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Transition metals are powerful three-dimensional templates,
which can gather various functionalized ligands and orient
them in a precise fashion so that complex multicomponent
molecular systems can be obtained without constructing co-
valently-assembled edifices. The compounds thus prepared
exhibit precise chemical or physical functions, which are go-
verned by the design of the system. The construction of one-
dimensional molecules around ruthenium(Il) or osmium(II),
using rigid ligands attached to the desired electroactive spe-
cies, leads to systems that are able to undergo charge separa-
tion after photonic excitation. In other related compounds, a
ruthenium(Il)-based chromophore is, for example, connected
to an osmium(Il) complex by means of rod-like bridging li-
gand, thereby ensuring strict control over the Ru---Os dis-
tance. By tuning the length and the electronic properties of
the bridge, one can control the efficiency of the electronic
energy transfer between the two chromophores. In particular,
the use of a bis-cyclometallating ligand is very conducive to

energy transfer and allows the observation of this process up
to a Ru..Os distance of ~20 A. By combining the building
blocks of these inorganic systems with appropriate porphy-
rins, long-range (centre-to-centre distance between the do-
nor and the acceptor porphyrins =30 A) and relatively long-
lived photoinduced charge separation has been demon-
strated. Finally, with copper(l) as the template, compounds
of the rotaxane family are obtained, which consist of a coordi-
nating ring threaded by a string-like component. If this
acyclic fragment is end-functionalized by two bulky stoppe-
ring groups and if it incorporates two different coordination
sites (a bi- and a terdentate chelate site), novel dynamic pro-
perties are observed. The movement of a given fragment of
the molecule is triggered by changing the metal oxidation
state. This one-dimensional motion of the ring along the
string on which it is threaded is controlled by redox manipu-
lation, resulting in a primitive molecular machine.
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1. Introduction

In complex multicomponent molecular systems, the con-
trol of physical properties related to electron- and energy-
transfer or displacement of molecular fragments relies, to a
large extent, on our mastery of the geometrical properties
of the ensemble.

For several years, we have been interested in one-dimen-
sional compounds, for which an axis along the largest di-
mension of the object can be clearly defined 2113, If rigid-
ity can also be introduced during the design and synthesis
steps, distances and, sometimes, angles between the various
components located on the axis can be estimated to a
good approximation.

Two distinct aspects of our research are discussed in the
present review article: (i) electron- or energy-transfer, and
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(i) molecular motions, related to "molecular machines",
along an axis.

(i) The aims of the first and main topic are manifold. In
the short term, it is important to improve our understand-
ing of electron- and energy-transfer processes and to verify
the current theories™PHOl by modifying at will the dis-
tances and orientations between the various chromophores
and electrophores of the assembly, and by changing their
electronic properties as well as those of the spacer groups
used in the construction of the systems. An aspect of this
approach is to build and study modelsBIPIIOIIII2L of
photosynthetic reaction centres (RC), which function so ef-
ficiently in living organisms, and in particular in photosyn-
thetic bacterial'31l14, In the long term, it would of course
be of great interest to build molecular systems or hybrid
devices, containing molecules and organic or inorganic
solids, capable of converting light energy into electrochemi-
cal or chemical energy!!31l161117] In other words, the creation
of artificial systems able to perform real photosynthesis is
a special challenge.

(1) The second line of research is more recent and is con-
cerned with molecular machines and motors!81191201 j e
molecular ensembles for which a large amplitude and re-
versible motion can be triggered simply by sending a signal
to the molecule from outside. This signal is usually electro-
chemical (reduction or oxidation of an electroactive compo-
nent) or photochemical. However, many other types of per-
turbations can be envisaged: magnetic or electric field, tem-
perature or pressure jump, chemical signal (pH change), etc.
In our case, the notion of axis and geometrical control is
again essential. Scheme 1 illustrates, in a simplified fashion,
the two facets of the work discussed herein.

2. Complexes of Ruthenium(IT) and Osmium(IT) Covalently
Linked to Electron Donor and Acceptor Groups

One of the key features of natural photosynthesis is the
efficiency of charge separation. In a multistep procedure,
light energy absorbed by a photoactive centre is converted
into electrochemical energy with formation of a long-lived
charge-separated state. This complex process relies on the
subtle arrangement of energy levels for the excited or redox
states involving the various chromophores, favouring a cas-
cade-like sequence of electron-transfer steps leading to the
charge-separated state.

In the field of transition metal complexes, one can design
multicomponent systems for which similar charge separa-
tion may occur, provided that the electronic properties of
the various chromophores are controlled and selected in a
precise fashion, and that there is strict control over the geo-
metrical properties of the set of photo- and electroactive
species (Scheme 2).

On the basis of their photochemical, photophysical and
electrochemical properties, M(II) polypyridine complexes
(M = Ru or Os) are, in principle, suitable photosensitizer
components for use in multicomponent systems designed to
permit efficient photoinduced charge separ-
ation1S12IR2IR3IRY However, with ligands such as 2,2'-bi-
pyridine, the building up of multicomponent molecules
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Scheme 1. In a one-dimensional multicomponent system, a pho-
toactive centre (PC) is (a) first excited by a photon. The
excited state is subsequently able to transfer an electron
to an acceptor (on the right of the PC, not represented).
This process induces a series of cascade-like electron-
transfer steps the overall effect of which is to create a
negative charge on the right-side and a positive hole on
the left-side of the array. (b) A redox or photonic signal
modifies the coordination requirements of a metal cen-
tre (black dot) incorporated in a rotaxane, triggering
molecular motions. The shift of the ring and the metal
is induced by modification of the metal centre coordi-
nation sphere
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leads to systems in which the acceptor or donor groups
linked to the chromophore are relatively close to one an-
other (cis-type configuration)!?’l. In contrast, the geometry
of terpyridine complexes offers the possibility of designing
systems in which the D and A components lie in opposite
directions with respect to the chromophore (trans-type con-
figuration)[!]. In addition, bis-terpyridine complexes bear-
ing substituents at the 4’-position do not lead to isomeric
(enantio- and diastereomeric) mixtures, in contrast to the
corresponding substituted bipyridine systems. Furthermore,
the interposition of aromatic rings (Figure 1) affords a con-
venient means of increasing the A—D separation 261,

Eur. J. Inorg. Chem. 1998, 1—14

Figure 1. Schematic representation of the photochemically-induced
electron-transfer step in an M(tpy)3* complex bearing acceptor (A)
and donor (D) groups

2.1. Synthesis of Terpyridine Ligands

Since the first preparation of the 2,2":6',2"-terpyridine li-
gand 60 years ago by oxidative coupling of pyridine with
FeCl; in an autoclave?’] other strategies involving the
coupling of pyridine units (cross-coupling methodology)[?®]
or the formation of one or two pyridine rings from precur-
sor functions have been developed. Certainly, the most
commonly used methodology is the synthesis of the central
pyridine ring. The pioneering works of Hantzsch®?, Tschit-
schibabin®%, Casel*!l, Krohnkel®?! and others using this
principle, have been followed by new developments and im-
provements. In particular, the works of Constable!33]
PottsP®4 and Jameson’s group!® allow the preparation of
various substituted terpyridines. In order to obtain large
amounts of the 4’-aryl-2,2":6',2"-terpyridine, the one-pot
Hantzsch synthesis, developed by Casel!l and later by Cal-
zaferriB®l, was selected (Figure 2a).

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

The separation of the terdentate ligand, arising from
1,4-addition, from the sterically hindered bidentate ligand
was readily achieved by formation of the highly stable
Fe(terpyridine)3* complex, as described by Constable et
al.33] The iron(II) complex, upon treatment with H,O, in
alkaline solution, yielded the free terpyridine in good
yield.

The terpyridine-bearing electroactive compounds
could be prepared using one of two general strategies. In
the first of these, the ligand is synthesized bearing a suit-
able functionality and the desired electrophore is then in-
troduced in a second step371138]. The other possibility in-
volves introduction of the electroactive function into the
aromatic aldehyde prior to the terpyridine formation re-
action[®’1, Both routes have been explored and used, the
method of choice being dictated by the chemical stability
of the donor or the acceptor groups, since the second ap-
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Figure 2. (a) Synthetic route to various substituted terpyridines. (b)
Formation of 2,2":6’,2"-terpyridine and its isomer (2,2":4',6"-) via
1,2- or 1,4-Michael addition
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proach implies that the electrophore will have to resist
the relatively harsh experimental conditions of the cycli-
sation reaction. Figure 3 depicts various ligands, contain-
ing either D or A units as pendant groups, prepared by
these two strategies.

Figure 3. Various tpy derivatives used, with an electrophore rigidly

attached to the chelate via a 1,4-phenylene spacer. PTZ = pheno-

thiazine; DPAA = di-p-anisylamine; Fc = ferrocene; MV2" =
methylviologen

\

PTZ-ttpy :R=—CH,-N__ S

OCH;
R DPAA-phtpy : R =— > D-tpy
'OCH;
~ ]
N Fe-phtpy : R = _<>
S S
| N7, -
=N N~ Fe
|
CZ %
+ — t
tpy-A : ttpy-MV** : R = —CHZ—NQ—@N-CH;;

2.2. Synthesis of Diads and Triads Based on Ru(tpy)3* -Type
Photosensitizers

The various ruthenium(II) complexes prepared and stud-
ied are listed in Table 1. The various ligands used are de-
picted in Figure 3.

Table 1. Preparation of the various ruthenium(Il) diad or triad
complexes(® A: sequential method; B: statistical method

Complex Method® Yield (%) Reference
(Fe-phtpy)Ru(ttpy)** A 15 [38]
(Fe-phtpy)Ru(ttpy)>™ A 5 137]
(DPAA-phtpy)Ru(ttp )2+ A 37 (37
(ttpy)Ru(ttpy-MV=")*+ B 8 [261[37]
(PTZ-ttpy)Ru(ttpy-MV2*H)*+ B 5 1261(37]
(DPAA-phtpy)Ru(ttpy-MV2")*+ B 8 [26][37]
(Fe-phtpy)Ru(ttpy-MV2+)#+ B 18 (@1

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

(A): Ru(ttpy)Cl; + tpy—D O Ru(ttpy)(tpy—D)>*
(1): reflux in ethanol/water/triethylamine for 1 h

(B): “ruthenium blue” + L, + L, 0"

Ru(L;)3" + Ru(Ly)(Ly)*" + Ru(Ly)3"
(L(Lo): (ttpy)(ttpy —MV?*), (PTZ~ttpy )(ttpy —MV>*),
(DPAA—phtpy )(ttpy—MV?>")
(ii): reflux in ethanol for 18 h

Method (A) was used for ligands bonded to an electron
donor (tpy—D). However, it turned out not to be appropri-
ate for the synthesis of complexes containing the
ttpy—MV?2" ligand. The triads and the electron acceptor
diad Ru(ttpy)(ttpy—MV?*)** were thus prepared accord-
ing to the statistical procedure (B).

2.3. Synthesis of Diads and Triads Based on Os(tpy)3* -Type
Photosensitizers

Although the coordination sphere of ruthenium is known
to be relatively inert vis-a-vis substitution reactions, it is still
very labile as compared to osmium. In fact, substituting
ligands within the coordination sphere of osmium is notori-
ously difficult and requires either extremely harsh con-
ditions or multistep procedures involving different metal
oxidation states. Using the ligands shown in Figure 3, vari-
ous osmium(II) complexes could be pre-
pared POI38I91401141] Dye to the chemical fragility of some
of the ligands, the very drastic classical conditions, con-
sisting of heating osmium salts and the ligands at very high
temperature (typically, refluxing ethylene glycol) for long
periods could not be systematically applied. Consequently,
more elaborate, specific methods had to be developed. The
two general routes used are indicated in Figure 4.

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

Importantly, since photophysical measurements are very
sensitive to impurities, special care was taken in order to
ensure the isolation of very pure samples of the various ru-
thenium(II) and osmium(II) complexes. For this purpose,

Eur. J. Inorg. Chem. 1998, 1—14
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Figure 4. The two general routes to substituted bis(tpy)osmium(II)
complexes
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X=H, Y=PTZ :p=2 yield=17%
X=H, Y=DPAA :p=2 yield=35%
X=H, Y=MV* :p=4 yield=48%

X=MV* ,Y=PTZ :p=4 yied=2%
X =MV Y =DPAA :p=4 yield=7%
X=MV* ,Y=Fc :p=4 yield=2%

(iii) : reflux for 15 mn in MeOH or THF/H,0 , in presence of a

reducing agent (Hy/platinum or NH,-NH,).

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

Complex Method (see Figure 4) Reference
(ttpy)Os(ttpy-MV=*)** (a) or (b) (261140)
(PTZ-ttpy)Os(ttpy)** (a) [261[40]
(Fe-phtpy)Os(ttpy)** (a) %)
(DPAA-phtpy)Os(ttpy)> (b) (401
(PTZ-ttpy)Os(ttpy-MV2T)*+ (b) [39]
(DPAA-phtpy)Os(ttpy-MV2+)*+ (b) (391
(Fe-phtpy)Os(ttpy-MV>* )+ (b) (1]

all the compounds prepared were subjected to chromatog-
raphy on silica gel, with a mixture of solvents (usually
CH;CN and H,O0) containing a salt (KNOs, for instance)
as eluent.

2.4. Photoinduced Processes in Diads and Triads Based on Ru(tpy)3*
and Os(tpy)3*-Type Photosensitizers

As is normal for ruthenium(II) and osmium(IT) polypyri-
dine complexes, light excitation in the spin-allowed MLCT
bands eventually leads to population of the lowest energy
SMLCT level31421 which is the state responsible for the
observed electron-transfer processes. Since Ru(tpy)3* is
practically non-emitting at room temperature, the experi-
ments on this species and its derivatives were performed at
155 K3, For the compounds based on Os(ttpy)3*, which
is luminescent at room temperature, experiments were per-
formed at both 155 K and 298 K1, The solvent used was
butyronitrile. Detailed mechanisms of the photoinduced

Eur. J. Inorg. Chem. 1998, 1—14

processes in these P—A diads and in the D—P—A triads
have been given in a previous review article!!l. Photoin-
duced processes in the D—P—A triads are depicted in Fig-
ure 5. At 155 K, the lifetime of the fully charge-separated
state D*—P—A~ (P = Ru) is estimated to be 27 ns. For
the Os-based triads, the deactivation via the fully charge-
separated state D*—P—A~ occurs with k > 108 s™1. In this
case, the transient absorption spectrum of the D™ —P—A~
species is not detected because this species does not ac-
cumulate but rapidly reverts to D—P—A.

Figure 5. Photoinduced processes in the DPAA—P—MV?" triads
at 155 K, where P is Ru(ttpy)3* or Os(ttpy)3+
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3. Rigid Rod-like Dinuclear Terpyridine-Type Complexes

Symmetrical rigid dinucleating ligands, the syntheses of
which are versatile enough to allow modulation of the elec-
tronic and geometrical properties, are also promising. The
family of compounds discussed in the following section al-
lows us to evaluate the effect of metal-to-metal distance on
the rate of energy- or electron-transfer between the donor
subunit and the acceptor fragment, and also to assess the
influence of the electronic properties of the spacer inserted
between the two components.
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3.1. Synthesis of Bridging Bis-terpyridine Ligands

By connecting two terpyridine units via a rigid spacer
attached to their 4'-positions, bridging ligands displaying
axial symmetry can be obtained. The compounds which
have been synthesized and used further to make dinuclear
complexes are illustrated in Figure 6.

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

tpy-tpy : spacer = /

tpy-ph-tpy : spacer = 0
tpy-ph-ph-tpy : spacer =
tpy-ph-bco-ph-tpy: spacer = O @ O

The bis-terpyridine ligand tpy—tpy was synthesized by
reductive coupling of 4'-chloro-2,2':6’,2"-terpyridine, fol-
lowing the methodology recently reported by Constable and
Ward®,  The phenyl-bridged bis-terpyridine ligand
tpy—ph—tpy was obtained according to the method devel-
oped by Kréhnke et al.[32l, The same reaction has also been
used more recently by others™3l. The principle is very gen-
eral and can allow the preparation of virtually any com-
pound containing several pyridine nuclei attached to aro-
matic rings. The biphenyl-containing ligand
tpy—ph—ph—tpy was obtained by homo-coupling of 4'-p-
bromophenyl-2,2":6’,2"-terpyridine in the presence of Ni(0)
triphenylphosphane complex and Zn dust in DMF. The
yield was 60%, thus allowing preparation of the compound
on a gram scale.

It should be noted that the bromo-terpyridine used as
starting material is readily available from 2-acetylpyridine
and 4-bromobenzaldehyde®®! (Figure 2). This func-
tionalized terpyridine is the ideal precursor to a potentially
bridging multi-terpyridine ligand. It should lead to bis-ter-
pyridine systems with various aromatic or saturated spacers,
as well as to bridging multi-chelates by connecting several
such terpyridine units.

The preparation of  the bridging ligand
tpy—ph—bco—ph—tpy (bco = 2,2,2-bicyclooctane) was
achieved using the multistep procedure shown in Figure 7.

The key intermediate, Br—ph—bco—ph—Br, was pre-
pared following a modification of a procedure previously
described by Zimmermann et al.™l. Treatment of this di-
bromoarene with 4 equivalents of z-butyllithium and 2
equivalents of  2-methoxy-4,4,5,5-tetramethyl-1,3,2-di-
oxoborolane*” afforded a diester derivative, which could
be purified by crystallization. The successful cross-coupling
of the 4’-bromo-2,2":6',2"-terpyridine with the diester using
Pd(dppb)Cl, [dppb = 1,4-bis(diphenylphosphane)butane]
as catalyst was performed following the methodology devel-

6

Figure 7. Reaction used in the synthesis of the bridging ligand
tpy—ph—bco—ph—tpy

O~

8% Bry, Fe, CCly

1) deq. t-BuLi
50% THF, -78 to -20°C

2 %ﬁjs-om
KO-~ %

Pd(dppb)Cl,
| Na,CO3
Ethanol,toluene

52%

tpy-ph-bco-ph-tpy

oped by Suzuki et al.[*®l and recently applied to a water-
soluble p-phenylene-containing polymer°l,

3.2. Synthesis and Photochemical Behaviour of Rigidly Bridged
Heterodinuclear Complexes

The rigidly bridged ruthenium(II)-osmium(1I)POIB1S21053]
and ruthenium(II)-rhodium(I11)3* complexes are depicted
in Figure 8.

