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Summary: The kinetics of hydride transfer from a series
of metal hydrides (MH) to Ph3C*BF4 (producing Phs-
CH and M- - -FBF3) have been studied by stopped-flow
methods in CH3Cly solution. Second-order rate con-
stants at 25 °C span 5 orders of magnitude in kinetic
hydricity, ranging from k = 5.0 x 10! M~1 s~ for HMn-
(CO)s to b = 4.6 x 106 M1 s~ for trans-HMo(CO)s-
(PMey)Cp.

Transition-metal hydrides are key reagents in many
homogeneous catalytic reactions, and M—H bond cleav-
age is a requisite step in both catalytic and stoichio-
metric reactions of metal hydrides. A knowledge of the
factors governing cleavage of the M—H bond may assist
in the rational design of catalytic cycles employing metal
hydrides. As might be expected due to their negative
charge, anionic metal hydrides exhibit hydridic reactiv-
ity. Darensbourg and co-workers have reported exten-
sive studies! demonstrating the utility of HW(CO)s~ and
other anionic metal hydrides in the reduction of organic
substrates. Neutral metal carbonyl hydrides such as
HW(CO0)3Cp (Cp = 15-C5H;) undergo diverse reactivity
patterns?—cleavage of the M—H bond can occur as a
proton,® a hydrogen atom,* or a hydride.® In contrast
to the detailed information available on the kinetics of

® Abstract published in Advance ACS Abstracts, August 15, 1995.

(1) Darensbourg, M. Y.; Ash, C. E. Adv. Organomet. Chem. 1987,
27, 1-50.

(2) For a comparison of proton, hydrogen atom, and hydride transfer
reactions of metal hydrides, see: Bullock, R. M. Comments Inorg.
Chem. 1991, 12, 1-33.

(8) For a review of proton transfer reactions of metal hydrides, see:
Kristjansdéttir, S. S.; Norton, J. R. In Transition Metal Hydrides;
Dedieu, A., Ed.; VCH: New York, 1992; Chapter 9.

0276-7333/95/2314-4031$09.00/0

proton transfer®® and hydrogen atom transfer*”2 reac-
tions of these hydrides, little information is available
on the kinetics of their Aydride transfer reactions. The
mechanism of ionic hydrogenation of olefins was shown
to involve hydride transfer from metal hydrides to
carbenium ions,® but a determination of the relative
hydricity of the metal hydrides was not feasible from
these reactions. We now report the kinetics of hydride
transfer from a series of metal hydrides to a common
carbenium ion, including kinetic hydricity data span-
ning 5 orders of magnitude.

The synthetic chemistry (eq 1) of organometallic
complexes containing BF,~ and other weakly coordinat-
ing ligands has been developed by Beck and others.!0

k-
PhyC* BF,” + MH —

)
Ph,C—H + M---F-BF,

We determined the kinetics of these hydride transfer
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Table 1. Rate Constants® for Hydride Transfer
from Metal Hydrides to PhyCBF,~ (CH:Cl;, 25 °C)

metal hydride ky- M 1s7D) Emu/kyvp
HMn(CO); 5.0 x 10!
HCr(CO)3Cp* 5.7 x 10!
HW(CO0)3Cp 7.6 x 10!
HSiEt; 1.5 x 102
cis-HMn(CO)4(PPhs) 2.3 x 102
HMo(CO);Cp 3.8 x 102 1.8
HW(CO)sCp* 1.9 x 103 1.7
HRe(CO)s 2.0 x 103
HMo(CO)sCp* 6.5 x 103 1.7
cis-HRe(CO)4(PPhg) 1.2 x 10
trans-HMo(CO)z(PCy3)Cp 4.3 x 105 1.7
trans-HMo(CO)(PPh3)Cp 5.7 x 105
trans-HMo(CO)x(PMes)Cp 4.6 x 108

¢ +10% estimated uncertainty for all rate constants.

reactions (eq 1) using stopped-flow methods in CHsClp
solution.!! Experiments carried out with an excess of
metal hydride ((MH], = 10[PhsC*BF4 1y) established
the rate law: —d[Phs;C*BF4~Vd¢t = k[PhsC*BF, " ][MH].
Second-order rate constants are given in Table 1 and
are listed in order of increasing kinetic hydricity.

Comparisons of these transition-metal hydrides with
a main-group hydride donor'?!? show that several
transition-metal hydrides are much faster hydride
donors than HSiEts, which is frequently used!* as a
hydride donor. Despite their higher homolytic bond
dissociation energies,'® third-row metal hydrides are
faster hydride donors than their first-row analogs in
these heterolytic reactions; e.g., kure > kumn. Similarly,
HW(CO);Cp* (Cp* = 55-CsMes) is more hydridic than
HCr(CO);Cp*, but in this series of group 6 hydrides the
second-row hydride HMo(CO);Cp* exhibits the fastest
rate of hydride transfer of the three. For the Mo and
W hydrides, the kinetics of hydride transfer are appar-
ently influenced more strongly by electronic effects than
by steric effects. For example, replacement of one CO
in HMo(CO)3Cp by the electron-donating but sterically
demanding PPh; ligand results in a rate enhancement
of about 103.

An interpretation of the kinetics of hydride transfer
from the phosphine-substituted hydrides HMo(CO).-
(PR3)Cp is complicated by the existence of cis and trans
isomers.i%17 The Mo hydride HMo(CO)(PCy3)Cp was
found to exist as an 89:11 mixture of cis and trans
isomers!® in CD3Cly. Activation parameters for the cis-
HMo(CO)o(PCy3)Cp — trans-HMo(CO)o(PCy3)Cp isomer-
ization evaluated from NMR line-broadening experi-
ments at seven temperatures between —45 and +11 °C
in CD3Cly, were AH* = 11.3 £ 0.3 keal mol~1, AS* = —7.0
+ 1.2 cal K-! mol~!, and AG*(298 K) = 13.4 kcal mol~!.
As described above, second-order kinetics were deduced

(11) See the supporting information for experimental details.
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from experiments using excess [HMo(CO)2(PCys)Cpl. In
contrast, the kinetics of hydride transfer from HMo-
(CO)o(PCy3)Cp at —55 °C using excess [PhsC*BF4~]
(4.5—13 mM) showed an observed first-order rate con-
stant (0.82 s71) that was independent of [PhsCtBF,].
This rate constant agrees with the rate constant of 0.67
s~ ! for cis — trans isomerization of HMo(CO)3(PCy3)Cp
measured by NMR line broadening (and extrapolated
to —55 °C). Following consumption of the first 11% of
the hydride (the equilibrium amount of trans isomer),
the rate-limiting step under these conditions is cis —
trans hydride isomerization. From the observed rate
constant at the highest [PhsC*BF4~], an upper limit of
k <63 M1s1(at —55 °C) can be determined for the
rate constant for hydride transfer from cis-HMo(CO)s-
(PCys)Cp.

These kinetics results in CH3Cly corroborate the
conclusions reached by Tilset and co-workers from their
studies of related reactions in MeCN.1°~21 They found
that oxidation of HMo(CO)2(PPh3)Cp?° in MeCN in the
presence of a base led to cis-[(MeCN)Mo(CO)o(PPhs)-
Cpl*. In contrast, hydride transfer to (p-MeOCgHy,)-
PhyC™* from HMo(CO)o(PPh3)Cp?° in MeCN led to initial
formation of trans-[(MeCN)Mo(CO)(PPh3)Cpl*, fol-
lowed by a slow isomerization to the thermodynamically
favored cis isomer. They concluded that trans-HMo-
(CO)o(PPh3)Cp was more reactive than cis-HMo(CO).-
(PPh3)Cp as a hydride donor. We assume that the trans
isomers are similarly much more reactive than cis
isomers for HMo(CO)2(PMe3)Cp and HMo(CO)o(PPhj)-
Cp in our experiments as well. Accordingly, the second-
order rate constants reported in Table 1 are the specific
rate constants for hydride transfer from trarns-HMo-
(CO)2(PR3)Cp. The activation parameters for hydride
transfer from trans-HMo(CO)o(PCy3)Cp to PhsC+BF,~
determined from the temperature dependence of the
rate constants at five temperatures between —20 and
+25 °C are AH* = 4,47 £ 0.09 keal mol™!, AS* = -17.8
+ 0.3 cal K" mol~1, and AG*(298 K) = 9.78 kcal mol~1.
Extrapolation to —55 °C gives k = 1.9 x 104 M1 s~! for
hydride transfer from trans-HMo(CO)o(PCy3)Cp; com-
parison of this rate constant with the upper limit
estimated above for cis-HMo(CO)o(PCy3)Cp indicates
that the trans isomer of HMo(CO)(PCy3)Cp is >300
times faster as a hydride donor than the cis isomer. The
rate constant reported in Table 1 for trans-HMo(CO),-
(PMe;)Cp at 25 °C was extrapolated from an Eyring plot
of the temperature dependence of the rate constants

(18) A cis:trans ratio of 89:11 was measured by NMR for HMo(CO).-
(PCys)Cp over the temperature range of —86 to —45 °C. There appears
to be a very small temperature dependence of K., since a ratio of 91:9
was estimated at 22 °C based on the observed Jpy coupling constant. 16
The temperature dependence of the equilibrium constant (K.q = [cisV
[trans]) was measured for HMo(CO):(PMe3)Cp over the range —86 to
—1°C; AH° = 0.34 £ 0.02 kcal mol~!, AS° = 1.4 & 0.1 cal K~! mol-},
and K.(298 K) = 1.15 (46% trans). Similar measurements for HMo-
(CO)g(?Pha)Cp between —86 and —24 °C gave AH° = 0.29 + 0.04 kcal
mol-!, AS° = 1.9 + 0.2 cal K! mol~?, and K,((298 K) = 1.62 (38%
trans).

(19) Ryan, O. B,; Tilset, M.; Parker, V. D. J. Am. Chem. Soc. 1990,
112, 2618-2626.

(20) Smith, K.—T.; Tilset, M. JJ. Organomet. Chem. 1992, 431, 55—
64,

(21) In contrast to these similarities for the hydride transfer step,
significant differences may exist in the kinetics of capture of the
organometallic intermediates, leading to Cp(CQ)(PPh3)MoFBF; in
CH.Cly, compared to formation of [(MeCN)Mo(CO)x(PPh;)Cp]*BFy~ in
MeCN. NMR experiments indicated that trans-Cp(CO)s(PPhs)MoFBF;
was the kinetic product resulting from hydride abstraction from HMo-
(CO)(PPh3)Cp at —78 °C; isomerization to cis-Cp(CO)o(PPh3;)MoFBF;
is ~95% complete within 1 h at —7 °C. Additional data and further
discussion will be given in a full account of this work.
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determined at four temperatures between —55 and —25
°C (AH* = 2.95 £ 0.01 kcal mol™!, AS* = -18.1 + 0.1
cal K71 mol~!, and AG¥298 K) = 8.36 kcal mol™1).

While these reactions clearly involve overall hydride
(H") transfer, the detailed mechanism might involve
initial oxidation of the hydride by Ph3C*, followed by
hydrogen atom transfer from the resultant radical
cation of the metal hydride, as opposed to a single-step
hydride transfer mechanism. Analogous questions have
received intensive scrutiny in the context of hydride
transfers related to NAD" models.22 On the basis of
electrochemical data, however, oxidation of HMo(CO)s-
Cp by Ph;C* appears unlikely, since it is thermody-
namically unfavorable by about 0.9 V (AG°® ~ 21 kcal
mol~1).1923.2¢ Kinetic isotope effects (Amu/emp = 1.7—
1.8) found for some hydride/deuteride pairs are large
enough to argue against rate-determining electron
transfer. We interpret the data to indicate single-step
hydride transfer.

A comprehensive understanding of the factors gov-
erning the kinetic hydricity of metal hydrides will
require further study, but the data reported here
provide some preliminary insights on the steric and
electronic factors influencing the propensity of metal
hydrides to function as hydride donors. Even in the
absence of precise structural data on the octahedral
HMn(CO)4(PPhj3) vs the four-legged piano stool geom-
etry of the HMo(CO)(PR3)Cp compounds, some useful
comparisons can be made. For the trans-HMo(CO);-
(PR;3)Cp compounds, which probably have trans P-M—H

(22) For a review, see: Bunting, J. W. Bioorg. Chem. 1991, 19, 456~
491. For recent results on hydride transfer from a ruthenium hydride
to NAD™ model compounds, see: Hembre, R. T.; McQueen, S. J. Am.
Chem. Soc. 1994, 116, 2141-2142.

(23) The E1 value for reduction of PhsC*ClO,4~ in MeCN was found
from polarography?* to be +0.27 V vs. SCE. Conversion of this value
to a CpaFe/CpgoFe™ reference gives Eys ~ —0.08 V. The peak potential
for oxidation of HMo(CO)3Cp!® is +0.800 V vs Cp.Fe/CpoFe™, leading
to an estimate of AE ~ —0.88 V for oxidation of HMo(CO)3Cp by PhsC*
in MeCN.

(24) Volz, H.; Lotsch, W. Tetrahedron Lett. 1969, 27, 2275—2278.
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angles >100°, the added steric bulk due to the phos-
phine has a relatively small effect on the hydride
transfer kinetics. The threshold P-M—H angle below
which steric effects have a substantial effect on the
kinetics (steric hindrance from the PR3 ligand offsetting
the enhanced hydricity due to the electronic effect of
the phosphine) is apparently reached by the time the
P-M-H angles decrease to ~90° in the cis-HM(CO),-
(PPhg) complexes. This interpretation is congruent with
the low reactivity of the cis-HMo(CO)2(PR3)Cp com-
plexes, since the expected P-M—H angles of ~80° or
less in these cis isomers would entail substantial steric
interference upon approach of PhzC™.

Since data on the kinetics of proton transferf and
hydrogen atom transfert”8 reactions of several of the
hydrides in Table 1 are already available for compari-
son, this series of metal carbonyl hydrides emerges as
a group for which kinetic data are now available for all
three modes of formal M—H bond cleavage (hydride,
proton, and hydrogen atom).
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Summary: A series of Re(I) complexes of [Re(L)(CO)3Cl]
(1, L = L; = N-(2-pyridinylmethylene)-2,3,5,6,8,9,11,-
12-octahydro-1,4,7,10,13-benzopentaoxacyclononadecan-
16-ylamine; 2, L = Ly = N-(2-pyridinylmethylene)-
phenylamine) and [Re(phen)(CO)s(L)]* (8, L’ = Lz =
1-(4-pyridinyiformyl)aza-15-crown-5; 4, L' = Ly = 4(N,N-
diethylformamido)pyridine) have been synthesized and
their photophysical and cation binding properties stud-
ied. The X-ray crystal structure of 3 has also been
determined.

There has been a growing interest in the study of
host—guest interactions, in particular a revival of inter-
est in the crown ethers and related inclusion compounds
owing to the recent developments in molecular recogni-
tion studies and the design of molecular switches and
probes.l2 Although there have been numerous reports
on the metal-to-ligand charge transfer (MLCT) excited
state chemistry of rhenium(I) diimines,? their potential
as metal ion probes, unlike the case for their ruthenium-
(II) analogues, has been relatively unexplored. Al-
though there has been a report on the synthesis of
rhenium(I) crown compounds,? there has been, to the
best of our knowledge, no application of this class of
compounds in ion-binding studies. In this communica-
tion, we report the synthesis, photophysics, and first
cation-binding properties of a series of rhenium(I) crown
complexes. The first crystal structure characterization
of a rhenium(I) crown complex will also be described.

Reaction of Re(CO)5Cl with L; in benzene at reflux

under a nitrogen atmosphere followed by addition of
petroleum ether produced [Re(L;}(CO)3Cl] (1) in high

® Abstract published in Advance ACS Abstracts, August 15, 1995.

(1) See for example: (a) Cooper, S. R. Crown Compounds: Toward
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yield. Similar reaction with Lo gave the non-crown
analogue [Re(L2)(CO)sCl1] (2).38 On the other hand,
reaction of [Re(phen)(CO)3(MeCN)]OTf with L3 in THF
at reflux under a nitrogen atmosphere afforded [Re-
(phen)(CO)s(Ls)1* (8), isolated as the PFg™ salt. Similar
reaction with L, gave the non-crown analogue [Re-
(phen)CO)3(Ly)IPF¢ (4). All newly synthesized com-
plexes gave satisfactory elemental analyses and were
characterized by 'H NMR spectroscopy and positive
FAB-MS.5> The crystal structure of 8 has been deter-
mined by X-ray crystallography.®

A perspective drawing of the cation of 3 with atomic
numbering is depicted in Figure 1. The coordination
geometry at the Re atom is a distorted octahedron with
the three carbonyl ligands arranged in a facial fashion.
The trans angles subtended by the Re atom and the two
coordinated atoms trans to each other are in the range
172.0(9)-176(1)°, showing a slight deviation from an
ideal octahedral geometry. The Re—C—O bond angles
of 170(2)—177(2)° are slightly distorted from linearity.
The N(1)—Re—N(2) bond angle (74.9(7)°), exceptionally
smaller than 90°, is a consequence of the steric require-
ment of the chelating phen ligand. The Re—C(1) bond
distance of 1.76(3) A is shorter than the Re—C bonds
(1.90(3) A) cis to the pyridyl unit bearing the crown. This
is also in line with the longer C(1)—0(1) bond distance
(1.27(3) A) relative to C(2)-0(2) and C(3)~0(3) (1.16-
(3) and 1.18(3) A). This is understandable, given the
poor m-accepting ability of the pyridine ligand ¢rans to
the C(1) atom, which would enhance the Re—C(1) metal
to ligand 7 back-bonding. On the other hand, 1,10-
phenanthroline is a better z-acceptor ligand. Similar
observations have been reported in related Re(I)
systems.?” The amido carbon atom C(21) is sp?-

© 1995 American Chemical Society



Communications

o‘i@- <y Ielo
cs =

Figure 1. Perspective drawing of the complex cation of 3
with atomic numbering scheme. Thermal ellipsoids are
shown at the 25% probability level. Selected bond lengths
(A) and angles (deg): Re(1)—N(1), 2.19(2); Re(1)—N(2), 2.18-
(2); Re(1)—N(3), 2.17(2); Re(1)—C(1), 1.76(3); Re(1)—C(2),
1.90(3); Re(1)—C(3), 1.90(3); C(1)—0(1), 1.27(3); C(2)—0(2),
1.16(3); C(3)—0(3), 1.18(3); C(21)—0(4), 1.25(3); N(1)—Re-
(1)-N(2), 74.9(7); N(1)—Re(1)—N(3), 82.4(7); N(1)—Re(1)—
C(1), 100(1); N(1)—Re(1)—C(2), 172.0(9); N(1)—Re(1)-C(3),
101.2(9); N(2)—Re(1)—N(3), 84.5(7); N(2)—Re(1)—-C(1), 98-
(1); N(2)—Re(1)—C(2), 98.1(9); N(2)—Re(1)—C(3), 175.5(9);
N(3)—Re(1)—C(1), 176(1); N(3)—Re(1)—C(2), 93.2(9); N(3)—
Re(1)—C(3), 92.9(9); C(1)—Re(1)—C(2), 84(1); C(1)—Re(1)—
C(3), 84(1); C(2)—Re(1)—C(3), 85(1); Re(1)—-C(1)—0(1), 170-
(2); Re(1)—-C(2)—0(2), 176(2); Re(1)-C(3)—0(3), 177(2);
0(4)—C(21)—N(4), 122(2); 0(4)—C(21)—C(18), 116(2); N(4)—
C(21)—-C(18), 121(2).

hybridized with bond angles subtended at C(21) typical
of sp? hybridization (116(2)—122(2)°). It is interesting
to note that the C(1)—0(1) bond distance is similar to
C(21)-0(4) (1.25(3) A), approaching that for a C—O
double bond. All other bond distances and angles have
typical values.

(5) 1: 'H NMR (270 MHz, CDCl3, 298 K, relative to TMS) 6 3.7—4.2
(m, 16H, —~OCH,—), 6.9 (d, 1H, aryl H meta to —-N=CH), 7.1 (dd, 1H,
aryl H ortho to —-N=CH), 7.2 (d, 1H, aryl H ortho to —OCH; and
—N=CH), 7.6 (m, 1H, pyridy! H), 8.0 (d, 1H, pyridyl H), 8.1 (td, 1H,
pyridyl H), 8.8 (s, 1H, —~CH=N), 9.0 (d, 1H, pyridyl H ortho to N); IR
(Nujol mull, KBr, em™1) »(C=0) 2017 (s), 1913 (s), 1895 (s); positive
FAB-MS ion clusters at m/z 677 {M}*, 642 {M — Cl}*; UV—vis (A/nm
(emax/dm3 mol~! em~1)) MeOH, 274 (15 985) and 399 (9150), CH.Cl,,
275 (15 145) and 414 (8675). Anal. Found: C, 40.4; H, 3.8; N, 4.1.
Caled for 1: C, 40.7; H, 3.5; N, 4.1. 2: 'H NMR (270 MHz, CDCl;, 298
K, relative to TMS) 6 7.5 (m, 5H, aryl H’s), 7.7—8.1 (m, 3H, pyridyl
H’s), 8.8 (s, 1H, —CH=N), 9.1 (m, 1H, pyridyl H ortho to N); IR (Nujol
mull, KBr, em™!) »(C=0) 2023 (s), 1919 (s), 1884 (s); positive FAB-MS
ion clusters at m/z 487 {M}*, 459 {M — CO}*, 452 (M — Cl}*; UV—vis
(A/nm (emax/dm3 mol~! em~1)) MeOH, 264 sh (9270), 313 (9050), and
410 (3715). Anal. Found: C, 37.3; H, 1.6; N, 6.1. Calcd for 2: C, 36.9;
H, 2.1; N, 5.7. 8: 'H NMR (270 MHz, acetone-ds, 298 K, relative to
TMS) 6 3.3—3.7 (m, 20H, crown protons), 7.4 (dd, 2H, pyridyl H’s), 8.4
(m, 4H, phen H’s), 8.7 (dd, 2H, pyridyl H’s), 9.1 (dd, 2H, phen H’s), 9.9
(dd, 2H, phen H’s); IR (Nujol mull, KBr, cm~1) C=0) 2028 (s), 1939
(s), and 1926 (s), (C=0) 1637 (s); positive FAB-MS ion clusters at
miz 7174 {M}+, 746 {M — CO}™, 450 {M — L3}*, 422 {M — Lz — CO}™;
UV—vis (A/nm (emax/dm?® mol~! em~1)) MeOH, 275 (28 210), 326 sh
(7300), and 370 sh (3590). Anal. Found: C, 40.3; H, 3.3; N, 6.1. Caled
for 8: C, 40.5; H, 3.5; N, 6.1. 4: 'H NMR (270 MHz, CD,Cl,, 298 K,
relative to TMS) 6 1.0 (t, 3H, —CHjy), 1.1 (t, 3H, —CHj), 3.0 (q, 2H,
—-NCHy), 34 (g, 2H, -NCHy), 7.2 (dd, 2H, pyridyl H’s), 8.1 (dd, 2H,
phen H’s), 8.2 (dd, 2H, phen H’s), 8.3 (dd, 2H, pyridyl H’s), 8.8 (dd,
2H, phen H’s), 9.6 (dd, 2H, phen H’s); IR (Nujol mull, KBr, ecm~1) v-
(C=0) 2034 (s), 1928 (s), and 1909 (s), (C=0) 1641 (s); positive FAB-
MS ion clusters at m/z 628 {M}+, 600 {M — CO}*, 450 {M — L,}*, 422
{M - Ly — CO}*; UV—vis (A/nm (epa/dm? mol~! em™1)) MeOH, 275
(30 220), 327 sh (7345), and 369 sh (4005). Anal. Found: C, 39.0; H,
2.7; N, 6.9. Calcd for 4: C, 38.8; H, 2.9; N, 7.2.
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Figure 2. Electronic absorption spectrum of 1 in anhy-
drous methanol (106.8 uM) upon addition of Ba(ClO,);. The
insert shows a plot of A¢/(A; — A) versus the reciprocal of
[Ba?*]. The absorbance was monitored at A = 410 nm.

Table 1. Photophysical Data for Complexes 1-4

complex medium (7VK) Aem/mm (To/us)
1 solid (298) 665
solid (77) 633, 691
CH.Cl, (298) 717 (<0.1)
2 solid (298) 650
solid (77) 625
CH,Cl, (298) 730 (<0.1)
3 solid (298) 513
solid (77) 507
MeOH (298) 549 (1.7 £ 0.1)
4 solid (298) 509
solid (77) 498
MeOH (298) 548 (1.8 + 0.1)

The electronic absorption spectra of complexes 1, 2
and 3, 4 show low-energy absorption bands at ca. 400
and 370 nm in MeOH, respectively. With reference to
previous spectroscopic work on Re(I) diimine sys-
tems,3%7 they are tentatively assigned as a d.(Re) —
a*(L1/Le) MLCT/n(L1/Lg) — &* (L1/Lg) IL admixture and
a pure d.(Re) — 7*(phen) MLCT transition, respectively.
The slightly higher transition energy of the MLCT/IL
band in 1 relative to that in 2 is in accordance with the
higher n* orbital energy of L; as a result of the electron-
donating effect of the polyether substituents on the
benzene ring. For complexes 3 and 4, the d.(Re) — 7*-
(phen) MLCT transition energies are almost identical,
since Lz and L4 have similar electronic effects. The
photophysical data are summarized in Table 1. Addi-
tion of alkali-metal or alkaline-earth-metal ions to a
methanolic solution of 1 results in a blue shift of the

(6) Crystal Data for 8: [C3;H3oN4OsRetPFg~], M, = 919.79, crystal
dimensions 0.10 x 0.07 x 0.25 mm, orthorhombic, space group Pbca
(No. 61), a = 21.554(5) A, b = 18.819(5) A, ¢ = 17.240(9) A, V = 6994-
(9) A%, Z =8, D, = 1.747 g cm~3, u(Mo Ka) = 36.08 cm~1, F(000) =
3632, T = 298 K, 215 parameters, 5080 data measured, 2281 data used
in calculation (I = 3o(D)), R = 0.074, Ry, = 0.087, w = 4F 2/0%F,2), where
o%F.2) = o%I) + (0.018F,2)2, The maximum and minimum residues
in the final AF synthesis were 1.32 e A2 around the Re atom (0.90 e
A-3 elsewhere) and —1.166 e A-2, respectively. Diffraction data were
collected on a Rigaku AFC7R diffractometer with graphite-monochro-
matized Mo Ko radiation (A = 0.710 73 A) to 26, = 45°. Intensity
data were corrected for decay, Lorentz, polarization, and absorption
effects. The space group was determined from systematic absences,
and the structure was solved by heavy-atom Patterson methods and
expanded using Fourier techniques (PATTY and DIRDIF92: Beur-
skens, P. T.; Admiraal, G.; Beursken, G.; Bosman, W. P.; Garcia-
Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The DIRDIF
program system; Technical Report of the Crystallography Laboratory;
University of Nijmegen: Nijmegen, The Netherlands, 1992.) and
refinement by full-matrix least squares using the MSC-Crystal Strue-
ture Package TEXSAN on a Silicon Graphics Indy computer. As the
number of observed reflections was small, only the Re and P atoms
were refined anisotropically; the other 49 non-hydrogen atoms were
refined isotropically, and the 32 hydrogen atoms at calculated positions
with thermal parameters equal to 1.3 times that of the attached C
atoms were not refined.
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Figure 3. (2) Ion cluster at m/z 897, expanded from the positive-ion FAB mass spectrum of an acetonitrile solution of 3
and NaClO,. (b) Simulated isotope pattern for the adduct {[8-Na](Cl04)}*.

MLCT/IL absorption band (Figure 2). These shifts were
ascribed to the binding of the cations to the polyether
cavity, as similar effects were absent for the uncrowned
complex 2. Similar findings have also been observed
in the related Ru(II) and Cu(I) systems.?8 Among the
cations studied, sodium ion gives the largest stability
constant with a log K value of 2.55, obtained from a plot®
of Ag/(Ag — A) versus 1/[Na*] in MeOH. The almost
perfect linearity of the fit is supportive of a 1:1 stoichi-
ometry, which is in accordance with the well-known
binding mode of benzo-15-crown-5 for sodium ions with
its appropriate cavity size.! With Ba?*, a log K value
of 2.01 and a stoichiometry of 1:1 were also obtained
(Figure 2). For K*, two complexes with stoichiometries
of 1:2 (K*:1) and 1:1 were formed, as indicated by the
lack of well-defined isosbestic points in the UV—visible
spectral trace and the absence of a satisfactory fit with
Ag/(Ay — A) versus 1/[K*] based on a 1:1 stoichiometry
model. Similar 1:2 sandwich binding models have been
reported in other K*—(benzo-15-crown-5) systems.!! In
contrast, no spectral shifts were observable for com-
plexes 8 and 4 upon addition of alkali-metal or alkaline-
earth-metal ions. It is likely that any binding of cations
into the cavity of L3 is too remote to affect the d.(Re) —
m*(phen) MLCT transition energy, given the indirect
involvement of L3 in the MLCT transition and the lack

(7) See for example: (a) Yam, V. W.-W_; Lau, V. C.-Y,; Cheung, K.-
K. J. Chem. Soc., Chem. Commun. 1995, 259. (b) Yam, V. W.-W_; Lau,
V. C.-Y.; Cheung, K.-K. Organometallics 1995, 14, 2749. (c) Horn, E.;
Snow, M. R. Aust. J. Chem. 1980, 33, 2369. (d) Chen, P.; Curry, M,;
Meyer, T. J. Inorg. Chem. 1989, 28, 2271. (e) Moya, S. A.; Guerrero,
dJ.; Pastene, R.; Schmidt, R.; Sariego, R.; Sartori, R.; Sanz-Aparicio, J.;
Fonseca, 1.; Martinez-Ripoll, M. Inorg. Chem. 1994, 33, 2341.

(8) Beer, P. D.; Kocian, O.; Mortimer, R. J.; Ridgway, C. J. Chem.
Soc., Dalton Trans. 1993, 2629,

(9) (a) Fery-Forgues, S.; Le Bris, M. T.; Guetté, J. P.; Valeur, B. J.
Phys. Chem. 1988, 92, 6233. (b) Bourson, J.; Valeur, B. J. Phys. Chem.
1989, 93, 3871.

(10) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R. L. Chem.
Rev. 1991, 91, 1721,

(11) (a) Mallinson, P. R.; Truter, M. R. J. Chem. Soc., Perkin Trans.
2 1972, 1818. (b) Beer, P. D. J. Chem. Soc., Chem. Commun. 1986,
1678.

of conjugation and, hence, communication in the L
ligand to the Re metal center. Nevertheless, the uptake
of alkali-metal/alkaline-earth-metal cations by the aza-
crown moiety of 3 can be revealed by positive-ion FAB-
MS. Figure 3a illustrates the ion cluster at m/z 897,
expanded from the positive-ion FAB mass spectrum of
an acetonitrile solution of 8 and NaClO4. Figure 3b
shows the simulated isotope pattern of the ion cluster
attributable to the adduct {{8:Nal(ClO4)}*. The pres-
ence of this soft—hard mixed-metal complex connected
by a crown ether pendant ligand is directly observed,
despite the fact that little information on the cation
binding properties of 8 is provided by electronic absorp-
tion spectroscopy.

All complexes exhibit long-lived intense yellow-green
to orange-red emission upon visible light excitation (4
> 350 nm) both in the solid state and in fluid solutions
at 298 K (Table 1). It is likely that the emission is of
MLCT triplet parentage, commonly observed in Re(I)
diimine systems.3*’ The lower emission energies of
complexes 1 and 2 relative to those of 3 and 4 are
consistent with the MLCT absorption spectral data.
Extension of this work to other transition-metal centers
is in progress.
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Nonclassical d° Zirconium Carbonyl Complex
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Summary: Cp*sZr(Se)CO (Cp* = °-CsMes), an example
of a nonclassical d° transition-metal carbonyl complex,
has been synthesized by the reaction of Cp*sZr(CO)z with
elemental Se (ca. 1 equiv) at 50 °C. The CO ligand in
Cp*:Zr(Se)CO is labile and is rapidly displaced by
pyridine to give Cp*:Zr(Se)(NCsH5).

In contrast to the groups 5—8 transition metals,
complexes of the group 4 transition metals (Ti, Zr, Hf)
that exhibit metal—ligand multiple bonding are not
common.! Accordingly, considerable effort has recently
been directed toward the syntheses of such complexes.
Indeed, in the case of zirconium, these efforts have been
rewarded with the isolation of terminal benzylidene,2
imido,? hydrazido,* phosphinidene,® and chalcogenido®—?
derivatives. Interestingly, none of these multiply bonded
derivatives possess CO as an ancillary ligand, even
though CO is an otherwise ubiquitous ligand in or-
ganotransition-metal chemistry. The notable absence
of such carbonyl derivatives is undoubtedly a conse-
quence of the fact that the zirconium centers in all of
these multiply bonded derivatives are formally d°, Zr-
(IV), and are therefore ill-suited to partake in metal-
to-ligand m-back-bonding, an important component of
the metal—carbonyl interaction.!® In this paper, we
describe the synthesis and structure of Cp*2Zr(Se)CO,

® Abstract published in Advance ACS Abstracts, August 1, 1995,

(1) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds;
Wiley-Interscience: New York, 1988.

(2) Fryzuk, M. D.; Mao, S. S. H.; Zaworotko, M. J.; MacGillivray, L.
R. J. Am. Chem. Soc. 1993, 115, 5336—5337.

(3) (a) Meyer, K. E.; Walsh, P. J.; Bergman, R. G. J. Am. Chem.
Soc. 1995, 117, 974—-985. (b) Walsh, P. J.; Hollander, F. J.; Bergman,
R. G. Organometallics 1993, 12, 3705—3723. (¢c) Arney, D. J.; Bruck,
M. A,; Huber, S. R.; Wigley, D. E. Inorg. Chem. 1992, 31, 3749—-3755.
(d) Bai, Y.; Roesky, H. W,; Noltemeyer, M.; Witt, M, Chem. Ber. 1992,
125, 825-831. (e) Cummins, C. C.; Van Duyne, G. D.; Schaller, C. P.;
Wolczanski, P. T. Organometallics 1991, 10, 164—170. (f) Profilet, R.
D.; Zambrano, C. H.; Fanwick, P. E.; Nash, J. J.; Rothwell, 1. P. Inorg.
Chem. 1990, 29, 4362—-4364. (g) Walsh, P. J.; Hollander, F. J,;
Bergman, R. G. J. Am. Chem. Soc. 1988, 110, 8729—8731. (h)
Cummins, C. C.; Baxter, S. M.; Wolczanski, P. T. J. Am. Chem. Soc.
1988, 110, 8731—-8733.

(4) (a) Walsh, P. J.; Carney, M. J.; Bergman, R. G. J. Am. Chem.
Soc. 1991, 113, 6343—-6345. (b) Walsh, P. J.; Hollander, F. J.; Bergman,
R. G. J. Organomet. Chem. 1992, 428, 13—47.

(5) Hou, Z.; Breen, T. L.; Stephan, D. W. Organometallics 1993, 12,
3158-3167.

(6) Carney, M. J.; Walsh, P. J.; Hollander, F. J.; Bergman, R. G.
Organometallics 1992, 11, 761-7717.

(7) (a) Howard, W. A,; Parkin, G. J. Am. Chem. Soc. 1994, 116, 606—
615. (b) Howard, W. A.; Waters, M.; Parkin, G. J. Am. Chem. Soc. 1993,
115, 4917—4918.

(8) (a) Jacoby, D.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. J. Am.
Chem. Soc. 1998, 115, 7025—-7026. (b) Jacoby, D.; Isoz, S.; Floriani,
C.; Chiesi-Villa, A.; Rizzoli, C. J. Am. Chem. Soc. 1995, 117, 2793~
2804. (¢) Jacoby, D.; Isoz, S.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
J. Am. Chem. Soc. 1995, 117, 2805—2816.

(9) Christou, V.; Arnold, J. J. Am. Chem. Soc. 1992, 114, 6240—
6242,

. (10) (a) Mingos, D. M. P. In Comprehensive Organometallic Chem-
istry; Wilkinson, G., Stone, F. G. A., Abel, E. W,, Eds.; Pergamon
Press: Oxford, U.K., 1982; Vol. 3, Section 19.2. (b) Davidson, E. R.;
Kunze, K. L.; Machado, F. B. C.; Chakravorty, S. J. Acc. Chem. Res.
1993, 26, 628-635.
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a unique example of a d° zirconium carbonyl complex
which contains a metal—ligand multiple bond.

We have recently reported the syntheses of the
terminal chalcogenido complexes Cp'eM(E)YNCsHs)!! (M
=Zr,2 Hf;2 E = §, Se, Te) by the reactions of Cp';M-
(CO)g with the elemental chalcogen in the presence of
pyridine. Inthe absence of pyridine, Cp*oZr(CO); reacts
with excess chalcogen to give the trichalcogenides Cp*s-
Zr(n*E3), while the #2-dichalcogenido—carbonyl com-
plexes Cp*3Zr(n?-E;)(CO) may be obtained from the
corresponding reactions with ca. 2 equiv of chalcogen.!?
More significantly, we now report that the terminal
selenido—carbonyl complex Cp*;Zr(Se)CO may be suc-
cessfully isolated from the reaction of Cp*3Zr(CO)s with
ca. 1 equiv of selenium (Scheme 1).!* Notably, the
isomeric #%-carbonylselenide derivative Cp*2Zr(5?2-SeCO),
an alternative possible product derived by coupling of
the carbonyl and selenide ligands,!? is not obtained from
this reaction.®

The molecular structure of Cp*Zr(Se)CO and, for
purposes of comparison, the structures of the dichalco-
genido—carbonyl derivatives Cp*;Zr(7%-E3)CO (E = S,
Se) have been determined by X-ray diffraction (Figures
1.and 2 and Table 1).17 The Zr=Se bond length in Cp*;-
Zr(Se)CO (2.478(2) A) is comparable to that in CpEt*,-
Zr(Se)(NCsHs) (2.480(1) A)7 but significantly shorter
than the Zr—Se single bonds in Cp*Zr(n%-Se;)CO
(2.715(2) and 2.688(2) A).!8 These structural data
clearly support the presence of a Zr=Se double bond in

(11) Abbreviations: Cp® = Cp* or CpEt*; Cp* = #5-C;Me;s; CpEt* =
ﬂ5-CsMe4Et.

(12) Howard, W. A.; Parkin, G. J. Organomet. Chem. 1994, 472, C1-
C4.

(13) Howard, W. A.; Parkin, G.; Rheingold, A. L. Polyhedron 1995,
14, 25—44.

(14) A mixture of Cp*3Zr(CO); (0.5 g, 1.2 mmol) and Se powder
(0.085 g, 1.1 mmol) in toluene (3 mL) was stirred at 50 °C for 1 day
and then cooled to deposit a brown-orange precipitate from the dark
orange solution. The mixture was filtered, and the precipitate was
washed with pentane, giving Cp*3Zr(Se)CO as a green crystalline solid
which was dried in vacuo (0.17 g, 33%).

(15) Coupling of chalcogens and carbonyl ligands is precedented. For
example, (7°-CsHsMe)sNb(CO)CH;SiMe; reacts with elemental sulfur
to give the #2-carbonylsulfide derivative (5-CsH Me)sNb(#2-SCO)CH;-
SiMe;. See: Fu, P.-F.; Khan, M. A.; Nicholas, K. M. Organometallics
1998, 12, 3790-3791.

(16) Moreover, coupling is also observed in the reaction of the
terminal hydrazido intermediate [CpZr(NNPh;)] with CO to give the
isocyanate derivative CpoZr(NCO)NPhy), rather than the d° carbonyl
adduct Cp,Zr(NNPhy)(CO).42

(17) Cp*:Zr(Se)CO is orthorhombic, Pna2; (No. 33), with a = 14.779-
(3) A, b =8554(2) A, ¢ = 16.391(3) A, V = 2072(1) A3, and Z = 4.
Cp*22r(n2-S2)(CO) is monoclinie, P2,/n (No. 14), with a = 8.601(2) Ab
=14.925(3) A, c = 17.308(2) A, B = 104.16(2)°, V = 2115(1) A3, and Z
= 4, Cp*oZr(n?-Se2)(CO) is monoclinic, P2,/n (No. 14), with a = 8.667-
(2 A, b=15.092(3) A, c = 17.401(3) A, 8 = 104.27(2)°, V = 2206(1) A?,
and Z = 4.

(18) Zr—Se single bond lengths in permethylzirconocene complexes
range from ca. 2.65 to 2.67 A, e.g., Cp*Zr(SeH), (d(Zr—Se) = 2.647(2)
A),1% Cp*,Zr(OHXSeH) (d(Zr—Se) = 2.665(1) A),8 Cp*,Zr(SePh),
(d(Zr—Se) = 2.653(3), 2.648(4) A),1% Cp*,Zr(SeH)(n!-OC(Ph)=CH,)
(d(Zr—Se) = 2.669(1) A),”* and Cp*3Zr(2-Ses) (d(Zr—Se) = 2.653(3) A).13
(a) Howard, W. A.; Trnka, T. M.,; Parkin, G. Manuscript in preparation.

© 1995 American Chemical Society
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Figure 1. Molecular structure of Cp*;Zr(Se)CO.

Figure 2. Molecular structure of Cp*oZr(n2-Se;)CO.

Table 1. Metirical and IR Data for Structurally
Characterized Neutral Permethylzirconocene
Derivatives

d(Zr-COYA d(C~OYA w(COYem~! ref

Cp*2Zr(Se)CO 2.233(15) 1.116(19) 2037 a
Cp*oZr(n?-S3)CO 2.261(6) 1.126(8) 2057 a,b
Cp*eZr(n*-Se)CO  2.253(13) 1.128(16) 2037 a,b
Cp*aZr(n7%-Te2)CO  2.241[7) 1.123[9] 2006 b
Cp*22Zr(CO)2 2.145(9) 1.16(1) 1945,1852 ¢

@ This work. ® Reference 13. ¢ Reference 22.

Cp*:Zr(Se)CO and are thereby in accord with its de-
scription as a d° Zr(IV) complex. As such, Cp*2Zr(Se)-
CO provides an unusual example of a d° metal carbonyl
complex that also contains a multiply bonded ligand.

Communications

In view of the d° nature of Cp*3Zr(Se)CO, 7-back-
bonding would not be expected to stabilize the Zr—CO
interaction significantly, so that the bonding within
Cp*2Zr(Se)CO differs considerably from that in tradi-
tional metal carbonyl complexes. Accordingly, Cp*yZr-
(Se)CO may be regarded to be a nonclassical carbonyl
complex.'®20 The notion that Cp*3Zr(Se)CO is a non-
classical carbonyl is supported by the observation that
the Zr—CO and C—0 bonds are marginally longer and
shorter, respectively, than the corresponding values for
the related d? derivative Cp*oZr(CO); (Table 1). More-
over, the reduced 7-back-bonding is also manifested by
the observation of a higher vco stretching frequency for
Cp*Zr(Se)CO (2037 cm~1)*! compared to the corre-
sponding values for Cp*sZr(CO); (1945 and 1852 cm™1].22
The vco stretching frequency for Cp*Zr(Se)CO is,
however, lower than that in CO (2143 cm™1),23 so that
some degree of electron donation into the 7* CO orbital
is evident. In view of the d° nature of the zirconium
center, such donation may occur via interaction with
the [Zr=Se] moiety.?* Indeed, for Cp*:ZrHy(CO), the
first spectroscopically characterized d° zirconium car-
bonyl complex, the lowering of the vco stretching
frequency (2044 cm™1!) with respect to that for carbon
monoxide was proposed to arise from donation of
electron density from a filled metal-hydride bonding
orbital into an in-plane #z* CO orbital.20%25 More
recently, Berry has identified that the direct donation
of electron density from silicon to the CO z* orbital is
responsible for the anomalously low value (1797 cm™1)
for the CO stretching frequency in CpsZr(n2-Me;-
Si=NBut)C0.20¢

As would be expected for a d° carbonyl derivative, the
CO ligand in Cp*yZr(Se)CO is labile.?® For example,
Cp*2Zr(Se)CO reacts rapidly with pyridine at room
temperature to afford Cp*:Zr(Se)(NCs;Hs) (Scheme 1).
Cp*2Zr(Se)CO also reacts with selenium to give Cp*s-
Zr(n2-Se2)(CO) and Cp*2Zr(n2-Se3), sequentially. Inter-
estingly, these chalcogen addition reactions may be
reversed using Cp*:Zr(CO); as a chalcogen trap. Thus,

(19) For leading recent references on nonclassical carbonyl com-
plexes, see: (a) Hurlburt, P. K,; Rack, J. J.; Luck, J. S.; Dec, 8. F,;
Webb, J. D.; Anderson, O. P.; Strauss, S. H. J. Am. Chem. Soc. 1994,
116, 10003—10014. (b) Aubke, F.; Wang, C. Coord. Chem. Rev. 1994,
137, 483—524. (c) Weber, L. Angew. Chem., Int. Ed. Engl. 1994, 33,
1077-1078. (d) Willner, H.; Bodenbinder, M.; Wang, C.; Aubke, F. J.
Chem. Soc., Chem. Commun. 1994, 1189—-1190.

(20) In addition to Cp*;Zr(Se)CO and Cp*oZr(52-E2)CO (E = S, Se,
Te), other nonclassical carbonyl complexes of zirconium include Cp*,-
ZrHy(CO0),202b[CpyoZr{n2-CH(Me)6-ethylpyrid-2-yD)-C,N}(CO)J* 20[Cp*y-
Zr(n*-COCH,)CO1*, 2 [CpoZr(>-COCH3)COI* 2 Cp*yZr(3-CsHs)COL* 20
and CpgZr(72-Me SiNBut)CO.2 (a) Manriquez, J. M.; McAlister, D. R.;
Sanner, R. D.; Bercaw, J. E. J. Am. Chem. Soc. 1978, 100, 2716—2724.
(b) Marsella, J. A,; Curtis, C. J.; Bercaw, J. E.; Caulton, K. G. J. Am.
Chem. Soc. 1980, 102, 7244—7246. (¢) Guram, A. S.; Swenson, D. C.;
Jordan, R. F. J. Am. Chem. Soc. 1992, 114, 8991-8996. (d) Guo, Z.;
Swenson, D. C.; Guram, A. S.; Jordan, R. F. Organometallics 1994,
13, 766—773. (e) Antonelli, D. M.; Tjaden, E. B.; Stryker, J. M.
Organometallics 1994, 13, 763—765. (f) Procopio, L. J.; Carroll, P. J.;
Berry, D. H. Polyhedron 1995, 14, 45—-55.

(21) v(12CO(13CO) = 1.023.

(22) Sikora, D. J.; Rausch, M. D.; Rogers, R. D.; Atwood, J. L. oJ.
Am. Chem. Soc. 1981, 103, 1265—1267.

(23) Elschenbroich, C.; Salzer, A. Organometallics, 2nd ed.; VCH:
New York, 1992.

(24) The C: - ‘Se separation is 2.87 A. For reference the sum of the
covalent radii is 1.94 A. See: Pauling, L. The Nature of The Chemical
Bond, 3rd. ed.; Cornell University Press: Ithaca, NY, 1960.

(25) (a) Brintzinger, H. H. J. Organomet. Chem. 1979, 171, 337—
344. (b) Strauss, S. H. Chemtracts: Inorg. Chem. 1994, 6, 157—162.

(26) In the absence of a suitable trapping ligand, however, Cp*;Zr-
(Se)CO slowly decomposes. For example, removal of solvent from
solutions of Cp*2Zr(Se)CO under reduced pressure results in decom-
position.
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Cp*2Zr(n2-Ses) reacts with Cp*;Zr(CO); to give a mix-
ture of Cp*oZr(n2-Se2)CO and Cp*»Zr(Se)CO. Finally,
an additional mode of reactivity of the multiply bonded
[Zr=Se] moiety in Cp*oZr(Se)CO is illustrated by its
reaction with PhC(O)Me to give the enolate derivative
Cp*2Zr(SeH)[n*-OC(Ph)=CH,}."

In summary, the nonclassical, d° carbony! complex
Cp*2Zr(Se)CO may be isolated from the reaction of Cp*,-
Zr(CO); with ca. 1 equiv of elemental selenium. The
nonclassical nature of the metal—carbonyl interaction
is manifested by longer Zr—CO bond lengths, shorter
C-0 bond lengths, and a higher vco stretching fre-
quency compared with those of the d? derivative Cp*s-
Zr(CO)s.

Acknowledgment. We thank the U.S. Department
of Energy, Office of Basic Energy Sciences (Contract No.
DE-FG02-93ER14339), and the donors of the Petroleum
Research Fund, administered by the American Chemi-

Organometallics, Vol. 14, No. 9, 1995 4039

cal Society, for partial support of this research. G.P.is
the recipient of a Camille and Henry Dreyfus Teacher-
Scholar Award (1991-1996) and a Presidential Faculty
Fellowship Award (1992—-1997). T.M.T. acknowledges
the Camille and Henry Dreyfus Foundation for the Jean
Dreyfus Boissevain Undergraduate Scholarship in Chem-
istry (1994-1995).

Supporting Information Available: Tables of analytical
and spectroscopic data for Cp*,Zr(Se)CO and tables of crystal
and intensity collection data, atomic coordinates, bond dis-
tances and angles, and anisotropic displacement parameters
and additional ORTEP drawings for Cp*:Zr(Se)CO and Cp*,-
Zr(n?-E2)CO (E = S, Se) (40 pages). This material is contained
in many libraries on microfiche, immediately follows this
article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for
ordering information.

OM950479H



4040 Organometallics 1995, 14, 4040—4042

Platinum-Mediated P=C Bond Cleavage in a
Phosphaketene: Formation and Structure of the First
Mononuclear Diphosphaureylene Complex

Marie-Anne David and David S. Glueck*

6128 Burke Laboratory, Department of Chemistry, Dartmouth College,
Hanover, New Hampshire 03755

Glenn P. A. Yap and Arnold L. Rheingold
Department of Chemistry, University of Delaware, Newark, Delaware 19716
Received May 17, 1995%

Summary: Reactions of Mes*P=C=0 (1; Mes* = 2,4,6-
(t-Bu)3CgHg) with (PPh3):Pt(CsHy) (2) and (PCys)sPt (3;
Cy = cyclo-CgHyy) give the diphosphaureylene carbonyl
complexes (L)(CO)Pt(Mes*PCOPMes*) (4, L = PPhy 5,
L = PCyg), respectively. The structure of 4 was deter-
mined by X-ray crystallography. Addition of dmpe
(dmpe = MesP(CHg2)oPMey) to 4 or 5 gives (dmpe)Pt-
(Mes*PCOPMes*) (6).

The phosphaketene Mes*P=C=0! (1; Mes* = 2,4,6-
(t-Bu)sCgHy) is readily decarbonylated by metal com-
plexes to give products derived from the phosphinidene
Mes*P, which may bind to the metal center? or undergo
intramolecular cyclization to form the phosphaindan
2,4-(t-Bu)2CsHa(6-CMeCHoPH).? We report here that
the reactions of Pt(0) phosphine complexes with 1 give
products containing carbonyl and diphesphaureylene
[Mes*PC(O)PMes*)?~ ligands, derived formally from de-
carbonylation of the phosphaketene and coupling of the
resulting phosphinidene fragment with another equiva-
lent of the cumulene.* The diphosphaureylene ligand
was previously known only to bridge two metal centers.’

