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(Kp7)?
() = kTK%Km[Pt][Si—H]’ (15)

Conclusion

The results of the kinetic study of the Pt-catalyzed
hydrosilylation of allyl aryl ethers 1 and 2 provide ex-
pressions for the corresponding rate laws as functions of
the concentration of silane and of the platinum salt. The
unusual conditions of high dilution, which are probably
essential to obtain the observed results, appear to be an
interesting tool for mechanistic studies in coordination
chemistry. The change in apparent order in platinum
depending on the nature of the olefin was clearly unex-
pected but leads us to propose a mechanism involving a
dinuclear homogeneous catalyst. Qur interpretation con-

trasts with recent findings concerning the hydrosilylation
of monoolefins. The nature of the reactants as well as the
reaction conditions are so different that alternative path-
ways are not in opposition. With regard to the merit of
the hydrosilylation of 2 for the preparation of monofunec-
tional macrocycles, one can conclude that the reaction
shows good selectivity at moderately high dilution. The
control of the reaction in more diluted media will now be
made much easier by the knowledge of rate laws and
constants. Moreover, the proposed intermediates VI and
VII have only one resorcylic derivative as a ligand; ester
2 can therefore be regarded as a suitable substrate to take
advantage of the dilution principle.
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The molecular structure of (u-n!,7-C,H,)Os,(CO); (1) has been determined by single-crystal neutron
diffraction in order to establish the hybridization at the carbon atoms of the bridging ethylene. The final
values for the lattice constants are a = 7.308 (2) A, b = 13.448 (3) A, ¢ = 13.482 (4) A, B = 101.25 (2)°,
and V = 1299.5 (3) A3, the space group (P2,/c) and value of Z (4) are known from an earlier X-ray study.!
The results show that the ethylene carbons have almost completely rehybridized to sp?. The C—-C bond
length in 1 (1.5225 (26) A) is comparable to that in ethane and that of ethylene chemisorbed on Pt-
(111)—suggesting that the ethylene ligand in 1 is a good structural model for ethylene chemisorbed on
Pt(111). The Os,C, ring of 1 is distorted further away from planarity than the Os, ring of 0s,(CO),¢ or

the C, ring of cyclobutane.

Introduction

The unique structural aspects of (u-n',n*-C,H,)0s,(CO)g
(1) were apparent from the X-ray diffraction study carried
out by some of us shortly after its preparation in 1982.!
Whereas countless structures were known in which an
ethylene ligand was coordinated to a single transition
metal, 1 contained an ethylene which bridged two metals
to form a four-membered ring. Just as conventional
ethylene complexes suggested one way (Figure 1a) in which
ethylene could be chemisorbed onto a metal surface, the
diosmacyclobutane ring in 1 resembled the di-s-bonded

“arrangement (Figure 1b) that had been proposed? as an-
other way in which ethylene could be chemisorbed. The
latter analogy has since found practical use: 1 has proven
to be an excellent vibrational model for di-s-bonded
ethylene chemisorbed on Pt(111) at low temperatures.®

A few reports of dimetallacyclobutanes had appeared
before ours on 1. In 1972 Carty, Palenik, and co-workers
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had reported a diiron adduct of maleic anhydride;* in 1977
Green, Stone, and co-workers had reported a dipalladium
adduct of C,F;* in 1981 Theopold and Bergman had
reported an unstable dicobalt adduct of benzocyclo-
butadiene.* However, only the first of these dimetalla-
cyclobutanes had been characterized by X-ray crystallog-
raphy, and none had contained ethylene itself. Soon after
we prepared 1, studies in our laboratory, in the laboratory
of Prof. Josef Takats at the University of Alberta,’ and
elsewhere® revealed that 1 was the parent compound for
an extensive series of substituted diosmacyclobutanes (e.g.,
(u-n',n*-CH,CHCO,Me)0s,(CO)g (2)%¢ and (u-n',n!-
CH,CHCgH,3)0s,(CO)s) and diosmacyclobutenes (e.g.,
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Figure 1. Ethylene chemisorbed as (a) a terminal ligand on a
single metal atom and (b) a di-o-bonded ligand bridging two metal
atoms.

(u-1,n'-CF3CCCF3)08,(CO)¢** and (u-n',n -HCCH)082
(CO)B*"‘) X-ray determinations of the structures of 2, Sac.d
(11! n'-cis-MeO,CCHCHCO,Me)Os,(CO); (3),54 and (-
7 n1-trans-MeO,CCHCHCO,Me)0s,(CO); (4)%4 showed
their Os,C, rings to be nonplanar, with Os-C-C-Os tor-
sional angles of about 28°—establishing that the nonplanar
0s,C, ring we found in 1 was inherent in the diosma-
cyclobutane ring system and not the result of packing
forces peculiar in 1.

