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The new isomeric ruthenium/zirconium dihydrides of the formula gAPRuHu-PMeCp*),CIZrCI (1, 2) (Cp*

= CsMey) have been characterized by elemental analysis and NBMR3{P and!H relaxation data). Complex

1, stabilized by Cl and H bridges, has been isolated from the room temperature reaction betwggi iRePh)3

and (PMeCp*),ZrCl,. The X-ray crystallographic study dfrevealed a bimetallic complex. The six-coordinate

Ru atom and the five-coordinate Zr atom are held together by two bifunctional phosphinocyclopentadienyl ligands
and by H and Cl bridges. Crystal data for monoclinic space group2i/c, a = 13.901(2) A.b = 18.205(6) A,

c = 16.633(3) A,f = 92.43(1), V = 4206 B, Z = 4, dcac = 1.472 g cm3, R(F) = 0.056,R(F) = 0.058.
Complex 2 with two H bridges and terminal ClI ligands at Ru and Zr has been obtained by an irreversible
isomerization ofl in the presence of HNEBPh,. This transformation has been proposed to occur through slow
protonation of one of the phosphorus ligands with the five-coordinate Ru center formed by undergoing rapid
pseudorotation. Complexdsand?2 do not react with H, Ny, or 3,3-dimethyl-but-1-ene. Treatment bivith 1

equiv of NaHBE#$ in CgDg gives a mixture of new trihydrides (PBRRu(u-Cl)(u-H)(u-PMeCp*),ZrH (3) and
(PPh)HRu(u-H)2(u-PMe,Cp*).ZrCl (4). Complex3 transforms to4 upon standing in solution for a period of
several days. Under the same conditions, comléesads smoothly to trinydridd. Both trihydrides are new

and have been characterizedhy; 3IP NMR, and'H NMR relaxation data. Complexdsand4 are fluxional in
solution at room temperature, showing hydride exchange between the terminal and bridging positions. The variable-
temperaturéH NMR spectra allowed determinations of th&* values of 16.4 (313 K, THRk) and 13.5 kcal/

mol (295 K, toluenedg) for the exchange in complexdsand 4, respectively. Possible exchange mechanisms
have been discussed. Comp2ss rigid on the NMR time scale.

Introduction metal centers (an early transition metal (Nb, Zr, for example)
and a late transition metal (Ru, Rh, Ir)) seem to be the most
interesting because of the presence of both hydridic and acidic
hydrogens in such moleculés.

In order to produce some Re/Y and Re/Lu hydride com-
pounds, Alvarez et al. have suggesteebond metathesis
reactions of lanthanide alkyls with transition metal hydriéfes.
The same approach has been used in the synthesis of some Ln/W
dihydrides®® The salt elimination reaction between an anionic

Heterobimetallic hydride complexes have attracted consider-
able attentiohin the hope that these compounds might show
unusual stoichiometric or catalytic propertiesMany hydride-
bridged bimetallic complexes have already been described by
the groups of VenanZ®-32Muetterties3? Caulton’c Mathieud
Bergmante Wakatsukit’ and AnderseA? Among these sys-
tems, bimetallic compounds containing electronically different
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Isomeric Early-Late Heterobimetallic Dihydrides

This work describes the characterization and some properties
of the new isomeric Ru/Zr dihydrides of the formula BPh
HRuH(u-PMeCp*),CIZrClI (1, 2) (Cp* = CsMey). Complex
1 was isolated from the reaction between Ryf(PPh); and
(PMexCp*).ZrCl,,%¢ whereas dihydrid® was obtained by an
isomerization ofl. New trihydride derivatives ol and2 are
also discussed in this paper.

Results and Discussion

Synthesis and X-ray Structure of Complex 1. Bimetallic
complexl has been synthesized (eq 1) at room temperature in
toluene. Elemental analysis was consistent with the formula

RuH,(H,)(PPh); + (PMe,Cp*),ZrCl, — 1+ H, + 2PPh
@)

[H2Ru(PPR)(PMe&Cp*),ZrCly). In the absence of X-ray data,
the complex was fully characterized 1 and 3P NMR
methods. The data obtained are summarized in Tables 1 and
2.

Strong evidence was obtained for the bimetallic structure of
1 with bifunctional phosphinocyclopentadienyl ligands and two
Cl and H bridges. This is now confirmed by the X-ray crystal
structure.

Molecular Structure of (PPhz)HRu(u-H)(#-PMe,Cp*) 2(u-
ChzrCl. The molecular structure df is shown in Figure 1,
and selected bond lengths and angles are given in Table 3.

The molecular structure df consists of ZrCl and Ru(H)-
PPh units in which the two metals are bridged by two
bifunctional phosphinocyclopentadienyl ligands and by two
monoatomic ligands, Cl and H. The molecule includes six-
coordinated ruthenium and five-coordinated zirconium atoms.

The coordination sphere of the ruthenium atom can be
described as a distorted octahedron consisting of three P, one
bridging Cl, and terminal (located in thiél NMR spectrum,
see Table 1) and bridging H atoms. The pseudooctahedral
geometry about Ru requires the terminal hydrides to be located
in a cis position with respect to the H bridge. The R
distances are shorter than those observed inffRf (2.34 vs
2.37 A) and Ru-PMePh (2.34 A) moieties, while the Ru
CI(1) bond length value is slightly higher than that reported in
the literature (2.43 A§.

The zirconium coordination sphere can be described as a
distorted trigonal bipyramid: the H bridge and the terminal ClI
ligand occupy two apical positions with the -€&r—H angle
close to 158 (Table 3) while vectors ZCP (CP is the
geometrical center of the cyclopentadienyl ring) and-@t
(bridge) form the base of this bipyramid (the sum of the
corresponding angles is equal to 8812

The Zr—Ru distance of 3.130(1) A in is longer than the
direct unsupported ZrRu bond lengths observed, for example,
in CpZr(OtBu)Ru(COXCp (2.910(1) AP and CpZr[Ru-
(CoxCplz (2.943(1) A)14 However, it should be noted that in
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266, C33.