The general preparation of the heterodinuclear complexes
requires, as a first step, the synthesis of the key complexes
(ttpy)Ru[tpy —(ph),—tpy]*". These intermediate mononu-
clear compounds were obtained as follows: Ru(ttpy)Cl; and
AgBF, were refluxed in acetone in order to remove the
chlorine atoms from the metal. The complex obtained was
added to a DMF solution of the bridging ligand and the
mixture was refluxed for 1 h. After work-up and chroma-
tography on alumina with CH3;CN as eluent, the com-
pounds were isolated as their PF¢~ salts in good yields:
(ttpy)Ru(tpy —tpy)**: 85%; (ttpy)Ru(tpy—ph—tpy)**: 77%;
(ttpy)Ru(tpy—ph—ph—tpy)>*: 76%. All the compounds de-
scribed were characterized by standard techniques (‘H-
NMR and FAB-MS). FAB-MS turned out to be particu-
larly useful for these highly positively charged species. In
each case, the molecular peak was sufficiently intense to
eliminate any ambiguity concerning the structure of the
compound.

3.2.1 Ruthenium-Osmium Complexes. The ruthenium
complex bearing a free terpyridine site was allowed to react
with crude (ttpy)OsCl; in refluxing nBuOH for 7 h. This
very insoluble compound was prepared from OsCl;.xH,O

Eur. J. Inorg. Chem. 1998, 1—14
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Figure 8. Mononuclear ruthenium precursors and rigidly bridged
ruthenium-osmium and ruthenium-rhodium complexes

—|2+

(ttpy)Ru(tpy-tpy)** in=0
(ttpy)Ru(tpy-ph-tpy)**  :n=1
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M=0s (ttpy)Ru(tpy-tpy) Os(ttpy)* in=0
(ttpy)Ru(tpy-ph-tpy)Os(ttpy)** tn=1
(ttpy)Ru(tpy-(ph)2-tpy)Os(ttpy)**  :n=2
(ttpy)Ru(tpy-(ph-bco-ph-tpy)Os(ttpy)**

M =Rh (ttpy)Ru(tpy-tpy)Rh(ttpy)** in=0
(ttpy)Ru(tpy-ph-tpy)Rh(ttpy)**  :n=1

(ttpy)Ru(tpy-(ph)-tpy)Rh(ttpy)>*  :n=2

and ttpy and used without further purification. In fact, at-
tempts to remove the chloride ions with Ag™ were of ques-
tionable success. Depending upon the starting sample, other
ruthenium-osmium complexes could be isolated in low
yield®!l. The formation of these by-products seems to re-
flect the polymeric nature of the poorly-defined starting
complex, (ttpy)OsCls.

Photophysical data (steady-state luminescence spec-
troscopy and time-resolved spectroscopy methods) indicate
a very efficient energy-transfer process from the ruthenium
chromophore to the osmium moiety>31[>3, This transfer
takes place according to the exchange mechanism of Dex-
ter. Actually, the transfer of energy was found to occur
with k > 10'° s7!, even for dypy = 20 A (dyv is the in-
termetal distance). One concludes that the polyphenylene
bridge behaves as an extremely good energy transducer. In-
sertion of a bicyclooctane (bco) unit leads to an internal
separation of 24 A and results in a dramatic decrease in the
rate of energy transfer (k = 4.4 x 10° s~! as measured at 77
K). This effect is due to the increased internal distance as
well as the electronically insulating properties of the satu-
rated bco group. It is nevertheless remarkable that energy
transfer still takes place at such a large distance and in spite
of the presence of a central insulating group. Studies per-
formed by other groups with systems incorporating ethy-
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nylP% or other rigid spacersB7IB8IB% have led to similar re-
sults.

3.2.2. Ruthenium-Rhodium Complexes: The ruthenium
complex bearing a free terpyridine site was allowed to react
with (ttpy)RhL; (L = acetone) in refluxing ethanol for 4 h.
The latter was obtained similarly to its ruthenium analogue,
by replacing the chloride ligands of the complex
(ttpy)RhCl; by solvent molecules using AgBF, in refluxing
acetone. As in the case of ruthenium-osmium complexes,
other multinuclear by-products were isolated. Their forma-
tion can be explained in terms of reduction of the rho-
dium(IIT) centre to rhodium(I) during the complexation re-
action, followed by ligand scrambling3#. Indeed, the coor-
dination sphere of the rhodium(I) metal is labile and the
ligand interchange can easily occur.

The photophysics of the binuclear complexes were inves-
tigated in 4:1 methanol/ethanol solution at 77 K (rigid
glass) and 150 K (fluid solution) and compared with data
for the mononuclear Ru(ttpy)3"and Rh(ttpy)3™ model
compoundsP. At 77 K, no quenching of the Ru(II)-based
excited state was observed, whereas energy transfer from
excited state Rh(III) to Ru(IT) was observed for all the com-
plexes. At 150 K, energy transfer from excited state Rh(III)
to Ru(Il) was again observed for all complexes, while
quenching of the excited state of Ru(Il) by electron transfer
to Rh(III) was observed, but only in the complex with n =
0. The different behaviour between n = 0 and n = 1, 2 can
be rationalized in terms of better suited electronic factors
and smaller reorganizational energies for the former species.
A number of ruthenium-rhodium diads have also been syn-
thesized and studied in recent years[0161I62163] These dis-
play a variety of intercomponent energy- and electron-
transfer processes.

4. Rigid Rod-like Dinuclear Complexes with Bis-
cyclometallating Terpyridine Analogues

Interestingly, the electronic properties of a multidentate
ligand containing pyridine nuclei can be dramatically modi-
fied by replacing a nitrogen atom by a carbon atom (phenyl
group). This procedure permits us to go from a moderate
o- and m-donating neutral species to a negatively charged
ligand, provided that the metal can form a o-bond to the
deprotonated CH group of the phenyl ring. The new ligand
would then be negatively charged and would, of course, be
expected to behave as a strong donor and be able, for in-
stance, to stabilize high oxidation states or to favour high
field complexes. Since Ru(ttpy)3™ is virtually non-lumi-
nescent at room temperature (t = 0.96 ns in CH;CN), dif-
ferent approaches have been explored in order to overcome
this difficulty. One possibility is to increase the ligand field
(LF) or to diminish (to some extent) the metal-to-ligand
charge-transfer (MLCT) energy level so that the MLCT and
the LF states become well separated. In this context, cyclo-
metallating ligands such as 6-phenyl-2,2'-bipyridine
(phbpH) or 1,3-dipyridylbenzene (dpbH) (Figure 9a) have
been combined with one terpyridine in heteroleptic com-
plexes.
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4.1. Synthesis of Cyclometallating and Bridging Bis-
cyclometallating Ligands

Initially, dpbH was prepared according to a synthetic
procedure described previously by Bonnemann for 2,2'-
(1,4-phenylene)dipyridine[®4[®3], A" more convenient
method employs the mild aromatic cross-coupling reaction
originally described by Stille et al.[%°]

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

b)

The design of multicomponent systems incorporating
these new chromophores and electrophores requires the
synthesis of rigid, symmetrical bis-cyclometallating ligands.
Mild and efficient aromatic cross-coupling reactions cata-
lysed by various transition metal complexes have recently
been used in the synthesis of natural products, large organic
receptors!®’l  dendrimers!®®! and one-dimensional poly-
mers!®l. Applied to suitable precursors, these methodolo-
gies have permitted the preparation of three bis-cyclometal-
lating ligands (Figure 9b), in which aromatic spacers modu-
late the separation distance between sites!’?l. The universal
precursor 5-bromo-1,3-dipyridylbenzene (Figure 10) was
obtained by reaction of the 2-trimethylstannylpyridine with
1,3,5-tribromobenzene in the presence of PA[P(C¢Hs)3],Cl.
It was coupled using nickel(0) to afford a 70% yield of
tpbphH, (tpbph denotes tetrapyridylbiphenyl).

The ligands (tptphH, and tpqphH,. tph and qph denote
terphenyl and quaterphenyl, respectively) with one and two
phenylene spacers were prepared using Suzuki 's cross-
coupling procedure as depicted in Figure 10481,

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

By using the bis-cyclometallating ligands depicted in Fig-
ure 10, ruthenium-osmium cyclometallated complexes were
prepared with the aim of studying photoinduced energy-
transfer processes between the two bridged complex subu-
nitsBI71UI721 The synthetic strategy used was the same as
that described for the analogous terpyridine-type complexes
(3.2.1.). The mononuclear ruthenium precursors bearing a
free cyclometallating site and the corresponding heterodin-
uclear complexes are represented in Figure 11.

The binuclear complexes containing the dianionic ligands
exhibit the same geometrical properties as the previous bis-
terpyridine series, with the distance between the metal
centres ranging from 11 to 20 A, depending on the size of
the phenylene spacer. For the cyclometallated series, the
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Figure 10. Synthetic steps leading to bis-cyclometallating ligands
Br
X, X

N” ~Sn(CH3)3 Br Br — > |

(i) THF, Pd(P(C¢Hs)3),Cl,

\,
N (ii)

Br — >
N=
\_7

(ii) DMF, Ni(P(C¢Hs)3),Cly

(HO)ZBOB(OH)z

- (0]

Br

O\ /0
CHOR)

(i) toluene, EtOH, Na,COj3 2M, (15:15:1 v/v), reflux 16 h,Pd(P(C¢Hs)3)4

Figure 11. Synthesis of ruthenium-osmium cyclometallated com-
plexes

Yield =15%
Yield = 32%
n =2:Ru-(ph),-Os Yield=15%

n=0:Ru-Os
n =1 : Ru-ph-Os

rate of Ru(Il) to Os(IT) energy transfer proved to be much
slower than for the structurally identical series discussed in
the previous section (3.2.1.). Thus, at room temperature, no
energy transfer was observed, despite the fact that the ex-
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cited state of the chromophore [Ru(ttpy)(dpb)*] exhibits a
lifetime of 4.5 ns in acetonitrile. At 77 K, the energy-trans-
fer rate is affected to a large degree by the presence of the
phenylene spacer. Energy transfer was found to take place
according to a Dexter mechanism™. Comparison with
analogous complexes containing non-cyclometallating
bridging ligands, where the MLCT excited states involved
in the energy transfer step are localized on the bridge and
very fast energy transfer takes place (k > 5 X 10'0 s71),
suggests that the energy-transfer step in the cyclometallated
complexes is slower because the involved MLCT excited
states are directed toward the terminal ligandsPl. This ap-
parently results in a longer transfer pathway. The main con-
clusions are that the phenylene spacers are very efficient in
transmitting the intermetal electronic communication, but
that an important role is also played by the spatial localiz-
ation of the MLCT excited states involved in the excitation-
transfer process (peripheral for the cyclometallated series
and bridging for the non-cyclometallating family).

5. Multiporphyrin Linear Systems Assembled by Transition
Metal Complexes

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

Scheme 3. Strategy used to assemble asymmetrical bis-porphyrins
around a central transition metal cation (black dot).
The basic module consists of a porphyrin (lozenge) co-
valently attached to a chelate (arc of a circle). Provided
the transition metal complex is resistant to ligand-ex-
change processes, stepwise electron- or energy-transfer
can be envisaged after selective illumination of a por-
phyrin ring

(0 <> — 0>
hv/@@—o
A N

electron or energy transfer

The role of the transition metal is manifold: (i) to gather
and orient the system so as to have metallated porphyrins
held rigidly at a fixed distance and to have asymmetrical
systems able to undergo electron- or energy-transfer; (ii) to
modulate the electronic coupling between the donor and
acceptor porphyrins, and (iii) to form a complex which
could act as a relay in electron transfer or as an antenna in
energy transfer.

The ligand to be attached to each porphyrin and the
binding mode used to assemble the two modules into the
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final conjugates are selected so as to facilitate strict stereo-
chemical control, especially with regard to the distance be-
tween the porphyrins.

5.1. Synthesis of Porphyrin-Metal Bis-terpyridine Diads

5.1.1. Synthesis of the Ligands: The use of 2,2":6",2"-ter-
pyridine as a chelate is indeed very appealing for the strat-
egy outlined in Scheme 3, since substitution at its 4'-posi-
tion leads to axially symmetric bis-terpyridine complexes.
The ligands used in the preparation of the porphyrin-metal
bis-terpyridine conjugates are shown in Figure 12a and
their syntheses have been described 3],

Figure 12. (a) Structures of the various terpyridine ligands used for
the synthesis of the diads. (b) The various terpyridine-porphyrin

diads
a) X
Z
<
| X N S
2N N~
X =—CHj3 : Mtpy
X =—CHO : CHO-tpy
X= —< >—CHO ¢ CHO-phtpy
b)

M=Ru();n=4
M = Rh(II);n = 6

Although the preparation of 4'-methyl-2,2":6',2"-terpyri-
dine (Mtpy) is well-documented 74731761 we have devel-
oped a new route which gives high yields (87%) and allows
the preparation of large amounts (10 g scale) of this com-
pound. This alternative route to Mtpy involves the reaction
of 4'-trifluoroacetyl-2,2":6’,2"-terpyridine /477! with tetra-
methyltin, using the general procedure described by
Stille[78]. 4’-Formyl-2,2":6',2"-terpyridine (CHO—tpy) was
prepared from Mtpy by a modification of a procedure de-
veloped by Vismara et al.l”’l, while a Sommelet reaction
applied to 4'-tolyl-2,2":6',2"-terpyridine led to the corre-
sponding aldehyde (CHO—phtpy)[”*! in 40% yield. The
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monoterpyridine porphyrin was prepared following Adler’s
procedure® and was isolated in 7% yield. The synthetic
strategy for the preparation of bisphenylterpyridine porphy-
rin is derived from MacDonald’s methodology®!l, using the
improved procedure developed by Lindsey et al.[3? This li-
gand was obtained pure in 42% yield after two recrystalliza-
tions of the crude material.

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

The rhodium(III) and ruthenium(IT) complexes were pre-
pared following the same strategy. In the first step, a given
substituted terpyridine ligand L was reacted with the metal
trichloride according to a literature procedurel®”], thereby
yielding MLCl; [M = Ru(IIl) or Rh(III)]. In the second
step, after dechlorination with AgBF,, the solvated complex
ML (acetone)§t [M = Ru(IIl) or (RhIII)] was reacted with
the appropriate substituted terpyridine in refluxing alcohol
(EtOH or nBuOH).

Metallation of the free-base porphyrins in the different
compounds by zinc acetate is almost quantitative. The pu-
rity of each highly-colored complex was checked by thin-
layer chromatography, UV/Vis spectroscopy, high resolu-
tion '"H-NMR spectrometry and mass spectroscopy.

5.1.3. Photophysical Properties of the Diads: Photophys-
ical properties have been measured for zinc and free-base
porphyrins covalently linked to ruthenium(II) or rho-
dium(IIT) bis-terpyridine complexes using ultrafast transi-
ent absorption spectroscopy and the full study has been re-
ported[”3]. In each compound, the appended metal complex
quenches porphyrin fluorescence. The quenching is attri-
buted to intramolecular electron transfer from the excited
singlet state of the porphyrin to the metal complex. For
directly coupled systems, it appears that both forward and
reverse electron-transfer steps are extremely fast, and such
materials possess little attraction as building blocks. Inser-
tion of a phenyl ring between the components has a pro-
found effect on the dynamics of electron transfer, especially
with regard to charge recombination. In particular, the rela-
tively long lifetime (2 ns) of the charge-separated state of
the zinc-porphyrin phenyl-bridged ruthenium(II) bis-terpyr-
idine conjugate (Figure 12b) makes the ruthenium(II) com-
plex attractive as a bridge in multicomponent systems. The
ruthenium(Il) bis-terpyridine-based system has the ad-
ditional attraction that light absorbed by the complex is
transferred to the triplet excited state of the porphyrin by
way of an antenna effect.

5.2. Synthesis of a Bis-porphyrin-Ruthenium(II) Bis-
phenylterpyridine Triad

In order to perform long-range charge separation, the
triad represented in Figure 13 was prepared #3184, It should
be noted that it contains two differently substituted porphy-
rins, a zinc etioporphyrin-like donor and a gold(IIl) tetra-
arylporphyrin acceptor. The -CH; and -CH,CHj; substitu-
ents located at the periphery of the tetrapyrrolic donor in-
crease the electron-donating ability of the singlet excited
state ('*PZn) and thus favour electron transfer to the cen-
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tral Ru(tpy)3™ unit. On the other hand, the tetraarylpor-
phyrin backbone metallated by a gold(III) centre is a better
electron acceptor than the analogous gold(III) etioporphy-
rin.

Figure 13. The triad

5.2.1. Synthesis of the Ligands: The various precursors
leading to the triad are depicted in Figure 14.

Figure 14. The various reagents and ligands used in the preparation
of the triad

Synthesis of the octaalkyl diaryl porphyrin terpyridine
was achieved in 20% yield following MacDonald’s method-
ology!®!l using Lindsey’s conditions!®l: acid-catalysed con-
densation of dipyrrylmethane with 3,5-di-fert-butylbenzal-
dehyde and terpyridine benzaldehyde in a molar ratio of
6:5:1 in dichloromethane. The tetraaryl-porphyrin terpyrid-
ine was prepared using two different sets of conditions: (i)
Using Adler’s conditions®, a mixture of 3,5-di-tert-bu-
tylbenzaldehyde, terpyridine benzaldehyde and pyrrole in a
ratio of 18:1:19 was refluxed in propionic acid giving the
desired compound in 13% yield after purification by col-
umn chromatography. (ii) Using Lindsey’s conditions!®?l, a
mixture of 3,5-di-tert-butylbenzaldehyde, terpyridine ben-
zaldehyde and pyrrole in a molar ratio of 15:1:16 in di-
chloromethane containing trifluoroacetic acid was stirred at
room temperature for 12 h. The resulting porphyrinogens
were oxidized with tetrachloro-1,4-benzoquinone (chlor-
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anil) in refluxing dichloromethane. The crude product was
purified by column chromatography, giving pure phenylter-
pyridine porphyrin in 9% yield. Metallation of the free por-
phyrin site of this compound with gold(IIl) was achieved in
85% yield using KAuCl,; and NaOAc in refluxing acetic
acid.

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

Figure 15. Stepwise formation of the triad
+

+ RuCl;; ) 3H20

-

—
RuCl3

1) AgBF4

2) )—@
¥
RD—@

Zn(OAC)z, 2]‘[20

¥
u)—@

A pure sample of the triad was obtained in 35% yield
by successive chromatography on silica gel, eluting with an
acetonitrile/water/saturated aq. KNO; mixture. Metallation
of the free porphyrin site was carried out with Zn(OAc),
in methanol and afforded the triad as an orange solid in
90% yield.

