2395.5(10) 2369(3) 2798(2) 1212.6(5)
Z 4 4 4 2
Dcalcd [Mg/m3] 1.707 1.721 1.554 1.637
µ [mm21] 2.143 2.167 1.843 0.955
λ [Å] 0.71073 0.71073 0.71073 0.71073
obsd. refl. 2512 5059 6798 2672
R1, Rw2[a] 0.0404, 0.1016 0.0469, 0.1211 0.0727, 0.2012 0.0398, 0.0997
GooF[b] 1.063 1.059 1.105 1.058

[a] R1 5 ΣiFou 2 uFci/ΣuFou; Rw2 5 [Σ[w(Fo
2 2 Fc

2)2]/Σ[w(Fo
2)2]]1/2. 2 [b] GooF 5 [Σ[w(Fo

2 2 Fc
2)2]/(Nobs 2 Npar)]1/2.

Table 4. Selected bond lengths [Å] and angles [°] for 1, 2[a], 3 · 3/2 H2O[a], and 9[a]

1 2 3·3/2H2O 9

Pd2I(1) 2.655(1) 2.664(2) 2.671(2) 2.628(1) 2.651(1)
Pd2P(1) 2.208(2) 2.232(2) 2.239(2) 2.228(2) 2.235(3) 2.257(4) 2.263(5)
Pd2N(1) 2.252(5) 2.169(6) 2.172(6) 2.176(8) 2.166(8) 2.17(1) 2.17(1)
Pd2C(9) 2.029(6) 2.007(8) 2.026(7) 2.26(2) 2.19(2)
Pd2C(10) 2.007(8) 2.026(7) 2.15(2) 2.14(2)
P(1)2C(1) 1.819(6) 1.835(7) 1.828(7) 1.826(9) 1.830(9) 1.84(2) 1.85(2)
N(1)2C(6) 1.464(9) 1.26(1) 1.28(1) 1.47(2) 1.50(2)
N(1)2C(7) 175.6(1) 175.4(1) 1.29(1) 1.25(1)
I(1)2Pd2P(1) 177.7(1) 175.6(1) 175.4(1) 178.3(1) 178.9(1)
I(1)2Pd2N(1) 97.3(1) 94.6(2) 94.1(2) 94.0(2) 95.6(2)
I(1)2Pd2C(9) 90.2(2) 89.8(2) 89.6(2) 88.0(2) 87.3(3)
P(1)2Pd2N(1) 84.9(1) 84.2(2) 83.8(2) 86.2(2) 85.5(2) 85.2(3) 85.1(3)
P(1)2Pd2C(9) 87.7(2) 91.6(2) 92.7(2) 167.4(6) 167.4(6)
P(1)2Pd2C(10) 91.8(3) 91.6(3) 137.1(9) 137.0(8)
P(1)2Pd2C(11) 101.6(6) 102.0(6)
N(1)2Pd2C(9) 171.7(2) 174.9(3) 175.2(3)
N(1)2Pd2C(10) 175.9(3) 174.7(4) 136.5(9) 136.7(9)
N(1)2Pd2C(11) 173.0(7) 172.4(7)
Pd2P(1)2C(1) 103.4(2) 105.7(3) 105.7(2) 106.4(3) 107.3(3) 100.8(5) 100.8(5)
Pd2N(1)2C(6) 112.6(4) 113.0(9) 112.6(9)
Pd2N(1)2C(7) 127.7(6) 126.7(5) 123.3(7) 124.7(7)

[a] Since the asymmetric unit contains two independent molecules, two values are reported for each entry.

C 61.50, H 4.42, N 1.50, S 3.42; found C 60.74, H 4.59, N 1.32, ferred to a Siemens Nicolet R3m/V four-circle automated dif-
fractometer. Using graphite-monochromated Mo-Kα radiation, ac-S 3.31.
curate cell parameters were determined and diffraction intensities[PdPh(PPh3)(PC5NEt)]CF3SO3 · 0.5 C6H6 (8): Yield: 0.316 g
(up to Θ 23°) were measured. Two standard reflections were meas-(81%). 2 IR (KBr): ν̃ 5 3056 m cm21, 1640 m (C5N), 1563 m,
ured after every 150 data points to check for crystal deterioration1501 m, 1436 s, 1263 vs (S2O), 694 s, 636 s. 2 ΛM (MeCN): 156
and/or misalignment. No significant deterioration in intensity wasohm21cm2mol21. 2 C46H40F3NO3P2PdS ·0.5 C6H6 (951.33): calcd.
observed. Data were corrected for Lorentz, polarization and ab-C 61.86, H 4.57, N 1.47, S 3.37; found C 61.25, H 4.86, N 1.37,
sorption (using ψ scans) effects.S 3.19.

The crystals of 3 · 3/2 H2O were found to be slightly sensitive to
[Pd(η3-all)(PNMe2)]PF6 (9): Yield: 0.200 g {93% based on X-rays (decay of up to 19% during data collection) and decom-

[Pd(η3-all)Cl]2}. 2 IR (KBr): ν̃ 5 3061 w cm21, 1583 w, 1474 m, posed after prolonged irradiation. Consequently, the empirical ab-
1439 m, 834 vs (P2F), 556 s. 2 ΛM (MeCN): 183 ohm21cm2mol21. sorption correction was not applied. No unusually high correlation
2 C23H25F6NP2Pd (597.83): calcd. C 46.20, H 4.22, N 2.34; found values were noted between any of the variables in the last cycle of
C 46.35, H 4.30, N 2.38. full-matrix least-squares refinements on F2 and the final difference

maps were essentially featureless. Programs used and the sourcesX-ray Crystal Structure Determinations: The crystals were
mounted on glass fibres, coated with epoxy resin, and were trans- of scattering factors are contained in the SHELXTL (PC version
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Ab initio quantum-chemical investigations are used to a bridged structure. The phenyl ion affinity toward P2 has
been determined and suggests that the phenyldiphos-outline the main differences between the phenyldiazonium

cation [PhN2]+ (1a,b) and its P analogue [PhP2]+ (2a,b). Our phonium cation should be stable in the gas phase and that it
is probably accessible by reaction between P2 and Ph+.results show that in contrast to 1, 2b exists preferentially as

Introduction [PhP2]1 cations, so as to permit more considered interpre-
tation of these geometrical preferences.

The theoretical, structural and synthetic aspects of di-
azonium ions, [RN2]1, have been comprehensively studied

Computational Methodsand discussed in numerous monographs and reviews.[1] In
contrast, data on the chemistry of their phosphorus anal-

Ab initio calculations were performed using Gaussian 94/ogues is much more limited. Thus, the sterically crowded
DFT.[6] [7] The optimization and the vibrational analysissalts [Ar*NP]1 X2 (Ar* 5 2,4,6-tBu3C6H2) are the only
were carried out at the RHF/6-31 G (d,p) level of theorycompounds isolated to date containing the phosphoazon-
with the inclusion of dynamic electron correlation at theium (phosphanetriylammonium) cation. [2] The area of the
MP2 (full)/6-31 G (d,p) level, as well as with density func-respective diphosphonium (phosphanetriylphosphonium)
tional theory[8] using the hybrid Becke 3LYP[9] method incations, [RP2]1, is even less well explored. Mass-spectro-
conjunction with the 6-31 G (d,p) basis set. The vibrationalmetric evidence has been presented for the formation of the
zero-point energies determined at the MP2 level and with[iPr2NP2]1 cation,[3] but the characterization of this species
the DFT method[10] are known to be accurate and wereby other physicochemical methods has yet to be ac-
used unscaled. Graphical representations of the nature ofcomplished. The closest approach to [RP2]1 cations has
the molecular orbitals were obtained using the Molden pro-been our work on protonated P-aminodiphosphenes, Ar*
gram.[11]

2P5P2NR2.[4] We succeeded in the synthesis of the do-
nor-stabilized arenediphosphonium cation, [Ar*PP-
(PPh3)]1, but the free cation was found to be unstable and Results and Discussion
could not be directly observed in solution. It is evident that
further synthetic design of diphosphonium ions requires a Phosphorus analogues of alkyldiazonium ions have re-

cently been investigated theoretically by Glaser.[5c] [5d] [5e] Indetailed theoretical examination of the electronic structure
of these species and of the electronic influence of the sub- these reports, different geometric structures are advanced

for RP2
1, based on energetic considerations of a pro-stituent R on the stability and structure of the molecule.

Earlier theoretical investigations on phosphorus analogues tonation process on the one hand, and a clear polarization
of the P2 fragment upon electrophilic attack on the other.of diazonium ions based on ab initio calculations focused

on the protonated [HP2]1 [5a] and methyl-substituted However, no information is provided concerning the phen-
yldiphosphonium ion. In this work, we present the first[MeNP]1, [MePN]1 and [MeP2]1 species. [5b] [5c] [5d] [5e] For

the latter, the end-on structure appeared to be favoured. theoretical investigation concerning the phenyl-substituted
ion and its electronic characteristics.This fact could be rationalized in terms of a preference for

a carbon coordination number of four. However, this hy- Our theoretical approximation is more than adequate
considering the large size of the molecule. Glaser[12] notedpothesis does not explain the end-on geometry adopted in

the case of [PhN2]1. The purpose of this article is to com- that regarding isomer stability of the phenyldiazonium ions,
the MP2 results agree qualitatively with the CISD predic-pare the structures deduced from theory for [PhN2]1 and
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tions, but tend to underestimate the stability of the bridged and 69.67 kcal/mol by HF/MP2 (61.79 kcal/mol by B3LYP)

for the bridged local minimum. It should be pointed outstructure. Furthermore, many studies have shown the qual-
ity of the results obtained using B3LYP to describe geo- that, in contrast to 1b, the generation of the phenyldiphos-

phonium ion 2b by reaction between P2 and the phenyl cat-metries, as well as in estimating heats of formation.[13]

Considering the phenyldiazonium ion, we found at both ion is not excluded in the gas phase.
Energies and geometries of 1a,b and 2a,b are summarizedthe MP2 and DFT levels, two local minima 1a and 1b,

which are associated with the linear and the out-of-plane in Figure 1. For 2a, differences are apparent between the
optimal geometries computed with MP2 and DFT. A linearedge-on approaches of N2N to the singlet phenyl cation,

respectively. These results are consistent with earlier theo- structure is found at the DFT/6-31 G (d,p) and RHF/6-31
G (d,p) levels, but a bent geometry appears as a minimumretical research[12], and suggest that the dative bond de-

scription with an overall neutral N2 moiety is clearly prefer- at the MP2 (full)/6-31 G (d,p) level. The potential energy
surface characteristics for the edge-on coordinated structureable. However, the latter less stable structure 1b is isoenerg-

etic with the dissociated phenyl cation and N2, and is not are greatly affected by electron correlation. Structure 2b is
calculated to be the only minimum (MP2 and DFT levels)accessible by reaction between these components.

For the benzenediphosphonium ion, two local minima corresponding to the out-of-plane edge-on approach. The
distance C2P is proportionally shorter than the C2N dis-are found at the same level of calculation, but linear end-

on coordinated 2a is less favoured than the symmetrically tance in 1b. This fact explains the widening of the P2C2P
angle (60°) compared to the N2C2N angle (41°). It isbridged local minimum 2b by 16.29 kcal/mol [6-31 G (d,p)/

MP2], 16.84 kcal/mol [6-31 G (d,p)/B3LYP]. Furthermore, noteworthy that theoretical models do not affect the
P2C2P and C2P2P angles, which are quasi-similar. Inregarding the affinity of P2 towards the phenyl cation, our

results suggest that 2b should be stable in the gas phase. addition, the bond length alternation suggests that the π
electrons are not fully delocalized into the phenyl ring. AAffinities are calculated to be 52.83 kcal/mol by HF/MP2

(45.50 kcal/mol by B3LYP) for the end-on coordination, significant lengthening is observed for the C2C bond in the
α position of Cspiro compared to that in the phenyldiazon-

Figure 1. Energies and geometrical parameters of 1(a,b) and 2(a,b) ium ion.
calculated at the MP2/6-31 G** and B3LYP/6-31G** levels of the-
ory. Total energies, Etot, in atomic units; zero-point vibrational

energies, ZPVE, in kcal/mol; angles in°, and bond lengths in Å Figure 2. Charges of 1(a,b) and 2(a,b) calculated at the MP2/6-31
G** and B3LYP/6-31G** levels of theory
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Figure 4. Selected molecular orbitals (MO) of the linear compoundA key difference to the diazonium cation is seen in the

2a calculated at the B3LYP/6-31 G** levelpolarization of these systems. Considering the charges dis-
played in Figure 2, it is clear that the positive charge (for
2a and 2b) is distinctly localized on the P2P moiety, while
the stable structure of diazonium analogous 1a can be
viewed as a phenyl cation with a closely associated nitro-
gen molecule.

An examination of the molecular orbital interactions that
occur in these two systems is clearly relevant, since these
directly affect the nature of the preferentially adopted struc-
ture and thus will be a source of information with regard
to the synthesis and detection of such species.

Localization and energetic positions of MOs allow us to
visualize these interactions as in Figures 3 and 4[14]. If we
analyse them for the end-on coordination structures 1a and
2a, they are very well described as an interaction between
the σXX orbital and the LUMO of the phenyl cation
[σXXRσ*Ph 217.29 eV (X 5 N), 213.32 eV (X 5 P)] and
a back-donation from π2 (phenyl cation) to the π*XX orbital
of the same symmetry [π2PhRπ*XX 212.78 eV (X 5 N),
211.75 eV (X 5 P)]. Furthermore, the formation of σPC

becomes easier than that of σNC as a consequence of the
σPP energetic position in comparison with that of σNN. In
fact, experimentally determined ionic state energies for N2

Figure 3. Selected molecular orbitals (MO) of the linear compound
1a calculated at the B3LYP/6-31 G** level

and P2 [2Σ1
g and 2Π1

u associated with the ejection of an
electron from 1πu (π bond) and 3σg (σXX) orbitals] are ob-
served at 15.60, 16.98 and 10.81, 10.62 eV, respectively. The
electron transfer should be more important in the case of
P2 than in the case of N2, and the π back-donation is not
expected to compensate this transfer. In agreement with this
hypothesis, the charges are found to be negative at Cipso and
positive on the two phosphorus atoms. It is noteworthy that
a slightly less pronounced polarization is obtained by using
B3LYP than at the MP2 level.

If we consider the bridged structures 1b and 2b, the
LUMO σ* of the phenyl cation is seen to interact with the
πXX orbital. Regarding the energetic gap between the
LUMO Ph1 and πXX, this interaction will be easier in the
case of P2 (∆E 5 1.70 eV cf. 3.06 eV for N2/Ph1). This is
well represented for the phosphonium ion by the MO at
214.38 eV.

We note that, in contrast to the aforementioned behav-
iour, in the case of N2, a destabilizing interaction occurs
between πNN and the lower σPh

1 orbitals. If we consider the
charges, notable differences are evident in their distribution
between the phenyldiphosphonium cation and the phenyldi-
azonium cation. The large positive charge localized on each
phosphorus atom and the negative one on Cipso, could be
explained first of all by the high σ transfer, which is not
sufficiently compensated by the π back-donation (vide in-
fra).

Finally, π back-donation appears as for the linear mol-
ecule, involving the π2Ph

1 and the π*XX orbitals, which can
be visualized by the MO at 212.69 eV for the phosphorus
compound, and at 213.29 eV for the nitrogen analogue.
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Figure 6. Selected molecular orbitals (MO) of the bridged com-Figure 5. Selected molecular orbitals (MO) of the bridged com-

pound 1b calculated at the B3LYP/6-31 G** level pound 2b calculated at the B3LYP/6-31 G** level

MO energetic position (27.69 eV) for the bridged structure,
the availability of the diazonium ion complex, and the posi-
tion of the corresponding σ* MO (27.66 eV), we can
reasonably expect that it should be possible to stabilize the
system by means of nucleophilic assistance.

Why is the bridged form 2b stabilized in comparison with Financial support of this work by the CNRS (France) is grate-
the linear one? An explanation is found mainly in the stabil- fully acknowledged. We also thank the Institut du Développement
izing interactions and notably in the interaction π>

PPRσ*Ph
1, de Ressources en Informatique Scientifique (IDRIS, Orsay, France),

administered by the CNRS, for the calculation facilities, and Dr.which is observed only in the bridged form. Naturally, other
Gijs Schaftenaar for allowing us to use his graphics programinteractions play an important role in determining the sta-
Molden. We also thank Mrs. F. Gracian for her invaluable help inbility of these systems, such as the interaction π2Ph1Rπ*
the realization of the figures.
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The dichlorodihydridoruthenium(IV) compound [RuH2Cl2- were obtained. The phenylvinylidene complex [RuCl2(=C=
CHPh)(PCy3)2] (15) was prepared from phenylacetylene and(PiPr3)2] (4) was prepared from [RuCl2(C8H12)]n (3), PiPr3, and

H2 in 2-butanol via the chlorohydridoruthenium(II) derivative either [RuH2Cl2(PCy3)2] (14) or one of the carbene deriva-
tives [RuCl2(=CHR)(PCy3)2] (16, 17) as starting materials. The[RuHCl(H2)(PiPr3)2] (5) as an intermediate. The synthesis of

5 was achieved under similar conditions from 3, PiPr3, H2, X-ray crystal structure analysis of 15 confirms a distorted
square-pyramidal geometry with the vinylidene ligand in theand 2-butanol in the presence of NEt3. Compound 4, which

was characterized by X-ray crystal structure analysis, reacts apical position. The interconversion of 4 to 5 and of the
tricyclohexylphosphane counterparts 14 to 13 was achievedwith excess phenylacetylene to give the phenylvinylidene

complex [RuCl2(=C=CHPh)(PiPr3)2] (7) and with propargylic by hydrogen transfer from 2-propanol in the presence of PR3.
The reverse reaction occurs upon treatment of 5 or 13 withalcohols or derivatives thereof to afford the vinylcarbene

complexes [RuCl2(=CHCH=CR2)(PiPr3)2] (9, 10), respectively. the corresponding phosphonium salt [HPR3]Cl or HCl,
respectively.From 5 and terminal alkynes RC;CH the chlorohydrido-

vinylidene compounds [RuHCl(=C=CHR)(PiPr3)2] (11, 12)

In the course of our investigations aimed to prepare bis- the analogous compound [RuH2Cl2(PtBu2Me)2] using our
methodology with the cycloocta-1,5-diene derivative 3 as(trialkylphosphane) transition-metal complexes containing

coordinatively unsaturated metal centers, we recently de- the starting material. [6]

In this article we describe the preparation and charac-scribed the synthesis of the dichlorodihydridoosmium(IV)
compounds [OsH2Cl2(PiPr3)2] (1) and [OsH2Cl2- terization of 4 and its PCy3 counterpart 13, and the use of

these dichlorodihydridoruthenium(IV) compounds as well(PtBu2Me)2] (2), in which osmium, although six-coordinate,
has 16 electrons in its valence shell. [1] These compounds, in as of the related chlorohydrido(dihydrogen)ruthenium(II)

derivatives to obtain five-coordinate vinylideneru-particular 1, have a rich chemistry which has opened the
gate not only to carbyne- but also to vinylideneosmium thenium(II) complexes. Part of these studies has been com-

municated.[5]complexes. [2] [3]

Since it was known from our work on the reactivity of
compounds such as [MCl2{κ2(P,O)-iPr2PCH2CH2OMe}2]

Results and Discussion
and [MCl2{κ2(P,O)-iPr2PCH2CO2R}2] (M 5 Ru, Os) that
the ruthenium derivatives react more readily with terminal As was mentioned above, instead of RuCl3 ·aq, which reacts
alkynes and propargylic alcohols to give the corresponding with PiPr3 in boiling methanol to give [RuHCl(CO)-
vinylidene and allenylidene complexes, [4] we set out to pre- (PiPr3)2], [7] compound 3 has to be used as starting material
pare the hitherto unknown ruthenium(IV) compound for the preparation of 4 (Scheme 1). On treatment of a sus-
[RuH2Cl2(PiPr3)2] (4). After initial attempts with RuCl3 ·aq pension of 3 in 2-butanol with 3 equiv. of PiPr3 in the pres-
as starting material failed, we found that the reaction of ence of H2 a red solution is formed which, due to the 1H-
[RuCl2(C8H12)]n (3) with triisopropylphosphane in 2-buta- and 31P-NMR spectra, contains the dihydrogen complex 5.
nol under H2 gave the dichlorodihydrido complex 4. [5] Most This compound was originally prepared by Chaudret et al.
recently, Caulton and coworkers reported the synthesis of from [Ru(η4-C8H12)(η6-C8H10)], PiPr3, and CHCl3 under 4

atm of dihydrogen.[8] If the red solution obtained from 3
was brought to dryness in vacuo and the oily residue recrys-[e] Part 46: H. Werner, P. Bachmann, M. Laubender, O. Gevert,

Eur. J. Inorg. Chem. 1998, 121721224. tallized from ether, orange crystals of 4 (but not 5) were
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Scheme 1 osmium analogue 1. [1a] It is best described as a somewhat

distorted variant of a D4d square antiprism with the two
vacant coordination sites in alternate positions at one
square base of this polyhedron. The other square base is
made up by the two phosphorus atoms and the two hydrido
ligands, the positions of which could be located in a differ-
ence Fourier synthesis. The Ru2P and Ru2Cl distances of
4 are almost identical to the corresponding bond lengths in
1, and this is also true for the P2M2P, P2M2Cl, and
Cl2M2Cl bond angles (M 5 Ru, Os). The distancesisolated in 92% yield. The conversion of 5 to 4 is promoted
Ru2H1 and Ru2H2 of 1.46(5) and 1.56(5) Å are in theby the phosphonium salt 6 which is generated as a byprod-
range found for other hydridoruthenium(II) and -ru-uct in the reaction of 3, PiPr3, 2-butanol, and H2.
thenium(IV) complexes. [9] We note that recently Gusev,In order to confirm the proposal that the initial product
Berke, Eisenstein, Caulton et al. observed that the mol-in the reaction of 3 with triisopropylphosphane under the
ecules [OsH2X2(PiPr3)2] (X 5 Cl, Br, I) exist in solution asconditions used is indeed the dihydrogen complex 5, a sus-
two rapidly interconverting isomers, one having C2 sym-pension of the oligo- or polymeric cycloocta-1,5-diene com-
metry (as seen in the crystal) and the other having no sym-pound 3 was treated with PiPr3/H2 in 2-butanol in the pres-
metry. [10] In contrast, the tricyclohexylphosphane derivativeence of NEt3 as a base. After removal of the solvent and
13 which was prepared independently by Chaudret and co-extraction of the residue with pentane, a red oil was ob-
workers[11] and by us (see below), shows a fluxional processtained which by comparison of the NMR data with those
attributed to the interconversion of two symmetrical iso-published by Chaudret is the dihydrogenruthenium(II) de-
mers.rivative 5. [8] This compound reacts with the phosphonium

salt [HPiPr3]Cl (6) in CH2Cl2 to afford, by evolution of gas The dichlorodihydridoruthenium(IV) compound 4 does
not only react with phenylacetylene[5] but also with propar-(H2), quantitatively PiPr3 and the dichlorodihydrido com-

plex 4. The latter is an orange solid which is readily soluble gylic alcohols and derivatives thereof. The results are sum-
marized in Scheme 2. The reaction of 4 with PhC;CH inin CH2Cl2 and CHCl3, but almost insoluble in hydro-

carbons. The characteristic feature in the 1H-NMR spec- CH2Cl2 yields a mixture of two products 7 and 8 of which
the first is by far the most dominating species. Compound 7trum of 4 is the triplet resonance for the two hydrido li-

gands in the high-field region at δ 5 212.30. is exclusively formed if the initially generated mixture, after
removal of the solvent, is treated again with phenylacety-The result of the X-ray crystal structure analysis of 4 is

shown in Figure 1. The coordination geometry around the lene and heated to 80°C for a short period of time. The
isolated yield of 7 is then ca. 70%. The minor componentsix-coordinate metal center is very similar to that of the

Figure 1. Molecular structure (ORTEP plot) of 4;[a] the hydrogen atoms besides H1 and H2 are omitted for clarity

[a] Selected bond lengths [Å] and angles [°]: Ru2P1 2.270(1), Ru2P2 2.297(1), Ru2Cl1 2.400(1), Ru2Cl2 2.401(1), Ru2H1 1.46(5),
Ru2H2 1.56(5); P12Ru2P2 111.69(3), Cl12Ru2Cl2 84.29(3), P12Ru2Cl1 92.18(3), P12Ru2Cl2 139.14(3), P22Ru2Cl1 145.07(3),
P22Ru2Cl2 92.60(3).
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of the reaction mixture is the benzylcarbene complex 8 tBuC;CH, which gives the compounds [RuX2(5C5

CHtBu)(PPh3)2] (X 5 Cl, Br), follows a similar route. [16] Itwhich has already been characterized by X-ray crystal
structure analysis. [5] Compound 8 belongs to the class of should be mentioned that the formation of styrene from 4

and phenylacetylene was confirmed by GC/MS analysis.Grubbs-type carbene complexes [RuCl2(5CHR)(PR93)2]
that were originally prepared from [RuCl2(PPh3)3] and The synthesis of the vinylcarbene complexes 9 and 10

(Scheme 2) from 4 is a somewhat surprising result. Takingcyclopropene or diazoalkane derivatives[12] and are now
widely used as highly active catalysts for olefin metathesis earlier work by Selegue,[17] Dixneuf, [18] and by some of

us[4b] [4c] [19] into consideration, we anticipated that on treat-including ROMP and RCM.[13]

ment of 4 with propargylic alcohols HC;CCR2OH, in par-
ticular for R 5 Ph, allenylidenemetal derivatives [RuCl2(5

Scheme 2 C5C5CR2)(PiPr3)2] would be formed. However, instead of
these species the related vinylcarbene complexes 9 and 10
were obtained. We found that the reaction of 4 with
HC;CCPh2OH in CH2Cl2 leads to a mixture of products
among which 9 could be detected as a major component by
1H-NMR spectroscopy. In contrast, by using the corre-
sponding acetate HC;CCPh2OAc as a carbene source,
compound 9 has been isolated in excellent yield. This (vinyl-
carbene)ruthenium(II) derivative was originally prepared by
Grubbs and coworkers from [RuCl2(PPh3)3] and 1,1-di-
phenylcyclopropene followed by ligand exchange of PPh3

for PiPr3. [12c]

The formerly unknown complex 10, which was isolated
as a violet solid in 70% yield, resembles in its properties the
diphenyl analogue 9. The 1H-NMR spectrum of 10 displays
in the low-field region two doublets at δ 5 19.56 and 8.06
with an H2H coupling of 11.2 Hz which is typical for an
M5CH2CH5CR2 unit. [12] [14] In the 13C-NMR spectrum
of 10 the signal for the carbene-C atom appears at δ 5
288.3 and is split into a triplet due to P2C coupling. Mech-
anistically, the formation of 9 and 10 from 4 is best under-
stood if we assume that in analogy to the course of the
reaction of 4 with phenylacetylene a functionalized hydri-
do(vinyl) species [RuH(CH5CHCR2OR9)Cl2(PiPr3)2]The vinylideneruthenium(II) compound 7 is a brown,

only moderately air-sensitive solid that has been charac- (R9 5 H, Ac) is generated as an intermediate which yields
the product by elimination of HOR9.terized by elemental analysis and spectroscopic techniques.

The 13C-NMR spectrum displays two triplets at δ 5 341.1 In a similar way to the dihydridoruthenium(IV) com-
pound 4, the hydridoruthenium(II) derivative 5 reacts withand 109.3, which by comparison[4] [14] are assigned to the α-

and β-carbon atoms of the vinylidene ligand. In the 31P- phenylacetylene to give the hydrido(phenylvinylidene) com-
plex 11 (Scheme 3). Moreover, the parent hydrido(vinylid-NMR spectrum a singlet resonance appears at δ 5 29.0,

the chemical shift of which is similar to that observed at ene) compound 12 was obtained from 5 and acetylene. Al-
though a clean reaction between 5 and the terminal alkynesδ 5 27.2 for the PPh3 ligands in [RuCl2(5C5

CHtBu)(PPh3)2]. [15] With regard to the mechanism of for- occurs, the isolated yields of 11 and 12 is only moderate
(ca. 40%) mainly due to the good solubility of the productsmation of 7, we assume that the starting material 4, con-

taining a metal center with a 16-electron configuration, af- in pentane. Quite recently, Olivan, Eisenstein, and Caulton
reported that on treatment of [RuHCl(H2)(PtBu2Me)2] withfords in the initial step of the reaction a 1:1 adduct with the

alkyne. This seven-coordinate species could react by inser- terminal alkynes RC;CH the analogous hydrido(vinylid-
ene) compounds [RuHCl(5C5CHR)(PtBu2Me)2] (R 5 Ph,tion of the alkyne into one of the Ru2H bonds to generate

a hydrido(vinyl) intermediate (also with a 16-electron con- SiMe3) are formed which, according to ab initio DFT calcu-
lations, possess a distorted trigonal-bipyramidal geometryfiguration at the metal center). This compound could then

give upon addition of a second molecule of PhC;CH, fol- with the phosphanes in the apical positions.[20] The osmium
analogue of 11 was recently prepared by Esteruelas et al.lowed by reductive elimination of styrene, the alkyne com-

plex [RuCl2(PhC;CH)(PiPr3)2]. The conversion of this by a different route, namely from the six-coordinate carby-
ne(hydrido) complex [OsHCl2(;CCH2Ph)(PiPr3)2] by elim-species to the isomer 7 possibly occurs by a slippage of the

π-bonded alkyne to an η2-CH-coordinated complex which ination of HCl with NaOMe.[21]

The 13C-NMR spectra of both 11 and 12 display in theundergoes a 1,2-hydrogen migration to yield the final prod-
uct. Quite recently, Wakatsuki et al. showed by ab initio low-field region the typical signals for the vinylidene α- and

β-carbon atoms at δ 5 329.3 and 109.7 (for 11) and at δ 5MO calculations that the reaction of [RuX2(PPh3)3] with

Eur. J. Inorg. Chem. 1998, 182721834 1829
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Scheme 4Scheme 3

326.3 and 87.1 (for 12) which are all split into triplets due
to P2C coupling. In the 1H-NMR spectrum the hydride
resonance also appears as a triplet at δ 5 212.48 (for 11)
and 215.03 (for 12). In contrast to 7, the methyl groups of
the triisopropylphosphane ligands in 11 and 12 are dia-
stereotopic and thus two sets of signals are observed for the
CH3 protons and carbon nuclei in the NMR spectra. It ylphosphane) complex are quite similar and therefore de-

serve no further comment.should be mentioned that in agreement with recent work
from our laboratory[22] [23] compounds 11 and 12 react with The molecular structure of 15 is shown in Figure 2. The

ORTEP plot reveals that the configuration around thethe phosphonium chloride [HPiPr3]Cl to give the carbene
complexes [RuCl2(5CHCH2R)(PiPr3)2] (R 5 Ph, H) in ex- metal center is distorted square-pyramidal with the vinyl-

idene unit in the apical position. In the basal plane the twocellent yield.
The analogues of the chlorohydrido and dichlorodihy- chloro and the two phosphane ligands are trans disposed.

Although according to ab initio calculations this geometrydrido compounds 5 and 4 with two PCy3 instead of two
PiPr3 ligands, 13 and 14, are also accessible from the cyclo- represents the energy minimum on the potential surface,[16]

it was found that in contrast to 15 the analogous compoundocta-1,5-diene derivative 3 as the starting material. Like 5,
the corresponding ruthenium(II) complex 13 was first pre- [RuBr2(5C5CHtBu)(PPh3)2] possesses a trigonal-bipyr-

amidal structure with the PPh3 groups in the apical posi-pared by Chaudret and coworkers from the ruthenium(0)
compound [Ru(η4-C8H12)(η6-C8H10)]. [8] While this work tions. [16] Therefore it seems that for the preferred configura-

tion of the five-coordinate complexes steric requirementswas in progress, [24] Grubbs et al. published an experimental
procedure for 13 that followed our methodology using the play a dominant role. The Ru2C12C2 axis is nearly linear

with an Ru2C1 distance that is slightly shorter than in(cycloocta-1,5-diene)ruthenium(II) derivative 3 as the pre-
cursor. [25] Regarding the dichlorodihydridoruthenium(IV) [RuBr2(5C5CHtBu)(PPh3)2] [1.77(2) Å] [16] and in the six-

coordinate compound [RuCl2(5C5CHPh){κ1(P)-Me2-complex 14, very recently Chaudret and coworkers reported
a synthesis which is different to that one described in this PCH2CH2OMe}{κ2(P,O)-Me2PCH2CH2OMe}] [1.815(2)

Å] [26] but almost identical to that in [RuCl2(5C5CHPh)-work and based on the reaction of the “polyhydride”
[RuH2(H2)2(PCy3)2] with aqueous HCl in ether. [11] The {κ1(P)-iPr2PCH2CH2OMe}{κ2(P,O)-iPr2PCH2CH2OMe}]

[1.749(7) Å]. [4a] The P12Ru2P2 axis is somewhat bentsame authors also confirmed by VT NMR measurements
that 14 shows a fluxional process in solution which is attri- [169.82(7)°] and this is even more so for the Cl12Ru2Cl2

unit [158.31(7)°]. The C12C2 distance is in the expectedbuted to the interconversion between two stereoisomers
having C2v symmetry. [11] Our observations are in agreement range and this is true also for the Ru2Cl and Ru2P bond

lengths.with these results. [23]

Compound 14 does not only react with CO to give Finally, a special comment is appropriate concerning the
interconversion of the ruthenium(II) and ruthenium(IV)[RuHCl(CO)2(PCy3)2] [11] but also with phenylacetylene in

the molar ratio of 1:10 to yield the vinylidene complex 15 complexes 5 and 4 (see Scheme 5). In the context of the
preparation of 4 from 3 it has already been mentioned that(Scheme 4). Alternatively, 15 can be prepared upon treat-

ment of the carbene derivatives 16 and 17 with PhC;CH. in this process compound 5 is generated as an intermediate
which reacts with the byproduct 6, after removal of 2-buta-In both cases the isolated yield is 60270%. To the best of

our knowledge, there has been only one other compound nol, to give 4. However, the surprising observation is that
the red solution, which is initially formed from 3, PiPr3,of the general composition [RuCl2(5C5CHR)(PCy3)2]

(with R 5 H) reported in the literature which was obtained and H2 in 2-butanol, is quite stable and can be stored for
days without the conversion of the two components 5 andfrom [RuCl2(5CHPh)(PCy3)2] and a tenfold excess of al-

lene. [12d] [12e] The phenylvinylidene complex 15 (which is an 6 to the ruthenium(IV) complex 4.
In order to explain this seeming inconsistency it shouldalmost air-stable solid) is only sparingly soluble in common

organic solvents at room temperature and thus the 1H-, be emphasized that although 5 and 6 react by elimination
of H2 to give 4 and PiPr3, in the presence of a secondary13C-, and 31P-NMR spectra were measured in CDCl3 at

40°C. The NMR data for 15 and the related bis(triisoprop- alcohol such as 2-butanol, or even better 2-propanol, the
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Figure 2. Molecular structure (ORTEP plot) of 15;[a] the hydrogen as a proton source which yields the ruthenium(IV) com-

atoms are omitted for clarity pound almost quantitatively.
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Experimental Section
All operations were carried out under argon using Schlenk tech-

niques. The starting materials 3, [27] and 16, 17 [22] were prepared as
described in the literature. The alkynes were commercial products
from Aldrich, Strem, and ABCR. 2 NMR: Bruker AC 200 and
AMX 400 [dvt 5 doublet of virtual triplets; N 5 3J(PH) 1 5J(PH)
or 2J(PC) 1 4J(PC), respectively]. 2 Melting points determined
by DTA.

1. Preparation of [RuH2Cl2(PiPr3)2] (4): A suspension of 220
mg (0.79 mmol for n 5 1) of 3 in 20 ml of 2-butanol was treated
with 463 µl (2.37 mmol) of PiPr3 and heated under hydrogen (1.5[a] Selected bond lengths [Å] and angles [°]: Ru2C1 1.747(7),

Ru2P1 2.429(2), Ru2P2 2.410(2), Ru2Cl1 2.342(2), Ru2Cl2 bar) for 6 h at 80°C. Upon cooling the resulting red solution to
2.355(2), C12C2 1.33(1), C22C3 1.45(1); C12Ru2Cl1 102.8(2), room temperature, the solvent was removed in vacuo and 5 ml ofC12Ru2Cl2 98.9(2), C12Ru2P1 94.6(2), C12Ru2P2 94.9(2),

diethyl ether was added to the oily residue. After 2 h, an orangeP12Ru2P2 169.82(7), P12Ru2Cl1 88.97(7), P12Ru2Cl2
solid crystallized, which was washed with 5 ml of diethyl ether and88.42(6), P22Ru2Cl1 85.47(7), P22Ru2Cl2 93.59(7),

Cl12Ru2Cl2 158.31(7), Ru2C12C2 178.2(6), C12C22C3 dried in vacuo; yield 359 mg (92%); m. p. 60°C (dec.). 2 1H NMR
129.4(7). (200 MHz, CD2Cl2): δ 5 2.30 (m, 6 H, PCHCH3), 1.22 [dd,

J(PH) 5 14.9, J(HH) 5 7.1 Hz, 36 H, PCHCH3], 212.30 [t,
J(PH) 5 19.0 Hz, 2 H, RuH2]. 2 13C NMR (100.6 MHz, CD2Cl2):
δ 5 29.7 (m, PCHCH3), 19.6 (s, PCHCH3). 2 31P NMR (162.0Scheme 5
MHz, CD2Cl2): δ 5 103.2 (s). 2 C18H44Cl2P2Ru (494.5): calcd. C
43.72, H 8.97, Ru 20.44; found C 43.41, H 8.83, Ru 19.85.

2. Preparation of [RuHCl(H2)(PiPr3)2] (5) from 3: A suspen-
sion of 119 mg (0.42 mmol für n 5 1) of 3 in 15 ml of 2-butanol was
treated with 200 µl (1.02 mmol) of PiPr3 and 117 µl (0.84 mmol) of
NEt3 and then heated for 6 h under hydrogen (1.5 bar) at 80°C.
Upon cooling to room temperature, the solvent was removed in
vacuo and the orange residue was extracted with 15 ml of pentane.
After the extract was brought to dryness in vacuo, a red oil was
obtained which by comparison of the NMR data was identified as
5. [8] Yield almost quantitative.

3. Reaction of Compound 5 with [HPiPr3]Cl (6): A solution of
compound 5, prepared from 25 mg (0.09 mmol) of 3, 45 µl (0.23
mmol) of PiPr3 and 25 µl (0.18 mmol) of NEt3 in 5 ml of 2-butanol,
was brought to dryness in vacuo. The oily residue was extracted
with 10 ml of pentane and, after removal of the solvent, was dis-mixture of 4 and triisopropylphosphane is reconverted to 5
solved in 3 ml of CH2Cl2. The red solution was treated with 37 mgand 6. The formation of acetone as a byproduct has been
(0.19 mmol) of 6, which led to a rapid evolution of gas (H2). Afterconfirmed by GC/MS analysis which indicates that 2-pro-
the solution was stirred for 5 min, the solvent was removed and the

panol serves as the hydrogen source. An analogous but sig- remaining orange solid identified as 4 by comparison of the NMR
nificantly slower reaction takes place between compound data with those of an authentic sample. Yield almost quantitative.
14 and PCy3 in 2-propanol. In this case the chlorohydrido

4. Preparation of [RuCl2(5C5CHPh)(PiPr3)2] (7): A solutioncomplex 13 precipitates due to its lower solubility (com-
of 142 mg (0.29 mmol) of 4 in 10 ml of CH2Cl2 was treated with

pared with 5) in the alcohol. The 31P-NMR spectrum of 63 µl (0.57 mmol) of phenylacetylene and stirred for 5 min at room
the mother liquor indicates that besides 13 a small quantity temperature. The solvent was removed in vacuo to give a red oil
of a sideproduct is formed which has not been identified as which according to the 1H- and 31P-NMR spectra consisted of a
yet. For the conversion of 13 to 14 it is preferable to use mixture of 7 (90%) and 8 (10%). The oily material was dissolved

in 5 ml of benzene, the solution was treated with 30 µl (0.27 mmol)instead of the phosphonium salt [HPCy3]Cl aqueous HCl
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of phenylacetylene and heated for 10 min at 80°C. After cooling (both s, PCHCH3). 2 31P NMR (162.0 MHz, C6D6): δ 5 50.4 (s).

2 C26H49ClP2Ru (560.2): calcd. C 55.75, H 8.82; found C 55.47,to room temperature, the solvent was removed in vacuo and 3 ml
of methanol were added to the brownish residue. Upon storing the H 8.49.
mixture for 2 h, a brown microcrystalline solid was obtained which 8. Preparation of [RuHCl(5C5CH2)(PiPr3)2] (12): A solution
was separated from the mother liquor and dried in vacuo; yield 113 of compound 5, prepared from 122 mg (0.43 mmol for n 5 1) of
mg (66%); m. p. 97°C (dec.). 2 1H NMR (400 MHz, C6D6): δ 5 3, 215 µl (1.10 mmol) of PiPr3, and 120 µl (0.87 mmol) of NEt3 in
7.2327.02 (m, 5 H, C6H5), 4.71 [t, J(PH) 5 3.6 Hz, 1 H, 5C5 20 ml of 2-propanol under hydrogen, was brought to dryness in
CHPh], 2.79 (m, 6 H, PCHCH3), 1.29 [dvt, N 5 13.2, J(HH) 5 vacuo and the oily residue was extracted with 20 ml of hexane. A
6.6 Hz, 36 H, PCHCH3]. 2 13C NMR (100.6 MHz, C6D6): δ 5 slow stream of acetylene was passed at 278°C through the hexane
341.1 [t, J(PC) 5 15.1 Hz, 5C5CHPh], 133.8 [t, J(PC) 5 2.5 Hz, solution, which led to a rapid change of color from red to brown.
ipso-C of C6H5], 128.5, 125.6, 124.4 (each s, C6H5), 109.3 [t, The solvent was removed at 0°C in vacuo and the residue was
J(PC) 5 4.3 Hz, 5C5CHPh], 23.7 [vt, N 5 19.0 Hz, PCHCH3], worked up as described for 11. A brown solid was obtained; yield
20.1 (s, PCHCH3). 2 31P NMR (162.0 MHz, C6D6): δ 5 29.0 (s). 85 mg (41%); m. p. 83°C (dec.). 2 1H NMR (400 MHz, C6D6):
2 C26H48Cl2P2Ru (594.6): calcd. C 52.52, H 8.14; found C 52.85,

δ 5 2.64 (m, 8 H, PCHCH3 and 5C5CH2), 1.28, 1.24 both m, in
H 7.86. 1H{31P} d, J(HH) 5 7.2 Hz, 36 H, PCHCH3], 215.03 [t, J(PH) 5

18.3 Hz, 1 H, RuH], signal of 5C5CH2 obscured by signal of5. Preparation of [RuCl2(5CHCH5CPh2)(PiPr3)2] (9) from 4:
PCHCH3. 2 13C NMR (100.6 MHz, C6D6): δ 5 326.3 [t, J(PC) 5A solution of 116 mg (0.23 mmol) of 4 in 10 ml of CH2Cl2 was
14.6 Hz, 5C5CH2], 87.1 [t, J(PC) 5 3.7 Hz, 5C5CH2], 24.4 [vt,treated with 121 mg (0.48 mmol) of HC;CCPh2OAc and stirred
N 5 19.5 Hz, PCHCH3], 20.4, 20.3 (each s, PCHCH3). 2 31P NMRfor 1 h at room temperature. The solvent was removed in vacuo
(162.0 MHz, C6D6): δ 5 51.0 (s). 2 C20H45ClP2Ru (484.1): calcd.and 5 ml of pentane was added to the oily residue. After the mix-
C 49.63, H 9.37; found C 49.36, H 9.11.ture was stored for 2 h, a red solid precipitated which was filtered

and dried in vacuo. It was identified by comparison of the 1H- and 9. Preparation of [RuHCl(H2)(PCy3)2] (13) from 3: A suspen-
13C-NMR data with those reported by Grubbs et al. for com- sion of 220 mg (0.79 mmol for n 5 1) of 3 in 20 ml of 2-butanol
pound 9. [12b]

was treated with 886 mg (3.16 mmol) of PCy3 and heated for 6 h
under hydrogen (1.5 bar) at 80°C. After the reaction mixture was6. Preparation of [RuCl2(5CHCH5CiPr2)(PiPr3)2] (10): A
cooled to room temperature, the solution was decanted from thesolution of 120 mg (0.24 mmol) of 4 in 10 ml of CH2Cl2 was treated
precipitate. The orange solid was washed twice with 10 ml of 2-with 85 µl (0.55 mmol) of HC;CCiPr2OH and stirred for 10 min
butanol and dried in vacuo. It was characterized by comparison ofat 60°C. After cooling to room temperature, the solvent was re-
the 1H- and 31P-NMR data with those found in the literature.[8]

moved in vacuo. Upon addition of 5 ml of pentane, a purple solid
Yield 470 mg (85%).precipitated which was filtered and dried in vacuo; yield 103 mg

(70%); m. p. 124°C (dec.). 2 1H NMR (400 MHz, C6D6): δ 5 19.56 10. Preparation of [RuH2Cl2(PCy3)2] (14) from 13: A solution
[d, J(HH) 5 11.2 Hz, 1 H, 5CHCH5CiPr2], 8.06 [d, J(HH) 5 of 130 mg (0.19 mmol) of 13 in 10 ml of CH2Cl2 was treated with
11.2 Hz, 1 H, 5CHCH5CiPr2], 3.87 [sept, J(HH) 5 6.8 Hz, 1 H, 0.5 ml of a 2  aequous solution of HCl and stirred for 3 h at
CHCH3], 2.82 (m, 6 H, PCHCH3), 2.38 [sept, J(HH) 5 6.8 Hz, 1 room temperature. The resulting dark red mixture was cooled to
H, CHCH3], 1.24 [dvt, N 5 13.2, J(HH) 5 6.6 Hz, 36 H, 240°C to remove excess HCl and then filtered. The filtrate was
PCHCH3], 1.04, 0.98 both d, J(HH) 5 6.8 Hz, 12 H, CHCH3]. 2 brought to dryness in vacuo and the dark red microcrystalline solid
13C NMR (100.6 MHz, C6D6): δ 5 288.3 [t, J(PC) 5 7.0 Hz, was dried; yield 119 mg (87%); m. p. 74°C (dec.). 2The 1H- and
5CHCH5CiPr2], 152.4 [s, 5CHCH5CiPr2], 143.3 [s, 5CiPr2], 31P-NMR data were identical to those reported by Chaudret et
30.8, 29.0 (both s, CHCH3), 22.3 [vt, N 5 19.8 Hz, PCHCH3], 21.8, al. [11] 2 13C NMR (100.6 MHz, CD2Cl2): δ 5 38.9 [d, J(PC) 5
19.4 (both s, PCHCH3), 18.3 (s, CHCH3). 2 31P NMR (162.0 28.6 Hz, ipso-C of C6H11], 29.4 (s, C6H11), 27.4 [d, J(PC) 5 11.0
MHz, C6D6): δ 5 45.5 (s). 2 C27H58Cl2P2Ru (616.7): calcd. C Hz, C6H11], 26.1 (s, C6H11).
52.59, H 9.48; found C 52.13, H 9.13.

11. Preparation of [RuCl2(5C5CHPh)(PCy3)2] (15): a) A
solution of 119 mg (0.162 mmol) of 14 in 5 ml of CH2Cl2 was7. Preparation of [RuHCl(5C5CHPh)(PiPr3)2] (11): A solu-

tion of compound 5, prepared from 113 mg (0.40 mmol for n 5 1) treated with 178 µl (1.62 mmol) of PhC;CH at 278°C. After the
solution was warmed to room temperature, it was stirred for 30of 3, 193 µl (0.99 mmol) of PiPr3, and 115 µl (0.83 mmol) of NEt3

in 20 ml of 2-propanol under hydrogen, was brought to dryness in min and then concentrated to ca. 2 ml in vacuo. Addition of 10 ml
of acetone led to the precipitation of a purple solid, which wasvacuo and the oily residue was extracted with 20 ml of hexane. The

extract was treated with 96 µl (0.88 mmol) of phenylacetylene and filtered, washed twice with 10 ml of acetone, and dried; yield 91
mg (67%). 2 b) A solution of 172 mg (0.21 mmol) of 16 in 10 mlthe solution was stirred for 10 min at room temperature. The sol-

vent was then removed at 0°C in vacuo, the residue was dissolved of benzene was treated with 226 µl (2.10 mmol) of PhC;CH and
the resulting brown solution heated for 15 h at 45°C. After thein 10 ml of pentane, and the solution was filtered through Celite.

The filtrate was concentrated to ca. 4 ml and then stored at 278°C. solution was cooled to room temperature, it was worked up as de-
scribed for a); yield 103 mg (60%); m. p. 88°C (dec.). If instead ofOlive-green crystals precipitated which were separated from the

mother liquor, washed with 2 ml of pentane (220°C) and dried; 16 the analogous compound 17 was used as starting material, the
yield of the product was about the same. 2 1H NMR (200 MHz,yield 83 mg (37%); m. p. 78°C (dec.). 2 1H NMR (400 MHz,

C6D6): δ 5 7.1626.87 (m, 5 H, C6H5), 4.36 [t, J(PH) 5 3.4 Hz, 1 CDCl3, 40°C): δ 5 7.1427.07, 6.9026.80 both m, 5 H, C6H5),
4.34 [t, J(PH) 5 3.1 Hz, 1 H, 5C5CHPh], 2.7022.54, 2.1422.02,H, 5C5CHPh], 2.51 (m, 6 H, PCHCH3), 1.24, 1.22 both m, in

1H{31P} d, J(HH) 5 7.7 Hz, 36 H, PCHCH3], 212.48 [t, J(PH) 5 1.6821.50 (each m, C6H11). 2 13C NMR (50.3 MHz, CDCl3,
40°C): δ 5 342.8 [t, J(PC) 5 15 Hz, 5C5CHPh], 133.2, 127.9,17.2 Hz, 1 H, RuH]. 2 13C NMR (100.6 MHz, C6D6): δ 5 329.3

[t, J(PC) 5 15.1 Hz, 5C5CHPh], 133.8 [t, J(PC) 5 2.5 Hz, ipso- 125.1, 123.3, (each s, C6H5) 108.6 (br s, 5C5CHPh), 33.3 (vt, N 5

22.0 Hz, ipso-C of C6H11), 30.1 (s, C6H11), 27.9 (vt, N 5 8.0 Hz,C of C6H5], 128.5, 123.6, 123.5 (each s, C6H5), 109.7 [t, J(PC) 5

3.5 Hz, 5C5CHPh], 24.7 [vt, N 5 19.4 Hz, PCHCH3], 20.4, 20.2 C6H11). 2 31P NMR (81.0 MHz, CDCl3, 40°C): δ 5 22.0 (s). 2
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A strategy of using functionalized clusters as ligands for are given and an application of these large molecular species
to the generation of heterogeneous hydrogenation catalystscationic metal centers facilitates the construction of designed

transition metal cluster assemblies. Examples of cluster metal with unusual activities and selectivities is described.
carboxylates with conventional as well as novel structures

The synthesis of complex species for defined chemical include molecular electronics[2], photochemically driven
electron transfer[3], liquid crystalline materials [4], host-guestroles is one common goal of both organic and inorganic

chemistry. In the latter area, the synthesis of complex ex- chemistry[5], cryptate chemistry[6], nanocluster borderline
solids[7], chemical sensors[8], ferrimagnetic solids[9], andtended solid-state structures from the elements under

thermodynamic control, e.g., zeolites, provides an impres- others. The structures involved range from one dimensional
chains of clusters [10], to cluster aggregates[11], to rigid-rodsive example of the power of synthesis. Many of these sub-

disciplines are covered in the interdisciplinary area known polymers[12], to metal spheres[13], to supramolecular chiral
networks[14], to supported clusters [15], to dendritic sys-supramolecular chemistry. [1]

Interest in the construction of large, complex inorganic tems[16] [17], and more. The synthetic approaches are equally
varied and include step-wise formation of oligomers[18],species is driven by an eclectic set of applications which
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modular assembly of rings[19] [20], polymerization[21], devel- displacement reaction on the cluster itself. [38] Second, metal

clusters are very different from a typical organic substituent,opment of molecular tinkertoys[22] and carborods. [23] An-
other synthetic approach, the use of functionalized main e.g., CH3R vs (CO)9Co3(µ3-CR).[39] [40] [41][42] [43][44] [45] [46][47]

In terms of electronic effects, the metals within the clustersgroup[24] [25] [26], transition metal complexes[27] [28] or clus-
ters, [29] [30] [31] [32] is of particular relevance to this contri- plus their ancillary ligands constitute electron reservoirs

capable of donating or accepting electron density. The factbution.
Our interest in large assemblies of clusters was piqued that even the smallest clusters have a substantial steric bulk

must affect the products formed in cluster coordination re-when we found that (CO)9Co3(µ3-C(CH2)nOH, a major
product of the decomposition of (CO)4CoBH2 ·THF above actions. Consequently, we expected to find significant dif-

ferences between the coordination chemistry of a cluster li-0°C, crystallized in hexagonal columns with the hydrophilic
hydrogen-bonded OH groups at the columnar axes and the gand and that of a typical main group ligand.

Perhaps the most attractive aspect of an externally func-hydrophobic metal carbonyl clusters on the surfaces
(Scheme 1). [33] Even in solution this cluster derivative forms tionalized metal cluster is that cluster size, composition as

well as ligand type and extension are quantities that can,small aggregates reflecting its ambiphilic behavior. At the
time, and still, the organization of metal clusters on various in principle, be varied. [48] Unfortunately, cluster synthetic

chemistry, although continuously developing, is in a rudi-supports, principally for the generation of new catalysts,
commanded considerable attention[34] and we wondered if mentary state relative to, e.g., organic ligand synthesis.

Many cluster types are derived from reactions that are un-suitably functionalized clusters would self-organize. This
would eliminate the need for a complex substrate and, in selective thereby requiring tedious separations resulting in

modest yields. [48] Much of the interesting structural chemis-doing so, introduce more uniformity into the cluster arrays.
As the weak forces holding (CO)9Co3[µ3-C(CH2)nOH] try[49] is based on metals such as Os and Rh which put an

economic damper on thoughts of gram scale syntheses frommolecules together seemed inadequate for our purposes, we
sought functionalization that would permit a cluster to low yield reactions. Thus, little of the cluster derivative

chemistry in the literature was suitable for our purposes.serve as a ligand in a classical Werner coordination com-
pound, i.e., the metal cluster would simply replace the usual For these reasons we decided to focus on the well studied

tricobalt akylidyne cluster system and began our explo-organic foliage of the typical ligand. These coordination
compounds would constitute cluster assemblies in which ration of cluster coordination chemistry using (CO)9Co3(µ3-

CCOOH) as a precursor to the corresponding cluster carb-the central metal cationic moiety would determine both the
number of clusters (coordination number) and the spatial oxylate ligand, [(CO)9Co3(µ3-CCOO)]2. [40] [41] This is a

fortunate choice as metal carboxylate chemistry is a maturearray of clusters (coordination geometry). In a sense, the
relatively small, well-defined cationic metal center would re- area of coordination chemistry of considerable interest. [50]

Importantly, this cluster ligand precursor can be preparedplace the large substrate of the typical supported cluster.
The idea of cluster coordination compounds presented a in good yield from commercially available Co2(CO)8 and

Cl3CC(O)OR on a multigram scale by undergraduates. Itsnumber of attractive aspects. First, by using the established
principles of coordination chemistry, we could construct a main drawback, and one that figures in its chemistry, is

cluster degradation which is facile under basic conditions.predetermined cluster array from monofunctional clusters.
In principle, these cluster building blocks could be made di- For this reason, simple salts of the free ligand

[(CO)9Co3(µ3-CCOO)]2 are unavailable and only efficientand trifunctional in order to construct chains and nets as
well. Indeed the Schauer group has made considerable pro- coordination reactions lead to simple chemistry. However,

this cluster ligand is selective and metal carboxylate forma-gress in this direction by using bidentate cluster ligands in
which main group atoms in the cluster itself act as ligating tion reactions are usually clean giving good to excellent

yields even for obviously complex reaction pathways. In thesites. [18] [35] [36] [37] Curiously, monodentate clusters of the
same type form trimeric rings by an intermolecular ligand following we highlight the varied coordination chemistry of

Scheme 1
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the [(CO)9Co3(µ3-CCOO)]2 ligand established in our labo- the cluster carboxylate ligand exhibits the same variety of

coordination modes as organic metal carboxylates but alsoratory over the last few years.
generates some novel structures.

Cluster Metal Carboxylate Chemistry
Cluster Carboxylate Mimics of Known Metal Carboxylates

Organic carboxylate anions (RCO2
2) have been known

[M2{(CO)9Co3(µ3-CCO2)}4L2] (M 5 Co, L 5 THF;for over a hundred years as versatile ligands capable of
M 5 Mo, L 5 (CO)9Co3(µ3-CCO2H): [57] [58] As an ex-forming metal carboxylates with almost all the metal ele-
ample, the structure of [Co2{(CO)9Co3(µ3-CCO2)}4(THF)2]ments in the periodic table. The resulting metal car-
is shown in Scheme 2. In this first scheme the completeboxylates exhibit a variety of core structures, coordination
structure from the crystallographic results is shown, and be-modes, and coordination numbers depending on the
low, for clarity, a simplified structure. As some of the suc-properties of the elements used. [50] Recently the chemistry
ceeding structures are considerably more cluttered, the rep-of transition metal carboxylates has drawn renewed atten-
resentations have been simplified principally by removingtion as such compounds can serve as precursors for the syn-
the carbonyl ligands of the cobalt clusters. As with similarthesis nanometer-sized polynuclear aggregates with unusual
organic carboxylate analogs, [59] the cluster carboxylate li-structural and magnetic properties. These compounds may
gands symmetrically bridge two cobalt centers. Conse-also help to further improve our understanding of the tran-
quently, the four tricobalt clusters are arranged in a squaresition from the molecular to the solid state in the biominer-

alization process or in the development of molecular mag-
Scheme 2nets. [51] [52] [53]

Likewise, the chemistry of alkylidynetricobalt nonacarb-
onyl cluster compounds, (CO)9Co(µ3-CR), has been exten-
sively investigated since the appearance of the first member
of this class of compounds, (CO)9Co3(µ3-CCH3) in
1958. [41] [54] These complexes are all deeply colored and
most are air-stable in solution and in the solid state. In gen-
eral the alkylidynetricobalt nonacarbonyls undergo degra-
dation by oxidizing agents, bases, and nucleophiles. For ex-
ample, reactions of potassium permanganate or water with
(CO)9Co(µ3-CR) complexes lead to evolution of carbon
monoxide, the formation of inorganic cobalt salts and car-
boxylic acids derived from the apical organic substituents.
Fortunately from the point of view of the work described
here, most alkylidynetricobalt nonacarbonyl complexes are
soluble in organic solvents, stable toward protonic and
Lewis acids, and possess an extensive chemis-
try. [34] [41] [42] [48] [55] [56] Our interest in cluster assemblies joins
these two fields, i.e. the carboxylic acid derivative of the
alkylidynetricobalt nonacarbonyl complex, (CO)9Co(µ3-
COOH), is used as a cluster carboxylate ligand precursor
to synthesize cluster metal carboxylates.

Structures of the Cluster Metal Carboxylates

The principal means of characterization of the cluster
metal carboxylates was single crystal X-ray diffraction. In
all cases, the bond distances and angles of the tricobalt clus-
ter substituents are unchanged within experimental error
from those of free tricobalt clusters. In some cases, the clus-
ter acid functions just like an organic carboxylic acid and
analogs of known metal carboxylates are obtained. In other
cases the combination of steric and electronic properties as-
sociated with the cluster substituent on the acid made novel
structural types accessible. The compounds featured below
illustrate analogs of organic carboxylates, unusual metal
carboxylate structural types, and varied spatial arrange-
ments of the tricobalt cluster assemblies. As will be seen,
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planar array perpendicular to Co2Co bond axis. Each me- structures, but this decreases with increasing size of the R

group. One organic analog has been reported. [64]tal atom is coordinated in the equatorial positions by four
oxygen atoms from the four carboxylate ligands and in an

Scheme 4
axial position by one from the THF solvent.

[M4O{(CO)9Co3(µ3-CCO2)}6] (M 5 Zn, Co): [60][61] [62]

As shown in Scheme 3, the core structure of the cluster zinc
carboxylate consists of an M4 tetrahedron with a centered
oxygen atom. The six carboxylate moieties bridge the six
metal-metal edges, resulting an octahedral spatial distri-
bution of the tricobalt clusters. These cluster metal car-
boxylates are direct analogs of classical M4O(RCO2)6

“basic” metal carboxylates which are known for M 5 Be,
Zn, Co.[50]

Scheme 3

[Ti6O4(OCH2CH3)12{(CO)9Co3(µ3-CCO2)}4] and
[Ti6O4(OCH(CH3)2)4(1,2-O2C6H4)4{(CO)9Co3(µ3-
CCO2)}4]: [63]The structure of the first cluster metal carb-
oxylate (Scheme 5) shows that it is a dimer of two Ti3O4

units linked together by TiO edges oriented so that the

Scheme 5

[Ti4O4(OR)4{(CO)9Co3(µ3-CCO2)}4] (R 5 CH(Me)2,
(CH2)3CH3, C6H5, 2,6-(CH3)2-C6H3): [63] The structure of
the phenoxide derivative is shown in Scheme 4. The core is
a distorted Ti4O4 cube with titanium and oxo oxygen atoms
occupying alternate vertices. As expected, the coordination
sphere of each Ti atom contains six oxygen atoms in a dis-
torted octahedral arrangement. The cluster carboxylates
bridge four of the six edges of the Ti4 tetrahedron and the
four tricobalt clusters lie roughly in a plane with one
transoid pair being above and the other below the plane
which results in a slightly distorted square-shape as indi-
cated in Scheme 4. There is considerable open space in the
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Scheme 7Scheme 6

maining cluster ligands are terminally coordinated to each
Co center in a unidentate fashion thereby generating a
tetrahedral ligand environment for each Co atom and a tri-
angular bipyramidal geometry for the spatial distribution
of the five tricobalt clusters.

[Zr2(OCHMe2)4{(CO)9Co3(µ3-CCO2)}4]: [63] This
compound represents the first example of a structurally

Ti3O4 units are related to each other by a crystallographic
Scheme 8inversion center. Each Ti3O4 unit is bridged by two cluster

ligands and the remaining coordination positions are occu-
pied by six ethoxy ligands, two of which are bridging. The
cluster carboxylates symmetrically bridge Ti centers, re-
sulting a rhombic arrangement of the four tricobalt clusters
elongated in the direction of the ladder-like Ti6 core.

The structure of the second compound (Scheme 6) re-
veals that it is an isomeric form of the first resulting from
different interconnects between the two Ti3O4 units. The
catechol ligand uses one oxygen to bridge two Ti atoms and
the other to coordinate to one of the two Ti centers in a
terminal fashion. Each cluster carboxylate symmetrically
bridges two Ti centers resulting a rectangular arrangement
of the tricobalt clusters in the direction of the ladder-like
Ti6 core. Both cluster metal carboxylates have structurally
characterized organic analogs[65] [66] [67] [68]

Unique Cluster Metal Carboxylates

[C10H6(NMe2)2][Co2{(CO)9Co3(µ3-CCO2)}5]: [69] As
shown in Scheme 7, this anionic cluster metal carboxylate
consists of two tetrahedral Co centers with very long
Co2Co separation [3.47(4)Å]. The two Co atoms are held
together by three bridging cluster ligands while the two re-
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Scheme 10characterized zirconium alkoxy carboxylate. The structure

(Scheme 8) reveals that there are two kinds of coordination
modes for the cluster ligands, bridging and chelating. The
coordination sphere of each zirconium atom is a slightly
distorted pentagonal bipyramid in which the five equatorial
positions are occupied with two oxygen atoms from a chel-
ating cluster ligand, two from bridging cluster ligands, and
one from a bridging isopropoxy group. The apical positions
are occupied with oxygen atoms from one terminal and one
bridging isopropoxy group. The spatial distribution of the
four tricobalt clusters is a rhombic shape within which the
rhombic Zr2O2 core is located.

[{Co(CO)3}Cd3{(CO)9Co3(µ3-CCO2)}3(THF)3]: [70]

This unusual hybrid compound consists of an equilateral
triangle of Cd atoms capped with a Co(CO)3 fragment with
each Cd2Cd edge bridged by a cluster ligand (Scheme 9).
In addition, each Cd atom is coordinated to a THF mole-
cule. Although the bonding of the Cd3Co core is very inter-
esting, in terms of the spatial distribution of the clusters,
the compound can be described as an equilateral triangle
of tricobalt clusters in which an equilateral triangle of Cd
atoms capped by a Co(CO)3 fragment is inscribed.

Scheme 9

the six tricobalt clusters. The coordination modes of the
cluster ligands fall into two groups: homonuclear bridging
and heteronuclear bridging.

Scheme 11

[{Co3Ti(OMe)6(HOMe)(THF){(CO)9Co3(µ3-
CCO2)}3}2-(O2CCO2)]: [63] The structure (Scheme 10)
consists of two complete Co3Ti(OMe)4 cubes, related by a
inversion center, and joined by a bridging tetradentate oxa-
late ligand. The coordination environments of both the Ti
and core Co atoms are both nearly octahedral. For a single
cube, the three tricobalt clusters lie in an approximate
plane, but the cluster planes of each cube are displaced with
respect to each other, resulting a chair-like arrangement of
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[Pb{(CO)9Co3(µ3-CCO2)}2]n: [71] Each Pb atom is pri- Exchange Reactions with Metal Carboxylates The ex-

change reactions between lower metal carboxylates andmarily coordinated by two cluster carboxylates but second-
ary Pb2O interactions occur between an oxygen atom of carboxylic acids have been used in the preparation of higher

carboxylates. The lower carboxylic acid generated can beeach chelating carboxylate and its adjacent PbII thereby
generating a chainlike structure (Scheme 11) and unusual, removed azeotropically from the reaction mixture when

suitable solvents are employed. The reaction of binuclearsolvent free six-coordinate Pb centers. [72] The three distinct
Pb2O distances differ considerably. Viewed along the carboxylates, M(CH3CO2)2, (M 5 Cr, Mo,W, Cu ) with

(CO)9Co3(µ3-CCO2H) afforded a series of cluster carb-Pb2Pb direction, the tricobalt clusters generate an infinite
square columnar array. oxylates with the formula [M2(CH3CO2)4 2 n{(CO)9Co3-

(µ3-CCO2)}nL2] (L 5 the axial coordination ligand) via Eq.
3 with structures based on that illustrated in Scheme

Synthetic Routes 2. [57] [73] [74]

The differences between the cluster acid and an organic
n (CO)9Co3(µ3-CCO2H) 1 [M(CH3CO2)2]2 Racid originate in the instability of the metal framework, the

[M{(CO)9Co3(µ3-CCO2)}n(CH3CO2)2 2 n]2 1 n CH3COOH (3)
capability of the cluster acting as either an electron donor
or acceptor, and the steric bulk of the cluster. Consequently, Although solvents often play an important role and are
some methods used to prepare organic metal carboxylates found coordinated in the product cluster metal carb-
are not applicable to these cluster metal carboxylates, e.g., oxylates, this is not always the case. Organic lead carb-
reactions involving carboxylate salts. Some of the successful oxylates have a notable tendency to pick up water, but no
approaches used for the metal cluster substituted acids are coordinated or uncoordinated water is found in the crystal
set out below. lattice of chain-like [Pb{(CO)9Co3(µ3-CCO2)}]n (Scheme

Spontaneous Reaction: The cluster acid, (CO)9Co3(µ3- 11) even though present in the reaction system.[71]

CCO2H), is soluble in polar solvents such as ether, THF, Reactions with Metal Alkoxides and Aryloxides: The ad-
CH2Cl2, acetone, and methanol. However, when exposed to vantage of the reactions of metal alkoxides with carboxylic
air, the solutions spontaneously precipitate the cluster oxo acids is that a variety of mixed alkoxide-carboxylate com-
tetrametal carboxylate, Co4O{(CO)9Co3(µ3-CCO2)}6 plexes can be produced by simply changing the stoichio-
(Scheme 3) in high yield (Eq. 1). [61]

metric ratios of the reactants. [67] [68] [75] [76] [77] The reaction
of the cluster acids and group 4 alkoxides afforded cluster22 (CO)9Co3(µ3-CCO2H) 1 7 O2 R
alkoxycarboxylates (Eqs. 4 and 5):Co4O{(CO)9Co3(µ3-CCO2)}6 1 44 CO 1 11 H2O (1)

4 (CO)9Co3(µ3-CCO2H) 1 [Zr(OCHMe2)4.HOCHMe2]2 RThe origin of the CoII ions is the tricobalt cluster which
[Zr2{(CO)9Co3(µ3-CCO2)}4(OCHMe2)4] 1 6 HOCHMe2 (4)illustrates how the intrinsic lability of the metal cluster can

control the coordination chemistry observed. Unless suit-
4 (CO)9Co3(µ3-CCO2H) 1 Ti(OR)4 R

able precautions are taken, this reaction competes with all [Ti4O4{(CO)9Co3(µ3-CCO2)}4(OR)4] 1 4 ROH 1 4 ROR (5)
the other reactions described and generates unusable mix-
tures of products. Complex, Competitive Degradation: Some of the cluster

Reactions with Metal Alkyls: The preparation of anhy- carboxylates are unstable in the solution and undergo com-
drous metal carboxylates using the elimination of an alkane plicated redox reactions assisted by either the center metal
from a metal alkyl as the driving force has been effectively or solvents to yield new cluster metal carboxylates. The ex-
used for the formation or organic metal carboxylates. Un- change reaction of Hg(CH3CO2)2 and (CO)9Co3(µ3-
like the organic acids, (CO)9Co3(µ3-CCO2H) reacts with CCO2H) in CH2Cl2 led to Hg{(CO)9Co3(µ3-CCO2)}2 which
ZnEt2 in ether giving a cluster oxo tetrametal carboxylate, is soluble in THF. Crystallization attempts in acetone led
Zn4O{(CO)9Co3(µ3-CCO2)}6 (Scheme 3). A pathway in- to the oxotetracobalt cluster, [Co4O{(CO)9Co3(µ3-CCO2}6]
volving formation of a cluster ester is postulated as shown and mercury metal whereas crystallization in THF afforded
in Eq. 2. [61]

[Co2{(CO)9Co3(µ3-CCO2}4(THF)2] (Scheme 2) as well as
mercury metal. It is believed that in solution a slow redox8 (CO)9Co3(µ3-CCO2H) 14 ZnEt2 R
reaction takes place resulting in precipitation of eitherZn4O{(CO)9Co3(µ3-CCO2)}6 1 {(CO)9Co3(µ3-CCO)}2O (2)
[Co4O{(CO)9Co3(µ3-CCO2}6] or [Co2{(CO)9Co3(µ3-
CCO2}4(THF)2]. It is important to note that the direct reac-Although the reaction of (CO)9Co3(µ3-CCO2H) and

CdMe2 under similar conditions may yield a simple cluster tion of cobalt acetate with (CO)9Co3(µ3-CCO2H) only gen-
erates the cluster oxo tetracobalt carboxylate.metal carboxylate, heating the reaction mixture in toluene

at 70°C resulted in the formation of an unexpected prod- With similar complexity, the reactions of [MII{(CO)9-
Co3(µ3-CCO2)}2] (M 5 Mn, Fe) with MeOH gave rise touct, [{(µ3-Co(CO)3)}Cd3{(CO)9Co3(µ3-CCO2)}3(THF)3]

(Scheme 9) in good yield. Note that (CO)9Co3(µ3-CCO2H) [MIII
2Co2(MeO)6(MeOH)2{(CO)9Co3(µ3-CCO2)}4] with

cubane-like cores. [78] Further, when (CO)9Co3(µ3-CCO2H)also serves as a source of the Co(CO)3 fragment that caps
the Cd3 triangle thereby demonstrating another way in was treated with Ti(OMe)4 in THF, a heteronuclear octa-

meric species, [{Co3Ti(OMe)6(HOMe)(THF){(CO)9Co3(µ3-which the metal cluster can participate in the reaction.

Eur. J. Inorg. Chem. 1998, 183521846 1841



X. Lei, E. E. Wolf, T. P. FehlnerMICROREVIEW
Reactivity and Physical Properties Imparted by the ClusterCCO2)}3}2(O2CCO2)] was isolated in good yield (Scheme
Substituent10). Both the CoII ions and oxalate ligand arise from the

degradation of the tricobalt cluster in situ.
Cluster substituted carboxylic acids are weaker acids

than acetic acid and are expected to form more basic carb-
oxylates. [61] [80] It is not surprising, then, that the clusterModified Cluster Acids and Their Reactivities
substituent can alter the chemical selectivity of the carb-

The CpM(CO)2 (M5Mo, W) fragment can be substi- oxylate moiety. Thus, the reactions of the cluster acids with
tuted for one of the Co(CO)3 fragments in (CO)9Co3(µ3- group 4 metal alkoxides exhibit significantly different chem-
CR) to yield CpM(CO)2Co2(CO)6(µ3-CR). [79] This method istry than that of organic acids. For example, in contrast
works well on a gram scale provided the acid group is pro- to acetic acid[68], the cluster carboxylate observed does not
tected as an ester from which the acid can be regenerated depend on the reaction stoichiometry. That this is a cluster
after metal fragment exchange. [80] The reaction of the heter- effect is established by the reactivity of the modified cluster
ometal cluster acids with Ti and Zr alkoxides was examined ligands, CpM(CO)2Co2(CO)6(µ3-CCO2H). These are of
in order to directly compare their chemistry with that of similar size to the tricobalt cluster but under same reaction
(CO)9Co3(µ3-CCO2H). The compounds structurally conditions the products from the reaction of the cluster ac-
characterized are Zr2(OH)2{CpMo(CO)2Co(CO)6(µ3- ids with zirconium isopropoxide are different.
CCO2)}6 and Ti4O4(OR)4{CpMo(CO)2Co(CO)6(µ3- The physical properties of the cluster metal carboxylates
CCO2)}4. [80] The former exhibits two bridging cluster li- show some interesting differences from those of their or-
gands, four chelating cluster ligands, and two hydroxyl ganic analogs. The presence of the carbonyl clusters has a
groups, generating a Zr2O14 core and a coordination num- large effect on the intermolecular interactions. For example,
ber of eight for each Zr center with an octahedral spatial [Ti4O4(OR)4{(CO)9Co3(µ3-CCO2)}4] with molecular
distribution of the six modified clusters (Scheme 12). The Ti weights of ca. 2500 are soluble in hexane. All compounds
clusters show the same structural motif as those of tricobalt are deeply colored, and their absorption spectra are similar
cluster ligands, i.e., that shown in Scheme 4. to that of (CO)9Co3(µ3-CCO2H) with extinction coefficients

Interestingly, the Cp rings of the CpM(CO)2 moieties in roughly proportional to the number of the tricobalt units
all the compounds are proximal (Cp ring adjacent to the in the cluster arrays. Exceptions are [M2{(CO)9Co3(µ3-
capping carbon) rather distal (Cp ring positioned away CCO2)}4] (M 5 Cr, Mo, W) which show intense absorption
from the capping carbon) and the CpM(CO)2 carbonyls are in the visible range, presumably due to the charge transfer
semibridging to the Co atoms. The exclusive presence of the from M center to the tricobalt units. [73]

proximal isomer of the coordinated cluster ligand relative As with organic metal carboxylates the IR bands associ-
to the more stable distal isomer for the uncoordinated clus- ated with the 2CCO2 moiety provide useful fingerprints to
ter[81] [82] [83] reflects the existence of a cluster electronic ef- distinguish and identify new compounds. [50] In the cluster
fect in the coordination properties of the carboxylic group. metal carboxylates the carbonyl ligand stretching bands

1900 to 2200 cm21 are also useful, albeit less sensitive, pro-
bes of coordination. These two regions provide usefulScheme 12
fingerprints to distinguish and identify new compounds. In
general, the deprotonation and coordination of a cluster
acid results in a reduction of the number of carbonyl bands
and the frequencies of the antisymmetrical and symmetrical
stretching modes of the COO2 group are significantly de-
creased.

Cluster Arrays as Catalyst Precursors

Metal clusters are attractive catalysts or catalyst precur-
sors[34] [84] and the use of supported metal clusters poten-
tially provides a catalyst with homogeneous set of multi-
metal active sites. Such a heterogeneous catalyst would pre-
empt one of the most attractive aspects of homogenous
catalysts while retaining those of heterogeneous catalysts.
Indeed, recent work has been very promising. [15] [85]

As already indicated in the introductory paragraphs, our
approach is to limit the “support” to a minimal metal core
thereby producing identical nanosized cluster assemblies
with different shapes but related compositions. Indeed these
cluster metal carboxylates may be considered as layered
particles as shown in Scheme 13 with shapes ranging from
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Scheme 13 clear that there was some dependence of material properties

on the activation procedure. Hence, the first efforts were
directed towards establishing the nature of the chemical
conversion of precisely characterized, but inactive, mole-
cular precursors to amorphous, but active, solids. [87]

Thermal gravimetric analyses usually showed two stable
regimes, i.e., a constant mass over a certain temperature
range, depending on carboxylate structure type. Scheme 14
(labeled low temperature, LT, ca. 1002200°C: high tem-
perature, HT, > ca. 200°C). Mass spectrometry showed that
in the LT regime mainly CO loss occurred and CO2 loss
was predominant in the HT regime. Actual mass loss and
gas composition suggested loss of the outer CO layer to
reach to first regime and loss of the carboxylate links to
reach the second regime. In situ IR measurements
(DRIFTS) corroborated this interpretation in that the ter-
minal carbonyl bands of the tricobalt disappeared followedspheres to less symmetric solids. For the spherical particle,
by loss of the carboxylate bands as the temperature wasa cationic core is covered with a set of carboxylate moieties
raised.attached to a set of carbyne carbons, then a set of cobalt

atoms, and, on the outside, a layer of carbonyl groups. In Scheme 14
several of the compounds, one finds the 20 to 30 Å diameter
molecular assemblies in a close-packed array in the solid
state.

Ideally it was our intention to activate these species for
catalysis by removing some or all of the external carbonyl
ligands thereby forming reactive cobalt-covered nanoparti-
cle spheres. Several issues had to be resolved experimentally.
These included the relative lability of the outer Co2CO
links vs the inner CCO22M links, the ease of metal dif-
fusion resulting in Co crystallite formation (sintering), the
surface areas of the active materials, and, most importantly,
the catalytic activities and selectivities for selected reactions.
In the following we describe the nature of the solid pro-
duced from the cluster assemblies by thermolysis, the cata-

To say that only and all CO links are broken to reach thelytic properties of the solids in a standard hydrogenation
LT solids would be an oversimplification but it does appearreaction, and the unique properties of these catalysts for the
that in the HT solids only the carbyne carbon remains inselective hydrogenation of an α,β-unsaturated aldehyde to
the amorphous product. This remaining carbon content isan unsaturated alcohol.
viewed as important in the same sense that main group ele-
ments are important in stabilizing amorphous metal alloys
relative to crystallization.[88] This stability sustains the CoProperties of Solids Formed from Cluster Metal Carboxylates
metal dispersion as well as the porous nature of the solid.
However, there are limits and heating to 300°C and higherThe behavior of single crystals of cluster metal carb-

oxylates on heating gave us the first indication of the special led to diffusion of the Co metal and the formation of α-Co
crystallites detectable by X-ray diffraction.properties of these molecular cluster carboxylate solids. [86]

For example, a single, well formed, shiny, dark colored crys- The surface areas of the LT- and HT-solids ranged from
50 to 250 m2/g which is well within usable range for cata-tal that diffracted X-rays was converted into a single

smaller, but similarly shaped, apparent crystal with a met- lytic purposes. [89] Heating to 300°C and higher led to loss
of surface area which is consistent with the formation ofallic luster. The product did not, however, diffract X-rays

and a close examination of the faces of the product showed the metal crystallites observed by X-ray diffraction. Trans-
mission electron microscopy of cast thin films of the precur-extensive pitting. Indeed, density measurements revealed a

substantial void volume in the product solid. Additional sor, annealed to various temperatures, confirmed the po-
rous nature of the solid implied by the density and surfacepreliminary experiments also showed considerable hydro-

genation activity and, thus, we set out to characterize the area measurements. Electron diffraction of films heated to
300°C and higher showed cobalt crystallites of average sizenature of these solids as well as their catalytic properties.

As long-range order in the molecular solids was lost on 100 Å. In the X-ray photoelectron spectroscopic experi-
ments, the shift to lower binding energy on formation ofpyrolyzing the cluster carboxylates, unambiguous structure

determination was out of the question. Further it appeared the LT-, HT-solids is consistent with conversion of cobalt
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carbonyl fragments to cobalt metal and reveals that both the cluster metal carboxylate precursors. Some carry over

of structure from precursor to catalyst must take place inthe LT- and HT-solids have cobalt metal on exposed sur-
faces. that octahedral and square planar cluster assemblies, both

possessing cobalt cores, yield significantly different catalyticA model for the chemical conversion of the molecular
cluster metal carboxylates into the two solids based on behaviors. The latter demonstrates structural as opposed to

compositional control of activity and selectivity.these data is shown in Scheme 15. Loss of the external CO
ligands reduces the size of the cluster assemblies which are These studies suggest that carbonyl loss (outer cluster de-

composition) before carboxylate ligand disruption is im-still supported by internal core2cluster carboxylate bonds.
Formation of inter-assembly metal2metal bonds follows portant and that core properties can modulate catalytic be-

havior but only for the HT-solids in which the cores arethereby opening channels and generating an amorphous,
high surface area, porous solid. Further heating leads to the exposed. Chemical tests of these deductions were carried

out. First, cluster metal carboxylates were synthesized usingdestruction of the internal metal carboxylate bonding and
the formation of larger metal aggregates of indeterminate the very thermally stable 1,2-C2B10H12 carborane as the ex-

ternal cluster. Thermolysis of these carboxylates resulted in-structure, albeit with retention of significant surface area
for the solid as a whole. These are the two meta-stable, itially in the loss of CO2 plus some free, intact carborane.

This was followed by complex chemistry. The solids pro-amorphous, high surface area solids that were tested as
catalysts. duced were of little use and clearly in this case the loss of

the core-cluster bonding resulted in total collapse of the
Scheme 15 cluster assembly. [91] Second, a cluster lead carboxylate with

an infinite chain-like structure was used as a catalyst pre-
cursor. [71] The LT-solid was an active catalyst with proper-
ties similar to any of the catalysts derived from tricobalt
cluster metal carboxylates. However, the HT-solid was to-
tally inactive and X-ray photoelectron spectroscopy showed
the surface to be severely poisoned by lead metal. These
observations are consistent with the model in which the LT-
solid possesses an intact assembly core and the HT-solid a
disrupted core.In order to establish the level of catalytic activity as well

as to compare catalysts prepared from the different types
of cluster metal carboxylates under a variety of conditions,

Selective Hydrogenation of Crotonaldehydethe hydrogenation of 1,3-butadiene was used as a bench-
mark reaction. [90] [74] [89] This reaction was selected because

The selective hydrogenation of α,β-unsaturated aldehydes
the molecule is easily hydrogenated and high conversions

to unsaturated alcohols (path a, Scheme 16) is a challenging
can be achieved with small amounts of catalysts and rela-

reaction for heterogeneous catalysis as C5C double bond
tively low temperatures. In addition, the reaction has been

reduction is thermodynamically favored at high tempera-
thoroughly studied with other transition and noble metal

tures and typical metal hydrogenation catalysts also favor
catalysts and a substantial literature exists for comparative

C5C double bond reduction over the C5O double bond,
purposes. In the event, the LT- and HT-solids tested were

i.e., path b in Scheme 16. For this reason a useful catalyst
sufficiently active catalysts so that a gas phase, steady state

must have high activity at low temperatures as well as high
flow system could be used for evaluation. This permitted a

selectivity for path a. As the catalytic solids derived from
wide range of conditions to be expeditiously explored.

the cluster metal carboxylates expressed unusual activities
The activities and selectivities of the LT-solids produced

and selectivity for the hydrogenation of butadiene, we were
from a variety cluster metal carboxylates showed similar, if

drawn to an investigation of the catalytic reduction of cro-
not identical, behaviors. 1-Butene is the main product at

tonaldehyde (2-butenal). [92] [93] [94]

low conversions whereas butane becomes the main product
at high conversions.. On the other hand, the activities and Scheme 16
selectivities of the HT-solids are markedly different from
those of the LT-solids as well different among themselves.
Core dependence appears to be important only for the HT-
solids consistent with the model of solid formation summa-
rized above. Importantly, these catalysts were stable (427
days on stream) and reproducible.

The catalytic behavior of solids produced from the tri-
cobalt cluster alone and of conventional supported cobalt
metal under identical conditions is very different from that
of catalysts derived from the cluster arrays. This confirms The catalyst activities and 2-butenol selectivities observed

were good and depended on the type of metals in the corethat the catalytic behavior observed for the activated cluster
assemblies is due in large part to properties derived from as well as the precursor structure. For cobalt core metals
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This review describes phosphanes and phosphane X-ray crystal structure analysis and was also inferred from
1H-NMR studies in solution. Where possible, comparisonderivatives as well as phosphenium salts in which increase

in coordination number was achieved by intramolecular with the corresponding silicon compounds was made.
coordination of donor groups. This effect was established by

Contents 1. Introduction

It is well established that the silicon atom can extend its1. Introduction
2. Hypercoordinate PIII and PIV Phosphorus Derivatives coordination number beyond four and that, in many cases,

such an increase in coordination number can be achieved2.1. Pentacoordinate Phosphonite, Phosphonate, and Thi-
ophosphonate Compounds by intramolecular coordination of donor groups[1]. The

phosphorus atom can also increase its coordination number2.2. Pseudo-Pentacoordinate Phosphanes and Pentacoordi-
nate Phosphane Derivatives through intramolecular coordination by donor groups[2].

However, this aspect has been mainly studied with regard2.3. Pseudo-Hexacoordinate Phosphanes and Hexacoordi-
nate Phosphane Derivatives to phosphoranes and this matter has recently been re-

viewed[3]. For our part, we have studied intramolecular co-2.4. Pseudo-Heptacoordinate Phosphanes
2.5. Reactivity of Pseudo-Hypercoordinate Phosphanes ordination of NMe2 donor groups in PIII and PIV phos-

phorus compounds. The purpose of this review is to survey2.6. Reactivity of Hypercoordinate Phosphonium Salts
3. Pseudo-Pentacoordinate Stabilized Phosphenium Salts these compounds, with emphasis on the physical techniques

used to establish their structures in the solid state and in4. Conclusion
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solution. Phosphanes with intramolecular NRP interac-
tions are referred to as pseudo-hypercoordinate phos-
phanes, taking into account the phosphorus lone electron
pair. Comparisons with the corresponding silicon com-
pounds are made where analogies exist between hypercoor-
dinate silicon and phosphorus chemistry[4] [5]. Phosphenium
salts stabilized by intramolecular coordination of two

Table 1. 31P-NMR chemical shifts (at 293 K) of 529 compared toNMe2 donor groups at the phosphorus atom are also sur- those of the corresponding phosphorus derivatives lacking NMe2
veyed. Analogies with the corresponding stabilized silylen- groups
ium salts are noted.

Intramolecular chelation at the phosphorus atom can
principally be achieved by using ligands 1, 2, and 3, intro-
duced by van Koten and co-workers[6] in tin chemistry, and
used extensively in silicon chemistry[1]. Each of these has
its own particularly interesting features. The rigid geometry
of ligand 1, in which the donor group is fixed in close prox-
imity to the phosphorus centre, facilitate intramolecular co-
ordination. In contrast, the geometry of ligand 2 does not
enforce coordination to the phosphorus centre. However, a
favourable conformation allowing interaction between the
donor atom and the phosphorus atom exists, which is ad-
opted when suitable substituents are also attached at the
phosphorus. Finally, ligand 3 permits the study of mono-
or bis-coordination at the phosphorus atom, also as a func-
tion of the other ligands. Furthermore, it allows the study
of fluxional coordination-decoordination processes.

a singlet over the temperature range studied (1832293 K)
in both cases. In contrast, it was found that 7 is pentacoor-
dinated at room temperature: Its 1H-NMR spectrum dis-2. Hypercoordinate PIII and PIV Phosphorus Derivatives
plays two doublets attributable to the NMe2 protons. These

2.1 Pentacoordinate Phosphonite, Phosphonate, and signals appear as doublets because of P,H coupling
Thiophosphonate Compounds [3J(PH) 5 4.8 Hz]. The situation for 5 and 6 is intermediate.

At 183 K, the 1H-NMR spectra of 5 and 6 display two
An intramolecular NRP interaction was suggested for singlets for the NMe2 protons. On raising the temperature,

compound 4 [7] in view of its temperature-dependent 31P- coalescence of these signals is observed (∆G°
233K 5 48 kJ

NMR spectrum, the chemical shift decreasing from δ 5 mol21 for 5 and ∆G°
218K 5 46 kJ mol21 for 6). Two pro-

1125 at 25°C to δ 5 1121.4 at 280°C. This observation cesses could explain the equivalence of the methyl groups,
was attributed to an equilibrium between 4 and 49 (Eq. 1). namely pseudorotation around the phosphorus atom or

cleavage of the NRP bond with subsequent rotation about
the CH22N bond and inversion at nitrogen prior to recoor-
dination. In order to clarify this point, we prepared com-
pound 10 bearing a ligand with an asymmetric benzylic car-
bon atom. From the 1H-NMR spectrum at room tempera-
ture, it was inferred that 10 exists as two isomers in solutionFollowing this result, we prepared compounds 5, 6, 7, 8,

and 9 [8], which all include the potentially chelating ligand in an 80:20 ratio, the NMe2 protons of each isomer appear-
ing as sharp singlets. The major isomer was isolated and2. In Table 1, we report the 31P-NMR resonances of 529,

alongside those of the corresponding phosphorus deriva- was found to slowly epimerize (CH2Cl2, 3 h, 20°C) to give
the 80:20 equilibrium mixture. On lowering the tempera-tives lacking the NMe2 group.

Significant upfield shifts are observed for 5, 6, and 7, ture, the singlet attributable to the NMe2 protons of the
minor diastereoisomer splits into two signals (∆G°

223K 5suggesting NRP interactions in these derivatives. Such
shifts were not evident for 8 and 9 and the lack of NRP 47 kJ mol21), while the singlet of the major diastereoisomer

gives only a broad signal (∆G°
158K 5 32 kJ mol21). Theinteractions in 8 and 9 was confirmed by their 1H-NMR

spectra, in which the signal of the NMe2 group appears as equilibration of the diastereoisomers of 10 can be explained

Eur. J. Inorg. Chem. 1998, 1847218571848



Hypercoordinate PII, PIII, and PIV Phosphorus Derivatives MICROREVIEW
by slow rotation about the P2Cipso bond during the coordi- phosphate 17. In these compounds, intramolecular SRP in-

teractions are observed. Indeed, X-ray crystal structure de-nation-decoordination process. It is noteworthy that similar
results have been observed for the tin derivative 11 [13], and terminations for these compounds have revealed S2P dis-

tances notably shorter than the sum of the van der Waalsthe same explanation has been proposed.
radii for phosphorus and sulfur (2.816, 2.952, and 3.114 Å
for 16a, 16b, 17, respectively), the geometry around the
phosphorus atom being a pseudo-trigonal bipyramid for
16a and 16b and a trigonal bipyramid for 17, with the eight-
membered ring in the boat-boat conformation.

We have also prepared compounds 12214 [8] incorporat-
ing ligand 1, which imposes intramolecular coordination at
the phosphorus atom. As a result, it is possible to study the
permutational isomerization processes in these derivatives
by dynamic 1H-NMR spectroscopy. The 1H-NMR spectra
of 12214 exhibit only one singlet for the NMe2 protons at
room temperature. However, on lowering the temperature,
the singlet splits into two signals in each case. From the
coalescence temperature of the methyl group signals (273 K
for 12 and 13; 255 K for 14), ∆G° values of 57258 kJ
mol21 can be estimated for the pseudorotation processes in
these three compounds. For 15, only one singlet is observed 2.2 Pseudo-Pentacoordinate Phosphanes and Pentacoordinate
for the N-methyl protons, even at low temperature, indicat- Phosphane Derivatives
ing either a facile permutational isomerization process

Phosphanes 18[15218], 19 [19,20], 20 [21], and 21 [22224] haveabout the phosphorus atom or a symmetrical arrangement
previously been prepared in order to study their abilities toof the molecule. Therefore, the X-ray crystal structure of
act as mono- or bis-chelating ligands. However, to the bestthis compound was determined (Figure 1). It reveals a dis-
of our knowledge, the potential occurrence of NRP inter-symmetric geometry, the lone pair of the nitrogen atom be-
actions has not been considered for these phosphanes, aparting directed towards the phosphorus atom trans to a
from in the case of 21 [22]. We have prepared phosphanesP2OEt bond, with an N2P distance of 2.87 Å. Further-
21 [25], 22 [26], 23 [26], and 24 [27], as well as phosphane oxidemore, the basic pyramidal configuration around the phos-
25, phosphane sulphide 26, and phosphonium salts 27229,phorus atom is only slightly deformed, so that the molecule
all of which incorporate the rigid ligand 1. X-ray crystalcan be described as a mono-capped tetrahedron in which
structure analyses of phosphanes 21 [25] and 23 [26] (Figurethe phosphorus atom is [411] coordinated[8]. Thus, the
2) and of the phosphonium salt 29 [26] reveal that the phos-non-diastereotopy of the NMe2 protons is probably due to
phorus atom resides in a nonsymmetric environment ina fast permutational isomerization process occurring at the
each case, the lone pair of the nitrogen atom being directedphosphorus centre.
towards the phosphorus atom trans to one P2C bond in 21
and 23, and trans to the benzyl group in 29 [26]. The N2P
distances in 21, 23, and 29 are 2.71, 2.62, and 2.83 Å,
respectively, and these distances increase as a result of steric
hindrance around the phosphorus atom. Furthermore, in
these three compounds, the pyramidal configuration
around the phosphorus atom is retained with only a slight
deformation. Thus, the geometry of these compounds can

Figure 1. X-ray crystal structure of 15 be described as mono-capped tetrahedral, where the phos-
phorus atom is pseudo-[411]-coordinated in 21 and 23, and
[411]-coordinated in 29. It is noteworthy that the silicon
compound 30 also has a dissymmetrical structure, with the
lone pair of the nitrogen atom directed towards the silicon
atom, trans to an Si2Csp bond[26], with an N2Si bond
length of 2.72 Å.

Dynamic 1H-NMR studies of compounds 21228 have
been carried out in solution. At 273 K, the spectrum of
phosphane 21 (CD2Cl2/CFCl3) exhibits a singlet due to the
NMe2 protons, which splits into two signals [25] on lowering
the temperature. The same behaviour is observed for phos-Similarly, Holmes et al. [14] have recently prepared the

chloro and amino phosphites 16a and 16b, as well as the phane 23 [26] and the phosphane derivatives 25228 [25,27].
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Table 2. 1H-NMR data (CD2Cl2) for NMe2 groups and calculated
∆G° values for the permutational isomerization process in com-
pounds 21, 23 and 25228

Figure 2. X-ray crystal structures of 21 (left) and 23 (right)

For phosphanes 22 [26] and 24 [27], only broadening of the
singlet attributable to the NMe2 protons is observed at 173
K. This shows that all these compounds (21229) are
pseudo-pentacoordinated or pentacoordinated in solution,
with dissymmetrical geometries, in agreement with the
solid-state structures of 21, 23, and 29. In solution at room
temperature they undergo a fast permutational isomeri-
zation process, the calculated ∆G° values of which are re-
ported in Table 2. These values indicate that isomerization
is easier for phosphanes than for phosphane derivatives. 2.3 Pseudo-Hexacoordinate Phosphanes and Hexacoordinate
This process should also be easier for compounds with Me Phosphane Derivatives
substituents at the phosphorus atom than for compounds
with Ph substituents, since the decoalescence of the NMe2 We have prepared phosphanes 32 and 33, as well as their

derivatives 34237. X-ray structure analyses of the phos-signals could not be observed for phosphanes 22 or 24. It
is noteworthy that the behaviour in solution of the silicon phane 32 [28] and of phosphorus derivatives 35 [29] and 37 [28]

have been performed (Figure 3). In each case, they revealcompound 30 [26] has also been studied by 1H-NMR spec-
troscopy. It is similar to that of 23, with a ∆G° value of that the nitrogen lone pairs are directed towards the phos-

phorus atom, one NMe2 group being trans to the P2Ph55.2 kJ mol21 for the equivalence of the NMe2 groups.
The diphosphane 31 has also been prepared[26]. It was bond, while the other is opposite to a P2naphthyl bond

with N2P2N angles of 102.4°, 94.9°, and 106.9°. Thefound by 1H-NMR studies that 31 and 21 show similar be-
haviour in solution. Thus, at room temperature, all the N2P distances are 2.7022.73 Å in 35, 2.7822.79 Å in 32,

and 3.01 Å in 37. The longer distance in 37 is probably dueNMe2 protons are equivalent and appear as a singlet, which
splits into two signals at 178 K. This indicates that 31 is to the steric hindrance at the phosphorus atom, while the

short distance in 35 is most probably attributable to thepentacoordinated in solution and undergoes a permu-
tational isomerization process at room temperature. The positive charge on the phosphorus atom. In each case, the

pyramidal configuration around the phosphorus atom is re-calculated ∆G° for this process is 36.8 kJ mol21, this value
being very similar to that found for phosphane 21. tained and the geometries of these compounds correspond
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Table 3. 1H-NMR data for NMe2 groups and calculated ∆G°to a bi-capped distorted tetrahedron (taking into account
values for the permutational isomerization process in compoundsthe nitrogen lone pair in 32) rather than to a distorted octa-

32235
hedron. It is noteworthy that X-ray structure analysis of the
analogous silicon compound 38 [30] showed the same ge-
ometry.

The solution 1H-NMR spectra of phosphanes 32 and 33,
that of phosphane oxide 34, and those of phosphonium
salts 35 and 36, at limiting temperatures for slow exchange,
display four sharp signals attributable to the NMe2 pro-
tons[31]. Selective irradiation of each methyl signal shows a
transfer of saturation occurring between pairs of equivalent
sites, one methyl of an NMe2 group being equivalent to one
methyl of the other NMe2 group. At the same temperature,
the 1H-NMR spectra of these derivatives also show two dis-
crete sets of naphthyl group signals. These data indicate that
compounds 32236 are hexacoordinated in solution, with

[a] Unresolved doublet.dissymmetrical geometries, in agreement with the X-ray
structures of 32, 35, and 37. Furthermore, the 1H-NMR
spectra of these compounds are temperature-dependent. On phosphane oxide 34 at 233 K shows a strongly deshielded

signal at δ 5 9.78. This downfield signal was assigned toraising the temperature there is coalescence of the four
methyl signals into two essentially well-resolved signals the proton of the naphthyl group located in the deshielding

zone of the P5O bond. This suggests that 34 adopts a con-(Table 3). Dynamic 1H-NMR study of phosphonium salt
36, which is the first known phosphonium salt with two formation in which the NRP bond interaction is trans to

the P5O bond (Figure 4). The coalescence of the fourP2H bonds, was not possible since it decomposes in solu-
tion at room temperature[27]. The 1H-NMR spectrum of methyl group signals to give two signals can be explained

Figure 3. X-ray crystal structures of 32 (left), 35 (centre), and 37 (right)
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by a permutational isomerization process around the phos- The 1H-NMR spectra of 39 and 40 at room temperature

show that these compounds are also hexacoordinated inphorus atom, which occurs without cleavage of the NRP
bond. The ∆G° value for this process lies in the range solution, with dissymmetrical geometries [29]. Indeed, the

1H-NMR spectrum of 39 exhibits four sharp singlets for58262 kJ mol21 (Table 3). We note that similar solution
behaviour was observed for the silicon compound 38 (R 5 the methyl groups and two sets of naphthyl proton signals.

The PCH2 protons are diastereotopic and appear as dou-F) by 1H-NMR spectroscopy, the permutational isomeri-
zation process[32] taking place with a ∆G° value of 62.4 blets of doublets. The 1H-NMR spectrum of 40 displays

eight singlets for the methyl groups and a multiplet for thekJ mol21.
diastereotopic PCH2 protons, thus indicating that this com-

Figure 4. Schematic representation of 34 and of the minor isomer pound exists as two isomers in solution, as in the case of
of 37 37. Further evidence for the existence of two isomers is pro-

vided by the 31P-NMR spectrum of 40, which also exhibits
two resonances.

Further raising of the temperature leads to the decompo-
sition of 34 and 35 above 400 K. Coalescence of the two
slightly separated signals into one was observed only for
phosphane 32 (at 418 K in [D4]-o-dichlorobenzene), thus 2.4 Pseudo-Heptacoordinate Phosphanes
indicating the cleavage of the NRP bond with an estimated

The first pseudo-heptacoordinate PIII phosphorus deriva-∆G° value of 90 kJ mol21.
tive 41 was described by Paine and co-workers[33]. This

The solid-state 31P-NMR spectrum of 37 shows one sig- complex was obtained by insertion of CS2 into the P2N
nal at δ 5 50.9. In contrast, the 31P-NMR spectrum of 37 bond of the aminophosphane P(NMe2)3. Single-crystal X-
in C6D6 displays two resonances at room temperature (at ray structure analysis of 41 showed that the phosphorus
δ 5 63.9 and δ 5 53.5), which indicates that 37 exists as centre is formally seven-coordinated, with six sulfur atoms
two isomers in solution. This was confirmed by a dynamic (three short P2S bonds of mean length 2.178 Å and three
1H-NMR study. At the limiting temperature for slow ex- long P2S bonds of mean length 2.966 Å) and the phos-
change, the 1H-NMR spectrum of 37 exhibits eight signals phorus lone pair forming a distorted capped trigonal anti-
for the N-methyl protons, indicating the existence of two prism.
isomers in solution, the ratio of which depends on the sol-
vent (50:50 in bromoform and 80:20 in toluene). Further-
more, comparison of the 31P-NMR chemical shifts of 37 in
solution and in the solid state shows that one of the isomers
observed in solution (δ 5 53.5) is presumably that present
in the solid state (δ 5 50.9). The structure of the other
isomer (δ 5 63.9 in C6D6) was inferred from a low-tempera-
ture 1H-NMR study of the naphthyl protons. At 233 K (in We have prepared the phosphanes 42 and 43 [34], the X-

ray crystal structures (Figure 5) of which reveal in both[D8]toluene), the 1H-NMR spectrum of this isomer displays
one signal at δ 5 9.8, suggesting a structure similar to that cases three weak NRP interactions with N2P distances of

2.80, 2.84, and 2.85 Å in 42 and 3.00, 3.01, and 3.07 Åof 34, with the NRP bond lying trans to the P5S bond
(Figure 4). COSY experiments on the mixture of isomers in 43. The pyramidal configuration around the phosphorus

atom is retained and nitrogen coordination is observedof 37 show that each methyl group of the NMe2 groups
exchanges with the other three, indicating an interconver- trans to a P2C bond. Thus, the geometry of these phos-

phanes corresponds to a tri-capped tetrahedron[34] (takingsion of the two isomers in solution. On raising the tempera-
ture, each methyl signal broadens, and they finally coalesce into account the nitrogen lone pair). It is important to em-

phasize that phosphanes 42 and 43 adopt the same ge-into a very broad signal at 373 K. Further raising of the
temperature leads to the decomposition of the isomers at ometry, even though there is no steric constraint in phos-

phane 43 to force the NMe2 groups to interact with the405 K. Thus, two phenomena take place: (a) a permu-
tational isomerization process occurring independently on phosphorus centre. However, their 1H-NMR spectra are

notably different. Thus, while the 1H-NMR spectrum of 43each isomer, and (b) the interconversion of these isomers.
This latter phenomenon was detected by means of COSY exhibits only one sharp singlet for the methyl protons, even

at low temperature, that of 42 displays two singlets for theand NOESY experiments.
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methyl protons, even up to 90°C (250 MHz). This notable Phosphane 46, incorporating the potentially bis-chelating

ligand 3, reacts with MeI to give the phosphonium salt 47difference indicates that NRP interactions are maintained
in solution in the case of 42, while an equilibrium between (Eq. 2), which undergoes a coordination-decoordination

process in solution[38]. An X-ray structure determination ofthe opened and closed forms should be operative in solu-
tion for 43. The same tri-capped tetrahedral geometry was 47 (Figure 6) shows that the lone pairs of the two nitrogen

atoms are directed symmetrically towards the phosphorusalso found in the silanes 44 [35] and 45 [36].
atom, with N2P distances of 3.14 and 3.16 Å. Further-

Figure 5. X-ray crystal structures of 42 (left) and 43 (right) more, the tetrahedral geometry of the phosphorus atom is
maintained so that the geometry around the phosphorus
centre is that of a slightly distorted bi-capped tetrahedron.
This conformation of the NCN ligand is similar to those
found in transition-metal compounds incorporating this li-
gand[39]. During crystallization of 47, a very small number
of atypical crystals were found, the structure of which (Fig-
ure 6) revealed that they were composed of the ammonium
salt 48. The striking feature of this structure is that one
methyl of the NMe3

1 group is positioned close to the phos-
phorus atom, at a distance of 3.44 Å. This suggests that
MeI could react with 46 to afford first the ammonium salt
48, which should then undergo a fast rearrangement to 47
due to the favorable geometry of the NMe3

1 group in re-
lation to the P atom.

2.5 Reactivity of Pseudo-Hypercoordinate Phosphanes

The reactivity of phosphanes 21, 32, and 42, incorporat-
ing one, two, or three 8-(dimethylamino)naphthyl ligands 1
decreases with the increasing number of ligands 1, undoubt- Figure 6. X-ray crystal structures of 47 (left) and 48 (right)
edly because of the increasing steric hindrance at the phos-
phorus atom and of the increasing number of N lone pairs
in the P coordination sphere.

The reactivity of the pseudo-pentacoordinate phosphane
21 is very similar to that of triphenylphosphane. Thus, treat-
ment of 21 with H2O2, S8, CH3I, or BrCH2CO2Et affords
the expected products in satisfactory yields[37] (58265%).
The pseudo-hexacoordinate phosphane 32 is less reactive
than 21. While its oxide and sulfide can be prepared under
the classical reaction conditions in 60 and 67% yield,
respectively, the formation of the phosphonium salt 40 re-
quired reaction with ICH2CO2Et for 24 h in refluxing tolu-
ene[27]. Finally, the reactivity of the pseudo-heptacoordinate
phosphane 42 [34] is very different from that of 21 and 32,
as well as that of triphenylphosphane. It was not possible to
obtain the corresponding oxide, nor the phosphane sulfide.
However, reaction of 42 with CH3I furnished the corre-
sponding phosphonium salt in low yield (32%) after 10 days
heating in a sealed tube at 100°C. In contrast, the pseudo- The reactivity of phosphanes 21, 32, and 42 towards tran-

sition-metal compounds was also investigated. The pseudo-heptacoordinate phosphane 43, incorporating three flexible
ligands 2, shows a reactivity similar to that of tri- pentacoordinate phosphane 21 may act as a monodentate

ligand via the phosphorus atom or as a bidentate ligand viaphenylphosphane towards H2O2 or sulfur, but reacts with
MeI to afford only the product of methylation at one amino both the phosphorus and nitrogen atoms, depending on the

experimental conditions. Thus, when [(COD)PdCl2] was al-group in 62% yield after 3 h at 100°C. This difference of
reactivity between 42 and 43 towards MeI is consistent with lowed to react with 2 equiv. of 21, complex 50 was formed,

in which 21 coordinates to the Pd centre only via the phos-their 1H-NMR data in solution, which indicate a stronger
NRP interaction in 42 than in 43. phorus atom. On the other hand, 21 reacts with
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Scheme 1

Scheme 2

Table 4. Results of Wittig reactions of phosphonium salts 27, 28, 39[(COD)PdClMe] as a bidentate ligand[24] to afford 49
and 40 with benzaldehyde under different experimental conditions;(Scheme 1). Similarly, 21 reacts with [(CO)5W(CH3CN)] as yields (E/Z ratio) of ethyl cinnamate

a monodentate ligand to afford complex 51 (Scheme 2), but
with W(CO)6 as a bidentate ligand to form complex 52, the
X-ray structure analysis [24] of which was performed. Phos-
phane 32 does not react appreciably with W(CO)6 and no
complex was isolated under these conditions. As regards
phosphane 42, it is completely unreactive towards W(CO)6,
as well as towards [THF·W(CO)5]. Phosphane 43, incorpor-
ating three flexible ligands 2, reacts with W(CO)6 to give
complex 53, an X-ray structure determination[37] of which
showed that the tungsten atom is complexed by one nitro-
gen atom and by the phosphorus centre, leaving two free
NMe2 groups. A similar bidentate carbonyltungsten com-
plex 54 had previously been proposed[21] on the basis of IR
and 1H-NMR spectra. The pattern of CO stretching bands
in the IR spectrum of complex 52 (2012, 1885, 1856 cm21)
is similar to that seen for 54 (2018, 1889, 1832 cm21), but
different from that in the case of complex 51 (2070, 1978,
1834 cm21). This latter spectrum closely resembles that of
Ph3PW(CO)5 (2075, 1980, 1938 cm21) [40].

2.6 Reactivity of Hypercoordinate Phosphonium Salts

We have investigated the reactivity of some hypercoordi-
nate phosphonium salts under Wittig conditions in order to
study the effect of the NRP interaction on the rate and
stereoselectivity of this reaction[29]. Some selected results
are reported in Table 4. The pentacoordinate phosphonium substrates proved to be much more reactive than

Ph3P1CH2CO2Et under the same conditions, furnishingsalts 27 and 28 were found to react readily with benzal-
dehyde under Wittig conditions to give ethyl cinnamate, ethyl (E)-cinnamate with very good stereoselectivity. How-

ever, they were unreactive towards ketones under Wittigwith 28 being more reactive than 27. Furthermore, both
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which were inferred from 13C- and 31P-NMR studies. Fi-
nally, an X-ray crystal structure analysis of the salt 57 [49]

revealed the pseudo-pentacoordination of the phosphorus
atom in the cation, in a geometry close to a trigonal bipyra-
mid, with NRP bond distances of 2.05 and 2.06 Å.

Ligand 3, which has been found to stabilize silylenium
ions[50252], also permits the stabilization of phosphenium
ions. Thus, reaction of the lithium derivative 58 with
PhPCl2 did not afford the phosphane (Ar)2PPh, but rather
an extremely air- and moisture-sensitive white powder 59

conditions. Due to the steric hindrance at the phosphorus (Scheme 3), the 1H-NMR spectrum of which featured two
atom, hexacoordinate phosphonium salts 39 and 40 are singlets for the NMe2 protons and one AB pattern for the
much less reactive than 27 and 28. They react with PhCHO benzylic protons. The same 1H-NMR pattern was found for
only under particular experimental conditions (Table 4), the silylenium ion 62[50252]. Treatment of 59 with NaPF6nevertheless showing good stereoselectivity. Thus, it can be furnished the corresponding hexafluorophosphate salt 60,
concluded that electronic factors dominate over steric ones the 31P-NMR spectrum of which exhibits two signals of
for compounds 27 and 28, whereas for hexacoordinate equal intensity, one at δ 5 195.5, very close to that ob-
phosphonium salts 39 and 40 incorporating two rigid li- served for 59, and the other at δ 5 2143.6 (PF6

2). All these
gands 1, steric factors dominate the outcome of the Wittig data are clearly consistent with an ionic structure for 59.
reaction, resulting in poor reactivity. Reaction of this salt with LiAlH4 afforded the phosphane

61 (Scheme 3), the 31P-NMR chemical shift of which is up-
field [δ 5 277.5, 1J(PH) 5 225 Hz] with respect to that of3. Pseudo-Pentacoordinate Stabilized Phosphenium Salts
Ph2PH[53] (δ 5 241.0), thus suggesting an intramolecular
NRP interaction. From the 1H-NMR spectrum, it was in-Phosphenium ions are reactive species [41] which can be

stabilized by inter-[42244] or intramolecular[45,46] coordi- ferred that phosphane 61 is pseudo-pentacoordinated at the
phosphorus atom due to a rapid coordination-decoordi-nation of donor groups on the phosphorus atom. The stabi-

lization of phosphenium ions by twofold intramolecular co- nation process of the NMe2 groups. The increase in coordi-
nation number of the phosphorus atom in 61 gives rise toordination by nitrogen atoms was proposed by Schmutzler

and Becker[47], who prepared the salt 55. Subsequently, La- an unusual reactivity of the P2H bond. Indeed, 61 un-
dergoes hydride abstraction upon reaction with Ph3C1-mandé and Munoz obtained salts 56 [48], the structures of

Scheme 3
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PF6

2 (Scheme 3), reforming the stabilized phosphenium corresponds to a capped tetrahedron, which is generally
somewhat distorted. It is noteworthy that the structuralsalt 60. It is noteworthy that hydride abstraction does not

occur in the case of “classical” secondary phosphanes, but characteristics of the pseudo-hexacoordinate phosphanes
and the hexacoordinate phosphane derivatives are quite dif-rather quaternization of the phosphane takes place[54]. The

modification of the reactivity of a bond because of extra ferent from those of the hexacoordinate phosphoranes in
that the P2N distances are less than 2 Å[3] in the latter,coordination is a well-known phenomenon in silicon chem-

istry[1], but has not previously been observed in phosphorus which have octahedral geometries. This can be explained in
terms of the generally high electronegativities of the ligandschemistry. Reaction of the lithium derivative 58 with PCl3

gives rise to the phosphorus salt 63, which was found to be surrounding the phosphorus atoms in phosphoranes. Intra-
molecular NRP donor-acceptor interactions induce an in-extremely air- and moisture-sensitive. LiAlH4 reduction of

63 gave phosphane 64, while iBu2AlH reduction unexpec- crease in the reactivity of the phosphorus derivatives. Thus,
the pentacoordinate phosphonium salts are much more re-tedly afforded 65, which represents the first stabilized phos-

phenium ion with a P2H σ bond (Scheme 3). The 1H- active than the corresponding phosphorus derivatives lack-
ing the NMe2 groups. Indeed, an unusual reactivity of aNMR spectrum of this compound exhibits the same pattern

for the NMe2 and benzylic protons as 59, indicating the P2H bond due to extra coordination at the phosphorus
atom has been observed for the first time in the case of acoordination of both NMe2 groups to the phosphorus

atom[55]. The 1H-NMR signals of the CH2NMe2 “arms” in hypercoordinate phosphane.
the analogous P2Me salt 67 [27] are different from those in
the case of salts 59 and 65. At room temperature, the NMe2

groups in 67 give rise to a single broad signal, while the [1] C. Chuit, R. J. P. Corriu, C. Reyé, J. C. Young, Chem. Rev.
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[44] R. Reed, R. Réau, F. Dahan, G. Bertrand, Angew. Chem. 1993,Organometallics 1989, 8, 183121833.
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The reaction of [UO2Cl4]22 with tBu-calix[6]arene (H6L) is can definitely influence the coordination chemistry of tBu-
calix[6]arene.made possible by the presence of Cs+ leading to the

formation of a trimetallic inclusion complex. An alkali metal

Calixarenes as ligands is a fast developing field of supra- The solution was allowed to stand and after two days red
crystals of 1 suitable for X-ray crystallography (59% yield)molecular chemistry. However, it almost exclusively con-

cerns calix[4]arene derivatives. [1] Amongst all metal com- were isolated as the sole reaction product. The structure
was solved and revealed an heterotrimetallic complex ofplexes currently studied, those of the lanthanides[2] and ac-

tinides[3] are receiving particular attention due to environ- tBu-calix[6]arene where two uranyl cations and a caesium
atom were coordinated to the macrocycle (Figure 1).mental needs. [4] Although calix[6]arene derivatives were

soon recognised as matching the coordination geometry re- Of the ten pyridine molecules found in the lattice, six
quired by the uranyl ion, [5] it has not been possible to iso- were found to form three pyridinium dimers (N2H···N
late the simple inclusion complex with UO2

21. Structural bond distance of 2.66 Å), implying that the macrocycle was
information on how this family of ligands binds to metals deprotonated four times to result in the observed stoichi-
are still scarce[6] [3d]. Recently, Gibson suggested that “alk- ometry for 1: [Cs][HNC5H5]3[UO2Cl2]2[H2L] ·7 NC5H5.
ali-metal ions could influence the coordination and reactiv- The two uranyl cations are bound in an external fashion
ity of calix[4]arene at transition metal centres”. [7] In order to the macrocycle through the deprotonated oxygen of the
to test this idea for larger calixarenes, we decided to study phenolate groups. Mean U5O, U2O, and U2Cl bond dis-
the possible effect of an alkali metal on the reactivity of tances are 1.789(7), 2.214(8), and 2.711(4) Å, respectively,
tBu-calix[6]arene (H6L) towards uranyl. We report here the and are comparable with those of the litera-
dramatic influence of Cs1 on the reaction of H6L with ture. [3b] [3c] [3d] [3e] [3f] [5c] [9] The geometry around uranyl is
[UO2Cl4]22 and the synthesis, X-ray determination, and four-coordinate equatorial with the two phenolate oxygen
NMR study of the new caesium inclusion complex atoms and the two chloride atoms in cis arrangements. This
[Cs][HNC5H5]3[UO2Cl2]2[H2L] ·7 NC5H5 (1). arrangement is unprecedented for an anionic moiety of ura-

When [HNC5H5]2[UO2Cl4] [8] was treated with H6L in nyl ([UO2X2Y2]22) and the only related example found in
pyridine, no reaction was observed. Even after refluxing the the literature is the cis arrangement of two phosphane ox-
two components for 12 hours, the 1H NMR of the calixar- ides and two chlorides in [UO2Cl2(OPPh3)2]. [9]

ene and the visible spectrum of the uranyl cation were The caesium cation is bound to the two protonated oxy-
identical to the ones of the starting materials. gens of the calixarene that do not form bonds with uranium

[O(6) and O(3)]. The mean Cs2O distance is 3.045(8) Å, in
Scheme 1 agreement with the one found for coordinate bonds in

crown ether (3.023.3 Å) [10] or in complexes where coordi-
2 [HNC5H5]2[UO2Cl4] 1 H6L }}}R

pyridine
no reaction

nation of an alcohol group to caesium was observed
[3.006(6)23.323(7) Å] [11]. More unusual are the short con-
tacts of 3.390(9) and 3.454(8) Å found between the caesiumHowever, when one equivalent of caesium triflate was ad-

ded to the mixture, the pale yellow colour immediately and the two uranyl oxygen atoms [O(1B) and O(2B)]. Al-
though they can not formally be considered as bonds, thoseturned to a deep red.
interactions probably help to stabilise the caesium inside its

Scheme 2 host. The alkali cation is also bound in nearly a η6-fashion
to the faces of the two phenolic rings. Cs2C distances range

2 [HNC5H5]2[UO2Cl4] 1 H6L }}}R
Cs1

pyridine between 3.41(1) and 3.87(1) Å, and the three shortest dis-
[Cs][HNC5H5]3[UO2Cl2]2[H2L] 1 4 [HNC5H5]Cl tances correspond to the phenol- and methylene-substituted
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Figure 1. X-ray structure of compound 1 [a] A: side view, B: bottom view. tBu groups have been omitted for clarity

[a] Selected bond lengths [Å] and angles [°] with estimated standard deviations in parentheses: U(1)2O(1A) 1.788(7), U(1)2O(1B) 1.788(7),
U(1)2O(4) 2.235(8), U(1)2O(5) 2.196(8), U(1)2Cl(1) 2.723(4), U(1)2Cl(2) 2.708(4), U(2)2O(2A) 1.791(7), U(2)2O(2B) 1.792(7),
U(2)2O(1) 2.228(7), U(2)2O(2) 2.197(7), U(2)2Cl(3) 2.694(3), U(2)2Cl(4) 2.718(4), Cs2O(1B) 3.389(8), Cs2O(2B) 3.454(8), Cs2O(3)
3.021(7), Cs2O(6) 3.067(8), O(4)2U(1)2O(5) 87.7(3), O(4)2U(1)2Cl(2) 90.0(2), O(5)2U(1)2Cl(1) 92.5(2), Cl(1)2U(1)2Cl(2) 89.9(1),
O(1)2U(2)2O(2) 86.2(3), O(1)2U(2)2Cl(4) 87.9(2), O(2)2U(2)2Cl(3) 95.2(2), Cl(3)2U(2)2Cl(4) 90.9(1), O(3)2Cs2O(6) 133.5(2).

positions. The mean Cs2centroid distance is 3.35(1) Å. The that caesium is strongly bound within the macrocycle,
which, in the case of a ligand as flexible as tBu-calix[6]ar-shortest Cs2C separations are shorter than those found for

caesium2methyl (3.53 Å), [12] and for caesium complexes of ene, [15] seems to indicate that the alkali cation guest is not
held within the cavity by the suitable size of the host astBu-calix[4]arene and bis(homooxa)-tBu-calix[4]arene

[3.53(1) to 4.17(1) Å, with a Cs2centroid distance of noticed for the calix[4]arene analogues, [13a] [16] but partici-
pates in holding together the ligand conformation. The3.57(1) Å]. [13] They are more in the range of those found for

selective caesium extractants like 1,3-calix[4]arene crowns crystal structure of 1 is not only a rare example of a metal
complex of an underivatized calix[6]arene, [6a] [6c] [6e] [3d] but is[3.273(5)23.770(5) Å] although in the latter, the alkali cat-

ion is only bound in η2 or η3 fashion to the phenolic also the first crystallographic example of cationic π-bond-
ing to the inner faces of the phenolic rings of anything otherfaces. [14] The short Cs2O and Cs2C distances in 1 imply
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than a calix[4]arene derivative. between the calixarene and Cs1 demonstrates the influence

of the alkali metal on the coordination chemistry reaction.The organic macrocycle adopts a pinched-cone confor-
mation reminiscent of that found in the other complex of Studies are currently in progress to determine the exact na-

ture of the interaction of caesium and tBu-calix[6]arene inH6L and uranyl present in the literature, [3d] but is more dis-
torted. In compound 1, the angle formed by the two planes pyridine, and to extend this research to other calixarenes

and to other alkali metals.of the phenolic rings bound to caesium by their oxygen
atoms [O(3) and O(6)] is 18(1)°, and the one formed by the
two phenolic rings bound in a polyhapto fashion to caes-
ium, and therefore brought towards each other, is 32(2)°, Experimental Section
inverted with respect to the cone conformation (relative to General: All experiments were carried out with exclusion of air
62° and 11° for equivalent positions in reference 3d). and moisture in a glove box. 1H- and 133Cs-NMR spectra were

Synthesis of the analytically pure compound on a pre- recorded in [D5]pyridine on a Bruker DRX-500 spectrometer at
parative scale was achieved by treating [Cs]2[UO2Cl4] [8] with T 5 297 K. All NMR tubes were charged to obtain a Cs1 concen-
H6L in pyridine. tration of approximately 2 mmol/l. The 65.6 MHz 133Cs-NMR

spectra were calibrated externally relatively to a 0.5 mol/l D2O solu-1H- and 133Cs-NMR spectroscopy was employed to ob-
tion of CsBr. 2 Elemental analyses were performed at Service detain information about the role of caesium in the formation
Microanalyse, CNRS, 91191 Gif-sur-Yvette.of the complex. One equivalent of caesium triflate was ad-

ded to a solution of H6L in pyridine and a significant shift [Cs][HNC5H5]3[UO2Cl2]2[H2L] (1): [Cs]2[UO2Cl4] (CAS no.
(223 ppm) for the caesium signal was observed, as well as 17631-98-0) (0.28 g, 4·1024 mol) was treated with H6L (0.20 g,

2·1024 mol) in pyridine (30 ml) at 323 K for 12 hours. After fil-the enlargement and shift of the signals of the acidic pro-
tration of a white powder of CsCl, the solution was concentratedtons [10.57 ppm, Full Width at Half Maximum (FWHM)
and compound 1 was obtained as a red powder. After recrystalli-153 Hz] and methylenic protons (20.02 ppm, FWHM 17
sation in pyridine, the powder was dried under vacuum and gaveHz), demonstrating the modification of the geometry of the
satisfactory elemental analysis for [Cs][HNC5H5]3[UO2Cl2]2[H2L]calixarene and the formation of a complex with the alkali
(0.27 g, 1.3·1024 mol, 65%). 2 1H NMR δ 5 1.34 (m, 18 H, tBu),

metal. Although from these NMR data, it is not possible 1.21 (m, 36 H, tBu), 3.39, 3.82, 4.00, 4.11, 5.31, 6.16, 6.54 (br s, 12
to draw conclusions about the resulting shape of the macro- H, ArCH2Ar), 6.86, 7.24, 7.30, 7.41, 7.78 (12 H, ArH), 9.86, 12.75
cycle, or the kind of bonding involved, it is possible to im- (5 H, H1): 2 133Cs NMR δ 5 23 (br s, 20 Cs), 278(br s, 10 Cs),
agine that the formation of such Cs2tBu-calix[6]arene spe- 2128 (br s, 24 Cs). 2 C81H98Cl4CsN3O10U2 (2023): calcd. C 48.05,
cies could then enable the reaction with uranyl. H 4.84, N 2.08; found C 47.98, H 5.09, 2.41.

Reaction of H6L with Caesium Triflate: An NMR tube wasScheme 3
charged with H6L (10 mg, 1·1022 mmol) in [D5]pyridine (0.4 ml)

2 [UO2Cl4]22 1 [H6L] 1 Cs1 R 9[Cs2H6L]9 R and caesium triflate (3 mg, 1·1022 mmol) was added. 2 1H NMR
[Cs][UO2Cl2]2[H2L] 32 δ 5 1.21 (s, 54 H, tBu), 4.10 (s, 12 H, ArCH2Ar, FWHM 5 15

Hz), 7.31 (s, 12 H, ArH), 11.37 (br s, 6 H, H1, FWHM 5 97 Hz),
2 133Cs NMR δ 5 25(br).Unlike the reaction with calix[4]arene complexes of Nb

and Ta where metallation of the ligand has been used to Reference 1H NMR Spectrum of H6L: δ 5 1.21 (s, 54 H, tBu),
bind alkali metal cations in the cavity, [17] the reaction with 4.12 (s, 12 H, ArCH2Ar, FWHM 5 8 Hz), 7.29 (s, 12 H, ArH),
the alkali metal occurs prior to reaction with uranium in 10.80 (br s, 6 H, H1, FWHM 5 44 Hz).
the formation of 1. Reference 133Cs NMR spectrum of Caesium Triflate: δ 5 18(s).

Contrary to observations for the free ligand, the 1H-
X-ray Crystallographic Study: Crystal data of 1;NMR spectrum of 1 is characteristic of the restricted mo-

C116H133Cl4CsN10O10U2 (2578.09), 0.75 3 0.55 3 0.40 mm3, tri-tion of the macrocycle, with methylene, tert-butyl, and
clinic, P1̄, Z 5 2, a 5 15.391(4), b 5 17.059(7), c 5 24.356(4) Å,phenyl protons split into several resonances. 133Cs-NMR
α 5 83.86(3), β 5 88.60(2), γ 5 67.60(4)°, V 5 5877(3) Å3, ρcalcd 5

spectrum of 1 exhibits three peaks, none of them corre- 1.457g.cm23, F(000) 5 2572, 2θmax 5 24°, µMo 5 3.206 cm21, En-
sponding to the signal of free Cs1 as obtained for caesium raf-Nonius Mach 3 diffractometer (ω/2θ scans, T 5 293 K, Mo-
triflate, thus demonstrating that encapsulation of the alkali Kα radiation λ 5 0.71069 Å). The structure was solved by the
metal is retained in solution. The three peaks proved to be heavy-atom method and refined on F2 using SHELXTL with all

atoms considered as anisotropic except solvated pyridine moleculesin slow exchange, but no coalescence could be obtained by
which were constrained to regular hexagons. One of them wastemperature change (276 to 346 K) or by addition of excess
found to be disordered over two positions which could be refinedcaesium triflate (up to one equivalent). We assume that this
to final occupations 0.89(2) and 0.13(2). Absorption was correctedset of peaks could be due to different positions of the caes-
using ψ-scans (min. transmission 5 57.7%, max. transmission 5ium atom inside its host, as observed for the calix[4]arene
99.9%). 15765 measured reflections, 11403 of which were con-derivatives. [13b]
sidered as observed (I > 2σI), 823 refined parameters, R1 5

In conclusion, we have found that the reaction of tBu- 0.0608 , wR2 5 0.1558 (all data), residual electron density 0.82
calix[6]arene with UO2Cl4

22 could be activated by the pres- eÅ23. Crystallographic data (excluding structure factors) have been
ence of caesium. We have characterised a heterotrimetallic deposited with the Cambridge Crystallographic Data Centre as
complex displaying external coordination of uranyl and in- supplementary publication no. CCDC-101252. Copies of the data

can be obtained free of charge on application to CCDC, 12 Unionclusion of caesium. The evidence of an initial interaction
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gew. Chem. Int. Ed. Engl. 1994, 33, 150621509. 2 [14b] P. Thué-J. Am. Chem. Soc. 1987, 109, 6371. 2 [5b] S. Shinkai, Y. Shira-
mama, H. Satoh, O. Manabe, T. Arimura, K. Fujimoto, Tsu- ry, M. Nierlich, J. C. Bryan, V. Lamare, J.-F. Dozol, Z. Asfari,

J. Vicens, J. Chem. Soc., Dalton Trans. 1997, 419124202.tomu Matsuda, J. Chem. Soc., Perkin Trans. 1989, 116721171.
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The lowest energy electronic transition of [(cyclopenta- the Cp– R biq ligand-to-ligand charge-transfer-type.
dienyl)2ZrIV(2,29-biquinoline)]2+, which appears in absorp-
tion at λmax = 360 nm and in emission at λmax = 518 nm, is of

Coordination compounds which contain reducing and complexes are not stable, and undergo a dissociation owing
oxidizing ligands are frequently characterized by long-wave- to the tendency of Cp2ZrL2 complexes to expand their co-
length ligand-to-ligand charge-transfer (LLCT) absorptions ordination sphere to Cp2ZrL3

[17] [18] [19]. However, if bulkier
in their electronic spectra[1] [2]. Such optical electron transfer ligands are introduced Cp2ZrL2 complexes become stable
between two ligands is a special type of light-induced because access to a further ligand is blocked[18]. As a biden-
charge separation which plays an important role in areas tate diimine the ligand biq meets this requirement, and the
such as artificial photosynthesis [3] and nonlinear optics [4]. complex [Cp2Zr(biq)]21 is prepared by the reaction of
In the case of LLCT a metal mediates the electronic interac- Cp2Zr(THF)(CF3SO3)2

[19] with biq. Mixing of the colour-
tion between donor and acceptor. Appropriate acceptor li- less solutions leads to the precipitation of a bright yellow
gands include 1,2-diimines (e.g. 2,29-bipyridyl), while crystalline material.
anions such as thiolates can be donor ligands. As yet little
attention has been paid to organometallic compounds, al-
though recently photoreactive LLCT states have been ident-
ified in complexes with alkyl anions as donor li-
gands[5] [6] [7] [8]. However, in general, the large potential of
organometallic compounds for optical LLCT has not yet
been utilized. The present report includes an investigation
of novel features such as C5H5

2 ligands as donors and an
early transition metal as a template and mediator. More-
over, we report on emission from a LLCT state of an or-
ganometallic compound, which we believe to be a new ob-
servation. Finally, some intriguing analogies between our
target compound and the photosynthetic reaction center The electronic spectrum of [Cp2Zr(biq)]21 (Figure 1)

shows absorptions at λmax 5 360 (ε/dm3 mol21 cm21 5will be mentioned.
The desired complex [Cp2Zr(biq)]21 (Cp2 5 C5H5

2 and 7700), 341 (8800), 329 (7400), 315 (5300), 304 (sh, 4300),
262 nm (20400). The bands at 341, 329, 315, 304, and 262biq 5 2,29-biquinoline) was designed taking into account

the following considerations. Cp2 is a suitable donor ligand nm appear at almost the same wavelength as those of free
biq and are thus attributed to intraligand (IL) transitions.as indicated by the appearance of long-wavelength LMCT

absorptions in the spectra of complexes such as However, while Cp2ZrIV compounds such as Cp2ZrCl2 and
related complexes are colourless, [Cp2Zr(biq)]21 is brightCp2Fe1 [2] [9] [10] [11] or CpReO3

[2] [12]. The metallocene moiety
Cp2MIV (M 5 Ti, Zr, Hf) provides an obliquely oriented yellow owing to a new absorption at λmax 5 360 nm which

extends into the visible spectral region. The complex is sol-pair of Cp2 ligands and a d0 metal center, which can pro-
vide no interference from low-energy LF and MLCT states. vatochromic, and the longest wavelength absorption un-

dergoes a blue shift with increasing solvent polarity (FigureMoreover ZrIV, in contrast to TiIV, is barely oxidizing[2] [13].
Accordingly, low-energy Cp2 R ZrIV LMCT transitions do 2[20]). This band is assigned to an LLCT transition[1] [2] from

the (Cp2)2 donor ligands to the biq acceptor, and the inten-not occur. 1,2-Diimines such as 2,29-bipyridyl (bipy) or
9,10-phenanthroline (o-phen) are well-known electron ac- sity of the band is consistent with this assignment. Com-

plexes of the type Cp2MIVL2 with M 5 Ti, Zr, and Hf in-ceptors in CT transitions[9] [10] [14] [15]. Complexes of the type
[Cp2TiIV(diimine)]21, with bipy and o-phen, have been pre- cluding [Cp2Ti(diimine)]21 are pseudotetrahedral [16] (C2v).

The highest occupied orbitals of such Cp2ML2 compoundspared previously[16]. Unfortunately, the corresponding ZrIV

Eur. J. Inorg. Chem. 1998, 186321865  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/121221863 $ 17.501.50/0 1863



H. Kunkely, A. VoglerSHORT COMMUNICATION
Figure 1. Electronic absorption (a,22222) and emission (e, characterized by a pair of two bacteriochlorophyll mol-
········) spectra of 2.18·1025  [Cp2Zr(biq)]21 at room temp. under ecules in close proximity but in an oblique orientation. In
argon in THF in a 1-cm cell; emission: λexc 5 380 nm, intensity in

the primary photochemical step this “special pair” un-arbitrary units
dergoes a light-induced electron transfer to an electron ac-
ceptor. A variety of models have been developed to mimic
the initial charge separation in the reaction center. In
[Cp2Zr(biq)]21 the special pair corresponds to both
C5H5

2 ligands, which are also planar π-electron systems in
an oblique orientation. However, in both the natural system
and artificial models [3] charge separation takes place by ex-
cited-state electron transfer, whilst in our organometallic
model it occurs as an optical transition since the metal fa-
cilitates an electronic coupling of donor and acceptor.

Other aspects of our observations may be also of interest
as metallocene dihalides are well known to exhibit anti-
tumor activity[26] [27]. Since extended planar ligands can in-
tercalate in DNA[28] the luminescence of [Cp2Zr(biq)]21

Figure 2. Energies of the LLCT absorption (ν̃max) of [Cp2Zr(biq)]21 and related compounds may be utilized to monitor such
plotted against solvent parameters E*MLCT

[20]
interactions. In this context it should be also mentioned
that a few reports on the luminescence of some other d0

complexes[29] [30] [31] [32] [33] including metallocene deriva-
tives[34] [35] [36] have appeared recently. In these cases the em-
ission apparently originates from LMCT excited states.

This work was supported by the Deutsche Forschungsgemein-
schaft.

Experimental Section
General: Absorption spectra: Hewlett Packard 8452A diode ar-

ray spectrophotometer, spectrograde solvents. 2 Emission and exci-
tation spectra: Hitachi 850 spectrofluorometer equipped with a
Hamamatsu 928 photomultiplier for measurements up to 900 nm.
2 Luminescence spectra: Corrected for monochromator and
photo-multiplier efficiency variations. Absolute emission quantum

are derived from the Cp2 ligands and are of the b2, b1, a2, yields were determined by comparison of the integrated emission
intensity with that of Rhodamine B under identical conditions suchand a1 symmetry in close energetic proximity[21]. The
as exciting wavelength, optical density, and apparatus parameters.LUMO is a π* orbital (b1) at the diimine ligand. While the

b2 R b1 transition is forbidden the other Cp2 R biq LLCT Preparation of [Cp2Zr(biq)(CF3SO3)2]: All solvents were dried
transitions (b1 R b1, a2 R b1 and a1 R b1) are allowed[22]. and saturated with argon. The starting chemicals were used as pur-

chased without further purification. A solution of 1.28 g (5·1023

mol) of AgCF3SO3 in 10 ml of THF was added to a solution ofThe cation [Cp2Zr(biq)]21 shows a bright yellow/green
0.73 g (2.5·1023 mol) of Cp2ZrCl2 in 10 ml of THF. The combinedluminescence at λmax 5 518 nm in solution (Figure 1) and
solutions were stirred for 30 min. AgCl precipitated and was re-524 nm in the solid state at room temp. The quantum yield
moved by filtration. A solution of 1.02 g (4·1023 mol) of biq in 40of the emission is f 5 0.01 (calibrated by comparison with
ml of THF was added to the filtrate under strirring. The solutionrhodamine B)[23]. This luminescence is not of the intrali-
immediately turned intensely yellow and yellow crystals started to

gand (biq) type, and this is indicated by the absence of any deposit. After 1 h, the crude product was collected by filtration
vibrational structure at 77 K, since at low temperatures and washed with a little THF/ether, and dried under vacuum. The
structured bands are typical for intraligand emissions[24] [25]. product was purified by repeated recrystallization from THF/ether,
The excitation spectrum matches the absorption spectrum yield: 0.6 g (31%). 2 C30F6H22N2O6S2Zr (775.86): calcd. C 46.44,
and it is concluded that the luminescence originates from the H 2.86, N 3.61; found C 46.52, H 2.98, N 3.69.
lowest energy LLCT excited state, which is most likely to be a
triplet state, in agreement with the general behavior of dia-
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A new type of amidinate ancillary ligand has been prepared, distortion of the amidinate nitrogen bearing the pendant
functionality. With AlEt2Cl cocatalyst the compound 1which incorporates a pendant tertiary amine functionality.

The crystal structure of a vanadium(III) derivative, produces a single-site catalytic system for the polymerization
of ethene.[SiMe3NC(Ph)NCH2CH2NMe2]VCl2(THF) (1), shows that the

ligand can adopt a facial geometry, with an unusual

Amidinates [RC(NR9)2]- are extensively being used as li- as a crystalline solid. [4b] This lithium amide readily reacts
with benzonitrile in THF solvent to give the functionalizedgands for transition metals, lanthanides as well as main

group elements, in which they act most frequently as biden- lithium benzamidinate [SiMe3NC(Ph)NCH2CH2NMe2]Li
(Scheme 1). The route appears to be quite versatile, and thistate 4-electron monoanionic ligands. [1] Various routes are

available to prepare amidinates with a range of substitution methodology should be applicable to a range of N-mono-
functionalized, N9-trimethylsilyl benzamidinates.patterns, and steric and electronic features of these ligands

are readily varied. [2] For Group 4 transition metals, amidi-
Scheme 1nates have been used as ancillary ligands in olefin polymeri-

zation catalysts. [3] The applicability of these ligands could
be enhanced considerably with the ability to introduce ad-
ditional functionalities as pendant groups on the amidinate
ligand framework. In this contribution we describe the syn-
thesis of such a functionalized amidinate, [Si-
Me3NC(Ph)NCH2CH2NMe2]2, which has a pendant (di-
methylamino)ethyl group attached to one of the amidinate
nitrogens. A facial coordination mode of this ligand is illus-
trated by the structure of a vanadium(III) derivative, [Si-
Me3NC(Ph)NCH2CH2NMe2]VCl2(THF) (1), indicating

Reaction of one equivalent of [SiMe3NC-that the new ligand may be compared with other, well-
(Ph)NCH2CH2NMe2]Li with VCl3(THF)3 in THF pro-known face-capping monoanionic ligands like tris(pyra-
duces the highly air sensitive, paramagnetic (by 1H NMR),zoyl)borate and cyclopentadienyl. Compound 1 is active in
green V(III) mono(amidinate) dichloride complex[5] [Si-the polymerization of ethene when activated by AlEt2Cl co-
Me3NC(Ph)NCH2CH2NMe2]VCl2(THF) (1), which wascatalyst.
obtained as crystals suitable for X-ray diffraction by dif-The synthesis of the (dimethylamino)ethyl-functionalized
fusion of pentane vapor into a THF solution of the com-benzamidinate [SiMe3NC(Ph)NCH2CH2NMe2]2 is based
pound. The structure of 1 (Figure 1) shows a distorted octa-on the well-known reaction of lithium trimethylsilylamides
hedral coordination of the metal, with the functionalizedwith benzonitrile to give lithium N-(trimethylsilyl)benz-
amidinate ligand adopting a facial geometry. The amidinateamidinates. [2a] A suitable silylamide, Me2NCH2CH2NH-
nitrogen bearing the (dimethylamino)ethyl functionality,SiMe3 was prepared by reaction of Me2NCH2CH2NH2
N(2), is distinctly non-planar, the sum of the angles aroundwith Me3SiCl and NEt3 as base (in a preparation similar
N(2) being 336.4° as compared to 359.9° for N(1). This isto that of Me2NCH2CH2N(Me)SiMe3

[4a]), and isolated by
unusual for metal amidinates, and may suggest that the li-vacuum distillation. Lithiation with nBuLi yields the lith-
gand has partial amido-imine character. Indeed, theium amide Me2NCH2CH2N(Li)SiMe3 which was obtained
V2N(2) distance is 0.1 Å shorter than V2N(1), but the
C(1)2N distances in the amidinate backbone differ only[°] Netherlands Institute for Catalysis Research (NIOK) publica-

tion no. RUG-98-4-03 slightly (if significantly), with C(1)2N(1) being 0.017 Å
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Figure 1. ORTEP diagram of the molecular structure of 1. Hydro- 80°C). The catalyst is most active at 30°C, with a pro-
gen atoms are omitted for clarity. The unlabeled atoms are carbon[a]

ductivity of 447 kg mol21 h21 bar21, and the product mo-
lecular weight distribution is characteristic for the presence
of a single active site. At 50°C the overall productivity
drops substantially, indicating a limited thermal stability of
the catalyst. At 80°C catalyst decomposition is rapid, and
the molecular weight distribution of the polyethene formed
is bimodal. For comparison, polymerization runs with a va-
nadium catalyst with an unfunctionalized amidinate ligand,
{[PhC(NSiMe3)2]VCl2(THF)}2 (2), are given in Table 1 as
well. At 30°C this system has a substantially lower activity
than 1/AlEt2Cl, and forms polyethene with a significantly
higher molecular weight. The catalyst activity is higher at
50°C but this is accompanied by a broadening of the poly-
mer molecular weight distribution. Again, this system suf-
fers from catalyst degradation at 80°C accompanied by for-
mation of a bimodal distribution of the PE product. Thus
the introduction of a pendant Lewis-base functionality on
the benzamidinate ligand significantly increases the poly-

[a] Selected interatomic distances [Å] and angles [°]: V2Cl(1) 5 merization activity of the homogeneous VIII amidinate cata-
2.3477(5), V2Cl(2) 5 2.3153(4), V2O 5 2.103(1), V2N(1) 5

lyst system at temperatures close to ambient, but does not2.124(1), V2N(2) 5 2.016(1), V2N(3) 5 2.230(1), C(1)2N(1) 5
1.322(2), C(1)2N(2) 5 1.339(2), Cl(1)2V2Cl(2) 5 106.47(2), improve the thermal stability of the catalytic species.
O2V2N(3) 5 172.50(5), N(1)2V2N(2) 5 64.10(4), In conclusion, we have developed a convenient route toN(1)2V2N(3) 5 100.62(5), N(2)2V2N(3) 5 74.91(5),

a new amidinate ligand with a tethered dialkylamine func-N(1)2V2Cl(1) 5 156.44(3), N(2)2V2Cl(2) 5 151.99(4),
V2N(2)2C(1) 5 93.77(8), V2N(2)2C(11) 5 121.41(9), tionality. A vanadium(III) complex with this ligand was
C(11)2N(2)2C(1) 5 121.21(9), N(1)2C(1)2N(2) 5 111.4(1). prepared and structurally characterized, revealing the pos-

sibility of this ligand to adopt a facial coordination mode.
(8σ) shorter than C(1)2N(2). A highly asymmetrically As such, this ligand is complementary to the familiar, more
bound amidinate was also observed in [MeC(NiPr)2]2Ge symmetrical facial monoanionic 6-electron tridentate li-
(with a relatively small nonplanarity of one of the amidi- gands such as tris(pyrazoyl)borate and cyclopentadienyl.
nate nitrogen atoms), but this only showed similarly small We are presently pursuing the scope of this synthesis
differences in the C2N distances of the amidinate back- method for the attachment of other functionalities to the
bone. [6]

benzamidinate framework and the use of these ligands with
The geometry around the metal center in 1 is significantly a variety of transition metals.

more distorted than in other octahedral vanadium(III)
This investigation was carried out in connection with NIOK, thecomplexes with monoanionic tridentate ligands such as Tp*

Netherlands Institute for Catalysis Research, and supported by the
VCl2L (Tp* 5 (3,5-dimethyl-1-pyrazoyl)borate; L 5 Department of Economic Affairs of the Netherlands.
DMF,[7] 4-methylpyridine[8]). In the latter complexes, the
N2V2N angles and V2N distances involving the triden-
tate ligand are all rather similar (around 86° and 2.12 Å Experimental Section
respectively), whereas in 1 both features vary over a con-

General: All experiments were performed under nitrogen atmos-siderable range [from 64.10(4)° to 100.62(5)° and from
phere using standard Schlenk and glove-box techniques unless

2.016(1) Å to 2.230(1) Å respectively]. mentioned otherwise. Deuterated solvents (Aldrich) were dried over
When activated with AlEt2Cl (20 mol per mol V), 1 cata- Na/K alloy and vacuum transferred before use. Other solvents were

lyzes the polymerization of ethene in toluene. Table 1 shows distilled from Na/K alloy or Na (toluene) before use. For the poly-
activity and GPC data for 30 minutes ethene polymeri- merization experiments toluene (Aldrich, 99.8%) was percolated

over molecular sieves (3 Å) before use, ethene (AGA polymerzation runs at three different temperatures (30, 50, and

Table 1. Ethene polymerization catalyzed by 1 and 2 with AlEt2Cl cocatalyst[a]

Catalyst T [°C] PE yield [g] activity [kg mol21h21bar21] Mw (3 1026) Mw/Mn

1 30 13.40 447 0.76 2.1
1 50 7.25 242 0.54 2.1
1 80 1.38 46 0.22 4.5[b]

2 30 3.87 129 1.60 2.4
2 50 11.18 373 1.37 3.8
2 80 8.38 279 1.46 10.0[b]

[a] Toluene solvent, 6 bar ethene, 10 µmol V, V:Al 5 1:20, 30 min run time. 2 [b] Bimodal distribution.
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grade) was passed over a supported copper scavenger (BASF R 3- and the residue was extracted with 50 ml of diethyl ether. The sol-

vent was removed from the extract in vacuo, and the residue dis-11) and molecular sieves (3 Å) before being passed to the reactor.
2 NMR spectra were run on Varian Gemini 200 and VXR 300 solved in 5 mL of THF. Slow diffusion of pentane vapor into the

solution resulted in formation of green crystals of 1 (2.78 g, 6.1spectrometers. 2 IR spectra were recorded from Nujol mulls be-
tween KBr disks on a Mattson-4020 Galaxy FT-IR spectrophoto- mmol, 58%). 2 1H NMR ([D6]benzene): δ 5 12.68 (∆ν1/2 5 150

Hz), 2.02 (∆ν1/2 5 150 Hz), 20.94 (∆ν1/2 5 250 Hz). 2 IR (Nujol,meter. 2 GPC analyses were performed on solutions of the poly-
mers in distilled 1,2,4-trichlorobenzene on a PL-GPC210 instru- KBr): ν̃ 5 1503 (m), 1400 (m), 1240 (m), 1190 (w), 1086 (w), 1044

(m), 1022 (s), 943 (m), 912 (m), 866 (s), 839 (s), 797 (m), 756 (w),ment of Polymer Laboratories. 2 Elemental analyses were carried
out at the Micro-Analytical Department of the University of Gro- 721 (m), 691 (w), 517 (m), 496 (w), 478 (w) cm21. 2

C18H32Cl2N3OSiV (456.40): calcd. C 47.37, H 7.07, N 9.21; foundningen.
C 47.49, H 7.10, N 9.24.

Preparation of (N,N-dimethyl-N9-trimethylsilyl)ethylene Diam-
Crystal Structure Analysis of 1: Enraf-Nonius CAD4-F dif-ine: To a solution of (N,N-dimethyl)ethylenediamine (35.4 g, 0.4

fractometer, Mo-Kα radiation (λ 5 0.71073 Å) , T 5 130 K; tri-mol) and an excess of triethylamine (1.28 mol) in 200 mL of 1,4-
clinic, P1̄, a 5 10.286(1), b 5 10.461(1), c 5 10.710(1) Å, α 5dioxane, trimethylsilylchloride (66.6 ml, 0.44 mol) was added drop-
93.648(5), β 5 100.075(5), γ 5 98.924(5)°, V 5 1114.1(2) Å3, Z 5wise in 20 minutes. A white precipitate (triethylamine hydrochlo-
2, Dx 5 1.361 g cm23, µ 5 7.5 cm21. The structure was solvedride) formed, and the mixture was stirred for 16 h. The mixture
by Patterson methods and extended by direct methods applied towas filtered and the residual salts extracted with 3 3 50 ml of
difference structure factors. A final refinement on F2 converged atdiethyl ether. The combined filtrates were concentrated under re-
wR(F2) 5 0.0766 for 4849 reflections with Fo

2 $ 0 and R(F) 5duced pressure, and pentane was added to precipitate any remain-
0.0274 for 4524 reflections with Fo $ 4.0 σ(Fo) and 363 parameters.ing salts. The mixture was filtered, the filtrate concentrated again
Crystallographic data (excluding structure factors) for the structureand distilled under reduced pressure. The fraction boiling at
reported in this paper have been deposited with the Cambridge73.5274.0°C (45 mmHg) consisted of the title compound (36.06 g,
Crystallographic Data Centre as supplementary publication0.22 mol, 50%). 2 1H NMR ([D6]benzene): δ 5 0.00 [s, 9 H,
no. CCDC-102816. Copies of the data can be obtained free ofSi(CH3)3], 0.98 (s, 1 H, NH), 2.17 (s, 6 H, N(CH3)2), 2.24 (t, 3JHH 5
charge on application to CCDC, 12 Union Road, Cambridge6.5, 2 H, CH2), 2.74 (t, 3JHH 5 5.3, 2 H, CH2).
CB2 1EZ, UK [Fax: int. code 1 44(1223)336-033; E-mail:

Preparation of N9-lithio(N,N-dimethyl-N9-trimethylsilyl)ethylene deposit@ccdc.cam.at.uk].
Diamine: In 30 minutes, 30 mL of a 2.5  nBuLi/hexane solution

Preparation of {[PhC(NSiMe3)2]VCl2(THF)}2 (2): To a sus-was added to a solution of 12.07 g (75 mmol) of (N,N-dimethyl-
pension of VCl3(THF)3 (5.28 g, 14.1 mmol) in 80 mL of THF,N9-trimethylsilyl)ethylene diamine in 200 ml of ether at 250°C.
cooled to 278°C, was added 4.80 g (14.0 mmol) of [PhC(NSiMe3)2]-The mixture was allowed to warm to room temperature after which
Li(THF). The mixture was allowed to warm to room temperaturethe volatiles were removed in vacuo. This yielded 11.0 g (66 mmol,
while stirring, and the resulting brown-green solution was stirred88%) of the title compound as a white solid. 2 1H NMR ([D8]tol-
for 4 h. Subsequently, the volatiles were removed in vacuo and theuene/[D8]THF): δ 5 0.19 [s, 9 H, Si(CH3)3], 2.06 [s, 6 H, N(CH3)2],
residue was stirred with 20 mL of pentane which was subsequently2.38 (br, 2 H, CH2), 3.23 (t, 3JHH 5 5.3, 2 H, CH2). 2 13C NMR
pumped off. Extraction with diethyl ether and cooling the extract([D8]toluene/[D8]THF): δ 5 62.51 (CNLi), 45.70, 45.21
to 230°C yielded a mixture of brown 2 and green [PhC(NSi-(Me2NCH2, NCH3), 22.15 (Si(CH3)3). 2 C7H19LiN2Si (166.27):
Me3)2]VCl2(THF)2

[5c] which was dissolved in 50 mL of toluene andcalcd. C 50.57, H 11.52, N 16.85; found C 50.22, H 11.37, N 15.94.
warmed to 50°C for 10 min after which the solvent was pumped

Preparation of [Me3SiNC(Ph)NCH2CH2NMe2]Li: To a solu- off. Recrystallization from diethyl ether at 230°C yielded 3.50 g
tion of 0.98 g (5.88 mmol) of N9-lithio(N,N-dimethyl-N9-trimethyl- (3.83 mmol, 55% yield on amidinate) of brown crystalline 2. 2 1H
silyl)ethylene diamine in 20 ml of THF, 0.60 ml of benzonitrile was NMR ([D6]benzene): δ 11.2427.36 (∆ν1/2 5 702380 Hz, 5 H, Ph),
added at 240°C. After 30 minutes the solvent was removed in va- 3.64 (∆ν1/2 5 90 Hz, 4 H, α-THF), 1.47 (∆ν1/2 5 120 Hz, 4 H, β-
cuo and the residue stripped of remaining THF by repeatedly stir- THF), 20.51(∆ν1/2 5 120 Hz, 18 H, SiMe3). 2 IR (Nujol mull,
ring with portions of pentane which were then pumped off. This KBr, cm21): ν̃ 5 1503(w), 1445(s), 1361(s), 1261(m), 1248(s),
yields the title compound as a pale yellow powder. Yield: 1.29 g 1175(w), 1074(w), 1047(w), 1030(w), 1001(m), 988(s), 922(w),
(4.76 mmol, 81%). 2 1H NMR ([D6]benzene): δ 5 0.01 [s, 9 H, 841(s), 785(m), 764(m), 743(w), 704(m), 690(m), 530(m), 446(w). 2

Si(CH3)3], 1.96 [s, 6 H, N(CH3)2], 2.10 (t, 3JHH 5 5.3, 2 H, CH2), C17H31Cl2N2OSi2V (457.46): calcd. C 44.63, H 6.83, Cl 15.50, N
2.82 (t, 3JHH 5 5.3, 2 H, CH2), 7.227.1 (5 H, Ph). 2 13C NMR 6.12, V 11.14; found C 44.34, H 6.61, Cl 15.78, N 6.58, V 10.91.
(C6D6): δ 5 178.13 (NCN), 143.59 (Ph ipso-C), 128.31, 126.75,

Ethene Polymerization Experiments: Polymerizations were car-126.43 (Ph CH), 58.38 (NCH2), 41.70, 41.21 (Me2NCH2, NCH3),
ried out in a fully temperature and pressure controlled Medimex 121.86 [Si(CH3)3].
L stainless steel autoclave. The autoclave was charged with 250 mL
of toluene containing 0.10 mmol of AlEt2Cl, brought to the desiredPreparation of [SiMe3NC(Ph)NCH2CH2NMe2]VCl2(THF)

(1): For this synthesis the lithium salt of the ligand was con- temperature and saturated with ethene (6 bar). Subsequently, a
solution of the catalyst precursor (10 µmol of vanadium) with 0.10veniently generated in situ. To a solution of 1.43 g (8.58 mmol) of

N9-lithio(N,N-dimethyl-N9-trimethylsilyl)ethylene diamine in 90 ml mmol of AlEt2Cl in 5 mL of toluene (mixed 15 min prior to injec-
tion) was injected into the reactor. During the reaction the mono-of THF 0.88 ml (8.62 mmol) of benzonitrile was added at 240°C.

The mixture was allowed to warm to room temperature and stirred mer was fed continuously to the reactor. After 30 min the reaction
was quenched by injection of 10 mL of methanol. The contents offor 30 min. Subsequently, the mixture was cooled to 250°C and

3.32 g (8.88 mmol) of VCl3(THF)3 was added. The mixture was the reactor were stirred in 100 mL of acidified methanol for 1 h.
The precipitated polymer was rinsed repeatedly with ethanol andallowed to warm to room temperature and was stirred overnight,

giving a dark brown solution. The solvent was removed in vacuo dried at 60°C for 2 d.
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[3] [3a] R. Gómez, R. Duchateau, A. N. Chernega, J. H. Teuben, F. [7] E. Kime-Hunt, K. Spartalian, M. DeRusha, C. M. Nunn, C. J.

