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Abstract: Phosphane-functionalized cy-
cloheptatrienyl-cyclopentadienyl

Group 4 metal complexes of the type
[(-CH)M(-CsHPR,)] (M=Ti (9);
M=Zr (10); M=Hf (11); R=Ph (a);
R =iPr (b)) have been prepared by the
reduction of [(n’-CsH,PR,)TiCl;] or
[(W’-CsH,PR,),MCl,] (M =Zr, Hf) with
magnesium in the presence of cyclo-
heptatriene (C;Hg). In the solid state,
the Ti complex 9a and the complex
11b are monomeric, whereas 10a, 10b,
and 11a form dimers, in which the

or Hf-P bonds. Density-functional
theory (DFT) calculations indicate that
the metal-phosphane interaction is
weak, and accordingly, both the Ti
complex 9b and the Zr complex 10b
act as monodentate phosphane ligands
upon reaction with [{(cod)RhCl},]
(cod=n*1,5-cyclooctadiene). The X-
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ray crystal structures of [(cod)Rh-
9b)Cl] (12) and [(cod)Rh(10b)CI]
(13) reveal that only the latter exhibits
a secondary intramolecular Cl-metal
interaction. The complex [(10b),Pd]
(14) was obtained by reaction of [(n’-
CsH,)Pd(n’-C;H;)] with two equiva-
lents of 10b. The solid-state structure
of 14 reveals a T-shaped Pd’ center
with a long Pd—Zr bond of
2.9709(3) A, which can be interpreted
as a weak noncovalent Pd’—Zr*V

bond, as indicated by the calculated re-
-1

sandwich units are linked by long Zr—P

Introduction

Since the serendipitous synthesis and discovery of ferro-
cene,l!! its modification has become an important task in or-
ganometallic chemistry.”! In particular, ferrocenyl mono-
and diphosphanes have become firmly established as ancil-
lary ligands for homogeneously catalyzed reactions® that
are also of industrial relevance.’® In stark contrast, the
modification of other sandwich complexes is significantly
less developed and, for instance, little use has been made of
sandwich complexes containing cycloheptatrienyl (Cht) li-
gands, even though mixed cycloheptatrienyl-cyclopentadien-
yl (Cht-Cp) complexes of the type [(1-C;H,)M(n’-CsHs)]
(M =Group 4-6 metals) have been known for more than
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laxed force constant of 5,68 Nm™.

three decades.™*! Surprisingly, [(/-C;HPR,)Ti(1’-CsHs)] (4)
and [(n-C,H¢PR,)Ti(n’-CsH,PR,)] (5) represent the only
phosphane-functionalized Cht-Cp complexes reported to
date, and these ligands were obtained by mono- or dilithia-
tion of [('-C;H,)Ti(n’-CsHs)] (1, troticene) followed by re-
action with the corresponding chlorophosphane CIPR,
(Scheme 1).7 Related derivatizations are unknown for the
heavier Group 4 congeners trozircene (2) and trohafcene
(3). Unlike 1,*! however, these 16-electron sandwich com-
plexes are capable of reaction with monodentate o-donor/m-
acceptor ligands, such as CO, isocyanides, phosphanes, and
N-heterocyclic carbenes,>*'!l and this potential reactivity
prompted us to attempt the synthesis of phosphorus-func-
tionalized Zr and Hf Cht-Cp complexes because these sys-
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Scheme 1. Synthesis of phosphane-functionalized Cht-Cp complexes.
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tems might give rise to interesting secondary interactions in-
volving the Zr or Hf metal atoms.

Results and Discussion

The lithiation of 2 and 3 with nBuLi in an analogous
manner to that described for 1 proved unsuccessful, and we
had to develop an alternative route involving the reduction
of zirconocene!™ and hafnocene dichlorides 7 and 8 with
magnesium in the presence of cycloheptatriene (C,Hg;
Scheme 2). Filtration and evaporation of the resulting solu-

<oy R
| Mg/C;Hg

9, M=Ti
10, M=2Zr
11, M = Hf

Scheme 2. Synthesis of phosphane-functionalized Cht—Cp complexes.

tions in THF followed by sublimation under high vacuum
afforded the Cht-Cp complexes 10 and 11 as orange (10a),
purple (10b), or orange-red (11a,b) crystalline materials.
For comparison, the troticene derivatives 9 were also pre-
pared in a similar manner from [(n*-CsH,PR,)TiCl;]"™! (6),
Mg, and C;H,. It should be noted that functionalization of
the Cp ring alone has never before been achieved for troti-
cene (1) and that the PPh, derivative 9a constitutes a struc-
tural isomer of the monophosphane 4 (Scheme 1) that was
previously obtained through lithiation of the seven-mem-
bered ring.[®!

In the *'P NMR spectra, all the complexes give rise to one
signal in the expected range, with the signals for the phenyl
derivatives 9a-11a (6=-21.7 to —17.5 ppm) appearing up-
field from the signals observed for the isopropyl derivatives
9b-11b (6=0.0-3.3 ppm). The latter complexes exhibit two
1:1:1:1 doublets of doublets in their '"H NMR spectra, in
agreement with the presence of diastereotopic iPr methyl
groups featuring *Jyy and *Jyp couplings. Accordingly, sep-
tets of doublets are observed for the corresponding iPr CH
groups. In addition, all complexes show one singlet around
0 =5 ppm for the C;H; hydrogen atoms, whereas more com-
plex AA'BB’ splitting patterns are observed for the four Cp
hydrogen atoms, thus confirming substitution exclusively at
the five-membered ring.