5.2.3. Electron-Transfer Properties of the Triad: Exci-
tation of the terminal zinc porphyrin in the triad results in
electron transfer to the central ruthenium(II) bis-terpyrid-
ine complex, which is followed by secondary electron trans-
fer to the appended gold(I1I) porphyrin (Figure 16). Elec-
tron transfer occurs by two consecutive steps over a porphy-
rin centre-to-centre distance of ca. 30 A.

Rate constants for the individual steps, as determined
from laser photolysis studies®¥, are indicated in Figure 16.
The primary electron-transfer step leading to reduction of
the central Ru(II) complex (AG° = —0.25 eV) requires 50 ps
and is essentially quantitative. The second electron-transfer
process follows, resulting in reduction of the distant gold-
(IIT) porphyrin. The rate constant for this second step is
found to be 6 X 108 s~!. This process, for which there is a
thermodynamic driving force of ca. 0.6 eV, is in competition
with reverse electron transfer to restore the ground state.
Subsequent charge transfer between the terminal porphy-
rinic subunits occurs with a rate constant of 3 X 107 s7!

0 99

g
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Figure 16. Energy level diagram showing the electron-transfer sequ-
ence for the triad
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and leads to regeneration of the initial system. It is interest-
ing to compare the lifetime of 33 ns for the ultimate charge-
separated state in the triad with the value of 2 ns found for
that in the corresponding diad (Section 5.1.3.); this illus-
trates the advantage of using a multistep electron-transfer
pathway.

The salient features of this molecular triad may be sum-
marized as follows: (i) there is rapid interporphyrin electron
transfer between linear, fixed-distance subunits, (ii) the ulti-
mate charge-separated state, which has a lifetime of 33 ns,
retains almost 60% (1.2 eV) of a photonic input of 2.1 eV
and, (iii) the modular synthetic approach is highly versatile,
facilitating the preparation of many different D—A;—A,
triads and higher-order, linear oligomers.

6. A Copper(I) Rotaxane Incorporating Two Different Sites
in a Thread: Molecules in Motion

Molecular systems whose motions can be triggered by
applying an external signal are currently of special interest,
both as mimics of biological systems (redox proteins) and
as potential bistable molecular devices[®1BOIB7IB8 - Ca-
tenanes and rotaxanes are particularly well-suited in this
context since reversible molecular motions using inter-
locked or threaded rings can be easily per-
formed 1818910191121 The use of transition metal-contain-
ing systems is also especially favorable since the stereoelec-
tronic requirements of the metal can depend strongly on its
oxidation state. This property can be exploited for switching
a molecular system from a given geometrical arrangement,
corresponding to the most stable coordination for the tran-

11



MICROREVIEW

J.-P. Collin, P. Gavifia, V. Heitz, J.-P. Sauvage

sition metal(s) involved, to a different geometry, simply by
changing the metal oxidation state by chemical or electro-
chemical means, ultimately leading to the preferred coordi-
nation for the new redox state®31°41[95106],

6.1 Synthesis of the Rotaxane

A [2]-rotaxane is a molecular system consisting of a ring
threaded by a string, with two blocking groups attached at
either end of the string in order to prevent dethreading®7l.
Such compounds were first prepared long ago®31°°] but
were largely considered as mere chemical curiosities. Re-
cently, rotaxanes have undergone a notable revival due to
the newly developed efficient procedures which make them
relatively easy to makel!001I101I02] 45 well as because of
their electro- and photochemical properties[!9311041[105] and
their aptitude for undergoing controlled molecular mo-
tions[181B9102] Recently, we reported the synthesis of a cop-
per()-assembled rotaxane!!%®! with a coordinating macro-
cycle containing a 1,10-phenanthroline (phen) moiety form-
ing the ring, and a threaded fragment incorporating both a
phen unit and a 2,2":6'2"-terpyridine (tpy) coordination site
(Figure 17a). The key feature of the system is its potentially
dual complexing mode towards a metal, involving the phen
or tpy moieties.

Figure 17. (a) Representation of the Cu(I)-rotaxane. (b) Construc-
tion principle of the Cu(I)-rotaxane

(b)

The synthetic strategy is illustrated in Figure 17b. A key
step is the metal-directed threading process, often used in
the past for making various catenanes and rotaxanes!!%7],
The bidentate chelate (phen, represented by an inverted U)
and the terdentate unit (tpy, represented by a stylized M)
are incorporated in an acyclic ligand, already bearing a
bulky stopper at one end. The ring contains a phen nucleus.
In the threading step (i) of Figure 17, copper(I) (represented
by a black circle) forces the string to pass through the ring.
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Since copper(I) has a pronounced preference for tetracoor-
dination, the threading reaction will selectively lead to the
pseudo-rotaxane intermediate. The driving force behind this
threading process is the great stability of the pseudotetra-
hedral bis-chelate complex between copper(I) and the two
disubstituted 1,10-phenanthrolines!'%®), The blocking reac-
tion is performed by attaching a voluminous group at the
other end of the coordinating string.

6.2. Electrochemically-Induced Molecular Motions

The principle of the process is explained in Figure 18. It
is based on the difference of preferred coordination number
for the two different redox states of the metal: 4 for cop-
per(I) and 5 for copper(IT). The electrochemical and chemi-
cal steps of the square scheme are analysed by a combi-
nation of cyclic voltammetry and controlled potential elec-
trolysis experiments. The square scheme of electron transfer
induced reactions!'®! takes place, assuming that the chemi-
cal steps (motions of the ring from the phenanthroline to
the terpyridine and vice-versa) are slow in comparison with
the time scale of cyclic voltammetry. The voltammograms
obtained demonstrate the perfect reversibility of the system,
and also give the orders of magnitude of the rates of the
chemical steps.

Figure 18. Square scheme in the copper rotaxane made in Figure
17

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

Certainly, rotaxanes are very promising compounds with
regard to electrochemically and photochemically induced
molecular motions, due to the perfect chemical reversibility
of the processes. Interestingly, the rates of the movements
in the rotaxane are very different from those measured for
related catenanes!!!POIP1, The conversion of copper(Il) (4-
coordinate state) to copper(Il) (5-coodinate state) is much
faster in rotaxane than in the interlocking ring systems de-
scribed previously. This difference could reflect a greater
ability of the copper(II) (4-coordinate state) in rotaxane to
interact with solvent molecules or anions, the copper(Il)
centre being perhaps loosely bound to a fifth ligand, which
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would thus stabilize intermediate states on the way to cop-
per(IT) (5-coordinate state). Interestingly, the sequence of
electrochemical and chemical steps involved in the square
scheme of Figure 18 is very different from the classical EC
mechanism universally encountered in molecular electro-
chemistry since, in principle, it does not consume electrons.

7. Conclusion and Prospects

Although there may still be a long way to go from the
design and synthesis of multifunctional molecules with pre-
dicted electrochemical or photochemical properties to the
construction of real molecular devices, utilizable as arti-
ficial photosynthetic systems, photovoltaic devices or
nanoscale components in electronics, the two last decades
have nevertheless witnessed substantial progress as far as
complex multicomponent molecules and molecular as-
semblies are concerned. In particular, the use of transition
metals has contributed greatly to progress in the field. In
this context, the role of the metal is twofold: (i) to gather
ligands bearing various functional groups and thus allow
the construction of compounds with a defined arrange-
ment, the electro- and photoactive groups incorporated in
the molecule being disposed in space with a good geometri-
cal control, and (ii) to provide interesting functions related
to electronic molecular motions and thus become operative
parts of the system.

In the field of electron- and energy-transfer, in relation
to artificial photosynthesis, terpyridine has been used exten-
sively. The coordination geometry and the symmetry of its
complexes has been used to good advantage in the con-
struction of several families of compounds incorporating
ruthenium(IT) or osmium(II) centres connected to various
other electro- or photoactive components. Photoinduced
charge separation over a long distance (> 20 A) has been
demonstrated in a few instances. If porphyrins are used as
building blocks in conjunction with bis-terpyridine ru-
thenium(II), long-range (30 A) and long-lived charge sep-
aration takes place. Energy transfer between inorganic
chromophores [ruthenium(Il) and osmium(Il) complexes]
has also been shown to occur over more than 20 A, the
success of the process being attributable to the inherent
rigidity of the bridging spacer used and, above all, to the
electronic properties provided by its bis-cyclometallating
nature.

Molecular machines constitute an emerging field and,
again, strict control over the geometry of the ensemble used
and over the trajectory of the fragment(s) set in motion will
be essential. It is of course much too early to know whether
molecular machines and nanoscopic motors will one day be
used in imaging or as molecular information storage de-
vices, but the search for such systems is important and al-
lows the discovery of interesting properties related to mo-
lecular dynamics. The rotaxane discussed in the present re-
view article also has a one-dimensional component since
the movement observed is that of a ring gliding on a linear
fragment on which it is threaded. Presently, the system is
close to bistable, but in the future it should be generalized
to less primitive molecular machines, with more complex

Eur. J. Inorg. Chem. 1998, 1—14

mobility (2 or several fragments in motion) or several pos-
sible geometries.
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Magnetochemistry

The architecture of the tetrapodal pentaamine ligand 2,6-
bis(1’,3'-diamino-2'-methylprop-2’-yl)pyridine  (pyNy, 1)
allows it to coordinate to nickel(Il) as a square pyramidal
coordination cap. The pyridine nitrogen atom occupies an
apical position of the coordination octahedron, while four
equivalent pendent primary amino groups occupy the
equatorial positions, with a sixth coordination site remaining
for a monodentate ligand. Exchange of this ligand is facile,
and a series of complexes [(1)NiX]™ (X = OH,, OClO3, NCS,
N3, {CI-Ni(pyNy)}) has been prepared and characterised by
elemental analysis, IR and UV/Vis spectroscopies (as

applicable), and X-ray structure determination. While the
solid state structures show varying degrees of distortion of
the ligand cap 1 from C,, symmetry, a polynucleating
coordination mode has not been observed. The ligand
enables the synthesis of dinuclear nickel(Il) complexes
containing a single bridging ligand, as exemplified by the
singly p-chloro bridged complex [(1)Ni—CI-Ni(1)](PF¢)3. This
complex has an antiferromagnetically coupled ground state
of total spin St = 0, as determined from variable-temperature
magnetic susceptibility measurements.

Introduction

The objective of our work is to explore the potential of
tetrapodal pentadentate ligands as mononucleating head
groups in functional transition metal complexes. Ligands of
this topology are virtually unknown. Specifically, we aim
to create octahedral coordination compounds containing a
square-pyramidal coordination cap (a pentadentate ligand)
and a substrate (a monodentate ligand), which is bound at
the sixth coordination site. Ideally, functional groups ap-
pended to the base of the coordination cap will provide an
environment for the substrate in which it shows modulated
reactivity. Such metal complexes would utilise the principles
of simultaneous first- and second-sphere coordination[11?],

In this context, we recently introduced a tetrapodal pen-
tadentate ligand with an NN, donor set, consisting of a
central pyridine and four equivalent primary amino nitro-
gen atoms (pyNy, 1)l Structural characterization of a co-
balt(IIT) chloro complex showed that the ligand provides
the desired square pyramidal coordination cap. A square-

[*] X-ray structure analyses. — [**] Magnetochemical measure-
ments.
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pyramidally coordinating ligand of overall C,, symmetry
represents a novel structural motif in coordination chemis-
try since it has one central donor atom which occupies the
apical position of a pyramid, while four equivalent pendent
donor groups take the basal positions. In the case of octa-
hedral complexes, such a coordination mode leaves a sixth
site for the binding of a monodentate substrate. The tetra-
podal pentadentate ligand 1 is particularly attractive in that
it forces a sixth ligand to coordinate trans to a pyridine
substituent. While this feature has been suggested to
influence the overall reactivity with respect to ligand ex-
change in certain cases, experimental verification has so far
been lacking™l. A topological relative of 1 has recently been
describedP, being virtually identical to a ligand previously
used by Canty and co-workers in their studies of the coordi-
nation chemistry of palladium(II), where square-pyramidal
coordination was not observed!®l. A different type of tetra-
podal pentadentate ligand of C, symmetry involves a
“superstructured” 18 porphyrin, i e. the basal donor
atoms are incorporated into a macrocyclic ring. ]

As part of our studies directed toward the synthesis of
functional metal complexes with a square-pyramidal coor-

1434—1948/98/0707—1041 $ 17.50+.50/0 1041
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dination cap, we have been exploring the coordination be-
haviour of the pyN, ligand 1 and the reactivity of a variety
of complex fragments of the type [(1)M] (M = Co, Ni, Rh),
as well as the further derivatization of this ligand in order
to construct a concave ligand periphery and/or an enclosed
coordination site. We now wish to report our findings relat-
ing to ligand exchange at the fragment [(1)Ni]*>", for which
we have used the aqua complex [(1)Ni(H,0)]Cl, (2) as pre-
cursor. We were interested in the structural characterization
of the aqua complex as well as a series of other complexes
[(DNi(X)]"* (X = perchlorate, halide, pseudohalide), in or-
der to assess the influence, if any, of monodentate ligands
X upon the coordination mode of the pentadentate ligand,
and to obtain a quantitative measure of the flexibility of
the ligand in those cases where it does provide a square-
pyramidal coordination cap.

Exchange reactions have yielded the mono- and dinuclear
nickel(IT) complexes [(1)Ni(H,O)]I, (4), [(1)Ni(OClO3)]-
(C1O4) (5), [(HNi(u-CHNI(D)](PFe)5 (6), [(1Ni(NCS)](PFe)
(7), and [(1)Ni(N3)](PFe) (8). While the solid state struc-
tures of these compounds show different degrees of distor-
tion of the ligand cap, the pentaamine ligand 1 does act as
a podand in all cases, and a polynucleating coordination
mode (which is undesirable in the light of the aims specified
above) is not observed. Since the pentadentate ligand effec-
tively blocks five coordination sites in a coordination octa-
hedron, it allows the synthesis of dinuclear complexes con-
taining a single bridging ligand. In view of the interest at-
tached to such complexes, particularly with respect to their
magnetic properties!!”, we have undertaken the mag-
netochemical characterization of the dinuclear p-chloro-
bridged nickel(II) complex 6.

Results and Discussion

Analytical data indicate the nickel(Il) aqua complex
[(1Ni(H,0)]CI, (2) to be the primary species formed when
an ammoniacal aqueous solution of the tetrakis(hydrochlo-
ride) salt 1 » 4 HCI (ref.Pl) is treated with one equivalent of
NiCl, ¢ 6 H,O. Drying of the purple crystalline material in
vacuo results in a colour change to bluish green which indi-
cates removal of the aqua ligand. Addition of NaClO, to an
aqueous solution of 2 and recrystallization of the resulting
precipitate from water/methanol (1:1 v/v) gives a crystalline
solid (3) with no conclusive elemental analysis and IR data.
Preliminary X-ray structural data of this solid confirm the
pyNy ligand to act as a square-pyramidal coordination cap
and reveal the presence of at least one uncoordinated per-
chlorate anion, but do not allow the identification of the
monodentate ligand at the sixth coordination site. The re-
sidual electron density is compatible with a ligand contain-
ing a single “heavy” atom, and both chloride and water

1042

are likely candidates, but neither enables further refinement.
Hence, the possibility of this substance being a mixture of
the chloro and aqua complexes cannot be ruled out.

[(DNi(H,0)II; (4)

Exchange of the monodentate ligand is facile in 2 and 3,
and the above results suggest chloride and water compete
as ligands for the sixth coordination site. The aqua complex
is formed exclusively as the iodide salt [(1)Ni(H,O)]l, (4)
upon recrystallization of 2 from water in the presence of an
excess of sodium iodide. These conditions apparently pre-
vent the coordination of chloride, while the large iodide li-
gand, if accommodated, would induce steric strain as a
consequence of van der Waals interactions with the basal
amino groups of the complex fragment [(1)Ni]>* (ref.['!]).

The spectroscopic characteristics of 4 resemble those de-
termined for the other complexes in the present series (5, 6,
7, and 8). All complexes contain octahedrally coordinated
high-spin nickel(II), making '"H NMR spectra of limited
diagnostic value due to paramagnetically shifted and broad-
ened resonances (an assignment is given below for the pro-
ton spectrum of 5, based on approximate integration inten-
sities and chemical shifts). The UV/Vis spectrum of an
aqueous solution of 4 is characterized by an absorption at-
tributable to a d-d transition at A = 543 nm (¢ = 3.4 dm?
mol~ ! em™!), in keeping with data obtained for other six-
coordinate polyamine complexes of Ni(II)['?, The spectrum
is virtually identical to those of complexes 5, 6, 7, and 8,
presumably due to the ease of ligand exchange at the sixth
coordination site.

The IR spectrum of 4 shows bands characteristic of
N—H, O—H, and skeletal vibrations of the ligand [in par-
ticular, the v(C=C) and v(C=N) in-plane vibrations of the
pyridine ring]. The base peak in the FD mass spectrum is
at m/z = 436 ([(1)Nil]*), all other peaks having an intensity
of less than 10%. In the FAB spectrum, the base peak is
again at m/z = 436, with a fragment ion at m/z = 309
([(1)Ni] ", 45%). These results indicate that exchange of the
aqua ligand for an iodo ligand does occur under the con-
ditions prevailing in the mass spectrometer.

Compound 4 crystallises in the monoclinic space group
P2,/n. The molecular structure of the cation, which has no
crystallographically imposed symmetry, is shown in Figure
1. The nickel(II) ion is coordinated by the pentaamine li-
gand 1 in pyramidal fashion, leading to the formation of
six six-membered chelate rings, all of which adopt a boat
conformation. The aqua ligand completes the Ni(II) coor-
dination octahedron. It forms two weak hydrogen bonds to
the two iodide counterions [d(O1--11) = 3.406(4) A,
d(O1--12) = 3.405(3) A; sum of the van der Waals radii
of O and I: 3.50 Al'3]]. The arrangement of the equatorial
nitrogen atoms around the nickel centre is trapezoidal
rather than square planar, with two shorter and two longer
Ni—N,q bond distances (Table 1). The angles Neg—Ni—Nq
in the NiN, plane have average values of 84.9(2)° and
95.2(2)° for diametrically opposite pairs, the smaller value
representing the averaged “bite angle” of the 1,3-diamino-
prop-2-yl substituents. These groups are displaced slightly
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toward the equatorial NiN, unit, as indicated by the devi-
ations of the angles at the ortho carbon atoms from their
ideal values of 120° [NII-C11-CI8 116.8(3)%;
CI2—-CI11-CI8 122.7(4)°; NI11-C15-C22 116.7(3)%;
Cl14—C15—C22 122.8(4)°]. Whether this is a consequence
of the ligand acting as a podand toward the central nickel
ion cannot be said with certainty as similar deviations are
observed for the corresponding angles in the tetrakis(hydro-
bromide) salt 1 « 4 HBr where the ortho substituents are
not constrained by metal coordination"¥. However, the Ni-
—N.x bond length at 2.050(3) A-is shorter than the average
Ni—Nq bond length [2.090(4) A]. By way of comparison,
the corresponding Ni—N,, bond lengths in the cation
[(H,0)sNi(py)]** and in a Ni(Il) cyclam complex with a
pendent pyridyl group coordinated frans to an aqua ligand
are 2.08(1) Al and 2.142(4) AUl respectively, while the
averaged Ni—N., bond length in the latter complex is
1.927(5) A. The nickel—oxygen bond length in 4
[d(Ni—O) = 2.133(3) A] is within the range of values found
in both the pentaaqua and -the cyclam complexes
[dNi—O)y = 2.05(1)--2.18(1) AU and d(Ni—0) =
2.166(3) AUCL respectively].