Carrano, Inorg. Chem. 1989, 28, 4392.T. Edelmann, M. L. H. Green, J. Organomet. Chem. 1995, 491,
153. 2 [3b] J. C. Flores, J. C. W. Chien, M. D. Rausch, Or- [8] M. Herberhold, G. Frohmader, T. Hofmann, W. Milius, J.

Darkwa, Inorg. Chim. Acta 1998, 267, 19.ganometallics 1995, 14, 1827. 2 [3c] A. Littke, N. Sleiman, C.
Bensimon, D. S. Richeson, G. P. A. Yap. S. J. Brown, Organome- [I98280]
tallics 1998, 17, 446. 2 [3d] V. Volkis, M. Shmulinson, C. Aver-

Eur. J. Inorg. Chem. 1998, 1867218701870



FULL PAPER

Optically Active Transition Metal Compounds, 116[e]

Bond Lengths Co–C(CO), Co–N(NO) and Angles L–Co–C(CO),
L–Co–N(NO) in Tetrahedral Complexes;

Henri Brunner*, Josef Breu, and Peter Faustmann

Institut für Anorganische Chemie der Universität,
D-93040 Regensburg, Germany
Fax: (internat.) 149(0)941/9434439
E-mail: henri.brunner@chemie.uni-regensburg.de

Received June 22, 1998

Keywords: Cobalt complexes / Carbonyl complexes / Nitrosyl complexes

The bond lengths Co–C(CO), Co–N(NO) and angles L–Co– used to assign CO and NO ligands in cases where this has
not been possible before including a structure in which theC(CO), L–Co–N(NO) in six tetrahedral complexes, deter-

mined by X-ray crystallography, were analysed and two independent molecules in the unit cell are
diastereomers. The relationship seems to hold not only forcompared with the calculated compound Co(CO)2(NO)PH3.

Distinct differences were found which allow a differentiation tetrahedral compounds but also for other polyhedral
coordination types.of the two similar ligands CO and NO. These differences are

Introduction frozen, a “FINE” integration grid, and the Vosko, Wilk,
Nusair parametrization[11] of the exchange correlation en-

In an extensive review Tolman determined the steric de- ergy in the homogeneous electron gas. The local approxi-
mand, i.e. the cone angles, of a huge number of ligands mation was applied in SCF iterations and the final LDA
exept the linear two-atom ligands CO and NO.[2] In many density was used for nonlocal corrections of both energy
reports on X-ray structure analyses it was stated that the and gradients using the functions proposed by Perdew and
CO and NO groups could not be distinguished due to their Wang[12] and Becke[13] for correlation and exchange, respec-
similar size, for example, in complexes of the type Co- tively. The geometries were fully optimised without any
(CO)(NO)L2. [3] [4] The structure of Co(CO)3(NO) was de- symmetry constraints employing a mode following Newton-
termined by gas-phase electron diffraction. [5] During our Raphson technique and the BFGS updating scheme for
investigations on optically active carbonyl(nitrosyl)cobalt the Hessian. [14]

complexes[6] [7] we realised that there might be a distinct dif-
To check the agreement the molecular structures were

ference between the ligands CO and NO, which could be
minimised starting with coordinates taken from two differ-

used for future assignments.
ent crystal structure determinations, SAPFIY 5 [Co-
(CO)2(NO)]2(C31H35N2O2P3)[15] and GEHCIF 5 Co-
(CO)2(NO)(C16H13N2O2P)] [16] and with P-ligands adjustedAb initio Molecular Structures
to PH3. Finally, C and N atoms of the GEHCIF structure
were exchanged (GEHCIF*) and the structure minimisedCovalent and nonbonding intramolecular interactions
starting from this “wrong” assignment. There is a gooddetermine the shape of the molecular potential energy hy-
agreement between the results of these calculations withpersurface. However, geometries as observed in the solid
both the experimental gas phase structure[5] and the DFTstate result from the interplay of intra- and intermolecular
minimised structure[17] of Co(CO)3(NO) (Table 1). How-interactions. For flexible organometallic species molecular
ever, as already noticed in ref. [17] the computed metal2Cstructure and crystal packing influence each other in a com-
and metal2N distances are too short and the errors in theplex manner. [8]

bond lengths are larger as for pure carbonyl compounds. [18]To improve the reliability of the experimentally observed
molecular structure parameters and to exclude the possibil- All three minimisations converge to nearly identical geo-
ity of molecular structures being determined by intermole- metries. The Co2C(CO) distance is 1.77 Å and the
cular interactions we optimised the gas phase structure of Co2N(NO) distance is 0.12 Å shorter, a difference that is
Co(CO)2(NO)PH3 employing the density functional code larger than bond length errors of XRD structure determi-
DMOL[9] We used “DNP” basis sets [10] with inner cores nations. This difference has been used before to assign car-

bonyl and nitrosyl groups in M(CO)(NO) fragments. [19] [20]

[e] Part 115: Ref. [1]. The most remarkable result, however, is the difference be-
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Table 1. Experimental and ab initio gas-phase geometries (in Å and degrees) of carbonyl(nitrosyl)cobalt complexes

Parameter SAPFIY[15] GEHCIF[16] GEHCIF* Co(CO)3(NO), Co(CO)3(NO),
DFT[17] Exp.[5]

RCo2N 1.651 1.649 1.650 1.665 1.671
RCo2C 1.768 1.767 1.767 1.810 1.843

1.767 1.768 1.770
RN2O 1.178 1.177 1.177 1.178 1.180
RC2O 1.162 1.162 1.162 1.163 1.136

1.162 1.162 1.162
RCo2P 2.172 2.175 2.170 2 2
α(N)2Co2(C) 118.3 117.2 114.8 114.7 107.7

117.5 115.9 118.9
α(C)2Co2(C) 103.5 103.7 103.5 103.9 111.2
α(C)2Co2(PH3) 101.7 102.9 102.1 2 2

99.5 101.0 101.3
α(N)2Co2(PH3) 113.6 114.1 114.0 2 2

tween the P2Co2C(CO) and the P2Co2N(NO) angles avoided any restraints, except for complex 5 for which
DELU restraints were applied to remedy for the small re-which has not been documented before. The latter is more

than ten degrees larger than the former. The values found flex/parameter ratio. For compound 4 a new and larger data
set was collected. Methyl H atoms were placed in idealisedare 113.62114.1° for the P2Co2N(NO) angles and

99.52102.9° for the P2Co2C(CO) angles. Given these pro- positions based on difference electron synthesis and torsion
angles were refined with fixed isotropic displacement pa-nounced differences in structural parameters, it should be

possible to unequivocally assign NO and CO groups in rameters of 1.5Ueq (parent C). All other H atoms were
placed in idealised positions and refined with fixed isotropicXRD structure determinations.
displacement parameters of 1.2Ueq (parent C). All other
atoms were refined anisotropically. The weighting scheme

Crystal Structure Analyses recommended by the program was used and refinement was
continued until complete convergence (maximum shift/esd

Crystal structure refinements were carried out for the six
< 0.001) was achieved. It should be noted that the smaller

carbonyl(nitrosyl)cobalt complexes shown in Figure 1.
isotropic temperature factor of nitrogen than that of carbon

Details of the structure determinations and the crystal
has been used previously for nitrosyl/carbonyl differen-

structure parameters were previously published. [6] [7] How-
tiation. [19] [20]

ever, for the present study all the structures were refined
again in a consistent manner applying the SHELX-97 pro- For each complex two refinements were carried out.

These differ only in the SFAC number used at the sites ofgram package. [21] SHELXL refines against F2 and all data
were used in the full-matrix least-squares method. We also the carbon atom of the CO group and the nitrogen atom of

Figure 1. Tetrahedral carbonyl(nitrosyl)cobalt complexes for which a structure refinement was carried out
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Table 2. Number of reflections and R indices of the refined structures

Complex Total Number Number of L.S. R1[b] wR2[c]) GooF[d] Flack
number of of unique obsd. reflections parameters parameter x
reflections reflections with I > 2σI (all data) (all data) (all data)

1 6801 6801 4489 433 0.0974 0.1141 1.033 0.0668
(0.02)

1 [a] 0.0998 0.1223 1.034 0.0728
(0.02)

2 5611 5579 4985 320 0.0430 0.0843 1.039 20.0126
(0.01)

2 [a] 0.0439 0.0882 1.040 20.0110
(0.01)

3 3865 2717 2027 354 0.0893 0.1025 1.089 0.0031
(0.03)

3 [a] 0.0903 0.1047 1.091 0.0017
(0.03)

4 12342 4667 4284 337 0.0281 0.0596 0.983 20.0086
(0.01)

4 [a] 0.0305 0.0680 0.985 20.0063
(0.01)

5 1949 1762 936 306 0.1612 0.2069 1.016 20.0080
(0.07)

5 [a] 0.1620 0.2095 1.013 20.0030
(0.07)

6 8477 8477 5943 680 0.0760 0.1294 1.124 0.0015
(0.02)

6 [a] 0.0766 0.1316 1.121 0.0051
(0.02)

[a] Values after exchanging the SFAC cards at the position of the carbon atom of the CO group and the nitrogen atom of the NO group.
The number of reflections remains unchanged. 2 [b] R1 5 ΣiF0u2uFCi/ΣuF0u. 2 [c] wR2 5 {Σ[w(F0

2 2 FC
2)2]/Σ[w(F0

2)2]}1/2. 2
[d] GooF 5 S 5 {Σ [w(F0

2 2 FC
2)2]/(n-p)}1/2 with n 5 number of reflections, p 5 total number of parameters refined, and w 5 1/[σ2(F0

2)
1 (aP)2 1 bP] with P 5 [2FC

2 1 Max(F0
2,0)]/3.

the NO group. In Table 2 the resulting refinement para- N site become smaller. Ueq parameters at the C site (calcu-
lated as a nitrogen atom) are up to three times larger thanmeters are listed.

Crystallographic data (excluding structure factors) for those at the position N (calculated as a carbon atom). This
is illustrated for two representative examples in Figure 2the structures reported in this paper have been deposited

with the Cambridge Crystallographic Data Centre as sup- (only the central cobalt coordination sphere is shown).
In a preceding paper we were not able to determine theplementary publication no. CCDC-101715. Copies of the

data can be obtained free of charge on application absolute configuration of the complexes 2 and 4. [7] With the
results presented here we are able to do so. The investigatedto CCDC, 12 Union Road, Cambridge CB2 1EZ,

UK [Fax: int. code 144(1223)3362033; E-mail: crystal of complex 2 is assigned the configuration (SCo,SC),
while for complex 4 the configuration can unambiguouslydeposit@ccdc.cam.ac.uk].

Carbonyl and nitrosyl groups were initially assigned ac- be determined as (RCo,SC).
An even more spectacular result was obtained for com-cording to the observed bond length differences. For all six

complexes the correct configuration gives slightly smaller plex 6. In complex 6 two independent molecules are ar-
ranged in a pseudo-centrosymmetric way in the unit cell;values for the R indices. However, the differences for the

two possible configurations at the cobalt atom are by no only the methyl group at the asymmetric C atom disturbs
the inversion symmetry. We first assumed the same configu-means significant and would not allow a conclusive assign-

ment of NO and CO groups. The configuration space is ration for both cobalt atoms. During the present study we
realised that this was not correct. In fact the two moleculeslarge enough to allow good agreement between observed

and calculated structure factors even for the wrong configu- seem to have different configurations. In other words the
unit cell contains the two diastereomeric complexes that dif-rations. As expected, neither are meaningful differences dis-

played in the Flack parameters. Whereas R indices are fer only in the configuration at the cobalt centre. Molecule
A has a (RCo,SC) and molecule B (SCo,SC) configuration.rather insensitive, wrong assignment is clearly documented

in the displacement parameters (Table 3). This explains the fact that we were not able to separate the
diastereomers of 6, whereas in all other cases at least en-Both ligands CO and NO bind to the same metal centre

and are expected to have very similar displacement para- riched samples could be obtained by fractional crystalliza-
tion. [7]meters. For the correct cobalt configuration the parameters

of the nitrogen atom of the NO group and of the carbon The bond distances Co2C(CO) and Co2N(NO) of com-
plexes 126 are listed in Table 4. For the correct configura-atom of the CO group are indeed of the same magnitude.

After exchange of the SFAC numbers of these two atoms, tion the values are in line with expected values. They range
from 1.703 to 1.749 Å for the Co2C(CO) distance andthe parameters at the C site become larger and those at the
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Table 3. Anisotropic, equivalent, and main axis displacement parameters for C and N of the CO and NO groups

Complex Label[b] U11 U22 U33 U23 U13 U12 Ueq U1 U2 U3 U3/U1

1 N(1) 0.048(3) 0.043(2) 0.036(2) 20.003(2) 20.002(2) 20.008(2) 0.0423(14) 0.0329 0.0402 0.0539 1.64
C(41) 0.039(3) 0.042(3) 0.035(3) 20.004(2) 0.001(2) 0.007(2) 0.0387(17) 0.0306 0.0372 0.0482 1.57

1 [a] N(1) 0.031(2) 0.027(2) 0.019(2) 20.0067(19) 20.004(2) 20.009(2) 0.0257(12) 0.0116 0.0271 0.0383 3.29
C(41) 0.074(4) 0.063(3) 0.052(3) 20.003(3) 0.007(3) 0.006(3) 0.0630(19) 0.0484 0.0628 0.0778 1.61

2 N(1) 0.0374(13) 0.0553(15) 0.0402(13) 0.0137(11) 0.0053(10) 20.0038(12) 0.0443(8) 0.0277 0.0418 0.0634 2.29
C(33) 0.0524(17) 0.0350(13) 0.0406(14) 0.0033(13) 20.0049(13) 20.0053(13) 0.0427(9) 0.0330 0.0391 0.0560 1.70

2 [a] N(1) 0.0259(12) 0.0404(14) 0.0301(13) 0.0106(11) 0.0047(9) 20.0024(11) 0.0321(8) 0.0193 0.0301 0.0470 2.44
C(33) 0.0671(19) 0.0527(16) 0.0525(16) 0.0035(15) 20.0051(15) 20.0073(16) 0.0574(10) 0.0488 0.0514 0.0720 1.48

3 N(1) 0.068(6) 0.064(5) 0.067(6) 20.002(4) 0.017(5) 0.026(5) 0.069(3) 0.0502 0.0631 0.0950 1.89
C(31) 0.054(6) 0.054(6) 0.046(5) 0.010(5) 0.004(4) 0.022(5) 0.054(3) 0.0390 0.0554 0.0662 1.70

3 [a] N(1) 0.044(5) 0.048(5) 0.046(5) 20.003(4) 0.016(4) 0.023(5) 0.046(3) 0.0247 0.0476 0.0657 2.66
C(31) 0.075(6) 0.098(8) 0.062(6) 0.013(5) 0.007(5) 0.037(6) 0.081(4) 0.0568 0.0776 0.1089 1.92

4 N(1) 0.0279(12) 0.0221(10) 0.0329(10) 0.0069(8) 20.0027(10) 0.0043(9) 0.0276(6) 0.0165 0.0301 0.0364 2.20
C(22) 0.0217(13) 0.0203(11) 0.0336(13) 0.0064(9) 0.0044(10) 0.0015(10) 0.0252(7) 0.0177 0.0204 0.0375 2.12

4 [a] N(1) 0.0153(12) 0.0120(10) 0.0188(10) 0.0054(8) 20.0010(10) 0.0060(10) 0.0154(6) 0.0056 0.0179 0.0226 4.07
C(22) 0.0334(15) 0.0384(14) 0.0476(15) 0.0089(11) 0.0053(12) 20.0015(12) 0.0398(8) 0.0289 0.0368 0.0537 1.86

5 N(1) 0.050(11) 0.097(13) 0.103(14) 20.030(11) 20.009(10) 0.023(10) 0.089(7) 0.0476 0.0813 0.1394 2.93
C(28) 0.038(12) 0.069(15) 0.15(2) 0.002(15) 20.026(13) 0.014(11) 0.091(9) 0.0322 0.0816 0.1602 4.98

5 [a] N(1) 0.026(10) 0.076(13) 0.070(13) 20.023(11) 0.005(10) 0.014(9) 0.062(7) 0.0250 0.0503 0.1120 4.48
C(28) 0.051(12) 0.102(17) 0.20(3) 20.019(17) 20.027(14) 0.020(11) 0.126(12) 0.0456 0.1267 0.2051 4.50

6 A N(2) 0.034(3) 0.058(3) 0.107(5) 20.016(3) 20.007(3) 20.018(3) 0.067(2) 0.0333 0.0610 0.1075 3.22
C(31) 0.047(3) 0.066(4) 0.048(3) 20.028(3) 20.004(3) 20.018(3) 0.0537(19) 0.0324 0.0472 0.0814 2.52

6 A [a] N(2) 0.030(3) 0.045(3) 0.084(4) 20.011(3) 20.008(3) 20.016(2) 0.0531(19) 0.0288 0.0463 0.0844 2.93
C(31) 0.051(3) 0.084(4) 0.067(4) 20.036(3) 20.003(3) 20.021(3) 0.068(2) 0.0459 0.0531 0.1038 2.26

6 B N(4) 0.069(4) 0.056(4) 0.089(4) 20.004(3) 20.031(3) 20.020(3) 0.073(2) 0.0482 0.0679 0.1032 2.14
C(71) 0.062(4) 0.088(5) 0.050(4) 20.033(3) 20.010(4) 20.017(4) 0.069(3) 0.0343 0.0589 0.1150 3.35

6 B [a] N(4) 0.049(4) 0.045(3) 0.066(4) 20.002(3) 20.018(3) 20.018(3) 0.054(2) 0.0395 0.0516 0.0721 1.83
C(71) 0.086(5) 0.109(5) 0.067(4) 20.044(4) 20.019(3) 20.017(4) 0.092(3) 0.0424 0.0765 0.1569 3.70

[a] See explanation in Table 2. 2 [b] See refs. [6] [7] for labeling scheme.

from 1.643 to 1.702 Å for the Co2N(NO) distance. Only After exchanging the carbon and nitrogen atom in 5 the
distances remain rather constant for each site.complex 5 does not fit into this picture. This might be be-

cause the number of measured reflections is too small rela- A conclusive assignment could also be based on the
P2Co2N(NO) and P2Co2C(CO) angles as listed in Tabletive to the number of parameters for a reliable refinement.

Figure 2. Platon plots of the core of the complexes 1 (left) and 4 (right). After exchanging the SFAC cards for the carbon and nitrogen
atoms the anisotropic displacements parameters differ strongly (bottom)
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Table 4. Bond lengths in Å around the cobalt center

Complex Co2C(CO) C2O Co2N(NO) N2O Co2L1 [b] Co2L2 [b]

1 1.752(5) 1.157(7) 1.645(4) 1.174(6) 2.2087(17) 2.1953(18)
1 [a] 1.640(4) 1.162(6) 1.763(6) 1.169(8) 2.2090(17) 2.1960(18)
2 1.713(3) 1.156(4) 1.686(2) 1.171(3) 2.2136(13) 2.2069(13)
2 [a] 1.688(2) 1.161(4) 1.716(3) 1.164(4) 2.2131(13) 2.2071(13)
3 1.711(11) 1.151(13) 1.643(11) 1.183(15) 2.208(2) 2.204(3)
3 [a] 1.616(11) 1.170(15) 1.736(12) 1.162(14) 2.207(2) 2.203(3)
4 1.749(2) 1.146(3) 1.669(2) 1.177(3) 2.1498(6) 2.2073(6)
4 [a] 1.667(2) 1.170(3) 1.756(2) 1.143(3) 2.1499(7) 2.2073(6)
5 1.60(3) 1.24(4) 1.70(2) 1.16(3) 2.225(6) 1.93(3)
5 [a] 1.66(2) 1.14(3) 1.63(3) 1.27(4) 2.225(6) 1.91(3)
6 A 1.716(8) 1.163(10) 1.683(8) 1.149(12) 2.2087(19) 1.862(9)
6 A [a] 1.683(8) 1.138(12) 1.721(6) 1.164(9) 2.208(2) 1.863(9)
6 B 1.704(8) 1.152(10) 1.700(9) 1.171(13) 2.209(2) 1.865(9)
6 B [a] 1.678(9) 1.188(13) 1.698(8) 1.163(10) 2.210(2) 1.859(9)

[a] See explanation in Table 2. 2 [b] L1, L2: the ligands other than CO or NO. L1 has higher priority than L2.

Table 5. Bond angels in degrees around the cobalt center

Complex L12Co2N(NO) L12Co2C(CO) L22Co2N(NO) L22Co2C(CO) C2Co2N L12Co2L2

1 118.82(14) 104.40(18) 119.83(15) 97.43(14) 121.5(2) 88.38(4)
1 [a] 104.69(18) 118.64(14) 97.4(2) 119.80(15) 121.5(2) 88.38(5)
2 112.94(9) 105.79(10) 110.37(9) 101.54(10) 123.43(14) 99.72(2)
2 [a] 105.83(10) 112.87(10) 101.56(10) 110.48(9) 123.34(14) 99.74(3)
3 115.9(3) 101.7(3) 109.2(3) 104.0(4) 122.3(5) 101.33(9)
3 [a] 101.8(3) 115.5(3) 104.0(4) 109.5(3) 122.2(5) 101.33(9)
4 109.35(7) 104.55(9) 115.96(7) 100.94(8) 120.82(10) 103.33(2)
4 [a] 104.51(9) 109.40(9) 100.89(9) 115.90(9) 120.89(11) 103.34(2)
5 109.9(7) 106.1(9) 110.7(9) 108.2(11) 119.6(12) 100.6(8)
5 [a] 106.1(9) 109.7(7) 107.9(11) 111.1(9) 119.5(12) 100.9(8)
6 A 108.0(2) 101.7(3) 113.5(3) 108.5(4) 123.5(4) 97.9(2)
6 A [a] 101.7(3) 108.8(2) 108.3(3) 113.6(3) 122.9(4) 97.9(2)
6 B 107.1(2) 105.4(3) 112.3(4) 111.9(5) 121.6(5) 94.6(2)
6 B [a] 105.7(3) 106.6(3) 112.4(4) 112.2(4) 121.4(5) 94.5 (2)

[a] See explanation in Table 2.

5. As expected from the gas-phase structures for complex ference of less than ±1° is found for 19 pairs. Only in 24
cases the P2M2C(CO) angle is found to be more than 1°1 P2Co2N(NO) angles are 22° and 14° larger than the

corresponding P2Co2C(CO) angles. For the other com- larger than the P2M2N(NO) angle.
plexes this difference is about 5 to 10°. These results indi-
cate that the nitrosyl group has a larger steric demand than

; Dedicated to Professor Edgar Niecke on the occasion of histhe carbonyl group. 60th birthday.
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Condensation of (R)-2-aminobutanol with salicylaldehyde 3b showed a structural peculiarity. The unit cell of these
complexes contained diastereomers with the sameand 2-pyrrolecarbaldehyde gave the chiral chelate ligands

HLL1* and HLL2*, respectively. The diastereomeric configuration at the carbon atoms but opposite configuration
at the metal centers in a 1:1 ratio. Weak intramolecularcomplexes (RRu,RC)- and (SRu,RC)-[(η6-arene)Ru(LL1*)Cl], η6-

arene = p-cymene (1a/1b), η6-arene = benzene (2a/2b), and O2H···Cl hydrogen bridges were formed in all the
complexes. 1H-NMR studies demonstrated the(RRu,RC)- and (SRu,RC)-[(η6-arene)Ru(LL2*)Cl], η6-arene = p-

cymene (3a/3b), η6-arene = benzene (4a/4b), which only configurational lability at the Ru center. The iodo complexes
(RRu,RC)- and (SRu,RC)-[(η6-p-cymene)Ru(LL*)I], LL* = LL1*differ in the ruthenium configuration, were prepared by the

reaction of [(η6-arene)RuCl2]2 with the anion of the (5a/5b) and LL* = LL2* (6a/6b), were synthesized by halo-
gen exchange.corresponding ligand HLL*. X-ray analyses of 1a/1b and 3a/

Introduction ruthenium half-sandwich complexes, two of which show
this structural peculiarity. [17]

Optically active (η6-arene)ruthenium half-sandwich com-
plexes have attracted interest in enantioselective cataly-

Results and Discussionsis [2] [3] [4] [5], including Diels2Alder and olefin isomerization
reactions. [6] [7] [8] There is a series of structural studies on

2-N-[(R)-1-Hydroxybut-2-yl)]salicylaldimine[18] (HLL1*)optically active chiral-at-Ru complexes of the type [(η6-ar-
was obtained by condensation of (R)-2-aminobutanol withene)Ru(LL*)L] and [(η6-arene)Ru(LL*)L]X, arene 5 p-cy-
salicylaldehyde. HLL1* was deprotonated in dichlorometh-mene, mesitylene, benzene, LL* 5 anionic or neutral un-
ane with KOtBu and [(η6-arene)RuCl2]2 (arene 5 p-cymene,symmetrical ligand, L 5 halide or unidentate ligand, X 5
benzene) was added. The formation of the diastereomericanion. [9] [10] [11] [12] [13] [14] [15] Resolution of (η6-arene)ruthen-
complexes (RRu,RC)- and (SRu,RC)-[(η6-p-cymene)Ru(LL1*)-ium half-sandwich complexes usually is carried out using
Cl] (1a, b) and [(η6-benzene)Ru(LL1*)Cl] (2a, b) is depictedoptically active chelate ligands HLL* containing optically
in Scheme 1.active amine components. Diastereomers are formed, which

only differ in the configuration at the stereogenic Ru atom.
Diastereomers are different molecules. Therefore, ubiqui-

Scheme 1tously, single crystals obtained from a mixture of dia-
stereomers contain only one diastereomer. This, in effect, is
the basis of diastereomer separation by crystallization.
There are, however, examples, in which the presence of both
diastereomers with opposite configuration at the metal
center in one crystal is reported. [14] [15] [16] In the present
paper we describe the syntheses and the X-ray structures of

[e] Part 117: See ref. [1].
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The 1H-NMR spectrum of the p-cymene complex in tion at the stereogenic carbon atom. Selected bond dis-

tances and angles are listed in Table 1.CDCl3 showed the presence of two diastereomers 1a and
1b in a ratio of 91:9. As there is no “β2phenyl effect”[13] [19],
no assignment of major/minor isomer to 1a/1b can be Table 1. Selected bond lengths and angles of 1a/1b; estimated stan-

dard deviations are shown in parenthesesmade. The isomer ratio was obtained from the intensities of
the singlets of the imine protons at δ 5 7.75 and δ 5 7.85.

RRu(1) RRu(2) SRu(3) SRu(4)There are two doublets at δ 5 1.15 and δ 5 1.26 for the
CHMe2 groups of the p-cymene ligand in the major dia-

Ru2Cl 2.459(4) 2.467(4) 2.434(4) 2.431(4)stereomer and two doublets at δ 5 1.08 and δ 5 1.24 for Ru2O 2.153(9) 2.108(10) 1.728(11) 2.028(9)
the minor diastereomer indicating their diastereotopicity. Ru2N 2.106(11) 2.096(11) 2.134(11) 2.185(12)

Ru2(arene) 1.634(5) 1.680(4) 1.687(4) 1.669(8)Similarly, the benzene complex forms two diastereomers 2a
Cl2Ru2O 83.6(3) 86.3(3) 91.5(4) 81.4(3)and 2b. Integration of the singlets of the imine protons at Cl2Ru2N 85.4(3) 83.3(3) 83.5(3) 84.1(4)
O2Ru2N 88.8(4) 89.9(4) 90.0(5) 85.9(4)δ 5 7.77 and δ 5 8.39 in CDCl3 gave a ratio of 76:24.

Crystallization of the diastereomeric mixture 1a/1b from
dichloromethane/thf/pentane at 3°C gave triangular plates
of X-ray analytical quality. To our surprise the structural The bond distances and angles are similar to those ob-

served in related complexes. [13] [14] However there is a verystudy showed the presence of both isomers 1a and 1b in the
asymmetric unit in a 1:1 ratio. The molecules 1a and 1b short Ru32O3 distance. The complexes with (SRu) configu-

ration show longer Ru2N distances, whilst the Ru2Cl andhave the same configuration at the carbon atom but differ
in the configuration at the metal center. There are four inde- Ru2O distances are smaller than in complexes with (RRu)

configuration. The distances of the oxygen atoms to thependent molecules in the unit cell, two with (RRu) and two
with (SRu) configuration. Figure 1 displays the molecular chloride ligands are: O84···Cl1 3.24 Å, O87···Cl2 3.20 Å,

O92···Cl3 3.01 Å, and O95···Cl4 3.13 Å. Weak O2H···Clstructure of 1a/1b.
hydrogen bridges are described for O···Cl distances between

Figure 1. Crystal structure of (RRu,RC/SRu,RC)-[(η6-p-cymene)- 2.92 and 3.18 Å. [23] The formation of these O2H···Cl hy-Ru(LL1*)Cl] 1a/1b
drogen bridges may be the driving force which orients the
OH groups of the (R)-2-aminobut-1-yl substituents towards
the chloride ligands.

The X-ray structure analysis demonstrated the presence
of both diastereomers 1a and 1b in the crystal in a 1:1 ratio.
However, the 1H-NMR spectrum of crystals dissolved in
CDCl3 at room temperature showed a 91:9 ratio which did
not change after stirring for 1 d at r.t. Furthermore, crystals
of the complex 1a/1b were dissolved at 280°C in CD2Cl2.
Integration of the low temperature 1H-NMR spectrum gave
a diastereomer ratio of 95:5, proving the configurational
lability at the metal center even at 280°C. Thus, the equi-
librium 1a v 1b must have been established during the solu-
tion procedure at 280°C which took 1 h. Obviously, the
energy barrier of the epimerization at the Ru atom in 1a/1b
is very low as observed for similar compounds with related
chiral salicylaldiminato ligands. [12] [13] Surprisingly, how-
ever, crystallization of a solution in which one of the two
diastereomers is dominant, gives a 1:1 ratio of 1a/1b in theIn all four independent molecules the chiral Schiff base

is bonded through the phenolic oxygen and the imine nitro- crystal lattice.
Condensation of (R)-2-aminobutanol with 2-pyrrolecarb-gen. The stereogenic carbon atom of the chelate ligand has

the expected (RC) configuration introduced in the synthesis. aldehyde afforded the ligand 2-N-[(R)-1-hydroxybut-2-yl)]-
pyrrolecarbaldimine[17] [24] (HLL2*). The formation of theThe iPr group of the π-bonded p-cymene ligand lies above

the phenolic oxygen. Thus, the p-methyl group is located diastereomeric complexes (RRu,RC)- and (SRu,RC)-[(η6-p-cy-
mene)Ru(LL2*)Cl] (3a, b) and [(η6-benzene)Ru(LL2*)Cl]near the chloride ligand. The oxygen atom of the hydroxy-

methyl group is oriented towards the chloride ligand. The (4a, b) is depicted in Scheme 2.
The 1H-NMR spectrum of 3a/3b in CDCl3 showed a dia-configuration of the stereogenic ruthenium centers is deter-

mined according to the priority sequence η6-p-cymene > Cl stereomer ratio of 1:1, which did not change after refluxing
for 3 h. A measurement in [D6]acetone demonstrated that> O > N.[20] [21] [22] (R) configuration is assigned to Ru1 and

Ru2, (S) configuration to Ru3 and Ru4. In the unit cell the solvent polarity had no influence on the equilibrium ratio.
The diastereomer ratio of 79:21 in CDCl3 for the complexespairs of diastereomers Ru1/Ru3 and Ru2/Ru4 are almost

centrosymmetric, except the arrangement of the 2-amino- 4a, b was similar to the ratio found for the complexes 2a,
b (76:24).but-1-yl substituents which have the same (RC) configura-
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Table 2. Selected bond lengths and angles of 3a/3b; estimated stan-Scheme 2

dard deviations are shown in parentheses

RRu(1) SRu(2)

Ru2Cl 2.481(11) 2.361(10)
Ru2N(pyrr) 2.082(26) 2.041(26)
Ru2N(imine) 2.137(27) 2.119(27)
Ru2(arene) 1.626(14) 1.711(17)
Cl2Ru2N(pyrr) 84.7(7) 84.8(7)
Cl2Ru2N(imine) 85.8(7) 84.4(8)
N (pyrr)2Ru2N 75.3(10) 80.1(10)

From a mixture of CH2Cl2, thf, and pentane crystals of
the complex 3a/3b suitable for X-ray structure analysis were MeOH in the presence of a 10  excess of NaI for 1 h at rt
obtained. There are two independent molecules in the unit gave the complexes [(η6-p-cymene)Ru(LL1*)I] (5a, b)
cell with opposite configurations at the Ru centers. The mo- (Scheme 3) in nearly quantitative yield.
lecular structure of 3a/3b is shown in Figure 2.

Scheme 3. Structural formulae of the iodo complexes 5a/5b, 6a/6b.
Figure 2. Crystal structure of (RRu,RC/SRu,RC)-[(η6-p-cymene)- Only one diastereomer is shown

Ru(LL2*)Cl] 3a/3b

There were hardly differences in the chemical shifts of the
iodo complex 5a/5b and the chloro complex 1a/1b. In the
iodo complex the p-methyl group of the cymene ligand was
shifted 0.17 ppm to low field, whereas the imine proton was
shifted 0.16 ppm to high field relative to the chloro com-
plex. The diastereomer ratio of 5a, b (88:12) was similar to
that found for 1a, b (91:9). Thus, the exchange of the p-
cymene ligand in 1 for benzene in 2 had a much stronger
impact on the diastereomer ratio than the exchange of chlo-
ride in 1 for iodide in 5.The chiral Schiff base is coordinated through the pyrrole

The preparation of [(η6-p-cymene)Ru(LL2*)I] (6a/6b)nitrogen and the imine nitrogen. The stereogenic carbon
(Scheme 3) from 3a/3b was carried out as described for theatom of the chelate ligand has the expected (RC) configura-
system 1 R 5. In the FD mass spectrum of 6a/6b only thetion.The iPr group of the cymene ring is located in the
peak of the iodo complex was detected confirming quanti-vicinity of the imine nitrogen. Both methyl groups of the
tative halogen exchange. The integration of the imine pro-iPr substituent tend away from the chelate ring and the p-
tons at δ 5 7.44 and 7.48 in CDCl3 gave a diastereomermethyl group fills the space between the imine nitrogen and
ratio of 65:35.the chloride ligand. The oxygen atom of the hydroxymethyl

group is oriented towards the chloride ligand. Both mol-
ecules are arranged in a quasi centrosymmetric manner.

Experimental SectionHowever, there is no real centrosymmetry due to the given
(RC) configuration at the stereogenic carbon atoms. Ac- General Remarks: Preparation of the ruthenium complexes was
cording to the priority sequence η6-p-cymene > Cl > N(im- carried out under an atmosphere of dry nitrogen with standard

Schlenk techniques. 2 IR spectra: Beckman IR 4240 spectrometer.ine) > N(pyrrolate) the configuration of the stereogenic ru-
2 Mass spectra: field desorption method (Finnigan MAT 95). 2thenium centers is (S) for Ru1 and (R) for Ru2. Selected
1H-NMR spectra: Bruker ARX 400 spectrometer (400 MHz). 2bond distances and angles are listed in Table 2.
UV/Vis spectroscopy: Kontron Uvikon 922 spectrophotometer. 2The bond lengths and angles are similar to those ob-
CD spectra Jasco J-710 spectrophotometer. 2 Polarimetric meas-served in related complexes. [12]. The distances of the oxygen
urements: Perkin-Elmer 241 instrument. 2 Melting points: Büchiatoms to the chloride ligands are O1···Cl1 3.28 Å and
SMP 20. Elemental analyses: microanalytical laboratory of the

O2···Cl2 3.00 Å, indicating the formation of weak University of Regensburg. 2 [(η6-p-cymene)RuCl2]2[28230] and
O2H···Cl hydrogen bridges as observed for 1a/1b. [(η6-benzene)RuCl2]2 [28] [29] [30] were prepared as published

The dissociation of the chloride ligand in ruthenium half- from RuCl3 · xH2O. 2-N-[(R)-1-hydroxybut-2-yl)]salicylaldimine[18]

sandwich complexes[12] [13] [25] [26] [27] can be used for halogen (HLL*-1) and 2-N-[(R)-1-hydroxybut-2-yl)]pyrrolecarbaldim-
ine[17] [24] (HLL*-4) were synthesized by the literature methods. 2exchange reactions. [27] Stirring the complexes 1a/1b in
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X-ray structure analyses: Syntex R3 diffractometer, Mo-Kα radi- transmission factors 0.8621.00, µ 5 0.93 mm21, F(000) 5 1896;

13919 unique, 8505 observed reflections [I > 2.5σ(I)]. Parametersation, T 5 296 K. Solution by direct methods using the program
SHELXTL Plus (release 4.2/800), PC version. Further details of blocked 4·115, total 457; R 5 0.074, Rw 5 0.067, residual electron

density 4.60/22.00 e Å23. CSD 408883.the crystal structure investigation may be obtained from the Fach-
informationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds- [(η6-benzene)Ru(LL1*)Cl] (2a, b): Yield: 363 mg (72%), m.p.
hafen (Germany) (e-mail: crysdata@fiz-karlsruhe.de) on quoting 167°C (decomp.). 2 IR (KBr): ν̃ 5 1620 cm21 (C5N), 1600, 1540,
the respective depository CSD number (vide infra). 1470 (C5C). 2 [α]20 (c 5 0.12, CH2Cl2) (589 nm) 1920, (578 nm)

Preparation of the Complexes [(η6-arene)Ru(LL*)Cl]: 2.07 11111, (546 nm) 11547. 2 CD data (c 5 1.48·1024 mol l21,
mmol of the appropriate ligand HLL* was dissolved in abs. CH2Cl2 CH2Cl2) λmax (∆ε) 5 247 nm (22.30), 269 (0.0), 282 (0.18). 2
and KOtBu (2.07 mmol) was added. The mixture was stirred for 1 NMR data for the minor diastereomer are added in parentheses
h at room temp. After adding CH2Cl2 the mixture was cooled to when different to the major diastereomer. 1H NMR (CDCl3): δ 5
0°C. [(η6-arene)RuCl2]2 (1.00 mmol) was added and the solution 1.16 (0.92) (t, J 5 7.2 (7.4) Hz, 3 H, CH3), 2.00 (m, 2 H, CH2CH3),
was stirred for 4 h at 0°C. The solution was filtered through Celite 3.76 (m, 1 H, CH), 3.99 (m, 1 H, HCHOH), 4.51 (m, 1 H,
and concentrated. The product was precipitated quantitatively by HCHOH), 5.60 (s, 6 H, H-benzene), 6.48 (m, 1 H, H4-sal), 6.98
slow addition of petroleum ether with stirring. The red microcrys- (m, 2 H, H3,H6-sal), 7.22 (m, 1 H, H5-sal), 7.77 (8.39) (s, 1 H, N5
talline residue was washed with petroleum ether and dried. CH). 2 MS-FD (CH2Cl2); m/z (%): 407 (100) [M1] rel. to 102Ru.

2 C17H20ClNO2Ru (406.87): calcd. C 50.18, H 4.95, N 3.44; found[(η6-p-Cymene)Ru(LL1*)Cl] (1a, b): Yield: 705 mg (83%), m.p.
C 50.55, H 5.29, N 3.85.136°C (decomp.). 2 IR (KBr): ν̃ 5 1615 cm21 (C5N), 1600, 1540,

1470 (C5C). 2 [α]24 (c 5 0.14, CHCl3) (589 nm) 1770, (578 nm) [(η6-p-cymene)Ru(LL2*)Cl] (3a, b): Yield: 615 mg (72%), m.p.
11025, (546 nm) 11277. 2 UV/Vis (c 5 1.32·1024 mol l21, 157°C (decomp.). 2 IR (KBr): ν̃ 5 1660 cm21 (C5N), 1580, 1460
CH2Cl2) λmax (lg ε) 5 277 nm (3.67). 2 CD data (c 5 1.80·1024 (C5C). 2 [α]20 (c 5 0.11, CH2Cl2) (589 nm) 168, (578 nm) 175,
mol l21, CH2Cl2) λmax (∆ε) 5 248 nm (26.40), 261 (0.0), 271 (546 nm) 195. 2 UV/Vis (c 5 4.21·1025 mol l21, CH2Cl2) λmax (lg
(2.71), 305 (1.14), 320 (0.0), 351 (23.31), 426 (23.11), 450 (0.0), ε) 5 324 nm (4.22). 2 NMR data for the second diastereomer
503 (5.41). 2 1H NMR (CDCl3): δ 5 1.15 (m, 6 H, CH3, CH3- are added in parentheses when different to the first diastereomer.
iPr), 1.26 (d, J 5 6.9 Hz, 3 H, CH3-iPr), 1.97 (m, 2 H, CH2CH3), Intensities are related to the corresponding peaks. 1H NMR
2.25 (s, 3 H, CH3-cymene), 2.75 (sept, J 5 6.9 Hz, 1 H, CH-iPr), (CDCl3): δ 5 0.80 (0.94) (d, J 5 6.9 Hz, 3 H, CH3-iPr), 1.06 (t,
3.71 (m, 1 H, CH), 3.98 (m, 1 H, HCHOH), 4.44 (m, 1 H, J 5 7.4 Hz, 3 H, CH3),1.14 (m, 6 H, CH3, CH3-iPr), 1.28 (d, J 5
HCHOH), 4.99/5.40 (AB, d, J 5 5.7 Hz, 2 H, H-cymene), 5.46/ 6.9 Hz, 3 H, CH3-iPr), 1.75 (1.93) (m, 2 H, CH2CH3), 2.23 (2.26)
5.47 (AB, d, J 5 6.5 Hz, 2 H, H-cymene), 6.44 (m, 1 H, H4-sal), (s, 3 H, CH3-cymene), 2.57 (sept, J 5 6.9 Hz, 1 H, CH-iPr), 3.50
6.95 (m, 2 H, H3,H6-sal), 7.19 (m, 1 H, H5-sal), 7.75 (7.85, 9%) (s, (4.12) (m, 1 H, CH), 3.66 (4.04) (m, 2 H, CH2OH), 5.26 (m, 3 H,
1 H, N5CH). 2 MS-FD (EtOH); m/z (%): 463 (100) [M1] rel. to H-cymene), 5.34 (d, J 5 6.2 Hz, 1 H, H-cymene), 5.47 (d, J 5 6.2
102Ru. 2 C21H28ClNO2Ru (462.98): calcd. C 54.48, H 6.10, N 3.03; Hz, 1 H, H-cymene), 5.64 (m, 2 H, H-cymene), 5.75 (d, J 5 6.1
found C 54.24, H 6.31, N 3.04. Hz, 1 H, H-cymene), 6.32 (m, 1 H, H4-pyrr), 6.67 (m, 1 H, H3-

pyrr), 7.44 (m, 1 H, H5-pyrr), 7.57 (7.61) (s, 1 H, N5CH). 2 MS-
Figure 3. CD spectra of the chloride and iodide complexes 1a, b FD (acetone); m/z (%): 436 (100) [M1] rel. to 102Ru. 2
(91:9) and 5a, b (88:12) in dichloromethane. [c(1) 5 1.80·1024 mol C19H27ClN2ORu (435.96): calcd. C 52.35, H 6.24, N 6.43; found C

l21, c(5) 5 1.59·1024 mol l21] 52.24, H 6.46, N 6.38.

Crystals of 3a/3b for X-ray analysis were obtained from a mix-
ture of CH2Cl2, thf, and pentane at 3°C. X-ray structure analysis
of (RRu,RC/SRu,RC)-[(η6-p-cymene)Ru(LL2*)Cl]: orange-red
needles, crystal size 0.08 3 0.10 3 0.08 mm3, monoclinic, space
group C2

2, P21 (no 4), a 5 10.036(3), b 5 9.415(3), c 5 21.132(7)
Å, β 5 101.44(2)°, V 5 1957(1) Å3, Z 5 2·2, dcalc 5 1.48 g cm23,
empirical absorption correction (8 reflections 4.2° < 2θ < 35.2°), ω
scans, 2θ range 3.0° < 2θ < 50.0°, Friedel pairs 3.0° < 2θ < 42.0°,
transmission factors 0.8621.00, µ 5 0.95 mm21, F(000) 5 896;
5465 unique, 3069 observed reflections [I > 2.5σ(I)]. Parameters
213; R 5 0.119, Rw 5 0.096, residual electron density 1.93/22.47
e Å23. CSD 408884.

[(η6-benzene)Ru(LL2*)Cl] (4a, b): Yield: 340 mg (66%), m.p.
110°C (decomp.). 2 IR (KBr): ν̃ 5 1620 cm21 (C5N), 1580, 1435
(C5C). 2 [α]20 (c 5 0.17, CH2Cl2) (589 nm) 2321, (578 nm) 2381,
(546 nm) 2669. 2 NMR data for the second diastereomer are ad-
ded in parentheses when different to the first diastereomer. 1H
NMR (CDCl3): δ 5 1.06 (1.12) (t, J 5 7.4 Hz, 3 H, CH3), 1.79Crystals for X-ray analysis were obtained from a mixture of

CH2Cl2, thf, and pentane at 3°C. X-ray structure analysis of (1.92) (m, 2 H, CH2CH3), 3.55 (m, 1 H, CH), 3.72 (m, 1 H,
HCHOH), 3.92 (m, 1 H, HCHOH), 5.70 (5.62) (s, 6 H, η6-C6H6),(RRu,RC/SRu,RC)-[(η6-p-cymene)Ru(LL1*)Cl]: dark red triangular

plates, crystal size 0.25 3 0.45 3 0.55 mm3, monoclinic, space 6.34 (dd, J 5 3.8 Hz, J 5 1.1 Hz, 1 H, H4-pyrr), 6.71 (dd, J 5 3.8
Hz, J 5 1.1 Hz 1 H, H3-pyrr), 7.53 (broad, 1 H, H5-pyrr), 7.59group C2

2, P21 (no 4), a 5 7.715(2), b 5 17.859(4), c 5 29.359(8)
Å, β 5 94.90(2)°, V 5 4031(2) Å3, Z 5 4·2, dcalc 5 1.52 g cm23, (7.62) (s, 1 H, N5CH). 2 MS-FD (acetone); m/z (%): 380 (100)

[M1] rel. to 102Ru. 2 C19H19ClN2ORu (379.85): calcd. C 45.28, Hempirical absorption correction (7 reflections 4.6° < 2θ < 41.2°), ω
scans, 2θ range 3.0° < 2θ < 59.0°, Friedel pairs 3.0° < 2θ < 35.0°, 5.32, N 7.04; found C 45.00, H 5.12, N 6.33.
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[2] S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J.Preparation of the complexes [(η6-p-cymene)Ru(LL*)I]: 0.15

Am. Chem. Soc. 1995, 117, 756227563.mmol of the appropriate ruthenium complex (1a, b) or (3a, b) was [3] J. Takehara, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, J.
dissolved in abs. MeOH (15 ml). NaI (1.5 mmol) was added. The Chem. Soc., Chem. Commun. 1996, 2332234.

[4] K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori,solution was stirred for 1 h at r.t. The solvent was evaporated and
Angew. Chem. 1997, 109, 2972300; Angew. Chem. Int. Ed. Engl.the red residue was dissolved in CH2Cl2 and filtered. After remov-
1997, 36, 2852288.ing the solvent an analytically pure red powder was obtained in [5] R. Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 972102.

nearly quantitative yield. [6] D. L. Davies, J. Fawcett, S. A. Garrat, D. R. Russell, J. Chem.
Soc., Chem. Commun. 1997, 135121352.

[7] D. Carmona, C. Cativiela, S. Elipe, F. J. Lahoz, M. P. Lamata,[(η6-p-cymene)Ru(LL1*)I] (5a, b): m.p. 80°C (decomp.).2 [α]21

M. Pilar, L.-R. de Viu, L. A. Oro, C. Vega, F. Viguri, J. Chem.(c 5 0.08, CHCl3) (589 nm) 129, (578 nm) 229, (546 nm) 229. 2
Soc., Chem. Commun. 1997, 23512 2352.UV/Vis (c 5 1.27·1024 mol l21, CH2Cl2) λmax (lg ε) 5 270 nm [8] H. Brunner, M. Prommesberger, Tetrahedron: Asymmetry

(3.92), 293 (3.92). 2 CD data (c 5 1.59·1024 mol l21, CH2Cl2) λmax 1998, submitted.
[9] I. de los Rios, M. J. Tenorio, M. C. Puerta, P. Valerga, J. Or-(∆ε) 5 245 nm (28.47), 264 (0.0), 271 (0.81), 279 (0.0), 302

ganomet. Chem. 1996, 525, 57264.(20.41), 353 (23.44), 428 (23.32), 461 (0.0), 501 (2.33). 2 NMR
[10] Y. Yamamoto, R. Sato, F. Matsuo, C. Sudoh, T. Igoshi, Inorg.data for the minor diastereomer are added in parentheses when Chem. 1996, 35, 232922336.

different to the major diastereomer. 1H NMR (CDCl3): δ 5 1.12 [11] H. Brunner, R. Oeschey, B. Nuber, Inorg. Chem. 1995, 34,
334923351.(0.91) (t, J 5 7.4 (7.5) Hz, 3 H, CH3), 1.16 (d, J 5 6.8 Hz, 3 H,

[12] H. Brunner, R. Oeschey, B. Nuber, Organometallics 1996, 15,CH3-iPr), 1.29 (d, J 5 6.8 Hz, 3 H, CH3-iPr), 2.00 (m, 2 H,
361623624.CH2CH3), 2.42 (2.35) (s, 3 H, CH3-cymene), 2.88 (sept, J 5 6.8 [13] H. Brunner, R. Oeschey, B. Nuber, J. Chem. Soc., Dalton Trans.

Hz, 1 H, CH-iPr), 3.74 (m, 1 H, CH), 4.26 (m, 2 H, CH2OH), 4.89/ 1996, 149921508.
[14] S. K. Mandal, A. R. Chakravarty, J. Chem. Soc., Dalton Trans.5.49 (AB, d, J 5 5.3 Hz, 2 H, H-cymene), 5.30/5.62 (AB, d, J 5

1992, 162721633.5.7 Hz, 2 H, H-cymene), 6.42 (m, 1 H, H4-sal), 6.92 (m, 2 H,
[15] S. K. Mandal, A. R. Chakravarty, Inorg. Chem. 1993, 32,H3,H6-sal), 7.15 (m, 1 H, H5-sal), 7.59 (7.66) (s, 1 H, N5CH). 2 385123854.

MS-FD (CH2Cl2); m/z (%): 555 (100) [M1] rel. to 102Ru, 428 (20) [16] H. Brunner, J. Breu, P. Faustmann, Eur. J. Inorg. Chem. 1998,
in press.[M1 2 I]. 2 C21H28INO2Ru (554.43): calcd. C 44.06, H 5.28, N

[17] T. Neuhierl, Ph. D. Thesis, University of Regensburg, 1998.2.45; found C 44.22, H 5.20, N 2.29.
[18] H. Brunner, W. Miehling, Monatsh. Chem. 1984, 115,

123721254.[(η6-p-cymene)Ru(LL2*)I] (6a, b): m.p. 67°C (decomp.).2 [α]21
[19] H. Brunner, Angew. Chem. 1983, 95, 9212931; Angew. Chem.

(c 5 0.09, CH2Cl2) (589 nm) 1215, (578 nm) 1244, (546 nm) Int. Ed. Engl. 1983, 36, 897.
[20] R. S. Cahn, C. K. Ingold, V. Prelog, Angew. Chem. 1966, 78,1429. 2 NMR data for the minor diastereomer are added in par-

4132447; Angew. Chem. Int. Ed. Engl. 1966, 5, 385.entheses when different to the major diastereomer. 1H NMR
[21] C. Lecomte, Y. Dusausoy, J. Protas, J. Tirouflet, A. Dormond,(CDCl3): δ 5 0.94 (0.79) (d, J 5 6.9 Hz, 3 H, CH3-iPr), 1.10 (1.05) J. Organomet. Chem. 1974, 73, 67276.

(t, J 5 7.4 Hz, 3 H, CH3), 1.17 (1.25) (d, J 5 6.9 Hz, 3 H, CH3- [22] H. Brunner, Enantiomer 1997, 2, 1332134.
[23] N. N. Greenwood, A. Earnshaw, Chemie der Elemente, VCH,iPr), 1.75 (m, 1 H, HCHCH3), 1.97 (m, 1 H, HCHCH3), 2.43 (2.49)

Weinheim, 1990, 72.(s, 3 H, CH3-cymene), 2.66 (t, J 5 6.9 Hz, 1 H, OH), 2.74 (3.02)
[24] H. Brunner, T. Neuhierl, B. Nuber, J. Organomet. Chem. 1998(sept, J 5 6.9 Hz, 1 H, CH-iPr), 3.64 (3.34) (m, 1 H, CH), 3.95 563, 1732178.

(3.51) (m, 1 H, HCHOH), 4.26 (4.07) (m, 1 H, HCHOH), 5.19/ [25] I. de Rios, M. J. Tenorio, J. Padilla, M. C. Puerta, P. Valerga,
J. Chem. Soc., Dalton Trans. 1996, 3772381.5.31 (AB, d, J 5 5.8 Hz, 2 H, H-cymene), 5.25/5.46 (AB, d, J 5

[26] R. J. Haines, A. L. du Preez, J. Organomet. Chem. 1975, 84,6.1 Hz, 2 H, H-cymene), 6.32 (m, 1 H, H4-pyrr), 6.70 (m, 1 H, H3-
3572367.pyrr), 7.37 (m, 1 H, H5-pyrr), 7.44 (7.48) (s, 1 H, N5CH). 2 MS- [27] D. Enders, H. Gielen, G. Raabe, J. Runsink, J. H. Teles, Chem.

FD (CH2Cl2); m/z (%): 528 (100) [M1] rel. to 102Ru. 2 C19H27I- Ber. 1997, 130, 125321260.
[28] G. Winkhaus, H. Singer, M. Kricke, Z. Naturforsch. 1966,N2ORu (527.41): calcd. C 39.23, H 4.77, N 4.57; found C 40.15, H

21b, 110921110.4.99, N 4.49.
[29] G. Winkhaus, H. Singer, J. Organomet. Chem. 1967, 7,

4872491.
[30] M. A. Bennett, T. N. Huang, T. W. Matheson, A. K. Smith,

Inorg. Synth. 1982, 21, 75.[1] H. Brunner, B. Nuber, M. Prommesberger, Tetrahedron: Asym-
metry 1998, submitted. [I98216]
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The regioselectivity of benzylic deprotonation of a number of the lithiated intermediate. These results clearly rule out
the notion that the regioselectivity is due to the preferredof conformationally restricted (arene)Cr(CO)3 complexes has

been examined in order to ascertain whether stereoelectronic abstraction of pseudoaxially oriented benzylic hydrogen
atoms. The crystal structures of rac-1, rac-5 and rac-7 suggesteffects play a role in such reactions. The complexes rac-5,

rac-6, rac-7, rac-8 and rac-9 were diastereoselectively a possible link between the preferred conformation of the
Cr(CO)3 tripod and the regioselectivity of the benzylicsynthesized from the corresponding C2-symmetric ligands

(2,3-disubstituted trans-1,2,3,4-tetrahydronaphthalene and deprotonation. In analogy to a commonly accepted picture
often used to explain the regioselectivity of nucleophiletrans-1,2,3,4,4a,9,9a,10-octahydroanthracene derivatives).

Due to the desymmetrization caused by the Cr(CO)3 additions to (arene)Cr(CO)3 complexes, it was anticipated
that those benzylic positions which are activated by ancomplexation, all four benzylic protons could be

distinguished by 1H NMR and were assigned in all cases by eclipsed CO ligand should be preferentially deprotonated
(kinetically controlled). This (new) stereoelectronic modela combination of H,H-COSY spectra and the observation of

H/D exchange at both exo positions (tert-BuOK/[D6]DMSO). was corroborated by experiments using complexes rac-60
and rac-62, which were regioselectively deprotonated at theDeprotonation (n-butyllithium)/deuteration (D2O or

CF3CO2D) experiments revealed a very high, unforeseen predicted position. In summary, it has been shown for the
first time that the preferred conformation of the Cr(CO)3regioselectivity in the cases of rac-5 and rac-7, while the

other substrates showed a low selectivity (rac-6) or could not tripod may have a directing influence on the regioselectivity
of benzylic deprotonation in (arene)Cr(CO)3 complexes, atbe deuterated at all under these conditions (rac-8, rac-9). In

the case of rac-5, the regioselectivity of the deprotonation least in conformationally unambiguous situations where no
obvious electronic effects are operative.was further confirmed by acylation (AcCl) or alkylation (MeI)

Introduction Scheme 1

(Arene)Cr(CO)3 complexes represent a unique class of
transition metal complexes, which are of considerable value
for the synthesis of complex organic molecules[1]. One of
the most useful effects of the Cr(CO)3 fragment is the stabi-
lization of negative charge in benzylic positions, which can
be exploited for efficient benzylic deprotonation/alkylation
reactions[2] [3].

more or less exclusively in terms of electronic[1c] [2] [6] orIn the course of our program on the use of chiral (ar-
complex-induced proximity effects [7], any rationalization ofene)Cr(CO)3 complexes as building blocks for the total syn-
the high degree of regiocontrol during the deprotonation ofthesis of bioactive compounds[4] [5], we recently discovered
1 must be based on different concepts.that complex 1 is deprotonated by n-butyllithium in a

The crystal structure of rac-1 (see below) shows that thehighly regioselective fashion, permitting the regio- and dia-
molecule preferentially adopts a half-chair conformationstereoselective preparation of benzylic alkylated products
(19; Figure 1). As a result, the two relevant benzylic exosuch as 2 (Scheme 1)[5].
hydrogen atoms, which have comparable steric environ-While the regioselectivity of the benzylic deprotonation
ments, differ in that one (the one that is attacked by theof (arene)Cr(CO)3 complexes has hitherto been explained
base) adopts a pseudoaxial position, while the other is
pseudoequatorially oriented. Therefore, it could not a priori

[°] X-ray crystallographic investigations. Address: Institut für Or- be ruled out that the deprotonation step (leading to theganische Chemie der Universität Frankfurt, Marie-Curie-Str.
11, D-60349 Frankfurt am Main, Germany. anionic intermediate 3) is stereoelectronically controlled[8].
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Figure 1. On the regio- and stereochemistry of the deprotonation/ 2. Retrosynthetically, the target compounds stem from C2-

alkylation of complex 1 symmetric ligands in each case. For the synthesis of 2,3-
trans-disubstituted tetralin derivatives of type 10, a Diels-
Alder reaction of an (E)-configured dienophile 11 with an
o-quinodimethane of type 12 was envisaged[10]. For the dia-
stereoselective preparation of trans-octahydroanthracenes
such as 13 [11], either a 6-endo cyclization of a radical inter-
mediate of type 14 [12], or a metal-mediated [21212]-cyclo-
addition (Vollhardt reaction)[13] employing the trans-bis(al-
kyne) 15 were considered. For the purposes of the antici-
pated deprotonation studies, it was sufficient to focus
merely on synthetic methods that would furnish the target
complexes in racemic form.

Scheme 2

In order to investigate whether such conformational or
stereoelectronic effects do indeed play a role in the benzylic
deprotonation of (arene)Cr(CO)3 complexes, we decided to
explore conformationally more rigid substrates of type 4
(Figure 2). Compared to 1, these compounds should exhibit
an even stronger preference for a half-chair conformation
(49) [9] and, as a result of the symmetry of such structures,
the two benzylic positions are essentially electronically
equivalent.

Figure 2. Preferred half-chair conformation of 2,3-disubstituted te-
tralin complexes of type 4; the two benzylic exo-hydrogen atoms
can be classified as pseudoaxial and pseudoequatorial, respectively

Synthesis of rac-5

Compound 19, the precursor of the dimethoxy-substi-
tuted o-quinodimethane, was prepared from veratrole (16)
in three steps employing modified literature procedures[14].

We report here on the synthesis and structural charac- The dichlorinated derivative 17 was converted to 4,5-di-
terization of several (tetralin)- and (trans-octahydroanthra- methylveratrole (18) by reaction with methyllithium in di-
cene)Cr(CO)3 complexes (rac-5, rac-6, rac-7, rac-8, rac-9) as ethyl ether[14a] [14b]. Subsequent benzylic bromination of
well as on investigations of their benzylic deprotonation. 18 [14c] with 2 equiv. of dry NBS in the presence of molecu-
Furthermore, we present a modified mechanistic interpre- lar sieves (4 Å) afforded 19 in 72% yield.
tation to explain the effects governing the regioselectivity of

Scheme 3the benzylic deprotonation of such complexes.

Synthesis of the Complexes

Strategic Considerations

The syntheses of the various complexes were envisaged
as being possible by the general routes outlined in Scheme

In situ generation of the o-quinodimethane from 19 by
reductive debromination with CrCl2 in THF[15] in the pres-
ence of diethyl fumarate at 0°C yielded the desired Diels-
Alder product rac-20 in 66% yield as the pure trans dia-
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Synthesis of rac-6stereomer[16]. Reduction of rac-20 with LiAlH4 in diethyl

ether (30°C, 0.5 h) afforded the diol rac-21. Deoxygenation
of the diol rac-21 was then achieved in 63% overall yield by The tetrahydrofuran derivative rac-27, which was initially
LiAlH4 reduction of the corresponding bis(tosylate) (rac- obtained as an undesired side-product during the prep-
22) [17]. It proved to be important to carry out the ditosy- aration of rac-22 (see above), was isolated in 76% yield
lation (rac-21 R rac-22) at low temperature (024°C), other- when rac-21 was treated with p-TsCl in pyridine at 60°C,
wise the cyclic ether rac-27 (see below) became the major even when 3 equiv. of p-TsCl was used. Clearly, the SN2-
product. Heating of rac-22 with Cr(CO)6 (1.1 equiv.) under type cyclization of the monotosylated intermediate rac-29
standard conditions[18] (n-Bu2O/THF; reflux) gave complex was faster than the second tosylation under these con-
rac-23 in 78% recrystallized yield. The introduction of the ditions[23].
two trimethylsilyl substituents was finally accomplished in
a one-pot procedure[5] using the reagent combination chlo-
rotrimethylsilane/lithium tetramethylpiperidide[19] to afford
the bis(silylated) complex rac-5 in high yield. The crystal
structure of rac-5 is depicted in Figure 5.

Synthesis of Complex 24 (Nonracemic Series)

We also briefly investigated the Diels-Alder reaction of
the 19-derived o-quinodimethane employing chiral fuma-

Since rac-27 also represents a conformationally restrictedrates as dienophiles. While the use of dimenthyl fumarate[20]

tetralin derivative, it was converted to the correspondingled only to a low selectivity (33% de; 92% yield), the lactic
Cr(CO)3 complex rac-28 (Scheme 5), which in turn was di-acid derivative 25 was found to be a much better chiral di-
silylated under the one-pot conditions described above toenophile (Scheme 4)[21]. Thus, when 19 was treated with
give rac-6.CrCl2 in the presence of an excess of 25, an 81:19 mixture

of the two diastereomeric cycloaddition products 26a and
26b was obtained in high yield. After HPLC separation, the
major diastereomer (26a) was converted by LiAlH4 re-

Scheme 5
duction to the optically active diol 21, which was shown to
be of $ 99% ee by means of HPLC on a chiral stationary
phase[22]. It is remarkable that, compared to diethyl fuma-
rate (see Scheme 3), the (more bulky) chiral fumarates gen-
erally gave much higher yields (>90%) in the Diels-Alder
reactions. Following the procedures established for the ra-
cemic series, 21 was transformed to 24 (Scheme 4). The
absolute and relative configuration of 24 was unequivocally
established by means of a crystal structure analysis (see Fig-
ure 4), which (retrospectively) allowed assignment of the
configurations of 26a and 26b.

Scheme 4 Synthesis of rac-7

The synthesis of rac-7 (Scheme 6) was performed follow-
ing the radical cyclization route outlined in Scheme 2. Start-
ing from veratrum alcohol 30, the dibromide 31 was pre-
pared in high yield by treatment with bromine (1 equiv.)
in benzene. Some hydrogen bromide was added to ensure
completion of the reaction.

Alkylation of the enolate anion, prepared from 31 and
cyclohexanone with LDA in THF, proceeded smoothly to
give the ketone rac-32 in high yield, together with small
amounts of the doubly alkylated by-product 36a, which
could be easily separated by chromatography.
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Scheme 7Scheme 6

than the pure trans product. Reduction with LiAlH4 in di-
ethyl ether quantitatively afforded the corresponding mix-
ture of diols (rac-42b/42a 5 89:11). Fortunately, tosylation
with p-TsCl in pyridine and recrystallization of the crude
product mixture led to the isolation of the essentially pure
trans-ditosylate rac-43b in 78% yield. Conversion of rac-43b
to the cyclization precursor, the dialkyne rac-44, was
achieved by treatment with a 2  solution of the lithium
acetylide·ethylenediamine complex in DMSO at 8°C[28].
Vollhardt cyclization[13] employing rac-44 and bis(tri-
methylsilyl)acetylene (BTMSA) in the presence of catalytic
amounts of CpCo(CO)2 afforded only a moderate yield of
the C2-symmetric ligand rac-45, which was finally converted
to the desired complex rac-9 in 91% yield (Scheme 8).

Wittig methylenation of rac-32 furnished the cyclization
precursor rac-33 in essentially quantitative yield. The cru-

Scheme 8
cial radical cyclization[24] of rac-33 was performed in ben-
zene, with slow addition of tributyltin hydride in the pres-
ence of AIBN. The 6-endo cyclization product rac-34 was
obtained as the major product in 66% yield. Complexation
of rac-34 with Cr(CO)6 (R rac-35) followed by double sily-
lation afforded rac-7 in good overall yield (Scheme 6). X-
ray crystal structure analysis (see Figure 6) of rac-7 proved
its relative configuration.

Synthesis of rac-8

The synthesis of the trans-octahydroanthracene ligand
rac-13 was accomplished following the same strategy. Alky-
lation of cyclohexanone (LDA, subsequent addition of the
dibromide 37, 3 h reflux in THF) afforded an 80:20 mixture
of rac-38 and the double-alkylation product 36b, from
which pure rac-38 was isolated by kugelrohr distillation.
Methylenation of rac-38 to rac-39 followed by radical cycli-
zation afforded rac-13 (Scheme 7)[12] [25]. Subsequent com-
plexation of rac-13 with Cr(CO)6 furnished rac-8 in good
yield (Scheme 7).

Characterization of the Complexes

General AspectsSynthesis of rac-9

The cis-diester 41a [26], obtained from hexahydro- All complexes synthesized as described above were fully
characterized by 1H NMR, 13C NMR, IR, MS and elemen-phthaloyl anhydride (40) in 87% yield, was converted to the

trans isomer rac-41b by refluxing with ethanolic sodium tal analysis (see Experimental Section). All data were in ac-
cordance with the constitutional and (relative) configura-ethoxide[27]. In contrast to a literature report [27], an insepar-

able mixture (rac-41b/41a 5 89:11) was obtained rather tional assignments implied in the structural formulae. In
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particular, the fact that all benzylic hydrogen atoms were (half-chair) conformation and the saturated cyclohexane

ring has a purely chair conformation. Interestingly, the ben-found to be non-equivalent in the 1H-NMR spectra (see
below) and that a full set of 13C signals was observed in zene ring shows a significant deviation from planarity. The

ring carbon atoms attached to the TMS groups deviate byeach case (see Experimental Section) immediately proves
the trans configuration on grounds of symmetry. about 0.07 Å from the plane of the other four ring atoms

and are closer to the Cr Atom. The Cr2C(ring) distances
X-ray Crystal Structure Investigations range from 2.217(3) to 2.261(3) Å. The (benzene)Cr(CO)3

group has an almost eclipsed conformation.The crystal structures of the complexes rac-1 (Figure 3),
24 (Figure 4), rac-5 (Figure 5) and rac-7 (Figure 6) were

Figure 3. X-ray crystal structure of rac-1; only one enantiomer isdetermined[29] so as to reveal detailed information about depicted
configurational and conformational aspects.

The X-ray structure of complex rac-1 (Figure 3) shows
that the cyclohexene ring adopts a (slightly distorted) half-
chair conformation with one homobenzylic ring carbon
atom lying 0.32 Å below, and the other lying 0.50 Å above,
the molecular plane defined by the arene ring. The methyl
group on the cyclohexene ring is in a pseudoequatorial po-
sition. The benzene ring shows a slight deviation from plan-
arity. The largest torsion angle in the benzene ring is 8.4°.
The puckering of the benzene ring may be due to the pres-
ence of the bulky substituents. The Cr2C(ring) distances
range from 2.228 to 2.273 Å. The benzene Cr(CO)3 group
has an eclipsed conformation.

The X-ray structure of complex 24 (Figure 4) shows two
independent molecules with very similar conformations of
the hydrocarbon ligand. The cyclohexene ring adopts a con-
formation between a twist-boat and an envelope form. The
two methyl groups on the cyclohexene ring have pseudo-
equatorial orientations. One of the homobenzylic ring car-
bon atoms in molecule I lies 0.48 Å below and the other
0.26 Å above the molecular plane defined by the arene ring

Figure 4. X-ray crystal structure of 24; only one of two independent(0.54 Å and 0.26 Å for molecule II, respectively). The ben- conformers is depicted
zene ring shows only a very small deviation from planarity.
The largest torsion angle in the benzene ring is 3.1° (mol-
ecule I) and 24.2° (molecule II). The Cr atom lies 1.75 Å
below the plane of the benzene ring and the Cr2C(ring)
distances range from 2.205 to 2.308 Å. The (ben-
zene)Cr(CO)3 group adopts an almost eclipsed confor-
mation in both independent molecules which, however, dif-
fer in that the Cr(CO)3 tripod is rotated through ca. 60°.
The absolute configuration of 24 was established with the
aid of anomalous scattering.

The X-ray structure of rac-5 (Figure 5) shows a disorder,
with two independent molecules in a ratio of ca. 60:40. In
both molecules,which differ in the orientation of the
Cr(CO)3 tripod, the cyclohexene ring is in a half-chair con-

NMR-Spectroscopic Investigationsformation, with the methyl substituents in equatorial posi-
tions and with one homobenzylic ring carbon atom lying The 1H-NMR and 13C-NMR spectra of the various com-

plexes (in CDCl3) exhibit a number of interesting features.0.42 (0.44) Å below and the other lying 0.36 (0.37) Å above
the molecular plane defined by the arene ring. The benzene The signals for the benzylic hydrogen atoms are of particu-

lar interest. They all appear as double doublets (comparering shows a slight deviation from planarity. The
Cr2C(ring) distances range from 2.233 to 2.265 Å. As in Figure 8) and are well separated in most cases 2 an impor-

tant prerequisite for the unambiguous assignments neces-the case of 24, the benzene Cr(CO)3 group has an eclipsed
conformation in both independent molecules, but with dif- sary for the anticipated deprotonation/deuteration studies

(see below).ferent orientations (60° rotation).
The X-ray structure of rac-7 (Figure 6) also shows two As originally expected and confirmed by the crystal

structures, the cyclohexene rings of the complexed ligandsindependent molecules with very similar conformations. As
expected, the central cyclohexene ring has a twist-boat adopt half-chair conformations. Thus, the four dia-
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Figure 7. Labelling of the four diastereotopic benzylic hydrogenFigure 5. X-ray crystal structure of rac-5; only one of two inde-

pendent conformers and only one enantiomer is depicted atoms of the (tetralin)Cr(CO)3 complexes as used for the assign-
ments of the NMR data (Table 2)

rac-9 were also displaced by deuterium under the reaction
conditions (formation of rac-46, rac-47 and rac-48). The de-
gree of deuteration was determined in each case by means
of 1H-NMR spectroscopy. In addition, the formation of the
multiply deuterated compounds was proven by mass spec-
trometry.

Figure 6. X-ray crystal structure of rac-7; only one enantiomer is
depicted

By combining the information obtained from both types
of experiments (H,H-COSY and H/D exchange), a full as-
signment of all the benzylic hydrogen atoms in the com-
plexes rac-24, rac-35 and rac-8 could readily be made. The
assignments for the other complexes (rac-5, rac-28, rac-6,
rac-7 and rac-9) could then be deduced by means of anal-
ogy. The assignments and the relevant coupling constants
of the benzylic resonances are summarized in Table 2.

The data presented in Table 2 highlights the close re-
lationship between the following pairs of complexes: rac-24/
rac-35, rac-5/rac-7 and rac-8/rac-9. In all cases, the geminal
coupling constants were measured as 16 ± 1 Hz. The vicinal
coupling constants for the pseudoaxial hydrogen atoms (Hb

and Hd) were found to be 11 ± 1 Hz, those for the pseudo-
equatorial hydrogen atoms (Ha and Hc) 5 ± 1 Hz. Apart
from in the case of the hexahydronaphthofuran complexes
rac-28 and rac-6, the chemical shifts of the pseudoaxial hy-
drogen atoms (Hb and Hd) lie in the range δ 5 2.122.4 and
those for the pseudoequatorial hydrogen atoms (Ha and Hc)stereotopic benzylic protons may be classified as follows
in the range δ 5 2.522.8. The uncomplexed ligands show(Figure 7): endo-pseudoequatorial (Ha), exo-pseudoaxial
the corresponding signals at δ 5 2.42 ± 0.03 (3J 5 9212(Hb), exo-pseudoequatorial (Hc) and endo-pseudoaxial
Hz, pseudoaxial H) and at δ 5 2.73 ± 0.05 (3J 5 425 Hz,(Hd).
pseudoequatorial H). These apparent similarities of the 1H-By means of H,H-COSY spectra[30], it was possible to
NMR data reflect the very close structural relationship ofunambiguously designate the pairs of geminal hydrogen
the complexes and indicate that the complexation does notatoms (Ha,Hb; Hc,Hd) for all the complexes. Alternatively,
cause major conformational changes of the arene ligands.the benzylic exo-hydrogen atoms could be identified in sev-
The 13C-NMR data (see Experimental Section) also sup-eral cases by H/D exchange experiments with potassium
port this picture.tert-butoxide in [D6]DMSO (1 h, 25°C). It has been estab-

lished previously that only the exo-hydrogen atoms are sub-
Deprotonation Studiesstituted under these conditions[3c]. The results of these deut-

eration experiments are summarized in Table 1. It should Having assigned the signals of the relevant benzylic pro-
tons, the regioselectivity of the deprotonation was deter-be noted that the trimethylsilyl groups in rac-5, rac-7 and
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Table 1. Results of the deuteration experiments[a]

Entry Starting Product[b] Degree of deuteration[%][c] Yield[d]

complex benzylic aryl [%]

1 rac-5 rac-46 (rac-24-d4) 75 ± 15 85 ± 2 11
2 rac-7 rac-47 (rac-35-d4) > 97 92 ± 5 58
3 rac-9 rac-48 (rac-8-d4) 70 ± 10 > 97 70
4 rac-8 rac-49 (rac-8-d2) > 97 2 98

[a] Results of the H/D exchange experiments with tBuOK/[D6]DMSO. 2 [b] Major component of the crude product mixture according to
TLC and 1H NMR. 2 [c] Determined from the 1H-NMR spectra. 2 [d] Non-optimized yield after chromatography and crystallization.

Table 2. NMR-spectroscopic assignments according to Figure 7[a]

Complex δ(Ha) δ(Hb) δ(Hc) δ(Hd) 2J(HaHb) 2J(HcHd) 3J(HaH) 3J(HbH) 3J(HcH) 3J(HdH)

rac-24 2.52 2.28 2.60 2.37 16.1 16.8 4.3 10.5 5.8 10.9
rac-5 2.79 2.13 2.55 2.35 16.3 16.1 4.8 10.5 4.9 11.6
rac-28 2.75 2.48 2.79 2.59 15.3 15.8 4.5 11.6 5.7 11.7
rac-6 3.02 2.30 2.79 2.53 15.2 15.6 4.7 11.3 5.0 12.1
rac-35 2.47 2.30 2.57 2.35 16.3 16.2 4.0 11.5 6.0 11.0
rac-7 2.80 2.09 2.53 2.31 16.2 16.0 5.5 11.0 5.5 11.0
rac-8 2.52 2.34 2.61 2.41 16.3 16.1 6.2 10.2 5.0 10.2
rac-9 2.52 2.34 2.60 2.40 17.0 17.0 5.5 12.0 6.0 11.0

[a] 1H-NMR (CDCl3) data for the benzylic hydrogens of the various complexes: chemical shifts (δ) are given in ppm and coupling
constants (J) in Hz. The uncertainty in the J values is estimated to be ± 0.521.0 Hz.

mined by lithiation of the various complexes (rac-5, rac-6,
rac-7, rac-8 and rac-9) followed by deuteration. Lithiation
was carried out under conditions similar to those employed
previously for the selective alkylation of 1 (see above). Pre-
liminary experiments employing complexes rac-1 and 50 [31]

had shown that n-butyllithium in THF in the presence of
hexamethyl phosphoric triamide (HMPA) as cosolvent rep-
resents a very suitable system[32]. In the absence of HMPA,
significantly lower degrees of deuteration were observed.

In a typical experiment, the complex was dissolved in the
solvent mixture (THF/HMPA, 10:1) and 1.523 equivalents
of n-butyllithium was added. The development of a red
color indicated the formation of a benzylic lithiated inter-
mediate[3c]. Deuteration was then achieved by injecting
D2O or the more acidic D1 source CF3CO2D. The latter In particular, it should be noted that no suitable conditions

were found for the deprotonation of complexes rac-8 andhad to be used in order to obtain a reasonably fast pro-
tonation of the anions derived from rac-5 and rac-7, rac-9 with n-butyllithium. These compounds preferentially

underwent desilylation (rac-9) or gave rise to a mixture ofwhereas the protonation of the anions derived from rac-1
and 50 proceeded very rapidly, even with D2O. After extrac- decomplexed substances after the usual work-up procedure

(rac-8). In a preliminary experiment, it was shown that de-tive work-up, the reisolated (deuterated) starting material
was purified by chromatography and recrystallization. The protonation of rac-8 with s-butyllithium in THF at 2100°C

occurs unselectively at the (less hindered) aryl positions,degree and regioselectivity of the deuteration were then an-
alyzed by means of 1H-NMR spectroscopy[33] based on the thus giving rise to a 1:1 mixture of the 6- and 7-methylated

products upon treatment of the lithiated intermediates withassignments for the benzylic hydrogen atoms given above
(Table 2). The purified deuterated samples were usually ob- methyl iodide.

The results of the various deuteration experiments aretained in yields of 40270%. In some experiments, losses
were caused due to partial desilylation or decomplexation. summarized in Table 3. The most important results are as
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Table 3. Selective benzylic deprotonation/deuteration experiments[a]

Entry Starting complex Product(s)[b] Conditions[b] Degree of deuteration [%] Regioselectivity [c]

1 50 rac-51 B 95 ± 2 2
2 rac-1 rac-52a 1 rac-52b C 85 ± 2 $ 4:1
3 rac-1 rac-52a B 90 ± 2 $ 15:1
4 rac-5 rac-53b A 65 ± 2 $ 15:1
3 rac-5 rac-53b C 50 ± 5 $ 10:1
6 rac-6 rac-54a 1 rac-54b C 90 ± 10[d] $ 1.5:1
7 rac-7 rac-55b A 50 ± 2 $ 15:1
8 rac-53b (65% D) rac-53b A 80 ± 2 $ 15:1
9 rac-53b (65% D) rac-5 A[e] 10 2
10 rac-55b (50% D) rac-55b A 90 ± 5 2[f]

11 rac-55b (50% D) rac-7 A[e] 18 2

[a] Results of the deprotonation/deuteration experiments with nBuLi. 2 [b] A: 2 equiv. nBuLi; THF/HMPA, 10:1, 278°C R 25°C, 30
min, then CF3COOD, 278°C R 25°C, 30 min; B: 1.5 equiv. nBuLi; THF/HMPA, 10:1, 270°C R 25°C, 15 min, then D2O, 25°C, 15
min; C: 3 equiv. nBuLi; THF/HMPA, 10:1, 25°C, 30 min, then D2O, 25°C, 30 min. 2 [c] Determined by means of 1H-NMR spectroscopy
on the assumption that a deviation $ 5% of the integrals of the benzylic hydrogen atoms must result from deuteration. 2 [d] In this case,
the product mixture was completely desilylated with TBAF/SiO2 before the degree of deuteration was determined. 2 [e] In this case, the
lithiated intermediate was protonated by addition of CF3COOH. 2 [f] According to the 1H-NMR spectrum, ca. 15% of the high overall
deuteration occurred at the C-4 position (exo-pseudoaxial).

Figure 8. 1H-NMR signals (CDCl3) of the benzylic protons for the (d) when the already deuterated complexes rac-53b and rac-
following complexes (from top to bottom): rac-1, rac-52a (90% D), 55b were subjected to a second deprotonation/deuteration

rac-5, rac-53b (80% D), rac-7 and rac-55b (50% D)
cycle, the degree of deuteration was further enhanced (Table
3, entries 8 and 10)[34]; (e) in accordance with the latter
experiments, the corresponding deprotonation (dedeute-
ration)/protonation cycle (Table 3, entries 9 and 11) resulted
mainly in the loss of the deuterium substitution (reversion
to rac-5 and rac-7). This also demonstrates that proton (or
D1) abstraction and reprotonation (redeuteration) occur at
the same position[35].

In order to evaluate the synthetic potential of the afore-
mentioned highly regioselective deprotonations, we also
tried to trap the lithiated intermediates by alkylation and
acylation. In the case of rac-5, treatment of the anion with
methyl iodide or acetyl chloride afforded the products rac-
56 and rac-57, respectively, in good yields (Scheme 9). The
relative configurations of these compounds were deter-
mined by means of 1H-NMR spectroscopy and, in the case
of rac-56, by X-ray crystallography as well (Figure 9) [36].
The results gave an independent proof that the benzylic de-
protonation of rac-5 occurs regioselectively at the pseudo-
equatorial position (Hc, see Figure 6), thereby corroborat-
ing the results of the deuteration studies described above.
In contrast, the corresponding methylation and acetylation
products derived from rac-7 were found to be highly un-
stable and therefore of little synthetic value[37].

Discussion and Additional Experiments

The experimental results described in the previous section
clearly show (for the cases of rac-1, rac-5 and rac-7) thatfollows: (a) High regioselectivities were observed in the case

of rac-1, rac-5 and rac-7 (see Table 3, entries 225, 7; see benzylic deprotonation of (arene)Cr(CO)3 complexes can
proceed with remarkably high regioselectivity, even if thealso Figure 8); (b) in contrast, rac-6 showed only a very low

regioselectivity (Table 3, entry 6); (c) the regioselectivity of position of the proton abstraction cannot a priori be pre-
dicted using the usual electronic arguments. Additionally,the deprotonation of rac-5 and rac-7 indicates that the

pseudoequatorial benzylic exo-hydrogen atoms were ab- our initial assumption that pseudoaxial benzylic hydrogen
atoms are preferentially abstracted as a result of commonlystracted (formation of rac-53b and rac-55b), while the de-

protonation of rac-1 afforded selectively the exo-pseudoaxi- invoked stereoelectronic factors [8] (see Introduction) has
clearly been disproved as, in contrast to the deprotonationally deuterated product rac-52a as expected (see Scheme 1);
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Figure 9. X-ray crystal structure of rac-56 In a similar fashion, one could imagine that the (kinetic)

acidity of a benzylic proton increases with an increasing
positive partial charge at the adjacent arene center. Thus, if
one of two competing benzylic positions is eclipsed by a
CO ligand (substructure 58), the proton abstraction at this
center should be (stereoelectronically) favored (Figure 10).

Figure 10. Explanation of the stereoelectronic effect resulting in the
preferred deprotonation of those benzylic hydrogen atoms which

are activated by an eclipsed CO ligand

The resulting anionic species (which is best represented
by a formula of type 59 [45]) should also preferentially adopt
an eclipsed conformation, since the deprotonated side-chain
represents a strong donor substituent at the (ar-
ene)Cr(CO)3 nucleus[46].

Further inspection of the crystal structures of the sub-
of rac-1, complexes rac-5 and rac-7 were selectively depro-

strates rac-1, rac-5 and rac-7 (see above) revealed that in the
tonated at their pseudoequatorial positions.

case of rac-1 and rac-7, the benzylic center at which the
The inspection of molecular models suggests an almost

deprotonation preferentially takes place is indeed eclipsed
comparable steric environment at the competing benzylic

by a CO ligand in the crystalline state (as indicated by the
positions in all cases. It is therefore unlikely that the com-

arrow in Figure 11). However, as mentioned above, the crys-
plete reversal of the regioselectivity (changing from rac-1 to

tals of rac-5 were found to contain two independent mol-
rac-5 or rac-7, respectively) is due to a simple steric effect.

ecules with different conformations (59 and 599), of which
At this point, we asked ourselves whether the confor-

only one conformer (59) reflected the observed regioselectiv-
mation of the Cr(CO)3 tripod could possibly have an influ-

ity of deprotonation (Figure 11).
ence on the regioselectivity of the benzylic deprotonation.
Could such a previously unnoted or even cursorily ex- Figure 11. Preferred conformation of the Cr(CO)3 tripod (depicted

by the bold lines) for complexes 1, 7 and 5 as found in their crystalcluded[38] effect be responsible for the observed selectivities?
structures; the arrows mark those benzylic positions which were

It is a broadly accepted hypothesis that the regioselectiv- found to be preferentially attacked by n-BuLi
ity of kinetically controlled nucleophilic additions to (ar-
ene)chromium complexes is influenced by the preferred
conformation of the Cr(CO)3 tripod[1a]. This picture is
based on the assumption that in the case of charge-con-
trolled reactions, those arene carbon atoms that are eclipsed
by a Cr2CO bond are preferentially attacked by a nucle-
ophile due to the positive charge induced by the eclipsing
CO ligand[39] [40] [41] [42] [43]. Analogous arguments have also
been advanced in connection with regioselective ring lithia-
tions of (arene)Cr(CO)3 complexes[44].

Scheme 9

Of course, one can never unequivocally conclude a pre-
ferred conformation in solution from a crystal structure.
More importantly, if the equilibration of the Cr(CO)3 con-
formers[47] takes place rapidly compared to the depro-
tonation, the Curtin-Hammett principle[48] should apply
and the regioselectivity would only be governed by the dif-
ference in energy between the competing transition states.
Nevertheless, as mentioned above for nucleophile additions
to (arene)Cr(CO)3 complexes, the preferred conformation
of the Cr(CO)3 tripod may have an influence on the regiose-
lectivity of attacking reagents. In such cases, the same fac-
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tors determining the preferred ground state conformation the resulting acetate rac-66 with trimethylaluminum[56] fi-

nally gave the desired complex rac-62.also seem to be effective in the transition state and the most
stable transition state is derived from the most stable

Scheme 11ground state conformation (principle of least motion)[49]. In
other words, the deprotonation is accompanied by a change
of the overall electronic structure and the position of all
atoms involved (delocalization). Therefore, the rate of pro-
ton transfer should be enhanced if the degree of structural
and electronic reorganization is minimal[50].

To probe the general applicability of this theory, we inves-
tigated the regioselectivity of the deprotonation/deuteration
of complex rac-60 [51] employing our tried and tested con-
ditions (n-BuLi, D2O). This substrate had previously been
examined by Brocard[6d] [38] under different conditions
(tBuOK, DMSO, CH2O), but no selectivity was observed.
Due to the bulkiness of the tert-butyl group, rac-60 should
adopt the conformation depicted in formula 609. Accord-
ingly, we would predict that the deprotonation should occur When rac-62 was subjected to the proven deprotonation/
preferentially at the methyl group para to the tert-butyl sub- deuteration conditions, the monodeuterated isomers rac-
stituent (as indicated by the arrow in Figure 12). 67a and rac-67b were formed in a ratio of 85:15 (Scheme

12). The assignments were unambiguously confirmed by
Figure 12. Lowest energy conformation of complexes 60 and 62; NOE measurements. As in the case of rac-60, the regioselec-
the arrows mark those benzylic positions which are expected to be tivity of the benzylic deprotonation of rac-62 can be under-preferentially attacked by a base

stood in terms of a conformational picture (see Figure 12)
and the assumption that the proton abstraction occurs pre-
dominantly at the methyl group that is activated by the
eclipsing CO ligand.

Scheme 12

Indeed, when rac-60 was first treated with n-butyllithium
in THF at 278°C and then the resulting red solution was
quenched with D2O, a 61:39 mixture of the monodeuterated
products rac-61a and rac-61b was isolated in high yield
(Scheme 10)[52].

Scheme 10

Conclusion

A series of conformationally restricted (arene)Cr(CO)3

complexes has been synthesized and the regioselectivity of
their benzylic deprotonation has been investigated. Our fin-
dings show that high regioselectivities can be obtained even
in cases where no major electronic or steric effects are oper-
ative. The original assumption that pseudoaxially oriented
hydrogen atoms are preferentially attacked by the base due
to stereoelectronic reasons was clearly refuted by experi-As a second probe of our hypothesis, we also studied

complex rac-62, which was synthesized as indicated in ments employing (η6-tetralin)- and (η6-trans-octahyd-
roanthracene)Cr(CO)3 derivatives (rac-5 and rac-7, respec-Scheme 11. Thus, Friedel-Crafts acylation of o-xylene with

3-chloropropionic chloride and subsequent acid-catalyzed tively). On the other hand, experiments with the complexes
rac-60 and rac-62 indicated that the conformation of thecyclization[53] afforded a 3:1 mixture of the indanones

63a [54] and 63b. After treatment with methylmagnesium Cr(CO)3 tripod exerts an influence on the regioselectivity.
Based on our current level of understanding, we wish toiodide (R rac-64) and (endo-selective) [55] complexation, the

resulting mixture of regioisomeric indanol complexes was draw the following general picture: In the case of (ar-
ene)Cr(CO)3 complexes with two competing benzylic posi-separated by fractional crystallization to furnish the pure

regioisomer rac-65. O-Acetylation followed by treatment of tions, deprotonation occurs preferentially at that position
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quence[59] (q 5 CH3; t 5 CH2; d 5 CH; s 5 quaternary carbonwhere the adjacent aryl center bears the greater positive
atoms). Mass spectrometry was carried out at 70 eV using a Varianpartial charge. In the case of unambiguous electronic cir-
MAT 711 instrument. Infrared spectra were obtained using a Nico-cumstances, the conformation of the Cr(CO)3 tripod plays
let Magna FT-IR 750 instrument. Optical rotations were measuredonly a minor role[2] [6], merely reflecting (and possibly
with a Perkin-Elmer 241 polarimeter, concentrations (c) are givenamplifying) the polarization induced by the substituents.
in g/100 ml. Melting points were measured in open capillary tubes

Should, however, the electronic effects not lead to a favori- and are uncorrected.
zation of one position (e.g. due to a symmetric substitution

1,2-Dichloro-4,5-dimethoxybenzene (17) [14a]: To 46 ml (0.36 mol)pattern or the absence of polar substituents), the preferred
of veratrole (16), 66 ml (0.82 mol) of sulfuryl chloride was addedconformation of the Cr(CO)3 tripod may become impor-
dropwise over a period of 30 min. The mixture was stirred for 1 htant. In such cases, those benzylic positions which are
at room temp. and, after fitting the flask with a reflux condenser,eclipsed by a CO ligand in the lowest energy conformation
was heated to 80°C for 2 h. The reflux condenser was then replaced

are preferentially deprotonated (kinetic stereoelectronic ef- by a distillation set-up and the excess sulfuryl chloride was distilled
fect). off under reduced pressure (ca. 100 Torr). On cooling the mixture

It must be emphasized that this picture is as yet rather to room temp., a solid formed, which was washed with cold hexane
an empirical one and it would be interesting if it could be (2 3 20 ml) and recrystallized from EtOH (30 ml) at 4°C yielding

57.70 g (77%) of 17 as colorless crystals, m.p. 82.5°C (ref. [14a]: m.p.supported by quantum-chemical calculations and by more
84°C). 2 Rf 5 0.23 (hexane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 3003detailed structural information on the intermediates re-
(w), 2965 (w), 2937 (w), 2906 (w), 2836 (w), 1508 (m), 1432 (m),sulting from benzylic deprotonation of (arene)Cr(CO)3
1363 (m), 1260 (m), 1211 (m), 1179 (m), 1132 (m), 1027 (m), 920complexes. Investigations in this area are currently being
(m), 840 (m), 794 (m), 678 (m), 1594 (w), 1337 (w), 1190 (w) cm21.performed in this laboratory.
2 1H NMR (270 MHz): δ 5 3.85 (s, 6 H), 6.91 (s, 2 H). 2 MS

This work was financially supported by the Volkswagenstiftung, m/z (%): 208 (64), 206 [M1] (98), 193 (32), 191 (50), 165 (8), 163
the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen (13), 130 (8), 128 (25), 113 (12), 99 (16). 2 C8H8Cl2O2 (207.06):
Industrie. Fellowship support to T. V. from the BASF AG is grate- calcd. C 46.23, H 3.88; found C 46.46, H 3.99.
fully acknowledged. We thank the Schering AG, the Chemetall

1,2-Dimethoxy-4,5-dimethylbenzene (18) [14b]: To a stirred solu-GmbH, and the Degussa AG for generous gifts of chemicals. We
tion of 17 (15 g, 72.2 mmol) in anhydrous diethyl ether (150 ml)are indebted to Dr. G. Höhne for recording the MS spectra, and to
was added methyllithium (100 ml, 160 mmol, 1.6  in ether) atMs. C. Klose for recording the IR spectra. A 600-MHz NMR spec-
220°C. The reaction flask was fitted with a reflux condenser andtrum of rac-67 was kindly provided by Dr. P. Schmieder, Institute
the temperature was allowed to rise to 27°C. At this point, anof Molecular Pharmacology, Berlin.
exothermic reaction took place, which was moderated by means of
a suitably sized cooling bath. The cooling bath was then replacedExperimental Section
by an oil bath and the brown solution was refluxed for 2 h. After

General: Manipulations involving air-sensitive compounds were cooling to 0°C, the reaction mixture was carefully quenched with
carried out under argon using Schlenk and syringe techniques. An- 150 ml of water. The resulting mixture was extracted twice with
hydrous solvents were obtained by distillation from sodium benzo- diethyl ether, and the combined extracts were washed with 2  HCl,
phenone ketyl (THF and diethyl ether), from P2O5 (CCl4), from saturated NaHCO3 and brine, and dried with MgSO4. The solvent
CaH2 (HMPA), or by filtration through ICN Alumina B Grade was removed in vacuo and the dark-brown residue was kugelrohr-
Super 1 (toluene and nBu2O). Reagents (generally $ 98%) were distilled (61°C, 0.6 Torr) yielding 8.08 g (67%) of 18 as a colorless
used as received from Aldrich, Fluka, Merck, Acros and Chemetall oil, which solidified on standing; m.p. 42.5°C (ref. [14b]: m.p. 43°C).
without further purification, unless otherwise stated. The concen-

2 Rf 5 0.28 (hexane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2999 (m),
tration of organolithium solutions was determined by titration with 2939 (m), 2846 (m), 1607 (m), 1519 (br), 1469 (s), 1394 (m), 1336
menthol in THF in the presence of 1,10-phenanthroline[57]. The (s), 1266 (s), 1120 (br), 1105 (br), 997 (s), 854 (s), 828 (m), 732 (w)
organic solutions resulting from aqueous work-up were concen- cm21. 2 1H NMR (270 MHz): δ 5 2.20 (s, 6 H), 3.84 (s, 6 H),
trated under reduced pressure using a rotary evaporator. All reac- 6.67 (s, 2 H). 2 C10H14O2 (166.22): calcd. C 72.26, H 8.49; found
tions were monitored by analytical thin-layer chromatography C 72.19, H 8.53.
(TLC) using Merck silica gel 60 F 254 glass plates. The chromatog-
rams were visualized with UV light or by staining with a cerium 1,2-Bis(bromomethyl)-4,5-dimethoxybenzene (19) [14c]: To a sus-

pension of 3 g of powdered molecular sieves (4 Å) in 125 ml anhy-reagent (prepared by dissolving 2 g of phosphomolybdic acid and
1 g of cerium(IV) sulfate in a mixture of 10 ml conc. H2SO4 and drous CCl4 was added 18 (5.0 g, 30.1 mmol), anhydrous NBS

(10.76 g, 60.2 mmol) and AIBN (10 mg) and the mixture was re-90 ml EtOH] followed by heating. Flash chromatography[58] was
performed on silica gel 60 (2302400 mesh) from Merck. Prepara- fluxed for ca. 1 h whilst being irradiated with a 200-W lamp (Note:

On completion of the reaction, the slightly reddish solution turnstive thin-layer chromatography (PTLC) was carried out using a
chromatotron (Harrison Research Model 7924 T) on glass plates completely colorless). The mixture was then allowed to cool to

room temp. and filtered successively through short pads of Celitecoated with 124 mm layers of silica gel containing gypsum (Merck
PF 60 F 254). NMR spectra were recorded in CDCl3 with Bruker and silica 60. After removing the solvent in vacuo, a slightly yellow

oil was obtained, which crystallized spontaneously. Recrystalliza-instruments (AM 250, AM 270 or AM 400) using residual undeut-
erated solvent as an internal reference. The spectra are reported in tion from hexane/EtOAc (3:1) yielded 7.03 g (72%) of 19 as yellow-

ish needles, m.p. 105°C (ref. [14c]: m.p. 109°C). 2 Rf 5 0.27 (hexane/ppm relative to tetramethylsilane using the following abbreviations
to express the multiplicities: s 5 singlet; d 5 doublet; t 5 triplet; EtOAc, 4:1). 2 IR (KBr): ν̃ 5 3002 (w), 2954 (w), 2904 (w), 2828

(w), 1522 (s), 1460 (m), 1402 (w), 1357 (m), 1277 (s), 1239 (m),q 5 quadruplet; br 5 broad. 13C chemical shifts were determined
from 1H-decoupled spectra, the number of protons bound directly 1203 (s), 1127 (s), 1090 (m), 1032 (w), 1000 (m), 896 (w), 872 (m),

748 (m), 670 (w) cm21. 2 1H NMR (270 MHz): δ 5 3.90 (s, 6 H),to each carbon atom was determined employing the DEPT se-
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4.63 (s, 4 H), 6.84 (s, 2 H). 2 MS; m/z (%): 324 [MH2

1] (10), 323 CH2Cl2 (2 3 100 ml). The combined organic layers were washed
with saturated aqueous NaHCO3 and brine, and dried with CaCl2.[MH1] (6), 245 (60), 243 (60), 231 (10), 229 (10), 165 (24), 163

[MH1 2 2Br] (100), 149 (16), 121 (25). 2 C10H12Br2O2 (324.01): The solvent was removed under reduced pressure and 50 ml of
EtOAc was added, whereupon 3.729 g (78%) of bis(tosylate) rac-calcd. C 37.07, H 3.73; found C 36.58, H 3.66.
22 precipitated as a colorless crystalline powder, m.p. 150°C. 2

Diethyl (2RS,3RS)-6,7-Dimethoxy-1,2,3,4-tetrahydronaphtha- Rf 5 0.27 (hexane/EtOAc, 1:1). 2 IR (KBr): ν̃ 5 3000 (w), 2939
lene-2,3-dicarboxyate (rac-20): A solution of 19 (6.48 g, 20 mmol) (w), 2834 (w), 1597 (m), 1519 (s), 1468 (m), 1350 (s), 1248 (s), 1175
and 10 ml (62.8 mmol) of diethyl fumarate in 200 ml of anhydrous (s), 1100 (s), 950 (s), 868 (m), 835 (s), 779 (m), 665 (s) cm21. 2 1H
THF was cooled to 0°C. To this was added 6.8 g (55.4 mmol) of NMR (270 MHz): δ 5 2.04 (m, 2 H), 2.46 (s, 6 H), 2.52 (dd, J1 5
chromium(II) chloride (Merck, assay ca. 90%) to give a greenish 7.2 Hz, J2 5 16.4 Hz, 2 H), 2.68 (dd, J1 5 4.5 Hz, J2 5 16.6 Hz,
suspension that rapidly turned purple. The mixture was kept at 0°C 2 H), 3.81 (s, 6 H), 3.97 (d, J 5 4.8 Hz, 4 H), 6.48 (s, 2 H), 7.35
for 5 h, then the ice-bath was removed and the deep-purple solution (d, J 5 8.1 Hz, 4 H), 7.76 (d, J 5 8.3 Hz, 4 H). 2 MS; m/z (%):
was stirred at room temp. for 1 h; 50 ml H2O was added and after 560 [M1] (22), 388 (4), 258 (4), 234 (4), 220 (4), 69 (60), 57 (100),
5 min the mixture was extracted with hexane/EtOAc (2:1, 3 3 100 55 (88). 2 C28H32O8S2 (560.68): calcd. C 59.98, H 5.75; found C
ml). The combined organic layers were washed with brine and dried 59.84, H 5.70.
with MgSO4. The solvent was removed under reduced pressure and

(2RS,3RS)-6,7-Dimethoxy-2,3-dimethyl-1,2,3,4-tetrahydro-the remaining oil was crystallized from hexane/EtOAc (3:1) yielding
naphthalene (rac-23): 2.00 g (3.6 mmol) of the ditosylate rac-22 was4.44 g (66%) of the Diels-Alder product rac-20 as colorless crystals.
dissolved in 80 ml of anhydrous diethyl ether and 0.5 g of LiAlH4An analytical sample was additionally purified by PTLC (hexane/
was added portionwise. The suspension was refluxed for 30 min,EtOAc, 3:1), m.p. 80°C. 2 Rf 5 0.29. 2 IR (KBr): ν̃ 5 2991 (m),
then allowed to cool to room temp., whereupon 10 ml of EtOAc2963 (m), 2940 (m), 2920 (m), 2837 (m), 1728 (br, C5O), 1611 (s),
was added dropwise, followed by 50 ml of 2  HCl. The solution1518 (s), 1467 (s), 1378 (s), 1302 (s), 1247 (s), 1182 (s), 1116 (s),
was stirred until all the precipitated aluminates had dissolved and1020 (s), 997 (s), 919 (m), 849 (s) cm21. 2 1H NMR (250 MHz):
was then extracted with hexane/EtOAc (2:1, 3 3 30 ml). The com-δ 5 1.28 (t, J 5 7.1 Hz, 6 H), 2.97 (m, 6 H), 3.84 (s, 6 H), 4.17 (q,
bined organic extracts were washed with saturated aqueousJ 5 7.1 Hz, 4 H). 2 MS; m/z (%): 336 [M1] (19), 291 (4), 262 (6),
NaHCO3 and brine, and dried with MgSO4. The solvent was re-189 (14), 115 (18), 100 (18), 57 (100). 2 C18H24O6 (336.39): calcd.
moved under reduced pressure and the colorless residue was puri-C 64.28, H 7.19; found C 64.17, H 7.12.
fied by PTLC (4 mm layer SiO2; hexane/EtOAc, 10:1) yielding 642

(2RS,3RS)-2,3-Bis(hydroxymethyl)-6,7-dimethoxy-1,2,3,4-te- mg (81%) of rac-23 as colorless, clear crystals, m.p. 82°C. 2 Rf 5
trahydronaphthalene (rac-21): 0.5 g (13.2 mmol) of LiAlH4 was ad- 0.25 (hexane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2988 (m), 2955 (m),
ded in small amounts to a solution of 2.02 g (6 mmol) of rac-20 in 2927 (m), 2880 (m), 2854 (m), 2832 (m), 1520 (s), 1465 (m), 1450
anhydrous diethyl ether over a period of 10 min. The suspension (m), 1247 (s), 1224 (s), 1112 (s), 1003 (m), 850 (m) cm21. 2 1H
was heated to 30°C on a water bath for 40 min, cooled to 0°C, and NMR (270 MHz): δ 5 1.03 (d, J 5 6.1 Hz, 6 H), 1.48 (m, 2 H),
then quenched by the dropwise addition of 10 ml EtOAc followed 2.39 (dd, J1 5 10.4 Hz, J2 5 15.7 Hz, 2 H), 2.73 (dd, J1 5 3.4 Hz,
by 80 ml of 2  HCl. The mixture was stirred until all the precipi- J2 5 16.8 Hz, 2 H), 3.83 (s, 6 H), 6.56 (s, 2 H). 2 13C NMR (62.7
tated aluminates had dissolved and was then extracted with hexane/ MHz): δ 5 19.5 (q), 35.4 (d), 38.0 (t), 55.6 (q), 111.4 (d), 128.7 (s),
EtOAc (1:10, 6 3 50 ml) (Note: The resulting diol rac-21 shows a 146.9 (s). 2 MS; m/z (%): 221 (16), 220 [M1] (100), 205 (12), 189
surprisingly high solubility in water; longer reaction times lead to (8), 164 (65), 151 (8), 149 (7), 121 (7). 2 C14H20O4 (252.31): calcd.
an increased formation of by-products). The combined organic ex- C 76.33, H 9.15; found C 75.94, H 9.12.
tracts were washed with saturated aqueous NaHCO3 and brine,

(2RS,3RS,8aSR)-Tricarbonyl(η6-6,7-dimethoxy-2,3-dimethyl-and dried with MgSO4. The solvent was removed in vacuo and the
1,2,3,4-tetrahydronaphthalene)chromium(0) (rac-24): A 50-mlcolorless oil was crystallized from EtOAc yielding 1.28 g (86%) of
Schlenk flask equipped with a reflux condenser and an Hg bubblerthe diol rac-21 as colorless crystals, m.p. 135°C. 2 Rf 5 0.23
was flame-dried in vacuo and flushed with argon. All connections(EtOAc). 2 IR (KBr): ν̃ 5 3481 (br, OH), 3386 (br, OH), 2906 (m),
were made air-tight by using Teflon sleeves. After charging with2833 (C2H), 1517 (s), 1462 (m), 1353 (m), 1242 (s), 1219 (m), 1123
1.19 g (5.4 mmol) of the ligand rac-23 and 1.24 g (5.6 mmol) of(s), 1098 (m), 1065 (m), 1027 (m), 988 (m), 895 (w), 849 (w), 745
Cr(CO)6, 25 ml of nBu2O was added and the whole apparatus was(w) cm21. 2 1H NMR (270 MHz): δ 5 1.83 (m, 2 H), 2.56 (dd,
evacuated and flushed with argon several times. After adding 2.5J1 5 10.1 Hz, J2 5 15.7 Hz, 2 H), 2.69 (dd, J1 5 4.0 Hz, J2 5 16.6
ml of anhydrous THF, the solution was refluxed at 150°C (oil-bathHz, 2 H), 2.95 (br, 2 H, exchanges with D2O), 3.65 (dd, J1 5 6.3
temperature) for 20 h, protected from light for most of the time.Hz, J2 5 10.9 Hz, 2 H), 3.78 (dd, J1 5 3.3 Hz, J2 5 10.9 Hz, 2
The clear, yellow solution thus obtained was allowed to cool toH), 3.83 (s, 6 H, OMe), 6.59 (s, 2 H). 2 MS; m/z (%): 252 [M1]
room temp., the solvents were removed in vacuo, and the residue(100), 220 (20), 203 (75), 189 (14), 188 (15), 165 (25), 164 (32), 71
was dissolved in ca. 25 ml of EtOAc. The resulting solution was(30), 69 (41), 57 (88), 55 (70). 2 C14H20O4 (252.31): calcd. C 66.65,
filtered through a 2-cm pad of silica, the solvent was removed un-H 7.79; found C 66.37, H 7.91.
der reduced pressure, and the residue (yellow oil) was crystallized
from hexane/EtOAc (3:1) yielding 1.48 g (78%) of the chromium(2RS,3RS)-6,7-Dimethoxy-2,3-bis(tosyloxymethyl)-1,2,3,4-te-

trahydronaphthalene (rac-22): A stirred solution of 2.15 g (8.5 complex rac-24 as yellow cubes, m.p. 167°C. 2 Rf 5 0.3 (hexane/
EtOAc, 3:1). 2 IR (KBr): ν̃ 5 2969 (w), 2912 (w), 2842 (w), 1942mmol) of diol rac-21 in 25 ml of anhydrous pyridine was cooled to

0°C and 7.65 g (40 mmol) of p-toluenesulfonyl chloride was added (br, C5O), 1874 (br, C5O), 1848 (br, C5O), 1949 (m), 1428 (m),
1266 (m), 1235 (m), 1113 (m), 991 (m), 675 (m), 633 (all m) cm21.within 5 min. The orange-red solution was stirred at this tempera-

ture for 1 h and then kept at 4°C for 24 h. The solution was then 2 1H NMR (250 MHz)[60]: δ 5 1.00 (d, J 5 3.1 Hz, 3 H), 1.02 (d,
J 5 3.1 Hz, 3 H), 1.36 (m, 1 H), 1.53 (m, 1 H), 2.29 (dd, J1 5 22.1poured slowly into a vigorously stirred mixture of 100 ml conc.

HCl, 100 g of ice and 200 ml of CH2Cl2, and stirring was continued Hz, J2 5 10.7 Hz, 1 H), 2.36 (dd, J1 5 22.8 Hz, J2 5 10.9 Hz, 1
H), 2.53 (dd, J1 5 21.7 Hz, J2 5 4.4 Hz, 1 H), 2.59 (dd, J1 5 20.9while the mixture was allowed to warm to room temp. The layers

were then separated and the aqueous layer was extracted with Hz, J2 5 3.9 Hz, 1 H), 3.74 (s, 3 H), 3.78 (s, 3 H), 5.15 (s, 1 H)
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5.18 (s, 1 H). 2 13C NMR (63 MHz): δ 5 18.8 (q), 34.1 (d), 35.0 (w), 1739 (br, C5O), 1519 (s), 1451 (m), 1361 (m), 1248 (s), 1218

(s), 1177 (s), 1133 (s), 1116 (s), 1099 (s), 1050 (m) cm21. 2 1H(d), 36.0 (t), 37.5 (t), 56.9 (q), 57.1 (q), 78.3 (d), 78.8 (d), 101.9 (s),
103.6 (s), 132.2 (s), 132.3 (s), 234.0 (s). 2 MS; m/z (%): 357 (8), NMR (270 MHz): δ 5 1.28 (pseudo t, J 5 7.2 Hz, 6 H), 1.52

(pseudo d, J 5 7.1 Hz, 6 H), 2.90 (m, 2 H), 3.10 (m, 2 H), 3.24356 [M1] (24), 300 (15), 273 (54), 272 (100), 243 (25), 242 (90), 220
(10), 186 (23), 164 (8). 2 C17H20CrO5 (356.34 ): calcd. C 57.30, H (pseudo dd, J1 5 6.9 Hz, J2 5 2.9 Hz, 2 H), 3.83 (pseudo s, 6 H),

4.20 (pseudo q, J 5 7.2 Hz, 4 H), 5.11 (pseudo q, J 5 7.1 Hz, 25.66; found C 57.24, H 5.79.
H), 6.61 (pseudo s, 2 H). 2 [α]D

20 5 261, [α]578 5 263, [α]546 5
(2RS,3RS,4aRS)-Tricarbonyl(η6-6,7-dimethoxy-2,3-dimethyl-

271, [α]436 5 2119, [α]365 5 2238, (c 5 0.153 in CHCl3). 2
5,8-bis(trimethylsilyl)-1,2,3,4-tetrahydronaphthalene)chromium(0) C24H32O10 (480.51): calcd. C 59.99, H 6.71; found C 59.77, H 6.84.
(rac-5): To a solution of 1.247 g (3.5 mmol) of the chromium com-
plex rac-24 in 50 ml of anhydrous THF was added 3.26 g (30 mmol) Minor Diastereomer 26b: Rf 5 0.23 (hexane/EtOAc, 2:1). 2

Anal. HPLC (MN Nuc 50210; hexane/dioxane, 4:1; 2 ml/min; 254of chlorotrimethylsilane and the mixture was cooled to 250°C. In
a separate flask, a solution of 1.06 g (7.2 mmol) of 2,2,6,6-tetra- nm): RT 5 5.53 min. 2 IR (KBr): ν̃ 5 2987 (w), 2939 (w), 2835

(w), 1743 (br, C5O), 1519 (s), 1451 (m), 1378 (m), 1247 (s), 1209methylpiperidine in 25 ml of anhydrous THF was cooled to 250°C
and 4.5 ml of n-butyllithium (7.2 mmol, 1.6  in hexane) was ad- (s), 1177 (s), 1133 (s), 1115 (s), 1099 (s) cm21. 2 1H NMR (270

MHz): δ 5 1.26 (pseudo t, J 5 7.1 Hz, 6 H), 1.49 (pseudo d, J 5ded. After 15 min, this (second) solution was added to the solution
in the first flask by means of a transfer needle over a period of ca. 7.0 Hz, 6 H), 2.97 (m, 2 H), 3.12 (m, 2 H), 3.25 (m, 2 H), 3.83

(pseudo s, 6 H), 4.18 (pseudo q, 4 H), 5.09 (pseudo q, J 5 7.0 Hz,1 min. The reaction mixture was stirred for 15 min at 250°C and
then for 3 h at room temp. After diluting with 50 ml of EtOAc, the 2 H), 6.58 (pseudo s, 2 H). 2 [α]D

20 5 16, [α]578 5 16, [α]546 5 19,
[α]436 5 43, [α]365 5 100 (c 5 0.319 in CHCl3). 2 C24H32O10organic solution was washed with 2  HCl (2 3 50 ml), saturated

aqueous NaHCO3 and brine, and dried (MgSO4). After removing (480.51): calcd. C 59.99, H 6.71; found C 59.99, H 6.96.
the solvent, the remaining yellow oil was purified by PTLC (4-mm

(2R,3R)-2,3-Bis(hydroxymethyl)-6,7-dimethoxy-1,2,3,4-tetra-layer SiO2; hexane/EtOAc, 10:1). The product was finally crys-
hydronaphthalene (21): To a solution of 0.48 g (1.1 mmol) of 26atallized from hexane yielding 1.42 g (81%) of the disilylated com-
in 30 ml of dry diethyl ether was added 0.2 g (13.2 mmol) of Li-plex rac-5 as clear yellow prisms, m.p. 130°C. 2 Rf 5 0.55 (hexane/
AlH4. The suspension was heated to reflux for 1 h, then cooled toEtOAc, 10:1). 2 IR (KBr): ν̃ 5 2982 (w), 2953 (w), 2900 (w, C2H),
0°C, whereupon 10 ml of EtOAc was added dropwise, followed by1938 (s, C5O), 1876 (s, C5O), 1854 (s, C5O), 1249 (m), 1022 (m),
20 ml of 2  HCl. The mixture was stirred until all the precipitated852 (m), 670 (m) cm21. 2 1H NMR (250 MHz)[60]: δ 5 0.50
aluminates had dissolved and then extracted with hexane/EtOAc,(pseudo s, 18 H), 0.96 (pseudo t, J 5 6.2 Hz, 6 H), 1.25 (m, 1 H),
(1:10, 5 3 25 ml) (Note: The resulting diol is rather soluble in1.39 (m, 1 H), 2.13 (dd, J1 5 16.1 Hz, J2 5 10.5 Hz, 1 H), 2.35
water). The combined extracts were washed with saturated aqueous(dd, J1 5 16.3 Hz, J2 5 11.6 Hz, 1 H), 2.55 (dd, J1 5 16.3 Hz,
NaHCO3 and brine, and dried with MgSO4. The solvent was re-J2 5 4.9 Hz, 1 H), 2.79 (dd, J1 5 16.1 Hz, J2 5 4.8 Hz, 1 H), 3.71
moved in vacuo and the resulting colorless oil was purified by(pseudo s, 6 H). 2 13C NMR (63 MHz): δ 5 2.9 (q), 3.3 (q), 19.1
PTLC (2-mm layer SiO2; EtOAc) to yield 190 mg (76%) of diol 21(q), 19.3 (q), 33.9 (d), 35.0 (d), 39.3 (t), 39.6 (t), 62.0 (q), 62.2 (q),
(> 99.4% ee according to HPLC), m.p. 135°C. 2 Rf 5 0.2395.3 (s), 96.3 (s), 110.7 (s), 111.9 (s), 137.8 (s), 138.0 (s), 234.7 [s,
(EtOAc). 2 Anal. HPLC (Daicel Chiralcel OJ, 0.7 ml/min, 254Cr(CO)3]. 2 13C NMR (63 MHz, [D8]THF) δ 5 3.2 (q), 3.4 (q),
nm): RT (21) 5 15.54 min; RT (ent-21) 5 14.10 min. 2 IR (KBr):19.2 (q), 19.4 (q), 34.9 (d), 35.9 (d), 40.2 (t), 40.5 (t), 62.1 (q), 62.4
ν̃ 5 3507 (br, OH), 3395 (br, OH), 2935 (m), 2908 (m), 2834 (m),(q), 95.9 (s), 96.9 (s), 111.5 (s), 112.6 (s), 138.7 (s), 139.0 (s), 235.4
1611 (m), 1519 (s), 1460 (s), 1359 (m), 1254 (s), 1126 (s), 1063 (s),[s, Cr(CO)3]. 2 MS; m/z (%): 500 [M1] (7), 444 (11), 417 (37), 416
998 (s) cm21. 2 1H NMR (270 MHz): δ 5 1.82 (m, 2 H), 2.54 (dd,(84), 258 (4), 220 (8), 57 (100), 55 (76). 2 C23H36CrO5Si2 (500.70):
J1 5 10.1 Hz, J2 5 15.7 Hz, 2 H), 2.89 (dd, J1 5 4.0 Hz, J2 5 16.6calcd. C 55.17, H 7.25; found C 54.99, H 7.12.
Hz, 2 H), 3.10 (br, 2 H, exchanges with D2O), 3.64 (dd, J1 5 6.3
Hz, J2 5 10.9 Hz, 2 H), 3.78 (dd, J1 5 3.3 Hz, J2 5 10.9 Hz, 2Bis[(1S)-1-ethoxycarbonylethyl] (2R,3R)-6,7-Dimethoxy-

1,2,3,4-tetrahydronaphthalene-2,3-dicarboxylate (26a) and Bis- H), 3.83 (s, 6 H), 6.58 (s, 2 H). 2 [α]D
20 5 256, [α]578 5 258,

[α]546 5 266, [α]436 5 2122, [α]365 5 2223 (c 5 0.120 in CHCl3).[(1S)-1-ethoxycarbonylethyl] (2S,3S)-6,7-Dimethoxy-1,2,3,4-
tetrahydronaphthalene-2,3-dicarboxylate (26b): To a stirred solution 2 MS; m/z (%): 252 [M1] (100), 203 (98), 189 (17), 188 (18), 165

(46), 164 (26), 151 (13), 115 (13). 2 C14H20O4 (252.31): calcd. Cof the dibromide 19 (2.43 g, 7.5 mmol) and bis[(S)-1-(ethoxycar-
bonyl)ethyl] fumarate (25) (6.01 g, 19 mmol) in 100 ml of dry THF, 66.65, H 7.79; found C 66.38, H 7.77.
2.46 g (20 mmol) of chromium(II) chloride (Merck, assay ca. 90%)

(2R,3R)-6,7-Dimethoxy-2,3-bis(tosyloxymethyl)-1,2,3,4-tetra-was added at room temp. The greenish suspension turned purple
hydronaphthalene (22): 390 mg of the diol 21 was treated with 1.635within 0.5 h and was stirred for 4 h before 50 ml H2O was added.
g (8.5 mmol) of p-TsCl in 10 ml of pyridine according to the pro-After 5 min, the mixture was extracted with hexane/EtOAc, (2:1, 3
cedure described above for the preparation of rac-22. Yield: 560

3 100 ml) and the combined organic layers were washed with brine
mg (67%) of the optically active ditosylate 22. 2 M.p. 149°C. 2and dried with MgSO4. The solvent was removed under reduced
Rf 5 0.30 (hexane/EtOAc, 1:1). 2 IR (KBr): ν̃ 5 2998 (w), 2960pressure and the remaining oil was purified by flash chromatogra-
(w), 2901 (w), 2836 (w), 1515 (m), 1365 (s), 1176 (s), 968 (s), 853phy (hexane/EtOAc, 2:1) yielding 3.321 g (92%) of a mixture of the
(m), 553 (s) cm21. 2 1H NMR (270 MHz): δ 5 2.05 (m, 2 H), 2.44diastereomers 26a and 26b, besides 3.57 g (11 mmol) of recovered
(s, 6 H), 2.53 (dd, J1 5 7.2 Hz, J2 5 16 Hz, 2 H), 2.67 (dd, J1 5 5chiral fumarate 25. The product mixture, which consisted of 26a
Hz, J2 5 17 Hz, 2 H), 3.81 (s, 6 H), 3.97 (d, J 5 5 Hz, 4 H), 6.47and 26b in a ratio of 81:19 (by HPLC), 79:21 (by NMR), was sepa-
(s, 2 H), 7.35 (d, J 5 8 Hz, 4 H), 7.76 (d, 4 H). 2 [α]D

20 5 214,rated by preparative HPLC (Waters Prep Pak Silica; hexane/diox-
[α]578 5 216, [α]546 5 219, [α]436 5 241, [α]365 5 273 (c 5 0.494ane, 4:1, 0.1 l/min).
in CHCl3). 2 MS; m/z (%): 560 [M1] (13), 430 (8), 388 (3), 272 (4),
234 (4), 233 (5), 217 (40), 216 (63), 204 (16), 203 (100), 201 (21),Major Diastereomer 26a: Rf 5 0.23 (hexane/EtOAc, 2:1). 2

Anal. HPLC (MN Nuc 50210; hexane/dioxane, 4:1; 2 ml/min; 254 189 (17), 188 (16), 58 (41). 2 HRMS: 560.1539 as calcd. for
C28H32O8S2.nm): RT 5 5.05 min. 2 IR (KBr): ν̃ 5 2989 (w), 2940 (w), 2836
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(2R,3R)-6,7-Dimethoxy-2,3-dimethyl-1,2,3,4-tetrahydronaph- was recrystallized from hexane/EtOAc (1:1) to give 441 mg (79%)

of the complex rac-28 as small yellow crystals, m.p. 195°C. 2 Rf 5thalene (23): 841 mg (1.5 mmol) of the ditosylate 22 was treated
with 240 mg (6.3 mmol) of LiAlH4 in 50 ml of dry diethyl ether 0.4 (EtOAc). 2 IR (KBr): ν̃ 5 2978 (m), 2939 (m), 2914 (m), 2850

(m), 1948 (br, C5O), 1874 (br, C5O), 1848 (br, C5O), 1496 (s),according to the procedure described above for the preparation of
rac-23. Yield: 227 mg (69%) of 23 as colorless, clear crystals, m.p. 1438 (s), 1289 (s), 1263 (s), 1236 (s), 1214 (s), 1096 (s), 978 (s), 673

(s), 629 (s) cm21. 2 1H NMR (270 MHz): [60] δ 5 1.94 (m, 1 H),81°C. 2 Rf 5 0.25 (hexane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2998
(m), 2952 (m), 2933 (m), 2905 (m), 2882 (m), 2832 (m), 1518 (s), 2.14 (m, 1 H), 2.48 (dd, J1 5 15.2 Hz, J2 5 11.6 Hz, 1 H), 2.59

(dd, J1 5 15.7 Hz, J2 5 11.7 Hz, 1 H), 2.75 (dd, J1 5 15.3 Hz,1465 (m), 1249 (s), 1227 (s), 1114 (m) cm21. 2 1H NMR (270
MHz): δ 5 1.03 (d, J 5 6 Hz, 6 H), 1.49 (m, 2 H), 2.39 (dd, J1 5 J2 5 4.5 H, 1 H), 2.79 (dd, J1 5 15.8 Hz, J2 5 5.7 Hz, 1 H), 3.44

(pseudo d, J 5 10.3 Hz, 1 H), 3.46 (pseudo d, J 5 10.3 Hz, 1 H),10 Hz, J2 5 16 Hz, 2 H), 2.74 (dd, J1 5 3.5 Hz, J2 5 17 Hz, 2 H),
3.83 (s, 6 H), 6.56 (s, 2 H). 2 [α]D

20 5 2105, [α]578 5 2110, [α]546 5 3.76 (s, 3 H), 3.80 (s, 3 H), 4.10 (pseudo t, J 5 7.5 Hz, 1 H), 4.20
(pseudo t, J 5 7.5 Hz, 1 H), 5.18 (s, 1 H), 5.21 (s, 1 H). 22126, [α]436 5 2230, [α]365 5 2408 (c 5 0.805 in CHCl3). 2 MS;

m/z (%): 221 (16), 220 [M1] (100), 205 (13), 189 (9), 164 (67), 69 C17H18CrO6 (370.32): calcd. C 55.14, H 4.93; found C 55.19, H
4.93.(46), 57 (63), 55 (64). 2 HRMS: 220.1463 as calcd. for C14H20O4.

(2R,3R,8aS)-Tricarbonyl(η6-6,7-dimethoxy-2,3-dimethyl-1,2,3,4- (3aRS,4aSR,9aRS)-Tricarbonyl{η6-6,7-dimethoxy-5,8-bis(tri-
methylsilyl)-1,3,3a,4,9,9a-hexahydronaphtho[2,3-c]furan}chro-tetrahydronaphthalene)chromium(0) (24): 220 mg (1 mmol) of the

ligand 23 was treated with 242 mg (1.1 mmol) of Cr(CO)6 in 10 ml mium(0) (rac-6): To a solution of 185 mg (0.5 mmol) of the com-
plex rac-28 and 0.35 ml (2.5 mmol) of TMSCl in 10 ml of dry THFof dry nBu2O and 1 ml of dry THF according to the procedure

described above for the preparation of rac-24. Yield 260 mg (73%) at 240°C, was added a solution of LiTMP [prepared separately
from 0.19 ml (1.1 mmol) of 2,2,6,6-tetramethylpiperidine and 0.65of complex 24 as yellow cubes, m.p. 165°C. 2 Rf 5 0.3 (hexane/

EtOAc, 3:1). 2 IR (KBr): ν̃ 5 2969 (w), 2903 (w), 2842 (w), 1945 ml of n-butyllithium (1.04 mmol, 1.6  in hexane) in 5 ml of dry
THF], as described above for the preparation of rac-5. After 15(br, C5O), 1869 (br, C5O), 1859 (br, C5O), 1495 (m), 1267 (w),

1113 (w) cm21. 2 NMR (400 MHz)[60]: δ 5 1.01 (d, 3 H), 1.02 (d, min at 240°C and 1 h at room temp., 30 ml of EtOAc was added
and the mixture was washed with 2  HCl (2 3 30 ml), saturated3 H), 1.38 (m, 1 H), 1.53 (m, 1 H), 2.28 (dd, J1 5 16.2 Hz, J2 5

10.6 Hz, 1 H), 2.37 (dd, J1 5 16.9 Hz, J2 5 10.8 Hz), 2.52 (dd, aqueous NaHCO3 and brine. After drying and removal of the sol-
vent, the remaining yellow oil was purified by flash chromatogra-J1 5 16.1 Hz, J2 5 4.3 Hz, 1 H), 2.60 (dd, J1 5 16.8 Hz, J2 5 5.8

Hz, 1 H), 3.75 (s, 3 H), 3.78 (s, 3 H), 5.15 (s, 1 H), 5.18 (s, 1 H). phy (hexane/EtOAc, 3:1). The product was finally crystallized from
hexane/EtOAc (3:1) yielding 182 mg (71%) of the disilylated com-2 [α]D

20 5 295, [α]578 5 2101, [α]546 5 2122 (c 5 0.485 in
CHCl3). 2 MS; m/z (%): 357 (5), 356 [M1] (16), 300 (9), 273 (27), plex rac-6 as small yellow needles, m.p. 202°C. 2 Rf 5 0.74

(EtOAc). 2 IR (KBr): ν̃ 5 2950 (w), 2899 (w), 2850 (w), 1944 (br,272 (100), 243 (13), 242 (48), 220 (6), 186 (12), 164 (5), 149 (5).
2 C17H20CrO5 (356.34 ): calcd. C 57.30, H 5.66; found C 57.44, C5O), 1858 (br, C5O), 1362 (m), 1320 (m), 1250 (m), 1016 (m),

848 (m), 673 (m) cm21. 2 1H NMR (400 MHz): [60] δ 5 0.46 andH 5.51.
0.47 (both s, 9 H), 1.79 (m, 1 H), 1.93 (m, 1 H), 2.30 (dd, J1 5

(3aRS,9aRS)-6,7-Dimethoxy-1,3,3a,4,9,9a-hexahydronaph- 15.2 Hz, J2 5 11.3 Hz, 1 H), 2.53 (dd, J1 5 15.6 Hz, J2 5 12.1
tho[2,3-c]furan (rac-27): A solution of 760 mg (3 mmol) of the diol Hz, 1 H), 2.79 (dd, J1 5 15.6 Hz, J2 5 5.0 Hz, 1 H), 3.02 (dd, J1 5
rac-21 in 30 ml of CHCl3 and 3 ml of pyridine was heated to 60°C 15.2 Hz, J2 5 4.7 Hz, 1 H), 3.37 (dd, J1 5 10.4 Hz, J2 5 7.5 Hz,
and 1.720 g (9 mmol) of p-TsCl was added. Stirring was continued 1 H), 3.40 (dd, J1 5 10.4 Hz, J2 5 7.5 Hz, 1 H), 3.73 (s, 3 H), 3.74
for 4 h at 60°C, then the mixture was cooled to 0°C and 30 ml of (s, 3 H), 4.09 (pseudo t, J 5 7.5 Hz, 1 H), 4.15 (pseudo t, J 5 7.5
cold 2  HCl was added. After 30 min, the layers were separated, Hz, 1 H). 2 C23H34CrO6Si2 (514.69): calcd. C 53.67, H 6.66; found
the aqueous layer was extracted with CHCl3 (2 3 30 ml), and the C 53.49, H 6.51.
combined organic layers were washed with saturated NaHCO3 and
brine, and dried with CaCl2 overnight. The solvent was removed 1-Bromo-2-(bromomethyl)-4,5-dimethoxybenzene (31): A solu-

tion of 5.05 g (30 mmol) of 3,4-dimethoxybenzyl alcohol (30) in 50under reduced pressure and the oily residue was purified by PTLC
(3-mm layer SiO2; hexane/EtOAc/CH2Cl2, 1:1:1) to yield 530 mg ml of dry benzene was cooled to 0°C and a solution of 1.60 ml (31

mmol) of Br2 in 50 ml of dry benzene was added over a period of(76%) of the naphthofuran rac-27 as colorless plates, m.p. 124°C.
2 Rf 5 0.36 (hexane/EtOAc/CH2Cl2, 1:1:1). 2 IR (KBr): ν̃ 5 2937 20 min. Then, 5 ml of HBr (33% in AcOH) was added, the cooling

bath was removed, and the red solution was stirred at ambient(m), 2907 (m), 2854 (m), 2833 (m), 1684 (m), 1516 (s), 1239 (s),
1221 (s), 1094 (s), 988 (m), 902 (m) cm21. 2 1H NMR (270 MHz): temperature for 30 min. The mixture was then sequentially washed

with saturated aqueous Na2S2O3 (50 ml), water (50 ml) and brine,δ 5 2.04 (m, 2 H), 2.57 (dd, J1 5 11.4 Hz, J2 5 15. 6 Hz, 2 H),
2.93 (dd, J1 5 15.6 Hz, J2 5 4.1 Hz, 2 H), 3.48 (dd, J1 5 7.9 Hz, and the organic solution was dried with MgSO4. The solvent was

removed under reduced pressure and the yellow, oily residue wasJ2 5 10.2 Hz, 2 H), 3.85 (s, 6 H), 4.17 (pseudo t, J 5 7.5 Hz, 2
H), 6.62 (s, 2 H). 2 13C NMR (63 MHz): δ 5 31.7 (d), 42.5 (t), crystallized from hexane/EtOAc (3:1) to yield 8.71 g (94%) of the

dibromide 31 as thin, colorless needles, m.p. 81°C. 2 Rf 5 0.3555.8 (q), 72.6 (t), 112.2 (d), 127.6 (s), 147.2 (s). 2 C14H18O3

(234.30): calcd. C 71.77, H 7.74; found C 71.75, H 7.76. (hexane/EtOAc, 3:1). 2 IR (CCl4): ν̃ 5 3006 (w), 2959 (w), 2909
(w), 2841 (w), 1507 (s), 1464 (m), 1383 (m), 1262 (s), 1226 (s), 1210

(3aRS,4aSR,9aRS)-Tricarbonyl{η6-6,7-dimethoxy-1,3,3a,4,9,9a- (s), 1168 (s), 1036 (m) cm21. 2 1H NMR (270 MHz): δ 5 3.87 (s,
hexahydronaphtho[2,3-c]furan}chromium(0) (rac-28): As described 3 H), 3.89 (s, 3 H), 4.59 (s, 2 H), 6.93 (s, 1 H), 7.02 (s, 1 H). 2 MS;
above for the preparation of rac-24, 351 mg (1.5 mmol) of the li- m/z (%): 312 (7), 310 [M1 1 2] (14), 308 [M1] (6), 232 (20), 231
gand rac-27 was heated with 350 mg (1.6 mmol) of Cr(CO)6 in 10 (99), 230 (20), 229 [MH1 2 Br] (100), 215 (5), 187 (7), 185 (9), 108
ml nBu2O and 1 ml THF for 20 h at 150°C (oil-bath temperature). (13), 107 (17). 2 C9H10Br2O2 ( 309.99): calcd. C 34.77, H 3.25;
The resulting cloudy yellow solution was cooled, the solvent was found C 34.90, H 3.14.
removed in vacuo, and the crystalline residue was taken up in 30
ml of EtOAc. The resulting solution was filtered through a 2-cm (2RS)-2-(29-Bromo-49,59-dimethoxybenzyl)cyclohexanone (rac-

32): A stirred solution of diisopropylamine (4.65 ml, 33 mmol) inpad of silica, the solvent was evaporated once more, and the residue
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100 ml anhydrous THF was cooled to 278°C and n-butyllithium the olefin rac-33 in 50 ml of dry benzene, a solution of 1.59 ml (5.2

mmol) of tributyltin hydride and 20 mg of azobis(isobutyronitrile)(21 ml, 31.1 mmol, 1.48  in hexane) was added by means of a
syringe. After 20 min, a solution of cyclohexanone (4.7 ml, 36 in 8 ml of dry benzene was added over a period of 5 h by means

of a syringe pump. Refluxing was continued for 1 h, and then ammol) in anhydrous THF (20 ml) was added slowly (over a period
of ca. 30 min) and the resulting mixture was stirred for 10 min at solution of 5 g of KF in 20 ml of water was added to the cooled

(room temp.) mixture. The resulting two-phase system was stirred278°C. A solution of 9.3 g (30 mmol) of the dibromide 31 in anhy-
drous THF (50 ml) was then added over a period of 5 min, the vigorously overnight. The organic layer was separated and the

aqueous layer was extracted with EtOAc (3 3 30 ml). The com-temperature was allowed to rise, and stirring was continued for 3
h at 0°C and for 10 h at room temp. After quenching with 2  HCl bined organic layers were washed with water (2 3) and brine, and

dried with MgSO4. The solvent was removed under reduced pres-(100 ml), the mixture was extracted with EtOAc (3 3 100 ml). The
combined organic extracts were washed with saturated aqueous sure and the resulting colorless oil was purified by PTLC (4-mm

layer SiO2; hexane/CH2Cl2/EtOAc, 2:1:0.02). The product was fi-NaHCO3 and brine, and dried with MgSO4. After removing the
solvent in vacuo, the resulting yellow oil was purified by flash chro- nally crystallized from hexane to yield 810 mg (66%) of the cycliza-

tion product rac-34 as clear, colorless prisms, m.p. 110°C. 2 Rf 5matography (hexane/EtOAc, 5:1) yielding 8.48 g (86%) of the alky-
lation product rac-32 as a colorless oil, which solidified upon stand- 0.15 (hexane/CH2Cl2/EtOAc 5 2:1:0.02). 2 IR (CCl4): ν̃ 5 2998

(w), 2919 (m), 2854 (w), 2832 (w), 1518 (s), 1249 (m), 1224 (m),ing within 48 h. In addition, 1.01 g of the dialkylated by-product
36a was obtained. An analytical sample of rac-32 was recrystallized 1129 (w), 1112 (w) cm21. 2 1H NMR (270 MHz): δ 5 1.06 (m, 2

H), 1.35 (m, 4 H), 1.84 (m, 4 H), 2.39 (dd, J1 5 9 Hz, J2 5 14.5from hexane/EtOAc (5:1); m.p. 72°C. 2 Rf 5 0.16 (hexane/EtOAc,
5:1). 2 IR (CCl4): ν̃ 5 3003 (w), 2936 (m), 2858 (w), 2839 (w), Hz, 2 H), 2.69 (dd, J1 5 4.5 Hz, J2 5 14.5 Hz, 2 H), 3.86 (s, 6 H),

6.56 (s, 2 H). 2 13C NMR (63 MHz): δ 5 26.3 (t), 33.8 (t), 37.11713 (s, C5O), 1580 (s), 1497 (s), 1260 (s), 1233 (s), 1165 (s) cm21.
2 1H NMR (270 MHz): δ 5 1.40 (m, 1 H), 1.60 (m, 2 H), 1.82 (t), 38.8 (d), 55.9 (q), 111.5 (d), 128.6 (s), 146.9 (s). 2 MS; m/z (%):

247 (18), 246 [M1] (100), 231 (20), 229 (14), 206 (9), 164 (23), 151(m, 1 H), 2.04 (m, 2 H), 2.32 (m, 1 H), 2.38 (m, 1 H), 2.48 (dd,
J1 5 7.5 Hz, J2 5 19 Hz, 1 H), 2.63 (m, 1 H), 3.20 (dd, J1 5 6 Hz, (55), 149 (15), 57 (39), 55 (38). 2 HRMS: 246.1620 as calcd. for

C16H22O2.J2 5 19 Hz, 1 H), 3.90 and 3.93 (both s, 3 H), 6.77 and 6.95 (both
s, 1 H). 2 13C NMR (63 MHz): δ 5 25.2 (t), 28.0 (t), 33.7 (t), 35.2 (4aRS,8aSR,9aRS)-Tricarbonyl(η6-6,7-dimethoxy-1,2,3,4,4a,
(t), 42.2 (t), 51.0 (d), 55.9 (q), 56.0 (q), 114.2 (d), 115.2 (d), 131.6 9,9a,10-octahydroanthracene)chromium(0) (rac-35): As described
(s), 147.8 (s), 147.9 (s), 212.3 (s). 2 MS; m/z (%): 328 (12), 326 above for the preparation of rac-24, 1.06 g (4.3 mmol) of the ligand
[M1] (12), 248 (17), 247 (100), 231 (55), 229 (57), 151 (11). 2 rac-34 was heated with 0.99 g (4.5 mmol) of Cr(CO)6 in 45 ml
C15H19BrO3 (327.22): calcd. C 55.02, H 5.89; found C 55.06, H nBu2O and 4.5 ml THF in a 100-ml Schlenk flask for 22 h at 150°C
5.85. (oil-bath temperature). The resulting clear yellow solution was al-

2,2-Bis(29-bromo-49,59-dimethoxybenzyl)cyclohexanone (36a): 1H lowed to cool to room temp., whereupon a yellow precipitate
NMR (270 MHz): δ 5 1.7422.06 (m, 6 H), 2.52 (m, 2 H), 3.23 formed. Cooling was continued in an ice bath for 1 h, and then the
(AB signal, 4 H), 3.80 (s, 6 H), 3.85 (s, 6 H), 6.70 (s, 2 H), 6.98 (s, supernatant solution was carefully decanted off and the residue
2 H). washed twice with cold diethyl ether. The yellow powder thus ob-

tained was dried in vacuo to yield a first fraction of rac-35. The(19RS)-1-Bromo-4,5-dimethoxy-2-(29-methylenecyclohexyl-
solvent of the decanted organic solution was removed in vacuo andmethyl)benzene (rac-33): A suspension of 18.7 g of methyltri-
the residue was purified by PTLC (1 mm SiO2; hexane/EtOAc, 3:1).phenylphosphonium bromide in 250 ml of anhydrous THF was
Recrystallization from EtOAc afforded 1.300 g (79%) of the com-cooled to 278°C and n-butyllithium (29 ml, 47 mmol, 1.6  in
plex rac-35 as small yellow crystals, m.p. 201°C. 2 Rf 5 0.38 (hex-hexane) was added by means of a syringe. The temperature was
ane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2925 (w), 2854 (w), 1950 (s,allowed to rise to 230°C over a period of 30 min. At this point,
C5O), 1874 (s, C5O), 1851 (s, C5O), 1495 (m) cm21. 2 1H NMR11.45 g of rac-32 was added, the cooling bath was replaced by an
(270 MHz)[60]: δ 5 0.9621.54 (m, 6 H), 1.77 (pseudo dd, 4 H),oil bath, and the orange solution was refluxed for 1 h. The cooled
2.30 (dd, J1 5 16 Hz, J2 5 11.5 Hz, 1 H), 2.35 (dd, J1 5 16 Hz,mixture was then washed with water (2 3 30 ml) and brine, and
J2 5 11 Hz, 1 H), 2.47 (dd, J1 5 16.5 Hz, J2 5 4 Hz, 1 H), 2.57dried with MgSO4. The solvent was removed under reduced pres-
(dd, J1 5 16.5 Hz, J2 5 6 Hz, 1 H), 3.75 (s, 3 H), 3.79 (s, 3 H),sure and 100 ml of hexane was added to the residue, resulting in
5.16 (s, 1 H), 5.20 (s, 1 H). 2 13C NMR (63 MHz, CDCl3): δ 5the precipitation of Ph3PO. The solution was filtered through a pad
25.8 (t), 26.0 (t), 33.1 (t), 34.7 (t), 36.4 (t), 37.2 (d), 38.2 (d), 57.0of Celite and silica. The solvent was removed under reduced press-
(q), 57.1 (q), 78.3 (d), 79.0 (d), 101.7 (s), 103.4 (s), 132.2 (s), 132.3ure yielding 11.35 g (> 99%) of the methylenated product rac-33 as
(s), 234.1 (s). 2 MS; m/z (%): 382 [M1] (16), 326 [M1 2 2CO] (6),an essentially pure, slightly yellow oil, which crystallized within two
299 (36), 298 [M1 2 3CO] (100), 260 (15), 268 (56), 186 (6). 2weeks, m.p. 61°C. 2 Rf 5 0.57 (hexane/EtOAc, 5:1). 2 IR (CCl4):
C19H22CrO5 (382.38): calcd. C 59.68, H 5.80; found C 59.55, Hν̃ 5 2934 (m, C2H), 3082 (w), 3002 (w), 2856 (w), 2839 (w), 1509
5.78.(s), 1496 (m), 1439 (m), 1219 (s), 1496, 1165 (m) cm21. 2 1H NMR

(270 MHz): δ 5 1.20 2 1.74 (m, 6 H), 2.08 (m, 1 H), 2.37 (m, 1 (4aRS,8aSR,9aRS)-Tricarbonyl(η6-6,7-dimethoxy-5,8-bis(tri-
H), 2.66 (dd, J1 5 5.5 Hz, J2 5 14 Hz, 1 H), 3.00 (dd, J1 5 9.5 methylsilyl)-1,2,3,4,4a,9,9a,10-octahydroanthracene)chromium(0)
Hz, J2 5 14 Hz, 1 H), 5.60 (pseudo s, 1 H), 5.69 (pseudo s, 1 H), (rac-7): To a solution of 3.06 g (8 mmol) of the complex rac-35 and
6.66 (s, 1 H), 7.00 (s, 1 H). 2 13C NMR (63 MHz): δ 5 24.6 (t), 10.1 ml (80 mmol) of TMSCl in 80 ml of anhydrous THF at
28.6 (t), 32.7 (t), 35.3 (t), 38.4 (t), 43.3 (d), 56.0 (q), 56.1 (q), 105.8 250°C, was added a solution of LiTMP [prepared separately from
(t), 113.8 (d), 114.6 (s), 115.4 (d), 132.5 (s), 147.7 (s), 148.0 (s), 2.85 ml (16.8 mmol) of 2,2,6,6-tetramethylpiperidine and 10.4 ml
152.3 (s). 2 MS; m/z (%): 326 (6), 324 [M1] (7), 245 (32), 244 (24), of n-butyllithium (16.6 mmol, 1.6  in hexane) in 40 ml anhydrous
231 (98), 230 (100), 151 (6), 107 (6). 2 C16H21BrO2 (325.25): calcd. THF], as described above for the preparation of rac-5. After 15
C 59.09, H 6.51; found C 59.34, H 6.57. min at 250°C and 1 h at room temp., 50 ml of EtOAc was added

and the mixture was washed with 2  HCl (2 3 50 ml), saturated(4aRS,9aRS)-6,7-Dimethoxy-1,2,3,4,4a,9,9a,10-octahydro-
anthracene (rac-34): To a refluxing solution of 1.63 g (5 mmol) of aqueous NaHCO3 and brine. The dried (MgSO4) solution was con-
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centrated and the remaining yellow oil was purified by flash chro- for 2 h. The cooled mixture was then partitioned between water

(50 ml) and EtOAc (50 ml) and the aqueous phase was extractedmatography (hexane/EtOAc, 10:1). Crystallization of the product
from hexane/EtOAc (10:1) yielded 3.21 g (76%) of the disilylated with further EtOAc (50 ml). The combined organic extracts were

washed with brine, dried with MgSO4, and the solvent was removedcomplex rac-7 as dark-yellow cubes, m.p. 138°C. 2 Rf 5 0.55 (hex-
ane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2984 (w), 2924 (w), 2904 (w), under reduced pressure. The residue was treated with 50 ml of hex-

ane and filtered through a short pad of Celite (1 cm) and silica (12856 (w), 1957 (s), 1887 (s), 1361 (m), 1251 (m), 1020 (m), 857 (m)
cm21. 2 1H NMR (270 MHz)[60]: δ 5 0.46 (pseudo s, 18 H), cm). The solvent was removed under reduced pressure yielding 4.22

g (95%) of the methylenated product rac-39 as a slightly yellow oil;0.7821.34 (m, 6 H), 1.78 (m, 4 H), 2.09 (dd, J1 5 16 Hz, J2 5 5.5
Hz, 1 H), 2.31 (dd, J1 5 16 Hz, J2 5 5.5 Hz, 1 H), 2.53 (dd, J1 5 Rf 5 0.75 (hexane/EtOAc, 10:1). 2 IR (CCl4): ν̃ 5 3067 (w), 2927

(s), 2853 (m), 1643 (m), 1469 (m), 1437 (m), 1023 (s), 882 (m), 74516 Hz, J2 5 11 Hz, 1 H), 2.80 (dd, J1 5 16.5 Hz, J2 5 11 Hz, 1
H), 3.72 (pseudo s, 6 H). 2 13C NMR (63 MHz, CDCl3) δ 5 3.0 (s) cm21. 2 1H NMR (270 MHz): δ 5 1.1821.76 (m, 6 H), 2.12

(m, 1 H), 2.3222.59 (m, 2 H), 2.66 (dd, J1 5 9.5 Hz, J2 5 13 Hz,(q), 3.3 (q), 25.6 (t), 25.8 (t), 32.9 (t), 33.1 (t), 36.6 (t), 37.5 (t), 38.1
(t), 38.2 (d), 61.9 (q), 62.0 (q), 95.4 (d), 110.2 (s), 111.3 (s), 137.7 1 H), 3.10 (dd, J1 5 5.5 Hz, J2 5 13 Hz, 1 H), 4.62 (pseudo s, 1

H), 4.74 (pseudo s, 1 H), 7.03 (pseudo dt, J1 5 2 Hz, J2 5 8 Hz,(s), 138.0 (s), 234.7 [s, Cr(CO)3]. 2 MS; m/z (%): 526 (6), 470 [M1

2 2CO] (13), 444 (18), 443 (42), 442 [M1 2 3CO] (100). 2 1 H), 7.1027.24 (m, 2 H), 7.54 (pseudo dd, J1 5 1.5 Hz, J2 5 9.5
Hz, 1 H). 2 13C NMR (63 MHz): δ 5 24.6 (t), 28.7 (t), 32.8 (t),C25H38CrO5Si2 (526.74): calcd. C 57.01, H 7.27; found C 57.03,

H 7.31. 35.3 (t), 38.8 (t), 42.8 (d), 105.9 (t), 124.9 (s), 127. 0 (d), 127.4 (d),
131.3 (d), 132.8 (d), 140.5 (s), 152.2 (s). 2 MS; m/z (%): 262 (20),

(2RS)-2-(29-Bromobenzyl)cyclohexanone (rac-38): A stirred 185 [M1 2 Br] (100), 171 (13), 169 (14), 129 (11), 117 (32), 95 (96),
solution of 3.23 ml (33 mmol) of diisopropylamine in 100 ml of 94 (22), 79 (15), 67 (19). 2 C14H17Br (265.19): calcd. C 63.41, H
dry THF was cooled to 278°C and 13.8 ml (22 mmol) of a solution 6.46; found C 63.80, H 6.52.
of n-butyllithium (1.6  in hexane) was added by means of a syr-

(4aRS,9aRS)-1,2,3,4,4a,9,9a,10-Octahydroanthracene (rac-inge. After 10 min, a solution of 2.5 ml (25 mmol) of cyclohexanone
13) [12a]: To a refluxing solution of 3.7 g (14 mmol) of olefin rac-39in 10 ml of dry THF was added dropwise over a period of 20 min.
in 75 ml of dry benzene, a solution of 4.77 ml (18 mmol) of tributyl-The mixture was stirred for 1 h at 278°C and then transferred
tin hydride and 20 mg of azobis(isobutyronitrile) in 5 ml of drydropwise over a period of 1 h to a cold (0°C) stirred solution of α-
benzene was added over a period of 4 h by means of a syringebromobenzyl bromide (37) (5.0 g, 20 mmol) in 80 ml THF. The
pump. Refluxing was continued for 30 min, and then a solution ofcooling bath was removed and the mixture was heated to reflux for
1 g of NH4F in 40 ml of water was added to the cooled (room3 h. The cooled mixture was subsequently treated with 100 ml of
temp.) mixture. The resulting two-phase system was stirred vigor-2  HCl and extracted with EtOAc (3 3 100 ml). The combined
ously overnight. After addition of 20 ml of 2  HCl, the organicorganic extracts were washed with satd. aqueous NaHCO3 and
layer was separated and the aqueous layer was extracted withwith brine, dried with MgSO4, and the solvent was removed in
EtOAc (3 3 20 ml). The combined organic layers were washed withvacuo. The crude product (yellow oil) consisted of rac-38 contami-
water (2 3) and brine, and dried with MgSO4. The solvent wasnated with ca. 30% of the dialkylated product 36b (NMR). Kugel-
removed under reduced pressure and the resulting colorless oil wasrohr distillation (85°C, 0.5 Torr) afforded 4.23 g (63% yield) of the
purified by PTLC (4 mm layer SiO2; hexane). The product waspure monoalkylated ketone rac-38 as a colorless oil and 1.83 g
finally crystallized from hexane to yield 754 mg (29%) of the cy-(33%) of 36b as a slightly yellow oil (130°C, 0.5 Torr); Rf 5 0.33
clized product rac-13 as clear, colorless prisms, m.p. 64°C (ref. [12a]:(hexane/EtOAc, 10:1). 2 IR (ATR): ν̃ 5 3058 (w), 2932 (m), 2859
53°C ). 2 Rf 5 0.79 (hexane/EtOAc, 10:1).2 IR (ATR): ν̃ 5 2917(w), 1708 (s, C5O), 1469 (m), 1444 (m), 1128 (w), 1021 (m), 745
(s), 2877 (m), 2846 (m), 2830 (m), 1493 (w), 1450 (w), 1421 (w),(m) cm21. 2 1H NMR (400 MHz): δ 5 1.42 (pseudo qd, 1 H),
945 (w), 742 (s) cm21. 2 1H NMR (400 MHz): δ 5 1.06 (m, 2 H),1.5421.73 (m, 2 H), 1.84 (m, 1 H), 2.0022.12 (m, 2 H), 2.24
1.3021.44 (m, 4 H), 1.78 (m, 4 H), 1.86 (d, J 5 13 Hz, 2 H), 2.45(pseudo dd, J1 5 5.2 Hz, J2 5 12.8 Hz, 1 H), 2.43 (m, 1 H), 2.55
(dd, J1 5 11 Hz, J2 5 16 Hz, 2 H), 2.78 (dd, J1 5 4 Hz, J2 5 15.5(dd, J1 5 8 Hz, J2 5 16 Hz, 1 H), 2.6522.75 (m, 1 H), 3.34 (dd,
Hz, 2 H), 6.99 (m, 4 H). 2 13C NMR (63 MHz): δ 5 26.3 (t), 33.8J1 5 5.4 Hz, J2 5 16.2 Hz, 1 H), 7.05 (pseudo td, J1 5 2.5 Hz,
(t), 37.4 (t), 38.7 (d), 125.3 (d), 128.6 (d), 136.9 (s). 2 MS; m/z (%):J2 5 8.5 Hz, 1 H), 7.1827.27 (m, 2 H), 7.51 (pseudo d, J 5 8 Hz,
186 [M1] (100), 129 (22), 128 (19), 105 (20), 104 (48), 95 (21), 941 H). 2 13C NMR (63 MHz): δ 5 25.2 (t), 28.1 (t), 33.7 (t), 35.2
(17). 2 HRMS: 186.1409 as calcd. for C14H18. 2 C14H18 (186.30):(t), 42.2 (t), 50.5 (d), 124.6 (s), 127.1 (d), 127.7 (d), 131.8 (d), 132.7
calcd. C 90.25, H 9.75; found C 89.87, H 9.74.(d), 139.7 (s). 2 MS; m/z (%): 187 [M1 2 Br] (100), 171 (16), 169

(17), 119 (43), 107 (22), 69 (10). 2 HRMS: calcd. for C13H15O (M (4aRS,8aSR,9aRS)-Tricarbonyl(η6-1,2,3,4,4a,9,9a,10-octahy-
2 Br): 187.1123; found: 187.1118. 2 C13H15BrO (267.17): calcd. C droanthracene)chromium(0) (rac-8): As described above for the
58.44, H 5.66; found C 58.17, H 5.67. preparation of rac-24, 400 mg (2.2 mmol) of the ligand rac-13 was

heated with 0.55 g (2.5 mmol) of Cr(CO)6 in 17 ml nBu2O and 1.72,2-Bis(29-bromobenzyl)cyclohexanone (36b): 1H NMR (270
ml THF in a 100-ml Schlenk flask for 24 h at 150°C (oil-bathMHz): δ 5 1.6321.88 (m, 6 H), 2.0322.18 (m, 2 H), 3.18 (pseudo
temperature). The resulting clear yellow solution was allowed tod, J 5 13.9 Hz, 2 H), 3.33 (pseudo d, J 5 14.0 Hz, 2 H), 7.06 (m,
cool to room temp. and filtered through a short pad of silica. The2 H), 7.21 (m, 4 H), 7.55 (m, 2 H).
solvent was removed in vacuo and the residue was purified by
PTLC (4-mm layer SiO2; hexane/EtOAc, 5:1) to yield 515 mg (74%)(19RS)-1-Bromo-2-(29-methylenecyclohexylmethyl)benzene (rac-

39): To a stirred suspension of 9.0 g (25.3 mmol) of methyltri- of rac-8 as a light-yellow powder, m.p. 117°C. 2 Rf 5 0.34 (hexane/
EtOAc, 10:1). 2 IR (ATR): ν̃ 5 2922 (m), 2854 (w), 1948 (s), 1855phenylphosphonium bromide in 100 ml of dry THF at 278°C, 13.9

ml (22.3 mmol) of a solution of n-butyllithium (1.6  in hexane) (s), 1459 (w), 1446 (w), 1430 (m), 667 (m) cm21. 2 1H NMR (400
MHz)[60]: δ 5 1.05 (m, 2 H), 1.31 (m, 4 H), 1.77 (pseudo dd), 2.34was added by means of a syringe and the temperature was allowed

to rise to 230°C over a period of 30 min. To the resulting orange (dd, J1 5 15.6 Hz, J2 5 10 Hz, 1 H), 2.41 (dd, J1 5 9.6 Hz, J2 5

13.8 Hz, 1 H), 2.52 (dd, J1 5 17 Hz, J2 5 5 Hz, 1 H), 2.61 (dd,solution was added 4.5 g (16.8 mmol) of rac-38, the cooling bath
was replaced by an oil bath, and the mixture was heated to reflux J1 5 16.6 Hz, J2 5 6.2 Hz, 1 H), 5.24 (m, 4 H). 2 13C NMR (63
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MHz, CDCl3): δ 5 25.8 (t), 26.0 (t), 33.1 (t), 33.2 (t), 35.0 (t), 36.7 δ 5 1.07 (m, 2 H), 1.26 (m, 4 H), 1.63 (pseudo dd, 2 H), 1.86 (m,

2 H), 3.20 (br, 2 H, OH, exchanges with D2O), 3.54 (pseudo dq, 4(t), 37.2 (d), 38.2 (d), 91.7 (d), 92.0 (d), 93.4 (s), 93.6 (s), 108.7 (s),
233.8 (s). 2 MS; m/z (%): 322 [M1] (16), 266 (18), 238 (100), 52 H). 2 13C NMR (63 MHz): δ 5 26.1 (t), 29.8 (t), 44.7 (d), 67.86

(t). 2 MS; m/z (%): 127 [MH1 2 H2O] (68), 109 (42), 93 (70), 81(21). 2 HRMS: 322.0661 as calcd. for C17H18CrO3. 2 C17H18O3Cr
(322.32): calcd. C 62.70, H 5.63; found C 62.73, H 5.73. (100), 79 (47), 67 (88), 55 (36). 2 C8H15O (127.21): calcd. C 66.63,

H 11.18; found C 66.36 H 11.16.
Diethyl (1RS,2SR)-Cyclohexane-1,2-dicarboxylate (41a) [26]: To a

solution of 51.4 g (0.33 mol) of cis-hexahydrophthaloyl anhydride (1RS,2RS)-1,2-Bis(tosyloxymethyl)cyclohexane (rac-43b) [27]: To
a cold (0°C), stirred solution of 11.3 g (0.078 mol) of the diol rac-(40) in 300 ml of dry EtOH was added 2.5 ml of conc. sulfuric acid

and the mixture was refluxed for 5 h. After cooling to room temp., 42b in 100 ml of dry pyridine, 60 g (0.315 mol) of p-TsCl was slowly
added and stirring was continued for 1 h. The orange solution wasEtOAc (300 ml) was added and the mixture was sequentially

washed with water (2 3 100 ml), saturated aqueous NaHCO3 (100 kept at 4°C for 20 h, and then was poured slowly into a mixture
consisting of conc. HCl (300 ml), ice (300 g) and CH2Cl2 (200 ml)ml), and brine. The aqueous extracts were back-extracted three

times with 100 ml of EtOAc and the combined organic layers were under vigorous stirring. After 10 min, the layers were separated
and the aqueous layer was extracted with CH2Cl2 (2 3 100 ml).dried with MgSO4. The solvent was removed under reduced pres-

sure and the resulting oil was distilled in vacuo (89°C, 0.5 Torr) The combined organic layers were washed with saturated aqueous
NaHCO3 and brine, and dried with CaCl2. The solvent was re-through a 10-cm Vigreux column to yield 74.40 g (87%) of the cis-

diester 41a (containing ca. 1.5% of the trans isomer rac-41b), Rf 5 moved under reduced pressure to give an oily residue, which was
crystallized from MeOH to yield 27.69 g (78%) of the ditosylate0.15 (hexane/EtOAc, 10:1). 2 IR (CCl4): ν̃ 5 2982 (w), 2938 (w),

2859 (w), 1793 (w, C5O), 1733 (s, C5O), 1245 (m), 1215 (m), 1180 rac-43b as a pure diastereomer (the cis isomer 43a could be not
detected by either HPLC or NMR), m.p. 100°C (ref. [27]: m.p.(m) cm21. 2 1H NMR (270 MHz): δ 5 1.24 (t, 6 H), 1.44 (m, 4

H), 1.77 (m, 2 H), 2.01 (m, 2 H), 2.79 (pseudo t, 2 H), 4.13 (q, J 5 108°C). 2 Rf 5 0.1 (hexane/EtOAc, 10:1); IR (CCl4): ν̃ 5 2929
(w), 2859 (w), 1189 (s), 1178 (s), 1372 (m), 946 (m) cm21. 2 1H8 Hz, 4 H). 2 13C NMR (63 MHz): δ 5 13.3 (q), 22.9 (t), 25.4 (t),

41.8 (d), 59.5 (t), 172.93 (s). 2 MS; m/z (%): 228 [M1] (3), 183 (30), NMR (270 MHz): δ 5 1.17 (m, 4 H), 1.63 (m, 6 H), 2.45 (s, 6 H),
3.87 (pseudo dq, 4 H), 7.37 (d, 4 H), 7.73 (d, J 5 5 Hz, 4 H). 2154 (23), 109 (33), 95 (21), 81 (100).
13C NMR (63 MHz): δ 5 21.7 (q), 25.2 (t), 28.9 (t), 37.7 (d), 72.1

Diethyl (1RS,2RS)-Cyclohexane-1,2-dicarboxylate (rac-41b) [26]: (t), 127.9 (d), 129.9 (d), 132.6 (s), 144.9 (s). 2 MS; m/z (%): 452
To a solution of 2.2 g (96 mmol) of sodium in 200 ml of dry EtOH [M1] (4), 281 (11), 280 (10), 155 (40), 125 (53), 109 (100), 91 (90),
was added 45.85 g (201 mmol) of the cis-diester 41a and the mix- 67 (32), 65 (15). 2 C22H28O6S2 (452.58): calcd. C 58.39, H 6.24;
ture was refluxed for 5 h. After cooling to room temp., 200 ml of found C 58.74, H 6.26.
EtOAc was added and the mixture was washed with water (2 3

100 ml), 2  HCl (100 ml), saturated aqueous NaHCO3 (100 ml) (1RS,2RS)-1,2-Diprop-29-ynylcyclohexane (rac-44): A solution
of 9.83 g (107 mmol) of lithium acetylide ethylenediamine complexand brine. The aqueous phases were re-extracted with EtOAc (3 3

100 ml) and the combined organic layers were dried with MgSO4. in 55 ml of dry DMSO was cooled to 8°C and 15.80 g (34.9 mmol)
of the ditosylate rac-43b was added in small portions. Stirring wasThe solvent was removed under reduced pressure and the residue

was dried in vacuo yielding 42.30 g (92%) of trans-diester rac-41b continued for 4.5 h and the temperature was allowed to rise to
ambient. The dark-brown solution was then cooled to 8°C once(containing about 11% of the cis-diester according to NMR). 2

Rf 5 0.15 (hexane/EtOAc, 10:1). 2 IR (CCl4): ν̃ 5 2985 (w), 2938 more and 55 ml of water was added slowly, causing the mixture to
foam. The mixture was subsequently extracted with hexane (4 3(w), 2861 (w), 1733 (s, C5O), 1216 (s), 1178 (m) cm21. 2 1H NMR

(270 MHz; only the signals of rac-41b are given): δ 5 1.24 (t, J 5 50 ml) and the combined organic extracts were dried with MgSO4.
After removal of the solvent under reduced pressure, the crude7 Hz, 6 H), 1.32 (m, 4 H), 1.79 (m, 2 H), 2.07 (pseudo d, 2 H),

2.59 (m, 2 H), 2.79 (pseudo t, 2 H), 4.12 (dq, J1 5 8 Hz, J2 5 4 product (4.8 g, ca. 90% pure) was kugelrohr-distilled (100°C, 0.1
Torr) to yield 3.65 g (63%) of the dialkyne rac-44 as a colorless oilHz, 4 H). 2 13C NMR (63 MHz): δ 5 14.0 (q), 25.1 (t), 28.8 (t),

44.8 (d), 60.3 (t), 175.0 (s). 2 MS; m/z (%): 228 [M1] (2), 183 (47), (Note: The product turns yellow quickly upon standing at room
temp. but can be stored as a solid at 220°C), m.p. ca. 5210°C. 2182 (27), 155 (25), 154 (50), 109 (37), 108 (33), 81 (100).
Rf 5 0.28 (hexane). 2 IR (CCl4): ν̃ 5 3313 (m, C;C2H), 2926

(1RS,2RS)-1,2-Bis(hydroxymethyl)cyclohexane (rac-42b) [27]: To (m), 2857 (s), 1189 (s), 1178 (s), 1373 (m), 949 (m) cm21. 2 1H
a stirred suspension of 9.48 g (242 mmol) of LiAlH4 in 150 ml of NMR (400 MHz): δ 5 1.25 (m, 4 H), 1.45 (m, 2 H), 1.72 (m, 4
dry diethyl ether was added a solution of 23.05 g (101 mmol) of H), 1.95 (t, J 5 3 Hz, 2 H), 2.27 (m, 4 H). 2 13C NMR (63 MHz):
the mixture containing principally diester rac-41b (rac-41b/41a 5 δ 5 22.5 (t), 25.8 (t), 31.3 (t), 38.8 (d), 69.4 (s), 82.1 (d). 2 MS;
89:11) in 100 ml of dry diethyl ether, so that the mixture refluxed m/z (%): 159 [M1 2 1] (8), 145 (21), 131 (30), 117 (50), 105 (22),
gently. After completion of the addition, refluxing was continued 104 (12), 95 (25), 93 (45), 91 (65), 81 (100), 79 (97), 77 (54), 67
for 1 h. The cooled mixture was then quenched by the dropwise (44), 55 (28). 2 HRMS as calcd. for C12H16: 159.1174.
addition of 50 ml of EtOAc followed by 300 ml of 5  HCl. Stirring
was continued until most of the precipitate had dissolved. The lay- (4aRS,9aRS)-6,7-Bis(trimethylsilyl)-1,2,3,4,4a,9,9a,10-octahy-

droanthracene (rac-45): A flame-dried Schlenk flask was fitted withers were separated and the organic layer was washed with saturated
aqueous NaHCO3 and brine. The aqueous layers were re-extracted a reflux condenser topped with an Hg bubbler. All joints were made

air-tight using Teflon sleeves. The apparatus was flushed with ar-with EtOAc (5 3 50) and the combined organic layers were dried
with MgSO4. After removing the solvent under reduced pressure, gon and then charged with 1.143 g (8.7 mmol) of bis(trimethylsi-

lyl)acetylene, 39 mg (0.2 mmol 10 mol-%) of dicarbonyl(cyclopen-14.42 g (99%) of the diol mixture (rac-42b/42a 5 89:11) was ob-
tained, which crystallized spontaneously. An analytical sample was tadienyl)cobalt [61] and 30 ml of dry octane. The apparatus was bri-

efly evacuated and flushed with argon several times and then therecrystallized from hexane/benzene (3:1) yielding colorless prisms
of pure rac-42b, m.p. 55°C (ref. [27]: m.p. 57°C). 2 Rf 5 0.35 mixture was heated to reflux (180°C oil-bath temperature). A sep-

arately prepared and degassed solution of 332 mg (2 mmol) of the(EtOAc). 2 IR (CCl4): ν̃ 5 3272 (br, OH), 2925 (s), 2856 (m), 1061
(s), 1448 (m), 1030 (w), 966 (w) cm21. 2 1H NMR (270 MHz): dialkyne rac-44, 381 mg of bis(trimethylsilyl)acetylene and 39 mg
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(0.2 mmol, 10 mol-%) of dicarbonyl(cyclopentadienyl)cobalt in 4.5 0.2 H), 3.75 (s, 3 H), 3.78 (s, 3 H), 5.15 (s, 0.16 H), 5.18 (s, 0.1 H).