To elucidate whether the adjacencies of Lewis acidic
metal atoms and Lewis basic phosphanyl groups give rise to
intermolecular metal---P interactions, the crystal structures
of the Ti complex 9a and of all four complexes 10 and 11
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were determined by X-ray diffraction analyses. As expected,
9a is monomeric (Figure 1), whereas the corresponding
PPh,-substituted Zr and Hf complexes form centrosymmet-

Figure 1. ORTEP diagrams of the monomeric Cht-Cp phosphane com-
plexes 9a (left) and 11b (right) with thermal-displacement parameters
drawn at 50% probability. Selected bond lengths [A] and angles [°] in
9a: Ti—Cqy, 2.196(1)-2.215(1), Ti—Cg, 2.322(1)-2.339(1), Ti—Ct7 1.480,
Ti—Ct5 1.994; Ct5-Ti-Ct7 176.6. 11b (molecule 1/molecule 2): Hf—Ccy,
2.287(5)-2.313(5)/2.274(6)-2.288(6), Hf—Cc, 2.439(5)-2.482(4)/2.446(4)-
2.486(4), Hf—-Ct7 1.614/1.618, Hf—Ct5 2.153/2.152; Ct5-Hf-Ct7 171.6/
169.4.

ric dimers in the isomorphous THF disolvates (10a), and
(11a), (Figure2) and also in the THF monosolvate of
(10a),. In all cases, the sandwich units are linked by two

Figure 2. ORTEP diagrams of the dimeric Cht-Cp-phosphane complexes
in (11a),2THF (left) and (10b), (right) with thermal-displacement pa-
rameters drawn at 50 % probability. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [°] are given in Table 1.

comparatively long intermolecular metal—P bonds (Zr—P=
2.9305(4) A in  (10a),THF; Zr—P=284753)A in
(10a),2 THF, Hf—P =2.8034(6) A in (11a),2THF).'*!5) The
pronounced difference of the Zr—P bond lengths in the
mono- and disolvates of 10a indicates a weak interaction
easily influenced by external factors, such as packing. The
dimeric structures can be described as adopting chair confor-
mations, with the centroids of the Cp rings and the metal
and P atoms forming the corners of six-membered rings.
The relevant angles are summarized in Table 1. Similar
structural motifs have been observed for other homo-dinu-
clear metal complexes in the absence of metal-metal bonds,
for example, [{(u-1’-CsH,PR,)Rh(CO)},] (R=Ph, Me),
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Table 1. Selected bond lengths [A] and angles [°] in phosphane-functionalized Cht-Cp complexes.*"!

tions employing the MO05-2X

(10a), THF (10a),2 THF (10b), (11a),2 THF functional developed by Zhao

(M=Zr, R=Ph) (M=Zr, R=Ph) (M=Zr, R=iPr) (M=Hf, R=Ph)  and Truhlar for optimal consid-
M-P 2.9305(4) 2.8475(3) 2.9833(3) 2.8034(6) eration of weak noncovalent in-
M—Cey 2.3489(14)-2.4547(14)  2.3395(13)-2.4545(13)  2.340(1)-2.462(1)  2.321(2)-2450(2)  teractions.”>?! The structures
ﬁ:gg i.§§é2(13)72.5532(13) ?%27(12)72‘5547(12) i;gﬁ(l)ﬂjéz(n ?'322(2)72'538(2) of the four monomeric com-
M=Ct5 2236 2233 2246 2210 plexes 19 andA11 and of the cor-
Ct5-M-Ct7 1452 145.9 144.0 145.9 responding dimers were freely
P-M-Ct5 100.7 99.1 99.9 99.1 optimized with no geometric
M-Ct5-P 9.6 91.7 91.9 98.0 constraints. The resulting calcu-
Ct5-P-M 108.9 110.9 107.6 110.9 lated tri f (10 )
P-M-Ct7 114.1 115.0 1162 115.0 ated — geometnes 0 )

[a] Ct7 =centroid of the Cht ring. [b] Ct5 =centroid of the Cp ring.

[{(u-n*-CsH,PPhy)W(CO),HLLM  [{(u-n-CsH,PPh,)NiX )]
(X=Br, CH,),"™  [{(w-n-CsH,PPhy)PtPh}],  [{(p-n’-
CsH,PPhy)PdMe},],”  and  [{(u-n’-CsH,PPhy) Ag(PR;)}]
(R=Ph, Et).”! Phosphane coordination leads to a marked
deviation from the coplanar orientation of the Cp and Cht
rings that is observed for 2 and 3;”! the angles subtended at
the metal center by the ring centroids are 145.2/145.9° (10a)
and 145.9° (11a). In all cases, the metal-carbon bonds to the
seven-membered ring are significantly shorter than those to
the five-membered ring, thus revealing, as expected, a signif-
icantly stronger interaction between the metal center and
the cycloheptatrienyl ring.!

The crystal structures of the complexes bearing the steri-
cally more demanding PiPr, substituent reveal an inconsis-
tent picture because only the Zr complex (10b), is dimeric
in the solid state, albeit with a Zr—P bond length of
2.9833(3) A, which is among the longest ever observed
(Figure 2).1 In contrast, 11b is monomeric with the short-
est intra- and intermolecular Hf--P distances of 3.783 and
5.680 A, thus excluding any metal-phosphane interaction
(Figure 1). We assume that the shortening of the metal-
carbon distances upon going from Zr to Hf, which is in
agreement with the trend of the metal radii,*! together with
the steric bulk of the iPr groups, can be considered to be re-
sponsible for preventing the dimerization of 11b.

As described above, only one set of NMR resonance sig-
nals was observed for complexes 10 and 11 at room temper-
ature, thus indicating fast interconversion between mono-
meric and dimeric species on the NMR timescale. Coales-
cence could be observed for 10b by a variable-temperature
'H and *'P NMR study, and below approximately 173 K, two
broad phosphorus resonances are generated, which can ten-
tatively be assigned to monomeric 10b and dimeric (10b),.
It should be noted, however, that ambiguous broad signals
additionally appear at lower field between 6 =4 and 8 ppm,
which again disappear upon warming to room tempera-
ture.*” The fast equilibrium between 10b and (10b),, even
at low temperature, suggests the presence of only weak
metal-phosphorus interactions, which is in agreement with
the previously reported formation of thermodynamically
labile PMe; adducts of trozircene (2)!'"! and trohafcene (3).F!