(12) Engelhardt, L. M.; Jacobsen, G. E.; Raston, C. L.; White, AJH.
Chem. Soc., Chem. Commui984 220.
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Table 1. Room-TemperaturéH NMR Data (GD¢) for Complexesl to 4 (6, ppm/TMS;J, Hz)

e
He

PPh

MeCp

PMeP
0.84,1.27 1.49,2.01,2.29,2.33 7.07 (9 H), 7.93 (6 H)

Hqg

Hp

—10.62 (dt) f(H—PPh)

compd

mi

[©]

= 46.6;

21.7)

J(H—PMe)
—11.89 (dt) 0(H—PPhy) = 66.0;

=23.0;

—14.09 (q) ((H—PPh)
JH—PMe) = 19.1)

1

y

113,222 1.41,1.62,2.03,2.27 7.08 (9 H), 7.83 (6 H)Z
2.90 (d) @(Hs—He) = 10.7) 0.74,1.44 1.56,2.11,2.23,2.40 7.11 (9 H), 8.00 (6 Hi

J(H—PMey) = 18.7;J(Hc—Hp) = 3.0)

—18.10 (q) (H—PPh) = 18.7;

20.2;J(Hp—Ho) = 3.0)

JH—PMey)
—11.10 (dt) 0(H—PPh) = 50.2:

2

—13.85 (q) 0(H—PPh) = 19.1;

3

25.1;3(Hp—Hg) = 10.7)

J(H—PMey)
—12.09 (dt) 0(H—PPh)

J(H—PMe) = 19.1)
—10.70 (m) 0(H—PPh)

ol,_35

1.02,1.80 1.50,1.83,2.10,2.29 7.08 (9 H), 7.94 (6 H)

J(H-PMe) = 13.0;J(Hc—Ha) = 12.7)

—7.36 () 0(H—PPh) = 13.0;
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Figure 1. ORTEP drawing ofl. The terminal H atom attached to the
Ru atom is not represented.

Table 2. Room-Temperaturé'P{*H} NMR Data (GDs) for
Complexesl—4 (6, ppm/HPQy; J, Hz)

0
complex  PMe(multiplicity) PPh (multiplicity) 2)J(P—P)
1 7.70 (d) 53.87 (t) 26.8
2 —1.50 (d) 40.98 (t) 26.4
3 8.15 (d) 63.3 (1) 24.3
4 4.20 (d) 61.8 (t) 28.2
Table 3. Selected Bonding Parameters for
Distances (A)
Ru—Zr 3.130(1) ZCI(1) 2.566(2)
Ru—CI(1) 2.493(2) Zr-Cl(2) 2.550(3)
Ru—P(1) 2.303(2) Z+CP(1) 2.278
Ru—P(2) 2.310(2) Z+CP(2) 2.274
Ru—P(3) 2.324(2) Z+-H 1.93
Ru—H 1.81
Angles (deg)
Cl(1)-Ru—P(1) 111.30(8)  Cl(%yZr—CI(2) 78.03(8)
Cl(1)-Ru—P(2) 86.78(8)  Cl(1yzZr—CP(1) 107.6
Cl(1)-Ru—P(3) 84.41(8)  Cl(1yZr—CP(2) 110.7
Cl(1)-Ru—H 86. Cl(1y-zr—H 82.
P(1y-Ru—P(2) 103.28(8)  Cl(2yZr—H 158.
P(1>-Ru—P(3) 99.37(8)  CI(2}Zr—CP(1) 99.4
P(1y-Ru—-H 159.96(6) Cl(2)-Zr—CP(2) 100.0
P(2-Ru—P(3) 157.34(8) CP(BZr—CP(2) 139.8
P(2-Ru—-H 86. Ru-CI(1)—2zr 76.42(6)
P(3-Ru—H 72. Ru-H-2Zr 114.

Bakhmutov et al.

Scheme 1

RUH,(PPh3), o | RUHCI(PPhs)5

e | Ty e Ho o N
Cp,ZrCl, Ph p/l ~cr— ¢ Cp,ZrHCI
PPh; PPhy Q
- A
PhaP PMe,
RuH,(H)(PPh), H,,A\ anHr, |
+ Ry z ——— 1 + 2PPh,

I-
(Cp"PMey),ZrCl, ~qa

PhSP//{\C\/:_
PhsP PMQ2@
L B
values reported for 2 and R& complexes containing H
bridges.

The Zr—ClI bond lengths are close to each other (Table 3)
and fall in the range observed for five-coordinated zirconocenes
(2.52-2.57 A)710-12 At the same time, these values are
significantly higher than those reported for four-coordinated
zirconocenes (2.412.48 A)19

The CP-Zr—CP angle inl is significantly opened (149.

This value is slightly higher than that determined in the
titanocene compound [(®e;PPh),TiCl,Mo(CO)]2° bearing
the GMesPPh ligand (138.4), while it is generally accepted
that a smaller central atom (Ti vs Zr) is more sensitive to the
changes of the ligand sizes. Note that the-@P—CP angle

in the dinuclear Zr/Mo complex [(§H4PPh).ZrCl,Mo(CO)]

is equal to 13052 while the difference in these CRZr—CP
angles could be attributed to steric requirements of tkié,C
PPh and GMesPPh ligands. The magnitude of the above
difference (10) suggests a cooperation of electronic effects in
the overall structure.

The zirconium atom irl is certainly more electron rich than
in [(CsH4PPh)2ZrCl,Mo(CO)] (CsMesPPh is a better cyclo-
pentadienyl donor thans84PPh, and Ru(H)PPhis a better
donor than Mo(CQj). Even without a detailed knowledge of
the exact distribution of electron density ) a qualitative
argument, based on the Lauher and Hoffmann mbdziggests
some population of the so-called antibonding frontier orbitals
of the CpM system. In turn, the population of these orbitals

the latter cases the coordination number of the zirconium atomsmay contribute to the opening of the €Br—CP angle.

is equal to 4. The metalmetal distance observed here is
intermediate between the ZZr (3.233(1) A% and Ru-Ru
(2.821(1) A6 bond lengths found in fulvalene bimetallics.

The acute value of the bridging Z€l—Ru linkage (78.42(6)
A) argues for the presence of a direct metaletal bond or a
three-center two-electron bond, including the bridging H ligand.
The last description is plausible because the bent metallocene
display three frontier hybrid orbitals in the plane bisecting that
of the cyclopentadienyl ligand$. These three orbitals could
be involved in the bonds with terminal CI(2), bridging CI(1),

and H atoms. Finally, such a description provides an 18 electron

environment for each metal center. Note that the value of the
above mentioned €iZr—H angle implies the known position
of the bridging hydride ligand. In fact, as described in the
Experimental Section, the position of this hydride was poorly
located in a difference Fourier map. Nevertheless, theiZ
(1.93 A) and Ru-u-H (1.81A) distances correspond well to the

(15) Gambarotta, S.; Chiang, M. Yarganometallics1987, 6, 897.