Reaction of (PPh3):Pt(C2H4)® (2) or (PCys).Pt” (3; Cy
= cyclo-CgHj1) in THF with 2 equiv of 1 rapidly gives
red solutions from which red crystals of the products
(RsP)Pt(CO)}Mes*PC(O)PMes*] (4, R = Ph; 5, R = Cy)
can be isolated by crystallization; the byproducts PPh;
and PCyjz are observed by 31P NMR (Scheme 1).2 When
only 1 equiv of 1 is allowed to react with 2, the products
are 4, Pt(PPh3);, and a mixture of other unidentified
Pt—P complexes.? However, a 1:1 ratio of 1 and 3 gives
only complex 5; free PCys and unreacted starting
material 8 are also observed by 3P NMR.

Complexes 4 and 5 were identified by IR and by
multinuclear NMR spectroscopy. Complex 4 shows
carbonyl bands at 2059 and 1632 ¢cm™! assigned to
Pt—CO and [Mes*PC(O)PMes*] groups, respectively.
Signals due to these carbons appear in the 3C NMR

® Abstract published in Advance ACS Abstracts, August 1, 1995,

(1) Appel, R.; Paulen, W. Angew. Chem., Int. Ed. Engl. 1988, 22,
785—17886. '

(2) Cowley, A. H.; Pellerin, B.; Atwood, J. L.; Bott, S. G. J. Am.
Chem. Soc. 1990, 112, 6734—6735.

(3) (a) Champion, D. H.; Cowley, A. H. Polyhedron 1985, 4, 1791—
1792. (b) David, M.-A_; Paisner, S. N.; Glueck, D. S. Organometallics
1995, 14, 17-19.

(4) The related chemistry of isocyanates is well known: (a) Beck,
W.; Rieber, W.; Cenini, S.; Porta, F.; La Monica, G. J. Chem. Soc.,
Dalton Trans. 1974, 298—304. For reviews, see: (b) Cenini, S.; La
Monica, G. Inorg. Chim. Acta 1976, 18, 279—293. (¢) Braunstein, P.;
Nobel, D. Chem. Rev. 1989, 89, 1927—1945.

(5) For a review, see: King, R. B,; Wu, F.-J.; Holt, E. M. J.
Organomet. Chem. 1990, 383, 295—305.

(6) Blake, D. M.; Roundhill, D. M. Inorg. Synth. 1978, 18, 120—122.

(7) Yoshida, T.; Otsuka, S. Inorg. Synth. 1979, 19, 101-107.
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spectrum at 6 178.0 (ddd, 'Jpe—c = 1402 Hz, 2Jp_c = 86
Hz, 2Jp-c = 12 Hz, 2Jp_c = 4 Hz) and 6 230.7 (ddd, 'Jp_c

(8) Synthesis of (PPh3)(CO)Pt(Mes*PCOPMes*) (4). To a solu-
tion of (PPh3)Pt(CsH,) (2; 115 mg, 0.15 mmol) in THF (1 mL) was
added Mes*PCO (1; 94 mg, 0.31 mmol) dissolved in THF (2 mL). The
mixture became dark red immediately and was stirred at room
temperature in the dark for a few hours. The solvent was removed
under vacuum. The residue was washed with petroleum ether (bp 38—
53 °C, 5 mL) to remove PPh;. The red-orange residue was dissolved in
a minimal amount of THF (ca. 1 ' mL). A layer of petroleum ether was
added on top of the solution. Cooling of this mixture to —25 °C gave 4
as red crystals (127 mg, 77% yield). 'H NMR (CgDg): 6 7.59 (d, 4Jp-p
= 2 Hz, 2H), 7.55 (d, *Jp_y = 2 Hz, 2H), 7.30—7.23 (m, 5H), 6.91-6.78
(m, 10H), 2.06 (18H), 1.73 (18H), 1.35 (9H), 1.21 (9H). 3C{'H} NMR
(CeDe): 6 230.7 (ddd, Jp-c = 126 Hz, WJp_c = 92 He, 3Jp_c = 17 Hz,
quat, PCOP), 178.0 (ddd, !Jp;—¢ = 1402 Hz, 2Jp_c = 86 Hz, 2Jp_¢c = 12
Hz, 2Jp_c = 4 Hz, quat, CO), 159.7 (d, %Jp_c = 8 Hz, quat Ar), 1584
(d, 2Jp_¢ = 12 Hz, quat Ar), 151.3 (quat Ar), 150.7 (quat Ar), 139.4
(dm, *Jp-c = 99 Hz, Ar), 134.2 (d, Jp-¢c = 12 Hz, Ar), 132.6 (d, 'Jp-c =
48 Hz, quat Ar), 131.2 (Ar), 130.3 (broad d, 1Jp_c = 43 Hz, quat Ar),
129.1 (d, Jp-c = 10 Hz, Ar), 123.7 (d, 3Jp-c = 7 Hz, Ar), 122.5 (d, 3Jp-¢
= 5 Hz, Ar), 39.9 (d, %Jp-c = 3 Hz, quat), 39.6 (d, %Jp_c = 3 Hz, quat),
35.7 (quat), 35.3 (quat, overlaps with the next peak), 35.3 (broad, CHs),
34.3 (broad, CHj), 31.9 (CHj); 31.8 (CHjy). 31P{!H} NMR (CDyCly): o
58.7 (dd, YWei-p = 681 Hz, 2Jp_p = 177 Hz, 2Jp_p = 124 Hz, P trans to
PPh;), 30.0 (dd, Jp—p = 1830 Hz, 2Jp_p = 177 Hz, 2Jpp = 15 Hz, P
trans to CO), 23.1 (dd, lJ/p—p = 2246 Hz, 2Jp_p = 124 Hz, 2Jp_p = 15
Hz, PPhy). IR (KBr): 3056, 2912, 2059, 1632, 1592 (shoulder), 1529,
1478, 1434, 1390, 1359, 1228, 1210, 1182, 1120, 1097, 1027, 998, 921,
902, 879, 749, 740, 708, 692, 649, 590, 527, 511 cm~!. Anal. Calced for
CssH730:P3Pt: C, 63.08; H, 6.91. Found: C, 63.05; H, 7.13. Synthesis
of (PCy3)(CO)Pt(Mes*PCOPMes*) (5). To a solution of (PCy;)2Pt
(3; 51 mg, 0.067 mmol) in THF (1 mL) was added Mes*PCO (41 mg,
0.135 mmol) dissolved in THF (1 mL). The mixture became dark red
immediately and was stirred at room temperature in the dark for a
few hours. CuCl (33 mg, 0.034 mmol) was added to complex free PCys
formed in the reaction. After 5 min of stirring, the solution was filtered,
and the solvent was removed from the filtrate under vacuum. Complex
5 was recrystallized from petroleum ether at —25 °C (red needles) and
was isolated in 45% yield (33 mg). 'H NMR (CeD¢): 6 7.67 (d, *Jp-y =
2 Hz, 2H), 7.65 (broad, 2H), 2.05 (18H), 2.01 (18H), 1.96—1.24 (m, 33H),
1.35 (9H), 1.34 (9H). 3C{'H} NMR (C¢Dg): 6 232.9—230.4 (m, PCOP),
180.0 (ddd, 2Jp_c = 78 Hz, 2Jp.c = 12 Hz, 2Jp_c = 3 Hz, Pt satellites
were not observed, quat, CO), 159.7 (d, 2Jp..c = 10 Hz, quat Ar), 158.4
(d, 2Jp_c = 11 Hz, quat Ar), 151.1 (quat Ar), 150.6 (quat Ar), 138.3
(dm, 1Jp_¢ = 98 Hz, quat Ar), 131.3 (dm, 'Jp.c = 71 Hz, quat Ar),
123.9 (d, 3Jp_c = 7 Hz, Ar), 122.5 (d, %Jp-c = 5 Hz, Ar), 40.5 (d, ®Jpc
= 3 Hz, quat), 39.6 (d, %Jp_c = 2 Hz, quat), 37.2 (d, Jp-c = 23 Hz,
CH), 35.6 (broad, overlapping quat and CHj), 35.3 (broad, overlapping
quat and CHj), 31.9 (two overlapping CHj3), 30.4 (CHy), 27.8 (d, 3Jp-¢
= 10 Hz, CHy), 26.6 (CHy). *'P{'H} NMR (C¢Dg): 6 44.5 (dd, Wp,-p =
739 Hz, %Jp_p = 168 Hz, 2Jp_p = 136 Hz, P trans to PCy;), 37.1 (dd,
YJp—p = 2225 Hz, 2Jp_p = 136 Hz, 2Jp_p = 15 Hz, PCy3), 23.2 (dd, YJp,-p
= 1603 Hz, 2Jp_p = 168 Hz, 2Jp_p = 15 Hz, P trans to CO). IR (KBr):
2930, 2854 (shoulder), 2037, 1637, 1593 (shoulder), 1479, 1446, 1392,
1359, 1235, 1212, 1175, 1119, 1005, 874, 738, 591 cm~!. Anal. Caled
for Cs6Hg102P3Pt: C, 62.02; H, 8.48. Found: C, 62.05; H, 8.77.

(9) Reaction of (PPhg):Pt(C;H,) with 1 equivalent of phos-
phaketene. To a solution of (PPh3):Pt(C.Hy) (2; 200 mg, 0.27 mmol)
in THF (1 mL) was added Mes*PCO (81 mg, 0.27 mmol) dissolved in
THF (2 mL). The mixture became dark brown immediately and was
stirred at room temperature in the dark overnight. The solvent was
removed under vacuum. The brown residue was washed with petro-
leum ether (10 mL). Cooling the resulting petroleum ether solution to
—25 °C gave 4 as a red-orange solid (75 mg, 26% yield). The remaining
solid, sparingly soluble in petroleum ether, was dissolved in a minimal
amount of THF (ca. 3 mL), and petroleum ether was added on top of
the solution. Cooling of this mixture to —25 °C gave yellow crystals of
Pt(PPh;); (64 mg, 32% yield), which was characterized by 31P and 'H
NMR in C¢Dg in comparison to the literature values (Tolman, C. A,;
Seidel, W. C.; Gerlach, D. H. J. Am. Chem. Soc. 1972, 94, 2699—2676).

© 1995 American Chemical Society
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Figure 1. ORTEP diagram of 4. Selected bond lengths
(A): Pt—P1, 2.321(7); Pt—P2, 2.337(7); Pt—P3, 2.350(7); Pt—
C2, 1.887(27); P1-C1, 1.865(28); P2—C1, 1.849(27). Se-
lected bond angles (deg): P1-Pt—P2, 73.3(2); P1-Pt—P3,
105.5(2); P2—Pt—P3, 170.4(3); P1-Pt—C2, 156.3(8); P2—
Pt—C2, 89.5(8); P3—Pt—C2, 94.0(8); Pt—P1-C1, 94.8(9);
Pt—P2-C1, 94.7(9); Pt—P1-C16, 132.7(9); C1-P1-C186,
115.2(12); Pt—P2-C26, 112.5(8); C1-P2—-C26, 126.5(12);
P1-C1-P2, 97.0(13); P1-C1-01, 128.8 (20); P2—-C1-01,
134.2(20).

Scheme 1
Mes*
oc P,
(PPh3)2Pt(C2Ha) (2) 2 Mes*PCO AN
or - Pt c=0

PCys).Pt (3 PR Rp” \P/
( Y3)2 ( ) _czH‘ (fof 2) 3 Mes*
4(R=Ph)

5 (R =Cy)

=126 Hz, 1Jp_¢c = 92 Hz, 3Jp_c = 17 Hz). The 3!P{1H}
NMR spectrum shows peaks due to three different
phosphorus nuclei. The phosphaureylene 3P nuclei
show small one-bond 19Pt—31P coupling constants
characteristic of terminal phosphido (PRy) ligands.1° The
different magnitudes of these couplings (681 Hz for the
P trans to PPh; and 1830 Hz for the P trans to CO)
reflect the trans influence.!! The phosphaureylene P
nuclei show a large cis coupling (177 Hz) and the
expected large trans (124 Hz) and small cis (15 Hz)
couplings to PPhs. Spectroscopic data for 5 are similar.

The structure of 4 was confirmed by X-ray crystal-
lography (Figure 1).12 The coordination at Pt is dis-
torted square planar, and the bite angle of the diphos-
phaureylene ligand (73.3(2)°) is significantly less than
the idealized 90° angle. The platinum and the three
coordinated P atoms lie on a plane (mean deviation 0.07
A) with the metal carbonyl carbon 0.73 A out of the
plane. The chelating Pt—P distances (2.321(7) and
2.337(7) A) are not significantly different, despite the
different !Jp—p couplings observed in the 3P NMR
spectra. Coordination at these P atoms is pyramidal,
indicating that Pt—P multiple bonding is not important.
The diphosphaureylene ligand is planar (mean deviation

(10) (a) Schafer, H.; Binder, D. Z. Anorg. Allg. Chem. 1988, 560,
65—79. (b) Handler, A.; Peringer, P.; Muller, E. P. J. Chem. Soc., Dalton
Trans. 1990, 3725—-3727.

(11) Appleton, T. G.; Bennett, M. A. Inorg. Chem. 1978, 17, 738—
747

(12) Crystal data for 4: Cjse¢H7302P3Pt, orthorhombic, P2,2,2,, V =
5432(3) Aa, Mo Ka (A = 0.710 73 X , deate = 1.304 g/em3, a = 15.944(5)
A b =17.037(5) A, ¢ = 19.998(T) A, T = 230 K, Z = 4, R(F) = 6.86%,
R(wF) = 8.05%. Details of the structure determination are provided
as supporting information.
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Scheme 2
Mes* Mez  Mes
oC, P, R
ANV dmpe \ /P\
Pt C=0 —» Pt C=0
re” N7 PR / \./
3 . P P
Mes -CO Me, Mes"
4 (R="Ph)
5(R=Cy)

0.03 A), and the P—C bond lengths (1.865(28) and 1.849-
(27 A) and P-C—P bond angle (97.0(13)°) in it are quite
similar to those in the related four-membered ring
[Mes*PCO],.13 For comparison, in the previously re-
ported diphosphaureylene Fea(CO)s complexes, which
contain five-membered MPC(O)PM’ rings,!4 the P—C—P
angle ranges from 84.4(4) to 88.3(2)°.

Related organic heterocycles containing diphosphau-
rea groups lose CO on photolysis,’® but complex 4
survived irradiation (Hg lamp, THF) for 3.5 h. It
decomposes on heating in THF to 50 °C for 12 h.
Reaction of 4 or § with dmpe (dmpe = MesP(CHs):PMes)
in THF causes displacement of a tertiary phosphine and
the carbonyl ligand to yield the orange, sparingly soluble
(dmpe)Pt(Mes*PCOPMes*) (6) (Scheme 2).1% This reac-
tion proceeds quickly at ambient temperature for 4 but
requires heating to 60 °C for 2 days for 5. As expected,
the IR spectrum of 6 shows only one CO stretch (1601
cm™1), and the 31P NMR spectrum is an AA’'BB’ pattern.
The diphosphaureylene P nuclei have a large cis cou-
pling of 158 Hz, in contrast to the dmpe cis P—P
coupling of 10 Hz, and a trans P—P coupling of 216.5
Hz. Asin 4 and 5, the 1%5Pt—3!PR; coupling is charac-
teristically small (1103 Hz). Complex 6 remains un-
changed on heating in CH3Cl; at 40 °C for 3 days and
in THF at 65 °C for 4 h. It decomposes on irradiation
(Hg lamp, THF) for 6 h.

The formation of ureylene derivatives from metal-
mediated isocyanate coupling may proceed via metal—
imido complexes, and this step has been directly ob-
served.!” We are currently investigating the possibility

(13) Folling, P. Ph.D. Thesis, University of Bonn, 1988. For the
orthorhombic form of this dimer of 1, the P—C bond lengths are 1.838-
(16), 1.806(14), 1.814(15), and 1.809(15) A, with P—C—P bond angles
of 94.9(8) and 96.2(7)°. For the monoclinic form, the P—C bond lengths
are 1,807(8) and 1.796(5) A with a P—C—P bond angle of 98.3(3)°.

(14) (a) Weber, L.; Reizig, K.; Bungardt, D.; Boese, R. Chem. Ber.
1987, 120, 1421~1426. (b) De, R. L.; Wolters, D.; Vahrenkamp, H. Z.
Naturforsch., B 1986, 41, 283—291. (¢) King, R. B.; Wu, F.-J;
Sadanami, N. D.; Holt, E. M. Inorg. Chem. 1985, 24, 4449—4450.

(15) (a) Appel, R.; Paulen, W. Chem. Ber. 1988, 116, 2371-2373.
(b) Appel, R.; Paulen, W. Chem. Ber. 1983, 116, 109—113.

(16) Synthesis of (dmpe)Pt(Mes*PCOPMes*) (6). To a solution
of 4 (133 mg, 0.125 mmol) in THF (1 mL) was added dmpe (18.8 mg,
0.125 mmol) dissolved in THF (2 mL). The red mixture was stirred at
room temperature and became orange after a few hours. The solvent
was removed under vacuum. The orange residue was washed with
petroleum ether (20 mL) and then recrystallized by diffusion of
petroleum ether into THF at —25 °C to give 71 mg of orange crystals
(61% yield). '"H NMR (CD.Cly): & 7.34 (broad, 4H), 1.71 (36H), 1.55—
1.43 (m, 4H), 1.28 (18H), 1.01—-0.89 (m, 12H). 13C{'H} NMR (CD.Cl,):
$ 237.2—233.8 (m, quat, PCOP), 158.7 (m, quat Ar), 149.5 (quat Ar),
137.2 (dm, 'Jp-c = 756 Hz, quat Ar), 121.9 (Ar), 39.1 (quat), 35.0 (quat),
34.2 (CHjy), 31.6 (CHj), 30.1-29.1 (m, CHy), 15.6—14.6 (m, CHj).
31P{1H} NMR (CDyClo): 6 32.0 (!Jpi—p = 2435 Hz, dmpe), 14.0 (1Jpi—p
= 1103 Hz, Mes*P), AA’BB’ pattern, 2Jppirans) = 216.5 Hz; 2Jppcis Mes*p)
= 158 HZ; 2Jpp(cgsydmpe) =10 HZ, ZJpp(cis,AB) = —55 Hz. IR (K.Bl‘): 3068,
2057, 2907 (shoulder), 2861, 1601, 1477, 1434, 1417, 1389, 1358, 1296,
1286, 1237, 1211, 1123, 1026, 989, 952, 941, 899, 872, 839, 794, 743,
715, 696, 656, 589, 549, 510 cm~L. Anal. Caled for C4sH7,OP,Pt: C,
55.76; H, 8.07. Found: C, 55.46; H, 8.19.

(17) (a) Michelman, R. I.; Bergman, R. G.; Andersen, R. A. Orga-
nometallics 1998, 12, 2741-2751. (b) Legzdins, P.; Phillips, E. C,;
Rettig, S. J.; Trotter, J.; Veltheer, J. E.; Yee, V. C. Organometallics
1992, 11, 3104-3110.
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that diphosphaureylene complexes 4 and 5 are formed
from a related metal—phosphinidene species.
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Zircona[l]lmetallocyclophanes: Synthesis, Properties,
and Structure of (tBu-7%-C5Hy):Zr(n1-1,n1-1')(n8-CsHs)2V
and Its Chromium Analog!®

Christoph Elschenbroich,* Eckhardt Schmidt, Bernhard Metz, and Klaus Harms
Fachbereich Chemie der Philipps-Universitéit, D-35032 Marburg, Germany

Received March 30, 1995%

Summary: The tilt caused by the one-atom interannular
bridge in a zirconocene unit in 7 imposed at bis(n-
benzene)vanadium (3°) is very small. As judged from
EPR spectroscopy, the electronic structure of 8° is virtu-
ally unaffected by zirconal[lJvanadocyclophane forma-
tion. The novel binuclear complexes are very robust
thermally but quite labile chemically. The latter prop-
erty precludes a thorough electrochemical study of
metal—metal interaction in 7.

Organometallic chemistry abounds with structures
featuring bent metallocene units.?2 In the class of bis-
(n8-arene)metal complexes, however, precedent for bent
sandwich units is much more limited. Typically, com-
pounds of the composition (7%-C¢Hg)oML, (L = halogen,
H, alkyl, CO, phosphane, etc.) are scarce.?> This diver-
gence is even more pronounced in the class of sandwich
complexes without ancillary ligands: numerous hetera-
[1lmetallocenophanes containing Si,* Ge,® Zr,® P,57 or
As" as interannulary bridging atoms are parallelled by
just two reports dealing with the homo[3.3Imetallo-
cyclophane (1)8 and the hetera[1]metallocyclophane (2),°
respectively.

: PN

/
v

@/\

The example to be presented in this communication
features CpsZr< as a bridging unit at bis(benzene)-
vanadium and -chromium. This choice derives from the
following reasons: (1) The small but well defined tilting

* Dedicated to Professor Henri Brunner on the occasion of his 60th
birthday.

® Abstract published in Advance ACS Abstracts, Junex 15, 1995.

(1) Metal 7 Complexes of Benzene Derivatives. 47. Part 46: Elschen-
broich, Ch.; Isenburg, T.; Behrendt, A. Inorg. Chem. 1995, 34, 0000.

(2) Lauher, W. J.; Hoffmann, R. J. Am. Chem. Soc. 1976, 98, 1729.

(8) (a) Cloke, F. G. N.; Green, M. L. H.; Morris, G. E. J. Chem. Soc.,
Chem. Commun. 1978, 72. (b) Cloke, F. N. G.; Green, M. L. H. J. Chem.
Soc., Chem. Commun. 1979, 127. (¢) Green, M. L. H.; O’'Hare, D,
Watkin, J. D. J. Chem. Soc., Chem. Commun. 1989, 698. (d) Cloke, F.
G. N.; Cox, P. K; Green, M. L. H.; Bashkin, J.; Prout, K. J. Chem.
Soc., Chem. Commun. 1981, 117.

(4) Stoeckli-Evans, H.; Osborne, A. G.; Whiteley, R. H. Helv. Chim.
Acta 1976, 59, 2402.

(5) Stoeckli-Evans, H.; Osborn, A. G.; Whiteley, R. H. J. Organomet.
Chem. 1980, 193, 345; 1980, 194, 91.

(6) Broussier, R.; Da Rold, A.; Gautheron, B.; Dromzee, Y.; Jeannin,
Y. Inorg. Chem. 1990, 29, 1817. Broussier, R.; Da Rold, A.; Kubicki,
M.; Gautheron, B. Bull. Soc. Chim. Fr. 1994, 131, 951.

(7) Seyferth, D.; Withers, H. P., Jr. Organometallics 1982, 1, 1275.

(8) Elschenbroich, Ch.; Schneider, J.; Prinzbach, H.; Fessner, W.-
D. Organometallics 1986, 5, 2091.

(9) Elschenbroich, Ch.; Hurley, J.; Metz, B.; Massa, W.; Baum, G.
Organometallics 1990, 9, 889,
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angle to be expected from the large Zr atom serving as
an interannular link is of interest with regard to the
response of metal—ligand spin delocalization to struc-
tural distortion. (2) The reduction Zr'¥ — ZrI in the
target molecule 7 could possibly lead to an organome-
tallic biradical composed of two paramagnetic sandwich
units at close proximity and in an orthogonal disposi-
tion. Obviously, the extent of spin—spin interaction
would be the significant question here.

Reaction of the zirconocene dichlorides 5 and 6 with
lithiated bis(8-benzene)vanadium (8) or -chromium (4)
affords zirconalllmetallocyclophanes as highly air-
sensitive black (7, 9) or green (8) crystalsl® which are
virtually insoluble in hydrocarbons and sparingly soluble
in diethyl ether (Scheme 1). The compounds 7—9 are
surprisingly stable against thermal degradation.
Whereas diphenylzirconocene (10) in the solid state
decomposes at 140 °C,!! exchanges its phenyl substit-
uents for aryl groups from the solvent at 70 °C, and
upon photolysis at ambient temperature eliminates
biphenyl,!? the complexes 7—9 are thermally very
robust: 7 may be sublimed at 240 °C/10~3 mbar, and

(10) Procedures are as follows. [(#5-C¢H;5)2V1Zr(tBu-55-CsH,)2 (7): To
1.14 g (5.5 mmol) of bis(y-benzene)vanadium (8), dissolved in 150 mL
of cyclohexane, are added 8.256 mol of an 1.6 M solution of n-
butyllithium (13.2 mmol) in hexane and 2.0 mL (13.28 mmol) of
N, NN’ N’-tetramethylethylenediamine. After being refluxed under N,
for 1.5 h, the mixture is cooled to room temperature and decanted,
and the residue is washed with petroleum ether and suspended in 120
mL of diethyl ether. To this is added at —40 °C during 1 h under
vigorous stirring a solution of 2.2 g (2.5 mmol) of (¢Bu-75-CsH4)oZrCl,
(8) in 700 mL of diethy! ether. After 2 h of stirring at room temperature
and filtration, the solid product is extracted with boiling toluene (~250
mL) until the filtrate is colorless. From this solution at —25 °C 7 is
obtained as black sparingly soluble crystals. Yield: 410 mg (0.76 mmol,
14%). The product may be sublimed at 240 °C/10~2 mbar. Anal. Caled
for C3oHssVZr (538.78): C, 66.88; H, 6.73. Found: C, 66.54; H, 6.74.
MS (E], 70 eV): m/z 537 (M*, 100%), 51 (V*, 34). EPR data: see text.
[(#8-C¢Hs)2Cr]Zr(¢Bu-n8-CsHy), (8) was prepared from bis(776-benzene)-
chromium (4) (2 g, 0.7 mmol), n-butyllithium (23.2 mmol), N.N N’ N'-
tetramethylethylenediamine (3.44 mL, 23.2 mmol), and (tBu-#®-
CsH,)2ZrCl; (6) (3.9 g, 9.7 mmol) in 1.3 L of diethyl ether following the
directions given for 7. 8 precipitates at —25 °C as a green microcrys-
talline material. Yield: 650 mg (1.2 mmol, 12%). Anal. Caled for CzoHgze-
CrZr (539.84): C, 66.75; H, 6.72. Found: C, 66.79; H, 6.65. MS (EI, 70
eV): m/z 538 (M*, 100%), 52 (Cr+, 63). 'H NMR (500 MHz, C¢Ds): ¢
1.32 (s, 9 H; tBu), 3.70 (t, J = 5.70 Hz, 4 H, meta Ar), 4.69 (d, J = 5.30
Hz, 4 H, ortho Ar), 4.81 (t, J = 5.75, 2 H, para Ar), 5.48 (t, J = 2.65
Hz, 4 H, ortho Cp), 5.98 (t, J = 2.65 Hz, 4 H, meta Cp). BC{'H}NMR
(125 MHz, biphenyl-d;s, 120 °C): & 30.7 (ipso, tBu), 34.1 (CHg, tBu),
75.5 (meta, Ar), 18.2 (para, Ar), 93.3 (ortho, Ar) 106.3 (meta, Cp), 107.3
(ortho, Ar), 139.5 (ipso, Cp), 174.4 (ipso, Ar). [(78-CeHs);Cr]Zr(n5-CsHs)e
(9) was synthesized from 3.54 g (17 mmol) of 4, lithiation, and
subsequent reaction with (#5-CsHs)eZrCls (8) (5 g, 17 mmol) according
to the procedure for 8 as a black, amorphous material which is highly
insoluble in all common (and uncommon) solvents. Yield: 840 mg
(11%). Anal. Caled for CooHaoCrZr (427.66): C 61.79; H, 4.71. Found:
C, 61.48; H, 5.13. MS (EI, 70 eV): m/z 426 (M*, 100%), 348 (M* —
CeH;, 30.6), 296 (M*+ — CeH;Cr, 93.3). 220 (M* — (CgHj;)oCr, 84.0), 52
(Cr*, 77.9). NMR data are unavailable for lack of solubility.

(11) Samuel, E.; Rausch, M. D. J. Am. Chem. Soc. 1973, 95, 6263.

(12) (a) Erker, G. J. Organomet. Chem. 1977, 134, 189. (b) Cardin,
D. J.; Lappert, M. F.; Raston, C. L. Chemistry of Organo-Zirconium
and -Hafnium Compounds; Ellis Horwood: Chichester, UK., 1986;
Chapter 9.
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the mass spectra exhibit the M* peak at 100% intensity.
Furthermore, the lack of solubility required 3C NMR
spectra of 8 to be recorded at 120 °C, biphenyl-dio
serving as a solvent; after 3 h of signal accumulation
at this temperature about 25% only of 8 had been
cleaved as inferred from the parent bis(benzene)chro-
mium.

Since the degree of tilting imposed by the CpoZr<
bridge is the aspect of principal interest here, compound
7 was subjected to X-ray diffraction analysis;!3 a plot of
the structure is presented in Figure 1, where important
bond distances and bond angles are also given. Struc-
tural details of the zirconocene unit in 7 may be assessed
by comparing them with the published data for dichlo-
robis(zert-butyl-r®-cyclopentadienyl)zirconium (6)!¢ and
(1,1’ferrocenediyl)di-tert-butylzirconocene 11.6 Qur prime
interest is, however, focused on the bis(y8-arene)vana-
dium moiety. Concording with the larger atomic radius
of Zr, the distortion in 7 is less severe than in the case
of the PhySi< bridged complex 2. Thus, the angle
centroid—V—centroid of 176.3° signals very small bend-
ing of the sandwich axis. The deformation manifests
itself more clearly if the #%-arene ligands are considered;
they are folded along the axes C(2)—C(6) and C(2")—
C(6"), respectively (5.1°), and the two planes C(2—6) and
C(2’-6") exhibit a dihedral angle of 8°. The deviation
of the n%-arene ligand plane and the C(ipso)—Zr bond
from coplanarity is considerable (56.6°). The tilting of
the two arenes causes the interannular distances of
corresponding pairs of carbon atoms to differ: C(1)--C-
(1) = 3.076, C(2)--C(2) = 3.295, C(3) - +C(3") = 3.465,
and C(4)+-C(4) = 3.507 A. This gradation is reflected
in the considerable spread of the chemical shifts in the
NMR spectra of the chromium complexes 8 and 9.19

A spectroscopic parameter which is very sensitive to
bending of the sandwich structure is hyperfine coupling

(13) Crystal data for 7: CsoHsgVZr, M, = 538.75, monoclinic, space
group C2/c,a = 16.404(1) A, b = 19.308(1) A, ¢ = 7.530(1) A, 8 = 98.00-
(1)°, V=12361.8(4) A3, Z =4, D. = 1.515 gem™3, 4 =7.032 mm~!, and
F(000) = 1116. Data were collected on an Enraf-Nonius CAD4
diffractometer at 193(2) K using graphite-monochromated Cu Ka
radiation (4 = 1.541 78 A), 3737 measured reflections, 3.5° < 8 < 60°,
h(—18/18), k(—21/21), /(0/18), w/26 scans, and 3 intensity control
reflections every 1 h. After the Lp correction and merging of equivalent
reflections there were 1751 unique reflections (Rjny = 0.11). The
structure was solved by direct methods,?! the non-hydrogen atoms were
refined? anisotropically on F2 with all unique data, and the hydrogen
atoms were located and refined with common isotropic temperature
factors for different groups. The extinction coefficient?! was 0.00005-
(8), and the parameters for the weighting scheme were 0.0755 and
0.%1 The refinement of 178 parameters converged to wR2 = 0.1255 for
all reflections (R1 = 0.050 for 1439 reflections with I > 20(I)). The
data were corrected with DIFABS.23

(14) Howie, R. A.; McQuillan, G. P.; Thompson, D. W.; Lock, G. A.
J. Organomet. Chem. 1986, 303, 213,

(15) In the presence of ancillary ligands paramagnetic bent metal-
locenes in rigid solution often display three components of the g tensor,
for example, (CH;3-#%-CsH,)2VCly: Peterson, J. L.; Dahl, L. F. J. Am.
Chem. Soc. 1975, 97, 6422.
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Figure 1. Molecular structure of 7 with atomic labeling
scheme. Selected bond lengths (A) and angles (deg): Zr-
(1)-C(1) = 2.317(5), V(1)—C(1) = 2.162(5), V(1)-C(2) =
2.179(5), V(1)—C(3) = 2.212(5), V(1)—C(4) = 2.230(5), V(1)—
C(5) = 2.217(5), V(1)—C(6) = 2.174(5), Zr(1)—C(7) = 2.546-
(5), Zr(1)—C(8) = 2.518(5), Zr(1)—C(9) = 2.565(5), Zr(1)—
C(10) = 2.645(5), Zr(1)—C(11) = 2.625(5), C(1)-C(2) =
1.437(8), C(2)—C(3) = 1.418(8), C(3)—C(4) = 1.404(8), C(4)—
C(5) = 1.405(8), C(5)—C(6) = 1.422(8), C(1)—C(6) = 1.429-
(D), C(1)~Zr(1)—C(1") = 83.1, Cs(centroid)—Zr(1)—Cs(centroid)
=128.1(2), C(1)Zr(1)C(1")—Cs(centroid)Zr(1)Cs'(centroid) =
98.9(2). For additional parameters, see text.

present in the EPR spectra of bis(s%-arene)metal(d?)
complexes, ligand as well as central metal magnetic
nuclei being affected. In the case of the radical cation
1* (tilting angle = 18°), compared to undistorted (8-
CsHeg)2Cr™, a reduction of the coupling constant a(33-
Cr) and inequivalence of the ortho- and meta-protons
was observed.? For the neutral radical 2* (tilting angle
14.4°), where proton hyperfine structure is only barely
resolved, the reduction of a(®'V) from 6.35 mT [(n-
CeHg)2V*, 3°1 to 5.63 mT (2') is characteristic.’ The EPR
spectrum of 7° in fluid and rigid solution is presented
in Figure 2. The parameters (g}, g, g1, and a(51V) for
7* differ only marginally from those of the undistorted
reference molecule 3°.° There is, however, a strong
dependence of line width on the nuclear spin quantum
number m(3'V). This effect, caused by restricted mo-
lecular tumbling motion, proves that in fact the spec-
trum of the bulky radical 7° rather than that of a
dezirconation product is recorded. The almost identical
hyperfine couplings a(5!V) for 3* and 7* accord with the
very small tilt present in 7°. They also strongly suggest
that bending distortion with the attendant changes in
metal — ligand overlap rather than an electronic effect
caused by peripheral substitution is responsible for the
modulation of metal — ligand spin delocalization.
Bending deformation of a sandwich complex lowers its
symmetry from axial to orthorhombic. Therefore, one
would expect the rigid solution EPR spectrum to exhibit
three values g, g,, and g,. However, as yet, resolution
of g, into the components g, and g, has not been
achieved for a tilted sandwich structure void of ancillary
ligands. This also applies to 7*. Interestingly, three g
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Figure 2. EPR spectra (X-band) of complex 7° in toluene
(FS = Frémy salt, g = 2.0059, a(}*N) = 1.309 mT): (a) Fluid
solution, 300 K, {(g) = 1.98683, a(’'V) = 6.23 mT; (b) rigid
solution, 130 K, gy = 2.022, g, = 1.969, A,(51V) =~ 0, A, (51V)
= 9.34 mT.

values could be extracted from the spectra of half-open
and open ferrocenium ions!® and of (8-heteroarene);M-
(d5) complexes!” possessing a linear axis centroid—
metal—centroid. Thus for bis(s%-arene)metal(d®) com-
plexes bending distortions have a pronounced influence
on the hyperfine coupling pattern whereas electronic
perturbations like the insertion of a heteroatom into the
m-perimeter or even the elimination of a ring atom to
form the "open" congeners strongly affect the g tensor.

Since X-ray diffraction failed to disclose significant
sandwich slippage!® in the bis(7%-arene)vanadium moi-
ety of 7°, we set out to generate the biradical anion 77
in order to search for exchange-coupling J which would
point to V(d5) «Zr(d!) interaction. To this end, cyclo-
voltammetry was first performed on 7° 1° (Figure 3). In
the potential range —3.0 < E < 0 V four reversible
waves are observed, two of which change in intensity
with time: whereas, initially, the peak current of wave
3 exceeds that of wave 4, the former diminishes and has
disappeared after 6 h. Wave 1 is caused by the couple

(16) Elschenbroich, Ch.; Bilger, E., Ernst, R. D.; Wilson, D. R.;
Kralik, M. S. Organometallics 1985, 4, 2068.

(17) (a) Elschenbroich, Ch.; Nowotny, M.; Metz, B.; Massa, W;
Graulich, J. Angew. Chem., Int. Ed. Engl. 1991, 30, 547. (b) Elschen-
broich, Ch.; Bar, F.; Bilger, E.; Mahrwald, D.; Nowotny, M.; Metz, B.
Organometallics 1993, 12, 3373. (c) Nowotny, M.; Elschenbroich, Ch.;
Behrendt, A.; Massa, W.; Wocadlo, S.; Z. Naturforsch. 1993, 48b, 1581.

(18) Sandwich slippage is defined as the distance between ring
centroid and the perpendicular projection of the central metal atom
on the ring plane.

(19) Lappert, M. F.; Pickett, C. J.; Riley, P. J.; Yarrow, P. J. W. J.
Chem. Soc., Dalton Trans. 1981, 805.

(20) Elschenbroich, Ch.; Bilger, E.; Metz, B. Organometallics 1991,
10, 2828.

(21) SHELXS-86: Sheldrick, G. M. Univ. of Géttingen, 1986.

(22) SHELXS-93: Sheldrick, G. M. Univ. of Géttingen, 1993.

(23) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.
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Figure 8. Cyclovoltammetry of complex 7 in DME/n-Buy-
NC10,4 (0.1 M) (—45 °C, at glassy carbon versus SCE, 200
mVs™1): (a) -3 < E < +0.5 V; (b) expanded scale, limited
range —1 < E < 0V, immediately after sample preparation;
(c) ~1 <E <0V, after 6 h at —45 °C. Key: (1) E;, = ~2.73
V;(2)Eip=~1.952V, AE, =92 mV; (3): Eye=~-0.573V,
AE, = 54 mV; (4) Ey» = —0.368 V, AE, = 64 mV.

V%1 of the bis(n%-arene)vanadium unit,2° wave 2 cor-
responds to the couple Zr™V™M in (¢Bu-75-CsHy)o(n'-
CsHs)oZr (12) as proved by an independent measure-
ment, and wave 4 is identical with that of the couple
2020 Since 12 does not feature a redox process at
potentials E > —1.8 V, wave 3 must represent the couple
7+, oxidation occurring at the bis(n°-arene)vanadium
moiety. The observation that this wave eventually
vanishes to be replaced by wave 4 suggests cleavage of
the single atom interannular bridge in 7. Solvolytic
lability of hetera[1l]lmetallocyclophanes has been noted
previously.? In the present case it precludes electro-
chemical generation of the biradical 7-* for EPR study.
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Summary: The reaction of the nido-6-R-5,6,9-CsB;Hg~
anion with BrBHy»SMe;, followed by deprotonation with
Proton Sponge, yields the nido-7-R-7,8,10-C3BgH ;o™
isomer (where R = Bn (1-) and R = Me (27)) of the
tricarbollide anion. Ab initio/IGLO/NMR calculations
and a single-crystal X-ray determination confirm that
the anions adopt open nido-type structures based on an
icosahedron missing one vertex, analogous to that ob-
served for the isoelectronic dicarbollide anions.

We recently reported the first general high-yield
synthetic routes to tricarbaborane clusters, including
nid0-6-CH3-5,6,9-C3B7H10 and arachno-6-R-5,6,7-CgB7H12
(where R = NCCH;, MeC(O)CHy).1:22 Furthermore, we
showed that tricarbaboranyl monoanions, such as nido-
6-CH3-5,6,9-C3B7Hg™, can bind to transition metals in

both 7* and ® fashions, serving as either three- or five- :

electron donors similar to the »3-allyl or #5-cyclopenta-
dienyl ligand, respectively.? These results have prompted
interest in designing new series of tricarbaboranyl
anions with different types of open faces that might
exhibit an even wider variety of metal-ligating proper-
ties.

Because of their close structural relationship to the
dicarbollide anions 7,8-02B9H112_ and 7,9-C2B9H112_, the
11-vertex tricarbollides C3BgH;;~, are of particular
interest as potential metal ligand systems. Stibr and
co-workers have, in fact, just reported the synthesis and
NMR characterization of the 7,8,9-C3sBgH;;~ isomer of
this cage system via the reaction of the nido-5,6-
C3;BsH;i1™ anion with isocyanides or cyanide, followed
by deamination.? In this communication, we report the
first synthesis and structural determination of a second
tricarbollide isomer, nido-7-R-7,8,10-C3BgH;o™.

As shown in eq 1, the nido-7-R-7,8,10-C3BsH;o™ tri-
carbollides (where R = Bn (17) and R = Me (27)) were
produced by a cage expansion route? involving the
reaction of nido-6-R-5,6,9-CsB7Hy~ with BrBHo'SMes,
followed by deprotonation with Proton Sponge.

(1) (a) Kang, S. O.; Furst, G. T.; Sneddon, L. G. Inorg. Chem. 1989,
28, 2339—2347. (b) Su, K,; Barnum, B. A.; Carroll, P. J.; Sneddon, L.
G. J. Am. Chem. Soc. 1992, 114, 2830—2731. (¢) Su, K.; Carrol}, P. J.;
Sneddon, L. G. J. Am. Chem. Soc. 1998, 115, 10004—10017.

(2) (a) Plumb, C. A,; Carroll, P. J.; Sneddon, L. G. Organometallics
1992, 11, 1665~1671. (b) Plumb, C. A ; Carroll, P. J.; Sneddon, L. G.
Organometallics 1992, 11, 1672—1680. (c) Plumb, C. A.; Sneddon, L.
G. Organometallics 1992, 11, 1681—-1685. (d) Weinmann, W.; Wolf,
A.; Pritzkow, H.; Siebert, W.; Barnum, B. A,; Carroll, P. J.; Sneddon,
L. G. Organometallics 1995, 14, 1911-1919. (e) Barnum, B. A,;
Carroll, P. J.; Sneddon, L. G. to be submitted for publication.

(3) Stibr, B.; Holub, J.; Teixidor, F.; Vifias, C. J. Chem. Soc., Chem.
Commun. 1995, 795—796.

(4) Gaines used a similar cage expansion reaction to produce the
7-MeB;1Hi3™ anion from the reaction of CIBHySMe, with MeBoHi™
in the presence of Proton Sponge: Gaines, D. F.; Bridges, A. N;
Hayashi, R. K. Inorg. Chem. 1994, 33, 1243—1244.
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1, MeSBH ,Br, -TMABt

2. Proton Sponge

Tricarbollide Anion
nido-7-R-7,8,10-C3BgH o PSH*

1"R=Bn
2°R =Me

In a typical reaction, equivalent amounts (3.50 mmol)
of BrBHy»SMe; and [nido-6-Bn-5,6,9-C3B;Hg]"TMA™
were reacted overnight in a stirred CHCl. solution in
the presence of Proton Sponge (PS, =1,8-(MesN)2C1oHg;
3.50 mmol). The solvent was then vacuum-evaporated
and the residue recrystallized from a methylene chloride/
diethyl ether/heptane solvent system to give 0.86 g (1.95
mmol) of PSH*[nido-7-Bn-7,8,10-C3BgH;,]~ (PSH*17)?
as a yellow solid in a 56% unoptimized yield. A similar
reaction with [nido-6-Me-5,6,9-CsB-Hg]l"Na™* gave PSH*-
[nido-7-Me-7,8,10-C3BgH;0]~ (PSH*27)8 in 61% yield.

The X-ray-determined structure of 1~ (carried out on
a PPN*1~CH2Cl; crystal) is shown in the ORTEP view
in Figure 1.7 In agreement with the cluster’s 26-
skeletal-electron count, the anion adopts an open nido-
type cage structure based on an icosahedron missing
one vertex, analogous to that observed for the dicarbol-
lide anions. The five-membered open face contains all
three carbon atoms, but in contrast to Stibrs 7,8,9-
C3BsH;:~ isomer, which contains three adjacent car-
bons, only two of the carbons are adjacent. Unfortu-

(5) Anal. Caled for PSH*[7-Bn-7,8,10-C3BgH 9]~ (17): C, 61.47; H,
7.84; N, 5.73. Found: C, 62.48; H, 7.72; N, 6.45.

(6) Anal. Calcd for PSH*[7-Me-7,8,10-C3BgH 0]~ (27): C, 59.57; H,
8.89; N, 7.72. Found: C, 57.60; H, 8.56; N, 7.91.

(7) PPN and CH;Cl; were omitted from the figure for clarity. Single
crystals of PPN*1--CH,Cl; were grown at room temperature in a glass
tube under slow evaporation of solvents by No. X-ray intensity data
were collected at —40 °C on an MSC/RAXIS area detector employing
graphite-monochromated Mo Ko radiation (1 = 0.7107 A). The
intensity data were corrected for Lorentz and polarization effects, but
not for absorption. Structural data: space group C2/c (No. 15), a =
36.3774(8) A, b = 11.2090(4) A, ¢ = 26.5148(9) A, 8 = 126.729(2)°, V =
8665.2(5) A%, Z = 8, and deaicg = 1.30 g/cm3. The structure was solved
by direct methods (SIR92). Refinement was by full-matrix least-
squares techniques based on F to minimize the quantity Yw(|F,| —
|[Fe)* with w = 1/0%F). Non-hydrogen atoms were refined anisotro-
pically; hydrogen atoms were included as constant contributions to the
structure factors and were not refined. Due to problems with the
refinement of the disordered solvent molecule, the structure could only
be refined to R; = 0.095 and R, = 0.097.

© 1995 American Chemical Society
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Figure 1. ORTEP drawing of the nido-7-Bn-7,8,10-
C3BgHjp~ (1) tricarbollide anion.

nately, all crystals of 1~ were found to contain a
disordered methylene chloride solvent molecule that
prevented refinement to a low R factor; therefore, while
the gross cage geometry is clearly crystallographically
established, it was necessary to carry out an ab initio/
IGLO/NMR study to obtain conclusive structural con-
firmation and reliable values for the bond distances and
angles.

Ab initio/IGLO/NMR calculations®? carried out on 2~
confirm both the gross cage geometry and the 7,8,10-
carbon arrangement shown in Figure 1 with excellent
agreement between the observed and calculated !B
NMR chemical shifts: assignment (6(obsd); 6(calcd)) B3
(—11.6; —12.7), B11 (-17.2; —17.3), B6 (—18.5; —18.1),
B9 (—19.0; —18.9), B5,2 (—21.5 (overlapping); —19.9 and
—24.7), B4 (—25.4; —27.6), B1 (—48.0; ~50.2). The ab
initio calculated intracage distances and angles for 2~
fall in the normal ranges expected for carborane anions
with the carbon—carbon (C7-C8, 1.551 A) and boron—
carbon (C8—B9, 1.601 A; C10-B9, 1.626 A; C10-B11,
1.627 A; B11-C7, 1.604 A) distances on the open face
being similar to those crystallographically determined
in the 7,8-C2BgH15~ and 7-MeC(0)-7,8-C2BgH;;~ struc-
tures.!©1% The open face is slightly puckered, with the
boron atoms (B9, B11) lying ~0.12—0.14 A above the
plane defined by the three carbon atoms (C7, C8, C10).
The ab initio calculations also show that the nido-7-Me-
7,8,10-C3BsH;o~ tricarbollide anion is 21.7 kcal/mol
lower in energy than the adjacent-carbon nido-7-Me-
7,8,9-C3BgH1o~ isomer. This leads to the prediction that
the 7,8,9-C3BgHi;~ anion isolated by Stibr® should
readily isomerize to the 7,8,10-C3BsH;; ™ isomer.

(8) The procedures used for the ab initio/IGLO/NMR calculations
are described in: Keller, W.; Barnum, B. A.; Bausch, J. W.; Sneddon,
L. G. Inorg. Chem. 1993, 32, 5058—5066 and references therein.

(9) The ab initio geometries were optimized up to the HF/6-31G*
level of theory and the NMR chemical shifts using the IGLO program
employed the DZ basis set contracted as follows: B and C 7s3p
{4111,21}; H 3s {21}.

(10) Buchanan, J.; Hamilton, E. J. M.; Reed, D.; Welch, A. J. J.
Chem. Soc., Dalton Trans. 1990, 677-—680.
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The 2D 11B—-11B NMR COSY experiments carried out
on 1~ and 2~ are also in complete agreement with the
structure and assignments determined by the ab initio/
IGLO/NMR and crystallographic studies.!’12 The 'H
NMR spectra show, in addition to the peaks from the
PSH* cation and benzyl (1) and methyl (27) groups,
two C—H resonances in each spectrum (0.65 and 1.25
ppm, 17; 0.61 and 1.18 ppm, 27), attributed to the
hydrogens bound to the cage carbons. In the 13C NMR
spectra the two hydrogen-substituted cage carbons
appear as broad peaks at 27.65 and 33.36 ppm for 1~
and at 27.66 and 35.80 ppm for 2.

Previous studies of the tricarbaboranyl complexes?
have demonstrated that because of the strong electron-
withdrawing properties of the tricarbaboranyl cages
relative to cyclopentadienyl ligands, their metal com-
plexes have properties, such as enhanced oxidative and
thermal stabilities, that complement their organome-
tallic counterparts. Unlike the nido-6-CHz3-5,6,9-C3B-Hg~
anion, which has a puckered six-membered open face,
the new 11-vertex tricarbollides have open pentagonal
faces with dimensions similar to those for the cyclopen-
tadienyl ligand. The efficient synthetic routes now
available to both the 7,8,9- and 7,8,10-tricarbollides
make these anions readily available for the construction
of new series of metallocene-like complexes. Studies of
the coordination properties of these new cage systems
are ongoing.
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(11) Spectroscopic data for PSH*{nido-7-Bn-7,8,10-C3BgH;o]- (PSH™1~)
are as follows. !'B NMR (160.5 MHz, CDyCly): 6 in ppm (mult, assgnt,
Jeuin Hz) —11.8 (d, B3, 159), —17.7 (d, B11,6, 144), —18.7 (d, B9, 139),
—20.9 (d, B5, 152), —21.9 (d, B2, 152), ~25.0 (d, B4, 150), —48.1 (d,
B1, 139). 2D ''B-1'B NMR established the following connectivities:
B1-B2, -B3, —B4, —B5, —B6; B2—B3, —B6; B3—-B4; B4—B5, —B9;
B5-B9. The expected connectivities for the following peaks were
obscured by overlapping signals: B2—B11; B5—-B6; B6—B11. 'H NMR
(500.1 MHz, CD,Cly): 6 in ppm (mult, assgnt, Juy in Hz); 8.04~7.02
(m, 13H, Bn, PS), 3.17 (s, 12H, CHj3, PS), 2.79, 2.90 (d, CH,, 15), 1.25
(s, CH), 0.65 (s, CH). 3C NMR (125.7 MHz, CDyCly): 6 in ppm (assgnt)
144.78 (s, C, PS), 144.21 (s, CH, Bn), 136.20 (s, C, PS), 130.41 (s, CH,
PS), 129.60 (s, CH, Bn), 128.31 (s, CH, Bn), 127.84 (s, CH, PS), 125.76
(s, CH, Bn), 121.86 (s, CH, PS), 119.24 (s, C, PS), 47.26 (s, CH3, PS),
44.60 (CH, Bn), 33.36 (CH), 27.65 (CH).