While such basic structural features of 1 as the non-
planarity of its ring were apparent from the original X-ray
diffraction study, crystals of 1 were highly susceptible to
X-ray damage, even at low temperatures. This fact, along
with the domination of the X-ray scattering from 1 by the
two osmium atoms of this relatively small molecule, re-
sulted in relatively imprecise carbon atom positions (C-C
= 1.53 (3) A) and no information on the hydrogen atom
positions.” It has thus been difficult to compare the hy-
bridization at the ring carbons in 1 with that in conven-
tional ethylene complexes. DV-Xa calculations on 1 and
the fact that 1J(13C-13C) for these carbons is almost exactly
equal to that in ethane imply sp® hybridization.®

More recently, our interest in the stereochemistry of
ethylene exchange on 1 has required that we distinguish
its cis dideuterio derivative from its trans one and has led
us to analyze the nematic phase 'H NMR spectra of 1.°
The resulting dipolar coupling constants determine the
geometry of the ethylene portion of 1 in solution!® and
require a solid-state structure of 1, in which the hydrogen
nuclei have been located, for comparison.

We have therefore obtained a more detailed structure
of 1 by neutron diffraction. Only a few conventional
ethylene complexes, and no dimetallacyclobutanes, have
previously been examined by that technique.!!

Experimental Section

(u-ntml- CQH4)052(CO)8 was prepared by a procedure based on
that of Burke and Takats®*4 and that of Poé and Sekhar.®® The
output of a high-pressure 450-W Hanovia lamp was passed through
a saturated aqueous solution of NaNO, so that only light with
A > 436 nm remained. A suspension of 300 mg of Qsg(CO),; in
250 mL CH,C}; was irradiated overnight under 40 psi of ethylene
in a Fischer-Porter apparatus. (The use of CH,Cl, instead of
benzene allowed the solvent to be removed on a rotary evaporator
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X-ray results rendered confident conclusions regarding the hybridization
at carbon difficult.
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without significant loss of either 1 or the mononuclear Os-
(C0O),(C,H,) formed as a byproduct.) After removal of solvent
the residue was taken up in pentane and the product 1 separated
from Os(CO),(C,H,) on a Chromatotron with pentane as eluant.

Seed crystals of 1 were grown overnight at =20 °C from 100-
150-mg batches dissolved in 10-15 mL of pentane. Their size was
increased by slow cooling to ~40 °C followed by vacuum removal
of some solvent. After several attempts this technique yielded
single crystals suitable for neutron diffraction. The crystal used
to collect most of the data used in this study measured 4.0 mm
X 2.0 mm X 0.8 mm. A second crystal, used to collect a small
portion of the data, measured 2.5 mm X 2.0 mm X 1.0 mm.

The single-crystal neutron data were collected at the Manuel
Lujan, Jr. Neutron Scattering Center of the Los Alamos National
Laboratory (LANSCE) by using the LANSCE SCD instrument.1
This instrument uses Laue geometry to collect the intensity data
in a 25 cm X 25 cm 3He-filled two-dimensional position-sensitive
proportional counter placed 25 cm from the sample at 26 = 90°.
The instrument dimensions were determined by measuring dif-
fraction data from a 3 mm diameter spherical Al,Oj single crystal
(a =4.766 A, ¢ = 12.996 A). The spectral distribution of the source
was measured by using the incoherent scattering from a 2 mm
diameter bead of VygsNbygs. All calculations were performed at
LANSCE by using the General Structure Analysis System
(GSAS).13

Diffraction data were collected by using a wavelength range
of 0.5-5.5 A. Due to the brittle nature of the crystals at low
temperature, two crystals were required for the data collection.
The crystals were glued to the end of a hollow aluminum rod and
cooled with a Displex refrigerator to 12 K. The crystals fractured
and fell off during data collection. The first crystal was remounted
twice before it became too small to reuse. A total of 23 histograms,
each containing about 450 reflections, were collected. The first
crystal gave nine histograms from the first mounting and six from
each of the other two mountings. Only two histograms were
collected from the second crystal. The histograms were searched
for diffraction maxima, and the lattice constants, the crystal
orientation angles, and the crystal locations for all crystal settings
were refined by using the locations of 1072 reflections that had
peak intensities greater than 50 counts/pixel. The final values
for the lattice constants are a = 7.308 (2) A, b = 13.448 (3) A, ¢
=13.482 (4) A, 8 = 101.25 (2)°, and V = 1299.5 (3) A%. The space
group 1(P21/c) and Z (4) were established by the earlier X-ray
study.

The intensity data were obtained by integration over a small
region at each reflection position, using locations calculated from
the lattice constants and crystal orientation and location param-
eters for each of the four crystal settings. The integration was
limited to reflections with d spacings greater than 0.625 A. These
data were then corrected for the variation in incident beam in-
tensity with neutron wavelength, geometric factors, and absorption
(4 (cm™) = 0.24 + 0.35), maximum and minimum transmission
were 0.945 and 0.698). Heavy-atom positions and thermal pa-
rameters from the X-ray refinement were used to establish an
approximate scale factor and define the phases for an F, map of
the neutron scattering density. The four hydrogen atoms were
easily located in this map and then entered into the refinement
model.