To theoretically assess the strength of the metal-phos-
phane interaction, we carried out a series of DFT calcula-
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(10b),, and (11a), are in good
agreement with those estab-
lished by X-ray diffraction stud-
ies (see Table 1 and the Supporting Information for coordi-
nates and presentations of all the calculated structures).*!
For instance, the calculated P-metal distances are 2.902/
2.902, 3.018/3.017, 2.869/2.869, and 3.008/2.903 A in (10a),,
(10b),, (11a),, and (11b),, respectively. The thermodynamic
data for the dimerization of complexes 10 and 11 are assem-
bled in Table 2. The formation of all the dimers is calculated

Table 2. Relative energies for the dimerization of complexes 10 and 11.1%

Dimer AE AHpg AGog
[kcalmol ] [kcalmol '] [kcalmol ]

(10a), M—=Zr, R=Ph)  —206 _17.9 3.0

(10b), M=Zr, R—=iPr)  —23.1 ~196 07

(11a), (M=Hf, R=Ph)  —21.0 ~183 0.9

(11b), (M—Hf, R=iPr)  —14.9 ~111 10.0

[a] AE=zero-point uncorrected M05-2X electronic energies, AHz=en-
thalpies at 298 K, AG,,= Gibbs free energies at 298 K.l

to be exothermic, with AE values for the crystallographically
observed systems (10a),, (10b),, and (11a), ranging from
—20.6 to —23.1 kcalmol™'. The association energy for the
structurally characterized monomer 11b is found to be sig-
nificantly higher (AE=—14.9 kcalmol™), and the corre-
sponding Gibbs free energy of AG,g;=+10.0 kcalmol ! is in
line with the inability to form the dimer (11b), upon crystal-
lization.

To test whether the different reactivity of the metal atoms
in the P-functionalized Cht-Cp complexes 10 and 11 would
have an impact on their coordination chemistry, the Ti and
Zr complexes 9b and 10b were added to solutions of
[(cod)RhCl], (cod=n*1,5-cyclooctadiene) to afford the bi-
metallic complexes 12 and 13 (Scheme 3). The NMR spectra
of both complexes are very similar, whereas the solid-state

9 —— > [(@b)RhCI(cod)] (12)
10b — > > [(10b)RhCl(cod)] (13)

borc
[(10b),Pd] (14)

Scheme 3. Synthesis of heterobimetallic Cht—Cp phosphane complexes:
a) [{(cod)RhCl},] (0.5 equiv); b)[(cod)PdCL] (0.5 equiv); c) [(v’-
CsH5)Pd(n*-C;Hs)] (0.5 equiv).

Chem. Eur. J. 2009, 15,2176-2184
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structures reveal different behavior for the Group 4 metal
atoms. As expected, the troticene moiety in 12 remains un-
affected by phosphane coordination, and the parallel orien-
tation of the Cht and Cp rings is preserved (Figure 3). No

Figure 3. ORTEP diagrams of the heterobimetallic complexes 12 (left)
and 13 (right) with thermal-displacement parameters drawn at 50 %
probability. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [A] and angles [°] in 12: Ti—Cg, 2.217(3)-2.234(3), Ti—Cq,
2.314(3)-2.376(3), Ti—Ct7 1.511, Ti—Ct5 2.004, Rh—P 2.3380(8), Rh—Cl
2.3713(7); Ct5-Ti-Ct7 171.4, P-Rh-Cl 90.11(3). 13: Zr—Cl 2.7976(4), Zr—
Cene 2.430(2)-2.336(2), Zr—Cc, 2.521(1)-2.569(1), Zr—Ct7 1.737, Zr—Ct5
2.239, Rh—P 2.3016(4), Rh—Cl 2.3696(4); Ct5-Zr-Ct7 148.2, P-Rh-Cl
87.59(1).

additional contacts to the Ti atom are observed: the shortest
Ti-Cl distance is 5.252 A. In contrast, 13 features an intra-
molecular Zr—Cl contact of 2.7976(4) A, which leads to a
pronounced deviation from a coplanar Cht-Cp sandwich
structure.?” The Zr—Cl distance is very long and closely cor-
responds to the sum of the covalent radii that have been de-
duced for Zr (1.75 A) and ClI (1.02 A) from crystallographic
data.™ To the best of our knowledge, [C1Zr(CsH,-PPh,),(u-
Cl)Rh(CO)CI] represents the only other complex containing
a Zr-Cl-Rh linkage and exhibits a significantly shorter dis-
tance of 2.556(3) A between the Zr center and the bridging
Cl atom.!

In a similar fashion, the reaction of 10b with [(cod)PdCL,]
was expected to result in the formation of [(10b),PdCl,],
which could have displayed Zr-CI-Pd linkages.””! However,
the Pd” complex [(10b),Pd] (14) was instead isolated in
moderate yield. Alternatively, treatment of [(1’-CsHs)Pd(1’-
C;H;)] with two equivalents of 10b afforded 14 as a purple—
brown crystalline solid in pure form. The *'P NMR spectrum
shows one resonance at d=30.7 ppm in agreement with the
presence of two equivalent phosphane ligands at room tem-
perature on the NMR timescale. In contrast, the solid-state
structure of 14 reveals a T-shaped Pd complex with a Pd—Zr
bond of 2.9709(3) A (Figure 4). This bond is significantly
longer than previously observed in the alkylideneamido-
bridged heterobimetallic Zr/Pd complexes [Cp,Zr(u-N=
CAr,),PdCI(Me)] (Ar=Ph, Pd-Zr=2.8235(5)A; Ar=
C¢H,Me-4, Pd—Zr=2.8416(4) A).”® The angles at the Pd
center are P1-Pd-P2=131.83(2)°, P1-Pd-Zr1=73.65(1), and
P2-Pd-Zr1 =152.94(1)°, thus indicating a major deviation
from the linear arrangement normally observed for dicoor-
dinate structures of the type [Pd’(PR;),], for example, P-Pd-
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Figure 4. ORTEP diagram of the Zr,/Pd complex 14 with thermal-dis-
placement parameters drawn at 50 % probability. Hydrogen atoms have
been omitted for clarity. Selected bond lengths [A] and angles [°]: Zrl—
Pd 2.9709(3), Zrl—Cey 2.352(2)-2.420(2), Zrl—C¢, 2.438(2)-2.551(2),
Zr2—Cgy, 2.322(2)-2.364(2), Zr2—C¢, 2.491(2)-2.523(2), Zr1—-Ct7 1.725,
Zr2—Ct7 1.669, Zr1—Ct5 2.190, Zr2—Ct5 2.201 Pd—P1 2.2417(4), Pd—P2
2.3442(4); Ct5-Zrl-Ct7 156.9, Ct5-Zr2-Ct7 166.9, P1-Pd-P2 131.83(2),
Zr1-Pd-P1 73.65(1), Zr1-Pd-P2 152.94(1).