2 MS; m/z (%): 360 [M1] (22), 359 (12), 304 (8), 276 (100), 275ml of octane was then added to the refluxing mixture by means of
a syringe pump over a period of 11 h, under irradiation from a (55), 246 (55), 221 (52), 220 (51), 205 (45), 190 (18), 167 (29), 149

(74), 129 (18), 91 (36), 69 (32), 55 (34). 2 HRMS: calcd. for200-W bulb. The resulting black solution was allowed to cool to
room temp. and filtered through a short pad of Celite and silica. C17H16D4CrO5 360.099; found 360.0993.
The solvent was removed under reduced pressure and the residue Preparation of rac-47 {(9RS,10SR)-5,8,9,10-[D4]-rac-35}: Com-
(black tar) was purified by PTLC (4-mm layer SiO2; hexane). The plex rac-7 (20 mg, 0.036 mmol) was treated with tBuOK/
product was crystallized from EtOAc/MeOH to yield 180 mg (27%) [D6]DMSO as described above (General Procedure A) to afford 8
of rac-45 as colorless plates (Note: Our attempts to run the reaction mg (58%) of the tetradeuterated complex rac-47 as a yellow film.
on a larger scale resulted in significantly lower yields); m.p. 74°C. 2 1H NMR (270 MHz)[60]: δ 5 1.02 (m, 2 H), 1.30 (m, 4 H), 1.84
2 Rf 5 0.65 (hexane). 2 IR (CCl4): ν̃ 5 2920 (m), 2905 (m), 2951, (pseudo dd, 4 H), 2.35 (d, J1 5 12.2 Hz, 1 H), 2.45 (d, J1 5 16.5
2877 (w), 2854 (w), 1249 (s), 854 (s), 839 (s) cm21. 2 1H NMR Hz, J2 5 4 Hz, 1 H), 3.73 (s, 3 H), 3.77 (s, 3 H), 5.15 (s, 0.08 H),
(270 MHz): δ 5 0.36 (s, 18 H), 1.08 (m, 2 H), 1.37 (m, 4 H), 1.82 5.19 (s, 0.08 H). 2 MS; m/z (%): 386 [M1] (10), 330 (5), 302 (100),
(pseudo dd, 4 H), 2.45 (dd, J1 5 15.5 Hz, J2 5 12 Hz, 2 H), 2.77 272 (31), 250 (13), 43 (17). 2 HRMS: calcd. for C19H18D4CrO5
(dd, J1 5 17 Hz, J2 5 3.5 Hz, 2 H), 7.39 (s, 2 H). 2 13C NMR (63 386.1123; found 386.1118.
MHz): δ 5 2.0 (q), 26.3 (t), 29.7 (t), 37.3 (t), 38.8 (d), 136.1 (d),

Preparation of rac-48 {(9RS,10SR)-6,7,9,10-[D4]-rac-8}: Com-136.6 (s), 142.3 (s). 2 MS; m/z (%): 330 [M1] (29), 315 (100), 299
plex rac-9 (20 mg, 0.043 mmol) was treated with tBuOK/(84), 131 (6), 73 (14). 2 C20H34Si2 (330.66): calcd. C 72.65, H 10.36;
[D6]DMSO as described above (General Procedure A) to afford 14found C 72.57, H 1.37.
mg (98%) of the tetradeuterated complex rac-48 as a yellow film.

(4aRS,8aSR,9aRS)-Tricarbonyl[η6-6,7-bis(trimethylsilyl)-1,2,3, 2 1H NMR (400 MHz)[60]: δ 5 1.05 (m, 2 H), 1.31 (m, 4 H), 1.77
4,4a,9,9a,10-octahydroanthracene]chromium(0) (rac-9): As de- (pseudo dd, 4 H), 2.32 (d, J 5 15.6 Hz, 0.3 H), 2.39 (d, J 5 9.2
scribed above for the preparation of rac-24, 590 mg (1.8 mmol) of Hz, 1 H), 2.51 (pseudo d, J1 5 17 Hz, J ø 3 Hz, 1 H), 2.61 (dd,
the ligand rac-45 was heated with 440 mg (2.0 mmol) of Cr(CO)6 J1 5 16.3 Hz, J2 5 5.8 Hz, 0.3 H, H-10), 5.24 (s, 2 H). 2 MS; m/z
in 20 ml nBu2O and 2 ml of dry THF for 22 h at 150°C (oil-bath (%): 326 [M1] (11), 243 (61), 241 (100), 240 (46), 151 (29), 150 (14),
temperature). The clear, yellow solution thus obtained was allowed 52 (67). 2 HRMS: calcd. for C17H14D4CrO3 326.0912; found
to cool to room temp. and filtered through a short pad of silica. 326.0920.
The solvent was removed in vacuo and the residue was purified by

Preparation of rac-49 {(9RS,10SR)-9,10-[D2]-rac-8}: Complex
PTLC (4-mm layer SiO2; hexane/EtOAc, 10:1) to give 825 mg

rac-8 (20 mg, 0.062 mmol) was treated with tBuOK/[D6]DMSO as
(91%) of rac-9 as pale-yellow crystals, m.p. 162°C. 2 Rf 5 0.31

described above (General Procedure A) to afford 14 mg (70%) of
(hexane). 2 IR (CCl4): ν̃ 5 2924 (w), 2905 (w), 2856 (w), 1961 (s),

the dideuterated complex rac-49 as a yellow film. 2 1H NMR (400
1891 (s), 1254 (m), 853 (m), 844 (m), 836 (m) cm21. 2 1H NMR

MHz)[60]: δ 5 1.05 (m, 2 H), 1.31 (m, 4 H), 1.77 (pseudo dd, 4 H),
(270 MHz)[60]: δ 5 0.36 and 0.38 (both s, 9 H), 1.07 (m, 2 H), 1.36

2.39 (d, J 5 9.8 Hz, 1 H), 2.52 (pseudo s, 1 H), 5.24 (m, 4 H). 2
(m, 4 H), 1.82 (pseudo dd, 4 H), 2.34 (dd, J1 5 16.5 Hz, J2 5 12

MS; m/z (%): 325 (11), 324 [M1] (12), 269 (6), 268 (6), 241 (95),
Hz, 2 H), 2.40 (dd, J1 5 17 Hz, J2 5 11 Hz, 2 H), 2.52 (dd, J1 5

240 (100), 189 (10), 188 (12), 120 (12), 107 (12), 52 (54). 2 HRMS:
17.5 Hz, J2 5 5.5 Hz, 2 H), 2.60 (dd, J1 5 17 Hz, J2 5 6 Hz, 2

calcd. for C17H16D2CrO3 324.0786; found 324.0780.
H), 5.27 and 5.28 (both s, 1 H). 2 13C NMR (63 MHz): δ 5 1.8

General Procedure B: Deprotonation of Cr(CO)3 Complexes with(q), 1.9 (q), 25.8 (t), 26.0 (t), 33.2 (t), 34.8 (t), 36.4 (t), 37.3 (d),
n-Butyllithium and Deuteration with D2O: A flame-dried 25-ml38.4 (d), 100.4 (d), 104.9 (s), 105.0 (s), 109.2 (s), 110.0 (s), 234.1
Schlenk flask was charged under argon with the respective chro-(s). 2 MS (m/z): 466 [M1] (4), 382 [M1 2 3CO] (100), 315 (13),
mium complex (0.0820.1 mmol; for the exact amounts, see the299 (12), 73 (6), 52 (6). 2 C23H34CrO3Si2 (466.69): calcd. C 59.16,
individual experiments described below) and 5 ml of dry THF andH 7.34; found C 59.05, H 7.45.
0.5 ml of dry HMPA were added. Then, n-butyllithium (190 µl, 0.3

General Procedure A: Deuteration of Cr(CO)3 Complexes with mmol, 1.6  in n-hexane) was injected into the stirred yellow solu-
tBuOK in [D6]DMSO: In a small, flame-dried Schlenk flask, tion at room temp. The solution usually turned red within 5 min,
tBuOK (ca. 11 mg, 0.1 mmol) was dissolved under argon in 0.5 ml indicating the formation of a benzylic anion. After 30 min, D2O
of dry [D6]DMSO and 0.0220.06 mmol of the respective chromium (200 µl, 10 mmol) was injected and stirring was continued for at
complex was added (for the exact amounts, see the individual least another 30 min. The mixture was then diluted with EtOAc
experiments described below). The solution was stirred at room (30 ml), transferred to a separatory funnel, washed with 2  HCl
temp. for 1 h and then quenched with EtOAc (10 ml). The resulting (2 3 20 ml), saturated aqueous NaHCO3 (20 ml) and brine (20
mixture was transferred to a separatory funnel, washed with water ml), and dried with MgSO4. The solvent was removed in vacuo and
(2 3 10 ml), and dried with MgSO4. The solvent was removed in the yellow residue was purified by PTLC (for the exact conditions,
vacuo and the yellow residue was chromatographed on a 1-mm see the preparations of the nondeuterated compounds) to furnish
SiO2 layer. The pure fractions of the major component were com- the deuterated samples in yields of 45270%. Prior to the determi-
bined, the solvent was removed in vacuo, and the residue was nation of the degree of deuteration by 1H-NMR spectroscopy, the
characterized by 1H NMR and MS. samples were further purified by recrystallization.

General Procedure C: Deprotonation of Cr(CO)3 Complexes withPreparation of rac-46 {(1RS,4SR)-1,4,5,8-[D4]-rac-24}: Complex
rac-5 (10 mg, 0.02 mmol) was treated with tBuOK/[D6]DMSO as n-Butyllithium and Deuteration with CF3CO2D: A flame-dried 25-

ml Schlenk flask was charged under argon with the respective chro-described above (General Procedure A) to afford 0.8 mg (11%) of
the tetradeuterated complex rac-46 as a yellow film. 2 1H NMR mium complex (0.0820.1 mmol; for the exact amounts, see the

individual experiments described below) and 10 ml of dry THF(270 MHz)[60]: δ 5 1.00 (d, J 5 3 Hz, 3 H), 1.02 (d, J 5 3 Hz, 3
H), 1.38 (m, 1 H), 1.53 (m, 1 H), 2.29 (dd, J1 5 22 Hz, J2 5 11 and 1 ml of dry HMPA were added. The yellow solution was cooled

to 278°C and n-butyllithium (120 µl, 0.2 mmol, 1.6  in n-hexane)Hz, 0.25 H), 2.37 (dd, J1 5 23 Hz, J2 5 11 Hz, 1 H), 2.52 (dd,
J1 5 21 Hz, J2 5 4.5 Hz, 1 H), 2.60 (dd, J1 5 20 Hz, J2 5 5 Hz, was injected with stirring. The mixture was allowed to warm to
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room temp., whereupon its color changed to red within 10220 min. products it was completely desilylated by treatment with tetrabu-

tylammonium fluoride/silica (2 equiv., THF, 1 h, 25°C). 1H NMRAfter stirring for 30 min, the mixture was cooled to 278°C once
more and CF3CO2D (77 µl, 1 mmol) was injected. The solution (270 MHz)[60]: δ 5 1.94 (m, 1 H), 2.14 (m, 1 H), 2.48 (dd, J1 5

15.2 Hz, J2 5 11.6 Hz, 0.6 H), 2.59 (dd, J1 5 15.7 Hz, J2 5 11.7reverted to its original color within a few seconds and stirring was
continued for a further 20 min. The mixture was then diluted with Hz, 1 H), 2.74 (dd, J1 5 10.6 Hz, J2 5 4.6 Hz, 1 H), 2.80 (dd, J1 5

11.2 Hz, J2 5 4.9 Hz, 0.5 H), 3.44 (pseudo d, J 5 10.3 Hz, 1 H),EtOAc (30 ml) and worked up as described in General Procedure
B. The deuterated samples, obtained in yields of 50275%, were 3.46 (pseudo d, J 5 10.3 Hz), 3.76 (s, 3 H), 3.80 (s, 3 H), 4.10

(pseudo t, J 5 7.5 Hz, 1 H), 4.20 (pseudo t, J 5 7.5 Hz, 1 H), 5.18further purified by recrystallization prior to determination of the
degrees of deuteration by 1H NMR. (s, 1 H), 5.21 (s, 1 H).

Deprotonation/Deuteration of 50: A solution of complex 50 Deprotonation/Deuteration of rac-7: Complex rac-7 (53 mg, 0.1
(236.3 mg, 0.5 mmol) in 10 ml of dry THF and 1 ml of HMPA mmol) was deuterated following General Procedure C, yielding rac-
was cooled to 250°C and n-butyllithium (0.4 ml, 0.64 mmol, 1.6 55b (26 mg, 50%, 50% D). 2 1H NMR (270 MHz)[60]: δ 5 0.46
 in hexane) was added by means of a syringe. Stirring was con- (pseudo s, 18 H), 0.94 (m, 2 H), 1.28 (m, 4 H), 1.78 (m, 4 H), 2.09
tinued for 2 h at 0°C, and then the mixture was quenched with (dd, J1 5 16.5 Hz, J2 5 11 Hz, 1 H), 2.31 (dd, J1 5 15.5 Hz, J2 5
D2O (0.5 ml, 45 mmol), diluted with hexane, washed with water 10.8 Hz, 1 H), 2.53 (dd, J1 5 16 Hz, J2 5 5.5 Hz, 0.5 H), 2.80 (dd,
and brine, and dried with MgSO4. Upon removal of the solvent in J1 5 16.2 Hz, J2 5 5.5 Hz, 1 H), 3.72 (pseudo s, 6 H). 2 When a
vacuo, the deuterated (95% D) complex rac-51 was obtained (230 sample of rac-55b (53 mg, 0.1 mmol, 50% D) was subjected to a
mg, 97%). 2 1H NMR (270 MHz): δ 5 0.54 (s, 18 H), 1.5021.75 second deprotonation/deuteration cycle following General Pro-
(m, 4 H), 2.49 (m, 1.05 H), 2.68 (m, 2 H), 3.71 (s, 6 H). cedure C, the 1H-NMR spectrum of the isolated material (25 mg,

48%) indicated that deuteration had occurred at both benzylic exoDeprotonation/Deuteration of rac-1: A stirred solution of com-
positions: 75% D at C-1 (pseudo-equatorial) and 15% at C-4plex rac-1 (41 mg, 0.08 mmol) in 1 ml of dry THF and 0.1 ml of
(pseudo-axial). When a sample of rac-55b (53 mg, 0.1 mmol, 50%HMPA was cooled to 270°C and n-butyllithium (0.08 ml, 0.13
D) was treated with n-butyllithium as described in General Pro-mmol, 1.6  in hexane) was added by means of a syringe. Stirring
cedure C, with subsequent quenching with CF3CO2H (instead ofwas continued for 5 min at 270°C and then for 15 min at room
CF3CO2D), the isolated material rac-7 (11 mg, 20%) contained lesstemp. The mixture was subsequently quenched with D2O (0.5 ml,
than 18% D. Additionally, 18 mg (40%) of a mixture of monosilyl-45 mmol), diluted with hexane, washed with water and brine, and
ated compounds was isolated.dried with MgSO4. Upon removal of the solvent in vacuo, the deut-

erated (90% D) complex rac-52a was obtained (38 mg, 93%). 2 1H (1RS,2RS,3RS,4aRS)-Tricarbonyl[η6-6,7-dimethoxy-1,2,3-tri-
NMR (250 MHz)[60]: δ 5 0.45 (s, 9 H), 0.47 (s, 9 H), 1.01 (d, J 5 methyl-5,8-bis(trimethylsilyl)-1,2,3,4-tetrahydronaphthalene]-
6.5 Hz, 3 H), 1.1821.33 (m, 1 H), 1.5021.58 (m, 1 H), 1.6921.76 chromium(0) (rac-56): A solution of rac-5 (200 mg, 0.4 mmol) in
(m, 1 H), 2.24 (dd, J1 5 16.0 Hz, J2 5 11.7 Hz, 1 H), 2.52 (ddd, dry THF (40 ml) and dry HMPA (4 ml) was cooled to 278°C and
J1 5 16.0 Hz, J2 5 11.0 Hz, J3 5 5.0 Hz, 0.1 H), 2.57 (dd, J1 5 n-butyllithium (0.5 ml, 0.8 mmol, 1.6  in n-hexane) was added.
16.0 Hz, J2 5 5 Hz, 1 H), 2.78 (ddd, J1 5 16.3 Hz, J2 5 5.2 Hz, The cooling bath was removed and the mixture was stirred for 30
J3 5 3.6 Hz), 3.71 (pseudo s, 6 H). 2 In a separate experiment, min while being slowly warmed to room temp. After cooling to
complex rac-1 (49 mg, 0.1 mmol) was deuterated following General 250°C, methyl iodide (0.25 ml, 4 mmol) was injected. Stirring was
Procedure B. In this case, the 1H-NMR spectrum of the product continued for 1 h, then the mixture was diluted with EtOAc (100
showed it to be a mixture of rac-52a and rac-52b in a ratio of ml) and washed sequentially with 2  HCl (2 3 20 ml), saturated
approx. 4:1 (85 ± 3% D). aqueous NaHCO3 and water. After drying with MgSO4, the solvent

was removed in vacuo and the product was purified by PTLC (hex-Deprotonation/Deuteration of rac-5: Complex rac-5 (50 mg, 0.1
ane) followed by crystallization from hexane/EtOAc (10:1) atmmol) was deuterated following General Procedure C, yielding rac-
230°C to yield rac-56 (143 mg, 65%) as dark-yellow cubes; m.p.53b (35.5 mg, 71%, 65% D). 2 1H NMR (270 MHz)[60]: δ 5 0.50
114°C. 2 Rf 5 0.55 (hexane/EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2955(pseudo s, 18 H), 0.96 (pseudo t, J 5 6.2 Hz, 6 H), 1.25 (m, 1 H),
(w), 2901 (w), 2873 (w), 1955 (s, C5O), 1885 (s, C5O), 1452 (w),1.39 (m, 1 H), 2.13 (dd, J1 5 16.1 Hz, J2 5 10.1 Hz, 1 H), 2.35
1360 (m), 1320 (m), 1251 (m), 1229 (s), 1017 (m), 856 (m) cm21. 2(dd, J1 5 16.0 Hz, J2 5 11.9 Hz, 1 H), 2.58 (dd, J1 5 16.3 Hz,
1H NMR (270 MHz): δ 5 0.45 (s, 9 H), 0.47 (s, 9 H), 0.91 (m, 1J2 5 5.0 Hz, 0.35 H), 2.82 (dd, J1 5 16.1 Hz, J2 5 4.9 Hz, 1 H),
H), 0.95 (d, J 5 6.5 Hz, 3 H), 1.05 (d, J 5 6.5 Hz, 3 H), 1.21 (d,3.74 (pseudo s, 6 H). In a separate experiment, complex rac-5 (50
J 5 7.1 Hz, 3 H), 1.33 (m, 1 H), 1.88 (dd, J1 5 15.2 Hz, J2 5 11.4mg, 0.1 mmol) was deuterated following General Procedure B. In
Hz, 1 H), 2.49 (dd, J1 5 15.2 Hz, J2 5 3.1 Hz, 1 H), 2.65 (pseudothis case, the 1H-NMR spectrum indicated the formation of rac-
q, J 5 6.9 Hz, 1 H), 3.77 (s, 3 H), 3.78 (s, 3 H). 2 MS; m/z (%):53b with only ca. 50% D incorporation. When a sample of rac-53b
514 [M1] (6), 458 (9), 432 (17), 431 (43), 430 (100), 428 (7), 73 (10).(50 mg, 0.1 mmol, 65% D) was subjected to a second depro-
2 HRMS: 514.1663 as calcd. for C24H38CrO5Si2. 2tonation/deuteration cycle following General Procedure C, the de-
C24H38CrO5Si2 (514.73): calcd. C 56.00, H 7.44; found C 55.87,gree of deuteration was enhanced to 80% D (yield: 36 mg, 72%).
H 7.52.In contrast, when a sample of rac-53b (50 mg, 0.1 mmol, 65% D)

was treated with n-butyllithium as described in General Procedure (1RS,2RS,3RS,4aRS)-Tricarbonyl[η6-1-acetyl-6,7-dimethoxy-
C, with subsequent quenching with CF3CO2H (instead of 2,3-dimethyl-5,8-bis(trimethylsilyl)-1,2,3,4-tetrahydronaph-
CF3CO2D), the isolated material rac-5 (18 mg, 35%) was found to thalene]chromium(0) (rac-57): A solution of rac-5 (200 mg, 0.4
contain less than 10% D. mmol) in dry THF (40 ml) and dry HMPA (4 ml) was cooled to

278°C and n-butyllithium (0.5 ml, 0.8 mmol, 1.6  in n-hexane)Deprotonation/Deuteration of rac-6: Complex rac-6 (41 mg, 0.08
mmol) was deuterated following General Procedure B, yielding a was added. The cooling bath was removed and the mixture was

allowed to stir for 30 min while slowly warming to room temp.mixture of rac-54a and rac-54b with an overall degree of deute-
ration of 90 ± 10% D according to the 1H-NMR spectrum. Since After cooling to 250°C, acetyl chloride (0.2 ml, 2.8 mmol) was

injected. Stirring was continued for 30 min, then the mixture wasthe crude material contained significant amounts of desilylated by-
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diluted with EtOAc (100 ml) and washed sequentially with 2  HCl saturated aqueous NaHCO3 and brine, and dried with MgSO4. The

solvent was removed in vacuo and the residue was filtered through(2 3 20 ml), saturated aqueous NaHCO3 and water. After drying
with MgSO4, the solvent was removed in vacuo and the product a pad of silica gel and Celite with hexane/EtOAc (5:1). Crystalliza-

tion from hexane/EtOAc (5:1) finally afforded 16.3 g (80%) of a 3:1was purified by PTLC (hexane/EtOAc, 3:1) followed by crystalliza-
tion from the same solvent mixture at 24°C to yield rac-57 (143 mixture of rac-63a/rac-63a as pale-brown plates. 2 IR (ATR): ν̃ 5

3012 (w), 2978 (w), 2943 (w), 2925 (w), 1696 (s), 1614 (m), 1462mg, 68%) as dark-yellow cubes; m.p. 68°C. 2 Rf 5 0.32 (hexane/
EtOAc, 10:1). 2 IR (KBr): ν̃ 5 2950 (w), 1957 (s, C5O), 1888 (s, (w), 1446 (w), 875 (m) cm21. 2 1H NMR (400 MHz): δ 5 2.30 (s,

3 H), 2.35 (s, 3 H), 2.6322.72 (m, 2 H), 3.0023.08 (m, 2 H), 7.25C5O), 1360 (w), 1334 (w), 1252 (w), 1025 (w), 857 (w) cm21. 2
1H NMR (270 MHz): δ 5 0.42 (s, 9 H), 0.46 (s, 9 H), 0.99 (d, J 5 (s, 1 H), 7.52 (s, 1 H). 2 13C NMR (67 MHz): δ 5 19.7 (q), 20.7

(q), 25.3 (t), 36.4 (t), 124.0 (d), 127.3 (d), 135.2 (s), 136.1 (s), 144.86.5 Hz, 3 H), 1.25 (d, J 5 6 Hz, 3 H), 1.34 (m, 1 H), 1.44 (m, 1
H), 1.89 (dd, J1 5 11 Hz, J2 5 15.5 Hz, 1 H), 2.06 (s, 3 H), 2.57 (s), 153.3 (s), 206.9 (s). 2 MS; m/z (%): 160 [M1] (100), 145 (6),

132 (38), 117 (54), 115 (18), 103 (8), 91 (10). 2 HRMS: calcd. for(dd, J1 5 3.5 Hz, J2 5 15.5 Hz, 1 H), 3.69 (d, J 5 5.5 Hz, 1 H),
3.78 (s, 3 H), 3.79 (s, 3 H). 2 MS; m/z (%): 542 [M1] (7), 461 (19), C11H12O 160.08882; found 160.0889.
460 (45), 459 (100), 363 (9), 221 (6), 73 (10). 2 HRMS: 542.1612

(1RS)-1,5,6-Trimethylindan-1-ol (rac-64): To Mg turnings (170as calcd. for C25H38CrO6Si2. 2 C24H38CrO5Si2 (514.73): calcd. C
mg, 7 mmol) in 5 ml of dry diethyl ether, MeI (980 mg, 6.9 mmol)55.83, H 7.06; found C 56.06, H 6.70.
was slowly added at room temp. After 30 min, the stirred mixture

Deprotonation/Deuteration of rac-60: In a small, flame-dried was heated to reflux for 30 min, then cooled to 0°C, whereupon a
Schlenk flask, a stirred solution of rac-60 (20 mg, 0.07 mmol) in solution of rac-63a/rac-63b (1.0 g, 6.2 mmol) in 5 ml of diethyl
0.5 ml of dry THF was cooled to 278°C and n-butyllithium (48 ether was added dropwise. Stirring was continued for 30 min at
µl, 0.08 mmol, 1.6  in hexane) was added. The solution was kept room temp. and then the mixture was heated to reflux for 1 h. After
at 278°C for 10 min, whereupon it rapidly turned red. It was quenching with water, the mixture was diluted with EtOAc and
stirred at 250°C for 30 min, then 0.1 ml (5 mmol) of D2O was washed with water and brine. After drying with Na2SO4, the sol-
added, and after 5 min the cooling bath was removed. The mixture vent was removed in vacuo and the residue was purified by PTLC
was subsequently diluted with 20 ml of EtOAc, transferred to a (hexane/EtOAc, 10:1) to give 784 mg (72%) of rac-64 as an insepar-
separatory funnel, and washed sequentially with 2  HCl (20 ml), able mixture of regioisomers (3:1 ratio). In addition, 185 mg (19%)
saturated aqueous NaHCO3 (20 ml) and brine (20 ml). After drying of the corresponding H2O elimination products were obtained. 2
with Na2SO4, the solvent was removed in vacuo and the yellow IR (ATR): ν̃ 5 3395 (m), 2964 (m), 2925 (m), 1687 (m), 1451 (m),
residue was purified by PTLC (hexane/EtOAc, 10:1) yielding 18.4 1384 (m), 1313 (m), 1180 (m) cm21. 2 1H NMR (400 MHz): δ 5
mg (91%) of a mixture of the monodeuterated complexes rac-61a/ 1.58 (s, 3 H), 1.90 (br s, 1 H), 2.1622.22 (m, 2 H), 2.7422.83 (m,
rac-61b with an overall degree of deuteration of 80%. 2 1H NMR 1 H), 2.9323.03 (m, 1 H), 2.28 (m, 3 H), 2.29 (s, 3 H), 7.04 (s, 1
(400 MHz): δ 5 1.27 (s, 9 H, tBu), 2.16 (pseudo s, 5.2 H, Me), 5.19 H), 7.16 (s, 1 H). 2 13C NMR (100 MHz): δ 5 19.8 (q), 27.2 (q),
(d, 1 H), 5.39 (d, 1 H), 5.47 (s, 1 H). 2 MS; m/z (%): 299 [M1] 28.9 (t), 42.5 (t), 81.1 (s), 124.9 (d), 125.9 (d), 135.0 (s), 136.6 (s),
(23), 243 (7), 216 (36), 215 (100), 148 (7), 120 (3), 52 (40). 2 140.2 (s), 145.9 (s). 2 MS; m/z (%): 176 [M1] (8), 161 [M1 2 CH3]
HRMS: calcd. for C15H17DO3Cr 299.0724; found 299.0727. Since (100), 158 [M1 2 H2O] (25), 143 (28), 128 (15), 119 (10), 115 (10).
the determination of the rac-61a/rac-61b ratio was not possible at 2 HRMS: calcd. for C12H16O 176.12012; found 176.1212.
this stage, the mixture was completely decomplexed by exposure to

(1RS,3aRS)-Tricarbonyl(η6-1,5,6-trimethylindan-1-ol)chromi-sunlight and air (Et2O, 4 h) to provide a 5:3 mixture of 4-tert-butyl-
um(0) (rac-65): A mixture of rac-64 (518 mg, 2.94 mmol), Cr(CO)61-[D3]methyl-2-methylbenzene and 4-tert-butyl-1-methyl-2-[D3]-
(970 mg, 4.41 mmol), anhydrous nBu2O (16 ml) and dry THF (1.6methylbenzene. 2 1H NMR (400 MHz): δ 5 1.29 (s, 9 H, tBu),
ml) was heated to reflux for 18 h according to the procedure de-2.2122.24 (m, 2.5 H, Me at C-1), 2.2522.28 (m, 2.7 H, Me at C-
scribed above for the preparation of rac-24. The crude product was2), 5.19 (d, 1 H), 5.39 (d, 1 H), 5.47 (s, 1 H); the assignment of the
purified by PTLC (hexane/EtOAc, 3:1) to give 560 mg (61%) of amethyl groups was accomplished by NOE experiments.
mixture regioisomers (m.p. 107°C), from which a sample of pure

5,6-Dimethylindan-1-one (rac-63): A 250-ml flask was charged rac-65 (176 mg, 19%) was obtained by fractional recrystallization
with AlCl3 (32 g, 0.24 mol) and 80 ml of 1,2-dichloroethane (DCE). from hexane/EtOAc. 2 M.p. 129°C. 2 IR (ATR): ν̃ 5 3581 (w),
After cooling to 0°C, a solution of 3-chloropropionyl chloride (20.2 2970 (w), 2927 (w), 1948 (s, C5O), 1861 (s, C5O), 1452 (w), 1389
ml, 0.21 mol) in 20 ml of DCE was added over a period of 10 min. (w), 670 (w) cm21. 2 1H NMR (270 MHz): δ 5 1.44 (s, 3 H), 1.83
The mixture was stirred for 10 min at this temperature, and then a (br s, 1 H), 1.9522.15 (m, 2 H), 2.16 (s, 3 H), 2.20 (s, 3 H),
solution of o-xylol (24.1 ml, 0.2 mol) in 25 ml of DCE was added 2.6022.75 (m, 2 H), 5.23 (s, 1 H), 5.64 (s, 1 H). 2 13C NMR (67
dropwise over a period of 1 h. The reaction mixture was stirred for MHz): δ 5 19.0 (q), 19.1 (q), 27.0 (q), 27.7 (t), 41.6 (t), 79.3 (s),
90 min (0°C R 22°C), quenched under external cooling by the 90.2 (d), 91.6 (d), 104.9 (s), 110.0 (s), 113.1 (s), 119.7 (s), 233.9 (s).
addition of water (50 ml), and extracted with tert-butyl methyl

2 MS; m/z (%): 312 [M1] (32), 256 (10), 228 (26), 229 (26), 226
ether (3 3 100 ml). The organic extracts were washed with water, (100), 210 (66), 195 (6), 159 (92), 144 (20), 129 (30). 2 HRMS:
saturated aqueous NaHCO3, and further water, and then dried with calcd. for C15H16CrO4 312.04537; found 312.0455. 2 C15H16CrO4MgSO4. The solvent was removed in vacuo and the residue was (312.29): calcd. C 57.68, H 5.17; found C 57.63, H 5.18.
filtered through a pad of silica gel/Celite with hexane/EtOAc (3:1).
Crystallization from the same solvent system afforded 36.7 g (93%) (1RS,3aRS)-Tricarbonyl(η6-1-acetoxy-1,5,6-trimethylindane)-

chromium(0) (rac-66): A mixture of rac-65 (171 mg, 0.55 mmol), aof 3-chloro-1-(3,4-dimethylphenyl)propan-1-one (brown needles).
25 g (127 mmol) of this material was dissolved in conc. H2SO4 (150 small amount of DMAP, Ac2O (0.86 ml) and 4 ml of pyridine was

stirred under the exclusion of light for 22 h. It was then diluted withml) and the stirred solution was heated to 90°C over a period of
30 min and maintained at this temperature for a further 45 min. hexane/EtOAc (2:1) and washed with 2  HCl, saturated aqueous

NaHCO3 and brine. After drying with Na2SO4, the solvent wasThe dark-red mixture was then cooled to room temp. and carefully
poured onto ca. 800 g of crushed ice. After extraction with tert- removed in vacuo and the residue was purified by PTLC (hexane/

EtOAc, 3:1) to give 170 mg (87%) of rac-66, m.p. 112°C. 2 IRbutyl methyl ether, the organic solution was washed with water,
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Hegedus, Transition Metals in the Synthesis of Complex Organic(ATR): ν̃ 5 1951 (s, C5O), 1867 (s, C5O), 1738 (w), 1389 (w),
Molecules, University Science Books, Mill Valley, 1994, chap-1244 (w), 674 (w), 666 (w) cm21. 2 1H NMR (400 MHz): δ 5 1.65 ter 10.

(s, 3 H), 2.09 (s, 3 H), 2.14 (s, 3 H), 2.17 (s, 3 H), 2.1022.20 (m, 2 [2] For excellent reviews, see ref. [1c], as well as: S. G. Davies, S. J.
H), 2.6622.72 (m, 2 H), 5.21 (s, 1 H), 5.61 (s, 1 H). 2 13C NMR Coote, C. L. Goodfellow, in Advances in Metal Organic Chemis-

try, vol. 2 (Ed.: L. S. Liebeskind), JAI Press, Greenwich, 1991,(100 MHz): δ 5 18.9 (q), 19.0 (q), 21.4 (q), 24.4 (q), 28.3 (t), 38.5
pp. 1257.(t), 86.1 (s), 89.6 (d), 91.2 (d), 105.0 (s), 119.1 (s), 111.5 (s), 115.7 [3] [3a] C. D. Broddus, J. Org. Chem. 1970, 35, 10. [3b] R. J. Card,

(s), 179.2 (s), 233.9 (s). 2 MS; m/z (%): 354 [M1] (4), 294 (2), 268 W. S. Trahanovsky, J. Org. Chem. 1980, 45, 2560. [3c] W. S. Tra-
(100), 210 (24), 159 (60), 141 (22). 2 HRMS: calcd. for hanovsky, R. J. Card, J. Am. Chem. Soc. 1972, 94, 2897. [3d] A.

Ceccon, A. Gambarao, A. Venzo, J. Organomet. Chem. 1984,C17H18CrO5 354.05593; found 354.0567; C17H18CrO5 (354.32):
275, 209.calcd. C 57.62, H 5.12; found C 57.70, H 5.25. [4] [4a] H.-G. Schmalz, M. Arnold, J. Hollander, G. Dürner, Tetra-
hedron Lett. 1993, 34, 6259. [4b] H.-G. Schmalz, M. Arnold, J.(3aRS)-Tricarbonyl(η6-1,1,5,6-tetramethylindane)chromium(0)
Hollander, G. Dürner, Angew. Chem. 1994, 106, 77; Angew.(rac-62): In a flame-dried Schlenk flask, a solution of rac-66 (95
Chem. Int. Ed. Engl.1994, 33, 109. [4c] H.-G. Schmalz, A.

mg, 0.27 mmol) in 7 ml of CH2Cl2 was cooled to 278°C and Majdalani, T. Geller, J. Hollander, J. W. Bats, Tetrahedron Lett.
Me3Al (0.14 ml, 1 mmol) was added dropwise. The mixture was 1995, 36, 4777. [4d] H.-G. Schmalz, K. Schellhaas, Tetrahedron

Lett. 1995, 36, 5511. [4e] H.-G. Schmalz, K. Schellhaas, Angew.stirred for 30 min at 278°C and for 30 min at 0°C, and then hexane
Chem. 1996, 108, 2277; Angew. Chem. Int. Ed. Engl. 1996, 35,(25 ml) and saturated aqueous NH4Cl were carefully added. After
2146.

the addition of some EtOAc, the mixture was washed with 2  HCl [5] [5a] H.-G. Schmalz, A. Schwarz, G. Dürner, Tetrahedron Lett.
and with brine, and dried with Na2SO4. The solvent was removed 1994, 35, 6861. [5b] H.-G. Schmalz, S. Siegel, A. Schwarz, Tetra-

hedron Lett. 1996, 37, 2947.in vacuo and the residue was purified by PTLC (hexane/EtOAc,
[6] For the benzylic deprotonation of (arene)Cr(CO)3 complexes,10:1) to give 72 mg (86%) of pure rac-62, m.p. 103°C. 2 IR (ATR):

there is a para-directing effect of electron-withdrawing groups
ν̃ 5 2958 (w), 2928 (w), 1933 (s, C5O), 1870 (m, C5O), 1852 (s, and a meta-directing effect of donor substituents. See, for ex-
C5O), 1826 (w), 1459 (w), 1389 (w), 671 (w) cm21. 2 1H NMR ample: [6a] G. Jaouen, S. Top, A. Laconi, D. Couturier, J. Bro-

card, J. Am. Chem. Soc. 1984, 106, 2207. [6b] J. Brocard, A.(400 MHz): δ 5 1.14 (s, 3 H), 1.36 (s, 3 H), 1.79 (dd, J1 5 7.5 Hz,
Laconi, D. Couturier, S. Top, G. Jaouen, J. Chem. Soc., Chem.J2 5 12.5 Hz, 1 H), 1.95 (ddd, J1 5 8.5 Hz, J2 5 11.0 Hz, J3 5
Commun. 1984, 475. [6c] J. Brocard, L. Pelinski, J. Lebibi, J.12.5 Hz, 1 H), 2.13 (s, 3 H), 2.19 (s, 3 H), 2.57 (dd, J1 5 8.5 Hz, Organomet. Chem. 1986, 309, 299. [6d] J. Brocard, J. Lebibi, J.

J2 5 15.5 Hz, 1 H), 2.81 (ddd, J1 5 7.5 Hz, J2 5 11.0 Hz, J3 5 Organomet. Chem. 1987, 320, 295. [6e] J. Lebibi, L. Pelinski, J.
Brocard, Tetrahedron 1990, 46, 6011.15.5 Hz, 1 H), 5.18 (s, 1 H), 5.43 (s, 1 H). 2 13C NMR (67 MHz):

[7] J. Blagg, S. G. Davies, C. L. Goodfellow, K. H. Sutton, J. Chem.δ 5 19.0 (q), 19.1 (q), 27.5 (q), 28.8 (t), 29.2 (q), 39.3 (t), 42.9 (s),
Soc., Perkin Trans. 1 1987, 1805. The term “complex-induced90.0 (d), 92.6 (d), 103.8 (s), 109.2 (s), 115.0 (s), 122.6 (s), 234.6 (s). proximity effect” was coined by Beak and Meyers: P. Beak, A.

2 MS; m/z (%): 310 [M1] (12), 254 (6), 226 (100), 210 (2), 159 I. Meyers, Acc. Chem. Res. 1986, 19, 356.
(6), 144 (2), 129 (2). 2 HRMS calcd. for C16H18CrO3 310.06610; [8] The lithiated species can be assumed to possess a structure 3,

in which the deprotonated center is part of a newly formedfound 310.0666.
double bond (see refs. [1c] [2]). In analogy to the deprotonation of
ketones, the C2H bond to be broken during the deprotonationDeprotonation/Deuteration of rac-62: In a small, flame-dried
step should, for stereoelectronic reasons, be as close to parallelSchlenk flask, a stirred solution of rac-62 (20 mg, 0.065 mmol) in
as possible in relation to the aryl π orbitals, so that the de-1 ml of dry THF was cooled to 278°C and n-butyllithium (123 µl, veloping p orbital can be stablized early. For related discussions,

0.2 mmol, 1.6  in hexane) was added. The solution was stirred at see, for instance: [8a] P. Deslongchamps, Stereoelectronic Effects
in Organic Chemistry, Pergamon, Oxford, 1983, pp. 2432267,278°C for 30 min, then at 250°C for 30 min, before 0.1 ml (5
and references cited therein. 2 [8b] K. Seemeyer, R. H. Hertwig,mmol) of D2O was added. After 5 min, the cooling bath was re-
J. Hrusák, W. Koch, H. Schwarz, Organometallics 1995, 14,moved, the mixture was diluted with 20 ml of EtOAc, washed with 4409.

brine, and dried with Na2SO4. The solvent was removed in vacuo [9] [9a] F. G. Morin and D. M. Grant in The Conformational Analy-
and the residue was crystallized from hexane/EtOAc to give 12 mg sis of Cyclohexenes, Cyclohexadienes and related Hydroaromatic

Compounds (Ed.: W. Rabideau), VCH, Weinheim, 1989, pp.(60%) of a mixture of the monodeuterated complexes rac-67a/rac-
1272169. 2 [9b] H. Peters, R. A. Archer, H. S. Mosher, J. Org.67b with an overall degree of deuteration of 76%. 1H NMR (400 Chem. 1967, 32, 1362. 2 [9c] G. Drefahl, D. Martin, Chem. Ber.

MHz): δ 5 1.14 (s, 3 H), 1.37 (s, 3 H), 1.79 (dd, J1 5 7.5 Hz, J2 5 1960, 2497.
12.5 Hz, 1 H), 1.95 (ddd, J1 5 8.5 Hz, J2 5 11.0 Hz, J3 5 12.5 [10] For Diels-Alder reactions of intermediate o-quinodimethanes,

see: [10a] I. L. Klundt, Chem. Rev. 1970, 70, 471. 2 [10b] W. Op-Hz, 1 H), 2.13 (s, 3 H), 2.17 (pseudo t, 2 H, 1 D), 2.57 (dd, J1 5
polzer, Synthesis, 1978, 793. 2 [10c] T. Tuschka, K. Naito, B.8.5 Hz, J2 5 15.5 Hz, 1 H), 2.81 (ddd, J1 5 7.5 Hz, J2 5 11.0 Hz,
Rickborn, J. Org. Chem. 1983, 48, 70 and references cited ther-

J3 5 15.5 Hz, 1 H), 5.18 (s, 1 H), 5.43 (s, 1 H). 2 MS; m/z (%): ein.
311 [M1] (10), 255 (6), 227 (100), 211 (2), 160 (10), 145 (2), 129 [11] [11a] W. S. Trahanovsky, K. E. Swenson, J. Org. Chem. 1981, 46,

2985. Compound rac-13 can also be obtained as a mixture by(4). 2 HRMS: calcd. for C16H17DCrO3 311.07239; found 311.0716.
partial hydrogenation of anthracene: [11b] R. Köster, M. Yal-2 The exact ratio of the isomers was determined to be 85:15 (rac-
pani, Chem. Ber. 1990, 123, 719. 2 [11c] J. Eloranta, Finn. Chem.67a/rac-67b) by means of a 600-MHz 1H-NMR spectrum. Lett. 1974, 112.

[12] [12a] S. Pal, J. K. Mukhodpadhyaya, U. R. Ghatak, J. Org.
Chem. 1984, 54, 5649. 2 [12b] S. Pal, M. Mukherjee, D. Podder,

; Dedicated to Professor E. O. Fischer on the occasion of his A. K. Mukherjee, U. R. Ghatak, J. Chem. Soc., Chem. Com-
mun. 1991, 1591.80th birthday.

[13] [13a] K. P. C. Vollhardt, R. G. Bergman, J. Am. Chem. Soc. 1974,[1] For some selected recent reviews, see: [1a] M. F. Semmelhack in
96, 4996. 2 [13b] K. P. C. Vollhardt, J. E. Bercaw, R. G.Comprehensive Organometallic Chemistry II, vol. 12 (Eds.: E. W.
Bergman, J. Am. Chem. Soc. 1974, 96, 4998. 2 [13c] K. P. C.Abel, F. G. A. Stone, G. Wilkinson), Pergamon, Oxford, 1995,
Vollhardt, Acc. Chem. Res. 1977, 10, 1. 2 [13d] K. P. C.pp. 97921015. [1b] M. F. Semmelhack in Comprehensive Or-
Vollhardt, Angew. Chem. 1984, 96, 525.ganometallic Chemistry II, vol. 12 (Eds.: E. W. Abel, F. G. A.

Stone, G. Wilkinson), Pergamon, Oxford, 1995, pp. 101721038. [14] [14a] J. M. Bruce, F. K. Sutcliffe, J. Chem. Soc. 1956, 3820. 2
[14b] J. M. Bruce, F. K. Sutcliffe, J. Chem. Soc. 1956, 3824. 2[1c] S. G. Davies, T. D. McCarthy in Comprehensive Organomet-

allic Chemistry II, vol. 12 (Eds.: E. W. Abel, F. G. A. Stone, G. [14c] O. Abou-Teim, R. B. Jansen, J. F. W. McOmie, D. H. Perry,
J. Chem. Soc., Perkin Trans 1 1980, 1841.Wilkinson), Pergamon, Oxford, 1995, pp. 103921070. [1d] L. S.
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[15] D. Stephan, A. Gorgues, A. LeCoq, Tetrahedron Lett. 1984, nation by direct methods (SIR92). A refinement with split posi-

tions for C8 to C13 (saturated six-membered ring of molecule25, 5649.
I) revealed superposition of two molecular conformations. The[16] It should be noted that mild conditions (0°C) are required to
H atoms of the methoxy groups were taken from a differenceachieve a reasonably high yield. At higher temperatures, an in-
synthesis. The remaining H atoms were placed at calculated po-creased formation of by-products was observed and the isolated
sitions and were not refined. C25H38O5CrSi2, triclinic, spaceyield of rac-20 dropped, for instance, to 32% when the reaction
group P1̄, a 5 12.206 (3) Å, b 5 12.289 (3) Å, c 5 18.973 (6)was performed at 40°C. Addition of HMPA, which is reported
Å, α 5 81.36 (2)°, β 5 87.69 (2)°, γ 5 85.02 (2)°, V 5 2802 (5)to give improved yields in some comparable cases[15], resulted
Å3, Z 5 4, ρcalcd. 5 1.249 gcm21, µ 5 44.9 cm21; 8022 inde-only in a decreased yield of rac-20 (ca. 30% at 0°C).
pendent reflections with I > 0 were used; R 5 0.058, Rw 5[17] Y.-S. Wang, J. S. Chickos, J. Org. Chem. 1987, 52, 4780.
0.060, S 5 2.23. The residual electron density was less than 0.59[18] C. A. L. Mahaffy, P. L. Pauson, Inorg. Synth. 1979, 19, 154.
eÅ23. 2 Crystallographic data (excluding structure factors) for[19] T. D. Krizan, J. C. Martin, J. Am. Chem. Soc. 1983, 105,
the structure reported in this paper have been deposited with6155.
the Cambridge Crystallographic Data Centre as supplementary[20] For some early examples for the use of dimenthyl fumarate in
publication no. CCDC-101004. Copies of the data can be ob-asymmetric Diels-Alder reactions, see: [20a] H. M. Walborsky,
tained free of charge on application to CCDC, 12 Union Road,L. Barash, T. C. Davis, J. Org. Chem. 1961, 26, 4778. 2 [20b] H.
Cambridge CB2 1EZ, UK [Fax: int. code 1 44(1223)336-033;M. Walborsky, L. Barash, T. C. Davis, Tetrahedron 1963, 19,
E-mail: deposit@ccdc.cam.ac.uk].2333. 2 [20c] J. Sauer, J. Kredel, Angew. Chem. 1965, 77, 1037.

[30] W. P. Aue, E. Bartholdi, R. R. Ernst, J. Magn. Reson. 1977,2 [20d] J. Sauer, J. Kredel, Tetrahedron 1966, 22, 6359.
28, 542.[21] [21a] J. L. Charlton, G. L. Plourde, K. Koh, Can. J. Chem. 1990,

[31] Complex rac-1 was prepared as described in ref. [5]; complex 5068, 2022. 2 [21b] J. L. Charlton, K. Koh., Synlett 1990, 6, 333.
was obtained from 6,7-dimethoxytetralin by complexation and[22] Daicel Chiralcel OJ; hexane/iPrOH, 10:3; 0.7 ml min21, λ 5
disilylation: H.-G. Schmalz, A. Schwarz, unpublished results.254 nm, retention time for 21: 15.54 min; retention time for ent-

[32] It should be noted that all our attempts to achieve a more or21: 14.10 min.
less selective monodeuteration under the tBuOK/[D6]DMSO[23] [23a] X. Reynolds, X. Kenyon, J. Am. Chem. Soc. 1950, 72, 1593.
conditions (lower temperatures and/or shorter reaction times)[23b] G. A. Haggis, L. N. Owen, J. Am. Chem. Soc. 1953, 75, 389.
failed.[24] For some reviews on radical cyclizations, see: [24a] D. P. Curran,

[33] The degree of deuteration (and the level of inaccuracy) was de-inComprehensive Organic Synthesis, vol. 4 (Eds.: B. M. Trost, I.
termined (estimated) by comparison with the integrals observedFleming), Pergamon, Oxford, 1991, pp. 7792831. 2 [24b] C. P.
for the methoxy or the TMS groups.Jasperse, D. P. Curran, T. L. Fervig, Chem. Rev. 1991, 91, 1237.

[34] The fact that no significant loss of regioselectivity was found in[25] In our hands, the yield of rac-13 was only 29% (ref. [12]: 79%)
these experiments indicates that the inherent directing effectafter chromatography and recrystallization. The melting point
must be stronger than the primary kinetic isotope effect.of the our material (64°C), however, was found to exceed that

[35] A protonation at the chromium atom of the anionic intermedi-given in the literature (53°C)[12].
ate, which would eventually have resulted in the formation of[26] C. C. Price, M. Schwarcz, J. Am. Chem. Soc. 1940, 62, 2891.
an endo-protonated complex could thereby be excluded.[27] G. A. Haggis, L. N. Owen, J. Org. Chem. 1953, 23, 5649.

[36] X-ray crystal structure analysis of rac-56: Enraf-Nonius CAD4[28] [28a] W. N. Smith, O. F. Deumel, Synthesis 1974, 441. 2 [28b] J.
diffractometer, Cu-Kα radiation, 2Θmax 5 120°, empirical ab-A. Casalnuovo, R. W. Scott, E. A. Harwood, N. E. Schore,
sorption correction ψ scans). Structure determination with di-Tetrahedron Lett. 1994, 35, 1153.
rect methods (SIR92). The H atoms were taken from difference[29] [29a] X-ray crystal structure analysis of rac-1: Enraf-Nonius
Fourier synthesis and refined using isotropic thermal param-CAD4 diffractometer, Cu-Kα radiation, 2Θmax 5 120°, empiri-
eters. All other atoms were refined using anisotropic thermalcal absorption correction (ψ scans). Structure determination by
parameters. C24H38O5CrSi2, monoclinic, space group P21/a,direct methods (SHELXS-90). The H atoms of the cyclohexene
a 5 13.557 (9) Å, b 5 11.076 (2) Å, c 5 19.411 (6) Å, β 5ring were refined with isotropic thermal parameters. The others
107.08 (4)°, V 5 2786 (4) Å3, Z 5 4, ρcalcd. 5 1.227 gcm21, µ 5were placed at calculated positions and were not refined.
45.1 cm21; 3974 independent reflections with I > 0 were used;C22H34O5CrSi2, monoclinic, space group P21/n, a 5 12.457 (2)
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The equation 7 1 + 11 PCl3 R 2 7 + 11 + 21 HCl describes 1,2-diphospholides and 1,2,4-triphospholides. The cation of
the ionic oxidation product 7 has a phenalene structure within part the reaction of allylidenetriphenylphosphorane

(triphenylphosphonium allylide) 1 with PCl3. It involves the three peripheric PCl ring members and a chlorophosphonium
center. In the crystal two of these bowl-shaped cationssubstitution of all α- and γ-hydrogen atoms of 1 and a

concomitant disproportionation of the phosphorus. The encapsulate a chloride anion. This is shown by an X-ray
structure investigation. The structure of other products isreduction product 11 and its less highly substituted precursor

9 are new examples of the favoured family of 3-phosphonio elucidated by 31P-NMR spectroscopy.

Reaction and ProductsAllylidenetriphenylphosphorane [(prop-2-enediyl)tri-
phenylphosphorane] (1) may be understood as phosphonio-
substituted allyl anion and is expected to exhibit the reacti- The reaction of phosphorus trichloride with 1 in pyridine

at 0°C was visually observable. 31P-NMR spectroscopy wasvity of an asymmetric allyl anion[1] [2] [3] [4].
used to monitor several experiments with different molar
ratios. The spectra always indicated complex mixtures of
products. These mixtures at room temperature continued
to change their composition for a long time (up to several
months). At long reaction times the spectra tended to be-
come simpler. Naturally the reaction of the three-functional
PCl3 with the three-functional partner 1 can be expected toWith phosphorus trichloride it consequently may interact

at its α- or γ-carbon atom leading to compounds 2 or 3 as take various pathways with numerous intermediates. In the
course of the reaction more and more of the functions arethe primary substitution products and it also may interact

at both sites with the same PCl3 molecule or with two dif- used, and the number of alternatives should decrease.
With a 3:1 initial molar ratio of 1 and PCl3, compound 7ferent of them to give compounds 4 or 5 as secondary prod-

ucts. All in all there are three hydrogen atoms of 1 that can becomes the main product after 2 d. Its identity follows
from its 31P{1H}-NMR spectrum of [AB]3D type. As onlybe substituted. The different alternatives of this reaction

were considered earlier [5]. The actual experiment (in ben- the two-bond coupling constants JAB and JBD, and the
four-bond coupling constant JAD are large enough to influ-zene with an excess of 1) gave a product which was assumed

to be the hydrochloride of the “tris-ylene” 6. It would be ence the signal splitting significantly (JAA9, JAB9 and JBB9

are too small), the spectrum is rather simple in appearancethe result of the substitution of three molecules of 1 exclu-
sively at the γ-position by the same PCl3 molecule. Com- (Figure 1). The chemical shifts δA, δB and δD are in the

expected range, δD in particular is characteristic for a chlo-pound 6 was obtained from its hydrochloride by reaction
with sodium amide. It is described as a deep red, very reac- rophosphonium center (Table 1).

No intermediate on the way to 7 could be identified fromtive, air-sensitive substance.
We repeated the reaction of 1 with PCl3 in pyridine, the spectra. In particular compound 6 (or its hydrochloride)

was not found; however, it cannot be excluded as an inter-which in similar cases had proved as a convenient solvent,
able to take up the hydrogen chloride lost from the reaction mediate either. It would be expected to possess a highly

reactive phosphane center which easily becomes oxidized.partners in the substitution reaction[6].
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Table 1. 31P-NMR data of the tetraphosphaphenalenes 7 and 18Figure 1. Experimental and calculated 31P{1H}-NMR spectrum of
7; νo 5 109.380 MHz (in pyridine); coupling constants J in Hz

7 18

δA 28.5 27.6
δB 83.9 220.6
δC 223.1
δD 3.8 11.2
2JAB 145.0 139.0
3JAC 7.6
4JAD 6.0 3.7
1JBC 2141.0
2JBD 17.8 17.6

Scheme 1. Equations leading to the products 7211 (R 5 Ph3PC3H,
RH3 5 1, Py 5 pyridine)

With equimolar amounts of 1 and PCl3 the reaction is
similar to the one described above in that 7 finally becomes
the main product. In this case it takes several months, how-
ever. As before several intermediates are observed, which
already contain the central chlorophosphonium unit as inIn fact, the overall formation of 7 as represented by equa-

tion (1) in Scheme 1 involves an oxidation. 7 (with δ31P 5 025) but which are less symmetric. After 10

Eur. J. Inorg. Chem. 1998, 1907219131908
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months their signals have disappeared in favour of 7. This phonium bromide with PCl3 in presence of a base[7]. The

ortho position of the ylide here displays a reactivity similarsuggests that in the synthesis of 7 at first triallylphosphanes
such as 6 form and become oxidized before the rings are to that of the γ position in 1. Furthermore, 12 is readily

reduced to 13, which is the benzo derivative of 9.closed by the peripheral PCl units. As a second final prod-
uct, compound 11 is observed in this reaction. It is readily The reaction of a γ-phosphonio-substituted allylidene

phosphorane with PCl3 also parallels the formation of 8recognized by its 31P{1H}-NMR spectrum (Figure 2) rep-
resenting an ABCD spin system, and in particular by the and leads to its symmetrically substituted derivative 14 [8].

In this reaction a four-membered dihydrophosphete ringlow-field chemical shifts δB and δC and by the large coup-
ling constant JBC (see below, Table 2). was observed as an intermediate and consequently the anal-

Figure 2. Experimental and calculated 31P{1H}-NMR spectrum of 11; νo 5 109.380 MHz

If a still smaller molar ratio (3:4) of the reaction partners
is used, compound 10 is observed in an early stage of the
reaction (after 12 h) followed again by 11. The formation
of 10 and 11 involves a reduction and is described by equa-
tions (4) and (5) in Scheme 1. A combination of (1) and
(4) or of (1) and (5) allows the formulation of a consistent
overall reaction.

The identified products 7, 10, and 11 have in common an
exhaustive substitution of 1 in which all three α- and γ-
hydrogen atoms are replaced by phosphorus. In the forma-
tion of 10 and 11 it cannot be decided at what stage of
substitution the PP bond is formed and the five-membered
ring is closed.

A little further insight is provided by the reactions with a
low molar ratio (1:3) of the partners and with an additional
reducing agent (PBu3). Although an excess of PCl3 was
used and unreacted PCl3 is still present, compounds 8 and
9 are observed in this case (equations 2 and 3). In these
compounds one γ-hydrogen atom of 1 is left unsubstituted.
The added tributylphosphane apparently makes the re-
duction faster than the last step of substitution. Com-

ogous compound 4 has to be considered as an intermediatepounds 10 and 11 seem to form from 8 and 9 by a consecu-
on the way to 8.tive substitution.

The preferred formation of five-membered rings of type
8 is documented by still another example: The reaction of1,2-Diphosphole Derivatives
[bis(trimethylsilyl)methylene]phosphorane with PCl3 yields
as a secondary product the dihydrotriphosphole 16 [9], whichThe formation of 8 from 1 is closely related to that of its

benzo derivative 12 in the reaction of benzyl triphenylphos- is the 4-phospha derivative of 14. Both 14 and 16 can be
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reduced to give the corresponding diphosphole 15 and tri- Compound 7 has been obtained from pyridine solution

as yellow crystals, one of which was used for X-ray struc-phosphole 17.

Table 2. 31P-NMR data of the dihydrodiphosphole/diphosphole pairs 8/9 (in pyridine), 10/11 (in pyridine), 12/13 (in CH2Cl2) [7], 14/15 (in
CH2Cl2) [8], and of the dihydrotriphosphole/triphosphole pair 16/17 (in CH2Cl2/C6D6)[9]. δA refers to 3-PPh3, δB,C refer to P-1,2 as

indicated in formula 11. Coupling constants J in Hz.

δA δB δC δD
2JAB

3JAC
1JBC

3JBD
2JCD

8 25.0 129.6 112.5 87.7 2257.9
9 [a] 254.2 236.3 70.9 2480.7

10 20.2 116.8 104.2 176.7 70.2 2262.5 25.9
11 18.5 283.3 278.1 165.2 67.9 27.0 2481.2 4.3 175.9

12 18.6 132.4 78.7 96.7 2249.7
13 14.9 317.1 229.4 87.5 26.1 2480.2

14 16.9 101.9 85.3 25.2 2260.9
15 15.6 285.7 80.0 26.7 2465.5

16 22.9 136.1 405.5 76.0 24.5 2298.1 16.4
17 21.2 365.7 356.5 71.4 20.7 2487.3 26.7

[a] Superimposed.

In Table 2 the 31P-NMR data of the new compounds
8211 are compared to the related known compounds
12217. In case of the unsymmetrically substituted com-
pounds 8, 10, 12 and 9, 11, 13, the phosphorus atom PB

which is adjacent to the ylidic ring member and which
consequently is more strongly influenced[10], always appears
less shielded than PC. The difference for 8211 is smaller,
however, than for 12 and 13. The reduction is always ac-
companied by a downfield chemical shift of the now two-
coordinate phosphorus atoms (δB,C 5 2292366) and by a

ture analysis. They contain 2.7 pyridine molecules per for-sharp increase in the one-bond coupling constant (u1JBCu 5
mula unit of 7. Whereas the cation lattice is of good quality,4652487 Hz).
the location of the chloride anions and the solvent mol-The charge of the phosphonio substituents according to
ecules is rather uncertain due to strong disorder. Figure 4δA seems to decrease somewhat on reduction. It neverthe-
shows the structure of a cation. Its skeleton is built fromless corresponds to the polar resonance formula for the re-
three allylic units C1,2,3 joined by three phosphorus atomsduced compounds 9, 11, 13, 15, 17.
P2 to give a twelve-membered ring and by the central P1
to give a tetraphosphaphenalene system. The allylic carbon
atoms C1, C2, and C3 lie in a plane together with the four
phosphorus atoms P1, P2, P2B, and P3 bonded to them.
The three planes meet at the central atom P1 forming a flat
bowl. Under the influence of the three ylide units attached
to the chlorophosphonium center the P12Cl1 bond be-
comes rather long (Table 3)[11] [12]. The bonds P22Cl2 point
to the same direction, i.e. to the convex side of the bowl.

In the crystal two of the described bowl-shaped cations
approach each other with their concave sides face to face
to encapsulate a chloride ion Cl3 like a shell encapsulates aTetraphosphaphenalene Derivatives
pearl (Figure 5). The bonds P12Cl1 of the two cations and
Cl3 lie on a three-fold symmetry axis around which the two
cations are mutually twisted by 60° against each other. TheFor a further chemical identification of 7 it was treated

with diphenyl(trimethylsilyl)phosphane. In a clean reaction chloride ion Cl3 thus becomes walled in by six phenyl
groups belonging alternately to PPh3 units of one or theonly the chlorine atoms at PIII are replaced by PPh2 groups

while the central PVCl unit remains unchanged. This leads other cations. The o- and m-hydrogen atoms of these phenyl
groups approach Cl3 at 284 and 296 pm, which is less thanto compound 18. Its 31P{1H}-NMR spectrum (Figure 3)

represents a (ABC)3D spin system (Table 1). the sum of the van der Waals radii (320 pm). At the origin
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Figure 3. Experimental and calculated 31P{1H}-NMR spectrum of 18; νo 5 109.380 MHz

Figure 4. Molecular structure of the cation in 7 (thermal ellipsoids Figure 5. A (cation)2Cl1 unit and a Cl2 anion of 7 viewed perpen-
with 30% probability); the three phenyl groups at P3 are omitted dicular to the threefold axis; Cl3 (within the (cation)2Cl1 unit) is

for clarity split and disordered along the threefold axis; Cl4 (the isolated Cl2
anion) is split and disordered on two levels around the threefold

axis. The pyridine molecules are not shown

Table 3. Relevant bond lengths [pm] and bond angles [°] of 7

P12C1 172.2(8) C12P12C1A 111.6(3)
P12Cl1 206.6(5) C12P12Cl1 107.3(3)
P22C1 175.7(8) C12P22C3A 102.5(4)
P22C3 179.8(9) C12P22Cl2 102.1(3)
P22Cl2 216.1(4) C3A2P22Cl2 100.8(3)
P32C3 176.7(8) C22C12P1 118.9(7)

C22C12P2 118.8(6)
P12C12P2 122.2(4)
C12C22C3 129.9(8)
C22C32P3 116.7(7) within the cage formed thus, the position of Cl3 is split.
C22C32P2B 127.5(6) The other chloride ion Cl4 distributes on 2 3 3 symmetry-P32C32P2B 115.0(5)

equivalent positions close to the threefold axis (Figures 5
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7.2727.59 (m, 3 H, $-H), 7.5827.68 (m, 36 H, o-, m-H), 8.6728.69and 6). The crystal lattice is eventually composed of an
(m, 9 H, p-H).equal number of the (cation)2Cl1 units and isolated Cl2

anions alternating along the threefold axis and of 5.4 mol- c) In a 1:3 Molar Ratio and Additional PBu3: To 1 (1.69 g, 5.6
ecules of pyridine on 2 3 3 positions of 0.5 occupancy and mmol) PCl3 (1.46 ml, 16.7 mmol) was added as before. After 10

min, PBu3 (0.90 ml, 5.6 mmol) was added to the red solution. In2 3 3 positions of 0.4 occupancy around one sequence of
the 31P{1H}-NMR spectrum after 12 h at room temperature amongthese ions.
a variety of signals those of 8 (1%), 9 (5%), 10 (2%), and 11 (0.5%)
were identified. After heating under reflux for 2 d the spectrumFigure 6. View along the c-axis of 7; Cl4 is split and disordered on

two positions near the threefold axis. The pyridine molecules are showed 7 (3%), 8 (8%), 9 (9%), 10 (11%), and 11 (0.5%).
not shown

Reaction of 7 with Ph2PSiMe3: To a solution of 7 (42 mg, 0.04
mmol) in 0.5 ml of pyridine was added Ph2PSiMe3 (40 mg, 0.15
mmol). After 10 min a 31P{1H}-NMR spectrum of the orange solu-
tion showed the signals of 18.

Crystal Structure Analysis of 7: Table 4; the chloride anion Cl3
is disordered on the threefold axis and the chloride anion Cl4 is
disordered on the split position Cl4/Cl4A near the threefold axis,
thus leading to 2 times 3 positions. Cl4/Cl4A were refined with the
same Uij temperature factor components. One of the pyridine sol-
vent molecules is disordered around a center and the other is on a
common position. Both pyridine molecules were fitted by restraints
during the least squares procedure. Further details are available
from the Cambridge Crystallographic Data Center on quoting the
depository number CCDC-101626, the names of the authors and
the journal citation (E-mail: deposit@ccdc.cam.ac.uk).

Table 4. Crystal data and structure refinement for 7

Empirical formula C76.5H61.5Cl5N2.7P7

Formula weight 1199.1
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system rhombohedral
Space group R3̄
Unit cell dimensions a 5 18.450(4) Å

c 5 41.97(3) Å
Volume 12371(8) Å3

Z 6
Experimental Section Density (calculated) 1.138 Mg/m3

Absorption coefficient 0.351 mm-1

All manipulations were carried out in flame-dried glassware un- F(000) 4376
der argon with Schlenk tube techniques. Dry pyridine was used as Crystal size 0.40 3 0.33 3 0.27 mm

Θ range for data collection 2.32 to 22.00°obtained (Fluka). Pentane was dried over molecular sieves (4 Å).
Index ranges 0 # h # 19, 217 # k # 0, 245 # 1

NMR: Jeol EX 400 (1H), Jeol GSX 270 (31P) with Me4Si (int.) # 45
Reflections collected 3756and 85% H3PO4 (ext.) as standards.
Independent reflections 3372 [Rint 5 0.0307]

Allylidenetriphenylphosphorane (1) [5] was prepared from 3- Observed reflections (I > 2FI) 1919
Absorption correction Semi-empirical from ψ-scansbromopropene and Ph3P and subsequent deprotonation of the re-
Max. and min. transmission 0.9990 and 0.9790sulting phosphonium bromide with NaN(SiMe3)2

[13].
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3372 / 60 / 305Reaction of 1 with PCl3. 2 a) In a 3:1 Molar Ratio: To 1 (0.56
Goodness-of-fit on F2 1.100g, 1.9 mmol) in 25 ml of pyridine at 0°C was added PCl3 (0.054 Final R indices (I > 2FI) R1 5 0.1071, wR2 5 0.2833

ml, 0.6 mmol). The dark red solution brightened for a few minutes R indices (all data) R1 5 0.1713, wR2 5 0.3349
Largest diff. peak and hole 0.624 and 20.431 eÅ23before becoming dark red again. After 2 d at room temperature the

31P{1H}-NMR spectrum showed a wide variety of signals among
which those of 7 were found with 12% of the total intensity. After
10 months the relative intensity had increased to 27%.

b) In a 3:4 Molar Ratio: 1 (0.97 g, 3.2 mmol) and PCl3 (0.37 ml,
[1] For calculated charge distribution see: K. A. Ostoja Starzewski,4.2 mmol) were added as before. In the 31P{1H}-NMR spectrum

H. Bock, J. Am. Chem. Soc. 1976, 98, 848628494.after 12 h at room temperature among a large variety of signals [2] Proton exchange involves both the α- and the γ-position: H. J.
only those of 10 were identified with 2% relative intensity. During Bestmann, O. Kratzer, H. Simon, Chem. Ber. 1962, 95,

275022754.10 more months pyridinium chloride separated from the dark red
[3] For an example of an exclusive reaction at the α-position see:solution and was removed. The spectrum of the filtrate showed 7

B. Bogdanovic, S. Konstantinovic, Synthesis 1972, 4812483.(41%), 10 (10%), and 11 (13% relative intensity). In this solution [4] For examples of reactions at the γ-position see: H. J. Bestmann,
dark yellow crystals of 7 formed which were used for X-ray analy- R. Zimmermann in Houben-Weyl: Methoden der organischen

Chemie (Ed. M. Regitz), Thieme, Stuttgart 1982, 677 f.sis; they decomposed at 93°C. 2 1H NMR (CD2Cl2): δ 5
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[5] K. Issleib, M. Lischewski, J. Prakt. Chem. 1969, 311, 8572868, been found: J. H. Enemark, J. A. Ibers, Inorg. Chem. 1968, 7,

263622642.M. Lischewski, Thesis, Universität Halle-Wittenberg 1970.
[6] G. Jochem, M. Schmidt, H. Nöth, A. Schmidpeter, Z. Natur- [12] A similar elongation of the P2Cl bond, although less pro-

nounced, has been found for other ylide-substituted chloro-forsch. B 1996, 51, 176121767.
[7] G. Jochem. A. Schmidpeter, M. Thomann, H. Nöth, Angew. phosphonium units too: Ph3P2C[2PCl2(Ph3P5)C2]3PCl21,

dPCl 5 202.8(2) pm, H.-P. Schrödel, A. Schmidpeter, H. Nöth,Chem. 1994, 106, 7082711; Angew. Chem. Int. Ed. Engl. 1994,
33, 6632665. Z. Naturforsch. B, in press; (PhP35PhC2)2PCl2

1, dPCl (aver-
age) 5 204.4(4) pm: A. Schmidpeter, G. Jochem, C. Klinger, C.[8] G. Jochem, A. Schmidpeter, H. Nöth, Chem. Eur. J. 1996, 2,

2212227. Robl, H. Nöth, J. Organomet. Chem. 1997, 529, 872102.
[13] H.-J. Bestmann, R. Zimmermann in Methoden der Organischen[9] H.-P. Schrödel, A.Schmidpeter, H. Nöth, M. Schmidt, Z. Na-

turforsch. B. 1996, 51, 102221032. Chemie (Houben-Weyl) (Ed.: M. Regitz), vol. E1, Thieme,
Stuttgart, 1982.[10] A. Schmidpeter, H. Nöth, J. Jochem, H.-P. Schrödel, K. Ka-

raghiosoff, Chem. Ber. 1995, 128, 3792393. [I98272]
[11] In the cation Ph3PCl1 for comparison dPCl 5 198(1) pm has

Eur. J. Inorg. Chem. 1998, 190721913 1913



FULL PAPER

A Study of the Mechanism of Platinum(II)/Tin(II) Dichloride Mediated
Hydrogenation of Alkynes and Alkenes Employing Parahydrogen-Induced
Polarization

Christina Deibelea, Alexei B. Perminb, Valery S. Petrosyanb, and Joachim Bargon*a

Institute of Physical and Theoretical Chemistry, University of Bonna,
Wegelerstrasse 12, D-53115 Bonn, Germany
Fax: (internat.) 149 (0)228/ 739424
E-mail: bargon@uni-bonn.de

Department of Chemistry, M. V. Lomonosov Moscow State Universityb,
Vorobyevy Gory, 119899 Moscow, Russia
Fax: (internat.) 17-095/ 9395546
E-mail: alp@org.chem.msu.su

Received August 18, 1998

Keywords: Hydrogenations / Parahydrogen / Platinum / Alkynes / Alkenes

The mechanism of hydrogenation of alkynes catalyzed by the intermediates as cis-[H2Pt(PR3)(SnX3)(σ-alkenyl)(acetone)],
where the σ-alkenyl ligand originates from an insertion[(PR3)2PtHX]/SnX2 system (PR3 = PPh3, PMePh2; X = Cl, Br)

has been studied by means of parahydrogen-induced reaction of the alkyne (1-phenyl-1-propyne, 1-phenyl-1-
butyne, diphenylacetylene, 3,3-dimethylbutyne). At elevatedpolarization of 1H spectra (PHIP). Dihydride intermediates

confirming the stepwise hydrogenation at room temperature temperatures, the hydrogenation in acetone proceeds as a
cis-synchronous transfer of the two hydrogen atoms ofwere observed when the reaction was run in acetone. The

obtained 1H-PHIP spectra, together with NMR data for parahydrogen to the substrate molecule. A mechanism for
this synchronous hydrogenation is suggested.related species, are consistent with the formulation of these

Introduction talyzed by rhodium[10213], iridium[14] [15], palladium[16] [17],
and ruthenium[18] complexes have been studied.

Although platinum complexes are well-known catalystsThe parahydrogen-induced polarization (PHIP) phenom-
for hydrogenation[19221], hydroformylation[22225], and hy-enon was first observed accidentally by Bryndza and co-
drosilylation[26] reactions, there have been only a few mech-workers as early as 1983[1]. This NMR technique is now
anistic studies using the PHIP technique. In a previousrecognized as a valuable mechanistic probe for investigating
paper, we showed that spin-polarized products arise fromhomogeneously catalyzed hydrogenation reactions[2]. The
the hydrogenation of alkynes in the presence of Pt0 com-phenomenon was proposed theoretically in 1986 by Bowers
plexes with either coordinated alkynes or alkenes, as well asand Weitekamp[3], and soon thereafter was confirmed ex-
with the usual PtII phosphane hydrido chloro complexes,perimentally[4]. Furthermore, it was recognized that PHIP
activated by tin(II) chloride[27].allows examination of the reaction mechanisms of the sin-

In principal, the latter fact is contradictory to the gener-gle-step transfer of the two parahydrogen atoms to the sub-
ally accepted mechanism for PtII/SnCl2 mediated hydroge-strate molecule, and sometimes allows identification of the
nations (Scheme 1).unstable dihydride intermediates participating in the cata-

lytic cycle[5] [6]. Moreover, study of the hydrogenation Since 1965, it has been accepted that the first step of the
hydrogenation is the reduction of the pre-catalyst, ac-mechanism by traditional methods is troublesome because

in many cases the reaction is accompanied by significant companied by the formation of platinum monohydrides
2 [28] [29]. These monohydrides have been shown to undergodegrees of isomerization of the starting materials and/or

products[7]. The PHIP technique offers further information, rapid, equilibrium addition reactions to carbon2carbon
multiple bonds of the substrate, with the formation of σ-Ceven on the stereochemistry of the fundamental step of the

addition of dihydrogen to the organometallic catalyst. Quite intermediates 3 [30] [31]. Furthermore, the third step of the
asynchronous hydrogenation, namely hydrogenolysis of thepossibly, in situ PHIP-NMR spectroscopy may provide the

data relating to the structures of active intermediates that PtII2C(alkyl) bond in 3, has been shown to proceed under
relatively mild conditions[32]. The appearance of polarizedare otherwise difficult or impossible to obtain.

The physical aspects of the processes leading to PHIP- products during PtII/SnCl2 mediated hydrogenation using
para-H2 prompted us to engage in a more detailed study ofNMR spectra are discussed in a number of papers (e.g.,

refs. [8] [9]). Using this technique, hydrogenation reactions ca- the reaction mechanism using the PHIP technique.
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Scheme 1. Generally assumed mechanism for the PtII2tin dichlo- 290°C and thus the minor discrepancies with these data

ride catalyzed hydrogenation, asynchronous mechanism are obviously due to the different temperatures used.
Though the dihydrido-dichloro PtIV complexes were pre-

viously shown to arise as a result of an oxidative addition
of HX to PtII monohydrides[36238], our attempts to observe
them using the PHIP technique during the reduction of di-
chloride 1 by parahydrogen were unsuccessful. Moreover,
no polarization patterns were found as a consequence of
the parahydrogen action on platinum2tin monohydrides.
On the other hand, we observed strong, sharp polarization
signals after the addition of an alkyne followed by parahy-
drogen to the tin-activated monohydride acetone solution
(Figure 1). The relatively high field values of the chemical
shift of the observed polarization patterns are consistent
with PtIV species, since published data show a substantial
high-field shift for PtIV dihydrides as compared to anal-
ogous PtII complexes[36] [39] [40] [41].

Figure 1. PHIP 1H-NMR spectra of the system trans-
[(PPh3)2PtHCl]/SnCl2/1-phenyl-1-propyne/para-H2 in [D6]acetone;
a) at room temp. (119Sn and 117Sn satellite signals are marked *);
b) the same sample after cooling; c) PHIP 1H-NMR spectrum of
the isolated insertion product 5a in CD2Cl2, at 3 bar of para-H2,
room temp.; d) PHIP11 simulation of the monophosphane dihy-
dride 6; e) PHIP11 simulation of the diphosphane dihydride 3
(values for cis- and trans-coupling constants are taken to be as in
c); f) PHIP11 simulation of the diphosphane dihydride 3 (values

for cis and trans coupling constants are taken as in c))

It is well known that activation of PtII complexes by
tin(II) halides is strongly solvent-dependent. Solvents
of medium solvating ability and polarity, such as acetone,
play quite a significant role in platinum-phosphane chemi-
stry, promoting extensive phosphane redistribution reac-
tions[33235]. This dependence can also result in changes in
catalytic activity and selectivity[22], as well as of the reaction
mechanism, therefore necessitating studies in a variety of
solvents.

In this paper we describe the results of PHIP studies of
the PtII/SnII mediated hydrogenation of alkynes and alkenes
in acetone and some other solvating media.

Results and Discussion

PHIP in the System [(PPh3)2PtHCl]/SnCl2/1-Phenyl-1-propyne

Since the generally accepted catalytic cycle involves plati-
num hydride as an active intermediate, we avoided the acti-
vation stage (a, Scheme 1), as well as extensive HCl forma-
tion, by the use of pre-synthesized platinum hydride instead
of the usually employed dichloro complex. The interaction
of platinum monohydride with SnCl2 in acetone proceeds
rapidly, and the resulting clear, orange-yellow solution
shows new signals in its 1H-NMR spectrum attributable
to trans-[(PPh3)2PtH(SnCl3)], 2, {δ(PtH) 5 29.75 [br,
1J(PtH) 5 1105 Hz]}, as well as to the products resulting
from a phosphane redistribution reaction {[(PPh3)3PtH]1,
δ(PtH) 5 25.75 [br, d, 1J(PtH) 5 154 Hz]; trans-
[(PPh3)PtH(SnCl3)2]2, δ(PtH) 5 13.355 [d, 2J(PH) 5 131 The obtained PHIP patterns exhibit features that allow

us to establish the structures of the transient platinum dihy-Hz, 1J(PtH) 5 412 Hz]} in accord with previously pub-
lished data[34]. The spectra in ref. [34] were recorded at drides. First of all, two isomers with similar couplings are

Eur. J. Inorg. Chem. 1998, 1915219231916



Mechanism of Mediated Hydrogenation FULL PAPER
Table 1. Spectral NMR parameters of intermediate dihydrides observed in the systems [(PPh3)2PtH(SnX3)]/alkyne/[D6]acetone (δ, relative
to [D5]acetone; J, Hz). The letter a corresponds to the major isomer, the letter b to the minor isomer

Alkyne X Isomer δ(H1) δ(H2) 1J(Pt-H1) 1J(Pt-H2) 2J(P-H1) 2J(P-H2) 2J(119Sn-H1) [a] 2J(Sn-H2) [b]

PhC;CMe Cl a 210.71 211.24 913.7 568.1 9.3 167.8 1842 (1760) 25.9
b 210.91 211.34 906.7 567.8 9.3 168.5 1840

PhC;CMe [c] Cl [d] 210.58 211.275 869.2 542.0 9.4 165.4
[e] 210.82 211.33 918 567 167.2

PhC;CMe Br a 211.46 210.248 920.5 565.4 9.5 166.8 1850 (1768) 40.1
b 211.63 210.498 918.4 566.4 9.6 167.7

PhC;CCH2CH3 Cl a 210.71 211.181 911.2 566.1 8.9 168.5 1839 (1759) 33.5
b 210.893 211.334 907.3 565.2 10.1 169.3 1837

PhC;CCH2CH3 Br a 211.443 210.194 920.7 563.6 9.7 166.3 1853 (1779) 47.3
b 211.629 210.404 919.2 563.8 9.7 166.7 46.3

Diphenylacetylene Cl [f] 210.922 211.32 9.9 169.0
Diphenylacetylene Br [f] 211.621 210.364 913.6 558.3 9.4 165.9 1857 (1771) 44.9
3,3-Dimethylbutyne Cl [f] 210.950 211.356 940.6 588.2 9.3 172.1

[a] Values in brackets correspond to 2J(117Sn2H). 2 [b] Averaged 2J(117/119Sn2H). 2 [c] Solution in CD2Cl2. 2 [d] In the absence of added
acetone. 2 [e] 0.15 ml of [D6]acetone was added. 2 [f] One isomer.

clearly discernible. This conclusion was confirmed exper- tion of the presence of this ligand was also derived from
the following considerations: (a) the role of the substrateimentally upon cooling of the solution under parahydrogen

(Figure 1, b) which resulted in a non-concerted change in could be either to coordinate to platinum as a π-ligand or
to insert into a Pt2H bond, thereby producing a σ-bondedthe intensities and widths of the relevant resonances. Each

isomer exhibits a typical ABX pattern, with large trans- and carbon ligand; (b) the obtained PHIP corresponds to the
spectrum of a dihydride, and not to a trihydride, estab-small cis-1H231P couplings (Figure 1a, Table 1). The pat-

terns for both isomers are accompanied by 195Pt and lishing the insertion suggestion in (a); and (c) the isolated
insertion product, i.e. the σ-phenylpropenyl platinum com-117/119Sn satellites, permitting an unambiguous assignment

of the ligands in the equatorial plane of the coordination plex, shows analogous though more simple polarization
patterns upon reaction with parahydrogen (Figure 1, c).octahedron of 6a. Only one phosphane ligand is incorpor-

ated into the coordination sphere of the transient dihydride, The precise structure of the alkenyl radical in the transient
dihydride is not clear, but it seems plausible that the exist-since the spectrum exhibits only one 1H-31P coupling for

each proton. This was confirmed by PHIP simulations of ence of the two dihydrides is due to an isomerism of the
alkenyl radical and, therefore, the dihydrides are in fact 2-the spectra of the mono- and diphosphane dihydrides (Fig-

ure 1, d, e, f). The assignment of the axial positions is not phenyl-1-methylethenyl and 1-phenylprop-1-enyl com-
plexes.so clear-cut, but is supported by the observation that the

presence of both an alkyne and acetone is essential for the We were fortunately also able to isolate the product of
insertion of 1-phenyl-1-propyne into the Pt2H bond of thedevelopment of polarization patterns. We suggest that the

possible role of acetone lies in promoting the dissociation starting monohydride. Light-yellow crystals of the product
were formed on leaving to stand an acetone solution of theof one phosphane ligand, which, apparently, is followed by

coordination to the platinum center. It has previously been [(PPh3)2PtH(SnCl3)] complex together with the alkyne in
the absence of hydrogen, as well as during hydrogenationwell-documented[34] [35] that the reaction of excess tin dihal-

ides with platinum hydrides in acetone at room temperature experiments. The 1H-NMR spectrum of this product in
CD2Cl2 clearly shows the signal of the CH3 protons of therapidly leads to the formation of mixture of phosphane re-

distribution products, which contain monophosphane com- σ-alkenyl ligand with a full set of 195Pt and 117/119Sn satel-
lites, and the signal of the proton adjacent to the doubleplexes.

Addition of 1-phenyl-1-propyne to an acetone solution bond with partially obscured satellite signals. The 1H spec-
trum is essentially similar to published data for the anal-of 2 leads to the disappearance of the Pt-H signals in the

hydride region in the thermal spectrum and gives rise to a ogous triethylphosphane complex[42], in spite of the large
deviation of the chemical shift value for methyl protonsbroadened singlet at approximately δ 5 0.7. This singlet is

symmetrically surrounded by broadened signals, the posi- [δ 5 2.23, 3J(PtH) 5 56.5 Hz[42]], which is apparently due
to the difference between an acido ligand and the phos-tions and intensities of which are consistent with the notion

that they are in part 195Pt and unresolved 119/117Sn satellites. phane. Together with the obtained 13C and 31P data, this
spectrum allows the unambiguous assignment of the struc-The singlet was thus assigned to the methyl resonance of

the σ-alkenyl ligand, resulting from an insertion of the tri- ture of this product as 5a. The doublet splitting of the main
methyl resonance (ca. 2 Hz) can be attributed to a 4J cis-ple bond of the substrate into the Pt2H bond (vide infra).

This signal was invariably present in all cases where polari- coupling with the olefinic proton. Large values of
4J(119/117Sn-1H) are in accord with a trans-position of thezation in the Pt2H region was observed, which prompted

us to ascribe the key role of a σ-bonded carbon ligand in trichlorostannato ligand relative to the alkenyl group, and
they match published values for tin2proton couplings inthe formation of PHIP-active PtIV dihydrides. The sugges-
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The polarization spectrum originating from reaction of

parahydrogen with the solution of 5a in dichloromethane
indicates the presence of only one isomer. These patterns
are much less intense than those obtained for catalytic mix-
tures in acetone, which is apparently due to the fact that
acetone is present in the system only in minor amounts as
an impurity or as a solvent of crystallization, as is evident
from the 1H and 13C spectra. The low intensity of the polar-
ization signals can be also attributed to the enhanced sta-
bility of the isolated isomer, which is hydrogenated only to
a small extent. The differences between the PHIP 1H-NMR
spectra obtained for the isolated insertion product and
those obtained from the catalytic system are due to the
change of medium, since addition of 0.15 ml of [D6]acetone
to a CDCl3 solution of 5a, followed by parahydrogen, shifts
the dihydride signals towards coincidence with the position
observed in situ (Table 1).

Catalytic Systems with Other Substrates

Besides 1-phenyl-1-propyne, other substrates can give
transient dihydrides detectable by the PHIP technique.
Thus, we have attempted to hydrogenate alkynes (phenyl-
acetylene, diphenylacetylene, 1-phenyl-1-butyne, 1,4-di-
phenylbutadiyne), and alkenes (norbornadiene, 3,3-dimeth-
ylbutene) under the same conditions as used for 1-phenyl-
1-propyne. Our observations are summarized qualitativelyother platinum trichlorostannato complexes[43]. It is also

noteworthy that addition of several equivalents of DMF re- in Table 2.
The interaction of the system [(PPh3)2PtHCl]/SnCl2/1-sults in the cleavage of the trichlorostannato ligand with

formation of the corresponding chloro complex, 5b, in ac- phenyl-1-butyne/acetone with parahydrogen proceeds simi-
larly to the reaction of 1-phenyl-1-propyne (Figure 2). Pola-cord with the reported behavior of σ-alkylplatinum com-

plexes[31]. rization patterns show clearly resolved 117Sn and 119Sn sat-

Table 2. Qualitative summary of results obtained for the studied systems [(PR3)2PtHX]/SnX2/substrate/acetone

PR3 X Substrate Pt dihydride(s), intensity, Insertion product [b] Synchronous/ asynchro-
number of isomers [a] nous hydrogenation [c]

PPh3 Br 1-Phenyl-1-propyne 111, 2 1 11
PPh3 Br 1-Phenyl-1-butyne 111, 3 n.d. 111, th.
PPh3 Br Diphenylacetylene 111, 1 n.d. th.
PPh3 Cl 1-Phenyl-1-propyne 111, 2 1 11, th.
PPh3 Cl2

[d] 1-Phenyl-1-propyne no n.d. th.
PPh3 Cl 1-Phenyl-1-butyne 111, 3 n.d. 11
PPh3 Cl Diphenylacetylene 1, 1 n.d.
PPh3 Cl 3,3-Dimetylbutyne 11, 2 n.d. th.
PPh3 Cl 1,4-Diphenylbutadiyne no n.d. 11
PPh3 Cl Phenylacetylene no n.d. 111, th.
PPh3 Cl 3,3-Dimetylbutene no no
PPh3 Cl Norbornadiene no n.d. th.
PPh3 Cl 1-Phenyl-1-propene no n.d. no
PPh3

[e] Cl 1-Phenyl-1-butyne no n.d. no
PPh3

[f] Cl 1-Phenyl-1-propyne no 1, br. 1, th.
PPh3

[g] Cl 1-Phenyl-1-propyne no n.d. 1, th.
PMePh2 Br 1-Phenyl-1-propyne 11, 2 1 1, th.
PMePh2 Cl 1-Phenyl-1-propyne 1 1 th.
PMe2Ph Cl 1-Phenyl-1-propyne 1 n.d. th.

[a] 111, strong polarization signals, with 195Pt and 117/119Sn satellites visible in spectrum; 11, medium polarization, 117/119Sn satellites
are not visible due to low signal/noise ratio; 1, low polarization, only central part of the patterns is clearly visible. 2 [b] 1, the signal(s)
attributable to the insertion product are present; n.d., not detected, the signals of the insertion product are presumably obscured. 2 [c]

111, 11, and 1, strong, medium, and weak polarization of product signals, respectively; th., continuous rise of the thermal product
signals without polarization. 2 [d] The corresponding dichloro complex was used instead of [(PR3)2PtHX]. 2 [e] In acetonitrile as solvent;
1 mol equivalent of SnCl2. 2 [f] In CDCl3/[D8]THF mixture, 7:1 (v/v). 2 [g] In CDCl3.
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ellites for both isomers, confirming the general assignment temperatures, a reversible formation of the second isomer is

observable. Since in this case no changes in the alkenyl li-of the transient dihydrides to the structures 6b. Upon heat-
ing, extensive isomerization of the alkenyl part of the σ- gand can readily occur without undergoing skeletal re-

arrangements, we suggest these two reversible isomers to beligand occurs, complicating the spectrum and leading to the
appearance of a third isomer. This isomer could be due to the 3,3-dimethylbutenyl-1-platinum complex as the major

component, and the corresponding -2-platinum complex asan isomerization of the side-chain of the alkyne into an
allenic structure. With 1-phenyl-1-butyne as the substrate, the minor component. Phenylacetylene and 1,4-diphenylbu-

tadiyne gave no detectable dihydrides, but polarized signalsthe insertion product was not discernible in the 1H spec-
trum owing to the low intensity and complicated patterns of styrene and 1,4-diphenyl-3-en-1-butyne, respectively,

were seen on heating (vide infra).due to its ethyl group, but it was readily observable in the
31P spectrum of the reaction mixture [δP 5 17.75,
1J(Pt2P) 5 2995 Hz].

PHIP in Related Catalytic Systems
Figure 2. PHIP 1H-NMR spectra of the systems trans-
[(PPh3)2PtHCl]/SnCl2/alkyne/para-H2 ([D6]acetone, room temp.); Bromide Systems: The interactions of the systems
a) alkyne 5 1-phenyl-1-butyne; b) central lines of the spectrum (a) [(PPh3)2PtHBr]/SnBr2/alkyne (alkyne 5 1-phenyl-1-pro-in the range δ 5 210 to 212; c) PHIP11 simulation of the central

pyne, 1-phenyl-1-butyne, diphenylacetylene) in acetone withpart of the spectrum (a); d) alkyne 5 diphenylacetylene; e) al-
kyne 5 3,3-dimethylbutyne parahydrogen also give rise to polarization in the Pt2H

spectral region (Figure 3). The difference in chemical shifts
of the two hydride resonances provides clear evidence for
first-order patterns of an AMX spin system in these cases.
In general, bromide systems give more intense and sharp
signals compared to the corresponding hydrido chloro com-
plexes. The resulting PtIV dihydrides possess an enhanced
thermal stability compared with the chloro analogues, and
are readily observable even upon heating. Furthermore, the
initial patterns are fully restored on cooling once more (al-

Figure 3. PHIP 1H-NMR spectra of the systems [L2PtHBr]/SnBr2/
alkyne/para-H2 in [D6]acetone; a) L 5 PPh3, alkyne 5 1-phenyl-1-
propyne, room temp.; b) L 5 PPh3, alkyne 5 1-phenyl-1-butyne,
room temp., before heating; c) L 5 PPh3, alkyne 5 1-phenyl-1-
butyne, on heating; d) L 5 PPh3, alkyne 5 1-phenyl-1-butyne, at
room temp. after heating; e) L 5 PPh3, alkyne 5 diphenylacetylene,
room temp.; f) L 5 PMePh2, alkyne 5 1-phenyl-1-propyne, room

temp.

As expected, the system [(PPh3)2PtHCl]/SnCl2/diphenyl-
acetylene produced simple polarization patterns upon reac-
tion with parahydrogen in acetone (Figure 2, d) due to the
symmetry of the substrate and, therefore, resulted in the
presence of only one dihydride, 6c. The intensity of the sig-
nals was much lower than in the case of the 1-phenyl-1-
propyne system. The reaction with 3,3-dimethylbutyne
(Figure 2, e) also gave a simple polarization spectrum, de-
spite the lack of symmetry of the substrate. This simplicity
is apparently due to the fact that one alkenyl isomer
strongly predominates in this case. The major isomer is sug-
gested to be the 3,3-dimethylbutenyl-1 complex (6d), in view
of the considerable steric requirements of the tert-butyl
group. When the PHIP spectrum is recorded at elevated
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kyne 5 1-phenyl-1-propyne, Figure 3, a). With 1-phenyl-1- diphenylacetylene in the presence of [(PPh3)2PtHCl]/SnCl2.

Nevertheless, in addition to these signals, in some cases rel-butyne, the additional third isomer of the dihydride is
formed only after heating (Figure 3, b2d). With diphenyl- atively strong polarization patterns are observed on heating

(Figure 4). In general, hydrogenation of 1-phenyl-1-butyneacetylene, the bromide system gives strong and well-re-
solved polarization patterns with a full set of satellite sig- and 1-phenyl-1-propyne gives moderately intense polari-

zation signals of the corresponding cis-alkenes (Figure 4, a,nals (Figure 3, e).
Variation of the Phosphane Ligands: Generally speaking, b). Phenylacetylene is hydrogenated readily, giving rise to

strongly polarized styrene signals as a result of cis-additionelectron-donating phosphanes show less intense and poorly
resolved polarization patterns in the Pt2H region under the of parahydrogen (Figure 4 c). The cis-addition of para-H2

was confirmed by means of the PHIP11 program simu-conditions employed. The results obtained for the
[(PR3)2PtHX]/SnX2/alkyne/acetone systems are summar- lation. Due to the ALTADENA conditions of the hydro-

genation (i.e. the addition of parahydrogen proceeds in theized in Tables 2 and 3. The triethylphosphane monohydride
system did not give rise to PHIP. The system [(PMe- Earth9s magnetic field, and the subsequent transfer to the

strong B0 field for the NMR measurement is adiabatic),Ph2)2PtHCl]/SnCl2/1-phenyl-1-propyne/acetone produces
only weak polarization in the Pt2H region (Figure 3, f). extensive polarization transfer to the methyl and phenyl

Table 3. Spectral NMR parameters of intermediate dihydrides observed in systems with other phosphanes, [(PR3)2PtH(SnX3)]/1-phenyl-
1-propyne/[D6]acetone (δ, relative to [D5]acetone; J, Hz). The letter a corresponds to the major isomer, the letter b to the minor isomer.

PR3 X Isomer δ(H1) δ(H2) 1J(Pt-H1) 1J(Pt-H2) 2J(P-H1) 2J(P-H2)

PMePh2 Cl a 211.17 2 2 2 9.5 2
b 211.392

PMePh2 Br a 211.875 210.25 951.3 563? 9.3 163.2
b 212.102 948.6 9.2

PMe2Ph Cl [a] 211.869 211.487 9.5 2 2 164.5

[a] One isomer.

Figure 4. Polarization of product signals during hydrogenation withThe methyl resonance attributable to the insertion product,
para-H2 of alkynes in the presence of [(PPh3)2PtHX]/SnX2 catalyticanalogous to 5, is also observable in this system [δ(CH3) 5 systems in [D6]acetone on heating; a) X 5 Br, alkyne 5 1-phenyl-

1.24, 3J(195Pt2H) 5 53.4 Hz]. Due to the low intensity and 1-butyne; b) X 5 Br, alkyne 5 1-phenyl-1-propyne; c) X 5 Cl,
alkyne 5 phenylacetylene. The absorption signals of the products,broadness of the signals, the exact composition of the inser-

i.e. of the cis-alkenes, are marked *.tion product remains unclear.
Using the [(PMePh2)2PtHBr]/SnBr2 system, the hydro-

genation of 1-phenyl-1-propyne proceeds rapidly at room
temperature, mainly via an asynchronous mechanism, i.e.
not pairwise. This is reflected in the low polarization signals
of the hydrogenation product, as opposed to rapidly arising
thermal ones, and furthermore, the polarization in the
Pt2H region is low. These Pt-H PHIP signals become
stronger upon heating. It should be noted, however, that
the signals attributable to the insertion product are clearly
visible even at elevated temperature.

Only weak and poorly-resolved polarization patterns in
the PtIV dihydride region are observed in the course of
hydrogenation of PhC;CMe in the presence of
[(PMe2Ph)2PtHCl] 1 SnCl2 in acetone. This hydrogenation
proceeds without polarization of the product signals.

The Relationship between Synchronous (Pairwise) and
Asynchronous Hydrogenation Mechanisms

The observed PtIV dihydrides are assumed to be the inter-
mediates in the stepwise hydrogenation of an alkyne. De-
composition of these dihydrides leads via reductive elimi-
nation to an alkene and a platinum monohydride. Conse-
quently, only thermal signals are observed from the prod-
uct, as is the case during the hydrogenation of
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groups of the substrate is also observed. The efficient pola- should be favored at higher temperatures, as well as by an

increased electronegativity of the π ligand. This process isrization transfer under these conditions is due to strong iso-
tropic mixing of the proton spin functions in the whole mol- of little significance for alkenes, where asynchronous hydro-

genation is observed, giving rise to thermal signals of theecule at low magnetic field[44], as was previously shown for
the hydrogenation of the diphenylacetylene-Pt0 complex, products. It is also noteworthy that the PtIV dihydrides (6a)

are not usually observable in the spectrum at elevated tem-[(PPh3)2Pt(PhC;CPh)] [27]. Alternatively, for the hydroge-
nation of 1-phenyl-1-propyne, the polarized signals of the peratures in cases where the polarized signals of the prod-

ucts appear instead.methyl group of the product can be accounted for by as-
suming a 1,3-dihydrogen addition to the intermediate plat-
inacyclobutene, formed by methyl C2H activation, al-
though the geometry of such an addition should favor the The Role of Structural Factors and Reaction Conditions for the
trans-alkene as a primary product, rather than the cis-iso- Appearance of PHIP in the PtII/SnII Catalytic Systems
mer, which is in fact obtained. Furthermore, the same effect
is also operative for the methyl group of 1-phenyl-1-butyne, Solvent Effects: The described polarization patterns of

the PtIV dihydrides were observed only with acetone as theand seems to have the same origin.
The mechanism of the synchronous dihydrogen addition solvent. The sole exception was the interaction of isolated

5a with parahydrogen in dichloromethane solution, as dis-observed in the SnX2-activated systems described here is
suggested to be related to the Pt0-mediated hydrogenation. cussed above. The synchronous hydrogenation of alkynes

proceeded well in acetone, but was hardly reproducible inThis mechanism could involve the η2-coordination of an
alkyne, and the reductive elimination of HX together with benzene or in other non-solvating media. Experiments in

acetonitrile, which is a much poorer solvent for SnCl2, didSnX2, followed by oxidative addition of dihydrogen to the
resulting Pt0 complex with subsequent formation of an al- not lead to any PHIP effects either. Strongly solvating addi-

tives, such as DMF and THF, can easily destroy the cata-kene (Scheme 2). The formation of the Pt0 intermediate
lytic system, facilitating the cleavage of solvated SnX2 mol-

Scheme 2. The proposed mechanism for the synchronous hydroge- ecules from the active platinum hydride and/or from a σ-nation of alkynes catalyzed with the [(PR3)2-
carbon intermediate (3 in Scheme 1[31] [45]). Since PtIV dihy-PtHX]2SnX2 system in acetone
dride contains only one phosphane ligand, the promotion
of phosphane dissociation by the attached trihalotin ligand
and acetone as the solvent seems to be necessary for the
generation of PHIP-detectable dihydrides. It is noteworthy
that phosphane redistribution proceeds only for platinum
monohydrides with PPh3 and PMePh2

[46], and correspond-
ingly, polarized PtIV dihydrides are observable mainly with
these ligands. Furthermore, the processes suggested to be
essential for synchronous hydrogenation, the formation of
cationic intermediates 7 (Scheme 2), as well as their depro-
tonation with formation of Pt0 intermediates 8, are strongly
favored with polar, solvating acetone as the solvent.

Substrate and Halide Ligands: The appearance of polar-
ized PtIV dihydrides depends principally on the hydroge-
nation substrate. The intensity of the polarization pattern
reflects the suggested stability of the insertion product,
while the number of isomers corresponds to the possible
number of isomeric alkenyl radicals. For symmetrical
alkynes, only one isomer is observed; for 1-phenyl-1-pro-
pyne two main insertion products are possible, giving rise
initially to two dihydrides. Accordingly, 1-phenyl-1-butyne,
being able to form more isomers, gives a complicated mix-
ture of polarized dihydrides after heating. Alkenes, es-
pecially internal ones, generally adopt a quite unfavorable
equilibrium position for insertion into Pt2H bond[31]. This
factor is believed to be the reason for the failure to observe
intermediates of type 6 in the course of the hydrogenation
of alkenes such as NBD and 3,3-dimethylbutene. Further-
more, steric bulkiness of an alkyne (e.g. diphenylacetylene)
can prevent extensive formation of the alkenyl complex,
thereby decreasing the intensity of the signals of the PtIV di-
hydrides.
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[s, CPh, 2J(PtC) 5 94.8 Hz], 23.50 [s, CH3, 2J(PtC) 5 28.9 Hz].Tribromostannato hydrides give insertion products with
2 31P NMR: δ 5 18.85 [s, 1J(PtP) 5 3007, 2J(119SnP) 5 240.4,higher equilibrium constants, and the resulting σ-insertion
2J(117SnP) 5 230.7 Hz].products are less fluxional compared to the chloro ana-

logues. This feature is reflected in the higher intensity and Reaction of 5a with Dimethylformamide: To a solution of isolated
sharpness of the corresponding polarization patterns. 5a (46 mg, 43 µmol) in 0.7 ml of CD2Cl2, 10 µl of dimethylformam-

ide was added. 1H NMR of 5b: δ 5 1.131 [s, 3J(PtH) 5 48.8 Hz].We thank the Russian Foundation for Basic Research (RFBR),
2 31P NMR: δ 5 24.607 [s, 1J(PtP) 5 3306 Hz].and the Deutsche Forschungsgemeinschaft (DFG) for financial sup-

port, and Dr. S. Klages for many helpful discussions.

[1] P. F. Seidler, H. E. Bryndza, J. E. Frommer, L. S. Stuhl, R. G.
Bergman, Organometallics 1983, 2, 170121705.Experimental Section

[2] R. Eisenberg, T. C. Eisenschmid, M. S. Chinn, R. U. Kirss, Adv.
Chem. Ser. 1992, 230 (Homogeneous Transition Met. Catal. Re-General Remarks: The 1H-, 1H-PHIP-, and 31P-NMR spectra
act.), 47274.were recorded with a Bruker AMD 200 MHz spectrometer with an

[3] C. R. Bowers, D. P. Weitekamp, Phys. Rev. Lett. 1986, 57,Aspect 2000 operating system. In order to obtain the PHIP spectra, 264522648.
one 8K FID signal was acquired using 45° excitation pulses cover- [4] C. R. Bowers, D. P. Weitekamp, J. Am. Chem. Soc. 1987, 109,

554125542.ing the spectral range between δ 5 230 and δ 5 110. To record
[5] J. Bargon, J. Kandels, K. Woelk, Angew. Chem. 1990, 102,the conventional or “thermal” 1H-NMR spectra, the same param-

70271; Angew. Chem. Int. Ed. Engl. 1990, 29, 58.eters were used, except for the pulse width, which was set at 90°. [6] S. B. Duckett, R. Eisenberg, J. Am. Chem. Soc. 1993, 115,
The 13C spectra were recorded with a Varian VXR-400 spec- 529225293.

[7] R. Cramer, R. V. Lindsey, Jr., J. Am. Chem. Soc. 1966, 88,trometer operating at 100.6 MHz. The 1H- and 13C-NMR spectra
353423544.were referenced to residual protons of known chemical shift and

[8] P. Kating, A. Wandelt, R. Selke, J. Bargon, J. Phys. Chem. 1993,the 13C signals of the solvent, respectively, while 31P spectra were 97, 13313213317.
referenced to external 85% H3PO4. [9] J. Bargon, J. Kandels, K. Woelk, Z. Phys. Chem. (Munich)

1993, 180, 65293.The simulation of the PHIP 1H-NMR spectra was performed with [10] S. B. Duckett, R. Eisenberg, A. S. Goldman, J. Chem. Soc.,
the OS/2-based PHIP11 program, developed by Greve[47]. Chem. Commun. 1993, 118521187.

[11] J. Bargon, J. Kandels, P. Kating, J. Chem. Phys. 1993, 98,Deuterated solvents for NMR spectroscopy were purchased from 615026153.
Aldrich, dried (CDCl3) and degassed prior to use, and stored un- [12] S. B. Duckett, C. L. Newell, R. Eisenberg, J. Am. Chem. Soc.

1994, 116, 10548210556.der vacuum.
[13] M. S. Chinn, R. Eisenberg, J. Am. Chem. Soc. 1992, 114,

Tin dichloride and tin dibromide (anhydrous) were both obtained 190821909.
[14] S. B. Duckett, C. L. Newell, R. Eisenberg, J. Am. Chem. Soc.from Aldrich, and used without additional purification.

1993, 115, 115621157.
The platinum complexes, trans-[(PR3)2PtHCl] (PR3 5 PPh3, [37]; [15] T. C. Eisenschmid, J. McDonald, R. Eisenberg, R. G. Lawler,

J. Am. Chem. Soc. 1989, 111, 726727269.PMePh2, PMe2Ph[48]) were synthesized as described previously. The
[16] T. C. Eisenschmid, R. U. Kirss, P. P. Deutsch, S. I. Hommeltott,corresponding hydrido bromo complexes were obtained according

R. Eisenberg, J. Bargon, R. G. Lawler, A. L. Balch, J. Am.to ref. [49], by reaction of the hydrido chloro complex with excess Chem. Soc. 1987, 109, 808928091.
NaBr in acetone. [17] R. U. Kirss, R. Eisenberg, Inorg. Chem. 1989, 28, 337223378.

[18] R. U. Kirss, T. C. Eisenschmid, R. Eisenberg, J. Am. Chem.Typical Preparation of Solutions for Hydrogenation Studies: Soc. 1988, 110, 856428566.
Weighed amounts of trans-[(PPh3)2PtHCl] (10 mg, 13 µmol) and [19] R. D. Cramer, E. L. Jenner, R. V. Lindsey, Jr., U. G. Stolberg,

J. Am. Chem. Soc. 1963, 85, 169121692.SnCl2 (7.5 mg, 40 µmol) were placed in a screw-capped NMR tube
[20] J. C. Bailar, Jr., H. Itatani, J. Am. Chem. Soc. 1967, 89,attached to a vacuum line, and 0.7 ml of dry degassed [D6]acetone

159221599.was condensed into the tube. After thawing and filling the tube [21] R. W. Adams, G. E. Batley, J. C. Bailar, Jr., J. Am. Chem. Soc.
with dry argon, it was disconnected from the vacuum line and fitted 1968, 90, 605126056.

[22] I. Schwager, J. F. Knifton, J. Catal. 1976, 45, 2562267.with a septum stopper. About 15 µl of the substrate was then added
[23] G. Consiglio, P. Pino, Helv. Chim. Acta 1976, 59, 6422645.to the sample by means of an Eppendorf micropipette. Pa-
[24] Y. Kawabata, T. Hayashi, I. Ogata, J. Chem. Soc., Chem. Com-rahydrogen was subsequently introduced into the NMR tube mun. 1979, 4622463.

through a stainless steel needle through the septum at a pressure [25] L. Kollar, T. Kegl, J. Bakos, J. Organomet. Chem. 1993, 453,
1552158.of 3 bar. After shaking of the solution in the parahydrogen atmos-

[26] P. J. Murphy, J. L. Spencer, C. Procter, Tetrahedron Lett. 1990,phere, the tube was inserted into the probehead, and the 1H-PHIP
31, 105121054.spectrum was recorded immediately thereafter. [27] S. Klages, A. B. Permin, V. S. Petrosyan, J. Bargon, J. Or-
ganomet. Chem. 1997, 5452546, 2012205.(σ-1-Phenylpropen-2-yl)(trichlorostannato)bis(triphenylphos-

[28] R. D. Cramer, R. V. Lindsey, Jr., C. T. Previtt, V. G. Stolberg,phane)platinum (5a): [(PPh3)2PtHCl] (100 mg, 0.132 mmol) and J. Am. Chem. Soc. 1965, 87, 658.
SnCl2 (100 mg, 0.53 mmol) were taken up in 2 ml of dry degassed [29] P. S. Pregosin, H. Ruegger, Inorg. Chim. Acta 1981, 54, L59.

[30] G. K. Anderson, C. Billard, H. C. Clark, J. A. Davies, Inorg.acetone. Upon formation of a clear, orange solution, an excess of
Chem. 1983, 22, 4392443.1-phenyl-1-propyne (0.2 ml) was added under argon. The solution

[31] A. B. Permin, V. S. Petrosyan, Appl. Organomet. Chem. 1990,was degassed and sealed in a tube. After 5 min at 1100°C, the tube 4, 1112117.
was stored at 0°C for 48 h. Light-yellow crystals were deposited, [32] R. H. Reamey, G. M. Whitesides, J. Am. Chem. Soc. 1984,

106, 81285.which were collected, washed with acetone, and dried in vacuo (72
[33] B. R. Koch, G. V. Fazakerley, E. Dijkstra, Inorg. Chim. Acta,mg, 52%); m.p. 1652166°C. 2 1H NMR: δ 5 0.69 [d, CH3,

Lett. 1980, 45, L512L53.3J(PtH) 5 51.2, 4J(HH) 5 1.3, 4J(117/119SnH) 5 76.4 Hz], 6.45 [34] V. I. Bogdashkina, A. B. Permin, V. S. Petrosyan, V. I. Pol9-
[br, 5CHPh, 3J(PtH) 5 82.2, 4J(117/119SnH) 5 119.5 Hz]. 2 13C shakov, O. A. Reutov, Bull. Acad. Sci. USSR, Div. Chem. Sci.

1982, 9172920.NMR: δ 5 150.67 [t, PtC, 1J(PtC) 5 772, 2J(PC) 5 9.2 Hz], 139.35

Eur. J. Inorg. Chem. 1998, 1915219231922



Mechanism of Mediated Hydrogenation FULL PAPER
[35] G. K. Anderson, H. C. Clark, J. A. Davies, Inorg. Chem. 1983, [43] K. A. Ostoja Starzewski, H. Ruegger, P. S. Pregosin, Inorg.

Chim. Acta 1979, 36, L445.22, 4342438.
[44] M. G. Pravica, D. P. Weitekamp, Chem. Phys. Lett. 1988, 145,[36] D. W. W. Anderson, E. A. V. Ebsworth, D. W. H. Rankin, J.

2552258.Chem. Soc., Dalton Trans. 1973, 8542858.
[45] V. I. Bogdashkina, A. B. Permin, V. S. Petrosyan, O. A. Reutov,[37] J. Chatt, B. L. Shaw, J. Chem. Soc. 1962, 507525084.

Proc. Acad. Sci., USSR, Chem. Section 1982, 266, 3312334.[38] F. Cariati, R. Ugo, F. Bonati, Inorg. Chem. 1966, 5, 112821132. [46] V. I. Bogdashkina, A. B. Permin, V. S. Petrosyan, IV Internat.[39] I. M. Blacklaws, L. C. Brown, E. A. V. Ebsworth, F. J. S. Reed, Symp. on Homogeneous Catalysis, Leningrad, 1984, Abstr. pa-J. Chem. Soc., Dalton Trans. 1978, 8772879. pers., Nos. P1217, p. 54.[40] H. C. Clark, H. M. J. Smith, J. Am. Chem. Soc. 1986, 108, [47] T. Greve, PhD thesis, University of Bonn, 1996.
382923830. [48] H. C. Clark, H. Kurosawa, J. Organomet. Chem. 1972, 36,

[41] R. S. Paonessa, A. L. Prignano, W. C. Trogler, Organometallics 3992409.
1985, 4, 6472657. [49] T. Miyamoto, J. Organomet. Chem. 1977, 134, 3352362.

[I98284][42] H. C. Clark, C. R. Jablonski, C. S. Wong, Inorg. Chem. 1975,
14, 133221335.

Eur. J. Inorg. Chem. 1998, 191521923 1923



FULL PAPER

Tetramethylpiperidine–Alane Adducts tmpH · AlX3 (X 5 Cl, Br, I) and
tmpH · AlH2Cl: Synthesis, Solution Behavior, and X-ray Crystal Structures;

Ingo Krossing[1], Heinrich Nöth*, Holger Schwenk-Kircher[2], Thomas Seifert[2], and Christiane Tacke

Institut für Anorganische Chemie der Universität München,
Meiserstraße 1, D-80333 München, Germany
Fax: (internat.) 1 49(0)89/5902451

Received November 27, 1997 (Revised September 2, 1998)

Keywords: Tetramethylpiperidine–aluminum trihalide adducts / Tetramethylpiperidine–monochloroalane /
Conductivity measurements / 27Al-NMR spectroscopy

2,2,6,6-Tetramethylpiperidine (tmpH) reacts smoothly with · AlX3 (X = Cl, Br, I) and tmpH · AlH2Cl are tetracoordinated
molecular adducts. While this is also true for solutions ofaluminum trihalides AlX3 (X = Cl, Br, I) and monochloroalane

AlH2Cl · 2 thf to give the addition compounds tmpH · AlX3 tmpH · AlX3 (X = Br, I) and tmpH · AlH2Cl, the compound
tmpH · AlCl3 dissolves in CH2Cl2 as the salt [tmpAlCl3]-(X = Cl, Br, I) and tmpH · AlH2Cl, respectively. These adducts

of the secondary amine tmpH are stable and do not undergo tmpH2 and the adduct tmpH · Al2Cl6, as is evident from its
NMR spectra and from conductivity measurements. Thisintramolecular elimination of HX or H2 with formation of the

aminoalanes tmpAlX2 or tmpAl(H)Cl. In the solid state, tmpH behavior is supported by a semiempirical AM1 calculation.

Synthesis and CharacterizationDue to their importance in industrial processes, addition
compounds of aluminum halides AlX3 (in particular X 5

Addition of one equivalent of tmpH to AlCl3 (in CH2Cl2)Cl) and ether donors have been the subject of extensive
or AlBr3, AlI3, and AlH2Cl · 2(thf) solutions (in toluene)studies with regard to their solution and solid-state be-
leads to immediate formation of the adducts tmpH · AlX3havior[3]. Depending on the method of preparation, the
[X 5 Cl (1a), Br (1b), I (1c)] and tmpH · AlH2Cl (2).tetra-, penta-, or hexacoordinated species AlX3 · Don

(Do 5 ether donor; n 5 123) exist either as molecular ad-
ducts [4] [5] or as salts {e.g. AlCl3 · (thf)2 and
[AlCl2(thf)4]AlCl4}. The latter is also true for the addition
compounds with pyridine[6], DMSO[7], and acetonitrile [8]

(L), leading to the general compound type [AlCl2L4
1]-

AlX4
2. In solution, salt formation can readily be detected

by 27Al-NMR and conductivity measurements, including
Fuoss-Kraus plots for analysis of the dissociation pat- Evolution of hydrogen or HX was not observed. 1b, c

and 2 proved to be molecular monomers in benzene solu-terns[9]. Owing to facile H2 or HX elimination, the chemis-
try of the addition compounds of the aluminum halides tion. They give rise to single sharp signals in the 27Al-NMR

spectra. The chemical shifts of these addition compoundsAlX3 or AlH2X (X 5 Cl, Br, I) with primary or secondary
amines has scarcely been examined. However, two recent follow the substitution pattern, the iodide being observed

at highest field (δ27Al 5 12, ∆1/2 5 140 Hz), followed bypublications demonstrate the existence and importance of
these species: Raston et al. [10] described a stable AlH3 ad- the bromide (δ27Al 5 88, ∆1/2 5 130) and AlH2Cl (δ27Al 5

123). Distinct lines for axial and equatorial methyl groupsduct with the sterically encumbered secondary amine tmpH
(2,2,6,6-tetramethylpiperidine), while Atwood[11] later ob- (1H- and 13C-NMR) as well as for the ring-hydrogen atoms

(1H-NMR) are observed. Thus, axial and equatorial posi-served salt formation upon the addition of excess tBuNH2

to R2AlX (X 5 Cl, Br, I; R 5 Me, Et) when chloride was tions of the hydrogen and carbon atoms in the piperidine
ring in 1b, c are magnetically inequivalent.replaced by bromide or iodide. Recently, we reported on the

synthesis of monomeric bis(tetramethylpiperidino)alumi- Whereas 1b, c and 2 retain their molecular character
upon dissolution in aromatic and chlorinated solvents, thenum halides tmp2AlX (X 5 Cl, Br, I) and on their deriva-

tives[12]. In the course of these studies, addition compounds chloro compound 1a behaves differently. In the solid state,
1a exists as a tetracoordinated molecular adduct of the typeof tmpH and AlX3 (X 5 Cl, Br, I) and AlH2Cl were iden-

tified as by-products. For their full characterization, these tmpH · AlCl3 (vide infra), but in solution it disproportio-
nates according to Eq. 2.adducts tmpH · AlX3 [X 5 Cl (1a), Br (1b), I (1c)] and

tmpH · AlH2Cl (2) have now been independently synthe- Two signals at δ27Al 5 108 and 106, ∆1/2 5 120 and 47
Hz, with an integral ratio of 2:1 are found (100°C), corre-sized from their respective components. Herein, we report

on their solution and solid-state behavior. sponding to a conversion of 1a to tmpH · Al2Cl6 and
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broad lines for the N2H protons in a ratio of 2:1 (1:6 and
1:12 to each of the tmp methyl signals) as well as three
distinct tmp methyl groups are observed in the 1H-NMR
spectrum.

To further prove the “dissociation” pattern of the salt
[tmpAlCl3]tmpH2 (as represented by Eq. 2), 1a has been
subjected to conductivity measurements in CH2Cl2.

[tmpAlCl3]tmpH2. The line widths of the 27Al-NMR signals
Figure 2. Fuoss-Kraus plot for tmpH·AlCl3 (1a) calculated from

are found to be temperature-dependent. At 0°C, only one conductivity measurements in CH2Cl2
broad line at δ27Al 5 106 is observed. Heating the sample
to 100°C ([D8]toluene) leads to the resolution of two well-
separated lines (see Figure 1), indicating the absence of ra-
pid exchange processes and the presence of two distinct
species.

Figure 1. 27Al-NMR spectra of tmpH·AlCl3 (1a) at various tempe-
ratures ([D8]toluene)

According to the gradient of the Fuoss-Kraus[14] plot
(a 5 20.5, depicted in Figure. 2), the solution contains a
simple A1B2 system. Since the molecular adduct tmpH ·
Al2Cl6 is not involved in ion formation, only the conduc-
tivity induced by the [tmpAlCl3]tmpH2 species, an A1B2

compound, is detected.

Crystal Structures

In contrast to the solution behavior of 1a, the structures
of 1a (Figure 3), 1b (Figure 4), 1c (Figure 5), and 2 (Figure
6) in the solid state all represent simple adducts with tetra-
coordinated aluminum centers. Crystals of 1a2c are found
to be monoclinic, space group P21/n (1a) and P21/c (1b, c),
respectively, while 2 crystallizes in the orthorhombic space
group P212121. All unit cells contain four molecules. Selec-
ted structural parameters are summarized in Table 1.

In each of the adducts, the aluminum atom is coordinated
by a nitrogen atom, with the halogen and/or hydrogen
atoms arranged in a distorted tetrahedral manner. Whereas
the angles X2Al2X in 1a2c are close to 109.5°, the
N2Al2X bond angles deviate by 19.7/210.5° from this
value. This behavior seems to depend on the size of the
halogen atoms, as these deviations are reduced to 12.5 and
28.3°, respectively, in 2. One halogen atom resides between
the two equatorial methyl groups, on the same side as the
N2H atoms. The respective H2N2Al2X torsion angles
vary from 7.38° (1a), through 5.0° (1b) and 0.3° (1c), to
23.5° (2). The geometry at the nitrogen atom (C2NAl plane)The “dissociation” of 1a is indicated by the appearance

of three sets of signals for the different tmp ligands, rep- is close to planar, as is indicated by the sums of the respect-
ive bond angles (1a: 350.1°; 1b: 350.2°; 1c: 350.3°; 2: 346.5°resented by the formulae (tmpH · Al2Cl6;

[tmpAlCl3]tmpH2). Two signals are observed in the range vs. 3 3 109.5 5 328.5°). The Al2N distances span a range
from 2.009(5) (1b) to 2.038(9) Å (1c). This corresponds withδ 5 57260 for the carbon atoms bonded to nitrogen atoms,

indicating the presence of two distinct tmp groups with the upper range of known Al2N distances in amine ad-
ducts of aluminum halides or hydrides, such as AlCl3 ·tetracoordinated nitrogen atoms. The third ligand has a

tricoordinated nitrogen atom, since the respective NMe3 [d(Al2N) 5 1.96(1) Å] [15] or tmpH · AlH3

[d(Al2N) 5 2.04(1) Å] [10]. Since chlorine and bromine have13C(C2N) resonance is found at δ 5 53.2 {cf. for example
tmpAlI2 · py: d13C(C2N) 5 53.3 (tricoordinated nitrogen a stronger negative inductive effect than hydrogen, and thus

increase the acceptor strength of the aluminum center, theatom); [(Me3Si)3SiAlCl3] tmpH2: d13C(C2N) 5 58.0 (tetra-
coordinated nitrogen atom)}[12] [13]. Furthermore, two Al2N distances in 1a, b and 2 are shorter than that found
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Table 1. Bonding parameters of compounds tmpH·AlX3 (X 5 Cl, Br, I) and tmpH·AlH2Cl

Parameter tmpH·AlCl3 tmpH·AlBr3 tmpH·AlI3 tmpH·AlH2Cl

Bond lengths [Å]
Al2N 2.014(2) 2.009(5) 2.038(9) 2.019(3)
Al2X(1) 2.129(1) 2.280(2) 2.540(3) 2.154(2)
Al2X(2); H(1) 2.136(1) 2.283(2) 2.535(3) 1.60(3)
Al2X(3); H(2) 2.129(1) 2.300(2) 2.532(3) 1.51(3)

Bond angles [°]
N2Al2X(1) 99.86(7) 100.9(1) 99.0(3) 101.2(1)
N2Al2X(2); H(1) 115.39(8) 116.0(2) 118.6(3) 112(1)
N2Al2X(3); H(2) 116.72(7) 117.9(2) 119.2(3)
X(1)2Al2X(3); H(2) 110.03(5) 110.02(8) 110.1(1) 109(1)
X(1)2Al2X(2); H(1) 110.83(5) 110.56(7) 109.3(1) 115.2(8)
X(3); H(2)2Al2X(2); H(2) 104.09(5) 101.59(7) 100.6(1) 108(2)
C(1)2N2Al 115.8(2) 117.1(3) 117.6(6) 114.8(2)
C(5)2N2Al 117.7(2) 117.4(3) 116.4(7) 114.7(2)
C(1)2N2C(5) 116.6(2) 115.7(4) 116.3(8) 116.9(2)

Figure 5. Molecular structure of tmpH·AlI3 (1c) in the solid state;Figure 3. Molecular structure of tmpH·AlCl3 (1a) in the solid
state; thermal ellipsoids are shown at a 25% probability level; struc- thermal ellipsoids are shown at a 25% probability level; structural

parameters are compiled in Table 1tural parameters are compiled in Table 1

Figure 4. Stereoplot of the unit cell contents of tmpH·AlBr3 (1b); view down the c axis (a axis to the right)

in tmpH · AlH3. In 1c, two opposing effects are responsible this reason, d(Al2N) reaches its minimum values in 1a, b,
and not in 1c. The aluminum2halogen bond lengths infor the relatively long Al2N bond length: AlI3 is the strong-

est Lewis acid amongst the aluminum halides[3], and, there- these systems vary only slightly: the average Al2Cl dis-
tances are 2.131 Å (1a) and 2.154 Å (2), respectively, Al2Brfore, one would expect a short Al2N distance. However,

the iodine atoms are considerably larger than the chlorine is 2.288 Å (1b, av.), and Al2I is 2.536 Å (1c, av.). These
values are close to those observed in AlCl3 · NMe3or bromine atoms and thus increase the steric strain. For
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Figure 6. Molecular structure of tmpH·AlH2Cl (2) in the solid H···Br distance of 2.978 Å (angle Br···H2N 169.0°) as well
state; thermal ellipsoids are shown at a 25% probability level; struc- as an H···Br contact to a CH3 group (3.019 Å). In the iod-

tural parameters are compiled in Table 1
ide 1c, there are H···I contacts between two different I
atoms and H atoms of two different CH3 groups (4.021 and
3.191 Å, with Al2I···H angles of 148.2 and 125.7°, respec-
tively). In contrast, there are no close intermolecular con-
tacts between the Cl atom and H atoms bonded to either
N or C in compound 2.

Discussion

At first sight it is not easy to understand why only the
aluminum trichloride adduct 1a undergoes a structural
change in solution. In fact, this could even be seen as a
contradiction, because Atwood[11] found that only the
bromo- and iodoalanes R2AlX (X 5 Cl, Br, I; R 5 Me, Et)
could be forced to ionize by the addition of excess tBuNH2.
This was attributed to the lower Al2Br and Al2I bond[d(Al2Cl) 5 2.11(1)22.14(1) Å] [15], AlMe2I · NMe3

[d(Al2I) 5 2.58 Å] [16] and AlI3 · iq [iq 5 isoquinoline; enthalpies and this argument should also be valid for the
compounds described here. Since 1a is found to “dissociate”d(Al2I) 5 2.504(4) Å] [13].

In spite of the fact that the adducts 1a2c are present in according to Eq. 2, a decisive factor is clearly the formation
of an ion pair (additional coulombic energy) and thespace group No. 14, the arrangement of the molecules in

the lattice is different in each case. Thus, in the chloride 1a, chloro-bridged species tmpH · Al2Cl6. Thus, in this process
nine terminal Al2Cl bonds are transformed into seven ter-the shortest intermolecular contacts are between a Cl atom

of the AlCl3 group and a hydrogen atom of a CH3 group minal and four bridging Al2Cl bonds. The relevant mean
bond enthalpies are 425 kJ/mol for a terminal Al2Cl[(d(H···Cl) 5 2.844 Å, angle Cl···H···C 169.7°]. In contrast,

in 1b there is an intermolecular N2H2Br contact with an bond[3] and 289 kJ/mol for a bridging Al2Cl bond[17].

Table 2. Crystallographic data and information related to data collection and structure solution

Compound tmpH · AlCl3 (1a) tmpH · AlBr3 (1b) tmpH · AlI3 (1c) AlH2Cl · tmpH (2)

Chem. formula C9H19AlCl3N C9H19AlBr3N C9H19AlI3N C9H21AlClN
Formula weight 238.12 407.96 548.93 205.71
Cryst. size [mm] 0.19 3 0.32 3 0.44 0.2 3 0.3 3 0.3 0.6 3 0.4 3 0.15 0.35 3 0.38 3 0.55
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P21/n P21/n P21/c P212121
a [Å] 8.682(2) 8.686(3) 16.126(4) 7.819(1)
b [Å] 12.233(2) 12.710(4) 13.628(4) 10.490(2)
c [Å] 13.120(2) 13.339(5) 15.987(5) 15.224(3)
α [°] 90 90 90 90
β [°] 94.42(1) 96.47(1) 113.38(2) 90
γ [°] 90 90 90 90
V [Å3] 1389.3(4) 1463.2(9) 3224.9(16) 1248.7(5)
Z 4 4 8 4
ρcalcd. [Mg/m3] 1.138 1.852 2.261 1.094
µ [mm21] 0.495 8.300 5.843 0.334
absorption correction 2 semiempirical semiempirical 2
min. and max. transmission 2 0.205 and 0.382 0.237 and 0.345 2
F(000) 504 792 2016 448
Index range 210 # h # 0 29 # h # 9 216 # h # 18 213 # h # 0

214 # k # 0 214 # k # 14 215 # k # 0 211 # k # 0
215 # l # 15 214 # l # 14 218 # l # 0 212 # l # 22

2θ [°] 50.00 46.52 48.10 50.00
T [K] 233 193 193(2) 293
Refl. collected 2619 6071 5304 3153
Refl. unique 2449 1937 5099 2192
Refl. obsd. (4σ) 1871 1666 4115 1827
Rint 0.0354 0.0413 0.0674 0.0276
No. of variables 127 131 261 118
Weighting scheme[a] x/y 0.1524/5.5644 0.0270/6.5814 0.0479/35.7622 0.0765/0.2610
GooF 0.649 1.102 1.176 0.1057
Final R (4σ) 0.0485 0.0392 0.0518 0.0443
Final wR2 0.1360 0.0854 0.1259 0.1209
Largest resid. peak [e/Å3] 0.550 1.229 0.795 0.39

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.
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GSX400, and Jeol GSX270. 2 IR: Nicolet FT-IR spectrometerHence, nine terminal Al2Cl bonds amount to an enthalpy
model 6000, CsI plates, Nujol. 2 MS: Varian Atlas CH7 spec-of 3825 kJ/mol, while seven terminal and four bridging
trometer.bonds represent 4131 kJ/mol, and consequently the “dis-

sociated” species is favored by about 200 kJ/mol. As the tmpH·AlCl3 (1a): To a suspension of AlCl3 (0.65 g, 4.87 mmol)
in 10 ml of CH2Cl2, tmpH (0.83 ml, 4.87 mmol) was added atbond enthalpies for Al2X2Al bridges decrease dramati-
ambient temperature and the mixture was exposed to ultrasoundcally on going from X 5 Cl (∆Ebond 5 289 kJ/mol) to X 5
for 3 h. The resulting yellow solution was stored at 220°C over-I (∆Ebond 5 192 kJ/mol) [17], the formation of halide bridges
night, whereupon 0.90 g (67%) of colorless crystals of tmpH · AlCl3is not favored for X 5 Br, I. Due to the large steric require-
separated, m.p. 130°C. 2 1H NMR (CDCl3, 400 MHz): δ 5 1.40ment of the tetramethylpiperidine ligand, another usual
(s, 12 H, tmp-CH3), 1.61 (s, 12 H, tmp-CH3), 1.73 (s, 12 H, tmp-

pathway to dissociation, as described by Eq. 3, is not appli- CH3), 2.88 (br. s, 2 H, N-H), 4.83 (br. s, 1 H, N-H), some additional
cable here. multiplets at δ 5 1.45 and 1.6021.80 were also observed, but were

not readily assigned. 2 13C NMR (CDCl3, 100 MHz): δ 5 15.7
(tmp-γ-CH2), 16.5 (tmp-γ-CH2), 23.5 (tmp-CH3), 29.1 (tmp-CH3),
33.5 (tmp-CH3), 36.1 (tmp-C), 41.1 (tmp-C), 53.3 (tmp-C), 57.2
(tmp-C), 59.6 (tmp-C). 2 27Al NMR (CDCl3, 70 MHz): δ 5 106

Figure 7. Calculated heats of formation of all compounds involved (∆1/2 5 47 Hz), 108 (∆1/2 5 120 Hz). 2 IR (Nujol): ν̃ 5 3172in Eq. 4 and estimated enthalpy of formation of tmpH·Al2Cl6 and
cm21 s (N2H), 496 ss (Al2Cl), 421 ss (Al2Cl). 2 C9H19NAlCl3[tmpAlCl3]tmpH2
(274.60): calcd. C 39.37, H 6.97, N 5.10; found C 38.33, H 7.02,
N 4.97.

tmpH·AlBr3 (1b): tmpH (0.85 ml, 5.0 mmol) in 5 ml of benzene
was added to a solution of AlBr3 (1.3 g, 5.0 mmol) in 20 ml of
benzene with stirring. The addition was accompanied by an im-
mediate color change from brown to light-yellow. Successive partialThis assumption is corroborated by a semiempirical
evaporation of the solvent and cooling to 8°C led to the precipi-AM1 calculation[18] of all the heats of formation of com-
tation of colorless crystals of tmpH · AlBr3. These were recrys-pounds that appear in Eq. 4 (see Figure 7). This allows an
tallized from 15 ml of benzene, m.p. 1372139°C (darkening). Yieldestimate of the overall reaction enthalpy. In the gas phase,
of 1b: 1.46 g (76%). 2 1H NMR (C6D6, 270 MHz): δ 5 0.35 (m,

the dissociated species are found to be favored by about 4.4 1 H, tmp-CH2), 0.52 (m, 1 H, tmp-CH2), 0.72 (dt, 2 H, tmp-CH2),
kcal/mol over the molecular starting material. Moreover, 0.91 (dt, 2 H, tmp-CH2), 1.20 (s, 6 H, tmp-CH3), 1.53 (s 6 H, tmp-
polar solvents such as dichloromethane should exert an ad- CH3). 2 13C NMR (C6D6, 100 MHz): δ 5 15.3 (tmp-C4), 23.6,
ditional stabilizing effect, thereby assisting in the formation 33.8 (tmp-C7-10), 40.8 (tmp-C3,5), 60.1 (tmp-C-N). 2 27Al NMR

(C6D6, 70 MHz): δ 5 88 (∆1/2 5 130 Hz). 2 IR (Nujol) [ν(Al2Br)of ion pairs. As this additional stabilization is not provided
range]: ν̃ 5 411 cm21 vs, 384 s. 2 C9H19NAlBr3 (407.95): calcd. Cby the crystal lattice, the undissociated monomeric species
26.50, H 4.69, N 3.43, Al 6.6, Br 58.8; found C 27.18, H 5.13, N1a turns out to be more stable in the solid state.
3.17, Al 6.7, Br 60.4.

tmpH·AlI3 (1c): To a solution of AlI3 (0.81 g, 2.0 mmol) in 20
Conclusion ml of toluene, a solution of tmpH (0.34 ml, 2.0 mmol) in 5 ml

of toluene was added at ambient temperature. The addition was
The tetramethylpiperidine alane adducts 1a2c and 2 are accompanied by an immediate color change from brown to yellow.

stable towards HX and H2 elimination, and thus formation The resulting solution was reduced to one-third of its original vol-
of compounds tmpAlX2 or tmpAl(H)X does not occur. In ume. Upon cooling to 220°C, colorless crystals of tmpH · AlI3

the solid state, they are present as monomeric tetracoordi- separated, which were recrystallized from 10 ml of toluene; m.p.
1412143°C (decomp.), yield of 1c: 0.81 g (74%). 2 1H NMRnated species. This is also true for solutions of 1b, c and 2.
(C6D6, 270 MHz): δ 5 0.33 (m, 1 H, tmp-CH2), 0.56 (m, 1 H, tmp-In contrast, upon dissolution of tmpH · AlCl3, a transform-
CH2), 0.81 (dt, 2 H, tmp-CH2), 1.00 (dt, 2 H, tmp-CH2), 1.25 (s, 6ation takes place according to Eq. 2. Whether this behavior
H, tmp-CH3), 1.70 (s, 6 H, tmp-CH3). 2 13C NMR (C6D6, 100is general or is specific to this compound will be addressed
MHz): δ 5 14.4 (tmp-C4), 23.5, 33.9 (tmp-C7-10), 41.1 (tmp-C3,5),in future investigations; it is surprising to us that such sim-
60.4 (tmp-C-N). 2 27Al NMR (C6D6, 70 MHz): δ 5 12 (∆1/2 5

ple systems raise such interesting and unforeseen questions. 140 Hz). 2 IR (Nujol) [ν(Al2I) range]: ν̃ 5 347 cm21 vs, 295 s. 2
We thank the Fonds der Chemischen Industrie and the Chemetall C9H19NAlI3 (548.95): calcd. C 19.69, H 3.49, N 2.55, Al 4.9, I 69.4;

mbH for support of our research. We are also grateful to Mrs. found C 19.66, H 3.72, N 2.50, Al 5.3, I 70.1.
Käser and Mrs. R. Ullmann for performing C/H/N analyses, Mr. P.

tmpH·AlH2Cl (2): To a solution of AlH2Cl(thf)2 (14.1 g, 67.4
Mayr, Dr. R. Waldhör and Dr. C. Miller for recording many NMR

mmol) in 50 ml of thf, 11.5 ml of tmpH (67.4 mmol) in 50 ml of
spectra, Mrs. D. Ewald for mass spectra and Mrs. E. Kiesewetter

toluene was added at 240°C. The mixture was allowed to warm to
for IR spectra.

ambient temperature and was then heated to reflux for 3 h. There-
after, all volatiles were removed in vacuo and the residue was ex-
tracted with 100 ml of pentane. The organic extract was filtered to

Experimental Section afford a colorless solution. Cooling to 220°C provided 10.1 g
(72%) of colorless crystals of 2, m.p. 85°C. 2 1H NMR (C6D6, 270All manipulations were performed using Schlenk techniques un-

der dinitrogen. All solvents were rigorously dried prior to use and MHz): δ 5 0.84 (m, 4 H, tmp-β-CH2), 1.16 (s, 12 H, tmp-CH3),
1.68 (s, 2 H, tmp-γ-CH2). 2 13C NMR (C6D6, 100 MHz): δ 5 18.8stored under dinitrogen or argon. 2 NMR: Bruker ACP 200, Jeol
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and Thallium, Blackie Academic and Professional, London,(tmp-C4), 32.4 (tmp-C7-10), 38.6 (tmp-C3,5), 49.6 (tmp-C-N). 2
1993, p. 430.27Al NMR (C6D6, 70 MHz): δ 5 123. 2 IR (Nujol): ν̃ 5 1891 [4] P. J. Olgren, J. P. Cannon, C. F. Smith, Jr., J. Phys. Chem. 1971,

cm21 vs, 1831 vs [ν(AlH)], [ν(N2H) range] 3137 m [ν(NH)]. 2 75, 2822289.
[5] L. Jakobsmeier, I. Krossing, H. Nöth, M. J. H. Schmidt, Z.C9H21NAlH2Cl (205.7): calcd. Al 13.1, Cl 17.3; found Al 12.3, Cl

Anorg. Allg. Chem. 1996, 51b, 111721126.18.6.
[6] [6a] P. Pullmann, K. Hensen, J. W. Bats, Z. Naturforsch., Part B

1982, 37, 131221316. 2 [6b] D. M. Brown, D. T. Stewart, D.X-ray Crystal-Structure Determinations: Data collection for X- E. H. Jones, Spectrochim. Acta 1973, 29a, 2132217. 2 [6c] M.
ray structure determinations was performed with a Siemens P4 or Dalibart, J. Derouault, M. T. Forel, J. Mol. Struct. 1981, 70,
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[7] J. Meunier, M. T. Forel, Can. J. Chem. 1972, 50, 115721161.mated Mo-Kα (λ 5 0.71073 Å) radiation. Single crystals were
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Several monomeric dimethylaluminium hydrazide ether monometallated LiAlH3[(Ph)N–N(SiMe3)2] × 2 Et2O (8) with
elimination of one equivalent of H2. The molecule is dimericadducts Et2O/THF × Me2AlNR–NR9R99 (5–7) were obtained

by deprotonating the respective hydrazines with nBuLi, and features an (AlHLiH)2 eight-membered ring. In contrast,
the reaction of tBu(H)N–N(H)SiMe3 with LiAlH4 in thefollowed by reaction with Me2AlCl. The hydrazines Ph(H)N–

N(SiMe3)2 and tBu(H)N–N(H)SiMe3 react with LiAlH4 in the presence of THF leads to the formation of dimeric 2 THF ×
LiAlH2[(tBu)N–N(SiMe3)] (9) with a central (AlNN)2 six-presence of either ether or THF with the formation of dimeric

lithium hydrazino(hydrido)aluminates, e.g. 8 and 9. Their membered ring. A dimeric aluminium hydrazide 10 was
obtained by allowing tBu(Li)N–N(H)SiMe3 to react withstructures depend on the number of acidic hydrogen atoms

bonded to the nitrogen atoms of the starting hydrazine. The Me2AlCl in a hexane/toluene solution. The structure of 10
features a six-membered Al2N4 ring in chair conformation.hydrazine Ph(H)N–N(SiMe3)2 (1) reacts with LiAlH4 to form

Introduction R2AlCl with a lithium hydrazide and secondly the reaction
of LiAlH4 with a hydrazine. Four alkyl-, phenyl- and silyl-In recent years great progress has been achieved in the
substituted hydrazines, 124, were deprotonated by nBuListructural chemistry of alkali metal hydrazides[1]. Among
and the Li compounds were allowed to react with Me2AlCl.the structural principles such as “laddering” and “stack-
The deprotonation of 123 (Eq. 1) was carried out in theing”[2], well known for alkali metal amides, additional ar-
presence of donor molecules. A conceivable Si2N bondrangements such as “butterfly” or “side-on” coordination
cleavage with formation of Me3SiCl for reactions (1) andplay an important role in the structure of the hydrazides.
(2), well-known for the reaction of aminosilanes with alu-However, the structural chemistry of the amino alanes is
minium trihalides[6], was not observed. However, the alkyl-mainly determined by the steric requirements of the organyl
substituted hydrazide 10 was obtained from a hexane/tolu-groups as well as by additional ligands. There are subtle
ene solution (Eq. 2). Furthermore the deprotonation of 1differences; for example, (Me2AlNMe2)2 possesses a planar
and 4 with LiAlH4 proceeded smoothly with H2 evolutionfour-membered Al2N2 ring while a six-membered Al3N3 producing the hydrazino(hydrido)aluminates 8 and 9 (Eqs.ring was observed for (Me2AlNHMe)3, which exists in
3 and 4).either a chair or a “skew-boat” conformation[3]. Further-

The use of ether as a solvent or cosolvent for reactionsmore, the structural motifs found for imidoalanes vary from
(1) and (3) was due to the fact that lithiated phenyl hydra-heterocubanes, e.g. (PhAlNPh)4, to different kinds of
zides and LiAlH4, respectively, are only sparingly, if at all,bridged or fused cage structures[4]. To date, much of the
soluble in both aliphatic and aromatic hydrocarbons. Thisstructural chemistry of group-13 elements has focused on
proved to be essential for good yields.amides and imides[8] [15]. In contrast, information on the hy-

drazido derivatives is still scarce, even though a renewed Although several aluminium hydrazides have already
interest in the investigation of these compounds in the last been investigated[5e] [5f] [5g], no 27Al-NMR data have so far
few years can be noted[5]. Since the synthesis and structural been reported. However, 27Al-NMR spectroscopy is a use-
knowledge of borylated hydrazines are well devel- ful tool not only for monitoring the course of the reaction
oped[5a] [5b] [5c] [5d], we present here work related to new hy- but also for obtaining structural information. Thus, the for-
drazinoalanes and hydrazino(hydrido)aluminates. mation of 5, 6 and 7 (Eq. 1) can be readily deduced from

27Al-NMR spectroscopy. Resonances at δ 5 151 (5), δ 5
165 (6) and δ 5 170 (7), with half widths of 560026100Results and Discussion
Hz, are indicative of asymmetrically tetracoordinated alu-

Preparation and NMR-Spectroscopic Characterization
minium centers[7], and the chemical shifts are comparable
with those of dimeric dialkylaluminium amides, e.g. [iBu2-Among the various possible routes to hydrazinoalanes

only two have been pursued in this study, the metathesis of AlNC6H12]2 [8]. The 1H- and 13C-NMR spectra of 5, 6 and

Eur. J. Inorg. Chem. 1998, 193121938  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/121221931 $ 17.501.50/0 1931
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Scheme 1 In addition, the 7Li-NMR spectrum shows a broad reso-

nance with a half width of 30 Hz.

Molecular Structures

The Aluminium Hydrazide Me2Al(Ph)N2N(SiMe3)2 3 THF (5)

Compound 5 crystallizes in the orthorhombic system,
space group Pna21 with four molecules in the unit cell. Fig-
ure 1 depicts the molecular structure.

Figure 1. ORTEP plot of the aluminium hydrazide 5; hydrogen
atoms are omitted for clarity; thermal ellipsoids are drawn at the

25% probability level

7 show one resonance for the methyl groups residing at the
aluminium atom, indicating free rotation about the Al2N
bond at room temperature.

The aluminium atom is tetracoordinated by one oxygen,For the dimeric compound 10 a 27Al-NMR chemical
one nitrogen and two carbon atoms. However, the bondshift of δ 5 141 is observed with a half width of 2200 Hz.
angles reveal a significant distortion from an ideal tetra-The 1H-NMR data at room temperature reveal two reso-
hedral array as indicated by bond angles N12Al12C13 ofnances for the methyl groups attached to the aluminium
115.9(1)°, O12Al12C13 of 102.2(1)° and C132Al12C14center in accordance with its structure in the solid state.
of 114.7(1)°, respectively. The Al2O distance is larger thanIn contrast, the 13C-NMR spectrum shows only a single
the Al2N distance with a difference of 0.063 Å. The sumresonance for the Al(CH3)2 group at room temperature, but
of bond angles, Σ, at the oxygen atom and the two nitrogenat 260°C two resonances for the methyl groups can be de-
atoms is close to 360° (O1: 357.8°, N1: 358.3°, N2: 360.0°).tected in the 13C NMR. Because there is no temperature-
Therefore, the nitrogen atoms N1 and N2 can be considereddependent line broadening, this behavior is thus best inter-
as being essentially sp2-hybridized and this seems also topreted as being due to a coincidentally equal chemical shift
hold for the oxygen atom. Nevertheless, the latter geometryat room temperature.
can also be readily explained in terms of ion-dipole interac-The 27Al-NMR data of 8 and 9 suggest the formation of
tions between the metal ion and the THF molecule[12].a tetracoordinated H3Al2 and a H2Al2 species, respec-

While the N2N bond length is 1.469(3) Å, we note thattively, by analogy to [tripAlH3LiOEt2]n [9] (trip 5 2,4,6-
the planes around the nitrogen atoms stand almost ortho-iPr3C6H22), [2,6-tBu2C6H3OAlH3Li(OEt2)2]2 and
gonal to one another, as shown by the interplanar angle(mentO)2AlH2Li(THF)2

[10] (ment 5 2-iPr-5-MeC6H92).
C1N1Al1/Si1N2Si2 of 85.2°. The phenyl group is twistedThe 27Al-NMR spectrum of 8 in deuteriobenzene solution
against the plane N2N1Al1 by 20.8°. Although theconsists of a quadruplet at δ 5 110 [1J(Al, H) 5 178 Hz].
N2N2Si bond angles differ from one another by up toHowever, the 7Li-NMR resonance shows a half width of 12
8.4°, the Si2N bond lengths of 1.742(2) Å and 1.746(2) ÅHz and it was not possible to resolve an Li2H coupling in
are equal to within the 3σ standard deviation.the temperature range of 280°C to room temperature. Un-

til recently, little information had been reported on 1J(Li,
H) coupling constants, and we are aware of only two ex- The Aluminium Hydrazide Me2Al(Ph)N2N(Ph)SiMe3 3 THF
amples, 10.5 Hz for [(Me3Si)2N]2AlH2Li(OEt2)2

[11a] and 8.4 (6)
Hz for [Cp*IrH3Li(pmdta)] (pmdta 5 pentamethylethyl-
enetriamine)[11b], both smaller than the observed half width Compound 6 crystallizes in the monoclinic system, space

group Cc with four molecules in the unit cell. The molecu-for 8.
The spectrum of 9 shows a 27Al-NMR resonance at δ 5 lar structure is shown in Figure 2.