Neutron absorption coefficients were obtained from Koster and
Yelon! for the heavy elements and from Howard, Johnson,
Schultz, and Stringer!® for hydrogen. The function minimized
was w(F, - F.)% with weights determined by w = (2F,/o(F %)%
o(F,?) was based on counting statistics. The neutron scattering
lengths“ used were b¢c = 0.665, bg = 0.5805, by = —0.374, and b,
= 1.09. The final least-squares refinement included 243 variables,
using 7517 reflections measured with I/o(I) > 1.0; it yielded
weighted and unweighted R factors of 0.073 and 0.107, with a

c (12) Alkire, R.; Larson, A. C.; Vergamini, P. J. Acta Crystallogr. 1985,
41, 1709,

(13) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory
report, LAUR 86-748.

(14) Koster, L.; Yelon, W. B. Neutron Diffraction Newsletter; De-
partment of Physics, Netherlands Energy Research Foundation: P.O.
Box 1, 1755 ZG Petten, The Netherlands, 1982,

(15) Howard, J. A. K.; Johnson, O.; Schultz, A. J.; Stringer, A. M. J.
Appl. Crystallogr. 1987, 20, 120.
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Table 1. Final Positional Parameters and Anisotropic Thermal Parameters (X100) for (u-n',9'-C,H,)08,(CO),

atom x y F4 atom x y H

Os(1) 0.10541 (15) 0.11413 (7) 0.30298 (8) o) 0.36892 (31) -0.05692 (13) 0.39530 (17)
0s(2) 0.32506 (15) 0.14997 (6) 0.15033 (8) 0(2) -0.19571 (31) -0.01046 (13) 0.16227 (16)
C(1) 0.26759 (26) 0.00254 (11) 0.35790 (13) 0(3) -0.07326 (32) 0.12087 (18) 0.49087 (16)

C(2) —0.08574 (26)
C(3) ~0.00412 (26)
C(4) ~0.01103 (27)

0.03506 (12)
0.11712 (12)
0.23992 (11)

0.21450 (14)
0.42120 (14)
0.25478 (14)

0@4) —-0.07826 (31)
0(5) 0.27411 (33)
0(6) -0.00162 (31)

0.31479 (13)
0.37791 (13)
0.12733 (16)

0.23138 (17)
0.15945 (17)
-0.03320 (16)

C(5) 0.28918 (28) 0.29413 (11) 0.15758 (14) o7 0.66063 (30) 0.18205 (15) 0.04963 (17)
C(6) 0.12032 (25) 0.13435 (12) 0.03378 (13) 0(8) 0.39486 (33) -0.07688 (13) 0.16657 (17)
C(7) 0.53317 (25) 0.17030 (12) 0.08496 (14) H(1) 0.4127 (6) 0.17297 (28) 0.44926 (28)
C(8) 0.36681 (26) 0.00619 (11) 0.16217 (13) H(2) 0.6049 (6) 0.22987 (27) 0.30255 (32)
C(9) 0.50130 (26) 0.17123 (12) 0.30305 (14) H(3) 0.3340 (6) 0.27607 (23) 0.37112 (31)
C(10) 0.36346 (27) 0.19540 (12) 0.37095 (13) H(4) 0.5762 (6) 0.10191 (26) 0.32748 (32)

atom U, 11 U22 U. 33 Uu Ul 3 UZS

Os(1) 0.53 (5) 0.41 (4) 0.50 (5) 0.04 (4) 0.20 (4) 0.06 (3)

0s(2) 0.63 (5) 0.47 (4) 0.44 (5) -0.02 (4) 0.22 (4) 0.07 (3)

C() 0.87 (8) 0.63 (6) 0.99 (8) -0.04 (7) 0.00 (7) 0.08 (6)

C(2) 0.82 (8) 0.72 (6) 0.94 (8) -0.13 (7) 0.20 (7) -0.07 (8)

C(3) 1.00 (8) 1.14 (6) 0.80 (8) 0.02 (8) 0.51 (7) 0.19 (6)

C(4) 1.00 (8) 0.70 (6) 0.88 (8) 0.17 (7) 0.24 (7) 0.17 (6)

C(5) 1.08 (9) 0.67 (6) 0.77 (8) 0.05 (7) 0.25 (7) 0.10 (6)

C(6) 0.83 (8) 1.07 (7) 0.54 (8) 0.08 (7) 0.10 (6) -0.02 (6)

C(7) 0.83 (8) 1.16 (6) 0.77 (8) 0.07 (8) 0.40 (6) 0.04 (8)

C(8) 1.06 (8) 0.60 (6) 0.77 (8) 0.10 (7) 0.25 (7) 0.10 (6)

C(9) 0.87 (8) 0.95 (6) 0.69 (8) -0.03 (8) 0.05 (6) 0.00 (6)

C(10) 1.06 (8) 0.91 (6) 0.58 (8) -0.18 (7) 0.08 (7) -0.14 (6)

0o(1) 1.06 (10) 0.99 (8) 1.43 (10) 0.27 (9) 0.19 (8) 0.30 (7)

0(2) 1.18 (10) 1.00 (7) 1.06 (9) -0.37 (9) 0.06 (8) -0.30 (7)

0(3) 1.55 (11) 1.95 (9) 0.85 (10) -0.04 (10) 0.70 (8) -0.01 (8)

0(4) 1.14 (10) 0.75 (7) 1.63 (10) 0.43 (8) 0.49 (8) 0.22 (7)