P=180° in [Pd(FcPtBu,),], in which the di-tert-butylferroce-
nylphosphane (FcPrBu,) ligand is incapable of promoting a
secondary Fe--Pd interaction.””)

In view of the picture that has been developed for the
bonding and oxidation state assignment in Cht-Cp Group 4
metal complexes,*>*! the metal-metal interaction in 14 can
be formally regarded as a dative Pd’—Zr*™ bond, in which
the Pd center acts as a Lewis base towards the Lewis acidic
Cht-Cp sandwich moiety. This interaction is expected to be
weaker than the metal-metal bonds in common “early-late”
heterodimetallic complexes,®*? which are normally derived
from the combination of an anionic late-transition metallate
species with a cationic early-transition-metal complex frag-
ment. To estimate the strength of the Pd—Zr bond in 14, we
performed theoretical calculations on the bridged model
complex [{(n’-C;H,)Zr(v’-CsH,PMe,)}Pd(PMe,)] (15) and
[{(n’-C;H,)Zr(v’-CsH;)}Pd(PMe;),] (16), in which trozircene
(2) interacts with [Pd(PMe;),] in an intermolecular fashion.
Again, the M05-2X functional was employed,”? which has
also performed well for predicting the energetics of van der
Waals metal dimers.’ For both complexes, the optimized
molecular structures feature a Pd-Zr interaction with Pd—
Zr=3320 and 3.156 A for 15 and 16, respectively
(Figure 5).

Figure 5. PLUTO drawings of the optimized molecular structures of 15
and 16 at the M05-2X level of theory and relaxed Pd—Zr force constants.
Selected bond lengths [A] and angles [°] in 15/16: Zr—Pd 3.320/3.156,
Pd—P1 2.271/2.336, Pd—P2 2.382/2.336; Ct5-Zr-Ct7 156.3/154.0, P-Pd-P
160.9/158.3.141

2179

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Tamm et al.

A EUROPEAN JOURNAL

Because geometrical parameters are not ideal bond-
strength descriptors, in particular in the case of weak inter-
actions,” we additionally computed relaxed force con-
stants.” The results indeed point to a very weak noncova-
lent Pd--Zr interaction, which is reflected by the very small
values of 5.68 and 8.85 Nm™' for 15 and 16 (or 0.0568 and
0.0885 mdyn A~!, respectively).’ This finding means that a
shortening of the Pd-Zr distance in 15 by 0.35 A to comply
with the experimentally derived value of approximately
2.97 A (Figure 4) affords an energy penalty of only
0.5 kcalmol™",*" in line with an extremely flat potential-
energy surface. Naturally, the Pd--Zr bond-dissociation
energy could only be calculated for the unbridged model
complex 16, thus resulting in AEg,=10.5 kcalmol™'. This
value, albeit small, falls in the same range that has been de-
rived for trozircene-isocyanide adducts,” thus indicating
that complexes such as 16 that feature unsupported Pd—Zr
bonds should also be isolable."

Conclusion

Upon complexation, the presence of Lewis acidic Cht-Cp
metal moieties in the zirconium—phosphane and hafnium-
phosphane ligands 10 and 11 gives rise to unusual secondary
interactions involving the formation of weak dative bonds.
Thereby, the Zr and Hf atoms act as acceptor sites in a simi-
lar fashion to that described for ambiphilic phosphane li-
gands featuring pendant borane and alane moieties, which
have also been investigated as promising candidates for or-
ganotransition metal catalysis, notably through intramolecu-
lar activation of the M—X bonds.”! Similarly, the bifunction-
al reactivity of 10 and 11 should have an impact on the acti-
vation of substrates, for example, by oxidative addition to
complexes such as 14, and the exploration of their potential
for applications in homogeneous catalysis will be the subject
of future studies.

Experimental Section

General: All operations were performed in a glovebox in a dry argon at-
mosphere (MBraun 200B) or on a high-vacuum line using Schlenk tech-
niques. All solvents were purified by a solvent-purification system from
MBraun GmbH and stored over molecular sieves (4 A) prior to use. The
'H, “C, and *P NMR spectra were recorded on Bruker DPX 200
(200 MHz), Bruker AV 300 (300 MHz), and Bruker DRX 400 (400 MHz)
devices. The chemical shifts are expressed in parts per million (ppm) with
tetramethylsilane (TMS) as an internal standard. Coupling constants (J)
are reported in Hertz (Hz), and splitting patterns are indicated as s (sin-
glet), d (doublet), t (triplet), q (quartet), vq (virtual quartet), m (multip-
let), sept (septet), and br (broad). Elemental analysis (C, H, N) succeed-
ed by combustion and gas chromatographic analysis with an Elementar
varioMICRO and HRMS from Bruker-Demo QTOF micro. The starting
materials were obtained either from Aldrich or Alfa Aesar and were
used without further purification. The following compounds were synthe-
sized according to reported methods: [(n’-CsH,PPh,)TiCl;] (6a),"
[(CsH,PPhy)Li],"*! [(CsH,PiPr,)Li] ' [(1'-CsH,PPh,),ZrCL] (7a)," [(n’*-
CsH,PiPr,),ZrCl,) (7b),12 [(n*-CsHs)Pd(n>-C3Hs)] ! and
[{(cod)RKCI},].H!