Its aluminium atom is tetracoordinated by the oxygen119 with a half width of 1520 Hz. Even at 280°C it was not
possible to observe a 1J(Al, H) coupling as for compound 8. atom of one molecule of THF, one nitrogen atom and two
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Figure 3. ORTEP plot of the aluminium hydrazide 7; hydrogenTable 1. Selected bond lengths [Å] and angles [°] of 5, 6, 7 and 10
atoms are omitted for clarity; thermal ellipsoids are drawn at the

25% probability level5 6 7 10

Al2N 1.869(2) 1.863(3) 1.847(2) N1: 2.016(2)
N2: 1.874(2)

Al2C C13: 1.960(2) C16: 1.955(4) C16: 1.975(2) C1: 1.982(2)
C14: 1.970(2) C17: 1.947(8) C17: 1.973(3) C2: 1.981(2)

N2N 1.468(2) 1.449(3) 1.446(2) 1.486(2)
N2Si Si1: 1.746(2) 1.766(3) 1.746(2) 1.764(2)

Si2: 1.742(2)
Σ N1/N2 358.3/360.0 360.0/360.0 359.6/359.9 323.3/359.9
C2Al2C 114.7(1) 102.1(7) 116.0(1) 106.7(1)
N2N2Al 118.1(1) 114.2(2) 116.1(1) 122.7(1)

Figure 2. The molecular structure of the aluminium hydrazide 6
in ORTEP representation; hydrogen atoms are omitted for clarity;

thermal ellipsoids are drawn at the 25% probability level

The tetracoordinated aluminium atom shows again a dis-
torted tetrahedral array as described for compound 5. The
geometry at both nitrogen atoms is almost planar with a
sum of bond angles, Σ, of 359.6° for N1 and 359.9° for N2.
The Al2N distance of 1.847(2) Å in 7 is slightly shorter
than in compounds 5 or 6. The Al2O bond length of
1.928(2) Å is comparable with that in compound 5, despite
the weaker base strength of diethyl ether.

The N2N bond length of 1.446(2) Å corresponds to that
found in compound 6. The planes at the nitrogen atoms
Si1N1Al1/C1N2C7 are again close to perpendicular (the in-
terplanar angle is 81.2°) and both phenyl groups are twisted
against the plane around N2 by 27.5° and 28.3°, respec-
tively. The Si2N bond length of 1.746 (2) Å is comparable
to that in compound 5.carbon atoms of the methyl groups. The Al2N and Al2O

bond lengths of 1.863(3) Å and 1.879(3) Å, respectively, are
very similar to each other, in contrast to those in com-

The Lithium Hydrazino(hydrido)aluminatepounds 5 and 7. Both nitrogen atoms are tricoordinated in
LiAlH3[(Ph)N2N(SiMe3)2] 3 2 Et2O (8)a planar environment, the sum of bond angles, Σ,

amounting to 360.0° both for N1 and N2. Even the oxygen The colorless prisms of 8 belong to the triclinic system,
atom shows a tricoordinate-planar environment. space group P1̄. There are two molecules Li-

It is found that the planes around the nitrogen atoms AlH3[(Ph)N2N(SiMe3)2] 3 2 Et2O in the unit cell which
are even closer to perpendicular in comparison with 5, as are symmetry-related by a crystallographical inversion
demonstrated by the torsion angle C12N12N22C7 of center in the midpoint of an (LiH2Al)2 eight-membered ring
89.7°. Moreover, the N2N distance of 1.449(3) Å is notice- as shown in Figure 4. For molecular parameters of com-
ably shorter than that determined for compound 5, differing pounds 8 and 9 see Table 2.
by 0.019 Å. In contrast to 5, the Si2N bond of 1.766 Å is Thus, two hydrazidoaluminate units are linked by two
slightly lengthened (0.020 Å). The phenyl groups are twisted H2Li2H bridges. The resulting eight-membered ring
by 3.2° at N1 and 17.4° at N2 with respect to the N2N1Al shows a striking feature: six atoms build up exactly a plane,
and N1N2Si plane, respectively, in accordance with the without significant deviation. Two hydrogen atoms, H1c
N2C distances of 1.396(4) Å and 1.405(4) Å, indicating and H1ca, lie 0.36 Å above and below this plane, respec-
N2C π bonding. tively.

The aluminium atom is almost tetrahedrally coordinated
by three (one terminal and two bridging) hydrogen atomsThe Aluminium Hydrazide Me2AlN(SiMe3)2NPh2 3 Et2O (7)
and one nitrogen atom. The lithium atom is also tetracoor-
dinated by two oxygen atoms and two hydrogen atoms in aCompound 7 crystallizes in the triclinic system, space

group P1̄. There are two independent molecules in the unit slightly distorted tetrahedral array as indicated by the
O12Li12O2 bond angle of 116.9(3)°. The Al2H bondcell whose structural parameters differ only insignificantly.

Therefore we depict only one of these in Figure 3. lengths are 1.50(4) Å for the terminal hydrogen atom and
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Figure 5. ORTEP plot of 9 including selected hydrogen atoms; theFigure 4. ORTEP representation of the lithium hydrazino(hydri-

do)aluminate 8 including selected hydrogen atoms; the ethyl groups methyl groups on C4, C11 (tBu); Si1 and Si2 (SiMe3) are omitted
for clarity; thermal ellipsoids are drawn at the 25% probability levelof the ether molecules are omitted for clarity; thermal ellipsoids

are drawn at the 25% probability level

1.58(4) Å and 1.61(4) Å for the bridging hydrogen atoms.
The Li2H atom distances of 1.86(4) Å and 1.85(4) Å are
longer than those to the aluminium atoms but clearly
shorter than in ionic LiH (2.08 Å) [13]. The Al2N bond
length of 1.869(3) Å corresponds to that found in the alu-

atom of a THF molecule, whereas Li2 is tetracoordinatedminium hydrazide Me2Al(Ph)N2N(SiMe3)2 3 THF (5).
by three oxygen atoms and one hydrogen atom of an AlH2The hydrazide unit in 8 shows the same tendencies in bond
unit.lengths and angles as described for compound 5. Both ni-

In addition, Li1 exhibits two close contacts with two hy-trogen atoms are almost sp2-hybridized with sum of bond
drogen atoms of the AlH2 units with distances of 2.09(3) Åangles, Σ, of 359.1° for N1 and 358.3° for N2. Furthermore
(for H1b) and 2.26(4) Å (for H2b). Taking these contactsthe planes around the nitrogen atoms are almost perpen-
into account, we arrive at pentacoordination with a dis-dicular to one another, as indicated by the torsion angle
torted trigonal-bipyramidal array with the hydrogen atomsC12N12N22Si1 of 81.3°. The phenyl group is twisted
in apical positions. This is an unexpected situation, becauseslightly against the plane around N1 (N2Al1C1) by 11.1°.
usually the most electronegative partners occupy the apices
of the trigonal bipyramid. The deviation from the ideal tri-Table 2. Selected bond lengths [Å] and angles [°] of 8 and 9
gonal-bipyramidal array is indicated by the bond angle

8 9 H1b2Li12H2b of 153(2)°. It should be noted that the
Li12N distances [2.278(7) Å and 2.213(7) Å] are longer

Al2N 1.869(3) N1: 1.843(3)/N3: 1.841(3) than the Li12O18 distance [1.920(6) Å] in accordance withN2: 1.871(3)/N4: 1.895(3)
the larger effective radius of the nitrogen atoms comparedAl2H 1.50(4)21.61(4) 1.54(3)21.61(3)

N2N 1.460(4) N1: 1.508(3)/N3: 1.504(4) to the oxygen atom.
Li2H 1.85(4)21.86(4) Li1: 2.09(3)/2.26(4) The aluminium atoms are not bonded symmetrically toLi2: 1.89(4)

the neighboring nitrogen atoms. Due to the electron-releas-N2Si Si1: 1.730(3) Si1: 1.707(3)
Si2: 1.735(3) Si2: 1.705(3) ing properties of the SiMe3 group, the corresponding Al2N

Σ N1 (N3) 359.1 358.6 (357.6)
bond lengths, Al12N1 and Al22N3 are shortened. For ex-Σ N2 (N4) 358.3 356.1 (354.8)
ample, Al12N1 and Al12N4 differ by 0.052 Å. Comparing
the sum of bond angles, Σ, at the nitrogen atoms, we found
in accordance with the aluminium2nitrogen bond lengths,
that the Σ of N1 (358.6°) and N3 (357.6°) are closer to 360°The Lithium Hydrazino(hydrido)aluminate
than those of N2 (356.1°) and N4 (354.8°) (neglecting theLiAlH2[(tBu)N2N(SiMe3)] 3 2 THF (9)
Li···N interaction), which are slightly pyramidalized. It is
particularly noteworthy that the N2N bond lengths ofCompound 9 crystallizes in the monoclinic system, space

group P21/n, with four molecules in the unit cell. It should 1.508(3) Å (N12N2) and 1.504(4) Å (N32N4) are quite
long. One reason for this is certainly the twisted planesbe noted that due to some disorder of the THF molecules

the carbon atoms of the THF molecules around Li2 were around the nitrogen atoms, as indicated by the interplanar
angles Al1N1Si1/Al2N2C4 (75.0°) and Al2N3Si2/refined only isotropically.

The most remarkable feature of compound 9, depicted in Al1N4C11 (78.3°), causing a repulsion of the π electrons at
the nitrogen atoms. But surely the most significant factorFigure 5, are two differently coordinated lithium atoms. Li1

is tricoordinated by the nitrogen atoms of the tBuN groups in the elongation of the N2N bond is the four-coordination
observed for N2 and N4. Finally, we note comparativelyof the (Al2N2N)2 six-membered ring and one oxygen
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short N2Si bond lengths of 1.707(3) Å (Si12N1) and thus preventing the formation of additional metal2nitrogen

interactions. One reason for this is certainly the planarity1.705(3) Å (Si22N3), respectively.
at the nitrogen atoms that decreases the basicity of the R2N
group. The Al2N bond lengths of 5, 6 and 7 are compar-

The Aluminium Hydrazide [Me2AlN(SiMe3)2N(tBu)H]2 (10) able to those in aluminium amides with tetracoordinated
aluminium atoms and tricoordinated nitrogen atoms[14].

The solvent-free compound 10 crystallizes in the ortho- These bond lengths vary from 1.869(2) Å in 5 to 1.847(2)
rhombic system, space group Pbca, with 8 molecules in the Å in 7. Although the weaker donor ability of diethyl ether
unit cell. The molecular structure is depicted in Figure 6. in contrast to THF is expected to lead to longer Al2O dis-

tances, the Al2O bond length of 1.928(2) Å in compoundFigure 6. ORTEP representation of 10; hydrogen atoms, except on
7 is comparable to that found in 5 [1.932(2) Å]. The reasonthe nitrogen atoms, are omitted for clarity; thermal ellipsoids are

drawn at the 25% probability level for the short Al2N bond of 7 may be the higher acidity of
the nitrogen atom, due to the neighboring SiMe3 group.
This effect is also observed in compound 10. Therefore, the
metallation took place at the silyl-substituted nitrogen
atom. The Al2N bond length of 1.874(2) Å is somewhat
longer than in the ether adducts 5, 6 and 7, but reasonably
shorter than the Al2N bond length of 2.016(2) Å of the
coordinating nitrogen atom in compound 10, which com-
pares well to those found in alane amines such as Me2-
ClAl(NHBz2) (Bz 5 benzyl) [15a] or Me3Al(NHBz2)[15b]. In
contrast to the solvates 5, 6 and 7, the β-nitrogen atom of
the aluminium hydrazide 10 is also involved in coordination
to the aluminium atom. Dimeric 10 forms a six-membered
Al2N4 ring in chair conformation with the tert-butyl groups
in axial positions. These results differ from the structural
observations recently reported for the dimeric aluminium
hydrazide, [Me2Al2µ-N(H)NMe2]2 [5e], which forms an10 forms a centrosymmetric dimer with an (AlN2)2 six-
(AlN)2 four-membered ring in a trans configuration in themembered ring in chair conformation with the methyl
solid state with tetracoordinated aluminium and nitrogengroups in axial (C2) and equatorial (C1) positions. The alu-
atoms and therefore with fairly long Al2N bond lengths ofminium atom is tetracoordinated to carbon atoms of the
1.958(3) Å and 1.953(3) Å. This structural feature is alreadymethyl groups and two nitrogen atoms in a distorted tetra-
known for amino alanes, e.g. [Np2Al2N(H)Ph]2 (Np 5hedral array. The fairly long Al2N1 distance of 2.016(2) Å
Me3CCH22) [16] or [iBu2AlNC6H12]2 [8].indicates a coordination of the nitrogen atom N1 across its

The structure of the hydrazino(hydrido)aluminate 9 canlone pair of electrons to the aluminium atom. This is sup-
be readily derived from the aluminium hydrazide 10. Theported by the sum of bond angles of N1, neglecting the
six-membered ring in chair conformation may be slightlyAl···N1 interaction, of 323.3°, indicating clearly a pyrami-
twisted due to the coordination of two facing nitrogendal geometry with (S) configuration at N1 and (R) configu-
atoms to one lithium center. The two nitrogen atoms areration at its symmetry equivalent, N1A. In contrast to that,
slightly pyramidalized, but the sum of their bond anglesthe Al2N2 bond length of 1.872(2) Å is comparable to
(356.1°, 354.8°) is still close to 360°, suggesting an Li···N-those found in 5, 6 and 7. However, N2 shows a trigonal-
pz interaction which is in accordance with the fairly longplanar geometry with a sum of bond angles of 359.9°.Due
Li2N bond lengths of 2.278(7) Å and 2.213(7) Å, respec-to sp3 hybridization of N1, the N2N bond length of
tively. The most striking feature of compound 9 is the fact1.486(2) Å is slightly lengthened compared to the mono-
that this lithium atom faces the ring directly above itsmeric ether adducts 527.
center, completing its coordination sphere by one molecule
of THF and two additional Li···H contacts, while the lateral
lithium atom Li2 is solvated by three THF molecules, con-Discussion
tacting the ring via a hydrogen bond. In contrast to 9, the
hydrazino(hydrido)aluminate 8 forms an (LiHAlH)2 eight-The ether adducts 5, 6 and 7 are the first structurally

characterized monomeric aluminium hydrazides. It should membered ring. This characteristic feature was also ob-
served for [(Me3Si)2NAlH3Li(OEt2)2]2 [11a] and [(2,6-di-be noted that in all three reported compounds the β-nitro-

gen atom of the hydrazide unit is not involved in coordi- tBu)C6H3OAlH3Li(OEt2)2]2 [10]. The β-nitrogen atom is ne-
ither involved in coordination with the aluminium atom nornation to the aluminium center due to the fact that this

nitrogen atom is sterically and electronically less suited for the lithium atom. The Al2N bond lengths of both com-
pounds, 8 and 9, ranging from 1.841(3) Å to 1.895(3) Å, arecoordination than atom N1. As previously shown for alkali

metal hydrazides[1g], oligomerization can be inhibited by typical for tetracoordinated aluminium and tricoordinated
nitrogen atoms and comparable to those found in [(Me3Si)2-suitable donor molecules coordinating to the metal center,
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Table 3. Crystal data and data related to data collection and structure solution

Compound 5 6 7 8 9 10

chem. formula C18 H37 Al N2 O Si2 C21 H33 Al N2 O Si C42 H70 Al2 N4 O2 Si2 C20 H46 Al Li N2 O2 Si2 C30 H72 Al2 Li2 N4 O4 Si2 C9 H25 Al N2 Si
formula weight 380.66 384.56 773.16 436.69 676.94 216.38
cryst. size [mm] 0.2 3 0.3 3 0.4 0.3 3 0.3 3 0.4 0.1 3 0.2 3 0.3 0.1 3 0.2 3 0.2 0.40 3 0.50 3 0.60 0.2 3 0.3 3 0.3
cryst. system orthorhombic monoclinic triclinic triclinic monoclinic orthorhombic
space group Pna21 Cc P1bar P1bar P21/n Pbca
a [Å] 13.7263(3) 10.2097(2) 9.21590(10) 10.8302(2) 11.928(2) 12.473(2)
b [Å] 14.0198(3) 13.8731(4) 14.8404(2) 11.645 20.066(4) 13.147(2)
c [Å] 11.9554(1) 16.4523(4) 18.20120(10) 12.3135(2) 18.555(4) 16.295(3)
α [°] 90 90 84.962(1) 89.18(1) 90 90
β [°] 90 93.16(1) 77.664(1) 76.57(1) 105.377(8) 90
γ [°] 90 90 74.633(1) 74.23(1) 90 90
V [Å3] 2300.70(7) 2326.76(10) 2343.63(4) 1451.69(4) 4282.1(14) 2672.1(8)
Z 4 4 2 2 4 8
ρ (calcd.), [Mg/m3] 1.099 1.098 1.096 0.999 1.050 1.076
µ [mm21] 0.200 0.150 0.149 0.167 0.157 0.209
F(000) 832 832 840 480 1488 960
index range 215 # h # 15, 211 # h # 11, 210 # h # 10, 212 # h # 8, 213 # h # 13, 214 # h # 15,

215 # k # 15, 215 # k # 11, 217 # k # 17, 213 # k # 13, 222 # k # 22, 217 # k # 16,
213 # l # 11 219 # l # 19 220 # l # 20 214 # l # 14 221 # l # 21 221 # l # 21

2θ [°] 47.62 48.82 49.42 49.42 47.64 58.70
T [K] 183 183 183 183 193 183
refl. collected 10043 5407 11342 7101 18550 14679
refl. unique 3203 3215 6014 3778 6266 2881
refl. observed (4σ) 3114 3100 5495 3291 4752 2395
R (int.) 0.0264 0.0225 0.0253 0.0303 0.0301 0.0369
no. variables 225 279 503 295 417 130
weighting scheme[a] x/y 0.0300/0.8165 0.0189/2.2622 0.0405/1.1897 0.0219/2.0060 0.0819/7.8740 0.0420/1.4158
GOF 1.083 1.150 1.090 1.145 1.025 1.108
final R (4σ) 0.0278 0.0412 0.0396 0.0608 0.0747 0.0392
final wR2 0.0688 0.0959 0.0992 0.1321 0.1814 0.0925
larg. res. peak [e/Å3] 0.158 0.152 0.270 0.296 0.590 0.288

[a] w21 5 σ2Fo
2 1 (xP)2 1 yP; P 5 (Fo

2 1 2Fc
2)/3.

NAlH3Li(OEt2)2]2 and [(Me3Si)2N]2AlH2Li(OEt2)2
[11a]. two amino groups of the hydrazino units remain in a per-

pendicular orientation new structural coordination patternsThe average Li2H bond length for 8 is 1.86 Å and is dis-
tinctly shorter than in lithium hydride (2.08 Å) [13]. This is can be realized.
also true for Li2 [1.89(4) Å] in compound 9, but addition- We thank the Fonds der Chemischen Industrie and Chemetall
ally we note two fairly long Li2H contacts of 2.09(3) Å and GmbH for support of our research. In addition, thanks are due to
2.26(4) Å of the trigonal-bipyramidal-coordinated lithium Dipl.-Chem. C. Strauhal and M. Vosteen for recording NMR spec-
atom Li1. tra and Mrs. G. Hanatschek and Mrs. E. Kiesewetter for recording

the IR spectra. Last but not least, we thank Mr. T. Stuehler for
well-conducted experiments.

Conclusion

The most significant general result derived from the Experimental Section
structure determinations of aluminium hydrazides is that

General Remarks: All reactions were performed under argonthe hydrazine units adopt planar geometries in which the
using Schlenk techniques. Solvents were dried by conventionallone pairs are orientated orthogonally. Moreover, the alu-
methods (LiAlH4, potassium/benzophenone, P4O10) and stored un-

minium centers prefer OEt2 or THF as a coordination part- der argon. The compounds PhNH2NH2, Ph2N2NH2 3 HCl,
ner over the NRR9 unit of the hydrazino group. This occurs Ph(H)N2N(H)Ph 3 HCl, n-butyllithium, Me3SiCl, 2  solution
only when Et2O or THF is excluded in the preparation. of Me2AlCl in hexane, Me3SiCl, C6D6 and [D8]toluene were used

One can envisage that aluminium hydrazides Me2- as purchased. Ph(H)N2N(SiMe3)2 (1), Ph(H)N2N(Ph)SiMe3 (2),
Al2NR2NR9SiMe3 and Me2Al2NR2N(SiMe3)2 will de- Ph2N2N(H)SiMe3 (3) and H(tBu)N2N(H)SiMe3 (4) [17] were pre-

pared according to literature methods.compose at higher temperatures with loss of SiMe4, with
the formation of oligomeric clusters of the type [Me- Elemental analyses of the compounds were often unreliable,
Al2NR2NR9]n or [MeAl2NR2N(SiMe3)]m. These may most likely as a result of the formation of silicon carbide or to their
then decompose into AlN at sufficiently high temperatures, hydrolytic sensibility. In addition, they lose coordinated solvent

quite readily. Therefore, the purities were checked by the interpret-as has recently been shown for some gallium organylhydra-
ation of the 1H-NMR signals and the single signal found in thezides[5i] [5h]. This aspect has not yet been investigated nor
27Al-NMR spectra.have we made attempts to prepare tris(hydrazino)alanes

Al(NR2NR9R0)3 which may be associated (small R X-ray Structure Analysis (see Table 3): All crystals had to be
handled carefully under argon, preferably in a glove box or in agroups) or monomeric (bulky R groups). Provided that the
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closed Schlenk system. Once the selected crystals were covered with p-Ph]; 6.95 [d, 3J(H,H) 5 7.2 Hz, 2 H, o-Ph]; 7.02 [d, 3J(H,H) 5

7.5, 2 H, o-Ph]; 7.13 [t, 3J(H,H) 5 7.2 Hz, 2 H, m-Ph]; 7.22 [t,oxygen-free perfluoroether oil, they were mounted in a glass capil-
lary or on a glass fibre and transferred to the goniometer head of 3J(H, H) 5 7.5 Hz, 2 H, m-Ph]. 2 13C NMR (C6D6, 100 MHz):

δ 5 0.5 (AlMe2); 1.5 (SiMe3); 24.7 (THF); 71.6 (THF); 113.1 (o-Siemens P4 diffractometer (Mo-Kα radiation, λ 5 0.71063 Å,
graphite monochromator) equipped with a CCD detector, and Ph); 115.4 (o-Ph); 116.3 (p-Ph); 117.9 (p-Ph); 128.8 (m-Ph); 129.3

(m-Ph); 152.1 (i-Ph); 156.1 (i-Ph). 2 27Al NMR (C6D6, 104 MHz):cooled in the cold stream of the Siemens LT2 device. Determination
of the unit-cell parameters was performed with the data of reflec- δ 5 165 (h1/2 5 6100 Hz). 2 29Si NMR (C6D6, 79 MHz): δ 5 10.3.

2 C21H33AlN2OSi (384.56): calcd. C 65.24, H 9.12, N 7.25, Altions collected with a total of 75 frames, taking 15 frames each with
ω rotation of 0.3° for five different settings. The axes calculated for 7.02; found C 62.38, H 8.70, N 7.45, Al 7.14.
the unit cell were checked by recording the reflections in the 100,

Dimethylaluminium N9,N9-Diphenyl-N-trimethylsilylhydrazide010 and 001 planes. The final unit-cell parameters were calculated
2Diethyl Ether (7): A solution of nBuLi in hexane (4.2 ml, 6.6from the whole set of observed reflections. Data collection was per-
mmol) was slowly added dropwise to a stirred solution offormed in a standard manner with an exposure time of 10 s per
(Ph)2N2N(H)SiMe3 (1.67 g, 6.5 mmol) in 40 ml of diethyl ether.frame and a 0.3° difference in φ orientation. Data reduction was
The mixture was heated to reflux until butane evolution hadperformed with the program SAINT[18], and the structure was
ceased. After cooling to 269°C, one equivalent of a 1  solutionsolved by direct methods or by the sharpened Patterson method as
of dimethylaluminium chloride in heptane (6.5 mmol) was addedimplemented in the SHELXTL system[19]. The SHELX97 pro-
slowly. This mixture was allowed to reach room temperature andgram[20] was used for the final refinement. All non-hydrogen atoms
was stirred for another 12 h. The solvent was removed in vacuowere refined anisotropically and hydrogen atoms isotropically in
and the residue was treated with 40 ml of hexane. After insolublecalculated positions as a riding model. Further details of the crystal
material (LiCl) had been removed, the filtrate was kept at 220°C.structure determinations are deposited at the Cambridge Crystallo-
Four weeks later colorless single crystals were isolated. Yield 1.46graphic Data Centre and may be obtained by quoting the deposi-
g (56%); m.p. 61°C. 2 1H NMR (C6D6 400 MHz): δ 5 20.45 (s,tory numbers CCDC-101834 (5), -101835 (6), -101836 (7), -101837
6 H, AlMe2); 0.27 (s, 9 H, SiMe3); 0.59 (t, 6 H, Et2O); 3.25 (q, 4(8), -101838 (9), -101839 (10), the names of the authors and the
H, Et2O); 6.73 [t, 3J(H,H) 5 7.4 Hz, 2 H, p-Ph]; 7.11 [t, 3J(H,H) 5journal citation.
7.4 Hz, 4 H, m-Ph]; 7.48 [d, 3J(H,H) 5 7.4 Hz, 4 H, o-Ph]. 2 13C

Dimethylaluminium N-Phenyl-N9,N9-bis(trimethylsilyl)hydrazide NMR (C6D6, 100 MHz): δ 5 20.5 (AlMe2); 2.6 (SiMe3); 1.4
2Tetrahydrofuran (5): A solution of nBuLi in hexane (7.4 ml, 11.5 (Et2O); 66.1 (Et2O); 119.6 (o-Ph); 119.71 (p-Ph); 128.6 (m-Ph);
mmol) was slowly added dropwise to a stirred solution of 150.0 (i-Ph). 2 27Al NMR (C6D6, 104 MHz): δ 5 170 (h1/2 5 5770
Ph(H)N2N(SiMe3)2 (2.91 g, 11.5 mmol) in tetrahydrofuran (20 Hz). 2 29Si NMR (C6D6, 79 MHz): δ 5 0.0. 2 C21H35AlN2OSi
ml). The mixture was kept at reflux until butane evolution had (386.58): calcd. C 65.24, H 9.12, N 7.25, Al 6.98; found C 63.38,
ceased. Then one equivalent of a 1  solution of dimethylalu- H 8.70, N 7.45, Al 6.84.
minium chloride in heptane (11.5 mmol) was slowly added at

Lithium Trihydrido[N-phenyl-N9,N9-bis(trimethylsilyl)hydrazi-269°C. After warming to room temperature, the mixture was
no]aluminate2Diethyl Ether(1/2) (8): A 1.75  solution of LiAlH4stirred for 48 h. The solvent was removed and the residue was dis-
in diethyl ether (3.7 ml, 6.5 mmol) was slowly added at 269°C tosolved in 20 ml of hexane. After removal of insoluble material
a stirred solution of Ph(H)N2N(SiMe3)2 (1.63 g, 6.5 mmol) in 30(LiCl) by filtration, the filtrate was stored at 220°C. Colorless sin-
ml of diethyl ether. After the mixture had attained room tempera-gle crystals which were suitable for an X-ray structure investigation
ture, it was heated to reflux for 1 h. A small amount of insolublecould be isolated after a few days. Yield 3.45 g (79%); m.p. 86°C
material, which proved to be compound 3, was filtered off and the(dec.). 2 1H NMR (C6D6, 270 MHz): δ 5 20.32 (s, 6 H, AlMe2);
filtrate was stored at 220°C. Colorless single crystals of 8 formed0.34 (s, 18 H, SiMe3); 0.91 (t, 4 H, THF); 3.45 (t, 4 H, THF); 6.73
within a week. Yield 2.33 g (82%); m.p. 93°C. 2 1H NMR (C6D6,[t, 3J(H,H) 5 7.1 Hz, 1 H, p-Ph]; 7.05 [d, 3J(H,H) 5 8.1 Hz, 2 H,
270 MHz): δ 5 1.9924.71 (s, br., 3 H, AlH3); 0.34 (s, 18 H, SiMe3);o-Ph]; 7.28 [t, 3J(H,H) 5 7.5 Hz, 2 H, m-Ph]. 2 13C NMR (C6D6,
0.95 [t, 3J(H,H) 5 7.0 Hz, 12 H, Et2O]; 3.32 [q, 3J(H,H) 5 7.0 Hz,100 MHz) δ 5 27.8 (AlMe2); 2.8 (SiMe3); 24.65 (THF); 71.3
8 H, Et2O]; 6.69 [t, 3J(H,H) 5 7.1 Hz, 1 H, p-Ph]; 7.0827.34 (m,(THF); 113.1 (o-Ph); 115.1 (p-Ph); 128. 8 (m-Ph); 157.9 (i-Ph). 2
4 H, o,m-Ph). 2 13C NMR (C6D6, 100 MHz): δ 5 2.4 (SiMe3);29Si NMR (C6D6 54 MHz): δ 5 7.1. 2 27Al NMR (hexane, 70
14.8 (Et2O); 65.6 (Et2O); 112.6 (o-Ph); 118.6 (p-Ph); 129.1 (m-Ph);MHz): δ 5 151 (h1/2 5 5570 Hz). 2 C18H37AlN2OSi2 (380.66):
158.6 (i-Ph). 2 27Al NMR (C6D6, 1H-decoupled, 70 MHz): δ 5calcd. C 56.79, H 9.82, N 7.36, Al 7.09; found C 53.85, H 9.22, N
110 (h1/2 5 87 Hz). 2 27Al NMR (C6D6, 1H-coupled, 70 MHz):6.79, Al 7.12.
δ 5 110 [q, 1J(Al,H) 5 178 Hz]. 2 29Si NMR (C6D6, 54 MHz):

Dimethylaluminium N,N9-Diphenyl-N9-trimethylsilylhydrazide2 δ 5 6.2. 2 7Li NMR (C6D6, 105 MHz): δ 5 0.40 (∆h1/2 5 12 Hz).
Tetrahydrofuran (6): A solution of nBuLi in hexane (4.5 ml, 7.1

2 IR (hostaflon): ν̃ 5 1781 cm21 (vs, br., Al2H). 2 C20H46AlLi-
mmol) was slowly added to a stirred solution of N2O2Si2 (436.69): calcd. C 55.00, H 10.63, N 6.42, Al 6.18; found
Ph(H)N2N(Ph)SiMe3 (1.83 g, 7.1 mmol) in 40 ml of tetrahydrofu- C 52.16, H 9.82, N 6.73, Al 6.28.
ran. The mixture was heated to reflux for 1 h until butane evolution
had ceased. After cooling to 269°C, one equivalent of a 1  solu- Lithium [N9-tert-Butyl-N-trimethylsilylhydrazino](µ-N,N9-dihy-

drido)aluminate2Tetrahydrofuran (2/4) (9): A solution oftion of dimethylaluminium chloride in heptane (7.1 mmol) was ad-
ded slowly and the mixture was allowed to attain room temperature tBu(H)N2N(H)SiMe3 (1.79 g, 11.2 mmol) in 20 ml of THF was

slowly added to a stirred 1.58  solution of LiAlH4 in THF (7.08and was stirred further for 12 h. The solvent was then removed and
the residue dissolved in 50 ml of hexane. After removal of insoluble ml, 11.2 mmol). Stirring was continued at 50°C for 4 h. A small

amount of insoluble material was removed by filtration, and thematerial (LiCl), the filtrate was stored at 220°C. After 2 weeks,
colorless single crystals had separated. Yield 2.16 g (80%); m.p. filtrate was then kept at 220°C. After 5 d, colorless crystals had

formed, which were not suitable for an X-ray structure investi-97°C. 2 1H NMR (C6D6, 400 MHz): δ 5 20.46 (s, 6 H, AlMe2);
0.42 (s, 9 H, SiMe3); 0.87 (m, 4 H, THF); 3.41 (m, 4 H, THF); 6.74 gation. Recrystallization from diethyl ether provided single crystals

of 9. Yield 1.97 g (52%); m.p. 83°C (dec.). 2 1H NMR ([D8]tol-[t, 3J(H,H) 5 7.2 Hz, 1 H, p-Ph]; 6.77 [t, 3J(H,H) 5 7.5 Hz, 1 H,
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27,1692209. 2 [2c] P. Gregory, P. von Ragué Schleyer, R. Snaith,uene, 400 MHz): δ 5 0.54 (s, 18 H, SiMe3); 1.43 (m, 16 H, THF);
Adv. Inorg. Chem. 1991, 37, 482142.1.61 (s, 18 H, tBu); 3.58 (m, 16 H, THF). 2 13C NMR ([D8]toluene, [3] G. M. Mc Laughlin. G. A. Sim, J. D. Smith, J. Chem. Soc.,

100 MHz): δ 5 5.1 (SiMe3); 25.7 (THF); 32.2 (tBu); 56.9 (tBu); Dalton Trans. 1972, 219722203.
[4] M. Veith, Chem. Rev. 1990, 90, 3216.68.4 (THF). 2 27Al NMR ([D8]toluene, 104 MHz): δ 5 119
[5] [5a] H. Hommer, H. Nöth, H. Sachdev, M. Schmidt, H.(h1/2 5 1520 Hz). 2 29Si NMR (THF, 54 MHz): δ 5 22.0. 2 7Li

Schwenk, Chem. Ber. 1995, 128, 118721194. 2 [5b] J. C. Huff-NMR ([D8]toluene, 155 MHz): δ 5 0.35 (h1/2 5 30 Hz). 2 IR man, H. Fußstetter, H. Nöth, R. Schaeffer, Z. Naturforsch. B
(hostaflon): ν̃ 5 1723 cm21 (s, br., Al2H), 1652 (m, br., Al2H). 1976, 31, 2892293. 2 [5c] P. C. Bharara, H. Nöth, Z. Natur-

forsch. B 1979, 34, 135221356. 2 [5d] D. C. Pestana, P. P. Power,2 C15H36AlLiN2O2Si (338.47): calcd. C 53.22, H 10.74, N 8.28, Al
Inorg. Chem. 1991, 30, 5282535. 2 [5e] Y. Kim, J. H. Kim, J. E.7.97; found C 47.55, H 9.33, N 7.20, Al 7.91.
Park, J. T. Park, H. Song, J. Organomet. Chem. 1997, 5452546,
992103. 2 [5f] R. J. Wehmschulte, P. P. Power, Inorg. Chem.Dimethylaluminium N-tert-Butyl-N9-(trimethylsilyl)hydrazide
1996, 35, 271722718. 2 [5g] N. R. Fetter, B. Bartocha, Can. J.

(10): A solution of nBuLi in hexane (6.4 ml, 10.0 mmol) was slowly Chem. 1961, 39, 200122008. 2 [5h] D. A. Neumayer, A. H.
added to a stirred solution of tBu(H)N2N(H)SiMe3 in 50 ml of Cowley, A. Decken, R. A. Jones, V. Lakhotia, J. G. Ekherdt,

Inorg. Chem. 1995, 34, 469824700. 2 [5i] D. W. Peters, M. P.toluene. The mixture was heated to reflux for 1 h until the butane
Power, E. D. Bourret, J. Arnold, J. Chem. Soc., Chem. Commun.evolution had ceased. After cooling to 250°C, one equivalent of a
1998, 7, 7532754.

1  solution of dimethylaluminium chloride in heptane (10.0 [6] M. Becke-Goehring, H. Krill, Chem. Ber. 1961, 94, 105921063.
mmol) was slowly added. Work up by analogy to 9. Colorless single [7] J. Mason, Multinuclear NMR, Plenum Press, New York and

London, 1987, 2592278.crystals of 10 were isolated after a week. Yield 1.58 g (73%), m.p.
[8] C. B. Lagrone, S. J. Schauer, C. J. Thomas, G. M. Gray, C. L.126°C. 2 1H NMR (C6D6, 25°C, 400 MHz): δ 5 20.33 (s, 3 H,

Watkins, L. K. Krannich, Organometallics 1996, 15,
AlMe); 20.24 (s, 3 H, AlMe); 0.26 (s, 9 H, SiMe3); 1.13 (s, 9 H, 245822464.
tBu); 4.04 (s, br., 1 H, NH). 2 1H NMR (C6D6, 80°C): δ 5 20.35 [9] R. J. Wehmschulte, W. J. Grigsby, B. Schiemenz, R. A. Bartlett,

P. P. Power, Inorg. Chem. 1996, 35, 669426702.(s, br., 6 H, AlMe3). 2 13C NMR (C6D6, 25°C, 100 MHz): δ 5 1.4
[10] J. Knizek, I. Krossing, H. Nöth, W. Ponikwar, A. Schlegel, T.(AlMe2); 3.8 (SiMe3); 28.4 (tBu); 59.7 (tBu). 2 13C NMR ([D8]tol-

Seifert, Chem. Eur. J., accepted.
uene, 260°C, 100 MHz): δ 5 1.2 (AlMe2); 1.6 (AlMe2). 2 29Si [11] [11a] A. Heine, D. Stalke, Angew. Chem. 1992, 104, 9412942;
NMR (C6D6, 54 MHz): δ 5 15.2. 2 27Al NMR (C6D6, 104 MHz): Angew. Chem. Int. Ed. Engl. 1992, 31, 854. 2 [11b] T. M. Gilbert,

R. G. Bergmann, J. Am. Chem. Soc. 1985, 107, 639126393.δ 5 141 (h1/2 5 2200 Hz). 2 IR (Nujol, Hostaflon): ν̃ 5 3246 cm21
[12] D. Barr, W. Clegg, L. Cowton, L. Horsburgh, F. McKenzie, R.(s, N2H), 1380, 1365 (s, tBu). 2 C9H25AlN2Si2 (216.38): calcd. C

E. Mulvey, J. Chem. Soc., Chem. Commun. 1995, 8912892.
49.95, H 11.65, N 12.95, Al 12.47; found C 46.33, H 10.38, N 11.67, [13] E. Wiberg, E. Amberger, Hydrides of the Elements of Main
Al 12.35. Groups I2IV, Elsevier Publishing Company, Amsterdam, Lon-

don, New York, 1971.
[14] M. F. Lappert, P. P. Power, A. R. Sanger, R. C. Srivastava, Met-

all and Metalloid Amides, Synthesis, Structures, Physical and
; Dedicated to Prof. Dr. W. Simson on the occasion of his 60th Chemical Properties, Ellis Horwood Publishers, New York,

1980, p. 992114 and 1912200.birthday.
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The ability of a dicopper(II) complex with a pentadentate, superoxide scavenging, with a very high rate constant of 1.9
± 0.4 × 109 M–1 s–1, consistent with catalytic dismutation ofimidazolato-bridged ligand having two different

coordination environments to mimic the reactivity of superoxide by the complex. This value is essentially constant
over the pH range of 5 to 7, and agrees with earlier resultssuperoxide dismutase has been investigated by pulse

radiolysis. Pseudo first-order kinetics were observed for obtained with the nitroblue tetrazolium assay.

The superoxide anion radical (O2
•2) may be involved in cytochrome c [14] is used to follow the reaction kinetics spec-

trophotometrically. In these assays, the rate of reduction ofdeleterious biological processes, such as lipid peroxi-
dation, [1] aging, [2] and cancer. [3] This anion radical is very the detector molecule by superoxide is measured, and the

reactivity of superoxide dismutase or of superoxide dismu-efficiently scavenged by the enzyme superoxide dismutase
which catalyses the dismutation of superoxide to dioxygen tase mimics is inferred from the rate decrease in the pres-

ence of these species. This approach cannot provide abso-and hydrogen peroxide. [4] The rate constants for reduction
and reoxidation of the copper ion of Cu,Zn superoxide dis- lute rate data, since the superoxide dismutation reaction it-

self is too rapid to be followed directly, and hence no mech-mutase are known:[5] k1 5 k2 5 2.4·109 21s21. These rate
constants indicate that the reactions are nearly diffusion- anistic information about the reaction can be obtained.

Pulse radiolysis is a superior method to investigate superox-controlled. [6]

An alternative pathway for reoxidation of copper(I) in- ide dismutation as one can selectively and at will generate
superoxide and hydrogen dioxide in the absence of ex-volves the reaction with the hydrogen peroxide product of

the dismutation reaction, with formation of a copper2per- traneous and interfering enzyme systems and reporter mol-
ecules, and one can make measurements in the microsecondoxo complex (Eq. 1)[7] [8] which could react directly, [8] or

decompose to form the hydroxyl radical [8] [9] which in turn time scale.
Amino acid sequences[15] [16] and structures[17] [18] [19] [20] ofwould react with the surrounding ligand or biomolecule. [10]

The formation of an oxidizing copper(III) species is also various Cu,Zn superoxide dismutases are known. The ac-
tive site is composed of an imidazolato-bridged dinuclearpossible since four-nitrogen ligands in a square-planar coor-

dination would stabilize copper(III). Theoretical consider- center containing copper(II) and zinc(II). The coordination
geometry is distorted square-pyramidal for copper(II) andations[11] and experimental results [10] [12] indicate that the

occurrence of a copper(III) oxide(11) species can be ex- distorted tetrahedral for zinc(II). For many years efforts
have been made to obtain model compounds that showcluded.
structural, spectroscopic, and catalytic properties similar to

CuI 1 H2O2 R CuH2O2
1 (1) that of the active site in Cu,Zn superoxide dismu-

tase. [21] [22] [23] [24] [25] [26] [27] [28] [29] However, many of the
superoxide dismutase mimics prepared to date are unstableA relative measure of superoxide dismutase activity can

easily be obtained from indirect assays in which a very small in aqueous solution. Further, results obtained with com-
plexes that have been studied in aqueous solution are weak-and stationary amount of superoxide is generated usually

by the action of xanthine oxidase on xanthine, and a ened by the possibility that the observed catalysis is actually
carried out by free copper.detector molecule such as nitroblue tetrazolium[13] or

Eur. J. Inorg. Chem. 1998, 193921943  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/121221939 $ 17.501.50/0 1939
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Figure 2. Experiment and fit (heavy line) for unbuffered solutionIn the present work, the pulse radiolysis technique was
at 22°C with a dose of 88 Gy, [Cu2L]31 5 4 m, optical pass lengthused to measure the superoxide dismutase activity of an im-
of 2 cm, observed at 280 nm; the residual absorption from the fit

idazolato-bridged dicopper(II) complex, 1,5-bis(1-pyrazo- is also given(lower noisy trace); from the least-square fits it is evi-
dent that a second-order fit is systematically wronglyl)-3-[bis(2-imidazolyl)methyl]-3-azapentane ([Cu2L]31,

Figure 1) which has a coordination geometry strikingly
similar to that of the active site of native Cu,Zn superox-
ide dismutase. [30]

Figure 1. Structure of [Cu2(L)Cl3] showing the imidazolate bridge

Dismutation of superoxide leads to formation of dioxy-
gen and hydrogen peroxide; interaction of the latter with
the CuICuII or CuICuI complex would produce the hy-

Figure 3. Comparison of the extinction coefficients of [Cu2L]31 atdroxyl radical. For this reason the interaction of this radical concentrations of 5 µ and 0.5 m
with the complex was also briefly investigated.

Results

Superoxide Dismutation Experiments

In Figure 2 a typical decay of the superoxide absorbance
as a function of time is shown. Depending on the concen-
tration of copper complex and the presence or absence of
phosphate buffer, different rate constants were obtained, see
Table 1. The dose-dependent amount of acid produced dur-
ing the irradiation leads to a proton concentration of ap-
proximately 1025 . The change in pH results in partial
protonation of superoxide (pKa 5 4.7), therefore reactions
of the hydrogen dioxide radical were taken into consider-
ation. The pH under the different experimental conditions The speciation of copper in solutions of the copper2im-

idazolato complex is not straightforward. The integrity ofwas evaluated by calculating the ratio [HO2
•]/[O2

•2] from
the maximum absorbance after the pulse. A correction of the dicopper(II) complex was evaluated from the UV/Vis

spectrum of a 5 µ solution. On the basis of the absorbancesmaller than 10% in the rate of dicopper(II) complex de-
pendent dismutation was required on the basis of the rate at 375 nm, corresponding to the absorbance maximum of

the Cu2Im2Cu chromophore, [30] it was calculated that ca.of dismutation of superoxide in the absence of complex.
The rate constant for dismutation of superoxide by aque- 80% of the dicopper(II) complex retained the original struc-

ture (Figure 3).ous copper species increases with pH. Values for the rate
constant obtained by statistical treatment of the steady- We performed a control experiment in which we

dermined the catalytic activity of copper ion in a solutionstate rate constant, kss,O2
•2, are shown in Table 1. At pH 5

7, kss,O2
•2 is (1.9 ± 0.4) 3 109 21s21. Values for kss,HO2

• for that did not contain the imidazole ligand, but was otherwise
identical, and found a kss,O2

•2 of (1.6 ± 0.2) 3 109 21 s21.the unbuffered solutions were calculated on the basis of
equation 15 (see Experimental Section 2 Methods), with No transient spectrum attributable to formation of a cop-

per(II)2superoxide complex was observed. A residual ab-the help of kss,O2
•2 determined in buffered solutions.
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Table 1. Statistical summary[a] of kss for [Cu2L]31

[Cu21] pH after pulse [O2
•2]tot kss,O22

•2obs kss,HO2
•

[µ] [µ] [21 s21] [21 s21]

2 4.4 ± 0.3 49 ± 4 (3.9 ± 0.4) 3 109 (4.5 ± 0.6) 3 109

2 6.83 ± 0.05 3.7 ± 0.8 (3 ± 1) 3 109 2
4 5.3 ± 0.1 48 ± 2 (2.8 ± 0.2) 3 109 (6 ± 1) 3 109

1 7.3[b] 51 ± 4 (1.9 ± 0.4) 3 109 2
1[c] 7.3[b] 51 1 4 (1.6 ± 0.2) 3109

[a] 99% Confidence range. 2 [b] Phosphate buffer 75 mM, pH 5 7.3. 2 [c] Control experiment: no complexing agent present.

sorbance that decayed over 0.8 ms was always observed in control solution, it would not have been possible to ascribe
the activity to the complex with certainty.the experiments with 4 µ complex, possibly due to the

presence of partially reduced copper complex in the steady The decay of superoxide is first order, indicating steady-
state. state kinetics. In phosphate-buffered solution the influence

of the hydrogen dioxide radical is negligible, and the steady-
state rate constant found for kss,O2

•2 5 1.9 ± 0.4 3 109

Hydroxyl Radical Experiments 21s21. The rate, determined here by pulse radiolysis, is in
good agreement with that determined by the indirect as-

The absorbance decay under conditions of [Cu2L]31 >> say[30] and comparable to that of Cu,Zn superoxide dismu-
[HO•] follows a pseudo first-order kinetics: a rate constant tase. This may represent the first unequivocal demon-
of 1.7 ± 0.3 3 1010 21s21 was found. The absorbance de- stration of superoxide dismutase mimicry by a low molecu-
cay of the radical species formed was fitted to an apparent lar weight copper complex.
second-order reaction with a rate constant of k/∆ε of (1.3 At lower pH, where HO2

• is present at 16290% and the
± 0.4) 3 107 cm21s21. It should, however, be noted that the contribution of kss,HO2

• to the overall observed rate constant
structure of any putative radical product(s) has not been is strong, the observed rate constants are higher than those
determined, that many reaction mechanisms are possible, obtained in buffered solution. The lowest single determi-
and that it is impossible to report the exact kinetic order at nation of kss,HO2

• was 3.9 3 109 21s21, indicating that the
this stage. dicopper(II) complex is also extremely active in the conver-

sion of hydrogen dioxide.
The absence of a transient spectrum due to a copper(II)-Discussion

2superoxide adduct is understood when one takes into ac-
count that the superoxide radical can undergo fast outer-As discussed by Costanzo et al., [31] studies which report
sphere electron-transfer reactions. This interpretation iscatalytic rate constants of copper complexes regrettably
supported by the exceptionally high rate constants; inner-hardly ever address the issue of speciation. Sometimes not
sphere reactions of copper(II) are expected to be at leasteven the ratio of ligand to metal is stated. This raises the
one order of magnitude lower. [36] An alternative expla-suspicion that the reported catalytic activity was due to free
nation is that the transient spectrum of the hypothetical ad-copper, rather than the complex. In our experiments spec-
duct has an absorbance too low to be observed.trophotometric measurements show that ca. 20% of the

We cannot exclude an interaction of either the dicop-complex is hydrolysed. Since the copper(I 1 II) aquo com-
per(II) [5 copper(I)2copper(I)] or the copper(II)2cop-plex reacts with superoxide with a catalytic rate constant
per(I) complex with hydrogen peroxide released after theof kss,O2

•2 5 9 3 109 21s21, [32] [33] [34] [35] it was appropriate
catalyzed dismutation of superoxide anion. Such an interac-to consider whether the observed activity is due to unde-
tion would lead to a degradation of the ligand, probablyfined complexes of copper in various oxidation states with
through the generation of the hydroxyl radical. Thus, thewater and solutes.
rate of reaction of the hydroxyl radical with the dicopper(II)The catalytic activity of the hydrolysed copper was deter-
complex was evaluated. The reaction is apparently pseudomined in control experiments lacking the imidazolato-
first-order with a rate constant of 1.7 ± 0.3 3 1010 21s21,containing ligand. The activity measured here equals
which is about one order of magnitude higher than corre-that of solutions in which the complex had hydrolysed com-
sponding rate constants of free imidazole and bis(2-imida-pletely and in which the copper was bound to formate,
zolyl)methane. [33] [37]phosphate, hydroxide, etc. Had the measured catalytic ac-

tivity of 1.9 3 109 21s21 been due to such copper com-
plexes, and not to the imidazolato-bridged complex, then This work was supported by the EU HCM project
the catalytic rate constant would have been 5 times higher, ERBCHRXCT920014 and the ETH Zürich. Partial support was
namely 9 3 109 21s21. If the activity of the copper com- also provided by the CNR (Rome). The manuscript was edited by

Dr. P.L. Bounds.plex had been found to be clearly lower than that for the
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Cu21(aq) 1 HO2

• R Cu1(aq) 1 O2 1 H1 (4)Experimental Section
Cu1(aq) 1 HO2

• 1 H1 R Cu21(aq) 1 H2O2 (5)Methods
If superoxide radicals are in large excess, the steady-state con-General: The pulse radiolysis setup with a Febetron 705 2-MeV

dition for Cu21(aq) is obtained whereaccelerator (Hewlett-Packard) has been described before. [12] [32] All
experiments were carried out at room temperature (20222°C) with

kss 5 (2 k2k3)/(k2 1 k3) 5 8.7 · 109 21s21 [32] (6)
an effective 50-ns irradiation pulse and a 2-cm optical path length
in a quartz cell. Solutions were prepared from triply distilled water.

which is ca. four times higher than kss of Cu/Zn superoxide dismu-
Uncertainties for rate constants are expressed at the 99% confi-

tase. Hydrogen dioxide radicals react with aqueous copper much
dence limit.

more slowly:
The conditions for the experiments were carefully chosen: a) the

kss 5 (2 k4k5)/(k4 1 k5) 5 1.6 · 108 21s21 [32] (7)concentration of phosphate was set at 75 µ to buffer the solution
at pH 5 7 to maximize the concentration of the imidazolato-

In the case of the dicopper(II) imidazolato complex investigatedbridged dicopper(II) complex, since at pH < 6.8 the bridging may
here we investigated only the overall (i.e. steady-state) reaction ratebe compromised to some extent and at pH > 8.0 hydrolytic species
as is commonly reported for superoxide dismutases. Microscopi-are formed,[30] and to minimize formation of hydrogen dioxide rad-
cally, several reactions may be involved (formulated for depro-icals; and b) the concentration of formate was set at 100 µ to
tonated species only):maximize the yield of superoxide and to minimize the formation

of the copper-formate complexes. Phosphate concentrations were
[CuIICuIIL]31 1 O2

•2 R [CuICuIIL]21 1 O2 (8)kept at the minimum necessary to maintain the desired pH as phos-
phate can dramatically influence the rate of reaction of superoxide [CuICuIIL]21 1 O2

•2 R [CuICuIL]1 1 O2 (9)
with copper-containing catalysts. [32] An excess of phosphate can [CuICuIL]1 1 O2

•2 1 2H1 R [CuICuIIL]21 1 H2O2 (10)
shift the equilibria towards the formation of copper(II) phosphate. [CuICuIIL]21 1 O2

•2 1 2H1 R [CuIICuIIL]31 1 H2O2 (11)
The influence of phosphate in experiments with buffered solutions
was evaluated by comparison with experiments performed with un- the sum of which is:
buffered solutions.

4 O2
•2 1 4 H1 R 2O2 1 2 H2O2 (12)Superoxide Experiments: The dicopper(II) complex was dis-

solved in 100 m sodium formate (Merck puriss p.a.) and adjusted
with a steady-state rate law of:to pH 5 7.3 with sodium hydroxide. Three groups of solutions were

prepared: unbuffered solutions having total copper concentrations
d[O2

•2]/dt 5 kss,O2
•2 [Cu2L][O2

•2], kss,O2
•2 5of 2 and 4 µ, and a buffered solution (75 µ phosphate, pH 5

(1.9 ± 0.4) 3 109 21s21 (13)7.3) with 1 µ copper. Solutions were saturated with oxygen (>
d[HO2

•]/dt 5 kss,HO2
• [Cu2L][HO2

•], kss,HO2
• >99.5%, Pan Gas) for approximately 20 min. A dose of 752100 Gy

3 3 109 21s21 (14)was applied to generate superoxide (44260 µ) in excess over the
dicopper(II) complex. Under these conditions a steady state is

Under conditions where superoxide/hydroperoxyl radical is pres-achieved and the decay of superoxide follows a pseudo first-order
ent in great excess (15- to 60-fold) over the dicopper complex, thekinetics, because the concentrations of reduced and oxidized forms
steady-state condition is reached where the kinetics obey a pseudoof copper in the complex are constant.
first-order rate law.

Irradiation of oxygen-saturated solutions containing formate
Near pH 5 4.7, the pKa of hydrogen dioxide, both Eq. 13 andgenerates primary radicals which are converted to superoxide

14 must be considered. The apparent rate constant k9ss iswithin 2 µs of the end of the pulse; [38] the corresponding change in
absorbance was followed at different wavelengths ranging from 245

k9ss 5 1/(1 1 β) 3 kss,HO2 1 1/(1 1 β) 3 kss,O2
2 (15)to 295 nm. The total concentration of superoxide and hydrogen

dioxide was calculated from the dose. The pH after the pulse was
wherecalculated from the published pKa and extinction coefficients. [39]

Hydroxyl Radical Experiments: Solutions of the dicopper(II) β 5 [O2
•2]/[HO2

•] 5 10(pH 2 pKHO2)

complex at concentrations of 20.7 or 81 µ prepared in water ad-
justed to pH 5 7.3 with sodium hydroxide were saturated with N2O and at pH 5 4.7 reduces to
(> 99.5%, Pan Gas) for approximately 20 min. The more dilute
solution was used to follow the absorbance decay at different wave- k9ss 5 0.5 3 kss,HO2

1 0.5 3 kss,O2
2 (16)

lengths, following radiation doses of about 100 Gy ([HO•] 5 60
µ). The kinetics of the reaction was followed at 300 and 350 nm [1] T. C. Pederson, S. D. Aust, Biochem. Biophys. Res. Commun.
with the 81 µ solution of complex and an irradiation dose of 1973, 52, 107121078.
about 20 Gy ([HO•] 5 12 µ). [2] K. J. Farmer, R. S. Sohal, Free Radical Biol. Med. 1989, 7,

23229.
Kinetics: Superoxide dismutation catalyzed by copper aquo com- [3] L. W. Oberley, G. R. Buettner, Cancer Res. 1979, 39,

114121149.plexes is pH-dependent and faster for superoxide than for hydro-
[4] J. M. McCord, I. Fridovich, J. Biol. Chem. 1969, 244,gen dioxide.

604926055.
[5] E. M. Fielden, P. B. Roberts, R. C. Bray, D. J. Lowe, G. N.

Mautner, G. Rotilio, L. Calabrese, Biochem. J. 1974, 139,Cu21(aq) 1 O2
•2 R Cu1(aq) 1 O2 (2)

49260.
[6] W. H. Koppenol, in Oxygen and Oxyradicals in Chemistry andCu1(aq) 1 O2

•2 1 2 H1 R Cu21(aq) 1 H2O2 (3)
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Reaction of the phosphenium complexes Cp(OC)2W=P- generated from Cp(OC)2[H(tBu)(R)P]W–Cl (1a, b) with DBU
in the presence of 3 leads to the spirocyclic phosphorus metal(tBu)(R) [R = tBu (2a), Ph (2b)] with ethyl isothiocyanate (3)

leads to the formation of the phosphametallacycles compounds {Cp(OC)2W–P(tBu)(R)–N(Et)–Ca[N(Et)–(CH)–N-
(Et)CbH2]–S(W–S)(Ca–Cb)}Cl (6a, b). The structure of 6a hasCp(OC)2W–P(tBu)(R)–C(=NEt)–S(W–S) (4a, b) by [2 + 2]

cycloaddition. In contrast, the “in situ” reaction of 2a, b, been proved by X-ray analysis.

Introduction Results

Reaction of the phosphenium complexes 2a, b, obtainedTransition metal mediated synthesis of organic com-
from the bifunctional complexes 1a, b by DBU-assisted de-pounds is one of the outstanding areas of organometallic
hydrohalogenation, with EtNCS in toluene at room tem-chemistry. Extension of this approach to organophosphorus
perature after 12 (2b) and 24 h (2a), leads to the formationchemistry has drawn increasing attention in recent times,
of the four-membered phosphametallacycles 4a, b, re-involving phosphenium (M5PR2)[1] or phosphinidene (M5
presenting the product of a [2 1 2] cycloaddition. ThePR)[2] complexes. In this context it has been demonstrated
coupling reaction exclusively involves the C5S bond of thethat the M5P unit of the phosphenium complexes
isothiocyanate, whereby, in contrast to the isocyanate reac-Cp(OC)2M5PR2 (M 5 Mo, W) exhibits a pronounced pro-
tion, not the nitrogen but the sulfur atom is coordinated topensity for the addition of Brønstedt acids, carbenoids, and
the metal atom while the electrophilic carbon atom is intheir analogues as well as diverse organic multiply bonded
both cases bonded to the phosphorus atom. This findingsystems, offering efficient routes to new types of organo-
characterizes the isothiocyanate reaction as chemo- andphosphorus units. Within the scope of this topic we recently
regiospecific (Scheme 1).described the chemo- and regioselective cycloaddition of

Pure 4a, b is isolated by column chromatography in goodthe phosphenium complexes Cp(OC)2M5P(R)(o-Tol)
yield as a deep red and orange crystalline powder, respec-(M 5 Mo, W; R 5 Ph, o-Tol) to organic isocyanates yield-
tively. The structure is proved by the 31P-NMR spectra,ing the [2 1 2] cycloaddition products Cp(OC)2M2P(R)(o-
with signals at δ 5 39.7 (4a) and 11.9 (4b) and 1J(WP)Tol)2C(5O)2NEt(M2N) [3].
couplings of 213.8 (4a) and 230.2 Hz (4b) appearing in theWe now report about the cycloaddition reaction between
characteristic range of four-membered phosphametalla-the diorganophosphenium complexes Cp(OC)2W5
cycles[3]. The signal of the P-bonded sp2-carbon atom of 4bP(tBu)(R) [R 5 tBu (2a), Ph (2b)] bearing one or two tert-
is observed in the 13C-NMR spectrum as a doublet in thebutyl ligands at the phosphorus atom and EtNCS afford-
typical low-field region at δ 5 183.0 with a 1J(PC) couplinging, in addition to the expected cycloadduct, an unusual
of 49.6 Hz. 4b, which contains two stereogenic centers ascoupling product as a consequence of “in situ” generation.
i.e. the metal and the phosphorus atoms, is generated highly
diastereoselectively, according to the NMR spectra.

In order to promote metal-assisted organophosphorus[e] Part 41: O. Fey, J. Reising, W. Malisch, Organometallics, submit-
ted. synthesis it is reasonable to avoid isolation of the thermally
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Scheme 1

unstable phosphenium complexes. According to this ap- highly diastereoselectively [d. r. 5 96:4 (6a), 85:15 (6b)], in-
dicating efficient stereocontrol by the metal fragment.proach 2a, b were generated “in situ” by combining the pre-

cursor complex 1 with 3 followed by addition of DBU. Final proof for the structure of 6a, composed of two five-
membered cycles connected by a spiro-carbon atom, is ob-After removal of insoluble material, mainly [HDBU]Cl, the

solution was reduced to a volume of 2 ml and the residue tained by X-ray analysis. The spiro junction adopts a syn
arrangement of the nitrogen atom N3 and the Cp ligandseparated by column chromatography. This procedure

yields, besides 4a, b, the spirocyclic compounds 6a, b as well at the metal. The metal-phosphorus-containing ring
shows an envelope conformation with a nearly planaras the three-membered heterocycles 5a, b.

Scheme 2

The spirocycles 6a, b are isolated in yields of 25% as or- P12N12C82S1 unit [torsion angle: 12.9(10)°] with the
folding along the W12N1 axis resulting in an inclinationange powders, which show good solubilities in all organic

solvents except for alkanes. Heterocycles 5a, b could not be of the phosphorus towards the Cp ligand. This arrangement
is obvious from the different torsion anglesseparated from 4a, b but were alternatively prepared by the

well-established addition of elemental sulfur to the W5P W12S12C82N1 [17.0(8)°] and W12P12N12C8
[235.4(8)°] and has its origin in the sterical interaction ofdouble bond of 2a, b.

The spirocyclic compounds 6a, b contain a five-mem- the tert-butyl moiety (C142C17) with the Cp unit. In the
diaza ring the atoms N3, C30, N2, C33 are found in a planebered phosphametalla heterocycle showing the 31P-NMR

low-field signals at δ 5 143.4 (6a), 127.5 (6a9) and 120.0 [torsion angle: 6.9(13)°] from which the spiro atom C8 is
only slightly deflected [C82C332N22C30 15.4(12)°]. As(6b), 139.8 (6b9) with 1J(WP) coupling constants of 277.0

(6a), 265.7 (6a9) Hz and 280.8 (6b), 280.5 (6b9) Hz. Presum- shown by the angle Cp(Z)2W12C82N3 (1.16°), the plane
of the ring is oriented nearly perpendicularly to theably it is formed by a 1,3-dipolar cycloaddition of ethyl iso-

thiocyanate to the W5P double bond. The carbon atom of Cp(Z)2W axis.
the added isothiocyanate is responsible for the spirocyclic

Delocalization within the bonding system N22C302N3,
structure, formed by the coupling with two ethyl isocyanate

involving an sp2-hybridized carbon atom, is proved by the
molecules followed by protonation of the carbon atoms.

nearly identical values of the bond lengths N22C30
The generation of the ethyl isocyanate incorporated in the

[1.341(13) Å] and N32C30 [1.345(13) Å], while the sp3-hy-
spirocycle is verified under the reaction conditions by ring

bridized carbon atom C33 is saturated by two hydrogen
contraction of the [2 1 2] cycloadducts 4a, b to give

atoms.
W2P2S cycles, as proved in a separate experiment. This is
a further example of easy cleavage of the carbon2sulfur The W12P1 distance of 2.540(3) Å lies within the range

of a single bond and is comparable with the values of otherbond in isothiocyanates in the presence of a transition me-
tal resulting in the generation of complexes having both the phosphane-substituted tungsten complexes[3] [5]. The

W12S1 distance is slightly shorter than expected for a sin-sulfur atom and the isocyanide incorporated[4].
Despite the large number of postulated reaction steps, 6a, gle bond [2.459(3) Å], while for the P12N1 bond [1.720(8)

Å] a single bond character is found[6].b, which have two or three stereogenic centers, are formed
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positive δ values. 2 Infrared spectra were measured in solution onFigure 1: ORTEP plot of {Cp(OC)2W2P(tBu)22N(Et)2

Ca[N(Et)2C(H)2N(Et)2CbH2]2S(W2S)(Ca2Cb)}Cl (6a)[a] a Perkin-Elmer 283 grating spectrometer in NaCl cells with 0.1-
mm path length. 2 Melting points: Differential thermoanalysis
(Du Pont 9000). 2 Elemental analyses were performed in the labor-
atory of the Institut für Anorganische Chemie der Universität
Würzburg.

1. Cp(OC)2W2P(tBu)22C(5NEt)2S(W2S) (4a): A solution
of 170 mg (0.38 mmol) of Cp(OC)2W5P(tBu)2 (2a) in 10 ml of
toluene was combined with 33 mg (0.38 mmol) of ethyl isothiocy-
anate (3) and the mixture stirred for 24 h at room temperature. The
reaction mixture was reduced in vacuo to a volume of 1 ml and
worked up by column chromatography (column 10 3 1.5 cm, alu-
mina III, neutral, toluene). The eluate of the dark red zone was
concentrated in vacuo and remaining 4a was recrystallized from 7
ml of pentane. 2 Yield: 153 mg (75%). 2 Dark red microcrystalline
powder. 2 M.p. 183°C. 2 1H NMR (400.1 MHz, [D6]benzene):
δ 5 4.91 (s, 5 H, H5C5), 3.73 [qd, 3J(HCCH) 5 7.4 Hz,
4J(PCNCH) 5 2.5 Hz, 2 H, H2CN], 1.32 [d, 3J(PCCH) 5 16.5 Hz,
9 H, (H3C)3C], 1.26 [t, 3J(HCCH) 5 7.4 Hz, 3 H, H3CCH2N], 1.04
[d, 3J(PCCH) 5 16.5 Hz, 9 H, (H3C)3C]. 2 31P NMR (162.0 MHz,
[D6]benzene): δ 5 39.7 [s, 1J(WP) 5 213.8 Hz]. 2 IR (toluene):
ν̃ 5 1936, 1853 (CO) cm21. 2 C18H28NO2PSW (537.31): calcd. C
40.24, H 5.25, N 2.61, S 5.97; found C 40.44, H 5.37, N 2.57,
S 5.88.

2. Cp(OC)2W2P(tBu)(Ph)2C(5NEt)2S(W2S) (4b): Pre-
pared as described for 4a from 242 mg (0.51 mmol) of Cp(OC)2W5

[a] Selected bond lengths [Å], bond and torsion angles [°]: W12C2 P(tBu)(Ph) (2b) and 44 mg (0.51 mmol) of ethyl isothiocyanate (3)1.927(12), W12C1 1.948(12), W12P1 2.540(3), W12S1 2.459(3),
in 10 ml of toluene after stirring for 12 h. 2 Yield: 216 mg (76%).S12C8 1.823(11), P12N1 1.720(8), N12C8 1.437(12), N22C30
2 Orange microcrystalline powder. 2 M.p. 193°C. 2 1H NMR1.341(13), N22C33 1.449(12), N32C30 1.345(13), N32C8

1.472(12), C82C33 1.558(13); W12S12C8 112.8(2), P12W12S1 (400.1 MHz, [D6]benzene): δ 5 8.04 (m, 2 H, H5C6), 7.13 (m, 3 H,
74.2(8), W12P12N1 107.4(5); C82S12W12P1 28.7(6), H5C6), 4.77 (s, 5 H, H5C5), 3.88 (m, 2 H, H2CN), 1.43 [t,S12W12P12N1 31.4(5), W12P12N12C8 35.4(1), P12W12 3J(HCCH) 5 7.6 Hz, 3 H, H3CCH2N], 1.38 [d, 3J(PCCH) 5 15.2S12C8 12.9(5); N12C82S12W1 16.9(9), C302N32C82C33

Hz, 9 H, (H3C)3C]. 2 13C NMR (100.6 MHz, [D6]benzene): δ 513.9(4), N32C82C332N2 16.7(2), C82C332N22C30 15.5(1),
C332N22C302N3 6.9(4), Cp(Z)2W12C82N3 1.16. 245.5 [d, 2J(PWC) 5 22.9 Hz, cis-CO], 230.8 [d, 2J(PWC) 5 3.8

Hz, trans-CO], 183.0 [d, 1J(PC) 5 49.6 Hz, C5N], 133.9 [d,
1J(PC) 5 51.5 Hz, C-1], 133.0 [d, 3J(PCCC) 5 8.6 Hz, C-3/5], 130.0In conclusion, these studies demonstrate a metal-me-
[d, 2J(PCC) 5 1.9 Hz, C-2/6], 127.5 (s, C-4), 44.8 [d, 1J(PC) 5diated multistep synthesis, starting from easily accessible
19.1 Hz, C(CH3)3], 36.1 [d, 3J(PCNC) 5 20.0 Hz, CH2N], 26.0 [d,secondary phosphane complexes with the corresponding
2J(PCC) 5 2.9 Hz, (CH3)3C], 15.0 (s, CH3CH2N). 2 31P NMRphosphenium complexes as the crucial intermediates. Fur-
(162.0 MHz, [D6]benzene): δ 5 11.9 [s, 1J(WP) 5 230.2 Hz]. 2 IRthermore, this process proceeds with a high degree of dia-
(toluene): ν̃ 5 1924, 1839 (CO) cm21. 2 C20H24NO2PSW (557.30):stereoselectivity, a feature which promises future appli-
calcd. C 43.10, H 4.34, N 2.51, S 5.75; found C 43.36, H 4.65, N

cation of these phosphametallaspirocycles in enantioselec- 2.14, S 5.50.
tive synthesis.

3. {Cp(OC)2W2P(tBu)22N(Et)2Ca[N(Et)2(CH)2N(Et)-
Support of this research by the Deutsche Forschungsgemeinschaft

CbH2]2S(W2S)(Ca2Cb)}Cl (6a): A solution of 312 mg (0.64
(Sonderforschungsbereich 347, “Selektive Reaktionen Metall-akti-

mmol) of Cp(OC)2[H(tBu)2P]W2Cl (1) and 167 mg (1.92 mmol)
vierter Moleküle”) is gratefully acknowledged.

of ethyl isothiocyanate (3) was combined with 97 mg (0.64 mmol)
of DBU and stirred for 24 h at room temperature. The reaction
mixture was reduced in vacuo to a volume of 2 ml and worked up

Experimental Section by column chromatography (column 25 3 2.5 cm, alumina III,
neutral, toluene). The eluate of the second orange zone was evapo-General: All manipulations were performed under dried and

purified nitrogen. Solvents were rigorously dried with an appropri- rated in vacuo and remaining 6a recrystallized from 7 ml of pen-
tane. 2 Yield: 56 mg (25%). 2 Orange microcrystalline powder. 2ate drying agent, distilled before use and saturated with nitrogen.

Cp(OC)2[H(tBu)(R)P]W2Cl and Cp(OC)2W5P(tBu)(R) (R 5 M.p. 78°C. 2 Diastereomeric ratio: 96:4 (determined by inte-
gration of the Cp signals in the 1H-NMR). 2 Main diastereomer:tBu[7], Ph[1j]) were prepared according to the literature. All other

reagents were obtained commercially and used without further 1H NMR (400.1 MHz, [D6]benzene): δ 5 5.06 (s, 5 H, H5C5), 4.14
[d, 2J(HCH) 5 11.2 Hz, 1 H, H2CCNP], 3.83 (m, 2 H, H2CCH3),purification. 2 1H-, 13C-, and 31P-NMR spectra were obtained on

a Bruker AMX 400 spectrometer. δ(1H)/(13C) chemical shifts are 3.74 [d, 2J(HCH) 5 11.2 Hz, 1 H, H2CCNP], 3.35 (m, 2 H,
H2CCH3), 2.87 (m, 2 H, H2CCH3), 1.81 [t, 3J(HCCH) 5 7.0 Hz,reported downfield from Me4Si referenced to the residual proton

signal (1H) or natural abundance carbon signal (13C) of the deuter- 3 H, H3CCH2], 1.32 [d, 3J(PCCH) 5 13.1 Hz, 18 H, (H3C)3C],
1.10 [t, 3J(HCCH) 5 7.0 Hz, 3 H, H3CCH2], 0.95 [t, 3J(HCCH) 5ated solvent. δ(31P) chemical shifts are measured relative to external

H3PO4 (85%). Shifts downfield from the standard were assigned 7.0 Hz, 3 H, H3CCH2]. 2 13C NMR (100.6 MHz, [D6]benzene):
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δ 5 244.1 [d, 2J(PWC) 5 16.2 Hz, cis-CO], 228.9 [d, 2J(PWC) 5 C15H23O2PSW (482.23): calcd. C 37.36, H 4.08; found C 37.54,

H 5.20.1.9 Hz, trans-CO], 179.3 (s, CNP), 93.7 (s, C5H5), 62.1 (s,
CH2CNP), 49.0 [d, 1J(PC) 5 7.5 Hz, C(CH3)3], 43.8 [d,

6. Cp(OC)2W2P(tBu)(Ph)2S(W2S) (5b): Prepared as de-4J(PNCNC) 5 3.8 Hz, CH2NCNP], 41.3 [d, 2J(PNC) 5 17.2 Hz,
scribed for 5a from 182 mg (0.39 mmol) of Cp(OC)2W5P(tBu)(Ph)

CH2NP], 38.1 (s, CH2NC), 31.7 [d, 2J(PCC) 5 2.9 Hz, (CH3)3C],
(2b) and 12 mg (0.39 mmol) of elemental sulfur in 7 ml of toluene

15.8 (s, CH3CH2), 15.2 [d, 3J(PNCC) 5 2.9 Hz, CH3CH2NP], 11.9
after stirring for 2 h. Yield: 174 mg (89%). 2 Red microcrystalline

(s, CH3CH2); δ(CHN) 5 128.9 (CDCl3, 150.9 MHz). 2 31P NMR
powder. 2 M.p. 180°C. 2 1H NMR (400.1 MHz, [D1]chloroform):

(162.0 MHz, [D6]benzene): δ 5 143.4 [s, 1J(WP) 5 277.0 Hz]. 2
δ 5 7.7627.39 (m, 5 H, H5C6), 5.19 (s, 5 H, H5C5), 1.18 [d,

Minor diastereomer: 1H NMR (400.1 MHz, [D6]benzene): δ 5 5.02 3J(PCCH) 5 18.7 Hz, 9 H, (H3C)3C]. 2 13C NMR (100.6 MHz,
(s, 5 H, H5C5), 3.57 [d, 2J(HCH) 5 10.3 Hz, 1 H, H2CCNP], 3.48

[D1]chloroform): δ 5 240.0 [d, 2J(PWC) 5 29.3 Hz, cis-CO], 228.3
(m, 2 H, H2CCH3), 3.39 [d, 2J(HCH) 5 10.3 Hz, 1 H, H2CCNP],

(s, trans-CO), 133.8 [d, 3J(PCCC) 5 11.8 Hz, C3/5], 132.4 [d,
3.06 (m, 2 H, H2CCH3), 2.62 (m, 2 H, H2CCH3), 1.86 [t, 1J(PC) 5 36.6 Hz, C1], 130.4 [d, 4J(PCCCC) 5 3.1 Hz, C4], 127.93J(HCCH) 5 7.6 Hz, 3 H, H3CCH2], 1.27 [d, 3J(PCCH) 5 13.5

[d, 2J(PCC) 5 11.1 Hz, C2/6], 91.1 (s, C5H5), 27.9 [d, 1J(PC) 5
Hz, 18 H, (H3C)3C], 0.89 [t, 3J(HCCH) 5 7.1 Hz, 3 H, H3CCH2],

34.5 Hz, C(CH3)3], 26.8 [d, 2J(PCC) 5 4.5 Hz, (CH3)3C]. 2 31P
0.56 [t, 3J(HCCH) 5 7.6 Hz, 3 H, H3CCH2]. 2 13C NMR (100.6

NMR (162.0 MHz, CDCl3): δ 5 39.4 [1J(WP) 5 221.1 Hz). 2 IR
MHz, [D6]benzene): δ 5 244.2 [d, 2J(PWC) 5 15.2 Hz, cis-CO),

(toluene): ν̃ 5 1940, 1854 (CO) cm21. 2 C17H19O2PSW (502.26):
229.1 [d, 2J(PWC) 5 1.9 Hz, trans-CO], 180.8 (s, CNP), 93.0 (s,

calcd. C 40.66, H 3.81; found C 40.80, H 3.84.
C5H5), 63.8 (s, CH2CNP), 48.0 [s, C(CH3)3], 44.0 [d, 2J(PNC) 5

7. Reaction of Cp(OC)2W2P(tBu)22C(5NEt)2S(W2S) with3.8 Hz, CH2NP], 40.8 [d, 4J(PNCNC) 5 2.9 Hz, CH2NCNP], 39.6
[HDBU][Cl]: A solution of 125 mg (0.23 mmol) of(s, CH2NC), 31.0 [d, 2J(PCC) 5 2.9 Hz, (CH3)3C], 15.3 (s,
Cp(OC)2W2P(tBu)22C(5NEt)2S(W2S) (4a) in 7 ml of tolueneCH3CH2), 13.9 [d, 3J(PNCC) 5 2.9 Hz, CH3CH2NP], 11.8 (s,
is combined with an excess of [HDBU][Cl]. After stirring for 2 dCH3CH2); δ(CHN) 5 128.8 (CDCl3, 130.9 MHz). 2 31P NMR
insoluble [HDBU][Cl] is separated and pure 5a is identified by 31P-(162.0 MHz, [D6]benzene): δ 5 127.5 [s, 1J(WP) 5 265.7 Hz]. 2
NMR spectroscopic comparison with an authentic sample.IR (toluene): ν̃ 5 1936, 1837 (CO) cm21. 2 C24H41ClN3O2PSW

(685.95): calcd. C 42.02, H 6.02, N 6.13, S 4.67; found C 40.34, H 8. X-ray Structure Analysis of 6a: Orange crystals suitable for
6.04, N 5.58, S 8.60. X-ray analysis were obtained by slow diffusion of pentane into a

saturated solution of 6a in benzene at room temperature.4. {Cp(OC)2W2P(tBu)(Ph)2N(Et)2Ca[N(Et)2(CH)2N-
C24H41ClN3O2PSW, M 5 685.95; Crystallographic data for 3a:(Et)CbH2]2S(W2S)(Ca2Cb)}Cl (6b): Prepared as described for
monoclinic, P21/c (Nr. 14), Z 5 4, a 5 15.675(4), b 5 12.375(2),6a from 275 mg (0.54 mmol) of Cp(OC)2[H(tBu)(Ph)P]W2Cl (1b),
c 5 16.219(5) Å, β 5 110.79(1)°, V 5 2941(1) Å3, ρcalcd. 5 1.637141 mg (1.62 mmol) of ethyl isothiocyanate (3) and 83 mg (0.54
g·cm23, Enraf-Nonius CAD4 diffractometer; Mo-Kα radiationmmol) of DBU. 6b is obtained from the eluate of the second red
(λ 5 0.71073 Å), 4078 independent reflections with 2.12° < θ <zone. 2 Yield: 50 mg (13%). 2 Dark orange microcrystalline pow-
22.93° collected, 2781 reflections used in refinement with I > 2σ(I);der. 2 M.p. 83°C. 2 Diastereomeric ratio: 85:15 (determined by
R1 5 0.0479; wR2 5 0.0978. Crystallographic data (excluding struc-integration of the Cp signals in the 1H NMR). 2 Main dia-
ture factors) for the structure reported in this paper have been de-stereomer: 1H NMR (400.1 MHz, [D6]benzene): δ 5 7.7626.98 (m,
posited with the Cambridge Crystallographic Data Centre as sup-5 H, H5C6), 4.75 (s, 5 H, H5C5), 4.08 [d, 2J(HCH) 5 11.8 Hz, 1 H,
plementary publication no. CCDC-101571. Copies of the data canH2CCNP], 3.86 (m, 2 H, H2CCH3), 3.80 [d, 2J(HCH) 5 11.8 Hz,
be obtained free of charge on application to CCDC, 12 Union1 H, H2CCNP], 3.43 (m, 2 H, H2CCH3), 3.17 (m, 2 H, H2CCH3),
Road, Cambridge CB2 1EZ [Fax: 1 44-1223/336-033; E-mail:1.80 [t, 3J(HCCH) 5 7.4 Hz, 3 H, H3CCH2], 1.29 [d, 3J(PCCH) 5
deposit@ccdc.cam.ac.uk].14.8 Hz, 9 H, (H3C)3C], 0.99 [t, 3J(HCCH) 5 6.5 Hz, 3 H,

H3CCH2], 0.85 [t, 3J(HCCH) 5 6.5 Hz, 3 H, H3CCH2]. 2 31P
NMR (162.0 MHz, [D6]benzene): δ 5 120.0 [s, 1J(WP) 5 280.8 [1] [1a] W. Malisch, U.-A. Hirth, K. Grün, M. Schmeußer, O. Fey,

U. Weis, Angew. Chem. 1995, 107, 271722719; Angew. Chem.Hz]. 2 Minor diastereomer: 1H NMR (400.1 MHz, [D6]benzene):
Int. Ed. Engl. 1995, 34, 250022502. 2 [1b] A. Fried, W. Malisch,δ 5 4.78 (s, 5 H, H5C5), 3.81 [d, 2J(HCH) 5 10.3 Hz, 1 H,
M. Schmeußer, U. Weis, Phosphorus Sulfur 1992, 65, 75278. 2

H2CCNP], 3.53 [d, 2J(HCH) 5 10.3 Hz, 1 H, H2CCNP], additional [1c] W. Malisch, U.-A. Hirth, T. A. Bright, H. Käb, T. S. Ertel,
signals not assigned. 2 31P NMR (162.0 MHz, [D6]benzene): δ 5 S. Hückmann, H. Bertagnolli, Angew. Chem. 1992, 104,

153721539; Angew. Chem. Int. Ed. Engl. 1992, 31, 152521527.139.8 [s, 1J(WP) 5 280.5 Hz]. 2 C26H37ClN3O2PSW (705.94):
2 [1d] W. Malisch, K. Grün, N. Gunzelmann, S. Möller, R. Lan-calcd. C 44.24, H 5.28, N 5.95, S 4.54; found C 44.43, H 5.41, N
kat, J. Reising, M. Neumayer, O. Fey in Selective Reactions of

5.88, S 4.67. Metal-Activated Molecules, H. Werner, W. Adam, G. Bring-
mann, W. Kiefer (Eds.), Vieweg-Verlag, Braunschweig 1995, p.
1832190. 2 [1e] W. Malisch, U.-A. Hirth, A. Fried, H. Pfister,5. Cp(OC)2W2P(tBu)22S(W2S) (5a): A solution of 165 mg
Phosphorus Sulfur 1993, 77, 17220. 2 [1f] H. Lang, M. Leise,(0.36 mmol) of Cp(OC)2W5P(tBu)2 (2a) in 7 ml of toluene was
L. Zsolnai, Organometallics 1993, 12, 239322397. 2 [1g] H.-U.combined with 12 mg (0.36 mmol) of elemental sulfur and stirred Reisacher, E. N. Duesler, R. T. Paine, Chem. Ber. 1996, 129,

for 4 h at room temperature. The reaction mixture was reduced in 2792281. 2 [1h] H.-U. Reisacher, W. F. McNamara, E. N.
Duesler, R. T. Paine, Organometallics 1997, 16, 4492455. 2 [1i]vacuo to a volume of 1 ml and worked up by column chromatogra-
H.-U. Reisacher, E. N. Duesler, R. T. Paine, J. Organomet.phy (column 10 3 1.5 cm, alumina III, neutral, toluene). The eluate
Chem. 1997, 539, 37244. 2 [1j] W. Malisch, A. Meyer, K. Jörg,of the red zone was evaporated in vacuo and remaining 5a recrys- U. Hofmockel, M. Schmeußer, R. Schemm, W. S. Sheldrick,

tallised from 5 ml of pentane. Yield: 142 mg (85%). 2 Dark red Phosphorus Sulfur 1987, 30, 2052208.
[2] [2a] C. C. Cummins, R. R. Schrock, W. M. Davis, Angew. Chem.microcrystalline powder. 2 M.p. 120°C. 2 1H NMR (400.1 MHz,

1993, 105, 7582761; Angew. Chem. Int. Ed. Engl. 1993, 23,[D6]benzene): δ 5 5.16 (s, 5 H, H5C5), 1.53 [d, 3J(PCCH) 5 16.4
7562760. 2 [2b] A. Mathieu, A. Igau, J.-P. Majoral, PhosphorusHz, 9 H, (H3C)3C], 1.27 [d, 3J(PCCH) 5 16.2 Hz, 9 H, (H3C)3C]. Sulfur 1995, 104, 2352239. 2 [2c] T. L. Breen, D. W. Stephan,

2 31P NMR (162.0 MHz, [D6]benzene): δ 5 60.9 [s, 1J(WP) 5 Organometallics 1996, 15, 450924514. 2 [2d] T. L. Breen, D. W.
Stephan, Organometallics 1997, 16, 3652369.195.1 Hz] 2 IR (toluene): ν̃ 5 1937, 1851 (CO) cm21. 2
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isch, K. Hindahl, R. Schemm, W. S. Sheldrick, OrganometallicsKrüger, Inorg. Chim. Acta 1996, 244, 1472150.
[4] [4a] W. P. Fehlhammer, A. Mayr, J. Organomet. Chem. 1980, 191, 1995, 14, 444624448.

[6] C. Bueno, M. R. Churchill, Inorg. Chem. 1981, 20, 219722202.1532159. 2 [4b] H. Fischer, J. Organomet. Chem. 1981, 222,
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RhCl(PPh3)3 in the presence of excess hydrochloric acid and of 1 is first-order with respect to tolan and RhCl(PPh3)3 and
exhibits activation parameters of ∆H‡ = 94.7 ± 10 kJ mol–1azobenzene in refluxing 1-pentanol catalyzes the

cyclodimerization of arylalkynes to 1,2,3-substituted and ∆S‡ = 36 ± 6 J K–1 mol–1. Replacing HCl by HBr and
HI decreases the rate by 28 and 55%, respectively. Althoughnaphthalene derivatives. This enables an easy access to

1,2,3-triphenylnaphthalene (1), 7-methoxy-1,2,3-tris(p- naphthalene formation occurs also in the absence of
azobenzene, its presence stabilizes the catalyst, acceleratesmethoxyphenyl)naphthalene (2), 7-methyl-1,2,3-tris(p-

methylphenyl)naphthalene (3), and 7-nitro-3-(p- the reaction, and inhibits formation of 1-chlorostilbene,
which is the major by-product. When RhCl(PCy3)2 is used asnitrophenyl)-1,2-diphenylnaphthalene (4). A co-cyclo-

dimerization of tolan with 4-octyne affords 3-phenyl-1,2- the catalyst, naphthalene formation even in the absence of
azobenzene is highly selective, but proceeds much slower.dipropylnaphthalene (5). The structure of 4 was resolved by

single-crystal X-ray structural analysis. The rate of formation No reaction is observed in non-protic solvents.

Introduction Figure 1. RhCl2(C,N-C6H4E5NC6H5)(PPh3)2

Transition-metal-assisted or -catalyzed oligomerizations
of alkynes afford a variety of linear-chain or annulated
compounds by direct C2C coupling. In general, annulation
does not involve a C2H activation step.[225] Except photo-
chemical reactions, direct syntheses of naphthalene deriva-
tives through cyclodimerization of aryl alkynes were scar-
cely reported. For example metallic lithium suspensions as- zene or RhCl2(C,N-C6H4CH5NNHC6H5)(PPh3)2 were
sist formation of 1,2,3-triphenylnaphthalene from tolan. [6]

present, but the reaction was slow and of poor chemoselec-
Phenylacetylene was stoichiometrically dimerized to 1- tivity (Figure 1). [11] [12]

phenylnaphthalene by “active” palladium (PdCl2 and Different to the indole synthesis, where catalytic amounts
NaBH4) while tolan and other diarylalkynes were inert. [7]

of acetic acid improved both rate and selectivity, no ben-
Cyclodimerization of the latter alkynes occurred as a side- eficial effect was observed for naphthalene formation. How-
reaction in the RhCl3 ·3 H2O and Aliquat-336 catalyzed ever, this was the case when mineral acids were employed.
cyclotrimerization; an oxidative C2H addition involving an In the following we describe a novel catalytic system which
intermediate RhV complex was proposed to rationalize the allows the easy synthesis of 1,2,3-triphenylnaphthalene (1),
naphthalene formation. [8] Wilkinson et al. reported a simi- 7-methoxy-1,2,3-tris(p-methoxyphenyl)naphthalene (2), 7-
lar synthesis of 1,2-diphenylbenzylideneindene. [9] During methyl-1,2,3-tris(p-methylphenyl)naphthalene (3), 7-nitro-3-
our investigations on the rhodium-catalyzed indole syn- (p-nitrophenyl)-1,2-diphenylnaphthalene (4), and 3-phenyl-
thesis from tolan and azobenzene[10] we observed that in 1,2-dipropylnaphthalene (5).
refluxing 1-pentanol solution 1,2,3-triphenylnaphthalene is
produced through cyclodimerization of tolan when
RhCl2(C,N-C6H4N5NC6H5)(PPh3)2 and 2-chloroazoben- Results and Discussion

Cyclodimerization of Tolan by Various Catalysts
[°] On leave of absence from the Department of Applied Chem-

istry, Sichuan Union University, Chengdu, Sichuan 610065, During investigations of the synthesis of 1 in the presenceP. R. China.
[e] Part XLII: Ref.[1]. of ortho-metalated azobenzene and hydrazone com-
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Cyclodimerization of ArylalkynesFigure 2. Time dependence of the turnover number of 1 in the

presence of various catalytic systems; 0.05 mmol of rhodium com-
It was found that only diarylalkynes can be cyclodimer-plex and 2.0 mmol of tolan in the presence of 0.15 mL of HCl (aq.

37%)in 25 mL of refluxing 1-pentanol solution: RhCl(PPh3)3 and ized to naphthalene derivatives (Scheme 1). Introduction of
PhN5NPh (0.25 mmol) (A); RhCl(PPh3)3 (B); RhCl2(C,N- electron-donating substituents accelerated the reactionC6H4N5NC6H5)(PPh3)2 (C); RhCl2(C,N-C6H4CH5NNHC6H5)-

while electron-withdrawing ones had the opposite effect.(PPh3)2 (D); RhHCl(C,N-CH3C6H3N5NC6H4CH3)(PCy3)2 (E);
RhCl(PCy3)2 (F) According to HPLC analysis, unsymmetrically substituted

diarylalkynes like p-nitrophenylacetylene afforded four re-
gioisomers with a slight preference of the product formed
by ortho-metalation of the p-nitrophenyl group. Isolated
yields of 123 and 425 were in the range of 60285% and
37%, respectively. Mixed alkyl/aryl-substituted alkynes were
difficult to cyclodimerize, especially when electron-with-
drawing substituents were present. Accordingly,
PhC2CO2Et and PhC2COMe could not be converted to the
corresponding naphthalene. Contrary to that, the latter al-
kyne can be cyclodimerized by RhCl3 and Aliquat-336 in
a mixed tetrachloroethane/water solvent. [8]

In an attempt to accomplish a co-cyclodimerization, to-
lan and 4-octyne were employed as the substrates. Although

plexes, [13] we found that RhCl(PPh3)3 and RhCl(PCy3)2 are 5 was produced in moderate yield, it could not be obtained
also catalytically active but require the presence of HCl. In analytically pure (Scheme 1).
Figure 2 the catalytic activity of various systems is summa-

Scheme 1rized.
Highest TON (turn over number) values were obtained

with RhCl(PPh3)3 and azobenzene (catalyst I, Figure 2,
curve A), followed by RhCl2(C,N-C6H4N5NC6H5)(PPh3)2

(curve C), RhHCl(C,N-CH3C6H3N5NC6H5)(PCy3)2

(curve E) and RhCl(PCy3)2 (curve F). The hydrazone com-
plex RhCl2(C,N-C6H4CH5NNHC6H5)(PPh3)2 (curve D),
and Wilkinson9s complex (curve B) were less active.

When azobenzene in the catalytic system I was replaced
by hydrazobenzene, benzylidenephenylimine, aniline, tri-
ethylamine, and various other monodentate nitrogen li-
gands, formation of 1 still occurred, however at a much The structures of the naphthalene derivatives were con-
lower rate. This clearly indicates that an anticipated ortho- firmed by multidimensional H-H COSY, NOEs, NOESY,
metalation of azobenzene is not involved in its positive ac- C-H HETCOR, COLOC NMR techniques. [14] A single-
tion. Addition of bidentate nitrogen ligands like phen- crystal X-ray analysis of 4 confirmed the proposed structure
anthroline and 2,29-bipyridyl instead of azobenzene in- (Figure 3, Table 1). The C2C bonds of the naphthalene
hibited the reaction completely. When RhCl(PPh3)3 was ring agree with the values reported for perchloro-1,2,3-tri-
employed without azobenzene the initial rate did not phenylnaphthalene. [15] The three phenyl rings at C1, C2,
change significantly but the catalyst was easily deactivated and C3 are twisted out of the naphthalene plane by 76.3°,
and the reaction stopped after 3 h (Figure 2, curve B); fur- 69.0°, and 126.4°, respectively, and both nitro groups are
thermore, the addition product of HCl to tolan, 1-chloro- aligned with the corresponding ring planes.
stilbene, was produced in an amount of 20% relative to 1.

Figure 3. ORTEP drawing (drawn at 50% probability level) of 4This value increased to 30% when HCl and RhH(PPh3)4

were preheated for 20 min. From these results it can be
concluded that azobenzene efficiently prevents addition of
HCl to the alkyne mediated by rhodium complexes. In the
absence of HCl, the reaction of tolan with RhCl(PPh3)3,
RhH(PPh3)4, or RhH(CO)(PPh3)3 alone in refluxing penta-
nol did not afford 1.

When Wilkinson’s catalyst was replaced by RhCl(PCy3)2,
even in the absence of azobenzene a highly selective pro-
duction of 1 occurred without the concomitant formation
of any by-products. However, the reaction proceeded with
only moderate rate, comparable to that of the two orthome-
talated complexes (Figure 2, curve F).
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Figure 5. Influence of azobenzene concentrations on catalytic activ-Table 1. Selected bond lengths [Å] and bond angles [°] for 4
ity catalyst I: [Rh]/[azobenzene] 5 1:1 (A), 1:5 (B), 1:10 (C), 1:40

(D)C(7)2C(8) 1.366(2) C(6)2C(7)2C(8) 123.3(1)
C(6)2C(7) 1.396(2) C(8)2C(7)2N(7a) 117.7(1)
C(5)2C(6) 1.358(2) C(6)2C(7)2N(7a) 119.0(1)
C(5)2C(4a) 1.425(2) C(5)2C(6)2C(7) 118.7(1)
C(4)2C(4a) 1.410(2) C(6)2C(5)2C(4a) 120.9(1)
C(4a)2C(8a) 1.421(2) C(4)2C(4a)2C(8a) 118.9(1)
C(3)2C(4) 1.374(2) C(4)2C(3)2C(21) 117.8(1)
C(2)2C(3) 1.432(2) C(2)2C(3)2C(21) 122.5(1)
C(3)-C(21) 1.496(2) C(1)2C(2)2C(15) 119.0(1)
C(1)2C(2) 1.388(2) C(3)2C(2)2C(15) 120.7(1)
C(2)2C(15) 1.500(2) C(2)2C(1)2C(9) 121.9(1)
C(1)2C(8a) 1.433(2) C(8a)2C(1)2C(9) 118.4(1)
C(1)2C(9) 1.498(2) C(8)2C(8a)2C(4a) 118.6(1)
C(8a)2C(8) 1.414(2) C(4a)2C(8a)2C(1) 119.6(1)

Mechanistic Investigations

The reaction is strongly solvent-dependent and does not turned out that the highest TORs were observed at the val-
occur in non-protic solvents like THF, acetonitrile, triethyl- ues of 1:5 and 1:10 (Figure 5).
amine, toluene, chlorobenzene, DMF, tetrachloroethane,
nitrobenzene, aniline, and DMSO. In methanol, even upon
refluxing for 3 days, no naphthalene could be detected, Kinetic Measurements
whereas this was possible when the boiling point of the al-

The initial reaction rate as function of different substratecohol was above 100°C. All of the following experiments
concentrations was measured by monitoring the formationwere performed with catalyst I in refluxing 1-pentanol solu-
of 1 by HPLC (dP/dt, Figures 6a, 6b). From the slopes oftion.
1.03 and 0.9 as obtained from a plot of logarithm of initial
rate vs. logarithm for tolan and RhCl(PPh3)3, respectively,

Influence of the Acid a reaction order of unity is assumed for both components.
When the catalyst concentration was increased above 0.5

Changing the molar ratio [HCl]/[Rh] from 34:1 to 1:1 de-
mol/L, the reaction became slower while a higher concen-

creased the initial turnover rate (TOR) of 1 from 18 to 0.7
tration of tolan favored cyclotrimerization to hexaphen-

h21 indicating that stoichiometric amounts of HCl cannot
ylbenzene. These results suggest that the transition state of

sustain a high catalytic activity (Figure 4). Varying the same
the rate-determining step contains one molecule of tolan

ratio to 68:1, reduced the TOR down to 8 h21. When
coordinated to a mononuclear rhodium complex. Acti-

HClconc was substituted by HBrconc and HIconc, the TOR
vation parameters of ∆H° 5 94.7 ± 10 kJ mol21 and

decreased from 18 to 13 and 6, respectively.
∆S° 5 36 ± 6 J K21 mol21 were calculated from the tem-

Figure 4. Influence of HX on catalytic activity of catalyst I: [HCl]/ perature dependence of the rate constant in the range of
[Rh] 5 1:1 (A), 34:1(B), 68:1 (C) 1052130°C (Figure 6c).

Postulated Catalytic Cycle

From the results presented above a plausible mechanism
for the cyclodimerization in the presence of catalyst I is
schematically depicted in Scheme 2.

It is recalled that in the absence of HX tolan and azoben-
zene undergo a RhCl(PPh3)3-catalyzed co-cyclodimeri-
zation affording N-anilino-2,3-diphenylindole. [10] This reac-
tion is inhibited by the presence of the mineral acid in favor
of the alkyne cyclodimerization to 1,2,3-triphenylnaphtha-
lene. According to the reaction conditions it is assumed that
the first step is loss of a PPh3 ligand followed by oxidative
addition of HX to A affording the rhodium(III) intermedi-
ate B (Scheme 2). Since it is known from the literature that
HX reacts with RhCl(PR3)3 (R 5 Ph, Cy) already at room
temperature, [16] [17] it seems unlikely that the slower naph-Influence of Azobenzene
thalene formation in the presence of HBr and HI is due to
slowing down of this reaction step. Subsequent insertion ofUpon variation of the ratio [Rh]/[PhN2Ph] at a fixed

[Rh]/[PhC2Ph] value from 1:1 to 1:5, 1:10, and 1:40, it the alkyne into the Rh2H bond should be a fast process
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Scheme 2. Postulated catalytic cycle for catalyst I (RhCl(PPh3)3,Figure 6. Plot of log(dP/dt) vs. logarithm of the concentration of

tolan (a) and RhCl(PPh3)3 (b); Arrhenius plot (c) PhN5NPh, and HCl in 1-pentanol)

sence of azobenzene, but only formed in traces in its pres-
ence. As a weak base, azobenzene may facilitate elimination
of HX and therefore favor ortho-metalation of tolan over
reductive elimination of 1-chlorostilbene. As indicated in
Scheme 2, azobenzene or a derivative thereof may be coor-
dinated to the rhodium center throughout the whole cata-
lytic cycle. Insertion of the second alkyne into an Rh2C
bond of D and reductive C(sp2)2C(sp2) elimination leads
to 1 and the starting complex A.

Figure 7. Transition state postulated for the ortho-metalation step;
see also Scheme 2

This work was supported by the Deutsche Forschungsgemein-
schaft, the Fonds der Chemischen Industrie and the Degussa AG. We
thank Dr. M. Moll for the NMR measurements. L. H. is indebted
to the Hanns-Seidel-Stiftung and the Chinese Government for a fel-
lowship.

Experimental Sectionas known for the corresponding reaction of acetylene with
RhHCl2(PPh3)2. [17] [18] Successive cis/trans isomerization of General: Unless otherwise mentioned, all operations were per-
the vinyl ligand leads to C. Although this is a rhodium(III) formed under dry and oxygen-free nitrogen using standard Schlenk

techniques. All solvents were degassed and saturated with nitrogencomplex, it is postulated to undergo ortho-metalation as re-
before use. Rhodium trichloride hydrate was obtained from De-ported for comparable cases. [18] [19] In view of the presence
gussa AG. Commercial triphenylphosphane, and trans-azobenzeneof weak intramolecular CH···XRhIII interactions in related
(Aldrich, Merck) were used after recrystallization from ethanol.hexacoordinated rhodium(III) complexes, [1] a multicenter
Commercial tolan, 4-octyne, 1-phenyl-1-propyne, ethyl 3-pheny-transition state as depicted in Figure 7 is proposed. This
lpropiolate, 4-phenyl-3-butyn-2-one, dimethyl acetylenedicarboxyl-would rationalize the slower rate found in the presence of
ate, 3-pentyn-1-ol were directly used without any purification.

HBr and HI since the interaction is weaker when the elec- RhCl(PPh3)3, [21] RhCl(PCy3)2, [22] RhCl2(C,N-C6H4N5
tronegativity of X decreases. [20] In agreement with the ob- NC6H5)(PPh3)2

[23], RhCl2(C,N-C6H4CH5NNHPh)(PPh3)2, [11]

served rate law, this step should be rate-determining. As a RhHCl(C,N-CH3C6H3N5NC6H4CH3)(PCy3)2, [24] Rh(CO)Cl-
competitive reaction, reductive C(sp2)2Cl elimination from (PPh3)2, [25] RhH(PPh3)4

[26] and RhH(CO)(PPh3)3
[27] were prepared

according to literature procedures.C leads to 1-chlorostilbene, the major by-product in the ab-
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16 (7 h); (4). RhCl2(C,N-C6H4CH5NNHC6H5)(PPh3)2: 0.7 (0.5 h),Scheme 3. Atom numbering of compounds 124 used for NMR

signal assignment 3 (1 h), 5 (1.5 h), 9 (3 h), 9 (5 h), 12 (20 h); (5) RhHCl(C,N-
CH3C6H3N5NC6H4CH3)(PCy3)2: 1.4 (0.5 h), 8 (1.5 h), 13 (3 h),
14 (4 h), [thereafter solid tolan was added, the TON of 1 reached
325 (TONmax 5 500) upon refluxing for 4 d]; (6) RhCl(PCy3)2: 2
(0.5 h), 9 (1.5 h), 14 (3 h), 14 (4 h). [thereafter, addition of solid
tolan afforded a TON of 174 (TONmax 5 250) upon refluxing for
4 d]. Unless otherwise noted, the general procedure as described
for 1 was applied for the following syntheses. The resulting residue
obtained from column chromatography was further purified by pre-
parative HPLC.

Synthesis of 225

7-Methoxy-1,2,3-tris(4-methoxyphenyl)naphthalene (2): 476 mg
(2.0 mmol) of 4,49-dimethoxytolan and 46.2 mg (0.05 mmol) of1H- and 13C-NMR spectra were measured in CDCl3 as solvent and
RhCl(PPh3)3 were refluxed for 5 h. The raw product was recrys-TMS as internal standard at 400 (or 270) and 100 (or 67) MHz,
tallized from hexane, yielding 367 mg (1.54 mmol, 84%) of 2 (mprespectively, and IR spectra in KBr unless otherwise noted. 2
177°C). 2 C32H28O4 (476.6): calcd. C 80.65, H 5.92; found C 80.39,NMR: Jeol FT-JNM-LA 400 and Jeol FT-JNM-EX 270. 2 IR:
H 6.09. 2 MS (FD, CH2Cl2); m/z: 476 [M1]. 2 1H NMR: (CDCl3,Perkin-Elmer 983 and FT IR 1600. 2 UV/Vis: Shimadzu UV-3101
400 MHz): d 5 7.79 (s, 1 H, 4-H), 7.75 (d, 1 H, 5-H), 7.14 (dd, 1PC. 2 MS: Jeol MStation 700 and Varian MAT 212 (70eV). 2
H, 6-H), 7.05 (dt, 2 H, 22/26-H), 7.03 (dt, 2 H, 10/14-H), 6.88 (s,Elemental analysis: Carlo Erba 1106 (CHN). 2 HPLC: Knauer
1 H, 8-H), 6.77 (dt, 2 H, 11/13-H), 6.74 (dt, 2 H, 16/20-H), 6.70HPLC pump 64 with analytical and preparative pump head,
(dt, 2 H, 23/25-H), 6.49 (dt, 2 H, 17/19-H), 3.77 (s, 3 H, 24a-OMe),Knauer UV/Vis filter photometer at λ 5 220 nm as detector. 2
3.73 (s, 3 H, 12a-OMe), 3.67 (s, 3 H, 7a-OMe), 3.65 (s, 3 H, 18a-Analytical measurements: Precolumn (30 mm 3 8 mm) attached
OMe). 2 13C NMR (CDCl3, 100 MHz): d 5 54.9 (C-18a), 55.0to main column (250 mm 3 8 mm) and both filled with Spherisorb
(C-7a), 55.1 (C-24a), 55.9 (C-12a), 105.5 (C-8), 112.5 (C-17), 112.5ODS2, 5 µm (RP C18), eluting with CH3CN/H2O 5 5:1 (v/v) at a
(C-19), 113.0 (C-23), 113.0 (C-25), 113.2 (C-11), 113.2 (C-13), 118.4flow rate of 5.0 mL/min. 2 Preparative isolations: 1 mL of the
(C-6), 128.3 (C-4), 128.7 (C-4a), 129.4 (C-5), 131.1 (C-22), 131.1acetonitrile solution was injected; identical elution agent and filling
(C-26), 132.2 (C-9), 132.2 (C-10), 132.2 (C-14), 132.5 (C-16), 132.5material was used while the size of precolumn and main column
(C-20), 133.0 (C-15), 133.5 (C-8a), 134.9 (C-21), 137.6 (C-1), 137.9was 30 mm 3 32 mm and 250 mm 3 32 mm, respectively; the flow
(C-3), 138.6 (C-2), 157.3 (C-18), 157.7 (C-7), 157.9 (C-12), 157.9rate was 35 mL/min.
(C-24). 2 HPLC (CH3CN/H2O 5 5:1 (v/v), 5 mL/min): retention

General Procedure for the Synthesis of Trisubstituted Naphtha-
time [min] 5 6.4.

lenes: A solution of 46.2 mg (0.05 mmol) of RhCl(PPh3)3 in 5 ml
7-Methyl-1,2,3-tris(4-methylphenyl)naphthalene (3): 412 mg (2.0of 1-pentanol and 0.15 ml (1.71 mmol) of HCl (conc., 37%) were

mmol) of 4,49-dimethyltolan and 46.2 mg (0.05 mmol) ofstirred upon refluxing in an oil bath at 160°C for 1 min. Thereafter,
RhCl(PPh3)3 were refluxed for 2 h; 264 mg (1.28 mmol, 64%) of 348 mg (0.25 mmol) of azobenzene, dissolved in 5 ml of 1-pentanol,
(mp. 148°C). 2 C32H28 (412.6): calcd. C 93.16, H 6.84; found Cwas added to the reaction mixture and stirred under reflux for 20
92.84 H 6.92. 2 MS (FD, CH2Cl2); m/z: 412 [M1]. 2 1H NMR:min. Subsequently, 356 mg (2.0 mmol) of tolan or 2.0 mmol of a
(CDCl3, 400 MHz): d 5 7.83 (s, 1 H, 4-H), 7.78 (d, 1 H, 5-H), 7.31derivative thereof, dissolved in 20 ml of 1-pentanol were added
(ds, 1 H, 8-H), 7.29 (t, 1 H, 6-H), 7.04 (dt, 2 H, 10/14-H), 7.02 (dt,dropwise within 15 to 20 min. Stirring the reaction mixture under
2 H, 22/26-H), 7.01(dt, 2 H, 23/25-H), 6.95 (dt, 2 H, 11/13-H), 6.73reflux was continued for another 3 h. After removal of the solvent,
(dt, 2 H, 16/20-H), 6.73 (dt, 2 H, 17/19-H), 2.37 (s, 3 H, 7a-Me),the resulting orange residue was chromatographed on silica gel
2.31 (s, 3 H, 24a-Me), 2.23 (s, 3 H, 12a-Me), 2.14 (s, 3 H, 18a-(SiO2-60, d 5 1.5 cm, l 5 10 cm) with toluene as eluting agent. A
Mea). 2 13C NMR: (CDCl3, 100 MHz): d 5 21.1 (C-18a), (C-24a),colorless fraction was collected, the solvent removed and the gray
21.3 (C-12a), 22.7 (C-7a), 125.8 (C-8), 127.6 (C-16), 127.6 (C-20),residue recrystallized from CH2Cl2/MeOH 5 1:5 (v/v). 216 mg (1.2
127.7 (C-4), 128.1 (C-6), 128.2 (C-11), 128.2 (C-13), 128.2 (C-22),mmol, 60%) of 1 (mp. 151°C) was obtained. 2 C28H20 (356.5):
128.2 (C-26), 128.4 (C-5), 129.9 (C-10), 129.9 (C-14), 131.0 (C-8a),calcd. C 93.94, H 5.60; found C 94.13, H 5.60. 2 MS (FD,
131.1 (C-23), 131.3 (C-17), 131.3 (C-19), 132.3 (C-4a), 131.1 (C-CH2Cl2); m/z: 356 [M1]. 2 1H NMR (CDCl3, 270 MHz): d 5 7.93
25), 134.7 (C-7), 135.5 (C-12), 135.5 (C-18), 135.5 (C-24), 136.6 (C-(s, 1 H, 4-H), 7.90 (d, 1 H, 5-H), 7.57 (d, 1 H, 8-H), 7.47 (t, 1 H,
21), 137.3 (C-15), 138.2 (C-9), 138.5 (C-3), 139.1 (C-1), 139.5 (C-6-H), 7.35 (t, 1 H, 7-H), 7.1027.25 (m, 10 H) and 6.8226.95 (m,
2). 2 HPLC [CH3CN/H2O 5 5/1 (v/v), 5 mL/min]: retention time5 H) for the 15 protons of the three substituent phenyl rings. 2 13C
[min] 5 17.65.NMR (CDCl3, 100 MHz): d 5 124.4 (C-12), 125.6 (C-18), 125.6

(C-24), 126.0 (C-6), 126.1 (C-7), 126.8 (C-17), 126.8 (C-19), 126.8 7-Nitro-2-(4-nitrophenyl)-1,3-diphenylnaphthalene (4) and Re-
(C-8), 127.5 (C-11), 127.5 (C-13), 127.5 (C-23), 127.5 (C-25), 127.9 gioisomers: 447 mg (2.0 mmol) of 4-nitrotolan and 46.2 mg (0.05
(C-5), 128.7 (C-4), 130.0 (C-10), 130.0 (C-14), 131.2 (C-22), 131.2 mmol) of RhCl(PPh3)3 were refluxed for 15 h. Three different re-
(C-26), 131.5 (C-16), 131.5 (C-20), 132.0 (C-8a), 132.6 (C-4a), 138.1 gioisomers were detected by analytical HPLC with retention times
(C-3), 139.1 (C-2), 139.4 (C-9), 139.9 (C-1), 140.0 (C-21), 142.0 of 5.07, 5.47, 5.71 min, the ratio of the integration areas was 5:1:1.
(C-15). After removal of the solvent, the gray residue was washed with 5

mL of methanol. Since one regioisomer was rather insoluble inVarious Catalytic Systems: General procedure described above;
catalysts and TON of 1 were given as follows: (1) RhCl(PPh3)3 and acetonitrile, 161 mg (0.72 mmol, 36%) of 4 could be isolated as an

analytically pure yellow powder. 2 C28H18N2O4 (447.1): calcd. Cazobenzene: 9 (0.5 h), 13 (1.5 h), 16 (3 h), 17 (5 h), 18 (19.5 h); (2)
RhCl(PPh3)3: 1 (1 h), 8 (3 h), 9 (5 h), 12 (17 h); (3) RhCl2(C,N- 75.33, H 4.06, N 6.27; found C 75.33 H 4.02, N 6.17. 2 MS (FD,

CH2Cl2); m/z 446 [M1]. 2 1H NMR: (CDCl3, 270 MHz): d 5 8.56C6H4N5NC6H5)(PPh3)2: 0.4 (0.5 h), 3 (1.5 h), 10 (3 h), 16 (5 h),
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[ds, 1 H, 4J(8-H, 6-H) 5 2.2 Hz, 8-H], 8.31 [dd, 1 H, 3J(5-H, 6- ucts were detected by analytical HPLC after 3 d of refluxing in

1-pentanol.H) 5 10 Hz, 4J(8-H, 6-H) 5 2.2 Hz, 6-H], 8.07 [d, 1 H, 3J(5-H, 6-
H) 5 10 Hz 5-H], 8.06 (s, 1 H, 4-H), 7.84 [dt, 2 H, 3J(17-H, 16-

3-Phenyl-1,2-dipropylnaphthalene (5): A mixture of 356 mg (2
H) 5 9 Hz, 17/19-H], 7.32 (m, 3 H, 11/12/13-H), 7.23 (m, 3 H, 23/

mmol) of tolan and 220 mg (2 mmol) of 4-octyne in 20 mL of 1-
24/25-H), 7.14 (m, 4 H, 10/14/22/26-H), 7.04 (dt, 2 H, 16/20-H). 2

BuOH was added dropwise to a solution of 46.2 mg (0.05 mmol)13C NMR (CDCl3, 100 MHz): d 5 120.2 (C-8), 112.9 (C-11), 122.4
of RhCl(PPh3)3 in 5 mL of 1-BuOH. After refluxing for 5 h, 5 and

(C-17), 122.4 (C-19), 123.9 (C-6), 127.5 (C-24), 128.2 (C-25), 128.0
1 were formed in a molar ratio of 5/1 5 5:1. After 14 h of refluxing,

(C-12), 128.2 (C-23), 128.8 (C-17), 128.4 (C-13), 128.4 (C-11), 128.9
both alkynes were completely consumed and the ratio of 5/1

(C-4), 137.3 (C-2), 129.7 (C-5), 129.7 (C-14), 129.7 (C-10), 130.1
changed to 5:3. After removal of the solvent, the residue was chro-

(C-8a), 130.8 (C-22), 130.8 (C-26), 132.1 (C-16), 132.1 (C-20), 135.5
matographed on SiO2-60 with toluene as eluting agent. The re-

(C-7), 136.9 (C-4a), 138.0 (C-18), 140.1 (C-9), 141.7 (C-21), 143.1
sulting gray residue was further purified by prep. HPLC affording

(C-2), 146.1 (C-3), 146.1 (C-15), 146.5 (C-1). 2 HPLC [CH3CN/
226 mg (0.78 mmol, 39%) of a white oil of 5. 2 C22H24 (288.4):

H2O 5 5:1 (v/v), 5 mL/min]: retention time (integrated area) [min]
calcd. C 91.61, H 8.39; found C 89.54, H 9.04. [30] 2 MS (FD,

of raw material 5 5.07 (5.48 3 105) (4); 5.47 (9.27 3 104) (49); 5.71
CH2Cl2); m/z: 288 [M1]. 2 1H NMR (CDCl3, 270 MHz): d 5 8.03

(1.37 3 105) (499) (ratio of 4/49/499 5 5:1:1). 2 49 and 499 exhibited
(d, 1 H, 8-H), 7.75 (d, 1 H, 5-H), 7.52 (s, 1 H, 4-H), 7.4027.42 (m,

identical molecular peaks at m/z 446 (FD-MS). Due to the similar
2 H, 6/7-H), 7.3327.42 {m, 5 H, [7.34 (t, 1 H, 25/27-H), 7.38 (t,

HPLC retention times of all three regioisomers, further purification
17/19-H), 7.37 (d, 2 H, 16/20-H)]}, 3.09 (td, 2 H, 9/99-H of C-1-

by preparative HPLC was not attempted. 2 Single crystals for X-
CH2CH2CH3), 2.69(td, 2 H, 12/129-H of C-2-CH2CH2CH3), 1.75

ray analysis of 4 were obtained from a CH3CN solution exposed
(td, 2 H, 10/109-H of C-1-CH2CH2CH3), 1.41(td, 2 H, 13/139-H of

to air. Intensity data were collected with a Siemens P4 dif-
C-2-CH2CH2CH3), 1.14 (td, 3 H, 11/119-H of C-1-CH2CH2CH3),

fractometer at 200 K, using graphite-monochromated Mo-Kα radi-
0.78 (td, 3 H, 14/149-H of C2-CH2CH2CH3). 2 13C NMR (CDCl3,

ation (λ 5 0.71073 Å). Cell constants were obtained from the set-
100 MHz): d 5 14.9 (C-11), 24.6 (C-10), 31.1 (C-9), 32.5 (C-12),

ting angles of 18 reflections in the range of 32.2° < 2θ < 35.0°. The
24.6 (C-13), 124.0 (C-8), 124.9 (C-6), 125.7 (C-7), 127.4 (C-4), 14.6

ω-scan technique was applied using variable scan speeds (3.0230°/
(C-14), 127.8 (C-16), 128.5 (C-5), 129.4 (C-17), 126.7 (C-18), 129.4

min). The structure was solved by direct methods (SHELXS-86). [28]

(C-19), 127.8 (C-20), 131.9 (C-8a), 132.5 (C-4a), 136.2 (C-1), 136.4
Structure refinement was carried out using full-matrix least-squares

(C-2), 141.3 (C-3), 143.0 (C-15). 2 HPLC [CH3CN/H2O 5 5:1 (v/
methods on F2 (SHELXL-93). [29] All non-hydrogen atoms with

v), 5 mL/min]: retention time (integrated area) [min] of raw material
anisotropic displacement parameters. All hydrogen atoms could be

(4 h refluxing) 5 8.5 (1.3 3 105) (1); 13.4 (6.9 3 105) (5); (ratio of
localized in a difference fourier map and were isotropically refined.

5/1 5 5:1); (14 h refluxing) 5 8.5 (4.4 3 105) (1); 13.4 (9 3 105)
The relevant crystal data are listed in Table 2. Further details of

(5); (ratio of 5/1 5 2:1).
crystallographic data (excluding structure factors) for the structures

Kinetic Measurementsreported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication General: For the measurement of the initial rate as a function of
no. CCDC-101516. Copies of the data can be obtained free of substrate concentration the general procedure as described for the
charge on application to CCDC, 12 Union Road, Cambridge synthesis of 1 was applied except that the oil bath was thermostated
CB2 1EZ, UK (Fax: int. code 1 44(1223)336-033; E-mail: to 130.0 ± 0.1°C. Samples of 200 µL were withdrawn after 30, 60,
deposit@ccdc.cam.ac.uk) 90, and 120 min, concentrated to dryness without further sepa-

ration of the catalyst and redissolved in 4 mL of acetonitrile. The
Table 2. Crystal data and details of structure refinement parameters concentrations of 1 (given in the following as dimensionless num-for 4

bers in the unit of 1023 mol L21) were determined via a calibration
curve. Reproducibility was within ±10%. Detailed data are avail-formula C28H18N2O4
able as Supporting Information.molecular weight 446.44

crystal size [mm] 0.70 3 0.70 3 60
crystal system monoclinic
space group P21/c ; Dedicated to Professor Arnd Vogler on the occasion of his
a [Å], α [°] 8.712(2), 90 60th birthday.b [Å], β [°] 15.747(6), 91.02(2) [1] L.-Y. Huang, U. R. Aulwurm, F. W. Heinemann, H. Kisch,c [Å], γ [°] 16.113(4), 90 Chem. Eur. J. 1998, 9, 1641.V [Å3], Z 2210(1), 4 [2] P. J. Stang, F. Diederich (Eds.), Modern Acetylene Chemistry,
µ(Mo-Kα) [mm21] 0.091 VCH, Weinheim, 1995.Dcalcd. [g/cm3] 1.342 [3] S. Patai (Ed.), The Chemistry of the Carbon-Carbon Triple Bond,Temperature [K] 200 Wiley, New York, 1978, vol. 1 and 2.F(000) 928 [4] W. Keim, A. Behr, M. Röper, in Comprehensive Organometallicno. of reflections collected 8682 Chemistry (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), vol.no. of unique reflections 4836 (Rint 5 0.0557) 8, Pergamon Press, Oxford, 1982, p. 371.no. of observed reflections 2794 [5] D. B. Grotjahn in Comprehensive Organometallic Chemistry IIobs. criterion Fo > 4σ(Fo) (Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), vol. 12, Perga-no. of refinement parameter 379 mon Press, 1995, p. 741.R1 (observed data) 0.0359 [6] L. I. Smith, H. H. Hoehn, J. Am. Chem. Soc. 1941, 63,1184.wR2 (all data) 0.0831 [7] D. Bryce-Smith, Chem. Ind. 1964, 8, 239.
∆ρmax/min [e Å23] 0.213/20.189 [8] I. Amer, J. Blum, K. P. C. Vollhardt, J. Mol. Catal. 1990, 60,S (all data) 0.774 323.

[9] R. A. Sanchez-Delgado, G. Wilkinson, J. Chem. Soc., Dalton
Trans. 1977, 804.

[10] U. R. Aulwurm, U. J. Melchinger, F. Knoch, H. Kisch Or-Attempted Reactions with Various Alkynes: Upon applying the ganometallics 1995, 14, 3385.
general synthesis procedure for 1 to 1-phenylpropyne, 4-phenyl-3- [11] U. R. Aulwurm, Ph.D. Dissertation, Universität Erlangen-

Nürnberg, 1996.butyn-2-one, and ethyl 3-phenylpropiolate no dimerization prod-
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[13] L.-Y. Huang, Ph.D. Dissertation, Universität Erlangen- Chem. 1977, 134, 237.

[23] U. R. Aulwurm, F. Knoch, H. Kisch, Z. Naturforsch. 1996,Nürnberg, 1998.
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Members of a new family of lanthanide complexes of the [Eu(2)]3+, respectively} and high metal luminescence
quantum yields {Φ = 0.19 and 0.11 for [Eu(1)]3+ and [Eu(2)]3+,cone-shaped podand 1 and the barrel-shaped cryptand 2,

based on calix[4]arenes incorporating bipyridine N,N9- respectively} were obtained. The effect of OH oscillators,
attached at the lower rim of the calixarenes, on the non-dioxide chromophores, have been synthesized and

characterized. The complexes were found to be stable in radiative deactivation to the ground state has been
demonstrated.water and coordinating solvents. High molar absorption

coefficients {ε = 28000 and 36000 M–1cm–1 for [Eu(1)]3+ and

Luminescence spectroscopy is attracting immense interest quired characteristics have been synthesized, [6] and, among
these, particular attention has been focused on func-in the scientific community owing to its potential appli-

cation in growing fields of great economical and social im- tionalized calixarenes. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In this
context, we report here on the synthesis of new func-pact, such as environmental sciences, medical diagnostics,

and cell biology. [1] [2] [3] [4] In particular, the synthesis, charac- tionalized calix[4]arene ligands incorporating bipyridine
N,N9-dioxide chromophores and on the luminescence ofterization, and application of many luminescent labels and

sensors has opened up a lot of opportunities for solving their Eu31, Tb31, and Gd31 complexes.
complex analytical problems, among which the fluorescence
immunoassay certainly has a central role. [1] [5]

Results
The major drawback in photoluminescence analysis, par-

ticularly when dealing with biological material, is the inter- Ligands 1 and 2 and their lanthanide complexes were
prepared as outlined in Schemes 1 and 2 using well-estab-ference caused by autofluorescence and light scattering.

Time resolved spectroscopy, which requires the use of labels lished synthetic procedures for 1,3-disubstituted calix[4]ar-
ene ethers in the cone conformation. [20] [21] The initially de-with very long luminescence lifetimes, can efficiently ex-

clude this kind of background light. For this reason, over signed ligand 1 was prepared by reaction of p-tert-butylca-
lix[4]arene with 5-bromomethyl-59-methyl-2,29-bipyridinethe past decade great interest has been centered on the de-

sign of luminescent complexes containing the Eu31 and N,N9-dioxide in anhydrous acetonitrile using K2CO3 as
base (Scheme 1). Ligand 2 (Scheme 2) was prepared underTb31 ions, which possess luminescence lifetimes in the

micro- to millisecond range. [1] [6] [7] [8] [9] To obtain an ef- similar conditions starting from p-tert-butylcalix[4]arene
and 5,59-bromomethyl-2,29-bipyridine N,N9-dioxide. Bothficient luminescent label, the ligand needs to be able to form

stable complexes with the lanthanide ions in coordinating ligands were isolated in a pure state after chromatography
on neutral alumina. In solution at room temperature, theysolvents, to shield the ion from deactivating solvent mol-

ecules, and, particularly importantly, to absorb light and adopt a fixed cone conformation with the ligating groups
on the same side of the plane formed by the macrocycle, asto transfer it to the metal ion with high efficiency, thereby

overcoming the intrinsic low absorption coefficients of the was deduced from their 1H-NMR spectra. In both ligands,
the methylene protons give rise to an AB quadruplet, at δ 5metal ions. [6] [7] [8] [9] With these goals in mind, and thanks

to the great progress made in the field of supramolecular 3.75 (JAB 5 13.1 Hz and ∆ν 5 168.5 Hz) in 1 and at δ 5
3.81 (JAB 5 13.3 Hz and ∆ν 5 172.2 Hz) in 2. The aromaticchemistry, many encapsulating ligands possessing the re-
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Scheme 1

Scheme 2

protons of the calix[4]arene skeleton give rise to two singlets The lanthanide complexes were prepared by treating
equimolar quantities of the ligands with the appropriate ni-at δ 5 7.05 and 6.81 for 1 and at δ 5 7.09 and 6.82 for 2,

while the phenol groups resonate at δ 5 6.98 in 1 and δ 5 trate salts in methanol. Double recrystallization from ethyl
acetate/hexane gave the pure complexes, which were charac-7.03 in 2. Ligand 3 was prepared by deprotonation of 1

by treatment with NaH in anhydrous dimethylformamide, terized by UV/Vis and IR spectroscopy, FAB1 MS, and el-
emental analysis.followed by quenching with D2O (Scheme 1). The proton-

deuterium exchange was monitored by 1H NMR, which The Eu31, Tb31, and Gd31 complexes of the ligands 1
and 2 were found to be chemically and photochemicallyshowed the absence of phenolic proton signals, and was

verified by FAB1 MS. stable in methanolic solution, in line with expectation con-
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Table 1. Absorption and luminescence properties of the Eu31 and Tb31 complexes in methanol solutions

Absorption Luminescence
λmax εmax τ(300 K, OH) Φ(300 K, OH) τ(300 K, OH) Φ(300 K, OH) τ(77 K, OH) τ(77 K, OH)
[nm] [21 cm21] [ms] [ms] [ms] [ms]

[Eu(1)]31 260 28000 0.69 0.19 0.69a 0.19 0.67 0.68b

[Eu(2)]31 260 36000 0.68 0.11 0.68 0.10 0.68 0.69
[Tb(1)]31 260 28500 2 2 2 2 0.85 0.86
[Tb(2)]31 262 36200 2 2 2 2 0.76 0.76

[a] 0.76 ms for the deuterated ligand; for more details, see text. 2 [b] 0.77 ms for the deuterated ligand; for more details, see text.

sidering the better complexation properties of the bpyO2 room temperature when excited in the absorption bands of
the ligand. However, at 77 K, a quite intense luminescencegroups compared with those of the bpy ligand.[22] Good

stabilities were also observed in aqueous solution, although from the Tb31 ion was again observed (Table 1). Excitation
spectra recorded under these conditions were very similarthe solubilities in water were somewhat lower. For this rea-

son, all the photophysical data collected in Table 1 were to the absorption spectra of the Tb31 complexes.
obtained using methanolic solutions. The absorption spec-
tra of all the complexes are dominated by the bands of the

DiscussionbpyO2 groups {see, for example, Figure 1 for [Eu(1)]31},
which are characterized by high molar absorption coef-

Gd31 Complexesficients and cover the absorption bands due to the calixar-
ene moieties, which lie in the same spectral region and have The absence of low-energy, metal-centered (MC) excited
typically much lower absorption coefficients (of the order states in the Gd complexes is often exploited for investigat-
of 103 21 cm21). [10] [11] [12] [13] [14] [15] [16] [17] [18]

ing the behaviour of the ligand-centered (LC) excited states
Room temperature excitation of the Gd complexes did in a structure identical to other lanthanide complexes. [23]

not lead to any appreciable luminescence. At 77 K, a weak, For the complexes of ligands 1 and 2, the absence of a flu-
structured phosphorescence band was observed {τ 5 2.1 orescence band, both at room temperature and at 77 K,
and 2.2 ms for [Gd(1)]31 and [Gd(2)]31, respectively}, the prevents us from estimating the energy of the 1ππ* LC level,
highest energy feature of which peaked at 475 nm. while from the highest energy feature of the phosphores-

Upon excitation in the absorption bands of the ligand, cence band observed at 77 K the zero-zero energy of the
the Eu31 complexes showed a very intense metal-centered 3ππ* LC level is found to be 21000 cm21.
luminescence {Φ 5 0.19 and 0.11 for [Eu(1)]31 and
[Eu(2)]31, respectively, see Table 1}, with a rather short life-
time. Neither the lifetimes nor the quantum yields showed Eu31 Complexes
any noticeable change upon deuteration of the solvent or

The similarity between the absorption and metal lumi-lowering of the temperature (Table 1). The metal lumi-
nescence excitation spectra for all the complexes suggestsnescence excitation spectra were very similar to the absorp-
that energy transfer from the bpyO2 groups to the metaltion spectra {see, for [Eu(1)]31, Figure 1}.
ion takes place. On the other hand, it is very difficult to

Figure 1. Absorption (full line) and metal luminescence excitation evaluate the efficiency of the energy transfer process from
(λem 5 615 nm, dotted line) spectra of a 1.4 ·1025  methanolic

the calixarene moiety because of its low absorption coef-solution of [Eu(1)]31

ficient. The efficiency of the energy transfer from the bpyO2

groups, together with the radiative and non-radiative rate
constants of the luminescent 5D0 Eu31 level, can be esti-
mated from the luminescence data collected in Table
1. [21] [22] [23] [24]

The overall rate constant Σk for the decay of the lumi-
nescent 5D0 Eu31 level can be expressed by Eq. 1,

Σk 5 1/τ 5 kr 1 knr (1)

where kr is the (temperature-independent) radiative rate
constant and knr is the non-radiative rate constant. The
non-radiative rate constant can be further divided into two
terms; the first one, knr(T), being temperature-dependent,
which plays a role when short-lived, high-lying excitedIn contrast to the aforementioned observations for the

Eu31 complexes, the corresponding Tb31 complexes did not states are thermally accessible, and the second one, k9nr, ac-
counting for the phonon-assisted deactivation to theexhibit any appreciable metal-centered luminescence at
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ground state. Usually, the most significant contribution to the bpyO2 groups is consistent with the lifetime observed in

acetonitrile solutions. [19]the temperature-independent term comes from the decay
through coupling with high-energy vibrations of the solvent The values of knr(300 K) and knr(OH) can be estimated

from the measured luminescence lifetimes (Table 1) accord-(O2H vibration in water and methanol solutions), knr(OH),
while the contribution from the coupling with other vi- ing to Eqs. 4 and 5.
brations, knr (other vibr.), is usually small.

knr(300 K) 5 1/τ(300 K, OD) 2 1/τ(77 K, OD) (4)

knr(OH) 5 1/τ(300 K, OH) 2 1/τ(300 K, OD) (5)Σk 5 1/τ 5 kr 1 knr(T) 1 knr(OH) 1 knr(other vibr.) (2)

The calculated values are very low (< 50 s21) for bothIn rigid matrices of deuterated methanol or water at 77
the complexes, showing that no solvent molecules are coor-K, knr(T) and knr(OH) can be neglected, and Eq. 2 becomes
dinated to the central metal ion and that thermally acti-
vated processes (typically, for Eu31 complexes, ligand-to-Σk (77 K, OD) 5 1/τ(77 K, OD) 5 kr 1 knr(other vibr.) (3)
metal charge-transfer processes) do not play a significant
role in these systems, as previously reported for other com-where τ(77 K, OD) is the lifetime measured at 77 K in deut-
plexes containing bpyO2 groups. [26]

erated solvents.
The efficiency of the ligand-to-metal energy-transfer pro-With the usual assumption that knr(other vibr.) can be

cess (ηet) is usually estimated from Eq. 6, with the assump-neglected, kr becomes equal to 1/τ(77 K, OD). In the pres-
tion that knr(other vibr.) is negligible. In the present case,ent case, the values of kr calculated in this way are 1470
as discussed above, it is reasonable to consider this assump-and 1450 s21 for [Eu(1)]31 and [Eu(2)]31, respectively. It is
tion as being less than fully adequate; the efficiency calcu-important to note at this point that these values are very
lated from this equation is thus just a limiting value, and ishigh compared with those observed for other Eu31 com-
found to be 0.19 and 0.11 for [Eu(1)]31 and [Eu(2)]31,plexes, [6] for which the radiative rate constants lie in the
respectively.range 3502900 s21. In fact, we thought it very unlikely that

[Eu(1)]31 and [Eu(2)]31 could have such markedly different
ηet 5 Φl · τ(300 K, OH)/τ(77 K, OD) (6)radiative rate constants compared to the previously ob-

served values for complexes with many different ligands. As A quite large difference is observed between the ligand-
a first hypothesis, we thought that the OH groups present to-metal energy-transfer efficiencies estimated for [Eu(1)]31

on the lower rim of the calixarene macrocycles, which point and [Eu(2)]31. We believe that this difference is due to the
towards the metal ions, might, at least in part, be respon- greater conformational rigidity of ligand 2, in which the
sible for a non-negligible value of the term knr (other vibr.) additional calixarene moiety prevents the bpyO2 groups
in our systems. Considering the knr(OH) values reported in from maximizing their interaction with the central metal
the literature for Eu complexes, it is apparent that these ion.
contain a contribution of ca. 1000 s21 per coordinated A comment has to be made regarding the coordination
water molecule or ca. 500 s21 per coordinated methanol number at the central metal ion. Ligands 1 and 2 provide a
molecule, i.e. ca. 500 s21 per OH oscillator. [6] [24] [25] For the smaller number of donor atoms than that usually required
[Eu(1)]31 complex, where two OH oscillators are present in by Eu31 ions. While the photophysical data allow us to ex-
the ligand, a value of ca. 1000 s21 for knr(other vibr.) could, clude coordination of the metal ion by solvent molecules,
in principle, be expected. In order to assess this hypothesis, coordination by some counterions cannot be ruled out, al-
we synthesized the Eu31 complex with ligand 3, possessing though no changes were observed in the luminescence spec-
OD groups, since NMR measurements in deuterated meth- tra and lifetime on replacing the nitrate by chloride anions.
anol have shown that there is no exchange between the hy- It is likely that anions are coordinated in the solid state, as
drogen of the OH groups of the complex and the deuterium often observed in lanthanide X-ray structures. [27]

atoms of the solvent. The observed lifetime of this complex
in deuterated methanol was 0.76 ms at room temperature
and 0.77 ms at 77 K. From Eq. 3, for the complex with the Tb31 Complexes
deuterated ligand, the term kr 1 knr(other vibr.) becomes
equal to 1300 s21. This value, although lower than that ob- The lack of a metal-centered luminescence on exciting the

ligand-centered band of [Tb(1)]31 and [Tb(2)]31 at roomserved for the non-deuterated ligand, is still high, indicating
that other oscillators present in the ligand might be respon- temperature is not surprising, since the low-lying (21000

cm21) triplet excited state of the bpyO2 groups allows, assible for the non-radiative deactivation to the ground state
besides the OH groups. By comparison with the value ob- previously observed for other complexes, [6] [22] an efficient

non-radiative deactivation of the metal emitting state, viatained with the non-deuterated ligand, we can estimate that
the contribution to the non-radiative rate constant attribu- back energy transfer to the ligand. This process is no longer

kinetically feasible at 77 K, where a strong metal lumi-table to the OH group is 170 s21. This contribution, al-
though not negligible, shows that the OH groups are rather nescence is again observed (see Table 1). In this case, a de-

tailed examination of the rate constants of all the processesdistant in relation to the metal ion. A similar contribution
in the analogous complex possessing bpy groups instead of occurring after excitation in the ligand-centered band is pre-
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bium(III) nitrate hexahydrate (Ventron), and gadolium(III) nitratevented by the aforementioned lack of room temperature
pentahydrate (Janssen) were obtained commercially as indicated.metal-centered luminescence, although again a very large

value of kr can be estimated from Eq. 3, as observed for the Ligand 1: A solution of tert-butylcalix[4]arene (0.500 g, 0.77
Eu31 complexes of this series. A contribution to the overall mmol) and potassium carbonate (0.817 g, 7.71 mmol) in dry aceto-
rate constant by the OH and other oscillators present in the nitrile (30 ml) was heated at 80°C for 30 min, after which solid 5-

bromomethyl-59-methyl-2,29-bipyridine N,N9-dioxide (0.477 g, 1.62ligands can also be invoked in this case.
mmol) was added. The mixture was heated at 80°C for 1 d and
then quenched with water. Extraction with dichloromethane (5 3

50 ml), drying of the combined organic layers over magnesium sul-Conclusion
fate, twofold chromatography (on alumina, using dichloromethane/
methanol, 9:1, as eluent), and finally recrystallization from di-Ligands 1 and 2, containing bpyO2 subunits, form Tb31

chloromethane/hexane gave the analytically pure title compoundand Eu31 complexes that are stable in coordinating solvents
(0.390 g, 47%) (Rf 5 0.55, dichloromethane/methanol, 96:4, v/v).such as methanol and water, and which show intense ab-
2 1H NMR (200 MHz, CDCl3, 25°C): δ 5 8.62 (s, 2 H), 8.10 (s,sorption bands in the UV region. The Tb31 complexes,
2 H), 7.79 (s, 4 H), 7.55 (d, 2 H, 3J 5 8.1 Hz), 7.14 (d, 2 H, 3J 5however, do not show any appreciable metal-centered lumi-
8.1 Hz), 7.05 (s, 4 H, Ar-H calix.), 6.98 (s, 2 H, OH), 6.81 (s, 4 H,

nescence at room temperature, presumably because of an Ar-H calix.), 5.04 (s, 4 H, bipy-CH2-O), 3.75 (AB q, 8 H, JAB 5
efficient back energy transfer to the ligand. For the Eu31

13.1 Hz, ∆ν 5 168.5 Hz, Ar-CH2-Ar calix.), 2.30 (s, 6 H, bipy-
complexes, this process is not thermodynamically feasible, CH3), 1.28 (s, 18 H, tBu), 0.95 (s, 18 H, tBu). 2 IR (KBr): ν̃ 5
and a strong metal-centered luminescence appears on excit- 3408, 3049, 2958, 2868, 1688, 1602, 1484, 1393, 1364, 1278, 1201,
ing the ligand-centered absorption bands. Interestingly, this 1171, 1123, 1025, 953, 872, 816 cm21. 2 UV/Vis (CH3CN): λ (ε) 5

264 (43100), 216 nm (103300 21cm21). 2 FAB1 MS (m-NBA):luminescence is not affected by the temperature or by deut-
m/z 5 1077.5 [M 1 H]1, 1061.5 [M 2 O], 1045.5 [M 2 2 O], 1029.5eration of the solvent, showing that the ligands efficiently
[M 2 3 O]. 2 C68H76O8N4 · H2O (Mr 5 1077.38 1 18.01): calcd.shield the metal ion from solvent interaction, and that ther-
C 74.56, H 7.18, N 5.11; found C 74.52, H 7.13, N 5.08.mally activated processes do not play a significant role in

these complexes. A small but non-negligible contribution to Ligand 2: A mixture of tert-butylcalix[4]arene (0.473 g, 0.73
the non-radiative deactivation to the ground state due to mmol) and potassium carbonate (0.387 g, 2.80 mmol) in dry aceto-

nitrile (50 ml) was heated at 80°C for 30 min. After cooling tothe OH oscillators present in the ligand has been demon-
room temperature, 5,59-bromomethyl-2,29-bipyridine N,N9-dioxidestrated.
(0.300 g, 0.80 mmol) was added and the suspension was heated

This work was supported by the Ministero dell9Università e della overnight at 80°C. The solvent was then removed in vacuo and the
Ricerca Scientifica e Tecnologica (MURST), by the University of organic products were extracted with dichloromethane (5 3 50 ml).
Bologna (Funds for Selected Research Topics) in Italy, and by the Analytically pure compound 2 was obtained after twofold chroma-
Centre National de la Recherche Scientifique and the Engineer tography (alumina, dichloromethane/methanol, 9:1) and recrystalli-
School of Chemistry, ECPM, in France. zation from dichloromethane/hexane (0.469 g, 37%) (Rf 5 0.66,

dichloromethane/methanol, 96:4, v/v). 2 1H NMR (200 MHz,
CDCl3, 25°C): δ 5 8.70 (s, 4 H), 7.97 (d, 4 H, 3J 5 8.1 Hz), 7.77

Experimental Section (d, 4 H, 3J 5 8.1 Hz), 7.09 (s, 8 H, Ar-H calix.), 7.03 (s, 4 H, OH),
6.82 (s, 8 H, Ar-H calix.), 5.11 (s, 8 H, bipy-CH2-O), 3.81 (AB q,General Methods: Nuclear magnetic resonance spectra were re-
16 H, JAB 5 13.3 Hz, ∆ν 5 172.2 Hz, Ar-CH2-Ar calix.), 1.31 (s,corded at room temperature with Bruker SY-200 or AC-200 instru-
36 H, tBu), 0.94 (s, 36 H, tBu). 2 IR (KBr): ν̃ 5 3435, 3052, 2959,ments operating at 200.1 MHz for 1H. 1H-NMR chemical shifts
2867, 1726, 1602, 1484, 1398, 1362, 1268, 1199, 1114, 1024, 953,are reported in parts per million (ppm) relative to the proton resi-
872, 811 cm21. 2 UV/Vis (CH3CN): λ (ε) 5 284 (45000), 220 nmdues in the solvents (δ 5 7.26 for CDCl3). 2 Fast-atom bombard-
(76900 21cm21). 2 FAB1 MS (m-NBA): m/z 5 1723.0 [M 1ment (FAB, positive mode) spectra were recorded with a ZAB-HF-
H]1, 1706.0 [M 2 O], 1690.0 [M 2 2 O], 1674.0 [M 2 3 O]. 2VB analytical apparatus with m-nitrobenzyl alcohol (m-NBA) as
C112H128O12N4 · 2 H2O (Mr 5 1722.28 1 32.02): calcd. C 76.51, Hthe matrix; Ar atoms were used for the bombardment (8 keV). All
7.57, N 3.19; found C 76.40, H 7.51, N 3.12.relevant patterns exhibited the expected isotopic profiles, as com-

pared with simulated profiles. Electrospray mass spectra (ES-MS) Ligand 3: To a solution of the calix[4]arene-25,27-diol 1 (0.065
were recorded with a Bio-Q analytical apparatus, in acetone solu- g, 0.06 equiv.) in freshly distilled dimethylformamide (20 ml) was
tion, using grammicidim as internal standard. 2 Routine absorp- added sodium hydride in its commercial form (60%, 0.0036 g). The
tion spectra were measured in CH3CN solutions at room tempera- mixture was heated at 60°C overnight, after which D2O was added.
ture using a Kontron Uvikon 941 spectrophotometer. 2 FT-IR The solvent was removed and the analytically pure product was
spectra were measured in KBr pellets or in solution with KBr cells obtained after recrystallization from dichloromethane/hexane
with a Bruker IFS 25 spectrometer. 2 The molecular formulae (0.040 g, 61%). 2 1H NMR (200 MHz, CDCl3, 25°C): δ 5 8.62
given, as well as the purities of the samples, were assessed on the (s, 2 H), 8.10 (s, 2 H), 7.79 (s, 4 H), 7.56 (d, 2 H, 3J 5 8.1 Hz),
basis of 1H-NMR, FAB1-MS or ES-MS, and elemental analysis 7.11 (d, 2 H, 3J 5 8.1 Hz), 7.06 (s, 4 H, Ar-H calix.), 6.81 (s, 4 H,
data. Ar-H calix.), 5.06 (s, 4 H, bipy-CH2-O), 3.75 (AB q, 8 H, JAB 5

13.1 Hz, ∆ν 5 168.5 Hz, Ar-CH2-Ar calix.), 2.33 (s, 6 H, bipy-Materials: p-tert-Butylcalix[4]arene[28], 5-bromomethyl-59-
methyl-2,29-bipyridine N,N9-dioxide[28], and 5,59-bromomethyl- CH3), 1.29 (s, 18 H, tBu), 0.95 (s, 18 H, tBu). 2 IR (KBr): ν̃ 5

3404, 3051, 2958, 2864, 1602, 1484, 1393, 1364, 1278, 1201, 1171,2,29-bipyridine N,N9-dioxide[29] were prepared according to litera-
ture procedures. Alumina (Merck), potassium carbonate (Prolabo), 1120, 1026, 955, 872, 814 cm21. 2 UV/Vis (CH3CN): λ (ε) 5 262

(42600), 215 nm (104600 21cm21). 2 FAB1 (m-NBA): m/z 5NaH (Fluka), europium(III) nitrate hexahydrate (Janssen), ter-
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1079.2 [M 1 H]1, 1063.2 [M 2 O], 1047.3 [M 2 2 O], 1031.2 [M 2 IR (KBr): ν̃ 5 3473, 2974, 2959, 1632, 1487, 1396, 1271, 1160,

1099, 1045, 880 cm21. 2 FAB1 (m-NBA): m/z 5 1529.0 [M 22 3 O]. 2 C68H74D2O8N4 (Mr 5 1079.39): calcd. C 75.67, H 6.91,
N 5.19; found C 75.39, H 6.68, N 5.02. CF3SO3]1, 1380.1 [M 2 2 CF3SO3], 1348.2 [M 2 2 CF3SO3 2 2

O], 1316.2 [M 2 2 CF3SO3 2 4 O]. 2
General Procedure for the Synthesis of Lanthanide Complexes: To

C71H74D2O17N4S3F9Eu · CH3OH (Mr 5 1678.551 1 32.042): calcd.
a solution of the appropriate ligand (0.020 g, 1 equiv.) in methanol

C 51.52, H 4.68, N 3.33; found C 51.28, H 4.52, N 3.02.
(10 ml) was added the lanthanide salt (1.1 equiv.). The mixture
was stirred at 60°C overnight and then allowed to cool to room Spectroscopic Measurements: The solvents employed for photo-
temperature. In the case of the nitrate salts, the lanthanide com- physical measurements were methanol (Merck ) and
plexes precipitated during the course of the reaction. The solvent CH3OD (99.8 atom-% from Fluka), which were used without
was removed in vacuo and the solid was recrystallized twice from further purification. Absorption spectra were recorded with a Per-
ethyl acetate/hexane. The analytically pure complexes were ob- kin-Elmer lambda 16 spectrophotometer. Uncorrected emission,
tained in 75292% yield. corrected excitation spectra, and phosphorescence lifetimes were

obtained with a Perkin-Elmer LS 50 spectrofluorimeter.[Eu(1)](NO3)3: Yield: 88%. 2 IR (KBr): ν̃ 5 3445, 3059, 2959,
2867, 1632, 1487, 1383, 1271, 1200, 1165, 1113, 1030, 955, 875, 828 Luminescence quantum yields (uncertainty ±15%) were deter-
cm21. 2 FAB1 (m-NBA): m/z 5 1353.3 [M 2 NO3]1, 1337.3 [M mined using quinine sulfate (Φ 5 0.546[30] in 1  H2SO4 aqueous
2 NO3 2 O], 1321.3 [M 2 NO3 2 2O], 1290.3 [M 2 2 NO3 1 H], solution) for Tb31 and [Ru(bpy)3]21 (Φ 5 0.028 in aerated
1227.3 [M 2 2 NO3 2 4 O]. 2 C68H76O17N7Eu·5 H2O (Mr 5 water[31]) for Eu31 as standards. In order to permit comparisons
1415.36 1 90.07): calcd. C 54.25, H 5.76, N 6.51; found C 54.11, of emission intensities, corrections for instrument response, inner
H 5.62, N 6.42. filter effects, and phototube sensitivity were made. [32] A correction

for differences in the refraction indices was introduced where neces-[Tb(1)](NO3)3: Yield: 71%. 2 IR (KBr): ν̃ 5 3436, 2959, 2865,
sary. Emission spectra at 77 K were obtained in a rigid, opaque1631, 1487, 1383, 1273, 1200, 1164, 1113, 1031, 983, 877, 829 cm21.
methanol matrix using quartz tubes immersed in a quartz Dewar2 FAB1 (m-NBA): m/z 5 1358 [M 2 2 H 2 NO3]1, 1296 [M 2
vessel filled with liquid nitrogen.2 NO3 2 2 H], 1235 [M 2 2 NO3 2 H], 1281 [M 2 2 NO3 2 H

2 O], 1265 [M 2 2 NO3 2 2 O 2 H]. 2 C68H76O17N7Tb· 5 H2O
(Mr 5 1422.32 1 90.07): calcd. C 54.00, H 5.73, N 6.48; found C
54.12, H 5.82, N 6.42. [1] A. Mayer, S. Neuenhofer, Angew. Chem. Int. Ed. Engl. 1994, 33,

104421072; Angew. Chem. 1994, 106, 1097.[Gd(1)](NO3)3: Yield: 95%. 2 IR (KBr): ν̃ 5 3415, 2959, 1631, [2] Fluorescent Chemosensors for Ion and Molecule Recognition
1486, 1383, 1271, 1199, 1164, 1110, 1032, 827, 827 cm21. 2 FAB1

(Ed.: A. W. Czarnik), American Chemical Society, Washington
(m-NBA): m/z 5 1358 [M 2 NO3]1, 1296 [M 2 2 NO3], 1234 [M DC, 1992.

[3] A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugsson, A. J. M.2 3 NO3], 1264 [M 2 2 NO3 2 2 O]. 2 C68H76O17N7Gd· 5 H2O
Huxley, C. P. McCoy, J. T. Rademacher, T. E. Rice, Chem. Rev.(Mr 5 1420.65 1 90.07): calcd. C 54.06, H 5.74, N 6.49; found C
1997, 97, 1515.

53.91, H 5.62, N 6.35. [4] L. Fabbrizzi, A. Poggi, Chem. Soc. Rev. 1995, 197.
[5] Applications of Fluorescence in Immunoassays (Ed.: I. A. Hem-[Eu(2)](NO3)3: Yield: 78%. 2 IR (KBr): ν̃ 5 3417, 2960, 2869, mil), Wiley, New York, 1991.

1728, 1631, 1486, 1384, 1302, 1199, 1120, 1032, 983, 954, 875, 821 [6] [6a] N. Sabbatini, M. Guardigli, J.-M. Lehn, Coord. Chem. Rev.
cm21. 2 FAB1 (m-NBA): m/z 5 1998.1 [M 2 NO3]1, 1982.1 [M 1993, 123, 201. 2 [6b] N. Sabbatini, M. Guardigli, I. Manet,

Handbook on the Physics and Chemistry of Rare Earths, vol. 232 NO3 2 O], 1966.1 [M 2 NO3 2 2 O], 1934.1 [M 2 NO3 2 4
(Eds.: K. A. Gschneidner, Jr., L. Eyring), Elsevier, Amsterdam,O], 1872.0 [M 2 2 NO3 2 4 O]. 2 C112H128O21N7Eu·4 H2O (Mr 5 1996, and references therein.

2060.26 1 72.06): calcd. C 63.09, H 6.43, N 4.60; found C 63.05, [7] W. T. Carnall, Handbook on the Physics and Chemistry of Rare
H 6.32, N 4.31. Earths, vol. 3 (Eds.: K. A. Gschneidner, Jr., L. Eyring), North

Holland, Amsterdam, 1979, p. 171.
[Tb(2)](NO3)3: Yield: 75%. 2 IR (KBr): ν̃ 5 3408, 2959, 1631, [8] L. C. Thompson, Handbook on the Physics and Chemistry of

Rare Earths, vol. 3 (Eds.: K. A. Gschneidner, Jr., L. Eyring),1485, 1383, 1301, 1197, 1112, 1032, 875, 821 cm21. 2 FAB1 (m-
North Holland, Amsterdam, 1979, p. 209.NBA): m/z 5 2004 [M 2 NO3]1, 1942 [M 2 2 NO3], 1908 [M 2 [9] G. Blasse, Handbook on the Physics and Chemistry of Rare2 NO3 2 2 O 2 H]. 2 C112H128O21N7Tb·5 H2O (Mr 5 2067.20 Earths, vol. 4 (Eds.: K. A. Gschneidner, Jr., L. Eyring), North

1 90.07): calcd. C 62.36, H 6.45, N 4.54; found C 62.23, H 6.30, Holland, Amsterdam, 1979, p. 237.
[10] N. Sabbatini, M. Guardigli, A. Mecati, V. Balzani, R. Ungaro,N 4.38.

E. Ghidini, A. Casnati, A. Pochini, J. Chem. Soc., Chem. Com-
[Gd(2)](NO3)3: Yield: 92%. 2 IR (KBr): ν̃ 5 3406, 2960, 2868, mun. 1990, 878.

[11] N. Sabbatini, M. Guardigli, I. Manet, R. Ungaro, A. Casnati,1631, 1486, 1384, 1300 (νNO), 1197, 1115, 1032, 875, 820 cm21. 2
R. Ziessel, G. Ulrich, Z. Asfari, J.-M. Lehn, Pure Appl. Chem.FAB1 (m-NBA): m/z 5 2002 [M 2 NO3]1, 1940 [M 2 2 NO3],
1995, 67, 135.

1878 [M 2 3 NO3]. 2 C112H128O21N7Gd·5 H2O (Mr 5 2065.55 1 [12] S. Pappalardo, F. Bottino, L. Giunta, M. Pietraszkiewicz, J. Ka-
90.07): calcd. C 62.41, H 6.45, N 4.55; found C 62.38, H 6.30, piuk, J. Incl. Phenom. 1991, 10, 387.

[13] N. Sato, S. Shinkai, J. Chem. Soc., Perkin Trans. 2 1993, 621.N 4.28.
[14] H. Matsumoto, S. Shinkai, Chem. Lett. 1994, 901.
[15] N. Sabbatini, M. Guardigli, I. Manet, R. Ungaro, A. Casnati,[Eu(3)](NO3)3: To a solution of ligand 3 (0.040 g, 0.04 mmol)

C. Fisher, R. Ziessel, G. Ulrich, New J. Chem. 1995, 19, 137.in CD3CN (5 ml) in a Schlenk tube in a drybox was added
[16] A. Casnati, C. Fisher, M. Guardigli, A. Isernia, I. Manet, N.Eu(CF3SO3)3 (1.1 equiv.). The sealed tube was then heated at 60°C Sabbatini, R. Ungaro, J. Chem. Soc., Perkin Trans. 2 1996, 395.

for 3 h. During the course of the reaction, the complex precipitated. [17] F. J. Steemers, W. Verboom, D. N. Reinhoudt, E. B. van der
Tol, J. M. Verhoeven, J. Chem. Soc., Perkin Trans. 2 1995, 131.When the reaction was complete, an excess of anhydrous, degassed

[18] D. M. Rudkevich, W. Verboom, E. B. van der Tol, C. J. vanpentane was added to insine precipitation of most of the product,
Staveren, F. M. Kaspersen, J. M. Verhoeven, D. N. Reinhoudt,which was then taken up in methanol/ethyl acetate. The resulting J. Am. Chem. Soc. 1995, 117, 9408.

solution was filtered through Celite and diffusion of hexane into [19] G. Ulrich, R. Ziessel, I. Manet, M. Guardigli, N. Sabbatini, F.
Fraternali, G. Wipff, Chem. Eur. J. 1997, 3, 1815.the filtrate afforded the analytically pure compound. Yield: 65%.
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Spirocyclic compounds containing an Si(N)4 core have been atom is found in which one O atom of each of the four
sulfonyl groups caps one of the planes defined by the Si(N)4prepared from 1,2-ethane- and 1,3 propanediamines bearing

the electron-withdrawing p-toluenesulfonyl groups at the tetrahedron. The O···Si distances are 2.85–3.02 Å and the two
O···Si···O angles are 145–159°. According to the X-rayfour N atoms. According to the X-ray structure analysis of

the compounds 8a and 13, the spirocyclic rings are almost structure analysis of the monocyclic compound 16, one O
atom of the p-toluenesulfonyl group caps the plane definedperpendicular to each other. In both cases a distorted

dodecahedral arrangement of a [4 + 4] octacoordinate Si by O1–N2–C13 of the distorted S(N2)(O)C tetrahedron.