0(5) 1.38 (11) 0.68 (7) 1.35 (10) 0.05 (9) 0.37 (8) -0.04 (7)

0(6) 1.19 (10) 2.00 (9) 0.81 (9) 0.10 (10) 0.02 (8) -0.20 (8)

o 0.94 (9) 1.82 (9) 1.36 (10) 0.27 (10) 0.74 (8) 0.44 (8)

0(8) 1.41 (11) 0.61 (7) 1.63 (11) 0.05 (8) 0.45 (9) -0.16 (7)

H(1) 2.77 (20) 2.82 (16) 0.81 (16) -0.20 (19) 0.04 (15) -0.01 (14)

H(2) 1.76 (19) 2.34 (16) 2.63 (22) -0.53 (18) 0.34 (17) -0.04 (16)

H(3) 2.52 (21) 1.31 (13) 2.37 (20) 0.12 (16) 0.43 (17) -0.39 (14)

H(4) 2.14 (20) 2.31 (16) 2.28 (20) 0.23 (18) 0.44 (16) -0.04 (15)

8 The expression for the anisotropic thermal motion is T = exp{-2#x(h%a*?U,; + ... + 2kib*c*Uy)l.

Figure 2. Thermal ellipsoid plot (50% probability) of the
structure of 1.

reduced x? = 6.85. The variable list included 23 scale factors,
one for each histogram, four type II'® extinction parameters, one
for each crystal mounting, and 216 atomic parameters (all atoms
with anisotropic thermal parameters). The maximum extinction
applied to a reflection was 0.56. The final atomic positions and
thermal parameters are given in Table I.

Description of the Structure and Discussion

The molecular structure of 1, as determined in this
neutron diffraction study, is shown in Figure 2, and se-

(16) Zachariasen, W. H. Acta Crystallogr. 1967, 23, 558. Larson, A.
C. Acta Crystallogr. 1967, 23, 664.

Table II. Selected Bond Distances and Angles in
(u-n',n'-C3H,)08,(CO)s (1)

atoms distance, A atoms angle, deg
Os(1)-0s(2) 2.8867 (16) 0s(2)-0s(1)-C(1) 91.01 (7)
Os(1)-C(1)  1.9654 (20) Os(2)-0s(1)-C(2) 94.93 (7)
Os(1)-C(2) 19635 (21) Os(2)-0s(1)-C(3) 165.69 (7)
0s(1)-C(3) 19184 (20) 0s(2)-0s(1)-C(4) 83.38 (7)
Os(1)-C(4) 19473 (19) 0s(2)-0s(1)-C(10)  70.48 (6)
0s(1)-C(10) 2.2172 (22) C(1)-0s(1)-C(2) 96.93 (8)
0s(2)-C(5) 19612 (18) C(1)-0s(1)-C(3) 91.25 (8)
0s(2)-C(6) 1.9582 (22) C(1)-0s(1)-C(4) 168.86 (9)
0s(2)-C(7)  1.9202 (20) C(1)-0s(1)-C(10) 79.57 (8)
0s(2)-C(8)  1.9592 (18) C(2)-0s(1)-C(3) 98.82 (9)
0s(2)-C(9)  2.2239 (22) C(2)-0s(1)-C(4) 93.15 (9)
C(1)~0Q) 1.1385 (25) C(2)-0s(1)-C(10)  164.80 (9)
C(2)-0(2) 1.1382 (27) C(3)-0s(1)-C(4) 91.89 (8)
C(3)-0(3) 1.1512 (26) C(3)-0s(1)-C(10) 96.05 (9)
C(4)-0(4) 1.1377 (24) C(4)~0s(1)-C(10) 89.47 (8)
C(5)-0(5) 1.1328 (24) 0s(1)-0s(2)-C(9) 70.34 (6)
C(6)-0(6) 1.1422 (28) Os(1)-C(1)-0(1) 174.52 (17)
C(1)-0(7) 1.1369 (26) 0s(1)-C(2)-0(2) 179.21 (17)
C(8)-0(8) 1.1352 (23) 0s(1)-C(3)-0(3) 178.11 (18)
C(9)-C(10)  1.5225 (26) Os(1)-C(4)-0(4) 176.68 (19)
C(9)-H(2) 1.094 (4) 0s(2)-C(9)-C(10)  104.62 (13)
C(9)-H4) 1.099 (4) C(10)-C(9)-H(2) 112.95 (27)
C(10)-H(1) 1.089 (4) C(10)-C(9)-H(4) 110.50 (25)
C(10)-H(3) 1.106 (4) H(2)-C(9)-H(4) 108.0 (4)
0s(1)-C(10)-C(9)  104.81 (11)
C(9)-C(10)-H(1) 113.06 (27)
C(9)~C(10)-H(3) 111.25 (25)
H(1)-C(10)~H(3) 107.3 (3)

lected bond distances and angles are listed in Table II.
The carbonyl Os—C distances trans to the Os—Os bond (the
average of 0s(1)-C(3) and 0s(2)-C(7) is 1.919 [1] AY?) are
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shorter than the other carbonyl Os-C distances, which
average 1.959 [6] A7 The Os-Os bond in 1 is thus a
sufficiently powerful ¢ donor to increase d, donation to,
and the Os—C bond order of, the carbonyl trans to it; the
0s—C o bond is not. A similar difference has been noticed
between the axial (i.e., trans to the metal-metal bond) and
equatorial carbonyl M—C bond lengths in Mn,(CO),, and
:Reg(CO)w-l8