www.chemeurj.org

2180 ——

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[(n°-CsH, PiPr,)TiCl] (6b): CsH,(SiMe;)PiPr, was prepared in an analo-
gous manner to that described for CsH,(SiMe;)PPh,.”! This cyclopenta-
diene (1.69 g, 6.54 mmol) in toluene (20 mL) was added dropwise to
[TiCL] (1.24 g, 6.54 mmol) in toluene (20 mL) at ambient temperature.
An immediate color change was observed, and the purple solution was
stirred for 1 h at room temperature. After evaporation of all volatiles, the
product was isolated as a deep-red oil in 81 % yield (1.77 g, 5.30 mmol).
'HNMR (200 MHz, CDCL): 6=6.71 (m, 4H; CsH,), 1.78 (sept, 2H;
CH), 1.15 (dd, *Jyp=7.07 Hz, 6H; CH,), 1.03 ppm (dd, */;;p=7.05 Hz,
6H; CH;); “C{'"H} NMR (53 MHz, CDCl;): §=130.5 (d, Jcp=17.06 Hz,
i-CsH,), 125.8 (d, Jep=7.46 Hz, a-CsH,), 125.1 (brs, B-CsH,), 24.2 (d,
YJep=14.78 Hz, CH), 20.2 (d, *Jp=12.17 Hz, CH,), 19.9 ppm (d, ¥/cp=
14.09 Hz, CH,); P{'H} NMR (82 MHz, CDCL): 6=14.47 (s, PCH-
(CH,),); MS (EI): miz (%): 339 [M]*, 299 [M*-Cl], 182
[299—P(CH(CH;),),], 182 [CsH,P(CH(CHs),),|, 147 [182-Cl], 139
[182—CH(CHs;),]; elemental analysis (%) calcd for C;;H;sCL;TiP (335.5):
C 39.38, H 5.41; found: C 39.72, H 5.75.

[(n°-CsH,PPh,),HfCl,] (82a): [HfCl,] (1.00 g, 3.12 mmol) was treated with
[(CsH PPh,)Li] (2 equiv) in toluene (60 mL) and THF (2mL) at —78°C.
The reaction mixture was allowed to warm to room temperature over-
night and was subsequently heated at 80°C for an additional hour. The
solution was filtered through a plug of celite, and the filtrate was concen-
trated to about 5 mL. The off-white product was precipitated by addition
of pentane (60 mL), isolated by filtration, dried in vacuo, and obtained in
a 65% yield (1.51 g, 2.11 mmol). '"HNMR (300 MHz, CD,Cl,): 6=7.24
(m, 20H; CsHy), 6.17 ppm (m, 8H; CsH,); “C{'H} NMR (75 MHz,
CD,CL): 6=137.6 (d, Jep=12.2 Hz, i-C¢Hs), 134.3 (d, %Jp=20.77 Hz, o-
C¢Hs), 129.6 (s, p-C¢Hs), 128.9 (d, *Jp=7.37 Hz, m-C,Hs), 123.3 (d, Jep=
16.33 Hz, i-CsH,), 121.8 (d, Yp=9.98 Hz, a-CsH,), 116.9 ppm (s, B-
CsH,); *'P{'H} NMR (121 MHz, CD,Cl,): 6=—17.3 ppm (s, PPh,); ele-
mental analysis (%) caled for C;H,,CLP,Hf (747.9): C 54.60, H 3.77;
found: C 54.77, H 3.97.

[(n*-CsH,PiPr,),HfCl,] (8b): [HfCl,] (796.3 mg, (2.49 mmol) was treated
with [(CsH,PiPr,)Li] (2 equiv) in toluene (60 mL) and THF (0.5 mL) at
—78°C. The reaction mixture was allowed to warm to room temperature
overnight and was subsequently heated at 70°C for an additional hour.
The solution was filtered through a plug of celite, and the filtrate was
concentrated to about 3 mL. The off-white product was precipitated by
the addition of pentane (60 mL), isolated by filtration, dried in vacuo,
and obtained in 69% yield (1.045 g, 1.708 mmol). '"H NMR (300 MHz,
CD,Cl,): 6=6.55 (m, 4H; a-CsH,), 6.36 (m, 4H; p-CsH,), 1.96 (sept d,
2Jup=1.72 Hz, 4H; CH), 1.09 (dd, *Jyp=13.8, Jyy=7.1 Hz, 6H; CH;),
091 ppm (dd, *Jyp=12.7, *Jyyu=7.0Hz, 6H; CH;); “C{'H}NMR
(75.47 MHz, CD,CL): 6=122.6 (m a-CsH,), 122.3 (d, J=29.37 Hz, i-
CsHy), 116.8 (m, B-CsH,), 24.1 (d, Jp=12.79 Hz, CH), 204 (d, Jep=
13.15Hz, CH,), 202ppm (d, 2p=13.55Hz, CH;); °'P{'H} NMR
(121.49 MHz, CD,Cl,): 6=5.2 ppm (s, P(CHCH,;),); elemental analysis
(%) caled for C,H3,CLP,Hf (611.9): C 43.19, H 5.93; found: C 43.59, H
5.97.