The intriguing properties of main-group elements of the the tetrahedron defined by the SiN4 core are capped by one
O atom of each of the four sulfonyl groups. In a search forsecond row like silicon (and phosphorus) to form five- and

six-coordinated complexes have found increasing atten- further examples of this unique [4 1 4] octacoordination of
Si we prepared a variety of silatetraazaspiro compoundstion. [1] [2] [3] [4] [5] [6] This is inter alia due to the observation

that ligands become more labile and can be displaced read- with different ring sizes bearing p-toluenesulfonyl (tosyl)
groups at the four N atoms and determined the molecularily. Thus, nucleophilic substitution reactions at tetracoordi-

nate silicon are discussed in terms of associated processes structure of two of the spirosilanes by X-ray analysis.
with pentacoordinate Si species as intermediates. Whereas
five- and six-coordinate Si compounds are by now well

Results and Discussionknown, only a few complexes have been described where
silicon is surrounded by seven or even eight atoms. Based

The spirocyclic tetraazasilanes were prepared accordingon X-ray structure analyses of the silicon complexes 123,
to Scheme 1. Treatment of the N,N9-disulfonyldiaminesAuner and co-workers and Corriu and co-workers have sug-
7a,b, 9 and 12 with BuLi and SiCl4 gave the silatetraaza-gested heptacoordination for the structures of these com-
spiro compounds 8a,b, 10 and 13, respectively, in moderatepounds. Corriu has discussed the structure of 4 in terms of
to good yields. The propensity to form spirocycles was re-a [4 1 4] octacoordination. [7] [8] [9] In view of the rather long
duced with increasing length of the chain connecting theSi2N bonds, ranging from 2.88 to 3.49 Å, the authors have
bidentate tosylamines. The reaction of N,N9-ditosylpro-described these complexes in terms of a SiR3X core with
pane-1,3-diamine (9) gave in addition to 10 the monocyclicthe “outer sphere” NR2 groups capping three or four of the
silane 11. In an attempt to prepare a silatetraazaspiro[6.6]-planes of the distorted tetrahedron in SiR3X and SiR2H2.
dodecane from N,N9-ditosylbutane-1,4-diamine (14), aAccording to the X ray structure analysis the spirosilane 5
polymeric material was formed and the attempted reactioncontains hexacoordinated silicon with the N2Si bond ap-
of the N,N9-ditosylbiphenyl-2,29-diamine (15) with SiCl4proaching that of a covalent bond.[10] 1H- and 29Si-NMR
gave the heterocyclic compound 16 rather than a spiro-measurements show a dynamic behaviour, suggesting that
cyclic compound.the NMe2 groups displace each other by way of a hepta-

coordinate transition state.
Recently, we have prepared the rather stable spiro com-

Structure Determination
pound 6, the X-ray structure of which also revealed
[4 1 4] octacoordinated silicon. [11] Here the four planes of The structure of the 1,3-diaza-2-silaspiroalkanes 8a,b, 10

and 13 is supported by mass spectra and 1H- and 13C-NMR
spectra. Since the number of signals in the 13C-NMR spec-

[°] On leave from the Department of Chemistry, East China Uni- tra is half the number of the C atoms these spiro com-versity of Science and Technology, Shanghai, P. R. of China,
September2November 1996. pounds apparently have two-fold symmetry. In 8a,b and 10
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Figure. 1. Top: A perspective view of molecule 8a, showing thethe 1H signals of the 2NCH2 groups appear as sharp lines.
numbering scheme used (thermal ellipsoids at 50% probability le-This suggests that in 8a and 8b the two five-membered sila-
vel)[a]; bottom: drawing of 8a, illustrating the octahedral coordina-

imidazolidine moieties are either planar, rapidly equilibrat- tion
ing through a planar form or undergo rapid inversion at
N.[12] [13] In 10 the two siladiazacyclohexane ring systems
may adopt a quasi-chair conformation with planar or rap-
idly inverting N centers. The 1H-NMR signals of the
2NCH2 groups are consistently shifted downfield by ap-
proximately 0.30 ppm from those found in the precursor
N,N9-ditosyldiamines. In the 29Si-NMR spectra of 8a,b and
11 (and 13), the signals are shifted upfield by more than 20
ppm relative to Si[N(CH3)2]4 (δ 5 228.1). [14] In the spiro-
cyclic tetraazasilane 10 the 29Si-NMR signal appears at δ 5
269.9 and is thus close to that of Si(OCH3)4 (δ 5
279.0). [15] These chemical shifts indicate that the Si nucleus
in these spirocyclic compounds has a different substitution
pattern. In the IR spectra of 10 and 13 the absorption band
occurring at 930 cm21 can be assigned to an asymmetric
Si2N vibration. [16] In order to obtain more detailed infor-
mation about structural details, X-ray structure analyses
were performed on the silatetraazaspiro compounds 8a and
13. Since the 1H- and 13C-NMR spectra as well as the el-
emental analysis of 16 indicated that the N,N9-ditosylbi-
phenyl-2,29-diamine (15) had reacted in the presence of

[a] Selected bond lengths [Å], bond and torsional angles [°]: N12Si1SiCl4 in a different way, an X-ray analysis was also per-
1.727(4), N12S1 1.626(4), S12O1 1.427(3), S12O2 1.438(3),

formed on this product. N22Si1 1.709(4), N32Si1 1.714(4), N42Si1 1.715(4);
N12Si12N2 91.7(2), N32Si12N4 92.1(2), N22Si12N3 117.9(2),
N22Si12N4 118.6(2);N22C22C12N1 227.63; N32C32
C42N4 11.53; O1···Si1 3.043(2), O3···Si1 2.920(4), O6···Si1
2.974(4), O7···Si1 2.968(3).X-ray Structure Analysis

The structure analysis of 8a reveals that the two silaimid- lene ring bonded to the nitrogen atoms are located out of
the planes defined by N12Si12N2 and N32Si12N4. Ac-azolidine rings adopt a twist conformation (Figure 1) with

an angle of 89.84° between the two planes defined by cording to the torsional angles the pyramidalisation at the
four N atoms is slightly larger in this compound than in 8a.N12Si12N2 and N32Si12N4, meaning that the rings are

almost perpendicular to each other (Figure 1 bottom). The In 13 the average N2Si bond length is 1.744 Å and thus
longer than in 8a. In line with the arrangement found forendocyclic bond angle N12Si12N2 and its counterpart

N32Si12N4 are significantly smaller [91.7(2)° and the tosyl groups in 6 and 8a, the four sulfonyl groups in 13
are arranged in such a way that one oxygen atom of each92.1(2)°] than the average of the exocylic bond angles

(118.3° and 119.6°). The torsion angles S12N12Si12N2 of the sulfonyl groups is located above one of the planes
defined by the Si(N)4 tetrahedron with O···Si distances[2175.4(3)°] and S32N32Si12N4 [1173.1(3)°] as well as

S22N22Si12N1 [2175.5(3)°] and S42N42Si12N3 ranging from 2.845 to 3.023 Å (Figure 2 bottom). The
angles between these non-bonded O atoms and the central[1177.5(3)°] indicate a small pyramidalization at the N

atoms. In comparison with the average N2Si bond length Si atom are in the same range as found for 8a [O1···Si1···O3
145.1(06)° and O6···Si1···O7 154.03(06)°] and are consider-found in 6 (1.734 Å) and those reported for N2Si2N sub-

structures in five-membered ring systems, the average N2Si ably larger than 109.48°, the angle between the two lines
passing through the centres of two planes in a tetrahedron.bond length of 1.714(4) Å is rather short in 8a. [11] [17] As

observed for 6 one oxygen atom of each of the four sulfon- As mentioned above, no silatetraazaspiroundecane had
been formed in the reaction of the biphenyldiamine 15 withamide groups caps the Si(N)4 tetrahedron, with each bi-

secting one of the tetradron faces (Figure 1, bottom).[11] SiCl4. As revealed by the X-ray structure analysis, 15 had
been transformed in an intramolecular condensation reac-The O···Si distances are [2.922 (4)23.043 (3) Å] and the

angles O1···Si1···O3 and O6···Si1···O7 are 159.9(1)° and tion into the diazathiaheptatriene 16 (Figure 3). In this
structure the angle C32C42C52C6 46.2(5) (cf. 16 in157.4(1)°, respectively. These values are very similar to

those found in 6. [11] Scheme 1), which lies within the expected range for the tor-
sional deformation between the two phenyl groups in bi-In the molecular structure of 13 (Figure 2, top) the angle

between the two planes defined by N12Si12N2 and phenyl-2,29-diamines. A salient feature of this monocyclic
compound is the location of the oxygen atom O2 of theN32Si12N4 is 89.60°. Thus, the two six-membered rings

forming the spirocycle are almost perpendicular to each sulfonyl group, which caps the plane defined by O1, N2,
C13 of the distorted S(N)2(O)(C) tetrahedron.other. In each of these rings, the C atoms of the naphtha-
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Figure 3. A perspective view of molecule 16 showing the numberingFigure 2. Top: A perspective view of molecule 13, showing the

numbering scheme used (thermal ellipsoids at 50% probability scheme used (thermal ellipsoids at 50% probability level)[a]

level)[a]; bottom: drawing of 13, illustrating the octahedral coordi-
nation

[a] Selected bond lengths [Å], bond and torsional angles [°]: N12S1
1.578(4), N22S1 1.704(3), N22S2 1.738(3); N12S12N2 103.4(2),
O12S12N1 126.5(2), O12S12N2 106.7(2); C12C62C72C12
46.21(0.50).

are much longer than those found in alkoxysilanes. [17] These
geometries can best be described as a distorted dodeca-
hedral arrangement of a [4 1 4] coordinated Si. [8] [11] At
present it is unclear whether this type of coordination in
these silicon compounds is due to an additional stabili-
sation of the spiro silacycle or is caused by the crystal pack-
ing.

This work has been supported by the Swiss National Science
Foundation (Project No. 20-43565.95) and by the National Scientific

[a] Selected bond lengths [Å], bond and torsional angles [°]: N12Si1 Foundation of China. G. R. is grateful for a fellowship under the
1.746(2), N22Si1 1.740(2), N32Si1 1.745(2), N42Si1 1.744(2); auspices of the Swiss-Sino Exchange Program.
N22Si1-N1 101.04(11), N22Si-N3 113.75, N22Si12N4
113.77(12); N12C12C102C9 215.57, N22C92C102C1 217.81;
O1···Si1 2.845(2), O3···Si1 2.866(2), O6···Si1 3.023(2), O7···Si1
2.951(2). Experimental Section

General: Chemicals were purchased from commercial suppliers
and used without further purification. Ts: p-toluenesulfonyl (tosyl).Concluding Remarks
BuLi (Fluka): 1.6  solution in hexane. 2 Reactions were per-
formed under argon. 2 M.p.: Büchi 510 melting point apparatus,It has been shown that spirocyclic compounds containing
uncorrected values. 2 Thin layer chromatography: Silica gel platesan Si(N)4 core can be prepared from 1,2-diamines bearing
SIL G/UV254 (Macherey & Nagel), eluent: EtOAc/cyclohexane, ra-the electron-withdrawing p-toluenesulfonyl substituents at
tio given. 2 Column chromatography (CC): J. T. Baker flash gelthe N atoms. The first example of a 2-sila-1,3,7,11-tetraaza-
(40mm), eluent: EtOAc/cyclohexane in the ratio specified. 2 IRspiro[5.5]undecane 13, containing six-membered rings has
spectra: Perkin-Elmer 782 IR spectrophotometer. 2 NMR spectra:

been obtained. Attempts to prepare tetraazaspirosilanes Bruker AC 300 spectrometer [1H, 300 MHz, 13C, 75 MHz] and
containing larger rings by base-induced reaction of an ap- Bruker DRX 500 spectrometer [29Si, 99.325 MHz]), δ in ppm rel.
propriate ditosyl diamine were not successful. According to to internal Si(CH3)4, st 5 stack, heavily overlapping signals. 2
the X-ray structure of the spirocyclic tetraazasilanonane 8a Mass spectra (MS): Varian MAT CH7A (70eV, EI); FAB-MS: Fi-
and the benzannulated tetraazasilaundecane 13, the p-tolu- sons VG Autospec Q spectrometer (Cs1, 32 kV).
enesulfonyl groups are oriented in such a way that one oxy- N,N9-Ditosylethane-1,2-diamine (7a): A solution of TsCl (0.23
gen atom each caps a plane of the distorted Si(N)4 tetra- mol) in 150 ml diethyl ether was slowly added to a cooled solution
hedron. While the Si(N)4 core retains a geometry with bond of ethane-1,2-diamine (0.113 mol) and 18 g NaOH in 450 ml H2O.

After stirring overnight at room temp., the ditosylate was filteredlengths close to a covalent N2Si bond, the O···Si distances
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off and recrystallized from CH3OH, white needles, yield 33g (81%), mmol) to a solution of the bis(sulfonamide) (4.8 mmol) in 50 ml

of dry THF and stirring for 30 min, SiCl4 (2.4 mmol), dissolved inm.p. 1622163°C (1622164°C[18] [19]). 2 Rf (1:1) 5 0.37. 2 1H
NMR (CD3COCD3): δ 5 7.76 (dt, J 5 8.1, 1 Hz, 4 H), 7.44 (dt, 3 ml of THF, was added. The reaction mixture was refluxed for

the time given, cooled to room temp., filtered and concentrated toJ 5 8.1, 1 Hz, 4 H), 6.57 (br., 2 H), 3.0023.03 (m, 4 H), 2.44 (s, 6
H). 2 13C NMR (CD3COCD3): δ 5 143.7 (s), 138.6 (s), 130.3 (d), dryness. The residue was purified by CC or recrystallization.
127.6 (d), 43.5 (t), 21.2(q). 2 IR (KBr): ν̃ 5 3295 cm21, 1590, 1410, 1,4,6,9-Tetratosyl-1,4,6,9-tetraaza-5-silaspiro[4.4]nonane (8a):
1330, 1150. 2 MS (EI): m/z (%): 369 (5) [M 1 1]1, 339 (40), 213 Purification by CC (1:1) gave 0.95 g (60%) of product as colourless
(94), 184 (96), 155 (100), 139 (18), 91 (88), 65 (20). crystals which were recrystallized from CH3CN. Crystals suitable

for X-ray analysis were grown from CH3CN as colourless blocks.
The following derivatives of the diamines were prepared as de- M.p. 2542255°C. Rf (1:1) 5 0.61. 2 1H NMR (CDCl3): δ 5 8.06

scribed for 7a. (d, J 5 8.4 Hz, 8 H), 7.35 (d, J 5 8.4 Hz, 8 H), 3.36 (s, 8 H), 2.41
(s, 12 H). 2 13C NMR (CDCl3): δ 5 144.5 (s), 134.5 (s), 129.7 (d),N,N9-Dibenzenesulphonylethane-1,2-diamine (7b): Recrystalliza-
128.8 (d), 43.3 (t), 21.7 (q). 2 29Si NMR: 250.86. 2 IR (KBr):tion from ethanol gave white needles (28.8 g, 75%), m.p.
ν̃ 5 1600 cm21, 1235, 1160, 1115, 1090, 1025,1010. 2 MS (EI):1662167°C.[20]. 2 Rf (1:1) 5 0.20. 2 1H NMR (CD3COCD3): δ 5
m/z (%): 605 (58) [M 2 Ts]1, 564 (14), 549 (100), 485 (20), 450 (55),7.8527.88 (m, 4 H), 7.5927.72 (m, 6 H), 6.67 (br., 2H), 3.0423.06
411 (52), 139 (23). 2 C32H36N4O8S4Si (760.12): calcd. C 50.50, H(m, 4 H). 2 13C NMR (CD3COCD3): δ 5 141.5 (s), 133.1 (s), 129.8
4.77,N 7.37, found C 50.52, H 4.77, N 7.36.(d), 127.5 (d), 43.5 (t). 2 IR (KBr): ν̃ 5 3270 cm21, 3320, 1320,

1150. 2 MS (EI); m/z (%): 341 (2) [M 1 1]1, 199 (17), 170 (88), 1,4,6,9-Tetrakis(benzenesulfonyl)-1,4,6,9-tetraaza-5-silaspiro-
141 (65), 125 (6), 97 (6), 77 (100), 31 (30). [4.4]nonane (8b): Yield 0.510g, 30%, recrystallization from

CH3CN, m.p. 2652267°C. 2 Rf (1:1) 5 0.35. 2 1H NMR (CDCl3):N,N9-Ditosylpropane-1,3-diamine (9): Yield 80%, m.p.
δ 5 8.1528.20 (m, 8 H), 7.5227.66 (m, 12 H), 3.41 (s, 8 H). 2 13C1382139°C (1342136°C[19] [21]). 2 Rf (1:1) 5 0.35. 2 1H NMR
NMR (CDCl3): δ 5 137.3 (s), 133.5 (d), 129.0 (d), 128.7 (d), 42.4(CD3COCD3): δ 5 7.7227.76 (d, J 5 8.1 Hz, 4 H), 7.4027.44 (d,
(t). 2 29Si NMR(CDCl3): 250.46. 2 IR (KBr): ν̃ 5 1020 cm21. 2J 5 8.1 Hz, 4 H), 6.48 (br., 2 H), 2.95 (m, 4 H), 2.45 (s, 6 H), 1.71
MS (FAB): m/z (%): 705 (10) [M 1 1]1, 639 (3), 565 (3), 439 (50),(5, J 5 6.7 Hz, 2 H). 2 13C NMR (CD3COCD3): δ 5 143.7 (s),
383 (18), 307 (6), 155 (100), 121 (25). 2 C28H28N4O8S4Si (704.06):138.9 (s), 130.4 (s), 127.7 (s), 41.3 (t), 30.0 (t), 21.3 (q). 2 IR (KBr):
calcd. C 47.71, H 4.00, N 7.95, found C 47.65, H 3.87, N 8.13.ν̃ 5 3270 cm21, 1590, 1460, 1320,1155. 2 MS (EI): m/z (%): 393

(2) [M 1 1]1, 227 (80), 164 (40), 171(12), 155 (100), 91 (80), 65 1,5,7,11-Tetratosyl-1,5,7,11-tetraaza-6-silaspiro[5.5]undecane
(18), 56 (80). (10) and 2-Chloro-N,N9-ditosyl-2-[tosyl(3-tosylaminopropyl)-

amino]-1,3-diaza-2-silacyclohexane (11): CC of the reaction mix-N,N9-Ditosylnaphthalene-1,8-diamine (12): Yield 80%, m.p.
ture gave 0.470 g (25%) of 10 and 0.40 g (20%) of 11.2032204 oC (207°C[22]). 2 Rf (2:3) 5 0.35. 2 1H NMR (CDCl3):

δ 5 7.6327.68 (m, 6 H), 7.2027.26 (m, 6 H), 7.0127.04 (dd, 2 H), 10: White needles after recrystallization from CH3CN, m.p. ca.
2.37 (s, 6 H). 2 13C NMR (CDCl3): δ 5 144.5 (s), 135.9 (s), 134.9 295 oC. 2 Rf (1:1) 5 0.61. 2 1H NMR (CDCl3): δ 5 8.0728.09
(s), 130.2 (s), 129.4 (s), 130.0 (d), 129.8 (d), 127.1 (d), 125.1 (d), (d, J 5 8.4 Hz, 8 H), 7.2627.31 (d, J 5 8.4 Hz, 8 H), 3.48 (br., 8
121.3 (d), 21.6 (q). 2 IR (KBr): ν̃ 5 3200 cm21, 1575, 1415, 1340, H), 2.40 (s, 12 H), 2.02 (m, 4 H). 2 13C NMR (CDCl3): δ 5 143.9
1300, 1150. 2 MS (EI); m/z (%): 467 (33) [M 1 1]1, 466 (100) (s), 135.2 (s), 129.3 (d), 129.1 (d), 47.2 (t), 24.1 (t), 21.6 (q). 2 29Si
[M1], 311 (48), 247 (26), 232 (10), 155 (58), 129 (8), 127 (6). 2 NMR (CDCl3): δ 5 269.96. 2 IR (KBr): ν̃ 5 1330 cm21, 1155,
C24H22N2O4S2 (466.56): calcd. C 61.78, H 4.75, N 6.01; found C 965, 930. 2 MS (FAB): m/z (%): 789 (1.4) [M21], 635 (2), 613 (3),
61.71, H 4.75, N 5.96. 581 (2), 461 (3), 309 (30), 275 (8), 155 (42). 2 C34H40N4O8S4Si

(789.03): calcd. C 51.75, H 5.11, N 7.10, found C 51.63, H 5.11,N,N9-Ditosylbutane-1,4-diamine (14): Yield 80%, m.p.
N 7.05.1372138°C (m.p. 1252125°C[23], 139°C[24]). 2 1H NMR

(CD3COCD3): δ 5 7.7327.76 (dt, J 5 8.5, 1 Hz, 4 H), 7.4027.43 11: White solid after recrystallization from EtOAc/cyclohexane,
(dt, J 5 8.8, 1 Hz, 4 H), 6.37 (br., 2 H), 2.8522.89 (m, 4 H), 2.43 m.p. 1452147°C. 2 Rf (1:1) 5 0.46. 2 1H NMR (CDCl3): δ 5
(s, 6 H), 1.5021.55 (m, 4 H). 2 13C NMR (CD3COCD3): δ 5 8.0628.09 (d, J 5 8.1 Hz, 2 H), 7.9027.93 (d, J 5 8.1 Hz, 4 H),
142.9 (s), 138.3 (s), 129.6 (d), 127.0 (d), 42.6 (t), 26.6 (t), 20.6 (q). 7.6827.71 (d, J 5 8.1 Hz, 2 H), 7.3727.40 (d, J 5 8.1 Hz, 2 H,),
2 IR (KBr): ν̃ 5 3295 cm21, 1590, 1410, 1330, 1150. 2 MS (EI); 7.3127.40 (d, J 5 8.1 Hz, 4 H), 7.2527.28 (d, J 5 8.1 Hz, 2 H),
m/z (%): 397 (2) [M 1 1]1, 241 (82) [M 2 Ts]1, 224 (100), 184 (70), 4.39 (t, J 5 6.3 Hz, 1 H), 3.4023.50 (m, 4 H), 3.1923.26 (m, 2 H),
155 (95), 139 (18), 91 (85), 70 (50). 2.8422.90 (m, 2 H), 2.45 (s, 3 H), 2.43 (s, 6 H), 2.39 (s, 3 H),

1.7821.90 (m, 4 H). 213C NMR (CDCl3): δ 5 144.9 (s), 144.4 (s),N,N9-Ditosylbiphenyl-2,29-diamine (15): (2,29-Biphenyldiamine
was prepared according to ref. [25] [26]), m.p. of compound 15 143.3 (s), 136.8 (s), 135.3 (d), 134.9 (s), 129.8 (d), 129.7 (d), 129.6

(d), 129.1(d), 128.3(d), 127.1(d), 46.7 (t), 45.1 (t), 40.7 (t), 28.6 (t),1682171°C. 2 Rf (1:3) 5 0.26. 2 1H NMR (CDCl3): δ 5

7.6727.69 (dt, J 5 7.3, 1 Hz, 2 H), 7.4927.52 (dt, J 5 8.1, 1 Hz, 26.0 (t), 21.7 (q), 21.6 (q), 21.5 (q). 2 29Si NMR (CDCl3): δ 5

253.64. 2 IR (KBr): ν̃ 5 1340 cm21, 1160, 1090, 1025, 930, 865.2 H), 7.3327.39 (td, J 5 8.0, 1.9 Hz, 2 H), 7.2327.26 (d, J 5 8.0
Hz, 2 H), 7.0227.07 (td, J 5 7.4, 1 Hz, 2 H), 6.4826.50 (dd, J 5 2 MS (FAB): m/z (%): 825 (5) [M 1 1]1, 671 (6), 517 (2), 443

(100), 425 (5), 289 (10), 229 (3), 139 (12). 2 C34H41ClN4O8S4Si7.4, 1.5 Hz, 2 H), 5.88 (s, 2 H,), 2.43 (s, 6 H). 2 13C NMR (CDCl3):
δ 5 144.6 (s), 135.9 (s), 134.9 (s), 127.5 (d), 130.3 (s), 130.0 (d), (824.13): calcd. C 49.46, H 5.01, N 6.79, found C 49.92, H 5.15,

N 6.54.129.9 (d), 127.5 (d), 127.1 (d), 125.1 (d), 121.3 (d), 21.6 (q). 2 IR
(KBr): ν̃ 5 3330 cm21, 3280, 1395, 1270, 1090, 750 1340,1170. 2

1,19,3,39-Tetratosyl-1,19,3,39-tetraaza-2-silaspiro[2.29]-2,3-
MS (EI): m/z (%): 492 (98) [M1], 337 (45), 321 (40), 273 (20), 182

dihydro-1H-phenalene (13): The reaction mixture was refluxed for
(90), 181 (100),167 (46), 154 (45).

48 h. Recrystallization from CH2Cl2/CH3CN gave 0.80 g (35%) 13
as white needles. Crystals of 13 suitable for X-ray analysis wereGeneral Procedure for the Preparation of the Tetraazasilaspiro

Compounds: After addition of BuLi (6 ml, 1.6  in hexane, 9.6 grown from CH2Cl2/CH3CN as colourless blocks, m.p.
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Table 1. Crystallographic data for Si(TsN2CH2CH22NTs)2 (8a) and Si[1,8-(TsN)2C10H6]2 (13) and (16)

8a 13 16

Chemical formula C32H36N4O8S4Si C48H40N4O8S4Si·CH3CN C26H22N2O3S2
Formula weight 760.98 998.22 474.58
Crystal system monoclinic triclinic monoclinic
Space group P21/n (no. 14) P1̄ (no. 2) P21/n (no. 14)
a [Å] 13.6295(10) 13.1926(12) 9.801(2)
b [Å] 20.283(2) 13.3072(9) 15.5525(11)
c [Å] 14.3308(10) 14.132(2) 16.630(2)
α [°] 90 86.528(8) 90
β [°] 113.993(5) 71.469(9) 95.595(12)
γ [°] 90 83.926(7) 90
V [Å3] 3619.5(5) 2338.4(4) 2522.9(6)
Z 4 2 4
λ [Å] 0.71073 0.71073 0.71073
ρcalcd. [g cm23] 1.396 1.418 1.249
µ [mm21] 0.350 0.291 0.240
Independent reflns. 6743 8686 4328
Obsd. reflns. [I > 2σ(I)] 4530 7031 3140
R(Fo)obsd. data

[a] 0.0697 0.0480 0.0645
Rw(Fo

2)all data
[b] 0.1631 0.1251 0.1654

[a] R 5 Σ||Fo| 2 |Fc||/Σ|Fo|. 2 [b] Rw 5 (Σ[w(Fo
2 2 Fc

2)2])/Σ[w(Fo
2)2])1/2.

290°C.(decomp.). 2 Rf (2:3) 5 0.55. 2 1H NMR (CDCl3): δ 5 squares on F2. Corrections for extinction were applied but not for
absorption. Final atomic coordinates are given in Table 2 and selec-7.9027.95 (m, 12 H), 7.1627.23 (m, 4 H), 6.9927.04 (m, 12 H),

2.18 (m, 12 H). 2 13C NMR (CDCl3): δ 5 144.2 (s), 135.1 (s), ted bond lengths and angles in Table 3. The structural diagrams
were drawn using the program Xtal GX.[29]134.8 (s), 134.4 (s), 129.6 (s), 129.3(d), 128.9 (d), 128.0 (d),125.6

(d), 124.1 (d), 21.5 (q). 2 IR (KBr): ν̃ 5 1560 cm21, 930, 850, 810. Full tables of atomic parameters and bond lengths and angles
2 MS (FAB): m/z (%): 957 (2) [M 1 1]1, 803 (2), 648 (2), 309 (20), for the structures reported in this paper may be obtained from the
275 (7), 193 (9), 153 (25). 2 C48H40N4O8S4Si (957.19): calcd. C Cambridge Crystallographic Data Centre. Copies of the crystallo-
60.22, H 4.21, found C 60.05, H 4.18. graphic data [CCDC-101700 (8a), -101701 (13), -101702 (16)] may

be obtained free of charge on application to CCDC, 12 Union1-(p-Tolyl)-7-tosyl-1-thia-2,7-diaza-3,4;5,6-dibenzo-1,3,5-
cycloheptatriene 1-Oxide (16): The reaction mixture was refluxed Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44(1223)336-

033, E-mail: deposit@ccdc.cam.ac.uk).for 24 h. CC (1:3) gave 0.840 g (35%) 16 which was recrystallized
from CH3CN to give white crystals. Crystals of 16 suitable for X-
ray analysis were grown from CH3CN as colourless plates, m.p.
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Two novel phosphane ligands 3 and 4 based on the rigid able to coordinate two transition metal centres, leading to
bimetallic macrocycles. The metallamacrocycles formed fromdiphenylglycoluril molecule have been synthesized and

characterised. Binding studies with 3 and 4, using 1,3- 4 containing platinum or rhodium bind the guest, olivetol (5-
pentylbenzene-1,3-diol), almost four times as strongly as thedihydroxybenzene derivatives reveal that ligands 3 and 4

behave similarly to clip molecule 5, which has the same free tetrapodant 4. Complexes of 4 having palladium centres
display similar or reduced binding affinities for resorcinolbinding site as ligands 3 and 4. The size of the flexible

spacers in the ligands has been varied and the effect of this derivatives, when compared to free 4. Metal complexes of
ligand 3 do not form host-guest complexes, probably becausevariation on the association constant of resorcinol derivatives

has been determined. These cavity-containing ligands are of a too small a ring-size of the metallamacrocycle.

Introduction bond strength between host and guest was investigated.
These results are of interest for future applications of metal
complexes of 3 and 4 as catalysts for e.g. the hydrofor-The use of enzymes as catalysts for organic reactions is a

major topic in modern chemistry. Enzyme-catalysed reac- mylation reaction or cross-coupling reactions.
tions can reach incredibly high rates and selectivities. Man-
made catalysts do not reach that level of supremacy yet,
but recently some elegant examples of synthetic enzymes
(synzymes) have been published. These synzymes consist of Results and Discussion
the building block diphenylglycoluril (5 DPGU),[125] a
cyclodextrin[628] or a cyclophane[9] and a catalytically ac- Ligand Synthesis
tive centre. Synzymes do not match the natural enzymes in
reactivity, but they are interesting molecules to study the

The tetrapodant starting compounds 1 and 2 were pre-fundamental processes taking place in enzyme catalysis. In
pared according to literature procedures[12] and sub-this way processes like substrate coordination and sub-
sequently converted into 3 and 4 after reaction with fourstrate-metal interactions can be studied in a less compli-
equivalents of LiPPh2 (see Scheme 1). The two tetradentatecated environment. The knowledge obtained can then be
ligands 3 and 4 were obtained in 80% and 67% yield,used in the development of shape-selective cata-
respectively. Also, we tried to synthesize compound 4 fromlysts.[325,10,11] Non-covalent binding interactions like hydro-
2 and four equivalents of HPPh2 in the presence of 10gen bonding, π-π stacking, electrostatic, and van der Waals
equivalents of tBuOK. This reaction afforded only smallinteractions induce substrate discrimination in the processes
amounts of the desired product. Under these conditions,mentioned above.
the main reaction that occurred was cleavage of the ether
moieties.In this paper two tetrapodant host molecules 3 and 4

based on the rigid building block DPGU are described. The The two ligands (3 and 4) are moderately air-sensitive,
but they are stable under an inert atmosphere. When thebinding affinities of these host molecules towards 5-substi-

tuted resorcinol (1,3-dihydroxybenzene) derivatives will be products were not carefully worked up or stored, 31P-NMR
spectra showed signals in the phosphane oxide region (δ 5presented. Several transition metal complexes of 3 and 4

were prepared and the effect of metal complexation on the 1 30). These oxide contaminations could be removed by
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reduction with an excess of HSiCl3 in the presence of 3 A phosphane-free precursor compound [e.g.

(COD)PdCl2] could also be used, provided that a smallequivalents of NEt3 per HSiCl3 in refluxing benzene. [13]

amount of PPh3 was added to the reaction mixture. WhenScheme 1. Synthesis of ligands 3 and 4
the syntheses were performed without PPh3, large amounts
of insoluble compounds were formed in addition to the de-
sired product. The replacement of COD or CH3CN by a
phosphane ligand is fast compared to a phosphane-by-
phosphane replacement. Before intramolecular ring closure
can occur, intermolecular complexation takes place. The
polymeric complexes precipitate and cannot equilibrate to
form the desired bimetallic complexes. These reactions were
also performed at lower concentrations (3 3 1024 ), but
always some insoluble product was formed. A suspension
of precipitated (polymeric) complex could be treated with a
small amount of PPh3 to redissolve the polymeric products.
The PPh3 that remained after the reaction could be re-
moved with the same ease as weakly bound ligands such
as COD and CH3CN. A simple precipitation of the metal
complex after the addition of pentane, hexane or diethyl
ether, followed by filtration or decantation of the suspen-
sion was sufficient to remove PPh3.

There are two exceptions to the general procedure de-
scribed above: the formation of L[Pd(BF4)2]2 and
L[Pd(TCNE)]2 (L 5 3 or 4, TCNE5 tetracyanoethylene).
For the preparation of the aforementioned ionic palladium
compounds, CH3CN was used as a cosolvent. The products
formed still contained two molecules of CH3CN, which in-

Metal Complex Synthesis creased the solubility of the products. Hence, polymeric
structures did not precipitate and the desired products wereThe starting compounds in the metal complexation reac-

tions and the yields are summarised in Table 1. Most of the obtained. For the formation of the L[Pd(TCNE)]2 com-
plexes the reaction of Pd(DBA)2 (DBA5 dibenzylideneace-complexes of 3 and 4 were synthesized from starting metal

complexes containing triphenylphosphane. After addition tone) with either 3 or 4 was chosen. This resulted in the
initial formation of L[Pd(DBA)]2 complexes. The replace-of the tetradentate ligands 3 or 4 to these PPh3-containing

compounds, the bimetallic complexes of 3 or 4 were ment of the second DBA molecule is known to be less
favourable, [14] but this could be achieved by the additionformed. The driving force of this reaction is the replacement

of a triarylphosphane ligand by an alkyldiphenylphos- of TCNE, an extremely electron-poor alkene. Complexes
possessing other electron-poor alkenes like maleic anhy-phane, which is a stronger donor ligand. The reaction is

also entropy-driven; a monodentate ligand is always re- dride, dimethyl fumarate or fumaronitrile could not be iso-
lated. These alkenes are not as tightly bound to the Pd cen-placed by a bidentate ligand having similar electronic and

steric properties. tre as TCNE and therefore afford less stable compounds.

Table 1. Starting compounds, products, yields and spectroscopic data of the bimetallic macrocycles of 3 and 4

Entry Starting compound Product Yield [%] δ(31P) [ppm] (1JM-P [Hz]) ν(CX)[f] [21]

1 (PPh3)2PdCl2 3(PdCl2)2 58 12.5[a] 1710[g]

2 CODPdCl2/PPh3 4(PdCl2)2 75 14.9[a] 1710[g]

3 (PPh3)2PdMeCl 3(PdMeCl)2 84 15.4[b] 1710[g]

4 CODPdMeCl/PPh3 4(PdMeCl)2 85 21.9[b] 1710[g]

5 (CH3CN)4Pd(BF4)2 3[Pd(BF4)2]2 93 38.4[c] 1648[g]

6 (CH3CN)4Pd(BF4)2 4[Pd(BF4)2]2 79 42.8[c] 1670[g]

7 Pd(DBA)2 1 TCNE 3[Pd(TCNE)]2 85 24.8[b] 1701[g], 2220[h]

8 Pd(DBA)2 1 TCNE 4[Pd(TCNE)]2 84 12.8[b] 1707[g], 2213[h]

9 (PPh3)2PtCl2 3(PtCl2)2 79 0.4[b] (3550[d]) 1707[g]

10 (PPh3)2PtCl2 4(PtCl2)2 68 4.8[b] (3610[d]) 1708[g]

11 (PPh3)2RhClCO 3(RhClCO)2 96 18.6[b] (124[e]) 1710[g], 1972[i]

12 (PPh3)2RhClCO 4(RhClCO)2 96 22.0[b] (123[e]) 1708[g], 1970[i]

13 (PPh3)2IrClCO 3(IrClCO)2 89 14.8[a] 1710[g], 1959[j]

14 (PPh3)2IrClCO 4(IrClCO)2 85 17.7[a] 1711[g], 1958[j]

[a] Measured in C6D6. 2 [b] Measured in CDCl3. 2 [c] Measured in CD3CN. 2 [d] 1JPt-P (cis). 2 [e] 1JRh-P (trans). 2 [f] Measured in KBr.
2[g] ν(CO). 2 [h] ν(CC). 2 [i] ν[(CO)Rh]. 2 [j] ν[(CO)Ir].
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Identification Scheme 2. Schematic representation of the synthesis of the metal

complexes (used starting compounds: (PPh3)2PdCl2;
(COD)PdCl2; (PPh3)2PdMeCl; (COD)PdMeCl; i)

The 1H-NMR spectra of the metal complexes of 3 and 4 Pd(DBA)2, ii) TCNE; (CH3CN)4Pd(BF4)2; (PPh3)2-
PtCl2; (PPh3)2RhCl(CO); [PPh3)2IrCl(CO)]have characteristic signals, viz. a doublet, at δ 5 5.525.7.

This signal is due to one of the inequivalent (CO)NCHH9
protons. The coupling constant of these two protons is in
the range of J 5 15216 Hz.[4,15220] The other doublet is
generally found at δ ø 3.8 depending on the solvent. When
a large deviation from this ppm value is found, the three-
dimensional structure of the building block is distorted.
Another characteristic signal in the 1H-NMR spectrum is
the singlet arising from the hydroquinone walls at δ 5 6.5
± 0.1. This signal was used in the determination of the host-
guest association constants (see below). The IR spectra of
DPGU derivatives always show a strong absorption of the
urea carbonyl groups [ν(CO) at 1705 ± 5 cm21 (KBr disk)].
This carbonyl stretching frequency can be used to observe
interactions involving the carbonyl group. For example, hy-
drogen bonding between the carbonyl group and resorcinol
derivatives induces a shift of 225 ± 5 cm21, as has been
described in the literature [16,21,22].

The 1H- and 13C-NMR spectra of 3 and 4 indicated that
the concave part of the host, i.e. where the binding of sub-
strates occurs, is similar to that of the rigid clip molecule 5
(see Figure 2). The coupling constant of the doublet at δ ø
5.5 and the chemical shift of the hydroquinone parts were
in good agreement with literature values for these type of
compounds[4,15,16,18220]. In the 31P{1H}-NMR spectrum
singlets at δ 5 221.1 and 221.7 were found for 3 and 4,
respectively, which are values similar to those of other alkyl-
diphenylphosphanes. The IR spectra of 3 and 4 showed a
carbonyl resonance at the expected frequency around 1710
cm21. The elementary analyses of ligands 3 and 4 showed is known that the value of ∆δcompl after the formation of a

cis-PdCl2 complex is 43247 ppm, whereas 32236 ppm isthat two molecules of water are present in the host in the
solid state. This could be confirmed by IR and NMR spec- found when trans complexes are formed.[24] In our case the

values are ∆δcompl 5 34.2 for 3(PdCl2)2 and 36 ppm fortroscopy, which both revealed small amounts of water.
These water molecules did not seem to disturb any of our 4(PdCl2)2, which indicates that bimetallic trans-coordinated

complexes have been formed.further studies and therefore no attempts were made to re-
move them. In this series of complexes, 3(PtCl2)2 and 4(PtCl2)2 are

the only cis-coordinated compounds we were able to isolate.The various transition metal complexes of ligands 3 and
4 have 31P-NMR resonances (see Table 1) at higher ppm The 31P-NMR spectra of these complexes showed coupling

constants around 1JPt-P 5 3500 Hz (Table 1, entries 9 andvalues compared to the free tetrapodants. The difference
between the chemical shift of the free ligand and that of 10), which indicates the formation of cis complexes. [23]

These coupling constants were also observed in the 195Pt-its transition metal complex (∆δcompl) is a suitable tool to
determine what type of complex has been formed. The 31P- NMR spectrum of 4(PtCl2)2, which afforded a triplet at δ 5

24390. In addition to the magnitude of the coupling con-NMR values of these complexes are similar to phos-
phanemetal complexes known from literature, [23] [24] show- stant (1JPt-P), the 195Pt chemical shift itself is indicative of

a cis-coordinated complex. The typical chemical shift valueing that ligands 3 and 4 are suitable ligands for coordi-
nation chemistry studies. A comparison of the change in of a trans complex is found at δ 5 23950. [25] For electronic

reasons, i.e. the larger trans influence of phosphanes com-chemical shift on coordination (∆δcompl) with values found
in literature leads to the following conclusions about the pared to chloride, PtCl2 complexes of phosphane ligands

with small cone angles prefer cis coordination.immediate surroundings of the transition metal centres. All
complexes except L[Pd(TCNE)]2 have a square planar con- The zero-valent palladium complexes (Table 1, entries 7

and 8) are stabilised by the electron-poor alkene TCNE,formation. Complexes containing the PdMeCl fragment
have two equal, trans-coordinated phosphane moieties, which reduces the electron density on the Pd0 centre. The

coordination mode around the metal centre is probablywhich can be derived from the singlet in the 31P{1H}-NMR
spectrum. Complexes L(PdCl2)2 displayed a singlet in the pseudo-tetrahedral, as has been found for several crystal

structures of related Pd0 complexes. [26] The IR spectra of31P{1H}-NMR spectrum around δ 5 13. From literature it
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3[Pd(TCNE)]2 and 4[Pd(TCNE)]2 showed sharp bands of frequency 3 cm21 below that of the original Vaska complex

(1962 cm21). In these iridium complexes the band of thethe CN vibration of the TCNE molecule. The values were
found at 2213 cm21 and 2220 cm21, respectively, which are urea carbonyl group was found at 1710 ± 2 cm21 (in KBr).

We attempted to isolate the cationic complexesin good agreement with values reported in the literature for
TCNE metal complexes. [26] The urea carbonyl groups in the 3[Rh(CO)1]2 and 4[Rh(CO)1]2, by the reaction of AgBF4

with the two L[RhCl(CO)]2 complexes. Turbid solutionsligands gave rise to strong and sharp bands at 1707 cm21

and 1710 cm21 in 3[Pd(TCNE)]2 and 4[Pd(TCNE)]2, containing a fine precipitate were formed after the addition
of AgBF4, but the precipitate could not be removed; centri-respectively.

The two ionic palladium(II) complexes of 3 and 4 are fugation and subsequent filtration with Celite did not result
in the removal of AgCl. IR measurements on the crudesquare-planar complexes. The phosphane moieties in these

complexes are coordinated in a trans fashion as can be seen complexes showed that the ν(CO)Rh had shifted to a higher
frequency (1990 cm21). The peaks of the urea carbonylfrom the phosphorus chemical shift values[27] (δ 5 38.4 and

42.8 for 3[Pd(BF4)2]2 and 4[Pd(BF4)2]2, respectively). In the group shifted approximately 30 cm21 to a lower frequency
in both 3[Rh(CO)1]2 and 4[Rh(CO)1]2. These frequencysolid state the two PdII tetrafluoroborate complexes still

contain one molecule of CH3CN per Pd atom, as could be shifts for both the urea carbonyl and the coordinated CO
molecule strongly indicate the formation of a cationic RhIconcluded from the elementary analyses of 3[Pd(BF4)2]2

and 4[Pd(BF4)2]2. However, their IR spectra did not show complex in which an interaction exists between the cationic
Rh centre and the urea carbonyl group. The positive shifta band at 210022000 cm21, the typical region of a coordi-

nated CH3CN molecule. The IR spectra did show strong of ν(CO)Rh indicates a reduced π back donation of the elec-
tron-poor cationic rhodium(I) centre to the coordinated COcarbonyl bands at 1648 cm21 for 3[Pd(BF4)2]2 and at 1670

cm21 for 4[Pd(BF4)2]2. The shifts of 60 cm21 and 40 cm21 molecule. The negative shift of the urea carbonyl band indi-
cates that the carbonyl group coordinates to the cationiccompared to the L(PdCl2)2 complexes, indicate that there is

an interaction between the carbonyl group of the ligand and rhodium(I) centre. This electron donation was also found
in the aforementioned cationic palladium(II) complexes,the cationic palladium centre. Electron donation of the urea

carbonyl group to the PdII centre will result in a reduced which showed a larger shift of ∆ν 5 260 cm21 and ∆ν 5
240 cm21 for 3[Pd(BF4)2]2 and 4[Pd(BF4)2]2, respectively.bond strength, leading to an absorption at a lower fre-

quency. This frequency shift is larger in 3[Pd(BF4)2]2 than
that in 4[Pd(BF4)2]2, probably because the shorter spacer
groups in the latter complex enforce a shorter metal-to-car- Variable-Temperature NMR Experiments
bonyl distance. The interaction between the carbonyl group
and the metal centre could not be detected in solution. The To investigate a possible interaction between the phos-

phane end groups of 4 and guests we recorded the 31P-cationic complexes dissolve in polar, coordinating solvents
only (e.g. CH3CN or DMSO), which replace the coordi- NMR spectra of 4 and five host-guest complexes of 4 with

resorcinol derivatives. Figure 1 shows the temperature de-nated carbonyl groups.
The iridium and rhodium complexes in Table 1 are simi- pendence of the 31P{1H} line width of these complexes. At

333 K all the 31P{1H}-NMR signals were visible as sharplar in structure to the original Vaska complex[28] that con-
tains two triphenylphosphane ligands coordinated in a trans singlets having a line width of ∆ν1/2 5 527 Hz. These are

the normal values in 31P{1H}-NMR spectra. When 4 wasfashion to an iridium centre. The rhodium complex showed
a doublet in the 31P{1H}-NMR spectrum with 1JRh-P 5 124 measured without additives, this sharp singlet remained in

the temperature range of T 5 2232333 K. The metal com-Hz, indicative of trans coordination. [29] We also determined
the 103Rh chemical shift of 4[RhCl(CO)]2, which was found plex 4[RhCl(CO)]2 also gave rise to a sharp signal in this

temperature range. Experiments using a mixture of 4 and aat δ 5 2419, close to that of reference compound
(PPh3)2RhCl(CO). [25] The IR spectra of 3[RhCl(CO)]2 and resorcinol derivative , however, showed a gradual increase

in the ∆ν1/2 of the 31P signal on lowering of the temperature.4[RhCl(CO)]2 showed bands for the urea carbonyl groups
(ν̃ 5 1710 and 1708 cm21) and for the carbon monoxide The ∆ν1/2 passed through a maximum value at Tmax, fol-

lowed by a decrease in ∆ν1/2 on further lowering of the tem-ligand [ν(CO)Rh]. The latter absorptions were found at 1970
and 1972 cm21, respectively, which are slightly lower values perature. The chemical shift of the 31P signal also shifted

on variation of the temperature. At high temperatures thethan those found in (PPh3)2RhCl(CO). Finally, we deter-
mined the molecular weight of complex 4[RhCl(CO)]2 in a signal was found at δ 5 220.5, whereas at low tempera-

tures, the signal shifted to δ 5 224. The substrate appar-dichloromethane solution (by vapour pressure osmometry)
and found a value of 1850 ± 100 (calcd. 1919). The molecu- ently has an influence on both the value of ∆ν1/2 and the

Tmax at which the maximum broadening is found. Tmax andlar weight determination of 3[RhCl(CO)]2 proved to be dif-
ficult due to its poor solubility. ∆ν1/2 were also affected by the amount of substrate present.

When a mixture of one equivalent of 4 and 6.5 equivalentsThe 31P{1H}-NMR spectra of the iridium complexes of
3 and 4 showed a singlet for both compounds (see Table 1, of octyl 3,5-dihydroxybenzoate was measured, the value of

Tmax was found at 313 K having a ∆ν1/2 of 88 Hz. Whenentries 13 and 14), proving the formation of a trans com-
plex. The peaks of the CO ligand [ν(CO)Ir] in the infra red the host-guest ratio was lowered to 1:2, the value of Tmax

was found at a lower temperature (283 K) and the maxi-spectra of 3[IrCl(CO)]2 and 4[IrCl(CO)]2 were found at a

Eur. J. Inorg. Chem. 1998, 1975219851978



Phosphane-Modified Tetrapodants and Their Bimetallic Transition Metal Complexes FULL PAPER
Table 2. Association constants of tetrapodant 4 with several resor-mum broadening was now 52 Hz. The size of the substitu-
cinol derivativesent on resorcinol also had an effect on the value of ∆ν1/2. 5-

Chlororesorcinol, for example, had a smaller effect on ∆ν1/2 Guest K [21][a] CIS [ppm]than the aforementioned octyl ester of 3,5-dihydroxyben-
zoic acid. These measurements indicate that the flexible olivetol 1676 (61) 20.45
spacer groups, attached to the concave part of tetrapodant 5-chlororesorcinol 4704 (407) 20.43

5-bromoresorcinol 5360[b] (164) 20.344, have an interaction with an incoming substrate. In a ref-
5-iodoresorcinol 3952 (272) 20.37erence experiment without addition of a substrate no 5-phenylresorcinol 6537[b] (257) 20.44
5-(4-chlorophenyl)resorcinol 6228 (132) 20.44change in line width was observed. This indicates that the
5-(4-methylphenyl)resorcinol 6437 (556) 20.48presence of a substrate is required to induce this line broad-
octyl 3,5-dihydroxybenzoate 7406 (431) 20.45

ening. The nature of the interaction between 4 and the sub-
strates, however, cannot be determined from these experi- [a] Duplo experiments, obtained from NMR titrations using

0.2520.75 3 1023  solutions of host and 2.527.5 3 1023  solu-ments.
tions of guest compound in CDCl3, errors are given in parentheses,
T 5 293 K. 2 [b] Single experiment; association constants wereFigure 1. Plot of the line width (∆ν1/2) of the 31P-NMR signal of
calculated using the Granot[42] procedure.4 versus temperature (T) in the presence of various resorcinol deri-

vatives (a: [4]/[octyl 3,5-dihydroxybenzoate] 5 1:6.5; b: [4]/[octyl
3,5-dihydroxybenzoate] 5 1:2; c: [4]/[olivetol] 5 1:7.4; d: [4]/[5-
chlororesorcinol] 5 1:6.5; e: [4]/[5-(p-tol)resorcinol] 5 1:4; f: 4 wi- ation constant of 4 and a guest, e.g. K is 1676 21 for oli-thout additives) (conditions: solvent CDCl3, [4] 5 8 3 1023 )

vetol (5-pentylbenzene-1,3-diol). Resorcinol derivatives
with an aromatic substituent at the 5-position also give rise
to increased association constants (K > 6200 21). An ad-
ditional π-π stacking interaction between the phenyl groups
of the diphenylphosphane moieties and the additional aro-
matic ring of the substrates may be responsible for this in-
crease in binding affinity. These numbers (except those
found with aryl-substituted resorcinol derivatives) are in
reasonably good agreement with the values recently pub-
lished by Reek and co-workers. [16] They used compound 5
in their studies of the binding properties of molecular clips
based on DPGU and showed that electron-donating groups
on the resorcinol guests lead to reduced association con-
stants. Electron-withdrawing groups on the guest increase
the acidity of the hydroxy groups and the π-π stacking in-
teractions, which both result in an increase in association
constant. Reek and co-workers tested a number of resorci-
nol derivatives in their study and found a linear Hammet
relationship between the free energy of association (∆Gass)
and the σm9 values of the substituents on the 5-positionAssociation Constant Determinations
of resorcinol.

A plot of the ∆Gass values calculated from the data col-In order to determine the association constants of host-
guest complexes between 124 and guests the 1H-NMR lected in Table 2 versus σm, did not show a linear relation-

ship. The only difference between our tetrapodants and 5shifts of the aromatic-wall protons of the tetrapodants were
monitored. These signals shift to lower ppm values on as- is that the latter does not contain flexible spacer groups

(including the PPh2 moieties). These spacer groups aresociation with an aromatic guest molecule and a chemically
induced shift (CIS) is observed. Dihydroxybenzenes bind in probably responsible for the non-linear relationship be-

tween σm and ∆Gass. They can interact with an incomingthe cavity of the host molecule via hydrogen bonds between
the hydroxy groups of the guest and the urea carbonyl substrate, as shown by the lineshape analyses of the

31P{1H}-NMR spectra (vide supra), and therefore influencegroups of the host molecule[15,16,22]. A second interaction is
π-π stacking between the aromatic walls of the host and the the association constant. In the case of 3 and 4 the steric

bulk of the end group will also be of great importance andaromatic ring of the guest molecule. Thirdly, electrostatic
repulsion might occur, which diminishes the total bond contribute to the magnitude of the association constant.

The two resorcinol derivatives substituted with alkyl chainsstrength between the host and its guest.
Resorcinol derivatives containing electron-withdrawing (olivetol and octyl 3,5-dihydroxybenzoate), for example,

give rise to relatively low association constants comparedgroups at the 5-position bind relatively strongly to 4 (see
Table 2). Titration experiments using 5-chlororesorcinol to the values that would be expected on the basis of their

σm values.and 4 resulted in an association constant of K 5 4704 21.
Electron-donating groups on the resorcinol ring, like alkyl The results obtained for tetrapodants 124 and olivetol

(see Table 3), lead to two conclusions: Larger end groupssubstituents have a slightly negative influence on the associ-
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Table 4. Association constants of bimetallic complexes of 3 and 4Figure 2. Molecular clip 5 used in association constant studies by

Reek[16] and co-workers with olivetol

Metallohost K [21][a] CIS [ppm]

3(PdCl2)2 n.d.[b] n.d.[b]

3(PdMeCl)2 562 (367) 20.02
3[Pd(TCNE)]2 n.d.[b] n.d.[b]

3(PtCl2)2 n.d.[b] n.d.[b]

3[RhCl(CO)]2 164 (73) 20.02
4(PdCl2)2 2346 (499) 20.44
4(PdMeCl)2 2502 (77.83) 20.47
4[Pd(TCNE)]2 960 (362) 20.48
4(PtCl2)2 4314[c] (338) 20.47
4[RhCl(CO)]2 4514[c] (835) 20.51

on the ethylene glycol chains have a negative effect on the [a] Single-fold experiments, obtained from NMR titrations using 5
3 1023  solutions of host and 50 3 1023  solutions of guestassociation constant using olivetol as the guest. Replace-
compound in CDCl3, errors are given in parentheses, T 5 293 K.ment of the chlorine groups in 1 by diphenylphosphane
2 [b] n.d. 5 not determined, NMR signals did not change and

moieties giving 3 causes a decrease of the association con- K < 100 21. 2 [c] Duplo experiment; association constants were
calculated using the Granot[42] procedure.stant of 20%. A similar decrease of 20% is found when 2

(chloro compound) and 4 (PPh2 compound) are compared. “larger” analogues 2 and 4, because less rotational move-
This is probably the result of a steric interaction between ments are available. Therefore, after binding of a guest, the
the large PPh2 groups and the substrate. Another expla- ∆Sass value will be less for hosts 1 and 3 than that of 2 and
nation for this drop in binding affinity might be that one of 4. A less negative ∆Sass value will result in a more negative
the phenyl groups of the PPh2 moieties is clammed between ∆Gass value and thus higher association constants for 1
the aromatic walls of the cavity, which will compete with and 3.
binding of the guests. The latter explanation could not be
confirmed by low-temperature NMR because of the low Host-Guest Binding Properties of Metal Complexes
solubility of 4 at lower temperatures.

As discussed above the tetrapodant ligands 3 and 4 and
Table 3. Association constants of tetrapodants 124 with olivetol appropriate transition metals form basket-shaped bimetallic
in CDCl3 complexes, which have different cavity sizes. The binding

properties of transition metal complexes of 3 were found to
Host K [21][a] CIS [ppm]

be rather poor compared to the free ligand. The complexes
3[RhCl(CO)]2 and 3(PdMeCl)2 have binding constants of1 2769 (148) 20.56
K 5 164 21 and K 5 562 21, respectively, for olivetol2 2025 (98) 20.54

3 2201 (165) 20.46 (see Table 4). From the small chemically induced shifts
4 1676 (61) 20.45

(CIS) values of these host-guest complexes it can be con-
cluded that there is hardly any interaction between host and[a] Duplo experiments, obtained from NMR titrations using 0.5 3
guest. The 1H-NMR signals of complexes 3(PtCl2)2,1023  solutions of host and 5 3 1023  solutions of guest com-

pound, errors are given in parentheses, T 5 293 K; association 3(PdCl2)2, and 3[Pd(TCNE)]2 did not change after addition
constants were calculated using the Granot[42] procedure.

of 10 equivalents of olivetol. These NMR experiments show
that, after coordination of 3 to two transition metal centres,The increase of the number of ethylene glycol units in the

spacer arms also has a negative effect on the association a basket is formed that is too small for substrate binding.
Coordination of the phosphane moieties to a metal centreconstant between host and guest, as can be seen when 1 is

compared with 2 and when 3 is compared with 4. A de- should facilitate the binding of a substrate in the cavity be-
cause a preshaped cavity is formed and less entropy will becrease of the association constant of approximately 20% is

found when the flexible arms are extended with one ethyl- lost during the association process. However, the cavity of
complexes of ligand 3 is not large enough to give access toene glycol unit. This decrease of the association constant is

probably caused by a difference in entropy loss after the resorcinol derivatives.
A similar effect has been observed for host 6, which isformation of a host-guest complex. Binding of a guest mol-

ecule will restrict the rotational and translational move- formed by a ring-closure reaction between 1 and benzyla-
mine.[12,30,31] A crystal structure of 6 showed that, due toments of the side arms of the host. In particular rotation

around the ArO2CH2 bond will be hampered. This can be the small ring size in 6, the ArOCH2 groups (see Figure 3)
are directed towards the cavity and block the entrance ofderived from the 1H-NMR spectra of the host in the pres-

ence of guest molecules. The CH2 groups of the side arms this cavity[20] for entering guests. Although the transition
metal complexes of ligand 3 possess a larger cavity than 6,give rise to two signals, which indicates a restricted rotation.

It should be noted that the effect becomes less for the dis- i.e. instead of one amine two phosphanes and a transition
metal are now incorporated in the macrocycle, the cavity istant CH2 groups in host 4.

In the absence of a substrate, the “small” tetrapodants 1 probably still too small to allow a strong interaction of the
host with resorcinol guest molecules.and 3 possess less degrees of freedom compared to their

Eur. J. Inorg. Chem. 1998, 1975219851980



Phosphane-Modified Tetrapodants and Their Bimetallic Transition Metal Complexes FULL PAPER
Host 7 and its derivatives do bind dihydroxybenzene de- the transition metal chemical shift of either the rhodium or

the platinum complex. This indicates that, although therivatives as was shown in previous studies.[3,15,20,30,32] The
cavity of this host is large enough to give access to resorci- metal centre is probably able to come into close proximity

of the binding site, it does not have an interaction withnol derivatives and 2,7-dihydroxynaphthalene. The metal
complexes of ligand 4 have an even larger macrocyclic cav- the guest.

Infrared spectroscopy was used to investigate the natureity than 7 and will therefore be accessible for organic sub-
strates. This is confirmed by the experimental data (see of hydrogen-bond formation between host and guest. The

experiments indicated that additional hydrogen bonds be-Table 4).
tween the carbon monoxide ligand of the rhodium complex

Figure 3. Basket-shaped host molecules 6 and 7 and the hydroxy groups of the guest could be excluded;
after the addition eight equivalents of olivetol a shift of 14
cm21 was found in the IR spectrum of 4[RhCl(CO)]2. This
is a too small a difference to be the result of hydrogen bond-
ing and additionally, the shift is in the wrong direction. Hy-
drogen bonds to the carbon monoxide ligand would shift
the carbonyl frequency to a lower value, as described by
Kazarian and co-workers for other carbon monoxide con-
taining compounds. [33] Hydrogen bonds to the metal centre
itself would induce a positive shift, [33] but the reported
shifts are usually larger than 20 cm21.Compared to free 4, complex 4Pd(TCNE) has a lower

binding affinity to olivetol. All the other complexes of 4 One example of a hydrogen bond between a platinum
coordinated chloride and a phenolic hydroxy group hasshow an increased affinity to this guest. The increase in as-

sociation constant is partly caused by fixation of the flexible been reported in the literature. [34] Evidence for hydrogen
bonding between a chloride ligand of our metal complexarms of the tetrapodant. The degrees of freedom are re-

duced compared to the free ligand, resulting in an increase and a hydroxy group of the substrate, however, could not
be found.in the ground-state free energy. After complexation of a

substrate, a relatively small loss in entropy (∆Sass) will result Monitoring the carbonyl frequency of the urea carbonyl
group, showed that ligand 4 as well as its metal complexesin a more negative ∆Gass value, and a higher association

constant. bind olivetol via hydrogen bonds. After addition of eighth
equivalents of olivetol to several 4M2 complexes the IRCompounds 4(PtCl2)2 and 4[RhCl(CO)]2 form host-guest

complexes with olivetol which display association constants spectrum showed a shift of ν(CO) of 230 cm21. Appar-
ently, unlike Na1 ions the metal centres do not prevent theof 4314 21 (Pt) and 4514 21 (Rh), respectively. These

association constants are nearly three times as high as the formation of hydrogen bonds between host and guest.
Hosts of type 7 bind two Na1 ions to their crown ethervalue of the free phosphane tetrapodant 4. Complexes

4(PdCl2)2 and 4(PdMeCl)2 also show an increase in associ- parts. In these host-guest complexes the sodium ions are
responsible for the binding of olivetol, as hydrogen bondsation constant when compared to free 4 and values of K 5

2346 21 and 2505 21 were found, respectively. between the carbonyl groups of the host and hydroxy
groups of the guest could not be detected. [21]There are several possible explanations for the observed

increase in binding affinity of the metal complexes and oli- Summarising, we can state that a different type of bind-
ing is not responsible for the change in binding affinity withvetol: (i) An additional interaction between the substrate

and the metal centre, e.g. a dipole-dipole interaction, (ii) a the guest. Conformational changes in the metal complexes
or restricted flexibility of the spacer groups might thereforeweak interaction between the oxygen atom or the aromatic

ring of the substrate with the metal centre, e.g. coordination be a likely explanation. The difference in flexibility of the
spacer groups might be caused by partial ligand dis-at the axial position of the metal centre, (iii) extra hydrogen-

bonding interactions between the hydroxy groups of oli- sociation in solution. Perhaps the palladium2phosphorus
bond in complex 4[Pd(TCNE)]2 is more labile compared tovetol and auxiliary ligands in the complexes, e.g. Cl or CO

at the metal centre, (iv) difference in flexibility of the spacer the metal2phosphorus bond in the other complexes. This
may have an effect on the flexibility of the crown ether frag-groups, (v) conformational differences between the metal

complexes. ments, which are not as rigidly oriented as in the other
metal complexes. The crown ether fragments may still haveTo investigate an interaction between olivetol and a tran-

sition metal centre, we measured the 195Pt and 103Rh chemi- an interaction with the incoming substrate, and a com-
pound more similar to the parent ligand 4 is formed. Thecal shifts of mixtures of 4(PtCl2)2 with olivetol and

4[RhCl(CO)]2 with olivetol. Changes in the second and lower association constant can then be explained by the
larger end group on the spacer groups (i.e. PPh22Pd in-outer coordination sphere of the metal centre, as well as

steric or electronic variations are known to have a pro- stead of PPh2 only) which will result in a relatively low as-
sociation constant (K 5 960 21).nounced effect on the chemical shift of the transition me-

tal. [25] Addition of eight equivalents of olivetol to an NMR The crown ether fragments of complexes 4(PtCl2)2 and
4[RhCl(CO)]2 may be more hampered in their movementssample containing 4(PtCl2)2 or 4[RhCl(CO)]2, did not affect
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[2,1,8-ija]benz[f]azulene-6,13-dione [12] (1), 1,4,8,11-tetrakis[2-(2-and form a preshaped cavity for an incoming guest. Since
chloroethoxy)ethoxy]-5,7,12,13b,13c,14-hexahydro-13b,13c-the loss in entropy after complexation of a guest (∆Sass) will
diphenyl-6 H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-be smaller for these complexes compared to the parent li-
ija]benz[f]azulene-6,13-dione [12] (2), (PPh3)2RhCl(CO), [37]

gand 4, an increase in binding affinity of a factor of 2.5 is
(PPh3)2IrCl(CO),[28] Pd(DBA)2, [38] (CH3CN)4Pd(BF4)2, [39]

found. The same positive effect on the association constant
(COD)PdCl2[40] and all the 5-substituted resorcinol derivatives[41]

was found for complexes 4(PdCl2)2 and 4(PdMeCl)2, al- were prepared according to literature procedures. (PPh3)2PdCl2 and
though the increase in binding affinity is only a factor of (PPh3)2PtCl2 were obtained after refluxing PPh3 and PdCl2 or
1.5 for these complexes. Finally, a change in conformation, PtCl2 in CH3CN, followed by evaporation of the solvent.
induced by the transition metals, cannot be excluded but

Ligandsthe required structural information about these complexes
is still lacking. 1,4,8,11-Tetrakis[(2-diphenylphosphanyl)ethoxy]-5,7,12,

13b,13c,14hexahydro-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-tetra-
benz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dione (3): A solu-

Conclusions tion of 2.5 g of compound 1 (3.1 mmol) in 40 ml of THF and 40
ml of benzene was titrated under N2 at 0°C with 20 ml of a THF

In this paper we report novel host molecules that possess solution of LiPPh2. The LiPPh2 solution was prepared from 2.52 g
a cavity in which substrates can be bound in addition to of HPPh2 (13.6 mmol) and 5.4 ml of 2.5  nBuLi in hexane (13.5
two transition metal centres that are potential catalysts for mmol). When the solution remained orange, 40 ml of degassed

H2O was added. The H2O layer was separated and washed with 20many reactions. A surprising increase in binding affinity for
ml of benzene. The collected organic layers were dried with MgSO4olivetol was found upon coordination of ligand 4 to various
and concentrated. The product was dissolved in 15 ml of CH2Cl2transition metals, whereas the transition metal complexes
and precipitated with 100 ml of diethyl ether. After filtration, theof ligand 3 are unable to bind substrates.
remaining solvent was removed in vacuo. The product was purifiedFor host molecules 3 and 4 the association equilibria are
by column chromatography with silica gel, eluent MeOH/CH2Cl2influenced by the following factors: (i) the presence of flex- (1:99, v/v). Yield 3.47 g (80%) of a white solid, m.p. > 195°C (dec.).

ible spacers, (ii) the bulk of the spacer, (iii) the size and σm 2 NMR (CDCl3): δH 5 7.4527.29 (m, 40 H, P2Ar), 7.0827.01
value of substituents on the resorcinol derivative, (iv) the (m, 10 H, ArH), 6.47 (s, 4 H, H2Ar side wall), 5.45 [d, 4 H,
ring size of the (metalla)macrocycle after coordination of (CO)NCHH, 2J 5 15.8 Hz], 4.15 (m, 4 H, OCHH), 3.94 (m, 4 H,
the phosphane moieties to a metal centre and finally, (v) OCHH), 3.76 [d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 2.6522.59 (m,

8 H, CH2P); δP 5 221.7 (s); δC 5 158.2 (C5O), 150.5 (ArC2O),the metal centre itself. As yet, not all contributing factors
138.52138.2, 134.7, 133.122132.8, 128.82128.5, 128.3, 113.52,can be understood in full detail. These results are promising
85.3 [NC(Ar)N], 67.59 (d, O2CH2, 2JP-C 5 24.8 Hz), 37.31in view of future catalytic applications with this type of
(NCH2Ar), 28.61 (d, CH22P, 1JP-C 5 12.8 Hz). 2 IR (KBr): ν̃ 5host compounds.
3051 cm21 (w), 2911 (w, OC2H), 1730 (s), 1710 (s, CO), 1482 (m),

This work was supported by the Netherlands Foundation for 1461 (s), 1433 (m), 1255 (m). 2 Mw (CH2Cl2): calcd. 1411; found
Chemical Research (SON) with financial aid from the Netherlands 1445 ± 100. 2 C88H78N4O6P4 · H2O (1414): calcd. C 73.94, H 5.64,
Organisation for Scientific Research (NWO). N 3.92; found C 73.92, H, 5.51, N 4.05.

1,4,8,11-Tetrakis{2-[2(diphenylphosphanyl)ethoxy]ethoxy}-5,7,
12,13b,13c,14-hexahydro-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-Experimental Section
tetrabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dione (4): This

General: NMR: 1H NMR (300.1 MHz), 31P{1H} NMR (121.5 compound was prepared in a similar way as compound 3. The fol-
MHz), 13C{1H} NMR (75.5 MHz), 195Pt NMR (64.3 MHz) and lowing amounts were used: 3.21 g of HPPh2 (17.3 mmol), 6.9 ml
103Rh NMR (9.48 MHz) were measured with Bruker AMX 300 of a 2.5  solution of nBuLi (17.25 mmol) and 4.26 g of compound
and DRX 300 machines. The external references were: TMS (1H 2 (4.31 mmol). The eluent used for column chromatography was
NMR and 13C NMR), H3PO4 (31P NMR) and K2PtCl6 (195Pt MeOH/CH2Cl2 (6:94, v/v). Yield 4.7 g (67%) of a white solid, m.p.
NMR), Ξ(103Rh NMR) 5 3.16 MHz at 100 MHz. 195Pt NMR was 912114°C. 2 NMR (CDCl3): δH 5 7.427.2 (m, 40 H, ArH2P),
measured directly, 103Rh NMR was measured via the 31P-inverse 7.03 (m, 10 H, ArH), 6.61 (s, 4 H, H2Ar side wall), 5.47 [d, 4 H,
HMQC technique. [35] [36] 2 IR spectra were measured with a Nico- (CO)NCHH, 2J 5 15.9 Hz], 4.023.6 [m, 28 H, (CO)NCHH,
let 510m FT-IR spectrophotometer. 2 Melting points were deter- OCH2], 2.42 (t, 8 H, CH2P, 3J 5 8.1 Hz); δP 5 221.1 (s); δC 5
mined with a Gallenkamp MFB-595 melting-point apparatus, the 158.0 (C 5O), 151.2 (ArC2O), 138.82138.4, 134.5, 133.0 (d,
values are uncorrected. 2 Column chromatography was performed ArC2P, 2JP-C 5 18.8 Hz), 128.82128.5, 115.1, 85.41 [NC2(Ar)N],
with silica gel 60, 702230 mesh ASTM (Merck). 2 Analytical TLC 70.5, 69.9, (O2CH2), 68.9 (d, O2CH2, 2JP-C 5 24.0 Hz), 37.37
was performed on TLC aluminium foil, silica gel 60 F254 (Merck). (NCH2Ar), 29.10 (d, CH22P, 1JP-C 5 12.8 Hz). 2 IR (KBr): ν̃ 5
2 Microanalyses were carried out in our own laboratory with an 3052 cm21 (w), 2865 (w, OC2H), 1709 (s, CO), 1482 (m), 1460 (s),
Elementar Vario EL apparatus (Foss Electric). 2 Mw determi- 1432 (s), 1264 (m). 2 Mw (CH2Cl2): calcd. 1588; found 1540 ± 100.
nations were performed with a Hewlett-Packard vapour-pressure 2 C96H94N4O10P4 · 2 H2O (1586): calcd. C 70.92, H 6.20, N 3.45;
osmometer model 301A, with benzil as the reference compound. found C 70.77, H 5.84, N 3.45.

Chemicals: CH3CN and CH2Cl2 were distilled from CaH2, C6H6
Metal Complexeswas distilled from Na/benzophenone. CDCl3 used in association

constant determinations was distilled from P2O5 before use. 3(PdCl2)2: Compound 3 (20.3 mg, 14.3 µmol) was dissolved in
10 ml of benzene and 20.1 mg (28.6 µmol) of (PPh3)2PdCl2 was1,4,8,11-Tetrakis(2-chloroethoxy)-5,7,12,13b,13c,14-hexahydro-

13b,13c-diphenyl-6 H,13H-5a,6a,12a,13a-tetrabenz[5,6]azuleno- added. The yellow solution was stirred for 2 h and the volume was
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reduced to approximately 2 ml. The product was precipitated with δH 5 7.827.3 (m, 50 H, ArH), 7.18 (s, 4 H, H2Ar side wall), 5.5

[d, 4 H, (CO)NCHH, 2J 5 16.1 Hz], 4.62 (m, 4 H, OCHH), 4.4110 ml of pentane, the yellow suspension was decanted and the prod-
uct was washed twice with 10 ml of pentane. The product was dried (m, 4 H, OCHH), 4.02 [d, 4 H, (CO)NCHH, 2J 5 16.1 Hz], 3.53

(m, 4 H, CHHP), 3.37 (m, 4 H, CHHP); δP 5 38.4. 2 IR (KBr):in vacuo. Yield 14.5 mg (58%) of a light yellow powder, m.p. >
245°C (dec.). 2 NMR ([D6]benzene): δH 5 8.226.7 (m, 50 H, ν̃ 5 3444 cm21 (m, O2H), 3365 (m, O2H), 3062 (w), 2924 (w),

1648 (s, CO), 1586 (m), 1470 (s), 1437 (s), 1400 (s). 2ArH), 6.26 (s, 4 H, H2Ar side wall), 5.66 (m, 4 H, ArOCHH),
5.58 [d, 4 H, (CO)NCHH, 2J 5 15.9 Hz], 4.33 (m, 4 H, ArOCHH), C88H78B4F16N4O6P4Pd2 · 2 H2O · 2CH3CN (1796.8): calcd. C

52.87, H 4.25, N 4.02; found C 52.46, H 4.45, N 4.36.3.49 (m, 4 H, CHHP), 3.23 [d, 4 H, (CO)NCHH, 2J 5 15.9 Hz],
3.20 (m, 4 H, CHHP); δP 5 12.5. 2 IR (KBr): ν̃ 5 1710 cm21 (s, 4[Pd(BF4)2]2: This compound was prepared in a similar way as
CO), 1480 (s), 1461 (s), 1435 (s), 1351 (w), 1248 (m). 2 3[Pd(BF4)2]2 with the following amounts: 13 mg of
C88H78Cl4N4O6P4Pd2 · 6 H2O (1764.8): calcd. C 56.39, H 4.84, N (CH3CN)4Pd(BF4)2 (29.3 µmol) and 23.3 mg of compound 4 (14.7
2.98; found C 56.54, H 5.43, N 2.33.

µmol). Yield 32.1 mg (93%) of a white powder, m.p. > 172°C (dec.).
2 NMR (CD3CN): δH 5 8.127.0 (m, 50 H, ArH), 6.82 (s, 4 H,4(PdCl2)2: Compound 4 (22.5 mg, 14.2 µmol) was dissolved in

5 ml of dichloromethane and 8.3 mg of (COD)PdCl2 (28.4 µmol) H2Ar side wall), 5.70 [d, 4 H, (CO)NCHH, 2J 5 16.0 Hz], 4.723.7
[m, 28 H, (CO)NCHH, CH2O], 3.08 (m, 8 H, CH2P); δP 5 42.8.was added. A small amount of PPh3 was added to the solution and

a clear yellow solution was obtained. After 2 h of stirring, the vol- 2 IR (KBr): ν̃ 5 3381 cm21 (m, O2H), 3060 (m, O2H), 2928 (m),
2883 (w, OC2H), 1670 (s, CO), 1587 (m), 1478 (s), 1437 (s), 1259ume was reduced to 2 ml and 10 ml of pentane was added. The

yellow suspension was decanted and the product was washed twice (m). 2 C96H94B4F16N4O10P4Pd2 · 2 CH3CN (1972.8): calcd. C
53.87, H 4.52, N 3.77; found C 53.76, H 4.76, N 3.69.with 10 ml of pentane. The product was dried in vacuo. Yield 20.7

mg (75%) of a yellow powder, m.p. > 180°C (dec.). 2 NMR 3[Pd(TCNE)]2: Compound 3 (50 mg, 35 µmol) was dissolved
([D6]benzene): δH 5 8.026.6 (m, 50 H, ArH), 6.37 (s, 4 H, H2Ar in 3 ml of benzene and a solution of 40 mg of Pd(DBA)2 (70 µmol)
side wall), 5.93 [d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 4.623.7 (m, in 10 ml of benzene was added. The orange-brown solution was
24 H, OCH2), 3.53 [d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 3.08 (m, stirred for 10 min and 9.1 mg of TCNE (70 µmol) and 2 ml of
4 H, CH2CHHP), 2.92 (m, 4 H, CH2CHHP); δP 5 14.9. 2 IR benzene were added. After 4 h, the solution was reduced to ca. 5
(KBr): ν̃ 5 1710 cm21 (s, CO), 1480 (m), 1461 (s), 1435 (s), 1248 ml and the product was precipitated with 15 ml of Et2O. The sus-
(m). 2 C96H94Cl4N4O10P4Pd2 (1940.8): calcd C 59.36, H 4.88, N pension was decanted and the product was washed with 10 ml of
2.88; found C 59.08, H 5.35, N 2.70. diethyl ether and 10 ml of pentane. The product was dried in vacuo.

Yield 110 mg (85%) of a green solid, m.p. > 211°C (dec.). 2 NMR3(PdMeCl)2: Compound 3 (100 mg, 71 µmol) was dissolved in
5 ml of CH2Cl2 and 97 mg (142 µmol) of (PPh3)2PdMeCl, dissolved (CDCl3): δH 5 7.627.1 (m, 50 H, ArH), 6.46 (s, 4 H, H2Ar side

wall), 5.59 [d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 4.45 (m, 4 H,in 10 ml of benzene, was added. The colourless solution was stirred
for 2 h and the volume was reduced to approximately 2 ml. The ArOCHH), 4.24 (m, 4 H, ArOCHH), 3.75 [d, 4 H, (CO)NCHH,

2J 5 15.8 Hz], 3.17 (m, 4 H, CHHP), 2.80 (m, 4 H, CHHP); δP 5product was precipitated with 10 ml of pentane, the suspension was
decanted and the product was washed twice with 10 ml of pentane. 24.8. 2 IR (KBr): ν̃ 5 3057 cm21 (w), 2922 (w), 2220 (m, CN),

1701 (s, CO), 1465 (s), 1435 (s), 1252 (m). 2 C100H78N12O6P4Pd2 ·The product was dried in vacuo. Yield 103 mg (84%) of a white
powder, m.p. > 176°C (dec.). 2 NMR (CDCl3): δH 5 7.826.9 (m, 2 H2O (1878.8): calcd. C 63.22, H 4.25, N 8.85; found C 63.19, H

4.34, N 8.83.50 H, ArH), 6.59 (s, 4 H, H2Ar side wall), 5.63 [d, 4 H,
(CO)NCHH, 2J 5 15.9 Hz], 4.96 (m, 4 H, ArOCHH), 4.15(m, 4 4[Pd(TCNE)]2: This compound was prepared in a similar way
H, ArOCHH), 3.64 [d, 4 H, (CO)NCHH, 2J 5 15.9 Hz], 3.22(m, as 3[Pd(TCNE)]2 with the following amounts: 40.7 mg of
4 H, CHHP), 2.95(m, 4 H, CHHP), 20.36(t, 6 H, Pd2CH3, Pd(DBA)2 (71 µmol), 62.6 mg of compound 4 (39.5 µmol) and 9.23JP-H 5 6.0 Hz); δP 5 15.4. 2 IR (KBr): ν̃ 5 1710 cm21 (s), 1482 mg of TCNE (71 µmol). Yield 61 mg (84%) of a green powder,
(m), 1461 (s), 1435 (s), 1253 (m). 2 Satisfactory analysis could not m.p. > 275°C (dec.). 2 NMR (CDCl3): δH 5 7.527.35 (m, 40 H,
be obtained due to hygroscopicity of the compound. ArH), 7.12 (m, 10 H, ArH), 6.67 (s, 4 H, H2Ar side wall), 5.65

[d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 4.023.8 [m, 28 H, OCH2,4(PdMeCl)2: Compound 4 (30 mg, 18.9 µmol) was dissolved in
5 ml of CH2Cl2, followed by addition of 2 ml CH2Cl2, containing (CO)NCHH, 2J 5 15.8 Hz], 2.69 (m, 4 H, CH2CHHP), 2.59 (m, 4

H, CH2CHHP); δP 5 12.8. 2 IR (KBr): ν̃ 5 3058 cm21(w), 287110 mg of (COD)PdMeCl (37.8 µmol) and a small amount of PPh3.
The colourless solution was stirred for 2 h, the volume was reduced (w), 2213 (m, CN), 1707 (s, CO), 1458 (s), 1436 (s), 1258 (m). 2

C108H94N12O10P4Pd2 (2054.8): calcd. C 63.07, H 4.64, N 8.17;to 2 ml and 10 ml of pentane was added. The suspension was de-
canted and the product was washed twice with 10 ml of pentane. found C 63.05, H 4.74, N 7.94.
The product was dried in vacuo. Yield 30 mg (85%) of a white 3(PtCl2)2: (PPh3)2PtCl2 (28.8 mg, 36.4 µmol) and 25.7 mg of
powder, m.p. > 154°C (dec.). 2 NMR (CDCl3): δH 5 7.826.9 (m, compound 3 (18.2 µmol) were dissolved in 5 ml of CH2Cl2 and the
50 H, ArH), 6.63 (s, 4 H, H2Ar side wall), 5.59 [d, 4 H, solution was stirred for 2 h. The volume was reduced to ± 2 ml
(CO)NCHH, 2J 5 15.8 Hz], 4.523.7 (m, 24 H, CH2O), 3.66 [d, 4 followed by addition of 15 ml of pentane. The suspension was de-
H, (CO)NCHH, 2J 5 15.8 Hz], 3.07 (m, 4 H, CHHP), 2.92 (m, 4 canted and the white solid was washed three times with 10 ml of
H, CHHP), 20.05 (t, 6 H, Pd-CH3, 3JP-H 5 6.0 Hz); δP 5 21.9. 2 pentane. The product was dried in vacuo. Yield 27.9 mg (79%) of
IR (KBr): ν̃ 1710 cm21 (s, CO), 1483 (m), 1460 (s), 1433 (s), 1248 a white solid, m.p. > 290°C (dec.). 2 NMR (CDCl3): δH 5 8.027.0
(m). 2 C98H100Cl2N4O10P4Pd2 · 4 H2O (1899.8): calcd. C 59.64, H (m, 50 H, ArH), 6.76 (s, 4 H, H2Ar side wall), 5.69 [d, 4 H,
5.52, N 2.84; found C 59.73, H 5.34, N 2.52. (CO)NCHH, 2J 5 15.8 Hz], 4.99 (m, 4 H, ArOCHH), 4.70 (m, 4

H, ArOCHH), 3.80 [d, 4 H, (CO)NCHH, 2J 5 15.8 Hz], 3.12 (m,3[Pd(BF4)2]2: A solution of 24.8 mg of compound 3 (17.5
µmol) in 2 ml of CH2Cl2 was added to a solution of 15.5 mg of 4 H, CHHP), 2.94(m, 4 H, CHHP); δP 5 0.4 (1JPt-P 5 3550 Hz).

2 IR (KBr): ν̃ 5 1707 cm21(s, CO), 1464 (s), 1436 (s), 1247 (m).(CH3CN)4Pd(BF4)2 (35 µmol) in 5 ml of CH3CN. After stirring for
3 h, the solution was concentrated to dryness, yielding 35.5 mg 2 C88H78Cl4N4O6P4Pt2 (1678): calcd. C 54.38, H 4.05, N 2.88;

found C 54.15, H 4.33, N 2.62.(95%) of a yellow powder, m.p. > 175°C (dec.). 2 NMR (CD3CN):
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4(PtCl2)2: (COD)PtCl2 (12.7 mg, 34 µmol) was dissolved in 5 NMR ([D6]benzene): δH 5 8.127.9 (dm, 16 H, ArH), 7.226.8 (m,

34 H, ArH), 6.34 (s, 4 H, H2Ar side wall), 5.95 [d, 4 H,ml of CH2Cl2 and after addition of 27.0 mg of compound 4 (17
µmol), the solution was stirred for 2 h. The volume was reduced to (CO)NCHH, 2J 5 15.9 Hz], 4.68 (m, 4 H, OCH2), 4.48 (m, 4 H,

OCH2), 4.31 (m, 4 H, OCH2), 4.13 (m, 12 H, OCH2), 3.54 [d, 4 H,± 2 ml followed by addition of 15 ml of pentane. The suspension
was decanted and the white solid was washed three times with 10 (CO)NCHH, 2J 5 15.9 Hz], 3.40 (m, 4 H, CH2CHHP), 3.27 (m, 4

H, CH2CHHP); δP 5 17.7. 2 IR (KBr): ν̃ 5 3057 cm21 (w), 2922ml of pentane. The product was dried in vacuo. Yield 24.6 mg
(68%) white powder, m.p. > 255°C (dec.). 2 NMR (CDCl3): δH 5 (w), 1958 (s, COIr), 1711 (s, CO), 1482 (m), 1458 (s), 1435 (s), 1258

(m). 2 C98H94Cl2N4O12P4Ir2 · 2 H2O (2097.4): calcd. C 55.13, H7.927.0 (m, 50 H, ArH), 6.73 (s, 4 H, H2Ar side wall), 5.63 [d, 4
H, (CO)NCHH, 2J 5 15.8 Hz], 4.223.5 [m, 28 H, OCH2, 4.63, N 2.62; found C 55.08, H 4.42, N 2.58.
(CO)NCHH], 2.66 (m, 4 H, CH2CHHP), 2.53 (m, 4 H,
CH2CHHP); δP 5 4.8 (1JPt-P 5 3610 Hz); δPt (CD2Cl2) 5 24390

[1] M. Bonchio, T. Carofiglio, F. Di Furia, R. Fornassier, J. Org.(t, 1JPt-P 5 3610 Hz). 2 IR (KBr): ν̃ 5 1708 cm21 (s, CO), 1481
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The complexes rac-5 and rac-6 of the trans-5-palladatricyclo- e.g. 7 and 8, no complexes could be isolated. In all cases
no insertion of the olefin into the metal–carbon bond of the[4.1.0.02,4]heptane rac-2a with norbornadiene and 1,5-cyclo-

octadiene were prepared and investigated by X-ray structure palladacycloalkane was observed.
determination. With open-chained, unsaturated substrates,

trans-5-Palladatricyclo[4.1.0.02,4]heptanes (PTHs) are an the remaining solution. On cooling to 0°C the complexes
rac-5 and rac-6 crystallized. Efforts with other unsaturatedinteresting class of organometallic compounds in which two

chiral carbon atoms are directly bound to a palladium substrates like the diyne 7 or the enyne 8 without a rigid
structure did not lead to defined products.center. The first derivatives described in the literature were

Binger9s racemic phosphane complexes rac-1. [1] We recently
Scheme 2published the preparation and resolution of rac-PTH-tetra-

carboxylates 2. [2] 2 itself is a coordination polymer, [3]

monomeric complexes are for example obtained with di-
phosphanes[2] or acetone[3] [4] as ligands. The PTHs are chi-
ral bis-homo derivatives of the corresponding palladoles[5]

2 the latter being important catalysts for the enyne cycliza-
tion[6], the enyne metathesis [6] [7] and related reactions. [8]

That the PTHs show catalytical properties has been proven
by their ability to catalyze the cycloisomerization/dimeri-
zation of allenyl ketones to furans. [9]

In reactions catalyzed by PTHs, a coordination of un-
saturated substrates is the first step. Here we describe the
first diolefin complexes of PTHs which may serve as model
compounds for the coordination of such unsaturated sub-
strates during catalysis reactions.

Scheme 1
Scheme 3

X-ray Structure Determination and Discussion

By the method described above, suitable crystals of rac-5Synthesis of the Diene Complexes
and rac-6 for X-ray structure determination could be ob-
tained. The ORTEP plot of rac-5 is shown in Figure 1, theFor our investigation we used the PTH rac-2a. [2] We fo-

cused on chelating dienes, norbornadiene (NBD, 3) and 1,5- one of rac-6 in Figure 2. Selected crystallographic data of
both compounds are listed in Table 1. [10]cyclooctadiene (COD, 4) were used. An excess of 3 or 4 was

added to solutions of rac-2a in acetone. Then most of the rac-5 approximately has a two-fold symmetry with the
exception of the relative orientation of the methoxycarbonylacetone was evaporated in vacuo and pentane was added to
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Table 1. Selected bond lengths [Å], bond angles [°], and dihedralFigure 1. ORTEP plot of rac-5

angles [°] for rac-5 and rac-6

rac-5 rac-6 (molecule 1) rac-6 (molecule 2)

Pd2C1 2.047(3) 2.075(2) 2.058(2)
Pd2C4 2.049(2) 2.071(2) 2.083(2)
Pd2C19 2.273(3) 2.336(2) 2.318(2)
Pd2C20 2.257(3) 2.282(2) 2.283(2)
Pd2C22 2.290(3) 2.326(2) 2.306(2)
Pd2C23 2.309(3) 2.287(2) 2.284(2)
C192C20 1.359(5) 1.358(3) 1.363(3)
C222C23 1.367(6) 1.360(3) 1.358(3)

C12Pd2C4 83.8(1) 83.0(1) 83.3(1)
C12Pd2C19 103.1(1) 99.1(1) 98.5(1)
C42Pd2C22 104.4(1) 98.5(1) 100.0(1)
C12Pd2C20 100.9(1) 94.2(1) 90.7(1)
C42Pd2C23 105.6(1) 94.1(1) 95.3(1)
C12Pd2C22 158.2(1) 163.2(1) 158.3(1)
C42Pd2C20 160.7(1) 162.3(1) 162.4(1)
C12Pd2C23 162.4(1) 162.6(1) 167.3(1)
C42Pd2C19 162.2(1) 163.5(1) 163.0(1)

C42Pd2C12C2 1.9(3) 23.2(1) 2.5(1)
C12Pd2C42C3 25.0(3) 0.1(1) 24.9(1)
C12C22C32C4 25.7(5) 25.8(2) 24.2(2)

Figure 2. ORTEP plot of rac-6

tramolecular O···H contacts with distances equal to the van
der Waals contact distance of 2.4 Å [O2···H16a: 2.40(3) Å;
O4···H10a: 2.32(5) Å; O6···H15a: 2.34(5) Å; and O7···H9a:
2.48(4) Å]. Similar intramolecular interactions have been
observed in the PTH part of rac-6. The crystal packing
shows no short intermolecular contacts.

The COD ligand in rac-6 occupies a twist-boat confor-
mation as known from most of the other (COD)PdII com-
plexes. [13] The bond lengths of Pd to the olefinic carbon
atoms of the COD range from 2.28 to 2.34 Å, such values
were also reported for the known (COD)PdII complexes. [8]

Different from the NBD ligand in rac-5, one hydrogen atom
of each double bond of the COD ligand in rac-6 shows
weak intramolecular O···H contacts with distances equal to
the van der Waals contact distance (2.46 and 2.41 Å, respec-
tively) to the ether oxygen atom of the ester group at C1
and C4 of the PTH framework.

The angle between the plane through C12Pd2C4 and
the plane through Pd and the midpoints of the C192C20groups attachted to C1 and C4. Two molecules of rac-6

crystallize in the asymmetric unit, their structures show and C222C23 double bonds is 2.6° in rac-5 and 0.4° for
molecule 1 and 4.5° for molecule 2 in rac-6! Essentially thisonly small differences in their conformations. The Pd2C1

and Pd2C4 bond lengths are 2.05 Å in rac-5 and 2.0622.08 is, like in the bis(acetone) complexes (6.9 and 9.3°, respec-
tively), [3] [4] the square planar coordination as one would ex-Å in rac-6. This is slightly longer than in the acetone com-

plexes of PTHs (2.02 Å) [3] [4] and slightly shorter than in the pect for PdII. On the other hand in complexes with sterically
demanding bidentate phosphanes a tilt of up to 30° was ob-phosphane complexes of PTHs (2.11 and 2.13 Å, respec-

tively) [2] and reflects the trans influence[11] of the different served.[2]

Ittel9s and Ibers9s [14] structural parameters α and βdonors.
In rac-5 the distances from Pd to the C atoms of the characterize the hybridization changes at the coordinated

olefinic carbon atoms. α is defined as the angle between theNBD group range from 2.26 to 2.31 Å. Similar distances
have been found in the crystal structure of the correspond- normals of the two planes defined by the three atoms of

each R2C5 unit of the olefin, so α would be 0° for a planaring NBD-tetrakis(methoxycarbonyl)palladole complex[12].
The hydrogen atoms at C19, C20, C22, and C23 deviate alkene. β and β9 are the angles between the olefinic C5C

bond and the normals mentioned before, so the β anglesabout 0.14 Å from the planes of the C2C double bonds in
a direction away from the Pd atom. The molecular confor- decrease from 90° with increasing distortion. For rac-5 and

rac-6 these parameters are listed in Table 2. Clearly, the ole-mation is stabilised by a number of weak, electrostatic, in-
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Table 4. NMR data of free COD and rac-6 in CDCl3 at 298 K[a]fins are non-planar, but the values correspond to those of

other related complexes, [13] so the coordinated olefin does
free COD rac-6 ∆δnot experience any unusual distortion.

Table 2. Structural parameters for rac-5 and rac-6 1H NMR 2.25 2.0822.21 20.10
2.3622.52 0.19
2.6922.78 0.49rac-5 rac-6 (molecule 1) rac-6 (molecule 2) 5.50 4.8624.96 20.56
6.0326.10 0.57

C192C20, C222C23 C192C20, C222C23 C192C20, C222C23 13C NMR 27.9 26.4 21.5
α 19°, 23° 18°, 15° 18°,16° 32.2 4.3
β 85°, 75° 82°, 80° 81°, 81° 128.3 113.9 214.4
β9 77°, 82° 81°, 85° 82°, 84° 117.7 210.6

[a] Chemical shifts in ppm (δ).
PTHs are the first palladacycloalkanes without stabiliz-

ing ligands at the palladium center, the coordination sphere
shifted downfield by coordination to rac-2a, but again theis saturated by easily substitutable solvent molecules. [4] [9]

effect is stronger in the NBD ligand. The C2 symmetry ofSince it is part of a cyclopropyl ring, the carbon atom at-
the PTHe leads to a chemical shift difference between thetached to the palladium center has a hybridization close to
signals of the two non-equivalent carbon atoms of the coor-sp2. [15] The fact that only coordination but no insertion of
dinated olefin of about 5 ppm in both rac-5 and rac-6, butthe olefins was observed, proves the stability of the Pd2C
the signals of the two non-equivalent hydrogen atoms differbonds in these exceptional palladacycloalkanes. This is in
by 0.52 ppm in rac-5 and 1.13 in rac-6.agreement with the formation of the PTHs: even when the

Pd0 precursor was subjected to an excess of cyclopropene,
only the PTH was formed and the remaining cyclopropene Conclusion
remained untouched. This is in contrast to Binger9s results.
He also observed the formation of seven-membered metal- PTHs readily form complexes with chelating, rigid dienes.
lacycles[16] and nine-membered[17] palladacycles or prod- In these complexes, where Pd is surrounded by six carbon
ucts of a reductive elimination from such insertion prod- atoms, only a small deviation from a perfect square planar
ucts, i.e. cyclic trimers[18] or tetramers[17] [18] of the cyclopro- coordination (considering the midpoints of the double
pene. For catalysis reactions this suggests that the PTH bonds) was observed. Like the related bis(acetone) com-
framework is also not destroyed readily by insertion (maybe plexes of PTHs, this demonstrates that the strong deviation
followed by reductive elimination) reactions. from a square-planar coordination geometry observed with

diphosphanes originates from intramolecular sterical repul-
sion of the latter ligands and substituents on the PTH

1H- and 13C-NMR Spectra framework. No insertion of the olefins into the Pd2C bond
of the PTH was observed. This suggests that the PTHs re-The chemical shifts of the coordinated and uncoordi-
main intact during catalysis reactions or at least show a lownated diene ligand are listed in Tables 3 and 4.
tendency for insertion of unsaturated substrates.

Table 3. NMR data of free NBD and rac-5 in CDCl3 at 298 K[a]
This work was supported by the Deutsche Forschungsgemein-

schaft and the Fonds der Chemischen Industrie. Furthermore we are
free NBD rac-5 ∆δ grateful to the Degussa AG for the donation of palladium salts.

1H NMR 1.95 1.98 0.03
3.53 3.96 0.43 Experimental Section6.66 5.71 20.95

6.23 20.43 General: All operations were carried out under N2 and in dry13C NMR 50.4 50.4 0.0
solvents. rac-2a [2] [4] was prepared according to literature pro-75.2 73.4 21.8
cedures. 2 IR: Perkin-Elmer 1600. 2 NMR: Bruker AM 250 (250143.2 107.6 235.6

113.8 229.4 and 62.9 MHz for 1H and 13C, respectively). CDCl3 as solvent δH 5

7.25; δC 5 77.0. The degree of substitution of the C atoms was
[a] Chemical shifts in ppm (δ). determined by a combination of DEPT-135 and DEPT-90. 2 MS:

VG-Instruments-Micro-Mass Tris 2000, EI 70 eV, quadrupol ana-
In the coordinated dienes the symmetry is reduced, thus lysator and Finnigan CH7A (80 eV). 2 Melting points (uncor-

some NMR signals of the free diene split into several new rected): Kofler hot-stage.
signals of the corresponding nuclei in the coordinated diene.

rac-5: To 50 mg (10.5 µmol) of rac-2a in 5 ml of acetone 2 equiv.As one can see, only the chemical shift of the olefinic hydro-
of norbornadiene (3, 19.3 mg, 21.0 µmol) were added. After 30 min

gen and carbon atoms experience a relevant change. at room temparatue, the solution was concentrated to about 0.5 ml
While in the coordinated COD the signals of the olefinic in a rotary evaporator and 0.5 ml of pentane was added. Then the

hydrogen atoms are both shifted to lower and higher field soution was placed in a refrigerator (0°C), over night 38.8 mg
by the same amount, in the NBD they are both shifted to (65%) of rac-5 precipitated as yellow crystals. 2 M.p. 197°C. 2 IR

(neat, NaCl): ν̃ 5 2947 cm21, 1715, 1691, 1432, 1369, 1310, 1221,lower field. The signals of the olefinic carbon atoms are all
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[1] P. Binger, H. M. Büch, Top. Curr. Chem. 1987, 135, 772151.1172, 1106, 1067, 1000, 920, 733. 2 1H NMR (CDCl3, 250 MHz):
[2] A. S. K. Hashmi, F. Naumann, J. W. Bats, Angew. Chem. 1997,δ 5 1.38 (s, 6 H, Me), 1.67 (s, 6 H, Me), 1.98 (m, 2 H), 3.61 (s, 6 109, 1272130; Angew. Chem. Int. Ed. Engl. 1997, 36, 1042106.

H, OMe), 3.62 (s, 6 H, OMe), 3.96 (m, 2 H, CH2), 5.71 (m, 2 H, [3] A. S. K. Hashmi, F. Naumann, J. W. Bats, Chem. Ber. 1997,
CH), 6.23 (m, 2 H, CH). 2 13C NMR (CDCl3, 62.9 MHz): δ 5 130, 145721459.

[4] A. S. K. Hashmi, F. Naumann, M. Bolte, A. Rivas Nass, J.20.39 (q, 2 C), 25.69 (q, 2 C), 37.29 (s, 2 C), 49.57 (s, 2 C), 50.42
Prakt. Chem. 1998, 340, 2402246.(d, 2 C), 51.14 (q, 2 C), 51.27 (q, 2 C), 57.95 (s, 2 C), 73.36 (t), [5] K. Moseley, P. M. Maitlis, J. Chem. Soc., Chem. Commun.

107.61 (d, 2 C), 113.82 (d, 2 C), 172.24 (s, 2 C), 172.46 (s, 2 C). 2 1971, 160421605.
MS (70 eV); m/z (%): 566 (1) [(106Pd) M1], 474 (46) [M1 2 NBD], [6] B. M. Trost, G. J. Tanoury, J. Am. Chem. Soc. 1987, 109,

475324755.415 (8). 2 C25H32O8Pd (566.9): calcd. C 52.96, H 5.69; found C
[7] B. M. Trost, M. K. Trost, J. Am. Chem. Soc. 1991, 113,53.23, H 5.89.

185021852.
Crystal Structure Analysis of rac-5: [10] Siemens Smart dif- [8] B. M. Trost, A. S. K. Hashmi, Angew. Chem. 1993, 105,

113021132; Angew. Chem. Int. Ed. Engl. 1993, 32, 108521087.fractometer, Mo-Kα radiation, 2100°C, empirical absorption cor-
[9] A. S. K. Hashmi, L. Schwarz, Chem. Ber. 1997, 130,rection, structure determination by direct methods (SIR92); the po-

144921456.
sitions of the hydrogen atoms were determined by a difference [10] Crystallographic data (excluding structure factors) for rac-5 and
Fourier synthesis, refinement of the hydrogen atoms with isotropic rac-6 have been deposited with the Cambridge Crystallographic

Data Centre as supplementary publication no CCDC-102022thermal parameters. C25H32O8Pd, triclinic, space group P(21); a 5
(rac-5) and -102023 (rac-6). Copies of the data can be obtained9.064(2), b 5 8.484(2), c 5 17.685(4) Å, α 5 95.20(2), β 5 78.84(1),
free of charge on application to CCDC, 12 Union Road, Cam-

γ 5 66.82(1)°; V 5 1205.4(5) Å3; Z 5 2; ρcalcd. 5 1.562 g cm21; bridge CB2 1EZ, UK [Fax: (internat.) 1 44(0)1223/336033;
µ 5 8.2 cm21; sphere up to 2θ 5 59°; 6062 independent reflections E-mail: deposit@ccdc.cam.ac.uk].

[11] F. R. Hartley, Chem. Soc. Rev. 1973, 2, 1632179; especially thewith I > 0; 436 parameters refined, R 5 0.038; Rw 5 0.065; residual
sequence oxygen/olefin/phosphane on page 170.density between 20.26 and 11.16 e Å23.

[12] H. Suzuki, K. Itoh, Y. Jshii, K. Simon, J. A. Ibers, J. Am. Chem.
rac-6: To 50 mg (10.5 µmol) of rac-2a in 5 ml of acetone 2 equiv. Soc. 1976, 98, 849428500.

[13] Only one symmetrical structure, a polymorph of dichloro(η4-of 1,5-cyclooctadiene (4, 22.7 mg, 21 µmol) were added. After 30
1,5-cyclooctadiene)palladium(II), is known: N. C. Baenziger, C.min at room temparatue, the solution was concentrated to about
V. Goebel, T. Berg, J. R. Doyle, Acta Crystallogr., Sect. B 1978,

0.5 ml in a rotary evaporator and 0.5 ml of pentane was added. 34, 134021342. In all other structures such a twist-boat-like
Then the soution was placed in a refrigerator (0°C), over night 61.4 conformation was observed: L. Benchekroun, P. Herpin, M. Ju-

lia, L. Saussine, J. Organomet. Chem. 1977, 128, 2752290. M.mg (75%) of rac-6 precipitated as yellow crystals. 2 M.p. 191°. 2
F. Rettig, R. M. Wing, G. R. Wiger, J. Am. Chem. Soc. 1981,IR (neat, NaCl): ν̃ 5 2946 cm21, 1714, 1690, 1430, 1368, 1304,
103, 298022986. R. Kumar, A. W. Maverick, F. R. Fronczek,

1215, 1105, 1066, 1006. 2 1H NMR (CDCl3, 250 MHz): δ 5 1.43 J. R. Doyle, N. C. Baenziger, M. A. M. Howells, Acta Crys-
(s, 6 H), 1.79 (s, 6 H), 2.0822.21 (m, 2 H), 2.3622.52 (m, 2 H), tallogr., Sect. C 1993, 49, 176621767. D. E. Smith, A. J. Welch,

Acta Crystallogr., Sect. C 1986, 42, 171721720. J. Vicente, I.2.6922.78 (m, 4 H), 3.57 (s, 6 H), 3.60 (s, 6 H), 4.8624.96 (m, 2
Saura-Llamas, P. G. Jones, J. Chem. Soc., Dalton Trans. 1993,H), 6.0326.10 (m, 2 H). 2 13C NMR (CDCl3, 62.9 MHz): δ 5
361923624. L. Benchekroun, P. Herpin, M. Julia, L. Saussine,

20.61 (q, 2 C), 26.37 (q, 2 C), 26.37 (t, 2 C), 32.23 (t, 2 C), 37.11 J. Organomet. Chem. 1977, 128, 2752290. R. M. Buchanan, C.
(s, 2 C), 50.09 (s, 2 C), 50.54 (q, 2 C), 51.30 (q, 2 C), 55.16 (s, 2 G. Pierpont, Inorg. Chem. 1979, 18, 360823610. A. C. Albeniz,

P. Espinet, Y. Jeannin, M. Piloche-Levisalles, B. E. Mann, J.C), 113.88 (d, 2 C), 117.73 (d, 2 C), 172.98 (s, 2 C), 173.77 (s, 2 C);
Am. Chem. Soc. 1990, 112, 659426600. P. Stepnicka, I. Cisa-the two different signals at δ 5 26.37 are nicely separated in C6D6 rova, Collect. Czech. Chem. Commun. 1996, 61, 133521341. N.

as solvent. 2 MS (70 eV); m/z (%): 582 (17) [(106Pd) M1], 474 (100) L. Douek, A. J. Welch, J. Chem. Soc., Dalton Trans. 1993,
[M1 2 COD], 415 (19). 2 C26H36O8Pd (583.0): calcd. C 53.57, H 191721925. K. A. Fallis, D. F. Mullica, E. L. Sappenfield, F.

G. A. Stone, Inorg. Chem. 1994, 33, 492724933. I. R. Butler,6.22; found C 53.36, H 6.30.
M. Kalaji, L. Nehrlich, M. Hursthouse, A. I. Kataulov, K. M.

Crystal Structure Analysis of rac-6: [10] Siemens Smart dif- A. Malik, J. Chem. Soc., Chem. Comm. 1995, 4592460.
[14] S. D. Ittel, J. A. Ibers, Adv. Organomet. Chem. 1976, 14, 33261.fractometer, Mo-Kα radiation, 2123°C, empirical absorption cor-
[15] A. de Mejere, Angew. Chem. 1979, 91, 8672884; Angew. Chem.rection, structure determination by direct methods (SHELXS); the

Int. Ed. Engl. 1979, 18, 8092826.positions of the hydrogen atoms were determined by a difference [16] B. Cetinkaya, P. Binger, C. Krüger, Chem. Ber. 1982, 115,
Fourier synthesis, refinement of the hydrogen atoms with isotropic 341423421.
thermal parameters. C26H36O8Pd, monoclinic, space group P21/c; [17] P. Binger, H. M. Büch, R. Benn, R. Mynott, Angew. Chem.

1982, 94, 66266; Angew. Chem. Int. Ed. Engl. 1982, 21, 62263.a 5 28.536(3), b 5 9.742(1), c 5 18.845(2) Å, β 5 104.36(1)°; V 5
[18] P. Binger, J. McMeeking, U. Schuchardt, Chem. Ber. 1980, 113,5075.2(9) Å3; Z 5 8; ρcalcd. 5 1.526 g cm21; µ 5 7.8 cm21; θ 5

2372222382. P. Binger, U. Schuchardt, Chem. Ber. 1981, 114,1.47225.79°; 8815 reflections with I > 0; 920 parameters refined, 164921655. P. Binger, B. Biedenbach, Chem. Ber. 1987, 120,
R 5 0.029; Rw 5 0.051; residual density between 20.69 and 10.36 6012605.

[I98200]e Å23.
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η5-Pentamethylcyclopentadienyliridium(III) and -rhodium- θ = 12.9° from that of the remaining ring atoms. Facial
isomers are present in an effective 1:1 ratio for all tryptophan(III) sandwich complexes of the type [(η5-Cp*)M(η6-aa)]-

(CF3SO3)2 (M = Ir, Rh; 3–14) containing L-tyrosine, L-trypto- derivatives. Whereas the Cp*IrIII sandwich complexes of
aromatic α-amino acids are stable in polar solvents, rapidphan and L-phenylalanine derivatives (aa) can be prepared

by treatment of [(η5-Cp*)ML3] (CF3SO3)2 [L = thf, (CH3)2CO, decay is observed for analogous Cp*RhIII complexes of N-
unprotected derivatives in polar solvents. ComparativeCH3CN] with the appropriate bioligand in thf for N-protected

compounds and in CF3COOH for α-amino acids with nonrelativistic and relativistic all-electron density functional
calculations on the cationic sandwich complexes [Cp*M(η6-unprotected amino groups. Coordination to the Cp*MIII

fragments stabilizes the ketonic form of the tyrosine aromatic C6H5Me)]n+ (n = 2, M = Ir, Rh; n = 1, M = Ru) confirm that all
three metals bind more tightly to Cp* than to toluene asside chains, leading to a marked enhancement in the acidity

of the p-hydroxy function. The crystal structure of [Cp* gauged by the respective force constants (k1 . k2). A much
larger relativistic enhancement of k2 for M = Ir (279 vs 207Ir(ActyrOMe)] (CF3SO3)2 (3b, ActyrOMe = N-acetyltyrosine

methyl ester) confirms a marked distortion towards an η5- Nm–1) could be responsible for the greater stability of Cp*IrIII

complexes in solution.oxohexadienyl coordination mode as may be gauged from
the tilting of the p-OH plane C13/C14/C15 by no less than

The analytical and synthetic perspectives of bioorgano- (Cy 5 p-cymene) of aromatic amino acids and peptides[7] [8],
we have now turned our attention to the compounds [Cp*metallic chemistry have been highlighted in recent articles

by Jaouen et al. [1] and Krämer[2]. Labeling of aromatic IrL3](CF3SO3)2 [L 5 thf (1a), (CH3)2CO (1b)] and [Cp*
RhL3](CF3SO3)2 [L 5 thf (2a), (CH3)2CO (2b), CH3CNamino acid side-chains by η6-coordinated transition metal

half-sandwich fragments offers considerable potential in (2c)] [9] [10].
this respect. For instance, the group of Pearson[3] and
Rich[4] has demonstrated that the diaryl coupling, required

Resultsfor the total synthesis of cyclic diphenyl ether peptides such
as the protease inhibitor K-13, may be achieved under mild

In contrast to the tris(acetonitrile) half-sandwich com-conditions by activation of protected p-Cl-phenylalanine
plex [Cp*Ru(MeCN)3](CF3SO3), which affords the entrop-through η6-coordination of the CpRuII fragment. We our-
ically favoured sandwich compounds on treatment with freeselves have recently employed both [(Cp*RuCl)2(µ-Cl)2] and
aromatic amino acids in thf[6], the analogous reaction of[Cp*Ru(MeCN)3]1 for the first direct preparation of or-
[CyRu(acetone)3](CF3SO3)2 leads[7] [8] to formation ofganometallic sandwich complexes of the free amino acids
κ2N,O-chelated products in CH2Cl2. Under such con-phenylalanine (-HpheOH), tyrosine (-HtyrOH) and tryp-
ditions, bis(η6-arene)RuII sandwich compounds can only betophan (-HtrpOH)[5] [6]. The feasibility of employing indi-
prepared for fully protected amino acids such as N-acetyl-vidual CpRuII-coordinated amino acids for the construc-
tyrosine ethyl ester (ActyrOEt). η6-Coordination of the Cy-tion of labeled peptides was demonstrated in the course of
RuII fragment by half-protected or free aromatic amino ac-these activities by the synthesis of [Cp*Ru{η6-cyclo-
ids can, however, be achieved by carrying out the reaction(phephe)}]1 using the carbodiimide method[6].
in CF3COOH. Protonation of the amino and/or carb-
oxylato groups under such strongly acid conditions pre-Unfortunately, the applicability of the Cp*RuII fragment

in the bioorganometallic field is restricted by the relative vents their participation in the metal coordination sphere.
Similar considerations also apply to the Cp*IrIII and Cp*instability of its sandwich complexes in aqueous solution[5],

a state of affairs that prompted us to investigate the suit- RhIII half-sandwich fragments. However, in these cases, the
aromatic ring systems of N-protected amino acids such asability of alternative transition metal half-sandwich com-

pounds. After recently reporting on η6-CyRuII complexes N-acetyltyrosine (ActyrOH) can be successfully labeled in

Eur. J. Inorg. Chem. 1998, 199121998  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 143421948/98/121221991 $ 17.501.50/0 1991
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thf, as, for instance, in [Cp*Rh(ActyrOH)](CF3SO3)2 with- and leads of an additional upfield shift for the H atoms to

δ 5 5.83 and 5.86 in comparison to δ 5 6.20 for 3a inout competition from κ1O-coordinated species. Sandwich
complexes of O-protected or free amino acids are obtained CD3OD solution. This interpretation is confirmed by the

remarkable 13C-NMR chemical shifts of δ 5 164.9 andin good yield (68285%) by heating the reactants to 50°C
for 24 h in CF3COOH. 13C-NMR spectra reveal a consist- 163.7 for the p-hydroxy-substituted tyrosine carbon atoms

in 4 and 5, values that are indicative of pronounced double-ent pattern of upfield shifts of ca. 20240 ppm for the sig-
nals of carbon atoms directly coordinated to the metal atom bond character for the associated C2O bonds. The anal-

ogous 13C-NMR signal for 3a at δ 5 157.7 is registeredin comparison to those registered for the aromatic amino
acids themselves. The formation of sandwich compounds is only ca. 4 ppm downfield to that observed in free tyrosine

derivatives. In contrast to the analogous Cp*Rh complexesalso confirmed by characteristic lowfield shifts for the 1H-
NMR signals of the Cp*MIII (M 5 Ir, Rh) methyl protons. 628, the Cp*Ir sandwich complexes 325 of tyrosine deriva-

tives are indefinitely stable in polar solvents such as waterFurthermore, the typical chemical shift ranges of δ 5
1.9422.08, 2.2522.28 and 2.4022.44, in CD3OD, associ- and methanol over a period of 14 days.
ated with respectively η6-coordinated tryptophan, tyrosine

Scheme 1. Sandwich cations of [Cp*M(R9tyrOR)](CF3SO3)2and phenyalanine derivatives, allow a straightforward as-
(328); 3a: M 5 Ir, R 5 Et, R9 5 Ac; 4: M 5 Ir, R 5signment of the Cp*IrIII site in mixed oligopeptides. The Me, R9 5 H; 5: M 5 Ir, R 5 R9 5 H; 6: M 5 Rh;
R 5 Et, R9 5 Ac; 7: R 5 H, R9 5 Ac; 8: M 5 Rh,marked kinetic instability of the analogous Cp*RhIII sand-
R 5 Me, R9 5 Hwich complexes in polar solvents prevents a general employ-

ment of this fragment in chemoselective organometallic la-
beling. However, our limited results indicate that a discrimi-
nation between η6-coordinated tryptophan (δ 5 1.96 in 11)
and tyrosine (δ 5 2.0922.20 in 628) derivatives should
once again be feasible.

η5-Oxohexadienyl Coordination of Tyrosine Derivatives
Attempts to obtain suitable crystals for X-ray-structural

analysis unfortunately remained unsuccessful for 4 and 5Coordination to the Cp*RuII and Cp*MIII (M 5 Rh, Ir)
fragments[10] [11] [12] [13] stabilizes the ketonic form of phenol with their unprotected amino functions. However, colour-

less prisms of [Cp*Ir(ActyrOMe)](CF3SO3)2 (3b, Actyr-and its derivatives, leading to a marked enhancement in the
acidity of the p-hydroxy substituent. Distortion towards an OMe 5 N-acetyltyrosine methyl ester) could be grown by

gas diffusion of diethyl ether into a methanol solution ofη5-oxohexadienyl coordination mode in such sandwich
complexes may be gauged from the shortness of the C2O [Cp*Ir(ActyrOH)](CF3SO3)2 prepared under similar con-

ditions to 3a. Solvent participation is apparent for the for-bond distance and the degree of tilting between the plane
of the m- and p-carbon atoms and the rest of the aromatic mation of η6-coordinated ActyrOMe. The structure of the

sandwich dication is depicted in Figure 1. Although the p-ring as expressed in the apposite dihedral angle θ. Relatively
large θ values of 19° in [Cp*Ir(C6H3Me2O)](BF4)[14], 14° hydroxy oxygen atom O41 must be protonated for the fully

protected tyrosine derivative ActyrOMe in the sandwichin [Cp*Rh(C6H5O)](BF4)?H2O[13] and 13.2° in [CyRu-
(HtyrOH)](CF3SO3)2

[8] are accompanied by short C2O cation of 3b [d(C342O41) 5 1.33(4) Å], the plane C33/C34/
C35 is tilted by no less than θ 5 12.9° from that of thedistances of 1.23, 1.25 and 1.274 Å, that are indicative of a

pronounced degree of double-bond character. These struc- remaining ring atoms C312C33, C35 and C36. This pro-
nounced departure from planarity may also be gauged fromtures differ markedly from that of [Cp*Ru(C6H5O)]·2

PhOH[12] in which the phenol ring system is almost flat the Ir12C34 distance of 2.36(4) Å, which is markedly
longer than those to the remaining tyrosine ring atoms[θ 5 4°, d (C2O) 5 1.28 Å].

In CyRuII sandwich complexes, the p-hydroxy function [2.2222.30 Å]. The 1H-NMR spectra of 325 in D2O indi-
cate that the tyrosine p-hydroxy function in Cp*Ir sandwichof tyrosine derivatives is effectively fully deprotonated in

aqueous solution. The concomitant increase in shielding for complexes is a moderately strong acid, a finding that is also
reflected in the participation of O41 in relatively strongthe aromatic ring protons causes their resonances to move

upfield to values between δ 5 5.6 and 6.6 in D2O solu- O412H41···O21 hydrogen bonds of length 2.51 Å to the N-
acetyl function of a symmetry-related complex cation. Intion[8]. An analogous state of affairs is apparent for the Cp*

IrIII complexes [Cp*Ir(ActyrOEt)](CF3SO3)2 (3a), [Cp*Ir- view of the pronounced downfield shifts for the 13C-NMR
signal of C34 in 4 and 5, for which the formation of N-(HtyrOMe)](CF3SO3)2 (4) and [Cp*Ir(HtyrOH)](CF3SO3)2

(5, HtyrOMe 5 tyrosine methyl ester) prepared in this protonated O41-deprotonated zwitterions is possible, it is
reasonable to predict that the dihedral angle θ in these com-work. The upfield shift is most pronounced for the m-pro-

tons adjacent to the tyrosine hydroxy function which are pounds will be even larger than in 3b and perhaps close to
that of 19° in [Cp*Ir(C6H3Me2O)](BF4)[14].registered as separate doublets. Formation of the N-pro-

tonated zwitterions of HtyrOMe and HtyrOH further facili- Both Maitlis [10] and Jaouen[13] have commented on the
instability of the sandwich complex [Cp*Rh(η6-phenol)]21tates deprotonation of this aromatic substituent in 4 and 5
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Scheme 2. Stabilization of the ketonic form of the aromatic side chain of ActyrOEt in the Cp*RhIII complex 6

Figure 1. X-ray structure of the cation of [Cp*Ir(ActyrOMe)]- shift upfield to δ values between 5.8 and 6.6 in polar sol-
(CF3SO3)2 (3b) vents (see Figures 2a and 3a). Figure 4 depicts the aromatic

regions of the 1H-NMR spectrum of [Cp*Rh(Actyr-
OEt)](CF3SO3)2 (6a) in (a) D2O and (b) CD3NO2. In view
of the instability of 628 in polar solvents, NMR data for
these compounds are only reported for the latter solvent in
the Experimental Section of this paper. It is interesting to
note that the increase in shielding for the tyrosine meta pro-
tons of 6a (δ 5 5.82) in CD3OD is similar to those of 4 and
5 (δ 5 5.83 and 5.86) with their unprotected tyrosine amino
functions. We were successful in growing suitable crystals
of 6a by gas diffusion of diethyl ether into a methanol solu-
tion and Figure 5 shows the X-ray structure of the sandwich
cation in this compound. The dihedral angle θ of 5.09° is
associated with a C342O41 distance of 1.34(1) Å and is
smaller than in the analogous Cp*IrIII complex 3b. Distor-
tion towards the η5-oxohexadienyl coordination mode may
also be gauged from the Rh12C34 bond length of 2.339(8)

in polar solvents. Maitlis observed that [Cp*Rh)2(phO)-
Å, which is markedly longer than those to the remaining

(phOH)](PF6)3 is converted to 40% to [(Cp*Rh)2(µ-
aromatic carbon atoms in the range 2.243(9)22.259(7) Å.

F2PO2)3](PF6) on standing for 48 h in acetone. Stabilization
As in 3b, relatively strong O2H···O hydrogen bonds

may be achieved by addition of base leading to formation
[d(O412H41···O21) 5 2.51 Å] are present between the

of the η5-oxocyclohexadienyl monocation [Cp*Rh(η5-
hydroxy and N-acetyl oxygen atoms of neighbouring dicat-

C6H5O)]1. Our time-dependent 1H-NMR studies on [Cp*
ions. The triflate counter ions participate in weaker

Rh(ActyrOEt)](CF3SO3)2 (6a) in D2O solution, that are de-
O···N12H1 interactions of length 2.91 Å to the amide pro-

picted in Figure 2, confirm a similar ca. 50% decay for the
ton of N1.

sandwich compound to [Cp*Rh(D2O)3]21 and ActyrOEt
within 24 hours at room temperature. A further 1H-NMR Figure 2. Time-dependent 1H-NMR spectra of [Cp*Rh(Actyr-

OEt)](CF3SO3)2 (6a) in D2O at room temperature: (a) after 5 min,spectrum taken after 5 days is similar to that of Figure 2c.
(b) after 1.5 h and (c) after 24 hIt is interesting to note that Jaouen has postulated that the

triflate counter anion CF3SO3
2 may stabilize the phenolic

form of π-bonded arenes by participating in hydrogen
bonds to the OH substituent of the aromatic ring system.
For instance, whereas [Cp*Ir(η6-phenol)](BF4)(CF3SO3)
was very stable in aqueous solution, [Cp*Ir(η6-phe-
nol)](BF4)2 rapidly decays to a half-sandwich complex and
could not be isolated. We have, therefore, performed com-
parative 1H-NMR kinetic studies on [Cp*Rh(Actyr-
OEt)](PF6)2 (6b) and [Cp*Rh(ActyrOEt)](BF4)2 (6c) in
D2O solution. Suprisingly, whereas 6b exhibits a decay rate
similar to that of 6a, as displayed in Figure 3 for 6c, the
sandwich cation [Cp*Rh(ActyrOEt)]21 exhibits long-term Compound 7 with ActyrOH as sandwich ligand was

recrystallized from an acetone/hexane solution for X-raystability in the presence of BF4
2 counter anions. Only ca.

20% formation of [Cp*RhL3]21 and ActyrOEt is apparent analysis and displays a structure similar to that of 6a. Tilt-
ing of the C33/C34/C35 plane leads to a Rh12C34 distanceafter 7 days. This finding suggests that a more subtle inter-

play of opposing factors may be responsible for the stabiliz- of 2.337(11) Å and a dihedral angle θ of 2.97°. O41 exhibits
a C342O41 bond length of 1.31(1) Å and once again par-ing effect of a particular anion.

Distortion towards the η5-oxohexadienyl coordination ticipates in intermolecular O2H···O hydrogen bonding to
the N-acetyl O21 oxygen atom. It is interesting to note thatmode in the Cp*RhIII sandwich complexes 6 and 7 leads

the 1H-NMR signals of the aromatic tyrosine protons to whereas the metal2ring distances to the Cp* planes in 3b,
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Figure 3. Time-dependent 1H-NMR spectra of [Cp*Rh(Actyr- the meta proton doublets to δ 5 5.54 and 5.58 in this sol-
OEt)](BF4)2 (6c) in D2O at room temperature: (a) after 5 min, (b) vent. The pronounced downfield shift of the 13C-NMR sig-

after 48 h and (c) after 7 d
nal for COH from δ 5 147.2 in 7 to 156.3 in 8 (CD3NO2

solutions) underscores this interpretation for the N-unpro-
tected tyrosine derivative.

Facial Chirality in Tryptophan Complexes

η6-Coordination of the aromatic indole system in trypto-
phan derivatives allows the formation of diastereomers
owing to the possibility of facial chirality (Scheme 3). As
we have already demonstrated for CyRuII sandwich com-
pounds[8], opposite shifts are characteristic for 1H-NMR

Figure 4. Aromatic regions of the 1H-NMR spectra of [Cp*Rh- signals of the protons of the π-bonded arene ring system.
(ActyrOEt)](CF3SO3)2 (6a) in (a) D2O and (b) CD3NO2 For instance, the signals of the inner protons H5 and H6

appear at higher field in [Cp*Rh(ActrpOMe)](CF3SO3)2

[11a; δ 5 6.67 (m)], whereas a pronounced lowfield shift to
δ 5 7.75 (m) is observed for the signals of the outer protons
H4 and H7. Assignment was achieved by use of HMQC-
TOCSY spectra. Metal coordination of the neighbouring
indole six-membered ring also leads to a marked change in
the electron-density distribution in the condensed pyrrole
ring as evidenced by pronounced shifts to lower field for
both the H2 [1H NMR: δ 5 8.28, 8.33 (2 s, 1 H)] and C2

[13C NMR: δ 5 141.4] resonances of 11a in CD3NO2 solu-
tion. Similar shifts were recorded for the analogous signals

Figure 5. X-ray structure of the cation of [Cp*Rh(Actyr- of the Cp*IrIII sandwich compounds 9 and 10, whose 1H-
OEt)](CF3SO3)2 (6a) and 13C-NMR spectra were recorded in CD3OD and D2O

solutions, respectively. The H2 singulets for the α and β iso-
mers are well resolved in 9, 10 and 11a and their integral
values indicate that both diastereomers must be present in
a ca. 1:1 ratio in all three compounds. After successful frac-
tional crystallization, the H2 resonance at higher field could
be assigned to the diastereomer of [CyRu(ActrpOMe)]-
(CF3SO3)2 with β-facial chirality. It seems reasonable to as-
sume that the same face of ActrpOMe is also preferred in
[Cp*Rh(ActrpOMe)](PF6)2 (11a) for which the H2 signals
[1H NMR: δ 5 8.27, 8.32 (2 s, 1 H)] are observed at the
integral ratio of ca. 6:1 in CD3NO2. Whereas the Cp*IrIII

sandwich complexes 9 and 10 are stable over a period of
14 days in aqueous solution, both 11b and the analogous
compound [Cp*Rh(ActrpOMe)](CF3SO3)2 (11a) rapidly
decay to ActrpOMe and appropriate tris(solvent) half-sand-
wich complex in water and methanol.

6a and 7 are all very similar [1.817, 1.807 and 1.796 Å],
the opposite Ir-η5-ActyrOMe distance in 3b [1.738 Å] is Stability of Cp*IrIII and Cp*RhIII Complexes in Solution
markedly shorter than the analogous values for RhIII in 6a
and 7 [1.763 and 1.771 Å]. This relative instability of Cp*RhIII sandwich complexes

is also apparent for phenylalanine and its derivatives. As for[Cp*Rh(HtyrOMe)](CF3SO3)2 (8) decays immediately in
polar solvents to the starting materials and 1H-NMR spec- the aromatic indole system of tryptophan, η6-coordination

can only be achieved with Cp*RhIII when both the aminotra could, therefore, only be recorded in CD3NO2. This
typical instability of Cp*RhIII sandwich compounds of N- and carboxyl functions are protected. In accordance with

similar observations for the analogous tyrosine and trypto-unprotected aromatic amino acids also prevents the iso-
lation of the analogous π-bonded dication of tyrosine itself. phan complexes [Cp*Rh(AcpheOMe)](CF3SO3)2 (14) de-

cays rapidly in polar solvents. 1H-NMR signals for the aro-Formation of an N-protected zwitterion allows effectively
complete deprotonation of the tyrosine p-hydroxy function matic protons of both this and the Cp*IrIII sandwich com-

pounds [Cp*Ir(AcpheOMe)](CF3SO3)2 (12) and [Cp*in 8 even in CD3OD, as evidenced by the upfield shift of
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Scheme 3. α and β isomers of [Cp*M(R9trpOR)](CF3SO3)2 (9211); 9: M 5 Ir, R 5 Me, R9 5 Ac; 10: M 5 Ir, R 5 R9 5 H; 11: M 5

Rh, R 5 Me, R9 5 Ac

Ir(H2pheOMe)](CF3SO3)3 (13) lie in a close range (δ 5 to prefer either hard or soft ligands in their coordination
spheres but not both at the same time[15]. Koelle et al. have7.2627.65) and are shifted marginally to lower field in com-

parison those of the free amino acid. The X-ray structure demonstrated[17] that water exchange in half-sandwich tri-
aqua complexes [Cp*M(H2O)3]21 is faster by a factor ofof the complex cation of 12 is depicted in Figure 6. Similar

Ir2C distances [2.20922.277 Å] are observed for all carbon 6.3 for RhIII in comparison to IrIII.
Studies by Merbach[18] on the ligand-exchange reactionsatoms of the phenyl ring which itself is effectively planar.

of [Cp*ML3]21 (L 5 CH3CN, dmso) indicate that a dissoci-
Scheme 4. Sandwich cations of [Cp*M(R9pheOMe)](CF3SO3)n ative mechanism must be involved. As previously reported(12214); 12: M 5 Ir, R9 5 Ac, n 5 2; 13: M 5 Ir, R9 5

by Maitlis [18], dmso was found to coordinate RhIII throughH2, n 5 3; 14: M 5 Rh, R9 5 Ac, n 5 2
its oxygen, to IrIII through its sulfur atom. Both this behav-
iour and the enhanced stability of Cp*IrIII sandwich com-
pounds in polar solvents are in accordance with an in-
creased preference of the heavier group-9 metal for softer
ligands (e.g. π-arenes, κS-dmso) in its coordination sphere.
Of the members of the Co triad, RhIII should be elec-
tronically best equipped to accommodate both soft and
hard ligands in its coordination sphere, as is indeed sug-
gested by the rapid decay of Cp*RhIII sandwich compounds
to species [Cp*RhL3]21 in polar solvents (L 5 H2O,

Figure 6. X-ray structure of the cation of [Cp*Ir(Acphe-
CH3OH).OMe)](CF3SO3)2 (12)

Relativistic Effects

In structural organometallic chemistry, the consideration
of relativistic effects [19] is essential to understand trends
within a transition-metal triad, especially when going from
the second to the third row. Classically speaking, electrons
in heavy atoms move so fast that their velocity becomes
comparable to the velocity of light. This leads to a contrac-
tion and stabilization of s- and p-orbitals but to an expan-
sion and destabilization of d- and f-orbitals. The relativistic
destabilization of the 5-d shell results in an increased soft-
ness of third-row transition metals.

The importance of relativistic effects can only indirectly
be estimated from experiment (e.g. from unexpected trends
in the periodic table) since nature is inherently relativistic.Although the greater stability of Cp*IrIII sandwich com-

pounds in comparison to their rhodium analogues has been Quantum-mechanical calculations on the other hand can be
performed either with or without taking care of relativity,commented upon[15] [16], attempts to fully understand this

phenomenon still remain somewhat unsatisfactory. The in- and the difference between such computational results indi-
cates the magnitude of relativistic effects. For transition-me-troduction of π-arenes such as benzene or the cyclopen-

tadienyl ion into hexaaqua cations [M(H2O)6]21 leads to a tal compounds, one generally finds a contraction and stabil-
ization of metal2ligand bonds. These effects lead to similardrastic increase in the lability of the three remaining water

molecules, an effect that is more pronounced for anionic molecular structures, but higher binding energies if isostruc-
tural complexes of homologous 4d and 5d metals are com-ligands[17]. This behaviour may be understood as a manifes-

tation of the general principle that metal atoms usually tend pared.

Eur. J. Inorg. Chem. 1998, 199121998 1995



D. Agaid Herebian, C. S. Schmidt, W. S. Sheldrick, C. van WüllenFULL PAPER
We have carried out nonrelativistic and relativistic all- stants k1 and k2 are in accordance with tighter binding to

Cp*, although the difference is less pronounced than in theelectron density functional calculations on the [Cp*Rh(η6-
C6H5Me)]21, [Cp*Ir(η6-C6H5Me)]21 and [Cp*Ru(η6- Cp*IrIII and Cp*RhIII sandwich complexes.
C6H5Me)]1 cationic sandwich complexes. For details of the

Table 1. Metal2ring distances and force constants for [Cp*Rh(η6-computational method, the reader is referred to ref. [20]. A
C6H5Me)]21, [Cp*Ir(η6-C6H5Me)]21 and [Cp*Ru(η6-C6H5Me)]1full geometry optimization has been performed, and the from relativistic density functional calculations; nonrelativistic re-

sults are given in parenthesesforce constants of the two coordinates describing the met-
al2ring distances have been evaluated. It is suggested that

Compound d1 [Å] d2 [Å] k1 [Nm21] k2 [Nm21]these force constants, which indicate how tightly the aro-
matic rings are bound to the metal atom, may serve as a

[Cp*Rh(η6-C6H5Me)]21 1.840 1.830 358 207measure for the kinetic stability of the complexes. Some re- (1.862) (1.876) (334) (182)
sults of these calculations have been collected in Table 1. [Cp*Ir(η6-C6H5Me)]21 1.841 1.792 413 279

(1.908) (1.925) (351) (193)The relativistic results are given, together with the results
[Cp*Ru(η6-C6H5Me)]1 1.840 1.751 367 299from the nonrelativistic calculations in parentheses. Both (1.861) (1.781) (346) (269)

aromatic rings are essentially planar, and the coordinates d1

and d2 (Figure 7) are the distance between the metal atom
and the planes of the Cp* and toluene aromatic ring,
respectively. The force constants k1 and k2 are the second

Experimental Sectionderivatives of the total energy with respect to the coordi-
All manipulations and reactions were performed under argonnates d1 and d2. For [Cp*Ir(η6-C6H5Me)]21, we can com-

in carefully dried solvents using standard Schlenk techniques. 2pare the calculated metal2ring distances (1.841 and 1.792
FTIR[20]: Perkin-Elmer 1760; in KBr. 2 FAB MS: Fisons VG Au-Å) to the X-ray result for [Cp*Ir(η6-AcpheOMe)](CF3SO3)2
tospec with 3-nitrobenzyl alcohol as the matrix. 2 1H and 13C(12; 1.811 and 1.744 Å) and find reasonable agreement. The
NMR: Bruker DRX 400; chemical shifts are reported as δ valuesnonrelativistic calculations give much larger values es-
relative to the signal of the deuterated solvent. 2 Elemental analy-

pecially for the distance between iridium and the toluene
ses were performed by Beller, Mikroanalytisches Labor, Göttingen.

ring (nonrelativistic: 1.925 Å, relativistic: 1.792 Å). As rela- 2 The starting compounds [(η5-Cp*)IrL3](CF3SO3)2 [L 5 thf (1a),
tivistic-effects scale with the square of the nuclear charge, (CH3)2CO (1b)] and [(η5-Cp*)RhL3](CF3SO3)2 [L 5 thf (2a),
the bond contractions are much smaller for the Rh (Z 5 (CH3)2CO (2b), CH3CN (2c)] were prepared from respectively [(η5-
45) compounds than for Ir (Z 5 77) complexes. Looking at Cp*)IrCl2]2 or [(η5-Cp*)RhCl2]2 by addition of an appropriate

quantity of Ag(CF3SO3) and filtration of the precipitated AgCl inthe force constants, we find that both metals bind more
the chosen solvent L[10]. Amino acids were purchased from Bachemtightly to Cp* than to toluene (k1 > k2). This is consistent
(Heidelberg) and Calbiochem-Novabiochem (Bad Soden) and werewith the experimental finding that in the first stages of the
used as received.decay, the Cp*RhIII or Cp*IrIII units remain intact. For the

[(η5-Cp*)Ir(ActyrOEt)](CF3SO3)2 (3a): N-acetyltyrosine ethylkinetic stability of the complex, the value of k2 appears to
ester (ActyrOEt, 37.2 mg, 0.15 mmol) was added to a solution ofbe most important. The calculations find 207 and 279
1a (122.6 mg, 0.15 mmol) in 12 mL of thf and the reaction mixtureNm21, respectively, for the RhIII and IrIII sandwich com-
heated at reflux for 18 h. The resulting solid was stirred for 24 hplexes, consistent with the much higher stability of the lat-
with diethyl ether and dried in vacuo after centrifugation to affordter. This does not follow from the nonrelativistic data: it is
3. Yield 112 mg (86%). 2 C25H32F6IrNO10S2 (876.5): calcd. C 34.3,the much larger relativistic enhancement of k2 that makes
H 3.7, N 1.6; found C 34.6, H 3.8, N 2.0. 2 FAB MS; m/z (%):

the iridium complex so stable. 727 (1) [M 2 CF3SO3]1, 578 (100) [M 2 2 CF3SO3]1, 445 (3) [M
2 2 CF3SO3 2 NHAc 2 CO2Et]1. 2 1H NMR (CD3OD): δ 5Figure 7. Definition of the distances d1, d2 and the force constants
1.32 (t, 3 H, CH3 OEt), 2.04 (s, 3 H, CH3 Ac), 2.28 (s, 15 H, CH3k1, k2 in sandwich cations of the type [Cp*M(η6-C6H5Me)]n1 (n 5
Cp*), 2.83/3.03 (2 dd, 2 H, β-CH2), 4.27 (q, 2 H, CH2 OEt), 4.792, M 5 Ir, Rh; n 5 1, M 5 Ru)
(dd, 1 H, α-CH), 6.20 (2 d, 2 H, Hmeta tyr), 6.70/6.78 (2 d, 2 H,
Hortho tyr). 2 13C NMR (CD3OD): δ 5 9.9 (CH3 Cp*), 14.7 (CH3

OEt), 22.7 (CH3 Ac), 35.0 (β-C), 54.1 (α-C), 63.5 (CH2 OEt), 84.1
(Cmeta tyr), 97.9 (Cortho tyr), 102.0 (CCH3 Cp*), 103.2 (C tyr), 157.7
(COH tyr), 171.4 (COO), 173.8 (NHCO). 2 IR: ν̃ 5 3273 s (NH),
1743 s (CO), 1582, 1531 m (NH) cm21.

[(η5-Cp*)Ir(HtyrOMe)](CF3SO3)2 (4): Tyrosine methyl ester
(HtyrOMe, 38 mg, 0.2 mmol) was stirred with 1b (160 mg, 0.2Similar calculations for [Cp*Ru(η6-C6H5Me)]1 are also
mmol) for 24 h in 12 mL of CF3COOH at 50°C and the solutionincluded in Table 1 and indicate as for the analogous Cp*
reduced in volume to 3 mL. After precipitation with diethyl ether,RhIII sandwich cation that relativistic effects are less
the resulting solid was dried in vacuo to afford 4. Yield 139.5 mg

marked for second-row transition metals. The distances pre- (85%). 2 C22H28F6IrNO9S2 (820.8): calcd. C 32.2, H 3.4, N 1.7;
sented for d1 and d2 [1.840 and 1.751 Å] may be compared found C 32.1, H 3.6, N 1.5. 2 FAB MS; m/z (%): 522 (100) [M 2
with the average experimental values[6] of 1.816 and 1.704 Å 2 CF3SO3]1. 2 1H NMR (CD3OD): δ 5 2.25 (s, 15 H, CH3 Cp*),
in [(Cp*Ru)2{cyclo-(phephe)}]21. Despite the much shorter 3.04 (2 dd, 2 H, β-CH2), 3.91 (s, 3 H, COCH3), 4.55 (dd, 1 H, α-

CH), 5.83 (2 d, 2 H, Hmeta tyr), 6.51, 6.57 (2 d, 2 H, Hortho tyr). 2distance to the η6-coordinated toluene ligand the force con-
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13C NMR (CD3OD): δ 5 10.8 (CH3 Cp*), 34.6 (β-C), 55.0 (α-C), (Cortho tyr), 109.0 (CCH3 Cp*), 115.7 (C tyr), 156.3 (COH tyr),

167.2 (COO). 2 IR: ν̃ 5 1752 s (CO), 1590, 1522 m (NH) cm21.55.5 (CH3OMe), 84.0, 84.2 (Cmeta tyr), 97.2, 98.7 (Cortho tyr), 99.3
(CCH3 Cp*), 103.1 (C tyr), 164.9 (COH tyr), 170.3 (COO). 2 IR: [(η5-Cp*)Ir(ActrpOMe)](CF3SO3)2 (9): N-Acetyltryptophan
ν̃ 5 3284 s (NH), 1746 s (CO), 1573 m (NH) cm21. methyl ester (ActrpOMe, 40.4 mg, 0.16 mmol) and 1a (128.7 mg,

0.16 mmol) were stirred in 10 ml of thf for 24 h at room tempera-[(η5-Cp*)Ir(HtyrOH)](CF3SO3)2 (5): The preparation was
performed with tyrosine (27.9 mg, 0.15 mmol) and 1a (128 mg, ture or heated at 45°C for 2 h. The resulting solid was then stirred

for 24 h with diethyl ether and dried in vacuo to afford 9. Yield0.15 mmol) in CF3COOH in an analogous manner to 4. Yield 82.2
mg (68%). 2 C21H26F6IrNO10S2 (806.2): calcd. C 31.3, H 3.2, N 102 mg (72%). 2 C25H30F6IrN2O9S2 (885.5): calcd. C 35.3, H 3.4,

N 3.1; found C 34.7, H 3.4, N 3.3. 2 FAB MS; m/z (%): 738 (53)1.7; found C 31.1, H 3.5 N 1.7. 2 FAB MS; m/z (%): 658 (1) [M
2 CF3SO3]1, 508 (100) [M 2 2 CF3SO3]1, 462 (6) [M 2 2 CF3SO3 [M 2 CF3SO3]1, 588 (62) [M 2 2 CF3SO3]1, 527 (3) [M 2 2

CF3SO3 2 COOCH3]1. 2 1H NMR (CD3OD): δ 5 1.97, 2.02 (22 CO2H]1. 2 1H NMR (CD3OD): δ 5 2.26 (s, 15 H, CH3 Cp*),
3.03 (m, 2 H, β-CH2), 4.49 (dd, 1 H, α-CH), 5.86 (2 d, 2 H, Hmeta s, 3 H, CH3 Ac), 2.08 (s, 15 H, CH3 Cp*), 3.28, 3.41 (2 dd, 2 H,

β-CH2), 3.76, 3.82 (2 s, 3 H, CH3 OMe), 4.87 (dd, 1 H, α-CH),tyr), 6.59, 6.63 (2 d, 2 H, Hortho tyr). 2 13C NMR (CD3OD): δ 5

9.9 (CH3 Cp*), 33.7 (β-C), 54.1 (α-C), 83.1 (Cmeta tyr), 97.4 (Cortho 7.07 (m, 2 H, Hind), 7.87 (dd, 1 H, Hind), 8.01 (dd, 1 H, Hind), 8.37,
8.42 (2 s, Hind). 2 13C NMR (CD3OD): δ 5 9.4 (CH3 Cp*), 22.8tyr), 98.5 (C tyr), 102.2 (CCH3 Cp*), 163.7 (COH tyr), 170.1

(COO). 2 IR: ν̃ 5 3178 s (NH), 1742 s (CO), 1559 m (NH) cm21. (CH3 Ac), 27.4 (β-C), 53.7 (α-C), 54.1 (COMe), 84.7, 89.8, 91.3,
92.2 (Cind), 103.3 (CCH3 Cp*), 106.9, 116.2, 120.2, 143.5 (Cind),[(η5-Cp*)Rh(ActyrOEt)](CF3SO3)2 (6a): ActyrOEt (75.4 mg,
172.7 (NHCO), 173.8 (COO). 2 IR: ν̃ 5 3323 s (NH), 1742 s, 16670.3 mmol) and 2b (213.2 mg, 0.3 mmol) were stirred for 2 d in 15
s (CO), 1541 m (NH) cm21.mL of thf and the resulting solid removed by centrifugation. After

washing with diethyl ether, the product was dried to afford 6. Yield [(η5-Cp*)Ir(HtrpOH)](CF3SO3)2 (10): HtrpOH (39.8 mg,
0.195 mmol) was heated with 1a (168.4 mg, 0.2 mmol) at 65°C in198.5 mg (84%). Recrystallization by gas diffusion of diethyl ether

into a methanol solution provided suitable crystals for X-ray analy- 12 ml of CF3COOH for 48 h and the solution reduced in volume
to 3 ml. After precipitation with diethyl ether the resulting solidsis. 2 C25H32F6NO10RhS2 (787.6): calcd. C 38.1, H 4.1, N 1.8;

found C 37.6, H 4.0, N 1.8. 2 FAB MS; m/z (%): 637 (1) [M 2 was dried in vacuo to afford 10. Yield 111.6 mg (69%). 2

C23H27F6IrN2O8S2 (829.8): calcd. C 33.3, H 3.3, N 3.4; found CCF3SO3]1, 488 (100) [M 2 2 CF3SO3]1, 237 (11) [M 2 2 CF3SO3

2 ActyrOEt]1. 2 1H NMR (CD3NO2): δ 5 1.21 (t, 3 H, CH3 33.4, H 3.8, N 3.4. 2 FAB MS; m/z (%): 681 (3) [M 2 CF3SO3]1,
531 (100) [M 2 2 CF3SO3]1. 2 1H NMR (D2O): δ 5 1.94 (s, 15OEt), 1.93 (s, 3 H, CH3 Ac), 2.19 (s, 15 H, CH3 Cp*), 2.97, 3.16

(2 dd, 2 H, β-CH2), 4.17 (q, 2 H, CH2 OEt), 4.79 (dd, 1 H, α-CH), H, CH3 Cp*), 3.43 (2 dd, 2 H, β-CH2), 4.13, 4.22 (2 m, 1 H, α-
CH), 6.95 (m, 2 H, Hind), 7.74, 7.78, 7.86 (m, 2 H, Hind), 8.36, 8.406.79 (2 d, 2 H, Hmeta tyr), 7.05, 7.18 (2 d, 2 H, Hortho tyr). 2 13C

NMR (CD3NO2): δ 5 8.9 (CH3 Cp*), 12.8 (CH3 OEt), 21.1 (CH3 (2 s, 1 H, Hind). 2 13C NMR (D2O): δ 5 8.3 (CH3 Cp*), 26.0 (β-
C), 52.2 (α-C), 88.1, 96.6, 97.0, 97.6 (Cind), 101.9 (CCH3 Cp*),Ac), 33.6 (β-C), 52.3 (α-C), 62.1 (CH2 OEt), 93.8 (Cmeta tyr), 106.3,

106.5 (Cortho tyr), 110.9 (CCH3 Cp*), 112 (C tyr), 147.2 (COH tyr), 104.9, 114.2, 118.2, 141.4 (Cind), 170.4 (COO). 2 IR: ν̃ 5 1646 s
(CO), 1518 m (NH) cm21.169.4 (COO), 171.5 (NHCO). 2 IR: ν̃ 5 3274 s (NH), 1742 s (CO),

1539 m (NH) cm21. [(η5-Cp*)Rh(ActrpOMe)](CF3SO3)2 (11a): ActrpOMe (51.1
mg, 0.2 mmol) and 2b (142.1 mg, 0.2 mmol) were stirred in 10[(η5-Cp*)Rh(ActyrOH)](CF3SO3)2 (7): The preparation was

performed with N-acetyltyrosine (ActyrOH, 66.7 mg, 0.3 mmol) ml of thf for 48 h at room temperature. The resulting solid was
subsequently stirred for 24 h with diethyl ether and dried in vacuoand 2c (198.1 mg 0.3 mmol) in a manner similar to 6 with the

exception that the thf was refluxed for 16 h. Yield 177.7 mg (78%). to give 11a. Yield 108.3 mg (68%). 2 C26H31F6IrN2O9S2 (796.6):
calcd. C 39.2, H 3.9, N 3.5; found C 39.0, H 3.7, N 3.4. 2 FABRecrystallization by covering an acetone solution with hexane pro-

vided suitable crystals for X-ray analysis. 2 C23H28F6NO10RhS2 MS; m/z (%): 498 (100) [M 2 2 CF3SO3]1, 237 (16) [M 2 2 CF3SO3

2 ActrpOMe]1. 2 1H NMR (CD3NO2): δ 5 1.84, 1.90 (2 s, 3 H,(759.5): calcd. C 36.4, H 3.7, N 1.8; found C 36.0, H 3.7, N 1.6. 2

FAB MS; m/z (%): 609 (1) [M 2 CF3SO3]1, 460 (100) [M 2 2 CH3 Ac), 1.96 (s, 15 H, CH3 Cp*), 3.30 (2 dd, 2 H, β-CH2), 3.64,
3.72 (2 s, 3 H, CH3 OMe), 4.76 (m, 1 H, α-CH), 6.67 (m, 2 H,CF3SO3]1, 205 (11) [M 2 2 CF3SO3 2 ActyrOH]1. 2 1H NMR

(CD3NO2): δ 5 1.97 (s, 3 H, CH3 Ac), 2.20 (s, 15 H, CH3 Cp*), Hind), 7.75 (m, 2 H, Hind), 8.28, 8.33 (2 s, 1 H, Hind). 2 13C NMR
(CD3NO2): δ 5 8.3 (CH3 Cp*), 21.2 (CH3 Ac), 26.0 (β-C), 51.92.95, 3.20 (2 dd, 2 H, β-CH2), 4.77 (dd, 1 H, α-CH), 6.76, 6.80 (2

d, 2 H, Hmeta tyr), 6.90, 7.04 (2 d, 2 H, Hortho tyr), 7.09 (s, 1 H, (CH3 OMe), 52.2 (α-C), 88.1, 96.6, 97.0, 97.6 (Cind), 108.7 (CCH3

Cp*), 108.7, 111.4, 112.8, 141.4 (Cind), 170.0, 170.4 (NHCO, COO).NHCO). 2 13C NMR (CD3NO2): δ 5 8.9 (CH3 Cp*), 21.1 (CH3

Ac), 33.6 (β-C), 52.2 (α-C), 93.8 (Cmeta tyr), 106.2, 106.6 (Cortho 2 IR: ν̃ 5 3328 s (NH), 1741, 1657 s (CO), 1546 m (NH) cm21.
tyr), 110.9 (CCH3 Cp*), 111.6 (C tyr), 147.2 (COH tyr), 170.1 [(η5-Cp*)Ir(AcpheOMe)](CF3SO3)2 (12): N-acetylphenylalan-
(COO), 171.6 (NHCO). 2 IR: ν̃ 5 3284 s (NH), 1749 s (CO), 1573 ine methyl ester (AcpheOMe, 29.5 mg, 0.13 mmol) was added to a
m (NH) cm21. solution of 1a (110.7 mg, 0.13 mmol) in 12 ml of thf and the sus-

pension refluxed for 18 h. After removal of the solvent the resulting[(η5-Cp*)Rh(HtyrOMe)](CF3SO3)2 (8): The preparation was
performed with HtyrOMe (57 mg, 0.3 mmol) and 2b (213.2 mg, precipitate was stirred for 24 h with diethyl ether and dried in vacuo

to afford 12. Yield 84.7 mg (77%). Recrystallization by gas dif-0.3 mmol) in a manner similar to 4 and 5. Yield 177.7 mg (81%).
2 C22H28F6NO9RhS2 (731.4): calcd. C 36.1, H 3.9, N 1.9; found fusion of diethyl ether into a methanol solution provided suitable

crystals for X-ray analysis. 2 C23H30F6IrNO9S2 (846.5): calcd. CC 36.0, H 3.7, N 1.8. 2 FAB MS; m/z (%): 582 (4) [M 2 CF3SO3]1,
432 (100) [M 2 2 CF3SO3]1, 237 (23) [M 2 2 CF3SO3 2 32.6, H 3.6, N 1.7; found C 33.9, H 3.6, N 1.5. 2 FAB MS; m/z

(%): 548 (58) [M 2 2 CF3SO3]1, 4.89 (4) [M 2 2 CF3SO3 2HtyrOMe]1. 2 1H NMR (CD3NO2): δ 5 2.09 (s, 15 H, CH3 Cp*),
3.22, 3.24 (2 dd, 2 H, β-CH2), 3.83 (s, 3 H, COCH3), 4.55 (dd, 1 COOCH3]1. 2 1H NMR (CD3OD): δ 5 2.02 (2 s, 3 H, CH3 Ac),

2.43 (s, 15 H, CH3 Cp*), 3.09, 3.28 (2 dd, 2 H, β-CH2), 3.81 (2 s,H, α-CH), 5.54, 5.58 (2 d, 2 H, Hmeta tyr), 6.48, 6.82 (2 d, 2 H,
Hortho tyr). 2 13C NMR (CD3NO2): δ 5 8.7 (CH3 Cp*), 34.5 (β- 3 H, CH3 OMe), 4.88 (dd, 1 H, α-CH), 7.48 (m, 4 H, phe), 7.57 (t,

1 Hpara, phe). 2 13C NMR (CD3OD): δ 5 10.4 (CH3 Cp*), 22.7C), 53.3 (α-C), 55.5 (CH3 OMe), 93.2, 94.4 (Cmeta tyr), 105.7, 106.4
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(CH3 Ac), 35.7 (β-C), 53.8 (α-C, CH3 OMe), 99.6, 99.7 (C phe), independent reflections; 397 parameters refined; R 5 0.056 [I > 2

σ(I)], wR2 5 0.158 (all data), ∆ρ max./min. 5 1.04/21.12 eÅ23.107.8 (CCH3 Cp*), 115.4 (C phe), 171.6 (NHCO), 173.8 (COO).
IR: ν̃ 5 3386 s (NH), 1745 s, 1667 s (CO), 1533 m (NH) cm21. [(η5-Cp*)Rh(ActyrOH)](CF3SO3)2 (7): C23H28F6NO10RhS2,

M 5 759.5, T 5 193 K, monoclinic, space group P21 (no. 4), a 5[(η5-Cp*)Ir(H2pheOMe)](CF3SO3)3 (13): HpheOMe·HCl
9.445(4), b 5 12.558(4), c 5 12.627(4) Å, β 5 98.12(2)°, V 5(43.1 mg, 0.2 mmol) was dissolved in 10 mL of methanol and
1482.7(9) Å3, Z 5 2, Dcalcd. 5 1.701 g?cm23, µ 5 0.80 mm21. Crys-AgCF3SO3 (0.2 mmol, 51.4 mg) added to the solution. The preci-
tal size: 0.76 3 0.32 3 0.22 mm; ω scan; scan range: 4° # 2 θ #pated AgCl was removed by filtration and the solution dried in
60° (210 # h # 10, 23 # k # 14, 215 # l # 14), 4082 symmetry-vacuo. The resulting solid was stirred with 1b (160.0 mg, 0.2 mmol)
independent reflections; parameters refined; R 5 0.070 [I > 2 σ(I)],in 12 mL of CF3COOH for 24 h. After reduction of the solvent
wR2 5 0.187 (all data), ∆ρ max./min. 5 1.43/21.61 eÅ23.volume to 3 mL, addition of diethyl ether led to precipitation of

[(η5-Cp*)Ir(AcpheOMe)](CF3SO3)2 (12): C24H30F6IrNO9S2,13 which was dried in vacuo. Yield 145.1 mg (76%). 2
M 5 846.8, T 5 215 K, monoclinic, space group P21 (no. 4), a 5C23H29F9IrNO11S3 (954.9): calcd. C 28.9, H 3.1, N 1.5; found C
12.758(3), b 5 9.051(3), c 5 13.403(3) Å, β 5 102.00(2)°, V 528.5, H 3.3, N 1.4. 2 FAB MS; m/z (%): 806 (20) [M]1, 656.2 (16)
1513.8(7) Å3, Z 5 2, Dcalcd. 5 1.858 g?cm23, µ 5 4.635 mm21.[M 2 CF3SO3]1, 506 (100) [M 2 2 CF3SO3]1, 419 (27) [Cp*
Crystal size: 0.47 3 0.23 3 0.18 mm; θ22 θ scan; scan range: 4°IrC6H5CH2]1. 2 1H NMR (CD3OD): δ 5 2.44 (s, 15 H, CH3 Cp*),
# 2 θ # 50° (0 # h # 15, 0 # k # 10, 215 # l # 15), 28463.31 (2 dd, 2 H, β-CH2), 3.89 (2 s, 3 H, CH3 OMe), 4.62 (m, 1
symmetry-independent reflections; 395 parameters refined; R 5H, α-CH), 7.65 (m, phe). 2 13C NMR (CD3OD): δ 5 10.4 (CH3
0.049 [I > 2 σ(I)], wR2 5 0.141 (all data), ∆ρ max./min. 5 3.72/Cp*), 33.7 (β-C), 53.5 (CH3 OMe), 54.7 (α-C), 99.71, 100.1, 100.1,
22.93 eÅ23. The Cp* ligand was refined as a rigid group.100.3, 101.0 (C phe), 108.2 (CCH3 Cp*), 112.7 (C phe), 168.9

(COO). 2 IR: ν̃ 5 1756 s (CO), 1630, 1501 m (NH) cm21.
[1] G. Jaouen, A. Vessières, I. S. Butler, Acc. Chem. Res. 1993, 26,

3612369.[(η5-Cp*)Rh(AcpheOMe)](CF3SO3)2 (14): AcpheOMe (51.1
[2] R. Krämer, Angew. Chem. 1996, 108, 128721289; Angew.mg, 0.2 mmol) was refluxed with 2b (150.5 mg, 0.2 mmol) in 15

Chem. Int. Ed. Engl. 1996, 35, 119721199.mL of thf for 20 h and the solution reduced in volume to 3 mL. [3] A. J. Pearson, K. Lee, J. Org. Chem. 1994, 59, 230422313.
After precipitation with n-hexane, the resulting solid was washed [4] J. W. Janetka, D. H. Rich, J. Am. Chem. Soc. 1995, 117,
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Reaction of cyclo-(CH3AsO)n with MCl3 · x H2O in the formation of respectively octa- or decanuclear cagelike
ligands in [Pt2{[cyclo-(As[CH3]OAs[NC(O)CH3]O)2]2}] (3) andacetonitrile at 100 °C affords [MCl2{cyclo-(CH3AsO)8}] [M =

Ru (1), M = Os (2)] in which cyclooctamers (CH3AsO)8 are [Pt2{[{CH3C(O)N}2As5(CH3)5O4]2}] (4) by metal-assisted
reactions between cyclo-(CH3AsO)n and acetonitrile. λ5-AsIIIstabilised in a κ4As1,3,5,7 binding mode in the equatorial

coordination sphere of the Group 8 metals. In contrast atoms in these complexes participate in square-planar PtII

coordination and themselves exhibit distorted trigonaltreatment of K2PtCl4 with alternatively AgNO3 or Ag2CO3

and cyclo-(CH3AsO)n at 100 °C in the same solvent leads to bipyramidal coordination geometries.