(16) Vollhardt, K. P. C.; Weidman, T. WI. Am. Chem. S0d.983 105
1676.

(17) Lauher, J. W.; Hoffmann, Rl. Am. Chem. Sod.976 98, 1729.

Mechanism of Formation of 1. The formation of a complex
with a trans configuration of the PMgroups was unexpected.
Chelating ligands usually adopt a cis configuration, as observed
in [Mo(COy)][(PMexCp*),ZrCly] ¢ and more generally in
[RulL—L compound<! As a working hypothesis, we propose
that the mechanism of reaction (eq 1) may involve an H/CI
exchange observed in solutions of R{PPh)4 and CpZrCl,.5¢

>This exchange leads to the hydrochloride RUHCI@E£H and

therefore formation of an H and Cl bridged transient binuclear

species A in Scheme 1) seems to be quite reasonable.
Complex 1 could be formed by a “blocked” exchange

process: the first step would result in a similar doubly bridged

(18) (a) Pez, G. P.; Putnik, C. F.; Suib, S. L.; Stucky, GJDAm. Chem.
Soc.1979 106, 6933. (b) Jones, S. B.; Petersen, Jnbrg. Chem.
1981 20, 2889. (c) Kreutzer, K. A.; Fisher, R. A.; Davis, W. M.;
Spaltenstein, E.; Buchwald, S. Qrganometallics1991, 10, 4031.

(19) Holloway, C. E.; Walker, |. M.; Melnik, MJ. Organomet. Chem.
1987 321, 143.

(20) Szymoniak, J.; Kubicki, M. M.; Besaan, J.; Mose, C.Inorg. Chim.
Acta 1991, 180, 153.

(21) (a) Garrou, P. EChem. Re. 1981 81, 229. (b) Jung, C. W., Garrou,
P. E.Organometallics1982 1, 658

(22) Hallman, P. S.; McGarvey, B. R.; Wilkinson, &.Chem. Soc. A968
3143.
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Figure 2. Room-temperaturéH NMR spectra of the hydride region of the mixture obtained when compléexdissolved in THFdg in the

presence of 1 equiv of HNEBPh, (reaction time: 1 h).

binuclear species in which, instead of the H/CI exchange, the Chart 1

displacement of two PRHigands for the two PMg&p* moieties
would take placeB in Scheme 1), leading to the rigid strongly
bonded tetrabridged heterobimetallic We observed that no
bimetallic complex analogous tb was formed when (PMe
Cp*)2ZrCl, was mixed with RUHCI(PRs. At room temper-

tion of the starting material and the formation of unidentified
products were observed at €l Thus, it might be possible
that the first step of the reaction leading ovould not be a
simple phosphine displacement.

Acidic Isomerization of 1 and Structure of Complex 2.
As evidenced by NMR and X-ray analysisjs coordinatively
and formally electronically saturated. It was found to be
unreactive toward dihydrogen, dinitrogen, or olefins. A vacant
site could be created by protonation of the ruthenium apd H
elimination19-23 However, no H evolution was observed when
1 equiv of the noncoordinating acid HEBPh, was added to
a GsDg solution of1. Instead, the acid addition resulted in the
isomerization ofl to 2 (eq 2) which was effective after 310
min at 60°C. No reaction was observed at room temperature.

‘Ru:
. . ~~
ature, no reaction took place, whereas the progressive consump- ph3P/ \\C|/_¥ Cl

[Et,;NH]+[BPh,]-

(2)

In THF-dg, the transformation, followed biH NMR spec-
troscopy (Figure 2), is effective at room temperature after 3 h.
This difference of temperature may be attributed to the poor
solubility of the acid in benzene. CompleXis soluble in
aromatic solvents.

The elemental analysis @fand2 revealed the same chemical
composition. It is important that compleéXxis also unreactive
toward H, N, and 3,3-dimethylbut-1-ene. The room-temper-
ature'H and3P NMR spectra of were similar to those of.
Complex2 was assumed to possess the same skeletbnbag
with a terminal Ru-Cl bond and two H bridges (Chart 1) (we
have used the following notations for the H ligands;, the
terminal ruthenium hydride ligand;gdthe bridging H ligand
located trans to the PRbroup; H, the bridging H ligand located
cis to the PPhgroup; and H, the terminal zirconium hydride
ligand). Unfortunately, it was impossible to obtain crystals
suitable for X-ray analysis. Nevertheless, a complete NMR
analysis (see below) allows us to proposeZahe structure of
a dihydridochloride.

(23) Grossman, R. B.; Doyle, R. A.; Buchwald, SQrganometallics1991,
10, 1501.

The M—H region of the IR spectrum of dihydridzexhibits
two absorptions at 1919 and 1784 ¢ Similar bands have
already been reported for (e4rCl)(u-H3)Os(PMePh) and
were discussed in terms of a splitting caused by symmetric and
antisymmetric motion& Thus, the IR spectrum does not
contradict the structural formulation of the dihydride obtained
in this work.

To elucidate the mechanism of the above acidic isomerization
of 1, we have carried out NMR experiments ig0g and THF-
ds solutions in the presence of DEBPh, and no D bound to
Ru (instead H) was found in thé1 NMR spectra of the final
product2. This result contradicts protonation of the hydride
ligands of the Ru center of complek to form a fluxional
trinydride intermediate. Therefore it is reasonable to suppose
protonation of one of the phosphorus atoms with formation of
the five-coordinate Ru center which undergoes very rapid
pseudorotation. The formalism of the Berry mechanism or of
the turnstile rotatioff allows us to rationalize the isomerization
of 1in 2 when the protonation of one of the PM&p* groups
takes place.

Finally, in the presence of 1 equiv of PRRafter addition of
an excess of Hin THF-dg, the bimetallic structure is destroyed.
The well-known complexes RuHCI(PRh and Ru(H)H.-
(PPh)s, which are formed after consecutive protonation of both
PMeCp* ligands ofl, were characterized. Appearance of H
in the reaction solution (to give RufH)(PPh)s) is not
surprising because protonation of transition metal hydrides often
leads to H liberation?®

Reactivity of 1 and 2 toward H™. Addition of 1 equiv of
the soluble hydride NaHBEto a GDg solution of1 results in
formation of two isomeric trihydride8 and4 in a 4:1 molar

(24) Cotton, F. A.; Wilkinson, G. IrAdvanced Inorganic Chemistryith
ed.; John Wiley and Sons: New York, 1980; p 1220.
(25) Heinekey, D. M.; Oldham, W. hem. Re. 1993 93, 913.