Figure 1. Molecular structure of the cation in 4 with thermal ellip-
soids drawn at the 50% probability level; hydrogen atoms are omit-
ted for clarity

As shown in the side-on view in Figure 2, the
[(pyN4)Ni]*" complex fragment in 4 is distorted from C,,
symmetry. The pyridine ring, itself a regular hexagon, is
tilted to one side of the (pyN4)Ni pyramid, inducing a slight
bending of the N,,—Ni—O axis relative to the equatorial
NiNy unit (cf. Table 1 for relevant bond angles N,,—Ni—
Neg)- This unit shows minor tetrahedral distortion, with di-
agonally opposite N donor atoms 0.015(4) A above and,
respectively, below the plane containing the nickel atom.
For the purpose of comparison with the other structures
reported in the present publication, the distortion of the
ligand cap in 4 from C,, symmetry may be quantified as
follows (Table 2): a) The least-squares planes defined by the
pyridine ring (N11, C11, C12, C13, C14, C15) on the one
hand and the quaternary and methyl carbon atoms C18,
C19, C22, C23 on the other do not coincide but form a
dihedral angle of 15.4(4)°; b) the least-squares planes de-
fined by the four methylene carbon atoms C16, C17, C20,
C21 and the four equatorial amino nitrogen atoms N12,
N13, N14, N15 are not parallel but at a dihedral angle of
8.0(1)°; ¢) one of the distances between pairs of equivalent
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methylene carbon atoms in the two 1,3-diaminoprop-2-yl
groups [d(C16---C21)] is widened to a value of 5.399(7) A,
while the other [d(C17---C20)] is compressed to 4.743(7) A.
This distortion (see below for a unifying discussion of pos-
sible causes) attests to the flexibility of the ligand backbone.
Except for the angles given in Table 1, all other angles in
the carbon framework are close to the ideal values expected
for sp? and sp? carbon and nitrogen atoms, respectively.

[MNi(OCIO3)I(C10y) (5)

Recrystallization of the ill-defined complex 3 from meth-
anol in the presence of NaClQ, yields single crystalline mate-
rial whose IR spectrum is characterised by a triply split very
intense band between 1088 and 1145 cm™! (ClOy str). This
is characteristic of unidentate perchlorate coordination (re-
duction of the local symmetry from T4 to Cs,)[!” and points
to the perchlorato perchlorate complex [(1)Ni(OClO5)](ClOy)
(5). Its '"H NMR spectrum ([D¢]DMSO, room temp.) shows
paramagnetically shifted resonances over the range 0 to +
140 ppm which can be assigned on the basis of their approxi-
mate integration intensities and are in accord with C,, sym-
metry of the pyN, ligand in the complex!"8l. As expected,
the protons closest to the nickel atom (—NH,, —CH,—)
show the most pronounced paramagnetic shifts (128 and 100
ppm, respectively) and the largest line widths. The H? (meta),
H* (para) and —CHj protons have signals at 43, 20, and 1
ppm, respectively, with line widths decreasing in this order,
which mirrors the increasing remoteness of the proton lo-
cations with respect to the nickel center.

The X-ray structural study of 5 shows the cation to have
C, symmetry in the solid state (Figure 2). The nickel atom
is coordinated in distorted octahedral fashion by the pen-
tadentate pyNy ligand and an oxygen atom of one of the
perchlorate anions. While the diametrically related sets of
bond angles No,—Ni—N, are comparable to the corre-
sponding values in 4, the N,, —Ni—O unit deviates signifi-
cantly from linearity [N11—Nil—01 166.0(5)°]. However,
the coordination cap in 5 is less distorted than in 4, as is
evident from the structural parameters listed in Table 2,
which are closer to the ideal values. The Ni—N,, bond is
shorter still in 5 [Nil=NT11 2.015(4) A] than in 4 [2.050(3)
A], while the average Ni—N, bond lengths are comparable
[5: 2.09(1) A; 4: 2.090(4) A]. The bond length in 5 between
nickel and the oxygen atom of the coordinated perchlorate
anion has a value of d(Nil—0O1) = 2.233(6) A which is
shorter than the value found in the nickel(II) perchlorato
complex of a pendant-arm macrocyclic ligand which also
has an N5 donor set [d(Ni—O) = 2.393(8) A]!'°\. The bond
lengths and angles within both perchlorate anions are in the
normal range.

[(MNi(p-CHNi(DI(PF4); (6)

Recrystallization of 2 from water in the presence of
NH4PFg gives a purple material, and analytical data sug-
gest it is the bridged species [(1)Ni(pu-CI)Ni(1)](PF¢)s (6). Its
formation requires partial dissociation of the monodentate
ligand in 2, in accord with the observation that a vacant
coordination site may be created in a complex by NH4PF-
induced loss of a labile ligand®”. Compound 6, once
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Table 1. Selected bond lengths [A] and angles [°] for 4, 5, 6, 7 and 8 with estimated standard deviations in parentheses

bond or angle 4 5 6 7 8
Nil—-NI11 2.050(3) 2.015(4) 2.05(1) 2.062(4) 2.062(5)
Nil=NI12 2.108(3) 2.01(1) 2.09(1) 2.113(5) 2.119(6)
Nil—NI13 2.068(4) 2.16(1) 2.08(1) 2.110(5) 2.080(6)
Nil-N14 2.073(4) 2.10(1) 2.07(1) 2.098(6) 2.054(6)
Nil—=NI15 2.110(4) 2.08(1) 2.10(1) 2.132(6) 2.106(5)
Nil—X[l 2.133(3) 2.233(6) 2.448(2) 2.086(4) 2.156(5)
N11-Nil—-NI12 87.2(1) 90.8(4) 89.4(5) 88.8(2) 85.5(2)
NI11-Nil—-N15 88.2(1) 91.1(5) 87.5(5) 88.8(2) 85.5(2)
N11-Nil-NI13 92.9(1) 89.0(4) 90.5(5) 90.9(2) 91.3(2)
NI11-Nil-N14 92.3(1) 90.9(4) 90.9(5) 89.8(2) 90.9(2)
N12—-Nil-NI13 85.2(2) 88.5(3) 85.8(5) 83.9(2) 85.9(3)
N14-Nil-N15 84.6(2) 84.7(2) 85.2(5) 84.2(3) 86.6(3)
N13—-Nil-N14 96.3(2) 91.5(5) 94.9(5) 96.6(2) 95.1(3)
NI12—Nil—-N15 94.0(2) 95.3(6) 94.1(6) 95.3(3) 92.2(3)
N12—-Nil-N14 178.5(2) 178.3(5) 179.2(5) 178.5(2) 176.3(2)
NI13—Nil—-N15 178.6(2) 176.2(5) 177.9(5) 179.1(2) 176.4(3)
N11-Nil X[l 179.32(13) 166.0(5) 178.4(3) 177.1(2) 175.1(2)
Nil-NI12-C16 115.7(3) 118.3(9) 117(1) 116.9(4) 115.9(4)
Nil-N13-C17 113.6(3) 113.3(8) 116(1) 117.03) 114.0(4)
Nil—N14-C20 114.0(3) 114.8(7) 116(1) 117.0(4) 114.1(4)
Nil-N15-C21 116.0(3) 116.8(9) 115(1) 115.9(4) 116.0(4)
N12—-C16—CI18 114.2(4) 115(1) 115(1) 115.4(5) 113.2(5)
N13-C17-C18 113.9(4) 116(1) 113(1) 113.8(5) 115.1(6)
N14—C20-C22 114.5(4) 120(1) 113(1) 114.8(5) 114.5(5)
N15-C21-C22 114.0(3) 112(1) 118(1) 117.3(5) 112.7(5)

ll4: X = 01;5: X =01;6: X = Cll; 7: X = NI; 8 X = N21.

formed and isolated, may be recrystallised from water.
Whether or not the dinuclear species persists in aqueous
solution is uncertain as the UV-Vis spectrum is not signifi-
cantly different from that of the mononuclear aqua complex
4. The X-ray structural analysis of 6 confirms the presence
of a dinuclear chloro-bridged complex cation in the solid
state, making it one of the very few structurally character-
ised complexes containing a single unsupported Ni(11)—X—
Ni(II) halide bridge?!l. The compound crystallises in the
tetragonal space group I4,cd, and the two halves of the
molecule are related by a two-fold rotation axis which bi-
sects the Ni—CI—Ni’ unit (Figure 3). The bridging chloro
substituent (Cl1) and the phosphorus atom of one of the
three PF¢ counterions occupy special positions. The coor-
dination mode of the pentaamine ligand 1 is again pyrami-
dal. The chloro substituent functions as a bridge between
two symmetry-equivalent nickel(IT) ions, the angle sub-
tended at the p-chloro ligand by the bonds to Nil and Nil’
being 165.5(3)°. Similar to 4 and 5, the angles Nog—Ni—Nq
in the NiN, plane have average values of 85.5(5)° and
94.5(6)° for diametrically opposite pairs, leading to a rec-
tangular rather than a square arrangement of the equatorial
amino nitrogen atoms around the nickel centre (Table 1).
The C, symmetry of the dinuclear ion causes the equatorial
NiN, unit and its symmetry-related counterpart to adopt
an eclipsed conformation. The Ni—N,, bond length
(2.049(11) A) is again shorter than the average Ni—Ngq
value [2.085(13) pm], but the higher standard deviations in
this structure limit the usefulness of this comparison. The
Ni—Cl bond length of 2.448(2) A is appreciably shorter
than in two other complexes containing octahedrally coor-
dinated nickel(IT) bridged by a single p-chloro ligand
[dNi—Cl) = 2.941(2) AP and 2.712(4) A (average)??,
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respectively]. The capping pentaamine ligand is again dis-
torted in the sense that the pyridine ring is tilted to one
side of the [NN4]Ni pyramid, the degree of distortion being
comparable to that observed in 4 (cf. Table 2 for relevant
distances and interplanar angles). The hexafluorophosphate
counterions show thermal disorder but otherwise have nor-
mal structural parameters.

[(MNI(NCS)I(PFe) (7)

In view of the ready formation of a dinuclear complex
from 2 by incorporation of a p-chloro ligand under suitable
conditions, we carried out substitution experiments with
potentially bidentate polyatomic anions such as thiocyanate
or azide in the anticipation of obtaining dinuclear species
containing end-to-end coordinated, p-(1,3)-pseudohalide
bridges. Such complexes are of current interest with respect
to their magnetic properties?4[231[261 S far, however, even
in the presence of NH4PFg, these reactions have yielded
only the mononuclear complexes!?’], which X-ray structural
analyses have shown to contain terminally coordinated
pseudohalide ligands.

The IR spectrum of the complex [(1)Ni(NCS)](PF¢) (7) is
inconclusive with respect to the bonding mode of the SCN ™~
ligand. The X-ray crystal structure determination shows 7
to be the isothiocyanato complex, its cation having the ex-
pected octahedral symmetry. The distortion of the pyNy li-
gand in 7 (Figure 2) is much less severe than in complexes
4 and 6, and comparable to that in 5. The least-squares
planes defined by the four methylene carbon atoms C16,
C17, C20, C21 and the four equatorial amino nitrogen
atoms N12, N13, N14, N15 form an angle of only 3.0(2)°,
and the distances between pairs of equivalent methylene
carbon atoms in the two 1,3-diaminoprop-2-yl groups
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Figure 2. Molecular structures of the cations in 4 (top left), 5 (top right), 7 (bottom left), and 8 (bottom right); side-on views are shown

in order to illustrate the differing degrees of distortion of the ligand caps; for clarity, ball-and-stick representations have been chosen,

and all hydrogen atoms have been omitted; for all structures, the numbering of atoms in the pyridine ring is identical to that shown in
Figure 1

Table 2. Intramolecular angles [°] and distances [A] illustrating the distortion of the ligand cap in complexes 4, 5, 6, 7 and 8 (with
estimated standard deviations in parentheses); see footnote and text for definitions of angles

bond or angle 4 5 6 7 8

glal 15.4(4) 1(1) 17(1) 5.0(3) 26.83(4)

¢l 8.0(1) 1.3(3) 7.4(4) 3.0(2) 9.8(2)
el 11.6(2) 3.1(6) 13.2(6) 4.0(2) 19.3(2)

d(C16--C21) 5.399(7) 5.18(2) 5.30(3) 5.28(1) 5.44(1)

d(C17---C20) 4.743(7) 5.01(2) 4.80(3) 5.06(1) 4.69(1)

[2l Angle ¢ between the least-squares planes defined by the pyridine ring (N11, C11, C12, C13, C14, C15) and the quaternary and methyl
carbon atoms C18/C19/C22/C23. — [®l Angle { between the least-squares planes defined by the equatorial nitrogen atoms N12/N13/N14/
N15 and the methylene carbon atoms C16/C17/C20/C21. — [ Angle n subtended by the lines N11---C13 and N11—Nil at N11.

[d(C16---C21) and d(C17---C20)] have adjusted to 5.28(1) A  differences, and possibly also solid state packing effects, al-
and 5.06(1) A, respectively. On average, the Ni—N., bonds low the ligand to adopt a conformation closer to C,, sym-
in 7 are slightly longer and the Ni—N.,—C angles slightly —metry. The isothiocyanato ligand is linear [N1-C1—S1 =
larger than in the other complexes, and it appears that these  177.8(6)°] and is coordinated to nickel at an angle of
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Figure 3. Molecular structure of the cation in 6; hydrogen atoms
have been omitted for clarity; the numbering of atoms in the pyri-
dine ring is identical to that shown in Figure 1

Nil =N1+=C1 = 165.9(5)°, with an Nil =N1 bond length of
2.086(4) A. Corresponding values for an octahedral nickel-
(IT) complex likewise containing a trans py—Ni—NCS unit
are 159.0(3)° and 2.022(3) A, respectively!2®l,

[(MNi(N3)I(PFe) (8)

The IR spectrum of the azide complex [(1)Ni(N3)](PFg)
(8) shows, in addition to diagnostic bands due to the pyNy
ligand and the hexafluorophosphate counterion, a sharp
and very intense band at 2060 cm ™! due to the asymmetric
stretching vibration of the coordinated azide ligand. Struc-
tural analysis reveals a complex cation (Figure 2) in which
the distortion of the ligand cap is the most pronounced of
all the complexes in the present series. While the Ni—N,,,
bond length trans to the azide ligand [d(Nil—NI11) =
2.062(5) A] is identical to the corresponding value found in
the isothiocyanate complex 7 (Table 1), the pyridine ring
(which is planar to within 4 o) is forced out of coplanarity
with the quaternary and the exocyclic methyl carbon atoms
of the ligand backbone by 26.8(4)° (Table 2). More signifi-
cantly than in the other structures, the Ni—N,, bond
Nil—NI1 is bent from its vertical orientation relative to the
NiN, plane, with relevant angles N,—Ni—N., ranging
from 85.5(2)° to 91.3(2)°. Further distances and angles are
given in Table 1, and the complete set of parameters quan-
tifying the ligand distortion in comparison to the other
structures is given in Table 2. It is interesting to note that,
despite the more serious distortion of the ligand in 8 with
respect to the relative orientation of the pyridine ring, the
bond angles in the carbon backbone (especially those at the
methylene carbon atoms of the 1,3-diaminoprop-2-yl units,
cf. Table 1) do not differ significantly from the correspond-
ing values in the other structures. The terminally-coordi-
nated azide ligand is linear [N21—N22—N23 = 177.9(7)°],
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and is bound to the nickel centre at an angle of
Nil—=N21—-N22 = 116.4(4)° (an angle approaching 120° is
to be expected?’l; corresponding angles in other octahedral
Ni(IT) complexes containing terminal azide ligands span the
range 123---138°[7I30L3NI321B31B34) - The bond length
d(Ni—N,) at 2.156(5) A is somewhat longer than in other

terminal  nickel(Il)  azide  complexes  (2.05--2.12
A)[27][30][31][32][33][34].

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

The factors responsible for the varying degrees of distor-
tion of the pentaamine ligand 1 in the solid state structures
of 4,5, 6,7, and 8 are difficult to assess. The ligand has the
topology of a podand, and hence is inherently more flexible
than a macrocyclic or a cage-like arrangement of donor
atoms, with their higher degrees of preorganization (“juxta-
positional fixedness”["!). The structures of complexes of 1
in the solid state are therefore expected to be more suscep-
tible to packing effects, the significance of which will vary
depending on the nature of the monodentate ligand and of
the counterions. On a more subtle level, the trans influences
(“static trans effects” 3313 of the monodentate ligands
have to be considered. Perchlorate is weakly bound, and its
complex has a shorter Ni—N,, bond than the other com-
plexes in the series. The tilt of the pyridine ring, however,
is obviously unrelated to the length of the bond connecting
it to the metal centre (i. e., the trans effect of the monodent-
ate ligand). Thus, the isothiocyanato complex 7 and the az-
ide complex 8, while differing markedly in the degree of
distortion of the ligand cap, have Ni—N,, bond lengths
which are identical within experimental error.

Magnetic Properties of 6

The magnetic behaviour of di- and polynuclear transition
metal complexes is being studied extensively. The objective
is to define the role played by the bridging ligands in me-
diating coupling interactions between the paramagnetic me-
tal centers, and in particular to establish magneto-structural
correlations!!%. Nickel(II) complexes, especially those con-
taining chain-like one-dimensional arrangements of alter-
nating metal atoms and bridging ligands, feature promi-
nently in this context?°1B323713813%1 - Bridging groups in-
clude carboxylato, nitrito, cyanide, cyanato, thiocyanato
and, in particular, azido ligands, and complexes containing
single, double, and triple bridges have been character-
ised B8IB9I401 - The scarcity of polynuclear nickel(II) com-
pounds containing an unsupported single halide bridge"]
led us to undertake the magnetochemical characterization
of the p-chloro bridged complex 6.