Introduction ordinated by the upper or lower three As atoms of a flat-
tened As6O6 cuboctahedron. An analogous κ3As1,3,5 mode
has also recently been established in the mononuclear com-Although (CH3AsO)n was synthesised some 140 years

ago by A. von Baeyer[1] as the first example of an alkyl- plexes [RuCl2{cyclo-(C2H5AsO)6}] and [RhCl3{cyclo-
(C2H5AsO)6}] [11]. Analysis of the molecular geometry ofcycloarsoxane, it is only in the past decade that the poten-

tial of this class of compounds as ambidentate macrocyclic the alkylcycloarsoxanes indicates that, whereas (RAsO)6

cuboctahedra should be capable of facial coordination of aligands has been recognised and exploited[2]. Both mesityl-
and methylcycloarsoxane have been crystallised as cyclic transition metal fragment such as M(CO)3 with a minimum

of conformational change, severe ring strain would clearlytetramers (RAsO)4 and characterised by X-ray structural
analysis [3] [4]. In contrast to this apparent preference for the be introduced in the case of (RAsO)3. Extension of these

geometrical arguments leads to the prediction that fourfoldtetrameric form in the solid state, 1H-NMR investigations
have demonstrated that (CH3AsO)n and (C2H5AsO)n are equatorial coordination of a transition metal should best be

achieved by the κ4As1,3,5,7 mode of a cyclooctamerpresent as a mixture of cyclic oligomers (n 5 225) in solu-
tion[5] [6] [7] for which the nuclearities n 5 3 and 4 predomi- (RAsO)8. Such oligomers are previously unknown as either

isolated or coordinated species and have also not been de-nate. The dynamic equilibria between such cyclic iono-
phores can be influenced by the addition of alkali metal tected in solutions of alkylcycloarsoxanes[5] [6] [7].

We now report our studies on the reactions ofcations. Whereas Na1 cations stabilise the crown shaped
cyclic tetramer in [Na{cyclo-(C2H5AsO)4-κ4O}2]SCN, em- MCl3 ·H2O (M 5 Ru, Os) and K2PtCl4 with (CH3AsO)n in

acetonitrile at 100°C, which we believed might enable theployment of larger cations allows the isolation of penta-
gonal antiprismatic sandwich units in compounds of stabilisation of (CH3AsO)8 in the octahedral coordination

spheres of MII (obtained by reduction of MCl3 ·H2O) orthe type [M{cyclo-(C2H5AsO)5-κ5O}2]X (M 5 K1, NH4
1,

Cs1) [8] [9]. the square-planar coordination sphere of PtII.
The presence of an alternative set of soft As donor atoms

coupled with their apparent low energy barriers to ring con-
traction or expansion in organic solvents suggests that the Results
alkylcycloarsoxanes should also be capable of exhibiting a
rich variety of binding modes in the coordination spheres [RuCl2{cyclo-(CH3AsO)8}] (1) and [OsCl2{cyclo-

(CH3AsO)8}] (2) are isostructural and contain unpre-of transition metals. Indeed, the metal-mediated ring expan-
sion from the predominate cyclic trimers and tetra- cedented cyclooctamers (CH3AsO)8 that are stabilised in

the equatorial coordination plane of the Group 8 transitionmers to hexameric (RAsO)6 has been confirmed for the
carbonyl transition metal complexes [{M(CO)3}2- metals. The required reduction of MIII in the starting com-

pounds MCl3 ·x H2O (M 5 Ru, Os) to MII in 1 and 2 is{µ-[cyclo-(RAsO)6]}] (M 5 Mo; R 5 CH3
[10], C2H5

[12];
M 5 Cr, W; R 5 C2H5

[7]) and [{ReBr(CO)2}2{µ-[cyclo- accompanied by ligand cleavage and oxidation to
CH3AsO(OH)2, which can be isolated from the filtrate of(C2H5AsO)6]}] [11], in which the metal atoms are facially co-
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the final reaction mixture. Inspection of the As2Os2As As mentioned in the Introduction previous examples of

metal-mediated ring expansion for alkylcycloarsoxanesangles [average values 90(1) and 177.4(2)°] and Os2As dis-
tances [2.400(3) Å] for the OsII octahedral complex 2 de- have been restricted to cyclopentamers and -hexamers.

However we have recently investigated the analogous reac-picted in Figure 1 confirm the suitability of the very flexible
16-membered As8O8 macrocycle for its adopted κ4As1,3,5,7 tion of MCl3 ·H2O (M 5 Ru, Os) with cyclo-(C2H5AsS)n in

toluene[12], which leads to the assembly of the novel macro-coordination mode. Similar average As2M2As angles
[90(1) and 177.5(2)°] and M2As distances [2.400(4) Å] are cyclic hexadentate ligand [(C2H5)6As8S10]22 in the octa-

hedral coordination spheres of RuII and OsII at tempera-found in the isostructural RuII complex 1. As2O distances
to the coordinated arsenic atoms As1, As3, As5, and As7 tures of 105 and 140°C, respectively. In contrast to the

cyclooctamers (CH3AsO)8 reported in the present work,are on average [1, 1.758(7); 2, 1.75(1) Å] shorter than those
to the remaining non-coordinated Group 15 atoms [1, two alkyl substituents of the potential macrocyclic ligand

(C2H5AsS)8 are replaced by terminal thiolate sulphurs in1.799(7); 2, 1.79(1) Å]. A concomitant widening of the
O2As2O angles for the former atoms is apparent [1, [(C2H5)6As8S10]22. These soft donor atoms then occupy cis-

sited positions in the resulting transition metal coordination99.7(4)° vs. 97.0(2)°; 2, 99.9(7)° vs. 97.4(8)°].
spheres. Contrasting small As2Os2S angles of 80.5(2) andFigure 1. Molecular structure of [OsCl2{cyclo-(CH3AsO)8}] (2)
82.3(3)° in the five-membered chelate rings of [Os-viewed from above the equatorial OsAs4 coordination plane
{(C2H5)6As8S10}] and large As2Os2As angles of 101.2(1)
and 100.5(1)° in the six-membered chelate rings of this com-
plex reflect a pronounced deviation from an idealised octa-
hedral geometry.

Macrocyclic Cleavage Products

The apparent suitability of (CH3AsO)8 for κ4As1,3,5,7

equatorial coordination of transition metals prompted us to
investigate whether this cyclooctamer can also be stabilised
in the square-planar coordination sphere of PtII. However,
we were unable to isolate methylcycloarsoxane complexes
by treatment of PtII with (CH3AsO)n, following initial pre-
cipitation of chloride ions in K2PtCl4 as AgCl. In contrast,1 and 2 exhibit approximately C4V molecular symmetry
the direct reaction of K2PtCl4 with AgNO3 or alternativelyin which both the coordinating arsenic atoms and their
Ag2CO3 and (CH3AsO)n in acetonitrile at 100°C in anon-coordinating O and As neighbours all effectively be-
Carius tube did lead to the stabilisation of macrocycliclong to common planes. For instance, whereas the former
octa- and decanuclear As-O ligands, albeit as metal-me-atoms are sited at ± 0.006 Å from the equatorial RuII coor-
diated cleavage products of the original methylcycloars-dination plane in 1, the remaining arsenic atoms As2, As4,
oxane. Two dimeric PtII complexes, [Pt2{[cyclo-(As[CH3]-As6, and As8 display alternating deviations of ± 0.107 Å
OAs[NC(O)CH3]O)2]2}] (3) and [Pt2{[{CH3C(O)N}2As5-from the second As4 plane of an As8O8 “double crown“
(CH3)5O4]2}] (4) were isolated in relatively low yields (ca.(Figure 2). This conformation of the 16-membered macro-
25%) under such conditions, depending on the molar ratiocycle is characterised by a torsion angle pattern of the type
of the starting materials. For instance, whereas a 2:3:4 stoi-(a, b, 2b, 2a)4, in which the absolute value of a varies be-
chiometric ratio of K2PtCl4/Ag2CO3/(CH3AsO)n (for n 5tween 104.5(4) and 124.3(5)° in 1 [105.0(9) and 124.6(9)° in
1) affords 3, the arsenic-richer complex 4 can be generated2] that of b between 59.5(5) and 75.0(4)° [58.7(9) and
by increasing the (CH3AsO)n content of the starting mix-74.7(9)° in 2].
ture (molar ratio 2:3:6). An increased Pt/As relationship is

Figure 2. Molecular structure of [RuCl2{cyclo-(CH3AsO)8}] (1) required in the presence of AgNO3 [e.g. a K2PtCl4/AgNO3/viewed from the side
(CH3AsO)n molar ratio of 1:3:6 for 3] to compensate for
the partial oxidation of (CH3AsO)n to CH3As(O)(OH)2 by
NO3

2 anions under such conditions. The red crystal sheafs
could be separated without difficulty in each case in a man-
ual fashion from precipitated AgCl. To our surprise both
compounds contained novel octadentate anionic ligands,
that result from metal-assisted reactions between (CH3-
AsO)n and acetonitrile. The role of Ag1 cations in directing
ligand construction still remains unclear.

As depicted in Figures 3 and 4, the solvent molecules
are converted into acetamido [CH3C(O)N] building units,
whose trigonal planar amide nitrogens (N12N4 in 3; N1,
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Figure 5. Alternative structural models 1 and 2 for the [CH3C(O)N]Figure 3. Molecular structure of [Pt2{[cyclo-(As[CH3]OAs[NC(O)-

CH3]O)2]2}] building units in 3

Figure 4. Molecular structure of [Pt2{[{CH3C(O)N}2As5(CH3)5-
O4]2}]

Figure 6. Monomeric units in the macrocyclic ligands of
[Pt2{[cyclo-(As[CH3]OAs[NC(O)CH3]O)2]2}] (3) and [Pt2{[{CH3C-

(O)N}2As5(CH3)5O4]2}] (4)

N2 and Ci symmetry-related atoms in 4) are bonded to both
PtII and AsIII atoms. Refinements of alternative structural
models, in which the positions of the N and O atoms in all
four such moieties are exchanged (model 2 in Figure 5), led
in both cases to significant deterioration in the R and wR2

values. The latter reliability index increases on going from
model 1 to model 2 from 0.144 to 0.147 for 3 and from
0.118 to 0.121 for 4 under these circumstances. Structural
corroboration of the chosen atom assignments in the
macrocyclic As-O ligands of 3 and 4 is provided by the
short trans sited N2Pt distances [average values: 3, 2.04(2);
4, 2.03(1) Å] and the very long coordinative axial ORAs
distances [average values: 3, 2.20(2); 4, 2.27(2) Å], whose
values would be most unreasonable for a possible alterna-
tive formulation as ORPt and N2As bonds (model 2). The
respectively octa- and decanuclear ligands in these com-
plexes may be regarded as being composed of the mono-
meric units shown in Figure 6. These are linked into dimers The PtII atoms in both complexes exhibit square-planar

As2N2 coordination spheres with donor atoms of the samethrough the weak dative ORAs interactions already dis-
cussed. Eight-membered As4O4 rings can be identified for type sited trans to one other. Their separation increases

from 3.01(1) to 5.49(1) Å on going from 3 to 4, a state of3, As5O4 chains for 4. The average C2O, C2N and C2C
distances of 1.26(2), 1.32(3) and 1.48(3) Å in the affairs that is reflected in a concomitant marked decrease

in density Dcalcd. from 3.226 to 2.679 g cm23. Four of the[CH3C(O)N] units of 3 are similar to the values found for
the analogous moieties in 4 [1.30(4), 1.30(4), 1.50(4) Å]. arsenic atoms in 3 [As2, As4, As6, As8] and six such atoms
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in 4 [As1, As3, As5, and Ci symmetry related atoms] display with solvent acetonitrile can afford novel cagelike multiden-

tate ligands. The presence of silver cations (as provided bytypical ψ-tetrahedral coordination geometries.
AgNO3 or Ag2CO3) to remove chloride ions as AgCl is a
necessary prerequisite for the construction of the respec-

Trigonal Bipyramidal Coordination of AsIII tively octa- and decanuclear ligands in 3 and 4.

The remaining arsenic atoms in 3 and 4 participate in
PtII coordination and themselves exhibit unique distorted Experimental Section
trigonal bipyramidal coordination geometries. Average

All manipulations were performed in an Ar atmosphere in care-bond lengths and angles to these λ5-As atoms are summa-
fully dried solvents. 2 FAB MS: Fisons VG Autospec with 3-nitro-rised in Table 1. AsIII can be regarded as a weak Lewis acid
benzyl alcohol as matrix. 2 FTIR: Perkin-Elmer 1760X. 2 El-

in its trihalides AsX3 and its ability to extend its coordi- ementary analyses: Carbo Erba 1106 (for 3 and 4) and Mikroanaly-
nation number to 4 (ψ-trigonal bipyramidal), 5 (ψ-octa- tisches Labor Beller, Göttingen (for 1 and 2). 2 cyclo-(CH3AsO)n
hedral), and even 6 (octahedral) is now structurally well was prepared by alkaline hydrolysis [7] of CH3AsCl2.
documented for such compounds[13] [14] [15]. A similar tend-

[RuCl2{cyclo-(CH3AsO)8}] (1): RuCl3 · x H2O (21 mg, 0.1
ency to participate in secondary bonds has also been re- mmol) was combined in a Carius tube (Duran glass, medium-
ported for AsIIIO3 units, e.g. O···As interactions of length walled 4 mm, diameter 16 mm, length 12 cm, volume approximately
2.68 Å in Ba2As6O11

[16]. A characteristic property of or- 10 cm3) with cyclo-(CH3AsO)n (106 mg, 1.0 mmol for n 5 1) dis-
ganoarsenic(III) compounds is, of course, their pronounced solved in 1.5 ml of acetonitrile. The tube was flame sealed, heated
Lewis basicity and examples of their dative AsRM bonds to 100°C over 40 h and allow to cool slowly to room temperature

over a further 80 h. After opening, the solid state product was(M 5 metal), in which the AsIII atoms display a tetrahedral
filtered off and washed with acetonitrile to afford yellow 1. Yieldcoordination geometry, are myriad. In contrast, to our
72.4 mg (71%). 2 C8H24As8Cl2O8Ru (1019.6): calcd. C 9.4, H 2.4,knowledge, 3 and 4 provide to first examples of AsIII atoms
As 58.8; found C 9.4, H 2.3, As 58.8. 2 FAB-MS [m/z (%)]: 482(1)in a trigonal bipyramidal coordination environment, i.e. of
[As5Me4O3]1, 395(4) [As4Me2O4]1, 329(10) [As4Me2]1, 289(13)trivalent arsenic behaving simultaneously as a Lewis base
[As3MeO3]1, 259(16) [As2Me3O4]1. 2 IR (KBr): ν̃ 5 2999 cm21

and Lewis acid. An analysis of the bond distances in 3 and (w), 2907 (w), 830 (s), 803 (s), 773 (s), 684 (s), 623 (m), 584 (s), 526
4 indicates that the possible alternative assignment of the (s, br).
oxidation state IV to the λ5-As atoms would be inappropri-

[OsCl2{cyclo-(CH3AsO)8}] (2): OsCl3 · x H2O (31 mg, 0.1ate. For instance the axial donor ORAs interactions involv-
mmol) and cyclo-(CH3AsO)n (106 mg, 1.0 mmol for n 5 1) were

ing the acetamino units are much weaker than the opposite heated in 1.5 ml of acetonitrile in a Carius tube with the similar
As(O)2As bonds (Table 1). This state of affairs manifests temperature programme as for 1. Yield 74.3 mg of yellow 2 (67%).
itself in the pronounced distortion of the trigonal bipyrami- 2 C8H24As8Cl2O8Os (1108.7): calcd. C 8.7, H 2.2, As 54.0; found
dal coordination spheres of the λ5-As atoms towards the C 8.6, H 2.1, As 53.9. 2 FAB-MS [m/z (%)]: 482(2) [As5Me4O3]1,
tetrahedra, that are characteristic for organoarsenic(III) 395(5) [As4Me2O4]1, 329(12) [As4Me2]1, 289(13) [As3MeO3]1,

259(22) [As2Me3O4]1. 2 IR (KBr): ν̃ 5 3001 cm21 (m), 2907 (m),complexes. The degree of distortion in 3 may be gauged
829 (s), 773 (s), 683 (s), 628 (s), 584 (s), 528 (s, br).from the displacements ∆ of 0.17920.203 Å for the λ5-As

atoms from the planes of their equatorial substituents [Pt2{[cyclo-(As[CH3]OAs[NC(O)CH3]O)2]2}] (3): K2PtCl4
towards the axial acetamido O atoms. ∆ increases on going (105 mg, 0.25 mmol), AgNO3 (127 mg, 0.75 mmol), and cyclo-

(CH3AsO)n (159 mg, 1.50 mmol for n 5 1) were heated to 100°Cfrom 3 to 4 (As2 0.2320 Å, As4 0.2620 Å).
in 1.5 ml of acetonitrile over a period of 16 h in a sealed Carius

Table 1. Average bond lengths [Å] and angles [°] to the trigonal tube. After cooling to room temperature over 80 h the tube was
bipyramidal λ5-As atoms in 3 and 4 (ax 5 axial, eq 5 equatorial) opened and the sheafs of red crystals of 3 separated manually from

precipitated AgCl. Yield after washing 34.2 mg (26%). 2
3 4 C12H24As8N4O12Pt2 (1405.9): calcd. C 10.2, H 1.7, N 4.0; found C

9.3, H 1.4, N 3.6. 2 FAB-MS [m/z (%)]: 329(13) [As4Me2]1, 289(14)
As2Pt 2.387(6) 2.382(1) [As3MeO3]1. 2 IR (KBr): ν̃ 5 3011 (w), 2920 (w), 1516 (s), 1385
As2C 1.90(2) 1.93(3)

(s), 1029 (m), 820 (s), 781 (s), 679 (m), 628 (m), 597 (m), 477 (s).As2Oeq 1.741(6) 1.772(9)
As2Oax(As) 1.834(6) 1.82(2) [Pt2{[{CH3C(O)N}2As5(CH3)5O4]2}] (4): K2PtCl4 (206 mg,As2Oax(C) 2.20(2) 2.27(2)

0.50 mmol), Ag2CO3 (208 mg, 0.75 mmol), and cyclo-(CH3AsO)n

(159 mg, 1.50 mmol for n 5 1) were heated to 100°C in 1.5 ml ofPt2As2C 128(2) 128.4(9)
Pt2As2Oeq 127.3(8) 122(2) acetonitrile with the similar temperature programme as for 3. After
C2As2Oeq 102(1) 104.9(8) cooling to room temperature the tube was opened and the sheafsPt2As2Oax(As) 99.5(6) 101.8(6)

of red crystals of 4 separated manually from precipitated AgCl.Pt2As2Oax(C) 87.0(2) 85.7(1)
Yield after washing 33.0 mg (25%). 2 C18H42As10N4O12Pt2(As)Oax2As2Oax(C) 173.3(6) 172.4(4)
(1645.9): calcd. C 13.1, H 2.6, N 3.4; found C 12.8, H 2.4, N 3.1.
2 FAB-MS [m/z (%)]: 603(1) [As4Me4O3Pt]1, 498(2) [As5Me4O4]1,

Our present work demonstrates that the previously un- 482(2) [As5Me4O3]1, 345(10) [As2Pt]1, 329(11) [As4Me2]1, 289(13)
known cyclooctamers (CH3AsO)8 can be stabilised in the [As3MeO3]1. 2 IR (KBr): ν̃ 5 3001 (w), 2965 (w), 1499 (s), 1402
equatorial coordination plane of transition metals. At el- (s), 1231 (w), 1022 (w), 792 (m), 763 (m), 731 (s), 698 (s), 567 (m),

511 (m).evated temperatures, cleavage and metal-mediated reaction
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X-ray Structural Analyses: Siemens P4 diffractometer, graphite 15.410(3) Å, β 5 92.93(3)°, V 5 2040.2(7) Å3, Z 5 2, Dcalcd. 5

2.679 g cm23, µ 5 14.95 mm21. Crystal size 0.30 3 0.32 3 0.46monochromator, Mo-Kα radiation (λ 5 0.71073 Å), SHELXS-
86[17] for structure solution by direct methods and SHELXL-93[18] mm; ω-scan, scan range: 2θ # 45° (0 # h # 11, 0 # k # 13,

216 # l # 16), 2616 symmetry independent reflections from 2791for refinement by full-matrix least squares. Semi-empirical absorp-
tion corrections were applied to the intensity data by use of ψ scans. collected (Rint 5 0.032), max./min. transmission: 0.016/0.006; 215

parameters refined; R 5 0.046 [I > 2σ(I)], wR2 5 0.119 [all reflec-Hydrogen atoms were included at calculated positions[19].
tions], S 5 1.02; ∆ρmax 5 0.93 eÅ23, ∆ρmin 5 21.01 eÅ23.1: C8H24As8Cl2O8Ru, M 5 1019.6, monoclinic, space group P21/

c, a 5 11.777(2), b 5 15.600(3), c 5 14.404(3) Å, β 5 97.71(3)°,
V 5 2622.4(9) Å3, Z 5 4, Dcalcd. 5 2.583 g cm23, µ 5 10.85 mm21. [1] A. von Baeyer, Ann. Chem. 1858, 107, 279.
Crystal size 0.34 3 0.50 3 0.70 mm; ω-scan, scan range: 2θ # 50° [2] W. S. Sheldrick, I. M. Müller, Coord. Chem. Rev. 1998, in press.
(0 # h # 14, 0 # k # 18, 217 # l # 16), 4573 symmetry inde- [3] A. M. Arif, A. H. Cowley, M. Pakulski, J. Chem. Soc., Chem.

Commun. 1987, 165.pendent reflections from 4806 collected (Rint 5 0.030), max./min.
[4] A.-J. DiMaio, A. L. Rheingold, Organometallics 1991, 10, 3764.transmission: 0.023/0.006; 252 parameters refined; R 5 0.041 [I > [5] H. C. Marsmann, J. R. van Wazer, J. Am. Chem. Soc. 1970,

2σ(I)], wR2 5 0.096 [all reflections], S 5 1.05; ∆ρmax 5 0.85 eÅ23, 92, 3969.
∆ρmin 5 20.87 eÅ23. [6] M. Durand, J.-P. Laurent, J. Organomet. Chem. 1974, 77, 225.

[7] W. S. Sheldrick, T. Häusler, Z. Naturforsch. Teil B 1993, 48,2: C8H24As8Cl2O8Os, M 5 1108.7, monoclinic, space group P21/ 1069.
c, a 5 11.778(2), b 5 15.559(3), c 5 14.439(3) Å, β 5 97.59(3)°, [8] W. S. Sheldrick, T. Häusler, Z. Anorg. Allg. Chem. 1993, 619,

1984.V 5 2622.8(9) Å3, Z 5 4, Dcalcd. 5 2.808 g cm23, µ 5 15.11 mm21.
[9] T. Häusler, W. S. Sheldrick, Chem. Ber. 1997, 130, 371.Crystal size 0.38 3 0.50 3 0.50 mm; ω-scan, scan range: 2θ # 47.5°
[10] A. L. Rheingold, A.-J. DiMaio, Organometallics 1986, 5, 393.(0 # h # 13, 0 # k # 17, 216 # l # 16), 3966 symmetry inde- [11] T. Häusler, W. S. Sheldrick, Z. Naturforsch. Teil B 1997, 52, 679.

pendent reflections from 4162 collected (Rint 5 0.048), max./min. [12] T. Häusler, W. S. Sheldrick, Chem. Ber. 1996, 129, 131.
[13] W. S. Sheldrick, H.-J. Häusler, Angew. Chem. 1987, 99, 1184;transmission: 0.023/0.006; 252 parameters refined; R 5 0.048 [I >

Angew. Chem. Int. Ed. Engl. 1987, 26, 1172.2σ(I)], wR2 5 0.124 [all reflections], S 5 1.03; ∆ρmax 5 1.04 eÅ23,
[14] W. S. Sheldrick, C. Horn, Z. Naturforsch. Teil B 1989, 44, 405.∆ρmin 5 21.26 eÅ23. [15] S. Grewe, T. Häusler, M. Mannel, B. Rossenbeck, W.S. Sheld-

rick, Z. Anorg. Allg. Chem. 1998, 624, 613.3: [Pt2{[cyclo-(As[CH3]OAs[NC(O)CH3]O)2]2}], M 5 1405.9,
[16] W. S. Sheldrick, H.-J. Häusler, Z. Anorg. Allg. Chem. 1986,monoclinic, space group P21/n, a 5 11.638(2), b 5 13.110(3), c 5

538, 45.
19.781(4) Å, β 5 106.46(4)°, V 5 2894.4(10) Å3, Z 5 4, Dcalcd. 5 [17] G. M. Sheldrick, SHELXS-86, Acta Crystallogr. Sect. A. 1990,
3.226 g cm23, µ 5 18.79 mm21. Crystal size 0.40 3 0.40 3 0.44 46, 467.

[18] G. M. Sheldrick, SHELXL-93, Universität Göttingen, 1993.mm; ω-scan, scan range: 2θ # 50° (0 # h # 13, 0 # k # 15,
[19] Crystallographic data (excluding structure factors) for the struc-223 # l # 22), 5064 symmetry independent reflections from 5315

tures reported in this paper have been deposited with the Cam-
collected (Rint 5 0.073), max./min. transmission: 0.256/0.156; 331 bridge Crystallographic Data Centre. Copies of the data (depo-
parameters refined; R 5 0.055 [I > 2σ(I)], wR2 5 0.144 [all reflec- sition numbers 102190 2 102193) may be obtained free of

charge on application to the Director, CCDC, 12 Union Road,tions], S 5 1.05; ∆ρmax 5 2.53 eÅ23, ∆ρmin 5 22.14 eÅ23.
Cambridge CB2 1EZ, UK (fax: int. Code 1 44 (0)1223/ 336-

4: [Pt2{[{CH3C(O)N}2As5(CH3)5O4]2}], M 5 1645.9, mono- 033, e-mail: deposit@chemcrys.cam.ac.uk).
[I98239]clinic, space group P21/n, a 5 10.356(2), b 5 12.801(3), c 5
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The first syntheses of pentacarbonyl[2-(pentamethyl-2,4- case, a dinuclear carbene complex with a P(Cp*)–O–P(Cp*)
bridging unit was isolated. Under ordinary reactioncyclopentadien-1-yl)-2H-azaphosphirene]tungsten complex-

es are reported, using a one-pot reaction of dichloro(pen- conditions 2H-azaphosphirene complexes are slowly
transformed into {pentacarbonyl[chloro(pentamethyl-2,4-tamethyl-2,4-cyclopentadien-1-yl)phosphane (Cp*PCl2) with

triethylamine and {[amino(aryl)carbene]pentcarbonyltung- cyclopentadien-1-yl)phosphane]tungsten(0)}. NMR-spectros-
copic and single-crystal X-ray structural data of somesten(0)}. [Pentamethyl-2,4-cyclopentadien-1-yl]phosphane-

diyl-bridged dinuclear carbene complexes are formed as dinuclear carbene complexes and 2-(pentamethyl-2,4-
cyclopentadien-1-yl)-2H-azaphosphirene complexes arelong-lived intermediates, which, by elimination and

rearrangement reactions, led to the final products. If traces presented.
of water were present, then by-products were formed; in one

The chemistry of (2H-azaphosphirene)tungsten com- subsequent transformations (paths a and b) must have oc-
curred very fast, because the mono-condensation productsplexes has recently been the subject of increased interest,

because of their widespread applicability in the synthesis of 3 could not be detected. Instead, the first products formed
in these reactions were the (Cp*-phosphanediyl)-bridged di-three-, [2] four- [3] and five-membered[4] heterocycles. There-

fore, our interest in further synthetic investigations was en- nuclear (carbene)metal complexes 4a2e, aside with small
amounts of the 2H-azaphosphirene complexes 6a2e andhanced, and one of our most important aims was to de-

velop a new access to 2H-azaphosphirene complexes using complex 7. 4a2e were most probably formed, according to
the two pathways a, b depicted in Scheme 1. Path a de-amino(aryl)carbene complexes, a base and dichloro(or-

gano)phosphanes. Compared to [bis(trimethylsilyl)methy- scribes a further condensation, yielding 4a2e, whereas a
base-induced hydrogen chloride elimination, followed bylene]chlorophosphane, which was used in our initial syn-

thetic approach,[5] the advantages should be: the ease of addition of one equivalent of 1 to the short-lived intermedi-
ates 5 (cf. ref. [9]), would also explain the generation of theaccessibility, the option of introducing P-functional groups

into 2H-azaphosphirene complexes and the potential exten- complexes 4a2e (path b). Interestingly, upon prolonged re-
action, complexes 4a2e eliminated 1 yielding the 2H-aza-sion of this method to condensation reactions of other di-

chloro(organo)element compounds of group-15 elements. phosphirene complexes 6a2e, probably by unspecified re-
arrangements of 5; this elimination reaction has been pro-Furthermore, in order to mimic the bulkyness of the bis(tri-

methylsilyl)methyl substituent, which is useful for kinetic ven for the case of 4c by treating a pure sample of 4c with
triethylamine yielding 6c. We observed that one of the fac-stabilization, we chose pentamethyl-2,4-cyclopentadien-1-yl

(denoted hereafter as Cp*) and the corresponding dichloro- tors that limited the yields of 6a2e was the rate of the reac-
tion of complexes 6a2e with triethylammonium chloride,phosphane, [6] Cp*PCl2.

Our first attempts to treat amino(aryl)carbene complexes which led to [{Cp*P(H)Cl}W(CO)5] (7) in all cases (Scheme
1). This latter reaction was found to depend strongly on the1a, b, [7] c, [8] d, e [7] with Cp*Cl2 (2) at ambient temperature

in ether with an excess of triethylamine failed. Therefore, nature of the para-phenyl substituent, the concentration
and, most importantly, on the reaction temperature. There-we switched to the more polar solvent dichloromethane for

the reactions reported hereafter. According to 31P-NMR- fore, the temperature had to be kept between 0 and 18°C
throughout the reactions and subsequent manipulations.spectroscopic investigations, the first condensation step and
Apart from complexes 4a2e, 6a2e and 7, two other un-

[e] Part 12: See ref. [1]. identified products (amounts < 5%) were formed transi-
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Scheme 2ently; e.g. after generating complex 4c by treating two

equivalents of complex 1c with one equivalent of 2, 31P-
NMR signals appeared at δ 5 42.1 [d, 1J(P,H) 5 503.0 Hz]
and δ 5 28.2 [d, 1J(P,H) 5 511.0 Hz]. Based on these 31P-
NMR-spectroscopic observations, we tentatively assign
these resonances to products with σ4λ5-PH-functional
structural units, which could arise from hydrogen-shift reac-
tions from the nitrogen to the phosphorus atom in 4c.

Scheme 1. Proposed reaction course for the formation of metal
complexes 4a2g, 6a2g and 7

complexes 4a2e, 6a2e, 7 and 8 are presented in Tables 1
and 2; information on crystallographic data collection and
structure determination of complexes 4a, b, 6b, c and 8 are
summarized in Table 3, characteristic structural data of
complexes 4a, b and 8 are given in Table 4 and those
of 6b, c together with 9, {2-[bis(trimethylsily)methyl]-3-
phenyl-2H-azaphosphirene-κP}pentacarbonyltungsten(0)[7],
in Table 5.

Table 1. Selected 13C-[a], 31P-NMR-spectroscopic[a] data of dinu-
clear [(4-X-phenyl)carbene]metal complexes 4a2g and 8

X 4 δ31P δ13C- J(P,C) δ13C- J(P,C)
(M5CR2) (Ar-C1)

CF3 a 63.1 285.4 s 155.5 9.7
Cl b 61.9 285.9 s 150.9 9.7
H c 63.0 287.1 s 152.9 10.0
F d 62.1 286.3 s 149.0 9.7
CH3 e 63.0 288.1 s 150.3 9.7
OCH3 f 62.5[b] [c] [c] [c] [c]

N(CH3)2 g 64.7 282.4 s 151.0 9.7
F 8 130.0 283.7 s 149.3 [c]

[a] CDCl3, room temp.; δ/[ppm], J/[Hz]. 2 [b] Reaction solution. 2
[c] Not determined.

Significant structural units of complexes 4a2g and 8
such as W5CR2, Ar2C1 and Cp*P(NR2)X (X 5 O, NR2)
are characterized by their typical NMR resonances (Table
1), the latter units displaying chemical shift values in their
31P-NMR spectra at δ 5 63±2 and the former at low fieldIf reactions of 1 with 2 were carried out in the presence

of traces of water, other products were formed; in the reac- at δ 5 285±3 (W5CR2) and 152±4 (Ar-C1). It should be
noted that the 31P-13C coupling-constant magnitudes aretion of 1c with 2, we were able to isolate the dinuclear (car-

bene)metal complex 8 (Scheme 2) having the P(Cp*)- very small for the W5CR2 carbon atoms (in all cases the
signals could not be resolved) and ca. 10 Hz for the Ar-C12O2P(Cp*) instead of the P(Cp*) bridging unit. This

P2O2P bridge most probably resulted from a conden- carbon atoms. Although no temperature-dependent NMR
measurements were undertaken to investigate circumambu-sation reaction of two transiently formed (carbene)metal

complexes, one having a PCl- and the other a POH-func- latory 1,5-sigmatropic rearrangements of the phosphorus
moiety along the Cp* ring in 4a2g, these compoundstional group.

Although all complexes described herein have been sepa- should show degenerate rearrangements of this type, in con-
trast to coordinated phosphorus compounds (such as therated and purified by low-temperature column chromatog-

raphy and crystallization, we were unable to obtain exact 2H-azaphosphirene complexes 6a2g). [6] [10]

2H-azaphosphirene complexes 6a2g display trends inelemental analyses, for reasons that are unclear. Neverthe-
less, the products were unambigously characterized by sev- chemical shift values and coupling constants (Table 2) that

are quite similar, but less pronounced than those of recentlyeral spectroscopic methods. NMR-spectroscopic data of
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Figure 1. Molecular structure of 4a in the crystal (ellipsoids repres-described 2-(p-phenyl)-substituted 2H-azaphosphirene
ent 30% probability levels, hydrogen atoms are omitted for clarity)complexes with the bis(trimethylsilyl)methyl group at phos-

phorus atom.[7] Compared to the latter complexes, 6a2g
have 2H-azaphosphirene ring carbon atom resonances that
are generally more upfield shifted and have smaller 31P-13C
coupling-constant magnitudes. There are remarkable up-
field shifts in the 1H- and 13C-NMR resonances of the Cp*
2C1 methyl groups, which are even more shielded than in
compounds such as Cp*PH2 (δ 5 1.10). [6] Although the
origin of this significant effect is not yet understood, two
further aspects seem relevant. First, in order to enable bet-
ter comparison with complex 9, the 15N-NMR resonance
of 6c was determined [6c: δ 5 265.2, 1J(P,N) 5 39.0 Hz;
versus 9: δ 5 253.2, 1J(P,N) 5 36.9 Hz]; this presumably
points to a higher electron density at the nitrogen atom in
6c. The second point is discussed below.

Table 2. Selected 13C-[a], 31P-NMR- spectroscopic[a] data of (4-X-
phenyl)-substituted complexes 6a2g (exclusively ring atoms of the

2H-azaphosphirene ring system)

Figure 2. Molecular structure of 4b in the crystal (ellipsoids repres-
ent 50% probability levels, hydrogen atoms are omitted for clarity)X 6 δ31P 1J(P,W) δ13C ΣJ(P,C)

CF3 a 2102.5 289.6 188.3 s
Cl b 2105.3 289.2 186.5 s
H c 2167.3 288.4 189.0 1.7
F d 2105.9 289.0 188.1 s
CH3 e 2110.8 287.2 188.6 s
OCH3 f 2109.8 285.6 187.5 s
N(CH3)2 g 2117.7[b] 285.1[b] [c] [c]

[a] CDCl3, room temp.; δ/[ppm], J/[Hz]. 2 [b] Reaction solution. 2
[c] Not determined.

The molecular structures of the complexes 4a, b, as deter-
mined by X-ray crystallography (Figures 1, 2 and Table 3),
consist of two Cp*P-bridged amino(aryl)carbene complex
moieties, which have an (E,E) configuration of the penta-
carbonyltungsten and the Cp*P fragment with respect to
the C2N bond and which differ mainly in their metal2car-
bon and nitrogen2phosphorus bond lengths of their
W2C2P2N skeletons (Table 4). Compared to the struc-
ture of [{N-[bis(diisopropylamino)phosphanyl]amino}-
(methyl)methylene]pentacarbonylmolybdenum(0)[11] (10),
all P2N bonds of 4a, b are shorter than the related P2N

Figure 3. Molecular structure of 6b in the crystal (ellipsoids repres-bond of 10 [1.803(2) Å] (Table 4). It is noteworthy that 4a, ent 50% probability levels, hydrogen atoms are omitted for clarity)
b always show combinations of short P2N bonds and small
N2P2C angles (or the opposite); these differences in bond-
ing may serve as picture for an early stage of the elimination
process, which was shown to proceed in solution. In con-
trast to these findings, complex 8 (Figure 3) displays less
dissimilar bonds and angles of its structural subunits
(Table 4).

2H-azaphosphirene complexes 6b,c have molecular struc-
tures (Figures 4, 5 and 6) which are somewhat different
from the previously reported structure[7] of complex 9
(Table 5). Interesting features are the PCN/arene in-
terplanar angles of 15.4° (6b) and 21.3° (6c) versus 2° in 9
and the increased bond angles of the C2P2W moieties of
6b,c [C refers in these cases to the directly phosphorus-
bonded carbon atoms of the Cp* and CH(SiMe3)2 groups;
Figure 5 shows a better view of the arrangement of the
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Figure 4. Molecular structure of 6c in the crystal (ellipsoids repres- planar groups of 6c]. Remarkable are also the arrangements
ent 50% probability levels, hydrogen atoms are omitted for clarity) of the Cp* [and CH(SiMe3)2; cf. ref. [7] [9]] group(s); the steri-

cally bulky substituents point away from the pentacar-
bonyltungsten fragment. Because of this, the Cp*2C1
methyl group points towards the midpoint of the C5N
double bond and, therefore, to the π-electron system. If this
orientation is retained in solution, a through-space shield-
ing of the atoms of such methyl groups could contribute to
the unusual upfield shift of the NMR resonances of the
Cp*2C1 methyl group signals.

The chemistry of the compounds reported here is under
current investigation with special respect to thermal and
photochemical reactions.

Support of the Deutsche Forschungsgemeinschaft and the Fonds
der Chemischen Industrie and 15N-NMR measurements by Priv.-
Doz. Dr. Dietrich Gudat (Universität Bonn) are gratefully acknowl-
edged.

Experimental Section
Figure 5. Molecular structure of 6c in the crystal (view showing

General: All reactions and manipulations were carried out underthe spatial arrangement of the three planar groups of 6c)
deoxygenated dry nitrogen, using standard Schlenk techniques with
conventional glassware; solvents were dried according to standard
procedures. 2 NMR spectra were recorded with a Bruker AC-200
or a Bruker AMX-300 spectrometer (AC-200: 200 MHz for 1H;
50.3 MHz for 13C; 81.0 MHz for 31P; AMX-300: 30.4 MHz for
15N, 12.5 MHz for 183W) using [D]chloroform and [D6]benzene as
solvents, the latter as internal standard; shifts are given relative to
ext. tetramethylsilane (1H, 13C), H3CNO2 (15N), 85% H3PO4 (31P)
and WO4

22 (183W). 15N-NMR spectra were recorded using 31P-
and 1H-based polarisation-transfer techniques (INEPT); 183W
spectra were obtained from two-dimensional 31P, 183W{1H}
(HMQC) spectra. 2 Mass spectra were recorded with a Finigan
Mat 8430 (70 eV); apart from m/z values of the molecule ions, only
m/z values with intensities of more than 20% are given. 2 Infrared
spectra were recorded with a Biorad FT-IR 165 (selected data
given). 2 Melting points were obtained with a Büchi 535 capillary
apparatus. 2 Elemental analyses were performed using a Carlo
Erba analytical gas chromatograph. 2 The κP notation serves to
differentiate between P and N coordination of the appropriate het-
erocycle to the metal center.

General Procedure for the Synthesis of Dinuclear (Carbene)-
tungsten Complexes 4a2g and 2H-Azaphosphirene Complexes
6a2g: To a solution of 2.1 g (5 mmol) of [amino(aryl)carbene]-
tungsten complexes 1a2g in 50 ml of CH2Cl2 was added 25 ml ofFigure 6. Molecular structure of 8 in the crystal (hydrogen atoms
NEt3 and 1.2 g (5 mmol) of Me5C5PCl2 (2) at 0°C. The reactionare omitted for clarity)
mixtures were stirred at ambient temp. until 2 was consumed (31P
NMR). The dark orange reaction mixtures were concentrated to
dryness under reduced pressure (0.1 mbar). The crude product mix-
tures containing approximately 50% of 4, 40% of 6 and 5% of 7
(according to 31P-NMR signal integration), were separated and
purified by low-temperature chromatography [Al2O3 (neutral), hex-
ane/diethyl ether 97.5:2.5] and most of them crystallized from pen-
tane at 220°C.

N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]bis-
{[amino(4-trifluoromethylphenyl)methylene]pentacarbonyl-
tungsten(0)} (4a): 0.43 g of 4a (28%) was obtained as a yellow
powder, m.p. 148°C (decomp.). 2 IR (KBr): ν̃ 5 3292 (sw), 3244
(sw) (NH), 2064 (s), 1993 (br), 1980 (br), 1952 (br), 1933 (br), 1916
(br), 1904 (br), 1872 (s) (CO). 2 1H NMR (CDCl3): δ 5 1.19 [d,
3J(P,H) 5 17.4 Hz, 3 H, Cp*2C12CH3], 1.91 (s, 6 H, Cp*2CH3),
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Table 3. Details of crystal structure determination and refinement of complexes 4a, b, 6b, c and 8

Complex 4a 4b 6b 6c 8

Formula C36H25F6N2O10PW2 C34H25Cl2N2O10PW2 C22H19ClNO5PW C22H20NO5PW C44H40F2N2O11P2W2
Mr 1158.25 1091.13 627.65 593.21 1240.42
Crystal habit yellow prism orange prism yellow prism colourless tablet yellow needle
Crystal size [mm] 0.5530.330.3 0.630.4530.35 0.5530.230.15 0.630.430.3 0.630.1530.06
Crystal system monoclinic triclinic monoclinic triclinic monoclinic
Space group P21/c P(21) P21/c P(21) C2/c
Cell constants:
a [Å] 16.854(4) 9.7548(10) 11.077(4) 8.758(3) 27.504(3)
b [Å] 12.137(6) 10.1874(11) 12.916(5) 10.174(4) 11.1832(12)
c [Å] 19.878(7) 20.137(2) 16.470(6) 14.170(4) 33.104(3)
α [°] 90 87.614(8) 90 74.74(2) 90
β [°] 101.00(3) 78.788(8) 99.38(3) 86.609(14) 108.375(12)
γ [°] 90 77.831(8) 90 66.82(2) 90

V [Å3] 3992 1918.9 2325 1118.6 9663
Z 4 2 4 2 8
Dx [Mg m23] 1.927 1.888 1.793 1.762 1.705
µ [mm21] 5.88 6.23 5.19 5.27 4.89

Transmissions 0.4820.91 0.4820.99 0.7020.84 0.4520.99 0.6220.99
F(000) 2208 1040 1216 576 4816
T [°C] 2130 2100 2130 2130 2100
2θmax 50 50 55 50 50
No. of reflections:
measured 8939 7952 5611 4032 8948
unique 7044 6743 5342 3939 8473
Rint 0.029 0.027 0.030 0.008 0.046
Parameters 519 465 285 276 578
Restraints 65 376 42 8 477
wR (F2, all refl.) 0.074 0.072 0.072 0.068 0.058
R [F, > 4σ(F)] 0.033 0.029 0.034 0.026 0.039
S 1.05 1.04 1.05 1.08 0.78
max. ∆ρ [e Å23] 1.41 1.01 0.88 1.46 0.80

Table 4. Selected bond lengths [pm] and angles [°] of complexes 4a, b and 8

Structural unit 4a 4b 8

W5CR2 W12C11 2.165(6) W12C11 2.171(4) W12C40 2.189(6)
W22C12 2.193(6) W22C12 2.176(4) W22C12 2.166(7)

N2C N12C11 1.329(7) N12C11 1.326(5) N12C11 1.16(7)
N22C12 1.323(7) N22C12 1.338(5) N22C12 1.332(7)

P2N P2N1 1.745(5) P2N1 1.760(4) P12N1 1.755(5)
P2N2 1.768(4) P2N2 1.747(3) P22N2 1.753(5)

P2C P2C21 1.878(6) P2C21 1.869(4) P12C11 1.865(7)
P22C21 1.854(6)

P2O # # P12O10 1.662(4)
P22O10 1.669(4)

Y2P2X N12P2N2 96.1(2) N12P2N2 99.5(2) N12P12O10 98.5(2)
N12P2C21 96.5(2) N12P2C21 101.0(2) N12P12C11 98.1(3)
N22P2C21 103.5(2) N22P2C21 95.2(2) O102P12C11 100.9(3)

1.99 (s, 6 H, Cp*2CH3), 6.45 (mc, 4 H, Ar2H), 7.09 (mc, 4 H, N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]bis-
{[amino(4-chlorophenyl)methylene]pentacarbonyltungsten(0)}Ar2H), 8.98 (br, 2 H, NH). 2 13C{1H} NMR (CDCl3): δ 5 11.5/

11.7/11.9 (s, Cp*2CH3), 15.7 [d, 2J(C,P) 5 20.9 Hz, Cp* (4b): 0.51 g of 4b (33%) was obtained as a yellow powder. 2 M.p.
123°C (decomp.). 2 IR (KBr): ν̃ 5 3312 (sw), 3215 (sw) (NH),2C12CH3], 60.5 [d, 1J(C,P) 5 26.1 Hz, Cp*2C1], 120.6 [q,

3J(C,F) 5 2.2 Hz, Ar2C2/29], 123.6 [q, 1J(C,F) 5 272.4 Hz, CF3], 2064 (s), 1990 (s), 1963 (w), 1936 (w), 1910 (w) (CO) cm21. 2 1H
NMR (CDCl3): δ 5 1.15 [d, 3J(P,H) 5 17.5 Hz, 3 H, Cp*125.3 [d, 4J(C,F) 5 3.9 Hz, Ar2C3/39], 130.0 [q, 2J(C,F) 5 33.1

Hz, Ar2C42CF3], 134.7 [d, J(C,P) 5 5.5 Hz, Cp*2CRing], 142.7 2C12CH3], 1.88 (s, 6 H, Cp*2CH3), 1.92 (s, 6 H, Cp*2CH3),
6.37 (mc, 4 H, Ar2H), 7.23 (m, 4 H, Ar2H), 8.84 (w, 2 H, NH).[d, J(C,P) 5 3.2 Hz, Cp*2CRing], 155.5 [d, 3J(C,P) 5 9.7 Hz,

Ar2C1], 197.3 [s, 1J(C,W) 5 127.6 Hz, cis-CO], 203.6 (s, trans- 2 13C{1H} NMR (CDCl3): δ 5 11.6212.0 (s, Cp*2CH3), 15.7 [d,
2J(C,P) 5 21.1 Hz, Cp*2C12CH3], 60.3 [d, 1J(C,P) 5 26.1 Hz,CO), 285.4 (s, W5CR2). 2 31P{1H} NMR (CDCl3): δ 5 63.1 (s).

2 31P NMR (CDCl3): δ 5 63.1 [d, 2J(P,H) 5 18.6 Hz]. 2 MS Cp*2C1], 122.2 [d, 4J(C,P) 5 2.5 Hz, Ar], 128.5 (s, Ar), 134.1 (s,
Ar2C4), 134.8 [d, J(C,P) 5 5.4 Hz, Cp*2CRing], 142.4 [d, J(C,P) 5(EI, 184W); m/z (%): 1158 (4) [M1•], 1130 (2) [(M 2 CO)1]. 2

C36H25F6N2O10PW2 (1158.2): calcd. C 37.33, H 2.18, N 2.42; 3.3 Hz Cp*2CRing], 150.9 [d, 3J(C,P) 5 9.7 Hz, Ar-C1], 197.5 [s,
1J(C,W) 5 128.0 Hz, cis-CO], 203.8 (s, trans-CO), 285.9 (s, W5found C 36.98, H 2.50, N 2.29.
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(4e): 0.42 g of 4e (18%) was obtained as an orange powder. 2 M.p.Table 5. Selected bond lengths [pm] and angles [°] of complexes 6b,

c and 9 117°C (decomp.). 2 IR (KBr): ν̃ 5 3297 (s) 3251 (s) (NH), 2067
(br), 1992 (br), 1979 (br), 1949 (br), 1925 (br), 1893 (br), 1860 (br)

Complex P12C1 P12N1 N12C1 W2P (CO) cm21. 2 1H NMR (CDCl3): δ 5 1.16 [d, 3J(P,H) 5 17.5 Hz,
3 H, Cp*2C12CH3], 1.98 (s, 6 H, Cp*2CH3), 1.99 (s, 6 H, Cp*

6b 1.750(5) 1.812(4) 1.270(6) 2.475(2) 2CH3), 2.38 (s, 3 H, Ar2CH3), 6.38 (mc, 4 H, Ar2H), 7.06 (mc,
6c 1.764(4) 1.811(4) 1.291(5) 2.4720(12) 4 H, Ar2H), 8.82 (br, 2 H, NH). 2 13C{1H} NMR (CDCl3): δ 5
9 1.759(5) 1.795(4) 1.272(7) 2.470(2)

11.5/11.7/11.9 (s, Cp*2CH3), 15.6 [d, 2J(C,P) 5 21.6 Hz, Cp*
2C12CH3], 21.3 (s, Ar2CH3), 60.6 [d, 1J(C,P) 5 27.6 Hz, Cp*
2C1], 121.3 [d, 4J(C,P) 5 2.5 Hz, Ar], 138.7 (s, Ar), 135.1 [d,Complex C12P12N1 C12N12P1 N12C12P1 C2P2W
J(C,P) 5 5.7 Hz, Cp*2CRing], 138.1 (s, Ar), 141.9 [d, J(C,P) 5 3.1
Hz, Cp*2CRing], 150.3 [d, 3J(C,P) 5 9.7 Hz, Ar2C1], 197.8 [s,6b 41.7(2) 66.5(3) 71.8(3) 128.1(2)
1J(C,W) 5 127.6 Hz, cis-CO], 204.2 (s, trans-CO), 288.1 (s, W56c 42.3(2) 66.9(2) 70.8(2) 127.01(13)

9 41.9(2) 67.5(3) 70.6(3) 124.3(2) CR2). 2 31P{1H} NMR (CDCl3): δ 5 63.0 (s). 2 31P NMR
(CDCl3): δ 5 63.0 [d, 2J(P,H) 5 15.8 Hz]. 2 MS (EI, 184W); m/z
(%): 1050 (2) [M1•], 1022 (2) [(M 2 CO)1], 992 (48) [(M 2 2
CO)1], 966 (46) [(M 2 3 CO)1], 267 (100) [C16H16N2P1], 117 (95)

CR2). 2 31P{1H} NMR (CDCl3): δ 5 61.9 (s). 2 31P NMR
[C8H7N1]. 2 C36H31N2O10PW2 (1050.3): calcd. C 41.17, H 2.97,

(CDCl3): δ 5 61.9 [d, 2J(P,H) 5 18.9 Hz]. 2 MS (EI, 184W); m/z
N 2.67; found C 40.25, H 3.33, N 2.32.

(%): 1091 (3) [M1•], 1063 (4) [(M 2 CO)1], 810 (12) [(M 2 10
CO)1], 323 (30) [(C5O5W)1], 137 (100) [C7H4ClN)1]. 2 N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]-
C34H25Cl2N2O10PW2 (1091.1): calcd. C 37.49, H 2.31, N 2.57; bis[{amino[4-(dimethylamino)phenyl]methylene}pentacarbonyl-
found C 36.48, H 2.51, N 2.63. tungsten(0)] (4g): 0.51 g of 4g (33%) was obtained as a red powder.

2 M.p. 105°C (decomp.). 2 IR (KBr): ν̃ 5 3239 (w) (NH), 2059N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]bis-
(s), 1909 (br) (CO) cm21. 2 1H NMR (CDCl3): δ 5 1.16 (d,{[amino(phenyl)methylene]pentacarbonyltungsten(0)} (4c): 0.56 g
3J(P,H) 5 16.2 Hz, 3 H, Cp*2C12CH3), 1.78 (s, 6 H, Cp*2CH3),of 4c (26%) was obtained as an orange powder. 2 M.p. 146°C
1.93 (s, 6 H, Cp*2CH3), 2.93 (s, 6 H, N(CH3)2), 6.37 (mc, 4 H,(decomp.). 2 IR (KBr): ν̃ 5 2062 (s), 1918 (vs), 1864 (m) (CO)
Ar2H), 6.65 (mc, 4 H, Ar2H), 8.82 (br, 2 H, NH). 2 13C{1H}cm21. 2 1H NMR (CDCl3): δ 5 1.15 [d, 3J(P,H) 5 17.4 Hz, 3 H,
NMR (CDCl3): δ 5 11.4212.0 (s, Cp*2CH3), 15.8 [d, 2J(C,P) 5Cp*2C12CH3], 1.92 (s, 6 H, Cp*2CH3), 1.99 (s, 3 H, Cp*2CH3),
20.7 Hz, Cp*2C12CH3], 40.1 [s, N(CH3)2], 60.9 [d, 1J(C,P) 5 27.26.45 (mc, 4 H, Ar2H), 7.28 (mc, 6 H, Ar2H), 8.88 (br, 2 H, NH).
Hz, Cp*2C1], 110.3 (s, Ar), 111.0 (s, Ar), 126.2 (s, Ar), 135.4 [d,213C{1H} NMR (CDCl3): δ 5 11.5 (s, Cp*2CH3), 11.8 [d,
J(C,P) 5 5.4 Hz, Cp*2CRing], 141.5 [d, J(C,P) 5 3.4 Hz, Cp*3J(P,C) 5 7.3 Hz, Cp*2CH3], 15.6 [d, 2J(C,P) 5 21.8 Hz, Cp*
2CRing], 151.0 (s, Ar2C1), 198.5 [s, 1J(C,W) 5 127.6 Hz, cis-CO],2C12CH3], 60.6 [d, 1J(C,P) 5 27.6 Hz, Cp*2C1], 120.7 [d,
204.2 (s, trans-CO), 282.4 (s, W5CR2). 2 31P{1H} NMR (CDCl3):4J(C,P) 5 2.8 Hz, Ar2C2/29], 127.9 (s, Ar2C4), 128.2 (s, Ar2C3/
δ 5 64.7 (s). 2 31P NMR (CDCl3): δ 5 64.7 [d, 2J(P,H) 5 13.539), 135.0 [d, 3J(C,P) 5 5.7 Hz, Cp*2CRing], 142.0 [d, 2J(C,P) 5
Hz]. 2 C38H37N4O10PW2 (1108.1): calcd. C 41.18, H 3.36, N 5.05;2.9 Hz, Cp*2CRing], 152.9 [d, 3J(C,P) 5 10.0 Hz, Ar2C1], 197.7
found C 42.18, H 3.96, N 4.69.[s, 1J(C,W) 5 127.7 Hz, cis-CO], 204.2 (s, trans-CO), 287.1 (s, W5

CR2). 2 15N NMR (CH2Cl2): δ 5 2170.5 [dd, 1J(N,H) 5 85, Pentacarbonyl[2-(pentamethyl-2,4-cyclopentadien-1-yl)-3-(4-tri-
1J(P,N) 5 67 Hz]. 2 31P{1H} NMR (CDCl3): δ 5 63.0 (s). 2 MS fluoromethyphenyl)-2H-azaphosphirene-κP]tungsten(0) (6a): 0.11 g
[neg. 2CI, (isobutane), 184W]; m/z (%): 886 (1) [(M 2 C10H16)2], of 6a (3%) was obtained as a yellow powder. 2 M.p. 117°C (de-
783 (1)[ (M 2 C16H20N)2], 698 (2) [(M 2 (C5O5W)2], 324 (100) comp.). 2 1H NMR (CDCl3): δ 5 0.57 [d, 3J(P,H) 5 15.1 Hz, 3
[C5O5W2]. 2 C32H27N2O10PW2 (1022.3): calcd. C 39.94, H 2.67, H, Cp*2C12CH3], 1.77 [d, 4J(P,H) 5 5.9 Hz, 3 H, Cp*2CH3],
N 2.74; found C 40.09, H 2.76, N 2.72. 1.79 [d, 4J(P,H) 5 6.7 Hz, 3 H, Cp*2CH3], 1.91 (s, 3 H, Cp*

2CH3), 2.04 (s, 3 H, Cp*2CH3), 7.84 (mc, 2 H, ArH), 8.13 (mc, 2N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]bis-
H, ArH). 2 13C{1H} NMR (CDCl3): δ 5 9.98/10.0/10.6/10.8 (s,{[amino(4-fluorophenyl)methylene]pentacarbonyltungsten(0)}
Cp*2CH3), 16.3 [d, 2J(C,P) 5 3.0 Hz, Cp*2C12CH3], 61.4 [d,(4d): 0.35 g of 4d (28%) was obtained as an orange powder. 2 M.p.
1J(C,P) 5 13.7 Hz, Cp*2C1], 122.4 [q, 1J(C,F) 5 275.4 Hz,149°C (decomp.). 2 1H NMR (CDCl3): δ 5 1.19 [d, 3J(P,H) 5
Ar2CF3], 124.6 [q, 3J(C,F) 5 3.3 Hz, Ar2C3/39], 128.5 [d,17.4 Hz, 3 H, Cp*2C12CH3], 1.91 (s, 6 H, Cp*2CH3), 1.99 (s, 6
2J(C,P) 5 15.3 Hz, Ar2C1], 128.9 (s, Ar2C2/29), 132.0 [q,H, Cp*2CH3), 6.45 (mc, 4 H, Ar2H), 7.09 (mc, 4 H, Ar2H), 8.98
2J(C,F) 5 32.9 Hz, Ar2C42CF3], 132.2 [d, J(C,P) 5 4.9 Hz, Cp*(w, 2 H, NH). 2 13C{1H} NMR (CDCl3): δ 5 11.5/11.7/11.9 (s,
2CRing], 134.8 [d, J(C,P) 5 1.7 Hz Cp*2CRing], 140.8 [d, J(C,P) 5Cp*2CH3), 15.6 [d, 2J(C,P) 5 21.1 Hz, Cp*2C12CH3], 60.3 [d,
6.9 Hz, Cp*2CRing], 142.2 [d, J(C,P) 5 7.6 Hz, Cp*2CRing], 188.31J(C,P) 5 26.1 Hz, Cp*2C1], 115.3 [d, 2J(C,F) 5 21.9 Hz, Ar2C3/
(s, PCN), 193.5 [d, 2J(C,P) 5 8.4 Hz, cis-CO], 195.4 [d, 2J(C,P) 539], 123.1 [dd, 4J(C,P) 5 3.0 Hz, 3J(C,F) 5 8.5 Hz, Ar2C2/29],
38.5 Hz, trans-CO]. 2 31P{1H} NMR (CDCl3): δ 5 2102.5 [s,134.8 [d, J(C,P) 5 5.5 Hz, Cp*2CRing], 142.3 [d, J(C,P) 5 2.9 Hz,
1J(P,W) 5 289.6 Hz]. 2 C23H19F3NO5PW (661.3): calcd. C 41.78,Cp*2CRing], 149.0 [dd, 3J(C,P) 5 9.7 Hz, 4J(C,F) 5 3.3 Hz,
H 2.90, N 2.12; found C 40.97, H 2.99, N 2.02.Ar2C1], 162.2 [d, 1J(C,F) 5 249.7 Hz, Ar2C4], 197.6 [s,

1J(C,W) 5 127.8 Hz, cis-CO], 203.9 (s, trans-CO), 286.3 (s, W5 Pentacarbonyl[3-(4-chlorophenyl)-2-(pentamethyl-2,4-cyclo-
CR2). 2 31P{1H} NMR (CDCl3): δ 5 62.2 (s). 2 31P NMR pentadien-1-yl)-2H-azaphosphirene-κP]tungsten(0) (6b): 0.4 g of
(CDCl3): δ 5 62.2 [d, 2J(P,H) 5 16.5 Hz]. 2 C34H25F2N2O10PW2 6b (17%) was obtained as a yellow powder. 2 M.p. 91°C (decomp.).
(1058.2): calcd. C 38.59, H 2.38, N 2.65; found C 37.69, H 2.51,

2 IR (KBr): ν̃ 5 2072 (s), 1989 (s), 1976 (s), 1932 (s), 1918 (w)
N 2.57. (CO) cm21. 2 1H NMR (CDCl3): δ 5 0.63 [d, 3J(P,H) 5 14.8 Hz,

3 H, Cp*2C12CH3], 1.84 [d, 4J(P,H) 5 4.7 Hz, 3 H, Cp*2CH3],N,N9-[(Pentamethyl-2,4-cyclopentadien-1-yl)phosphanediyl]bis-
{[amino(4-methylphenyl)methylene]pentacarbonyltungsten(0)} 1.87 [d, 4J(P,H) 5 5.4 Hz, 3 H, Cp*2CH3], 1.97 (s, 3 H, Cp*
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2CH3), 2.11 (s, 3 H, Cp*2CH3), 7.64 (mc, 2 H, ArH), 8.03 (mc, 2 1H NMR (C6D6): δ 5 0.49 [d, 3J(P,H) 5 14.5 Hz, 3 H, Cp*

2C12CH3], 1.72 [d, 4J(P,H) 5 3.9 Hz, 3 H, Cp*2CH3], 1.75 [d,H, ArH). 2 13C{1H} NMR (CDCl3): δ 5 11.0/11.7/11.9 (s, Cp*
2CH3), 17.3 [d, 2J(C,P) 5 3.3 Hz, Cp*2C12CH3], 61.2 [d, 4J(P,H) 5 4.5 Hz, 3 H, Cp*2CH3], 1.89 (s, 3 H, Cp*2CH3), 2.10

(s, 3 H, Cp*2CH3), 6.89 (mc, 2 H, ArH), 7.95 (mc, 2 H, ArH). 21J(C,P) 5 13.5 Hz, Cp*2C1], 124.6 [d, 2J(C,P) 5 15.4 Hz,
Ar2C1], 130.2 (s, Ar2C2/29), 130.9 (s, Ar2C3/39), 133.4 (d, Cp* 13C{1H} NMR (C6D6): δ 5 11.1/11.6/11.8 (s, Cp*2CH3), 17.1 [d,

2J(C,P) 5 3.8 Hz, Cp*2C12CH3], 21.6 (s, Ar2CH3), 62.5 [d,2CRing), 136.1 [d, J(C,P) 5 1.7 Hz Cp*2CRing], 140.9 (s, Ar2C4),
141.7 [d, J(C,P) 5 6.7 Hz, Cp*2CRing], 143.1 [d, J(C,P) 5 7.7 Hz, 1J(C,P) 5 13.5 Hz, Cp*2C1], 123.8 [d, 2J(C,P) 5 13.4 Hz,

Ar2C1], 128.3 (s, Ar), 129.7 (s, Ar), 130.3 [d, 2J(C,P) 5 24.3 Hz,Cp*2CRing], 186.5 (s, PCN), 194.7 [d, 2J(C,P) 5 8.7 Hz, 1J(C,W) 5

117.6 Hz, cis-CO], 196.6 [d, 2J(C,P) 5 38.2 Hz, trans-CO]. 2 Ar2C4], 133.9 (s, Cp*2CRing), 136.7 (s, Cp*2CRing), 141.4 [d,
J(C,P) 5 6.3 Hz, Cp*2CRing], 142.0 [d, J(C,P) 5 7.9 Hz Cp*31P{1H} NMR (CDCl3): δ 5 2105.3 [s, 1J(P,W) 5 289.2 Hz]. 2

MS (EI, 184W); m/z (%): 627 (18) [M1•], 490 (12) [C15H15PO5W1], 2CRing], 188.6 (s, PCN), 195.1 [d, 2J(C,P) 5 8.8 Hz, cis-CO], 197.5
[d, 2J(C,P) 5 37.5 Hz, trans-CO]. 2 31P{1H} NMR (C6D6): δ 5137 (100) [C7H4NCl1]. 2 C22H19ClNO5PW (627.7): calcd. C 42.10,

H 3.05, N 2.23; found C 41.65, H 2.96, N 2.47. 2110.8 [d, 2J(P,W) 5 287.2 Hz]. 2 MS (EI, 184W); m/z (%): 607
(1) [M1•], 490 (16) [C16H15O5PW1], 406 (19) [(C16H15O5PW 2 3

Pentacarbonyl[2-(pentamethyl-2,4-cyclopentadien-1-yl)-3-phenyl- CO)1], 117 (100) [C8H7N1]. 2 MS [pos. 2CI (NH3), 184W]; m/z
2H-azaphosphirene-κP]tungsten(0) (6c): 0.24 g of 6c (22%) was ob- (%): 608 (1) [(M 1 H)1], 491 (18) [(C16H15O5PW 1 H)1], 135 (100)
tained as a yellow powder. 2 M.p. 88°C (decomp.). 2 IR (KBr): [C10H15

1]. 2 MS [neg. 2CI (NH3), 184W]; m/z (%): 637 (1) [M2],
ν̃ 5 2072 (s), 1991 (s), 1940 (br) (CO) cm21. 2 1H NMR (CD2Cl2): 323 (100) [C5O5W2]. 2 C23H22NO5PW (607.2): calcd. C 45.49, H
δ 5 0.64 [d, 3J(P,H) 5 14.9 Hz, 3 H, Cp*2C12CH3], 1.86 [pt, 3.65, N 2.31; found C 45.76, H 3.64, N 2.17.
4J(P,H) 5 9.7 Hz, 6 H, Cp*2CH3], 1.99 (s, 3 H, Cp*2CH3), 2.12
(s, 3 H, Cp*2CH3), 7.70 (mc, 3 H, Ar2H), 8.12 (mc, 2 H, Ar2H). Pentacarbonyl[3-(4-methoxyphenyl)-2-(pentamethyl-2,4-cyclo-

pentadien-1-yl)-2H-azaphosphirene-κP]tungsten(0) (6f): 0.12 g of2 13C{1H} NMR (CD2Cl2): δ 5 11.2/11.3/11.8/12.0 (s, Cp*2CH3),
17.5 [d, 3J(C,P) 5 3.5 Hz, Cp*2C12CH3], 62.6 [d, 1J(C,P) 5 13.6 6f (4%) was obtained as a yellow powder. 2 M.p. 89°C (decomp.).

2 IR (KBr): ν̃ 5 2072 (s), 1982 (br), 1958 (br), 1936 (br), 1911 (br)Hz, Cp*2C1], 126.6 [d, 2J(C,P) 5 15.2 Hz, Ar2C1], 130.1 (s, Ar),
130.3 (s, Ar), 134.1 [d, J(C,P) 5 5.0 Hz, Cp*2CRing], 134.7 (s, (CO) cm21. 2 1H NMR (CDCl3): δ 5 0.63 [d, 3J(P,H) 5 14.5 Hz,

3 H, Cp*2C12CH3], 1.85 (s, 3 H, Cp*2CH3), 1.88 (s, 3 H, Cp*Ar2C4), 136.6 [d, J(C,P) 5 1.7 Hz, Cp*2CRing], 141.8 [d, J(C,P) 5

6.7 Hz, Cp*2CRing], 143.2 [d, J(C,P) 5 7.7 Hz, Cp*2CRing], 189.3 2CH3), 1.98 (s, 3 H, Cp*2CH3), 2.12 (s, 3 H, Cp*2CH3), 3.92 (s,
3 H, OCH3), 7.14 (mc, 2 H, ArH), 8.04 (mc, 2 H, ArH). 2 13C{1H}[d, J(C,P) 5 1.3 Hz, PCN], 195.3 [d, 2J(C,P) 5 8.4 Hz, cis-CO],

197.4 [d, 2J(C,P) 5 37.7 Hz, trans-CO]. 2 15N NMR (CH2Cl2): NMR (CDCl3): δ 5 11.0/11.1/11.6/11.9 (s, Cp*2CH3), 17.0 [d,
2J(C,P) 5 3.8 Hz, Cp*2C12CH3], 55.7 (s, OCH3), 62.3 [d,δ 5 265.2 [d, J(P,N) 5 39.0 Hz]. 2 31P{1H} NMR (CD2Cl2): δ 5

2106.4 [s, 1J(P,W) 5 286.5 Hz]. 2 183W NMR (CD2Cl2): δ 5 1J(C,P) 5 13.8 Hz, Cp*2C1], 115.3 (s, Ar2C3/39), 118.4 [d,
2J(C,P) 5 15.5 Hz, Ar2C1], 132.1 (s, Ar2C2/29), 133.7 [d,23126 (d). 2 MS [pos. 2CI (NH3), 184W]; m/z (%): 594 (6) [(M 1

H)1], 491 (3) [C15H15O5WP1], 407 (1) [C12H15O5WP1], 136 (100) J(C,P) 5 4.8 Hz Cp*2CRing], 136.4 [d, J(C,P) 5 2.7 Hz Cp*
2CRing], 141.2 [d, J(C,P) 5 6.9 Hz, Cp*2CRing], 142.6 [d, J(C,P) 5[C10H16

1]. 2 C22H20NO5PW (593.2): calcd. C 44.54, H 3.40, N
2.36; found C 43.15, H 3.24, N 2.38. 7.6 Hz, Cp*2CRing], 164.6 (s, Ar2C4), 187.5 (s, PCN), 194.8 [d,

2J(C,P) 5 8.3 Hz, 1J(C,W) 5 134.1 Hz, cis-CO], 196.9 [d, 2J(C,P) 5
Pentacarbonyl[3-(4-fluorophenyl)-2-(pentamethyl-2,4-cyclo- 37.1 Hz, trans-CO]. 2 31P{1H} NMR (CDCl3): δ 5 2109.8 [s,

pentadien-1-yl)-2H-azaphosphirene-κP]tungsten(0) (6d): 0.14 g of 1J(P,W) 5 285.6 Hz]. 2 MS [pos. 2CI (NH3), 184W]; m/z (%): 624
6d (4%) was obtained as a yellow powder. 2 M.p. 97°C (decomp.). (2) [(M 1 H)1], 491 (6) [(M 2 C10H15)1], 405 [(M 2 3 CO)1], 151
2 IR (KBr): ν̃ 5 2072 (s), 1998 (s), 1976 (s), 1932 (w), 1918 (w) (100) [(C7H7NO 1 NH4)1], 136 (11) [(C10H15 1 H)1]. 2
(CO) cm21. 2 1H NMR (CDCl3): δ 5 0.56 [d, 3J(P,H) 5 14.8 Hz, C23H22NO6PW (623.0): calcd. C 44.32, H 3.56, N 2.25; found C
3 H, Cp*2C12CH3], 1.78 [d, 4J(P,H) 5 4.6 Hz, 3 H, Cp*2CH3], 45.21, H 3.62, N 2.35.
1.80 [d, 4J(P,H) 5 5.1 Hz, 3 H, Cp*2CH3], 1.91 [d, 4J(P,H) 5 4.6
Hz, 3 H, Cp*2CH3], 2.04 (s, 3 H, Cp*2CH3), 7.28 (mc, 2 H, ArH), Pentacarbonyl[chloropentamethyl-2,4-cyclopentadien-1-ylphos-

phane]tungsten(0) (7): 0.19 g of 7 (18%) was obtained as a pale8.04 [mc, 2 H, 3J(C,F) 5 8.8 Hz, ArH]. 2 13C{1H} NMR (CDCl3):
δ 5 11.1/11.7/11.9 (s, Cp*2CH3), 17.2 [d, 2J(C,P) 5 3.6 Hz, Cp* yellow powder. 2 M.p. 46°C (decomp.). 2 IR (KBr): ν̃ 5 2072 (s),

1991 (s), 1940 (s, br) (CO) cm21. 2 1H NMR (CDCl3): δ 5 1.572C12CH3], 62.3 [d, 1J(C,P) 5 13.6 Hz, Cp*2C1], 122.7 [dd,
2J(C,P) 5 15.3 Hz, 4J(C,F) 5 3.1 Hz, Ar2C1], 117.8 [d, 2J(C,F) 5 [d, 3J(P,H) 5 13.9 Hz, 3 H, Cp*2C12CH3], 1.79 (s, 3 H, Cp*

2CH3), 1.81 (s, 3 H, Cp*2CH3), 1.85 (s, 3 H, Cp*2CH3), 1.97 (s,22.5 Hz, Ar2C3/39], 132.2 [d, 3J(C,F) 5 9.6 Hz, Ar2C2/29], 133.4
[d, J(C,P) 5 4.3 Hz, Cp*2CRing], 136.2 [d, J(C,P) 5 2.3 Hz, Cp* 3 H, Cp*2CH3), 7.36 [d, 1J(P,H) 5 337.4 Hz, 1 H, PH]. 2 13C{1H}

NMR (CDCl3): δ 5 11.5/11.9/11.95/12.0 (s, Cp*2CH3), 18.6 [d,2CRing], 141.5 [d, J(C,P) 5 6.9 Hz, Cp*2CRing], 143.0 [d, J(C,P) 5

6.9 Hz, Cp*2CRing], 166.4 [d , 2J(C,F) 5 257.4 Hz, Ar2C4], 188.1 3J(C,P) 5 6.9 Hz, Cp*2C12CH3], 60.6 [d, 1J(C,P) 5 10.1 Hz, Cp*
2C1], 133.9 [d, J(C,P) 5 4.7 Hz, Cp*2CRing], 136.6 (s, Cp*(s, PCN), 194.7 [d, 2J(C,P) 5 8.3 Hz, 1J(C,W) 5 125.6 Hz, cis-

CO], 196.7 [d, 2J(C,P) 5 37.9 Hz, trans-CO]. 2 31P{1H} NMR 2CRing), 141.5 [d, J(C,P) 5 6.8 Hz, Cp*2CRing], 142.9 [d, J(C,P) 5

8.1 Hz, Cp*2CRing], 195.2 [d, 2J(C,P) 5 8.5 Hz, cis-CO], 197.0 [d,(CDCl3): δ 5 2105.9 [s, 1J(P,W) 5 289.0 Hz]. 2 19F{1H} NMR
(CDCl3): δ 5 2102.5 (s). 2 MS (EI, 184W); m/z (%): 611 (2) [M1•], 2J(C,P) 5 37.7 Hz, trans-CO]. 2 Resonances of the two isotopo-

mers of 7 have been detected: 7 (35Cl): 31P{1H} NMR (CDCl3):490 (23) [(M 2 C7H4FN)1], 135 (31) [C10H15
1], 121 (100)

[C7H4FN1], 95 (25) [CH3F1]. 2 MS (pos. 2CI (NH3), 184W); m/z δ 5 76.75 [s, 1J(P,W) 5 274.2 Hz]; 7 (37Cl): 31P{1H} NMR
(CDCl3): δ 5 76.73 [s, 1J(W,P) 5 273.9 Hz]. 2 MS [pos. 2CI(%): 612 (100) [(M 1 H)1], 491 (29) [(M 2 C7H4FN)1], 137 (58)

[C10H15
1]. 2 C22H19FNO5PW (611.2): calcd. C 42.23, H 3.13, N (NH3), 35Cl, 184W]; m/z (%): 525 (8) [(M 2 H)1], 491 (95)

[C15H15O5P1], 136 (100) [(C10H15 1 H)1]. 2 C15H16ClO5PW2.29; found C 42.27, H 3.20 , N 2.32.
(526.6).

Pentacarbonyl[3-(4-methylphenyl)-2-(pentamethyl-2,4-cyclo-
pentadien-1-yl)-2H-azaphosphirene-κP]tungsten(0) (6e): 0.3 g of 6e P,P9-Oxybis[pentacarbonyl{(4-fluorophenyl)[(pentamethyl-2,4-

cyclopentadien-1-yl-phosphanyl)amino]methylene}tungsten(0)] (8):(8%) was obtained as a yellow powder. 2 M.p. 78°C (decomp.). 2
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Chem. 1994, 106, 256422566; Angew. Chem. Int. Ed. Engl.0.09 g of 8 (3%) was obtained as an orange powder. 2 M.p. 139°C
1994, 33, 242722428. 2 [2b] A. Ostrowski, J. Jeske. P. G. Jones,(decomp.). 2 IR (KBr): ν̃ 5 2062 (s), 1985 (s), 1933 (br), 1893 (br) R. Streubel, J. Chem. Soc., Chem. Commun. 1995, 250722508.

(CO) cm21. 2 1H NMR (CDCl3): δ 5 1.31 [pt, J(P,H) 5 7.8 Hz, 2 [2c] R. Streubel, A. Ostrowski, H. Wilkens, F. Ruthe, J. Jeske,
P. G. Jones, Angew. Chem. 1997, 109, 4092413; Angew. Chem.3 H, Cp*2C12CH3], 1.75/1.85/1.98/2.08 (s, 3 H, Cp*2CH3), 6.59
Int. Ed. Engl. 1997, 36, 3782381. 2 [2d] A. Ostrowski, J. Jeske,(mc, 4 H, Ar2H), 6.89 (mc, 4 H, Ar2H), 9.48 (w, 2 H, NH). 2
F. Ruthe, P. G. Jones, R. Streubel, Z. Anorg. Allg. Chem. 1997,13C{1H} NMR (CDCl3): δ 5 11.4/12.6 (s, Cp*2CH3), 14.0 [pt, 623, 189721902.

J(C,P) 5 7.0 Hz, Cp*2C12CH3], 62.7 [pt, J(C,P) 5 10.5 Hz, Cp* [3] R. Streubel, L. Ernst, J. Jeske, P. G. Jones, J. Chem. Soc., Chem.
Commun. 1995, 21132 2114.2C1], 114.7 [d, 2J(C,F) 5 23.0 Hz, Ar2C3/39], 123.1 (mc, Ar2C2/

[4] [4a] R. Streubel, H. Wilkens, A. Ostrowski, C. Neumann, F. Ru-29), 133.8 [pt, J(C,P) 5 7.2 Hz, Cp*2CRing], 135.3 (s, Cp*2CRing),
the, P. G. Jones, Angew. Chem. 1997, 109, 154921550; Angew.141.3 [pt, J(C,P) 5 2.3 Hz, Cp*2CRing], 142.3 (s, Cp*2CRing), Chem. Int. Ed. Eng. 1997, 36, 149221493. 2 [4b] H. Wilkens, J.

149.3 (mc, Ar2C1), 161.9 [d, 1J(C,F) 5 249.1 Hz, Ar2C4], 197.6 Jeske, P. G. Jones, R. Streubel, J. Chem. Soc., Chem. Commun.
1997, 231722318. 2 [4c] H. Wilkens, F. Ruthe, P. G. Jones, R.[s, 1J(C,W) 5 127.6 Hz, cis-CO], 204.1 (s, trans-CO), 283.8 (s, W5
Streubel, Chem. Eur. J. 1998, 4, 154221553.CR2). 2 31P{1H} NMR (CDCl3): δ 5 130.1 (s). 2 31P NMR

[5] R. Streubel, J. Jeske, P. G. Jones, R. Herbst-Irmer, Angew.(CDCl3): δ 5 130.1 [d, 2J(P,H) 5 3.9 Hz]. 2 C44H40F2N2O11P2W2 Chem. 1994, 106, 1152117; Angew. Chem. Int. Ed. Engl. 1994,
(1240.4): calcd. C 42.60, H 3.25, N 2.26; found C 42.16, H 3.40, 33, 80282.

[6] P. Jutzi, H. Saleske, D. Nadler, J. Organomet. Chem. 1976,N 2.17.
118, C82C10.

Crystal Structure Analyses: [12] Crystal data and refinement de- [7] R. Streubel, A. Ostrowski, S. Priemer, U. Rohde, J. Jeske, P. G.
Jones, Eur. J. Inorg. Chem. 1998, 2572261.tails are presented in Table 3. Data were collected with Mo-Kα radi-

[8] G. M. Bodner, S. B. Kahl, K. Bork, B. N. Storhoff, J. E. Wuller,ation (λ 5 0.71073Å) at low temperature; diffractometer type Stoe
L. J. Todd, Inorg. Chem. 1973, 12, 107121074.Stadi-4 (4a, 6b, c) or a Siemens P4 (4b, 8). Absorption corrections [9] R. Streubel, F. Ruthe, P. G. Jones, Eur. J. Inorg. Chem. 1998,

were based on ψ scans. Structures were solved by the heavy-atom 5712574.
[10] [10a] W. W. Schoeller, Z. Naturforsch. 1983, 38b, 163521642. 2method and refined anisotropically on F2 (program SHELXL-93,

[10b] W. W. Schoeller, Z. Naturforsch. 1984, 39b, 176721771. 2G. M. Sheldrick, Univ. Göttingen). Hydrogen atoms were included
[10c] P. Jutzi, H. Saleske, Chem. Ber. 1984, 117, 2222227.as rigid methyl groups or with a riding model. Weighting schemes [11] R. Streubel, M. Hobbold, J. Jeske, F. Ruthe, P. G. Jones, J. Or-

were of the form w21 5 σ2 (F2) 1 (aP)2 1 bP, where 3P 5 (2Fc
2

ganomet. Chem. 1997, 529, 3512356.
[12] Crystallographic data (excluding structure factors) for the struc-1 Fo

2) and a and b are constants optimized by the program.
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publi-
cation no. CCDC-102060 (4a), -102061 (4b), -102062 (6b),; Dedicated to Professor Peter Jutzi on the occasion of his 60th

birthday. -102063 (6c) and -102064 (8). Copies of the data can be ob-
tained free of charge on application to CCDC, 12 Union Road,[1] H. Wilkens, F. Ruthe, P. G. Jones, R. Streubel, J. Chem. Soc.,

Chem. Commun. 1998, 152921530. UK-Cambridge CB2 1EZ [Fax: int. code 1 44(1223)336033; E-
mail: deposit@ccdc.cam.ac.uk].[2] [2a] R. Streubel, A. Kusenberg, J. Jeske, P. G. Jones, Angew.

[I98204]
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2,4-Bis(triphenylphosphanimino)tetrazolo[5,1-a][1,3,5]tri- An improved crystal structure for 2,4,6-triazido-1,3,5-triazine
(2) was determined and for the first time a 14N-NMRazine (1) was synthesized by reaction of cyanuric azide with

triphenylphosphane. 1 is characterized by X-ray structural spectrum was obtained. CAUTION: 2 (Cyanuric azide) is
explosive! The explosive nature increases with greater purityanalysis, IR, Raman, and NMR spectroscopy. The obtained

spectra showed that the remaining azide group in 1 reacts and crystal size.
with the N4 atom of the triazine ring and forms a tetrazole.

Introduction phenylphosphanimino)-6-azido-1,3,5-triazine that W. Kes-
ting described showed no shock or heat sensitivity, in spite

Since the discovery of cyanuric azide by H. Finger[1] in of the remaining azide group. In this paper, we report our
1907 and the development of an improved method in 1921 studies on the synthesis, characterisation, and crystal struc-
by E. Ott and E. Ohse[2], there has been considerable inter- ture of C39H30N8P2 (1).
est in the reactivity and the explosive character of cyanuric
azide[1]- [11]. In this present study we determined an im- Results and Discussion
proved structure[4] of cyanuric azide and investigated the

In the reaction of 2 at room temperature with two equiva-reaction of cyanuric azide with triphenylphosphane, first at-
lents of triphenylphosphane the color changed from color-tempted by W. Kesting in 1923[10].
less to yellow-green. This is thought to be due to the forma-According to Staudinger and Meyer[12], phenylazide re-
tion of R2NNN2P(C6H5)3 (R 5 residue)[12]. This adductacts with triphenylphosphane in anhydrous ether to form a
has only fleeting existence and decomposes by giving offphosphazide. The intermediate cannot be isolated at room
N2, while the solution again becomes colorless. The endtemperature and spontaneously emits nitrogen to form tri-
product is shown below (1). Raman- and 31P-NMR spec-phenylphosphanophenylimine. This can be isolated in al-
troscopy indicates that 1 is not an azide, due to the absencemost quantitative yield.
of the asymmetric and symmetric vibrations of the azideIn Kesting9s application of the Staudinger-Meyer reac-
group in the Raman spectrum and two 31P-NMR signalstion, substituting 2 for phenyl azide[10], the proposed reac-
found at δ 5 21.7 (s) and δ 5 17.2 (s). The single crystaltion path is given in Equation 1.
X-ray structure analysis for 1 further confirms that there is
no azide group in the molecule.

The azide group reacts with the N4 atom of the triazine
ring and forms a tetrazole (Equation 2).

The product was, however, only characterized by elemen-
tal analyses and melting point. The compound 2,4-bis(tri-

[°] X-ray structure analysis.
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Looking at the calculated (Mulliken) partial charges[13] N52N62N7: 112.7°) also correspond to the literature[16].

The C12N1 and C22N2 bond lengths in 1 are 1.323 Å(N4: 20.38 e; N5: 20.36 e; PM3 level) of the azide, it can
be seen, that the ring closure could not take place from and 1.349 Å, respectively their bond order is also between

one and two. The sum of the covalent radii (CN) is 1.47 Åthe electrostatic point of view. Even the tetrazole has an
“unusual” charge distribution with N4: 20.03 e and N5: for a single bond and 1.27 Å for a double bond[14]. Selected

bond lengths [Å] and angles [°] for 1 are given in Table 1.20.19 e (assignment see Figure 2).
The driving force for the ring-closure in reaction (2) can Table 1. Selected bond lengths [Å] and angles [°] for 1

only be explained in terms of a π-stabilization of the tetra-
zole-triazine ring-system. This reaction is therefore orbital P(1)2N(1) 1.614(2) P(2)2N(2) 1.608(2)

N(1)2C(1) 1.323(3) N(2)2C(2) 1.349(3)controlled. This is confirmed by the symmetry of the molec-
N(3)2C(1) 1.323(3) N(3)2C(2) 1.374(3)ular orbital shown in Figure 1. Here, only the N52N4 or N(4)2C(3) 1.359(3) N(4)2N(5) 1.371(3)
N(4)2C(1) 1.397(3) N(5)2N(6) 1.292(3)N52N8 interaction is symmetry allowed.
N(6)2N(7) 1.364(3) N(7)2C(3) 1.337(3)
N(8)2C(3) 1.334(3) N(8)2C(2) 1.354(3)Figure 1. HOMO[a]

C(1)2N(1)2P(1) 121.50(18) C(2)2N(2)2P(2) 118.45(18)
C(1)2N(3)2C(2) 119.5(2) C(3)2N(4)2N(5) 109.3(2)
C(3)2N(4)2C(1) 121.2(2) N(5)2N(4)2C(1) 129.3(2)
N(6)2N(5)2N(4) 104.9(2) N(5)2N(6)2N(7) 112.7(2)
C(3)2N(7)2N(6) 105.7(2) C(3)2N(8)2C(2) 114.0(2)
N(1)2C(1)2N(3) 127.5(2) N(1)2C(1)2N(4) 115.9(2)
N(3)2C(1)2N(4) 116.5(2) N(2)2C(2)2N(8) 119.6(2)
N(2)2C(2)2N(3) 115.0(2) N(8)2C(2)2N(3) 125.4(2)
N(8)2C(3)2N(7) 129.7(2) N(8)2C(3)2N(4) 122.9(2)
N(7)2C(3)2N(4) 107.4(2)

The difference in the bond lengths of the triazine
(C12N4 5 1.397 Å, C12N3 5 1.323 Å) can be explained
by different donor-acceptor interactions of the free p-or-[a] Calcd. for hydrogen derivative.
bital (p-LP) of N1 or N2 with the unoccupied antibonding
σ* orbital of the C12N4 and C22N3 bond respectively in
the ring. From a steric point of view there is more electron

Crystal Structure of 1 density in the antibonding σ* orbital of the C12N4 bond.
This bond therefore is weaker than the C12N3 bond. This

The crystallographic data and refinement details for com-
hyperconjugation destabilizes the C2N bond and also ex-

pound 1 are summarized in the experimental section. 1
plains the π-character of the N12C1 bond.

crystallizes from chloroform in the monoclinic space group
P21/n with four molecules and two solvent molecules per Crystal Structure of 2
tetrazole molecule in the unit cell. Figure 2 shows the crys-

Cyanuric azide crystallizes from acetone in the hexagonaltal structure of compound 1.
space group P3̄ with two molecules in the unit cell (Figure

Figure 2. Molecular Structure of 1 3). The C2N2C angle in the triazine ring is 113.09(14)°
and the N2C2N angle is 126.91(14)°. The molecule is
planar and the distance between the layers is 2.947 Å.

Figure 3. Molecular Structure of 2

The P2N distance in 1 is 1.614 Å and 1.608 Å. This
corresponds to a bond order between one and two. In com-
parison, the sum of the covalent radius (PN) is 1.8 Å and
a typical P2N bond length is found in R32P5N2R com-
pounds to be 1.602 Å[15]. The bond lengths and angles of
the tetrazole ring (N52N6: 1.292 Å, N62N7: 1.364 Å,

Eur. J. Inorg. Chem. 1998, 2013220162014
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Table 2. 14N- and 15N-NMR shifts for 2

compound chemical shift δ [ppm] coupling constant solvent
rel. nitromethane ( 5 0 ppm) 1J [Hz]
N2 N3 N4 Nring N22N3 N32N4

(CNN3)3 2271 2146 2137 2162 acetone
(CN15N)3

[9] 2258 2142 2131 16.1 6.1 CD2Cl2

9002854 (0.5), 691 (1.0), 648 (0.7), 620 (1.5), 583 (2.0), 261 (2.5).The N22N3 bond length is 1.2658(17) Å, respectively the
2 1H NMR (CDCl3, 400 MHz, 25°C): δ 5 7.3527.98 (m, 30 H,bond order is between one and two. The covalent radius[14]

aromatic H). 2 13C NMR (CDCl3, 101 MHz, 25°C): δ 5 1272134for single bonded nitrogen atom is rcov 5 0.7 Å, 0.6 Å for
(m, 36 C, aromatic C), 152 (dd, JCP 5 6.9 Hz / 3.1 Hz, Ctriazine),a double bonded nitrogen atom and 0.55 Å for a triple
159 (d, JCP 5 1.5 Hz, Ctriazine), 167 (s, Ctriazine). 2 31P NMRbonded nitrogen atom. The bond order for N32N4
(CDCl3, 162 MHz, 25°C) δ 5 17.3 (s, P), 21.7 (s; P). 2 MS (EI,

[1.1156(19) Å] is between two and three. The angle of the 70 eV); m/z (%): 672.1 (11) [M1], 645 (3) [M12N2], 386 (100),
azide group (N22N32N4) is 172.00(15)°. With the results 262.0 (44) [PPh3

1], 185 (37) [PPh2
1], 77 (9) [Ph1]. 2 C39H30N8P2

of the X-ray structure analysis and the calculated (Mul- ? 2 CHCl3 (911.39): calcd. C 53.99, H 3.54, N 12.29; found C 54.53,
liken) partial charges[13] (C1: 0.22 e; N1: 20.29 e; N2: H 3.58, N 12.40.
20.42 e; N3: 0.75 e; N4: 20.27 e; PM3 level) the 14N-NMR 2,4,6-Triazido-1,3,5-triazine (2): 3.1 g (16.8 mmol) cyanuric chlo-
signals are assigned as shown in Table 2. ride in 30 ml of acetone; 5 g (77 mmol) of sodium azide. 2 C3N12

The assignment further confirms to the results J. (204.15) Yield: 3.29 g (96%), colorless needles, very sensitive to
Müller[9] obtained for the 15N-NMR shifts of the azide shock or heat, m.p. 94°C, ref.[2]: 94°C. 2 IR (in Nujol on KBr):

ν̃ 5 2192.1 (s), 2157.6 [νas(N3)] (s), 2114.8 (s), 1571.5 (s), 1532.4group.
[δ((CN)3)] (s), 1480.1 (sh), 1350.4 [δ((CN)3)] (s), 1197.7 [νs(N3)] (s),The crystallographic data and refinement details for 2 are
984.3 (w), 809.4 [δ((CN)3)] (m), 775.8 (vw), 706.8 [γ((CN)3)] (m),shown in the Experimental Section.
550.2 [δ(N3)] (w), 501.1 (vw), 331.2 (vw). 2 Raman (300 scans, 200

The financial support of this research by the University of mW, 180°, 20°C): ν̃ 5 2475 [νas(N3) 1 γ(N3)] (0.5), 2206 [νs(N3) 1
Munich and the Fonds der Chemischen Industrie is gratefully ν(C2N3)] (1), 2158 [νas(N3)] (2), 2144 [νas(N3)] (3), 2177 (1), 1571
acknowledged. (1), 1533 [δ((CN)3)] (3), 1426 [νs((CN)3)] (6), 1337 (9), 1238 (1),

1194 [νs(N3)] (7), 1150 [νs(N3)] (4), 982 [ν(C2N3)] (10), 709 (2), 562
(4), 471 (1), 330 (7), 237 (2). 2 13C NMR ([D6]acetone, 68 MHz,

Experimental Section 25°C): δ 5 171.9 (s). 2 14N NMR (acetone, 29 MHz, 25°C): δ 5

2137 (s, N4), 2146 (s, N3), 2162 (s, Nring), 2271 (s, N2). 2 C3N12General Remarks: CAUTION: 2 is explosive! The explosive na-
(204.11): calcd. C 17.65, N 82.35; found C 17.45, N 82.19.ture increases with greater purity and crystal size. Only PE equip-

Crystal Structure Analysis of 1: C39H30N8P2 ·2 CHCl3, M 5ment should be used during the preparation and handling of cyan-
911.39, crystal size: 0.35 3 0.3 3 0.25 mm, colorless prism, mono-uric azide and safety equipment like leather gloves and face-shield
clinic, space group P21/n, a 5 11.013(2), b 5 23.182(5), c 5is recommended.
17.195(3) Å, α 5 90.00, β 5 101.580(9), γ 5 90.00°, V 5 4300.7(15)Used solvents were freshly distilled, dried and stored under nitro-
Å3, Z 5 4, dcalcd. 5 1.408 Mg/m3, µ 5 0.515 mm21, F(000) 5 1864.gen. 2 NMR: Jeol EX400 Delta (1H, 13C, chemical shifts refer to
Siemens SMART Area detector, scan type 5 Hemisphere, Mo-Kα,

δTMS 5 0.00 according to the chemical shifts of residual solvent
λ 5 0.71073 Å, T 5 173(2) K, 2θ range 5 2.98 to 58.54° in 214signals; 14N, external standard: δ(CH3NO2) 5 0.00; 31P, external
# h # 14, 228 # k # 28, 218 # l # 23, reflections collected:standard δ(H3PO4, 85%) 5 0.00. 2 IR: Nicolet 520 FT-IR (as KBr
24656, independent reflections: 7509 (Rint 5 0.0292), observed re-pellets or in Nujol on KBr). 2 Raman: Perkin Elmer Spectrum
flections: 6006 [F>4σ(F)]. Structure solution program: SHELXS-972000R NIR FT. 2 CHN analyses: Analysator Elementar Vario EL.
(G. M. Sheldrick, University of Göttingen, Germany, 1997), direct

2 MS: Finnigan MAT 90. 2 Melting points are uncorrected
methods, data-to-parameter ratio: 14.6:1 {11.7:1 [F>4σ(F)]}, final(Büchi B540).
R indices [F>4σ(F)]: R1 5 0.0481, wR2 5 0.0976, R1 5 0.0664,

2 was prepared according to the procedure given in the litera- wR2 5 0.1069 (all data), GOF on F2 5 1.109, largest and mean ∆/
ture[2], but the solution was cooled to 5°C for recrystallization from σ: 0.002, 0.000, largest difference peak/hole: 0.404, 20.425 e Å23,
acetone and the crystals were dried in vacuo. program used: SHELXL-97 (G. M. Sheldrick, University of

Göttingen, Germany, 1997).2,4-Bis(triphenylphosphanimino)tetrazolo[5,1-a][1,3,5]triazine
(1): To a solution of 0.5 g (2.45·1023 mol) of 2 in anhydrous ether, Crystal Structure Analysis of 2: C3N12, M 5 204.11, crystal size:

0.2 3 0.2 3 0.15 mm, colorless prism, hexagonal, space groupa solution of 1.4 g (5.3·1023 mol) of PPh3 was added in two hours
at room temperature. The solution was refluxed for 12 h. 1 can be P3̄, a 5 8.7456(2), b 5 8.7456(2), c 5 5.8945(3) Å, V 5 390.44(2)

Å3, Z 5 2, dcalcd. 5 1.736 Mg/m3, µ 5 0.138 mm21, F(000) 5 204.purified by recrystallization from chloroform. C39H30N8P2 (672.3)
Yield: quantitative, colorless crystals; m.p. 239°C (dec.), ref.[10]: Siemens SMART Area detector, Mo-Kα, λ 5 0.71073 Å, scan

type 5 hemisphere, T 5 183(2) K, 2θ range 5 5.38 to 55.84° in243°C. 2 IR (KBr): ν̃ 5 3078 cm21 (CH) (w), 1597 (C5C) (s). 2

Raman (460 scans, 400 mW, 180°, 20°C): ν̃ 5 3064 cm21 (4.5) 28 # h # 11, 211 # k # 10, 27 # l # 7, reflections collected:
2306, independent reflections: 582 (Rint 5 0.0284), observed reflec-(CH), 1592 (6.0) (CC), 1576 (1.5) (CC), 1522 (0.5), 148421455

(0.5), 1440 (0.7), 1340 (0.5), 1296 (4.0), 1223 (0.6), 1186 (1.0), 1164 tions: 531 [F>4σ(F)]. Structure solution program: SHELXS-97 (G.
M. Sheldrick, University of Göttingen, Germany, 1997), direct(2.0), 1112 (2.0), 1088 (0.5), 1032 (3.5), 1004 (10) (CH), 966 (1.0),
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[13] GAUSSIAN 94, Revision ., M. J. Frisch, G. W. Trucks, H. B.methods, data-to-parameter ratio: 12.4:1 {11.3 :1 [F>4σ(F)]},final
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wR2 5 0.0912 (all data), GOF on F2 5 1.411, largest and mean ∆/ Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz,

J. B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara,σ: 0.013, 0.002, largest difference peak/hole: 0.182, 20.164 e Å23,
M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W.program used: SHELXL-97 (G. M. Sheldrick, University of
Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin,Göttingen, Germany, 1997). D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart,
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A study including variable-temperature and -pressure, [Gd(DTPA-BMA)(H2O)]. The longer rotational correlation
time of [Gd(DTPA-BMEA)(H2O)], as obtained from a globalmultiple-field 17O NMR, EPR and NMRD has been

performed on the MRI contrast agent, [Gd(DTPA- analysis of 17O-NMR, EPR and NMRD data, and compared
to that of [Gd(DTPA-BMA)(H2O)], can be explained by waterBMEA)(H2O)]. The water exchange rate [kex

298 = (0.39 ± 0.02)
× 106 s–1] and the activation volume (∆V? = +7.4 ± 0.4 cm3 molecules hydrogen-bonded to the ether oxygen atoms of

the ligand side chain.mol–1), hence the mechanism, are identical to those for

Application of paramagnetic complexes of Gd31 for con- mation on all of these parameters. In reality, the separation
of the contributions of water exchange, rotation and elec-trast enhancement in clinical Magnetic Resonance Imaging

(MRI) is now routine. [1] The first-generation contrast tronic relaxation to the measured relaxivity is difficult, thus
it is necessary to determine these parameters by independ-agents approved were ionic chelates, [Gd(DTPA)(H2O)]22

(in MagnevistTM)[2] [3] and [Gd(DOTA)(H2O)]2 (in Dotar- ent methods. Water exchange rates can be directly obtained
by 17O-NMR measurements, whereas EPR experimentsemTM). [3] [4] The search for low osmolar, highly hydrophilic

agents that can be administered at higher doses with fewer yield electronic relaxation rates. Here we report a variable
temperature and pressure, multiple field 17O-NMR experi-adverse side effects has led to the development of several

neutral agents, such as [Gd(DTPA-BMA)(H2O)] (in Omnis- ment together with an EPR and NMRD study on
[Gd(DTPA-BMEA)(H2O)]. Analysis of these experimentscanTM), [3] [5] [Gd(HP-DO3A)(H2O)] (in ProHanceTM)[3] or

[Gd(DTPA-BMEA)(H2O)] (in OptiMARK) (Scheme provided the parameters describing water exchange, ro-
tation and electronic relaxation. Certainly, the real effective-1).[6211]

ness of the complex as a contrast agent needs to be tested
Scheme 1. Structure of the ligand 1,7-bis[(N-methoxyethylcarba- in tissues or tissue-like models, as the complex-protein in-

moyl)methyl]-1,4,7-tris(carboxymethyl)-1,4,7-triazahep-
teractions may affect the paramagnetic enhancement intane (DTPA-BMEA)
vivo.[12214]

Results and Discussion

UV/Vis spectra were obtained of the analogous europium
complex, [Eu(DTPA-BMEA)(H2O)], in the range of 579 <
λ < 581 nm, and yielded a single absorption band that was
invariant between 0 and 90°C. The 7Fo R 5D0 transition
band of the Eu31 ion that occurs in this region is very sensi-

The proton relaxation enhancement due to presence of the tive to changes in the coordination environment of the
contrast agent is expressed as proton relaxivity and depends metal ion. [15] Therefore, the invariance of the spectrum ex-
on several factors, for example the rates of water exchange, cludes any equilibrium between differently hydrated species,
molecular rotation, and electronic relaxation. In principle, i. e. the only species present is the europium complex with
measurement of the variation of proton relaxivity as a func- one inner sphere water molecule. Since Gd is very similar
tion of the magnetic field strength, the nuclear magnetic to Eu, this finding could be extended to the GdIII complex
relaxation dispersion (or NMRD) profile, provides infor- as well. This is also supported by the value of the 17O scalar

coupling constant, A/", which is in the usual range for GdIII

Supporting information for this article is available on the complexes with one water molecule in the first coordinationWWW under http://www.wiley-vch.de/home/eurjic or from the
author. sphere (Table 1). [16]
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Table 1. Parameters obtained from the simultaneous fit of 17O-NMR, EPR and NMRD data; the parameters in parenthesis were obtained
by fitting only 17O-NMR and EPR data; the values in italics were fixed in the fitting procedure

DTPA[16] DTPA-BMA[16] DTPA-BMEA

kex
298/106 s21 3.3 ± 0.2 (4.1 ± 0.3) 0.45 ± 0.01 (0.43 ± 0.02) 0.39 ± 0.02 (0.37 ± 0.02)

∆H?/kJ mol21 51.6 ± 1.4 (52.0 ± 1.4) 47.6 ± 1 (46.6 ± 1) 49.8 ± 1.4 (49.1 ± 2)
∆S?/J mol21K21 153 ± 5 (156 ± 5) 122.9 ± 3.6 (118.9 ± 4) 127 ± 6 (126 ± 6)
∆V?/cm3 mol21 112.5 ± 0.2 17.3 ± 0.2 17.4 ± 0.4

A/h/106 rad s21 23.8 ± 0.2 (23.8 ± 0.2) 23.8 ± 0.2 (23.6 ± 0.3) 24.1 ± 0.4 (24.1 ± 0.4)
τR

298/ps 58 ± 11 (103 ± 10) 66 ± 11 (167 ± 5) 93 ± 4 (172 ± 12)
ER/kJ mol21 17.3 ±0.8 (18 ± 2) 21.9 ± 0.5 (21.6 ± 0.1) 24.5 ± 1 (23.4 ± 1)
τv

298/ps 25 ± 1 (0.25 ± 0.01) 25 ± 1 (34 ± 8) 20.3 ± 0.8 (32 ± 8)
Ev/kJ mol21 1.6 ± 1.8 (1.6 ± 1.8) 3.9 ± 1.4 (9 ± 2) 3.9 (3.9)
∆2/1020 s22 0.46 ± 0.02 (0.15 ± 0.02) 0.41 ± 0.02 (0.38 ± 0.02) 0.48 ± 0.02 (0.52 ± 0.04)

DGdH
298/10210 m2 s21 20 ± 3 23 ± 2 26 ± 1

EGdH/kJ mol21 19.4 ± 1.8 12.9 ± 2.1 15.3 ± 0.5
χ(11η2/3)1/2/MHz 7.58/14 ± 2 7.58/18 ± 2 7.58/15.0 ± 0.1

rGdO/Å 2.20 ± 0.09/2.5 2.12 ± 0.04/2.5 2.17 ± 0.02/2.5

17O NMR, EPR and NMRD Rotation

The variable-temperature 17O-NMR, EPR and NMRD The rotational correlation time is determined by the
data were analysed in a simultaneous fitting procedure, longitudinal 17O relaxation rates and by the 1H-NMRD
which is based on the several parameters that are common data. Both methods have the same drawback as far as the
to these techniques (all relevant equations are given in the absolute value of τR is concerned, i. e. reliance on distance
Appendix). Details of this approach have been previously estimates (Gd2H distance for NMRD, or the Gd2O dis-
described. [16] A variable-pressure 17O-NMR study permit- tance for 17O NMR), which have a strong influence on the
ted determination of the activation volume for the water absolute value of τR. In NMRD, the outer sphere contri-
exchange process. The resulting curves are shown in Figures bution to relaxivity is also important, whereas in 17O NMR
1 and 2 and the fitted parameters are given and compared it is negligible. [21] Due to the practical importance of
to those of other GdIII-based contrast agents in Table 1. NMRD data for MRI, contrast agents are generally charac-

terized by the rotational correlation times as obtained from
NMRD. In the simultaneous treatment of NMRD and 17O-

Water Exchange
NMR data a single τR is fitted, which we attribute to the
rotation of the Gd2water vector. There is very often a dis-The rate (kex

298) and the activation volume (∆V?), thus
crepancy between the τR values obtained in separate fits ofthe mechanism of the water exchange, are identical for the
17O- and 1H-NMR data (τR from 17O NMR is muchtwo bisamide complexes, [Gd(DTPA-BMEA)(H2O)] and
longer), due to the use of the incompatible Gd2H and[Gd(DTPA-BMA)(H2O)]. This is a general finding based
Gd2O distances. In the simultaneous treatment we allowon several monomer, dimer or polymer GdIII complexes, i.e.
for this by fitting either the Gd2oxygen(water) distancethe water exchange rate is not affected by structural changes
(rGdO) or the quadrupolar coupling constant [χ(1 1outside the inner coordination sphere.[17220] As compared
η2/3)1/2], which practically means that the rotational corre-to [Gd(DTPA)(H2O)]22, the exchange rate is about one or-
lation time obtained in this way is determined only by theder of magnitude lower for the bisamide complexes,
proton relaxation rates. [16]

whereas the exchange mechanism remains dissociative inter-
The rotational correlation time for [Gd(DTPA-BME-change. The decrease in the exchange rate was explained in

A)(H2O)], as obtained from the simultaneous fit, τR
298 5terms of a decreased steric crowding around the metal ion

93 ps, is longer than the one for [Gd(DTPA-BMA)(H2O)]when carboxylates are replaced by amide groups. [19] In dis-
(66 ps). This increase is larger than what would correspondsociative interchange processes, high steric crowding helps
to the increase in the molecular weight. A reasonable expla-bond breaking. This effect is less important for amide com-
nation can be that there are water molecules hydrogen-plexes, which results in a slower water exchange compared
bonded to the ether oxygen atoms of the DTPA-BMEA sideto the corresponding carboxylates.
chains, a situation that may slow down the rotation of the
complex. This seems to be also supported by the higher
value of the diffusion constant obtained for [Gd(DTPA-Electronic Relaxation
BMEA)(H2O)], as compared to [Gd(DTPA-BMA)(H2O)]
or [Gd(DTPA)(H2O)]22. It should be noted, however, thatThe parameters describing electronic relaxation (the

mean square zero-field splitting energy, ∆2, and the corre- the rotational correlation times obtained from 17O longi-
tudinal relaxation rates (by fixing the Gd2O distance to 2.5lation time for the modulation of the zero-field splitting,

τv
298) are identical for the [Gd(DTPA-BMA)(H2O)] and Å and the quadrupolar coupling constant to 7.58 MHz) are

very similar for the two bisamide complexes {167 and 172[Gd(DTPA-BMEA)(H2O)] complexes.
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Figure 1. Temperature dependence of reduced transverse (a), longitudinal (b) 17O-relaxation rates and chemical shifts (c) at B 5 14.1 T
(j), 4.7 T (d) and 1.41 T (m); transverse electronic relaxation rates (d) and NMRD profiles (e) at T 5 5°C (h, j), 35°C (s, d), 43°C
(m), 48°C (*), 53°C (e), 60°C (1) and 70°C (3) (j and d obtained from Seymour Koenig, 360- and 600-MHz data with Bruker
spectrometers, otherwise with Stelar FFC relaxometer); the lines represent the simultaneous least-squares fit to all data points as described

in the text

Figure 2. Pressure dependence of reduced transverse 17O relaxationps for [Gd(DTPA-BMA)(H2O)] and [Gd(DTPA-BMEA)-
rates of [Gd(DTPA-BMEA)(H2O)] at 298.2 K and B 5 9.4 T; the(H2O)], respectively}.
line represents the least-squares fit that yields an activation volume

of ∆V? 5 1(7.4 ± 0.4) cm3 mol21

Conclusion

The complexes [Gd(DTPA-BMA)(H2O)] and [Gd-
(DTPA-BMEA)(H2O)] are identical in respect to water ex-
change and electronic relaxation. The rotational correlation
time for [Gd(DTPA-BMEA)(H2O)] appears to be longer ac-
cording to the global analysis of 17O-NMR, EPR and
NMRD data, probably due to hydrogen-bonded water mol-
ecules around the ether oxygen atoms of the ligand.
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mmol/kg (pH 5 5.1) and 118 mmol/kg (pH 5 4.7) were used. To I is the nuclear spin (5/2 for 17O), χ is the quadrupolar coupling

constant and η is an asymmetry parameter:improve the sensitivity, 17O-enriched water (10% H2
17O, Yeda R&

D Co., Israel) was added to the Gd complex solutions to yield in
2% 17O enrichment. A 44 mmol/kg solution was used for the EPR
study. The absence of free Gd31 ions in all solutions was verified
by using xylenol orange indicator. [23] The [Eu(DTPA-BMEA)]
solution (0.169 ) was prepared by adding an equimolar quantity
of the ligand to a Eu(ClO4)3 solution and adjusting the pH to 4.7.
2 The UV/Vis measurements were performed in thermostated cells
with a 10-cm optical path length in a Perkin-Elmer Lambda 19
spectrophotometer. 2 Transverse and longitudinal 17O relaxation
rates and chemical shifts were measured at three different magnetic
fields using Bruker spectrometers: AMX2-600, 14.1 T, 81.4 MHz; In the transverse relaxation the scalar contribution, 1/T2sc, is the
AC-200, 4.7 T, 27.1 MHz; and a 1.41-T 8.14-MHz electromagnet most important one (Eq. 8)[21]. In Eq. 8, 1/τsj is the sum of the
connected to an AC-200 console. The technique used for the 17O- exchange rate constant and the electron spin relaxation rate.
NMR measurements has been described previously. [24] 2 The EPR
spectra were recorded at X-band (0.34 T) using a Bruker ESP 300E
spectrometer. 2 The 1/T1 NMRD profiles were obtained with a
field-cycling relaxometer in the Department of Neurosurgery, The
New York Medical College, Valhalla, NY,[25] [26] or with a Stelar
Spinmaster FFC relaxometer, in Lausanne ([Gd] 5 122 m). 2

High-field NMRD values (360 MHz and 600 MHz) were measured
The binding time (or exchange rate, kex) of water molecules in thewith Bruker spectrometers.
inner sphere is assumed to obey the Eyring equation (Eq. 9), whereData Analysis: The least-squares fitting was performed with Scien-
∆S? and ∆H? are the entropy and enthalpy of activation for thetist for WindowsTM by Micromath, version 2.0. The reported
exchange process, and kex

298 is the exchange rate at 298.15 K.errors correspond to one standard deviation obtained by the stat-
istical analysis.

Appendix EPR: The ZFS terms can be expressed by Eqs. 10 and 11[29] [30],
where ∆2 is the trace of the square of the transient zero-field-split-Oxygen-17 NMR: From the measured 17O-NMR relaxation rates
ting tensor, τv is the correlation time for the modulation of the ZFSand angular frequencies of the paramagnetic solutions, 1/T1, 1/T2 with the activation energy Ev, and ωs is the Larmor frequency ofand ω, and of the acidified water reference, 1/T1A, 1/T2A and ωA,
the Gd31 electron spin.one can calculate the reduced relaxation rates and chemical shift,

1/T1r, 1/T2r and ∆ωr, which may be written as in Eqs. 123[27], where
1/T1m, 1/T2m are the relaxation rates of the bound water, ∆ωm is
the chemical shift difference between bound and bulk water.1

The contribution arising from spin rotation is given by Eq. 13,
where δgL

2 is the deviation from the free electron gL value and τR

is the rotational correlation time.

∆ωm is determined by the scalar coupling constant, A/", according
to Eq. 4, where B represents the magnetic field.

NMRD: The measured proton relaxivities [normalized to 1 m

GdIII concentration] contain both inner-sphere and outer-sphere
contributions (Eq.13).The outer-sphere contribution to the 17O chemical shift is pro-

portional to ∆ωm, where Cos is an empirical constant (Eq. 5). r1 5 rlis 1 rlos (14)

The inner-sphere term is given by Eq. 15, where q is the number of∆ω0S 5 C0S∆ωm (5)

inner-sphere water molecules.
The 17O longitudinal relaxation rates are given by Eq. 6[28], where
γS is the electron and γI is the nuclear gyromagnetic ratio (γS 5

1.76 3 1011 rad s21 T21, γI 5 23.626 3 107 rad s21 T21), r is the
effective distance between the electron charge and the 17O nucleus,
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The compounds Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2 were by the small angles SiON [102.8(1) and 103.7(1)°] and GeON
[102.0(1)°], and the distances Si···N (2.438 and 2.450 Å) andprepared by the reaction of the appropriate tetrachlorides

with N,N-dimethylhydroxylamine in the presence of 2,6- Ge···N (2.519 and 2.520 Å). The conformation is anti-gauche
in both compounds (one O–Si–O–N torsion angle being aboutlutidine as an auxiliary base. The compounds were obtained

as crystalline solids and characterised by elemental analysis, 180°, the other 60°), but the strength of the β-donor
interaction is not significantly affected by the different anti-IR and NMR spectroscopy (nuclei 1H, 13C, 15N, 17O, and 29Si).

Their molecular structures were determined by single-crystal substituents at the nitrogen centres, although such behaviour
was expected from earlier studies carried out onX-ray diffraction. The compounds are isostructural and both

show the presence of weak secondary bonds between the ClH2SiONMe2. The β-donor interactions are also weaker
than those found in ClH2SiONMe2.nitrogen and silicon centres (β-donor bonds), as is indicated

β-Donor interactions, i.e. donor-acceptor interactions be- Other examples for β-donor interactions are found in the
crystal structure of Me2AlONMe2

[7] and the aminomethyltween atoms in a geminal position to one another, are now
well established in p-block chemistry. In a number of re- lithium compound Me2NCH2Li, as was shown very re-

cently by Steinborn et al. [8] The interest in aminoxysilanesports we have shown them to contribute significantly to the
molecular structures of compounds containing Si2O2N[1] also arises from their use as cold curing catalysts in silicone

polymer synthesis, [9] and the catalytic activity of hy-and Si2N2N units [2]. Examples are the (4 1 4)-coordinate
Si(ONMe2)4, [3] and the (4 1 2)-coordinate H2Si(ONMe2)2, droxylamines in the alcoholysis of Si2H functions. [10]

Our current aim was the synthesis of the compoundwhich has an Si2O2N angle of only 95.2°, [4] and some
silyl oximes. [5] The strongest β-donor bond found so far in Cl2Si(ONMe2)2 and its germanium analogue, in order to

answer the following questions: Does the strength of a β-Si2O2N systems occurs in ClH2SiONMe2, which has a
Si2O2N angle of only 79.7° in the crystal, corresponding donor interaction increase with an increasing number of

electronegative substituents at the acceptor atom, or willto a Si···N distance of 2.028 Å, which comes close to the
sum of covalent radii of silicon and nitrogen atoms (1.87 effects like “back-bonding” reduce the acceptor ability?

Which of the anti-substituents is preferred, O or Cl? Is theÅ). [6] According to a gas-phase structural analysis of
ClH2SiONMe2 the vapour consists of two conformers. The structure of Cl2Si(ONMe2)2 more comparable to that of

H2Si(ONMe2)2 (/SiON 95.2°) or to that of ClH2SiONMe2anti-conformer (torsion angle Cl2Si2O2N 180°) has a
substantially stronger β-donor interaction (smaller (/SiON 79.7°), or comparable to neither? The following

study will show that finding the answers to these questionsSi2O2N angle 87.1°) than the gauche-conformer (104.7°).
It is obvious that the anti-positioned silicon substituent pre- is actually more difficult than expected and that the nature

of β-donor interactions is not yet sufficiently understood.dominantly determines the strength of the β-donor interac-
tion. In the gauche conformation, a H atom is in an anti
position relative to the nitrogen donor centre, as is the
case in H3SiONMe2, and the gauche-conformers of Results and Discussion
ClH2SiONMe2 and H3SiONMe2 have very similar
Si2O2N angles. The β-donor interaction cannot be de- Synthesis: The compounds Cl2Si(ONMe2)2 and

Cl2Ge(ONMe2)2 have been prepared by the reaction ofscribed as a simple electrostatic attraction between unevenly
charged geminal centres, but negative hyperconjugation be- N,N-dimethylhydroxylamine with the corresponding tetra-

chloride of silicon and germanium in the presence of thetween the lone pair of electrons at the donor centre and
empty σ*-orbitals at the acceptor centre can be used as a auxiliary base 2,6-lutidine with pentane as a solvent. The

formation of these compounds seems to be favoured underrationale. [6] Another possible explanation involves intra-
molecular dipole interactions, but these models have not these conditions, as attempts to prepare the triply substi-

tuted compounds ClSi(ONMe2)3 and ClGe(ONMe2)3 alsobeen explored in detail.
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Figure 1. Molecular structure of Cl2Si(ONMe2)2. The non-hydro-resulted in the formation of Cl2Si(ONMe2)2 and
gen atoms are shown as thermal ellipsoids at the 50% probabilityCl2Ge(ONMe2)2, despite the application of an excess of

level, hydrogen atoms are drawn as circles of arbitrary size
N,N-dimethylhydroxylamine. A suitable temp. to perform
the reactions is 260°C. The overall yields achieved in this
way are typically >60%.

2 Me2NOH 1 SiCl4 1 2 C7H9N R
Cl2Si(ONMe2)2 1 2 C7H9N·HCl

2 Me2NOH 1 GeCl4 1 2 C7H9N R
Cl2Ge(ONMe2)2 1 2 C7H9N·HCl

Both compounds are crystalline solids soluble in organic
solvents. They are air-sensitive, and the solutions fume in
moist air. The compounds can be stored at ambient temp. Figure 2. Molecular structure of Cl2Ge(ONMe2)2. The non-hydro-
under an inert atmosphere. gen atoms are shown as thermal ellipsoids at the 50% probability

level, hydrogen atoms are drawn as circles of arbitrary sizeSpectroscopy: The identity of the compounds
Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2 was proved by gas-
phase IR spectroscopy, by NMR spectroscopy of the nuclei
1H, 13C, 15N, 17O, and 29Si and by mass spectrometry.

The solution-NMR spectra recorded at 21°C do not
show any preference for certain conformations. Both
Me2NO groups are magnetically equivalent. The proton
and proton-decoupled carbon spectra show one singlet
each. The occurrence of a quartet of quartets in the proton-
coupled carbon spectra verify the presence of a Me2N
group.

The 15N-NMR chemical shifts of Cl2Si(ONMe2)2 and
Table 1. Selected bond lengths and angles of Cl2Si(ONMe2)2 andCl2Ge(ONMe2)2 are δ 5 2228.5 and δ 5 2231.8, which is Cl2Ge(ONMe2)2a shift of about 20 ppm to higher frequencies as compared

to the shifts of ClH2SiONMe2 (δ 5 2249.5) and the com- Parameter Cl2Si(ONMe2)2 Cl2Ge(ONMe2)2
pounds H42nSi(ONMe2)n (n 5 124, δ 5 2248.1 to 2249.2.
The 17O-chemical shift of Cl2Si(ONMe2)2 and E2O(1)/E2O(2) 1.628(1)/1.626(1) 1.745(2)/1.753(2)

E2Cl(1)/E2Cl(2) 2.028(1)/2.033(1) 2.112(1)/2.118(1)Cl2Ge(ONMe2)2 are δ 5 188 and δ 5 193. This corre-
O(1)2N(1)/O(2)2N(2) 1.489(2)/1.486(2) 1.491(2)/1.482(3)

sponds to a shift to higher frequencies relative to the shifts N(1)2C(1), N(1)2C(2) 1.461(2)/1.459(2) 1.463(3)/1.459(3)
N(2)2C(3), N(2)2C(4) 1.454(2)/1.453(3) 1.456(4)/1.455(4)of the compounds H42nSi(ONMe2)n (n 5 124, δ 5
O(1)2E2O(2) 109.6(1) 109.5(1)1352141) and ClH2SiOMe2 (δ 5 137). The NMR data do O(1)2E2Cl(1)/ 112.2(1)/111.5(1) 111.5(1)/111.0(1)

not indicate the existence of inter- or intramolecular donor- O(1)2E2Cl(2)
O(2)2E2Cl(1)/ 111.4(1)/103.7(1) 111.3(1)/104.6(1)acceptor interactions, but rather show such interactions to
O(2)2E2Cl(2)be efficiently broken by the solvent (C6D6), which has also E2O(1)2N(1)/ 102.8(1)/103.7(1) 102.0(1)/102.0(1)

been observed in comparable compounds. E2O(2)2N(2)
O(1)2N(1)2C(1)/ 104.7(1)/105.0(1) 104.6(2)/105.2(2)Crystal Structure Determination of Cl2Si(ONMe2)2 and
O(1)2N(1)2C(2)

Cl2Ge(ONMe2)2: Single crystals of Cl2Si(ONMe2)2 and O(2)2N(2)2C(3)/ 105.3(1)/105.3(1) 105.2(2)/104.9(2)
O(2)2N(2)2C(4)Cl2Ge(ONMe2)2 were grown by crystallisation from pen-

tane and ether, respectively. Both compounds crystallise in
the monoclinic space group P21/c with Z 5 4 formula units
in the unit cell. They are isostructural, with only slightly Despite the different anti-substituents, the Si2O2N and

Ge2O2N angles on either side of the molecule are almostdifferent cell parameters.
In the crystals of both compounds the molecules are the same. The angles GeON in Cl2Ge(ONMe2)2 are only

slightly smaller than the angles SiON in Cl2Si(ONMe2)2.present as monomers. Intermolecular contacts, which
would normally be regarded as significant, are absent. This is surprising with reference to the results of crystal

structures of ClH2SiONMe2 (/SiON 79.7°) andBoth compounds adopt the same conformation, which is
anti-gauche, i.e. one torsion angle OSiON is close to 180° H2Si(ONMe2)2 (/SiON 95.2°): First of all the angles in

Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2 are much larger than[Cl2Si(ONMe2)2: 2177.5(1), Cl2Ge(ONMe2)2: 2178.1(1)°],
whereas the other is close to 60° [Cl2Si(ONMe2)2: 264.8(1), in the compounds referred to above. Secondly, the influence

of the anti-substituent on the magnitude of the SiON angleCl2Ge(ONMe2)2: 264.5(1)°]. The nitrogen atoms of gauche-
substituents have chlorine atoms in an anti-position in al- seems to be negligible in this case. At this stage it might be

concluded that either the increased steric requirements atmost perfect orientation [torsion Cl(Si/Ge)ON Cl2Si-
(ONMe2)2: 176.1(1), Cl2Ge(ONMe2)2: 176.4(1)°]. the acceptor atom, or its reduced acceptor character by
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tationsförderpreis 1996 for N. W. M.), by the Deutsche Forschungs-backbonding from the lone pairs at the chlorine and oxygen
gemeinschaft, the Fonds der Chemischen Industrie, the Leonhard-substituents, is the reason for the weaker β-donor interac-
Lorenz-Stiftung, and to Bayer AG, Leverkusen, for a donation oftions in Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2. In fact the
N,N-dimethylhydroxylamine hydrochloride. We thank Mr. J. RiedeSiON angles in these compounds are similar to that of the
for assistance with the crystallographic data collection and we areparent compound H3SiONMe2, with no further electro-
grateful to Professor H. Schmidbaur for his generous support.

negative substituents at the silicon atom apart from that of
the single aminoxy substituent.

The bond lengths of both parts of the molecules are very
Experimental Sectionsimilar. According to the negative hyperconjugation model

The experiments were carried out using a standard Schlenk linefor the description of β-donor interactions, one would have
or a vacuum line with greaseless stopcocks (Young taps), directlyto expect the E2O and E2Cl bonds in an anti-position
attached to the gas cell in an FTIR spectrometer (Midac Prospectrelative to a nitrogen donor centre to be slightly lengthened
FTIR). N,N-Dimethylhydroxylamine was liberated from its hydro-with respect to those in a gauche position. The confor-
chloride in liquid ammonia. [12] 2 NMR: Jeol JNM-LA400 spec-mations of Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2 provide us
trometer; samples in sealed tubes with C6D6 as a solvent (21°C)

with one of each of these possibilities. In fact the anti-posi- directly condensed onto the sample from K/Na alloy.
tioned chlorine atoms Cl(2) have slightly longer bonds to

Bis(dimethylaminoxy)dichlorosilane: A solution of N,N-di-the central atom than the atoms Cl(1), and the same is the
methylhydroxylamine (3.0 ml, 42 mmol) and 2,6-lutidine (4.9 ml, 42case for the Ge2O(2) bond in Cl2Ge(ONMe2)2, which is
mmol) in pentane (25 ml) was added dropwise to a cooled solution

slightly longer than the Ge2O(1) bond. However, the two (260°C) of tetrachlorosilane (2.4 ml, 21 mmol) in pentane (50 ml).
Si2O bonds in Cl2Si(ONMe2)2 are of the same length The mixture was slowly warmed to ambient temp. After filtration
within experimental errors. from the salt the solvent was removed in vacuo. The residue was

dissolved in 5 ml of diethyl ether and kept at 218°C for 1 d. Bis(di-
methylaminoxy)dichlorosilane was isolated as large colourless crys-

Conclusion tals extremely sensitive to moist air (3.1 g, 67%). 2 1H NMR: δ 5

2.43 (s, 12 H, H3C). 2 13C NMR: δ 5 49.8 (q q, 1JCH 5 136.0 Hz,
The present study shows that the occurrence of strong β- 3JCNCH 5 5.4 Hz, CH3). 2 15N{1H} NMR: δ 5 2228.5 (s). 2 17O

NMR: δ 5 188 (s). 2 29Si NMR: δ 5 251.9 (s). 2 MS(CI): m/zdonor interactions in SiON systems, which is represented
(%) 5 174 (100) [M1 2 NMe2]. 2 C4H12N2O2Cl2Si (171.1): calcd.by small SiON angles, is not simple to predict. Although
C 22.0, H 5.5, N 12.8; found C 22.0, H 5.5, N 12.9.the silicon (and germanium) atom in Cl2Si(ONMe2)2 bears

more electronegative substituents than in ClH2SiONMe2 Bis(dimethylaminoxy)dichlorogermane: A solution of N,N-di-
methylhydroxylamine (2.0 ml, 28 mmol) and 2,6-lutidine (3.3 ml, 28the SiON angle in the first case is much larger. This cannot
mmol) in pentane (25 ml) was added dropwise to a cooled solutionbe understood in terms of simple electrostatic interactions.
(260°C) of tetrachlorogermane (1.6 ml, 14 mmol) in pentane (50However, it has already been shown for ClH2SiONMe2 that
ml). The mixture was slowly warmed to ambient temp.. After fil-a simple electrostatic model cannot explain the very differ-
tration from the salt the solution was slowly fractionated throughent Si2O2N angles in the gauche and anti conformers of
a series of cooled traps and bis(dimethylaminoxy)dichlorogermanethis compound,[6] and that compounds with even higher
remained as a small amount of colourless crystals, extremely sensi-

positive charges at silicon, such as Si(ONMe2)4, have wider tive to moist air. 2 1H NMR: δ 5 2.41 (s, 12 H, H3C). 2 13C
SiON angles. [4] Therefore the influence of electrostatics NMR: δ 5 50.3 (q q, 1JCH 5 136.0 Hz, 3JCCCH 5 5.4 Hz, CH3).
should not be overestimated. Clearly the steric requirements 2 15N{1H} NMR: δ 5 2231.8 (s). 2 17O NMR: δ 5 193 (s).
at the silicon centre in Cl2Si(ONMe2)2 are very different 2MS(CI): m/z (%) 5 264 (85) [M1 2 H]. 2 C4H12Cl2GeN2O2

(263.63): calcd. C 18.2, H 4.6, N 10.6; found C 18.7, H 4.6, N 10.4.from that in ClH2SiONMe2, which might account for the
differences. A similar argument for the rationalisation of Crystal Structure Determinations: Single crystals of
the angle at the oxygen atom can be based upon the low Cl2Si(ONMe2)2 and Cl2Ge(ONMe2)2 were selected under a polari-
directionality of the Si2O bonds, which is predominantly sation microscope and mounted into a glass capillary under Ar
ionic. [11] However, Cl2Si(ONMe2)2 and H3SiONMe2 have [Cl2Si(ONMe2)2] and under inert perfluoropolyether [Fomblin,

Cl2Ge(ONMe2)2], respectively. Diffractometer: Enraf-Noniussimilar SiON angles but the silyl groups are very different
CAD4, Mo-Kα radiation, graphite monochromator (λ 5 0.71073in size. Steric requirements and electrostatic interactions
Å). Solution: direct methods; [13] refinement: SHELXL93.[14] Nocould be competing effects, but even a consideration of both
absorption correction applied. Non-H atoms were refined with an-could not fully account for the structures observed in
isotropic thermal displacement parameters, hydrogen atoms wereSiON compounds.
located in difference Fourier maps and refined isotropically.

We are presently investigating the intramolecular elec-
Cl2Si(ONMe2)2: C4H12Cl2N2O2Si, M 5 219.15, monoclinic;tronic effects concerning β-donor-acceptor systems, includ-

a 5 7.935(1), b 5 9.472(1), c 5 13.583(2) Å, β 5 96.47(1); V 5ing dipole interactions and the distribution of electron den-
1014.4(2) Å3 at 133(2) K; cell from 88 reflections (θ-range 19 2sity, in more detail. Studies on other compounds with gemi-
24°); space group P2(1)/c; Z 5 4; Dc 5 1.435; 2θmax. 5 53.96°; h 5nal acceptor and donor centres in geminal positions should
210 R 10, k 5 0 R 12, l 5 29 R 17; ω-scan, 3215 reflections

also improve our knowledge on those systems. collected, 2197 indep. reflections [Rint. 5 0.0298]. 148 Parameters,
R 5 0.0349 [for 2028 refl. with Fo > 4 σ(Fo)], wR2 5 0.1227 for allThis work was supported by the Bayerischer Staatsminister für

Unterricht, Kultus, Wissenschaft und Kunst (Bayerischer Habili- 2182 reflections. Residual electron density: min. 0.39, max. 0.45
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[4] U. Losehand, N. W. Mitzel, Inorg. Chem. 1998, 37, 3175282.eÅ23. Weight 5 1/[σ2(Fo

2) 1 (0.0666 P )2 1 0.49 ·P] where P 5
[5] U. Losehand, N. W. Mitzel, J. Chem. Soc., Dalton Trans 1998,[Max (Fo

2,0) 1 2 ·Fc
2 ]/3. 253722540.
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Admission of molecular oxygen to a solution containing hydroxyphenylnickel compounds Ni(Ar9) X(PMe3)3 [Ar9 = 2-
OH–C6H4; X = Br (6), I (7)], trans-Ni(Ar9)Cl(PMe3)2 [Ar9 = 2-Ni(PMe3)4 and substituted phenols (ArOH) affords

bisphenolatonickel compounds trans-Ni(OAr)2(PMe3)2 OH–3,5-Cl2–C6H2 (8)] and trans-Ni(OAr)Cl(PMe3)2 [Ar =
2,4,6-Cl3–C6H2 (9)] is observed. An X-ray crystal structure[ArOH = 2-chlorophenol (1), 2-bromophenol (2), 2,4,6-

trichlorophenol (3)]. In the absence of dioxygen the phenols determination of 1 shows a trans square planar arrangement
of donor atoms, that of 6 shows a distorted square pyramid,reversibly protonate the nickel complex to form ionic

compounds [NiH(PMe3)4]+ Y– containing hydrogen-bonded while 4 contains tetrahedral nickel cations with a delocalized
hydrogen atom and triphenolate anions H2(ArO)3

–.anions Y = [H2(2-Cl–C6H4O)3] (4), [H(2-OH–C6H4COO)2] (5).
As a side-reaction, formal insertion of nickel to give 2-

Introduction

Steric protection is the key feature in the synthesis of mo-
lecular diphenolato-bis(trimethylphosphane) nickel com-
pounds starting from substituted phenols, Ni(PMe3)4, and
dioxygen. [1] Prior to the admission of dioxygen the colour
of the pale yellow solution is observed to deepen depending
on the phenol and on solvent polarity. In our first attempts
to isolate a reaction intermediate we recovered mixtures of
the starting materials. However, the introduction of halide
substituents into the phenols led to the crystallization, in
high yields, of ionic compounds containing the hydrido-
tetrakis(trimethylphosphane)nickel cation and hydrogen-
bonded oligophenolate anions. Under these conditions we
also observed formation of arylnickel complexes in a side-
reaction and investigated the factors supporting formation
of Ni2C bonds. singlet, indicating fast exchange of ligands, and no para-

magnetic shift or line broadening is observed. Physical and
spectroscopic data are thus in accordance with molecularResults and Discussion
compounds in a low-spin state and square planar coordi-
nation of nickel. [1] When compared with 2-tert-butyl-substi-From pale yellow solutions containing Ni(PMe3)4 and 2-

halogenophenol (except 2-iodophenol, see below) in ether tuted diphenolatonickel complexes no significant downfield
shift of the 6-H proton resonance signal is detected andat 278°C a yellow solid precipitated. Upon admission of

dioxygen the precipitate dissolved to fom a red solution ac- hence no steric congestion in the coordination plane is indi-
cated. Indeed, freely oriented 2-chlorophenolato groups arecording to an overall Eq. 1.

The diphenolatonickel complexes 123 are red or brown apparent in the molecular structure of complex 1 (Figure 1).
The nickel atom resides at a crystallographic centre ofsolids that are stable in air for several hours. Recrystalliza-

tion from pentane or ether afforded dark red crystals that symmetry, and the P2Ni2O angles attain almost ideal val-
ues because there is no steric strain, unlike in the case of 2-can be dried in vacuo without loss of phosphane ligands.

Infrared spectra contain fingerprint absorptions of diphe- tert-butyl-substituted analogs in which the angle P2Ni2O
is opened up by CH32CH3 repulsion of trimethylphos-nolatonickel complexes and do not show νOH bands. The

proton resonance of the trimethylphosphane groups is a phanes with bulky substituents R1 and R2 (Table 1). In two
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Figure 1. Molecular structure of 2 (ORTEP plot without hydrogen

atoms)[a]

Cl2C6H42OD displayed the expected bathochromic shift
of bands, which coincided within a multitude of bands in
the fingerprint region. In the NMR experiment freshly pre-[a] Principal bond lengths [Å] and angles [°]: Ni2O1 1.857(3),

Ni2P1 2.233(2), O12C21 1.320(5), C212C26 1.394(6), C252C26 pared samples of 4 in CD3CN or of 5 in [D6]THF gave a
1.378(7); O12Ni2P1 90.37(12), O12Ni2P1a 89.63(12), resonance at δ 5 217.2, which is typical for cationic NiHC212O12Ni 122.7(3)

species. After 30 min the signal of 4, which was not detected
in [D6]THF, gave way to broad resonances of unknown

Table 1. Distortion by PCH32CCH3 repulsion in diphenolato- paramagnetic species while that of 5 persisted for some
nickel complexes

hours.
A pale yellow prismatic single crystal of 4 was subjected

to an X-ray diffraction experiment. The lattice of 4 consists
of separate nickel cations and triphenolate anions with no
bonding contacts between the units. The molecular struc-
ture of one of the two metal complex cations in the cell is
shown on the left hand side of Figure 2. The frame of heavy
atoms, NiP4, appears as an almost ideal tetrahedron withR1 R2 R3 Ni2P [Å] O2Ni2P [°]
Ni2P distances in the range 2.213(3)22.236(3) Å (average

1 Cl H H 2.233(2) 90.37(12) 2.224 Å) and angles P2Ni2P in the range 105.93(13)2
[a] C(CH3)3 H CH3 2.233(2) 94.08(12) 112.60(14)°.[a] C(CH3)3 CH3 H 2.268(2) 98.55(12)

The two anions in the cell consist of three 2-chlorophe-
nolate entities, each arranged with their anionic O atoms in[a] Ref. [1]

an approximate equilateral triangle with distances
O12O6 5 2.56(1), O22O6 5 2.53(1), and O12O2 5

structures where R2 5 H the bond distances Ni2P are
4.26(1) Å (not depicted) or O32O5 5 2.53(1), O42O5 5

equal within experimental error while a significant elonga-
2.56(1), and O32O4 5 4.06(1) Å (Figure 2), respectively,

tion is found in the third.
which imply two in-plane hydrogen bridges at angles
O12O62O2 5 112.9(5)° or O32O52O4 5 105.9(5)°,
respectively. The phenyl rings are oriented roughly perpen-Ion Pair Intermediates
dicular to that plane with an up-up-down orientation of
the 2-chloro substituents. These structural features are inThe exclusion of dioxygen from the reaction mixture in-

duces precipitation of a yellow solid by 2-chlorophenol in accordance with the presence of a triphenolate anion, which
has been previously observed with para-cresolates and a85% yield according to Eq. 2.

Recrystallization from toluene gives pale yellow needles ruthenium complex counterion. [2]

Although the structure of the tetrahedral cationin low yield, and solid 4 under argon at 20°C decomposes
within two weeks. The crystalline solid may be stored for Ni(PMe3)4

1 in {Ni(PMe3)4][BPh4] [3] displays significantly
shorter Ni2P bond distances [2.213(3)22.221(3) Å, averageseveral months at 220°C and, on rapid heating, decom-

poses above 162°C. 2.216 Å], the presence of an additional hydrogen atom in 4
appears questionable based solely on structural parameters.The use of salicylic acid leads to the formation of a crys-

talline precipitate according to Eq. 3. Solid 5 may be stored Therefore experiments were designed in order to test the
presence of the NiH1 moiety.under argon at 20°C for several weeks and in solution is

thermally more stable than 4. The infrared spectra of nujol No reaction of 4 or 5 was observed with cyclopentene or
carbon dioxide as substrates for an insertion into a metalmulls of 4 and 5 in the region 300021600 cm21 contain

several broad bands, and a broad absorption at 1950 cm21 hydride function. While 4 and 5 failed to protonate trimeth-
ylphosphane, action of strong base (NaH, K, or MeLi) onis assigned to an Ni2H vibration. A deuterated sample,

4D, obtained by reaction according to Eq. 1 using 2- a suspension of 4 or 5 in pentane at 278°C liberated the

Eur. J. Inorg. Chem. 1998, 2027220322028
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Figure 2. Molecular structure of 4 (ORTEP plot without hydrogen atoms)[a]

[a] Principal bond lengths [Å] and angles [°]: Ni22P21 2.223(3), Ni22P22 2.228(3), Ni22P23 2.220(4), Ni22P24 2.236(3), O32O5 2.53
(1), O42O5 2.56(1), O32O4 4.06(1), O32C32 1.357(9), Cl32C31 1.733(9), O42C42 1.354(9), Cl42C41 1.745(8), O52C52 1.367(8),
Cl52C51 1.717(7); P212Ni22P22 108.52(13), P212Ni22P23 108.33(13), P212Ni22P24 112.60(14), P222Ni22P23 110.5(2),
P222Ni22P24 106.82(13), P232Ni22P24 110.08(14), O32O52O4 105.9(5).

expected volume of gas, and quantitative amounts of rophenol does not react under these conditions. Additional
activation in 2,4,6-trichlorophenol affords a square planarNi(PMe3)4 were recovered (Eq. 4).
complex according to Eq. 7. The yellow crystals of 8 are
stable in air for several hours and under argon decompose
above 102°C. Sharp infrared absorptions at 3204 cm21 (6),
3264 cm21 (7), and at 3264 cm21 (8) indicate the presence
of an OH group, which is supported by broad proton reso-
nances at δ 5 6.7 (6), δ 5 7.6 (7), and δ 5 6.1 (8).

Protonation of Ni(PMe3)4 by the phenolic acids was re-
versed in 4 and 5 under 1 bar CO according to Eq. 5. Thus
all successful reactions of 4 and 5 point to the presence of
an NiH function exhibiting protic reactivity.

Insertion Reactions The molecular structure of 6 (Figure 3) shows a pentaco-
ordinate nickel atom in an approximately square pyramidal

The exclusion of oxygen from the mixtures of Ni(PMe3)4 surrounding of atoms (CBrP3). The axial distance
and 2-bromo- and 2-iodophenol led to oxidative addition [Ni2Br 5 2.805(2) Å] is considerably longer than the equa-
reactions of C2X bonds according to Eq. 6. torial distances in NiBr2(PMe3)3 (Ni2Br 5 2.42622.580

Å). [4] There are two short Ni2P distances in the trans-PNiP
unit and a longer one roughly opposite to the Ni2C bond
reflecting a considerable trans-influence. A sizeable trans-
effect is believed to operate and cause exchange of chloride
and phenolato ligands involving 8 and 3 under conditions
where both oxidation and insertion reactions occur concur-
rently according to Eq. 8.

A mixed phenolato-chloro compound (9) was found to
crystallize from the mixture as violet crystals that are air-The pentacoordinate 2-hydroxyphenylnickel complexes 6

and 7 were obtained from ether as red crystals that are air- stable and melt at 1622164°C. The spectroscopic data sup-
port a trans square-planar coordination geometry of nickel,sensitive and under argon decompose above 100°C. 2-Chlo-
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under argon. Details have been given elsewhere. [5] Ni(PMe3)4 wasFigure 3. Molecular structure of 6 (ORTEP plot without hydrogen

atoms)[a] prepared by literature methods, [6] phenols and salicylic acid
(Merck-Schuchardt) were used as purchased. Measured volumes of
oxygen were admitted to the reaction mixture at 270°C in vacuo.

trans-Di(2-chlorophenolato)bis(trimethylphosphane)nickel (1):
830 mg of Ni(PMe3)4 (2.29 mmol) and 2000 mg of 2-chlorophenol
(15.6 mmol) in 70 ml of THF at 278°C were combined with 50 ml
of dioxygen. Upon warming, the pale yellow solution turned red/
brown. After 72 h at 20°C the volatiles were removed in vacuo and
the residue was extracted with pentane over a glass-sinter disc (G3).
Crystallization at 220°C afforded dark red rhombs. Yield 575 mg
(54% based on nickel), m.p. 1792181°C. 2 IR (Nujol): ν̃ 5 1577
cm21 (C5C), 1033 (C2O), 949 ρ(PCH3). 2 1H NMR ([D8]tol-
uene): δ 5 0.98 [s(br), 18 H, P(CH3)3], 6.31 (t, J 5 7.2 Hz, 2 H, 4-
H), 6.95 (d, J 5 7.4 Hz, 2 H, 6-H), 7.03 (t, J 5 7.4 Hz, 2 H, 5-H),
8.15 (m, 2 H, 3-H). 2 13C NMR ([D8]THF): δ 5 9.39 [s(br),
P(CH3)3], 112.98 (s, C-6), 120.47(s, C-4), 123.26 (s, C-2), 126.11,
127.63 (C-3, C-5), 160.21 (s, C-1). 2 C18H26Cl2NiO2P2 (466.0):
calcd. C 45.40, H 5.62, P 13.33; found C 45.99, H 5.54, P 14.78.

trans-Di(2-bromophenolato)bis(trimethylphosphane)nickel (2):
720 mg of Ni(PMe3)4 (1.98 mmol) and 1000 mg of 2-bromophenol
(5.78 mmol) in 60 ml of THF at 278°C were combined with 50 ml[a] Principal bond lengths [Å] and angles [°]: Ni2C1 2.004(8),

Ni2P1 2.196(3), Ni2P2 2.196(3), Ni2P3 2.245(3), Ni2Br of dioxygen. Upon warming, the pale yellow solution turned dark
2.805(2), O12C6 1.370(10); C12Ni2P1 85.1(3), C12Ni2P2 red. After 16 h at 20°C the volatiles were removed in vacuo and
84.7(2), C12Ni2P3 150.6(3), P12Ni2P2 167.88(11), P12Ni2P3

the residue was washed with 50 ml of ether and extracted with THF96.07(11), P22Ni2P3 96.03(11), C12Ni2Br 108.9(3), P12Ni2Br
over a glass-sinter disc (G3). Crystallization at 220°C afforded88.99(9), P22Ni2Br 88.14(8), P32Ni2Br 100.52(8), C62C12Ni

124.3(7), C12C62O1 125.5(8). dark red rhombs. Yield 640 mg (58% based on nickel), m.p.
1752177°C. 2 IR (Nujol): ν̃ 5 1571 cm21 (C5C), 1021(C2O),
948 ρ(PCH3). 2 1H NMR ([D8]toluene): δ 5 1.08 [s(br), 18 H,
P(CH3)3], 6.2628.26 (m, 8 H). 2 C18H26Br2NiO2P2 (554.9): calcd.
C 38.96, H 4.72, P 11.16; found C 39.06, H 4.46, P 11.30.

trans-Bis(2,4,6-trichlorophenolato)bis(trimethylphosphane)nickel
(3): 700 mg of Ni(PMe3)4 (1.93 mmol) and 761 mg of 2,4,6-trichlo-
rophenol (3.86 mmol) in 80 ml of THF at 278°C were combined
with 50 ml of dioxygen. After stirring the mixture at 20°C for 16
h the volatile components were removed in vacuo and the dark
brown residue was washed with pentane and extracted with ether
to afford dark brown crystals. Yield 650 mg (56% based on nickel),and 2,4,6-trichlorophenol is recovered from the reaction
m.p. 1762178°C. 2 IR (Nujol): ν̃ 5 1564 cm21 (C5C), 1071with concentrated hydrochloric acid.
(C2O), 948 ρ(PCH3). 2 1H NMR ([D8]THF): δ 5 1.64 [s(br), 18
H, P(CH3)3], 6.90 (m, 4 H). 2 13C NMR ([D8]THF): δ 5 13.82
[s(br), P(CH3)3], 126.44 (s). 2C18H22Cl6NiO2P2 (603.7): calcd. CConclusion
35.81, H 3.67, P 10.26: found C 35.72, H 3.68, P 10.30.

Molecular diphenolatobis(trimethylphosphane)nickel Hydridotetrakis(trimethylphosphane)nickel2Dihydrogentris(2-
complexes can be prepared in high yields starting from sub- chlorophenolate) (4): 1000 mg of Ni(PMe3)4 (2.76 mmol) and 1060
stituted phenols, Ni(PMe3)4, and dioxygen, if halide sub- mg of 2-chlorophenol (8.28 mmol) were combined in 80 ml of ether

at 270°C to give a yellow precipitate. After warming to 20°C thestituents in the 2-position of the phenolato ligand prevent
solid was isolated by decantation and drying in vacuo. Yield (1340condensation reactions. Hydrido(trimethylphosphane)-
mg, 65%). Recrystallization from ether at 227°C afforded 370 mgnickel cations and oligomeric hydrogen phenolate coun-
of yellow crystals (18%), m.p. 1622164°C. 2 IR (Nujol): ν̃ 5 1950terions are observed as ion-pair intermediates. Single bro-
cm21 (NiH), 1568 (C5C), 1028 (C2O), 940 ρ(PCH3). 2 1H NMRmide and iodide or multiple chloride substituents in the ab-
([D8]THF): δ 5 217.24 (m, 1 H, NiH), 1.35 [s(br), 36 H, P(CH3)3],sence of dioxygen give rise to insertion reactions that, with
6.62 (t, J 5 6.7 Hz, 1 H), 7.00 (m, 2 H, 3-H, 5-H). 2 13C NMR

the exception of iodophenols, are usually dominated by the ([D8]toluene): δ 5 11.88 [s(br), P(CH3)3], 20.92 (s, CH3), 29.94
faster oxidation processes. [C(CH3)3], 35.21 [s, C(CH3)3], 114.89 (s, C-3), 124.80 (s, C-5),

128.90 (s, C-4), 141.45 (s, C-2), 143.96 (C-6), 163.07 (s, C-1). 2Financial support of this work by Fonds der Chemischen Industrie
C30H47Cl3NiO3P4 (748.7): calcd. C 48.13, H 6.87, Cl 14.21, Ni 7.84,and Deutsche Forschungsgemeinschaft is gratefully acknowledged.
P 16.62; found C 47.68, H 6.91, Cl 14.26, Ni 7.87, P 16.44.

Hydridotetrakis(trimethylphosphane)nickel2Hydrogendisalicylate
Experimental Section (5): 1210 mg of Ni(PMe3)4 (3.33 mmol) and 920 mg of salicylic

acid (6.66 mmol) were combined in 70 ml of pentane at 278°C toGeneral Procedures and Materials: All air-sensitive and volatile
materials were handled by standard vacuum techniques and kept give a pale yellow precipitate. After warming to 20°C the solid was
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Table 2. Crystallographic data of compounds 1, 4, and 6

1 4 6

Formula C18H26Cl2NiO2P2 C30H51Cl3NiO3P4 C15H32BrNiOP3
Molecular mass 465.9 748.7 459.9
Crystal size [mm] 0.25 3 0.21 3 0.12 0.22 3 0.33 3 0.52 0.28 3 0.20 3 0.18
Crystal system monoclinic triclinic orthorhombic
Space group P21/n P-1 Pca21
a [Å] 8.932(3) 12.538(9) 13.633(2)
b [Å] 9.936(3) 12.882(10) 11.925(2)
c [Å] 12.720(3) 29.28(2) 12.962(2)
α [°] 90 100.98(3) 90
β [°] 99.65(2) 90.36(2) 90
γ [°] 90 118.12(6) 90
V [Å3] 1112.9(6) 4069(5) 2107.3(6)
Z 2 4 4
Dcalc [g/cm3] 1.390 1.222 1.450
µ(MoKα) [mm21] 1.264 0.857 3.042
Temperature [K] 293(2) 293(2) 293(2)
data coll. range [°] 5.2# 2Θ #55 2.8 # 2Θ # 50 4.5# 2Θ #55
h 211 # h # 11 0 # h # 14 0 # h # 17
k 0 # k # 12 214 # k # 13 0 # k # 15
l 0 # l # 16 234 # l # 34 0 # l # 16
No. reflect. measured 2690 14880 2544
No. unique reflect. 2580(Rint 5 0.0463) 14160(Rint 5 0.0438) 2544
No. parameters refined 120 669 200
R1 [F $ 2σ(F)] 0.0659 0.0873 0.0578
wR2 [F $ 2σ(F)] 0.1246 0.2946 0.0900

isolated by decantation and dried in vacuo. Yield (1650 mg, 78%), Chloro(2-hydroxy-3,5-dichlorophenyl)bis(trimethylphos-
phane)nickel (8): 880 mg of Ni(PMe3)4 (2.42 mmol) and 945 mg ofm.p. 1362139°C. 2 IR (Nujol): ν̃ 5 2612 cm21 (OH), 1950 (NiH),

1032 (C2O), 940 ρ(PCH3). 2 1H NMR ([D8]THF): δ 5 217.19 2,4,6-trichlorophenol (4.85 mmol) were combined in 50 ml of THF
at 278°C and after warming to 20°C the solution attained an in-(m, 1 H, NiH), 1.36 [s(br), 36 H, P(CH3)3], 6.70 (m, 2 H, 5-H,),

6.81 (m, 2 H, 6-H,), 7.23 (m, 2 H, 4-H), 7.91 (m, 2 H, 3-H), 14.55 tense yellow color. After 18 h the volatiles were removed in vacuo
and the resulting solid was recrystallized from pentane to afford(m, 1 H, O2H2O). 2 C26H48NiO6P4 (639.3): calcd. C 48.85, H

7.57, P 19.38; found C 48.20, H 7.43, P 19.66. 240 mg of red crystals (24%), m.p. 1022103°C. 2 IR (Nujol): ν̃ 5

3486 cm21 (OH), 1552 (C5C), 1063 (C2O), 948 ρ(PCH3). 2 1HBromo(2-hydroxyphenyl)tris(trimethylphosphane)nickel (6): 620
NMR ([D6]benzene): δ 5 0.92 [s(br), 18 H, P(CH3)3], 6.11 (m, 1mg of Ni(PMe3)4 (1.71 mmol) and 2.0 ml of 2-bromophenol (18.9
H, OH), 7.36 (s, 1 H), 7.42 (s, 1 H). 2 13C NMR ([D8]THF): δ 5mmol) were combined in 60 ml of THF at 278°C. After stirring
17.68 [s(br), P(CH3)3], 120.78 (s, CCl), 130.95, 131.84 (s, CH),at 20°C for 72 h the solution attained a deep blue color. The vol-
132.54 (s, CNi), 162.75 (s, CO). 2 C12H21Cl3NiOP3 (408.3): calcd.atiles were removed in vacuo and the resulting dark red solid was
C 35.30, H 5.18, P 15.17; found C 35.49, H 5.52, P 14.99.washed with two 10-ml portions of ether and recrystallized from

trans-Chloro(2,4,6-trichlorophenolato)bis(trimethylphosphane)-THF to afford 160 mg of red crystals (20%), m.p. 1082110°C. 2
nickel (9): 880 mg of Ni(PMe3)4 (2.42 mmol) and 944 mg of 2,4,6-IR (Nujol): ν̃ 5 3204 cm21 (OH), 1560 (C5C), 1011 (C2O), 951
trichlorophenol (4.85 mmol) in 50 ml of THF were combined atρ(PCH3). 2 1H NMR (CD2Cl2): δ 5 1.07 [s(br), 27 H, P(CH3)3],
278°C and after warming to 20°C the solution attained an intense6.35 (m, 1 H), 6.67 (s, 1 H), 6.70 (m, 1 H, OH), 6.98 (s, 1 H). 2
yellow color. After stirring for 16 h 50 ml of dioxygen was admitted13C NMR ([D8]THF): δ 5 13.78 [s(br), P(CH3)3], 111.36 (s, C-6),
and a violet coloration was observed. The mixture was stirred for117.96 (s, C-4), 122.25, 134.61 (s, C-3, C-5), 159.87 (s, C-1). 2
another 3 h, the volatiles were removed in vacuo and the residueC15H32BrNiOP3 (460.0): calcd. C 39.32, H 7.01, P 20.62; found C
extracted with 50 ml of pentane to afford 70 mg of violet crystals39.17, H 7.01, P 20.20.
(24% based on Ni), m.p. 1622164°C. 2 IR (Nujol): ν̃ 5 1564 cm21

Iodo(2-hydroxyphenyl)tris(trimethylphosphane)nickel (7): 1130 (C5C), 1077 (C2O), 948 ρ(PCH3). 2 1H NMR ([D6]acetone): δ 5
mg of Ni(PMe3)4 (3.11 mmol) and 685 mg of 2-iodophenol (3.11 1.57 [m, 18 H, P(CH3)3], 6.88 (s, 2 H). 2 13C NMR ([D8] acetone):
mmol) were combined in 70 ml of THF at 278°C. After stirring δ 5 10.65 [t9, 1J(PC) 13J(PC) 5 23.9 Hz, P(CH3)3], 120.94 (s,
at 20°C for 18 h the solution attained a greenish color. The volatiles CH). 2 C12H20Cl4NiOP2 (442.8): calcd. C 32.55, H 4.55, P 13.99;
were removed in vacuo and the resulting dark red solid was recrys- found C 32.82, H 4.60, P 14.05.
tallized from ether to afford 1010 mg of red crystals (64%), m.p.