7320 Inorganic Chemistry, Vol. 35, No. 25, 1996

Scheme 2
s b
Haa,R/ ...... Ho i, \ " H, wHp \
u: 2z PR L B Ru:™" 4 4 (20%
Pth/ \CI/E '\Cl PhSP/ \\CI/; '\Hd + 4(20%)
R P y
1 3 (80%) \
L ~—C2L
Cl"-n L \Zr H H, / wHy i, \
u: : . Ruz gy
Php” \\HC/, a PP \ HTT L) al

ratio. However, upon standing in solution for a period of several
days, trihydride3 isomerizes into trihydridd (Scheme 2). Under
the same conditions, comple2 gives only one product:
trinydride 4.

The structure o8 is well-deduced from théH and3'P NMR

Bakhmutov et al.

Chart 2

QZQ C29

Cl"‘- / ,,.u\an,, \ Ph3p/ . / “.\\ch,, \
/Ru; /"'Zr\ /Ru; )'Zr\

PhsP \ HS Cgo ~Cl Cl \ Hy cdo Cl
P <
P
- \“@é
2 2'

the3P NMR spectra o2 with selective decoupling of the PMe
and PPh protons indicate clearly two Ru-bonded hydrogens.
These H ligands are well-manifested in the hydride region
of theH NMR spectrum as a doublet of triplets-a11.89 ppm
(J%H—P)= 66.0 Hz,J"(H—P) = 20.2 Hz) with small additional
doublet splittings of 3 Hz 20(H—Ru—H), H/H decoupling
resonance experiments) and as a quadruplet1s.10 ppm
(J(H—P) = 18.7 Hz) with the same additional splittings. On
the basis of the larger doublet H/P coupling, the former
resonance can be assigned to the hydride ligand located trans
to the PPl group?’ Table 2 shows that the tranKH—P)
coupling constant increases whetransforms t@®. Neverthe-

spectra (Tables 1 and 2, see below), and thus, the substitutiorless the value of 66 Hz remains within the limits corresponding

of the terminal Cl ligand inl occurs with complete retention
of stereochemistry at the zirconium center leading to traps H
and H,.

Scheme 2 shows the most probable structuretfproposed

to bridging hydridegd.28

The quadruplet at-18.10 ppm (a typical value for a RuHCI
fragment?) with J(H—P) = 18.7 Hz, can be assigned to a
hydride ligand located cis to all phosphorus ligand20fin

on the basis of the complete NMR analysis (see below). This accordance with this assignment, the smatRl—H coupling
trihydride can be envisaged as a product of the substitution of of 3 Hz can be well-interpreted as coupling of the two hydrides

the bridging Cl atom irl with retention of the Ru configuration,
as is usually observed for an octahedral $tdinally, it should
be emphasized that trihydride with two H bridges is more
stable tharB8 containing the bridging Cl and H ligands.

In contrast to compound, treatment of complexX with
NaHBEES leads to a single compound identified as trinydride
by theH, 31P{1H} NMR data (see below). The high selectivity
of this substitution is chemical evidence for struct@ravhich

located cis to one another. Indeed, trans couplings between
terminal and bridging RuH ligands are larger: for example, 12.7
Hz in 4 (Table 1) and about 13 Hz in some Ru/Rh dihydriéfes.
The presence of two cis hydrogen ligands, one of them bridging
(Hp), implies, for a RU, Zr'V complex with the same type of
structure asl, the presence of two terminal chloride ligands
and of a zirconium-hydrogen (H) bond involving the empty
orbital of the zirconocene moiety.

should be considered as a double ruthenium and zirconium The'H NMR data can be interpreted in terms of two possible
hydridochloride, whereas would be regarded as a ruthenium structures:2 and2' (Chart 2), which both contain the coordi-
dihydride-zirconium dichloride. In this context, formation of ~ hatively saturated Ru center. In full accordance with this
trihydride4 from 2 is entirely expected because the displacement formulation, no H binding (on the basis of thg, value observed
of a chloride ligand on the ruthenium moiety by a hydride is for the H signaf®) to the Ru center o2 has been found in
effective immediately at room temperature. It is also well- THF-dg and GDs at room temperature undeg dtmosphere.We
known that if the displacement of the first chlorine atom of a first used the NOE technique to locate the $ignal, but no
ZrCl, moiety is easy, the substitution of the second one requires Significant results were obtained. Usually, the increase in
more forcing conditions. These differences of reactivity also intensity of the observed resonance is1®%?° and such a
explain the preferred formation & from 1. variation of the intensity is not easily recorded for ruthenium
NMR Studies. The 3/P{1H} NMR parameters ol—4 are hydride signals. We then gmploye‘ﬂ measurements (see
very similar (Table 2), showing that the same type of structure below): a shorter relaxation time of the kigand, located trans
is adopted for all of these compounds. Actually, &E—P) to the PP group, implies a close proximity of both,€and
values of~25 Hz indicate clearly that the geometry of the BPh  Cao atoms and supports structuze
Ru(PMeCp*), fragment is conserved. All of the GHjroups Trihydride 3. The 3P NMR spectrum with selective
are inequivalent in théH NMR spectra ofl—4. decoupling of the PMeand PPB protons corresponds to two
Complex 2. The room-temperatuféP{*H} NMR spectrum  Ru-bonded H ligands.
of 2 in C¢Ds exhibits a well-resolved triplet at 40.98 ppm  The hydride region of theH NMR spectrum shows a
coupled to a doublet at1.50 ppm with a2J(P—P) value of ~ multiplet at—11.10 ppm (K, 1H) which is coupled to the PEh
26.4 Hz (Table 2). A 1:2 integral ratio was obtained for these (J(H—P) = 50.2 Hz) and PMgp* ligands ((H—P) = 25.1
lines when delays of 10 s were used between the NMR pulses.Hz). This value compares well with 46.6 Hz found fop i
Thus, the PPhligand is located cis to the equivalent P)g@*

(27) Esteruelas, M. A.; Werner, H. Organomet. Chen1.986 303 221.

groups without significant changes in the correspondinRe—P
angles in going froml to 2. Additional splittings observed in

(26) Henderson, R. AThe Mechanisms of Reactions at Transition Metal
Sites Oxford University Press: Oxford, U.K., 1993; pp-232.