(12) Spectroscopic data for PSHT[nido-7-Me-7,8,10-C3BgH;0)~
(PSH*2") are as follows. 1B NMR (160.5 MHz, CDyCly): ¢ in ppm
(mult, assgnt, Jpy in Hz) —11.6 (d, B3, 158), —17.2 (d, B11, 132), —18.5
(d, B6, 138), —19.0 (d, B9, 132), —21.5 (d, B5,2, 140), —25.4 (d, B4,
144), —48.0 (d, B1, 144). 2D 'B~!11B NMR established the following
connectivities: B1—-B3, —B4, —B5, —B6; B2—B3, —B6; B3—-B4,; B4~—-
B9. The expected connectivities for the following peaks were obscured
by overlapping signals: B1—B2; B2—-B11; B4—B5; B5~-B6, —B9; B6—
B1l. 'H NMR (200.1 MHz, CDyCly): & in ppm (mult, assgnt) 8.06—
7.56 (m, 6H, PS), 3.25 (s, 12H, CH;, PS), 1.36 (s, CH3), 1.18 (s, CH),
0.61 (s, CH). 13C NMR (125.7 MHz, CD;Clp): ¢ in ppm (mult, assgnt)
144.08 (s, C, PS), 135.96 (s, C, PS), 130.13 (s, CH, PS), 127.59 (s, CH,
PS), 121.69 (s, CH, PS), 119.05 (s, C, PS), 47.08 (s, CHgs, PS), 35.80 (s,
CH), 27.66 (s, CH), 24.10 (s, CHjy).
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The metalation of a 2-vinylphosphirane P—W(CO); complex (1) at C3 leads to the
corresponding 1-phosphapentadienide complex; this has been reacted with IMe and CpFe-
(CO).lI to give the corresponding derivatives at phosphorus. The structures of the iron
derivatives show that the PC=CC=C chain has E stereochemistry at the central C=C double

bond.

A fascinating parallel exists between cyclopentadi-
enyl and phosphacyclopentadienyl (phospholyl) chem-
istry. Among the most noteworthy analogies are facile
[1,5)-sigmatropic shifts around each ring! and a sub-
stantial series of isostructural #° complexes involving
the two ring systems.? Recently, the chemistry of the
open pentadienyl system has been developed and
similar features have been found. In particular, an
extensive series of n°-pentadienyl complexes has been
prepared.® As a logical extension of these earlier
studies, we thought that an investigation of the proper-
ties of the 1-phosphapentadienyl system would be highly
desirable. We describe hereafter an new and versa-
tile approach to this system and a preliminary study
of its properties. While we were already working on
this project, Bleeke et al.* reported the parent (E)-1-
phosphapentadienyl anion and one of its iridium com-
plexes.

Our starting point was the easily accessible 2-vi-
nylphosphirane system. The corresponding P—~W(CO)s
complexes are obtained via the [1 + 2] cheletropic
cycloaddition of terminal phosphinidene complexes
[RP—W(CO);] with conjugated dienes.’~7 The complex-
ing group confers a satisfactory stability, although these
compounds rearrange at about 100 °C to the corre-
sponding five-membered rings. In previous work, we
observed that the highly basic and bulky lithium diiso-
propylamide (LDA) is able to selectively abstract one of
the CH; ring protons of (1,2-diphenylphosphirane)-
pentacarbonyltungsten to give the corresponding open

® Abstract published in Advance ACS Abstracts, August 15, 1995,

(1) For example, the [1,5]-sigmatropic shifts of hydrogen around the
phospholyl ring have been studied from both experimental and
theoretical standpoints; see: Charrier, C.; Bonnard, H.; de Lauzon,
G.; Mathey, F. J. Am. Chem. Soc. 1988, 105, 6871. Bachrach, S. M. J.
Org. Chem. 1993, 58, 5414.

(2) For a recent review on #n8-phospholyl complexes, see: Mathey,
F. Coord. Chem. Rev. 1994, 137, 1.

(3) Ernst, R. D. Chem. Rev. 1988, 88, 1255.

(4) (a) Bleeke, J. R.; Rohde, A. M.; Robinson, K. D. Organometallics
1994, 13, 401. (b) Bleeke, J. R.; Rohde, A. M.; Robinson, K. D.
Organometallics 1995, 14, 1674.

(5) Marinetti, A.; Mathey, F. Organometallics 1984, 3, 456.

(6) Lammertsma, K.; Hung, J.-T.; Chand, P.; Gray, G. M. J. Org.
Chem. 1992, 57, 6557.

(7) Hung, J.-T.; Lammertsma, K. J. Org. Chem. 1993, 58, 1800.
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lithium vinylphosphide.? Steric congestion plays a
crucial role in that case, since less bulky amides attack
the phosphirane at phosphorus. Our idea was to
transpose this kind of chemistry onto 2-vinylphos-
phirane complexes. In line with expectation, the reac-
tion of LDA with the representative 2-vinylphosphirane
complex 15 (as a mixture of its two isomers) gives the
corresponding lithium 1-phosphapentadienide complex
2 (eq 1).

Me
'P NLi, THF (‘f

PR~ 1\W(C0)5 -78° C 30 min. W(CO)s
Me
©
[ (OC)sW. p/\A ] @ IMe (oc)5w;p/ﬁ/&
Cl 1
B Ph'Me  Me
3 (66%)

The formation of 2 can be monitored by 3P NMR
spectroscopy: 6(31P)2) —87.8 (room temperature). The
reaction of 2 with methyl iodide gives a single isomer
of the P-methylated product 3, but it proved impos-
sible to assign a precise stereochemistry to the central
C=C double bond from its NMR data. Thus, we also
allowed 2 to react with (cyclopentadienyl)dicarbonyliron
iodide. The reaction yields a mixture of two products
(eq 2).

Me Me

2 CpFe(CO)gl (OC)SW;P/\A (OC)SW:P/\/K
0 PR + PR @)
THF, 25°C Fe s

v Y
" L O 4 (20%) C/\/ 5 (29%)

/
OC’F\e:Fe\— cO
C

14
o}

The attack of the very bulky nucleophile 2 at iron is
partially blocked, and an exo attack at the cyclopenta-

(8) Marinetti, A.; Mathey, F. Tetrahedron 1989, 45, 3061.
(9) Spek, A. L. University of Utrecht, Bijvoet Center for Biomolecular
Research, The Netherlands.

© 1995 American Chemical Society



1-Phosphapentadienyl chemistry

Figure 1. PLATON® drawing of complex 4. Ellipsoids are
scaled to enclose 50% of the electronic density. Hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): P—W, 2.586(2); P—Fe, 2.319(2); P—-C,, 1.829-
(6); P—Cs, 1.841(6); C,—Co, 1.341(8); Cy—Cs, 1.496(8); Co—
Cs, 1.497(9); C3—C,4, 1.33(1); C3—Cs, 1.51(1); W—P—Fe,
118.95(7); W—P—Cj, 108.5(2); W—P~-C5, 115.6(2); Fe—P—
Ci, 103.8(2); Fe—P—C-, 104.1(2); C,~P-C7, 104.5(3); P-C;—
Cz, 130.9(5); C1—Cz—Cg, 119.6(6); Cl_CZ_CG, 124.0(6); Cz—
03—04, 1219(7), Cz"Ca—Cs, 1178(6), C1—Cz—Cg—C4, torsion
angle, 176.98(0.68).

dienyl ring is also observed. The structures of both 4
and 5 were established by X-ray analysis (Figures 1 and
2). The central C;=C; bond displays E stereochemistry
in both cases. The phosphapentadiene unit is quasi-
planar and shows a transoid conformation. The C=C
double bonds are well localized.

One question arises immediately. If, as in the cyclo-
propane case, the opening of the intermediate phos-
phirane anion is a concerted 4sz-conrotatory process,
then the two isomers of 1 must yield the two possible
isomeric 1-phosphapentadienides 2, having either E or
Z stereochemistry at the central (PYC=C(Me) double
bond (eq 3).

Me
Ph (‘\( (\(
V‘ conrotatorz

1 (00)5w \ (00)5w Son M
©OCIW 4
6a,b (3)
Me Me Me
Ph ™
~
evl conrotatory Z Me HO IMe e
P OLN I /T\ (E)
OC) W Ph OC)W Ph
(OC)W Me (0C)s (OC)s H

If we observe only the more stable E stereochemistry
in the final products 8—5, then it means that the Z —
E transformation readily occurs in the pentadienide be-
low room temperature. In order to check this hypoth-
esis, we performed the protonation of 2 at low temper-
ature. The two P—H products 6a,b were obtained (eq
3), but we were unable to obtain them in the pure state.
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Figure 2. PLATON drawing of complex 5. Ellipsoids are
scaled to enclose 50% of the electronic density. Hydrogen
atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg): P—W, 2.5343(9); Fe,;—Fey, 2.5312(7); P-C;,
1.811(4); P—Cy, 1.833(3); P—Ci3, 1.817(3); C1—Cs, 1.345-
(5), CQ_C3, 1477(5), Cz“Ce, 1.508(5); 03—04, 1.350(6); Cg—
Cs, 1.495(6); W—P—C,, 115.9(1); W—P—-C4, 120.2(1); W—-P—
Ci3, 108.3(1); C;—P—C+, 104.9(2); C;—P~Cy3, 103.0(2); C;—
P—Cl3, 1024(2), P—Cl—CZ, 125.2(3); C1"'Cz_C3, 120.3(4);
Cl—Cg—CG, 1230(3), 02—03—04, 121.3(4); CQ"Cg—C5, 118.4-
(4); C4—C3—C5, 1203(4)

That both contain the l-phosphapentadiene unit is
nevertheless quite clear from a study of the mixture by
1H, 13C, and 3P NMR spectroscopy. These data are very
similar to those recorded for 3 and establish the pres-
ence of the phosphapentadiene unit in both products.
Apparently then, each isomer of 1 produces a different
anion (E)-2 or (Z)-2. We are presently studying this
reaction in more depth in order to prepare the more
interesting (Z)-1-phosphapentadienides in the pure state
at low temperature.

Experimental Section

All reactions were carried out under argon, with silica gel
(70—230 mesh) being used for chromatographic separations.
For the preparation of 1, see ref 5. The straightforward
transformation of 1 into the isomeric five-membered phos-
pholene must be noted. This phospholene complex appears
as an impurity during the various reactions of 1. It displays
the following NMR characteristics: 2'P NMR (CDCl;) 6 —3.0;
'H NMR (CDCl3) 6 1.63 (s, Me), 3.01 (pseudo s, CHy); 1*C NMR
(CDCly) 6 16.33 (d, 3J(C—P) = 7.5 Hz, Me), 44.57 (d, !J(C-P)
= 27.5 Hz, CH,—P).

[Phenylmethyl(2,3-dimethylbutadienyl)phosphine]-
pentacarbonyltungsten (3). Phosphirane complex 1 (0.51
g, 1 x 1073 mol) was added to a solution of LDA (1.2 x 1073
mol) in THF (10 mL) at —78 °C with stirring. After 30 min,
the solution was warmed to room temperature and methyl
iodide (1.2 x 1072 mol) was added. The crude product was
purified by chromatography with hexane/CH;Cl; (20:1) as the
eluent. Yield of 8: 0.35 g (66%). 'P NMR (CDCly): 6 —17.7,
1J(31P-183W) = 232.3 Hz. 'H NMR (CDCls): 6 1.67 (s, Me),
1.86 (d, 2J(H-P) = 6.8 Hz, Me—P), 1.91 (s, Me), 5.00 (s, 1H,
=CHy), 5.12 (s, 1H, =CHy), 5.95 (d, %J(H-P) = 17.4 Hz,
=CH—P). 3C NMR (CDCly): 6 18.84 (d, ®J(C—P) = 10.6 Hz,
Me), 20.98 (s, Me), 23.24 (d, 'J(C—P) = 32.2 Hz, Me—P), 115.83
(s, =CHy), 122.88 (d, 1J(C—P) = 44.2 Hz, =CH—P), 143.57 (d,
2J(C—P) = 12.1 Hz, Me—C=), 151.06 (d, 3%J(C-P) = 3 Hz,
Me—C=), 197.27 (d, 2J(C—P) = 6.2 Hz, cis-CO), 199.77 (d,
2J(C-P) = 19.9 Hz, trans-CO). Mass spectrum (70 eV, ¥4W):
m/z 528 (M*, 27%), 388 (M* —~ 5CO, 100%).

Synthesis of the Butadienylphosphide and -Phos-
phine Complexes 4 and 5. The same procedure as for the
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synthesis of 8 was used, with CpFe(CO).I (0.36 g, 1.2 x 1073
mol) replacing methyl iodide. The final products 4 and § were
separated by chromatography with hexane/CH.Cl; as the
eluent. Complex 4 was first isolated (4:1) as orange crystals
(0.2 g, 29%). 3'P NMR (CDCl;): 6 ~23.9, J(*'P—~18W) = 212.3
Hz. 'H NMR (CDCl;): 6 1.61 (s, Me), 2.01 (s, Me), 4.68 (d,
%J(H-P) = 1.2 Hz, Cp), 5.00 (s, 1H, =CHy), 5.13 (s, 1H, ==CHy),
6.37 (d, 2J(H-P) = 24.9 Hz, =CH—P). 3C NMR (CDCly): ¢
18.62 (d, °J(C—P) = 6.0 Hz, Me), 21.01 (s, Me), 87.79 (s, Cp),
114.25 (s, =CHgy). Anal. Calcd for Co4H19FeO:PW: C, 41.75;
H, 2.75. Found: C, 41.53; H, 2.88.

Then, complex 5 was recovered with hexane/CH,Cl; 1:1 as
the eluent (brown crystals, 0.25 g, 29%). 3'P NMR (CDCl;): ¢
—7.54, WJ(31P-18W) = 237.7 Hz. 'H NMR (CDCls): 6 1.84 (s,
Me), 2.21 (s, Me), 4.19, 4.73, 5.02 (Cp), 5.17 (s, 1H, =CHy),
5.31 (s, 1H, =CHo), 6.74 (d, 2J(H-P) = 14.7 Hz, =CH—P). 1°C
NMR (CDCly): 6 20.17 (d, %J(C—P) = 11.6 Hz, Me), 21.17 (s,
Me), 89.05 (s, C5Hs), 101.16 (d, J(C—P) = 38.8 Hz, P—C(Cp)),
116.24 (s, =CHjy), 119.82 (d, J(C-P) = 47.6 Hz, =CH—P),
143.98 (d, 2J(C~P) = 13.4 Hz, Me—C=), 151.40 (d, 3J(C-P) =
6.2 Hz, Me—C=), 197.38 (d, 2J(C—P) = 7.0 Hz, cis-WCO),
199.57 (d, 2J(C—P) = 21 Hz, trans-WCO).

Tran Huy et al.

Protonation of the 1-Phosphapentadienide Anion.
The same procedure as for the synthesis of 8 was used. The
crude anion was protonated at —78 °C with 0.1 N HCl. The
resulting products were purified by chromatography with
hexane/CH,Cl; (7:3) as the eluent. A mixture of 6a,b and an
unknown product (6(3'P) —1.7, no J(P—H) coupling) was
obtained (0.3 g). 6a,b: 3P NMR (CDCl;) 6 —22.9 and ~26.2,
1J(P—H) = 340 Hz; *H NMR (CDCl3) 6 1.65 and 1.67 (2s, Me),
1.93 (s, Me), 5.52 (2dq, H—P), 5.04 (s, 1H, =CH,), 5.15 (4, 1H,
=CHy), 6.02 (dd, 3J(H-H) = 11.1 Hz, 2J(H-P) = 159 Hz,
=CH—P); 13C NMR (CDCl;) 6 115.88 (s, =CHy), 120.78 (d,
LJ(C~P) = 47.6 Hz, =CH—P), 120.83 (d, J(C—P) = 42.6 Hg,
=CH—P), 143.36 (d, %J(C—P) = 12.2 Hz, Me—C=), 150.85 (s,
Me—-C=).

Supporting Information Available: Tables of experi-
mental details of the X-ray study, positional and thermal
parameters, and bond distances and angles for 4 and 5 (16
pages). Ordering information is given on any current mast-
head page.
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The iron—manganese ethoxycarbyne Cp(CO)Fe(u-COCH:CH3)}u-CO)Mn(CO)MeCp (2a)
undergoes thermal decomposition at 65 °C to give MeCpMn(CO); and, in the presence of
PPhsMe, CpFe(CO)PPhoMe)CH-CH; (4a). The reaction is first order in carbyne and zero
order in phosphine and exhibits a kinetic deuterium isotope effect kw/kp = 2.0 + 0.1.
Crossover experiments between 2a and its bis MeCp, CD2CDj3 analog (2b-ds) or between
2a-d; and 2b result in scrambling of the alkyl label between products 4a and 4a-d; and
their MeCp analogs 4b and 4b-d;. A crossover experiment between 2a and 2b-13C labeled
specifically at the ethoxy methylene carbon gave complete 3C exchange in the methylene
carbons of 4a,b but no 13C exchange in the starting materials after 50% conversion and no
13C scrambling into the methyl position of 4a,b. Ethylene does not affect the rate of
decomposition of 2b or 2b-ds, does not affect ethyl scrambling, and is not incorporated into
4b during the decomposition of 2b-d;, ruling out ethylene rather than ethyl exchange. The
course of the reaction between 2a and 2b-d; is not altered by the additives 2,6-di-tert-butyl-
4-methoxyphenol, galvinoxyl, or thiophenol, ruling out involvement of radicals. “Control
crossover” experiments between 2a-ds and 4b and between 2b-d; and 4a give no exchange.
However, the iron hydride RC;H Fe(CO)YPPh;Me)H (R = H, 5a; R = Me, 5b) forms by
B-elimination from RCpFe(CO)CH:CH; followed by PPhyMe displacement of ethylene, and
alkyl exchange occurs when 2b and 5a are combined under the reaction conditions but not
when 4b and 5a are combined. A mechanism for ethyl exchange is described in which
catalytic amounts of 5a, 5b, and deuterated analogs 5a-d; and 5b-d; intercept the 16-electron
carbyne decomposition intermediates CpFe(CO)CHyCH;, MeCpFe(CO)CH2oCHs, and their
C2D;s analogs to give hydride-bridged species. Concomitant migration of the ethyl group
and the PPhyMe ligand between the two iron atoms in these bridged species followed by
cleavage to regenerate the hydride and 16-electron intermediate completes the exchange
event. Slower trapping of the 16-electron intermediates by PPhoMe irreversibly removes
them from the catalytic cycle, giving products 4a,b, 4a-ds, and 4b-ds.

4051

Introduction

We have previously reported the syntheses of the first
neutral heterodinuclear us-alkoxycarbyne complexes Cp-
(CO)Fe(u-COR)(u-CO)Mn(CO)MeCp (1, R = CHs; 2, R
= CH;CH3) and described the unprecedented oxygen-
to-iron migration reaction of the carbyne alkyl group.?3
As shown in Scheme 1, the overall transformation
involves not only alkyl migration but also metal—metal
bond cleavage to give MeCpMn(CO)3 and what could be
the 16-electron fragment CpFe(CO)R (R = CHj, CH»-
CHs3) which is then trapped by phosphine to give CpFe-
(COYL)R (L = PPh;, R = CH3; L = PPhoMe, R =
CH3;CHj). Determination of whether migration reac-
tions are intramolecular or intermolecular is a necessary
step in any mechanistic study and is particularly urgent
here due to the fact that cluster cleavage occurs.
Preliminary work reported for the methoxycarbyne case

® Abstract published in Advance ACS Abstracts, August 1, 1995.

(1) (a) Queens College. (b) University of California.

(2) Fong, R. H.; Hersh, W. H. Organometallics 1985, 4, 1468—1470.

(3) Fong, R. H.; Lin, C. H.; Idmoumaz, H.; Hersh, W. H. Organo-
metallics 1993, 12, 503—5186.

0276-7333/95/2314-4051$09.00/0

revealed the presence of intermolecular methyl ex-
change reactions,? and the 16-electron CpFe(CO)CHj3
fragment? seemed to be a reasonable candidate for
mediation of the observed methyl scrambling. In order
to test this hypothesis we sought to remove the CpFe-
(CO)CH3 by trapping at a faster rate with increased
amounts of PPhs, but such efforts fail because 1 ad-
ditionally undergoes Snx2 dealkylation by PPh; to give
the MePPh;™ salt 3,2 a reaction that also occurs readily
with a related iron—chromium methoxycarbyne.® Clearly
the dealkylation reaction needed to be slowed down in
order to implement faster trapping by using higher
phosphine concentrations or even more nucleophilic
phosphines. Since Sx2 reactions of ethyl electrophiles
are known to be much slower than those of methyl
electrophiles,® we chose to examine the ethoxycarbyne
2. While the Sn2 reaction was in fact eliminated even

(4) Hersh, W. H.; Hunte, F.; Siegel, S. Inorg. Chem. 1993, 32, 2968~
29?;). Wang, B.; Hersh, W. H.; Rheingold, A. L. Organometallics 1993,
12, 1319-1330.

(6) March, J. Advanced Organic Chemistry, 4th ed.; Wiley-Inter-
science: New York, 1992; pp 228, 339.

© 1995 American Chemical Society
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Scheme 1. Thermal Decomposition of

Alkoxycarbynes
PPhg -----= R
(lormgtion \O
of 3)
A=CHg (1)
75 °C, PPh
(n*-R'CH,)(COIFet AMn(CO)MeCp ——CSEG—L
1 AaCHg R'= co
28 R = CH3CHj, o)
R =H MeCpMn(CO); + CpFes——PPh,
2b A= CHsCHp, AN
R = Me CH,
0 ©)
+ Cp(cowe<>Mn(coweCp [CHsPPhal*
3 0
R = CHzCH3 (2)
65 °C, PPh,Me co
CeDg
MeCPMN(CO) +  (15-R'CsH,)Fe=——PPh,Me
4 R'=H “CH,CH,
4 R =Me

in the presence of the more nucleophilic PPhoMe ligand,
products form which are still due to intermolecular
migration despite the presumed faster trapping of
putative CpFe(CO)CH:CHj;. In this paper we report
details of these new crossover studies and show that
scrambling of the ethyl label can occur after the initial
migration from oxygen to metal via metal hydrides
formed by $-hydride elimination from intermediate iron
ethyl species.

Results

Kinetics of Thermal Decomposition. The major
products of thermal decomposition of ethoxycarbynes
2a,b are shown in Scheme 1. Characterizations of
starting materials and products have been described
previously® and so are only summarized here. In the
absence of phosphines decomposition of 2a or 2b gives
MeCpMn(CO); in high yield but CpFe(CQ).CH2CHj or
MeCpFe(CO);CH>CH3, respectively, in low yields. Alkyl
cleavage also evidently occurs, with formation of ethane,
ethylene, and [CpFe(CO)zlp; since CO is the limiting
reagent, [CpFe(CO))4 forms” as the major iron-contain-
ing product, along with an uncharacterized precipitate.
In the presence of PPhoMe the stoichiometrically formed
products are MeCpMn(CO); and CpFe(CO)(PPhoMe)-
CH.CH; (4a) or MeCpFe(CO)PPhy;Me)CH:CH; (4b)
from 2a or 2b, respectively. First-order decomposition
of 2a (Figure 1) was observed at 65 °C in CgDg with
virtually identical rate constants both in the absence
and presence of PPhoMe (Table 1, runs 1 and 2). Since
the rate is completely independent of phosphine con-
centration, large excesses of PPhoMe were not neces-
sarily used in subsequent mechanistic runs. The bis
MeCp analog 2b decomposes at a slightly faster rate
(run 6), while the CD2CD; analogs 2a-ds and 2b-d; each
decompose more slowly. Kinetic deuterium isotope
effects were calculated by computing the weighted
averages® of the rate constants for decomposition of each

(7) Landon, S. J.; Rheingold, A. L. Inorg. Chim. Acta 1981, 47, 187—
89

(é) Hamilton, W. C. Statistics in Physical Science; The Ronald Press
Co.: New York, 1964; pp 43, 78.
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Figure 1. First-order plots of decomposition of ethoxy-
carbynes 2a (Table 1, run 1), 2a-ds (run 5), 2b (run 6), and
2b-d; (run 3). For readability the plots have been adjusted
to give zero intercepts, rather than using the value of the
first point by plotting In([carbyne]/[carbynel,=¢) as usual,
since the first points did not all fall on the least-squares
fit lines.

Scheme 2. Ethyl Crossover Experiments

CHsOHa €00,

CP(CO)FG"‘AMn(CO)MeCp + MOCP(CO)FG—AMn(CO)MeCp

Y e

o o]
L
(L = PPhyMe) 85 °C, CgDg
CcO /CO
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2a.0s + 2b 4a + 4b + da-ck + 4b-os

65 °C, CgDg

(L=PPh;Me) 4a:4b=1:1by 'H NMR

RESULT: Crossover

of the ethoxycarbyne analogs 2a, 2a-ds, 2b, and 2b-ds
using all of the data in Table 1; results are collected in
Table 2.

Carbyne Crossover Experiments. Two crossover
experiments were carried out for the ethoxycarbynes as
shown in Scheme 2, one between 2a and 2b-d5 and one
between 2a-ds and 2b (runs 3 and 4). Both gave
essentially complete scrambling of the ethyl label.
Analysis of these reactions was complicated by the fact
that the ethyl CHj signals of the products 4a,b overlap
with each other and with the phosphine methyl, as does
the downfield member of the two diastereotopic CHy
hydrogens in 4a. However, the separation of the upfield
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Table 1. Summary of Experimental Data: Rate Constants for Carbyne Decomposition and Carbyne and
Product Crossover Results?

run  [carbyne] (M) (L] (M) [additive] (M) 10% (s~ crossover?
1 [2a]=0.042 [PPhyMe] = 0 1.06 £ 0.04
2 [2a]=0.065 [PPhyMe] = 0.675 0.986 + 0.027
3 [2a] =0.048 [PPhoMel = 0.123 [2b-ds] = 0.048 1.10 £ 0.028 yes
4 [2a-d;] = 0.027 [PPhoMe]l = 0.081 [2b] = 0.023 0.568 £ 0.040 yes
5 [2a-ds5] = 0.027 [PPhsMe] = 0.083 [4b] = 0.026 0.517 £ 0.017 no (4a-hs not detected after 9.4 h)
6 [2b]=0.047 [PPhoMe] = 0.093 1.38 + 0.03
4 [2b]=0.023 [PPhoMe] = 0.081 [2a-ds] = 0.027 1.27 £ 0.05 yes (see run 4 above)
7 [2b]=0.046 [PPhyMe]l = 0.100 [CoH4] =0.16 1.12 + 0.10 5% yield 5b, 5% CoHg, 50% 4b,
76% MeCpMn(CO)s3
8 [2b]=0.016 [PPhoMe] = 0.034 [CyH4] = 0.03 1.39 4+ 0.06 10% yield 5b, 5% CyHs, 53% 4b,
94% MeCpMn(CO)3
9 [2b] = 0.019 [PPh:Me] = 0.063 [5a] = 0.020 1.23 +0.11 yes; 8a:5b ~ 2:1 (65% exchange)
after 23% conversion of 2b and
1:1 (100% exchange) after 38%
conversion of 2b; 36% yield 5a + 5b,
41% 4a + 4b, 30% C.Hg, 4% CoH,
10 [2b-13C1=0.030 [PPhyMe] = 0.056 1.67 +£0.21 no exchange of 13C from CHj to
CHj of ethyl group in 4b-13C;
5b detected
11  [2b-13C]=0.022 [PPh;Mel=0.070 [2a]= 0.024 no exchange of 13C from CH; of
2b-13C to CH; of 2a after ~50%
conversion (95 min); complete
exchange of 13C in CHj of 4a-13C
and 4b-13C
3 [2b-d5] =0.048 [PPhoMel=0.123 [2a] = 0.048 0.882 £ 0.019 yes (see run 3 above)
12 [2b-d5]1=0.034 [PPhyMe] =0.095 [4a]=0.034 0.96 + 0.04 no (4b-hs not detected after 6.2 h)
13 [2b-d5] =0.026 [PPheMe]=0.134 ([CoH4]=1.17 0.86 £+ 0.02 no (4b-45 not detected after 9.4 h)
14 [2b-d;] =0.028 [PPhoMe] = 0.079 ([CoH4]=0.19,[2a] = 0.027 0.72 £ 0.06 yes (same as without CoHy)
15 [2b-ds] =0.024 [PPhyMe] =0.076 [phenoll = 0.030, [2a] = 0.025 0.73 + 0.09 yes (same as without phenol)
16  [2b-d;] = 0.022 [PPhoMe] = 0.067 [galv]e = 0.011, [2a] = 0.022 0.97 £ 0.07 yes (same as without galvinoxyl)
17 {2b-ds] =0.022 [PPhsMe] = 0.064 [PhSH]=0.008, [2a] = 0.022 0.83 £ 0.04 yes (same as without PhSH;
1:1 5a:5b detected)
18 {2b-ds] = 0.028 [PPhsMe] = 0.087 [CCl4] = 0.06, [2a] = 0.028 0.69 + 0.08 yes (crossover of 4a and 4b same

19 [PPhyMe] = 0.014

{4b] = 0.031, [5a] = 0.024

as without CCly; no 5a or 5b
detected; yields are low)

no (4a not detected after 22.5 h;
5a:5b ~ 92.8)

@ All data collected in C¢Dg solvent at 65 °C.  Crossover of alkyl label between 2a and 2b, except as noted. Ethyl exchange could not
be quantified but by inspection was judged to be complete in all cases. ¢ See Experimental Section for further details of this run. ¢ Phenol

= 2,6-di-tert-butyl-4-methoxyphenol. ¢ galv = galvinoxyl.

Table 2. Weighted Average Rate Constants for
Ethoxycarbyne Decomposition®

compd 104k (s71) ku/kp
2a 1.05 £ 0.02

2a-ds 0.52 £ 0.02 20=x0.1
2b 1.34 + 0.02

2b-d; 0.87 £ 0.01 1.54 £ 0.03

¢ Data taken from runs 1-3 (2a; see Reaction section of
Experimental Section), 4—5 (2a-ds), 4, 6—9 (2b), and 3, 12—18 (2b-
ds).

member of the diastereotopic CHg hydrogens in 4a,b is
just great enough to carry out the analysis, despite its
presence in each as a 16-line multiplet due to phospho-
rus and hydrogen coupling. However, since this signal
overlapped that due to the ethane at 6 0.79 that formed
in the reaction,® the samples were routinely stripped of
solvent and volatiles and run through a short chroma-
tography column before analysis. Acetone-ds was found
to give slightly better separation than deuterated
benzene, toluene, CD2Clz, CD3NOs, and CgDsNOg, and
PPhyMe was found to give slightly better separation and
cleaner reactions than PPhMe; or PPhs; PMe; appar-
ently gave dealkylation as shown in Scheme 1 for 1 and
PPh; to in this case give (presumably) [Cp(CO)Fe(u-
C0)»Mn(CO)MeCpl[MesP]. At 500 MHz, the spectra
could be analyzed directly (Figure 2a—d), while at 200
MH?z the separation was marginal although on a quali-
tative basis the presence of ethyl scrambling was clear.

Nevertheless, irradiation of the coincident CHjs reso-
nances of the products, and partial decoupling of the
nearby remaining diastereotopic CHy proton, reduced
the complex multiplet to a broad doublet for 4a or 4b,
or a broad triplet for the 1:1 mixture, that could be
simply and convincingly interpreted (Figure 2e—h).
Ethoxycarbyne Crossover Control Experiments,
In order to look for ethyl exchange in the carbynes, a
crossover reaction was run to partial completion and the
carbyne composition analyzed by FAB mass spectrom-
etry (Xe, m-nitrobenzy! alcohol matrix). No molecular
ion peaks due to any carbynes were observed, perhaps
due to decomposition in the presence of PPhoMe. In
order to avoid mass spectrometry, the experiment was
conducted using 2b labeled with 3C (99% enrichment)
in the CH2 group of the ethoxycarbyne ligand (2b-13C),
allowing the starting materials 2a and 2b-!3C to be
examined directly by 3C NMR spectroscopy for scram-
bling of the 13CH;CHj3 group (run 11, Scheme 3). The
CH; resonances for each of the cis and trans isomers of
2a,b are separated by about 0.2 ppm, and the DEPT-
135 sequence was used to suppress the methylcyclopen-
tadienyl methine signals since they have similar chemi-
cal shifts.® As can be seen in Figure 3, no exchange of
the ethyl between 2b-13C and 2a occurred after the
reaction was 50% complete. However, complete ex-
change in the products 4a-13C and 4b-13C is clearly
shown by the similar heights of the 13C-labeled product
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(a) (o)

reaction of reaction of
28-ds + 2b 28+ 2b-&
+CoHy
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reaction of reaction of
2b-ck5 + 4a 4b + Sa
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Figure 2. 'H NMR spectra of representative final reaction
mixtures showing the upfield FeC(H)HCH; multiplets of
4a b, 4a-d;, and 4b-d; in acetone-dg. Spectra (a)—(d) were
taken at 500 MHz, and (e)—(h) at 200 MHz with homo-
nuclear decoupling of the C(H)HCH3 hydrogens (irradiation
at 0 1.114). The difference in chemical shift between the
two sets of spectra is due to the high decoupler power
required for (e)—(h), since the irradiated hydrogens do not
have coincident chemical shifts. Key: (a) Crossover reac-
tion of 2a-ds and 2b (run 4) showing a mixture of 4a and
4b; (b) “control” crossover of 2b-d; and 4a showing only
4a (run 12); (c) 4b; (d) 4a; (e) crossover reaction of 2a and
2b-d; in the presence of ethylene (run 14) showing mixture
of 4a and 4b; (f) control reaction of 4b and 5a showing only
4b (run 19); (g) 4b; (h) 4a.

peaks (which are doublets due to coupling to phospho-
rus) and so confirms the results previously obtained by
IH NMR (Figure 2a,e). No other peaks from 2a, 2b, 4a,
or 4b due to natural abundance 13C were visible. Lastly,
the “control” crossover between ethoxycarbyne 2a—ds
and product 4b (run 5, Scheme 4), as well as that
between 2b-ds and 4a (run 12, Figure 2b), gave no
crossover at all. It is interesting to note that no ethane
was detected in these reactions, indicating that this
product arises from the decomposing carbyne (and so
would be CsDg here), although some ethylene was stiil
seen. Since in these cases no crossover was observed
between the products 4a-ds and 4b, and between 4a and
4b-ds, it was unnecessary to carry out a separate
crossover reaction between the ethyl products 4a and
4b-d; (for instance) as a check on the source of exchange
in the carbyne crossover experiment between (for in-
stance) 2a and 2b-ds.

Due to the presence of ethane and ethylene in the
product mixtures upon ethoxycarbyne decomposition, a

Idmoumaz et al.
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Figure 3. 13C NMR spectra of 2b-13C, 2a, and 4a,b in C¢Dg
at 50 MHz showing the ethoxycarbyne methylene singlets
near 83 ppm due to the cis and trans isomers® and the
product FeCH;CHj doublets (due to phosphorus coupling)
near —3 ppm: (a) DEPT-135 NMR (CsDs) of the crossover
reaction of 2b-13C and 2a run to 50% completion (run 11)
showing only unreacted 2b-13C (with no formation of 2a-
13C) but complete exchange of 4a-13C and 4b-13C; (b) broad-
band decoupled spectrum of 2a; (c) broad-band decoupled
spectrum of 4a; (d) broad-band decoupled spectrum of 4b.

Scheme 3. 13C Crossover Experiment: Products
and Unreacted Starting Materials

CH,MCH, <

RESULT: complete ethy!

A exchange In products
co

o
Man(CO)Fe?Mn(CO)MeCp N /
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28\01/ (+4a + 4b)

+ unreacted 2b-'*C + 2a

RESULT: no ethyl exchange
in starting materials

series of experiments was conducted to probe for the
presence of radical species or the involvement of j-e-
limination reactions that might lead to crossover (Scheme
5). In all cases 2a and 2b-ds; were used since they
decompose at similar rates, compared to 2a-ds and 2b
(Table 2). No changes in crossover or rate of decomposi-
tion were seen upon addition of 2,6-di-tert-butyl-4-
methoxyphenol, galvinoxyl, or thiophenol (runs 15—17).
For CCls (run 18), decomposition (to unknown products)
of the starting ethoxycarbynes commenced before heat-
ing and very low yields of 4a,b were obtained, although
crossover still occurred.

The p-elimination pathway, even more than the
radical pathway, would provide an obvious intermo-
lecular exchange mechanism. Given the complexity of
the 'H NMR signals, it was considered possible that
ethylene exchange was occurring rather than ethyl
exchange. Decomposition of 2b in the presence of
ethylene occurred at the same rate as in the absence of
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Scheme 4. “Control” Crossover Experiment
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Scheme 5. Radicals or Ethylene
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RESULT: no exchange of
13C label into CH,

ethylene (runs 7 and 8). More convincingly, reaction of
2b-ds in the presence of 45 equiv of ethylene (run 13)
did not result in the formation of any 4b-h4 or 4b-As,
and again the rate of reaction was unaffected. The
crossover reaction between 2a and 2b-d; was also
unaffected by ethylene (run 14). Lastly, decomposition
of 2b-13C, where the ethyl group is selectively labeled
at the CH; carbon, gave only 4b-1-13C, with no evidence
from 'H or 13C NMR of scrambling of the label from the
CH;, carbon into the methyl carbon (run 10, Scheme 5).
The 13C crossover experiment described above (Scheme
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3, Figure 3) confirms this result. All of these experi-
ments clearly show that reversible ethylene exchange
does not occur.

While B-elimination as a stoichiometric exchange
pathway is precluded by the above results, the direct
involvement of CpFe(CO)(PPhgMe)H (5a), the presumed
organometallic product of S-elimination from 2a in the
presence of PPhoMe, was examined next since the PPh;
and PPhMe; analogs are known stable compounds.®—11
A search in the hydride region of the !H NMR spectra
of a number of reactions (runs 7, 8, 17) indeed revealed
the presence of hydride doublets (due to phosphorus
coupling) due to authentic 5a (—13.44 ppm) and/or
(presumably) MeCp analog 5b (—13.36 ppm; the hydride
signal of MeCpFe(CO)H is 0.12 ppm downfield of that
of CpFe(CO):H,!! comparable to the 0.08 ppm difference
here). The only experiment in which the NMR was
searched unsuccessfully for 5a,5b was run 18 involving
hydride scavenger CCly,12714 but thelow product yields
do not allow us to rule out sensitivity limitations as the
cause. While the control crossover experiments between
carbynes 2a-ds or 2b-ds and 4b or 4a had given no
exchange, the substoichiometric formation of hydrides
5a,b left open the possibility of a catalytic exchange
process. The hydride crossover experiments shown in
Scheme 6 therefore were carried out, and this time
carbyne 2b and hydride 5a gave complete scrambling
of both the ethyl and hydride labels on the Cp and MeCp
products 4a,b and 5a,b (run 9). Since no exchange
occurred between the products 4b and 5a (run 19), this
hydride-induced ethyl exchange reaction provides a
sufficient mechanism for carbyne crossover. A catalytic
crossover mechanism consistent with these results is
presented in the Discussion.

Discussion

Mechanism of Alkyl Migration. The decomposi-
tion of the ethoxycarbyne follows unimolecular kinetics,
as evidenced by the linear first-order plots of decompo-
sition. While it might be argued that NMR kinetics are
not sufficiently precise to observe the curvature in a log
plot that would be indicative of bimolecular kinetics, in
fact similar rate constants have been observed in some
runs where fairly different starting concentrations of
the carbynes were used; for instance in run 2 [2a] is
1.5 times [2a] in run 1, in run 7 {2b] is 3 times [2b] in
run 8, and in run 3 [2b-d5] is 2 times [2b-d5] in run 16.
Moreover, bimolecular plots (i.e. 1/[2a] vs ¢ rather than
the first-order plot of In [2a] vs ¢) give curved plots with
a variety of rate “constants”. Carbyne decomposition
is zero-order in PPhyMe, and no Sy2 dealkylation of the
carbyne (to give EtPPhs* salts) is observed. This result
is particularly gratifying since it formed the basis for
choosing to examine 2a as described in the Introduction,
but it is also somewhat surprising given the relative

(9) Kalek, P.; Poilblane, P. C. R. Acad. Sci., Ser. C 1972, 274, 66—
69.

(10) Reger, D. L.; Culbertson, E. C. J. Am. Chem. Soc. 1976, 98,
2789-2794.

(11) Shackleton, T. A.; Mackie, S. C.; Fergusson, S. B.; Johnston,
L. J.; Baird, M. C. Organometallics 1990, 9, 2248—2253.

(12) Piper, T. S.; Wilkinson, G. J. Inorg. Nucl. Chem. 1956, 3, 104—
124.

(13) Bainbridge, A.; Craig, P. J.; Green, M. J. Chem. Soc. A 1968,
2715-2718.

(14) Green, M. L. H.; Knowles, P. J. J. Chem. Soc., Perkin Trans. 1
1973, 989-991.
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Scheme 6.
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Hydride Crossover Experiments
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ease with which dealkylation of 1 by the less nucleo-
philic phosphine!5-17 PPhj occurs.

A proposed mechanism for the unimolecular decom-
position reaction is shown in Scheme 7. The relevant
data on which to base speculation are that there is a
kinetic deuterium isotope effect for the ethoxycarbyne
decomposition (kuw/kp = 2.0 + 0.1 for 2a and 1.54 & 0.03
for 2b), the methyleyclopentadienyl iron ethoxycarbynes
decompose more rapidly than the cyclopentadienyl iron
ethoxycarbynes (kmecp/c, = 1.5 £ 0.2), and ethyl
migration is somewhat faster than methyl migration.!®
The deuterium isotope effect is a secondary kinetic
isotope effect (SKIE) since C—D bond cleavage does not
occur in this reaction and can be further classified as
an a and/or 8 effect since there are deuterium atoms
both a and 8 to the C—O bond that is cleaved. For both
the a and 8 SKIE, observation of a normal deuterium
isotope effect (ku/kp > 1) is associated with rehybrid-

(15) Honeychuck, R. V.; Hersh, W. H. Inorg. Chem. 1987, 26, 1826—
1828.

(16) Bush, R. C.; Angelici, R. J. Inorg. Chem. 1988, 27, 681—-686.

(17) Rahman, M. M.; Liu, H.-Y.; Eriks, K,; Prock, A.; Giering, W. P.
Organometallics 1989, 8, 1-7.

(18) Hersh, W. H,; Fong, R. H. Manuscript in preparation.

ization at the cleavage site from sp® to sp2.51° While
interpretation of secondary isotope effects is still an
active area of research,2’~2% such a rehybridization
would appear to be inconsistent with alkyl migration
with its electron pair, a reaction that would be related
formally to 8-hydride elimination (Scheme 8).26-2 De-
spite this, Gable? has recently argued that alkyl
migration in a rhenium diolate system is consistent with
observation of a normal SKIE, and as shown in Scheme
8, the rhenium system is a remarkably good analog of
ours. The rate-determining step was proposed to be
migration of the methylene carbon from oxygen to
metal, although since no Sy1 character was proposed,
a normal 3 secondary isotope effect due to hyperconju-

(19) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry, Part
A: Structure and Mechanisms, 3rd ed.; Plenum Press: New York, 1990;
pp 218-220.

(20) Wolfe, S.; Kim, C. K. J. Am. Chem. Soc. 1991, 113, 8056—8061.

(21) Poirier, R. A.; Wang, Y. L.; Westaway, K. C. J. Am. Chem. Soc.
1994, 116, 2526—-2533.

(22) Hostetler, M. J.; Bergman, R. G. J. Am. Chem. Soc. 1992, 114,
7629-7636.

(23) Abuhasanayn, F.; Kroghjespersen, K.; Goldman, A. S. J. Am.
Chem. Soc. 1993, 115, 8019—8023.

(24) Gajewski, J. J.; Brichford, N. L. J. Am. Chem. Soc. 1994, 116,
3165—3166.

(25) Gable, K. P.; Phan, T. N. J. Am. Chem. Soc. 1994, 116, 833—
839.

(26) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 2079—
2090.

(27) Koga, N.; Obara, S.; Kitaura, K.; Morokuma, K. J. Am. Chem.

Soc. 19835, 107, 7109~71186.

(28) Delbecq, F. Organometallics 1990, 9, 2223-2233.
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Scheme 9. “Electrophilic” Ethyl Migration
Ethyl migration via nucleophllic Fe attack

Et
to o
( athyl Et c":
A _miaion |
Fe/ Fe——Mn
saturated
intermediate

gation® was not considered. Hence only the two deu-
terium atoms in the o KIE were presumed to be
involved, giving a reasonable SKIE of ~1.1 per deute-
rium atom. In 2a, the SKIE assuming only an o SKIE
of 1.4 per deuterium atom is high, but if comparable a
and j effects were operative, the effect spread out over
five deuterium atoms would be a more palatable 1.15
per atom. Unlike Gable’s system, however, this would
imply Snl character in the ethyl migration transition
state.

If one accepts that the SKIE is indicative of Sn1
character in the migration, then the reactions in Scheme
8 that involve electron-pair migration to an electrophilic
metal are not appropriate models for carbyne decom-
position. Support for Sy1 character in the ethyl migra-
tion comes from the electrophilic character of the carbon
bound to the carbyne oxygen, as seen for instance by
the Sn2 dealkylation of 1 to give 3 (Scheme 1), the X-ray
crystal structure of 2a which shows the sp? hybridiza-
tion of the carbyne oxygen atom?® which presumably
polarizes the C—O bond toward electrophilic cleavage,
and the even higher degree of dealkylation of a related
iron—chromium methoxycarbyne.5 Rather than the
B-hydride mode of alkyl migration, then, we instead
picture the migration as shown in Scheme 9 proceeding
via a nucleophilic attack of iron on the ethyl group.
Molecular orbital calculations on isoelectronic [CpFe-
(CONa(u-CO)u-L) compounds?® do not appear to support
or reject either of the two directions of electron flow
represented by Schemes 8 and 9. The HOMO is metal-
based although not energetically isolated, so a number
of orbitals might serve to attack the alkyl group, while
the LUMO is M—M g¢* antibonding in character and is
located in the plane of the bridging ligands, and so could
perhaps serve as an electrophilic site. The enhancement
in rate for the MeCp ligand is in accord with the
mechanism shown since the MeCp ligand is a better
electron donor than the Cp ligand and would therefore
make the iron more nucleophilic. The enhancement in
rate for the ethoxycarbyne over the methoxycarbyne is
in accord with this mechanism since to the extent that
there is any Syl character to the reaction, positive
charge buildup on the ethyl CH; carbon would be easier
than on the methyl group of the methoxycarbyne.
Clearly such detailed conclusions drawn on the basis
of the combined o and 3 SKIE are speculative, but two
more general conclusions are warranted: ethyl migra-
tion occurs in the rate-determining step and the kinetic
isotope effect is large relative to those that have been
reported. We would also suggest a third conclusion: the
SKIE merits scrutiny in simpler but better understood
migration reactions.

In addition to providing supporting evidence of nu-
cleophilic attack of iron on the ethyl group, the MeCp

(29) Bursten, B. E.; Cayton, R. H. J. Am. Chem. Soc. 1986, 108,
8241-8249.
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Scheme 10. Alternative Routes for Carbyne
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effect provides suggestive evidence that the migration
occurs directly to iron rather than manganese, although
we have not measured rates for any CpMn analogs for
comparison. The proposed electronically saturated
intermediate (Scheme 7) formed via the electrophilic or
nucleophilic pathways would consist of MeCpMn(CO);
side-bound to the iron, and it is reasonable to suggest
that this species will rapidly decompose via cleavage of
the Fe—Mn and u-CO bonds to give the 16-electron
intermediate CpFe(CO)Et. In the absence of an exter-
nal trapping ligand, decomposition of CpFe(CO)Et ap-
parently occurs via S-hydride elimination to give ethane
and ethylene, while scavenging of CO from more exten-
sive decomposition leads to the low yields of CpFe-
(CO)Et. Loss of the ethyl group yields [CpFe(CO)2le
upon CO scavenging and the tetrameric cluster [CpFe-
(CO)l4 without any additional CO. In the presence of
phosphines, the 16-electron species is trapped to give
CpFe(CO)PPhzMe)Et.

We now consider an alternative saturated intermedi-
ate. Unbridging of the carbyne along with bridging of
the Fe carbonyl ligand would give a terminal ethoxy-
carbyne complex with semibridging carbonyl ligands
(Scheme 10). This mechanism has two attractive fea-
tures. First, the structure of the intermediate is based
on that of isoelectronic Co—Mn and Rh—Mn semibridged
compounds such as Cp(PMe;3)Co(u-CO)eMn(CO)MeCp,
which further undergo ligand-induced Co—Mn cleavage
with expulsion of MeCpMn(CO); and formation of CpCo-
(PMe3)L. as shown.30732 Second, we have previously
noted that carbyne unbridging must be involved in cis/
trans isomerization of alkoxycarbynes,% and so this
mechanism allows an attractive albeit unrequired con-

(30) Leonhard, K.; Werner, H. Angew. Chem., Int. Ed. Engl. 1977,
16, 649-650.

(31) Werner, H.; Juthani, B. J. Organomet. Chem. 1981, 209, 211—
218.

(32) Werner, H. Pure Appl. Chem. 1982, 54, 177—188.
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nection to that reaction channel. We note that carbyne
migration to either metal is reasonable since the car-
byne bridge is nearly symmetrical as seen from the
X-ray crystal structure of 2a,? despite the formal double
bond to manganese. While the analogy between the
cleavage of the terminal ethoxycarbyne and the Co—
Mn model appears close since both yield CpMn(CO);z and
ligand adducts of the remainder of the heterodinuclear
species, the Co—Mn reaction is bimolecular while the
carbyne reaction is not. However, this difference could
arise readily from the differing stabilities of these
species. Since the rate-determining step apparently
involves ethyl migration rather than carbyne unbridging
or cluster cleavage, decomposition of the semibridged
intermediate would necessarily involve rate-determin-
ing ethyl migration either to give the previously pro-
posed saturated intermediate with the single carbonyl
bridge or to give CpFe(CO)Et directly as shown with
concomitant cluster cleavage. The key difference be-
tween this mechanism and that in Scheme 9 is simply
that the migration occurs from a terminal rather than
a bridging ethoxycarbyne. Related migrations for pro-
posed terminal hydroxy, stannoxy, and alkoxycarbyne
intermediates or the reverse migration from metal to
oxygen to give a terminal siloxycarbyne intermediate
have been proposed,?3~%7 and so it is possible that, in
this cluster reaction as in others,3~40 the “interesting”
chemistry occurs at a single metal site.

Mechanism of Intermolecular Alkyl Exchange.
While the crossover experiments between the doubly-
labeled carbynes shown in Scheme 2 resulted in inter-
molecular ethyl exchange in the mononuclear products,
they do not address the question of when or how the
exchange occurs; in principle, exchange can occur at a
number of testable points in the mechanism shown in
Scheme 7, and these are now considered.

Alkyl exchange can in principle occur before carbyne
decomposition occurs. The standard control experiment,
in which a crossover reaction was run to partial conver-
sion and then the unreacted starting carbynes examined
for alkyl exchange, was carried out and analyzed by 13C
NMR on !3C-labeled material (Scheme 3, run 11), but
no crossover in the starting materials was observed. In
principle, alkyl exchange among the carbynes could
occur concomitant with carbyne decomposition, so that
the unreacted carbynes would not exhibit crossover.
However, such a scheme would give bimolecular decom-
position kinetics, but as described above in detail (for
this very reason), only unimolecular kinetics were
observed.

Alkyl exchange also in principle can occur after
carbyne decomposition occurs, that is, among the mono-
nuclear products. This was not tested explicitly by
reaction of (for instance) 4a and 4b-ds, but since no
exchange was observed in the “control” crossover reac-
tions (Scheme 4) in which one ethyl product is generated

(33) Nicholas, K. M. Organometallics 1982, 1, 1713—1715.

(34) Schubert, U.; Hérnig, H. J. Organomet. Chem. 1987, 336, 307—
315.

(35) Schubert, U. J. Organomet. Chem. 1988, 358, 215—-228.