The length of the Os—Os bond in 1, 2.8867 (16) A, is close
to the standard value for an Os—Os single bond, the average
0s-0s distance in Os;(CO),, (2.877 [3] A).1"1® However,
as 0s(CO), and CH, have similar frontier orbitals and are
said to be “isolobal”,? it is instructive to compare the
0s-Os bonds in 1 with those in Os,(CO);s. The latter,
which average 2.99 [1] A,1"?! are considerably longer, re-
flecting the repulsive interactions that arise when all four
ring positions are occupied by Os(CO), groups.

The neutron results permit a more precise description
of the nonplanarity of the Os,C, ring of 1 than was possible
from our earlier X-ray results. At 32.5°, the Os-C-C-Os
torsional angle of 1 is comparable to those found in sub-
stituted diosmacyclobutanes by relatively precise X-ray
structure determinations (29.7° in 2,5 24.0° in 3,5 and
29.9° in 4%),

1t is instructive to compare the nonplanarity of the Os,C,
ring in 1 with that of Os,(CO),¢* and that of cyclobutane.?
The most popular measure of nonplanarity in a four-
membered ring is the dihedral angle about which the ring
is folded; this angle is 21.1° in Os,(CO)g, 27.9° in cyclo-
butane, and 32.9° in 1.2 The eclipsed interactions that
oppose planarity are thus stronger in the mixed (Os,C,)
ring of 1 than in the corresponding Os, or C, case.

The twist away from planarity of the Os,C, ring in 1
preserves the planar coordination of two carbonyl ligands
and two ¢ bonds around each osmium. Thus C(8), C(7),
C(9), and Os(1) remain virtually coplanar about Os(2), and
C(2), C(3), C(10), and Os(2) remain virtually coplanar
about Os(1). The twist also keeps the hydrogens of each
CH, equidistant from the Os to which it is attached; e.g.,
the Os(1)-H(1) distance, 2.798 (4) A, is essentially the same
as the Os(1)-H(3) distance, 2.789 (4) A.

Symmetry of 1. The molecules of 1 have no crystal-
lographic site symmetry, and the four C-H bonds of their
ethylene fragments are thus crystallographically inde-
pendent, However, the molecules of 1 have approximate
C, symmetry. The four C-H bonds of 1 can thus be
grouped into a pair of essentially equivalent “equatorial”
C-H bonds, C(10)-H(1) and C(9)-H(2), and a pair of es-
sentially equivalent “axial” C-H bonds, C(10)-H(3) and
C(9)-H(4). In the same way the four CCH angles of 1 can

(17) Error estimates shown in brackets for averaged quantities are
standard deviations of the mean; values in parentheses elsewhere were
estimated standard deviations based on least-squares calculations.

(18) The axial Mn—-CO distance in Mny(CO),, is 1.811 (3) A, whereas
the average equatorial Mn—-CO distance is 1.856 [7]'7 A; the axial Re—CO
distance in Rey(CO),, is 1.929 (7) A, whereas the average equatorial
Re-CO distance is 1.987 {15]'” A: Churchill, M. R.; Amoh, K. N.; Was-
serman, H. J. Inorg. Chem. 1981, 20, 16083.

(19) Churchill, M. R.; DeBoer, B. G. Inorg. Chem. 1977, 16, 878.

(20) Pinhas, A. R.; Albright, T. A.; Hofmann, P.; Hoffmann, R. Helv.
Chim. Acta 1980, 63, 29. Hoffmann, R. Angew. Chem., Int. Ed. Engl.
1982, 21, 711.

(21) Johnston, V. J.; Einstein, F. W. B.; Pomeroy, R. K. J. Am. Chem.
Soc. 1987, 109, 8111. Einstein, F. W. B,; Johnston, V. J.; Pomeroy, R. K.
Organometallics 1990, 9, 2754.

(22) Egawa, T.; Fukuyama, T.; Yamamoto, S.; Takabayashi, F.;
Klambara, H.; Ueda, T.; Kuchitsu, K. J. Chem. Phys. 1987, 86, 6018.

(23) Because the molecules of 1 have no crystallographic site symme-
try, the dihedral angle between the Os(1)-Os(2)-C(9) plane and the
C(9)-C(10)-0s(1) plane (34.1°) is not exactly the same as the dihedral
angle between the 0s(2)~C(9)-C(10) plane and the C(10)-0s(1)-Os(2)
plane (31.7%). The number reported in the text is the average of these
two dihedral angles.
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trans cis

Figure 3. Structures predicted for the trans- and cis-2-butene
adducts of Os,(CO)g after replacing appropriate hydrogen atoms
in the structure of 1 by methyl carbons (striped circles) (oxygen
= dotted circles, hydrogen = open circles). (The methyl hydrogens
have been omitted for clarity.)