(28) Van Der Sluys, L. S.; Kubas, G. J. Caulton, K. @rganometallics
1991 10, 1033.

(29) Hamilton, D. G.; Crabtree, R. H. Am. Chem. S0d988 110, 4126.

(30) Crabtree, R. H. InThe orgamometallic chemistry of the transition
metals John Wiley and Sons: New York, 1988; p 230.
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Figure 3. Hydride region of the variable-temperatdk¢ NMR spectra
of complex4 dissolved in toluenels. (Signals marked with an asterisk,
also observed when an excess of NaHB#hs added to4, are
tentatively attributed to a tetrahydride species.)

complex 1. Such JH—P) magnitudes, observed for trans
located'H and3'P nuclei, correspond to H bridgé&?>whereas
terminal trans-HRuUP moieties display high vaRig@ agree-
ment with this, K has been actually located in the X-ray
structure ofl in the bridging position). As detailed in Table 1,
Hp in 3 shows an additional splitting of 10.7 Hz which
disappears after Hrradiation. Thus, lgis located trans to i
The H; resonance was found in tHél NMR spectrum as a
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Chart 3
C29 Cc29
\Tb/@ ~5/@
Ha,,,R/ Hb\ PhyPs. / g
------- Zr. Ru,,.--" L
PheP”” \\HC/Q 0 cl

\\“

He \\HD/C o
c'P 1
W \
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Figure 3 shows that the signal &t7.36 ppm (H) does not
participate in the H/H exchange. This resonance is characterized
by the smallesi(H—P) magnitude (13 Hz) that can be attributed,
in our opinion, to a strong binding of this ligand to the Zr atom.
In addition to the zirconium electronic saturation, this is another
argument for consideringdés a bridge between the two metals.
According to the data, the trans terminal and bridging hydrides
(Haand H, respectively) are coupled witd(H—Ru—H) = 12.7
Hz. The significantly smaller coupling af3 Hz is found for
cis Hy and H,, and no H-Ru—H coupling is resolved for the
two bridging H, and H. hydrides.

As in the case of complek, the CH groups of the Cp* and
PMe, ligands of4 are inequivalent in théH NMR spectrum
(Table 1). Chemical shifts of coordinated methylphosphines
are usually found in the range 6f= 1.4 ppm. The unusually
low shift of one of the P-Me groups (0.74 ppm) can be
attributed to magnetic anisotropy of the phenyl rings of thesPPh
ligand.

The NMR data presented here can be interpreted in terms of
two possible structure$and4’ in Chart 3. On the basis of the
T, data, structurd seems to be the most probable (see below).

IH NMR Relaxation Study. In recent yearsH T; relaxation
time measurements have often been used in structural studies

broadened doublet at 2.90 ppm that corresponds well to theOf transition metal hydride complexés.

terminal Zr—H ligands observed usually in the “positive”
chemical shift regiorf22332 H, is manifested as a quadruplet
resonance at-13.85 ppm (1H) withJH—P) = 19.1 Hz. It

In the present work, thtH T, approach was used in order to
obtain additional information, particularly for compourgiand
4.

must be emphasized that these hydride chemical shifts are very If complexesl—4 show the same type of structural arrange-

similar to those found for complek(Table 1), confirming that
the same geometry is retained frdimo 3.

Trihydride 4. The room-temperaturédP{1H} NMR spec-
trum of 4 in C¢De shows a well-resolved triplet at 61.8 ppm
and a doublet at 4.2 ppm with{(P—P) = 28.2 Hz (Table 2).
The spectrum with selective decoupling of the BMad PP
protons corresponds to three Ru-bonded hydrogens.

The room-temperatuféd NMR spectrum exhibits a multiplet
at—7.36 ppm (1H, H) and a very broad line at11 ppm (2H,

Ha, and H,) which transforms to the well-resolved resonances
in tolueneeds at 233 K (Figure 3), demonstrating compléxo

be fluxional on the NMR time scale. H/H decoupling experi-
ments at this temperature have allowed determination of all
proton—proton and protofrphosphorus coupling constants
(Table 1); from these, it is possible to deduce the H positions
with respect to the phosphorus sites.

The value of the coupling constant found for the multiplet at
—12.09 ppm J(H—PPh) = 48.7 Hz) shows that trans hydride
Hp, must be considered as a Ru/Zr bri¢® (this compares
well with the 46.6 Hz found for Blin complex1).

(31) Gusev, D. G.; Vymenits, A. B.; Bakhmutov, V.lhorg. Chim. Acta
1991 179, 195.

(32) (a) Curtis, C. J.; Haltiwanger, R. Organometallics1991, 10, 3220.
(b) Luinstra, G. A.; Rief, U.; Prosenc, M. HDrganometallics1995
14, 1551.

ment, correlation times of their molecular reorientatfdstould
be the same. In fact, the very similar (not recorded3farhich
is metastable}H T; values (Table 4) for the CHprotons of
the Cp* or PMe groups (and moreover the upfield resonance
from one of the two nonequivalent GHjroups in the PMg
ligands, which is characterized by the shoffgmagnitude in
each complex), demonstrate clearly that these complexes have
similar structures?®

The hydride relaxation in classical transition metal hydride
systems is dominated by dipetdipole 34 “hydride—hydride”
and hydride-bulky proton-rich ligand® interactions. Accord-
ing to the X-ray structure (Figure 1), the shortest-H contacts
in complex1 are observed betweenytldnd the CH groups of

(33) (a) Farrar, T. C.; Quinting, G. R. Phys. Cheml986 90, 2834. (b)
Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H.; Schweitzer,
C. T.; Sella, AJ. Am. Chem. S0d.988 110 7031. (c) Hamilton, D.
G.; Crabtree, R. HJ. Am. Chem. S0d.988 110, 4126..

(34) (a) Muetterties, E. LJ. Am. Chem. So&968 90, 5097. (b) Hoffman,
R.; Howell, J. M.; Rossi, A. RJ. Am. Chem. S0d976 98, 2484. (c)
Meakin, P.; Guggenberger, L. J.; Jesson, J. P; Gerlach, D. H.; Tebbe,
F. N.; Peet, W. G.; Muetterties, E. . Am. Chem. Sod97Q 92,
3482.