(36) Chatani, N.; Fukumoto, Y.; Murai, S. J. Am. Chem. Soc. 1993,
115,11614~-11615.

(37) Gibson, D. H.; Ye, M.; Sleadd, B. A.; Mehta, J. M.; Mbadike, O.
P.; Richardson, J. F.; Mashuta, M. 8. Organometallics 1995, 14, 1242
1255.

(38) Bergman, R. G. Acc. Chem. Res. 1980, 13, 113—120.

(39) Fyhr, C.; Garland, M. Organometallics 1993, 12, 1753~1764.

(40) Garland, M. Organometallics 1993, 12, 535—543.
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in the presence of the other, no ethyl exchange can be
occurring among the mononuclear iron ethyls 4a,b and
their deuterated analogs. The control crossover result
stands in sharp contrast to the complete methyl cross-
over observed with methoxycarbyne 1 and MeCpFe(CO)-
(PPh3)CD3,%18 and so an explanation is required for the
different methoxy and ethoxy control crossover results.
We have shown that the 16-electron intermediate CpFe-
(CO)CHj, presumed to form from 1 in the rate-
determining step, also forms from CpFe(CO)(PPh3)CHj;
by phosphine dissociation and at a comparable rate.*
Since the methyl products, like their ethyl counterparts
4a.b, do not undergo alky! exchange by themselves
during the carbyne decomposition, CpFe(CO)CHjs alone
cannot be responsible for alkyl exchange, although it
may well participate in methyl exchange with a carbyne
decomposition product. The absence of ethyl exchange
in the control crossover experiment may perhaps be
explained most simply by the presumed lower concen-
tration of CpFe(CO)CHyCHyg, if the 16-electron inter-
mediates are involved somehow in the control crossover.
Faster trapping of this intermediate by the more nu-
cleophilic phosphine PPhsMe compared to trapping of
CpFe(CO)CH; by PPh; would lower the concentration
of CpFe(CO)CHCHs, as would rapid S-hydride elimina-
tion (see below). In complementary fashion, PPhoMe
is less labile than PPhj; for instance PPhoMe dissocia-
tion from CpFe(CO)PPhsMe)CHj is 36 times slower at
65 °C than is PPh; dissociation from CpFe(CO)(PPhjs)-
CH3,* and we presume the ethyl analogs follow the same
trend.

An alternative explanation for the different methyl
and ethyl control crossover results arises by consider-
ation of the relative ease of alkyl group bridging of two
metal centers, which presumably must occur at some
point in the crossover reaction. That is, while methyl
bridges between two metal atoms are well-known,*1744
ethyl bridges (which involve bridging by the CH; group*)-
are only well-known between electron-deficient centers
such as lithium and aluminum,*-5° and even for
methyl-bridged compounds, most transition metal ex-
amples involve high-oxidation-state -electron-deficient
metals. 414344 The best-studied cases are the aluminum
alkyls, where two types of experiment show that methyl
bridging is favored over ethyl bridging but not by a large
amount: the “trialkyl” aluminum species R3Al exist
predominantly (typically >96%) as the dimers RoAl(u-
R)2AIR; in solution (R = Me, Et, Pr, n-Bu, n-octyl), but
the equilibrium shifts toward the monomer with in-
creasing size of the alkyl group,**%° and in the mixed
dimer Et;MesAl; the methyl group is favored in the
bridging site by a factor of 6.8 Rare examples of u-alkyl
(other than y-methyl) complexes involving metal car-
bonyl compounds include one having an ethyl-bridged

(41) Holton, J.; Lappert, M. F.; Pearce, R.; Yarrow, P. I. W. Chem.

Rev. 1983, 83, 135—201.
0(‘;2) Bursten, B. E.; Cayton, R. H. Organometallics 1986, 5, 1051~

1053.

(43) Theopold, K. H. Acc. Chem. Res. 1990, 23, 263—270.

(44) Waymouth, R. W.; Potter, K. S,; Schaefer, W. P.; Grubbs, R. H.
Organometallics 1990, 9, 2843—-2846.

(45) Yamamoto, O. Bull. Chem. Soc. Jpn. 1964, 37, 1125—1128.

(46) Brown, T. L. Adv. Organomet. Chem. 1965, 3, 365—395.

(47) Oliver, J. P. Adv. Organomet. Chem. 1970, 8, 167—209.

(48) Yamamoto, O.; Hayamizu, K. J. Phys. Chem. 1968, 72, 822—
828.

(49) Smith, M. B. J. Organomet. Chem. 1974, 70, 13—33.

(50) Oliver, J. P. Adv. Organomet. Chem. 1977, 16, 111—130.
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Os—0s bond® and another having a p-methylbenzyl-
bridged W—Re bond.3? Thus, even if carbyne decom-
position yields some intermediate that initiates methyl
bridging from product CpFe(CO)PPh;)CH; and conse-
quent methyl exchange in the control crossover reaction,
the analogous ethyl bridging from product 4 might not
occur and so preclude exchange in the ethyl control
crossover reaction. The fact that crossover nevertheless
occurs between carbynes 2a and 2b-ds, and between 2a-
ds and 2b paradoxically requires that there be an alkyl
exchange pathway in the ethyl case that need not be
present in the methyl case.

A radical exchange mechanism is one possibility that
would be more likely for ethyl than methyl radicals.53:54
However, the similarity in rates, and high reproduc-
ibility for the ethoxycarbyne kinetics in particular,5?
argue against the involvement of radicals in the rate-
determining step. A number of additives (Scheme 5)
were found to have no effect on either the rate or
crossover reaction for the ethoxycarbynes, as well, Two
of the additives, 2,6-di-tert-butyl-4-methoxyphenol and
galvinoxyl, are used to initiate and/or quench radical
reactions by forming and intercepting radical chain
carriers,!1:535657 Thiophenol was tried on the basis of
its stabilization of CpFe(CO)oH,!! which was suggested
to be due to trapping of adventitious l-electron oxidizing
reagents. Lastly, CCly was tried since it too can trap
organometallic radicals®®%° as well as hydrides by
donation of a chlorine atom, but as noted, it caused
decomposition of the starting carbynes; only very low
yields of product, which nevertheless exhibited cross-
over, were obtained.

With establishment that radicals are unlikely to be
involved, the obvious pathway that could be available
to the ethoxycarbyne but not the methoxycarbyne would
involve B-elimination. Of particular interest is a result
due to Reger!® shown in Scheme 11. Thermal loss of
PPh; gives the 16-electron intermediate shown which
leads to deuterium scrambling in recovered starting
material; even at early reaction time, the scrambling is
extensive, requiring that the reversible S-elimination
occurs many times before PPh; displaces the ethylene
to give the hydride product. In the presence of PPhg,
no reaction occurs, so presumably the S-elimination step
is not reached. A number of reactions established that
reversible S-elimination was not occurring for the
ethoxycarbyne. Free ethylene had no effect on the
reaction and was not incorporated into the product
(Scheme 5, runs 7, 8, 13, 14), and most convincingly use
of ethoxycarbyne specifically 13C-labeled at the meth-
ylene of the ethyl group gave rise to no scrambling of

(51) Cree-Uchiyama, M.; Shapley, J. R.; St. George, G. M. J. Am.
Chem. Soc. 1986, 108, 1316—1317.

(52) Jeffery, J. C.; Orpen, A. G.; Stone, F. G. A.; Went, M. J. J. Chem.
Soc., Dalton Trans. 1986, 173—186.

(63) Labinger, J. A.; Osborn, J. A.; Coville, N. J. Inorg. Chem. 1980,
19, 3236—3243.

(54) Hudson, A.; Lappert, M. F.; Lednor, P. W,; MacQuitty, J. J.;
Nicholson, B. K. J. Chem. Soc., Dalton Trans. 1981, 2159—2163.

(55) The ethoxycarbynes follow what we call “bicoastal kinetics”; that
is, the same rate constants were obtained in Los Angeles and New
York and by different workers using different equipment.

(56) Davies, A, G.; Roberts, B. P. In Free Radicals; Kochi, J. K., Ed.;
Wiley-Interscience: New York, 1973; Vol. 1, pp 547—589.

(57) Hoffman, N. W,; Brown, T. L. Inorg. Chem. 1978, 17, 613—-617.

(58) Laine, R. M.; Ford, P. C. Inorg. Chem. 1977, 16, 388—-391.

(59) Meckstroth, W. K.; Walters, R. T.; Waltz, W. L.; Wojcicki, A.;
Dorfman, L. M. J. Am. Chem. Soc. 1982, 104, 1842—18486.

(60) Tyler, D. R.; Schmidt, M. A.; Gray, H. B. J. Am. Chem. Soc.
1983, 105, 6018-6021.
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this label into the methyl position in the mononuclear
products (Scheme 5, runs 10, 11). Since trapping of
photochemically-generated CpFe(CO)CH2CHj3 by PPh;
is known to be faster than j-elimination,’! it is not
surprising that even if this 16-electron intermediate
forms, it will be trapped by PPhsMe faster than entry
into the reversible ethylene manifold. But since ethyl-
ene is in fact a reaction product, displacement of
ethylene by PPhsMe must simply be faster than olefin
insertion to give back the 16-electron intermediate, and
the expected hydride would be a stable compound.1%1!
Small amounts were indeed found in the ethoxycarbyne
decomposition reactions and prompted the crossover
reaction between 2b and 5a (Scheme 6, run 9). In
contrast to the control crossover, complete exchange of
hydride and ethyl groups occurred between the iron
centers of the Cp hydride 5a and the MeCp carbyne
decomposition product 4b. This result could also occur
by direct scrambling between the mononuclear alkyl and
hydride products, but the control experiment between
4b and 5a shown in Scheme 6 (run 19) eliminated that
mechanism and demonstrated the necessity of the
carbyne for exchange.

The mechanism shown in Scheme 12 is proposed to
take advantage of the presence of this hydride in order
to generate the crossover results. The key facts that
any ethyl exchange scheme must account for are that
there is no reversible 3-elimination, the ethyl group is
exchanged intact without scrambling of the two carbons,
and there is no exchange once the iron alkyl products
are formed. This last point arises from the control
crossover (Scheme 4), where the “other product” that is
already present does no¢ exchange with the carbyne-
derived product. Thus, not only do the products not
undergo exchange among themselves, the decomposing
carbyne yields no products that mediate exchange
among the existing products. As shown in Scheme 12,
we propose that the 16-electron intermediate CpFe(CO)-
CH3;CH; formed in the rate-determining step from
carbyne 2a can (1) be trapped by PPhoMe to give product

(61) Kazlauskas, R. J.; Wrighton, M. S. Organometallics 1982, I,
602—-611.
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Scheme 12. Iron-Hydride-Catalyzed Ethyl Exchange Mechanism
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4a, (2) undergo S-elimination followed by substitution
of ethylene with PPhoMe to give hydride 5a, or (3)
undergo ethyl exchange via trapping by the saturated
hydride 5b (or 8b-d;). The first outcome, trapping to
give 4a, ends the involvement of the ethyl group; loss
of phosphine to re-enter the éxchange cycle does not
occur, as shown by the control crossover where “pre-
formed” 4b does not exchange with product 4a-ds. The
second outcome, B-elimination to give the ethylene
hydride complex and from it 8a, has precedent in the
PPh; analog of 4al® as seen above (Scheme 11). How-
ever, since no deuterium scrambling as well as no 3C
scrambling has been seen, ethylene insertion to give
back an iron ethyl must not occur, so formation of the
ethylene hydride must be followed immediately by
phosphine displacement of ethylene. The relative amount
of hydrides 5a,b detected is quite small, however, so this
pathway is a minor one. The third outcome leads to

exchange as shown. If one starts at the point of entry
into the catalytic cycle starting with 2a going on to 16-
electron intermediate CpFe(CO)CH3CHg, then trapping
of this intermediate by 5b-d; generated from 2b-ds is
proposed to give rise to an electronically saturated
hydride-bridged dinuclear complex. While ethyl-bridged
species are rare as described above, hydride bridging
of metal—-metal bonds obviously is not, and related
mechanisms involving u-hydrides have been proposed
for a number of bimolecular reductive elimination
reactions.52766 In addition, ethyl migration between

(62) Norton, J. R. Acc. Chem. Res. 1979, 12, 139—145.
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transition metal centers bridged by another atom has
also been proposed®” and in at least two cases observed
by dynamic NMR.51.68 Here we propose that phosphine
migration occurs concomitant with ethyl migration, and
complete equilibration would make it equally likely that
decomposition of this species occurs to give back the
starting materials as well as the crossover hydride
5a-d; and the 16-electron crossover intermediate
MeCpFe(CO)CH.CHs. Trapping of this intermediate by
phosphine would give the crossover product 4b, which
would then be out of the catalytic exchange cycle.
Hydride 5a-d; would remain in the cycle, however, and
could trap MeCpFe(CO)CDyCD; generated from carbyne
2b-d5 to give the hydride-bridged intermediate required
to effect ethyl-ds exchange. Following equilibration and
cleavage, CpFe(CO)CDyCDj3 (and ultimately crossover
product 4a-ds) along with hydride 5b-d; would be
generated. The catalytic cycle would then have come
full-circle.

One feature of this mechanism is that any of the four
hydrides 5a or 5a-d; and 5b or 5b-d; can carry the
chain, since the bridging hydride or deuteride is never
incorporated into the ethyl products. Hydride 5a can
form directly from 2a as can 5b-d; from 2b-ds, and the
hydride crossover products would form in the cycle, 5b
from 5a and 5a-d; from 5b-d;. Hydride crossover likely
also occurs without the carbynes, since it is known that
CpFe(CO):D and MeCpFe(CO):H rapidly exchange,!!
and we observed complete equilibration of the Cp and
MeCp hydrides well before the carbyne was consumed
in the reaction of 2b and 5a. The isotopic identity of
the bridging group as hydride or deuteride, as well as
the number of reaction pathways for H/D exchange, is
not proposed to have any effect on ethyl exchange.

The main problem with the ethyl exchange mecha-
nism is the proposal that hydride 5b (for instance) must
trap the 16-electron intermediate CpFe(CO)CH:CHjs to
give ethyl exchange at a rate comparable to that of
trapping by PPhoMe to give 4a. That is, in considering
the three reaction channels available to the 16-electron
intermediate CpFe(CO)CHyCHj, we noted that the
B-elimination pathway is relatively slow, but in order
for complete ethyl exchange to occur, entry into the
catalytic cycle must be faster than removal from the
cycle by trapping by PPhosMe. This must be the case
since the alkyl products 4a or 4a-ds and 4b or 4b-d;
cannot re-enter the catalytic cycle on the basis of the
control crossover experiments between (for instance) 2a
and 4b-ds5. The crossover experiments all occur in the
presence of excess PPhsMe, and so while it appears
remarkable that this phosphine does not prevent forma-
tion of an ethyl exchange species by hydride bridging
by 5, at present we have no simpler explanation.

Conclusion

We have discovered the first example of a novel
alkoxycarbyne “B-elimination” reaction, in which an
alkyl group migrates from oxygen to iron. The observed
secondary kinetic isotope effect shows that ethyl migra-

(67) Schore, N. E.; Ilenda, C. S.; White, M. A,; Bryndza, H. E,;
Matturro, M. G.; Bergman, R. G. J. Am. Chem. Soc. 1984, 106, 7451—
7461.

(68) Okeya, S.; Meanwell, N. J.; Taylor, B. F.; Isobe, K.; Vazquez
de Miguel, A.; Maitlis, P. M. J. Chem. Soc., Dalton Trans. 1984, 1453—
1460.
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tion occurs in the rate-determining step and suggests
an “electrophilic” migration mechanism by which a
metal electron pair attacks the alkyl group. While we
have been unable to prove that this reaction is intramo-
lecular, the facts that the reaction is unimolecular and
does not involve radicals eliminate any simple candi-
dates for an intermolecular alkyl exchange mechanism.
We have, on the other hand, demonstrated that ex-
change can occur after alkyl migration and metal—metal
bond cleavage. While the “control crossover” experiment
shows that exchange does not occur between the carbyne
and the final ethyl products, the hydride crossover
experiment shows that exchange nevertheless can be
mediated by the observed g-elimination product CpFe-
(CO)PPhsMe)H. This isolable hydride is proposed to
trap the unsaturated 16-electron species CpFe(CO)CHjy-
CH; and catalytically give ethyl exchange via a hydride-
bridged intermediate. While we are uncomfortable with
the counterintuitive proposal that MeCpFe(CO)PPh,-
Me)H must trap the 16-electron species CpFe(CO)CHo-
CHj; competitively with PPhyMe, as long as free ethyl
radicals are not involved then any exchange mechanism
will involve steps that at some point must pit an
organometallic against PPhoMe. Future work on these
compounds must address the surprising requirement
that the organometallic hydride in this case is at least
as effective a kinetic trap as the donor phosphine.

Experimental Section

General Methods. All manipulations of air-sensitive
compounds were carried out either in a Vacuum Atmospheres
inert atmosphere drybox under recirculating nitrogen or by
using standard Schlenk techniques. NMR spectra were re-
corded on Bruker WP-200, AM-360, and AM-500 and IBM/
Bruker WP-200SY spectrometers; 'H chemical shifts are
reported relative to residual protons at ¢ 7.15 in C¢Ds and o
2.04 in acetone-ds, 13C relative to C¢Ds at 128.0 ppm, and 3'P
relative to external HsPOy at O ppm. Infrared spectra were
obtained on a Perkin-Elmer 237 spectrometer or Mattson 4020
Galaxy FT-IR with 0.1 mm NaCl solution cells. Elemental
analyses were performed by Desert Analytics, Tucson, AZ.
Mass spectra were obtained on an AEI-MS902 (EI) and an
AEI-MS9 with FAB gun using xenon, at 5 kV in a matrix of
NOBA (m-nitrobenzyl alcohol). Photolyses were carried out
with a medium-pressure 450 W mercury Hanovia lamp.

All solvents were treated under nitrogen. Diethyl ether and
tetrahydrofuran were distilled from sodium benzophenone
ketyl. Hexane was purified by washing successively with 5%
nitric acid in sulfuric acid, water, sodium bicarbonate solution,
and water and then dried over calcium chloride and distilled
from n-butyllithium in hexane. Acetone-ds was dried over
molecular sieves and vacuum transferred prior to use, and
benzene-ds was purified by vacuum transfer from sodium
benzophenone ketyl. Compounds 2a,b were prepared as we
have previously described.® Triphenylphosphine was recrys-
tallized from ethanol, PhsCH was recrystallized from hexane,
and PPhoMe (Pressure Chemical, Strem), galvinoxyl (Aldrich),
and ethylene (Aldrich) were used as received. Iodomethane-
d3 (Aldrich), iodoethane-ds (Aldrich), iodoethane-1-3C (Cam-
bridge Isotope Laboratories), thiophenol, and TMS were
vacuum transferred from CaH,, and CCls was vacuum trans-
ferred from P20:s.

Cp(CO)Fe(u-COCD:CDs) (1-CO)Mn(CO)MeCp (2a-ds).
A solution of 229.9 mg (1.427 mmol) of CD3CD;I in 3 mL of
benzene was added to a solution of 368.6 mg (1.434 mmol) of
CF3803Ag in 2 mL of benzene, and the mixture was heated at
55 °C in a stopcock-sealed vessel for 12 h. The filtered solution
was then added to 552.9 mg (1.417 mmol) of [Cp(CO)Fe(u-
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C0);Mn(CO)MeCp] Na* in 25 mL of THF. After treatment
as described for the protio compound,? 1560 mg of a 1:1 mixture
of the desired product and [CpFe(CO):]; was obtained from
the benzene extraction. This was then subject to preparative
TLC (Aldrich 20 x 20 cm silica plates, 250 um thickness) in
two portions. A 65 mg fraction was eluted a total of 10 times
with 1:1 benzene/hexanes, each time allowing the plate to dry
before rerunning, giving [CpFe(CO).]; as the higher R, band
and 2a-ds as the lower Ry band. The lower band yielded 27
mg of a mixture that on the basis of 'H NMR consisted of 9
mol % [CpFe(CO)}; and 91 mol % 2a-ds. The remaining 85
mg of the 1:1 mixture was eluted a total of three times with
1:4 ether/hexanes, again allowing the plate to dry before
rerunning, giving [CpFe(CO).]; as the lower Ry band and 2a-
ds as the higher Ryband. This latter band yielded 33 mg of a
mixture that on the basis of 'H NMR consisted of 7.4 mol %
[CpFe(CO):]; and 92.6 mol % 2a-ds. No signals appeared at
~4.7 ppm in the 'H NMR spectrum (CgDs), indicating the
absence of any CH; ethyl hydrogen atoms.
MeCp(CO)Fe(u-CO)(u-COCD:CD3;)Mn(CO)MeCp (2b-
ds). This compound was conveniently prepared as previously
described for 2b,? using CD3CD3SO3CF;3, prepared as described
above for 2a-d;s, and [MeCp(CO)Fe(u-CO)Mn(CO)MeCp]~Nat,
giving material suitable for use without any further purifica-
tion; a 2.5% residual CH; peak from the ethoxy group was
visible by 'H NMR spectroscopy.
MeCp(CO)Fe(u-CO)(u-CO¥CH;CH;)Mn(CO)MeCp (2b-
13C). This compound was prepared as described above for 2b-
ds, using CH3!*CH.SO3CF; prepared from iodoethane-1-13C
and silver triflate: 'H NMR (CgDg): 6 4.73 (dq, Jcu = 149 Hz,
Jun = 7.2 Hz, CH,CHjs), 4.37—3.89 (m, MeCp), 1.91, 1.86,
1.84, 1.77 (s, cis, cis, trans, trans MeCp, ~2:2:1:1), 1.725 (s,
MeCp of [MeCpFe(CO),); impurity, 24% by weight), 1.265 (dt,
2Jey = 4.4 Hz, Jun = 7.2 Hz, 18CH,CHj3); 13C NMR (C¢Dg) 83.17
(cis-13CH2CHjy), 82.59 (trans-13CH,;CHj3) ppm, cis:trans ~ 3:2.
CpFe(CO)(PPh:Me)C:H; (4a). To a solution® of 1.29 g
(6.43 mmol) of CpFe(CO);"Na* in 25 mL of THF was added
1.15 g (7.39 mmol) of CH3CH_l (purified by vacuum transfer
from CaH,). The mixture was stirred for 50 min and then
concentrated in vacuo until it took on a gel-like consistency.
Hexane was added to dissolve the product, the yellow solution
was filtered through Celite, and the solvent was removed in
vacuo to give 0.90 g (72.5% yield) of CpFe(CO),C2Hj; as a yellow
oil. A 0.775 g (3.76 mmol) sample of this material and 0.731
g (3.66 mmol) of PPhyMe were dissolved in 20 mL of hexane
and photolyzed for 3 h at room temperature under a slow
nitrogen purge (1-2 bubbles/s of nitrogen from a syringe
needle). The solvent was removed under vacuum and the
product chromatographed on a silica column by elution with
1.1 pentane/chloroform. A red-orange band was collected
which following solvent removal yielded an oil found by ‘H
and 3P NMR to contain ~40 mol % of the phosphine along
with the desired product; no chromatographic method was
found that allowed these two compounds to be separated. The
oil was washed briefly with 1 mL of CH;l in 3 mL of THF,
and the white precipitate of PPhoMe, "1~ was filtered on Celite.
Following solvent removal, 250 mg (18% yield) of product was
obtained as an orange powder: IR (THF) 1888 (s) em™!; 'H
NMR (CgDg) 6 7.42—7.38 (m, 2H), 7.31—7.28 (m, 2H), 7.05~
6.98 (m, 6H, Ph), 4.136 (d, J = 1.0 Hz, 5H, Cp), 1.59—1.52 (m,
CHCHj;), 1.518 (t, J = 7.5 Hz, CH,CHj3), 1.511 (d, J = 8.0 Hz,
PCH;, 7H for 6 1.59-1.51), 0.79—0.71 (m, 1H, CHCHy); 'H
NMR (acetone-ds, 500 MHz) ¢ 7.58—7.55 (m, 2H), 7.47—-7.41
(m, 4H), 7.38-7.34 (m, 4H, Ph), 4.356 (d, J = 1.0 Hz, 5H, Cp),
1.879 (d, J = 8.3 Hz, 3H, PCHj;), 1.33—1.27 (m, 1H, CHCHy3y),
1.110 (dt, Jpu = 2 Hz, Juu = 7.4 Hz, 3H, CH.CHj;), 0.40—0.33
(m, 1H, CHCHjy); *C NMR (CgDg) 222.47 (d, Jcp = 32.86 Hz,
FeCO), 140.61, 139.79, 139.61, 138.90, 132.20, 132.00, 131.83,
131.65 (140.6—138.9, ipso carbons of Ph; 132.2—131.6, o,
m-carbons of Ph; p-carbons obscured by solvent; chemical shifts
and Jcp of the (presumed) doublets cannot be assigned), 84.05
(s, CpFe), 23.33 (d, Jcp = 4.0 Hz, CH:CH3), 16.90 (d, Jep =
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28.4 Hz, PCHjy), —3.48 (d, Jop = 19.7 Hz, CH,CHj, assignment
confirmed by DEPT-135 NMR) ppm; 3P NMR (CsDe) 67.88
ppm. Anal. Caled for CoHp30PFe: C, 66.69; H, 6.13.
Found: C, 65.94; H, 6.15.

MeCpFe(CO)(PPh:Me)C.H; (4b). A mixture of PPh;Me
(1.128 g, 5.63 mmol) and MeCpFe(CO);CoH; (1.247 g, 5.66
mmol; prepared as described above for CpFe(CO)Et, in 88%
yield as a yellow oil) in 50 mL of hexane was photolyzed as
described above for 4a. The solvent was removed under
vacuum and the dark oily product chromatographed on a silica
column by elution with benzene to give a yellow, a deep orange,
and last a green band. Solvent removal from the deep orange
fraction yielded 1.61 g of a deep orange viscous oily residue
(4b and PPhyMe) which was treated with 1.5 mL of CHsl in 5
mL of THF. The exothermic reaction was accompanied by a
great deal of bubbling and gave a green solution with a white
solid presumed to be PPhyMey,*I~. Filtration followed by
solvent removal gave a green oily residue that was rechro-
matographed on silica with benzene. The second fraction (deep
orange) was collected and the solvent removed, giving a deep
orange viscous oil. The 'H NMR spectrum in acetone-ds
showed that the product was slightly contaminated (5% by
weight) by MeCpFe(CO).CqHj; (the signals overlap in C¢Ds, but
in acetone-ds the MeCp signals of MeCpFe(CO).CsH; at 6 4.75,
4.69 (m, 4H) are well separated from those of 4b). The product
was left under vacuum for 2 days in an only partially
successful attempt to remove the MeCpFe(CO).C:H;, giving
~98% pure 4b in 19% yield: IR (THF) 1890 (s) cm™!; 'H NMR
(CeDg) 6 7.43—7.39 (m, 2H), 7.34—7.32 (m, 2H), 7.06—7.01 (m,
6H, Ph), 4.12 (m, 1H), 4.00 (m, 1H), 3.87 (m, 1H), 3.85 (m,
1H, MeCp), 1.80 (s, 3H, MeCp), 1.53 (d, J = 8.9 Hz, and
overlapping m, 6H, PMe and CH;CHj), 1.46—1.42 (m, 1H,
CHCHys), 0.85—0.78 (m, 1H, CHCH3y); 'H NMR (acetone-dg, 500
MHz) é 7.60-7.57 (m, 2H), 7.46—7.43 (m, 4H), 7.37—7.35 (m,
4H, Ph), 4.28, 4.22, 4.04, 4.03 (s, 1H each, MeCp), 1.885 (d, J
= 8.65 Hz, 3H, PMe), 1.876 (s, 3H, MeCp), 1.15 (m, CHCH3;),
0.46—-0.41 (m, CHCH3y); 13C NMR (C¢Ds) 222.71 (d, Jop = 31.4
Hz, FeCO), 140.98, 140.16, 139.31, 138.62 (ipso carbons of Ph;
chemical shifts and Jcp of the (presumed) doublets cannot be
assigned), 131.80 (d, Jep = 19.6 Hz), 129.20 (d, Jcp = 4.3 Hz;
0, m, or p-carbons of Ph; remainder of Ph obscured by solvent)
97.42 (s, ipso carbon of MeCp), 86.45 (s), 85.71 (s), 82.93 (s),
80.70 (s, MeCp), 23.29 (s, CH;CHy), 17.11 (d, Jep = 29.1 Hz,
PCHj3), 13.07 (s, MeCp), —2.19 (d, Jcp = 20.2 Hz, CH,CHj,
confirmed by DEPT-135 NMR) ppm; 3'P NMR (CsDs) 67.59
ppm. Anal. Caled for CyHss0PFe: C, 67.36; H, 6.42.
Found: C, 65.94; H, 6.26.

CpFe(CO)(PPh:Me)H (5a). In a manner analogous to
that reported for the PPhMe. analog,®® a solution of CpFe-
(CO).I (0.714 g, 2.35 mmol) in 10 mL of ether was added
dropwise at room temperature to a suspension of lithium
aluminum hydride (1.00 g, 26.35 mmol) in 10 mL of ether.
After 15 min, a solution of PPhyMe (0.464 g, 2.32 mmol) in 2
mL of ether was added dropwise at —20 °C. The mixture was
allowed to warm to room temperature after 20 min and then
was hydrolyzed with degassed distilled water. The organic
layer was dried (MgSO,) and filtered, and the solvent was
removed under vacuum at -5 °C, giving 0.513 g of an oily
yellowish-green residue. Analysis by 'H NMR (CgsDs) showed
that the desired product was contaminated by free phosphine.
Addition of CHjsl in hexane as carried out for the purification
of 4a,b led only to product decomposition. A portion of the
residue (184 mg) was subjected to preparative TLC using a
mixture of benzene/hexane (3/1) as the eluting solvent, giving
5a (115 mg) as a yellow oil. Analysis by !H NMR indicated
the oil to consist only of 8a and free PPhyMe in a 1.655:1 molar
ratio or 74.3% by weight 5a (overall yield 29% based on
CpFe(CO),I): 'H NMR (CeDs) 6 7.57~7.32, 7.04 (m, 10 H, Ph),
4.21 (s, 5H, Cp), 1.63 (d, 2Jpy = 8.65 Hz, 3H, Me), —13.44 (d,

(69) Davison, A.; McCleverty, J. A.; Wilkinson, G. J. Chem. Soc.
1963, 1133-1138.
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2JpH =770 HZ, ].H, FeH). Anal. Caled for 74.32% C19H19-
OPFe and 25.68% Ci;HisP: C, 68.46; H, 5.74. Found: C,
66.36; H, 5.58.

IH NMR Reactions. General Method. In the glovebox,
reactants were loaded into an NMR tube that had been sealed
to a 14/20 ground glass joint. TMS was added (as an internal
NMR integration standard) via microliter syringe, and CsDs
was added as the solvent used to transfer the weighed liquid
PPh:Me into the NMR tube. The tube was fitted with a
vacuum stopcock, attached to a vacuum line, frozen, and
evacuated. The tube was submitted to two freeze—pump—
thaw cycles. For the ethylene experiments, a known volume
and pressure of ethylene was added via vacuum transfer. The
tube was then sealed with a torch. The sample was heated
(inverted) in a thermostated constant-temperature water bath.
The volume (in mL) used to calculate the concentrations was
determined according to the formula V = 7(0.213)%h, where A
is the height in cm of the solution measured immediately after
removing the sample from the water bath. The NMR tube
was cooled in water immediately after removing from the bath
and centrifuged prior to recording each NMR spectrum. All
data are collected in Table 1.

Reactions of 2a, 2a-ds, 2b, 2b-d;, 2b-'%C, 4a,b, and 5a.
Kinetic runs of the decomposition of the ethoxycarbynes were
analyzed by monitoring the disappearance of (1) the combined
MeCp singlets of the cis and trans isomers at 6 1.86 and 1.80
of 2a (runs 1 and 2), (2) the CH; signal at § 4.71 of 2a (run 3,
500 MHz), the trans CpFe singlet at ¢ 4.49 of 2a-ds (runs 4
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and 5), and (3) the cis-MeCp singlet at 6 1.91 of 2b and 2b-d;
(runs 3, 4, 7~10, 12—18), each relative to the TMS resonance.
Rate constants for decomposition of 2a in the presence of 2b-
18C or 2b-d; could not be determined at 200 MHz (runs 11,
14--18) due to the absence of any suitably resolved peaks at
this field strength. After the crossover reactions were com-
plete, the NMR tubes were broken open in the glovebox, the
solvent was removed under vacuum (in order to remove the
ethane formed), and the mixture was chromatographed on a
pipet column in benzene. The fast moving orange band
(containing the mononuclear alkyls 4 contaminated by PPh,-
Me) was collected, the solvent was again removed, and the
sample was dissolved in acetone-de for 'H NMR analysis. The

. only reactions analyzed for 5a,b (by examination of the hydride

region of the '!H NMR spectrum) were those conducted near
the chronological end of this work; results are noted in Table
1. Chromatography of run 9 (2b and 5a) gave a clean mixture
of 4a,b, 5a,b, and PPhsMe from which the 'H NMR spectrum
(CeDe) of 5b could be extracted: ¢ 4.03 (m, 2H, MeCp), 3.99
(m, 2H, MeCp), 1.80 (s, 3H, MeCp), 1.65 (d, Jpy = 8.6 Hz, 3H,
PPh,Me), —13.36 (d, Jpu = 77.0 Hz, FeH).
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The reaction of 1,1,2,2-tetramesityl-3-oxa-1,2-disilacyclopropane, 4, with cis-stilbene oxide
at 95 °C gave a mixture of products consisting of (a) the cis/trans six-membered rings, 1,1,3,3-
tetramesityl-5,6-diphenyl-2,4-dioxa-1,3-disilacyclohexanes, 5, (b) the siloxysilyl enol ether,
(E)-1,2-diphenyl-1-[(1,1,3,3-tetramesityldisiloxanyl)oxylethylene, E6, and (c¢) the products of
epoxide deoxygenation, stilbenes and 1,1,3,3-tetramesityl-2,4-dioxa-1,3-disilacyclobutane, 7.
The ratio of 5:6:stilbenes was 9.2 (trans to cis, 11:1):1:2.1 (¢rans to cis, 4.6:1). Under similar
conditions, trans-stilbene oxide reacted with 4 to give mainly trans-stilbene and 7 with
comparatively low conversion. The structure of E6 was supported by an independent
synthesis. The five-membered rings, 1,1,3,3-tetramesityl-5-benzhydryl-2,4-dioxa-1,3-disila-
cyclopentane, 9a, and 1,1,3,3-tetramesityl-5-benzyl-5-phenyl-2,4-dioxa-1,3-disilacyclopentane,
9b, were synthesized by two different routes and ruled out as possible structures for ¢is-5.
A mechanism is proposed to rationalize formation of 5 and 6.

Introduction

Considering the intriguing reaction chemistry of
disilenes,! and especially of tetramesityldisilene, 1, one
might expect the mono-oxidation product of 1, 1,1,2,2-
tetramesityl-3-oxa-1,2-disilacyclopropane, 4,2 to also
show interesting reactivity. However, the only reactions
of 4 to be thoroughly studied to date are its oxidation
to the corresponding 2,4-dioxa-1,3-disilacyclobutane, 7,
with triplet oxygen? and its conversion to a mixture of
7 and a 2,4,5-tioxa-1,3-disilacyclopentane with singlet
oxygen.*

In a recent publication on the reactions of stilbene
oxides with 1 (eq 1), we briefly mentioned a secondary

o)
/\ Ph_ OSiMes,SiMes,H
MCS\ —_— ,MCS Ph Ph I +
Si—Si\ D
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Mes,Si” Ph N\
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reaction between 4 and cis-stilbene oxide upon extended
reaction times.> We have investigated this reaction in
detail to learn more about the reactivity of 4 and to
further illuminate the complex behavior of these silicon
compounds toward epoxides. In the process of finding
independent syntheses of products, we have alsc un-

“ University of Wisconsin.
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covered several new reactions of 4. All reveal a pro-
pensity of the three-membered ring to cleave at the
weakest bond of the system, the silicon—silicon single
bond, giving products homologous to those from 1.

Results and Discussion

Reaction of 4 with Stilbene Oxides. At elevated
temperatures 4 reacted with cis-stilbene oxide to give
a complex mixture of products (eq 2). Analogous to the
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Ph" H H Ph
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reaction of 1, ring compounds, 5, were produced along
with an enol ether, 6. Stilbenes and the known four-
membered ring cyclodisiloxane, 7,38 were also formed,
presumably via oxygen transfer from the epoxide to 4.
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Figure 1. Thermal ellipsoid drawing of trans-5 at the
50% probability level. Bond distances (A) and angles (deg)
of the central ring: Si(1)—0(1), 1.657; O(1)—Si(2), 1.643;
Si(2)-0(2), 1.637; 0(2)—-C(2), 1.444; C(2—-C(1), 1.552;
C(1)-8i(1), 1.936; C(1)—Si(1)—0(1), 103.1; Si(1)~0(1)—Si-
(2), 133.3; 0(1)-8i(2)—0(2), 104.0; Si(2)—0(2)~-C(2), 127.9;
0(2)-C(2)—-C(1), 110.7; C(2)—-C(1)-8i(1), 109.4

1

(7]

[
(o}

o2

c1 Sit
c2

Figure 2. Side view of the central ring of trans-5.

Compound 7, being sparingly soluble in benzene at
room temperature, crystallized along with unreacted 4
as the original reaction mixture was cooled. The two
were identified by 2°Si NMR in CDCl3.5¢

A mixture of 5 and 6 was isolated as the high
molecular weight fraction from preparative gel perme-
ation chromatography (GPC) of the crude reaction
mixture. The major component, 1,1,3,3-tetramesityl-
trans-5,6-diphenyl-2,4-dioxa-1,3-disilacyclohexane, trans-
5, was isolated by crystallization from this mixture, and
eventually X-ray-quality crystals were obtained. The
structure, as shown in Figure 1, is similar to that of 8.5
The phenyl groups are trans to each other, occupying
pseudoequatorial positions. The ring methine protons
thus are in a 1,2 trans diaxial relationship. The ring
has a slightly distorted envelope conformation (Figure
2) with O2 and C2 being 0.291 and 0.861 A respectively,
to the same side of a plane defined by C1, Sil, O1, and
Si2. See Tables 1 and 2.

This orientation is likely the dominant conformation
in solution as well. The Karplus relationship? predicts
a large vicinal coupling constant for a near 180°
torsional angle between two protons. Experimental
maximum values for 3Jirans for various six-membered

(7) (a) Bothner-By, A. A. In Advances in Magnetic Resonance;
Waugh, J. S., Ed.; Academic Press: New York, 1965; Vol. 1, pp 201—
207. (b) Jackman, L. M.; Sternhell, S. Applications of NMR Spectros-
copy in Organic Chemistry; Pergamon: Oxford, England, 1969; pp 280
301.
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Table 1. Summary of Crystal Data Collection for

trans-5
empirical formula Cs0Hs6028i2
fw 745.18
cryst syst triclinie
space group P1
a, 12.380(1)
b, A 15.788(1)
c, 12.215(1)
o, deg 92.234(5)
B, deg 107.010(4)
y, deg 68.877(4)
v, A3 2123.7
Z 2
d(caled), g/em® 1.163
cryst size, mm3 0.082 x 0.082 x 0.44
abs coeff, cm™! 1.16
F(000) 800
T, °C —48
20 range, deg 2.8-48.3
crystal to plate distance, mm 85.0

no. of frames

oscillation range, deg/frame
exposure, min/frame

no. of reflns colled

no. of indep reflns

final R indices (obs data), %
goodness of fit on F

60 (two settings)
6.0

4.0

18 450

4092 (Rint = 4.0%)
R=45Ry=4.0
1.11

largest A/o 0.14
data-to-parameter ratio 5.72
largest diff, e A3 0.23

rings range from 10 to 13 Hz."2 The 10.4 Hz ®Jy-gu
between the two methine protons of the central ring of
trans-5 (Table 3) is qualitatively consistent with this
expectation. Note that the same can be said for trans-3
with a Jy_g of 11.8 Hz in solution and a torsional angle
of 178.5° between the protons in the crystal.

A second compound, isolated in small quantities, was
assigned as the cis isomer of 5. It could be separated
from trans-5 and 6 by chromatography on silica gel,
and the two ring compounds did not interconvert in
solution, even at 90 °C. 2°Si shifts (Table 3) of —6.57
and —26.00 ppm are almost identical to those of the
trans isomer at —6.46 and —28.40 ppm. The heterocy-
clic 13C resonances are also very similar. The methine
doublets are slightly shifted from those of trans-5 with
a coupling constant of only 1.6 Hz. In comparison to
the analogous 3J of trans-5, this small coupling con-
stant supports the stereochemical assignment and sug-
gests a torsional angle between the methine protons
closer to 90°. This should be expected since, in contrast,
a large 3J,, would correspond to a torsional angle
approaching 0° between the protons, leading to eclipsing
interactions between the cis phenyl groups.

The ratio of trans-5 to cis-5 was ca. 11:1 as deter-
mined by 'H NMR of the crude reaction mixture.

A third compound, isolated on silica gel (in ap-
proximately a 1:1 ratio with cis-5), was assigned as (E)-
1,2-diphenyl-1-[(1,1,3,3-tetramesityldisiloxanyl)oxyJeth-
ylene, E6. Spectroscopic data (Table 4) indicate a
structure similar to 2 with three main differences, all
supporting the presence of oxygen between the two
silicons: (1) a downfield shift of the Si—H, (2) an
increase in the one-bond silicon—hydrogen coupling
constant,® and (3) an increase in the Si—H stretching
frequency.®? In addition, Si(1) in Z6 is upfield of Si(1)

(8) Marsmann, H. In NMR Basic Principles and Progress; Diehl,
P., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1981; Vol. 17,
pp 112—-135.

(9) Smith, A. L.; Angelotti, N. C. Spectrochim. Acta 1959, 412.
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Table 2. Atomic Coordinates (x10%) and Isotropic

Mangette et al.
Table 3. Selected NMR Data (ppm) on Five- and

Thermal Parameters for trans-5 Six-Membered Rings
atom x ¥ z Bieo,? A2 'H shifts of 13C shifts of
: methylene or methine  nonaromatic
Sig; ?22}2%; gggigig; %ggggg; gég; doublets? (2J or 3J, Hz) ring carbons®  29Si shifts®
o(1) 1791(2) 2920(1) 7039(1) 2.2(1) trans-3° 4.41(11.8) 50.28 ~11.67
0(2) 2737(2) 1170(1) 7427(2) 2.7(1) 5.81 82.32 1.88
c(1) 4288(2) 1852(2) 7654(2) 2.2(1) cis-3 4.05(3.8) 48.25¢ -0.53
C(2) 3770(2) 1130(2) 7075(2) 2.3(1) 5.82 80.21 3.81
Cal)  31712) 3405(2) 5708(2) 2.3(1) trans-5 3.91(10.4) 51.45 ~28.40
C(12)  2407(3) 3309(2) 4625(2) 2.4(1) 5.97 80.16 -6.46
C(13)  2497(3) 3619(2) 3623(3) 3.0(1) cis-3 3.80 (1.6) 49.73¢ -26.00
C(14)  3344(3) 3997(2) 3609(3) 3.2(1) 6.21 77.13 -6.57
C(15)  41123) 4061(2) 4654(3) 3.4(1) 9a 4.50 (11.4) 57.38 ~14.96
C(16)  4040(3) 3791(2) 5696(2) 2.7(1) 5.66 71.92 -3.00
can 1493(3) 2863(3) 4507(3) 3.1(1) 9b 3.71(16.6) 44.34 -15.31
C(18)  3432(6) 4315(4) 2499(4) 5.3(2) 415 83.98 ~1.18
Sg?; ggggg; igégg; gg;?g; ggg; 2 In CgDg. & In CDCl; except for cis-3 and cis-5. ¢ Reference 5.
ggg; gg‘;gg Zg?gg; g%ggg; 3(7)8; Table 4. Comparison of Selected NMaR (CgDs,
Cl24)  2687(3) 5637(2) 9334(3) 3.5(1) ppm) and IR Data for Compounds 2° and 6
Ci25) 1940(3) 5665(2) 8234(3) 3.9(1) vinyl and Si—H
C(26)  2080(3) 4899(2) 7599(3) 3.2(1) 1H shifts vinyl 298 shifts
o@D 4708 S61G)  omsE 4D (s Hzp  15Cshifts (Si—H in bold¥ vgip (cm™")
C(29)  1163(4) 5034(3) 6416(4) 4.4(2) E2 572 112.76 —56.63 2133
C(31) 175(3) 2019(2) 5970(2) 2.5(1) 574(1794)  152.40 —4.37
C(32)  —949(3) 2746(2) 5775(2) 3.0(1) 2 576 114.60 —49.29 2144
C(33)  -1919(3) 2811(3) 4801(3) 4.0(1) 6.05(181.3) 16331 1.02
C(34)  —1832(3) 2164(3) 4012(3) 4.1(1) E6 637 112.95 ~85.93 2161
C(35)  —747(3) 1442(3) 4201(3) 3.5(1) 647(217.3) 15180 ~29.82
C(36) 267(3) 1352(2) 5159(2) 2.8(1) 26 587 113.38 —36.11 2181
C(37)  -1163(4) 3505(3) 6580(4) 4.3(2) 6.21(219.7) 15175 ~30.85
C(38)  —2903(5) 2240(6) 2956(5) 7.1(2) @ Reference 5.  Si—H assignments made by observation of 29Si
ggi?; }‘ggg; 12‘;28; gzggg; 22&; ggstglhtestin the 'H NMR. ¢ Si—H assignments made using coupled
. 1 spectra.
Ci42) 1098(3) 1106(2) 8965(2) 2.6(1) P
C(43) 944(3) 965(3) 10015(3) 3.4(1) Scheme 1
Cl44) 783(3) 1628(3) 10779(3) 3.7(1)
C(45) T74(3) 2463(3) 10468(3) 3.4(1) Ph_ ONa®
C(46) 943(3) 2648(2) 9430(2) 2.8(1) I
C(47) 1292(4) 312(3) 8227(3) 3.5(1)
C(48) 645(8) 1433(5) 11926(4) 6.8(3) ™
C(49) 952(4) 3583(3) 9231(4) 4.0(2) 4 — »
C(51)  4655(2) 157(2) 7395(2) 2.4(1) THF
C(52)  4886(3) —439(2) 6568(3) 3.8(1)
C(53) 5632(4) ~1342(3) 6863(3) 5.0(1) Ph_ OSiMes;OSiMes,H Ph_ OSiMes,OSiMes,H
C(54)  6179(3) ~1656(3) 7991(3) 4.1(1) v
C(55) 5977(3) ~1069(2) 8833(3) 3.9(1) | — |
C(56)  5225(3) -172(2) 8531(3) 3.3(1) w” i A=350mm o FN
C(61) 5519(3) 1675(2) 7472(3) 2.6(1) C(Ds
C(62)  6558(3) 1532(2) 8389(3) 3.5(1) Z only 7.E
C(63) 7662(3) 1420(3) 8198(4) 4.9(2) 22:1
C(64) 7737(4) 1424(3) 7102(5) 5.6(2)
gggi ggi?g; igigg; gégggg; ggg; The reaction of 4 with trans-stilbene oxide was also

a Biso = (812/3)21'21‘ Uija,'*aj*a,-aj.

in Z2, and Si(2) in Z6 is downfield of Si(2) in Z2,
consistent with known 2°Si trends for increasing oxygen
substitution on silicon.!® The 13C vinyl shifts are also
consistent with the given structure.

The low molecular weight GPC fraction contained a
mixture of stilbenes and stilbene oxides. 'H NMR
showed a 1:4.7 cis to trans ratio of alkenes.

The combined yield of 5 and 6 was 61.4%, and that of
the alkenes was 19.1%. The overall product ratios were
also estimated for reactions run in sealed NMR tubes
and were found to be 22.8:2.1:2.7:4.6:1 for trans-5:cis-
5:6:trans-stilbene:cis-stilbene, respectively.

(10) Williams, E. A. In The Chemistry of Organosilicon Compounds;
Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; Chapter 8, pp
523-527.

studied. However, it was not as efficient or clean. After
double the reaction time used for cis-stilbene oxide,
reaction was, at most, 50% complete. A large amount
of solid precipitated (ca. 40 mg, using 100 mg of starting
material), mostly unreacted 4. Trans-stilbene was
isolated in 20% yield, the hydrolysis product of 4,
HOSiMesyOSiMesgH, in 18% yield, and trans-5 in only
5% yield. Several small fractions (each <5 mg) gave
very complex spectra that could not be interpreted as
any of the other products from the cis-stilbene oxide
reaction. A reaction run in a sealed NMR tube con-
firmed that the primary result was epoxide deoxygen-
ation. The epoxide incorporation products, 5 and 6,
were not formed in detectable amounts.
Independent Synthesis of 6. To further support
the assignment of 6, 4 was treated with the sodium
enolate of deoxybenzoin (Scheme 1) to give a compound
assigned as Z6. The isolated yield was 44% based on 1
(assuming quantitative oxidation to 4). This general
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structure would be expected from enolate attack at
silicon, followed by silicon—silicon bond cleavage and
protonation of the resulting silyl anion.

A comparison of the spectroscopic data of Z6 to either
isomer of 2 paralleled the comparison of E6 to 2 (Table
4). And, as should be expected for an isomeric pair of
stilbene derivatives,!! a mixture of Z6 and E6 was
obtained by photolysis of Z6 in benzene. The photosta-
tionary state Z:E ratio of 2.15:1 is similar to the 2.3:1
ratio obtained for the Z2/E2 system,® and provides
evidence of structure and stereochemistry of 6.

Our stereochemical assignment is further supported
by the results of Davis and co-workers, who found that
the same enolate generated under either thermody-
namic or kinetic conditions was quenched by trimeth-
ylsilyl chloride to give primarily the (Z)-trimethylsilyl
enol ether.12 We, likewise, have found that reaction of
the enolate with 1 gave a 7:1 ratio of Z2:E2. Stereo-
chemical confirmation, reported earlier,> was made by
single-crystal X-ray analysis of Z2 isolated from the
photostationary state mixture of 2.

The two isomers of 6 could be quantitatively sepa-
rated by chromatography on silver nitrate-doped silica
gel,!% and an iterative process of photolysis and AgNO3y/
Si02 chromatography was developed to give practical
quantities of E6.

Synthesis of Dioxadisilacyclopentanes, 9. In the
course of identifying the cyclic products, 5, and espe-
cially the cis isomer, compounds 9 were considered as
possible structures. These could result from an epoxide
ring-opened intermediate with phenyl or hydride migra-
tion occurring before a final ring closure (see Scheme 2
and an overall mechanistic proposal in Scheme 4). Such
a migration is known for reactions of epoxides with
Lewis acids.!*

A synthesis was accomplished by treatment of 4 with
the appropriate carbonyl compound (Scheme 3, top
sequence). Isolated yields, based on 1 (assuming quan-
titative oxidation to 4), were 35% for 9a and 52% for
9b. Alternatively, addition of the carbonyl compound
to 1 to give disilaoxetanes, 10,5 could be followed by

(11) The photochemical behavior of 6 is consistent with known
photochemical isomerizations of stilbenes and substituted stilbenes.
For further reading see: (a) Saltiel, J.; D’Agostino, J.; Megarity, E.
D.; Metts, L.; Neuberger, K. R.; Wrighton, M.; Zafiriou, O. C. In Organic
Photochemistry; Chapman, O. L., Ed.; Marcel Dekker: New York, 1973;
Vol. 3, pp 1—103. (b) Waldeck, D. H, Chem. Rev. 1991, 91, 415.