Table III. Selected Bond Distances and Angles from the
Structures of Related Compounds

K[(le'CzHO‘ (M'Tllyﬂl'czHA.)'

C,Hg PtCly)® 08,(CO)g C,H,?
R A 1.335(3)  1.375(4) 1.5225 (26)  1.532 (2)
Rap A 1.090 (3)  1.087 (8) 1.097 [7] 1.096 (2)
(HCH 1166(8) 1149 (6 107.6 (5] 107.4 (3)
/CCH 1217 (4) 1211 (5) 1119 [13] 1115 (3)

9 Average ground-state structure, as determined by both electron
diffraction and vibrational spectroscopy.?’ ®Neutron diffraction.!1*
¢Neutron diffraction, this work; error estimates shown in brackets
for averaged quantities are standard deviations of the mean.
4 Average ground-state structure, as determined by both electron
diffraction and vibrational spectroscopy.?®

be grouped into a pair of essentially equivalent “equatorial”
CCH angles, C(9)-C(10)~-H(1) and C(10)-C(9)-H(2), and
a pair of essentially equivalent “axial” CCH angles,
C(9)-C(10)-H(3) and C(10)-C(9)-H(4).

The axial hydrogens are close to two carbonyl ligands
(for example, the H(4)-C(1) distance is 2.720 (5) A and the
H(4)-C(8) distance is 2.763 (5) A) whereas the equatorial
hydrogens are close to only one (for example, the H(1)-C(1)
distance, 2.718 (4) A, is much shorter than the H(1)-C(3)
distance, 3.088 (5) A). One would thus expect that sub-
stituents would prefer equatorial positions, and this
preference is observed. Analysis of the 'H NMR coupling
constants of (u-n!,7-CH,CHMe)Os,(CO)s shows that the
methyl substituent occupies an equatorial position,'® and
the X-ray-determined structure of 2 shows that the car-
bomethoxy substituent occupies an equatorial position.5cd
The X-ray-determined structure of 4 (dimethyl fumarate
adduct) shows that the trans carbomethoxy substituents
both occupy equatorial positions,®*<d whereas the cis
carbomethoxy substituents in 3, the dimethyl maleate
adduct, must occupy one axial as well as one equatorial
position, and the X-ray-determined structure of 3 shows
that they do so.%ed

One would thus predict that a cis 1,2-disubstituted olefin
would bind less tightly to Os,(CQO), than the corresponding
trans 1,2-disubstituted olefin, and measurements of olefin
exchange rates show that this prediction is correct: the
replacement of the trans-2-butene in (u-ni,n'-trans-
MeCH=—CHMZe)Os,(CO); is no faster than the replacement
of propene in the corresponding propene adduct, whereas
we have been unable to prepare an Os,(CO); adduct of
cis-2-butene even at 0 °C.2* Three-dimensional drawings
(Figure 3) constructed by Chem3D? from the structure

(24) Bender, B. R.; Scott, C. P.; Wiser, D.; Norton, J. R. Manuscript
in preparation.
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of 1 clearly show the repulsive interaction that destabilizes
the cis-2-butene adduct.

The order of relative stability of the Osy(CO)g adducts
of 1,2-disubstituted olefins (trans > cis) is thus the reverse
of that (cis > trans) usually found for the coordination of
1,2-disubstituted olefins, particularly to d® metals.?®

Hybridization of the Ring Carbons in 1. Appropriate
structural parameters from 1 have been placed in Table
I11 for comparison with the corresponding parameters for
the C,H, units in ethylene, K{PtCl3(C,H,)], and ethane.
The K[PtCl3(C,H,)] values used are those from the neu-
tron diffraction structure determination of Bau and co-
workers.’* The ethylene?” and ethane?® parameters are
from the average structures in the ground vibrational state
determined by Kuchitsu; these values should be the most
appropriate ones for comparison with the present neutron
diffraction results.®

The axial and equatorial C-H bonds of 1 are equivalent
in length within the precision of this structure determi-
nation, and Table III therefore contains an average value
for the C-H bond length of 1. The axial and equatorial
CCH angles of 1 are not equivalent within the precision
of this structure determination, but only their average can
be compared with the CCH angles in the other structures,
so an average value for the CCH angles of 1 has been
placed in Table III.

It is clear from Table III that the ring carbons in 1 have
almost completely rehybridized to sp®. The C-C distance
in the coordinated ethylene in K[PtCly(C,H,)] is only
slightly longer than that in free ethylene, showing that little
rehybridization has occurred and that the ethylene is
largely serving as a ¢ donor. In contrast, the C—C distance
in the coordinated ethylene in 1 is almost as long as the
bond between the two sp? carbons in ethane. Similarly,
the HCH angle in the coordinated ethylene in K[PtCl,-
(C5H,)] is essentially the same as that of free ethylene,
whereas the HCH angle in the coordinated ethylene in 1
is essentially the same as the HCH angle around the sp®
carbons in ethane; the CCH angle in the coordinated
ethylene in K[PtCl3(C,H,)] is essentially the same as that
of free ethylene, whereas the CCH angle in the coordinated
ethylene in 1 is essentially the same as the CCH angle
around the two sp® carbons in ethane.