(35) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern].JAm.
Chem. Soc1991 113 4173.

(36) (a) Gusev, D. G.; Vymenits, A. B.; Bakhmutov, V.lhorg. Chem.
1991 30, 3116. (b) Luo, X.; Lui, H; Crabtree, R. Hnorg. Chem.
1991, 30, 4740. (c) Gusev, D. G.; Nietlispach, D.; Vymenits, A. B.;
Bakhmutov, V. I.; Berke, Hinorg. Chem.1993 32, 3270.
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Table 4. Relaxation Time Measuremenits (s} for Complexesl—4 Recorded in €Dg at 303 K and 80 MHzd, ppm/TMS in parentheses)

T1
compd H Hp Hc Hg PMe, MeCp
1 0.69,0.17 0.69, 0.16 0.39 (0.84), 0.62 (1.27) 0.59 (1.49), 0.64 (2.01), 0.68 (2.29), 0.42 (2.33)
2 0.62 0.96 0.44 (1.13), 0.65 (2.22) 0.63 (1.40), 0.70 (1.62), 0.69 (2.02), 0.60 (2.27)
3 0.17 0.57F
4 0.80 0.80 1.20 0.51 (1.02),(1.80) 0.60 (1.50), 0.79 (1.83), 0.58 (2.10), 0.66 (2.29)
0.2C¢° 0.2

a459%.°240 K, THFds. ©233 K, tolueneds. ¢ Not measurable, th€; being masked by the nearby peaks.

the Cp* ligands, approximated to this hydride because of the
corresponding slope of the cyclopentadienyl rings (the contacts

can be estimated to be 222.3 A). Therefore for | one can
expect a shortel; time caused by these additional dipele
dipole interactions.

At room temperature the hydride ligandslo$how equally
times of 0.69 s (gDe) Which is explained by the slow hydride

hydride exchange on the NMR time scale. However, when the

temperature is lowered to 240 K (THfg), they become quite
different. It is important that the short@s value of 0.10 s is
measured for the bridging hydride ligand, kbcated trans to
the PPh group (versus 0.17 s obtained for)H Thus, the
structural motive ofl is manifested in thd; behavior.

ThelH, 3P NMR characterization of the product of isomer-
ization of 1 does not allow us to make a choice betw@and
2' (Chart 2). Indeed, théH T, relaxation time measurements
support only structurg. Actually due to stereochemical rigidity
of this complex, thd’; times of the RuH resonances are different
even at room temperature d0s): T1(Hp) = 0.62 s andly(Hc)
= 0.96 s.

As mentioned above, thi¢l, 3IP NMR parameters obtained
for the thermodynamic product of the hydride substitution
reaction of1 can be interpreted in terms of two possible
structures:4 and4' (Chart 3).

However, thelH T; relaxation time measurements allow us

Scheme 3
P— P
H.... H\ Ho., | \H \
Ru. It =—— Ru Zr.
PhyP” \P\HC/{\CI Phap” ), | el
4 |
. P . P
Ho, /““\\H/,,,“\ Ho. | H \
) ) ) Zr.

Ru Zr. L Ru
~
PhSP/ :D\HC/ \Cl PhaP/ }3 Hc/ cl

Complex3, which isomerizes in the reaction mixture, has
not been isolated, and therefore its fluxional behavior has not
been investigated.

According to the above variable-temperattHeNMR spectra
(Figure 3), complex is also fluxional on the NMR time scale:
the resonances at12.1 (H,) and—10.7 ppm (H), observed at
233 K, coalesce at room temperature, giving* = 13.5 kcal/
mol.33 Thus, the exchange ihis energetically preferable (vs
1). In both cases the fluxionality is explained by a hydride
exchange between the terminal and bridging positions located
cis to one another (Figure 3 shows clearly thait#4 does not
participate in the exchange).

The exchange between the bridging hydrides in complex
(PPh)2(H)Ru(u-H)sRu(PPR)s has been explained by a fluxional

to distinguish them. According to the measurements at 233 K Process, whereby one bridging hydride becomes a terminal

in tolueneds, the H, ligand located trans to the PProup is
characterized by the short€r time of 0.20 s vs 0.29 s obtained
for the second bridging Higand located cis to the PRhgand.

hydride and the resultant five-coordinated ruthenium center
undergoes pseudorotatiéh.A similar mechanism (Scheme 3)
can operate in the case of trihydridevhen the hydride bridges

It is obvious that such a situation can be realized only in the &€ opened (that leads,Hvhich was more strongly bound to

case of structurd, where H undergoes additional dipole-dipole
interactions with the corresponding gkrotons (C(29) and
C(40)) of the Cp* ligands. It should be noted that the low-

the Zr atom, to become a Zr hydride). For complexthis
mechanism calls for a similar transformation of the stronger
bridging Cl atom, and therefore, the increase of N@&' value

temperature measurements were necessary because of the rapiel expected.

H4/Hp exchange observed #hat room temperature.

Alternative rearrangement pathways have recently been

Finally, to be sure that the above representations are correct Sud9ested for polyhydride transition metal systems, including

we have measured thR times for H, and H; in complex3.

H ligand scrambling by Klligand formation, with subsequent

The T, values of 0.53 and 0.17 s observed for the terminal fotation of this moiety around the ¥H; axis This mech-

zirconium hydride (H) and for the bridging hydride (),
respectively, support our approach.
Solution Fluxionality of Complexes 1 and 4. Complex1

has prevously been found to be fluxional in solution according
to the spin saturation transfer detected for the RuH resonances’
in C¢De at room temperature. Similar H/H exchanges have
recently been reported for the bridging hydride ligands of some

Ru/Ri and Ru/R& bimetallics.

In this work, we have observed the line broadening effects

for these hydride resonances in Tldgat 313 K, which allowed
determination of aAG* value” of 16.4 kcal/mol for this
bridging—terminal hydride exchange.

(37) (a) OkKi, M. Applications of Dynamic NMR Spectroscopy to Organic
Chemistry. InMethods in Stereochemical Analysi¢erkade, J. G.,
Quin, L. D., Eds.; VCH Publisher: Weinheim, Germany, 1986; Vol.
4. (b) La spectroscopie de RMNH. Ginther Publisher: Masson,
France, 1994; Chapter 9.

anism operates only with H movements and seems to be
reasonable for complexelsand 4 (Scheme 4). In this case,
the smaller exchange energy calculated4foould be explained

by a more stable dihydrogen intermediate with trans location
f the H, and H ligands?