Crystal Structure Analyses: Crystal data are presented in Table 2.96298°C. 2 IR (Nujol): ν̃ 5 3264 cm21 (OH), 1559 (C5C), 1011
(C2O), 944 ρ(PCH3). 2 1H NMR (CD2Cl2): δ 5 1.20 [s(br), 27 Data Collection. 2 Complex 1: A dark red specimen was sealed

under argon in a glass capillary and mounted on a Siemens R3m/VH, P(CH3)3], 6.37 (dd, 3J 5 7.7 Hz, 4J 5 1.4 Hz, 1 H, 3-H), 6.55
(dt, 3J 5 7.1 Hz, 4J 5 1.4 Hz, 1 H, 4-H), 6.73 (dt, 3J 5 7.3 Hz, diffractometer. Using graphite-monochromated Mo-Kα radiation,

lattice parameters were obtained from 25 centered reflections. ω4J 5 1.4 Hz, 1 H, 5-H), 7.14 (dd, 3J 5 7.1 Hz, 4J 5 1.4 Hz, 1 H,
6-H), 7.60 (m, 1 H, OH). 2 13C NMR ([D8]THF): δ 5 15.31 [s(br), scan data were collected and Lp and empirical absorption correc-

tions were applied. Structure solution was performed by directP(CH3)3], 112.14 (s, C-6), 118.20 (s, C-4), 123.44, 136.84 (s, C-3, C-
5), 161.84 (s, C-1). 2 C15H32INiOP3 (506.9): calcd. C 35.54, H 6.36, methods, full-matrix least-squares refinement based on F2. All non-

hydrogen atoms were treated anisotropically and hydrogen atomsP 18.33; found C 35.47, H 6.11, P 18.35.
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were fixed at idealized positions. 2 Complex 4: A yellow specimen CB2 1EZ, UK [Fax: (internat.) 1 44(1223)3362033, E-mail:

deposit@chemcrys.cam.ac.uk).(from ether) was sealed under argon in a glass capillary and
mounted on a Siemens P4 diffractometer. Data collection, correc-
tions (without ψ-scans), and structure solution and refinement were [1] H.-F. Klein, A. Dal, T. Jung, S. Braun, C. Roehr, U. Floerke,

H.-J. Haupt, Eur. J. Inorg. Chem. 1998, 6212627.as for 1. 2 Complex 6: A dark red specimen was sealed under argon
[2] M. J. Burn, M. G. Fickes, F. J. Hollander, R. G. Bergman, Or-in a glass capillary and mounted on a Siemens R3m/V dif-

ganometallics 1995, 14, 1372150.
fractometer. Data collection, corrections, and structure solution [3] A. Gleizes, M. Dartiguenave, Y. Dartiguenave, J. Galy, H.-F.
and refinement as before. Klein, J. Am. Chem. Soc. 1977, 99, 518725189.

[4] J. W. Dawson, T. J. McLennan, W. Robinson, A. Merle, M.
Dartiguenave, Y. Dartiguenave, H. B. Gray, J. Am. Chem. Soc.Crystallographic data (excluding structure factors) for the struc-
1974, 96, 442824435.tures reported in this paper have been deposited with the Cam-

[5] H.-F. Klein, A. Brand, G. Cordier, Z. Naturforsch. 1998, 53b,bridge Crystallographic Data Centre. Copies of the data [1: CCDC- 3072314.
102020, 4: CCDC-102094 , 6: CCDC-102021] can be obtained free [6] H.-F. Klein, H. H. Karsch, Chem. Ber. 1976, 109, 251522523.

[I98215]of charge on application to CCDC, 12 Union Road, Cambridge
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The reaction of the trialkylalane (Me3Si)3CAlMe2 × THF (1) (µ-SeMe)]2 (7, M = Al; 8, M = Ga). The compounds exhibit a
high thermal stability and can not be converted to thewith H2S in toluene at room temperature results in the

formation of the dimeric sulfido compound [(Me3Si)3CAl(µ- corresponding selenides [(Me3Si)3CM(µ3-Se)]n (M = Al, Ga)
upon heating. In contrast, the trialkylalane 1 does not reactS)]2 × 2 THF (3), while the reaction of the homologous

gallane (Me3Si)3CGaMe2 (2) with H2S under similar with tellurium metal in refluxing toluene at all, while the
trialkylgallane 2 affords the tellurolate [(Me3Si)3CGaMe(µ-conditions affords the heterocubane [(Me3Si)3CGa(µ3-S)]4

(4). Heating of compound 3 in vacuo gives a mixture of the TeMe)]2 (9) under similar conditions. Compounds 3–9 have
been characterized by 1H- and 29Si-NMR, mass, and IRsymmetrically substituted [(Me3Si)3CAl(µ3-S)]4 (5) and the

unsymmetrically substituted heterocubane [{(Me3Si)3CAl(µ3- spectroscopy. Furthermore, the molecular structures of
compounds 3 · C6H6, 4 · 1.5 C6H6, 6, 7 · C6H6 and 9 haveS)}3MeAl(µ3-S)] (6). Reaction of the trialkylmetalanes 1 and

2 with elemental selenium in refluxing toluene results in the been determined by X-ray crystallography.
formation of the corresponding selenolates [(Me3Si)3CMMe-

Introduction chalcogens, and d) reaction of R3M with elemental chal-
cogens. The last mentioned process occurs via the corre-

Organometallic cage compounds of aluminum and gal- sponding chalcogenates [R2M(µ-ER)]2 as the first insertion
lium with bonds to group 15 elements with composition products, which could be trapped in a few cases. [9b] [9c] The
[RMER9]x (M 5 Al, Ga; E 5 N, P; R, R9 5 H, alkyl, aryl) compounds are of particular interest as selective reagents in
have been intensively studied over the last two decades[1]

organic synthesis, e.g. [iBu2AlER]x (R 5 alkyl; E 5 S, Se,
especially due to their potential use as precursors of group Te) for the conversion of aldehydes to thiol-, selenol-, and
13-15 materials. In contrast, only a few of fully charac- tellurol esters. [10]

terized cage compounds [RME]x (R 5 alkyl, aryl; M 5 Al, We have recently reported on hydrolysis studies of the trial-
Ga; E 5 S, Se, Te) of groups 13 and 16 have been re- kylmetalanes (Me3Si)3CAlMe2 · THF (1) and (Me3Si)3-
ported. [2] This is surprising, since materials with compo- CGaMe2 (2) leading to the isolation and structural charac-
sitions ME and M2E3 (M 5 Ga, In; E 5 S, Se) have inter- terization of some unusual alkylaluminum- and -gallium-
esting electronic and optoelectronic properties and could hydroxo(oxo) compounds. [11] In continuation of our sys-
possibly find applications for nonlinear optics, [3] photovol- tematic studies on group 13-16 chemistry, we now report on
taics, [4] and electronic devices. [5] Moreover, the cubic phase the synthesis and characterization of some new alkylalumi-
of gallium sulfide prepared from the single source precursor num- and -gallium chalcogen compounds with the bulky
[tBuGa(µ3-S)]4 has been shown to passivate GaAs[6] and tris(trimethylsilyl)methyl (“trisyl”) ligand.
was used to realize a new class of GaAs transistors. [7]

Syntheses of mixed-metal chalcogenides such as CuInE2

(E 5 S, Se) from single-source precursors[8] have also been
Results and Discussionsuccessful and their efficiency as photovoltaic cells is docu-

mented. [9]
Reaction of (Me3Si)3CAlMe2 · THF (1) with H2S in tolu-

ene at room temperature yielded the dimeric trisylaluminumThe few examples of structurally characterized 13-16
cage compounds [RME]x [2] have been preferentially pre- sulfido compound [(Me3Si)3CAl(µ-S)]2 · 2 THF (3) (Eq. 1),

presumably via an unstable hydridosulfido intermediate, i.e.pared by a) protolysis of R3M with H2E, b) reaction of
RMCl2 with E(SiMe3)2, c) oxidation of RM with elemental [(Me3Si)3CAlMe(µ-SH)]2 · 2 THF. The softer Lewis base
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Figure 1. Crystal structure of [(Me3Si)3CAl(µ-S)]2 · 2 THF (3), withH2S seems to be unable under the given reaction conditions
anisotropic displacement parameters depicting 50% probability.to replace the harder Lewis base THF at the hard Lewis

Hydrogen atoms have been omitted for clarity[a]

acidic aluminum center. Under similar conditions the trial-
kylgallane (Me3Si)3CGaMe2 (2) gave the tetrameric com-
pound [(Me3Si)3CGa(µ3-S)]4 (4) (Eq. 2). [12] The hydridosul-
fido intermediate could not be trapped, in contrast to the
reaction of tBu3Ga with H2S, which allows the isolation of
the thermal stable hydridosulfido product [tBu2Ga(µ-
SH)]2. [9a]

[a] Selected bond lengths [pm] and angles [°]: Al(1)2C(10) 202.9(2),
Al(1)2O(1) 195.29(17), Al(1)2S(1) 224.83(9), Al(1)2S(1A)
223.47(9); C(10)2Al(1)2O(1) 107.17(8), C(10)2Al(1)2S(1)
120.97(7), C(10)2Al(1)2S(1A) 121.21(7), O(1)2Al(1)2S(1)
103.27(6), O(1)2Al(1)2S(1A) 102.87(6), S(1)2Al(1)2S(1A)
98.79(3), Al(1)2S(1)2Al(1A) 81.21(3).

atoms at alternating corners. The pseudotetrahedral coordi-
nation sphere at each gallium atom is completed by a trisyl
group. The average Ga2S distances (237.8 pm) are in the
range of those observed for [tBuGa(µ3-S)]4 (235.9 pm), [2a]

[Me2EtCGa(µ3-S)]4 (235.6 pm), [2f] [(Cp(CO)2Fe)Ga(µ3-S)]4
(237.5 pm)[2g] and [tmpGa(µ3-S)]4 (tmp 5 2,2,6,6-tetra-
methylpiperidyl) (235.6 pm). [2h] The deviation from a per-
fect cube in 4 (average: Ga2S2Ga 86.4°, S2Ga2S 93.5°)
is somewhat smaller than in [tBuGa(µ3-S)]4 (average:
Ga2S2Ga 82.1°, S2Ga2S 97.3°), [2a] [Me2EtCGa(µ3-S)]4Compounds 3 and 4 have been fully characterized by 1H-

and 29Si-NMR, mass, and IR spectroscopy as well as el- (average: Ga2S2Ga 82.2°, S2Ga2S 97.2°), [2f] [(Cp(CO)2-

Fe)Ga(µ3-S)]4 (average: Ga2S2Ga 84.1°, S-Ga-S 95.6°), [2g]emental analyses. In addition, recrystallization from ben-
zene gave single crystals of 3 · C6H6 and 4 · 1.5 C6H6 suit- and [tmpGa(µ3-S)]4 (average: Ga2S2Ga 84.2°, S2Ga2S

95.5°). [2h] The average Ga2C distance (202.0 pm) is a littleable for X-ray diffraction analyses.
Figure 1 shows the molecular structure of compound 3, shorter than the Ga2Ctrisyl distance in (Me3Si)3CGaMe2 ·

THF (204.6 pm)[11] due to the higher effective positivewhich crystallizes with half of a molecule in the asymmetric
unit in the orthorhombic space group Pbca. The planar charge of the gallium atoms caused by the electronegative

sulfur atoms.Al2S2 core is elongated in the direction of the S2S axis
(Al2S2Al 81.2°, S2Al2S 98.8°) comparable to the re- The cubane 4 exhibits high thermal stability and can be

easily purified by sublimation in vacuo (180°C, 1022 mbar).cently reported sulfide [Mes*Al(µ-S)]2 · 2 Me2SO (Mes* 5
2,4,6-tBu3C6H2) (Al2S2Al 83.5°, S2Al2S 95.9°, average) A topological reorganization of the polyhedral core as re-

ported for the formation of [tBuGaS]x (x 5 6, 7, 8) by ther-with a nonplanar Al2S2 ring. [13] Both aluminum centers
show distorted tetrahedral coordination by two bridging molysis of [tBuGa(µ3-S)]4 [14] has not been observed for 4.

Interestingly, the mass spectrum of 3 shows, in additionsulfur atoms, one THF molecule and one trisyl group. The
Al2S (224.8 pm) and Al2C (202.9 pm) distances in 3 · to the signals for characteristic fragment ions of the dimeric

sulfide, at elevated temperatures (above 200°C) signals withC6H6 are in good agreement with those observed for [Mes*
Al(µ-S)]2 · 2 Me2SO (Al2S 225.1 pm, Al2C 202.2 pm). [13] higher masses (e.g. m/z 1147, 929), indicating formation of

larger aggregates. These observations encouraged us toThe Al2O distance in 3 · C6H6 (195.3 pm) is slightly
shorter than that in the starting material 1 (196.8 pm)[11] examine the thermolysis of 3 on a preparative scale. Heating

of [(Me3Si)3CAl(µ-S)]2 · 2 THF (3) in vacuo (220°C, 1022due to electron-withdrawing properties of the sulfur atoms.
The molecular structure of the tetrameric compound mbar) for 30 minutes gave, after workup, a yellowish solid

which was identified by 1H- and 29Si-NMR, and mass spec-[(Me3Si)3CGa(µ3-S)]4 (4), which crystallizes in the trigonal
space group P3̄c1 with four tetramers and six benzene mol- troscopy as a mixture of the tetrameric organoaluminum

sulfides [(Me3Si)3CAl(µ3-S)]4 (5) and [{(Me3Si)3CAl(µ3-ecules in each unit cell, is depicted in Figure 2. The core of
compound 4 consists of a distorted cube with Ga and S S)}3MeAl(µ3-S)] (6) (ø 30:70) (Eq. 3). To our knowledge
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Figure 2. Crystal structure of [(Me3Si)3CGa(µ3-S)]4 (4), with aniso- served for the symmetrically substituted cubane [Me2Et-
tropic displacement parameters depicting 50% probability. Hydro- CAl(µ3-S)]4 (Al2S2Al 82.2°, S2A2S 97.3°, average), [2f]

gen atoms have been omitted for clarity[a]

which is the only other example of a structurally charac-
terized Al-S cubane. Due to the lower symmetry of the mol-
ecule caused by the different substituents at the aluminum
atoms in 6, the bond lengths and angles of the core are in
a wider range than those of [Me2EtCAl(µ3-S)]4. [2f] For the
Al coordinated by the methyl group the Al2S bonds are
relatively similar (230.32230.7 pm), while for the Al atoms
coordinated by the trisyl ligands one long Al2S distance
(235.52235.8 pm), one distance in a middle range
(233.72234.2 pm) and one comparatively short distance
(231.02231.5 pm) are observed. In total, the Al2S dis-
tances (average: 232.8 pm) are close to those observed for
[Me2EtCAl(µ3-S)]4 (average: 231.3 pm)[2f] but are distinctly
longer than those of the starting material 3 (224.8 pm) and
the recently reported dimeric organoaluminum sulfide
[Mes*Al(µ-S)]2 (Mes* 5 2,4,6-tBu3C6H2) (221.0 pm)[13] due
to the higher coordination number of the sulfur atoms. On
the other hand the nearly equal Al2Ctrisyl distances (aver-

[a] Selected bond lengths [pm] and angles [°]: Ga(1)2C(10) 202.0(4), age: 197.7 pm) are little shorter than those in the startingGa(1)2S(1) 237.90(10), Ga(1)2S(2) 237.91(11), Ga(1)2S(2A)
material 3 (average: 202.9 pm).237.63(11), Ga(2)2C(20) 201.9(6), Ga(2)2S(2) 237.74(10);

C(10)2Ga(1)2S(1) 122.56(10), C(10)2Ga(1)2S(2) 122.31(11), As mentioned above, a second method for the prep-
C(10)2Ga(1)2S(2A) 123.45(11), S(1)2Ga(1)2S(2) 93.46(4), aration of group 13-16 cage compounds is the reaction ofS(1)2Ga(1)2S(2A) 93.53(4), S(2)2Ga(1)2S(2A) 93.41(4),
C(20)2Ga(2)2S(2) 122.80(3), S(2)2Ga(2)2S(2A) 93.43(3), trialkylmetalanes with elemental chalcogens. Because of the
Ga(1)2S(1)2Ga(1A) 86.37(4), Ga(1)2S(2)2Ga(1A) 86.43(3), very high toxicity of H2Se and H2Te we tried to prepare the
Ga(1)2S(2)2Ga(2) 86.44(3), Ga(1A)2S(2)2Ga(2) 86.51(4).

corresponding selenides and tellurides following this route.

Reactions of (Me3Si)3CAlMe2 · THF (1) and (Me3Si)3C-
GaMe2 (2) with elemental selenium in a 1:1 ratio in re-
fluxing toluene resulted in the formation of the correspond-
ing selenolates [(Me3Si)3CMMe(µ-SeMe)]2 (7: M 5 Al, 8:
M 5 Ga) in good yields (Eqs. 4, 5).

In both cases, the selenium reacted within 2 h, and the
color of the reaction mixture changes from colorless
through green to yellow. Compounds 7 and 8 are colorless,
air- and moisture-sensitive, and extremely malodorous
solids, which were fully characterized by 1H- and 29Si-
NMR, mass, and IR spectroscopy as well as by elemental
analyses (see Experimental Section). Additionally, recrystal-
lization from benzene afforded single crystals of 7 · C6H6

suitable for X-ray diffraction analysis.
Figure 4 shows the crystal structure of the aluminum se-

lenolate 7, which crystallizes in the orthorhombic spacesuch a fragmentation of the trisyl group under chemical
conditions is unprecedented. group Ibam with eight dimers and eight benzene molecules

in the unit cell. The central core of 7 is characterized byHowever, we were neither able to separate this mixture
by fractional crystallization or sublimation nor to obtain a distorted four-membered Al2Se2 ring (Al2Se2Al 86.2°,

Se2Al2Se 84.0°, average) tilted towards the methyl groupspure compounds by variation of the reaction conditions.
The recrystallization of the mixture from toluene at room at both aluminum and selenium in a cis conformation [an-

gle between the planes defined by Al(1)/Se(1)/Se(2) andtemperature results in the formation of single crystals of
both compounds, which differ in their shape (5 rods, 6 Al(1A)/Se(1)/Se(2) 133.6°]. In contrast, the ring of the only

other structurally characterized dimeric aluminum seleno-blocks). Unfortunately, only the single crystals of com-
pound 6 were suitable for X-ray diffraction analysis. late [Mes2Al(µ-SeMe)]2 (Mes 5 2,4,6-Me3C6H2)[15] is planar

and nearly undistorted (Al2Se2Al 89.4°, Se2Al2Se 90.6°,Figure 3 shows the molecular structure of the unsym-
metric substituted cubane [{(Me3Si)3CAl(µ3-S)}3MeAl(µ3- average) with the methyl substituents on the selenium in the

trans conformation. This different behaviour can be ex-S)] (6), which crystallizes in the triclinic space group P1̄.
The distorted central Al4S4 heterocubane core (Al2S2Al plained by minimization of steric crowding caused by the

bulky trisyl ligands. The Al2Se distances in 7 (average:83.5°, S2Al2S 96.1°, average) is comparable with that ob-
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Figure 3. Crystal structure of [{(Me3Si)3CAl(µ3-S)}3MeAl(µ3-S)]
(6), with anisotropic displacement parameters depicting 50% pro-

bability. Hydrogen atoms have been omitted for clarity[a]

Figure 4. Crystal structure of [(Me3Si)3CAlMe(µ-SeMe)]2 (7), with
anisotropic displacement parameters depicting 50% probability.

Hydrogen atoms have been omitted for clarity[a]

[a] Selected bond lengths [pm] and angles [°]: Al(1)2C(1) 197.8(2),
Al(1)2S(1) 231.49(11), Al(1)2S(2) 235.49(10), Al(1)2S(4)
233.70(14), Al(2)2C(2) 197.5(2), Al(2)2S(1) 234.22(10),
Al(2)2S(2) 235.75(10), Al(2)2S(3) 231.00(13), Al(3)2C(3)
197.8(2), Al(3)2S(2) 235.65(14), Al(3)2S(3) 233.90(10),
Al(3)2S(4) 231.20(10), Al(4)2C(4) 192.7(3), Al(4)2S(1)
230.52(13), Al(4)2S(3) 230.68(10), Al(4)2S(4) 230.28(11), [a] Selected bond lengths [pm] and angles [°]: Al(1)2C(3) 196.6(6),C(1)2Al(1)2S(1) 117.38(7), C(1)2Al(1)2S(2) 127.59(8),

Al(1)2C(10) 200.0(3), Al(1)2Se(1) 252.71(11), Al(1)2Se(2)C(1)2Al(1)2S(4) 118.83(7), S(1)2Al(1)2S(2) 95.08(4),
254.35(10), Se(1)2C(1) 196.8(5), Se(2)2C(2) 196.1(5);S(1)2Al(1)2S(4) 97.01(4), S(2)2Al(1)2S(4) 94.31(4),
C(3)2Al(1)2C(10) 118.46(13), C(3)2Al(1)2Se(1) 107.28(11),C(2)2Al(2)2S(1) 118.57(7), C(2)2Al(2)2S(2) 127.75(7),
C(3)2Al(1)2Se(2) 107.89(11), C(10)2Al(1)2Se(1) 117.21(9),C(2)2Al(2)2S(3) 117.76(7), S(1)2Al(2)2S(2) 94.29(4),
C(10)2Al(1)2Se(2) 116.65(9), Se(1)2Al(1)2Se(2) 84.01(3),S(1)2Al(2)2S(3) 97.13(4), S(2)2Al(2)2S(3) 94.64(4),
Al(1)2Se(1)2Al(1A) 86.48(5), Al(1)2Se(1)2C(1) 103.70(12),C(3)2Al(3)2S(2) 128.78(8), C(3)2Al(3)2S(3) 118.95(8),
Al(1A)2Se(1)2C(1) 103.71(12), Al(1)2Se(2)2Al(1A) 85.79(5),C(3)2Al(3)2S(4) 116.20(7), S(2)2Al(3)2S(3) 93.91(4),
Al(1)2Se(2)2C(2) 106.68(13), Al(1A)2Se(2)2C(2) 106.68(13).S(2)2Al(3)2S(4) 94.93(4), S(3)2Al(3)2S(4) 97.36(4),

C(4)2Al(4)2S(1) 119.76(10), C(4)2Al(4)2S(3) 118.93(10),
C(4)2Al(4)2S(4) 118.60(10), S(1)2Al(4)2S(3) 98.27(4),
S(1)2Al(4)2S(4) 98.26(5), S(3)2Al(4)2S(4) 98.54(4), Al(1)2 tron-withdrawing properties of the two selenium atoms co-
S(1)2Al(2) 85.61(4), Al(1)2S(1)2Al(4) 82.18(4), Al(2)2

ordinated at each aluminum atom.S(1)2Al(4) 81.61(4), Al(1)2S(2)2Al(2) 84.37(4), Al(1)2
S(2)2Al(3) 84.33(4), Al(2)2S(2)2Al(3) 84.61(4), Al(2)2 The metal selenolates 7 and 8 show high thermal stabili-
S(3)2Al(3) 86.07(4), Al(2)2S(3)2Al(4) 82.27(4), Al(3)2 ties, and can be sublimed in vacuo (1802200°C, 1022 mbar)S(3)2Al(4) 81.40(4), Al(1)2S(4)2Al(3) 85.73(4), Al(1)2

without decomposition. Their EI mass spectra show noS(4)2Al(4) 81.75(4), Al(3)2S(4)2Al(4) 82.07(4).
signs for the formation of the corresponding metal selen-
ides. In contrast, the selenolates [tBu2M(µ-Se-tBu)]2 (M 5
Al, Ga) give the corresponding tetrameric metal selenides
[tBuM(µ3-Se)]4 (M 5 Al, Ga) upon heating. [2b][2c]

A different behaviour was observed for the reaction of
the trialkylmetalanes 1 and 2 with elemental tellurium.
While the reaction of the trialkylgallane 2 with tellurium
powder in refluxing toluene results in the formation of the
corresponding tellurolate [(Me3Si)3CGaMe(µ-TeMe)]2 (9)
in good yield within 3 h (Eq. 5), the trialkylalane 1 does
not react with tellurium metal at all. Even after refluxing
in toluene with a fivefold excess of tellurium for two days
compound 1 and tellurium have been recovered nearly
quantitatively.253.5 pm) are slightly longer than those in [Mes2Al(µ-

SeMe)]2 (251.9 pm)[15] and in the heterocubane [Cp*Al(µ3- The gallium tellurolate 9 is a greenish, very air- and
moisture-sensitive, malodorous solid which was fullySe)]4 (247.7 pm), [2e] while the Al2Ctrisyl (200.0 pm) and

Al2Cmethyl distances (196.6 pm) are somewhat shorter than characterized by 1H- and 29Si-NMR, mass, and IR spec-
troscopy as well as by elemental analysis (see Experimentalthose in the starting material (Me3Si)3CAlMe2 · THF (1)

(203.0 pm and 197.4 pm, respectively) [11] due to the elec- Section). Additionally, recrystallization from toluene at

Eur. J. Inorg. Chem. 1998, 2033220392036



Reactions of Dimethyl[tris(trimethylsilyl)methyl]metalanes of Aluminum and Gallium FULL PAPER
Conclusions and Remarksroom temperature gave single crystals suitable for X-ray dif-

fraction analysis.
In summary we have shown that compounds (Me3Si)3-The molecular structure of the gallium tellurolate 9,

CAlMe2 · THF (1) and (Me3Si)3CGaMe2 (2) are ideal start-which crystallizes in the monoclinic space group C2/c, is
ing materials for the preparation of various chalcogen-con-depicted in Figure 5. The distorted central four-membered
taining derivatives. Under the reaction conditions reportedGa2Te2 ring (Ga2Te2Ga 85.5°, Te2Ga2Te 87.5°, aver-
the Al2C(SiMe3)3 and the corresponding Ga2C bond wasage) has a conformation [angle between the planes defined
not cleaved either using H2S or the heavier elements of groupby Ga(1)/Te(1)/Te(2) and Ga(2)/Te(1)/Te(2) 139.9°] similar
16,leading to products which could be recrystallized from or-to the aluminum selenolate 7 and the two other structurally
ganic solvents. The MOCVD experiments using the com-characterized dimeric organogallium tellurolates [(t-
pounds described in this paper are still in progress. However,BuCH2)2Ga(µ-TePh)]2 (Ga2Te2Ga 83.8°, Te2Ga2Te
these results will be reported elsewhere.92.0°, angle between Ga1/Te1/Te2 and Ga2/Te1/Te2

We are grateful to the Deutsche Forschungsgemeinschaft and the148°) [16] and [(PhCH2)2Ga(µ-Te-tBu)]2 (Ga2Te2Ga 81.8°,
Göttinger Akademie der Wissenschaften for financial support.Te2Ga2Te 92.0°, angle between Ga1/Te1/Te2 and Ga2/

Te1/Te2 141°), [17] but in these molecules the substituents on
the Te are in the trans position relative to the ring. The

Experimental SectionGa2Te distances in 9 (average: 274.6 pm) are in the range
of those observed for [(tBuCH2)2Ga(µ-TePh)]2 (average: General: All experiments were performed with standard Schlenk
275.5 pm)[16] and [(PhCH2)2Ga(µ-Te-tBu)]2 (average: 269.3 techniques under dry nitrogen atmosphere due to the extreme sensi-

tivity of reactants and products toward air and moisture. A Braunpm)[17] but are distinctly longer than the sum of the coval-
MB 150-GI glovebox was used to store the compounds and to pre-ence radii of Ga and Te (262 pm).[18] The Ga2Ctrisyl (202.5
pare the samples for spectroscopic characterizations. All solventspm) and Ga2Cmethyl distances (198.3 pm) are slightly
were dried over sodium/benzophenone, freshly distilled and de-shorter than those observed for (Me3Si)3CGaMe2 · THF
gassed prior to use. H2S, Se metal, and Te metal were purchased(204.6 and 197.9 pm, respectively). [11]

from Aldrich Chemical Co., (Me3Si)3CAlMe2 · THF and (Me3Si)3-
CGaMe2 were prepared as described in the literature. [11] Elemental
analyses were performed by the Analytisches Labor des InstitutsFigure 5. Crystal structure of [(Me3Si)3CGaMe(µ-TeMe)]2 (9), with
für Anorganische Chemie der Universität Göttingen. It is well-anisotropic displacement parameters depicting 50% probability.

Hydrogen atoms have been omitted for clarity[a] known that the analysis for carbon in group 13 compounds is often
low due to the generation of metal carbides. [19] In compounds con-
taining silicon, the content of carbon is decreased further by forma-
tion of silicon carbide. 2 NMR spectra were recorded on Bruker
AM 200 and Bruker AM 250 instruments, and were externally ref-
erenced to tetramethylsilane in ppm with low-field shift positive. 2

FT-IR spectra were measured on a Bio-Rad FTS-7 as nujol mulls
between KBr plates in the range of 40002400 cm21 (abbreviations
used: vs, very strong; s, strong; m, medium) and EI mass spectra
on Finnigan MAT 8230 or Varian MAT CH 5 instruments. The
most intensive peak of each isotopic distribution is given. 2 Melt-
ing points were measured in sealed glass tubes and are not cor-
rected.

[a] Selected bond lengths [pm] and angles [°]: Ga(1)2C(1GA) Synthesis of [(Me3Si)3CAl(µ2S)]2 · 2 THF (3): Dry H2S was
198.5(6), Ga(1)2C(10) 202.6(6), Ga(1)2Te(1) 274.34(8), bubbled slowly through a solution of 3.70 g of (Me3Si)3CAlMe2 ·
Ga(1)2Te(2) 274.39(7), Ga(2)2C(2GA) 198.1(6), Ga(2)2C(20)

THF (10.3 mmol) in toluene (100 ml) at room temperature for 45202.3(6), Ga(2)2Te(1) 274.19(8), Ga(2)2Te(2) 275.37(8),
minutes. The opaque reaction mixture was stirred at room tempera-Te(1)2C(1TE) 215.4(7), Te(2)2C(2TE) 215.3(6); C(1GA)2

Ga(1)2C(10) 120.8(3), C(1GA)2Ga(1)2Te(1) 104.93(19), ture for 1 h and then filtered through celite. Removal of all volatiles
C(1GA)2Ga(1)2Te(2) 104.34(19), C(10)2Ga(1)2Te(1) in vacuo gave analytically pure compound 3. Yield: 2.60 g (87%),
116.10(17), C(10)2Ga(1)2Te(2) 117.64(16), Te(1)2Ga(1)2Te(2)

colorless solid, m.p. 235°C. 2 1H NMR (200.13 MHz, C6D6): δ 587.58(2), C(2GA)2Ga(2)2C(20) 120.4(3), C(2GA)2Ga(2)2Te(1)
3.77 (mc, 8 H, OCH2CH2), 1.33 (mc, 8 H, OCH2CH2), 0.49 (s, 54104.9(2), C(2GA)2Ga(2)2Te(2) 104.14(19), C(20)2Ga(2)2Te(1)

116.41(16), C(20)2Ga(2)2Te(2) 118.13(17), Te(1)2Ga(2)2Te(2) H, SiCH3). 2 29Si NMR (49.69 MHz, C6D6): δ 5 23.7. 2 MS (70
87.41(2), C(1TE)2Te(1)2Ga(1) 97.8(2), C(1TE)2Te(1)2Ga(2) eV): m/z (%) 1147 (30) [{(Me3Si)3CAlS}4 2 Me], 929 (46)
99.23(19), Ga(1)2Te(1)2Ga(2) 85.57(2), C(2TE)2Te(2)2Ga(1)

[{(Me3Si)3CAlS}4 2 C(SiMe3)3], 565 (50) [M1 2 Me 2 2 THF],98.76(18), C(2TE)2Te(2)2Ga(2) 99.7(2), Ga(1)2Te(2)2Ga(2)
275 (90) [(M/2)1 2 Me 2 THF], 201 (100) [C(SiMe3)3 2 2 Me]. 285.34(2).
IR: ν̃ 5 1346 (m), 1253 (vs), 1095 (m), 1042 (m), 1012 (m), 989
(m), 917 (m), 848 (vs), 793 (s), 752 (m), 721 (m), 669 (s), 642 (m),

In contrast to [tBu2Ga(µ-Te-tBu)]2, which has been con- 616 (m), 533 (m), 490 (m), 447 (s), 424 (m) cm21. 2

C28H70Al2O2S2Si6 (725.49): calcd. C 46.36, H, 9.73; found: C 45.6,verted to the corresponding tetrameric telluride [tBuGa(µ3-
H, 9.7.Te)]4 upon heating, [2c] thermolysis of compound 9 results

in the formation of an ochre colored powder which was Synthesis of [(Me3Si)3CGa(µ3-S)]4 (4): Dry H2S was bubbled
identified by 1H- and 29Si-NMR spectroscopy as a complex slowly through a toluene solution (160 ml) of 4.00 g of (Me3Si)3-

CGaMe2 (12.1 mmol) at room temperature for 45 minutes. After 2mixture of unknown products.
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h stirring at room temperature, the opaque solution was filtered a solution of 2.00 g of (Me3Si)3CAlMe2 · THF (5.54 mmol) in

toluene (30 ml) at room temperature. The reaction mixture wasthrough celite. Removal of all volatiles in vacuo and washing of the
residue with pentane (20 ml) gave compound 4. Yield: 3.7 g (92%); stirred for 15 h at room temperature, and then heated under reflux

for 2 h. During this time the color changed from colorless throughcolorless, air- and moisture-sensitive solid; m.p. 316°C. 2 1H NMR
(200.13 MHz, C6D6): δ 5 0.47 [C(SiCH3)]. 2 29Si NMR (49.69 green to yellow, and the selenium was completely consumed. After

filtration of the solution through celite and concentration to 15 ml,MHz, C6D6): δ 5 -1.0. 2 MS (70 eV): m/z (%) 1317 (1) [M1 2

Me], 1101 (3) [M1 2 C(SiMe3)3], 769 (5) [(3/4 M)1 2 C(SiMe3)3], compound 7 crystallized as a colorless solid on cooling to 226°C.
Yield: 1.55 g (76%); colorless, air- and moisture-sensitive crystals;666 (15) [(M/2)1], 651 (60) [(M/2)1 2 Me], 317 (100) [(M/4)1 2

Me], 201 (45) [C(SiMe3)3 2 2 Me]. 2 IR: ν̃ 5 1288 (m), 1262 (s), m.p. 278°C. 2 1H NMR (200.13 MHz, C6D6): δ 5 1.79 (s, 6 H,
SeCH3), 0.37 (s, 54 H, SiCH3), 20.13 (s, 6 H, AlCH3). 2 29Si NMR1250 (s), 1099 (m), 1019 (m), 980 (m), 854 (vs), 849 (vs), 785 (m),

726 (m), 673 (s), 663 (s), 630 (m), 616 (m), 556 (m) cm21. 2 (49.69 MHz, C6D6): δ 5 23.6. 2 MS (70 eV): m/z (%) 368 (1) [(M/
2)1], 353 (15) [(M/2)1 2 Me], 273 (100) [(M/2)1 2 SeMe]. 2 IR:C40H108Ga4S4Si12 (1333.50): calcd. C 36.03, H 8.16; found C 36.3,

H 8.7. ν 5 1260 (s), 1248 (s), 1195 (m), 855 (vs), 789 (s), 721 (m), 671 (s),
613 (m), 603 (m) cm21. C24H66Al2Se2Si6 (735.20): calcd. C 39.21,Synthesis of [(Me3Si)3CAl(µ3-S)]4 (5) and [{(Me3Si)3CAl(µ3-
H 9.05; found: C 39.7, H 9.0.S)}3{MeAl(µ3-S)}] (6): Compound 3 (2.00 g, 2.76 mmol) was

heated in vacuo (1022 mbar) without solvent to 220°C for 30 mi- Preparation of [(Me3Si)3CGaMe(µ-SeMe)]2 (8): A solution of
nutes. The slightly yellow residue was extracted with toluene (50 2.00 g of (Me3Si)3CGaMe2 (6.04 mmol) in toluene (30 ml) was
ml) and filtered through celite. Storage at 226°C gave colorless slowly added to a suspension of 0.48 g of gray selenium (6.04
crystals of a mixture of the compounds [(Me3Si)3CAl(µ3-S)]4 (5) mmol) in toluene (20 ml) at room temperature. The reaction mix-
and [{(Me3Si)3CAl(µ3-S)}3MeAl(µ3-S)] (6) (1.10 g), which could ture was stirred at room temperature for 8 h and then heated under
not be separated by crystallization or sublimation. 2 1H NMR reflux for 2 h. During this time the color changed from colorless
(200.13 MHz, C6D6): δ 5 0.48 (s, SiCH3 of 6), 0.44 (s, SiCH3 of through green to yellow, and the selenium was consumed com-
5), 0.13 (s, AlCH3 of 6). 2 29Si NMR (49.69 MHz, C6D6): δ 5 pletely. After filtration of the opaque solution through celite and
22.24 (6), 22.31 (5). 2 MS (70 eV): m/z (%) 1147 (25) [5 2 Me], concentration to 25 ml compound 8 crystallized as a slightly yellow
929 (90) [6 2 Me], 275 (85) [(5/4) 2 Me], 201 (100) [C(SiMe3)3 2 solid on cooling to 226°C. Yield: 1.95 g (79%), slightly yellow air-
2 Me]. 2 IR (KBr, Nujol): ν̃ 5 1496 (m), 1413 (m), 1341 (m), 1294 and moisture-sensitive crystals, m.p. 256°C. 2 1H NMR (200.13
(m), 1260 (s), 1252 (s), 1096 (m), 1081 (m), 1030 (m), 1012 (m), 849 MHz, C6D6): δ 5 1.79 (s, 6 H, SeCH3), 0.36 (s, 54 H, SiCH3), 0.29
(vs), 837 (vs), 794 (s), 752 (m), 727 (m), 714 (m), 667 (vs), 644 (s), (s, 6 H, GaCH3). 2 29Si NMR (49.69 MHz, C6D6): δ 5 22.5. 2
619 (m), 577 (m) cm21. MS (70 eV): m/z (%) 775 (7) [M1 2 3 Me], 760 (7) [M1 2 4 Me],

745 (10) [M1 2 5 Me], 395 (12) [(M/2)1 2 Me], 365 (20) [(M/2)1Synthesis of [(Me3Si)3CAlMe(µ-SeMe)]2 (7): To a suspension
of 0.44 g of gray selenium (5.54 mmol) in toluene (20 ml) was added 2 3 Me], 315 (50) [(M/2)1 2 SeMe 2 Me], 201 (100) [C(SiMe3)3

Table 1. Crystallographic data for compounds 3 · C6H6, 4 · 1.5 C6H6, 6, 7 · C6H6, and 9

Compound 3 · C6H6 4 · 1.5 C6H6 6 7 · C6H6 9

Empirical formula C34H76Al2O2S2Si6 C49H117Ga4S4Si12 C31H84Al4Si9 C30H72Al2Se2Si6 C24H66Ga2Si6Te2
Molecular mass [g/mol]803.60 1450.63 945.95 813.30 917.95
T (K) 133(2) 133(2) 203(2) 133(2) 133(2)
Crystal size [mm] 0.40 3 0.20 3 0.20 0.40 3 0.30 3 0.30 0.50 3 0.50 3 0.30 0.70 3 0.50 3 0.40 0.50 3 0.40 3 0.40
Crystal system orthorhombic trigonal triclinic orthorhombic monoclinic
Space group Pbca P3̄c1 P1̄ Ibam C2/c
a [pm] 14.696(3) 15.570(2) 14.044(4) 17.518(4) 15.511(1)
b [pm] 13.416(4) 15.570(2) 14.201(5) 17.706(4) 9.224(1)
c [pm] 23.289(5) 34.958(7) 16.462(6) 28.756(6) 56.613(11)
α [°] 90 90 98.44(3) 90 90
β [°] 90 90 100.65(2) 90 96.00(1)
γ [°] 90 120 119.37(1) 90 90

V [10230 m3] 4592(2) 7340(10) 2702(2) 8920(10) 8055(2)
Z 4 4 2 8 8
dcalcd. [g/cm3] 1.162 1.313 1.163 1.211 1.514
µ (mm21) 0.338 1.792 0.462 1.877 2.949
F(000) 1752 3068 1024 3440 3680
2θ range 4.5° # 2θ # 50.2° 4.7° # 2θ # 50.0° 7.1° # 2θ # 50.3° 7.1° # 2θ # 45.2° 4.3° # 2θ # 49.4°
Reflections collected 52394 87752 12402 3905 36639
Indepedent reflections 4080 (Rint 5 0.0782) 4342 (Rint 5 0.0566) 9396 (Rint 5 0.0234) 3019 (Rint 5 0.0260) 6868 (Rint 5 0.0487)
Absorption semiempirical from semiempirical from semiempirical from semiempirical from semiempirical from
correction equivalents equivalents ψ-scans ψ-scans equivalents
R[a], wR2[b] [I > 2σ(I)] 0.0426, 0.0750 0.0531, 0.0941 0.0342, 0.0820 0.0324, 0.0766 0.0466, 0.0848
R, wR2 (all data) 0.0575, 0.0796 0.0751, 0.1034 0.0426, 0.0894 0.0419, 0.0833 0.0531, 0.0866
Goodness of fit Sc 1.157 1.213 1.080 1.040 1.409
Parameters 233 325 461 323 330
Restraints 109 1023 0 691 0
Max./min. residual 0.273/20.205 0.937/20.524 0.375/20.309 0.556/20.589 0.651/20.94
[1030 e/m3]

[a] R5 Σ||Fo| 2 |Fc||/Σ|Fo|. 2 [b] wR25 [Σw(Fo2 2 Fc2)2]/[Σw(Fo2)2]1/2. [c] S5 [Σw(Fo2 2 Fc2)2]/(n 2 p)]1/2. w215 σ2(Fo2) 1 (aP)2 1 bP;
P 5 [Fo2 1 2Fc2]/3.
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Anorg. Allg. Chem. 1996, 622, 5732578. 2 [1f] C. Schnitter, S.2 2 Me]. 2 IR: ν̃ 5 1289 (m), 1260 (s), 1247 (s), 1201 (m), 857
D. Waezsada, H. W. Roesky, M. Teichert, I. Usón, E. Parisini,(vs), 847 (vs), 784 (s), 753 (m), 722 (s), 672 (s), 659 (s), 625 (m), 616 Organometallics 1997, 16, 119721202 and literature cited ther-

(m), 549 (m), 539 (m) cm21. 2 C24H66Ga2Se2Si6 (820.70): calcd. C ein.
[2] [2a] M. B. Power, A. R. Barron, J. Chem. Soc., Chem. Commun.35.12, H 8.11; found: C 35.7, H 8.1.

1991, 131521317. 2 [2b] A. H. Cowley, R. A. Jones, P. R.
Preparation of [(Me3Si)3CGaMe(µ-TeMe)]2 (9): To a suspen- Harris, D. A. Atwood, L. Contreras, C. J. Burek, Angew. Chem.

1991, 103, 116421166; Angew. Chem. Int. Ed. Engl. 1991, 30,sion of 1.54 g of tellurium metal (12.1 mmol) in toluene (30 ml)
114321145. 2 [2c] M. B. Power, J. W. Ziller, A. N. Tyler, A. R.was slowly added a solution of 2.00 g of 2 (6.04 mmol) in toluene
Barron, Organometallics 1992, 11, 105521063. 2 [2d] S. Schulz,

(30 ml) at room temperature. The reaction mixture was stirred for H. W. Roesky, H. J. Koch, G. M. Sheldrick, D. Stalke, A. Kuhn,
3 d at room temperature and then heated under reflux for 3 h. Angew. Chem. 1993, 105, 182821830; Angew. Chem. Int. Ed.

Engl. 1993, 32, 172921731. 2 [2e] S. Schulz, M. Andruh, T.After filtration of the dark yellow mixture through celite and con-
Pape, T. Heinze, H. W. Roesky, L. Häming, A. Kuhn, R.centration to 35 ml compound 9 crystallized on cooling to 226°C.
Herbst-Irmer, Organometallics 1994, 13, 400424007. 2 [2f] C. J.

Yield: 2.00 g (72%), slightly green crystals, air- and moisture-sensi- Harlan, E. G. Gillan, S. G. Bott, A. R. Barron, Organometallics
tive, m.p. 296°C (dec.). 2 1H NMR (200.13 MHz, C6D6): δ 5 1.62 1996, 15, 547925488. 2 [2g] U. App, K. Merzweiler, Z. Anorg.

Allg. Chem. 1997, 623, 4782482. 2 [2h] G. Linti, M. Bühler, H.(s, 6 H, TeCH3), 0.50 (s, 6 H, GaCH3), 0.37 (s, 54 H, SiCH3). 2
Urban, Z. Anorg. Allg. Chem. 1998, 5172520.29Si NMR (49.69 MHz, C6D6): δ 5 22.3. MS (70 eV): m/z (%) 858 [3] A. M. Mancini, G. Micocci, A. Rizzo, Mater. Chem. Phys.

(3) [M1 2 4 Me], 445 (7) [(M/2)1 2 Me], 315 (100) [(M/2)1 2 1983, 9, 29254.
TeMe], 201 (80) [C(SiMe3)3 2 2 Me]. 2 IR: ν̃ 5 1289 (m), 1260 [4] [4a] W.-T. Kim, C.-D. Kim, J. Appl. Phys. 1986, 60, 263122633.

2 [4b] R. Nomura, K. Kanaya, A. Moritak, H. Matsuda, Thin(vs), 1248 (vs), 1217 (s), 1191 (m), 858 (vs), 783 (s), 722 (m), 673
Solid Films 1988, 167, L27229.(m), 667 (m), 624 (m), 615 (m), 541 (s), 532 (s) cm21. C24H66Ga2- [5] [5a] T. Nishino, Y. Hamakawa, Jpn. Appl. Phys. 1977, 16,

Si6Te2 (917.97): calcd. C 31.40, H 7.25; found C 32.2, H 7.4. 129121294. 2 [5b] R. S. Becker, T. Zheng, J. Elton, M. Saeki,
Sol. Energy Mater. 1986, 13, 972107.Crystal-Structure Determinations: Single crystals of compounds [6] [6a] A. N. MacInnes, M. B. Power, A. R. Barron, P. P. Jenkins,
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The syntheses of N,N’-bis-[(2-pyridylmethyl)]-1,3-diamido- Ni(II) , Cu(II), and this is confirmed by the potentiometric
data (papH2, aqueous solutions; logβML[Co(II)] = 1.75;propane (papH2) and N,N’-bis-[(2-pyridylmethyl)]-1,3-

diamido-2-hexadecylpropane (C16papH2) are reported logβMLH–2[Ni(II)]=–11.49; logβML[Cu(II)]=3.41; logβMLH–2-
[Cu(II)] = –4.491; logβML[Zn(II)] = 1.87). The structural datatogether with the results of potentiometric titrations of papH2

with Co(II), Ni(II), Cu(II) and Zn(II), spectroscopic and (X-ray and MM) indicate that, due to the ortho protons of the
pyridyl groups and in dependence of the electronicelectrochemical data of [Ni(pap)] and [Cu(pap)], structural

studies involving the X-ray analyses of the metal-free papH2 configuration of the metal center, there is a considerable
tetrahedral twist of the central MN4 chromophores {squareligand and the corresponding Ni(II) and Cu(II) complexes

[Ni(pap)] 3 2 H2O and [Cu(pap)] 3 3 H2O, and force-field planar: θ = 0°; tetrahedral: θ = 90°; [Co(pap)]: θ = 15° (MM);
[Ni(pap)]: θ = 16° (X-ray), 16° (MM); [Cu(pap)]: θ = 18° (X-calculations (MM) of [Co(pap)], [Ni(pap)], [Cu(pap)] and

[Zn(pap)] and the corresponding complexes of the ligand ray), 18° (MM); [Zn(pap)]: θ = 23° (MM)}, and this may be
enhanced by ortho-methyl substitution of the pyridyl donorswith ortho-methyl-substituted pyridyl groups (Me2papH2);

the results of metal ion transport [Co(II), Ni(II), Cu(II) and {[Co(Me2pap)]: θ = 20° (MM); [Ni(Me2pap)]: θ = 20° (MM);
[Cu(Me2pap)]: θ = 24° (MM); [Zn(Me2pap)]: θ = 31° (MM)},Fe(II)] from aqueous solutions through C16papH2 containing

dichloromethane phases are also given. The extractability and thus possibly a decrease in the complex stability of Cu(II)
and Ni(II) in favor of Zn(II).with C16papH2 increases along the series Fe(II) , Co(II) ,

Introduction many reasons why, in reality, this is not necessarily correct[4]

but for specific applications encouraging results may be ob-Metal-ion selectivity, i.e. the enhanced stability of a coor-
tained[3] [4] [5].dination compound with a given ligand and a specific metal

ion, relative to that with other metal ions, may be traced Our aim was to develop a type of ligand with the follow-
ing properties: (i) it should generally lead to relatively highback to electronic effects and the coordination geometry,

partly enforced by the ligand system. Donor-atom2metal- complex stabilities with Co(II), Ni(II), Cu(II) and Zn(II);
(ii) substitution of the ligand backbone should lead to aion orbital overlap, the HSAB concept, and ligand field ef-

fects describe contributions to the electronic terms, and for predictable variation of the coordination geometry, with the
aim of tuning the metal-ion selectivity by modification ofhexacoordinate compounds these contribute to the well-

known pattern of the Irving-Williams series [1]. The steric the coordination geometry; (iii) derivatives with a similar
complexation behavior should be available for quantitativecontributions based on the ligand structure include the re-

organization of the most stable conformation of the metal- investigations in aqueous solution and for metal ion extrac-
tions into organic phases. N,N9-bis[(2-pyridylmethyl)]-1,3-free ligand to that observed in the coordination compound

(unfavorable enthalpy and entropy effects) and steric strain diamidopropane (papH2, see formula scheme) fulfills these
requirements: Tetradentate ligands with amide and pyridylimposed by the metal ion on the ligand and vice versa.

Thus, highly preorganized systems, which in the original donors are appropriate complexing agents for divalent me-
tal ions[6]; the substituted diamidopropane fragment isdefinition[2] are by necessity relatively rigid ligands which,

in the conformation observed in the metal complex, are rather rigid, the hexadecane-substituted ligand N,N9-bis[(2-
pyridylmethyl)]-1,3-diamido-2-hexadecylpropane, C16papH2,relatively strain free, lead to comparably high complex

stabilities. These properties include the metal ion9s prefer- is easily accessible and leads to a hydrophobic ligand and
complexes that are soluble in organic phases; the ortho-pro-ence for a particular metal-ligand distance and for a par-

ticular angular distribution of the donor atoms, and they tons of the pyridyl groups of tetradentate ligands with cis-
disposed pyridyl groups enforce a tetrahedral twist fromare therefore metal-ion dependent. Hence, molecular mech-

anics was supposed to be a powerful tool for predicting square-planar geometry[7] and lead therefore to a steric de-
stabilization of complexes with electronic preferences of thethe steric contribution to metal ion selectivities [3]. There are
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Results and Discussionmetal center for square-planar coordination geometry; de-

rivatives with ortho-substituted pyridyl groups (e.g. Me2-
Syntheses, Spectroscopy and ElectrochemistrypapH2, see formula scheme) should enhance this effect and

thus lead to an increased preference for Zn(II) with respect C16papH2 was prepared by alkylation of diethyl malonate
to Ni(II) and Cu(II). with hexadecyl bromide in presence of CH3CH2ONa, and

subsequent nucleophilic substitution of the alkylated ma-
lonic ester with α-picolylamine (Scheme 1); papH2 was ob-
tained in a similar reaction. Cu(II) and Ni(II) compounds
of papH2 were isolated from aqueous solutions of the me-
tal-free ligands and the metal sulfate salts, or from meth-
anolic solutions and the corresponding tetrafluoroborates;
X-ray quality crystals were obtained by slow evaporation of
the complex solutions. Spectroscopic and electrochemical
parameters of the compounds are listed in Table 1.

Structures

papH2·HBF4 ·H2O: The metal-free ligand crystallizes
with a molecule of H3O1 BF4

2 in the lattice, and hydrogen
bonds are formed between the H3O1 ion and the nitrogen
atoms of the amide group (2.64 Å). An ORTEP[8] plot of
the ligand molecule appears in Figure 1a, and structural

Scheme 1

Table 1. Spectroscopic and electrochemical data of [M(pap)]

UV/Vis EPR[a] E[b]

λmax [nm] ε [dm3 mol21 cm21] [V]

giso 5 2.07
[Cu(pap)] 571 98 g> 5 2.01 0.10 (CuII/III)

g|| 5 2.19
0.23 (CuI/II)

Aiso 5 70 3 1024 cm21

A> 5 10 3 1024 cm21

A|| 5 198 3 1024 cm21

21.77 (NiII/III)
[Ni(pap)] 475 125.5

0.91 (NiI/II)

[a] From simulation of the experimental spectra. 2 [b] vs SHE; CuII/I quasi rev.; CuIII/II irrev.; NiII/I irrev.; NiIII/II rev.
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Figure 1. ORTEP[8] plots of the experimentally determined struc-parameters are listed in Table 2. Bond distances and valence
tures of (a) papH2 3 HBF 3 H2O (HBF 3 H2O omitted), (b)and torsional angles are as expected and similar to those
[Cu(pap)] 3 3 H2O (H2O omitted) and (c) [Ni(pap)] 3 H2O (H2O

of the coordinated ligand. The geometry around the amide omitted).
nitrogen and carbon atoms is planar, with little deviation
of the corresponding valence angles from 120°. The main
differences with respect to the coordinated ligand are: (i) a
significantly longer Namide2Camide bond (1.345 Å vs. 1.315
Å); (ii) a smaller Camide2Cmethylene2Camide valence angle
(112° vs. 122° [Ni(II)], 125° [Cu(II)]); (iii) a slightly larger
torsion around the Cpyridine2Cmethylene bond (17° vs.
2210°); (iv) significant changes in the torsion around the
Namide2Cmethylene bond (80° vs. 180°), and (v) significant
changes of the torsion around the Camide2Cmethylene bond
(125° vs. 7218°).

[Cu(pap)] 3 3 H2O: The geometry of the Cu(II) com-
pound is shown in Figure 1b, and the relevant structural
parameters are presented, together with those of the Ni(II)
compound, in Table 3. An oxygen atom of a neighboring
Cu(II) complex molecule is coordinated in an axial position
(Cu2O 5 2.79 Å). There is also a network of hydrogen
bonds between the copper complexes. The central four-co-
ordinate chromophore is unlikely to be perturbed by the
axial interactions in the present case. The tetrahedral twist
of the CuN4 chromophore is, as expected, slightly larger
than that of the nickel(II) compound (θ° 5 18.1°), the tor-
sion around the Cu2Npyridine bond is 10214° and the re-
sulting α-H ··· α-H distance is 2.17 Å. As in the Ni(II) struc-
ture, the six-membered chelate ring is approximately flat
and coplanar to the plane defined by the amide donors and
the metal center. The five-membered chelate rings are essen-
tially planar. There is a considerable asymmetry with re-
spect to the metal-donor distances but on average the
Cu2Npyridine and the Cu2Namide distances are as expected
from comparable chromophores[9].

Table 2. Structural parameters of papH2 3 HBF4 3 H2O
bond lengths (Å)

O(1)2C(9) 1.223 (4)
N(1)2C(7) 1.454 (5)
N(1)2C(9) 1.345 (4)
N(2)2C(4) 1.348 (5)
N(2)2C(6) 1.342 (4)
C(1)2C(2) 1.381 (6)
C(1)2C(6) 1.391 (5)
C(2)2C(3) 1.376 (6)
C(3)2C(4) 1.377 (6)
C(6)2C(7) 1.503 (5)
C(9)2C(10) 1.518 (4)
C(10)2C(9A) 1.518 (4)
valence angles (deg)
C(7)2N(1)2C(9) 121.5(3)
C(4)2N(2)2C(6) 120.1(3)
C(2)2C(1)2C(6) 120.3(3)
C(1)2C(2)2C(3) 118.7(4)
C(2)2C(3)2C(4) 119.4(4)
N(2)2C(4)2C(3) 121.6(4)
N(2)2C(6)2C(1) 120.0(3)
N(2)2C(6)2C(7) 119.0(3)
C(1)2C(6)2C(7) 120.9(3)
N(1)2C(7)2C(6) 114.5(3)
O(1)2C(9)2N(1) 122.7(3)
O(1)2C(9)2C(10) 122.4(3)
N(1)2C(9)2C(10) 114.9(3)
C(9)2C(10)2C(9) 112.0(4)
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Table 3. Selected bond lengths (Å) and valence angles (deg) of [M(pap)] (calculated values (MM) in square brackets)

Cu(II) Ni(II)

Cu(1)2N(2) 1.921(2) [1.92] 1.851(6) [1.91] Ni(1)2N(1)
Cu(1)2N(3) 1.927(2) [1.93] 1.851(6) [1.91] Ni(1)2N(4)
Cu(1)2N(4) 2.005(2) [2.02] 1.909(6) [1.85] Ni(1)2N(3)
Cu(1)2N(1) 2.032(2) [2.02] 1.914(6) [1.86] Ni(1)2N(2)

N(2)2Cu(1)2N(3) 94.30(9) [97.7] 94.2(3) [90.8] N(1)2Ni(1)2N(4)
N(2)2Cu(1)2N(4) 173.79(10) [179.0] 167.6(3) [178.8] N(1)2Ni(1)2N(3)
N(3)2Cu(1)2N(4) 82.79(9) [83.3] 84.7(2) [88.0] N(4)2Ni(1)2N(3)
N(2)2Cu(1)2N(1) 82.85(9) [83.6] 84.0(3) [87.5] N(1)2Ni(1)2N(2)
N(3)2Cu(1)2N(1) 163.03(10) [162.4] 170.0(3) [164.1] N(4)2Ni(1)2N(2)
N(4)2Cu(1)2N(1) 101.52(10) [95.4] 99.1(2) [93.7] N(3)2Ni(1)2N(2)

[Ni(pap)]·2H2O: An ORTEP[8] plot of the Ni(II) com- stants and ideal distances for the metal-donor stretching
mode and the out-of-plane force constants were fitted topound appears in Figure 1c, and the relevant geometric par-

ameters are listed in Table 3. The nickel cation is four-coor- relevant structures available from the Cambridge Structural
Data Base (CSD), and five, seven, eight and three sets ofdinate with a considerable tetrahedral distortion from

square-planar geometry [θ 5 16.3° (square planar: θ 5 0°; X-ray data were used for Co(II), Ni(II), Cu(II) and Zn(II),
respectively. The parameters not available before[12] aretetrahedral: θ° 5 90°)]. The Ni2Npyridine and the Ni2

Namide distances (1.91 Å and 1.85 Å, respectively) are as listed in Table 4. There is good overall agreement between
the widely varied experimental data sets and the corre-expected from comparable chromophores[10]. The tetra-

hedral distortion is due to the α-hydrogen atoms of the pyri- sponding computed structures, and the quality of the pa-
rameterization with respect to the type of compounds dis-dine donor groups (H...H 5 2.195 Å), and part of this stress

is relaxed by a torsion of the pyridine donor around the cussed here is demonstrated in Tables 3 and 5, where the
computed structural parameters for [Ni(pap)] and [Cu(pap)]Ni2Npyridine axis (14218°). The five-membered chelate

rings are essentially planar.
Molecular Mechanics: The structures of [M(pap)] [M 5

Table 4. Modifications to the published[12] force fieldCo(II), Ni(II), Cu(II), Zn(II)] were computed by strain-en-
ergy minimization, using the MOMEC program[11] and bond stretch kb[mdyn Å21]/r0 [Å]
force field[12]. All complexes have been modeled as four-
coordinate with no axial ligands. So far, MOMEC has Cu2Nimine 0.600/1.990

Cu2Namide 0.600/1.890mainly been used for five- and six-coordinate transition me-
Ni2Nimine 0.600/1.855tal compounds. Metal-ion-related force field parameters are Ni2Namide 0.600/1.760

dependent from the coordination geometry[13], i.e. new pa- Co2 Nimine 0.820/1.960
Co2Namide 0.820/1.780rameter sets were required for the present study. Also, the
Zn2Nimine 0.350/2.100approach used in MOMEC for modeling the angular ge- Zn2Namide 0.350/2.000

ometry around metal centers is based on 1,3-nonbonded
interactions (ligand2ligand repulsion) and, for hexacoordi-
nate compounds, a small perturbation based on the elec-

kδ[mdyn Å rad22]tronic preferences for donor2metal2donor angles of out-of-plane Co(II) Ni(II) Cu(II) Zn(II)
90° [12b]. For the four-coordinate species considered here, the
metal-center-dependent twist from tetrahedral geometry M/Namide/Nimine/Namide 0.070 0.070 0.050 0.000

M/Namide/Namide/Nimine 0.070 0.070 0.050 0.000(minimum repulsion) toward square planar coordination
M/Nimine/Nimine/Namide 0.070 0.070 0.050 0.000was modeled with an out-of-plane term that involves the M/Nimine/Namide/Namide 0.070 0.070 0.050 0.000

metal center and the four donor atoms[14]. The force con-

Table 5. Comparison of M2N bond distances and tetrahedral twist angles

M2N(amide) [Å] M2N(pyridine) [Å] tetrahedral twist angle θ (deg)
compound obsd. calcd. obsd. calcd. obsd. calcd.

[Cu(pap)] 1.92, 1.93 1.92 2.01, 2.03 2.02 18.1 17.7
[Cu(Me2pap)] 1.92 2.01 24.4
[Ni(pap)] 1.85 1.85 1.91 1.91 16.3 15.8
[Ni(Me2pap)] 1.85 1.90 20.0
[Co(pap)] 1.84 1.99 14.5
[Co(Me2pap)] 1.83 1.98 19.6
[Zn(pap)] 1.97 2.08 22.5
[Zn(Me2pap)] 1.96 2.07 31.2
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are compared to the experimental data. The geometric pa- The computed tetrahedral distortion of [Cu(pap)] and

[Ni(pap)] are in good agreement with the experimentallyrameters of the chromophores of Co(II), Ni(II), Cu(II) and
Zn(II), coordinated to pap and Me2pap are assembled in observed twist angles (see Table 5). As expected for a metal

ion with d10 configuration, the tetrahedral twist of theTable 5, and the calculated structures are presented as
SCHAKAL[15] plots in Figure 2. zinc(II) compound is larger than that of the other com-

Figure 2. SCHAKAL[15] plots of the computed structures of (a) [Co(pap)], (b) [Ni(pap)], (c) [Cu(pap)], (d) [Zn(pap)], (e) [Co(papMe)],
(f) [Ni(papMe)], (g) [Cu(papMe)], (h) [Zn(papMe)]

Eur. J. Inorg. Chem. 1998, 204122049 2045
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Figure 3. Species distribution of the M(II)/papH2 system [M(II) 5plexes, indicating that Zn(II) may relax the ligand imposed
(a) Cu(II), (b) Ni(II); cM 5 2 3 1023 mol dm23; cL 5 2 3 1023

strain most efficiently. Substitution of the ortho hydrogen
mol dm23; µ 5 0.2 (KCl)].

atoms of the pyridine rings with methyl groups (Me2papH2)
increases this tetrahedral twist and may thus enhance the
zinc(II) selectivity of this type of ligand.

Stabilities

The brutto stability constants of the complexes with
papH2 were determined by potentiometric titration [T 5
298 K, µ 5 0.2 mol dm23 (KCl)]. Table 6 lists the pro-
tonation constants of the metal-free ligand and the logβ
values of the complex species. The species distribution
curves of the Cu(II)/papH2 and the Ni(II)/papH2 systems
are shown in Figure 3. The main coordination mode of
papH2 with Cu(II) and Ni(II) is through the four nitrogen
donors (MLH-2 in Figure 3). The supposedly N2O2 coordi-
nated compounds [Cu(papH2)] and [Ni(papH2)] (ML in
Figure 3) are minor species in acidic medium, where the
amide nitrogen atoms are not deprotonated. The higher sta-
bility of [Cu(pap)] than that of [Ni(pap)] is in agreement
with the larger flexibility towards tetrahedral distortion (d9

vs low spin d8), and this also emerges from the experimen-
tally determined copper(II) selectivity of C16papH2 in the
two-phase experiment. From the titration of papH2 in pres-
ence of Co(II) and Zn(II) it emerges that [Co(papH2)] and
[Zn(papH2)] are the only complex species present in solu-
tion. Thus, this is a good example to demonstrate the limits
of computer-assisted design of metal ion selective ligands,
i.e. MM does not allow to predict the stoichiometry of the
compounds formed in solution[4] (see also Introduction). source phase to the organic phase and extraction form the

organic phase to the aqueous receiving phase, and a pH
gradient was used to drive the two extraction steps (seeMetal-Ion Extraction
Scheme 2). The thermodynamics and kinetics of this type
of experiment are dependent on the medium (solvent, pH,C16papH2 is soluble in the most common organic sol-

vents and insoluble in water. The extraction through the ion concentrations), temperature, type of stirring and time
for the extraction[16] [17]. Also, the stoichiometry of the com-liquid membrane (CH2Cl2/C16papH2) was studied in two

separate experiments, i.e. extraction form the aqueous plex species in the organic phase is not necessarily identical

Scheme 2
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tra at 50.32 MHz were obtained with a Bruker AS 200 instrumentto that in aqueous solution (see comment above). Thus, the
with sodium 3-(trimethylsilyl)propianate-d4 as an internal refer-extraction data (Table 7) and the results of the potentio-
ence. EPR spectra (1023 m in DMF/water (1:2), 298 or 100 K) weremetric studies (Table 6) are not comparable on a quantitat-
recorded with a Bruker ESP 300E instrument (ER 041 XK X-bandive basis. Studies in dependence of [M21] and extraction
microwave bridge). The spin-Hamiltonian parameters were deter-time indicated that extraction of copper(II) at a relativly
mined by simulation of the spectra with the computer program

low concentration ([Cu21] 5 5 3 1023 mol dm23) at ambi- EPR50F[18]. UV/VIS spectra were obtained with Varian Cary IE
ent temperature and at pH 7.5 (aqueous to organic) and or Cary 2300 spectrophotometers. Electrochemical measurements
pH 3 (organic to aqueous), respectivly, was complete, i.e. (cyclovoltametry) were made with a BAS 100B system using 1023

reaching a steady state distribution, after # 10 min. At mol dm23 solutions of [Ni(pap)] in 0.1 mol dm23 tetrabutylam-
moniumperchlorat CH3CN solution at a glassy carbon electrodehigher [Cu21] (experiments were performed up to [Cu21] 5
with a Ag/AgCl reference and a Pt auxiliary electrode with a scan0.02 mol dm23) the extraction time had to be increased (by
rate of 100 mVs21, or using 1023 mol dm21 solutions of [Cu(pap)]a factor of 20 with the above parameters). Also, the extrac-
in 0.1 mol dm23 LiCl aqueous solution at a mercury drop electrodetion kinetics of the four metal ions studied indicate that
with a Ag/AgCl reference and a Pt auxiliary electrode with a scanunder the conditions of our experiments, the selectivity for
rate of 100 mVs21. The pH-metric titrations were performed on 5Cu21 was enhanced to some degree. On a qualitative basis
or 10 ml samples in the concentration range of 2 3 1023 to 8 3

the extraction studies and the potentiometric titrations are 1023 mol dm23 at metal ion to ligand ratios of 2:1, 1:1 and 1:2.
in good agreement, and the Cu21 selectivity is in agreement Argon was bubbled through the samples to ensure the absence of
with the prediction from the molecular mechanics calcu- oxygen and for stirring the solutions. All pH-metric measurements
lations. were carried out at 298 K and at a constant ionic strength of 0.2

mol dm23 (KCl). Measurements were made with a Radiometer
Table 6. Stability constants of the proton, copper(II), nickel(II), pHM64 pH-meter, equipped with a CMAWL/S7 combined pHcobalt(II) and zinc(II) complexes of papH2 (L)

electrode and a Dosimat 715 (Metrohm) autoburette, containing
carbonate-free potassium hydroxide at a known concentration. Themetal-free ligand [a]

pH output was converted into [H1] as described previously[19]. Pro-
tonation constants of the ligands and the brutto stability constantslogK(L) 4.59 (1)
of the binary systems were calculated with PSEQUAD[20]. AASlogK(HL1) 8.48 (1)
measurements were made on a Perkin-Elmer 1100B instrument
using an air-acetylene flame. The spectrometer was calibrated withCo(II) Ni(II) Cu(II) Zn(II)
standard Merck solutions. The wave lengths: 324.7 nm (Cu), 232
nm (Ni), 240.7 nm (Co), 248.3 nm (Fe). Elemental analyses werelogβ([MLH-2]) 211.49(2) 24.49(1)

logβ([ML]) 1.75(1) 1.54(1) 3.41(2) 1.87(1) obtained from the microanalytical laboratory of the chemical insti-
tutes of the University of Heidelberg.

[a] logKamide 5 0.5 (logKML 2 logKMLH22); Cu(II): 3.95; Ni(II):
For molecular mechanics calculations MOMEC[11] was used,6.55

which also produced the Schakal[15] files for plotting. The force
field has been described previously[11], except for parameters thatTable 7. C16papH2-mediated extraction of metal ions through
are described in the text and in Table 4.CH2Cl2 (T 5 298 K, pH 5 7.5 (source phase), 3 (receiving phase)

papH2: α-picolylamine (2.7 g, 25 mmol) was added slowly to a
hot and stirred aqueous solution (100 ml, 100°C) of diethyl-malon-source phase Fe21 Co21 Ni21 Cu21

ate (16 g, 6.25 mmol), and left at this temperature for 8h. After
cooling to ambient temperature, ethanol (10 ml) and ether (100 ml)[M21]t 5 0 min mg/dm23 25.83 29.50 29.80 27.16

[M21]t 5 10 min mg/dm23 25.38 28.56 27.37 18.12 were added to precipitate the yellowish white product, which was
Extraction[a] 98.3 96.8 91.9 66.7 collected after 24h (refrigerator) and recrystallized from ethyl ace-
[%] (1.7) (3.2) (8.2) (33.3) tate. Yield of the white crystalline ligand: 25.56 g (89.9 mmol, 90%).

Calcd. for C15H16N4O2: C 63.35, H 5.68, N 19.71; found: C 63.29,
Receiving phase Fe21 Co21 Ni21 Cu21

H 5.73, N 19.78. 13C-NMR (50.32 MHz, CD3OD, 25°C, TMS):
169.7 (CO), 158.9, 149.7, 138.8, 123.7, 122.9 (Cpyridine), 53.8

[M21]t 5 10 min mg/dm23 0.06 0.13 0.72 8.86 (CH2(CO)2), 45.5 (pyridine, CH22NHR).Extraction[b] 13.3 13.8 29.6 98
[%] (0.2) (0.4) (2.4) (32.6) C16papH2: Diethyl malonate (8 g, 50 mmol) was slowly added

by syringe to a solution of sodium (1.15 g, 50 mmol) in warm[a]% Remaining in source phase (extracted into organic phase). 2 ethanol (abs., 25 ml, 50°C). Upon slow addition (syringe) of hexa-[b]% Extracted from the organic into the receiving aqueous phase
decyl bromide (15.5 g, 50.25 mmol), a white product precipitate.(extracted from aqueous source into aqueous receiving phase).
The reaction mixture was then refluxed for 6 h and left in a refriger-
ator for 12 h. The precipitated diethyl hexadecylmalonate was col-We gratefully acknowledge generous financial support by the
lected by filtration, washed with water and dried over P2O5. Yield:Deutsche Forschungsgemeinschaft (DFG) and the Fonds der Che-
16.7 g (43.4 mmol, 87%). Calcd. for C23H44O4: C 71.81, H 11.54;mischen Industrie (FCI).
found: C 72.01, H 11.63. 13C NMR (50.32 MHz, CDCl3, 25°C,
TMS): δ 5 169.6 (CO), 61.2 (CH2, ester), 52.1 (C162CH2R2), 14.1
(CH3, ester), mult (alkyl chain).Experimental Section

General: Commercially available chemicals of the highest pos- α-Picolylamine (18 g, 166.4 mmol) and the alkylated diethyl ma-
lonate (16 g, 41.6 mmol) were allowed to react for 8 h at 100°Csible grade were used without further purification.13C-NMR spec-
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Table 8. Crystal data

papH2 3 HBF4 3 H2O [Ni(pap)] 3 2 H2O [Cu(pap)] 3 3 H2O

formula C15H19N4O3BF4 C15H14N4O2Ni 3 2 H2O C15H14N4O2Cu 3 3 H2O
crystal system orthorhombic triclinic monoclinic
Mol. mass 390.14 377.02 399.89
space group Pnma Ci/1,P1bar P21/a
a [Å] 8.700(2) 7.794 (2) 8.0810(10)
b [Å] 13.145(3) 11.933 (4) 22.086(3)
c [Å] 15.401(4) 17.808 (5) 9.9390(10)
α [°] 90 86.83 (3) 90
β [°] 90 82.70 (2) 104.520(10)
γ [°] 90 73.82 (2) 90
V [Å3] 1761.28 1577.1 1717.2
Z 8 2 4
Crystal colour, habit light green prisms red plates blue plates
Crystal dimensions [mm] 0.50 3 0.55 3 0.65 0.10 3 0.35 3 0.50 0.55 3 0.50 3 0.35
Radiation [mm21] Mo-Kα, µ 5 0.13 Mo-Kα, µ 5 1.26 Mo-Kα, µ 5 1.306
θ limits [deg] 1.5 < θ < 29.5 1.5 < θ < 25.0 1.84 < θ < 30.0
Dcalcd. [g/cm3] 1.47 1.59 1.547
No. of unique reflections 2539 5553 5174
No. of independent reflections 1643 3269 4938
temp.,°C 22 22 22
λ [Å] 0.7101 0.7101 0.7101
R 0.084 0.061 0.047
Rw

[a] 0.069 0.050 0.1017

[a] Rw 5 Σw(|Fo| 2 |Fc|
2.ΣwFo

2)1/2.

without a solvent. The product mixture was poured into 50 ml of C15H14N4O2Ni · 2H2O), -103065 (for C15H19N4O3BF4), -103066
(for C15H14N4O2Cu· 3H2O). Copies of the data can be obtainedcold water, and the precipitate was collected on a filter, after stand-

ing for 4 h in the refrigerator. After washing with water and drying free of charge on application to CCDC, 12 Union Road Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336033; E-mail: deposit-under reduced pressure, the diamide was recrystallized from di-

chloromethane. Yield: 14.82 g (29.13 mmol, 70%). Calcd. for @ccdc.cam.ac.uk].
C31H48N4O2: C 73.17, H 9.52, N 11.02; found: C 72.99, H 9.47, N The structure of papH2 3 HBF4 3 H2O was solved with direct
10.95. 13C NMR (50.32 MHz, CDCl3, 25°C, TMS): δ 5 170.8 methods; full-matrix least-squares methods were used to refine
(CO), 156.4, 149.1, 136.6, 122.2, 121.6 (Cpyridine), 55.2 2790 variables out of 1643 reflections with I > 2.5σ (I); the struc-
(C162CH2(CO)2), 44.6 (pyridine, CH22NHR), mult (alkyl chain). ture converged at R 5 8.4% and RW 5 6.9%; residual electron

density 20.42, 0.71 e/Å23. Weight 5 1/σ2(F0); goodness of fit 5[Cu(pap)]: An aqueous solution (30 ml) of CuSO4 3 5 H2O
4.19. The structures [Ni(pap)] 3 2 H2O and [Cu(pap)] 3 3 H2O(0.44 g, 1.76 mmol) was added to an aqueous solution (30 ml) of
were solved by Patterson-Fourier Methods with the SHELXTLpapH2 (0.5 g, 1.76 mmol), set at pH 7.5 (0.1  aqueous NaOH). A
PLUS program[21]; hydrogen atoms were included at calculatedcrystalline product was obtained after slow evaporation of the sol-
sites with fixed isotropic thermal parameters. The refinement (full-vent at ambient temperature. Yield: 0.57 g (1.43 mmol, 81.4%).
matrix, least-squares methods, |F |) of 5553 ([Ni(pap)]), 5174 ([Cu(-Calcd. for C15H20CuN4O5: C 45.05, H 5.04, N 14.01; found: C
pap)]) variables out of 3269 ([Ni(pap)]), 4938 ([Cu(pap)]) reflections44.99, H 5.07, N 14.04.
with I > 2.5σ (I) converged at R 5 6.1% ([Ni(pap)]), 4.7%[Ni(pap)]: An aqueous solution (30 ml) of Ni(BF4)2 (0.41 g,
([Cu(pap)]) and RW 5 5.0% ([Ni(pap)]), 10.17% ([Cu(pap)]); re-1.76 mmol) was added to an aqueous solution (30 ml) of papH2 sidual electron density 20.45, 0.54 ([Ni(pap)]), 20.327, 0.522 e/Å23

(0.5 g, 1.76 mmol), set at pH 7.5 (0.1  aqueous NaOH). A crystal-
([Cu(pap)]). Weight 5 1/σ2(F0); goodness of fit 5 1.91 ([Ni(pap)]),line product was obtained after slow evaporation of the solvent at
1.092 ([Cu(pap)]).ambient temperature. Yield: 0.42 g (1.11 mmol, 63.6%). Calcd. for

Extraction Experiments: The volume of each phase (aqueousC15H18N4NiO4: C 47.79, H 4.81, N 14.86; found: C 47.52, H 4.80,
source phase, organic phase, aqueous receiving phase) was 50 ml.N 14.83. 13C NMR (50 MHz, CD3OD, 25°C, TMS): 176.2 (CO),
The M21 concentration (M 5 Fe, Co, Ni, Cu) of the aqueous165.7, 150.6, 140.7, 125.7, 123.0 (Cpyridine), 57.6 (CH2(CO)2), 44.9
source phase was ca. 5 3 1023 mol dm23 (pH 7.5, 0.1 mol dm23(pyridine, CH22NR).
Tris, filtration to remove hydroxides) and measured by AAS (1 mlCrystal Structure Analyses: The X-ray data of papH2 3 HBF4 samples). The organic phase (CH2Cl2) contained 1023 mol dm23

3 H2O (C15H19N4O3 3 BF4), [Ni(pap)] 3 2 H2O (C15H14N4O2Ni
C16papH2 and the pH of the aqueous receiving phase was 3 (0.1

3 2 H2O) and [Cu(pap)] 3 3 H2O (C15H14CuN4O2 3 3 H2O) were
mol dm23 phthalate). The extractabilities were determined by AASmeasured at room temperature on a Nicolet R3-diffractometer em-
as decreasing [M21] in the aqueous source and increasing [M21] inploying graphite monochromated Mo-Kα radiation (λ 5 0.7107 Å);
the aqueous receiving phase. The conditions for all extractions were

ω scan mode, data reduction and application of Lorenz, polariz-
identical (298 K, stirring at 750 r.p.m. (magnetic stirrer) for 10.0ation absorption corrections were carried out. Details of the meas-
min). The data reported in Table 7 are averages of 3 determinationsurements and analyses are given in Table 8. The atom numbering
(deviation # 5%).is defined in Figure 1. The crystallographic data have been de-

posited at the Cambridge Crystallographic Data Centre (CCDC)
as supplementary publication no. CCDC-103064 (for [1] [1a] H. Irving, R. J. P. Williams, Nature (London) 1948, 162,
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The syntheses of new chiral 1,2-diphenylethylene-bridged Comparison of the constants for the cyclohexanediyl-bridged
complexes (type 1) with those for the more bulky 1,2-nickel(II) and methylcobalt(III) Schiff base complexes are

described. The equilibrium constants for the axial addition of diphenylethylene-bridged complexes (type 2) reveals that
chiral recognition is only observed in the case of type-2the chiral bases (R)- and (S)-1-phenylethylamine to the

enantiomerically pure metal complexes have been complexes.
determined by means of spectrophotometric titrations.

Introduction In the present work, new chiral nickel and cobalt Schiff
base complexes derived from 1,2-diphenylethylenediamineIn recent years, catalytic asymmetric synthesis has be-
are described (type 2). Spectrophotometric titrations withcome increasingly important[1]. In this context, the enantio-
chiral bases have been carried out so as to allow the deter-selective epoxidation of unfunctionalized alkenes reported
mination of the stability constants of the adducts. Planarby Jacobsen and Katsuki et al. has been one of the high-
nickel complexes are known to give consecutive equilibrialights of the current decade[2]. Recently, Mukaiyama et al.
associated with 1:1 and 1:2 base adduct formation. Becausereported on the enantioselective hydrogenation of ketones
of the change of spin state from S 5 0 to S 5 1, the octa-with sodium tetrahydroborate in the presence of optically
hedral 1:2 adduct is normally strongly favored (K2 >> K1).active cobalt(II) complexes[3]. These reactions are mediated
For investigations of pure 1:1 adduct formation we used aby chiral metal complex catalysts and are based on the ca-
pentacoordinated methylcobalt(III) derivative. Such com-pacity of such species for chiral recognition of the sub-
plexes usually have a sufficiently high Lewis acidity at thestrates. Thus, some metal Schiff base complexes have
sole vacant coordination site and allow the determinationemerged as particularly effective catalysts by virtue of their
of the equilibrium constants for the 1:1 base addition withchiral carbon centers being situated in the vicinity of the
high precision[7]. This is seemingly the first time that chiralcentral atom.
recognition has been observed in measurements of thisOur work is concerned with studies of the structure-reac-
kind.tivity relationships of Schiff base complexes with regard to

the basic features of reactivity that are of importance for
the catalytic performance, i.e. investigations of the redox Results and Discussion
behavior and Lewis acidity of coordinatively unsaturated
planar complexes. The ability of complexes to show chiral recognition de-

pends mainly on the steric environment of the active site,In previous publications we reported on new chiral nickel
and copper [N2O2]-coordinated Schiff base complexes de- i.e. the central metal atom. In view of the aforementioned

negative results concerning the addition of chiral bases torived from 1,2-diaminocyclohexane and β-oxo aldehydes.
These were characterized with regard to their ability to bind complexes with the 1,2-cyclohexanediyl group as the chiral

bridge, this group was replaced by the sterically more de-Lewis bases at their free axial coordination sites (Lewis
acidity) and to accept electrons (redox potentials). How- manding 1,2-diphenylethylene bridge (Figure 1).

The substituents R1 and R2 also have a considerable in-ever, upon applying the chiral bases (R)- and (S)-1-phenyl-
ethylamine, no chiral recognition could be observed[4]. The fluence on the electronic properties of the metal, as well as

being responsible for steric effects. Substitution pattern b issame result was found by Elias et al. for the addition of (S)-
(2)-nicotine to chiral salene complexes[5]. sterically more demanding than arrangement a. However,

the Lewis acidity of Ni2b is too low to permit quantitativeDifferences in the adduct stabilities were observed for the
diastereomeric complexes meso-Ni1a and (R,R)-Ni1a, studies of axial ligation. Spectral changes upon base ad-

dition could only be observed for nickel complexes with thewhich can be attributed to the orientation of the cyclohexa-
nediyl group in relation to the [N2O2] plane[6]. electron-withdrawing substituents CN and OEt (type a). In
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Figure 1. Nomenclature of the Schiff base complexes diyl-bridged complex (S,S)-Ni1a cannot distinguish be-

tween (R)- and (S)-1-phenylethylamine. For these sub-
strates, the measured constants are the same within the
margin of error. However, following introduction of the
sterically more demanding chiral 1,2-diphenylethylene
bridge into the complex [(S,S)-Ni2a], the β2 values differ
significantly. In both the solvents used, i.e. CHCl3 and ben-
zene, the constants determined by titration with the (R)-
amine are significantly higher than those determined by ti-
tration with the (S)-amine. This means that the base adduct
of (S,S)-Ni2a with (S)-1-phenylethylamine is thermo-
dynamically less stable than the adduct with the (R)-amine.
The reason for this should be that the addition of the (S)
enantiomer of the base is sterically more hindered by the
chiral diamine bridge than that of the (R) enantiomer. Un-
fortunately, the margin of error in K1 (and K2) is much
higher than that in β2 and thus it is not possible to establish
whether the chiral recognition occurs to a greater extent in
the first or the second step of the axial base addition.

contrast to the nickel complexes, where both types (Ni2a Furthermore, we carried out titrations of the organoco-
and Ni2b) could be prepared, we were not successful in iso- balt(III) complex (R,R)-MeCo2b with (R)- and (S)-1-phen-
lating the corresponding cobalt complex Co2a. Thus, only ylethylamine in benzene. (This complex is very light-sensi-
the complex (R,R)-Co2b could be synthesized, which was tive in solution, and hence preparations and the measure-
subsequently methylated at the axial position so as to ob- ment itself had to be carried out in the dark.) In the course
tain the diamagnetic methylcobalt(III) complex (R,R)-Me- of the base addition, a transition from the pentacoordi-
Co2b. Such organocobalt complexes are very suitable as nated to the octahedral state occurs, as depicted in
base acceptors in spectrophotometric titrations, since the Scheme 1.
spectral changes that accompany the transition from the An example of a titration of (R,R)-MeCo2b with a chiral
pentacoordinated to the octahedral state are highly sensi- base is illustrated in Figure 2. The intense charge transfer
tive, and usually the calculated constants are of such an band at 645 nm is seen to decrease with increasing concen-
order of magnitude and of such a high precision that gra- tration of (S)-1-phenylethylamine.
dations of the constants for titrations with relatively weak The calculated values of K are listed in Table 2. It can be
bases can be determined unambiguously[7]. seen that the difference between the constants derived from

The compounds were characterized by means of NMR the two titrations is even larger than in the case of the nickel
spectroscopy. As expected, in the 1H-NMR spectrum of complex (S,S)-Ni2a. The constant for the adduct of (R,R)-
(R,R)-MeCo2b the protons attached to the chiral carbon MeCo2b with (S)-1-phenylethylamine is approximately
atoms, as well as the olefinic protons (N2CH5), exhibit a three times larger than that of the adduct with the (R)-am-
double set of signals, i.e. they are no longer equivalent. This ine. It seems that the bulky substituents R1 5 phenyl and
non-equivalence is due to the C2 symmetry and the axial R2 5 COOEt enhance the differentiation of the stabilities
methyl group. This effect could not be observed in the spec- of the corresponding base adducts, i.e. with (R)- or (S)-1-
trum of the corresponding square-planar nickel complex phenylethylamine, respectively.
(R,R)-Ni2a or in that of (R,R)-Ni2b. Upon addition of From the equation K 5 [CoLB]/([CoL][B]) for the equi-
[D5]pyridine to the solution of (R,R)-MeCo2b used to re- librium according to Scheme 1, it follows that for the ti-
cord the NMR spectrum, the signal of the axial methyl tration of complex (R,R)-MeCo2b with the racemic base 1-
group is shifted to lower field (δ 5 2.70 R 2.98). phenylethylamine, one would obtain an adduct mixture of

a composition such that [CoLB(R)]/[CoLB(S)] 5 K(R)/K(S),Spectrophotometric titrations were carried out using the
where (R) and (S) refer to (R)- and (S)-1-phenylethylamine,(S,S) enantiomers of the optically active complexes Ni1a
respectively. Thus, in the present case, a mixture of 36.4%and Ni2a with both enantiomers of the chiral base 1-phen-
of the (R)-amine adduct and 63.6% of the (S)-amine adductylethylamine in chloroform and in benzene (Ni2a only).
would result.Nickel complexes preferentially form octahedral base diad-

ducts, i.e. K1 < K2 for equations 1 and 2.

Conclusions

The results show the significant influence of the complex
periphery on chiral recognition properties. Such an effect
has been observed simply by replacing the cyclohexadienylThe constants K1 (5 β1) and β2 (K1K2) thus determined

are listed in Table 1. It was confirmed that the cyclohexane- group in previously studied compounds by the sterically
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Table 1. Equilibrium constants for the titration of (S,S)-Ni1a and (S,S)-Ni2a with the chiral bases (R)- and (S)-1-phenylethylamine at 20

(± 1)°C (in CHCl3) and at 25 (± 0.1)°C (in benzene)

Base Solvent K1 [l mol21] β2 [l2 mol22] (s[a]) e[b] (1023)

(S,S)-Ni1a (R)-1-phenylethylamine CHCl3 0.05 24[4] 5.4
(S,S)-Ni1a (S)-1-phenylethylamine CHCl3 0.05 24 4.5
(S,S)-Ni2a (R)-1-phenylethylamine CHCl3 < 0.01 12 (0.8) 0.6
(S,S)-Ni2a (S)-1-phenylethylamine CHCl3 < 0.01 4.5 (0.5) 0.8
(S,S)-Ni2a (R)-1-phenylethylamine benzene 0.01 8.4 (0.1) 1.1
(S,S)-Ni2a (S)-1-phenylethylamine benzene 0.04 5.1 (0.1) 1.8

[a] Standard deviation of the equilibrium constant. 2 [b] Average of the square errors for the fit of the values of the extinctions.

Scheme 1. Equilibrium between the pentacoordinated methylcobalt Experimental Section
complex and the octahedrally coordinated complex

The following chemicals were used without further purification:upon base addition
Ethyl 2-cyano-3-ethoxyacrylate (Merck), (1S,2S)-(1)- and (1R,2R)-
(2)-1,2-diphenylethylenediamine (97%, Fluka), (R)-(1)- and (S)-
(2)-1-phenylethylamine (98%, Fluka). Ethyl (ethoxymethylene)-
benzoylacetate was prepared according to a literature method[8]. 2

NMR spectra were recorded with a Bruker AC-200 spectrometer
(1H, 13C, 1H-13C-COSY, 13C APT NMR) and are reported as δ in
ppm from HMDS. 2 FT IR spectroscopy was performed with a
Perkin-Elmer 2000 FT-IR instrument. 2 Mass spectra were ob-Figure 2. Spectrophotometric titration of (R,R)-MeCo2b with (S)-

1-phenylethylamine in benzene tained with a Finnigan MAT SSQ 710 spectrometer. 2 Elemental
analyses were carried out with a Leco CHNS-932 analyzer (CHN)
and by complexometric titration (Ni, Co), respectively. 2 Specific
rotation values were determined with a Polartronic E polarimeter
(Schmidt-Haensch). 2 Spectrophotometric titrations were carried
out at constant temperature with a Varian Cary 5E spectrophoto-
meter equipped with a temperature controller. The calculation of
the equilibrium constants was carried out at six wavelengths λ(i)
and with at least twenty base (axial ligand) concentrations cB(j),
under optimized conditions as described in the literature[9a]. The
constants β1 ( 5 K1) and β2 (K1K2) as well as the extinction coef-
ficients ε1(λ) and ε2(λ) for the 1:1 and the 1:2 adduct, respectively,
were calculated iteratively by a non-linear fit of the absorbance
data A 5 E/(cKd) (E: extinction; cK: total complex concentration)
according to

Ai,j 5 Σεν,iβν[B]jν/(Σβν[B]j) (3)

(ν 5 0, 1, 2; β0 ; 1)Table 2. Equilibrium constants for the titration of (R,R)-MeCo2b
with (R)- and (S)-1-phenylethylamine in benzene at 20 (± 0.1)°C

A home-made computer programme SPEGA was used for the
iteration, based on the algorithm of Marquardt[9b]. A special pro-Base K [l mol21] (s[a]) e[b] (1023)
cedure was included to calculate the equilibrium base concen-
trations [B]j from the known total concentrations cBj by iteration(S)-1-phenylethylamine 770 (25) 4.5
according to(R)-1-phenylethylamine 316 (12) 1.5

cBj 5 [B]j 1 cKjΣνβν[B]jν/(Σβν[B]jν) (4)[a] Standard deviation of the equilibrium constants. 2 [b] Average
of the square errors for the fit of the values of the extinctions. (ν 5 0, 1, 2; β0 ; 1)

Ligands: Diethyl (Z,Z)-(trans)-3,39-(1,2-Diphenyl-1,2-ethane-
diyldiimino)bis(2-cyano-2-propenoate) [(R,R)- and (S,S)-2H2a]:more demanding 1,2-diphenylethylene bridge. To the best
105 mg (0.5 mmol) of (R,R)- or (S,S)-diphenylethylenediamine wasof our knowledge, this is the first time that chiral recog-
dissolved in 10 ml of methanol. To this solution, 170 mg (1 mmol)nition has been observed in the addition of a base to coord-
of ethyl 2-cyano-3-ethoxyacrylate, dissolved in 5 ml of methanol,inatively unsaturated complexes. The results are of impor-
was added dropwise. The mixture was refluxed for 30 min. Thetance with regard to enantioselective catalytic investi-
solvent was then partially evaporated in vacuo until a white powdergations. Appropriate experiments are in progress, the results
precipitated. The solid was filtered off and washed with diethyl

of which will be reported in due course. ether, yield 211 mg (92%), m.p. 214°C. 2 CI MS (H2O); m/z (%):
459 [M 1 H]1 (35), 413 [M 2 CO]1 (2), 229 [L/2]1 (95). 2 IRWe would like to thank the Deutsche Forschungsgemeinschaft and

the Fonds der Chemischen Industrie for financial support. (Nujol): ν̃max 5 3199 cm21 (NHstr), 2215 (CNstr), 1698 (C5Ostr). 2
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(R,R)-2H2a: C26H26N4O4: calcd. C 68.12, H 5.72, N 12.22; found C found to be stable in air, yield 2.56 g (76%), m.p. 253°C. 2 EI MS;

m/z (%): 673 [M1] (30), 628 [M 2 C2H5O]1 (2), 366 [M 2 L/2]168.0, H 5.7, N 12.1. 2 [α]20
D 5 2157 ± 10 (c 5 0.18 in ethanol).

2 (S,S)-2H2a: found C 68.1, H 5.7, N 12.1. 2 [α]20
D 5 1157 ± (100). 2 IR (Nujol): ν̃max 5 1710 cm21 (C5Ostr), 701 (C2Hdef).

2 Magn. mom.: µeff 5 2.18 B.M. 2 (R,R)-Co2b: C38H34CoN2O6:10 (c 5 0.18 in ethanol).
calcd. C 67.76, H 5.09, Co 8.75, N 4.16; found C 67.2, H 5.1, CoDiethyl (E,E)-(trans)-3,39-(1,2-Diphenyl-1,2-ethanediyldiimi-
8.81, N 4.1. 2 (S,S)-Co2b: found C 67.5, H 5.3, Co 8.84, N 4.2.no)bis(2-benzoyl-2-propenoate) [(R,R)- and (S,S)-2H2b]: 1.0 g

(4.75 mmol) of (R,R)- or (S,S)-diphenylethylenediamine was dis- {Diethyl (E,E)-(trans)-3,39-[(1,2-Diphenyl-1,2-ethanediyl)di-
solved in 20 ml of methanol. A solution of 2.36 g (9.5 mmol) of imino)]bis(2-benzoyl-2-propenoato)(22)-N,N9,O2,O29}methyl-
ethyl (ethoxymethylene)benzoylacetate in 10 ml of methanol was cobalt [(R,R)-MeCo2b]: 0.05 g (2.14 mmol) of sodium was pressed
added dropwise. The mixture was refluxed for 30 min and then the into 0.5 ml mercury under inert conditions. To the obtained amal-
solvent was evaporated in vacuo. The crude product was obtained gam, 1.44 g (2.14 mmol) of (R,R)-Co2b, dissolved in 25 ml of dry
in the form of a yellow oil. It was used for complexation without THF, was added. The mixture was stirred for 12 h, whereupon a
purification.2 CI MS (H2O); m/z (%): 617 [M 1 H]1 (37), 571 [M violet colour appeared. The solution was then decanted from the
2 C2H5O]1 (8), 308 [L/2]1 (30). mercury and cooled at 278°C. At this temperature, a solution of

0.456 g (3.2 mmol) of iodomethane in 10 ml of dry THF was added
Nickel Complexes dropwise, resulting in the precipitation of a red solid. The suspen-

sion was poured into water, and the red solid was filtered off and{[Diethyl (Z,Z)-(trans)-3,39-(1,2-Diphenyl-1,2-ethanediyldiimi-
dried in air. The obtained product still contained traces of waterno)]bis(2-cyano-2-propenoato)(22)-N3,N39,O1,O19}nickel [(R,R)-
and THF, which could not be removed in vacuo. However, in non-and (S,S)-Ni2a]: 120 mg (0.26 mmol) of the ligand was suspended
coordinating solvents these molecules dissociate. These green solu-in 40 ml of ethanol. Then, 0.7 ml (0.52 mmol) of N(Et)3 was added.
tions are very light-sensitive, yield 1.53 g (94%). 2 EI MS; m/z (%):To this mixture, a suspension of 64.7 mg (0.26 mmol) of Ni-
688 [M1] (2), 673 [M 2 CH3]1 (16), 366 [M 2 L/2 2 CH3]1 (17).(AcO)2?4H2O in 20 ml of ethanol was added. The mixture was
2 IR (Nujol): ν̃max 5 1667 cm21 (C5Ostr), 704 (C2Hdef). 2 1Hrefluxed for 1 h, whereupon the substances dissolved and the solu-
NMR (200 MHz; CDCl3): δ 5 0.74 (t, 6 H, CH2CH3), 2.70 (s, 3tion became red in colour. The solvent was then evaporated in va-
H, CH3), 3.78 (q, 4 H, CH2CH3), 4.69 (ds, 1 H, N2CHPh), 4.96cuo to leave a brown residue. The crude product was washed with
(ds, 1 H, N2CHPh), 7.0527.35 (m, 20 H, Ph), 7.65 (s, 1 H,water and finally with ethanol, yield 120 mg (89%), m.p. 257°C. 2
N2CH5), 7.79 (s, 1 H, N2CH5). 2 13C NMR (200 MHz,EI MS; m/z (%): 514 [M1] (30), 286 [M 2 L/2]1 (40), 229 [L/2]1
CDCl3): δ 5 13.5 (CH2CH3), 29.7 (CH3), 59.6 (CH2), 78.8, 81.1(100), 183 [L/2 2 C2H5OH]1 (30). 2 IR (Nujol): ν̃max 5 2208 cm21

(N2CHPh), 102.8, 103.6 (CH5C), 125.92130.6 (Ph), 136.1, 136.9,(CNstr). 2 (R,R)-Ni2a: C26H24N4NiO4: calcd. C 60.61, H 4.70, N
141.2 (Cq, Ph), 162.7, 163.9 (CH5C), 184.6 (C5O). 210.87, Ni 11.39; found C 60.6, H 4.8, N 10.5, Ni 11.32. 2 (S,S)-
C39H37CoN2O6: calcd. C 68.02, H 5.42, Co 8.55, N 4.07; found CNi2a: found C 60.49, H 4.78, N 10.57, Ni 11.29.
68.70, H 6.28, Co 7.74, N 3.62. 2 TG: calcd. (from found value of

{Diethyl (E,E)-(trans)-3,39-[(1,2-Diphenyl-1,2-ethanediyldiimi)-
Co) 29.5 (%) (THF, H2O); found 29.1% (150°C).

no]bis(2-benzoyl-2-propenoato)(22)-N,N9,O2,O29}nickel [(R,R)-
Ni2b]: 250 mg (0.4 mmol) of trans-2H2b was dissolved in 40 ml of
methanol. To this solution, 100 mg (0.4 mmol) of Ni(AcO)2 · 4 H2O, [1] H. Brunner, W. Zettlmeier, Handbook of Enantioselective Ca-

talysis with Transition Metal Compounds, VCH, Weinheim2dissolved in 10 ml of methanol, was added. The mixture was re-
New York2Basel2Cambridge2Tokyo, 1993.fluxed for 30 min. After cooling, an orange precipitate was col- [2] [2a] W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J.

lected by filtration and dried in air, yield 245 mg (91%), m.p. 270°C. Am. Chem. Soc. 1990, 112, 2801. 2 [2b] W. Zhang, E. N. Ja-
2 EI MS; m/z (%): 672 [M1] (12), 365 [M 2 L/2]1 (100), 105 cobsen, J. Org. Chem. 1991, 56, 2296. 2 [2c] R. Irie, K. Noda,

Y. Ito, N. Matsumoto, T. Katsuki, Tetrahedron Lett. 1990, 31,[C6H5CO1] (45). 2 IR (Nujol): ν̃max 5 1706 cm21 (C5Ostr), 701,
7345.770 (C2Hdef). 2 C38H34N2NiO6: calcd. C 67.78, H 5.09, N 4.16, [3] [3a] T. Nagata, K. Yorozu, T. Yamada, T. Mukaiyama, Angew.

Ni 8.71; found C 67.7, H 5.2, N 4.1, Ni 8.70. Chem. 1995, 107, 230922311; Angew. Chem. Int. Ed. Engl.
1995, 34, 2145 22147. 2 [3b] K. D. Sugi, T. Nagata, T. Yamada,
T. Mukaiyama, Chem. Lett. 1996, 108121082.Cobalt Complexes

[4] E.-G. Jäger, K. Schuhmann, H. Görls, Inorg. Chim. Acta 1997,
{Diethyl (E,E)-(trans)-3,39-[(1,2-Diphenyl-1,2-ethanediyl)diimi- 255, 2952305.

[5] R. Warmuth, H. Elias, Inorg. Chem. 1991, 30, 502725032.no]bis(2-benzoyl-2-propenoato)(22)-N,N9,O2,O29}cobalt [(R,R)-
[6] E.-G. Jäger, K. Schuhmann, H. Görls, Chem. Ber. 1997, 130,and (S,S)-Co2b]: The following procedures were carried out under

164321646.inert conditions using argon. 3.08 g (5 mmol) of the ligand was [7] [7a] E.-G. Jäger, P. Renner, Z. Chem. 1978, 18, 1932194. 2 [7b]

dissolved in 80 ml of dry DMF and the solution was heated to D. Seidel, Ph. D. Thesis, University of Jena, 1986.
[8] E.-G. Jäger, Z. Chem. 1968, 8, 470.boiling. To the hot solution of the ligand, 5 mmol of Co(AcO)2 ?
[9] [9a] E.-G. Jäger, B. Kirchhof, E. Schmidt, B. Remde, A. Kipke,4 H2O in 100 ml of DMF was added dropwise. A dark-red solution

R. Müller, Z. Anorg. Allg. Chem. 1982, 485, 1412172. 2 [9b] D.was obtained, which was refluxed for 1 h. The solvent was then W. Marquardt, SIAM J. Appl. Math. 1963, 11, 431.
evaporated until the complex precipitated. The solid was filtered [I98233]
off and washed with dry methanol. The dry orange complex was
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Chiral racemic rhenium thiolate complexes [CpRe- SCH2CH2NHAc (8), SCH2CH2C(O)OH (9). A milder
synthesis using hydrated sodium carbonate as a base(NO)(PPh3)(SR)] were obtained under either acidic or basic

conditions. Thus, when [CpRe(NO)(PPh3)(CH3)] (1) was provided 8 and compounds with SR = SCH2CH2C(O)OMe
(10), SCH2CH2C(O)NHCH2Ph (11) in high yields. Usingtreated with etheral HBF4 and HSR the thiolate complexes

[CpRe(NO)(PPh3)(SR)] [SR = SCH2(2-furyl) (2), SCH2C- similar methods, thiolate complexes of (R)-N-acetylcysteine
(13), its methyl ester (14), (R)-N-phthaloylcysteine (16), and(O)OEt (3)] were obtained after chromatographic workup.

Ligand exchange reactions between [CpRe(NO)(PPh3)- N-[(S)-3-mercapto-2-methylpropionyl]-S-proline (Captopril)
(17) were obtained as diastereomeric pairs. The formation of(OC4H8)]BF4 (4) and sodium thiolates yielded analogous

complexes with SR = SH (5), SCH2CH2Ph (6), SCH2CH=CH2 13 was preceded by the O-bonded isomer 12 which slowly
rearranges in solution. 13 can be converted under acidic(7). SR groups which tolerate strongly alkaline conditions

may be introduced by treatment of 4 with HSR in the conditions into its methyl (14) or ethyl (15) esters. The
diastereomers of 16 were separated by crystallization, andpresence of sodium ethoxide as demonstrated by the high-

yield synthesis of 2 as well as of complexes with SR = the structure of the (R,R)-isomer 16a determined.

Thiolate ligands have some remarkable properties which conditions. Treatment of the racemic methylrhenium com-
plex 1 [13] with a twofold excess of etheral HBF4 and 2-(mer-are exploited by nature in a number of important metallo-

enzymes. [2] SR groups being soft donors bind strongly to captomethyl)furan or ethyl mercaptoacetate followed by
chromatography over silica gave the corresponding rheniummost of the transition metal ions. Due to their high polariz-

ability and π-donor capacity, [3] they are able to stabilize thiolate complexes 2 and 3 in fair to good yields (Eq. 1).
various oxidation states of the metal and to promote the
formation of clusters [2] [4] which can function as electron
reservoirs for redox processes. Enzymatic reactions which
lead to the transformation of coordinated thiolate ligands
seem to be comparatively rare. One of the few prominent
examples is the penicillin biosynthesis [5] whose first step in-
volves the oxidative dehydrogenation of an iron-coordi-
nated, cysteine-containing tripeptide to a thioaldehyde in-
termediate. [6] We have recently described a similar oxidative
route for the synthesis of stable thioaldehyde complexes of
ruthenium[7] [8] and rhenium.[9] In order to further exploit
the characteristic reactivity of coordinated thioaldehydes in

Since the strongly acidic conditions of this route may notnucleophilic additions and cycloadditions[8] [10] [11] [12] we de-
be compatible with a number of functional groups, a syn-cided to investigate thiolate complexes bearing various
thesis based on a nucleophilic substitution at rhenium wasfunctional groups on the SR ligand.
sought. The tetrahydrofuran complex [CpRe(NO)(P-

Results Ph3)(OC4H8)]BF4 (4) which is easily obtained through acid
cleavage of 1 [14] seemed to be an appropriate starting mate-Achiral Thiolates
rial. Although 4 was noted to be labile [14] it has found only

Two synthetic strategies were chosen in which the rhe- sporadic use in ligand exchange reactions. [15] When 4 was
nium–sulfur bond is formed under either acidic[8] or basic treated with isolated sodium thiolates in THF/ethanol, the
[e] Part 6: Ref.[1]. corresponding thiolate complexes 5–7 were formed in good
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Chiral, Enantiomerically Pure Thiolatesyields (Eq. 2). The thiolate anions may also be generated in

situ from thiol and sodium ethoxide. This was demon-
strated by the high-yield synthesis of 2, 8, and 9 (Eq. 3). Reaction of the THF complex 4 with (R)-N-acetylcyst-

eine and sodium ethoxide initially gave the orange-brown
carboxylate complex 12a, b as a 1:1 mixture of diastereoiso-
mers. Upon prolonged storage in solution or refluxing in
acetone, 12a, b converts almost quantitatively into the yel-
low S-bonded isomer 13a, b (Eq. 5) which, after one crystal-
lization, was obtained in 17% de. Conversely, solutions of
13a, b revert back to an equilibrium mixture containing ap-
proximately 5% 12a, b.

The use of ethoxide as a base may, however, cause prob-
lems when chiral thiolates are to be employed which would
racemize under strongly alkaline conditions. Hydrated so-
dium carbonate, which finds some use in peptide synth-
eses, [16] was expected to be mild enough to circumvent this
obstacle. Indeed, simple stirring of a mixture of 4,
Na2CO3 • 10 H2O, and a thiol produced the expected thiol-
ate complexes 8, 10, and 11 in high purity and yield (Eq. 4).

For a further elaboration of the thiolate side chain it may
be desirable to have the carboxylate group protected as es-
ter. To this end, the diastereomeric complexes 13a, b wereThe new thiolate complexes are yellow, slightly air-sensi-

tive crystalline solids which are more or less readily soluble treated with alcohol and acid (Eq. 6). This reaction was
also intended to be an additional test of the stability of thein all common organic solvents. Typical spectroscopic fea-

tures include low NO stretching frequencies in the infrared rhenium complex. The expected esters 14a, b and 15a, b
were indeed obtained, albeit in less than satisfactory yields.spectra which hint at the high donor ability of the SR li-

gand. In the 1H NMR spectra, all methylene protons of the Spectroscopic analysis of the crude reaction mixtures indi-
cated that the losses were primarily due to the chromatog-SR group are diastereotopic; those in α position give widely

separated signals which are easily analyzed. The SH com- raphic workup which was necessary to remove the acid,
rather than destruction of the rhenium complex. Obviouslyplex 5 exhibits a high-field signal at δ 5 0.09 which is split

into a doublet due to coupling with phosphorus. In the 13C- it is advisable to convert amino acids to their esters before
coordinating them to the transition metal. Thus, 4 was re-NMR spectra the α carbon signal is shifted by approxi-

mately 15 ppm to lower field compared to the uncoordi- acted with the methyl esters of (R)-N-acetylcysteine, (R)-N-
phthaloylcysteine, and N-[(S)-3-mercapto-2-methylpropi-nated thiol, and split into a doublet due to coupling with

phosphorus. In cases of doubt such as 7–11 this serves as onyl]-S-proline in the presence of sodium carbonate (Eq.
7). The three products were isolated as 1:1 mixtures of dia-unambiguous proof that the SR ligand is indeed coordi-

nated through the sulfur atom. stereoisomers. 17a, b was partially enriched by crystalliza-
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Figure 1. Molecular structure (R,R)-[CpRe(NO)(PPh3)(SCH2CH-tion to 15% de while diastereomerically pure 16a crys-

(NC8H4O2)COOMe)] (16a) (without H atoms)[a]
tallized from an acetone solution.

[a] Selected distances [pm] and angles[°] (standard deviations in pa-The physical properties of the diastereomeric thiolate
rentheses): Re(1)–S(1) 239.45(10), Re(1)–P(1) 235.44(12), Re(1)–complexes 13a,b–17a,b closely resemble those of the other
N(1) 176.3(4), N(1)–O(1) 119.7(5), S(1)–C(1) 182.2(5), S(1)–Re(1)–

members of this series. As expected, they give double sets P(1) 87.31(6), S(1)–Re(1)–N(1) 102.35(11), P(1)–Re(1)–N(1)
92.80(13), Re(1)–S(1)–C(1) 106.2(2), P(1)–Re(1)–S(1)–C(1)of signals in their 1H-, 13C-, and 31P-NMR spectra. Coordi-
167.4(2).nation to rhenium via the sulfur atom is unequivocally in-

ferred from the large coupling of the α carbon with the
phosphorus atom. This clearly distinguishes 13a, b from conditions were developed in order to ensure tolerance for
their carboxylate-bound isomers 12a, b whose 13C-NMR a range of functional groups. Acid cleavage of the methyl
spectra exhibit doublet resonances for the carboxylate car- complex 1 produces the solvent-stabilized 16-electron spe-
bon atom. cies [CpRe(NO)(PPh3)]1 which immediately picks up any

stronger Lewis base present in the solution.[19] The thiol
complexes [CpRe(NO)(PPh3)(HSR)]BF4 thus formed elim-

Crystal and Molecular Structure of 16a
inate HBF4 simply upon chromatography over silica. [9] This
route produces thiolate complexes in good yields but is lim-From an acetone solution of 16a, b diastereomerically
ited of course to SR groups which tolerate strongly acidicpure 16a was obtained by slow crystallization. A suitable
conditions.single crystal was analyzed by X-ray diffraction. It belonged

Gladysz et al., in their seminal work on chiral rheniumto the enantiomorphic space group P21 which immediately
complexes, [20] made extensive use of the dichloromethaneshowed that it is an enantiomerically pure compound. The
complex [CpRe(NO)(PPh3)(ClCH2Cl)]BF4

[21] in ligand ex-stereocenters at both rhenium and carbon have the (R) con-
change reactions. With the strongly nucleophilic thiolatefiguration (Figure 1) which is in line with the Flack param-
ions this compound, in addition to ligand exchange, un-eter. Bond distances and angles are well within the normal
dergoes nucleophilic substitution at carbon which leads torange for complexes of the type [CpRe(NO)(PPh3)-
the formation of (chloromethyl)thioether complexes in size-(SR)]. [17] [18]

able quantities. [9] The tetrahydrofuran complex 4 whoseThe angle S–Re–N(1) [102.35(11)°] is surprisingly large
synthesis [14] can easily be scaled up to multigram quantities,for both 16a and the (diarylmethyl)thiolate complex investi-
finally proved to be the starting material of choice.gated by Gladysz. [18] As there are not any obvious steric

For potentially ambidentate ligands such as allyl thiolateinteractions between the NO and SR ligands, the driving
or the anions of cysteine and its derivatives, coordinationforce of this distortion must be electronic in origin. [1] Also
through sulfur is favored thermodynamically. Nevertheless,of note is the transoid arrangement of the groups at rhe-
for cysteine itself, which under the conditions of equationnium and sulfur [dihedral angle P–Re–S–C(1) 5 167.4ο]
5 exists in solution in its doubly deprotonated form, thewhich simultaneously minimizes steric interactions as well
carboxylate isomer is formed as the kinetic product. A simi-as the repulsion between the lone pairs at sulfur and the
lar observation was not made in the case of the 3-mercapto-HOMO of the [CpRe(NO)(PPh3)] complex fragment. [1]

propionic acid complex 9 (Eq. 3), due probably to the ab-
sence of bulky groups around the sulfur atom. Bond forma-
tion between the chiral rhenium complex and the variousDiscussion
SR ligands was not expected to be accompanied by kinetic
resolution. Nevertheless it is gratifying that partial or evenThis work was aimed at the synthesis of chiral racemic

rhenium thiolate complexes [CpRe(NO)(PPh3)(SR)]. Three full diastereomer separation could easily be effected by sim-
ple crystallization.routes proceeding under acidic, basic, or close to neutral
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Conclusions 2J(H,H) 5 12.1 Hz, 2 H; SCH2], 4.07, 4.12 [AB system of quartets,

2J(H,H) 5 10.8 Hz, 3J(H,H) 5 7.1 Hz, 2 H; OCH2], 5.35 (s, 5 H;
It has been shown here that the chiral Lewis acid C5H5). – 13C NMR (100 MHz, [D6]acetone, 20 °C): δ 5 14.5 (s;

[CpRe(NO)(PPh3)]1 can be efficiently connected to simple CH3), 43.6 [d, 3J(P,C) 5 9 Hz; SCH2], 60.6 (s; OCH2), 92.6 (s;
C5H5), 174.0 (s; CO). – 31P NMR (162 MHz, [D6]acetone, 20 °C):thiolates as well as those derived from biologically relevant
δ 5 19.5 (s). – IR (CH2Cl2) ν̃ 5 1721 (CO), 1653 cm–1 (NO). –molecules such as the amino acid (R)-cysteine or N-[(S)-3-
C27H27NO3PReS (662.8) calcd C 48.93, H 4.11, N 2.11, S 4.84;mercapto-2-methylpropionyl]-S-proline, an ACE (angio-
found C 48.91, H 4.01, N 1.97, S 5.08.tensin converting enzyme) inhibitor which under the brand

name “Captopril” is used as an antihypertension drug. [CpRe(NO)(PPh3)(SH)] (5): A solution of 4 (281 mg, 0.40
mmol) and NaSH (28 mg, 0.50 mmol) in THF (20 ml) and ethanolApart from the more classical use of the rhenium complex
(20 ml) was stirred 1 h at 20 °C. The mixture was taken to dryness,fragment as a protective group for the thiolate function and
and the residue dissolved in benzene and filtered over Celite. Thea chiral auxiliary[20] for stereoselective addition reactions,
filtrate was partially evaporated and the product precipitated byone can also envisage that compounds such as 13–17 might
adding pentane. Yield 178 mg (77%), m.p. 60 °C (dec). – 1H NMRfind uses as specific “organometallic markers” in biochem-
(400 MHz, C6D6, 20 °C): δ 5 0.09 [d, 3J(P,H) 5 12.6 Hz, 1 H;istry[22] or as carriers of heavy atoms for protein crystal-
SH], 4.77 (s, 5 H; C5H5). – 13C NMR (100 MHz, C6D6, 20 °C):

lography.[23]
δ 5 91.4 (s; C5H5). – 31P NMR (162 MHz, C6D6, 20 °C): δ 5 23.0
(s). – IR (CH2Cl2): ν̃ 5 1655 cm–1 (NO). – C23H21NOPReS (567.7)This work has been supported by the Deutsche Forschungsge-
calcd C 47.91, H 3.67, N 2.43, S 5.56; found C 47.91, H 3.75, Nmeinschaft (SFB 344 “Selektive Reaktionen Metall-aktivierter Mo-
2.25, S 5.41.leküle”).

[CpRe(NO)(PPh3)(SCH2CH2Ph)] (6): This compound was
prepared analogously from 4 and sodium 2-phenylethanethiolate.Experimental Section
Yield 237 mg (87%), m.p. 168 °C. – 1H NMR (400 MHz, C6D6, 20

All experiments were carried out in Schlenk tubes under an °C): δ 5 2.88–3.34 (m, 4 H; CH2CH2), 4.80 (s, 5 H; C5H5). – 13C
atmosphere of nitrogen using suitably purified solvents. – IR: Per- NMR (100 MHz, C6D6, 20 °C): δ 5 42.1 (s; CH2), 45.1 [d,
kin-Elmer 283, Bruker IFS 25. – 1H NMR: Bruker AMX 400, δ 3J(P,C) 5 8 Hz; SCH2], 91.1 (s; C5H5). – 31P NMR (162 MHz,
values relative to TMS. – 13C NMR: Bruker AMX 400, δ values C6D6, 20 °C): δ 5 20.2 (s). – IR (CH2Cl2): ν̃ 5 1644 cm–1 (NO). –
relative to TMS; assignments were routinely checked by DEPT; in C31H29NOPReS (680.8) calcd C 54.69, H 4.29, N 2.06, S 4.71;
some cases the 13C-NMR signals of quarternary carbon atoms found C 54.39, H 4.30, N 2.05, S 4.66.
were too weak to be detected. – 31P NMR: Bruker AMX 400, δ

[CpRe(NO)(PPh3)(SCH2CH5CH2)] (7): This compound wasvalues relative to 85% H3PO4. The 1H- and 13C-NMR signals of
prepared analogously from 4 and sodium allylthiolate. Yield 210the PPh3 ligand are very similar for all compounds and have there-
mg (85%), m.p. 202 °C. – 1H NMR (400 MHz, CDCl3, 20 °C): δ 5fore been omitted from the lists of spectral data. – Elemental analy-
3.02, 3.39 [AB system of doublets, 2J(H,H) 5 13.0 Hz, 3J(H,H) 5ses: Analytical Laboratory of the Institut für Anorganische
7.2 Hz, 2 H; SCH2], 4.87 [ddd, 2J(H,H) 5 2.0 Hz, 3J(H,H) 5 9.9Chemie. The following starting materials were obtained as de-
Hz, 4J(H,H) 5 1.0 Hz, 1 H; 5CH2], 4.95 [dd, 2J(H,H) 5 1.9 Hz,scribed in the literature: [CpRe(NO)(PPh3)(CH3)] (1), [13] [CpRe(N-
3J(H,H) 5 16.9 Hz, 1 H; 5CH2], (s, 5 H; C5H5), 5.87 [ddt,O)(PPh3)(OC4H8)]BF4 (4), [14] NaSH,[24] other sodium thiolates, [25]
3J(H,H) 5 16.9 Hz, 3J(H,H) 5 9.8 Hz, 3J(H,H) 5 7.2 Hz, 1 H; 5HSCH2CH2C(O)NHCH2Ph,[26] (R)-N-phthaloylcysteine. [16] All
CH] . – 13C NMR (100 MHz, CDCl3, 20 °C): δ 5 45.3 [d, 3J(P,C) 5other reagents were used as purchased.
7 Hz; SCH2], 91.3 (s; C5H5), 113.2 (s; 5CH2), 141.2 (s; 5CH). –

[CpRe(NO)(PPh3)(SCH2C4H3O)] (2): To a solution of 1 (225 31P NMR (162 MHz, CDCl3, 20 °C): δ 5 19.0 (s). – IR (CH2Cl2):
mg, 0.40 mmol) and 2-(mercaptomethyl)furan (115 mg, 1.00 mmol) ν̃ 5 1645 (NO), 1608 cm–1 (C5C). – C26H25NOPReS (616.7) calcd
in toluene (15 ml) was added at –70 °C a solution of HBF4 in C 50.64, H 4.09, N 2.27, S 5.20; found C 50.99, H 4.31, N 2.20,
diethyl ether (1.00 mmol). The mixture was allowed to warm up to S 4.50.
20 °C, and all volatiles were removed under vacuum. The semi-

[CpRe(NO)(PPh3)(SCH2C4H3O)] (2): To a solution of 4 (281solid residue was chromatographed with THF/ether over a short
mg, 0.40 mmol) and 2-(mercaptomethyl)furan (57 mg, 0.50 mmol)silica column and further purified by crystallization from dichloro-
in THF (20 ml) and ethanol (20 ml) was added at 20 °C a solutionmethane/pentane. Yield 137 mg (52%), m.p. 153 °C. – 1H NMR
of sodium ethoxide in ethanol (0.50 mmol). After 1 h the mixture(400 MHz, [D6]acetone, 20 °C): δ 5 3.73, 3.77 [AB system,
was taken to dryness, and the residue dissolved in benzene and2J(H,H) 5 14.2 Hz, 2 H; SCH2], 5.28 (s, 5 H; C5H5), 6.13 [dd,
filtered over Celite. The filtrate was partially evaporated and the3J(H,H) 5 3.2 Hz, 4J(H,H) 5 0.8 Hz, 1 H; CH], 6.28 [dd,
product precipitated by adding pentane. Yield 257 mg (94%).3J(H,H) 5 3.1 Hz, 3J(H,H) 5 1.9 Hz, 1 H; CH], 7.36 [dd,

3J(H,H) 5 1.8 Hz, 4J(H,H) 5 0.9 Hz, 1 H; CH]. – 13C NMR (100 [CpRe(NO)(PPh3)(SCH2CH2NHAc)] (8): This compound
MHz, [D6]acetone, 20 °C): δ 5 39.4 [d, 3J(P,C) 5 9 Hz; SCH2], was prepared analogously from 4 and N-acetylcysteamine. Yield
92.3 (s; C5H5), 106.2 (s; CH), 111.1 (s; CH), 141.2 (s; CH), 158.9 209 mg (79%), m.p. 154 °C. – 1H NMR (400 MHz, C6D6, 20 °C):
(s; CH). – 31P NMR (162 MHz, [D6]acetone, 20 °C): δ 5 19.6 (s). – δ 5 1.71 (s, 3 H; CH3), 2.48 (m, 1 H; CH2), 2.96 (m, 1 H; CH2),
IR (CH2Cl2): ν̃ 5 1654 (NO), 1606 cm–1 (C5C). – 3.37 (m, 1 H; SCH2), 3.95 (m, 1 H; SCH2), 4.87 (s, 5 H; C5H5),
C28H25NO2PReS (656.8) calcd C 51.21, H 3.84, N 2.13, S 4.88; 5.77 (s, br, 1 H; NH). – 13C NMR (100 MHz, C6D6, 20 °C): δ 5
found C 50.90, H 3.88, N 1.98, S 5.16. 23.2 (s; CH3), 40.3 [d, 3J(P,C) 5 8 Hz; SCH2], 43.3 (s; CH2), 91.5

(s; C5H5), 168.9 (s; CO). – 31P NMR (162 MHz, C6D6, 20 °C): δ 5[CpRe(NO)(PPh3)(SCH2C(O)OEt)] (3): This compound was
prepared analogously from 1 and ethyl mercaptoacetate. Yield 149 20.2 (s). – IR (CH2Cl2): ν̃ 5 1650 (NO), 1513 cm–1 (CONH). –

C27H28N2O2PReS (661.8) calcd C 49.00, H 4.26, N 2.23, S 4.85;mg (94%), m.p. 106 °C. – 1H NMR (400 MHz, [D6]acetone, 20 °C):
δ 5 1.24 [t, 3J(H,H) 5 7.1 Hz, 3 H; CH3], 3.07, 3.45 [AB system, found C 49.14, H 4.51, N 3.98, S 4.65.
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[CpRe(NO)(PPh3)(SCH2CH2COOH)] (9): This compound dichloromethane/pentane. Yield 50 mg (25%), dec. 163 °C. – Both

diastereoisomers 1H NMR (400 MHz, CDCl3, 20 °C): δ 5 1.98 (s,was prepared analogously from 4 and 3-mercaptopropionic acid.
Yield 239 mg (92%), m.p. 205 °C (dec). – 1H NMR (400 MHz, 3 H; CH3), 2.02 (s, 3 H; CH3), 2.67 [dd, 2J(H,H) 5 13.6 Hz,

3J(H,H) 5 3.6 Hz, 1 H; SCH2], 2.86 [dd, 2J(H,H) 5 13.2 Hz,C6D6, 20 °C): δ 5 2.56 (m, 1 H; CH2), 2.27–2.89 (m, 2 H; CH2),
3.09 (m, 1 H; CH2), 4.77 (s, 5 H; C5H5). – 13C NMR (100 MHz, 3J(H,H) 5 6.0 Hz, 1 H; SCH2], 3.21–3.27 (m, 2 H; SCH2), 3.67 (s,

3 H; OCH3), 3.76 (s, 3 H; OCH3), 4.58–4.64 (m; 2 3 1 H; CH),C6D6, 20 °C): δ 5 37.5 [d, 3J(P,C) 5 8 Hz; SCH2], 39.6 (s; CH2),
91.2 (s; C5H5), 177.8 (s; CO). – 31P NMR (162 MHz, C6D6, 20 °C): 5.19 (s, 5 H; C5H5), 5.22 (s, 5 H; C5H5), 6.44 [d, 3J(H,H) 5 7.2 Hz,

1 H; NH], 6.74 [d, 3J(H,H) 5 5.6 Hz, 1 H; NH]. – 13C NMR (100δ 5 19.5 (s). – IR (CH2Cl2): ν̃ 5 1742 (COOH), 1661 cm–1 (NO). –
C26H25NO3PReS (648.7) calcd C 48.14, H 3.88, N 2.16, S 4.94; MHz, CDCl3, 20 °C): δ 5 23.0 (s; CH3), 23.2 (s; CH3), 42.0 [d,

3J(P,C) 5 8 Hz ; SCH2], 45.0 [d, 3J(P,C) 5 8 Hz; SCH2], 52.1 (s;found C 48.23, H 3.95, N 2.01, S 4.77.
OCH3), 52.3 (s; OCH3), 54.7 (s; CH), 55.3 (s; CH), 91.5 [d,

[CpRe(NO)(PPh3)(OCOCH(NHAc)CH2SH)] (12a, b): This 2J(P,C) 5 1 Hz; C5H5], 91.6 (s; C5H5), 169.8, 170.1, 172.1, 172.2
compound was prepared analogously from 4 and (R)-N-acetylcyst- (s; HNCO and COOMe). – 31P NMR (162 MHz, CDCl3, 20 °C):
eine. Yield 237 mg (84%), orange-brown crystalline solid, dec. 57 δ 5 18.6 (s), 18.7 (s). – IR (CH2Cl2): ν̃ 5 1748 (COOMe), 1651
°C. – Both diastereoisomers: 1H NMR (400 MHz, [D6]acetone, 20 cm–1 (NO). – C29H30N2O4PReS (719.8) calcd C 48.39, H 4.20, N
°C): δ 5 1.33 [t, 3J(H,H) 5 8.5 Hz, 1 H; SH], 1.40 [dd, 3J(H,H) 5 3.89, S 4.45; found C 48.32, H 4.12, N 3.75, S 4.32.
9.0 Hz, 3J(H,H) 5 7.8 Hz, 1 H; SH], 1.78 (s, 3 H; CH3), 1.84 (s, 3
H; CH3), 2.39, 2.56 [AB system of dd, 2J(H,H) 5 13.3 Hz, [CpRe(NO)(PPh3)(SCH2CH(NHAc)COOEt)] (15a, b): This
3J(H,H) 5 8.9 Hz, 3J(H,H) 5 8.3 Hz, 3J(H,H) 5 4.8 Hz, compound was prepared analogously by refluxing a solution of
3J(H,H) 5 4.0 Hz, 2 H; SCH2], 2.39, 2.66 [AB system of dd, 13a, b (200 mg, 0.28 mmol) in ethanol (10 ml) in the presence of
2J(H,H) 5 13.3 Hz, 3J(H,H) 5 8.9 Hz, 3J(H,H) 5 7.2 Hz, HBF4. Yield 49 mg (24%), 19% de (by NMR), dec. 197 °C. – Major
3J(H,H) 5 4.8 Hz, 3J(H,H) 5 4.2 Hz, 2 H; SCH2], 4.10 [dt, diastereoisomer: 1H NMR (400 MHz, [D6]acetone, 20 °C): δ 5
3J(H,H) 5 6.4 Hz, 3J(H,H) 5 4.3 Hz, 1 H; CH], 4.18 [dt, 1.24 [t, 3J(H,H) 5 7.1 Hz, 3 H; CH3], 1.92 (s, 3 H; CH3), 2.75 [dd,
3J(H,H) 5 6.6 Hz, 3J(H,H) 5 4.5 Hz, 1 H; CH], 5.40 (s, 2 3 5 H; 2J(H,H) 5 13.3 Hz, 3J(H,H) 5 6.9 Hz, 1 H; SCH2], 2.99–3.06 (m,
C5H5), 6.62 [d, 3J(H,H) 5 6.1 Hz, 1 H; NH], 6.69 [d, 3J(H,H) 5 1 H; SCH2), 4.15 [q, 3J(H,H) 5 7.2 Hz, 2 H; OCH2], 4.53 [dt,
5.7 Hz, 1 H; NH]. – 13C NMR (100 MHz, [D6]acetone, 20 °C): δ 5 3J(H,H) 5 7.6 Hz, 3J(H,H) 5 6.6 Hz, 1 H; CH], 5.35 (s, 5 H;
22.9 (s; CH3), 23.0 (s; CH3), 27.8 (s; SCH2), 27.9 (s; SCH2), 55.1 C5H5), 7.01 [d, 3J(H,H) 5 7.0 Hz, 1 H; NH]. – 13C NMR (100
(s; CH), 55.3 (s; CH), 91.9 (s; C5H5), 169.1 (s; HNCO), 177.2 [d, MHz, CDCl3, 20 °C): δ 5 14.2 (s; CH3), 23.2 (s; CH3), 45.2 [d,
3J(P,C) 5 3 Hz, COORe], 177.3 [d, 3J(P,C) 5 2 Hz, COORe]. – 31P 3J(P,C) 5 8 Hz ; SCH2], 55.0 (s; CH), 61.3 (s; OCH2), 91.6 (s;
NMR (162 MHz, [D6]acetone, 20 °C): δ 5 21.2 (s), 21.4 (s). – IR C5H5), 169.9, 170.7 (s; HNCO and COOEt). – 31P NMR (162
(CH2Cl2): ν̃ 5 1674 cm–1 (NO). – C28H28N2O4PReS (705.8) calcd MHz, [D6]acetone, 20 °C): δ 5 19.4 (s). – Minor diastereoisomer:
C 47.65, H 4.00, N 3.97, S 4.54; found C 47.52, H 4.00, N 3.65, 1H NMR (400 MHz, [D6]acetone, 20 °C): δ 5 1.19 [t, 3J(H,H) 5
S 4.46. 7.1 Hz, 3 H; CH3], 1.93 (s, 3 H; CH3), 2.71 [dd, 2J(H,H) 5 13.2

Hz, 3J(H,H) 5 4.1 Hz, 1 H; SCH2], 2.99–3.06 (m, 1 H; SCH2),[CpRe(NO)(PPh3)(SCH2CH(NHAc)COOH)] (13a, b): The
4.09 [q, 3J(H,H) 5 7.0 Hz, 2 H; OCH2], 4.43 (m, 1 H; CH), 5.35material from the above reaction was dissolved in acetone and
(s, 5 H; C5H5), 6.90 [d, 3J(H,H) 5 5.5 Hz, 1 H; NH]. – 13C NMRstirred for 3 d at 20 °C. The product was isolated by evaporation
(100 MHz, CDCl3, 20 °C): δ 5 14.2 (s; CH3), 23.0 (s; CH3), 42.0and crystallization from benzene/pentane. NMR analysis revealed
[d, 3J(P,C) 5 11 Hz ; SCH2], 55.3 (s; CH), 61.0 (s; OCH2), 91.6 (s;13a, b in 17% de and some residual 12a,b which does not disappear
C5H5), 170.2, 171.6 (s; HNCO and COOEt). – 31P NMR (162even after refluxing. Yield 229 mg (81%, based on 4), dec. 216 °C. –
MHz, [D6]acetone, 20 °C): δ 5 18.9 (s). – IR (CH2Cl2): ν̃ 5 1748Major diastereoisomer: 1H NMR (400 MHz, [D6]acetone, 20 °C):
(COOMe), 1651 cm–1 (NO). – C30H32N2O4PReS (733.8) calcd Cδ 5 1.96 (s, 3 H; CH3), 2.76, 3.07 [AB system of d, 2J(H,H) 5 13.1
49.10, H 4.40, N 3.82, S 4.37; found C 49.54, H 4.95, N 3.46,Hz, 3J(H,H) 5 8.1 Hz, 3J(H,H) 5 4.2 Hz, 2 H; SCH2], 4.44 [dd,
S 4.20.3J(H,H) 5 8.1 Hz, 3J(H,H) 5 4.2 Hz, 1 H; CH], 5.35 (s, 5 H;

C5H5), NH and OH signals not detected. – 13C NMR (100 MHz,
[CpRe(NO)(PPh3)(SCH2CH2NHAc)] (8): A suspension of[D6]acetone, 20 °C): δ 5 22.8 (s; CH3), 43.0 [d, 3J(P,C) 5 8 Hz;

Na2CO3 • 10 H2O (286 mg, 1.00 mmol) and N-acetylcysteamineSCH2], 56.4 (s; CH), 92.5 [d, 2J(P,C) 5 1 Hz; C5H5], 170.4 (s;
(60 mg, 0.50 mmol) in THF (40 ml) was stirred 1 h at 20 °C. ToHNCO), 173.1 (s; COOH). – 31P NMR (162 MHz, C6D6, 20 °C):
this, a solution of 4 (281 mg, 0.40 mmol) in THF (20 ml) andδ 5 19.4 (s). – Minor diastereoisomer: 1H NMR (400 MHz, [D6]a-
ethanol (20 ml) was added and the mixture stirred again for 1 h. Allcetone, 20 °C): δ 5 1.97 (s, 3 H; CH3), 2.71, 2.86 [AB system of d,
volatiles were then removed under vacuum, the residue dissolved in2J(H,H) 5 12.8 Hz, 3J(H,H) 5 9.3 Hz, 3J(H,H) 5 5.5 Hz, 2 H;
benzene and filtered over Celite, and the product precipitated bySCH2), 4.60 (dd, 3J(H,H) 5 9.3 Hz, 3J(H,H) 5 5.6 Hz, 1 H; CH],
adding pentane. Yield 249 mg (94%).5.45 (s, 5 H; C5H5), NH and OH signals not detected. – 13C NMR

(100 MHz, [D6]acetone, 20 °C): δ 5 22.8 (s; CH3), 41.7 (d,
[CpRe(NO)(PPh3)(SCH2CH2COOMe)] (10): This compound3J(P,C) 5 8 Hz; SCH2), 55.6 (s; CH), 92.8 (s; C5H5), 169.9 (s;

was prepared analogously from 4 and ethyl (3-mercapto)propion-HNCO), 172.9 (s; COOH). – 31P NMR (162 MHz, C6D6, 20 °C):
ate. Yield 241 mg (91%), dec. 69 °C (dec). – 1H NMR (400 MHz,δ 5 19.3 (s). – IR (CH2Cl2): ν̃ 5 1749 (COOH), 1657 (NO), 1607
C6D6, 20 °C): δ 5 2.74–2.82 (m, 1 H; CH2), 2.93 (m, 2 H; CH2),cm–1 (CONH).
3.24–3.33 (m, 1 H; CH2), 3.37 (s, 3 H; OCH3), 4.83 (s, 5 H; C5H5). –
13C NMR (100 MHz, C6D6, 20 °C): δ 5 38.1 [d, 3J(P,C) 5 8 Hz;[CpRe(NO)(PPh3)(SCH2CH(NHAc)COOMe)] (14a, b): To a

solution of 13a, b (200 mg, 0.28 mmol) in methanol (10 ml) a few SCH2], 40.1 (s; CH2), 50.9 (s; OCH3), 91.3 (s; C5H5), 173.3 (s;
CO). – 31P NMR (162 MHz, C6D6, 20 °C): δ 5 20.0 (s). – IRdroplets of HBF4 (54% in ether) were added. The mixture was

stirred 3 d at 20 °C. After evaporation to dryness the residue was (CH2Cl2): ν̃ 5 1736 (COOMe), 1646 cm21 (NO). –
C27H27NO3PReS (662.8) calcd C 48.93, H 4.11, N 2.11, S 4.84;chromatographed over silica using THF/ether as an eluent. The

product zone was evaporated and the residue recrystallized from found C 49.16, H 4.16, N 2.07, S 4.59.
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[CpRe(NO)(PPh3)(SCH2CH2C(O)NHCH2Ph)] (11): This Hz, 3J(H,H) 5 4.2 Hz, 1 H; CH], 4.88 (s, 5 H; C5H5). – 13C NMR

(100 MHz, C6D6, 20 °C): δ 5 17.6 (s; CH3), 25.0 (s; CH2), 29.3 (s;compound was prepared analogously from 4 and (3-mercaptopro-
pionyl)benzylamine. Yield 221 mg (75%), m.p. 39 °C. – 1H NMR CH2), 43.4 (s; CH), 47.0 (s; CH2), 47.1 [d, 3J(P,C) 5 8 Hz; SCH2],

51.4 (s; OCH3), 59.1 (s; CH), 91.7 (s; C5H5), 173.3, 175.1 (s; CO). –(400 MHz, [D6]acetone, 20 °C): δ 5 2.39–2.47 (m, 1 H; CH2), 2.51–
2.65 (m, 2 H; CH2), 2.90–2.97 (m, 1 H; CH2), 4.40 [d, 3J(H,H) 5 31P NMR (162 MHz, C6D6, 20 °C): δ 5 20.3 (s). – IR (CH2Cl2):

ν̃ 5 1744 (COOMe), 1633 cm21 (NO). – C33H36N2O4PReS (773.9)5.6 Hz, 2 H; NCH2], 5.30 (s, 5 H; C5H5), 7.60 [t, 3J(H,H) 5 5.6
Hz, 1 H; NH]. – 13C NMR (100 MHz, [D6]acetone, 20 °C): δ 5 calcd C 51.22, H 4.69, N 3.62, S 4.14; found C 50.93, H 4.48, N

3.56, S 4.10.38.3 [d, 3J(P,C) 5 8 Hz; SCH2], 42.1 (s; CH2), 43.2 (s; CH2), 92.5
(s; C5H5), 173.0 (s; CO). – 31P NMR (162 MHz, [D6]acetone,

X-Ray Structure Determination of (R,R)-[CpRe(NO)(PPh3)-
20°C): δ 5 19.5 (s). – IR (CH2Cl2) nu(tilde) 5 1654 cm–1 (NO). –

(SCH2CH(NC8H4O2)COOMe)] (16a): C35H30N2O5PReS, molec-
C33H32N2O2PReS (737.9) calcd C 53.72, H 4.37, N 3.80, S 4.35;

ular mass 807.9, crystal size 0.6 3 0.3 3 0.1 mm, obtained from a
found C 53.76, H 4.64, N 3.77, S 4.67.

saturated acetone solution; monoclinic crystal system, space group
[CpRe(NO)(PPh3)(SCH2CH(NC8H4O2)COOMe)] (16a, b): P21 (No. 4), a 5 8.594(2), b 5 17.566(4), c 5 10.801(3) Å, β 5

(R)-N-Phthaloylcysteine (200 mg, 0.80 mmol) was dissolved in 95.269(12)°; V 5 1623.8(7) Å3, Z 5 2, dcalcd 5 1.652 g cm23; µ(Mo-
ether (15 ml) and treated at 20 °C with a slight excess of diazometh- Kα) 5 2.05 cm–1. Data were collected at 293 K in the range 2° <
ane. After 15 min all volatiles were removed under vacuum and the Θ < 27° from one fourth of the reflection sphere (Enraf-Nonius
residue treated with hydrated sodium carbonate and 4 as described CAD4 diffractometer, graphite monochromator, Mo-Kα radiation,
above. After chromatography over silica using dichloromethane/ λ 5 0.70930 Å). Of the 3877 measured reflections 3641 were sym-
acetone (10lon1) as an eluent and subsequent crystallization from metry-independent and 3456 classified as observed [IO > 2σ(IO)].
benzene/pentane the product was isolated as a 1:1 mixture of dia- The structure was solved by the Patterson method by using the
stereoisomers. Yield 181 mg (56%), dec. 214 °C. From a concen- program package SHELXS 86[27] with hydrogen atoms included in
trated solution in acetone the pure (R,R) form separates as orange their calculated positions. Refinement using the program package
crystals. – (R,R) Diastereoisomer 16a: 1H NMR (400 MHz, CDCl3, SHELXL 93[28] gave R1 5 0.017, wR2 5 0.040, Flack param-
20 °C): δ 5 3.05 [dd, 2J(H,H) 5 13.6 Hz, 3J(H,H) 5 3.6 Hz, 1 H; eterlon –0.002(6). The 5 highest maxima of a final difference
SCH2], 3.72 (s, 3 H; OCH3), 3.89 [ddd, 2J(H,H) 5 13.6 Hz, Fourier map were below 0.28 e Å–3. Further details of the structure
3J(H,H) 5 11.6 Hz, 4J(P,H) 5 1.0 Hz, 1 H; SCH2], 5.21 [dd, determination may be obtained from the Fachinformationszentrum
3J(H,H) 5 11.6 Hz, 3J(H,H) 5 3.6 Hz, 1 H; CH], 5.22 (s, 5 H; Karlsruhe, D-76344 Eggenstein-Leopoldshafen, on quoting the de-
C5H5). – 13C NMR (100 MHz, CDCl3, 20 °C): δ 5 41.2 [d, pository number 408461.
3J(P,C) 5 9 Hz ; SCH2], 52.6 (s; OCH3), 56.2 (s; CH), 91.5 (s;
C5H5), 167.5, 170.2 (s; CO). – 31P NMR (162 MHz, CDCl3, 20°C):

[1] N. Burzlaff, M. Hagel, W. A. Schenk, Z. Naturforsch., B 1998,δ 5 18.9 (s). – (S,R) Diastereoisomer 16b: 1H NMR (400 MHz, 53, 8932899.
CDCl3, 20 °C): δ 5 3.35 [dd, 2J(H,H) 5 13.2 Hz, 3J(H,H) 5 11.2 [2] E. Block, J. Zubieta in Advances in Sulfur Chemistry (Ed.: E.

Block), JAI Press, London, 1994, pp. 133–193.Hz, 1 H; SCH2], 3.68 [dd, 2J(H,H) 5 13.2 Hz, 3J(H,H) 5 4.8 Hz,,
[3] M. T. Ashby, Comments Inorg. Chem. 1990, 10, 297–313.1 H; SCH2], 3.69 (s, 3 H; OCH3), 4.98 [dd, 3J(H,H) 5 11.0 Hz,
[4] B. Krebs, G. Henkel, Angew. Chem. 1991, 103, 785–804; Angew.3J(H,H) 5 4.6 Hz, 1 H; CH], 5.19 (s, 5 H; C5H5). – 13C NMR (100 Chem. Int. Ed. Engl. 1991, 30, 769–788.

MHz, CDCl3, 20 °C): δ 5 41.8 [d, 3J(P,C) 5 9 Hz ; SCH2], 52.5 [5] J. E. Baldwin, M. Bradley, Chem. Rev. 1990, 90, 1079–1088.
[6] P. L. Roach, I. J. Clifton, C. M. H. Hensgens, N. Shibata, C. J.(s; OCH3), 56.3 (s; CH), 91.5 (s; C5H5), 167.9, 169.5 (s; CO). – 31P

Schofield, J. Hajdu, J. E. Baldwin, Nature 1997, 387, 827–830.NMR (162 MHz, CDCl3, 20 °C): δ 5 19.0 (s). – IR (CH2Cl2):
[7] W. A. Schenk, T. Stur, E. Dombrowski, Inorg. Chem. 1992, 31,ν̃ 5 1777, 1720 (phthalimide), 1743 (COOMe), 1649 cm–1 (NO). – 723–724.

C35H30N2O5PReS (807.9) calcd C 52.04, H 3.74, N 3.47, S 3.97; [8] W. A. Schenk, T. Stur, E. Dombrowski, J. Organomet. Chem.
1994, 472, 257–273.found C 51.74, H 4.00, N 3.37, S 3.97.

[9] W. A. Schenk, N. Burzlaff, H. Burzlaff, Z. Naturforsch. B 1994,
[CpRe(NO)(PPh3)(SCH2CH(Me)C(O)NC4H7COOMe)] 49, 1633–1639.

[10] H. Fischer, U. Gerbing, K. Treier, J. Hofmann, Chem. Ber. 1990,(17a, b): N-[(S)-3-mercapto-2-methylpropionyl]-S-proline (174 mg,
123, 725–732.0.80 mmol) was converted to its methyl ester and reacted with 4 as

[11] H. Fischer, C. Kalbas, U. Gerbing, J. Chem. Soc. Chem. Com-described above. After chromatography over silica using dichloro- mun. 1992, 563–564.
methane/acetone (4:1) as an eluent and subsequent crystallization [12] H. Fischer, A. Ruchay, R. Stumpf, C. Kalbas, J. Organomet.

Chem. 1993, 459, 249–255.from benzene/pentane the product was isolated as a 1:1 mixture
[13] W. Tam, G. Y. Lin, W. K. Wong, W. A. Kiel, V. K. Wong, J. A.of diastereoisomers. Yield 229 mg (74%), m.p. 162 °C. A further

Gladysz, J. Am. Chem. Soc. 1982, 104, 141–152.crystallization from benzene/pentane yielded a sample with 15% [14] S. K. Agbossou, J. M. Fernandez, J. A. Gladysz, Inorg. Chem.
de. – Major diastereoisomer: 1H NMR (400 MHz, C6D6, 20 °C): 1990, 29, 476–480.

[15] S. K. Agbossou, C. Roger, A. Igau, J. A. Gladysz, Inorg. Chem.δ 5 1.19–1.40 (m, 2 H; CH2), 1.32 [d, 3J(H,H) 5 6.8 Hz, 3 H;
1992, 31, 419–424.CH3], 1.45–1.70 (m, 3 H; CH2, and CH), 2.83 (m, 1 H; CH2), 2.92

[16] S. Wolfe, J. C. Godfrey, C. T. Holdrege, Y. G. Perron, Can. J.[dd, 3J(H,H) 5 11.6 Hz, 3J(H,H) 5 4.0 Hz, 1 H; CH2], 3.34 (s, 3 Chem. 1968, 46, 2549–2559.
H; OCH3), 3.45–3.55 (m, 2 H; CH2), 4.64 [t, 3J(H,H) 5 5.6 Hz, 1 [17] P. C. Cagle, A. M. Arif, J. A. Gladysz, J. Am. Chem. Soc. 1994,

116, 3655–3656.H; CH], 4.95 (s, 5 H; C5H5). – 13C NMR (100 MHz, C6D6, 20 °C):
[18] P. C. Cagle, O. Meyer, D. Vichard, K. Weickhardt, A. M. Arif,δ 5 18.6 (s; CH3), 24.9 (s; CH2), 29.2 (s; CH2), 43.4 (s; CH), 46.9

J. A. Gladysz, Organometallics 1996, 15, 194–204.(s; CH2), 49.0 [d, 3J(P,C) 5 8 Hz ; SCH2], 51.4 (s; OCH3), 58.9 (s; [19] J. J. Kowalczyk, S. K. Agbossou, J. A. Gladysz, J. Organomet.
CH), 91.7 (s; C5H5), 173.2, 175.0 (s; CO). – 31P NMR (162 MHz, Chem. 1990, 397, 333–346.

[20] J. A. Gladysz, B. J. Boone, Angew. Chem. 1997, 109, 566–602;C6D6, 20 °C): δ 5 21.0 (s). – Minor diastereoisomer: 1H NMR
Angew. Chem. Int. Ed. Engl. 1997, 36, 550–583.(400 MHz, C6D6, 20 °C): δ 5 1.19–1.40 (m, 2 H; CH2), 1.50 [d,

[21] J. M. Fernandez, J. A. Gladysz, Organometallics 1989, 8, 207–3J(H,H) 5 6.8 Hz, 3 H; CH3], 1.45–1.70 (m, 2 H; CH2), 1.77–1.85 219.
(m, 1 H; CH), 2.99 (m, 1 H; CH2), 3.20–3.27 (m, 1 H; CH2), 3.37 [22] G. Jaouen, A. Vessieres, I. S. Butler, Acc. Chem. Res. 1993, 26,

361–369.(s, 3 H; OCH3), 3.61–3.69 (m, 2 H; CH2), 4.80 [dd, 3J(H,H) 5 8.6
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A –CH2NMe2 group attached to ferrocene can be used as an To understand the properties of the polymer better and to
evaluate the effect of 1,3-substitution on the electronicortho/ortho-directing group to selectively synthesize 1,2,3-

substituted ferrocenes, which are used as starting materials for communication between the metal centers, a divergent-
convergent approach was used to synthesize defined di-, tri- andnovel 1,3-linked ferrocene polymers and oligomers. The

Sonogashira coupling reaction of 1-(I),2-(CH2NMe2)-ferrocene tetranuclear ferrocenes. Accordingly, 1d was cross-coupled with
1-(CH2NMe2),2-(C;CH)-ferrocene to give [2-(CH2NMe2)-with HC;CSiEt3 results in 1-(C;CSiEt3),2-(CH2NMe2)-

ferrocene (1b), which – following an ortho-lithiation/iodination ferrocene-1-yl]-C;C-[2-(CH2NMe2),3-(C;CSiEt3)-ferrocene-1-
yl] (2a). Removal of the protective group in 2a led to [2-sequence – is converted into 1-(I),2-(CH2NMe2),3-(C;CSiEt3)-

ferrocene (1d). Removal of the –SiEt3 protective group yields 1- (CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2),3-(C;CH)-fer-
rocene-1-yl] (2b), which was treated with [1-(I),2-(CH2NMe2)-(I),2-(CH2NMe2),3-(C;CH)-ferrocene, which can be polyme-

rized under Sonogashira conditions to yield a soluble, bimodal ferrocene-3-yl]-C;C-[2-(CH2NMe2),3-(C;CSiEt3)-ferrocene-1-
yl] (2c) to result in the corresponding tetrameric ferrocene (4a).ferrocene-acetylene polymer of MW = 3700/7100 and Mn = 4272.

Introduction bridging units. [14] [15] We therefore decided to initiate a pro-
gram aimed at synthesizing novel types of soluble 1,3-linked
ferrocenediyl polymers.

Organic polymers such as polypyrrole, poly(p-phenyl-
ene), [1] polythiophene, [2] poly(p-phenylenevinylene)[3] [4] or

Results and Discussion-ethynylene[5] display interesting properties like photo- and
electroluminescence and conductivity, which are useful in Synthesis
antistatic coatings, battery materials or blue-light photo
diodes. [6] [7] Organometallic polymers could offer all of this A few 1,3-substituted ferrocenes have been described in

the literature, [16] but starting from ferrocene itself, it is diffi-and even more as the metal may impart unusual magnetic,
electronic and optical properties on such materials. [8] [9] cult to selectively introduce two substituents in the 1,2- or

1,3-positions of ferrocene. We therefore reasoned that itProminent in this field are ferrocene polymers, [10] which
either consist of an organic backbone to which ferrocenyl should be easier to synthesize 1,3-substituted ferrocenes by

using an ortho/ortho-directing group to obtain 1,2,3-substi-groups are attached (e.g. polyvinylferrocene) or of 1,19-
ferrocenediyl groups in the polymer backbone; other metal- tuted ferrocenes instead.[17] In this respect the 2CH2NMe2

unit in FcCH2NMe2 appears to be a suitable group for di-locenes have been used less frequently. [11] One break-
through in the synthesis of soluble, high molecular weight rected ortho/ortho metallation[18] and appears very con-

venient as FcCH2NMe2 is commercially available or can beferrocene polymers has been the discovery of an ROP-type
coupling of strained ferrocenophanes by Manners and co- synthesized at low cost. [19] Another advantage of

FcCH2NMe2 is that the amine can be quaternized easily toworkers. [12] Despite the progress made recently, virtually all
known ferrocene polymers, with a few (mostly poorly give 2NMe3

1, which happens to be a good leaving group
in nucleophilic substitution reactions. [20]soluble) exceptions, [13] still suffer from two basic disad-

vantages: typically the different ferrocene units are linked The reaction of FcCH2NMe2 first with nBuLi and then
with iodine leads to the known 1-(I),2-(CH2NMe2)-ferro-by electronically insulating bridges that only allow electro-

static interactions between the different metal centers and, cene (1a), [21] which was coupled with HC;CSiEt3 in a Sono-
gashira-type reaction[22] [23] to produce 1-(C;CSiEt3),2-in addition, most often 1,19-ferrocenediyl units are used as

repeat units. (CH2NMe2)-ferrocene (1b) (yield > 90%) (Scheme 1). [24]

Compound 1b can be deprotonated regioselectively withIt is quite obvious that ferrocene polymers are more likely
to display exceptional properties when the different metal nBuLi at the other ortho position (with respect to the

2CH2NMe2 unit) to yield, after reaction with iodine,centers are coupled intimately through suitable unsaturated
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Figure 1. Molecular weight distribution of the 1,3-ferrocene-acety-Scheme 1. a: PdCl2(PPh3)2, CuI, HCCSiEt3, solvent iPr2NH,

reflux; b: 1. BuLi, 0°C, Et2O, 2 h, 2. 1I2, 278°C; lene polymer as determined by GPC-LALLS
c: nBu4N1F2 · 3 H2O; d: PdCl2(PPh3)2, CuI, solvent
iPr2NH, reflux

philes (see Scheme 2). We have tested this by treating 1e
with MeI to give [1-(C;CH),2-(CH2NMe3)-ferrocene]1I2

(1f) (yield 91%). This salt was treated with aza-12-crown-
4 to produce the crown ether substituted monomer
(1-C;CH),[2-CH2(aza-12-crown-4)]-ferrocene (1g) (yieldthe 1,2,3-substituted ferrocene 1-(I),2-(CH2NMe2),3-
29%), which was polymerized under Sonogashira coupling(C;CSiEt3)-ferrocene (1d) (yield 66%). This reaction works
conditions to give a redox-active crown ether polymer. Thisvery well for the 2SiEt3-protected acetylene, but only gives
polymer is potentially attractive as the utility of such mate-low yields (ca. 20%) of the respective 1,2,3-substituted fer-
rials as electro-active sensors for metal ions has been dem-rocene with an 2SiMe3-protected acetylene. Obviously, the
onstrated by Bäuerle, [25] Garnier[26] and Swager. [27] Thelatter protecting group is not entirely stable towards nBuLi.
dark-red mixture of oligomers and polymers was separatedCleavage of the 2SiEt3 protective group in 1b or 1d is easily
by flash-chromatography. The GPC-LALLS investigationeffected with aq. 50% KOH or nBu4N1F2 · 3 H2O to pro-
of this polymer initially suggested much higher molecularduce the respective 1-(C;CH),2-(CH2NMe2)-ferrocene (1c)
weights (MW 5 61000, Mn 5 58000), but the strong tailingand 1-(I),2-(CH2NMe2),3-(C;CH)-ferrocene (1e) in
of the GPC traces casts some doubt on these results, and75280% yield.
may very well be the result of an aggregation process involv-The 1,2,3-substituted ferrocene 1e has two functional
ing several polymer molecules. It is interesting in terms ofgroups that can be coupled under Sonogashira conditions
chain-termination reactions that the oligomeric fractionsto form a dark red, glassy material (> 90% yield). This mix-
from both polymerizations display vinylic resonances in theture was purified by flash chromatography and gave low
1H-NMR spectrum. The same phenomenon was also ob-molecular weight oligomers and a polymeric fraction. An
served in related coupling reactions of mononuclear com-attempted determination of the molecular mass of the latter
plexes of sterically more demanding acetylene derivatives ofmaterial by standard GPC techniques was not successful,
chiral FcCH(Me)NMe2. [28]since an affinity-type chromatographic separation was ob-

served. Obviously, this is caused by the polar nature of this
Scheme 2. a: MeI; b: aza-12-crown-4, CH3CN reflux; c:material. We therefore had to resort to GPC-LALLS (gel- PdCl2(PPh3)2, CuI, solvent iPr2NH, reflux

permeation chromatography/low-angle laser-light scat-
tering) in an extremely polar mobile phase (DMF, 0.1 
guanidinium hydrochloride) to suppress affinity-type inter-
actions with the stationary phase. With this method a
characteristic bimodal molecular-weight distribution with
MW 5 3700 and 7100 was found (Figure 1). This polymer
is highly soluble in polar solvents (CH2Cl2, CHCl3), which
may appear surprising given its rigid backbone. In this re- In order to better understand the electronic properties of

the polymeric materials we have prepared defined oligomersspect it should, however, be noted that the polymer formed
is a diastereomeric mixture with random orientations of the using a divergent-convergent approach, which has been

used successfully by Tour et al.[29] and Moore et al.[30] in theCpFe units with respect to the polymer backbone. This may
be a disadvantage with respect to the characterization of synthesis of related oligothiophenes and oligoethynylarenes.