[('-C;H,)Ti(m’-CsH,PPh,)] (9a): Magnesium turnings  (0.66 g,
27.26 mmol), anhydrous ferric chloride (catalytic amount), and cyclohep-
tatriene (1.42 mL, 13.69 mmol) were suspended in THF (20 mL). A solu-
tion of 6a (3.15 g, 7.79 mmol) THF (20 mL) was added dropwise. The re-
action mixture was stirred for 12 h at room temperature followed by
evaporation of the solvent. The residue was suspended in toluene
(50 mL) and filtered. After evaporation of the solvent, the residue was
dissolved in hexane followed by an additional filtration. After removal of
the solvent, 9a was isolated as a green solid in 75% yield (2.27 g,
5.84 mmol). Crystals suitable for X-ray diffraction studies could be ob-
tained by cooling a saturated solution of 9a in hexane. 'HNMR
(200 MHz, C¢Dg): 6=7.37 (m, 4H; 0-C¢Hs), 7.04 (m, 6 H; CsHs), 5.42 (s,
7H; C;H;), 5.05 ppm (m, 4H; CsH,); *C{'H} NMR (53 MHz, C,Dy): 6=
140.7 (s, i-C¢Hs), 136.2 (s, 0-C¢Hs), 135.8 (s, p-C¢Hs), 135.6 (s, m-C¢Hs),
109.3 (s, i-CsHy), 103.3 (s, a-CsH,), 100.3 (s, p-CsHy), 87.9 ppm (s, C;H;);
SP{'H} NMR (82 MHz, C¢D): 6 =—17.45 (s, P(C¢Hs),); elemental analy-
sis (%) caled for C,,H, PTi (388.3): C 74.24, H 5.45; found: C 74.44, H
5.50.
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[(-C;H,)Ti(m*-CsH,PiPr,)] (9b): Magnesium turnings (0.39 g,
16.14 mmol), anhydrous ferric chloride (catalytic amount), and cyclohep-
tatriene (0.84 mL, 8.11 mmol) were suspended in THF (10 mL). A solu-
tion of 6b (1.54 g, 4.61 mmol) in THF (25 mL) was added dropwise at
ambient temperature. After stirring for 12 h at room temperature, the
solvent was removed in vacuo, the residue was dissolved in toluene
(40 mL), and the solution was filtered. After evaporation of the solvent,
the residue was dissolved in hexane and filtered again. Removal of the
solvents afforded 9b as a green oil in 74% yield (1.09 g, 3.14 mmol).
'HNMR (200 MHz, C¢Dy): 6=5.37 (s, 7H; C;H;), 4.93 (m, 4H; C;H,),
1.59 (sept, 2H; CH(CH,),), 0.88 (dd, *Jyp=13.02, *Jyy=7.07 Hz, 6H;
CH(CH,;),), 0.80 ppm (dd, *Jyp=12.31, *Jy;=7.05 Hz, 6H; CH(CH,),);
BC{'H} NMR (50 MHz, C¢Dy): 6=106.3 (d, 'Jcp=8.58 Hz, i-CsH,), 100.9
(d, Jep=10.08 Hz, a-CsH,), 98.8 (d, *Jop=2.45Hz, B-CsH,), 87.4 (s,
CH,), 244 (d, Yep=13.93Hz, CH), 204 (d, =598 Hz, CH;),
202 ppm (d, Yp=839 Hz, CH;); *'P{'H} NMR (C¢D,, 82 MHz): 6=
3.31 ppm (s, P(CHCHs;),); MS (EI): m/z (%): 320 ([M]*, 25), 204 ([M*
~P(CH((CH)),),]. 5), 139 ([M*~CpP{CH[(CH):L,},], 25)., 91 ([C;H, .
704).

[(0’-C;H,)Zr(n’-CsH,PPh,)] (102a): A solution of 7a (1.23 g, 1.70 mmol)
dissolved in THF (20 mL) was added to a mixture of magnesium turnings
(0.146 g, 5.951 mmol), anhydrous ferric chloride (catalytic amount), and
cycloheptatriene (0.35 mL, 3.40 mmol) in THF (30 mL). The reaction
mixture was stirred overnight, filtered, and evaporated to dryness. Com-
pound 10a was sublimed at 160°C/10~* mbar to afford an orange solid.
Orange crystals suitable for X-ray diffraction studies were grown by dif-
fusion of hexane into a saturated solution of 10a in THF to obtain a
23% yield (168 mg, 0.72 mmol). "H NMR (300 MHz, [Dg]THF): 6 =7.45
(m, 4H; 0-C¢Hs), 7.30 (m, 6H; C4Hs), 5.73 (br t, 2H; a-CsH,), 5.16 (m,
2H; B-CsH,), 4.63 ppm (s, C;H,); “C{'"H} NMR (75 MHz, [Dg]THF): 6 =
140.6 (d, 'Jep=11.28 Hz, i-C,Hs), 133.8 (d, ¥/ cp=19.59 Hz, 0-C¢Hs), 128.5
(s, p-CeHs), 128.6 (d, *Jep=6.74 Hz, m-C,Hs), 107.9 (brs, i-CsH,), 106.8
(d, Jep=15.65 Hz, a-CsH,), 101.6 (d, *Jcp=4.69 Hz, B-CsH,), 80.8 ppm (s,
C,H,); *'P{'H} NMR: (121 MHz, [D¢]THF): —21.5 ppm (s, PPh,), HR-MS
(E1): m/z: caled for monoisotopic mass for [C,;H, PZr]": 430.0428;
found: 430.0422.