(12) Davis, F. A.; Sheppard, A. C.; Chen, B.-C.; Haque, M. S. J. Am.
Chem. Soc. 1990, 112, 6679.

(13)(a) Padley, F. B. In Thin Layer Chromatography; Marini-
Bettolo, G. B., Ed.; Elsevier: Amsterdam, 1964; p 90. (b) Nano, G.
M.; Martelli, A. J. Chromatogr. 1966, 21, 349.

(14) For a general overview of acid-catalyzed epoxide rearrange-
ments see: Barték, M.; Lang, K. L. In Heterocyclic Compounds;
Hassner, A., Ed.; Wiley: New York, 1985; Vol. 42, Part 3, p 65.

(15) Fanta, A. D.; DeYoung, D. J.; Belzner, J.; West, R. Organome-
tallics 1991, 10, 3466.
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Figure 3. Thermal ellipsoid drawing of 9a at the 50%
probability level. Selected bond distances (A) and angles
(deg): Si(1)-0(2), 1.648; O(2)—Si(2), 1.661; Si(2)—C(1),
1.945; C(1)-0O(1), 1.456; O(1)-8i(1), 1.647; C(1)-C(2),
1.533; 0(1)—Si(1)—0(2), 99.73; Si(1)—0(2)-S8i(2), 117.74;
0(2)—8i(2)—-C(1), 95.81; Si(2)—C(1)-0Q1), 105.12; C(1)—
0O(1)-Si(1), 118.44.
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oxidation to 9 with trimethylamine-N-oxide (Scheme 3,
bottom sequence). Isolated yields were 57% for 10a,
66% for 10b, 92% for 9a, and 96% for 9b (yields of 9
were based on 10).

Confirmation of the general structure of 9 was made
by single-crystal X-ray analysis of 9a (Figure 3, Tables
5 and 6).

As can be seen from Table 3, 'H NMR data eliminates
both 9a and 9b as possible structures for eis-5. The
methine doublets of 9a are readily distinguishable from
those of the proposed six-membered ring. The methyl-
ene protons in 9b are diastereotopic by virture of the
asymmetric carbon of the central ring. They constitute
an AB quartet, and hence the chemical shift difference
between them is small compared to the differences
between the methine protons in compounds 5 and 9a.

Re-examination of the Reaction of 1 with Stil-
bene Oxides. The isolation of ¢is-5 cast doubt on our
previous results that frans-3 was the only five-
membered ring formed in the reaction of 1 with stilbene
oxides. Reinvestigation has uncovered what we believe
to be the cis isomer. It was formed only from cis-stilbene
oxide in an estimated 4% yield. Our previous methods
of isolation of compounds 2 and 3, crystallization and
multiple chromatographies, probably depleted and di-
vided the quantities of eis-8, making detection difficult.

Cis-3, unfortunately, could not be separated from the
trans isomer. The assignment, therefore, is tentative
but reasonable considering the present results. Table



4068 Organometallics, Vol. 14, No. 9, 1995

Table 5. Summary of Crystal Data Collection for

9a
empirical formula C50H5604812
fw 745.13
cryst syst triclinic
space group P1
a, A 12.269(2)
b, A 12.3514(9)
c, A 15.6528(13)
o, deg 68.132(9)
B, deg 77.155(10)
v, deg 72.839(7)
Vv, As 2086.3
Z 2
d(calcd), g/em3 1.186
cryst size, mm3 0.30 x 0.20 x 0.20
abs coeff, mm™! 1.062
F(000) 800
T, °C -160
26 range, deg 4.00-114.00
scan type w
scan speed, deg/min variable, 2.00—40.00
scan range (), deg 1.00
index ranges 0<sh=13,-12<k =12,
-16=0s17
no. of reflns colled 5780

5464 (Rin: = 2.06%)
R=443,R,=1135

no. of indep reflns
final R indices (obsd data), %

goodness of fit on F? 1.035
largest A/o 0.006
data-to-parameter ratio 11.2

largest diff, e A3 0.399

3 gives 'H and 3C NMR data. The downfield doublet
of the minor isomer was obscured by that from ¢rans-
3, making detection of cis-3 even more difficult. But
homonuclear decoupling by irradiation of the upfield
doublet of the major isomer allowed observation of this
“missing” doublet. The vicinal coupling constant of 3.8
Hz again is indicative of a cis relationship between the
phenyls, particularly when compared to the large cou-
pling constant for the trans isomer.

Considering these current findings, the mechanistic
conclusions on the reaction of 1 with stilbene oxides,
based on our previous results, need only a minor
reconsideration. Five-ring formation is still highly
stereoselective for trans (6:1 trans to cis ratio), and, since
no interconversion of the isomers was observed under
the reaction conditions, trans-3 is formed more quickly
than cis-3. The steric interactions to which the rate
difference was attributed, as discussed in detail below,
are simply not as influential as previously thought.

Mechanistic Proposal. By analogy to the mecha-
nism suggested for the reaction of 1 with stilbene oxides,
the pathway shown in Scheme 4 is proposed to give 5
and 6. Like the disilene 1, 4 probably behaves as a
Lewis acid toward the epoxide as a first step. Ring-
opening to 8¢ would provide a common intermediate to
the observed products and explain the partial loss of
the original epoxide stereochemistry. Simple ring-
closure from 8 would give 5, and deprotonation of 8¢
would produce E6. Products 5 and Z6 were configura-
tionally stable under the reaction conditions. The
observed ratios, therefore, are a reflection of a competi-
tion of rates of decay pathways and conformational
changes of the intermediate zwitterion.

The high stereoselectivity of the formation of 5 and 6
is best rationalized by unfavorable steric interactions
in the transition states leading to the less favored
stereoisomers. Specifically, regarding 5, transannular
interactions between one phenyl forced to be pseudo-
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Table 6. Atomic Coordinates (x10%) and
Equivalent Isotropic Displacement Coefficients
(x10%) for 9a

atom x y z Uleq),c A2
Si(1) 2803(1) 3648(1) 2813(1) 18(1)
Si(2) 2921(1) 6080(1) 1934(1) 17(1)
O(1) 2578(1) 4334(1) 3581(1) 22(1)
0(2) 3126(1) 4724(1) 1861(1) 19(1)
C(1) 2359(2) 5639(2) 3252(2) 20(1)
C(2) 2914(2) 5942(2) 3894(2) 20(1)
C(3) 2524(2) 5308(2) 4915(2) 21(1)
C4) 1372(2) 5357(2) 5262(2) 23(1)
C(5) 1041(2) 4812(2) 6197(2) 27(1)
C(6) 1862(2) 4198(2) 6800(2) 31(1)
(7 3006(2) 4128(3) 6456(2) 37(1)
C(8) 3331(2) 4683(2) 5523(2) 29(1)
C(9) 2725(2) 7281(2) 3707(2) 22(1)
C(10) 1639(2) 8039(2) 3742(2) 25(1)
ca1n 1503(3) 9251(2) 3575(2) 33(1)
C(12) 2454(3) 9720(2) 3388(2) 39(1)
C(13) 3540(3) 8973(2) 3380(2) 38(1)
C(14) 3676(2) 7761(2) 3535(2) 30(1)
C(15) 1424(2) 3221(2) 2891(2) 19(1)
C(16) 1037(2) 2461(2) 3776(2) 21(1)
can) 8(2) 2133(2) 3918(2) 25(1)
C(18) —690(2) 2528(2) 3226(2) 27(1)
Cc19) —-318(2) 3266(2) 2364(2) 26(1)
C(20) 717(2) 3618(2) 2179(2) 22(1)
C(21) 1701(2) 1998(2) 4594(2) 28(1)
C(22) —-1821(2) 2181(3) 3429(2) 43(1)
C(23) 1006(2) 4445(2) 1207(2) 31(1)
C(24) 4084(2) 2327(2) 2955(2) 20(1)
C(25) 4436(2) 1847(2) 2216(2) 22(1)
C(26) 5437(2) 954(2) 2214(2) 26(1)
C@2n 6105(2) 475(2) 2931(2) 29(1)
C(28) 5749(2) 923(2) 3658(2) 27(1)
C(29) 4769(2) 1838(2) 3689(2) 22(1)
C(30) 3753(2) 2289(2) 1408(2) 28(1)
C(31) 7184(3) —509(3) 2908(2) 47(1)
C(32) 4525(2) 2268(2) 4511(2) 29(1)
C(33) T 4288(2) 6628(2) 1659(2) 20(1)
C(34) 5380(2) 5828(2) 1752(2) 22(1)
C(35) 6370(2) 6255(2) 1405(2) 26(1)
C(36) 6337(2) 7468(2) 1008(2) 28(1)
C(37) 5267(2) 8258(2) 979(2) 27(1)
C(38) 4249(2) 7873(2) 1283(2) 23(1)
C(39) 5523(2) 4503(2) 2256(2) 29(1)
C(40) 7424(2) 7913(3) 644(2) 44(1)
C4l) 3135(2) 8828(2) 1212(2) 29(1)
C(42) 1954(2) 7051(2) 1008(2) 19(1)
C(43) 823(2) 7735(2) 1140(2) 21(1)
C(44) 200(2) 8375(2) 392(2) 24(1)
C(45) 639(2) 8360(2) —-501(2) 26(1)
C(46) 1752(2) 7693(2) —-629(2) 27(1)
C47) 2412(2) 7041(2) 97(2) 22(1)
C(48) 245(2) 7802(2) 2081(2) 29(1)
C(49) —75(3) 9023(2) —1289(2) 37(1)
C(50) 3601(2) 6330(2) -151(2) 30(1)

aUleq) = Y% U,'jaf“'aj*ai-aj.

axial and two mesityl groups cis to it would inhibit
attainment of the necessary transition state en route
to the cis isomer. Alternatively, a steric interaction
would occur between the two cis phenyl groups if, in
the transition state, they were required to be nearly
eclipsed.

A similar argument can explain the complete stereo-
selectivity in the generation of 6. The transition state
for deprotonation!® would involve either a phenyl—
phenyl interaction, as in A of Figure 4 to form E8, or

(16) Note that the breaking C—H bond is parallel to the empty
p-orbital of the cation in the transition state model. This is a proposed
alignment necessary for the deprotonation step of an E1 elimination.
Kieboom, A. P. G.; Van Bekkum, H. Rec!. Trav. Chim. Pays-Bas 1969,
88, 1424.
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Figure 4. Transition state models for proton abstraction
to give 6: (a) Newman projection and (b) alternate view.
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phenyl—mesityl interactions as in B en route to Z6. The
alternate views (Figure 4b) strongly indicate B to be
disfavored.

A comparison of the stereoselectivities of enol ether
formation from 1 and 4 with cis-stilbene oxide shows a
uniformity. The complete stereoselectivity observed for
6 is only a slight enhancement in comparison to 2 where
the E isomer was formed with 95% selectivity. In fact,
considering that trans-stilbene oxide was produced in
the reaction mixture of 1, the minute amount of Z2 could
have come from a parallel reaction of the trans epoxide.
Trans-stilbene oxide was shown to give a mixture of Z2
and E2 (1:6 ratio) in its reaction with 1. So it is possible
that both 1 and 4 give enol ethers with complete
stereoselectivity from cis-stilbene oxide.
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As is evident from the reaction times and relative
amounts of recovered 4, cis-stilbene oxide reacted faster
than trans-stilbene oxide. The same phenomenon was
observed in the reactions of 1; complete reaction took
2—3 days for cis and 10—14 days for trans. Related to
this, Groves and co-workers noted a more rapid reaction
of cis epoxides in their ruthenium(II) porphyrin-
catalyzed cis/trans isomerizations.!” They attributed
the reactivity difference to an enhanced ability of the
bulky porphyrin to coordinate to the epoxide oxygen of
the cis epoxides which have one relatively unhindered
face. They later supported this hypothesis with an
X-ray structure of an adduct between styrene oxide and
tetra(2,6-dichlorophenyl)porphyrinato(carbonyl)-
ruthenium(II) which showed a side-on approach of the
Lewis acid toward the epoxide with an anti orientation
between the epoxide phenyl group and the porphyrin
ring.'® A similar coordination of 4 to the epoxide, as in
11, could explain the enhanced reactivity of the cis
1s0mer.

A pathway for deoxygenation was omitted from
Scheme 4 because several complicating factors come into
play. The first is a question of stereospecificity. The
presence of trans-stilbene oxide in the cis-stilbene oxide
reaction mixture makes it impossible to distinguish
between two theoretically viable pathways: (1) a truly
nonstereospecific mechanism such as silyl anion attack
on oxygen of the ring-opened intermediate, 8, or (2) a
stereospecific deoxygenation with retention to give cis-
stilbene from cis-stilbene oxide contaminated by trans-
stilbene similarly generated from trans-stilbene oxide.

A second puzzling aspect is the disparity in the ratio
of trans-5 to trans-stilbene depending on the stereo-
chemistry of the starting epoxide. Even considering the
poor mass balance and the low relative reactivity of
trans-stilbene oxide, we feel the qualitative comparison
in the ratios is reliable. The same trend was noted in
the reaction of the epoxides with 1 where material
balance was much more acceptable. The simplest
explanation, consistent with deoxygenation from 8, is
that conformational relaxation in the ring-opened in-
termediate is not complete before the final steps of the
reaction. Under this condition, #rans-5 and trans-
stilbene can still both come from 8, but their ratio will
be dependent on the origin of their common precursor.
A second explanation is that #rans-5 and trans-stilbene
do not come from a common intermediate. This allows
multiple reasonable possibilities, including (a) a con-
certed deoxygenation without prior formation of 11 (via
a transition state similar to those in alkene epoxidation

(17) Groves, J. T.; Ahn, K.-H.; Quinn, R. J. Am. Chem. Soc. 1988,
110, 4217.

(18) Groves, J. T.; Han, Y.; Van Engen, D. J. Chem. Soc., Chem.
Commun. 1990, 436,

(19) (a) Baumstark, A. L.; McCloskey, C. .J. Tetrahedron Lett. 1987,
28, 3311. (b) Baumstark, A. L.; Vasquez, P. C. J. Org. Chem. 1988,
53, 3437. (c) Murray, R. W.; Shiang, D. L. .J. Chem. Soc., Perkin Trans.
21990, 349. (d) Bach, R. D.; Andrés, J. L.; Owensby, A. L.; Schlegel,
H. B.; McDouall, J. J. W. J. Am. Chem. Soc. 1992, 114, 7207.

(20) (a) Davis, F. A.; Billmers, J. M.; Gosciniak, D. J.; Towson, J.
C,; Bach, R. D. J. Org. Chem. 1986, 51, 4240. (b) Bach, R. D.; Wolber,
G. J. J. Am. Chem. Soc. 1984, 106, 1410.

(21) Strictly speaking, such an analogy might seem more valid for
a doubly bonded compound such as 1. However, disilacyclopropane
derivatives like 4 have been considered to exhibit double-bond char-
acter between the silicons based on structural and calculational results.
See: (a)ref2a. (b) West, R.; DeYoung, D. J.; Haller, K. J. J. Am. Chem.
Soc. 1985, 107, 4942. (c) Grev, R. S.; Schaefer, H. F., I11. J. Am. Chem.
Soc. 1987, 109, 6577. (d) Cremer, D.; Gauss, J.; Cremer, E. J. Mol.
Struct, (THEOCHEM) 1988, 169, 531.
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with dioxiranes!? or oxaziridines2%)2! or (b) a reversal
in the order of silyl anion attack on the oxygen and ring-
opening from 11.

Conclusions

Oxadisilacyclopropane, 4, reacts much like disilene,
1, giving analogous products, particularly in its reac-
tions with epoxides, carbonyl compounds, and water.
The similarity of reaction products with cis-stilbene

oxide and the conclusions made regarding the reaction

of 1 with both stilbene oxides support the proposed
pathway for formation of 5 and 6. However, more
experimentation must be carried out to clarify mecha-
nistic details of deoxygenation from 4 and, likewise,
from 1 where complications arose regarding the origin
of trans-stilbene from cis-stilbene oxide.

Experimental Section

General Procedures. All solvents for reactions of 4 were
distilled from sodium benzophenone ketyl under nitrogen and
degassed prior to use. Compound 4 was prepared by oxidation
of tetramesityldisilene by the literature method? using hexane
as solvent (in place of benzene) and was recrystallized from

benzene prior to use in the epoxide reactions. For all other -

reactions it was used crude. The epoxides were made as
described earlier.’ Chromatography on silica gel, unless

otherwise stated, was performed on 20 x 20 cm commercial -

preparative plates (Whatman 60 A, 1000 um thickness).
Reported melting points are uncorrected. 'H and *C spectra

were referenced to the residual solvent resonances which were-

calibrated against tetramethylsilane. All 22Si NMR spectra
were referenced to external tetramethylsilane. Data on trans-
5, 10b, and the cis/trans mixture of 3 were obtained by straight
acquisition using inverse-gated decoupling in the presence of
a relaxation agent, chromium(III) acetylacetonate (5 x 1072
M).22 All other #Si NMR spectra were obtained using INEPT
pulse sequences.

Preparative-Scale Reaction of 1,1,2,2-Tetramesityl-3-
oxa-1,2-disilacyclopropane, 4, with cis-Stilbene Oxide.
A mixture of 4C¢Hs (90 mg, 0.14 mmol) and cis-stilbene oxide
(49 mg, 0.25 mmol, 1.8 eq) in 4 mL of benzene was sealed in
a thick-walled glass ampule and heated to 95 °C for 3 days.
The tube was cracked open, and 13.5 mg of precipitate was
collected by filtration. 2Si NMR (CDCl;, 99.36 MHz) of the
solid showed peaks at —3.05 and —26.88 ppm, corresponding
to 7% and 4,% respectively. The filtrate was concentrated in
vacuo, and the residue was separated into two fractions by
preparative gel permeation chromatography (GPC). The lower
molecular weight fraction (GPC frac 1) contained stilbenes in
a cis to trans ratio of 1:4.7, along with stilbene oxides, while
GPC fraction 2 contained trans-5, cis-5, and 6 in a ratio of
11:1:1. GPC fraction 1 was rechromatographed on silica gel
with 3% diethyl ether in hexanes giving four fractions (from
lowest to highest Ry): (1) cis-stilbene oxide, 12.6 mg, (2) trans-
stilbene oxide, 4.9 mg, (3) trans-stilbene, 4.2 mg (16.7%), and
(4) cis-stilbene, 0.6 mg (2.4%). GPC fraction 2 (64 mg, 61.4%
combined 5 and 6) yielded pure trans-5 by crystallization from
hexanes. Analytical data were as follows: 'H NMR (C¢Ds, 300
MHz) 6 6.98—6.61 (aromatic multiplets), 6.52 (br s), 5.97 (d, 1
H, J = 104 Hz, ~-OPhCHPhCHSi—}, 3.91(d, 1 H, J = 10.4
Hz, —-OPhCHPhCHSi-), 2.75 (s, 6 H, o-Me H), 2.58 (br s, Me
H), 2.45 (s, 6 H, 0-Me H), 2.11, 2.01 (2 s, 6 H each, p-Me H);
13C (CDCl;, 125.76 MHz) 6 145.04, 144.82, 144.74, 144.70,
140.01, 139.81, 139.65, 139.51, 139.34, 135.62, 132.70, 132.45,
131.73, 131.22, 129.74, 129.66, 129.36, 127.99, 127.88, 127,-
13, 127.11, 125.66, 125.65 (aromatic C), 80.16 (—OPhCHPh-

(22) Levy, G. C.; Cargioli, J. D.; Juliano, P. C.; Mitchell, T. D. J.
Am. Chem. Soc. 1978, 95, 3445.

Mangette et al.

CHSi~), 51.45(—OPhCHPhCHSIi-), 23.82, 23.62, 21.85, 21.81,

21,76, 21.73 (Me C); #Si NMR (CDs, 99.36 MHz) 6 —6.46,

—28.40; exact mass for Cs0Hz60251; caled m/e 744.3819, found
744.3817; mp 302—307 °C (decomp). Several crops of trans-5
were taken, and the mother liquor was concentrated and
combined with-that from several other runs. Chromatography
on silica gel with 1% diethyl ether in hexanes gave three
fractions: (1)cis-5,(2) trans-5, and (3) 6. Cis-5 was purified
by recrystallization from hexanes. Analytical data were as
follows: 'H NMR (C¢Ds, 300 MHz) 6 7.10—6.68 (aromatic
multiplets), 6.54 (br s), 6.32 (br s), 6.21 (d, 1 H, J = 1.6 Hz,
—OPhCHPhCHSi—), 3.80 (d, 1 H, J = 1.6 Hz, —OPhCHPh-
CHSi—), 2.99 (s, 6 H, 0-Me H), 2.87 (br s, 0o-Me H), 2.60 (br s,
0-Me H), 2.44 (s, 6 H, 0-Me H), 2.18 (s, 9 H, Me H), 1.91 (s, 3
H, p-Me H), 1.79 (s, 3 H, p-Me H); 13C (C¢Ds, 125.76 MHz) 6
146.05, 145.34, 144.38, 140.40, 140.24, 139.75, 138.96, 138.76,
135.47,133.77, 132.82,131.26, 130.45, 130.22, 129.70, 128.79,
128.61, 128.41, 127.25, 127.12, 126.28, 126.13 (aromatic C),
77.13 (—OPhCHPhCHSIi—), 49.73 (—OPhCHPhCHSi-), 24.25,
23.78,23.24, 21.71, 21.57, 21.40, 21.31 (Me C); 2°Si NMR (CqDs,
99.36 MHz) 6 —6.57, —26.00; exact mass for CsoHs60:51,
calculated mfe 744.3819, found 744.3841. The 'H NMR
spectrum of 6 matched that from the independent synthesis
(see details below).

" Preparative-Scale Reaction of 4 with trans-Stilbene
Oxide. A mixture of 4-CsHs (100 mg, 0.16 mmol) and trans-
stilbene oxide (49 mg, 0.25 mmol, 1.56 equiv) in 4 mL of
benzene was sealed in a thick-walled glass ampule and heated
for 95 °C for 6 days. The tube was cracked open, and 27.4 mg
of precipitate was collected by filtration. The tube was rinsed
several times with benzene, and the rinsings were added to
the original filtrate. Solid, adhered to the inside of the tube,
was dissolved in chloroform. This solution was concentrated,
and the resulting solid was added to the original precipitate
for a total of 39.1 mg of a mixture of 7 and 4 (**Si NMR). The
filtrate was concentrated in vacuo, and a low molecular weight
fraction (frac 1) containing trans-stilbene and ¢rans-stilbene
oxide was separated from several higher molecular weight
products (frac 2) by preparative GPC. GPC fraction 1 was
rechromatographed on silica gel with 3% diethyl ether in
hexanes to give two fractions: (1) trans-stilbene oxide (lower
Ry, 24.4 mg, and (2) trans-stilbene, 5.8 mg (20.2%). GPC
fraction 2 was rechromatographed on silica gel with 3% diethyl
ether in hexanes to give two identifiable fractions: (1)
HOSiMes,0OSiMes,H, 16.3 mg (18.0%), and (4) trans-5, 6.5 mg
(5.4%). Fractions 2 (5.2 mg), 3 (3.4 mg), and 5 (3.7 mg) gave
very complex 'H NMR spectra that could not be interpreted.
The 'H NMR spectrum of the hydrolysis product of 4 matched
that from an authentic sample (see hydrolysis of 4 described
below).

NMR-Scale Reactions of 4 with Stilbene Oxides. A
mixture of 4-C¢Hs (20 mg, 0.03 mmol) and epoxide (9.4 mg,
0.05 mmol, 1.7 equiv) in ca. 0.75 mL of ds-benzene was sealed
in an NMR tube and heated to 95 °C for 3 days. For the cis-
stilbene oxide reaction the amounts of cis- and trans-stilbenes
(relative to trans-5) were estimated by subtraction from their
integrations of interfering peaks from 6. The approximate
ratio of trans-5 to cis-5 to 6 to trans-stilbene to cis-stilbene,
averaged over three runs, was 22.8:2.1:2.7:4.6:1. For the trans-
stilbene oxide reaction, besides comparatively complex mesityl
(aromatic and methyl) regions, only trans-stilbene and
HOSiMes,08iMes.H (Si—H peak at 6 6.32) were observed, in
a ratio of 3:1.

Variable Temperature NMR of 5. A sealed NMR sample
of each isomer of 5 in ds-toluene was prepared. Spectra were
taken at 25, 48, 72, and 93 °C. Neither sample showed
contamination of the other isomer at any temperature. Both
isomers showed sharpening (and coalescence for cis-5) of
aromatic and methyl peaks which showed broadening at room
temperature attributed to hindered rotation.

Synthesis of (Z)-1,2-Diphenyl-1-[(1,1,3,3-tetramesityl-
disiloxanyl)oxylethylene, Z6. A solution of deoxybenzoin
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(130 mg, 0.66 mmol, 4 equiv) in 2 mL of tetrahydrofuran was
added to sodium hydride (18 mg of a 60% dispersion in mineral
oil, 10.8 mg, 0.45 mmol, 2.8 equiv) at 25 °C. After the solution
had been stirred for 1 h, the clear yellow solution was added
to 4 (from oxidation of 100 mg of 1'-THF, 0.16 mmol), and the
mixture was stirred for 18 h. Concentration in vacuo gave a
yellow-orange residue, which was chromatographed on silica
gel with hexanes. The second of three major bands yielded
53 mg (44.5%) of Z6. Recrystallization from r-hexane gave
pure Z6 as white needles. Analytical data were as follows:
'H NMR (C¢Ds, 500 MHz) 6 7.71 (d, J = 8 Hz, 2 H, o-H of a
phenyl group), 7.38 (m, 2 H, 0-H of 3 phenyl group), 7.05 (dd,
J = 8 Hz, 7 Hz, 2 H, m-H of a phenyl group), 6.96 (t,J = 7
Hz, 1 H, p-H of a phenyl group), 6.88 (m, 3 H, m,p-H of 8
pheny! group), 6.66, 6.54 (2 s, 4 H each, Mes H), 6.21 (s, 1 H,
Si—H), 5.87 (s, 1 H, vinyl H), 2.45, 2.32 (2 s, 12 H each, 0-Me
H), 2.08, 2.03 (2 s, 6 H each, p-Me H); 13C (Ce¢Ds, 75.40 MHz)
0 151.75 (a vinyl C), 145.00, 144.78, 141.16, 139.92, 139.89,
137.11, 132.50, 131.54, 130.02, 129.90, 129.62, 128.06, 127.97,
127.83, 126.81 (aromatic C), 113.38 (8 vinyl C), 24.87, 23.49
(0-Me C), 21.63, 21.53 (p-Me C); 2°Si (C¢Ds, 99.36 MHz) 6
—30.85 (1Jsi-u = 219.7 Hz), —36.11; exact mass for CsoHss00-
Si; caled m/e 744.3819, found 744.3782; IR (cm™!, Nujol) 2181.4
(Si—H), 1626.9, 1600.8; mp 168—169.5 °C. Anal. Calcd for
Cs0Hs602812: C, 80.59; H, 7.57. Found: C, 80.52; H, 7.55.

Photolysis of Z6. An NMR sample of Z6 (ca. 30 mg) in
ds-benzene (0.75 mL) was photolyzed, 4 = 350 nm, at 25 °C,
and the ratio of Z6 to E6 was monitred every 15 min by 'H
NMR. After 120 min, a photostationary state was reached
with Z:E ratio of 2.15:1.

Preparative Photolysis of Z6 and Isolation of (E)-1,2-
Diphenyl-1-[(1,1,3,3-tetramesityldisiloxyanyl)oxy]-
ethylene, E6. A solution of Z6 (110 mg, 0.15 mmol) in 3 mL
of d¢-benzene was photolyzed, A = 350 nm, in a 10 mm pyrex
tube at 25 °C. Periodically, an aliquot was removed, and the
Z:E ratio was determined by 'H NMR. After 8 h, the Z:E ratio
was 2.45:1. The solution was irradiated for an additional 2 h
and was then concentrated in vacuo. Chromatography of the
residue on a 10 x 20 cm preparative plate containing 10% w/w
silver nitrate in silica gel (MN Kieselgel G/UV 254) gave
quantitative separation of the two isomers (E with higher Ry
with 5% diethyl ether in hexanes. The Z isomer was recovered,
and the photolysis/separation process was repeated twice to
give 40 mg (36.4%) of E6 as a glassy, noncrystalline solid. The
product was further purified by preparative GPC. Analytical
data were as follows: 'H NMR (C¢Ds, 300 MHz) 6 7.32 (m, 2
H, phenyl H), 7.00—6.87 (3 m, 8 H, phenyl H), 6.66 (s, 8 H,
Mes H), 6.47 (s, 1 H, Si—H), 6.37 (s, 1 H, vinyl H), 2.50, 2.45
(2 s, 12 H each, o-Me H), 2.07, 2.05 (2 s, 6 H each, p-Me H);
18C (CeDs, 75.40 MHz) 6 151.80 (o vinyl C), 145.16, 144.95,
140.13, 140.06, 138.41, 137.65, 131.82, 131.24, 130.26, 129.90,
129.57, 128.72, 128.70, 126.26 (aromatic C), 112.95 (5 vinyl
C), 24.64, 23.34 (0-Me C), 21.59, 21.55 (p-Me C); 2°Si (CgDs,
99.36 MHz) 6 —29.82 (1Js;-y = 217.3 Hz), —35.93; exact mass
for C50H55028Si; caled m/e 744.3819, found 744.3818; IR (ecm ™!,
Nujol) 2161.1 (Si—H), 1636.5, 1605.6. Anal. Caled for
CsoHs60251s: C, 80.59; H, 7.57. Found: C, 80.83; H, 7.90.

Synthesis of 1,2-Diphenyl-1-[(1,1,2,2-tetramesityl-1,2-
disilanyl)oxy]Ethylene, 2. A solution of deoxybenzoin (130
mg, 0.66 mmol, 4 equiv) in 2 mL of tetrahydrofuran was added
to sodium hydride (20 mg of a 60% dispersion in mineral oil,
12.0 mg, 0.50 mmol, 3.1 equiv) at 25 °C. After it had been
stirred for 1 h, the clear yellow solution was added to 1-THF
(100 mg, 0.16 mmol) and the mixture was stirred for 4 h.
Concentration in vacuo gave a yellow-orange residue, which
was chromatographed on silica gel with 1% diethyl ether in
hexanes. Two bands with Ryca. 0.3 were taken: (1) 10b (lower
Ry) and (2) a mixture of Z2, E2, and Z6 in a ratio of 11:1.6:1,
14.8 mg (estimated to contain 13 mg of 2, 11%).

Hydrolysis of 4. A degassed solution of water (0.5 mL) in
25 mL of tetrahydrofuran was added to 4 (from oxidation of
400 mg of 1'THF, 0.66 mmol) to give a thick suspension. After
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the suspension had been stirred for several hours, the resulting
clear solution was concentrated in vacuo, and the residue
recrystallized from diethyl ether at —25 °C. 1,1,3,3-Tetramesi-
tyl-1-hydroxydisiloxane, HOSiMes;OSiMes,H, was isolated as
a white solid. Analytical data were as follows: 'H NMR (CgDs,
300 MHz) 6 6.66 (s, 8 H, Mes H), 6.32 (s, 1 H, Si—H), 2.42,
2.41 (2 s, 24 H, 0o-Me H), 2.25 (s, 1 H, —OH), 2.08 (s, 12 H,
p-Me H); #8Si (CsDs, 99.36 MHz) 6 —30.32, —31.36 (WJgi_y =
214.8 Hz); exact mass for C3sHy60:Siz caled m/e 566.3036,
found 566.3052; IR (cm™!, Nujol) 3675.1, 3608.6, 3409.9 (O—
H), 2157.2 (Si—H). The crystals of HOSiMes,OSiMes.H
retained substantial amounts of solvent, so elemental analysis
was not attempted.

Synthesis of 1,1,3,3-Tetramesityl-5-benzhydryl-2,4-di-
oxa-1,3-disilacyclopentane, 9a, from 4. A mixture of 4
(from oxidation of 200 mg of 1-THF, 0.33 mmol) and dipheny-
lacetaldehyde (98 mg, 0.50 mmol, 1.5 equiv) in 4 mL of benzene
was sealed in a thick-walled glass ampule and heated to 90
°C for 3 days. The tube was cracked open, and the solution
was concentrated in vacuo. The residue was chromatographed
on silica gel with 1% diethyl ether in hexanes, giving three
bands. That with the lowest Ryyielded 87.2 mg (35.5%) of 9a,
which was recrystallized from diethyl ether. Analytical data
were as follows: 'H NMR (CsDs, 300 MHz) 6 7.44 (m, 2 H,
phenyl H), 7.07 (m, 1 H, phenyl H), 6.92—6.80 (m, 6 H, phenyl
H), 6.70, 6.66, 6.61, 6.57 (4 s, 2 H each, Mes H), 5.66 (d, 1 H,
J = 11.4 Hz, ~-OCH(CHPh,)Si—), 4.50 (d, 1 H, J = 11.4 Hz,
—OCH(CHPhy)Si—-), 2.52, 2.42, 2.36 (3 s, 6 H each, 0-Me H),
2.10, 2.08, 2.06 (3 5, 9 H, p-Me H), 1.98 (s, 3 H, p-Me H), 1.90
(br s, 0-Me H); 13C (CDCl;, 125.76 MHz) 6 145.72, 145.42,
145.28, 144.88, 143.79, 142.45, 140.16, 139.77, 139.64, 134.71,
131.54, 131.47, 130.80, 130.14, 129.84, 129.63, 129.37, 129.34,
128.86, 128.38, 127.18, 126.19 (aromatic C), 71.92 (-OCH-
(CHPhy)Si-), 57.38 (—OCH(CHPh,)Si—), 25.40, 25.09, 23.82,
22.86 (0-Me C), 21.91, 21.87, 21.82, 21.80 (p-Me C); 2°Si (CgD,
99.36 MHz) 6 —3.00, —14.96; exact mass for C50Hs¢0:Si caled
m/e 744.3819, found 744.3811; mp 280—-282 °C.

Synthesis of 1,1,3,3-Tetramesityl-5-benzyl-5-phenyl-
2,4-dioxa-1,3-disilacyclopentane, 9b, from 4. A mixture
of 4 (from oxidation of 200 mg of 1'THF, 0.33 mmol) and
deoxybenzoin (97 mg, 0.50 mmol, 1.5 equiv) in 2 mL of benzene
was sealed in a thick-walled glass ampule and heated to 100
°C for 3 days. The tube was cracked open, and the solution
was concentrated in vacuo. The residue was chromatographed
on silica gel with 2% diethyl ether in hexanes, giving several
bands. That with the second highest Rryielded 128 mg (52.1%)
of 9b. The product was recrystallized from n-hexane. Ana-
lytical data were as follows: 'H NMR (Cg¢Dg, 300 MHz) 6 7.55
(m, 2 H, phenyl H), 7.01 (m, 2 H, phenyl H), 6.94-6.79, 6.76
(m, s, 8 H, phenyl H and Mes H), 6.68, 6.57, 6,46 (3s, 2 H
each, Mes H), 4.15, 3.71 (2 d, 1 H each, J = 16.6 Hz, —OCPh-
(CH,Ph)Si—), 2.74, 2.60, 2.43 (3 s, 6 H each, o-Me H), 2.12,
2.11 (2's, 9H, p-Me H and 0-Me H), 2.05, 2.04 (2 s, 6 H, p-Me
H), 1.94 (s, 3 H, p-Me H); 3C (CDCls, 125.76 MHz) 6 146.00,
145.13, 144.66, 139.90, 139.83, 139.73, 139.35, 138.51, 133.28,
132.76,131.97, 130.97, 130.03, 129.66, 129.44, 129.35, 128.18,
127.64, 125.97, 125.59 (aromatic C), 83.98 (—OCPh(CHyPh)-
Si—), 44.34 (-OCPh(CH:Ph)Si—), 26.29, 24.80, 24.00, 23.75
(0o-Me C), 21.85, 21.80, 21.56 (p-Me C); 2°Si (C¢Ds, 99.36 MHz)
6 —1.18, —15.31; exact mass for CsoHs60:Si; caled m/e 744.3819,
found 744.3827; mp 273—275 °C. Crystals of 9b retained small
amounts of solvent, so elemental analysis was not attempted.

Synthesis of 1,1,2,2-Tetramesityl-4-benzhydryl-3-oxa-
1,2-disilacyclobutane, 10a. A degassed solution of diphe-
nylacetaldehyde (189 mg, 0.96 mmol, 1.1 equiv) in 25 mL of
hexanes was added to 1'-THF (530 mg, 0.88 mmol), and the
mixture was stirred for 2 h. The resulting pale yellow solution
was concentrated in vacuo. Recrystallization of the residue
from diethyl ether gave 366 mg (57.1%) of 10a as a white solid.
The product was recrystallized a second time from n-hexane.
Analytical data were as follows: 'H NMR (C¢Dg, 300 MHz) 6
7.49 (m, 2 H, phenyl H), 7.20 (m, 2 H, phenyl H), 7.05 (m, 1
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H, phenyl H), 6.86 (m, 5 H, phenyl H), 6.70, 6.65, 6.57, 6.50 (4
s, 2 Heach, Mes H), 6.04 (d, 1 H, J = 12.1 Hz, —OCH{(CHPh;)-
Si-), 4.46(d, 1 H, J = 12.1 Hz, —OCH(CHPh,)Si—), 2.58 (s, 6
H, 0-Me H), 2.42 (br s, 0-Me H), 2.27 (s, 6 H, 0-Me H), 2.15 (s,
3 H, p-Me H), 2.06, 2.02 (2 s, 15 H, one o-Me group and three
p-Me groups); ®C (CDCls, 125.76 MHz) 6 146.08, 144.99,
144,59, 144.50, 142.76, 142.33, 139.78, 139.63, 139.10, 138.56,
134.80, 134.22, 133.55, 131.77, 129.83, 129.58, 129.38, 129.23,
129.19, 129.13, 128.80, 128.44, 127.09, 126.20 (aromatic C),
79.67 (—OCH(CHPhy)Si—-), 58.53 (~OCH(CHPhy)Si—), 26.52,
25.97, 24.94, 23.22 (0-Me C), 21.93, 21.80, 21.69 (p-Me C); *-
Si (CgDs, 99.36 MHz) 6 19.21, 18.42; exact mass for CsoHse-
OSiy (M* — Mes) caled m/e 609.3009, found 609.2999; mp 250—
255 °C. Anal. Caled for CsoHs60Si: C, 82.36; H, 7.74.
Found: C, 81.06; H, 7.82.

Synthesis of 1,1,2,2-Tetramesityl-4-benzyl-4-phenyl-3-
oxa-1,2-disilacyclobutane, 10b. A degassed solution of
deoxybenzoin (43 mg, 0.22 mmol, 1.8 equiv) in 15 mL of
hexanes was added to 1'THF (75 mg, 0.12 mmol). After 30
min, the solution was concentrated in vacuo, and the residue
was chromatographed on silica gel in hexanes. The band with
the highest Ry yielded 57.8 mg (66.1%) of 10b. The product
was recrystallized from n-hexane. Analytical data were as
follows: 'H NMR (CsDs, 300 MHz) 6 7.51 (br s, phenyl H),
7.02—-6.76 (multiplets, phenyl H), 6.73, 6.67 (2 s, 6 H, Mes H),
6.52 (s 2 H, Mes H), 3.83 (AB quartet, 2 H, J = 16.8 Hz,
—OCPh(CH:Ph)Si—), 2.55, 2.36 (2 br s, Me H), 2.11, 2.08, 2.086,
2.01, 1.97 (5 s, Me H); 13C (CDCls, 125.76 MHz) 6 148.46,
144,10, 139.98, 139.47, 139.44, 139.28, 138.94, 136.92, 136.80,
136.23, 135.64, 130.92, 129.21, 128.29, 127.86, 125.61, 125.32
(aromatic C), 93.73 (—OCPh(CH;Ph)Si—), 48.21 (—OCPh(CHo-
Ph)Si—), 25.64, 21.82, 21.80, 21.56 (Me C); #Si (C¢Ds, 99.36
MHz) 6 32.17, 24.15; exact mass for Cs0Hz60Si; calculated m/e
728.3870, found 728.3885; mp 261—264 °C. Anal. Caled for
CsoHs608Siy: C, 82.36; H, 7.74. Found: C, 81.57; H, 7.96.

Synthesis of 9a from 10a. A mixture of 10a (142 mg,
0.195 mmol) and trimethylamine-N-oxide dihydrate (65 mg,
0.58 mmol, 3 equiv) was refluxed in 10 mL of benzene for 3 h.
After the mixture had been cooled and concentrated in vacuo,
'H NMR showed complete reaction. The residue was redis-
solved in benzene, and the organic layer was washed with
water, dried over magnesium sulfate, filtered, and concen-
trated to give 133 mg (91.6%) of 9a.

Synthesis of 9b from 10b. A mixture of 10b (215 mg,
0.295 mmol) and trimethylamine-N-oxide dihydrate (98.2 mg,
0.88 mmol, 3 equiv) was refluxed in 10 mL of benzene for 6 h.
After the mixture had been cooled and concentrated in vacuo,
'H NMR showed the reaction to be ca. 50% complete. Trim-
ethylamine-N-oxide dihydrate (50 mg) was again added along
with 10 mL of benzene, and the mixture was again refluxed.
After an additional 18 h, the reaction was complete. Aqueous
workup gave 210 mg (95.6%) of 9b.

Observation of cis-3. A mixture of 1-THF (20 mg, 0.03
mmol) and cis-stilbene oxide (9.8 mg, 0.05 mmol, 1.7 equiv) in
ca. 0.75 mL of dg-benzene was sealed in an NMR tube and
heated to 95 °C for 3 days. The ratio of trans-3 to cis-3 was
found to be 6:1 by integration of their upfield doublets. A
preparative-scale reaction was conducted,® and the product
mixture was separated into two fractions by preparative GPC.
The high molecular weight fraqgction containing 2 and 3 was
rechromatographed on silica gel with 3% diethyl ether in
hexanes. The band with the third highest R; gave 3 with a
trans to cis ratio of 5:1. A mixture with a 4:1 trans to cis ratio
(used in the isomerization study below) was obtained by
removal of a portion of trans-3 from the original mixture of 2
and 3 by recrystallization, followed by silica gel chromatog-
raphy of the mother liquor. Aromatic and methyl regions of
the 'H and 3C spectra of the mixtures of 3 were complex.
Therefore, no assignments were made other than those given
in Table 3.

Isomerization Studies. To rule out isomerization of cis-5
and cis-stilbene?® under the reaction conditions, a separate

Mangette et al.

reaction was conducted in the presence of each product using
a,0-dideuterio-cis-stilbene oxide. Under standard conditions
9.4 mg of epoxide (0.05 mmol, 1.7 equiv), 20 mg of 4-CsHs (0.03
mmol), 3—5 mg of product, and 2 mg of dimesitylsilane (an
internal standard with the Si—H peak at 5.29 ppm) in 0.75
mL of ds-benzene were heated in a sealed NMR tube for 48 h.
The integrated ratio of product to dimesitylsilane was observed
before and after reaction. Experimental error for 'TH NMR
integration was assumed to be 10%. A control experiment
showed no reaction between 4 and dimesitylsilane. The
percent variation in the ratios were 4% for cis-5 (no trans-5
was observed), and 6% for cis-stilbene. An analogous experi-
ment with ¢rans-5 gave a significant increase in the ratio upon
reaction, attributed to a small amount of an observable
impurity. A similar experiment conducted with o,a-dideuterio-
trans-stilbene oxide (7-day reaction time) showed a variation
in the ratio of dimesitylsilane to trans-5 of 6% (no cis-5 was
observed). Samples of pure #rans-5, cis-5, and Z6 were also
heated separately as ds-benzene solutions at 95 °C for 2—3
days. All spectra remained unchanged. Z6 was added to a
standard reaction mixture (using nondeuteriated epoxide). Its
ratio relative to HOSiMes,SiMes;H (a minor impurity in 4)
changed during the course of the reaction by only 7%, again
within experimental error.2*

The reaction of o,a-dideuterio-cis-stilbene oxide (9.8 mg,
0.05 mmol, 1.7 equiv) with I'THF (20 mg, 0.03 mmol) was
carried out in the presence of 8. After 48 h, an initial 4:1 trans
to cis mixture remained unchanged within experimental error
(variation of 9%). A separate experiment showed no significant
change of the initial 20:1 ratio of dimesitylsilane to cis-3 with
a variation of 9% (trans-3 to cis-3 ratio of approx. 9:1).

X-ray Structure Determinations. Crystals of trans-5
were obtained by slow evaporation of an n-hexane solution at
room temperature. The X-ray crystallographic analysis was
based on data collected on a Rigaku RU300 R-AXIS Ilc image
plate area detector using Mo Ka radiation (A = 0.710 73 A)
with a graphite monochromator. Lattice constants and errors
resulted from a least-squares analysis of the partiality ratios
for all reflections. Due to the single rotation axis, data were
collected along two settings to complete the Ewald sphere. At
a crystal to plate distance of 85.0 mm, a total of 60 frames
were collected with an oscillation range of 6.0%/frame and an
exposure of 4.0 min/frame. A total of 18 450 data were
collected from 2.8° < 26 < 48.3°. After merging the 5346
duplicates (4.0% R-merge), 4092 unique reflections with I =
3.00(I) remained for the analysis. The structure was solved
by direct methods (MULTAN) and consists of one molecule in
a general position. Hydrogen atoms were idealized from
positions obtained from a difference map. The atom param-
eters were refined by full-matrix least-squares on F, with
scattering factors from ref 28 including anomalous terms for
silicon. All non-hydrogen atoms were successfully refined
anisotropically, and all hydrogen atoms were refined isotro-
pically, although several hydrogens showed high thermal
motion. The final refinement cycle included 711 parameters,
with a data/parameter ratio = 5.72, and resulted in R = 0.045
and R, = 0.040 with an error of fit of 1.11. The max shift/
error was 0.14, and the largest residual density on the final
difference map was 0.23 e/A%, near C18.

X-ray crystallographic analysis on 9a was performed on a
Siemens P4 diffractometer equipped with a graphite crystal
monochromator and a Cu X-ray tube (1 = 1.54178 A).
Suitable crystals were grown by slow evaporation from diethyl
ether at 25 °C. The orientation matrix and unit cell param-
eters were determined by the least-squares fitting of 37

(23) The catalyzed thermal equilibration of stilbene at 90 °C gave a
trans to cis ratio of 250:1: Fischer, G.; Muszkat, K. A.; Fischer, E. J.
Chem. Soc. B 1968, 1156. It is therefore assumed that, if catalyzed
isomerization were occurring under the present reaction conditions,
only the cis to trans conversion would be observable by 'H NMR.

(24) The stereospecific formation of 6 rules out an E to Z catalyzed
isomerization under the reaction conditions.
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centered reflections (19° < 6 < 55°). Intensities of three
standard reflections were monitored every 100 reflections with
a maximum variation of 0.07. A total of 5780 reflections were
collected, of which 5464 were unique. The structure was
solved using the SHELXS-86 program,? and the non-hydrogen
atoms were refined anisotropically using the SHELXS-93
program?® by full-matrix least-squares analysis on F2. The
applied weighting scheme was w™! = ¢%F.2) + (0.0540P)% +
1.8300P, where P = (F,2 + 2F:%2)/3.26 An extinction correction
was applied with F.* = kF[1 + 0.001yF 2A%/5in(20))"Y4, where
¥ = 0.0030(2).27 The positions of the hydrogen atoms were
calculated by idealized geometry and refined using a riding
model. The hydrogens on the para-methyl carbons were
modeled with two sets of sites having equal occupancies. The
final refinement cycle included 488 parameters, with a data/
parameter ratio of 11.2, and resulted in R = 0.0443 and R, =
0.1135 (I > 20(I)) with an error of fit of 1.035. The max shift/

(25) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467.

(26) Sheldrick, G. M. Manuscript in preparation.

(27) Larsen, A. C. In Crystallographic Computing; Ahmed, F. K,
Ed.; Munksgaard: Copenhagen, 1970; pp 219—294.
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error was 0.006, and the largest residual density was 0.399
e/A3. Neutral atom scattering factors were taken from ref 28.
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A number of (fulvalene)dimolybdenum carbonyl dihydrides and dihalides of the general
formula FvMoa(CO);LoX; (X = H, L = CO (1a), PPh; (1b), PMe; (1¢); X = Cl, L. = CO (2a),
PPh; (2b), PCys (Cy = cyclohexyl; 2¢), PXy; (Xy = 3,5-dimethylphenyl; 2d); X = Br, L = CO
(3a), PPh; (8b), PCy; (3¢), PXy; (8d), PMe; (3e); X = I, L = CO (4a), PPh; (4b)) have been
synthesized and characterized by IR and 'H, 3C{'H}, and 3'P{'H} NMR spectroscopy and,
where possible, by elemental analyses. Spectroscopic data suggest that 2b—d and 3b—e
exist solely as cis,cis isomers in solution. cis,cis-4b was also identified but was found to
eagily transform into a mixture of cis,cis, cistrans, and trans,itrans isomers. Such an
interconversion of 1b is fast on the NMR time scale at room temperature. The radical chain
halogenation of 1a,b by activated alkyl halides was found to take place in two distinct steps,
involving the intermediate formation of FvMoy(CO),LoHX (L = CO, X = Cl (5a), Br (6a), I
(7a); L = PPhs, X = Cl (5b), Br (6b), I (7b)). By stepwise addition of different alkyl halides,
the hydrido—halo complexes 5a, 6a, and 7a were transformed into the mixed dihalides
FvMoy(CO)XY (X, Y = Cl, Br (8), Cl, I (9), and Br, I (10)). Mixed dihalides were formed

alternatively in halide redistribution reactions between pairs of 2a, 3a, and 4a.

Introduction

There is currently considerable interest in the prepa-
ration and characterization of 17-electron organotransi-
tion-metal compounds (metal-centered radicals).!2? This
class of compounds may be synthesized in a variety of
ways! and may often be stabilized with respect to
dimerization to the 18-electron metal—metal-bonded
analogues by substitution of small ligands by more
sterically demanding ligands (e.g. CO by tertiary phos-
phines, 75-CsH; by #5-CsMes and #5-CsPh;). In general,
it has been found that there is a correlation between
the proclivity of an 18-electron dimer to undergo ther-
mal homolysis to the corresponding 17-electron species
and the length of the metal—metal bond. Thus, the
chromium=chromium bond of [(#3-CsH;5)Cr(CO)3lz, which
dissociates to the extent of a few percent in solution at
room temperature,’*¢ is much longer (3.281 A)!e than
the metal—metal bond of the analogous, much more
homolytically stable molybdenum compound (3.235 A)!f
but much shorter than the chromium—chromium bonds

“NATO Science Fellow; Research Group for Petrochemistry of the
Hungarian Academy of Sciences, Veszprém, Hungary. .

® Abstract published in Advance ACS Abstracts, August 1, 1995.