In contrast to complexe$ and 4, dihydride 2 with two H
bridges was found to be stereochemically rigid on the NMR
time scale (in @Dg and THFds up to 333 K). In our opinion,
this rigidity can be better explained in terms of the last
mechanism because the lijand should be bound to both metal
centers in such a case. However, among numerous dihydrogen

(38) (a) Jessop, P. G.; Morris, R. Boord. Chem. Re 1992 121, 155.
(b) Bakhmutov, V. |.; Burgi, T.; Burger, P.; Ruppli, U.; Berke, H.
Organometallics1994 13, 4203. (c) Gusev, D. G.; Vymenits, A. B,;
Bakhmutov, V. L.Inorg. Chem.1992 31, 1.

(39) (a) Ogasawara, M.; Saburi, M. Organomet. Chenl994,482 7.
(b) Burrow, T.; Sabo-Etienne, S.; Chaudret, IBorg. Chem.1995
34, 2470.
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Table 5. Crystallographic Data fol
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formula ZrRuGsPsCloHs3D3
fw 932
cryst syst monoclinic
space group P2,/c (No. 14)
a, 13.901(2)
b, A 18.205(6)
c, A 16.633(3)
B, deg 92.43(1)
Vv, A3 4206
z 4
Peale, §-CM ™3 1.472
F(000) 1908
radiation ¢(MoKa)), A 0.710 73
scan type w—20
scan speed min, degin—? 2
scan width, deg Aw = 1.3+ 0.347 tarp
reflecns measch(k) (0-2-20)
(17 22 20)
Scheme 4
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complexes, there is only one example containing the (Rig)—
Ru moiety?0

Conclusions

This work shows that the reaction of Rp(H2)(PPh)s with
(PMeCp*),ZrCl; finally gives a heterobimetallic Ru/Zr complex
stabilized by four bridges; the heterobifunctional ligands C
MesPMe, provide two of them, and additional stabilization
results from the RtH—Zr and Ru-Cl—Zr bonds. The
structure ofl as the first example of a Zi{u-H,Cl)—Ru system
has been established by the X-ray study.

Dihydride 2, containing two hydride bridges and two terminal
chlorine atoms, is obtained by the acid catalyzed isomerization
of 1. This transformation has been proposed to occur through
a slow protonation of one of the PMgroups with formation
of a five-coordinated Ru center undergoing rapid pseudorotation.

SiNEO)/ Amax AL 0.624
u(MoKa), cnmt 8.65
absorpn correcn semiempirical
no. of reflecns measd 10 392
temp room temp
decay, % not corrected
cut off for obsd data I = 3o(l)
no. of unique obsd dali) 4720
no. of variablesNy) 433
No/Ny 10.9
R(F) 0.056
Ru(F) 0.058
weighting scheme w= [0*F) + 0.00FF?*
G.O.F. 1.52
A(p), e A3 +1.9,-1.9

bridging and terminal positions located cis one to another.
Complex2 has been found to be rigid on the NMR time scale.

Experimental Section

General Procedures. All experiments were performed under a dry
nitrogen or argon atmosphere using standard Schlenk or glovebox
(JACOMEX) techniques. Solvents were stored under argon on
sodium-benzophenone and distilled immediately before use. The
compounds kK{Hz)Ru(PPh);,** HCIRU(PPR)3,?? and (GMesPMe)2-

ZrCl, 5 were synthesized following published methods.

The H, 3P NMR spectra were collected on Bruker AC-200 and
AC-80 spectrometers operating fbt at 200 and 80 MHz, respectively.
The conventional inversion-recovery method (%890) was used to
determineT;. The calculation of the relaxation times was made by
using the nonlinear three-parameters fitting routine of the spectrometers.
Durations of the pulses were controlled in each experiment.

IR spectra were recorded on a BRUKER IFS66V spectrophotometer.
The elemental analyses have been performed by the Service Central
d’Analyses (CNRS Lyon, Gif/Yvette).

The AG* values for the B—H, exchanges have been determined by
the line broadening methodLl) or by measuring the coalescence
temperature4). The error limits are estimated at1.5 kcatmol ™.

Crystal Structure Analysis of 1. Crystals suitable for X-ray
analysis were grown in an NMR tube. This fact explains the presence
of a GDg solvate molecule in the formula of the compound. A dark
red crystal (approximate dimensions 3.3 x 0.2 mnf) was sealed
in a capillary and mounted on an Enraf-Nonius CAD4 diffractometer.
The crystal data and data collection parameters are summarized in Table
5. The unit cell was determined and refined from 25 randomly selected
reflections obtained by the use of the CAD4 automatic routines.

This proposition is supported by experiments in the presence ensities were corrected for Lorentz and polarization effects, and a

of DEtzNBPh: no evidence for the RuD bond was found in
theH NMR spectra of compoun® The structural formulation

semiempirical absorption correction (DIFABS) was performed after the
isotropic refinement of the structure. The structure was solved by means

of 2 has been carried out on the basis of the elemental analysisof a Patterson search progrédfifference Fourier synthesis, and full

and'H, 3P NMR, and'H NMR relaxation data. As in the case
of complex1, no H, binding to 2 was found under an H
atmosphere in THHEg or CDs at room temperature. This
complex was also unreactive toward dimethyl-3,3-but-1-ene.
The room temperature treatment &f with 1 equiv of
NaHBEg leads smoothly to trihydridd, whereas comples
gives a mixture of3 and 4 under the same conditions. The
former trihydride seems to be the kinetic product of this reaction

matrix least-squares methotfs All non-hydrogens were refined with
anisotropic temperature factors. Hydrogen atoms were either located
in final difference Fourier synthesis or placed in a calculated position
with Bis, fixed at the values equal to Bg, for the attached atoms.
Due to the poor quality of the final difference synthesis, the terminal
hydrogen atom bound to the ruthenium atom was not located, while
the bridging hydrogen atom was tentatively located in the difference
Fourier map but not refined.

A C¢Ds solvate molecule was located on an inversion center and

because, upon standing in solution for a period of several days,refined as an isotropic rigid group.

trinydride 3 transforms to trihydridet.

The NMR data collected in this work have shown complexes
1 and4 to be fluxional in solution at room temperature. This
fluxionality is manifested as a hydride exchange between the

(40) Collman, J. P.; Nagenknecht, P. S.; Hutchison, J. E.; Lewis, N. S.;
Lopez, M. A.; Guilard, R.; L’'Her, M.; Bothner-By, A. A.; Mishra, P.
K. J. Am. Chem. S0d.992 114,5654.