Starting from 1c and 1d a Sonogashira coupling gen-the low molecular weight oligomers, but should not un-
favorably influence the electronic properties of the poly- erates [2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2),-

3-(C;CSiEt3)-ferrocene-1-yl] (2a) (yield > 90%) (Schememers. On the other hand this disorder could very well be
responsible for the good solubility of these materials. 3). This batch was split and the first half used for a lithi-

ation/iodination sequence resulting in [2-(CH2NMe2),3-(I)-Another advantage of the 2CH2NMe2 group is that it
can be functionalized easily by alkylation, followed by reac- ferrocene-1-yl]-C;C-[2-(CH2NMe2),3-(C;CSiEt3)-ferro-

cene-1-yl] (2c) (yield 65%), while the remaining 2a was de-tion of the quaternary ammonium salt with various nucleo-
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Scheme 4. a: PdCl2(PPh3)2, CuI, HCCSiEt3, solvent iPr2NH, refluxprotected with nBu4N1F2 · 3 H2O to give [1-(CH2NMe2)-

ferrocene-2-yl]-C;C-[2-(CH2NMe2),3-(C;CH)-ferrocene-
1-yl] (2b) (yield 80%). Both 2b and 2c were then coupled
according to the Sonogashira protocol to give the tetramer
[2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2)-ferro-
cene-1,3-diyl]-C;C-[1-(CH2NMe2)-ferrocene-1,3-diyl]-
C;C-[2-(CH2NMe2),3-(C;CSiEt3)-ferrocene-1-yl] (4a)
(yield 73%). The highly polar nature of this tarry, red mate-
rial caused tailing and repeated chromatography was neces-
sary to obtain analytically pure samples since 4a could not
be recrystallized. These purification problems also were the
reason why we did not attempt to extend our synthetic pro-
cedure to the octameric ferrocene.

Scheme 3. a: PdCl2(PPh3)2, CuI, HCCSiEt3, solvent iPr2NH, (Figure 2, top). The fact that the 2CH22 groups have dia-
reflux; b: nBu4N1F2 · 3 H2O; c: 1. 1 BuLi, 0°C, Et2O, stereotopic protons in the 1,2,3-substituted species leads to
2 h, 2. 1 I2, 278°C

another complex set of resonances that usually appear in
two groups (δ 5 3.4823.53 and δ 5 3.6523.81 in 4a). The
C5H5 resonances of the unsubstituted cyclopentadienyl ring
are typically split into no more than two resonances, while
those of the C5H2 unit in 1,2,3-substituted cyclopentadienyl
rings are observed as a group of signals at low field (δ 5
4.3824.45 in 4a) with respect to C5H5. In between these
two signals, the characteristic resonances of the ortho-H
(hydrogen atom next to 2CH2NMe2 in 1,2-substituted fer-
rocenes) can be found at δ 5 4.26 (in 4a).

Figure 2. 1H-NMR spectra of the tetramer 4a (top) and polymer I
(bottom)

In order to be able to compare the influence of the substi-
tution pattern (1,3- or 1,19-) on the electronic properties of
the ferrocene-acetylenes, we synthesized the two trinuclear
ferrocenes 3a and 3b (Scheme 4). Both complexes only dif-
fer in that 3a has a 1,3-substituted ferrocene core, while 3b
has a 1,19-substituted ferrocene unit. The coupling reaction
of 1a and 2b gave 3a, while the respective coupling of 1,19-
diiodoferrocene and 1c produced 3b, both in yields of

With this knowledge in mind the 1H-NMR spectrum ofaround 75%. A closer investigation of these compounds
polymer I can be understood. The typical signals of theshould provide evidence of the better electronic delocaliza-
tetramer are found (in broadened form) in the polymer, re-tion of the ring with the 1,3-substitution pattern than that
flecting the large number of different microenvironmentswith the 1,19-positions.
for each functional group. Most striking in the spectrum of
the polymer is the apparent absence of the ortho-H, since
an ideal polymer entirely consists of 1,2,3-substituted ferro-NMR Spectroscopy
cenes.

The 13C-NMR spectra of the oligomers are complicatedThe 1H-NMR spectra of the mononuclear ferrocenes are
straightforward, while those of the oligomers are charac- and it is difficult to extract useful information; there are

simply too many lines that show up more readily in the 13C-terized by more complex spin systems. For example the
number of 2N(CH3)2 resonances found (δ 5 2.2022.35 in NMR spectra due to their larger signal dispersion. How-

ever, again it is possible to distinguish different groups of4a), correspond to the number of diastereomers, e.g. four
lines in 2a. Accordingly, the large number of 2N(CH3)2 signals for the different chemical units (CH3, CH2, cyclo-

pentadienyl ring and 2C;C2 groups).resonances in 4a reflects the large number of diastereomers
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UV/Vis Spectroscopy alized in the light of recent results by Robinson, Simpson et

al. [33] who investigated the electrochemistry of related 2,299-
The UV/Vis spectra of ferrocene and its derivatives are bis(1-dialkylamino)-1,199-ferrocenes. In their study it was

characterized by two weak bands around 325 nm and 440 found that oxidation processes involving binuclear dialkyl-
nm, which are both attributed to d-d transitions. [31] Any amino-ferrocenes are complicated by amine oxidation as
perturbation of the electronic structure of the ferrocenes, well as oxidatively induced protonation and deprotonation
i.e. conjugation within a conjugated chain, should lead to processes. The fact that the former compounds are closely
a bathochromic shift of the respective UV/Vis transitions. related to our binuclear ferrocenes might serve as an expla-
Consequently, the UV/Vis spectra of our ferrocenes were nation for the problems experienced by us. Nonetheless, the
measured (Figure 3) and the characteristic d-d transition disappointing electrochemistry of these compounds must be
proved to be quite informative: 1b: λmax 5 441 nm (ε [L/ viewed as a major drawback.
·cm] 5 206); 2a: 452 (850); 3a: 456 (1220); 3b: 448 (926);
4a: 466 (1560); polymer: 468 nm. The long-wavelength shift
and the stronger extinction of 3a vs. 3b support the idea of Summary and Conclusions
a better electronic delocalization in the 1,3-linked species.

We have shown that the 2CH2NMe2 group can be used
Figure 3. UV/Vis spectra of the mononuclear 1b, the dinuclear 2a as an ortho/ortho-directing substituent in ferrocene chemis-

and the trinuclear ferrocenes 3a and 3b (1024  in CH2Cl2) try to allow easy access of 1,2,3-substituted ferrocenes. This
synthetic route was used to prepare 1-(I),2-(CH2NMe2),3-
(C;CH)-ferrocene, which can be polymerized in a Sonoga-
shira-type coupling reaction to yield a soluble, bimodal 1,3-
linked ferrocene-acetylene polymer of Mw 5 3700/7100.
Starting from 1-(I),2-(CH2NMe2),3-(C;CSiEt3)-ferrocene,
defined ferrocene oligomers were also available through a
divergent-convergent synthesis to give a tetrameric ferro-
cene-acetylene.

By studying model compounds with ferrocene-acetylene
substituents in either the 1,3- or the 1,19-position it was
shown, by the more pronounced bathochromic shift of the
ferrocene d-d transitions in the former compound, that the
electronic communication in 1,3-linked ferrocenes is better
than in 1,19-linked species and it is therefore proposed that
the 1,3-linked ferrocene polymers will display superior in-
termetallic electronic communication as compared to their
1,19-linked relatives. Unfortunately, it was not possible to

Cyclic Voltammetry further support this by electrochemical experiments since
all oligonuclear 1,2,3-substituted compounds derived from

To complement the UV/Vis studies and in order to better FcCH2NMe2 described here do not display reversible elec-
understand the degree of electronic communication be- tron-transfer processes.
tween the ferrocene units in the oligomers and polymers In conclusion the 2CH2NMe2 unit attached to ferrocene
described here, [32] we attempted to determine the redox po- is very useful for synthetic transformations and should al-
tentials of these compounds. However, the electrochemical low the synthesis of a variety of 1,2,3-substituted ferro-
experiments performed with the aminoferrocenes 124 were cenes. It is, however, a major drawback of this functional
not very successful and we were only able to observe revers- group in terms of redox reactions that the electrochemistry
ible electron-transfer processes with mononuclear ferro- of ferrocenes with several 2CH2NMe2 groups is not
cenes when the cyclic voltammetric experiments were car- straightforward.
ried out at low temperatures (T 5 220°C).

This work was supported by the Deutsche Forschungsgemein-The respective studies of the ferrocene oligomers 224,
schaft, the Fonds der Chemischen Industrie, the Freiburger Wissen-however, were rather disappointing as we could not observe
schaftliche Gesellschaft and the Institut für Anorganische und Analy-

reversible or at least quasi-reversible electron-transfer pro- tische Chemie, Universität Freiburg. We wish to thank cand.-chem.
cesses. Despite testing several solvents (acetonitrile, acetone, J. Seebacher for experimental assistance and a referee for interest-
dichloromethane, dimethylformamide) under varying con- ing suggestions.
ditions, the voltammograms of the dimers and higher oligo-
mers were complicated by numerous extremely broad redox
waves (deposition on the electrode surface?) and/or a num- Experimental Section
ber of additional unexplained waves. In the case of the poly- General: Commercially available solvents and reagents were puri-
mers the cyclic voltammogram consists of several uncharac- fied according to literature procedures. 2 Chromatography was
teristic broad humps, from which we could not extract any performed on silica gel MN60. 2 NMR spectra were recorded at

300 K with a Bruker Avance (1H NMR 200 MHz, 13C NMR 50.3meaningful information. These observations may be ration-
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MHz,). 1H-NMR signals were referenced to residual 1H impurities was added and the residue extracted with diethyl ether. The ethereal

layer was separated, dried with MgSO4, filtered and concentrated.in the solvent and 13C-NMR signals to the solvent signals: CDCl3
(δ 5 7.26, δ 5 77.0), C6D6 (δ 5 7.16, δ 5 128.0), CD3CN (δ 5 The remaining oil was purified by chromatography (cyclohexane/

ethyl acetate, 10:1), yield 4.80 g (73%), red oil. 2 1H NMR1.93, δ 5 1.30). For the purpose of 1H-NMR signal assignment
CpH denotes a proton attached to the sp2-carbon atom of cyclo- (CDCl3): δ 5 2.21 [s, 6 H, N(CH3)2], 2.82 (s, 1 H, ;CH), 3.48 (s,

2 H, CH2), 4.14 (s, 5 H, C5H5), 4.16 (“t”, J 5 2 Hz, 1 H, CpH),pentadiene or to the carbon atom of a ferrocene η5-cyclopen-
tadienyl ring. 2 Mass spectra: Finnigan MAT 3800. 2 IR spectra 4.29 (m, 1 H, CpH), 4.45 (m, 1 H, CpH). 2 13C NMR: δ 5 44.80,

57.03, 65.62, 68.09, 70.55, 71.53, 75.70, 81.84, 85.81. 2were recorded with a Bruker IFS-25 in CHCl3 solution. 2 UV/
Vis spectra were recorded with a JASCO-UV-570 spectrometer in C15H16FeIN (393.0): calcd. C 45.84, H 4.10, N 3.56; found C 45.26,

H 4.42, N 3.29.CH2Cl2 solution. 2 Elemental analyses: Mikroanalytisches Labor-
atorium der Chemischen Laboratorien, Universität Freiburg. For 1-(C;CSiEt3),2-(CH2NMe2),3(I)-ferrocene (1d): A solution of
several compounds, especially for the oligomeric and polymeric 1-(C;CSiEt3),2-(CH2NMe2)-ferrocene (4.60 g, 12.1 mmol) in di-
materials, we could not obtain analytically pure samples due to ethyl ether (75 ml) was treated with BuLi (6.0 ml, 15 mmol) at
phosphorus-based impurities from the catalyst, [34] which proved

278°C and slowly warmed to room temp. After stirring for 1 h,
difficult to remove by chromatography. Recrystallisation of the oily, the reaction mixture was cooled to 278°C and a solution of I2highly viscous materials was not possible. All chromatographic (3.05 g, 12.0 mmol) in THF (10 ml) added dropwise and then the
purifications were performed on alumina-N deactivated with 10% reaction mixture was slowly warmed to room temp. After stirring
water. 2 Gel-permeation chromatography with a low-angle laser- for further 15 min, the reaction mixture was added to water (100
light scattering detector was performed in dimethylformamide/0.1 ml) and the LiI extracted. The organic layer was separated and the
 guanidinium chloride solvent using a Milton-Roy type KMX 6 water extracted once more with diethyl ether. The combined or-
detector, a Knauer HPLC-PUMP 64, a Pharmacia LKB VWM ganic extracts were dried with MgSO4, filtered and concentrated to
2141 UV meter and Waters 1032105 Å columns. The calibration of dryness. The remaining oil was purified by flash chromatography
the hydrodynamic volumina/molecular mass was routinely per- (cyclohexane/ethyl acetate, 10:1), yield 4.0 g (66%), red oil. 2 1H
formed with polystyrene standards (PSS, PL) in THF. NMR (CDCl3): δ 5 0.65 (q, J 5 7.9 Hz, 6 H, SiCH2), 1.05 (t, J 5

8 Hz, 9 H, CH3), 2.28 [s, 6 H, N(CH3)2], 3.4023.62 (m, 2 H,1-(I),2-(CH2NMe2)-ferrocene (1a): Modified from the literature
NCH2), 4.10 (s, 5 H, C5H5), 4.4624.52 (m, 2 H, CpH). 2 13Cprocedure. [21] To a solution of [(dimethylamino)methyl]ferrocene
NMR (CDCl3): δ 5 4.50, 7.58, 45.85, 57.20, 66.11, 72.30, 73.55,(21.5 g, 0.100 mol) in diethyl ether (300 ml) was added nBuLi (50
75.08, 87.85, 91.47, 103.48. 2 C21H30FeINSi (507.31): calcd. Cml, 0.125 mol). After stirring for 4 h at room temp., the reaction
49.72, H 5.96, N 2.76; found C 50.13, H 6.02, N 2.54.mixture was cooled to 278°C and a solution of I2 (30.5 g, 0.120

mol) in THF (75 ml) added dropwise. The solution was slowly al- 1-(C;CH),2-(CH2NMe2),3-(I)-ferrocene (1e): To a solution of
lowed to warm to room temp. during approx. 1 h. After stirring 1-(C;CSiEt3),2-(CH2NMe2),3-(I)-ferrocene (4.00 g, 7.9 mmol) in
for further 15 min, the reaction mixture was added to water (500 CH3OH (75 ml) was added KOH (4 g) and the mixture was stirred
ml) to extract LiI. The organic layer was separated and the water under nitrogen for 3 h. The volatiles were evaporated, water was
extracted once more with diethyl ether. The combined organic ex- added and the residue extracted with diethyl ether. The ethereal
tracts were dried with MgSO4, filtered and concentrated to dryness. layer was separated, dried with MgSO4, filtered and concentrated.
The residue was purified by flash chromatography (alumina-B, The remaining oil was purified by flash chromatography (cyclohex-
CHCl3). The solvents were evaporated to yield the product as dark- ane/ethyl acetate, 10:1), yield 2.30 g (75%), red oil. 2 1H NMR
red oil, which slowly solidified upon standing, yield 24.0 g (65%), (CDCl3): δ 5 2.27 [s, 6 H, N(CH3)2], 2.86 (s, 1 H, ;CH), 3.49 (s,
red oily crystals. 2 1H NMR (CDCl3): δ 5 2.25 [s, 6 H, N(CH3)2], 2 H, CH2), 4.12 (s, 5 H, C5H5), 4.4624.53 (m, 2 H, CpH). 2 13C
3.38 (s, 2 H, CH2), 4.11 (s, 5 H, CpH), 4.22 (“t”, J 5 1.8 Hz, 1 H, NMR (CDCl3): δ 5 45.53, 57.09, 64.85, 72.44, 75.00, 76.77, 80.80,
CpH), 4.31 (br., 1 H, CpH), 4.43 (br., 1 H, CpH). 2 13C NMR 87.74. 2 C15H16FeIN (393.0): calcd. C 45.84, H 4.10, N 3.56; found
(CDCl3): δ 5 43.56, 57.55, 69.94, 70.27, 71.89, 73.05, 75.57, 80.62. C 45.55, H 4.00, N 3.67.

1-(C;CSiEt3),2-(CH2NMe2)-ferrocene (1b): To a deoxygenated [1-(C;CH),2-(CH2NMe3),3-(I)-ferrocene]1I2 (1f): A solution
solution of 1-(I),2-(CH2NMe2)-ferrocene (4.80 g, 13 mmol) and of 1-(C;CH),2-(CH2NMe2),3-(I)-ferrocene (2.30 g, 5.80 mmol) in
(triethylsilyl)acetylene (1.82 g, 13 mmol) in diisopropylamine (75 diethyl ether (25 ml) was treated with CH3I (1.65 g, 11.6 mmol)
ml) were added (Ph3P)2PdCl2 (92 mg, 0.13 mmol) and CuI (49 mg, and the mixture stirred for 12 h at room temp. The yellow precipi-
0.72 mmol). The reaction mixture was heated under reflux for 18 h, tate was filtered off, washed with diethyl ether and dried in vacuo,
filtered, the precipitate washed with diethyl ether and the volatiles to yield a yellow powder, yield 2.85 g (91%), yellow powder. 2 1H
evaporated to dryness. The remaining red oily product was almost NMR (CD3CN): δ 5 3.10 [s, 9 H, N(CH3)3], 3.42 (s, 1 H, ;CH),
pure and used as such for the subsequent reactions, yield 4.60 g 4.27 (s, 5 H, C5H5), 4.5324.76 (m, 4 H, CH2), 4.8424.88 (m, 2 H,
(92%), red liquid. 2 1H NMR (CDCl3): δ 5 0.62 (q, J 5 5.7 Hz, C5H2). 2 C16H19FeI2N (535.0): calcd. C 35.92, H 3.58, N 2.62;
6 H, SiCH2), 1.06 (t, J 5 5.5 Hz, SiCH2CH3), 2.21 [s, 6 H, found C 36.26, H 3.89, N 2.11.
N(CH3)2], 3.50 (s, 2 H, CH2), 4.11 (s, 5 H, C5H5), 4.15 (“t”, J 5

1-(C;CH),2-[CH2(N-12-c-4)],3-(I)-ferrocene (1g): A mixture of1.9 Hz, 1 H, CpH), 4.29 (cm, 1 H, CpH), 4.43 (cm, 1 H, CpH). 2
[1-(C;CH),2-(CH2NMe3),3-(I)-ferrocene]1I2 (535 mg, 1.0013C NMR (CDCl3): δ 5 4.60, 6.61, 44.75, 56.95, 66.89, 68.09,
mmol), aza-12-crown-4 (210 mg, 1.20 mmol) and K2CO3 (0.5 g) in70.42, 70.63, 71.25, 85.65, 90.13, 104.63. 2 IR: ν̃ 5 2147 cm21. 2
acetonitrile was heated under reflux for 12 h. The cold solutionC21H31FeNSi (381.42): calcd. C 66.13, H 8.19, N 3.67; found C
was filtered and the filtrate concentrated to dryness. The residue66.02, H 7.95, N 3.70.
was dissolved in CHCl3, filtered through an alumina-N plug, con-
centrated to dryness and chromatographed on alumina-N with1-(C;CH),2-(CH2NMe2)-ferrocene (1c): A solution of 1-

(C;CSiEt3),2-(CH2NMe2)-ferrocene (8.30 g, 0.88 mmol) in cyclohexane/ethylacetate/diethylamine (10:1:1), yield 150 mg (29%),
red oil. 2 1H NMR (CDCl3): δ 5 2.7922.86 (m, 4 H, NCH2), 2.89CH3OH (10 ml) was treated with aqueous KOH (1 ml, 50%) and

stirred under nitrogen for 1 h. The volatiles were evaporated, water (s, 1 H, ;CH), 3.6023.88 (m, 12 H, CH2O 1 CpCH2), 4.14 (s, 5
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H, C5H5), 4.4924.54 (m, 2 H, C5H2). 2 13C NMR (CDCl3): δ 5 1,19-Bis(10-ethynyl-20-(CH2NMe2)-ferrocene-1-yl)-ferrocene

(3b): Typical coupling procedure. Scale: 1c (2.44 g, 9.2 mmol), 1,19-44.90, 54.13, 54.60, 64.97, 69.88, 70.45, 71.38, 71.86, 72.68, 73.58,
75.37, 81.18, 88.37. 2 C21H26FeINO3 (523.2): calcd. C 48.21, H diiodoferrocene (2.00 g, 4.6 mmol), (Ph3P)2PdCl2 (1 mol-%), CuI

(2 mol-%), iPr2NH (75 ml). Yield 2.70 g (83%), brown-red oil.5.01, N 2.68; found C 48.56, H 5.21, N 2.59.
Chromatography: Rf 5 0.5 (cyclohexane/ethyl acetate/Et2NH,

[1-(CH2NMe2)-ferrocene-2-yl]-C;C-[2-(CH2NMe2),3(C;CSi- 10:1:1). 2 1H NMR (CDCl3): δ 5 2.27 (s, 12 H, NCH3), 3.56 (s, 4
Et3)-ferrocene-1-yl] (2a): Typical coupling procedure: 1 mol-% Pd H, NCH2), 4.17 (s, 10 H, CpH), 4.23 (s, 8 H, CpH), 4.33 (m, 6
catalyst, 2 mol-% CuI. Scale: 1-(I),2(-CH2NMe2),3-(C;CSiEt3)- H, CpH3).
ferrocene (1d) (2.54 g, 5.00 mmol), 1-(C;CH),2-(CH2NMe2)-ferro-

[1-(CH2NMe2)-ferrocene-2-yl]-C;C-[2-(CH2NMe2)-ferro-cene (1c) (1.97 g, 5.00 mmol). Yield 2.68 g (83%), red oil. Chroma-
cene-1,3-diyl]-C;C-[1-(CH2NMe2)-ferrocene-1,3-diyl]-C;C-tography: cyclohexane/ethyl acetate (10:1), RF 5 0.4. 2 1H NMR
[2-(CH2NMe2),3-(C;CSiEt3)-ferrocene-1-yl] (4a): To a deoxy-(CDCl3): δ 5 0.66 (q, 6 H, SiCH2), 1.07 (t, 9 H, CH3), 2.17, 2.25,
genated solution of [1-(I),2-(CH2NMe2)-ferrocene-3-yl]-C;C-[2-2.32, 2.34 (s, 12 H, 4 3 CH3), 3.5323.78 (m, 4 H, CH2), 4.14 (s,
(CH2NMe2),3-(C;CSiEt3)-ferrocene-1-yl] (2c) (0.772 g, 1 mol) and10 H, C5H5), 4.19 (“t”, J 5 2.5 Hz, 1 H, CpH), 4.32 (br., 1 H,
[2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2),3-(C;CH)-CpH), 4.44 (m, 1 H, CpH), 4.48 (s, 2 H, CpH). 2 13C NMR
ferrocene-1-yl] (2b) (0.532 g, 1.0 mmol) in diisopropylamine (75 ml)(CDCl3): δ 5 4.54, 7.60, 44.87, 45.92, 45.29, 45.38, 55.51, 55.66,
were added (Ph3P)2PdCl2 (7.0 mg, 1 mol-%) and CuI (7.7 mg, 257.20, 57.35, 67.13, 67.18, 67.65, 67.72, 68.07, 68.83, 70.38, 70.43,
mol-%). The reaction mixture was heated under reflux for 24 h,71. 04, 71.13, 71.36, 72.47, 72.51, 84.78, 84.89, 85.60, 85.07, 85.07,
filtered, the precipitate washed with diethyl ether and the volatiles85.72, 87.14, 87.40, 93.27, 103.00.
evaporated to dryness. The remaining solid was purified by chro-

[2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2),3(C;CH)- matography (cyclohexane/ethyl acetate/Et2NH, 10:1:1), yield 0.86 g
ferrocene-1-yl] (2b): Typical cleavage procedure: 24 h CH3OH/aq. (73%), red glassy solid. 2 1H NMR (CDCl3): δ 5 0.70 (q, J 5 7.8
KOH, [2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2NMe2),3-(C;C- Hz, 6 H, CH2), 1.08 (t, J 5 7.8 Hz, 9 H, CH3), 2.2822.43 (m, 24
SiEt3)-ferrocene-1-yl] (2a) (1.29 g, 2.0 mmol). Yield 0.79 g (74%), H, NMe2), 3.58 (d, J 5 9.4 Hz, 2 H, NCH2), 3.7023.90 (m, NCH2,
red oil. Chromatography: cyclohexane/Et2NH (10:1), RF 5 0.2. 2 6 H), 4.17 (s, 10 H, CpH), 4.19 (s, 10 H, CpH), 4.26 (br. s, 1 H),
1H NMR (CDCl3): δ 5 2.25 [s, 3 H, N(CH3)2], 2.28 [s, 3 H, 4.4524.52 (m, 8 H, CpH). 2 C66H79Fe4N4Si (1179.9): calcd. C,
N(CH3)2], 2.32 [s, 3 H, N(CH3)2], 2.34 [s, 3 H, N(CH3)2], 2.85 (s, 67.9, H 6.75, N, 4.75; found C 67.78, H 6.89, N 4.76. 2 ESI-MS;
1 H, ;CH), 3.5323.77 (m, 4 H, CH2), 4.1524.32 (m, 11 H, 2 3 m/z: 1178.5.
C5H5 1 CpH), 4.33 (br., 1 H, CpH), 4.44 (br., 1 H, CpH),

Polymerisation of 1e, Polymer I: Typical coupling procedure.4.4824.52 (mc, 2 H, CpH). 2 13C NMR (CDCl3): δ 5 44.85, 44.89,
Scale: 1c (1.18 g, 3.0 mmol), (Ph3P)2PdCl2 (5 mol-%), CuI (10 mol-45.30, 55.58, 55.78, 57.17, 57.31, 66.10, 67.61, 68.06, 68.08, 68.97,
%), iPr2NH (75 ml), 36 h reflux. The mixture of oligomers and70.36, 70.42, 71.04, 71.07, 71.48, 72.36, 72.41, 75.98, 81.27, 84.76,
polymers obtained was fractionated by flash chromatography. A85.06, 87.13, 87.40.
low molecular fraction was eluted with cyclohexane/Et2NH (1:1)

[1-(I),2-(CH2NMe2)-ferrocene-3-yl]-C;C-[2-(CH2NMe2)- while the polymers were eluted by using CHCl3/MeOH (10:1) or
3-(C;CSiEt3)-ferrocene-1-yl] (2c): Typical sequence of lithiation cyclohexane/Et2NH (3:1). The yields of the polymeric (dark-red
and iodination: [2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2- glassy) material varied between 40 and 60%. 2 1H (CDCl3): δ 5
NMe2),3-(C;CSiEt3)-ferrocene-1-yl] (2a) (1.29 g, 2.0 mmol) nBuLi 2.2622.38 (br., 6 H, NMe2), 3.5023.65 (br. m, 1.8 H, NCH2),
(2.4 mmol), I2 (0.508 g, 1.95 mmol). Yield 0.97 g (63%), red oil. 3.7023.95 (br. m, 2.2 H, NCH2), 4.0924.21 (br. 1 2 s at δ 5 4.16
Chromatography: cyclohexane/ethyl acetate (5:1), RF 5 0.6. 2 1H and 4.20, 4.3 H, C5H5), 4.5324.60 (br., 2 H, CpH). 2 In the 13C-
NMR (CDCl3): δ 5 0.66 (q, J 5 7.8 Hz, 6 H, SiCH2), 1.06 (t, J 5 NMR spectrum at least 50 different peaks (diastereomers) were ob-
7.7 Hz, 9 H, CH3), 2.2622.38 [m, 12 H, N(CH3)2], 3.5423.61 (m, served.
2 H, CH2), 3.7223.80 (m, 2 H, CH2), 4.0824.19 (m, 10 H, C5H5),

Polymerisation of 1g, Polymer II: Typical coupling procedure. Scale:4.4624.53 (m, 4 H, C5H2). 2 13C NMR (CDCl3): δ 5 4.50, 7.62,
1c (0.262 g, 0.50 mmol), (Ph3P)2PdCl2 (5 mol-%), CuI (10 mol-%),45.16, 45.21, 45.67, 45.76, 55.46, 5.64, 57.38, 57.59, 66.94, 67.06,
iPr2NH (25 ml), 24 h reflux. The mixture of oligomers and poly-67.52, 67.59, 68.20, 68.25, 71.22, 71.52, 71.81, 72.03, 72.49, 72.52,
mers was fractionated by flash chromatography. A low-molecular73.37, 73.40, 73.61, 84.64, 84.74, 85.99, 86.11, 86.70, 87.00, 87.22,
fraction was eluted with cyclohexane/Et2NH (10:1) while the poly-90.70, 103.79.
mers were eluted with CHCl3/MeOH (10:1). 2 1H NMR (CDCl3):
2.6522.80 (br.), 3.5023.8 (br. m), 3.48 (s, C5H5), 4.08 (s),[1-(CH2NMe2)-ferrocene-2-yl]-C;C-[2-(CH2NMe2)-ferro-
4.3524.50 (m). 2 In the 13C-NMR spectrum at least 50 differentcene-1,3-diyl]-C;C-[2-(CH2NMe2)-ferrocene-1-yl] (3a): Typical
peaks (diastereomers) were observed.coupling procedure: [2-(CH2NMe2)-ferrocene-1-yl]-C;C-[2-(CH2-

NMe2),3-(C;CH)-ferrocene-1-yl] (2b) (532 mg, 1.0 mmol), (1-I),(2-
CH2NMe2)-ferrocene (1a) (369 mg, 1.0 mmol). Yield 670 mg
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2,4,6-Tri-tert-butyl-1,3,5-triphosphabenzene 4 reacts with to the 1,3,4,7-tetraphosphasemibullvalene derivative 10 as
the only product. The single-crystal X-ray analysis of 10phosphaalkynes P;C2R [R = tBu (5a), tPen (5b)] at room

temperature in a formal [4 + 2] cycloaddition to yield the exhibits a diphosphirane unit with a very long PP distance of
2.274(1) Å together with a large extension of the PCP anglecorresponding 1,3,5,7-tetraphosphabarrelene derivatives 8a

and 8b, respectively. The analogous reaction of 4 with the in the three-membered ring to 75.3(1)°.
aminophosphaethyne P;C2N(iPr)2 (9) unexpectedly leads

Whereas the λ3-phosphinine (phosphabenzene) 1 [1] as isomers of 4, 1,3,5- and 1,2,4-triphospha-Dewar-ben-
zene[5] [7] can be prepared selectively by the same syntheticwell as a great number of its functional derivatives[2] have

been thoroughly investigated, only little information is pub- procedure on use of modified cyclooctatetraene ligands for
production of precursor analogues of 6, and by variation oflished on “all-λ3” di- or triphosphinines. So far the 1,4-di-

phosphabenzene derivative 2 was only detected in solution, the reaction temperatures. In addition, Binger et al. [8] re-
ported recently on homo-Diels2Alder reactions of 2,4,6-but its NMR data are not complete. [3] As first representa-

tives of the 1λ3,3λ3-diphosphinines[4] and 1λ3, 3λ3,5λ3-tri- tri-tert-butyl-1,3,5-triphospha-Dewar-benzene.
phosphinines[5] compounds 3 and 4, respectively, have been

Scheme 1isolated in pure form by using transition metal complex
templates for the cyclotrimerization of tert-butylphospha-
ethyne 5a, followed by oxidative replacement, and charac-
terized.

The preparation of 4 was accomplished by oxidative
cleavage of the hafnium complex [(COT)Hf(tBuCP)3] (6)
with the useful reagent hexachloroethane. Template 6 was
also used for the preparation of the η4-1,3,5,7-tetraphos-
phabarrelene complex 7 by reaction with tBuC;P (5a)
(Scheme 1). Cleavage of 7 with C2Cl6 yields the 1,3,5,7-
tetraphosphabarrelene derivative 8a, which had been iso-
lated before from the reaction of bis(cyclooctatetraene)zir-
conium with 5a. [6] It is of particular interest that the valence

In 1998 Regitz et al. [9] presented a new effective method
[°] Present address: Fachbereich Chemie der Universität Kaisers- for the synthesis of 4 and other alkyl-substituted analogues,lautern, Erwin-Schrödinger-Straße, D-67663 Kaiserslautern,

Germany; Fax: (internat.) 149 (0)631/ 205-3921. based on the use of the strong Lewis acid tBuN5VCl3 as
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cyclotrimerization agent. The availability of 4 by the pro- perature. Measurements at higher temperatures failed be-

cause 10 already decomposes at 20°C even in inert solvents.cedures mentioned above allowed reactivity studies of the
6π-heteroarene, in particular with respect to cycloaddition The molecular structure of 10 was deduced from a single-

crystal X-ray analysis and supports the conclusions drawnreactions.
For instance, the tetraphosphabarrelenes 8a or 8b from the NMR spectroscopic investigations. Figure 1 shows

one of the enantiomers observed in the crystal lattice.(Scheme 2) are formed nearly quantitatively within 12 h by
treating a pentane solution of 4 with the phosphaethynes
5a and 5b, respectively. This result demonstrates that the

Figure 1. Molecular structure of 10 in the crystal; the hydrogen
addition of a further phosphaalkyne molecule is possible atoms are omitted for clarity[a]

even without coordination of a cyclotrimer of 5 to a com-
plex fragment. Of particular interest is the possibility to
prepare unsymmetrically substituted tetraphosphabarrel-
enes like 8b. The reactions proceed under mild conditions
indicating an astonishing reactivity of 4 against dienophiles.
So far, similar reactions of phosphinines or their P-coordi-
nated tungsten complexes with tBuC;P (5a) have not been
observed.[10] However, phosphinines undergo [4 1 2] cyclo-
additions with electron-deficient olefins under forced con-
ditions. These reactions can be enhanced by σ-complex for-
mation with [(CO)5W(THF)]. [2b] The reactivity of phos-
phaarenes is also considerably increased if they contain an
additional N or P atom in the 6π-system as in case of the
1,3-azaphosphinines published by Märkl et al. [11] [12] or of
the 1,4-diphosphinine 2 [3b], though fairly extreme con-

[a] Selected bond lengths [Å] and angles [°]: P12P5 2.207(1), P32P4ditions (1002120°C, high pressure vessel) are necessary for
2.274(1), P32C5 1.858(2), P42C5 1.865(2), P52C5 1.856(2),reactions with alkynes[3b] [12] or 5a. [11]
P12C1 1.693(2), P32C2 1.809(2), P42C1 1.796(2), P52C3
1.874(2), C22C3 1.366(2), N2C3 1.450(2), N2C18 1.506(2),

Scheme 2 N2C21 1.494(2); C12P12C5 100.4(1), C52P32P4 52.5(1),
C22P32P4 111.8(1), C52P32C2 99.4(1), C52P42C1 101.5(1),
C12P42P3 107.1(1), C52P42P3 52.2(1), C52P52P1 99.7(1),
C52P52C3 97.3(1), C32P52P1 87.7(1), C32C22P3 116.6(1),
C22C32P5 116.2(1), P42C52P3 75.3(1), P52C52P3 109.2(1),
P52C52P4 115.1(1).

As to be expected, the P2(sp2)C single bonds in the tri-
cyclic phosphorus/carbon skeleton of 10 are significantly
shorter (P32C2: 1.809, P42C1: 1.796 Å) than P2(sp3)C
distances (1.856 to 1.874 Å). The P12C1 bond length of
1.693 Å is very close to the average value (1.67 Å) of lo-
calized P5C double bonds. [14] The distance P32P4
amounts to 2.274 Å and, so far, represents the longest PP
bond in diphosphirane derivatives. [9] [13] [15] [16] Consequently
the angle P32C52P4 within the three-membered ring is
opened to 75.3°.The analogous reaction of 4 with di(isopropylamino)-

phosphaethyne 9 leads to a really unexpected result: Ac- The formation of 10 from 4 and 9 is not directly evident,
although 9, due to its electronic structure[17], often showscording to a 31P-NMR control experiment the starting com-

pounds already react at 220°C quantitatively within a few a different behaviour to alkyl-substituted phosphaalkynes,
especially in cycloaddition reactions. [18] Assuming that theminutes to give the tetraphosphasemibullvalene derivative

10. The unsymmetrical molecular structure of 10 is proven π-donor interaction of the R2N substituent enhances the
nucleophilicity of the P-atom, an attack of 9 at one of theby three different 1H-NMR signals for the tBu groups as

well as by four separate 31P resonances of equal intensities. ring carbon atoms seems reasonable as the first reaction
step followed by a ring closure to the tricyclic intermediateOnly one of them is found at chemical shifts typical for

phosphaalkene fragments (δP 5 347.5). Chemical shifts and 12. The stable end product is reached by a further nucleo-
philic attack of the aminophosphaalkene P-atom and bycoupling constants of all 31P signals are in good accordance

with those of the tetra-tert-butyltetraphosphasemibullva- valence isomerization. The competitive intramolecular [2 1
2] cycloaddition with formation of the pentacyclic com-lene reported by Regitz et al. [13]. The same is true for the

13C-NMR data of both compounds. Fluxional behaviour pound 13 is less probable for two reasons:
(i) Aminophosphaalkenes are not suited for cycload-as observed for the corresponding hydrocarbon derivatives

(Cope rearrangement) was not detected for 10 at room tem- dition reactions due to the loss of olefinic character,
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2,4,6,7-Tetra-tert-butyl-1,3,5,8-tetraphosphabicyclo[2.2.2]octa-(ii) high-level ab initio calculations[19] on different

2,5,7-triene (8a) was characterized by comparison of the NMR data(HCP)4 isomers favour the semibullvalene system over the
with those of an authentic sample. [6]

cuneane structure.
[4,6,7-Tri-tert-butyl-2-tert-pentyl]-1,3,5,8-tetraphosphabicyclo-

Scheme 3 [2.2.2]octa-2,5,7-triene (8b): 2 1H NMR (C6D6, 200.1 MHz,
25°C): δ 5 0.70 (q, J 5 7.4 Hz, 2 H, CH2CH3), 1.39 (3 H,
CH2CH3), 1.43 [s, br., 15 H, C(CH3)3 and C(CH3)2CH2], 1.77 [s,
br., 18 H, C(CH3)3]. 2 13C {1H} NMR (C6D6, 50.3 MHz, 25°C):
δ 5 28.3 [m, CH3CH2 and (CH3)2C], 30.5 [m, (CH3)3C], 30.7 [m,
3J(P,C) 5 0.3 and 14.9 Hz, (CH3)3C], 33.4 [t, 3J(P,C) 5 9.5 Hz,
CH3CH2], 35.8 [q, 2J(P,C) 5 16.1 Hz, C(CH3)3], 41.6 [m, C(CH3)3],
44.8 [dd, 2J(P,C) 5 19.1 and 25.4 Hz, C2CH2CH3], 101.1 [m, C-
4], 225.4 [m, C-2], 227.3 [m, C-6, C-7]. 2 31P{1H} NMR (C6D6,
81.0. MHz, 25°C): δ 5 -92.0 [q, 2J(P,P) 5 12.6 Hz, P2C5P], 320.7
[t, 2J(P,P) 5 12.6 Hz, P5C2C(CH3)3], 324.8 [q, 2J(P,P) 5 12.6 Hz,
P5C2C(CH3)2C2H5]. 2MS (EI, 70 eV); m/z (%): 414 (68) [M1],
314 (9) [M1 2 PC5H9], 300 (3) [M1 2 PC6H11], 276 (74) [M1 2

2 C5H9], 262 (100) [M1 2 C5H9 2 C6H11], 200 (22) [M1 2 PC5H9

2 PC6H11].

2,6,8-Tri-tert-butyl-5-diisopropylamino-1,3,4,7-tetraphosphatri-
cyclo[5.1.0.0 4,8]octa-2,5-diene (10): 80 mg (0.27 mmol) of the tri-
phosphabenzene derivative 4 were placed in an ampoule with break
seals and an NMR tube together with 0.5 ml [D8]toluene. 45 mg
(0.31 mmol) of di(isopropyl)aminophosphaethyne 9 were then in-
troduced by vacuum condensation at 2196°C. During warm2up
to 220°C the mixture was continuously stirred and afterwardsIn conclusion, the work presented in this paper has led
tranfused in the NMR tube. Measurements at 230°C indicated ato a selective synthesis of the tetraphosphabarrelene deriva-
complete reaction of the triphosphabenzene 4 and the quantitativetives 8a and 8b from the 1,3,5-triphosphabenzene 4 and to
formation of the tetraphosphasemibullvalene derivative 10. Orangea surprising reaction of 4 with 9 affording the novel tetra-
crystals of 10 were obtained on cooling the [D8]toluene solution at

phosphasemibullvalene derivative 10, thus enlarging our
278°C. Their quality was sufficient for a single-crystal X-ray struc-

knowledge about cyclotetramers of phosphaalkynes[20] and ture analysis. 2 1H NMR (C7D8, 400.1 MHz, 230°C): δ 5 0.90
clearly demonstrating the important influence of C-amino [s, 9 H, C(CH3)3)], 1.21 [d, J 5 6.5 Hz, 6 H, CH(CH3)2], 1.28 [d,
groups on the reactivity of P;C systems. J 5 6.5 Hz, 6 H, CH(CH3)2], 1.38 [s, 9 H, C(CH3)3], 1.48 [s, 9 H,

C(CH3)3], 3.38 [sept, J 5 6.5 Hz, 2 H, CH(CH3)2]. 2 13C {1H}This work was supported by the Deutsche Forschungsgemein-
NMR (C7D8, 75.5 MHz, 235°C): δ 5 24.8 [s, CH(CH3)2], 29.6 [s,schaft (Graduiertenkolleg “Phosphor als Bindeglied verschiedener
br., C(CH3)3 at C-8], 32.3 [d, 3J(P-6,C) 5 11.3 Hz, C(CH3)3 at C-chemischer Disziplinen”, Universität Kaiserslautern; and Gradui-
6], 34.3 [dd, 3J(P-3,C) 5 3J(P-1,C) 5 7.6 Hz, C(CH3)3 at C-2], 34.9ertenkolleg “Hochreaktive Mehrfachbindungssysteme”, Univer-
[q, 2J(P-1,C) 5 2J(P-4,C) 5 2J(P-7,C) 5 11.7 Hz, C(CH3)3 at C-sität Münster) and by the Fonds der Chemischen Industrie.
8], 37.3 [d, 2J(P-7,C) 5 25.2 Hz, C(CH3)3 at C-6], 42.2 [dd, 2J(P-
3,C) 5 22.6, 2J(P-1,C) 5 13.6 Hz, C(CH3)3 at C-2], 55.6 [s, br.,
CH(CH3)2], 63.0 (m, C-8), 156.1 [dm, 1J(P-7,C) 5 65.5 Hz, C-6],

Experimental Section 177.7 [d, 1J(P-4,C) 5 39.9 Hz, C-5], 211.8 [t, 1J(P-3,C) 5 1J(P-
1,C) 5 83.0 Hz, C-2] (for numbering see Scheme 3). 2 31P{1H}All experiments were carried out under argon (or by using a
NMR (C7D8, 121.5. MHz, 235°C): δ 5 292.1 [dd, 1J(P-1,P-7) 5standard vacuum line) in anhydrous solvents. Reaction vessels were
174.6, 2J(P-4,P-7) 5 16.4 Hz, P-7], 219.6 [ddd, 1J(P-1,P-7) 5either Schlenk flasks or ampoules with several break seals and an
174.6, 2J(P-1,P-3) 5 3J(P-1,P-4) 5 23.5 Hz, P-1], 88.7 [ddd, 1J(P-NMR tube. 21H and 13C NMR: Bruker AC 200, AC 300, and
3,P-4) 5 270.0, 2J(P-1,P-4) 5 23.5, 2J(P-4,P-7) 5 16.4 Hz, P-4],AMX 400; chemical shifts relative to the solvent signals, calibrated
347.5 [dd, 1J(P-3,P-4) 5 270.0, 2J(P-1,P-3) 5 23.5 Hz, P-3] (forto TMS. 231P NMR: Bruker AC 200, AC 300, external standard
numbering see Scheme 3).H3PO4. 2,4,6-Tri-tert-butyl-1,3,5-triphosphabenzene 4 [5] [9] and the

Phosphaalkynes tBuC;P (5a) [21a], tPenC;P (5b) [21b], (iPr)2NC;P
Crystal Structure Analysis of 10 [23]: Enraf-Nonius-CAD4 Dif-

(9) [22] were prepared according to the literature. fractometer (Mo-Kα radiation), T 5 100 K; structure solution by
heavy-atom method (SHELXS-86[24]) and structure refinement byStandard Procedure for the Preparation of the Tetraphosphabar-

relenes 8a, 8b: A pentane solution (2 ml) of the phosphaalkyne 5a SHELXL-93[25]; monoclinic, space group P21/c; lattice constants
a 5 10.0494(10), b 5 20.4954(10), c 5 12.3895(10) Å, β 5(80 mg, 0.8 mmol) or 5b (100 mg, 0.9 mmol) was added at room

temperature to a pentane solution (3 ml) of the triphosphabenzene 99.983(10)°; V 5 2513.2(3) Å3; Z 5 4; µ(Mo-Kα) 5 0.308 mm21,
crystal size 0.42 3 0.39 3 0.35 mm; 9113 independent reflectionsderivative 4 (200 mg, 0.67 mmol). The mixture was stirred for 12

h, and volatile components were removed in vacuo. The residue (Rint 5 0.0648) 28745 measured of which 6630 were considered
observed with I > 2σ(I); residual electronic density 0.481 andwas taken up in pentane and filtered through a layer of silica gel.

After evaporation of the solvent in vacuo the tetraphosphabarre- 20.357 e/Å3. 408 parameters (C, N, and P anisotropic, the posi-
tions of the H-Atoms were found and refined isotropically); R1 5lene 8a and 8b, respectively, was obtained as a yellow powder (8a:

260 mg, 0.65 mmol, 98% yield; 8b: 265 mg, 0.64 mmol, 96% yield). 0.0441; wR2 5 0.1180.
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The structure determination of the lipophilically wrapped According to density functional theory calculations, the eight
negative charges are well-delocalized over the oxygen-richcluster {[Al2Li4O18](C36H44)}`, a novel material crystallized

from a mixture of [(C2H5)3Al]2, nBuLi, and catechol in DME framework.
solution, reveals five-coordinate Al++ and Li+ centers.

Recent Results on Main-Group Ion Clusters (e.g. [4] Ba11, Li1, and O22) and their considerable cluster
stability (e.g. [5] ∆Hf > 5000 kJ mol21). In contrast, the en-

Lipophilically wrapped polyion aggregates, in which a ergy contributions of the hydrocarbon shells, as estimated
cluster ion nucleus guarantees thermodynamic stability, and from a statistical evaluation of phenyl ring centroid interac-
where a surrounding hydrocarbon skin offers both kinetic tions, are only small (e.g. [5] ∆Hf ø 50 kJ mol21).
shielding as well as solubility in non-polar solvents, are rep- Based on the general principles outlined above, numerous
resentative of a rather favourable self-organization prin- and multifaceted supramolecular compounds can be antici-
ciple, [2] [3] [4] [5] [6] [7] [8] for main-group element compounds pated. [9] In view of the considerable bond enthalpy differ-
(Table 1). ence, ∆Hb(Al2C) 2 ∆Hb(Al2O) 5 (274 2 500) 5 2226 kJ

mol21, [9] alumoxane clusters are expected to be especially
Table 1. Examples of novel lipophilically wrapped main-group ele-

favorable candidates.ment clusters with space-filling structure representation and specifi-
cation of their components

Preparation and Structure Determination

A mixture of flammable triethylaluminum dimer and a
stoichiometric amount of n-butyllithium[4] reacts vigorously
with catechol in aprotic dimethoxyethane (DME) solution
under argon (1) (see Experimental Section).

A crystalline reaction product can be isolated, provided
that exposure to air and/or moisture is carefully avoided. Its
structure determination (Figure 1), performed on a sample
cooled to 150 K in a flow of nitrogen (see Experimental
Section), reveals the formation of {[(DME1.5Li1)-

Density functional calculations[4] based on structural (H5C2Al1122O2C6H4)2
22(Li1DME)]2}` (DME 5

data confirm the ionic compositions of the aggregates H3COCH2CH2OCH3). The product contains a total of 18
oxygen centers in its polymer chain and is thus the most

[e] Part 129: Ref. [1]. oxygen-rich polyion aggregate isolated to date (Table 1).
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Figure 1. (A) Dimeric subunit of the lithium/aluminum organic {[(H5C6O)3(H5C2)Al]2···Li1···2[Al(C4H9)(OC6H5)3]}2[Li1-
polymer with thermal ellipsoids drawn at the 50% probability level (DME)3]1, consisting of a complex triple-ion anion and a
and metal center notation; (B) to (D) Al11 and Li1 coordination

DME solvent-separated countercation.[12] Despite the factspheres, and (E) space-filling side view
that this system is also wrapped by a hydrocarbon skin
(C40H40), there is no real analogy with the catechol-substi-
tuted [AlmLinOx] polyion aggregate presented (Figure 1),
since Al2O2Li connections are in this case completely ab-
sent.

Density Functional Calculations

For the polyion aggregate, with its molecular size ex-
ceeding 100 atoms, density functional calculations at the
B3LYP level using 6-31G* basis sets (see Experimental Sec-
tion) have been performed, based on the determined struc-
tural coordinates (Figure 1). Despite some uncertainty con-
cerning the polarity within the (Li4Al2O18) cluster, the fol-
lowing calculated Mulliken-type charge distribution (2) will
be discussed.

For the ethyl-substituted and four-fold catecholate oxy-
The crystal is seen to contain polymeric strands of di-

gen-coordinated Al centers, Mulliken charge densities of
methoxyethane-bridged subunits, the four-membered cen-

11.33 are calculated, indicating covalent contributions to
tral (Li2O2) rings of which contain centers of inversion (Fig-

the ionic interactions Al11···2O as well. Furthermore, the
ure 1/A: si ). The formally dipositive (C2H5)Al11 center is

catecholate anion charges are partially delocalized towards
fourfold coordinated to the four catecholate O2 centers and

the Li1 countercations, which are strongly solvated (Figure
forms a distorted trigonal bipyramid with longer axial

1: C and D) by a total of six oxygen centers of three steri-
Al2O distances of 191 pm and the C center of lower effec-

cally unhindered dimethoxyethane chelate ligands. The to-
tive nuclear charge in the expected equatorial position (Fig-

tal charges of the essential cluster components amount to
ure 1: B). The Li1 countercations are also fivefold coordi-

approximately 21.0 for the catecholate ligands, 20.3 for the
nated: Li1 to two catecholate and three DME oxygen cen-

ethyl substituents, and about 10.2 for the DME solvent
ters, and Li2 to three catecholate and two DME oxygen

molecules. Considering the 18 differently charged oxygen
centers (Figure 1: C and D). Due to the four-membered

centers, each transfers an average of about 0.7 of a negative
(Li2O2) ring formation, the trigonal bipyramids around the

charge to the six metal cations, decreasing the polyion ag-
symmetry-equivalent countercations Li2 and Li29 are more

gregate character by metal2oxygen bonding contributions.
strongly distorted with O2Li22O angles of up to 149°
(Figure 1: D). The space-filling representation (Figure 1: E)
illustrates how the hydrocarbon (C36H44) shell shields the Conclusion and Perspectives
oxygen-rich [(Al11)2(Li1)4(O18)28] cluster and renders it
completely soluble in apolar solvents (see Experimental A vigorous reaction between triethylaluminum dimer, n-

butyllithium, and catechol (1) yielded the title compound,Section).
A search of the Cambridge Structural Database for clus- which according to its structure determination is an unpre-

cedented oxygen-rich polyion aggregate [Li4Al2O18]ter structures predominantly composed of Al, Li, and O
atoms revealed only one monomer[10] bearing no relation wrapped by a lipophilic hydrocarbon skin (C36H44). The

predominantly ionic interactions assumed are supported byto our polyion aggregate. In the meantime, we have been
able to isolate crystals from an analogous mixture (1) with density functional calculations.

This result encourages us to attempt further crystalliza-the parent molecule phenol. [11] According to their structure
determination, these crystals contain a quadruple ion tions of main-group element clusters, of which only the sim-
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were ideally geometrically positioned and refined using fixed dis-plest examples are as yet known. It also suggests further
placement parameters within a riding model. Atomic coordinates,exploration of (alkylaluminum 1 phenol) reaction mixtures,
bond lengths and angles, and thermal parameters have been de-especially by those interested in novel ceramic materials,
posited at the Cambridge Crystallographic Data Centre (CCDC).which are presumably accessible by firing hydrocarbon-
Any request to the CCDC for this material should quote the fullwrapped clusters [LinAlmOx].
literature citation and the reference number CCDC-103178.

The project “Interactions in Molecular Crystals” is supported by Density functional calculations were performed using the Gaus-
the Hoechst Corporation, the Deutsche Forschungsgemeinschaft, the sian-94 program. For the 104 cluster atoms, a total of 2576 Gaus-
State of Hessen, and the Fonds der Chemischen Industrie. sian functions within 6-31G* basis sets were applied. The NEC

SX4 computer system at the high performance computing center,
Stuttgart, Germany, required 14.8 h of CPU time to calculate the

Experimental Section total energy as 24053, 414614 a.u.

Preparation and Crystallization: In a rigorously dried Schlenk trap,
352 mg (3.2 mmol) of catechol was dissolved in 40 ml of anhydrous [1] H. Bock, M. Sievert, Z. Havlas, Chem. Eur. J. 1984, 4, 677.

[2] J. M. Lehn, Supramolekulare Chemie, VCH Verlag, Weinheim,dimethoxyethane (DME). At 270°C, 1.6 ml (1.6 mmol) of a 1 
1995.solution of triethylaluminum dimer in n-hexane followed by 1.5 ml [3] See, for example: E. Weiss, Angew. Chem. 1993, 105, 1655; An-

(2.4 mmol) of a 1.6  solution of n-butyllithium in n-hexane were gew. Chem. Int. Ed. Engl. 1993, 32, 1501.
quickly injected under argon. The mixture was shaken repeatedly [4] H. Bock, T. Hauck, C. Näther, N. Rösch, M. Staufer, O. D.

Häberlein, Angew. Chem. 1995, 107, 1439; Angew. Chem. Int.during warming to room temperature. The surface of the solution
Ed. Engl. 1995, 34, 1353.was then covered with a layer of n-hexane and crystallization began [5] H. Bock, H. Schödel, Z. Havlas, E. Herrmann, Angew. Chem.

after about 2 h. After 1 d, large transparent prisms had grown. 1995, 107, 1441; Angew. Chem. Int. Ed. Engl. 1995, 34, 1355.
[6] H. Bock, A. John, C. Näther, Z. Havlas, J. Am. Chem. Soc.Crystal Structure Determination: C24H38AlLi2O9 (511.4), colourless 1995, 117, 9367.

prisms, crystal dimensions: 0.82 3 0.48 3 0.46 mm, temperature [7] H. Bock, R. Dienelt, H. Schödel, Z. Havlas, Tetrahedron Lett.
1995, 36, 7855.150 ± 2 K, a 5 1863.6(1), b 5 1486.6(1), c 5 2080.6(2) pm, β 5

[8] H. Bock, M. Ansari, N. Nagel, Z. Havlas, unpublished results,1104.93(1)°, V 5 5569.6(7) Å3, Z 5 8, ρcalcd. 5 1.220 gcm23, µ(Mo-
see, e.g.: M. Ansari, Ph. D. Thesis, Univ. Frankfurt, 1998.Kα) 5 0.711 Å, monoclinic, space group C2/c (No. 15), Siemens P4 [9] See, for example: C. Elschenbroich, A. Salzer, Organometall-

four-circle diffractometer, 5598 measured reflections in the range chemie, 3rd. ed., Teuber Verlag, Stuttgart, 1973.
[10] M. Power, S. G. Bott, J. L. Atwood, A. R. Barron, J. Am. Chem.3° # 2θ # 52°, of which 5410 were independent and 4188 had I >

Soc. 1990, 112, 3446.2σ(I). Structure solution by direct methods (SHELXS), 331 param-
[11] H. Bock, R. Beck, H. Schödel, Z. Havlas, Inorg. Chem., in print.eters refined against F2 (SHELXL-93), R 5 0.041, wR2 5 0.096, [12] H. Bock, C. Näther, Z. Havlas, A. John, C. Arad, Angew. Chem.

residual electron density 10.28/20.26 eÅ23, S 5 1.035. The posi- 1994, 106, 931; Angew. Chem. Int. Ed. Engl. 1994, 33, 875.
[I97235]tions of Li, C, O, and Al were refined anisotropically; H centers

Eur. J. Inorg. Chem. 1998, 207522077 2077



FULL PAPER

Linear Primary Polyamines as Building Blocks for Coordination Polymers, 1

Ligand Synthesis and Metal Complex Formation of 1,2,3-Triaminopropane

Anja Zimmera, Iris Müllerb, Guido J. Reißc, Andrea Caneschid, Dante Gatteschid, and Kaspar Hegetschweiler*a

Anorganische Chemie, Universität des Saarlandes, D-66041 Saarbrücken, Germanya,
Fax: (internat.) 1 49(0)681/302-2663
E-mail: hegetsch@rz.uni-sb.de

Analytische Chemie, Ruhr-Universität, Universitätsstr. 150, D-44780 Bochum, Germanyb,
Fax: (internat.) 1 49(0)234/709-4420
E-mail: Iris@anachem.ruhr-uni-bochum.de

Fachbereich Chemie, Universität Kaiserslautern, Erwin-Schrödinger Straße, D-67663 Kaiserslautern, Germanyc,
Fax: (internat.) 1 49(0)631/205-2187
E-mail: reiss@rhrk.uni-kl.de

Dipartimento di Chimica, Universita degli Studi di Firenze, Via Maragliano 75, I-50144 Firenze, Italyd,
Fax: (internat.) 1 39-0-55/354845
E-mail: gattesch@blu.chim1.unifi.it

Received July 17, 1998

Keywords: N Ligands / Copper / Coordination polymers / Stability constants / Solid-state structures

A series of linear primary polyamines H2N–CH2–(CH–NH2)n– was established by potentiometric titrations and was
compared with previous reports. The crystal structure of theCH2–NH2 (1 # n # 3) was prepared from the corresponding

polyalcohols. The polyamines were isolated as HCl adducts Cu complex [CuL2]Cl2 exhibited a chain structure with a
five-coordinate CuII centre in which two amino groups of theand the acidity constants in aqueous solution were

determined. The crystal structure of the fully protonated triamine ligands are coordinated to one Cu centre, while the
third amino group of one of the ligands is bonded to atetraamine (n = 2) was elucidated by an X-ray diffraction

study. Complex formation of the triamine (n = 1) with Ni2+, neighbouring Cu atom. The compound shows weak
antiferromagnetic coupling interactions between the CuIICu2+, Zn2+, Cd2+ was re-investigated in aqueous solution.

The pH-dependent formation of a variety of species MxLyHz centres within the chain.

Introduction networks. The coordination chemistry of poly(ethyleneim-
ines) with transition metal cations in aqueous solution has

Aggregation of metal complexes has turned out to be a been investigated by Schläpfer et al., who suggests that
powerful concept for the design and preparation of ex- these ligands have a considerable potential for technical ap-
tended polymeric structures[1]. Such molecular arrays have plications[7]. The ability of polyalcohols such as the sugar
been discussed in the context of crystal engineering and alcohols or the tripodal tris(hydroxymethyl)aminoethane to
supramolecular chemistry[2]. Different types of interactions act as sequestering agents, preventing formation of solid
have been used to connect the monomeric precursors to the metal oxides or hydroxides in alkaline aqueous solution,
polymeric forms. Zaworotko and coworkers exploited hy- has been well known for many years[8]. The linear polyalco-
drogen bonding for the synthesis of a variety of indefinite hols HO2CH22[CH2OH]n2CH22OH, n > 1 (sugar al-
coordination polymers[3]. Interconnection of metal centres cohols), are of particular interest with respect to the forma-
by bridging counterions is another well-known strategy for tion of polynuclear complexes. For steric reasons, it is not
the generation of such polynuclear structures. Hydrolytic possible to bind all donor groups of one ligand molecule to
polymerisation (where the metal centres are connected by a single metal centre and consequently these compounds
bridging OH2 or O22 ligands) is a prominent representative could potentially serve as interesting building blocks for
in this type of interaction[4]. In addition, a variety of tail- polymeric structures[9].
ored chelating ligands has been developed, where the bind-
ing of more than one metal cation is promoted by the Although the sugar alcohols represent a well-known

group of compounds that is widespread in nature, the corre-specific steric characteristics of the ligand[5]. A series of
multidentate chelators, based on the bipyridyl entity, has sponding linear polyamines H2N2CH22[CH2

NH2]n2CH22NH2 have not been investigated to a greatbeen developed by Lehn and coworkers[6]. These ligands
allowed the systematic design of one-dimensional chains extent or are even completely unknown. This is of course,

not true for 1,2-diaminoethane (en), the first member ofand helices, two-dimensional grids, and three-dimensional
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this series (n 5 0), for which innumerable reports of the venient, two-step procedure, allowing the preparation of

these compounds in multi-gram quantities.coordinating properties have appeared in the literature[10].
In most of these reports, 1,2-diaminoethane acts as a sim- The free bases trap, tab and pap could be obtained in

CO2-free water by the simple action of a strongly basicple, bidentate ligand. However, a bridging coordination
mode of the diamine, where the two nitrogen donors are anion resin in the OH2 form. Concentration of the re-

sulting solution yielded the corresponding polyamines ascoordinated to two different metal centres, has also been
established[11]. For 1,2,3-triaminopropane (trap), there have hygroscopic and CO2-sensitive oils. Since the crystalline po-

lyhydrochlorides can be handled and stored without prob-only been a limited number of reports describing the coor-
dinating properties[12217]. A tridentate coordination mode of lems, the free amines were only prepared in situ in solution

and were usually not isolated. Prolonged storage of tab ·trap has been established in the bis-complex of CoIII [14]. For
the tetraamines, two different stereoisomers must be con- 4HCl and pap ·5HCl resulted in some loss of HCl (122%)

and recrystallisation from conc. HCl was required to obtainsidered. Both isomers (the threo and the erythro form) have
been prepared as intermediates in the synthesis of tetraaza- a pure sample.

According to NMR-spectroscopic measurements and andecalins, but the free amines have not been isolated[18] [19].
To the best of our knowledge, the pentaamine has not been X-ray diffraction analysis, the configuration of the ligands

is retained during this synthetic procedure: conversion ofdescribed at all.
By analogy with the corresponding polyalcohols, linear erythritol yielded the corresponding meso isomer of the

tetraamine. The 13C-NMR spectrum of tab. 4 HCl exhibitedprimary polyamines could serve as novel building blocks
for coordination polymers, since for n > 1 it is not possible a total of two signals, and the crystal structure depicted

in Figure 1, showing two crystallographically independentto coordinate the complete donor set to one single metal
centre. We have therefore initiated a comprehensive investi- ligand molecules, established the expected erythro configu-

ration. It is noteworthy that the conformations of the twogation of the coordination chemistry of this class of com-
pounds and intend to publish a series of papers, where the H4tab41 cations are distinctly different from a structure that

would be assumed, for an isolated molecule, to be of lowestinteractions of these ligands with a variety of metal cations
will be described. In the first contribution, we present the energy[13]. Only one N2C2C2N substructure exhibited a

torsional angle of 161° and thus corresponds to a staggeredsynthesis and characterisation of the ligands and we de-
scribe the coordination chemistry of the triamine with di- orientation. All the other N2C2C2N torsional angles fall

in the range of 66293°, corresponding to conformationsvalent metal centres in aqueous solution and in the solid
state. intermediate between a synclinal and an anticlinal orien-

tation. This may be attributed to strong anion-cation inter-
actions within the crystal lattice, with the H4tab41 cations

Results and Discussion binding several Cl2 counter ions in a bidentate mode by
N2H...Cl hydrogen bonding.Preparation and Characterisation of the Ligands

The acidity constants (pKa values) of the three ligands
have been determined by potentiometric measurements1,2,3-Triaminopropane (trap, n 5 1), meso-1,2,3,4-tetra-

aminobutane (tab) and 1,2R,3,4S,5-pentaaminopentane (Table 1). Inspection of corresponding ∆pKa values clearly
indicates that the two positive charges of the doubly pro-(pap) were prepared by a classical procedure from the corre-

sponding polyalcohols, with the poly(benzenesulphonates) tonated species are located at the terminal amino groups.
For H3pap31, the data are consistent with a protonation inand polyazides as intermediates[20]. Conversion of the poly-

azides to the corresponding polyamines could be achieved the 1-, 3- and 5-positions. These findings are in agreement
with simple electrostatic considerations, where a maximaleither by reduction with LiAlH4 or by hydrogenation in an

autoclave[14] [18]. The latter method proved to be more con- distance between the positive charges is achieved. For the
fully protonated species trap · 3HCl, tab · 4HCl and pap ·venient and gave slightly higher yields. Due to the potential

hazards of polyazides, a procedure was developed that did 5HCl an increasing acidity is observed in this order in aque-
ous solution (Table 1). The pKa values (25°C, 0.1  KCl)not require the isolation of these intermediates as pure sub-

stances. The solutions of the azides were rather transferred are 3.63 for H3trap31 and 1.4 ± 0.3 for H4tab41. H5pap51

behaves as a strong acid in water and the pKa for the firstdirectly into the autoclave and hydrogenated to give the po-
lyamines, which were finally isolated as the corresponding deprotonation step could not be determined by the

potentiometric method.hydrochlorides trap . 3HCl, tab · 4HCl and pap · 5HCl.
Chromatography on a strongly acidic cation exchange resin
proved to be a very efficient procedure to remove any by-
products, and the pure, linear polyamines could readily be Complex Formation with trap in Aqueous Solution
isolated in their fully protonated form (H2N2CH22
[CH2NH2]n2CH22NH2).(n12)HCl[21]. This procedure A variety of potentiometric measurements using total

M/total L ratios of 1 and 0.5 was performed to elucidatewas particularly helpful for the recovery of the amines after
the titration experiments, where a large excess of salts such the compositions of the different species and to determine

their formation constants. Some of these systems have prev-as KCl or KNO3 had been added to the sample solutions.
The synthetic method reported here thus represents a con- iously been investigated by Prue and Schwarzenbach[12],
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Figure 1. Molecular structure of the two crystallographically inde- the same conditions[23]. Considering the difference in the
pendent cations of tab ·4HCl ·H2O; the thermal ellipsoids are media, the agreement between our values and the results of
drawn at the 50% probability level; hydrogen atoms are shown as

Cini et al. is good. However, we also noted some character-spheres of arbitrary size; range of bond lengths [pm]: C2N:
147.6(2)2149.7(2), C2C: 151.7(2)2153.7(2) istic differences that led us to draw different conclusions.

The most significant disagreement is the fact that we could
not find an unambiguous indication for the formation of a
complex of composition [CuL]21. In the titration experi-
ments with a total Cu/total trap ratio of 1:2, a protonated
complex of composition [Cu(HL)]31 is formed in the acidic
range. At higher pH, coordination of an additional ligand
occurred rather than the deprotonation of the coordinated
HL1 entity (Figure 2). The titration experiments, where a
total L/total Cu ratio of 1:1 was used, could not be evalu-
ated in the alkaline range because precipitation of solid
Cu(OH)2 was observed. This was in contrast to the Ni21

system, where the formation of both [NiL]21 and [NiL2]21

could be established unambiguously. Cini et al. performed
calorimetric measurements and they deduced a tridentate
coordination mode for trap in [CuL]21. However, a com-
parison of the formation constants of trap with the biden-
tate en does not support this interpretation: the overall pro-
tonation constants κ2 (5 [H2L].[L]21.[H]22) for the genera-
tion of the diprotonated H2en21 and H2trap21 are in close
agreement (en: log κ2 5 17.00; trap: log κ2 5 17.50)[23],
indicating that the formation of H2trap21 is slightly fa-
voured. The Ni21 complexes of trap are, however, of signifi-
cantly higher stability (en: log β1 5 7.3, log β2 5 13.4; trap:
log β1 5 9.5, log β2 5 17.3). This is not the case for Cu21

where log β2 is 19.6 for the en complex and 19.5 for the
trap complex. The value for log β1 of [Cu(trap)]21 in 0.15
 NaCl has been reported to be 10.4, once again showing
no further increase in stability on going from the diamine
to the triamine ligand (en: log β1 5 10.50 at 25°C in 0.1 
KNO3)[23]. Furthermore, these considerations are sup-

Table 1. Potentiometric data (25°C, 0.1  KCl) and pKa
[a] values ported by the favoured formation of the protonated speciesof the protonated polyamines

[Cu(HL)]31, [CuL(HL)]31 and [Cu(HL)2]41 and by the re-
sults of our X-ray diffraction study (see next section), whereExperimental data
a tridentate coordination mode of trap was also not ob-

Compound L trap.3HCl tab.4HCl pap.5HCl served for Cu21.
Total L [mol dm23] 1.0 3 1023 1.0 3 1023 1.0 3 1023

Evaluated pH range 3.43210.80 3.03210.20 2.82210.83 Figure 2. Species distribution plot for an equilibrated aqueous solu-
Data points 41 40 59 tion with total Cu 0.5 3 1023 mol dm23 and total trap (5 L)

1 3 1023 mol dm23; only metal-containing species are shown; thepKa (5 2log Ka)
charges of the different species are omitted for clarity; the equili-

pK1 9.59 9.65 9.72 brium constants listed in Tables 1 and 2 were used for the calcula-
pK2 7.91 8.40 8.60 tions
pK3 3.63 5.03 6.26
pK4 1.4(1) 2.62
pK5 < 1
σpH

[b] 0.0016 0.0023 0.0017

[a] The estimated standard deviations are less than 0.01 unless
otherwise noted. 2 [b] σpH 5 [Σw(pHobsd. 2 pHcalcd.)2/Σw]1/2, w 5
[pHi11 2 pHi21]22.

and more recently by Cini et al. [17]. The authors of the latter
paper investigated complex formation at 25°C and in 0.15
 NaCl. We performed the measurements at 25°C in 0.1 
KNO3 or 0.1  KCl (Table 2), which have become standard
conditions for the determination of stability constants[22].
This allows a direct comparison with corresponding forma-
tion constants of other ligands that were measured under
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Table 2. Potentiometric data (25°C, 0.1 mol dm23 KNO3 or KCl) and evaluated formation constants[a] for trap complexes with divalent

metal cations

Experimental data

Metal Ni[b] Ni[b] Cu[c] Cu[c] Zn[c] Zn[c] Cd[c] Cd[c]

Tot. [mol dm23] 0.5 1.0 0.5 1.0 0.5 1.0 0.5 1.0
Tot. L [mol dm23] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
pH range 3.4327.43 4.1826.92 3.1529.41 3.0623.96 6.10210.43 5.8528.02 5.47210.74 5.3129.09
Data points 28 20 61 35 58 52 60 40

Formation constants log βxyz
[d]

x y z
1 1 0 9.58(5) 9.52(4) 6.50(2) 6.47(1) 5.99(2) 5.90(1)
1 1 1 15.45(4) 15.58(6) 18.07(3) 18.11(1) 13.75(1) 13.77(2) 13.60(3) 13.61(1)
1 1 21 22.89(6) 24.39(4) 24.22(7)
1 1 22 212.80(2)
1 2 0 17.35(3) 19.55(5) 11.42(1) 10.39(3)
1 2 1 23.87(11) 27.54(5) 19.08(8)
1 2 21 0.81(8)
1 2 2 34.83(3) 34.58(6)

σpH
[e] 0.0046 0.0051 0.0015 0.0013 0.0018 0.0081 0.0069 0.0071

[a] The uncertainties, given in parentheses, correspond to the evaluated standard deviations calculated by SUPERQUAD multiplied with
a factor of 3. 2 [b] KCl. 2 [c] KNO3. 2 [d] βxyz 5 [MxLyHz] 3 [M]2x 3 [L]2y 3 [H]2z. 2 [e] σpH 5 [Σw(pHobsd. 2 pHcalcd.)2/Σw]1/2, w 5
[pHi11 2 pHi21]22.

Scheme 1Assuming a bidentate coordination mode for trap in the
bis-complexes of Cu, a free amino group would be present
in an alkaline medium (Scheme 1), and thus the formation
of polynuclear, trap-bridged species must also be con-
sidered. As shown in the next section, such bridging interac-
tions can indeed be observed in the solid state. However,
careful evaluation of the potentiometric data provided no
evidence for the formation of polynuclear species in dilute
solutions such as those used in the present investigation.
This may, however, be different for more concentrated solu-
tions of complexes, where such aggregation processes are
more likely to occur. internal rearrangements would be required to bring it into

a position where coordination to the Cu centre would be
possible (the Cu...N distance to this non-coordinating am-Crystal Structure and Magnetic Properties of [Cu(trap)2]Cl2
ino group is 4.60 Å).

A tridentate coordination mode of trap has been ob-The dichloride salt of the bis-complex crystallises in the
polar space group Cc. A view of the molecular structure is served for [CoIII(trap)2]31 and this has been confirmed by

crystal structure analysis [14]. This is not surprising sincepresented in Figure 3.
Both trap ligands coordinate the CuII centre in a biden- CoIII, with its low-spin d6-electron configuration, has a

strong preference for a regular octahedral CoN6 coordi-tate mode, forming five-membered chelate rings. The four
nitrogen donors of the two ligands form a slightly distorted nation. However, molecular mechanics calculations showed

that this tridentate coordination mode causes some degreesquare. The two ligands differ, however, with respect to the
orientation of the third amino group. In the first ligand, the of strain in the ligand backbone, due to the formation of

a six-membered chelate ring having an unfavourable boatthird amino group is coordinated to a neighbouring Cu
atom. This bridging interaction of one of the trap ligands conformation (Scheme 1)[15].

Due to the Jahn2Teller effect, CuII-hexaamine com-generates an infinite chain structure with five coordinate
CuII cations. The coordination sphere of the CuII centre can plexes usually exhibit strong tetragonal distortion[25], and

the facial coordination of a triamine such as trap to CuII isbe described as a slightly distorted tetragonal pyramid with
the amino group of the bridging ligand in the apex. The particularly disfavoured. The X-ray structural analysis to-

gether with the potentiometric measurements supports in-Cu2N distances of the four amino groups of the square
basis (2.0222.05 Å) and of the apical amino group (2.27 deed a bidentate coordination mode for the CuII complexes

of trap. Similar conditions could be expected for PdII, PtII,Å) all fall within the expected ranges[24]. The third amino
group of the second trap ligand is engaged in a weak hydro- or AgI, where a tridentate binding mode is also unfavour-

able. In such complexes, additional free amino groups mustgen bond of the type N2H...Cl. This is a remarkable result
since this amino group is not protonated and only minor be present and trap could thus serve as an interesting build-
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Figure 3. Molecular structure of [Cu(trap)2]Cl2; (a) the neighbouring Cu atoms within the chain (6.14 Å) and be-
[Cu(trap)3]21 cation, (b) section of the infinite chain structure; the tween two different chains (7.81 Å), the Bonner and Fisher
thermal ellipsoids are drawn at the 50% probability level; hydrogen

equation for antiferromagnetic coupling interactions ofatoms are omitted (a) or shown as spheres of arbitrary size (b), the
Cl2 counter ions are omitted for clarity; selected bond lengths [pm] paramagnetic centres within a linear infinite chain was used
and angles [°]: Cu2N(1) 201.6(3), Cu2N(2) 204.5(3), Cu2N(4) to fit the data (Figure 4)[27]. The experimental findings202.7(3), Cu2N(5) 204.6(3), Cu2N(3a) 226.8(3); N(1)2Cu2N(2)

could be well reproduced with g 5 2.07 and J 5 0.82 cm21.84.1(1), N(1)2Cu2N(3a) 97.6(1), N(1)2Cu2N(4) 92.9(1),
N(1)2Cu2N(5) 166.4(1), N(2)2Cu2N(3a) 93.9(1) N(2)2 The g value determined by this method was in good agree-
Cu2N(4) 162.7(1), N(2)2Cu2N(5) 94.9(1), N(4)2Cu2N(3a) ment with g|| 5 2.19, g> 5 2.07 observed in the EPR spec-103.3(1), N(4)2Cu2N(5) 84.0(1), N(5)2Cu2N(3a) 96.0(1); sym-
metry-related atoms were generated by the symmetry operation (a): trum of a powder sample at room temperature.

x 1 1, y, z
Figure 4. Temperature dependence of χ 3 T for [Cu(trap)2]Cl2;
observed data are shown as squares, a theoretical behaviour, calcu-

lated for g 5 2.07 and J 5 0.82 cm21 is shown as a solid line
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Experimental Section
General: 1H- and 13C-NMR spectra were measured in CDCl3 or
D2O at 28°C with a Bruker DRX 500-MHz NMR spectrometer.
Chemical shifts (on the δ scale) are given relative to sodium (tri-
methylsilyl)propionate (D2O) or tetramethylsilane (CDCl3) as in-
ternal standard (δ 5 0). C, H and N analyses were performed by
H. Feuerhake, Institut für Anorganische Chemie, Universität des
Saarlandes. 1,2,3-Propanetriol, benzenesulphonyl chloride, NaN3,
LiAlH4, 5% Pd/C, meso-erythritol, xylitol, CuCl2·2H2O and the or-
ganic solvents were commercially available products of reagent-
grade quality. They were used without further purification. Dowex
50 W-X2 (1002200 mesh, H1 form) and Dowex 2-X8 (502100
mesh, Cl2 form) were from Fluka. The OH2 form of the anion
resin was obtained from the Cl2 form by elution with 0.3  NaOH,
followed by extended rinsing with CO2-free water until a neutral
eluent was observed. The temperature dependence of the static
magnetic susceptibility was measured with a Metronique Ing.ing block for the synthesis of polymeric complexes of these
MS02 SQUID magnetometer at 1.0 T operating in the range of

metal cations. 22250 K. The data were corrected for the contribution of the
Coordination polymers of paramagnetic cations are of sample holder and for the diamagnetism using Pascal9s constants.

particular interest with regard to their magnetic proper- The EPR spectrum of a polycrystalline powder sample of [Cu-
ties [26]. It is to be expected that interactions between the (trap)2]Cl2 was recorded at room temperature at the X-band fre-

quency with a Varian ESR9 spectrometer.cations within the polymeric structure would result in anti-
ferromagnetic coupling. Magnetic susceptibility measure- 1,2,3-Propanetriyl Tribenzenesulphonate: A solution of propane-
ments of [Cu(trap)2]Cl2 established Curie2Weiss behaviour 1,2,3-triol (2.30 g, 25 mmol) in 50 ml of dry pyridine was cooled
with Θ 5 1.1 K and C 5 0.40 emu K mol21. Since signifi- to 0°C using an NaCl/ice bath. Benzenesulphonyl chloride (26.49

g, 150 mmol) was added dropwise over a 1-h period. During thatcantly different Cu...Cu distances are observed for the
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time, the colour turned to red and a white precipitate appeared. chloride. Elution from a Dowex 50 W-X2 column with 1  HCl

yielded 4.42 g (55%) of a white solid. The product was furtherThe resulting mixture was stirred overnight at room temperature
and then filtered. The red solution was poured with stirring into a characterised as [Co(trap)2]Cl3: trap·3HCl (602.5 mg; 3.04 mmol)

was dissolved in water (60 ml) and NaOH (15%) was added untilmixture of ice (75 g) and concentrated HCl (25 ml). An oily product
was obtained from which the aqueous layer was decanted. The oil pH 5 8 was reached. CoCl2·6H2O (0.361 g; 1.52 mmol), dissolved

in 60 ml of water, was added and oxygen was passed through thewas dissolved in a mixture of methanol (75 ml) and acetone (12.5
ml) and heated until a yellow solution was obtained. The volume solution at 80°C for 24 h. The mixture was filtered, acidified to

pH 5 1 (HCl) and diluted with 100 ml of water. The solution wasof the solution was reduced to 50% and the product was allowed
to crystallise. It was then separated by filtration and washed with sorbed onto a column of Dowex 50W-X2. Elution with 3.0  HCl

yielded a yellow fraction which was concentrated to dryness. The0.5  HCl and then hot EtOH. After drying in vacuo (12 h, 25°C),
the product was obtained as a white solid (7.84 g, 61%). 2 brown residue (440 mg) was dissolved in water again and sorbed

onto a column of SP-Sephadex. Elution with 0.2  trisodium cit-C21H20O9S3 (512.6): calcd. C 49.21, H 3.93; found C 49.48, H 3.91.
2 1H NMR (CDCl3): δ 5 4.13 (d, 4 H, CH2, J 5 5 Hz), 4.75 rate gave two well-separated bands. A minor red band was dis-

carded. The major orange fraction was desalted on Dowex 50W-(quint, 1 H, CH), 7.5327.58 (m, 6 H, aryl-H), 7.6727.71 (m, 3 H,
aryl-H), 7.8127.83 (m, 6 H, aryl-H). 2 13C NMR: δ 5 66.4, 74.6, X2 and concentrated to dryness. Yield: 272.4 mg (52%). 2

C6H22Cl3CoN6 (343.6): calcd. C 20.98, H 6.45, N 24.46; found: C128.0, 129.5, 134.3, 134.9.
20.67, H 6.33, N 22.98. 2 Single crystals were grown from H2O/1,2,3-Triazidopropane: Caution: Organic polyazides are highly ex-
EtOH. A single-crystal analysis revealed the same structure as re-plosive. They should only be handled in dilute solutions and should
ported by Henrick et al. [14].not be isolated as pure substances. 1,2,3-Propanetriyl tribenzene-
[Cu(trap)2]Cl2: trap·3HCl (400 mg, 2.01 mmol) was dissolved insulphonate (15.36 g, 30 mmol), NaN3 (9.75 g, 150 mmol) and dry
25 ml of water and deprotonated using Dowex 2-X8 (OH2 form).DMF (350 ml) were heated at 100°C for 4 h and stirred at room
The solution was concentrated to dryness under reduced pressure.temperature for additional 14 h. The mixture was cooled to 10°C
The oily residue was dissolved in 5 ml of water and a solution ofand diluted with 130 ml H2O. The orange solution was extracted
CuCl2·2H2O (153.4 mg, 0.9 mmol) in 5 ml of water was then added.with Et2O (6 3 100 ml) and the combined ether extracts were
Deep blue crystals were grown by layering the solution with EtOH.washed with water (2 3 100 ml). The ether solution was dried with
2C6H22Cl2CuN6 (312.7): calcd. C 23.04, H 7.09, N 26.87; foundMgSO4. For characterisation, only a small sample (5 ml) was sepa-
C 23.04, H 6.93, N 26.48.rated and set aside until the solvent had evaporated, and a solution

of the residual brown oil in CDCl3 was used to measure the NMR 1,2,3,4-Butanetetrayl Tetrabenzenesulphonate: meso-Erythritol
spectra. 2 1H NMR: δ 5 3.4023.48 (m, 4 H, CH2), 3.65 (quint, 1 (6.12 g, 50 mmol) and benzenesulphonyl chloride (52.99 g, 300
H, CH). 2 13C NMR: δ 5 51.8, 60.4. 2 For the preparation of mmol) were treated in dry pyridine (150 ml) as described above
the triamine by method A, the solution of the azide in Et2O was for the preparation of 1,2,3-propanetriyl tribenzenesulphonate. The
immediately used without further manipulations, while for method precipitate was filtered and washed with 0.5  HCl and then hot
B, the volume of the Et2O solution was reduced to one half by EtOH. After drying in vacuo (60°C, 14 h), a white solid was ob-
evaporation at reduced pressure and the resulting solution was then tained (24.28 g, 71%). 2 C28H26O12S4 (682.8): calcd. C 49.26, H
diluted by adding 150 ml of EtOH. 3.84; found C 49.26, H 4.06. 2 1H NMR (CDCl3): δ 5 4.0224.19

(m, 4 H, CH2), 4.80 (m, 2 H, CH), 7.5327.82 (m, 20 H, aryl-H).1,2,3-Triaminopropane·3HCl. 2 Method A: To a suspension of Li-
2 13C NMR: δ 5 66.2, 75.7, 128.1, 129.5, 134.3, 134.6.AlH4 (8.33 g, 220 mmol) in 500 ml of dry Et2O, the azide solution

obtained from 29.3 mmol of 1,2,3-propanetriyl tribenzenesulpho- 1,2,3,4-Tetraazidobutane: Caution: Organic polyazides are highly
nate was added slowly under gentle reflux, and the mixture was then explosive. They should only be handled in dilute solutions and
heated under reflux for another 18 h. After cooling and addition of should not be isolated as pure substances. 1,2,3,4-Butanetetrayl
water (10 ml), 15% NaOH (10 ml) and water (30 ml), the resulting tetrabenzenesulphonate (12.16 g, 17.8 mmol) was treated with
precipitate was extracted for 18 h from a Soxhlet thimble using NaN3 (6.95 g, 106.9 mmol) in dry DMF (200 ml) as described for
refluxing isopropyl alcohol (500 ml). After removing the solvent 1,2,3-propanetriyl tribenzenesulphonate. The solution turned deep
under reduced pressure, EtOH was added to the resulting oil. An brown and was diluted with H2O (150 ml), and extracted with ether
excess of 6  HCl was added to the cooled solution with stirring. (4 3 150 ml). The ether extract was washed with H2O (2 3 200
The white solid which precipitated was collected by filtration and ml). 2 1H NMR (CDCl3): δ 5 3.6823.70 (m, 2 H, CH), 3.5523.58
redissolved in 500 ml of H2O. The resulting solution, having a (m, 4 H, CH2). 2 13C NMR: δ 5 51.9, 61.4.
pH ø 2, was sorbed onto Dowex 50 W-X2. The column was

1,2,3,4-Tetraaminobutane·4HCl: Method B was used. A solutionwashed with water and eluted with 1  HCl. The second fraction
of the tetraazide (obtained from 17.8 mmol 1,2,3,4-butanetetraylwas concentrated to dryness under reduced pressure yielding 2.59
tetrabenzenesulphonate) in EtOH (150 ml) was hydrogenated at 4.0g (45%) of a white solid. 2 C3H14Cl3N3 (198.5): calcd. C 18.15, H
bar using 300 mg of 5% Pd/C as catalyst. The mixture was worked7.11, N 21.17; found C 18.34, H 6.90, N 20.99. 2 1H NMR (D2O,
up as described above and sorbed onto Dowex 50W-X2. ElutionpD < 2): δ 5 3.3423.40 (m, 1 H, CH), 3.2123.25 (dd, 2 H, CH2),
with 3  HCl yielded 2.16 g (46%) of a white solid. 2 C4H18Cl4N42.9522.30 (dd, 2 H, CH2); (pD > 12): δ 5 2.6822.73 (m, 2 H),
(264.0): calcd. C 18.20, H 6.87, N 21.22; found C 18.15, H 6.73, N2.6522.66 (m, 1 H), 2.4822.51 (m, 2 H). 2 13C NMR (pD < 2):
21.02. 2 1H NMR (D2O, pD < 2): δ 5 3.1723.22 (dd, 2 H, CH2),δ 5 45.3, 50.0; (pD > 12): δ 5 47.1, 57.1. 2 Method B: The solu-
3.3723.41 (dd, 2 H, CH2), 3.5023.54 (m, 2 H, CH); (pD > 12):tion of the triazide (obtained from 40.2 mmol of 1,2,3-propanetriyl
δ 5 2.53 (br., 2 H), 2.68 (br., 2 H), 2.7622.78 (br., 2 H). 2 13Ctribenzenesulphonate) in EtOH/Et2O and 885 mg of 5% Pd/C were
NMR (pD < 2): δ 5 43.4, 54.0; (pD > 12): δ 5 46.0, 58.3.placed in an autoclave. The mixture was hydrogenated at 4.0 bar

under vigorous stirring until TLC did not show any remaining 1,2,3,4,5-Pentanepentayl Pentabenzenesulphonate: Xylitol (7.61 g,
50 mmol) was treated with benzenesulphonyl chloride (88.31 g, 500starting material. The solution was filtered twice and then cooled.

An excess of 6  HCl was added with stirring. The protocol re- mmol) in dry pyridine (200 ml) as described above for the prep-
aration of 1,2,3-propanetriyl tribenzenesulphonate. Traces of pyri-ported for method A was then used for the isolation of the trihydro-
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dine were extracted with a mixture of ice (300 g) and concentrated and the protonation constants of trap as obtained from the pKa de-

termination.HCl (100 ml) and the product was washed with MeOH (150 ml)
and acetone (25 ml). Drying in vacuo at 60°C yielded 27.25 g (64%) Crystal-Structure Determination of tab · 4HCl · H2O[30]: Data were
of a white solid. 2 C35H32O15S5 (852.9): calcd. C 49.29, H 3.78; collected at 253 K with a Stoe IPDS diffractometer using mono-
found C 49.20, H 3.83. 2 1H NMR: δ 5 4.0024.14 (4 H, CH2), chromated Mo-Kα radiation. 220 exposures were taken in the
4.8124.92 (3 H, CH), 7.2727.97 (25 H, aryl-H). 2 13C NMR: δ 5 02220° φ range with a crystal-to-detector distance of 72 mm and
65.9, 74.0, 74.3 (3 C, aliphatic), 126.02141.5 (12 C, aryl). an exposure time of 2 min. Monitoring of control reflections during

data collection indicated no crystal decay during the measurement.1,2,3,4,5-Pentaazidopentane: Caution: Organic polyazides are
Corrections were made for Lorentz and polarisation effects. Anhighly explosive. They should only be handled in dilute solutions
absorption correction was not performed. The structure was solvedand should not be isolated as pure substances. 1,2,3,4,5-Pen-
using Direct Methods[31] and refined by full-matrix least-squarestanepentayl pentabenzenesulphonate (27.25 g, 31.95 mmol) was
calculations[32] on F2. All non-hydrogen atoms were refined usingtreated with NaN3 (16.6 g, 255.6 mmol) in dry DMF (400 ml) as
anisotropic displacement parameters. The hydrogen atoms were lo-described for 1,2,3-propanetriyl tribenzenesulphonate. The reaction
cated in a difference Fourier map. Atomic coordinates and isotropicmixture turned deep brown. The solution was diluted with H2O
displacement parameters were refined free for all ammonium H(430 ml), and extracted with ether (8 3 200 ml). The ether extracts
atoms. All H atoms belonging to CH and CH2 groups were refinedwere combined and washed with H2O (6 3 150 ml). 2 1H NMR
riding on their C atom with isotropic displacement parameters set(CDCl3): δ 5 3.6023.68 (m, 7 H). 2 13C NMR: δ 5 51.5, 61.1,
to 1.2 and 1.3 times the Ueq of the corresponding C atom, respec-63.1.
ively. The coordinates and isotropic displacement parameters of the
H atoms at the water molecule O1w were refined free, while the1,2,3,4,5-Pentaaminopentane·5HCl: 1,2,3,4,5-Pentaaminopenta-

ne·5HCl was prepared using Method B. A solution of the pentaaz- O2H distances in O2w had to be restrained to one common value.
Further details are summarized in Table 3.ide (obtained from 31.95 mmol of 1,2,3,4,5-pentanepentayl penta-

benzenesulphonate) in EtOH (150 ml) was hydrogenated at 4.0 bar Crystal-Structure Determination of [Cu(trap)2]Cl2[33]: Data were
using 404 mg of 5% Pd/C as catalyst. The mixture was worked up collected with a Siemens P4 diffractometer using monochromated
as described above and sorbed onto Dowex 50W-X2. Elution with Mo-Kα radiation. Intensities were measured by ω scans. Monitor-
3  HCl yielded 2.27 g (22%) of a white solid. 2 C5H22Cl5N5 ing of control reflections during data collection indicated no crystal
(329.5): calcd. C 18.22, H 6.73, N 21.25; found C 18.33, H 6.62, N decay during the measurement. Corrections were made for Lorentz
21.01. 2 1H NMR (D2O, pD < 2): δ 5 3.3423.39 (2 H), 3.4623.49 and polarisation effects. An absorption correction was not per-
(2 H), 3.5123.52 (1 H), 3.7923.83 (2 H); (pD > 12): δ 5 2.56 (br., formed. The structure was solved using Direct Methods[31] and re-
3 H), 2.76 (br., 4 H). 2 13C NMR (pD < 2): δ 5 43.4, 53.2, 54.1; fined by full-matrix least-squares calculations[32] on F2. The value
(pD > 12): δ 5 47.2, 56.9, 57.1.

Potentiometric Measurements: Potentiometric titrations were car- Table 3. Crystallographic data for tab · 4HCl · H2O and
ried out with a Metrohm 713 pH/mV meter and a Metrohm com- [Cu(trap)2]Cl2
bined glass electrode with an internal Ag/AgCl reference. The
sample solutions were titrated with 0.1  KOH, using a Metrohm Compounds tab.4HCl.H2O [Cu(trap)2]Cl2
665 piston burette. The ionic strength of the 50-ml sample solutions
was 0.1  KCl or 0.1  KNO3 and the stability of the electrode Empirical formula C8H40Cl8N8O2 C6H22Cl2CuN6

Formula weight 564.1 312.74was checked by two calibration titrations prior to, and after, each
Temperature [K] 253 293measurement. All titrations were performed at 25.0°C under nitro-
Radiation, λ [Å] Mo-Kα, 0.71073 Mo-Kα, 0.71073

gen (scrubbed with an aqueous solution of 0.1  KCl or 0.1  Crystal system monoclinic monoclinic
KNO3). The measuring time per point was 2 min for the pKa deter- Space group P21/n Cc

a [Å] 8.228(2) 6.1428(9)minations, 5 min for the Cu complex solutions and 10 min for all
b [Å] 12.890(4) 14.367(2)other metal complexes. For the pK determination of trap, tab and
c [Å] 23.873(6) 15.215(2)

pap, several alkalimetric titrations were carried out with analyti- β [°] 99.41(3) 90.084(9)
cally pure samples of the corresponding hydrochlorides (total con- V [Å3] 2497.9(13) 1342.8(3)

Z 4 4centration: 2 3 1023  or 1 3 1023 ). Solutions for the titration
Dcalcd. [g cm23] 1.500 1.547experiments of [M(trap)]21 and [M(trap)2]21 were prepared by dis-
µ [mm21] 0.923 2.007

solving trap·3HCl and M(NO3)2 (M 5 Cu, Zn, Cd) or NiCl2 in a F[000] 1184 652
1:1 and 1:2 molar ratio with total  5 1.0 3 1023 or 0.5 3 1023 . Crystal size [mm] 0.05 3 0.10 3 0.20 0.62 3 0.48 3 0.26

θ min and max 4.09 to 25.02 2.68 to 29.99The solutions were made up by using standardised aqueous stock
Data set 29/9; 215/15; 228/28 0/8; 0/20; 221/21solutions of NiCl2, Cu(NO3)2, Zn(NO3)2 and trap·3HCl and solid
Tot., uniq. data 17722, 4196 2119

Cd(NO3)2·4H2O. Reflections with
I > 2σ(I) 3177 1996

Calculations of Equilibrium Constants: All equilibrium constants Structure solution Direct methods Direct methods
Refinement method Full-matrix least Full-matrix leastwere calculated as concentration constants. The pKa values of the

squares on all F2 squares on all F2
ligands and the formation constants of the metal complexes were

Parameters 371 173calculated using the computer program SUPERQUAD[28] and Final R indices R1 5 0.0240 0.0314
double-checked with the computer program BEST[29]. The forma- [I > 2σ(I)] wR2 5 0.0423 0.0744

R indices R1 5 0.0364 0.0333tion constants were evaluated with fixed values for the total concen-
(all data) wR2 5 0.0431 0.0758trations of the reactants and for pKw (13.79)[23]. For the evaluation
Largest diff. peak 0.290 and 20.231 0.575 and 21.348of the titration experiments of the metal complexes, only the forma- and hole [e/Å3]

tion constants of the metal-containing species were varied and fixed Max shift/error 0.090 0.001
values were used for the total concentrations of M, trap, and H,
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CORRECTION

Adducts of Ferrocenylboranes and Pyridine Bases: Generation of
Charge-Transfer Complexes and Reversible Coordination Polymers

Marco Fontani, Frank Peters, Wolfgang Scherer, Wolfgang Wachter, Matthias Wagner*, and Piero Zanello

Eur. J. Inorg. Chem. 1998, 145321465

Table 1 contains a wrong header for the last three lines; the correct
Table 1 should read as follows:

Table 1. Infrared bands [cm21] of selected compounds 1·Do and
2·(Do)2 (KBr disc) in the characteristic regions 165021450 cm21

(C5C and C5N stretch) and 110021050 cm21 (B2N vibration)

1·pic 1·DMAP 2·(pic)2 2·(DMAP)2 1·bipy·1 [2·bipy]n

1628 1636 1628 1638 1622 1622
2 1544 2 1552 1540 1540
1507 2 1508 2 1493 1493
1104 1104 2 2 1100 2
1068 1076 1066 1077 1075 1075
1058 1058 1047 1060 1058 1061

pic DMAP bipy bipyPr2
[a]

1606 1603 1590 1645
1563 1537 1531 1569
1497 1519 1487 1509

[a] N,N9-Bis(n-propyl)-4,49-bipyridinium hexafluorophosphate.

The Editor
[C 98092]
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IN MEMORIAM

Franz Fehér (190321991): A Personal and Professional Portrait

On February 16, 1991 2 shortly after his 88th birthday an end at the age of ten years when he entered a boarding
school (Humanistisches Gymnasium) in the county town of2 Dr.-Ing. Franz Fehér, retired full professor of inorganic

chemistry at the University of Cologne, passed away after Neu-Verbas and could only return home during the school
holidays. He had no problems with his school educationa brief illness. This came as a great surprise to his friends,

colleagues, and the large group of his former students. His and, although good in all subjects, mathematics and natural
sciences attracted his attention the most. In later conversa-death interrupted an active and practical interest in chem-

istry and terminated a life dedicated to science. He himself tions he occasionally mentioned his everlasting gratitude to
his mathematics teacher.was presumably not expecting his life to end so suddenly as

he had numerous plans for further publications, papers that The First World War began during his high school time,
will now remain unwritten. the further course of which led to enormous changes in this

In the mean time more than half a decade has passed part of eastern Europe. At the end of the war in 1918 south
and it is now opportune and possible to present an objec- Hungary became part of the newly formed kingdom of Ser-
tive laudatio about the life and scientific achievements of bia, Croatia, and Slovenia, the recently disintegrated Yu-
this personality in inorganic chemistry 2 a man who made goslavia. This meant that his home town was renamed
a significant contribution to the renaissance of the chem- Srbobran and that the language in his school, previously
istry of non-metals after the Second World War. Hungarian, changed to Serbian. In spite of these difficulties

Franz Fehér mastered the last three years of high school
and left it in June 1921 at the age of 18 with an excellent

Childhood, Adolescence, and University Education certificate of education (Reifezeugnis). With this he had
made a decisive step towards fulfillment of his long heldFranz Fehér9s life was decisively influenced by his origins
dream to read chemistry in Germany. This choice of subjectas well as the political and economic events of this century.
was without doubt based on his proficiency for both ab-He was born on January 22, 1903 in the small town of Szen-
stract scientific thought and practical work with his hands.tamas in southern Hungary as the third of five children.

His father, a member of the Hungarian ethnic group, a me- During his search for a suitable place to study he was
given the rather misleading advice from the German em-chanical engineer and businessman, owned a company

dealing in agricultural machinery. His mother, maiden name bassy in his country that one could read chemistry in Ger-
many at a technical university (Technische Hochschule) 2Sieler, belonged to the German ethnic group that settled

there in the 18th century. Together with two brothers and but not with the additional information that one could also
read chemistry at a normal university albeit without thetwo sisters he enjoyed his childhood in a happy, natural

family atmosphere. However, this free and easy life came to possibility of receiving a Diploma certificate. Thus, in the
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M. BaudlerIN MEMORIAM
winter semester of 1921/1922 Franz Fehér registered at the on account of the explosive nature of the substance. With

the developed system the required pressure measurementsTechnische Hochschule Hannover where Wilhelm Biltz was
director and professor of inorganic chemistry. However, it could be made safely in a different room, at a safe distance

from the decomposition apparatus.was the year 1921 and veterans of the First World War were
still seeking admission to higher education, especially since After receiving his doctor’s degree Franz Fehér partici-
possibilities in other occupations were scarce because of the pated in several research projects of his supervisor and du-
economic situation prevailing at that time. Hence, Wilhelm ring this time decided to follow a career in the university. At
Biltz regretfully had to inform Franz Fehér at the beginning the same time he was involved in teaching at the inorganic
of the first semester that he could not provide a laboratory institute in Stuttgart, first as a Hilfsassistent (“temporary
place and that the waiting time for one was uncertain. The assistant”) and then as an Außerordentlicher Assistent (“as-
young student, therefore, could only attend the basic lec- sociate assistant”). In a later conversation he once explained
tures in chemistry and physics while applying for admission the significance of the latter position: during the worldwide
to other technical universities. economic crisis of 1931, many ex-students of the institute

He was finally accepted by the Technische Hochschule who had taken up positions in industry were dismissed by
Stuttgart for the summer semester 1922 where he continued their companies and sought to return to the technical uni-
his education with practical instruction in inorganic chem- versity. In order to help this group of people the planmäßi-
istry. Here he also attended, among others, lectures on expe- gen Assistenten-Stellen (“regular assistant positions”) were
rimental inorganic chemistry by A. Gutbier, organic chem- first divided into two and then even into four part time
istry by W. Küster, and physical chemistry by G. Grube. In positions. Thus, Franz Fehér’s times of financial restraint
July 1925, after only seven semesters (including a Diploma were not yet finished. As Praktikums-Assistent (“assistant
thesis on an electrochemical topic under the supervision of in a laboratory course”) he met the chemistry student Mag-
G. Grube) he successfully completed the first stage of his dalena Fischer from Temesvar in Rumania who, from her
chemical education and obtained his Diploma certificate. father’s side, belonged to the German ethnic group there.
But then his financial resources were at an end; money They were married in September 1931. In April of the same
transferred from home became worthless from one day to year he had taken on the Germany nationality. From the
the next on account of the galloping inflation in Germany point of view of his home country, this meant that he had
at that time. Thus Franz Fehér was forced to interrupt his evaded his military service obligations, a serious offence.
further scientific education for two years and to take up a Accordingly, he was never able to return home again and
teaching position for mathematics, physics, and chemistry later even avoided any trips to the former German Democ-
at the Oberrealgymnasium (state high school) in his home ratic Republic for fear that he could be extradited from
town. there to Yugoslavia.

In autumn of 1927 he returned to Technische Hochschule
Stuttgart to prepare a doctoral thesis under the supervision The Years in Dresden and Göttingen
of A. Simon at the Institute of Inorganic Chemistry. His

In 1932 Franz Fehér accompanied A. Simon to the Tech-thesis entitled “Beiträge zur Kenntnis der Mangandioxyd-
nische Hochschule Dresden as Planmäßiger Assistent (“fullhydrate und der Manganoxyde” (Contributions to the Che-
assistant”). Here, the couple moved into a modest apart-mistry of Manganese Dioxide Hydrates and Manganese
ment belonging to the institute where their three daughtersOxides) was awarded the Gutbier prize of the Technische
Magda (born in 1935), Therese (born in 1937), and Fran-Hochschule Stuttgart. In spite of the two-year break he re-
ziska (born in 1942) spent their first years of childhood.ceived the title Dr.-Ing. (graded excellent) at the age of 26.

Even during this post-graduate work, Franz Fehér9s spe- The ten years in Dresden served first of all to survey the
field of inorganic chemistry for an independent researchcial ability to successfully solve experimental problems by

the design and construction of original but simple appara- area with a clear potential for development. Already during
his time in Stuttgart, shortly after the discovery of the Ra-tus became apparent. For example, for tensiometric investi-

gations on various manganese oxides he developed a novel, man effect in 1928, Franz Fehér had carried out first studies
on the use of Raman spectroscopy to solve constitutionalautomatic cryostat for low temperature work. A short while

later this system was also used by E. Zintl and W. Klemm problems in the chemistry of non-metals. These investiga-
tions were continued in Dresden 2 at first in cooperationand reported to work very reliably. Investigations on the

vapor tension curve and isobaric degradation of manganese with A. Simon. For the oxo-acids of phosphorus and arse-
nic, the constitutions of which were a subject of controversyheptoxide presented particular challenges. First of all, the

preparation of the pure, highly explosive compound Mn2O7 in the literature at that time, it was possible with the help
of the Raman spectra to provide unambiguous answers toin preparatively useful amounts was decisively improved.

Furthermore, Franz Fehér invented a new method to me- the questions as to whether and which of these anhydrous
acids existed in the “aci-” or “pseudo”-form. In addition,asure small pressures by remote monitoring since, as he

wrote, being present in the room for the accurate measure- direct information on the question of the bonding of hydro-
gen to the central non-metallic atom was obtained. Furtherment of small pressures during the thermal treatment of

manganese heptoxide proved to be highly hazardous just work was concerned with constitutional problems of orga-

Eur. J. Inorg. Chem. 1998, 2089221052090
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nometallic compounds. A major topic of interest from the directed by Adolf Windaus, Franz Fehér was able to conti-

nue his studies of acyclic sulfur compounds on a broadermiddle of the 1930’s on was the elucidation of the constitu-
tion of hydrogen peroxide and its derivatives for which at basis. In 1944 he was appointed Außerplanmäßiger Profes-

sor. Franz Fehér gained many lasting impressions from thethat time a Y-shaped structure with a double bond between
the two oxygen atoms was assumed. Since infrared spectro- vital scientific atmosphere of the science faculty in Göttin-

gen. Above all, he encountered Adolf Windaus whom hescopy was then just at the beginning of its instrumental de-
velopment, Raman spectroscopy was the method of choice admired not only as a university teacher and scientist but

also as an impressive personality who served as an ideal forfor the solution of these constitutional questions. In addi-
tion, X-ray crystallography, the evaluation procedures for the rest of his life. In later conversations he often mentioned

that he considered Adolf Windaus to be his truely academicwhich were still also in their infancy and very laborious,
was included in the investigations. A decisive prerequisite teacher. During this time and with an increasing group of

coworkers the Raman spectroscopic investigations on sulfa-for these investigations was the often difficult synthesis of
the required compounds in a pure state such as, for exam- nes were consequently expanded by the development of new

preparative approaches as well as methods for the analyticalple, 100% hydrogen peroxide or deuterium peroxide and
their preparation for crystal structure analyses. Thus, for and physicochemical characterization of the individual ho-

mologues. In spite of the difficult working and living condi-example, single crystals of pure hydrogen peroxide were
grown in the cold room of a slaughter house in Dresden. tions during the World War II and immediate post-war

years, the seven years in Göttingen were among the mostThe investigations on hydrogen peroxide in which the con-
stitutional and conformational analogies to hydrazine were fulfilling and molding in Franz Fehér’s life.
demonstrated unequivocally resulted in the award of the
title Dr. Ing. habil. (Habilitation) in 1938 and shortly there-

Cologneafter to the “venia legendi” (authorization to hold lectures)
for the subjects inorganic and analytical chemistry. They

On September 1, 1949 Franz Fehér took up the positionwere further honored in 1941 by the award of the Carl-
as extraordinary professor of inorganic and analyticalBosch Prize from the former I. G. Farbenindustrie.
chemistry and head of the department of inorganic chemi-

Even so, Franz Fehér could not continue his work at the stry in the Institute of Chemistry of the University of Colo-
university without interruption. Between 1935 and 1939 he gne. Here he faced the task of rebuilding the teaching and
was drafted to attend several training courses for the Ger- research facilities whose apparatus had mostly been lost du-
man army and took part in the operations against Poland ring the war. Furthermore, at the beginning of the winter
at the beginning of the 2nd World War. Subsequently, how- semester of 1949/1950 he found a long queue of prospective
ever, within the framework of the Osenberg plan intended students waiting in front of his office, all wanting to apply
to protect young university lecturers and to ensure the con- for a laboratory place. Remembering his own problems at
tinuation of research after the war period, he was declared the start of his academic life, he did everything possible to
an indispensable person and so could return to the Techni- help: he also held practical courses in the semester holidays,
sche Hochschule Dresden. As assistant lecturer he managed gave lectures on experimental inorganic chemistry twice a
the laboratory courses in quantitative analysis and prepara- day in addition to his lectures on analytical chemistry and
tive inorganic chemistry and held courses on the theory of special inorganic chemistry.
chemical bonding as well as the basic principles of Raman

In spite of this heavy teaching load during the first years
spectroscopy and X-ray crystallographic analysis. He was

in Cologne his research interests were not neglected. The
generally admired and respected by his students not only

studies of acyclic sulfur compounds started in Dresden and
because of his quiet, friendly and helpful nature but also

continued in Göttingen were systematically expanded in
for his extensive knowledge; he was known throughout the

several directions with the help of an increasing number of
institute as Uncle Franz. During this time he took on a new

coworkers. One of the questions addressed was whether, in
field of interest, the acyclic sulfur compounds and above all

analogy to the sulfanes, H2Sn, other series of the com-
the higher homologues of hydrogen sulfide. Continuation

pounds of the general formula SnX2 with skeletons made up
of this work in Cologne later led to the complete characteri-

of chain-linked sulfur atoms would exist. If so they could be
zation of the series of sulfanes H2Sn and chlorosulfanes

considered as derivatives of the corresponding parent com-
SnCl2 up to the corresponding octasulfanes (n 5 8) by Ra-

pounds H2Sn and would provide possibilities for new syn-
man spectroscopy. These results are still to be found in all

thetic approaches to widely differing sulfur compounds ha-
textbooks of inorganic chemistry.

ving ring and chain skeletons. Of particular interest in this
context were the halosulfanes and especially the chlorosul-In 1942 Franz Fehér was invited by Adolf Windaus to

join the department of inorganic chemistry in the chemical fanes, SnCl2. Up till then only the compounds SCl2 and
S2Cl2 were known with the constitution of the latter stillinstitute at the University of Göttingen as senior assistant.

He could not resist this opportunity to experience a univer- being uncertain. A second field of interest was the parent
compound series H2Sn with the objectives of finding newsity chemical institute where, according to the prevailing

traditions, inorganic chemistry was only represented by a methods of synthesis and optimizing those already deve-
loped for the individual homologues. The actual purposedepartment. In the stimulating atmosphere of the institute
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behind these investigations was to achieve a practically nona-, deca-, undeca-, and dodecathionic acids were prepa-

red for the first time as oily liquids that were stable at lowercomplete spectroscopic and physicochemical characteriza-
tion of these new compounds for which appropriate temperatures (Scheme 2).
amounts of highly pure substances were needed. Finally,

Scheme 2. Synthesis of sulfanemonosulfonic acids and sulfanedi-
the investigations of open-chain sulfur compounds were sy- sulfonic acids (polythionic acids)
stematically expanded to include elemental sulfur.

In the work on chlorosulfanes evidence for the existence
of compounds more rich in sulfur than S2Cl2 was obtained
in the so-called “hot-cold” tube. In this process S2Cl2 was
allowed to react with hydrogen at 8602875°C: HCl was

In addition, the already known diorganyl polysulfideseliminated and the formed products were shock cooled to
R2Sn, although their constitutions at that time had not beenroom temperature. In this way orange-yellow oils with the
clarified with certainty, were prepared by an analogoussum compositions S20Cl2 to S24Cl2 were obtained. Raman
route as were also some new representatives of this com-spectroscopic examinations showed that these oils consisted
pound class. Investigations of their properties (see below)mainly of mixtures of higher homologous sulfur chlorides
then unequivocally confirmed their identity as organo-sub-with varying chain lengths. A major breakthrough was the
stituted sulfanes with unbranched sulfur chains. The syn-discovery of a preparatively more simple and more efficient
thesis of “perchlorodimethyl tetrasulfide” (Cl3CS4CCl3)method of synthesis on the basis of the observation that,
from Cl3CSCl and H2S2 and the determination of its struc-under suitable conditions, the sulfanes H2Sn undergo con-
ture by Raman spectroscopy can be mentioned as a typicaldensation reactions with S2Cl2 or SCl2 with quantitative
example of these efforts. A large range of unsymmetricallyelimination of HCl to furnish more sulfur-rich members of
substituted sulfane derivatives of the type RSnCl and RSnHthe homologous series. Since the primarily formed molecu-
was prepared by reaction of excess chlorosulfane or sulfane,les could also react similarly with elimination of HCl and
respectively, with monofunctional compounds such aschain lengthening, chlorosulfane mixtures with an average
RSH, R2NH, and RSmCl.composition of SxCl2 were obtained from which pure S3Cl2

and S4Cl2 as well as highly enriched S5Cl2 were isolated by Attempts to transfer the chlorosulfane synthesis to the
short-path, high vacuum distillation. The concentrations of corresponding pure bromosulfanes SnBr2 (n > 2) were not
all occurring molecules in dependence on the molar ratios successful since the excess of dibromodisulfane S2Br2 re-
of the starting materials were deduced by considering the maining, on account of its high boiling point, could not
kinetics of the reactions. By use of a large excess of the be removed at the completion of the condensation without
chlorosulfane component subsequent reactions of the pri- decomposition of the formed higher homologues. However,
mary products were suppressed so that, after removal of the the preparation of practically pure, sulfur-richer bromosul-
excess, formula-pure higher chlorosulfanes were obtained fanes up to S8Br2 were possible by reaction of the corre-
directly. In this way sulfur-rich homologues up to S8Cl2 sponding chlorosulfane with hydrogen bromide.
were prepared by reaction of H2Sn with excess SmCl2 and Raman spectroscopic investigations of the already long
subsequent removal of unconsumed chlorosulfane known compounds S(CN)2, (SCN)2, S(SCN)2, and
(Scheme 1). S2(SCN)2 led to their recognition as the starting members

of a homologous series of cyanosulfanes Sn(CN)2 and theScheme 1. Preparation of chlorosulfanes
series was extended up to S8(CN)2 (Scheme 3).

Scheme 3. Synthesis of sulfur-rich cyanosulfanes

The same synthetic concept was then applied to higher
members of the sulfane series itself. Of these, the com-
pounds H2S2 to H2S6 had been prepared during the work The electrolytic reduction of aqueous SO2 solutions as a
in Göttingen from the “crude sulfane” obtained, in turn, means to obtain larger amounts of sulfane mixtures with
by acidic decomposition of an aqueous solution of sodium average compositions of H2S8 to H2S13 was studied inten-
polysulfide. With this new access at hand, the compounds sively. After clarification of the electrode processes a labora-
H2S5 and H2S6 were prepared in high purity and, further- tory apparatus was developed that allowed, under conti-
more, the higher homologues H2S7 and H2S8 were also ob- nuous operation and good current yield, the simultaneous
tained. cathodic preparation of sulfane oils and the anodic produc-

tion of ammonium peroxodisulfate.This same synthetic route also provided an access to wi-
dely differing sulfane derivatives. Thus, condensation of sul- The alkali metal compounds MI

2Sn were also included in
the investigations as sulfane derivatives and detailed studiesfanes with chlorosulfonic acid resulted in the formation of

sulfanemonosulfonic acids, H2SnO3, reaction of which with on the various anhydrous polysulfides in the systems sodi-
um2sulfur, potassium2sulfur, rubidium2sulfur, and cesi-chlorosulfanes gave the sulfur-rich sulfanedisulfonic acids

(polythionic acids) H2SnO6. In this way the free octa-, um2sulfur were carried out.
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In all of the classes of compounds investigated, Franz ments. Furthermore, the heats of decomposition of the ca-

talytic degradation into hydrogen sulfide and sulfur wereFehér’s main target was not merely the preparation of new
substances; spectacular momentary successes were not the measured by calorimetry and the data used to determine

the enthalpies of formation for the individual homologuesdriving force of his work. Rather, his interest was always
directed towards the comprehensive exploration of a new up to H2S6. The respective values for the formation of liquid

sulfanes from the elements in their standard states are allarea in inorganic chemistry. This objective required inten-
sive structural and physicochemical characterization of the negative; their absolute values decrease linearly with in-

creasing number of sulfur atoms. On the other hand, allnewly prepared compounds, aspects that played a decisive
role in the scientific work of Franz Fehér. sulfanes are metastable towards a decomposition to hydro-

gen sulfide and sulfur at room temperature. Their existenceElucidation of the constitutions of the sulfanes and their
can be attributed to a relatively high activation barrier ofvarious derivatives was based mainly on the results from
the decomposition reaction which was determined to be ab-Raman spectroscopy. As an example, the Raman spectra of
out 25 kcal/mol for H2S2.the cyanosulfanes Sn(CN)2 (n 5 128) are depicted in Figure

1. These spectra show that the respective substances are
Very early in the course of these comprehensive investiga-chemically individual species without any traces of physi-

tions on various classes of compounds with chains of sulfurcally dissolved elemental sulfur. The appearance of an indi-
atoms, Franz Fehér recognized the many relations to thevidual spectrum is always characteristic for the respective
chemistry of open-chain hydrocarbons. Aside from this henumber of chain-linked sulfur atoms in the molecular skele-
had always considered the molecular chemistry of the non-ton. Electronic spectra of the various classes of compounds
metals as a single topic and did not draw any arbitrarywere also investigated systematically and discussed on the
boundaries between inorganic and organic chemistry in hisbasis of Kuhn’s electron gas model. These results indicated
research work. His efforts to clearly express the analogiesthat, in addition to normal σ-bonding, delocalized π elec-
between the compounds H2Sn and the n-alkanes CnH2n12trons were also present in the sulfur chains.
in the nomenclature by replacement of the then usual terms
with the name “sulfanes” become understandable in thisFigure 1. Raman spectra of cyanosulfanes Sn(CN)2 (n 5 128) and

of S8 light. This results in the names “disulfane” (H2S2), “trisul-
fane” (H2S3) and so on for the individual homologues. This
nomenclature system also clearly shows the genetic rela-
tionships between the compound classes H2Sn, SnX2 (X 5
halogen, monofunctional group), SnR2 (R 5 alkyl, aryl),
and MI

2Sn and has now been widely accepted by the chemi-
cal community. As a direct consequence, “cross-products”
of sulfanes and alkanes, in particular compounds with the
general formula RS(CH2S)nR 2 termed “bunte” sulfanes
in Fehér’s laboratory 2 were investigated. A series of thiaal-
kanes was then prepared and their properties determined
for the first time.

The studies on sulfur-chain compounds prompted Franz
Fehér in the mid 1950’s to take up an intensive investigation
of elemental sulfur. It was found that many of the older
results on the properties of molten sulfur were not correct
since the samples investigated were of insufficient purity.
Thus Fehér’s group developed methods for the purification
of sulfur by electrophoretic means and especially by zone

The individual compounds among the metal polysulfides melting; that latter has proved to be very suitable for ob-
were studied by X-ray methods and characterized on the taining highly pure sulfur. In the course of this work, the
basis of their powder diagrams while single crystal X-ray then usual analytical methods for detecting small amounts
structural analyses of the cyanosulfanes were carried out. of carbon and other contaminants in sulfur had to be im-

proved considerably. Using the thus obtained and characte-The physicochemical properties of the sulfanes and chlo-
rosulfanes were subjected to extensive studies in particular rized pure samples, the temperature dependence of the den-

sity and specific heat of molten sulfur in the range 120 toregard to the constitutions of the individual compounds. It
was found that the molar volumes, molar fractions, molar 400°C was measured. Both parameters also exhibited an-

omalies in the region of the known viscosity increase andenthalpies of evaporation, and the logarithms of the visco-
sity were linear functions of the length of the sulfur chain these were discussed in terms of the processes occurring in

liquid sulfur (cleavage of S8 rings and formation of longerand that no branched chain skeletons were present. For the
sulfanes H2S2 to H2S5 the boiling points and critical data Sx chains). Furthermore experiments on the electrical con-

ductivity of molten sulfur were performed and the mecha-were also estimated by means of vapor pressure measure-
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nism of charge transport elucidated on the basis of these pleted his thesis and oral examination without requiring

any extra time.data.

In spring of 1960 Franz Fehér was offered the position
In the second half of the 1950’s as a supplement to the of full professor and director of the institute for inorganic

continuing work on sulfur and its compounds, increasing chemistry at the university of Hamburg. This was not an
interest was directed to studies on the higher silicon and easy decision for him. New buildings for the chemical insti-
germanium hydrides as well as the chemistry of hydrazine tute were to be built both in Hamburg and Cologne. In
and its derivatives as new research topics. In the planning Hamburg, completion of the buildings in 1965 was expected
of his scientific work, Franz Fehér was never influenced by although land ownership problems still had to be solved
current mode topics or predetermined research projects but whereas concrete building plans were already in existence
always followed his own scientific ideas. He viewed the de- in Cologne. As had already happened in other chemical in-
velopment and work of a scientist to be closely analogous stitutes in Germany, the faculty for mathematics and sci-
to that of an artist. After completing her doctoral thesis ences in Cologne decided under the given circumstances to
and a few years of postdoctoral work in the field of sulfur divide the chemical institute into two separate institutes,
chemistry, the present author asked her supervisor if he one for inorganic and one for organic chemistry and started
thought her abilities were sufficient for a Habilitation. After negotiations with Franz Fehér to keep him in Cologne. De-
a short pause he answered “I have heard that you want to cisive criteria for Franz Fehér were the working conditions
be an opera singer, then go ahead and sing” and then added for the eleven years remaining until his retirement. After
the phrase “but please not on the sulfur stage!” This meant: careful consideration of the starting situations for the two
a successful Habilitation cannot in general be predicted; it building projects he decided in August 1960 to remain in
depends on the further “vocal” development and the conti- Cologne and was appointed full professor and director of
nuing desire to “sing” in spite of the monotonous daily the newly founded institute for inorganic chemistry in 1961.
practicing. This example illustrates Fehér’s love for colorful It was one of the biggest disappointments in his life that he
language that often surprised his listeners with unexpected could only move into the new building in 1975 as retired
comparisons and metaphors but always correctly reflected professor while the buildings in Hamburg were indeed com-
the topic of the conversation. The additional phrase was pleted by 1965. Even so, being fully aware of his responsibi-
intended to avoid future competition between different lities to the future working conditions in his discipline, he
groups in the same institute but, above all, it provided the spent a major part of his last decade as institute director
possibility for his former student to attain an independent with detail planning and supervision of the new buildings
image in the scientific community at an early stage in her for the inorganic institute and the common lecture rooms.
career.

The scientific work on the various research topics conti-
nued in this period with unchanged élan. Work with theIn the year 1958 chemistry in Cologne experienced a
higher silicon and germanium hydrides demanded new inertdrastic change accompanied by numerous new tasks for
gas techniques to allow handling of these air- and moisture-Franz Fehér . On June 20 the director of the chemistry insti-
sensitive compounds 2 in contrast to the classical Stocktute of the university, the Nobel prize winner Kurt Alder
methods 2 also outside of closed systems. Fehér reporteddied at the age of only 55 and left behind a research group
on the respective developments for the first time at theconsisting of over 40 diploma and doctoral students. Franz
IUPAC congress in Munich in 1959. His experience inFehér was appointed deputy director and head of the entire
handling spontaneously inflammable substances was indeedinstitute by the faculty of mathematics and sciences. It was
in demand and led to numerous consultations with the che-of major importance for him that not even one of Alder’s
mical industry on similar problems. Apart from these newstudents should suffer any personal loss in his or her further
research interests, the chemistry of the sulfanes and theireducation. Although the diploma students were able to
derivatives was systematically expanded with particular em-move to other groups within a short time, conclusion of the
phasis at this time on the development of synthetic routesdoctoral thesis projects already in progress proved to be a
to novel heterocyclic sulfur compounds.serious problem. The scientific supervision was continued

by the extraordinary professor of organic chemistry, Leon- With such widely divergent activities words such as “holi-
days” or “relaxation” were more or less unknown to Franzhard Birkofer and Alder’s assistants. However, Kurt Alder

had only been able to finance such a large research group Fehér. Only his enjoyment of driving was occasionally satis-
fied in car journeys to the Alps or Italy with his Munichwith the help of considerable external research funds which

all stopped suddenly with his death. Thus, it was essential colleague Walter Hieber. Even during the years in Dresden
Franz Fehér was a passionate motorcyclist who wouldto persuade the managers of the various sources that finan-

cial support of Alder’s work was necessary for about two make a short trip to the Baltic coast over the weekend 2
which for assistants in those days only began on Saturdayyears more. This meant numerous applications, accoun-

tings, and reports as well as taking on the full responsibility afternoon 2 and return punctually to the institute on Mon-
day morning. After the interruption of the war and imme-for the use of the then personally granted research funds.

Franz Fehér was fully rewarded for his efforts when, two diate post-war years, the purchase of his first car, a Volks-
wagen, at the beginning of the 1950’s was a major event. Asyears later, the last of Alder’s postgraduate students com-
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Scheme 5. Bis(enethiol)sulfanes preparedwell as the joy of driving, the response of the machine to

the driver’s actions was always a source of pleasure for the
son of a mechanical engineer. However, he could also relax
in the circle of his coworkers during occasional celebrations.

With the improved working conditions of the inorganic
chemistry institute the investigations on open-chain and cy-
clic sulfur compounds were consequently expanded. In the
case of sulfane derivatives, the enthalpies of formation of
the chlorosulfanes SnCl2 (n 5 225) were determined by ca-
lorimetric measurements of the chlorination reactions. The
corresponding values were then estimated for the higher ho-
mologues up to S8Cl2 on the basis of the linear dependence
of the values on the length of the sulfur chain. Together
with the already known enthalpies of formation of the sul-
fanes H2Sn the thermal requirements of the various conden-
sation reactions between sulfanes and chlorosulfanes thus
became available.

In this period, however, the main interest in sulfane found that the bis(aziridinyl)sulfanes (C2H4)-
chemistry was directed towards the preparative investiga- N2Sn2N(C2H4) (n 5 125), only difficulty accessible via
tion of new series of compounds containing chains of sulfur the trimethylsilyl derivative of ethyleneimine according to
atoms; these were mainly synthesized by condensation of Scheme 4, can be obtained by smooth transfer of the sulfur
a chlorosulfane with an appropriate monofunctional, non- chains of the corresponding bis(imidazolyl)sulfanes to ethy-
metal compound. Examples are the preparation of bis(imi- leneimine (Scheme 6).
dazolyl)sulfanes as well as bis(triorganosilyl)- and bis(trior-
ganosiloxy)sulfanes (Scheme 4).

Scheme 6. Synthesis of bis(aziridinyl)sulfanes
Scheme 4. Synthesis of bis(imidazolyl)sulfanes, bis(triorganosilyl)-

sulfanes, and bis(triorganosiloxy)sulfanes

In the mid 1960’s systematic investigations on a further
aspect of sulfur chemistry, heterocyclic compounds contain-
ing directly linked sulfur atoms, were started. A major topic
of interest for the inorganic chemist in this field were those
compounds in which the individual atoms of homocyclic
sulfur rings have been replaced by other bifunctional, non-
metallic groups. When these are organic units the products
are the cyclocarbasulfanes. Fehér and his coworkers found
that this class of compounds could, in general, be accessedCompounds with a C5C bond directly adjacent to the
by reactions of the appropriate dithiols with chlorosulfanessulfur chain were obtained by reactions of α,β-unsaturated
of varying chain lengths with the cyclocondensation beingmercaptans (enethiols) with chlorosulfanes. The UV spectra
favored over polymerization by application of the Ruggli2of these bis(enethiol)sulfanes (Scheme 5) reveal a conjuga-
Ziegler dilution principle. The first representative of the se-tion effect of the Sn chain that is larger than the substituent
ries SnCH2 to be prepared was a derivative of the S8 ring,effect of a single sulfur atom but markedly smaller than that
heptathiocane, S7CH2 with a crown-like eight-memberedof C5C bonds.
ring, from the reaction of dichloropentasulfane with metha-

When the chlorosulfanes in these reactions are replaced nedithiol. By analogous reactions, hexathiepane (S6CH2),
by the bis(chlorodisulfanyl)alkanes, ClS22(CH2)y2S2Cl pentathiane (S5CH2, with a six-membered ring analogous
(y 5 125) obtained from the reaction of dithiols with SCl2, to that of cyclohexane), tetrathiolane (S4CH2), and undeca-
a new “crossed-type” product from alkanes and sulfanes is thiacyclododecane (monocarbacyclododeca-sulfane,
obtained. In the compound Ph3Si2S32(CH2)52S32SiPh3 S11CH2) were then prepared in the pure states. C-Alkyl-sub-
obtained from the reaction of the pentane derivative with stituted derivatives of the corresponding ring systems were
Ph3SiSNa the silyl groups are linked by an eleven-mem- obtained by use of other geminal aliphatic dithiols. Further-
bered heteroatom chain. more, sulfur rings containing two or 2 by reaction of the

dithiols with 1,2-bis(chlorosulfanyl)benzene 2 also threeSpecific synthetic routes have also been developed for
particular substance classes. Thus, Fehér and his group carbon “heteroatoms” such as 1,2,3,5,6,7-hexathiocane or
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1,2,4,5-benzotetrathiepine and their derivatives were also out in order to be able to compare the molecular parame-

ters, in particular the ring conformation in the solid state,prepared (Scheme 7).
with those of the corresponding homocyclic sulfur com-

Scheme 7. Synthesis of 1,2,3,5,6,7-hexathiocane and 1,2,4,5-benzo- pounds. Information on conformation changes in solutiontetrathiepine and their alkyl derivatives
was obtained from the 1H-NMR spectra recorded at differ-
ing temperatures. All new compounds were also compre-
hensively characterized by means of UV, IR, and Raman
spectroscopy and the results interpreted from structural and
bonding theory points of view.

The rich palette of topics in open-chain and cyclic sulfur
compounds investigated in the ten years between the found-
ing of the inorganic institute and Franz Fehér’s retirement
was only possible with the help of a relatively large group
of coworkers in whom he had inspired a particular interest

Application of the cyclocondensation reaction to vicinal for the problems of the preparative chemistry of non-metal-
dithiols such as trans-cyclohexane-1,2-dithiol led to bicyclic lic elements. Franz Fehér was personally present in the la-
sulfur compounds with the chlorosulfanes SnCl2 (n 5 225) boratory from morning to evening and often for hours also
and to tricyclic ring systems with dichloromonosulfane or on Sundays. He regularly attended the most important con-
iodine as reaction partner. Analogous reactions of 1,2-di- gresses for his discipline and held numerous lectures at
mercaptoarenes generally led to compounds containing other universities; however, he only reluctantly left his labo-
C5C bonds while the corresponding tricyclic systems were ratories and the ongoing investigations to do so. In a criti-
prepared directly by reactions of the 1,2-dithiols with 1,2- cally ironic tone he designated colleagues who were often
bis(chlorodisulfanyl)benzenes. Novel hexathia[3.3]cyclopha- away on trips as “chemical tourists”. As well as his wealth
nes became accessible by reactions of 1,3- and 1,4-dimer- of ideas Franz Fehér provided his postgraduate students
captoarenes with dichloromonosulfane or 2 preparatively with sufficient freedom to define their research tasks and
more favorable 2 1,3- and 1,4-bis(chlorodisulfanyl)benze- thus inspired them to individual initiative so that a fertile
nes (Scheme 8). and trustworthy cooperation resulted. Even so, he always

took the time to give advice on personal matters and provi-Scheme 8. Synthesis of saturated and unsaturated bi- and tricyclic
ded indispensable help for the future careers of his students.sulfur compounds bearing C2, C3, and C4 groups
Many of his students attained their Habilitation either in
Cologne (M. Baudler, K.-H. Linke, H. D. Lutz) or at other
universities (H. J. Berthold, G. Winkhaus) where he had
smoothed the way for them. He furnished all of his 130
postgraduate students not only with a scientific education
but also served them as an example for future life through
his friendly open-mindedness, his unerring grasp of the es-
sentials, and his personal modesty. However, it was not al-
ways easy to completely satisfy his strict requirements for
accuracy in experiment and precise written formulations.
Once he had made up his mind about a scientific or univer-
sity matter on the basis of careful and well-founded consi-
derations it was difficult to induce him to view the matter
from a different direction. In general, however, he was open
to compromise and revealed his personality as an academic
teacher and researcher by his particular power of persua-
sion.

During this period, in addition to the work on the
various classes of sulfur compounds, investigations on the
higher silicon hydrides were continued with a small group
of coworkers. After his retirement in 1971, Franz Fehér
concentrated his research activities exclusively to this topic.
His objectives were to continue and extend the classical
works of Alfred Stock on silicon hydrides (191621926) with
the help of modern preparative and experimental techni-
ques and to develop a systematic chemistry of the higher
silanes. By means of a specially designed high-vacuum ap-Single crystal X-ray crystallographic analyses of many of

the prepared heterocyclic sulfur compounds were carried paratus Stock had isolated for the first time from the silicon
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Figure 2. Apparatus for the semi-technical production of crudehydride mixture arising from the acid decomposition of

silanemagnesium silicide, in addition to monosilane (SiH4) and
disilane (Si2H6), small amounts of trisilane (Si3H8), tetrasi-
lane (Si4H10), and a residual gas containing higher silanes.
The relationships with the saturated hydrocarbons
(CnH2n12) were recognized and the name silanes adopted
for the silicon hydrides SinH2n12. This work was interrupted
in the mid 1920’s because Stock was expecting an increasing
instability of the higher silanes which he felt he could not
master with the then available experimental techniques. In
the following years, R. Schwarz postulated a mechanism for
the silicide decomposition according to which the putative
intermediacy of an SiH2 biradical would be followed by the
exclusive formation of silanes with unbranched Si2Si
chains. However, no experimental evidence was ever pre-
sented for this hypothesis. Other methods of preparation
(decomposition of magnesium silicide in non-aqueous me-
dia or reaction of silicon chlorides with lithium alanate)
gave rise to mono- and disilanes but not to higher silanes.
During his renewed investigation of this topic in silicon che-
mistry Franz Fehér was fully aware of the potential applica-
tions of higher silanes in the fields of semiconductor tech-
nology and surface coatings.

Since the acidic decomposition of magnesium silicide was
then the only available method for the preparation of higher
silanes and since the amounts in the formed silicon hydride
mixture (“crude silane”) decreased with increasing chain
length, Stock’s method to prepare the crude silane mixture
required considerable modification as well as a scaling up
to a semi-technical process. Thus, it was found in systematic
studies that the yield of liquid silanes does not only depend
on the rate of decomposition and the particle size of the
silicide but also above all on its method of preparation.
Furthermore, phosphoric acid was used in place of hy-
drochloric acid for the decomposition and highly pure ni- are rather easier to handle than mono- and disilane on ac-
trogen in place of hydrogen as carrier gas for the volatile count of their lower vapor pressures. Furthermore, it was
reaction products. In particular, however, improvements in demonstrated that the earlier postulated principle of forma-
the design and construction of the apparatus with use of tion of exclusively unbranched silanes (see above) is not in
new inert gas techniques (see above) enabled the scale of accord with the experimental results. Starting with tetrasi-
the individual experiments to be increased and the reaction lane (Si4H10) structural isomers with branched silicon
mixtures to be worked-up in rapid sequence with a high chains were identified; hence, the analogy between silanes
safety. Improvements over the years allowed stepwise in- and alkanes is even closer than was assumed at that time.
creases in the reactor volume from at first 1 liter, to 5, 8,

Separation of the silane mixture into major fractions was
and finally 50 liters. With an almost technical scale appara-

achieved by column distillation and isolation of the various
tus (Figure 2) at hand, 2.8 liters of liquid crude silane

isomers mainly by preparative gas chromatography. It was
SinH2n12 (n > 2) were prepared from 80 kg of magnesium

found that the higher homologues, beginning with the hep-
silicide within 10 days; the thus obtained material was sto-

tasilanes, are no longer spontaneously inflammable. Even
red in special steel vessels at room temperature.

higher silanes are solids at room temperature, resembling
the paraffins, but decompose slowly in the air. The pureThe composition of the silane mixture formed from the

silicide decomposition, which Stock could only determine compounds trisilane, n-tetrasilane, 2-silyltrisilane (iso-tetra-
silane), n-pentasilane, 2-silyltetrasilane, n-hexasilane, 2-silyl-with difficulty, was now easily analysed by gas chromatog-

raphy. Thus, it was found that liquid crude silane contains pentasilane, 3-silylpentasilane, and n-heptasilane were com-
prehensively characterized by physicochemical (meltingcompounds of the silane series SinH2n12 up to pentadecasi-

lane (n 5 15). The proportions of the individual com- points, boiling points, enthalpies of evaporation, densities,
refractive indices, viscosities, surface tension measurements)pounds decrease with increasing numbers of silicon atoms

in the molecule. However, in contrast to earlier expectations and spectroscopic (Raman, IR, UV, mass, PE, 1H-NMR,
29Si-NMR) methods. Of these methods nuclear magneticthe higher silanes are not increasingly less stable but in fact
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resonance spectroscopy proved to be especially valuable for thus provide a simpler alternative to the laborious prepara-

tive route via the crude silane mixture. This topic occupiedstructure determinations.
Franz Fehér up to the end of his active participation in

These results revealed that some of the structural isomers
experimental work at the age of 85. The strategy involved

of the silanes exist in very small amounts or are even absent
the initial synthesis of silane derivatives with suitably active

in the liquid crude silane while the isomers with unbranched
leaving groups which would then react with formation of

silicon chains generally dominate. Thus specific synthetic
new Si2Si bonds. In this context, the branched isomers and

routes were developed for those isomers which were present
their derivatives were of special interest in the light of the

only in traces or were absent in the mixture resulting from
differing reactivities of the primary, secondary, and tertiary

silicide decomposition. Starting points for these syntheses
hydrogen atoms of these silanes.

were the richly abundant compounds with small chain
In the class of partially halogenated silanes some alreadylengths. Thus, for example, the hexasilane isomers 2-silyl-

known mono- and disilane derivatives as well as a largepentasilane and 2,3-disilyltetrasilane were prepared by the
number of novel chloro-, bromo-, and iodosilanes with tworeaction of trisilane with di-tert-butylmercury. Analogously,
to five silicon atoms in the molecule were prepared. An im-the heptasilane isomer 2,3-disilylpentasilane was obtained
portant result of this work was the discovery that higherfrom a trisilane/n-tetrasilane mixture and the octasilane iso-
silanes did not react explosively with elemental halogensmers 3,4-disilylhexasilane or, respectively, 2,2,3,3-tetrasilyl-
when the reactions were performed in highly diluted solu-tetrasilane were prepared from n-tetrasilane and iso-tetrasi-
tions at low temperatures. Cleavage of the Si2Si bonds onlylane. A spontaneous silane isomerization in favor of the for-
occurred to a minor extent under these conditions. Tin(IV)mation of the symmetrical isomer was observed for the first
chloride also proved to be a suitable chlorination reagenttime between the two above-mentioned octasilane isomers.
with which mono-substituted products could be obtainedAccordingly, an isomerization of unbranched silanes to the
preferentially. The halosilanes formed were then separatedcorresponding branched homologues can in general be
from the reaction mixtures by gas chromatography.achieved by heating the substrate with a catalytic amount

of aluminum chloride in an aromatic solvent. Alkali metal silanides of the general composition
MISinH2n11 (MI 5 K, Na) as a further group of functiona-The photolytic disproportionation was also investigated
lized silanes were of particular interest. During investiga-thoroughly as a further route to the higher silanes. It was
tions on the synthesis of neopentasilane and neohexasilanefound that the first steps of the reaction are highly selective
(see above) it was found that di- or trisilane reacted withand that the process is thus suitable as a preparative proce-
potassium monosilanide (silylpotassium, KSiH3) via dis-dure. Accordingly UV irradiation of n-tetrasilane furnished
proportionation and transmetallation to give a mixture of3-silylpentasilane, while the new branched hepta- and octa-
more silicon-rich anions. In order to make this finding ofsilane isomers 2-silylhexasilane, 3-silylhexasilane, 3,3-disilyl-
preparative utility, the known metallation of monosilanepentasilane, 3-silylheptasilane, 4-silylheptasilane, and 2,3,3-
with potassium was optimized with regard to the labora-trisilylpentasilane were generated by irradiation of n- and
tory-scale preparation of pure KSiH3 and transferred to so-iso-pentasilane as well as n-hexasilane. All of these products
dium. Then the reactions of the monosilanides with variouswere isolated in the pure state by gas chromatography and
silanes were studied in detail. In the course of this work,unequivocally characterized by spectroscopic methods.
solutions of pure disilanylpotassium (KSi2H5), 2-trisilanyl-

The more highly branched isomers neopentasilane [Si- potassium [KSiH(SiH3)2], and 2-iso-tetrasilanylpotassium
(SiH3)4] and neohexasilane [(SiH3)3Si2SiH22SiH3] were [KSi(SiH3)3] in 1,2-dimethoxyethane were prepared starting
each prepared by multi-step reactions starting from silylpo- from KSiH3 and Si2H6 or Si3H8. The stability of these solu-
tassium (KSiH3) and di- or trisilane. The initially formed tions increases from disilanyl to 2-iso-tetrasilanyl but com-
mixture of more silicon-rich anions was converted to the plete decomposition occurs on removal of the solvent. Of
corresponding phenyl derivatives by treatment with chloro- preparative significance was the observation that both mo-
(phenyl)silane while these derivatives were separable by gas nosilanides also reacted with SiH4 to afford mixtures of the
chromatography. Cleavage of the phenyl groups by reaction more silicon-rich silanides MISinH2n11 (n 5 226). These
with hydrogen bromide and hydrogenation of the thus species were then converted to preparatively separable
formed bromosilanes then gave the respective pure silane derivatives by reaction with suitable halogen-containing re-
isomers. action partners such as chloro(phenyl)silane (see above) or

alkyl and aryl halides. This opened a new and general routeThe last-mentioned investigations provided the com-
for the synthesis of new compounds containing silicon-sili-pounds for numerous studies by Fehér’s group on the chem-
con bonds starting from the easily accessible monosilane.ical reactivity of higher silanes about which little was
For example, various partially organo-substituted silanesknown at that time. The objective of this work was to deve-
were prepared in this way (Scheme 9).lop the chemistry of the silanes to a close analogy of that

of the alkanes with particular interest being focussed on Some partially phenylated disilanes and trisilanes were
prepared by specific reactions of silylpotassium with appro-reactions leading to the formation of new Si2Si bonds. This

was intended to make the synthesis of more silicon-rich priate bromo(phenyl)silanes or by reactions of the corre-
sponding iodosilanes with diphenylmercury (see Scheme 10compounds from silicon-poorer derivatives possible and
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Figure 3. Franz Fehér in his silane laboratory with two students ofScheme 9. 1-Organotrisilane, 1-organo-iso-tetrasilane, organo-

neopentasilane, and 1-organohexasilane an advanced inorganic chemistry practical course (March 1987)

for examples). Because of the shortage of time still available
to him Franz Fehér was only able to illustrate the enormous
synthetic potential of the various metal silanides on a few
exemplary reactions.

dents in an advanced laboratory course in his silane labora-
tory.

Scheme 10. Synthesis of 1,1-diphenyldisilane and 2-phenyltrisilane
In addition to his interest in the “element-near” chemi-

stry of sulfur and silicon, Franz Fehér was involved with
numerous other topics during his sixty years of active re-
search work. Most of these individual works can be classi-
fied into three subject groups:

i. synthesis and detailed characterization of new com-
Furthermore it was found that the known reactions of pounds in widely differing classes of substances;

monosilane and disilane with organolithium compounds
ii. resolving analytical problems that Franz Fehér consid-could be transferred to higher homologues of the silane se-

ered to be an essential part of his teaching responsibilitiesries. In this way the unbranched butylsilanes C4H9SiH22
(see above);(SiH2)n2SiH3 and C4H9SiH22(SiH2)n2SiH2C4H9 (n 5

iii. development of new apparatus or improvement of123 in each case) were prepared from trisilane, n-tetrasi-
evaluation methods for widely varying procedures that helane, and n-pentasilane by reaction with n-butyllithium.
employed in his reaseach.Photolytic reactions of trisilane, n-tetrasilane, iso-tetrasi-

The first subject group includes, among others, numerouslane, and n-pentasilane in the presence of acetone gave rise
investigations of silicophosphorus acid esters, silicothio-to constitutional isomers of the corresponding isopropoxy-
phosphorus acid esters as well as the preparation of anhy-silanes [(CH3)2CHO]xSinH2n122x (x 5 123) which were
drous hydrazine and the synthesis of germanium hydridesseparated by gas chromatography. Hydrolyses of the prefe-
from magnesium germanide in the former compound asrentially formed mono-substituted products with dilute,
solvent. The syntheses of partially substituted, symmetricalnon-oxidizing acids then furnished the bis(silanyl) ethers of
phenyldigermanes and phenyl-substituted cyclic silicon-sul-tri-, n-tetra-, and iso-tetrasilane with retention of the
fur compounds must also be mentioned in this context. InSi2Si bonds.
addition, Franz Fehér carefully carried out comprehensiveThe special inert gas technique developed by Franz Fehér
investigations on the crystal structure of lithium peroxide,was used in all experiments with the air-sensitive silanes and
Li2O2, and the spatial structures of sulfides of sodium andwas continuously refined depending on the actual require-
potassium. Furthermore, other studies were directed at thements. Since Franz Fehér continued to participate in the
synthesis of H2N2NH2C(Se)2SeH·N2H4 and its trans-supervision of advanced inorganic chemistry laboratory
formation to selenocarbohydrazide, H2N2NH2C(Se)2courses even as retired professor in order to assist his col-
NH2NH2.leagues in the years with large numbers of students, it often

happened that students would specifically apply for a place The analytical work was mainly in connection with the
investigations on open-chain sulfur compounds and on thein his silane laboratory for these courses. They knew that

they would then have an opportunity to learn special work- properties of sulfur melts. Thus, for example, a gravimetric
and a volumetric method were developed for the characteri-ing techniques that would be useful in their future profes-

sional careers. At the same time it was a great pleasure for zation of sulfanes which, however, only yielded information
on the gross compositions of the respective samples. Rou-Franz Fehér to personally instruct these 50-year-younger

chemistry students in their experimental work and to pro- tine determination of the contained homologues only be-
came possible with the further development of various spec-vide them with a survey of the state of development and

perspectives in a fascinating field of inorganic chemistry. troscopic techniques. In addition, procedures for the titri-
metric determination of alkali polysulfides and for the de-Figure 3 shows Franz Fehér at the age of 84 with two stu-
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termination of sulfur in zinc blendes and organic substances property and are 2 often in ignorance of their source 2

still widely used. On the whole it can be stated that Franzby digestion with hydrogen peroxide were described.
Numerous experiments were concerned with the analytical Fehér and his students made major advances in widely dif-

fering fields which have provided decisive impulses for thecharacterization of elemental sulfur and, in particular, the
quantitative analysis of traces of carbon down to 0.001% development of the chemistry of the non-metallic elements.
(see above). A polarographic method for assaying DDT was In the middle of his 85th year Franz Fehér’s physical
devised that was suitable both for trace analysis and for the strength began to decline so that his attendances in the in-
detection of larger amounts of DDT in technical products. stitute became less frequent. Even so he still participated
Taken together, the analytical works of Franz Fehér reveal intensively in the general scientific life and academic events
a marked tendency for the application of instrumental at the University of Cologne. During a short hospitalization
methods and especially spectroscopic procedures. for cardiovascular support he suddenly but painlessly pas-

The third group of topics includes among many others sed away and thus a varied life dedicated with extraordinary
the description of a simple projector to measure weak spec- consequence to chemistry came to an end.
tral lines which at the time was of relevance for the evalua-
tion of photographically recorded Raman spectra. In con-
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Manganoxyde, Dissertation, Technische Hochschule Stutt-sults with regard to accuracy and concomitant simplicity.
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The complete scientific works of Franz Fehér to which
A. Original Papershe was able to devote more than six decades of his life are

documented in review articles and more than two hundred [1] A. Simon, F. F., Eine neue Methode zur Messung kleiner
original papers, of which the last was published posthu- Drucke mit Fernanzeige, Z. Elektrochem. Angew. Phys. Chem.

1929, 35, 1622165.mously in 1991. In 1962, nearly thirty years earlier, the
[2] A. Simon, F. F., Beiträge zur Kenntnis von Hydrogelen, X:Deutsche Akademie für Naturforscher Leopoldina had Über Mangandioxydhydrate, Kolloid Z. 1931, 54, 49258.

elected him as a member in recognition of his outstanding [3] F. F., Über einen neuen einfachen automatischen Kryostaten,
Z. Elektrochem. Angew. Phys. Chem. 1932, 38, 53254.scientific achievements. Franz Fehér always felt a close af-

[4] A. Simon, F. F., Beiträge zur Kenntnis von Oxyden, VI: Zurfection for this academic society whose election motto Kenntnis der Oxyde des Mangans, Z. Elektrochem. Angew.
“Nunquam otiosus” he could have called his own since it Phys. Chem. 1932, 38, 1372148.

[5] A. Simon, F. F., Ramaneffekt und Konstitution beim Wasser-effectively described the guiding principle of his life and he
stoffsuperoxyd, Z. Elektrochem. Angew. Phys. Chem. 1935,

attended the general meetings even at an advanced age. 41, 2902293.
[6] F. F., F. Klötzer, Die Kristallstruktur des Wasserstoffsuper-Franz Fehér was a prominent German chemist with a oxydes, Z. Elektrochem. Angew. Phys. Chem. 1935, 41,

particular interest in experimental inorganic chemistry: 8502851.
[7] A. Simon, F. F., Über das Raman-Spektrum des Dioxans, Ber.whenever the properties of a substance permitted, it had

Dtsch. Chem. Ges. 1936, 69, 2142217.to be prepared on a laboratory scale in the pure state and [8] A. Simon, F. F., Über die Beeinflussung des Ramanspektrums
von Dioxan durch gelöste Stoffe, Z. Elektrochem. Angew.investigated as thoroughly as possible with all available ana-
Phys. Chem. 1936, 42, 6882691.lytical, physicochemical, and spectroscopic methods [9] A. Simon, F. F., Beiträge zur Kenntnis der Konstitutionen der

(including X-ray crystallography). In his research work he Säuren der Elemente der 5. Hauptgruppe des periodischen
Systems und ihrer Salze, I: Über die Säuren des Phosphors:repeatedly disregarded the boundaries to physical and orga-
H3PO4, H3PO3, H3PO2 und ihre Salze, Z. Anorg. Allg. Chem.nic chemistry, being aware that the division of chemistry 1937, 230, 2892307.

into the various fields was reasonable under organizational [10] A. Simon, F. F., Über einen einfachen Projektor zur Ausmes-
sung schwacher Spektrallinien, Z. Anorg. Allg. Chem. 1937,aspects but of no relevance from a scientific point of view.
230, 3082309.Many of the results from his work and ideas from his origi- [11] F. F., G. Morgenstern, Beiträge zur Kenntnis der Konstitutio-
nen der Säuren der Elemente der 5. Hauptgruppe des periodi-nal discussions have long been held to be common scientific
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schen Systems und ihrer Salze, II: Über die Säuren des Arsens, Über das System Natrium-Schwefel, Z. Anorg. Allg. Chem.

1953, 273, 1442160.Z. Anorg. Allg. Chem. 1937, 232, 1692178.
[12] F. F., F. Klötzer, Die Kristallstruktur des Wasserstoffsuper- [37] F. F., H. J. Berthold, Beiträge zur Chemie des Schwefels, XV:

oxydes, Z. Elektrochem. Angew. Phys. Chem. 1937, 43, Über das System Kalium-Schwefel, Z. Anorg. Allg. Chem.
8222826. 1953, 274, 2232233.

[13] F. F., G. Morgenstern, Über die Ramanspektren der Salze der [38] F. F., W. Laue, Beiträge zur Chemie des Schwefels, XVI: Zur
Sulfarsensäuren, Naturwissenschaften 1937, 25, 618. Nomenklatur von kettenförmigen Schwefelverbindungen, Z.

[14] F. F., G. Morgenstern, Das Ramanspektrum der D3AsO4 und Naturforsch., Teil B, 1953, 8, 687.
ihrer Salze, Naturwissenschaften 1937, 25, 831. [39] F. F., J. Kraemer, Beiträge zur Chemie des Schwefels, XVII:
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und Arsentrimethyls, Naturwissenschaften 1939, 27, 6152616. Z. Naturforsch., Teil B, 1953, 8, 6872688.

[16] F. F., W. Kolb, Ramanspektrum des Trimethylaluminium- [40] F. F., G. Rempe, Beiträge zur Chemie des Schwefels, XVIII:
Äthylätherats, Naturwissenschaften 1939, 27, 616. Über Bromsulfane Br2Sn, Z. Naturforsch., Teil B, 1953, 8,
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ner Derivate, IV: Präparative Darstellung des reinen D2O2, 142921437.
Ber. Dtsch. Chem. Ges. 1939, 72, 178921798. [42] F. F., E. Schliep, H. Weber, Beiträge zur Chemie des Schwe-

[19] F. F., Über die graphische Auswertung von Debye-Scherrer- fels, XIX: Über die elektrochemische Darstellung der Sulfane
Aufnahmen, Z. Elektrochem. Angew. Phys. Chem. 1941, 47, H2Sn, Z. Elektrochem. 1953, 57, 9162924.
3692374. [43] F. F., H. J. Berthold, Beiträge zur Chemie des Schwefels, XX:

[20] F. F., M. Baudler, Beiträge zur Chemie des Schwefels, I: Über Die Raumchemie der Sulfide von Natrium und Kalium, Z.
das Ramanspektrum und die Konstitution des Wasserstoffdi- Anorg. Allg. Chem. 1954, 275, 2412248.
sulfides, Z. Elektrochem. Angew. Phys. Chem. 1941, 47, [44] F. F., J. Kraemer, G. Rempe, Beiträge zur Chemie des Schwe-
8442848. fels, XXI: Zur Darstellung von höheren Halogensulfanen

[21] F. F., M. Baudler, Beiträge zur Kenntnis des Wasserstoffper- SxCl2 und SxBr2 im heiß-kalten Rohr, Z. Anorg. Allg. Chem.
oxyds und seiner Derivate, V: Über das Raman-Spektrum des 1955, 279, 18227.
Methylhydroperoxyds, Ber. Dtsch. Chem. Ges. 1943, 76, [45] F. F., H. Weber, Darstellung höherer Pseudohalogen-Sulfane,
9392942. Angew. Chem. 1955, 67, 231.[22] F. F., M. Baudler, Beiträge zur Chemie des Schwefels, II: Über [46] F. F., W. Laue, J. Kraemer, Beiträge zur Chemie des Schwefels,
eine neue Darstellungsmethode von Wasserstoffdisulfid, Z. XXII: Die Reaktion zwischen Sulfanen H2Sn und Chlorsulfa-
Anorg. Allg. Chem. 1947, 253, 1702172. nen SmCl2, Z. Anorg. Allg. Chem. 1955, 281, 1512160.[23] F. F., M. Baudler, Beiträge zur Chemie des Schwefels, III: Prä- [47] F. F., G. Rempe, Beiträge zur Chemie des Schwefels, XXIII:
parative Darstellung und Eigenschaften des Wasserstofftrisul- Zur Darstellung höherer Bromsulfane SxBr2, Z. Anorg. Allg.
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XXIV: Ramanspektroskopische Untersuchungen über dasThermochemie der Polyschwefelwasserstoffe, Z. Anorg. Allg.
Perchlormethylmercaptan, Berechnung der Behinderungs-Chem. 1947, 255, 1852194.
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