The solid-state magnetic susceptibility of 6 was measured
at 1.0 T in the temperature range 2 to 295 K using a SQUID
magnetometer (MPMS, Quantum Design). Figure 4 shows
the variation of both the molar paramagnetic susceptibility
xm and the effective magnetic moment p.g (per mol) with
temperature. As temperature decreases, yy; increases slightly,
reaching a broad maximum at 225 K, and then decreases to
reach a minimum at 30 K. The marked rise of y, for T < 20
K is attributed to the presence of a small amount of para-
magnetic impurity, presumed to be a monomeric nickel com-
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plex. As may be seen from the plot of p.g versus T, the value
of the effective magnetic moment decreases steadily with
decreasing temperature from the maximum value of 3.17 pg
at 295 K (xpm- 7 = 1.256 cm® K mol '), reaching a minimum
of 0.32 ug (xm-7 = 0.013 cm® K mol ') at temperatures
below 25 K. The theoretical spin-only value of the magnetic
moment go for two uncoupled Ni(IT) spins Sy; = 1 is 4 pg
(xm* T = 2 cm® K mol™!), which is higher than the exper-
imental value of 3.17 pg at 295 K. The data are, however,
consistent with strong antiferromagnetic exchange between
the two nickel atoms through the bridging chlorine atom, re-
sulting in a diamagnetic ground state with total spin St = 0.
The residual value of p.g is indicative of the presence of a
paramagnetic impurity. The experimental data of 6 have been
analysed by a least-squares fit procedure using an isotropic
Heisenberg-Dirac-van-Vleck (HDVV) exchange Hamiltonian
H = —2J §;-S,, and taking account of Zeeman splitting as
well as corrections for paramagnetic impurity (p) and tem-
perature-independent paramagnetism (TIP)®!. Diamagnetic
correction is based on substracting the sample-holder signal
and the contribution yp = —236 X 10~ cm®mol !, as deter-
mined from Pascal’s constants!'?), from the raw data. A good
fit was achieved (solid lines in Figure 4) for isotropic ex-
change coupling J = —74 cm™! between the two paramag-
netic sites, average g value g = 2.18, paramagnetic impurity
with spin § = 1 and relative amount p = 2.7%, and TIP =
+171x107¢ cm?® mol~! per nickel atom. It was further as-
sumed that the paramagnetic impurity has about half the mo-
lecular weight and half the diamagnetic correction yp of 6.
The J value for 6 is considerably larger than the values typi-
cally found for antiferromagnetic coupling in Ni(II) chains
containing single p-(1,3)-azido bridges®*-3842431 or multiple
bridges#4IH0I47I48149] - The reason for 6 having such a
large J value is that its Ni(II)—X—Ni(II) angle comes closest
to 180° of all the Ni(II) chains considered. The g value is as
expected for octahedral nickel(IT) complexes (cf. the typical
value of g = 2.25 for [Ni(H,O)¢>" B). As far as we are
aware, 6 is the first complex containing a single halogen
bridge between two Ni(II) centres that has been characterised
by a magnetochemical method.

Summary

The tetrapodal pentaamine ligand 1 acts as a square-py-
ramidal coordination cap towards nickel(II) ions in aqueous
solution, leaving a sixth site for the binding of a monodent-
ate ligand, which completes the coordination octahedron.
Exchange of the monodentate ligand is facile, and the pen-
tadentate ligand shows considerable conformational flexi-
bility, as illustrated by the solid state structures of the aqua,
perchlorato, isothiocyanato, and azido complexes. Since the
pentaamine ligand effectively blocks five coordination sites
in a coordination octahedron, dinuclear Ni(II) complexes
containing a single bridging ligand may also be prepared.
The ligand thus meets the requirements set out in the Intro-
duction for the construction of coordination caps carrying
a functional periphery. Work using the complex fragment
[(1)Ni]*" as a template for the derivatization of the tetra-
podal pentadentate ligand 1 is currently in progress.
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Figure 4. Temperature dependence of the effective magnetic mo-

ment g (Bohr magnetons, pp) and of the molar magnetic suscepti-

bility 3y (1073 cm? mol™!) of 6. Squares and dots represent the

experimental data, whereas the solid lines are the calculated fits

(see text). The scales at left and right have been chosen so as to
avoid overlay of the curves.
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Experimental Section

CAUTION! Although no problems were encountered in this
work, transition metal perchlorate and azide complexes with or-
ganic ligands are potentially explosive and should be handled with
due precautions.

Materials and Instrumentation: 2,6-CsH;N{CMe(CH,NH,),}»
(1) was prepared as described previously®. The aqua complex 2
was prepared by reacting equimolar amounts of 1 « 4 HCI and
NiCl, ¢ 6 H>O in dilute aqueous ammonia solution and subsequent
cation exchange chromatography on Sephadex SPC-25. The chro-
matography was performed as described in a published pro-
cedurel!l. Reagents were AR grade or better and were purchased
from Merck, Fluka, and Aldrich. IR (KBr discs) and UV/Vis spec-
tra (solvent: water) were recorded on Perkin-Elmer 16PC FT-IR
and Shimadzu UV-3101 PC instruments, respectively. NMR spectra
were measured on a JEOL INM-EX 270 spectrometer, and mass
spectra were obtained on a JEOL MSTATION 700 spectrometer.
Elemental analyses were performed using a Carlo Erba Elemental
Analyzer 1106. Magnetic measurements were carried out on a po-
lycrystalline sample with a SQUID magnetometer (MPMS, Quan-
tum Design).

X-ray Crystallography: Crystal data for compounds 4, 5, 6, 7,
and 8 are given in Table 3, and selected distances and angles are
listed in Table 1. The structures of the cations are presented in
Figures 1, 2, and 3. Only the cation of 5 shows slight disorder
(oxygen atoms of the perchlorato ligand). The structure of 4 was
solved by direct methods and refined using the programme package
SHELXTL 5.03121. An absorption correction (‘¥ scans, 10 reflec-
tions, T, = 0.011, Ti. = 0.032) was carried out. All non-hydro-
gen atoms were refined anisotropically (full-matrix least-squares).
All hydrogen atoms were located in a difference Fourier synthesis,
and all hydrogen atoms except HIA and H1B (aqua ligand) were
refined isotropically. Both the positional and the isotropic displace-
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ment parameters of HIA and H1B were kept constant during re-
finement. The structure of 5 was solved by direct methods
(SHELXS-86) and refined on F? using SHELXL 9353154 The
structure of 6 was solved by direct methods and refined using the
programme package SHELXTL 5.03. For both 5 and 6, the non-
hydrogen atoms were refined anisotropically (full-matrix least-
squares), and the hydrogen atoms were positioned geometrically.
The structures of 7 and 8 were solved by direct methods and refined
using the programme package SHELXTL 5.03. For both struc-
tures, all non-hydrogen atoms were refined anisotropically (full-ma-
trix least-squares), and all hydrogen atoms were located in a differ-
ence Fourier synthesis and refined isotropically. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-100 937.
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: int.
code +44 (1223) 336—033; E-mail: deposit@ccdc.cam.ac.uk].

[(1)Ni(H>0) ]I, (4): To a solution of 2 (0.94 g, 2.36 mmol) in
water (50 ml) was added solid Nal (3.70 g, 24.69 mmol), and the
mixture was stirred until all solid had dissolved. The solution was
taken to dryness, the remaining solid taken up in as little methanol
as possible, and the suspension filtered to remove Nal. Slow evap-
oration of solvent from the purple filtrate yielded a purple crystal-
line solid after several days. This was removed by filtration and
air-dried. Yield: 0.40 g (0.69 mmol, 29%). Recrystallization from
methanol gave single crystals suitable for an X-ray structure analy-
sis. — IR (KBr): v = 3272 cm~! (br, OH/NH str), 2930 (CH str),
1594 (OH/NH def and C=C/C=N str), 1577 (OH/NH def and C=
C/C=N str), 1463 (CH, asym def), 1397 (CH, sym def), 1024
(C—C skelet), 838 (NH def and CH,,y, oop def), 573 (C—C def). —

UV/Vis (water): Apax (€) = 543 nm (3.4 dm?® mol~! cm™!), 262
(1643). — MS (FD); mlz (%): 436 (100) [(1)NiI]*]; (FAB); m/z (%):
436 (100) [[(HNII]*], 309 (45) [[(ONi]*]. — C,sHayI,NsNiO
(581.91): caled. C 26.83, H 4.68, N 12.04; found C 26.66, H 4.26,
N 11.98.

[(1)Ni(OClO;3) ](ClO,) (5): To a solution of 2 (0.42 g, 1.00
mmol) in water (5 ml) was added a saturated aqueous solution of
NaClO, (5 ml). The resulting purple precipitate was centrifuged,
washed with cold water, and dried in vacuo. Recrystallization from
water/methanol (1:1 v/v) gave a crystalline solid (3) with no conclus-
ive elemental analysis and IR data. A methanol solution of 3 (5 ml)
containing NaClO, (0.50 g) was heated to reflux and cooled slowly
to room temperature to give S in the form of gingle crystals suitable
for an X-ray structural analysis. — IR (KBr): v = 3263 cm ™', 2964,
1576, 1464, 1145 (ClO, str), 1116 (ClO; str), 1088 (ClO, str), 1031,
1020, 822, 626. — "H NMR ([D¢]DMSO, room temp.; all signals
paramagnetically broadened) 5 = 1 (-CHj3), 20 (H*), 43 (H?), 100 (-
CH,-), 128 (-NH;). — C;3H,5CI,N;sNiOg (508.99): caled. C 30.68, H
4.95, N 13.76; found C 30.70, H 5.08, N 13.50.

[(1)Ni(u-Cl)Ni(1) ](PF); (6): To a solution of 2 (0.42 g, 1.00
mmol) in water (20 ml) was added a saturated aqueous solution of
NH,4PFg (10 ml). The purple crystalline precipitate that formed was
centrifuged, recrystallised from hot water, removed by filtration,
washed with water, and air-dried. The resulting crystals were suit-
able for an X-ray structural analysis. Yield: 0.35 g (0.32 mmol,
64%). — IR (KBr): v = 3374 cm ™!, 2967, 1603, 1579, 1469, 1397,
1084, 1020, 850 (PFy), 559. — C,y6HsoCIF gNoNi,P; (1090.52):
caled. C 28.64, H 4.62, N 12.84; found C 28.23, H 4.63, N 12.52.

[(1)Ni(NCS)](PFs) (7): A solution of 2 (0.67 g, 1.68 mmol) in
water (20 ml) was loaded onto a cation exchange column (Sephadex

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

4 5 6 7 8
empirical formula C13H2712N5Ni0 C13H25C12N5Ni08 C26H50C1F18N10Ni2P3 C14H25F6N6NiPS C13H25F()N8NiP
mol. mass 581.91 508.99 1090.54 513.14 497.09
crystal system monoclinic orthorhombic tetragonal monoclinic monoclinic
space group (no.) P2/n (no. 14) Pna2, (no. 33) 14,cd (no. 110) P2,/n (no. 14) P2,/c (no. 14)
a [A] 9.936(2) 20.705(3) 21.312(3) 11.735(5) 10.703(1)
b [A] 18.804(5) 11.378(1) 21.312(3) 14.447(5) 11.059(1)
c[A] 10.757(3) 8.715(1) 19.010(4) 13.877(6) 17.130(1)
a[°] 90 90 90 90 90
B 92.70(2) 90 90 113.65(3) 94.335(7)
v [°] 90 90 90 90 90
zZ - 4 4 8 4 4
V [A3] 2007.6(9) 2053.1(5) 8635(2) 2155(2) 2021.8(3)
Pealed [g cm 3] 1.925 1.647 1.678 1.582 1.633
diffractometer Nicolet R3m/V Enraf Nonius CAD4 Siemens P4 Nicolet R3m/V E. Nonius MACH3
radiation Mo-K, Mo-K, Mo-K, Mo-K, Mo-K,, (rotating anode)
monochromator graphite graphite graphite graphite graphite
crystal size [mm?] 0.60 X 0.40 X 0.40 0.36 X 0.20 X 0.12  0.70 X 0.40 X 0.40 0.45 X 0.30 X 0.25 0.40 X 0.20 X 0.20
T [°C] 293(2) 293(2) 200(2) 293(2) 293(2)
scan ® ®-20 ® ® ®-0
20 range 4=20=54 5=20=53 4 =20 =48 4 =20 =54 5=20=48
measured reflections 5390 2219 7581 5761 3208
unique reflections 4382 2219 1967 4692 3164
observed reflections!® 3246 1695 1360 1910 2095
w(Mo-K,) [mm~'] 4.050 1.256 1.158 1.135 1.110
refined parameters 300 263 274 362 362
data/parameter ratio 14.6 8.4 7.2 13.0 8.7
wR2 (all data)®! 0.0665 0.1460 0.1996 0.1250 0.1517
R1 (obs. data)l! - 0.0289 0.0508 0.0702 0.0518 0.0522
Prin(max/min) [e A~3] 0.771/—0.557 0.640/—0.358 1.514/—0.608 0.278/—0.514 0.837/—0.491
weighting schemel® = k = 0.0375/[ = 0 k = 0.0757/1 = 1.6931 k = 0.065/] = 54.317 k = 0.0536/l = 0 k = 0.0794/] = 3.1450

1 With F, = 4 o(F) M wR2 = ({S[w(F.? - FAPIEDNEVINOS R = SIE] — [FEIR for F> 40(F); 9w = V[e(F,?) + (k- P)]
/3

+[-Pand P = (F,> + 2-F?)
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SPC-25, & 30 mm, length 190 mm), and the column eluted with
water (200 ml). Gradient elution with an aqueous solution of
NH4SCN (0.1 M, 150 ml) removed a purple eluate which was con-
centrated to a volume of 20 ml. To this solution was added a satu-
rated aqueous solution of NH4PF4 (10 ml). A single crystalline
precipitate formed after several days. — IR (KBr): v = 3274 cm ™!,
2979, 2091 (SCN), 1597, 1465, 1062, 1009, 850 (PFg), 558. —
C4H,5FgNgNiPS (513.13): caled. C 32.77, H 4.91, N 16.38; found
C 33.03, H 5.24, N 16.44.

[(1)Ni(Ns)](PFs) (8): A solution of 2 (0.70 g, 1.75 mmol) in water
(25 ml) was loaded onto a cation exchange column (Sephadex SPC-
25, & 30 mm, length 190 mm), and the column eluted with water
(200 ml). Gradient elution with an aqueous solution of NaN; (0.1 m,
200 ml) removed a purple eluate which was taken to dryness. The
remaining solid was taken up in methanol (50 ml), the suspension
filtered to remove excess NaN3, and the filtrate again taken to dryness.
The residue was dissolved in water (10 ml), and the solution added
to a concentrated aqueous solution of NH4PFg (5 ml). The purple
precipitate which had formed after several days was removed by fil-
tration, washed quickly with a small amount of cold water, and air-
dried. Single crystals suitable for an X-ray structural analysis were
obtained by recrystallization from water. — IR (KBr): v = 3256 cm™!,
2962, 2060 (N3), 1606, 1467, 1019, 834 (PFy), 558. — C;3H,sFsNgNiP
(497.07): caled. C 31.41, H 5.07, N 22.54; found C 30.94, H 4.88, N
20.52. Repeated recrystallizations gave samples which analysed con-
sistently too low for N and, to a lesser extent, for C.
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Chromium-based heterogeneous catalysts are used exten-
sively for the polymerization of olefins. There are few homo-
geneous model systems that allow investigation of the reac-
tion mechanisms and unique characteristics of chromium ca-
talysts. Coordinatively unsaturated paramagnetic chromium

alkyls containing a Cp*Cr''R fragment (Cp* = n3-Cs;Mes,
pentamethylcyclopentadienyl) catalyze the polymerization of
ethylene and a-olefins. Correlations between molecular
structure and catalytic activity are reviewed.

Introduction

Polymers produced by homopolymerization and/or copoly-
merization of small olefins such as ethylene and propene
are among the most widely used plastics. In 1996 world-
wide consumption of polyethylene and polypropylene stood
at 40 X 10% and 21 X 10° tons, respectively.!!! Except for
so-called low density polyethylene (LDPE), which is made
by a high temperature/high pressure radical process, these
materials are the products of metal-catalyzed reactions con-
ducted on an enormous scale. Two different kinds of cata-
lysts are used commercially . One group utilizes group 4
metals (Ti, Zr) and can be traced to the Nobel prize-win-
ning discoveries of Ziegler and Natta.?! There has been
much recent interest in this area, due to the development
and application of so-called “metallocene” technology, i.e.
catalysts based on sophisticated organometallic molecules
that facilitate greater control of polymer structure and
properties.[3 The second kind of catalyst is based on chro-
mium and was discovered independently by Hogan and

Banks at Phillips Petroleum Co.™ Roughly one third of all
polyethylene is currently produced with it, and it is notable
for not requiring any cocatalyst (e.g. AIR; or methyl alu-
minoxane, i.e. MAQO). Despite much investigative effort,
much less is known about the mechanism and active site(s)
of this catalyst, and it has not undergone innovations to
match the “metallocene revolution”. A large obstacle in this
regard has been the lack of homogeneous model systems
for chromium-based heterogeneous catalysts. This is now
beginning to change, and this review covers the relevant or-
ganometallic chemistry of chromium, with particular em-
phasis on studies carried out in the author’s laboratory.

The Phillips catalyst is prepared by impregnation of silica
with an inorganic chromium compound (e.g. CrOj; or vari-
ous Cr!! salts), followed by calcination in oxygen. This
leaves the chromium in the hexavalent state. Upon contact
with ethylene, the metal is reduced, ultimately forming the
catalytically active species. With carbon monoxide as an
alternative reducing agent, the surface-bound chromium

cal transformations.
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can be reduced to its divalent state (Cr'"), and this species
will polymerize ethylene.[®) However, the chemical structure,
valence state, and mechanism of formation of the active site,
i.e. the chromium alkyl actually producing the polymer by
repetitive insertion of ethylene, have been the subject of a
longstanding controversy. Especially the valence (i.e. the
formal oxidation state) of the catalytically active chromium
has inspired much speculation, and almost every stable oxi-
dation state of chromium has been held responsible for ca-
talysis at one time or another. Scheme 1 depicts some of
the proposed structures; several of the organometallic de-
rivatives could in principle undergo ethylene insertion.
Variations of these structures containing binuclear chro-
mium sites (with and without metal—metal bonds) have
also been proposed.
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Another chromium catalyst was discovered by Karapin-
ka7 and developed by Karol et al.[’?l at Union Carbide
in the early 60’'s. It is prepared by impregnating dehy-
droxylated silica with chromocene (Cp,Cr, Cp = n’-cyclo-
pentadienyl). While not in use industrially at present, the
Union Carbide catalyst shares some of the advantages of
the Phillips catalyst, namely high activity and absence of
cocatalyst. It is different from the latter, however, in its high
selectivity between ethylene and propene (no copolymeri-
zation) and its good response to hydrogen (H,) for molecu-
lar weight control. There is little doubt that the reaction of
the organometallic molecule with remaining hydroxyl
groups on the silica surface results in loss of one cyclopen-
tadienyl ligand and formation of a surface bound CpCr
fragment (see Scheme 2). However, it is also clear that the
remaining cyclopentadienyl group does not initiate the
polymer chain growth; rather it stays coordinated to the
chromium during catalysis. Thus there arises the same set
of questions about the mechanism of the initiation, and the
structure and valence of the active site. Scheme 2 shows
some of the commonly proposed candidates for the active
site.