(41) (a) Harris, R. O.; Hota, N. K.; Sadavov, L.; Yuen, J. M. L.
Organomet. Chenl973 54, 259. (b) Linn, D. E.; Halpern, J. Am.
Chem. So0c1987, 109, 2974. (c) Grushin, V. V.; Vimenits, A. B.;
Vol'Pin, M. E. J. Organomet. Chen199Q 382, 185.

(42) Sheldrick, G. MSHELXS-86Structure Solution Package; University
of Gattingen: Gidtingen, Germany, 1986.

(43) Sheldrick, G. MSHELX-76 Program for Crystal Structure Determi-
nation; Cambridge University Press: Cambridge, U.K., 1976.
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Final residuals are given in Table 5. Reactivity of 1 and 2 towards N, H,, or 3,3-Dimethylbut-1-ene.
ZrCl( p-CsMesPMey) (u-Cly(u-H)RUH(PPh3) (1). (a) To avoid In a typical experiment, 5 mg (5#mol) of 1 (or 2) was weighed in
formation of any RUHCI(PPjjs, which is often found when solutions ~ an NMR tube closed with a YOUNG stopcock. Then 0.4 mL ¢bg
of 1 stand at room temperature for more than 2 days, we have used awas added, the tube was freezrimp-thaw degassed, and pressurized

modified procedure from that previously descritfed preparel: (Cs- with either N, H, or 3,3-dimethyl-but-1-ene. NMR analysis did not
MesPMey),ZrCl; (0.170 g, 0.32 mmol) was stirred with 1 equiv (0.289  Show any _react|on, even after several days at room tempera_ture.
g, 0.32 mmol) of H(Hz)Ru(PPh); in diethyl ether (50 mL) at room Reactivity of 1 toward an Excess of HNE{BPhs. In a typical

temperature for 6 h. After filtration, the orange filtrate was concentrated experiment, 4 mg (4.amol) of 1 (contaminated with 1 equiv of PEh

to ca. 10 mL, pentane (20 mL) was added, and immediately a yellow Was weighed into an NMR tube closed with a YOUNG stopcock. Then
orange powder precipitated. This crude material was collected, washed0-4 mL of THF-ds and an excess of HNEBPh, (9.4 mg, 22.5umol)
with 5 mL of cold pentane, and dried under vacuum during 1 h. The were added. The well-known complexes RuHCI()Pand Ru(H)-
same operation was done with the mother liquor to give finally 153 Hz(PPh); were characterized immediately in the NMR spectra. In
mg of 1 (yield: 52.8%) which was pure according to the NMR data. addition, theT; value of 16 ms (200 MHz, 243 K) determined for the
IR (Nujol mull cm™): vgy—p 2079 (w), 1970 (str). ) A 5 mg (9.5 H ligands of Ru(H)H(PPh); corresponds well to the magnitude
umol) sample of (gMesPMey),ZrCl, was weighed into an NMR tube ~ reported earlier for this complé.

closed with a “YOUNG"” stopcock. Then, 0.4 mL o0t and 1 equiv Reactivity of 1 toward H™. In a typical experiment, 5 mg (5.6
of a toluene solution@ = 1 M) of NaHBE% (5.5uL, 5.5 umol) were umol) of 1 was weighed into an NMR tube closed with a YOUNG
added. The yellow solution turned to colorless within 1 min, and the Stopcock. Then 0.4 mL of Ds and 1 equiv of a toluene solutio@ (
3P andH NMR analyses showed the total consumption of the =1 M) of NaHBE% (5.54L, 5.5umol) were added. The color of the

zirconium precursor. After addition of 8.8 mg (24nol) of HCIRu- solution turned pale yellow within 1 min, and the reaction mixture was
(PPh)s, the mixture, analyzed by NMR, showed the presence of analyzed by?'P and’H NMR. The only detected products were the
bimetallic 1 (yield ~ 30%). two isomers3 and4 (80% and 20%, respectively). A period of 2 days

Reactivity of (CsMesPMe,),ZrCl , towards HCIRu(PPhg)s. An later, the NMR spectra show_ed eql_JaI quantity of the two isomers, and
equimolar mixture of (MesPMey),ZrCl, and HCIRu(PPY); was after 1 week the transformation 8finto 4 was complete.

allowed to stand for several hours at room temperature: no reaction Reactivity of 2 toward H™. In a typical experiment, 5 mg (5.6
occurred. Afte 3 h at 60°C, the NMR spectra showed the disappear- #Mol) of 2 was weighed into an NMR tube closed with a YOUNG

ance of 80% of the starting material and the formation of unidentified StoPcOck. Then 0.4 mL of &s and 1 equiv of a toluene solutio(
products. =1 M) of NaHBE% (5.5uL, 5.5 umol) were added. The color of the

i solution turned pale yellow within 1 min. TR&P and'H NMR spectra
ZrCl( u-CsMesPMeo)y(u-H),RUCI(PPh) (2). A solution of1 (0.050 showed the qugntita){tive formation of trihydride The solutio% was
g, 0.056 mmol) in benzene (20 mL) was stirred with 1 equiv of either stable at room temperature during several weeks
HNE&BPh, (0.024 g, 0.057 mmol) or DNEBPh, (0.024 g, 0.057 i
mmol) at 60°C (2 h) and then at room temperature (4 h). After Acknowledgment. We thank Prof. M. M. Kubicki for
evaporation, diethyl ether (20 mL) was added and the brown reddish helpful discussion on the X-ray crystal structure analysis.
solution was filtered to remove the acid. Slow concentration (ca. 8
mL), followed by addition of pentane (10 mL) led to small orange-red
crystals within 6 h. The crystals were washed with cold pentane (3
mL) and dried (yield: 0.033 g, 66.2%). IR (Nujol mull, cA): vry-n
1919 (w), 1784 (str). Anal. Calcd for 4Hs3PsCl.RuZr: C, 53.98;
H, 6.00; Cl, 7.97. Found: C, 55.03; H, 6.01; ClI, 8.45. 1C960073C

Supporting Information Available: Tables of anisotropic tem-
perature factors, least-squares planes, full bond lengths and angles, and
hydrogen and non-hydrogen atom coordinates (7 pages). Ordering
information is given on any current masthead page.