[(0-C;H,)Zr(n’-CsH,PiPr,)] (10b): A mixture of magnesium turnings
(132.6 mg, 5.454 mmol), freshly distilled cycloheptatriene (0.26 mL,
0.335 mg, 3.636 mmol), and cat. FeCl; (2.3 mg, 0.014 mmol) was stirred in
THF (20 mL) at room temperature followed by the addition of 7a
(661.1 mg, 1.818 mmol) dissolved in THF (30 mL). The yellow solution
was stirred overnight and a color change from yellow to deep purple and
further to black—-brown could be observed. The reaction mixture was fil-
tered, the solvent evaporated in vacuo, and the dark-brown residue was
sublimed at 150°C/5x 10~* mbar to obtain 10b as a deep purple solid in a
moderate yield of 22% (98.9 mg, 0.272 mmol). Crystals for X-ray struc-
ture determination were obtained by slow evaporation of the solvent
from a saturated solution of 10b in hexane. 'H NMR (400 MHz, C¢Dq):
0=5.49 (br, 2H; a-CsH,), 5.42 (m, 2H; p-CsH,), 5.26 (s, 7H; C;H,), 1.68
(sept d, Jyp=0.88 Hz, 2H; CH), 0.98 (dd, *Jyp=14.29, *Jy;=6.95 Hz,
6H; CH,;), 0.87ppm (dd, *Jp=11.33, *Jyz=7.08 Hz, 6H; CH,);
BC{'H} NMR (100 Hz, C,Dy) 6 111.9 (d, 'Jp=24.88 Hz, i-CsH,), 105.6
(d, Jp=11.27 Hz, a-CsH,), 103.1 (dd, *J»=2.97 Hz, $-CsH,), 81.3 (s,
CH,), 239 (d, Yep=1355Hz, CH), 202 (d, “Jep=6.61 Hz, CHy),
20.0 ppm (br, CH;); *'P{'H} NMR (161 MHz, C,D¢): 6=0.00 ppm (s,
P[CH(CH5;),]); elemental analysis (%) calcd for C;gHysPZr (363.6): C
59.46, H 6.93; found: C 59.27, H 7.01.

[(n’-C;H,)Hf(n°-CsH,PPh,)] (11a): Compound 8a (1.159 g, 1.55 mmol)
dissolved in THF (10 mL) was added to a suspension magnesium turnings
(0.113 g, 4.65mmol, 3equiv), cycloheptatriene (0.32mL, 3.10 mmol,
2 equiv), and FeCl; (2.3 mg) in THF (20 mL). The reaction mixture was
stirred for 3 days at 65°C and the solution turned brown. After filtration
the solvent was removed in vacuo. The black-brown residue was sub-
limed at 175°C/5x 107> mbar to obtain 11a as an orange-red solid in
14% yield (90.3 mg, 0.174 mmol). Single crystals suitable for X-ray dif-
fraction studies were obtained by diffusion of hexane into a saturated so-
lution of 11a in THF at room temperature. 'H NMR (300 MHz, THF-dy):
0=17.28 (m, 10H; CsHs), 5.76 (m, 2H; a-CsH,), 5.34 (m, 2H; B-CH,),
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4.77 ppm (s, 7H; C;H,); “C{'H} NMR (75 MHz, [Dg]THF): §=139.9 (d,
YJep=11.04 Hz, i-C,Hs), 133.7 (d, *Jp=19.88 Hz, 0-C¢Hs), 128.8 (s, p-
C¢Hs), 128.4 (d, *Jp=7.00 Hz, m-C¢Hs), 109.3 (s, i-CsH,), 104.8 (d, Y/ cp=
14.89 Hz, a-CsH,), 101.1 (d, *Jp=4.45 Hz, B-CsH,), 77.2 ppm (s, C;H,);
'P{'"H} NMR: (121 MHz, [D4]THF): —21.7 (s, PPh,); elemental analysis
(%) caled for C,,H, PHfC,H;O (591.0): C 56.90, H 4.95; found: C 57.24,
H 4.50.

[(n’-C,;H,)Hf(n’-CsH,PiPr,)] (11b): Compound 8b (1.21 mg, 2.00 mmol)
dissolved in THF (10 mL) was added to a suspension of magnesium turn-
ings (114 mg, 5.99 mmol), cycloheptatriene (0.20 mL, 3.99 mmol), and
FeCl; (5.2 mg) in THF (10 mL). The reaction mixture was stirred for
5 days at 65°C. The solvent was evaporated, toluene (20 mL) was added,
and the orange-brown solution was filtered. After evaporation of the sol-
vent, the brown residue was sublimed at 175°C/3 x 107> mbar. Compound
11b was obtained as orange-red solid in 21% yield (184.3 mg,
0.41 mmol). Single crystals were grown by cooling a saturated solution of
11b in toluene to —35°C. '"H NMR (400 MHz, C¢Dg): 6 =5.37 (br, 2H; a-
CsH,), 5.36 (br, 2H; B-CsH,), 5.14 (s, 7H; CH;), 1.69 (sept d, %yp=
1.16 Hz, 2H; CH), 098 (dd, *Jyp=14.13, Jyy=7.18 Hz, 6H; CH,),
0.88 ppm (dd, *Jp=11.81, *J,;y;=7.00Hz, 6H; CH,); “C{'H} NMR
(100 Hz, C¢Dy): 6=110.8 (s, i-CsH,), 103.2 (d, *Jp=11.28 Hz, a-CsH,),
100.47 (d, *Jcp=2.43 Hz, B-CsH,), 77.5 (s, C;H,), 24.3 (d, Jep=14.3 Hz,
CH), 20.2 (d, %Jp=3.56 Hz, CH;), 20.1 ppm (d, *Jp=9.71 Hz, CH,);
S'P{'"H} NMR (161 MHz, C¢Dy): =0.01 ppm (s, P[CH(CHs,),]); elemental
analysis (%) caled for CgH,sPHf (450.9): C 47.95, H 5.59; found: C
48.18, H 5.56.