16
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Homogeneous Model Systems

The proposed structures depicted in Schemes 1 and 2
have resulted from many spectroscopic investigations of het-
erogeneous catalysts combined with extrapolations from the
now extensive body of known organometallic structures.
However, the relevance of this “deluge of conjecture”® is
highly questionable. Most of the analytical work utilized IR
spectroscopy, with some EXAFSH! and solid state 'H
NMRU!'! results added relatively recently. Even for pure
substances, most of these techniques can hardly be called
definitive structural tools, and synthetic organometallic
chemists would not base a detailed molecular structure so-
lely on such results. Furthermore, the most careful studies
of this type have come to the conclusion that the cata-
lytically active sites represent only a very small fraction of
the surface-bound chromium (< 1%!).1°® Thus, whatever
spectroscopic information is available probably pertains to
those chromium species that are inactive. The proposals
were further compromised by the fact that until recently the
organometallic chemistry of chromium—i.e. the very metal
of concern—did not offer realistic model compounds for
any of the suggested species. As we have previously noted,
“the known organometallic chemistry of said metal con-
cerns low-valent carbonyl derivatives and/or diamagnetic
complexes with 18-electron configurations. Such molecules
are unlikely candidates for modeling highly reactive (coor-
dinatively unsaturated) and oxide supported alkylchromium
compounds”.['?l This lacuna in the development of molecu-
lar chromium chemistry is largely due to the physical
properties of relevant compounds. Chromium alkyls in the
intermediate oxidation states of interest (II-IV) are typi-
cally “metallaradicals” featuring unpaired electrons. The as-
sociated paramagnetism makes characterization by NMR
spectroscopy, the most important analytical tool of solution
chemistry, more difficult and less informative.[!3]

Nevertheless, we are convinced that homogeneous or-
ganometallic chemistry is in a position to make an impor-
tant contribution both to the understanding of present-day
heterogeneous catalysts and to the development of the next
generation of chromium catalysts. To this end we must cre-
ate functional models, i.e. well-defined chromium com-
pounds that catalyze the polymerization of olefins in homo-
geneous solution. The preparation and catalytic activity of
molecules incorporating the structural elements of Schemes
1 and 2 will be the best arbiter of their relevance. If a struc-
turally characterized Cr'Y metallacycle, to name but one ex-
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ample, does not polymerize ethylene in solution (see below),
it is unlikely to do so on a silica surface. Conversely, if a
class of coordinatively unsaturated CpCr'™™" alkyls consist-
ently exhibits catalytic activity, it must have some claim to
being related to the catalytically active site of the Union
Carbide catalyst. Let us then review the available homo-
geneous chemistry.

Cyclopentadienyl Chromium Catalysts

The Union Carbide catalyst is prepared by treatment of
silica with chromocene. There have, of course, been at-
tempts to model this reaction with surface hydroxyl groups
in homogeneous solution by reaction of chromocene with
alcohols or silanols.['¥ The products of such reactions are
invariably dinuclear Cr'! alkoxides (see eq. 1); they do not
polymerize or even react with ethylene. One of the obvious
advantages of surface-supported organometallics is “site-
isolation”, i.e. the inability of coordinatively unsaturated
species to dimerize and thereby annihilate reaction sites.
With respect to the initiation of catalysis, an investigation
of the reactivity of a mononuclear complex of the type
CpCr"-OR would be desirable; however, such a molecule
has not been prepared. The closest we have come is the
synthesis of mononuclear Tp®B“Me¢Cr—QPh [Tp'B»-Me =
hydrotris(3-zert-butyl-5-methylpyrazolyl)borato]; the steri-
cally hindered tris(pyrazolyl)borate ligand is isoelectronic to
the Cp ring, but its steric bulk prevents dimerization.[!>]
However, Tp'Bu-MeCr—OPh does not react with ethylene.

A i,
2CpyCr + 2ROH  —> e =
s 073
(R = 'Bu, SiPhy) P

Chromocene by itself does not catalyze the polymeri-
zation of ethylene. However, in the presence of an excess of
aluminum alkyl and at high ethylene pressure some polymer
has been obtained. Under the same conditions, a variety of
chromium m-complexes [including bis(arene)chromium® ™",
CpCr(acac)Br, and CpCr(NO),X] showed some activity.['®]
Wilke et al. found that hexane solutions of tris(allyl)chro-
mium polymerize ethylene under mild conditions!'”); al-
though not a cylopentadienyl derivative, Cr(n3-C;Hs); is
chemically related to Cp,Cr. The structure of the mixed li-
gand system CpCr(n3- C3Hs), has been reported; its reac-
tion with ethylene has not been described in the litera-
turel'®], but it is said to be active at modest ethylene pres-
sure. '8! Bis(indenyl)chromium, a dimeric complex featur-
ing bridging p-n3-indenyl ligands, is also a catalyst for
ethylene polymerization.!*]

The generally accepted mechanism of polymer chain
growth involves coordination of ethylene to a metal atom
carrying an alkyl functionality, followed by migratory inser-
tion of the olefin into the metal—carbon bond, thereby in-
creasing the length of the alkyl chain by two carbons
(Cossee mechanism).?°! Thus a minimum requirement for
the active site is an alkyl group (or hydride) bonded to chro-
mium. Keeping in mind the presence of the ancillary Cp
ligand, and maintaining the link to the silica surface via an
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oxygen atom, one might suggest structure A (Scheme 3) as
an active site of the Union Carbide catalyst.

Scheme 3
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Based on this simple proposal, we began some time ago
to explore the synthesis and reactivity of cyclopentadienyl
chromium alkyls in the +III oxidation state.[>!] For all the
familiar reasons (e.g. solubility, stability) we opted for pre-
paring the Cp* derivatives (Cp* = nm°-CsMes, i.e. penta-
methylcyclopentadienyl), but the qualitative differences
caused by this substitution are expected to be minor.?? Our
first success was the synthesis and structural characteri-
zation of [Cp*Cr(THF),Me|BPh, (THF = tetrahydrofu-
ran).[121123] In solution, this paramagnetic 15-electron cation
exists in equilibrium with coordinatively unsaturated [Cp*
Cr(THF)Me]*, via dissociation of a THF ligand (shown
by 'H NMR). Despite their electron deficiency (i.e. three
electrons short of the 18-electron configuration), we con-
sider three-legged piano stool complexes of the type Cp*
CrLX,P4 “coordinatively saturated”. If one considers the
cyclopentadienyl ring (Cp*), a tridentate chelating ligand,
to be occupying one trigonal face of an octahedron, then
three additional ligands suffice to complete the octahedral
coordination environment of the Cr™ ion, one of the most
stable entities known to coordination chemists. We suggest
that the 13-electron species (B in Scheme 3) is a good struc-
tural model of the proposed active site of the heterogeneous
catalyst (i. e. A). Its positive charge may serve to discourage
dimerization of the unsaturated species by electrostatic re-
pulsion.

Solutions of [Cp*Cr(THF),Me]BPh, in dichloromethane
catalyzed the polymerization of ethylene at ambient tem-
perature and pressure, without any added cocatalyst. At-
tempts to polymerize propene with [Cp*Cr(THF),Me]|BPh,
were unsuccessful, however. In a typical experiment ca. 10
mg of the chromium compound dissolved in 50 ml CH,Cl,
([cat] = 0.81 mm) produced 1—2 g of polyethylene before
activity ceased. Ethylene uptake measurements showed an
immediate onset of reaction upon addition of the catalyst.
Although no induction period was observed, a slight in-
crease in activity was noted during the initial phase of the
reaction. At later times the catalytic activity slowly dimi-
nished and effectively ended after ca. one hour. In accord
with the dissociation equilibrium depicted in Scheme 3, ad-
dition of external THF markedly inhibited the rate of poly-
merization, presumably by shifting the equilibrium to the
coordinatively saturated, unreactive [Cp*Cr(THF),Me]*"
cation. This interpretation was also supported by the obser-
vation that analogous complexes with more strongly
bonded ligands, e.g. [Cp*Cr(Py),Et]PF¢ (py = pyridine),
were much less effective catalysts. 'H NMR experiments
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and measurements of the rate of polymerization in the pres-
ence of various concentrations of THF were used to estab-
lish the equilibrium constant for the ligand dissociation
[Kgiss = 1.0(2) M in CH,Cl, at 19°C]. Based on this value,
ca 60% of the chromium catalyst exists in the form of the
catalytically active 13-electron species [Cp*Cr(THF)Me]*"
under the conditions of the catalytic runs. Taking this into
account, the maximum activity measured in these experi-
ments was 1.1 turnover/sec or >10° gpg (mol¢, h atm)™ !, a
value that is within an order of magnitude of the quoted
activity of commercial catalysts. Measurements of the tem-
perature dependence of the polymerization rate yielded an
activation energy (E,) of 8(1) kcal/mol, which also com-
pares favorably with the value measured for Cp,Cr/SiO,
(E, = 10.1 kcal/mol).[*!

The polymers so obtained were identified as high density
polyethylene (HDPE) by IR spectroscopy and melting
points (135—140°C). Molecular weight determinations by
gel permeation chromatography (GPC) revealed relatively
low molecular weights (M,: 22000—77000; M,:
14000—20000) and narrow molecular weight distributions
(M /M,: 1.9—4.6). The polymers are highly linear, showing
no detectable sidebranches by '*C NMR.

The eventual deactivation of the catalysts may be due to
several factors. As noted above, the polymerization experi-
ments were carried out without the addition of any cocata-
lysts. One of the benefits of the latter (typically aluminum
alkyls) is their tendency to scrub the ethylene feed of detri-
mental impurities (e.g. H,O, O,), which may react with the
catalyst. Without this protection the chromium alkyl will
eventually be destroyed. Another possibility may be bimo-
lecular deactivation pathways. B-Hydrogen elimination of a
growing polymer chain would yield a Cr' hydride. While
such a species might start a new polymer chain (i.e. effect
chain transfer) when fixed on a heterogeneous support, we
have not been able to prepare a stable mononuclear hydride
complex which might model such an intermediate. Attemps
to do so have invariably led to reduction to Cr!!, presumably
accompanied by formation of H,.?! Thus B-hydrogen elim-
ination, followed by a binuclear reductive elimination of H,,
may seal the fate of the homogeneous catalyst. A third pos-
sibility involves irreversible reactions of the highly electro-
philic chromium cation with the solvent or its counterion.
In this vein, we have isolated and structurally characterized
some unusual chromium complexes resulting from the
metal attacking “innocent” anions (see Scheme 4).[121[7]
Better noninteracting anions are now available,*®! but only
the use of neutral catalysts completely circumvents these
problems.

As part of a survey of the factors which are important
for the activity of chromium catalysts, it was of interest to
ascertain whether the cationic nature of the system de-
scribed above is essential to the catalysis. After all, its
charge is one of the subtle ways model complex B differs
from the proposed active site A (see Scheme 3), which is
envisioned as a neutral species. To this end we prepared the
neutral dialkyl Cp*Cr(CH,SiMejs), (see eq. 2).1?°1 Although
its crystal structure has not been determined yet, the mag-
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netic behavior of the complex in the solid state is consistent
with a mononuclear structure devoid of any metal-metal
interactions. The effective magnetic moment of Cp*
Cr(CH,SiMes), is temperature independent and has a value
of perr = 3.9(1) pp, i.e. the expected spin-only moment for
an isolated Cr'" ion.

Cp*Li Me;SiCH,Li E
CrCly(THF); —>»  [Cp*CrClLl, —> <C'\/Si\/ @
WSi~
n'/

The steric bulk of the trimethylsilylmethyl groups appar-
ently suffices to prevent dimerization, in contrast to the
situation for smaller alkyl groups (see below). There is no
spectroscopic evidence for an agostici*® Cr--H:--C interac-
tion, and thus Cp*Cr(CH,SiMes), is best described as a
coordinatively unsaturated 13-electron complex. It is also a
very good catalyst for the polymerization of ethylene. Hy-
drocarbon solutions (pentane, toluene) rapidly precipitated
polyethylene at reaction temperatures ranging from 0 to
—42°C [Cp*Cr(CH,SiMej3), slowly decomposes at room
temperature]. The polymers had similar physical properties
to those produced by [Cp*Cr(THF),M¢]BPh, (M,,:
20000—143000; M,: 6000—20000; M,/M, 3.0—7.0). It is
apparent that catalytic activity does not require the chro-
mium alkyl to be positively charged. Indeed, we have found
that even an anionic complex can serve as a catalyst precur-
sor. Thus, the ate complex Li[Cp*Cr(CH,Ph);] (see Scheme
5) polymerized ethylene.['8! Its rate of polymerization was
inhibited by addition of external benzyl lithium, however;
presumably dissociation of LiCH,Ph from the complex gen-
erated coordinatively unsaturated Cp*Cr(CH,Ph),, a neu-
tral complex much like Cp*Cr(CH,SiMe;),. It is probably
this intermediate which is responsible for the catalytic ac-
tivity. Blocking the dissociative pathway, e.g. by seques-
tering the lithium ion with tetramethylethylenediamine
(TMEDA), yielded a coordinatively saturated trialkyl com-
plex, which did not show any polymerization activity. It is
not known whether an anionic and yet coordinatively un-
saturated Cp*Cr'™ alkyl might be active; to test this notion
would require the use of a dianionic ligand {e.g. X?> in
[Cp*Cr™(X)R]™}. Even if such a hypothetical 15-electron
complex were available, it would still differ in an important
way from [Cp*Cr(L)R]* and Cp*CrR,, both of which exhi-
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bit 13-electron configurations. We have not pursued this
question.

Scheme 5
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One of the characteristics of the Union Carbide catalyst
(Cp»Cr/Si0,) distinguishing it from the Phillips catalysts is
its pronounced selectivity between ethylene and higher ole-
fins. Basically, it does not react with a-olefins and does not
catalyze homopolymerization of the latter or even copoly-
merization of ethylene with a-olefins. The random incor-
poration of alkyl branches into the polymer chain gives rise
to so-called “linear low density polyethylene” (LLDPE), a
material of increasing commercial importance. Our model
system seems to behave similarly in this respect as well. It
has already been noted that [Cp*Cr(THF),Me]BPh, failed
to polymerize propene under mild conditions. In an attempt
to facilitate reaction with a-olefins, and reasoning that the
selectivity might be steric in origin, we have prepared chro-
mium complexes with extremely labile ligands. While pro-
pene might not be able to compete effectively with THF for
the empty coordination site of [Cp*Cr(THF)Me]*, it might
be able to do so if the THF was replaced by a much weaker
ligand. With this in mind, we have prepared chromium
alkyls stabilized by dialkyl ethers, i.e. [Cp*Cr(OR,),CH,Si-
Me;]BAr’, [R = Me, Et, iPPr; Ar’ = 3,5-bis(trifluorometh-
yl)phenyl, see Scheme 6].131 As an indication of the weak-
ness of the chromium—ether bond, structurally charac-
terized [Cp*Cr(OEt,),CH,SiMe;s]BAr’', lost one equivalent
of Et,O when nitrogen gas was passed over the solid. It was
also an extremely reactive catalyst, polymerizing ethylene
even below its boiling point (b.p. —104°C).

[Cp*Cr(OEt,),CH,SiMe;]BAr', also catalyzed the poly-
merization (or more appropriately, oligomerization) of a-
olefins. Reactions of [Cp*Cr(OEt,),CH,SiMe;]BAr’, with
propene and 1-hexene occurred at temperatures close to
0°C and yielded oily residues, which were analyzed by 'H
NMR and GC-MS. They were mixtures of oligomers with
degrees of polymerization below 20. Finally, copolymeri-
zation experiments, in which the same catalyst was exposed
to mixtures of ethylene and an a-olefin, yielded pure poly-
ethylene without any indication (:*C NMR) of branching.

Because of the great interest in copolymerizations, we
have made another attempt to tune the reactivity of chro-
mium catalysts in that direction. So-called “constrained ge-
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ometry” catalysts containing titanium are known to facili-
tate incorporation of large amounts of a-olefins into a co-
polymer.32l The common structural element of these cata-
lysts is an amido group covalently linked to the
cyclopentadienyl ligand via a short bridge (1 or 2 atoms) as
shown below. 33!

P %Z]
\,N/M SR

R

M =Ti, Zr, Hf
X= SiR2, C2H4, etc.

The open access to the metal alkyl is thought to be re-
sponsible for the lack of selectivity between different olefins.
Hoping to capitalize on this effect, we have prepared iso-
structural chromium compounds.?* Scheme 7 shows some
of the molecules we have prepared and their reactions with
olefins. The sterically demanding trimethylsilylmethyl li-
gand facilitated the isolation of [n°-(Me,Cs)Si-
Me,(N'Bu)]CrCH,SiMes, i.e. a coordinatively unsaturated
Cr'! alkyl that has been structurally characterized. True to
our expectations, this complex catalyzed the polymerization
of ethylene. Remarkably, when the polymerization was car-
ried out in 1-hexene instead of toluene as the solvent, the
resulting polymer was still pure polyethylene without any
indication of incorporation of the o-olefin. Finally, when
the catalyst was presented with pure a-olefin (propene, hex-
ene), a much slower reaction yielded the products of cata-
lytic head-to-tail dimerization and isomerization of the ole-
fin. In this system too, chromium exhibits significant selec-
tivity, favoring ethylene by a wide margin over any other
olefin.

We conclude that the Cp*Cr™ model system exhibits
considerable selectivity for ethylene, much like Cp,Cr/SiO,.
While it possesses some activity for the polymerization/oli-
gomerization of a-olefins, the relative rates of polymeriz-
ation make copolymerizations impractical. Our obser-
vations suggest that several factors limit the polymerization
of a-olefins. First, the large difference in temperature at
which the reactions commence (i.e. differences in rates) sug-
gests that, for example, either the binding or the insertion
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step greatly favors ethylene over propene. On the other
hand, the production of a-olefin oligomers of relatively low
molecular weight (including dimers for the “constrained ge-
ometry” chromium catalyst) indicates that B-hydrogen elim-
ination of a growing chain is much more facile for a Cp*Cr
alkyl with tertiary hydrogen atoms. Whatever the underly-
ing reasons for these preferences, they would appear to
make cyclopentadienyl chromium systems unsuitable for -
olefin polymerization.