The Os,C, ring in 1 is, like the C, ring in cyclobutane,
slightly strained. The Os-0s, Os—C, and C~C bond lengths
would permit a tetrahedral Os—C-C angle if the Os,C; ring
were flat, but the eclipsed interactions that make the ring
nonplanar also compress the Os—C~C angles to an average
of 104.7 [1]°.77 This compression would be expected to
decrease the s character in the bonds that each ring carbon
forms to Os and C, and thus to increase the s character
in the bonds that the carbon forms to H. The geometry
of the ethylene ligand in 1 does not show the effects ob-

(25) Chema3D is a trademark of Cambridge Scientific Computing, Inc.
(26) (a) Herberhold, M. Meta!l »n-Complexes; Elsevier: New York,
1974; Vol. II, Part II, pp 137-141. (b) Hartley, F. R. In Comprehensive
Organometallic Chemistry; Wilkinson, G., Ed.; Pergamon: New York,
1982; Vol. 6, Chapter 39, pp 661-663. (¢) Collman, J. P.; Hegedus, L. S,;
Norton, J. R.; Finke, R. G. Principles and Applications of Organo-
tlrgasr’aisit‘iolr‘zi gletal Chemistry; University Science Books: Mill Valley, CA,
) P .

(27) Average ground-state structure of ethylene as determined by both
electron diffraction and vibrational spectroscopy: Kuchitsu, K. J. Chem.
Phys. 1986, 44, 906.

(28) Average ground-state structure of ethane as determined by both
electron diffraction and vibrational spectroscopy: Kuchitsu, K. J. Chem.
Phys. 1968, 49, 4456.

(29) The electron diffraction results of Bartell and co-workers for
ethylene (Bartell, L. S.; Roth, E. A,; Hollowell, C. D.; Kuchitsu, K.; Young,
J. E; Jr. J. Chem. Phys. 1968, 42, 2683) and ethane (Bartell, L. S.;
Higginbotham, H. K. J. Chem. Phys. 1965, 42, 851) give mean bond
lengths and angles.
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Figure 4. (a) Calculated structure of ethylene on Pt(111). (b)
Calculated transition-state structure for dehydrogenation of
ethylene on Pt(111).

served® (an enlarged H-C—H angle and a lengthened C-C
distance) when it is incorporated in a really strained ring
like cyclopropane. However, some evidence for a strain-
induced increase in s character in the C-H bonds of 1 is
offered by the value of 1J(C-H), 135.3 (2) Hz,3! associated
with these bonds. The analogous acyclic system, (C-
H;);05,(C0)g,% has a smaller 'J(C-H), 131 Hz. The value
of 1J(C-H) associated with the Os,C, ring of 1 is about the
same as the 134-Hz value of cyclobutane, which is well
below the 160-Hz value of cyclopropane but above the
125-Hz value of ethane.3

The ethylene carbons may not be completely rehybri-
dized to sp® in all dimetallacyclobutanes. A recently
prepared ;:iirhodacyclobutane‘“ has a C—C distance of only
1.49 (1) A.

Comparison of 1 with C,;H, on Pt(111). The C-C
bond length in 1 is close to the C-C distance within
ethylene chemisorbed at low temperature on Pt(111); the
latter has been measured at 1.49 (3) A by NExars® and
estimated as 1.51 A from vibrational data.® However, the
NEXAFS study also suggested that the chemisorbed ethylene
retained some double-bond character, and that its C-C
bond order was about 1.2.% Ethylene that is chemisorbed
in “di-o-bonded” fashion is rehybridized to different ex-
tents on different metals,®” so not all such chemisorbed
ethylenes will resemble 1 to the extent that ethylene on
Pt(111) does.

The nonplanar geometry of the Os,C, ring in 1 resembles
the twisted structure calculated for the transition state for
ethylene dehydrogenation on arrays of Pt atoms and
proposed on Pt(111).3 The proposed process begins with
an eclipsed conformation (Figure 4a) analogous to a planar
0s,C, ring; the methylene groups are then rotated 30° in
opposite directions about the C-C bond, and that bond
is rotated 20° parallel to the surface—producing a struc-
ture (Figure 4b) like that of 1. (The methylene groups of
1 are rotated out of an eclipsed conformation by about
33°.39) On Pt(111) this puckering brings the “axial” hy-

(30) Yamamoto, S.; Nakata, M.; Fukuyama, T.; Kuchitsu, K. J. Phys.
Chem. 1985, 89, 3298.

(31) 'J(C-H) was obtained, by the method described for }J(C~C) in
ref 8, from the 200-MHz 'H NMR spectra of (u-n,n'-13C,H,)08,(CO), and
(u-n',7-*CH,12CH,)05,(CO)q in CD,Cly: Bender, B. R. Ph.D. Thesis,
Colorado State University, 1990; pp 90-95 and 202-203.

(32) Carter, W. J.; Kelland, J. W.; Okrasinski, S. J.; Warner, K. E;
Norton, J. R. Inorg. Chem. 1982, 21, 3955,

(33) Kalinowski, H.-O.; Berger, S.; Braun, 8. 13C-NMR-Spektroskopie;
Georg Thieme: New York, 1984; pp 444-461.