(1) (a) Baird, M. C. Chem. Rev. 1988, 88, 1217 and references
therein. (b) Baird, M. C. In Organometallic Radical Processes; Trogler,
W. C., Ed.; J. Organomet. Chem. Libr. 22; Elsevier: New York, 1990;
p 49, and references therein. (¢) McLain, S. J.J. Am. Chem. Soc. 1988,
110, 643. (d) Watkins, W. C.; Jaeger, T.; Kidd, C. E.; Fortier, S.; Baird,
M. C,; Kiss, G.; Roper, G. C.; Hoff, C. D. J. Am. Chem. Soc. 1992, 114,
907. (e) Adams, R. D.; Collins, D. E.; Cotton, F. A. J. Am. Chem. Soc.
1974, 96, 749. (f) Adams, R. D.; Collins, D. E.; Cotton, F. A. Inorg.
Chem. 1974, 13, 1086. (g) Goh, L.-Y.; D’Aniello, M. J.; Slater, S.;
Muetterties, E. L.; Tavanaiepour, I1.; Chang, M. I.; Frederich, M. F;
Day, V. W. Inorg. Chem. 1979, 18, 192. (h) Cooley, N. A.; Watson, K.
A.; Fortier, S.; Baird, M. C. Organometallics 1986, 5, 2563. (i) Fortier,
S.; Baird, M. C.; Preston, K. F.; Morton, J. R.; Ziegler, T.; Jaeger, T.
J.; Watkins, W. C.; MacNeil, J. H.; Watson, K. A.; Hensel, K.; Le Page,
Y.; Charland, J.-P.; Williams, A. J. J. Am. Chem. Soc. 1991, 113, 542.
(j) Hoobler, R. J.; Hutton, M. A.; Dillard, M. M.; Castellani, M. P.;
Rheingold, A. L.; Rieger, A. L.; Rieger, P. H.; Richards, T. C.; Geiger,
W. E. Organometallics 1993, 12, 116.
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of [(75-CsHs)Cr(CO),P(OMe)s]; (3.343 A)'e and [(5-Cs-
Mes)Cr(CO)sls (3.311 A),14 both of which dissociate much
more extensively in solution.!d¢ Consistent with the
apparent role of steric effects on the extent of homolysis,
the compounds (#5-CsH;5)Cr(CO);PPhs! and (#5-CsPhs)-
Cr(CO)3Yi are completely monomeric in solution and the
solid state.

It was of considerable interest, therefore, to note that
the metal—metal bonds of the fulvalene compounds (7°:
175-C10Hg)M2(CO) (A; M = Cr, Mo, W) are extraordi-
narily long, i.e. 3.471, 3.371, and 3.347 A 2:f&u respec-
tively, suggesting significant strain. In addition; each
compound contains a fulvalene (Fv) ligand bent from
planarity as in A, also suggestive of strain in these

(2) (a) Smart, J. C,; Curtis, C. J. Inorg. Chem. 1977, 16, 1788. (b)"
Vollhardt, K. P. C.; Weidman, T. W. Organometallics 1984, 3, 82. (c)
Abrahamson, H. B.; Heeg, M. J. Inorg. Chem. 1984, 23, 2281. (d)
Drage, J. S.; Tilset, M.; Vollhardt, K. P. C.; Weidman, T. W. Organo-
metallics 1984, 3, 812. (e) Tilset, M.; Vollhardt, K. P. C. Organome-
tallics 1985, 4, 2230. (f) Drage, J. S.; Vollhardt, K. P. C. Organome-
tallics 1986, 5, 280. (g) Moulton, R.; Weidman, T. W.; Vollhardt, K.
P. C.; Bard, A. J. Inorg. Chem. 1986, 25, 1846. (h) Meyerhoff, D. J.;
Nunlist, R.; Tilset, M.; Vollhardt, K. P. C. Magn. Reson. Chem. 1986,
24, 709. (i) Huffman, M. A.; Newman, D. A,; Tilset, M.; Tolman, W.
B.; Vollhardt, K. P. C. Organometallics 1986, 5, 1926. (j) Boese, R.;
Myrabo, R. L.; Newman, D. A.; Vollhardt, K. P. C. Angew. Chem., Int.
Ed. Engl. 1990, 29, 549. (k) Kahn, A. P.; Newman, D. A,; Vollhardt,
K. P. C. Synlett 1990, 141. (1) Boese, R.; Huffman, M. A,; Vollhardt,
K. P. C. Angew. Chem., Int. Ed. Engl. 1991, 30, 1463." (m) Delville-
Desbois, M.-H.; Brown, D. S,; Vollhardt, K. P. C.; Astruc, D. J. Chem.
Soc., Chem. Commun. 1991, 1355. (n) Brown, D.; Delville-Desbois,
M.-H.; Vollhardt, K. P. C.; Astruc, D. New J. Chem. 1992, 16, 899. (0)
El Amouri, H.; Vaissermann, J.; Besace, Y.; Vollhardt, K. P. C.; Ball,
G. E. Organometallics 1993, 12, 605. (p) Kreiter, C. G.; Conrad, W ;
Exner, R. Z. Naturforsch. 1993, 48B, 1635. (q) Kreiter, C. G.; Conrad,

- W.Z. Naturforsch. 1994, 49B, 383. (r) Brown, D. S.; Delville-Desbois,

M.-H.; Boese, R.; Vollhardt, K. P. C.; Astruc, D. Angew. Chem., Int.
Ed. Engl. 1994, 33, 661. (s) Kahn, A, P.; Boese, R.; Bliimel, J.;
Vollhardt, K. P. C. J. Organomet. Chem. 1994, 472, 149. (t) Tilset,
M.; Volthardt, K. P. C.; Boese, R. Organometallics 1994, 13, 3146. (u)
The chemistry of (fulvalene)metal carbonyl complexes has also been
reviewed recently: McGovern, P. A.; Vollhardt, K. P. C. Synlett 1990,
493. ‘
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compounds. Interestingly, however, crystal structure
data for the substituted derivative FvMos(CO)4(PMeg3)s
show that substitution by this relatively small phos-
phine, at least, results in a shorter and presumably
stronger Mo—Mo bond than exists in FvMos(CO)g de-
spite severe twisting and bending of the fulvalene ligand
from planarity.?® Thus, the fulvalene system is much
more complex than would be expected on the basis of
the above-mentioned putative correlation between the
extent of CO substitution and metal—metal bond lengths.

Nevertheless, although no evidence that this class of
compounds can exist as isomers not containing metal—
metal bonds (biradicals) has been reported,?* it seemed
possible either that biradical species might be synthe-
sized by alternative routes or that they might be
detectable as reactive intermediates. It therefore seemed
important to further probe the structures and chemistry
of derivatives containing phosphines of greater steric
demand and different electronic parameters, and in view
of the relative abundance of available data on fulvalene
compounds of the group VI metals,? particularly of
molybdenum, we have begun with an investigation of
derivatives of FvMoo(CQO)s.

Unfortunately, direct substitutions of the carbonyl
ligands of FvMos(CO)s with tertiary phosphines do not
generally occur.Zt Furthermore, with very few excep-
tions (none involving molybdenum), no fulvalene com-
plexes are known with ligands larger than the relatively
small PMe;, suggesting that the preparation and study
of compounds of the type FvMog(CO)uLe (L = bulky
ligand) might be difficult.

A potential route to biradicals, not heretofore at-
tempted, could involve abstraction of hydrogen atoms
from substituted hydrides of the type FvMoy(CO)4LoHos,
as in eq 1. This approach has been extensively utilized

FvMo,(CO),L,H, + 2'CPh, —
FvMo,(CO),L, + 2HCPh, (1)

for the syntheses of simple 17-electron compounds* and
has been shown to be of general utility. Furthermore,
since the starting dihydride compounds would assume
the anti conformation B established for several non-
metal—metal-bonded fulvalene complexes by X-ray
crystallography,=st the diradical products would pre-
sumably assume the same conformation initially and
might well have difficulty coupling if L is a sufficiently
bulky ligand.

Of course, utilization of the chemistry of eq 1 requires
the availability of the substituted hydrides, FvMoo-
(CO)4LoHs; unfortunately, we find that direct substitu-

(3) Kretchmar, S. A.; Cass, M. E.; Turowski, P. N, Acta Crystallogr.
1987, C43, 435.

(4) (a) Ungvary, F.; Marké, L. J. Organomet. Chem. 1980, 193, 383.
(b) Turaki, N. N,; Huggins, J. M. Organometallics 19886, 5, 1703. (c)
Edidin, R. T.; Hennessy, K. M.; Moody, A. E.; Okrasinski, S. J.; Norton,
J. R. New J. Chem. 1988, 12, 475. (d) Drake, P. R.; Baird, M. C. J.
Organomet. Chem. 1989, 363, 131. (e) Eisenberg, D. C.; Lawrie, C. J.
D.; Moody, A. E.; Norton, J. R. JJ. Am. Chem. Soc. 1991, 113, 4888. ()
Koeslag, M. D.; Baird, M. C. Organometallics 1994, 13, 11. (g) Kuksis,
I1.; Baird, M. C. Organometallics 1994, 13, 1551,
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tion of FvMoq(CO)sHz is not possible with ligands larger
than PPh;. Halo compounds of the type FvMos-
(CO)¢LgXs do undergo such substitutions, however,
and these should be reducible, either directly to the
desired FvMo2(CO)4L; or indirectly to the dianions
[FvMoa(CO)4Ls12~, which should undergo protonation to
the hydrides. We have therefore synthesized a series
of dihydrides and dihalides of the type FvMog(CO)4LoXs
(C: L = CO, PPhg, PCys;, PXys3; X!, X2 = H, CI, Br, I)

a
B
'
L(COkI‘ﬂO h!ﬂo(COkL
X' X2

c

(Ph = phenyl, Cy = cyclohexyl, Xy = 3,5-dimethylphe-
nyl), and we describe here the syntheses and properties
of these compounds. Some have been reported previ-
ously but not fully characterized, but the vast majority
are new. In a paper to follow,® we shall describe
utilization of these compounds to form metal—metal-
bonded analogues and our attempts to detect radical-
like properties. The compounds discussed here are
listed in Table 1.

Experimental Section

General Considerations. All manipulations were carried
out under purified nitrogen by using standard Schlenk tech-
niques and a Vacuum Atmospheres glovebox. All solvents
were freshly distilled under nitrogen from sodium benzophe-
none ketyl (hexane, benzene, toluene, ether, and THF) or CaH,
(CHyCly). Deuterated solvents were purchased from Isotec,
Inc., and were degassed and stored in the glovebox. Tertiary
phosphines (PMe; from Aldrich, PPh; from Strem, PCy; from
Organometallics, Inc., PXy; from M&T) and other chemicals
were used without further purification. Column chromatog-
raphy was performed with a 1.5 x 20 cm column packed with
silica gel 60 (70—230 mesh, EM Science) using hexane—CHo-
Cl; mixtures and ultimately CHCl: as eluant. IR spectra were
recorded on a Bruker IFS-25 FT-IR spectrometer and NMR
spectra on Bruker AC-200 (200.1 MHz, 'H; 50.32 MHz, 13C-
{H}), CXP-200 (80.98 MHz, *'P{!H}), and AM-400 (400.1
MHz, 'H; 100.6 MHz, 3C{'H}; 162.0 MHz, 3'P{H}) NMR
spectrometers. IR and 'H, 3C{'H}, and 3P{'H} NMR data
are given in Tables 2—6. Elemental analyses were carried out
by Canadian Microanalytical Services Ltd. (Delta, BC, Canada).

Preparation of (NEt,):[FvMo02(CO)¢] and Hexane Solu-
tions of FvMoz(CO)eH; (1a). The following procedure is a
modification of that of Smart and Curtis.?2 A solution of 5.4
g (30 mmol) of CpNa(DME)?2 in 100 mL of THF, cooled to —78
°C, was treated dropwise with 20 mL of a THF solution of 3.8
g (30 mmol) I; over ~1.5 h. At this point, 15 mL of a 2.0 M
hexane solution of BuLi (30 mmol) was added dropwise (~20
min) to give a pink reaction mixture, which was warmed to
room temperature and then stirred for an additional 1 h,
resulting in the formation of a fine, white solid. The mixture
was transferred to a flask containing 7.9 g (30 mmol) of Mo-

(5) Kovics, L.; Baird, M. C. Organometallics 1995, 14, 4084.
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Table 1. Compounds of Type C Prepared in This
Paper

compd X' X2 L compd X! X2 L
la H H CcO 4a I I CcO
1b H H PPhj 4b I 1 PPhg
le H H PMes 5a H Cl CcO
2a Cl Cl (010) 5b H Cl PPh;
2b Cl Cl PPh; 6a H Br CO
2c Cl Cl PCys 6b H Br PPh;g
2d Cl Cl PXys 7a H I CcO
3a Br Br CcO 7b H I PPhs
3b Br Br PPh; 8 Cl Br CO
3c Br Br PCy; 9 cl 1 co
3d Br Br PXys 10 Br I cO

3e Br Br PMes

Table 2. Carbonyl Stretching Frequencies

compd veo (em™1y
FvMoy(CO)sHs (1a) 2027 (s), 1949 (vs)be
FvMoy(CO)Cl (2a) 2047 (s), 1976 (vs, br)¢
FvMoy(CO)gBrz (3a) 2043 (s), 1970 (vs, br)¢
FvMog(CO)ls (4a) 2035 (s), 1964 (vs, br)?
FvMoo(CO)sHI (7a) 2034 (m), 2015 (m),

1962 (vs), 1930 (s)?
1936 (vs), 1858 (vs)
1928 (vs), 1846 (vs)¢
1968 (vs), 1883 (m, br)
1951 (vs), 1871 (m)
1966 (vs), 1882 (m, br)
1970 (vs), 1890 (m, br)
1955 (vs), 1873 (m)
1965 (vs), 1882 (m)

FvMoa(CO)4(PPhs)eH; (1b)
FvMoa(CO)y(PMes)e:Hs (1c)
cis,CiS-FVMOQ(CO)4(PPh3)zclz (2b)
cis,cis-FyMoy(CO)4«(PCy3)Cls (2¢)
cis,cis-FvMoa(CO)¢(PXy3)2Clz (2d)
cis,cis-FvMog(CO)4(PPhs);Brs (8b)
cis,cis-FvMog(CO)4(PCys)oBrs (3¢)
cis,cis-FvMog(CO)4(PXys)2Brs (3d)
cis,cis-FvMos(CO)4(PMej3):Brs (3e) 1965 (vs), 1868 (m, br)
cis,cis-FvMoa(CO)4(PPhs)sls (4b) 1965 (vs), 1887 (s)

 Tn CHgCly, unless denoted otherwise. ® In hexane, ¢ Lit.:f 2020,
1929, 1902 cm™! in THF. ¢ In THF. ¢ Lit.:2* 1922, 1840 cm™! in
THF.

Table 3. 'H NMR Data for
(Fulvalene)dimolybdenum Hexacarbonyl
Complexes

S (ppm)?
compd 75:17%-CroHs MoH

FvMoy(CO)eH: (1a) 4.50 (“t”, 4 H),4.85(“t",4 H) —5.298(s,2H)
FvMoy(CO)sClz (2a) 4.24 (“t”, 4 H), 4.91 (“¢”, 4 H)
FvMoyx(CO)sBr; (3a) 4.27 (“t”, 4 H), 4.86 (“t”, 4 H)
FvMox(CO)sl; (4a)  4.32 (“t”, 4 H), 4.80.("t", 4 H)
FvMox(CO)sHCI (5a) 4.24 (“t”, 2 H), 4.61 (“t”, 2 H),
4.82 ("t", 2 H), 4.93 (¢, 2 H)
FvMo2(CO)sHBr (8a) 4.28 (“t”, 2 H), 4.58 (“t”, 2 H),
4.73 (t", 2 H), 4.89 (“t", 2 H)
FvMox(CO)HI (7a) 4.36 (“t” 2°H), 4.55 (17, 2 H) ~5.314 (s, 1 H)
4.69 (“t”,2 H) 4.88 (t7, 2 H) - )
FvMoy(CO)sClBr (8) 4. 23 (“t” 2 H) 4.30 (“t”,2 H),
85 (“t”, 2 H), 4.91 (“t” 2 i)
4. 19 (“t”, 2 H), 4.37 (“t”, 2
4.81 (“t” 2 H), 4.90 (“t™; 2 H)
FvMox(CO)BrI (10) 4.26 (“t”, 2 H), 4.36 (“t”, 2 H),
4.82 (“t”, 2 H), 4.85 (“t”, 2H)

@ In toluene-ds (200 MHz). ® Almost identical with 1a.

(CO)s and 6.3 g (30 mmol) of Et4NBr. The reaction mixture
was refluxed for 5 h, after which gas evolution had ceased and
IR spectra showed no further changes, although.some unre-

—-5.30 (s, 1 H)®
~5.305 (s, 1 H)

FvMox(CO)sClI (9)

acted Mo(CO)s was still present. After the mixture was cooled

to room temperature, 100 mL of hexane was added to

precipitate a solid mixed with a red oil. The solution was
decanted, and the solid material was dried in vacuo. The-

resulting sticky substance was washed thoroughly with several
50 mL portions of ether until colorless washings were obtained.
The remaining tan solid was then vacuum-dried again to give
14-19 g of impure, air-sensitive (Et4N)o[FvMoz(CO)]. The salt
was extracted with THF and reprecipitated with hexane to
give a light yellow powder which was characterized on the
basis of comparisons with spectroscopic data from the litera-
ture. IR (THF): vco 1892 (vs), 1795 (vs), 1744 (m, br) cm™L.

Kovdcs and Baird

Table 4. 3'P{!H} NMR Data for
Phosphine-Substituted (Fulvalene)dimolybdenum
Carbonyl Complexes

compd 0 (ppm)*

FvMoy(CO)4(PPhs)oH, (1b) 73.3 (br)
FvMo(CO)4(PPh3a)sH, (1b)® 71.90 (sh, trans,trans),

71.98 (cis,trans),

73.64 (cis,cis),

73.69 (sh, cis,trans)
cis,cis-FyMog(CO)4(PPh3):Cl; (2b) 50.34, 50.49
cis,cis-FvMoa(CO)4(PPh3):Cle (2b) 49.9
cis,cis-FvMog(CO)(PCy3)eCle (2¢F  49.92,50.02
cis,cis-FvMoga(CO)y(PXys)oClz (2d ¥ 47.59, 47.84
cis,cis-FvMoo(CO)4(PPhg)eBry (3byX  47.8

cis,cis-FyMoo(CO)«PPh3)eBrs (8b)  47.90, 48.04
cis,cis-FyMog(CO)«(PCys)oBrs (3¢ 47.89, 48.00
cis,cis-FvMoa(CO)y(PXys):Bre (8dX  45.68, 45.82
CiS,CiS-FVMOQ(CO)4(PPh3)212 (4b) 45.7, 45.8

cis,trans-4b 46.0 (cis), 67.0 (trans)
transtrans-4b 67.3
FvMoy(CO)4(PPh3)eHCI (5b) 50.5, 72.9 (br)

FvMoga(CO)4(PPhs).HBr (6b) 48.6,72.9
FvMoga(CO)4(PPh3):HI (7b) 45.9 (cis iodide),
67.8 (trans iodide),

73.2 (br, hydride)

2 In toluene-dg unless denoted otherwise. Relative to 85%
H3POy. 2 At —70 °C. ¢ In CDCls. 9 At —23 °C.

'H NMR (acetone-dg): & 1.37 (tt, J1 = 7.2 Hz, J> = 1.8 Hz,
24H, Me), 3.45 (q, J = 7.2 Hz, 16H, CH.N), 4.73 (“t”, 4H, Fv),
5.22 (", 4H, Fv). 13C{!H} NMR (acetone-ds): 6 84.5, 86.6 (Fv),
106.8 (Fv C-1), 237.2 (CO). The IR and 'H NMR data well
agree with those reported for Mo[FvMox(CO)] (M = Li, Na).*f
For the Li salt: IR (THF) v¢o 1900, 1806, 1782, 1716 cm™!; 'H
NMR (THF-ds) 6 4.76 (m), 5.21 (m). For the Na salt: IR (THF)
veo 1890, 1790, 1740 cm™L.

To synthesize the hydride, typically 2.0 g of the crude
material were suspended in 80 mL of hexane and 0.5 mL of
glacial acetic acid was injected at room temperature. After
the mixture was stirred for 1 h, a red solid settled and the
yellowish solution of 1a was separated. The unstable hydride
was not isolated but was characterized spectroscopically (see
Tables 2 and 3 for IR and 'H NMR data, respectively). 2C-
{H} NMR (benzene-ds): ¢ 88.2, 89.5 (Fv), 105.3 (Fv C-1), 227.0
(CO). On the basis of amounts of substituted (1b,c), haloge-
nated (2a, 3a, 4a), and decomposition (FyMoa(CO)e) products,

- which were obtained during subsequent reactions of la, la

was generally obtained in yields of ~50% based on Mo(CO)s.
Essentially the same result was obtained when trifluoroacetic
acid was used for protonation.

FvMo2(CO)4(PPh3);H; (1b). A solution of 1a in 80 mL of

~ hexane was added to 1.2 g (4.6 mmol) of PPh; dissolved in 10
- mL of ether: A precipitate formed within a few minutes, but

stirring was continued overnight at room temperature to
complete the reaction. Solid 1b separated, and the hexane
solution, which contained no 1a at this point (IR), was removed

by syringe. The product was washed with 3 x 10 mL of hexane

and dried in vacuo. Yield: 0.70 g (0.73 mmol, 47% based on
Mo(CO)s). Anal. Caled for C50HyoMo20O4P: C, 62.64; H, 4.21.
Found: C, 61.81; H, 4.21. 'H NMR (CDyClo): 6 —5.35 (d, Jpu
= 48.4 Hz, 2H, MoH), 4.93 (“t”, 4H, Fv), 5.18 (“t”, 4H, Fv),
7.35 (m, 30H, Ph). 3C{'H} NMR (CDsCly): 6 133.3 (d, Jec =
11.3 Hz, 0-Ph), 130.0 (d, Jpc = 2.3 Hz, p-Ph), 128.5 (d, Jec =
9.6 Hz, m-Ph), 89.8 (s, Fv), 88.4 (s, Fv).

Complex. 1b is a light yellow, thermally stable powder,
which is poorly soluble in aromatic hydrocarbons and CHCl;
but soluble in THF and CHzCls. When it is heated to 110 °C
in a toluene solution, it completely decomposes within 2 days
to an unidentified carbonyl-containing product.

FvMo2(CO)4(PMes)H: (1¢). Substitution of 1a with PMes
was carried out as described for 1b, in a modification of a
recent published procedure.?® Into a 20 mL hexane solution

‘of 1a was injected 60 L (0.58 mmol) of PMes, and the mixture
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Table 5. Selected !H NMR Data for Phosphine-Substituted (Fulvalene)dimolybdenum
Carbonyl Hydrides and Halides

& (ppm)»*®

compd 7°:15-C1oH

MoH

FvMoy(CO)4(PPhs):H; (1b)
FvMoy(CO)4(PPhs)H, (1b)

FVM02(00)4(PM93 )2H2 ( 1(3)c

4.63 (4", 4 H), 5.01 (4", 4 H)

4.67 (s, br, 4 H), 5.03 (s, br, 4 H)

4.24 (m), 4.35 (m), 4.40 (m), 4.45 (m), 4.56 (m), 4.61 (m),
4.68 (m), 4.75 (m), 4.91 (m), 4.98 (m), 5.07 (m), 5.15 (m)

~5.03 (d, Jpu = 52 Hz, 2 H)

—4.99 (d, Jpy = 65 Hz), —5.02 (d, Jpu = 21 Hz),
—5.05 (d, Jpu = 21 Hz), —5.06 (d, Jpu = 65 Hz),

—5.66 (s, br, 2 H)

cis,cis-FvMox(CO)4(PPhy);Cls (2b)  4.40 (m, 2 H), 4.65 (m, 1 H), 4.77 (m, 1 H), 4.99 (m, 1 H),
5.14 (m, 1 H), 5.46 (m, 1 H), 5.54 (m, 1 H)

4,88 (m, 1 H), 4.96 (m, 1 H), 5.11 (m, 1 H), 517 (m, 1 H),
5.28 (m, 1 H), 5.32 (m, 1 H), 5.70 (m, 1 H), 5.75 (m, 1 H)

4.85 (m, 1 H), 4.95 (m, 1 H), 5.20 (m, 1 H), 5.28 (m, 1 H),
5.30 (m, 1 H), 5.34 (m, 1 H), 5.89 (m, 1 H), 5.94 (m, 1 H)

4,77 (m, 1 H), 4.88 (m, 1 H), 5.03 (m, 1 H), 513 (m, 1 H),
5.20 (m, 2 H), 5.63 (m, 1 H), 5.67 (m, 1 H)

4.36 (m, 2 H), 4.70 (m, 1 H), 4.81 (m, 1H), 4.87 (m, 1H),
5.12 (m, 1 H), 5.51 (m, 1 H), 5.64 (m, 1 H)

4,41 (m, 1 H), 4.45 (m, 1 H), 4.89 (m, 2 H), 5.05 (m, 1 H),
5.20 (m, 1 H), 5.69 (m, 1 H), 5.85 (m, 1 H)

4.49 (m, 1 H), 4.52 (m, 1 H), 4.93 (m, 1 H), 4.98 (m, 2 H),
5.14 (m, 1 H), 5.66 (m, 1 H), 5.77 (m, 1 H)

4.41 (m, 2 H), 4.58 (m, 1 H), 4.83 (m, 1 H), 4.95 (m, 1 H),
5.07 (m, 1 H), 5.18 (m, 1 H), 5.29 (m, 1 H)

4.28 (m, 1 H), 4.33 (m, 1 H), 4.72 (m, 1 H), 481 (m, 1 H),
4.85 (m, 1 H), 5.06 (m, 1 H), 5.52 (m, 1 H), 5.79 (m, 1 H)

4,40 (m, 2 H), 4.51 (m, 1 H), 4.71 (m, 1 H), 5.07 (m, 1 H),
5.13 (m, 2 H), 5.26 (m, 1 H)

4.41 (m, 1 H), 4.60 (m, 1 H), 4.64 (m, 1 H), 4.70 (m, 1 H),
4.94 (m, 1 H), 5.12 (m, 1 H), 5.21 (m, 1 H), 5.32 (m, 1 H)

cis cis-FvMog(CO)y(PPh3),Cl; (2b)
cis,cis-FyMog(CO)4(PCys)oClz (2¢)¢
cis cis-FvMoa(CO)4(PXys):Cls (2d)?
cis cis-FvMog(CO)4(PPh3),Br; (8b)
cis,cis-FvMoz(CO)4(PCy3)2Br; (3¢)
cis,cis-FvMog(CO)4(PXys3)eBrs (3d)
cis cis-FvMog(CO)y(PMe3),Br: (3e)
cis,cis-FvMog(CO)4(PPhs)olo (4b)
FvMog(CO)4(PPh3),HCI (5b)
FvMog(CO)4(PPh;3):HBr (6b) .
FvMox(CO)(PPhs)HI (7h) ~4.99 (d, Jpu = 52 Hz), —5.01 (d, Jpu = 52 Hz)
@ In toluene-ds and at 25 °C unless noted otherwise. ® At —65 °C. ¢ In C¢Ds. ¢ In CDCls.

Table 6. 3C{'H} NMR Data for (Fulvalene)dimolybdenum Carbonyl Complexes in the
Fulvalene Carbon Region

—4.99 (d, Jpu = 52 Hz, 1 H)
—4.98 (d, Jpy = 52 Hz, 1 H)

compd 0 (ppm)
(Et4N)o[FvMog(CO)gl 106.8 (C-1), 86.6, 84.5
FvMoq(CO)sH; (1a)® 105.3 (C-1), 89.5, 88.2
FvMoz(CO)Cl; (2a)2 115.2 (C-1), 96.1, 91.7
FvMoy(CO)sBrs (3a)® 113.3 (C-1),95.7, 92.1
FvMoo(CO)6lz (4a) 110.7 (C-1),94.8,92.6

FvMog(C)y(PPh3).H; (1bY

cis,cis-FvMog(CO)4(PPh3)Cl; (2b)
cis,cis-FvMog(CO)s(PPhy)sBr; (8b)X
cis,cis-FvMog(CO)4(PCy3):Cl; (2¢)¢

89.8 (br), 88.4

111.6(C-1), 110.8 (C-1), 100.7, 98.6, 95.3, 93.4, 89.1, 87.3, 85.09, 85.06

109.9 (C-1), 108.6 (C-1), 100.4, 98.9, 95.7, 93.8, 88.7, 87.2, 84.50, 84.47

112.3 (C-1), 111.5(C-1), 101.7, 100.2, 94.1, 91.6, 86.1 (d, J ~ 3 Hz), 85.0 (d, J ~ 3 Hz),
83.7,83.5

110.6 (C-1), 109.5 (C-1), 101.3, 100.0, 94.1, 91.8, 86.0 (d, J =~ 3 Hz), 84.9 (d, J ~ 3 Hz),
83.1(d, J =~ 5Hz), 82.9(d,J ~ 5 Hz)

110.7 (C-1), 109.2 (C-1), 99.8, 98.9, 95.5, 93.8, 88.2, 87.0, 84.7, 84.3

cis cis-FyMog(CO)4(PCys)eBrs (8¢)*
cis,cis-FyMoa(CO)4(PXys)2Brs (3d)*

s Tn acetone-ds. ® In CgDg. © In CD3Cly; no C-1 (bridgehead) carbon resonance was observed. ¢ In CDCls.

was stirred overnight at room temperature. A fine yellow
precipitate settled from the solution, which did not contain
unreacted la by this time (IR). The solvent was decanted,
and the solid was washed with 3 x 10 mL of hexane and dried
in vacuo. Yield: 0.16 g (0.27 mmol, 33% based on Mo(CO)s).
The product was identified by IR and 'H NMR spectroscopy.?*
1H NMR (CgDg): 6 —5.66 (br s, 2H, MoH), 1.00 (d, Jpy = 9.0
Hz, 18H, PMe), 4.67 (br s, 4H, Fv), 5.05 (br s, 4H, Fv).

Complex 1c is a light yellow, thermally stable powder which
is soluble in many solvents. When heated to 110 °C in toluene,
complete decomposition to a carbonyl-containing product oc-
curred in 2 days, similar to the case for 1b.

FvMo2(CO)eX; (X = Cl (2a), Br (3a), I (4a)). These
compounds were obtained by hydrogen—halogen exchange
reactions of la with activated alkyl halides. In typical
syntheses of 2a, 3a, or 4a, a standard solution of 1a (~0.78
mmol) in 80 mL of hexane was treated with 5 mL of CCly (52
mmol), 4 mL of CHBr3 (46 mmol), or 1 mL of ICH,CO:Et (8.5
mmol), respectively, at room temperature. Red, crystalline
solids appeared within a few minutes, but stirring was
continued overnight in each case. Since the products still
contained some hydrido—halide intermediates (see below) at
this point, spectroscopically pure samples were obtained by
partially dissolving the crude products in 2 mL of CH;Cl; and
adding an extra 2 mL of CCly or CHBr;3 or 1 mL of ICH,CO;-

Et. After 1 day, products were precipitated by the addition of
5 mL of hexane, the solvents were decanted, and the remaining
solids were washed with 3 x 5 mL of hexane and vacuum-
dried. 2a: yield 0.42 g (0.76 mmol, 49% based on Mo(COQO)s);
H NMR (acetone-ds) 6 5.71 (“t”, 4H, Fv), 6.29 (“t”, 4H, Fv);
13C{1H} NMR (acetone-ds)} 6 242.5 (s, CO trans to Cl), 225.9
(s, CO cis to Cl), 115.2 (s, C-1 Fv), 96.1 (s, Fv), 91.7 (s, Fv). 3a:
yield 0.40 g (0.62 mmol, 40%); 'H NMR (acetone-de) 8 5.76 (“t”,
4H, Fv), 6.29 (“t”, 4H, Fv); 3C{'H} NMR (acetone-de) ¢ 240.2
(s, CO trans to Br), 224.3 (s, CO cis to Br), 113.3 (s, C-1 Fv),
95.7 (s, Fv), 92.1 (s, Fv). 4a: yield 0.54 g (0.72 mmol, 47%);
1H NMR (acetone-de) & 5.82 (“t”, 4H, Fv), 6.31 (“t”, 4H, Fv);
13C{'H} NMR (acetone-ds) 6 237.7 (s, CO trans to I), 222.5 (s,
CO cis to I), 110.7 (s, C-1 Fv), 94.8 (s, Fv), 92.6 (s, Fv). IR
and further 'H NMR spectroscopic data of 2a, 3a, and 4a are
compiled in Tables 2 and 3, respectively.

Complexes 2a and 4a are brick red, while 3a is deep purple.
All are poorly soluble in aromatic and chlorinated hydrocar-
bons but soluble in THF and acetone; solubilities decrease in
the order 2a > 3a > 4a (Cl > Br > I). All are air-sensitive in
solution and in the solid state and readily decompose with gas
evolution on heating in a toluene solution to 100 °C. None
could be obtained analytically pure.

FvMo2(CO).L:HX (L = CO, X = Cl (5a), Br (6a), I (7a);
L = PPhg, X = Cl (5b), Br (6b), I (7b)). These hydrido
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halides were detected and characterized by *H NMR spectros-
copy (Tables 3 and 5) as intermediates in hydrogen—halogen
exchange reactions of 1a,b with CCl,, CHBr;, and ICH,CO-
Et in toluene-ds solutions. Attempts to isolate 5a, 6a, and 7a
resulted only in the formation of mixtures of the hydrido
halides, the corresponding dihalide, and 1a (‘{H NMR). While
the mixtures could not be separated by column chromatogra-
phy because of hydride and/or halide ligand redistribution
reactions, they could be enriched in the hydrido—halide
complexes using the following process.

With hexane solutions of 1a and CCl;, CHBr3, or ICH2CO»-
Et as starting materials, as described above for the synthesis
of FvMoy(CO)eXz, the initially formed red precipitates were
separated after ~30 min by removing the supernatant liquid
(which contained no 1a). The solids were washed with 3 x 5
mL portions of hexane and dried in vacuo. When the crude
products were dissolved in CDCls or toluene-ds for NMR
studies, it was found that most of the dihalo species were of
low solubility and samples containing up to 80% pure 5a, 6a,
or 7a were obtained.

FvMo:(CO)eXY (X, Y = Cl, Br (8), Cl, I (9), Br, I (10)).
Method A. To the enriched toluene-ds solutions of 6a and
7a, prepared as described above, was added 10 4L of CCl, or
CHBr; at room temperature. The reactions were monitored
by 'H NMR spectroscopy, and the consumption of the hydride
halides as well as the formation of the corresponding mixed
dihalides were unambiguously established after several hours.
For spectroscopic data, see Table 3.

Method B. All three mixed dihalides were also identified
by 'H NMR spectroscopy as products of halide ligand redis-
tribution reactions between pairs of the homodihalides; e.g.,
complex 8 formed from 2a and 3a and 9 from 2a and 4a, as
well as 10 from 3a and 4a. The reactions were carried out on
NMR-scale samples in toluene-ds or acetone-dg¢ at room tem-
perature, and mixtures of the products and starting dihalides
were obtained in 1 day.

FvMo3(CO)4(PPh3)Xe (X = CI (2b), Br (3b), I (4b)).
Method A. A slurry of 2a (0.14 g, 0.25 mmol) and PPh; (0.13
g, 0.50 mmol) in 10 mL of toluene was heated in an oil bath
at ~110 °C, resulting in dissolution of the solid, vigorous gas
evolution, and a color change to deep red. Gas evolution
stopped after ~10 min, and the solution was cooled to room
temperature to give a red precipitate, which was a mixture of
2b and FvMos(CO) (IR, 'H NMR). These two compounds
exhibit considerably different solubilities in toluene, and
analytically pure 2b was obtained as the cis,cis isomer by
extracting the FvMox(CO)s with 5 x 5 mL of toluene and
subsequent vacuum drying. Yield: 0.13 g (0.13 mmol, 52%).
Anal. Calcd fOI‘ CsoH33012M0204P21 C, 58.44; H, 3.73.
Found: C, 58.18; H, 3.74. 'H NMR (CDCls): 6 4.88 (m, 1H,
Fv), 4.96 (m, 1H, Fv), 5.11 (m, 1H, Fv), 5.17 (m, 1H, Fv), 5.28
(m, 1H, Fv), 5.32 (m, 1H, Fv), 5.70 (m, 1H, Fv), 5.75 (m, 1H,
Fv), 7.37 (m, 30H, Ph). 3C{!H} NMR (CDCls): ¢ 255.9 (d,
Jpc = 28.7 Hz, CO trans to Cl), 255.8 (d, Jpc = 28.5 Hz, CO
trans to Cl), 242.6 (d, Jec = 5.1 Hz, CO cis to Cl), 242.5 (d, Jpc
= 5.8 Hz, CO cis to Cl), 133.8 (d, Jpc = 10.4 Hz, 0-Ph), 133.7
(d, Jpc =~ 44 Hz, ipso-Ph), 130.3 (d, Jpc = 2 Hz, p-Ph), 1284
(d, Jpc = 9.8 Hz, m-Ph). The fulvalene carbon chemical shifts
are given in Table 6.

The bromide cis,cis-8b was prepared similarly from 3a (0.15
g, 0.23 mmol) and PPh; (0.12 g, 0.46 mmol) and was purified
by column chromatography. Yield: 0.17 g (0.15 mmol, 66%).
Anal. Caled for Cs0H3zsBroMooOsP2: C, 53.79; H, 3.43.
Found: C, 52.94; H, 3.38. 'H NMR (CDCl3): 6 4.86 (m, 1H,
Fv), 4.90 (m, 1H, Fv), 5.10 (m, 1H, Fv), 5.19 (m, 1H, Fv), 5.21
(m, 1H, Fv), 5.31 (m, 1H, Fv), 5.74 (m, 2H, Fv), 7.37 (m, 30H,
Ph). 13C{'H} NMR (CDCl3): ¢ 253.7 (d, Jpc = 28.1 Hz, CO
trans to Br), 253.6 (d, Jpc = 28.6 Hz, CO trans to Br), 240.2
(d, Jec = 5.1 Hz, CO cis to Br), 240.1 (d, Jpc = 4.9 Hz, CO cis
to Br), 134.0 (d, Jpc = 43.1 Hz, ipso-Ph), 133.9 (d, Jpc = 10.3
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Hz, 0-Ph), 130.4 (d, Jpc = 2.5 Hz, p-Ph), 128.4 (d, Jpc = 9.9
Hz, m-Ph). The fulvalene carbon chemical shifts are given in
Table 6.

The iodo complex 4b was also obtained from 0.15 g of 4a
(0.20 mmol) and PPh; (0.11 g, 0.40 mmol) as described above.
Yield: 0.13 g (0.11 mmol, 54%). Although no analytically pure
material could be isolated by column chromatography, the
product was thoroughly characterized by spectroscopic meth-
ods and appears to be a mixture of cis,cis, cistrans, and
trans,trans isomers. IR (toluene): vco 1964 (vs), 1891 (vs)
cm~!. 'H NMR (toluene-ds): ¢ 4.28 (m), 4.30 (m), 4.33 (m),
4.36 (m), 4.72 (m), 4.81 (m), 4.82 (m), 4.85 (m), 4.97 (m), 5.06
(m), 5.07 (m), 5.21 (m), 5.24 (m), 5.52 (m), 5.76 (m), 5.79 (m)
(all Fv resonances; see Table 5 for assignments for the major
cis,cis isomer). ¥C{'H} NMR (CDCls): 6 134 (d, br, Jpc = 10.4
Hz, 0-Ph), 130.85 (d, Jpc = 3.1 Hz, p-Ph), 130.79 (d, Jpc = 3.1
Hz, p-Ph), 130.38 (d, Jpc = 2.9 Hz, p-Ph), 130.31 (d, Jpc = 3.1
Hz, p-Ph), 128.72 (4, Jpc = 9.8 Hz, m-Ph), 128.69 (d, Jpc =
10.6 Hz, m-Ph), 128.27 (4, Jpc = 9.8 Hz, m-Ph), 128.22 (4, Jrc
= 10.5 Hz, m-Ph), 108.4—83.5 (Fv). The CO and ipso-Ph
resonances were not identified.

cis,cis-2b is a purple powder, insoluble in toluene and
acetone but soluble in chlorinated hydrocarbons and THF,
giving orange solutions. It is air-sensitive but thermally stable
both in solution and in the solid state under an inert
atmosphere. cis,cis-3b is a purple solid of higher solubility
with properties otherwise similar to those of 2b; the isomeric
mixture of 4b is a brick red solid of higher solubility.

Method B. Into 0.6 mL of a toluene-ds solution of 1b (ca.
5 mg, 5.2 x 1072 mmol), 10 4L of CCly (0.10 mmol), benzyl
bromide (0.08 mmol), or ICH;CO:Et (0.08 mmol) was injected.
After about 1 h, the 'H and 3'P{!H} NMR spectra of the
reaction mixtures showed complete transformation of 1b into
cis,cis-2b, cis,cis-3b, and an isomeric mixture of 4b, respec-
tively.

Method C. Pure cis,cis-4b was obtained by titrating an
NMR sample of 1b in toluene-dg with iodine dissolved in a
minimum amount of the same solvent. The reaction was
instantaneous, complete consumption of 1b being indicated by
both 'H and 3'P{'H} NMR spectroscopy. cis,cis-4b trans-
formed into the mixture of isomers obtained by method A on
standing at room temperature overnight.

FvMo3(CO)4(PCy;s)2X; (X = C1 (2¢), Br (3¢)). Compound
2c (cis,cis isomer) was synthesized essentially as the PPhs-
substituted derivative from 0.20 g (0.36 mmol) of 2a and 0.20
g (0.71 mmol) of PCy; in 15 mL of toluene. It was obtained
reasonably pure by column chromatography, although several
attempts to obtain an analytically pure sample failed. Yield:
0.24 g (0.22 mmol, 61%). *H NMR (CDCly): 6 1.23—1.45 (m,
30H, Cy), 1.69—-1.82 (m, 30H, Cy), 2.28 (m, 6H, Cy), 4.85 (m,
1H, Fv), 4.95 (m, 1H, Fv), 5.20 (m, 1H, Fv), 5.28 (m, 1H, Fv),
5.30 (m, 1H, Fv), 5.34 (m, 1H, Fv), 5.89 (m, 1H, Fv), 5.94 (i,
1H, Fv). 18C{'H} NMR (CDCl;): & 258.4 (d, Jpc = 26.1 Hz,
CO trans to Cl), 258.0 (d, Jpc = 25.8 Hz, CO trans to Cl),
~245.5 (two br s, CO cis to C), 35.5 (d, Jpc = 17.0 Hz, C-1
Cy), 30.5 (d, Jpc = 1.3 Hz, C-3 Cy), 29.8 (s, C-3, Cy), 28.0 (d,
Jec = 8.9 Hz, C-2 Cy), 27.8 (d, Jpc = 10.7 Hz, C-2 Cy), 26.5 (s,
C-4 Cy). The fulvalene carbon chemical shifts are given in
Table 6.

The dibromide cis,cis-3¢ was obtained similarly from 0.09
g (0.14 mmol) of 3a and 0.08 g (0.28 mmol) of PCy; and purified
by column chromatography. Yield: 0.13 g (0.11 mmol, 80%).
Anal. Caled for CsoH74BroMoO4Pe: C, 52.10; H, 6.47.
Found: C, 51.79; H, 6.46. 'H NMR (CDCls): 6 1.24—1.40 (m,
30H, Cy), 1.70—-1.79 (m, 30H, Cy), 2.30 (m, 6H, Cy), 4.86 (m,
1H, Fv), 4.97 (m, 1H, Fv), 5.09 (m, 1H, Fv), 5.25 (m, 1H, Fv),
5.34 (m, 1H, Fv), 5.38 (m, 1H, Fv), 5.86 (m, 1H, Fv), 5.90 (m,
1H, Fv). 1BC{'H} NMR (CDCl;): 6 256.2 (d, Jpc = 25.7 Hz,
CO trans to Br), 255.8 (d, Jpc = 26.6 Hz, CO trans to Br),
~243.4 (two d, Jpc =~ 3 Hz, CO cis to Br), 36.6 (d, Jpc = 17.6
Hz, C-1 Cy), 30.8 (d, Jpc = 4.6 Hz, C-3 Cy), 29.9 (s, C-3 Cy),
27.9(d, Jpc = 9.0 Hz, C-2 Cy), 27.7 (d, Jpc = 11.1 Hz, C-2 Cy),
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26.4 (s, C-4 Cy). The fulvalene carbon chemical shifts are
given in Table 6. For IR and *'P{!H} NMR data for both
ciscis-2¢ and cis,cis-3c¢, see Tables 2 and 4, respectively.

The complex cis,cis-2¢ is a violet crystalline solid which is
completely insoluble in hexane, toluene, and acetone but which
gives cherry red solutions in chlorinated solvents and THF.
The dibromide cis,cis-3¢ is a pink-red solid which exhibits
solubility similar to that of 2¢. Both compounds are thermally
stable in solution as well as in the solid state.

FvMo2(CO)4(PXy;)2Xz (X = Cl (2d), Br (3d)). Compound
2d was obtained as the cis,cis isomer from 0.22 g (0.39 mmol)
of 2a and 0.27 g (0.79 mmol) of PXy; in 20 mL of refluxing
toluene in ~10 min. The deep red product was isolated in 75%
yield (0.35 g, 0.29 mmol) and was identified by spectroscopic
methods (Tables 2 and 4—6) by analogy with 8d and analogues
containing PPh; and PCys;.

Similarly, cis,cis-8d was obtained by reacting 0.05 g (0.08
mmol) of 3a with 0.06 g (0.16 mmol) of PXy; in 10 mL of
toluene. In this particular case, however, ~2 h of refluxing
was necessary to achieve complete transformation of 3a, as
monitored by IR spectroscopy. The product was isolated by
column chromatography in 54% yield (0.06 g, 0.04 mmol) as a
purple solid. Anal. Caled for Ce;HgaBraMo2O4Ps: C, 57.96; H,
4.86. Found: C, 56.37;H,4.11. 'HNMR (CDCls): 6 2.245 (s,
18H, Me), 2.251 (s, 18H, Me), 4.75 (m, 1H, Fv), 4.83 (m, 1H,
Fv), 5.02 (m, 1H, Fv), 5.12 (m, 1H, Fv), 5.14 (m, 1H, Fv), 5.17
(m, 1H, Fv), 5.65 (m, 2H, Fv), 6.97 (s, 6H, p-Xy), 7.00 (s, 12H,
0-Xy). BC{'H} NMR (CDCly): ¢ 254.5 (d, Jpc = 30.1 Hz, CO
trans to Br), 241.4 (d, Jpc =~ 6 Hz, CO cis to Br), 137.5 (d, Jpc
= 10.3 Hz, C-3 Xy), 133.9 (d, Jpc = 42 Hz, C-1 Xy), 133.8 (d,
Jpc = 42 Hz, C-1 Xy), 132.0 (s, C-4 Xy), 181.6 (d, Jpc = 10.2
Hz, C-2Xy), 21.6 (s, Me). The fulvalene carbon chemical shifts
are given in Table 6. IR and 3P{'H} NMR data are listed in
Tables 2 and 4, respectively.

FvMoz(CO)4(PMes):Br; (3e). This compound was ob-
served in situ by IR and *H NMR spectroscopy as a red product
of the reaction of 1¢ (~10 mg, 1.7 x 1072 mmol) with 10 uL of
CHBr3 in 0.6 mL of toluene-ds. It was identified as the cis,cis
isomer by analogy with the well-characterized derivatives
containing other phosphines and halo groups (Tables 2 and
5). In addition to the fulvalene resonances, the 1H NMR
spectrum also exhibited two doublets of equal intensity at ¢
1.13 (Jpu = 9.5 Hz, 9H) and 1.14 (Jpy = 9.5 Hz, 9H), attributed
to two different PMes ligands in the meso and dl forms.

CpMo(CO):(PPhg)I. This compound was synthesized by
a modification of the literature method.® A mixture of 0.20 g
(0.54 mmol) of CpMo(CO)sI and 0.145 g (0.54 mmol) of PPhs
was dissolved in 15 mL of toluene and refluxed for 1.5 h. Slow
gas evolution was observed, and IR spectroscopic monitoring
indicated nearly complete transformation into the substituted
product. The solvent was removed under reduced pressure,
and the resulting solid was washed with 3 x 5 mL of hexane
to remove unreacted starting materials.” After the solid was
dried under vacuum, 0.21 g (0.35 mmol, 64% yield) of CpMo-
(CO)o(PPh3)I was collected as spectroscopically pure orange
crystals. IR (toluene): vco 1968 (vs), 1891 (vs) em~1. 'H NMR
(toluene-dg): 6 4.68 (d, Jpy = 1.9 Hz, Cp, trans) and 4.82 (s,
Cp, cis), 5H altogether, 6.99 (m, 9H, mp-Ph), 7.51 (m, 6H,
0-Ph). 3P{'H} NMR (toluene-ds): 6 45.4 (s, cis), 67.2 (s, trans).
Both NMR spectra revealed a cis:itrans = 60:40 ratio, in
agreement with the literature.®

Results and Discussion

Preparation of Hexane Solutions of FvMos-
(CO)¢H: (1a). Much of our research has involved
utilization of the known dihydride* la as starting
material, and we required a facile procedure for its
synthesis in good yields. The salt, (NEt4)o[FvMoa(CO)sl,
was prepared by a modification of the procedure of

(6) Manning, A. R. J. Chem. Soc. A 1967, 1984.
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Smart and Curtis for the synthesis of the corresponding
Li salt.22 We routinely generate 1a by protonation of
(NEt4)2[FvMo2(CO)e] with an excess of glacial acetic
acid, in this way forming hexane solutions of ~0.01 M
concentration. This method proved to be quite straight-
forward and reproducible.? Furthermore, since the
solid dianion can be synthesized free of hexane-soluble
impurities, 1a can be readily obtained pure by IR and
H NMR spectroscopy. The use of hexane as solvent is
also an advantage since all products formed in subse-
quent reactions of 1a are insoluble in hexane and can
therefore be easily isolated.

Reaction of 1a with PPhg: Synthesis and Char-
acterization of FvMo2(CO);(PPhg).H; (1b). We find
that 1a reacts smoothly with PPh; at ambient temper-
ature to give the light yellow product in quantitative
yield. Its solution IR spectrum exhibits two strong
bands at 1936 and 1858 cm™!, while the 3!P{!H} NMR
spectrum exhibits a single, sharp resonance at 6 73.3,
all data being comparable with those of the analogous
Cp compound, CpMo(CO)(PPhs)H.” The 'H NMR
spectrum of 1b was not simple, however, exhibiting an
unsymmetrical doublet at 6 —5.03 (Jpy = 52 Hz),
indicating nonequivalent hydride ligands (see below),
and two poorly resolved fulvalene multiplets at 6 4.63
and 5.01. The 3C{!H} NMR spectrum revealed little
additional information, one strong, sharp and one weak,
broad resonance appearing at é 88.4 and 89.8, respec-
tively, attributable to fulvalene carbons, and three
phenyl doublets, attributable to PPhs; no quaternary
carbon or carbonyl resonances could be observed.

The reactivity of 1la toward phosphines has been
recently reported,* as has the isolation and spectro-
scopic characterization of the symmetrically substituted
(fulvalene)dimolybdenum carbonyl dihydride, FvMo,-
(CO)4(PMes)oH; (1c).8 Interestingly, similar reactions
with other phosphorus ligands have not been reported.®
The smooth reaction of 1a with PPhs, in contrast to the
behavior of both FvCry(CO)Hz® and FvW3(CO)gHa,2t
indicates much greater substitutional lability of (ful-
valene)molybdenum complexes compared with the chro-
mium and tungsten counterparts. As well, this reaction
seems to represent the reactivity limit of la with
sterically demanding phosphines, since the relatively
rapid thermal decomposition? of 1a prevented substitu-
tion with both PCys and PXys. For comparison, CpMo-
(CO);H reacts with these ligands in refluxing benzene
to give CpMo(CO);LH.™ Nevertheless, 1b is the first
hydrido—fulvalene complex containing a phosphorus
ligand as bulky as PPh;.