[(9b)RhCl(cod)] (12): Compound 6b (76.3 mg, 0.24 mmol) dissolved in
hexane (5 mL) was added to bis-p-chloro-(n*1,5-cyclooctadiene)dirhodi-
um (59.0 mg, 0.12 mmol) in toluene (3 mL). The reaction mixture was
stirred for 2 h. During the reaction time, the solution darkened and a pre-
cipitate formed, which was filtered off and dried in vacuo. Compound 12
was obtained as a light-green solid in 42% yield (56.6 mg, 0.10 mmol).
Suitable crystals for X-ray diffraction studies were obtained on cooling a
saturated solution of 12 in THF/hexane. "H NMR (200 MHz, C¢Dy): 6 =
5.63 (br, 2H; vinyl cod), 5.47 (s, 7H; C;H;), 5.05 (m, 2H; a-CsH,), 4.98
(m, 2H; B-CsH,), 3.28 (br, 2H; vinyl cod), 2.66 (sept, 2H; CH), 2.11 (m,
4H; allyl cod), 1.36 (m, 4H; allyl cod), 1.46 (dd, *Jyp=15.02, *Jyu=
7.15 Hz, 6H; CH;), 1.22 ppm (dd, *Jyp=14.92, *Jyy=7.15 Hz, 6H; CH,);
BC{'H} NMR (100 MHz, C,D): 6=1104 (d, 'Jep=11.89 Hz, i-CsH,),
102.5 (m, cod), 101.7 (d, ¥ cp=6.77 Hz, a-CsH,), 98.4 (d, *Jp=6.39 Hz, B-
CsH,), 87.78 (s, G;H,), 68.1 (d, Yepy=14.22 Hz, cod), 33.4 (d, Jcrn=
2.61 Hz, cod), 28.8 (brs, cod), 28.3 (br, cod), 28.1 (br, cod), 24.5 (br, CH),
20.6 (brs, CH;), 20.1 ppm (d, %Jcp=3.29 Hz, CH;); *'P NMR (162 MHz,
CeDg): 6=36.63 ppm (d, Jpg,=151.1 Hz, P[C(CH,),],); elemental analy-
sis (%) caled for C,H3,PTiRh (531.3): C 55.10, H 6.58; found: C 52.55, H
6.22.

[(10b)RhCl(cod)] (13): Compound 10b (111.3 mg, 0.31 mmol) dissolved
in hexane (12 mL) was added dropwise at ambient temperature to a solu-
tion of [{(cod)RhCl},] (75.5 mg, 0.15 mmol) in toluene (3 mL). An orange
solid was formed immediately and after 15 min of stirring was collected
by filtration and washed with hexane (3x3 mL) to give 13 in 88% yield
(165.0 mg, 0.27 mmol). Suitable single crystals for X-ray structure analy-
ses were obtained by diffusion of hexane into a saturated solution of 13
in toluene. '"H NMR (400 MHz, C¢Ds): 0=>5.56 (m, 2H; a-CsH,), 5.49 (m,
2H; B-CsH,), 5.23 (brs, 2H; vinyl H), 5.11 (s, 7H; C;H;), 3.41 (brs, 2H;
vinyl H), 2.05 (m, 2H; CH,), 1.93 (m, 2H; CH,), 1.62 (m, 4H; CH,), 1.49
(sept, *Jyy=6.8 Hz, 2H; CH), 1.15 (dd, *Jyp=13.5, *Jy;=6.8 Hz, 6H;
CH;), 0.79 (dd, *Jyp=15.2, Jyy=6.8 Hz, 6 ppmH; CH;); “C{'H} NMR
(100 MHz, C,Dg): 6=1122 (d, Jep=11.18 Hz, i-CsH,), 1053 (d, ¥ cp=
8.75 Hz, a-CsH,), 103.7 (m, cod), 103.5 (m, cod), 100.8 (d, 2Jcp=8.24 Hz,
B-CsH,), 81.9 (s, C;H;), 69.4 (d, Yern=13.93 Hz, cod), 33.2 (d, Jcpn=
2.40 Hz, cod), 28.3 (d, */cgn=1.20 Hz, cod), 23.5 (brs, CH), 23.3 (m, cod),
19.9 (d, *J=332Hz, CH;), 192ppm (brs, CH;); *'P{'H} NMR
(161.98 MHz, C,Dg): 0=37.5 ppm (d, Jpg, = 144.1 Hz, P[CH(CHS,),]; ele-
mental analysis (%) calcd for C,sH;;CIPRhZr (610.1): C 51.18, H 6.11;
found: C 51.12, H 6.10.

[(10b),Pd] (14): Compound 10b (294.9 mg, 0.81 mmol) and [(1’-
CsHs)Pd(n*-C;Hs)] (85.8 mg, 0.41 mmol) in toluene (20 mL) were stirred
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at 75°C overnight. The solvent was removed in - S
vacuo, and the dark-red oily residue was dried at S PN < b3 =
40°C in vacuo. The residue was dissolved in the mini- A~ S22 a5 2 s
mum amount of THF and added to a rapidly sti A 02 ¥3ZELLe < s 1
pidly stirred ;P %oSE £32522F X 2 E S 3 -wgoes:
. P = — : —
mixture of hexamethyldisiloxane/hexane (4:1). A 'T‘@ o T =7 XS RIRZES AN 3] &8 & X N I SRS Y2 S
. . . .. <+ |, T H RS0 IO @ = o = S i B
purple-brown microcrystalline solid precipitated and =0 oI SEREF~—"0EB SN = S 0= =000
was collected on a Schlenk sinter, washed with hex-
amethyldisiloxane, and dried in vacuo to give 10 in N bt
37.% yield (125.7 mg, 0.1.5 mmol). .Crystals were ob é E ~ f(’ 5 =
tained by cooling a solution of 14 in hexamethyldisi- &~ g soa s 4 © it
loxane/hexane to —35°C. '"H NMR (300 MHz, C,D): < _etax8s T S . $ 234
— T O X0 S [ Nes O O
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1491, *Jyp=7.19Hz, 12H; CH;), 1.09ppm (vq,
i =16.07, *Jup=16.89 Hz, 12H; CHs;); = 2
BC{'H} NMR (75 MHz, C(Dy): 104.1 (m, i-CsH,), i PR 2 % ®
103.7 (m, a-CsH,), 101.4 (B-CsH,), 79.2 (C;H;), 25.9 A 2 = 2 § c o < & =
5 L € ¢ ; <
(t, CH), 205 (t, CH;), 202ppm (t, CHs); U; e . g g § 5 o5 9 X w I _ o= %
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s ~ I\l Na) > N n R S o~ o — S *xQ Lo NN\
(CHCHs;),); elemental analysis (%) caled for [0 A ISEAN-HaTIITFaSE®m & S —Hn——S3-
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51.76, H 6.25. = z
o 1
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