(34) Personal communication from W. A. G. Graham, Jan 1990, re-
garding unpublished results of R. G. Ball and J. Sullivan.

(35) Stahr, J.; Sette, F.; Johnson, A. J. Phys. Rev. Lett. 1984, 53, 1684,

(36) Bent, B. C.; Mate, C. M.; Kao, C.-T.; Slavin, A. J.; Somorjai, G.
A. J. Phys. Chem. 1988, 92, 4720.

(37) Bent, B. E. Ph.D. Thesis, University of California, Berkeley, 1986,
as quoted by: Anderson, A. B.; Choe, S. J. J. Phys. Chem. 1989, 93, 6145,

(38) Kang, D. B.; Anderson, A. B. Surf. Sci. 1988, 155, 639.

(39) The H(2)-C(9)-C(10)-H(3) dihedral angle is 31.2°, while the
H(1)-C(10)-C(9)-H(4) dihedral angle is 34.9°.



3150 Organometallics 1991, 10, 3150-3155

drogens of the ethylene close to the two nearest-neighbor
Pt atoms. The diosmacyclobutane 1 is thus not only a good
vibrational® mode} for ethylene chemisorbed on Pt(111)
but a good structural one as well.
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A theoretical study of the sandwich compounds commo-3,3’-8i(3,1,2-SiC,BgH;,), (I) and commo-1,1’-
8i(1,2,3-SiC,B Hg), (II) was conducted by using MNDO-SCF semiempirical molecular orbital theory. In
agreement with experiment, the calculations show that the silicon atoms in both I and II are slipped toward
the boron sides of the C,B; carborane bonding faces. This slip distortion was found to be the result of
Si(s)-cage carbon antibonding interactions and an enhancement in intracage bonding on slippage. Preference
for a Si(IV) oxidation state in I and II and a Si(Il) state in (5-C3Hj),Si (III) could be explained on the
basis of strong antibonding interactions in the LUMO’s of I and II that are not present in the HOMO of
III. A comparison of the MNDO results with Xa~scattered wave SCF molecular orbital calculations in
which silicon harmonics up through / = 2 were used for II and III indicates that Si(d) orbital participation

is not important in complex bonding.

Introduction

The number of main-group metallacarboranes that have
been synthesized and structurally characterized has in-
creased greatly in the past 5 years. Most of these com-
pounds result from the reaction of a metal ion, or metal-
containing group, with the dianions nido-1,2-C,BoH,,%",
nido-2,3-C,B,Hg?, or their derivatives.* Depending on
the metal and its oxidation state, the heteroatom can be
incorporated into the polyhedral structure of the carborane
to form either the respective closo or the commo com-
plexes. In the icosahedral system, structures of the commo
complexes of Al(III),>4 Ga(III),’ and Si(IV)€ have been
reported, while, in the pentagonal-bipyramidal system, the
structures of the commo complexes of Si(IV)"® and Ge-

(1) Hosmane, N. S.; Maguire, J. A. In Molecular Structure and En-
ergetics; Liebman, J. F., Greenberg, A., Williams, R. E., Eds.; VCH: New
York, 1988; Vol. 5, pp 297-328.

(2) Hosmane, N. S.; Maguire, J. A. Adv. Organomet. Chem. 1990, 30,

99,

(3) Rees, W. S, Jr.; Schubert, D. M.; Knobler, C. B.; Hawthorne, M.
F. J. Am. Chem. Soc. 1986, 108, 5367.

(4) Bandman, M. A,; Knobler, C. B.; Hawthorne, M. F. Inorg. Chem.
1988, 27, 2399,

(5) Bandman, M. A.; Knobler, C. B.; Hawthorne, M. F. Inorg. Chem.
1989, 28, 1204.

(6) (a) Rees, W. 8., Jr.; Schubert, D. M.; Knobler, C. B.; Hawthorne,
M. F.J. Am. Chem, Soc. 19886, 108, 5369. (b) Schubert, D. M.; Rees, W.
S, Jr.; Knobler, C. B.; Hawthorne, M. F. Organometallics 1990, 9, 2938.

(7) Hosmane, N. S.; de Meester, P.; Siriwardane, U.; Islam, M. S.; Chu,
8. 8. C. J. Chem. Soc., Chem. Commun. 1986, 1421,

(8) Siriwardane, U,; Islam, M. S.; West, T. A.; Hosmane, N. S.; Ma-
guire, J. A.; Cowley, A. H. J. Am. Chem. Soc. 1987, 109, 4800.

(IV),2'® with nido-2-[Si(CH,);)-3-[R]-2,3-C,B;H* (R = H,
Si(CHjy)s, CHy), are known.

There have been numerous structural reports on closo-
1'SH'2'Si(CH3)3'3‘R'2,3'02B4H4 (R = si(CHs)s, CHa,
H)11112 gnd their adducts with monodentate,!® biden-
tate,!2!415 his(bidentate),’® and tridentate!® Lewis bases.
Similar, though less extensive, studies have been reported
for the analogous Ge(II)!'"1% and Pb(II)!*% metalla-
carboranes. In the icosahedral system, structural studies
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