In this context it is appropriate, however, to mention
some ambiguity in the available evidence. Jolly has recently
reported that amino-substituted cyclopentadienyl chro-
mium derivatives (see eq. 3), in the presence of methylalu-
minoxane (MAO:Cr = 100:1), polymerize propene (to atac-
tic polypropylene) and copolymerize ethylene and norbor-
nene to an alternating copolymer.> MAO is known to
confer remarkable enhancements upon the catalytic activity
of group 4 metallocene catalysts, and these observations
may suggest that chromium systems will show a similar re-
sponse. In keeping with the noted lack of cocatalyst require-
ments of heterogeneous chromium catalysts, we have not
explored the effects of MAO on the Cp*Cr system. Con-
versely, based on our work with closely related compounds,
a dialkyl or cationic monoalkyl containing the amino-sub-
stituted ligand shown in eq. 3 would not by itself be ex-
pected to polymerize propene effectively. This apparent am-
biguity awaits further study.

A’?ﬁg &)

We conclude that coordinatively unsaturated Cp*Cr™
alkyls provide a credible structural as well as a functional
model for the active site of the Union Carbide catalyst.
Their reactivity characteristics parallel those of the hetero-
geneous catalyst. While the exact origin of the alkyl group
in the latter remains unclear, the weight of the available evi-
dence suggests that structure A of Scheme 3 is a good
approximation of the chromium site in the act of chain
propagation. Further support for this notion was provided
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by a recent theoretical study inspired by [Cp*
Cr(THF),Me]BPhy,; its authors noted that the Cr' system
“displays many similarities to corresponding group IV sys-
tems”,[36]

As noted in the introduction (see Scheme 3) many other
types of organometallic structures have been proposed to
account for the activity of the Union Carbide catalyst.
Chief among these are various metallacycles, binuclear cata-
lytic sites, and chromium compounds in formal oxidation
states other than +III. During our wide-ranging explo-
ration of the organometallic chemistry of Cp*-ligated chro-
mium we have encountered many molecules which may
serve as homogeneous models for such species. For the first
time, their catalytic competency can thus be tested directly.
If a particular structure does not exhibit any catalytic ac-
tivity or reactivity with ethylene in homogeneous solution,
simply grafting it onto a silica surface will not render it
catalytically active. Attachment of a catalyst to a solid sup-
port has many advantages, but it is not a license for sus-
pending sound chemical reasoning. Naturally, lack of cata-
lytic activity is merely a negative datapoint, and it can al-
ways be argued that a model compound does not capture
the actual species in detail. However, since we have de-
scribed a fully functioning model system (see above), pro-
ponents of alternative structures now face the challenge of
demonstrating that their candidates can actually do the job.

The proposal of a metallacycle is obviously connected to
the desire to create an alkyl ligand via a precedented reac-
tion of a metal site with ethylene. Reductive coupling of
two ethylene units to a 1,4-butanediyl ligand is such a trans-
formation, and accordingly metallacyclopentanes and di-
metallacyclohexanes have often been considered as in-
itiators of chain growth. Assuming, for the sake of the argu-
ment, that the lowest accessible oxidation state of chro-
mium in Cp,Cr/SiO, is +11I, then coupling of two ethylene
molecules on a mononuclear site would generate a Cr'Y me-
tallacycle. This relatively rare oxidation state could be cir-
cumvented by considering cooperativity of two chromium
sites, resulting in a dinuclear metallacycle with two Cr!
centers (see Scheme 2). Other, more complicated sequences
of events are conceivable and might lead to any combi-
nation of ring size, nuclearity, and oxidation state. In any
case, Scheme 8 shows some structurally characterized chro-
mium metallacycles prepared as part of our studies. 7]

Most of these contain four-membered rings; however, it
is unlikely that the slight difference in ring size would affect
the insertion of ethylene. While the exact mechanism of for-
mation of these molecules has not been determined in all
cases, it seems probable that the Cr!'V metallacyclopentane
with the “constrained geometry” ligand is the product of a
reductive coupling of propene, i.e. the very reaction envi-
sioned above for the formation of such structures. Its lack
of any further reactivity with ethylene is thus all the more
disappointing, if not entirely surprising. Indeed, none of the
metallacycles depicted in Scheme 8 catalyzed the polymeri-
zation of ethylene. The most likely explanation for this lack
or reactivity is the fact that all of the molecules are coordi-
natively saturated, i.e. in addition to the Cp* ligand they
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contain three ligands bonded to chromium. Interestingly,
this objection was raised, and promptly dismissed, by one
of the champions of a metallacycle intermediate.’°! In any
case, these observations certainly do not support the in-
itiation of the catalysis via a metallacycle.

On the same topic, Jolly has reported the preparation of
Cr'"" metallacyclopentanes, inter alia by reductive coupling
of ethylene (see eq. 4).3%! These react slowly with ethylene,
and the work provides support for the intermediacy of such
species in the chromium-catalyzed trimerization of ethylene
to hexene.[*®! However, activity for the polymerization of
ethylene was noted only in the presence of an excess of
MAO (100 equiv.). Under these conditions the fate of the
metallacycle fragment is unclear.

(ﬁt Li(CHp),Li DoH, NS

Cr,,, e Cry, —> + @
SN N or NN, DHY A~
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Dinuclear chromium sites have often been suggested as
the locus of catalytic activity. This may seem somewhat
counterintuitive, as metal—metal bonding would be pos-
sible under these circumstances, which tends to attenuate
the reactivity of metal complexes. The latter expectation
seemed to be borne out by our experience with dinuclear
chromium alkyls. For example, Scheme 9 shows a sequence
of transformations of dinuclear complexes beginning with
the synthesis of [Cp*(CH;)Cr(u-CHj3)J,. 131 This complex is
formally analogous to the -catalytically active Cp*
Cr(CH,SiMes), (see eq. 2), but the lesser steric hindrance
of the methyl groups and the electron deficiency of the
metal result in dimerization via bridging alkyl groups. We
have analyzed the extent of metal—metal bonding between
the pseudooctahedral Cr' atoms.[*") Their structures
(der—cr: 2.4—2.6 A) and magnetic properties were consist-
ent with some metal—metal interactions, which were also
supported by EHMO calculations. Metal—metal bonding is
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rather unusual in Cr' chemistry, and the interactions must

certainly be weak. We noted that addition of even weak
ligands (e.g. dissolution in THF) rapidly cleaved both [Cp*
(CH3)Cr(p-CHj)l, [to two equiv. of Cp*Cr(THF)(CHs),]
and [Cp*,Cr,(u-CHj3)s]" {to Cp*Cr(THF)(CH3), and [Cp*
Cr(THF),CH;]*}. Apparently the interaction with the cy-
clic ether is stronger than the Cr—Cr bond. However, ethyl-
ene binding was apparently not competitive. None of the
molecules depicted in Scheme 9 exhibited any activity for
the polymerization of ethylene under mild conditions. Thus
we see no compelling advantage in postulating binuclear
active sites.

Scheme 9
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The remaining issue generating some difference of opi-
nion is the valence state of the active chromium species.
While even more contentious with regard to the Phillips
catalysts, various formal oxidations states have been pro-
posed for the Cp,Cr/SiO, catalyst as well. In the words of
its inventors, “it seems reasonable that the active site is an
adsorbed, divalent chromium species which is still bonded
to one cyclopentadienyl ligand”.!”®! Our work points to-
ward Cr'!! rather than Cr'! as the active species, and even
higher valence states have been contemplated.

Before describing our relevant observations some re-
marks of a general nature are perhaps in order. To begin
with, we will consider an “active site” only a species which
is actually producing polymer chains by repeated insertion
of monomer. In general, this will require the presence of an
alkyl (or hydride) ligand o-bonded to chromium. Species
that can be transformed into active sites by some reaction,
including initiation of a chain via a reaction with ethylene,
are merely “catalyst precursors”. For example, the CrV! oxo
sites of the calcined Phillips catalysts, or even the Cr'! cen-
ters resulting from reduction of the former with CO, are
precursors rather than active sites. While they have the po-
tential to catalyze the polymerization reaction, and will do
so when exposed to ethylene, they are clearly missing an
important attribute of the functioning catalyst, namely the
growing macromolecule. While this distinction may seem
rather restrictive, an unambiguous discussion of the evi-
dence requires it. The initiation event may well change the
oxidation state of the chromium (see Schemes 1 and 2), and
the chemical situation is complex enough without introduc-
ing ambiguity due to ill-defined terminology.
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Secondly, any argument about active vs. inactive valence
states may be somewhat artificial, inasmuch as the “formal
oxidation state” of a metal is a theoretical construct rather
than a physical observable. Chromium complexes of the
same oxidation state may have widely differing electron
densities and partial charges on the metal center; the latter
will ultimately determine the reactivity of any compound
rather than a number based on willful neglect of any coval-
ent contribution to metal—ligand bonding. As McDaniel
put it regarding the Phillips catalysts, “ it is ridiculous to
speak of a particular valence state as if it were monolithic”,
and “the environment of the chromium, i.e., its type and
arrangement of ligands, may be more important than the
formal valence”.l] That said, it is probably overzealous to
completely disregard valence as an important factor. There
are, after all, good reasons while the concept remains in
wide use in inorganic and organometallic chemistry. Fur-
thermore, the coordination environment of the Cp,Cr/SiO,
catalyst is delineated fairly well. Thus, it may well be in-
formative to ask which valence state of the metal will render
a coordinatively unsaturated CpCr alkyl fragment cata-
lytically active. In any case, in the following we will sum-
marize our experimental observations on this matter.

Our first experiment with respect to oxidation state was
a direct comparison of the reaction of isostructural di- and
trivalent chromium alkyls with ethylene. Thus, chemical re-
duction of [Cp*Cr(dmpe)Me]PF¢ [dmpe = bis(dimethyl-
phosphino)ethane] yielded the neutral Cr! alkyl Cp*
Cr(dmpe)Me, which has been structurally characterized. [!?!
Scheme 10 shows the side-by-side comparison of the reac-
tivity of these two compounds.

Scheme 10
! _—'|’PF6 T
| Na/H I E
\P/|-Cr\ —-—g> \P{Cl'\
Gg CH, \l CH,3
N N
C,H, l CD,Cl, CyH, lcél)6
AN X
+111 +1I

As expected, the Cr'™' complex catalyzed the polymeri-
zation of ethylene; the forcing conditions were presumably
due to the presence of the chelating phosphine, which
makes the opening up of a coordination site difficult. In
contrast, the Cr'! alkyl reacted at ambient temperature, re-
flecting the known substitutional lability of divalent chro-
mium. However, its reaction with ethylene produced pro-
pene along with small amounts of other olefins. The likely
mechanism of formation of propene consists of insertion of
ethylene into the chromium—methyl bond, followed by B-
hydrogen elimination of the resulting propyl complex.
There appears to be a clear dividing line between the reac-
tivities of these two valence states, at least in this particular
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system. While the Cr''! alkyl repeatedly favors olefin inser-
tion (i.e. chain growth) over B-hydrogen elimination (i.e.
chain transfer), the Cr'! species exhibits the opposite selec-
tivity. The choice of active oxidation state for polymeri-
zation catalysis is obvious.

The set of compounds described above differ from the
actual catalyst in that they contain a phosphine ligand. To
assess the polymerization activity of a divalent CpCr alkyl,
it would be desirable to prepare the simplest such system
imaginable, i.e. “CpCrR”. We have done just that, however,
the resulting species were of course not mononulear com-
pounds with 12-electron configurations. Eq. 5 depicts the
synthesis of the dinuclear chromium alkyls of the type [Cr*
Cr(u-R)],.1#11 While of interest as a novel class of organo-
chromium compounds and precursors to chromium hy-
drides, these complexes did not react with ethylene. This
failure is probably due to the strong metal—metal bonding
featured by these dimers. The short chromium—chromium
distances {e.g. 2.26 A in [Cr*Cr(u-CHj3)],} signal the
strength of this interaction, which is a well-precedented fea-
ture of Cr'! chemistry. Only one of the dinuclear complexes,
namely a benzyl complex, catalyzed the polymerization.
However, upon closer inspection, we found that isomeriz-
ation to a mixed valence isomer (Cr!,Cr'™) was responsible
for this activity.[4]

o xz RLi .
<l >
ka/

Cl

Dimerization of coordinatively unsaturated species has
been noted as a “basic dilemma in attempting to model a
heterogeneous reaction with compounds in solution”.[!4a]
Thus the chemistry shown in eq. 2 is probably another good
argument against the activity of dinuclear chromium sites
(see above), but it falls short of ruling out mononuclear,
coordinatively unsaturated Cr'! alkyls as active sites. How-
ever, we have recently obtained a set of compounds that
address this question. Utilizing a sterically hindered tris(py-
razolyl)borate ligand, we have prepared divalent chromium
alkyls of the type TpB“-MeCrR [Tp/Bv-M¢ = hydrotris(3-zert-
butyl-3-methylpyrazolyl)borate; R = Et, Ph, CH,SiMe;],
see Scheme 11.131 The Tp ligand serves as an isoelectronic,
yet sterically more demanding, replacement of the Cp ring.
It effectively prevents dimerization, and accordingly the
compounds feature mononuclear, four-coordinate Cr'. Re-
markably, they adopt an unusual “cis-divacant octahedral”
coordination geometry, which leaves two coordination sites
on chromium open for binding of the olefin substrate or
other ligands.

None of these complexes reacted with ethylene, either at
room temperature or upon heating. Indeed, Tp*®B*M°CrEt
eventually decomposed via B-hydrogen elimination.

In summary, the available evidence suggests that divalent
chromium alkyls are not capable of catalyzing the polymer-
ization of ethylene. They either fail to react with ethylene,
or, if they do, the products undergo facile f-hydrogen elim-

o, CaHy

> ©)

Cr \—-Cr
T4
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ination. Trivalent cyclopentadienyl chromium alkyls, on the
other hand, when coordinatively unsaturated, consistently
catalyze the polymerization, and the characteristics of the
catalysis faithfully model the Union Carbide catalyst. Much
less is known about the reactivity of CpCr alkyls in even
higher oxidation states (IV—VI). None of the examples
wel* or others[*’l, have prepared have proven catalytically
active, and it seems likely that the presence of several unin-
egative ligands beyond the Cp ligand and the polymer chain
would render such complexes coordinatively saturated and
hence inactive. Thus, based on the extensive available evi-
dence from homogeneous model chemistry, we assert that
the active sites of cyclopentadienyl chromium polymeri-
zation catalysts, including the Cp,Cr/SiO, catalyst, are co-
ordinatively unsaturated alkyls of trivalent chromium. To
suggest otherwise would require experimental evidence in
the form of a functioning homogeneous catalyst.

Other Chromium Catalysts

The most significant commercial chromium catalyst is
the Phillips catalyst. It is usually prepared by impregnation
of silica or silica/alumina with CrOs;, followed by calci-
nation in air. The material resulting from this procedure is
commonly thought to contain surface-bound chromate es-
ters, i.e. Cr¥T species coordinated only by oxygen atoms (see
Scheme 1). The oxidized form of the catalyst can be used
for polymerizations. However, an induction period is ob-
served, and products of olefin oxidation (formaldehyde)
have been detected. Chromyl derivatives are known to be
strong oxidants, which are reduced by olefins. 4°]

Attempts to model the activation of the Phillips catalyst
in homogeneous solution have met with limited success, al-
though without shedding much light on the detailed nature
of the active site (see Scheme 12). Thus, cyclohexane solu-
tions of bis(triphenylsilyl)chromate catalyzed the polymeri-
zation of ethylene at high temperatures (T > 130°C) and
pressures (P = 350—1500 atm), even in the absence of a
cocatalyst.[*7] Addition of an aluminum alkyl caused “re-
duction of the chromium” and onset of ethylene polymeri-
zation at room temperature and atmospheric pressure. Simi-
larly, Feher et al. have prepared and structurally charac-
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terized a chromate ester of a silasesquioxane, probably the
best available structural model of the oxidized Phillips cata-
lyst.[8°] Addition of two equivalents of AlMe; to benzene
solutions of this compound produced dark orange solutions
which polymerized ethylene under mild conditions (20°C, 1
atm). However, no further information about the oxidation
state or chemical nature of the active catalyst(s) in these
systems has been reported.

Scheme 12
C,H, AN
PhySiO-., Cr”o (T > 130°C, P > 350 atm)
PhSI0” Ny AR CH
N AN
(T =20°C, P =1 atm)
Me;Si
R\S / \\C //0
AR AT AIM; C,H
R 204070 50 s ok
. gi‘J‘_o_S'i (T =20°C, P = 1 atm)
O RO R
i,0 1.0
S0
R R

It is apparent that the active site of the Phillips catalyst
must contain chromium in a reduced state; however, the
exact oxidation state of the metal remains unknown, despite
much work and endless debate. Krauss and Stach showed
some time ago that under favorable conditions the surface
chromium can be reduced with carbon monoxide all the
way down to Cr'!, and that the resulting coordinatively un-
saturated species is indistinguishable in its polymerization
behavior from the regular catalyst.[® Based largely on these
observations the catalytic activity of divalent chromium has
become the prevailing dogma. However, the nature of the
initiation step remains unclear, and the same ambiguities
described for the Union Carbide catalyst (see above) exist
here too. It is noteworthy that well-characterized Cr'! com-
plexes, including coordinatively unsaturated alkyls, have
failed to show any polymerization activity.“®]

The most promising recent development in this area has
been Gibson's report of highly active homogeneous cata-
lysts derived from bis(imido) chromium(VI) precursors (see
eq. 6).1*91 While the active species in this system have not yet
been structurally characterized, the spectroscopic evidence
seems consistent with cationic bis(imido)chromium alkyls
featuring hexavalent chromium (Cr¥"). Based on the isolo-
bal relationship between Cp- and imido ligands, and its
putative d° configuration, this system resembles group IV
metallocene chemistry (i.e. Cp,MR™) much more than any
known heterogeneous chromium catalyst.