Compounds of the type FvMog(CO)sLoHs may exist
as four different geometrical isomers, transtrans,
cis,trans (dl), cis,cis (meso), and cis,cis (dl) (Figure 1),2

(7) Data for CpMo(CO)2(PPh3)H are as follows. (a) IR (C¢Hg): vco
1940 vs, 1865 s cm~L. 'H NMR (C¢Dg): 6 —5.12 (d, Jpy = 48 Hz,
MoH).44 (b)3'P{*H} NMR (C¢Dg/CsHs): 6 74.5 (s). Drake, P. R.; Baird,
M. C. Queen’s University at Kingston, unpublished results.

(8) FvMo2(CO)s(PMe3)H; has also been reported? but was obtained
from the zwitterionic compound FvMoy(CO)s(PMejs)s by reduction and
protonation. It was not investigated whether this monosubstituted
derivative was an intermediate in the reaction of la with PMes.

(9) An unsuccessful attempt was made to substitute la with
dmpm: Tilset, M. Ph.D. Dissertation, University of California, Ber-
keley, 1986; Diss. Abstr. Int. B 1987, 47, 2924 (University Microfilms,
Inc., Order No. AAC 8624962).

(10) FvCra(CO)sHs shows reactivity in substitution reactions with
phosphines similar to that of FvW3(CO)gHy; that is, PMesPh is the
bulkiest ligand with which smooth reaction takes place at room
temperature. Kovdcs, I.; Baird, M. C. To be submitted for publication.
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Figure 1. Stereoisomers possible for compounds of the
type FVM02(00)4L2H2.

giving rise potentially to nine a- and nine g-hydrogen
sites. Since several substituted cyclopentadienylmo-
lybdenum carbonyl hydrides!! and l¢? are fluxional,
facile interconversion of the various cis and trans
isomers of 1b was also anticipated. It is noteworthy
that, for 1e, four doublets from both the hydridic and
PMe; protons but only six multiplets from the ring
protons were observed at —50 °C, consistent with a 55:
45 cis:trans isomer ratio. In accord with more detailed
studies on its tungsten counterpart,?t these resonances
were assigned to cis,cis (both meso and di), cis,trans,
and trans,trans isomers. The 3!P{!H} NMR spectrum
of 1c exhibited singlets at 6 21.8 (¢rans) and 25.5 (cis),
also indicative of a mixture of cis and trans isomers.?

When a toluene-dg solution of 1b was cooled to —65
°C, we observed four hydride doublet resonances cen-
tered at 6 —4.99 (Jpu = 65 Hz), —5.02 (Jpn = 21 Hz),
—5.05 (Jpg = 21 Hz), and —5.06 (Jpu = 65 Hz) in the
1H NMR spectrum. The P—H coupling constants may
be utilized to infer stereochemistry of such compounds,2-!1
the 65 and 21 Hz couplings respectively indicating that
cis and frans isomers are present in a ratio of 65:35,
reminiscent of the isomeric ratio (63:37) found for CpMo-
(CO)o(PPh3)H.!* The ratio of cis,cis, cis,trans, and
trans,trans isomers was found to be 4:2.5:1 on the basis
of integrals.

In contrast to the case for 1¢, however, 12 individual
fulvalene multiplet resonances were observed in the 'H
spectrum of 1b, in addition to weaker, completely
obscured resonances revealed by careful integrations.
Although the spectrum of 1b was too complex and poorly
resolved for unambiguous assignments to be possible,
detailed analyses of the similarly complicated spectra
of the analogous substituted dihalo complexes were
possible and are discussed below.

The 31P{!H} NMR spectrum of 1b at room tempera-
ture exhibits only a broad singlet at 6 73.3, but the
spectrum at —70 °C (Table 4) was consistent with the
IH NMR spectrum. Four partially overlapped reso-
nances were observed at & 73.64 (cis,cis) and 71.90
(trans,trans), as well as at 73.69 and 71.98 (cis and trans
halves, respectively, of the cis,trans isomer). Integrals
of the upfield trans and downfield cis resonances sug-
gested a cis:trans ratio of ~60:40.

Reactions of 1a with Activated Alkyl Halides:
Synthesis and Characterization of the Complexes
FvMo:(CO)eX:; (X = Cl (2a), Br (3a), I (4a)) and
FvMo:(CO) XY X =ClL, Br, ;Y =H, Cl, Br, I) (5a,
6a, 7a, 8—10). Since our attempts to substitute 1la with
phosphines bulkier than PPhj failed, we turned our

(11) Faller, J. W.; Anderson, A. S. J. Am. Chem. Soc. 1970, 92, 5852.
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attention to the dihalides, FvMoo(CO)sXs, to possibly
provide access to (fulvalene)molybdenum(I) dimers or
diradicals substituted with PCy; and PXys. If the more
electrophilic dihalides would undergo ligand substitu-
tion with all three phosphines at elevated temperatures,
the substituted FvMoo(CO)4LoX; derivatives might be
reduced either directly to FvMoa(CO)4Ls or to dianions,
[FvMog(CO)4L2)2~, which could be either protonated to
dihydrides or oxidized directly to radicals/dimers.

Surprisingly, of this series of compounds, only 4a had
previously been reported;?¢ it was prepared by the
reaction of iodine with FvMog(CO)g, no practical details
or spectroscopic data being given. On attempting to
employ this method for the synthesis of 3a in CHyCly,
we observed rapid CO evolution and precipitation of a
brown solid, containing no carbonyl ligands; 3a was
formed only in minor amounts. However, the reaction
of benzyl bromide or bromoform with 1la gave 3a in
excellent yields.

Indeed, reaction of la with the appropriate alkyl
halides provided general access to all of the three
dihalides, 2a, 3a, and 4a, although all were sufficiently
labile that none could be obtained analytically pure.
Typically, 1a was stirred with a large excess of CCly,
CHBr;, or ICHCOzEt in hexane at ambient tempera-
ture; 2a, 3a, and 4a, respectively, precipitated as red
solids and were characterized by IR and 'H and !3C-
{IH} NMR spectroscopy (Tables 2, 3, and 6). Each IR
spectrum exhibits two strong carbonyl stretching bands,
which are shifted to lower frequencies in the order 4a
> 8a > 2a, consistent with the relative electronegativi-
ties of the halogens and similar to behavior of the
analogous Cp and indenyl complexes.!? In addition, the
'H NMR spectra each exhibited two well-resolved
virtual “triplets” of equal intensity, characteristic of Hq
and Hg fulvalene protons (AA’'MM’ spin systems).?* The
13C{1H} NMR spectra were also fully consistent with
the formulations, exhibiting resonances attributable to
the three types of fulvalene sites as well as the CO
ligands. Indeed, separate CO resonances were observed
for CO ligands cis and trans to X, as has been observed
previously for the corresponding Cp compounds.!?

During the syntheses of these compounds, additional
weak bands were occasionally observed in both the IR
and 'H NMR spectra of the products. In an attempt to
identify the minor species, we monitored an in situ
reaction of 1a with benzyl bromide in toluene-ds by 'H
NMR spectroscopy. Interestingly, during the first 20
min of the reaction, only four fulvalene “triplet” reso-
nances at 6 4.28, 4.58, 4.73, and 4.89, all of equal
intensity and corresponding to the above-mentioned
weak resonances, could be observed. After this time,
the two “triplet” resonances of 3a slowly began to
emerge at 6 4.27 and 4.86 and gradually became the
dominant resonances, as those of 1a (6 4.52, 4.87) and,
later, of the intermediate species diminished (~2 h).
While both 1a and the intermediate were present in the
reaction mixture, two hydridic resonances, separated
only by 0.007 ppm, also appeared at 6 ~—5.30. This
observation suggested the formation of the mixed hy-
drido bromide 6a, and subsequently the corresponding
hydrido—chloride and —iodide analogues were also

(12) Hart-Davis, A. J.; White, C.; Mawby, R. J. Inorg. Chim. Acta
1970, 4, 431.

(13) Todd, L. J.; Wilkinson, J. R.; Hickey, J. P. J. Organomet. Chem.
1978, 154, 151.



Phosphine-Substituted Mos Fulvalene Complexes

identified in the reactions of 1a with CCly and ICH,-
COqEt, respectively. 'H NMR data for these complexes
are listed in Table 3.

The kinetic stabilities of the initially formed 5a, 6a,
and 7a in the presence of excess alkyl halides must be
attributed to deactivation by the halo ligand on the
metal center adjacent to that bearing the hydride ligand.
Fortunately, our method of preparation of the dihalides
provided a basis to obtain the hydrido halides in the
solid state as mixtures with the corresponding dihalides,
although the resulting mixtures could not be separated.
As shown in eq 2 for 7a, hydrido halides readily undergo

2FvMo,(CO);HI = FvMo,(CO)eH, + FvMo,(CO),I, —
FvMoy,(CO),l, + FvMo,(CO) + H, (2)

redistribution reactions which prevent separation by
chromatography. As a result of decomposition of 1a,
the final organometallic products from the hydrido
halides are the corresponding dihalides and FvMog-
(CO)%. On the other hand, since the three hydrido
halides all react further with alkyl halides to form the
corresponding dihalides, it seemed likely that treatment
of these isolated compounds with a second alkyl halide
would result in formation of the mixed dihalides.
Indeed, we succeeded in the in situ preparation of mixed
dihalides 8, 9, and 10, which were characterized by 'H
NMR spectroscopy (Table 3).

Complexes 8—10 were also obtained by a second
method, avoiding the use of alkyl halides. The facile
nature of the redistribution reaction of the hydrido
halides (eq 2) suggested that pairs of dihalides might
also exchange halide ligands reversibly. Indeed, when
the dihalides 2a, 3a, and 4a were dissolved in pairs in
toluene-dg or acetone-ds, slow equilibration reactions
leading to the formation of the corresponding mixed
dihalides were observed by 'H NMR spectroscopy (eq
3; X, Y = Cl, Br, I). Because of these ligand exchange

FvMo,(CO)¢X, + FvMoy(CO)Y, =
2FvMoy(CO)XY (3)

processes, the mixed-halogen compounds could not be
obtained pure.

Synthesis and Characterization of the Com-
plexes FvMo2(CO)L2X; (L = PPh;, PCys, PXys;
X = Cl, Br, I) (2b—d, 38b—d, 4b) and FvMo,-
(CO)4(PPh3):HX (X = Cl1 (5b), Br (6b), I (7b)).
Phosphine-substituted (fulvalene)dimolybdenum carbo-
nyl dihalo compounds containing PPhs, PCys, and PXys
were readily prepared by direct substitution of a CO
ligand at each Mo center of the parent dihalides 2a, 8a,
and 4a. These reactions were surprisingly facile, sub-
stitution with PPhj being complete in less than 1 day
at room temperature (similarly to 1a) and the bulkier
ligands reacting with vigorous gas evolution in ~10 min
to 2 h on heating to 110 °C. Interestingly, while a
considerable amount (<40%) of the starting materials
decomposed to FvMoa(CO)s during these reactions, it
was found that the thermal decomposition of 2a in
toluene at ~100 °C in the absence of added phosphine
proceeds with gas evolution to yield an unidentified,
insoluble precipitate and only traces of FvMog(CO)s. In
contrast, analogous Cp complexes require refluxing in
benzene for at least several hours to produce CpMo-
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(CO):LX (L = PPh;, PCys, PXys), and do not decompose
to [CpMo(CO)3)e.™

Complexes 2b—d, 3b—d, and 4b were isolated as
brick red, purple, or violet solids in good yields. The
PPh;-substituted products were identical with 2b, 3b,
and 4b, formed by the hydrogen—halogen exchange of
1b with CCly, PhCH,Br, and ICH,CO,Et, respectively.
In addition, 4b was obtained in solution by reacting 1b
with iodine. IR and multinuclear NMR techniques were
used to characterize the products (Tables 2 and 4—6),
all of which are new.

For all of the substituted dichlorides and dibromides,
as well as for 4b freshly prepared from 1b and iodine,
the IR spectra exhibited two carbonyl stretching bands
(Table 2). However, while the 3'P{'H} NMR spectra of
2b and 3b in CDCl; exhibited sharp singlets at 6 49.9
and 47.8, respectively, the 3'P{'H} NMR spectra in
toluene-ds each exhibited two resonances of equal
intensity (Table 4). In addition, the 3C{{H} NMR
spectra of both 2b and 8b (CDCl;) exhibited two sets of
five resonances in the fulvalene region (Table 6), while
only a single set of PPhg phenyl 13C{'H} resonances was
observed. In addition, four doublets appeared in the
low-field region of coordinated CO ligands, arranged in
two pairs (each pair having the same P—C coupling
constants) due to the difference between ligands being
in positions cis or trans to halogen (or phosphine).!3

In contrast, the 3'P{!H} NMR spectra of 2¢,d and
3c,d all exhibited two singlets of equal intensity even
in CDCl3, the chemical shift difference between these
resonances increasing with the bulk of phosphines, i.e.
PPh; < PCy; < PXys.14 Furthermore, the 13C{'H} NMR
spectra of 2¢ and 3c,d exhibited five pairs of singlets
in the fulvalene carbon region, similar to the PPh;-
substituted derivatives. Interestingly, the high-field
resonances of 2¢ and 3¢, which probably belong to the
C, carbons,?® appear as doublets, suggesting unusual
coupling to phosphorus. The cyclohexyl carbon region
of 2¢ and 3¢ also provided new information, there being
two pairs of doublets, attributed to C-2 and C-3, and a
doublet and a singlet, attributed to C-1 and C-4,
respectively. For 3d, only single resonances were found
in the methyl and aromatic carbon region, except that
the weak and broad C-1 Xy resonance appeared as two
doublets. In contrast to the PPhs- and PCys-substituted
derivatives, only one pair of doublet CO carbon reso-
nances was observed in the 3C{'H} NMR spectrum of
3d.

The 'H NMR spectra of all four compounds exhibited
eight fulvalene multiplets of equal intensity, consistent
with the 13C{1H} NMR spectra, although some spectra
were complicated by an overlap of resonances (Table 5).
Utilization of 'H—!H decoupling experiments made
possible assignments of the resonances as belonging to
identical or different rings. As an example, the 'H NMR
spectrum of 2b, recorded in CDCl3, exhibited a readily
recognizable pattern of eight well-separated multiplets
arranged into four pairs at 6 4.88 and 4.96, 5.11 and
5.17, 5.28 and 5.32, and 5.70 and 5.75 (Figure 2). These
resonances were assigned as belonging to the two
different ring systems as follows: Hjg, Hp, Hy, and H,
resonate at 6 4.88, 5.11, 5.32 and 5.75, respectively, in
one ring, and at 6 4.96, 5.17, 5.28, and 5.70, respectively,
in the other. As we show below, the two rings probably

(14) Tolman, C. A. Chem. Rev. 1977, 77, 313.
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Figure 2. 'H NMR spectrum (400 MHz) of cis,cis-
FvMoy(CO)4(PPh3),Cls (2b) in the fulvalene proton region.

do not represent the two halves of a single fulvalene
system but, rather, two different fulvalene systems in
which the halves are spectroscopically identical.

The "H NMR spectrum of 2b also exhibited a remark-
able temperature dependence of the chemical shifts,
gradual cooling of the solution to ~70 °C resulting in a
shifting of the eight resonances to 6 4.86, 5.04, 5.11,
5.24, 5.19, 5.38, 5.81, and 5.86, respectively. Further-
more, while heating a toluene-ds solution of 2b resulted
in pairs of resonances coalescing at 110 °C to give a four-
resonance spectrum, the resulting H,—Hq and Hg—Hy
pairs of resonances did not coalesce to give a two-
resonance spectrum similar to that of 1b at room
temperature.

The 'H NMR spectrum of a CDClj solution of 2¢ also
exhibited eight separate multiplets in the fulvalene
region (Table 5), and these were also readily differenti-
ated into two groups of four on the basis of 'H—1H
decoupling experiments as follows: Hg, Hg, Hy, and Hq
resonate at 8 4.85, 5.20, 5.30, and 5.94, respectively, in
one ring and at ¢ 4.95, 5.28, 5.34, and 5.89, respectively,
in the other. Surprisingly, when 2¢ was freshly dis-
solved in CDCl; and the spectrum recorded without
delay, the first set of resonances were of approximately
twice the intensity of the other. Within about 2 h,
however, all of the resonances had became equal,
indicating that a relatively slow equilibration process
had taken place between two different species.

These results are consistent with structures contain-
ing the CO ligands in mutually cis arrangements and
the pairs of a and 3 fulvalene protons and carbons being
diastereotopic because of the chiral Mo centers. By
analogy, while the compounds cis-CpMo(CO);LX are
chiral,!:15 the chirality has only been confirmed by
'H NMR investigations on derivatives where X =
CHoR or L = PMesPh, in which the chiral center
rendered the methylene or methyl protons diaste-
reotopic. While examples with diastereotopic cyclopen-
tadienyl nuclei are rare, we note that the chirality of
the identyl complex (#5-CoH7)Mo(CO)2(PPh3)I results in
nonequivalence of H, and Hy protons.!> In the case of
the fluorenylisopropyl-substituted complex (#5-CsH-
CMeyC13Ho)Mo(CO)2(PMes)H, nonequivalence of the
cyclopentadienyl carbons was reported.1®

(15) Faller, J. W.; Anderson, A. S.; Jakubowski, A. J. Organomet.
Chem. 1971, 27, C47.

(16) Alt, H. G.; Maisel, H. E.; Han, J. S.; Wrackmeyer, B. J.
Organomet. Chem. 1990, 399, 131.
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As mentioned above, fulvalene compounds of the type
cis,cis-FvMoa(CO)4LoX, contain two chiral centers and
can form meso and dI stereoisomers.?* The meso isomer
has a plane of symmetry between the two rings, and
thus only four Fv protons, five Fv carbons, and one
phosphorus environment are expected. On the other
hand, while the d! isomers contain no plane of sym-
metry, there is a Cy axis perpendicular to the Fv plane
(Figure 1), and again only four Fv protons, five Fv
carbons, and one phosphorus environment are expected.
On this basis, the spectral changes described above
seem best interpreted in terms of meso—d! interconver-
sion, presumably via intramolecular CO—phosphine
exchange.

In view of the differences in the NMR spectra of 1b,¢,
arising from substitution of the small PMe; with the
larger bulky PPhs, we decided to investigate the con-
sequences of changing the halide ligands as well. First,
3e was generated in situ by reacting 1¢ with PhCH,Br
and was found to exhibit the same IR and 'H NMR
characteristics as do most of the complexes of bulkier
phosphines. That is, 3e exists in solution as the cis,cis
isomer, which gives rise to eight fulvalene proton
resonances (two of them completely overlapping at ¢
4.41) in the 'H NMR spectrum. Thus, substitution of a
small hydride ligand by a bulkier halide ligand results
in the same effect on the appearance of the spectra as
replacing a small phosphine with a sterically more
demanding one.

Unlike the dichlorides and dibromides, cis,cis-4b,
obtained in situ by reacting 1b with iodine, was not
stable in solution. While the IR spectrum of a sample
which had remained in solution at room temperature
for 1 day did not exhibit any new carbonyl stretching
bands, the medium-intensity band of cis,cis-4b at 1887
em~! gained in relative intensity and became as strong
and sharp as the band at 1965 cm™!, suggesting the
formation of one or more trans isomers.!! In accordance
with this, the 31P{'H} NMR spectrum exhibited three
additional resonances at ¢ 45.9, 67.0, and 67.3, down-
field from those of cis,cis-4b at 6 45.7 and 45.8. Those
at 0 67.0 and 45.9 were of equal intensity and are
tentatively assigned to the nonequivalent sites of the
cis,trans isomer; by default, then, the resonance at ¢
67.3 is tentatively assigned to the trans,trans isomer.
The 3C{!H} NMR spectrum of the reaction mixture
supported the 3'P{'H} NMR spectroscopic interpreta-
tion. Altogether, four doublet resonances were observed
for both the C-3 and C-4 carbon atoms of the coordinated
PPh;, suggesting four different phosphine environ-
ments. The doublets characteristic of both types of
carbons were clearly arranged in two distinct pairs,
suggesting that each pair contained resonances of two
similar ligands, i.e. two cis and two trans, as in the 3!P-
{'H} NMR spectrum.

The 'H NMR spectrum of the mixture exhibited eight
fulvalene multiplets at 6 4.30, 4.36, 4.82, 4.97, 5.07, 5.21,
5.24, and 5.76, in addition to those of cis,cis-4b. A
mixture of cis,trans and trans,trans isomers of 4b should
exhibit 10 new resonances, but there is considerable
overlap and a possibility of coincidence of some reso-
nances of the cis,trans isomer. Thus, the spectrum is
taken as being reasonably consistent with conversion
to a mixture of cis,trans and trans,trans isomers of 4b,
established above on the basis of IR and 3P NMR data.
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When 4b was prepared by direct substitution of 4a with
PPhj, the same 'H NMR spectrum was obtained. In
fact, pure cis,cis-4b could not be prepared in this way,
possibly because equilibration of the three isomers took
place quickly at 110 °C or over 1 day at room temper-
ature. Hydrogen—halogen exchange reactions of 1b
with ICH2COzEt, ICH2CN, or t-Bul gave varying ratios
of the three isomers of 4b.

Consistent with the above spectroscopic results, we
note that while cis-CpMo(CO)o(PPh3)I also readily isomer-
izes, the corresponding chloro and bromo compounds
remain exclusively as the cis isomer.!}17 The 31P{!H}
NMR spectral data for cis- and ¢trans-CpMo(CO)o(PPh3)I
have not been reported, but we find that the 3P{H}
NMR spectrum of an equilibrium mixture of the cis and
trans isomers exhibits singlets at 6 45.4 and 67.2,
respectively, supporting the above assignments.

The intermediate formation of hydrido—halide com-
plexes in the reaction of 1a with activated alkyl halides
suggested that similar reactions of 1b might proceed
in the same way. Indeed, 'H and 3'P{'H} NMR moni-
toring of the reactions of 1b with CCls, PhCH:Br, and
ICH2CO2Et or ICH,CN unambiguously established the
sole formation of 5b, 6b, and 7b, respectively, early in
the reactions. The hydridic doublet and fulvalene
multiplet resonances of 5b and 6b could be readily
assigned (Table 5), but overlapping of the various
isomers of the iodo system rendered assignments of the
fulvalene proton resonances of 7b ambiguous. Never-
theless, two new hydridic doublets were observed at d
—4.99 and ~5.01, attributed to hydrido—iodide com-
pounds having both cis and ¢rans iodide “halves”,
respectively. Consistent with this, new cis and trans
SIPfIH} NMR resonances were also observed (Table 4).

The mechanism of hydrogen—halogen exchange in
both substituted and unsubstituted dihydrides also
merits comment. According to a recent review,!® several
mechanistic studies suggest that the reactions between
alkyl halides and metal carbonyl hydrides may involve
radical chain processes, as in eqs 4—6.

In' + HM(CO),L — InH + ‘M(CO),L. (4

‘M(CO),L + RX — XM(CO), L + R’ (5)

R’ + HM(CO),L — RH + "M(CO),L (6)

In’ = unidentified radical initiator

The particular structure of fulvalene complexes,
coupled with our experimental results and the known
behavior of the analogous chromium-centered radical
CpCr(C0)s,'° permit speculation on the involvement of
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novel bimetallic radical intermediates. As shown in
Scheme 1 for a fulvalene system of the type FvMos-
(CO)4LeHg, hydrogen atom abstraction should result in
two types of chain-propagating, metal-centered radi-
cals: an initially formed radical hydride species and a
subsequently formed halo radical species. In addition,
the hydrogen or halogen atoms in the radical intermedi-
ates may also undergo rapid exchange processes involv-
ing the two metals, as occurs between CpCr(CO); and
the compounds CpCr(CO)X (X = H, Br, I).1n19 The
forced proximity of the metals in fulvalene complexes
would increase the possibility of intramolecular atom
excharnge, but it is also reasonable to suppose that the
radical intermediates may undergo intermolecular ex-
change processes of hydride and/or halide ligands, con-
sistent with the reactions outlined in eqs 2 and 3. Note
that the possible radical chain hydride and halide ligand
redistributions in our fulvalene systems provide a novel
mechanistic alternative. Such ligand redistributions
have received considerable attention recently but were
studied exclusively on coordinatively unsaturated com-
plexes, and no other mechanisms were considered.?°
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The new metal—metal-bonded (fulvalene)dimolybdenum carbonyl complexes FvMos(CO)4Ls
(L. = PPh;, PCys, PXys;; Xy = 3,5-dimethylphenyl) were synthesized via (a) hydride hydrogen
atom abstraction from FvMos(CO),LoHo (L = PPhs, PXys) by trityl radicals, (b) sodium
reduction of FvMos(CO):LsCly (L = PPhs, PCys, PXy3), and (c¢) oxidation of the dianions
[FvMoy(CO)sLs]?~ (L = PPhs, PCy3). The compounds were characterized by IR, UV-vis,
and 'H, 3C{'H}, and 3'P{'H} NMR spectroscopy, and the spectroscopic data are in all cases
consistent with structures containing the phosphines in positions trans to the Mo—Mo bond.
The UV—vis spectra of trans-FvMoy(CO),L; (L = PPh;, PCys, PXys) all exhibit a ¢ — o*
transition at 374 nm, suggesting that the phosphines influence neither sterically nor
electronically the Mo—Mo bond strength. Evidence for radical intermediates was found when
FvMo3(CO)4(PPhs); was prepared from FvMox(CO)4(PPh;s):Ho.

Introduction

There is currently considerable interest in the prepa-
ration and structural characterization of 17-electron
organotransition-metal compounds (metal-centered radi-
cals).! Investigations are also focusing on the kinetics
of coupling reactions of metal-centered radicals to give
the corresponding 18-electron metal—metal-bonded
dimers? and the factors affecting the strengths of the
metal—metal bonds thus formed.! In several cases,
correlations have been noted between the bond strengths/
lengths of metal—metal bonds of 18-electron dimers with
the energies of the metal—metal 6—o* electronic transi-
tions® and also with the proclivity of 18-electron dimers
to undergo thermal homolysis to the corresponding 17-
electron species.* Dimers with weaker metal—metal
bonds commonly exhibit smaller 6—o* energy gaps and
dissociate to a greater extent, although a caveat to the
latter generalization must be noted.*

Thus, it is of considerable interest that the metal—
metal bond of the fulvalene (Fv) compound (5%:15-C1oHs)-
Cry(CO)s (A), which is believed not to undergo signifi-
cant thermal dissociation to biradicals in solution,’ is
considerably longer (3.471 A)36¢ than the metal—metal

*NATO Science Fellow; Research Group for Petrochemistry of the
Hungarian Academy of Sciences, Veszprém, Hungary.
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bonds of the analogous cyclopentadienyl compounds
[CpCr(CO)s]; (3.281 A)” and [Cp*Cr(CO)l; (3.3107 A),*
which readily undergo significant thermal dissociation
in solution at ambient temperature.* The corresponding

o
N/
Cr—Cr
/\ ‘x._\
C - . C
(o) C/ COC{ CO (o]
o (o]

A

molybdenum and tungsten compounds FvMy(CO)s (M
= Mo, W) also contain seemingly very long metal—metal
bonds (3.371 and 3.347 A, respectively),?*® without
undergoing homolysis.? On the other hand, all three
compounds contain fulvalene ligands bent from planar-
ity as in A, suggestive of significant strain in the
molecules.’®

Equally intriguing, crystal structure data for FvMoo-
(CO)4(PMe3); show that substitution of two carbonyl
groups by the sterically more demanding PMe;s ligands
results in a shorter and presumably stronger Mo—Mo
bond than exists in FvMoy(CO)s,® again contrary to
expectations based on the cyclopentadienyl—chromium
system. Indeed, severe twisting and bending of the
fulvalene ligand from planarity in this molecule are
strongly suggestive of greatly enhanced steric strain,®
and thus the fulvalene system stands in seemingly
marked contrast with trends exhibited by other 18-
electron metal—metal-bonded organometallic compounds.

(5) For a recent review of fulvalene complexes, see: McGovern, P,
A.; Vollhardt, K. P. C. Synlett 1990, 493.
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Although no evidence that this class of compounds can
exist as biradical isomers has been reported,’ it never-
theless seemed important to investigate the structures
and chemistry of derivatives containing phosphines of
greater steric requirements. It is possible that biradical
fulvalene species of the group VI metals might be
synthesized by routes other than those utilized previ-
ously and that they might be stabilized with respect to
coupling by bulky ligands. And even if stable metal—
metal-bonded dimers are invariably formed, it is pos-
sible that radical species might be detectable as reactive
intermediates.

Unfortunately, direct substitutions of the CO ligands
of, e.g., FvMox(CO)¢ with tertiary phosphines do not
generally occur.5608 [n addition, with very few excep-
tions, no fulvalene complexes are known with ligands
larger than the relatively small PMe;,® and therefore
alternative routes to the compounds FvMoy(CO)4Lgo (L
= ¢.g. PPh;, PCy;, and PXys, where Ph = phenyl, Cy =
cyclohexyl, and Xy = 3,5-dimethylphenyl) are to be
investigated. We have developed and describe herein
the necessary chemistry.

As pointed out in the previous paper,® 17-electron
compounds may often be synthesized by hydride hydro-
gen abstraction from transition-metal hydrides by trityl
radicals, as in eq 1. This approach has been utilized

HML, + *CPh, — ‘ML, + HCPh, o)

extensively by ourselves and others for the preparation
of a variety of 17-electron species!? and has been shown
to be of general utility for the synthesis of 17-electron
compounds which are stabilized with respect to dimer-
ization to the 18-electron, metal—metal-bonded ana-
logues by substitution of small ligands by more sterically
demanding ligands, e.g. of CO by tertiary phosphines.?d

We have therefore assessed the possible utility of
reactions of the type shown in eq 1 as a potential route
to fulvalene biradicals, using as starting points substi-
tuted hydrides of the type FvMoa(CO)sLyHs, as in eq 2.

FvMo,(CO),L,H, + 2'CPh; —
FvMo,(CO),L, + 2HCPh; (2)

L = PPh,, PCy,, PXy,

Since the starting dihydride compounds presumably
assume the anti conformation shown by B, established

HMo(CO)L

L(CORMoH
B
for several non-metal—metal-bonded fulvalene com-

plexes by X-ray crystallography,®!! any diradical prod-
ucts would probably assume the same conformation and
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might couple slowly or not at all to the corresponding
18-electron species FvMoo(CO)4Lg if L is a sufficiently
bulky ligand.

In the preceding paper,? we described the preparation
and characterization of the new (fulvalene)dimolybde-
num carbonyl dihydride FvMog(CO)4(PPh3)Hs. Since
the hydrides containing PCys and PXys; could not be
synthesized in the same way, we also described the
preparation and characterization of several new ful-
valene halomolybdenum compounds of the type FvMos-
(COuLeX; (X = Cl, Br, I), which might be reducible
directly to the desired products FvMoa(CO)4Ls or to the
corresponding dianions which, in turn, could give access
to the missing hydrides. In this paper, we discuss
applications of these synthetic methodologies to the
preparation of the compounds FvMoa(CO),Ls (L = PPhs,
PCys, PXys), and describe experiments which imply the
roles of radical and biradical (fulvalene)dimolydenum
species as intermediates but which confirm the nonex-
istence of persistent biradical species. We also offer a
tentative explanation for the apparently anomalous
bond length correlations discussed above.

Experimental Section

General Considerations. All manipulations were carried
out under purified nitrogen using standard Schlenk techniques
and a Vacuum Atmospheres glovebox. All solvents were
freshly distilled under nitrogen from sodium benzophenone
ketyl (hexane, benzene, toluene, ether, and THF) or CaH; (CHo-
Cl). Deuterated solvents were purchased from Isotec, Inc.,
and were degassed and stored in the glovebox. Tertiary
phosphines (PMe; from Aldrich, PPh; from Strem, PCy; from
Organometallics, Inc., PXy; from M&T) and other chemicals
were used without further purification. Solutions of the trityl
radical in benzene were prepared by the zinc reduction of Phs-
CCLIOa while FVMOz(CO)eHQ, FVMOz(CO)4(PM63)2H2, and FVMOQ'
(CO)4(PPhs):H; were prepared as previously described.’

UV-—vis data were obtained on a Hewlett-Packard 8452A
diode array spectrophotometer. IR spectra were recorded on
a Bruker IFS-25 FT-IR spectrometer and NMR spectra on
Bruker AC-200 (200.1 MHz, 'H) and AM-400 (400.1 MHz, 'H;
100.6 MHz, “C{'H}; 162.0 MHz, 3'P{'H}) NMR spectrometers.
Relevant IR and 'H NMR data are compiled in Tables 1 and
2, respectively. Elemental analyses were carried out by
Canadian Microanalytical Services, Ltd., Delta, B.C., Canada.

Reaction of FvMo2:(CO)¢H; with Trityl Radicals. A
3-mL aliquot of a freshly prepared 0.01 M hexane solution of
FvMox(CO)sH, was mixed with 1 mL of a 0.1 M trityl solution
in benzene at room temperature. A red precipitate formed
instantly, and no CO-containing material could be detected
in the solution by IR spectroscopy. The solvent was removed
under reduced pressure, and the solid product was washed
with 10 mL of hexane and dried in vacuo. Solutions in THF
and acetone-ds exhibited IR and 'H NMR spectra identical
with those of an authentic sample of FvMoo(CO)s. IR: veo
2015 (vs), 1962 (vs), 1929 (vs), 1911 (sh), 1885 (sh) em~!. 'H
NMR: ¢ 4.73 (“t”, 4H, Fv), 5.57 (“t”, 4H, Fv). When the
experiment was repeated in 0.6 mL of toluene-ds, equal
amounts of both FvMox(CO)s (0 3.38 (“t”), 4.30 (“t”)) and Ph;-
CH (8 5.37 (s)) were identified.

Reaction of FvMo:(CO)«(PMej3).H,; with Trityl Radi-
cals. To 0.03 g (0.05 mmol) of FvMox(CO)y«(PMes)Hs was
added 2 mL of a 0.05 M trity! solution in benzene. An IR

(11) (a) Boese, R.; Myrabo, R. L.; Newman, D. A.; Vollhardt, K. P.
C. Angew. Chem., Int. Ed. Engl. 1990, 29, 549. (b) Brown, D. S;
Delville-Desbois, M.-H.; Boese, R.; Volthardt, K. P. C.; Astruc, D.
Angew. Chem., Int. Ed. Engl. 1994, 33, 661. (c) Kahn, A. P.; Boese,
R.; Bliimel, J.; Vollhardt, K. P. C. J. Organomet. Chem. 1994, 472,
149.
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Table 1. IR and UV—Vis Spectroscopic Data for the FvMo:(CO).L; (L = CO, PMes, PPh;, PCy;, PXy3)

Complexes
compd UV-vis Amax(c — 0%) (nm)® IR vco (cm™ 1y lit.
FvMo2(CO)s 378 2010 (vs), 1960 (vs), 1925 (vs), 1905 (sh), 1880 (sh) l4a,c
trans-FvMoa(CO)4(PMes)z 360 1903 (m), 1816 (vs) 8b, this work
trans-FvMoo(CO)q(PMes)2 374 1932 (m), 1858 (vs) this work
trans-FvMoa(CO)4(PCys)e 374 1918 (m), 1841 (vs) this work
trans-FvMoa(CO)4(PXys)2 374 1931 (m), 1857 (vs) this work
@ In THF.
Table 2. Selected NMR Spectroscopic Data for the FvMoo(CO).L, (L = CO, PMe3, PPh;, PCy;, PXy3)
Complexes
H NMR (Fv) 6 (ppm)? 13C{tH} NMR (Fv) § (ppm)*
compd Hq H; C-1 C-2 C-3 31P{1H} NMR 6 (ppm)® lit.
FvMo2(CO)s 4.26 (“t”) 5.25 (“t”) 94.6 84.9 87.3¢ this work, 14b
trans-FvMoa(CO)s(PMes)e  4.20 (“t") 4.94 (m)? 90.5 82.6 85.4¢ 27.94 8b, 14b
trans-FvMog(CO)4(PPhg)e 4.45 (“¢”) 4.13 (m) 89.0 84.0 89.3 78.7 this work
trans-FvMog(CO)4(PCys)e 4.30 (“¢”) 5.01 (m) 88.5 83.2 85.4 69.72 this work
trans-FvMog(CO)4(PXya)e 4.40 (“t”) 4.08 (m) 89.0 83.8 89.2 78.0 this work

@ In CDCls, unless noted otherwise. ® In toluene-ds, unless noted otherwise. ¢ In THF-ds. ¢ In acetone-ds.

spectrum was run and, after it was stirred for 1 h, the red
solution was evaporated to dryness and the remaining red solid
was dissolved in THF and benzene for IR analysis and in
acetone-dg for 'H NMR analysis. The initial and final IR
spectra were identical, and the combination of IR and NMR
spectroscopy showed that the solution contained FvMox(CO)s,
FvMoy(CO)«(PMes)2, and FyMox(CO)s(PMes) (relative amounts
~1:1:0.75) and PhsCH.

Preparation of FvMo3:(CO)4(PPhg); via Reaction of
FvMo3(CO)4(PPh3);H; with Trityl Radicals. A 4.2 mL
aliquot of a 0.1 M trityl solution in benzene was added to a
stirred solution of FvMoy(CO)4y(PPhs):H; (0.20 g, 0.21 mmol)
in 80 mL of benzene, the solution turning deep red almost
instantly. A sample was taken for IR analysis, and two new
absorptions, tentatively attributable to FvMoao(CO)4(PPhs)e,
were observed. The solvent was removed under reduced
pressure to give a gray solid, which was purified by column
chromatography using silica gel 60 (70—230 mesh, EM Scien-
tific) and toluene and THF as eluants. The purple THF
solution was evaporated to dryness, and the resulting gray
solid was washed well with hexane and dried in vacuo.
Yield: 0.09 g (0.09 mmol, 45%). Anal. Calcd for CsoHss-
Mos04Ps: C, 62.77; H, 4.00. Found: C, 63.22; H, 4.66. The
stoichiometry of this reaction was determined by 'H and 3!P-
{'H} NMR spectroscopic measurements of a reaction run in
toluene-ds. IR (THF): vco 1932 (m), 1858 (vs) em™!, UV—vis
(THF): Amax 374 (v8), 564 (vw) nm. 'H NMR (CDCl;): 6 4.13
(m, 4H, Fv), 4.45 (“t*, 4H, Fv), 7.37 (m, 18H, m,p-Ph), 7.57
(m, 12H, 0-Ph). H NMR (toluene-ds): 6 4.16 (m, 4H, Fv), 4.40
(“t”, 4H, Fv). 'H NMR (acetone-dg): ¢ 4.22 (m, 4H, Fv), 4.64
(“t”, 4H, Fv). BC{'H} NMR (CDCl;): ¢ 236.7 (d, Jpc = 22.1
Hz, CO), 137.9 (d, Jpc = 42.8 Hz, ipso-Ph), 133.5 (d, Jpc =
11.1 Hz, 0-Ph), 129.5 (d, Jpc = 2.5 Hz, p-Ph), 128.1 (d, Jpc =
10.0 Hz, m-Ph), 89.3 (Fv), 89.0 (C-1 Fv), 84.0 (Fv). $'P{'H}
NMR (toluene-dg): o 78.7.

Decomposition of FvMoz(CO)«(PPh;);H; in the Pres-
ence of Co02(CO)s. Approximately 10 mg of FvMoy(CO)4-
(PPhs):H; and an excess of Coa(CO)s were dissolved in 0.7 mL
of toluene-ds in an NMR tube. A 'H NMR spectrum was
recorded and indicated the presence of approximately a 1:1
mixture of FvMoy(CO)4«(PPhj); and unreacted FvMoy(CO)s-
(PPhs);H,. After ~2 h, all FvMos(CO)4(PPhs).H; had converted
to FvMoy(CO)4(PPhs)s, as judged by a second 'H NMR mea-
surement. When Cox(CO)s was used in greater excess, the
transient formation of Co(CO),H (6 10.9) in low concentrations
could also be detected by 'H NMR spectroscopy.

Preparation of FvMo:(CO)4(PPhs): via Reduction of
FvMo3(CO)4(PPh;):Cl;. A large excess of sodium dispersion
in mineral oil (Aldrich) was placed in a Schlenk tube, washed
with 3 x 10 mL of hexane, and dried in vacuo. The sodium

was then stirred vigorously in 2 mL of THF, and 10 mL of a
red-orange THF solution of FvMoo(CO)4(PPh;3).Cl; (0.10 g, 0.10
mmol) was added dropwise at room temperature, resulting in
almost instant darkening. The reaction mixture was stirred
for 1 h, the sodium was allowed to settle, and an IR spec-
trum was run, demonstrating complete consumption of the
FvMoy(CO)4(PPh3):Cle. The solution was filtered through
activated carbon and evaporated to dryness, and the product
was characterized by IR and 'H NMR spectroscopy. It was
found to be identical with the product of the reaction between
FvMoy(CO)4(PPh3)sH: and trityl radicals, i.e. FvMog(CO)s-
(PPhj)s.

Preparation of FvMo2(CO)s(PPh3); via Reduction of
FvMo2(CO)(PPhs);Br; and Oxidation of the Resulting
Nas[FvMo2(CO)4(PPh3)2]. A red solution of FvMoy(CO)y-
(PPhj);Br; (0.10 g, 0.09 mmol) in 10 mL of THF was added
dropwise at ambient temperature to a slurry of finely dispersed
sodium in 2 mL of THF, the color turning yellow instantly.
Stirring was continued for 1 h, the sodium was allowed to
settle, and an IR spectrum was recorded. Complete conversion
to Nag[FvMoy(CO)4«(PPhs)s] (voo 1789 (vs, br), 1691 (s, br) cm™!)
was observed. The mixture was filtered through Celite into a
Schlenk tube containing 2 molar equiv of Et,NBr, and an IR
spectrum of the resulting dark yellow solution was recorded
(vco 1786 (vs), 1702 (s) em™!). The solution was then divided
into three equal portions. Excess glacial acetic acid was added
to one portion of the solution, and complete conversion to
FvMoy(CO)s(PPhs).H; was observed (IR). About 0.5 mL of air
was added to the second portion, resulting in complete oxida-
tion of the dianion to FvMoa(CO)4(PPhs),, identified by IR
spectroscopy. The same result was obtained when 2 molar
equiv of [CpyFe]PFs was added to the third portion. 'H NMR
of the Na™* salt (acetone-dg): 6 4.39 (“t”, 4H, Fv), 4.95 (m, 4H,
Fv). 3P{'H} NMR (acetone-dg): ¢ 27.8.

Preparation of FvMo:(C0O)4(PCys); via Reduction of
FvMo2(CO)4(PCys)2Cla. FvMoa(CO)u(PCy3)2Cls (0.29 g, 0.27
mmol) was dissolved in 40 mL of THF and added dropwise to
sodium suspended in 10 mL of THF at —78 °C. The reaction
mixture was stirred and warmed to room temperature over
~1 h, and an IR spectrum of the dark solution showed that
the absorptions of FvMoa(CO)4(PCys):Cls had completely dis-
appeared, giving rise to new bands attributable to FvMox(CO),-
(PCys)e. The mixture was filtered through activated carbon,
and the solution was evaporated to dryness. The residue was
washed with 8 x 10 mL of toluene until colorless washings
were obtained and dried in vacuo to give an analytically pure
product. Yield: 0.15 g (0.15 mmol), 56%. Anal. Calcd for
C50H74M0204P22 C, 60.48; H, 7.51. Found: C, 60.73; H, 7.53.
IR (THF): veo 1918 (m), 1841 (vs)em™'. UV—vis (THF): Apax
374 (vs), 576 (vw) nm. 'H NMR (CDCl;): 6 1.30 (br m, 30H,
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Cy), 1.71-2.10 (br m, 30H, Cy), 2.18 (m, 6H, Cy), 4.30 (“t”,
4H, Fv), 5.01 (m, 4H, Fv). 3C{*H} NMR (CDCl;): ¢ 242.4 (d,
Jpc = 20.3 Hz, CO), 88.5 (s, C-1 Fv), 85.4 (Fv), 83.2 (Fv), 38.4
(d, Jec = 18.1 Hz, C-1 Cy), 30.1 (s, C-3 Cy), 28.0 (d, Jpc = 9.9
Hz, C-2 Cy), 26.7 (s, C-4 Cy). 3'P{'H} NMR (CDCl;): ¢ 69.7.
FvMoy(CO)y(PCys) is a thermally stable, light blue powder,
which is insoluble in aromatic hydrocarbons and acetone but
moderately soluble in THF and chlorinated hydrocarbons.
Recrystallization from THF gave black microcrystals.

Preparation of FvMoz(CO)4«(PCys;s): via Reduction of
FvMo2(CO)4(PCys):Brz: and Oxidation of the Resulting
NaZ[FvMoz(CO)4(PCy3)2]. A solution of FVMOQ(CO)4(PCY3)2-
Br; (0.13 g, 0.11 mmol) in 10 mL of THF was added dropwise
at ambient temperature to a slurry of finely dispersed sodium
in 2 mL of THF. Stirring was continued for 1 h, the sodium
was allowed to settle, and an IR spectrum exhibited absorp-
tions characteristic of [FvMog(CO)4(PCys)e]?~ (vco 1769 (vs, br),
1670 (s, br) ecm™!). The mixture was filtered through Celite
into a Schlenk tube containing 0.13 g of (PPN)C1 (0.11 mmol),
and the resulting salt, (PPN)[FvMoo(CO)4(PCys3)z], was char-
acterized by IR and 'H NMR spectroscopy. IR (THF): vco 1770
(vs, br), 1689 (s, br) cm™!. 'H NMR (acetone-ds): 6 4.56 (“t”,
4H, Fv), 5.14 (“t”, 4H, Fv).

A solution of Nay{FvMox(CO)4(PCys).] was divided into three
equal portions. Excess glacial acetic acid was added to one
portion; FvMox(CO)4«(PCys):H; was formed and identified by
IR spectroscopy (vco 1926 (vs), 1850 (s) em™!) in comparison
with the known PPh; and PMe; derivatives.® To the other
portions were added 0.5 mL of air and 2 molar equiv of [Cps-
Fe]PFg, respectively, resulting in the sole formation of FvMoo-
(CO)(PCyz)2 (IR).

Preparation of FvMoz(CO)4(PXys). via Reduction of
FvMo:(CO)4(PXys);Cle. The reduction was carried out with
sodium dispersion at 60 °C, as described above for FvMo,-
(CO)4(PPh;):Cls, and the product, trans-FvMox(CO)4(PXys)s,
was characterized spectroscopically. IR (THF): vco 1931 (m),
1857 (vs) em™!. UV—vis (THF): Amax 374 (vs), 526 (vw) nm.
'H NMR (CDCls): 6 2.26 (m, 36H, Me), 4.08 (m, 4H, Fv), 4.40
(“t”, 4H, Fv), 7.10 (s, 6H, p-Xy), 7.14 (s, 12H, 0-Xy). 'H NMR
(toluene-ds): 6 4.34 (m, 4H, Fv), 4.47 (t”, 4H, Fv). 'H NMR
(acetone-dg): 6 4.14 (m, 4H, Fv), 4.55 (“t”, 4H, Fv). 1BC{'H}
NMR (CDCly): 6 237.2 (d, Jpc = 21.4 Hz, CO), 89.2 (Fv), 89.0
(s, Fv C-1), 83.8 (Fv), 21.5 (Me). 3'P{'H} NMR (toluene-ds):
6 78.0. 3'P{'H} NMR (CDCl;): ¢ 76.8.

Preparation of FvMoz(CO)4(PXys):H; via Reduction of
FVMOz(CO)4(PXy3)2BI‘2. FVMOQ(CO)4(PX}’3)2BI‘2 (230 £, 1.79
mmol) dissolved in 25 mL of THF was added dropwise to an
excess of sodium dispersion (see reduction of FvMog(CO)y«(PPhj)e-
Bry) in 10 mL of THF. A smooth reaction took place in ~1.5
h, resulting in a color change from deep red to yellow-brown.
IR spectroscopy indicated complete conversion of the bromide
to the salt Nas[FvMog(CO)4(PXys)o] (vco 1762 (s, br), 1683 (s,
br) em~1). The slurry was passed through Celite to remove
sodium, and the resulting dark yellow solution was treated
with 0.5 mL of glacial acetic acid and evaporated to dryness.
The solids were extracted with benzene (20 mL), and the brown
benzene solution was evaporated again to dryness. The
remaining solid was washed with 50 mL of hexane and
vacuum-dried to give a light yellow powder (1.80 g, 1.60 mmol,
89%) judged sufficiently pure for further use on the basis of
NMR spectra. IR (CgHg): veo 1934.5 (s), 1863 (vs) em™!. 'H
NMR (toluene-ds): ¢ —4.85 (d, Jpc = 52 Hz, 2H, MoH), 2.01
(s, 36H, Me), 4.75 (br “t”, 4H, Fv), 5.16 (br “t”, 4H, Fv), 6.69
(s, 6H, p-Xy), 7.31 (d, Jpu = 11 Hz, 12H, 0-Xy). 3'P{'H} NMR
(toluene-ds): 6 72.1 (br s, Adye = 0.7 ppm).

Reaction of FvMo2(CO)4(PXys):H, with Trityl Radi-
cals. Hydrogen atom abstraction reactions were performed
on NMR sample scales using ca. 10 and 30 mg of the dihydride
dissolved in 0.6 and 2.0 mL of toluene-ds, respectively, for 'H
and 3'P{'H} NMR experiments; for 3C{'H} and *'P{'H} NMR
experiments, the 2 mL samples were evaporated to dryness
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and the residues were redissolved in CDCl;. For IR studies,
the reactions were repeated in benzene at room temperature.

The reactions resulted in the formation of mixtures contain-
ing trans-FvMogx(CO)4(PXys): and an as yet unidentified com-
pound. The IR and NMR spectra all exhibited two sets of
peaks, those assigned above to trans-FvMoy(CO)4(PXy;): and
those listed below for the unidentified compound. IR (CgHs):
veo 1919 (s), 1856 (m) em~t. H NMR (CDCl3): ¢ 2.31 (s, 36H,
Me), 4.49 (m, 4H, Fv), 5.15 (“t, 4H, Fv). B3C{!H} NMR
(CDCl3): 6 94.8 (Fv), 92.4 (Fv C-1), 86.3 (Fv), 56.7 (Me). 2'P-
{'H} NMR (toluene-ds): 6 63.5. 3'P{'H} NMR (CDCl3): o
61.90, 61.93.

Results and Discussion

The direct abstraction of hydride hydrogen atoms by
trityl radicals (which exist in solution in equilibrium
with the trityl dimer!2) has proven to be very useful for
the preparation of metal carbonyl radicals in recent
years.!® Unfortunately, FvMoa(CO)sHs cannot be used
as a general starting point for the synthesis of deriva-
tives by direct CO substitution because it is rather
unstable thermally and reacts with bulky phosphines
sufficiently slowly that decomposition is the major
process. Thus, while FvMoa(CO)4(PMes)Hs and FvMoo-
(CO)4(PPh3)sHs can be synthesized by direct substitu-
tion, FvMo2(CO)4(PCys)oHs and FvMoa(CO)«(PXys)oHo
cannot and alternative routes to these compounds were
sought.