RN +

S H

Sery CHoPh 7 Ser 2 o~n ©
rRN” YCHPh 2
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Conclusions

Coordinatively unsaturated Cp*Cr'!! alkyls represent the
first well-characterized homogeneous ethylene polymeri-
zation catalysts based on chromium. These complexes mo-
del the Union Carbide catalyst (Cp,Cr/SiO,), and their
chemistry may well be related to the Phillips catalyst (CrOs/
Si0,) as well. Attachment of the compounds to inorganic
oxide supports generates heterogeneous catalysts of con-
siderable commercial potential. Looking to the future, this
system may serve as the starting point for the design of new
single-site catalysts containing chromium, and work toward
that end is in progress in several laboratories.
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The effect of the natural bite angle (B,) of diphosphane li-
gands on catalyst selectivity and activity in the palladium-
catalyzed allylic alkylation was investigated. The selectivity
and rate of the reaction are mainly determined by steric hin-
drance induced by the diphosphane ligands. The steric hin-
drance at the palladium center increases as the natural bite

angle of the ligand becomes larger. This results in an in-
creasing selectivity at larger bite angles, but at very large
bite angles the rate of the reaction drops. The ligand with
the largest calculated bite angle, Xantphos, induced 100%
selectivity but the reaction rate became low.

Catalyst selectivity and activity can be influenced by the
steric and electronic properties of ligands. Additionally, a
third ligand parameter, the bite angle of bidentate ligands, ']
seems to have a crucial effect on reactivity and stability of
transition metal complexes. The bite angle can have a
tremendous influence on catalyst behavior as shown for the
hydroformylationZBI4IB! and hydrocyanation!® reactions.

An intriguing reaction is the palladium-catalyzed allylic
substitution reaction. After the discovery by Tsujit”! further
development of this reaction by Trost led to extensive use
in organic synthesis.®] A highly enantioselective palladium
diphosphane catalyst was shown to have a large bite angle
of 110.5°1 which indicates that the bite angle can also be
of importance in this reaction.

Most studies in this field focused on asymmetric induc-
tion and only little attention was paid to regioselectivity.
Akermark and coworkers investigated the influence of the
steric bulk of bidentate ligands (substituted phenanthro-
lines) on the regioselectivity only very recently.l'” A de-
tailed mechanistic and computational study by Backvall et
al. showed the effect of the electronic properties of ligands
on the regioselectivity of the reaction.!'!l Steric factors had
a large influence on the regioselectivity of this reaction. Re-
cently, both experimental!'?I[13] and theoretical!'4'3] stud-
ies were performed on the regioselectivity in the asymmetric
allylic substitution, using ligands containing phosphorus
and nitrogen donor atoms. Since steric interactions and
electronic preferences can induce opposite effects, the in-
volvement of an early or a late transition state remains un-
der debate. All studies mentioned, however, ignored the ef-
fect of the bite angle of the ligands, although Trost found
that enlarging the bridge of chelating chiral diphosphanes
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(and consequently increasing the bite angle of the diphos-
phane) led to higher asymmetric induction.!®

Here we present a detailed systematic study on the effect
of the bite angle of diphosphanes on catalyst activity and
selectivity. The catalyst system we employed was prepared
in situ using PA(DBA), (DBA = dibenzylidene acetone)
and diphosphane in DMF. As a substrate we used 2-hexe-
nylacetate (1) and the nucleophile was sodium diethyl meth-
ylmalonate (2), the same reagent used by Akermark et al.['"]
Only two products were observed: the linear product diethyl
2-(2-hexen-1-yl)-2-methylmalonate (3) and the branched
product diethyl 2-(1-hexen-2-yl)-2-methylmalonate (4). The
reaction is depicted in Scheme 1.

Scheme 1

C3H7 \/\/OAC Pd(DBAk

1 diphosphine
CSH7\A .
u
Pld >C3H7\/\VNU
P P 3
Nu- CsH7Y\
Nu 4
(0]
Nu= NateX o2
u= Na*@ OC Hs
2

The diphosphane ligands studied as catalyst components
were dppe (1,2-bis(diphenylphosphanoethane), dppp (1,3-
bis(diphenylphosphanopropane), dppb (1,4-bis(diphenyl-
phosphanobutane), dppf (1,1’-bis(diphenylphosphanofer-
rocene), DPEphos, Sixantphos, and Xantphos (see Figure
1). The results are summarized in Table 1.
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Figure 1. Diphosphanes with large bite angles
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The bite angle of the diphosphane used affects both the
activity and the selectivity of the catalyst. A sharp increase
in catalyst activity (measured in initial turnover frequency)
is observed in going from dppe to dppb. A further increase
of the bite angle results in a decrease of the t.o.f.

Table 1. Alkylation of 2-hexenylacetate (1) with sodium diethyl
methylmalonate (2) in DMF@

Ligand Bite angle t.of. Reaction Conversion 3 4
[l [mol/mol time [Yo]te! [%%] [%6)
Pd/hr]®! [h]
dppe 78.1 82 5 98.5 96.2 3.8
dppp 86.2 111 5 97.9 9.6 34
dppb 98.6 393 1 98.0 97.7 23
dppf 99.071 118 5 97.6 99.0 1.0
DPEphos  102.7 114 5 98.4 9.7 03
Sixantphos 106.5 91 20 97.5 9.6 04
Xantphos  110.0 22 20 92.1 100.0 0.0

[2l Conditions: 0.01 mmol Pd(DBA),, 0.02 mmol ligand, 1.0 mmol
of 1, 2.0 mmol of 2 in 3.0 ml DME, T = 20°C. The 95% confidence
interval of the mean measured values is £0.1%. — [®! Initial turno-
ver frequency, determined after 5 min. reaction time. — [l Based
on 1; [/ P—Pd—P angle in X-ray of (dppf)PdCl,.[1"}

The selectivity of the reaction towards the linear product
3 increases regularly with an increasing bite angle (see Table
1). Using dppe 3.8% of product 4 is obtained, while dppf
leads to 1%. When the Xantphos-type ligands are used, less
than 1% of 4 is formed. The differences in amounts of 4
formed using Xantphos-type ligands are within the exper-
imental error and will therefore not be discussed. It is note-
worthy that when Xantphos is employed, 100% formation
of 3 is observed, i.e. without any trace of 4, which can pre-
vent laborious purification of the desired product.

The selectivities reported were obtained at maximal con-
version, which is nearly quantitative.

The formation of 4 is the result of a nucleophilic attack
on the substituted carbon atom of the allyl moiety. In the
transition state, the hybridization of this carbon atom
changes from sp? to sp®, which results in a bending of the
R group towards the phosphane. This causes steric inter-
ference of the R group with the diphosphane ligand. A
larger diphosphane bite angle results in larger steric inter-
ference and consequently less 4 is formed.

The steric interference was investigated by molecular
modeling. The data from a P,Pd[allyl] fragment (obtained
from a recent X-ray crystal structure!'®) was superimposed
on the structures of [dppe]Pd, the ligand with the smallest
bite angle, and that of [Xantphos]Pd, the ligand with the

26

Figure 2. View through the P:--P axes of [dppe]Pd[allyl] and [Xant-
phos]Pd[allyl]; H atoms were omitted for clarity

Pd-atom
Pd-atom 1
N N
allyl allyl
[dppe]Pd(allyl] [Xantphos]Pd[allyl]

largest bite angle (both taken from the natural bite angle
calculations). The results are presented in Figure 2.

In [dppe]Pd][allyl], the allyl fragment experiences no steric
interference at all from the diphosphane ligand, while in
[Xantphos]Pd[allyl] the allyl fragment interacts with the
PPh, moieties of the ligand. This can be illustrated by the
distances between the terminal allyl carbon atom and the
ipso carbon atom of the phenyl rings. In [dppe]Pd[allyl] the
C-Cipso distances are 3.67 and 4.22 A, whereas in
[Xantphos]Pd[allyl] the C:Ci,, distances are 3.12 and
3.55 A.

The increasing embracement of the allyl fragment at large
bite angles not only dictates the regioselectivity, but it also
hampers the reaction correspondingly. It is therefore not
surprising that the initial turnover frequencies decrease
when the natural bite angle of the diphosphane used be-
comes 100° or larger.

Since the ligand is completely symmetric, the regioselec-
tivity cannot be induced by an electronic effect (trans influ-
ence).'2I13] The calculated structure of the complex has an
approximate C symmetry as supported by crystal structure
determinations!*?! and solution structures®! of other com-
plexes. It is therefore unlikely that an electronic difference
between the two Pd—C bonds results from steric effects, as
suggested by Ward.!!”] There is probably not much steric
hindrance in the starting Pd allyl complex and the effect of
increasing bite angle on the selectivity therefore points to a
late transition state for this reaction.

In conclusion, the bite angle of a ligand has been shown
to be a parameter of utmost importance for catalyst be-
havior. In the palladium-catalyzed allylic alkylation of 2-
hexenyl acetate, regioselectivity increases with an increasing
bite angle. The increased selectivity is induced by the in-
creasing embracing of the allyl fragment by the diphos-
phane. This purely steric interaction inhibits the formation
of the branched side product. The best selectivity with
reasonably high reaction rates is obtained with DPEphos.

Experimental Section

Computational Details: All calculations were performed using
CAChe WorkSystem software®? on an Apple Power Macintosh
950 equipped with 2 CAChe CXP coprocessors. The Molecular
Mechanics calculations were performed using the MM?2 force
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field.?!) Block-diagonal Newton-Raphson was used as optimi-
zation method. Natural bite angle calculations were performed
using a method similar to that described by Casey and Whiteker['],
using a Pd—P bond length of 2.288 A.[18119]

For the ligands dppe, dppp and dppb, a starting geometry for
the chelate ring resembling the appropriate cycloalkane was used.
By this procedure, the global minimum resulting from excessive,
stabilizing n-stacking interactions (and a too small a bite angle) was
avoided. The geometry obtained this way agrees with geometries
observed by X-ray crystallography. 2!

Palladium-Catalyzed Alkylation of Hexenyl Acetate. — General
Procedure: To a Schlenk vessel was added Pd(DBA),, (5.8 mg, 0.01
mmol) and a diphosphane ligand (0.02 mmol), followed by 1 ml of
a 1 M solution hexenylactetate (1.0 mmol) and 0.5 m decane (in-
ternal standard, 0.5 mmol) in DMF . The Schlenk vessel was kept
at 20°C using a water bath and the solution was stirred for 5 min
to ensure complete formation of the catalyst. Then 2.0 ml of a 1 M
solution of sodium dimethyl malonate in DMF (2.0 mmol) was
added. The reaction was monitored with GC at regular time inter-
vals, by working up a small sample in H,O and ether. The product
distribution and the yield were determined using the internal stand-
ard.
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The coupling reaction of 1,1-disubstituted olefins (a-methyl-
styrene, n-butyl methacrylate) with various aryl bromides
(Heck reaction) has been studied as a new concept to synthe-
size trisubstituted olefins. Surprisingly, the nature of the base
dramatically influences the product distribution. Thus, a sys-
tematic investigation on the role of base in Heck reactions
of 1,1-disubstituted olefins was performed. Less coordinating
bases like NaOAc, NaOBz or Na,CO3 yield a statistical distri-
bution of regioisomers with the terminal olefin 10 as the ma-

jor product. However, by using amines like BusN or diisopro-
pylethylamine (DIPEA) as base internal olefins can be syn-
thesized with high selectivities. With phosphapalladacycle 3
as catalyst precursor, we were able to obtain catalyst turno-
ver numbers up to 1000, while Pd(OAc),/2PPh; was one or-
der of magnitude less active. Analysis of the reaction profile
by kinetic investigations led to the postulation of a reduction
and subsequent oxidative addition of the catalyst precursor
3 to form 12 as catalytically active intermediate.

Introduction

Trisubstituted, arylated olefins of the type A or B display
interesting pharmacological or physical properties.*!

Figure 1. Trisubstituted aromatic olefins

i
LG

CHs

CH3
: )

R
A B

In this respect derivatives of a-methylcinnamic acids dis-
play hypolipidemic activities.[??! Further, the substructure is
found in active substances such as the antibiotic hygromy-
cin A.[?"! In addition, certain a-methylstilbenes can be used
as nematic liquids®? with interesting retinoidal proper-
ties.[>4 Despite of their broad applications the stereodefined
synthesis of trisubstituted alkenes is still a challenge of
modern synthetic organic chemistry. Although a number of
methodologies have been reported in the literature™ the
problems in synthesizing highly substituted alkenes, e.g. by
Wittig reaction are well documented. ! Thus, the search for
alternative methodologies is ongoing.[!

In this respect, the palladium-catalyzed Heck reaction is
a powerful tool for the construction of aryl- and vinyl-sub-
stituted carbon—carbon double bonds as it does not inter-
fere with a broad range of functional groups (for reviews

[°] Part 3: Ref [

Eur. J. Inorg. Chem. 1998, 29—35

0 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

see ref.[®)). Recently, we have developed cyclometallated pal-
ladium complexes as a new type of efficient catalysts for
Heck and related reactions.[1® Obviously, olefins A or B
should be available by Heck olefination. However, the low
regioselectivity in the formation of the C=C double bond
using disubstituted as well as aliphatic olefins is still a
major disadvantage for the application of Heck reactions.
The low regioselectivity can be explained either by unselec-
tive B-hydride elimination during the catalytic cycle, and/or
by the tendency of the eliminated HPdX species to undergo
readdition and subsequent B-hydride elimination to differ-
ent hydrogen atoms, thus resulting in isomerization reac-
tions.

As a concept for controlling regioselective olefin forma-
tion Tietze et al. have shown that silyl groups in allylsilanes
act as terminating group in intramolecular Heck reactions
enabling regio- and enantioselective construction of triple-
substituted double bonds.[’) More recently, Ricci et al. re-
ported a stereo- and regiocontrolled synthesis of di- and
trisubstituted olefins starting from vinylsilanes by a Heck
reaction and Pd-catalyzed desilylation reaction sequence. 1]
Despite the high selectivities for specific double-bond iso-
mers using silyl-substituted olefins it is obvious that control
of the double-bond formation in Heck reactions using sim-
ple disubstituted alkenes by other means is a very attrac-
tive goal.

Results and Discussion

The interesting properties of a-methylcinnamic acid de-
rivatives 22261 prompted us to study regioselective Heck
reactions of various aryl bromides 1 with n-butyl methacry-
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late (2) as model reaction.!"?! Clearly, after insertion of the
olefin into the Ar—Pd—Br complex there are two possibi-
lities for B-hydride elimination: it can proceed towards the
methyl or the benzylic methylene group. The former reac-
tion leads to a-benzylacrylates 5 with a terminal double
bond, the latter to a-methylcinnamic acid esters 4 with an
internal double bond. Because of the reactivity of terminal
olefins 5 the doubly arylated product 6 can subsequently be
formed. In addition, E and Z isomers of 4 and 6 could be
formed. Due to the importance of the B-hydride elimination
for determining the double-bond selectivity we anticipitated
that the nature of the base will be of major influence for the
product distribution. Thus, various bases were examined for
the reaction of n-butyl methacrylate with 1-bromo-4-fluoro-
benzene using the phosphapalladacycle catalyst 3 {trans-
di(p-acetato)bis[o-(di-o-tolylphosphanyl)benzyl]dipal-
ladium(IT)['31}. The results are sumarized in Table 1.

Table 1. Heck reaction of n-butyl methacrylate with aryl bromides

CO,Bu

CO,Bu CO,Bu R
Br O
©/ palladacycle 3
+ —_— + +
R CO,Bubase O
R
5

R R
1 2 4 6

Run R Base Time Conversionaryl TON Internal Terminal  Double
[h] bromide ! olefin®  olefin™ arylated"’]
[%] (%] (%] [%]
1 4-F NaOAc 24 83 8300 39 28 33
2 4-F ByN 24 36 3600 76 20 4
3 4-F ByN 24 92 920 79 8 13
4 4-F DIPEA 24 90 900 82 5 13
5 4-COCH; NaOAc 18 >98 980 42 9 49
6 4-COCH; BuyN 4 >98 980 79 7 14
7  4-OCH; NaOAc 18 40 400 45 40 15
8 4-OCH; BwN 24 25 250 82 17 1
9 4-Cl NaOAc 18 >98 980 38 18 44
10 4-Cl Buy;N 4 >98 980 76 8 16

Reaction: 15 mmol of aryl bromide with 22.5 mmol of butyl meth-
acrylate in the presence of 18 mmol of base and 0.1 or 0.01 mol%
of phosphapalladacycle catalyst 3 in 15 ml of DMAc at
135—140°C. — [@ Conversions of the aryl bromides have been de-
termined by GC with internal standard (diethylene glycol dibutyl
ether). — [l Selectivities have been determined by GC on the basis
of area percentage.

Indeed, the nature of base significantly influences the re-
gioselectivity of the double bond. Sodium acetate favors the
formation of terminal olefin 5, thus leading to a relatively
large extent of doubly arylated products 6 (Table 1, run 1).
In contrast, in the presence of 1.2 equiv. of tributylamine
the internal olefin 4 is formed as major product (runs 2 and
3). Further improvement of selectivity towards the internal
olefin 4 was achieved using the sterically hindered base
N, N-diisopropylethylamin (DIPEA) which gives so far the
best selectivities for this reaction (internal olefin/terminal
products, 82:18, run 4). Interestingly, the productivity of the
catalyst system is reduced by a factor of 3 in the presence
of amines compared to NaOAc (0.01 mol% Pd, runs 1 and
2) which is explained by enhanced stabilization of Pd" in-
termediates. While the selectivity in the presence of NaOAc
is only moderate the catalyst productivity (TON = 8300) is
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about two orders of magnitude higher compared to pre-
vious data of similar reactions.[!#

In order to distinguish between thermodynamic or kine-
tic control of the double-bond formation the terminal olefin
5 was isolated and treated with NaOAc and BusN under
reaction conditions in the presence of the palladium cata-
lyst. Only a negligable amount of isomerization of 5 to the
more stable internal olefin 4 was detected. Thus, we assume
that the formation of the double bond occurs under kine-
tic control.

Comparison of the phosphapalladacycle 3 with conven-
tional palladium phosphane complexes which were tested
as in situ catalysts shows the superiority of 3. Significantly
lower conversions (16% and < 5%) were obtained in the
presence of tributylamine as base and 0.1 mol% Pd(OAc),/
PPh; (1:2) or Pd(OAc),/P(o-tolyl); (1:2), respectively.

In agreement with previous results[® the electronic nature
of the aryl bromide has dominating effect on the yield of
the reaction (runs 5—10). Here, electron-withdrawing sub-
stituents enhance the productivity. It is noteworthy that, in
all cases where amine is used as base, the ratio of internal
olefin to terminal and doubly arylated olefin is approxi-
mately 80:20, while with NaOAc as base the ratio is about
40:60. Therefore, we conclude that the electronic nature of
the aryl bromide has just a minor effect on the selectivity.

As a suitable candidate for further eva