In contrast to the case for FvMoo(CO)¢Ho, the dihalide
compounds FvMozx(CO)Xs (X = Cl, Br) are thermally
relatively stable and readily undergo substitution reac-
tions with all three bulky phosphines, PPh;, PCys, and
PXys, giving the compounds FvMoa(CO),LsXs (L = PPhyg,
PCys;, PXys; X = Cl, Br).? These compounds exist solely
as cis,cis isomers in solution and are thermally quite
robust.® Earlier reports!® have demonstrated that Na/
Hg reduction of the analogous Cp complexes CpMo-
(CO)2(PPh3)X (X = Cl, I) results in formation of the
anion [CpMo(CO)s(PPhs)]~, and reduction of the diha-
lides FvMoo(CO)4LoXs was expected to result in forma-
tion of the dianions [FvMos(CO)4L2]?~, presumably via
the possibly isolable intermediate compounds FvMoo-
(CO)4Ls. Alternatively, subsequent oxidation of the
dianions might also lead to the neutral compounds
FvMos(CO)4Lo, while protonation of the dianions would
also give those dihydrides FvMos(CO)4LoHs (L = PCys,
PXys) not available by direct substitution of FvMoo-
(CO)Hz, thus opening up the possibility of treating
these with trityl also.

We discuss below the results of attempted prepara-
tions of the compounds FvMog(CO)4Ly (I, = PPhj, PCys,
PXy;) via (a) hydrogen atom abstraction reactions of
FvMoy(CO)4LsHp (L = PPhs, PXy3) with trityl radicals,
(b) reduction of the halides FvMo2(CO)4LoXs (L. = PPhg,
PCys, PXys; X = Cl, Br), and (c) oxidation of the dianions
[FVMOQ(CO)4L2]2_ L= PPhs, PCYB).

Hydrogen Atom Abstraction Reactions of FvMos-
(CO)ML:zH: (L. = CO, PMe3, PPhg): Synthesis and
Characterization of FvMo2(CO)4(PPh3s);. We ini-
tially tested the reactivity of both FvMoo(CO)sHy and
FvMos(CO)4(PMe3)oH: with the trityl radical because
the anticipated dimeric products, FvMox(CO)s and FvMo,-

(12) Colle, T. H.; Glaspie, P. S.; Lewis, E. S. J. Org. Chem. 1978,
43, 2722.

(13) (a) Bolton, E. S.; Dekker, M.; Knox, G. R.; Robertson, C. G.
Chem. Ind. 1969, 327. (b) Manning, A. R. J. Chem. Soc. A 1968, 651.
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(CO)y(PMey), were already well characterized spec-
troscopically.®®8® As shown in eq 3, PhsCH and FvMos-

FvMo,(CO)GH, + 2Ph,C" —
FvMo,(CO) + 2Ph,CH (3)

(CO)s were formed quantitatively in a rapid reaction
between FvMo2(CO)sH; and 2 molar equiv of trityl. This
result parallels the behavior of CpMo(CO)H in the
same reaction,'?® and the rapid, quantitative formation
of FvMoa(CO)s via the presumed biradical intermediate
is in accord with the lack of the reverse process, homo-
lytic dissociation of the Mo—Mo bond of FvMos(CO)s.tb

A somewhat different product mixture was found in
the reaction of FvMoy(CO)«(PMes)oHy with trityl, as
shown in eq 4. Beside Ph3sCH and FvMos(CO)y(PMe3)s,

FvMo,(CO),(PMe,),H, + 2Ph,C’ —
FvMo,(CO),(PMe,), + FvMo,(CO),(PMej) +
FvMo,(CO); + 2Ph,CH (4)

anticipated on the basis of eqs 1-3, FvMox(CO)s and
FvMoy(CO)s(PMes) were also formed. The last two
products were unambiguously identified by their 'H
NMR spectra,814 glthough the IR spectrum of FvMog-
(CO)4(PMes); exhibited carbonyl stretching bands (1903
(m) and 1816 (vs) ecm™!) quite different from those
reported previously (1926, 1850, 1805 cm™1).8* Obser-
vation of FvMo3(CO)s and FvMoy(CO)s(PMes) suggests
that rapid ligand scrambling, typical of radicals,! had
occurred.

We then investigated the reaction of FvMoo(CO)4-
(PPh3)oH; with trityl; when stoichiometric amounts of
the reactants were mixed in benzene or toluene (one
trityl per MoH group), an instant color change from
yellow to very dark red took place, followed by a gradual
fading to a brownish color. Spectroscopic analyses of
the reaction mixtures confirmed that PhsCH and a new
fulvalene complex had formed, although the latter did
not exhibit any of the properties normally characteristic
of 17-electron species. Detailed investigations were
carried out to establish the nature of this product, and
we came to the conclusion (see below) that it is the new
metal—metal-bonded compound FvMoy(CO)4(PPhs)s.
Thus, hydrogen atom abstraction from FvMog(CO)4-
(PPhj):Hs had indeed taken place, in agreement with
eq 5 and in analogy to the reaction of CpMo(CO);-
{PPhj)H.102

FvMo,(CO),(PPh,),H, + 2Ph,C" —~
FvMo,(CO),(PPh,), + 2Ph,CH (5)

The IR spectrum (Table 1) exhibited two strong
carbonyl stretching bands at frequencies very similar
to those of FvMog(CO)4(PPh3)eHs. The similarities in
intensity patterns of the pairs of bands in the spectra
of FvMoa(CO)4(PMes): and FvMog(CO)s(PPhs), suggest
that the two compounds have the same symmetries, i.e.
in which the phosphines occupy the trans positions
relative to the Mo—Mo bonds, as in C, while the
frequencies decrease, as anticipated, on going from PPhg

(14) (a) Smart, J. C.; Curtis, C. J. Inorg. Chem. 1977, 16, 1788. (b)
Meyerhoff, D. J.; Nunlist, R.; Tilset, M.; Vollhardt, K. P. C. Magn.
Reson. Chem. 1986, 24, 709. (c) Vollhardt, K. P. C.; Weidman, T. W,
Organometallics 1984, 3, 82.
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to the more electron-releasing PMes. The 'H, 13C{1H},

—/@
L Mo—Mo

cC 0c ©
o O

and 3P{!H} NMR spectra of FvMos(CO)4(PPhs); are all
consistent with its formulation as shown. The 3P{!H}
NMR spectrum exhibits a single resonance at 6 78.7, to
considerably lower field of the resonance of FvMo2(CO),-
(PPhs):Hs. As well, the 3C{!H} NMR spectrum of
FvMo2(CO)4(PPhj3); exhibits three fulvalene singlets, a
doublet for CO ligands, and resonances of PPh;, and
thus both the 3'P{'H} and '3C{'H} NMR spectroscopic
results suggest that the halves of FyMog(CO)4(PPhs),
are identical and that the compound assumes the trans
structure. The 'H NMR spectrum exhibits virtual
triplet and multiplet resonances at 6 4.45 and 4.13,
respectively, in CDCls, also consistent with the AA’M-
MXX’ spin system of structure C.

Two absorbances were observed in the UV—vis spec-
trum of FvMoy(CO)4«(PPh3)s, at 374 and 564 nm, at-
tributable to do — do* and dz — do* transitions,
respectively, of the Mo—Mo bond.38 This conclusion
is important because it provides not only direct evidence
for the existence of a metal—metal bond in FvMos(CO),-
(PPhs); but also indicates that this bond should be as
strong as that of FvMoy(CO)s (378 and 558 nm),58b.14¢
contrary to the anticipated steric effects of PPhs. It has
been demonstrated that Amax(do — do*) absorption
maxima correlate well with the Mo—Mo bond distances
established by X-ray structure analyses for FvMog(CO)s
and FvMo(CO)y(PMej),.5:60¢8

We also carried out variable-temperature NMR ex-
periments to investigate the nature and stability of the
Mo—Mo bond of FvMos(CO)4(PPhs);. A variable-tem-
perature 'H NMR experiment in the range —65 to +105
°C demonstrated virtually no change in the H NMR
spectrum of a toluene-ds solution of FvMos(CO)4(PPhjs),,
suggesting very strongly that the Mo—Mo bond does not
dissociate significantly over this temperature range.
Dissociation of [CpCr(CO)3ls to monomer to an extent
of only a few percent results in very significant broad-
ening and shifting of the Cp resonance,*!5 and similar
behavior by the fulvalene molybdenum system should
be readily detectable. Furthermore, in a complementary
experiment, no chemical reaction with benzyl bromide
took place over this temperature range. Metal-centered
radicals are generally very reactive with alkyl halides,
abstracting a halogen atom to give 18-electron halo-
metal products, as in eq 6.2416 As with [CpMo(CO)3],,102

LM +RX —LMX + R’ (6)

however, exposure of FvMos(CO)4(PPhs)s to fluorescent
room lighting does appear to result in homolysis. When
it stands over several days in solution under room light,
FvMo2(CO)4(PPhs;); reacts with CDCls, PhCH,Br, and
Mel to give varying amounts of FvMog(CO)4(PPh3):Cls,

(15) Goh, L. Y.; Lim, Y. Y. J. Organomet. Chem. 1991, 402, 209.
(18) McConnachie, C. A.; Nelson, J. M.; Baird, M. C. Organometallics
1992, 11, 2521.
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FVMOz(CO)4(PPh3)2BI‘2, and FVMOz(CO)4(PPh3)zIz, re-
spectively, suggesting that the Mo—Mo bond is photo-
chemically cleaved to the diradical isomer under these
conditions. Conversion of FvMos(CO)4(PPhgs)s to FvMos-
(CO)4(PPhy)oI; was complete within 1 day in the pres-
ence of the highly reactive ICH,COEt. No other
compounds were detected in the reaction mixtures.

Although FvMoy(CO)4(PPhs); was the only organo-
metallic compound isolated from reaction of FvMogy-
(CO)4(PPh3):H; with trityl, the identity of the bright red
transient species intrigued us since hydrogen abstrac-
tion should be a stepwise process and the intermediacy
of monohydride radical species such as FvMoa(CO),-
(PPh3)oH or FvMoo(CO)4(PPha)s(u-H) seemed possible.
Careful monitoring of the reaction (toluene-ds) by 'H
NMR spectroscopy revealed the brief appearance of four
broad resonances of equal intensity at ¢ 4.67, 4.74, 4.83,
and 5.51. These were present as minor components
relative to the resonances of FvMoo(CO)4(PPhs); and
may well be attributed to the red intermediate species
FvMoo(CO)4(PPhs):H; the breadth of the resonances is
consistent with the expected paramagnetism. Alterna-
tively, as suggested by a reviewer, the red species may
be the tetranuclear {HMo(CO)y(PPh3)FvMo(CO)o(PPha)}-
{Mo(CO)o(PPh3)FvMo(PPh3)CO);H}, arising from cou-
pling of two molecules of FvMog(CO)4(PPhs)oH. While
this metal—metal-bonded formulation provides a pos-
sible rationale for the red color and the observation of
four Fv 'H resonances, it seems to us unlikely, since
further hydrogen atom abstraction might be expected
to result not in scission of the central Mo—Mo bond and
the formation of the soluble dimer FvMoz(CO)4(PPhs);
but rather of an insoluble polymeric isomer.

In any event, the formation of radical species was
subsequently confirmed unambiguously by an experi-
ment in which FvMo2(CO)4(PPhs);H; was reacted with
Ph;C* in the presence of excess PhCHBr. Addition of
a trityl solution to a solution of a mixture of FvMoo-
(CO)4(PPh3)sHs and PhCH;sBr resulted in the instant
and complete formation of FvMoa(CO)4(PPh3),Br; and
Ph;CH, suggesting that bromine atom abstraction suc-
cesfully competed with the intramolecular coupling of
biradicals. In contrast, reaction of FvMog(CO)4(PPhs)sHs

and PhCH:Br in the absence of trityl required ~1 h to
go to completion; FvMoa(CO)4(PPhs);HBr® was the only
new species observed for ~20 min, although FvMoz-
(CO)«PPh3)Brs was the eventual product.

It is also possible that the reaction of FvMog(CO)y4-
(PPh3)oH; with trityl invelves disproportionation (eq 7)

9FvMo,(CO),(PPhy),H — FyMo,(CO),(PPhy), +
FvMo,(CO),(PPh,),H, (7)

rather than simple abstraction of the second hydrogen
atom by trityl. This possibility is supported by observa-
tion that reaction of FvMog(CO)sHI® with trityl proceeds
as in eq 8. Here one of the hydride ligands has been

2FvMo,(CO).HI + 2Ph,C" — FvMoy(CO)l, +
FyMo,(CO) + 2Ph,CH (8)

replaced by iodide, and therefore only a single hydrogen
atom may be abstracted from each molecule. Reactions
involving essentially the reverse of eq 6 will not occur,

and thus the iodo ligands will not be abstracted by trityl.
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Assuming the intermediacy of FvMox(CO)sl, the forma-
tion of FvMoa(CO)sls and FvMoo(CO)s seems to imply
that a FvMoa(CO)l molecule can abstract an iodine
atom from a second FvMoy(CO)l to form the organo-
metallic products of eq 8. Note that the same type of
radical species, containing either a hydride or a halide
ligand, was previously proposed as an intermediate in
the hydrogen—halogen exchange reactions of dihydrides
with alkyl halides (eq 9).°

FvMo,(CO),L,H, + 2RX —
[FyMo,(CO),L,HX] — FvMo,(CO),L,X, (9)

We have pursued the possibility that Mo—Mo-bonded
dimers might be prepared via radical-chain, possibly
catalytic processes. Indeed, the spontaneous decompo-
sition of FvMos(CO)eHs to FvMo2(CO)s and H is quite
likely a long-known but not fully recognized example;
Tilset et al. earlier conducted a kinetic study of the
analogous decomposition of FyW3(CO)sHz, concluding
that there was involvement of an as yet undefined
radical chain process.®®> We have found that addition
of small amounts of Co2(CO)s, which is known to
autocatalyze the decomposition of Co(CO)4H to Cox(CO)s
and Hj via Co(CO), radicals, %417 results in much faster
decomposition of FvMoa(CO)sHz to FvMoy(CO)s than
occurs in the absence of Coa(CO)s. A similar experiment
was subsequently carried out with FvMoy(CO)y(PPhs)Ho,
which is otherwise thermally stable at ambient tem-
perature but which readily gave FvMoy(CO)4(PPhs); in
quantitative yield in the presence of Coa(CO)s.

These reactions provide examples in which the chem-
istry of (fulvalene)molybdenum complexes is quite dif-
ferent from that of the Cp analogs; reaction of CpMo-
(CO)H with Coy(CO)s results in a hydrogen atom
transfer process leading to CpMoCo(CO); and HCo-
(CO)4,'® while reaction of CpMo(CO)2(PPhg)H with Coo-
(CO)g results solely in exchange of PPhs and CO ligands,
leading to Co2(CO)7(PPhs) and CpMo(CO)H.1? A quite
different mechanism was suggested for these reac-
tions.18 _

Preparation of FvMo3(CO)4(PCys)2 and FvMog-

(CO)4(PXys): by Reduction of the Dihalides FvMoo-
(CO)4L2X; (L = PCys, PXys; X = Cl, Br). As pointed

out above, phosphine-substituted (fulvalene)dimolyb-
denum dihydrides with phosphines bulkier than PPh;
could not be synthesized via direct substitution reactions
of FvMos(CO)sHz with the phosphines. We therefore
investigated reductions of the corresponding dihalides
with a view either to generating the biradicals/dimers
directly or, if reduction to the dianions occurred, to
generating them by oxidations of the dianions.

To test the applicability of the idea, we initially
attempted reductions of the PPhs-substituted dihalides
FvMog(CO)4«(PPh3)2Cl; and FvMoy(CO)4(PPh3)eBrs to
demonstrate that the now well-characterized dimer
FvMoy(CO)4(PPh3); could be prepared. Accordingly
FvMoy(CO)4(PPh3):Cl; was reduced by sodium disper-
sion to give good yields of FvMog(CO)4(PPh3)s (eq 10),
while sodium dispersion reduction of FvMoy(CO)s-
(PPh3)sBr; resulted in the formation of good yields of

(17) Wegman, R. W.; Brown, T. L. J. Am. Chem. Soc. 1980, 102,
2494,

(18) Kovées, 1; Sisak, A.; Ungvary, F.; Marké, L. Organometallics
1989, 8, 1873.

(19) Kovdcs, 1., unpublished results.
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[FvMog(CO)4(PPhj3)2]2~ (eq 11), characterized by IR and

FvMo,(CO),(PPh,),Cl, ~ FvMo,(CO),(PPh,), (10)

FvMo,(CO),(PPh,),Br, —
[FvMo,(CO),(PPh,),1*~ (11)

NMR spectroscopy of the Na® or EtyN* salt. That
FvMoa(CQO)4(PPhs); obtained in eq 10 did not react
further with sodium suggests that this compound is not
an intermediate in the reduction of FvMos(CO)4(PPhs)e-
BI‘Q.

Acidification of [FvMog(CO)4(PPh3)]?~ with glacial
acetic acid gave FvMoa(CO)4(PPhs)oHs, while oxidation
by [CpeFelPF; or air resulted in the formation of FvMo,-
(CO)4(PPhs)s, as anticipated, confirming the identity of
the substituted dianion.

Repeating the above experiments with FvMox(CO)y-
(PCy3)2Clg and FvMoy(CO)4(PCys)2Brs gave similar re-
sults. Reduction of the former by sodium dispersion
produced FvMoa(CO)4(PCys)s, isolated as a light blue
powder. This new compound exhibits an IR spectrum
very similar to that of FvMoy(CO)4(PPhs)s, but with both
absorptions shifted to lower frequencies (Table 1). The
31P{IH} NMR spectrum exhibited one singlet at 6 69.7,
considerably downfield from that of FvMoa(CO)4(PCys)e-
Clg, while the 'H NMR spectrum exhibited Fv reso-
nances at 6 4.30 (“t”) and 5.01 (m). The 1*C{!H} NMR
spectrum exhibited three fulvalene and one CO reso-
nance, and thus the structure is presumably the same
as that of FvMoo(CO)4(PMes)o? and FvMox(CO)4(PPh3)e
(see above). The UV—vis spectrum of FvMog(CO)4-
(PCys); featured a strong Amax(do — do*) absorption at
374 nm, similar to that of FvMog(CO)«(PPhjs): and
indicating that increasing both the bulk and basicity of
the phosphine ligands?® do not alter the Mo—Mo bond
strength significantly.

In contrast, FvMog(CO)4(PCys)2Brs readily underwent
reduction to [FvMog(CO)4(PCys)2]?~ with sodium disper-
sion at room temperature; this dianion was character-
ized by IR and 'H NMR spectroscopy as the Na* and
PPN™ salts. It was found to be extremely air-sensitive
in solution, smoothly transforming to FvMog(CO)s-
(PCys)2 on exposure to traces of oxygen. Addition of
glacial acetic acid resulted in the formation of FvMoo-
(CO)4(PCy3)2Hg, which was identified by IR spectros-
copy. Like FvMox(CO)4(PPh;s);H,,? this hydride exhib-
ited absorptions at 1926 (vs) and 1850 (s) cm™1, to lower
frequency than those of FvMog(CO)4(PPhs)2Ho.

Finally, the compounds FvMog(CO)(PXy3)2Cls and
FvMoa(CO)«(PXy3)oBre were also reduced by sodium
dispersion to the corresponding dimer, FvMog(CO)y-
(PXys)2, and dianion, [FvMo2(CO)4(PXy3)2]2~, respec-
tively. The former was not isolated analytically pure
but was synthesized and characterized spectroscopically
in situ (Tables 1 and 2). However, the close similarity
to the spectral characteristics of FvMoo(CO)4(PPhj),
suggests that FvMog(CO)4(PXys)e formed in this way
also exists as the trans isomer. It is noteworthy that
the electronic spectrum of FvMoa(CO)4(PXy3)e featured
the same Amax(do — do™*) transition at 374 nm as those
of other new FvMo(CO)4Ly (L = PPhs, PCy;) deriva-
tives, suggesting that even one of the bulkiest phos-

Kovées and Baird

phines known (6 = 190°)20 has little influence on the
Mo—Mo bond strength in dimeric fulvalene complexes.

The 'H NMR spectra of the three new (fulvalene)-
dimolybdenum dimers also merit comment. On the
basis of heteronuclear NOE difference experiments, it
has previously been shown that the fulvalene S-protons
in the compounds FvMog(CO)4Ls (L. = CO, PMes) are
deshielded relative to the fulvalene a-protons, while the
reverse ordering was found for non-metal—metal-bonded
compounds.!® It was therefore suggested that the
relative ordering of and the chemical shift differences
between the a- and S-hydrogen resonances may possibly
be utilized to differentiate between metal—metal-bonded
and non-metal-metal-bonded compounds. While we
have not carried out similar NOE difference studies, the
assignments in Table 2 are reasonably posited on the
assumption!® that the P—H spin—spin coupling de-
creases in the order J(P—Hjp) > J(P—H,). Thus, the 'H
NMR spectra of FvMo2(CO)4Ls (L = PPhj, PXys) imply
that there is no correlation between the relative chemi-
cal shifts of Hz and H, and the presence of a metal—
metal bond.

The dianion [FvMog(CO)4(PXys):]2~ was characterized
as the Na* salt in solution by IR spectroscopy and by
comparison with [FvMoa(CO)4(PPh3)e]?~. Similar to the
analogous compounds containing PPh; and PCys, it
could be protonated by glacial acetic acid to give FvMog-
(CO)4(PXy3)oHz, which was isolated in good yield and
characterized by IR and 'H and 3P{'H} NMR spectros-
copy. The spectroscopic data were similar to those of
FvMoy(CO)4(PPh3):Hs? and serve to unambiguously
identify this compound.

Hydrogen Atom Abstraction from FvMoy(CO),-
(PXys):H; by Trityl Radicals. It seemed desirable to
synthesize FvMos(CO)4(PXys)2 in an alternative way in
order to confirm its formulation, and the hydrogen atom
abstraction reaction of FvMog(CO)4(PXy3)eHg with trityl
radicals was utilized. While the expected product,
trans-FvMog(CO)4(PXy3)e, was obtained, formation of a
second product was also indicated by the IR spectrum
of the reaction mixture. In addition to carbony! absorp-
tion bands at 1931 (m) and 1857 (vs) em™1, attributable
to trans-FvMog(CO)4(PXys)s, there were also bands at
1919 (s) and 1856 (m) cm~!. The relative intensities of
the latter pair seemed to suggest an attribution to cis-
FvMoa(CO)4(PXys)2, a hypothesis strengthened by the
SIP{TH} NMR spectrum (CDCls), which exhibited singlet
resonances at o 76.8 (attributed to trans-FvMoo(CO),-
(PXys)2), 61,93, and 61.90. A comparable difference
between the 31P resonances of cis and trans isomers of
CpMo(CO)o(PPh3)I and FvMog(CO)4(PPhs)sl; has been
observed previously,? and the closely spaced pair of 3P
resonances could be attributed to the meso- and di
stereoisomers of cis-FvMo2(CO)4(PXys)s, as observed for
cis,cis-FvMog(CO)4(PPh3);I5.° However, the 'H and 13C-
{'H} NMR spectra of the unidentified compound exhibit
only two Fv proton and three fulvalene carbon reso-
nances, respectively, and thus attribution to cis-FvMog-
(CO)4(PXys)2 is reasonable only if the compound is
fluxional.

Molecular Mechanics Calculations on FvMos-
(CO)s. Finally, we wish to offer a rationale for the

(20) (a) Tolman, C. A. Chem. Rev. 1977, 77, 313. (b) Dias, P. B,;
Minas de Piedade, M. E.; Martinho Simoes, J. A. Coord. Chem. Rev.
1994, 135/136, 737.
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apparently anomalous observations, mentioned above,
that the compounds FvMs(CO)s (M = Cr, Mo, W) all
contain extraordinarily long but intact metal—metal
bonds and that substitution of CO by PMe; in FvMo,-
(CO)g results in a decrease in the length of the Mo—Mo
bond, in apparent contrast to other metal—metal-bonded
systems. We have attempted to assess the major steric
factors in FvMo2(CO)s by carrying out molecular me-
chanics calculations on this compound. We have previ-
ously demonstrated the utility of the molecular model-
ing program PCMODEL? for determining minimum
energy structures of a variety of flexible cyclopentadi-
enyl and arene complexes, and we have successfully
calculated, for instance, ligand rotation conformational
energy profiles of a wide variety of alkyl, acyl, phos-
phine, olefin, and arene ligands.??

The molecule FvMos(CQ)s was therefore constructed
utilizing standard procedures,??¢23 and the minimum
energy structure was determined. Structures obtained
computationally in this way reflect only steric, not
electronic, influences on geometries??*f and may differ
from those found crystallographically when substantial
electronic factors operate counter to steric factors.

The crystallographically determined structure of
FvMos(CO)s"%" is as in A, Of relevance here, (i) the two
fulvalene rings are almost coplanar, with a centroid—
Mo—Mo—centroid angle of 4.9°, and (ii) the pairs of
carbonyl ligands of each Mo(CO); group “cis” to the Mo—
Mo bond are eclipsed with those of the other Mo(CO);
group (OC—Mo—Mo—CO dihedral angles 3.7 and 5.4°)
such that the CO — CO distances of neighboring CO
ligands are 2.870 and 2.876 A, considerably less than
the sums of the van der Waals radii.2* Therefore, in
addition to ring strain arising from Mo—Mo bonding,
which results in the observed fulvalene bending (# =
15.3°),% there must be a great deal of steric strain arising
from repulsions between the carbonyl ligands on one
metal atom with those on the other. Indeed, while the
two “trans” CO ligands are almost linear (Mo—C=0
bond angles 176.24 and 178.26°), the four “cis” carbonyl
groups are bent (Mo—C=O0 bond angles 170.72—172.26°)
such that the oxygen atoms move away from each other.
Similar observations have been made in the sterically
very congested structures of [CpCr(CO)s); (3.281 A)” and
[Cp*Cr(CO);]; (3.3107 A).4

The crystallographically determined structure of
FvMos(CO)s(PMes)® is significantly different. The Mo—
Mo bond, while still rather long (3.220 A), is shorter

(21) Available as PCMODEL from Serena Software, Bloomington,
IN. See: Gajewski, J. J.; Gilbert, K. E.; McKelvy, J. Adv. Mol. Model.
1990, 2, 65.

(22) (a) Mackie, S. C.; Park, Y.-S.; Shurvell, H. F.; Baird, M. C.
Organometallics 1991, 10, 2993. (b) Mackie, S. C.; Baird, M. C.
Organometallics 1992, 11, 3712. (c) Polowin, J.; Mackie, S. C.; Baird,
M. C. Organometallics 1992, 11, 3724. (d) Britten, J.; Mu, Y.; Harrod,
J. F.; Polowin, J.; Baird, M. C.; Samuel, E. Organometallics 1993, 12,
2672. (e) Polowin, J.; Baird, M. C. J. Organomet. Chem. 1994, 478,
45, (f) Polowin, J.; Baird, M. C. Can. J. Chem., in press.

(23) Construction of FyMoy(CO); utilizing aromatic carbon atoms
(type 40 of PCMODEL) resulted in the rings assuming a coplanar
structure because the torsion parameters have a larger V2 term to
ensure that the dihedral angles between the rings are either 0 or 180°,
However, utilization of four olefinic (type 2) and one carbanionic (type
48) carbon atoms in each ring (all marked as v atoms), followed by a
7 calculation, resulted in a significant decrease in V2 such that the
inter-ring steric factors outweighed the torsion term.

24) Bondi, A. J. Phys. Chem. 1964, 68, 441,
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Figure 1. Optimized structure of FvMoy(CO)s.

than that of FvMo2(CO)s and the fulvalene ligand is very
significantly distorted from planarity (¢ = 27.0°). Even
more important, the five-membered rings are twisted
such that the centroid—Mo—Mo—centroid angle is 24.2°,
and thus the pairs of carbonyl ligands “cis” to the Mo—
Mo bond are essentially staggered rather than eclipsed.

Given the apparent steric disadvantages imposed by
the eclipsed geometry of FvMoy(CO)s, the observed
structure must arise from electronic factors which force
the near-planarity of the fulvalene rings. If so, then the
twisting away from this (presumably) electronically
preferred, eclipsed structure in the case of FvMos(CO )y-
(PMej3)s may well be a result of significantly enhanced
steric repulsions arising from coordination of the bulkier
phosphine ligands. Coordination of PMe; would force
the CO ligands closer together, resulting in even greater
steric repulsions which could at least partially outweigh
the electronically preferred structure and hence result
in twisting of the molecule to the observed staggered
structure. The molybdenum atoms could then approach
each other more closely, offering a rationale for the
shorter Mo—Mo bond distance.

Minimization of the steric effects®® in FvMos(CO)s
resulted in a structure in which the calculated Mo—Mo
distance is a rather long 3.45 A, the Mo—CO bond
distances average 1.98 A, in excellent agreement with
the crystallographic data, and the Mo—Fv bond dis-
tances average 2.08 A, ~0.25 A shorter than those found
experimentally. As anticipated on the basis of steric
considerations, the halves of the molecule are twisted
relative to each other (Figure 1), very much as in the
crystal structure of FvMoo(CO)4(PMes)o.® The centroid—
Mo—Mo—centroid dihedral angle is 48°, and the “cis”
OC—-Mo—Mo—CO angles are staggered, with dihedral
angles of 59 and 34°. Thus, it appears that a staggered
structure is indeed preferred sterically for FvMoa(CO)s
and that FvMos(CO)4(PMes): may be at least tending
toward the less crowded conformation which would be
preferred by FvMoo(CO)s in the absence of inter-ring
conjugation or other electronic effects.
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The deprotonation of N,N-diphenyl amides with LDA and subsequent reaction with
[(cp)eZrCly] (cp = #5-CsHs) allowed the enolate complexes [{PhaNC(CH2)O}Zr(cp)a(C1)] (5)
and [{PhoNC(CHCH;3)O}Zr{(cp)x(C1)1 (8) to be isolated. The crystal structure of 6 is reported.
Reaction of 5 with [Cr(CO)s]'THF gave [PheNC{CH2Cr(CO)s}{O0Zr(Cl)cp)2}] (7), an O- and
C-bonded dimetallic amido enolate. Reaction of 5 and 6 with benzaldehyde gave the
corresponding aldol products 8 and 9; according to previous reports, the conversion of 6 into
9 is syn selective. Reaction of 6 with acetophenone followed by addition of silver triflate
gave the complex [PhoNC(=0)CH(CH;)C(Me)(Ph)OZx(cp)2(C1XOSO:CF5)] (11) as a diaste-
reoisomeric mixture in the ratio anti:syn = 65:35. The crystal structure of syn-11 is reported.
This cyclic complex mimics the postulated cyclic transition state of the aldol reaction mediated
by zirconium amide enolates. A kinetic investigation of the reaction of 6 with acetophenone
was performed and gave the following activation parameters: AH* = 38.3 & 0.9 kJ mol™;
AS* = =181 £ 8 J mol™! K!; AG¥*9s = 92.2 £ 1.2 kJ mol™'. A similar study with
4-fluoroacetophenone gave AH* = 43.5 + 1.3 kJ mol™!, AS* = —167 £ 4 J mol™! K1, and

AG*zgg = 93.3 £+ 1.8 kJ mol™L

The reaction rate at 320 K determined with 4-chloro-,

4-methyl-, and 4-nitroacetophenone allowed the determination of a Hammett plot with ¢ =
0.41. This value is implicit of a carbon—carbon bond-forming, rate-limiting step.

Introduction

Amide enolates are of great synthetic importance,
particularly with regard to highly selective carbon—
carbon bond formation.! For example, their conversion
into S-hydroxy carbonyls represents a convenient route
to the building blocks of polypropionate- and polyac-
etate-derived natural products.? Despite such wide-
spread use, however, structural information is sparse.?
Although structural studies have been reported for some

* To whom correspondence should be addressed.

* Present address: Istituto di Chimica “G. Ciamician”, Universita
di Bologna, 1-40216 Bologna, Italy.
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lithium amide enolates,? no previous study of transition-
metal analogues has been published.?

Boron enolates have been subjected to ab initio
calculations,® and a related force field study” has helped
shed light on the aldolic reaction mediated by boron.
However, the difficulties encountered in developing an
ab initio approach for transition-metal complexes are
well-known. Consequently, theoretical analysis of tran-
sition-metal amide enolates has only been performed at
a primitive level.? For transition-metal enolate com-
plexes, simple and facial stereoselection are currently
interpreted by a hypothetical model derived from study-
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Paterson, I. J. Org. Chem. 1990, 55, 3576. Vulpetti, A.; Bernardi, A.;
Gennari, C.; Goodman, J. M.; Paterson, 1. Tetrahedron 1998, 49, 685.
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ing the scope of the reaction in connection with Hoff-
mann’s analysis of the frontier orbitals available for a
bent metallocene fragment.? It is therefore desirable
to obtain accurate structural information for such
complexes. The bond parameters observed should be
of particular use in deciding the role of sterically bulky
substituents in determining stereoselectivity. More-
over, although a detailed force field calculation is
presently beyond us, the bond lengths and angles
recorded may be of use for future studies in this area.

Therefore, we now report the synthesis and charac-
terization of two zirconocene amido enolate complexes
which we used in reactions with carbonyl compounds.1?
The X-ray structure determination of the starting
zirconium enolate and a derivative of the final product
allows us to support the mechanism accepted for transi-
tion-metal-mediated aldol reactions, as indicated in
Scheme 1.

Furthermore, kinetic analysis of a stereogenic amido
enolate reacting with a range of p-substituted acetophe-
nones has allowed us to calculate activation parameters
and derive a Hammett plot. These latter data have
showed that the rate-determining step for the aldol
reaction involves the formation of a carbon—carbon
bond.

Results and Discussion

Deprotonation of N,N-diphenylacetamide (1) and N,N-
diphenylpropionamide (2) was carried out according to
Scheme 2. As shown by the !H NMR spectrum, the
lithium enolate 3 possesses two molecules of THF bound
to the alkali-metal center and we therefore propose a
dimeric structure with tetracoordinate lithium atoms.
The 'H NMR spectrum of 8 includes singlets at 3.42 and
3.63 ppm, which are assigned to the enolic protons:
these chemical shifts fall within the range of previously
reported data for unsolvated enolates.!!

The in situ generation of 3 and 4 was followed by
transmetalation with (cp)oZrCly at low temperature.
Slow warming to room temperature and appropriate
workup procedures led to the isolation of 5 and 6
(Scheme 2). The corresponding reaction with (cp)oTiCly
gave products which could not be isolated without
decomposition.l? Nonetheless, although they are highly

(8) Paterson, 1. In Comprehensive Organic Synthesis; Heathcock, C.
H., Ed.; Pergamon: Ozxford, UK., 1991; Vol. 2, p 301.

(9) Evans, D. A.; McGee, R. Tetrahedron Lett. 1980, 21, 3975.
Evans, D. A.; McGee, R. J. Am. Chem. Soc. 1981, 103, 2876.

(10) For previous study by our laboratory in this area: (a) Berno,
P.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. Organometallics 1990, 9,
1995. (b) Veya, P.; Cozzi, P. G.; Rotzinger, F.; Floriani, C.; Chiesi-
Villa, A.; Rizzoli, C. Organometallics 1995, 14, 4101.

(11) Veya, P. Thése de doctorat, University of Lausanne, Lausanne,
Switzerland, 1993.
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Figure 1. ORTEP drawing for complex 6 (30% ellipsoids).
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susceptible to moisture, both 5 and 6 are yellow solids
stable at room temperature under an inert atmosphere.

Isolation of 6 directly from the reaction mixture gave
a 65:35 mixture of diastereoisomers; attempts to sepa-
rate these by recrystallization failed, with the original
ratio unchanged. Structural analysis on an X-ray-
quality crystal of 6 allowed us to determine the bond
connectivity and parameters of the Z isomer. The
structure of 6 is shown in Figure 1, while a selection of
bond distances and angles is given in Table 2. Complex
6 is a monomer, with a geometry very close to the
structure of nonstereogenic N,N-dipheny! amido eno-
lates previously characterized.? Some differences are
observed in the torsion angles, as indicated by the
values reported in Table 2.

The dihedral angles of the C11---C16 and C21---C26
phenyl planes with respect to the enolato O1,N1,C27,-
C28 plane are very close in both complexes (111.5(1) and
104.7(1)°, respectively, for 6; 112.5(1) and 109.5(2)° for
5). The main feature of both structures is the disposi-
tion of the enolate carbon syn to Cl. One of the phenyls
is syn to zirconium. The dihedral angle between Cl1—

(12) Titanium enolates prepared in sifu from pyrrolidinopropiona-
mide react with aldehydes, giving anti products: Murphy, P. J;
Procter, G.; Russel, A. T. Tetrahedron Lett. 1987, 28, 2037.
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Table 1. Experimental Data for the X-ray Diffraction Studies on Crystalline Compounds 6, 7, and 11

6 7 11
formula Ca5H24CINOZr C29H2C1CKNOGZr Ca4H3oFsNO5SZrC4HgO (2/1)
a(d) 10.636(1) 9.870(1) 18.368(5)
b (A) 12.029(1) 23.237(2) 14.115(4)
c(A) 9.405(1) 13.338(1) 14.398(4)
o. (deg) 70.45(1) 90 90
B (deg) 77.97(1) 105.94(1) 109.08(4)
v (deg) 76.37(1) 90 90
V(A% 1093.6(2) 2941.4(5) 3527.8(19)
z 2 4 4
fw 481.1 659.2 751.0
space group P1(No. 2) Ce (No. 9) P24/n (No. 14)
t(°C) 22 22 22
A(A) 0.71069 0.71069 0.71069
Qecale (g cm™3) 1.461 1.489 1.414
4 (em™1) 6.41 8.55 4.19
transmission coeff 0.985-1.00 0.937-1.000 0.952—-1.000
Ra 0.026 0.026 [0.027) 0.058
Reb 0.028 [0.029]

e R =Y |AF\/Z|F,|. ® Rg = [Zw|AF|2/Zw|F,|21V2. ¢ Values in brackets refer to the “inverted” structure.

Zr—01 and 01—-C27—C28 varies from 30.0(1)° in 6 to
33.8(3)° in 5. The angles Zr—0—C11 (19.2(3)°) and Cl1—~
Zr—C11 (—179.4(2)°) show the Z configuration of the
enolate in 6. The C27—C28 bond distances in 5% and 6
confirm the presence of a localized double bond.

However, despite a full characterization of 6, assign-
ment of configuration to the major and minor compo-
nents of the diastereoisomeric mixture was not directly
possible. A 'H NMR NOESY experiment suggested that
the major component has a Z configuration, but this was
no conclusive. Nevertheless, indirect evidence firmly
supports the Z isomer as the most abundant diastere-
oisomer. First, it is well-established that hindered
amides favor the formation of Z enolates.! Furthermore,
the 'H NMR chemical shift of the most intense methyl
signal correlates closely with related Z enolates reported
previously.®

The reaction of 5§ and 6 with carbonyl compounds
probably proceeds according to the pathway in Scheme
1, where the metal plays the role of templating agent.
We envisaged, however, a number of reactions where
the zirconium-nonassisted nucleophilic reactivity of the
enolate can lead to novel organometallic bifunctional
species. This is exemplified in the reaction of 5 with
the soft electrophile [Cr(CO)s(THF)].

The reaction in Scheme 3 exemplifies the preliminary
attack of the enolate nucleophile at an electrophilic
center, and this is not followed by an evolution of the
nucleophile—electrophile adduct. Such a reaction was
successful only with the most strongly nucleophilic
enolates, such as the amido enolates, while it was not
observed with the ketone enolates. The strong elec-
tronic influence of the [Cr(CO);] fragment affects the
chemical shifts of the methylene group. The proposed
bonding scheme of compound 7 is supported by the
structural data in Table 2, which were obtained from a
single crystal X-ray analysis.

In complex 7 the enolato fragment has a geometry
close (see Figure 2) to that observed in complexes 5 and
6. Also in this case the nucleophilic CH; is syn to N1
and trans with respect to the Cl1 ligand at zirconium,
as indicated by the value of the torsional angles Cl1-—
Zr-+-C27—N1 and Cl1-Zr---C27—C28 (Table 2). The
orientation of the phenyl rings is similar to that
observed in complex 6, the dihedral angles of the
C11---C16 and C21---C26 phenyl planes with respect
to the enolato O1,N1,C27,C28 plane being 109.8(1) and
101.9(1)°. The binding of [Cr(CO)s] induces a specific

rotation around the Zr—O bond, as indicated by the
values of the C11-Zr—01-C27, Zr—-01-C27-C28, and
Zr—01-C27—-N1 torsional angles. The CHy nucleophile
binds Cr at a normal distance for a Cr—C o bond (2.328-
(5)°). The CO trans to it takes care of the major amount
of the charge transferred by the enolate to the metal,
the Cr—C33 (1.814(5) A) and C33-033 (1.66(7) A) being
significantly shorter and longer, respectively, than those
found for the other four Cr—CO groups (mean values:
Cr—C, 1.898(8) A; C—0, 1.139(10) A). Lengthening of
the C27—C28 and Zr—O01 bonds and shortening of the
C27-01 and N1-C27 bonds were observed on moving
from complexes 6 and 5 to 7 (see Table 2). This is in
agreement with a partial electronic transfer at the
intermediate stage by nucleophilic attack at an electro-
phile, before further reaction. The choice of metal
carbonyls in the reaction with nucleophilic metal eno-
lates was made because they contain two different
electrophilic sites, namely the metal center in the case
of coordinatively unsaturated metal carbonyls and the
CO ligands in the case of coordinatively saturated metal
carbonyls. The former reaction leads, as in the present
case, to the formation of a O- and C-bonded dimetallic
enolate, the chemistry of which is under investigation.
In the latter case the attack by the enolate at the metal-
bonded CO led to a novel class of dimetallocarbene.13

We were unable to identify any interesting reactivity
behavior of 7. Enolates 5 and 6 react cleanly with
benzaldehyde to give extremely soluble oily products
which we have not been able to crystallize. The reaction
can be conveniently monitored using 'H NMR in a
sealed tube, and spectroscopic data for 8 and 9 (Scheme
4) are reported in the Experimental Section. In both
products zirconium is now bonded to the oxygen derived
from the carbonyl substrate.

Complex 8 displays characteristic ABX methylene
signals at 2.42, 2.93, and 5.90 ppm (respective coupling
constants of 3.5, 9.2, and 15.35 Hz). It is reassuring to
note that these coupling constants are very close to
those we found for cationic aldolato complexes with the
metallacycle structure reported below, which we believe
to be structural models for the aldol reaction transition
state.l® The aldol product 9 was found to be a mixture
of diastereoisomers in an 81:19 ratio. Hydrolysis showed
that the syn isomer is the most abundant one.?

(13) Veya, P.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. Organome-
tallics 1994, 13, 214.
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Table 2. Selected Bond Distances (A) and Angles

(deg) ‘
Complexes 6, 7, and 11
6 7 11
Within the Zirconium Coordination Sphere®
Zr1-X 2.475(1) 2.415(2) 1.947(7)
Zr1-01 1.981(2) 2.046(3) 2.23%(7)
Zrl—-cpl 2.230(4) 2.202(5) 2.259(16)
Zri—cp2 2.215(7) 2.206(8) 2.267(15)
cpl—Zrl—cp2 129.2(2) 130.2(3) 123.9(5)
cpl-Zr1-X 106.5(1) 106.2(1) 118.4(4)
¢pl-Zr1-01 106.2(1) 108.2(2) 94.8(4)
cp2-Zr1-X 105.1(2) 106.8(2) 117.7(4)
cp2-Zr1-01 106.8(2) 103.4(2) 97.5(4)
X-Zr1-01 99.0(1) 97.3(1) 75.4(3)
Within the Ligands
01-C27 1.346(3) 1:310(5) 1.258(13)
N1-C27 1.424(3) 1.361(6) 1.337(13)
N1-C11 1.429(4) 1.423(5) 1.431(9)
N1-C21 1.438(3) 1.427(5) 1.432(10)
C27-C28 1.335(4) 1.385(7) 1.500(14)
C28—-C29 1.487(5) 1.486(16)
X-C29 1.431(13)
Zr1-01-C27 151.0(2). 141.1(3) 134.2(7)
Zr1-X-C29 145.8(7)
C27-N1-C11 117.9(2) 122.1(4) 119.8(8)
C27-N1-C21 118.9(2) 120.6(4) 123.4(8)
C11-N1-C21 117.2(2) 117.2(8) 116.7(8)
01-C27-N1 112.4(2) 114.2(4) 118.1(10)
01-C27-C28 124.1(3) 122.1(4) 122.6(10)
N1-C27-C28 123.4(3) 123.7(5) 119.2(10)
C27-C28-C29 124.9(3) ‘ 113.8(10) -
Complex 7
In the Coordination Sphere
Cr1-C28 2.328(5) 029-C29 1.146(7)
Cr1-C29 1.895(5) 030—-C30 - 1.131(11)
Crl-C30 1.895(8) 031-C31 1.135(11)
Cr1-C31 1.896(8) 032-C32 1.144(12)
Cr1-C32 1.907(9) 033-C33 1.166(7)
Cr1-C33 1.814(5)
C28-Cr1-C33 173.6(2) C31-Cr1-C32 93.2(3)
C29-Cr1-C31 175.5(3) Cr1-C29-029 172.7(5)
C30-Cr1-C32 174.5(3) Cr1-C30-030 174.5(7)
C29-Cr1-C30 84.4(3) Cr1-C31-031 176.5(8)
C29—-Cr1-C32 90.1(3) Cr1-C32-032 176.1(6)
C30-Cr1-C31 92.2(4) Cr1-C33-033 177.6(5)
Torsional Angles for the Metal Enolate Fragment in §—7
5 6 7
Cll-Zr-«C27-N1 176.7(3) 179.4(2) 181.7(4)
Cl1~Zr--C27-C28 18.4(4) 19.2(3) 23.1(3)
Zr-Q01-C27-C28 —87.4(7) —95.4(4) —61.3(7)
Zr-01-C27-N1 90.6(6) 83.1(4) 119.3(4)
Cl1-Zr-01-C27 95.9(5) 104.9(4) 76.2(5)

e X = Cl1 for complexes 6 and 7; X = O2 for complex 11. Cpl
and Cp2 refer to the centroids of the cyclopentadienyl rings C1—
C5 and C6—C10, respectively.

Applying the Karplus equation’® to the NMR data for
complex 8 (i.e. correlating coupling constants to dihedral
angles between Hu, Hg, and Hx) allowed us to derive
the following Newman projection to represent the
favored solution conformation:

Ph
Hg Ha

0 Hx

/
CicpaZr o NPhy
8

We believe that this is probably similar to the solid-
state situation, because the bulky nature of the amide
nitrogen substituents will hinder rotation around the
newly formed carbon—carbon bond.!® The steric en-
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Figure 2. ORTEP drawing for complex 7 (30% ellipsoids).
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cumbrance also serves to place the two oxygen atoms
in a synclinal position. Although this orientation can
be explained on steric grounds, it is worthy noting that
this conformation can be derived from a cyclic transition
state.15

The high rate of reaction of § with benzaldehyde and
with acetophenone precluded a kinetic analysis of the

(14) (a) Pretsch, E.; Seibl, J.; Simon, W.; Clerc, T. Tables of Spectral
Data for Structure Determination of Organic Compounds; Springer:
Berlin, Germany, 1983. (b) Fleming, I.; Williams, D. H. Spectroscopic
Methods in Organic Chemistry, 3rd ed.; McGraw-Hill: New York, 1980;
p 100.

(15) Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957,
79, 1920.
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Figure 3. ORTEP drawing for complex 11 (30% ellipsoids).
Only the A positions are given for the disordered S1, 04,
F1, and F2 atoms.
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aldolic reaction. However, the reaction of 8 with ac-
etophenone (to give 10 as a 65:35 diastereoisomeric
mixture) proceeds more slowly at a rate amenable to a
kinetic study by 1H NMR (Scheme 5). Complex 10 is
an oil but can be converted to the solid aldol product 11
by reaction with silver(I) triflate (Scheme 5).

Complex 11 also exists as a diastereoisomeric mixture
(ratio 65:35). Given the similar nature of the diastere-
oisomer ratios of 10 and 11, we believe it is reasonable
to assume that the reaction with silver triflate does not
affect the configuration of the stereogenic centers. The
diastereoisomers of 11 may be separated by recrystal-
lization. An X-ray analysis on a crystal so obtained
showed the presence of a syn configuration. However,
the TH NMR spectrum of this sample corresponded to
the minor component of the product mixture: i.e., 10is
a diastereoisomeric ratio of 65% anti, 35% syn.

In the structure of 11 the cationic aldolato metalla-
cycle has a rather long distance interaction between the
metal and the counteranion (Zr1—08, 2.290(7) A). The
Zr1,01,02,03 plane is perpendicular to the cpl—Zr—
cp2 plane (dihedral angle 88.0(4)°). The narrow Ol—
Zr—02 angle (75.4(3)°) allows the binding of the fifth

Cozzi et al.

ligand by the metal. This ligand slightly affects the
structural parameters of the (cp)oZr group, the Zr—cp
bond distances being significantly longer (2.259(16),
2.267(15) A) and the cpl—Zr—cp2 angle narrower (123.9-
(5)°) than in 6 and 7. The bidentate 0,0’ ligand gives
rise to a six-membered metallacycle with a half-chair
conformation, the C28 carbon being 0.464(11) A out of
the plane containing Zr,01,02,C27,C29 (maximum dis-
placement 0.114(12) A for C29). The structural param-
eters of the metallacycle are essentially in agreement
with the proposed bonding scheme, though the C27—
O1 and C27—-N1 bond distances, along with the planar-
ity of the O1,N1,C27,C28 fragment, suggest some
delocalization over the O1—C27—N1 moiety. The C30
and C31 methyl carbons assume an anti conformation,
the C31—-C29—C28—C30 torsion angle being —169.4(9)°,
It is worth mentioning at this stage the relevance of 11
with respect to the transition state of the aldol reaction.

An important difference between the 'H NMR spectra
of 10 and 11 is the inversion in chemical shifts of the
a-methyl protons. Although we cannot explain this
peculiar effect, it is intriguing to note that a similar
phenomenon is not observed for the methine proton (see
Experimental Section). We suggest that in the syn
isomer the o-methyl substituent lies in a position
subjected to a shielding effect associated with one of the
amide nitrogen phenyl rings (C21—-C26). However, in
the anti configuration, the methyl group lies outside any

such electronic influence.

By examining the ratio of the starting enolate and
the aldol products in the reaction of 6 with acetophe-
none, we assume that the Z enolate gives the anti
product, while the E enolate gives the syn aldol adduct.1®

This relationship between the starting enolate and
the final product requires a boatlike transition struc-
ture.l” Although some reports indicated that it is
possible to obtain the anti aldol product in reactions of
the zirconium enolate of esters with aldehydes,!® this
fact was interpreted on the basis of a chair transition
state. To the best of our knowledge, no report has
appeared on the reactions of amide stereogenic zirco-
nium enolates with ketones.

Previously Evans and McGee® have proposed that the
Z (cp)eZrCly enolates react with aldehydes via a chair-
like transition state, whereas E enolates prefer to react
via a boatlike transition state, with both the £ and Z
enolates affording syn aldol products. The isolation and
structural characterization of 11 are our starting points
for the discussion of the possible transition state in-
volved in the reaction of 6 with acetophenone.

We assume that the reaction proceeds first via ketone
complexation to the zirconium (we will see later in this
article that the coordination of the carbony! substrate
to the zirconium is not the rate-determining step in this
aldol condensation). We also assume that ketone com-
plexation to the zirconium center is not linear, as shown

(16) Heathcock, C. H. In Asymmetric Synthesis; Morrison, D. J., Ed.;
Academic: New York, 1984; Vol. 3, Chapter 2. Evans, D. A,; Nelson,
J. V.; Taber, T. R. In Topics in Stereochemistry; Eliel, E. L., Wilen, S.
H., Eds.; Wiley